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Xepconcoka ¢hinisi Hayionansroeo ynigepcumemy kopaone6yoyeamHsi
imeni aomipana Maxkaposa, m. XepcoH

Mariya A. Andreeva

Abstract. The preconditions of the 1592 project specialized Arctic ore carrier -container ves-
sel’s creation and the peculiarities of its designing at the Nikolaev Central Design Bureau
«Chernomorsudoproekt» are presented in this article. The history of these ships construction at
the Kherson shipyard and the history of ships’ further operation are given. The detailed technical
description of the vessel is given.

Keywords: bulk carrier; ore carrier-container vessel; the history of shipbuilding; ship-speci-
fication; project 1592.

AHoranis. HaBeneHni nepenyMoBH CTBOPEHHS CIIEIiali30BaHOTO apKTHYHOTO PYyAOBO3a-
KOHTelHepoBo3a mpoekty 1592 ta ocobmuBocTi Horo mpoekryBaHHs y MUKoOIaiBChbKOMY
LenTpatpHOMY KOHCTPYKTOpPCEKOMY Ofopo «YUepHOMOpcymompoekT». Posrmsaayta icTopis
no0Oy/IoBH Cy/ieH Ha XepCOHCHKOMY CyIHOOY/IIBHOMY 3aBOII Ta 1X MONNIbIIOT eKCIuTyaTartii.
ITomano meTanbHUI TEXHIYHUAN OMUC CYyIHA.

KarwuoBi ciaoBa: Oankep; pydoBO3-KOHTEHHEPOBO3; ICTOPisl CyAHOOYIYBaHHS; CYIHOBA
cnenudikaris; mpoext 1592,

AnHotanusi. [IpuBeneHbl NPEINOCBUIKH CO3/IaHHS CIICIHAIN3UPOBAHHOTO apKTHYECKOTO
pyIoBO3a-KOHTEHHepoBo3a mpoekTa 1592 m ocobeHHOCTH ero mpoeKkTupoBaHus B Hwuxo-
naeBckoM LleHTpanbHOM KOHCTPYKTOpCKOM Oropo «UepHOMopcynompoekT». Paccmorpena
HCTOPHS MOCTPOMKH Cy/IOB Ha XEPCOHCKOM CY/IOCTPOMTEIIFHOM 3aBOJE M WX JajbHEHIIeH
sKcIutyaranuy. IlogaHo noapoOHOe TEXHIYECKOE ONUCAaHHE CY/IHA.

KaroueBbie cioBa: Oaikep; pyJAOBO3-KOHTEHHEPOBO3; UCTOPHsS CYIOCTPOCHUS; CyHOBas
cnenuduKaiys; npoext 1592,

IlepexymMoBH cTBOpPEHHS CHIeia/Ii30BAHOI0
APKTHYHOTO PYI0B032-KOHTEHHEPOBO3a

Ha nouarky 70-x pokiB XX ct. y Mypman-
CBKOMY MOpcbKoMy TaporniaBcTBi (MMII) ic-
TOTHO 3pOCIH OOCSITH BaHT)KHHX IIEPEBE3CHb
Ha JlyauHCHKIH TiHil. Y IIbOMY HAMpsMKY, SK
MIPaBUJIO, TPAHCIIOPTYBAIM TEHEPAIbHI BaH-
taxi (400—500 THc. T), a y 3BOPOTHOMY — B
Kanpanakmcskuii Ta MypMaHCBKUI TOPTH
— HOPWIIbCBKY DYy, IEPEBE3EHHS SIKOi He3a-
6apom mocsmiio Bxe 1500 trc. T. Y 3B'SIB3KY i3
IIMM BHHUKIIA HarajbHa rmoTpeda OymiBHHIITBA
CTICIliai30BaHNX CYICH U TICPEBE3CHHS Ha-
BAJIIOBAJIGHUX BaHTaXKiB, 100 3a0e3meunTH

4

3pocraroui o0csTu repeBe3eHb Ha JHisIX Jly-
Ta [ynus-
Ka—ApxaHrenbchk—lynnHKa, 10 3B sI3yBaIn

nuHKa—MypmaHncbk— lyinHka

Hopuibchkuii  TipHHYO-METATyPrifHIA KOM-
OiHar 3 MOHYETOPCEKUM MiTHO-HIKEICBIM
KxoMmOiHaToM «CeBepOHMKENb» 1 3anosIpHIM
TipHIYO-METATypHIHHUM KoMmOiHatoM  «Ile-
YeHraHukeab» Ha KolbchbkoMy MBOCTPOBI,
OCKIJIbKM CHPOBHHHA 0a3a OCTaHHIX Ha TOU
yac CyTTeBO Buuepraiacs. CTHCI TepMiHU
APKTUYHOI HAaBiraliii, CyBopi IOrOAHI YMOBH,
0COOJIMBOCTI PYAHUX KOHIICHTPATIB HOPHJIb-
CBKOTO POIOBHIIA POOHIH Majaoe(peKTHBHIM

BUKOPUCTaHHA 3BHYaHMX yHIBEpCAIBHNX
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CYJICH 1 BYIVICPYIOBO3iB 0€3 JIbOMOBUX MMiIKPIIUICHb. AHa-
J1i3 BaHTKOIOTOKY Ha LIMX HaNpsIMKax IMOKa3aB, IO JUIS
TXHBOTO 00CITyTOBYBaHHSI HEOOXIIHI CylHA THIY PYIOBO3-
KOHTEHHEPOBO3, 371aTHI OZIHAKOBO e(heKTHBHO 3a0e31euyBa-
TH SIK BUBE3EHHSI PY/IU, TaK 1 TIOCTa4aHHs B MIBHIYHI TOPTH.

OcobuBocti npoexTty 1592

TexHIYHMI TPOCKT TaKOro pPYIO0BO3a-KOHTEHHE-
poBo3a (mpoekt 1592 Ttunmy «Hopumbck») po3poOuin
koHCTpyKTOpu Muxonaisecskoro KB  «Yepromop-
CyZIOTIpOEKT»  (TOJIOBHUM KOHCTpyKTOp Bomoaumup
AmnaromniioBuu Ilankos) [1, 2]. Ilig yac Horo cTBOpeH-
Hs 0coOJIMBa yBara NpUALISIACS MUTAHHIM 3HHKECHHS
TPYIOMICTKOCTI Ta MiJBUIICHHS CKOHOMIYHOI e(heKTHB-
HOCTI MTOOY/IOBH Cy/HA. Benuka posib y BUPILIICHHI IIbOTO
3aBaHHs BiJIBOIMIIACS MDKIIPOEKTHIN yHi(iKamii 3 KOH-
TeifHepoBozaMu Tpoekty 1597 tumy «AJIEKCAHJIP
DAJIEEB» (puc. 1), mo OymyBanucst Ha XepCOHCHKOMY
cynHoOyaiBHOMY 3aBomi (XC3) Ha THX K¢ CTaleIbHUX
no3uIisix. MiKIIpoekTHa yHidikais, mepi 3a Bce, CTo-
CyBajacs KOPMOBOTO Kpaw, MAIIMHHOTO BiIIICHHS
(MB) i HanOynoBu, npuuoMy komiuiekraiss MB npax-
THYHO HE 3MIHUJIACS, 32 BUHSITKOM OKPEMHX MEXaHI3MiB,
3aCTOCYBAaHHS SKMX OyJO BHKJIMKAaHO OCOOJMBOCTSIMH
YMOB 1 paiioHy ekcrutyaranii cynHa. YHacliJJoK 3HauHO-
ro 30UIbIICHHS 00’ €My 0aNacTHUX LUCTEPH 1 3HMKCHHS
PO3paxyHKOBOI TeMIIepaTypy 30BHILIHBOTO MOBITPs Ha
PYIOBO3i-KOHTEHHEPOBO31 MpoekTy 1592 mependava-
JIOCSl BCTAHOBJICHHSI JIBOX OLJIBII MOTYXXHUX 0anacTHHUX
HacociB 1 gormoMixkHoro kotia (JIK) 6iibinoi mapornpo-
nykruBHoOCcTi (koten KAB 2,5/7 maponpoayKTHBHICTIO
2,5 1/ron 3aminenuii kotom KBBA 4,5/7 naponpomyxk-
TUBHICTIO 4,5 T/rom). BaHTaXHHH, HITIOIKOBUi, mIBap-
TOBHO-OYKCUPHHI MPUCTPOT Ta 00JIaHAHHS TPUMIIICHD
Oynu yHiikoBaHI MOBHICTIO.
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VY pesynbrati BCiX OOMNpAIfoBaHb OYJI0O CTBOPEHO
CynmHO 3aBIOBXKKH 146,2 M, 3aBmmpmku 20,6 M, Bomo-
ToHHaxkHicTIO 20165 T, measeiitom 14631 T. Sk rouno-
BHUH 1BUTYH (I'J]) KOHCTPYKTOpPH 3aCTOCYBaiM AW3EIH
noryxHictio 4487 kBt (6100 k. c.), mo 3a0e3neuyBas
mBHAKICTE 14,5 By3. Xo4a TONOBHHM IPH3HAYCHHSIM
cyaHa OyJlo TpaHCIIOPTYBAaHHs HaBaJIOBAJIbHUX BaHTa-
1B HOpHIbCHKOTO TpHUYO-METATYPriifHOr0 KOMOiHATY
(B mepmry depry, palHIITEHHY — CHPOBUHU JUIsI BUPOO-
HUITBA HIKEJIO W Mii) Ta Pi3HUX Py, IPOTE Iijla HU3-
Ka BOY/IOBAaHMX NPHUCTOCYBaHb JO3BOJISIIA 3AIHCHIOBATH
MIEPEBE3CHHS TAKOXK 3€pHA, JOOPHB 1 KOHTEHHEPIB MiX-
HAPOIHOTO CTAHAAPTY B KUTBKOCTI 345 mT. y TproMax Ta
Ha BepxHiii nany6i (BIT). Bunnkin ymoBu j1j1st 3aBaHTa-
JKCHHSI OTO B TIPSIMOMY 1 3BOPOTHOMY peficax Ha OCHO-
BHUX JiHIsAX (Ha JlynnHKY CyHO MOBHMHHE OyIi0 ocTava-
TH KOHTEHHEPH, a y 3BOPOTHOMY HAINpsSAMKy — pyay Ta
TTOPO’KHI KOHTEHHEPH, 110 TPAKTUYHO YCYBaJIO OanacTHi
TIEPEXO/IH), a TAKOXK €(HEeKTUBHOTO BUKOPHCTAHHS CyIHA
Ha IHIIMX HaNpsSMKax Micist 3aBepIIeHHS apKTHYHOI Ha-
Birarii.

VY Tpromax, obnagHaHUX MiJ BaXKKy pyAIy, Oyau mo-
NBIAHI OOPTH, 10 BHKJIIOYAIH MPUMEP3aHHS BaHTaXY
JI0 CyZHOBOTO Ha0Opy 3a HM3BKHX Temreparyp. Pos-
MipH BaHTQ)XHHUX JIIOKIB, MPUIHATHX 3 ypaxyBaHHIM
MIEPEBE3CHHS CTAHJAPTHUX KOHTEHHEPIB, CTBOPIOBAIH
OIITHMAJIbHI YMOBH JUIsi IIPOBE/ICHHS BaHTa)XHUX OIle-
patiif. 3 METOrO TOJINIIEHHS TeXHIKH Oe3meKu podoTn
CYJJHOBOT'O €KiMaKy MiJi 4ac CKJIQJIHUX MOTOAHUX YMOB
Kpaitapoi IliBHowi mix mamyGoro JniBoro OOpTYy KOH-
CTPYKTOPHU Hepe0auiii KOpUIop JJIsl IIPOXOy eKira-
Ky 3 KOPMOBOi HaIOylOBH B NPHUMIIICHHS, PO3TAIIO-
BaHi B HOCI, a TAaKOXX JJIsI TPOKJIAJaHHS eIeKTpOTpac

1 TpyOOIIPOBOIIB.

Puc. 1. Konreitnepoos «AJIEKCAH/IP ®ATEEB» (mpoext 1597)
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Ictopis moGynoBH Ta excruryarauii  py1oBo3iB-
koHTeliHepoBo3iB TNy «KKAIIUTAH ITAH®UJIOB»

Ha mouarky nucromama 1975 p., Ha Micsp paimie, Hix
BCTaHOBJICHO TpadikoMm, OyJ0 31aHO B EKCILIyaTallifo
roioBHe cymHO mpoekTy 1592 «KAIIUTAH ITAHOU-
JIOB» (puc. 2), mo mano Homep 7630139 MixnapoaHoi
Mopcskoi Opraunizauii (IMO). [Tpotsrom 1975-1981 po-
KiB Tipu OyIiBHHUIITBI JaHOi cepii pymoBO3iB-KOHTEHHE-
poBo3iB 3 11 cynmen [3, 4] Ha XC3 MOBHOIO MipOKO BH-
KOPUCTOBYBAJIMCS TEPESIOBI HA TOW dYac TEXHOJIOTII Ta
oprasizauii BHPOOHHIITBA, LIMPOKO 3aCTOCOBYBAJIUCS
arperaTyBaHHs MEXaHI3MIB, TTaHEJIbHUH CHOCIO MOHTa-
Ky TpyOOIIPOBOIIB TOIIIO.

Maiixe BciM cynHaMm mpoekTy 1592 naBanm Ha3Bu
Ha YeCTh KalliTaHiB, [0 BIIIrpajyl BayKIHUBY POIb Y PO3-
BUTKY MOpPCBKOTO TPAaHCIOPTY M apKTHYHOTO CYIHO-
mwiaBctBa, cepen Hux @.J1. Ilandinos, M.1. Xpomiios,
O.I. AyGinin, I1.T. bxmskos, 1. I1. Memepsxkos, C.B. I'y-
nin, FOcrac IManernxkic Ta iH. barato XTo 3 HUX 3arMHYB
y poxu Jlpyroi cBiToBOi BilfHH, Oyay4w KamiTaHAMH Ha
Cy[Hax, IO 3/1iHCHIOBAIN peicH y BoAax 3amoisp’s Ta
rocTravyaly BiicbkaM OOEMpUIacH 1 MPOBI3it0, BUBO3HIH
mopaneHux (3-momix HUX 1. I hrxmsixos, M. 1. Xpowmrios,
C.B. I'ynin).

[epmri BiciM pynoOBO3iB-KOHTEHHEPOBO3IB IPOEKTY
1592, sx i mepenbadanocsi, monoBHWIM ckiax MMII,
10 JIO3BOJIMJIO BIIEpIIe 3a0e3MeYMTH BUBE3CHHS PYIH
3 JIyIMHKYE BUKJIIOYHO CBOIM BaHTXXHHUM (IIOTOM, Oe3
3aJy4€HHS OpPEHJIOBAaHMX CYy/AEH IHIIMX MapOILIaBCTB.
Y 3uMOBY HaBiramito Ii pyZOBO3H-KOHTEHHEPOBO3U
aKTHBHO BHKOPHCTOBYBAJINCS Ha TpaHCATIAHTHYHIN
Kanapcpkiii niHil (ApKTHK-TaiiH) — MK nopramu €B-
poru, cxigHoro y30epexoks Kanmamum ta CHIA. YV 1977
p. cBiif mepmmmii Takmii peiic BukoHaB «KAITMTAH
[NAH®WJIOBY, mepesi3mm KoHTelHepu 3 l'amOypra
y Heto-Hopk.

VY mporieci moxasibiiol ekcIutyarariii 0yio BUSBICHO
CYTTEBI HEIONIKH PYIOBO3iB-KOHTCHHEPOBO3IB TPOCK-
Ty 1592 six GankepiB 1uis miBHIYHKX UpoT. [ToB’s13aH0
IIe 3 HeJOCTAaTHBOIO MOTyXkHicTio [/ (BUKIMKaHy BHa-
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CIIJIOK MDKMPOEKTHOI yHidikamii 3 KOHTEHHEPOBO30M
tuny «AJIEKCAH/IP ®AJIEEB», sikuii MaB neaBert
qume 5510 T), mo yCKIaaHIOBAIO KEPYyBaHHS CYTHOM,
0COONMBO y THOAOBOMY KaHami. Kpim Toro, y 1iux cymeH
Oyia HeZIoCTaTHs JThOI0Ba MIlHICTh Kopirycy (kirac JI1 3a
[TpaBuiamu Mopcekoro Perictpy CPCP), a Takox 3aBu-
mieHa ocajka (9,42 M), 10 He T03BOJIsUIA iM MTPOXOAUTH
€HicelicbkiM (hapBaTepoM y MOBHOMY BaHTaxy [5].

[Ile omumm Henmomikom Oankepis Tamry «KATIMTAH
[MTAH®WJIOBY, noB’s13aHUM i3 3aCTOCYBaHHAM Ha HHUX
Han0ynoBH KoHTelHEpoBO3iB THITY «AJIEKCAH/IP DA -
JEEB», cTano Te, 10 KalOTH, PO3TAIllOBaHI Ha HIDKHIN
nanxy0i, OyJau 3a yMOB HEIOTOIUTFOBAHOCTI 3 TIIyXHUMHU
iTroMiHaTtopamu. Sk pesyibTar, nepeOyBaHHs eKilmaxy
B IUX KalOTaxX y TEIUIMIl Iepiof POKy, HE 3Ba)Karouu Ha
HASBHICTh CHCTEMH HIUJIOPIYHOTO KOHAWIIIOHYBAaHHS TI0-
BITpS, BUSBUIIOCS HEKOM()OPTHHM.

UYepe3 BixcyTHICTH OOpPTOBMX KUIIB CyIHa Main
CTPIMKY Ta Pi3Ky OOPTOBY XHMTaBHIIIO ITijl 4ac IITOPMY,
3a 1110 MOPSIKM Ha3BaJI HOBOOYIOBY «TPUALATE 1T ITh Ha
TPHUILUATS IT°SIThY, HATSKAIOYH, 1[0 PU XBUITIOBaHHI Cy/I-
HO Baimiiocs B KpeH 3a 30° [6].

VYpaxoByroun i 0OCTaBUHH, BCi PYyIOBO3U-KOHTEH-
HepoBo3M mpoekty 1592 6ymu 3romom (19801982 pp.)
nepenani  JluroBcekomy Mopcebkomy [laporuracTBy
(JIutMII), a st ocTaHHIX TPHOX CyAeH mpoekTy 1592,
ki OymyBanucst Ha XC3, TOPTOM MPHUIKMCKH 3pa3y Oyiia
Bm3HaueHa Kumainena. V JIntMII Ginbury gactuHy gacy
BOHM EKCIDTyaTyBaJlUCS Ha TPAHCATIAHTHYHMX JIHISX,
30Kpema 3xilicHioBanu Oararo peficiB Ha KyOy 3 BaHTa-
JKEeM ToTaIry (KamiiHa CiTb, 10 MPU3HAYCHA JIJIS BHTO-
TOBJICHHSI IOOPHB), & HA 3BOPOTHOMY HAIPSIMKY BE3JIH
Ha bantuky mykxop. OKpiM LbOrO TPaHCIOPTYBAIU Me-
tan i3 Knaitnenu na PocTox i 3epHo 3 Amepuku, Kanaan
Ta €Bpomu 1o Gantiiicekux moptis CPCP.

Sx BuaHO 3 Tabm. 1, py1OBO3M-KOHTEHHEPOBO3M
tuny «KAIIUTAH [TAH®OUJIOB) 3Haxonunucs B eKc-
iyaramii y cepenabomy 10 30 pokiB, 1O CBITYUTH PO
JIOCTaTHbO BUCOKY SIKICTB SIK IIPOEKTY, TaK 1 Oy/1iBHUIITBA
LUX Cy/ICH.

Puc. 2. Pynosos-konteiineposo3 «KAIIMTAH ITAH®WIIOB»



HIPBUILDING
MARINE INFRASTRUCTURE

2

smi.nuos.mk.ua | editor@smi.nuos.mk.ua

ICTOPIl CYAHOBY]JYBAHHSA TA ®JIOTY

N°2 (10) 2018

600Z°90 11 OHBOMLD ‘O1IITH] & LxAdgorrerom eH oHerodu ‘d g0(g 1rerdeay AwolAdr A a . . L QALY
. : ) : oMATIR Rl
(800T°50°01) «“VNIA (1661°C1'62) “SYNIdTNLS SYNOLIdV 3 [T | 18615008 | 0861 S091 | LIAHHIC 0c8CroL OVLOO01” Hep i
010790 T OHEOHI L/V[][D § LSE OIOHII ke HeLm)] A «
1xAdgorre1ow en onerrodi d 0107 trerdeay Awoddrr £ X(L00Z +#0°0€) «XTNMN» | MealD NI | 0861 ‘60°6T | 0861 '€0°'1€ | LINIMIL |  €86TE8L :M%%%@mx 0ILT | OI
{(L661°60°€T) “SYNIAVYIAS SYNOLIdVI» (T661°20°80) “AOTNLS SYNOLIdV»
110T°S0 OHBOMIID {(600T 90" €T) “AONAAIAOYd V'T» e e . «dOdd.LOdH
qoMATIR iU
{L002°0° 1) INNLLNYNO» (1661°T1°€0) <V3IDNT 'V SYNOLIAVSD IIIC7H ] 0861 °C0'8T | 6061 6081 | TINIHIL | 6011E8L HveEn 60L1 | 6
110T'C0°CT OHBOMTID «goIruave
(L00T TT'1T7) «TINLNAA (D1 “(S661°11°CT) «VIIHNOA SYNOLIAV» | eam) W IN | 6461 '60°81 | 6L61 'TO01 |  LIAIN 1298T8L 5 | soLT | 8
“(2661°20°61) “AOTIAVA SYNOLIAV “(1861) LINLHIf HiHeraday] HV.IILVA
1107 €0°L0 OHEOMID “L/V[IID § §L{ OIOHII e
oilrH] 4 IxAdgorre1om eH onerodu “d (g wrerdeay Awoqradr £ dONAITeL] Tr a161 116z | 8161 "s0'6 L60bLL CHUTAT L0L L
{(L00Z°80°07) «XATAD (S661°60"11) «<SVISNIAVY SYNOLIIVSD LI | 8L61TT6T | 8L61 5061 | NN | ZL60Y HVLULIVYY !
((T661°10°7T) “NIAND SYNOLIAV I {(2861) LIALUL[ HuHeradar|
6002°90°07 OHeouLd ‘Heruy] A IxAdgorrerlom eH oHerodi ‘d g0z IHLEOX A «goM
(9007°€0°50) «1ANS» (9661 L0°87) “SYISNVIAZANY SYNOLIdV» | deam) ‘W N | 8L61 "90°CT | LL6T TI0T | LIANIN YLYEELL -BdATHN 90LT | 9
((T661°€0+1) “AOMVIIAISHN SYNOLIAV I “(1861) LIALUL[ HuHeradar| HVLULTVY
@ 6002'90°S0 ommg% VIO % omw osw% am
OIII7H] € LXAdQOIreLoW BH OHRIOdII "d (7 HreLldedd AWOIAdT CONATIRTT T - — L «GOMKNXU
{(9002°€0°91) «XNOUD (9661°90°20) “SMINIDYVIN SVNOLIAYSD T8 | LL6TTTEO0 | OL61s0Th | NN ) TOSOPOL |y ppprpyyps | <OFD | %
(T661°20°90) “XAOMVINZI SYNOLIdV» :(0861) LIALH][ HuHeraday
2107°S0O ¢ OHBOMID (IHeIry g 1xAdgorrerow eH oHerodn *d 71z Haedr £ CHAEMIAT
((100T°L0F1) “ANVTVAVIAY ((9661°80+1) OMNHAIAHS SYNOLIAVI» | deair) ‘W N | LL6T '90°61 | 9461 'TI'0T | LIANIN PEISHOL gy | oL | Y
((2661°20°61) “NINIGNA SYNOLIdV» “(0861) ITALMI[ HuHerada|
Z107°10° 10 OHBOUIID {(KITH]) JHely € IxAdgorrerow eH oHerodu *d [0z HIAI A «GOTINOIX
(L0°€0°90) «XAMAV» (L6'S0'80) «SNSINIS SYNOLIAV I | SOMAYRIT ‘Ir 'd | 9L61 "TI'8T | 9L61 'SO'IE | LIAIN YESTHIL vy | €01 | €
(26°50°20) XAODINOYHD SYNOLIdV» “(0861) [TALMI[ HuHerdda |
KH1AOI/18 HELd UMHOBhAD odu kiTewdogH!
. . . o i | MMM90HOH . i «gOLAdd
(100T°90°L7) “ALID AZITAE” (9661°80°C) «SYAUIDNVA SYNOLIAV” | _ wron | 9L6T90°ST | SL6T TI'ST|  LIANIN I#10€9L LT | €
p ey . exndy 7 3 HVIULIV»
(T661°10°L1) «“AOLNAY SYNOLIdV» “(7861) [TALHMI[ HuHerdda |
600T #0°9T OHEOHLID {L/VI[ID § (ST OIOHI BE
o1lrH] € IxAdgorrerom e onerodu ‘d g0z 1recrdeax Awomdor £ . . . «gOIMDHVII
: : doMATIR
{(0002°90°60) “IDUOHED 1A0A» (S661°60°61) «<VTIDNVA SYNOLIAYSD TVICE | SL6T IO | SL61%0WL 1 TN 6810890 | gy | 1OEE 1
((2661°20'90) “AOTIANVd SYNOLIAV > (1861) LIALHUI[ dunerodor
EHIAD KH BHHRIRIE EHHRIIRIRE BHHOI! /e
(suHeaAHOWHAdaN B1EY) BHIAD K1dOL1o1 BMAIEIO] | -HedeI’E BE UMH - exelf MUHEOWEE | OQIN] dOWOl | ®BHEAO edsel | -doWee -\
-qIrRIIgonrTg dowopy N

[¥ ‘¢ ‘2] rogee AWOHAITAQOHTAD AWONIOHO9dIY BH THREOTAQOI ‘766 | AMdodl HEod0dOHNOLHON-UE0HOTA] ] BIHIrQR ],




gHIPBUILDIN

MARINE INFRASTRUCTURE

Onuc pynoBo3a-konreiinepoo3a «K KAITMTAH
IMAH®NJIOB»

Ilpuznauennsn ma ocHoOGHI  Xapakmepucmu-
Ku cyona. PynoBos-xonteitnepoBo3 «KAIIUTAH
[MAH®UIJIOB»mpoekty 1592 (puc. 3) cnpoeKkToBaHO
y KB «Yepromopcynonpoekt» (M. Mukonai) ta mo-
oynosano Ha XC3 [7, 8].

Tumn cymHa — OJHOTBHHTOBHMU OIHONATYOHHIA Te-
TUIOX1J1 3 MIHIMAJIBHUM HaJBOJHMM OOPTOM, TOJIOBXKE-
HUM 0akoM, KOPMOBHM po3TanryBaHHsM MB 1 xurioBoi
Ha/0y/I0BH, MOXWJIUM (OPLITEBHEM Ta KPEHWCEpCHKOIO
KOpMOI0. BaHTaskHUI MIPOCTIP PO3AIJICHO Ha IICTh TPIO-
MiB 13 LIEHTPAJIBLHUMH JIFOKAMH.

CymHO CIpOEKTOBaHO SIK Oaykep IIUPOKOi Creri-
ayizamii, Npy LbOMY MOXIIMBE ITIOBHE BHUKOPHUCTAHHS
HOro BaHTaKOMIAHOMHOCTI JUIsl BUIAJKIB HIEPEBE3CHHS
BaHTaXIB i3 NIMPOKHM Jialla30HOM MHTOMO-BaHTaKHHUX
00’emiB (Bix 0,36 mo 1,40 m*/1): pisHuX pyn, Byrims,
JOOpUB, 3aTi30pYIHUX KOHIICHTPATIB, 3epHa Tomo. ['a-
PaHTYETHCS TAKOXK Oe3reuHe NepeBe3eHHs CUITYYHX BaH-
TaXIB 3a Oy/Jb-SIKMX ITOTOJHUX YMOB 0€3 BCTaHOBJICHHS
JI01aTKOBOTO 0OaaHaHHs (MM (THHTIB, )KUBUIILHHKIB).

KoHcTpyKIist TproMiB 1 JIFOKIB JI03BOJISIE TPAHCIIOP-
tyBaru 345 20-dyroBux cranaaprHux koHreinepis ICO,
3 HUX 90 — Ha nanyo6i.

Paiion maBaHHs cynHa — HEOOMEXEHHMH, B OCHO-
BHOMY B ITOMIpHUX 1 IIIBHIYHUX IIHPOTAX.

Ha momeHnT noOynoBu cynHo maino kiac Pericrpy
KM% JT1[1JA2 (a1 nepeBe3eHHs HaBaTIOBATbHUX BaH-
TaXIiB) Ta BIAMOBIAAIO BCIM OCHOBHHM KOHBCHIIIHHUM
IIpaBWIaM i HOpMaM, JIII0YMM Ha TOH Jac.

OCHOBHI XapaKTepPUCTHKHN CyJHA HAaBEJCHI HIKYE.

JopxuHa:
HaiOiIbIIa 145,4 m
MK HEpIEeHIUKYIISIPaMH 134,0 m
HlupuHa 3a Mienb-IIITaHT 0y TOM 20,6 m
Bucora 6opry 129 ™
Ocanka 1o BaHTaXHY MapKy 9,42 m
BarioBa micTKicTh 10125 per. T
BooToHHaXHICTD Y TOBHOMY
BaHTaXy 3 IOBHUMHU 3amiacaMu 20165 T
Jenseit 14550 v
O0’eM BaHTaKHHUX TPIOMIB 16930 m*
XapakTepuCTHKA BaHT@XKHUX TPIOMIB  IOJAHO
y Taom. 2.

IepeBe3eHHs BaKKUX Py/ 1 PyJAHUX KOHIICHTPATIB 3
MMUTOMO-3aBaHTaKyBabHUM 00’emoM 0,36...1,00 m3/T
3MIMCHIOETHCS B IIEBHUX BAHTAXXHUX TPIOMaX JIJIsI ITi/IBU-
[IEHHsI [IEHTPa Bard BAHTAXy Ta OTPUMAHHS CHPHSITIN-
BUX TEPIOiB XWUTaBHIl. Pyra MUTOMO-3aBaHTaXKYBaJIb-
Hum 00’emom 0,36...0,40 M/T BMIIy€TBCS B TPIOMH
Ne 2 ta 5 (muB. puc. 3), ski obnajHAHI TOABIHHUMU
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Ta6anns 2. XapakTepucTHKN BAaHTOKHUX TPIOMIB

Po3mipu Tpromy, M Ban- | Mictkicts
Homep Ta)KHHUI | KOHTelHe-
TPIOMY | OBKHUHa | ImMpuHa | BucoTa | 00’eM, | pis TEU,
M’ IIT.
1 8,5 18,0 8,9 1150 15
2 15,3 18,0 7,6 2290 40
3 15,3 18,0 7,8 3420 50
4 15,3 18,0 7,7 3440 50
5 15,3 18,0 8,4 3200 50
6 16,0 18,0 6,9 3430 50
3arasom: | 16930 255

6opramu. HasBHICTB qpyroro OOpTY BHKIIOYAE TPUMEp-
3aHHSI BAHTaXY JI0 CyZTHOBOTO HA0OPY B YMOBaX HU3bKUX
temneparyp Kpaitasoi IliBHOui. O6’emu, siKi yTBOpeHi
MiATaTyOHUMH THUIIEBUMH YKOCaMH Ta TOABIHHUMH
6opTamu, BUKOPHCTOBYIOTHCS IJISl PO3MIIIEHHS 0amacTy,
mo 3abe3nedye ONTUMAalbHI MOpEIUIaBHI SIKOCTI CynHa
B yMOBax 0ajacTHUX MEPEXO/iB.

3aranpHa KOHTEWHEPHA MICTKICTh BAaHTAXHHX TPIO-
MiB cknagae 255 mt. Konreitnepu B Tpromax Ne 1, 3, 4,
5, 6 TIepeBO3ATHCA B ITSITh SIPYCIiB 3aBBHUIIKH, B TPIOMI
Ne 2 — y gotupm sipycu. Y BCiX TproMax, OKpiM Iep-
I0TO, KOHTEHHEPU YKIIaJaroThCSI B 1BA PSIIU 3aBIOBXK-
KA ¥ 1O II'STh IITYK 3aBIIMPIIKH CyAHA, B IEPIIOMY
TPIOMI — B OAMH PsIJI 3aBAOBKKH i B TPH 3aBIIUPIIKH.
OnnovacHO 90 KOHTEHHEPIB MOXKYTh TPAHCIOPTYBATHCS
Ha JIFOKOBHX KPHIIKaxX Y /ABa SIPYCH 3aBBUIIKM HA JIIOKAX
Ne 3, 4,5, 6 Ta B oguH sipyc Ha JIOKYy Ne 2 3 THUM ke
YKJIaAaHHSIM 3aBIOBKKH Ta 3aBIIUPILIKH, 110 H Y TPIOMax
(puc. 4). Cepenne 3aBanTakeHHS 20-(hyTOBHX KOHTEHHE-
piB y TproMax i Ha mamy0i gopiBHIOE 12 T.

[lepenbaueno wmicTkocTi ams 30epiraHHS TaKUX
CYIHOBHX 3amaciB: MAaJoB’s3Ke (IU3ENbHE) MaIHBO
(MBIT) — 250 T; BucokoB’si3ke manuso (BBIT) — 780 T;
mybpukatopre macio — 40 T; koTenpHa Boma — 43 T;
mpicHa Boga — 136 T.

Xapaxkmepucmuxka kopnycy cyona. Kopmnyc i HanOy-
JI0Ba CyJHa MOBHICTIO 3BapHi. CucteMa HabOpy KOpIrycy
smimana: BII, apyre nHo, mHUIIE, 9acTHHA OOPTIB y pa-
HOHI mianasyOHNX OUCTEPH BUKOHAHI 3a MOIOBXKHBOIO
CHCTEMOI0; OOpTH, CKYIOBi Ta OOPTOBI IHCTEpHH, IIa-
myba Oaka, HIKHS nanxyoa, iardopmu 1 xpai Kopmycy
MAaIOTh MTOTIepeYHUH Halip.

Yci KopITyCHI KOHCTPYKIIii BUTOTOBIIEHI 3 HA3BKOJIE-
roBanoi ctaini Mmapku 0912 i3 mesxxero Tekydocti 300 MI1a
Ta BymeneBoi crani Mmapok BCt3Cn2 i BCt3Cn4 i3 me-
xero Tekydocti 240 MIla. J{is BiITMBOK axXTepINTEBHS
Bukopuctana ctanb 08TJTH®JI. Yci Ha3zBani Mmapku cTaii
J00pe MpalforoTh B yMOBaX HU3bKHUX TEMIIEPATyp.

3 METOI0 MIABMIIEHHS TEXHOJIOTIYHOCTI, a TaKOX
y 3B’S3Ky 3 BIPOBaDKeHHAM Ha XC3 aBTOMAaTH30BaHOI
JiHIT 3 BUPOOHUIITBA TUIOIIMHHNX CEKIH M1 OymiBHH-
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LITBa PYIOBO31B-KOHTEHHEPOBO3iB MpoekTy 1592 3acto-
COBaHO MAaKCHMAaJIbHY KUTBKICTh INIOCKHX CeKIid. Yci
nmanxyOu, 3a BUHATKOM ITaTyOW BEPXHBOTO MICTKa, OyIu
TUTOCKMMH 200 CKJIaIAJIUCS 3 TUIOCKHX JISTHOK.

st popmTeBHs 3BapHOT KOHCTPYKIIT BUKOPHCTAIIN
MPYTKOBUH 1 JIMCTOBUH Marepiayl; aXTEepIITEBEHb BHU-
TOTOBJICHO 3 OKPEMHMX JIMTHX YacTHUH. Y 3B’SI3Ky 3 €KcC-
IUTyaTaIli€lo CyHa B CKJIaJHUX yMOBaXx JIbOJOBHI MOSIC
30BHIIIHLOT 00MUBKH B paiioHi 0,051 Bij HOCOBOTO Iep-
TIEHINKYIsIpa, HaOip 60pTa B HOCOBOMY Kpai, KOHCTPYK-
il TBUHTOKEPMOBOI'O KOMIUICKCY XapaKTepPU3YIOTHCS
I IBUINEHOO MiIHICTIO Kiacy YJI.

Jlnist nepeBe3eHHs KOHTEHHEPIB 1 pyJHUX KOHLICHTPa-
TIB y TPIOMax Ha KOPILyCi BCTAHOBJICHO BiATIOBIJIHI TiJI-
KpIIJIeHHS.

VY BaHTaXHUX TPIOMAax IMiJICUIICHE IOJBiiHE IHO.
V tpromax Ne 2 i 5, siki mpu3HadeHi JJIsl MEPEBE3CHHS
BaHT&XYy 3 MUTOMHUM BaHTaKHAM 00’ emom 0,36 M>/T, Tre-
penbadeHo GOPTOBI IUCTEPHH.

VY migmanyOHUX IUCTEpHAX JIIBOTO OOpPTY HAsSBHUMA
KOPHJIOpP UIsl €JIEKTPOTpac 1 TpyOOIpOBOiB, MO YTBO-
PIOETBCS OOIIUBKOIO OOpTy W Oe3mepepBHOIO MO3II0-
BKHBOIO CTIHKOIO. 3aBISIKM I[bOMY BAAJOCS 3BUIBHUTH
BII Bix ycix MaricTpaibHUX TpyOONpPOBOMIIB, IO 3HA-
YHOIO MIpPOIO MOJICTLIMIIO €KCIUTYaTallio Cy/IHa B apKTHY-
HuX ymoBax. lleil kopugop Moxe OyTH BHKOPHUCTAHUI
1 Ui TIepexony 3 KOPMOBOi HAAOYJOBH B MPUMINICHHS
0aka B IITOPMOBUX YMOBAaX.

VY mopxgiftHOMY 1HI B miametpanbHii mromuHi (1)
repe16aueHo KOPUI0P A1t TPYOOIIPOBOIIB 1 cUCTEM, 11O
YTBOPEHUH CTIHKaMH TYHEIILHOTO K1JIs.

KoHCTpyKIIist TPIOMIB CyJHA TIOJIETIIY€E MTPOBEICHHS
BaHTAKHUX Omeparliif. MakcumaibHe PO3KPUTTS Maayou
3 ypaxyBaHHSAM CKOCIB I03BOJIFJIO CKOPOTHTH MiAmany0-
Hi «KUIICHI» B MOJOBKHBOMY HampsMKy 110 0,6 M i ab-
COJIIOTHO BUKJIIOYHTH iX Y HOHepedHoMy. TakuM YHHOM

Puc. 4. Cxema posramryBaHHS KOHTEHHEpPIB Ha CyAHI THITLY
«KAIINUTAH ITAHO®MNJIOB»

3abe3neuyeThcsi HopMalibHa poboTa rpeiidepamu mpak-
TUYHO Ha BCIH IO TPIOMY.

Jis parioHaJbHOTO BHKOPUCTAHHS 00’ €My TPIOMIB
ITiJ1 yac IepeBe3eHHs] KOHTEHHEPiB PO3MIpH JIIOKIB Ta BU-
coTa TPIOMIB € KpaTHUMH po3Mipam 20-(yTOBHX CTaH-
naptauX KoHTeiHepiB ICO.

CamoluTiBKa HaBaJIOBAJbHUX BaHTAXIB JAOCITAETh-
cst ckocamu T BIT mig kyrom 30° no ropusonty. [lin-
oM apyroro nHa 10 O60pTiB mix KyToM 45° 3abe3mnedye
CaMOOOCHUIIaHHsI BAHTAXKIB y MPOCBIT JIIOKIB. O0’eM y Ko-
MIHTCaX BaHTa)KHUX JIFOKIB CKJIagae Omm3bpko 14 % ycho-
ro 00’eMy TPIOMIB, TOMY IIPH TPaHCIOPTYBaHHI 3epHA
BiH MOXE CIIYT'YBaTH KHBUJILHHKOM.

LlentpanbHe po3TamlyBaHHS i NPUHHATI PO3MipU
BaHTXHUX JIOKIB 3a0e3MedyroTh MaKCHMalbHE pO3-
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KPUTTS MayOu Haj TPIOMaMH W MiHIMaJIbHI ITapaMeTpH
migmanyorux «kumeHb» (0,6 M 10 ckociB 10 OopTiB
i IepebipoK) i CTBOPIOIOTH ONTHMAaJIbHI YMOBH IS TIPO-
BEZICHHS BaHTaXHUX orepamniil. [Tomepeuyni nmepebipkwu,
SIKI PO3ALISIFOT TPIOMHE, BUKOHAHO rO()POBAHMMH 3 BEP-
TUKaJIbHUMH rodpamu TpareneinanbHoi Gpopmu, mo mno-
Kpallye OCHIIaHHS BaHTaXy. BoHM MaroTh cremianbHi
TpareneinaabHi KOpoOKH y BEpXHill Ta HIDKHIN YacTH-
HaX, TOOTO BIATIOBIIHI «XaTKW», II0 TaKOX 3a0e3mnedye
CaMOIITIBKY Ta CaMOOOCHIIaHHS BAaHTaXy B MPOCBIT
TmoKiB. HasiBHICTB BEPXHIX «XaTOK» JI03BOJISIE BUKOPHC-
ToByBath 00’emu i BII y mepeGipox (siki IpakTH9HO
HE BUKOPHUCTOBYIOTHCS 32 BiICYyTHOCTI KUBIJIFHHKIB) SIK
OaJtacTHi ITUCTEPHHU.

Mopennagni saxkocmi cyona. 1IBUIKicTs X0y CyaHA
3a MakCHMMaJIbHO TpuBasoi notyxkHocti I/l Ta ocaaxoro
10 BaHTa)KHY MapKy 9,42 M cknanae 14 Bys.

3araibHa MICTKICTh TPIOMIB JTa€ 3MOTY NEPEBO3UTH
BaHTaX1 3 TUTOMHM 00’ €MOM y miana3oni 0,36...1,23 M3/
3a 100 % 3amaciB Ha 6000 MIIb 13 CEPEIHBOIO OCAIKOIO
9,42 M. JIaNbHICTh TIABaHHS 32 3allacaMH IaJHBa MOXE
30inpmryBatrcs 1o 10000 Mmh 32 paxyHOK OyHKepyBaH-
Hs B OalacTHI TaHKH.

HenororutroBanicTs i aBapiiiHa OCTiiiHICTh rapaH-
TOBaHI II1J] Yac 3aTOIUICHHS OJHOTO OY/b-SIKOTO BiICIKY.
OcTiifHiCTh CyaHa 3a0e3MeucHa B MPOIECi MEepeBE3CH-
HSl BaHTAXIB 3 Oy/Ib-IKHM NHNTOMO-3aBaHTAXKyBaJIbHUM
00’emom Bix 0,36 mo 1,8 M3/T, a I ocTifHOCTI CyaHA
Ha TMOYaTKy peiicy MpuW MOBHMX 3amacax IependadeHo
npuiivanas Ganacty Omusbko 3000 T. [{nst koHTpOIIIO
10YaTKOBOI OCTIMHOCTI B IpoIieci BAaHTaKHUX OIeparii
BHKOPUCTOBY€ThCS KPEHOBA CHCTEMa, SIKA CKIIA/IA€ThCS
3 IBOX MiAManyOHHUX IUCTEpH MicTKicTio o 10 M i pi-
JIMHHOTO KPEHOMETpA.

Kinvkicmo exinajcy ma ymosu 1020 po3minieHHs.
Exinax cyqHa B KiIbKOCTi 33 000U pO3MIIIY€ETHCS B OJI-
HOMICHHUX KalOTax, 0OJaHAaHUX CHCTEMOIO0 KOM(OPTHO-
TO KOHIUITIOHYBaHHS MoBiTpsA. Kpim mporo, mepeadade-
HO YOTHPH JIBOMICHI KalOTH (TpH — JUIsl IPAKTUKAHTIB,
OJIHa — 3allacHa) Ta KaroTa Juid JolMaHa. [ pomanceki
MIPUMIIICHHST TIPEACTaBICHI KalOT-KOMIIAHIE€0, cajo-
HOM KEpiBHOTO CKJIaAy, iJajbHEI0 Ta CAJIOHOM KOMaH/IH.
Y MenudHuI KOMITIIEKC BXOIATh aMOyIaTopis, 130J1Top,
caHiTapHH 00K 1 MeanuHa koMopa. KamOy3 3B’ s13aHuit
nmipramu 3 Oy(heTHOIO KAOT-KOMITAHI€I0 Ta IPOBI3IHHU-
MH KaMepaMH.

Enepzemuuna ycmanoexa cyona. Yce yCTaTKyBaH-
H1 B MB CKOMIIOHOBaHO B arperaru, o o0’ €IHYIOTb
MEXaHI3MH 1 NpUCTpol 32 (PYHKLIOHATLHUMH O3HaKaMH.
KoxHuii arperar Mae 3arajgbpHui (QyHIaMEHT, 10 J103BO-
JIsi€ PaIliOHAEHO BUKOPUCTOBYBaTH 00’eM MB Ta BHKO-
HyBaTH OCHOBHI MOHTa)KHi pOOOTH B TIeXy i 9ac OymiB-
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HUITBa cynHa. Y MB mupoko BUKOpUCTaHUH MaHeIbHUI
cnocid MoHTaxXy TpyOOnpoBoAiB (111 HACTHIIOM 1 Ha TIe-
pebipkax). [Tanemni 30MparoTbes B EXy 1 IMICKIS YCTaHOB-
JICHHS Ha CYJHI 3’ €IHYIOTHCS 3a01HHUME TpyOamm.

Ha cynHi BCTaHOBJIGHO JBOTaKTHHN KpeHLKON(pHUI
PEBEPCUBHMUIA 3 TYPOOHAITYBOM MAJIOOOCPTOBUIL TU3EITh
SAKPH 62/140-3 BupoOuunTBa bpsiHChKOT0 ManmHoOy-
IIBHOTO 3aBOIY 3a Jinensiero pipmu «B&W» (Tum nBu-
ryna S5K62EF). MakcuManpHa TpuBana TMOTYXHICTh
neuryHa mpu 144 xB~! ckmamae 4920 kBt (6700 k. c.).
[Mutoma BuTpara manuea 211+3 % r/(kBt - romx). [Josro-
TpuBaja eKkcrulyarauiitna notyxHicte [J] npu 140 xB !
nopisarioe 4480 kBT (6100 k. c.).

JBuryn 3abe3medyeHuil CHCTEMOIO IHCTaHIIHOTO
ABTOMATHYHOTO KEPYBaHHS 3 YCEPEKUMHHM PETYISTO-
poM i1 3acobaMu aBToMaTH3allii, 00CAr SIKUX JJ03BOJISIE Ke-
pyBaTH HUM i3 HeHTpaidbHOTO Mocta kKepyBaHHs (LII1K)
ab6o 3 kepMoBoi pyOku. Kpim 115010, Ha HHOMY BCTaHOB-
JIEHO aBTOMAaTHYHUN PETYJSATOP B’SI3KOCTI 3 Oe3mepeps-
HOIO PCECTPAIIIEI0 MAapaMETPiB, a TAKMK OJIOK aBTOMA-
tuaHoro nepexoxy 3 MBII na BBII i nHazan. Cucrema
TTAJINBOMI/ITOTOBKH, 10 BKIIIOYAE y ceOe JjBa Cernaparopu
3 aBTOMATUYHOIO MPOTPaMOI0 HABAHTAXKEHHS, PO3pPaxo-
BaHa Ha 3actocyBanHsi BBII B’s3kictio 10 1500 ¢ PenBy-
na 1 mpu 100 °F.

Ha cymni 3actocoBaHO ACUIBYIHHN HPUCTPIH, M0
nobpe cebe 3apeKOMEHIyBaB B CKCIDTyararlii Ta CKIa-
JA€THCS 31 cTaneBoi TPyOH, KOPMOBHI KiHEIb SIKO1 3 Ha-
TSTOM BCTAHOBJICHO B PO3TOYIl sI0JyKa axXTEPIITEBHS
i 3akpirmieHo 6ontamu. HocoBwii KiHeIb TPyOU Ma€e KOB-
3ar0ue 3’€JHaHHs 3 BBApHILIEM aXxTepIiKOBOI MepedipKu.
[igmunarknr 1eiaBynHOI TPyOH BUTOTOBJICHO i3 Ciporo
YyaByHa 1 3a1uTO 0a0iTOM. 3MaIIeHHs i OXOJIOMKYBaHHS
MIMUIHAKIB  ICHIBYIa 3IIHCHIOIOTECS aBTOHOMHOO
CUCTEMOIO.

I'peOHmit Ban cymHa CyIITBHUMA, 03 OOIHIFOBaHHS,
a TIAMMITHAKA TpeOHOTO Baia MeTalleBi, 3 MaCITHIM
3MaIIeHHAM. YIIITbHEHHS IPeOHOTO Bala MiCTUTH HOCO-
BUH 1 KOPMOBUIT cabHUKH THITY «CHMILIEKC).

Ha cynni BcraHOBIIGHO TpeOHMI IBUHT (HIKCOBAHOTO
KPOKY: CTaJIeBUH, 13 YOTUPMa 3HIMHUMH JIOTIATSIMH, Jia-
MeTpoMm 4,2 M, IO KPINUTHCS HA KOHYCI Bajla OE3IIOoH-
KOBOIO MOCAJKOIO.

[ToTyXHICTh JKEpea eJEeKTPOXKHMBJICHHS —CYIHO-
Boi enekrpocraniii (CEC) na teroxomi «KAIIMTAH
[MTAH®UIJIOB» cknanae 1300 kBt. CynHoBe enekTpo-
oOaHaHHS MPAIoe Ha TpU(pa3HOMY CTPYMi HAIPyTOIO
380 B 3a gactotu 50 I'my, a Mepexa moOyTOBUX CIIOKHU-
BayiB — Ha cTpymi Hanpyroto 220 B. IIporsokHicTs Ka-
OenbHUX JiHINA Gankepa — 146 kM, 110 BTpHYi Oibiie,
HDK Ha CyJHaX TaKoro K TOHHAXY, ajie 3 HeaBTOMaTH30-
BaHMM YCTATKyBaHHSM.
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Jlnst mocravaHHst eIEKTPOSHEPTI€I0 CYTHOBUX CITOXKH-
BadiB Iepen0aYeHo TPH aBTOMATH30BAHHUX JIOIIOMIKHHIX
mmsens-renepatopu (JAIN) mapxku ATP 400/500, moTyx-
HicTh KokHOTO 3 HUX 400 kBT, Hampyra 400 B. IIpuBo-
JAMH TE€HEPaTopiB € JABUI'YHH BHYTPINIHBOIO 3TOPSHHS
notyxHictio 440 kBt (600 k. c.) 3a yacToTH 00epTaHHS
kominuacrtoro Bana 500 xB~'. Jluzenb-reHeparopu 00-
JIaJHAHI CHCTEMOIO AUCTAHIIHHOIO i aBTOMAaTH30BaAHOTO
kepyBanus Tty JJAY-CHAI-T Bupobuunrsa CPCP, sika
3abe3rnevye MiATPUMaHHS JW3eNiB Y MPOrpiToMy CTaHi
Ta aBTOMaTUYHHH 3aITyCK Oy/Ib-SKOT'0 3 HUX 32 CUTHAJIOM
Bix CEC. [lo ckiiagy OCTaHHBOI BXOIUTH CHCTEMa aBTO-
MATUYHOTO KepyBaHHS, SKa KOHTPOJIIOE HaBAHTAKCHHS
1 3mIACHIOE aBTOMATWYHE IIIKIIOYCHHS 3aITyIICHOTO
reHeparopa Ha IIUHU TOJIOBHOTO PO3MOAUILHOTIO HIATA
(I"PILI). CunxpoHi3aLisi reHepaTopa, Horo BKIIOYEeHHs Ha
[IVHHU, PO3MOMALT aKTUBHUX i PEAKTHBHUX HABAHTAXKCHBb
BHUKOHYIOTHCS] aBTOMaTHYHO, O€3 yJacTi orepaTopa.

Kpim nepepaxoBaHOTO 11 CHCTEMH aBTOMATHKH CTBO-
prototh 3axuct JIJII" i CEC, a Takox rapaHTyrOTh MOIIC-
peIKYBaJIbHY CHUTHATI3AINIO PO TXHIO pOOOTY, aBTOMa-
TUYHE BiIKJIFOYCHHS HEBIIOBITAILHUX CIIOXKIBAYiB IIPU
TepeBaHTAKEHHI TeHepaTopiB, aBTOMATHYHUI KOHTPOJIh
oropy 130511l criokuBadiB To1o. Komrieke aBromaru-
KU 3a0e3reyy€e aBTOMATHYHMUN IYCK 1 MiJIKJIIOYESHHS Ha
IIMHU TOTO JIU3eIb-TeHEepaTopa, 110 3HAXOAUTHCS B pe-
3epBi y pa3i MOBHOTO 3HECTPYMIICHHS CJIEKTPOCTAHIII.
3i 3HMKHeHHAM Hanpyru Ha muHax [PII cnodaTtky aB-
TOMATUYHO 3allyCKA€ThCS aBapifiHUN Ou3eIb-TeHEepa-
top (Al') nmotyxuictio 100 kBT. [ToTiM aBTOMaTn4HO
Bin muta AJI[' BMHKAIOTBCS EICKTPOHACOCH OXOJO-
mxeras JIJII 1 3a momomoroto cuctemu JAY-CAT-T
BimOyBaeThCs 3amyck pesepBHoro /I 3 momambimmm
niaKIrodYeHHIM #oro go mumH ['PIL. 3a3naveni mporecu
pesepsroro JI/II" TpuBarots He Oinbmie 40...50 c, a Bce
BIJTHOBJICHHSI HAIIPYTH HAa IIMHAX €ICKTPOCTAHINI 3/il-
cHIoeThes 3a 1,0...1,5 xB.

Bopsna mapa 1t cyTHOBHX TIOTpeO Ha CTOSHII BH-
pobnsieTbest apromaruzoBanuM JIK mapku KBBA 4,5/7,
[0 Ma€ MapONPOAYKTHBHICTH 4,5 T/TO; 1 TUCK Hapu
0,7 MITa. YtumizamiiHuii naporeHeparop, o BUKOPHC-
TOBY€ TEIUIOTY Bimximuux rasiB /I, XapakTepusyeThcs
nmaponpoayKTuBHICTIO 1,8 T/rox i THCKOM mapu 0,7 MITa.

CynHoBa eHepreTuyHa ycTaHOBKa 00Jia/lHaHA CUCTe-
MO0 KOMITJICKCHOT aBTOMATHU3aIlil, sKa 3a0e31euye Kepy-
BaHHS 1 KOHTPOJIb 32 POOOTOO0 BCIX MEXaHI3MIB Ha X0y
omHUM BaxToBHUM MexaHikoM i3 LITIK 3 kopoTkogacHUMHE
puxoaamu B MB. Ha crosHii Baxta B MB He nepenoa-
YA€EThCs, HASBHICTh OJIOKIB y3arajibHEHOI CHTHAJI3aIlil
B KaloTaX MEXaHiKiB i OCHOBHHX T'POMaJCHKUX INPHUMi-
HICHHSAX JIO03BOJIIE KOHTPOJIOBATH HOPMAIbHY POOOTY
yCTaTKyBaHHS.
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Ha cymui nepenbauaroreest ¥ iHmI  yHi(ikoBaHi
KOMILJIEKCH:

1) enekTpUYHa CHCTEMa aBTOMATHYHOIO LIEHTpaTi-
30BaHOTO KOHTPOIIO NAapaMeTpiB CYIHOBOI eHEpreTnd-
HOI YCTaHOBKH, sIKa BKIIIOUa€e y ceOe aHajaoro-nuuppose
MIEPETBOPEHHST BEJIMYMH KOHTPOJIBOBAHUX IapaMeTpiB
3 Bujauero iHgopmanii Ha 1udpoBUi iHAMKaTOp, aBa-
piitHO-TIONIepeKYBaIbHY CHTHAIII3AII0, CXeMY aBTOMa-
THYHOTO BBIMKHEHHsI pe3epBHUX HacociB [J], KOHTpoIb
Baxtu B L{[1K Ta iH.;

2) eNeKTpONHEeBMAaTHYHA CHCTEMa aBTOMAaTH30BaHO-
ro i qucraHuiitnoro kepysanus '] (crouatky BHKOpHC-
toByBasacs cuctema JJIAY STL, y mogamsmomy — JAY
«I'pom»);

3) eJeKTpOIHEBMATHYHA CHCTEMa IICHTPai30BaHO-
rO KepyBaHHs CUCTEMaMH NPUHMaHHS i nepeKadyBaHHs
nannBa, 0aIacTHO-OCYITHOO Ta 00IrPiBOM ITUCTEPH.

JonaTkoBo Ha CymHI BCTAHOBICHO PsJI JIOKAJIBHUX
CHCTEM:

— aBTOMaTH30BaHa CHCTeMa KepyBaHHs KOMITpecopa-
MH IIyCKOBOTO TIOBITpsI, po3po0iieHa i3 3aCTOCYBaHHIM
JIOTIYHUX EIEKTPOCICMEHTIB,;

— eNeKTpOoTiapaBIigyHa cucreMa apromatuku JIK;

— ENIEKTPUYHI CHCTEMH KepyBaHHS KOMIIpecOpamu
XOJIOAMJIBHUX MAIllMH CUCTEMH KOHJIHUIIIOHYBaHHS MOBI-
Tpst i CHCTEMH OXOJIOJDKEHHS IPOBI3IHHHUX Kamep;

— aBTOMATH30BaHa CUCTEMa MOBITPSIHOI MMiJIrOTOBKH;

— CHCTE€Ma aBTOMATHKH MAJUBHUX cemapaTropiB Qip-
mu «JlaBanby;

— CcHCTeMa TEIUIOBOI Ta JUMOBOI IOXKEKHOI CUTHA-
Jmizarii.

Yepes BenuKkuil oOCST aBTOMaTH3alil 3HAYHO 3pOC-
JIa HACHYCHICTh CAMOT0 €JIEKTPOYCTaTKyBaHHs anapary-
POIO €JIEKTPOABTOMATHKH Ta €JIEMEHTAMHU €JICKTPOHIKH.
Hampuknan, Ut aBTOMaTuKyd KOMIIPECOPIB MYCKOBOTO
MOBITPs BKIItoUae y cede 1o 500 pi3HuUX erxeMeHTIB (pe-
3UCTOPIB, MiOIB, TPAH3UCTOPIB, KOHJICHCATOPIB TOIIO).
VYcporo Ha cymHI BCTaHOBIEHO Onn3bko 50 IIUTIB aBTO-
MaTHUKH 1 CUT'Hai3alii pi3HOro NpU3HAYEHHS.

3acanvnocyonogi cucmemu. IIpoTumnoxexna Bojs-
Ha CHCTEeMa CyJjHa BUKOHaHA B OCHOBHOMY 3a JIIHIHHOIO
CXEMOIO, a B paifoHi HamOyTOBH — 3a KiTbIIeBOI0. BoHa
00CITyTOBY€THCS IBOMa BIAIIEHTPOBUMH HACOCAMH TIO-
nadero 1o 100 M*/rom mpu Hamopi 80 M Ta aBapiitHUM
HacocoM mnopadero 63 m*/roa. [ToxkexkHi piKKH po3TaIo-
BaHi TaK, 100 /10 Oy/Ib-IKOTO MICIIS TIOXKEK1 ITOAABAIOCS
HE MEHIE ABOX CTPYMEHIB BOJIH.

Ha cymui mepenbadeHo cHCTEMy BHCOKOKPAaTHOTO
MHOTACIHHS, 10 BKIIIOUCHA Y BOJSHY ITOXKESKHY Mari-
crpasb. st racinag noxexxi B MB 1 BaHT@XXHUX TpIO-
Max BUKOPUCTOBYEThCS XiMiUHa CUCTEMa, [0 TIPALIFOE Ha
xmagoHi R114B2 a6o cyminn b®-2. YBech 3amac BorHe-
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TacHOTO CKJIAJy 30epira€ThCs y CICIIabHUX Pe3epBya-
pax, YCTaHOBJIEHHX Ha CTaHIIi MOXKEKOTaCiHHS, 1€ PO3-
TAIIOBAHO 1 MOCT KEPYBaHHS CUCTEMOIO.

s raciaasg mokexi B nmpuMiniendi AJIL, pecusepi
npoayBasibHOro noBiTps ['J] Ta MasnsipHiit komopi nepen-
0aueHo BYIVIEKHUCIIOTHI Oaraper.

BamactHa Ta ocymHa CHCTEeMH OTHOJNIHIWHI,
o0 OOCIyTOBYIOTECS IBOMa OalacTHUMH HacocaMu
HIIB-250/30A nomauero 10 250 m3/rox nipu Hamopi 30 M
BOJI. CT.

SIk 3amipHy apMarypy 3aCTOCOBaHO AMCTAHIIIIHO Ke-
POBaHi IIOBOPOTHI 3aTBOPH 3 T1IPONPHUBOJIOM, PO3TAIIO-
BaHI B CYXHX BiJICiKaX MOABIMHOTO JHA, IO MPHUIIATAIOTh
JI0 KOPUZOPY CUCTEM.

CucrtemMa OUMILIEHHS JbSJIBHUX BOJ OOCIyroBY-
€ThCS CEIapaTopoM MpoAyKTuBHicTIO 10 M*/rox i mBO-
TBUHTOBUM HacocoM 3 mogadero 10 m*/rox mpu Hamopi
40 M Bogz. CT.

Ha cynni € Tpu UCTepHU 3 BOMOIO: JBI aBTOHOMHI
3 MUTHOI Ta OfHa 3 MuitHOI. [lepenbaucHo aBapiliHe
TIOTIOBHEHHS! 3araciB MUMHOI BOAM 3a JOTIOMOTOIO BO-
JIOOTPICHIOBAIBEHOT YCTAHOBKU BaKyyMHOro Tuiry. s
KOHCEpBallii BOAW BCTAHOBIICHO 10HATOP Cpidia.

VYei BaHTaXHI TPIOMH 00JIaIHAHI TIPUPOITHOIO BILYB-
HOI0 Ta BUTSDKHOKO BCHTWIIALIIEIO, siKa 3a0e3Ieuye JIBO-
KpaTtHUH OOMiH TOBiTps moroanuu. [IpuiimaHus i Bu-
KUJaHHS TOBITPS 3IIHCHIOIOTBCS dYepe3 pacTpyOHi Ta
OWTIHAPUYHI TOTOBKH. [[111 TOBEpXHEBOT BEHTHIIALIIT ITif
yac TMEPEeBE3CHHS BYTuLIA MepeadadeHi BEHTHIALINHI
BOJIOTa30HEIIPOHUKHI KPHIIKH, 1[I0 BCTAHOBJIEHI B KO-
MIHTCax JIFOKIB.

JKutnoBi, Tpomaaceki Ta MeEIWYHI TPUMIIICHHS,
a TakoX paniopyOka, TpaHCisAmiiHa, KaHemspisa 1 LIIK
00CITYyTOBYFOTBCSI OJIHOKAHAJIBHOK CHCTEMOKO I[JIOPIYHO-
TO KOH/IMIIIOHYBaHHS TMOBITPs. Y paifioH poOoYux Mmicipb
KepMoBoi pyOku, OyderHux, kamOy3a 1 ripokoMIIacHoi 1o-
BITPsI HAZXOAUTB 13 CHCTEMU KOHIMLIOHYBaHHS, a B IIPH-
MIIIEHHS — Yepe3 MOBITPOPO3MOIUIFHIKHA Ha CTEeMi, SIKi
MaloTh DIIYHIHUKH Ta 1HIUBIAYabHI PEryJsTOpu. 3araib-
Ha MPOAYKTUBHICTH JIBOX KOHAMIIOHEpiB nocsirae 11000
M*/roj1. XonoauibHa YCTaHOBKA MICTUTB JIBa KOMIIPECOp-
HO-KOHJICHCAaTOPHUX arperaTd XOJOAOIPOIYKTHBHICTIO
mo 105 kBT y pexxumi KOHIUITIOHYBaHHS, SIKi TPAIIOIOTh
Ha xyanoHi R12. Cucrema KOHIUITIOHYBaHHS 3a0e3edye
ONTHMAJIbHI ITapaMeTpH B MPUMILIEHHSIX 32 TEMIepaTypH
30BHIIIHBOTO TOBITPs 10 —40 °C, 1715 4oro nependoadeHo
JIOTATKOBI TIApOBi MiAITPIBHUKA «HYIBOBOTO» CTYIICHS.
XonmoaninbHa yCTaHOBKA IPOBI3IMHMX Kamep MiATpUMYye
B HUX TemIeparypy B mexax Bix +10 g0 —12 °C. Jlo ckia-
JIy YCT@HOBKH BXOJSITH TPU aBTOMAaTH30BaHHX KOMIIpe-
COPHO-KOHJICHCATOPHHUX arperard XOJIOIOMPOIyKTHBHiC-
110 10 7 KBT (6000 KKa7/TOM), ONWH 3 IKUX € PE3CPBHIM.
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Cyonoei npucmpoi. SIkipHuil TpHCTpili BKIIOYae
y ce0e /1Ba CTaHOBHMX 1 OAMH 3amacHUH skopi Xoia
Macoro 1o 4000 xr kokHUH. BiH 00CIyrOBYy€TBCS €NeK-
TpuaHuM mmmieM 111967. SIkipHi JTaHIIOTH CTaHOBHX
SIKOPIB 3BapHi, MIABHUIICHOT MIIIHOCTI, KajuiopoM 57 MM
1 JIOBXHHOIO 275 M.

Ha cynni BcranosieHo oOTiuHe HamiBOasaHCHp-
HE KepMo 3 KoBaHHM Oanepom. EmekrporimpaBiiuna
KEepMOBa MallllHa 3 HOMiHAJIbHUM KPYTHHM MOMEHTOM
400 xH "™ 3nilicHioe mepexiiaiaHHs KepMa 3 Oopra Ha
6opr 3a 30 c.

Jlnst KepyBaHHST KEPMOBHM €JIEKTPOIIPUBO/IOM 1 aBTO-
MaTHYHOTO YTPUMAaHHS Cy[HA Ha 3aJlaHOMy Kypci BIiep-
1€ 3aCTOCOBaHA HOBA CAMOCHHXPOHI3yBaJbHA CHCTEMA
aBTOKepMaya, TOOTO BCi ONepaTUBHI EPEMUKAHHS MOXK-
Ha 3/1HCHIOBAaTH 3a Oy/ab-sIKOTO IOJIOKEHHSI Kepma 0e3
JIOIaTKOBUX OTepaliii Mo/0 y3TOMKEeHHS CHCTEMH.

Bennunna puckaHHs Cy[HA y BaHTaXy IPH XBHIIIO-
BaHHI MOpsi A0 Tpbox OaniB ckmamae 0,5...1,0° xypcy.
UyTauBICTh CHCTEMH KEPYBaHHS 10 KyTa 3MiHH Kypcy
He Hik4e +0,5° y TI0JI0KEHHI «TOYHO» NepeMuKada qyT-
JUBOCTI, PO30IKHICTD Y MIOKa3aHHIX MiXK JaTYAKOM Tipo-
KOMIIaca i pemiTepoM y MylbTi KepyBaHHS aBTOKepMada
He Oinbire +0,1° Kypcy.

[IBaproBHi omnepauii 3a0e3MeUyrOThCSI YOTUPMA
IIBaPTOBHUMHU €JIEKTPUYHUMH aBTOMATHYHUMH JeOin-
kaMu (1Bi Ha Oaky Ta 1Bi Ha foTi) BupoOHmITBa [THP
i3 TsroBuM 3ycmisiM 80 kH. Kpim toro, Ha 6aky BoHH
MOXYTb 3/IHCHIOBAaTUCS 3a JOMOMOIOI0 IIIBAPTOBHUX
OapabaniB mmwist 3 TaroBuM 3ycwuisiv 10 xkH, a nHa
KOpMi — 3a JIOIIOMOTOI0 TYPauoOK IIBapTOBHHUX aBTO-
MaTHYHHUX Je0iTOK. ABTOMAaTHKa IIBAPTOBHUX JIEOiTOK
PpeNeitHO-KOHTAaKTOpHA, sIKa JO3BOJIsiE BUOUpATH abo Tpa-
BUTH IIBAPTOBHUI KaHAT 3aJISKHO BiJ| HOTO HATSTHEHHSI.

Jlo cknany CymHOBHX PSTYBaJIbHHUX 3aCO0IB BXOISTH
JIBl IIJTACTMAcOBI 3aKpUTI pATYBaJbHI HIIIONKH, OJIHA
3 skux MoTtopHa tumy 3CIIP2M nHa 55 oci0, iHma —
3 pyunnM npuBogoMm (3CHIP2P) na 57 oci6. Ha cymni
€ YOTHPHU HaJJIyBHI PSTYBaJbHI IUIOTH MICTKICTIO IO
6 oci0 KOXHUI, omHa pobOova IIacTMacoBa MOTOpHA
HITIONIKA 1 poOounii urit. CrrycKaHHs Ta ImiJiiMaHHs ps-
TYBaJIbHUX IIUTIONOK 3/1iHCHIOETHCS 3a JOTOMOTOIO T'pa-
BITAIMHUX MUTIOOATIOK 3 BEPXHBOIO MPOBOJKOIO TPOCa
1 eJIEKTPOPYUYHHUX JIEO1IOK 3 TATOBUM 3ycHiuisim 63 kH.

OCKITbKM  eKCIUTyaTalliss CylHa IUIaHyBajiacs Mixk
MTOPTaMH 31 CTIeHiaTi30BaHUMH JIITHKAMH JJIs TIepepo0-
KM CHUITYyYHX BaHTAXIB, BIACHUN BaHTAXHUU TPHUCTPiit
Ha Cy[HI He mependadaBcs: BCl BAaHTaXKHI onepariii Maan
3IIHCHIOBATHCS OEPErOBUMH 3aC00aMHU.

Jnst 3aBaHTaKeHHS MPOBI3ii, CyJAHOBOrO MOCTavYaH-
Hs1, OOCITyrOBYBaHHS JIFOKa 3aBaHTAXKCHHs MPOBI3ii, 3a-
BAaHTAXXEHHsSI 1 BHUBAHTAXEHHS JAETAlled 4epe3 LIaxTy
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MB, cnyckanHs Ta mifiiiMaHHs poOOYOi IILTIONKHU Iie-
pendaueHo eneKTpUUHUH BaHTaKHUN KpaH KD32-2 Ban-
TaKOIAHOMHICTIO 3,2 T.

Ha BII cynHa € mricTe BaHTQXXHUX JIOKIB 3 TAKUMH
po3mipamu B cBiTai: Tptom Ne 1 — 8,6x6,4 M, pemra
TpromiB — 13,6x12,8 m. Bucora kominrcis jrokiB y JIT
cknagae 1,3 m. Bonu oOmagHaHi MexaHi30BaHUM MeETa-
JICBUM 3aKpUTTSIM: Ha Tptomi Ne 1| — OJHOCTYIKOBUM,
JBOCEKIIHHUM, a Ha IHIIMX — JBOCTYJKOBHM, YOTH-
PHCEKIIHUM 3 HE3aJI)KHUMHU CTYJIKAMH, L0 BiJKpH-
BAIOTHCS B HIC 1 KopMy cyaHa. KoxkHa cTynka mae nBa
rigpormmiaapu. KepyBaHHS TiIpompuBOIOM 3HIHCHIO-
€TBCS 3 MICIICBHX ITOCTIB, PO3TAIIIOBAHUX ITi]] KOMIHT'COM
KOXKHOTO JItoKa. ['iAponpuBi 00CIyroBy€eThCs IBOMa He-
3aJI€KHUMU 1 B3a€EMO3aMIHHMMHU HACOCHUMH CTaHIISIMH,
OJIHA 3 SIKMX PO3TAlIOBaHAa B paiioHi HaAOyIOBH, iHIIA
— i nonmy6akom. JIJist CTBOpEHHS 0e3yAapHOro IMiIXO0Ty
CeKIIii 10 KpaliHbOTO MOJIOKEHHSI CTYJIKH ITPU BIIKPUTTI
rizpocucTemMa 3a0e3nedeHa TiAPOMAHIMYIATOpaMH, SKi
MIPAIIOIOTH BiJl KIHIIEBUX BUMHKAYiB Ha CTYJIKaX. 3araib-
HUH 9ac 3aKpUTTSI BCIiX JIFOKIB IIPH TUTFOCOBIH TeMIiepary-
pi cknangae Onm3bko 16 XB.

VYci KpUIIKH BaHTXHHUX JIOKIB yHI(IKOBaHI TMix
pO3Mipu KOHTEHHEpIB MIXHAPOAHOTO CTAaHAAPTY, IXHS
MilHICTb TapanTye nepese3eHus 20- i 40-dyToBux KoH-
TeiHepiB y JiBa sipycH Ha Kpuiikax TpiomiB Ne 3, 4, 5, 6
Ta B OJUH spyc Ha Kpummi Tpiomy Ne 2. BuBanTakeHHS
3aITUINKIB CHITYYMX BaHTAXIB 3 TPIOMIB JUIA X 3a4UIICH-
HS BiZIOyBa€THCS 32 JOTMOMOTOIO JBOX IIEPEHOCHHX TIO-
BOPOTHHUX 0aJIOK 3 JIeOiAKaMH 1 IBOX Bi3KiB.

Cnucok JgiTeparypu

php
[u mp.]. — Cumbepomnons : TaBpuma, 1993. — 290 c.

ence-list/suxogruznye-suda/proekt-1592/.
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KpinneHHs: KOHTEHHEpIB Ha KPHUIIKaX TPIOMIB 3iM-
CHIOETbCA 0€3 BIATSHKOK KOHTCHHEPHHMH CTOIOpPaMH
1 cTpyOLMHAMM, a TPhOX HIDKHIX PsJIiB KOHTEHHEpIB
y TpIOMax — BIATSDKKAMH 3 TajperamH, KOHTeHHEepH
YETBEPTOTO 1 IT’ATOTO SIPYCiB KPIMIIATHCS 0€3 BiATKOK.

Ha crnienianbHiit HOCOBIM IOV AJISL CHOCTEPEIKEHHS
3a JIbOJIOBUM CTaHOM BCTaHOBJICHA KabiHa Ui TOTO, XTO
«IUBUTHCS BIEpen», sika oOiagHana Teaedonom. Cre-
KJla KaOiHM MaloTh €JIEKTPOIIIrpiB i CHIrOOYHMIIyBad,
cama KaOiHa TaKoXX OCHAIIICHA EJIEKTPOOTTAICHHSIM.

3axuCT KOPIYCY CyIAHA BiJ KOpPO3il 3MIHCHIOETHCS 3a
JIOTIOMOTOFO CIICIiaTbHIX CHHTCTUYHUX (hap0d 1 BCTAaHOB-
JICHHS 3arajbHOTO MPOTEKTOPHOIO 3aXUCTY ITiABOAHOI
YaCTHHH 30BHIIIHBOT OOIINBKH, SIKa CKJIQJIAETHCS 3 OKpe-

MHX TPYTI KOPOTKO3aMKHYTHX ATFOMiHIEBHX TIPOTEKTOPIB.

BUCHOBKM. Pynoso3u-konteitHepoBo3u tumy «KA-
[MNTAH TTAH®WIIOB» (mpoekr 1592), sx 1 HHU3Ka
IHIIMX apKTHYHUX cyneH, cnpoektoBanux B LIKB «Uep-
HOMOpCYIotnpoekT» i modynosanux Ha XC3 [9], 3podu-
JIM BarOMHMH BHECOK Y CIIPaBy IPOMHUCIIOBOTO OCBOEHHS
Kpaitapoi IliBHOYi. Bucoki piBHI KOHCTPYKTOPCHKOTO
MIPOEKTYBAaHHS 1 TEXHOJIOTii OyIiBHUIITBA CyAEH TO3BO-
JIWIA CTBOPHUTU JIHCHO YHIKaJbHI TEIUIOXOMAH, IIO Mij-
TBEPKYETHCS 1X TPUBAJIOIO Ta YCIIIHOI EKCIUTyaTa-
uiero (B cepennbomy a0 30 poki). IlocriiiHa morpeda
CBITOBOTO MOPCHKOTO ()JIOTY B TaKOMY THIII CY/ICH JIa€
MiICTAaBU CIIOMIBATHUCS HA MOYKJIMBI 3aMOBJIEHHS UIS Bi-

TYU3HSHOTO CyAHOOYyBaHHS.
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Abstract. The article presents the main stages of development and use of compressed air energy
in transport plants for various purposes. The domestic and foreign literature on the development
of the current state and prospects of the use of compressed air energy and pneumatic engines in
the power plant of vehicles have been analyzed. The list of problems arising in the application
of pneumatic engines is determined, as well as rational ways of further increasing the efficiency
of power plants are established. The main advantages and disadvantages of pneumatic engine
using in the composition of transport power plants are highlighted. So, the main advantages
include high environmental friendliness, depreciation of vehicle production, lower mass and
dimensions parameters. Disadvantages include low efficiency coefficient due to multiple en-
ergy conversion, limited power consumption of filling cylinders and engine cooling due to the
expansion of air. The most common pneumatic engine designs (piston and rotary) and their
performance properties are considered. It has been established that rotary pneumatic engines,
in terms of energy, mass and dimensions, and performance parameters, exceed other engines.
Some of their inherent operational disadvantages, which may limit their use in some spheres,
can be eliminated or reduced to acceptable standards at the right design solution. The variants
of the basic schemes of power transport plants with pneumatic engines, namely the use of a
pneumatic engine as an auxiliary power unit (hybrid units) or, as the main one in aecromobiles,
are considered.

Keywords: energy resources; harmful emissions; power plant; rotary pneumatic engine; pis-
ton pneumatic engine; compressed air.

AnoTauis. [Tomrano oCHOBHI eTany pO3BUTKY Ta BUKOPUCTAHHS €HEPrii CTUCHYTOTO MOBITPS
B TPAHCIIOPTHUX YCT@HOBKaX pI3HOro Mpu3HayeHHs. HaBeneHo aHami3 BITYM3HSIHOI Ta
3apyOiKHOI JIITEpaTypu MO0 PO3BHUTKY CYy4YacHOTO CTaHy ¥ TEPCIEKTUB BUKOPUCTAHHS
eHeprii CTHCHYTOrO TMOBITPSA 1 THEBMOIBHIYHIB Yy CKIaAi EHEPreTHYHOI YCTAHOBKHU
TPAHCIOPTHUX 3ac00iB. BusHaueHO mepernik mpoOiieM, 0 BUHHUKAKOTH MPH 3aCTOCYBAaHHI
ITHEBMOJIBUTYHIB, @ TaKOX YCTaHOBJICHI palliOHANBHI MUISXH ITONANBIIOTO ITiABHICHHS
e(eKTUBHOCTI EHEPreTHYHWX YCTAHOBOK. BUIiNeHI OCHOBHI TMepeBarn Ta HEIOTIKH
BUKOPUCTaHHS THEBMO/IBUTYHIB y CKJIaJ{l TPAHCIIOPTHUX €HEPIeTHYHUX yCTAaHOBOK. Tak, /10
OCHOBHHX TIepeBar MOKHa BiTHECTH BUCOKY €KOJIOTIYHICTh, 3HHKEHHsI BAPTOCTI BUPOOHHIITBA
TPAaHCTIOPTHHUX 3ac00iB, MEHIIT MacorabapuTHI MMOKa3HHUKH, 10 HeMoMikiB — Hu3bkui KK/ 3a
paxyHOK 0araTOKpaTHOTO MEPETBOPCHHS CHEPrii, 0OMEKEHICTh CHEPrOEMHOCTI 3allpaBHUX
0aIoHIB Ta OXOJOMKCHHS IBUTYHA BHACIIIOK PO3IIUPEHHS MOBITPs. PO3mIstHyTO HAOiLMbIT
MOIIMPEH] KOHCTPYKIi MHEBMOABUTYHIB (TOPIIHEBI H poTamiiHi) Ta iX eKCIUTyaTamiiHi
BJIAaCTUBOCTI. ~ YCT@HOBJIEHO, IO pOTAliifHi ITHEBMOIBUTYHHM 32 CHEPreTHYHHUMH,
MacorabapUTHUMH Ta EKCIUTyaTallifHUMK MMOKa3HUKAMU TEPEBHINYIOTh HINI JBUTYHH, a
JIesiKi TIpUTaMaHHl iM eKcIuTyaTaiiHi HeOJIKH, 1110 MOXKYTh 0OMEXYBaTH 1X 3aCTOCYBaHHS
B JesKuX cdepax, NpH MPAaBUILHOMY KOHCTPYKTUBHOMY pIIIEHHI MOXYTh OyTH YCyHYTI
a00 3HWKEHI JI0 MPHUITYCTUMUX HOPM. PO3IISIHYTI BapiaHTH OCHOBHHUX CXEM €HEepreTHYHUX
TPAHCIIOPTHUX YCTAHOBOK 3 MTHEBMOJBUTYHAMH, a CaM€ BUKOPHCTAHHSI ITHEBMOJIBUTYHA SIK
JIOTIOMI>KHOT'O CHJIOBOTO arperary (TriOpuaHi yCTaHOBKH) a00 SIK TOJIOBHOTO B a6pPOMOOIIISIX.

KorouoBi ciioBa: enepropecypcu; IIKIAJIMBI BUKH/M; €HEPreTUUHA YCTaHOBKA; POTOPHUM
ITHEBMO/IBUTYH; TIOPIITHEBUH THEBMO/IBUTYH; CTUCHYTE TTOBITPSL.

AHHOTaAIHS. Hpe,[[CTaBHeHBI OCHOBHBIE DOTalbl PasBUTHA W MCIIOJIB30BaHUA DHEPTUN
CKaToro BO3AyXa B TPAHCHOPTHBIX YCTAHOBKaX pas3jiIMdYHOTO Ha3HAYCHUA. HpI/IBe)IeH
aHalIM3 OTCYCCTBCHHOU U 3apy6e>KHoﬁ JIMTEpaTypbl IO PpPasBUTUIO COBPEMCHHOI'O
COCTOSAAHUSA U NEPCIEKTUB HUCIIOJIB30BaAHUA DHEPIUNU CKATOI0 BO3AyXa U HHCBMO,HBI/II‘aTCJIef/'I
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B COCTaBE DHEPIETHUYCCKON YCTAHOBKH TPAHCIOPTHBIX cpeacTB. ONpesieicH MepedcHb MPOoOeM, BO3HUKAIOIIMX
MpH MPUMCHCHWH ITHEBMOJBUTATENICH, a TaK)Ke YCTAHOBICHBI PAIlMOHANBHBIC ITyTH MAbHEHINETO IOBBIIICHUS
3¢ GEKTHBHOCTH YHEPTETHUECKUX YCTAaHOBOK. BBIZEICHBI OCHOBHBIC TIPEUMYIIIECTBA M HETOCTATKH HCIOIH30BAHUS
TMHEBMOJIBUTATENIEl B COCTaBEe TPAHCIOPTHBIX DHEPreTUYECKUX YCTAHOBOK. TakK, K OCHOBHBIM INPEUMYIIECTBAM
MOYKHO OTHECTH BBICOKYIO 3KOJOTHYHOCTH, CHIDKCHHE CTOMMOCTH MIPOM3BOACTBA TPAHCIOPTHBIX CPEACTB, MEHBIIINE
MaccorabapuTHBIE MTOKa3zaTenu, K Hepoctarkam — Hu3kuid KIIJ] 3a cueT MHOTOKpaTHOTO MpeoOpa3oBaHUs SHEPTUH,
OTPaHUYECHHOCTh SHEPTOCMKOCTH 3aIPABOYHBIX OAJIJIOHOB U OXJIAXKICHHE IBUTATEIIS BCJICICTBHIEC PACIIIUPEHUS BO3IyXa.
PaccmoTpensr Hambolee pacrmpoCTpaHEHHBIC KOHCTPYKIUH ITHEBMOJBHTATENEH (IIOPIIHEBBIE W POTAIHOHHBIC)
U WX JKCIUTyaTallMOHHBIC CBOMCTBA. YCTAaHOBJICHO, YTO POTAIMOHHBIC ITHEBMOIBHTATEIH IO YHEPTETHUECKUM,
MacCOrabapUTHBIMK M 3KCIUTYaTallMOHHBIM [TOKA3aTeNISIMU MPEBHIIAIOT APYTHE IBUTATEIN, @ HCKOTOPHIC MPHUCYIIUE
UM DKCIUTyaTallMOHHBIC HEIOCTATKH, KOTOPhIE MOTYT OTPaHWYMBATh WX IPUMECHEHHE B HEKOTOPHIX cdepax, mpu
MIPaBUILHOM KOHCTPYKTHBHOM PEIICHUN MOTYT OBITh YCTPAHEHBI MIIH CHIKCHBI 10 JOIYCTHMBIX HOpM. PaccMOTpeHbI
BapUAHTBl OCHOBHBIX CXEM OJHEPreTUYECKUX TPAHCIOPTHBIX YCTAHOBOK C ITHEBMOJBHUTATENsIMH, a HMEHHO
HCIIOF30BAaHIE ITHEBMOBUTATENS B KAYECTBE BCIIOMOTATEIIEHOTO CHJIIOBOTO arperara (THOpUIHBIC YCTAaHOBKH) FUTH
KaK IJTaBHOTO B a3POMOOHIIAX.

KaroueBble ci10Ba: SHEPropecypebl; BpeHbIe BLIOPOCHI; SHEPTreTHUECKasi yCTaHOBKA; POTOPHBIN ITHEBMO/IBUTATElb;
MOPIITHEBOW THEBMO/IBUTATEIIb; CYKATHIN BO3IYX.
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Problem statement. Ukraine has rather insignificant Latest research and publications analysis. The
reserves of oil and gas, so the state fuel and energy bal- | problem of environmental pollution is one of the most
ance is formed at the expense of imports from different significant problems of modern mankind. Every day in-
countries. The reduction of reserves of fossil fuels leads | dustry and especially transport emit a huge amount of
to a constant increase in its price, so most developed harmful and poisonous substances, as well as greenhouse
countries in the world stimulate the production for the | ases[1-3].

The problem of energy resources is even more acute,
because the reserves of oil, gas and coal are not un-
limited, so the demand and prices for energy resources

use of various types of alternative energy.
A significant amount of consumed oil fuels goes

to the needs of vehicles for various purposes. In addi- ) )
are increasing every year, and there are no reasons for

their reduction [4]. In this regard, power plants with the
ICE are constantly being improved to meet both pollu-
tion standards (UNECE Regulations N 83) and specific
fuel consumption ones (UNECE Regulations N 101).
Every year, these standards become more stringent [5,
6], therefore, manufacturers of power plants with ICE

tion, transport gives 40 % of the total harmful emissions
into the atmosphere. The problem of environmental
pollution is especially acute for large cities. Most Eu-
ropean countries are beginning to refuse the use of ve-
hicles with internal combustion engines (ICE) in large
cities. An alternative to vehicles with internal combus-

tion engine is the use of electric vehicles, hybrid cars have to look for new design solutions [7—13] or apply

or engines running on compressed air. Vehicles for alternative fuels (energy sources) [14—18] to improve

various purposes on compressed air for many param-
purp P y P these performance.

eters can be compared with vehicles working on accu- However, despite all efforts, according to the Inter-

mulator batteries. Also, pneumatic engines have been [ .00 1000 for Clean Transport, by 2018, the num-

widely used in underwater vehicles, mining enterpris- | per of registered electric and hybrid cars in Europe is

es, namely for cargo vehicles, drive drilling carriages | 1 4 9 [19]. This is primarily due to the rather significant

or telphers. cost of hybrid and electric vehicles (primarily due to the
The use of power-plant vehicles based on pneumatic high cost of electric batteries) compared to gasoline and

engines has several advantages, as well as disadvantages. | diesel cars.

Their analysis, selection and systematization will help in Solving the problem of environmental pollution

the further study of scientific and technical basis for the | by vehicles and reducing their prices can be realized

creation of power plants for various purposes on the ba- | through the use of pneumatic engines and the energy of

sis of pneumatic engines. compressed air [20—34].
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Separation of previously unsolved parts of the
general problem. The choice of a pneumatic engine type
for a power plant of a vehicle must be based on the com-
pulsory consideration of the basic requirements, such as
the possibility of manufacturing an engine with an ad-
justable airflow degree, the presence of the largest start-
ing torque and the most favorable traction characteristics,
the possibility to withstand overload, have the minimum
possible costs of the compressed air and a sufficiently
high level of reliability and durability. Also today, it is an
open question of choosing the optimal scheme for using
the pneumatic engines as part of power plant of a vehicle,
namely the use of the pneumatic engine as an auxiliary
power unit or the main one.

THE ARTICLE AIM — is to analyze ways to im-
prove road transport in order to increase its environmen-
tal performance and economical efficiency based on the
use of compressed air energy, as well as types of pneu-
matic engines and schemes for their application, based
on literary sources.

Methods, object and subject of research. When
performing the research, general logical methods were
used, namely the method of analysis and generalization.
The task of the analysis was to get a general sense of
the current state of development and future trends in the
application of pneumatic engines in the composition of
power plants of vehicles. When performing the analysis,
a systematic approach was used, that is, a search was car-
ried out for integrated solutions that would ensure the
achievement of the highest efficiency of the power plant
and fulfillment of numerous requirements for its quality.
On the basis of the analysis, a generalization of advan-
tages and disadvantages, as well as possible ways to im-
prove the use of accumulated energy of compressed air
in transport was made.

The object of the research is the transport power plants
and the efficiency of energy conversion in them. The sub-
Ject of the research is pneumatic engines and their charac-
teristics in the composition of transport power plants.

Basic material. The use of compressed air energy as
a drive of various systems was quite widespread at the
beginning of the XIX [35]. Pneumatic engines of vari-
ous designs have found their application in various in-
dustries, as well as in transport (the use of a pneumatic
locomotive on the Gotthard Railway in 1872).

At the Alexander Plant in St. Petersburg in 1861,
the engineer and inventor in the field of shipbuilding
and transport S. 1. Baranowskyi built a pneumatic drive
locomotive, called the Baranovskyi chimney [36] and
was used on the Mykolaiv Railway. Also in Paris, com-
pressed air was used to drive trams, which were powered
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by a central city-wide pneumatic distribution network
(developed by Frenchman Louis Mekarski). The com-
pressed air energyhas also been used in the military field,
namely the submarine, torpedo drive.

Back in 1903, Liquid Air Company began to manu-
facture compressed air cars. The main problems of the
cars were the low torque of the pneumatic engine and the
high cost of compressed air.

In the late 80s of the twentieth century in the Soviet
Union, a pneumatic engine was developed by the chief
designer of the Zavolzhskyi Motor Plant N. Pustynskyi
on the basis of a conventional ICE. A negative feature of
this engine was the preservation of up to 95% of stan-
dard parts. Widespread use of this engine was not ob-
tained, however, at some industrial enterprises, electric
cars were replaced by cheap and practical pneumatic
cars, equipped with engines Pustynskyi.

On the basis of the Ukrainian Research Institute
of Shipbuilding Technology, a rotary-piston pneumatic
engine was developed by Yu. V. Shabalin, V. K. Frolov,
O.I. Voloshchuk and V. S. Tietieriev (Fig. 1) [37].

The pneumatic engine contains a body, a rotor in it
with radial, pairwise-opposed cylinders and pistons ar-
ranged in them, which are interconnected by means of
fingers and rigid links with the formation of a pivot-
hinged quadrilateral. The cam placed in it with two dia-
metrically opposite vertices, has contact with the links.
Such design allows for a smooth change in the rotation
speed of the rotor and changes in its rotation direction.
The pneumatic engine has all the advantages of rotary
engines, and there are no disadvantages inherent to pis-
ton engines due to its unusual design.The main advan-
tages of the rotary-piston pneumatic engine are its small
mass and dimensions, rather high efficiency coefficient
(due to high degree of compaction of the working cham-
ber), as well as resistance to overload.

In 2009, at the Geneva Motor Show, the French-
Italian company Motor Development International (of-
ficial site https://www.mdi.lu), co-founded by one of the
leading designers of Formula 1 engines Guy Negre [38],
the compact cars MDI AIRpod (Fig. 2) with pneumatic
engines were presented (Fig. 3).

There are three modifications of the MDI company
aeromobiles:

— AIRPod Standart (three seats for adult passengers
and one for the child);

— AIRPod Cargo (with a body for transportation of
small loads);

— AIRPod Baby (two-seater streetcar).

Due to the use of composite materials, aluminum and
plastic in the construction, the mass of the car is about
280 kg. Wheel formula is 4x2. At the same time, the car
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Fig. 1. Rotary-piston pneumatic engine

Fig. 2. MDI AIRpod car

accelerates to 80 km/h, the fuel distance with one fill-
ing with compressed air is 130 km in urban mode and
150 km outside the city (without maneuvering). The
car is controlled by a joystick, the gearbox is automatic
three-speed (plus a back stroke).

The principle of operation of an MDI engine is that
air is blown into a small cylinder, where it is compressed
by a piston to a pressure of 18...20 bar and warmed up.
Then the heated air goes into a spherical chamber where
it is mixed with cold air from the cylinders, which in-
stantly, expanding and heating, increases the pressure on
the piston of the large cylinder, which transmits the effort
to the crankshaft of the engine.

Along with the development of AIRpod, the well-
known Indian company Tata launched the MiniCAT car
project. The mass of the car is slightly more than 350 kg,
the maximum speed is 100 km/h, the fuel distance is
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Fig. 3. The operation principle of the pneumatic engine of MDI
company

120 km (the specifications of the MiniCAT car are pre-
sented in Table 1) [39]. The power plant has four cylin-
ders, which, to reduce weight, are made of carbon fiber
with a kevlar cover, length 2 m and diameter of 0.25 m
each, contain 400 liters of compressed air under a pres-
sure of 300 bar are placed under the bottom. In this case,
the exhausted air in the pneumatic engine has a low tem-
perature and can be used to cool the interior of the car
in the summer season instead of the air conditioner. The
company planned to put the MiniCAT on the conveyor in
mid-2012 and produce about 6,000 units per year, but the
running-in of the car is still ongoing, and mass produc-
tion has been postponed.

In 2011, Australian Dean Bensted demonstrated the
world the O2 Pursuit cross motorcycle with a powertrain
developed by Engineair (rotary air engine developed by
Angelo di Pietro — Fig. 4). The power unit in its design is
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Table 1. Specifications of the MiniCAT car
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Parameter Dimension Mono-energy Dual-energy 2 Dual-energy 4
Length m 2,65 2,65 2,65
Width m 1,62 1,62 1,62
Height m 1,66 1,66 1,66
Number of seats — 3 3 3
Luggage compartment volume dm’® 500/700 500/700 500/700
Weight kg 550 520 540
Engine — 41P03 41P01 41P01/4
Power kW 25 25 50
Maximum speed km/h 110 125 140
Urban run range (zero pollution) km 140/150 50 50
CO, emissions in the city g/km 0 0 0
Run outside the city km 80 1650 1500
Gasoline cotllllseuérilt};tlon outside L B 1.8 5
CO, emissions outside the city g/km 0 35 40

a Wankel engine without combustion, the rotor is driven
by compressed air supplied to the combustion chamber.
The motorcycle is able to drive 100 km at one filling and
develop up to 140 km/h.

Also, the pneumatic engine has found its application
in hybrid power plants. Thus, the French company Peu-
geot Citroen plans to produce cars Peugeot 208 Hybrid
Air 2L and Citroen C3 in a hybrid version, one of the
elements of which will be the installation of Hybrid Air
(Fig. 5). The hybrid unit was developed in collaboration
with Bosch. Its essence lies in the fact that the ICE en-
ergy will be accumulated not in the form of electricity
(as in conventional hybrids), but in cylinders with com-
pressed air. The system includes a gasoline engine, a
special transmission with a planetary gear, a hydraulic
motor and two compressed air cylinders. One cylinder is
located in the central part of the chassis, and the second
one — under the trunk floor in the area of the rear axle.
Only through a compressed air car with such a hybrid
power unit can drive a few kilometers at a speed of no
more than 70 km/h. Replenishment of air in cylinders
is due to the braking energy recovery system. It uses a
hydraulic pump that compresses the air and fills the cyl-
inders. The system leads to an increase in the mass of
the car by about 100 kg, while reducing the average fuel
consumption by 45% compared to conventional pow-
ertrains.

A significant contribution to the development of com-
bined power plants for pneumatic engine vehicles was
made by domestic scientists: A. M. Turenko, V. O. Bo-
homolov, F. I. Abramchuk, O. I. Voronkov, S. S. Zhylin,
1. M. Nikitchenko, A. I. Kharchenko, V. M. Manoilo, O. Yu.
Linkov et al. [9, 21-26]. A series of pneumatic engines
was developed at the Department of ICE of the Kharkiv
National Automobile and Highway University (KNAHU)
on the basis of gasoline engines of MeMZ, ZMZ. Such

Fig. 4. Rotary air engine developed by Angelo di Pietro

a series of engines can work as a separate powertrain,
and in one block with the ICE in moderate high-speed
modes 7 = 600...1500 min~' and power up to 10...15 kW,
which is quite enough for a modern city car that moves at
a speed up 30 km/h [40, 41]. The experimental sample of
automobile four-cylinder V-shaped non-reversible piston
pneumatic engine with a spool air distributor and com-
bined lubrication system developed by KNAHU is shown
in Fig. 6 [42]. This is a converted gasoline engine of the
MeMZ-968 with air cooling system.

Also, the staff of the department of ICE KNAHU made
a significant contribution to the development of the theory
of working processes of pneumatic engines and combined
power plants of vehicles. Namely, theoretical methods for
organizing working processes and experimental research,
methods for influencing design and adjustment parameters
on the performance of a pneumatic engine have been de-
veloped. The following methods have been developed: the
calculation of the air supply process for determining the
necessary actual parameters of the inlet and out channels;
determination of the necessary power of the pneumatic en-
gine to achieve the maximum vehicle speed (taking into
account the specification of routes and time, which made

20



N°2 (10) 2018

Three-cylinder 1.2-liter gasoline
engine coupled to an air cylinder

Fig. 5. Peugeot Hybrid Air hybrid unit

it possible to calculate the speed and acceleration of the
vehicle); determination of the amount of heat in the pro-
cess of heating the compressed air to obtain the minimum
required an inlet temperature to the pneumatic engine and
the effect of the compressed air temperature on the perfor-
mance of the pneumatic engine work process with spool
and valve air distribution [21-26, 40-42]. Patents for
combined power plant of vehicles with pneumatic engines
are obtaines (Fig. 7) [43, 44].

In the scheme proposed by the authors of patents,
the ICE and pneumatic engine are combined into a com-
bined power plant and located on a vehicle in a sequen-
tial, parallel, or combined schemes with the heating of
compressed air. The external speed performance of the
pneumatic engine for the ZAZ-968M car, taken off in
road conditions is represented in Fig. 8 [42].

Scientists from Beihan University, Beijing, China,
proposed a power plant scheme (Fig. 9) with a piston
pneumatic engine shown in Fig. 10 (cylinder diameter
85 mm, piston stroke 88 mm, inlet and outlet diameter
12 mm, compression ratio 10) [29].

The power plant consists of a pneumatic engine 9,
a cylinder with compressed air 2, a buffer cylinder 4
(provides the corresponding air pressure to the pneumat-
ic engine), two pressure sensors /, 8, two regulators 3, 7,
a pressure relief valve (TESCOM) 3, an electronic con-
trol valve (FAIRCHILD) 6, silencer /0 and controller /1.

The output torque (Fig. 11) decreases with increas-
ing rotation speed and increases with increasing supply
pressure [29]. The maximum torque can be obtained at
the lowest rotation speed and the highest supply pres-
sure. When the supply pressure is 2 MPa, the output
torque is 56,55 N'm. By increasing the engine speed, the
mass of the charge decreases sharply, which reduces the
torque of the engine.
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Pneumatic engine running
on compressed air supplied
from a balloon
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The second air cylinder serves
as a reservoir supporting the
system in equilibrium

The pressure in the balloon is maintained
by the energy obtained by recovery
during braking of the car

Fig. 6. Pneumatic engine assembled with spool air distributor
(without tubes connecting cylinders with spool)
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Fig. 7. Scheme of a combined power plant of vehicle:

1 — internal combustion engine; 2 — planetary drive axle trans-
mission mechanism; 3 — drive axle wheels; 4 — pneumatic
cylinders; 5 — high pressure regulator; 6 — heat exchanger;
7 — electronic pressure regulator; § — electropneumatic valve
regulator; 9 — pneumatic engine; /0 — silencer front pipe of
ICE; 11 — non-driving axle wheels; /2 — electronic control
unit; /3 — cyclic fuel delivery pedal in ICE; /4 — air receiver;
15 — stand-alone three-stage compressor; /6 — high pressure
solenoid check valve; /7 — liquid cooling connection system
of ICE; /8 — additional heat exchanger; /9 — liquid lubrica-
tion connection system; 20 — additional heat exchanger
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Fig. 10. Pneumatic engine:

1 — cylinder cover; 2 — camshaft; 3 — cylinder head; 4 —
outlet valve; 5 — piston; 6 — connecting rod; 7 — cylinder;
8 — flywheel housing; 9 — flywheel; /0 — crankshaft; 7/ —
oil pan; /2 — oil filter; /3 — low pulley; /4 — driving belt;
15 — inlet valve; /16 — top pulley
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Fig. 11. Changing the torque of the pneumatic engine depend-
ing on the frequency of crankshaft rotation
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Dependence of the change in the power of the pneu-
matic engine is represented in Fig. 12 [29]. So, at the be-
ginning, the power sharply increases with increasing rota-
tion speed and reaches the maximum value, then sharply
falls. At an air supply pressure of 2, 1,5 and 1 MPa, the
maximum output power is 1,92 kW (420 rpm), 1,37 kW
(380 rpm) and 0,85 kW (340 rpm), respectively.

The engine efficiency decreases with increasing
crankshaft rotation speed and supply pressure (Fig. 13)
[29]. When supplying air at a pressure of 2 MPa, the
maximum efficiency coefficient is 25%. This is due in
particular to the fact that when the pneumatic engine is
operating at low speed, the energy of compressed air is
more effectively converted into mechanical one. Also,
the decrease in the efficiency coefficient with increasing
engine speed is associated with an increase in air loss
through the throttle, heat loss and exhaust system.

At the University of Kiitahya Dumlupinar (Turkey)
at the Department of Motor Vehicles and Transport Tech-
nology, the four-stroke single-cylinder gasoline engine
was converted into a pneumatic engine with a rotary
valve operating as a two-stroke [20]. The parameters of
the convertible engine are shown in the Table. 2.

Fig. 14 shows the P—V-diagram of the pneumatic en-
gine operation at different values of the crankshaft rota-
tion frequency, Fig. 15 — changing of torque, air loss
and pneumatic engine power at a working pressure of
25 bar, depending on the frequency of crankshaft rota-
tion.

The torque of the pneumatic engine is of the highest
value when the crankshaft is rotated at 800 rpm. With
increasing engine speed, there is a decrease in torque
due to significant air losses. The maximum power of the
pneumatic engine was 1,72 kW at 1000 rpm. The highest
value of air loss was 12,4 m3/h at 600 rpm. The highest
effective efficiency coefficient reached 24,42 %, while
the crankshaft speed was 800 rpm, torque — 17,28 N *m,
and power — 1,48 kW [20].

Discussion. The use of vehicles with power plants
in compressed air has several advantages as well as dis-
advantages. The advantages include high environmental
friendliness, depreciation of production of vehicles (due

Table 2. Specifications of the convertible engine
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Fig. 13. Changing the effective efficiency coefficient of the
pneumatic engine depending on the frequency of crankshaft
rotation

to the lack of systems inherent in ICEs), fire safety (an
important factor for enterprises of engineering, chemical,
petrochemical and mining industries), lower mass and
dimensions parameters. In addition, it should be noted
the possibility of using cheaper and less durable materi-
als (aluminum, plastic, which have good frictional prop-

erties) due to the low fluid temperature, high service life

Ne n.o. Parameter Dimension Value

1 Type of engine — Four-stroke, overhead camshaft
2 Diameter of cylinder mm 88

3 Piston stroke mm 64

4 Volume of cylinder sm’ 389

5 Rated power at 3600 rpm kW 8,3

6 Maximum torque at 3000 rpm N'm 26,5

7 Compression ratio - 8

8 Type of cooling — Air
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Fig. 14. P-V-diagram of the pneumatic engine operation at different values of the frequency of crankshaft rotation
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Fig. 15. Characteristics of changes in torque, air loss and engine power, depending on the frequency of crankshaft rotation

of filling cylinders (compared to accumulator batteries).
In the presence of specialized filling stations, charging
the cylinders does not take much time. Lower vehicle
weight contributes to reducing road wear. However,
power plants with pneumatic engines also have a number
of disadvantages. This is a lower efficiency coefficient at
the expense of multiple energy conversion (first you need
to spend energy for compressing air, and then from com-
pressed air to get mechanical work), engine cooling due
to the expansion of air in the engine. The limited energy
consumption of the filling cylinders reduces the duration
of the vehicle's movement.

The solution of these and many other problems, in
particular, related to the scientific and technical fun-
damentals of the creation of power plants for various
purposes based on pneumatic engines, requires further
deeper experimental and theoretical research.

24

CONCLUSIONS. The analysis of domestic and
foreign literature allowed establishing the possibility of
using the energy of compressed air in the power plants
of vehicles. This made it possible to determine the list of
problems arising in its application, as well as establish
rational ways of further increasing the efficiency of pow-
er plants with pneumatic engines. The main advantages
and disadvantages of pneumatic engine using in the com-
position of transport power plants are highlighted. The
variants of the scheme of the use of pneumatic engines in
the power unit of the vehicle, namely the use of a pneu-
matic engine as an auxiliary power unit (hybrid units) or,
as the main one, are considered. It's also worth noting
that rotary engines, in terms of energy, mass and dimen-
sions, and performance parameters, exceed other en-
gines. Some of their inherent operational disadvantages,
which may limit their use, can be eliminated or reduced
to acceptable standards at the right design solution.
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Abstract. The paper is devoted to the development of a method for determination of main
dimensions and characteristics of escort tugs designed for escorting tankers, gas carriers and
other types of vessels with hazardous cargoes. Classification Societies require a reasonable pre-
liminary calculation of the maximum holding force acting on a tug at the escort speed of 8 and
10 knots to be submitted in order to assign an escort class to a tug. The method for determina-
tion of hydrodynamic forces acting on the ASD escort tug during stationary escort operations
is described. The method is based on processing of the data collected during towing tests of
such tugs in the towing tank of the National University of Shipbuilding (NUOS). Processing of
the experimental data allowed to obtain regression dependencies for stationary hydrodynamic
forces acting on the escort tug on the drift angle ranging from 0 to 90 degrees. Towing tests were
carried out on request of design organizations, and escort tug projects by TransShip Corporation
were mainly used. These projects are TUG40, TUG50, TUGSS, TUG55TA, TUG60, TUG60L,
TUG60LA and TUG70 by E. D. Demidov, General Designer. The data obtained based on using
the developed dependencies was compared with the data of full-scale tests of escort tugs of this
series. Obtained dependences are included in the equations of motion of escort tug operational
purpose, which is an integral part of the optimization problem of determination of escort tug
main dimensions and characteristics. A method for solving the transcendental equations of the
tug stationary motion during escort operations is proposed, similar to the method for solving an
optimization problem. Using the obtained method for determination of hydrodynamic forces
and the operational purpose, the problem of determination of escort tug main dimensions is de-
fined with solution oriented to optimize dimensions based on escort tug serving a random stream
of vessels arriving at the seaport.

Keywords: escort; towing tank; towing tests.

AHortanisi. Po3poOneni MeToq BH3HAYEHHS TOJOBHHX pO3MIpIB Ta XapaKTEPUCTUKH
€CKOPTHHX OYKCHPIB, IPU3HAYCHUX ISl CYTIPOBO/DKEHHS TAHKEPIB, I'a30BO3IB Ta IHIINX THUITIB
CYlIeH, sIKi TepeBO3iTh HeOe3leuHi BaHTaxi. 3a BUMOraMu KJacHU(iKaliiiHUX TOBapuCTB
JUTST HaZaHHSA OyKCHpPY €CKOPTHOTO KJIacy HEOOXiJTHO 3MIHCHUTH TOMEpeAHId po3paxyHOK
MaKCUMAJIBHOTO yTPUMYBAJIBHOTO 3yCHIUIA OyKCHpa NpH IIBHIKOCTI €CKOPTYBAaHHS § Ta
10 By3miB. BukiiazeHo MeTON BH3HAUCHHS TiIPOIUHAMIYHHMX CHJI, SKi JIFOTH Ha KOPIYC
€CKOPTHOro OyKCHpa B yMOBAaX CTaI[lOHAPHUX SCKOPTHHUX ormepaliii. Meroa nodyaoBaHO Ha
OCHOBI 00pOOKH JJaHUX OyKCHPYBaJbHUX BUIIPOOYBaHb IIMX OyKCUPIB y I0CIITHOMY OaceiiHi
Hamionansnoro yHiBepcuteTy KopabieOymyBanus (HYK). O6pobka nanmx OyKcHpyBaTbHIX
OCIIDKEHb  JI03BONIMNIA  MTOOYMyBaTH pErpeciiiHi  3aJeXHOCTI JUIA  CTaIliOHAPHUX
T1IpOJMHAMIYHHX CHJI, SIKI TIFOTh Ha OyKCHp y aiana3oHi KyTiB apeidy Bix 0 1o 90 rpaxycis.
BykcupyBanbHi BUNpoOyBaHHsI Oy/ny NpPOBEICHI Ha 3aMOBJICHHS MPOEKTHUX OpraHizaiii,
OisTpIIIa KUTBKICTD SIKMX BUKOHAHO 32 MMPOEKTAaMH €CKOPTHUX OykcupiB koproparii TransShip.
Ie npoextn O6yxcupiB TUG40, TUGS0, TUGSS, TUGSS5TA, TUG60, TUG60L, TUG60LA
1 TUG70 renepanbHoro koHcTpykTopa €./1. JleminoBa. BukoHaHO MOpIBHSHHS pe3yibTaTiB,
OTPUMaHUX Ha OCHOBI BHKOPHUCTAaHHS MOOYJIOBaHMX 3aJICKHOCTEH, 3 pe3yJbTaraMu
HaTYpHUX BHUIIPOOYBaHb €CKOPTHHX OyKCHpIB wiei cepil. OTpuMaHi 3aJeKHOCTI BKIIIOUEHI
B pIBHSHHS pyXy 3amaqi (QyHKI[IOHYBaHHS ECKOPTHOTO OyKcHpa, fKa € HEBiJ €MHOIO
YaCTHHOIO ONTHMI3allifHOI 3a/1adi BHU3HAUCHHS TOJOBHUX pO3MIpPIB Ta XapaKTePHCTHK
ecKopTHOro Oykcupa. byB 3armpornoHoBaHui MeTO pO3B’sI3aHHS TPAHCLCHICHTHUX PIBHSHb
CTalliOHApHOTO pyXy OyKcMpa B yMOBaX €CKOPTHHMX OIEpalliif, aHaJOriYHHi MEeTOoxry
PO3B’sI3aHHS ONTHMI3aMiiHOl 3a7avi. 3a JOIMOMOTO MOOYZOBAaHOIO METOMY BH3HAYCHHS
TiApOAMHAMIYHUX CHII Ta 33191 QYHKITIOHYBaHHS c(hopMOBaHO 3a/1a4y BU3HAUEHHS TOJIOBHIX
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po3MipiB OyKCUpa 3 OPIEHTYBaHHM ii p0O3B’sI3aHHSI HA ONTHUMI3AIliF0 PO3MIpPiB HA OCHOBI 00CITyTOBYBaHHS €CKOPTHUM
OyKCHUPOM BHITaJIKOBOTO ITOTOKY CY/ICH, sIKi BiZIBIIylI0OTh MOPCBHKHUH MOPT.

Kuro4oBi ciioBa: eckopTyBaHHS; TOCTiAHAHN OaceifH; OyKkcupyBaibHI BUTIPOOYBaHHS.

Annoranusi. PazpaboTanel MeTO/l ONpeieNeHHs NIABHBIX pa3sMEpPEeHHH M XapaKTepHUCTHKH ICKOPTHBIX OYKCHPOB,
npeaHasHAYCHHBIX JJIA COIMPOBOXKACHUA TaHKEPOB, I'a30BO30B U JAPYI'HMX TUIIOB CYJ10B, KOTOPLIC IICPECBO3AT OIIACHBIC
rpy3sl. [1o TpeboBaHMsIM KiIacCH()UKAIMOHHBIX OOIICCTB ISl IPUCBOCHHS OYKCHPY 3CKOPTHOTO Ki1acca HEOOXOAMMO
OCYIIECTBUTh OOOCHOBAaHHBIM MPEABAPUTENBHBIA pacdeT MaKCHUMAaJbHON YIepXKHBAIOUIEH CHIBI OyKcHpa IpH
cKopocTH 3ckopTHpoBanus § u 10 y3mos. M3moxeH METo[ OonpeaeneHus THIPOJMHAMUYECCKUX CHII, JEHCTBYIOIINX
Ha ACKOPTHBIN Oykcup Tuma ASD B yCIOBHSX CTalMOHAPHBIX ICKOPTHBIX omeparwii. MeTos MoCTpoeH Ha OCHOBE
00paboTKM JTaHHBIX OYKCHPOBOUHBIX HCIIBITAHWH Takux OYKCHpPOB B ONBITOBOM Oacceiine HarmonansHOTO
yauBepcurera kKopabdmectpoenust (HYK). OOpaboTka MaHHBIX SKCIIEPUMEHTAIBHBIX HCCIEIOBAHUH ITO3BOJIMIIA
MIOCTPOUTh PErPECCHOHHBIE 3aBUCHUMOCTH JUIsl CTAlMOHAPHBIX TUAPOAMHAMUYECKHUX CHJ, JEHCTBYIOIIUX Ha
9CKOPTHBIN OyKcHp B quana3oHe yrioB apeiida ot 0 1o 90 rpanycoB. BykcupoBouHbIe HCIIBITAHUS OBUIN TIPOBE/ICHBI
[0 3aKa3aM IIPOEKTHBIX OpraHu3alui, HauOOJbILIEEe YHCIIO KOTOPBIX OCYLIECTBIEHO MO MPOEKTaM 3CKOPTHBIX
OykcupoB kopriopauuu TransShip. 9to npoekrst OykcupoB TUG40, TUGS0, TUGSS, TUGSSTA, TUG60, TUG60L,
TUG60LA u TUG70 renepansHoro koHcTpykTopa E. JI. JlemumoBa. BemoaHeHO cpaBHEHHE TaHHBIX, MOJYyYEHHBIX
Ha OCHOBE HCIIOJIb30BaHUS MMOCTPOCHHBIX 3aBUCHMOCTEH, C JAHHBIMHM HATYPHBIX HCIBITAHUN 3CKOPTHBIX OyKCHPOB
9T0M cepun. [lomydeHHbIEe 3aBUCUMOCTH BKJIIOUCHBI B YPAaBHEHUS JBIDKCHUS 331a9M (DYHKIIMOHHPOBAHMUS 3CKOPTHOTO
Oykcupa, KoTopas sIBISIETCS] HEOThEMIIEMON YacThiO ONTHMHU3AIMOHHON 33/1a4 OIIPEACIICHHS TIIABHBIX Pa3MEepeHNI
1 XapaKTepPUCTHK 3CKOPTHOTO Oykcupa. [Ipeanoken MeTo | pelieHns TpaHCHEHCHTHBIX YPaBHEHNH CTAIIMOHAPHOTO
JBIDKCHUSI OyKCHpa B YCJIOBHSX OCKOPTHBIX OIEpallii, aHAJOTMYHBIH METOAY PELICHUS ONTHMH3ALMOHHON
3a7a4n. C MOMOIIBIO TIOCTPOSHHOTO METO/a OIPEACIICHHS THAPOIMHAMUYECKUX CHII U 3a7a4n (DYHKIIMOHUPOBAHUS
copMHUpOBaHa 3ajaya OIPEACICHHs IVIaBHBIX pa3MEpEeHHH ICKOPTHOro OyKCHpa ¢ OpHEHTalUel ee peleHUs
Ha ONTHMH3AIMI0 pa3MEpeHHH Ha OCHOBE OOCIYKHMBaHMS SCKOPTHBIM OYKCHPOM CIIy4ailHOrO MOTOKa CY/OB,
MOCEIIAOIINI MOPCKOH TOPT.

KiaroueBrbie cioBa: OCKOPTHUPOBAHUC, OITBITOBBIN 6aCC€ﬁH; 6yKCI/Ip0BO‘lHLI€ HCIIbITAHUAA.
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Problem statement. Determination of escort tugs Separation of previously unsolved parts of the
main dimensions and characteristics is a recent problem | general problem. The following usage of methods for
of tug resource supplement of the modern seaports. determination of steady forces acting on a tug during sta-

The solution to this problem is usually carried out | tionary escort operations, described in the papers [2, 3],
at conceptual design stage (design study). At the same | indicated the possibility of substantial refinement of their
time for the modern seaports the ASD escort tug is the | values based on experimental data on positional handling
most effective tug class in terms of power and maneuver- | characteristics of escort tugs collected during tests in the
ability [1]. Small size (maximum length up to 35 meters) | NUOS towing tank. The tests were carried out using
allows ASD escort tugs to escort tankers, gas carriers, | special equipment that was designed, manufactured and
chemical carriers and other types of vessels carrying | used in experimental tests of the forces acting on the es-
hazardous cargoes with displacement of 100—120 thou- | cort tug models with direct participation of the author of
sand tons. Classification Societies require calculation of | this article [6, 7].
the maximum steering force at the escort speed of 8 and The most presentable group of escort tugs, undergone
10 knots to be submitted in order to assign an escort class | the towing tests in the NUOS towing tank, is a range of
to a tug. To calculate the steering force and to determine | escort tugs designed by E. D. Demidov, TransShip Ge-
escort tugs main dimensions and characteristics, a meth- | neral Designer. This group includes the following es-
od was developed that allows these values to be deter- | cort tug projects: TUG40, TUGS50, TUGSS5, TUGSSTA,
mined at conceptual design stage. TUG60, TUG60L, TUG60LA and TUG70, that present

Latest research and publications analysis. The  large part of power and displacement range of escort

papers by N. B. Slizhevskiy, A. S. Markov [2] and
V. A. Pozdeev, V. A. Nekrasov, A. P. Yastreba [3] are de-
voted to determination of the forces acting on the ASD
escort tugs during stationary escort operations. The effect THE ARTICLE AIM — development of a method
of unsteady forces on the ASD tug is explored in the pa- | for determination of escort tugs main dimensions and

tugs. These projects are presented on the of CraneShip
website [8] and in the “Shipbuilding and Ship Repair”
magazine [9].

per by A. I. Nemzer, A. V. Yurkanskiy, M. A. Kuteynikov, | characteristics at the conceptual design stage.

M. E. Zakharov [4]. In the paper [2], the determination To develop this method, a number of objectives were
of steady forces is carried out from a perspective of the | achieved. Received solutions were applied in this paper.
hydrodynamic vortex theory of the flow of fluids around The first objective was to develop a new method for
the bodies. In this paper a tug and a skeg are considered | determination of forces acting on a tug during stationary
as a whole. In the paper [3], steady forces acting on a | escort operations based on data collected during towing
tug are determined based on the consideration of the tug | tests of escort tug models of TUG40-TUG70 projects in
hull and its skeg as separate units, followed by using the | the NUOS towing tank.

experimental data on blow-downs of ship-shaped bodies The second objective of the proposed method for
in the wind tunnel, summarized by N. I. Anisimova [5], | determination of the escort tug main dimensions and
for these parts of the hull. characteristics was to improve its operational purpose,
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consisting in re-orientation of this purpose from a de-
terministic approach with fixed characteristics of the
escorted vessel to the escort tug being able to serve a
certain stream of escorted vessels, i.e. consideration of
the escorted vessel to be of random displacement value.
For the first time such a re-orientation was carried out by
the author of this article in the report by V. A. Nekrasov,
A. P. Yastreba [10].

Finally, the main goal of design study is to define and
solve the optimization problem of determination of tug
main elements and characteristics based on the described
operational purpose of the escort tug. At the same time
the definition of the optimization problem for tug main
elements described in the paper [10] requires additional
consideration of Classification Societies requirements to
safety of escort operations in terms of handling capabili-
ties of the escorted vessel, stipulated due to the escorted
vessel limitation in performing zigzag maneuver during
escort operation [11].

Methods, object and subject of research. In this
study a method was used to determine the forces act-
ing on the tug hull during escort operations, based on
processing of the data collected during towing tests of
escort tug models in the towing tank; Powell's method —
one of the non-linear programming methods was used to
find a global minimum in the optimization problem of
the objective function. The object of the research is the
design process, the subject of the research is the method
for determination of the escort tug main dimensions and
characteristics.

Basic material

1. The method for determination of forces acting on
the tug during stationary escort operations

The method is based on the data from a number of
ASD escort tug projects, undergone the towing tests in
the NUOS towing tank. This range consists of the fol-
lowing escort tugs: TUG40, TUG50, TUGSS, TUG-
S5TA, TUG60, TUG60L, TUG60LA and TUG70, that
present a large part of the power and displacement range
of the ASD escort tugs, currently used in seaports.

The method is designed to use the obtained expres-
sions for the forces acting on the tug as part of the equa-
tions of stationary escort operations represented by Fig. 1
and equalities (1), used in determination of steering force
and braking force required for the Classification Society
to assign a class [12] to escort tug.

The values of the above characteristics of the sta-
tionary movement mode of the escort tug and escorted
vessel are determined by solving the following system
of equations [10]:
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Fig. 1. Chart of escort configuration:

Ry — towline pull; x; — distance to the bow towing eye; o —
towline angle; f — drift angle of the escort tug; 6 — tilt angle
of the azimuth thrusters; X, — longitudinal hydrodynamic
force acting on the escort tug hull; Y. — lateral hydrodynamic

force; M, — hydrodynamic momentum; X, — longitudinal
component of the effective pull of two azimuth thrusters, acting

on the tug hull as it moves at speed V and with angle of in-
flow to the azimuth thrusters (B—3) created by this movement;

Y7 — lateral component of the effective pull of two azimuth

thrusters, acting on the tug hull as it moves at speed V; and
with angle of inflow to the azimuth thrusters (f—9) created by

this movement; x,7 — distance to the vertical axes of azimuth
thrusters

R, cos(ﬁ+oc)+ XC(B)+ XAT(B—S)ZO
—R,sin(B+a)+7Y,(B)+Y,,(B-8)=0

-R; Sin(B + 0‘)xT +MC(B)+ YAT(B _S)XAT =0

(D

In this case, the projections of active forces X .(B),
Y.(B) and momentum M(B) on the axes of oxy z, co-
ordinate system linked to the tug are determined by the

expressions below

Xc (B) =Cy (ﬁ)pvz /124,
Y(B)=C,Bpv /24, .
Mc(ﬁ) =Cy (ﬁ)p\’2 124, L

2

where p — fluid density; v — tug speed; 4, — lateral un-
derwater area; L — waterline length.

As a result of experimental tests in the NUOS tow-
ing tank, it was found that the structural dependence of
the coefficients of the active forces Cy(p), Cy{(p) and mo-
mentum Cj,(PB) on the drift angle § ranging from 0 to 90
degrees can be represented by the following approximate

expressions:
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C, (B)=-0,075sin{{x —arcsin(C,, /0,075)[1 - B/ w]}
C,(B)=0.5C,; sin 2B cosP + c,sin isinf
Cy(B)=C,;sin2p

(3

where C — drag coefficient of the tug ahead going at
speed v; y = y, + y, — trim angle (y, — static trim
and y, — running trim, determined according to the
data [S]); C,y,
lateral force coefficients and momentum coefficient with

and Cp— positional derivatives of the

respect to drift angle .

Positional derivatives C , ¢, and C, ; depend on the
geometric characteristics of the hull. When considering
the main body of the tug hull and tug skeg as a whole, the
following characteristics are selected:

o, — lateral area coefficient;

d/L — ratio of average draft d to waterline length Z;
d/B — ratio of average draft d to waterline beam B;
L/B — ratio of waterline length L to waterline beam B;
¢, — prismatic coefficient.

Selection of these characteristics is determined by
simplicity of their determination by using Maxsurf pro-
gram [13] at conceptual and preliminary design stages.

The structural dependence of positional derivatives
C, ¢, and C  on the characteristics of the tug hull with
the skeg included is adopted by analogy with the struc-
tural dependence of the forces and momentum coeffi-
cients specified in the vessel handling theory [14]:

Cyp=n(d/L)(a/Cp)"(2,5)((L/B)/a,)"
A(O,33)+(0, —a3)
Cz=bl(3(d/B))A(O’5)(b2/CP)A(1’5)+ ’
+b3(0, —b4)
C,,=d(d/L)d,(d,-C,)+(d,~c))

“

At the same time the processing of the data presented
by the above-mentioned range of design solutions for the
escort tugs resulted in the following values of the coef-
ficients ai, biand di (i =1, 2, 3, 4):

a, =0,720; a,=2,941; a, = 0,962;
b,=0,722; b,~ 0,853; b, = 0,851; b, = 0,953;
d, = 0,383;d,~0,104; d, = 0,602; d, = 0,904.

)

The approximation quality of the experimental data
on the forces acting on the hull of the TUG60L tug
(“Pantera”), obtained by the described method in the ab-
solute OXYZ coordinate system at speed of 6, 8 and 10
knots, is shown on Fig. 2. The Figure is based on ex-
perimental data similar to given in the paper [3] for the
TUG60 tug project.

The obtained dependences of hydrodynamic forces
(2)—(5) were used to solve the transcendental equa-
tions of tug motion during stationary escort operation

smi.nuos.mk.ua | editor@smi.nuos.mk.ua

CYOAHOBYAYBAHHA

31

§HIPBUILDING

MARINE INFRASTRUCTURE

800 =
700
600 B
500 ' T
400 ‘
300
200
100 :
0 !
-100 P

3

[<=]
|
[«=]

I

-200
-300
-400
-500

Force, kN

-600
-700
-800
-900
-1000
-1100
-1200
-1300
-1400
-1500
-1600
-1700

%

rd

XS

%

Drift angle, deg

Fig. 2. Dependences of hydrodynamic forces XX and YY acting
on the hull of the TUG60L tug (“Pantera”) on the drift angle:

—o0— — XXV =6kn, —— — YYV =6kn;
—t— — XXV =8 kn; —0— — YY V =8 kn;
—x— — XXV =10 kn; —— — YY V = 10 kn;

— XX V_ = 6 kn, NUOS test; —e— — YY V = 6 kn,
NUOS test; —#— — XX V= 8 kn, NUOS test; —a— —
YYV =8 kn, NUOS test; —x— — XXV =10 kn, NUOS test;
—a— — YY V=10 kn, NUOS test

modes (1). With given value of speed v and towline
angle a, the solution to these equations of motion is ob-
tained by finding a global minimum (zero) in the uncon-
strained optimization problem of the following objective
function F(B, 6, R,) of the independent variables f3, 5, R :

Fear)=-CF S +-EFf+EM). ©

by one of the methods of nonlinear programming —
Powell's method [15]. In the expression for the objective
function (6), the components XF, IF and XM_ are the
right sides of the equations (1).

The solutions to the equations of escort operations (1)
obtained by the method described were compared with
the data of full-scale escort tests of existing tugs.

For the above TUG60L escort tug (“Pantera”), the
solutions to the equations of motion (1) with values of
the steering force FS, while using the data from the stated
experimentally valid method for determination of hydro-
dynamic forces acting on the tug hull, are shown on the
Fig. 3. The results of full-scale tests of the TUG60L tug
[16] are shown on the same Figure.
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Fig. 3. Dependence of the steering force FS of the TUG60L
escort tug (“Pantera”) on the towline angle o
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Escort3 V, =7,7kn; —&— — Escort4 V =78 kn;, —— —
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2. Improvement of definition of the escort tug
operational purpose

Modern seaport’s significant problem of tug resource
supplement is to orient the ordered tug towards special
group of vessels arriving at the seaport. The reason for
this is that vessels with hazardous cargo arriving at sea-
port are serviced by few escort tugs of different power.
Small escort tug is not able to escort large vessels. Mean-
while, using powerful tugs for escorting small vessels is
not of economic benefit. Due to the fact that displace-
ment or deadweight of vessels with hazardous cargo ar-
riving at the port are random values, the orientation of
the ordered escort tug should be carried out based on
the assumption of the displacement or deadweight of
the served group of vessels being a random value deter-
mined by distribution law based on empirical data. The
generation of such random variable is carried out using
the Monte-Carlo method.

3. Further development of determination and solv-
ing of the optimization problem of selecting the escort
tug main elements

In general terms, such escort tug optimization prob-
lem is defined and solved in the papers by V.A. Nekra-
sov, A. V. Bondarenko, A.P. Yastreba [17].

The problem consists in minimization of the objec-
tive function (OF)

OF{U, x} => extr
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subject to the constraints:

En(x)>0, n=1,2,3;

Fk(x)>[Fk], k=1,2,..,K;
PCI[PAI<[PCI, I=1,2,...,L;
x <xq, q=1,2,...,0,

where En(x) > 0 — constraints providing the necessary
level of tug efficiency (constraints on buoyancy, capac-
ity, performance, etc);

Fk(x) > [Fk] — reliability constraints — indicators of
reliable performance of functional operations related to
the implementation of such nautical qualities as stability,
unsinkability, strength, handling capabilities and seawor-
thiness of the tug;

[Fk] — normative values of these indicators, regulated
by Classification Societies and standards;

PCI[Pt] < [PCI] — functional constraints on design,
construction and operation budgets of the tug, as well as
reimbursement for damage caused by the tug;

[PCI] — limit values of these budgets;

U — vector of geographical and climatic environment
parameters and requirements of the terms of reference;

x — vector of independent variables (of main elements
of the tug);

xg — vector of constraints on independent variables.

Solution scheme to this optimization problem at de-
sign study stage is shown on Fig. 4.

Author’s contribution to development of the optimi-
zation method of the escort tug design study, described
in the report [17], is:

— development of the stated above method for solv-
ing transcendental equations of the escort tug motion;

— inclusion of this method in the process of finding
the optimal design solution for the escort tug designed to
service defined group of vessels arriving at the seaport;

— consideration of Classification Societies require-
ments to the safety of escort operations, stipulated due
to the limited handling capabilities of the escorted ves-
sels at relatively low speed of escort operations. These
requirements, depending on the deadweight and type of
the escorted vessel, establish the required steering forces
for the escort tug to be not less than the values specified
for those two most typical types of escorted vessels at a
speed of 10 knots as it is shown on the Fig. 5.

As a result of solving the optimization problem of
determination of main dimensions and characteristics of
the escort tug serving a random stream of vessels with
hazardous cargoes of displacements specified by the
distribution shown on the Fig. 6, arriving at the seaport,
such as the Yuzhny port, the design of tug was obtained
with dimensions and characteristics relatively equal to
corresponding values of the above TUG60L tug project
(“Pantera”).
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Fig. 4. Block diagram for finding the optimal solution to the problem of the escort tug optimal synthesis for its operation conditions
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Fig. 5. Example of IMO requirements to the steering force of the escort tug, tons, depending on the deadweight of the
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Fig. 6. Displacement distribution for vessels with hazardous cargoes arriving at the port, used in solving the optimization problem
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This solution is presented by the following data:
CHARACTERISTICS OF THE OPTIMAL ES-
CORT TUG

Escort tug length (ET) L, m 31,63
Beam B, m 1,07
Draft 7, m 4,01
Moulded depth H, m 5,85
Block coefficient 0,505
Midship section coefficient 0,853
Waterplane area coefficient 0,915
Displaced volume, m? 644,54
Main engine type 3516
Maximum engine power, kW 1201
Maximum speed, kn 11,94
Escort speed, kn 10,00

OPERATIONAL-ECONOMIC FIGURES
Average time of escort voyages

requested by port, days 0,18
Average duration

of completed voyages, days 0,20
Required average value

of the steering force for a selected

stream of vessels arriving

at the seaport, tons 56,9
Maximum steering force

of the tug, tons 69,9
Corresponding braking pull, tons -69,9
Towline angle corresponding

to maximum steering force 45,0

GENERAL OPERATIONAL-ECONOMIC
FIGURES

ET daily expenses at cost, $ / day 3384,9
Minimal time charter

equivalent for ET charter, $ / day 5412,6
ET design and building cost,

million $ 5,77
ET life span cost, million $ 45,67
Efficiency factor of ET

life span, million $ 46,35

Discussion. The performed study allows to obtain
values of forces acting on the escort tug hull during es-
corting at conceptual design stage, to determine the op-

Cnucok aiteparypu
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timal characteristics of escort tugs with distribution of
the escorted vessels displacements taken into account.
Calculation results were compared with the data of full-
scale tests and showed a match at the estimated speeds
of 8 and 10 knots.

CONCLUSIONS. As aresult of development of the
described method for determination of the escort tugs
main dimensions and characteristics, the following re-
sults were obtained:

— for the first time, based on the data of escort tugs
towing tests in the NUOS towing tank, a method was
developed for determination of the hydrodynamic forces
acting on the tug hull, that establish the dependencies
of these forces on the orientation of the tug relative to
the inflow, flow velocity and characteristics of the hull
shape, and that is required for compiling and solving the
equations of tug motion based on its operational purpose;

— method for solving the transcendental equations of
tug motion was defined. It is similar to the method for
solving the optimization problem of determination of tug
main dimensions;

— operational purpose of the escort tug was improved
by orientation of its main functional operation towards
servicing the group of vessels of various types and dis-
placements arriving at the seaport, that allows the escort
tugs of certain capacities to serve vessels of certain dis-
placement range more efficiently;

— for the first time the requirements of Classification
Societies to safety of escort operations, stipulated due to
the need to compensate the lack of handling capacity of
the escorted vessels at relatively low speed of escort op-
erations with the high level steering force of the escort
tug, were included in the definition of the optimization
problem;

— based on the inclusion in the optimization problem
of the following points: determination of main dimensions
and characteristics of the escort tug, refined definition of
operational purpose of the tug, proposed methods for de-
termination of the hydrodynamic forces acting on the tug
hull and solutions to transcendental equations of tug mo-
tion, as well as new requirements of Classification Societ-
ies to safety of escort operations, method for conceptual
design of escort tugs received further development.

[11  Azimuth Stern Drive Tug [Electronic resourse] / Damen Shipyards. — Available at : https://products.damen.com.

[2] CmmxeBckmii, H. b. Pacuer sckoprabix Xapakrepuctuk Oykcupa [Tekcr] / H. B. Crmmxesckuii, A. C. MapkoB // 30ipHUK
HaykoBuX mpaip YAMTY. — 2002. — Ne 7 (385). — C. 3—12.

[3] Io3aees, B. A. Meron onpeneneHus TuIpOANHAMUYECKUX CHJI, ISUCTBYIOIINX Ha OYKCHP B PEKHMax dCKOPTHBIX OIeparuit
[Texct] / B. A. Hekpacos, A. I1. SIctpe6a // 36ipuuk HaykoBux npamps HYK. — 2010. — Ne 6. — C. 47-55.
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Abstract. The article renders the research based on the use of criteria for choosing the optimal
design of a composite floating dock taking into account current standard requirements, which
enable developing recommendations for the design and construction technology of the dock.
There is substantiated the choice of the main parameters that make it possible to draw a gen-
eralized criterion for choosing the optimal designs of floating composite docks with account
for the best practices of their construction and operation, as well as the results of experiments
in the most difficult docking conditions. The system of criteria is used for controlling the
mass and strength of dock structures, a set of technical and economic issues, reliability and
ease of operation. A design of a composite floating dock with a reduced number of pontoon
frames is proposed. There, the reinforcement aiding local strength is installed on the outside
in the direction of the smallest span, and the reinforcement aiding general strength is installed
inside the element. Special features of installing the frames in the top deck of the dock are
described, and their absence in the concrete towers of the ribs of floor plates and beams is
substantiated. The structural and technological diagrams of the constructive midship frame of
a floating dock and the slipway for dock construction are presented. Their application allows
reducing the material capacity and labour intensity of dock construction. The technological
recommendations for reinforcement of bottom plates of the pontoon of a composite floating
dock are rendered. The diagram of reinforcement of pontoon bottom plates in the area of
maximum hydrostatic pressure is presented. It is shown that a protective layer of concrete on
the working reinforcement provides for the joint operation of reinforcement with concrete at
all stages of operation of the facility, as well as protection against aggressive external effects.
Special features of the selection of a shipbuilding concrete targeted at the extreme conditions
of operation of marine reinforced concrete facilities are listed. The influence of air-entraining
and plasticizing agents in the concrete mixture is considered. They are used for the improve-
ment of strength, impermeability, frost and corrosion resistance of concrete, reduction of
water consumption, enhancement of workability and reduction of consumption of cement.

Keywords: composite floating dock; reinforced concrete pontoon; dock construction.

Amnortamisi. HaBesieHi 1ocmikeHHS HA OCHOBI BUKOPUCTAHHSI KPUTEPiiB BUOOPY ONTUMAIBHOL
KOHCTPYKIII 3 ypaxXyBaHHSIM JIFOYMX HOPMATHBHHUX BHUMOT, sIKi JAI0Th MOMKIIUBICTH PO3POOHUTH
peKOMEeH 1allii 0/10 KOHCTPYIOBAaHHS 1 TEXHOJIOTIT MOOY/I0BM KOMITO3UTHOTO IUIABYy4OTIO JIOKa
OOrpyHTOBaHO BHOIp OCHOBHHX IIapaMeTpiB, SIKI JIO3BOJISIIOTH IOOYAyBaTh y3arajibHEHUH
KpUTEPiH 15t BHOOPY ONITUMAIbHUX KOHCTPYKIIIH IJIaByYMX KOMIIO3UTHHX JIOKIB 3 BpaxXyBaHHSIM
JIOCBiy iX OyAiBHMI[TBA Ta eKCIUTyarallii, a TAaKOX Pe3yJIbTaTiB eKCIEPUMEHTIB y HaHOUIbII
BOXKHX YMOBaX JOKyBaHHS. [lomaHO BHKOPHCTaHHS CHCTEMH KpUTEPiiB UL KOHTPOIIO
MacH 1 MIITHOCTI KOHCTPYKIIiif JOKa Ta KOMIDIEKCY MMATaHb TEXHIKO-€KOHOMIYHOTO XapakTepy,
HaJiHHOCTI i 3py4YHOCTI eKCIUTyaTaii. 3anpornoHOBaHO KOHCTPYKLIFO KOMIIO3UTHOTO IUIABYYOT0
JIOKa 31 3MEHIIECHOIO KIIbKICTIO HA0Opy B ITOHTOHI, B SIKOMY apMarypa, 110 TIPAII0€ Ha MICLIEBY
MIIHICTb, YCTQHOBIIIOETHCSI 330BHI B HANpPsSMKy HalMEHIIOIO IIPOJIbOTY, @ apMarypa, IO
MPAIOE HA 3arajibHy MILHICTh, YCTAHOBIIIOETHCS BeepearHi eeMeHTa. Onucano 0coOIMBOCTI
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BCTAHOBJICHHsI HA0OpY B TOMN-NaTy0i JJOKa Ta OOIPYHTOBAHO BIJCYTHICTB iX y OSTOHHHUX Oarirax IMIMaHroyTiB (iopiB
i OimciB. IlogaHi KOHCTPYKTHBHO-TEXHOJOTIYHI CXEMH KOHCTPYKTHBHOTO MieJb-IIMAHTOYTY IDIaBY4Oro IOKa Ta
crarmesns sl oOy/IOBU KOMIIO3UTHHX IUIABYYHX JIOKIB, BUKOPUCTAHHS SIKMX JIO3BOJISIE 3MEHIIUTH MAaTepialloEMHICTh
Ta 3HU3UTH TPYIOMICTKICTh MOOYJIOBM JoKa. HaBeleHi TeXHOJOTIUHI pekoMeHIalil apMyBaHHsS IHUIIEBUX IUIHT
MOHTOHA KOMIO3UTHOTO ILIABy40ro jgoka. [1ofaHo cxeMy apMyBaHHsSI JHUILIEBUX [UINT MIOHTOHA B PAlOHI CIIPUHHATTS
MaKCHMAJIBHOTO TiAPOCTaTHYHOTO THUCKY. Iloka3aHo, mo 3axMcHUM map OeToHy It poOodoi apMmaTypu 3adesrnedye
CIUTBHY POOOTY apMaTypu 3 OCTOHOM Ha BCIX CTaJIisgX POOOTH KOHCTPYKIIil, a TAKOXK 3aXUCT BiJl arpeCUBHUX 30BHIIITHIX
BIUIMBIB HABKOJHIITHROTO cepemoBuma. HaBemeHi ocobmmBOCTI BHOOPY CYAHOOYIIBHOTO OCTOHY, OPI€EHTOBAaHOTO
Ha eKCTpeMasibHi YMOBH POOOTH MOPCBHKHX 3aTi300€TOHHUX CHOpPYyA. PO3MIAHYTO BIUIMB MOBITPOBTATYBAIBHUX Ta
Tu1acTUQIKYIOUMX JOMIIIOK y O TOHHIH CyMillli Ha MOMINIIEHHS Mil{HOCT], HEPOHUKHOCT1, MOPO30CTIHKOCTI i KOPO31iHOT
CTIHKOCTI OETOHIB, 3MEHIIICHHS BOAOIIOTPEOH, TOJIMIIICHHS JICTKOYKIIAIaTbHOCTI Ta 3HIKSHHS BUTPATH [IEMEHTY.

Kuro4oBi c10Ba: KOMIIO3UTHHI TUTABYYHA JOK; 3113006 TOHHUH TIOHTOH; KOHCTPYIOBaHHS JOKIB.

AnnoTtanus. [IpuBeeHbI HCCIE0OBAHMUS HA OCHOBE UCIIONB30BaHMUS KPUTEPUEB BBIOOPA ONTUMAIBHON KOHCTPYKIUH
U ydeTa JEHCTBYIOUIMX HOPMATHBHBIX TPeOOBAaHWil, KOTOpPbIC JAIOT BO3MOXKHOCTH Pa3paboTaTh pPEKOMEHIAINU
10 KOHCTPYMPOBAHUIO M TEXHOJOI'MH MOCTPOMKH KOMIIO3UTHOTO IUIaBydero goka. OOOCHOBaH BHIOOpP OCHOBHBIX
[apaMeTpoB, KOTOPBIC MO3BOJISIOT MOCTPOUTH OOOOLICHHBIH KPUTEPHH VIS BHIOOpA ONTHMAaJbHBIX KOHCTPYKLHIA
IUIaBy4YUX KOMIIO3UTHBIX OJOKOB C YYCTOM OIIbITa WX CTPOUTECIBCTBA M OKCIUTyaTallMu, a TaKXE pPE3YyIbTaToOB
9KCIIEPUMEHTOB B HauOojee TSDKENbIX YCIOBUSX JOKoBaHMs. [1oaHO MCIOJIb30BaHME CHCTEMbI KPUTEPHUEB IS
KOHTPOJISl MacChl M MPOYHOCTH KOHCTPYKLHMH JOKa M KOMILIEKCAa BOIPOCOB TEXHHKO-DKOHOMHYECKOTO XapakTepa,
HaACKHOCTHU U yllOGCTBa OKCILTyaTallru. Hpezlnon(eHa KOHCTPYKIUA KOMIIO3UTHOTI'O IJIaBYy4€ro JO0Ka ¢ YMCHBIIICHHBIM
KOJINYECTBOM HabOpa B MOHTOHE, B KOTOPOM apMarypa, padorarolasi Ha MECTHYIO MPOYHOCTb, yCTAaHABINBACTCS
CHapy)Xd B HalpaBlICHUM HAMMEHBIIETO MpOJeTa, a apMmarypa, KoTopas paboTaeT Ha OOLIyI0 IPOYHOCTH,
yCTaHABIMBACTCsS BHYTPH >IeMeHTa. Omrcansl 0COOGHHOCTH yCTaHOBKH HaOopa B TOM-Manxyde Joka 1 000CHOBaHO
OTCYTCTBHE B OETOHHBIX OallHsX IIITaHroyToB, (uiopoB m OumcoB. IlomaHbl KOHCTPYKTHBHO-TEXHOJOIMYECKHE
CXeMbI KOHCTPYKTHBHOTO MUJICIIb-IITIAHTOYTa IJIABYYEro JOKa W CTamelsl s MOCTPOHKH KOMITO3UTHBIX IUIaBYYHX
JOKOB, HCIIOJIb30BAHHWE KOTOPLIX IIO3BOJIACT YMCECHBUINTE MATCPUATOCMKOCTL W CHHU3UTH TPYAOCMKOCTH HUX
noctpoiiku. [IpruBeneHbl TEXHOIOrHYECKHE PEKOMEHJAlMN apMUPOBAHUS THUIIEBBIX IUIUT TIOHTOHA KOMIIO3UTHOTO
iaBy4yero jgoka. [IpencraeieHa cxemMa apMHpOBAaHHS JHMIUCBBIX IUIMT B PailOHE BOCIPHUSTHS MaKCHMAalbHOTO
THAPOCTATHYECKOr0 JAaBieHUs. [lokasaHo, 4TO 3alMTHBIN cloii OeroHa and paboueil apmarypsl obecrednBaeT
COBMECTHYIO paboTy apMaTypbl ¢ OETOHOM Ha BCEX CTaJIUsIX pabOThl KOHCTPYKLIUH, & TAKXKE 3aLIUTY OT arpeCCHUBHBIX
BHEIIHUX BO3ACHCTBHI OKpyKaromiei cpenbl. [IpuBeneHbl OCOOCHHOCTH BBIOOpa CyHIOCTPOMTEIBHOrO OeToHa,
OpPHEHTHPOBAHHOTO Ha JKCTpPEMalIbHbIE YCIOBHUSI pabOThl MOPCKHUX JKelIe300€TOHHBIX COOpYyxKeHHui. PaccmoTpeno
BIIMSIHME BO3AYXOBTSATHMBAIOIIMX M IUIACTH(GUIHMPYIOMNX 100aBOK B OETOHHOW CMECH Ha YJy4llIeHHE NPOYHOCTH,
HEMPOHULIAEMOCTH, MOPO30CTOWKOCTH M KOPPO3HOHHOH CTOHKOCTH OCTOHOB, YMEHBIICHHE BOIOIOTPEOHOCTH,
yily4meHue yao00yKiIaablBaeMOCTH M CHIJKEHHE pacXoia LIEMEeHTa.

KroueBble c10Ba: KOMIIO3UTHBIN ITaBYyYHH JTOK; KeJIe300€TOHHBIN MOHTOH; KOHCTPYHPOBaHHUE JOKOB.
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Problem statement. When designing the dock hull Analysis of latest studies and publications. The con-
as a whole and its individual components and parts, con- | stant needs of world shipping in ship repair, inspection and
siderable difficulties are stipulated by the complexity of | monitoring of the state of ships, maintenance of the under-
the operation of the structures and the variety of functions | water part of ships cause an increased demand for floating
performed by the individual hull elements. The desire to | docks. The analysis [11] of the operating conditions of the
design the structure so that each element of it best fulfillsits | composite floating docks showed that they are to a large
functional purpose during operation and is rational during | extent extreme. In addition, the specifics of the technology
construction and repair necessitates the harmonization of | and organization of the construction of large lifting docks
conflicting requirements with regard to economic indica- | requires the solution of a number of technical problems
tors. The task of the designer is designing such a hull so | that have no analogues in the world practice. In the float-
that it, at the lowest cost of construction and mass, satis- | ing dock, as well as on the ship, all the requirements of
fies the operational requirements as much as possible and is | classification and insurance companies for monitoring its
sufficiently reliable throughout the entire service life for it | condition and restoration of working capacity apply.
with minimal amounts of periodic repairs and maintenance Recently, composite so far, made partly from rein-
costs. Thus, the minimum cost of construction and opera- | forced concrete and partly from metal structures, have
tion is the main generalized economic indicator, objec- | been in great demand [3, 7]. As a rule, a pontoon is made
tively takes into account the quality of the design from the | from reinforced concrete, and side towers are made en-
standpoint of the interests of the pre-production enterprise. | tirely from metal.

The problem of increasing the level of design and The main direction to achieve competitive products
technology is complicated by the fact that, due to objec- | of dock-building enterprises is the introduction of sci-
tive and subjective reasons, it is not always paid enough | entific research aimed at upgrading, improving training,
attention at various stages of design, engineering and | organizing and managing production, reducing construc-
technological developments. One of the main reasons for | tion time, reducing costs and improving product quality,
this is the lack of necessary criteria for the development | minimizing the use of all types of resources and costs,

of a generalized assessment in the form of any indicator. | the use of new technologies [4, 8].
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Conclusion of previously unresolved parts of the
overall problem. The choice of optimal designs should
be based on the obligatory consideration of complex in-
terdependencies of an economic nature in order to find
the most optimal solution. This work is very difficult,
and it should be carried out simultaneously with the
search for theoretical and practical solutions based on
the experience of building and operating docks, as well
as the results of experiments in the most difficult condi-
tions by docking.

THE AIM OF RESEARCH is development of rec-
ommendations for the design and technology for con-
structing a composite floating dock based on the use of
criteria for selecting a rational design and taking into ac-
count existing regulatory requirements.

Methods, object and subject of research. When
performing the study, the method of coagulation was
used, which consists in reducing the multicriteria task to
the single-criterion task. For the construction of a multi-
criteria problem of making optimal decisions, it is neces-
sary to transform a set of specified criteria into one gen-
eralized criterion that expresses the usefulness of a given
system of criteria. The object of research is the design
process and the technology for constructing a floating
composite dock. The subject of research is the design of
the composite floating dock.

Basic material. To solve the complex problem of
designing the structures of the dock hull, it is neces-
sary to have a certain system of criteria that allows for
a comparative objective assessment of various options
for possible solutions. Such an assessment in the period
of intensive progress of science and technology acquires
special significance. Previously expedient designs were
chosen based on the requirements of the rules of clas-
sification societies containing specific recommendations
derived from operating experience of previously con-
structed docks. It was believed that such design provided
reliable structures in operation. In modern conditions of
implementation of the recommendations contained in
the rules, it turns out to be insufficient through the rapid
change of quantitative and qualitative characteristics of
the docks of the facilities under construction.

However, it is not easy to develop such a system
of criteria: it is necessary to take into account a large
number of factors whose influence can’t always be es-
tablished with sufficient certainty. Therefore, at the mo-
ment it is possible to simultaneously take into account
only a limited number of requirements. Some of the
same requirements remain unheeded and are accepted as
secondary. As a result of this simplification, the physical
essence of the questions is distorted, the reliability of the
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results obtained may be insufficient, and the approximate
criteria obtained in this way can be recommended only as
some conditional measures.

Given the above, in this article it is necessary to de-
termine the modern basic criteria that ensure the reliabil-
ity and optimality of the dock structures.

Errors in the design of reinforced concrete structures
can be caused by unsuccessful assembly structures, im-
proper reinforcement, improperly chosen classes and
grades of concrete and reinforcement, insufficient sta-
bility of structures, disregard for possible corrosion of
concrete and lack of instructions on the construction of
structures. When designing structures, it is necessary to
ensure strength so that the fracture of structural elements
is plastic, but not brittle. This is achieved by using plastic
steels, observing the minimum and maximum percent of
reinforcement [1].

All structures on the docks must be reliable, which
leads to the need to create a certain safety margin and the
more, the more there can be an error in determining the ex-
ternal forces acting on the dock's hull. This is done in case
of a possible excess of the existing forces as compared with
the permissible ones in order to take into account the effect
of reducing elm thickness from corrosion and abrasion, as
well as due to the presence of hidden material defects and
deficiencies in the fabrication of structures. The adoption
of an excess margin of safety in order to increase the reli-
ability of structures in operation will inevitably increase
the mass of structures and the cost of their manufacture.
Therefore, determining the appropriate safety margin is
a responsible job, especially when consider that the de-
signer, taking a decision, takes responsibility for the lives
of the crew of the dock. The purpose of the safety margin
should be consistent with the possibilities of improving
the technology of manufacturing structures.

The desire to reduce the weight of the hull, that is,
to reduce the cost of materials and labor costs, as well as
to increase the payload capacity of the dock, is always
an important task of the designer, as it allows to obtain
a large economic effect, but optimal design involves the
joint consideration of minimizing mass and cost other
functional parameters (Fig. 1).

Optimization is carried out on the total costs, which
include costs associated with an increase in the mass of
structures, and costs associated with a decrease in the
probability of its destruction. It is assumed that the prob-
ability of failure depends on the quality of the material.

An increase in the yield strength of the material,
the achievement of which is taken as a dangerous state,
makes it possible to reduce the design dimensions of the
structures. In the construction, some part of the yield
stress is allowed.
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Fig. 1. Scheme for comprehensive consideration of optimal design and technology issues

In recent years, in order to reduce the mass of the
dock hull, modern modifications of base materials —
concrete and steel are widely used for the manufacture
of structures, as a result of which a significant economic
effect is achieved, despite their higher cost. When build-
ing a dock from ordinary carbon steel, the proportion
of metal elements in the total weight of the built dock
increases markedly as the size of the docks increases.
In order to preserve this proportion of metal elements
at the same level as increasing the size of the docks,
it is necessary to use reinforced steel of high strength
and high-strength concrete when building a pontoon,
and when forming the structure of towers to use steel
of high strength.

So, entering from the above analysis, it can be argued
that reducing the hull mass, that is, reducing the consump-
tion of materials and labor costs due to the use of rein-
forced steel of increased strength and high-strength con-
crete when building a pontoon, as well as using increased
strength steel when forming the tower structure, increas-
ing the useful dock carrying capacity and cost minimiza-
tion are one of the main factors ensuring the reliability and

optimality of the dock design. But it should be noted that
these factors are rather contradictory.

Linking different and contradictory requirements
and obtaining a successful solution is a difficult task,
since there are no interrelated indicators that meet dif-
ferent requirements. This is especially true of design
and construction technology. Considering the fact that in
most practical problems, decisions are evaluated accord-
ing to several qualitatively different criteria (Table 1),
then hypothetically one of the solutions may be the best
according to all criteria, and it will be the most optimal.

In the case of a complex relationship between mod-
ern requirements for structures, minimizing mass from
a technical and economic point of view does not always
lead to an optimal solution of the problem. Direct pro-
portionality between the mass of structures, the com-
plexity of manufacturing, operational and technical and
economic efficiency is not observed.

When considering the reliability and durability of
structures, it is necessary to fully consider the technolog-
ical factors associated with the construction and repair
of docks, during which welding stresses and deforma-

Table 1. Relationship between the basic requirements for the dock design and their optimization

Basic requirements
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tions occur in hull structures, creating a concentration
of stresses in various technological cutouts. Also, as a
result of errors in the preparation and execution of tech-
nological operations, defective joints are obtained, the
mechanical qualities and chemical composition of ma-
terials change, a volumetric stress state arises, and so on.

The practice of building and repairing docks using
modern advanced methods has developed some well-de-
fined requirements (Fig. 2) in dock structures, more and
more unifying and standardizing in order to shorten the
cycle time of work, improve quality and reduce manufac-
turing cost. Therefore, typing of components and parts
for docks for various purposes is becoming widespread.

In this regard, in recent times, special importance
is attached to the development of industry standards by
drawing albums for choosing the shape and size of struc-
tures, eliminating the mistakes of designers. At the same
time, it is necessary to strive so that the unification and
standardization do not hinder the improvement of struc-
tures. To do this, it is possible to regularly review the
content and recommendations of the standards in order
to take into account new research in the field of design.
Using the same unification and standardization always
gives a great economic effect and ensures high quality of
the designed structures, especially if technological issues
are taken into account.

The design of new structures should be accompanied
by an assessment of individual flaws that appear as a re-
sult of making compromise decisions. However, trying
to find the optimal solution, sometimes it is necessary
to completely distract from the usual constructive meth-
ods and try to offer completely new designs, since on
the docks built at different times, there are often designs
whose shape and size were caused by reasons that have
ceased to exist. It is possible to propose the following
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algorithm for evaluating the design and technology for
constructing composite docks (Fig. 3).

Separate constructions, appeared by chance and did
not manifest themselves in operation negatively, some-
times they become standard and are recommended by
tradition. Some constructions on the same type docks,
built in different countries, significantly differ from each
other in terms of working conditions, and sometimes
even in principle.

At present, as a result of the transition to a scientifi-
cally based design of structures using a system of crite-
ria, it became possible to control not only the weight and
strength of structures, but a whole range of technical and
economic issues, reliability and ease of operation.

The choice of optimal designs should be based on the
obligatory consideration of complex interdependencies
of an economic nature in order to find the most optimal
solution. This work is very difficult, and it should be car-
ried out simultaneously with the search for theoretical
and practical solutions based on the experience of build-
ing and operating docks, as well as the results of experi-
ments in the most difficult conditions by docking.

One of the most commonly used methods for solv-
ing such multi-criteria tasks is reducing a multi-criteria
task to a single-criteria one. For the construction of a
multicriteria problem of making optimal decisions, it is
necessary to transform a set of specified criteria into one
generalized criterion, which expresses the usefulness of
a given system of criteria. The main difficulty in solving
this problem is the need to compare criteria of a different
nature and determined in different scales. If this com-
plexity is solved and all output criteria W,(i =1, 2,...,k)
expressed in comparable units, then the generalized cri-
terion is represented as a weighted sum of individual per-
formance criteria [10]:

Requirements for the optimal level
of hull structures

A4

Technical

Quality improvement

Mechanization

Automation

Use of robotics

Ease of maintenance

R S T R S S

Fig. 2. Requirements to ensure the optimal level of hull structures
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.| 1. The formulation of the purpose of evaluating the
"| performance indicators of the used design and technology

v

'

2. Search and selection of options for

. . 1 3. Criteria selection
comparing design and technology
v
| 4. Verification of comparability conditions |
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| 5. Regulations | | 6. Project parameters | | 7. Identification of restrictions
v v

8. Preparation of initial data for calculation of
technical and economic indicators

v

v

9. System analysis of
the obtained indicators

v

10. Restrictions

v

11. Choice of the option according to
the accepted criterion considering the
limitations

v

12. Determination of the requirements for
the option to further improve efficiency

Fig. 3. Algorithm for evaluating the performance indicators of the design and construction technology of composite docks

U=>a, W,

k
i=1
where a, — weights with “+” sign under the conditions
that it is desirable to increase, and “—” sign with those
that it is desirable to reduce.

A common disadvantage of the component criteria is
that the lack of effectiveness in one of them can always
be compensated at the expense of the other. Therefore,
their use may lead to incorrect recommendations.

Of the many indicators of efficiency, they single out
one, the most important, and seek to obtain the optimal
solution only by this single criterion. On other perfor-
mance indicators impose restrictions of the form [10]:

Wi zw, (i=2,...,m); W,<w, (j=m+1,...k)

and include in the number of specified conditions. Perfor-
mance indicators are in order of decreasing importance.
For simplicity, let’s assume that each of them needs to
be turned into a maximum (if this is not the case, it is
enough to change the sign of the indicator). First, a solu-
tion is sought, which turns the | indicator to a maxi-
mum. Then, based on practical considerations and the
accuracy of the source data, some assignment AW, at the
cost of which it is possible to achieve the maximum of
the indicator W, that is, the restriction W, > W * — AW,
where W * — the maximum possible value of W, is im-
posed, and this limitation, we are looking for a solution
in which the maximum of the indicator ¥, is reached.
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This process continues as needed. This method of find-
ing a compromise solution is good because it is always
known, at the price of which the assignment in one indi-
cator gains in the other.

From a formal point of view, the construction of a
generalized criterion is a procedure for aggregating par-
ticular criteria into one criterion. The main requirement,
the fulfillment of which is necessary, is maintaining the
dominance relation for the generalized criterion. This
means that [10]:

W, W,...,W >U,U,...,U )=
=FW,W,..,W)*>FU,U,...,U),
where F— the aggregate-operator of the generalized cri-
terion. Considering the generalized criterion as a func-

tion of m variables (partial criteria), let’s define the level
surface for it:

FW, W, . W,)=c.

For any values of partial criteria corresponding to
this equation, the generalized criterion does not change
its value equal to c. Using this circumstance, it is pos-
sible to change the value of particular criteria, keeping
the value of the generalized criterion unchanged. When a
measure of the effectiveness of criteria expressed in het-
erogeneous units, for example, monetary and temporary,
they must be reduced to a standard measure of efficiency
or transformed into dimensionless ones.

Using one of the above solutions to multicriteria
problems, one can construct a generalized criterion for
choosing the optimal dock structures.
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Fundamentals of design and construction techno-
logy of composite docks

Design, construction and building of composite float-
ing docks is carried out in accordance with the rules of
the Shipping Register of Ukraine [9], ABS [12], “Rules
for building hulls of ships and floating structures using
reinforced concrete” [6] and under the Register’s techni-
cal supervision.

In accordance with the requirements of the Regis-
ter, the construction and use of composite floating docks
should be carried out on the basis of the technical and
economic feasibility of their use in specific conditions,
taking into account the maximum reduction of material
intensity, energy intensity, labor intensity and cost.

The rules [6] establish the basic requirements for
materials, construction, strength and technology for
constructing a dock hull, manufactured using reinforced
concrete. In this case, when designing the floating docks,
design schemes should be adopted that provide the nec-
essary strength, stability and spatial immutability of the
structure as a whole, as well as individual structures at
all stages of construction and operation. Devices, equip-
ment and software, stability, division into compartments,
fire protection, mechanical installations, systems and
pipelines, boilers, heat exchangers, electrical equipment,
rescue and signaling equipment, radio equipment, lift-
ing devices, must meet all the requirements applicable to
them Register rules, state standards and other regulatory
documents.

When designing floating docks, Rules [6] recom-
mend the following sequence:

— implementation of the constructive layout of the
pontoon and towers;

— determination of design loads causing local and
general deformations of hull structures;

— design of dock structures from the condition of en-
suring local strength and stability, taking into account the
limitations on the minimum thickness;

— design of structures that provide the overall trans-
verse and longitudinal strength of the pontoon;

— design of structural elements of the hull, ensur-
ing its overall longitudinal strength during operation (in
dock operations)

— verification calculations of the total and local
strength of structures in the conditions of the route from
the construction site to the place of dock operation.

Metal towers of composite floating dock, it is advis-
able to dial on the longitudinal dialing system. In this
case, the transverse frame connections (frame beams and
frames) of the walls and decks of the towers should be lo-
cated in the plane of the main cross links of the pontoon.
The frame connections of the outer and inner sides of the
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towers below the safety deck should be interconnected
by expansion beams that must be installed in the plane of
each main cross-tie of the pontoon.

In modern conditions, to improve the quality charac-
teristics of the pontoon, reinforcement of the concrete of
the pontoon is made of fiberglass, which leads to a sig-
nificant increase in the compressive strength of concrete
(120...170 MPa) [14, 20]. With increasing strength, the
modulus of elasticity of concrete increases, which im-
proves its operation in conjunction with steel reinforce-
ment [14, 17]. The use of additives helps to improve
the quality characteristics of the concrete mix and the
effect on the setting and hardening processes. Reinforc-
ing additives have a positive effect on water absorption
and increased stability of the resulting concrete given
the number of freezing cycles [13, 20], and cracking
is also significantly reduced in such concrete [19, 18].
A promising direction in the manufacture of concretes
is the use of plasticizers, such concretes are character-
ized by reduced water absorption [16]. When conducting
a comparative analysis of the use of plasticizers based
on polycarboxylate ethers of various manufacturers, one
of the parameters was compressive strength, which for
concrete with the same cement consumption in a solu-
tion without additives was 24,5 MPa, and with additives
42.9...43,8 MPa, almost doubled its strength [2].

So, in the case of increasing the mechanical charac-
teristics when using the modified mixture, it is possible
to reduce the thickness of the concrete base or reduce the
number of reinforcing elements. The expected positive
effect, in addition to the overall material savings, is a re-
duced mass of the structure, an increase in the carrying
capacity, the possibility of minimizing the depth of the
submerged part of the pontoon and a reduction in labor
costs.

The rules [6] give the definition of materials, struc-
tures and distances between them, equipment, etc., which
are used in the construction of floating docks and, in ad-
dition, regulate the use of concrete and its components
for the pontoon of the floating dock. Concrete must have
the necessary strength, water resistance, frost resistance,
chemical resistance in aggressive aquatic environment,
have low water absorption and a protective layer, reliably
protects the reinforcement from corrosion. To ensure the
necessary reliability and durability of floating dock hulls
manufactured using reinforced concrete, it is necessary
to use concrete of the corresponding strength classes and
grades for water tightness and frost resistance, especially
in zones of varying water levels and exposure to ice. To
improve the basic properties of concrete (strength, imper-
meability, frost resistance and corrosion resistance), re-
duce water demand, improve workability, reduce cement
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consumption, and perform concrete work at negative am-
bient temperatures, it is recommended to add special (air
entraining and plasticizing) additives to the concrete mix.

Hot-rolled reinforcement bars of the corresponding
classes that meet the requirements of classification so-
cieties [12] should be used for the reinforcement of hull
reinforced concrete structures. Sheet steel for hull struc-
tures of composite floating docks should also meet the
requirements of classification societies [12].

Part of the hull of composite floating docks is a rein-
forced concrete pontoon and its elements are composing,
consisting of plate structures, supported by ribs or par-
titions, which form a transverse, longitudinal or mixed
system of cross elm. The reinforcement of the hull el-
ements should be carried out by bar reinforcement in
the form of welded reinforcing grids and frameworks.
Connections of reinforcing bars between themselves and
with parts must be welded.

Parts of the reinforced concrete hull, which during
operation are subjected to shocks and invasions, should
be strengthened or protected by the freeboard bars, which
have sufficient strength, durability and reliability under
the influence of these loads and ensure the transfer of
forces to rigid bindings of the hull. The protective layer
of concrete for working reinforcement should ensure its
joint work with concrete at all stages of the structure's
operation, as well as protection from aggressive external
environmental influences. The thickness of the protec-
tive layer of concrete for rod reinforcement of the exter-
nal surfaces of reinforced concrete hull elements must
be at least 15 mm, for the dock-floor — at least 20 mm,
for internal wetted hull elements — at least 10 mm, and
for internal hull elements, not exposed to aggressive fac-
tors — not less than 5 mm.

The fastening of the foundations of mechanisms,
equipment, ship devices and other elements of saturation
in reinforced concrete hull structures should be carried
out by welding to embedded parts or anchor bolts.

When constructing reinforced concrete structures,
their dimensions should be assigned from the condition
of ensuring sufficient strength and reliability of both
the elements themselves and the joints. Steel partitions,
frames, beams of the set and other elements of metal
structures should be located in the same plane with the
corresponding reinforced concrete elements. Steel ele-
ments of composite structures should be joined to rein-
forced concrete with the help of special embedded parts
or anchors capable of transferring reinforced concrete to
all the efforts acting in a joint. Steel towers of compos-
ite docks should be welded with solid double-sided butt
seam or at an angle to solid embedded parts installed in
the reinforced concrete pontoon hull.
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The main methods for constructing a reinforced con-
crete part of a composite floating dock are an assembly
one, in which the pontoon consists of prefabricated flat
sections, and a block one when it consists of three-di-
mensional blocks, each of which consists of flat sections.
Requirements for the manufacture and installation of re-
inforced concrete hull structures must comply with the
Rules for the construction of hulls of ships and floating
structures with the use of reinforced concrete [6]. The
manufacturing techniques of the elements of metal hull
structures, as well as the metal parts of the towers of the
composite floating dock should be similar to the manu-
facturing techniques of the steel ship structures. It is al-
lowed to splice the hull parts afloat from separately con-
structed floating blocks, provided that the adopted design
and technology for connecting the blocks into a single
whole ensure the strength and water resistance of the
monolithic hull.

The hull of the composite dock consists of a rein-
forced concrete pontoon (bottom, outer skin, inner lon-
gitudinal and transverse structures) and two steel tow-
ers (outer and inner skin, decks, platforms, partitions
and supports of their set). During the operation of the
dock, its hull is affected by the mass of the dock itself,
the support forces, the ballast weight, the ship’s pressure,
winding, wind load, and during the sea crossing the dock
receives additional forces from bending and torsion,
wave shock loads. When calculating the main bindings,
perceiving the load from the ship, it is considered that the
external forces acting on the dock-ship system are per-
ceived by the dock hull and the ship. The total bending
moment on the dock ship system midship is distributed
between the dock hull and the ship in proportion to their
strength. Therefore, for the calculated bending moment
take the smaller of the moments that may occur during
operation. When docking the ship, a part of the bending
moment can be reduced by taking ballast. The amount
of bending within acceptable limits usually contains the
reception of ballast water.

The slipway for the construction of reinforced con-
crete ships contains supporting keel blocks that are in-
stalled on the supporting surface (Fig. 4,a). Metal rigid
frame shields associated with keel blocks with hinges and
stops (Fig. 4,b). A cushion is installed on the top of each
keel block (Fig. 4,¢) [5]. Omitted boards alternately rise
to a horizontal position and fixed stops. Then cushions
are fitted and installed, between which one should not
allow the formation of gaps into which cement “milk”
could get when concreting the bottom plate.

The markup on the slipway is applied once and on
subsequent tabs only refreshed in separate places. Re-
inforcement grids are installed and the bottom plate is
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concreted. Demoulding begins from the row, which is lo-
cated on the edge, by cleaning the stop and squeezing the
shield using screw tappets. The shield comes off the plate
and rotates around the hinge, hanging on it. The whole
structure of the ship hull under construction remains ly-
ing on the cushion for the construction of reinforced con-
crete ships.

The above device allows to reduce the complexity
of installing the formwork bottom and further demould-
ing, and also allows to ease working conditions, reduce
transport operations for the transport of large-size boards
with significant material savings, due to the fact that for
the formwork used inventory metal shields that do not re-
quire repair after demoulding (i.e. reuse of shields is pos-
sible). Due to the fact that the frame shields are attached
to the supporting keel blocks with hinges and stops, the
exact installation of the formwork in the working posi-
tion and its demoulding with the lowest cost of manual
hard work is ensured.

In the construction of a composite dock with a re-
duced number of sets in the pontoon of the dock, the
reinforcement working for local strength is installed ex-
ternally in the direction of the smallest span, and the re-
inforcement operates for general strength and is installed
inside the pontoon structural element. The transverse
partitions between the inner boards are installed through
4 slats, that is, 3 meters, and in the concrete towers
frames, floras and beams are not installed.

When the ship is docked, keel blocks are placed on
the longitudinal baffle of the dock, the load from which
is transferred to the rarely spaced transverse baffle of the
dock, thereby ensuring overall transverse strength.

The construction of concrete floors takes several
times more moment of resistance than steel structures,
which allows to increase the overlap girder and less often
place the partition supports. As a result, the costs associ-
ated with the cost of materials are reduced, as well as
the labor intensity of the work during the construction
of the dock.

The cross section of reinforced concrete slab of
dock floors 140 mm thick and the maximum plan size
of 6,700%3,000 with reinforcement from 12 to 20 mm
in diameter is shown in Fig. 5,a. Fig. 5,b is a diagram
of the reinforcement of bottom plates with a thickness
of 160 mm in the region of the perception of maximum
hydrostatic pressure.

Reinforced concrete pontoon of composite dock is
recruited by the transverse system, and metal towers —
along the longitudinal. The dock pontoon is divided by
longitudinal watertight baffles into several independent
compartments, which are needed to provide the neces-
sary stability when ascending or diving without a roll
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and the number of which depends on the dock carrying
capacity.

They are the main links that absorb the load from
the central and side keel tracks. The central keel track is
placed above the diametrical partition. Waterproof trans-
verse partitions set at a distance of 4.5 m from each other.
Transverse frames of towers are a continuation of the
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Fig. 4. The site of the slipway:

a — section A—A; b — section B—B; ¢ — top view;

1 — supporting keel blocks; 2 — supporting surface; 3 —
frame shields; 4 — hinges; 5 — stops; 6 — cushion
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transverse set of pontoons. In the limbs of the pontoon to
increase the dock floor operation length, which is usually
0.8...0.9 the ship length, establish platforms (crinolines)
with wooden or metal flooring.

The safety deck and top deck provide overall and
local hull strength. The top deck framework consists
of beams that are a continuation of the board frame-
work. Flooring of top-decks in the area of the engine
room and the main sump pumps perform removable,
which allows to unload equipment for repair. The
safety deck separates the ballast compartments from
the living and office spaces. It is supported by beams
that connect with the onboard transverse set. The wa-
ter level in the tower ballast compartments and, ac-
cordingly, the depth of the dock floor under the water,
which is limited by the height of the air pipes placed
below the safety deck. The drawings of the construc-
tive midship of the floating composite dock are shown
in Fig. 6.

When designing metal dock towers, the effect of
corrosion damage on the thickness of structural ele-
ments is taken into account. This instruction is based
on the rationing of strength until the end of the service
life of the dock, which for composite docks is assumed
to be 50...60 years. Corrosion additives guarantee the
dock operation during the entire specified service life
at an average rate of corrosion damage to structural
elements.
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Fig. 5. Scheme of reinforcement of concrete slabs:

a — dock floor; b — bottoms
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DISCUSSION OF THE OBTAINED RESULTS

Summarizing all the above, it is possible to classify
the basic requirements that provide the ability to con-
struct a generalized criterion for the selection of optimal
dock structures:

1) design of the dock must retain the original quality
for a specified period of operation;

2) mass of the structure with an adequate margin of
safety and efficiency during construction and operation
should be minimal;

3) structures should be available during repair and
maintenance during operation;

4) constructive solutions must comply with the cur-
rent industry standards, taking into account existing state
standards and standard design albums and recommenda-
tions for unification;

5) operation quality must ensure sufficient reliability of
the structures in extreme conditions of the dock operation;

6) technology of manufacture and repair of structures
in order to reduce their cost should ensure the following:

— use of the maximum possible size of blocks and
sections with full saturation of them on the pre-assembly
sites;

—use of modern progressive technological processes;

— possibility of widespread use of automatic welding
and cutting;

—reduction of the amount of work on the preparation

in the assembling and welding.
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Fig. 6. Constructive midship of a floating composite dock:
1 — top-deck; 2 — safety deck; 3 — dock floor
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CONCLUSIONS. The presented studies based on
the use of criteria for selecting the optimal design and tak-
ing into account existing regulatory requirements make it
possible to develop recommendations for improving the
design and technology for constructing a composite float-
ing dock. The choice of the main parameters that provide
the opportunity to build a generalized criterion for select-
ing the optimal structures of floating composite docks,
taking into account the experience of their construction
and operation, as well as the results of experiments in
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the most difficult conditions by docking, is substantiated.
The presented constructive-technological schemes of the
constructive midship of the floating dock and the slip-
way for the construction of composite floating docks, the
use of which makes it possible to reduce the consump-
tion of materials and reduce the complexity of the dock
construction. The features of the choice of ship-building
concrete are given, which is focused on extreme working

conditions of marine reinforced concrete structures.
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Abstract. Executed analysis of write-off of river cruise vessels (RCPV) of main “classic”
projects has shown that main criterion of future RCPV write-off is moral aging, including
according to economic and ecological requirements and because of characteristics of the ves-
sel, i.e. vessel is non-demanded on the market. New RCPV are necessary for the following
reasons: limited possibilities of modernization of available vessels because of outdated de-
sign; unsatisfactory indicators of comfort of passenger cabins and public spaces on the vessel;
impossibility of river-sea cruises. From 254 river cruise passenger vessels built in Soviet pe-
riod 98 (38,6 %) have been written off (6,7 % — 17 vessels were lost in accidents, 31,9 % —
81 vessels were utilized). There were 32 vessels out of operation (12,6 %) with middle age
of 57,7 years. In operation — formally 124 vessels (48,8 %) with middle age of 45,2 years.
Mean age of utilization — 47,1 year. The forecast on structure of passenger fleet in medium-
term perspective is given. It is shown that about 87 RCPV will be in work up to 2025, and
about 53 up to 2030 (without vessels which can be built during these years but which are not
ordered yet). The forthcoming write-off of RCPV fleet will cause essential damage to internal
river passenger traffic; conception “river domestic cruise” can disappear. For avoiding of
such scenario it is recommended on short-term perspective to lead the existing fleet (first of
all, projects 301, 302, Q-040, Q-056, Q-065, 92-016) to modern ecological requirements and
requirements of the market (to replace engines, to improve habitability conditions, to increase
automation of onboard processes, etc.) and on medium-term perspective — to build new fleet
including with use of elements of donor vessels: RCPV projects of “Dnipro/Volgo-Don max”
class of PV300, PV300VD, “Volga-Balt max” class of PV500VB, “BBK max” class of PV09,
PVI11 as the most fully corresponding to market tendencies, and also projects with wheel
propulsion-steering unit (PKS-180) or water-jet propeller for work on small rivers.

Keywords: utilization; write-off; river cruise passenger vessel; casualty; prognosis; new con-
cepts; modernization; conversion.

AHoTanis. Bukonanuii anani3z criucanHs piukoBUX Kpyi3HHX macakupcbkux cyneH (PKIIC)
OCHOBHUX «KJIACHYHHX» IIPOEKTIB II0Ka3aB, IO OCHOBHHUM KpHUTEpiEM Mai0yTHHOTO
crmucanHsa PKIIC € mopanpHE cTapiHHS, Y TOMY YHCII depe3 €KOHOMIYHI Ta EKOJOTidHi
BUMOT'H, @ TAKOX XapaKTEPUCTUKU CAMOTO Cy/Ha, TOOTO He3arpeOyBaHICTh CyJHA PHHKOM.
Hosgi PKIIC HeoOXiaHi 3 TAKUX IPUYHH: 00MEKEHI MOXKIIMBOCTI MOJICPHI3allii HASBHUX CYICH
gepe3 3acTapily KOHCTPYKIIO; HE3aJOBUThHI MOKa3HUKH KOM(OPTY MacaKUPChKHUX KaroT
1 IpOMaJICHKHX IPUMILIIEHb Ha Cy/IH1; HEMOXIIMBICTB Kpyi3iB pika—mope. I3 254 moOynoBannx
y pansHcbkuit gac PKIIC 98 (38,6 %) Oynu criucawi, 17 (6,7 %) 3ary6ieni B katactpodax,
81 yrmmizoBano (31,9 %). ¥V Bincroi mepeOysamo 32 cyama (12,6 %) cepeaniMm BikoM
57,7 pokiB, B ekcruryaramii — ¢opmasisHO 124 cynHa (48,8 %) cepennim Bikom 45,2 poKiB.
Cepenniii Bik ytwmizanii 47,1 pokiB. J[aHO TPOTHO3 IIOIO0 CKJIAIY MacaXKUPCHKOTO (BIIoTy
B CEpPEeIHBOCTPOKOBIN meperekTuBi. [TokazaHo, mo g0 2025 poky Oyme B poOOTI puOIH3HO
87 PKIIC, a no 2030 poxy — npubnuzHo 53 (6e3 ypaxyBaHHs CyIEH, sSIKi MOXYTb OyTH 3a
i poku noOy/0BaHi, ajie TOKK He 3aMoBJieHi). MaiiOytHe crincanus ¢uioty PKIIC 3aBaactsb
ICTOTHOT IIKOM BHYTPINIHIM PIYKOBUM MACAKUPCHKUM TIEPEBE3CHHSAM, TTOHSITTS «PIIKOBUI
BITUM3HSIHMHN KpYyi3» MOXe 3HUKHYTH. 711 yHUKHEHHS TIO/IIOHOTO CIIeHapil0 PEKOMEHIY€EThCS
Ha KOPOTKOCTPOKOBY TE€PCIIEKTUBY ITPUBECTH HasiBHUHM (utoT (Hacammepen npoektu 301, 302,
Q-040, Q-056, Q-065, 92-016) mo cy4acHHUX E€KOJOTIYHUX BHMOT i BUMOT PHHKY (3aMiHHUTH
JIBUTYHH, TOJIMNIIUTA YMOBH HACEJCHOCTI, MiJABUIIMTH aBTOMATH3allil0 IIPOLeCaMH Ha
0OpTy TOIIO), a HA CEPEAHBOCTPOKOBY — OyAyBaTu HOBHil ()IIOT, 30KpeMa 3 BUKOPUCTAHHSAM
eneMeHTIB cyneH-noHopiB: mpoektu PKIIC «/Ixinpo/Bonro-/lon make» kmacie PV300, PV-
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300VD, «Bonro-bant makc» kimacy PV500VB, «bBK make» kiacie PV09, PV11 sk cynna, siki HAWOUIBII TTOBHO
BIJIMIOBITAaIOTh PHHKOBUM TEHCHIIISIM, a TAaKOK MPOEKTH 3 KONICHUM pymIiifHo-kepMoBUM Komrmiekcom (ITKC-180)
a00 BOJIOMETHUM PYIIEM I pOOOTH HA MAJIUX piKax.

KurouoBi ciioBa: yTuitizanisi; CriucaHHs; piukoBe KpyIi3HE MacaKUpChKe CYHO; aBapis; MPOrHO3; HOBI KOHIICITH;
MOJICpHI3allisi; KOHBEPCIs.

AHHOTanusl. BBHIMOMHEHHBIM aHaNNM3 CIUCAHUS PEYHBIX KpyH3HBIX mnaccaxupckux cynoB (PKIIC) ocHoBHbIX
«KITACCHYECKUX)» TPOEKTOB TOKa3all, YTO OCHOBHBIM KpuTepreM rpsiaymero cnmcanusi PKIIC sBnsercsa MopanbHOE
CTapeHue, B TOM YHCIIE 10 IKOHOMHUECKHM U KOJIOTHUECKUM TPEOOBAHUSIM, a TAKIKE XapaKTePHUCTUKAM CaMOro Cy/IHa,
T. €. HeBOCTpeOoBaHHOCTH cynHa pbiHKOM. HoBeie PKIIC HeoOX0MMMBI 1O CIEAYIOIUM IPUYHNHAM: OrPaHHYCHHBIC
BO3MOYKHOCTH MOJEPHH3AIMH CYIIECTBYIOMNX CYHOB M3-3a yCTapeBIICH KOHCTPYKIHH; HEYIOBICTBOPUTEIBHBIC
nokaszaresin KoM(opra MmaccakMpCKuX KaroT W OOIIECTBEHHBIX IOMENICHHH Ha Cy/IHE; HEBO3MOXXHOCTh KPYH30B
pexa—Mmope. M3 254 noctpoennsix B coBerckoe Bpems PKIIC 98 (38,6 %) Obutu criucansl, 17 (6,7 %) noTepsiHbL B
karactpodax, 81 (31,9 %) yrunmsuposano. B orcroe naxoamnocs 32 cyana (12,6 %) cpemaum Bo3pactom 57,7 JeT,
B JKcIuTyaTanuu — (opmanbao 124 cymHa (48,8 %) cpemnnum Bo3pactom 45,2 neT. CpefaHui BO3pACT YTHIU3AIMH
47,1 ner. JlaH mporHO3 10 cOCTaBy Maccaxupckoro (urora B cpeaHecpouHoil mepernexruse. [lokazano, uro x 2025
roxy Oyzer B pabdore mpumepro 87 PKIIC, a x 2030 rogy — mpumepHo 53 (0e3 yuéra cyqoB, KOTOpBIE MOTYT OBITh
3a 9T TOfbl MIOCTPOCHBI, HO TIOKa He 3aka3aHbl). bynymiee crmcanue ¢uora PKIIC HaHeceT cylecTBEHHBINH Bpe
BHYTPEHHHM PEUYHBIM ITACCAKMPCKUM IIEPEBO3KaM, MOHITHE «PEYHOW OTEUECTBEHHBIN KPYyH3» MOXKET HCUEC3HYTb.
Bo n3bexanue mogo0HOTo CleHapusl PEKOMEH/IyeTCsl Ha KPaTKOCPOYHYIO NEPCIIEKTUBY MPUBECTH UMeroIuiics Grnot
(mpesxxne Bcero mpoektsl 301, 302, Q-040, Q-056, Q-065, 92-016) Kk SKOIOTUYSCKUM TPEOOBAHHUSIM M TPEOOBAHHSIM
pBIHKa (3aMEHUTH [BUTaTENH, YAYYIIUTh YCIOBHS OOMTAeMOCTH, HOBBICHTH aBTOMAaTH3alMIO MPOLECCOB HA OOpTY
U T. A.), @ HA CPEIHECPOUHYIO — CTPOUTH HOBBIH (PJIOT, B YACTHOCTH C HCIIOIB30BAHUEM IEMEHTOB CYJ0B-IOHOPOB!
npoektsl PKIIC «/luenp/Bomnro-Jlon makc» kimaccoB PV300, PV300VD, «Bonro-bant makc» kiacca PV500VB,
«bBK make» ximaccoB PV09, PV11 kak cyna, KOTOpble HarOoJee TIOMHO COOTBETCTBYIOT PHIHOUHBIM TEHACHITHAM, a
TaK)Ke MPOEKTHI C KOJECHBIM JBIKUTENBHO-pYyIeBbIM KomruiekcoM (ITITC-180) mnmm BogoMeTHBIM IBUTATEIEM IS
paboThI Ha MaJIBIX peKax.

KiaroueBnie ciioBa: yTuin3anusd; CIIMCaHUue; pE€YHOC KPYHU3HOC MACCAKUPCKOE CYAHO, aBapud; MPOTrHO3; HOBLIC
KOHIICTITHI; MOACPHU3AINA; KOHBEPCHUSL.
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IMocranoBka npodiaemsl. MHTEpec K peyHBIM Kpy-
W3HBIM [TACCAXKUPCKUM CyniaM He cirydaeH. HecMmotpst Ha
BCE TICPHUIICTUU C BHYTPEHHUM BOJHBIM TPaHCIOPTOM
1 MEXIyHapOJAHOW 00CTaHOBKOI, BOAHBIE Ty TEIIECTBHS
SIBJISIFOTCSI BITOJIHE MPOJaBAeMbIM MPOIAYKTOM, M KOJIHYe-
CTBO KJIMEHTOB, 0COOEGHHO 10 pekam EBporibl, ipomor-
JKaeT pacT u3 roja B rof [1].

CpenHuil BO3pacT HaXOAALIMXCS B DKCILUTyaTalluH
PKIIC nocrur 45 ner. CynoBiaienblibl IBITAIOTCS «I1a-
pHUpOBaThy (HU3MYECKOE CTAPEHHE CYI0B ITyTEM JOPOTHX
PEMOHTOB M 3aMEHbI KalT Ha Oosiee Komdopradesb-
Hele [7].

OnHako mpoOiieMa HE TOJBKO B (POpPMaJbHOM BO3-
pacre CyloB, HO M B TOM, YTO 3HaYHUTENbHAsl YaCTh dTHX
CYJIOB MOpaJIbHO ycTapelia: apXaudHblii YpOBEHb 00HTa-
€MOCTH 1 KoM(OpTa; HEAIKOHOMUYHBIE JIBUTATEIHN, 4ACTO
HE OTBEYAIOIIUE COBPEMEHHBIM IPEACTABICHUSIM 00
9KOJIOTHH; OTCYTCTBHUE KJIacca aBTOMATU3aIMHU; OOJIbILINE
9KUMAXH U 3HAUUTEIBHOE KOJIMUECTBO 00CITy)KHBaOIIIe-
O repcoHasa u Jip.

IIpu 3TOM ocTaérest mpobaeMa OKymaeMOCTH 3aTpaT
Ha MOJICPHU3AIIMIO U TIOJIepKaHne 6e3011acHOro TeXHHU-
YECKOTO COCTOSIHUS, TaK Kak J[aJIeko HE BCE «CTapbiey
HPOEKTHI MOXKHO (P (PEKTUBHO JOBECTH 0 COBPEMEHHBIX
npezcTaBieHuit o kompopre u HanéxHOoCTH [4; 5].

Kpaiine Ba)XHO MOJIYYHTh JOCTOBEPHBIC JIaHHBIC 110
(axTryeckomy BbiBofy M3 akcrutyaranuu PKIIC, momy-
YUTh OOBEKTHBHBIC 3aKOHOMEPHOCTH TI0 UX CHHCAHHIO
U y)K€ Ha OCHOBE TakKoil MH(pOpMaluu BbIOpaTh paryo-
HaJIbHYIO CTPATETHIO PEIIeHHUs] BHELIHEH 3a/1a4M MpOeK-
tuposanust PKIIC, B ToMm unciie He 3a0bIBast 1 00 H3BECT-
HBIX MYTSIX TPOAJICHUS CPOKa CIYKObI MacCaKMPCKUX
CY/IOB.

HEJb CTATBU — o6ocHOBaHHE HEOOXOIUMOCTH
CTPOUTEIHCTBA HOBBIX CYIOB M MOJEPHHU3AIMU HanOo-
Jiee MOAXOAAIIMX M3 CYLIECTBYIOLUUX KPYHM3HBIX IIPO-
€KTOB Ha OCHOBE MCCIEJOBaHMs CTaTUCTUYECKUX 3a-
xoHoMepHocTel cniucanust PKIIC u mpornosa cocrasa
¢yoTa Ha TEpCIEKTHBY C BBISIBJICHHEM THIIOB CY/OB,
Haubosnee BOCTPEOOBAHHBIX HA PBIHKE TYPUCTHYECKHUX

YCIIYT.

OcHoBHoli MmarepuaJ. IloHsaTHO, uTO YyTHIM3a-
Usl — cjada CyJ0B Ha METaJUIOJIOM — SsIBJIseTCs ao-
COJIIOTHO OOBEKTHBHBIM IpoIreccoM. braromapst stomy
TIOAEP>)KUBACTCS JOCTATOUHBIN YPOBEHb OE30IaCHOCTH
BOJHOTO TPAHCHOPTa M HMPOUCXOIUT COBEPIICHCTBOBA-
HUE IPUMEHAEMBIX TEXHUIECKHUX cpeacTB. I1o rpy30BbIM
CyZlaM OTEYeCTBEHHOTO peyHoro (ioTa Takas padoTa
ObLTa BBHITIONIHEHA aBTOpaMH paHee [6], 9TO TO3BOIISET,
WCIIONB3YSl aHAJIOTHYHYIO METOJWKY, TPOBECTH aHAJIN3
crincanns PKIIC.
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B Tabn. 1 mpencraBieHbl OCHOBHBIE XapaKTepH-
ctuky npoekros oredecTBeHHbIX PKIIC, mocTpoeHHBIX
B COBETCKOE BpEeMHI.

HccnenoBanust aBTOpPOB HACTOSIIEH CTaTbU OJHO-
3HAYHO TIOKA3alM, YTO YTWJIM3ALUSA «CTapbIX» Cepuil
PEUYHBIX KPYM3HBIX MACCAXKUPCKUX CYIOB HE TOJBKO
uaeT, HO U UAET ¢ Hapacraromumu Temnamu. [luk eé
npuiuéncs Ha 2011-2018 rozpl, 1 3TOT NpoLECC MPOAOII-
JkaeTcs ceiuac (puc. 1 u tadm. 2).

K ¢espamo 2019 rona u3 254 nocTpoeHHBIX B CO-
Berckoe Bpems PKIIC 98 (38,6%) Obutn cromcaHsl,
17 (6,7 %) notepsiael B kKaractpodax, 81 (31,9%) yru-
nm3upoBaHo. B orcroe Haxommiocs 32 cynHa (12,6 %)
cpenlHuUM Bo3pactoM 57,7 €T, B SKCIULyaTalUd —
¢dopmanbHo 124 cynna (48,8%) cpenHMM BO3pacToM
45,2 ner. Cpenuuii Bozpact yrunuzauuu 47,1 net. Kax
OBIIO YCTAHOBIICHO B [6], 11O pe3yabTaraM aHaJln3a CIU-
CaHMs TI0 OTACNBHBIM MPOEKTaM CYJOB MOXHO OBLIO
CZ€NaTh BBIBOJ O TPEX MOAEAX CIIUCAHUS, XapaKTEPHBIX
JUIS OTEUECTBEHHBIX CYZI0B BOJHOTO TPAHCIIOPTA:

— CIIMCaHUe M0 Kiaccudyeckoi cxeme (1-s1 Momens),
P KOTOPOH 3HAYMTEIbHAS YaCTh CYIOB CEPUH CIIH-
CBIBACTCS TPH JOCTIKEHHH CyJaMH MAaKCHMaJIbHO
JIOITyCTUMOTO PACYETHOTO CpOKa OSKCILTyaTalldH, Kak
npasuio, 1 PKIIC 45-50 ner, a ocraBmmecs B 3Kc-
TUTyaTalluy Cy/la CIUCHIBAIOTCS 110 OCTATOYHOMY IIPHH-
nuny (mo yOBIBaroIeii), OCHOBHOW TpaduK CIHCaHUSL
CYAOB UMEET JIMHEHHBIN XapakTep;

— CIHCaHWe B CHWJIy MOPAJIbHOTO YyCTapeBaHUs
(2-s Mozenb), IpU KOTOPOI 3HAUUTENbHAsI YacTh CY/IOB
CepUH CIIMCBHIBACTCS] NPU HACTYIUICHHU ONpPEIeNEHHBIX
BHEITHUX 00CTOATENHCTB (00Ba PHIHKA, MTOTEPS SKOHO-
MHKH B pa0OTe Cy[Ha, HECOOTBETCTBHE CyIAHA KOHBIOH-
KTYpe PBhIHKA); IPU 3TOM CPEJHHUI BO3pACT CIIMCAHHBIX
CYIOB CEpHM MOXET U HE AOCTHraTh PacuyE€THOTrO JKC-
IUTyaTallMOHHOTO CPOKA, OCHOBHOW T'paMK CIHCAHU
CY/IOB HMMEET SIPKO BBIPAKEHHBIH HKCIIOHCHINAIBHBIN
XapakTep;

— crnMcaHue 1o KOMOMHHMPOBaHHOHM cxeme (3-s1 Mo-
JieNb), TIpU KOTOPOH CyJa CepUu CIUCBIBAIOTCS MOCTe-
MIEHHO B 3aBUCHUMOCTH OT JOCTHKEHHsS JOIyCTUMOIO
pacdyETHOTO CpoOKa HKCILTYyaTalH, PEKIMOB 3KCILTyaTa-
LIMM U CyIOBIAJeNblla B COYETAHUU C BOCTPEOOBAHHO-
CTHIO Ha PHIHKE U HAJIMYUSI/OTCYTCTBHS MEPOTIPHUSATHH 110
YAY4IIEHUIO TEXHMKO-IKOHOMHUYECKHUX CBOWCTB Cy/aHA
(MonepHM3aIMK, peKiIaccu(UKayy, mnepeodopyaoBa-
HUST), OCHOBHOM TpapyiK CIIMCAaHUs UMEET B pa3HbIE TOIBI
KaK JMHEWHYIO 4acTb, TaK U CKa4KOOOPa3HyIoO.

B menoM MOXHO BBIACIMTH CpPeIu paccMaTpuBae-
MBIX IIPOEKTOB JIBE OOJIBIINE TPy CYI0B.

[epBas (cyma mpoekToB 785, 26-37, 588, 305, 646,
860) — 7TO Tpy30maccaXUPCKUE M MACCAKUPCKAE CyIa
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Taéauna 2. CoxHas HHGOPMALUS IO BHIOBITUIO OTEUECTBEHHBIX PEUHBIX KPYU3HBIX TACCAXKUPCKUX CY/I0B

Bcero cniucano, en. 2 =
=
:.[ [TorepsiHO B aBapusx, el. . 3 Y §
[5) 5 . 5 I ‘§£ E =
I : P 3 | g | ?® g | 2
= I = 5 : B, 5 . 5 = =3 = ©° g
5] T w s 5 . a = ) A E[ 0 Qo = >
o < - A < = o o = m
& S e B ™ ] g e s 8 g o g5 5 5 g
IIpoexT 5 E = 3 g 2| =z ) 2 g g s g2 2 8 X
3 5 3 = o, s, g = e 2 = E 2 o 2 22
Sl ol 2| 8| 8| | 2| 8| E| 2| E| B |E~| g |8
2 5 2 ) = s g = £ M 2 2 = - =
5| 2| | E| 5| 8| E| 2| E S8 5 | = | B
Jaa) = < % 5 =4 S = as] (=¥ o Z
1 B2 58|77 © | |2
m = = o 8‘ 8
26-37 14 3 1 0 1 0 0 0 2 0 11 | 58,91 51,00 | 44,50
92-016 9 1 0 0 0 0 0 0 1 1 7 38,57 | 42,00 - 43,00
301 22 2 0 0 0 0 0 0 2 0 20 | 40,25 - - 26,00
302%* 24 0 0 0 0 0 0 0 0 0 24 | 32,08 - - -
305 47 22 2 0 1 0 0 1 20 12 13 | 57,31 | 57,42 | 42,00 | 50,50
588 49 18 4 0 2 0 0 2 14 7 24 | 61,13 | 60,71 | 39,50 | 51,93
646 15 7 2 0 1 0 0 1 5 3 5 64,40 | 63,67 | 61,50 | 36,20
785 36 32 4 0 2 0 0 2 28 4 0 - 63,00 | 39,50 | 47,50
860 14 12 4 0 2 0 0 2 8 2 0 - 57,50 | 29,75 | 44,88
Q-040 4 0 0 0 0 0 0 0 0 0 4 | 44,50 - - -
Q-056 2 0 0 0 0 0 0 0 0 0 2 | 40,50 - - -
Q-065 5 1 0 0 0 0 0 0 1 1 3 34,00 | 34,00 - 27,00
[IKC-40 3 0 0 0 0 0 0 0 0 0 3 5,67 - - -
463 1 0 0 0 0 0 0 0 0 0 1 46,00 - - -
P-18A 4 0 0 0 0 0 0 0 0 2 2 50,50 | 49,50 - -
10110/11T-258 1 0 0 0 0 0 0 0 0 0 1 32,00 - - -
588/PEI'K.002 1 0 0 0 0 0 0 0 0 0 1 6,00 - - -
354V/1168 1 0 0 0 0 0 0 0 0 0 1 3,00 - - -
PVO08 1 0 0 0 0 0 0 0 0 0 1 7,00 - - -
PV09 1 0 0 0 0 0 0 0 0 0 1 2,00 - - -
CymmapHO 254 | 98 17 0 9 0 0 8 81 32 | 124 | 45,18 | 57,72 | 40,76 | 47,14

*be3 yuéra Tpéx kuraiickux PKIIC nmpoexra 302MK.

Kon-so "2

cynos . | B mbens
B Ymunuzauus

Puc. 1. KonmugectBo YTUIIU3UPOBAHHLIX U IOTEPSIHHLIX B KaTaCTpO(baX CyHOB IO BCEM IIPOEKTaM C pacClpeacICHUEM 110 roiaM
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JUTsL TadbHUX JIMHUNA, TOCTpOEHHBIE ¢ Hadayia 50-X 70
cepeaunsl 60-x romoB mpouutoro croiaetus. Kpyusnas
(yHKIUS TOSIBIJIACH 3aMETHO IMOIKE, YeM OHHU OBLIH
MPHUHSATHI B OKCIUTYaTAIHIO (IOCTATOYHO BCTIOMHHTD, YTO
BO MHOTHX KalTaX HE OBUIO HE TOJBKO WHAWBUAYaIb-
HBIX CaHY3JIOB, HO U MPOCTO YMBIBAJILHUKOB, a TaKKE
OTCYTCTBOBaJla CUCTeMa KOHAWLIMOHHpoBaHUs). CoOoT-
BETCTBCHHO, IMCHHO K KPYH3HBIM 3aJ[a4aM TaKue Cyna
npucriocalliuBai B pa3HOE BPeMs M B pa3HOM 00BbEME.
Kpome Toro, 3T0 0THOCHTEIBHO HEOOJBIINE Cya C TOU-
KM 3PCHUS TIaBHBIX Pa3MEPCHHUN M KOJUUYECTBA Tacca-
YKUPCKUX MaTy0, ¥ B HUX CYIICCTBEHHO CIIOXKHEE pa3Me-
CTHTh Ha HUX JOCTaTOYHOE JIJIsI MPUOBLIBLHOTO OHM3HECa
KOJHUYECTBO KoM(opTaOenbHbIX KatoT. [loaToMy, Hampu-
Mep, IBYXTalyOHBIC Cy/la YTHIU3UPYIOTCS Topa3io Obl-
cTpee, ueM TpEXnainyOHbIe IPUMEPHO TOTO JKE BO3pacTa.
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Hanpumep, n3 36 nByXnamyOHBIX CyIOB HpPOEKTa
785 tuna «Poccus» (crpomnuck B Komapuo, CroBakus,
B 1952-1958 roxax) 32 (88,9%) crucansl, 4 (11,1 %)
morepsiHo B Katactpodax, 28 (77,8 %) yTUIn3upOBaHO.
B orctoe 4 (11,1 %) cyana cpennum Bo3pactom 63 roza.
B skcrutyaranumu cynos Het. CpeHuil BO3pacT yTuim3a-
uuu 47,5 roga. [Tpu 3ToM MUK yTHIU3AIMA HAOTFOAAICS
(puc. 2 u 3) B 1989 rony (yTunusamus CyaoB, IPUHU-
MAaBIIMX yYacCTHE B JIMKBUIAIUH MOCICICTBUA aBapuu
Ha YADC) u B 2014-2017 rogax (crrcaHue HaXoOIWB-
LIMXCSl B OTCTOE HEBOCTPEOOBAHHBIX HA PBIHKE CY/OB).
OCHOBHOI TpaduK CITUCAHUS CYIOB (CM. puc. 2 U puc. 3)
COXpaHslI TMHEWHBIN Xapaktep, HO ¢ 2014 roga umeercs
CKa4YOK, OTPaKAIONIMH yTUIIN3AINIO B CBS3U C MOpaJib-
HBIM CTapEHHEM DTOTO THIIA CYIOB (K CyJaM IPOEKTa OT-
HocuTcs U «bynrapusi»).
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Puc. 2. KommuecTBO CIIHCAaHHBIX CYIOB B % COOTHOIIEHHH OT BCEX CyHOB IpoekTa 785 tuma «Poccus»
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Puc. 3. KonmruecTBO yTHIN3NPOBAHHBIX Cy/I0B poekTa 785 Tuma «Poccus» ¢ pacmpenesieHneM 1o rogam
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W3 15 nByxmamyOHBIX CynoB mpoekta 646 Tuma
«baiikam» (ctpownmcs B Bapuemionnpe, I'epmanus,
B 1953-1956 romax) 7 (46,7 %) cimcansl, 2 (13,3 %) mo-
TepstHO B KaracTpodax, 5 (33,3 %) yrunusuposano. B o1-
croe 3 (20,0%) cynHa cpemHuM Bo3pacToMm 63,7 rona,
B sKkcmuryaranuu 5 (33,3 %) cymoB cpegHHM BO3PAacTOM
64,4 rona. Cpennuii Bo3zpact yruinusanuu 36,2 rona. Oc-
HOBHOH rpaduK criricanus cynoB (puc. 4 u 5) coxpassii
JIMHEWHBIA XapaKTep.

N3 49 tpéxmamyOHBIX CcymoB mpoekta 588 Ttuma
«Pomuna» (ctpomnuces B Bucmape, I'epmanus, B 1954—
1961 romax) crucansl 18 (36,7 %), 4 (8,2 %) morepstHO
B Karactpodax, 14 (28,6 %) yruamsupoBano. B orcroe
7 (14,3 %) cynoB cpennum Bo3pactoM 60,7 neT, B IKC-
mwryaramun 24 (49,0 %) cymHa cpemHHM BO3PacTOM
61,1 roma. Cpemanii Bo3pact ytmwimmzanuu 51,9 ronma.

50,0
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[pu sTom muK yTriau3anuu HaOmomancs (puc. 6 u 7)
B 2012-2014 rogax. OCHOBHO# TpadyK CIIUCAHUS CYIOB
(cM. puc. 6) coXpaHsIT TUHEHHBIA XapakTep, 4TO SBIS-
€TCsl MPHU3HAKOM PABHOMEPHON YTHIIM3AlUU OOBEKTOB
— OOBIYHO 3TO OTBEYAET CHHCAHHIO MO TEXHUYECKOMY
cocrosamo. Ogaako B 20122014 romax u nmanee Ha-
OJIFO/IaeTCsl HKCIIOHEHIMANBHBIN POCT YTHUIIU3AIMU CY-
JIOB MIPOEKTa — IPHU3HAK MOpaibHOro crapeHus. I1po-
ekt 588, paszpadorannsrii [{TKB MP®, caurancs omHuM
M3 CaMBIX YCIIEIIHBIX MPOEKTOB CYIOB TaKOTO Kiacca
B CCCP. C nmocTpoiiku cyna uMesu JiBa rpy30BbIX ped-
PYIKEpaTOPHBIX TPIOMa, B KQXKJJOM TPIOME ObIIT IPy30BOi
mudt, noxpynuBamomee ycrpoictBo. HaacTpoiiku Bbi-
TIOJTHSUTUCH U3 aTIOMUHUEBOTO CIUIABA.

W3 14 TpéxnamyOHBIX cynoB mpoekra 26-37 Tuma
«OxkTsi0pbckast Peomornms» (ctponnncs B KomapHo,
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Puc. 4. KonndecTBo crMcaHHBIX Cyl0B B % COOTHOIIEHHH OT BCEX Cy/0B NMpoekTa 646 Tuna «baiikam»
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Puc. 5. KonmuuecTBO yTHIM3HPOBAHHBIX CYl0B MpoeKkTa 646 Tuma «baiikam» ¢ pacipenesieHleM 1o rogam
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Puc. 6. KonmraecTBo CITHCAaHHBIX CYIOB B % COOTHOIIEHHH OT BCEX CyAOB IpoekTa 588 tuma «Poxunay
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Puc. 7. KonmmaecTBo yTHIN3NPOBAHHBIX Cy/0B IpoekTa 588 tuma «PoguHa» ¢ pacmpenesieHueM 1o rofgam

CrnoBakus, B 1957-1962 romax, aHamor mpoekTa 588,
HO cO cTajbpHON Hanctpoiikon) 3 (21,4%) crmcansl,
1 (7,1%) mnorepstnHo B Karactpodax, 2 (14,3%) ytu-
Jnu3upoBaHo. B orctoe cynoB Her. B skcrutyarauuu
11 (78,6 %) cynoB cpegaum Bo3pactoMm 58,9 net. Cpen-
HUH Bo3pacT yrmnu3anmn 44,5 rona. ['paduk crimcanus
cynoB IpuBenéH Ha puc. 8. Bee cyna ¢ mocTpoiiku nMern
OZIHO-, IBYX- 1 YETBIPEXMECTHBIC KAIOTHI C YMbIBAJIbHU-
KaMH, a KaloThl KJIAcCa «JTFOKC)» JIOMOIHUTEIBHO IOMY-
YHIIM CaHy3JIBL.

W3 14 npyxnaryOHBIX cynoB mpoekra 860 Tuma «Epo-
(eit XabapoB» (CTPOMIHCH HA OTECUCCTBEHHBIX BEpDIX
B 1958-1963 romax) crucansl 12 (85,7%), 4 (28,6%)
notepsiHo B Karactpodax, 8 (57,1%) yrwimsuposaHo.
B orcroe 2 (14,3%) cynna cpemnuM Bo3pactoM 57,5
JIET, B 9KCIUTyaTalyuu cyyoB HeT. CpeHuii BO3pacT yTH-
nu3arn 44,9 roga. OCHOBHOM rpadyk CIIMCaHUS CYIOB
(puc. 9 u 10) coxpaHs;T IMHEHHBIA XapakTep.
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W3 47 nmeyxmamyOHBIX cymoB mpoekta 305 (Bech-
Ma Onmm3kux K mpoekty 860) tuma «lyHait», BKIOUas
2 cynHa, pabortaromux B Berrpum (ctpomnuces B byma-
memre, Berrpus, B 1959—-1964 ronax), 22 (46,8 %) crin-
cansl, 2 (4,3 %) motepsiHO B Katactpodax, 20 (42,6 %)
ytunuzupoBano. B orcroe 12 (25,5 %) cynoB cpeannm
Bo3pactoM 57,4 net, B skcmuryarauuu 13 (27,7 %) cynos
cpenauM Bo3pactoM 57,3 met. CpemHuil BO3pacT yTu-
mu3arm 50,5 ner. [Tpu ToM nmuk yruinm3anun HaOmro-
nancs (puc. 11 u 12) B 2018 roxy, xorma 6pII0 CIICAHO
cpasy 7 cynoB mpoekra 305 (14,8 % cepun). OcHOBHOM
rpa¢puk crmcaHus cymoB (cMm. puc. 11) mmeer mocme
2014 roma sIpKO BBIPAKCHHBIA SKCIMOHCHIMAJIBHBIN Xa-
pakTep — OOBIYHO TO OTPAKEHUE MOPAIBHOTO CTape-
HUSA 110 SKOHOMUYECKHM npuyrHaM. Cepust npeaHa3Ha-
Yayach J1s1 pabOTHI Ha JIMHUAX ¢ MAJIBIMH TIIyOUHAMH.

Bropas rpynma cynos (mpoektsr 301, 302, Q-040,
Q-056, Q-065, 92-016) — »T0 cyaa, KOTOpBIE CTPOU-
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Puc. 8. KonmuecTBo CITCaHHBIX Cyl0B B % COOTHOILIEHHHU OT BCEX CyNOB MpoekTa 26-37
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Puc. 9. Kom4ecTBO CHIMCaHHBIX CYJIOB B % COOTHOLIECHNH OT Bcex cyaoB npoekra 860 tuna «Epodeit Xabapos»
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Puc. 10. KonnuecTBo yTHIN3NPOBaHHBIX Cy10B mpoekTa 860 Tuma «Epodeii Xabapos» ¢ pacnpeaesaeHHeM o rofam
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Puc. 11. KonndecTBo CrMCaHHBIX CyI0B B % COOTHOIIEHHUH OT BCeX cyoB npoekTa 305 Tuna «lyHaii»
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Puc. 12. KonngecTBo yTHIN3NPOBaHHBIX Cy0B npoekTa 305 tumna «lyHai» ¢ pacipeaeseHueM o rogam

quck B 70-90-e roapl, IpUuYEM MHOTHE YK€ C YUETOM
KkpyusHoil ¢pyHkumu. Cyaa STHX IPOEKTOB UMEIH BIIOJI-
HE COBPEMEHHBIC apXUTEKTYpHbIE (OPMBI 1 OTIIMYAIIHNCH
3aMeTHO Oosiee BBICOKOH KOM(OPTaOENbHOCTBIO BCEX
[IACCAKUPCKUX TTOMELIEHUH, UMEJIU CUCTEMBbl BEHTUIIS-
LUK ¥ KOHIULIMOHUPOBaHUs. B 1enom B HUX ObuTH 3a-
JIO)KEHBI TIPaBUJIbHBIE KOHCTPYKTHUBHBIE pereHust. OHu
BIOJIHE Oe3omacHbl M 3(QEKTHBHBI UL yBEJIHYCHUS
ypoBHS koM(popTa, a B OyAyIIeM 1 3aMCHBI MAIlliH U Me-
XaHU3MOB, YTO TIO3BOJIMT UM paboTark emé MpUMEpHO
15-20 net. IIpu 3TOM MOMHUMO TIEPEIUTAHUPOBOYHBIX Pa-
60T 0co00 cieyeT CTaBUTh BONPOC O 3aMeHe B Oymy-
IeM JM3eJIb-TeHepaTOpOB M IVIaBHBIX JU3EIIeH, pecypc
KOTOPBIX IPAKTHYECKH HCYEpIIaH, a 3aBOJOB, IPOU3BO-
JUSIIX HEKOHTpadaKTHBIE 3aIT4acTH, YK€ HeT.

C KOpIycoM CHTyalusi MHas. YCIOBHS SKCIUTyaTa-
LM TaKUX PEYHBIX KPYHU3HBIX CYZ0B ropaszio doiee Oia-
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TOIIPHUATHBI, YeM Tpy30BbIX. HeT cMbicia cpaBHMBATH,
Hanpumep, 40-netHee cyxorpysHoe cynHo u PKIIC rta-
KOTO ke Bo3pacra [4].

BcenencrBue Goinbliero 3amaca BOABI MO JHUIIEM
PKIIC pexe KOHTaKTHUPYIOT ¢ TPYHTOM. BOopTOBBIE KOH-
CTPYKIHH TACCAKUPCKUX CYIOB HAJAEKHO 3alUIICHBI
KPUHOJMHAMH ¥ KpPaHLAMH, IT03TOMY, HECMOTpSI Ha To-
pas3no OOJBIIYI0 YAacTOTY WIBAPTOBOK M IUTIO30BAaHHHU,
TOBPEXIAIOTCS HEM3MEPHMO MEHBIIIE, YeM OOpTOBEHIC
KOHCTPYKIIMH TPY30BBIX CY/IOB.

Peunble Kpyu3HbIE TACCAKUPCKHE CYyIHA OOBIYHO
3aKaHYMBAIOT HABHUTAIMIO 3aJI0JIT0 JI0 00pa30BaHMs Jie-
JIOCTaBa, MMOTOMY Ha HUX PENKO JICHCTBYIOT JIIOBBIC
Harpy3Ku.

[ocrostHHOE TTO ANIMHE Cy[HA pacHpeesieHHe BECo-
BO Harpy3KH MCKIIIOYAIOT BO3MOKHOCTh HEOXKHIaHHO-
ro yBEJIMYCHUs] OOIIMX M3THOAIOIINX MOMEHTOB, M, KaK
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CJIC/ICTBHE, BOBMOXKHOCTh TIEPEIOMa KOPITyca UCKITIOUH-
TEJILHO MaJa.

Xoporliee TEXHUYECKOE OOCITy)KHBaHHE KOPITYCOB,
OTCYTCTBHE 3arpsS3HCHHN MHOTHX ITOMEIICHUH CIIOCO0-
CTBYIOT 3aME/JICHUIO KOPPO3MOHHOIO M3HAIIUBAHUSL.
B 1esom Habr0EHNS TOKA3bIBAIOT, YTO CKOPOCTH KOP-
PO3MOHHOTO U3HAIIMBAHMS CBS3EH MTAaCCaXKUPCKUX CYI0B
B 2—4 pas3a MeHbLIE CKOPOCTEH M3HALIMBAHMS CBS3EH
rpy30BbIX cynoB. Hampumep, Ha cynue mpoekra 301 u3-
HOCBHI KOPIYCHBIX KOHCTPYKIMH 3a 30 JIeT COCTaBUIIH:
Hapy»Has oOIIuBKa JHUIA — 2,4 %; Hapy)Hast OOIINB-
ka 6opra — 2,1 %; HacTHn TIaBHOM maiyosr — 6,3 %;
HacTwi BToporo aHa — 2,1 %; momepeunsie nepedop-
ku — 2,8 %; muumieBoi Habop — 2,1 %; 6opToBOif Ha-
60p — 2,4 %; nanyonsii Habop — 2,3 %. OxnHako 1 Ha
MacCcakNPCKUX Cy/ax HaOJIIoaeTcsi 3HaYUTEIbHOE MECT-
HOE KOPPO3MOHHOE M3HALIMBAHKE CBsI3ei BOIHM3H OBITO-
BBIX TIOMEIIIEHH, B OTCEKax C TPSA3HOM BOJOH U T. 1. [4].

Hampumep, Bce 4 ueThip€xmanyOHbIe CyqHa MPOEK-
ta Q-040 tuna «Maxkcum I'opekuit» (ctpomnucs B Kop-
HoOypre, ABctpusi, B 1974-1975 ronax), a Takxke oda
cynHa mpoekTa Q-056 tumna « AHTOH YeX0B» (CTPOMIICH
TaM ke B 1978-1979 romax) skcmmyarupytotes. Cpen-
Huil Bo3pact cynoB npoekra Q-040 — 44,5 rona, mpoekra
Q-056 — 40,5 rona.

W3 9 uerppéxnanyOHbIX cynoB mnpoekra 92-016
tuna «Banepuan Kyiiosmmes» (crpommck B KomapHo,
Cnosakus, B 1975-1983 romax) criucano oxso (11,1 %),
HpI/I‘{éM CyaHO OBbLIO CIIHCAHO JJI TIOJIYYCHUA YTUIIN3a-
LIMOHHOTO TPaHTa ISl (PMHAHCUPOBAHHS MOCTPOUKU HO-
BOT'0 KPYHU3HOTI'O Naccakupckoro cyaHa npoexkra PV300.
B orcroe omno cymuo (11,1%) Bo3pactom 42 rona,
B skcmutyarauuu 7 (77,8 %) cymoB cpeqHHM BO3PAacTOM
38,6 net. Cpeanuii Bo3pacT ytwimsanuu 43 roga. Oco-
OEHHOCTSMH IPOEKTa SIBJSIFOTCS JIOCTATOYHO OOJIBILIUE
TUTOLIA Y TTATy0, YTO BBITOIHO MOXET OBITH HCIIOJIb30Ba-
HO IPU MOJECPHM3AINH, TaK KaK MCXOIHAas IUIAaHWPOBKA
KaroT TpeOyeT CyIIeCTBEHHOTO BMEIaTenbCTBa (25 KaloT
ceifuac TpéxmectHble, 40 — y3KHe ABYXMECTHBIC); He-
JIOCTaToYHask TUIOMIAAb pecTopaHa (IIMTaHue B IBE CMe-
HBI); MaJlasi MOIIHOCTb ITOJIPYJIMBAOIIETO YCTPOHCTRA,;
mpu moctpoiike — kiace «O» (Jlagora m Onera —
kimacc «M»). Ho B mienmom cyma mpoekra 92-016 moryt
ObITh A(P()EKTUBHBIMU JIOHOPaMHU JUIsI KPYHHBIX MO-
JICpHU3AIMI C MEePEIUIAHUPOBKOW M 3aMEHOUM 000pyI0-
BaHMS.

W3 22 getwipéxmanyOHBIX cymoB mpoekTa 301 tuma
«Bmagumup Unsma» (ctpomnucs B boitnenbypre, I'ep-
Manus, B 1975-1983 rogax) cniucano 2 (9,1 %). B orctoe
cynoB HeT. B skcrutyararuum 20 (90,9 %) cynoB cpeaHum
Bo3pactoM 40,3 roma. CpemHuil Bo3pacT yTHIM3aLUU
26 net (00a ciMcaHHBIX CyIHA paboTay 3a TpPaHHIEH).
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U3 24 cynoB (3a uCKIIIOUEHHWEM 3 CyHOB IPOEK-
ta 302MK, paboraromux B Kurae) mpoekra 302 Tmma
«Imutpuit dypmanos» (ctpomnuck B boiieHOypre,
I'epmanns, B 19831991 romax) HM OTHO CyIHO HE CIIH-
CaHo, TAK)Ke HET CyIOB B OTCTOE. B akcrutyaranuu Bce
cy/la cepuu cpeiHUM Bo3zpacTom 32,1 rona.

W3 5 tpéxmanyOHbIX cynoB mpoekra Q-065 Tuma
«Cepreti Ecenun» (ctpomnuce B KopnoiiOypre, AB-
crpus, B 1984-1986 romax) cmmcano oxuo (20,0%),
ANIEMEHTHI OBIIM MCTONb30BaHb! A7 nmocTpoiiku PKIIC
mpoekta PV08. B orcroe omHo cyaHo (20,0 %) Bo3pac-
ToM 34 roma. B skcruryarammm 3 (60,0%) cymHa cpen-
HUM Bo3pacTtoM 34 roma. CpenHuii BO3pacT yTHIIA3AINT
27 net. Cepus npenHa3Hav9aIach s padOThI Ha TUHUIX
C MaJIbIMH FJ'IyGI/IHaMI/I. C HCJIbIO CHUIKCHHUA MaCChI CyHa
ropokHeM 00bryHO npuMensiemble Ha PKIIC cpenneo-
OGopoTHBIE M3eis Ha HUX OBIIIM 3aMEHEHBI HA BBICOKO-
000pOTHBIE, KOTOPBIE OCHACTHIINA TOBBIIIEHHBIM PACXO-
JIOM TOIUIUBA U OTHOCUTEIBHO MEHBIIINM PECYPCOM.

Peunble KpyH3HBIE MAaCCAKUPCKHE Cy[AHA Mepeodo-
PYIOBIUCH (M IIEPEOOOPYIYIOTCS) C HENBIO TOBBIIICHUS
ypoBHSI KOM(]OpTa, 4TO NPUBOAUT K COKPAILEHMIO Iac-
CaXMPOBMECTHUMOCTH (YMCIIA KAIOT) 32 CUET yBETUICHUS
romaan KaroT (Tadi. 3 u 4). Tak, HampuMep, TETTOXO/
«Komapno» mpoekra 26-37, moctpoeHHsli B 1959 rony,
¢ 2005 no 2007 rox ObUI MONBEPrHYT CYIIECTBEHHOM
MozaepHu3anuu. B pesynsrare «Bonra pum» (HOBOE
Ha3BaHUE Cy[HA) NPEBPATHIICS B OTHO M3 CAMBIX KOM-
(doprabenbHbIX cya0B Ha Bomre. [Tpu aToM o01iiee yuciio
KaroT COKpaTuioch co 117 no 58 u, cOOTBETCTBEHHO, KO-
Jn4ecTBO naccaxupos ¢ 312 no 109.
3umoiri  2018—
2019 roma xommanus «I'AMA» mepeo6opymayer PKIIC

Takwe pabOTHI MPOMOIKAIOTCS.
npoekra 588 «A.C. Ilomos». Ha oOHOBIEHHOM CyiHE
oyzner 71 karora mioriaapo 14—16 kB. M u 10 KaroT mio-
waapto 11-14 xB. M, Ipu ITOM KOJIMYECTBO MACCAKUPOB
cokpaturcs 10 162 ¢ 339 wenosex (Ha 52,2 %). YcraHas-
JUBAIOTCSA CAHOJIOKH, MHOTOKAHAIBHBIE CIITUT-CHCTEMBI
KOHIUIIMOHUPOBAHUSI, HOBBIC BEHTHIIATOPHI, MMPOUCXO-
JIUT 3aMeHa KaOeJIbHBIX TPACcC U JIEKTPOLIUTOB, a TAKKE
HOBasi aBTOMAaTHKa HAa CYAOBYIO SJICKTPOCTAHITHIO.

st paboTHI ¢ MHOCTpaHIIAMH KaK ¢ Hambolee BHI-
TOHBIM CETMEHTOM TYPHCTHYECKOTO Om3HEca mepeodo-
PYIOBaHKE TIPE/IIoIaraeT MOBBIIICHUE YPOBHS KoMdop-
tabenpHOCTH PKIIC 1o ypoBHst 4% otens. [IpoencHue
TaKuX padoT 1eTIecOo00pa3HO TONBKO ISl OTHOCUTEIHHO
HOBBIX U moctatouHo Oompimmx PKIIC, y xoTophix emé
HE BBIPa0OTaH TEXHHYECKHH PECypC CyHOBBIX MAIWH,
MEXaHU3MOB, cucTeM. [yl 4eThIpEéXnanyOHbBIX CY/IOB
YHCIICHHOCTh ITaCCA)KUPOB B TaKMX COBPEMCHHBIX Ka-
orax cocrasisger 200-220 yenosek. Hampumep, Ha
«Kmspxae Bukroprm» mpoekta 301 mocie mMomepHM3a-
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mun 109 karor (218 maccaxupos). Ha PKIIC «Mctuc-
naB Poctponosuu» mpoekra 92-016 nmaccaxupoBMecTH-
MOCTB TIOCTIe TTepeodopynoBanus 212 denoBex.

IIpumepom monepuusaruu PKIIC mpoekra 301 sB-
nsercst cyaHo npoekra PV17 «Bukuar Cuneyc» (ObIB-
i «Mwuxamn JIoMoHOCOBY). MoaepHHU3ays IpOBOAN-
Jlach B MeXHaBUTaMOHHBIN mepuos 2013-2014 rogos
C IEIbI0 yBelIuueHus: KoM]opTadeabHOCTH Cy[qHA 32
CuéT 3HAUUTEIBHOTO YBEJIMUEHHS TUTONIA/IN KafoT, PECTO-
PaHOB U OOIIECTBEHHBIX TTOMEIICHHH.

3aka3unk — «BukuHr YkpanHa» (yKpamHCKOe MOJ-
pasaeneHue KpymHEHIIed B MHUpPE PEYHOW KPyU3HOU
rxommanuer Viking River Cruises). 3aBog-cTpoutens —
XepCOHCKUI CYJOCTPOUTEIIBHBIN CYIOPEMOHTHBIH 3aBOJL
nm. Komunrepna, ¢punman ACK «Yippeudnor. [Tpoekt
PV17 pazpaboran Mopckum NrxenepabiM bropo.
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CynHo npegHa3HAYEeHO JUIsl IEPEBO3KU MACCAXKHUPOB,
B ToM uucie Ha nuHun Kues—Xepcon—-Opnecca—/lynaii-
ckas [IpopBa—byprac (B mepuon ¢ ampesns mo oKTs0pb).
IlepBoiii pa3 «Buxunr Cuneyc» npubbsin B Opmeccy
12 centsi6ps 2014 roma. Ha Gopry Obuio 177 macca-
KHPOB, B OCHOBHOM TrpaxiaH [epmanmn. Cremyto-
MM TOPTOM 3aXofa 3TOro Kpymsa Obut mopt [amarg
B PymbIHMH.

Kiace
® M-IIP 2,5. CynHo mpencTaBiseT coOOH 4eThIpExma-

Perucrpa CynoxoactBa — YKpauHbI
JyOHBIN TPEXBUHTOBOW TEILIOXOJ TI'a0apUTHOM UIMHOU
125,00 M, mupuHoit 16,70 M, ¢ 4eTBIPEXBAPYCHOM Hal-
CTPOWKOM 110 BCEHl UIMHE Cy/IHA, KOPMOBBIM pacIoJIOxkKe-
HUEM MAIIMHHOTO OTAEJIECHHUS, XOJOBEIM MOCTHKOM B HO-

COBOM 4qacCTu, ﬂBOﬁHHM JTHOM, HAKJIOHHBIM (i)OpHITGBHeM

U KpehcepcKoil KOpMOBOM OKOHEUYHOCTBIO.

Ta6auua 3. VM3sMeHeHus maccaXXxnpoBMECTUMOCTH Ha CyAax IMpoeKTa 26-37 1mocie ux nepeodopynoBaHus

Yucio naccaxupekux
Hazganwue cyana Ton Ton MecT 10/TIocie Msvenerme naccaxupo-
Y MOCTPONKH | TepeoOopyIoBaHUS nepeoBopyIoBaEHs BMECTHMOCTH, %
Anetcarap betiya 1960 2007 312/140 55,1
(ObIB0I. SIKOB CBEpAIIOB)
Adanacuii Hukurun (661811 Mup) 1959 2008 312/264 -15,4
Banepuii Ykasios 1961 2007 312/152 -51,3
Bonra [Ipum (6s1B11. KomapHO) 1959 2007 312/109 —65,1
WBan Kynubun
(6w, Anpeit Kanos) 1960 2008 312/264 -15,4
Kanwuran [Tymxapés
(6biBis. XXI chen KIICC) 1960 1998 312/200 35,9
Muxann Tannu
(6btsu. Hixonaii I1[opc) 1962 2003 312/249 -20,2
H.A. Hexpacos 1961 2005 312/140 55,1
(651BI1. Cepro OpKOHUKHI3E)
OxTsa6pbckast Peosronust 1957 2008 312/264 -15,4
[Tpesunent (61811 Cepreii JIazo) 1961 2004 312/146 -53,2
Ponnas Pyce .
(6bisi. Krement Totsab) 1961 2006 312/223 28,5
Cepreit AbpamoB (ObiBIIL. [{pysx0a) 1961 2003 312/146 -53,2

Tadmuua 4. M3MeHeHns MaccaXMPOBMECTUMOCTH Ha Cy/IaX MpoekTa 588 mocie ux nepeobopynoBaHus

Yucio naccaxupekux
Hazganwue cyana Ton Ton MecT 10/TIocie Hsvenerme naccaxupo-
Y MOCTPOHKH | TepeoOopyIoBaHUS nepeoBopyIoBaEHs BMECTHMOCTH, %
Amnaronuii [Tananos
(6prBII. K.3. [{nonkoBckuit) 1961 2009 3397236 —30.4
Apabemnna (6s1Bu. JI. JloBatop) 1955 2003 364/150 -58,8
Kapn Mapxke 1957 2007 339/152 —55,2
Kocmonagsr ['arapun (6p1Bm. KaBkas) 1958 2008 339/185 —45.,4
Ouapopaitbili CTpanmmi 1956 2011 364/193 47,0
(6b1BII. AHIpelt Brrmmackwit)
Hasex baxos ( 1960 2000 339226 333
Ob1BII. Buibresnsm [Tuk)
[Ipuxambe
(OpBI. {0OpBbIHS HuxuTng) 1957 2004 339/130 61,7
Ie3aps (ObiBIIL. DpHCT Tenbman) 1955 2004 364/150 58,8
Opwmit Huxynua
(6btBi. Kapa JTn6xiext) 1956 2007 364/227 -37,6
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s pasmemenus 196 maccaxkupos (pu MOCTpOIi-
ke Obu10 360 maccakxupoB, HO B CYIIECTBEHHO Ooliee
CKPOMHBIX YCIIOBHSIX ) TIPETYCMOTPEHBI 98 TBYXMECTHBIX
KaloT, BKJTFOYAst:

— 4YeThIpe arnapramMeHTa ¢ OaJKOHOM ILIOIIA/bI0 OT
30,1 g0 31,6 M%;

— JIB€ JIFOKC-KAIOTHI ¢ OAJIKOHAMHU TUIOIaa6io 24,2 M2,

— IIeCTHACCAT KArOT ¢ OalKOHaMHU IUIOMIANBI0 OT
13,5 1o 16,0 m?;

— TPHU/ILATH JBE KArOTHI IIommaasio ot 11,1 1o 12,9 M2

bnox mnaccaxupckux TOMELIEHUH pacroyiaraer-
csi Ha TpEX maimyOax HaJCTPOHKH: IVIABHOH, BEpXHEH
¥ TDTIOTIOYHONW. Bce maccaxkupckme KaroTel 000pymo-
BaHBI JBYCIAJBHBIMH KPOBATSIMH, AYIIEM C TYyaJeToM,
KOH/IMIIMOHEPOM, HiKadamu, cedom, TEIEBU30pOM CO
CIIyTHHKOBBIMU M BHYTPHUCYJOBBIMH KaHaJIaMH, (hEHOM,
oecripoBogabiM MHTepHETOM (Wi-Fi), cymoBoii pamwmo-
TpaHCTANWMeH, BHYTPCHHEH W BHEIIHEH TenepoHHON
cBs3b10. KaroThl Ha BepXHEH M NLIIONMOYHOM mMamydax
UMCIOT MHIUBHUIyalIbHbIC OaJKOHBI. baikoHbI 000pyiI0-
BaHbl C/BIDKHBIMU II€PETOPOAKAMH, 00ECIICYMBAIOIIN-
MU CBOOOIHBIN MPOXOA IO IMaxy0aM BIOIh BCETO CyIHA
B aBapUIHBIX CUTYaIHAX.

Ha Bepxmueil mamy0Oe pacmoioXeH pecTopaH, IIo-
3BOJIAIONINH B OJJHY CMEHY KOPMHUThH BCEX MACCaKUpOB,
10113 1bt0 0koJio 350 KB. M, BMeCTUMOCThIO 212 moca-
JIOYHBIX MECT, TIepel] PECTOPaHOM OpPTaHM30BaH BMECTHU-
TEJIBHBIN BECTHOIONB C Ko(e-CTaHIMeH, MECTOM OTIbIXa
U OOIIECTBEHHBIMHU TyaneTaMH. B HOCOBOI yacTu mifro-
MMOYHOH mamyOsl 000pyIOBaH 0030PHBIH Oap MIIOIIABI0
okosio 100 kB. M, BMECTUMOCTBIO 55 MecT. Ha TeHTOBOM
manxy0e pasMEecTHIICS MY3bIKaIbHBIH CalloH ¢ 0apom
mIomaapo okoiio 150 kB. M, BMecTuMocThio 100 MecT,
a Taloke OOobIlasi OTKpBITasl Manyda ¢ MIe3JIOHTaMH
u TeHTOM. Ha ritaBHoI mayy0Oe pa3merieHa CToiKa peru-
CTpalny [TaCCAXKUPOB € 30HOU OT/IbIXa U ONOINOTEKOM.

KonmnnnonnpoBaHue, BOTOCHAOKEHIE M BEHTHIIA-
LIUsI COOTBETCTBYIOT TIPEICTABICHHUSIM O TOCTHHUIIE 4% .
[Maccaxxupckuii QT COSAUHACT BCE MACCAKUPCKHUE Ma-
JIyOBI TETI0X0/1a.

Cynno npoekra PV17 cooTBeTCTBYET MOBBILLIEHHBIM
CTaHIapTaM SKOJIOTHYecKoi Oe3omacHocTH. Ha cymne
MPEIYyCMOTPEHA 3aKPHITasi CHCTEMa CTOYHBIX M XO3SH-
CTBCHHO-OBITOBBIX BOZ. Bce CTOUHBIC U XO3sIHCTBCHHO-
OBITOBBIEC BOJIBI OTBOJISITCS B COOPHBIE LIMCTEPHBI, TAKIKE
Ha CyJHE UMEETCSl YCTAaHOBKA 00PAOOTKH CTOYHBIX BOI.

B skcnmyaranuu Takxke HaxonaTcs 1 CyIHO MpoekTa
463 Ttuma «lIpunnecca AnaOemna» Bo3pacToMm 46 Jer,
3 maccaknpcKHX CyJHa C KOJECHBIM JIBUKUTEIBHO-PY-
neBbIM KommiekcoMm mpoekta IIKC-40 tuma «Cypay»
cpeIHUM Bo3pacToM 5,7 yeT, | KOHBEPCHOHHOE CYAHO
mpoekra 588/PEI'K.002 tnma «Pycr Bemmkas» Bo3pac-
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TOM 6 J1eT, | KOHBepcHOHHOE cyaHO npoekTta PV08 Tuma
«Anexcannp I'pun» Bo3pacToM 7 JIET, a TaKKe HOBOE
BBICOKOKOM(opTabensHoe cyaHO mpoekra PV09 tuma
«Tangapr» Bo3pacTtom 2 rofa.

Ha tpéxmamy6uom cyane mpoexkta PVO8 «Anek-
canp ['pun» (xouBepeus Q-065 [1, 7]) aist pa3mereHus
112 maccakupoB cO3AaHbl 56 CTaHAAPTHBIX KaroT ILIO-
mwaapto 14,5-18,0 kB. M 1 6 ynydiieHHbIX KatoT «JIroKe»
wIomazapio 23—25 kB. M (Bce ¢ ABYCHAIbHBIMH KpOBa-
TSIMH, JIyIIIEM W TyaJeTOM, KOHIUIIMOHEpOM, HIKadamu,
ceiidom, TeaeBU30pOM CO CITyTHHKOBBIMU M BHYTPHCY-
JIOBBIMH KaHaJIaMH, (PEHOM, JNIEKTPHUECKUMHU PO3ETKa-
mu Ha 220 B, 6ecipoBomaeiM MIHTEpHETOM, CYTOBOI pa-
JUOTPAHCIAINEH, BHyTPEHHEH U BHENIHeH Tene(oHHOoi
cBsI3b10). KaroThl Ha ABYX mnaiy0ax UMEIOT WHIUBHIY-
aJIbHbIE OAJIKOHBI (CO CABMKHBIMU IIEPErOpOJIKaMH, o0e-
CHEYMBAIOIIMMHI CBOOOIHBIHN ITPOXOJ IO Haiy0aMm BIOJIb
BCETO Cy[HA B aBAPUHHBIX CUTyanusx). [loMHOCTHIO HO-
BBIMU SIBJISIFOTCS CUCTEMbI KOHAMIIMOHUPOBAHUS, BOJO-
CHaO)KeHUS] M BEHTWISILUM, IVIABHBIE M BCIIOMOTATElb-
HBIC JTU3EIIs, DJICKTPOPAHMOHABUTAIIMS M aBTOMAaTHKA.
Pecropan mnowmazasto 281 kB. M Ha 150 mocamouHbIx
MecCT 00eCIIeunBaET MMTAHNE B OTHY CMEHY, TaKXKe eCTh
caioH ¢ 6apoM Ha 65 MecT TuToIa b0 221 KB. M, CIIOPT-
3aJ1, MaccayKHasl, cayHa, mapuKkMaxepckas, amOyaaropusi.

ITo oszepy bailikan coBepIIalOT KpyH3HBIE PEWUCH
otHOocutenbHO Hebompimme PKIIC «Hukomait Epormien-
ko» (mpoekt P-18A/7635, 16 katot, 45 maccaxupos,
nepeodopynoBan B 2003 rogy u3 OykcHpa MOCTPONKH
1969 rona), «mnepus» (npoekt P-18A/224, 24 xaroThl,
47 maccaxupos, rnepeodopynosan B 2007 roxy u3 Oyk-
cupa moctporiku 1968 rona) n «Anexcanap Bemmkwmin»
(mpoext IIT-258, 15 xarot, 30 maccaxxupos, mepeodo-
pynoBan B 2000 roay W3 MPOTYIOYHOTO CyJHA MPOEK-
Ta 10110 mocrpoiiku Unsnuésckoro CP3 1987 rona).
ITo pexam benopyccun — PKIIC mpoekra 1168 «benas
Pyce» (16 xarot, 35 maccaxupos, moctpoeH B 2016 roxy
C HCIIONBb30BAaHMEM 3JIEMEHTOB 3a4YMCTHOW CTaHIUH
«OC-2»).

B noctpoiike HaxomsTcs HOBBIE MAaCCaXKUPCKHE
kpyusHble cyna npoekra [TKC-180 (2 exmnmisl, crada
B AKcIDTyaranuio mnanupyercs B 2020 romy), PV300
(1 enmHMma, cmada B OKCIUIyaTalWIO IUIAHUPYETCS
B 2020 roxy), PV300VD (1 eaunuma, ciada B SKCIITya-
tanuio ianupyercs B 2020 roxy).

Jnst xakoro mpoekTa, 0a3upysich Ha MOTyYEHHBIX
BBIIIIE JAHHBIX U OMHPAsiCh HAa BEIOPAHHYIO MOJEIb YTH-
JIM3alUH, MOXHO HPOTHO3MPOBATh CIEAYIOLINE CPOKH
criucanus (Tadi. 5).

[Iporuosuporars BeiObITHE PKIIC MOXHO B IieiioMm
T Beero (uroTa, HO 3To OyIeT O4eHb IpyOoit OIEHKOH,
TaK KaK 3aBUCHMOCTH BBIOBITHS [UIS CYJOB Pa3IMIHBIX
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Taéamua 5. [Iporuo3 BEIOBITHS OTEYECTBEHHBIX PEUHBIX KPYU3HBIX MACCAKUPCKUX CynoB Ha (GeBpaib 2019 rona

I . . KoymuectBo [Iporuos IIpornos
POTHO3UPYEMBIit OcTaTouHbIH N
IMpoekr FOMI BIOBITHS CepuH pecype, et JIEUCTBYIOIINX KOJINYECTBA CYJOB | KOJIMYECTBA CY/IOB
cynoBHa 2019, en.| Ha2025r,en. na 2030 r., ex.
26-37 2030 10 11 6 1
92-016 2033 14 7 5 2
301 2035 16 20 16 10
302 2040 21 24 22 18
305 2028 9 13 2 0
588 2031 12 24 12 3
646 2025 6 5 2 0
785 2019 0 0 0 0
860 2019 0 0 0 0
Q-040 2031 12 4 2 1
Q-056 2032 13 2 2 2
Q-065 2032 13 3 3 3
TIKC-40 2040 21 3 3 3
463 2023 4 1 0 0
P-18A 2030 11 2 2 1
TIT-258 2025 6 1 1 0
588/PET'K.002 2037 18 1 1 1
1168 2036 17 1 1 1
PV08 2042 23 1 1 1
PV09 — — 1 1 1
PV300 — — 2 2
PV300VD - — 1 1
TIKC-180 - — 2 2
Bcero 124 87 53

MIPOEKTOB 3HAYUTEIHEHO OTIMYAIOTCS APYT OT APyra M HO-
CSIT BEPOSITHOCTHBII XapakTep.

MoyHO TpeanoaoxkuTh, 4ro k 2025 romy Oymer
B pabore mpumepno 87 PKIIC, B TomM 4Ymcie HOBBIX,
a x 2030 rony — npumepHo 53 (6e3 yuéra cynoB, Ko-
TOpPbIE MOT'YT OBITh 32 TH T'OJIbl HOCTPOEHBI, HO [T0KA HE
3aKa3aHbl).

BBIBO/IbI. OCHOBHBIM KpPHUTEPHEM TPSIyIIETO
crrcanust PKIIC sBnsieTcst MOpambHOE CTapeHHe, B TOM
YHCIIe MO0 SKOHOMHYECKUM M 3KOJOTHYECKHM TpeOoBa-
HUSIM, a TAKXKE XapaKTePUCTHKAM CaMoro Cy/Ha, T. €. He-
BOCTPEOOBAaHHOCTD Cy/IHA PHIHKOM.

Hogbie PKIIC HE0OX0IUMBI 11O CIEAYIOMNUM MTPHYIH-
HaM:

— JKCIUTyaTHpyeMble Ha JIMHHAX cyla (0COOCHHO
HEepBOM I'PYMIIBI) YK€ MOAONUIN K TTopory (usznveckoro
U MOPAJILHOTO yCTapeBaHUs;

— OrpaHUYEHHbBIE BOBMOKHOCTH MOJICPHHU3AIIMH NME-
IOLIMXCS CY/IOB U3-3a yCTapeBIlel KOHCTPYKIINH;

— HU3KHE TIOKA3aTesI YKOHOMUYHOCTH CYIIECTBYIO-
LIHUX CYJOB;

— HEY/IOBJICTBOPHTEIBHbIE TIOKa3aTeu koMpopTa mac-
CaXMPCKUX KAIOT U OOIIECTBEHHBIX TIOMEIICHNH Ha Cy/IHE;

— HEBO3MOXXHOCTB KPYH30B PeKa—Mope.

K ¢epamro 2019 roma u3 254 mocTpOeHHBIX B CO-
Berckoe Bpems PKIIC 98 (38,6%) Opun criucansl, 17
(6,7%) norepsiabl B Karactpodax, 81 (31,9 %) yrummsn-
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posano. B orcroe mHaxommmock 32 (12,6 %) cymHa cpex-
HHUM BO3pacToM 57,7 roaa, B 3KCIUIyarauin — (Gopmalib-
HO 124 (48,8%) cymHa cpemHuM Bo3pacToM 45,2 roja.
Cpennuii Bo3pacT yrunusanuu 47,1 ner.

AHanmu3 3aKOHOMEpPHOCTEH CIHCaHMs TIOKasall,
gro k 2025 romy Oyner B padore mpumepHo 87 PKIIC,
a x 2030 romy — mpumepHo 53.

[Ipencrosmee crucanne ¢mora PKIIC Hanecér cy-
IIECTBEHHBIN yIepO BHYTPEHHUM PEYHBIM IaCCaKHp-
CKUM MepeBO3KaM, MOHATHE «PEYHOW OTEYeCTBEHHBIH
KPYH3» MOXKET HCUE3HYTh.

Bo wnsbexanne 1momoOHOTO CIEHApUS PEKOMEHIY-
eTcs Ha KpPaTKOCPOUHYIO IEPCIIEKTHBY IPUBECTH CY-
IeCTBYIOMU ot (B mepByro odepens mpoekTsl 301,
302, Q-040, Q-056, Q-065, 92-016) kK coBpeMEHHBIM
9KOJIOTHYECKUM TpeOOBaHMSM M TpeOOBaHHSM pBIHKA
(3aMEHHTH ABHIaTENH, YIy4YlINTh YCIOBHS OOMTaeMo-
CTH, TIOBBICUTH aBTOMAaTH3aIMIO IpoleccaMu Ha OopTy
U T. I.), @ HA CPEJHECPOUHYIO — CTPOUTH HOBBIH (IIOT,
B TOM YHCIJIE€ C HCIIOIB30BAaHHEM DJIEMEHTOB CYIOB-I0-
Hopos: mpoektsl PKIIC «Juremnpo/Bonro-[oH Maxc»
knmaccoB PV300, PV300VD, «Bonro-bant makc» kiac-
ca PV500VB, «bBK makc» xiaccoB PV09, PV11 kak
cynHa, Hanboliee MOJHO COOTBETCTBYIOIUE PHIHOUYHBIM
TEHJICHIIUSIM, a TAK)Ke IPOEKTHI C KOJIECHBIM JIBH>KUTEIb-
HO-pyneBbM KomruiekcoM ([TKC-180) nimm BomoMETHRIM
JBIDKUTENIEM TSt paOOTHI HA MAJIbIX PEKaX.
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Abstract. One of the problems that arise during the operation of trucks is the crashes that
arise as a result of the breakage of the rope chainsaw. This inevitably leads to the fall of an
arrow and can be accompanied by significant material damage, human casualties, environ-
mental disasters, etc. One of the options to prevent a drop in an arrow after a cable cliff is
to use the reserve in the power cord of the crane. Structurally, it is implemented as a dual
polyspast with two separate ropes and a leveling device. When breaking one rope the arrow is
held on the second. The simplest version of the equalizer is the balance. But theoretical stud-
ies of such structures have proved that it is impossible to prevent a crash when working with
a nominal load — the dynamics coefficients in the crane elements exceed the safety margins.
The construction of a double-acting jib-polispast, which was developed for the “Bogatyr”
floating crane, was considered. In order to eliminate the dynamic shock loads when break-
ing one cable to the second and keeping this arrow from falling, the ends of the cables are
connected to a balancer mounted on a spring loaded rod. It was assumed that with the break
of one cable, the balancer, thanks to the springs, maintains a constant distance between the
points of attachment of the second cable on the frame and on the arrow, which provides a
static application of dual effort on the whole cable. A two-mass dynamic model of a jib crane
with a rope suspension bracket is made up. Completed mathematical modeling of the behav-
ior of the composite dynamic model. The equations of motion of masses, which are solved
by the Runge-Kutta method, are obtained. The dynamic forces and dynamic coefficients in
the power chain of the jib crane are determined with the support of the arrow. The compara-
tive analysis of the obtained dynamics coefficients and the strength ratios of ropes shows that
it is impossible to hold an arrow for cranes with a handling capacity of more than 160 tons.
The dynamic coefficient of effort in a jet rope is practically equal to its strength. Taking into
account the reduction of the carrying capacity of the cable during its wear to the standards of
failure, as well as the loss of its strength when bending on the blocks, we can conclude that
the spring loaded balance does not provide the necessary reduction of dynamic loads, even
for light cranes. In order to ensure that the arrow does not drop off after the break of the rope
line, it is necessary to develop new technical solutions. This requires further research of the
dynamic processes in the crane power circuit after the break of the cable of the jet cascade,
and the definition of the necessary laws of resistance to the motion of equalizing devices.

Keywords: jib crane; rope breakage; dual polypast with balancer; safe twin polyspast.

Anoranis. OznHiero 3 mpoOiieM, 10 BUHUKAIOTH MiJl 4ac eKCIUTyaTalii BAaHTXXHUX MallWH,
€ aBapii, AKi BUHUKAIOTh YHACTIIOK OOpPHBY Tpoca CTpijoBoro moimicnacta. Lle HemuHydYe
MPU3BOAUTE A0 TAIiHHSI CTPUIM 1 MOXE CyNPOBOKYBATHCS 3HAYHMMHU MarepiaJbHUMU
30MTKaMH, JIFOJICBKUMHU YKEPTBaMH, €KOJOTTYHUMH KaTacTpodamu Tomro. OTHUM 3 BapiaHTIB
3ano0iraHHsl MaJiHHIO CTPUIM TMicis OOpHMBY Tpoca € BHKOPHCTaHHS pPe3epBYBaHHS
y CHJIOBOMY JIaHIIIO31 KpaHa. KOHCTPYKTHBHO Iie peaiizyeThesl sIK 3IBOEHHUI MONICHACT i3
JIBOMa OKPEMHMH TPOCaMH 1 3piBHAIIBHUM TpucTpoeM. [Tpn oOpuBi ogHOTO Tpoca cTpina
BTPUMYEThCSI Ha Jpyromy. HaiOGinpin mpocTuM BapiaHTOM 3pIBHSUILHOTO IIPHCTPOIO
€ OanaHcup. AJle TEOpPEeTHYHI JIOCIIJDKEHHS TAKUX KOHCTPYKIIN JJOBEIH, 1110 3ar100irTH aBapii
B pOOOTI 3 HOMiHAJIBHUM BaHTXXEM HE € MOKIIBHM, aJKe KOS(DIIlieHTH JMHAMIYHOCTI 3yCHITb
B €JIEMEHTAX KpaHa IMEePEBUIIYIOTh 3aI1ach Mil[HOCTI.
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Po3mIsiHyTO KOHCTPYKIIIIO 3[JBOEHOTO CTPLIOBOTO IOJIiCIacTa, sika Oyna po3pobieHa /i miiaBkpaHa «boraTeipby.
I3 METOK yCYHEHHS IMHAMIYHUX YJapHUX HABAHTA)KEHb IPH OOPHBI OJHOTO TPOCa Ha APYTHUil 1 yTPHUMaHHS 3aBISKH
FOMY CTPINK BiA MAaIiHHA KiHII TPOCIB MpHenHAHI 10 OamaHCHpa, 3MOHTOBAHOTO HA MiANPYKUHEHOMY IIITOKY.
[ependauanocs, 1mo npu oOpHBI OFHOTO Tpoca OajaHCHp 3aBISIKM NpPYXXHHAM 30epirae MOCTIHHY BIJCTaHb MIXK
TOYKAMH KpIIIEHHS APYroro Tpoca Ha Kapkaci i Ha CTpiii, 4uM 3a0e3nedye CTaTUYHE NPUKIAJCHHS MOABIHOTO
3yCHJUIA A0 1ijioro Tpoca. CKiaaeHo ABOMACOBY TUHAMIYHY MOJIENb CTPITIOBOTO KpaHa 3 TPOCOBUM ITiZBICOM CTPITH.
BukoHaHO MaremMaTHM4YHE MOJIENIOBAHHS MOBEIIHKH PO3po0ieHoi anHaMidHoi Mozeni. OTpUMaHO DIBHSIHHS PyXy
Mac, gKi po3B’s3aHi MeTogoM Pynre-Kyrra. BusHadueHo quHaAMivHI 3yCHIUIA Ta KOSQIIIEHTH AWHAMIYHOCTI 3yCHIIb
y CHJIOBOMY JIAHITIO31 CTPLIOBOTO KpaHa 3a yMOB yTpUMaHHA cTpinu. [IopiBHAIBHMN aHATI3 OTPUMAHNUX KOe(]ilieHTIB
JMHAMIYHOCTI 1 KoeillieHTIB 3aracy MIil[HOCTI TPOCIB MOKa3ye, 110 JJIsi KpaHiB BaHTaXXOIiJifoMHicTIO 161 T 1 Ginbine
BTPHUMATH CTPUTY He € MOXIuBUM. KoeilieHT TUHAMIYHOCTI 3yCHIIISA y CTPITOBOMY TPOCI MPAKTUYHO JTOPIBHIOE
HOT0 3amacy MIIHOCTI. 3 ypaxyBaHHSIM 3HIKCHHS HECY4Oi 3/[aTHOCTI Tpoca Mif 9ac HOro 3HOCY A0 HOpM OpaKyBaHHS,
a TaKoX BTpATH HOro MIIHOCTI NPH 3rHHI Ha OJIOKax MO)KHA 3pOOWTH BHCHOBOK, IO MIANPY>KMHEHUH OajlaHCUp He
3a0e3mneuye HEOOXiqHE 3HMKCHHS TUHAMIYHHUX 3YCHJIb HABITH IS JIETKUX KpaHiB. [l 3a0e3redeHHs BUKITIOYCHHS
MAJIHHSA CTPITH MiCIsA OOpUBY TpOca CTPIIOBOTO TOMiCIAacTa HEOOXiTHO PO3POOUTH HOBI TEXHIYHI BHPIIICHHS.
Lle BuMarae mopaiplIMX JOCTIPKEHb IMHAMIYHHX MTPOIIECIB Y CHIIOBOMY JIAHIIIO31 KpaHa Micisi 0OpHBY 3a3Ha4E€HOTO
TpOCa Ta BU3HAYCHHS HEOOXITHUX 3aKOHIB OIOPY PYXY 3PiBHSUIBHUX IPUCTPOIB.

Karo4oBi ciaoBa: cTpinoBHil KpaH; OOpHB KaHAaTa; 3[IBOCHHUHA MOJICIACT i3 OamaHCHpOM; OE3MEYHUil 3IBOECHUI
MOJTICHACT.

AnHoTanus. OmHOI U3 MpobaeM, KOTOphIe BO3HUKAIOT MPHU IKCIUTyaTallld T'PY30BBIX MAIllWH, SBIISIOTCS aBapuH,
BO3HMKAIOIIIUE BCIIEICTBHE OOPBhIBAa TPOCA CTPEJIOBOTO ITOJIMCIIACTA. DTO HEM30EKHO MPHUBOIUT K MAJCHHUIO CTPEIbI
1 MOKET COTPOBOXKIAThCSI 3HAYMTEIILHBIMU MaTePHAIbHBIMH yOBITKAMH, YEJIOBEUECKUMH KEPTBAMHU, IKOJIOTHYECKIMHU
karactpodamu u ap. OJHUM U3 BapUaHTOB NPENOTBpAIEHMs MAJCHUsI CTPEINbl Mocjie oOpbIBa Tpoca SIBISIETCS
HCIOb30BaHKE PE3EPBUPOBAHMS B CUIIOBOM Lienu kpaHa. KOHCTPYKTHBHO 9TO peaau3yeTcs Kak CABOSHHBIH MOJUCIacT
C IByMs TPOCAMH M YPaBHHUTEJIBHBIM ycTpoiicTBOM. IIpr oOpbIBe OfHOTO Tpoca CTpelia yACpPKUBACTCS Ha BTOPOM.
Hawuboree npocThiM BapHaHTOM YPaBHUTEIBHOIO YCTPOKCTBA siBJsieTcsi Oaiancup. Ho TeopeTndeckne ucciaeaoBanus
TaKUX KOHCTPYKIIMH JIOKa3ajM, YTO NPEIOTBPATUTH aBapuK B pabOTe ¢ HOMHHAIBHBIM I'DYy30M HEBO3MOXKHO, BEIb
KO3 (PUIMEHTH ANHAMUYHOCTH YCHJIMH B 3JIEMEHTaX KpaHa IPEBHIIAIOT 3amackl MPOYHOCTH. PaccMmorpena
KOHCTPYKIIHSI CTBOCHHOTO CTPEJIOBOTO MOJIMCIIACTa, KOTopas Obl1a paspadorana 1yt miaaBkpana «boratsipby. C neisio
yCTpaHeHUs IMHAMUYECKUX YapHbIX Harpy30K IpH 0OpbIBE OJHOTO TPOCA Ha BTOPO M yJep:KaHUsl Ojlaroiapst 3Tomy
CTpEIbl OT MaJCHUS KOHIBI TPOCOB NPHCOCANHEHBI K OalaHCHpPy, CMOHTHPOBAaHHOMY Ha TOIIPYKWHEHHOM IITOKE.
[Ipennonaranock, 9T0 MPH 0OPBIBE OJJHOTO Tpoca OamaHcHup Onarogaps Mpy>KHHAM COXPaHSIET TOCTOSTHHOE PACCTOSHUE
MEX/y TOYKAaMH KpPEIUICHUs] BTOPOro Tpoca Ha KapKace M Ha CTpelle, 4YeM 00eCreunBaeT CTaTHYeCKoe MPHUIIOKEHNE
JIBOIHOTO ycmIus K 1esiomy Tpocy. CocTaBieHa IByxMaccoBasi AMHaMUYEeCcKast MOJIEIIb CTPETIOBOTO KPaHa C TPOCOBBIM
MOZIBECOM CTpeJibl. BBITONHEHO MareMaTHYecKoe MOJICIMPOBAHUE IOBEACHHS pa3pabOTaHHOW JAMHAMUYECKON
mojenu. IlonydeHsl ypaBHEHUs] ABUKEHUs Macc, pelieHHble MeTofoM Pynre-Kyrra. OnpeneneHsl nuHaMu4yecKue
yennust 1 K03 GUINEHTH AMHAMAYHOCTH YCHIIMH B CHIJIOBOM IIETIN CTPEITIOBOTO KPAHA B YCIOBUSIX YCP KaHHS CTPEIIBL.
CpaBHUTENBHBIIN aHAIN3 TOTYYESHHBIX KOA(PPHUIIMSHTOB JMHAMUYHOCTH U KOO UIIMEHTOB 3araca IPOYHOCTH TPOCOB
IOKa3bIBACT, UTO JUIsl KPAHOB IPY30I0IbeMHOCTBI0 161 T 1 OoJiee yaepikaTh CTpeily He MPEACTaBISIETCS] BO3MOMKHBIM.
KosdduimenT TMHaMIYHOCTH YCHIIUSI B CTPEJIOBOM TPOCE MPAKTUYECKH PaBeH €ro 3amacy npodHoctH. C yderom
CHIDKCHHS HECyIlel CHoCOOHOCTH Tpoca BO BpeMs €ro M3HOCa HOpMaM OpaKOBKH, a TakKe MOTEPH €ro MPOYHOCTH
npu u3rnbe Ha OJIOKaX MOXKHO CJIeiaTh BBIBOA, YTO IMOAINPYKMHEHHBIH OallaHCUp He oOecrieurnBaeT HeoOXonumoe
CHI)KEHHE JUHAMMYECCKUX YCHIMH HaXe VIS JITKHX KpaHoB. [l oOecriedeHnst MCKIIOYCHUS TAJCHUSI CTPEIbI
rocsie o0pbIBa TPOCA CTPEIOBOTO MOIKCIACTa HEOOXOIUMO pa3padoTaTh HOBbIE TEXHUUECKHE pellieHns. ITO TpedyeT
JANIbHEHIINX UCCIIEN0BAHUHI TUHAMHYECKHUX NPOIECCOB B CHIIOBOM LiENM KpaHa Iociie 00pbIBa yKa3aHHOTO Tpoca
1 ONpeIeNICHNs] HEOOXOMMBIX 3aKOHOB COIPOTHBIICHUS JBIKCHUIO YPaBHUTEIIBHBIX YCTPOICTB.

KuroueBble ci10Ba: CTPEIOBO KpaH; 0OpPBIB KaHATa; CABOSHHBIH MOJICIIACT C OalaHCHPOM; Oe30TIaCHBIN CABOCHHBII
HOJIUCTIACT.
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IMocranoBka 3amaui. [lin 9ac mpoBeCHHS BaHTaX- Ha puc. 1 naBeneno 3arajbHUI BUIVISLA 3BOEHOTO
HUX OTIepalliil MUPOKO 3aCTOCOBYIOTHCS CTPLIIOBI KPaHH. moJricracta, Ha puc. 2,a — TIPYKHHHUN KOMIIEHCATOP,
OnHuM 3 BapiaHTiB MeXaHi3My 3MiHH BHJIBOTY CTpimM | Ha puc. 2,6 — po3pi3 oro no B—B.

€ MeXaHi3Mi3 TOJIICIIACTOBHM IIiIBICOM, MEPEBArd SKO- 31BOEHUH TOJTiCHIacT cKiagaeThes 3 rpyn A 1 5 00-
ro 0CoOIMBO BUpaXKeHi y KpaHaX BEJIMKOI BAHAXKOIIA- | BiJHHX OJNOKIB i3 3aI1aCOBAHMMHM Ha HUX JBOMA TiJIKaMH
ffoMHOCTI — MeHIIa Bara CTpijy, sKa IIpaiioe aume Ha | Tpocis /. ['pyna A o6BigHMX OIOKIB 3MOHTOBAaHA HA CTPi-
CTHCKaHHS, @ TAKOX UIBUJKICTh YKIAJ@HHs CTpitM y ro- | i, a rpyna b — Ha Kapkaci.

JIOKEHHS «II0 TTOX1THOMY». OOuBI TUIKK TPOCIB 3a jtonoMororo Myt 2 i nanb-

OnHiero 3 po6IIeM B eKCILTyaTallil CTpiloByX KpaHip | WiB 3 IPUKpIMUIeHi 10 6anaHcupa 4, 3°€HAHOIO i3 LeH-
i3 momicacToBUM TiaBiCOM CTpinM € aBapii BHAcmimok | TPAIBHHUM IITOKOM 5 KOMIICHCATOPa-Y/IOBIIOBa4YA 6.

MAJIHHA CTpUIH y pas3i oOpuBy Tpoca. Taki aBapii mpu- Kommnencarop-yinosioBay 6 3aBasiki ABOM nandam 7
3BOISITH 1O MPOCTOIB Iij YaC MPOBEACHHS BAHT@XHUX | 1| MIAMIMITHUKAM KOB3aHHS 8 (1uB. puc. 2) MOXe HoBepTa-
oriepaliiif, MarepiajlbHUX 30UTKIB, @ TAKOXK MOXYTh Ipu- | THCA 110 TOPU3OHTAIILHOL OC1 Kapkaca KpaHa, 3abe3medy-

3BECTH JIO JIIOACHKHX KepTB. KpiM Toro, BanTax, sskuii | O CTPOTO OCHOBEC NPHUKIANCHHA 3yCUILIA 10 HCHTPaIb-
6y/le TIOLIKOKEHUI Y pasi MafiHHs CTpity, Moxke Oyrn | HOTO IITOKA 5 3a Oy/b-IKOTO TTOJIOKEHHS CTPLJIH.

BUOYXOHEOE3ICUHUM, OTPYHHUM Il HABKOJHIIHBOTO Y qmroMy Kopryci 9 KOMIEHCATOpa-yNOB/IIOBAYA

CepeIoBHLIA. (MB. puc. 2) MOMIIIEHO /IBa TTAKETH TaplIdacTHX Ipy-

V cTpinoBuX KpaHax i3 TpocoBuM mimsicom crpi- | KAH 10, mapsrayTHX HA WTOKK /[, WO OCHAIIEHI 00-

C .
JM MOMKJIMBE 3aCTOCYBaHHs CTPiIOBUX mojicractip sk | MEKHHKAMH 12 1 3’eHaHi 13 HEHTPAIBLHNAM IITOKOM J 32

ONMHAPHHX, TaK i 37BOCHUX. Y 3BOEHMX momicmactax | ACTOMOTOIO JIBOX CCpT 13.

3pIBHSJIBHAM €JIEMEHTOM BHKOPHCTOBYETBHCS OJIOK abo ¥ HOpManbHOMY EKCILTyaTallfHOMy CTaHI HaBaH-

(OCO6HPIBO Y BaKKHUX KpaHax) 6aHaHCI/Ip. \Y pa3i 3aCTO- TAXCHHS Bl CTPUIM POIMNOAUIAETHCSA PIBHOMIPHO MIXK

CyBaHHSA OCTAaHHbOT'O BUKOPHCTOBYIOTLCS JIBa OKPEMHX TUIKaM# TpOC1B I’ TipH 1bOMY 6aHaHCHp 4 nepe6yBae

. B PIBHOB&KHOMY TIOJIOXKEHHI, a MpyKUHU /() KOMIIeHCa-
Tpocu. TakuM YHHOM, y CHCTeMi 3 SBISETHCS pesep- p y i

. TOpa-yJIOBJIIOBaYa CTHCHEHI TakK, 110 Bich Hamndu 7 Bij-
BYBaHHS 32 YMOB MapalieIbHOTrO 3’€/[HAHHS EeJIECMEHTIB pa-y. > I nang A

. . . . . CTOITh BiJ oceil manbpliB 3 Oamancupa 4 Ha Binctani C
1 € MOXITMBICTh YTPUMAaHHSI CTPIJIM BiJl MaiHH IpH 00-

. . (muB. puc. 2).
PHBI OIHOTO 3 TPOCIB HA JIPYTOMY. . . )
3a 00puBYy Oy/1b-IKOi T'1JIKK TPOCIB TOUKA ¢ KPIIJICHHS
AHaJIi3 0CTAHHIX T0CTULKeHD | nyOtikauii. Jlocni- | rigkn tpoca / 1o Gamancupa 4 oHOYacHO Gepe ydacTh
JUKCHHSI MOXKIIMBOCTI YTPUMaHHs CTPUIA TCIA 0OPUBY | y npox pyxax: B 06epTaIbHOMY IIOI0 OCi GataHCHpa I
TPOCa y 3BOCHOMY CTPIIOBOMY IONICIACTI 3 OANAHCH- | jiero MOABOEHOIO 3yCHIUIS TUIKH, 1O He o0ipBaiacs, Ta
pom [1] nokasanu, mo koeillieHT AMHAMIYHOCTI 3yCHII- | y 10CTyNaNbHOMY Pa3oM i3 EHTPaIbHUM IITOKOM 5 i

Ty CTPLIOBOMY MONICMIACTI 3HAYHO TEPEBUILYE 3aMac | piero CHII IPYXKHOCTI IpyxkuH /(. PesynsTyBanpHuii pyx

MIITHOCTI TpOca, KWW 3anuiiaeTbes nutuM. Lle Bkasye | touxu a y HampsiMi 3yCHJIb JOPIBHIOE HYIIFO, BHACHIIOK

Ha HEMUHYYICTh [a/[IHHS CTPLIA 3 BAHTAKEM. voro Bizicrans C 110 ¥ micas obpuBy 30epiracThes He-
I3 MeTor0 ycyHEHHsI Ipr 00pHBI Tpoca JUHAMIYHHX 3MIHHOK, YCYBAIOThCS YIapHI HABaHTAXXCHHS Ha ILTY

YIApHUX HABaHTAXKEHb OylO PO3POOIEHO KOHCTPYKUIIO | TijKy i CTpija BTIpUMY€EThCS BijJ HaliHHS.

CTPIJIOBOTO TIOJNicTIacTa [UIA TUIaBKpaHa «boraTeipey 3 omucy KOHCTPYKIIii aBTOpaMH CIIAYE, IO Iepepo3-

[2; 3], y sikiii 1Bl I'iJIKK TPOCIB IIPUEHAH] 10 OallaHCHpa, | TMOALN 3yCUIIb Y TiJIKax MOJiCHacTa Mmicis OOpUBYy OnHi€el

1[0 3aKPIIUICHHUH Ha IITOKY IPY>KMHHOTO KOMIICHCATOPa- | 3 HUX PO3MISIABCS 32 CXEMOKO CTAaTHYHOTO MPUKIIAICHHS
YJIOBIIIOBaYa, 3MOHTOBAHOIO Ha Kapkaci. 3a oOpuBY ol- | 3yCHJUIS A0 IUIOI TUIKKM Tpoca 3aBISKH 3a0€3MeYCHHIO
Hi€T 3 TJIOK KOMIIEHCATOP-YIIOBJIIOBaY 30epirae MoCTili- | HE3MIHHOTO IOJIOKEHHS TOYKM KpiIUIeHHS ii 1o OanaH-
HY BiJICTaHb MK TOYKaMH KpIIUIEHHS Ha Kapkaci i Ha | cHpa.

CTPIMi ILTOT TLTKH TpOca, YMM 3a0€31eUyEThCS CTATHIHE AHaJti3 KOHCTPYKIIIT 1a€ 3MOTy CTBEPIKYBAaTH TakKe.
noziBiitHe ii HaBaHTaKEHHSI. [Ipy>XuHU KOMIIEHCATOpa € JIAHKOIO ITIPY>KHOTO JIAHIIIO-
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Puc. 1. 31Bo€HUIT cTpiOBHUIT TTOMiCTIACT

@

Puc. 2. [IpyxuHHUIA KOMIIEHCATOP-YIOBIIOBAY

ra «CTPUIOBHIl IOJiCHACT—KOMIICHCATOP-YJIOBIIOBAYY,
1m0 3B’s3y€ CTpily 3 KapkacoM KpaHa. JKopcTkicTh
LBOTO JIAHIIOTa BHM3HAYA€THCS 32 YMOB HOCIHIJJOBHOIO
3’€JHAHHS €JIEMEHTIB, a 3yCHIIL Y HbOMY BH3HAYAE€Th-
Csl He TUIBKH KOPCTKICTIO MosticnacToBoro mijgicy. Kpim
TOTO, KOJIM CIIPAIlbOBY€ KOMIICHCATOP-YIOBIIIOBAY, MPY-
JKUHH CTUCKAHHS MOIOBXYIOTHCS 1 Je(popMallist JaHI0-
ra «IONICIIAaCTOBUH ITiIBIC—KOMIIEHCATOP-YJIOBIIOBAY)
3MeHIIy€eThCs. OTXKe, 3yCHIISL y IMOJICIAacTOBOMY ITijI-
BiCl CTPIJIM B MOMEHT OOpHBY TpOCa 3MEHIIYETHCS, TI0-
mepiie, 3a paxyHOK 3MEHIIECHHS YKOPCTKOCTI MPYXKHOTO
3B 513Ky CTPLJIN 3 KAPKACOM, M0-/IpyTe, 32 paXyHOK 3MEH-

mieHHs aedopMarii IbOTo 3B’ SA3KY.

0)

66

Kpim Toro, gocimikeHHs, sIKi MPOBOIUINCH IS Ta-
KOTO 3aBJaHHS Y pa3i BUKOPUCTAHHS 3J[BOEHOTO MOJiC-
racta y BaHTaKHOMY ITiiBici [4], MOKa3yroTh, 110 HABITH
3a BIJCYTHOCTI IUIBHHUIIN BUTBHOTO PyXy 3piBHSIBHOTO
eJIEMEHTa 3J[BOEHOTO IOJicIacTa BUHUKAIOTH JMHAMIY-
Hi 3yCHJUIA, K IEPEBUIYIOTh cTaTu4Hi. L1 o6cTaBnHa
3yMOBMJIa BUHMKHEHHS IIJIOTO HAlpsiMy 31 CTBOPEHHS
KOHCTPYKIIiH, sKi oTpuManu Ha3By «besmeuHi 3mBo€HI
MOJTICIIACTHY, Y SIKKX Mepe0adaeThCst 3MEHIICHHS TIUHA-
MIYHUX HaBaHTaXEHb IiJl 4aCc yTPUMaHHS BaHTAXYy TPH
00pHBi Tpoca 3a paXyHOK BUKOPHCTAHHS y 3PiBHAIBHO-
My HPHUCTPOI rifipaBinigyHuX a0o ppukuiitHux aemmdepis
[5-7].
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META JOCJIIXKEHHS — Bu3HAueHHS MOX-
JIMBOCT] YTPUMAaHHSI CTPUIM Y CTPLIOBOMY KpaHi Iicis
00pUBY TpoOCa IIiJ] 4ac 3aCTOCYBaHHs NPYKWHHOTO KOM-
TIeHCaTopa-yJoBIOBaYa y 3piBHSUILHOMY MPUCTPOT 371BO-
€HOTO CTPUIOBOTIO MOJiCHACTa.

Jis 1iboro HEOOXiHO:

— CKJIACTH JIMHAMI4YHY MOJENb CTPLIOBOTO KpaHa
3 TPOCOBHUM Mi/IBICOM CTPLIM MiJl YaC yTPUMaHHS CTPIIH
micyst 00pHUBY TpoOCa;

— BUKOHATH MaTeMaTHYHE MOJCIIOBAHHS ITOBEIIHKN
JUHAMIYHOT MOJIEIII;

— BUOpAaTH METOJT IOCIII/PKEHHS] MaTeMaTHYHOT MOJie-
JIi Ta IPOBECTH I1i TOCITIPKCHHS,

— BHM3HAQUUTH PO3PAXyHKOBI JWHAMIYHI 3yCHJUIS Ta
Koe(DIIiEHTH JUHAMIYHOCTI y CHJIOBOMY JIAHIIO31 CTpi-
JIOBOTO KpaHa MpH yTPUMaHHI CTPIJIH;

— TMOPIBHATH OTpUMaHi Koe(illieHTH JAWHAMIYHOCTI
1 Koeili€HTH 3amacy MIIIHOCTI eJIEeMEHTIB KpaHa;

— IPOBECTH aHalli3 OTPUMAHOTO MaTeMaTHYHOTO pe-
3yNbTaTy.

OcHoBHU# MaTepiana. s po3paxyHKy AHHAMITHUX
3yCHIIb TiJT Yac yTPUMaHHS CTPUIM PO3DISTHYTHH Haid-
MPOCTIMNH BUMAJOK 0e3 ypaxyBaHHsS BIUIUBY pPOOOTH
MEXaHI3MIB MiIHOMYy BaHTaXy, 3MIHH BHIBOTY CTPITH
Ta TMOBOPOTY KpaHa. 3BaXKalouW Ha Te, IO MPOLEC BiJ-
OyBa€eThCs 32 KOPOTKUH TPOMIXKOK Jacy i 3AaTHICTH TPO-
ciB gemndipyBaTH 3yCHIUIS HE J1a€ 3HAYHOTO BIUIMBY Ha
MaKCHMaJIbHI Pe3yJabTaTH, JUCHIIATHBHI CKITQIHUKH TEX
HE BBIHIIIN B MOJIETIb.

Jnst mociikeHb MpUHHATO ABOMACOBY MOJIEIb Cy/I-
HOBOTO CTPiNIOBOTO KpaHa (puc. 3), 1€ m, — Maca BaHTa-
XKY; m, — TPUBENIEHA JI0 TIOCTYNATBHOTO PyXy BaHTAKy
Maca CTpilH; ¢, — KOE(]illieHT JKOPCTKOCTI BAHTAKHOTO
HOJTICIACTa; ¢, — KOE]IiiEHT XKOPCTKOCTI TiIOK TPOCiB,
mo ¥ayTe Ha OapabaH JeOIAKM MeXaHi3My IMiIiHoMY;
¢, — MKOPCTKICTh CTPTIOBOTO MOJICTIacTa Micis 00pUBY
Tpoca; ¢, — KOPCTKICTh MPYKMHHOTO KOMITEHCATOpa-
ynoBytoBada; (, — Bara BanTaxy; G, — Bara CTpiJH; y,
Y, — TIEpEMIIEHHs Mac /m, Ta m, MO0 HeaehopmoBa-
HOTO CTaHy CHCTEMH.

3yCHIuIst y CTPUTOBOMY TIONICIIACTi

€3¢,y

F_

= .
¢+,

3ycHiuIs y MOJTiCIIacTOBOMY TiJIBICI BAHTaXy

¢ +ce, \ey+c
176 3T Cy
S = =)
¢ c, [N
c+c, c3+cy
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Cq4

Puc. 3. I[BOMaCOBa MOJ€JIb CYZHOBOI'O CTpiJ’IOBOFO KpaHa

PiBHAHHS pyXy Mac Ticis 0OpuBY Tpoca

¢c, cc,
¢ +c, )\ e,+c
. 1 2 3 4 .
my, — " =»)+G, =0,
ae GG
¢ +c, c+e,
e, e,
c+c, \c,+c
. 1 2 3 4
m,y, + =»)-
272 1 2
¢, ciC,y
74_7
¢+ec, o +te,
cc
-4y +G,=0.
¢ +c,
[TouyatkoBi yMOBH
G G +G
. — 1 1 2.
t= 03 yl =——+ >
6,y [eN
¢ +c,
G +G
N . _ 1 2. —
n=0 y,= 5 ¥, =0
C3

Pesynsratn po3B’si3aHHS pIBHAHB METOAOM PyHre-
KyrTa HaBeneno y BUIIIAAI rpadikiB 3yCHIIb y CTPiJIOBO-
My i BaHT@)XHOMY MOJiCHACTaX JJIsi CTPLUIOBOrO KpaHa
BaHTAXKOIIIHOMHICTIO 5 T (puc. 4,a).

AHaJi3 po3paxyHKiB CBI[YUTb, [0 MAKCUMAJILHE 3y~
CHILISL B cTpitoBoMy moficracti F = 99,6 kH. Crarnune
HaBaHTKEHHA Ha CTpinoBmi momicnact F, = G, + G, =
= 65,9 xH. BigmoBinHo KoedimieHT TUHAMIYHOCTI 3y-
CHIIA y CTpijoBoMy momicmacti k, = 1,51. YV minsici
BanTaxy S = 92,1 kH koedinient gunamiunocti k= 1,8.
Jlst KpaHiB, BAaHTAKOIMITHOMHICTh SIKMX MeHma 161 T,

Taki koedimieHTH Oyau 6 TOCUTH HETIOTaHi.
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Puc. 4. I'pacdiku 3ycmits y CTpiIoBOMY ¥ BaHT@XKHOMY IOJNICIIACTaX JJIS CTPLIIOBOTO KpaHa BAHTAXKOMITHOMHICTIO 5 T

Jis TpociB CTPIIOBHX 1 BaHTaXHHUX IIOJIICIIACTIB
KpaHiB BaHTaxomiiiomMHicTIo 161 T 1 OlbIre periaMmeH-
ToBaHUH KoedimieHT 3amacy mirHocti £ = 3 [8]. Tpoc,
SIKMI 3aJIMIINTHCS UMM TIic)Isl OOpUBY 1HIIOTO, y 3/[BO-
€HOMY ToJicrmacTi Oyme Mard 3amac MIIHOCTI y JBa
pasu MeHHmi. A 3 ypaxyBaHHSM 3MEHIICHHS IUIOLI
HONEPEYHOro Iepepizy Tpoca JI0 HOpM OpakyBaHHs Ta
BTPATH MIITHOCTI ITiJT 9ac 3THHAHHA Ha OJIOKax ImoJriciac-
ta 10 50% [9] MOKHA CTBEpIKYBaTH IO HOro OOpPHB
HEMHUHYYHAH TaKOX 1 A KpaHiB BaHTAKOIITHOMHICTIO
160 T i MeHIIe i Yac BUKOPUCTAHHS JIOCIIKYBaHOT
KOHCTPYKIIi] ToJticracTa.

Jln1st BU3HAYCHHS YMOB, 3a SIKUX € MOXKJIMBICTb yTPH-
MaTH CTPLTY Micisi OOPHBY TPOCA, IPOBEIACHO PO3PaxXyH-
KU JUIsl BAHT@)Ky MacOl0, MEHIION 3a HOMiHaibHY. Taka
Maca Jyis JaHOT KOHCTPYKIii kpana — 3,6 T. Pe3ynbsratu
PO3B’s13aHb HAaBE/ICHO Ha pHcC. 4,6. MakcuMaibHe 3yCHIl-
ns y crpinmoBomy minsici £ = 78,3 kH. Tak, koedirient
IUHAMIYHOCTI &k, = 1,2. ¥V migsici Bantaxy S = 68,7 kH,
BIJITOBIAHO ks = 1,37. KoeilieHTH AMHAMIYHOCTI
HE TMePeBHIIYIOTh 3amac MIimHOCTI Tpoca. lle cBiqunTh
PO MOXJIMBICTH YTPUMAaHHS CTPUIM 3 BaHTaXEM Ha
JPYrOMY TPOCI 3 MOJAJIBIIUM 3aBEPIICHHSM BaHTAXKHOT
oreparii.

Cnucok qaiteparypu

BUCHOBKHM 1 IEPCIHEKTUBHU IIOJAJIb-
HUX JOCJIUKEHD. [opiBHsibHMI aHami3 oTpu-
MaHHUX KOC(QIMIEHTIB IMHAMIYHOCTI 3yCHIb 1 Koedii-
€HTIB 3aracy MII[HOCTI TPOCIB IOKa3ye, IO Ul KpaHiB
BaHTAKOIIAHOMHICTIO Oinbie 161 T BrpuMaru cTpity He
€ MoxJBUM. KoedilieHT IMHaMIYHOCTI 3yCHILIS Y CTpi-
JIOBOMY TPOCI ITPAKTUYHO JIOPIBHIOE HOTO 3amacy MilHOC-
Ti. 3 ypaxyBaHH;IM BTpaTh HECYHOi 31aTHOCTI Tpoca [
4yac HOro 3HOCY /10 HOPM OpakyBaHHs, a TAKO)K BTpaTH
HOoro MIIHOCTI IIpH 3TMHI Ha OJI0KaX, MOYKHA 3pOOUTH BH-
CHOBOK, 1110 OaJlaHCHp 13 NPYKMHHUM IITOKOM HE 3a0e3-
Tieqy€e HeoOX1IHOTO 3HIKEHHS IMHAMIYHUX HaBaHTaXKEHb
HABITB JIIsI KPaHiB BAHTAXKOMITHOMHICTIO 10 160 T.

Jist 3armo0iraHHs MaAiHHIO CTPLIK Ticis 0OpUBY TPO-
ca CTPUIOBOrO NoJTicriacTa HeoOXiHO PO3POOUTH HOBI TEX-
HiuHI BHpimeHHs. lle BuMarae mojaybMxX JOCITIIKEHb
JMHAMIYHUX TIPOLECIB y CHIIOBOMY JIAHIIO31 KpaHa Iric-
751 OOpHBY TpOCa CTPLIIOBOTO MOJIICIIACTA Ta BH3HAYCHHS
HEOOXIiJTHUX 3aKOHIB OIIOPY PyXY 3piBHSUIBHUX HPHCTPOIB.

BuseneHi qudepeHiiiHi piBHIHHSI MOKHA BUKOPHC-
TOBYBATH JIJIsl CTBOPEHHS rpadivyHOT MOJesi TMHAMIYHO-
TO MPOIeCy HaBaHTAXEHb HA CTPIJIOBHH Ta BaHTAXKHUH
KaHaTH, /ISl BU3HAYECHHS Macu BaHTaXy, SKHH MOXe
OyTH yTpUMaHMH M 9ac BIIMOBH KaHara CTPLIOBOTO
noyicracra.
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Abstract. Since 1% January 2015 the maximum sulphur content of marine fuels used in SE-
CAs has been reduced to 0,1 %. Gas fuel allows completely to exclude SO_emissions and
particulate matters, to reduce NO_emissions by 90 % and CO, emissions by 30 %. Therefore
urgent need of LNG fuel new generation ferries, which meet the most modern requirements to
safety has appeared. Results of complex of works on optimization of concept of the first train
ferry of LNG with taking into account ice and ecological requirements of Baltic region are
provided. There with new ferry is purely cargo without function of passengers’ transportation.
Considering that on Ust-Luga (St. Petersburg region)—Baltiysk (Kaliningrad region) line pas-
senger function is subsidized and passenger requirements significantly influence on general
arrangement and on ferry’s design in common, and also on its speed and power, and hence
considerably reduce railway car capacity and increase cost value of freight transportations,
decision to make new ferry in cargo variant has made this project economically acceptable.
The new concept of train and automobile ferry for Baltic is LNG fuel steel self-propelled
vessel with Arc4 ice category, with raking stem, with one cargo deck providing placement of
80 railway cars in one plane without usage of cargo lifts, aft located ER, with diesel propul-
sion plant, aft auxiliary thruster and two bow thrusters. Optimization of hull form and follow-
ing CFD modelling and tests in experimental tank allowed significantly improve ferry’s hull
form and reduce fuel consumption, including due to rational approach to choice of opera-
tional speed and organization of operational line, including process of loading and unloading
(placement of freight truck trailers on upper deck will allow to carry out parallel loading/
unloading process with railway cars located on main deck).

Keywords: Baltic Sea; Sulphur and nitrogen oxides emission control areas (NECA and
SECA); sea train ferry; design; efficiency; gas; innovation.

AmnoTtanis. I3 1 cigas 2015 poxy B 30HaX 0COOTUBOTO KOHTPOJIIO 32 BUKHIAMH CIpKH Ha0yIa
YHHHOCTI BHMOTA PO T€, MI0 BMICT CipKM B CYIHOBOMY MNaJIMBI HE Ma€ IMEPEBUIIYBaTH
0,1%. l'azomoTOpHE mManmWBO Aa€ 3MOTY MOBHICTIO BHKIIOUYHUTH BHUKHAW OKHCIIB CIpKH
i TBEpAMX YaCTUHOK, 3HM3UTH Ha 90% BHKHIN OKHCIIB a30Ty ¥ 3MCHIIMTHA BUKHIU CO,
Ha 30%. Tomy BHHHKIIA HarajbHa 1MoTpeda B MOPOMax HOBOTO MOKOJIHHS, LIO IPALIOIOTh
Ha 3p1/HKEHOMY MPHUPOIHOMY ras3i Ta BiJIOBIIAI0Th HaWCy4acHIIIMM BHMOTaM J0 O€3IeKH.
HageneHi pesynabraTd KOMIUIEKCY pOOIT 3 ONTHUMI3aIil KOHICNTY MEPIIOro 3aji3HUYHOTO
nopoma LNG 3 ypaxyBaHHSIM JIbOJIOBHX 1 €KOJIOTIYHMX BUMOT banriiicekoro periony. Ilpu
IIbOMY HOBHH KOHIIENT, HAa BiIMiHYy BiJl paHillle NPONOHOBAHUX, € CYTO BAaHTAKHUM —
6e3 ¢yHKIIi mepeBe3eHHs MacaXupiB. YpaxoByrouw, 1o Ha JiHii Ycre-Jlyra—banriiicbk
nacaXXupcebka (QyHKIIS € 0TI HOT0, TACAXUPCHKI BUMOTH CYTTEBO BIUIMBAIOTh Ha 3arajibHe
po3TanryBaHHsS CyOHA i HOTO KOHCTPYKIIIO, @ TaKOXK HOTO IMIBUAKICTH Ta MOTYXHICTH, THM
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CaMHUM ITIOMITHO 3HIKYIOTh Bar'OHOMICTKICTb 1 301IBIIYIOTH COOIBapTICTh BAHTAXKHUX II€PEBE3CHb, PILLICHHS 3pOOUTH
HOBHIA KOHLIENIT CYTO BAHTXKHUM 3pOOHIIO LieH IPOSKT eKOHOMIYHO NOLIbHIM. KoHIIenT siBiisie co00k0 aBTOMOO1IBHO-
3aJli3HUYHUHN TTOPOM 3 JIBOJOBOIO KaTeropiero Arc4, 3 TOXmwinM (OPIITEBHEM, HOCOBHM PO3TAIlyBAHHAM JKHUTIOBOT
HaJI0y/I0BU i KOPMOBHM MAIIMHHOTO BiJUIIJICHHSI, MA€ JBOTBUHTOBY NPOIYJIbCHBHY YCTaHOBKY, 3 OJHUM KOPMOBUM
1 IBOMa HOCOBHUMH HiIPYJTIOI0YNMHE IPUCTposiMU. OnTrMi3anist 00BO/IB KOPITyCy i HACTYITHE YHCIIOBE MOJICIIOBAHHS
BHIIPOOYBaHb y OaceifHi Jan 3MOTY CYTTEBO MOJIMIIUTH (OPMY KOPITyCy Ta 3HU3UTH BUTPATH MAINBA, Y TOMY YHCI1
3a paxyHOK paIfiOHAJILHOTO IMiXOAY 10 BUOOPY IIBUIKOCTI i OpraHizamii JIiHii, BKIIFOYaOUX MPOLEC 3aBaAHTAKECHHS
1 po3BaHTaKeHHS (PO3MILICHHS aBTOMNOI3AIB Ha BEpXHIM mnayy0i, IO Jaso 3MOTy 3a0e3NeYlTH 3aBaHTaKCHHS
ABTOTIOI3/IB 3 MPUYATY Ha BEPXHIO ITayOy MapajeNbHo i3 3aBaHTaKCHHSIM-BUBAaHTAKCHHSAM 3AJII3HIYHUX BaroHiB Ha
TOJIOBHY TTAITy0y).

KuarouoBi ciioBa: bantiiickke Mope; ocobnuiBa 30Ha 3 KoHTpouto BUKKIB okuciiB a3oty (NECA) i cipku (SECA);
MOPCBKHH 3alI3HUYHUHN [TOPOM; ITPOEKTYBaHHST; €(DEKTUBHICTD; I'a3; IHHOBALLis.

Annotanus. C 1 suBaps 2015 roga B 30HaX 00000 KOHTPOJISI 32 BEIOPOCAMU CEpPhI BCTYIHJIO B CHIIY TpeOOBaHUE
0 TOM, YTO COZIEPKAaHUE CEPBI B CYZJOBOM TOIUIMBE HE JIOJKHO mpeBbimath 0,1 %. ['a30MoTOpHOE TOTUTHBO 1MO3BOJISET
TTOJTHOCTBIO MCKITFOUYUTH BBIOPOCHI OKHCIIOB CEPBI W TBEPIBIX YacTull, CHU3UTh Ha 90 % BBIOPOCHI OKHCIOB a30Ta
1 yMeHpuUTh BeIOpockl CO, Ha 30 %. ITosToMy BO3HMK/IA HACYIIHAs HEOOXOAMMOCTh B TAPOMaX HOBOTO TIOKOJICHHS,
paloTaronyx Ha CKM)KCHHOM IIPUPOJHOM ra3e U COOTBETCTBYIOIIMX COBPEMEHHBIM TPEOOBaHUSAM K O€30MacHOCTH.
IIpencTraBnensl pe3ynbTaThl KOMIUIEKCA paboT 10 ONTHMH3ALUK KOHIIETITA IIEPBOTO XKEIE3HOA0poxKHOTO mapoma LNG
C Y4YETOM JICZIOBBIX M IKOJIOTHUYECKHX TpeboBaHuii banruiickoro pernona. I1pu 3ToM HOBBIN KOHIIETIT, B OTJIHUUE OT
paHee npeuIaraeMbIX, SBISICTCS YHCTO IPY30BBIM — 03 (QyHKIINH ITepeBO3KH ITaCCaKMPOB. Y YUTHIBAS, YTO Ha JINHUA
VYerp-Jlyra—bantuiick maccaxkupcekas GpyHKIHS SBISETCS TOTAIIMOHHON, MACCAXHUPCKUE TPEOOBAaHHS CYIIECTBCHHO
BIIMAIOT Ha oO0Ilee pacroNoKeHHE Cy[JHa U er0 KOHCTPYKIHMIO, a TaK)Ke Ha €ro CKOPOCTh M MOITHOCTh, TEM CAMBIM
3aMETHO CHIJKAIOT BarOHOBMECTHMOCTb M YBEJIMYMBAIOT CEOECTOMMOCThH IPY30BBIX MEPEBO30K, PEUICHUE CIeaTh
HOBBIH KOHIIETIT YMCTO IPY30BBIM CAEIAJI0 3TOT MPOEKT OKynaeMbiM. KoHnent npencrasnser co0oi aBTOMOOHMIBHO-
JKEJIE3HOIOPOKHBIA TapoM C JIeIoBON KaTeropueil Arc4 ¢ HakIOHHBIM (DOPIITEBHEM, HOCOBBIM PaCIIONIOKECHUEM
JKUJION HaJICTPOMKHM M KOPMOBBIM MAIIMHHOTO OT/JENICHMUs, AByXBUHTOBON MPOMYIbCUBHON yCTaHOBKOM, KOPMOBBIM
TIOAPYIMBAIOIINM YCTPOWCTBOM M JIByMsI HOCOBBIMH TOJPYJIMBAIONIMMHU ycTpoiicTBaMu. OnTuMuzanus oOBOTOB
KOpITyca U MOCIEAYIOIIEE YHCICHHOE MOICIIMPOBAHIE UCTIBITAHUN B OacceifHe MO3BOIMIIM CYLIECTBEHHO YIyYIIUTh
(dopMy KopIyca ¥ CHHU3UTH pacxojl TOIIMBA, B TOM YHUCIE 3a CYET PAlMOHAIIBHOTO IOJX0/a K BBIOOPY CKOPOCTH
W OpraHu3anuy JIMHUN, BKIFOYas IPOLECC 3arpy3KH M Pasrpy3KH (pa3MeIieHre aBTON0E3/10B Ha BepXHEel nairyoe, 4To
TI03BOJIMIIO OOECTIEUNTD 3arpy3Ky aBTOIOE3/10B C IIpHYalia Ha BEPXHIOO MaTyOy napaiiedbHO C 3arpy3K0oi-BeITPY3KOi
JKEJIE3HOJJOPOYKHBIX BArOHOB HA IVIaBHYIO Naiy0y).

KoroueBnble ciioBa: bantuiickoe Mope; ocobast 30Ha Mo KOHTpoITo BeIOpocoB okucioB azota (NECA) u cepsl (SECA);
MOPCKOH JKeJIE3HOIOPOXKHBIH 1TapOM; IPOEKTHPOBaHUE; 3P (PEKTUBHOCTD; ra3; HHHOBALIUSI.
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IMocranoBka 3agaun. BoJbIIMHCTBO OpraHu3anuit
n3 cuctembl OOH, B ToM unciie MO, BKIIFOUHIIO B CBOKO
JIeSITETbHOCTh CYIECTBEHHYIO HKOJIOTHYECKYI0 COCTaB-
JISIOIIYI0, OPUEHTUPOBAaHHYIO Ha TEPEXOJ] K YCTOWYH-
BOMY pa3BUTHIO deloBedecTBa. [Ipumepom sBiseTcs
MO9TAITHOE YXKECTOUEHHE B COOTBETCTBUU C [Ipmioxe-
nueM VI MK MAPIIOJI TpeGoBanmii K BBIXJIOIHBIM Ta-
3aM JIBUTarelieil CyJ0B MO COJACPIKAHUIO B HUX OKCHJIOB
Cepbl, a30Ta U TBEPABIX YACTULL.

Banruiickoe Mope — oco0asi 30Ha 110 KOHTPOJIIO BbI-
6pocos okucino azora (NECA) u cepsl (SECA). C 1 sn-
Baps 2015 roza B 30HaX 0c000r0 KOHTPOJIS 33 BEIOpOCaMu
(Sulphur Emission Control Areas — SECA) BcTynmiio
B cuily TpeOOBaHHE O TOM, YTO COJEpPIKAHUE CEPbI B CYy-
JIOBOM TOIUTHBE HE J0/KHO rpesbiarh 0,1 %. O0braHOE
YKHJIKOE TOILUIMBO C TAKUM COJICPIKAHUEM CEPbl CTAHOBHT-
csl KpaliHe JOPOTHM M CYLIECTBEHHO YBEIMYHUBACT PACXO0-
JIbl Ha TEepPEeBO3KY IPy30B MopeM. ['a30MoTOpHOE TOILIH-
BO TO3BOJISICT MOJHOCTHIO UCKITIOYUTH BBIOPOC OKHCIIOB
cepbl U TBEPABIX 4YacTUll, CHU3UTH Ha 90% BBIOPOCHI
OKHCJIOB a30Ta ¥ YMEHLIIUTE BEIOpock CO, Ha 30 %.

[TooTOMy BO3HHMKIA HacyliHas HEOOXOAMMOCTh
B TIapoMax HOBOTO IMOKOJICHUs, pabOTalomnX Ha CHKH-
*keHHOM mpupoaHoM rasze (CIII'), oTBedaromx cambIM
COBPEMCHHBIM TPEOOBAHUSAM IO OC30MACHOCTH: HOBBIC
YKEJIE3HOJIOPOXKHBIE MapoMsbl [yist KanmHuHTpaackoi 00-
nacti ipoekta CNF19M [1] OynyT aKcrmyatupoBaThest
kak pa3 B 30He ECA.

HEJIb CTATBHU — nouck Takux TEXHUYECKUX pe-
IIEHHUH, KOTOpbIE MO3BOJIAT cO3/1aTh dP(PEKTUBHBINH KOH-
LenT nepcrnexkTuBHoro napoma mnpoekra CNFI19M nns
0COOBIX 30H IO KOHTPOJIO BBHIOPOCOB OKHCIIOB a30Ta
U CEpHL.

OcHoBHoli marepuaj. Ha bantuiickom mope mpu-
CYTCTBYET BECh CIIEKTp MAPOMHBIX MEPEBO30K, BKIIOUAs
KPYHU3HBIE NIEPEBO3KN HA JIMHUSIX, IPY30MIaCCAKHUPCKHE,
TPY30BBIE M JKEIIC3HOIOPOXKHBIC, NMPHYEM IapOMHbIC
TIEPEBO3KN OCYIIECTBISIIOTCS PETYISPHO U MIPAKTHUECKH
6e3 cboeB B pacnucannu. Beero Ha bantuke paboraer
6omee 50 mapoOMHBIX CEPBUCOB. V3 HUX jKeIEe3HOTOPOK-
HBIX BCETO JIMIIb IIECTh. KOMM4ecTBO KEIE3HOMOPOXK-
HBIX JJMHHUH COKpaIaeTcs.

Her neiicTByrommx napoMoB ¢ MakCUMaJIbHO BO3-
MOXHBIMH Ta0apUTHBIMH pa3MEpPEHUSIMH M XapakTe-
puctukamMu mox nwHUIO Ycrb-Jlyra-banruiick. Heo6-
XOIUMBI TApOMBI, crocoOHBIe 3((heKkTHBHO paboTaTh
B JIEIOBBIX yCIOBUSX nopra Yerb-Jlyra.

VccnenoBanus 1o KOHIETITY IPY30BOTO ITapoMa po-
ekta CNF19M nmns Bantuiickoro mopst BexyTtcst Mop-
ckuM UMmxenepasiM bropo ¢ 2014 roma (sTamsr mpen-
CTaBIICHBI Ha pHC. 1).
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IIpu 3TOM HOBBII KOHLIENT ABISETCA, B OTIMYUE OT
paHee ImpeIaraeMblX, YMCTO IPY30BBIM — 0€3 QyHKINH
TIEPEBO3KHU MACCAXKUPOB. Y UUTHIBASI, YTO HA IUHUU YCTh-
Jlyra—banrtuiick maccaxxupckasi (GyHKIUS SBISIETCS T10-
TaIMOHHOW, MaCCaKUPCKHUE TPEeOOBAaHUS CYIIECTBEHHO
BIIMSIIOT Ha 00IIIee PacIIOIOKEHNE Cy/JHA U €T0 KOHCTPYK-
LUIO, @ TAKXKe €ro CKOPOCTh M MOIIHOCTh, TEM CaMbIM
3aMEeTHO CHMXKAIOT BarOHOBMECTUMOCTD U YBEJIMUUBAIOT
ce0eCTONMOCTh TPY30BBIX IIEPEBO30K, PEIICHNE CAETATH
HOBBII KOHLIENT YHCTO TPY30BBIM CENAN0 3TOT MPOEKT
OKYIaeMBbIM.

Konyenm. HoBbIil KOHIIENT kKeJIE3HOAOPOKHOTO Ta-
poma mns bantuku mpoekra CNF19M (puc. 2 u 3) —
200-MeTpoBBIit ABTOMOOMIIbHO-KEJIE3HOA0POKHBIN
apoM-Ta30xo[l JIe0BOi kareropueid Arc4 ¢ 3aKpbITON
TPy30BOM MayOON JJisi BATOHOB M OTKPBITOM BEpPXHEH
nasry0o¥t JUTst aBTOTPEHIepoB ¥ aBTOMOOMIICH, HOCOBBIM
PpAacHOIOKEHUEM JKWIJION HaJACTPOMKU U KOPMOBBIM Ma-
LIMHHOTO OT/EJICHHUS, JBYXBHHTOBOM IPOITYIbCUBHOM
YCTaHOBKOM, KOPMOBBIM ITOJIPYJIMBAIOLIUM YCTPOHCTBOM
U JBYMs HOCOBBIMU IIOAPYJIMBAIOIIUMU yCTPOUCTBAMY,
pa3MeIIeHNEM Ta30BbIX EMKOCTEH B TPIOME B CpeIHEH
4yacTH Ha OE301IaCHOM YNAJIEHUH OT HaJACTPOMKHU U Ma-
IIMHHOTO OT/AEJIEHUS, IBOMHBIM JHOM M JIBOWHBIMH
6opTamu, BO3MOXHOCTHIO OYHKEPOBKHU T'a30M OJHOBpE-
MEHHO C YETHIPEX aBTONOE3/0B C MOMOIIBIO CYIOBOTO
OyCTEepHOTO MOIYNA, a TaKKe C CyTHa-OyHKEepPOBIIHKA
u ot OeperoBoii Oynkep-6a3sr CIII.

OCHOBHBIE ~ XAapPAaKTEPUCTUKH TapoMa  yKa3aHbI
B Tabn. 1. [aBHbIe pa3MepeHHs, aBTOHOMHOCTb ObLIH
MOJTyYeHbl Ha OCHOBAaHWHM aHalM3a IyTEBBIX YCIOBHH
pariona skcrmyatanuu napoma npoekta CNF19M. Ho-
Bas ujaes KOHIENTa — pa3MEIlECHHE aBTOIOE3/10B Ha
BepxHEH manxyoe (Kpbliie-HaACTPOHKE) JOMOTHUTEIHHO
K Tpy3y BaroHoB Ha IJIaBHOW maiy0e. DTO MO3BOJIMIIO
00€ecCTIeunTh BBITPY3KY aBTOIOE3/I0B € IpHUaia Ha BEpX-
HIOIO NaTy0y mapajuielibHO C TOrPY3KOH-BBITPY3KOM JKe-
JIE3HO/IOPO’KHBIX BATOHOB Ha TIABHYIO ManyOy (puc. 4).

CynHO mpefHa3Ha4eHO JJIsl MEePEeBO3KU JKEIEe3HO-
JIOPOXKHBIX COCTaBOB POCCHICKOTO CTaHJIapTa ¢ MINPH-
HoM xonen 1520 MM, a TakKe IpyTUX HAKaTHBIX TPY30B,
BKJIIOYasl ONacHble Tpy3sl (Tadm. 2). Ha BepxHeit namyoe
MIPEyCMOTPEHa MEPEBO3Ka TPY30BBIX aBTOIPUIICTIOB
(15 1wt mo 40 ).

K o0OBomam Kopmyca NpeabsBIsUINCH BHICOKHE Tpe-
OoBaHUs:

1) BBICOKHE CKOPOCTHBIE XapaKTEPUCTHKH (OTHOCH-
TEJILHO HU3KHH Kod(duienT oduiel nmonHoTs 0,661
npu ocaake 1o JIFBJI 6,0 M, ocTpble ymibl BaTepiIuHUI
B HOCOBOMW 9aCTH KOpITyca);

2) ¢opma Kopiyca COOTBETCTBYET TpeOOBaHHMSIM,
TIPEABSBISIEMBIM K CyIaM C BBICOKHM JICIOBBIM KJTaCCOM
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Puc. 1. Dransl coznanus xene3HoopoxkHoro napoma npoekra CNF19M:

a — CNF19 — «rpéxnamy6nas» Bepcus, 2014 rog; 6 — CNF19M — «onHomanyGHas» Bepcus 6e3 pa3MelieHHs: aBTOMOOmIIeH
Ha OTKpbITOH nairy6e, 2016 rox; 6 — CNF19M — «oxnonamyOHas»» BepcHsi ¢ pa3MelleHHeM aBTOMOOWIISH Ha OTKPBITOH maiyoe,
2017 rom; 2 — CNF19M — «oxHomamyOHas» BepCHs ¢ pa3MeIeHneM aBTOMOOMIIeH Ha OTKpEITOH mamyoe, 2018 rox

Puc. 2. O6mwuii Bug napoma npoekra CNF19M
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Puc. 3. O01iee pacnonokeHHe KeJIC3HOAOPOKHOTO Tapoma-razoxona mpoekra CNF19M
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Ta0amua 1. OcHoBHBIE XapakTepucTUKY napomMa npoektra CNF19M

[Tapamerp Bennunna

JlmmHA MakCUMambHAs, M 199,90
Jmuna o KBJI, m 196,62
[upuHa rabaputHas (¢ y9€TOM NPUBAIBHBIX OPYCHEB), M 27,40
[Hupuna, m 27,00
Bericora 6opra no I'Tl, m 8,60
Bericora 6opra 10 BIT, m 14,70
LxBxH 199,90%27,40%14,70 = 80516
Ocanka o JIT'BJI, m 6,0
Hengeiitr npu ocanke no JII'BJI (oxomno), T 11062
JlaabHOCTh MIIaBaHMsI, MOPCKUX MUJIb 3000
ABTOHOMHOCTb, CYT.:

110 3aracaM TOIUTHBA U Macia (TIpH SKCIITyaTa- [HOHHON 10

ckopocTH 15 y3), NpoBU3UH, BOAI

10 CTOYHBIM BoJaM (B paiioHax, Tie 3armpenéH copoc) 3
[IpoTsxEHHOCTD PENBCOBBIX MyTEH, M 970
Knace Poccuiickoro Mopckoro Peructpa Cynoxoacta KM Arc4 AUT1-ICS OMBO ECO GFS Ro-ro ship
Bunro-pyneBoii koMruieke 2xBPII + 2 monymoaBecHbIX MOIyOaTaHCUPHBIX PYJIsS
HocoBoe/kopMoBOe MOAPYIUBAIOIIEe YCTPOiicTBO, KBT 2x1000/1x1000
e eit40240 140
DKHUIaK/MECT, Yel. 24/36
CrniacaresbHble MOTOPHBIE HITIOTNKH 2x36 yen. OnHa U3 IUTIONOK YKOMIUIEKTOBAaHA KaK JeXKypHast
COpacbIBacMbIC TUIOTHI 4%20 gen. + 1x6 yeu.

Puc. 4. I[TapannenbHas 3arpy3Ka /11 BATOHOB M IIPULICTIOB IPY30BBIX aBTO

Ta6auna 2. [py30BMECTUMOCTB CyJTHA T10 XKEJIE3HOIOPOXKHBIM cocTaBaM radaputa 1-T Ha m1aBHOIT mamyoe

Tun Barona anﬁﬁzigmﬁm Konuuectso, ex.
K/n nncrepua (4-ochast) 12020 80
[TormyBaron 17670 54
[TomxyBaron 13920 70
I'py3oBoii Baron 24620 36
Xomnep 14720 64
AptomobuneBo3 11-1291 26720 34
AsTtomoOmiieBo3 11-287 24260 36
gﬂiﬁﬁ&ﬁﬁﬁ?gﬁﬁ? ingége:eoyi,ﬁown /J1 COCTaBOB) Astonoesy 16,5 m >8
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Arc4 (permaMeHTHUpYIOTCS yIibl HaknoHa JII'BJI, mman-
royta Ha yposHe JII'BJI, JII'BJI Ha HOcoBOM neprieHiu-
Kyisipe, poprureBus Ha yposHe JII'BJI — puc. 5);

3) rpy3oBas 1aBHas Maryoa pa3meriaeT MakCHMallb-
HOE KOJIMYECTBO BaroHOB (IIMPOKHE 0OBOIBI B HOCOBOM
4acTH — pHC. 6).
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OnTtumusanusi 06Bo10B kopityca ¢ nomoiisio CFD-
MOJICJIMPOBAHUS M MOCIIEAYIOIINE UCTIBITaHus B Oacceii-
HE MO3BOJIMIIM CYIIECTBEHHO YJIy4IINTh (hopMy KopIryca
U CHU3MUTB PAcXoj TOIJIMBA, B TOM YHCIIE 3a CUET parfo-
HaJIBHOTO TIOJIX0/Ia K BBIOOPY CKOPOCTH M OpraHH3alluH
nuHuHU (puc. 7-9).
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Puc. 5. IToakperuieHus B yCaoBHUsIX JIEI0BOro Kiacca Arcd

Puc. 6. Pa3Mermenne Baronos Ha ItaBHOHU nary6e mapoma npoexra CNF19M
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Puc. 7. Ontumuzanus 00BoaoB napoma npoekra CNF19M
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Puc. 8. CFD-moznenupoBanue B mporpamme FlowVision. Pacnipenenenue naBnenus

Puc. 9. CFD-moznenupoBanue B mporpamme FlowVision. CBoO0xHasI TOBEPXHOCTD

CornacHo pe3ynbraTaM IpeIBapUTeNIbHOTO pacuéra
XOIIKOCTH, CKOPOCTh Xo#a 18 y3 Ha THxXoil U TIyOoKoit
BOAC JOCTUTAaCTCsA MPU MOIIHOCTHU IJIaBHBIX I[BHFaTeHeﬁ
2x8100 kBT, mpu nx Harpyske no MOIHOCTH 85 % H 0T-
6ope Banoreneparopom 1200 kBT.

OO1mmasi MpoOYHOCTH KOpITyca YIOBJIETBOPSIET Tpe-
6oBanusiM Perucrpa B cooTBeTCTBHH C KiaccoMm. Ham-
Oonpmmii meperud oTMedeH B cirydae Harpy3ku «CynHo
¢ 80 >/ rpy30BBIMH BarOHAMHU Maccoi 94 T Ha TITaBHOM
nmanyde u 15 rpy3oBeiMEu mpunenamu Maccoil 40 T Ha
BepxHel nany6e, 10 % 3amacoB ¢ oOneneHeHHEM) —
70,7% ot momyckaemoro. TpeOoBaHHS K MOMEHTY CO-
MIPOTUBIICHNS] HOBOTO KOPITyca IO MaxyOe BBIMOIHSIOT-
ca ¢ 8,1% 3amacom, mo muumyy — ¢ 10,4 % 3amacom.
TommuHBl 60PTOBOI OOIIMBKU M OOLIMBKY POJOTEHBIX
epe0OpOK YIOBIETBOPSIIOT TPEOOBAHUAM C 3aMETHBIM
3armacoM. Pacuérel BBITONHAINCH ¢ momoursio MKD
B niporpamme Dibbpyc, paspadorannoit MUB (puc. 10).

Buioop éuoa monnuea. CymecTByeT HECKOIBKO CIO-
CO0OB pelIeHUs TPOOJIEMbI COOTBETCTBUS TPECOOBAHUSIM
kouBeHMM MAPIIOJI no copep:kaHuio BpeIHbIX ra3os,
B TOM YHCJIE HCIOIb30BAHIE MAJIOCEPHUCTOTO IU3EIbHO-
IO TOILIMBA; HcHob30BaHue Tsokénoro Tormsa (TT) npu
YCIIOBUU 0OOpYIOBaHMS CYHOB CKpyOOEepaMu — CHCTe-
MaMH OYHCTKH BBIXJIOIHBIX I'a30B OT OKHCJIOB CEPBbI; HC-
TI0JIb30BaHUE B Ka4€CTBE TOIUTHBA MpupoHoro raza (I11).

[IpumMeHeHne ManoCEepHHUCTOTO JTU3EIBHOTO TOILIH-
Ba (IT) sBngercs HEONMpaBOaHHBIM H3-3a €r0 BBICO-
koil nensl no cpaBuenuto ¢ TT u III. Mcnonb3oBanue
CKpyOOepOB SBISETCS HELEIeCOOO0pa3HBIM, MOCKOIBKY
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pa3MelieHre CKpyOOepoB, IpeaIaraeMblX K IIOCTaB-
Ke pa3nuuHbIMU (pupmamu (raGapuThl arperara OKOJIO
5400x2700x1700 mMm), TOBIHSIET HAa BarOHOBMECTH-
MOCTb, M, COOTBETCTBEHHO, Ha HJKOHOMHUKY IIapoMa.
Kpome TOro, HE3aBUCHMO OT TIPHMEHSIEMOTO KHJIKOTO
TOIIMBA /Ul YIOBIETBOPEHUs HOPM No BhiOpocam NO_
Tier III TpeOyercst ycTaHOBKa AOTIONHUTEIBHBIX CHCTEM
OYHCTKH BBIXJIOITHBIX T'a30B OT OKUCJIOB a30Ta.

[Hoatomy mpumenenne CIII' B kagecTBE OCHOBHOTO
CyZIOBOTO TOIUTHBA s TapoMoB mpoekta CNF19M mns
peneHust IpoOIeMbl COOTBETCTBUS TPEOOBAHUSIM T10 BbI-
O6pocam B aTMOCdepy JaeT CIeAyIOINe IPEHMYIIeCTBa:

1) I03BOJISIET OTHOCTHIO MCKITFOYUTE BEIOPOCHI CEPEI,
CYIIIECTBEHHO COKPATUTh BBIOPOCHI OKCHIIOB a30Ta (Ha
85 %) n yrepona (1a 25 %), a Tarxoke TBEpABIX gacTHIl [7];

2) ypoBeHb BrIOpocoB OkucioB azora (NO ) B ciry-
Yyae MPUMEHEHUsI IPUPOIHOTO ra3a Oy/leT COOTBETCTBO-
Barb TpedoBannssM MAPIIOJI Tier 111 6e3 npumeneHus
JIOTIOJTHUTENBHBIX CUCTEM OYUCTKH ra3oB [1].

[Ipu npoextupoBanuu 1 kcmayaranuu cynos ¢ CIIT
Ha OopTy oco0oe BHHUMaHHUE Y/EIEHO oOecnedeHnIo 6e3-
ornacHOCTH. B HacTosimii MOMeHT emé He pa3paboTaHbl
OTEYECTBEHHBIC MTPABHJIA JUIS CY/IOB, HA KOTOPBIX UCIIOJb-
3yercst CIII' B kauecTBe TOMIMBA U KOTOPBIC HE SBJISIOTCS
razoBo3amu. [loaToMy mpu mpopaboTke KOMILIeKca Me-
PONPHUATHH, 00ECIIEUUBAIOIIUX TOBBIIICHHE 0E30MacHO-
cTH, OBITH TIPUHATH BO BHUMaHue TpeboBanus DNV [4],
yurensl pekomeraan UMO [5] u tpeboBanus [Tpasun
KJIACCU(UKAIIHA W TIOCTPOUKH ra3oBo3oB PC [2] B Tom
00BEéMe, B KAKOM OHM ITPUMEHHUMBI K 3TOMY ITPOEKTY.
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Puc. 10. Pacuérsl npounoctu ¢ nomouso MK B nporpamme Dnsbpyc MU ba

Just obecnieuennst 6e3onacHoro ucrons3oBanust CIT I'maBHas TpyaHocTs mpu ucnonb3oBanun CIIIN Ha
NPHUHSATHI CJCAYIOLIME OCHOBHBIC KOHCTPYKTHBHBIE MEPBI: | CylaX — CPaBHUTEJIBHO OOJIBIIOE IPOCTPAHCTBO, TPeOy-
— cUCTeMa TI0/1a4y Ta3a, PAacIooKEHHAs B IIpefieNiaXx | eMoe Uit KPHOTEHHBIX EMKocTeil. B cpaBHeHnu ¢ Hed-

MAaIIMHHOTO OTJEJICHHS], 3aK/II0YeHa B TA30HENPOHHIA- | TSHBIM TOIUIMBOM PABHOE IO YHEPTETHYECKOMY CONEp-
eMyIo 000JIOUKY, T. €. TIpeJICTaBIsieT co0oi cucreMy Tpy- | »xanuto xomuuectBo CIIIN Tpebyer npumepho B 1,9 pasza
OOIPOBOIOB C IBOWHBIMH CTEHKAMHU; 6osbiiero oobéma. C ydETOM TEIUIOU30JISIIUN EMKOCTH

— IS K&KJOTO JIBUTATENS B palfOHe MAITMHHOTO OT- | TpeOyembIii 00bEM Bo3pacTaeT IpuUMepHO B 2,3 pasa.
JIeTICHUS TIpelyCMaTpUBaeTCsl OT/eNIbHAs JIMHUS nofadn | B ciryuae ycranoBku émkocteit 1uist xpanenust CIII™ BHy-
rasa ¢ BO3MOXKHOCTBIO JMCTAHIIMOHHOTO aBTOMAaru4ye- | TPH Kopryca CyAaHa TpeOyeMblli 00bEM MOXET yBEJIH-
CKOTO OTKJIFOUCHHS B CiTydae 0OHAPYKEHNUS yTEUeK; YUThCS B 4 pasa.

— BO3MOXKHOCTb MI'HOBEHHOTO aBTOMAaTHYECKOTO PaccMoTpeHBl 71Ba BO3MOMKHBIX BapuaHTa IHpUMe-
nepexojia ¢ Ta30BOTr0O TOIJIMBA Ha KHUJKOE B CIyyae OT- | HSAEMBIX KPHUOTEHHBIX EMKOCTEH: KPHOTE€HHBIE EMKO-
KJIFOYESHWSI TT0/Ia9H Ta3a; ctu LNG-Pac, mocrasiasiembie gupmamu WARTSILA

— DaTYUKA KOHTPOIISA yTeUeK MPUPOAHOTO ra3a B me- | (puc. 11) m MAN [8].
cTax HauOosee BEPOATHBIX yTedeK (MAlIMHHOE OT/eIIe- Kpuorennas émxocts LNG-Pac mpeacrasnsier co-
HHE, MEXTPYOHOE IPOCTPAHCTBO JIBOMHBIX TPyOOIIPOBO- | OOH KOMIUIEKCHYIO KOHCTPYKIIUIO, COCTOSIIYIO U3 KpH-
JIOB TTO/Ta4H Ta3a U T. 11.); OTe€HHOM EMKOCTH C H3O0JAIMEN W BHEIIHEH 3al[UTHOU

— BbIavya curaana B cynoByto AIIC 00 yreuke raza | 00oio4Koi; OJ0Ka MCHAapuTeNss M ITOJOTpeBarens rasa
(20 % B3pBIBOOMACHON KOHIIEHTPALINN); ¢ apMaTypo u TpyOONpOBOJaMH; HEOOXOIMMBIMH JIaT-

— aBTOMATHYECKOE OTKITIOUEHHE MMoAad mpupoaHo- | ywukamu u KUIT; mpucoeanHeHnii K BHEITHUM TPyOOIpo-
ro rasa k obopynosanuio (60 % B3pbIBOONIACHON KOHIIEH- | BOJaM M HHTepdeiicoB 0OMeHa HHpOpMaNneH ¢ CyToBOi
Tpaun) ¢ Beiauer curnana AIIC; NCY TC. Crioco6 namuBa u cinusa CIII" — BepxHHH,

— MCKYCCTBEHHAsl BEHTHJISIMSI MEXTPYOHOro mpo- | CJIMB3a cu€T co3/aHusi AaBICHHS B KPUOTEHHOI EMKOCTH
CTPaHCTBA TPYOONPOBOZAOB C MABOMHBIMH CTEHKAMH | CTOPOHHUM HaJTyBOM.

1 BHYTPEHHUX MPOCTPAHCTB OJIOKOB Ta30BbIX KJIAITAHOB; Pasmemenne LNG émxocreil n crannmum mnpuéma

— BEHTWJIALUS ra3oBbIMYCKHBIX TpakToB [ mpum | LNG mpencrasneno Ha puc. 12 u 13.

OCTaHOBJICHHBIX JBUIATEIISX; O6mmit oobeMm émrocrteit mua CIIIT cocrasmsger

— IoJja4a MHEePTHOTO Ta3a, HampuMep a3oTa, g npo- [ 800 m ky6. (2x400 M xy6.). C yuérom MEpTBOTO 3amaca
JlyBaHHUs TPyOOITPOBOIOB MO/IauM r'a3a K JABUTATENISIM; 10% moctynHo aust pacxona okoio 720 m ky6. Kpome

— IpeaBapuTeNbHas BEHTWISLNS TOTIOK KOTJIOB Te- | TOro, IpeaycMaTpuBaioTcs 1uctepHsl 3amaca [T cym-
pen uX POIKUTOM. MapHBIM 006EMOM 0K0J10 450 M Ky0. (puc. 14).
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LNGPac™ — Wartsila’s LNG fuel supply system CraHums
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Puc. 14. AsronomHocts Ha CIII" o kpyropeiicam mnpu 3KcIuTyaTalnoOHHON ckopocTH 18 y3

bynkepoexa CIII. Yactuunas OyHKepOBKa Ipe-
ToJIaraeTcs pHu KakaoM 3axojie B 1mopt. [Ipu ckopoctu
18 y3 Bpems kpyropeiica 3aHumaer 58 4acoB, BpeMs
MPOCTOs y TpudYaja mo 3 yaca B KakaoMm nopty. Obmee
BpeMms Kpyropeiica — 64 daca.

Pacxon TommBa mpu ckopoctu 18 y3 cocTaBnseT:
2030 kr/4, rpy3oBsie oneparnuu B mopty 300 kr/u (as []]
MAN); 2135 kr/4, rpy3oBble onepanuu B nopty 300 kr/u
(mst TJ] Wartsila). Apronomuocts Ha CIII' cocraBisier
2 monHBIX Kpyropelica — 128 yacoB (0K0JO 5 CyTOK).
IIpu cxopoctu 15 y3 Bpems kpyropeiica 3anumaet 70 da-
COB, BpeMsI IIPOCTOS y IpHyasia 1o 3 yaca B KayKI0M Iop-
Ty. Ob11ee Bpemst Kpyropelica — 76 4acos.

Pacxon TomnmBa mpu ckopoctu 15 y3 cocraBiser:
1128 xr/4, rpy3oBbie oneparwn B mopty 300 xr/g (st T
MAN); 1172 xr/4, Tpy30BBIe onepanny B mopty 300 Kr/4
(mst TJ] Wartsila). Apronomuocts Ha CIII' cocraBisieT
3 monHBIX Kpyropeiica — 223 gaca (oxoso 10,0 cyTok).

BapuaHTel 3ampaBku cleyIONIMe: ¢ aBTOLHUCTEpPH-
ra3oBO30B, Cy/Ha-OyHKEpOBIIMKA, IOPTOBOM OyHKep-
CTaHIMH, C TIOMOIIBIO I'a30BbIX TAHK-KOHTEHHEPOB.

[Tpumepsl Bcex penieHui MO 3ampaBKe Ta30MOTOP-
HBIM TOITMBOM B MHPOBOW NPAaKTHKE YK€ eCTh. ABTO-
LUCTEPHBI, KOTOPBIC NpeUIaraloTcs ceiddac Ha pBIHKE
(manpumep, Kproras, no npumepy OyHKEpOBKH HTapoma
B nopty TamnmnHa), HE OyIyT 000pYIOBaHEI HACOCAMHU
g Beigaun CIIT. Tlostomy mms momaum CIII Ha cyn-
HO Hy>K€H OyCTEpHBIH MOIylb. DTOT MOAY/b BKIIOYAET
B ceOst MaHU (OB AJIsI TOJKIIIOUSHHST YEeTHIPEX aBTOLHU-
CTEpH W Hacoc, KOTopblii Oyner nepekaunBars CIII™ Ha
cyaso. Ot monyinst OylAeT MATH OIUH IUIAHT JUIS TIOJ-
KIIIOYECHUS K Cy0BOH OyHKepHOH cranimu. BycrepHblii
MOJIYJIb TIPEJIIONIaraeTcsl XpaHUTh Ha OOPTY CynHa, a st
OyHKEpOBKH BBICTaBIATH Ha mpuyai. Ecmu OyHkepo-
BaTHCs BCE BpeMsI B OJTHOM MecTe, TO OyCTEepHBII MOIYIIb
MOXHO XPaHUTh Ha TNpuvaie (eciau OygeT IOCTHUTHyTa
JIOTOBOPEHHOCTH C TIOPTOM).
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BBIBO/IbI. Texaudeckoir 0COOCHHOCTHIO pa3pado-
TAHHOTO MPOEKTAa I1apoMa HOBOTO ITOKOJICHUS SIBISIETCS
COOTBETCTBHE CaMbIM COBPEMEHHBIM TPEOOBAHUSM I10
0e30macHOCTH, BKITIOYast TPEOOBAHUS IO YKOIOTHIECKOM
6e3omacHocT — oH padortaet Ha CIII. ITapom mpoexra
CNF19M crpoeKTHpOBaH U CTPOUTCS ¢ MAaKCUMaJIbHO
BO3MOYKHBIMU TrabapUTHBIMH Pa3MEPEHUSIMH M XapaKTe-
pucTHKaMu Tof JuHUIO0 YcTb-Jlyra—banruiick. 310 co-
BpPEMEHHOE, 0€30I1acHOe ¥ IKOHOMHYHOE CYIHO, KOTOPOE
MO3BOJIMT coBepIIaTh 135 KpyroBbIX peiicoB B rof, nepe-
Bo3uth 8910 BaronoB B rog uiau 534600 ToHH rpy3a.
[TponomKHUTeNbHOCTD pelica IpH YCIOBHN OyHKEPOBKH
BO BpeMsl IPy30BbIX onepanuii — 2,7 CyToK.

[pumenenne CIII' B kauecTBE OCHOBHOTO CYIIOBO-
TO TOIUIMBA Ha JKEIE3HOAOPOXKHBIX IMapoMax oOiamaeT
MIPUHINNNAIBHBIMU HPEUMYIIECTBAMU 110 CPaBHEHHIO
¢ ucnoas3oBanuem manocepuucroro AT umu TT co
CKpyOOep-cucTeMaMy OYHCTKH BBIXJIOMTHBIX Ta30B OT
OKHCJIOB CEpbI, TaK KaK MO3BOJSIET MOJTHOCTHIO MCKITIO-
YUTh BBIOPOCHI CEphI, CYIIECTBEHHO COKPAaTHTh BBHIOPO-
CBI OKCHJIOB a30Ta U YIVIEPOAA, a TaKXkKe TBEPABIX YaCTHIL
U ypoBeHb BBHIOpocoB okucnoB azora (NO,) cooTser-
crByeT TpedoBannsiMm MAPIIOJI Tier 111, kotopsie BeTy-
e B cuity ¢ 1 staBaps 2016 roma, 6e3 mpruMeHeHHs 10-
TIOJTHUTEIBHBIX CHCTEM OYHCTKH T'a30B.

Vcnonp30BaHWe  OTEUECTBEHHOTO  TEXHHYECKOTO
OITBITa ¥ BO3MOXKHOCTEH KPUOTEHHOH TEXHUKH MO3BOJIUT
32 KOPOTKUI CPOK 00ECHEeYNTh LIMPOKOE MPHMEHEHHUE
CIII" Ha cynax. Co3nanue OeperoBoil HHGPACTPYKTYPBI
3anpaBKU CY/IOB MPUPOJHBIM Ta30M HE TOTpedyeT Mpo-
JIOJDKUTEIILHOTO BPEMEHH M OOJIBINMX KallWTalbHbIX 3a-
tpar. [1o olleHKaM CrienuanucToB, IPU HAJIMYUU CPEACTB
Ha TPOEKTHPOBAHUE, CTPOUTEILCTBO U BBOJ B JKCILIY-
aTayio OMNBITHOTO KOMIUIEKCA MOXKET IOTpeOoBaTh-
csi He Ooisiee TMoOIMyTOpa JIET. DKOHOMHYECKHE M KO-
JIOTHYECKHE PE3YNIbTAThl IO3BOJISIT OKYHHTBH 3aTpaThl
3a 5-7 ner [3; 6].
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Abstract. The high efficiency of the technological process of loading and unloading opera-
tions on sea and river transport through the use of vibration loads is determined. A high degree
of intensification of the vibration transportation process is achieved by using the developed
original designs of vibration conveyors with a hydraulic pulse drive based on a single-stage
pulsator valve. Single-stage pulsator valves are represented by original designs with shut-off
elements of ball and slide valve types. The mathematical model of the technological processes
of the vibratory movement of bulk loads by the vibrating conveyor with a hydroimpulse drive
has been improved. It is based on the basis of the laws of hydrodynamics using mechanoreo-
logical phenomenology and generalized laws of mechanics. When developing a mathematical
model, the technological process was divided into working phases of a hydro-pulse drive and
combined with three stages of moving bulk cargo: the joint movement of the cargo in the ab-
sence of slippage, the presence of slippage of the cargo and the free movement of the cargo.
Based on the developed mathematical model using the finite volume method, the pressure
distribution and velocity of the working fluid in the hydro-pulse drive of the vibrating con-
veyor were obtained using numerical simulation and the fitting method. Also obtained were
diagrams of changes in the horizontal and vertical components of the movement of the layers
of the transporting material relative to the surface of the load-carrying body. The developed
original model of vibratory movement of bulk materials made it possible to obtain the depen-
dences of the change in the displacement of the centers of mass of the layers of transporting
bulk materials. The obtained working dependences of the main operating characteristics of
the vibrating conveyor based on a hydro-pulse drive made it possible to obtain the basic
working dependences for further improving the efficiency of the technological process of
vibratory displacement of bulk materials. The results of numerical modeling of technological
processes of loading and unloading operations on ships by a vibrating conveyor, showed the
advantages of the chosen approach to design, and also allowed to prove the effectiveness of
the developed design.

Keywords: cargo ship; vibrating conveyor; mathematical model; vibration movement;
hydro-pulse drive; valve.

AHoraniss. BuszHaueHO BHCOKY e(EKTHBHICTh TEXHOJOTIYHOTO MPOIECYy BaHTAKHO-
PO3BaHTaXYBaJbHUX pOOIT Ha MOPCHKOMY Ta pPIYKOBOMY TpPaHCIOPTi 3a JIOTIOMOTOIO
BUKOPUCTAHHs BiOpalifHMX HaBaHTaXeHb. Bucokmil cryminp iHTeHcHikamii mpomecy
BiOpaIiifHOTO TPAaHCTIOPTYBAaHHS JOCATAETHCS 3aCTOCYBAaHHIM PO3POOICHUX OPHUTIHATBHIX
KOHCTPYKIi# BiIOpaiifHUX KOHBEEPIB 3 T1POIMIYJILCHUM IPHUBOJIOM Ha 0a3i 0JIHOKACKAHOTO
KJanaHa-1mysibcaropa. OHOKacKaIHI KIanaHU-TyJIbCaTOPU — OPUTiHAJIbHI KOHCTPYKUIT i3
3aIlipHUMHU €JIEMEHTaMH KYJIBKOBOTO 1 30JI0THHKOBOTO THIIIB. YIOCKOHAJICHO MaTeMaTHYHY
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MOZIEIb TEXHOJIOTIYHUX TIPOIECiB BIOpAIifHOTO MEpeMileHHs] CHIKUX BaHTaXIB BiOpaliiHUM KOHBEEPOM
3 TIIPOIMITYJILCHUM TIPHBOJIOM Ha 0a3i 3aKOHIB TiAPOMHAMIKH 3 BAKOPHCTAHHSIM MEXaHOPEOJIOT YHOT (heHOMEHOIIOT 11
Ta y3araJbHEHUX 3aKOHIB MexaHiku. [l 9ac po3poOKku MaTeMaTHIHOT MOZET TEXHOIOTIYHHHN ITPOIIec OyITo pO3aisicHO
Ha po0oui (ha3u riapoiMITyIILCHOTO IPUBOIY 1 TOEIHAHO 3 TPHOMA €TallaMH IISPEMIIIECHHS CHITKOTO BAHTAXKY: CIILITbHUI
PYX BaHTaxy 3a BiJICYyTHOCTI TPOKOB3YBaHHS, HASIBHICTh IIPOKOB3YBaHHS BAHTaXY 1 BUIBHUI pyx BaHTaxy. Ha ocHOBI
PO3po0iIeHOT MaTeMaTHYHOT MOZIEII METOZOM CKIHYEHHHUX 00’ €MiB 32 JIOIIOMOTO0 YHCIIOBOTO MOJICTIFOBAHHS | METOLY
MIPHUITACOBYBAHHS OTPUMAHO PO3MOALI TUCKY 1 IIBUIKOCTI pOOOYOT piIFTHHA B TiAPOIMITYI-CHOMY IIPUBO/I BiOpaIliitHOro
KoHBeepa. Takok Oyslo OTPHMaHO AiarpaMH 3MiHH TOPH30HTAJIBHOTO 1 BEPTUKAIBHOTO CKIAJAHUKIB MEPEeMIIIeHHS
HIapiB TPAHCIOPTYBAJIBHOTO MaTepialy A0 IMOBEpXHI BaHTaKOHECYyoro opraHa. Po3poOieHa opuriHaibHa MOJEb
BiOpalifHOTO IMEepEeMIlICHHs] CUTIIKMX MaTepiajiiB JJO3BOJMJIA OTPHMATH 3aJISKHOCTI 3MIiHHM INEPEMINICHHS LEHTPIB
Mac IapiB TPAHCIOPTYIOYHX CUMKUAX BaHTaXiB. OTpuMaHi poOodUi 3aJIe)KHOCTI OCHOBHUX POOOUYNX XapaKTEPUCTHK
BiOpariffHoro KoHBeepa Ha 0a3i TiIPOIMIYIECHOTO MIPHUBOIY JO3BOJIIN OTPHUMATH OCHOBHI Po00Ui 3aJIeKHOCTI IS
MOJIANIBIIOTO MiIBUILEHHS €()EeKTUBHOCTI TEXHOJIOTIYHOTO MPOoIiecy BiOpaIiiiHOTrO MepeMIllieHHs] CUITKUX MaTtepiasis.
OtpuMaHi pe3yJabTaTd YUCIOBOIO MOJEIIOBAHHS TEXHOJIOTIYHHUX IIPOIECIB BaHTAKHO-PO3BAHTAKYBAIBHUX POOIT
Ha CyAHax BiOpalifiHMM KOHBEEPOM MOKa3ajM MepeBaru oOpaHoro MifXOxy IO NPOSKTYBaHHSI, a TAKOXK JO3BOJIMIH
JIOBECTH €(PEKTUBHICTH PO3POOICHOI KOHCTPYKIIii.

KuarouoBi cioBa: BaHTaXHE CyQHO; BiOpamiifHWIT KOHBEep; MaTeMaTH4HA MOJENb; BiOpalliiiHe mepeMilieHHS;
TIIPOIMITYIECHUIN TPHBIJ; KIIanaH.

AunHorauus. OnpeneneHa BbICOKass 3(P(EKTHBHOCTh TEXHOIOTMYECKOIO IPOLEcca MOTPy30YHO-PA3TPy30YHBIX
paboT Ha MOPCKOM M PEYHOM TPAHCIOPTE MOCPEACTBOM HMCIOJIB30BaHHMS BHOPAIIMOHHBIX HArpy3ok. Beicokas
CTENEeHb MHTCHCU(HKAIMN ITpoliecca BUOPAMOHHOM TPAaHCIIOPTUPOBKH JIOCTUTACTCSI TPUMEHEHHEM pa3paboTaHHBIX
OPUTHHAIBHBIX KOHCTPYKLUI BHOPALOHHBIX KOHBEHEPOB ¢ THAPOUMITYJILCHBIM IIPHBOIOM Ha 0a3e OJJHOKAaCKaIHOTO
KJIanaHa-Iysbcaropa. OIHOKAacKaJHbIE KJIANaHbI-ITYIbCATOPhl IPEICTAaBICHbl OPUTHHAIBHBIMH KOHCTPYKLHAMH
C 3allOpHBIMU JJIEMCHTAMU MIAPUKOBOIO M 30JIOTHUKOBOI'O THIIOB. yCOBepIHeHCTBOBaHa MaTreMaTUudCCKass MOACJIb
TEXHOJIOTHYECKUX IIPOIECCOB BHOPAIIMOHHOTO IEPEMELICHHs] CBHIIYYHX TIPy30B BHOPALMOHHBIM KOHBEHEpOM
C THIPOMMITYJbCHBIM IPHBOAOM Ha 0a3e 3aKOHOB T'HAPOJMHAMHUKH C HCIIOJIb30BaHHEM MEXaHOPEOIOTHYHOM
(heHOMEHOIOTHH U 00OOIICHHBIX 3aKOHOB MeXaHUKH. [Ipn pa3paboTke MaTeMaTHIecKOH MOAETH TeXHOIOTUIECKHIH
nporecc OblI pa3zeneH Ha padoune (Ga3bl THAPOUMITYIECHOTO IPHBOAA U OOBEUHEH C TPeMsl ITAllaMU NIePEMEILCHUS
CBIIYYEero rpysa: COBMECTHOE JIBH)KEHHME Tpy3a IIPH OTCYTCTBHHU IPOCKANIB3bIBAHMS, HAJMYHE MPOCKAJIb3bIBAHUS
rpy3a U cBOOOJHOE ABMXKCHHE Tpy3a. Ha ocHOBe pa3pabOTaHHOW MaTeMaTHYeCKOW MOAEIH METOAOM KOHCYHBIX
00BEMOB C MOMOIIBIO YHCICHHOTO MOJEIMPOBAHHS M METO/A IOATOHKU IIOJIYYCHO PACIPEACNICHUE NaBICHHS H
CKOPOCTH paboyeil KHIKOCTH B THAPOIPHUBOIC BHOPAIMOHHOTO KOHBeiiepa. Taxke ObLIO MOJIYYCHO TUATPAMMBI
W3MEHEHHsI TOPU3OHTAIBHOM W BEPTHKAJIBHOW COCTABIISIOIIMX IEPEMELICHUSI CII0OEB TPAaHCIIOPTHPOBOYHOTO
Marepuana K ITOBEPXHOCTH BaHTaKOHECYIIETo opraHa. Pa3zpaboTaHHas OpHTMHAJIbHAs MOJENb BHOPAIIMOHHOTO
MepeMENIeHHs] CHIIyYnX MaTepHajoB MO3BOJNWIA MOJNYYUTh 3aBHCHMOCTH HM3MEHCHHUS MNEpPEMELICHHs LECHTPOB
Macc CIJIOEB TPAHCIOPTUPYIOUMX CHITyYMX Ipy30B. IlodyueHHble paGodue 3aBUCHMOCTH OCHOBHBIX PadO4MX
XapaKTECpHUCTUK BI/16paHI/IOHHOFO KOHBeﬁepa Ha 6336 TUAPOUMITYJIBCHOTO MTPUBOAA IMO3BOJIMIIN MOJYYUTh OCHOBHBIC
paboune 3aBUCUMOCTH JUIsl AaJbHEHIIEro NOBBIIIEHHS (P (EKTUBHOCTH TEXHOJIOIHYECKOTO IPpoIiecca BUOPALOHHOTO
MepEeMEIICHHsT CBHITYYUX MaTepuainoB. [lodydeHHbIE pe3yibTaThl YHCICHHOTO MOJCIUPOBAHUS TEXHOJIOTHYCCKHX
IIPOLIECCOB  ITOTPY304HO-Pa3rPy304HBIX pabOT Ha CyAax BHOpPALMOHHBIM KOHBEHEpOM IOKa3alil MpPeHMYILIeCTBa
BBIOPAaHHOTIO TMOJX0/la K IIPOEKTHPOBAHUIO, a TAKKe IO3BOJIMIIM Jl0Ka3aTh J(QEeKTHBHOCTh pa3zpaboTaHHOI
KOHCTPYKIIHH.

KiaioueBnie cioBa: Tpy30BOC CYAHO; BI/IﬁpElHPIOHHLIﬁ KOHBeﬁep; MareMaTudcCkKas MOACIIb, BI/I6paIlI/IOHHoe
NEepEMCIICHUE,; TUAPOIIPUBOA; KIAllaH.
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IlocTanoBka 3aaayi. BantakxHo-po3BaHTaKyBaJdbHI | opraHa BiOpaIliifHOTO KUBWIIbHUKA, a TAKOXK CKIIQTHUKH
POOOTH HAa MOPCHKUX 1 PIYKOBUX TPAHCIIOPTHHX 3aC00ax | CHJI B3a€MOIi IMapiB MepeMilIyBaHOTO BAHTAXY MiX CO-

HAJIeXkKAaTh 10 KaTeropii HaiOLIbII TPYAOMICTKUX Ta BaXK- | 00f0.

kux. ToMy BIpoBaKeHHS HOBUX CYyYaCHUX TEXHOIOTIH VY mpami [3] po3mISHYTO MaTeMaTHIHE MOJICITIOBaH-
y BaHT@)KHO-PO3BAHTAKYBaJbHUX poOoTax Ha BaHTax- | HA BK Ha 6a3irimpoimmynscroro npusomy (zami — ['1IT)
HUX CyOHaX J/a€ MOXKIHUBICTh TPHUCKOPUTH po3BaHTa- | [5]. Bukopucranwil y miif MaTeMaTHYHIN Momemi cIpo-

JKECHHS1, 3HU3UTH BUTPATH i CKOPOTUTH HAJAHOPMATHBHI | MICHWI ONWC IHMCHIIATHBHUX BJIACTUBOCTEH CHCTEMH
MPOCTOi MOPCHKHX 1 PIYKOBHX TPAHCHOPTHUX 3aCO0IB. | MPHU3BOAWTH TyXKE YacTO MO OTPHMAHHS HAJUTAIIKOBHX,
Jo HaiOLTRII e(heKTHBHHUX Ta CHEPTo3aoIaKyBaJbHUX | Hepeai3oBaHUX BiOpariifHOIO 1 BiOpoymapHOIO cHcCTe-
TEXHOJIOT1 Hajexarh BiOpalliifHi, SKi peami3yloTscs 3a | Moo pyxiB. [IeBHa miHeapu3arist OTpUMaHUX CITiBBiTHO-
JIOTIOMOTOI0 TIPHCTPOIB 13 PI3HUMH THIIAMU TMPHUBOIIB, | IICHb 3aKOHIB pPyXy BHKOHABYOI JIAHKH 0OMexye chepy
30KpeMa MeXaHIYHHM, eJNEKTPHYHUM, TiAPaBIIYHUM, | BUKOPHCTAHHSA B MAaTEMAaTHYHHX MOJCISX B OCHOBHOMY
ITHEBMATHYHUM, KOMOIHOBaHUM. HEBUCOKOI PO3MIpHOCTI, B SKHX HE BPaXOBaHHUU BILINB

VYemixu y po3BUTKY BiOpAIliifHOT TEXHIKH 1 TEXHONO- | yCiX MepexiIHuX MporeciB y rimpapmiuHiit manmi [T
ril 3HAYHO 3yMOBJICHI IPYHTOBHOIO pO3pOOKOI0 MHUTaHb | BiOparmiitHoro koHBeepa. Lleit miaxim m0 MomemoBaHHS
Teopii, sika 0a3yeThcsa HA MAaTEMAaTHYHOMY MOJICITFOBaHHI HE ITO3BOJISIE JOCHIDKYBaTH BCi TiIpONMHAMIYHI IIPO-
poboumx mporieciB BiOpamifHnX MamuH. Marematndae | mecw, mo mpoxomsaTh y cuctemi I, Ta BummB Ha po-
MOJICITIOBAHHS JIO3BOJISIE TITHOOKO 1 TIOBHO JIOCHIDKYBaTH | 009l XapaKTepHCTUKU W eKcInTyatarliiHi mapamerpu BK

BIUIMB KOHCTPYKTHBHHX 1 PSKUMHHX (PAKTOPIB HA OCHO- |V ITJIOMY.
BHI XapaKTEPUCTHKH POOOTH BiOpaIlifHOrO MPUCTPOIO BupinreHHs 1px MUTaHP HE € MOXJIMBUM 0Oe3 3a-
1 BU3HAQUUTH KOHKPETHI IIUIAXM IOKpAIICHHs, iCTOTHO | CTOCYBaHHS PEONIOTIYHUX MOJIeJed, pIBHSHHSA Hepos-
3HU3MBIIHU NP [IbOMY OOCSTH €KCIIEPUMEHTAIBHUX 10- | puBHOCTI i Ha’e—Crokca, sike BUMarae BUKOPUCTaHHS
CIIIKEHD. METOIYy KiHIEBUX 00’€MiB IS JOCIIHKEHHS CKJIaTHOTO
Tomy po3poOka Teopii BiOpamiiHUX MpOIECIB HAa | pyXy poOOoYOi piauHM 3a pi3HUX peKuMiB Tedii [6]. [Ipo-
0a3i MaTeMaTHYHOrO MOJICIFOBAHHS, 1[0 MICTUTb (PEHO- | BEOCHHS TaKHX NOCITIPKEHb IPYHTYEThCS HA Cy4aCHHX
MEHOJIOTIUHY PEOJIOTiI0 1 METOJM PO3paxyHKy BiOpaliii- | MeTomax MaTeMaTHYHOTO MOJICIFOBAHHS 3 MPOBEACHHIM
HUX MalIWH I1iJ] HABAHTKCHHSM 3 YPaxyBaHHSAM Xapak- | PO3paxyHKIB 3a JIOIIOMOTOIO KOMIT IOTEPHUX CHCTEM i3
TEPUCTHUK NMPHUBOJY [4], € aKTyaIbHUM 3aBJIaHHSM. 3aCTOCYBaHHSIM CydYacHHX 1H(MOPMAIIMHUX TEXHOJO-

. . . . R rii. Lle no3Boisie 3amoOirTM HEBUIPABIAHO BEIHKIH
AHaJi3 ocTraHHiX AochiKeHb 1 my6aikamiii.

. . . KIJIBKOCTI CKJIaJHUX Ta JOPOTHX EKCIIEPUMEHTAIBHUX
VY mpani [2] 11 TEOPETHYHOTO JOCTIKCHHS PYXy Bi- ) ]
- . OCJIJUKEHb, 3HAYHO CKOPOTHUTH 4Yac Ta BapTICTh MPO-
OpamiitHoro xouBeepa (mani — BK) Oymo pospobmeno AOCTIA ’ P o o .p ] p.
. eKTHUX pOOIT, MPOBECTH SIKICHI Ta KiJIbKICHI OMIHKY (i-
MareMaTH4Hy MOJeNb IePeMIIeHHs] BaHTaXy BIOpYy

- . ., | 3u4HMX gBHI i3 JOCTATHBOIO JUISl IHKEHEPHOT TPAKTHKH
y BEPTHKAIbHIN 1 TOPHU3OHTANBHIX IUIOMMHAX. Y il

MaTeMaTW9HIA MOJIeNi CyMapHa IIBUAKICTH MTEePEeMIIIeH- TouRicTiO [7].
HS BaHTAXY CKIAJA€THCS 31 MBUAKOCTI MOCTYMalbHO- META JOCIIAXKEHHS — migumieHas edex-
ro pyxy i mpupocty BibpamiiiHoi mBuAKOCTI. OCTaHHS | THBHOCTI TEOPETHYHOTO MOCITIMHKEHHS TEXHOJIOTii Bi-
MMOJJaHa TAaKOX CYMOIO CKJIQJHWKIB IIBHUIKOCTI BiOparmii | OparliifHOro TpaHCIOPTYBaHHS 3a JOMIOMOTOIO PO3POOKH
B TOPU3OHTANBHIH 1 BepTUKANBHIN mioniHax. Ll Mate- | MepCrneKTHBHUX MaTeMaTHIHUX Mojenel (ismaHuxX mpo-

MaTHYHA MOJCTH HE PO3TIAAac BU3HAYCHHS TUHAMIYHUX | IIECiB MepeMilleHHs HACHITHUX BaHTAXIB 3a JTOTIOMOTOIO0

CHJI HABaHTAXXCHHS Ha TOBEPXHIO BaHTaXOHEeCydoro | BiOpariifHoro konBeepa Ha 6a3i ['1I1.
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Jnst TOCATHEHHS MOCTaBJICHO! METH BUPIIIYBaJINCS
TaKi 3aBJaHHs:

— po3poouTH ePeKTUBHY KOHCTPYKIIIIO BiOpaliitHoro
ronBeepa i3 ['II1 na 6a3i oJHOKAaCKaIHOTO KiIalaHa-TyJIb-
caropa Juis peaizanii HaiOUTbI epEKTHBHUX PEKUMIB
BiOpaIifHOTO TPAHCIIOPTYBAaHHS HACUITHUX BaHTaXKIB;

— pO3pOOUTH MareMaTW4Hy MOJENb TEXHOJOTIT Bi-
OpaiiifHOro TpaHCIOPTYBaHHS BiOpaliifHUM KOHBEEPOM
Ha 6a3i ['II1 3 onqHOKacKaIHUM KJTallaHOM-ITyJIbCaTOPOM;

— Ha OCHOBI PO3pOOJICHOI MaTeMaTHYHOI MOl
oTpuMary poOodi 3aleKHOCTI JJIsl BU3HAYEHHS OCHO-
BHUX XapaKTEPHCTHK JOCITIPKYBaHOTO TEXHOJIOTTYHOTO
IIPOIIECY BaHTAKHO-PO3BAHTYBAJIBHUX POOIT Ha CYJHAX.

OcHoBHHUIT MaTepiaj. Y BiHHHIIEKOMY HaIllOHATBHO-
My TEXHIYHOMY YHIBEpPCHTETI Ha Kadeapi rary3eBoro Ma-
mHOOYAyBaHH: Oylo po3poOiieHo BiOpaIliiftHmii KOHBeEp
(puc. 1) na 6a3i ['Il1 [1]. Bin ckmamaeTsest 3 BAHTAXKOHECY-
4oro oprana / (JIOTKa), 10 SIKOTO Yepes3 MPYKHI eeMEHTH
pecopHoro TuIty 2 pueTHaHa iHepIliifHa Maca 3.

BiOpamitini xomuBauHS cTBOprotoThes I, stxwid
CKJIa[Ia€ThCS 3 TLAPOUMITIHIpA 4 1 TeHepaTopa iMITyib-
ciB tucky (I'IT) 5, y BUDIIA1i 0JHOKACKaIHOTO KIlaraHa-
MyIbCcaToOpa, SIKUH MOXe OyTH TPENCTaBICHUH 13 3atmip-
HUM €JIEMEHTOM KYJIBKOBOTO (pHC. 2,a) 1 30JJ0THUKOBOTO
TUMIB (AUB. puC. 2,0). Y TOPOXHUHI TigpommiIiHapa 4
I'IT cTBOpIOE IMITYJILCH TUCKY aMILTITY/I010 Ap = p, —p,.
Hanaromkenns tucky crpaioBanus p, I'IT sanexuts
BiJl HAJIATO/KCHHS TPYXWHHU 6, a 3 €IHaHHS HaripHOI
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rifpominii 3i 3JMBHOIO BiJOYyBAa€ThCS 3a JOMOMOIOIO
(ckuaaHHa PoOOYOro TUCKY [I0 THCKY p,) Bijl 3amlipHOTO
eJIeMEeHTa 6 y BUIVISII KYJIbKOBOTO KianaHa. BiOpartiiine
MepEMILIEHHS] HACUITHOTO BaHTAXy pPeaji3yeThesl 3a J0-
[IOMOTOI0 aCHMETPUYHOTO BiOpPAIiiHOrO HaBaHTAKEHHS
Ha BaHTa)XOHecy4ni oprau / (;iotok) Bin aii [T [4].

Jnst po3poOKy MaTteMaTnaHOl MOJIeNi TEXHOJIOTIYHOTO
[IPOLIECY HENEPEPBHOTO TPAHCIIOPTYBAHHS CUIIKUX BaH-
TaXiB BIOpaLiiiHUM KOHBEEPOM BHKOPHCTAEMO METOIHU
MeXaHopeoJoriuHoi (eHomeHouorii [7], sika 103BoJIsIE
CTBOpIOBaTH (PEHOMEHOJIOTIYHI MOJIEIi JUTsL AOCIiIKEeH-
HSl PI3HUX TUMIB BIOpa[iifHOrO TPaHCHIOPTYBAHHS ILITYY-
HUX 1 MACOBHX BaHTaXIB.

Ha puc. 3 HaBesieHO TPUKOMIIOHEHTHY (TIPOCTOPOBY
LIECTUMACOBY) IHEPIIHY MOJIEIb.

Is

B’SI3KOIIACTUYHI BJIACTHBOCTI BEIMKOKYCKOBUX HACHII-

MOZIENIb  JIO3BOJISIE  MOJIGNIOBATH  IIPYIKHO-
HUX BaHTaXIB 110 OCSX X, ¥ 1z i1 Ai€ro BiOpaiifHuX Ha-
BaHTaxeHs Big ['1I1.

PosmisiHemo  BiOpoTpaHCcHOpTyBaHHS — (heHOMEHO-
JIOT1YHOT MOJIelli TPaHCIIOPTYBAJIBHOIO BaHTAXy 3a He-
Cy4MM OpraHoM BiOpauiiiHOT MallMHH, IO 3iHCHIOE
KOJIUBaHHSI, SIKE HAIpaBJIeHE MiJl KyTOM [} 10 TOPH30HTY
HECy4oro opraHa. YBEJEMO pPYXOMi CHUCTEMH KOOPAH-
Hat — x(Qyz, )OPCTKO 3B’s13aHy 13 HECYYHUM OpraHoM /;
x"O"y"z", }OpCTKO 3B’s13aHy 3 IHEPIIHHO Macoro 2 i BU-
KOHABYHMM Tifponmiinapom; vV OY, :xopcTKo 3B’ 3aHy i3
3aIipHUM €JIeMEHTOM 3 (KYJIbKOBHIA, 200 30JI0THUKOBHUIT

(muB. puc. 3,6) KiamaH). A TakoX yBEIEMO aOCOIIOTHY

a)
2 7 4 3
L | B B
. ‘”' R
4 ‘ ]
O[O [O]O]
L) ‘
THES
5 [
0)

Puc. 1. BiOpaniitauii kouBeep Ha 6a3i ['1I1:

a — THUIIOBaA CXEMa, 0— TpI/IBI/IMipHa MOACIIb

84




N22 (10) 2018 smi.nuos.mk.ua | editor@smi.nuos.mk.ua §HIPBUILDING
MARINE INFRASTRUCTURE

a) 0)

Puc. 2. Tpusumipni mozeni I'IT:

a — 13 KYJIbKOBUM 3allipHUM €JIEMEHTOM; 6 — 13 30JIOTHUKOBHM 3aIlipHUM €JICMEHTOM

a)

V4 %
&,
- ,,Z p ,,Z . o / ms

Puc. 3. [lunamiuna mozens BiOpariiiHoro kouBeepa 3 I'IIl nHa 6a3i mpy»HOB’SI3KOIUIACTUYHOT (EHOMEHOJIOTTYHOT MOogelni
BEJIMKOKYCKOBUX CHIIKUX BaHTaXiB:

a — pOo3paxyHKOBa MOJIeNIb y Tepepi3i yx; 6 — po3paxyHKOBa MOJENb y Tepepisi yz; 6 — po3paxyHKOBA MOJEJb KiaraHa-
MyJbcaTopa 30JI0THUKOBOTO THITY B TIepepisi yx
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(Hepyxomy) cucremy koopaunar yOE, Bick & sikoi 30ira-
€THCSI 3 HAMIPSIMKOM KOJIMBaHb HECY4Oro OpraHa.

Hecyunit opran 3milficHIOE KOTHBaHHA B IUIO-
muHi nOS (xOy) 3a 3akoHOM 77 = f{wt), TONI MPOEKIii
Horo mepeMillieHHsT Ha JI0JaTKOBI oci abcomoTHOI (He-
pyxomoi) cucteMu KoopauHar x'O'y":

X =ncosf+x,; V=nsinf+y,; Z=0. (1)

VY 3aranbHOMY BHIaAKy BIOpPOTpPaHCIOPTYBaHHS
MOXKJIMBI PyX MOJEJNi B KOHTAaKTi 3 HECy4YUM OpraHOM
i BUTBHHH pyx. Y HampsMKy oci Ox MOHIENb BaHTaXy
PO3IIIIAETHCS SIK IBOMACOBA KOJIMBAJIbHA CHCTEMA 3 Ma-
camu m i m, (IuB. puc. 3,a), 1o 3B’A3aHi MiXk c0O0OIO
JIBOMA MPY/KHUMH €JIeMEHTaMH KOPCTKicTIo K , & 1 BO-
Ma iemndepamu 3 koedimientom B’ a3KocTi ¢ . Kpim mpo-
T0, B HANPAMKY 0Ci Oy PEKHMI CIIiIBHOTO PyXy JIIOTh
CHJIM CYXOTO TEpTsl, & B PEKHMI BUILHOTO PyXy — CHIIH
OIoOpy, MPOMOPLIiKHI aOCOMIOTHIA MIBHIKOCTI HEepeMi-
mieHHs (TpykHi gemrdepn 3 koedimieHTaMHu B’SI3KOTO
TepTA ¢, ¢”, i OPCTKOCTi k), k).

Y Hanpsmky oci O MOJCIIb BaHTaXy € OIHOMAco-
BOIO KOJMBAJIBHOIO CHCTEMOIO (IWB. pHC. 3,6), TaK K
Maca /'y penMi CIIIBHOTO PyXy HEPYXOMa i BITHOCHO
BAaHTA)XOHECYYOT0 OpraHa HPYKHOB’SI3KI BIIACTHBOCTI
MOJICJTIOIOTECS JIBOMa JieMripepaMu 3 KoedilieHTaMu
B’SI3KOTO TEPTS (1/2)cy i IBOMa TIPY)KHUMHU €JIeMEHTaMU
(1/2)ky; HE3BOPOTHI AedopMariii — KINHOBUM €IIEMEH-
TOM 1 Tapor0 CyXOTro TepTs. Y PeXHMi BUIBHOTO PyXy
macu m, m, mo oci O TepeMillyloThCsl CIIUIBHO, [10-
JIAF0YM B’ S3KICHI cpmﬁonopy, MPOTOPIIKHI BiTHOCHIN
IBUAKOCTI (TIpyXHHUN Aemriep i3 KoedirieHTaMu c'y’,
k’)’) 1 aGCOIOTHOT MBHIKOCTI (TIpYKHUN Aemriiep i3 KO-
edinieHTaMu ) k:) VY HanpsIMKy oci z jie O00KOBHUI po3-
nip N_. bepemo &’ = k’;= 0,N_=0.

Ha map BanTaxxy B mporieci BiOpOTpaHCTIOPTYBaH-
HS TIIOTh CHJIHM: Ha NUISHIN CIUTBHOTO PyXy — CHIIA
TSDKIHHS Mg, BITHOBIIOBAJIbHI CHJIM TIPYXXKHUX 3B’SI3KIB
ky i k(x—x,), cumu B’A3KMX ONOPiB, NPONOPILiHHI Bij-
HOCHUM IIBHMJKOCTAM MEPEMIIUEHHs C ) i cx()'c—)'co),
a TaKOX CHJIM CYyXOrO TepTs MDK YACTHHKAMH BaHTAXY
wk (x, +yiga,), BaHTaXKeM i TPAHCIIOPTYBAILHOKO 110-
epxueto 4Ny, ne x,, — TI04aTKOBa MpyXHa aedop-
Mallist mapy, a £ge, — KOe(]illieHT, 110 BpaxoBye yIlijlb-
HEHHSI apy MPU CTHCKY.

[Ipouec BiOpamiifHOrO TPAaHCIOPTYBaHHS BAaHTAXKY
OITUCYETHCS CHCTEMOIO Ju(epeHIiagbHuX, CKIaJICHNUX
JUIsL KOOKHOTO eTally pyxy, 1 TPaHCUEHICHTHUX DiBHSHb
[6] anst BU3HAYCHHS MOMEHTY IIEPEXOY BiJl OHOTO €Ta-
Iy pyxy abo nedopmarii 10 iHIIOTO.

[Tix gac pyxy MozensiMu BaHTaxy 1o oci Oy € Taki (Ha
erarli CIiIbHOTO PyXy Maca /1, HepyXoMa) TIpy>KHOB’ A3Ki
nedopmartii:
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mj}:—mj}’—mg—cyy—kyy, )
IacTUYHI aedopmartii:
my =-my' —mg — u k (x, +yiga,) . A3)

Cwitn, 10 AIIOTh HA BaHTAX IIPH MPYKHOB’ A3KHX 1
IUTACTHYHUX Ae(popMartisx:

(O : .
Ny ==cy- kyy’ 4)
@ _ )

N7 =—pk x,.
0) i ;
Cuna N " neopmye TpaHCIIOPTYBaIbHUI 1IAp BaH
Taxy (MOjenb), IparHy4yd BHUKJIMKATH HE3BOPOTHI Jie-
¢dopmaii (3pymmtu kinuH). [Tomepewni nedopmarrii Mo-
Jeni OyayTh 3aJIMIIATUCS NPYKHUMH J0 TOTO MOMEHTY,
0) ;
IOKU JeopMyBasibHa cuia N’ He MEPEeBHIIUTD OIIip
3cyBy KimHa N (%),
Mojienib KOHTAKTY€E 3 HECYUYUM OPI'aHOM JOTH, TIOKH
HOpMaJIbHa PeaKilis He ePeTBOPUTHCS B HYJIb!

c,y+k,y

_NGY Z
g .k (xy + yiga,)

©)

Ha erami BiTbHOTO pyXy MacH m i m, CIIIEHO TIepe-
MIITYIOTBCS:

(m+my)j =—(m~+my)i —(m+my)g—c(y+y). (6)

[Tin gac mepeMinieHHs: MoJeli 1o 0ci Ox CKIIATak0Th-
cs qudepenuiaibHi PiBHAHHS 118 Mac m i m,,.

Pyx macu m y pexumi CIIBHOTO i BUTBHOTO PyXiB
OIUCYETHCSI OJJTHUM PIBHSIHHSIM:

mx =—mi’ —c (x—%,)—k (x—x,).

@

Cuna —c (Xx—X,)—k (x—X,) nie B mnomuni Tpan-
CHOPTYBaHHS, BOHa JedopMmye Iap MepeMilllyBaHOro
BAHTAXKY 1 Tli€ HA Macy m,.

Jns macu m, Ha eTari CHiBHOTO PyXy XapakTepHi
TaKi PeKUMH:

— BiIHOCHA piBHOBara

% =0; (®)
— KOB3aHHS BIiepe] a0o Ha3aja
myX, = —myx' — N;l’z),uxsign(fco) +
e (X —xX) +k (x—xp). ©

Mojienb BaHTaXy 3aJIMIIA€THCSI HA HECYYOMY OpraHi
Y BiJIHOCHOMY CIIOKOI, SIKIIIO CHJIA, IO 3pYLIye Macy 7,
He IEePEeBUIIYE 32 a0COIIOTHOIO BEIMYUHOIO TPAHUYHOTO
3HAYCHHS! CHJIM CTATHYHOTO TepTs 4, N\ (i1 — Koe-
(ILieHT TEpTS CHOKOI0 BaHTaXy Ha HECYYOMY OpraHi).
BekTop cuii cyxoro Teptsi 3MIiHIOE CBIM HampsIMOK 3a-
JIXKHO BiJ XapakTepy pyxy BaHTaxKYy:
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+1 mpu x,>0,

sign(x,) = (10)

-1 mpu x,<0.

KpiM I1b0T0, CHJIa CYXOTO TepPTs 3MiHIOEThCS 3aJTeXK-
HO BiJ BenmumHM HOpMaibHOI peaktii N, Tomy piB-

HSHHS MOKHA 3aITHCATH TaK:
e
myX, = —myX

cyj/ + kyy
ke (xy + yig a,)

1, sign(iy) +

(11)

+e (X—X))+k (x—x,).

Ha erami BiTbHOTO pyXy PiBHSHHS IJI1 MacH /m, 3a-
MUIIEMO

Moy ==X+
+mg (X, —X) e, (X—X) +k (x—x). (12)

SIkmo B 3BepeHHMX JUQEPEHIIATbHUX PIBHAHHIX
PO3IUTUTH BCi WIEHU Ha KOe(DIIIEHT MpH CTapIIii Moxif-
Hili, a TAKOXK BBECTH KOC(DIIli€HT A, SKHIi 3B’53y€ MacH m
i m,, CUiBBiTHOIEHHAM M = Am,.

Ha erani cnizibHOTO pyXy 3a BiICYTHOCTI IPOKOB3Y-
BaHHS B I1apax TepTs

y=-y'-g-2n,y-py;

X==X"=2n,(%~ %) - pi(x—x); (13)
x,=0.
3a HassBHOCTI MPOKOB3YBaHHS
J==V-g-pp; xy+y1ga ;
¥y = =%+ 2n Ak — X))+ pA(x —x,) — (14)
2 .
pyy+2n,y it sion(
- w,sign(i,).
1,07 (X + Yig ) ’
Ha erami BinbHOTO pyxy
j=—i'-g =2l = 25+ )
¥, =-%-2n A(x, - xX") + (15)

20" A(% = X,) + prA(x - X,).

Jie p,, p, — BJIACHI YaCTOTH KOJIMBAHb MOJEII BAHTAKY
B HanpaMKy ocelt Ox i Oy, p. = k. /m, p = [k I m;
n,, n, — KOCQILIEHTH 3aTyXaHHs, 3yMOBJICHI BHYTPILll-
HIMH OTIOpaMH TIEPEMIIICHHIO MOJECTI IIapy BaHTAXY
B HanpsMKy oceil Ox i Oy Ha erami CIUIBHOTO PYXY,
— — . " ! ! o e
2n,=c/m, 2n = c/m; n,, n, N, — KoedimieHTH 3a-
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TyXaHHS, 3yMOBJICHI 30BHIIITHIMH OTIOPAMHU PYyXy MOJEII
miapy Ha JUISHII BUIBHOTO TEPEMIIlEHHs] B HANpsSIMKY
oceit Oy i Ox, 2n) =c) /(m+my), 2n,=c, [ (m+m,),
20 = /m, 20 = Im.

s BU3HAYCHHS MOMEHTIB MEPEXOAy Bif OTHOTO
PEeXKHUMY PyXYy IO 1HIIOTO BUKOPHUCTOBYIOTBCS TPAHCLICH-
JCHTHI PIiBHAHHS, SKi BH3HAYalOTH BHOiIp HEOOXiTHOTO
PIBHSHES 1 TOYaTKORPX YMOB JUISIGHOTO PIlIICHHS, OCKiJIb-
KM pO3B’s30K 1 aHanmiTH4HO, 1 HAa EOM BUKOHYy€ThCS
METOZIOM IpunacoByBaHHA [1]. Bupa3: y =g/ pi, BHU-
3HaYa€ CTaTHYHYy Ae(OpMAIliIo 1 € TOYaTKOBOIO YMOBOIO
y PO3B’sI3aHHI PiBHSHB.

MomeHT riepexojty Bijl Mpy»KHOT B’s13ko0i aedopmartii
MOJIEJIi JI0 IUIACTHYHOI 1 Ha3aj {, BU3HAYA€THCS B pe-
3yJIBTaTi PO3B’sI3KY TPAHCIEHICHTHOTO PIBHSHHS, OTPHU-
masoro npupisrioBanssaM N i N'? i3 pisnsimb (4) i (5):

ky+e,yzuk (x, +yiga,)

16
kyy+e,y<uk (x,+yiga). (e
Iepexin Big KOB3aHHS MOJEII 0 3yMUHKH ¢ + 0 Bij-
OyBaeThCst y MOMEHT X =0 132 yMOBH, [II0 CHJIA CTaTHY-
HOTO TEPTS B 1€l MOMEHT € O1JIBIIMMHU 200 TOPIBHIOIOTH
CHJII, sIKa MparHe MepeBeCTH BAHTAX Y PEKUM MPOKOB-
3yBaHHSL:

(1,2 . . .
. |N > |—m0x +myg +c (x—x)+k (x— x0)| . (A7)
3BOPOTHHI TepexXis] BiJ| 3yMUHKHU O KOB3aHHS Bifl-
OyBa€eThCS 3a Ti€l YMOBH, IO CHJIM CTATHIHOTO TEPTS HE
MIEPEBUILYIOTH MOIYJIS CHIIH, SIKa IIParHe MepeBeCTH MO-
JIeJTb Y PEXKHUM ITPOKOB3YBaHHSL:

B N0 <o myg + ¢, (6= %)+, (x= )| (18)

MOoMEHT nepexoay Bij CIUIBHOTO PyXy A0 BUIBHOTO
(MOMEHT BiIpWBY BaHTaXy f;) BU3HAYAETHCSA B PE3YIb-
TaTi pO3B’A3KY TAaKOTO TPAHCIICHACHTHOTO pIBHSHHS:
N =,

Y MOMeHT ¢, BiOyBa€ThCS MTATIHHS MOJICTI BaHTaXy
Ha BaHT@KOHECYYMH OpraH i MoynHaeThes (asa CIiBy-
napsiHHs. Lefi MOMEHT BH3HA4YaeThesl TPAHCLEHJICHTUM
piBHSIHHSM )(f) = 0.

Jlnst BU3HAUSHHS 3aKOHY 1) = f(f) KOJMBaHHS HECYy-
4Oro OpraHa Macolo /71, i3 NpUEJIHAHUM JIO HbOTO MOpPLI-
HeM BHMKOHABYOTO TiIPOLMJIIHAPA MAcoKo /1, MO 3Mil-
CHIOIOTH KOJMBaHHS B 1uomnHi NO& (xOy), 3amuiemo ix
3aKOH PYXY 3@ OCSIMHU X, ).

Ha erami crigpHOTO pyXy HECy4oTo OpraHa i BaHTa-
Ky 3@ BiZICYyTHOCTI ITPOKOB3YBAaHHS B TIapax TePTA
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%, =0.

3a HassBHOCTI MPOKOB3YBaHHs

(e )5

Ha erami BinbHOTO pyxy

Jie M, — TMONEPEHiA HaTAT MPYKUHM BUKOHABYOTO T'ijl-
poumninapa; k — JKOPCTKICTh MPYKMHH BHKOHABYOTO
TiJIPOLMIIIHAPA; ¢, — CUJIM B’A3KOTO TEPTSA y BHKOHAB-
YOMY TiJPOLMIIIHIIPI; ¢ — CHIIM B’SI3KOTO TEPTS Y PyXo-
MHX 3’€IHaHHSX INPYKHHUX 3B’SI3KIB TOPCIOHHOTO THITY
(muB. puc. 1); p(f) — QyHKIiA 3MiHM THCKY poOOdoi
piAMHM y BHYTPIIIHIN MOPOXHMHI BUKOHABYOTO TiIpo-
LWIHpa Ha HIDKHIO TTOBEPXHIO ITOPIIHS IUTomieo S;
3EJ
I’ +0,75h%

[7] mpyXHUX 3B’SI3KiB PECOPHOTO THITY (IUB. puc. 1); A,

— 3BeICHUH KOE(IIIEHT KOPCTKOCTI

/ — TOBMmIMHA 1 MIUpPWHA IUIOMII ITOTIEPEYHOTO TIepepizy
CTaJIbHOI IIJIACTHHH, 3 SIKOT CKIIAAI0ThCS MPYKHI 3B’ I3KH
pecopHoro Ttumy [7]; J — MOMEHT iHepIii CTambHOI
wiactufu [1]; £ — MOIyib IPy>KHOCTI 32 YMOB PO3TSATY
Marepiary CTajabHOI IUITACTHHH.

Cucremu piBHSIHB (21)—(23) HEOOXiTHO TOTIOBHUTH
YMOBaMH pO3B’SI3Ky, a caMe:

~ xO
0<x;—x, <7cosf; 003‘ ‘;; 0 Yo
x

Vi= ¥
Yo
y

0< <7sinf, (22)
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(my+my) 3 =—(m, +my)g +e,y+k,y—2cyisin B —2ky;sin B+
+[[ p,(0)dSsin B —c, (3% - ) sin B~ e, (3, = ¥ =7,)sin ;
N

(m, +m,) ¥ =c (X —X,)+k (x —x,) — 2cx} cos B — 2kx] cos  + 19)
+”ﬂ (t)dS cos f—c, (x5 —x7)cos S —k,(x; — x5 —1,) cos f5;
N
(m, +my) ¥ =—(m, +my) g + p k. (x, + yigay, ) — 2cy}sin f - 2ky, sin f +
+[[ p0)assin g~ ¢, (3% — #)sin Bk, (v} = ¥ = 17,)sin B;
N
ky+ey At sign(i. ) — 268, cos f— 2k cos (20)
1 sign(x,) —2cx; cos ff — cos S+
ke, (g + yig ) ’ ’ ’
+'Ups (t)dS cos g —c, (%, — xy)cos f—k,(x; — x5 —n,)cos S.
N
(ml +m3)j}; = _(ml +m3)g +c;'j/+c;(j/+j/§)—kn(y§ — Y, —1,)sin B -
~2¢!sin 8- 2k sin 8+ [[ p, (0)dS sin = c, (7% — %) sin B3;
N (21)

(my +my) 35 = L A(x, — %) — IA(x — %)) — k A(x — X,) — 2¢x; cos B —

—2kx; cos B+ Hps(t)dScosﬁ —c, (&, —x%))cos B —k,(x; — x5 —1,)co8 3.
N

J€ 7j — MaKCUMaJbHUH POOOUMH XiJ HOPIIHSI BUKOHAB-
4OTO TiIPOLMIIIHPA MACOIO 771,

3aKoH pyxXy iHepLiiiHOT Macu m., 10 31iHCHIOE KOIHU-
BaHH B IIomuHi x'0'y":

. oo
m,y;, =—m,g —2cy,sin f -
—2ky! sin B+ ﬂ ps()dSsin B;
s

m,Xy =—2cx5cos f—

—2kx’, cos B+ Hps (t)dS cos p,
S

(23)

ne p () — byHKuis 3MiHU TUCKY pOOOOi PifMHN y BHY-

TPINIHIA MOPOXKHMHI  BUKOHABYOTO  TiJAPOIMIIHIPA;

J] Pps()dS — cunm, Mo AirOTH Ha BHYTPIIHIO MOBEPXHIO
N

CTiHKH TiAPONMITIHApPA TUTOIICIO S.

pyxy
(mmB. puc. 3,6)) KJIanmaHa Macoro 7, Mo 30iHCHIOE KOJIH-

3akoH KYJIBKOBOTO (30TI0THUKOBOTO

BaHHA 10 oci O, y,:
V. - IV v '
Y, =-mg—c,y, _k4(y sty 0)+Hps,(t)dS, (24)
i

ne p (t) — GyHKIis 3MiHM THCKY pOOOYOi piMHK y BHY-
TPIIHIA TOPOKHUHI OZHOKACKAaTHOTO KilaraHa-ITyilb-

caropa; H Py (1)dS — cuna, mo gie Ha 30BHINIHIO TI0-
&
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BEPXHIO CTIHKH KYJIBKOBOTO (30JIOTHHUKOBOTO) KJariaHa
nyomero S’ i Macoro m,.

Jnst BU3HAYCHHS TOYATKOBHX YMOB PIBHSHHS PYXY
(24) HeoOXiTHO PO3IISIHYTH PYX KYJIBKOBOTO (30J0THH-
KOBOT0) KJlanaHa Macoro 711, 0 XapakTepHuM (aszam [4],
a came:

1) dbaza nabopy THCKY, 3a K0T (£, < t < ¢ ) KyIbKOBUI
(30/10THMKOBHMH) KIlamaH Macolo m, nepedyBac B CTaHi
CIIOKOIO 1 TIEPEKPHBAE HalipHy MOPOXKHHMHY B Bija 1O-
poxuun migxsary C i 3nuBy D (muB. puc. 3,a,8), 10
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CIpUYMHSIE HAOOPY THUCKY B HAIipHIA IOPOXKHUHI B,
TOMY OCHOBHHMH HamipHuii THcK p (f) aie Ha momty S,.
Ha wniii ¢asi BigOyBaeThCs NMEpeMillieHHs MOPILHS BHU-
KOHABYOIO TiJIpOLUIiHIPa Macoko /71, Pa30M i3 HECYHOI0
niargopMoro m, i po3MillIEHUM Ha Hill BEJIMKOKYCKO-
BMM HACHUITHUM BaHTaxxeM macoro m i m. Ilpuuomy
Ha [OMY €Talli Bi0yBa€ThCS CIUIBHUIA PyX HECY4Oro
opraHa Macoro 7, i BEJMKOKYCKOBOIO HACHMIIHOIO BaH-
Taxxy macoro m i m,. Tomy nns uiei dasu sanumemo

TaKi yMOBH:

” pe()dS <k,yl"; Y (1)=0; 0<x(r)—x,(t)<7jcosf;
S

y3(0) = y3(0)

0< x,() .

o [ 0| »(®

(@)

2) (hasza criparroBaHHs (BIAKPUTTS) OJJHOKACKAIHOTO
Knanana-mynbcaropa. Ha wiit (1, < ¢ <t ) sycunns Big

HaITliPHOTO THCKY ” Dp,()dS (p, — TUCK BiZIKpUTTA Kila-
5 .

NaHa-MyJIbCaTopa), MO i€ Ha TLIONLy S, KyIbKOBOTO (30-

JIOTHHKOBOT'0) KJIallaHa MacoXo 771, 3piBHIOETHCS 13 CUIIOKO

HaJIarOJKEHHS PEry/IoBaIbHOI Npyskunu k,y" . T00TO:

[[p.(0ds =k,

S

(26)

0 CIIPHYUHSIE BIIKPUTTS KYJIBKOBOTO (30JIOTHUKOBOTO)
Kyanana Macoro m,. I1ij1 9ac BiIKpUTTS KyJIbKOBOTO (30-
JIOTHMKOBOT0) KJIaliaHa Macoro /71, BiJI0yBa€ThCs CIOMy-
YeHHS HAIMpHOI MOPOKHUHUA B 3 TIOPOKHUHOIO ITiIXBa-
Ty Ci3muBy D. Take criomydeHHs TOPOKHUH CIIPUIHHSIE

(25)

<7sin .

pi3koMy 301UIBIICHHIO TUCKY B MOpOKHUHI miaxsary C i
BiJIMOBiHOMY 301IBIIEHHIO 3yCHIIIA p,S, BiJl HAIlipHOTO
THCKY p,, IKUH ysxe Oyze aistu Ha miomy S,. CTpimMkorno-
JiOHE 30UTBIICHHS 3yCUILIS CIIPHYUHSIE Pi3Ke 301IbIICH-
HSl IIBUJKOCTI MiJHOMY KyJIBKOBOTO (30JIOTHHKOBOTO)
KIIallaHa Macolo n1, Ha Bifctaunb 'V +y"V .

Ha miit ¢a3i Takox BimOyBaeThCS MEpPEMIlICHHS
HOPIIHA BUKOHABYOTO TiIPOLMIIIHIPA MacOIO /1, Pa3oM
i3 Hecy4or0 nmuargopmoro m, i po3MillleHuM Ha Hill Be-
JIMKOKYCKOBUM HACHITHHM BaHTa)eM Macoro m i m . Lei
eTall TaKoK XapaKTepU3YeThCs CIUJIBHUM PYXOM HECY-
4Oro OpraHa Macolo 71, i BEIMKOKYCKOBOTO HACHITHOTO
BaHTaXy Macoro m i m,. Tomy mis miei pasu 3anumemo
TaKi yMOBH:

[ ps0dS 2 kyyl's 0y (1)< 3! + s
SZ

0<x;(t)—xi(t)<fjcos fB; 0<

3) dasza 3akpuTTA (OIyCKaHHSA) OXHOKACKAIHOTO
- i <t< i

Knanana-myibcaropa. Ha widi (¢, < ¢ < t) BinOyBacTbes
3B po0OOYOi PIAMHU uYepe3 MOpOXHWHHU migxBary C
i 3muBy D y Tigpobak 5, M0 CHPUYHHSE TATiHHIO THC-
Ky B HamipHiil TOPOXXHKHI B 10 BenmuuuHu p, = p,(S//S,),
MIPY 1[bOMY KYJIBKOBHH (30JIOTHHKOBHI) KJIamaH Macoro
m, TIOYMHAE OIyCKAaTHCh Ha MOYaTKOBE Micle, (Micue
MIEPEKPUTTS HAITIPHOT TOPOKHUHK B BijI MOPOKHUH TIiJI-
xBary C 1 3muBy D).

x, (1),
x(®) |

(@) = y3 () (27)
0<|  y,(0)

y(@®)

<7sin .

Ha miit ¢da3i BimOyBaeThcsl TepeMimieHHs (omyc-
KaHHS) B [OYATKOBE IOJOXKEHHS MOPIIHS BHKOHABYO-
TO TiIPOIMIIIHPA MACOK0 /71, Pa3oM i3 HECYHOIO TLIar-
(Gopmoro m, i PO3MIIIEHNM Ha Hill BENMKOKYCKOBHM
HACHITHUM BaHTaxeM Macoro m i m. el eTan xapak-
TEPU3Y€EThCS MPOKOB3YBAHHSM 1 BUTBHUM PYXOM BEJIH-
KOKYCKOBOTO HACHITHOTO BaHTa)y Macolo m i m, mojo
Hecydyoro oprana macoro m,. Tomy s wiei dasu 3amnu-
LIEMO TaKi yMOBH:

[[ ps(0dS 2 ks 0< 3 (1) <y + "5 0<x{(0) = x}(1) < 7 cos B;

yi(t) = y5 ()
0< yo(t)
(@)

0< x, (1)

k@ |

89

(28)

<7gsinp.
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I[J'Iﬂ BU3HAYECHHS 3MIHH TUCKY B l'[OpO)KHI/IHi I'II1 HeO6XiI[HO BUIIICBKAa3aHy MareMaTU4iHy MOA€CJIb JOITOBHUTU CHUC-

Temoro piBHAHb HaB’e—Crokca [7] i piBHSHHSAM HEpO3pUBHOCTI (29) mist cnaOKOCTHCHEHOT PiMHU:

V rakiii cuctemi piBHsHB (29) Q € R — TpuBUMIp-
Ha o0OnacTh (BHyTpimHs nopokauHa I'II1), B skiif pyxa-
€TBCs poOOYa pifMHa; P, — MOYaTKOBa I'yCTHHA POOOYOi
piZMHuK; p, — TIOYATKOBHH THCK poOovoi pinunu; O —
BUTpaTa TipaBIiYHOTO HACOCA B HAIIPHY MOPOKHUHY
4epe3 BIyCKHMH MaTpyOoK, S, — MIoma IoNepevHoro
niepepizy BiyckHoro narpyoka I'II1.

Maremarn4Ha MOJIEIIb TEXHOJIOTIYHOTO MPOLIECy T1e-
peMillleHHsI BaHTaXiB 3a JIOIIOMOT0I0 BiOpaIiifHOro KOH-
Beepa 3 T1IPOIMIYJILCHUM ITPUBOAOM, SIKa IIPEJICTaBICHA
cucremMamu piBHsHB (1)—(29), Oyna peanizoBana MeTo-
JlaMH YHUCJIOBOTO MOJIEIIOBAHHS Ha 0a3l IporpaMHHUX
rxoMmiutekciB FlowVision [4] i Matlab Simulink [5] Ha mo-
Ty)XHOCTSIX oOumciroBainbHuX KiactepiB KC IncturyTa
kibepuerrku iMeni B.M. I'mymkosa HAH VYkpainu. Pe-
3yJIbTaTaMy MOJIETIOBAHHS € PO3IOJI THCKY B pOOOUiit
nmopoxuuHi ['II1 BiOparifiHoro kouBeepa (puc. 4).

13 puc. 4 BuzaHO, mo Ha 3anipHuii enement ['1T kyb-
KOBOTO THITy Ji€ JofaTkoBuii THCK 6 MPa, cripuunHeHui
IIBUJIKICHUM ITOTOKOM P0o00Yoi pimuHu (IuB. puc. 4,a).
[MopiBasino 3 I'IT 3010THUKOBOTO THITY 1€ BUMAarae BU-
KOPHUCTaHHS PEryJIOBAJIbHOI MPYXHHHU 13 JKOPCTKICTIO
30ubmIeHo0 B 3—4 pazu. Y I'IT 3010THHKOBOTO THITY
(muB. puc. 4,0) WBUAKICTE POOOYOT PiANHY IacUTHCS 00
BHYTpILIHI CTIHKH KopIrycy. Lle He nae yrBopeHHs nonar-
KOBOTO JMHAMIYHOTO THCKy Ha 3aripHuil eixement [T
30JI0THUKOBOTO THILY.

20

Ldp oV, O, .
pdt &' o o6z
)4

aV"Jr anVx+VvaV" +VZaV)‘ :—la—erK o[V, +— +6VZ +
ot ox" oy oz" pox" 3ox"\ox" oy o

GZVX 62Vx GZVX
v "2 "2 "2 >

ox oy 0z
10)4 oV, oV, ov ov.
—L | V=4V —2+V, y:_la_erKi an+ y+aVZ+
at axrl ¥ ayﬂ aZ!! p ayﬂ 3 ayv axﬂ ay” 6Z”

2 2 2 29)

0 v, 0 Vv, 0 v,
+v ;

axﬂ 6y02 62”2

ov.

AN P AR R R RN AR AN
ot " oy oz" poz" 30"\ x" o o7

o, o, V. =
+V[8x"2 6y”2 + paE ; V|dQ =0; QeR’; pL:O’Q =Py

_ _ (m+my+my)g+kn
V|t:0,z”:0,y":0,x”:0 ZQH /SO’ p|t:0,Q =Dy +( ‘ S3 ¢ :

Takox OTHUM 13 pe3yNIbTaTiB MOJICIIOBAHHS € PO3IIO-
JIUT BHAKOCTI B pobouiit mopoxxuuHi 11 BiGparrifiHoro
KOHBeepa (puc. 5).

3a
(muB. puc. 5,a), WBUAKICTH pOOOUO] PIIUHN B HIDKHIH

pesynpraraM  YHCIOBOTO  MOJCIIOBAHHS
30Hi 3amipHoro enemenTa ['IT KyabKOBOTO THITY CKIIa/iae
98 m/c. Lls BHCOKa MIBHAKICTH pOOOUYOI PIMHU YTBO-
PIO€ KaBiTamilHI SBUINA, [0 HETaTHBHO BIUIMBAIOTH Ha
SIKICTh MOBEpXHi 3amipHoro exemenrta ['IT kymbkoBoro
tuty. [TopiBasiao 3 I'IT 3010THHKOBOTO THITY 11 BUMAarae
BUKOPUCTAHHSI CTICL[IaJIbHOTO MaTepiary Ta peXXnMy Tex-
HOJIOTIYHOI OOpPOOKHM ITiJ] 9ac BUTOTOBJICHHS 3aIipHOTO
enementa I'IT kynskoBoro tumy. ¥ I'IT 3010THHKOBOTO
TUIy (IUB. puc. 5,0) IUIoNa MPOXiJHOTO OTBOPY 3aIlip-
HOTO enieMeHTa 3HauHo Oimbmie Hix y ['IT xymbkoBoro
THITY, 1I€ I03BOJISIE BUKOPUCTOBYBATH T'iJIpaBIIidHI HACO-
cu OLTBIIOT mosayi. Mara miora mpoxifHOTo OTBOPY 3a-
nipuoro enementa ['IT kymbkoBoro THITy BUMarae Oiib-
Ioro BiAKpHUTTS Apocens Hixk y ['IT 3omoTHIKOBOTO.

Takox pe3ynbTaToM po3paxyHKy € Jiarpamu pobo-
yux napametpis I'lIT (puc. 6).

Amnanizyioun giarpamu poOo4HMx napamerpis (IuB.
puc. 6), MOXKHA BU3HAYUTH Taki mapamerpu podoru ['IIT
3 Bignosigaumu ['IT:

— aMIUTITyAy Mynbcaliid THCKY poOodoi piuHU [UIs
I'T xynekoBoro tumy — 10 MIla, T'IT 3010THHKOBOTO
tuny — 13 MIla;
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= 156700005
6754300005
5.9427e+006
5.1306¢4006
PRt
B 3506arsans
269434006
1.8822¢ 1006
M omeins

2579504005
5.5416e4005,

W 1.0352e 0007
1 9.8407c+006
8.7295¢+006
7.618424006
6.5072¢+006
I 5.396e4006
4.2849¢+006
3.1737e+006
B 2062564006

9.5137c+005
-1.5979¢4005

a) 0)
Puc. 4. Posnonin tucky B po6ouiii nopoxxuuni I'II1 BiGpariiinoro konBeepa:

a — I'll1 3 T'IT xymbroBoro tumy; 6 — I'II1 3 I'lT 30motHIKOBOTO THITY

= 92.741

W 9756

I s7.804
78.048
66.292 | RUET]
58.537

B as7e1 B rasse
39.025 I
29.269

B 19513

| KX

W 000116

a) 0)
Puc. 5. Po3nozin mBuakocti B podouiii mopoxkauui I'II1 BiGpamiliHoro koHBeepa:

a — I'lIT 3 T'IT kynekoBoro tumy; 6 — I'II1 3 I'lT 30moTHIKOBOTO THITY

P,MPaA S/r,mA S,/nA SkmF1Pgy S,
#2003, | el I (PP
020,
0. 00]0 0,004
2 15400154
00025 N
45 0,003
§100020 | 101 0,01
0,002
00015 an /
4 0,001 |
000104
005 \
g 0 005 ar ars o 0 0
a)

0)

Puc. 6. liarpamu po6ounx napamerpis ['II1 BiOpariiftHoro KoHBeepa:

a— T'll1 i3 T'IT xynekoBoro tumy; 6 — I'II1 i3 I'IT 3010THUKOBOTO THITY; / — 3MiHA IEpEMIIICHHS 3allipHOTO E€IEMEHTA KJIaaHa-
IyJbcaTopa 3aJeKHO Bif yacy; 2 — 3MiHa THCKY poOouoi pianau B mopokHuHi ['1I1 3anexHo Big yacy; 3 — 3MiHa mepeMilieHHs
MOPIIHS T1APOLIIIIHIPA 3aJICKHO Bifl 4acy
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Puc. 7. [liarpamn mnepeMilieHHs1 CKJIAJHHUKIB TPAHCIIOPTY-
BaJILHOTO MaTepiany:

@ — TOPHU3OHTAIIBHUN; 6 — BEPTHKAIBHHI

— aMIUTITYIy KOJIMBaHHS BUKOHAaBUOIO OpraHa
(mopwinst rigporwningpa) [T mast TIT xynskoBoro
tunty — 1,5 mm, T'IT 3010THHKOBOTO THITY — 7 MM;

— MAaKCHMaJIbHUH XiJ 3aMipHOro eJeMEHTa s
I'IT xynpkoBoro TUmy — 2,4 MM (ZO#aTHE NEPEKPUTTS
z, = 1 mm, a Bix’emue nepekpurts z, = 1,4 mm), I'1T 30-
JIOTHUKOBOTO THUIMy — 4,35 MM (ZomaTHE MEepeKpUTTS
z = 2,2 MM, a Bijl’eMHe TIepeKpUTTs z, = 2,15 MMm);

— yactoty poboTu (BiOpalliil) BUKOHaBYOIO Opra-
Ha (nmopuss rigpomwrtinapa) [T mis T'IT kynskoBoro
tuny — 30 I'g, T'IT 30m0THHKOBOTO THIY — 17 I'1I.
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JonatkoBo OyJio OTPUMAHO JiarpaMu TOPU30HTAIb-
HUX 1 BEPTHKAJIbHUX CKJIAJHUKIB MEPEMILICHHS CKJIa/l-
HHUKIB TPaHCTIOPTYBAIbHOTO MaTepiany Macamu m i m,
(puc. 7). 13 puc. 7,a BUJHO MOHOTOHHE 30LNBIICHHS
KPHBOI IEPEMILICHHS M0 OCi X CKJIQJHUKIB TPaHCIIOp-
TYBaJILHOTO Matepiaiy, sike JIIHIHHO 3pocTae, 10 BKa3ye
HA MOCTIHHMI CKIAJHUK IIBHIKOCTI TPaHCIOPTYBaHHSI.
I3 puc. 7 MOXXKHA BH3HAYUTH MAKCHMAIIbHY aMILTITYILy
KOJIMBaHb TPAHCIIOPTYBAJIBHOIO Marepialy Ha BaHTaXO-

HECY4YOMY OpTraHi, sika CKJIaJIa€ MPUOIU3HO 4...5 MM.

BUCHOBKM. Po3po6neHo eheKTHBHY KOHCTPYK-
uito BK Ha 0a3i ogHOKackagHOTO KiTamaHa-Iylibcaropa,
0 J03BOJISIE OTPUMYBATH HAHOUIBII €(hEeKTHBHI PEKU-
MH BiOpaniifHOro HaBaHTa)XEHHS Ha TPaHCIOPTYBAaJb-
HHU{ BaHTAX UL CTa0IIbHOTO epeMILeHHS TIOBEPXHEIO
BaHTa)KOHECYYOT0 OpraHa.

VIOCKOHANICHO MaTeMaTH4HY MOJEIb TEXHOJIOTid-
HUX TIpotieciB BiOpartiitHoro nepemimenss BK i3 I'IIT na
0a3i 3aKOHIB TiIPOJMHAMIKH 3 BUKOPUCTAHHSIM MEXaHO-
peororiyHoi (heHOMEHOJIOTIi Ta y3araJbHEHUX 3aKOHIB
MEXaHIKH.

Ha ocHoOBi po3po0reHoi MaTeMaTHYHOI MOJeIi Me-
TOJIOM CKIHYEHHHX 00’€MiB 3a JOIIOMOTOI0 YHCIIOBOIO
MOJISITIOBaHHS OTPUMAaHO po00Ui 3aI€KHOCTI JUIsl BU3HA-
YeHHs OCHOBHHX poOoumx xapakrepuctuk [T BiOpa-
LIfHOr0 KOHBEEpa Ha BAaHTaXXHO-PO3BAHTAXKYBAJIbHHX
poboTax Ha MOPCHKOMY 1 pIYKOBOMY TPaHCHIOPTI.

OrpuMaHi pe3ynbTaTd YMUCIOBOI0 MOJEITIOBAHHS TEX-
HOJIOTIYHMX TMPOLECIB BaHTA)KHO-PO3BAHTAXKYBAIBHHUX
pobit 3a mormomororo BK Ha 6a3i I'lI1 mokasanm nepeBaru
00paHOTO MiIXOY 10 TIPOSKTYBAHHS, & TAKOXK TO3BOJIIITH
JOBECTH e(eKTUBHICTH po3podnenoi koHcTpykuii I'IIT Ha

0a3i OIHOKACKATHOTO KJIallaHA-TyIECaTopa.
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DETERMINATION OF SUPPLEMENTARY TENSION
OF TOWING ROPE UNDER IMPACT OF BE FOND
UNDERWATER OBJECT IN THE UNSPECIFIED PART
UP TO THE ROPE

ONPELEJIEHVE AONOJIHUTEJIbHOIO HATA)KEHUA TPOCA
NP1 YAAPE NOCTOPOHHEINO NOABOAHOIO OBbEKTA
MO BYKCUPHOMY TPOCY B NPON3BOJIbHOM MECTE
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Abstract. The aim of the study is to determine values of dynamic tension towline upon im-
pact thereon in an arbitrary portion outside of the underwater object (UO) using the model
developed computer MTS dynamics construction. When towing UTO, which is regarded as
SV, a collision occurs, for example, rescue submersible vehicle (SV) moving collision course
under water, with a towing rope (TR) in any place. We investigated the impact of TR process
OUO. In the modeling process assumed that the marine object weighing 10 tons remains as-
sociated with the construction (not relieved from it) at all times during its movement, in both
the positive and the negative direction shows the steps of construction shape changes due to
a pin on it in the region 25 m from carrier vessel (CV), 50 m from CV and SV and 75 m from
CV. The results of calculations using the mathematical model of the dynamics of MTS with
FL, which specify calculations obtained with the traditional method and using a computer
model developed by MTS dynamics construction. Mathematical modeling results indicate
that the construction shape during interaction with OUO significantly depends on the position
of the point of impact. It may be noted that the closer shot marine object to CV, the greater
the tension construction. However, the strength of GE tension affects not only the position
of the point of impact, but also the mobility of CV and PA. Approximation of the point of
impact to CV independently by weight SV (from 0,15 to 10 t), almost does not change the
tension force indigenous heavy end nearest CV, but the lead end of the tension farm near SV
significantly increases with increasing SV mass. Approximation of the point of impact marine
object to the FL reduces heavy tension force near CV but it increases near the SV. If the SV
is stationary, while the tension near FL SV increases indefinitely, leading to its rupture. Bang
in the middle FL the safest largest of its tension. The scientific novelty of this study lies in the
fact that using a computer model developed by the MTS speakers FL for UTS candetermine
the velocity of CV and SV modules, upon impact thereon UOU in an arbitrary position that
allows improved method of designing and construction FL of MTS under shock loads during
emergency operation.

Keywords: underwater towed system; flexible connection; towed rope; the dynamic tension
of the cable; a blow to the tow rope in any

Annoranusi. Llenplo uccienoBanus SBISIETCS ONpPE/CICHUE 3HAUYCHUS TMHAMHYECKOTO Ha-
TSDKEHMs1 OYKCHPHOTO TpOCa IPH yAape 10 HEMY B IPOU3BOJIILHON YacTH MOCTOPOHHETO MOJI-
BoxHOoro oobekra (I1I10) ¢ momorpo pa3paboTaHHONW KOMITBIOTCPHONW MOICIH THHAMHUKU
Mopckoit mpussizHoi cuctembl (MIIC) ¢ rubkoit csazbro (I'C). I[Ipu OykcupoBKe TOABOIHOTO
oykcupyemoro oonekra (ITBO), B kagecTBe KOTOPOrO paccMaTpUBAETCs MPUBA3HOW MOIBO-
nmubii armapar (I1ITA), mponucXoanuT CTONKHOBEHHE, HApUMep, CacaTeIbHOTO MOBOAHOTO
anmapara (ITA), aBmKyIerocs BCTPEYHBIM KypcoM MO Bomoi, ¢ OykcupHbIM Tpocom (BT)
B mpousBoibHOM Mecte. Uccnenosan npouece yaapa 11O no BT. B npouecce moaenupo-
BaHMs MIPEATIONArajn, YTo MOpcKoli 00beKkT Maccoi 10 T ocraéres cszanubM ¢ ['C (He oc-
BOOOXaeTcst OT He€) B TEUECHHE BCErO BPEMEHHM €€ JBMIKECHHS KaK B MOJOKHTEIBLHOM, TaK
U B OTpHLIATENbHOM HanpasieHusx. [IpuBenenst stansl u3menenus Gopmel I'C B pesynbrare
yrapa no Heit Ha paccrostaum 25 M ot cyaHa-Hocutens (CH), 50 m or CH u ITA u 75 m ot CH.
[IpencraBneHsl pe3yasTaThl pacuETOB € MOMOIIBI0 MaTeMaTHIeckoi Monenu quaaMukd MITC
¢ I'C, xoToppie yTOUHSIOT PacuEThI, MMOTydeHHbIC TPAJUIIMOHHBIM CTIOCOOOM ¥ C TPAMEHEHH-
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eM pa3zpaboTanHOl kommbloTepHoit Mozenu quHamukn MIIC ¢ I'C. Pesynbrarsl MaTeMaTH4ecKoro MoACIHPOBaHUS
rokasbIBaioT, uto (hopma I'C B mporecce B3anmopeiictsust ¢ I1110 cymiecTBeHHO 3aBUCHT OT ITOJIOKEHHSI TOUYKH yAapa.
MOJKHO OTMETHTb, UTO YeM Onrke yaap Mopckoro oosekra K CH, Tem Goibine crita Hartspkenns ['C. OnHako Ha crity
HarspkeHns ['C BIHSET HE TONBKO TTONIOKEHHUE TOYKH ynapa, Ho 1 moaBmwkHOcTs CH u ITA. [Ipubmmkenue Touku yaapa
k CH, ne3aBucumo ot macchl [TA (ot 0,15 1o 10 T), mpakTHUECKH HE U3MEHSET CHITy HATSHKEHHUSI KOPEHHOTO KOHIIA
I'C Bo3ne CH, Ho HaTsmbxeHue xomoBoro koHia I'C Bosne ITA cymecTBeHHO BO3pacTaeT ¢ yBeianueHueM Macchl TTA.
[Tpubnmxenune Touku yaapa Mopckoro oobekrta K [TA ymensmiaer cuiy Harspkenust ['C Bozne CH, HO yBenmuuBaer
e¢ BOim3u ITA. Eciu [TA nenonswkeH, Toraa Hatspkenue I'C BOnm3u [TA HeorpaHHYeHHO BO3pacTaeT, YTO HIPUBOIUT
K e¢ pa3peiBy. Yoap nmocepeanne I'C nHanbonee 6e3omaceH 1o BennuuHe e¢ HaTsHKeHUs. HayuHas HOBH3HA TaHHOTO
WCCIIEJOBaHMS 3aKIII0YACTCS B TOM, UTO, UCTIONB3YsI pa3paboTaHHYI0 KOMIbIOTEpHYI0 Mozens auHamuku MIIC ¢ I'C
Juta moaBonHoN Oykcupyemoii cuctems! (ITBC), MmoxkHO onpenenuts Moxynu ckopoctr CH u ITA nipu ymape o Hemy
[ITTIO B mpon3BOIEHOM MECTE, YTO MO3BOJSET YCOBEPLICHCTBOBATh MeToauKy mpoektupoBanus I'C MIIC u IIBC
B YCIIOBUSX YAAPHBIX HATPY30K MPHU aBaPUHHBIX PEKUMaX.

KuaroueBblie ci1oBa: mopBogHas OyKCcHpyeMas CHcTeMa; THOKas CBsI3b; OYKCHPHBINA TPOC; INHAMHYECKOC HATSKCHUC
Tpoca; yaap 1o OyKCHPHOMY TPOCY B TPOM3BOJIILHOM MECTE; COBEPIIEHCTBOBAHME METOAUKH NpoekThpoBanus MITC
cI'C.

AHoTanis. MeToro I0CIiPKeHHS € BU3HAYEeHHsI 3HAY€HHsI IMHAMIYHOTO HATsTy OYKCHPHOTO TpOca IPH yaapi Mo HbO-
My B IOBUTBHIHM 9aCTHHI CTOPOHHBOTO i 1BoAHOTO 00’ €kTa (CI10) 32 mormoMororo po3podi1eHoi KoM I0TepHOT MoaeTi
quHaMiKH MopchKoi npuB’si3HOi cucteMu (MIIC) i3 rryukum 3B s3koM (I'3). Ilpu OykcupyBaHHI MiABOAHOTO OyK-
cupyBasibHoro 06’ekra (I15O), B sikocTi sikOro po3misinaeThest npuB’si3Huid miaBoguuii amapar (I1I1A), BinOyBaeTbcs
3ITKHEHHSI, HAPUKIIA, PSATYBalbHOTO mijgBosxHoro amapara (ITA), mo pyxaerbes 3yCTpiYHMM KypCOM IIifl BOJIOIO,
3 OykcupHuM TpocoM (BT) y noBinbHOMY MicHi. Y npolieci MoAeIIOBaHHS IPHUITYCKaJIH, 10 MOPCEKUH 00’ €KT Macoro
10 T 3anumraeTbest 3B°s13aHUM 13 ['3 (He 3BUTBHSETHCS BiJ HHOTO) MIPOTSATOM YChOTO Yacy HOTO PyXy SK Yy TO3UTHBHO-
My, TaK i y HeraTuBHOMY HampsiMkax. HaBeneni erarm 3minu ¢opmu I'3 y pesynbTari yoapy o HbOMY Ha BifcTaHi
25 M Bix cyaHa-Hocis (CH), 50 metpis Big CH 1 ITA ta 75 m Bix CH. ITogani pe3yabrati po3paxyHKiB 3a JOIMOMOTOIO
maremarnuHoi moaeni auHamiku MIIC i3 '3, ski yTOUHSIOTH PO3paxyHKH, OTPUMaHI TPAIMILIIHUM CIIOCOOOM Ta i3
3aCTOCYBaHHSM po3podieHoi koM roreproi Mozeni auHamiku MIIC i3 I'3. Pe3ynbrarn MaTeMaTHYHOTO MOJICITFOBaH-
HsI ITOKa3yIoTh, o Gopma ['3 y mporieci B3aemomii i3 CI1IO icTOTHO 3aleKUTh Bifl TOJOKEHHS Miclis yaapy. MoxkHa
BiJI3HAUUTH, IO YUM ONMKIHN yrmap Mopchkoro 00’ekra g0 CH, Tim Oinbina cuna Hatsry ['3. OqHak Ha CHITY HaTATY
I'3 BmMBa€e He TINBKH MOJIOKEHHS TOUKH yaapy, aie i pyxmusicts CH i [TA. HaGmmkeHHS TOUYKH yaapy MOPCBKOTO
06’exta 1o CH, ne3zanexuo Bix macu 1A (Big 0,15 10 10 T), IpakTHYHO HE 3MIHIOE CHIIy HATSTY KOPIHHOTO KiHIIS
I'3 6 CH, ane Hatsr xomoBoro kinigt '3 0uts [TA icrotHO 3pocrae 31 30inbineHHsM Macu [TA. HabnmxeHHs TOukH
ynapy MopcbKoro 06’ekra 10 ITA 3menmye cuiy Harsry '3 Oins CH, ane 36unbmye ii mo6nmusy [TA. Sxmro ITA He-
pyxomuii, Toai Harsar I'3 mobmusy ITA HeoOMexeHO 3pocTae, Mo MPU3BOAMTE JI0 il po3puBy. Yaap nocepenuni '3
€ HaliOUIbII OE3NEeYHNM 32 BETMUMHOIO HOoro Harsary. HaykoBa HOBM3HA JaHOTO JOCIHIKEHHS IOJSTae B TOMY, IO,
BHKOPHCTOBYIOUH po3po0iieHy KoMt toTepHy Moaens quHaMika MIIC i3 I'3 mis minBogHOi OyKCHpyBalbHOI CHCTEMHI
(TTBC), moxna BuzHauntu Moay.i mBuakocti CH i ITA npu ynapi no Hpomy CI1O B 10BUIBHOMY MICIIi, 1110 JI03BOJISIE
BAOCKOHaIUTH MeTouKy rpoektyBanHs ['3 MIIC i [1BC B ymoBax ynapHUX HaBaHTaKEHb IIPH aBapIHHUX PEKUMAX.

JIFOYO0BI cJI0Ba: IMiABOIHA OYKCUPYBaJIbHA CUCTEMA; THYYKHUI 3B 30K, OYKCUPHUI TPOC; JUHAMIYHUAN HATAT TPOCA;
K Oyxenpy ; THY A30K; Oy ; ;
yaap 1o OyKCHPHOMY TPOCY B JJOBUTBHOMY MICIIi; yIOCKOHANIEHHS MeToankn npoekTyBaras MIIC i3 '3.

References

[1T Yurnev, A. P. (1986). Avarii pod vodoy [ Accidents under water], 2-nd issue. — Leningrad: Sudostroenie [in Rus-
sian].

[2] Trunin, K. S. (2011). Opredelenie maksimalnikh nagruzok v elementakh podvodnikh buksiruemykh sistem pri
avariynykh rezhimakh ekspluatatsii [Determination of maximal loads at the elements of underwater towing systems at
emergency operation regimes]. Innovations at the Shipbuilding and Ocean equipment: Proceedings of the 2th Interna-
tional Scientific and Technical Conference. — Mykolaev, NUK, 504-505 [in Russian].

[3] Kryuchkov, Yu. S. (2010). Podvodnie lodki i ikh sozdateli [Submarine and their deziners; 1900-2010. Dramas of
peoples, ships and ideas]. Nikolaev: Publishing of Torubara E.S.; Publishing “Naval” [in Russian].

[4] Kryuchkov, Yu. S. (2008). Prizraki v tsarstve Neptuna [Ghosts in the Neptune kingdom]. Nikolaev: el Talisman
/ ChP Torubara E.S.

[5] Berto, G. O. (1979). Oxeanograficheskie bui: per. s angl. [Ocean’s buoys]. Leningrad: Sudostroenie [in Russian].

[6] Trunin, K. S., & Titov, S. D. (2013). Opredelenie dopolnitelnogo natyazheniya trosa pri udare postoronnego
podvodnogo objekta po buksirnomu trosu v proizvolnom meste [Determination of complementary tension rope under
impact of outside underwater object up towing rope in the unspecified part of the rope] // XXI ISTC «Prikladni zav-
dannya matematyky ta mechaniky — 2013», («PZMM-2013»)/ Sevastopol: SevNTU, 66-69 [in Russian].

924



N°2 (10) 2018

smi.nuos.mk.ua | editor@smi.nuos.mk.ua

CYOAHOBYAYBAHHA

§HIPBUILDING

MARINE INFRASTRUCTURE

[7] Batuev, G. S., Golubkov, Ju. V., Efremov, A. K., & Fedosov, A. A. (1977). Inzhenernie metody issledovaniya
udarnikh protsessov [Engineering research methods of impact processes]. Moskva: Mashinostroenie [in Russian].

[8] Zhdanov, L. B. (2009). Polnaja entciklopedia korabley i sudov [The all encyclopedia of ships and vessels]. Refer-

ence book. — Moskva: MORKNIGA [in Russian].

[9] Trunin, K. S. (2017). Kompyuternaya model dinamiki morskoy privyaznoy sistemy s gibkoy svyazyu [Computer
model of MTS with FL dynamics]. Zbirnyk naukovykh pratc NUK, 4 (471), 3-13 [in Russian].

IMocranoBka 3agaun. [ToMuMo CTONKHOBeHHH OyK-
CHPYEMBIX OOBEKTOB C MOPCKHUMH OOWTATENISIMH YacTo
MIPOUCXOAAT CIIydyaW CTOJKHOBEHUS OT/ENIBHBIX 3JIe-
MEHTOB MOPCKHUX TPHUBS3HBIX CUCTEM, MOJIBOAHBIX OyK-
CHPYEMBIX O0BEKTOB M TMOKMX CBSI3€H JAHHBIX CHCTEM
C JPYTUMH MOCTOPOHHHUMHM MOABOJHBIMU OOBEKTAMH,
B KaueCTBE KOTOPBIX MOTYT BBICTYINATh MOABOHBIC JIO/I-
ku (IJT), mpuBsI3HbIE 1 aBTOHOMHBIE TIO/IBOAHBIE amIapa-
Tol, npyrue [160, pa3nuyHble TOIBOAHBIC MPEHSTCTBHS
(BBICTYIIAIONINE CKaJIbl, PACIICINHBI, KOPAJIBI U JIp.),
HCKYCCTBEHHBIE NPEIATCTBUSL U OOBEKTHI HA JTHE (3aTO-
HYBIIME KOpalOiH, yTepsiHHbIE pblOalkue CeTd W T. I.),
anemeHTHl Apyrux MIIC B mporecce BBITTOTHEHUSI NMH
cBoero HazHavyeHust. [Ipu 3ToM mociencTBUst MOTYT OBITh
BECbMa TSDKENBIMHM Ul CTAJKHBAIOIIMXCS OOBEKTOB.
IIpuBeném HEKOTOpbIE TPUMEDPBI.

B 1969 1. anmapar «Illend [aiiBep» (Bogousmernie-
Hue 7,7 T, mmyouHa morpyxkeHus 240 M, CKOPOCTH MOIBO-
nHast 3,0 y3) BBITIOIHSUT MCCIIe0BaHUs B MeKCHKaHCKOM
3amuBe [1, c. 22]. Insg 00603HaYCHHS CBOETO MeCTa MpHU
paboTe m B mpoIlecce ABWKCHUS ammapar OyKCHpOBaj
Ha Oyiipernie HajaBoaHbIN Oyii. [IpoxonuBiiee B paiioHe
paboT HAagBOAHOE CYIHO CIIyYaifHO 3amenmio Oyiipen
W MOTAIWIO anmapar 3a coboil. BozHukia aBapuiiHas
curyarua. CyqHO CpPOYHO OCTaHOBWIIM, M BOJOJA3bI
nepepesanu Oyiipern. Y ammapara ObUT TOBPEKICH JIET-
Kuit kopryc. B nanpreiimem armaparst pupmsl «Ileppm»
CTaJIM OCHAIIATHCS YCTPOICTBaMU ISl OBICTPON OTHauH
OylipernoB B aBapuitHOW 0OCTaHOBKE.

B oktsa6pe 1970 1. HeoOOUTaeMBIiA, YIIPaBIIEMBIH IO
kabemto anmapar KYPB-3 (macca B Bo3myxe 2,2 T, my-
6una norpyxenust 2100 m, ckopocts noasoauas 3,0 y3)
ObIT MCIOJIB30BAH VISl TIOMCKA U TIOCIIETYIONIETO MOAb-
eMa KOMIUIEKTa OKeaHOrpaMuecKux NMpuOOpoB, ycra-
HOBIIEHHOTO Ha mryomHe 1850 M y o. Bankysep (Tuxo-
okeanckoe nodepexxpe CILA) [1, c. 24-25]. KoHcTpyk-
LUl KOMIUIEKTA TIPelyCMaTpUBajIa €ro CaMOCTOSTEIILHOE
BCIUTBITHE TI0 KOMaHJe, TIEPEAaBacMOM MO THAPOAKYCTHU-
YecKoMy KaHally ¢ noBepxHoctu. Ho mo kakoii-To npu-
YMHE CHCTEMa BCIUIBITHS HE cpaboTana — M KOMIUIEKT
okazaicsi yTepsiHHbIM. [loMCK KoMILiekTa MpudopoB
armmaparom KYPB-3 obecnieunBaincs cynmHom «Paiip
Besza». Uepe3 4 u 0Oe3pe3yabTaTHOTO TIOWMCKA IOTOja
pe3Ko yXyaumiack (CKOpocTh BeTpa JocTumia 15 m/c,
BONTHEHHE — 5 0aymioB), paboTy MPHUIUIOCH TMPEKpa-
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TuTh. CyqHO-HOCHTENb MPUCTYNWIO K MOABEMY arra-
para. B momeHT, korna rmyouHa morpyxkeHus KYPB-3
cocraBisuia 180 M, kabenb oOOpBajcs M anmapar 3aTo-
Hyn. [IpennpuHATHIE BIOCIEICTBUM IOUCKH ammapara
xopabmsimu BMC u Beperooit oxpansr CIIA ycmexa
HE MTPUHECIIH.

B asrycre 1973 1. anmapar «Ilaficuc-3» (Bomous-
Mmemenne 13,1 T, myOuna norpysxenunst 914 M, ckopocTb
noaBofHast 2,0 y3) MpokiaabiBaji TeleOHHbIH TpaHC-
aTnaHTHueckuii kadens [1, c¢. 25]. Ilpu BcmablTHH Ha
MOBEpXHOCTh ¢ TryomHbl 420 M B 150 Mmimsx roro-3a-
nagHee nopra Kopk (Mpnanans) ammapar 3azmen Tpoc,
TIOA/ICP)KUBAIOINN KaOeb, ¥ MOBPEAWT KialaH BEH-
TUISIUM YPAaBHUTEIIBHON LUMCTEPHBI. Briropoaka aiek-
TPOMACJITHOIO HAacoca LUCTEPHBI 3alOJHUIACH BOJIOH,
1 armapar 3aTtoHyis. KommeHcupoBarh Moiy4eHHYyo 3Ha-
YUTENIFHYIO OTPHULATEIIFHYIO IUIaBYy4eCTh ObUIO HEYeM.
JUis SKOHOMHH KHCJIOPOZA 4IEHBI 3KHIMaXka ammapara
OTPAaHUYMIN TIEPETOBOPHI IPYT C APYTOM M COXPAHSIH
HEMoABIKHOCTE. [lompem «Ilaticuca-3» OBUI BBITION-
HeH cynamu-Hocutensimu «Bukkepe Bosokep» u «JxoH
K»00T1» ¢ momoIIpio Tpex armaparoB: IByX OOUTaeMBbIX
«[Taitcuc-2» n «llaiicuc-5» n neodburaemoro KYPB-3.
Korpa mogbeM ObIT 3aKOHYEH M KPBILIKY JIFOKA OTKPBI-
JIY, BBISICHHIIOCH, YTO 3araca kuciopoza B «llaiicuce-3»
ocraBanock Ha 30 mMuH. MHOXXECTBO aBapUNHBIX CIY-
4yaeB U CUTyallui MO IeJIOMY Py NMPHYUH, OCTAIOTCS
HEU3BECTHBIMH WJIM CKPBIBAIOTCS, OCOOCHHO €CIIU 3TO
KacaeTcsl BOGHHBIX WJIM HAay4HBIX 00beKkTOB. Kak BUIUM
Ha OTAENBHBIX NPUMEPaxX, BO3HHKAET HEOOXOAMMOCTDH
uzyuenus Bzaumoneiicraust I'C MIIC, nogsogHo# mpu-
BsizHoi cuctembl (III1C) u I1IBC npu ynape wnu 3arie-
IIe, a TaK)Ke UX B3aUMOJIEHCTBHS C JPYTHMH TTOIBOIHBI-
My obbektamu (I10) mpwm BO3HUKAIOMINX aBapHHHBIX
peKUMax.

AHAJIU3 NOCJIEAHUX UCCIeJOBAHUI M IyOJIUKALUM
IIpu cronkuoBenusix snementoB [IBC c¢ TIO narpysku
B I'C MoOryT yBenn4YuBaTbcs B HECKOJIBKO pa3, B CBSI3U
C YeM BO3HHUKAET MOTPEOHOCTh OMPEEICHNUS UX MaKCU-
MaJBHBIX 3HAYCHWH, BETMYNH HATSDKECHHUS TPOca M CO3-
JMAHWS COOTBETCTBYIOIIMX MATEMaTHICCKUX MOJICICH.
B pesynbrare HepaBHOMepHOro pactskeHus I'C u ane-
MEHTOB WX KOHCTPYKIMH, HaKalJUBaHUS OCTAaTOYHBIX
HaTpsOKEHUN yYMEHbBIIAeTCs WX MPOYHOCTh, YTO MpU-
BOIUT K YMEHBIICHHIO WX CPOKa dKcIuTyaranuu. HeoO-
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XOJUMO TaKke€ OTMETHUTh, YTO B Mpoliecce ATUTEIbHOM
skcrutyaTanuy kaHatel [1BC momyuann Oomnbimoe ocra-
TouHoe yumHenue (o 15-20 m Ha 1000 M u Goib-
me) [2]. O6pee I'C TIBC gacto Benér kK morepe I0po-
TOCTOSIIIMX TPHOOPOB M OOOPYIOBaHMUS, HOCHTEISIMH
kotopbIx sBistores [15O.

Bompocsl, cBsA3aHHBIE C H3yYE€HUEM BO3ICHCTBUIL
paznmuHbIX pakropoB Ha aemenTsl MIIC u [1BC, mpak-
THYECKH HE W3y4YeHBI. ABTOpP OCYIIECTBMI IOHCK IO-
JOOHBIX MaTepHajioB B MIHTepHETE U, K COXKAJICHUIO, HE
00HapYXII BOOOIIE HUKAKUX MaTEePUANIOB 110 yIapHOMY
Bo3zaelicTeuio Ha I'C.

Kak ormeuan mpodeccop, n-p TexH. Hayk Kprou-
xoB 0. C. B pabotax [3, c. 400—403; 4, c. 242-245], Bo-
MIPOCHI N3YUYECHUS BO3JCHCTBHSA, HAIIPHMED, TTOJBOIHOTO
B3phbIBa Ha [1J], HOCAT, Kak MpaBUIIO, 3aKPBITHIA XapakTep.

Bomnpocsr 3arnena otaensHBIX AmemerToB [1BC pac-
CMOTpEHBI B [5], onpeneneHne MakCUMaIbHBIX HArPy30K
B anementax MIIC — B [6]. Kak ormeuaercs B [7, ¢. 3],
U3y4YCHHE yIapHBIX MPOLECCOB OTHOCUTCS K YUCITY Hau-
Oonee akTyaJbHBIX NPOOJIEM MPUKIATHOW MEXaHUKH,
CBSI3aHHBIX C OIICHKOM MOBEICHUS PA3TUYHBIX KOHCTPYK-
LU B yCJIOBHUSX BO3JCHCTBHS MHTCHCUBHBIX HUMITYIIbC-
HBIX Harpy30K, KOTOPBIC BO3HHUKAIOT MPH IKCIITyaTalluu
MHOTHX COBPEMEHHBIX COOpPYXXEHHH, MalllMH U MpHOO-
poB. M3yuenune takux Bo3neiicteuit Ha I'C MIIC, TITIC
u I1bC npakTHuecku He MPOU3BOAUIOCE.

Ipenmer uccnenosannsa — ynap I1I10 mo I'C (BT)
IBC.

OobexT uccaenopanusi — MIIC ¢ I'C (na npumepe
I1BC).

MeToabl nccaegoBanns. B kauecTBe o0meHayIHBIX
METOJIOB UCCIICIOBAHMS UCTIOBb30BaHbI aHAIIN3 (BhIIEIIC-
HHe 00BEKTa U TIPEAMETa HCCICOBAHS ), CHHTE3 (4acTH
MpeaMeTa, MPU3HAKH, CBOWCTBA), CTPYKTYPHUPOBAHUE
(ctpykryprOCTE MIIC ¢ I'C mo3BONSeT WCHONH30BATH
KOM6I/IHl/Ip0BaHl/Ie, Koraa 3JIEMEHTBI MOTYT MCHSATH MC-
CTO B CTPYKType M HM3MEHATh KadeCTBEHHYIO CTOPOHY
o0bekTa), 00001eHre (B KayecTBEe MEPBUYHOrO 0000-
meHust MoxeT cirykutb MIIC kak yacTh NPUBSI3HBIX CH-
cteMm (I1C), 3arem Beigensem apyrue [1C — IITIC, IIBC
U T. II.), MOJCTTUPOBaHUE (M3yUeHIE 00hEKTa-OpUruHaIa
MyTeM CO3/IaHUS U UCCIIEJOBAaHHUs €ro KOMUH (MOJENH),
KOTOpasi 00JIalaeT C OPUTHHAJIOM OOIIUMH CBOHCTBAMH,
HWHTEPECYIONTUMH HAC).

B kauecTBe SMIMPHYCCKUX METOIOB NPUMCHCHEI:
Habmonenne (pukcammst HaOMIOMaeMOro OOBEKTa —
ToJTydeHHas! pu HaOmoneHnn uHpopManus (Gukcupo-
Bajach, CHCTEMATHU3UPOBAJIACH TI0 PA3TMYHBIM HAOIIO-
JCHHUSIM 32 OJHHM M TE€M K¢ OOBEKTOM, MPOBCICHHBIM
B pa3HOE BpeMs), OTBIT (TIPOBEJCHHBIC paHEe MCCIIeN0-
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BaHUsI), SKCIICPUMECHT (MOJICIIBHBIN MPH HCIIOIh30BAHUU
pa3paboTaHHON KOMITBIOTEPHON MPOrpaMMbl OMHCAHUS
nuHamuku ['C MIIC).

HEJb UCCIEAOBAHUS — onpenenenue 3Ha-
YEeHUs] AMHAMUYECKOTO HATSHKEHHs OyKCHPHOTO Tpoca
IIpU yaape o HeMy B IPOW3BOJIBHOW YacTH MOCTOPOH-
HETO TTOJJBOTHOTO OOBEKTa C MOMOIIBIO pa3paboTaHHOH
KOMIIbIOTEPHOM MporpaMmbl onucanus quHamuku MIIC
cI'C.

OcHoBHoO# MaTepuaJ. PaccmoTpum ciyuaii, Korma
npu OykcupoBke [1BO, B kauecTBe KOTOPOro paccma-
TPUBAETCS MPUBS3HON MMOABOIHBIN anmapar (Hampumep,
HCKATeNb-yHUUYTOKUTEIb JIOHHBIX MUH), MPOUCXOAUT
CTOJIKHOBEHHE, HAIlPUMEp, CNAcaTeIbHOTO MOIBOIHOIO
anmapara, JBWKYIIETOCsl BCTPEUHBIM KypCOM IIOA BO-
JI0H, ¢ GYKCHPHBIM TPOCOM B IIPOU3BOJIBHOM MECTE.

[Tomaraem, 9TtO0 cHCTeMa «HAABOIHBIA OYKCHPOB-
MK —OyKCHPHBIM  TPOC—OyKCHPYEMBIH  ITOIBOJHBII
00BEKT» JBIDKETCS C MMOCTOSSHHON CKOPOCTHIO VOI. B ka-
4ecTBE CynHa-OyKCHpOBIIMKAa Ha puc. 1 wn300paxéH
Mopckoit Tpameimk (MTII) mp. 266M, a B kadecTBe
ITTO — cnacarenbhbiii [TA mip. 1855 [8, c. 244].

B HekoTOphIii MOMEHT BpEMEHH, KOTOPBIN MPUHU-
MaeMm 3a Hagaso orcuéra (¢ = 0) mo Tpocy ymapsieT Telo
Maccoi m, (II0OCTOPOHHUHA MOABOAHKINA 00bekT — [1I10),
JBMKYIIEECS HABCTPEUY €O CKOPOCTBIO V). (puc. 2).
Vmap IITO npoucxoaut mo OyKCHPHOMY TPOCY B IIpO-
U3BOJIBHOM MecTe. PaBHOBECHOE COCTOSHHE CHCTEMBI
MEHSETCSI, TPOUCXOIUT MPOU3BOJILHOE OTKJIIOHEHHE CO-
CTOSIHUSI CUCTEMBI OT TIOJIOKEHUS PABHOBECHS.

Hecmorpst ma ymap IIIIO mo OGykcmpHOMY Tpocy
[IBC mponmomkaeT aBUTAThCA. [yOWHA TTOIBOTHOTO
oykcupyemoro anmapara (ITBA) ymensmmaeTcst 3a cuét
CKOJBKeHHs OykcupHoro Tpoca mo III1O B pesymbsrare
nponomxkatomerocs asmwkeHus [1BC. IIpu stom riryou-
Ha norpyxerus [1I10 taxxe mMoxeT m3MeHHUTHCS. Ecmu
[IBA umeet obTexaemble GOPMEI (M HE UMEET BHICTYTIA-
OIINX YacTeH: MPHOOPOB, TPEOHBIX IEKTPOABHUTATEINEH,
OTPaKACHUH U T. 1.), OYKCHPHBII TPOC MPOCTO COCKOIB3-
HET 1o xoprycy [1BA u mpoiinét Mumo.

Oto OymeT MaeanbHBIM CIy4aeM CTOJKHOBEHHS 0e3
paspylLIeHUs IBYX COYAapsIOLIMXCs Tel. XOTS B 3TOM
Clyuae BO3MOXXHBI MTOBPEXIEHHS KaK OyKCHPHOTO TPO-
ca, Tak u [IBA (moBpexaeHus Kopiryca, ammaparypel,
Haxozsmeiics Ha koprmyce IIBA u T. 1.) U BcTpedHOTO
[I1O. B ciryyae cnoxxHbIX 00BoA0B Koprmyca [1IBA u Ha-
TUars OOJNBIIOTO KOJMMYECTBa HAaBECHOTO 000pymoBa-
HUS BO3MOXKEH 3aren OykcupHoro Tpoca 3a [IBA. B 3a-
BHCHUMOCTH OT ckopocTu OykcupoBku I[TBA (a Taxke
MacChl CyIHa-OyKCHPOBIINKA) W CKOPOCTH JBM)KCHUS
[ITO B MOMEHT ymapa BO3MOXHBI JINOO KpaTKOBpe-
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[

CynHo-0yKCHUPOBIIHK

['mbkas cBs3b:
OyKCHPHBII TPOC

T

CnacarenbHbii [TA

W_,m

Puc. 1. Cxema cucTeMsl «HaABOIHBIN OYKCHPOBIIHUK—OYKCUPHBIH TPOC—TIOBOHEIN OyKCHPYEMBIH OOBEKT» B MOMEHT OYKCHPOBKH

(o ymapa 1o tpocy I1T10)

[Ipussznoii [TA

T ——

J

CynHO-0yKCHUPOBIIUK

I'nGxast cBsI3b:
OyKCHPHBIN TPOC

CnacarenpHbii [TA

Puc. 2. Cxema cuCTEMBI «HAJABOTHBIN OyKCHPOBIIMK—OYKCHPHBIH TPOC—TIOABOAHBIN OyKCHpPYyeMBId OOBEKT» B MOMEHT yAapa
BerpeuHoro [10 mo GykcupHOMY TPOCY B TPOM3BOIEHOM MECTE

MeHHbIN ocTtaHoB IIBC u nanbHelimee 3aMeaniecHHOE
newxkenne IIBC, nubo nanpHeimee asmxkenue I1EC
0e3 3ame[UleHHsT CKOPOCTH (eciu Macca BCTPEYHOro
[II1O He3HauuTenBHA), IPU ITOM OyAET MPOUCXOAUTH
oykcuposka u [1I10 napsxy ¢ Oykcuposxkoii [IBA. Ipu
9TOM BO3MOYKHO 3aITyThIBaHHE OYKCHPHOTO TpOca, M3-
MeHeHHe ero (OpMbI, 0OPBIB. DTO MOTPeOyeT OCTaHOB-
Ku cynmHa-Oykcuposiruka, mogséma [1BA u IO, ecmu
MTO3BOJIUT MOIIHOCTH JICOENKH CynHA-OyKCHPOBIIHKA,
paciyTeiBaHusl OykcupHoro Tpoca, pemonTa I1BC, uto
B pe3yinbTare NpUBEAET K HEBBINOIHEHUIO 3aJaHMUS.
B cmyuae, ecnu mMacca Berpeunoro [1I1O Oyner 3nauun-
TENIBHOM 110 CPaBHEHHWIO C CYIHOM-OYKCHPOBIIMKOM,
BO3MO)KEH OOPBIB OYKCHPHOTO TPOCA WM JaXKe yTOILIe-
Hue cyaHa-OykcupoBmmka BcrpeunsiM [1110. Hampu-
Mep, KaK 3TO MPOU30ILIO C AMOHCKUM CEHHEpOM, KoTa
amepukanckas I1JI monana B ero tpan. bykBaibHo 3a
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CUMTaHHbIC MUHYTHI CeiHep ObUI MOTOIUICH, MOTHOIH
HECKOJIBKO phIOakoB. [10BOMHOM JTOMKE ymaiock OCBO-
OOIUTHCS OT TpaJia, MPU TOM BOEHHO-MOPCKHM ()JIOTOM
CIIA BcsYecKH OTPHUIIANIOCH YIAaCTHE B CTOIKHOBEHHH
[1JI BMC CHLIA.

Ha puc. 3 npuBeneHa cxema JeicTBUS CUII B CUCTEME
1o u ocie yaapa IO mo 6ykcupHomy Tpocy [6].

[onaraem, 4T0 cHUCTEMa «HAABOAHOE CYIHO-OyKCH-
POBIIMK—OYKCHPHBIA TPOC—OyKCUPYEMBIi ITOBOAHBIN
00BEKT» IBMKETCSI C TOCTOSHHOHN ckopocThio. udde-
peHLMAbHbIC ypaBHEHHs JMHAMHUKH TPOCA COIVIACHO
npuHnuny JanamOepa npeacTasisiioTcs B BUE [6]

mx, = =T, cos(a,)+ T, cos(a,),

my, = =T, sin(a,) =T, sin(a,) +mg,

rac Tl’ T2 — HATSAXKCHUA B BETBAX TPOCA; (11, (12 — YIUIbL
HaKJIOHa KOHIIOB Tpoca.
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H{%QL Touka OyKCHPOBKH

mg

X

A y TToBepxHOCTB BOZIBI

A 4

[IpussszHoit [TA

Puc. 3. Cxema aeiicTBus cui B cucteme a0 u nocie ynapa 1110 mo GykcupHOMY Tpocy:

X — BEPTHKAJIBHOE CMENIEHHE TOUKH X, B pe3yibrare yaapa IO no Tpocy; y — ropu30HTaIbHOE CMENIEHHE TOUKH }) B PE3YJIbTaTe

yaapa IITO no Tpocy; x, —

6yKCI/Ip0BKI/I Ha MOBCPXHOCTH BOIBL; S, S,

BEPTUKAIbHAs KOOPIMHATA (NTyOHHA) TOUYKH yaapa I10 TPOCy; ', —
— COOTBETCTBEHHO BEPXHASA U HIKHAS JIMHBI OyKCHPHOTO TpOCa 10 yaapa; As , As, —

TOPU30HTAJIbHAA KOOpAWHATA TOUYKHU

npupameHus IJINH BCpXHSﬁ ¥ HIDKHEH JacTel Tpoca IOoCJIC yaapa COOTBECTCTBCHHO, O, O, — YIIIbI HAKJIOHa COOTBCTCTBCHHO

BEPXHEN M HWKHEH yacteid Tpoca nociue ynapa; 1), T,

coorsercTBeHHo; T, T, —

— YCUJINA HATSKCHUS B BCpXHCﬁ M HIDKHEH JacTIxX TpOCa 1mocie yaapa
CTApTOBBIC HATAKCHUA COOTBETCTBEHHO BCpXHCﬁ ¥ HIDKHEH JacTen TpoOCa 1O OTHOMICHUIO K TOYKE

ynapa; AT, AT, — npupamenus T, u 7, COOTBETCTBEHHO IIOCIE yaapa

Harsxenus B BETBSIX Tpoca
T = T10 + AT] ;
T2 = T20 + AT
2
[ToncranoBka 3THX HaTsHKEHUH B IuddepeHmans-
HbIC YPAaBHCHUA ABUKXCHUSA C MOCICAYIOIIUM DPA3JI0KE-
HUCM B PO MaKnopeHa " COXpAaHCHUCM J'II/IHCI7IHBIX cJia-

TaeMbIX MMO3BOJIACT MOJYYUTh YPAaBHCHUSA

mx,, =— leo + lszo _ Tloxo _ Tzoxo +
SlO SZO SlO S20
P (IR S 0 Y S L
S20 S20 20 S20 S20
X
220 ASZ A U ATYI 102 0 +
SZO SIO SlO SlO
xT T —+
25 Yy, 0 +2) o (;vo2 ¥)
SlO SlO SlO
T,(v, +¥)As,  T,(y, +y)A

T, (v, +y)’

AT (y, +y) , A
)

10 20

Yo Ty _Twyo VT

my, =gm-—
SlO S20 SlO S20

T T

+ l+& AT2+ _.y220 _ 20y0 AS +
S20 S20 S20 S20
T I,
A AT, + ‘°2y° +y2 As,.
S S S S

10 10 10 10

YuuTheIBas yUIMHEHHs BETBEH U OYEBUIHBIE TEOMeE-
TPUYECKHE COOTHOLICHUS, CTATUIECKNE HATSHKEHHS Ha-
XOZIMM KaK pelIeHHe CHCTEMbI ypaBHEHUN

XTVIO llTZO T;OXO ‘XTZO TZOXO
— + — - — =0;
SIO S20 SIO SZO S20
T, Tmyo T, T 200
gm= - .
SIO SlO S20 S20
Nmeem
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gms,, (— [, +x,+ x)

2x0yo +2xy0 +11y_11y0 ,

SZOmg(xO +x)
2x,y, +2xy, +1y -

20

Ly,

OKOHYAaTeJIbHO YpaBHEHUA ABHXCHHUA ITPUHUMAIOT

BUJT
xt’t+anx+a12y=0;
yt’t+a21x+a22y=0,
rac
2 2 2
_ Yo Tlo Tzo EF Xy (ll _xo) .
a,=—- 3 3 T st——= >
m \_Sio S 20 m \ Sio S§20
_ _EFyo X _(ll_xo) _
a12 _azl - 3 3
m S0 S§20
A T{oxo _ Tzo(ll _xo)
3 b
m Slo S 20
2 2
a 1 Tloxo Tzo(ll_xo) +EFyo 1 1
2 = 3 3 3"
m SlO S20 m S0 S20

Yacrotel komebaHuit mist x(f)
= Bsin(pt):

= Asin(pt), y(¢)

HOCHGHOB&TCJ’ILH&SI JIMHCapu3anusd ypaBHeHI/Iﬁ MO-
A€JIN TTO3BOJIUJIA TIOJTYYUTH yI[O6HBIC JUIST TPAKTUIECKUX
PacueTOB BBIPAKCHUA ABUKCHUA, yCI/IJII/Iﬁ HaTsAXKCHUSA

B BETBSIX M YaCTOTHI KOJeOaHMit 6yI(CI/IpOB0‘IHOFO TpO-

150
CH. kr

3 Mnasysects CH -0 rlnmcrb na
ke, conp. CH |2 ka9, conp. MA

0 crau. epen CH, ¢ |0 crau. spera fa,
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Tpoca npu yaape o Hemy [1I10 B npousBonsHOM MecTe,
YIJIOB HAKJIOHA 0., M 0., KOHIIOB TPOCA, 4acTOThI KoleOa-
HUH p, , U1 ypaBHeHHi (1) 1 y(7).

Jlnst mpoBepKH NPUMEHHUMOCTH pa3paboTaHHOW KOM-
nptotepHoi moaenu onucanus guHamuku MIIC ¢ I'C [9]
JUISL TAaHHOW 3aJauM NPHHUMAEM CIEAYIOIUe Mmapame-
Tpbl MIIC: ynna I'C 100 M, e€ quametp 14 MM, MOIyIb
IOnra 9,55-108 Tla, noronnas macca 0,15386 kr/m. Hop-
MaJIBHBI KOA(PPHUIHNEHT THAPOAMHAMHYECKOTO COIPO-
tuBienus ['C pasen 1,8, a tanrenmmansasii — 0,025.
B nmaganeneiii moment Bpemenu I'C, CH u ITA Haxo-
JSITCSL B COCTOSTHUM TIOKOs. [ MOKast CBsI3b pacrosioxkeHa
BEPTHKAJIBHO U UMeeT popMy mpsiMoii muun. EE Hars-
skeHue T paBHO HYIIO.

CynHo-HOCHUTENb M TOABOAHBIA ammapar MOTYT
nepeMeInaTbesa B MPOCTPAHCTBE B PE3yJbTaTe CTOIKHO-
BEHUs C OOBEKTOM MAaccoi m, (MOPCKMM JKHBOTHBIM,
pBI60#, MosuttockoM uiu apyrum I1T10), xotopslit aBH-
XKETCS ¢ HAYAIbHOM CKOPOCTBIO V| MEpHEHUKYIAPHO
k I'C B 3amannoii Touke I'C. Heobxonmumo ompenenuTsb
BIIMSIHUE ITOJIO’KEHUSI TOYKH CTOJKHOBEHUS MOPCKOTO
obbekra ¢ ['C Ha cuny e€ Hatshxenus Bo3ne CH u TTA.

MapameTpsr CH u [TA 1 Mopckoro 00BeKTa 3aJaHBI
B pabodyeM OKHE MPOTPaMMBbI, TOKa3aHHOM Ha pHC. 4.

B mporecce MonenupoBaHMS IMPEATIONAraid, YTO
MOPCKO# 00beKT Maccoit 10 T ocraérest cBszanubiM ¢ ['C
(e ocBOOOXKIAETCS OT HEE) B TCUCHHUE BCETO BPEMEHU €&
JBIDKEHHS KaK B TIOJIOKUTEIHHOM, TaK M B OTPHUIIATEIb-
HOM HarpaBlIeHHIX. Pe3ynsTaTsl MaTeMaTHueckoro Mo-
JIeTIMPOBaHuUs TT0Ka3bIBatoT, uTo Gopma ['C B mpouecce
B3aumopeiictus ¢ III1O cymecTBeHHO 3aBUCUT OT TO-
JIOXKEHUS TOUKU yapa.
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s ciyyast 1 B Tabn. 1 mpuBeneHs! dTamnbl u3MeHeHus: popmbl ['C B pesynbrare ynapa 1o Heil Ha pacCTOSHHH
50 metpoB ot CH u ITA.

Ta6auna 1. Mzmenenne ¢popmsr ['C ITBC B nmponecce MonennpoBanus (ciydait 1)

MoMeHT BpeMeHH, C Dopma I'C nipu MozenupoBaHun
1 2
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Oxonuanue Tabnuywr 1.

LMl oo W og s
100+
120+
140+

238

338

140-{:

W3 tabn. | cmemyet, 9To pa3Has Macca M pa3Mepsl
CH u ITA npuBOIST K BCIUTBITHIO MOPCKOTO OOBEKTa Ha
mryouny ot 50 1o 20 MEeTpOB U MOCIEAYIOMEMY TTOTPY-
KEHUIO B pe3ynbrare ero Topmokenus CH.

B nampHeiimem MOpCKOH OOBEKT H3MEHSET Ha-
MPaBJICHUE CBOETO JIBIDKCHWS Ha TPOTHBOIIOIOXK-
Hoe, moaTsaruBas 3a coboi IIA. I'mOkast CBsS3b IIO-
mydaer HambOombinee HaTspkerme 4,1 kH Bosme CH
(puc. 5).

CynHo-HOCHTEeNnb K 338 CeKyHIE Tarke IMoydaeT
nepemerienue 5,5 M. [lonBoaHbI anmapar JBUXKETCS €
NEPEMEHHON CKOPOCTBIO, MAaKCHUMyM MOAYJSL KOTOPOM
mocturaet 2,5 m/c. CMemieHne TOYKH yaapa MOPCKOTO
obbekra o I'C B ctopony CH (Ha paccrosauu 25 M oT
HETO) CYIIECTBCHHO M3MEHSET KWHEMAaTHKY IBHKCHUS
MIIC (cm. Tabm. 1 u puc. 6), a Tak)Ke CHIOBOE BO3/ICH-
ctBue Ha CH u ITA (puc. 6).

=T PA H = N=PA_ Br= T=CH, H |

Huis cnygas 2 B Tabn. 2 MpHUBEICHBI 3TANbl H3MEHE-
uust ¢popmsl ['C B pesymprare yaapa Mo Heil Ha paccTos-
Huu 25 metpos ot CH.

Ha puc. 7 u 8 mpuBeaeHp! U3MEHEHHE MOJIYIIST CKOPO-
ctu CH u ITA u cunet Hatsoxernst ['C Bosne CH u 1A B pe-
symerare ynapa mo I'C Ha paccrosaim 25 metpos ot CH.

Juist cygas 3 B Tabn. 3 moka3zaHO W3MEHEHHE (POPMBI
I'C B pesynsrare ymapa mo Heil Ha pacCTOSHUH 75 Me-
TpoB o CH. Cmemenne TOUKH yaapa MOPCKOTO 00BEK-
ta o I'C B cropony 1A (Ha paccrosauu 75 m ot CH)
CYIIIECTBEHHO M3MEHsSeT KMHeMaTHuKy aBmkeHus MIIC
(cm. Tabm. 2 u puc. 9). To ke MPOUCXOANUT U JJISI CHIIO-
Boro Bo3zxetictBust Ha CH u TTA (puc. 10). MoxHO oT-
METHTB, YTO 4eM OJrKe ymap Mopckoro oosekra kK CH,
TeM Oombine cnina HartsbkeHus ['C. OnHako Ha cuiy Ha-
TspkeHns ['C BIusieT He TONBKO MOJIOKEHNE TOUKH yapa,

Ho 1 moxBmwxHOCTH CH n ITA (puc. 11).
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Puc. 5. U3menenne cunsl HartsbkeHus I'C Bosne CH u ITA
B pe3ynbTare yznapa 1o Heil Ha paccrossauu 50 merpos ot CH
u [TA

Puc. 6. 13menenue monyns ckopoct CH u ITA B pesynsrare
yaapa 1o I'C na paccrosanuu 50 merpos or CH u ITA
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Ta6auna 2. zmenenne ¢popmsl ['C ITBC B nmponecce monennpoBanus (ciydait 2)

N°2 (10) 2018

MomeHT BpeMeHH, ¢ ®dopma I'C mpu MozenupoBaHun
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2

Oxonuanue Tabnuywr 2.

Puc. 10. V3menenne cuibl Hatspkenus I'C Bosne CH u ITA

75 metpos or CH

B pe3yJbTaTe yaapa o Hel Ha pacCTOSHUU
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Ta6mumua 3. M3menenne popmsl ['C TIEC B nporiecce MoaenupoBanus (ciaydait 3)

MomeHT BpeMeHH, ¢ ®dopma I'C mpu MozenupoBaHun
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Oxonuanue Tabauyow 3.
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Puc. 11. 3aBucumocts cuitbl HaTspkeHus I'C ot oTHOcuTenbHOTO paccrosHus ot CH: cruiomHble TMHUN — HaTsKEHUE KOPEHHOTO
xorna I'C (Bozine CH), myrkrupHbsie — xomoBoro; muand / u 2 — CH u [1A HenmonsmxkHbl; 3 1 4 — macca [TA 0,15 1; S u 6 —

maccallA 1T, 7u8—wmaccallA 10T

OO0cy:xneHne MOJy4eHHBIX pe3yJbTaroB. Macca
CH namuoro 6ombire [TA 1 Mopckoro o0bekTa, U, CIIen0-
BaTeJbHO, €ro MOJBIKHOCTH O4eHb Maja. [loatomy npu-
ommkenne Touku ynapa k CH, HezaBucumo ot maccest [TA
(ot 0,15 10 10 T), mMpaKTHYECKH HE U3MEHSET CHIIy Ha-
TsbkeHnst kopenHoro koHna I'C Bozie CH, HO HaTsDKeHUE
xomoBoro koHna ['C Bozine [TA cymiecTBeHHO BO3pacTaer
¢ yBenmueHneM Macchl [TA. TIpubnmkeHne TOUkH ynapa
MOpCKOTro 00BbekTa K [IA yMeHbIIaeT CHITy HaTSKEHUS
I'C Bozne CH, Ho yBennuuBaet € Bonmusu [1A. Eciu I[TA
HenoaBwKeH, Toraa HaTspkerane ['C Bomm3u ITA neorpa-
HUUYEHHO BO3PACTAET, YTO IIPUBOAUT K €€ pa3pbIBy. B 1e-
nom yrap nocepenune I'C Haubornee 6e30maceH 1mo Benu-

yuHe e€ HaTsDKeHUs. YBenuueHnue macchl [TA npuBoaut

K HEMOHOTOHHOMY HM3MEHEHHIO HATSHKEHUS KOPEHHOTO
xonna ['C. B nanpHEHIINX UCCIENOBAHUAXK TUIAHUPYETCS
paccMOTpeTh MPUMEHUMOCTH (YHHBEPCATLHOCTH) paspa-
0OTaHHOW MaTEeMaTHYCCKOM M KOMITBIOTCPHON MOICICH
onucanus auHamuku MIIC ¢ T'C nms HEaBTOHOMHBIX
TIPUBS3HBIX 00BEKTOB (OyEB HEUTPAEHON TUIABYYIECTH).

BbIBO/IbI. Hayunas HoBu3Ha TaHHOTO HCCIIEI0Ba-
HUSI 3aKITIOYAETCsl B TOM, 9TO, MCIIONB3YS pa3paboTaH-
HYIO0 KOMITbI0TepHYI0 Moaens quHaMukd MIIC ¢ I'C mns
IIBC, moxHO onpeaenuts Moayau ckopoctu CH u ITA
npu yaape no Hemy III1IO B mpou3BOIBHOM MecCTE, YTO
MIO3BOJISIET YCOBEPIICHCTBOBATH METOIUKY MPOEKTHPO-
Banus MIIC ¢ I'C u ITBC B ycioBUSsX yIapHBIX HATPY30K

[IpU ABAPUIHBIX pEXKUMAX.
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STERN PROFILED RECESS EFFICIENCY
FOR REDUCING THE WATER RESISTANCE
OF HIGH-SPEED VESSELS
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Abstract. It is proposed to install a stern profiled recess on the wetted surface of a high-speed
vessel, the shape and location of which depends on the size of the body and the speeds used
by it. This device changes the pressure distribution on the surface of the selected hull. In the
middle recess, a vortex motion is created, in the middle of which the pressure is lowered,
which makes it possible to reduce the thickness of the boundary layer. With the proper devel-
opment of the parameters, the profiled recess can be used to reduce the ship's full resistance.
This research was carried out in the software package Flow Vision for obtaining the visualiza-
tion and the calculations, which confirm that using the proposed device allows to reduce the
resistance of the body when moving it in a liquid.

Keywords: recess; surfaces; resistance; pressure.

Amnoranist. JlociipKeHO TUTaHHS TIPO CTYHIHb €()EeKTUBHOCTI BUKOPHCTAHHS PO 1IbOBAHOT
BUIMKHU Ha MOBEPXHSX IBUAKICHUX CyICH CIIPSIMOBAHOI Ha 3HIKEHHS OIOpPY TLI MPH X pyci
B piauHi.

Kuro4oBi c10Ba: BUIMKY; IOBEPXHSL; OIipP; THUCK.
AnHoTanus. Mcciea0BaHbl BOIPOCHI O CTENCHH 3PPEKTUBHOCTH HCIIOIB30BaHUS MPODUIIH-

pOBaHHOﬁ BBICMKHU Ha MMOBEPXHOCTAX CKOPOCTHBIX CyHOB, HaHpaBJICHHOP'I Ha CHM)KCHHUEC CO-
MPOTHUBJICHUA TCJI IPU UX IBUXKCHUU B )KUJIKOCTHU.

KiaioueBrnle ciioBa: BBICMKHU; TIOBCPXHOCThH, COIIPOTUBJICHUEC; TaBJICHUC.
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Problem statement. The most modern cutters move
at speeds corresponding to the transition or the plan-
ning regime. The planning motion mode uses the most
of the small size vessels (boats, cutters, hydro cycles),
small passenger speed boats, torpedo and anti-submarine
boats, fire and rescue boats. Due to the widespread use
of this type of vessels, the reduction of the resistance of
the movement in the fluid is one of the main directions
of their development. The installation of the fodder pro-
filed slots will affect the resistance of the vessels. With
the right choice of dimensions and their location, they
will affect the thickness of the boundary layer, as well
as contribute to the redistribution of the pressure on the
surface of the ship's hull.

Latest researches and publications analysis. An
analysis of the existing publications on the main trends
in the high-speed fleet development showed that the
"deep V" type due to the successful combination of the
operational qualities, combined with the simplicity of the
hull structure will dominate in the coming years. Today,
the active research is being carried out and the fluids are
used which allow to improve the stability of the vessel
during her movement , to damp rolling and pitching, to
lower the wetted surface of the hull, and, consequently,

N°2 (10) 2018
CYOQHOBY1YBAHHA

the resistance to the vessel movement. The active in-
troduction of the cutter mechanization systems can also
be observed as a consequence of the widespread expan-
sion of the compact systems of the electronic control.
All these described above trends require the significant
complication of the vessel construction technology or the
significant energy and the financial costs.

THE ARTICLE AIM. The purpose of this paper is
to study the efficiency of the recess that changes pressure
distribution on the bottom surface of a high-speed vessel.

Basic material. While planning the ship is situated
above the surface of the water touching it with a small
bottom area only. It is maintained in this position due
to the hydrodynamic pressure that occurs as the reac-
tion is thrown down the masses of the water and the cur-
rent on the wetted area of the bottom. The main forc-
es scheme on the bottom of the gliding boat is shown
on Fig.1.

When a profiled slot is installed on the surface of the
planning vessel, a macro vortex is formed, in the middle
of which the velocity decreases, due to which the pres-
sure in the centre decreases. The distribution of the vis-
cous strength along the surface of the planning vessel is
shown on Fig. 2-3.

Mz

Fig. 1. Scheme of the hydrodynamic pressure effect on the planning plate (@) and the force on the bottom of the planning cut-

ter (b) [1].

1 — a water surface; 2 — a plate; 3 — a bird stream that is thrown away; 4 — a diagram of the hydrodynamic pressure; 5 —
a point C, in which the flow rate equals to 0, and the pressure has the maximum value; 6 — a wave cavity.

]
1=24.8232

|
1=24.8232

Fig. 3. Distribution of viscous strength along the surface of the planning vessel with a recess
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Considering the picture of the distribution of the
viscous strength along these hulls, we can conclude that
the recess on the hull of the vessel changes the nature of
pressure on the surface of this hull.

In order for the recess to affect the resistance of the
vessels, their size must exceed the permissible roughness
in the equation:

h, = (100-v)/8,
where v — is the kinetic coefficient of viscosity of the
liquid [m%5], 9 — the speed of the ship [m/5], in this case,
the recess will affect the redistribution of the pressure [2].

To study the effectiveness of the profiled recessed
surfaces on the high-speed vessels, two variants of boats
with slots were examined (see Fig. 4). In both cases,
the diameter of the recess was taken 7.8 % of the board
height. The location in the first case is /, = 0,73 of the
length of the vessel starting with the bow perpendicular
(7V =1 /L), in the second by 7v =0,65.

The main characteristics of the enclosure surface are
the following:

length of the ship — L , =25 m;

width of the ship — B =6 m;

the ship's height — H =4 m;

draft ship—d=1m.

The calculation was carried out in the CFD pack-
age "FlowVision". Boxing and solid-state models of the
planning vessels were created in the SolidWorks CAD
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system and were stored in STL format. The planning
hull model was loaded into FlowVision through a mov-
ing hull filter. A mathematical "free surface" model was
chosen, in which the Reynolds equation will be supple-
mented by equations of the k-g model of the turbulence
and the equation for the function VOF, which simulates
the free surface. The initial mesh had 152181 cells and
the 2nd level of the adaptation of the grid near the solid
surface of the hull was given. In the case of calculations
of the planning vessel with a recess, the local grinding
of the grid in the vicinity of the hole was performed.

At first, all hulls were examined under the same con-
ditions, without taking into account the effect of free sur-
face. This calculation is made as a preliminary analysis
of the effect of a recess on a planning vessel, due to the
suitable long time required to calculate the model with a
free surface. Below is a table of coefficient dependence
of motion resistance of planning vessel from the number
of Reynolds (Tab. 1).

Then all the hulls were examined under the same
conditions, taking into account the free surface effect.
Below is a graph of the vessel’s resistance coefficient de-
pendence from the Reynolds number (Fig. 5).

During the graph analysis, we can conclude that at
increased speed the effect of the recess shows a better
result than at low speeds. The pressure distribution along
the surface of the planning vessel is shown on Fig. 6—7.

recess

Fig. 4. The hull of the gliding vessel with the installed recess

Table 1. A graph of the dependence of the planning vessel motion resistance coefficient from the number of Reynolds

The location recess
Re- 10 [xkH] C, (a smooth hull) C when 1.=0,73 C when 1= 0,65

111,47 0,0125 0,0089 0,0088

143,3 0,0124 0,0090 0,0089
238,85 0,0124 0,0100 0,0097
318,47 0,0137 0,0109 0,0106
398,089 0,0123 0,0100 0,0094
477,71 0,0122 0,0098 0,0091
557,33 0,0122 0,0097 0,0088
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Fig. 5. A graph of the motion resistance dependence of planning vessel on the Reynolds number, taking into account the effect of

free surface

Filling of pressure
s2l

Fig. 7. Pressure distribution along the planning vessel surface with a recess

CONCLUSIONS. In this paper one of the ways of
controlling the boundary layer was considered in order to
reduce the high-speed vessels resistance on the surface.
The task was to create projects in the Flow Vision soft-
ware system and perform the calculations for a smooth
surface and a surface with the fitted recess. A large num-

Cnucok qaiteparypu

ber of verifications of the size, number and location of
the profile recess on the surface of a high-speed vessel
was carried out to achieve their optimum size. In the
future, it is planned to study the effectiveness of using
the recess, in conjunction with other methods of reducing
resistance.
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Abstract. A numerical model marine propeller at oblique flow, as based on unsteady lifting
surface to applied Vortex Lattice Method (VLM) are discussed. The propeller’s blades vorti-
ces and free trailing vortex sheet was replaced on vortex loops. Because the propeller’s blades
an oblique flow moves unsteady, then result thrust, torque and lateral force are varying in
angle of rotation of the propeller. Lateral force has same direction as the lateral velocity com-
ponent. In order to calculate, estimate degree of influence on thrust, torque and lateral force
propeller at oblique flow. According to the proposed mathematical model (MM), has been
studied numerically acting oblique flow at various angles flow. There is a noticeable increase
propeller thrust coefficient and lateral force coefficient with increasing bevel angle, however,
the change propeller torque coefficient is insignificant. The results calculation hydrodynamic
forces for different angels flow at every instantaneous time are compared with works others
authors. A mathematical model of a propeller operating in oblique flow, based on an unsteady
lifting surface, allows one to estimate the magnitude of the variables per revolution of forces
acting both on the propeller blade and on the screw as a whole. This MM can be used as a tool
to study the hydrody-namics of propellers operating in oblique flow.

Keywords: marine propeller; oblique flow; unsteady lifting surface; Vortex Lattice Method,
vortex loops; hydrodynamic forces.

Awnoramnisi. HaBenena maremaruuna monenb (MM) rpeGHOTO rBHHTa B KOCOMY TOTOLI, siKa
no0Oy/ioBaHa Ha OCHOBI HECTAI[IOHAPHOI Teopil HeCy4ol MOBEpXHI 3 BUKOPUCTAHHSIM METOLY
JIMCKPETHUX BUXOpIB. BuxpoBa cucrema rpeOHOr0 rBHHTa BKIIIOYAE MPHUEAHAHI, 3aMKHYTI
BUXPOBI KOHTYPH, SIKI MOJENIOIOTH JIOMAaTi 1 PO3MOAUISAIOTECS JUCKPETHO IO TBHHTOBHX
MTOBEPXHSIX 3 KPOKOM, III0 BPAXOBYE PEKHUM IOMIPHOTO HABAHTa)KCHHS, TUICCHICTH JIOMATI
1 TOMEpPEeYHy KOMIIOHEHTY IIBHAKOCTI. [lejieHa BUIBHMX BHUXOPIB 3aMIIIAETHCS 3aMKHYTHMU
BUXPOBHUMH KOHTYpaMmH (paMKaMH), B KOKGH MOMEHT 4acy, 110 CXOISTh YCIiJ, 33 TBUHTOM.
[Ipr BU3HAYEHHI B KOXXHOMY KyTOBOMY IOJIOXKCHHI JIOTIaTi IUPKYIAIIA HECTalliOHApHUX
MIPUETHAHNX BUXPOBHUX PAMOK 1 BUTPHUX BUXOPiB, BUKOHYBAJIUCSA TPAaHIYHI YMOBH Ha TIOBEPXHi
JIOTIaTi, JOTPUMYBAJIHCS, 3aMKHYTICTh BUXPOBHX CHCTeM 1 rimore3a Yarumurina-)KyKoBCEKOTO
B TOYKAX CXOIy BUXpOBHUX 3aBic. CrcTeMa miHiiHUX anrebpaiuanx piBHsSHb (CJIAP), cknagena
Ha OCHOBi, YMOBH HETIPOHHKHOCTI ITOBEPXHi JIomari rpeOHOrO TBMHTA, JO3BONMIA 3HANTH
IUPKYIALI IPHETHAHIX BUXOPIB B 3JICKHOCTI BiJ] Ky TOBOTO MOJIOYKSHHS JIOTIaTi 200 Ha KOKHOMY
9acoBOMY KpOIIli. 3a qonomororo nodynosanoi (MM) Oyio mpoBeieHo YrcenbHe BUBYCHHS il
KOCOTO TTOTOKY Ha poO0Ty TpeOHOTO TBUHTA TSI Pi3HUX KYTiB Tedil. ['iapoanHaMivdHi CHH, IO
IIIOTH HA TPEOHMI TBHHT B KOCOMY ITOTOIT, BU3HAYAIHCS Y (hopMmi, 6e3p03MipHUX KOS(DIIliEHTIB,
a came, Koe(iIieHTIB: Y0Py, MOMEHTY 1 IOTIEPeYHOI CHITH. 3a TOMTOMOT0r0 TToOynoBaHoi (MM)
OyJI0 TIPOBEAEHO YHCENIbHE BUBYEHHS JIiI KOCOTO IOTOKY Ha poOOTy rpeGHOro IBHHTA MpH
PI3HHUX KyTax HaTiKaHH:], SKi MOXKYTh BHHUKAaTH B YMOBaX €KCIUTyaTallil cyneH, oONiaJHaHUX
asinogamu. Ilomani pe3ynbraté po3paxyHKIB TiIPOJMHAMIYHMX CHJI Ha T'BHHTI, Yy Qopmi
6e3po3MipHIX KOe(ili€HTIB JUIsl Pi3HUX KYTOBHX ITOJIOXKEHb JIOTATi 32 000pOT 3 ypaxXyBaHHIM
CKOCa TIOTOKY, @ TAKOXK ITOPIBHSAHHS iX 3 pe3y/abTaTaMu poOiT iHIINX aBTOPIB.

KoaiouoBi cioBa: rpeGHMII T'BUHT; KOCHI IOTIK; HECTal[lOHApHA HeCcyda IOBEPXHS; METO
MUCKPETHUX BUXOPiB; BUXPOBI paMKH; T1APOIMHAMIYHI CHITH.
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Annoranust. [Ipusenena maremaruueckast Mmojens (MM) rpeOHOTO BUHTa B KOCOM TIOTOKE, TOCTPOSHHAsT Ha OCHOBE
HECTALMOHAPHOM TEOpUH HeCylllel IOBEPXHOCTHU C UCIOIb30BAHUEM METOa IMCKPETHBIX BUXpeil. Buxpesas cucre-
Ma TpeOHOr0 BUHTA BKJIFOYACT NPUCOCTHHEHHBIC, 3aMKHYTBIC BUXPEBbIC KOHTYPBI, KOTOPbIE MOACIUPYIOT JIONACTH
U pacIpeieNsItoTCs AUCKPETHO 10 BUHTOBBIM ITOBEPXHOCTSIM C IIArOM, YYUTBHIBAIOIIUM PEXXUM YMEPEHHOH HAarpy3KH,
TEJIECHOCTB JIONACTH M IIONEPEYHYI0 KOMIIOHEHTY CKOpPOCTH. [lesieHa cBOOOIHBIX BUXpel 3aMeNIaeTcsl 3aAMKHY THIMH
BUXPEBBIMU KOHTYpaMH (paMKaMu), B KaXIbIi MOMEHT BPEMEHH, CXO[ILIMMH B ciel, 3a BUHTOM. [Ipu onpenese-
HUHM B KaXX/IOM YIJIOBOM IOJIOKCHUH JIOTIACTH IMPKYJISIIUI HECTAIIMOHAPHBIX TPUCOEANHEHHBIX BUXPEBBIX PAMOK
1 CBOOOIHBIX BUXpEH, BBINOJHSINCH IPAHUYHbIC YCIOBHS HA [TOBEPXHOCTH JIONACTH, COOMIONAINCH, 3aMKHYTOCTD
BHXPEBBIX CHUCTEM U rumore3a Yamiprnaa-)KykoBCKOTO B TOUKaX CXO/a BUXPEBBIX reneH. Cucrema JTMHEHHbIX ai-
reOpanyeckux ypasHenuit (CJIAY), cocraBieHHass Ha OCHOBE, YCJIOBHUSI HEIPOHUIIAEMOCTH MOBEPXHOCTH JIOMIACTH
rpeOHOr0 BUHTA, TI03BOJIMIIA HAUTH LUPKYJSLUH IPUCOSIMHCHHBIX BUXPEH B 3aBUCHMOCTH OT YIJIOBOTO HOJIOKEHUS
JIONIACTH WM Ha KaXJOM BPEMEHHOM miare. [ MIpoanHaMHYeCKHe CHIIbl, JeHCTBYIONIME Ha TPeOHON BUHT B KOCOM
TIOTOKE, OTIPEeISUTUCH B opme, Oe3pa3MepHBIX Kod(pUIIMEHTOB: yropa, MOMEHTA U rorepedHoi cuiibl. C TOMOIIBIO
noctpoeHHoi (MM) ObITO MPOBEICHO YHCICHHOE M3YYEHHE NEHCTBHA KOCOTO IMOTOKAa Ha paboTy IrpeOHOTo BHHTA
IPU pa3iIMYHBIX YIJIaX HATEKaHHs, KOTOPbIE MOTYT BO3HHMKAaTh B YCIOBHSAX JKCIUTyaTallMd CyIOB, 00OPYIOBAHHBIX
aszunonamu. [lpencraBiieHbl pe3ylbTaThl pacieToB I'MAPOJANHAMUYECKUX CHJI Ha BUHTE, B (hopMe Oe3pa3MepHbIX KO-
5 HUUNEHTOB A1 pa3IMYHBIX YIJIOBBIX ITOJIOKEHHUH JIOIACTH 32 000POT € y4ETOM CKOCa [IOTOKA, a TAKKe CPaBHCHUE
UX C pe3yabTaTtaM paboT IPYrux aBTOPOB.

KiroueBrbie ciioBa: rpe6H0171 BHUHT, KOCOM IOTOK, HECTAlMOHApHAad HECyllasd MOBEPXHOCThb, MCTOA JUCKPCTHBIX BUX-
peﬁ, BUXPEBLIC paAMKHU, THAPOANHAMUYCCKNUC CUJIBI.
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Problem setting. In real conditions the operation of
the screw propellers (SP) is possible in the nonuniform
field of speed and in the oblique flow. It is typical for the
ships which are equipped by the azipods. During study
of (SP) operation in such conditions, it is appropriate to
use the nonstationary theory of the lifting surface for the
studying of these screws hydrodynamics. The airflow of
the screw propeller blades by the steady oblique flow
will be nonstationary and as the resultant support and
the hydrodynamic moment are changing in accordance
with the blade turning angle 0 , counted from the vertical
position. The transverse force is appeared in this case,
directed in the same direction like the side component of
speed. The mathematical model of the screw propeller
which operates in the oblique flow has been built on the
base of the nonstationary theory of the lifting surface in
the limits of the ideal liquid with the use of the method
of the discrete vortexes. At the assessment of the effi-
ciency of the screw propellers operation in the case of
the oblique inleakage, the limitation of the experimen-
tal researches, including the use of CFD — sets shows
the necessity of the use of the theoretical methods. The
theoretical research of the screw propeller hydrodynamic
forces on the base of the nonstationary theory of the lift-
ing surface during operation in the oblique flow is of the
scientific interest and it is actual.

Analysis of the latest researches and publications.
The following works [9, 4, 13] should be noted among
the works of such direction because the serious analysis
of the marine screws nonstationary characteristics with
use of the lifting surface in the oblique flow model (with-
out the flow curvature). In works [14] the nonstationary
nonlinear theory of the lifting surface has been used for
the studying of the cavitating screw propellers hydrody-
namics in the straight flow. As it was noted in [7], the the-
ory of the main lift rotor in the oblique flow, introduced
in the works [9], to use for the studying of the screw
propellers in full volume is not possible. The active use
of the sets CFD for the projecting of the screw propellers
is observed in the last years.The analysis of the screw
propeller hydrodynamic characteristics which operates
in an oblique flow, with use of the medium OpenFOAM,
has been given in work [15].

The theoretical research of the hydrodynamic forces
on the screw propeller on the base of the nonstation-

ary theory of the lifting surface during operation in the
oblique flow is of the scientific interest. It is actual.

Object, subject, methods. In this article, the object
of the research is the ship, equipped by the azipods or
by the steering columns and also by the floating drilling
platforms .

The subject of the research is the screw propeller
which can operate in the oblique flow on the ship. It gives
the change of the hydrodynamic forces: the support and
the moment, and also the appearance of the transverse
force, acting on the screw. These moments are neces-
sary to take into account for the ship safety during her
manoeuvering or the positioning of the floating drilling
platforms.

The methods of research. The knowledge of the
ship theory, the propulsive quality of ship, the wing the-
ory and the vortex theory, the methods of the discrete
vortexes and the methods of the nonstationary theory
of the lifting surface are used. It allows to simulate effi-
ciently the screw propeller operation in the oblique flow.

THE ARTICLE AIM — is to built the mathemati-
cal model of the screw propeller, which operates in the
oblique flow on the base of the nonstationary theory of
the lifting surface with use of the Discrete Vortex Models
(DVM) in the regime of the moderate load and the simu-
lation of the blade solid by the system of the resources-
outflows. On the base of the mathematical model, the
effect of the flow on the hydrodynamic forces (HF), is
valued at the different angles of the bevel.

Basic material. The airflow of the screw propeller
(SP) blades by the uniform oblique flow will be nonsta-
tionary, and as result, the resultant support and the hydro-
dynamic moment are changing in accordance with the
blade turning angle 0 , which is counted from the vertical
position. At the same time, the transverse force, directed
into the same direction as the side component of speed
will appeared.

The mathematical model (MM) of the screw propel-
ler, operating in the oblique flow, has been built on the
base of the nonstationary theory of the lifting surface, in
the limits of the ideal liquid. In MM the materials of this
author earliest works [4—7] have been used. The vortex
scheme of the screw in the regime of the moderate load,
the transverse component of speed and the blade solid
have been take into account.
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The vortex system of the screw propeller includes
the jointed, closed vortex circuit, which model the blades
and spread discretely on the screw surfaces with inter-
val which is equal to P(r) = 2nrtan, where » — is the
radial coordinate on the blade vortex surface; B, — the
angle of the inductive advance. In the trace will income
the closed vortex circuit(frames) with the angle of the
spiral line rise B ]“ in each moment of time, which is in
accordance with the blade turning into the angle A6, and
it is the difference between nonstationary and quasi-sta-
tionary model.

We introduce, as in [7], the right Cartesian coordinate
system Oxyz, and the connected with the blade system of
coordinate Ox y z , which rotates with the angle speed Q.
The axis Ox and Ox, and the beginning of the coordinate
of these systems are the same, and we direct them on the
axis of SP towards the leaked-in flow ¥/, under angle of
bevel o (Fig. 1). The number of Z blade — the blade
screwisn (n=0,1,2,...,Z-1).

As it was noted in [7], at the oblique inleakage into
the screw depending on the angle position of the blade e@ﬂ,
the angle of the inductive advance will be changed p *,
and the blade section angle of attack. We will have the
following formula taking into account the leaked-in flow
angle of bevel o, speed transverse component T/Asinacx
and the blade angle position 0 :

0 V cosa +w
A CK xl

cos 6

-V sina
1 A CK 1

where the received axial w_ and circular velocity w, , in
the screw disk, will be calculated to the first approxima-
tion in accordance with the theory of the lifting line, [3];
V,= % — the relative speed of the flow, leaked-in
on the screw under angle of bevel.

As we know, during the numerical solving of the
nonstationary tasks, the continuous process of changing
during the time of the boundary conditions and the hy-

drodynamic forces on the lifting surfaces will be changed

Fig. 1. Screw propeller coordinates systems at the oblique in-
leakage
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by the gradation process. In this case, we think that, the
jump changing of the boundary conditions and the forces
on the blade of SP in some moments of time, that in ac-
cordance with the different angle positions of the blade
0,=0,0,..,0, @ =01,2,..,15). The specified
above boundary conditions and the forces are the con-
tinuous in the intervals between these angle positions
A®. For the definition of the circulation of the nonstation-
ary added frames in each blade angle position and free
vortex it is necessary to execute the boundary conditions
on the blade surface, to have the closure of the vortex
systems and Chaplugin—Joukowski hypothesis in the
points of the vortex cover escape. The vortex system of
SP in the proposed mathematical model has been built
as the following: the discrete added vortex circuit, which
simulate the blade of SP and the flame of the free con-
vergent vortex, changed as in [4, 9] by the closed vortex
circuit (frames). During the turning of the blade on the
angle AB (AB = Q- At, Q — is the angle speed of SP), that
it is in accordance with the discrete step by time A¢, and
the angle positions are the following and sequentially:
0,=A0,0,=2A0, ..,0 = tsA0 in the trace behind
the screw the vortex circuit will be formed, received by
the longitudinal and transverse vortex, induced by the
boundary conditions change during some time (Fig. 2).
The blade n is changing by the vortex lattice, com-
pounded from the radial added and free vortex, creeping
along the chord and forming the vortex frame in whole,
(Fig. 2). These added vortex frames are placed in the lim-
its of the cells, received by the division of the blade in ac-
cordance with the span (radius) on the panel — p, and in
accordance with the chord — the division into compart-
ments — ¢, [7]. In accordance with the supposition of

Fig. 2. The added blade vortex free frame in the trace behind
the screw propeller
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the linear theory, the boundary condition of the imperme-
ability has been used on the close screw surface — the
support surface, i.e. the variable step along the radius, in
our case, from the blade surface. The control points, as
the joints points, are places on the support surface with
the variable step (in accordance with the rule «Cos»), as
in accordance with the hob and in accordance with the
blade chord [12].

In the specified below formulas the linear dimen-
sions are relative to the screw radius R, the speed — to
QR, and the circulation — to QR?, where Q — is the
angle speed of the screw rotation.

The radial coordinates of the control (index is — j)
and joint points (index is — pq) in accordance with the
blade hob:

7=t = Larr-La-z)
I"j = R —2 }"b 2 I’b COSQ[)

w = i—on2 M-,
oM+l

p
, 1
s _lpa _

_ 1 _
g ? —E(l+rb)—5(1—rb)cosa

p’
2p-1

o, = T, p=012,...M, 1
P om+ny @

where 7, — a relative radius of the screw propeller hob;
M — a quantity of the panels in accordance with the
blade span.

The coordinates of the control (index is — /) and joint
points (index is — pg) in accordance with the screw pro-
peller blade chord:

_ o o _4
Sji‘SL_Ebjk(rj)COSBjk’ Bjk‘ﬁn’

k=012,...,N -1,
- 1— CQk+1)-1)
Spg =51 =5 pg Upg)1=00sB pg)s Bpg =———m
q=0L2,...N,
bi i o)
P - _hratj.qa’ :
where b i pq T pg) = A a relative breadth

of the screw propeller blade;

S, — arelative coordinate of the incoming edge;

N — a quantity of the frames (compartments) in accor-
dance with the chord.

Cartesian coordinates of the control and joint points,
in accordance with the [7], but take into account the
scheme of the moderate load screw, are the following:

?cj :ffjejtan[i]; )7j :Fj cosej; Ej :Fj sinej.

The coordinates of the lattice joints on the blade of

SP:

Xpq = pg® pg BI5 Y pg =T pg 05 (8,70 pg);

Zpg =g sin (3,, 7epq)’ 2)
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V,cosa. +w L
4 ok ~xl — it is in case

where tanf; = —— —*
r—wel—VAsmotCKcosen

of the oblique inleakage, are calculated in accordance
with the scheme of the moderated load screw, and the

axial w_, and circular velocity w, received speed in the

01°
screw disk, are calculated at the first approximation in

accordance with the theory of the lifting line, [3];

V,= % — the relative speed of the leaked — in

flow on the screw under the bevel angle;

2n .
3, =n—, n=012,.,Z-1 — the angular displace-

ment of n-th blade.

The coordinates of the closed vortex cords joints
will be on the free cover of SP. They are calculated in
accordance with Eulerian equation of motion.

We consider that the vortex added frames and they
are in the trace, have been built from the rectilinear vor-
tex segments, which connect four joint points on the
blade and on the free cover. The inductive speed of this
vortex are calculated by Biot-Savart law, in accordance
with [9].1t was recorded, taking into account the accept-
ed coordinate system. They are in accordance with the
following expressions:

ﬂ = i
X,jipqg  4n
_ 1
“Y.jipg " an
n — i
Z,jipq  4n

(AfQA?P - A?QAT/P)I ,

(AEQMP - MQAEP)I . 3)

where
A =¥ pi1,g " Ypg> N0 TV pil,g " pg

A9 =Zpil,q pg

J % NPTV Vpg ApTEiEpg

=1

Axp =

R HJ]
§ ac—b2 \Na-2b+¢c e )
a:&émyém%, b=AFpAFp +AF AT p + A A p,
c=A¥%+A}%)+A212,.

Then the singular components of speed, induced by
the vortex frame in the control points, on the blade will
be the following expressions:

ﬁ)(?, jipg TUX, jig TUX, ji,g+1TEX, jip TUX, jip+1°
By jipg =0y, jig ~y, i1 *0y jip 0y, jp+1e ()

T jipg =2, jig 7, jig+1 YU, jip U7 jip 1o
The full speed (in the dimensionless form) for each
control point P, can be written in accordance with (12),

like the sum of the inductive speeds from the blade vor-
tex frames, the free vortex frames, convergent into the
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flow W_I_T, received by the speed from the sources ijf ,

the full relative speed of the external flow 17,,' :

7 _jpblade i F 7S ;1 . _
le. —sz‘ +Wﬁ +le- +Vji,j—0,1,...,M—1,

i=0,,...,N-1. ®)

The speed, induced in the control point P, by the
system of the added blade vortex in accordance with
[12] can be written by the equation

ZAM-1_ N-1

Zblade _ T = —® -
Wi = on o o Eo Y pativa SP g (©)

-®
where o, m
singular circulation I' = 1, which includes two added vor-

— the speed from the vortex circuit of the

texes between joints qu and Qpﬂ’q and two free vortexes,
convergent from these joints along the chord.

The normal speed, induced by p th free vortex frame
on ts-th interval in accordance with time in the control

point Pj,.:
s M-I
= F —ts @ 1ts
Win= 2 X Upin i, (7
ts=1p=0
where gjs — the singular normal speed (it is calculated

in accordance with the equations (3, 4)), received by the
convergent, on the zs-th interval in accordance with time
by p-th free vortex frame in the control point, in accor-
dance with its circulation F;Sﬁ.

We project the full speed (5) of the normal to the
support surface in the control points and we receive the
system of the linear algebra equations (SLAE), received
on the base of the screw propeller blade impenetrability

condition, the solution of this allows to find the circula-

0
tion of the added vortexes ' * in accordance with the an-
14

gular position of the blade 0, or on each time interval ts:

Z-1M—-1N-1
2,z [[17)(? S =% qu}nl x "
n=0p=0g=0 > >

_OF

_®B _-®F
“y. ,jipq]"f y* ["Z,jipq

0
. J —
”Z,jipq]"f Z} rd

@B
* [“Y  Jipg

= 0, = _
:[VRj(¢j—BIH)+VRja;—EC—anjJ _

S M -1
_ Tz z Zj@Fl—ts (8)

ts=1p=0 pjin- pji®
where
np=cosPy/Ar; nry :—(D]cosB]cosej—sinB[sian)/A];

ny, :—(chosﬁlsinﬁj+si11[31c036j)/A1;
12

- 2 2)77. - 2

Ag —(1+cos B[DIJ ; Dy —dokl/dr,

Ay = ftanﬁ(;” ; the normal direction cosines to the support
surface are written in accordance with [3] and [6];
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V gcosacg + W,y

— the angle of the

Bj“ = arctan| —— —
r=wyy =V sinog cos 0
blade section inductive advance, which has turned into
angle 0 , at the resultant velocity of the leaked-in flow,
taking into account the transverse speed component
T/Asin(xCK:

VRJ‘ :\/(VA COS Ol +Wx1)2 +(F —wg =V 4 sinagg coseﬂ)zé
AR
X,Y,Z, jipq
vortex frames of the singular circulation (the index
is — F), which cover the outgoing blade edge and they
are included in accordance with [10], in the right part of
SLAE (8).
The finding of the normal component of the received
speed W, from the sources — the outflows and the de-

.. 0
rivative rk
0

— the inductive speeds from the free

of the distribution function, the ordinates

of the profile section medium line in accordance with the
coordinate E =2& /b, has been described in [5].

The solution of SLAE (8) in each time interval (in
accordance with angle of the blade turning 0 ), gives the

. . 0 )
circulations of the added vortexes T',%, which allow to

find the intensity of these vortexes ygg , and to find the
inductive speeds in the points of the blade by use of (6),
to find the inductive speeds from the free vortex frames
(7) and calculate the forces, acting into the screw propel-
ler.

During the finding of the nonstationary forces and
the moment on the screw propeller, we use Kosh-La-
grang integral in the dimensionless form [1]:

_ or
Ap = 2(’YW0TH _E) .

The use of it to the blade lifting surface, we will re-
ceive the expression which allows to find the hydrody-
namic load on the element of the surface, covered by the
added vortex frame:

0
1

AT
prq
A0 | ©)

Ap=p@)=poo =1 | T Wy —

Then the nonstationary hydrodynamic forces (F', F',
F) and the moment M, acting into the screw propeller,
are introduced by the following equations[13]:
Fo@)=T@) = [(p(t) = poy)In,dS,
S
@) = [(p(0) = P )y, c08(Q1) =1 sin(€))dS,

S _ . (10)
FZ @)= I(p(t) P )(”z cos(Q) — ny sin(Q%))dS,
S

M ()=00) = [(p(t)— P11,z =1 y)dS,
S
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where n=(n, n, n_) — the normal to the blade support
surface .

The coefficient of the stop k7 and the moment X))

0
of the screw propeller blade, turning in each moment of

time into the angle 0 , during the operation in the oblique

flow:
(1)

. _ 0"
254

9 on2DS )

(11)

pn
In this work, the coefficient of the tangential force
K% on the blade surface element (in the plane of the
screw disk) at the turning into the angle 0 , has been cal-
culated on the formula:
FZN(0)

KZ =
7 B
2 H4

(12)

pn
where p — the density of liquid; n — the frequency of
the screw propeller rotating; D — the diameter of SP.
The equation (12) allows to calculate the tangential force

F}' on the blade at different angular positions.
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During operation of SP in the oblique flow, the trans-
verse component of speed T/Asin(xm, leads to the appear-
ance of the side stabilizing force of the same direction.

In accordance with the built theoretical model, the
preliminary calculations of the dimensionless hydrody-
namic characteristics of SP have been executed such as
the coefficients of the following terms: a stop — K, a
moment — K, and a tangential force — K, (of the series
74-85:7Z=4;4,/4,=0,85; 7, = 0,20; ¢ /D = 0,055) de-
pending on the blade quantity — Z, the disk relation 4,/
A, PID(r) at the specified value P/D = 1,3 for7= 0,7, the
relative conditional thickness — e /D on the axis of SP,
at the flow oblique angles o, = 15° and 30°. At the use of
the quasistationary model, to receive the same distribu-
tions of the specified above coefficients, (Fig. 3, 4) , is
not possible.

At first, K, and K 0 of SP in the oblique flow have
been calculated, at the advance J = 0,30, for the com-

parison of them with diagram values [8], see table 1.

K1,Kz, Ko
0,20
. =
. K730 R
i — ‘..‘ “.' ——a—
0,15 —&rt '\4..\.._" = s
T o ':-_1;‘.’
AP Y. [Kz30 _r"""-»
3 P
Kz1s \“'-«._’_‘ r',w'—""
R tHemeper L4
0,05
i S K:Q30 _ge-gmvo-
Ko 1s * =¥
° 60 120 180 240 300 360 )

Fig. 3. The results of the following coefficients: the stop — K, the moment — K pand the tangential force — K7 per one blade

turn in the oblique flow: a = 15° and 30°.
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>

IKT15

0,5

gl

0,4

03

K715

0,2 &=
K030

0,1

Ko1s

>

>
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Fig. 4. The results of the following coefficients: the stop — K, the moment — K 0 and the transverse force — K, per one turn of

the screw propeller in the oblique flow: o, = 15° and 30°.
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Table 1. The comparison of K, and K o I'B of SP in the oblique
flow with the diagram values

N°2 (10) 2018
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Table 2. The comparison of K, calculation with the values,
received by use of [2] and [7]

Hydrodynamic characteristics K, K,

0,529 0,1098
0,528 0,0987

Calculation

Diagram values, [§]

Then K7 and K 3 of SP blade have been calculated
at different angular positions 0 and the flow bevel angles
a, = 15° and 30°, Fig. 3. In accordance with the cal-
culation results of the tangential force K %, coefficients,
the screw transversal stabilizing force coefficients have
been calculated. For the comparison of the calculation
results , the formula in accordance the material [5], has
been used, which has been received the dimensionless
form in [7]:

Kan 2,14KQHIB[1—(J/JQH Jsin -

where K, =Y, /pn*D* — the coefficient of the transversal

(13)

stabilizing force; K, . — the coefficient of the moment

111B
at the operation of SQP at the mooring regime; J 0 the
advance of the zero moment.

The values K % , which are showed at the Fig. 3, 4,
allow to calculate the mean values per one screw turn
transversal force coefficient K, (a = 15° and 30°)
and compare them with the values, which have been
calculated in accordance with the formula (13), see the
Table 2.

In this work in accordance with the proposed MM,
the coefficient of the stop change ¢, and the coefficient
of the moment ¢, of SP in the oblique flow have been
calculated . The comparison of them with the results,
which have been received in accordance with the infor-
mation [2] and [7], see the Table 3, taking into account
that g, = K */K; q, = KQ*/KQ. The mean values of SP
turn values of the coefficients: the stop K * and the mo-
ment K Q* in the oblique flow at o = 15° and 30°, have
been calculated in accordance with the results, see the
Fig. 3. The values K and K, in the oblique flow (the
calculation ) have been used from the Table 1. The com-
parison results are in the Table 3.

Discussion of the received results. It is clear that the
accessing of the results which are better for SP operation
in the real conditions , leads to the serious complication
of the mathematical model ,or to the necessity of the
modern tools of the calculative hydrodynamics use —
CFD sets, which are based on the numerical solution of
Navier-Stokes equation by RANS method. CFD sets is
the expensive license commercial product, which we
must have . In this article, the use of the tool in the form
of the mathematical model, MM, of the screw propeller
in the oblique flow, has allowed to receive the acceptable

o, degrees

Ko 15 30
calculation 0,01276 | 0,0351
calculation in accordance with [7] 0,01321 | 0,02635
by use of [2] 0,0155 0,0276

Table 3. The coefficients g, and 4y calculation comparison re-
sults

a, degrees

15 30
4, calculation 1,0340 1,0927
q,» calculation by use of [7] 1,0317 1,0765
q,» by use of [2] 1,0315 1,0750
9 calculation 1,0564 1,102
9y by use of [7] 1,0498 1,0765
g, by use of [2] 1,0255 1,0825

results of the hydrodynamic forces on the engine calcu-
lation. The proposed tool, has the limited possibilities
comparing with the modern CFD sets, but the calculation

time in accordance with this model is more less.

CONCLUSIONS. The mathematical model of SP,
operating in the oblique flow, on the base of the non-
stationary theory of the lifting surface. MM takes into
account the real geometry of the blade section profile, its
thickness and the change of the interval in accordance
with SP blade radius. MM can be compared with the
quasistationary model [7], for more exact assessment of
the variables of the forces per one turn which influence
on the blade of the screw and on the screw in whole. The
programme complex is realized on the programming lan-
guage C# with use of the object-oriented way in the area
of the development Visual Studio 2005. The comparing
of the results of SP calculation at the loading coefficient
C,= 13,9 with use of the theory of the nonstationary sur-
face, has showed the acceptable matching with the ex-
perimental characteristics from the information [8], like
the transversal stabilizing force and in the calculation of
SP coefficients of the stop and the moment change calcu-
lation. The proposed MM can be used like the method of
the research at the first approximation of the screw pro-
pellers hydrodynamics which operate in the oblique flow.

The further improvement of SP model can be direct-
ed into taking into account the influence of the gondola

streamline coat of azipod, that it is in real conditions.

118



N22 (10) 2018 smi.nuos.mk.ua | editor@smi.nuos.mk.ua §HIPBUILDING

CYOAHOBYAYBAHHA

MARINE INFRASTRUCTURE

Cnucok jgiTepatypu

Belotserkovskiy S.M., Nisht M.1. Otryvnoe i bezotryvnoe obtekanie tonkikh krylev idealnoy zhidkostyu. | Tear-off and wrap-
around flow of thin wings with inviscid fluid]. Moscow, Nauka Publ., 1978.

Gofman A.D. Dvizhitelno-rulevoy kompleks i manevrirovanie sudna. Spravochnik. [Propulsion-steering complex and ma-
neuvering vessel]. Leningrad, Sudostroenie Publ., 1988. 360 p.

Bavin V.F., Zavadovskiy N.Yu., Yu.L. Levkovskiy Yu.L., V.G. Mish-kevich V.G. Grebnye vinty. Sovremennye metody ra-
scheta. [Screw Propellers. Modern methods of calculation]. Leningrad, Sudostroenie Publ., 1983. 296 p.

Krutikov V.S., Sokolik M.G. Modelirovanie nestatsionarnoy vikhrevoy peleny za grebnym vintom v kosom potoke. [Simula-
tion of unsteady vortex sheet behind the propeller in an oblique flow]. Zb. nauk. prats NUK — Collection of scientific papers
of NUS. Mykolaiv, NUOS Publ., 2010, issue 6(435), pp.15 —21.

Sokolik M.G. Uchet telesnosti lopasti v matematicheskoy modeli grebnogo vinta, postroennoy na osnove teorii nesushchey
poverkhnosti. [Accounting real geometry of the blade in the mathematical model of the propeller, built on the basis of the
theory of the lifting surface ]. Zb. nauk. prats NUK — Collection of scientific papers of NUS. Mykolaiv, NUOS Publ., 2009,
issue 1(424), pp. 26-31.

Sokolik M.G. Issledovanie gidrodinamiki umerenno nagruzhennogo grebnogo vinta s primeneniem teorii nesushchey pover-
khnosti. [The study of the hydrodynamics of a moderately loaded propeller, using the theory of the lifting surface]. Zb. nauk.
prats NUK — Collection of scientific papers of NUS. Mykolaiv, NUOS Publ., 2009, issue 2(425), pp. 39 —44.

Sokolik M.G. Issledovanie raboty grebnogo vinta v kosom potoke na osnove teorii nesushchey poverkhnosti. [Study of the
work of the propeller in an oblique flow based on the theory of the lifting surface]. Zb. nauk. prats NUK — Collection of
scientific papers of NUS. Mykolaiv, NUOS Publ., 2010, issue 1(430), pp. 3-9.

Ed. by Voitkounski. Spravochnik po teorii korablya. [Ship Theory Handbook]. Vol. 1. Leningrad, Sudostroenie Publ., 1985.
768 p.

V. E. Baskin, L.S. Vildgrube, Ye.S. Vozhdaev, G.I. Maykapar. Ed. by A.K. Martynov. Teoriya nesushchego vinta. [Theory of
lifting propeller]. Moscow, Mashinostroenie Publ., 1973. 364 p.

Dirk H Renick. Unsteady Propeller Hydrodynamics. Partial fulfillment of the requirements for the degree of Doctor of Phi-
losophy at the MASSACHUSETTS INSTITUTE OF TECHNOLOGY. June 2001, 133p. http:/libraries.mit.edu/docs.

Ikehata Mitsuhisa, Ando Masahiro, Maruo Hajime. The Analysis of Unsteady Characteristics of Marine Propeller in Har-
monic Wake by Vortex Lattice Lifting - Surface Model. "Rept. Chalmers Univ. Technology Dep. of Ship Hydromech" Go-
thenburg, 1984, N~68, pp. 54 — 67.

C. Kawakita, T.Hoshino. Design System of Marine Propellers with New Blade Section. (Mitsubishi Heavy Industries, Ltd.,
Japan) //Twenty-Second Symposium on Naval Hydrodynamics (2001).

H. Gassemi. The Effect of Wake Flow and Skew Angle on the Ship Propeller Performance. Sharif University of Technology,
April, 2009. Transaction B: Mechanical Engineering. Vol. 16, No. 2, pp. 149 — 158.

Spyros A. Kinnas, HanSeong Lee, and Yin L. Young. Modeling of Un-steady Sheet Cavitations on Marine Propeller Blades.
University of Texas at Austin, Austin, Texas, USA. International Journal of Rotating Machinery, 9: 263 — 277, 2003.

Dubbioso G., Muscari R., Mascio A. Analysis of the performances of a marine propeller operating in oblique flow. Comput-
ers & Fluids., vol. 75, pp. 86 — 102.

© M. I. Cokonuk, B. @. TumormieHko
CTaTTIO pEKOMEHIY€ 10 APYKY
I-p TeXH. HayK, npod. B. 0. Hexpacos

119



§HIPBUILDING smi.nuos.mk.ua | editor@smi.nuos.mk.ua N22 (10) 2018

MARINE INFRASTRUCTURE ABTOMATM3ALIA TA KOMM'IOTEPHO-IHTEFTPOBAHI TEXHOJIOTIT

BypyHiHa
XaHHa
OpiiBHa

Kopuubkun
BikTop
IropoBu4

CipiBuyK
AHppin
CeprinoBuu4

BouTacuk
AHppin
Mwukonanosu4

AnobGa Knoukos
Jleo TociH OnekcaHap
NMasnoBun4

VK 629.584:681.5

EXPERIMENTAL STUDY OF GROUP CONTROL LAWS
FOR AN AUTONOMOUS UNMANNED UNDERWATER
VEHICLE AS A GROUP AGENT

EKCMEPUMEHTAJIbHE AOCNIAKEHHA 3AKOHIB rPYNOBOI0o KEPYBAHHA
ABTOHOMHWM HEHACEJIEHUM NIABOAHUM ANNAPATOM IK ATEHTOM
reynmn

DOI 10.15589/SMII. 2018.02.12

Zhanna Yu. Burunina JK. YO. BypyHiHa, KaH/. TeXH. HayK, JOLI.
zhanna.burunina@nuos.edu.ua
ORC ID: 0000-0001-7631-7213

Andrii M. Voitasyk A. M. Boifracuk, acr.
andrii.voitasyk@nuos.edu.ua
ORC ID: 0000-0002-9409-6108

Leo T. Aloba Ano6a Jleo TociH, BUKIL.
alobat@gmail.com
ORC ID: 0000-0003-0426-1219

Viktor I. Korytskyi B. I. Kopunbkuii, BUKII.
vic.koritskiy@gmail.com
ORC ID: 0000-0002-9968-1568

Andriy S. Sirivchuk A. C. CipiBuyK, BHKII.
sirivchuka@gmail.com
ORC ID: 0000-0003-2927-2600

Aleksandr P. Klochkov  O. I1. KiioukoB, BUKIL.

ORC ID: 00000-0002-6426-3374

Admiral Makarov National University of Shipbuilding, Mykolaiv
Hayionanvuuii ynisepcumem xopabnedoyoysamnns imeni aomipana Makaposa, m. Muxonaig

Abstract. Underwater works are effectively performed with the use of underwater vehicles.
The use of groups of autonomous unmanned underwater vehicles for the monitoring of big
volumes of underwater space is particularly effective. In this paper, modern approaches to
group control of the motion of autonomous unmanned underwater vehicles are analyzed.
The composition and configuration of the system of external environment sensors are pro-
posed; the system allows an underwater vehicle to identify the presence of objects in close
proximity and the direction of their motion. The structure of the automatic control system of
a group of autonomous unmanned underwater vehicles in the mode of coordinated rectilin-
ear motion is proposed. The system is based on the principle of subordinate control with the
help of fuzzy logic controllers. The results of field trials of the system operation in the adhe-
sion and cohesion modes of two underwater vehicles confirm the operability of the proposed
approach.

Keywords: autonomous unmanned underwater vehicle; automatic control system; fuzzy con-
troller; field trials.
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Anoranis. B naniii poOoTi 3aponoHOBaHO CTPYKTYpYy CHCTEMH aBTOMATHYHOTO KEPYBaHHS I'PYINOI0 aBTOHOMHHX
HEHACEJICHUX IMiJIBOJHHUX alapariB B PEXHMi y3TO/DKEHOTO IPSIMOJIHIHHOTO pyXy. 3alpoNOHOBAaHY CHCTEMY
OpraHi30BaHO 3 BAKOPUCTAHHAM IIPUHLHITY ITiAMOPSIKOBAHOTO KePyBaHHs Ha 0a31 HEUITKHX peryistopiB. Pesynsrarun
HaTypHUX BHUNPOOYyBaHb (YHKIIOHYBAaHHA CHCTEMH B peXHMaxX anresii Ta kore3ii JBOX IIiBOAHUX arapariB
HIITBEPIUKYIOTh MPaLe3AaTHICTh 3aIIPOIIOHOBAHOTO 1 IXO/Y.

Kuro4oBi cjioBa: aBTOHOMHUI HEHAacelEeHWH MIJBOJHUX amapar; CHUCTeMa aBTOMAaTHYHOIO KEepyBaHHS; HEWiTKUM
perynsTop; HaTypHI BUIIPOOYBaHHSI.
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Problem statement. Joint performance of tasks by
a group of autonomous unmanned underwater vehicles
(AUUYV) improves the efficiency of underwater opera-
tions, taking advantage of the parallel data capture and
processing. Particularly effective is the application of
the group control principle for AUUVs when solving
complex problems, for example, in the process of rescue
operations, in the search for sunken objects, search and
inspection works, etc.

To ensure the effectiveness of the mission, a group of
vehicles must have the property of self-organization, which
would protect neighboring vehicles of the group from col-
lision (adhesion mode) and prevent dispersion of the ve-
hicles in the underwater environment (cohesion mode).

Synthesis of the control laws for the AUUV group is
a complex problem, which is associated with the devel-
opment and tuning of appropriate controllers. Computer
modeling is an effective way of studying the operability
and accuracy of control laws and systems both for single
AUUVs and for those constituting a group.

In model tests under laboratory conditions, it is im-
possible to achieve complete hydrodynamic similarity
between the model and the actual vehicle [11, 18], since
the behavior of the vehicle is not controlled under water
at the stage of synthesis and verification of the automatic
control system (ACS). Therefore, full-scale tests (or field
trials) are conducted for a final verification of calculation
results and model experiments.

Setting of field experiments and processing of their
results are very often difficult to implement, therefore,
techniques and setups are being developed that allow re-
search to be carried out under the conditions close to full-
scale. An example of experimental setups is the work on
creation of a simulation complex with the appearance
of the first working-class underwater robots that tackle
practical problems [5].

Besides, a full-scale field experiment intended to
prove the operability of the ACS for the AUUV motion
within the group entails substantial time and money ex-
penditure. In addition, there is a risk of losing either one
or anumber of AUUVSs participating in the experiment in
the event of a non-routine or emergency situation. There-
fore, it is expedient to carry out the field experiment us-
ing two mock-ups with the functions sufficient to pro-
vide for the mode of their coordinated movement. The
results obtained during such an experiment can then be
generalized for a group of vehicles of an arbitrary size,
and the components of such a group can have different
hardware and software configurations.

The
development of approaches to the design of AUUVs and

Latest research and publications analysis.

automation of their control began in the 1960s. However,
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the AUUVs developed back then were intended for solv-
ing a number of specific problems. Currently, there is a
wide range of issues on the topic of joint control of the
motion of underwater vehicles, both from the theoretical
and from the practical point of view [14].

The use of a group of interacting AUUVs was first
considered in the 1980s. One of the first operations was
the sea test of the GREX project. It involved a fleet of two
AUUVs performing a simple coordination task based on
acoustic communication between the vehicles [7] with a
common architecture for the purpose of joint control of
marine vehicles during modeling.

There were also considered theoretical and practical
issues of developing promising systems for the control
of motion of groups of autonomous marine vehicles with
coordination of heterogeneous autonomous systems un-
der uncertainty [16]. The main difficulty in the develop-
ment of such systems is the unstable connection between
the elements of the group due to the impact of noise and
interference on the information exchange process. These
features were taken into account in the project with the
communication package GREX BOX, which can be in-
tegrated into any AUUV.

Paper [15] describes sea trials conducted during the
development of a hydroacoustic communication system
for the group control and navigation of the AUUVs and
autonomous surface vehicles in an uncertain environ-
ment. The processes employed a fuzzy logic controller
and a genetic algorithm [7]. An onboard sonar installed
on the AUUVs provided detection and prevention of
collision with obstacles [13]. It should be noted that the
accuracy of determining the location of the AUUV us-
ing long-range sonar navigation systems significantly
depends on the degree of correspondence between the
measured and actual distances between the navigation
objects [6].

In 2016, there was presented a method for collective
control of a heterogeneous group of vehicles with a given
motion trajectory. It took into account the speeds of the
vehicles, special features of the information exchange
channel, and the accuracy of the navigation component
of the system [10]. The efficiency of the proposed ap-
proach was confirmed by the results of field trials.

Publication [11] proposes an ACS for the group of
AUUVs which takes into account the limitations of com-
munication in an underwater environment. The peculiar-
ity of this system is the possibility of joint use of the
computing resources of the group by all its vehicles.

The MORPH project offers the concept of an under-
water robotic system created through integration of vari-
ous mobile robotic modules with additional resources
[9, 12]. Each node of the building blocks (a set of small
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and cheap robotic marine vehicles) of the MORPH is an
AUUYV is capable of performing particular tasks.

One of the main tasks of group control of a robot
swarm is to provide a mode of coordinated movement
of the vehicles along a specified path or route. It is im-
portant to keep the robots close to their group and avoid
merging separate groups, that is, to maintain cohesion
and segregation modes [17].

It is worth noting that scientific literary sources ex-
tensively cover the issues of automatic group control.
This work deals with experimental study of the operabil-
ity of the automatic control system for the AUUV as a
group agent.

THE ARTICLE AIM is experimental verification
of the correctness of operation of the ACS for the coor-
dinated movement of AUUVs as group agents, in par-
ticular, implementation of adhesion and cohesion algo-
rithms.

To achieve this aim, the following problems were
formulated and solved:

— there has been developed a generalized diagram of
the marine field experiment on the coordinated motion of
two AUUVs along a common route. A remotely operated
vehicle in the mode of flat subsurface motion was used
as the AUUV under study (AUUV-1), while a radio-op-
erated boat (ROB) was used as a neighboring underwater
vehicle of the group (AUUV-2);

— there has been developed an automatic system for
the control of the AUUV’s stabilized plane motion [18],
which reacts to the AUUV-2 with the help of surface sen-
sors installed on its mast and operates in the cohesion
and adhesion modes.

Basic material. The ACS for AUUVs includes a
module for simulation of the external navigation envi-
ronment and a unit identifying navigation threats. The
task of synthesis of the navigation environment simula-
tion module as an element of the underwater vehicle’s
control system is a relevant applied scientific task.

AUUVs are used in two basic modes: single navi-
gation and group navigation. The task of modeling of
the external navigational situation is relevant for both
modes, but it is most difficult to solve for the case of
group control, since the neighboring vehicles may cre-
ate threats that are changing very rapidly and need to be
detected and eliminated automatically in due time.

Let us assume that the vehicles are controlled only
in the horizontal plane, and there is no vertical maneuver
(or it is implemented in the case of emergency, when hor-
izontal maneuvers are not sufficient for the safe move-
ment of the AUUYV, or when it is a forced movement to
avoid collisions with neighboring vehicles).
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Since the uncertainty in automation tasks usually in-
creases with the increase in the functional hierarchical
level, the possibilities of fuzzy logic approaches are also
expanded. Fuzzy control at the base level can be attractive
for the processes in which only qualitative knowledge is
available and there are highly nonlinear properties.

It is necessary for each AUUV to maintain a safe
distance from neighboring vehicles in a given range of
distances. The minimum distance between them should
not create the threat of an accidental collision (adhesion
mode)io Meanwhile, the maximum distance should guar-
antee the safety of the group and should not promote the
movement of individual vehicles beyond the range of the
sensors of other members of the group (cohesion mode)
[1,3].

Fig. 1 shows how the AUUVs making various moves
will maneuver relative to the AUUV1. The AUUV2 is
in the Danger Zone, so it moves away from the AUUV1
(adhesion mode). The AUUV3 and the AUUVS are in
the Attraction Zone and therefore must operate in the co-
hesion mode, that is, approach the AUUV1. The AUUV4
is in the Track Zone and therefore must move along the
same route as the AUUVI. If the AUUV1 is beyond the
range of the distance sensors installed in the AUUVs, it
must move along a predetermined course.

The distance between two AUUVs is identified by
means of external environment sensors (EES); it is pro-
posed to use ultrasonic range finders for this purpose.
The operating principle of the ultrasonic sensors is based
on measuring the time of passage of direct and reflected
waves.

One of the main characteristics of such sensors is
the direction pattern, a graphic representation of the area
within which the object can be detected by the sensor.
Using an experimental setup (Fig. 2), the direction pat-
terns were constructed for four ultrasonic range finders
(model MB1003-EZ0 produced by MaxBotix).

The direction pattern is constructed according to the
scheme shown in Fig. 3.

The AUUV model is installed at the % distance from
the sensor in such a way that its diametric plane is per-
pendicular to the straight line drawn through the center
of the sensor and the center of the AUUV buoyancy.
Afterwards, the vehicle is shifted along the longitudinal
axis to the left until the sensor readings change abruptly
= to the value corresponding to the maximum distance.
The [ distance is then measured between the initial and
current locations of the AUUV; the latter is shifted to-
wards the initial location until the sensor readings are
same as in the beginning.

In the same way, the /, distance is measured with
the vehicle being shifted to the right. The measurement
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Fig. 1. Operation of a group of vehicles in the adhesion and cohesion modes

Fig. 2. Exterior of the setup for the construction of the direction pattern of ultrasonic range finders: / — power supply; 2 — ultra-
sonic range finder; 3 — oscilloscope; 4 — auxiliary equipment; 5 — AUUV mockup; 6 — extension cord
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Fig. 3. Scheme of the experiment for the construction of the direction pattern of an ultrasonic range finder
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is repeated for the range h = [1.0; 3.0] m with the incre-
ment of 0.5 m. For the distances obtained, the maximum
angles of the target deviation from the center of the sen-
sor are calculated:

a, = arctan(/,/ h).
The experiment results are presented in Table 1.

Table 1. Results of the experiment on direction pattern of sen-

sors
Sensor no.

r}; 1 2 3 4
I,m |/ ,m|[ m|/, m|/,m|/[,m|/,m]|[,m
3 1-0.48|0.57 | -0.56 | 0.59 | -0.55| 0.64 | —0.56 | 0.56
2.51-0.57(0.57 | -0.55|0.63 | -0.52 | 0.61 | —0.66 | 0.77
2 |-0.51]0.55|-0.57|0.67 |-0.69| 0.63 | -0.84 | 0.58
1.5/-0.81]0.80 |-0.65[0.75| -1 |0.71 |-0.76 | 0.98
1 1-0.96|1.01-093|1.07| —-1.1 | 0.91 | -1.08 | 0.93

In the automatic control problems, the integration
of readings from several sensors enhances the quality
of control processes in transient and steady-state condi-
tions (as compared to feedback control of one sensor). If
several identical sensors are used, combining the obser-
vations will improve the estimation of the position and
speed of the target. The statistical advantage is achieved
by adding N independent observations (for example,
estimation of the target’s location or speed is improved
proportional to N'?), provided that the data are combined
in an optimal way. The same result can be obtained by
combining N observations from a single sensor.

The direction patterns obtained from the data of
Table 1 were combined in such a way as to achieve the
maximum possible diagram width without substantial-
ly reducing the maximum object recognition distance
(Fig. 4). For the sensors under consideration, this effect
can be achieved by arranging them so that the straight
lines passing through their centers are at an angle of
no more than 10° to each other. In this case, the direc-
tion pattern width made up 2.5...3 m in the near zone
(h=10.3..2 m) and 4 m in the far zone (4 =2...3 m).

3
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@
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‘Width of the direction pattern of the group, m

a)

smi.nuos.mk.ua | editor@smi.nuos.mk.ua

ABTOMATU3ALLISA TA KOMIM'IOTEPHO-IHTETPOBAHI TEXHOJIOTTi

§HIPBUILDING

MARINE INFRASTRUCTURE

The field trials of the ACS for AUUVs are performed
to check the operability of cohesion and adhesion modes.
The scheme of the field trials on coordinated movement
of two AUUVs is presented in Fig. 5.

A remotely operated unmanned underwater vehicle
controlled via the software of the power and control post
(PCP) is employed as the AUUV-1. This solution allows
recording and analyzing the experimental data in real
time. The AUUV-1 is connected to the PCP with the help
of a communication cable. The impact of the cable on the
controlled movement of the AUUV is nondeterministic;
it can significantly affect the quality of control processes.
Therefore, the process of cable removal/collection is au-

tomated using a cable winch (CW).

The AUUV-1 is driven by a propulsion and steering
unit based on AC motors; their control signals are gener-
ated by the ACS for the AUUV-1 movement. This system
(see Fig. 5) employs the external environment sensors
(Fig. 6) and the navigation system sensors (NSS) as feed-
back links. They provide data on the spatial orientation
of the AUUV-1.

A radio-operated boat (ROB) is used as the AUUV-2;
the operator controls it manually with the use of the
control panel (ROB CP). The ROB PSU provides the
rectilinear motion and flat circulation modes, which is
sufficient for the field trials of the ACS for the AUUV-1.

The field trials consist of a series of experiments,
each making it possible to test the operability of a par-
ticular mode of the ACS for the AUUV-1 under various
environmental conditions (position, speed and spatial
orientation of the AUUV-2, perturbations caused by wa-
ter waves and the AUUV-1 cable, etc.).

The block diagram of the generalized algorithm of

the experiment is given in Fig. 7.

Distance to the object, m

5 2 2 25

45 4 05 0 05 1 15
‘Width of the direction pattern of the group. m

b)

Fig. 4. Direction pattern of four range finders: @ — arrangement of sensors; b — total direction pattern
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Fig. 5. Scheme of the field trial on coordinated movement of two AUUVs

Fig. 6. Exterior of the EES system and its arrangement on the AUUV-1
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ST T Jt o)

Fig. 7. Experiment algorithm

126

CW
NS§ EES ASC ROB C8
<01 <cz —
SM1 SM2
uv
ACS
i
Experiment data
EDP || - - ‘[ processing
Ve
End



N°2 (10) 2018

The experiment begins with the operator entering the
desired speed of rectilinear motion of the AUUV-1, the
course and depth of its immersion. Then four process-
es take place simultaneously. If no objects are detected
within the range of the AUUV-1 EES (condition C1), the
vehicle moves rectilinearly, maintaining the motion pa-
rameters specified by the operator.

If there is a foreign object within the range of the
EES, the ACS for the AUUV-1 performs one of the fol-
lowing actions (condition C2):

— if the object is detected in the Track Zone, the
AUUV-1 will resume its rectilinear movement along the
specified course;

— if the object is detected in the Danger Zone, the
ACS for the AUUV-1 will implement the adhesion mode
(the set of rules SM1), that is, the control actions gener-
ated by the ACS will be aimed at increasing the distance
to the object;

— if the object is detected in the Attraction Zone, the
vehicle’s ACS will function in the cohesion mode (the
set of rules SM2), that is, the control actions generated
by the ACS will be aimed at reducing the distance to the
object.

The ACS of the CW minimizes external disturbances
generated by the communication cable through control-
ling the process of cable removal/collection during the
movement of the AUUV-1. In addition, during the ex-

- AUUV-1
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periment, the AUUV-2 operator controls the movement
of the ROB with the help of a special CP.

At the end of the experiment, the experimental data
are processed (the function EDP). The described pro-
cesses are repeated cyclically until the quality indicators
of the control processes achieve the desired values.

Field trials of the ACS for the coordinated movement
of AUUVs were carried out in accordance with the “Pro-
gram and Methods of Marine Research Tests of the ACS
for AUUVs” and GOST 24.026-80 in the marine labora-
tory “Delta” of the NUOS, which is located on board of
the research vessel “Delta”. The trials took place in the
Bug Estuary (Mykolaiv, Ukraine) in 2017 (Fig. 8).

Experimental study of the distance controller should
be started with the testing of the adhesion mode. Before
the beginning of the experiment, the AUUV was with-
drawn to the distance of 0.5 m from the neighboring ve-
hicle; the board with the EES was located parallel to the
neighboring vehicle. The graphs showing the transient
process are provided in Fig. 9.

At the amplitude of the input step being equal to
1.5 m, the transient process has an aperiodic character
with the overshoot of 6.7%. The transient process lasts
for 25 s. The AUUV follows a specified course but for
the end of the transient (time interval of 1...20 s). In this
case, the PSU of the vehicle cannot develop the specified
rate of the course change, which leads to the overshoot.

AUUV-2

Fig. 8. Mutual arrangement of the AUUV-1 and the AUUV-2 during the experiment testing the operability of the adhesion mode

a)

Fig. 9. Graphs of the transient process in the adhesion mode: ¢ — distance; b — control action
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Next, let us study the operability of the ACS of the
AUUYV in the cohesion mode. The graphs of the transient
process are shown in Fig. 10.

The transition process also has an aperiodic charac-
ter. The overshoot is 2%, and the duration of the tran-
sient process is 10 s.

Next, let us confirm the operability of the ACS of
the AUUV when its body is exposed to external distur-
bances. The graphs of transient processes for this mode
are given in Fig. 11. At the beginning of the experiment,
the device was withdrawn to the distance of 1.5 m from
the board of the neighboring vehicle. At the end of the
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transient process, a disturbing action with the amplitude
of 0.8 m was generated by removing the AUUV-2 away
from the AUUV-1. The effect of this action was elimi-
nated in 15 seconds after the end of its application.

Let us study the dynamic properties of the ACS for
the AUUV by setting the control signal which varies ac-
cording to the sinusoidal law (Fig. 12). The control sig-
nal has the following parameters: displacement of 1.5 m,
amplitude of 0.5 m, frequency of 0.2 rad/s. The transient
process is completed 5 s after the start of the experiment.

The vehicle follows a sinusoidal trajectory with a
two-second delay relative to the control signal. Based on

20

b)

Fig. 10. Graphs of the transient processes in the cohesion mode: a — distance; b — control action

]
¥
1.4 —d

0.8

06

0.4
0

a)

0 5 10 15 20 25 30 35 40
hs

a)

128

b)

b)

Fig. 12. Graphs of the transient processes at the harmonic control signal: « — distance; b — control action
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the results of the field trials (see Fig. 11-12), we can con-
clude that the proposed approach is acceptable for the ap-
plication of group control laws to the AUUV movement.
Improvements in the quality of control processes can be
achieved by employing a more advanced component base
(distance sensors, navigation system) and optimizing the
parameters of the course controller as a component of the
ACS for the coordinated movement of AUUVs.

CONCLUSIONS. 1. There has been proposed a
block diagram of the automatic control system for the
motion of an autonomous unmanned underwater vehicle
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stabilization of the speed of the rectilinear motion of the
vehicle, the course and depth of its immersion, and im-
plements the adhesion and cohesion algorithms to ensure
the coordinated movement of two underwater vehicles.
2. An algorithm has been developed and field trials
were conducted for the automatic control system for the
coordinated movement of two autonomous unmanned
underwater vehicles. The overshoot occurring in the
transient modes does not exceed 7 %, which is within the
engineering error. There is no static error. Such results

as a group agent. The automatic control system provides

allow concluding that the proposed system is operable

and effective.
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Abstract. The simulating model of an unmanned towed underwater system was synthesized
on the basis of mathematical models of a cable winch, a tether-cable and a towed under-
water vehicle. The simulating model allows performing computer analysis of the dynamics
of spatial motion and the effectiveness of automatic control systems for such objects. The
specialized simulating complex based on the synthesized simulating model was developed.
It consists of blocks for modeling the dynamics of a towed underwater vehicle, a tether-cable
and a cable winch. The model of a towed underwater vehicle consists of mathematical models
of the body of the vehicle, hydrodynamic influences, control wings and a bearing surface. The
basic law of the dynamics of a towed underwater vehicle is presented in matrix form. It takes
into account the six degrees of freedom of the vehicle as a rigid body moving in space in the
water flow. Control wings in the number of two pieces are located in the aft part of the towed
underwater vehicle and allow changing its roll and pitch angles. This provides a controlled
spatial motion of the vehicle in two degrees of freedom - depth and lateral motion. To simu-
late a tow-cable, a method of modeling a flexible tether with the automatic control of the axial
motion of its elements was used which allows taking into account the dynamics of the length
change of its released part. The cable winch dynamics model provides modeling of the release
and selection of the tether-cable. It contains a mathematical model of the electric motor that
drives the cable drum. To assess the reliability of the synthesized simulation model, a com-
plex criterion has been created. It allows assessing the correspondence between the dynamic
properties of the model and the real object by comparing the basic kinematic parameters of
the vehicle: roll, pitch and depth. By performing full-scale marine experiments, the adequacy
of the specialized simulating complex and the authentic character of nonlinear dynamic pro-
cesses of the spatial motion of the unmanned towed underwater system have been confirmed.
The simulation complex allows researching the spatial motion of a towed underwater vehicle
in water relative to the towing vessel as an object of control when dynamically changing the
length of the released part of the tow-cable.

Keywords: underwater vehicle; towing cable; mathematical model; control system.

Amnotanis. CHHTe30BaHO iMiTaliiHy MOeIh Oe3eKinakHOi OyKCHpyBaHO] I JBOAHOT CHCTEMHU
Ha OCHOBI MaTeMaTHYHUX MoJeNell KaOembHOi 1e0iakn, Kabemb-Oykcrpa Ta OyKCHpyBaHOTO
IiBOIHOTO arapara. [MitariiiHa MoIeb Ja€ 3MOTY BUKOHYBAaTH KOMIT FOTepHE JOCTIHKSHHS
JIUHAMIKH POCTOPOBOTO PyXy Ta e(heKTUBHOCTI CUCTEM aBTOMATHYHOTO KepYBaHHS TAKUMHU
00’extamu. Po3pobrieHo crierianizoBaHuid MOIETIOIOUNI KOMITIEKC Ha 0a3i CHHTE30BaHOI

131



gHIPBUILDIN smi.nuos.mk.ua | editor@smi.nuos.mk.ua N22 (10) 2018

MARINE INFRASTRUCTURE ABTOMATM3ALIA TA KOMM'IOTEPHO-IHTEFTPOBAHI TEXHOJIOTIT

imiTamiitHol Momeni. BiH ckiamaeTbes 3 ONOKIB MOJCTIOBaHHS JIMHAMIKKA OYKCHPYBaHOTO IiJIBOIHOIO amapara,
Kabenb-Oykcupa Ta KabeabpHOT jiehiaku. Mojeab OyKCHPYBaHOTO IMiIBOJHOTO arapaTta CKJIAIaeThCs 3 MATEMATHIHUX
MojieJIel KOpITyCy amapara, TiJJpOAMHAMIYHUX BIUTMBIB, KEPYIOUMX KpWJI Ta Hecy4oi moBepxHi. OCHOBHHII 3aKOH
JMHAMIKH OyKCHUpPYBAHOTO IIJIBOJHOTO amapara HaBeJeHO B MarpuuHiii ¢opmi. BiH ypaxoBye WIICTH CTyNEHIB
PYXJIMBOCTI amapara sik TBEpAOTo Tija, [0 PyXa€eThesl B MPOCTOPI B 1oTolli BoAu. Kepytodi Kpuiia B KiJIbKOCTI JBOX
LITYK PO3TAIIOBaHi B KOPMOBIil 4acTHHI OyKCHPYBAHOTO IiZIBOJHOTO ariapara i JIaloTh 3MOTY 3MiHIOBaTH HOTro KpeH
ta nmudepent. Lle 3abe3neuye kepoBaHUiA IPOCTOPOBHIA PyX amapara 3a JIBOMa CTEIICHSIMHU BUILHOCTI: TNTHOWHOKO Ta
O0KOBHMM 3MillleHHsAM. JIJ1s1 MOJeIIoBaHHs KaOeab-OyKCcrpa BUKOPHCTAHO METO]] MOJEIIOBAHHS THYYKOTO 3B’SI3KY 3
ABTOMAaTHYHUM KOHTPOJIEM OCHOBOTO PYyXy HOTO €JIEMEHTIB, KWl JI03BOJISIE BPAXOBYBAaTH JWHAMIKY 3MIHHU JIOBXHHHU
foro BumymeHoi dacTuHH. Mojenb AMHAMIKM KaOenbHOi JieOifkKu 3a0e3redye MOJETIOBaHHS BHITYCKaHHS Ta
nigoupanHs kabenb-Oykcupa. BoHa MICTHTh MaTeMaTHYHY MOJIEJb €JIEKTPUYHOTO JBHTYHA, SIKUH NPUBOIUTH 10
pyxy kabenpHu OapabaH. 15 OIIHKK JTOCTOBIPHOCTI CHHTE30BaHOI iMiTalitHOT MOJeNi chOPMOBAHO KOMITJICKCHHI
KpHTEpiH, SIKUH J1a€ 3MOTY OLIIHUTH BiJIIIOBIIHICTh TMHAMIYHHMX BIACTHBOCTEH MOJIEINI Ta peaIbHOTO 00’ €KTa IUISIXOM
TIOPIBHSIHHSI OCHOBHMX KiHEMaTHYHUX MapaMeTpiB arapara: KpeHy, nudepenty ta mmounu. Hlnsxom npoBeneHHs
MOPCBKOTO HAaTYpPHOTO €KCIIEPUMEHTY ITiTBEP/PKEHO a/ICKBATHICTh CIIEIiali30BaHOTO MOJIEIIOI0YOT0 KOMIUIEKCY Ta
JOCTOBIPHUH XapakTep HENIHIMHUX JUHAMIYHHX IPOIECiB IPH MPOCTOPOBOMY pyci Oe3eximaxkHoi OyKcMpyBaHOT
TT1IBOJTHOT cCHCTEMH. MOJIENIOI0UNI KOMIUIEKC JI03BOJISIE TOCII/PKYBATH ITPOCTOPOBUI pyX OyKCHPYBaHOTO 11 IBOJHOTO
arapara sk 00’eKTa KepyBaHHs IPU AWHAMIYHIN 3MiHI JOBXKWHH BHITYIIEHOI YaCTHHU Kalelb-OyKcupa il BIUIMBOM
Ha0Iraruoro MOTOKY BOJH.

Koarouosi ciioBa: Hi,HBO,HHI/Iﬁ arapar, Ka6€J'H>-6yKCI/Ip; MaTeéMaTnuiHa MOJCIIb, CUCTEMa KEPYyBaHH.

AnHoTanusi. CHHTE3WpOBaHA HMMHTALMOHHAS MOJENb Oe39KUMaKHON OyKCHUpyeMOW ITOJIBOMHON CHCTEMBI Ha
OCHOBE MaTeMaTHYeCKUX Mojesiell kabenbHOU Jie0enku, Kadens-Oykcupa U OyKCUpyeMOro TMOABOJAHOTO armapara.
MuTannoHHas MOAETh ITO3BOJSET BBINOMHATH KOMIBIOTEPHOE HCCICJOBAaHHE TUHAMUKU MPOCTPAHCTBEHHOTO
IBIDKCHUST W A(O(GEKTHBHOCTH CHCTEM aBTOMATHYECKOTO YIpaBJICHHS TakuMH oObekTaMHu. Paspaboran
CTeIMATM3UPOBAHHBIN MOJICIMPYIOIINH KOMILJIEKC Ha 0a3e CHHTE3UPOBaHHON MMUTAMOHHOHN Monenu. OH COCTOUT
U3 OJIOKOB MOJC/IMPOBAHMS JWHAMHKH OYKCHPYEMOTO TIOIBOIHOIO armapara, KaOeis-Oykchpa W KaOeabHOI
nebeaxu. Mozens 6yKCHPYyeMOTo MOABOIHOTO arnmapaTa COCTOMT M3 MaTeMaTHYECKUX MOJEIIeH KopIyca ammapara,
THIPOANHAMHMYECKUX BO3ACUCTBUH, YIPABIAIONINX KPBUIHEB M HeCyIIeH MoBepXHOCTH. OCHOBHOM 3aKOH AMHAMHUKHI
OyKCHPYEMOTO0 ITOJIBOJTHOTO allliapaTa npecTaBieH B MaTpuiHoi (hopme. OH yUUTBIBACT ILIECTh CTENEHEH MOABUKHOCTH
ammapara Kak TBEpJOTro Teja, ABWKYIIETOCS B MPOCTPAHCTBE B ITOTOKE BOZBI. YMPABISIONIHNE KPbIJIa B KOJTUYECTBE
JIBYX HITYK PacIOJIOKEHBI B KOPMOBOI yacTH OyKCHPYEeMOTO MOJIBOAHOTO amlapara | MO3BOJISIOT U3MEHSTh €ro KpeH
u auddepent. 1o obecneyrBaeT yrnpapisieMoe MPOCTPAHCTBEHHOE IBU)KEHHE arapara o AByM CTETICHSIM CBOOOIbI:
1yOuHe 1 00KOBOMY cMelleHu 0. J{i1st MoenpoBanus kades-OyKchpa UCIONb30BaH METO/] MOJICIIMPOBAHKSI THOKOM
CBSI3U C aBTOMAaTHYECKHM KOHTPOJEM OCEBOTO JIBHKEHHUS €€ IEMEHTOB, KOTOPBIN IMO3BOJSACT YUUTHIBATH JHHAMUKY
U3MEHEHUS JUTUHBI €€ BBIMYIIEHHON yacTu. Mojens TMHAMUKHA KaOenbHOU Jie0enkn obecreunBaeT MOACIUPOBaHNE
BBITYCKaHMA U MOA0UpaHus kabensa-Oykcupa. OHa coaepKUT MaTeMaTHIECKyI0 MOJIENb AEKTPUICCKOTO TBUTATEN,
TIPUBOJISIIIIETO B JBM)KCHHE KaOenmbHBI OapabaH. JIJis OIEHKH NTOCTOBEPHOCTH CHUHTE3WPOBAHHOW MMUTAIMOHHON
Mojenu c(OPMHUPOBAH KOMIUICKCHBIN KPUTEPUH, TMO3BOJSIONIMKA OIEHUTh COOTBETCTBHE JMHAMHUYECKHX CBOWCTB
MOJIENI U pEaNbHOTO OOBEKTa IyTeM CpPaBHEHHMS OCHOBHBIX KHHEMAaTHYECKHX ITapaMeTpoOB ammapara: KpeHa,
muddepenta u ryouHsl. [lyTeM mpoBeeHHs MOPCKOTO HAaTyPHOTO 3KCIIEPHMEHTA MOATBEPXKACHBI a/IeKBaTHOCTh
CIENMATM3UPOBAHHOTO MOJIENUPYIOIIETO KOMITJIEKCa M JIOCTOBEPHBIA XapaKTep HEIWHEHHBIX JWHAMHYCCKUX
MIPOIIECCOB MPH MIPOCTPAHCTBEHHOM JIBIKEHUH OC33KHUITAKHON OyKCHpPYeMOH ITOIBOTHOM CHCTEMBI. MOIenupyOmuit
KOMIUIEKC TIO3BOJIICT MCCIEAOBaTh MNPOCTPAHCTBEHHOE MABIKCHHE OyKCHPYEeMOTo MOIBOAHOTO ammapara Kak
00BbeKTa yIpaBieHHs NPU TUHAMHUYECKOM M3MEHEHUH JUTMHBI BBITYIICHHON YacTH KaOenb-OyKchpa Mojl BIUSHHEM
Ha0EraroIero NoToKa BOIbL.

KaioueBrble ciioBa: HOI[BOZ[HLIﬁ arrapar, Ka6en},-6y1<cnp; MaTreMaTudeCKass MOJCJIb; CUCTEMA YIIPaBJICHU.
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IMoctanoBka 3agaui.  BykcupyBani  miaBomHi — MOJIUBICTD OIEPaTUBHOI OOPOOKHM OTPUMYBaHOI

cuctemu (BIIC) mmpoko 3acTOCOBYIOTHCS TMPU BHU-
KOHAaHHI MOPCBHKHX pPOOIT 1 MaroTh BEIHKY iCTOPIIO
po3Butky [1-3]. BoHm MmaroTe psm mepeBar y IIo-
pPIBHSHHI 3 IHIIMMH BHJAMH MiABOJHOI poOoTO-
TEXHIKH:

— MOXJIUBICTh OOCTEKEHHS BEIUKUX 00CATIB BOAHOI
TOBIIi Ta 3HAYHUX IUIOMI JOHHOI MOBEPXHi (IIBUIKOCTI
OyKCHpyBaHHS CKIAal0Th 6...12 By3IiB);

— MOXJIMBICTh KOMILICKCHOTO JIOCIHI/DKCHHS Tapa-
METpIB BOJIHOIO CEPEAOBHINA LUISIXOM YCTaHOBJICHHS
Ha OykcupyBanuil migBonuuit anapar (BITA) HeoOXigHOT

PI3HOTUITHOI TIOIITYKOBOI Ta JOCIITHUIIEKOI araparypH;
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iH(OpMaIIii PO MiBOIHE CEPEIOBHIIE Y PEabHOMY Yaci;

— BIJIHOCHA TPOCTOTa KOHCTPYKIIi Ta HU3bKa Bap-
Ticte cTBOpeHHs BIIC y mOpiBHAHHI i3 CaMOXiTHUMHU
ITiIBOTHUMH arapaTaMu-poO0oTaMu.

Jo tumoBux minBomHux 3aBnaHe s BIIC Hane-
KaTh:

— BHUMIPIOBaHHA TiAPO(DI3MYHUX Ta TIAPOXIMIYHHX
rapameTpiB BOJHOTO CEPEIOBHIIIA;

— JIOCHI/DKeHHSI penbedy W CTPYKTYpH MOPCHKO-
ro aHa, uuppoBe KaprorpadyBaHHS JOHHOI TOBEpX-
Hi, BHSBICHHS IWiJBOIHUX 00 €KTiB 3 reorpadidHoro
TIPUB’ S3KOI0;
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— BiJ€o-, T1IPOaKyCTUYHHUNA Ta MarHiTOMETPUYHHN
MOIIYK MiIBOMHUX 00 €KTIB y BOJHIN TOBIII, HA JTOHHII
MIOBEPXHI Ta MiJl IIApOM IPYHTY;

— IMITyJIbCHE 30HAYBaHHS MOPCBKOTO JTHA 3 METOIO
TOLTYKY KOPUCHUX KOTIAJIMH Ha MOPCHKOMY HIeb(i;

— 00CTeXEeHHs, JOKYMEHTYBaHHS 1 KapTorpadyBaHHs
MPOTSDKHUX THXKCHEPHUX MiIBOJHUX 00 €KTIB (IiABOI-
HUX KabeJiB, TpyOOIPOBOIIB TOIIIO).

Oco0NMuBY aKTyaJbHICTh HaOyBarOTh Oe3eKilaxHi
MoOpchKi cuctemu [4], B Tomy umci Oe3ekinaxsi BIIC
(BBIIC) (puc. 1).

Besekinaxxui BIIC Bimpi3HIIOTBCSA BiJ] KIACHYHUX
THM, 110 3aMiCTh Cy/iHa 3a0e3MeYEeHHs] BHKOPHCTOBYETh-
cs Oesexinaxxuuit HapBoauuit Hociit (BHH). [lns Buko-
HaHHs onepaniil crrycky BITA nHa Bony Ta migiiomy BITA
Ha O6opt BHH 0e3 yuacTi JrOIUHMA 3aCTOCOBYIOTHCS aB-
TOMAaTH30BaHi cIrycko-migHiManbsHi npuctpoi (CIIIT) [S5].
KepyBanHsi BciMa onepauisiMu BiOyBa€ThCSl JUCTaH-
ifHO Yepe3 MOay/b IudpoBoro pamioss’sky (MLIP).
B inmomy crpykrypa BBIIC BinnoBinae kimacuyHiii: Ka-
oenbHa sedinka (KJI) posramosyerses Ha BHH, kabens-
oykcup (Kb) xopinHiM KiHIleM 3akpiruiroethest Ha KJI,
xomosuii Kinerb Kb 3akpirtroerscst Ha BITA.

Besekinaxui BIIC maroTh 101aTKOBI IepeBary y mo-
piBHstHHI 3 Kitacuyanmu BIIC, 00yMoBIIeH1 BiiCyTHICTIO
Jonielt Ha 6opTy:

— BHCOKa aBTOHOMHICTb;

— MiJBHIIECHA JATbHICTh IIaBaHHS;

— 3HMKEHA BOJAOTOHHAKHICTb.

OcHoBHoOMO mpobiemoro BuxkopuctanHs BBIIC e aB-
TOMaTH3alis npocropoBoro pyxy bBIIA, ockingbku sk
00’ext kepyBanHs BBIIC siBisie cO00r0 CYyTTEBO HEliHIH-
HUI OaraToOBUMipHHN 00’ €KT, SIKUI MICTUTH B3a€MOJIIFOU1
enemenTH 13 3ocepemkenumu (BHH ta BITA) ta posno-
ninennmu napamerpamu (Kb) napamerpamu.

3ajgaqi JOCHIPKEHHS! €(PEeKTHBHOCTI CHCTEM aBTO-
maruuHoro kepyBaHHs (CAK) BBIIC, pocmimxeHHs
BiactuBocreit BBIIC sk 00’ekTa KepyBaHHS Ha paHHIX
eTanax NpOeKTYBaHHS JOIJIBHO PO3B’s3yBaTH METOIOM
MaTreMaTHYHOTO MOJICITIOBAHHS.

I

Puc. 1. besekinakHa OykcupyBaHa MiJBOAHA CUCTEMA
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Ockinbku BBIIC sik 00’€KT KepyBaHHS € CYTTEBO
HENIHIHHUM 1 HOTO eNIEMEHTH ONHCYIOTHCS CHCTEMaMHU
IuQepeHIiaTbHUX PIBHAHB, SKi HE MAalOTh aHANITHY-
HUX PO3B’S3KIB, TO BHHUKA€ HEOOXIAHICTH CTBOPEHHS
imiTamiitnoi moxmem BBIIC Ta ii peamizamii y BHIIAAL
KOMIT IOT€PHOI IIPOrpaMy — CIEMiali30BaHOTO MOJIEITIO-
togoro kommiekcy (CMK).

AHaJti3 ocTaHHIX 10caiKkeHb i myOaikanii. Imira-
1iiTHI MOZIENI TPOCTOPOBOTO PYXy HAJBOJHUX ILIABYYHX
3aco0iB Ta BITA sk TBepAMX TiN y MOTOII BOIH B ILIIOMY
J00pe BUBYEHI Ta YCHIIIHO 3aCTOCOBYIOTHCS y CKIIai
MOJIEJIFOIOYMX KOMIIIEKCIB OIIbII CKIIAJHUX 00’ €KTIB —
MPUB’S3HUX MIJBOAHAX CHCTeM pi3HUX THImB [3].
OCHOBHOIO CKJIQJIHICTIO JUIsi MOJICJIOBAHHS OCTaHHIX
¢ 3a0e3MnedyeHHs] MOJECIIOBAHHS CUJIOBOI B3aeMOZil Mix
€JIEMEHTaMH CUCTEMH 3 ypaxyBaHHs ANHAMIKN THYYKOTO
3B’513Ky — Kabeib-Oykcupa.

BizoMo mipo Moesi IpUB’sI3HUX MTIABOIHUX CUCTEM
3 ypaxyBaHHSM YCTaJEHOTO BIUIMBY KaOelb-Tpoca Ha
ITiIBOJTHNH arapat. BukopucranHs Takux Mozesei crpo-
LIy€ PO3pOOKY MOJIECTIOI0YOT0 KOMIUIEKCY Ta 3MEHIIYE
BUMOTH 10 PO3paxyHKOBHX pecypciB. Tak, Hampukian,
y [6] po3pobneno Mozesb JUHAMIKH IIPOCTOPOBOTO PYXy
MPUB’A3HOTO TMiIBOJHOIO armapara. BIiue kabeab-Tpo-
ca IpU LbOMY MOJICTIOEThCS SIK yCTAJICHWH Ha OCHOBI
ITEpaTUBHOTO METOJY CTPiIBOM AJIsl pO3B’sI3aHHS 3a/1a-
4l MOLIYKY I'PaHUYHUX YMOB Ha MOro KiHIAX. Y pobo-
Ti [7] po3po0bieHO iMiTaIiifHy MOZETh YCTAICHOTO PyXY
Kabenb-Tpoca, sika Ja€ 3MOTy OLIHUTH HOTO BIUIMB Ha
MaHEBPEHICTh MMPHB’SI3HOTO IMiJJBOAHOIO arnapara. Y po-
60Ti [8] TpOTIOHYEThCA iMiTaliifHA MOJIENb YCTAJICHOTO
pyXy KaOeJro B IUIOMIMHI 31 3MiHHOIO JIOB)KHHOIO BHITY-
LIEHOI YaCTHHH. AJie MOJIeli YCTaJICHOr0 PyXy I'HYYKO-
TO 3B’S3Ky HE BPaXOBYIOTh HOTO TUHAMIKH, III0 OOMEXK-
ye X 3aCTOCYBaHHSI JIMIIE OKPEMUMH PEKUMaMH PyXy
[IPUB’SI3HUX MIJIBOAHUX CHCTEM.

VY poborti [9] HaBeneHO TPUBHMIpPHY MOJAENTH TiIpOAHN-
Hamiku BIIC. TonosHi piBusHHES KB ckianeHo Ha 0CHOBI
cermentHoro merony. PiBustnast Kb Oynn anpokcnmoBaHi
3 BUKOPHCTAHHAM METOY CKIHUCHHHX Pi3HHUIIb 3 HEIBHOIO
CXEMOIO PO3paxyHKY, 10 JJIsl pO3B’sI3Ky MoTpelye 3acTo-
cyBaHHsI iTepariBHOro Metoay Hetotona. [Ipu npomy st
3a0€e3IMeYeH s TOYHOCTI MOJIEIIOBAHHS, JOCTATHHOI IS
po3p’si3anHs 3amad gociimkenHas CAK BIIC, HeoOximHO
301bLyBaTH KibKicTh cermenTiB Kb, 1110 cyTTeBO 30111B-
IIATH BUMOTH JIO PO3PaXyHKOBUX PECYPCIB.

Binomo mipo momeni BIIC, B SKuX TSt MOICITIOBAaHHS
Kb 3actocoByeTbcs METO 30CEpEHKEHIX Mac Ta enac-
TrYHAX 3B s13KiB. Tak, y [10] mogens Kb 3 ypaxyBanusM
e(eKTiB 3rMHAHHS Ta CKpy4YyBaHHS Oyja BHKOpPHCTaHa
JUISL MOJICJIIOBAHHSI KPYTOBOTO F'OPU30HTAJIBLHOTO MaHEB-
py OyxcupyBanoi cuctemu. Y [11] po3pobieno momens
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HAIIB3aIMOHOTO ABTOHOMHOIO IIiJIBOJHOTO arapara
3 Kb Ta rigponokaropoM GOKOBOTO OTJIsAy. Ajie 3aCTO-
cyBauHs Takux mozenei st BIIC 3 mepostskanmu Kb
CYIPOBO/KYETHCSI CYTTEBUM 301IBLIEHHSIM BHMOT JIO
PO3paxyHKOBHX PECypCiB.

Haii0116111 ITOBHO MUTAHHS IMITAIIHTHOTO MOJAETIOBAH-
Hs1 T2 KOMIT F0TepHOTO AociimkenHs pyxy BIIC sk 00’ekra
KepyBaHHs pO3IIsIHYTO B podorax [12; 13]. IIpore, y 3a-
3HAUCHUX JOCIIHKEHHIX PO3MIAAaeThes auiie pyx BITA
y IiaMeTpaibHIl IUIOMIMHI CyaHa-OykcupyBaibHuKa. Lle
HE J1a€ MOXJITHBOCTI omiHtoBatH edekrrBHicTh CAK BIIC
30Kkpema rpu BigxwmineHHsax BITA Bix niamerpansHOI mio-
IIMHU Cy/Ha-OyKCUpYBaJIbHUKA MO TOPU30HTAI Ta B Li-
JIOMyY TIpH JIOCTI/PKEHHI TipocTopoBoro pyxy BITA.

BinoxpemieHHs: HeBHpIilIEHMX paHille YACTHH
3araJbHOl MpodaeMu. AHalli3 OCTaHHIX JOCIIKCHD Ta
myOITiKaIiii moxasas, 0 IpH po3poOIli iMiTaifHIX MO-
Jieield NpUB’I3HUX MiJIBOAHUX CHCTEM OCHOBHY CKJIa[-
HICTb CTaHOBHUTH MOJETIOBAHHS B3a€MOJII ITiJIBOIHOTO
amapara Ta THYYKOTO 3B’s13Ky — KaOenb-Tpoca abo Ka-
Oenb-Oykcupa. Tomy imiTarlifiHi MoOzesi CYyTTEBO CIIPO-
LIYIOTh 32 PaXyHOK CIPOIICHHS MOJICITIOBAHHS THYYKOTO
3B’A3KY. 3a3BHUA IS IIBOTO 3aCTOCOBYIOTH 00 MoOzei
KBa3iCTALIOHAPHOT'O PyXy THYYKOTo 3B’s3Ky, 200 Mozei
JMHAMIKH THYYKOTO 3B’SI3Ky B IUIOCKIH MOCTaHOBII 3a-
nadgi, abo rpy0e MONeNIOBaHHS AMHAMIKH POCTOPOBOTO
PYXy THYYKOTO 3B’SI3Ky CEPMEHTHHUM METO/IOM.

Kpim Toro, anexsatnicTh po3pobnernx CMK rpys-
TYETHCS HA a€KBAaTHOCTI BUKOPHCTAHUX MAaTeMAaTHIHUX
mozeneit eaementiB BIIC okpemo, ajne B KOMIUICKCI HE
MATBEP/KYETHCS MOPCHKUM HaTypHHM abo OaceiiHo-
BHM €KCTIEPHMEHTOM.

META JOCJIIKEHHSI — cuHTe3 iMiTaliiHOT
MOJIeITi IS JOCTIKSHHS THHAMIKH ITPOCTOPOBOTO PyXy
0e3eKinaKHOi OyKCHPYBaHOI IMMIABOMAHOI CHUCTEMH SIK
00’eKkTa KepyBaHHS Ta IMEpeBipKa ii aJeKBaTHOCTI ILIs-
XOM MOPCBHKOTO HATyPHOT'O €KCIIEPUMEHTY.

Jnst ocArHEHHS MOCTaBleHOI MeTH B poOOTi
PO3B’S13aHO HACTYIIHI 3a/a4i:

—CHHTE30BaHO IMiTamiiiHy MoIens Oe3eKimaxHol
OyKCHPYBaHOI IiIBOJHOI CHCTEMH y CKJIaJi Oe3eKimax-
HOTO HAaJBOJHOTO HOCIis, KaOenbHOI JIeOiaKu, Kadeab-
Oykcupa Ta OyKCHPYBaHOTO IiIBOTHOTO arapara,

—pO3po0IICHO Crieliali30BaHUN MO/ICITFOFOYHI KOMIT-
JIeKC Ha 0a31 CHHTE30BaHOI IMITAI[IHHOT MOJIEIII;

—TIepeBIpEHO AJCKBATHICTH CIIEIiali30BAaHOTO MO-
JICITIOI0YOT0 KOMIUIEKCY IUISIXOM MOPCHKOTO HaTypHOT'O
CKCIICPUMCHTY.

Metonu, 00’€KT Ta npeaMeTr AocaimkeHHst. s
PO3B’sI3aHHS IIOCTABIICHUX 3a]1a4 BUKOPUCTAHO HACTYITHI
METON JOCTI/DKCHHS: METOI MOJCNIOBAaHHS THYYKOTO
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3B 513Ky Ha OCHOBI aBTOMAaTHYHOTO KOHTPOIIIO OCHOBOTO
pyXy HOro eJleMeHTIB, METO/I MOJICJIIOBAHHSI YHUCIIOBOTO
PO3B’SI3Ky CHCTEMH JIIHIHNX anreOpaidyHuX piBHAHB IS
OOUHMCIICHHSI CHJT peaKIlii 3B’ s13KiB IPU MOJICITFOBAHHI JTU-
HaMiKH KaOenb-OyKcupa, METOJM YHCIOBOTO PO3B’SI3KY
cucreM JudepeHIiagbHUX PIBHIHB JJIsI MAaTEeMaTHUYHOTO
MOJICJTIOBaHHS TMHAMIKK pyXy eiemenTiB BBIIC, meron
KOMIT FOTEPHOTO MOJICIIOBAHHS IS JIOCIIIJDKEHHSI INHA-
Miku pyxy BBIIC, meTon mtanyBaHHs Ta 00OpOOKH TaHUX
MOPCBKOTO HaTYPHOTO €KCIIEPUMEHTY JUIS ONTHMi3allii
napaMmeTpiB MareMarnyHoi moxeni (MM) minBomHOTO
amapara.

06’ekmom 0ocnidiceHHs € TMHAMIKA IPOCTOPOBOTO
pyxy BBIIC.

IIpeomem 0ocnidicenns — CUHTE3 MOJICTI TUHAMI-
KM KepOoBaHOTro mpoctopoBoro pyxy BBIIC.

OcnoBHuii marepiaj. CuHTEe3 iMiTalifHOI Momemi
OyneMO BHUKOHYBATH 3TiZHO 3 MOIYJIBHHM IPHUHIIAIIOM,
3alponoHOBaHUM y [14], Ha OCHOBI CTPYKTyp MaTeMa-
THuHUX Monenei ckinanoBux bBIIC — eneMenTis i3 30-
Cepe/DKEHUMH Ta PO3IOAITICHUMH Tapamerpamu. Erne-
MEHTaMH i3 30CEPEDKEHUMH ITapaMeTpaMu € MOPCHKi
pyxomi 00’exti (MPO), siki MalOTh BITaCTHBOCTI TBEp-
mux, To0to BHH ta BITA. EnemenToM 3 po3moniieHuMu
napametpamu € Kb.

[Ipu monemoBanai MPO 3acTocoByroThCS 0azoBa
cucrema koopauHat (BCK) Ta 3B’s3aHa cucrema Koop-
muHar (3CK), X goknaaHui onuc HaBeaeHo B [15].

OCHOBHHUI1 3aKOH JMHAMIKH HPOCTOPOBOTO PYyXy
MPO six TBepOTO Tija Mae (OPMY CHCTEMH HETHIHHIX
MaTpUIHUX AudepeHiaTbHuX PiBHAHB [16]:

Wk

dt n
—dBR:K,, V+V,

dt

V= \7(T)T=|:vx Vv,V 0, 0, (Dz:lT;
R= chT= xyzE)(p\pT;
T=[FM] =[F.F,F.M M,M.];

I=M+A;, V.=7.0, ;

i -0, o, 0 0 0]
o, 0 -o, 0 0 0
-0, o, 0 0 0 0

k= 0 -v, v 0 -o o ;
v, 0 -v. o, 0 -o,

v 0 -o, o, 0
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i (sinpsin® — (cosqsin\ysin + |
COS(PCos\ . .
—cospsin\ycos0) +sin @cos0)
K, = sin cos\ycosB —cosysin® |,
. (sin@sinycos0 + (cospcosO —
—sin@cos\y ) . : :
i +cospsin0) —sin@sinysin0) |

ne V, R— Matpuili BIAMOBIAHO MIBUAKICHUX Ta MO3MIIIN-
HUX KiHeMaTHuHUX napameTpiB MPO; [ — marpuiis Mac
Ta MoMeHTiB iHepuii MPO posmipom 6x6; T'— marpuus
PIBHOMIFOYMX CHIT F imomentis M sixi niroTh Ha MPO;
K — marpui, sika BpaxoBye€ IIEPEHOCHUM PyX IIPU B3ST-
Ti noxifnoi no BigHomenHio 10 3CK; K, — kinemaruuna
Marpuill 3B 53Ky MO3MMIHHMX Ta IIBUIKICHUX KiHEMa-
TyHUX napamerpis MPO posmipom 6x6; V, — marpuns
NONpPAaBKM Ha IBHKICTh Tedil; V, () — BEKTOPH BijIo-
BIJJTHO MOCTyHaibHOI Ta 00eproBoi mBuakocreii MPO;

v — MpOeKIIii BEKTOPiB BiANOBiAHO V i O Ha

x,,2° mx,y,z_»
oci 3CK; 7 Ta ¢ — BEeKTOpH BiMOBITHO MOCTYNAIbHUX
i obeproBux koopamHat MPO; x, y, z — mocrynaib-
Hi koopauHatu MPO; 6, ¢, v — 00epToBi KOOpIUHATH

MPO (xytu Eiinepa); F, M — npoekiii BEKTOpiB

xp,z° ),z
BignoBinHo F ta M. Ha}oci 36K; M, A — marpuui Biz-
MOBIJJHO BJIAaCHUX Mac i MoMeHTiB iHepiii MPO Tta npu-
€IHAHMX Mac I MOMEHTIB iHepIii BoAW po3MipoM 6X6;
V, — BEKTOp IIBHIKOCTI Tedii; K — marpuns 383Ky
mix 3CK ta BCK; K — matpuiis 38’s3Ky MiXk NpOeK-
LISIMH BEKTOpa ® Ha oci 3CK Ta MIBHAKOCTSIMH 3MiHH
kyTiB Einiepa, ToOTO KiHeMaTHYHa MaTpHIs 3B’SI3KY
obeptoBoro pyxy MPO.

Enemenrn marpuii cu ta MOMeHTIB T, TOOTO BEKTO-
pu F taM, YTBOPIOIOTHCS 32 MPUHIMIIOM CYTIEPIIO3H-
1i# 3 TPHOX CKJIAIOBUX: PEAKTHBHI, PYIIiiHI Ta 30BHIIIHI
CHJIM 1 MOMEHTH. PeakTHBHI CHJIM Ta MOMEHTH PO3ILJIs-
I0ThCs Ha 1HepIIiiiHi i B’s13Ki. [Tepiii BpaXxoByOThCS pH-
enHaHUMK Macamu piauHu. OcTaHHI 3a3BUYail MOJAOTh
y BUIJISII CYyMH JIIHIHHOT Ta KBaJpaTU4HOI 3aJIe)KHOCTEH
BiJl BUIKOCTI pyxy MPO 1o BiJJHOLICHHIO /10 BOJIHO-
ro CepeoBuINa. PyImiiiHi Uik Ta MOMEHTH BHHUKAIOTh
y pesynbrari podotu pymiiiHoro komiuiekcy MPO. Jlo
30BHIIIHIX CHJI TA MOMCHTIB BiHOCSTH CHJIM TSDKIHHS
1 crunBaHHs Ta 30yprorounii BB Kb.

OcHoBHuit 3akoH nuHaMiku MPO y Bumisiii MaTpud-
HUX piBHsHB (1) MOXKHA 3aCTOCOBYBaru B mpsmMiit dop-
Mi Juist MozienmoBanHsl pyxy MPO Tta B iHBepcHiit popmi
g cuate3y CAK #oro mpocTopoBUM pyXoM METOIOM
obeprueHoi nunamiku [17]. Ha BigmiHy Bix Bigomux
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1 siny 0

sin© |;

0 —cosysin® cosO

(dopm 3anmcy BIacHi Macu Ta MOMeHTH iHepiii MPO M
1 MpueTHAHI MacH Ta MOMEHTH 1HEpITii piTuHN A 3BEICHO
B oKkpeMy marpuito /. Ile nae 3Mory BUKOpHUCTOBYBAaTH
OTpUMaHE MaTpU4YHE PIBHAHHA 0€3 CTPYKTYpHHX 3MiH
JUTS TOCTIDKSHHST JHHAMIKH TIPOCTOpoBOro pyxy MPO
3 pisunmu napamerpamu: bHH Ta BITA.

Posrsinemo Tenep y3araibHeHi pOpMH MaTeMaTHy-
Horo mozentoBanHs auHaMiku Kb ta cynHoBuX Kabenb-
Hux siebinok. s monentoBanus quHamiku Kb fioro ma-
TeMaTH4YHa MOJIEJ b TOBUHHA OyTH M0IaHa Y HACTYITHOMY
Bursii [14]:

)
’;’—I’r;"};‘+l7dt’ )

2

mr; = F;,

ne F, — BexTop piBHOiI04OI CUIIH, sIKA Jli€ HA eTeMEH-
tapuy mimseky Kb, i = 1,2, ..., n; F

; — KOOpJHMHATH

enemenTtapHoi ginsaku Kb; L — momxnHa BUIMyIIeHOT
gactuau Kb.

KoopuHary KopiHHOTO 7;

i Ta XO/I0BOTO 77,! KIHIIIB

Kb BH3HAua0ThCSI HA OCHOBI MO3HUIIHHIX KIHEMATHIHHX
napameTpiB MPO, no sxux Bouu mix’emnani (bBHH Ta
BITA), i € Bxomamu MM Kb. Buxonmamu MM Kb € cumu
HaTsTy Ha KOPIHHOMY F'l Ta XOI0BOMY F; kinisix Kb,
K1 € BXiTHUMH BeauunHamu 11t MM MPO. Kepyrouum
BrtuBoM 171t MM Kb € nopknHa Horo BUITYIIEHOT Yac-
THHU L.

3acrocyBanns MM Kb y Bursazi (2) mo3Bossie Bpa-
XyBaTd B3aeMHHH BIUMB ycix emementiB BBIIC mpu
MOJICITIOBAaHHI JWHAMIKH HOTO pPyXy, B TOMY YHCIi TPU
oneparuBHill 3miHi goBxuHU Kb.

s monenroBanus Kb y cknani CMK Oymemo BuKo-
PHUCTOBYBaTH METOJ| 3 aBTOMaTHYHUM KOHTPOJIEM OChO-
BOTO PyXY €JIEMEHTIB THYYKOrO 3B’SI3KY, 3aIPOIOHOBA-
Huii y [18]. Bin 00’eiHye nepeBaru KIIaCHYHUX METOJIB
MOJICTIIOBaHHSI THYYKHX 3B’S3KiB: 3a0e3medye Maiibke
KOHCTaHTHE 3HAYCHHS JTOBXKHH 3B’ S3KiB, SIK CETMCHTHUI
METOI, TIPH IIbOMY JJISl HOTO 3aCTOCYBAaHHS MOYKHA BUKO-
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pHUCTOBYBaTH OE€3iTEpaTHBHI METOIU PO3B’SI3KYy CHUCTEM
TU(epeHINaTbHUX PIBHIHD, K Y METOJI 30CCPEIKCHUX
Mac Ta eJacTUYHHX 3B’s3KiB. Kpim Toro, meil meros Ha
BIIMIHY BiJI KJIJACHYHHX METOJIIB J]a€ 3MOT'Y MOJICITFOBATH
JUHAMIKY 3MIHU JOBXUHU BumynieHoi yactuau KB, mo
€ Ba)KJIMBOIO BJIACTHMBICTIO JJISl AOCIIKEHHS TUHAMIKA
BBIIC.

Bumnyckanns-ninoupanas Kb Momemoerbess Ha
ocHoBi MM nuHamiku kabenbHOi neOimku [19], sKy
B 3TOPHYTOMY BUIIIAII MOKHA HABECTH Yy BUIIIAII Ha-
CTYITHOI CHCTEMU PiBHSHB [ 14]:

My =1 u,,0;
o=f My, M, ; M, =RF; ©)
L =Ro,
e u  — CUTHAI KepyBauHs npusonom KJI; M, — py-
mifanit MoMeHT enekrponBuryHa KJI; @ — kyToBa

WBHJIKICTE 00epTanns 6apadana KJI; M, — ransmisHui
MoMeHT Ha 6apabani KJI; R — paniyc 6apabana KJI.

Takum umHOM, iMiTariina moaens BBIIC ckimamga-
etbes 13 cykymaocted MM BHH Ta BITA y Bursani (1),
MM KB (2) Ta MM KIJI (3). [TapameTpu koxaoi MM
MOXYTh BIIPI3HATHCS 3aJIS)KHO BiJ MapameTpiB Biamo-
BimHuX enemeHTiB BBIIC Ta mpuilHATHX TPUIYIICHB.
Ane y minmomy Bukopuctani gopmMu MM enemeHTIB
BBIIC naroTh 3MOTy 3aCTOCOBYBATH IPHHIIUI MOIYIIb-
HOCTI IIPH CTBOPEHHI MOJIEITIOIOYNX KOMIDIEKCIB IS J10-
CII/DKEHHS TUHAMIKA TPOCTOPOBOTO PYXy IPHB’SI3HUX
CHCTEM.

MM BHH
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Crpyktypy CMK po3pobumo 3 ypaxyBaHHSIM
ocobmmBocTeld B3aemonxii enementiB BBIIC nmisixom
3’€THaHHS BXOIIB Ta BUXOMIB MOMIYIIB, SKi MOICIIOIOTh
okpemi enemeHTH ckiagoBux bBIIC (puc. 2).

Po3risiHeMo mopsiiok  opraHizauii  004HCITIOBAb-
HOTO TIpoliecy B Wiil CTpyKTypi. MaremarnyHa Mojeib
BITA cxmamaeThcs 3 OCHOBHOTO 3aKOHY THHAMIKH Ta Ma-
TEeMaTUIHUX MOAeTeH rigpoauaaMiganx BIummBis (IIB),
Hecyuoi noBepxHi (HIT), kepyrounx xpun (KK), BBy
cun TsokiHHA Ta mwiaBydocti (CTIT). Maremaruyni moze-
JIi TIepesTideHuX eJIEMEHTIB JIOKJIaHO ONKCaHi B JOBi-
KOBIif iTeparypi [20].

MopemoBarumeMo bBITA, oOmagHaHuii TOpU30H-
TAJILHOI0 HECYYOl0 IMOBEPXHEI0 Ta J[BOMA KEPYHOUHMH
kpuinamu. IIpn npomy HIT posramoByroTsest Tak, moo
piBHOMifOYa CHJI, SKi BOHA CTBOPIOE, KOMIICHCYBaJa
BEpTUKAIBHY CKIanoBy 30yprotouoi cmmm Bix Kb, a KK
pO3TaIoBYIOThCS B KOpMOBii wactuni BIIA, mo Hanae
MOXKJIMBICTh CTBOPIOBATH KEPOBaHUI JAN(BEPEHTYIOUU
momeHT. Kepytounm BmimmBoMm anst BITA € Bekrop-psi-

JIOK U

u= uleft’ uright 5 uleft € [_17 1]7 uright € [_1, 1],
A€ u,, — CHTHAIl KEPYBaHHS A JIBOTO KEPYHOHOro
Kpujia; u,, , — CUIHaJ KEPYBaHHA MPABOTO KEPYIOuOro
KpHJIa.

IIpu npomy npu Uiy = Uy, KPEH BITA nopiBHIoBa-

THUME HYIIO 1 KepoBaHoto Oyne yimme rubuna BITA 3a
paxyHok 3minu qudepenty BITA, ocranniii y ibomy BH-
Ta/IKy KePYETHCSI CHHXPOHHOIO 3MIHOIO KEPYIOUUX BIUIH-

BiB IS JIIBOTO Ta MPaBOTO KPHII. SIKIIo Upy +*u TO

right’

y A

OCHOBHHIT 3aKOH
IHHAMIKH
BIIA

T

tail

Puc. 2. Y3aranpHeHa CTPYKTypa CHELiali30BAHOTO MOJENIOI0YOT0 KOMITIEKCY IS TOCITiKEHHS TUHAMIKH MPOCTOPOBOTO PYXY

BBIIC
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3’siBUThCS KpeH 1 BITA 3minryBarumerscst BOik. Takum
YHHOM 3a0€31eUyIOThCs JIBa KePOBaHI CTETEHi BUTHHO-
CTi: BepTHKalbHe Ta 60koBe nepeminieHHs BITA.

Jnst moBopoty KK 3actocoByeThbcsi aBTOMaru3oBa-
HUH eNeKTpOonpuBif, ToMy AuHaMiKy oBopoty KK Binx-
HocHO kopmycy BITA monemtoBaTuMeMo 3a OTIOMOTH
3a/1aBavya iIHTCHCUBHOCTI MEPIIOTO MOPSAKY:

du,, 1
o= —sgat g,& ;
dt int

g, IPHE>E ;

€= uin - uoul’

sat(e,g,) = —€,, IpUE < —E;
€, iHaKie;
K <0,

G’Icft, right — Kuout(leﬁ), out(right)°

1€ u, — TmapameTp, AKUH MoTparise Ha BXijl 3a/aBaya
IHTEHCHBHOCTI, u, — BUXIJHE 3HAYEHHS 3ajaBada 1H-
TEHCUBHOCTI; € — CHTHAJ HEY3TOMKEHOCTI mapameTpiB
€ — mapamerTp, KA BHU3HA4Ya€ MOPIr HACH-

out® s

u, Tau
YEHHSA CHTHAILy HEY3TOIDKEHOCTI €; T, — cTaJia Jacy, ika
BH3HAYA€ THHAMIKY TMEPEeXiTHOTO IMPOIeCy MPH BUXOIL
napamMeTpa € 3 peKUMY HacHYeHHs; sat(e, €) — QyHK-
1is1, SIKa peaizye HeJMIHIHHUN eNeMEHT 3 XapaKTepUCTH-

KOIO TUITY «HACUYCHH», O — Bi,Z[HOBi,IIHO KyTH 110-

left, right
BopoTy JiBoro i npasoro KK BignocHo kopmycy BITA;

K — xoedimieHT MacmTaOyBaHHS KEPYHOYOTO BILIHBY,

OCKUIBKH MapaMeTpH u 6e3po3mipHi, To Koedilli-

left® uright

eHT K Ma€ KyTOBY PO3MIpHICTB; u — BHUXO-

out(left)’ z/lom‘(righz‘)
M 3aJaBaviB IHTEHCUBHOCTI BIJIOBIAHO JUIS JIIBOTO Ta
npasoro KK.

left® uright left® aright
MAalOTh JOJIaTHI 3HAYCHHSI, IO CTBOPIOBATUME TU(PEPEHT

[Tpn Bix’eMHUX 3HAUCHHSX U KyTH O
Ha Hic BITA i 3MymyBaTiMe HOro 3arnOIroBaTUC, BiJI-
TIOBIJTHO, MIPW JIOJAATHNUX 3HAYCHHSX KEPYIOUMX BIUIMBIB
BITA orpumyBarume nudepeHT Ha KopMy 1 Oyje criinBa-
tH. Takuii BuOip 3HaKa KoedinieHnra K 3po0ieHo 3 ypa-
XyBaHHSIM TOTO, IO KiHIIEBMM KEPOBAaHHUM IapaMeTPOM
€ nmoctynanbHe nepemimeHtst BITA B310BK BepTHKAIb-
Hoi oci BCK, nampaBieHoi BBepX, i 3HaKH KEpyHOUHX
BIUTMBIB (32 PIBHOCTI iX aOCONIOTHUX 3HA4YEHb) BiJIO-
BiJaTUMYTh HaNpsIMKY pyxy BITA B3moBxk BepTHKaIBHOT
oci 00paHo1 CHCTEeMH KOOP/IWHAT.

u TO O, < O

right® left righ
BITA orpumyBariMe KpeH Ha JIiBUH OOpT, 1ie, BiANOBI/I-

, .
SIxo Uy > » Y 3B’A3KY 13 LIMM
HO, CIIPUYMHATHME HOTO TTepeMillieHHs BIIPaBo, 1 HaBIa-

KH, SIKIIIO U u TO 0, > O Y 3B’s13Ky 13 num BITA

<
left right® left
OTpUMYyBaTUMe KpEH Ha INpaBUil OOpT, e, BIAMOBIIHO,
CIIPUUYUHSATUME HOTO TIepeMillleHHs BIiBO. Taki mepeMi-
LIEHHSI TTOSICHIOIOTHCSI THM, 110 «IiIHOMHA CHIIa» HECy-
Y01 MOBEPXHI CHIPSIMOBAHA BHU3.

EnemenTn marpuii cui ta MOMeHTIB 7, TOOTO Bek-
topu I Ta M, yTBOPHOIOTECS 3a MPMHIMIIOM CyTiEp-

ro3uttii [21]:
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T=T,+T,+T +T, +T;
gb

wing tail u
ne T, — MaTpuls TipOIMHAMIYHUX (B’SA3KMX) CHIl Ta
MOMEHTIB; T, — Marpuus CHI Ta MOMECHTIB TSKIHHS
1 maByvocti; T

wing

— wMarpuns cui ta MomeHTiB HIT;
Tt . —— MAarpHIsl CHJI Ta momeHTiB XO; Tu — Marpuus
cun Ta MmomeHTiB Kb.

VYei eneMeHTH X MaTpHIb 33/1a10ThCS B MTPOCKITISIX
Ha oci 3CK.

[Tpn Bukonanni ninBogHux poOit BHH pyxaerscs
a0 mpsIMOITiHIKHO, a00 3a JESKOI0 331aHOI0 TPAEKTOPI-
er0. Y 3anavax nociuimkeras CAK pyxowm BITA, ski pos-
[ISJAI0TECS B CTATTI, HEMAE€ HEOOX1THOCTI MOJCIIIOBATH
BHH. /locrarHbo 3a1aBatu y GyHKIIT 4acy ¢ KOOpAWHATH
xopinHoro kiHis Kb, 3akpimienoro na bBHH, y Bunsiai
paniyc-sexropa 7. (), sikuit 3°exye nouarox BCK Ta
TOUKy KpiruteHHs: kopinHoro ki Kb na BHH. Brnache
TaKky 3ajaady i Bukonye MM BHH.

Ha Bxin imitaniitnoi mogeni BBIIC y poni kepyrodo-
TO BIUIMBY TaKOX HaJIXOJWTh TapaMeTp u , KU sBIsE
c00010 Kepyrounii BIuiB Juisi enekrponpusoxy KJI. [lpu
u, > 0 xabenbHa ebinka Bunyckae Kb i josxuna foro
BHITYIICHOT YacTUHU L 301UIbIIy€eThCsI. BinmosimgHo, mpu
u, < 0 mapamerp L 3MeHIIyeThCs, a npu u, = 0 — He
3MIHIOETBCSL.

Junamika 3minu nosxuan Kb o6uncmoerses B MM
KJI, a nunamika pyxy Kb o6unciroerscs 8 MM KBb.

Crieriasii3oBaHHN MOJICTIOFOYHMIA KOMIUIECKC peatizo-
BaHO B cepenoBuii Simulink makera Matlab.

[lepeBipKy aJeKBaTHOCTI CHHTE30BaHOI iMiTaIiiHOT
Mozei Ta pozpodneHoro Ha ii ocHoBi CMK 3miicHeHO
LIJISIXOM IPOBE/ICHHSI MOPCHKMX HAaTypPHUX BUIIPOOYBaHb
Mmakety BITA npoekry «Ilnanep-2» BupoOnunrsa Hario-
HaJIFHOTO YHIBEPCUTETY KopaOineOyayBaHHs IMEHI aaMi-
pana Makapoga (Ykpaina, M. MukoaiB).

MeTto10 eKcriepuMeHTy OyJio BU3HAUCHHS XapakTepy
nuHaMiku pyxy BITA. AnekBaTHicTh iMiTaniiHOT Mozei
OIlHIOBAJIACs IIUISIXOM TIOPIBHSIHHS TUHAMIYHHUX BJIaC-
tuBocterd BITA Ta fioro iMiTaIiitHol MoAemi pu Pi3HUX
HIBHAKOCTSIX OykcupyBaHHs. [lopiBHIOBanHCs OCHOBHI
kinemarn4Hi napametpu BITA: kpen 0, nudepent y ta
mmbuHa y. EXCriepuMeHT ITpoBOIMBCS B JIBa CTAIlH:

1) nmpoBeseHHS MOPCHKHX HAaTypHHUX BUIPOOYBaHb
BITA 3i 36epirannsm 3anexunocteit 0(7), y(f) ta y(¢);

2) HalAIITyBaHHS MapaMeTpiB iMiTamiiHoi Moje-
T s 3a0e3MeUeHHs 3a7J0BITBHOTO 30Iry JTUHAMIYHUX
BrnactuBoctelt BITA.

[Ticnst mpoBeieHHST MOPCHKUX HATYPHHUX BHITPOOY-
BaHb MapaMeTpH IMiTaliiHOT MOJIENI HaJIAIITOBYBAJIUCS
(omTHMI3yBaUCS) TAKMM YUHOM, 100 3aJOBOJILHATH
HaCTYITHOMY KOMILUIEKCHOMY KpuTtepito G:

GB=E <15% AE <15%AE <15% A
A <10% A Jy < 10% A J, < 10% @)
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100%
E, =y7°max‘yr(t) -, B);
100% "
I, == 0=y, Bldi )
s max 0
0,
E, =19%% 1axlo (1) -0, (2. B):
100% "
= B0-0,Bla©
tsemwc 0
100%
E, = y o max|y, (£) =, (1, B)f;
100% "
g ti" v, =, B)ds; ™
swmax 0

ne B — BekTop mapameTpiB iMmiTamiitHOT Mozmeni BITA,

SIKI OMTUMIBYIOThCS; E — MAaKCHMaJbHI BIJHOCHI

12 0%y

HEB’SI3KH MIXK CKCIICPUMCHTAJIbHUMHU NAaHUMU Ta HaHU-

MU IMITaLiHOTO MOJICIFOBAHHS; oy — (dhyHKIIOHA-

>0y
U, SIK1 Tat0Th 3MOTY OLIHUTH aJICKBaTHICTh IMITAIlIHOT
mozienti BITA; ¢ — MomeHT yacy, B AKuii 3aBepIIyeThCs
nepexianui npouec; y,, 0, y — ekcriepuMenTasbHi 3Ha-
YeHHS BiJIOBITHO TMIHOWHU, KpeHy Ta nudepeHty BIIA;
v,»0 .y — 3MOIeNbOBaHi 3Ha4YEHHs BiIMOBIIHO NIMOH-
0
Hi 3Ha4YEHHsI BIINOBIAHO IIMOMHY, KpeHy Ta JudepeHTy
BITA.

OyHKIIIOHATH Jy 0.y SIBIISIOTH c00010 BITHOCHI OILiH-

HH, KpeHy # qudepenty BIIA; y

max’

— TpaHuy-

max’ \Vmax

KA MaTeMaTHYHOro OYiKyBaHHS aOCOJNIOTHUX 3Ha4YeHb
HEB’SI30K EKCIIEPUMEHTAJIbHUX Ta 3MOJEIbOBAHUX 3HA-
4YeHb KiHeMaTnaHuX nmapamerpiB BITA. Momymi HeB 5130k
SIK OCHOBHI IIapaMeTpH MPH PO3pPaxyHKy (yHKIIIOHATIB
Sy oOpaHo yepe3 Te, 1o kputepiit G() He nependaydae
ix MiHiMi3aIito, ockinbku BITA € GaratoBUMipHUM CyT-
TEBO HENIHIKHUM 00’ €KTOM 1 MiHIMI3aIlisl OAHOTO 3 (PYHK-
LIOHAJIB MOXKE CIIPUYMHUATH HEJOMYCTHME 301TbIICHHS
inmmx. Haromicte 10%-# nmopir juist ¢yHKIioHaTiB Joo
3a0e3MeYnTh JOCTATHIO TOYHICTEH JUTS IMITAIHOI MO-
el Takol CKiIagHocTi 1 3a0e3mednTs 11 ageKBaTHICTD.
3MEHIIyBaTH MOPIT y JaHOMY BHUIIAIKy HEMae HEoOXin-
HOCTI, OCKIIBKH IMiTaliiiHa MOJIeIb Ma€ 3a0e3nedyBaTH
JOCTOBIpHUH XapakTep HEMHIMHNX TUHAMIYHIX TIpOIIe-
ciB rpu poctopoBomy pyci bITA.

Taomuus 1. YmoBu Oykcupysanus BITA
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MaxcumanbHa rpoektHa rmouHa BITA ckianae 30
M, Tomy y_ =30 M. Y HOMiHAJIbHUX PEKUMAX PyXy JH-
(epent BITA ne nepesumtye +45°, Tomy vy = 90°, kpen
BIIA ne nepesumye £90°, Tomy 0 = 180°.

MopchKHii HaTypHHUH EKCIIEPUMEHT IPOBOAMBCS 32
mwBHaKOCTEH OykeupyBanna v, =2Ttav, =3 m/c.

Crioyatky HEoOXiTHO OyJ0 BU3HAYUTH HACTYITHI Ta-
pameTpu:

—t,  — TpUBAIICTh 3aHypeHHs bIIA 3 moyarkoBoro
TOJIOKEHHS! y=-SMpoy=-y

~ Lomax

Boro nmonoxkeHs 0 =~ 0° go 0 = £90°.

max’

— TpuBaIicTh 3MiHN Kpeny BITA Bin nouarko-

VY pesynbrari eKCriepuMeHTy OyJio BCTAaHOBIICHO, IO
t ... CKIagae npubnusno 35 c mpu v, =2 ta 70 ¢ npu

yma:

v, . =3mlc,t

[z ? “Omax

4cnpuv, =3 wmc.

CKITajia€ IpHONIU3HO 6 c npu v, =2 Ta

Haini HeoOXimHO OylI0 OTpUMATH CKCIICPUMCHTAIIb-
Hi 3HaYCHHS 3anexkHocTed 0(7), y(f) ta y(¢). Kepyrounit
BIUIUB TIPH [[bOMY 33]1aBaBCSl y BUIIISII MEAH/PY:

u= —sgn[sin[zﬂtﬂ'
T 2

uleﬁ = z/lright ’

ne T — mepiox Meanapy; sgn() — QyHKIIS CITHYM.
Jlmst oTpuMaHHS 3aiiexHoCTel y(7) Ta y(f) kepyrodi
BIUIMBH JiiBoro Ta npasoro KK moBuHHI 6yTH 0gHAKOBI:

Uy = U [Ipu upomy mapametp 7" 00HUpPAETHCA BUXOS-

right”
4u 3 TOlfO, 110 KePYIOUnil BIUIMB Ha 3arIMONICHHS TTIOBH-
HEH [OJaBaTHCS CTUIBKH Yacy, 100 BITA mocsr muduHu
ymax, T00to 7'= 2t

AHaNoOriYHUM YHHOM oOmpaBcs mapametp 7  uist
OTpUMaHHS 3aJIeXKHOCTI 0(f) — Kepyrouuil BIUIUB TOBU-
HEH IMoJiaBaTHcCs CTUIbKH 4dacy, mo0 BITA 3MiHUB KpeH
3 onHOro OOpTY Ha iHmmMi, To6T0 7'= 21, . Ilpn 1bomy
3HAUYECHHSI KEPYIOUMX BILUIUBIB [yIst JIiBoro Ta mpasoro KK
TTOBUHHI MaTH Pi3Hi 3HAKH: Uy = Uy

3araibHa TPUBATICTh OyKCHPYBaHHS ttow oOmpasacst
TaK, 11100 BITA BuKOHaB 5 LUKJIIB «3aHYpEHHS — CILIMBaH-
HS» Ta 5 OUKIIB 3MiHU KPEHY 3 OJHOTO OOpTY Ha iHIINH,
To6T0 £, = 5T. YMOBU OyKCHpPYBaHHs 3BEIEHO B TA0I. 1.

[Ticnst 3aBepIIeHHST MOPCHKOTO HATYPHOTO EKCIIEpH-
MEHTY Ta OTPUMAaHHs 3aJexHOCTEH 0 (1), y (¢) Ta y (f)
OyJ10 IPOBEICHO iMiTaIliiiHe MOECTIOBAHHS Ta HAJIAIITO-

BaHo mapametpu MM BBIIC (ta6m. 2).

[Tapamerp YmoBa 1 YmoBa 2
[BuakicTs OykcHpyBaHHs v, , M/C 2 3
[lepion curnany kepyBanHs (Meanapy) T s BU3HaueHHS 3aiexHOCTel y(?) Ta y(1), ¢ 70 140
3arajibHa TPUBAIICTh OyKCUPYBaHHsI ttOW JIJIsl BUSHAUCHHS 3aJIe)KHOCTEH (7) Ta )(1), C 350 700
[epion curnany kepyBanus (Meanapy) 7 [uisi BU3HAYCHHs 3ajiexHoCTi 0(7), ¢ 6 4
3aranbHa TPUBAICTH OyKCHPYBAHHS /,  JIIsl BUSHAYEHHS 3aJIEKHOCTI 0(%), ¢ 30 20
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Ta6auns 2. Ontumizosani napamerpy MM BBIIC

ABTOMATM3ALISA TA KOMIN'IOTEPHO-IHTEFPOBAHI TEXHOJ1OTTi

[Tapamerp | OnuHUI BUMIPIOBaHHS | 3HaueHHs
Kopmyc BITA (Tpb0ox0chOBHIA €IIICOiN)

Hosxuna /| M 0,75
Mwnpuna /, M 0,3
Bucora /; M 0,2
T'yctuHa BOaM p Kr/m3 1024
BonoroHHaxHiCTh Vdis M3 0,024
Maca m KI' 24,1
IToma nopepxwi S, , M2 0,46
[Tnomi mpoexkuiit Ha miomuan 3CK:

— momepeuny S, M2 0,047

— TOPH3OHTANIBHY Sy, M 0,177

— JllaMeTpabHy S M 0,118
[iaponuuaMivHi koedilieHTH:

= Ak Ky Ky} - {3,1,3,5,3,4)

— o Koo Ko} - £0,25, 0,5, 0,5)

Hecyua nosepxus
[podins - CLARK-Y
dopma B ruiaHi - IIpsimokyTHA
Posmax a, M 0,5
Xopna an M 0,25
Touka npukinaneHHs pisHoairouoi cuu B 3CK R {M, M, M} {0,2, 0, 0}
MaKcha}nLHHﬁ rizpoauHamMivnui koedinient migdomnoi cumm C _ 138
(pu KyTi ataku 15°) ’
Iinpormuamiunmii koedinient nobosoro onopy C,. . (ipn KyTi araku 15°) - 0,13
Kepytoue xpuno

[podine - NACA 0012
®dopma B ruiaHi - [psmoxyTHa
Posmax a M 0,20
Xopna b, M 0,15
Touxa npukmaneHHs piBHoxitouoi cunu B 3CK: {M, M, M}

—niBe R, {-0,38,0,-0,2}

—mpase R, {-0,38,0,-0,2}
MaKche}nLHHﬁ rigpoauHaMigHui KoedinieHT miniomuoi crmm CKKx _ 12
(pu KyTi ataku 15°) ?
lNuoponuaamivamii koedimieHT mo60Boro onopy CKKy (mpu xyTi atakm 15°) - 0,098

Kabenb-0ykcup

Hoexuna L M 50
Hiametp D MM 6
KoedinieHTH rigpoIHaMiqHOTO OIIOpY:

— Hopmanbhui C, - 1,0

— Tanrenniansaui C, - 0,1
Touxa xpinnenns xonosoro kinnsg Kby 3CK R, {™M, M, M} {0,23, 0,1, 0}

PeSyJ'ILTaTI/I MOPCBKOT'O HATYPHOI'O CKCIICPUMECHTY Ta iMiTaHiﬁHOFO MOJCIIOBAHHA 3 ONTUMI30BaAHUMU napamMeTpa-

mu MM BBITA nonano Ha puc. 3-8.

Sk Gaunmo, imitaniliHa mozenb BITA 3abe3nedye q0CTOBIpHUN XapakTep HEMHIMHUX JTUHAMIUYHHX ITPOIIECIB MPH

npoctopoBoMy pyci BITA. Pe3ynsrat oOuucieHHs ckiaqoBux kputepito G 3a popmynamu (5)—(7) 3BeacHi B Tad. 3.
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Y, M
ot

-10

— Vm

0 100 200 300 400 500 600 700 ¢tc

Puc. 3. [Jlunamika «3anmuOneHHs —ciumBanHsDy bIIA
v =2wM/c

tow

pu

M
0.

—

50 100 150 200 250 300 350 tc¢

=1

Puc. 5. [lunamika «3armuOneHHsS—CIUTMBaHHSD) bBIIA

v_=3mM/c

tow

pu

0,°
90

60

Puc. 7. [lunamika 3minu kpery BIIA mpu v, =2 m/c

Taéauus 3. UnciioBi 3HaUSHHS CKIIAI0BUX KpuTepito G

Kpurepiit, % Ymoga 1 Ymosa 2
E 8,04 7,40
J 3,14 3,32
E. 10,25 9,22
J, 1,33 1,69
E, 9,58 9,62
J, 3,07 3,26

SIKIIO MiACTaBUTH OTpHUMaHi 3Ha4eHHS y (opMy-
my (4), To orpumaemMo G = true 3a pi3HHX MBUAKOCTEH
OykcupyBaHHs (2 Ta 3 M/C), IO MIATBEPIKY€E aICKBAT-
HICTb cHTEe30BaHOI iMiTamiiinoi moaeini BBIIC.

OOropopeHHs1 OTPUMAaHHMX pe3yJabTaTiB. Po3po-
onernit CMK nae 3Mory nociipKyBaTH JHHAMIKY TIPO-
ctopoBoro pyxy BBIIC, y Tomy umchi mocmimKyBaTH
e(eKTHBHICTH CHCTEM aBTOMATHYHOTO KepyBaHHS MpO-
ctopoBuM pyxoM BBIIC 0e3 mpoBeneHHS CKIATHIX,
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v
45
30
15

0 — VY

-15 —V,
=30
—45

0 100 200 300 400 500 600 700 f¢

Puc. 4. Jlunamixa sminn mudepenty BIIA mpuv, =2 wm/c

— Vi
—v

0 50 100 150 200 250 300 350 f¢

Puc. 6. Jlunamixa sminn mudepenty BIIA npu v, =3 m/c

Puc. 8. Jlunamixa sminu xpeny BIIA mpu v, =3 m/c

TPUBAJIMX Ta JIOPOTHX OaceiHOBHX ab0 MOPCHKUX Ha-
TypHUX BUIIPOOYBaHb.

OTpuMaHi pe3yabTaTH CTAHOBIISTh HAYKOBY LIHHICTH
JUISl PO3BUTKY JIOCIIKEHB y chepi MOpchKoi poboToTeX-
HIKH, 30KpeMa B 3a1a9aX JOCITIHKEHHS PyXy IPHUB’ I3HUX
IiJIBOJTHUX CHCTEM, OCKLUIBKH JIal0Th 3MOTY JOCIIIXKYyBa-
TH AWHAMIKy mpocTopoBoro pyxy BITA 3 ypaxyBanHAM
JMUHAMIKH THYYKOTO 3B’SI3KY €KOHOMIYHO €(EKTHBHUM
METOJIOM KOMIT IOTEpHOTO MojieintoBaHHsl. CUHTe30Ba-
Ha iMiTaIliifHa MOIEeNb MOXKE BHUKOPHCTOBYBATHCS IS
OIIIHKK TEXHIYHUX XapakTepucTuk ckinanoBux BBIIC Ha
cTanii X MPOCKTYBaHHS, & TAKOXK IS CHHTE3Y CHUCTEM
ABTOMATHYHOTO KepyBaHHS IX PyXOM y pa3i 3aCTOCyBaH-
HSI METOJIIB CHHTE3Y, sIKi mepe10adaroTh HassBHICTh Mare-
MaTHYHOT MOJIENTi 00’ €KTa KepyBaHHS.

BUCHOBKM. 1. CunTe30BaHO iMiTaIliiHy MOICIb
Oe3ekinakHoi OyKCHpyBaHOI ITiIBOJJHOT CHCTEMH Ha OCHO-



gHIPBUILDIN

MARINE INFRASTRUCTURE

Bl MaTeMaTW4YHHMX Mojeliel KaOenbHOI JIeOiaKu, Kabeb-
Oykcupa Ta OyKCHPYBAaHOTO IIiJIBOJHOTO arapara, ska
€ OCHOBOIO JIJIs1 KOMIT FOTEPHOIO JIOCITI/PKCHHS JHHAMIKH
MIPOCTOPOBOTO PyXy OYKCHPYBAHOTO ITiIBOTHOTO arapara.

2. Po3pobmeHo cmermiami3oBaHUNA  MOIETIOIOUHHA
KOMIUICKC Ha 0a3l CHHTE30BaHOI IMITaliiiHOI Moperi,
SIKMI Ta€ 3MOTY JIOCJTI/PKYBATH METOIOM KOMIT FOTEPHOTO
SKCTIEPIMEHTY KEPOBaHHU ITPOCTOPOBHUI pyX Oe3eKimax-
HOT OYKCHpPYBaHOT IiIBOJTHOT CUCTEMH Ta JOCIIKyBaTH
e(eKTUBHICTh POOOTH CHCTEM aBTOMAaTUYHOTO KEPYBaH-
HSl TAKUM 00’ €KTOM MOPCHKOI TEXHIKH.

3. IlnaxoM TPOBEACHHS MOPCHKOTO HATYPHOTO
CKCIIEPUMEHTY MMiATBEPIKCHO aJICKBaTHICTh CICIiaIi-
30BAHOIO MOJICIIOIOUOTO KOMILIEKCY Ta JIOCTOBIPHUIM
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XapakTep HeNIHIMHUX JMHAMIYHHX TPOIECIB MPH IPo-
CTOPOBOMY pyci Oe3ekinakHOi OyKcupyBaHOT MiIBOAHOT
cucTeMu. MakcuMalibHI 3HAYEHHS HEB’ 130K KIHEMATHY-
HUX TapaMeTpiB, OTPUMAHHUX Yy PE3yNbTaTi MOPCHKO-
TO EKCIIEPUMEHTY Ta IMITAlifHOTO MOEIIOBAaHHSI, HE
nepesuntye 10,25 %, BITHOCHI OIIHKKM MaTeMaTHYHOTO
OuiKyBaHHS aOCONIOTHUX 3HAYCHb HEB’SI30K EKCIICpH-
MEHTAIBHUX Ta 3MOJEIHOBAHUX 3HAUYCHb KiHEMaTH4-
HUX MapaMeTpiB He nepeBuIyoTh 3,32 %. Otpumanuii
PE3YNIBTAT € IIIKOM JOCTATHIM [UIS IMITaIliifHOT MOJei
TaKol CKJIAJHOCTI Ta Jla€ 3MOTy 3aCTOCOBYBAaTH CHHTE-
30BaHy IMITAIIiHy MOJEb IS TOCITIHKCHHS TUHAMIKH
MIPOCTOPOBOTO PyxXy Oe3eKinmakHol OyKCHpyBaHOI ITijI-
BOJIHOI CUCTEMH.
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Abstract. In this paper, the research of hydrodynamic characteristics of a rotary screw col-
umn in the propulsion and steering complex (PSC) of an autonomous uninhabited underwater
vehicle (AUV) is being carried out. These characteristics include: the change of the propeller
thrust force and the force on the propeller shaft, during the change in the incident flow angle.
To obtain the required characteristics, the method of mathematical modeling of the AUV
plane motion in the Simulink system was applied. The improved mathematical model of the
vehicle rectilinear motion was performed by supplementing its equations, which allows to
simulate the operation of the PSC, “propeller—rotary nozzle”, in the downwash water flow.
The propeller operation design in the guide nozzle in a direct and downwash water flow at
the underwater vehicle different speeds is carried out. Vehicle speed and shaft speed graphs
were obtained. The dependences of the change in propeller thrust force on incident flow angle
are plotted for various underwater vehicle traverse speeds. The possibility of accounting for
the significant nonlinear dependence of the propeller thrust force and the propeller shaft force
on the incident flow angle is the scientific novelty. Practical significance of the work lies on
the possibility of improving the AUV control quality by compensating for the changes in the
propeller thrust force and force on the propeller shaft. It will be particularly relevant to use
the obtained characteristics in the development of control systems for AUV trajectory motion.

Keywords: mathematical modeling; autonomous uninhabited underwater vehicle; propul-

sion and steering complex; rotary screw column.

Anoranis. JlociipkeHi ripoJuHaMiuHl XapaKTepPUCTUKN OBOPOTHOI IBUHTOBOI KOJOHKH
y ckiafi pyuriHo-ctepHOoBOT0 KoMIutekcy (PCK) aBTOHOMHOTO HEHACENeHOTO ITiJBOAHOTO
anapara (AHITA). Jlo Takux XapakTepHCTHK HajexaThb: 3MiHa YHNOpy rpeOHOro TBHUHTA Ta
3yCHIUIsl Ha TPeOHOMY Bally MpH 3MiHI KyTa IIOTOKY, 110 HaOirae. /Iyt oTpuMaHHsT HEoOXij-
HUX XapaKTEPUCTUK 3aCTOCOBAHO METOIMKY MaTeMaTHYHOTO MOJICIIOBAHHS IIOCKOTO PyXy
AHIIA B cucremi Simulink. Ynockonanena mareMarudHa MOJEb MPSIMOJIHIHHOTO PyXy
amapara JTOTIOBHEHHSM ii PIBHAHHAMH, IO JO3BOJISAIOTH iMiTyBatu poboty PCK «rpebumit
I'BHHT—TIOBOPOTHA HAcajiKa» y CKOIIECHOMY moToui Boau. [IpoBeeHo MoaentoBanHs poOOTH
rpeOHOro rBUHTA B HAIIPABIISIFOYiM HACA/IL Y TPSIMOMY 1 CKOIIIEHOMY ITOTOKaX BOJH 3a Pi3HOT
IIBUIKOCTI PYXYy MiABOAHOTO amapaTta. OTpuMaHo Tpadik MIBUAKOCTI pyXy amapara Ta rpadik
yacToTn o0epranHs Baja. [100yoBaHO 3aJ1€KHOCTI 3MiHH YIIOpYy rpeOHOTO TBUHTA Bifl KyTa
MTOTOKY, 10 Habirae, UIs pi3HUX MBUAKOCTEH pyXy mmigBomHOTrO amapara. I[loGymoBaHo 3a-
JISKHOCTI 3MIHM MOMEHTY Ha BaJly I'peOHOr0 'BUHTA BiJ] KyTa IIOTOKY, 1110 Habirae, st pi3HUX
LIBUAKOCTEH pyXy IiJBOAHOrO amapara. HaykoBOIO HOBHM3HOIO € MOXIIMBICTH ypaxyBaHHs
3HAYHO{ HENIHIHHOCTI 3aJIeKHOCTI CHIIM YIOpy TpeOHOro TBHHTA Ta 3yCHJUIL Ha TPeOHOMY
BaJly BiJl KyTa MOTOKY, 110 Habirae. [IpaktnyHa 3HaYMMICTh POOOTH TOJISITAE Y MOXKIIMBOC-
Ti OKpateHHs skocTi kepyBanHs AHIIA 3a paxyHok koMmeHcamii 3MiHH ymopy rpeOHOTO
T'BHHTA Ta 3yCHJUIS Ha rpeOHoMYy Basry. OcoOnmBO akTyaabHUM Oy/Je BUKOPUCTAHHS OTpHMa-

HUX XapaKTEPUCTHUK 1]l yac po3poOKH CUCTEM KepyBaHHs TpackTopHUM pyxom AHITA.

KutiouoBi ciioBa: MaTeMaTHyHe MOIETIOBAHHS; aBTOHOMHUI HEHACEICHHUI IMiIBOIHUI ara-

par; pyIIiiHO-CTEpPHOBHI KOMIUIEKC; TOBOPOTHA TBUHTOBA KOJIOHKA.
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AnHoTanus. VccrnenoBansl THAPOJUHAMUYECKHE XapaKTEPUCTUKU TOBOPOTHOI BUHTOBOH KOJIOHKHU B COCTaBE JIBU-
XKHUTENBHO-pyneBoro komrutiekca (JJPK) aBronomHoro neoburaemoro noasoxHoro ammapara (AHITA). K rakum xa-
PaKTEpUCTHKAM OTHOCSATCS: M3MEHEHHUE yropa TpeOHOro BUHTA M YCHIIHMS Ha TPEOHOM Basly NMPH W3MEHEHHMHU yIa
HaOeraromero moroka. Jlyis mosydeHus HEOOXOAMMBIX XapaKTePHCTHK MPUMEHEHa METO/IMKa MaTreMaTHYeCKOTo
MozenpoBanus miockoro newkeHust AHITA B cucteme Simulink. YcoBepuieHcTBOBaHa MareMaTnieckasi MOJIEb
MIPSIMOJIMHEHHOTO JIBU)KEHHMS alapara JO0IO0JIHeHHEM ¢ YPaBHEHUSIMH, MO3BOJISIIOIMMU UMUTHpOBaTh padoty JIPK
«rpeOHOI BUHT—TIOBOPOTHAsI Hacajka» B CKOIIEHHOM TOTOKe BOJbL. [IpoBeneHo monenupoBaHue paboThl rpeOHOTO
BHHTA B HaNpaBJIAIoOIIel Haca ke B IPSIMOM U CKOIIEHHOM IMOTOKaX BOJBI IPU Pa3NUYHON CKOPOCTH JBIKEHUS MO
BOJHOTO arnmnapara. [loiydeno rpauk CKOpoCTH IBH)KEHHMS anmapara u rpaduk 4acToTsl BpaiieHus Baia. [loctpoeHst
3aBUCHMOCTH U3MEHEHUS yIIopa rpeOHOro BUHTA OT yIvIa HaOErarolero noToka JAJisl Pa3iIMYHbIX CKOPOCTEH IBHKEHUS
MOZIBOIHOTO anmnapara. [locTpoeHsl 3aBUCHMOCTH U3MEHEHUSI MOMEHTA Ha Bally IpeOHOro BUHTA OT yIJla Haberarolie-
TO MOTOKA [T Pa3JIMYHbIX CKOPOCTEN IBUKEHUS IOIBOJHOrO anmnapara. HayuHol HOBU3HOM SIBJII€TCS BOSMOXHOCTh
yueTa 3HaYNTeIbHOW HEIMHEHHOCTH 3aBUCHMOCTH yIlopa TpeOHOTO BHHTA M yCWIJIMSI HA IpeOHOM Basly OT yriia Ha-
Oeratoriero rmoroka. [Ipakruyeckas 3Ha4MMOCTh pabOTHI 3aKITIOYACTCSI B BO3MOYKHOCTH YIYUIICHUS Ka4eCTBa yIpaB-
nennst AHITA 3a cuet koMIIeHcaIu U3MEHEHHS! CUITBI YIIOpa rpeOHOT0 BUHTA M ycHuns Ha rpeOHoM Bairy. OcoOeHHO
aKTyaJIbHO Oy/IeT MCITOJIb30BaHUE MONYYSHHBIX XapaKTePHCTHK NMPU pa3pabOTKe CHCTEM YIPaBICHHUS! TPACKTOPHBIM
JIBIDKEHHEM aBTOHOMHBIMH amapaTaMu.

KiroueBble cjioBa: mMaTeMaTHYecKoe MOACIIMPOBAHUC, aBTOHOMHBIM HEOOMTAEMBIi HOILBOHHBIﬁ armapar; ABHUXKH-
TeJILHO-pyHCBOﬁ KOMIUICKC; TIOBOPOTHAsA BUHTOBAs KOJIOHKA.

References

[1] Inzartsev, A. V., Matvienko, Yu. V., & Pavin, A. M. (2015). Monitoring morskogo dna s primeneniem tekh-
nologiy intellektualnoy obrabotki dannykh poiskovykh ustroystv na bortu avtonomnogo neobitaemogo podvod-
nogo apparata. Podvodnye issledovaniya i robototekhnika DVO RAN, 2 (20), 20-28.

[2] Gavrilov, V. M. (2002). New Possibilities of Autonomous Gliding and drifting Vehicles in Oceanography. Re-
port on the Seminar in the department of Ocean Engineering. Florida Atlantic University, USA.

[3] Vorobiov, Yu. L., & Baskakov, S. M. (2003). Tekhnika osvoiennia kontynentalnoho shelfu. Odesa: ONMU.

[4] Romanovsky, G. F., Blintsov, V. S., & Rodin, O. L. (2004). Contemporary condition and prospects of underwater
devices development in Ukraine, Proceedings of the 6-th International Conference on Unconventional Electro-
mechanical and Electrical Systems. Szczecin, 2, 437-440.

[5] Blintsov, V. S. Babkin, H. V., & Kostenko, D. V. (2005). Suchasnyi stan ta perspektyvy rozvytku pidvodnykh
aparativ dlia doslidzhennia i osvoiennia shelfu. Zbirnyk naukovykh prats NUK, 2, 10-22.

[6] Bagnitskiy, A. V. (2010). Avtomatizatsiya podgotovki missii dlya avtonomnogo neobitaemogo podvodnogo ap-
parata v zadachakh obsledovaniya akvatoriy. Podvodnye issledovaniya i robototekhnika, 2 (10), 17-24.

[71 Blintsov, S. V. (2014). Teoretychni osnovy avtomatychnoho keruvannia avtonomnymy pidvodnymy aparatamy.
Mykolaiv: NUK.

[8] Khmelnov, I. N., Turmov, G. P., & Illarionov, G. Yu. (1996). Neobitaemye podvodnye apparaty. Vladivostok:
DVGTU.

[9] Pshikhopov, V. Kh., Sukonkin, S. Ya., & Naguchev, D. Sh. (2014). Avtonomnyy podvodnyy apparat «Skat» dlya
resheniya zadach poiska i obnaruzheniya zailennykh obektov. Izvestiya YuFU. Tekhnicheskie nauki, 153-163.

[10] Slizhevskiy, N. B. (1998). Khodkost i upravlyaemost podvodnykh tekhnicheskikh sredstv. Nikolaev: UGMTU.

[11] Urbansky, P. (2001). Pedniki Okretowe. Historia i Rozwoi. Gdansk: Okretownictwo i Zegluga.

[12] Slizhevskiy, N. B., & Korol, M. G. (2000). Gidrodinamicheskiy raschet samokhodnykh podvodnykh apparatov.
Uchebnoe posobie. Nikolaev: UGMTU.

[13] Brazhko, A. S., & Korol Yu. M. (2013). Modelirovanie raboty grebnogo vinta v nasadke v kosom nabegayush-
chem potoke. Zbirnyk naukovykh prats NUK, 1, 12-16.

[14] Bazhankin, Yu. V. (2011). Analiz vzaimodeystviya grebnogo vinta s rulevym organom sudna. Vestnik Volzhskoy
gosudarstvennoy akademii vodnogo transporta, 29, 11-15.

[15] Aloba, L. T., Blintsov, S. V., & Hrudinina, H. S. (2017). Matematychne modeliuvannia dynamiky avtonomnoho
pidvodnoho aparata na ploskii tsyrkuliatsii. Zbirnyk naukovykh prats NUK, 4, 53-60.

[16] Antonenko, S. V. (2007). Sudovye dvizhiteli. Uchebnoe posobie. Vladivostok: DVGTU.

[17] Malakhov, A. V., Demidyuk, A. V., & Puchkov, O. S. (2014). Metod rascheta raboty grebnogo vinta v sostave

vinto-rulevoy kolonki, rabotayushchey v kachestve dvizhitelno-rulevogo kompleksa sudna. Zbirnyk naukovykh
prats SevNTU, 147, 26-30.

145



gHIPBUILDING smi.nuos.mk.ua | editor@smi.nuos.mk.ua

MARINE INFRASTRUCTURE

[18]
[19]

[20]

[21]

[22]

[29]

[30]
[31]

N°2 (10) 2018
ABTOMATM3ALLISA TA KOMI'IOTEPHO-IHTETPOBAHI TEXHOJOTIT

Tsurenko, Yu. 1. (2009). Avtomatizatsiya proektirovaniya propulsivnogo kompleksa. Severodvinsk: Sevmashvtuz.

Yudin, Yu. I. (2010). Matematicheskoe modelirovanie raboty povorotnoy vintovoy kolonki burovogo sudna pri
ego proizvolnom dvizhenii. Vestnik MGTU, 4 (2), 852-856.

Blintsov, S. V., & Hrudinina, H. S. (2008). Zastosuvannia matematychnoi modeli rukhu dlia pobudovy opty-
malnoi za shvydkodiieiu systemy keruvannia dlia kompensatsii zovnishnikh zburen. Zbirnyk naukovykh prats
NUK, 3, 77-83.

Graciano Santos, Vinicius, & Chaimowicz, Luiz. (2014). Cohesion and segregation in swarm navigation. Ro-
botica, 32 (2), 209-223.

Blintsov, S. V., & Hrudinina, H. S. (2009). Rozrobka optymalnykh za shvydkodiieiu system keruvannia pid-
vodnym aparatom v umovakh nevyznachenosti na bazi shtuchnykh neironnykh merezh. Elektronnyi zbirnyk
naukovykh prats NUK, 1.

Stavynskyi, A. A., & Blintsov, S. V. (2004). Udoskonalennia matematychnoi modeli samokhidnoho pidvodnoho
aparata dlia doslidzhennia prostorovoho rukhu. Zbirnyk naukovykh prats NUK, 3 (396), 161-166.

Kiselev, L. V. (2014). Problemno-orientirovannye modeli dinamiki i upravleniya dvizheniem avtonomnikh pod-
vodnykh robotov. XII Vserossiyskoe soveshchanie po problemam upravleniya. Moskva: VSPU.

Hamid Mousavian, Sayed, & Reza Koofigar, Hamid. (2016). Identification-Based Robust Motion Control of an
AUV: Optimized by Particle Swarm Optimization Algorithm. Journal of Intelligent and Robotic Systems, 85 (2),
331-352.

Proskurina, N. B., Senyushkin, N. S., & Sukhanov, A. S. (2011). Inzhenernaya metodika opredeleniya upora
grebnogo vinta. Vestnik UGATU, T15, 1 (41), 44-48.

Slizhevskiy, N. B., & Sokolik, M. G. (2000). Opredelenie potrebnoy tyagi podrulivayushchikh ustroystv pod-
vodnykh apparatov. Zbirnyk naukovykh prats UDMTU, 3 (369), 12-17.

European Project MORPH: next generation of underwater robotics for ocean exploration tested in the Azores.
Retrieved from: http://vicorob.udg.edu/fp7-european-project-morph-next-generation-of-underwater-robotics-
for-ocean-exploration-tested-in-the-azores/.

Pascoal, Antonio, Kalwa, Joerg, & Carreiro-Silva, Marina. (2016). The European Project MORPH: Distributed
UUYV Systems for Multimodal, 3D Underwater Surveys. Marine Technology Society Journal, 5 (4), 26-41.

Lazariev, Yu. F. (2014). Modeliuvannia dynamichnykh system u Matlab. Kyiv: NTUU “KPI”.

Matematicheskoe modelirovanie v MATLAB. Razrabotka i optimizatsiya matematicheskikh modeley slozhnykh
sistem. Retrieved from https://matlab.ru/solutions/tech-calc/mathmod.

Veltishchev, V. V., & Gladkova, O. 1. (2015). Issledovanie vzaimovliyaniya konturov upravleniya ANPA «Im-
perator» s uchetom osobennostey organizatsii ego dvizhitelno-rulevogo kompleksa. Molodezhniy nauchno-tekh-
nicheskiy Vestnik, FS77-51038. Retrieved from http://sntbul.bmstu.ru/doc/724988.html.

Marwah, Almasri, Khaled, Elleithy, & Abrar, Alajlan. (2015). Sensor Fusion Based Model for Collision Free
Mobile Robot Navigation. Sensors, 16 (1), 24.

Problem statement. Nowadays, scientific research,
emergency rescue, operational, industrial and other
vehicles are created or developed, which differ con-
siderably in appearance, overall dimensions and pur-
pose, as well as in the principle of motion and control
stabilization.

However, all varieties of AUV combine the general
property of having the ability to move freely under water
in one way or another distant (remote) from the surface.

The forces acting on the AUV during motion de-
termine its dynamics and significantly affect the con-
trollability of the vehicle. Only having the full infor-
mation about all the forces affecting the vehicle, as
well as means of controlling them, can one determine
the conditions under which all the dynamic condi-
tions of the AUV that satisfy the given conditions
are possible. That is why recently, increasing atten-
tion has been paid to the research and improvement
of the AUVs PSC.

For the implementation of many rescue, search or
even military operations, the given mission execution ac-
curacy plays a very important role. At the same time, the
vehicle stabilized motion accuracy on the given trajec-
tory plays an important role. To achieve maximum ac-
curacy, it is necessary to take into account all the forces
affecting the vehicle during motion. To achieve the task
and reduce its cost, it is expedient to apply the vehicle
motion mathematical modeling, while conducting re-
search on the necessary hydrodynamic characteristics.

At this stage of development of underwater technol-
ogies, increasing attention is paid to the “screw—swivel
nozzel” propulsion-steering system. This propulsion and
steering system has quite effectively proved itself for
AUV. However, when changing the vehicle motion tra-
jectory, its hydrodynamic characteristics change. There-
fore, it is very important to be able to research them in
mathematical modeling.
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Latest research and publications analysis. An
AUV, operating in trajectory mode, dynamically chang-
es its trajectory, which significantly distinguishes this
motion by many characteristics from the rectilinear. An
overview of the literature on the AUV trajectory motion
indicates the existence of a number of problems solved
by the authors in the development of intelligent control
systems for various types of underwater vehicles (ro-
bots). Having analyzed the most common problems that
are currently being solved by AUVs, they note: mapping
and review; search operations; study of specified objects
and anomalies; underwater position illumination; com-
plex research operations and group operations [1; 2]. It
should be noted that the scope of these tasks is constantly
expanding [3-6].

At the same time, the authors [7-9] pay attention to
the different types of AUV motion trajectories when per-
forming various missions. The following typical modes
of the AUV motion trajectories are distinguished: in
a straight line — with stabilization on the course, depth,
height above the ground; tacks — triangular, rectangu-
lar; on a flat curve — on a spiral, on a piecewise broken
trajectory, motion along a curve with distance control;
height stabilization — along the horizontal structures;
displacement stabilization — along the vertical struc-
tures, etc. [10].

The parameters determining the operating conditions
of the AUV PSC are influenced by the additional hydro-
dynamic forces and moments that appear on the vehicle
hull during the AUV maneuver motion [10-12]. Many
authors are drawing attention to the need for a more
detailed research of changes in the PSC hydrodynamic
characteristics [13—15].

The author [16] noted that the optimal diameter of
the propeller nozzle is about 10 % less than the opened
one, which reduces the weight and cost of the propeller.
The nozzle reduces the probability of the screw being ex-
posed to disturbances and its damages.

Having analyzed the development tendencies of
modern steering complexes, it can be concluded that
“propeller—rotary nozzle” complex has a number of ad-
vantages over other types of PSC, for example, such as
“rudder screw” [17; 18].

The “propeller—rotary nozzle” complex has a num-
ber of specific features associated with the nozzle effect.
Circulation of velocities occurring around the nozzle
profile accelerates the development of the propeller flow
axial velocity and reduces the load on the propeller, by
translating the center part of the complex onto the nozzle.
When the complex is operating in the oblique flow, the
nozzle forms a velocity field in front of the propeller,
aligns it and makes it practically coaxial, maintaining the
magnitude of the leakage rate [19].

The analysis carried out shows that today, the rel-
evant question is taking into account the nonlinear
peculiarities of the PSC operation in the oblique in-
cident flow conditions, since this mode can be con-
sidered the AUV main maneuver operation mode
[20; 21].
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At present, mathematical modeling is an effective
tool for the research of marine moving objects and pro-
vides the opportunity to obtain the necessary data with-
out significant costs. This research method is used for
modeling the operation of the rotary column of a marine
drilling vessel, for the research of moment (torque) and
thrust in the development of PSCs, for the research of
the self-propelled underwater vehicle spatial motion
[22], during the development and optimization of AUV
control systems parameters [23; 24]. The accuracy of the
result, in this case, will depend entirely on the complete-
ness of the accountable parameters of the mathematical
model [25-27].

One of the most commonly used mathematical mod-
eling tools is the MATLAB application package. In this
system, there are sufficiently simple tools for solving
object-oriented programming tasks [28]. A set of MAT-
LAB and Simulink products allows the creation a model
for virtually any system. It is due to these advantages that
many authors use the MATLAB application packages
[29-31].

The paper [32] presents the mathematical model of
the AUV PSC, which allows the research the dynamics of
the rotary nozzle operation, but in the terms of processes
linearization. LV Kiselev, in his work on the study on the
dynamics of the work of driving complexes, also propos-
es to use mathematical modeling with the construction
of the vehicle three-dimensional visualized model based
on the design scheme of the Solid Work project, and the
use of Symbol Toolbox Matlab for the construction of
transient processes in AUV spatial motion.

Separation of previously unsolved parts of the
general problem. The above analysis of scientific pub-
lications indicates that the main researches of the AUV
dynamics are related to their rectilinear motion, or us-
ing the linearization of controlled parameters. The ques-
tion of the AUV curvilinear motion dynamics, which is
caused by the rotary nozzle operation in an oblique flow,
is insufficiently covered in modern literature. The vast
majority of articles are devoted to the research of the pro-
peller column dynamics as an additional control propel-
ler for vessels or marine platforms. Separate publications
examine the work of the AUV PSC with the propeller
in a fixed nozzle, which only causes rectilinear motion.
Some foreign articles describe similar researches, but in
the presence of their laboratory equipment. Therefore,
the research of the propeller hydrodynamic characteris-
tics in the guide nozzle with the AUV curvilinear motion
mathematical modeling, taking into account the process-
es nonlinearity, is of the current relevance.

THE ARTICLE AIM is to develop a mathematical
model of the propeller operation in the guide nozzle in
the direct and oblique flow, and make research, in the
Simulink system, on the changes in its power character-

istics when the AUV is moving in the horizontal plane.

Methods, object and subject of research.
In this work, it is proposed to investigate the AUV
curvilinear motion dynamics, which is due to the rotary
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nozzle operation in the oblique flow due to the improve-
ment of the underwater vehicle rectilinear motion math-
ematical model.

Mathematical modeling is an important tool for the
research of the changes in the PSC power characteristics
in course of AUV maneuvering and for the of automatic
control systems elements synthesis, which involves the
use of the AUV mathematical models as a control object
[33].

The mathematical model of rectilinear motion along
the x-axis is presented below. AUV moves under the ac-
tion of the propeller thrust through a gearbox driven by
the main electric propulsion motor. Controlled encap-
sulated DC (direct current) electric motors with parallel
excitation are commonly used as propeller motors on the
AUV.

The mathematical model of the control object has the
form [20]:

LﬂzKuux—raz— q)co,
dt k,
do c® . KopD’
Ips——=Mpy —Q=——i- ¢ 2 o’
t o 4n

X 2 .
= 471:2 Vx _FDx’
d
oy,
dt

where i is the instantaneous value of the main propulsion
motor armature current, #, K are the voltage regulator
control signal and its gain factor, respectively; L, r, ¢, ©
are the electromagnetic parameters of the main propul-
sion motor; ® represents the propeller angular speed; kp
is the gear ratio J,, — the moment of inertia of the “pro-
peller electric motor—gearbox—shafting—propeller screw”
system applied to the screw; M, = c<I>i/kp is the driv-
ing moment of the propeller (main propulsion) motor;
Q represents the braking torque generated by the AUV
PSC propeller; K o is the non-dimensional non-linear co-
efficient characterizing the torque of the propeller; p is
the water specific density; D represents the propeller’s
diameter; m ,, A_are the AUV mass and the water added
mass; V_is the AUV current motion speed along the x
axis; T is the driving propeller’s thrust; K is the dimen-
sionless non-linear coefficient characterizing the propel-
ler’s thrust; F/_= pC QV ?/2 is the water resistance force
to AUV movement C_is the AUV hull hydrodynamic
coefficient along the x axis; Q — the area of the wetted
surface of the AUV outer hull; /7, is the external distur-
bance force acting on the AUV hull as it moves along
the x axis.

The object of the research is the “propeller—rotary
nozzle” in the composition of the AUV PSC. Such a
complex is installed on the rotary column, which ensures
the rotation of the complex in an arbitrary position rela-
tive to the vehicle position, and provides switching at a
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given angle. The design of the “propeller—rotary nozzle”
complex is carried out on the basis of simultaneously sat-
isfying the requirements of mobility and controllability
of the vehicle.

The subject of the research includes the hydro-
dynamic parameters of the PSC, which operates in the
downwash water flow during the AUV curvilinear mo-
tion. The parameters under research include the propul-
sive (thrust) force of the mushroom screw and the torque
on the shaft.

The propeller thrust force 7 along the shaft axis, and
also the torque Q on the shaft, are determined by the for-

mulas:
o )
=pD*| —
P (2n) g
2
4 b 2nv r
x | —=C, | —|x R 1—st dl—|;
,,,J/R4 y[Dj [DCOJ cosp, (1-ztgB,) [R]
Q:pDS(gjzx
2n

Lo, 5 ) 5 |
erJ;R K C, (Bj (%)[ Z)\;)R J sinf3; (1 —ectgP;)d (%j

The integrals in the above formulas are called the
propeller thrust coefficient K, and the screw torque coef-
ficient K, respectively. These coefficients are presented
in the form of the propeller action curves and character-
izes the thrust and mozment in various scgew operation

o
modes: T =KypD*—; Q=K,pD’
7 42 O 4n

the specific density of water; ® — angular velocity of
rotation; D is the screw diameter.

— where p is

Basic material.

Mathematical model of “propeller— rotary nozzle”
operation

When constructing AUVs, the propellers (PS) in the
nozzles are used for propulsion and control means. Such
a complex is installed on the rotary column, which pro-
vides the rotation of the complex relative to the vehicle
position, and provides a turning angle of 0 degrees to 360
[13].

As a result of the change in the propeller incident
flow angle, the hydrodynamic characteristics of the PSC
vary considerably. Thus, when the nozzle is shifted to an
angle § , the symmetry of its flow around the motor is
broken, which leads to the appearance of the flow veloc-
ity (7 component, the average direction of which can be
taken perpendicular to the nozzle axis. Then, the com-
plex flow axis, according to equality U. 5= =U- U devi-
ates from the propeller shaft axis in the same dlrectlon
as the nozzle at a certain angle § . This angle depends
on the nozzle relative length I, and can be expressed as
follows:
5.=6,0,

c

=(1-a,3,)3,,

148



N°2 (10) 2018

where a is the coefficient of approximation, which for
nozzles without a stabilizer, is determined by the expres-
sion:

a, =0,04838-0,067865 [, +0,023328 1.°.

The design of the “screw—rotary nozzle” complex
is based on the simultaneous satisfaction of the require-
ments of mobility and controllability of the vehicle. The
diameter of the PS, the coefficients of the expansion of
the nozzle are determined from the calculation of mobil-
ity, and the relative length and size of the nozzle — from
the requirements of controllability. If the optimal relative
length of the running nozzle is 0.55-0.65, then the rela-
tive length of the rotating nozzle is increased to 0.8—1.0
[12]. Structurally, the complex is shown in fig. 1.

The relative length of the nozzle is determined as
follows:

At the transfer of the nozzle (Fig. 2), the complex
thrust P; is divided into two components: the reaction
deviated at the angle §_of the flow £, and the additional
reaction R’S that occurs when the part of the flow runs
over the deflected profile of the rotary nozzle. Therefore:

BB R, (M
Designing equality (1) on the diametrical and hori-

zontal plane (see fig. 2) allows to obtain the following
result [13]:

P. =P, cosd, :PK(l—sin2 (6,5, )), 2)

P, = Bsind, = P.sin(6,3,)cos(6,8,).  (3)

Then

B =\(R) +(PB). @)

Due to the increase in the stop force, as the angle of
flow changes, so does the effort on the propeller shaft.

In this case, the torque on the propeller shaft can be
defined as follows [14]:

My, =M (1+sin (0,8,)), (5)

where M is the torque of the screw in the coaxial flow.

Thus, by adding the mathematical model of the AUV
rectilinear motion [7] with the formulas presented above,
the model of the AUV horizontal motion is obtained with
the propeller in the nozzle for flat circulation.

General characteristics of the developed model

The control object in the horizontal motion mode is
considered as a solid body (AUV hull), which moves un-
der the thrust action of the horizontal propulsion, driven
by a propeller DC electric motors with independent ex-
citation. Control is performed by applying to the motor
armature an appropriate supply voltage U = K u, where
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K is the voltage source gain factor, u is the required volt-
age value. A mathematical model of the control object is
presented in [7; 15].

To simulate the AUV motion and research the sys-
tems being created, the Simulink environment of the
MATLAB 2010a environment is used. On the basis of
AUV mathematical models and PSC of “propeller-rotary
nozzle” type, a Simulink-model was created that simu-
lates the AUV movement in a horizontal plane on a flat
circulation.

The general view of the model is presented in Fig. 3.

To implement the nozzle rotation at any installation
angle to the model a “sigma” block was added to the
model (Fig. 4). This block simulates the smooth rotation
of the nozzle at the operator-specified angle and keeps it
at a given position. The connection of this block provides
the possibility of simulating the AUV movement on a flat
circulation in the horizontal plane.

Figure 5 shows the structure of the main “AUV
model” block. The “Equationl”, “Equation2”, and
“Equation3” blocks, in the form of recurrent equations,
implement the AUV motion mathematical model in the
horizontal plane, PSC which consists of a propeller op-
erating in a coaxial flow. A detailed description of the
operation of these blocks is presented in [7], [15]. The
structure of the “Subsystem1” block is presented in fig. 6.

The “Subsystem1” block is conditionally divided
into two parts (see Fig. 6). In the first part, calculations
are made of the propeller thrust force value T along the
shaft axis and the torque Q on the shaft according to the
following formulas [7]:

2 2

(O] 5 @
0 A

_ 4 .
T=KpD s

LI)

Fig. 1. Propulsion and steering complex, “screw—rotary nozzle”:

D is the inner diameter of the nozzle; Dgis the screw diameter;
L, is the nozzle length

B

B, PSaxis

Fig. 2. Diagram of the forces generated by the propulsion dur-
ing the nozzle shifting
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where p is the water specific density; o represents the
propeller angular speed; D is the diameter of the screw.

The coefficients K, K , represent the screw thrust co-
efficient and the screw torque coefficient, respectively.
These coefficients are presented in the form of the pro-
peller action curves and characterize the thrust and torque
when the screw operates in a coaxial flow [7].

The second part of the block is designed to simulate
the PSC “propeller—rotary nozzle” operation, and imple-
ments the equations (2)—(5) presented above. The func-
tions Fen, Fenl, Fen2, Fen3 in the Simulink system are
implemented by the following formulas:

Fen: T, =u(l)-(1-sin(u(2)-0,6) (2),
Fenl: 7, = u(l)-sin(u(2)-0,6)-cos(u(2)-0,6),
Fen2: T = sqre((u(l)* (2)) + (2)* (2)),

Fen3: 0 =u(2)-(1+ (sin(u(1)-0,6) * (2))).

Atthe block input, data are received about the current
propeller rotational speed values and the vehicle speed.
At the output, we have the listed values of the propeller
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thrust force 7 and the torque Q on the shaft, which cor-
respond to the propulsion and steering complex operation
in the incident flow.

Results

To test the performance of the developed mathemati-
cal model and its Simulink implementation, we will carry
out research on the effect of the obliquely flow of wa-
ter incident on the PSC of the “propeller—rotary nozzle”
type, for AUV with the following characteristics:

mass — 60 kg;

travel speed — 1 m/s;

propeller diameter — 160 mm;

diameter of the rotary nozzle — 166.4 mm;

the relative length of the rotary nozzle — 1.0.

Figure 7 shows the result of the operation of the sig-
ma block.

In fig. 8 the result of simulation of AUV movement,
at a speed of 1 m/s is presented.

Discussion of the received results. Consequently,
according to the results of the work, it is evident that the
developed mathematical model gives an opportunity to
study the hydrodynamic parameters of the propulsion

3
Sigma, deg
30
20
10
0
0 2
Fig. 7. Change in the nozzle rotation angle
h
V, m/s : :
| A FHS
0.8} A ............
0.6} A, ............
e reeres SUE: S
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0 2 4 6 t,s
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)

Fig. 8. Simulation results of AUV movement on flat circulation:

a — speed diagram; b — shaft rotational speed diagram; ¢ — diagram of propeller thrust change; d — graph of the torque on the

shaft
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and steering complex, which operates in the downwash
flow during the AUV plane curvilinear motion. It is seen
from the presented graphs that the change in the nozzle
rotation angle significantly affects all the AUV con-
trolled parameters.

In this case, AUV motion simulation on a flat cir-
culation at a speed of 1 m/s was carried out. When the
specified value is reached

The graph (see fig. 7) shows that the vehicle begins
to move in a straight line, after some time, the nozzle is
rotated through an angle of 35". When the specified value
is reached, the vehicle starts circulation with a constant an-
gle. Further, the AUV starts operating in the oblique flow,
that is incident to the propeller. Due to the change in the
flow angle, the propeller thrust force changes (see fig. 8),
the force on the propeller shaft increases, and the vehicle
speed decreases. The obtained result indicates that this
maneuver will negatively affect the accuracy of the AUV
trajectory movement. Therefore, in the control system syn-
thesis of the AUV trajectory motion, it would be desirable
to compensate for this effect. Using the presented model,
it is possible to obtain a data sample — the dependence of
the change of the propeller thrust on the vehicle movement
speed and the incident flow angle. This dependence will
have a substantially nonlinear character and can be taken
into account in the AUV control system synthesis.

In the work of Gladkovoy A.L. and V.Veltishchev,
the results of modeling the AUV PSC dynamics obtained

Cnucok aitepatypu
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in the Simulink MATLAB system are presented. How-
ever, these results were obtained in the absence of non-
linear effects. To correct the influence of the nonlinearity
characteristics of the mushroom screw, it is proposed to
choose the value of the input signal that will bring the
output signals to a linear form.

One of the advantages of the work I presented is the
consideration of the inconsistency of the propeller opera-
tion characteristics, embedded in the AUV mathematical
model [20; 22].

CONCLUSIONS. 1. The AUV dynamics model has
been improved by supplementing its mathematical mod-
el with equations describing the PSC “propeller—rotary
nozzle” operation.

2. A mathematical model of functioning AUV pro-
pulsion and steering complex of the type “propeller—ro-
tary nozzle” in the incident flow was developed and was
simulated in the Simulink system to change the power
characteristics on the AUV flat circulation in the hori-
zontal plane.

3. It has been established that the thrust of the AUV
PSC of the “propeller—rotary nozzle” type in the oblique
incident flow is nonlinear depending on the water flow
angle and the AUV speed.

4. The dependences obtained can be taken into ac-
count in the synthesis of the automatic control systems
regulators for AUV flat manuevring (shunting) movement.
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Abstract. The characteristics of an electrical arc under certain conditions in an electrical cir-
cuit have been investigated repeatedly. Deviations of the parameters of the arc elements cause
a change in the stability stocks and other indicators of the quality of the automatic control
system. Mathematical modeling of processes occurring in an electric arc circuit allows solv-
ing various problems of automatic control, predicting system instabilities with complex linear
or non-linear loads. The article is devoted to the analysis of the influence of the uncertainties
of the parameters of the electric arc model on the quality of the current control system for
electro-technological processes and consideration of the quantitative assessment of the sensi-
tivity of certain properties of the automatic system to changes in the parameters of elements
of only a part of the controlled object — the welding arc. When solving practical problems
of regulation by electric arc and plasma technological processes, it is important to solve the
problem of determining the optimal settings or parametric optimization of automatic control
systems, among the methods of which are non-exploratory methods based on the use of the
sensitivity apparatus. The sensitivity to changes in the parameters of the nominal transfer
function of the arc was analyzed, expressions for the sensitivity functions were obtained, and
graphs of the corresponding functions were plotted. For more precision, it is assumed that
changes in parameters are caused by changes in capacity, which always take place in circuits
with an arc. The problem of finding an acceptable compromise between the requirements of
a small value of the stabilization error without a significant increase in the value of the input
variable is formulated and solved. Various rules have been developed to reduce the sensitiv-
ity of the transfer function of an object with respect to possible, unexpected changes in the
parameters of a controlled object, which can be used in the design of high-quality transistor
current sources for arc loads. To illustrate the sensitivity of the transfer function of the arc, the
model shows the response to a stepwise change in input for different cases. Unfortunately, the
article does not consider the characteristics of the disturbance and noise suppression, but only
some options for reducing the sensitivity function are studied.

Keywords: sensitivity; model; electric arc; variation; research.

AHoTanis. XapaKTepUCTHKN EJISKTPUYHOI IyTH 3a IIEBHUX YMOB Y €JIEKTPUYHOMY KOJi JIO-
CJTIZKYBAJIUCST HEOJIHOPA30BO. BiIXMUJICHHs mapaMeTpiB eJIeMEeHTIB YT BUKINKAIOTh 3MiHH
3anaciB CTIMKOCTI Ta IHIINX TMOKA3HHUKIB SIKOCTI CHCTEMH aBTOMAaTHMYHOTO KepyBaHHs. Ma-
TEMaTHYHE MOJEIIOBAHHS IPOIECIB, IO IMPOXOAATH y KOJI €JNEKTPUYHOI JAYTH, Ja€ 3MOTy
BUPILIMTH Pi3HI 3aBJaHHS aBTOMAaTHYHOTO KEPYBaHHs, NMepeJ0auynTH HECTIHKOCTI CHCTEMH
3 KOMIUTEKCHHUM JTIiHIHHAM a00 HeNmiHiifHIM HaBaHTaKeHHAM. [IpoaHai3oBaHO BILIHB HEBH-
3HA4YEHOCTEl MapaMeTpiB MO eNeKTPUYHOT IyTH Ha SKICTh CHCTEMH KepYBaHHS CTPyMOM
JUISL eJIEKTPOTEXHOJIOTIYHNX MporeciB. Po3misiHyTa KiNbKiCHA OIiHKA YYTJIMBOCTI MEBHHUX
BJIACTUBOCTEH aBTOMAaTHYHOI CUCTEMH JI0 3MiH IIapaMeTpiB €JIEMEHTIB JIUIE YaCTUHH Kepo-
BaHOTO 00’ €KTa — 3BapIOBAJBbHOT AyTH. JJIsl BUpIIEHHS MPAaKTHYHMX 3aBIaHb PErYIIOBAHHS
SNIEKTPOJAYTOBIMH 1 IUIa3MOBUMHM TEXHOJOTIYHHMH IIPOLIECAMHU BEJIMKE 3HAYCHHS Ma€ BUPI-
LICHHS 3aBJIaHHS BU3HAYCHHS ONTHMAIILHUX [TapaMeTpiB HAJNAIITYBaHHS a00 ITapaMeTpHYHOL
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OIITHMI3allil aBTOMaTHYHUX CUCTEM PETYJIIOBAHHSI, CEPEl METOIB SIKUX BHIISIOTHCS OE3IONIYKOBI METO/IHU, 3aCHOBA-
Hi Ha BUKOPHMCTaHHI arapara 9y mmBocTi. [IpoaHanizoBaHO 4y TIIMBICTh XapaKTEPUCTHUK MOJIEII eNEeKTPHYHOT IyTH 10
3MIiHM MapaMeTpiB HOMiHAJILHOT NiepeaBaibHoi (PYHKIT Ayrd, OTpUMaHi BUpa3u uist QYHKIIH 4y TIHBOCTI, TOOY/IO0-
BaHi rpadiky BiqnoBiAHUX QyHKIIN. [Jjist 0161101 KOHKPETHOCTI MPHUITYIIICHO, 1110 3MiHH ITapaMETPiB BUKINKAIOTHCS
3MiHaMHU €EMHOCTI, SIKa 3aBX/I Ma€ MiCIle B JIaHIforax 3 1yroto. CGpopMyIb0BaHO Ta pO3B’s3aHO 3a/1a4y 3HAXOIKEHHS
MIPUHHATHOTO KOMITPOMICY MK BUMOTaMH MaJloro 3Ha4eHHs MOMHJIKHM CTadimizanii 6e3 3Ha4HOro 30UIbIICHHS 3Ha-
YCHHS BXIJHOT 3MiHHOI. P03po0ieHo pi3Hi mpaBuiia i 3MEHIICHHS YyTJIUBOCTI MepeaaBaibHOi (QyHKIIT 00’ exTa
CTOCOBHO MOXKJIMBHX, HETIEpEN0aYCHUX 3MiH TapaMeTPiB KEPOBAHOTO 00’ €KTa, SIKi MOXKYTh OyTH BUKOPUCTAHI Y TIPO-
eKTyBaHHI BUCOKOSIKICHIX TPAH3HCTOPHUX JPKEPEIT CTPYMY ISl yTOBOTO HaBaHTa)KeHHsI. JJist imrocTparii 4y IIMBOCTI
nepenaBaibHOT QyHKIIT AyTH MOKa3aHi peakilii Mojielli Ha CTYNEHEBY 3MiHY BXIAHOTO BIUIUBY JUIS PI3HUX BHITQJIKIB.
Ha xanp, y ctarTi He pO3IISHYTI XapaKTepPUCTHKN 3MEHIIICHHS 30ypeHHs 1 IyMiB, @ PO3MIISIHYTI JIMIIE JISSIKI BapiaHTH
JUISL 3MEHILICHHST PYHKIIT 4y TIIUBOCTI.

Kur04oBi ci10Ba: 4y TIIMBICTE; MOJIEIIb; €IEKTPUYHA JyTa; Bapiawis; 10CTiHKSHHS.

AHHOTanuMsl. XapaKTepUCTUKH 3IEKTPUUECKON NYTH TPH ONPEAEICHHBIX YCIOBUSAX B AEKTPHUECKON IIETIH HCCIIe-
JIOBAJIUCh HEOAHOKpATHO. OTKIOHEHHMS MMapaMeTPOB JIEMEHTOB JyTH BBI3BIBAIOT M3MEHEHHE 3aI1acOB YCTOWUIHMBO-
CTH M JIPYyTHX TIOKa3aTeJel KauecTBa CHCTEMblI aBTOMATHYECKOTO yIpaBieHHsA. MaremaTndeckoe MOJCIMPOBaHNE
MIPOILIECCOB, MPOXOAAMINX B KPYTY MEKTPHUECKONW MYTH, MO3BOSIET PEMINTh PAa3JIMYHBIC 33/1a4l aBTOMATHYECKOTO
YIPAaBJIEHUS, MIPELYCMOTPETh HEYCTOWYMBOCTH CUCTEMBI C KOMILJIEKCHOW JIMHEHHOW WJIM HEJIMHEHHOM Harpy3Kou.
[Tpoananu3upoBaHO BIMSHUE HEONPEIECICHHOCTEH MapaMeTpoOB MOJENHN IEKTPUUECKONH AyTHM Ha Ka4eCTBO CHCTE-
MBI yTIPaBICHUS] TOKOM JUISl JJIEKTPOTEXHOJIOTHIECKUX MporieccoB. PaccMOTpeHa KOMMUECTBEHHAS! OLIEHKA YyBCTBH-
TENBHOCTH OIIPEAEIEHHBIX CBOMCTB aBTOMATHIECKON CHCTEMBI K M3MEHEHHMSIM ITapaMETPOB 3JIEMEHTOB TOJIBKO YacTH
YTIPaBISIEMOT0 00BEKTA — CBAPOYHON Ayru. JJjis penieHus MpakTHIECKHUX 3a/1ad PETyINPOBAHUS JIEKTPOAYTOBBIMHU
1 TUIa3MEHHBIMH IIPOLeccaMu OOJBbIIOE 3HAYEHUE UMEET PEIICHHE 3aa4 ONPE/eICHNs ONTHMAIBHBIX [TapaMEeTPOB
HACTPOMKH WM NTapaMeTPUIECKOi ONTUMU3AIMN ABTOMAaTHIECKUX CHCTEM PETYINPOBAHUSI, CPEH METOAOB KOTOPBIX
BBIJICIISIIOTCSL OECIIOMCKOBBIE METO/bI, OCHOBAHHBIC Ha MCIIOIB30BAaHWUM alIlapaTa dyBCTBUTEIbHOCTH. [IpoaHanusu-
pOBaHa YyBCTBUTEIBHOCTD XapaKTEPUCTHK MOJIEIHN MEKTPHUECKON TyrH K M3MEHEHHUIO MTapaMeTPOB HOMHHAJIBHON
nepeaToyHON (DYHKIMHU TYTH, TTOMY9IEHB! BBIPAXKEHHUS A (DYHKIMH 9yBCTBUTEIBHOCTH, OCTPOEHBI TPA(UKH CO-
OTBETCTBYIOIMX (GyHKOUH. [ly1st 6ombliell KOHKPETHOCTH MPEAMNONIOKEHO, YTO H3MEHEHHS TApaMETPOB BBI3BIBAIOTCS
N3MEHEHUSAMH EMKOCTH, KOTOpast BCETa MMEEeT MECTO B LeTAX ¢ ayroi. CHopMymupoBaHa u pelIeHa 3aaada Haxoxk-
JCHUS IPUEMIIEMOTO KOMIIPOMICCA MEKIY TPEOOBAaHUAMHI MaJIOTO 3HAYCHUS OIMIMOKH CTaOMIU3aiy 0e3 3HAINTeIb-
HOTO YBEJIMUECHHMS 3HAUCHUS BXOIIEH epeMeHHOl. Pa3paboTansl pa3nuyHbIe IPaBUiIa I YMEHBIICHUS YyBCTBH-
TENBHOCTH MEepeaTOuHON (PYHKIINU 00BEKTa OTHOCHTEIHFHO BO3MOXKHBIX HENPEIBUICHHBIX N3MEHEHUH TapaMeTpoB
YTIPaBISIEMOTO OOBEKTA, KOTOPHIE MOTYT OBITH HCIOJIB30BAaHbI B IPOEKTHPOBAHNH BBICOKOKAUECTBEHHBIX TPAH3UCTOP-
HBIX NCTOYHUKOB TOKA IS [yTOBOI Harpy3ku. il MIUTIOCTPAaiK 1yBCTBUTEIBHOCTH TIEPEAATOUYHON (QDYHKIINN TyTH
TIOKa3aHbl PEAKIIUK MOJIEJIN Ha CTYIIEHYATyI0 CMEHY BXOIHOTO BO3JEHCTBHS JUIS Pa3INIHbIX cirydaeB. K coxaneHmuro,
B CTaTh€ HE PACCMOTPEHBI XapaKTEPUCTUKN YMEHBILICHNS BO3MYIIEHHS U [IIyMOB, @ PACCMOTPEHBI TOJIBKO HEKOTOPBIE
BapUaHTBI ISl yMEHBIIEHHSI (DYHKIMN YyBCTBUTEILHOCTH.

Kuarwuesble cioBa: YYBCTBUTCJIBHOCTL, MOJICIIb, DJICKTPUYCCKad ayTra,; Baprualusd; UCCICI0OBaHUC.
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IMocranoska 3agaun. [llupoxoe npakTHyeckoe npu-
MEHEHHE CHKATOW BJIEKTPUUYECKOM JYyrd B TEXHOJIOTHYe-
CKHX TIpolleccax MeTamtoodpaboTku (pes3ka, CBapka,
HalJIaBKa W HallblJIGHUE) B CYOCTPOCHUH, CYIIOPEMOH-
T€ ¥ HOBBIX TEXHOJIOTUSX OOYCJIOBIEHO BBICOKOW KOH-
LEHTpaIyell TeroBoro moToka [1]. Dta ocobeHHOCTh
TOpeHHs IUIa3MEHHOW JyI'M TO3BOJSIET IPOHM3BOAUTH
00paboTKy HHM3KOJIETMPOBAHHBIX U JIETHPOBAHHBIX CTa-
JIel, LBETHBIX METAJUIOB M CIUIABOB C MAaKCHUMAaJIbHOM
CKOPOCTBIO, KaueCTBOM U 3(P(PEKTUBHOCTHIO NPH OTHO-
CUTEJIbHO HeOombIuX 3aTpatax. ObecnieueHne BEICOKOH
3¢ (EeKTUBHOCTH TUTa3MEHHON 00pabOTKH METAIIOB Tpe-
OyeT BCeCTOPOHHMX MCCIIEA0BAHUI CKATOM JIyTH, TO03BO-
JISIFOIMX MaKCHMaJIbHO y4ecTh BCE MHOroooOpasue ¢u-
3UYECKUX IPOIECCOB, IPOTEKAIOIINX B IIEKTPOLYTOBOM
paspsizie, 1 yCTaHOBUTH B3aUMOCBSI3b MEXKY XapaKTepH-
CTHKaMH pPaccMaTpUBAaEMOro paspsiia U IapamMerpamu
TEXHOJIOTHIECKOTO 00BEKTA.

OnHa W3 TMEpCIeKTHB pa3BUTHUS IUIA3MEHHOW TeX-
HOJIOTHH, B TIEPBYIO O4Yepenb, — 3TO CO3/JaHHE Majo-
rabapuTHBIX W SKOHOMUYHBIX HMCTOYHHKOB TOKa, MO-
CTPOCHHBIX Ha WHBEPTOPHBIX NpeobOpaszoBaremsix [1].
CylecTBeHHOE BIMSIHHE HA MPOLECCHI, MPOUCXOISIIUE
npu (GopMHPOBAaHMH W PETYJIMPOBAHUM IIIIA3MEHHOM
JYyTH, OKa3bIBAIOT D3JEKTPUYECKHE MNapaMeTpbl CHCTe-
MBI UCTOYHHK TOKa—ayra [2]. BaxHoli mpobiemoii cu-
CTEMBI SIBJISIETCS BOIIPOC €€ yCTOMYMBOCTH. Paznuuaror
YeThIpe acleKTa MPOoOJIeMbl: COOCTBEHHO, CTaTHYECKast
(anmepuonnyeckas), xKonedarenbHasi, IPOCTPAHCTBEHHAS
1 TEXHOJIOTHYECKask yCTOWIUBOCTH [3]. B obmmem ciryuae
32 YCTOIYMBOCTH CHCTEMBI OTBETCTBEHHBI €€ craTnye-
CKHUE U AMHAMUYECKUE XapaKTEPUCTHUKHU, ONPE/IesIsieMbIe
CTPYKTYPOHl CHCTEMBI, €€ CTaTHUYECKHMH U JUHAMHYE-
CKUMH TIapaMeTpamu.

PaznuyHbIM acriekTaM pelIeHHs 3a1ad MCCleo-
BaHUS CXKAaTOW ODIIEKTPHYECKOH OYTH U Pa3paboOTKu
TCHEPUPYIOMMX €€ IUIa3MOTPOHOB IIOCBSIICHBI pado-
1ol b. E. Ilatona, H. H. Prikanuna, K. B. Bacunbesa,
B. S. ®ponosa, C. B. [Ipeceuna, M. ®@. XyxoBa u 1p.
OnHaKo OTCYTCTBHE AETAIBLHOTO aHajM3a XapaKTepH-
CTHUK CKaTOM JIEKTPUUECKON Ay 3aTPYyIHACT pa3BUTHE
OTpaciiu TP Pa3pabOTKe TEXHOJIOTUYECKUX MPOLECCOB,
BHIOOpE TIa3MOTPOHOB M YCTaHOBIICHUH PEXHMOB pa-
00Tbl 00Opy/IOBaHMs. YUHUTBHIBAsl BbIIIECKa3aHHOE, He-
00XOIMMO TO3TAITHOE N3YyUCHNE XapaKTEPUCTHUK CIKATOH
IIEKTPUUECKOH TYTH.

AHaJIN3 MOCJIeIHUX HCCAeA0BAHUM U myOiauka-
umi. IIpu paccMoTpeHuu 3aauu ynpaBlIeHUs 3JIEKTPO-
JYyTOBBIMU M IUIA3MEHHBIMU TEXHOJIOIMUECKHUMHU IPO-

neccamu (TII) u obopymoBaHHEM B CBAPOYHOMN TEXHHUKE
U B CMEXKHBIX 00JIaCTSX HEOOXOAUMO IIPOaHATH3UPOBATH
(bM3UKO-TEXHOIOTHYECKUE CBOIICTBA DIIEMEHTOB KOHTYpa
nctounuk murtanus (UII)-myra [4-7]. UcTounuk mwmra-
HUS JOJDKEH COOTBETCTBOBATH MPEK/IE BCETO TEXHOJIOTU-
4yeckuM TpeboBauusM [4; 5; 7]. DT TpeOoBaHUs ompe-
JIEJISIFOTCS] TEXHUYECKUMHU BO3MOXKHOCTSIMH JIOCTHXKEHUS
TEXHOJIOTHYECKAX CBOWMCTB, KOTOPBIC OIPEACISIOTCS,
BO-TIEPBBIX, CTATHYCCKUMH W TUHAMHYECKHMH CBOH-
crBamu UII, U BO-BTOpBIX, CBOWCTBAMHU HEIMHEWHBIX
YYacTKOB, HANPUMeEp, LEMH — Pa3psAIHOTO MPOMEXKyTKa
U BaHHBI [4-6].

B npou3BoACTBEHHBIX YCIOBUSX TEXHOJIOTHMUECKUM
CBapOYHBIN MPOIECC MTOABEPIKEH BO3ICHCTBUSIM — BO3-
MYIIEHUSM, HapyIIAIOIIAM €ro HOPMaJIbHOE IPOTEKaHHE
U TIPUBOJISAIIAM K OTKJIOHEHHUSM IOKa3zaTele KadecTBa
KOHEYHOTO MPOJyKTa OT TpeOyeMbIX 3HAYCHUII.

CHCTEeMHBII MOAXO0J K OLIEHKE TOYHOCTH CHUCTEMBI
aBTomarnueckoro ynpasienusi (CAY) TII cBapku xa-
pakTepu3yeTcss BCECTOPOHHUM YUETOM JOMUHHPYIOIITIX
(haxTOpOB, COMPOBOXKIAIOIINX MPOCKTHPOBAHHE, TTPOU3-
BOJICTBO M 3KcInTyaTannio CAY coBMECTHO ¢ 00BEKTOM
yIpaBJIEHUs B peajibHOM BHELIHEH cpesie.

[Ipu cucreMHOM TOAXONE K (PYHKIIMOHUPOBAHUIO
CAY wu3yuaroTcst BCE€ peallbHble NPUYUHBI, IPUBOJIS-
e K OTKIIOHEHHIO TapaMeTpoB OT HoMuHaoB. Kcra-
TH, YMECTHO OTMETUTh, 4T0 T¢ CAY, y KOTOPBIX KOH-
TPOJbHBIC TOKa3aTelu HE BBIXOAAT M3 JOMYCTUMBIX
30H B peaIbHOM IKCIUTyaTalluM, OTHOCATCS K CUIBHBIM
cucreMam, T.c. podactHeM [6; 8]. Bapuarms 3inemeHTa
ABTOMATHYECKOW CHCTEMBI MIPUBOAUT K U3MEHECHHUIO €TO
nepenarounoi pynkuuu (I1D), a 3To, B cBOIO OUEpes,
BbI3bIBaeT u3MeHeHue [1D Bcell 3aMKHYTOM CHUCTEMBI,
a 3HAYUT, B KOHEUHOM HUTOre, U U3MEHEHHWE BEJIUYUH,
xapakrepusyommx e€ cocrosiHue. OueHka pobOacTHO-
CTH JOJDKHA TMPOBOJIUTHCS MO BceM snemeHTam CAY.
[IpennonoxuM, 9TO B aBTOMAaTHYECKOW CHCTEME OCHOB-
HBIM BapbHPYEMBIM 3JIEMEHTOM SBIISCTCS YIIPaBISEMBIi
0OBEKT.

EctecTBeHHO, YTO Ye€M MEHbIIIE YYBCTBUTEIHLHOCTD
SOVZ_ (p), Tem menpine Bhusiaue [1D paccmarpuBaeMoro
JJIEMEHTA Ha CBOWMCTBA aBTOMATHYCCKOW CHCTEMBI, TEM
cucreMa 0oJiee BEICOKOKaUYeCTBCHHA.

OTKJIOHEHHS TapaMeTPOB TAKKE BBI3BIBAIOT H3MEHE-
HHE 3allacoB YCTOMYMBOCTH W JIPYTUX IOKa3aTeslel Ka-
YEeCcTBa CUCTEMBbI aBToMaTuueckoro ympasienus (CAY).
B oTmenbHBIX ciiydasx, HapuUMep, MOSBICHAC Mapa3uT-
HOM EMKOCTH MOXET W3MEHHUTH Mopsaok auddepeHnn-
AIBHBIX YPaBHEHHH, OMMUCHIBAIOMNX TUHAMUKY CAY.
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HEJb UCCIEJOBAHUSA — paccMoTpeHune Ko-
JIMYECTBEHHOM OLEHKU YyBCTBUTEIBHOCTU OIPENCIEH-
HBbIX CBOMCTB aBTOMAaTHYECKOH CUCTEMbl K M3MECHCHU-
SM I1apaMeTPOB 2JIEMEHTOB JIMILb YACTU YIPaABJISIEMOIO
00BbeKTa — CBapouyHOU ayru. Takue BakHbIC CBOWCTBA
JJIEKTPUUYECKUX LENEH, KaK YNpaBIsIeMOCTb U HaJIEX-
HOCTb, B 3HAQUUTEJIbHOM CTEIECHH OIPEICIIAIOTCS 4yB-
CTBUTEJIBHOCTBIO XapaKTEPUCTUK AIEKTPUUECKUX LIeTIeH
K M3MEHEHMIO MapaMeTpOB 3JEMEHTOB. DJIEeKTpHUeCcKas
Jlyra Kak 3JEMEHT JJIEKTPUYECKOM LIeNH SIBJISETCS He-
JUHEHHBIM aKTUBHBIM (HEPEaKTHBHBIM) HAKOIMTEIEM
sHepruu [§].

OcHoBHoOIi MaTepuaj. PaccMOTpUM YyBCTBUTEIb-
HOCTb TepefaToYHON (DYHKIMHM M YacTOTHBIX XapakTe-
pHCTHK 3nekTpudeckoit xyru. Ilyctes W(p, aj_) SIBJISIETCSA
nepenaTouyHoil (yHKIUEW Iyrd, 3aBHCSIIEH OT mapa-
meTpa o. [Ipenmnonaraem, 4To CKalApHBIH IapaMeTp o,
MO’KET [IPUHUMATh 3HAUYEHUsSI U3 HEKOTOPOr0 HHTEpBaJla
O € [0 ins>Omax - TOTHA QYHKIHS YyBCTBHTETBHOCTH
II® no napamerpy o,

0
W (p.a;)
oa.

>

Vo, (p) =
J

KOTOpasi OMpE/eNseT MepBOE MPUOIIKCHNE TOTOIHH-
tenbHOU 1D, paBHON pa3HOCTH BapbUPYEMOIl U UCXO-
HOW TIepenaTOYHBIX (PYHKIMH TpH BapHalldy 1O Iapa-
MeTpy o

AW (p.a;) =W (p,0,) =W (p,a,) =V, (p)Aa,.

HyneBbiM HH/IEKCOM CBEpXy 0003HaYEHO TO 0OCTO-
ATEBCTBO, YTO YaCTHBIC TIPOU3BO/IHBIC TOJIKHBI IPUHH-
MaThCsl PABHBIMH 3HAUCHHUSIM, COOTBETCTBYIOIIUM HOMH-
HaJIBHBIM (pacy&€THBIM) TTapaMeTpaM.

YacTo ynobHee paccMaTpuBaTh JIOTapu(pMUIECKYIO
(YHKIMIO YyBCTBUTEIBHOCTH, WM IPOCTO YYBCTBHU-
TEJIbHOCTh Sg; (p) 11D, onpeaensemyro Kak

SW(p) _ oW (p,a;) _ oW (p,a;) %_
% dlna, W(p.a,) | o
9 w
:—Va. (p)'
W(p,(lj) !

TunoBbIM  ONUCAaHUEM NEPENATOYHBIX CBOICTB
JUTMHHON CBOOOIHO MIIH CHKAaTON JTyTH SIBIISETCS OTepa-
topHas [1® B Buae pannoHanbHOH 1pobdu [7; 8]:

W(p) = Z,(p) = (Re1gOp + Ry4)/(Op +1),

rae R, R ., — cratmieckoe u nudhepeHIraIbHOS CO-
MPOTHUBJICHUS AYTH B BEIOPAHHOW TOUYKE; 6 — MMOCTOSH-
Has BpeMeHH ayru. Ota [1® npu R;(dJO < 0 umeeT HyNb
B MpaBoi nomymiaockoctu. Oneparop, B CBOKO OYepe/ib,
XapaKTepU3yeTcss CTPYKTypodl W mapamerpamu. Uys-
cTBUTEIbHOCTH [1D 1yru K U3MEHEHHSIM Psijia TEXHUYC-
CKHUX MapaMeTPOB OYIYT UMETh BH]

Sg;o (P) = ReroBp / (ReroBp + Rmpo );
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Sk g0 (P) = Rugo ! (RegOP + Rogo);

So (P) = (Rerg — Ryg0)0p /[(0p + D)(ReyOp + Rygo)]-

IIpn >TOM pE3yNbTUPYIONIYI0 YyBCTBHUTEIBHOCTD
MOXHO OIPEJEINTh 4Yepe3 OTHOCHTEIbHBIE UyBCTBH-
TEJIbHOCTH 3JIEMEHTOB IIPU TTOMOIIH BBIPAKCHUSI:

dZ,(p) &[0Z,(p) o
Z,(p) g‘ 0o,

do, da;
e R ng =
Z,(p)) o o o,

TO €CTh BBIPa3UTh €€ uepe3 HOPMUPOBAHHbBIE YyBCTBHU-
TEJILHOCTH CHCTEMBI.
I'paduxn pynkumii U;(®) =Re S(T (jo) npu ymc-
J

JICHHBIX 3HAYCHUAX mapaMeTpoB R . =-0,49 Om, R =
1dh0 c10
=1,250mu 0 =110 ¢c npuBeneHs! Ha puc. 1.
[Ipoananuzupyem uyBctBUTENBHOCTD [1D nyru k u3-
MEHEHHsIM TapameTpoB. Ha HyieBoi gacTtoTe 4yBCTBH-

TenbHoCcTh ReSy =ReS)h =0, ReSy =1. Ilpu
0 R > R
c10 1h0
4
YBEJIMYCHUH YacToThl ReSy , YBEIMUHBACTCH, CTpe-
CT!

MACh K €IMHHUIIE, a Re SII;VQ)O YMCHBIIACTCS, CTPEMSICh K
Pt

Hymo. BemectBeHHast yactoTHas xapakrepuctuka 1D

nyru Re SgV <1 n1g Bcex BENECTBEHHBIX YaCcTOT.
OTHOCHTENBbHBIE H3MEHeHNs (norpenrocty) 11d:

AW(p’RCTO) ~ )4 _ARCTO .

W(p) pta RCTO ,
AW(p9an)0) - Rz[d)O /(RCTOG) . ARL[d)O .
W (p) p+o Rygo

AW (p,0) N a _Rmpo /Ryo) P A_e
W(p) Op+D(p+a) 60

e o= R4 / (Ry6).

UroObl NMPOWUTIOCTPUPOBATH YYBCTBUTEIBHOCTH
[1® nyru, Ha puc. 2—4 nokas3aHbl IEPEXOHbIEC UIH pa3-
TOHHBIE XapaKTEPUCTUKU 3BEHA, UIMUTUPYIOIETO 3JICK-
TPUUECKYIO YTy, Ul CIIy4aes:

v Z
Re G,

0.8

0.6

0.4

0.2

0 200 400 600 800 f10°Tu

Puc. 1. BemecTBeHHbIe XapaKTEepUCTHKNA (YHKIMH YyBCTBU-
TEIBHOCTH ePeAaTOUHOH (QYHKIINHU TyTH:

1— ReSZTO; Z—ReS;V(w;.?— Re Sy
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h(l)' T [

1.0 i —
0.5 F N\ : ‘

N A

N

0.5 | v
0 1 2 3 4 5 r10%¢

Puc. 2. Bausnue n3MeHeHUH mapaMeTpoB Ha BPEMEHHYIO Xa-
PaKTEpUCTHKY ABYXIIOJIOCHUKA, UMUTHPYIOIIETO JJIEKTpUYE-
CKYIO JIyTy:

I—R_,=1250m;2—08R_;3—12R

cr0? cr0

h(t) T T T
1,0

5 +10%¢

Puc. 3. BnusHue u3MeHeHUl napaMeTpoB Ha BPEMEHHYIO
XapaKTePUCTUKY [BYXIIOIIOCHUKA, UMHTUPYIOLIETO 3JIEKTPU-
YECKYIO yTY:

I—R ,=-0490m;2—05R ;3 —15R

a(l!O; b0

h(t) ] 1 -

08— —

Puc. 4. BiusHue u3MeHeHUI apaMeTpoB Ha BPEMEHHYIO Xa-
PaKTEpUCTUKY JBYXIIOIIOCHUKA, UMUTHUPYIOILETO 3JICKTpHUC-
CKYIO IyTy:

1—0=110°%c;2—1,40; 3— 0,80

i) @ R,.I:I:L Rl:==C¢u(t)

I
R2 |

|
|
! |
. Z)

Puc. 5. DxBUBasIeHTHAs cXeMa NapajieIbHOTO KoJieOaTenbHO-
T0 KOHTypa
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AR
R—°T°=0; -0,20; +0,20;

cr0
AR
—290 _ . —0,50; 4 0,50;
R):lq)o

g—e=0; -0,20; +0,40.

0

Bunano, 9T0 BIMsHNE U3MEHEHHS TapaMeTpoB Ha pe-
akiuio anemMenTa ¢ [1d nyru sBisiercst BIoJiHe yMepeH-
HbIM. C y4€TOM TOTO, YTO CTYIIEHUYAaTOMY CUTHAITy COOT-
BETCTBYET JOBOJBHO OOJIbIAs T0JIOCA YaCTOT, CHCTEMA
ynpaBieHus: OyAeT KOMICHCHPOBAaTh M3MEHEHUE Tapa-
METPOB YacTH 00BEKTa BIOJIHE yIOBICTBOPUTEIIBHO.

3aBeplIMM JAaHHBIM aHAN3 UHTEpHpeTanyell GyHK-
WM YyBCTBUTENBHOCTH CHCTEMBI YHPABIEHHA S (jo).
OyHKIMS 4yBCTBUTEIbHOCTU [EHUCTBUTEIIBHOM CHUCTE-
MBI yHpPaBJIEHHA S, (j®) CBA3BIBAET OTHOCHTENBHOE W3-
menenue [1® obbekta W(p) ¢ momy4arommmcst Bele-
CTBHE 9TOT'0 OTHOCHUTEJILHBIM M3MeHeHneM 11D cucrembl
ynpasienus W (p) BEIpaKeHHEM:

AW, (p) _
Wy (p)

AW (p) .
Wo(p)

S (p)

3neck yepes W, (p) u W (p) 0603HaueHbI HOMUHATIb-
HBIE TepeJaToyHble (YHKINU CHCTEMBI YIPaBICHUS
U 00beKTa COOTBETCTBEHHO. Ecim aMruinTyna n3MeHe-
nuii [1O o6bekTa HEBENMKa, TO MOKHO CIUTATE S (jo) =
= §,(jo). Ota uaTepnperanus GyHKIAN S (p) ABIAETCA
Kyaccuueckon u npunamnexut boxne [3]; S (p) naswisa-
ercsi (GyHKIMEH YyBCTBHTEIBHOCTH 3aMKHYTOH cucTe-
MBI, IIOCKOJIBKY OHa JaéT MH(GOPMALHIO O 4yBCTBUTEb-
Hoctu [I® cucremsl ympaBieHus K n3MeHeHUsAM [ID
o0OBeKTa.

KoMIUIEKCHYI0 YaCTOTHYIO XapaKTEPHCTHKY CHUCTe-
MBI MOKHO (DOPMAJIBHO TIOJIyYHTh 3aMeHOH B W(p, (xj)
aprymeHTa p Ha jo. Kpome TOro, B TEOpHUHU yIIpaBICHHS
paccMaTpUBalOT aMILUTUTYAHYI A(®), (Ga3oByr ¢(m),
BewecTBeHHy0 U(w) = ReZ (jo) n muumyro V(o) =
=1,Z (j®) 4aCTOTHBIC XapaKTEePUCTHKH.

OTMeTHM, YTO IJIS1 yMEHBIICHUS YyBCTBUTEILHOCTH
aBTOMATHUYECKUX CHCTEM OAMH U3 IyTEH COCTOHT B yBe-
JIMYCHNU YCUIICHHS DJIEMEHTOB KOHTYpa 0OpaTHOM CBsI-
3u. Ilpm cTpemieHun anHaMHYECKoro ko3(h¢uunenra
YCUJICHHS CHUCTEMbI YIPABJICHUS B COOTBETCTBYIOIIEM
JMana3oHe 4YacToT K OECKOHEYHOCTH YyBCTBUTEIBHOCTH
IO OTHOIICHHIO K yTIPaBIIIEMOMY OOBEKTY OymeT cTpe-
MUTBCS K HYJIIO.

Ha puc. 5 m300paxeHa muHEHAsS cXeMa 3aMeTIICHHS
nenu ¢ gyroit. OHa coctout u3 émkocT C 1 apasuiesb-
HO COEIMHEHHOTO C HEM HEIMHEHHOro CONPOTUBJICHUS
(HC), nmeromero magaromryro BAX. B cxeme ams wc-
CJIEZIOBAaHUSI OHO MMUTHUPOBAaHO JU(depeHIHanbHbIM
COIPOTHBIICHHEM R, M ITOC/IEI0BATENLHO C HUM BKIIO-
YEHHOM MapasUTHOW MHIYKTUBHOCTBIO L, 3aIlyHTHPO-
BAaHHOW aKTHBHBIM conpoTHBJIeHHEM R [7; 8]. OOpaTum
BHUMaHHE Ha TO, YTO B pacCCMaTPHUBAEMON IIEMH BCET/a
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OyzeT mapanenbHas HJIEKTPUYECKON Tyre EMKOCTb, 00-
pasyemas COOCTBEHHBIMH EMKOCTSIMH YCTAHOBKH. DTH
émkoctu pocturaior 0,1 Mx®, a ¢ yy€rom EMKoOCTH
3JIEMEHTOB 3aITyCKa AYTH COCTABIISIOT JJaKe HECKOJIBKO
mukpodapan [7; 8].

C menpio HCCNENOBAaHHS BIMAHUS PE3UCTHBHOTO
JneMIUPOBaHNS Ha NIEKTPUUECKYIO IEMb PacCMOTPUM
n Ooree CIIOXKHYIO ILienb, M300pak&éHHYI0O Ha pHC. 5.
OnekTpudeckas IIeTb B COOTBETCTBHU C PHUC. 5 B JaH-
HOM CJTyJae COCTOMT M3 CONpOTHBIEHHA R, i émMKkocTH C,
COCIMHEHHBIX MMapauIebHO C JIIEKTPHUYECKON JIyToii.
[MapannensHblii KONEOATENBHBIH KOHTYP C IOTEPSMH
1 napamerpamu L = 6(R_ — R, Ol)0) =1,74-10%T'n; R1 =
=R, R, o0 = 1,74 OM conmep>XuT pe3ucTop C OTpHUIla-
TEIBHBIM CONPOTHBICHHEM R2 = R o0 = —-0,49 Owm.

KonTyp BO30YyXIaeTcs MCTOUHMKOM TOKa, BBIXO[I-
HBIM CHUTHAJIOM SIBJISICTCSl HANPsDKEHHE Ha KOHType. Pa-
BeHCTBO U(p) = Z(p)I(p) yka3blBaeT Ha TO, UTO Tepena-
TOYHOH (hyHKIMEH B JAHHOM CIIy4ae CIYXHT OIepaTop-
HOE COTIPOTHBIICHNE KOHTYpA.

[nst onpenenenust yyBcTBUTENBbHOCTH 1D K mapa-
MeTpaM 3JIEMEHTOB B CHMBOJBHOM BHJE IPHUMEHSIICS
MaTeMaTnieckuil maker Maple, a mporecc BEIYHCICHUS
OCYIIECTBIISUICS ITyTEM MPUMEHEHHUSI TAKOTO TPOTrpaMM-
Horo npoaykra, kak FASTMEAN 6.0.

CooTBeTCTByIOIME IBE IEpeAaTOuHbIe (YHKINN
(BXOJHBIE CONPOTUBIICHHS CXEM B OTIEPAaTOPHON dopme)
paBHBIL:

POR.o + Ry )
P ORoC+ p(RpoC+0)+1
z:"(p) =
POR_, + RmbO
" PR ,C+ PIRygoC+0(1+ Ry / RO +1+ Ry / R,

z{(p)=

ODYHKIIUN 4yBCTBUTEIBHOCTH KOHTYPOB ONpENEs-
F0TCSL BBIPAYKEHUSIMU:

S_C=-pCZ; (p); e)
N me =
= anaoz; (p)ZnC (P)/ (POR:o + Ryg)s
S _Rey = ReyoPOZ; (P)ZS ()] (POR g + Ryg0)s
S_0=pB(Rey — Ryyo)Z, (P)Z 5 (p)/
H(PO+1)(PORg + Rygo);
S_Cl=—pCZ*(p); )
S _Rogol = RugoZ 1 (P)Z () / (POR g + Rygo ):
S_Reol = ReyopOZ ' (P)Z ¥ (P) | (PORcso + Rygo );
S _01= pB(Rorg = Rygo)Z 1 (P)Z ¥ (p)/
I(PO+1)(POR 1 + Rygo).

CBs13b MEXKTY JIOTApUPMUIECKIMHU (QYHKIHSIMH yB-
cTBUTENBHOCTH (1) 1 (2) onpeznemnsieTcst COOTHOIICHHEM

S_Cl(p)=S_C(p)CG(p),
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o s_Cup) _ 2" )

S_C(p)  zE(p)

Cl(p)=
WM ¢ y4€ToM opMyI
PPOR,C + p(RyC +0)+1
P ORC + P[RoyoC +0(1+ Ry / RO+
+14+ R0 / R;

Cl(p) = (3)

W3 ¢dopmynsl (3) Uil yCTaHOBHBIIEIOCS peXHUMa
(p = 0) Haxoxum

CL0)=1/(1+ Ry / R).

Kak crnenyer u3 coorHomenus (3), NIyHTHpOBAaHHUE
KOHTYpa CONPOTUBJIEHHEM R, IPAaKTHIECKH HE BIMSET HA
YyBCTBUTEIBHOCTh IENU 10 OTHOIICHHUIO K BapHalUsIM
émkocru C.

Ha puc. 6-8 npeacraBieHbl JTOrapupMIUECKUE Xa-
PaKTEpPUCTHKA |S( jco)| IIPY HEKOTOPBIX 3HAYCHUSIX T1a-
pametpos C u le)o.

OueBuHO, uTO NpU OoubIINX 3HaYeHUAX C mosoca
4acTOT, B KOTOPOH MOJABISIFOTCS BO3MYICHHUS, CTAHO-
BUTCA yxe. Eciim k ToMy ke 9KBHBaJICHTHOE BO3MYILIE-
HHUE yNpaBsieMOl IIEPEeMEHHONW MMeeT OOJBLIYIO SHep-
T'HIO BOJIM3M YacTOTHI, COOTBETCTBYIOIICH NUKY XapaKTe-
PUCTHKH |S( ju))| , TO CIIEZ[yeT PEeKOMEH/I0BATh MEHbIIIEE
3HaveHue éMkoctu C.

OueBuno, uto npu C = 10,0 mx® (camoe Giaro-
MIPUSATHOE 3HAUCHHE TIapaMeTpa LEMH) TT0/1aBICHHUE BIIU-
SIHUSI I3MEHEHUH TapaMeTpoB o0ecreunBaeTcst Py 3Ha-
genusax 10 2,0-10* I'u. 3nauenne émxoctu C = 10,0 MkD
COOTBETCTBYET CJIydaro, KOrja rnapamerp JeMIpupoBa-
Hus & mpuOmu3nTensHO paseH 0,7.

Jns Gonbliel KOHKPETHOCTH HPEANOIOXKUM, YTO
W3MECHEHHS I1apaMeTpPOB BBI3BIBAIOTCS W3MECHCHUSMHU
émkoctu koHaeHcatopa C. HerpyaHo HaiiTH, 4TO IpH
Manbix u3meHeHnssx AC napamerpa C MOKHO HaIMcaTh

AW (p) ~
W(p)

_ p2L1 (Rl +R2)+pR1R2 £ (4)
P’CL (R +Ry)+ p(CRRy+ L)+ R, C

I

L (R, +R)+RR
re W(p)=—; PL(R +Ry) + R Ry _
P°CL (R +R,)+p(CRR, +L))+R,
T1® o6bexra.

OTmeTHM creayroniee.
1. ITpu Hy7neBOI YacTOTe HE3aBUCUMO OT 3HAUYCHHUS
AC nmeem

AW(p) _,
W(p)

DTO 03HAYAET, YTO HE3aBHCHMO OT EMKOCTH KOH-
nencaropa C peakuus CHCTEMbI Ha I3MEHEHHUE 331aHHOH
TOYKH BCET/A SIBISICTCS TPABUIBHOM.

2. VI3 BeIpaskeHus (4) BUIHO, 9YTO (DYHKINS (O BITUS-
Hus n3MeHeHns émMxocta C Ha [1® o0BekTa Bo3pacTaeT
710 4acTOThl CPbIBA ®, U ocTaéTesl J1ajee MOCTOSTHHOM.
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A, nb

80.— ......

PR S P——

consahe

40

-40

I T

H
1
A LA R b CRA AR R S S T S
v h i
h
'
i

i i
@, TP rrerergrreryer
180 forerfind

135

0 PIPTTrs o : el :.:.: Ferrrrrr 4:‘....1...1..1..1.1.:;.:

[ Tu

Puc. 6. Jlorapuhmuyeckue 4acTOTHbIC XapaKTEPUCTUKU (yHKIUK 4yBCTBUTENbHOCTH [1D menu (R, = 00) K M3MEHEHHMIO Tapame-
Tpa C npu pasanyHbX 3HaueHusx C:

1—2,041-10°®; 2—5,0-10° D; 3— 10,0-10° D

A, nb

-180

I R T T T I
10 10° /. Tu

Puc. 7. Jlorapupmuueckue 4acTOTHbIC XapaKTEPUCTUKK (PYHKUMH qyBCTBATENbHOCTH [1D Henn K H3MEHEHnIo R, g0 TIPH pasuy-
HbIX 3HaYeHusAX Emkoctu C;:

1—2,041-10°®;2—0,1-10° D
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A, b T

0

=20 |t

-180 i

=270

360
10° 10° 10*

10° 10’ £ T

Puc. 8. Jlorapnmueckue 4aCTOTHBIE XaPAKTCPUCTUKH (PYHKUMH 1yBCTBUTENbHOCTH 1D 1ieny K n3MeHennio R o HPH Pa3TUYHbIX

3HAYCHUSIX Rﬂ 40"
I—R ., =-0490M;2—R

b0 -

=-1,00m; 3—R

200 140

W3 moBeneHus (YHKIWKA YYBCTBUTCIBHOCTH CIEIYET,
4TO NpU HU3KUX vactorax (mo 2,0-10* 'n) BiusHue u3-
MeHeHust éMkocTh koHJeHcaTopa C Ha [1D oObekra He-
BEJINKO, MPUYEM C YMEHBIICHHEM YacCTOTbI 3TO BIMSIHUE
ocnabsercs.

Kak 65110 IOKa3aHO [5; 10; 11], anexTpudeckas nens
C Iyroil n €MKOCTBIO IIPH OMNpPEACIEHHBIX IapaMeTpax
SIBJISIETCSI KOJIEOATENbHBIM KOHTYPOM C MaJIbIM 3aTyXa-
HHEM, B HEM BO3MOKHbI HHTEHCHUBHbBIE IEPEXO/IHBIC ITPO-
meccel. s yBenMUYeHHs 3aTyXaHWS MEPEXOIHBIX IPO-
[IECCOB B KOHType (CcTaOmiam3amuyd U AeMIT()UPOBAHHS)
BO3MOJKHO BKJIIOUEHHE TacsIIMX PE3NUCTOpoB. Brimsnue
LIYHTUPYIOLIETO PE3UCTOPa COCTOUT B TOM, YTO JOOPOT-
HOCTb KOJICOATEeNIbHOW CHUCTEMBl YMEHBIIACTCS, YBEIJH-
YMBAETCS 3aTyXaHHE, BHOCHMOE B KOHTYp COIIPOTHUBIIC-
HHEM R, TEM CaMbIM YMEHBITAETCS KaK HHTEHCHBHOCTD
BO3HHUKAIOIINX B KOHTYpE KOJICOaHUH, TaK U BPeMs HX 3a-
TyXaHUsl. DKBUBAJICHTHOE PE30HAHCHOE COIPOTHBIICHNE
KOHTYpa ¢ YY4ETOM LIYHTUPYIOLIETO ACHCTBYSI pE3UCTOpa

Rpe3.31c = Rpe3 /(1+Rpe3 /Ri)sze3 ” Ri'

Br10op nryHTHpYOMEro pe3nucTopa, yI0BIETBOPSIO-
IIETO KaK yCIOBUIO MaJIbIX NOTEPh MOLTHOCTH, TaK U yC-
JIOBUIO XOPOUIEro AeMI(pHUPOBaHMUS, OCYIICCTBISIETCS U3

Rpe3 = Ri'

YCIIOBHS

Cnucok JuTeparypbl

1

JIHHAST— T eJIeKoM.

=0,01 Om

BbBIBOJDBI. 1. [Ipu B3auMOAEMCTBUM TAKUX JBYX
WHEPIMOHHBIX DJICMEHTOB, KaK KOHIEHCATOpP W DIICK-
TpUYECKas Ayra, MOTYT BO3HHKATh aBTOKOJICOAHUS U HE-
ycroitunBocTh. [Ipy TOM aBTOKOIICOAHWS BO3HHUKAIOT
1 MICYE3AI0T MSTKO.

2. 11 MCTOYHUKOB MMUTAHUS HJIEKTPUUYECKOU JYI'H
C OOpaTHBIMH CBS3SMH TPEAIIOYTHTEIHHEE HCIONB30-
BaTh CXEMBI, KOTOPBIC 0a3UPYIOTCS Ha HUCTOYHHUKE TOKA,
YIPaBISIEMOM HAIIPSHKCHUCM.

3. TlockombKy BOJBT-aMIICPHBIC XapaKTCPUCTHKH,
HaTIpUMep, TUIa3MOTPOHOB OTIPENEIAIOTC UX KOHCTPYK-
OUeH ¥ MOTYT MMETh Pa3lUYHBIA XapaKTep, TO BBITOJ-
HEHHBIC WCCICIOBAHUS MOTYT CIIY)KATh OCHOBOH ISt
CO3JIaHMsI MEePCIIEKTUBHBIX IIa3MOTPOHOB C XapaKTepH-
CTHKaMH, TIPY KOTOPBIX B AYTY Nepenaércss HanOobIee
KOJIMYECTBO DHEPTHU.

4. Ilpu pemieHnH MPAKTHYSCKUX 3aad PeryInpoBa-
HUS TEXHOJOTHYECKHUX CBAPOYHBIX IPOIECCOB BAXKHOE
3HAYCHWE MIMEET pEIICHUE 3aJadd OIPEICIICHHs OITH-
MaJIbHBIX IaPAMETPOB HACTPOUKH WIIM TApaMETPUUYECKOM
ONITUMU3AINY ABTOMATHUECKUX CUCTEM PETYIHPOBAHNS,
CpeIf METOJOB KOTOPBIX BBINCISIOTCS OECIONCKOBBIC
METOJbI, OCHOBAaHHBIC Ha WCIIONG30BAaHUM armapara
YyBCTBUTCIHHOCTH, Ha3BaHHBIC B [12] CEHCHTHBHBIMH.
VYcenex e€ pemeHust BO MHOTOM IipeaonpenensieT dhdek-
THBHOCTH pa3pabOTaHHBIX CHCTEM.

Dcubsn, 3. M. (2000). Bo3nyurHo-maa3MeHHas pe3Ka: COCTOSIHUE U TIEPCTIEKTUBEL. Agmomamuyeckas ceéapxka, 12, 6-17.

(1]

[2] Hlupmog, U. I'., & Korukos, B. H. (1987). [lnasmennas pesxa. Jlenunrpan: MammHOCTpOCHHE.
[3] Bexosekuid, 1. I. (1987). [Inasmennas peska. Jlenunrpaa: MammHOCTpOCHHUE.

(4]
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MATHEMATICAL SUBSTANTIATION OF DOSED
PULSE ELECTRODE WIRE IN MECHANIZED WELDING
IN PROTECTIVE GASES
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Abstract. The development of a physic-mathematical model of the process of forming a drop
and transferring it through an arc during welding with pulsed feed of an electrode wire is
presented. It is shown that the process can be divided into three stages: I — arc burning in the
interelectrode space at a zero value of the electrode wire feed rate. At this stage, as a result of
electrode melting, the resulting drop makes chaotic movements along the end of the electrode
wire. The length of the arc increases, the forming drop is removed from the bath, and thus pre-
vents the possibility of an accidental short circuit of the arc gap; Il — movement of the drop
formed at stage I, in the direction of the weld pool to a short circuit between the gap and I1I
— flow of the drop into the weld pool during the short circuit time. At this stage, the short cir-
cuit continues until the moment of explosion of the liquid metal jumper with a fixed electrode
wire. The duration of each stage of the process is determined analytically taking into account
the physicomechanical characteristics of the electrode materials, the geometric parameters of
the near-electrode areas of the arc, and the welding conditions. The developed mathematical
model is the basis for the design of the device for pulsed dosed supply of electrode wire and
the drive control algorithm using reverse information links on the parameters of the arc pro-
cess. A distinctive feature of the device is the use of the original sensor to measure the current
value of the welding current used to generate a drive control signal for the dosed feed of the
electrode wire. Experimental testing of the drive of the pulsed feed of the electrode wire ac-
cording to the proposed algorithm by recording oscillograms of the current and voltage of the
arc showed the possibility of obtaining a more stable transfer process of the electrode metal
with regular short circuits in mechanized CO2 welding, compared to the unmanaged.

Keywords: arc welding; pulse dosed feed; analytical definition of time; process stages, mathe-
matical model.
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Annortanus. [IpeacrasieHna pa3paboTka (hU3HKO-MaTEeMaTHYCCKON Mojenau mporecca (GOPMHUPOBAHUS KAIUd U
MepeHoca ee yepes Iyry MpH CBapKe C UMITYJILCHOM M0 [a4ueil 3K TPOAHOU IPOBOJIOKH. [ToKa3aHo, 4TO MPOLIEcC MOKET
OBbITh pa30UT Ha TPU CTAUH: | — ropeHue Iyru B MeKIEKTPOAHOM [IPOCTPAHCTBE MIPU HYJICBOM 3HAYCHUH CKOPOCTH
ToJjauy AJIEKTPOJHOW MpOBOJIOKKA. Ha 9Tol cramum B pe3yibraTe OIUIABICHMS 3JIEKTpOja 0Opas3yromasics Karuis
COBEPIIIAET XaOTUYHbBIC MEPEMEIICHHS 10 TOPILY AJIEKTPOIHOM MPOBOIOKH. [ITMHA JIyrH HPU 3TOM yBEIMIHBACTCS,
(dbopMupyromascs Karuist yJausieTcsi OT BAaHHBI, U TEM CaMbIM [TPEA0TBPAIIAETCS BOZMOXKHOCTh CIIY4aifHOI0 KOPOTKOT'O
3aMbIKaHHs JAyroBOro mpomexytka; [l — mepemenienne karim, cOpMUPOBAHHOW Ha CTaauu [, B HaNpaBICHUU
CBApOYHOM BAaHHBI 0 KOPOTKOTO 3aMbIKAHUsI MEIKyrOBOr0 MpoMexyTka u 11 — neperexanue Kariu B CBAPOUHYIO
BaHHY B TEUCHHE BPEMEHH KOPOTKOTO 3aMbikaHus. Ha 3Toli cTaun KOpOTKOE 3aMbIKaHUE TTPOIOIKAETCS 0 MOMEHTA
B3pbIBa KHUIKOW METAJUTHYCCKON MEPEMBIYKH MPU HEMOJBUKHOMN IJICKTPOIHON MPOBOJOKE. [IpoaomKUTEIbHOCTD
KaXI0U CTa/IMU MPOIIecca ONPe/Ie/ICHa AHATUTHYECKHU C YUeTOM (DU3UKO-MEXaHUUECKHUX XapaKTEPUCTHK HIEKTPOHBIX
MaTepHalioB, TEOMETPUUECKHUX MapaMeTpOB HPHUIICKTPOIHBIX 00NacTeil Iyrid U PeUMOB cBapku. Pa3paboraHHas
MaTeMaTHYeCKas MOJICNIb IOJIOKCHA B OCHOBY KOHCTPYKI[MHM YCTPOWCTBA HMMITYJILCHON JO3MPOBAHHON TMOIauu
JJIEKTPOJIHOM MPOBOJIOKUA U aArOPUTMAa YIPABJICHHS MPHUBOJOM C HCIOJIb30BAHUEM OOPATHBIX HMH()OPMAIHOHHBIX
CBsi3eil 110 mapamerpam JyroBoro mpoiecca. OTIMYNTEIbHON 0COOCHHOCTBIO YCTPOMCTBA SIBISIETCSI PUMEHEHHE
OPUTHHAJILHOTO TATYMKA JUUIsI U3MEPEHUSI TEKYIIETO 3HAUCHUS] CBAPOUYHOTO TOKA, UCIIOIB3yEeMOro Jisi GOpMUPOBAHHS
CUTHAJIA YIIPABICHHS MIPUBOAOM JTO3UPOBAHHOW ITOAYX DIICKTPOIHON MPOBOJIOKH. DKCIIEPUMEHTAIbHAS MTPOBEpKa
paboThl MPHUBOJIA UMITYJILCHOM MOAAYM 3JICKTPOJHON MPOBOJOKHU IO MPEIOKEHHOMY AITOPUTMY IYTeM 3aIiCH
OCIIMJUTOTPAaMM TOKa M HaNpsDKEHHS JyTH MOKa3aia BO3MOYKHOCTH IMOJydeHUs Oosiee CTaOMIBLHOTO, 110 CPAaBHEHUIO
C HEYIPaBISIEMbIM, MPOIECCa MEePeHOCa IEKTPOJHOr0 MeTajia C PEryIsspHbBIMA KOPOTKUMH 3aMbIKAHUSIMU TPU
MeXaHu3UpoBaHHoH cBapke B CO,.

KiroueBbie ciioBa: AYyTOoBas CBapKa; UMIIYJIbCHAsA NO3UPOBAaHHAA MoAa4dad; aHAJIMTHYCCKOC OIPCACIICHUC BPCMCHU,
CTaJluu Mpouecca, MareMaTnieCcKast MOACIIb.

Amnotauis. [Togana po3poOka (hizuko-MaTeMaTHIHOT MOJIENI Tporiecy pOpMyBaHHS Kparuli i IepeHeCeHHs i1 depe3
YTy TPH 3BapIOBaHHI 3 IMITYJIbCHOO TOAAYCIO ICKTPOIHOro apoTy. [TokazaHo, 110 mporec Moxe OyTH po30uTHIt
Ha Tpu cramii: | — ropiHHA Ayrm B MDKEJIEKTPOJHOMY HPOCTOPI MpPU HYJILOBOMY 3HAa4€HHI LIBHMJKOCTI Mojadyi
eNeKTPOJHOro poTy. Ha il cra il B pe3ybTati OIuIaBIeHHS eJIeKTPOLY KPaIlIs, [0 YTBOPIOETHCS, 311 HCHIOE Xa0THYHI
TIEPEMILIICHHS 110 TOPIIO €JIEKTPOAHOrO APOTY. JJOBXKHMHA IyTH MPH LOMY 30UIBIIY€ETHCS, KPAIUIs, M0 (OPMY€EThCS,
BiJIJISIETHCS BiJl BAHHU 1 THM CaMHM 3a1100irae MOXJIMBOCTI BUIAKOBOT'O KOPOTKOT0 3aMHUKaHHSI TyTOBOT'O IPOMIXKKY;
Il — mepewmimienHs kparwt, copmoBanoi Ha craxii I, y HanpsiMi 3BaproBajbHOT BaHHU J0 KOPOTKOTO 3aMUKaHHS
MDKIYroBoro npomixky i Il — meperikanHst kparii B 3BaplOBalibHy BaHHY BITPOJIOBXK Yacy KOPOTKOTO 3aMUKaHHS.
Ha uiif craznii KOpoTKe 3aMHMKaHHS TPHBAE JO MOMEHTY BHOYXY PiJIKOi MeTaleBOl NMEpEeMHYKH IPH HEPYyXOMOMY
eIIEKTPOIHOMY ApOTi. TpHUBaiCTh KOXKHOI CTail Ipoliecy BU3HAYCHA aHATITHUYHO 3 YPaxXyBaHHAM (Pi3MKO-MEXaHITHUX
XapaKTEePUCTUK EJIEKTPOJHAX MaTepiaiiB, TEOMETPHYHUX MapaMeTpPiB MPUEICKTPOAHUX O0JIacTeil TyrH 1 pexnuMiB
3BaproBaHHs. Po3po0iieHa MaremMaTiuHa MO/IENb MTOKJIa/IeHa B OCHOBY KOHCTPYKIIIi IIPUCTPOIO IMITYJILCHOT 1030BaHOT
noziavi eNeKTPOAHOrO0 APOTY Ta AJITOPUTMY KEpyBaHHS IIPUBOIOM 3 BHKOPHCTAHHSM 3BOPOTHHX iH(OpMaIiiHHX
3B’SI3KIB 3a MapaMeTpaMiu JAyrOBOTO Mporecy. BiaMITHOIO OCOOIMBICTIO MPUCTPOIO € 3aCTOCYBAaHHS OPUTIHAIBLHOTO
JlaTdauKa Uit BUMIPIOBAHHSI TIOTOYHOTO 3HAYEHHS 3BapIOBAJILHOTO CTPYMY, BUKOPHCTOBYBAaHOro st (popMyBaHHS
CHTHAILy KEpyBaHHS IPHBOJOM JI030BaHOI IoJadli eJIeKTPOJHOro ApoTy. ExcrepuMeHTanbHa nepeBipka poOOTH
MIPUBOJTY IMITYJIbCHOI T10/1a4i eJIEKTPOAHOTO JPOTY 3a 3alpPONOHOBAHMM aJTOPUTMOM HUISIXOM 3alUCy OCLUJIOTpam
CTPYMY 1 HampyrH Jyrd MOoKa3zajia MOXIIMBICT OTPUMAaHHS CTaOUIBHINIOr0, B OPIBHSHHI 3 HEKEPOBAHHUM, IPOLIECY
MIEPCHECCHHS! €ICKTPOAHOTO METANly 3 PEryJIsspHUMH KOPOTKHMH 3aMHUKAHHAMH NPH MEXaHi30BAaHOMY 3BapIOBaHHI
B CO,.

Kuro4oBi ciioBa: nyrose 3BaproBaHHsI; IMITyJIbCHA JI030BaHA M0a4a; aHATITHYHE BU3HAYCHHS Yacy; CTail Mpolecy,
MaTeMaTHYHa MOJIENb.

References

[1] Lankin, Yu. N. Avtomaticheskoe upravlenie protsessom svarki plavyaschimsya elektrodom v SO, s periodiches-
kimi zamyikaniyami dugovogo promezhutka (Obzor) / Yu. N. Lankin // Avtomaticheskaya svarka. 2007. No 1.
Pp. 3-10.

[2] Lebedev, V. A. Tehnologicheskie harakteristiki avtomaticheskoy naplavki pod flyusom s vyisokochastotnyimi
kolebaniyami elektroda / V. A. Lebedev, S. V. Dragan, Zh. G. Goloborodko i dr. // Avtomaticheskaya svarka.
2014. No 8. Pp. 35-38.

[3] Morozov, V. P. Analiz usloviy formirovaniya izmelchennoy strukturyi pri kristallizatsii metalla svarochnoy van-
nyi s nalozheniem vneshnih periodicheskih vozmuscheniy / V. P. Morozov // Izvestiya Vyisshih Uchebnyih
Zavedeniy. Mashinostroenie. 2006, No 8. Pp. 41-54.

[4] Potapevskiy, A. G. Svarka staley v zaschitnyih gazah plavyaschimsya elektrodom. Tehnika i tehnologiya bu-
duschego: monografiya / A. G. Potapevskiy, Yu. N. Saraev, D. A. Chinahov. Tomsk: Izd-vo Tomskogo po-
litehnicheskogo universiteta, 2012. 208 p.

164



N°2 (10) 2018

MATEPIAJI0O3HABCTBO

[3]

(6]

[7]

[12]

[13]

[14]

[19]

[20]

[21]

smi.nuos.mk.ua | editor@smi.nuos.mk.ua

§HIPBUILDING

MARINE INFRASTRUCTURE

Gulakov, S. V. Issledovanie prichin razbryizgivaniya metalla pri svarke v srede SO2 / S. V. Gulakov, V. V. Bur-
laka, O. V. Harlanov // VIsnik DonbaskoYi mashinobudlvnoYi akademlYi. 2014. No 1 (32). Pp. 188-192.

Lebedev, V. K. Tendentsii razvitiya istochnikov pitaniya i sistem upravleniya (po materialam patentov USA) /
V. K. Lebedev // Avtomaticheskaya svarka. 2004. No 1. Pp. 40—48.

Lebedev, V. A. Automatic submerged-arc welding with pulsed electrode wire feed using a stepping motor /
V. A. Lebedev, S. V. Dragan, K. K. Trunin // Welding International. 2017. Vol. 31. No 2. Pp. 145-150. DOI:
10.1080/09507116. 2016. 1223917.

Lebedev, V. A. Sovremennoe mehanizirovannoe oborudovanie dlya svarki i naplavki i ego tehniko-tehno-
logicheskie vozmozhnosti / V. A. Lebedev, S. Yu. Maksimov. K.: Osnova. 2012. 392 p.

Solodskiy, S. A. Razrabotka avtomatizirovannoy sistemyi dlya svarki v CO, s impulsnoy podachey provoloki
i modulyatsiey svarochnogo toka / S. A. Solodskiy. Avtoref. kand. diss. Chelyabinsk: 2010. 20 p.

Tewari, S. P. Effekts of Oscillation on Impact Property of Weldments / S. P. Tewari // IS1J International. 1999.
Vol. 39 (8). Pp. 809-812. DOI: 10.2355/isijinternational.39.809.

Abu-Aesh, M. Welding of fully — Austenitic stainless steel using pcgtaw process; Part I: Bead structure /
M. Abu-Aesh, M. Taha, A. El-Sabbagh, L. Dorn // Journal of Manufacturing Processes. 2019, Volume 38.
Pp. 21-29. DOI: 10.1016/jmapro.2018.12.037.

Morozov, V. P. Rol vyideleniya skryitogo tepla v upravlenii strukturoobrazovaniem protsessa kristallizatsii
metalla rasplavlennoy vannyi pri svarke / V. P. Morozov // Inzhenernoe obrazovanie (Elektronnyiy zhurnal).
2011, No 11.

Getskin, O. B. Modelirovanie protsessa perenosa elektrodnogo metalla pri svarke s korotkimi zamyikaniyami /
0. B. Getskin, V. A. Erofeev, S. I. Poloskov / Avtomaticheskaya svarka. 2009, No 2. Pp. 16-21.

Lebedev, V. A. Sposobyi upravleniya podachey elektrodnoy provoloki pri dugovoy mehanizirovannoy svarke
inaplavke / V. A.Lebedev, G. V. Zhuk, S. V. Dragan // ZNP NUK. 2017, No 4. Pp. 43-52.

Zhao, Y. Effect of pulsing parameters on drop transfer dynamics and heat transfer behavior in pulsed gas metal
arc welding / Y. Zhao, P.-S. Lee, H. Chung // International Journal of Heat and Mass Transfer. 2019, Volume
129. Pp. 1110-1122. DOLI: 10.1016/j.ijheatmasstransfer.2018.10.037.

Paton, B. E. Self-regulation of the arc in consumable electrode welding / B. E. Paton, S. Y. Maksimov, V. S. Sidoruk,
Y. N Saraev// Welding International. 2015. Vol.29. No. 12. Pp. 956-962. DOI: 10.1080/09507116.2015.1012381.

Lenivkin, V. A. Tehnologicheskie svoystva svarochnoy dugi v zaschitnyih gazah / V. A. Lenivkin, N. G. Dy-
urgerov, H. N. Sagirov. M.: Mashinostroenie, 1989. 264 p.

Getskin, O. B. Fiziko — matematicheskaya model sistemyi «istochnik pitaniya — duga» dlya svarki plavyas-
chimsya elektrodom v zaschitnyih gazah / O. B. Getskin, S. I. Poloskov, V. A. Erofeev, O. P. Vitko // Tyazheloe
mashinostroenie. 2008, No 6. Pp. 18-20.

Ryikalin, N. N. Raschyotyi teplovyih protsessov pri svarke / N. N. Ryikalin. M.: Gosudarstvennoe Nauchno —
Tehnicheskoe Izdatelstvo Mashinostroitelnoy Literaturyi. 1951. 190 p.

Zaruba, 1. 1. Priroda korotkih zamyikaniy dugi pri svarke v uglekislom gaze / 1. I. Zaruba // Avtomaticheskaya
svarka. 1973, No 5. Pp. 14 —-17.

Leskov, G. L. Elektricheskaya svarochnaya duga / G. I. Leskov. M.: Mashinostroenie, 1970. 335 p.

IMocTranoBka 3agaun. CoBpeMeHHass MUpPOBasi TEH-
JICHIUS Pa3BUTHUsA TEXHOJIOTMH MAIIMHOCTPOCHMS IIO-
CTaBWJIa B PsIJl aKTYaJIbHBIX MPOOJIEM 3KOHOMHIO pecyp-
coB ¥ 3Hepruu. OAHO U3 MPUOPUTETHBIX HaNpaBlICHHUH
pemeHus 9Toil MpolIeMbl — CO3/1aHHE HOBBIX WIIH JI0-
paboTka CTapbIX TEXHOJOTHI, B TOM YHCIIe HAa OCHOBE
JyTOBBIX CBAPOUHBIX IpoleccoB. [Ipu 3ToM BakHEHILINM
(axTOpOM, KOTOPBIH OMpEAEIIeT TEXHOJIOTHUECKHEe Xa-
PaKTEPUCTHUKU U 00JIACTH NPUMEHEHHUS AyTOBOi CBApPKH
Y HaIUTaBKW MEXaHU3UPOBAHHBIMHU CIIOCO0aMH, SIBIISCTCS
yIpaBJICHUE TIEPEHOCOM JIIEKTPOIHOTO METajla B CBa-
POUHYIO BaHHY U (JOPMUPOBAHUE CTPYKTYpPHI CBAPHOTO
IIIBa TI0/1 BO3JCHCTBHEM BHEIIHUX BO3MYIIAIOMNX (hak-
Topos [1, 2, 3].

[IpoGneme ympaBieHHs TEPEHOCOM 3JIEKTPOIHO-
ro METajula MpU CBAPKE B 3AIIUTHBIX Ta3ax MOCBSAIIE-

HO JOCTaTOYHO MHOTO TE€XHUYECKOH nureparypsl [1, 4,
5], HO mo-IpeXHEMY aKTyaJbHBIMH OCTAIOTCS 3a/auH,
CBSI3aHHBIC CO CHIDKEHHEM MOTEPh AIIEKTPOIHOTO METal-
7, yJIydIIeHHeM YCIOBHH (JOpMHpOBaHMS HallIaBIICH-
HOTO BaJIMKa, 0Oecre4eHNeM KauyeCTBEHHOTO (hopMHpo-
BaHMS CBapHBIX COCAWHEHUI, OCOOCHHO BBHITTOIHIEMBIX
B MTOJIOXKEHUSIX, OTIMYHBIX OT HI)KHETO, CHHKEHHEM 3a-
TpaT Ha MOCIETYIONTyI0 00paboTKy mIBa H Ip.

AHaJIN3 MOCJIeIHUX HCCAeA0BAHUI U myOauka-
nuii. Pemenne 3amad paciiMpeHHs: TEXHOJIOTHYECKUX
BO3MOYKHOCTEH MEXaHHU3MPOBAHHOW CBapKW B 3alllHT-
HBIX Tra3ax IyTeM BO3JCHCTBHS Ha IPOIECC IepeHoca
MeTayia 4yepe3 JyroBOH MPOMEXYTOK JIOCTHTaeTCsl MPH-
MEHEHHEM CIIOCOO0B U CPENICTB, 00ECTICUNBAIOIINX IIPO-
IrpaMMHPOBAHHOE YTPaBICHUE MapaMeTpaMH pexnMa
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JYTOBOHM CBapKH, B YaCTHOCTH CKOPOCTBIO MOJaYH JJICK-
TpoaHOU MpoBoJIOKU. C 3TOH LENbl0 Ha MPAKTUKE yXKe
JIABHO HCIIONBb3YIOTCS METOJIbI C MOAYJISIIIMEH PEKIMOB
B pa3JIMYHON TEXHMYECKOW peaju3aliii, HO HU OJIMH M3
CYIIECTBYIOIIMX METONOB YNPABICHUS HE SBISIETCS HO-
CTaTOYHO YHHUBepcaIbHBIM [6, 7, 8, 9]. IIpogomxkaeTcs
MTOWCK HOBBIX, OoJiee 3(h(heKTUBHBIX, CITOCOOOB BIUSHUS
Ha KaIuTIo 3JIEKTPOIHOTO METAJJIa, B TOM YHCJIE C yIIPaB-
JISIEMBIM DHEPrOBJIOKEHUEM B METAIIMYECKYIO BaHHY
[10, 11, 12]. IIpu >TOM, EPCHEKTHBHBIM HAIIPABICHH-
€M MOYXHO CUUTATh HCIOJIb30BAHUE UMITYJIbCHBIX QJIrO-
PUTMOB YIpaBJICHUS MEXaHW3MOM IMOJAa4l CBapOYHOMH
MIPOBOJIOKH, O0ECHEUNBAIOMINX JJO3UPOBAHHYIO T0/1a9y
Ha oCHOBE MH(OpMaLK O BpeMeHU (OPMHUPOBaHUS Ha
TOpIIE IIEKTPOJHON MPOBOJOKH KaIlld MEeTajuia, Iepe-
XO/la KallsId B CBApOYHYIO BAaHHY U BPEMEHHU TOPEHHS
JIYTH MEXIY KOPOTKHMH 3aMBIKaHHUSIMH MEX3JIEKTPOJI-
HOTO TIpOMEXyTKa. Pa3paboTka pacyeTHOW METOIUKHU
OIpEe/ICICHUs] YKa3aHHBIX BPEMEHHBIX MHTEPBAJIOB 00-
YCIIOBJIMBAET AaKTYaJbHOCTh PEIIEHUS IT0CTABICHHOM
MPOOIEMBI.

Jisi MexaHM3UPOBAHHON M aBTOMATHUYECKOM CBap-
KM TUIABSIIIUMCS 3JIEKTPOAOM pa3paboTaHO MHOTO Iep-
CIIEKTUBHBIX CHOCOOOB CBapKH C IleJE€HANpPaBICHHBIMH
BO3/ICHCTBUSIMU Ha KaIlIIO 3JIEKTPOJHOTO METajlla TpH
nepexosie B CBapouHyio BaHHY [2, 13, 14, 15]. Oxnako
s QeKTuBHAs peanu3alysl MPeUIOKEHHBIX CII0CO00B
CBAapKH C yNPaBIIEMBIM KallJIEIEPEHOCOM JIEKTPOJHO-
ro MeTajula CTaja BO3MOKHOW JIMIIb Ha pybOexe mpo-
[IJIOTO W HBIHEIIHETO CTOJICTHH, Oiaromapsi pasBUTHIO
MHUKPOIPOIIECCOPHONH TEXHUKH W CO3TAHMIO0 MOIIHBIX
TPAH3UCTOPHBIX KIIOUEH, MO3BOISIOIUX OCYIECTBIATh
OBICTPYIO KOMMYTAITHIO CBAPOYHOTO TOKA IO CIIOKHOMY
anroputMy ynpasnenus [1, 7, 16].

K wumcny wnambornee NEpCIEKTHBHBIX CIIOCOOOB
YIPaBICHUSI MEPEHOCOM JJIEKTPOIHOTO METalula TpH
MEXaHU3UPOBAHHBIX JAYTOBBIX IpoIleccaXx — CBapKe
1 HAIUIaBKE — OTHOCSITCSI CITOCOOBI ¢ MMITYJILCHOM MO-
Jlaueil 3IeKTPOAHON IIPOBOJIOKHU, JJI1 KOTOPBIX CO3AAaHA
Hay4Hasi 0a3a M COOTBETCTBYIOUIME KOHCTPYKTOPCKHE
paspabotku [1, 4, 8]. Tak, nanpumep, B I'TI OKTB UDC
uM. E. O. ITarona HAH VYkpauns! pazpaboTaHo HECKOIb-
KO HOBBIX BApHAHTOB ITOCTPOCHUSI CHCTEM YIIPABICHUS
TIEPEHOCOM AJIEKTPOJHOTO MeTajla ¢ MCHOJIh30BAHUEM
HMMIYJIbCHBIX aITOPUTMOB BO3/EHCTBHS Ha CUCTEMY MO-
Jla4uM 3JIEKTPOJHOM MPOBOJIOKU MPU MEXAHU3UPOBAHHOU
nyroBoit cBapke. CyITHOCTh UX, B OCHOBHOM, CBOJUTCS
K CIIE/IyOIIEMY:

— WCIOJIb30BaHHE WH(POPMAIMOHHOW 00paTHOM
CBSI3U TI0 TOKY CBapKH;

— WCTIONIb30BaHNE MH(POPMAMOHHONW OOpaTHON CBS-
3U 0 TOKY CBapKu C JIOMOJIHUTEIbHOW HU3KOYACTOTHOM
MOJYJISIIUEH CKOPOCTU MOJAYH AJIEKTPOAHON POBOJIOKY;

— HCTIONIb30BaHNE HHPOPMALIMOHHOW 00paTHON CBSI-
31 [0 HANPSKEHUIO CBAPOYHON TyTH.

Jinst IpUHSTHS PELIeHUs 10 MCIIOIb30BAHHUIO TOTO
WM WHOTO CII0Co0a yNpaBieHHs MEPEHOCOM AIEKTPOI-
HOTO MeTajula CJIeIyeT Y4YHUTHIBaTh 3(PPEKTUBHOCTD
1 11eJeCO00Pa3HOCTh METO/IA, 3aTPaThl HA €ro peansa-
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LUIO TIPU CEPUIHOM TPOU3BOCTBE MU NIPH MOJICPHU3A-
LIUH YK€ UMEIOILIET0Cs Ha MPEIIPUITHH 000Py10BAHHS
[4,7,9].

BblesieHne HepelleHHBIX paHee YacTeil oOuei
nmpoodJieMbl. BOJBIIMHCTBO cIOCOOOB M METOJ0B, 00e-
CIICYUBAIOIINX yCIIOBHS TIEPEHOCA AIEKTPOIHOTO METAall-
J1a, TOCTATOYHO TMOJIHO UCCIIEOBAHbI U YCIEIIHO pealt-
30BaHbI HAa IPOU3BOACTBE. BMecTe ¢ TeM, B TEXHUUECKOU
JUTEepaType OTPAHHYEHHO MPEICTABICHBI CBEICHHUS O
MIPUMEHEHUN 00OPYIOBaHUS C MCIIONBb30BaHUEM 00part-
HBIX HH()OPMAIIHOHHBIX CBS3EH IO MMapaMeTpam ITyroBo-
0 MpoLecca A UMITYIbCHOTO BO3IEHCTBHS HA TIEPEHOC
9IEKTPOAHOTO METajula. DTO CBS3aHO, IO HAIlEeMy MHe-
HUIO, C €Ie HEJOCTaTOYHBIM MaTeMaTHUYECKUM OIHCa-
HHEM TIpoIIecca TMepeHoca MeTaia MpH J03UPOBAHHOM
HMIYJbCHOM MOaue 3eKTpoAHOM npoBonoku [1, 9, 12].

HEJb CTATbM — pa3paboTka OCHOB MaTeMaTH-
YeCKOW MOJIENH TpoIiecca YIpPaBJICHHs MEPEHOCOM Me-
Tanna 4yepes ayry mpu ceapke B CO, ¢ 103UpOBaHHOM
MMITyJIbCHOW TIoZiauel 3IEeKTPOAHON MPOBOJIOKH U HC-
10JIb30BaHUEM OOpaTHBIX MH(MOPMAIIMOHHBIX CBSI3€H 110
rapamMeTpam JyroBOro Iporecca.

Metoabl, 00beKT W HpeAMET HCCIeJ0BAHMSI.
O6vekmom uccnedoeanuil SBISETCS TPOLECC MEPEHO-
ca DIIEKTPOJHOTO METa/lla yepe3 JyrOBOH MPOMEKYTOK
C IEPHOANIECCKIMH KOPOTKUMH 3amMbIkaHIsIME (K3) mpu
MEXaHM3MPOBAHHON CBAapKe B 3al[UTHBIX T'a3aX AJIEKTPO-
THBIMH ITPOBoJIoKaMu nuametpom 0,5...1,6 MM KOPOTKOit
Iyro# ¢ HampsbkeHueM 15...28 B.

IIpeomem uccnedosanuii — yCTaHOBJIEHUE aHAJIN-
TUYECKUX 3aBHCHMOCTEH MeXIy mapaMeTpaMu pexnuma
JIO3UPOBAHHOM UMITYJIbCHOM MOJa4Yy 3JIEKTPOAHOM Mpo-
BOJIOKH C JUTUTEIFHOCTBIO CTAHI MpoIiecca Karuienepe-
HoCa.

[Ipu 0GBIYHOM TIpOIIECCE CBAPKH, C HEYIPABISIEMBIM
MIEPEHOCOM MeTajla, CKOPOCTh MOJAud AJIEKTPOIHON
IIPOBOJIOKH ITOCTOSTHHA, @ CKOPOCTbH €€ IJIABJICHUS U3Me-
usiercst. [loaToMy Topern aaekTpoa ¢ Karuieil npuonmxa-
eTcsl K CBApOYHON BaHHE (JUIMHA TyTU U €€ HANPSHKCHUE
YMEHBIIAIOTCSA) 0 KOPOTKOTo 3aMblkaHus. Yacrtora me-
PHOANYECKUX 3aMBIKAaHUN ITPU 3TOM M3MEHSETCS B IIpe-
nenax 90...450 pa3 B cexyHy.

Bo Bpems K3 cBapouHBIil TOK pe3KO BO3pacTaer,
YBEJIMYMBACTCS CKUMAIOIIEe ACHCTBUE DJICKTPOMArHUT-
HBIX CWJI, B Pe3yJbTaTe YEro Pa3pblBAeTCsl MEpEeMbIUKa
KHJKOTO METaJIa MKy SJIEKTPOAOM U U3AEINEM U Ka-
LTSI PACIUIaBICHHOTO 3JIEKTPOHOTO METalja IepexoanuT
B CBApOYHYIO BaHHY.

[Tocne xaxxaoro K3 cunoit noBepXHOCTHOTO HAaTsXkKe-
HUSI PacIUIaBJICHHBIH METAJUT Ha TOPIIE AJICKTPOAA CHOBA
CTSATUBAETCA B Karutio. B pe3ynpTare JuinHa U HanpsbKe-
HUE OYIM CTaHOBATCS MakcuMmaibHbiMU [8]. IIpouecc
(hopMHUpPOBaHUS KaIIM M MEPEHOC €€ Yepe3 Jyry MOXK-
HO paccMaTpuBaTh KaK CTOXaCTUYHBIA. J[as omucaHus
U aHaju3a IMPOLECCOB MEPEHOCA IEKTPOJHOTO MeETall-
Jla UCHOJB3YIOT JIaHHBIE O MapaMeTpax AYTrOBOIO IPo-
ecca, IMONyYEHHBIX MPU 3aIUCH OCLIUIOTPAaMM TOKa
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U HaIpsOKEHHS C TOMOIIBIO, HApUMeEp, 3JIEKTPOHHOTO
USB-ocmmmnorpada /RIS [2]. Ha puc. | mpencraBieHb
OCIIJUTOTPAMMBI TTapaMeTPOB PEeXMMa MEXaHU3UPOBaH-
Holi cBapke B CO, ¢ NMOCTOSAHHOM CKOPOCTBIO IOJAYH
ANEKTPOJHON MPOBOJIOKH, HWUIIOCTPUPYIOLINE OMHCAaH-
HBII TIpoliecc.

WmnynecHO-IyroBass cBapka OOecIeuMBacT Ipo-
rpaMMHOE YIpaBJI€HHE KaIUIeepeHOCOM Ha OCHOBE
WCIIONIb30BAHMSI MAaTEMaTHYECKUX MOJeNeill mporecca.
Jlnst BO3MOXKHOCTH MaTeMaTHYECKOTO MOJICIIUPOBAHUS
1 pa3paboTKM aJrOpUTMa YIPaBICHUS HEKOTOPBIE HC-
CJIC/IOBATEIN BBIJCIISIOT JIBE TJIaBHBIE (pa3bl MHUKPOIUK-
Jla TIepeHoca Karjii MeTajlla 4epe3 AyroBOW MPOMEXKy-
Tok — (hasy ropenus ayru u pasy K3 — c pazouBkoit
HUX Ha HECKOJIbKO cTaaui: I — mnaBieHue si1eKTpoaa
u popmupoBanue kKarwy; I — ycnokoenue karumm; 11T —
K3 u Hauano neperexaHus Kamwiy B BaHHY; [V — OkoH-
YaHUE NepeTeKaHus; V — pa3pbIB MEPEMbIUKH pacIuiaBa
MEXXIY JIEKTPOJIOM M BAaHHOW M Bo30Yy>kaeHue ayru [1].

AHaJIOTHYHBINA TOAX0J] K MCCIEIOBAHUIO IpoIecca
KaIulerepeHoca MeTaia Ipy UMITYJIbCHOM 1o/1aue dJIeK-
TPOAHOI MPOBOJIOKU UCIOIB30BAH ABTOPAMH U B TAHHOM
pabore. [Ipn 3TOM OTAENbHBIC aHATUTHYECKHE 3aBUCH-
MOCTH JUIsl OTIMCAaHUSI AMHAMUKHU KAl 3aMMCTBOBAHBI
3 [17, 18, 19, 20], a yncieHHbBIC JaHHBIC, XapAKTEPHU3Y-
IOLIME MaTepualbl HJIEKTPOAOB M MapaMeTphl MPUAJICK-
TPOAHBIX 00IaCTe! AyTH, MPUHATHI 110 [2, 16, 21].

OcHoBHOIi MaTepua/i. B 0cHOBY pa3paboTKH CIIo-
coba YIpaBICHUS KaIUICIICPEHOCOM TIIPH HMITYIbCHOM
nojiaye dJIEKTPOJAHON MPOBOJIOKH TMOJIOKEHA THIOTE3a
0 TPEXCTaIUIHOM MPOTEKaHWHU TpoIecca ¢ BO3MOXKHO-
CTBHIO AHAIUTUYECKOTO OMPEENICHUS MPOJOHKUTEIBHO-
CTH KaXJ10H cTaguu.

Cragusi I — ropeHue Oyrm B MEKDIEKTPOIHOM
IPOCTPAHCTBE MPH HYJICBOM 3HAYEHUHM CKOPOCTH MOJa-
Iz, A
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YH 3JIEKTPOIHON MpoBoJioku. Ha 3Toil craguu snexkTpos
OILTaBJIIETCS, O0pa3yercsi Karuisg, KOTOpas COBEpIIaeT
XaO0TUYHbIEC NIEPEMELIEHUS 110 TOPILY AEKTPOIHOM IPO-
BOJIOKH. J[nMHa Ayru yBenuduBaeTcs, OpMHUPYOLIasiCs
Karurd yaaJsieTCd OT BaHHBbI, U TEM CaMbIM IMPCAOTBpa-
njaeTcss BO3MOXKHOCTh ciydaitHoro K3 myrosoro mpo-
MexyTKa. Bmecre ¢ TeM, mo Mepe yBenuueHus 00bEmMa
U, CJIeIOBATEIbHO, MAcChl KaIlIU, CKOPOCTh €€ ABHKEHHUSI
BBepX 3amemisiercs. JlurensHocTh craauu | onpenens-
ercsl BpeMeHeM ¢, — OT MOMEHTa Havaja (popMUpOBaHUS
KaIuti JI0 MOMEHTa Havyaia 00pa3oBaHMs «IIEHKH» pac-
IUIaBJIGHHOTO METalla MEXJ1y Karjied W TOPLIOM dJIeK-
TPOJHOM MTPOBOJIOKH (pHC. 2).

Ota cTtamus mporiecca OMHMCHIBACTCS ypaBHECHHEM
JUHAMUKY Kard [13]:

d*z,
dr?

[Jie m_— Macca Karulu, KT; Z — PacCTOAHUE OT IIEHTPa
MacC Karuiu J10 TOPIa 3JIEKTPOJHON POBOJIOKH, M; F_—
CHJIa TOBEPXHOCTHOTO HaTshkeHus, H; I/, — akcnanbHas
COCTaBIISIOIAS DJIEKTPOMArHUTHOM cuiibl H; F; — cuja
PEaKTUBHOIO AaBiieHus napos, H.

Cutbl, IeHCTBYIOIINE HA KAILIIO0, PACCUUTAEM CIETy-
FOLIM 00pa3oMm:

my

=F; +F,+Fj, )]

F

(e} = (TCDK
rae D, — 1uMameTp Kami, M; 6 — KO3(Q(HUIHEHT Mo-
BEPXHOCTHOT'O HATSHKCHUS HA TPAHUIIC KAIUTH C AJICKTPO-
qom, H/m;

-12Z,)o,

Fy ~k*| 221
7,

K
rae k= 1,02-107%; I — tok ayru, A; r, 7, — PalyChl
MOTIEPEYHOTO CEUCHUs DJIEKTPOIHOM MPOBOJIOKH U Karl-
JIU COOTBETCTBEHHO, M;

W

Un,

“d % U¥UEK
—7__ ——-
.,.._‘-_:E_
..a

o

95—
PR H

Puc. 1. PeanbHble OCIMIIIOrpaMMBI CBAPOYHOTO TOKA (@) U HANPSDKEHUS Ha yTe (6) U CBapKe ¢ MOCTOSIHHOM CKOPOCTBIO MOAA4N
JIEKTPOIHON MPOBOJIOKH uamMeTpoM ¢, = 1,2 MM (HEyNpaBIIseMBIi MPOIECC MEPEHOCA HIEKTPOJHOTO METAILTA)

167



gHIPBUILDING smi.nuos.mk.ua | editor@smi.nuos.mk.ua

N°2 (10) 2018

MATEPIAJIO3HABCTBO

MARINE INFRASTRUCTURE
d,
|
Vet
N
Dx -

Puc. 2. CooTHOIIEHNUE JUTHH y4aCTKOB MEXKAJIEKTPOIHOTO IIPOMEXKYTKA NpH (GOPMHUPOBAHUN KATUTH

445
Fy=—%,
nd;
rie A — TOCTOSIHHBIN Oe3pa3MepHbId KO3 PHUITUESHT,

YUUTBHIBAIOUIMI XapaKTEepUCTUKU MaTEpUAIOB AJIEKTPO-
JIOB U [TapaMeTphbI IPUAJIEKTPOIHBIX obacteit ayru [21];
J — IUIOTHOCTB TOKa JYTH, A/M?; d — nruameTp 3J1eKTpo-
JTHOM MTPOBOJIOKH, M.

Ecnu cuuraTh, 4TO B HayajibHbIH MOMEHT BpeEMe-
HU [EHTP TSHKECTH (POPMUPYIOMICHCS KATUTH HAXOJIUTCS
Ha TPaHUIIE MEXKJy TOPILOM BJIEKTPOJHON MPOBOJIOKOM
¥ CBApOYHOH AYTOH W IO Mepe pocTa 00hEMa KaIlIH Iie-
pemenaeTcs BIOJIb OCH IIPOBOJIIOKH, TO MOMEHT BPEMEHU
Havaja (HOPMHUPOBAHUS IICUKM» OYIET OIpPENeNAThCS
TaKUM TOJIO)KEHHWEM Kaluld, Korja €€ LEHTP TSKECTH

MIPOIZET pacCTOSIHUE Ze= ﬁ [18].

Maccy Kammm m_ ¥ CKOPOCTb TUIABJIEHHS 3IEKTPO/Ia
®, OTPEJICTIUM IO U3BECTHBIM 3aBUCUMOCTM [19]:

qad)V;c
S - 1 S 2
" (DHJIF; (SK _ST)’ ( )

tie ¢ny =NIU, — >ddexruBuas Temnnosas MONIHOCTb
ayru, Bt (tyt 1 — a¢dexrusubiii K.I1.J[. nmporecca Ha-
rpesa ayroi, U — Hanpsbkenue Ha ayre, B); V — o0b-
éM Karum, M3 F — miomans MonepeyHoro CeYeHus
3JIEKTPO/IHOM MPOBOJIOKH, M* ®  — CKOPOCTb IIaBJie-
HHUs 27eKTposa, M/c; S, S, — TemnocoziepkKaHue Me-
Tajyla KaIuli, HarpeToi Tokom / jo temueparypsl 1, u
TOpLA DJIEKTPO/IA, HATPETOTO JIO TEMIEPATyphl T, COOT-
BETCTBEHHO, JIK/KT;

Oy = 3)
CpaF; (ﬂ( -1 T )
re cp,— o0bEMHAas TEMIOEMKOCTh METaJIIa BIEKTPOJIA,
Jx/v3-°C.
Temmeparypy 7, onpenemam mo popmyie [19]
[

1, =(B-T)er " ~B, @

rae B u C — MOCTOsSIHHBIE HAarpeBa JIEKTPOTHOU Mpo-
BOJIOKH, JUIA TOCTOsSTHHOro Toka B = (200...240) °C,
C =(2,4...3,1) M*°C/A*c; T, — HauaibHas TeMIepary-
pa npoBosiokH, °C; ¢, — BpeMs GOPMUPOBAHUS KaILIH, C.

[IpeneOperass moTepsMU Ha WCIApEHHE, MPHUMEM
OJJMHAKOBBIMH MACChI 06pa3OBaBmeﬁCH KaIim U 4acTHu
AIEKTPOIHOI MPOBOJIOKH JUTHHOH / (cM. puc. 3), pacruia-
BUBILIEHCA 32 Bpems 7, T. €.

D} nd?
P =Py
rze p,, p, — IUIOTHOCTh METaJlIa KAILTH M YIeKTPOIHOI

[IPOBOJIOKH COOTBETCTBEHHO, KI/M°.
Tornma

L, ©)

d*D, 1

_ U ey @ [ pidy [l
it D\ 2p, )di}

20, i) |

Pemenne cucremsr ypasaenuit (1)—(4), (6) oTHOCH-
TENBHO ¢, AT CIIEyIOMHI pe3yJIbTaT:

12Fcp, (S, =Sz )(T; + B)x
Tp3d, ¢

><<FG + I +Fj)+ 12p§Df

G (B~Ty ) @

12F cp, (S, =Sy )(Fy + Fy + F ) -
% ﬂq2p3d34q3¢DKF;Cp3
4Bp,

Cragus II — mepememenne Kamim o0séMoMm V.,
c(OpMHpPOBaHHOM 3a BpeMs f, B CBAPOYHYIO BaHHY JIO
KOPOTKOT'O 3aMBIKaHUsI TyrOBOT'0 MpoMexyTKa. [Ipomoi-
JKUTEJIBHOCTD MAHHOM CTAIMK XapaKTePU3YETCsl BpeMe-
HEM £,, KOTOPOE MOKHO ONPEENNTh U3 yPaBHEHHUS

dl,

——=ab, (®)

dt,
rae [ — JuMHa JyroBoro mpoMexyTka (cM. puc. 3), m;
a — YCKOpCHHE, XapaKTepHU3yIoIee HHEPIIOHHBIC CBOM-
CTBA CHCTEMBI MMOJIa4YH JICKTPOIHOMN MPOBOJIOKH, M/C?.

[TpuHuMas 10 Havana GOPMUPOBAHUS KAIUIN JJIHHY

Iyry L M3BECTHOM BEIIMYMHOM, ONPENEIUM PACCTOSIHUE
[, Ha KOTOpOE IepeMeIlaeTCs Kamis 10 KOPOTKOro 3a-
MBIKaHHsI C TOBEPXHOCTBHIO CBAPOYHOI BaHHBI,

l,=L+I[-D,. )
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Puc. 3. [IpunnunuanbHas Ol10K-cxeMa ycTpoicTBa JO3UPOBAaHHONW UMITYJIbCHOMN 110J1a4H 3JIEKTPOIHON IPOBOJIOKH C YIpaBICHHEM

T10 TTapamMeTpam JyTH

W3 ypaBHenns (5) HaiineM IuHY ydacTka /

2p.D;
1= P (10)
3p,d,
Torna ypaBaeHue (8) mpuMeT BU
Ly o)
[di=at,
! ! (11
OTKyZa
2p,.D;
b= % 1+ _p (12)
all 3p,d,

Craaus III — xopoTKo€e 3aMbIKaHHUE MEKIICKTPOI-
HOTo npomexxyTka. Ha 3Tolt cranuum KopoTkoe 3amMblKa-
HHE MPOUCXOJUT B TEUYCHUE BPEMEHH 7, TIPU HETIO[BUK-
HOW AJIEKTPOHOI MPOBOJIOKE (CKOPOCTh MOJAYd paBHA
HYJI0), T.€. 10 MOMEHTa B3pBIBAa JKUAKOH MeTaJlTHde-
CKOM TepeMbIYKHU. Bpemst 7, MOXKHO paccuuTath 1o ypas-
Henuto [20]

 Op,d?

- s 13

)

rae Q — ylenbHas TEIIoTa HerapeHus MeTasuia, JIk/Kr;
0 — ynempHOE SIEKTPUIECKOE OCOTTPOTHBIICHHIE KHIKO-
ro meraia, OM'M; [ — cujla TOKa KOPOTKOTO 3aMblKa-
HUsI, A; j — IUIOTHOCTH TOKA B MEpeMbIuke, A/M>.

Takum 00pa3oM, pacueT BPEMEHU KaXKIOW CTaIuH
Tporiecca mepeHoca Karuid, MO3BOIISIeT He TOMBKO yCTa-
HOBUTH 06L[Iy}0 JJIIUTCIIBHOCTh IIUKJIA pa60TBI MECXaHU3-
Ma WMITYJIbCHOW TIOJadd 3JICKTPOTHON IPOBOJIOKH, HO
1 yTPaBIATh PACCMOTPEHHBIM IPOIECCOM ITyTEM pPEery-
JUPOBAHUS CKOPOCTH TOAAYH JIEKTPOJIA C HCIIOIh30Ba-
HUEM WH()OPMAIMOHHOW OOpaTHOW CBS3M MO IMapamMe-
TpaM JYTH, YTO SIBJISCTCS SIEMCHTOM HAyYHOW HOBH3HBI
JTAaHHOH paboTHI.

OOcyxneHne MOJy4eHHBIX pe3yJabraroB. IIpen-
CTaBJICHHas MaTeMaTH4ecKasi MOJelb Ipolecca yrpas-
JISIEMOTO TIepEeHOCca AIIEKTPOAHOTO METajlla MOJI0KEHa B
OCHOBY pa3paboTKu croco0a WMIYJIBCHOW TO3WPOBaH-
HOUW TI0/1a4W ITIPOBOJIOKH, OTIIMYHMTEILHBIMU OCOOEHHO-
CTSIMH KOTOPOT'O SBIISIOTCS:

— DJICKTpOAHAas MPOBOJIOKA IMMOAACTCA CO CKOPOCTHIO,
H3MEHSIEMOM OT YCTAaHOBJIEHHOTO HA4YaJIBHOI'O 10 KO-

HEYHOT'0 3HAYEHMs C PETYIUPYEMOHl BO BPEMEHH OCTa-
HOBKOH (Tay30#l B JABIDKEHHM 10 OKOHUYAHHS Iepexoja
KaIuI B CBAPOYHYIO BaHHY) U MOCJIEAYIOIM BO300OHOB-
JICHUEM JIBUXKCHHUS;

— HayaJlo NUKJIa U3MEHEHUSI CKOPOCTH MOJIauHX DJIEK-
TPOJa CHHXPOHU3UPOBAHO C MOMEHTOM OKOHYAHUS Bpe-
MCHHU NEPEX0Ja Karjivu MyTEM UCII0JIb30BaHUA PIH(i)OpMa-
LIMOHHOM 00paTHOM CBSI3M IO TapaMeTpaMm Jyrd B CUCTe-
Me€ YIPaBICHHUS AIEKTPOIPUBOIOM MEXaHU3Ma MOIauH.

— TIPOAOJKUTENLHOCTh BPEMEHH OCTAHOBKH (Iay3a
B JIBIDKCHHWH) TI0/1a4M MPOBOJIOKH OMNPENENSETCsS CyM-
MapHbIM BpeMeHeM (OPMHUPOBAHUS KaIId Ha TOPIE
ANIEKTPOJa U Mepexo/ioM ee B CBapouHyto BaHHY npu K3
MEXIJIEKTPOJHOIO IPOMEKYTKA.

[MpuannnuansHast  ONOK-cxemMa  pa3paboTaHHOTO
B UDC nm. E. O. ITarona HAH Vkpanus! ycTpoiicTBa
JUIA peani3aliy alrophTMa YIPaBIsSeMOro IepeHoca
MeTaJlla IPY UMITYJIbCHOHM JO3MPOBAHHOM Mojaye 3JeK-
TPOAHOI IMPOBOJIOKU MPHUBEIEHA Ha PUC. 3, IIUKIOTPaM-
Ma ero paboTsl — Ha puc. 4.

Pabora ycrpoiicTBa 3aKiTrodacTcs B CICIYIOIICM.
ITepen cBapkoil OT UICTOYHHUKA CBAPOYHOTO TOKA / B CBa-
POYHYIO LICHb IMOJAACTCA HAIPSKECHUC UH, yCTaHaBJIUBa-
emMoe ¢ nomouibto 3axardynka 2. Ha Omoke yrpaBieHus
JEKTPOIPHUBOAOM 3 JBUTATENsl 6 MEXaHU3Ma MOoAadu
JJEKTPOAHON IMPOBOJIOKM 334aTYUKOM J YCTaHaBIM-
BACTCsl CKOPOCTh IMOJAYH V,, 3aMaTYHMKaMU 47—
COOTBCTCTBCHHO MUHHUMAJIBHOC ICB in U MaKCHMaJIbHOC

mi

1 3HaueHus TOKA [ = [ , OTpaHUUYMBAIONINE JIHATIA30H
YIIPaBICHUsS HIIEKTPONPUBOIOM (CM. puc. 4, a).

B mpouecce cBapku Ha TOpLE 3JEKTPOAHOM IMpO-
BOJIOKH, TI0JIaBAEMOli C YCTaHOBJIEHHOW CKOPOCTBIO V,,
(dbopmupyercs Karuisi paciulaBlIeHHOro mMeraia. Benen-
CTBHE POCTa pa3MEepPOB KAl AJHMHA MEKIIEKTPOIHOTO
MIPOMEXKYTKA COKPAIIACTCS, BBI3bIBASI COOTBETCTBYIOIIEE
CHIDKECHHE HANpsDKeHUs Ha Jyre U, 1 BO3pacTaHUe CHIIbL
CBapoyHOro Toka /. Texylee 3Ha4eHHE TOKA H3MEPSET-
Csl 1aTYUKOM 8. B MOMEHT BpeMeHH, COOTBETCTBYIOLIHIA
Touke D (cM. puc. 4, a), pa3mMepsl Kallld CTaHOBSTCS Ta-
KHMH, YTO BBI3BIBAIOT KOPOTKOE 3aMBIKAaHHE MEXKIJICK-
TPOHOTO TIpOMEKyTKa. [Ipn 3TOM HampspKeHne Ha ayre
ucuesaer (U, ~ 0, puc. 4, 6), S3IIEKTPUIECKOE CONPOTUB-
JICHUE JKUAKOM METaUIN4ecKOil MepeMbIukH (KaruiM)
CHUKAETCsl, CBAPOUHBIN TOK [ . JIOCTUTAET yCTAHOBJIEH-
HOM C ITOMOIIBIO 33/1aTYMKA 7 MaKCUMAaJIbHOW BETMUMHEI
I (touka B Ha puc. 4, a) ¥ SIEKTPOIPUBOJ 3 OCTAaHAB-

CB max
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a)
U:
0)
Vs
’ I .

t

Puc. 4. CxemaTu3upoBaHHBIC OCHMIIIIOIPAMMBI CBAPOYHOTO TOKA (@), HANPSDKEHUS HA JyTe (0) U MUKIorpaMMa paboThl AJIEKTPO-
npuBoJa (8) MEXaHU3Ma JJO3UPOBAHHON UMITYJIbCHOM TIOAa4YM CBAPOYHOM MPOBOIOKH

JIMBACT JABUTI'AaTCIIb 6 MexaHu3Ma nogayun 3ﬂeKTpOI[HOI>II
MIPOBOJIOKH (CM. puc. 4, 8).

[lpm nOCTMKEHMM CBAapOYHBIM TOKOM BEIMYMHBI,
COOTBETCTBYIOIIEH Touke A (cM. puc. 4, @), KuaKas mMe-
TaJUTMYEeCKasl MepeMbluKa pa3pyliaeTcs, Karis MeTajia
TIEPEHOCUTCS] B CBAPOYHYIO BAaHHY M BOCCTAHABIIMBACTCS
JyroBo# npouecc. [Ipu 3ToM nosiBasieTCsl HapsKEHUE Ha
nyre U (cm. puc. 4, 6), a cuna CBapovHOro TOKa /| Hauu-
HAEeT CHIKATBHCS TIPONOPLUHOHAIBHO POCTY JUTUHBI JTYTH.

[Tay3a (ocraHoBKa B paboTe 3JEKTPOIPHBO/IA) B ITPO-
1ecce MoJayuy 3JIEKTPOAHON MPOBOIOKH AJHUTCS B TeUe-
HHE BPEMEHH, [I0Ka CUJIa CBAPOYHOI0 TOKa [ HE CHU3UTCS
JI0 YCTAaHOBJICHHOW C MOMOIIBIO 3a/1aTYMKa 4 BEITMYMHEI
1 3areM »JIEKTPONPHUBOJ CHOBAa BKIIOYAETCS (TOY-

cB min”

Ics, A

‘;ZJI Jﬂ it fl

ka C Ha puc. 4, @) TUKJI pabOThl MEXaHU3Ma UMITYJIbCHOM
I0JJaYH JIEKTPOJHOM POBOJIOKH TIOBTOPSIETCS.

PaboTa mpuBOIa 103MPOBAHHONW MUMITYIIECHOH ITO/Ta-
YH TIPOBOJIOKH TI0 TPUBEICHHOMY aJITOPUTMY oOecIiedn-
BaeT OoJiee CTAOMIIBHBIN, 10 CPABHEHHIO C TIOCTOSIHHOM
CKOPOCTBIO MOJAYM, IPOLECC TEPEHOCa 3IEKTPOHOTO
MeTajla C PEeryispHBIMH KOPOTKHMH 3aMBIKaHUSIMH
(puc. 5).

DKcnepruMeHTalbHasl IpoBepKa pa3paboTaHHOW Ma-
TEMaTHYCCKOH MO IyTeM OMpPEACIICHHUS IITUTESIBHO-
CTH COCTaBJIAIOIINX LKA IePeHOca Kallld IO OCLUI-
JIorpaMMe HamnpspKeHHst (CM. puc. 5, 6) rpu cBapke mpo-
Bonokoit Ce-0812C nuamerpom d, = 1,2 MM mokasana
CIICAYIOIINE Pe3yabTarhl (Taom. 1).

l \
::: \‘ \, \ 1 \JJ V L’) i v \IJ
. 9 1 11 82 ) 194 s i
a)
Un. B :
W A [ A AN A L\ (
I} TR

4

v T
ol 189 0t

0)

T g
1% 155

Puc. 5. PeanpHble 0CIIMIIIOrpaMMbI CBAPOYHOTO TOKA (@) M HANpsHKEHHS Ha Jyre (0) IpH UMITYJILCHOH 1o/jade 3JIeKTPOJHON IIpo-
BOJIOKH C KOPOTKHMH 3aMBIKaHUSIMU MEKAIIEKTPOJHOTO TIPOMEXKYTKA (YIpaBIIsIEMBbIil poIecC MEpeHoca HMEKTPOIHOTO METaslIa)
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Taoamma 1. OneHKa TOYHOCTH MAaTEMATHYSCKON MOJIENTH

Bpewms, ¢ t, ¢ A toon
Pacuer 0,010 0,012 0,016 0,038
DKCIEPUMEHT 0,012 0,016 0,020 0,048
[Torpemnocts, % 16,7 25,0 20,0 20,8

CpaBHEHHE TONYYCHHBIX MMapaMeTPOB C XapaKTep-
HBIMU Ul HEYIpPaBIseMOro Ipoliecca MepeHoca Me-
Tanna npu ceapke B CO, [4], mokasano, 4To Npu UM-
MMyJTECHON JTO3MPOBAHHOW TOAade 3SJIEKTPOTHOH IIPo-
BOJIOKH OOIIasi JTUTEIHHOCTh IHKJIA TEPeHOCA KarlTh
MOJKET OBITh COKpallleHa, YTO OJIarONpHUsSTHO CKaKeTCs
Ha (OPMUPOBAHUM HAIUIABJICHHOTO Baluka u OyJjer
CIIOCOOCTBOBATh  ITTOBBIIMICHUIO  MPOU3BOIUTECIBHOCTH
CBapoOYHOro npouecca. Takke, HECMOTPSI HAa U3BECTHBIE
pe3ysbTaThl MCClIeOBaHUi (HOPMHUPOBAHHUS CTPYKTYPHI
IpY KPUCTAUIM3AlMK METaljia CBapOYHOM BaHHBI IO
BO3JICHCTBHEM BHEITHUX MMEPHOANICCKAX BO3IMYIICHUI
[3, 11, 12], masio u3yuyeHHBIMU OCTAIOTCSI BOIIPOCHI, CBSI-
3aHHBIE C BIMSHUEM HMITYJILCHON TO3MPOBAHHON Moja-
YU 3JIEKTPOJHONW IPOBOJIOKM IPU MEXAHU3UPOBAHHOU
CBapKe B 3aIIMTHBIX ra3aX Ha CTPYKTYpy U MeXaHHUe-
CKHUE CBOICTBA CBapHBIX COETUHEHUI.
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BriBoabl. 1. IIponece nepeHoca Metaia uepes3 1yry
IIPU CBapKe ¢ KOPOTKMMM 3aMbIKaHUSIMM U UMITyJIbCHOM
mmojiaue 3JICKTPOIHON MPOBOJOKH MOXKET OBITh OMHCAaH
KaK COCTOSIIMH M3 Tpex craguil: ctaaus I — ropenue
OYTH B MEXAJICKTPOJHOM TPOCTPAHCTBE IMPHU HYJICBOM
3HAYEHUM CKOPOCTU MOAA4YM MIEKTPOJHON IPOBOJIOKH;
craaus I — nepemerenue xarum, chOpMUPOBAHHON Ha
MIEPBOI CTaIUH, B CBAPOYHYIO BaHHY 10 KOPOTKOT'O 3aMbl-
KaHUsl MEXKIyroBoro nmpoMmexxyrtka u craaus 111 — nepe-
TEKaHNE PAaCIUIaBICHHOTO AJIEKTPOIHOTO MeTaia B CBa-
POYHYIO BaHHY 32 BpeMs KOPOTKOTO 3aMBIKAHHS MEXK-
AJIEKTPOJHOTO IPOMEXKYTKA.

2. Pa3pabotanHas pu3HKO-MaTeMaTHUCCKasi MOJICIIb,
MO3BOJISTIONIAsl pacCYUTaTh JUIMTENIBHOCTh CTaIuil Mpo-
1iecca, MoJATBepP)KICHA 3KCIIEPUMEHTAIBHO M TMOJ0XKEeHa
B OCHOBY CHCTEMBI YIPABICHUS IPUBOIOM HUMITYJIECHOM
JO3UPOBAHHOM TIOIaYH CBAPOYHON IIPOBOJIOKH TIPH CBap-
K€ B YIJIEKHCIIOM rase.

3. Jnst pa3pabOTKM NPOMBIIUIEHHOW TEXHOJIOTHU
CBapKH IPOrpaMMOil JAaibHeHX paboT mpeaycMoTpe-
HO HPOBCIACHUC I/ICCJ'[CIIOB&HI/If/'I IO BJIUAHUIO HWMITYJIbC-
HOM 103UpOBAaHHON 10J1a4M 3JIEKTPOJHOM MPOBOJIOKU Ha
MIPOM3BOUTEIEHOCTS CBAPOYHOTO MPOIIEeCca, CTPYKTYPY
1 MEXaHUYECKUE CBOMCTBA CBAPHBIX COCIMHEHHH.
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THE INFLUENCE OF WELD POOL HARMONIC
OSCILLATIONS BY FREQUENCY UP TO 4,5 HZ
ONTO THE METAL STRUCTURE FORMATION
OF WELD BEAD AND HEAT AFFECTED ZONE

BMJINB FAPMOHINHUX KOJINBAHb 3BAPIOBAJIbHOI BAHHUN
YACTOTOIO 10 4,5 'y HA ®OPMYBAHHSA METAJIEBOI CTPYKTYPU
HAMNABJIEHUX BAJIUKIB TA 30HU TEPMIYHOIO BIJINBY
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Incmumym enexmpossaprosanns im. €. O. [lamona Hayionanenoi Axademii nayk Yipainu,
M. Kuis

Abstract. A comparative metallographic analysis of the welded metal and heat affected zone
of weld beads that obtained with application of the weld pool transverse harmonic oscilla-
tions with amplitudes of 0.5 and 4 mm and a frequency range from 0 to 4.5 Hz is given. The
character of the structure formation in the cross section of each welded bead in the center, in
the root part and at the fusion line is described. The main structural components of the welded
metal are various forms of ferrite and perlite. The significant differences in the structure of
the welded metal samples which obtained by surfacing process at an amplitude of 4 mm is

shown. Corresponding illustrations are given.
Keywords: weld bead; acicular ferrite; amplitude; frequency; microstructure; crystallite.

AnoTanis. HaBeneHo mopiBHUIBHUM MeTanorpadiqHil aHaNi3 HAIUIABICHOTO METaly Ta
MeTally 30HH TepMi4HOTO BIUIMBY BAJIMKIB, OTPMMAHUX HAIUIABJICHHAM B yMOBax IIOIepe-
YHHUX TapMOHIHHUX KOJIMBAaHb 3BAPIOBANBGHOI BAHHH y YacTOTHOMY Aiama3oHi Bix 0 no 4,5 I'n
ta 3 ammritygama 0,5 ta 4 MM. OnrcaHo XapakTep CTPYKTypHOTO (hOpMYyBaHHS KOXKHOTO
BaJMKa y ICHTPi, OLIs JiHIi CIIaBIIeHHS Ta KOPHI IIBa MOMEPEYHOro rnepeTuHy. OCHOBHU-
MU CTPYKTYpHIMH KOMITOHCHTAMH HAIUIABJICHOTO METAIy € pi3Hi popMu (hEepuTy Ta mepIIiT.
Haii6inmpi cyTTeBi BITMIHHOCTI Y CTPYKTYpPi HAaIUTaBICHOTO METAIy 3pa3KiB CIIOCTEPIraroTh-
Cs TIpU KOJIMBAHHSAX 3 aMILTITY1010 4 MM. HaBenieHo BiAmOBiHI imrocTparii.

Koarouogi ci1oBi: HariaBpineHuit BaJIMK; ro4acTiii pepyT; aMILIiTy 1a; 4aCcTOTa; MIKPOCTPYK-
Typa; KpUCTAJIT.

Annortanus. [IpuBeieH CpaBHUTEIBFHBINA METAIUIOTPAQHUSCKUI aHATN3 HATUIABJICHHOTO Me-
Tajula ¥ MeTajljla 30Hbl TEPMUYECKOTO BIIMSHUS BAJIUKOB, MOJYYEHHBIX HAIUIABKOM B yCJO-
BUSIX TIONIEPEYHBIX TAPMOHUYECKHAX KOJICOAHUIT CBApOYHOW BaHHBI B YACTOTHOM JIHAITa30HE
or 0 1o 4,5 ' u ¢ ammmurygamu 0,5 u 4 mm. OmmcaH XapakTep CTPYKTypHOTO (GpopMu-
POBaHMS Ka)KJI0r0 BajMKa B LIEHTPE, BO3JIE JIMHUU CIUIABJIEHUS U KOPHE I11IBa MONEPEYHOTO
ceyeHust. OCHOBHBIMU CTPYKTYPHBIMU KOMIIOHEHTaMH HAILIABJICHHOI'O MeTallja SIBJISIFOTCS
pasnmunbie hopMbl Gepputa U nepauta. Hanboee cylecTBeHHbIC pa3iIHdus B CTPYKType
HATUIABJICHHOTO METalula 00pa3IoB HAOIIOAOTCS MPHU KOJIEOAHHSX C aMIUIUTYIOH 4 MM.
IIpuBeeHbl COOTBETCTBYIOIINE UILTIOCTPALIMH.

KiroueBble c/jioBa: HAIUTaBICHHBIH BajJHK;, WTOJBYATHI (PEppHUT; aMIUIUTY[A; YacToTa,
MHUKpPOCTPYKTYpa; KPHCTAJUINT.
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Problem statement. The increase of welding
constructions technological strength is always being
the actual problem. Nowadays, the more simplest and
cheapest method of technological strength increase is
mechanical low-frequency acting over weld pool melt or
welding tool.

Latest research and publications analysis. How-
ever, methods are used that based on application of pulse
welding processes managed by given algorithms [1],
welding pulse-arc adaptive methods [2], methods of pe-
riodic influence on the weld pool melt by magnetic fields
[3].

These technologies effectiveness is due to the use
of frequencies above 5 Hz. The effect of the frequency
range below 5 Hz with mechanical oscillations has not
been studied enough.

THE ARTICLE AIM is detecting of influence char-
acter of mechanical low-frequency periodic influence on
weld metal structure were carried out metallographic re-
searches of surfacing samples are obtained at frequencies
up to 4,5 Hz by technological mode: /=215 A; U=26V,
V=36 m/h.

Welding torch

Surfacing sample

Oscillation desk

Fig. 1. Scheme of weld pool harmonic oscillations

Basic material. The weld pool oscillation character
is shown by Fig. 1, herewith, under amplitude have to
understand there the length of site of circumference on
which the it is welding torch maximum bias from verti-
cal axle. The angle value of deviation from vertical is
not more than 10°. A surfacing samples are low-carbon
steel plates with thickness of 8 mm. The surfacing pro-
cess is acted by weld wire named ER70S-6 with diameter
1,2 mm. As gas used in the experiments was technical
CO, — 99,5 %, gas flow rate of 9...12 I/min. The weld
pool oscillations are carried through by a programming
stepper motor. The amplitude-frequency modes of sur-
facing processes of samples are shown in table 1. Welded
samples has had polished to 14 class of clean and then
were etching in 4 % alcohol solution of nitric acid for a
10 sec. before microstructure researches. A research of
structure of welded metal was carried out by microscope
NEOPHOT - 32 and digital camera OLYMPUS.

The researches of cross-sections of weld beads have
been carried out by scheme is shown on Fig. 2.

Researches of welded metal showed a formation
of structure with classical crystallites orientation —
crystallites are growing perpendicular to the divide

Table 1. The values of amplitude-frequency characteristics at
which specimens were obtained

Specimen number | Frequency, Hz Amplitude, mm

1 Without oscillations
2,5
3
4
4,5
3,7
3,8
3,9
4

0,5

O || Q[N || W N
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2 M |
3
Fig. 2. The scheme of measure:
1 — center of bead; 2 — near fusion line; 3 — in a root part

plane of the weld pool metal and the base metal. The
enlargement of crystallites occurs more intense with
a distance increase from fusion area of the weld pool
metal and the base metal [4]. The metal structure of all
welded samples is the same and consists from different
ferrite modifications (polygonal, polyhedral, acicular)
and perlite. The polygonal ferrite is observed like a thin
elongate phases located along of the cast crystallites
borders. Polyhedral ferrite is observed like clusters of an
equiaxial ferrite grains.

The acicular ferrite is observed in bodies of cast
crystallites and looks like plates with so-called “basket
weave”. The perlite is observed like dispersed phases
located along of the ferrite grains borders. The described
structure is more typical for the samples 3—5 (Fig. 3). The
character feature of the primary structure of samples 1-3
is a dominance of the cellular cast structure in the root
part of welded beads. The cells have some elongate form.
The ferrite—perlite structure is observed in a base metal
of all samples.
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The mixture of lower and upper bainite with
dominance of the first one is observed as in the large
grain region (LGR) and as small grain region (SLR) of
(HAZ) of samples 1-5.

The basic structural components of a metal of
welded bead of sample 1 are small-acicular ferrite,
narrow streaks of polygonal ferrite and a small areas of
polyhedral ferrite (Fig. 4).

The characteristic feature of microstructure sample 2
is the exist thinner areas of polygonal ferrite and small
areas polyhedral ferrite as well, by compared other
samples (Fig. 5).

The characteristic features microstructure of sample
6 are observably more widely areas of polygonal ferrite
located along boarders of cast crystallites, greatly
enlarged plates of acicular ferrite as well. The HAZ-
microstructure besides basic ferrite—pearlite structure
contains small bainite areas near fusion line (Fig. 6).

The characteristic feature of microstructure sample 7
is an enlarged size of plates of acicular ferrite (Fig. 7).
The HAZ-microstructure composition of samples 6-9 is
a mixture of bainite, ferrite, perlite.

The welded metal crystallization of sample 8 has
predominantly a cellular structure with the selection of
polygonal ferrite phases, as well. A cellular character of
crystallization is more inherent for root part. Besides,
microstructure crystals are less elongated to direction of
temperature gradient to compared other samples (Fig. 8).

The microstructure of sample 9 has a plates of
acicular ferrite are some large compared other samples
and it is observed more emphasizing of polyhedral
and polygonal ferrite compared with sample 1 as well

(Fig. 9).

Fig. 3. Microstructure of sample 3, X200:
a — center of bead; b — near fusion line; ¢ — root part

Fig. 4. Microstructure of sample 1, x200:
a — center of bead; b — near fusion line; ¢ — root part
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Fig. 5. Microstructure of sample 2, x200:
a — center of bead; b — near fusion line

Fig. 6. Microstructure of sample 6, x200:
a — center of bead; b — near fusion line; ¢ — root part

Fig. 7. Microstructure of sample 7, x200:
a — center of bead; b — near fusion line; ¢ — root part

Fig. 8. Microstructure of sample 8, x200:
a — center of bead; b — near fusion line; ¢ — root part
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Fig. 9. Microstructure of sample 9, x200:
a) center of bead; b) near fusion line; ¢) root part

CONCLUSIONS. The crystallites classical
orientation is observed in all the samples, i.e. the
crystals grow perpendicular to the separation plane
of the weld pool metal and the base metal. Also, in
all samples is observed the crystallites enlarged as the
distance from the fusion zone increases. The weld metal
of samples 2—5 which obtained at an amplitude of 0.5
mm and a frequency range from 0 to 4 Hz, has almost
no structural differences from sample 1 which obtained
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MATEPIAJIO3HABCTBO

§HIPBUILDING

MARINE INFRASTRUCTURE

without oscillations. In the weld metal of samples 6-9,
i.e. obtained at an amplitude of 4 mm, is observed the
proportion of polygonal and acicular ferrite increases and
somewhat less than polyhedral ferrite with an increase in
the oscillation frequency of the weld pool. If the HAZ-
microstructure is a mixture of lower and upper bainite
at an amplitude of 0,5 mm, then this structure is ferrite-
perlite at an amplitude of 4 mm.
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Abstract. The influence of the combined deformation on the thermal stability of the poligoniza-
tion substructure of the technically clean iron and steels are shown in the article. So, the purpose
of the work is the increasing of the thermal stability of the poligonization substructure by com-
bined deformation of iron, steel 20, 45, V8, 12X13 and 40X. The possibility of the increasing
hardness on the maximum indexes are investigated and installed the optimum magnitude and
species of the deformation and modes, namely temperature and time of the exposure, of the heat
treatment. The possibility of the thermal stability of the poligonization substructure during pre-
recrystallization heat treatment of the Fe and carbon and alloyed steels by using combined de-
formation is established. The decreasing of the sizes of the regions of the coherent scattering of
the values of the physical and mechanical properties, such as hardness, is proved. Indexes of the
quantities of nanoscale substructure elements and angle of orientation of the subgrains are cal-
culated by methods of the harmonic analysis. The combined deformation allows the using this
method for machine parts and appliances. It was shown that pre-crystallization thermal treat-
ment allows to form a substructure with nanosized elements of size 80 nm (steel 45) in a com-
bination of deformed steels, and their quantity can reach 75 % of the total number of structural
components with a maximum angle of divergence of subgrains 2.16° (technically pure iron).

Keywords: combined deformation; problem of Material Science; subgrains; nanostructure
materials.

AHoTauisg. PosrisHyTro BB KoMOiHOBaHOI nedopmarii Ha TepMiuHy CcTabiTbHICTH
TEeXHIYHO YHUCTOTO 3aii3a, ctameil 20, 45, V8, 12X13 ta 40X msxom KOMOiHyBaHHS
PI3HOBHU/IIB Ta BEIMUMH JedopMaliiii. MeToro poOOTH € i IBUIIICHHS TEPMITHOT CTaO1IEHOCT1
MOJITOHI3aMIHOI CYyOCTPYKTYpH TEXHIYHO YHCTOTO 3amiza, crameit 20, 45, V8§, 40X Ta
12X13 musixom koMOiHOBaHOT nedopmarltii. ExcriepuMeHTambHO JTOCIHIKEHO BIUTHB
po3Mipy obiacTeil KOTepeHTHOTO PO3CiIOBaHHS, KITBKOCTI HAHOCTPYKTYPHUX €JIEMEHTIB Ta
KyTa Jie30pieHTanii cyo3epeH Ha (i3nKo-MeXaHiuHi BIACTHBOCTI, a caMe TBEPOCTI 3aii3a Ta
cTaneil. Y craHoBIIeHa MOKIIMBICTh TEPMIYHOI CTabIIFHOCTI MOJITOHI3AIIITHOT CyOCTPYKTYpH
B IIPOIIEC MepeIPEKPUCTAITIZAIIHOT TePMITHOT 0OPOOKH TTiCHs MonepeTHb01 KOMOIHOBaHOT
nedopwmariii, a came moeAHaHH TUHaMITHOI fedopmarii Ha 30 % Ta craTaHOi Aedopmartii
Ha 30 % 3 HACTYITHOIO MEePEIPEKPUCTAIZAIIIHOI0 TEPMIYHOI0 0OpOOKOIO 3a TeMIeparypHu
500 °C. HocmimkeHo po3mipu o0acTeid KOTepeHTHOTO JOCHTIIKEHHS Ta BCTAHOBJICHO, 110
HalMEHIII PO3MIpH CITOCTEPITaIOThCS MPH MEpeapeKprcTaIizaiiHiid TepMidHiid 00pooITi,
gKa 3a0e3medye MakcuMyM TBepaocTi. Ilokazano, mo mepeapexpucTamizanifia TepMivHa
00pobka mo3Bomsge (opMyBaTH B KOMOIHOBaHO Je(POPMOBAHHUX CTAIAX CYOCTPYKTYpYy
3 HAaHOPO3MIPHUMHU eJeMeHTaMH BennduHoto 80 HM (ctanb 45), a KUIBKICTh X MOXeE JI0-
csirati 75 % BiJ 3araibHOi KITBKOCTI CTPYKTYPHHUX CKJIAJOBUX 3 MAKCUMAJIbHUM KyTOM
ne3opienTarii cyosepen 2,16° (TeXHIYHO YrCTe 3aI1i30).
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Kurouogi ciioBa: komOiHOBaHa e opmallist; mpoOIeMu MaTepialo3HABCTBA; Cy03¢epHa; HAHOCTPYKTYPHI MaTepiaiu.

AHHoTanusi. PaccMoTpeHo BiIMsHHE KOMOMHMPOBAHHOW AeOopMaliii Ha TEPMHUYECKYIO CTAOMIBHOCTh TEXHHUYECKH
YHCTOTO XKemesa, craneit 20, 45, V8, 12X13 u 40X myTeM KOMOWHIPOBAHUS pa3HOBUIHOCTEH W BETTHMYHH epOpMaInii.
[enpto pabOTHI SABIISETCS MOBBIIIEHHE TEPMUUECKOI CTAOMIEHOCTH MOJIMTOHU3AIMOHHOM CYyOCTPYKTYPBI TEXHUIECKH
YHCTOTO JXene3a, craneit 20, 45, V8, 40X u 12X 13 myTeM KOMOWHIPOBAaHHOI JehopManii. DKCIIEPUMEHTAIBHO HC-
CJIC/IOBAHO BIMSIHUE pa3Mepa o0acTeil KOTepeHTHOTO PAcCENBaHMsI, KOJINIECTBA HAHOCTPYKTYPHBIX JIEMEHTOB U yTJIa
Pa30pUEHTHPOBKH Cy03EpeH Ha (PU3NKO-MEXaHNIECKHE CBOWCTBA, & NMEHHO TBEPAOCTh XKejle3a U cTalied. Y cTaHOBIIe-
Ha BO3MOKHOCTh TEPMHUECKON CTAOMIBHOCTH TOJMTOHU3AIMOHHON CyOCTPYKTYpBI B TPOIECCE TPEIpeKpUCTaIN3a-
LIMOHHOW TepMHUYECKO 00pabOTKH MocIIe MpeablIyIieil KOMOMHUPOBAHHOH! JIe(OpMaIii, @ IMEHHO COYEeTaHNE AUHA-
Mugeckoit nedopmarmu Ha 30 % u craTrueckoit nedopmarun Ha 30 % ¢ mocIeayIome IpeIpeKpUCTATH3aITHOHHON
TepMudecKor 0dpadotkoit mpu Temmepatype 500 °C. MccmenoBansl pa3Mepsl 001acTeld KOTEPEHTHOTO PACCCHBAHUS
1 YCTAQHOBJICHO, YTO HAaNMEHBIIINE Pa3Mepbl HAOMIONAIOTCS TP MTPEAPEKPUCTATM3AMOHHON TepMUIECKOi 00padoTke,
KOTOpast 00ecreynBaeT MakKCUMyM TBepAOCTH. [TokazaHo, 4TO MpeapeKpucTaTN3aliOHHAs TepMUYecKast 00paboTka
03BOJISIET (JOPMHUPOBATH B KOMOMHUPOBAHHO e(hOPMHUPOBAHHBIX CTATSIX CYOCTPYKTYPY ¢ HAHOPa3MEPHBIMH DIIEMEH-
Tamu BenmauHOM 80 HM (cTanb 45), a KONNYECTBO MX MOXKET JIOCTHraTh 75 % OT OOIIEro KOJMYEeCTBa CTPYKTYPHBIX
COCTaBJISIIOIINX C MAKCUMAJILHBIM YTJIOM Pa30pHEHTHPOBKH Cy03EpeH 2,16° (TEXHNYECKH YHNCTOE JKEIE30).

KuroueBble ciioBa: KoMOMHHpOBaHHAs Ae(opMariist; mpoOIeMbl MaTepHaIOBEACHNUS; Cy03epHa; HAHOCTPYKTYPHBIE
MaTepHasbl.
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Problem statement. The problem of modern machine
building is increasing of the reliability and work life
of machine parts and mechanisms. This requires con-
stant improvement, the application of new materials.
The operational characteristics of the machine parts as
a whole, their work life are determined predominantly
by the physical and mechanical properties of the metals
and alloys from which they are made. For solving this
problem, mainly steel and alloys with increased strength,
in particular hardness, are used. The increase of physical
and mechanical parameters is possible due to pre-recrys-
tallization heat treatment, which ensures the formation of
a crushed substructure and nanostructure inclusive [1-3].
Pre-recrystallization heat treatment provides increased
hardness due to the formation of polygonal substructure.
However, further heating or shutdown at a temperature
close to the initial recrystallization threshold leads to the
leveling of the resulting results due to the development of
the processes of harvest polygonization and recrystalliza-
tion. The dislocation boundaries of sub-lands, which are
formed during polygonization, are mobile and at elevated
temperatures easily move, while the size of sub-grains in-
creases and, as a result, hardness, strength decreases. All
this makes it impossible pre-recrystallization heat treat-
ment of large parts (more than 10 mm).

Latest research and publications analysis. In recent
years, considerable progress has been made in the cre-
ation of nanostructured materials. Particular attention
is paid to the methods of intensive plastic deformation
(IOP). This group of methods for obtaining materials
is based on conducting large-scale plastic deformation
(>90 %) under high applied pressure at relatively low
temperatures [4, 5]. In such conditions of deformation
there is a grinding of microstructural elements in metals
and alloys to a nanoscale size. The methods of IOP allow
to obtain impervious metallic nanostructured materials.
However, the range of sizes of sub-grained nanomateri-
als, as a rule, is greater than 100 nm. The structure ob-
tained in the IOP differs greatly in nonequilibrium due
to the low density of free dislocations and, mainly, the
high-angle nature of the boundaries of sub-grains [4, 5].

Since IOP methods are characterized by high cost,
labor-intensiveness and complexity of equipment, and
are suitable only for details of a small section (up to
10 mm), one of the ways of solving this problem may
be the use of pre-recrystallization thermal treatment of
materials. It provides the opportunity to form a polygonal
substructure [4]. As established in [1, 5], pre-recrystal-
lization thermal treatment of statically deformed speci-
mens by 75 % from V8 steel and technically pure iron at
a temperature that corresponds to the temperature thresh-
old of recrystallization leads to an increase in hardness
by 20 and 30 %, respectively, due to the formation of a
crushed polygonization substructure, the maximum val-
ue of which is observed at a 2 minute lengthening time.
Hardness decreases with increasing the aging time or
when the temperature rises due to the increase in the size
of the sub-grains, which indicates the instability of the
substructure at elevated temperature, [6] has established
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the possibility of thermal stabilization of the polygonal
substructure in the process of pre-recrystallization ther-
mal treatment of technically pure iron and nickel for
20...70 and 10...60 minutes respectively, which consists
of conducting a cold dynamic deformation of 30 % and a
subsequent static deformation of 30% and pre-recrystal-
lization heat treatment. It was found that increasing the
thermal stability of the polygonal substructure of steels
20 and 45 is possible by combining dynamic and static
deformations in total by 60 % and by subsequent pre-
recrystallization thermal treatment, respectively, within
10...60 min and 5...60 minutes, while the hardness de-
creases somewhat, but remains higher compared with the
state after deformation by 14 and 27 % respectively.

Separation of previously unsolved parts of the general
problem. However, the influence of the magnitude and
varieties of combined deformation on the thermal stabil-
ity of the polygonal substructure is not yet sufficiently
studied.

THE ARTICLE AIM — increasing of the thermal sta-
bility of the polygonization substructure of technically
pure iron, steels 20, 45, Y8, 40X and 12X13 by the com-
bined deformation.

Methods, object and subject of research. Since iron
is the base of steels and castings, which today make up
about 90 % of all structural materials used in technol-
ogy and everyday life, then in the further research used
technically pure iron grades E12 (GOST 3836-83); steels
20, 45 (GOST 1050-88); steel Y8 (GOST 1435-99);
steel 40X (GOST 2591-2006) and steel 12X13 (GOST
2590-2000).

Annealed at 800 °C for 1 hour of iron samples of
6x6x8 mm were subjected to cold dynamic deformation
by impact cyclic action to a given deformation value.
Static deformation was carried out using a hydraulic press
Losen Housen WLRK (Dusseldorf, 35 t) with a load of
20 t. Cold rolled was carried out in a laboratory horizon-
tal position. Thermal treatment of samples was carried
out in a laboratory electric oven CHOJI-1.6.2.0.08/9-M1.
Hardness HV_ was determined on a Vickers type de-
vice with a load of 5 kg indenter (DSTU ISO 6507-4:
2008), 10 measurements were made for each experimen-
tal point. The analysis of the structure of deformed and
heat-treated specimens was carried out using an Opti-
cal Metallographic Microscope using the Delta Optical
HDCE-20C Digital Camera equipped with the Scopeim-
age 9.0 image processing software and the scanning elec-
tron microscope ZEISS Gemini SEM 500. The size of the
coherent X-ray scattering regions) were determined by
the Sherrer formula and the method of harmonic analysis
of the diffraction profile. The shooting of the diffracto-
grams was carried out according to the reflection on the
JIPOH-3.0 device.

The object of the research are technically pure iron
(E12), carbon (20, 45, U8) and alloy (40X, 12X13) steel.

The subject of the research of the research are the
regularities of the process of formation of a crushed po-
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lygonal substructure with increased physical and me-
chanical properties and its thermal stabilization in plas-
tic-deformed, technically pure iron and steels as a result
of pre-crystallization thermal treatment.

Basic material. For annealed samples of technically pure
iron, cold rolling was performed at 40 %, after which the
sample was subjected to a static deformation of 40 %.
Subsequently, the samples were subjected to pre-recrys-
tallization heat treatment at a temperature of 500 °C with
an endurance of up to 60 minutes. The results of the influ-
ence of pre-crystallization thermal treatment on hardness
are shown in Fig. 1.

From Fig. 1 it can be seen that the dependence of
hardness on the duration of pre-recrystallization heat
treatment is extreme. The highest value of hardness
of 2.08 GPa is observed at an endurance of 1 min,
which is 19 % more than after rolling; and by 12 per-
cent more than after a combination of rolling and static
deformation.

Stabilization of the substructure, judging by the hard-
ness, occurs in the interval between 1.5 and 10 minutes,
then the hardness decreases. At 60 minutes of exposure, it
is 1.91 GPa and approaches the value that corresponds to
the hardness value after the combined deformation. Thus,
there is no significant stabilization of the substructure.

To determine the possibility of combining rolling
and static deformation, an experiment with a total defor-
mation value of 60 % was conducted, namely, samples
of technically pure iron deformed by 30 % in the rolling
mill, and then by another 30 % in the hydraulic press. For
deformed samples, pre-crystallization heat treatment was
performed at a temperature of 500 °C, the results of the
study are shown in Fig. 2.

From Fig. 2 it can be seen that the dependence of
hardness on the duration of pre-crystallization heat
treatment is also extreme. The highest hardness of
1.85 GPa is observed at an endurance of 1 minute,
which is 48 % more than after rolling; and by 12 per-
cent more than after a combination of rolling and static
deformation.
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Fig. 1. The effect of combined deformation (rolling on 40 % +
static deformation by 40 %) and the following pre-crystalliza-
tion thermal treatment on the hardness of technically pure iron:

1 — hardness after rolling; 2 — hardness after rolling and sub-
sequent static deformation; 3 — hardness after combined defor-
mation and subsequent heat treatment
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Stabilization of the substructure occurs in the in-
terval between 7 and 20 minutes, the hardness at this is
1.71 GPa, which is only 4 % more than after combined
deformation in total by 60 %.

Next, the possibility of combining dynamic deforma-
tion with the following static deformation was checked
after changing the direction to a 90° angle: for annealed
samples of technically pure iron, dynamic deformation
was performed with a shock cyclic action of 40 %, after
which the sample was reversed by 90° and subjected to
a static deformation of 40 % with hydraulic press Thus
the total value of the deformation was 80 %. Subsequent-
ly, pre-crystallization heat treatment was carried out at
a temperature of 500 °C with a shutter speed of 60 min-
utes. The results of the influence of pre-recrystallization
thermal treatment on hardness are shown in Fig. 3.

Fig. 3 shows that the dependence of hardness on the
duration of exposure in the pre-crystallization heat treat-
ment is also extreme. At an endurance of 5 minutes, the
highest hardness is observed 2.33 GPa, which is 25 %
more than after rolling; and by 15 % more than after
a combination of rolling and stiff deformation.

A characteristic feature of such processing is 2 sites
with a stabilized structure: the first — from 7 to 20 min-
utes, the second — from 30 to 60 minutes. Combining
in the range of 7 to 20 minutes makes sense, because the
hardness increase relative to the total combined defor-
mation is 11 %, in contrast to the endurance from 30 to
60 minutes, where the gain is only 6 %.

Combining dynamic deformation by 40 % and static
deformation by 40 % at an angle of 90° is more promis-
ing due to greater hardness.

As a combination of dynamic deformation with
a static angle 90 ° allows for greater hardness than com-
bining with rolling, but complicated for implementation,
therefore, in order to reduce the number of operations,
it is decided to combine two static deformations at an
angle of 90° relative to one another. Pre-crystallization
heat treatment was carried out at a temperature of 500 °C
with an exposure of 1 to 60 minutes. The results of the
study are shown in Fig. 4.
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Fig. 2. The Effect of Combined Deformation (Rolled on 30 % +
static deformation by 30 %) and the following pre-crystalliza-
tion thermal treatment on the hardness of technically pure iron:

1 — hardness after rolling; 2 — hardness after rolling and sub-
sequent static deformation; 3 — hardness after combined defor-
mation and subsequent heat treatment
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Fig. 3. Effect of combined deformation (dynamic deformation
of 40 % + static deformation by 40 % at an angle of 90°) and
subsequent pre-crystallization thermal treatment on the hard-
ness of technically pure iron:

1 — hardness after dynamic deformation; 2 — hardness after
dynamic and subsequent static deformation; 3 — hardness after
combined deformation and subsequent heat treatment

Fig. 4 shows that stabilization of the polygonization
substructure takes place from 5 to 60 minutes at a length-
ening time, as evidenced by constant hardness of 2 GPa.
The maximum hardness value of 2.1 GPa provides heat
treatment with a shutter speed of 2 minutes, and the dif-
ference between the highest value and stabilization is
only 5 %.

In general, combining two static deformations at an
angle of 90° provides almost the same hardness as the
combination of rolling and static deformation. The hard-
ness after two static deformations at an angle of 90° to
one more by 18 % relative to the first deformation and
12 % more than after the combined deformation. From
which we can conclude that the greatest increase and the
possibility of stabilizing the substructure gives a combi-
nation of dynamic and static deformations.

Combination of the cold dynamic with 40 % and
static deformation also by 40 % of technically pure iron
[6] showed that the stabilization of the substructure is
observed in the range from 10 to 30 minutes.

Next, the possibility of combining the values of de-
formation was established: for this, the annealed speci-
mens were subjected to a combined deformation: a cold
dynamic deformation of 30 %, followed by a static de-
formation of 50 % (experiment 1) and, conversely, a cold
dynamic deformation of 50 %, followed by a static de-
formation by 30 % (experiment 2). Hardness after Exper-
iment 1 is 1.72 GPa, and after Experiment 2 — 1.68 GPa.

The pre-recrystallization heat treatment of the com-
bined deformed samples was carried out at a temperature
of 500 °C. Results are shown on Fig. 5.

From Fig. 5 it is evident that for both experiments an
extreme character of the increase of hardness is observed,
but with increasing time of aging the hardness gradually
decreases, and after the endurance of 5...7 minutes ac-
quires values that correspond to the deformed state.

The combination of cold dynamic deformation of
30 % and static deformation by 30 % of technically pure
iron [6] showed that after pre-crystallization heat treat-

smi.nuos.mk.ua | editor@smi.nuos.mk.ua

N°2 (10) 2018
MATEPIAJIO3HABCTBO

2,2

™~
|

—
[ee]

-
-

Hardness HV

1 10 100

Exposure time, min

Fig. 4. Effect of combined deformation (static deformation of
40 % + static deformation by 40 % at an angle of 90°) and sub-
sequent pre-crystallization heat treatment on the hardness of
technically pure iron:

1 — hardness after the Ist static deformation; 2 — hardness
after two static deformations at an angle of 90°; 3 — hardness
after combined deformation and subsequent heat treatment

ment, the polygonization substructure is stabilized, since
the hardness remains at one level with an elongation of
20 to 60 minutes.

The determination of the effect of hot dynamic de-
formation at 880 °C on the stability of the polygonal sub-
structure was carried out in the same manner as in [6]
(dynamic deformation of 30 % and static deformation by
30 %). The maximum hardness of 2.22 GPa was reached
at 10 minutes, after 60 minutes the hardness decreased to
the initial values after the combined deformation is likely
due to the process of dynamic polygonization.

A combination of warm dynamic deformation
(300 °C) followed by cold static deformation of techni-
cally pure iron was studied. Hardness after warm dynam-
ic strain was 1.95 GPa, after combined deformation —
2.04 GPa. After that, pre-recrystallization heat treatment
was carried out at a duration of 10 minutes, which was
chosen based on previous experiments. Hardness after
heat treatment was 2.08 GPa, which is only 2 % more
than hardness after combined deformation.

Therefore, in the following studies, the optimal type
of deformation is the combination of cold dynamic 30 %
and static 30 % deformation (60 % total) is chosen, since
such combination provides high hardness indexes, al-
lows to stabilize polygonization substructure of purely
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Fig. 5. The effect of pre-recrystallization thermal treatment on

the hardness of technically pure iron after combined deforma-
tion
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pure iron, the method is simple in its execution. Then un-
der the combined deformation we mean this method —
combining dynamic deformation by 30 % and static de-
formation by 30 %.

To determine the dependence of the amount of car-
bon on the hardness of the combined deformed alloys af-
ter pre-crystallization heat treatment, samples from car-
bon steels 20, 45 and steel Y8 with a total deformation
value of 60 %.

The investigated carbon steel has a ferrite-perlite and
perlite structure. This, as a rule, leads to the localization
of deformation and the formation of an inhomogeneous
structure. Therefore, to ensure a uniform distribution of
carbides, steel was subjected to pre-heat treatment — an-
nealing. The hardness of steel 20 after annealing at a tem-
perature of 850 °C for 60 minutes is 1.45 GPa, steel 45
(810 °C) — 1.7 GPa, steel Y8 (750 °C) — 1.87 GPa.
After combined deformation, the hardness of the sam-
ples was: in the steel 20 — 1.97 GPa, in the steel 45 —
2.24 GPa, in the steel Y8 — 2.57 GPa.

After the combined deformation, pre-crystallization
heat treatment was carried out at a temperature of 500 °C
with an endurance of up to 60 minutes to verify the pos-
sibility of stabilizing the polygonal substructure. The re-
sults of the effect of the duration of the pre-crystallization
heat treatment endurance are shown in Fig. 6.

Fig. 6 shows that increasing the concentration of
carbon contributes to increased hardness. The greater the
carbon, the more so in the steel solid cementite, which
causes the growth of hardness. The duration of expo-
sure to obtain the highest hardness values is reduced.
It is also evident that increasing the thermal stability of
the polygonal substructure of steel 20, 45 and Y8 can be
combined by dynamic and static deformation by a to-
tal of 60 % and the subsequent pre-crystallization heat
treatment according to 10...60 minutes, 5...60 minutes
and 1...60 minutes. Also, from Fig. 6 it is seen that,
with increasing amount of carbon, the duration of expo-
sure decreases, which provides the maximum value of
hardness.

To determine the dependence of the influence of dop-
ing elements on the hardness of the combined deformed
alloys after pre-recrystallization thermal treatment, steel
40X and 12X13 were investigated.
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Fig. 6. The effect of combined deformation (cold dynamic de-
formation by 30 % + static deformation by 30 %) and subse-
quent pre-crystallization heat treatment:

1 — steel 20; 2 — steel 45; 3 — steel V8
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Alloy steel was subjected to preliminary annealing,
hardness after which was: steel 40X — 1,86 GPa, steel
12X13 — 2,02 GPa.

The hardness after the combined deformation in total
by 60 % was: steel 40X — 2,38 GPa, steel 12X13 —
2,47 GPa.

After the combined deformation, pre-recrystalliza-
tion heat treatment was carried out at a temperature of
500 °C with an endurance of up to 60 minutes to verify
the possibility of stabilizing the polygonal substructure.
The results of the effect of the duration of the pre-crystal-
lization heat treatment are shown in Fig. 7.

Fig. 7 shows that with the increase in the amount of
chromium in steel — the hardness of combined deformed
samples increases after pre-recrystallization heat treat-
ment.

Thus, the combined deformation of the samples,
which consists of the previous cold dynamic deformation
and the subsequent static deformation, is likely to con-
tribute to the formation of sub-regions with an increased
angle of divergence. It is obvious that an additional static
deformation increases the number of structural imperfec-
tions in the form of dislocation crossings.

It is known for example [5] that the movement of
dislocations is prevented by the boundaries of sub-grains,
particles of another phase, concentration heterogeneity,
structural imperfections (dislocations), fluctuations in the
lattice, associated with uneven distribution of energy and
impurities.

Also, dislocations that were introduced during de-
formation are blocked by impurity atoms, so at the next
load, these dislocations do not participate in sliding, they
inhibit newly formed dislocations or parts of dislocations
that are unlocked after deformation loading. Atoms of
penetration in metals cause more tetragonal and lead to a
sharp increase in strength.

Thus, the stabilization of the substructure of techni-
cally pure iron and steels is to reduce the mobility of the
boundaries of sub-grains by creating triple nodes (cross-
ings) of dislocations and inhibition of dislocations by ad-
mixing atoms, predominantly those dissolved by penetra-
tion (in technically pure iron — 0.009 % C).

As in the course of the study, a significant change
in the physical and mechanical properties of metals and
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Fig. 7. Effect of combined deformation (cold dynamic defor-

mation by 30 % + static deformation by 30 %) and subsequent
pre-crystallization heat treatment:

1 — steel 40X; 2 — steel 12X13
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alloys [7], in particular hardness, was established, there-
fore the scientific interest is the change in the substruc-
ture, which led to changes in properties, namely the size
of the coherent scattering regions, the number of nano-
structured elements, and the angle of subregion orienta-
tion .

Since the CSR corresponds to the internal ordered
grain region and does not include highly distorted bound-
aries, the size of the CSR is identified with the average
grain size (sub-grains) [8].

Determination of the average size of coherent scat-
tering regions of deformed, technically pure iron was
carried out in three ways: according to Scherrer's formu-
la, using the method of harmonic analysis of the shape of
the diffraction profile and the method of electron micros-
copy (Table 1).

From the data presented in Table 1, it can be seen
that the size of CSR after pre-recrystallization heat treat-
ment at the appropriate time of exposure decreases in
comparison with the deformed state of the metal. Also,
the size of CSR correlates with the values of hardness:
the more hardness, the smaller the size of the CSR. This
indicates that an increase in the hardness values results
from the pre-recrystallization heat treatment due to the
crushing of the substructure of the pre-deformed metal
and confirms the validity of the conclusions regarding
the stabilization of the polygonal substructure with a
change in hardness.

Determination of the average size of coherent dis-
persion of carbon steels 20, 45 were also conducted us-
ing the Sherrer formula.

From the data given in Table 2 it can be seen that in
the heat treatment, which provides maximum hardness,
the size of the CSR decreases to 119 nm.

Subsequently, the average sizes of sub-steel in steel
45 were determined. The results are given in Table 3.

The data in Table 3 indicate that the application of
combined deformation, which consists of a dynamic
30 % and a static of 30 %, followed by pre-crystallization
heat treatment at a temperature of 500 °C for 2 minutes,
provides a subzero size of 80 nm.

The average size of the CSR for the steel Y8 was
also determined by Scherrer's mold and by scanning
electron microscopy. Fig. 8 shows the microstructure of
the treated steel U8 with an increase of 20,000 times.

Figure 8 shows that there is a crushing of substruc-
tural elements after pre-recrystallization thermal treat-
ment with respect to the deformed state, which confirms
the definite dimensions of CSR by methods of X-ray
diffraction analysis (Table 4), according to which their
reduction after pre-crystallization thermal treatment rela-
tive to the deformed state occurs. This is a direct proof of
the crushing of the substructure of plastically deformed
steel Y8 in the process of pre-crystallization thermal
treatment.

The results of the determination of the average size
of CSR (subgrains) steel Y8 are given in Table 4.

These data indicate that combined deformation and
pre-recrystallization thermal treatment, which provides
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maximum hardness values, ensures crushing of substruc-
tural elements, in some cases, to nanoscale size.

These data indicate that combined deformation and
pre-recrystallization thermal treatment, which provides
maximum hardness values, ensures crushing of substruc-
tural elements, in some cases, to nanoscale size.

In the table 5 shows a change in the average size of
the OCP alloy steel 40X after deformation and deforma-
tion and the pre-recrystallization heat treatment.

Data of the table 5 indicate that the combined defor-
mation followed by pre-crystallization thermal treatment
provides crushing of the substructure after pre-recrystal-
lization thermal treatment relative to the deformed state.

In table 6 shows a change in the average size of CSP
of steel 12X13 after deformation and deformation and
pre-recrystallization heat treatment.

Table 1. Average size of CSR, combined deformed samples of
technically pure iron before and after pre-recrystallization heat

treatment
Processing mode Hardness, | Size of CSR,

& GPa nm

Combined deformation 1,65 190

Combined deformation and

heat treatment: 500 °C, 10 min 2,22 125

Combined deformation and

heat treatment: 500 °C, 60 min 2,12 175

Table 2. Average size of CSR, combined deformed samples of
steel 20 before and after pre-recrystallization heat treatment

Processing mode Hardness, | Size of CSR,
& GPa nm
Combined deformation 1,97 145
Combined deformation and heat
treatment: 500 °C, 5 min 2,32 120
Combined deformation and heat
treatment: 500 °C, 60 min 2,28 190

Table 3. Average size of CSR, combined deformed samples of
steel 45 before and after pre-recrystallization heat treatment

Processing mode Hardness, |Size of CSR,
& GPa nm
Combined deformation 2,24 110
Combined deformation and heat
treatment: 500 °C, 2 min 2,55 80
Combined deformation and heat
treatment: 500 °C, 60 min 244 180

Table 4. Average size of CSR, combined deformed samples of
Y8 before and after pre-recrystallization heat treatment

Processine mode Hardness, | Size of CSR,
& GPa nm*
Combined deformation 2,57 130/190
Combined deformation and
heat treatment: 500 °C, 2 min 3,20 115/150
Combined deformation and
heat treatment: 500 °C, 60 min 3,00 130/160

*The «/» indicates the size of the CSR, which is determined using
the Scherrer formula and by scanning electron microscopy.
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Fig. 8. Microstructure of steel ¥8:
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a) after combined deformation; b) after combined deformation and heat treatment, which provides maximum hardness values;
¢) after combined deformation and heat treatment, which ensures stabilization of the polygonal substructure

Table 5. Average size of CSR, combined deformed samples of ~ Table 6. Average size of CSR, combined deformed samples of

steel 40X before and after pre-recrystallization heat treatment

Processing mode Hardness, | Size of CSR,
& GPa nm
Combined deformation 1,86 130
Combined deformation and
heat treatment: 500 °C, 2 min 2,53 120
Combined deformation and
heat treatment: 500 °C, 60 min 2,52 120

Data of the table 6 indicate that the combined de-
formation followed by pre-crystallization heat treatment
provides the size of the CSR 100 nm, since the Sherrer
formula defines only the mean value of CSR, we can say
that such treatment provides 12X13 steel of nanoscale
size of the substructure.

Technically pure iron and steel deformed by the com-
bined method are characterized by certain features of the
structure, which differs significantly from the structure of
these materials which were statically deformed, which is
conditioned not by equilibrium conditions of their forma-
tion (high rate of deformation). The structure determines
their operational properties, for it characterized by increased
concentration of various defects, which leads to the forma-
tion of nanosized elements of the substructure. Properties of
materials to a large extent depend on the relative number of
nanostructured elements, therefore, the determination of the
fraction of the nanostructural component allows a certain
degree of prediction of the properties of materials [9, 10].

In the table 7 shows the relative number of nano-
structured elements calculated by the method of approxi-
mation of the diffraction profile for deformed technically
pure iron and steels before and after pre-recrystallization
heat treatment.

The above data is shown in Table 7 indicate that the
combined deformation and the subsequent pre-recrystal-
lization thermal treatment providing maximum hardness
values provide an increase in the number of nanoscale
sub-grains of at least 18 % (steel 20), a maximum of
89 % (steel 12X13), which is associated with high con-
tent chrome in the composition.

The angles of divergence of the sub-grains and their
dimensions can be interpreted on the basis of representa-

steel 12X13 before and after pre-recrystallization heat treatment

Processing mode Hardness, | Size of CSR,
& GPa nm
Combined deformation 2,02 120
Combined deformation and
heat treatment: 500 °C, 2 min 3,00 100
Combined deformation and
heat treatment: 500 °C, 60 min 2.83 110

tions about the accumulation of linear defects in a cell in
the form of dislocations. Thus, the angle of divergence
of the sub-grains determines their thermal stability, the
larger the angle, the higher the thermal stability.

In the table 8 shows the calculated angles of sub-
orene deformation [11] for deformed technically pure
iron and steels before and after pre-recrystallization heat
treatment. The above data is shown in Table 8 indicate
that the maximum size of the diverting angle provides
combined deformation with a heat treatment that pro-
vides maximum hardness. At 60 minutes, the orientation
angle decreases slightly relative to the maximum value,
but remains larger than after deformation.

DISCUSSION. Thus, the combined deformation of the
samples, which consists of the previous cold dynamic
deformation and the subsequent static deformation, is
likely to contribute to the formation of sub-regions with
an increased angle of divergence. It is obvious that an ad-
ditional static deformation increases the number of struc-
tural imperfections in the form of dislocation crossings.

It is known for example [5] that the movement of
dislocations is prevented by the boundaries of sub-grains,
particles of another phase, concentration heterogeneity,
structural imperfections (dislocations), fluctuations in the
lattice, associated with uneven distribution of energy and
impurities.

Also, dislocations that were introduced during de-
formation are blocked by impurity atoms, so at the next
load, these dislocations do not participate in sliding, they
inhibit newly formed dislocations or parts of dislocations
that are unlocked after deformation loading. Atoms of
penetration in metals cause more tetragonal and lead to a
sharp increase in strength.
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Thus, the stabilization of the substructure of techni-
cally pure iron and steels is to reduce the mobility of the
boundaries of sub-grains by creating triple nodes (cross-
ings) of dislocations and inhibition of dislocations by
admixing atoms, predominantly those dissolved by pen-
etration (in technically pure iron — 0.009 % C).

CONCLUSIONS. 1. It was established that obtaining a
thermally stable polygonal substructure for 60 minutes at
a temperature of 500 °C provides a combination of cold
dynamic deformation of 30 % and static deformation of
30 % followed by pre-crystallization thermal treatment
for technically pure iron, steels 20, 45, U8, 40X and
12X13. The smallest OCP sizes (about 100 nm) are ob-
served in pre-crystallization heat treatment, which pro-
vides maximum hardness, with an increase of 10 % on
the substructure of OCP stabilization.

2. Combined deformation and subsequent pre-crys-
tallization thermal treatment providing maximum hard-
ness values provide an increase in the relative number of
nanoscale sub-grains by at least 18 % (steel 20), a maxi-
mum of 89 % (steel 12X13) compared to the deformed
state.

3. It was established that the maximum dimension
of the angle of diorientation of sub-grains 2,16° was re-
corded after combined deformation with thermal treat-
ment, which provides maximum hardness for technically
pure iron. At 60 minutes, the orientation angle slightly
decreases relative to the maximum value, but remains
larger relative to the deformed state.
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Table 7. Relative amount of nanosized sub-grains, %, in de-
formed technically pure iron and steels before and after pre-
crystallization heat treatment

Processing Fe | Steel 20 | Steel 45| Y8 [40X | 12X13

Combined
deformation

Combined defor-
mation and heat

treatment, which | 75 20 22 42 | 65 34
provides maxi-
mum hardness

54 17 15 28 | 37 18

Combined
deformation and
heat treatment
for 60 minutes

58 16 18 19 ] 16 12

Table 8. Middle angle of divergence of sub-grains, degrees,
in deformed technically pure iron and steels before and after
pre-crystallization heat treatment

Processing Fe Steel | Steel V8

20 45 40X

12X13

Combined
deformation

Combined
deformation
and heat treat-
ment, which
provides maxi-
mum hardness

Combined
deformation
and heat 1,8
treatment for
60 minutes

1,4 | 0,04 | 0,04 [0,14|0,05| 0,08

2,16 0,1 0,88 10,210,08| 0,16

0,08 0,24 10,1910,06| 0,14
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Abstract. Polymer composite materials are widely used in shipbuilding. Currently, intensive
research is being conducted in the world in the areas of creating technologies and equipment
for the production of intelligent polymer composite materials, in particular, on the basis of ex-
perimental and numerical methods and modeling of these processes. The analysis of existing
scientific works in this field also indicates that in open sources there is no information on the
use of intelligent polymeric materials in shipbuilding. However, the implementation of con-
tinuous online monitoring of the stress-strain state of the structural elements of the courts will
solve a number of problems. Introduction to the design of intelligent sensors will allow remote
monitoring and monitoring of the stress-strain state directly during operation in real time. For
stress control, it is most advisable to use an electro-capacitive method of non-destructive testing,
which can provide control of materials with different properties, from dielectrics to conductors.
The use of the electro-capacitance method is most appropriate for controlling such types of
materials as intelligent polymer composites. Currently, there are technologies and equipment
for the input of intelligent sensors into the polymer material during its production using the pro-
cesses of extrusion, injection molding and pressing. When designing the technological modes of
production of such materials, one should be aware of the need to take into account wall effects,
which have a significant impact on the process due to the location of sensors mainly in the wall
layers of the product. For the dosed introduction of intelligent sensors in the formation of prod-
ucts, we proposed two options for the design of injection devices: a device for dosed continuous
introduction of sensors at a certain depth with a step and device for introducing one sensor at a
certain point of the product. The use of intelligent polymer composite materials in shipbuilding
allows continuous monitoring of integrity in real time with monitoring of the stress-strain state.
This control allows respond in a timely manner to the violation of the integrity of the structure,

which significantly increases the level of security.

Keywords: intelligent materials; polymer materials; stress control; stress-strain state; non-de-
structive testing.

Anotauis. IlomimMepHi KOMNO3MWIINHHI Marepiaqy 3HANNUIIA OIMPOKE 3aCTOCYBAHHS
y cyaHOOynmyBaHHI. Ha manuii wac y cBiTi IpOBOAATHCS IHTEHCHBHI HAyKOBi JIOCIIKEHHS
B HAIpsMax CTBOPEHHS TEXHOJIOTIH Ta yCTaTKyBaHHS JJIsi BAPOOHMIITBA 1HTENEKTYaIbHUX
MTONIIMEPHUX KOMIIO3HIIIHHIX MaTepialiB, 30KkpeMa Ha 0a3i eKCTIepUMEHTANBHUX 1 YHCIIO-
BHUX METOMIB Ta MOICIIOBAHHS IMX IMPOICCiB. AHANI3 HASBHUX POOIT YUCHUX Y LIl ramysi
CBITYMTH TAKOK PO Te, 10 Y BIAKPUTHUX JPKEpesiax BicyTHS iH(opMalis Ipo 3aCTOCYBaHHS
IHTEJIEKTYyaIbHUX ITOJIIMEPHUX MaTepiaiB y cyaHoOyayBanHi. [Ipore 3ailicHeHHs HeriepepB-
HOTO OHJIAH-KOHTPOJTIO HAIIPY>KEeHO-/1e()OPMOBAHOTO CTaHy €JIEMEHTIB KOHCTPYKIT CyJIeH
JlacTh 3MOTY BHPIIIUTHU [Ty HU3KY NPOoOJeM. BBeIeHHST B KOHCTPYKIIIIO 1HTENEKTyaaIbHUX
JIATYMKIB 1aCTh 3MOTY TIPOBOJIUTH JUCTAaHLIHUI KOHTPOJIb Ta MOHITOPUHT HAIIPY KEHO-JIe-
(hopMoBaHOTro cTaHy Oe3MoCePeIHBO i1 Yac eKCIUIyaTarlii B peaibHOMY 4aci. i KOHTpo-
JIFO HAaPY)KeHb HAWOIBII IOLIIBHO BUKOPHCTOBYBATH €JIEKTPOEMHHI METOI HEPYHHIBHOTO
KOHTPOJTIO, SIKMI MOYXE 3a0€3MeYUTH KOHTPOJIb MaTepiajiB 3 PI3HUMH BJIACTUBOCTSMH, BiJl
JUCIIEKTPUKIB 10 MPOBIAHMKIB. 3aCTOCYBAaHHS EJICKTPOEMHOIO METOAY € HaWOUIbII MpH-
WHATHAM U1 KOHTPOJIO TaKOTO THITY MaTepialliB, SIK IHTENEKTYalbHi MOJIMEPHI KOMIIO-
3utd. Ha chorozHi € TexHoorii Ta 00agHaHHs A1 BBEJCHHS IHTEIEKTYyaJIbHUX JATYHKIB
y TONIMEpHUH MaTepial i 9ac oro BUpOOHHUIITBA 3 BUKOPHCTAHHAM MPOIIECiB eKCTPY3ii,
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JIUTTS TiJ] TUCKOM 1 NpecyBaHHS. Y NPOEKTYBaHHI TEXHOJIOTIYHUX PEKHUMIB BUPOOHHWIITBA TaKMX MaTepiajiB CIix
ram’siITaTd PO HEOOXITHICTh ypaxyBaHHS MPHUCTIHHUX e(EeKTiB, sSKi MArOTh 3HAUHHMH BIUIMB Ha INPOIEC y 3B’SI3KY
3 po3TallyBaHHSM J[aTUYMKIB IEPEBAKHO Y MPUCTIHHMX IIapax BUpoOy. [isi 1030BaHOTO BBE/ICHHS IHTEICKTYAIbHIX
JIaTYHKIB M1 yac popMyBaHHS BUPOOiB 3aIIPOITIOHOBAHO JIBa BAPIaHTH KOHCTPYKTHBHOTO OpOPMIICHHS IH)KEKTYBAILHIX
TIPUCTPOIB: MPUCTPIil IS JO30BAHOT'O HEMEPEPBHOTO BBEICHHS JIaTUUKIB HA MEBHY MIMOWHY 1 3 KPOKOM Ta BBEJCHHS
OJTHOTO JIaTYUKA B MEBHY TOYKY BHPOOy. 3aCTOCYBaHHS IHTEIEKTYJIbHUX TOJIMEPHUX KOMITO3MIIITHUX MaTepialiB
y CyZHOOYAyBaHHI Ja€ 3MOTY 3/Iii{CHIOBaTH HETEPEPBHUI KOHTPOJIb HUTICHOCT] Y pealbHOMY 4Yaci 3 MOHITOPUHIOM
HaIpyXeHO-/1e()OPMOBaHOTO CTaHy. Takuii KOHTPOJb Ja€ 3MOTY BYAaCHO pearyBaTH Ha IMOPYHICHHS IJIICHOCTI
KOHCTPYKIIii, 110 3HAYHO MiJBUIILYE PiBEHb OC3MEKH.

Kuaro4oBi cioBa: iHTeIeKTyanpHI MaTepiainy; MOJIMEPHI MaTepialn; KOHTPOJb HANPYKCHb; HAMPYKEHO-IePOpMO-
BaHUI cTaH; HEPYHHIBHAN KOHTPOJIb.

AnHoTanus. ITonuMepHble KOMIIO3UIIMOHHBIC MaTepHalbl HAIILIM MIMPOKOE MPUMEHEHHEe B cyaocTpoenun. Ha ce-
TOJHSUIHUI J€Hb B MUPE IPOBOASITCS HHTCHCUBHBIC HAYYHbIC UCCIIEA0BAHNUS B HAIIPABICHUSIX CO3/1aHUS TEXHOJIOTUI
¥ 000pYZOBaHUS TSl MPOU3BOACTBA HHTEUICKTYaIbHBIX MOJMMEPHBIX KOMIO3UIIMOHHBIX MaTEPHUAIOB, B YaCTHOCTH
Ha 0a3e HKCIIEPUMEHTAIILHBIX U YUCIICHHBIX METO/IOB M MOJICIMPOBAHHMSI OTHX TIPOLIECCOB. AHAIIM3 UMEIOIINXCS PaboT
YYEHBIX B 3TOW 00JAaCTH CBHICTEIBCTBYET TAKXKE O TOM, YTO B OTKPBITHIX MCTOYHHKAX OTCYTCTBYET HMH(DOPMAIUI
0 MPUMEHEHNH HMHTEIUICKTYaJIBHBIX MOJMMEPHBIX MaTepHajoB B cymocTpoeHHH. OIHAKO OCYIIECTBICHHE Herpe-
PBIBHOTO OHJIAWH-KOHTPOJIS HANPSHKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUS 3JIEMEHTOB KOHCTPYKIIUU CYAOB TTO3BOJIUT
PemuTh enblii psaa npobieM. BreneHne B KOHCTPYKINIO HHTEIICKTYAIBHBIX JATYMKOB TTO3BOJIUT MTPOBOIUTH JHC-
TaHIMOHHBIH KOHTPOJIb U MOHUTOPUHI HAINPSHKEHHO-IE(OPMUPOBAHHOTO COCTOSIHUSI HEMIOCPEACTBEHHO BO BpeMsi
9KCIUTyaTallMM B peajbHOM BpeMeHH. J[JIsi KOHTpOIIs HamnpspKeHHH Hamboliee 11e1eco00pa3Ho MCIIOb30BaTh JJICK-
TPOEMKHII METO/I Hepa3pyLIAlOIIero KOHTPOJIs, KOTOPBIH MOXKET 00ECTIeYNTh KOHTPOJIb MaTEPHAJIOB C Pa3THYHBIMU
CBOWCTBaMHM, OT AMAJICKTPHKOB /10 MPOBOJHHUKOB. [IprMeHEHHNE 3JIEKTPOEMKOTO METO/a SIBIsSETCS Haubojee MpH-
€MJIEMBIM JJI1 KOHTPOJISI TAKOT'O TUIIA MAaTEPUAJIOB, KAK MHTEJUIEKTYyalbHbIE IOJMMEPHbIC KOMIIO3UTHI. B HacTos1ee
BpEMs €CTh TEXHOJIOTHH M 000PYAOBaHHE /IS BBOJIA HHTEIUIEKTYaJIbHBIX TaTYNKOB B MOJIMMEPHBIN MaTepHall IIPH €To
IIPOU3BOJCTBE C UCIIOJIb30BAHUEM MPOLIECCOB DKCTPY3HUH, JINThS IOJ IaBIEHUEM U IIpeccoBaHus. B npoekTupoBaHun
TEXHOJIOTHYECKUX PEKUMOB MPOU3BOJICTBA TAKUX MAaTEPHATIOB CIEAyeT IOMHHUTH O HEOOXOANMOCTH y4eTa IPUCTEH-
HbIX 2P (PEKTOB, KOTOPHIC OKA3BIBAIOT 3HAYMTENHLHOE BIMSHUE HA MPOIIECC B CBS3U C PACIIONIOKEHUEM JATYUKOB ITpe-
MMYILECTBEHHO B IIPUCTEHHBIX CIOSAX u3fenus. g 103UpOBaHHOTO BBEICHUSI MHTEIIEKTYAJIbHBIX JATUUKOB IIPU
(hopMUPOBaHUM M3/IEIHI MTPEATIOKEHO J[Ba BApUAHTa KOHCTPYKTUBHOTO O(OPMIICHHS HHKEKTHPYIOIINX YCTPOWCTB:
YCTPONCTBO JUTSL T03UPOBAHHOTO HETPEPHIBHOTO BBEJCHUS JTATYMKOB Ha OTPEENCHHYIO TIIyOUHY U C IIIaroM | JIJIs
BBOJIa OJTHOI'O JAaTYMKa B OIPENEICHHYIO TOUKY u3aenaus. [IpuMeHeHne HHTEIEKTyalIbHbIX TOJIMMEPHBIX KOMIIO3U-
LIMOHHBIX MaTEpUAJIOB B CyIOCTPOCHHUH IO3BOJISIET OCYLIECTBIISATh HENIPEPHIBHBIN KOHTPOJIb LIEIOCTHOCTH B PEAJIBHOM
BPEMEHHU C MOHUTOPHHTOM HaNPsKEHHO-Ae()OPMUPOBAHHOTO COCTOAHUS. TaKkoi KOHTPOJIb ITO3BOJIET CBOEBPEMEHHO
pearupoBaTh Ha HapyIIEHHUE [[EJIOCTHOCTH KOHCTPYKITHH, YTO 3HAYUTEIBHO MTOBBIIIACT YPOBEHb OE30MTaCHOCTH.

KiroueBble c10Ba: MHTEIUICKTYAJIbHBIE MaTEPHAIIbI; IIOJMMEPHBIC MaTepUalIbl; KOHTPOJIb HANPSIKEHUIH; HAPSDKEH-
HO-71e()OPMUPOBAHHOE COCTOSHHE; HEPAa3PYIIAIOMINI KOHTPOIIb.
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IMocranoBka 3agaui. [lomimepHi Mmarepianu 3Ha-
WIIIM 3aCTOCYBAaHHS y BUTOTOBIICHHI BiJIOBIIHUX CY/I-
HOOY/IBHUX JeTajel, M0 eKCIUTyaTyIOThCSl B yMOBax
BIUIMBY arpecHBHHX CEpEIOBHII, BEIMKUX KOJMBAaHb
TEeMITepaTyp, BUCOKOT BOJIOTOCTI Ta iH.

VY cynHOOymyBaHHI OCHOBHHUM 3aBIaHHSM € 3MCH-
IICHHS KUIBKOCTI BUKOPHUCTOBYBaHHMX MaTepiajiB, ITij-
BUIIHMBIIH IPH IIHOMY HAJIHHICTB 1 SKICTh KOHCTPYKIIIH.
BupinienHro 11p0oro 3aBgaHHs 6araTto B YoMy CIpHsIE 3a-
CTOCYBaHHS KOMIIO3ULIIHHUX MaTepiaii. Hosi monimep-
Hi KOMIO3HWIIHHI MaTepiajal MalOTh 3MOTY CTBOPIOBATH
KOPITyCHI KOHCTPYKIIIT i3 CEH/IBI4-KOMIO3HIIIH 3 BUCOKO-
MII[HIMH LIapaMH 31 CKJIOIUIACTUKY 1 CEpEeHIM MIApOM 3
HOJIMEPHUX KOMIO3MIIH HU3bKOI IIUIBHOCTI. 3acTocy-
BaHHS TAaKWX MarepiaiiB 3abe3medye OyIiBHHUIITBO Cy-
YaCHUX BUCOKOIIBHIIKICHUX CyZIeH [1].

B yMoBax moCHIJICHHSI BUMOT IIOJI0 MOXKEKHOT Oe3-
NEKH Ta €KOJOTIYHOCTI CYJICH HOBHUX IOKOJIiHb 3pOCTa€E
3Ha4YeHHS 0araToQyHKIIOHATHHUX TEIUIO3BYKO130IAIIiH-
HUX MaTepiajiB i MOKPUTTIB I 0OJamTyBaHHS CYIHO-
BUX NpHMilleHb. Maja mIbHICTh MatepianiB y 3a0e3-
NIEYCHHI TTOXKEIKHOT OE3MEeKH JI03BOJISIE 3aCTOCOBYBATH iX
B apXiTEKTypi HAJBOIHOI YACTHHH CYACH yCiX THIIIB, IO
CIIpHUSiE MOJIIMIIEHHIO CTIHKOCTI, MOJErIIEHHIO eKCILTya-
tauii kopmycy [2].

VHiKaJbHI BJIaCTHBOCTI KOMITO3MIIIITHUX MaTepiaiiB
JTATOTh 3MOT'Y BUTOTOBIIATH BUCOKOMIIIHI, JIETKi KOPITYCH
KaTepiB, sAXT. s IX CTBOPEHHS TOJIOBHMM YHHOM BH-
KOPUCTOBYIOTBCS Pi3HI BUAN CKIIOIUIACTHKIB, SIKI MalOTh
BIZIMIHHY XIMiuHYy Ta OioJyioriuny criiikicts. Jlo #ioro mne-
peBar TakoXX HaJle)kaTh: MIITHICTh 1 TEXHOJIOTIYHI BIACTH-
BOCTI, MOMNIMIICHHS YMOB MpaLli, CKOPOUCHHs BUTPAT Ha
BEHTWIALII0 BUPOOHUYUX MPHUMIIIEHb [3].

CyTHOPEMOHTHHUM 3aBOJ[aM YChOT'O CBITY J00pe Bi-
JIOMi TIOJIIMEpHi MaTepiaiy, pi3Hi eNOKCHIHI KOMIayH-

Ivitskyi, L. I. (2014). Polymer wall slip modelling. Technology Audit And Production Reserves, 5/3 (19), 8—11.

JTM, METAJIOMOJIIMEPH, IO 3aCTOCOBYIOTHCS ISl OY/IiB-
HHUIITBA Ta PEMOHTY KOpaOJiB, sIXT i kaTepiB. PeMoHTHA
cucTeMa, sSIK MpaBWJIO, BKJIIOYae y ceOe MoBHUIT Halip
MaTepialiB, sIKi MOKYTh 3HaTOOUTHCS [T BiTHOBICHHS
MMOBEPXHI METAJICBUX, IUIACTHKOBUX KOPITYCIiB, @ TAKOXK
PI3HOMAaHITHOTO CYJHOBOTO OOJaIHAHHS, NETalli SKOTO
MiJIA0TRCS 3HOCY B Ipolieci ekciutyaraitii. Jlo ckimamy
UX MarepiayliB BXOJSTh EHOKCHHI CMOJH, IO MAaKTh
BHMCOKH MEXaHIUHI BIIACTUBOCTI, 1 €Ki BUAW HAIIOBHIO-
BayiB, Pi3HI BUAHM FEPMETHKIB, CHHTCTUYHUX KIICIB, 11O
Jmae 3MOory e(eKTHBHO BiJHOBIIOBATH IPAle3JaTHICTh
3HOIIICHUX CIIEMCHTIB, & TAKOXK 3aXHIIATH IX Y MOJallb-
I excruryarartii [4].

AHaJi3 ocTaHHIX T0CTiIKeHb i mydsikamii. Y cBi-
Ti IPOBOISATHCS IHTCHCHBHI HAYKOBI JIOCII/DKEHHS B Ha-
npsiMax CTBOPEHHS TEXHOJIOT Ta yCcTaTKyBaHHS s
BHPOOHMIITBA 1HTENEKTYaJbHUX ITOJIMEPHUX KOMITO3HU-
uiitnux marepianis (IINKM), 3oxkpema Ha 6a3i excrepu-
MEHTaJbHUX Ta YUCIOBHX METOZIB 1 MOJETIOBAHHS HX
IPOLIECIB.

Pobota [5] mpucBsYeHAa MIMPOKOMY OTJISAY KOH-
CTPYKLIIHUX TOJIMEPHUX MarepiajiiB, y TOMY 4YHCII
inTenekryansHuX. Posmmstayti thnm ITIKM, crnocobwm
OTpUMaHHS iH(POpPMAIIii 3 HUX Ta IXHI BJaCTHUBOCTI, a Ta-
KOK MIUTaHHS BBEJICHHS y MOJIMEPHHUII MaTepian pi3HUX
THUTIB AaTYUKIB i 1HITNX MOAN(DIKATOPIB.

VY po0ori [6] onrcaHi CHCTEMH ONITHKO-BOJIOKOHHUX
JATYHKIB, IKi MOKYTh BUMIPIOBATH Je(OPMAIIif0, TeMITe-
parypy i MexaHiuHe HarpysxeHHs. OOroBopeHi criocodu
pearyBaHHs IHTEJICKTYyaJbHUX KOHCTPYKLIH Ha BHHUKA-
10Ul PE30HAHCHI KOJIMBAHHS.

VY poboti [7] po3misiHYyTO HpoOJIEMH NMPOEKTYBaH-
HS 1 BUTOTOBJICHHS IHTENEKTYyalbHUX KOHCTPYKIH i3
CY4YacHHMX KOMITO3MLINHHMX MarepianiB. PozpobieHo an-
TOPUTMH, SIKi JaIOTh 3MOT'Y OLIHIOBATH XapaKTEPUCTUKH
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KOMITO3UTHHX KOHCTPYKIIiH 1 KepyBaTH HUMH ITi1 Yac BU-
TOTOBJICHHSI 1 B ITPOIIECI eKCILTyaTallii.

VY pobotax [8; 9] po3risimaeTbcs CTBOpEHHS iHTe-
JICKTYaJbHUX MOJIIMEPHUX CUCTEM Ha 0a3i CICKTPHYHUX
JATYHKIB, SKi TO3BOJISIFOTH KOHTPOJIOBATH JIit0 30BHIIII-
HiX (hakTopiB Ha BHPiO.

VY po6Gori [10] HOpiBHIOIOTHCS MOTIMEPHI KOMITO3H-
1ii 0e3 IHTeNEeKTyallbHIX JaTYUKIB Ta 3 HUMH, POOIISTYU
BHUCHOBKHU PO MOXUJIMBICTh 1X 3aCTOCYBaHHS Yy Pi3HHX
chepax.

AHai3 HassBHUX POOIT YYEHUX CBITUUTH TAKOX MPO
Te, 0 y BIIKPUTHX JKeperiax BiacyTHs iH(opmaris mpo
uxopuctans [[IKM y cynaoOymyBaHHi.

META JOCJIIKEHHS — ornsa MOXIIMBOCTEH
3aCTOCYBaHHS IHTEJIEKTYaJIbHUX MOTIMEPHUX KOMIO3HU-
LIHUX MarepianiB y CyqHOOyIyBaHHI ISl KOHTPOJIIO
CTaHy BHCOKOBIJIIOBIJHUX JIETaJIei Ta €JIEMEHTIB KOH-
CTPYKIIi.

OcnoBHuii marepiadn. [Turanus orpumanns iHdop-
Mallii Mpo XapaKTepUCTHKH BUCOKOBIIOBITHUX JieTalIeH
Ta BY3JiB, HAIPUKIA] MPO IXHIN HampyKeHo-nehopmo-
BaHMH cTaH (H.J.C.), y pealIbHOMY 4aci HaJ[3BUYAIHO aK-
TyalnbHe y Halll yac. BBe/leHHsI y BUPOOH 3 TOJIIMEPHHX
KOMTO3HIIIHHIX MaTepialiB iHTEICKTYaTbHUX JaTYHKIB
(IX) nae 3mMory npoBOJAMTH AUCTAHIIMHY JIIarHOCTUKY Ta
MOHITOPHUHT IIMX BHPOOIB O€3M0CepeIHRO IiJ] Yac iXHbOT
eKCIUTyaTarii.

[HTEeNneKTyanbHU HaTYMK — II€ TMPHUCTPIH AT BU-
MipIOBaHHs ()I3UYHUX BEIMYHMH Y BHIJISII CYKYITHOCTI
oJHOTO ab0 JEKIIBKOX IepeTBOpioBaviB. Bin BupoOise
CHUTHAJI, 3pYYHHHN IS TepeaBaHHs, 30epiraHas Ta BU-
KOPHMCTaHHS y CHCTeMaxX KepyBaHHI.

JlaTunky Ha OCHOBI PI3HUX MatepiaiiB i TEXHOJO-
Tiil BUKOPHCTOBYIOTHCS B 0OaraThoxX cepax TeXHIKH,
MIEPETBOPIOIOYN HEESJICKTPUYHI CHI'HAIN Ha EIeKTPUYHI.
JlaTuuky, sIKi 3aCTOCOBYIOTHCSI JUISl IHTEJIEKTYaJIbHUX
MTOJIIMEPHUX KOMITO3HIIIHHUX MaTepiaiB, MAIOTh BHLIIS]
MiHIQTIOPHUX CEHCOPHHUX TPHUCTPOIB, IO BBOAATHCS
B Marepia.

3nificHeHHSs] HeNlepepBHOT O OHJIAH-KOHTPOJIIO H.JI.C.
€JIIEMEHTIB KOHCTPYKIII AacTh 3MOTY BHPIIIATH IITy
HU3KY npoOsieM. BBEJICHHSI B KOHCTPYKI[IIO 1HTEIIEKTY-
QIBHUX JIATYUKIB JIO3BOJIUTH IPOBOANUTH AUCTAHIIHHUH
KOHTPOJIb T4 MOHITOPHHT HaIlpy>Ke€HO-Ie(hopMOBaHOTO
cTaHy 0e3MmocepeIHbO ITij] Yac eKCILTyaTallii B pealbHOMY
yaci.

IMIynibcH  €IeKTPOMArHiTHOTO TOJISI PEECTPYIOTh-
CSl T 9ac 3apOoPKEHHS Ta PO3BUTKY TPIIIKH, PO3PUBY
BOJIOKOH, po3IlapyBaHHs MaTepiaiy. EjekrpomarniTHa
eMmicisl Jla€ 3MOTy HPOTHO3YBaTH 3 BHCOKOIO TOYHICTIO
MIIHICTh MaTepiaiy, TpaHUYHI HABAHTAXKCHHS, 3aJTUII-
KOBHI pecypc poOoTH BHpPOOy, IO EKCILTyaTyeThbCs
B YMOBaX CTaTHYHOTO, TUHAMIYHOTO, BiOpaIlifHOrO Ha-
BaHTaKEHH:. Y pasi Jii Ha MaTepiai AMHAMIYHUX HaBaH-
TakeHb (yAap, IMIOYIbCHUN aKyCTHYHHH a0 TETIOBUit
BIUIMB) €MiCisi BUHUKAE SIK y TOYII BIUIMBY, Tak i B Ha-
MIPSIMKY MOLIMPEHHsI aKyCTHYHHUX XBHIIb Ta Hece iHdop-
MAIIiIo TIPO BHYTPIIIHIO Oy/IOBY MaTepiany.
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Ha puc. 1 300paxxeHa cxema KOHTPOIIIO H.J.C. elie-
MEHTa KOHCTPYKIIi, sIKa CKJIQIa€eThcsi 3 00 €KTa KOHT-
poIto /, BBEICHOTO 1HTEJICKTYaJIBHOTO JaTYhKa 2, KOM-
6iHOBaHOTO MpUiiMava CUTHAITY, MTiJICKHIIIOBAYA Ta aHAJIO-
ro-nugpoBoro nepersoproBaya 3, 6€31pOTOBHX Mepeaa-
Baua 4 1 mpuitmMada 5, KOMIT IoTepa JJIs IpUiMaHHS Ta
aHalizy JaHuX 6.

[Ipu npoMy iHTENEKTyaTbHUX AaTYMKIB Ta MpUiMa-
4iB CUTHAJTy MOYXe OyTH JIeKJIbKa 3 KiJIbKICTIO HE0OX1/1-
HUX TOYOK KOHTPOIIIO.

JIy1st KOHTPOJTFO H.JI.C. HAMOLIBII JOIITPHO BUKOPHUC-
TOBYBaTH €JEKTPOEMHHMI METOJl HEPYWHIBHOTO KOHT-
poJTIo, SIKUH MOXe 3a0e3NednTH KOHTPOJb MaTepialiB
3 pI3HUMH BIACTHBOCTSMH, BiJ JICIEKTPUKIB JI0 IPO-
BIJJHMKIB. 3aCTOCYBaHHS €IEKTPOEMHOTO METOJy € Haid-
OiTbII IPUHHATHAM 1111 KoHTpomto ITTKM [11].

Ha croromni € Texmosorii Ta oOIagHaHHs Ul BBE-
nenns [/l y momimepHuMii MaTepian mig 9ac #oro BupoO-
HUITBA 3 BHUKOPHCTAHHSAM IIPOIECIB EKCTPY3ii, JHUTTS
i TrckoM 1 npecyBanHs [12; 13]. [Tix gac npoexryBaH-
HSl TEXHOJIOTIYHUX pexuMiB BupoOHunTBa ITIKM crmig
ram’sitaTd PO HEOOXIHICTh ypaxXyBaHHsS HPHCTIHHHUX
edeKTiB, SIKI MAIOTh 3HAYHHUH BIIMB Ha MPOLIEC Y 3B’SI3KY
3 posranryBaHHsM /] mepeBaXkHO y MPHCTIHHHX IIapax
BupoOy [14-17].

s mo3oBaHoro BBeneHHA 1J] y pasi popmyBaHHS
BUPOOIB TIPOTIOHYIOTHCS [Ba BapiaHTH KOHCTPYKTHB-
HOTO OGOpPMIICHHS IHKEKTYBaJbHHX TIPHUCTPOiB. Ha
pHuC. 2 HaBeJCHO MPHUCTPIH UL JO30BAHOTO BBEACHHS
II ma meBHy mmOHHY Ta 3 KpokoMm. IJ[ 3mimryroTscs
3 MOJIMEPOM Y IUIaCTUKATOpi /, 3 SIKOTO CyMill moTpa-

)

2 %354% ————— 4%
4 5

Puc. 1. Cxema KOHTpOJIO HaIpyKeHO-1e(pOPMOBAHOTO CTaHY
eJIeMEHTa KOHCTPYKIIiT

Puc. 2. Cxema IHKEKTyBaIEHOTO MPUCTPOIO I BBEJICHHS CY-
MiIl iHTEJIEKTYyaIbHOTO AATYHKA 3 PO3IIIABOM
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IUISE B THOKEKIIHHMHA THTIHAP 2 1 BIOPCKYETHCS HUM 1T
THCKOM Oe3rocepeHbo y hopMyrounii KaHai 3 13 3ama-
HOIO nepiogndHicTI0. CHHXPOHHO 3 PyXOM iHXEKIiHO-
ro LWIIHJpa 3aciiHKa BiAKPUBAE Ta 3aKpPUBA€E OTBIp Ka-
Haiy. THCK y TiApONMITIHAPI 1HKEKIIiT MepEeBUIITYE THCK
y hopMyrouoMy KaHaJi, 0 Aa€ 3MOTy 3aHypIOBaTH Jat-
YHKH HA HEOOX1HY TITHOUHY.

VY pa3i HEoOXiTHOCTI BBEACHHS OJHOTO JaTIHKa
B IIEBHY TOUKY BUPOOY 3aIpOITOHOBAHO KOHCTPYKIIiIO iH-
JKEKILIHHOTO IPHUCTPOIO, CXEMY SIKOTO HaBEJEHO Ha PHC.
3. ¥V mpomeci excTpy3ii moigiMepHa KOMITO3UIIS 3 pop-
MYIOYOTO KaHajla 3allOBHIOE TIOPOXHUHY 1HXEKLIHHOTO
HWTIHAPA [, BIIKPUBAETHCS 3acCiIiHKa 2 1 TaTYUK 3 MPO-
LITOBXYETHCS IUTYH)KEPOM B IHXKEKLIHHY MOPOXKHUHY Ta
3MIIIYETHCS 3 PO3IUIABOM. 3aciliHKa 2 3aKPUBA€ETHCS Ta
3IICHIOETHCS IHXKEKLIsT Yy (GopMyrounid KaHai 7 3a J10-
TTOMOT 010 TITYHXepa 6.

[lepcriekTiBa IMOJANBIINX JIOCTI/DKEHb IOJISTAE
B €KCIIEPUMEHTAJIBHUX JOCIIDKEHHIX KOHTPOJIO H.J.C.
€JIEMEHTIB KOHCTPYKIIii cyieH 3a pormomororo I[ITKM Ta
OOTpYHTYBaHHI TEXHIKO-CKOHOMIYHOI JOMUTBHOCTI X
BUKOPHUCTAHHSL.
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Puc. 3. Cxema iHXEKTyBaJIbHOTO MPUCTPOIO JUTsl BBEACHHS BiJl-
OKPEMJICHHX IHTENICKTyalbHUX JaTYHKIB

BUCHOBOK. 3actocyBaHHS iHTEICKTyaJIbHUX
MOJIIMEPHUX KOMITO3UIIIHAX MaTepiasliB y CyTHOOYIy-
BaHHI J1a€ 3MOTY 3[ifICHIOBATH HETIEPEPBHUN KOHTPOJH
LITICHOCTI Y peabHOMY Yaci 3 MOHITOPHHI'OM HaIpysKe-
HO-ZIC()OPMOBAHOTO CTaHy. Takuii KOHTPOJIb HO3BOJISE
BYACHO pearyBaTy Ha MOPYIICHHS ITICHOCTI KOHCTPYK-
1ii, 110 3HAYHO MiBHUIIY€ PiBEHb OE3MEKH.
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Abstract. Improvement of performance properties of heat-resistant nickel alloys remains
a pending issue for alloys operating in conditions of high-temperature salt corrosion. Within
this context our study examines the impact of hafnium on micro-structure and performance
properties of standard heat-resistant nickel alloy CM 104 which is widely used in construc-
tion of modern marine gas turbine engines. Through computational-analytical method it was
determined that the optimal level of hafnium addition shall amount to 1,4 % of the alloy
weight. The study included examination of the micro-structure of the alloys, their hardness,
plasticity, short-term and long-term strength at a temperature of 900 °C. It is shown first that
hafnium contributes to the grinding of the alloy structure CM104, it stretches the granules
boundaries and increases the amount of volumetric fraction of the y'- phase. Hafnium addi-
tion reduces hardness by 3...5 % on average and increases the plasticity of the alloy, it al-
lows to increase resistance to high-temperature salt corrosion while maintaining short-term
and long-term strength at 900 °C. It will allow to improve the performance properties of
heat-resistant nickel alloy CM 104 and positively impact its bond-ability.

Keywords: micro-structure; hardness; heat resistance; long-term durability; high-tempera-
ture salt corrosion.

Awnotanist. [TinBuIeHHs ekcIuTyaTaliiiHUX BIaCTHBOCTEH YKapOMIIIHUX HIKEJIEBHX CILIABIB,
SIKI TIPaLIOIOTh B YMOBaxX BHCOKOTEMIEPATYPHOI COJILOBOI KOPO3ii, € aKTyaJbHOIO IpodIIe-
Mo10. Y 3B’S13KY i3 M OyI10 ITOCTaBIIEHO JIOKAJIbHY 33/1a4y BU3HAYCHHS BIUIMBY TadHil0 Ha
MIKPOCTPYKTYpY Ta €KCIUTyaTaliifHi BIACTUBOCTI CTaHAAPTHOTO YKAPOMIITHOTO HiKEJIEBOTO
crtaBy CM104, sxuil mupoko BUKOPUCTOBYETHCS Ul BUTOTOBJICHHS CYyYaCHUX MOPCBHKHX
ra3oTypOiHHMX JBUTYHIB. PO3paxyHKOBO-aHAJITUYHUM METOJOM BH3HAUEHO ONTHUMAaJIbHUM
piBeHb steryBaHHs raduieM Ha piBHI 1,4 % mac. BukoHaHO TOCHTIIPKEHHST MIKPOCTPYKTYpH
CIJIaBiB, BU3HAYEHO IX TBEPJICTh, IIACTUYHICTh, KOPOTKOYACHY Ta JJOBIOTPHBAIYy MIIHICTH
3a temmeparypu 900 °C. Ymepmre mokaszaHo, mo radHill cpusie MOAPIOHESHHIO CTPYKTypH
crtaBy CM 104, 36ibIIye MPOTSDKHICTD TPAaHWIB 3€PEH Ta MiIBUINYE KUTBKICTH 00’ €eMHOT
yacTku y'-asu. [lomaTkoBe JieryBaHHs raHieM y cepeHbOMY Ha 3...5 % 3MeHIye TBep-
JUCTB 1 MiJIBUIIYE ITACTUYHICTD CILIaBY, TP 30epeKEeHHI KOPOTKOYACHOT Ta JIOBIOTPHBAIOT
MirHoCTi 3a Temmneparypu 900 °C 36iibUrye CTIHKICTH 10 BUCOKOTEMIIEPATypHOI COIBOBOT
Kopo3ii. TakuM 9rHOM, JOAATKOBE JIETYBaHHS TaHIEM >KapOMIIHOTO HIKEIEBOTO CILIABY
CM104 migBumrye HOro eKCIuTyaTaiiHi BIACTUBOCTI Ta MOYKE MaTH CIIPUATIMBUHN BIUIUB Ha
HOro 31aTHICTh 10 3BAPIOBAHHSI.

Ki1r040Bi c10Ba: MiKpOCTPYKTYpa; TBEPIICTh; JKaPOMIITHICTh; JOBIOTPUBAIA MIITHICTD; BH-
COKOTEMIIepaTypHa COJIbOBA KOPO3isL.

AnHoTanus. [ToBblIeHNe HYKCIUTyaTal[MOHHBIX CBOMCTB JKapONPOYHBIX HUKEIEBBIX CILIA-
BOB, KOTOpbIe paboTalOT B YCJIOBHAX BBICOKOTEMIICPAaTypHOW COJIEBOM KOPPO3WH, SIB-
nseTcs aKTyalbHOH mpobieMoil. B cBs3m ¢ 3TuM ObUTa MOCTaBJICHA JIOKANbHAS 3ajada
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OIIpe/IeICHUs BIMSHUSI TadHUs Ha MUKPOCTPYKTYPY M JKCIUTyaTallMOHHBIE CBOICTBA CTAHIAPTHOTO >KapoIpoy-
HOro HukeneBoro ciutaBa CM104, xoTOpell IIMPOKO HCHOIB3YETCS AJIS U3TOTOBICHHS COBPEMEHHBIX MOPCKHX
ra30TypOMHHBIX JIBUratenell. PacdeTHO-aHAIMTHYECKUM METOJOM OIPEAEiI€H ONTHMAalbHBIH ypPOBEHb JIETUPO-
BaHMs radHueM Ha ypoBHe 1,4 % Mmac. BhINOJIHEHO HcCiieoBaHUE MUKPOCTPYKTYPBI CIUIABOB, OIMPEAEICHBI MX
TBEPJIOCTh, IIACTUYHOCTh, KPATKOBPEMEHHAsI U JUINTeNbHasl MpouHOoCTh npu Temmneparype 900 °C. Bnepseie mo-
Ka3aHo, 4TO TapHHMH CHOCOOCTBYET W3MEIBbUYCHHUIO CTPYKTYphl cruiaBa CM104, yBenu4yuBaeT NPOTSIKEHHOCTH
TpaHMI] 3€PeH M MOBBIIIAET 00BEMHYIO JOJNIO Y'-(a3bl. JlOMONHHUTENBHOE JIeTUpOBaHKE raHUEM B CpeiHEM Ha
3...5 % ymeHbIIaeT TBEPJOCTb M MOBBIMIAECT MIACTUYHOCTH crutaBa CM104, npu coxpaHEHHH KpaTKOBPEMEHHOM
U ATIUTENbHOM mpouHocTu npu Temneparype 900 °C yBeInuuBaeT CTOMKOCTh K BEICOKOTEMIIEPATyPHOM COIeBOI Kop-
po3un. Takum 00pa3oMm, JOTOITHUATEIILHOE JICTHPOBAHUE Ta(HUEM KAPOPOYHOTo HUKEIeBOro crutaBa CM 104 moBsI-
IIaeT €ro HKCILTyaTaOHHBIE CBOMCTBA N MOKET OKa3bIBAaTh OJIATONPHUATHOE BIMSHUE Ha €r0 CBAPUBAEMOCTb.

KiroueBblie cj10Ba: MUKPOCTPYKTYpa; TBEPIOCTD; KAPOMPOIHOCTH; TOJITOBPEMEHHAs POYHOCTH; BBICOKOTEMIIEpa-
TypHast coyieBast KOPPO3Hs.
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Problem statement. The development of modern
shipboard gas-turbine construction is characterized by a
constant search for ways to increase the specific power and
efficiency of turbine engines, which certainly leads to the
need to increase the operating temperature at the turbine
inlet. The temperature of the first turbine stage can reach
950...1050 °C. In this regard, improving the performance
properties of heat-resistant nickel alloys is relevant.

Nickel-base superalloys are a heterophase precipita-
tion hardening alloys, the main structural components of
which are y-phase (austenitic matrix with BCC lattice)
and y'-phase (eutectoid intermetallic structure based on
Ni, (Al Ti), which is released from the gamma phase sol-
id solution). The solubility limit of the y'-phase changes
significantly with decreasing alloy temperature, which
leads to its active release in a dispersed form during a
special heat treatment [1]. The performance proper-
ties of heat-resistant nickel alloys increase significantly
with increasing volume concentration of the y’-phase to
50...65 %, while reducing their weldability [2, 3].

Latest research and publications analysis. It is
known that the addition of hafnium improves the per-
formance characteristics of nickel alloys due to a favor-
able change in the morphology of carbides of the type
M,,C,, as well as their resistance to oxidation and high-
temperature salt corrosion [4, 5]. In addition, hatnhium
increases the proportion of the eutectic y'-phase, which
optimizes the structure and increases the creep resistance
[1, 6]. For example, additional alloying with hafnium al-
loys MAR-M200 and DS200 to 2 % wt. improves their
performance properties [7]. A similar effect is observed
with additional alloying with hafnium of the ZhS3LS
alloy in an amount up to 0.9 % wt. [8-10]. The alloy-
ing of nickel superalloys with hafnium also contributes
to an increase in the thermal stability of the y'-phase by
increasing the temperature of its complete dissolution in
the y-solid solution by more than 70 °C [11]. However,
a change in the matrix alloying system of the alloy af-
fects the optimal concentration limits for alloying with
hafnium and is the subject of additional research.

THE ARTICLE AIM — determining the effect of
hafnium on the microstructure and performance proper-
ties of the standard heat-resistant nickel alloy CM104,
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which is widely used for the manufacture of modern gas-
turbine engines.

Methods, object and subject of research. We used
standard methods for studying the properties of metallic
materials: we measured the HRC hardness according to
ISO 6508-1: 2013; determined the characteristics of heat
resistance and limiting stress according to GOST 9651—
84 /Trans. 1: 2008 and GOST 10145-81 / Trans. 1: 2018;
investigated the electronic structure and determined the
chemical composition of the alloys by the method of mi-
cro-X-ray spectral analysis using the PEMMA 102-02 in-
stallation; measured their resistance to high-temperature
salt corrosion according to method [12].

The object of the research is the microstructure,
chemical composition, mechanical properties of alloys
at a temperature of 900 °C and their resistance to high-
temperature salt corrosion.

The subject of the research is the structure and op-
erational properties of heat-resistant nickel alloys.

Basic material. To determine the optimal concen-
tration of hafnium in the experimental alloy, an express
method of a comprehensive analytical solution method
(CASM) was used, which allowed with a sufficient de-
gree of accuracy to carry out preliminary calculations
for the main groups of operating parameters of the alloy
[13]. The calculation showed that an increase in the op-
erational properties of the alloy CM 104 is possible due to
the additional alloying with hafnium at an optimum level
of 1.4 % by weight.

In this regard, we have produced CM104 alloys (ba-
sic composition and an alloy with additional doping with
hafnium — further SM104HY). Using spectral analysis, it
was found that the concentration of alloying elements in
the experimental composition with hafnium is at the fol-
lowing level (% wt.): 21.2 Cr; 10.35 Co; 1.4 Hf; 2.64 Al
3.45 Ti; 0.66 Mo; 3.9 W; 0.3 Nb; 0.03 Mn; 0.1 Fe; 0.08
C; 0.008 Si; 0.003 S; 0.005 P; Ni — base. The basic com-
position is characterized by the absence of hafnium. The
characteristic structure of the alloys is shown in Figure 1.

X-ray studies have shown the absence of inter-
nal defects in castings. Castings underwent a stan-
dard full heat treatment cycle: homogenization

Fig. 1. The characteristic structure of the alloys CM104 (a) and CM104Hf (b)
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T'=1170 °C —3.5 hours; + hot quenching 7= 1050 °C —
3.5 hours; + aging 7'== 850 °C — 16 hours. The distribu-
tion of the average concentration of alloying elements in
the phase components of the experimental alloys is given
in Table 1.

Measurements of the hardness of samples of experi-
mental alloys showed that the hardness of the HRC al-
loy CM104 is within 35.4...36.5 units, with an average
of 35.8 units, and the alloy CM104Hf — 34.8...36.0 units,
with an average value of 34.7 units. Thus, the additional
alloying of the CM104 alloy with hafnium slightly re-
duces its hardness. To determine the characteristics of
heat resistance and limiting stress, samples were made
from experimental alloys according to GOST 9651-84
/ Per. 1: 2008 and GOST 10145-81 / Trans. 1: 2018 for
stretching at operating temperatures. The test results are
shown in table 2.

Another important factor, which also plays a deci-
sive role in the operation of marine gas turbine engines,
is the resistance of materials against high-temperature
salt corrosion. High temperature salt corrosion occurs in
the presence of sulfur compounds in products of com-
bustion of fuel, among which the most important role is
played by the compounds with sodium. Sulfur at com-
bustion forms oxides of SO, and SO,. The proportions
of NaCl salts deposited on the parts of the hot tract are
involved in the reactions of sulfidation. Numerous stud-
ies have shown that sodium sulfate is present in car-
bon generated on the blades of marine turbines, while
corrosion affects parts at temperatures 650...950 °C
[14]. In addition, sulfatochloride sodium melts con-
taining up to 70...80 % NaCl produce oxysulphidation
processes [15].

N°2 (10) 2018
MATEPIAJIO3HABCTBO

Thus, the mechanism of corrosion destruction in
most cases is associated with the dissolution of a pro-
tective film, which is on the surface of the alloy, in the
presence of Na,SO,. The amount of sulfides, of course,
affects the intensity of corrosion damage. To determine
the actual rate of corrosion the most informative are the
natural tests of gas turbine engines, however, their cost
and duration makes use of intermediate laboratory test
methods. The most common is the crucible test method
in the melt salts of 75 % Na,SO, + 25 % NaCl at the op-
erating temperature of the engines for 10 ... 20 hours, fol-
lowed by the calculation of the average rate of corrosion
by the formula V= m /S xt, where V, — average rate of
corrosion, mg/cm*hour; m,—mass loss, mg; S, — surface
area of the sample, cm?; ¢, — test time, hours [12].

According to this method, studies of resistance to
high-temperature salt corrosion of experimental alloys
CM104 and CM104Hf were conducted. Samples of test
alloys were kept in the molten salt of 75 % Na,SO, +25 %
NaCl at a temperature of 900 °C for 20 hours. The elec-
tronic structure of the surface layer of samples from the
CM104Hf alloy is shown in Figure 2. The distribution of
chemical elements in zones of corrosion destruction is
given in Table 3.

According to the results of the tests it was estab-
lished that the geometry of all samples practically did not
change. On the surface of the samples there is a small
amount of corrosive destruction products of dark green
color, which hold tight on the surface. Measurement of
the rate of high-temperature salt corrosion of experimen-
tal alloys confirmed that additional alloying with hafni-
um increases the corrosion resistance of the CM104 al-
loy. The average rate of corrosion of the CM 104 alloy is

Table 1. The distribution of the concentration of alloying elements in the phase components of the experimental alloys

All The average concentration of alloying elements, % wt.
0
Y Al | Si | Ti | C | Fe | Co | Ni | Nb | Mo | W | Hf
CML04 Solid solution 3,06 0,06 4,52 | 21,53 | 0,29 | 10,98 | 56,61 | 0,38 0,68 1,99 -
Hardening phase | 2,41 0,00 | 16,44 | 19,46 | 0,89 6,39 | 40,52 | 6,77 1,67 5,45 -
CMI104HF Solid solution 2,08 0,03 4,08 | 19,98 | 2,87 | 10,37 | 55,12 | 0,46 0,37 1,53 3,38
Hardening phase | 1,05 0,00 | 19,26 | 16,53 | 1,71 7,48 | 39,44 | 2,60 0,01 1,46 | 10,47
Table 2. Mechanical properties and limiting stress of experimental alloys at a temperature of 900 °C
Limiting stress Mechanical tensile properties
Alloy Sample number - - -
Weight, MPa | Time, hours Tensile Strength, MPa 5, % Y, %
1 200 50 646 14 30
CM104
2 200 50 642 8 21
3 200 50 592 20 37
CM104Hf
4 200 50 653 14 35
Table 3. Distribution of alloying elements in the CM104Hf alloy according to Figure 2
7 Average concentration of alloying elements, % wt.
n
oAl Si Ti Cr Fe Co Ni Nb Mo w Hf
1 2,15 0,00 4,52 19,35 3,25 10,53 52,81 1,69 0,24 1,62 3,83
2,03 0,43 2,03 14,28 4,92 11,67 58,54 1,02 1,99 1,41 1,66
3 1,64 0,96 10,95 70,70 1,19 2,71 6,37 1,85 1,05 0,32 2,27
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Fig. 2. The electronic structure of the surface layer of the
CM104Hf alloy after corrosion tests, x 400

V.=0.21 mg/cm?h, and for the CM104Hf alloy, this in-
dicator is much lower — ¥, = 0.12 mg/cm*>h. The total
average mass loss of the test alloy CM 104 is 0.19 %, and
the CM104Hf alloy is 0.12 %.

DISCUSSIONS. Analysis of the microstructure
showed (see Figure 1) that additional alloying with hafni-
um contributes to the fragmentation of grains, smoothes
their boundaries and increases the volume fraction of the
v'-phase, which fully coincides with the conclusions of
the works [1, 6].

The determined concentrations of the alloying ele-
ments according to the phase components of the alloys
shown in Table 1 show that the hafnium is unevenly
distributed in phases. It is predominantly predicted to be
part of the strengthening phases and stand out in the form
of minor eutectic inclusions along the grain boundaries,
which corresponds to the conclusions of the works [4, 6].

The results of tests of mechanical properties of al-
loys during stretching and their long-term durability at
a temperature of 900 °C showed (see Table 2) that the
additional alloying with the hafnium of the alloy CM 104
to a level of 1,4 % by weight. improves its mechanical
properties, with a slight decrease in hardness and in-
creased plasticity. This fact has a beneficial effect on its
welding ability, which is extremely important and is the
subject of additional research.

Cnucok JgiTepatypu
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An analysis of the microstructure of the samples
after testing their resistance to high-temperature salt
corrosion, as shown in Figure 2, and the distribution
of chemical elements in the zones of corrosion fracture
(see Table 3), gives a clear idea of the mechanism of de-
struction On the surface of the sample, a protective layer
(zone 3) is formed in which the concentration of nickel
and cobalt is sharply reduced due to their intense interac-
tion with the active medium, which leads to a significant
increase in the concentration of chromium (up to 70 %
by weight), which plays a major role in the containment
of corrosion destruction. At the same time, there is a
moderate increase in the concentration of titanium and
hafnium. The total concentration of these three elements
in the surface layer reaches about 85 %, which greatly
increases the stability of the alloy against high-temper-
ature salt corrosion. In the near-surface transition layer
(zone 2), on the contrary, there is a slight increase in the
concentration of nickel and cobalt in comparison with
the base metal (zone 1) due to the diffusion of the alloy-
ing elements on the surface.

In this regard, the results of the tests clearly prove
that the presence of hafnium in the surface layer plays
a positive role in the deterrence of corrosion fracture,
which is quite logical and coincides with the conclusions
of work [4].

Thus, the additional alloying with a hafnium of
a heat-resistant nickel alloy CM104 at a level of 1.4 %
by weight. increases its operational properties and may
have a beneficial effect on its welding ability, which is
extremely important and requires additional research.

CONCLUSIONS. Additional alloying hafnium al-
loy CM104 at 1.4 % by weight positively affects its ope-
rational properties:

1. Hafnium promotes the grinding of grains, ram-
parts their boundaries and increases the volume fraction
of the y’-phase.

2. An average of 3-5 % decreases hardness and
increases the plasticity of the alloy while maintaining
short-term and long-term strength at 900 °C.

3. The stability of the alloy against high-temperature
salt corrosion at a temperature of 900 °C increases quali-
tatively.
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Abstract. In this article, an analysis of the results of the plasma arc effect on the material of
the stock of hard-to-machine materials was conducted and to substantiate the possibility of
increasing the productivity of their treatment on metal-cutting machine tools, and a method
for implementing the plasma-assisted machining (PAM) process was described. Details of
modern equipment for shipbuilding are made of steels and alloys with increased mechanical
characteristics, which lead to considerable difficulties in their processing on metal-cutting
machines. The processing process is accompanied by increased resistance to cutting, high
temperatures in the treatment area, rapid loss of cutting power of the tool. Reducing the neg-
ative effects of these factors is possible due to the application of high-temperature plasma
heating of the allowance material. The heating of the work piece with a plasma arc causes a
number of phenomena: an increase in the ability of the treated metal to plastic deformation;
reducing its strength; the emergence of a system of structural transformations and thermal
stresses in the surface layers of the work piece; melting of the superficial layer of allowance;
change of friction parameters on contact surfaces of a work piece and tool, contact tempera-
ture; change in the chemical composition in the surface layers. The technical result from the
use of the proposed model of plasma-assisted machining of cast and forged ingots and work
pieces with solid casting crust, or from hard-working alloys, provides an improvement in
their machining through the creation of an entire inlet section, due to thermal influences, aus-
tenitic or other structure that is significantly lower physical and mechanical properties, than
the source material of the work piece. As a result, the period of stability of the cutting tool
also increases. In real production conditions, it is necessary to comply with the requirements
for a source of high-temperature plasma heating: the ability to control the size of the heating
zone; no melting of the surface layer; ensuring uniform depth of structural transformations;
achieving a rational microstructure of the hardened layer. The use of technology of plasma-
assisted machining provides an increase in the productivity of processing work pieces from
hard-to-machine materials that are used in shipbuilding, power and mining engineering.

Keywords: plasma-assisted machining; structural-phase transformations; allowance; ther-
mal fields.

Axorauis. [IpoananizoBaHo pe3yJbTaTH BIUIMBY IUIa3MOBOI JyI'M Ha MaTepial HPHUITYCKY
3aroTOBOK 13 Ba)XKOOOPOOJIOBAaHMX MaTepiaiiB, OOIPYHTOBAHO MOMIIMBOCTI IiJBHUIIECHHS
MIPOAYKTUBHOCTI 0OPOOKM Ha METAJIOPi3aIbHUX BEPCTATaX, OMMCAHO IIPOIIEC IIIa3MOBO-Me-
xaHiuHOoi 00poOku (ITMO). Jletani cyyacHoro obaagHaHHs 1Uisi CyAHOOYyBaHHS BUTOTOB-
JISTFOTH 31 CTaJICH i CIUTaBiB 3 MiIBUIICHUMH MEXaHIYHIMHU XapaKTePUCTUKAMHU, IO MPHU3BO-
JUTH 10 3HAYHUX TPYIHOIIIB M 9ac 0OpoOIeHHS Ha MeTalIopi3adbHUX BepcTartax. [Iporec
00pOoOIICHHS CYNPOBOJDKYETHCS TIJIBUILIEHUM OIIOPOM Pi3aHHIO, BUCOKUMH TeMIlepaTypamu
B 30Hi 00pOOJICHHS, IBUIKOIO BTPATOIO Pi3ajbHOI 3MATHOCTI IHCTPYMECHTA. 3HIKCHHS HE-
raTUBHOTO BIUIMBY Ha3BaHUX (PAKTOPIB € MOXKJIMBUM 3aBJSIKM 3aCTOCYBAHHIO BHCOKOTEM-
NepaTypHOTo IJIa3MOBOTO HarpiBaHHs Marepiaiy 3pizaHoro nmpumycky. HarpiBanus 3aro-
TOBKH TUTa3MOBOIO TyTOI0 BUKJIMKA€E HU3KY SBHII: 30UTBIICHHS 3MaTHOCTI 0OpOOIIOBAaHOTO

199



gHIPBUILDIN smi.nuos.mk.ua |ediiio@@srhhnassrhkluaa N22 (10) 2018

MARINE INFRASTRUCTURE MATEPIAJIO3HABCTBO

MeTaxy 10 IIacTHYHOI Aedopmallii, 3HIKEHHsI HOro MillHOCTi, BHHUKHEHHSI CUCTEMH CTPYKTYpPHHX I€pPETBOPEHb
1 TEpMIYHUX HANpPYKeHb y MOBEPXHEBUX IIapax 3aroTOBKH, PO3ILIABIIOBAHHS IOBEPXHEBOTO LIAPY MPHITYCKY, 3MiHa
rapameTpiB TEpTs. Ha KOHTAKTHUX MOBEPXHSX 3arOTOBKM H IHCTPYMEHTA, TEMIIEPATYPH KOHTAKTY, 3MiHa XiMIYHOTO
CKJIaJly B OBEPXHEBUX IIapax. TexXHIYHUN pe3ysbTar BiJl BUKOpHCTaHHS rpornonoBanoi mozeni [IMO snuTux i xoBa-
HUX 3JIUTKIB T4 3arOTOBOK 13 TBEP/IOI0 JIMBAPHOIO KiPKOIO a00 BaXKKOOOPOOITFOBAHUX CILIABIB 3a0€3IICUy€ MOJIMIICHHS
00pOOITIOBAHOCTI HIJISIXOM CTBOPEHHS 10 BChOMY TIEPETHHY MPHITYCKY 332 PaXyHOK TEPMIYHOTO BIUIMBY, ayCTEHITHOT
a0o 1HIIOI CTPYKTYPH, KA Ma€ 3HAYHO HWKYi (Pi3MKO-MEXaHIUHI BJIACTHBOCTI, HIK BUXITHHIA MaTepiaj 3ar0OTOBKH.
YHacHi0K IBOT0 TAKOX IMiJABUILYETHCS MEPioJ CTINKOCTI Pi3ajbHOTO IHCTPYMEHTY. Y peajbHUX BUPOOHHUYHUX yMO-
BaxX HEOOXIJTHO JOTPUMYBATHUCS] BUMOT JI0 JPKEpesia BUCOKOTEMIIEPATyPHOTO TIa3MOBOTO HArpiBaHHs: MOXIIMBICTh
peryJIroBaHHs po3MipiB 30HM HarpiBaHHs, BiICYTHICTh OIUIaBJICHHS TOBEPXHEBOTO LIapy, 3a0e3Me4eHHs] PiIBHOMIPHOT
TJIMOUHM CTPYKTYPHUX NEPETBOPEHb, JOCSITHEHHS! pallioHaIbHOI MIKPOCTPYKTYPH 3MIIIHEHOTO 1apy. 3acTOCyBaHHS
texHouorii [IMO 3a0e3neuye miABUIIEHHS IPOAYKTHBHOCTI 00POOKH 3ar0TOBOK 3 BaXKKOOOPOOIIIOBAaHUX MaTepialiB,
sIKI BUKOPHCTOBYIOTHCSI B CYIHOOYIyBaHH1, GHEPreTUYHOMY i TIPHHYOMY MallMHOOYAyBaHHI.

Koiouosi citoBa: mimasmMoBo-mMexaHiuHa 00poOKa; CTpyKTypHO-(a30Bi EpEeTBOPEHHS; IPHUITYCK; TEILIOBI MOJISL.

AnHoTauus. [IpoaHnanu3npoBaHbl pe3ynbTaThl BO3AECHCTBUS IUIA3MEHHON 1yTH HA MaTepuall IPUILyCKa 3ar0OTOBOK U3
TPYIHOOOPaOaThIBAEMBIX MaTEPHUAIOB, 000CHOBAHBI BO3MOYKHOCTH MOBHIIICHHSI TPOM3BOIUTEILHOCTH 00paOOTKH Ha
METAJUIOPEXKYIINX CTaHKaX, OMICAH IIPOIECcC IIa3MeHHO-MexaHndeckoi oopadotku (IIMO). Jletamu coBpeMeHHOTO
000pyIOBaHUSI TSI CYIOCTPOCHUS M3TOTABJINBAIOT U3 CTAJICH M CIIJIABOB C MOBBIIICHHBIMH MEXaHHYECKUMH Xapak-
TEPUCTUKAMH, YTO MMPUBOJIUT K 3HAYUTEIBHBIM TPYJHOCTSIM IIPU 00pabOTKE Ha METAIOPEXKYINX cTaHKax. [Iporecc
00pabOTKU COMIPOBOKAACTCS TTOBBIIICHHBIM COMPOTHUBIEHHUEM Pe3Ke, BRICOKIMHU TeMITEpaTypamMH B 30He 00paboTKH,
OBICTpOH TTOTEpEr peKyIIeH CIIOCOOHOCTH HHCTpyMeHTa. CHIDKEHHE HETaTUBHOTO BO3JCHCTBUS Ha3BaHHBIX (pakTo-
POB BO3MOXKHO OJ1aroiapsi IpUMEHEHUIO BBICOKOTEMIIEPATYPHOTO INIa3MEHHOTO HarpeBa MaTepuasa Cpe3aHHoro pH-
mycka. HarpeB 3aroToBKY ITa3MEHHOW AyTOH BBI3BIBACT PSM SABJICHAUN: YBEIMUCHHE CIIOCOOHOCTH 00pabaThIBAeMOTO
MeTaja K INIaCTHYECKOH AeopMalyy, CHIKEHHE €ro IPOYHOCTH, BOZHUKHOBEHHE CHCTEMBI CTPYKTYPHBIX IPE00-
pa30BaHMI ¥ TEPMUUECKHUX HANPSKEHUH B MOBEPXHOCTHBIX CJIOAX 3arOTOBKH, PACIlIaBICHUE ITOBEPXHOCTHOTO CIIOS
MIPUIyCKa, M3MEHEHNE MTapaMeTPOB TPEHHS Ha KOHTAKTHBIX IIOBEPXHOCTSX 3arOTOBKH U MHCTPYMEHTA, TEMIIEPATYPbI
KOHTaKTa, N3MEHEHHE XMMHUECKOTO COCTaBa B TIOBEPXHOCTHBIX CIOAX. TEXHUUIECKUII pE3yabTaT OT MCIONb30BAHUS
npemraraeMoit Mmogesu IIMO JTUTBIX 1 KOBaHBIX CIIMTKOB M 3aTOTOBOK M3 TBEPIOH IMTSHHOM KOPKHU WIIH TPYAHOOOpa-
0aThIBaEMBIX CIIIABOB 00ECTICUNBACT YJIyUIICHNE 00pa0aThIBAEMOCTH ITyTEM CO3/IaHMs 110 BCEMY CEUCHHUIO MPUITYCKa
3a CUET TEPMHUECKOTO BO3JCHCTBHSA, AyCTEHUTHOM WM IPYTroi CTPYKTYpbI, KOTOpas UMEET 3HAUUTEIbHO XyAIINe
(hU3UKO-MEXaHIMIECKHE CBOWCTBA, YEM MCXOJHBIN MaTeprall 3aroTOBKU. B pe3ynbraTe TakiKe MOBBIMIAETCS MEPUOT
CTOMKOCTH PEXYIET0 HHCTPYMEHTA. B peaslbHbIX MPON3BOICTBEHHBIX YCIOBHAX HEOOXOIMMO coO0moaaTh TpeOoBa-
HUSI K UICTOYHHUKY BBICOKOTEMIIEPATYPHOTO IUIA3MEHHOI'O HAarpeBa: BO3MOYKHOCTh PETYIMPOBAHUS Pa3MEPOB 30HbI
HarpeBa, OTCYTCTBHUE OIUIABJICHHS TOBEPXHOCTHOTO CJIOsI, 0OecIeueHe paBHOMEPHON TIyOHHBI CTPYKTYPHBIX TIpe-
00pa30BaHMiA, JOCTIKEHIE PAIHOHAIEHON MUKPOCTPYKTYPBI YKperuieHHoTo ciost. [Ipumenenne texaomnoruu [IMO
o0ecTieunBaeT MOBHIIEHHE MMPOU3BOIUTEIIFHOCTH 00pabOTKH 3aTOTOBOK M3 TPYIHOOOpaOaThIBAEMBIX MaTepHAIIOB,
HCIIONIb3YyEMBIX B CyI0OCTPOECHHUH, SHEPTETHIECKOM 1 TOPHOM MAaIIMHOCTPOCHHH.

Ki1roueBble ¢J10Ba: MI1a3MCHHO-MEXaHUYECKast 00paboTKa; CTPYKTYPHO-(Da30BbIe MPEBPAIICHHUS; IPHUITYCK; TCILIOBBIC
OIS
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IMocTanoBka 3amaui. [letani cy4acHOro TEXHOJO-
TIYHOTO BCTATKyBaHHS IS IEPepOOKH MiHEpaIbHOI CH-
POBHHU BHTOTOBIISIOTH 31 CTAJICH 1 CIUIABIB 3 ITi{BUIICHH-
MU MeXaHi‘-IHI/IMI/I XapaKTCpUCTUKaMu, MO0 NPU3BOJUTH
JI0 3HAYHUX TPYIHOIIIB MiJ Yac oOpoOIIeHHS Ha MeTa-
JopizanbHUX BepcTatax. [Iporiec 0OpoOJICHHS Cympo-
BO/KY€ETHCS TIABUIIICHUM OMOPOM pi3aHHIO, BUCOKHMH
TeMIIepaTypaMu B 30HI 00POOJICHHS, IIIBUIKOK0 BTPATOIO
pizanbpHOI 31aTHOCTI IHCTPYMEHTA.

3HMKEHHSI HETATUBHOTO BIUIMBY Ha3BaHUX (paKkTOPIB
€ MOJJIUBUM 3aBISKHA 3aCTOCYBAHHIO BHCOKOTEMIICPa-
TYpHOTO TIIA3MOBOTO HATPiBaHHS MaTepiaiay 3pi3aHoro
MIPHITYCKY.

BuBUeHHS TEXHOJOTIYHHUX OCOOJIMBOCTEH ILIa3MO-
BO-MEXaHIYHOT 0OPOOKH 3ar0TOBOK JIeTallCi TEXHOIOT Y-
HOTO BCTAaTKYBaHHsI CTAHOBUTb NPAKTUYHUII 1 HAYKOBUii
IHTEPEC, € aKTYaIbHUM 3aBJIaHHSM.

AHaJli3 ocTaHHIX AocaiaxKeHb i myOaikanii. [Tnas-
MOBa JIyra sIK BACOKOTEMIIEpaTypHE JKEepesio HarpiBaH-
HS Ma€ MHPOKi TEXHOJIOTIYHI MO>KIIMBOCTI, 30KpeMa BOHA
JI03BOJISIE pealTi3yBaTH Pi3HOMaHITHI criocobu 06pobIeH-
HSl METAJIB, y SKUX IUIa3Ma MOXe BUKOHYBaTH (YHKIIT
IHCTpYMeHTa (CIUTIaBKa MPUIYCKY) a00 (YHKIIT [pKepena
HarpiBaHHs, 110 Nepey€e 3HIATTIO MPHUITYCKY JIE30BUM iH-
CTPYMEHTOM a00 MOBEPXHEBOMY 3arapTyBaHHIO.

HarpiBaHHSs 3aroTOBKH [J1a3MOBOO JIyT'OI0 BUKJIMKAE
HU3KY SBHII: 30UTBIICHHS 3JaTHOCTI 0O0pOOIIOBAHOTO
MeTay 0 IIacTHYHOI Aedopmaltii, 3SHHKESHHS HOro Mill-
HOCTIi, BUHUKHEHHSI CUCTEMH CTPYKTYPHHUX MEPETBOPEHb
1 TEpPMIYHUX HANPY>KEHb y MMOBEPXHEBHUX IIapax 3aroToB-
KM, PO3IUIABJIIOBAHHS IMOBEPXHEBOI'O IIApy HPHITYCKY,
3MiHa TTapaMeTpiB TEePTS Ha KOHTAKTHUX MOBEPXHAX 3a-
TOTOBKHM W IHCTpyMEHTa, TeMIIepaTypy KOHTAKTY, 3MiHa
XIMIYHOTO CKJIay B IOBEPXHEBHUX Inapax [1].

XapakTep 1 00CsAT TPOXOKEHHS IepepaxoBAHUX
SIBUI 3aJISKUTDH BiJl TEIJIO(QI3UYHUX BIACTHBOCTEH 00-
po0IroBaHOTO MaTepiay, MBHIKOCTI BITHOCHOTO Iepe-
MIIIEHHSI 3arOTOBKM ¥ JpKEpena HarpiBaHHs, TEIUIOBOT
MOTY>KHOCTI T1J1a3MOBOT JIyr. 3MIHIOIOUM 3a3HaYeHi Ia-
paMeTpu, MO>KHa OTPUMATH 301IbIICHHS CTYTICHS IPOSIBY
Ti€l CTOPOHM IIJIA3MOBOI'0 BIUIMBY Ha Marepiall 3aroToB-
KW, TOMIHYBaHHS SKOI € JOIUTBHAM Y TakoMy pasi [2].

[Ipouec mrazmoBo-Mexaniynoi 06podku (ITMO), 3a
SIKOT TTIOBEPXHEBI IIApH 3aTOTOBKU HATPIBAIOTHCS JIO BH-
COKHX TEMIIepaTyp, OJN3bKUX JI0 TEMIIEPATYPH IIJIaBICH-
Hsl METally, a HOTIM BUJAJSIFOTHCS Pi3LEM Y TUNIACTUYHOMY
CTaHi, OyB 3ampomoHOBaHWN Bcecoro3HHM IHCTHTYTOM
esleKTpo3BaproBaibHoro obiaguanus (BHIECO) i 10
«Ixopcrkuit 3aBomy [5], a B mogambsIioMy po3poossuTucs
HUMH 3 y4yacTio JIeHIHrpaJIChKOT0 ITOJIITEXHIYHOTO 1HCTH-
TYTy # Kadenpu TexHosorii MamHoOyayBanHs Kpuso-
PI3BKOTO HAIlIOHATHHOTO YHIBepCcHUTETY [4].

Bimomo, 1110 HaHOUIBII CIPHUSITINBI YMOBH OOPOOKH
cepenHposeroBanux craneii Ty SXHM i BrHcoxomap-
ranueBuctux craneid tumy 110T'13J1 cTBOproroThes 3a
AyCTEHITHOTO TIEPEOXOJIOJKEHOTO CTaHy MPHUIYCKy [3].
[Tixg yac BuOopy mIMOMHM pi3aHHS, IO JOPIBHIOE MaKCH-
MaJIbHIl TTTMOMHI CTPYKTYpPHUX II€PETBOPEHb, BEPLIMHA
Ppi3aJIbHOTO €JIEMEHTa MEPETHHAE HA CBOEMY HIISIXY 30HY
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HEpO3MIIIHEHOTO METally, 10 MOXKE IIPU3BECTH JI0 IHTEH-
CHBHOTO 3HONIyBaHHs iHCTpyMmeHTa. Ilin wac BuOOpy *
DIMOWHM pi3aHHs, 10 JOPIBHIOE MIiHIMAJIBHIA TIHOWHI
MepeTBOPEHb, Pi3aHHS BilOYBa€ThCs €(QEKTHBHO, OIHAK
Ha 00po0JIeHIi MOBEPXHI 3aJIUIIAIOTHCS 30HH CTPYKTYPHO
3MIHEHOTO (3arapTOBaHOr0) METaIy, 10 HE JJOITYCKAEThCS
BUMOTaMH JI0 SIKOCTI TIOBEPXHEBOT'O IIapy I'OTOBOT JIeTali.

Crioci0, onmcanuii Buie [S], Ma€ HU3KY HEIOJIKIB.
Tak, pO3IUIABJICHUN IMITyJIbCOM ILIA3MOTPOHA METas
Yy 30HI CTPYKKOYTBOPIOBaHHS HE 3aBKIH BIIIAJISETh-
csl 3 Hei, M0 MOTipIIye MPOIEeC CTPYKKOYTBOPIOBAHHSI.
Kpim 1mporo, st Toro mo0 3amo0irtv Kpucraiizarii
(TIaKeTyBaHHIO) PO3ILIABICHOIO METANy B 30HI CTPYIKKO-
PO3IO/IITBHOT KaHABKH, pi3ellb HEOOXiJHO PO3TalloOByBa-
TH B Oe3rnocepeHiid OJM3bKOCTI Bifl IUISMU HarpiBaHHs
(2...5 cm), 1110 NPU3BOAUTH IO MEPErpiBy TBEPIOCILIAB-
HOrO IHCTPYMEHTA, MHOro MiJBUINCHOIO 3HOIIYBaHHSI
W 3HWKEHHS B LUIOMY TEXHOJIOTIYHMX MOXKJIMBOCTEH
I[LOTO CIIOCO0Y.

KpiM Toro, po3ruiaBiroBaHHs MaTepialy 3aroTOBKH
MPU3BOJUTH JI0 YTBOPIOBAHHS B aTMoc(epi BUpOOHHYO-
IO IPUMILICHHS IIKIIJTMBUX a€PO30JIiB 3 OKHCITIB METaIYy,
1110 0OMEKeHe CaHITApHUMH HOPMaMH.

Tomy crnouatky Oyno HeoOXigHO chopMyIIoBaTH
BUMOTH 200 KpHUTEPil, IKUM Ma€ 3aJJOBOJIBHSATH JPKEPEIIO
HarpiBaHHs B YMOBaX I1bOT0O CII0co0y 00poOKH.

META JOCJIIXEHHSI — anani3 pe3yibrartis
BIUIMBY IIJIa3MOBOT JAYTH Ha Martepiall IPUIYCKY 3aroTo-
BOK 13 Ba’KKOOOPOOIIIOBAHUX MaTepialiiB i 00TpyHTYBaHHS
MOXJTBOCTI IiJIBUIIEHHS ITPOJXYKTUBHOCTI 00poOKH Ha
MeTaNopi3abHUX BepcTarax.

OcHoBHuii Mmatepian. Cmoci® pizaHHA 3 IIIa3-
MOBHM HAarpiBOM, HE3BAKAIOUYM Ha HU3KY TPYAHOIILIB,
OB’ SI3aHUX 3 HOTO 3aCTOCYBAaHHAM, HaWOIUTBII MPOIYK-
TUBHUH 1 EKOHOMIYHHUH Mi7] 9ac 0OpOOIEHHS BHCOKOJIE-
TOBAaHUX MaTepiaiiB, 0COOIUBO 32 YMOB BEITUKOTO IIepe-
pi3y 3pizy. s ycminrHoro BIpOBaKEHHS y BHPOOHM-
ITBO IIOTO BHCOKONPOAYKTHBHOTO IPOIECY, BMIIOTO
JTO3yBaHHS [TOJATKOBOI TEIIOBOI €Heprii, omTuMizarii
pexnmiB [IMO cruin ypaxoByBaTH (i3W4HI SBHUINA, IO
BUHUKAIOTh TiJ 9ac MIa3MOBO-MEXaHIYHOTO 00pOOIIeH-
Hs. ToMy HeoOXiTHO chopMyITIOBATH BUMOTH 200 KpUTE-
pii, IKUM Ma€ 3aJOBOJBHATH JDKEPENIO HaTrpiBaHHS B YMO-
Bax I[FOTO CIIOCO0Y 0OPOOKH.

[lepma BuMora 10 mKepena HarpiBaHHS — MOX-
JUBICTH PETYIIOBaHHA PO3MipiB 30HU HarpiBaHH:. Jpy-
ra BUMOTa — BiJCYTHICTh OIUIABJICHHS IOBEPXHEBOTO
mrapy. Tpetiii kpurepii — 3a0e3nedeHHs piBHOMIpHOT
TTHOWHN CTPYKTYPHUX IIE€PETBOPEHb. UeTBepTHH —
JIOCATHEHHSI HEOOXiMHOI MIKPOCTPYKTYPH 3MIiIIHEHOTO
mrapy [6].

B ocHOBY mporiecy po3poOKH TEXHOJIOTIYHUX PEKO-
MeH/aIiil 0yJ0 MOKIaIeHO 3aBIaHHS IiIBUIICHHS IIPO-
JTYKTHBHOCTI TIPOIIECy pi3aHHS ¥ 30iIbIICHHS CTIHKOCTI
pi3alBbHOTO 1HCTPYMEHTA 32 paXyHOK 3aCTOCYBAHHS CXE-
MU HarpiBaHHS CKaHYBaJIbHOIO IUIA3MOBOIO JIYTOI0, sIKa
TI03BOJIsIE peanizyBati MmakcuManbHuii KK HarpiBaHHs.

TexHiuHMIA pe3yTbTaT BiI BAKOPUCTAHHS 3aTIPOITOHO-
BaHOI TEXHOJIOTII TJIa3MOBO-MEXaHITHOI OOPOOKH JIUTHX
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1 KOBaHUX 3JUTKIB Ta 3arOTOBOK 13 TBEPIOI0 JIMBAPHOIO
KipKkoro abo 3 BaKKOOOpOOIIIOBAaHWX CIDIAaBIB 3a0e3re-
qy€ TOJIIIICHHS. 00POOJIFOBAHOCTI IIISIXOM CTBOPCHHS
110 BCbOMY IICPETHHY MPUITYCKY 33 PaXyHOK TEPMi4HOTO
BIUIUBY, ayCTCHITHOI a00 1HIIIOI CTPYKTYPH, SIKa Ma€ 3Ha-
YHO OUTBII HU3BKI (i3UKO-MEXaHIUHI BIACTHBOCTI, HIXK
BUXITHMI MaTepiasl 3ar0TOBKH. YHACHTIZOK [IbOTO TaKOX
I ABUITYE€THCS TIEPi0JT CTIMKOCTI Pi3aJIbHOTO IHCTPYMEHTY.

[TocraBnene 3aBHaHHs BUPIIIYETbCS 33 PaxXyHOK
croco0y T1a3MOBOT0 HarpiBaHHS MPUITYCKY, SKE BMIIIy€e
MOBEPXHEBE [JIa3MOBE HArpiBaHHsI TIOBEPXHi pi3aHHs 0e3
OIUTABJICHHS 3a 337aHOi CUIIN CTPYMY, HOTO 3HEMIITHEHHS
MIPUITYCKY, TIEPEMIIIIEHHs HOTO B 30HY 00pOOKH 31 MBU/I-
KICTIO pi3aHHs ¥ BUJIAJICHHS Pi3LEM.

3riIHO 3 pO3POOIEHNM CIIOCOOOM HarpiBaHHS 37TiH-
CHIOIOTB JIyTOl0, CIIPSIMOBAHOIO (PPOHTAIIBHO JI0 TOBEPXHI
pizaHHS i KOIWBHO{ III0/I0 CBOTO CEPETHBOTO MOJIOKEHHS
i3 4acTOTOIO 30BHIIIHBOTO 3MIHHOTO MAarHiTHOTO IOJIS
MOTIepeK BEKTOpa IIBHAKOCTI pi3aHHSA 3 aMILIITYIOIO,
mo popiHioe 0,8...0,9 mmpunu noBepxHi pizanss. [1pu
bOMY ITapaMeTPH PEKHUMY HarpiBaHHS BCTAHOBIIOIOThH
Tak, mo0 3a0e3NMeunTH 3MIIHEHHS! CTPYKTYPH ITOBEpX-
HEBOTO IIapy JeTali Ha 3aJaHy TIIHOMHY, IO JO03BOJISIE
HiBUIIUTH e(DEKTUBHICTH NPOLIECY Pi3aHHs i 301IbLIINTH
CTIMKICTh IHCTpYMEHTA.

3HaueHHs! IBUJIKOCTI pi3aHHs, sika OyJie JTOpiBHIOBa-
TH IIBHIKOCTI TIEpEMillIeHHS [U1a3MOBO{ IyTH OO0 3aro-
TOBKH, YCTaHOBJIIOIOTh 3 YPaxyBaHHIM BEJTMYMHU MaKCH-
MaJlbHOI TeMIIepaTypH HarpiBaHHs NPHUITYCKY AJst 3a0e3-
MEUYCHHS CTPYKTYPHHX IEPETBOPEHb Ha 3a/IaHy TJIMOUHY
0e3 oruTaBJICHHS MOBEPXHI 3aTOTOBKH:

IxUxn 2 ox b,

v, = X ,
P 0 ax X b, xa, X\ L

max

ne V, — LIBUJKICTB pi3aHHs, M/XB; [, U — cuia cTpymy
1 HampyTa m1a3mMoBoi 1yru; 1| — temtoBuii KK/ mma3zmo-
BOi Jiyru; 0 — MakcuMallbHa TeMIlepaTypa HarpiBaHHs
npunycky (0 <0 ) b, a — mmMpuHa H JOBXKHHA
TUISIMY HarpiBaHHsl Ha MOBEPXHI pi3aHHSI, MM; A — Koe-
¢imiert TermonpoBigHOCTI, BT/cM °C; 00 — KoedimieHT
TEeMIEePaTyPOIIPOBIAHOCTI, cM?/C.

Lett cioci6 06poOKH MOSICHIOETHCS cXeMoro (puc. 1),
Ha SIKifl TIOKa3aHO PO3TalllyBaHHs JDKEpesa HarpiBaHHs
i 30HM HArpiBaHH OO0 3aTOTOBKH.

JlxepenoM Mma3mMoBol Ayru 3 0OpaHO IJIa3MOTPOH
mpsimoi aii /. [T1a3MOTpOH OCHAIIICHHH MarHITO-BIAX WIS~
I0UOI0 CHCTEMOIO 2, sIKa CKJIAAEThCS 3 JIBOX OXOJIOKY-
BaHMX MarHiTONPOBOJIB, TOPI SKUX PO3TALIOBaHi 01
coIula TUIa3MOTpPOHA ¥ TMEpreHIUKYJSIpHI 10 BeKTopa
IIBUIKOCTI pi3aHHsA. MarHiTo-BiAXMIbHA CHUCTEMA MPH-
€JHaHa JI0 PEryJIbOBAHOTO JUKEpesia )KUBJICHHS 3MIHHOTO
CTpyMy.

Croci6 peami3yeTscst B Takuil croci. 3aroToBka
BCTaHOBJIFOETHCS HA TOKApHHUI BEpCTaT, Ha SIKOMY 3MOH-
TOBAHMII TeHEpaTop IUIa3MU y BHIJLIAI OJHOJLYTOBOTI'O
IUIa3MOTPOHA NOCTIHHOTO cTpyMy. [la3mMoyTBOpIOBaIIB-
Hull ra3 — moBiTps. Illomo po3TamryBaHHS MIIa3MOBOI
ayrn 3 [moA0 QYroBOrO KaHally, a TakoXK LIOA0 BIUIH-
BY JyTH Ha 0OpOOIIIOBaHUI MaTepial BiH CTaBUTHCA IO
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Puc. 1. Cxema nporecy mia3MoBo-MeXaHiqYHOI 00poOkn

TUTa3MOTPOHIB TIPsIMOT 1ii. 3HIDKEHHS JIOKATBHOCTI Ha-
rpiBaHHS IIA3MOBOIO JYTOI0 3IIHCHIOETHCS 3a PaxyHOK
HaKJIaJCHHS Ha MOTIK TeHEPOBAHOT IIa3MH 30BHILIHBOTO
3MIHHOTO MarHiTHOTO OJIsL. J{jis CTBOpEHHS 30BHIIIHBO-
T0 3MIHHOT'O MarHiTHOTO IOJIsl JIa3MOTPOH MOBITPSHOTO
pizanns / (IIBP-401) ocHauytoTh crieniaibHOIO MarHir-
HOIO cucTeMOI0. [111a3MOTpOH reHepye eNneKTpudHy JIyry,
SKa TOPUTh MDK KaTOJOM IIa3MOTPOHA W TOBEPXHEIO
pi3aHHs Ha 3aroTOBIIl, @ B MICI[i KOHTaKTy peai3ye Te-
TUTOBY MOTYKHICTh Yepe3 OIMOPHY IUIIMY KOHTAKTY 3 PO3-
mipamMu a 1D .

Kpim Toro, y 3a30pi Mi’k TOPIIIMHI MarHiTONpoBoOay 2
Ha Iyry 3 BIDIMBAIOTh MAarHITHUM TOJIEeM. A OCKiJBKH
CIICKTPUYHA JIyTa € MPOBITHUKOM 31 CTPyMOM, TO B Mar-
HITHOMY Toxi Ha Hei mie cuia JlopeHma, ska BiAXWMIsE
YTy B IUIONIVHI, MapajenbHii TOPISM MarHiTornpoBo-
Jy 2 1 IeprIeHIMKYIISIPHO 0 BEKTOPA IIBUJIKOCTI Pi3aHHs
y TOKapHii 00poO1i 3aroToBku. TakuM YMHOM, 3MIHOIO
Halpyrd Ha KOTYIIKax MarHiTHoOi cucremyu 3abe3nevy-
€ThCSI MOXKITUBICTh 3MiHU BeIMuuHM cuik JIopeHia, a Ta-
KO 3MIHIOETHCSI BEJIMUMHA BIJIXUJICHHS [11a3MOBOT JIyTH
B Mar"itHomy moJi. Tak, IiJ yac CKaHyBaHHS I1a3MOBOT
IyTH i3 yacToToro cTpyMmy B Mepexi (50 I'm) mrava Ha-
TpiBaHHS 30UTBIIYETHCA B PO3MIpax, JIOKAIBHICTh HATPI-
BaHHS 3HI)KYETHCS, LIO JIO3BOJISIE HATPIBaTH 3arOTOBKY
0e3 oraBiIeHHs 11 TOBEPXHi, a TaKOX 3a0e3medye cTa-
OUTPHICTP TapaMeTpiB MPOIECy IIa3MOBO-MEXaHIYHOT
00poOKH.

IIpn mpoMy ammiiTyna ckaHyBaHHS JYTH @ CKJa-
mae 0,8...0,9 Big mMpUHYM IUIOMIMHU pi3aHHS. MeH-
1€ 3HAYCHHS aMIUTITYAM CKaHyBaHHS IJIa3MOBOI JIyTH
BCTaHOBJIIOIOTH JIJISI MaTepialiiB 3aroTOBKU 3 OLIBIIUM
3HAa4YeHHSIM Koe(il[leHTa TEeIJIONpPOBiTHOCTI (JieroBaHi
CTaji), a MEHIIe 3HAYEHHs] — JUIsl 3arOTOBOK 3 MEHILUM
3HAYCHHSAM KOeQilli€eHTa TEeIUIONPOBIIHOCTI (TUTAHO-
Bi CrutaBm), Mmo0 yHWKHYTH Ae(eKTiB Ha 00poOieHiit
TTOBEPXHI.
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Tak, Ha 00poOJIOBaHIl MOBEpXHI 3arOTOBKU BH-
HUKa€e 007acTh TEPMIYHO 3HEMIIIHEHOT'O METaly, o
JIO3BOJISIE TTOOLMBIIATH MPOIXYKTHBHICTE MEXaHIUHOI 00-
poOKH pislieM y 3a0e3MeUeHHI CTablIbHOCTI MapaMeTpiB
MPOIIECy TUIa3MOBOTO HAarpiBaHHS BHACIIIOK BiJICYTHOCTI
OIUTABJICHHSI TIOBEPXHI 3arOTOBKH, 3MEHIICHHS CTYIICHS
MeperpiBy pisiist i 301IbIIECHHSI HOTO MEPioy CTIHKOCTI.

BUCHOBKM. IIpoanani3oBaHO pe3yibTaTd BILTH-
By IUIa3MOBOi YT Ha MaTepiall IPHUITYCKYy 3aroTOBOK
3 BaXKOOOPOOJIOBAaHMX MarepialiB i OOIPyHTOBAHO
MOJJIMBOCTI  TIABHINCHHS MPOIYKTUBHOCTI  00p00-
KA Ha METaJopi3ajJbHUX BEpCTaTaX, OIFCAHO CIOCi0
3IIICHEHHS MTPOIIeCy M1a3MOBO-MEXaHIuHOT 00pPOOKH.

VY peanbHUX BUPOOHMYMX yMOBaX HEOOXiTHO 10TpH-
MYBATHCS TAKUX BEUMOT JI0 JDKepesia BUCOKOTEMITeparyp-
HOTO IUIa3MOBOTO HAarpiBaHHA, K MOYJIUBICTH PETYIIO-
BaHHS PO3MIpPIB 30HM HarpiBaHHs, BiJICYTHICTH OILIaB-
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JICHHS TTOBEPXHEBOTO Iapy, 3a0e3neyeHHs] piBHOMIpHOT
IIIMOUHN CTPYKTYPHHUX NEPETBOPEHb, JOCSITHEHHS HEO0O-
X1JTHOT MIKPOCTPYKTYpPH 3MIIIHEHOTO HIapy.

TexHI4YHUIi pe3yIbTaT BiJi BUKOPUCTAHHS [IPOIIOHOBA-
HOI MOJIEJ TIa3MOBO-MEXaHIYHOT 0OPOOKH JTUTHX 1 KOBa-
HUX 3JIUTKIB Ta 3aTOTOBOK 13 TBEPOIO JTUBAPHOIO KipKOIO
a00 3 BaXXKOOOPOOIIOBAaHMX CIUIABIB 3a0e3medye MOiM-
IIeHHS 00pOOJFOBAHOCTI IIISIXOM CTBOPEHHS TI0 BCHOMY
NEePETHHY IPUITYCKY 338 PaXyHOK TEPMIYHOTO BILUIMBY,
ayCTeHITHOI a0 1HIIOI CTPYKTYPH, SIKa Ma€ OLTBIT HA3BKI
(hi3MKO-MEXaHIYHI BIACTHBOCTI, HIK BHXIITHUHA MaTepiai
3arOTOBKH. YHACHIZOK IIOT0 TAKOX IiABUIILY€ETHCS TIEpi-
OJ1 CTIMKOCTI pi3aJIbHOTO IHCTPYMEHTY.

3acTocyBaHHS TEXHOJIOTIT IJ1a3MOBO-MEXaHI4HOI 00-
poOKku 3abe3rnedye MiIBUIICHHS TPOAYKTHBHOCTI 00po0-
KH 3arOTOBOK 3 Ba)XKKOOOPOOJIOBAaHMX MaTepiaiiB, sKi
BUKOPHCTOBYIOTHCS B CYyJHOOY/TyBaHHI, €HEPreTUYHOMY
i ripHUYOMY MalIMHOOYAyBaHHI.
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Abstract. The requirements of international standards for electrical, physical, mechanical
and other characteristics of polymeric materials for the insulation and sheath of power, con-
trol, instrumentation and telecommunication cables for shipboard and mobile or stationary
offshore units are given. The tests result of fire hazard characteristics such as: oxygen in-
dex, coefficient of smoke emission during burning and smoldering, resistance to the vertical
flame spread of vertically-mounted bunched cables, toxicity, etc. for cables and polymeric
materials which used in the cable industry are shown. Due to the filling of the polymer
matrix with flame retardants, halogen-free flame-retardant compounds have a higher melt
viscosity than polyethylene or PVC, this must be considering during processing. Filling with
flame retardants reduces physical and mechanical properties, specific volume resistivity of
the polymer compound, however, improves the resistance to the flame spread and reduces
smoke emission, as a separate structural polymer material, and cables in general. Based on
the test results for vertical flame spread of vertically-mounted bunched cables, the impor-
tant part of the ability of halogen-free flame retardant compounds is to form after burning
a hard solid layer of ash, which preventing further flame propagation through the cable, is
noted. Rheological, physical, mechanical properties and fire hazard characteristics of filled
halogen-free compounds for insulation and sheath of cable are considered. It is shown ad-
vantages and disadvantages of halogen-free compounds in comparison with other composite
materials used in cable technology, as well as their importance for producing modern fire-
proof cables and wires.

Keywords: polyvinyl chloride compound; polyethylene; magnesium hydroxide; aluminum
hydroxide; rheological properties; effective viscosity; shear stress; limited oxygen index;
smoke coefficient; total heat release.

Amnotanis. HaBegeHO BUMOTH MIKHAPOTHHUX CTAHAAPTIB 10 ENEKTPUIHUX, (i3UKO-MEXaHIq-
HHX Ta [HIIMX XapaKTepUCTHK MOJIMEPHUX MaTepialiiB st 130J1s11ii Ta 000JI0HKN KabelliB cH-
JIOBHX, KOHTPOJILHUX, KEPYBaHHS i Iepe/iadi JaHuX, 110 BUKOPHCTOBYIOThCS Ha Cy/IHAX 1 ITPH-
OepexxHUX MOOUTFHHX a00 CTalliOHAPHUX YCTaHOBKaX. [loka3zaHO pe3ynsraTd BUIPOOYBaHB
TTOJIIMEPHUX MaTepialliB, M0 3aCTOCOBYIOTHCS B KaOCNBHIN MTPOMHUCIOBOCTI, 8 TAKOX TOTOBHX
KaOeJIiB y HU3II TAKUX MOKESIKHUX XaPAKTEPHUCTHK, SIK KMCHEBHUH 1HICKC, KOCQIIIEHT AUMO-
YTBOPEHHSI ITiJ] Yac FOPIHHS Ta TIIHHS, CTIHKICTh 10 MOMIMPEHHS MOIyM s, BEPTHKAJILHO PO3-
TaIIOBAaHOTO ITy4YKa KaOeliB, TOKCHYHOCTI Ta iH. PO3mIsHYTO peororivHi, (i3uko-MexaHiuHi
¥ TTOKEKHI BIACTUBOCTI HAITOBHEHNX O€3rajIOr€HHMX KOMIIO3HINHN [UIA 130/l Ta 000I0H-
K1 KaOesiB. YHACIIIOK HAlOBHEHHS MMOJIMEPHOT MaTpuIll aHTHUIIPEeHAMH Oe3raloreHHI KOM-
MO3UIIiT, 10 HE PO3IOBCIO/PKYIOTh TOPIHHS, MAlOTh OUIBII BUCOKY B’SI3KICTH PO3ILIAaBY, HIK
moiermnenn 1 [IBX mracTukary, mo HeoOXiTHO BpaXOBYBaTH ITi 9ac IMepepoOKH y BHPIO.
HanoBHeHHs aHTHITIpEHAMH NIPU3BOAUTH 10 3HWKEHHS IIMTOMOIO 00’ €MHOTO €JIEKTPHYHOTO
OIIOpY TOJIIMEPHOT KOMIO3HIIiT, 3HKEHHS 11 (DI3MKO-MEXaHIUHHUX ITapaMeTpiB, OHAK L J0-
3BOJISIE MIZABUINUTH CTIMKICTH IO PO3MOBCIOPKEHHS TOPIHHS 1 3HU3UTH YTBOPEHHS AUMY SIK
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KOHCTPYKIIHHOTO MOJIMEPHOTO MaTepialy OKpeMo, Tak 1 kabeinbHOT npoxyKuil B 1ijioMy. Ha migcraBi orpumaHux pe-
3yNbTaTiB BUNPOOYBaHb HA CTIHKICTH 10 TOPiHHS KAaOeiB, [0 POKIIA/ICHI ITyYKOM, Bi/J3HAUCHO BaKJIMBY POJIb 31aTHOCTI
Oe3raoreHHUX KOMITO3UIIiH, 10 He PO3MOBCIOHKYIOTH TOPIHHS, 10 CTBOPEHHS TBEPOTO IUTICHOTO Iapy 30JH TTiCIs
3ropaHHsl, KUl IePEIIKO/DKAE MOAABIIOMY MTONIMPEHHIO MOIyM st KabeneM. BujtinieHo niepeBary Ta HeJIoNiku O6e3raio-
TeHHUX KOMITO3UIII/ MOPIBHSHO 3 IHIIMMH KOMITO3UIIIHHUMH MaTepiajiaMy, 1110 BAKOPUCTOBYIOTHCS B KaOEIbHIN TEXHII],
a TaKOXX BXKJIMBICTB JUISI CTBOPEHHS CyJacCHHUX TOXKEKO00E3MEeTHNX KaOelliB Ta MPOBOJIIB.

Ki11040Bi cj10Ba: MONIBIHITXIOPUIHAN TIACTUKAT; TOIETHIICH; T1APOKCHI MarHilO; T1IPOKCHI AIFOMIHIIO; peoJIorid-
Hi BJIACTUBOCTI; e(peKTUBHA B’ SI3KICTh; HANIPYKEHHS 3CYBY; KUCHEBHUH 1HICKC; KOSQIIIEHT JUMOYTBOPEHHS; CyMapHe
TEIUTOBUIIEHHS.

Annotanus. [IpuBeneHsl TpeOOBaHMS MEXKIYHApPOAHBIX CTAHAAPTOB K JIIEKTPUUECKUM, (PU3NKO-MEXaHWYECKUM
U JIpyTUM XapaKTePUCTHKaM MOJMMEPHBIX MaTepHaIoB JUIsl H30JISIUN B 000JIOYKH Kabeseil CUIIOBBIX, KOHTPOJIBHBIX,
yIIpaBJICHUs ¥ Iepeadu JaHHbIX, UCTIOIb3YEMBIX Ha Cy/laX U MPUOPEIKHBIX MOOMIIBHBIX HITH CTAI[HOHAPHBIX YCTaHOB-
kax. [TokazaHbl pe3yabTaThl HCIBITAHUN MOJIMMEPHBIX MaTepHajioB, IIPHMEHIEMBIX B Ka0EIbHON MPOMBIIIICHHOCTH,
a TaKk)Ke TOTOBBIX KaOeJeH 1o psily TaKUX IMOXKapHbIX XapaKTEPUCTHK, KaK KMCIOPOAHBIH HHACKC, KOI(PPHUIIUESHT JbI-
M000pa3oBaHust IPH TOPEHUH U TICHUH, CTOWKOCTh K PaclpOCTPaHEHHUIO IUIAMEHHU, BEPTHKAIBHO PACIIOIOKEHHOTO
Iy4Ka Kabesiel, TOKCHYHOCTH U Ap. PaccMoTpeHs! peonornueckue, (PU3NKo-MeXaHHUECKUE CBOMCTBA M ITOXKapHbIE Xa-
PaKTEPUCTHKN HAIIOJIHEHHBIX 0€3raJIoreHHBIX KOMITO3HIIUH ISl M30JISIIIMK M 000JI0uKY Kadeneil. Beneacrue Haron-
HEHHs TIOJIMMEPHOM MaTpHUIbl aHTUITMPEHAMHU O€3rajoreHHbIe He PacipOCTPAHSIOINE TOPEHHE KOMITO3UIIUH UMEIOT
Oosiee BBICOKYIO BSI3KOCTh paciulaBa, 4eM MoiudTwieHsl u [1BX mmacTukarsl, 4T0 HEOOXOANMO YUHUTBIBATH MPU HX
nepepabotke B u3zenue. HaroiaHeHne aHTUMMPEHaMU MPUBOJMT K CHIDKEHUIO YCTIBHOTO 0OBEMHOTO AIEKTPHYECKO-
TO CONPOTHBIICHHS TIOIMMEPHON KOMITO3MIINH, CHIKCHUIO €€ (M3MKO-MEXaHHYECKHX MapaMeTpoB, OJHAKO JTO I10-
3BOJISIET MOBBICUTh CTOMKOCTB K PACIpOCTPAHEHUIO TOPEHUS U CHU3UTH JIBIMOBBIICIICHUE KaK OTAEIBHOIO KOHCTPYK-
LIMOHHOTO MTOJIMMEPHOT0 MaTepraa, Tak 1 KaOeJIbHOM MPOIYKIUH B IIe7IoM. Ha OCHOBaHHMH MOTyUEHHBIX PE3yNbTaToB
WCTIBITAaHUI Ha CTOMKOCTB K TOPEHHIO KaOelel, MPOIoKeHHBIX ITyYKOM, OTMEUeHa BayKHasl POJIb CIOCOOHOCTH Oe3ra-
JIOT€HHBIX HE PacIpOCTPaHAIOIIIX TOPEHHE MaTepPUaIoB K 00pa30BaHUIO IIOCIIE CTOPAHUS TBEPAOTO LIEIOCTHOTO CIIOS
30J1B1, IPETATCTBYIOLIETO JaJIbHEHIIIEMyY paclipoCTpaHEHHIO INIAMEHH 110 Kabero. BrieneHs! mpenMyIecTsa 1 Helo-
CTaTKH 0e3TraJIOreHHBIX KOMIIO3UIIMH TI0 CPAaBHEHHIO C APYTMMH KOMIO3UIIMOHHBIMHI MaTeprallaMH, TPUMEHSIEMbIMU
B KaOeJIbHOI TEXHMKE, a TAK)KE UX BXKHOCTH JUIsl CO3/IaHHsI COBPEMEHHBIX TI0’Kap00e30TacHbIX Kabelne 1 MpoBOJIOB.

KiaroueBnble ciioBa: HOJ'H/IBI/IHI/IJ'IXJ'IOPI/II[HHﬁ TJIACTUKAT, MMOJUITUIICH; TUAPOKCUA Maruus; riipOKCHUJ aJlftOMUHUSA; pe-
OJIOTHYCCKHUEC CBOﬁCTBa; S(I)q)CKTI/IBHaH BA3KOCTb; HAIIPSPKCHUC CABUTA; KHCJIOpOZ[HbII;‘I HHACKC, K03(1)(1)I/I]_II/IGHT JABIMOO-
6paSOBaHI/I$I; CYMMapHO€ TCIJIOBBIACICHUC.
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IMocranoBka 3amxayu. C poCTOM HACHIIIEHHOCTH CY-
JIOB KaOeIbHO-TTPOBOAHUKOBOM TPOAYKIKEH moTpeduTe-
JIIMU TIPETBABILIIOTCS BCe Ooliee JKECTKIE TpeOOBaHUS K
AIIEKTPUYCCKUM, MEXaHHYCCKUM H, B 0COOCHHOCTH, TIO-
JKapHBIM XapaKTEPUCTHKAM KaK OTIEIBHBIX KaOelnei, Tak
1 KaOEIbHBIX TPACC B IIETIOM.

K oCHOBHBIM mIapameTpam, XapaKTepU3YIOIIUM IO-
YKapHyIo 0€3011acHOCTh Kabeneil, MO)KHO OTHECTH:

— CTOMKOCTb K PaclpOCTPaHEHUIO FTOPEHHUSI TIPH OJIH-
HOYHOM PAcHOJIOKEHUH KaOellsi ¥ IPOKIIaIKe yYKOM;

— MaJioe JbIMOBBIJICIICHHE TIPH TOPEHNUH;

— HHU3Kasi KOPPO3NOHHAS aKTUBHOCTH Ta30B, BBIICIIS-
eMBIX IIPH TOPEHUH Kabens (OTCYTCTBHE TaJIoTeHCOIEp-
JKaIHMX Ta30B);

— OTHECTOHKOCTH (COXpaHEeHHE PabOTOCIIOCOOHOCTH
Ka0eIs B yCIOBUAX BO3ICHCTBHS Ha HETO TIAMEHH) U 1IP.
[2,c.3-4; 5, c. 37-38].

JlnurenbHOE BpeMs NPH HM3TOTOBICHUH CTOMKHX
K pacrpoCTpaHEHHIO TOpeHHs Kadened NMpUMEHSUIH TOo-
JIMBUHUIXJIOPU/IHBIE KOMIIO3UIIMU TTOHW)KEHHOW TOpIO-
YeCTH, KOTOPbIe MPU TOPEHUH BBIJIEIISUIN 3HAYUTEILHOE
KOJIMYECTBO JIbIMa, B COCTaBE KOTOPOTO B OOJBIIOM
KOJIMYECTBE COJCPIKAIICS XJIOP U €ro CoeluHeHHs (rajo-
TCHBI).

BrieneHne TajgoreHCOAEpIKAlIUX Ta30B SIBISACTCS
KpaifHe HEe)XeNaTeNbHBIM, T. K. IPH WX B3aHMMOJCHCTBUU
C BIIaroil BO3Ayxa 0Opa3yloTCs KUCIOTHI, KOTOPBIE BIIO-
CIICZICTBUH, Ja)X¢ HAa 3HAYUTEIHHOM YOAJIIEHUH OT 30HBI
moXkapa, KOHJACHCUPYIOTCS Ha Pa3IMIHOM JIEKTPOo0opy-
JOBaHUW, B TOM YHCIIE, oOecreunBaronieM (pyHKIIMOHH-
pOBaHKE BaYKHBIX CHCTEM IIO’KapOTYIICHHS M DBAKyallHH,
BBIBOJISI UX U3 CTPOSL.

Takne kabenu XOTsl ¥ IPUMEHSIOTCS Ha CyJiax, B pas-
JIMYHBIX 00JIACTSIX MPOMBIIUIEHHOTO CTPOUTENBCTBA, HO
COBPEMCHHBIM TPEOOBaHMSIM MOXKAPHOH OE30MacHOCTH
B IIOJIHOM M€pe YK€ HE COOTBETCTBYIOT.

BrimonHnenue Gomnee KeCTKUX TpeOOBaHUH IO TMO-
JKapHOH 0e30MacHOCTH Kabenel cTajao BO3MOXKHBIM OJia-
romaps HOBOMY KJacCy MaTe€pHalioB — O€3raJoreHHBIM
KOMITO3HIIUSIM.

HEJIb UCCIEJIOBAHUSI — ananmu3 mnpeumy-
[IECTB M HEAOCTATKOB 0E3rallor€HHBIX KOMITO3HITHIA
10 CPAaBHEHHIO C JIPYTUMH MaTepHajaMH, KOTOpPBIC HC-
TTONB3YIOTCS U M3OJIAUME M 000NodYeK Kabemed, Ha
OCHOBaHHMM WMeIoIIelics WHQOpMAMA W pPEe3yJIbTaTOB

UCTIBITAaHUHN, TIPOBEICHHBIX B Jaboparopuu [IpAO «Yk-
pHUUKII», ouenka u 000CHOBaHHE 11€1€CO00Pa3HOCTH
NpUMEHEHHs Oe3rallOreHHBIX KOMITO3UIIMI MPU H3TOTOB-
JICHUH KaOeJIbHO-IIPOBOHUKOBOM MIPOILYKIIHUH.

OcHoBHoIi MmaTepnaJ. TepMuH «Oe3rajioreHHas KoM-
MO3UIMS» HE SBISETCS CTPOTMM OOO3HAYEHUEM IOJIH-
Mepa Kak, HalmpuMmep, MOJUATHIICH WM TTOTUIPONNTICH,
OJIHAKO ATOT TEPMHH CHIILHO YKOPEHHJICS B KaOelbHOM
OTpACIv, IOTOMY TIPEJICTABIISET COOOH OT/IENBHBIN Ki1ace
MaTepuasoB C MOBBIIIEHHON CTOMKOCTBIO K pacipocTpa-
HEHHIO TOPEHUsI.

Kak cnenyer u3 Ha3BaHUs, O€3rajJoreHHbIe KOMITO31-
IIUH — 3TO HOJIMMEPHbIE MATEPUAIIBI, B COCTABE KOTOPBIX
OTCYTCTBYIOT WJIM UMEIOTCS B OYEHb MaJIOM KOJHYECTBE
(menee 0,5 % macc.) TaoreHsl 1 KOTOPbIE UMEIOT TIOBBI-
MIEHHYIO CTOMKOCTh K PAaclpOCTPAHEHHIO TOPEHHS TIPH
BO3JCICTBUM IIJIAMEHH.

BesranoreHHsle KOMIO3UIMM, KaK MpPaBUIIO, U3TO-
TaBJIMBAIOTCSI HA OCHOBE MONMOIE()UHOB — IOIUITH-
JIEHA WM COIOJIMMEPOB 3THIICHA (ITUIECH-BUHUIIALETAT,
STHJIEH-aKpWJIaT U Jp.) C BBEJCHUEM B MOJIMMEPHYIO
MaTpuIly aHTHITUPEHOB W JPYTUX 100aBOK, MOBBIIIAIO-
XX CTOHKOCTH Marepuasa K TOPEHHUI0, a TaKXKe JTydlIle-
My AWUCHEPrMpOBaHUIO HANOJHUTENIeH B moiumMepe [14,
c. 121].

Hamubonee mmpoko B kadecTBe 0a30BOTO MOJIMMEpa
Julsl 0€3raJlOreHHbIX KOMIO3UIMH UCITIOIb3YeTCsl dTHIICH-
Bunmianerar (EVA) — cononumep sTuieHa ¢ BUHMIIA-
nerarom (puc. 1).

DU3NKO-MEXAaHUYECKHE M XMMHMUYECKHE CBOMCTBA
JTAHHOTO COMOJMMeEpa OIpeesieT COOTHOLIECHUE COllep-
JKaHUS STUIICHOBBIX W BUHWJIAIICTATHBIX 3BCHBEB.

C yBennueHHeM B CONONMMEPE IOJIM BUHHIIALETAT-
HBIX 3BEHBEB MOBBIMIACTCS IUIOTHOCTh, MPO3PAuyHOCTb,
UACTUYHOCTh  (KAyIyKOIIOJOOHOE COCTOSIHHUE), CTOM-

H H H O
C—et—te-c+
Hoh) LA A

n m

Puc. 1. Crpykrypnas popmymna monekynsl EVA
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KOCTb K BO3/JICHCTBUIO Macell, 030HY, OJHAKO CHUKAETCs
MIPOYHOCTb IPU PACTSIKEHHH, TEIUIOCTOWKOCTH, TBEp-
JIOCTh, KPUCTATTMYHOCTb.

C yMeHbIIEHHEM COAEp)KaHUS BUHMJIAIETATHBIX
3BEHbEB M YBEIWYCHHEM ATUJICHOBBIX COIMOIMMEp 00-
JIaZlaeT CBOMCTBAMH, XapaKTEPHBIMM ISl IOJIMITUIIEHA
HU3KOW TUIOTHOCTH.

Jnst oGecnieueHusi BHICOKOH CTOWKOCTH K pacmpo-
CTPaHEHHIO TOPEHUs] MOJIMMEp HAIOJIHSAIOT OONBIINM
xonmuecTBoM (1o 70 macc. %) HEOpraHMYEeCKHUX aHTHU-
nupeHoB [13, c. 226]. BBenenue aHTUNHUPEHOB MO3BO-
JSIET 3HAUUTENBHO TIOBBICHTH KHCJIOPOAHBIH WHIEKC
(LOI) marepuana, XapakTepU3yIOIIMH MHHHUMAJIBHOE
COZIepXKaHUE KHCIOPOAA B a30THO-KHCIOPOJHON CMECH
ra3oB, I[P KOTOPOM BO3MOYKHO CBE4€00pa3zHOEe TOPEHUE
Marepuasa: 4eM OoJblIe coJepiKaHue aHTUIHPEHa, TeM
BoItre LOI KOHEYHOH KOMITO3HIINH.

OpnHaKo ¢ MOBBIIIEHUEM CTEIIEHN HAIIOJHEHUS aHTH-
MTUPEHAMH CHIDKAIOTCS (PU3NKO-MEXaHWIEeCKNE XapaKTe-
pucTUKHM nonumepa. MiMeHHO Onarojapsi BHICOKHM HC-
XOJHBIM (/10 BBEACHUSI aHTHITUPEHOB) (PU3MKO-MEXaHU-
YECKHUM CBOMCTBAM, BBICOKOM COBMECTUMOCTH C pa3Jiny-
HBIMH HAIOJHUTEJISIMH M IIMPOKUMH BO3MOXHOCTSIMH
BEIOOpaA CBOUCTB 0a30BOr0 monmMmepa (IIyTeM BapbHPO-
BaHUS cOoZlepKaHMs alleTaTHbIX rpymmn), EVA conoiaume-
PBI HIMPOKO IPUMEHSIIOTCSI B KAUECTBE MOJIMMEPHOI 0c-
HOBBI IIPH U3TOTOBJIEHUH 0€3TraJOT€HHBIX KOMITO3UIIUH.

B kauectBe aHTHUNMpPEHOB ISl Oe3TrajOreHHBIX
KOMIIO3UINI C TOHMKEHHBIM JIBIMOBBIJICICHUEM B OC-
HOBHOM HCIIOJIB3YIOT THApokucun amomunus Al(OH),
n ruapokcua Maraus Mg(OH),. [llnpoko npuMensembie
raJIOTeHCO/IepKAllie aHTHUIIUPEHBI B TaHHBIX KOMIIO3U-
LUSIX IPUMEHSATHCSI HE MOTYT O OIPE/ICJICHHIO.

MexaHu3M JeHCTBUS TUJIPOKCUAOB METAJIOB Clie-
JYIOILIU: TP BO3AECHCTBUY IIIIAMEHH U, KaK CIEICTBUE,
TIOBBIIICHUS] TEMIIEPATYPBI, aHTUIINPEH, BXOSIINN B UX
COCTaB, pasjaraercs ¢ BbIACICHUEM HETOPIOYHUX ra30B:

Mg(OH), —~—MgO + H,0;
2A1(OH); —— Al1,0; +3H,0.

Brinenenne ra3000pa3HOi BOIBL, a TakkKe SHIOTEp-
MHYECKHUI Mpolece JASCTPYKIMK Marepuana U pasjioxke-
HUS aHTUIIFPCHA CHIDKAIOT TEMIICpaTypy W KOHIICHTpa-
LUIO BBIIENISEMBIX Ta3000pa3HBIX TOPIOYHUX MPOAYKTOB
B MPUTPaHUYHON NpeIITIaMEHHOM 30HE, Y4TO 3aMemIsieT
MPOIIeCcC PACHpPOCTPaHeHUS TUIAMEHH MO Kabemro [13,
c.217].

I'mopoxenn amomunust (ATH) Oonee mmpoxo wc-
MOJIB3YCTCA MPU U3TrOTOBJICHUU 0Oe3rajlIoreHHbLIX KOMITO-
3MIUH, OJIHAKO 110 CPABHEHMIO C THUAPOKCHIOM MarHUs
€ro pa3IoKeHHEe MPOMCXOIUT IIPH MEHBINEH TeMIepaTy-
pe (puc. 2), 4To OKa3bIBaET BIUSHUE HA TEMIIEPATypHBIC
PEXXUMBI TIepepadOTKN Oe3ralOTeHHBIX KOMITO3UIIHIH.

Ocobennocmu  nepepadomku,  peonozuiecKue
ceoiicmea

Kax u3BecTHO, 3QdeKTHBHAS BSI3KOCTH 1| pacruiaBa
MIPSIMO TIPOIIOPIMOHAIbHA HANPSDKEHUIO CABUTA T U 00-
paTHO MPOTOPIMOHATBFHA CKOPOCTH caBura y [7, c. 580]:
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Yo

BonbIIMHCTBO O€3rajoreHHBIX HE PacHmpOCTPaHSIO-
IIMX TOPEHHE KOMITO3UIMHA MMEIOT BS3KOCTh pacIuiaBa
BBIIIIE, UeM Y KoMno3unuil nonudtunena unu [IBX. Oto
OOBSICHACTCS BBICOKMM HAIOJIHEHHEM IOIMMEPHOI Ma-
TPUIBI AHTUIUPEHAMU: YEM OHO BBIIIE, TEM BBIIIEC Ha-
npspkerne casura (puc. 3) [1, c. 35].

B cBoro ouepenp, 4eM BBIIIE BA3KOCTh pacIlIaBa
1 HaINpsDKEHUE CJIBUTA, TeM O0JIbIee KOJTMYEeCTBO TETIO-
ThI () BBIJICTISIETCS B IIPOLIECCE IKCTPY3UH:

O~nvy.’.

W3 npuBeneHHOro cieayer, 4yTo MpH nepepadoTke
0e3rajloreHHBIX KOMIO3HWIUN B pe3ynbTare OOJBIINX
C/IBUTOBBIX HAIPSDKEHUI MPOUCXOMUT OoJiee MHTCHCUB-
HBII caMOPa30TpeB pacIijiaBa MaTepuana.

Ha puc. 4 npuBeneHo BIUsSHUE TEMIEPATyPsI U ATH-
TEJILHOCTH €€ BO3/ICHCTBHS Ha KOJIMYECTBO BBIACIIEMOMH
BOIBI TIPU PA3IOKEHUH THUIAPOKCHAA aTIOMHUHHUS [12,
c. 89].

W3 mpencTaBieHHBIX AaHHBIX BHUAHO, YTO IPU Ha-
XO0KACHUU MaTe€puaia ¢ TMAPOKCUAOM aJIFOMHUHHA B DKC-
Tpyaepe 6onee 5 muH npu Temmeparype 180 °C moxer
HA4YMHATLCS BBIIEJIICHUE BOABI B ra3000pa3HOM COCTOS-
HUHM U, KaK CJIeJICTBUE, 00pa3oBaHue [TOp B MaTepualle.

100 T T T T T
2 90 Mg(OH),
a ATH
©
E 80|
=
[
o
S 70+

60 1 1 1 1 | 1 1
0O 100 200 300 400 500 600 700 800

Temperature (°C)

Puc. 2. TepmorpaBUMEeTpUYECKUE KPUBBIC PA3JIOKEHHS TH-
npoxkcunaa amomuHus (ATH) u runpokcuna maraus [4, c. 285]
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5 VeenuueHue
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Hanp;m(e}me casura T

Puc. 3. I'padpmueckoe n3zo0paxkeHHE 3aBHCUMOCTH CKOPOCTH
U HaNpsDKSHUsI C/IBUra OT CTETICHU HAIMOJHEHUs! oIMMepa
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Puc. 4. Paznoxenue TUAPOKCHJIa AJIIOMUHUS TIPU PA3JIMYHBIX TEMIIEPATYPHO-BPEMEHHLIX YCIOBUAX

Ilo BbIICyKa3aHHBIM HPUYUHAM IKCTPYAEPHI IS
nepepaboTkn Oe3raJoreHHBIX KOMMO3UIMH OCHAIIaroT-
csi Oojee MOIIHBIMH TIPHBOJAMH, TOYHBIMU CHCTEMa-
MH KOHTPOJISI TEMIEPaTyphl, CHEUUaIbHBIMU ITHEKAMHU
¢ L/D = 20...24, nuskoii xomnpeccueit 1:1,2 u HU3KOIi
(PUKIIMOHHOW HAarpy3KOH IJIs1 UCKITIOUCHNST BO3HUKHOBE-
HUSI IOTIOJTHUTEILHOTO COMTPOTUBIICHHS ITOTOKY pacIiiaBa
nonumepa. KaHaisl U paciiiaBa IoJIMMepa B TOJIOBKE
9KCTpyAEpa TaKXKe JIeJIAl0T TakuM 00pa3oM, 4ToObI CO-
MIPOTUBIICHNE pacIUlaBy ObLJIO MUHHMAJIBHBIM (C 0OOJIB-
woit myounoit) [11, c. 20].

MaxkcuManpHYI0 TeMIlepaTypy rnepepaboTku Oesra-
JIOTEHHBIX KOMITO3MIMH, KaK MPaBHIIO, OIPEACNSET TO,
Kakoil M3 aHTUIHMPEHOB BXOIWUT B €€ cocTaB. Temmepa-
Typa paciuiaBa 0e3rajoreHHbIX KOMITO3HLHUH C THAPOK-
CHUJIOM aJIIOMUHUS HEe Mo/bkHA mpeBbimath 170...180 °C,
KOMITO3UIINHU C THIPOKCHIOM MAarHus JOITyCKAIOT Iepe-
pabotky mpu Temmeparypax g0 220...230 °C.

3J1el<mpuuea<ue u t[)u3ul<o-mexanuuec1(ue ceolicmea

B [5, c. 37] m geranbHo B [6, c. 9—17] ycTaHOBIEHBI
TpeOoBaHMS K 6e3raJoreHHBIM KOMITO3HIIMSIM JUTST H30J151-
IIUU 1 000JIOUKH CYIOBBIX Kabesei (Tadu. 1-4).

Hamonnenne mnomuMepHOW MaTpHUIbl aHTHIIApE-
HAMH OKa3blBaeT 3HAYMTENHHOE BIHMSIHHE Ha JJIEK-
TpUYecKne W (HU3MKO-MEXaHWYEeCKHEe CBOWCTBA IIONYy-
yaemoro wmarepuana. C yBeIMYEHHEM CTENEHH Ha-
TIOJIHEHHMST TIOJIMMEPa aHTHITUPEHAMH CHIIKAIOTCSl €ro
MPOYHOCTh TIPH Pa3pbIBE, OTHOCHUTEIBHOE YHJIMHEHHE,
yAeNbHOE O0BEMHOE 3JIEKTPUYECKOEe CONPOTHBIICHHE,
MOPO30CTOUKOCTb.

Kak BugHO m3 Tabn. 2—4, HOpMHUpyeMble 3HAYCHUS
YAETBHOTO 0OBEMHOTO MIEKTPUIECKOTO COMIPOTUBIICHNS,
COTIPOTHUBIICHUS U30JSILIMU, OTHOCUTEIBHOTO YIITMHEHUS
IIPU Pa3pbIBe IS HAMIOIHEHHBIX 0€3rajoreHHBIX KOMIIO-
sunuit (HF 90, SHF 1, SHF 2) cHukeHsl 10 CpaBHEHUIO €
JPYTHMMH MaTeprajaMi Ha OCHOBE OJINONE()UHOB, TAKH-

Ta6auna 1. Turs! MaTepraIoB IS N3OSN U 000JIOUKH CYJOBBIX Kabeeit

06 MakcuManbHO AOITyCTHMast TeMIIepaTypa Ha
Tun matepuana qe(:f::- TOKOTpoBOAAIIeH sxue (°C) TIpH PeskUMax poboThl Kabers
HopwmanbHeIii pesxxum paboTs | Kopotkoe 3ambikanue
Jlnst m3onsnmu
Ha ocHoBe 5THIIEH-TIPONIUIIEHOBON PE3UHBI UK
aHAJIOTUIHOTO MaTepI;Iana b EPR 90 250
Ha ocHoBe BEICOKOMO/YJIbHOM MM TIOBBILICHHON
TBEPIOCTH 3THneanoZ[r¥nneHosoﬁ PE3UHBI HEPR 90 2350
Ha ocHoBe cIIUTOTr0 MONU3THIIEHA XLPE 90 250
Ha ocHOBe cIMTOro0 MOJIHOIE(HUHOBOTO MaTepuaa HF 90 90 250
Ha ocHOBe cuiInKOHOBOM pe3uHbI S 95 95 350%
Jlost o6ost0uKH
Pe3uHBI Ha OCHOBE XJIOPHPOBAHHOTO MIIN SH 90 B
XJIOPCYIb()UPOBAaHHOTO MOMUITHIEHA
Pesunbl Ha 0OCHOBE XJIOPONIPEHOBOTO KayuyKa SE 90 -
Crmras 6e3rajloreHHasi KOMITO3HIHS SHF 2 90 -
TepmomnactTiuHas 6e3rasoreHHast KOMIO3UIHS SHF 1 90 -
[TonMBUHUIXIOPUIHBINA IIACTUKAT ST2 90 -

*3HaueHue He paclpoCTPAHAETCs Ha KaOeIH C KHUIIOH U3 JIy)KEHON MEJIHON MPOBOJIOKH U MIPUMEHUMO TOJIBKO JUIS CHIIOBBIX KaOelei.
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Taéauua 2. TpeboBanus K GPU3NKO-MEXaHUIECKUM MapamMeTpaM MaTepUasioB Ui 000I04YeK CyI0BbIX Kabernei

MARINE INFRASTRUCTURE

Haumenosanue napamerpa

3HaueHHe napamerpa

SH SE SHF 2 SHF 1 ST2
1. Mexanu4eckue napaMeTpbl 10 CTapeHHs
1.1. TIpoyHOCTH IIpH pacTsiKeHuH, He MeHee, H/Mm? 10,0 10,0 9,0 9,0 4.2
1.2. OTHOCUTENBHOE YUIMHEHHE, He MeHee, Yo 250 300 120 120 200
2. MexaHHUYEeCKHUE XapaKTePUCTUKH MOCIIC CTAPEHHUS:
— Temmeparypa, °C 100 100 120 100 135
— IIPOJIOJKUTENBHOCTD BO3JICHCTBHS, U 168 168 168 168 168
2.1. IIpoyHOCTB ITPU PACTAKEHUU:
— MHUHHMaJIbHOE 3HaYeHue, H/Mmm? - - - 7,0 -
— OTKJIOHEHHE, He Oonee, % +30 +25 +30 +30 +30
2.2. OTHOCHUTENIBHOE YIIMHEHUE TIPU Pa3phIBe:
— MHHUMaJbHOE 3HaYeHue, % - 250 - 110 -
— OTKJIOHEHHE, %, He Oojiee +30 +40 +30 +30 +30
3. McmeiTaHne Ha TETUIOBYIO JIe(OPMAIIHIO
— Temneparypa, °C 200 200 200
— IPOJIOJKUTENBHOCTD BO3JICHCTBHS, U 15 15 15
— MexaHudeckoe HanpspkeHue, H/em? 20 20 20 - -
3.1. VanuHeHue 1o Harpy3Koii, He 6onee, % 175 175 175
3.2. Ocrarounas gedopmarus, % 15 15 25 - —
4. CTOIKOCTb K BO3JEHCTBUIO Macesl
— Temneparypa, °C 100 100 100
— IPOAOIDKUTEIBHOCTD BO3ACHCTBYS, U 24 24 24 - -
4.1. I3meHeHne MPOYHOCTH TIPH PACTSHKEHUH, % +40 +40 +40
4.2. I3meHeHne 0OTHOCUTEIBHOTO YUIMHEHHUS, Yo +40 +40 +40 - -
Tadmuua 3. TpeboBanus Kk GU3NKO-MEXaHHYESCKIM TTapaMeTpaM U3OJISIIMOHHBIX KOMIIO3UIMN /TSI CYIOBBIX KaOemei
3HaueHue mapaMeTpa
Haumenosanue napamerpa
EPR HEPR XLPE HF 90 S 95
1. Mexanudeckue napaMeTphl 10 CTapeHHs
1.1. TIpoyHOCTH IIpH pacTshKeHUH, He MeHee, H/Mm? 4,2 8.5 12,5 9,0 7,0
1.2. OTHOCHTENIPHOE YUIMHEHUE [IPU pa3pbiBe, HE MeHee, %o 200 200 200 120 150
2. MexaHHUYECKHE XapaKTePUCTUKH MTOCIIC CTAPEHHS:
— Temneparypa, °C 135 135 135 135 200
— IIPOJIOJKUTENBHOCTD BO3JIEHCTBHS, U 168 168 168 168 240
2.1. I[IpoyHOCTb NpH pacTHKEHUU:
— MUHUMaJIbHOE 3HaueHne, H/mm? — - - - 5,5
— OTKJIOHEHHe, He Ooiee, % +30 +30 +25 +30 -
2.2. OTHOCHUTENIBHOE YITMHEHUE TIPU Pa3phiBe:
— MUHHMaJIbHOE 3HaueHue, % - - - 100 120
— OTKJIOHEHHE, %, He Oosee +30 +30 +25 +30 -
3. McrmpiTaHne Ha TEIUIOBYIO Je(OPMAIIHIO:
— Temneparypa, °C 250 250 200 200 250
— IPOJIOJKUTEBHOCTD BO3JICHCTBHSL, U 15 15 15 15 15
— MeXaHu4deckoe HanpspkeHue, H/em? 20 20 20 20 20
3.1. YanuHeHue 1o Harpy3Koi, He donee, % 175 175 175 175 175
3.2. Ocrarounas peopmarys ocie CHATHS Harpy3KH, % 15 15 15 15 25
Ta6auua 4. TpeGoBaHHS K NEKTPUIESCKUM ITapaMeTpaM H30JIIIIMOHHBIX KOMITO3HIUHI JUIS CY/IOBBIX Kabemeit
Tumn U30JIAIMOHHOTO MaTeprana
HammenoBanme nmapameTpa
EPR HEPR XLPE HF 90 S 95
VYrensHOE 00BEMHOE dICKTpHYCCKOE compoTuBieHue p (OM cm):
—mpu 20 °C, He MeHee 1,0x10% 1,0x10% | 1,0x10% | 1,5x10™ | 5,0x10"
— MpU MaKCUMaJbHO# pabodeli Temiieparype, He MeHee 1,0x10"2 1,0x10"2 | 1,0x10' | 1,5%10" | 5,0x10'
VBenmueHne eMKOCTH IPH NEPEMEHHOM TOKE IT0CIIE TIOTPYyKEHHS
B Boxy ipu 50 °C (%):
— MEXJly KOHIIOM 1-ro 1 KoHuoM 14-ro nus, He 6osee 15 15 — 15 15
— MEXJTy KOHIIOM 7-TO W KOHIIOM 14-ro0 JHsI, He Ooiee 5 5 — 5 5

209




gHIPBUILDIN

MARINE INFRASTRUCTURE

MU, Kak dTuieHnponuieHosas pesuHa (EPR), Bbicoko-
MOJYJIbHAs MM MOBBIIIEHHON TBEPJOCTH dTUIIEHIIPOIIN-
nenosast peauna (HEPR), curureiii monuatuien (XLPE).

Hoofcapu ble Xapaxkmepucmuku

K OCHOBHBIM XapaKTEpUCTHKaM Oe3rajoreHHbIX
KOMITO3HIIAH, XapaKTepPH3YIOMIUM WX ITOBEICHHUE IIPU
BO3JICHCTBHUU OTHsI, OTHOCSIT OTCYTCTBHE TaJIOTCHOB, TO-
prodects, K03 duimerT apMoodpa3oBaHus TIPH TOpe-
HHUH U TIICHUHU, TOKCUYHOCTS [2, ¢. 3—4].

1. Omcymcmeue eanocenos B 6€3raJOTeHHBIX KOM-
MTO3UIHSAX TTOITBEPKIAIOT KOMIDICKCOM HCIBITAHUN CO-
rmacHo TpeboBaHusM [7-9].

CormacHO yCTaHOBJICHHBIM HOPMaM, MaTepHai CUH-
TaeTCsl OE3rajJOreHHBIM MPHU BBITIOHCHUH CIICAYIOIINX
YCIIOBU:

— coneprkanue xiyopa (Cl) u 6poma (Br) B razax, BbI-
JeIIEMBIX TIPU TOpEHUK MaTepuaa, He oomuee 0,5 % (Me-
Tox ucnbitanuii cornacuo IEC 60754-1);

— conepkanue (ropa (F) B razax, BeIICIAEMBIX IIPH
ropeHnu marepuana, He npessimaet 0,1 % (merox mc-
neitannii coracHo [EC 60684-2);

— pH u yaenbHast pOBOIUMOCTH BOTHOTO PAacTBOPA
ra30B, BBIACISIEMBIX [TPH TOPESHUH MATEPHAJIOB, JOJKHEI
ObITh He MeHee 4,3 u He Oomee 10 MKCM/MM COOTBET-
cTBeHHO (MeTox ucnbiTannii cornmacHo IEC 60754-2).

2. Toprouecmsv mamepuanog, Kaxk NPaBUIIO, OIpe-
JENSAIOT MyTeM M3MEPEHHs] MX KHCIOPOIHOTO WHACKCA.
Kucnoponusiii wHACKC 1T Oe3rajJoreHHBIX MaTCpUAIOB
HE HOPMHUPYETCSI, HO TPEAMOYTUTEIILHBIM SIBIISICTCSI TIPU-
MEHEHHE MaTepHalioB ¢ Oosee BRICOKNM 3HadeHreM LOI.

Kak mpaBuiio, B mokapo0e30nacHbIX KaOelsx Mpu-
MEHSIOT 0e3rajloTeHHBIE KOMIO3HUIINU CO CIIEAYIOIINMHI
3HayeHusimu LOL:

— Ju1st 000JI0UKH — 35-45;

— JuIst m3ossanun — 2834 (cka3bIBaeTCs CHIDKECHHUE
JUAJICKTPUUCCKUAX XAPAKTCPUCTHK C YBEJIMYCHUEM CTe-
TIEHH HATIOTHEHUS ITOJTMMepa aHTUITHPEHAMH )

— s 3anmonHeHus — 45-60.

[TockonbKy K Marepuaixy Il 3aloJHCHHUS HE
MPEIBSBISIOTCS TPEOOBaHHUA 10 IHAICKTPHYCCKUM
U (PU3UKO-MEXaHUYCCKUM IlapamMeTpaM, TO IIPH HU3-
TOTOBJIICHUH TAaKUX IIOJIMMEPHBIX KOMIIO3HIIUH €CTh
BO3MOKHOCTh BBCJICHUS AHTHIIUPCHOB B 3HAYUTEIIb-
HO OOJbIIIEM KOJMYECTBE, YTO IIO3BOJISIET IOBBICHUTH
HETOpIOYECTh KaK CaMoOro Marepuana, Tak U Kadems
B IIEJIOM.

CrnemyeT OTMETHTh, YTO CTOMKOCTH Kabemel K pac-
MPOCTPAHCHHUIO TOPCHHSI HE HAXOMUTCS B IMPSIMOM 3a-
BucHMOCTH 0T BenmnuuHbl LOI, mpuMeHseMbIX B HEM
MarepuaiioB. KUCIOpOAHBIA WHAEKC XOTh U SIBIIACTCS
JIOCTaTOYHO UH(OPMATUBHBIM MIOKA3aTEJIEM CTCIICHHU I0-
pIOYECTH Marepraia, OIHAKO MPUMEHEHHE KOMITO3UIIHN
¢ BeicokuM LOI He rapaHTHPyeT COOTBETCTBUE KalOes
TpeOOBaHUSAM COOTBETCTBYIOIINX CTAHAAPTOB IIO CTOM-
KOCTHU K TOPCHHIO.

Ha ocHOBaHMM 3HAYUTEIHHOTO KOJIMYECTBA HCIIBI-
TaHUH Pa3MTUYHBIX Kabeneld Ha CTOHKOCTh K TOPEHHUIO
B myuke (o IEC 60332-3-22, xareropust A), IpoBeICH-
veIX B [IpAO «YkpHUUKII», MOXHO chenarb BBIBOI,
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YTO HE MEHEE Ba)KHOM XapaKTEpPUCTUKOIN mMaTrepuana siB-
JISIETCSI €T0 CIIOCOOHOCTh 00Pa30BBIBATH MTOCIIE CTOPAHHUS
TBEPIBINA KapKac U3 3076l (puc. 5).

Takast ckokcoBaBILasics Macca MpeaoTBpaIiaeT Mpo-
HUKHOBEHHE IUIAMEHU B HIDKEJEKAIHe CIOW Kades
U TIPETISATCTBYET €T0 JaJbHEHIIEMY paclpoCTPaHEHHIO
1o Kabertro.

3. Koagpghuyuenm ovimoobpaszosanusi — T1oKasza-
TeJIb, XapaKTEePU3YIOLUIHUI ONTHYECKYTO IIIIOTHOCTD AbIMA,
00pazyromnerocst Mpy IIAMEHHOM TOPEHHH HITH TE€PMO-
OKHCJIMTENILHOM JECTPYKIMH (TJIIEHHH) OINPEAEIeHHOIO
KOJINYECTBA Marepuala B YCIOBHSX CHELUAIBHBIX HC-
neITanwi [3, c. 10].

PaznuyatoT Tpu rpyImnsl MaTepuaioB 1o JsIMo00pa-
3y[OIIel CIIOCOOHOCTH B 3aBUCHMOCTH OT KOA(HIIUCH-
Ta gpIMooOpa3oBaHu (Tad. 5).

Kak BHIHO W3 pe3ynbTaroB HCHBITaHWN (Tadm. 06),
mpoBenieHHbIX B [IpAO  «YxkpHUUKID» nmo T'OCT
12.1.044-89, GesrayioreHHbIe KOMIIO3UIIMU XapaKTepH-
3YIOTCSI YMEPEHHOW JBIMOOOpAa3yIomel CrIoCOOHOCTHIO
1 BBIACIAIOT 3HAYNUTEIHHO MEHbIIEE KOJIMYECTBO JIbIMa
10 CPAaBHEHHIO C MOJIUITHICHOM.

[Iposenennsrit komruteke ucnbrrannii mo IEC 61034-2
TOTOBBIX KaOeneil 1mokasai, 4To 3HaYNUTEIbHOE BIIMSIHUC
Ha JIIMOBBIJICJICHUE OKa3bIBACT YIOMSIHYTasl BBIIIE CITO-
COOHOCTh MaTepralioB (B 0COOCHHOCTH 000JIOUKH) K KOK-
COBaHMIO Mocie cropanus. OOpa3oBaHUE KOKca MPEIsT-
CTBYET MPOHUKHOBEHHIO IUIAMEHH BO BHYTPEHHHE CJIOH
KaleJisi, TeM CaMbIM CHHXKasi KOJMYECTBO CrOPEBLIETO
MaTrepHaia 1, COOTBETCTBEHHO, BBIJICIMBIIEIOCS JIbIMa.

4. Toxcuunocms — TOKa3aTelb, XapaKTePU3YIOLIHH
OTHOIIEHHE KOJIMYECTBa MaTepHaja K eluHuIe oObema
3aMKHYTOTO TIPOCTPAHCTBA, B KOTOPOM 00pa3yroIuecs
IIpY TOPEHNUH MaTepuasa ra3o00pa3Hble MPOLYKTHI BbI-
3bIBaIOT THOEb 50 % MOAOMBITHBIX KUBOTHBIX [3, ¢. 11].

Puc. 5. CocrossHre 000JIOUKH IOCJIe MCIBITAHUI Kabenel Ha
CTOMKOCTBh K TOPCHUIO B ITyUKe:

a) 000n0YKa U3 OE3TaOTeHHOW KOMIO3HUIUH (MMEET IeNOCT-
HBII BuA); 6) obomouka u3 [IBX mmactukara mapku OH3-40
(cropeBiiiasi 000JI049Ka B BUJIC OTJCIBHBIX arJIOMEpPaTOB)
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Pa3nnuaroT yeThlpe KiIacca OIacHOCTH MaTepUaioB
T10 TIOKA3aTeJt0 TOKCHIHOCTH (Tad. 7).

VcrpiTanus IPOBOMAT, KaK MPABUIIO, MIPU BPEMEHU
skcro3uiuu 30 MUHYT.

Kak u B ciyyae c mokasareneM JIbIMOBBIJICIICHUS,
TOKCHYHOCTH OE3TaJIOreHHBIX KOMIIO3UIMH (YMEpEeHHO-
OIIaCHbIC) 3HAYMTEIIBHO HIKE, YeM Y IOJMITHICHOB
(BBICOKOOTIACHBIE).

5. IHoxaszamenu nodxcapnoii onacHocmu mamepua-
7108, onpeoensiemvle Memooom KOH-KAA0pUMEMPUU

3a mocineHue To/Ibl, B CBSI3U C Pa3padOTKOW M BHe-
JPEHHEM COBPEMEHHBIX BHJOB HCIBITATEILHOTO 000-
PYIOBaHHMS, Uil OLIEHKH TOKapoOE30MacHbIX CBOMCTB
MarepuasioB ONpPENCISIIOT U JAPYTHUe XapaKTEePUCTHKH,
TaKue, Kak CKOPOCTH TEIUIOBBIJICJICHNS U BEITOPAHHS Ma-
Tepuaia, NoTepst Macchl. Takne MCIBITAHUS TPOBOMSTCS
MeTO/I0M KoH-Kanopumetpuu o ISO 5660-1.

Taéamna 5. Kinaccudukarys MaTeprasoB Mo J5IM000pasyolieit
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Ha puc. 6 u 7 npencraBineHs! pe3yabTaTbl CPaBHU-
TEJIbHBIX UCTIBITAHUH 0E3raJIoreHHON KOMITO3HMIIUH Map-
k1 Buntec 2010 u [IBX mmactukara mOHMKEHHOU TO-
skapHOM omacHoctu Mapku Jloycrpan 2110, mpoBeneH-
HBIX MeToA0M KoH-KanopumeTrpuu B OAO « BHUUKII».

Kak BUIHO U3 MpPEICTaBICHHBIX JaHHBIX, CyMMap-
HOE JILIMOBBIJICTICHUE Oe3rajJoreHHol KoMno3uuy Bun-
tec 2010 nmxe B 1,5 paza, uem y [IBX mnacrukara Jloy-
crpas 2110. IIpumepHO Takoe ke COOTHOIIEHUE, TOIBKO
B monb3y [1BX miactukara, HaOmomaeTcs mpu CpaBHE-
HUM TETUIOBBIICJICHHS] OTHX JIByX MaTrepuasioB JuUIs 000-
JI04eK Kaberei.

Mensbuiee BbliencHue Temia npu ropenun I1BX
IUTACTUKAaTa SBJSETCA CIEJCTBHEM SHAOTEPMHUUYECKOI
peakIy BBIJCJIECHUS XJIOPUCTOTO BOAOpPOJA B AOMOIN-
HEHHE K JPYTHUM HETOPIOYMM ra3aM, BBIAEISEMBIX MPHU
Pa3I0KEeHUH aHTUITMPEHOB, KOTOPBIE BXOJIAT B COCTaB HE

CII0COOHOCTH

JlpiMooOpa3yromas criocoOHOCTh MaTepHraia

2
Koappumment rpmvoodpasosanus D , M*/KT

Mamnast Jlo 50
YMmepernHas 50-500
Bricokas Csbpitre 500

Tabanua 6. Pe3yasrars! onpeaeneHus IPOTHBOIOKAPHBIX XapaKTEPHUCTUK KaOeIbHBIX MAaTEPHAIIOB

Marepuain LOI Koodduuuent npimoobpasoanus D , m*/xr | Ilokasarens Tokcuunoctd H . m/m® (30 Mun)

115 102-57 18...19 917 28,7
BesranoreHHbIe KOMITO3UIIUY [UTST M3OJISALIUI

Buntec 1110 32...35 313 40...120

CC 7760 34 205 92,7
BesrasoreHHble KOMIO3UINH /151 000JIOUKH

Bunrec 2010 45 355 40...120

CONGuard S 6645 45 250 77,5

BesrajoreHHble KOMIIO3UIIAH TSI 3ATI0THEHHS
Bumnrec 3020 50 180 40...120
CC 5212 55 105 135

Taéauua 7. Kinaccudukariys MaTepraIoB M0 TOKCHYHOCTH

H, 5, » I/M’, IpM BpPEMEHU DKCTO3UIIMH, MUH
Krnacc onacuoctu
5 15 30 60
Upe3BbIuaiiHO OMacHbIC Jlo 25 Ho 17 Jo 13 Jo 10
IBeicokooIIacHbIE 25...70 17...50 13...40 10...30
'YMEpEeHHOOIACHBIE 70...210 50...150 40...120 30...90
IMasoomnacHsie >210 >150 >120 >90
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(-]

1200

w

f—f\s

-

—  Noycrpan 2110

—  Brrec 2010

N
.

-

CxopocTe asimossigenenun, RSR (mY/cyu®
w

1000

CYMMIpHOE QLIMOBLIRENCHNE MY/ M?

- 0
1500 2000 2500
Bpewmn, ¢

Puc. 7. I3menenue ckopocTr npiMoBbIneneHus (1 u 2) u cymmapHoro aeiMoBbiieneHust (3 u 4) marepuanos Jloycrpan 2110 u Bun-

Tec 2010 [10, c. 34]

TOJIBKO O€3TraJIOreHHBIX KoMIo3uLui, Ho U [IBX mnactu-
KaTOB MOHMXEHHOH MOKapHOM ONacCHOCTH.

BBIBO/IbI. B nacrosmiee Bpems Oe3raloreHHEIC
KOMITO3HUIIUU TIPOYHO 3aHSUIM MECTO B MHYCTPUU TMPO-
M3BOJICTBA Kabesei U MPOBOJOB U C KAXKIBIM T'OJOM HX
UCIIONIb30BaHKE paciiupsiercs. [IpuMeHeHue Juis H30-
JIALNN, 3aM0JHCHUS M 000J04YeK Kabeneil Oe3raaoreH-
HBIX KOMIIO3HIIMI TI03BOJISICT 3HAYMTEIBHO ITOBBICHTH
M0’kapo0e30MacCHOCTh KaK caMux Kabened u KaOeIbHBIX
Tpacc, Tak U 0OBEKTOB, HA KOTOPHIX OHM TPOKIIAIbIBA-
FOTCS B IIEJIOM.

HecmoTpst Ha HeEKOTOpOe CHIDKCHHME TUAJICKTPH-
YECKHX U (PU3MKO-MEXaHWYECKHX XapaKTepPHCTHK I10
CPaBHEHHIO C MOJUITHICHAMY, a Takke Ooyee BEICOKUI
YPOBEHb TEIUIOBBLAEIECHUS MpU ropeHuu, yem y [1BX
TUTACTUKATOB, IPUMEHEHNE 0€3raJOreHHBIX KOMITO3HIINH
C TIOBBIILIEHHON CTOMKOCTBIO K PacCHpOCTPAHEHUIO rope-
HUS SBJIIETCSI OOOCHOBAaHHBIM M O€3aJIbTEPHATUBHBIM
JUTS BBITIOJTHEHUS BCEX TPeOOBaHUN K COBPEMEHHBIM T10-
XKapoOe30racHbIM KalessiM, BKIJIIOUast OBBIIIEHUE CTOM-
KOCTH K PacHpOCTPAaHEHUIO TOPEHHS, CHIKCHNE JIBIMO-
BBIJICTICHUS, TOKCUYHOCTH MPOAYKTOB T'OPEHMs, OTCYT-
CTBHE BBIICIICHHS KOPO3HOHHO-aKTHBHBIX T'a30B U T. JI.
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THE APPLICATION OF NANOSTRUCTURAL FOIL
FOR DIFFUSION WELDING OF COMPOSITE BASED
ON ALUMINIUM ALLOY 6061 CONTAINING 55% SiC

ANDY3INHE 3BAPIOBAHHS KOMIMO3UTY HA OCHOBI AJTIOMIHIEBOIO
CINJIABY 6061, WO MICTUTb 55% SiC 3 BUKOPUCTAHHAM
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Abstract. The process of diffusion welding in vacuum (DWV) of an alumi-
num-based composite using nano-multilayer aluminum-nickel and aluminum-ti-
tanium foils is investigated. Aluminum alloy 6061 hardened silicon carbide
(55 at.%). It has low ductility, which makes deformation activation of the surfaces being
joined difficult. Therefore, DWV perform through the intermediate layer, for example, alu-
minum foil. In this work, the layers obtained by the method of electron beam deposition were
used. In layers with alternating nanolayers with rapid heating, reactions of self-propagating
high-temperature synthesis take place, in which the amount of generated heat is sufficient for
additional heating of the composite and it’s melting, which ensures activation of the surfaces
to be joined. At the first stage, the creep processes of the composite under DWV conditions
are investigated, the parameters and the creep equation are determined, as well as the allow-
able deformations that do not cause cracks. For DWV, Al/Ni and Al/Ti foils with thicknesses
of 20, 40, 50, and 94 microns were used. The effect of the thickness of the interlayers on
the formation of compounds has been established. It is shown that, regardless of the inter-
layer system, at the majority of the junction metal has a composite structure with common
grains and the boundary between the connected samples is not determined either by structure
or by chemical analysis. In areas with a layer of its maximum thickness does not exceed
9 microns. At a thickness of 41 pm, the structure is slightly different from the structure at a
foil thickness of 20 um. With a foil thickness of 90 microns, an interlayer 60...70 microns
thick extends along the entire length of the joint. She reacted completely. In the center of
the interlayer, its composition is close to the composition of the Ni,Al phase. It has been
established that the use of nano-multilayer foils of the AI/Ni and Al/Ti system ensures the
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formation of high-quality defect-free compounds with the realization of self-propagating high-temperature synthesis
of intermetallic compounds. To calculate the parameters of the DWV regime, it is sufficient to use the creep equation
of the composite at the steady state.

Keywords: composite; nano-layered foil; creep; self-propagating high-temperature synthesis; chemical composition;
microhardness.

Amnotauist. Jlocnipkennit npouec nudysiiiHoro 3BaproBanHs y BakyyMi (/[3B) koMIio3uty Ha OCHOBI aJIFOMIiHIIO 3 BH-
KOPHCTaHHSIM HAaHOCTPYKTYPHHX (DOJIBI CHCTEM altoMiHif—HiKesb Ta amoMiHii—TuTad. Crias anmominito 6061 3min-
HIOETBCSI KapOinom kpemHio (55 % ar.). BiH Mae HU3bKY MJIaCTHYHICTb, 10 YCKIIAAHIOE JeopMalliiiHy aKTHBALII0
3’€IHYBaHMX 10BepXoHb. Tomy /[3B BUKOHYBany Yepe3 NPOMIKHI MPOKIAAKH, HATIPUKIIA] aTlOMiHIEBY (oiibry. 3a-
CTOCOBaHI MPOKJIaIKH, OTPUMAaHI METOIOM €JISKTPOHHO-ITPOMEHEBOI'0 0CaKYBAHHS. Y MPOKIIAAKax 3 HONEepEeMiHHH-
MU HaHOILIApaMH TIiJI Yac NIBUAKOIO HArpiBaHHs MPOXOJSTH peakilii caMONOIIMPIOBAHOTO BUCOKOTEMIIEPATYPHOTO
CHHTE3Y, BHACIIIOK SIKOTO KUIBKICTh BUJIIEHOTO TeIlIa JOCTATHS JUIsl JI0JaTKOBOTO HArpiBaHHs KOMIIO3UTY 1 HOro
HiATUIABJICHHS, 110 3a0e3leuye aKTUBAlilo 3’€JHYBaHUX MOBEpXOHb. Ha mepiiomMy erami JOCITIPKEH] MPOLECH Mo-
B3y4OCTI KOMIIO3UTY B yMoBax /[3B, Bu3HaueHi napamerpy 1 piBHSHHS OB3y4YOCTi, @ TAKOX A0IycTUMi aedopmartii,
1110 HE NPU3BOJSTH 10 yTBOpeHHs TpimwmH. st [I3B Bukopucranu gonsry cucrem Al/Ni i Al/Ti tommnoro 20, 40,
50 i 94 MKxM. YCTaHOBIICHO BIUIMB TOBILMHHM NPOKJIAJOK Ha (opMyBaHHs 3’€1HaHb. [lokazaHo, 10 HE3aIEKHO Bij
CHCTEMH TIPOIIAPKIB Ha OUIBIIIM YaCTHHI CTHKY METall MAa€ CTPYKTYPY KOMIIO3UTY i3 3arajlbHUMHU 3epHAMH 1 MExKi
MK 3’€THAHUMH 3pa3KaMu HEe BU3HAUYAIOTHCS Hi 32 CTPYKTYPOIO, Hi 3a XiMiYHMM aHajiizoM. Ha pinsiHKax 3 mporap-
KOM HOro MakCHMMaibHa TOBIIMHA He nepesuitye 9 MxMm. [Ipu ToBuHI 41 MKM CTPYKTypa Majo BiApi3HIETbCS BiJ
cTpykTypH ipu ToBuHI 20 MkM. [Ipu ToBIMHI Qobru 90 MKM Hpomapok TOBIUHOK 60...70 MKM CHIOCTEPITraeThCs
Ha BCili 10BXHHI CTUKY. BOoHa npopearyBaia NoBHICTIO. Y IIEHTPI NPOMIapKy HOro cKiaja OJIM3bKUH 10 ckiany dhasu
Ni,Al. YcranosneHo, 1o 3acTocyBaHHs HaHoOararomaposux goibr cucremu Al/Ni i Al/Ti 3a6esneuye popmysan-
Hs sIKICHUX Oe3neeKTHUX 3’€/IHaHb 3 peallizalli€lo CaMOIOIIMPIOBAHOTO BHCOKOTEMIIEPATypHOTO CHHTE3Yy IHTEp-
metanizaiB. s po3paxyHky napamerpiB pexxumy J[3B noctaTHbO BUKOPHCTATH PIBHSHHS OB3Yy4OCTI KOMIIO3UTY Ha
ycTayieHii crauii.

Korouosi ciioBa: komro3ut; HaHoOararomrapoBa (osbra; MoB3y4icTh; CAMOIOIINPIOBAHUN BHCOKOTEMIEpAaTypHUI
CHHTE3; XIMIYHHH CKJIa]]; MIKPOTBEPJIICTb.

Annotauus. Vccnenoan nponecc muddy3nonnoil cBapku B Bakyyme (JJCB) xommo3uTra Ha OCHOBE aITIOMUHUS
C MPUMEHEHHEM HAHOMHOTOCIIOWHBIX (JOJIBI CHCTEM ATIOMUHMH—HUKEIb U amoMUHMH—THTaH. CIUIaB altOMHHUS
6061 ynpounsiercs kapOunoM kpeMuust (55 % ar.). OH nMeeT HU3KYIO MIIACTUYHOCTD, UTO 3aTPyAHSET Ae(hOpPMaIMOH-
HYIO aKTHBAIMIO COSANHAEMBIX moBepxHOCTeH. [ToaTomy JICB BBRITOTHAIOT Yepe3 MPOMEKYTOUHBIE MTPOCIONKH, Ha-
pUMep ATOMUHUEBYIO (hombry. [IpruMeHeHbI MPOCIOMKHY, MOTyYeHHbIE METOZIOM AIICKTPOHHO-TY4EBOT0 OCAXKICHHUS.
B npocrnoiikax ¢ 4epeyoImnuMHCs HAaHOCTOSIMHU ITPU OBICTPOM HAarpeBe MPOTEKAIOT PEAKIINU CaMOPACIPOCTPAHSIONIE-
TOCsI BBICOKOTEMIIEPATYPHOT'O CHHTE3a, IPH KOTOPOM KOJIMUECTBO BBIAEISIONIETOCS TEIUIA JOCTATOYHO /ISl TOTIOTHH-
TEJILHOTO HAarpeBa KOMIO3UTA H €T0 MOJIUIaBICHNS, YTO 00ECTIeYNBaET aKTUBAINIO COCJMHAEMbIX ToBepxHOCTeH. Ha
MIEPBOM 3Talle UCCIIEI0BAHbI POLECCHI MOI3YYEeCTH KoMIIo3uTa B ycnoBusax JCB, onpezneneHs! napaMeTps! U ypas-
HEHUE MO3Y4ECTH, a TAKXKE JOMyCcTUMbIe Aedopmaiun, He Bh3biBatomue Tpemut. s JICB ucnons3oBanu Qonsry
cuctreM Al/Ni u Al/Ti Tonmmmnoii 20, 40, 50 1 94 MkM. YCTaHOBIIEHO BIUSHIE TONIIHHBI TPOCIOEK Ha (POPMHUPOBAHHE
coennHenuil. [lokazaHo, YTO HE3aBUCHMO OT CHCTEMBbI NTPOCIOEK Ha OONBIIEH YacTH CTBIKA METAl HUMEET CTPYKTYpPY
KOMITO3MTa C OOIIMMHU 3epHAMH M TPAHUIIA MEXKIY COCAMHEHHBIMU 00pa3iaMu HE OINPEAEIIeTCs HU 10 CTPYKTYPE,
HU TI0 XUMHYeCKOMy aHanmu3y. Ha ygacTkax ¢ mpocioikoi ee MakcHMaslbHas TOJNIIMHA HE MpeBbImaeT 9 M. [Ipu
TommuHe 41 MKM CTPYKTypa Majo OTIMYAeTCs OT CTPYKTYPHI pH Tonmmue ¢poasru 20 Mxm. [Ipu Tommuae Gorasru
90 MxM mpocioiika TonmuHoH 60...70 MKM UAeT 1Mo Beeit qmHe cThika. OHa mpopearnpoBaa MoJHOCThI0. B rienTpe
TPOCTIONKH €€ cOCTaB OMM30K K cocTaBy (a3l Ni,Al. VcTaHOBIEHO, YTO MPUMEHEHHE HAHOMHOTOCIIOWHBIX (OJIBT
cucteMsl Al/Ni u Al/Ti obecrieunBaeT popMHpPOBaHNE KaYECTBEHHBIX 0€37€(PEKTHRIX COSANHEHHUN C pearn3aluei
CaMopacIpOCTPAHSIONIETOCS BBICOKOTEMIIEPATYPHOTO CHHTE3a MHTEPMETAIUINAOB. [|jIs pacueTra mapaMeTpoB pexnma
JCB 10cTaToYHO HUCTIONIB30BATh YPAaBHEHHE TOJI3y4ECTH KOMITIO3UTA Ha YCTAaHOBUBINEICS CTaANN.

KitroueBble €J10Ba: KOMIO3UT; HAHOMHOTOCIIOHHAs (DOJIbra; MoJI3y4ecTh; CaMOPACIPOCTPAHSIOIMHCS BHICOKOTEMIIE-
paTypHBIN CUHTE3; XMMUUECKUN COCTAaB; MUKPOTBEPLOCTb.
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Problem statement. Composite materials with
dispersion hardening are known for a long time. Such
materials with matrices of aluminum alloys and their
properties are described in [1]. Dispersion-strengthened
materials based on aluminum and copper are most often
produced by powder metallurgy methods.

In dispersively strengthened materials, the carrier ele-
ment is a matrix in which, using ultrafine particles of ox-
ides, carbides or other particles that are practically insolu-
ble in the matrix, effective deceleration of the dislocations
is ensured and high strength characteristics and functional
properties are maintained up to the melting point. The
problem of their widespread use is the lack of reliable
methods of joining in both homogeneous and heteroge-
neous combinations: fusion welding leads to the destruc-

tion of their structure and loss of mechanical properties.
The most widely used diffusion welding with intermedi-
ate layers [2—4], but soldering and welding in the solid
state are difficult due to poor wettability and activation of
the joined surfaces. Therefore, this work is relevant.

Latest research and publications analysis. Dif-
fusion welding and brazing of composite materials
began to be applied at the end of the last century [2,
5, 6]. Diffusion welding was usually performed us-
ing non-melting or melting interlayers, which used
adhesive-active solders [5]. In work [2] a composite
material based on aluminum 2124, containing
25...30 at. %. silicon carbide, welded both directly be-
tween themselves and through an aluminum interlayer
and obtained joint strength at 110 MPa (below 50 %
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of the base metal strength) at a welding temperature of
500 °C, pressure of 10 MPa, welding time of 240 minutes.

Increasing the welding temperature to 570 °C of
composite 2124 using aluminum foil 15 mkm thick at
a pressure of 16 MPa and a welding time of 60 minutes
ensures a 127 MPa cut resistance [3].

In [7, 8], the DWV of composite 6061 was investi-
gated at temperatures of 400...650 °C, hardened at 18 %
at. SiC and 30% Al O,, respectively. The effects of tem-
perature, compression pressure and welding time were
investigated. For a composite with silicon carbide, the
welding mode is recommended: 7'= 620 °C; P =5 MPa,
¢t =30 min, at which the bond strength of 210 MPa (72 %
of the strength of the base material) is achieved. For the
composite containing Al,O,, the welding mode is recom-
mended: 7= 600 °C; P =5 MPa, ¢ = 30 min, at which the
ultimate strength o, = 130 MPa (60 % of the strength of
the base material).

The characteristics of DWV of dispersion-strength-
ened composite materials are described in the review [4],
andthe welding ofacomposite based on an aluminumalloy
containing 20 % silicon carbide SiC (4.0 % C) was studied in
[9, 10]. The authors conducted DWV at a temperature of
500...600 °C, pressure up to 3.0 MPa with a welding time
of 30 minutes. There is heterogeneity of the compound
and the presence of defects. When using aluminum foil,
its thickness is recommended 150 mkm. The same foil
thickness was recommended in [11] with an DWV of
aluminum with titanium.

In published works, the recommended parameters of
diffusion welding with non-melting highly plastic micro-
slips vary over wide intervals. As such layers, use techni-
cal aluminum or alloyed with magnesium, silicon, copper
or lithium, which have superplasticity. Eutectic melts are
used as melting layers [12].

It is known [13] that the main parameters of the
DWYV mode are temperature, pressure and welding time.
The change in each of them determines the amount of
plastic deformations that provide the formation of physi-
cal contact, deformation activation and volumetric inter-
action (recrystallization and diffusion), but in the pub-
lished works they determined the total deformation after
welding, without its control during welding and the rela-
tionship with temperature, pressure and time . Therefore,
the deformation varied from 6 to 36.3 %, which does not
allow establishing the patterns of formation of joints and
ensuring stable welding quality.

A new way to connect composites is the use of nano-
folg. At the Paton Electric Welding Institute of NAS of
Ukraine has developed a technology for producing mul-
tilayer foils by electron beam deposition method [14],
which were used in DWV [15, 16]. In layers with alter-
nating nanolayers with rapid heating, reactions of self-
propagating high-temperature synthesis (HTS) occur, in
which the amount of emitted heat is sufficient to heat the
metal in the joint up to 1200 °C and melt it, which en-
sures activation of the surfaces to be joined [14]. In the
Al/Ni interlayer (Al + 57.7 % wt. Ni), the intermetallic
formation reaction occurs between solid nickel and liquid
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aluminum, and in the Al/Ti interlayers, when heated in
the temperature range 250...650 °C, phase transforma-
tions occur in this sequence [17, 18 ]: Al + Ti — ALTi —
— ALTi — ALTi — AlTi.

Separation of previously unsolved parts of the
general problem. In the studies discussed above, rela-
tively plastic composites were combined, including those
based on aluminum with a silicon carbide content of up to
20 %. It is known [19] that with an increase in the amount
of the hardening SiC or Al,O, phase, the plasticity of the
composite sharply decrease. Therefore, on the instruc-
tions of the Customer, it was necessary to investigate the
possibility of a DWV composite containing 55 % SiC,
the information on which DWYV using multilayer nano-
structured foils is not available in the literature. The main
material and foil were supplied by the Customer.

THE ARTICLE AIM — is to investigate diffusion
welding in vacuum (DWYV) of a composite based on an
aluminum alloy 6061 containing 55 % silicon carbide
using a multilayer nanostructured foil and to recommend
its chemical composition.

Methods, object and subject of research

The object of the research is the processes of creep
and formation of compounds with a DWV composite
based on aluminum alloy 6061 using nanostructured
foils.

The subject of the research is the creep parameters
of alloy 6061 under DWV conditions, the structure and
chemical composition of compounds.

Research methodology

For the DWV study, a composite material (CM)
was used, the matrix of which is aluminum alloy 6061,
and the hardening phase is silicon carbide SiC in the
amount of 55 %. Alloy 6061 contains (% wt.) 0.15 Cu;
0.15 Mn; (0.8-1.2) Mg; 0.25 Zn; (0.04-0.35) Cr; 0.15 Ti;
(0.4-0.8) Si; 0.7 Fe; the rest of Al. We used 65%25%3 mm
plates with a polished surface for welding. Welding of
the samples was carried out with an overlap through an
intermediate strip of Al/Ni (AN) and Al/Ti (AT) nano-
multilayer foil with a thickness of 20 to 94 um, obtained
in 23... 335 deposition cycles. The maximum foil thick-
ness of 93 microns has 335 cycles, the minimum thick-
ness of 20 microns has 23 cycles.

DWYV was performed on a UDSV-DT diffusion-va-
cuum unit, the general view of which is shown in Fig. 1,a
and Fig. 1,5 shows the assembly of samples in a vacuum
chamber.

In DWV, it is necessary to provide an interatomic
connection between the surfaces being welded due to
local plastic deformation at elevated temperatures. The
magnitude of the compressive force was chosen from
the condition for ensuring the plastic deformation of
the samples due to creep processes at stresses below the
yield strength of the composite material.

The UDSV-DT installation provides a working va-
cuum of 102 Pa. The parts are heated by high frequency
currents. Weldable plates 4 were installed between the
rods 3, 5 (Fig. 1,b). For heating, a cylindrical inductor /
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Fig. 1. General view of the UDSV-DT installation for DWV () and the scheme of sample assembly in the working chamber (b):
a) I — vacuum chamber; 2 — displacement sensor; 3 — load sensor; b) / — inductor; 2 — thermocuple; 3 — top rod; 4 —

weldable composite; 5 — bottom stock; 6 — cooler

was used, in which the upper and lower rods were heated,
transmitting heat to the overlap plates of the composite
due to heat conduction.

The installation has an automatic maintenance of the
welding temperature, as well as high-precision displace-
ment sensors and loads of the type LIR-14 00PS 11 and
RINC3 / 1t, respectively, with the recording of their read-
ings and the values of the temperature values on a com-
puter. The temperature was measured with a chromel-
alumel thermocouple with an accuracy of +2 °C, which
was maintained by an electronic regulator. The installa-
tion uses 2 loading mechanisms: lever and hydraulic. The
parameters of plastic deformation of the composite were
determined by the method of [15, 16] at the same instal-
lation.

To research the microstructure of the compounds
and the interaction of the composite material with the in-
terlayer, a NEOFOT 21 microscope and a scanning elec-
tron microscope — microanalyzer REMMA 102-02A
were used, on which a local X-ray spectral microanalysis
was also performed.

Basic material. The main parameters of the DWV
mode are temperature, pressure and welding time. The
vacuum in the working chamber was 102 Pa. The se-
quence diagram of the DWV process is shown in Fig. 2.

After installing the samples in the working chamber,
they were compressed by the set pressure of P to avoid
their displacement in the device. With increasing tem-
perature, the pressure of compression was reduced to the
value of the heating pressure P, in order to avoid plastic
deformation.

When the temperature reached the welding tempera-
ture T, the welding pressure P was set. After holding at
the welding temperature, the preset time was reduced to
P, and the heating was turned off.

After welding several samples, the tendency of the
composite to crack formation and the need to control the
level of deformation during the welding process were es-
tablished. For this, the parameters of the creep process
of the composite in the second stage, the effect of tem-

perature and pressure on the creep rate were determined,
and high-precision instruments were used to control the
deformation.

In the second creep stage, the strain rate is steady
and is determined by the equation [20, 21]:

. m APIC

€E=A4-p exp( RT ), 1)
where & — is the creep rate; AH, — creep activa-
tion energy; p — is the compression pressure; 7 — is
the temperature; R — is the universal gas constant;
A, m — coefficients for this material.

At the first stage of research, the activation energy of
creep was determined by the method of small tempera-
ture jumps [15, 16], as shown in Fig. 3.

As can be seen from Fig. 3, the strain curve of the
samples was first recorded at a temperature of 605 °C,
then the temperature rose to 620 °C and the strain curve
at 620 °C was recorded at the same pressure. Accord-
ingly, the strain rates were determined (lines A-A and
B-B), and the activation energy was determined by the
equation

7°c;
P, MPa
Ah, mm

t, min

Fig. 2. The sequence diagram of the DWV composite process
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Fig. 3. Determination of the creep activation energy by the
method of small temperature jumps

where T, = 878; T, = 893 on the Kelvin scale; 8—2 =1.75
creep activation energy AH_ = 242 kJ/mol. &

After conducting studies at other pressures, using
the equation (1), the coefficients m, 4 are determined: m
=21,4=13-10"

Using these parameters and equation (1), it is pos-
sible to determine the combination of temperature, pres-
sure and welding time, which will ensure the allowable
deformation of the composite without the appearance of
cracks. The displacement sensor allows, if necessary, to
carry out adjustment of the mode. We have chosen the
welding temperature of 590 + 5 °C and determined the
allowable amount of plastic deformation of 5...7 %. De-
pending on the thickness of the interlayer, the amount of
permissible deformation varies somewhat in the case of
melting of the base metal.

In our studies, Al/Ni foils with a thickness of 20, 40,
50, and 94 mkm were used. The Al/Ti system foil con-
tained about 22.5 % at. Titanium, the Al/Ni system foil
contained about 40, 45 and 55 % at. Nickel.

After welding the microstructure, microhardness
and chemical composition of the metal in the joint zone
were investigated. For example, Fig. 4 shows the mi-
crostructure of welded joint with Al /Ti interlayer with
a thickness of 41 mkm, containing 22.9 % at. Titanium.

Hardness was measured at the center of the interlay-
er (p. 2), in the transition zone (p. 1), in large inclusions
in the composite (p. 3, p. 4) and in the composite matrix
(p. 5, p. 6). Inclusions in the composite have high micro-
hardness (more than 19500 MPa) and represent silicon
carbides. The composite matrix has a microhardness of
2600...2800 MPa. In the center of the interlayer the mi-
crohardness is 4470 MPa and in the transition zone —
2500 MPa.

The material in the center of the interlayer is the fol-
lowing chemical composition (% at): 67 Al; 16 Si; 15 Ti,
which is different from the chemical composition of the

smi.nuos.mk.ua | editor@smi.nuos.mk.ua

MATEPIAJI0O3HABCTBO

§HIPBUILDING

MARINE INFRASTRUCTURE

Fig. 4. The microstructure of the compound in the DWV of the
composite, through an Al/Ti interlayer containing 22.9 % at. Ti,
=41 mkm

interlayer. This indicates its interaction with the base
metal. Along the junction there are areas where there is
no solid layer and the joint cannot be determined, since
the structure of the metal is uniform. The joint is not de-
termined by chemical composition using microanalysis.
Such a structure is shown in Fig. 5.

A similar structure is formed when using Al/Ni foil
containing 54.8 % at. Ni, with a thickness of 20 mkm
(Fig. 6,a).

On the non-extended areas of the joint, where there
is an interlayer, it does not have a clear boundary with
the base metal and will smoothly disappear from the joint
(Fig. 6, b). This indicates the interaction of the interlayer
with the base metal. At the center of the interlayer is
the following chemical composition (% at.): 54.1 Al;
26.0 Si; 19.9 Ni, which confirms the flow of intensive
processes of interaction in the contact of the solid and
liquid phases.

With thicknesses of 93 and 94 mkm interlayers, both
the Al/Ti system and Al/Ni at the junction, an thickness
of 60...70 mkm is formed, as shown in Fig. 7.

In the center of the layer (p. 3) has the chemical
composition (% at.): 39 Ni; 53 Al; 7 Si, close to the com-
posite (p. 4): 25 Ni; 64.5 Al; 6.2 Si with foil composition:
42.2 Ni; 57.8 Al. The concentration of nickel, which is
present only in the foil, decreases with distance from the
center of the layer. Silicon passes into the layer, which
is possible only due to the interaction of the foil with the
composite.

Considering the low temperatures and the short du-
ration of the synthesis reaction, the change in the com-
position of the interlayer at the junction is due to the pro-
cess of dissolution of the composite.

Similarly formed at the junction of the layer when
using Al/Ti foil with a thickness of 94 mkm. In some ar-
eas in the joint zone there is small loosening in the com-
posite, directly adjacent to the interlayer.
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20.00kV _ x500

b)

Fig. 5. Microstructure of CM welded joint with Al/Ti interlayer («) x100 and at points of local X-ray spectral microanalysis (b)

with an interlayer thickness of 41 mkm

Fig. 6. The structure of the compound at the DSB of the composite through an Al/Ni interlayer with a thickness of 20 mkm (a) X200

and at points of local microanalysis points (b)

Discussions. One of the most important mechanisms
in DWV, as in other methods of welding in the solid state,
is the deformation activation of the surfaces to be joined.
Composite dispersively hardened materials with a high
content of hardening phase have low ductility, which of-
ten leads to the appearance of cracks during compression
of parts. The idea of using nanostructured interlayers in
DWYV composites is that nano-multilayer foils have al-
ternating nanolayers of metals, which form intermetallic
compounds with a large thermal effect. With rapid heat-
ing, reactions of self-propagating synthesis proceed and
the heat released additionally heats the metal in the joint
zone, ensuring the activation of the surfaces. Analysis of
the microstructures and chemical composition of welded
joints shows that Al/Ni and Al/Ti systems provide active
interaction of the foil with the composite, as evidenced
by the presence of composite chemical elements in the
resulting interlayer (see Fig. 4-0).

Studies of the effect of the thickness of the interlayers
on the formation of the compounds showed that the struc-
ture of the compounds is significantly different for small
thicknesses (20 mkm) and large (90 mkm). At thicknesses
of 20 mkm, regardless of the foil system over a long joint,
the metal has a composite structure with common grains
and the boundary between the connected samples is not
determined either by structure or by chemical composition
(see Fig. 5 and 6). In areas with a layer of its maximum

WD=25.0mm

20.00kV  x500

Fig. 7. The microstructure of the compound at the DSB of
the composite through an Al/Ni interlayer with a thickness of
93 mkm, contains 42.2 % at. nickel

thickness does not exceed 9 mkm. When the thickness of
the AI/Ti foil is 41 mkm, the structure differs little from
the structure at a foil thickness of 20 mkm.

With a foil thickness of 90 mkm, an interlayer
60...70 mkm thick extends along the entire length of the
joint. She reacted completely. In the center of the inter-
layer, its composition is close to the composition of the
NiAl, phase.
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According to the structure of the welded joint, the
best option is a foil 20 mkm thick. The disadvantage of
such a foil is its fragility and difficulty in working with
it. When the foil thickness is 90 mkm and more, a thick
continuous layer of brittle intermetallic is formed. There-
fore, the best option is to use a foil with a thickness of
about 40 mkm.

Comparing the obtained results with the literature
data, it should be noted that the DWV of the brittle com-
posite containing 55 % silicon carbide was performed
for the first time using a clear method for determining
the mode parameters through the allowable amount of
plastic deformation determined by the established creep

Chnucok JgiTepatypu
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parameters. It is shown that to calculate the parameters
of the DWV regime it is sufficient to use the creep equa-
tion at the steady state.

CONCLUSIONS. 1. It has been established that
the use of nanomicrolayer foils of the AI/Ni and Al/Ti
systems ensures the formation of high-quality defect-free
compounds with the realization of the reaction of self-
propagating high-temperature synthesis of intermetallic
compounds.

2. The parameters of the DWV mode of the com-
posite are determined taking into account the allowable
plastic deformation using the established creep equation
in the second stage.
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Abstract. The relevance of the research topic is due to an increase in anthropogenic pres-
sure on the environment, which is caused by excessive emissions from mobile sources and
unreasonable activity of industrial enterprises with a high degree of environmental hazard.
The consequences of such influence are the imbalance in the components of the ecosystem,
the decline in the quality of life within the population and the reduction of opportunities
for socio-ecological and economic development of cities and agglomeration formations. To
solve these problems, the introduction of ecological management systems at enterprises for
the creation of legal relations in the field of rational use of natural resources, environmen-
tal protection, compliance with environmental rights and environmental obligations can be
an effective tool. Implementation, continuous monitoring and continuous improvement of
the environmental management system at the enterprise will allow not just to improve the
ecological image, reduce the amount of fines and the permanent elimination of emergency
situations, but will also lead to an increase for the range of products (services), will provide
an opportunity to enter new European markets, increasing the company’s profits. The author
analyzes the company activities in the field of shipbuilding and ship repair. The preliminary
environmental analysis of activity was carried out and the most significant impacts of the
enterprise departments on the environment were identified. Based on the established key
environmental aspects, a scenario of environmental policy is proposed. The main empha-
sis in this declaration of intent made by the company is to change the vector in its attitude
towards the environment. It should be transferred towards energy efficiency by introducing
energy efficient technologies, as well as a management should pay special attention to the
educational work in the field of environmental protection and labor protection with the best
possible involvement and encouragement of employees’ initiatives aimed at improving the
environmental image of the enterprise. Based on environmental policy, an ecological pro-
gram of the environmental management system should be developed, which is an integral
part of the gradual achievement for the goals set by the enterprise’s environmental policy.
The environmental program, which will be implemented in full, will allow not just clear al-
locating duties, funds and timeframes for the achievement of the enterprise goals, but will
also serve as an indicator for the functioning of an efficient and effective environmental
management system in general.

Keywords: system environmental management; preliminary environmental analysis; envi-
ronmental aspects; environmental policy; environmental program; agglomeration.

AHoOTaNifA. AKTYaJIbHICT TEMH JIOCIIPKEHHS 3yMOBJICHA 3pOCTaHHSIM aHTPOIIOT€HHOTO THC-
Ky Ha CTaH HaBKOJIMIIHBOTO TIPUPOIHOTO CEPEOBHIIA, IKUIT CIIPUYNHEHUH Ha/IMIPHIMH BU-
KUJIaMH [IEPECYBHUX JDKEPEN Ta HEPO3CYIIUBOKO TisUTbHICTIO IPOMUCIIOBHX ITiAIIPUEMCTB 13
BHCOKHM CTyTIEHEM €KOJIOTi9HOI Hebe3meku. HacmiakaMn Takoro BIUTMBY € po30ajaHCcoBa-
HICTh KOMITOHEHTIB €KOCHCTEMH, 3HW)KEHHSI SIKOCTI )KUTTsl HACEJICHHS Ta 3MEHIIICHHS MOXK-
JIMBOCTEH VISl COL[I0EKOJIOr0-€KOHOMIYHOTO PO3BHUTKY MICT ¥ arjiomMepauiiiHuX yTBOPEHb.
Jlnist BUpiIIeHHsT UX MpoOJIeM Ji€BUM 1HCTPYMEHTOM BUSIBIISIETHCS BITPOBAPKEHHS Ha MiJi-
MPHEMCTBAX CUCTEMH €KOJIOTTYHOTO MEHEIKMEHTY JUIsl CTBOPEHHS NMPaBOBITHOCHH y cde-
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Pl panioHaTBbHOTO MPUPOAOKOPUCTYBAHHS, OXOPOHH HABKOJIMIIHBOTO CEPEOBHIIA, TIOTPUMAHHS SKOJIOTIYHHUX IPaB
1 BUKOHAHHS €KOJIOTIYHIX 00O0B’S3KiB. YTIPOBAKEHHS, TOCTIHHUN KOHTPOJIb Ta Oe3mepepBHE MTOKPAIICHHS CHCTEMH
€KOJIOTIYHOTO MEHE/PKMEHTY Ha ITiIPUEMCTBI JaCTh 3MOT'Y HE JIUILE MOJIMIINTH €KOJIOTTYHIH 1Mi/DK, 3SMEHILITH BH-
TpaTH Ha WTpadu Ta NOCTIHHE YCYHEHHS aBapiiHUX CUTYaIlii, aje i CIIPUSTHME PO3LIIMPEHHIO ACOPTUMEHTY MPOJIYK-
1ii (TTocyT), BUXOIY Ha HOBI €BPONEHCHKI PHHKA 30YTY, 30UTBITYIOYH MPHOYTKU MiAMPUEMCTBA. ABTOPOM TpOaHaITi-
30BaHa JMisUTBHICTH MiANpPUEMCTBA B chepi CyaHOOYIyBaHHS Ta CYJAHOPEMOHTY. 3MIHCHEHO MOMEPEHIA SKOIOTIYHUI
aHaJi3 isUTPHOCTI Ta iAeHTH(IKOBAaHO HAMOUIBII CYyTTEBI BIUTMBH BiIIUTIB MiANPHEMCTBA HA CTaH HABKOJIHIITHHOTO
TIPUPOHOTO cepeoBuina. Ha 0CHOBI BCTaHOBIICHUX KIIFOYOBHX EKOJIOTIYHHMX aCHEKTIB 3alIPONOHOBAHO BapiaHT €KO-
JtoriyHol momiTukd. OCHOBHHMI aKIIEHT y 1A JCKJIApallil Mpo HaMipu MiAIPHEMCTBA 100 3MIHH BEKTOpPA y CBOEMY
CTaBJICHHI /10 HABKOJIMIITHHOTO CEPEOBHIINA MOTPIOHO MEPEMICTUTH y OiK 3MEHIICHHS! €HEPTrOCTIOKUBAHHS IIJISIXOM
3anpoBa/DKEHHs eHeproe()eKTUBHUX TEXHOJOTiH. KpiM TOro, KepiBHHLTBY HEOOXiJHO HPHIUIUTH OCOOJIUBY yBary
MIPOBEICHHIO OCBITHROI pOOOTH y chepi OXOPOHN HABKOIUIIHBOTO CEPEIOBUIIIA Ta OXOPOHH TIPAIli AJIsl ONTUMAIIFHOTO
3aJy4eHHS Ta 320X0UYBAHHS 1HIL[IaTUB MPAL[IBHUKIB, CIPSIMOBAHNX Ha MOJIIIICHHS €KOJIOTIYHOTO IMIKY i IIPHEM-
ctBa. Ha 0CHOBI €KOJIOTIYHOT TTOJIITUKH CITiJl PO3POOHUTH EKOJIOTIUHY MPOrpaMy CUCTEMH €KOJIOTTYHOTO MEHEDKMEHTY,
sIKa € HEBLJ €MHHMM EJIEMEHTOM MOCTYIOBOTO JOCSTHEHHS LUICH, BU3HAYCHUX EKOJIOTIYHOIO ITOJITHUKOIO IiJIPHEM-
crBa. Exonoriuna nporpama, sika OyJie BAKOHYBAaTUCS Y IIOBHOMY 00Csi3i, JaCTh 3MOTY HE JIMILE YiTKO PO3IOJUIUTH
000B’SI3KM, KOIIITH Ta CTPOKHU JIISI JOCSTHEHHS ITOCTABICHHX LUTeH MiANMPHEMCTBA, aje i CTaHe IHANKaTOpoM (PyHKIIiO-
HyBaHHS e()eKTHBHOI Ta Pe3yJIbTaATUBHOI CUCTEMH €KOJIOTTYHOTO MEHE/DKMEHTY 3arajioM.

Ki1ro4oBi cs1oBa: cucteMa eKOJIOTIYHOTO MEHEDKMEHTY; TIONICPE/THIN SKOIOTTYHIIA aHaIi3; eKOJIOTIYHHIA acIIeKT; eKO-
JIOTIYHA MOJITHKA; €KOJIOTIYHA Mporpama; arjaoMeparisl.

AHHOTanusl. AKTYaJIbHOCTh TEMBI UCCJICOBAHHsI OOYCIIOBIICHA POCTOM aHTPOIIOIEHHOTO JABJICHUSI Ha COCTOSHUE
OKpYXKaIOIIeH MPUPOJHON Cpelbl, YTO BBI3BAHO YPE3MEPHBIMU BBIOpOCAMHM IEPEIBIXKHBIX MCTOYHHKOB M Oe3pac-
CYJHOH JESTeNbHOCTBIO IPOMBIIUIEHHBIX NMPEINPUATHH C BBICOKOH CTENEHbIO IKOJIOorHueckoi onacHoctu. Ilocnen-
CTBHSIMH TaKOTO BIIMSIHUS SIBIISIETCS] pa30alaHCHPOBAHHOCTh KOMIIOHEHTOB 9KOCHUCTEMBI, CHIKCHUE KaueCTBA KU3HU
HaCeJIeH!s] U YMEHbBIIEHHE BO3MOXKHOCTEH I COLMOIKOJION0-I)KOHOMHUYECKOTO PAa3BUTHUS TOPOJIOB U arjloMepalu-
OHHBIX 00Opa3zoBaHuil. J{jst penieHus 3Tux mpoodsieM AeHCTBEHHBIM HHCTPYMEHTOM OKAa3bIBACTCSl BHEIPECHUE HA TIPE/I-
MIPUATHAX CHUCTEMBI SKOJIOIMYECKOT0 MEHEPKMEHTA JUTS CO3/IaHMs ITPABOOTHOIICHUH B chepe pannoHaIBLHOTO MPH-
POJIOIIONIBE30BaHUS, OXPAHbI OKPYKAIOIIEH Cpebl, COOJIOICHHS SKOJIOTHYECKUX TIPaB U BBIITOJIHEHUS 9KOJIOTHYECKUX
o0s13aHHOCTEH. BHEIpeHMe, MOCTOSHHBIA KOHTPOJIb U HEMPEPBIBHOE YIYUIIEHUE CHCTEMBI 3KOJIOTHYECKOTO MEHEI-
YKMEHTA Ha IPEIPUSITHH MO3BOJIUT HE TOJIBKO YIYUIIUTh SKOJIOTHIECKUH UMUK, YMEHBIIUTh PACXO/IbI HA IITPa(bI
Y [TIOCTOSTHHOE YCTPAaHEHHUE aBAPUHUHBIX CUTYAIM, HO ¥ IPUBEIET K PACIIMPEHHUIO AaCCOPTUMEHTA MPOAYKIHH (YCIIyT),
BBIXOJy Ha HOBBIE €BPOMNEHWCKHE PBIHKM COBITA, YBEIMUYMBAs MPUOBUIH MPEINPHITHS. ABTOPOM IPOaHATU3NPOBaA-
Ha JISTENBHOCTD MPEANPHATHs B chepe cymaocTpoeHus U cynopeMonTa. OCyIecTBICH Npe/IBapUTEIbHBINA 3KOJIO-
THYECKUI aHalIu3 JEeATeNbHOCTH U MICHTU(UIIMPOBAHBI HAaOOJIee CYIIECTBEHHBIE BIMSIHUS OTJENIOB MPEIIPHUSTUS
Ha COCTOSIHHE OKpY>Karolled mpupoaHoil cpenpl. Ha 0CHOBE yCTaHOBIIEHHBIX KIIFOYEBBIX IKOJIOIMUECKUX ACIEKTOB
MPE/I0’KEH BAPHAHT 3KOJIOTMYECKON MONMUTHKU. OCHOBHOM aKIIEHT B ATOH JEKIapaliy 0 HAMEPEHUAX MPEIIPUATHS
110 U3MEHEHUIO BEKTOPA B CBOEM OTHOIICHHWH K OKPYXKAIOMIEH Cpesie Hy)KHO MEPEMECTUTh B CTOPOHY YMEHBIICHUS
9HEPronoTpedIeHUs MyTeM BHeApeHUs sHeprodddexTuBHBIX TexHomoruid. Kpome Toro, pykoBoJCTBY HEOOXOIUMO
yAEIUTH 0c000€ BHIMAHNE TIPOBEACHNIO 00pa30BaTeIbHOM paboThI B chepe OXpaHbl OKPYIKAIOMIEH CPeIbl M OXPaHbI
TpyJia JUIs ONTUMAJILHOTO MTPUBJICYEHHS U TTOOIIPEHNSI NHULMATUB paOOTHUKOB, HAIIPABJICHHBIX HA YJIYUIICHUE 9KO-
JIOTHYECKOT0 MMUKa Mpeanpuatus. Ha ocHOBe 3KOJIOrMYecKOoi MOJIUTHUKU CIIEAYEeT pa3padoTaTh SKOIOTHYECKYIO
MIPOTPaMMy CHCTEMBI 3KOJIOTHUECKOTO MEHEPKMEHTA, KOTOPAst SIBISETCS HEOTHEMIIEMBIM 3JIEMEHTOM TIOCTEIIEHHOTO
JIOCTIDKEHUS 11eJIeH, ONpeIeIEHHBIX YKOJI0IMYEeCKON MOMUTUKON MPpeInpusaTHs. DK0JIorHuecKas mporpamma, Kotopas
OyZeT BBIIOJIHATHCS B MOJTHOM 00BEME, TIO3BOIMUT HE TOJIBKO YETKO PACTIPENEINTh 00 3aHHOCTH, CPEACTBA U CPOKH
JUISL TOCTHIKEHHSI TIOCTABJICHHBIX LeJIeH MPeIPHUATHS, HO ¥ CTAHET HHIAMKATOPOM (DyHKIIMOHUPOBAHHUS 3 PEKTHBHOMN
U pe3yIbTaTUBHON CHCTEMBI IKOJIOTHYECKOT0 MEHE/DKMEHTA B I[EJIOM.

KunroueBble ci10Ba: cucteMa 3K0J0rM4eCKOro MEHEDKMEHTA; IPEABIAYLINM SKOJIOTMUYECKUM aHaIN3; SKOJIOTHYECKUI
ACIIEKT; HKOJIOTHYECKAs TOJINTHKA; SKOJIOTHYeCKast IPOrpaMMa; arioMeparys.
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IMocranoBka 3anayi. [Toripinenns craHy HaBKOJIHII-
HBbOT'O TPUPOJHOTO CEPEJOBUILA, L0 CIOCTEPIracThCs
OCTaHHIM 4acoM B YKpaiHi, B OCHOBHOMY CIIPHYMHEHE
Ha/JMIpHUMHU BUKHJIAMH TIEPECYBHHX JDKEpeN Ta Jlisiib-
HICTIO IPOMHUCIIOBUX IiIIPUEMCTB i3 BUCOKHM CTYIICHEM
exornoriyHoi Hebesmekn. HacmigkamMu Takoro BIUTUBY
€ pO030aJaHCOBAHICTh KOMIIOHCHTIB €KOCHCTEMH, 3HU-
JKEHHsI SIKOCT1 JKUTTSI HAaceJICHHS i 3MEHIICHHS MOXKIIH-
BOCTEH IS COLI0EKOJIOT0-€KOHOMIYHOTO PO3BUTKY MICT
Ta arJoMepauiifHuX yTBOPEHb.

B VxpaiHi iHTEHCUBHO BifOyBa€ThCS 3ariHOICHHS
NPOLIECIB arjoMepyBaHHs, 10 [MO3HAYAEThCS HA HEO0O-
X1JTHOCTI PO3BUTKY METOJOJOTIYHMX MiAXOMIB JUIsl 3a-
Oe3reueHHs] eKOJIOTTYHOT Oe3NeKH HalOLIBIINX MiChKUX
aryioMepariif i IX CTpyKTypHHUX €JICMEHTIB Ha LIIAXY JI0
30aJJaHCOBAHOTO PO3BUTKY JEPIKABH.

Aromepartii — 11e COIi0eK0I0r0-eKOHOMIYHI KOMII-
JIEKCH, JIe EKOHOMIUHa CTOPOHA Ma€ Bi/IMOBIATH 3a MaTe-
piayibHi 3acaiu HACEIICHHS, COIlialibHa — HOTO T00po0yT
Ta IPOMAJISTHCHKI IpaBa, a eKoJIoriuHa — 3a0e3meuyBarH
SIKICTB KHTTS, 3I0pOB’s Hawii Ta ii MafOyTHIX MOKOIHb.

Cucremy ekomnorigynoro MmeHepkMeHty (CEM),
BIIPOBa/DKEHY Ha MIANPUEMCTBAX YKpaiHW 3rigHO 3i
crarnaprom JICTY ISO 14001:2015 [3], MmoxkHa BBaXxka-
TH Ji€BUM IHCTPYMEHTOM, a HATOMICTh 1 HAHOUTBII BHU-
3HAHOIO, a 32 JOTPUMAaHHs BUMOT CTaHAApTy i pe3ysbTa-
THUBHOIO Ta €(DEKTUBHOIO MI>KHAPOHOFO 1HII[IATHBOIO IS
3a0e31eyeHHsI eKOJI0TYHOT Oe3MeKH BEIMKUX MICT 1 anio-
Mepariii Ykpaiau. He3pakaroun Ha JOOpPOBUTHHHIN Xa-
pakTep CTaHAAPTY, CIiJ 3a3HAYMTH, 10 OCHOBHOKO HOTO
METOIO € CTBOPEHHSI CIeliani3oBaHoi cepn yrnpaBiIiHHS,
sIKa MMOYMHAETHCS 3 PO3YMIHHS HEOOXIIHOCTI PO3POOKH
CYYacHHUX MIIXO/IB Ta YCBIIOMIICHOI i BMOTHBOBAHOT Jii-
STTBHOCTI, CIIpSAMOBaHOI B OiK MiHIMi3amii HEraTMBHOTO
BIDIMBY JiSUTBHOCTI MIiATIPUEMCTBA HA MPHPOIHI 00’ €KTH
Ta IX PecypcH LUIIXOM BUKOHAHHS €KOJIOTTYHOT MO THKA
Ta peaiizaiii exosoriunoi mporpamu CEM.

VY cydacHUX CKIJIQJIHMX YMOBAX, sIKi IIPU3BEJIH JI0 €KO-
HOMIYHOI Ta MOJIITHYHOI KPU3HU B HAIiH Jepikasi, BIPO-
BamkerHs CEM 1 11 migTpuMaHHS y Ji€BOMYy CTaHi Ha
MIIIPUEMCTBAX BBAXKAETHCS BUTPATHUM Ta HepeHTa0eb-

HUM TIporiecoM. [IpoTe 3a yMOBH MpaBIIIBHO MiiOpaHux
YIPaBITIHCHKUX MIAXOMIB [5] Taka exonoridHa pedopma
BCIX BUUIUTIB MIiAMPUEMCTBA Ta YCBIIOMIJICHHS POOIIEM
MpaIiBHUKAMHU JIOTIOMOXKE TOKPAIIUTH EKOJOTYHUIM
iMi/DK, SMEHIIIITH BUTPATH Ha mTpadu i mocrTiifHe ycy-
HEeHHSl aBapiiHMX CHTYyallil, JacThb 3MOTY PO3LIMPHUTH
ACOPTHMEHT NPOJYKLIT 1 BUHTH Ha €BPOICHCHKI PUHKH
30yTy, THM CaMUM 30UTBIIATH IPHOYTKH i IIPHEMCTBA.

ToMy HepLIOpsSITHAM 3aBIAHHIM JUIsl 3a0€3I1eUCHHS
CKOJIOTIYHOT OE3MeKU arjioMeparlii, sKi, He3BaKAYH
Ha BIJICYTHICTh MPaBOBOI MIATPUMKH 3 OOKY JiepKaBH,
ICHYIOTh 1 PO3BHBAIOTHCS, € 3MiHa BEKTOpa MUCICHHS
y CEKTOpi EKOHOMIKH 3 TEXHOTCHHO-TOCIIOAAPCHKOIO Ha
COLIaJIbHO-EKOJIOT TYHH .

AHaJi3 ocTaHHiX aociaizxensb i myosikamiii. Pos-
poOka, BIPOBAKEHHS, METOMWYHI Ta YIPaBIiHCHKI
ITiXOI! 0 CTBOPEHHS CHCTEMH €KOJIOTIYHOTO MEHEIK-
MEHTY ISl MIANPHEMCTB CTAIM 00’ €KTOM JOCIIKEHHS
0araTtbOX IMPOBIAHUX BITYM3HSIHUX Ta 3apyODKHUX Ha-
yKkoBI[iB. OCHOBHI TIepeBaru BIPOBAPKEHHS Ta €KOHO-
Miynoi edexruBHocti CEM Ha mimxnpueMcTBax pos-
moinamu O. €. besbopomosa, M. M. Bepuusin [1, 2],
D. Firuz [6]. Ilopanok imenTudikamii Ta paHXyBaHHS
€KOJIOTIUYHHMX acIeKTiB, 3rigHo 3 ISO 14001, BucBiTICHO
y npaui A.B. Xopomasina [4]. [Ipo6iaemu Ta nepcrex-
THUBH PO3BUTKY €KOJIOTIUHOI cepTudikalii sk MexaHi3Mmy
HEOOXiTHOTO JIIsI KOHCTPYIOBAHHS OpraHi3amii BUBYaIN
Ch. Gwen, M. Fetsko, Ch. Hendrickson [7]. IIpote ¢ax-
TUYHO BIZICYTHI JOCII/DKCHHSI, B IKHX O 30Cepe/KyBa-
nucst Ha po3poOri moxymenranii CEM mns peamsHOTO
T ITPUEMCTBA.

META JOCIIKEHHS — 3niiicHeHHS momepet-
HBOTO aHAJII3y Ta PO3pOOKa EKOJIOTIYHOI MOJIITHKH Ha
OCHOBI 1JIeHTU(]iKaIllii eKOJIOTIYHMX ACIEKTIB Ta BIUIUBY
nistteHOCTI [TAT «KuiBcpkuit cyqHOOYHIBHUK-CYAHOpE-
MOHTHHH 3aBOJI» IJIs BIIPOBAPKCHHS CUCTEMHU €KOJIOT14-
HOT'O MEHEJDKMEHTY.

OcHnoBauii marepian. [TAT «Kuischkuii cyaHoOy-
JIBHHUI-CY THOPEMOHTHHI 3aBO» TEPUTOPIAIbLHO PO3Ta-
moBaHMUH y raBadi p. JHinpo B nertpi M. Kuesa. IIpors-
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roM OararboX pOKiB 3aBOJI Oy/lyBaB pPiuKOBi CyJHa 1 Oapxi
Ta OyB OCHOBHOIO CYJAHOPEMOHTHOIO 0a3010 JJIsl CyJ/ieH
ycix TumiB Ha p. [Himpo.

3a JaHUMH TONEPEIHBOTO aHaNi3y MisUTBHOCTI ITif-
MIPUEMCTBA BCTaHOBIIEHO, 110 y ITAT «KuiBcbkuii cyHO-
OyIiBHUI-CYTHOPEMOHTHU# 3aBOI» 30ym0BaHO 148 Kop-
MMyciB Ta TPOBEACHO pEeMOHT Oimbire HiX 470 cymeH,
3 sikux npotsaroMm 1992-2011 pp. 3Beneno 10 noBHOKOMII-
JIEKTHUX CY/JIeH, 9 KOPITyCiB Cy/ieH (SIK /sl IHO3EMHUX 3a-
MOBHHKIB, TaK 1 JJIsl BHYTPIIIHBOT'O PUHKY), BIIPEMOHTO-
BaHo Ounmbiie Hix 190 mnaB3aco6iB [8].

AT «KuiBcbkwii cyaHOOY NiBHUI CYTHOPEMOHTHUI
3aBOJ» CKJIAJIAEThC 13 LEeXiB 1 BiuiniB (puc. 1), siki crie-
IaJTI3YIOThCSI Ha CYAHOOY 1y BaHHI Ta CYIHOPEMOHTI ILIaB-
3ac00iB, 3MIMCHIOIOYN MOJCPHI3aIliIo 1 mepeodmaTHaHHg
PIYKOBUX CYJEH Ta Cy/IeH 3MIMIaHOTO «pika—MOpe» TH-
miB JOBXHUHOI 10 120 M, mupuHOorO 10 16,2 M, Barowo
no 1800 T.

BucoxoksarigikoBani (axiBIi i cygacHe obnagHaH-
HS1 JAfOTh 3MOTY TIPOBOJIUTH TaKi poOOTH 3 PEMOHTY KOp-
ycy, SIK IiHOM CYJIeH Ha CTareib Ta iX CIyCK Ha BOJay
Hicisl PEMOHTY; MICKOCTPYMHUHHE OYHIICHHS KOPIyCy;
PEMOHT i3 3aMiHOIO €JIEMEHTIB KOPITYCY; PEMOHT TPyOo-
MIPOBOIiB, JOHHO-0OPTOBOT apMaTypH, HACOCIB; MaJLIPHI
pobotu. ITAT «KwuiBcekuii cymaHOOYIiBHUI-CYIHOPE-
MOHTHHUI1 3aBO/I» Ma€ B CBOEMY PO3IMOPSKEHHI OaraTo-
¢yHKIiOHATBEHE 00J1aTHAHHS Ta BUPOOHNYI MTOTY>KHOCTI,
SIKi TalOTh 3MOTY 3MIMCHIOBATH ITUPOKUI CIIEKTP BHIIB
METaJI000pOOKH (BiJl MEXaHIYHOTO IO IUIA3MOBOTO pi-
3aHHs Metany). Cepe MOCHyT, K HaJae miANPHEMCTRBO,
OKpeMO TOTPiOHO BHAITUTH BaHTAXHI Ta TMAaCaKUPCHKi
nepeBe3eHns [8].

VY pesysbTari NpOBEICHOTO MONEPEHHOT0 aHali3Yy,
BUKOPHCTOBYIOYHM METO/IMKH, Ha/IaHl KoMIaHieo «bropo
BepiTacy, Oynu Bu3HaUeHi €KOJIOTIYHI aCTIEKTH Ta BILTUB
Ha HaBKOJIMITHE CEPEJOBHIIE JOCTI/LKYBaHOTO 00’ €KTa
BIJIIOBIIHO 70 YMHHUX HOPMAaTHUBHO-TIPABOBUX aKTIB
VYkpainu (tabsn. 1).

[Ticns inenTrudikarii eKoJIOTIYHUX aCIMEKTIB [isIb-
HocTi [TAT «KuiBChbKMi cymHOOYIIBHUH-CYTHOPEMOHT-
HUH 3aBO/1» BU3HAYEHO CYTTEBI €KOJIOT1YHI aCIIEKTH, TOO-
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Puc. 1. Crpykrypa ITAT «KuiBchkuii cyaHOOYIIBHHK-CYITHO-
PEMOHTHHH 3aBOI»

TO Ti, 1[0 3/1IHCHIOIOTH CYTTEBHI BIUIUB HA HABKOJIMIIHE
MIPUPOJTHE CEPEIOBHILIE.

Hemae enmmHOl METOIMKN 111 BU3HAYCHHS CYTTEBHX
eKOJIOTIYHHX acmekTiB. KokHe MiAmpreMCTBO BHKOPHC-
TOBYE METOJUKY, 3alPOIIOHOBAHY TI€I0 ayJUTOPCHKOIO
opranizani€ro, sika Hagaji Oyne 3fiicHIoBaTH cepTH(i-
kanifiamit aynut CEM. IIpoTe Bci METOOWKH MO0 BH-
3HAQYEHHs CYTTEBUX EKOJOTIYHUX ACMEKTIB Ta BIUIUBIB
MANPUEMCTBA Ha JOBKUUIS TOETHYE 3arajibHe IpaBH-
JI0 — OIIiHKa Ma€ MPOBOAUTHUCS TIOCITIIOBHO /IS KOJKHO-
T'O OKPEMOT'0 €KOJIOTTYHOTO ACTICKTY.

Kpwurepii OIIHKM CYTTEBHX EKOJOTIYHHMX ACIIEKTIB
MycATh OyTH TOBHUMH, TIepeOyBaTh y BUIBHOMY JOCTY-
mi 1 MaTH MOJKJIMBOCTI JJIsl HE3aJCKHOT mepeBipku. Jlist
BU3HAYCHHSI KPUTEPIiB OLIHKK CYTTEBHX EKOJOTTYHHX
ACTICKTIB MPOTIOHYEMO BHKOPHCTOBYBATH TaKi XapakTe-
puctuku (Tabdm. 2).

Bu3HaueHHs CyTTEBHX €KOJOTIYHUX acIeKTiB IPyH-
TYy€ThCS Ha MAaTEeMAaTHYHHUX OOYHMCICHHAX OaiiB, INpH-
BJIACHEHUX KOXKHOMY 3 aclieKTiB Ha OCHOBI KpHUTEpiiB
OLIIHKH. [HO/II TaK0XK PEKOMEH/YETHCSI BUKOPHCTOBYBATH
MHOYKHHK, TIPOTIOPIIHHUH OambHIH OIiHIII MOXINBOCTEH
3JIICHEHHs] KOHTPOJIIO Takoro acnekry. CyTTeBUMHU BHU-
3HAIOTHCS ACIEKTH, SIKUM BiJITOBIIal0Th HAMOIIBIII 3HA-
YeHHS 00YNCIIeHb, 200 aCTIeKTH, [0 MOTPATIISIOTH Y TIEeB-
HUI [iamas3oH.

Taoauuns 1. [nentudikamnis exonorivanx acnekTiB AismbHOCTI [IAT «KuiBcpkuit cy 1HOOYAiBHUI-CY THOPEMOHTHUIT 3aBOI»

JisbHiCcTB/ - BruinB Ha HaBKOJIUIIIHE . ..
Exosoriunuii acrekr BianoBiiHICT 3aKOHOAABCTBY
nociyra cepeioBuIIe
CynHoOyny- | 1) BUKOpHUCTaHHS HOBHX JeTajneld Ta | 1) Bimxoau; 3axon Yipainu (3Y) «Ilpo Bigxomm»;
BaHH Ta 3HOILIECHHS CTapHUX; 2) 3a0pyaHEHHS IPYHTY; 3emenbHU Kogeke YKpaiHu;
CYIHOPEMOHT | 2) 3aAMMJICHHSI IOBITPS; 3) 3a0pyaHCHHS TOBEPXHEBUX Konexe Ykpainu npo Haznpa;
3) mym; Ta IMiI36MHUX BOTI; Bonnwmii konexc Ykpainy;
4) cHOXKMBaHHS €JIEKTPOCHEPTiT; 4) BUCHA)KEHHSI IPUPOJHUX 3V «IIpo eHepreTuky»;
5) Bukopucranus ¢pap0, emai, pecypcis; 3V «lIpo 0Xx0pOHY HABKOIMUIIHBOIO
[lepeBesenns | nmaxy; 5) 3a0pyaHeHHS aTMOC(EPHOTO | IPUPOAHOTO CEPEOBUINAY;
nacakupiB Ta |6) BUHUKHEHHs METaJIeBOI CTPYXK- | TOBITPSI; 3V «IIpo 0xopoHY 300pOB’s»;
BaHTAXIB KH; 6) THCK Ha OpTraHi3M JIIOJMHH; 3V «IIpo 0xopoHY 3eMelby;
7) BUHHKHEHHS BUCOKUX TeMIepa- | 7) 3MEHIICHHS 010JI0TIYHOTO Kozekce 3akoniB mpo mpaito Ykpainu;
TYDp; pizHOMaHiTTs Ta BugoBoro 6a- |3V «IIpo oxopony armocdepHoro
8) BuKopHcTaHHs MUIHHX 3ac00iB; | rarcta ¢uiopu i dayHu TIOBITPSI»;
9) BUKOPUCTaHHS MAJIbHO-MaCTHIIb- 3V «IIpo oxopoHy mpari»;
HHX MarepiajiB, JyriB 3V «IIpo noxexHy 6e3nexy»;
3V «IIpo pociiuHHUH CBIiTY
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Ta6auns 2. Kputepii oIliHKHA CyTTEBUX €KOJIOTIYHUX aCTICKTIB
TUSUTBHOCTI MIAMPUEMCTBA

Tocriomapceski,

Exonoriuni . . . Konrpons
coliaJIbHi, MPaBOBi .
XapaxkTepu- N ) . €KOJIOTIYHOTO aCHEeKTy
¥ 1HIII1 TOB’ sA3aH1 R
CTUKHU 3 OOKy oprani3zarrii
XapaKTePUCTHKH
Macurab HasiHicTh 1 oTpu- | BHyTpilHi periameHTH

BILTUBY MaHHsI BUMOT HOpMa- | Ta IHCTPyKIil

THBHHUX aKTiB

[otyxHicTs | Brumns Ha iHm MOXKITUBICTG BILIMBY Ha
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BIUTUBY porecu MOTY>KHICTb, MacITad
1 4aCTOTy BUHUKHEHHS

Yacrora BigHomenus Burparu, HeoOxinni

BILUIUBY 3aI[iKaBJICHUX CTOPIH | ZJIsl KOHTPOJIIIO ACTIEKTY

TpuBamicts

BILJIMBY

Hamu BcTaHOBNICHO, IO HaHOUTBIIE TOTPEOYIOTH
KOPHUTYBaHHS CYTT€BI €KOJIOTIYHI acIleKTH, ITOB’s3aHi
3 MiSTTBHICTIO IMiIPUEMCTBA TiJT 9ac BUPOOHUIITBA i pe-
MOHTY JBUTYHIB 1 TypOiH, y pa3i nepeBe3eHHs Nacaxu-
PiB Ta BaHTAXIB, IMICKOCTPYMHHHOTO OYHIIICHHS METAIB
1 BaJIBI[FOBAHHSL.

Ha ocHOBI BM3HAa4€HHX CYTTEBHX EKOJOTIYHUX ac-
TICKTIB MPOMIOHYEMO BapiaHT €KOJIOTIYHOI MOTITHKH JIIS
I[MAT «KwuiBcbknit cyaHOOYIBHHI-CYTHOPEMOHTHUH
3aBoJ». ExosioriyHa mojiTuKa miANpUeEMCTBAa Ma€ 4iTKO
BHM3HAYAaTU HEOOXIiTHI i BUMIpPHI L1 1010 3MEHILICHHS
HEraTUBHOTO BIUIMBY Ha HaBKOJIMIIHE TPHPOJHE cepe-
JIOBHIIIE, CTATH HE JIMIIE 3asBOIO MiINPUEMCTBA ITPO CBOT
JIOMIHAHTH Ta TPUHIIMIIK, [TOB’s3aHi 13 3araJbHOI0 €KO-
JIOT1YHOIO ePEeKTUBHICTIO, ajle i OyTH OCHOBOIO JUIS i
Ta BCTAHOBJICHHS LIIJIbOBHX 1 IUIAHOBUX €KOJIOTTYHHX T10-
Ka3HMKIB 1 MA€ BKIIIOYATH y ceOe HAMIpH:

1) 3MCHIITUTH BUKHIU BiJl BAKOPUCTAHHS MTaJIMBa ITi]T
Yac MepeBe3eHHs] BAHTAXKIB Ta MaCaKHUpiB;

2) 3MEHIIUTH EHEProCIOKUBAHHS IIUIIXOM 3ampo-
BaJDKCHHSI €Heproe()eKTUBHUX TEXHOJIOTIH Mij| Jac pe-
MOHTY 1 BUPOOHHIITBA;

3) mpaIroBaTH y HampsAMi BIPOBAKEHHS HOBITHIX
TEXHOJIOTIH 11010 OYMCTKH CTIYHHUX BOII;

Cnucok Jireparypu
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4) MpOBOANTH OCBITHIO pOOOTY B chepi OXOPOHHU Ha-
BKOJIMIIIHHOT'O CEPEIOBHIIA Ta OXOPOHHM Mpalli, a TAKOK
3a0X0UYyBATH IHILIATHBH TPAIiBHUKIB, CIIPIMOBaHI Ha
TIOJIIMIIEHHST €KOJIOTTYHOTrO IMIJUKY MiAPUEMCTBA;

5) cHiBmpamroBaTh 3 TPOMAICEKUMHU €KOJIOTIIHUMHA
OprasizamisMu.

Ha ocHOBI eKoJIOTi4HOT MOJNITUKK TIANPHEMCTBO Ma€e
po3pobutu exomoriuny nporpamy CEM mist mocsirHeHHS
HaMIpIB, sIKi OyJM 3asBJICHI B €KOJIOTTYHIM MOJITHUILI M-
npueMcTBa. J{ISUTBHICTH MO0 PO3POOKH 1 BIPOBAKCHHS
mporpamu (abo mporpamM) Mae HaJABKINBE 3HAUCHHS Y JI0-
CSICHEHHI KePIBHUIITBOM ITiIIPUEMCTBA TOCTABICHHX 11IIeH
Ta JUIsl BUKOHAHHS 3aBJIaHb, sIKi 1a/yTh 3MOT'y 3a0e3rneun-
TH (QyHKIIOHYBaHHS e(DeKTUBHOI Ta Pe3yIbTaTHBHOI CHC-
TEMH EKOJIOTIYHOro MeHemkMeHTy. [Iporpama CEM mae
BU3HAYaTH 3aBIaHHS W 3a/a4i opraHizaiii Ha HaHOMK4l
3-5 pokiB, ypaxoByroun HEOOXi/THI CTPOKM BUKOHAHHS, BH-
3HAYAIOYX BIAMOBIAAILHUX OCIO Ta 3BayKarouy Ha BUIICH-
HsI HEOOXIJHMX KOIUTIB JJIsl 3a0e3leYeHHs] 1 JOCATHEHHS
1IiJIeH, 3a3Ha9CHNX B €KOJIOTIUHINM TTOJITHII ITiAPHEMCTBA.

BUCHOBKM. VY pesysbrari IpOBEIECHOTO ITOTIepe-
HBOTO eKosiorigyHoro anami3y misubHocTi ITAT «Kwuis-
CBKHUI CyJTHOOYIiBHUI-CY/THOPEMOHTHUI 3aBOj» Oyiu
IICHTU(IKOBaHI CKOJIOTiYHI AaCMEKTH Ta BCTAHOBJICHI
BU/Y BIUIUBY MIiANPUEMCTBA HA HABKOJIUIITHE CEPEIOBHU-
me. BusnaueHo, mo HaibinbIIe MOTPeOyIOTh KOPHTY-
BaHHS €KOJIOTIYHI acIeKTH, [TOB’s3aHi 3 MPOIecaMu ITif
yac CyJHOOYAIBHHX Ta Cy[THOPEMOHTHHX BHMIB MHisUTb-
HOCTI Ta y pa3i IepeBe3eHHs IacaKupiB i BaHTaxIB. Po3-
poOIeHuit BapiaHT €KOJIOTIYHOT TOMITUKA Ha OCHOBI CyT-
TEBUX CKOJIOTIYHUX ACIEKTIB AACTh 3MOTY aKIEHTYyBaTH
yBary KepiBHHUIITBA Ha MEPLIOYEProBUX NpodiiemMax, sKi
HEOOXi/THO BUPINIyBAaTH JUIS 3MEHIICHHS HETaTHBHOTO
BIUIMBY Ha HaBKOJIMIIIHE [TPUPOJIHE CEPEIOBHUIIIE TTi]] Yac
3NIACHIOBAaHUX BHUIIB poOIT y mexax Ta Bimminax [TAT
«KuiBchbkuii CyTHOOYIIBHUN-CYTHOPEMOHTHHIH 3aBOI».

[Moganbmi  pociimkeHHs: OyIayTh 31HCHIOBATHCS
y HampsiMi BU3HAYCHHS 1 PO3paxyHKY CYKYITHUX BHTpAT
Ha BIPOBAKEHHSI CUCTEMH €KOJIOTIYHOTO MEHEPKMEH-
1y [TAT «KuiBchkuii cy1HOOY1iBHHIA-CYTHOPEMOHTHU I
3aBOJIY.
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Abstract. The theoretical substantiation of the need to develop a software for predicting
groundwater pressure on underground structures of cylindrical shape has been analyzed and
reflected. In the course of the study, the process of developing a software for predicting
groundwater pressure in the area of underground structures of a cylindrical shape was de-
scribed. During the development of the algorithm of the future software, the basic chemical
and physical characteristics of the soil were determined which should be taken into account
when forecasting the pressure of groundwater, namely: the rate of filtration, the physical and
chemical properties of the soil, the infiltration (raining, melting of the snow), the work of
pressure from the reservoirs and other sources. Other factors are considered unimportant in
forecasting. The stages of the process of developing a mathematical model of a software tool
are shown. The basic soils, their physical properties, the level of porosity, the redistribution
of pressure in the reservoir, the capillarity, etc. were analyzed. The work used to elucidate
the used formulas for calculating the influence of groundwater on the physical features of
different soils used in the development of a mathematical model of a software tool, modi-
fication of existing formulas was carried out, and a mathematical apparatus for predicting
groundwater pressure in a zone of underground structures of a cylindrical shape, based on
the Darcy formulas, Shhelkachyov, the main formula in the theory of elastic fluid filtration
regime and others. The process of development of software for forecasting the impact of
groundwater on underground structures of cylindrical shape and elements of the created
software tool is revealed. The results of tests of the finished software on the example of pre-
diction of groundwater pressure on the structure are presented in the model when calculating
exact values of the used soil type. The results of the development are the basis for future
developments and improve the accuracy of prediction of groundwater pressure in the area
of underground structures of a cylindrical shape and can be used as a template for the future
development of software for predicting groundwater pressure on underground structures.

Keywords: pressure; soil; construction; programming; algorithmization.
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Awnoraunis. [IpoananizoBaHo Ta BiJJOOpa)k€HO TEOPETUUHE OOIPYHTYBAHHS MOTPeOU PO3POOKH MPOTrpaMHOro 3aco-
Oy MPOTrHO3YBaHHSI THCKY I'PYHTOBHMX BOJ| Ha MiJ3eMHI CHOPYAM LUIIHAPUYHOI (popMu. Y XOAi JOCHIIKeHHS OyB
OITMCAHUH MpoIIeC PO3POOKH MPOrPaMHOro 3ac00y MPOrHO3YBAHHS THCKY TPYHTOBHX BOJ| Y 30HI MiJ3EMHHX CIIOPY/[
mutiHApuaHol popmu. I1ig gac po3poOKU aaropuTMy MailOyTHROTO MPOrPaMHOI0 3aco0y OyJI0 BU3HAYEHO OCHOBHI
XIMi4HI Ta (I3UYHI XapaKTePUCTUKH IPYHTIB, SIKi JOIIIHO BPaxOBYBaTH IIijl 4ac MPOTHO3YBAHHS THCKY IPYHTOBHX
BOJ: MIBHAKICTH (inpTpamii, pi3uKo-XiMidHI BIACTUBOCTI IPYHTY, IH(ITBTpaIiifHe miKUBICHHS (JI01Ii, TAHEHHS CHi-
ry), poOoTa THCKY 3 BOJOWM Ta iHIIUX JpKepes. [HIm GpakTopy BBaXKArOThCS HEBAKIUBUMH ITiJ] 9aC MPOTHO3YBAaHHS.
Haseneno eramu mporiecy po3poOku MaTeMaTHYHOI MOJIEIi TporpaMHOTo 3aco0y. [IpoaHanizoBaHO OCHOBHI IPYHTH,
X (bi3WIHI BIaCTUBOCTI, PiBEHb MOPUCTOCTI, IIEPEPO3IIOALT THCKY B IIACTI, KAMJIAPHICTH TOIIO. [logano BUKopucTaHi
(hopMymnH po3paxyHKY BIUIHBY IPYHTOBUX BOJ HA (pi3WTHI OCOOIMBOCTI Pi3HUX IPYHTIB, III0 3aCTOCOBYBAIUCS ITiJ] 4ac
PO3pOo0KH MaTeMaTHIHOI MOJIENI IPOTPaMHOT0 3ac00y, IpoBeIeHO Moar(DiKalio HassBHUX (HOPMYIT Ta PO3pOOICHO
MaTeMaTUYHUH armapaT MPOTHO3YBAHHS THCKY I'PYHTOBHX BO/J| Y 30HI HiI3EMHUX CIIOPY/ LMIIIHAPUIHOT (hopMH, KU
6azyerncs Ha popmynax [apcei, lllenkauboBa, OcHOBHIHM GopMyIti B Teopii Hpy>KHOTO pexuMy (GuIbTparii pituHu Ta
iH. Po3kpuTo mporiec po3poOKH MporpaMHoro 3aco0y MpOrHO3yBaHHs BIUIMBY IPYHTOBHX BOJ Ha MiJI3EMHI CIIOPYIH
LWITTHAPUYHOT (JOPMHU Ta €JIEMEHTH CTBOPEHOTO IPOrpaMHOro 3aco0y. BigoOpaskeHO pe3ynbTaTu TECTyBaHb T'OTO-
BOT'0 MPOTPaMHOro 3aco0y Ha MPHKJIai NPOTHO3yBaHHS TUCKY I'PYHTOBHX BOJ Ha CHOpPY/Y 3a BHECEHHS IO MOJEIi
PO3paxyHKy JaHMX TOYHHMX 3Ha4€Hb BUKOPHCTAHOI'O THITY IPYHTY. Pe3ysibTaTti po3poOKu € 0OCHOBOIO Jisi MalOyTHIX
JOpOoOOK Ta MOKPAILEHHS! TOYHOCTI MPOTHO3yBaHHSI TUCKY I'PYHTOBHX BOJ| Y 30HI MII3EMHUX CIIOPYA HMITIHAPHIHOT
¢dbopmu 1 MOKYTh OyTH 3aCTOCOBaHI sIK I1a0JOH Mail0yTHIX po3pOOOK MPOrpaMHUX 3aC00IB MPOTHO3YBaHHS THCKY
I'PYHTOBHX BOJ] Ha MiZI3eMHI CIIOPY/IH.

KuiouoBi ciioBa: THCK; IpyHT; OyAiBHUIITBO; IPOTpaMyBaHHS; aJITOPUTMYBaHHSI.

AunHoTanus. [IpoaHanM3UpPOBaHO U OTPAKEHO TEOPETHYECKOe OOOCHOBaHHE HEOOXOIMMOCTH Pa3pabdOTKU Mpo-
IPaMMHOTO CPEJCTBAa MPOTHO3UPOBAHMS JABICHUS I'PYHTOBBIX BOJ HA IOJ3EMHBIC COOPYKCHHUS LIMITHHAPUICCKOM
¢dopmbl. B xoz1e nccienoBanus ObUI ONHCaH MpoLece pa3paboTKH MPOrpaMMHOIO CPEACTBa NPOrHO3UPOBAHMUS JaB-
JICHWSI TPYHTOBBIX BOJI B 30HE TIOJI3EMHBIX COOPYKCHUI UIMHIpUYecKoil popmbl. [Ipn pazpabortke anropurma Oy-
JYIIEro IPOrpaMMHOIO CPEACTBa OBLIM OIPENIeNICHbl OCHOBHBIC XUMHUUYECKUE U (DH3UYCCKHE XapaKTePUCTHKU TPyH-
TOB, KOTOPBIE I€JIECO00PAa3HO YUUTHIBATH ITPU IIPOrHO3MPOBAHNH JIaBIICHUS TPYHTOBBIX BOJ: CKOPOCTh (DMIIBTPALIUH,
(PU3UKO-XMMHUYECKUE CBOIMCTBA I'PYHTA, MHOHUILTPALMOHHAS ITOJIKOPMKa (JI0XKH, TassHUE CHera), paboTa JaBieHUs
13 BOJOEMOB U JIPYTUX MCTOYHUKOB. JIpyrue (akTopbl CUMTAIOTCS HEBAXXHBIMH NPH NpOTHO3MpoBaHuu. IpuBene-
HBI 9TaIlbI Ipolecca pa3padoTKH MaTeMaTHYECKO MOIEN TPOrpaMMHOTo cpeJicTBa. [Ipoanam3npoBaHbl OCHOBHBIC
TPYHTBI, UX (PU3MYECKUE CBOICTBA, YPOBEHb IIOPUCTOCTH, MEPEpACIIpe/Ie/ICHNE AaBICHHS B IIacTe, KalWUIIPHOCTh
u ToMy nojo6Hoe. [Togansl ncronb30BaHHbIe GOPMYJIBI pacueTa BIMSHUS TPYHTOBBIX BOJ Ha (M3HYECKUE OCOOCH-
HOCTH Pa3JInYHBIX TPYHTOB, KOTOPbIE MPUMEHSUINCH NPU pa3paboTKe MaTeMaTHYECKOW MOJIENN TPOrPAMMHOTO Cpei-
CTBa, MTPOBEJCHO MOAM(DUKAINIO UMEIONIUXCST (OPMYJT U pa3paboTaH MareMaTHUeCKH anmapar MporHO3UPOBaHUS
JaBJICHHS TPYHTOBBIX BOJ B 30HE MOJ3EMHBIX COOPY)KCHUH LUIMHIPUYECKOH (OpMbI, OCHOBAHHBIN Ha (opMyiax
Hapcu, 1llenxauéBa, OCHOBHOM (GopMyIie B TECOPHH YIPYToro peknuMa (HIBTPAIIUH KUAKOCTH U JIp. PackpsITo mpo-
Lecc pa3padoTKU IPOrPaMMHOIO CPEICTBA IPOTHO3UPOBAHMS BIUSHUS IPYHTOBBIX BOJ{ HA ITOJ3EMHBIE COOPYKEHUS
LWJIMHAPUYECKOH (DOPMBI M 3JIEMEHTHI CO3JaHHOIO MPOrPaMMHOTO cpencTBa. OTpakeHbl pe3ylbTaThl TECTHPOBA-
HHS TOTOBOTO MPOIPAMMHOIO CPEJICTBA HAa MPUMEpPE MPOrHO3UPOBAHMS ABJICHHS TPYHTOBBIX BOJ HA COOPYKCHHUE
3a BHECEHHE B MOJICNb pacyeTa JaHHBIX TOYHBIX 3HAYCHHI HCIIOJIb30BAHHOIO TUIIA TPYHTA. Pe3ynbraTsl pa3paboTKH
SIBJISIOTCSL OCHOBOM JU1st Oy AyIMX JOpaOOTOK M YIIyYIISHHUsS TOYHOCTH IPOTHO3UPOBAHUS JABJICHHS IPYHTOBBIX BOJ
B 30HE ITOA3EMHBIX COOPY>KCHNH MITHHPUIECKOHN (POPMBI 1 MOTYT OBITH IIPMMEHEHBI B KauecTBE MabiioHa OyTynux
Pa3paboTOK ITPOrpaMMHBIX CPEACTB MPOrHO3UPOBAHUS JIABJICHNS TPYHTOBBIX BOJI HA TIOI3€MHBIE COOPYKEHHUSL.

KoroueBble c/10Ba: 1aBieHNE; TPYHT; CTPOUTEIHCTBO; IPOTPAaMMHPOBAHNE; AITOPUTMHPOBAHHE.

References

[1T Makovetskiy, O. A. (2018). Otsenka vliyaniya podtopleniya gorodskikh territoriy na izmeneniye fiziko-me-
khanicheskikh svoystv gruntov. Vestnik Permskogo natsional 'nogo issledovatel’skogo politekhnicheskogo uni-
versiteta. Prikladnaya ekologiya. Urbanistika [ Assessment of the impact of flooding of urban areas on changes
in the physical and mechanical properties of soils. Bulletin of the Perm National Research Polytechnic Univer-
sity. Applied ecology. Urbanism], 1. 148—159.

[2] Makovetskiy, O., & Zuev, S. (2016). Practice device artificial improvement basis of soil technologies jet grout-
ing. Procedia Engineering, 165. 504-509.

[3] Six,J., Camerata, J., Bevan, J., Greer, P., & White, J. (2015). Hydraulics. Arizona: Technical Learning College.

228



N°2 (10) 2018

TEXHOJOTII 3BAXVCTY HABKOJIULLUHbOIO CEPE[JOBULLA

smi.nuos.mk.ua | editor@smi.nuos.mk.ua §HIPBUILDING

MARINE INFRASTRUCTURE

Kurbatov, V. L., & Kondarkov, 1. M. (2015) Opusknyye sooruzheniya. Effektivnyye stroitel 'nyye kompozity : sb.
nauch.-prakt. konf. k 85-letiyu zasluzh. deyat. nauki RF, akademika RAASN, doc. tekh. n. YU. M. Bazhenova
[Draft facilities. Efficient construction composites: Sat. scientific-practical Conf. to the 85th anniversary de-
served. activities Science of the Russian Federation, Academician of RAACS, Dr. those. n Yu. M. Bazhenov].

Proyektirovaniye elektrokhimicheskoy obrabotki gruntov. Koeffitsiyent fil ‘tratsii glinistykh gruntov [Design of
electrochemical treatment of soils. Filtration coefficient of clay soils]. Retrieved from: http://www.groont.ru/

Basniyev, K., Dmitriyev, N., Kanevskaya, R., & Maksimov, V. (2006) Podzemnaya gidromekhanika. 2-ye iz-
daniye [Underground fluid mechanics. 2nd edition]. M.: Institute of Computer Research.

Kryetov, V., & Malyshev, V. (2015) Tekhnichna termodynamika ta teploperedacha [ Technical thermodynamics

Uprugost’ i plastichnost’ gornykh porod [Elasticity and plasticity of rocks]. Retrieved from: http://www.drill-

[4]
Belgorod, 1-6.
[5]
electro/projecting/ 12.html.
[6]
[7]
and heat transfer]. Kiev: Ed. University “Ukraine”.
(8]
ings.ru/uprugost.
[9]

Ponomarev, A. B., Makovetsky, O. A., & Savinov, A. V. (2003) Problemy inzhenernoy zashchity gorodskikh
territoriy ot podtopleniya. Rekonstruktsiya istoricheskikh gorodov i geotekhnicheskoye stroitvo [Problems of
engineering protection of urban areas from flooding. Reconstruction of historic cities and geotechnical construc-

tion]: tr. international conf. on geotechnics. — M.: ACB, t. 2.
[10] Xiangfu, Chen. (2011) Settlement Calculation on High-Rise Buildings. Springer, 450 p.

IMocTranoBka 3amavi. CyyacHHI CBIT XapaKTepH3y-
€TBCS BEJIMKOK KUIBKICTIO TOCTIMHHUX 3MiH, SIKi CYIIpO-
BOJDKYIOTh JIIOJICTBO Y BCIX MUTaHHSX HAaBKOJHUIIHBOTO
cBity. OnHI€IO 3 MPOBIIHUX TPoOIEeM € mpobdiaema Tio-
0aTbHOTO MOTEIUTIHHA Ta 301TIBIIECHHS PiBHA CBITOBOTO
OKEaHy, sIKe, y CBOIO Uepry, IPU3BOIUTH J10 301TbIICHHS
KUTBKOCTI BOJIOTH Y TPYHTaX CePeIHPOKOHTHHEHTATBHIX
apeaiiB. ['1o0anbHe MOTEIUTIHHS OyAe BimUyBaTucs He
TIIBKH uepe3 0araTo JCeCSTUIITh, IIC BiIOYBAEThCS BIKE
choroyHi. JIo OCHOBHUX BH[IB HOro BIUIUBY HaJIXaTh
TaKi: 301UIbIIEHHS €KCTPEMAITLHUX TTOTOHUX SIBHIIL; T/
BHIIICHHS PiBHSA MOpS; 3HUKHEHHS JIHOJIOBHKIB Ta TO-
JSIPHOTO JIHOJTY; TIOIIKO/DKEHHS KOPaiB; 3MIHU Y TUKiH
TIPUPO/Ii; TOTIPIICHHS 300POB’ S JTFOICH, 30KpeMa BeITKa
KIUIBKICTh BEKTOPIB 3aXBOpIoBaHb. He3Bakarouwm Ha Te,
[0 TPSMUH 3B’SI30K 13 TJI00aJIbHUM MOTCIUTIHHSIM BaK-
KO BCTaHOBUTH JIJISI IEIKHX 13 LIUX SIBHII OKPEMO, Oe3J1id
3MiH pa3oM YiTKO CBi4aTh MPO 3pocTarouy Hebe3meKy
rI00ATBHOTO TOTEIUTIHHSA [ €KOHOMIKH, 370pOB’S
JIIOIEN Ta EKOCHCTEM, Bij| SIKUX JIFOJIM ¥ 1HIII BUIX 3aje-
JKaTh. 3TiTHO 3 HASBHUMH JTaHUMH, TII00ATBHE ITOTEILTiH-
Hs1 301JTBIINIIO IHTEHCUBHICTH OMa/(iB IPOTSATOM OCTAHHIX
necstuith. Hanpuknan, y rpyani 1999 poky Benecyena
nobaumnia HalOLIbINI MicsAYHI onamu Bipoaorx 100 po-
KiB, MacoBi 3CyBH Ta IOBEHi, BHACIIIOK SKHX 3aTMHYJIH
6mm3pko 30000 oci6. [Iporarom aBox mHiB y MicTi Ma-
€KTIs IOIl BUIIAJIM 3 IHTEHCUBHICTIO, sIKa 3BHYAITHO CIIO-
crepiranacsa aumre pa3 Ha 1000 pokis. Yei mi npouecu
MaloTh KatacTpoQiuHi HACIIIKH, SIKI BA)KKO CIIPOTHO3Y-
Baru Oe3 MoxuOOK, a Oepydu JI0 yBaru MocTiiHy 3MiHY
cepelloBHIIa, TTOXMOKA 3pOCTa€E 3 KOXKHUM POKOM Y 3Ha-
YHil mporpecii.

AHayiz ocTaHHiX [aocaigxeHb 1 myOsikauiii.
VY pi3Hi 4acu BUBYEHHSIM I'PYHTOBUX BOJ| Ta X BILIMBY
Ha IIUTBHICTB IPYHTY 3aiiMaiics 6arato BUCHHX, Cepen
skux M. 1. Ky3smin, €. b. Kapabanos, C. M. ®orieB,

B. M. Makcumos, A. M. OpunrnHukoB, B. M. [Tonoma-
proB, B. B. lllenienes Ta 6araro iHImIuUX.

VY Hanr yac 1100aJIbHOTO IIepeHaceIeHHs BCe YacTi-
Ie TIOCTAIOTh MUTAHHS 3aCeNICHHs] Majo3acejeHUX Te-
puropiii, ix 3a0yniBHUITBA Ta po3pocTaHHs. [loctiiine
MIEPCHACEIICHHS PETiOHIB MPHU3BOIUTH 0 HEOOXITHOCTI
mepeOynoBr OyIiBeNb y HAmpsMKy BEpPTHKAli, TOOTO
OOy NIBHUIITBO OaraToroBepXxoBUX Oy IiBelb SIK HAI I11a-
pOM 3eMTi, TakK i mig HAM. Po3paxyHOK THCKY IpYHTIB Ta
I'PYHTOBHX BOJI Ha LI CIIOPY/H 3aliMa€ BEJIMKY KUIbKICTh
Yacy Ta Hece BEIHMKY HeOe3IeKy >KUTTAM JI0JIeH npH 1o-
MyIIEHH] TOMMJIKH y PO3paxyHKaxX, TOMy MH BBa)Ka€MO
aKTyaJIbHOIO TEMY PO3POOKH MPOTpaMH IS MPOTHO3Y-
BaHHS THCKY I'PDYHTOBHX BOJ| Y 30HI HiJI3EMHHX CHOpPYA
Ha TPUKITAJI CTIOPY/T IITiHAPHIHOI (POPMHL.

META JOCJIAKEHHS — po3pobka mporpamu
JUISl IPOTHO3YBAHHSI TUCKY I'PYHTOBHMX BOJ y 30HI Mij-
3eMHUX CHOPYA UMTIHAPUIHOT POpMH.

OcHoBHHUIT MaTepian. BrumB mig3eMHHX BOJ Ha
MiJ3eMHI YacTUHM OyiBENBHUX CIIOPYA MOJXE IpH-
3BECTH M0 TSDKKHMX HachiakiB. IligrommeHHs OymiBensb
BUKJIMKA€E 3MiHY BJIACTHBOCTEH MarepialliB, a B JEIKHX
BUITaIKaX THCK BOJM y BOJOHOCHUX IlIapax IPU3BOINUTD
no nedopmanii i pyiiHyBaHHS KOHCTpyKuiid. Tomy Bu-
BUYCHHS PO3MOMAITY THCKY BOIU B 30HI MiA3€MHHUX CIIO-
pyA Mae IpakTHYHHMU iHTepec. Buximni mani mist mpo-
BEJICHHSI MPOTHO31B BIAPI3HAIOTHCS BEIUKUM CIIEKTPOM
[1, c. 153-154], [2, c. 507], w0 yCKIaIHIOE TPOBEACHHS
TECOPETUYHOTO aHami3y. [IpoTre po3pobka MaTeMaTHIHUX
Mozenelr Ha ocHOBI popmymu Jlapci [3] Moxke 3HAYHOIO
MIpOIO TOJIETIINTH IPOTHO3YBAHHS CUTYaIlil, TIOB’ A3aHO1
3 MOXIIMBICTIO PYHHYBaHHS Oy[iBENbHUX 00 €KTIB 3a
HassBHOCTI I'PYHTOBHX BOJ. 3a3BW4Yail I'PYHTOBI BOJH
pO3TamIoBaHi B MEPIIOMY BOJOHOCHOMY TOPH30HTI [4].
MixIuiacToBi BoAM IepeOyBaloTh MK JBOMa IIapamy,
HIDKYE BIJI IHITNUX MiI3€EMHAX BOI.
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TucK, 110 BUKIMKAETHCS MiJ3€MHUMH BOJIAMH, BHU-
3HAYA€THCS MIBHAKICTIO (DimbTpamii i 3amekuTh Bin ¢i-
3MKO-XIMIYHUX BJIACTHBOCTEH IPYHTY, iH(UIbTpaLiiHO-
T'O II/DKUBJICHHS (JI01i, TAHEHHS CHITY), pOOOTH THCKY
3 BOJIOWM Ta iHIMHX (paKkTOPiB.

Pyx pimuHM B MOPUCTUX IPYHTaX BiAOYBa€THCS Iif
JEF0 KaMJSPHUX CHI a00 CHJI MEXaHIYHOI TPHUPOJIH.
Po3pi3HsIOTE TpH BUAM Mip: CBepXKamisipHi (Oijblie
500 mkwm), kamimspHi (0,2...500 MkM) i cyOkamisp-
Hi (Merme 0,2 Mxm) [1, c. 155]. V xamingapaux mopax
PYX PIAMHH BH3HAYAETHCSI CHJIAMHU MOJIEKYJISIPHOTO 34e-
twieHHs. CyOKanIsipHi MOpH XapaKkTepHi ISt TIIMHUCTHX
mopia, GiUTbTpallis BOAU B HUX MPAKTUYHO HEMOKIIHBA.
O1iHOYHI BEJTMYMHU MOPUCTOCTI B PI3HHUX IPyHTaxX Ha-
BeneHo B Ta0u. 1 [2].

IBunkicTh (inbTparii piMHA TPUUHATO BU3HAYA-
TH 3a oromororo dpopmyru Hapei [3]

dH
W:_kd)g’ Mm/c, )]

e kq) — xoedimieHT GinbTparii, sKUi TOPIBHIOE IIBH/I-
KocTi QinbTpanii B M/c, BUMIPSIHOT 7151 OJMHUYHOTO Tpa-
nienTa Haropy Boau dH/dx = 1.

[Tpu nocnijKeHH BOJIONMPOHUKHOCTI IPYHTIB YacTi-
1I1e BUKOPHCTOBYETRCS aHaJor (opmynd (1), Konu mBua-
KICTh IIOTOKY PIJIMHU 3B’ SI3YETHCS 3 TPAIIEHTOM TUCKY [3]:

w= _Ed_p, 2)
n dx
ne k — xoedilieHT MPOHUKHOCTI, M2, | — KoedillieHT
JMIUHAMIYHOI B’sI3K0CTI piguay B [1ac.
THCK p BUKIMKAETHCSI BUCOTOIO BOJISIHOTO cTOBNa H
1 mopiBHIOE TOOYTKY TYCTHHHU BOIH p Ha MPHCKOPEHHS
CHJTY TSDKIHHS g, TOMY 3B’ 130K MK Koe(ilieHTaMu G-
Tpawii Ta MPOHUKHOCTI MOXXHA BUSIBUTH 3 YPaxXyBaHHIM
Bupazis (1)1 (2):

k= k¢u/pg. 3)

Ha mpaktumi 9acto 3acTOCOBYIOTH KiHEMaTHUHY
B’SI3KICTh PIAMHM T = W/p, A€ p — TYCTHHA PiJUHU, KT/
M?, KOeILIEHT 1] BUMIPIOETHCS B OJMHHIIAX M2/C.

Bo101IpoHMKHI I'PYHTH CKJIaJIal0ThCS 3 BEJMKOYJIaM-
KOBHX I1OPiJI, FraJICYHHKA, TPABI0, MICKIiB, TPILIMHYBATHX
mopix Ta iHmmMX. J{0 BOMOHENPOHUKHHUX IPYHTIB Haie-
KaTh MAaCHBHOKPHUCTAJIYHI MOpOH (IpaHiT, MapMmyp)
1 IIUTBHI TIIMHY, T0 HATIBOPOHUKHUAX TOPiJl — TIIHHUCTI
ITCKH, MYXKI TICKOBUKH, MyXKi MepreJi Toio. Bennunna
koediuienTta QinpTpanii kq) pi3HMX IPYHTIB [5] HaBeneHa
B Tabm. 2.

®Dopmynu (1)—(3) € TEOPETHUHOO OCHOBOO JJIS JI0-
CIIJDKEHHSI TIEPEHECCHHsI PIJMHH B MOPUCTHX IPYHTaX
[6-8]. 3rigHo 3 nanumu Tadm. 1 12, Gizuko-xXimMiuHi Biac-
THUBOCTI TPYHTIB 3MIHIOIOTHCSI Ha KUIbKa MOPSIKIB, IO
3YMOBIIIOE€ 3MiHY HIBHIKOCTI (iTBTpaIlii BOIU B MIHPO-
KOMY J1iana3oHi.

PosrnsiHemMo pyX BoJIH Y BOJZOHOCHOMY I'PYHTOBOMY
11api TOBIIMHOIO /1, KOJU MIBHAKICTH (BibTpalii Omucy-
eTbest hopmytoro (2). PIBHSIHHS MIBUAKOCTI TTepepo3mo-
JIUTY THCKY B IIACTi Ma€ BUTILA [6]
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P _yap(x,.2), @
ot
ne  — Koe]imieHT MPOBIAHOCTI THUCKY, iHOJNI Ha3WBa-
€TbCsl KOe(ilieHTOM 11’ €30ITPOBIIHOCTI, M?/C.
Jlns Bu3HaueHHs KoediieHTa 11’ €30TPOBiTHOCTI BU-
KOpHUCTOBYIOTH (hopmyiy [l{enkauroBa [9]

k kq)

= = , 5
“ B, +B.,)  pe(mp, +B,,) ©

i€ m — HMOPHUCTICTh; B, — Koe(DillieHT 00’€MHOTO CTHC-
HEHHS BOJM; Brp — KoeimieHT 00’€MHOTO CTHCHEHHS
TBEpJOi YaCTHHU IPyHTY, 1/Pa.

Ockinbku 3Havenns B, = 4,9-10'° m*/u [7], a B, =
=10"...10" m*u [8], To dhopmyiy (5) MoxHa crpoc-
TUTH:

k kg,

= =9 6
* wmpB,  pgmp, ©

KoedimienTr 11’ €301poBiTHOCTI IPYHTIB §, 00uncie-
Hi 32 popmynoro (6) ma B, = 4,9-107"° M*/n [7] 3 ypaxy-
BaHHSAM JaHUX Ta0JI. 2, HaBedeHi B Ta0. 3.

VY mocko-pasialbHOMY BHITQJIKY, KOJIM THUCK 3alle-
KWUTH TUIBKH BiJI pajiyca, piBHSIHHS (4) HaOyBa€e BUIIISLY

»_ [@p 1o
ror

py 2 (7

[Mpunyctumo, mo npu » = 0 3 BOJOHOCHOTO
mrapy 3aBTOBIIKH /i € wicue cTik aebitom D. Toune
po3B’s3anHsA (7) MU TOYATKOBUX 1 TPAHUIHHUX YMOB:

p(r, 0)= P, = hpg = const;
p(o, 1) = P = hpg = const;

D =const, >0 ®)

Ta6auusa 1. BennarHa MOpHCTOCTI B Pi3HUX IPyHTAX

Hasga rpynTty INopucricts, %
T'nmuna 6,0...50,0
TnunaucTi ciianmi 0,54...1,40
Ilicox 6,0...52,0
Ilicuanuk 13,0...29,0
Bannsik Jlo 33
Jlonomitu Jlo 39

Tabmauus 2. 3HaueHHA k{b IUTSL PI3HUX TPYHTIB [4]

Tun Ticox Cymickn | CymmHOK I'muna
IpyHTY
k> m/c 10°6...10° [10%...10°| 10'°...107 | 10"...10°°
Taomuus 3. KoedimieHT y pisHUX TPYHTIB
Tun rpyHty Micox | Cymicku | CymmHok | InHa
Iopucricts, % 30 25 20 10
x M/ 10%...10°[ 10"...10°| 102...10 |10°...10"
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HABOJIUTHCS B PoOOTI [S]:

Dpg

p(r,t)=P{1 4hpokq)j } ©)

ne z = r’/(4y).

Bupa3 (9) HazuBaeTHCS OCHOBHOIO (POPMYIIOIO B TE€O-
pii mpy>xHOTO pexkuMy inbTpaii piguau [9]. Bin Mmoxe
OyTH 3anuCcaHuil y BUTJISI

P(”st):Po{l hPoqu[_ - ]}, (10)

ne —E(—z) — inTerpaibHa MoKa3oBa QyHKILis:

B2 =-mz-05712-3 50

Yacrunna noxigxa ¢yskmii (10) mo pamiycy 3 ypa-
xyBaHHsM (11)

op (r.) _ Dpg
or 27rhkd)r

" o

[Mincrapnsroun Bupas (12) y popmyiy (2), orpumae-
MO IIBUKICTE QLIbTpalii Boau B Touti 7 > 0

-1
- 2nhr{ ; }
Po3p’sa30k (10) crpaBequBuil 11t ymoB (8) 3a Ha-
SIBHOCTI cTOKy D y Toumi 7 = 0. BukopuctoByemo 1meit
PO3B’SI30K JJIsI IOCTIJUKEHHSI PO3IIOJILTY THCKY B OKOJIMII
TpyOu KiHIeBoro pazaiyca R [10].
YMOBM 3aBJaHHS HAIMIIEMO Y BUTJISI

(13)

p(r, 0)= P = hpg = const;

p(o, 1) = P = hpg = const ipu r > R. (14)

[pumycTumo, 110 Ha 30BHIMIHIM TOBEPXHI TpyOHU pa-
niycoM R 3aiaHuUil MOTIK BU3HAYAETHCS popmynoro (12),
TOOTO Ma€ MiCIle HACTYITHA TPAaHUYHA YMOBA:

op(r,t)  __Dpg D"
or r—R_Znhk¢|: Z,; .b} (1)

ne b=R*4t.

VY upoMy BUIaAKy po3B’s3KOM piBHSHHS (7) 3 rpa-
HuaHUME ymoBamH (14) 1 (15) ansa tpybu panmiycom R
oyne ¢yskuis (10). 3okpema, THMYacoBa 3aJCKHICTH
THCKY Ha IOBEPXHI TpyOU BU3HAUUTHCS POPMYIIO0

p(R,1)=

— Py 1428 inpi0,5772+ 3 ) g il 1)
4mhFyky, o hn!

Bupas (16) 3pyuHo 3anucari B 0€3p0o3MipHOMY BH-
TIsl

0 _ n
q(a,b):1+a{lnb+0,5772+ng”}, (17)
o hnl
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ac

q(a,b) = p(R, 0/P;; a=D/Ank’k,; b= R/4yt. (18)

IMpu b << 1 creneneBuit psan y (16) mBuIKO CXO-
JUTHCS 1 TUMYACOBa 3aJIeKHICTh TUCKY (17) cnipouryeTs-
csL:

q(a,b)=1+a(lnb+0,5772). (19)

3 dopmyn (17) 1 (19) BummBae, oo THCK HA TIOBEPX-

HiI TpyOH 13 9acOM 3MEHIIY€ThCS 1 IIPU AESKil BEINUUHI

t =t JnopisHioBatMe Hymo. [lopanbiie 36i1bmeHHs

4acy MPU3BOJUTH A0 MOSIBM HETaTHBHOT'O THUCKY, 110 MO-

30aBiene (izmaHOrO 3MicTy. OTXKE, CIpaBeIMBICTD pi-
mieHb (17) 1 (19) odMexeHa iHTEpBaIOM Yacy:

t<t

max”

(20)

MakcumanbHOMY 3HAYEHHIO Yacy f BiAIIOBia€ Mi-
HIMaJbHA BEIUYUHA b = R2/4xt o AT 3HAXOIDKEHHS
t 1b_. TpUpIBHAEMO npaBy yacTuHy Bupasy (17) mHymo:

max min

binin @n

I+a|Inby, +05772+Z( D<o,
nn!

n=1

UwucnoBuii  po3B’SI30K  anreOpaidHOTO  PiBHIHHA
(21) nmo3Bossie 3HAWTH z . Tat . Skmo b mocratHbO
MaJio, TO JUIsl BU3HAYEHHA { = f  MOMHA CKOPHCTATH-
csi HaOmmkeHoto Qopmynoro (19), 3BiAKM BUILIHBAE,
10 HYJIbOBHH THCK JOCSTA€THCS NPH BUKOHAHHI YMOBH
1+a(lnb,, +0,5772) = 0. Po3B’a3aHHA 1IbOTO PiBHIHHS
Ja€e

Boin = €XP (—o, 5772 lj. (22)

a

Dopmynu (16)—(22) 103BOISAIOTH PO3paxyBaTH OCHO-
BHI [TapaMeTpy, 0 BU3HAYAIOTh THCK IPYHTOBHUX BOJ Ha
MTOBEPXHI MiI36MHOI CIIOPYIH HTIHAPUIHOT POPMHU.

Po3pobxka nmporpamu BrITFOUANIa y cede KilbKa eTarliB:

1. O6podka iHdopMariitHux mKepen 3a (i3uKo-xi-
MIYHEMH Ta (QIIBTPALIAHAMHE BJIaCTHBOCTSIMH ITOPUCTHX
TPYHTIB.

2. Po3pobka anroputmy po3paxyHKy OCHOBHHX ITa-
paMeTpiB, 1110 BU3HAYAIOTh TUCK IPYHTOBUX BOJI HA MiJ-
3eMHI CHIOpy iU 3 BUKOpHcTaHHsIM (opmyi (16)—(22).

3. CtBopeHHS (HYHKIIH, HEOOXITHHUX I OTPUMAHHS
YHCIIOBUX JAHUX.

4. Po3poOka CTpYKTypH TabJIHIIb, 1110 BiOOpaKAIOTh
pe3ysbTaTi 00YHCIICHb.

5. IlepeBipka KOPEKTHOCTI BUKOHAHHSI aJITOPUTMY.

6. CxiragaHHs IHCTPYKII1 KOPUCTYBA4EBI TIPH BHKO-
PHCTaHHI IPOTPaMH.

BiamoBinHO 10 MOCTaBICHOrO 3aBAAHHS IPOTpaM-
HUH NPOJYKT MOBHHEH 3a0e3IevuyBaTi BUKOHAHHS PO3-
paxyHKIB THCKY IDYHTOBUX BOJ 3aJIeXHO Bij (ijbTpa-
LifHIX BIIACTHBOCTEH IPYHTY 1 XapaKTEPHUCTHUK ITi/13eM-
HO1 criopyau. Kox MicTuB meBHI QyHKIIIT:

1. ®ynkuis Data_input () 3a0e3neuye BBeJICHHS BU-
XIJIHUX JTaHUX.

2. @®yukmis Data output () 3abe3medye BHCHOBOK
BUXIJTHUX TaHUX.
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3. ®yukiist Pas (double u, double v) 3 Bukopuc-
TaHHAM TO4YHOI (opmynu (16) Bu3Hauae BENIUYMHY
THCKY IPYHTOBHX BOJ Ha IMiJ3EMHY CIIOPYAY 3aJICiK-
HO BiJ 6€3p03MipHUX apaMeTpiB, sIKi MICTATH B CO01
OUIBIIICTh BXIHUX (aKTOPIB.

4. Oymukiris Pas_correct (double u, double v) po3-
paxoBye 0e3pOo3MipHHH THCK 3aJIe)KHO BiJ| rapame-
TpPiB 3 BUKOPHCTAHHIM TOYHOI popmynu (16).

5. @ynkuis Pas uncorrect (double u, double v)
BU3HA4Ya€ HAOJIKEHE 3HAYEHHs 0e3p0o3MipHOTO THC-
Ky 3aJIeKHO Bij 0€3p0o3MIpHHX HapaMeTpiB 3 BHKO-
pucranusam dopmyiu (19).

6. ©@yukis B . (double u) moxa3zye 3anexHICTh
min? Linax T8 G-

CrBOpeHa rporpama rnoBHICTIO 3a0e3neuye pyHK-
IIIOHYBAHHS BCIX €TaIliB alrOPUTMY PO3B’sI3aHHS 3a-
Jladi: BUOIp KOPHCTyBadeM BHUXITHUX JaHUX JJIS TIPO-
BEJICHHS aHANi3y TUCKY IPYHTOBHX BOJ Ha MiA3EMHY
Cropyly HJIIHAPUYHOI (POPMHU; BU3HAUCHHS 3aJICK-
HOCTI 0€3pO3MIPHOTO TUCKY ¢ (@, b) Bi MTapamMeTpiB a
1 b BiamoBigHO 10 ToyHOT hopmyiu (17); oOuncaenHs
3aNIe)KHOCTI TUCKY ¢ (a, b) Bix mapaMeTpiB a i b Bizmo-
BiZIHO /10 HaOumkeHo1 hopmyiu (19); pozpaxyHok 3a-
JIeKHOCTI napamerpa b_. Biji napamerpa a 3a Gopmy-
namu (21) i (22); BUCHOBOK pe3yNbTaTiB 00YUCICHB
Ha JUCILIEL.

Ipuxmang 3amexHOCTI 0€3pO3MIPHOTO  THUCKY
IpyHTOBUX BOA ¢ (a, b) Bim mapamerpiB a i b, po3-
paxoBanoi 3a ¢popmyiioro (17), HaBeneHo B Tad. 4.

PesynbraTi po3paxyHKy 3a HaOJIMDKEHOIO (op-
Mmyroro (19) y pasi BUXiTHHX JaHUX, SKi BHKOPUCTO-
BYBAJIKCS TIPH 3aIIOBHEHHI Ta0uI. 4, mogaHi B Ta0uI. 5.

3rifHo 3 JaHWUMHU, HABEACHUMH B Ta0II. 4 1 5, pe-
3yJIBTaTH PO3PAXYHKY THUCKY 3a HaOIMXKEHOW (op-
myzoto (19) npu a < 0,12 Biapi3HSIOTHCS Bif po3-
paxyHKiB 3a TOUHOIO (opmyoro (17) MeHmIe HiX Ha
4 %, ToMy TIpH TIPOBEJICHHI OI[IHOYHUX PO3PaxXyHKIiB
MOKHA OOMEKHUTHUCSI BUKOPUCTaHHSAM MpocToi (op-
myiu (19). HapaMeTp b.. BIZIIrpa€ BENHKY I')'OJ'IB. BI.H
BU3HAYa€ MeXi aJIeKBATHOCTI MaTeMaTHYHOI MOZIEI:
npu b > b . 3amada He Mae PO3B’A3KY. JANEKHICTH
napamerpa b . BiJ napamerpa a, fka 3HaiijeHa 3a
tdopmynamu (21) i (22), HaBeneHa B Tad. 6.

3HaueHHs BU3HAYEHI BIAMOBITHO 32 GopMyIaMu
(21)1(22): psanok 1| — mapamerp a; psiIoK 2 — TOYHE
3HAYEHHSA b__ ; PANOK 3 — HAOJIMKEHE 3HAYEHHA b .

Tabnuns 6 103BOJISIE TPOBECTH OLIIHKY 3HAY€Hb
b, 3aNexHo Bijl mapamerpa a B inTepBani a < 1.00,
a TaKo)K BU3HAYUTH BiANOBIIHHUI TUCK MPU BUKOPHUC-
TanHi popmymu (17) ma b = b_. . 3 Tabn. 6 BUIHO,
o napameTpu b_. . o0uMCIeHi 32 TOYHOW (popmy-
a0t (21), a mapameTpu b ., pO3paxoBaHi 3 BHKO-
pHUCTaHHSIM HaOJMKeHOro Bupasy (22), 30iraroTbes
JI0 TPETHOTO 3HAKA IiCIsI KOMH B IHTEpBaNi 3HAYCHBb
a <0,5. 3 migBUIMEHHSIM a PO301KHICTh y PO3paxyH-
Kax 3pocrae i mpu a > 10 cxinanae 6unbie 10 %.

SIK mpuKIIax IPOBEAEMO aHali3 3MiHH THCKY Ha
MOBEPXHI HMTIHAPUIHOT MiI3eMHOI CIIOpY X JUIs Ha-
CTYITHUX BUXITHUX JaHWUX: pajiyc MiI3eMHOi cropy-

min

b
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JM 5 M; THIT TPYHTY — IICOK a00 CyMiCOK 3 TIOPUCTICTIO
20 % TOBIIIMHA BOJIOHOCHOTO IIAPY 5 M; KOeDiIlieHT (ilTb-
Tpauii rpyHty 107 M/c; KoedimieHT 11°€30MpOBiTHOCTI
10,4 m*/c; mBuAKiCTh BigkauyBanus Boau D = 107 m’/c;
MHOKHHUK Y popmyi (16) Py = 4905011a. Bixnosiano 1o
HABCJICHUX JAaHUX 3HAYCHHS TMapamerpa a = D/47th2k¢
nipuiimanocs piauM 0,06366. Pe3ynbratn o0unciieHb 3a
TouHOI0 hopmystoro (16) HaBeseHi B Tab. 7.

Tuck IpyHTOBHX BOJ Ha HIKHIO YacTHUHY IMiJI3EM-
HOTO CIIOPY/DKEHHSI 32 BHOpaHUX MNapaMmeTpiB AOpiB-
mioe P, = 49050 Ila. BMukanus Hacoca, 1o 3a0e3nedye
MIBHJIKICTh BifIKAYyBaHHS BOJH, JopiBHIOE 107 M/c,
TUCK 3HIKY€eThes uepe3 1974 ronunn jo 1,0 Ila.

Jlist orpumanHs iH(opMarii mpo 3aJIeKHICTh THCKY
I'PYHTOBHX BOJI Ha MiJ3eMHY CIOpPYAY Bix 0e3po3mip-
HUX MapaMeTpiB, SIKI MICTATh y co0i OIIBIIICTh BXIJHUAX
¢axTopiB (paaiyc Criopyad, HIBHIKICTH BiJKauyBaHHS
BOJIH, Yac, KOSQIlieHT MOPHUCTOCTI IPYHTY, KOeIllieHT
¢inpTparii rpyHTY, KOe(IIliEHT I’ €30IPOBITHOCTI, TOB-
IIMHA BOJIOHOCHOTO I1apy, B M, TOIIO), 3 BAKOPHCTAHHIM
TouHO1 (hopmyiu (16) iHinitOOTH podoTy pyHKii Pas
correct (double u, double v). Ha nucruiei BUCBIUy€eThCS
iH(OpMallist THITY, HABE/ICHOTO Ha pHC. 1.

Taomuus 4. 3anexHicTs 0€3p03MIpHOTO TUCKY ¢ (@, b) Big ma-
pameTpis

a\b 0,35 0,05 0,007 | 0,001 | 0,00014
0,030 0,995 0,929 | 0,869 | 0,810 0,751
0,060 0,991 0,858 | 0,737 | 0,620 0,502
0,090 0,986 0,787 | 0,606 | 0,430 0,253
0,120 0,982 0,716 | 0,475 | 0,240 0,0044

Tabmuus S. 3anexHicTh THCKY ¢ (a, b) Big mapamerpis a i b
BiAMOBIIHO /10 HaGmkeHol popmymnu (19)

a\b 0,35 0,05 0,007 | 0,001 0,00014
0,030 0,986 0,927 0,868 | 0,810 0,751
0,060 0,972 0,855 0,737 | 0,620 0,502
0,090 0,957 0,782 0,605 | 0,430 0,253

0,120 0,943 0,710 0,474 | 0,240 0,0044
Tabmaus 6. 3anexHicts b Bin a
a 0,03 | 0,04 |{0,05]0,08| x |0,50]1,00
lg(b,,;.)s
—14,73|-11,11|-8,94|-5,68(-3,15|-1,15|-0,76
dbopmyna (21):
lg(b,,.),
—14,73|-11,11|-8,94|-5,68(-3,15|-1,12|-0,68
¢dopmyna(22):
lg(p(b,,)): | <-5 | <=5 |<-5|<-5|-57|-46|-40

Tadmuusa 7. TuMvacoBa 3aJeKHICTh THCKY Ha TOBEPXHI M-
3eMHOI CTIOpYIU LMTIHAPHYHOT POpMHU

t: 10,0004 | 3,3400 | 33,4000 | 167,000 | 1973,9953
P : | 49000 | 20000 13000 7700 1,0

a
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3aBMcHMOCTL BespasMepHoro gaeneHua q(a,b) oT napaMeTpoe a M b
B COOTBeTCTBME C TOYHOWM dopMynon (18)
Nepsaa cTpoka - napaMeTp b, cTonbey cnesa - napaMeTp a

0.35000 0.05000 0.00700 0.00100 0.00014
0.03 0.99 0.93 0.87 0.81 0.75
0.06 0.97 0.85 0.74 0.62 0.50
0.09 0.96 0.78 0.61 0.43 0.25
0.12 0.94 0.71 0.47 0.24% 0.00

Puc. 1. BinoOpaxxeHHs pe3yabTaTiB po3paxyHKy 3aJIe)KHOCTI THCKY IPYHTOBHX BOJ Ha IiI3EMHY CIOPYIY BiJ 6e3p0o3MipHUX mMa-

pameTpi

3a HeoOXiTHOCTI MOYKHA OTPUMATH JIaHi ITPo 3aJIekK-
HICTh 0€3pO3MIPHOTO THUCKY BiJ MMapaMeTpiB a i b 3 BU-
KOpHUCTaHHsAM HabmmkeHoi ¢popmyiu (19), mo 3adesme-
4yeThesl 1HiLiOBaHHAM QyHKUIT Pas uncorrect (double
u, double v), BenMMIMHN THCKY B MAcCKaIsxX, QyHKIi0 Pas
(double u, double v) i 3anexuoro napamerpa b . Bij na-
pametpa a 3a TouHoto (21) 1 HabmIMKEeHOTO (22) hopMmy-
namu, Qynkuis B . (double u).

BUCHOBKHM. Y po6oTi 0ys10 po3KpUTO TEOpETHY-
HY OCHOBY PO3paxyHKY THCKY I'PyHTOBHX BOJ Ha IiJ3eM-
Hi OCHOBH, OYyJI0 BU3HAUCHO, IO JJISl PO3POOKHU aIrOpHT-
My JOLILHO BUKOpHCcTOBYBaTH opmymy Japci. ITicis
4oro OyJi0 BHOpaHO OCHOBHI XapaKTEPUCTHKH IPYHTIB,
SIKI TOIJIPHO BPaxOBYBAaTH ITPH MPOTHO3yBaHHI THCKY

I'PYHTOBUX BOJ: HIBHAKICTH (inbTparii, ¢izuko-ximiu-
HI BJIACTUBOCTI IPYHTY, 1H(QIIbTpaLiiiHe MiHKUBICHHS
(momi, TaHEHHS CHITY), poOOTa THCKY 3 BOIOWM Ta iHIII
¢akTopu. OOpani MeTOnH PO3POOKH Ta MPOCKTYBaHHS
JIO3BOJIMITM PO3POOUTH MaTeMaTHYHUH aIrOpUTM po3pa-
XYHKY, MICJIS 4OT0 peali3oBaHO MPOrpaMHUi 3acil st
MIPOTHO3YBAHHS THUCKY I'PYHTOBHX BOJ y 30HI MiJ3€MHHX
CHOPYA UMTIHAPUIHOT (POpMHU.

VY nmopanbmiiii poOOTI IJIaHy€eThCsT JOpOOKa Ta Po3-
BUTOK IIPOIPaMHOTO 3aC00y 3 METOIO PO3LIMPEHHS HOTo
(yHKIIOHATY Ta 3MEHIICHHS PIBHS MOXUOKHU JJIs1 OUIBIII
TOYHOTO BiMOOpPaKEHHA pe3yJbTATiB IMPOTHO3YBAHHS
B YMOBax IIOCTii{HOI 3MIiHM HaBKOJMIIHBOTO CEpero-
BHUIIIA.
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Abstract. A solution to the actual problem of reducing weight-size parameters of the contact
gas-steam turbine plant is provided by the article. Ensuring the return of water to the cycle,
increasing the efficiency of moisture disengagement and reducing weight-size parameters of
the elements of the contact condenser and the contact gas steam turbine plant is generally
achieved due to the intensification of thermophysical processes from increasing the rate of
movement of the gas-steam mixture. The substantiation of the proposed solution was carried
out by the methods of mathematical modeling and analysis of the deposition processes,
taking into account their mutual influence and sequence in a multistage inertial moisture
disengagement-separator. The verification of the mathematical model of condensation and
moisture disengagement processes was carried out on the basis of a comparison of the
calculation results, taking into account volumetric condensation, with experimental data. It
has been substantiated that increasing the efficiency of dropping moisture sedimentation by
inertial method under various deposition conditions and the mutual influence of sequential
separation processes on each other makes it possible to achieve maximum efficiency of total
droplet deposition up to 0.99 with multi-stage moisture separation in contact condensers
of gas-steam-turbine units. The total fractional efficiencies of droplet moisture deposition
of successively implemented inertial deposition methods at two-phase flow rates from
1,9 to 2,16 m/s are characterized by the following indicators: for droplets with a diameter
of more than 50 mkm to 0,999; about 25 microns to 0,281 and less than 10 microns to
0.05. To increase the overall fractional efficiency of droplet sedimentation when trapping
droplets with a diameter of less than 10 microns, it is necessary to apply combined moisture
disengagement based on turbophoretic, thermophoretic, diffusiophoretic forces, as well as
turboimpact separation over a set reducing the duration of inertial deposition. In this case,
the achievement of the maximum total droplet deposition can be achieved with a slight
increase in the pressure drop from 5,1 to 20,49 Pa. With the efficiency of water return
in the cycle close to 1 and moisture separation up to 0,99, it is possible to increase the
speed of movement of the gas-steam mixture at the entrance to the contact condenser and
to the moisture disengagement-separator, which allows to reduce the cross-sectional area
of the contact condenser to 9,6 % with increasing aerodynamic resistance vapor flow up
to 11,6 %.

Keywords: inertial separator; gas-vapor mixtures; separating surface.

AnHoTauus. [IpuBeneHo perrenne akTyaabHOHN 3a1aqil CHIDKEHHSI MacCOra0apUTHBIX TO-
KaszaTejel KOHTAKTHOW Ta30mapoTypOMHHOHM ycTaHOBKH. OOecriedeHne BO3BpaTa BOJBI
B IIMKJI, TOBBIIIEHHE 3(P(HEKTUBHOCTH BIATOOTACICHUS U YMCHBIIEHHE MaCcCOradapuTHBIX
TTOKa3aTeNe 3JIeMEHTOB KOHTAKTHOTO KOHACHCATOPAa W KOHTAKTHOW ra3omapoTypOHHHOI
YCTQHOBKH B LIEJIOM JIOCTUTAIOTCS 3@ CUET MHTEHCU(UKAINH TETIO(U3NUECKUX MPOIIECCOB
OT YBEJIMYEHHS CKOPOCTH JIBIKEHHMS Ta30mapoBoil cmecu. OOOCHOBaHNE TPEJIOKECHHOTO
pELICHUS BBITTIOJIHEHO METOAaMH MaTEeMaTHYIECKOTO MOJICTIMPOBAHUS U aHAJIN3a TIPOIIECCOB
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OCXKJICHUSI C YYETOM MX B3aUMHOTO BIIMSHHS M MOCJIEA0BATEIILHOCTH B MHOTOCTYTIEHUYATOM HHEPIIMOHHOM BJIarooT-
Jenuree-cenaparope. Bepugukanys MareMaTn4eckoi MOJIEH MPOIECCOB KOHICHCAIIMN U BIIArOOT/CICHUS BBION-
HSUIaCh Ha OCHOBAHWY CPAaBHEHUsSI PE3yJIbTaTOB pacyera, C y4eToM 00bEMHOMN KOHICHCAIINH, C DKCTIEPUMEHTAIbHBIMU
naHHbIME. OOOCHOBAHO, YTO MOBBINICHNE YPPEKTUBHOCTH OCAXK/ICHUS KaIeIbHOM BJIard MHEPIIMOHHBIM CIIOCOOOM
TIPY Pa3IMYHBIX YCIOBUSIX OCAXK/ICHUSI M B3AUMHOM BIIUSIHUH IIPOLIECCOB TTOCIIE/I0BATENBHOM cenapanuy Apyr Ha apy-
ra JaeT BO3MOXKHOCTh JOCTHKEHUSI MaKCUMaIIbHOIM 3((EKTUBHOCTH CyMMapHOIo ocaxkaeHus kaneib 710 0,99 npu
MHOTOCTYIIEHYaTOM BJIATOOT/ICJICHNU B KOHTAKTHBIX KOH/ICHCATOPaX ra30napoTypOuHHBIX ycTaHOBOK. Obmume dpak-
IMOHHBIE ()(HEKTUBHOCTH OCaXKACHHS KalleJIbHON BJIark MOCIEI0BATENLHO PEANN3yEeMbIX HHEPLHOHHBIX CIIOCO00B
OCXKJCHUSI IPU CKOPOCTAX AByX(azHoro noroka ot 1,9 1o 2,16 M/c XxapakTepu3yloTcs CIeIyIOIINMH TI0Ka3aTeIsIMu:
JUTS Karenb quaMetpom 6osee 50 mxM 10 0,999; okoro 25 mxm 1o 0,281 u menee 10 mxm 10 0,05. [{ns yBenmudeHust
o61el GppakroHHON 3(h(HEKTUBHOCTH OCaKACHUS KaleIbHOW BJIArW IIPU YJIABIMBAHUU Kallellb THaMETPOM MeHee
10 MKM HEO0OXOMMO MPUMEHSTH KOMOMHHPOBAHHOE BJIAroOT/ICIEHHE Ha OCHOBE TypOodopeTnieckux, Tepmodope-
THUYECKUX, TU(PY33H0POPETHIECKUX CHJI, a TAK)KE TYpPOOMMITAaKTHOW Cenaparnyy 3a CYeT COKPALICHUs! TPOJAOJDKUTEIb-
HOCTH MHEPIIMOHHOTO OCaXAeHUs. JloCTHKEeHHEe MaKCUMAJIbHOTO CyMMapHOTO OCaKACHHS Kallellb IIPH 3TOM MOXKET
JIOCTHTAThCS MPY HE3HAYNTEILHOM YBEIIMUYSHUH Tiepenasa nasieHus ¢ 5,1 1o 20,49 Ila. [pu a¢hdexTruBHOCTSIX BO3-
Bpara BOJBI B IIMKJIE, OJM3KUX K €IWHMIE U BIarootaeneHuu 10 0,99 BO3ZMOKHO yBEJTHUEHHUE CKOPOCTH JIBHIKCHUS
ra3onapoBoil CMeCH Ha BXOJIe B KOHTaKTHBIH KOHJICHCATOP ¥ BJIArOOT/CIUTEIb-CENapaTop, YTO MO3BOJISET yMEHb-
LIUTH TUIONIA/b ITOTIEPEYHOTr0 CEYEHHsI KOHTAKTHOTO KOH/IeHcaTopa 10 9,6 % npH yBETHMYCHUH adpOJMHAMHYECKOTO
COIPOTHBIICHUS ABMKEHUIO Ia30MapoBoro noroka ao 11,6 %.

KiroueBrble ciioBa: I/IHepI_[I/IOHHHﬁ ceaparop, ra3omnapoBas CMEChb, CCIIapUpyromas NOBCPXHOCTh.

Awnorauisi. HaBeieHo BUpILICHHS aKTyalbHOTO 3aBJaHHS 3HIKEHHS Macora0apuTHHUX TOKa3HUKIB KOHTAKTHOI razo-
napoTypOiHHOI YCTaHOBKH. 3a0e3eueHHs TOBEPHEHHS BOJM B IIUKJI, IIiIBUIICHHs ¢()SKTUBHOCTI BJIArOBiUIIJICHHS i
3MEHIICHHS MacorabapuTHUX MMOKAa3HHUKIB €JIEMEHTIB KOHTAKTHOTIO KOHJICHCATOpA Ta KOHTAKTHOI ra3onapoTypOiHHOT
YCTaHOBKH B IIJIOMY JIOCSTAIOThCS 38 PaXyHOK iHTECHCU(IKAIT TeIUIO(i3HYHIX TPOLECIB BiJ 30UTbIIICHHS IBHIKOCTI
pyXy razomapoBoi cyMiri. OOrpyHTyBaHHs 3alIPONOHOBAHOIO PIlIEHHS! BUKOHAHO METO/IaMH MaTeMaTHYHOTO MOJIEIIFO-
BaHHS Ta aHaJIi3y MPOIECIB 0CAKEHHS 3 ypaxyBaHHSIM 1X B3a€EMHOTO BIUIMBY 1 ITOCIIJOBHOCTI y OaraTtocTyIiH4aTomy
IHEepLi{HOMY BOJIOTOBIJIiIIOBavi-cenaparopi. Bepudikariiss MaremaTnyHoi Mojei MpoLeciB KOHJeHcalii i BOJIOro-
BIIIJICHHS] BUKOHYBAJIacsl Ha I1/ICTaBl MOPIBHSHHS PE3YJIbTATIB PO3PaxyHKY, 3 ypaxyBaHHIM 00’ €eMHOT KOHAEHCAIIT, 3
eKCIIepUMEHTaIbHUMU JaHUMHU. OOIPYHTOBAHO, 110 MiZABUIIEHHS e(DeKTHBHOCTI OCa/PKEHHSI KpareJibHOT BOJIOTH 1Hep-
iIfHAM CIIOCOOOM 32 PI3HUX YMOB OCa/DKEHHS 1 B3AEMHOTO BIUIMBY MPOIIECIB MOCTIIOBHOI cenapaliii O1H Ha OHO-
r'O JIa€ MOXKIIUBICTh JOCSATHEHHS MAaKCUMaJIbHOT €)EKTUBHOCTI CyMapHOro OcapKeHHs Kpareib 10 0,99 npu MHOTro-
CTYIMIHYaTOMY BOJIOTOBIIIJIEHH] Y KOHTAKTHUX KOHJEHCATOpax ra3onapoTypOiHHUX YCTaHOBOK. 3arajbHi (pakiiiiHi
e(eKTUBHOCTI 0Ca/KEHHsI KpaleJIbHOI BOJIOTH, IO TTOCIIIOBHO PEeaji3ylOThCs IHEPLIHHUME CIIOCOOAMU OCaPKEHHS
3a IBHUJKOCTEH JBodazHoro noToky Bif 1,9 10 2,16 M/c, XapakTepu3yoThCsl HACTYHUMH TIOKa3HUKaMU: JUIsl Kparielib
niamerpom Oibine 50 mxm 110 0,999; npudmuzao 25 MM 10 0,281 1 Menme 10 mxm 1o 0,05. Jlist 3011bIICHHS 3aralib-
HOT (ppakuiitHol e)eKTUBHOCTI 0OCa/PKEHHSI KpaneabHOI BOJIOTH MPH YJIOBJIIOBAHHI Kparieib jJiaMeTpoM MeHme 10 MkmM
HEeoOX1/IHO 3aCTOCOBYBaTH KOMOIHOBaHE BOJIOTOBII/IIIEHHS HA OCHOBI TypOO(QOpeTHIHUX, TEpMODOPETHIHUX, U DY3i-
0(hOpEeTUUHHX CHJI, @ TAKOX TYpOOIMITaKTHOI cernaparii 3a paxyHOK CKOPOUEHHSI TPUBAJIOCTI IHEPLIHHOIO 0CaJHKEHHSI.
JlocsirHeHHsI MAaKCUMAITLHOTO CYMapHOTO OCaJPKEHHSI Kpareib IPH LIbOMY MOXE JIOCSATATUCS 32 HE3HAYHOTO 301IIbIIeH-
Hs Tiepenay TUCKy i3 5,1 1o 20,49 Ila. [1pu eekTHBHOCTSIX MOBEPHEHHSI BOJIU Y LIUKJI OJTM3bKHX /10 OJAMHHMIII 1 BOJIOTO-
BijieHHs 10 0,99 MokimBe 301IbIICHHS! HIBUAKOCTI PyXy ra3onapoBoi CyMillli Ha BXOJIi B KOHTAKTHUI KOH/IEHCATOP
1y BOJIOTOBIIJTITFOBaY-CEIapaTop, 110 J03BOJISIE 3MCHIIIMTH IUIOIILY OMEPEUYHOro Iepepi3y KOHTAKTHOTO KOHACHCATopa
110 9,6% 1ipu 301IBIICHHT aePOANHAMIYHOTO OMOPY PyXy ra3onapoBoro motoky o 11,6%.

KurouoBi ciioBa: iHepuiliHuiA cenaparop; ra3onaposa CyMilll; cenapyroda MOBEpXHSI.
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IMocranoBka 3amaun. CHUKeHHE MaccorabapUTHBIX
TOKa3aTeyiel SHEPreTHIEeCKOW yCTAaHOBKH SIBJISICTCS aK-
TyaJlbHOM 3a/ayeil, pelieHue KOTOpPOH YJIOBJIETBOPSIET
TpeOOBAaHMUSIM COTJIACOBAHMSI C XapaKTepUCTUKAMHU MO-
TpebuTenel PHEPrun, Ha/ISKHOCTH U pecypca, IPOoaoJI-
KHUTEIBHOCTH BPEMEHH 3aIyCKa, PEMOHTONPUTOTHOCTH,
nryma, Bubpanuu u apyrux. OmbIT co31aHUs SHEPreTu-
YECKHX YCTAHOBOK I1OKa3aJl, YTO OCHOBHBIM Harpasiie-
HUEM CHIDKCHHSI Maccora0apuTHBIX IIOKa3aTeleld Hx
OJIEMCHTOB U YCTAHOBKHU B IECJIOM SBJIACTCA IMOBBIIICHUC
WHTEHCHBHOCTH TEIUIO(QHU3MYECKUX HPOLECCOB B HHUX.
AHanu3 TemIo(QHU3MYECKHX MPOLECCOB B AIEMEHTaX
KOHTAaKTHOH razomapoTypbunHoii ycraHoBku (KITITY)
CBHJIETEILCTBYET O BO3MOXKHOCTH WX WHTEHCH(HUIIHMPO-
BaTh B KOHTAKTHOM KOHJICHCATOPE C LEJIBI0 YMEHBIICHHS
€r0 pa3MepoB U MOBBIIIEHNS] KOMIAKTHOCTH YCTaHOBKH.
Hpoueccm KOHACHCAIIMU U BJIArooTACJICHUA B KOHTAKT-
HOM KOHJIEHCATOPE 3aBUCSAT OT CKOPOCTH ABHMIKCHHS Ta-
30MapoBOI CMECH, YBEIHMUSHHE KOTOPOH MHTEHCH(PHIIN-

pYyeT Ipolecchl TEILIOMacCOOOMEHa C OJHONU CTOPOHBI U
CHIDKAeT YCTOWYHMBOCTH JIBYX(Da3HOTO MOTOKA C APYTOH.
[TosTOMy parioHaIbHOE MOBBIIICHNE CKOPOCTH Ta3o0ra-
POBOTO MOTOKA SBISICTCA OCHOBHBIM PE3€PBOM CHUXKE-
HUS MaccorabapUTHBIX TOKa3aTele B KOHTAKTHOM KOH-
JICHCATOPE U OMPENEIIAET aKTYaIbHOCTh HCCIICTOBAHUS.

AHaJIN3 NOCJIeJHUX HCCIEAOBAHUM U mMyO/uka-
nuii. Pe3ympTaTthl pa3paboOTKH KOHTAKTHBIX Ta30Iapo-
TypOMHHBIX YCTaHOBOK JUIS Pa3JIMYHBIX OTpeOHUTEeNeH
MOKA3aJI0, YTO OHHM 3aPCKOMCHIOBAIN CEOsl KaK HaIeK-
Hble ¢ BeIcokUM KIIJ[ sHepreTnueckue u TpaHCIOPTHBIE
yCTaHOBKH [1—4].

B mpencraBieHHBIX paboTax OTCYTCTBYET BO3BPAT
BOJBI B IMKJI, YTO SBISECTCS 3HAYUTEIHHBIM HEIOCTAT-
KOM. DTOT HEHAOCTATOK YCTpPAHICTCS, €CIH B ITUKJIE Op-
TaHU30BAHO OXJIAXKJICHHE OTPa0OTaBIIMX Ta30B C KOH-
JIEHCAIMe BOJbI U3 MPOAYKTOB cropanus [5; 6]. DTo
MTO3BOJISIET JIOTIOJTHUTEIBHO COKPATUTH 3aTpPaThl DIICK-
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TPUYECKOW PHEPTHU Ha pabdOTy ONPECHUTEIBHBIX yCTa-
HOBOK, 4T0 coctaBiser 1800...5600 kBtu B rox [7].
Konpnencauust BoJpl U3 Ta30MapoBOil CMECH OCYIIECT-
BISIETCSI B KOHTAaKTHOM KOHJeHcarope. ['asomapoBast
CMeCh B KOHTaKTHOM KOHJEHCATOPE OXJIaKAAeTCs IO
TEeMITepaTypbl HACBIIICHHS, COOTBETCTBYIOIIEH MaKCH-
MaJIbHOMY BJIarOCO/ICPXKAHHUIO, @ 3aTEM IIPU CHIKCHUH
TeMITepaTypbl CMECH BOJISTHO nap KoHaeHcupyercs. O0-
pa30BaBIIUICs U3 ra30MapoBOi cMecH KOHJICHCAT B BUJIE
TUICHOK M KPYIHBIX Karenib 1M0J] JeHCTBUEM TpaBHUTAIU-
OHHBIX CHJI BMECTE C OXJXKIAIOIIEH BOJOM JBMIKETCS
MIPOTUB JABUKCHHUA Ta30IapOBOro MMOTOKa M OTBOAUTCS
13 KOHTaKTHOT'O KOH/EHCcaTopa. Mekne Karm KOHIEH-
cara IO/ JeHCTBHEM adpOJTUHAMUUECKUX CHIT JIBHKYTCS
C TIOTOKOM Ta301apoBoi cmecH. D(H(HEeKTHBHOCTH BIIATO-
OTACJICHUA DTUX KaIlCJIb 3aBUCUT OT CKOPOCTHU IMOTOKA U
(hOpMBI IOBEPXHOCTH OCAXK/ICHHS. 3HAUCHHE CKOPOCTEH
Ha BXOJIC¢ B KOHTAKTHBII KOHJCHCATOp HAaXOJHUTCS Ha
yposae 3—4 m/c [7, 8].

YMeHbIIeHHe MaccorabapuTHBIX TOKa3zaTele KOoH-
TaKTHOTO KOH/IGHCATOpa C YYETOM COXPaHEHHUs BO3Bpa-
Ta BOJBI B IMKJI BOBMOYKHO HPH CIICAYIONINX YCIOBHAX:
YMEHBIICHUS JUaMETPa U CKOPOCTH YHOCHMBIX Karlelb,
YBEJIMYCHHUS] CKOPOCTH ra30IapoBoil cMecH U dPPEeKTHB-
HOCTH BIIarootaeiaeHus [9].

Konnencaryst Bjary B ra3onmapoBoil cMEcH KOHTAKT-
HBIM CIIOCOOOM TPHUBOTUT K OOpa30BaHWIO B HEH Ka-
TelTb BOJIbI IMPOKOT'0 JUCIIEPCHOTO cocTtaBa — OT 1 J10
1000 mkM. {7151 BIAarooTaeneHus Kaneiab U3 MOTOKa MpHU-
MEHSIIOT HHEPIHUOHHBIE OT/IEIUTENH, 3()(HEKTHBHOCTH KO-
TOpBIX oneHmBaeTcs BemmunHon 0,94...0,97 mpu cxopo-
CTSIX Ta3011aPOBOM CMeECH JI0 2 M/C U3-3a HEJ0CTATOUHOTO
yIaBJIMBaHUS Kareb pazMepom Menee 20 mxwm [10-12].

BblgesieHne HepelleHHBIX paHee yacTeil o0Lei
npodaembl. B pabdorax [1-15] oTcyTcTBYIOT MCcnemo-
BaHUS BIUSHHUSA PA3IMYHBIX IMPOIECCOB OCAXKICHUS, C
YUY€TOM UX B3AaUMHOT'O BJIHUAHUA U MMOCICAOBATCIILHOCTH,
MIPU MHEPIIMOHHOM BJIATOOTACICHUU U CKOPOCTSAX OT 2
1o 4 m/c Ha 3(h(heKTHBHOCTH BO3BpaTa BOJIBI B IIUKJI KOH-
TaKTHOH ra30mapoTypOMHHON YCTAHOBKU U YMEHBIIICHHE
MaccorabapuTHBIX TOKa3aTelel AJIEeMEHTOB KOHTAKTHO-
o KOHJICHCATOpa W KOHTAKTHOW ra3omapoTypOHHHOI
YCTaHOBKH B I[CJIOM.

HEJb UCCIEJIOBAHUS — obGecrnieueHue Bo3-
Bpara BOJbl B LIMKJI KOHTAKTHOH TIa3onapoTypOMHHOM
YCTAaHOBKH C TOBBIIMIEHHEM 3()()EKTHBHOCTH BJIArooT-
nenenust 10 0,99 W yMmeHbIIEHHWEM MaccOorabapUTHBIX
nokasaTesiell JIEMEHTOB KOHTAKTHOI'O KOHJIEHcaTropa |
KOHTaKTHOH ra30MapoTypONHHON yCTAHOBKH B II€JIOM.

JlocTrkeHHe IOCTaBJICHHOW ILENN BO3MOXKHO TIPH
PELICHNH CIEAYIONINX 3a/1a4:

— BepuduUKaus MaTeMaTHUYECKOW MOJEIH IIpOoliec-
COB KOHJICHCAI[MM M BJIArOOTJENICHUS Ha OCHOBAHUH
CpaBHCHHUA PACYCTHBIX PE3YJIbTATOB C OKCIICPUMCHTAJIb-
HBIMU JAHHBIMH,

— ompeeseHue oorel 3(h(HEKTUBHOCTH OCAKICHHS
Karesp AUcrepcHocThio MeHee 500 MKM IpH OMHAKO-
BOW 3()PEKTUBHOCTH OCAKACHHSI OTIEIbHBIMU JIIEMEH-
TaM U OTCYTCTBUM BJIHAHUA DTUX DJICMCHTOB JIPYI' Ha

Apyra,
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— ompeeneHue oorel 3(h(HEKTUBHOCTH OCAXKICHHS
Karenb JUcrepcHocThio MeHee 500 MKM npH pa3nu4Hoit
9 PEKTUBHOCTH OCAXKICHHS OT/CIBHBIMH DJIEMEHTAMH
Y OTCYTCTBHH BJIMSIHUS OTHX DJIEMEHTOB JIPYT Ha ApYra;

— ompeeneHue oorel 3(h(HEKTUBHOCTH OCAXKICHHS
Karenb JucnepcHocTsio MeHee 100 MkM npH pa3nu4Hoit
9 PEKTUBHOCTH OCAXKICHUS OTACIBHBIMH DJIEMEHTAMH C
BIIMSTHUEM 3THUX AJIEMEHTOB JIPYT Ha JpyTa.

MeTOZl])I HCCJIeI0BAHUA — MAaTEMaTHYCCKOE MOIC-
JIMPpOBAHUC MCTOAOM KOHCYHBIX 3JICMCHTOB IMPOLCCCOB
KOHACHCAIIUK BJIaru B ra30nap0130171 CMECH U ABUKCHHA
CKOHACHCHUPOBAHHBIX KaIlCJib U3 NOTOKA K IMMOBEPXHOCTU
OCaXJICHUS.

O0BeKT Hcce/IeI0BAHUSI — MPOIIECCH KOHICHCAIIH
U BJIArOOT/EJNCHUS B ABYX(a3HOM MOTOKE Tra3oIapoBOii
CMECH.

HpeaMeT HCCJICIOBAHUSA — IIPOLCCChI KOHACHCA-
U1 U BJIAroOoTACJICHUSA KallCib IEPEMEHHOI'0 AUCIICPC-
HOI'0 COCTaBa M UX IIOKa3aTCJIN.

OcHoBHoIi MaTepuan. Bepudukanus maremaTnye-
CKOH MOJICNTH ITPOIIECCOB KOH/CHCAIINN M BJIATOOT/IEIIE-
HUSI BBITTOJTHSJIACh HA OCHOBAHWHU CPABHEHMS PACUCTHBIX
pe3yIbTaToOB MaTeMaTHIECKOH MOJIETH MPOLECCOB KOH-
TAKTHOTO KOHEHCATOPA C YIETOM ITPOIIECCOB 00BEMHOM
KOHeHcauu [8] M SKcIepuMeHTaIbHBIX TaHHbIX [18].
PesynbraTel BepuduKanms mpeacTaBieHbl B Tabmie 1.
Pacxoxxnenne pe3ynbTaToB I(PQPEKTHBHOCTH BBICAIKU
BOJIBI B KOoHJeHCaTOpe (9(h(heKTHBHOCTH BO3BpATa BOJIBI
B KOHTYp) MaTéMaTH4eCKOTO MOJICINPOBAHUS U JKCIIE-
pumMeHTa MeHee 3%, UTO CBHJIETENBCTBYET O JIOCTOBEP-
HOCTH PE3yJIbTaTOB MATEMAaTHYECKOTO MOJICITHPOBAHNSI.

VBenuueHne CKOPOCTH JBHXKEHMSI Ta30lapOBOH
CMECH B KOHTAaKTHOM KOHJEHCATOpPE M BIArOOTIEIIHTE-
JIe-cenapaTope MOBBICUT dPPEKTHBHOCTD OCAKIACHHUS Ka-
TMIeNTb ¥ a9POJMHAMHYIECKOE COMPOTUBIICHUE JABHUKEHHIO
IBYX(pa3zHOMY MTOTOKY.

Pe3ynbpTaThl CpaBHEHMSI PACUCTHBIX U 3KCIICPUMEH-
TAJIBHBIX JJAHHBIX TP UCIIBITAHUN KOHTAKTHOTO KOH/ICH-
caropa IpHUBEICHHI B Ta0M. 1.

[To ycmoBusaM skcmryaTtanui 3QpQPEKTHBHOCTH BO3-
Bpara BOABI B KOHTYp KOHTAKTHOTO KOH/EHCAaTOpa He
JIOJDKHA OBITH MeHbIIIe equHuIbL. Ha prc. | npencrasnen
pe3ynpTar 3(h(HEeKTHBHOCTH BO3BpaTa BOIBI B KOHTYp C
Pa3IMYHBIMHI CKOPOCTSIMHU Ta3011apOBOM CMECH Ha BXOJIE
B KOHTaKTHBIA KOHJICHCATOP M 3HAUYEHHUAMH d(PPEKTHB-
Hoctu BiarootaeineHus 0,97...0,99. YsennueHue cko-
POCTH Ta30MapoBOi cMeCH B KOHTAaKTHOM KOHJICHCATOPE
BO3MOXKHO TIPH M3MEHEHHWH €ro IUIOIAJN MTPOXOJHOTO
CEUeHH Ta30MapoBOi cMecH (puc. 2), 9TO B CBOIO OUe-
pellb TOBIUSIET HAa YBEIWYCHUE a9POJMHAMHIECKOTO CO-
TIPOTHBIICHUS IBIKCHUIO cMecH (pHc. 3) U CKOPOCTH Ha
BXO/JI€ BO BIIAaTrOOTACIUTEIb-cenapaTop (puc. 4).

CorylacHO pe3ynabTaTaM MaTEeMaTHYECKOTO MOJie-
TUpoBaHUA, YPPEKTHBHOCTH BO3BpaTa BOJBKI B KOHTYP
0M3Kast K eANHNIIE BOZMOXKHA TIPH CKOPOCTH JABHKEHHUS
ra30mapoBOi cMecH OKoJIo 3,8 M/c Ha BXOJEe B KOHTaKT-
HBI KOHJAEHCATOp M I(PPEKTHBHOCTU BIATOOTICICHUS
0,97 mpu cxopocTH Ta3omapoBoil cmech 2,18 m/c Ha
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Ta6auma 1

ITokazaTenn

Pesynbrar ucneirannit

PCSyJILTaT MaTEMATUYCCKOI0 MOACIINPOBAHUA

ITnouaas GppoHTa HacAAKH, M
[Hupuna, m
Jnuna, M

17,1
5,461
3,131

Temneparypa BHenHel cpensl, °C

6,6

OTHOCHTEIbHAS BIAKHOCTD BO3ayxa, %

57

ATtMmochepHOe faBlIeHHE, MM.PT.CT

755,5

Pacxo HMpKyISAHOHHON BOBL, KI/C

151,4

Temmeparypa DUpKyISIHOHHON BOJBL, °C
Ha BXOZI€ B KOHJEHCATOP
Ha BBIXOJIE€ U3 KOHJIEHCATopa

22,3
52,5

223
533

Pacxon razomapoBoii cmecw, Kr/c
Ha BXOJI€ B KOHJIEHCATOP
HAa BBIXOZIC U3 KOHCHCATOPa

43,62
38,34

44.4
38,8

Temneparypa razonaposoii cmecu, °C
Ha BXOJIe B KOHJICHCATOP
Ha BBIXOJIE U3 KOHJICHCATOpa

190
34,1

186
40,4

BO BJIArOOTACIIUTENb, M/C

CKOpOCTL JABUIKCHUSA ra30nap0130171 CMCCH Ha BXO/I€

1,97

(3¢ exTHBHOCTH BO3BpaTa BOJIKI B KOHTYP)

D¢ HeKTHBHOCTH BBICAIKH BOABI B KOHAEHCATOPE

1,026

0,997

1.01

—
=
<
U

1.005

D peKTIBHOCTE BO3BPaTa BOIB

=
o
@
N

0,98
34

1,008

1,007 1.003
1.001 0,999

3.6 38
C'KOpoCTh, M/C

0,987

0,986

0,984

4 42

Puc. 1. 3aBucumocTs Bo3BpaTa BOJbI B KOHTYP IIPU PA3JIMUHBIX CKOPOCTSIX ra3011apOBOI CMECH Ha BXOJ€ B KOHTAKTHBIIl KOH/IEH-
caTop 1 3 PEKTHBHOCTH BIATOOTACIUTEIISA-CeIIapaTopa:

—o— —0,97; —0— —0.,98; — 0,99

=

£ 7

=

S .

E 16.5

2 16 -

E ]

2 15.5

E Ay

£ s

=

L

E 14,5

o 1

Y14 4
3.4

3.6 38

CKOPOCTE Fa30IMapoBOil eMeCHL, M/c

Puc. 2. Usmenenue miomanau mMpoxXoaHOro CEYCHus ra30nap030ﬁ CMECHU KOHTAKTHOI'O KOHACHCATOPa B 3aBUCUMOCTH OT CKOPOCTU

€€ IBMIKCHUA
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38 4 4.2

(C’KOpPOCTB ra30MapoBoii CMeCIL, M/C

Puc. 3. 3aBucumocts A3pOIUHAMUYECCKOI'O COIIPOTHUBJICHUS KOHTAKTHOTO KOHACHCATOpa OT CKOPOCTU ABUIKCHUS ra30nap0130171

CMECH Ha €ro BXoJ¢

2
N

24

=
[

(3]
[5S]

2
—

CKOpPOCTE ra30Mapoeoii cCMecH Ha BXOJE B
TMaKeT BIAroOTAeIHIeNI-Ceanaropa, M/c
()

34 3.6

3.8 4 4,2

CKOPOCTH TA30MaPOBOIT CMeCIL, M/¢

Puc. 4. 3aBIHCUMOCT CKOPOCTH JIBHXKSHHSI Ta30MIapOBON CMECH HA BXOJIE BO BIIATOOT/IEIIUTEB-CETIAPATOP OT CKOPOCTH €€ JIBIKE-

HHS HA BXOJE B KOHTAKTHBIN KOHAEHCATOP

BXOZIE BO BJIAroOTJENUTEIb-CeMapaTop. DTO MO3BOJSAET
YMCHBIINTH IUIOMAIb TOTEPEYHOTO CEYCHUS KOHTAKT-
HOTO KOHJIeHcaTopa a0 9,6% mpu yBETUYEHUU adpOH-
HAMHUYECKOTO COTIPOTHUBIICHUS IBIKEHHUIO Ta30I1apOBOTO
notoka j0 11,6%.

Omnpenenenne o6meit 3(pPeKTHBHOCTH OCaXKICHUS
Karnesib Ty JUCIEPCHOCTBIO MeHee 500 MKM Tipu oau-
HaKOBOHU 3(h(h)eKTUBHOCTH OCAXKICHUS OTACIEHBIMHU dJIe-
MEHTaMH 1 ¥ OTCYTCTBHUH BIIUSIHUS STHX DJIEMEHTOB JIPYyT
Ha JIpyra OnpejieNseTcs BeipaxenneM Ny =1-(1-n)",
IJIe 71 — KOJIMYECTBO TOCJIEIOBATEIBHO PACTIONOKEHHBIX
2JIEMEHTOB BIIArOOTICIUTENI—CenapaTopa.

[Tpn oOmeit >dpdexkTHBHOCTH OCaKAECHUS YETHIPEX-
BOJIHOBOT'O Biarootaeiuressi-cenaparopa 0,97 s dek-
TUBHOCTh OCaXKJICHUS OTHON BOJIHBI TOJDKHA OBITH HE
menee 0,584.

PaccmoTpeHHas Mopmenh OCaKICHUS Kamellb KH[I-
KOCTH IpEAIojaraeT uX OJHOPOAHBIA AMCIIEPCHBIN
COCTaB, YTO HE COOTBETCTBYET PEabHBIM YyCIOBHSM.
JucnepcHblil cocTaB Kamnenb BOJbI, IBHXKYLIUXCS B IO-
ITyTHOM Ta30T1apOBOM TOTOKE, (pOpMHUpYyeTCsl U3 Kallelb,
BbUIETEBINNX M3 popcyHkH (1 Mkm <d < 500 MkM), ¥ Ka-

nenb konaencara (1 mxm < d < 100 MKM) 1 MOYXKET ObITh
OLICHEH pacrpe/IeJICHUsIMHU, ITPEACTABICHHBIMH Ha PHC. 5
no6[17].

YunThIBas Takoe IUCHEPCHOE paclpejelieHnue Ka-
Meb JKUAKOCTH B Ta301apOBOM CMECH M KOHCTPYKTHB-
HBIE OCOOEGHHOCTH YETHIPEXBOJIHOBOTO BIIATOOT/IEIIUTE-
Js-CcerapaTopa, CIeMyeT, YTO JOMYIIEHHE MOCTOSHCTBA
3(h(HeKTUBHOCTH OCAKICHHUS OTACITBHBIX AJIIEMEHTOB 3a-
BBIIIACT PacYeTHOE 3HAUCHHUE YPPEKTHBHOCTH BIATOOT-
nenenust ot 0,02 mo 0,10.

Onpeneneare  0o0meidl 3 (EeKTUBHOCTH
JIEHUsl Kanenb JucrnepcHocTbio MeHee 500 MKM mpu
pa3nmuuHOi  3()(HEeKTUBHOCTH OCAXKICHHUS OTAEIbHBI-
MH DJIEMEHTaMH W OTCYTCTBUM BJIHSHHS O3THX 3JIe-
MEHTOB JIpyT Ha JIpyra BBINOJHSIJIOCH B 3aBUCHMOCTH
oT 3(QQEKTUBHOCTH YJIABIMBAaHHA Ha IIPEIbLAYIIEM
9JIEMEHTE, CyMMapHOTO BJIArOCOJEPKaHMsI Tra3onapo-
BOW cMecH M (pakIMOHHOWH S(PPEKTUBHOCTH OCaXKe-
HUSL.

D¢ dekTuBHOCTH OCAXKIICHHS HA KAXKIOM ITOCIICIYO-
IIEM 2JIEMEHTE OINPE/IEIIsIach BBIPAKCHUEM

OCax-
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Puc. 5. JlucniepcHoe pacrnpenenenue kanenb auameTpom 10 500 Mkm

TIpOLEHTHO: cogepKaHIe
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;[IICHG])CHOB pacripeIeneHie ATTKOCTIL, MKM

Puc. 6. lucniepcHoe pacnpeneneHue kamnenb auamerpom 10 100 Mxm

_ MZ YJIOBJIEH i
’r] ——

>

ManOCK_i—l

e My yommen i CyMMapHasl Macca BJaru YJoB-
JeHHOM Ha i-i crymenu, M Snpock_i—l —— CYMMapHas
Macca BJard, He YJIOBJIEHHON Ha CTyneHu i — 1, mpu
¢pakmuorHO 3¢ dekTHBHOCTH, TPHUBENECHHONH Ha
puc. 7 [8], roe kamim, AWaMeTp KOTOPBIX COCTABIIS-
et Gomee 100 MxM, ocaxkmaroTcsi ¢ APPEKTUBHOCTHIO
nopsinka 0,999.

Ocax/ieHne Kameib BOJIbI 110 CTYTEHSIM B 3aBUCHMO-
CTH OT JTUCTIEPCHOTO COJIEPIKaHUs BIIaru 1 3PPEeKTUBHO-
CTH DJIEMEHTOB BJIArOOT/ICJIUTEISI CerapaTopa npecTaB-
JIEHO Ha puc. 8.

[Tosy4eHHbIE pe3yNbTaThl OCAXKICHUS MO DIIEMEH-
Tam JUIsl YeTHIPEXBOJIHOBOI'O BJIArOOT/CIUTENsI-Cenapa-
TOpa CpaBHUBAJIUCH C aHAJIOTUYHBIMU PE3YyJibTaTaMH1 ITPU
OJIMHAKOBOH 3(PEKTUBHOCTH OCAXKICHHS OTACIBbHBIMH
aJieMeHTaMu (CM. Tabdi. 2).

BnusHue aucnepcHoro cocraBa Kamenb Ha d¢-
(PEeKTHBHOCTH  OC&KACHHUS  OTACIBHBIMH  JJICMEH-
TaMH NOPUBOJAMT HE TOJBKO K IepepacipeaeieHHIo
3(G(PEKTUBHOCTH  OCAXKJICHHS MEXIYy JJIEMEHTaMH,
HO W K HCKaXCHHUIO 3HAUCHWH oO0ImIeH >((eKTUBHO-
CTH B CTOPOHY 3aBbINICHUS (B YCIOBHSIX HpHUMEpa
1o 0,1).

[TosToMy Oonee KOPpEKTHBIE pacyeThl OJKHEI
YYUTBHIBAaTh TIPU OIIpENeNieHH: o0meil 3ddekTnBHOCTH
OCaXJIEHU Kamelb quctiepcHocThio Meree 100 MM pas-
mrune 3(pQEeKTHBHOCTH OCAXIEHHS B OTACIBHBIX dJIe-

MEHTaX M BIMSHUE 3THUX JJIEMEHTOB JIpyT Ha Apyra. [Ipu
pELIeHNH TOCTAaBJICHHON 3a/lauil HEOOXOJMMO OIpese-
JIUTH pacIpe/eeHie OCaKIACHHs KareJbHON BJIaru 110
9JIEMEHTaM BJIArOOT/IEIUTEIsI-Ceraparopa.

Jns aHanmza pacmpenesieHHe JKUAKOCTH MO diie-
MEHTaM BIIAroOTICIHUTEIsI-CenapaTopa ObUIM TOCTPO-
eHsl JaBe 3D-mMomenu  BIAroOTACTUTENS-CENapaTo-
pa: BomHOOOpasHOTO (pucC. 9,0) W HWIHHIPUIECCKOTO
(puc. 9,0).

Mogenbs BOTHOOOPAa3HOTO BIIArOOTACIUTENSI-CETIa-
paropa aHaJOTHYHA MPOQUISM BIAroOTACIUTENI-CeTa-
paTopa KOHTaKTHOTO KOH/IeHcaTopa [18].

MaremMaTHuecKoe MOJICTIPOBAHKE BBITIOTHSIOCH Ha
0a3e mporpaMMHOTO OOECTIeUeHH s MaKeTa MPUKIATHBIX
nporpamm ANSYS [10, 20]. 1515 mocTpoeHHs pacueTHOMH
CECTKHN HCIIOJIB30BAJIMCh TPEYTOJbHBIE CCTMCHTDI 00b-
emoM V = 1.903276¢-09 M* ¢ mMpUMEHEHHEM TTAKETHOTO
moxayisi Ansys Workbench 6Ge3 ympomenuss KOHCTpYK-
MU Ipu mepoxoBaroctu kaHana — 0,1 mm. J[uamerp
Karmenb 3ajaBajics psjaoMm Benuuud 5, 10, 25, 50, 75, 100
MKM; CKOPOCTb I'a30I1apoBOM CMecH Ha BXOJIE BO BIla-
TOOT/IeNUTENIN-cenaparopsl cocrasimsia 1,9 u 2,18 m/c.
OObearHeHNE Karlelnb YYUTHIBAIOCH IEPECeUeHNEM Tpa-
eKTOPU MX JIBU)KCHHS B €IMHUILY BPEMEHH, KOT/1a Kl
HaXOJWJIMCh B OJJHOM M TOH K€ sueHKe CeTKH ra30mapo-
BOI1 (pazbl.

Ydaer  oObeaMHEHMS ~— Kamenb  OCYIIECTBIISUI-
Csl CTOXAaCTHYECKOW OIIEHKOW CTOJKHOBEHUH Kareib
U BEPOSTHOCTHOM OLIEHKOM Yuciaa CTOJIKHOBEHMMH
Bebepa We,
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, =
p-Us D
We, =+ = (1)
c
rie Urze, —— OTHOCHTENIbHAs CKOPOCTb MEXIY ABYMs
KarusiMu 1 D — cpeanuil apuMeTHUECKUi AuamMeTp

JIBYX Karesb.
PacrnipenienieHie BEpOSTHOCTH YKCIA CTOIKHOBEHHI
OMpeIeNsIoch pacnpeaeneHuem [lyaccona:

— n

=, N
P(n)y=e"-— )
n!
rje 7 — KOJMYECTBO CTONKHOBCHHH MEXIy O00b-
CAUHSIONIEN Kamed MW JApYrUMU  KalusIMM, a
- nyn-(h+n)v,,, At
n=-2 Ui +73) Viey — CpejiHee OXKHIaeMoe

v
YHCJIO CTOJKHOBEHHH, 7| M 7, — PaJIMyChl Kanenb, vV, —
OTHOCHUTENbHAsI CKOPOCTh JBMIKCHUS Karenb, Af — Bpe-
MEHHOM mIar, v — 00beM SYCHKH.
B cityuae CTONKHOBEHUsI CKOPOCTh KAIUIH BHIYUCIIS-

JIaCh Ha OCHOBC 3aKOHOB COXPaHCHHU UMITYJIbCA U KUHE-
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THYeCKO# dHepruu cornacHo O'Pypky mo cieayroiemy
BBIPAKCHUIO JIJIS1 HOBOW CKOPOCTH:

. my vy +m, -V,
v = LV Th V)

m, (v, —v b-b..
+ 2(1 2) cri (3)
my +m, m+m, \n+r->b,,

TI€ M, W M, — Macchl 4acTHI 1 1 2 COOTBETCTBEHHO,
b — mapamerp CMelICHHsI CTOJIKHOBEHHH,

beyig = (1 +12)- @)
3 2
A= A —2a] A 427 1. (5)
p) p) ) p)

Pesynbrarel pacuera npescrabieHs! Ha puc. 10 u 11.

OO0cy:k1eHHe MOJIy4eHHBIX pe3yabTaToB. OTHOCH-
TEJBHBIN TIeperna;] JaBJICHUH B BOJTHOBOM BIIarOOT/ICIH-
Teje-cemaparope coctaBisieT 5,14 Ila, a B munuHIpUde-
ckoMm — 20,49 Ila, uTo B 4 paza GobIre.

BxosHast cKopocTh T P

Muamerp
KanejabHOH
BJIAru

1,9 w/c

0.0305 0-07%

o.oz%/\\

5 MKM

0.01%

10 mkm

25 MKM

50 MKM

'0 IIOTOKa B

BIIATOOT/IEIH] paTop

2,18 m/c

0.05%

Puc. 10. Bennuunsl OCaAXKACHUSA KareJIbHOW BJIard B BOJTHOBOM BJIarooTACIUTEIIC-CCIIapaTope, BhIPAKCHHBIC B IIPOLCHTAaX. Die-

MEHTBI OCAXKICHUS:
M — nepsbiif anement, B — Bropoit snemenr,

— TpeTI/Iﬁ OJICMCHT, . — ‘-IeTBepTI;IfI DJICMCHT
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BxoHas ckopocTh ra30napoBoro MoToka B IWIHHAPHIECKHIl BIaro0T/[eIMTe b-CenapaTop

KareJbHOH
BJIaru

1,9 m/c

@
¢
-

Juametp

5 MKM

10 Mmxm

25 MKM

50 MkM

2,18 m/c

%
.

4

0,19%

'.

~0,001%
Puc. 11. BennunHbl 0CaXICHUS KaNeIbHOM BIard B IWIMHAPHICCKOM BIArOOT/ICIIUTENC-CEIapaTope, BEIpaKCHHBIC B MTPOIICHTAX.
DIIEMEHTHI OCaXKICHHS:

™ — nepsblii snement, M — BTOpoil aeMeHT, ¥ — TPETHIl SIIEMEHT, | — YETBEPTHIi IEMEHT

JlokanmpHbIe 3PPEKTHBHOCTH OCAXKIACHUS KaIlCITbHOM
BJIar B MHEPLMOHHOM BOJHOBOM BJIArOOTAEIUTEIIE-Ce-
rnapaTope Ha MoCJ/e0BATEIbHBIX 2JIEMEHTAX OCAXKACHUS
CBUJIETENILCTBYIOT O TOM, YTO OC&XJIEHUE Ha IEPBBIX
JByX cTyneHsx pocruraer 0,999 npu BxoaHOM ckopocTu
ra3omnapoBoii cmecu ot 1,9 m/c 1o 2,16 m/c i kamnenb
muamerpoMm Oonee 50 MKM. B WMHEpIIMOHHOM LWIHH-
JIPUYECKOM BJIAroOTJENIUTENe-Ceraparope Mnpu aHalo-
TUYHBIX YCJIOBUSIX BEJIMYMHA OCAXKICHMSI COCTABIISET
ot 0,99 no 0,999. C ymeHbllileHHEM JUaMeTpa Karelb
10 25 MKM BelIMYMHA OCa)KIeHHs cocrasiser ot (0,229
10 0,281 1 MHEPLMOHHOTO BOJHOBOIO BJIArOOTEIH-
tensi-cenapatopa U 0,989 u 0,996 mns mHEpUUMOHHOrO
LWJIMHAPUYECKOr0 BJarootjenurens-cenaparopa. [lpu
JImameTpe Kareiab MeHee 10 MKM ocaxieHHe CHUXKaeTCs
10 0,01...0,0135 1 0,05...0,07 COOTBETCTBEHHO.

Hcxo/st n3 moiry4eHHbIX pe3yiIbTaToB 1 IUCIIEPCHO-
ro coiepKaHMsI KalleJIbHOM BJaru B ra3zonapoBoil cMecu
JUISL YJIaBJIMBaHMS Karesdb JuaMeTpoM MeHblie 10 MM
HEOOXO0ANMO NMPUMEHATH KOMOMHUPOBAHHOE BIIar00T/Ie-
JICHHE Ha OCHOBe TypOO(dopeTHuecKux, TepModopeTh-
4eckuX, AU(y33H0POPETHYECKUX CUII, @ TaKkKe TypOo-
MMITaKTHYIO Cenapanuio.

BBIBO/IBI. 1. CornacHo pe3yiabTaraM MaTeMaTuue-
CKOTO MOJICNUPOBaHUs, TIPH PPEKTUBHOCTAX BO3BpaTa
BOJIbI B KOHTYP, OJIU3KHI K SMHHIIE U BJIArOOT/ACIICHUS OT
0,97 10 0,99 BO3MOXKHO yBETUUEHUE CKOPOCTH JIBUYKEHUS
ra3omapoBoil cMecu A0 3,8 M/C Ha BXOJe B KOHTAKTHBIN
KOHIIeHcaTop U 70 2,18 M/c Ha BXOIE BO BIarOOTACIH-
TENb-CENapaTrop, 4YTO IMO3BOJSECT YMCHBIIUTH IUIOIIAIb
MIOTIEPEYHOT0 CEYCHUSI KOHTAKTHOTO KOHJEHCaTopa 0
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9,6 % Tpu yBEIMYECHUU adPOJTUHAMUYECKOTO COMPOTUB-
JICHUsI IBU>KEHUIO ra30MapoBoro notoka 1o 11,6 %.

2. O6mue QpaxkunoHHbIe 3PPEKTUBHOCTU OCaX/Ie-
HUS KalelIbHOW BJIard TMOCJE0BATEIILHO PEaTU3yEeMbIX
WHEPIUOHHBIX CIIOCOOOB OCAKACHUS TMPH CKOPOCTIX
nByxgasHoro moroka ot 1,9 m/c 1o 2,16 xapakrepusy-
FOTCS CIICIYFOIUMHE TIOKa3aTeNISIMU: [UIS KaTlelb JTrHaMe-
TpoM Gosee 50 MM 10 0,999; okono 25 mxMm 1o 0,281
u meHee 10 mxMm 110 0,05.

3. Idns yBenudeHus oOmiei GpakmuoHHON 3¢dek-
TUBHOCTH OCaXJICHUSI KAaIleJIbHOW BIIATM TPH yJIABJIU-
BaHMU Karelb quamMeTpoMm meHee 10 MKM HE0oOXO0IuMO
MPUMECHSITh KOMOMHUPOBAHHOE BJIArOOT/ICIICHHE HA OC-
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HOBE TypOO(pOpeTHICCKUX, TePMO(DOPETHUCCKUX, -
¢by33u0opeTHUECKUX CHII, a TAaKXKE TYPOOMMITAKTHYIO
ceraparyio 3a CUeT COKpAIIEHHs MPOIOIDKUTEIBHOCTH
HWHEPIUOHHOT'O OCAXKICHHS.

4. MatemMaTH4yeckoe MOJAEINpOBaHue dPPEKTUBHO-
CTHU OCaXJCHUS Karelb AUcrepcHocThio MeHee 100 MM
pu pa3InIHOM 3()(HEKTUBHOCTH OCAXKICHUS OTICIbHbI-
MU DJIEMCHTAMU C BJIIUSHUCM 3THX 3JIEMCHTOB JPYyTr Ha
Jpyra METOJOM KOHCYHBIX 3JICMEHTOB MO3BOJISICT 000-
CHOBaTh BO3MOXXHOCTH JIOCTHIXKCHUS MAaKCHMAaJbHOTO
CyMMapHOTO ocaxjaeHus kamenb 10 0,999 npu He3Ha-
YUTEIHHOM YBEIIMYCHUH Iepernaaa aaBicHus ¢ 5,1 1o
20,49 Ila.
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Hayuonanvuviii ynueepcumem kopabiecmpoenus umenu aomupana Makaposa, 2. Huxonaeg

Abstract. Diesel plants with direct power transmission to the propeller occupy a leading
position as the main ship power plants. This is due to the constantly increasing efficiency of
low-speed diesel engines, which today is about 50 %. This led to decrease of the exhaust gas
temperature to 230 ... 260 °C and decrease in losses from 35 ... 40 to about 25 %. However,
such a percentage of losses remains is highest in the structure of the heat balance of the
ship’s power plant, so the leading global manufacturers of main diesel engines are constantly
working to reduce it. The utilization of the main ship low-speed diesel engines exhaust
gases heat is an effective way to increase the efficiency of the ship’s power plant as a whole.
Improving the thermal efficiency of main diesel engines and a corresponding decrease of
the temperature of their exhaust gases necessitates substantiation of ways to intensify heat
transfer processes in waste heat boilers in order to reduce their weight and size indexes. The
article describes one of the ways of intensify heat transfer processes by applying a system
of dimples on the fins. The method of mathematical modeling has been used to estimate the
thermal and hydraulic efficiency of the proposed heat exchange surface. It was found that
the application of dimples on the fins can improve the heat transfer efficiency up to 30 %.

Keywords: vessel; waste heat boiler; heat exchange surface; profiling; dimple.

AHHOTanMsl. Y THIM3aNus TEIUIOTH 0TPa0OTABIINX I'a30B TIIaBHBIX CYJJOBBIX MAJI00OOPOT-
HBIX JIU3€JIbHBIX JIBUTATENEH SIBISIETCS JeHCTBEHHBIM CIIOCOOOM MOBBIIIEHUS 3 PEKTUBHO-
CTH CyJIOBOH SHEPreTHYECKOH YCTaHOBKH B 11e7I0M. [ToBbIIeHNe TeTIoBOH 3 EeKTHBHOCTH
TJIABHBIX JTU3ENIBHBIX JIBUTATE]Iel M COOTBETCTBYIOIIEE CHIDKEHHE TEMIIEpaTyphbl X OTpa-
0OTaBIIMX Ta30B BbI3BIBAIOT HEOOXOANMOCTH OOOCHOBAHUS CIIOCOOOB MHTEHCHU(HMKAIMN
MIPOIIECCOB TEIUIOOT/IAUM B YTHIM3AMOHHBIX KOTJIAX ISl CHI)KEHHS MX MaccorabapUTHBIX
rokasareneil. 3acCMOTPEeH OJJMH U3 CIIOCOO0B MHTEHCH(MKAINHU TPOIECCOB TEIIOOTIAYH
ITyTEeM HAaHECEHHUSI CHCTEMBI JIYHOK Ha peOpa. MeTo10M MaTeMaTH4ecKoro MOJISIMPOBAHHS
MIPOM3BECHA OIIEHKAa TEIUIOTHAPABINYECKOH 3()D()EKTHBHOCTH MPEUIOKEHHON TEer1o00-
MEHHOW 1moBepXHOCTH. [loydeHo, 4To HaHECEHHE JIyHOK Ha pedpa MOXKET yIydIIuTh d¢-
(exTrBHOCTH TerooTna4dn 10 30 %.

KoaroueBble ciioBa: CyqHO; yTHIM3ALMOHHBIA KOTEJ; TEIIIOOOMEHHAs! IIOBEPXHOCTB; MPO-
(unmmpoBaHue; TyHKA.

AHoTanis. YTuiizamis TenIoTH BiANPabOBaHKUX I'a3iB TOJOBHUX CyIHOBUX Mal0000epTo-
BUX JHM3CIBHUX JBUTYHIB € JIIEBUM CIIOCOOOM IiIBUIIICHHS €(EKTUBHOCTI CYTHOBOI CHEp-
TeTUYHOI YCTAHOBKH B LIoMy. [liBHMIIEHHS TEIUIOBOT €)EKTUBHOCTI I'OJIOBHUX JIU3EIIb-
HUX JIBUTYHIB 1 BIINOBIJJHE 3HMKEHHS TEMIIEPATYPH 1X BIANPAIbOBAHUX I'a3iB BUKINKAIOTh
HEOoOXI1THICTh OOIPYHTYBaHH: crioco0iB iHTeHcHiKalii MporeciB TeIUIoBiAa4l B yTHII3a-
LIHUX KOTJIaxX JJIsl 3HWKEHHS 1X MacorabapuTHHUX IMOKa3HUKIB. Po3mIsiHyTO 071MH 31 crioco-
0iB iHTCHCH(IKAIT TPOIIECIB TEIUIOBIaYi IIUISIXOM HAHCCCHHS CUCTEMH JIYHOK Ha pedpa.
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MeTo/10M MaTeMaTHYHOTO MOJICIIOBAHHS ITPOBEICHA OLIIHKA TEIUIOT1IpaBIigyHOT e(peKTHBHOCTI 3alIPOIIOHOBAHOI Te-
TI000MiHHOT NOBepXHi. OTpUMaHO, 1110 HAHECEHHS JIYHOK Ha pedpa MOXe IOJINIINTH e(eKTHBHICT TEIIoBiAnaql
10 30%.

Kuro4oBi cioBa: cyqHO, yTITI3AIITHAN KOTEN, TEINIO0OMiHHA ITOBEPXHS, TPO(UTIOBAHHS, TYHKA.
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IMocTanoBka npodiaembl. 3a nocnenuue 20 neT Au-
3eJIbHBIE YCTAHOBKH C MIPSIMOM Nepeaueil MOIIHOCTH Ha
BUHT 3aHSJIN JIUUPYIOIICE MOJI0KEHUE B KAYECTBE TIaB-
HBIX CY/IOBBIX SHEPIreTHYECKHX yCTaHOBOK. OOycioBite-
HO 3TO IOCTOSHHO IOBBIILAIONMIEHCs 3()(PEKTHBHOCTHIO
MaJIoOOOPOTHBIX JIU3EIBHBIX JBUraTeled, KoTtopas Ha
CETOIHSIIHUN AeHb cocTaBisAeT okoio 50 %. D1o mpuBe-
JIO K CHWKEHHUIO TEMIEPaTypbl OTPadOTABIINX T'a30B 10
230...260°C u cHmwkeHuo moreps ¢ 35...40 1o ypoBHI
oko11o 25 %. Tem He MeHee, TaKOi MPOLIEHT TOTEPh OCTa-
eTCsl CaMbIM BBICOKHM B CTPYKTYpE TEIUIOBOTO OanaHca
CY/ZIOBOM SHEPreTHYECKON yCTAaHOBKH, TI0O3TOMY BEyIIHU-
MH MHPOBBIMH MPOU3BOJUTENISIMHU TJIABHBIX JAM3EIbHBIX
JBUTATEIEil TIOCTOSIHHO BEAYTCsl pabOTHI MO €ro CHUXKe-
HHUIO.

Ha puc. 1 npencraBnena cTpykTypa TeIioBoro 0a-
nanca asuratens 12S90ME-C9.2 kommnannu MAN B&W
[1]. ITokazaHo, uTo HcHOIB30BaHUE cucTeMbl WHRS —
Waste Heat Recovery System TO3BOJSIET CHU3UTH IMPO-
LIEHT MOTEPh € OTPAOOTABIIMMU Tazamu Ha 2,6%, moiy-
YMB TPU STOM JIOTOJHUTEIBHYIO BBIPAOOTKY 3JIEKTPO-
SHepruu Ha yposHe 5,1...5,7 %.

[TokazaHo, YTO NpPUMEHEHHE MOAOOHBIX CHCTEM
WHRS Ha xoHTeltHepoBo3ax BMecTUMocThio 14000 TEU
U MOIIHOCTBIO TiaBHOro pasurarens 12S90ME-C9.2

57,8 MBT npuBOJUT K 9KOHOMHUHU TOTUTUBA TOJIBKO JIJIS
[JIABHOTO JBHMIaTellsl Ha ypoBHE okouto 285 Thic. $ CIIIA
B T'OJ] CO CPOKOM OKYMaeMOCTH KalUTaIbHBIX BIOKEHUI
ot 3,5 o 5,8 ner. Kpome TOoro HeMaroBaKHBIM (PaKTo-
POM SBIISETCA CHUYKEHHE SMUCCHU JiBuraTens Ha: CO, —
11260 Toun, NO,— 319 tonn, SO, — 214 tonn [1].

[MpuHuMnManbHas cxemMa peajlu3ald CHCTEMBI
WHRS mnpencraBieHa Ha puc. 2. Cxema BKIIOYAET KO-
TeX NBYX IaBICHWHA TJIABHOTO BUTATEINs, OCYIIECT-
BILSIIOIIMN BEIPAOOTKY IIEPETrpeToro Imapa Ha MapoBYIO
TypOuHy, paboTaromeil COBMECTHO C CHIJIOBOH Typ-
OMHOM Ha mepenycKkaeMblX MHUMO TypOOKoMIIpeccopa
TJIABHOTO JIBUTATENsl 0TpabOTaBIIMX Ta3ax Ha AJIEKTPO-
reaeparop. KommeHcanuss CHIDKEHHS TeMIepaTypbl
0TpabOTaBIINX TAa30B TJABHOTO JABHUTATEsl OCYIIECT-
BISIETCSI 32 CUET IOJIOTpeBa MUTATEIBLHON BOABI B HKO-
HOMaM3epHbIX KOTIaxX Ju3elib-reneparopos (GenSet
Economizer).

Vcnonp30BaHue KOTia JBYX JABJICHUN BBIIBUTAET
MTOBBIIIIEHHBIE TPEOOBAHMS K €0 MacCOrabapuTHBIM IO~
KazaremsiM. VX cHIKeHHe BO3MOXKHO 32 CUST WHTCHCH-
(pMKanMy IpoOIECCOB TEIUIOOT/IA4M Ha TOBEPXHOCTSIX Ha-
rpesa. Ha puc. 3 npencrasieHb! BapuaHThl BHITOTHEHUS
WHTEHCH(UIIMPOBAHHBIX MOBEPXHOCTEH TermioooMeHa
IyTeM OpeOpeHHsL.
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12S90ME-C9.2 standard engine
SMCR: 69,720 kW at 84 rpm
1SO ambient reference conditions

12S90ME-C9.2 engine for WHRS

SMCR: 69,720 kW at 84 rpm

IS0 ambient reference conditions

WHRS: single pressure (Dual pressure)

Total power output 54.3% (55.0%)
Shaft power

gHIPBUILDING

MARINE INFRASTRUCTURE

Electric production of
Shaft power Output 49.1% 3
Output 49.3% WHRS 5.1% (5.7%)
Gain = 10.4% (11.6%)
Lubricating oil Lubricating oil
cooler 2.9% cooler 2.9%
Jacket water Jacket water
cooler 5.2% cooler 5.2%
Exhaust gas Exhaust gas and condenser
25.5% 22.9% (22.3%)
Air cooler Air cooler
16.5% 14.2%
| Heat radiation | Heat radiation
Fuel100% | b Fuel100% | P oo
(167 g/kWh) (168.7 g/kWh)

a) 6)

Puc. 1. Ctpykrypa TeroBoro 6ananca asuraresns 12S90ME-C9.2 6e3 cucTteMbl yTHIN3aUUK (@) ¥ ¢ CHTEMOH yTHIIM3AL|H TEeII0-
161 WHRS (6).

GenSet GenSet
Economiser Economiser
Exh. gas boiler T LP steam drum £ LP-ci
sections: =) circ.
r pump
LP Evaporator ’_E >
¢ R
A 4
HP Evaporator _ﬂ_ +
=HP-circ.p.] | LP-steam
HP Superheater N ] ] for heating
S ] h' HP LP services
A > L%
Exhaust gas - - Y v :
{ HP-steam
for heating
senvices

ST & PT unit

Hot well
tank

Scavenge B3
air cooler g

A 4

Condenser

Main engine

Vacuum deaerator tank

Puc. 2. [lpunuunuanbHas cxema peanusanuu cucremsl WHRS
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Different types of water tube elements: ’

B 4k e 4

Gilled tubes Pinned tubes
Plain tubes Spiral tubes

Water tubes

Exhaust gas

Puc. 3. BapuaHTs! BEIIOTHEHHS TOBEPXHOCTH HAarpeBa

OHAKO MCITOB30BAHKME TAKUX TEIJI00OMEHHBIX IT0-
BEPXHOCTEH MPEACTABISICT OIpPEACICHHbBIC JKCILTyaTa-
IIMOHHBIC prI[HOCTI/I. HpI/IMeHeHI/Ie B Cy}IOBI:IX 3Hepre-
THYECKUX YCTAHOBKAX BHICOKOBS3KHUX TOILIUB C BBICOKUM
COI[ep)KaHI/IeM B HUX CepI)I MOXKET BbI3BATH IMOBBIILICHHLIC
OTJIOKEHHSI CAXKH Ha pedpax, 4To, B CBOIO OUepe/ib, PHU-
BEJICT K BO3MOXHOCTH MoOXkapa B rasoxojae. CHU3UTHh
MOJJOOHYI0 BEPOSTHOCTh MOXKHO 3a CUET YBEIUYCHHUS
CKOpPOCTH Ta30B, OJHAKO 3TO YBEIHYHT COMPOTHBIICHHE
MTOBEPXHOCTH HarpeBa. Takum oOpazom, pa3paboTKa WH-
TeHCU(UIIMPOBAHHBIX MMOBEPXHOCTEIl HAarpeBa CyJOBBIX
YTHIU3AIMOHHBIX KOTJIOB C MMOHMKCHHBIM a3pOINHAMH-
YECKHM COIPOTHBIICHUEM SIBIIICTCS AKMYAIbHOU HAYY-
HOIl npobIEeMOoil.

AHaJIN3 NOCTeHUX UCC/IeTOBAHUN M MYOIMKAIUI
U BblJleJIeHHe HepelleHHBIX YacTell mpodiaembl. J[is
OleHKH 3()(HEKTHBHOCTH TPOLECCOB MHTCHCU(DHUKALUH
TEIIOOTAAYH TPEUIOKEHO JOCTATOYHO OOJIBINOE KO-
YEeCTBO MoKazareseit [2].

B paborax [3, 4] mns oueHkr 3(h(HEeKTHBHOCTH TIPO-
1IECCOB TEIUIOOTAAuH MPe/IaraeTcsl HCIOoIb30BaTh MOKa-
3arenb (hakTopa aHANIOTHH PeliHombaca

Nu/Nuy,
f1h

rae Nu — xputepuii Hyccenbra co cTOpoHBI OlleHHBA-
eMOil TeruooTauu, f — K0I(GHUIHUESHT COMPOTUBIICHHS
Ha JIOCTIDKCHHUE ATOW TEIUI00Tauu; HHAEKC «0» orpee-
JIsieT 0a30BbIi KaHAN, OOBIYHO TIAJKHI, C KOTOPBIM IIPO-
W3BOJIUTCS] CPABHEHHE.

CorylacHO 9TOMY TIOKa3aTelto MoBBIeHHE P hek-
TUBHOCTH TEIUIOOT/A4M BO3MOJYKHO 3a CUET CHIDKCHUS
a3pOANHAMUYECKOTO COTIPOTHUBIICHHUS f.

D} deKTUBHBIM CIIOCOOOM B HANPABJICHUU METOJIOB
MHTCHCHU(HUKAIIH TeIUIO00OMEHa, B KOTOPBIX POCT TETLIO-
OT/ZIa4M ONEpekaeT POCT TUAPOANHAMUYECKOTO COIPO-
TUBJICHHS, SBIISIETCSI UCTIOIB30BAHHUE JIyHOUHBIX CHCTEM
[3]. dusmueckoir OCHOBOW STOro Mpolecca SBISETCS
(¢bopmMHupoBaHKE B JIyHKaX MHUKPOBHXpEH THIIA ‘‘TOpHa-
JI0”, CO3JIal0IUX pa3psbKeHHe B cBoeM IeHTpe. I'enepu-
pyeMble MUKPOBUXPH OyayT muyHINPOBATE B IOTpa-

FAR = , (D

N°2 (10) 2018

TEMNJTOEHEPTETUKA

HUYHBIHA CJION, IPEMATCTBYS TAKUM 00Pa30M 0CakICHIIO
3arpsi3HEHUH Ha MOBEPXHOCTH pebep 1 obecnieunBas pe-
anu3anuio 3pQpexra CaMOOYHCTKH.

B pabote [5] i MOBBIICHUS WHTCHCUBHOCTH Te-
IUIOOTAAYU TIPH TPOJOIHHOM OMBIBAaHHH OpPeOpEHHOI
MTOBEPXHOCTH TEIUIOOOMEHA IMPEIOKEHO Ha Bcel 0o-
KOBOI MOBEPXHOCTU KaXIOT0 pedpa pacronaratk cge-
pUYecKre BBIEMKH TaKOH TIyOWHBI, TIpH KOTOPOH Ha
IIPOTHUBOIIOJI0KHOW TIOBEPXHOCTH 3TOTO pedpa IoJ BbI-
€MKOW BO3HHKAIOT c(hepryuecKie BBICTYIIBI BBICOTOH, HE
MEHBUIEH TOJIIUHBI HOIPAHUYHOTO CJIOS BIKYIIErOCs
B MEXpeOSpHbIX KaHAJIaX TEIUIOHOCHUTENS, IIPU 3TOM Ha
Ka)XJIOH ITape CMEXHBIX pedep cheprnieckre BHIEeMKH 0J1-
HOro pedpa 3epKaJibHO OOpAIICHBI K CPEPHUUCCKUM BbI-
cTynaM JIpyroro pedpa. ABTOpaMH IpHBEICHBI CBEe-
HUSI, YTO IPUMEHHUTENIBHO K MapaMerpaM pedep percHe-
patopa I'TY sHeprerndeckas 3¢ (eKTHBHOCTH ammapara
yBenuuuBaercs B 1,4...1,8 pa3 B 3aBUCUMOCTH OT pEeXU-
Ma TEUeHMs ¥ CKOPOCTH TTOTOKA, OJJHAKO HE yKa3aHbI yc-
JIOBUSI TOCTHIKCHUSI TAKOTO YBEIIMUCHHUS M HE TTPUBOJIHT-
¢4 cpaBHEeHHE 3P (HEKTUBHOCTH IPEIIOKEHHOTO criocoda
C IpyTUMH cII0cO0aMH MHTCHCU(HUKAIIMN TEIUIOOTIAYH.

CornacHo 3aBucumMocTH (1) moBeiienue 3¢ GeKTus-
HOCTH TETIIIO0TIau¥ BO3MOXKHO 33 CUET CHI)KEHHS THIPO-
JIMHAMU4YecKoro corpotusienus f. [IpeacraBum ykpyn-
HEHHO COTIPOTHBIICHHE OpeOPEHHOM MOBEPXHOCTH KaK

f :-f;cn +fpe6p’
rae f

"y — COIPOTHBJIEHHE TPYOBI-OCHOBEI; fp ep — CO-
MIPOTHBIICHHE pedep.

Tornma cHIKeHHE 00IIEro COMPOTHBICHHUS BO3ZMOKHO
HE TOJIBKO 3a CYeT pedep, HarpruMep IyTeM HaHECEHUs Ha
HUX JIYHOK, HO ¥ FICTIOTb30BAaHUS B KaU€CTBE TPYOBI-OCHO-
BBl TPyO C MCHBIIMM COIPOTUBIICHHEM IIPU OOTEKaHHHU,
HAINpUMeEp C AIUTUITHIECKUM MOTIEPEYHBIM CEUCHUEM.

[MomoOHas TpyOa MCHONB3yeTCs B TEIIOOOMEHHBIX
anmaparax kommnanuu «Kelvion» (puc. 4) [6].

B paborte [7] Oputa mpomsBencHa OmeHKa dPPEKTHB-
HOCTH HaHECEHHMs! JIYHOK Ha OJJMHOYHYIO OpeOpEeHHYIO -
JTUNTHYECKyIo TpyOy. Tlomydeno, 4To HaHeCeHHe Ha MH-
JIeJIEBOM CEYEHHH 110 MAJIOH OCH TPYOBI ¢ 00EHX CTOPOH
TpyOBI-OCHOBBI Ha pedpe 1Mo OJHON JTYHKE MO3BOJISET J10-
CTHYb CHIKCHUS TUAPOIMHAMUYICCKOTO COIPOTHBICHUS
Ha 15...18% ¥ MOBBIIEHUS] HHTEHCUBHOCTH TETIOOT/Ia-
gn Ha 17...19%. OmHako He ObLIa MPOM3BEICHA OICHKA
3¢ PEKTUBHOCTH UCIOJIL30BAHUSI TPEIOKCHHOTO CIIOCO-
0a MHTCHCH(UKAINN U BIUSHAS KOJMYECTBA JTYHOK, Ha-
HECEHHBIX Ha peOpax, Ha 9(PEKTUBHOCTh TEIIO0Ta4H.

HEJIb U 3AJAYN UCCJIEIOBAHUS

Ilenv pabomsr — onieHUTH YPPEKTUBHOCTD TIO TIO-
Kazateito F/AR HaHeceHHMs JIyHOK Ha peOpa opeOpeHHBIX
SIUTUNITHYECKUX ITyYKOB TPYO Ul MHTCHCH(HUKALMN Te-
TUIOOT/IAuH.

Oovexkm uccnedosanus — TPOIECCHl THUAPOJU-
HaMUKN W TEIUIOOTJa4d MpPU TEUCHUH TETUIOHOCUTEIS
B OpeOpEeHHBIX TPOPUIUPOBAHHBIX AU THYSCKUX ITyU-
Kax TpyoO.

Ilpeomem uccnedosanus — 1noxasaTeiau THIPOIU-
HAMUKH, TEIUIOOTAAYHN M TeIUIOTHAPABIMICCKON dPek-
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TUBHOCTH TIPH OOTEKaHUU OPeOPEHHBIX MPO(PHUIHMPOBAH-
HBbIX SJIJIUIITUYCCKUX pr6HI>IX ITYYKOB.

3adauu uccredosanus.

— ONpEIeNICHNE CXEMBI PACTIONIOKEHNUS JIYHOK Ha pe-
opax;

— pa3paboTka MaTeMaTHIECKOW MOJICIN TEUCHHS Te-
TIJIOHOCUTEITS B TTyYKax Tpyo;

— MOJICTMPOBAHNE M aHAJIN3 TEIUIOTHPABINIECKON
3¢ (HeKTUBHOCTH MPOIIECCOB TEIUIOOTAAYH.

PesyabraTel uccaenoBanusi. OmnpenenuM Mecrta
pacHoNoKeHus JIyHOK Ha peOpe. [lyist 3Toro nmpencraBum
pedpo B KauecTBe OOBIKHOBCHHOM TUIACTHHBI U PACCMO-
TpUM (OPMHUPOBAHHE ITOTPAHUIHOTO CJIOSI M M3MEHEHHUE
KOA(pPHUIHUEHTA TETIOOTIAYH IO €TO JTHHE.

B cootBetcTBHE C [§], M3MEHEHNE TOIIUHEI TTOrpa-
HUYHOTO CJIOS IT0 TUIACTHHE MOXKHO OIIPEAEIHTh KaK

4,64-x
JRe(x) R/pr

IJie X — TEeKyIas KOOpMHATA TUIACTHHBI, a KO3 PHIn-
€HT TEII00TIa4H

8(x) = 2

3 A

VlcXoqHBIMU TaHHBIMU JUISl pacyeTa MPHHSTHL:

— TEIUIOHOCHUTEINb — OTPa0OTaBIIHE Ia3bl;

— TeMneparypa TermioHocutens — 300 °C;

— CKOPOCTb JABHKEHHS TETUIOHOCHUTENST — 25 M/C;
— JUTMHA TUIaCTHHBI — 50 MM.
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[IpuBeneHHBIE NaHHBIE NPHHATHI W3 CIEIYIOMINX
YCIIOBHIA: TeMIIepaTypa M CKOPOCTh OTpadOTaBLIMX Ta-
30B — KaK CPE€IHHEC 3HAYCHUSA TJI1 COBPEMCECHHbBIX YE€ThI-
pEeXTaKTHBIX IU3ENBbHBIX ABHTAaTENel [9], a AnmmHA ImIa-
CTHHBI paBHa JUTHHE pedpa opeOpeHHOI U THYECKOH
TOBEPXHOCTH KOMIaHUU «Kelviony [6].

PacnipenieneHust TOJNMMHBI TOTPAHUIHOTO CIIOS M KO-
s duIeHTa TEIUIO0Ta4YM 110 JJTHHE IUIACTHHBI, KOTO-
pBIe paccunTaHHBI 10 3aBUCHMOCTSIM (2) u (3), mpex-
CTaBJICHBI HA puC. 5.

OCHOBHOM Hzieeil HaHeCEeHHs IYHOK Ha MOBEPXHOCTh
SIBIISIETCS JIOKAJIbHBIA CPBIB MOTPAHUIHOTO CJIOS C LEIBIO
MHTEHCH(UKAIMU TerooTnaun. B paccmarpuBaeMom
cllydyae Ha HAyallbHOM y4YacTKe HaOJII0OAaeTcs CTPEeMH-
TeNpHOE TaneHue Kod(uImeHTa TerIooTnaun, Mpo-
HCXOJsIIiee MPUMEPHO JI0 CEepeAnHbI TUIACTUHBI. Jlaib-
Helilee yBeNn4eHHe TONIIMHBI OTPAHUYHOTO CJIOS U
nmajzieHne Kod(pUIMeHTa TEII00TnaqH (puc. 5) He mpe-
Boimaer 4 %. Takum oOpa3om, B KauecTBe MEPBOrO Ba-
puaHTa OBUT MIPUHAT BapHaHT, aHAJIOTHYHBIN [7] ¢ pac-
TIOJIO’KEHNEM JIYHOK I10 Majoii ocu asuurica (puc. 6,0),
BapHaHTy 6 (puc. 6, 8) onpeaeIeHO PACIIONOKEHUE TYHOK
Ha HavYaJbHOM M KOHEYHOM ydYacTKax peOpa, Mo Bapu-
auT e (puc. 6,2) pacCMOTPEHO OLEHKY 3()(PEKTHBHOCTH
TUIIOTE3bl PACIIOJIOKEHUS TYHOK B HOCOBOM M KOPMOBOM
yacT pebpa 1o OOJIBIION OCH HIUTHTICA.

[Tpu pazpaboTke MaTeMaTHYECKOM MOJIEITH TEUECHHS
TETJIOHOCHUTENIS B MMyYKax TPYO MCIIOIb30BAINCH COBpE-
MEHHBIE JIOCTIIKCHUSI B 00JIACTH BBIYMCINTEIBHOW TH-
npomexanuku [10]. TIporecc TeueHus: MoJenupoBaics
CJICTYIOIIMH YPaBHCHUSIMU:

2

Puc. 4. TerutooOMeHHBIH anmmapat ¢ UHTEHCH(UKAIMEH TeIUIoNepe1ay KOMIIAHuU ,,Kelvion™:

a — JIUMNTHYECKas TpyOa 3 opeOpeHHeM; 6, 6 — 3JIEMEHThI TEIIOOOMEHHOU TTOBEPXHOCTH; & — TEIUIOOOMEHHBIH ammapar B

cbope
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3,
a) 0,06 ~
X, MM
40 50
a, Br/(m*K)
0) 5
4
3 !
2 \
1L | X, MM
0 10 30 50

Puc. 5. Pacrpesenenne TONIIMHBI MOTPAHUYHOTO cJosi (a)
" ko3 durrieHTa TemIooTaauu (6) Mo JUIMHE TUTACTHHBI

a) 0)
8 2)

Puc. 6. BapuaHThbI pacroyioxxeHHe IYHOK Ha pedpe

— HCPA3PBIBHOCTHU

%Jrv-(pﬁ):o; ()

— KOJIMYECTBA ABUXCHUS

o(p7)

- +V-(pV ®F)=-Vp+V-t+S,;5 ()

rJie TeH30p HANPsDKeHUH onpenemseTcs Kak
— T 2
T= u[w +(v) —ESV-V}, ()
a 0 — nenpTa-yakma KpoHekepa;
— SHEPTUU

M_a—p+v'(Ptht) =
TR (N

=V-(WI)+V-(V-2)+V -85, + S,
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rjue
172
htot = hstat +7’ (8)
hstat = hstat (T, p)5 (9)
— COCTOSIHUS
p=p (T p), (10)

rne 7 — temneparypa; V' — CKOpoCTb; f — BpeMsi; p —
JIABJICHUC; P — IUIOTHOCTh; A — KOA(PPHUIIMEHT TEIIO0-
MIPOBOJHOCTH; L — KO3 UIMEHT AMHAMUYECKOU BSI3-
KOCTH; h, — TIONHAs SHTANBNHMS; i, — CTaTHYECKas
SHTAJIBIHSA; S| — MCTOYHHKOBBIM YIEH [T MMITYJIbCA;
S, — HCTOYHHKOBBIN WIEH IS SHEPTHH.

[TpuBeneHHbBIE BBINIC ypaBHEHHS COCTaBISIOT CH-
creMy ypaBHeHHH Hagbe—Cmokca, KOTOPBIE TIO3BOIISIOT
MaTeMaTHYeCKH OIMUCATh MPAKTUYECKU JIFOOOU Cirydait
TEUEHHS JKUIKOCTH WU ra3a. 3aMbIKaHHE 3TON CHCTEMBI
OCYIIECTBILIIOCH C TOMOIIBI0 RSM-Monenu TypOyaeHT-
HOCTU. B 3TOM MOIenu mpuHATa runore3a aHU30TPOIl-
HOCTH TypOYJICHTHOH BS3KOCTH, YTO IIOBJEKJIO 3a CO-
0oii BBeIcHNE B CUCTEMY MHANBHIYaJIbHBIX YPaBHCHUH
nepeHoca HanpspkeHuil PeiiHonbiaca u koaddunpeHt
Jccunanyy. B pesynbrarte st TpeXMepHO# 3a1a4uu CH-
cTeMa MpejroiaraeT HajJu4ue CEMH JOMOJHUTEIBHBIX
TPaHCIIOPTHBIX YPaBHEHHH.

Hcnonp3oBaHue 3TOH Mojenu oO0YyCIIOBIEHO PEKo-
MEHJAIUSIMH K €€ NPUMEHEHHIO JUIS MOJICIUPOBAHUS
CIIO’KHBIX TEUCHUI B KaHalaxX ¢ UCKPUBICHHOW reoMe-
TpHeil, OOJIBIINM KOINYEeCTBOM OOPAaTHBIX TEUECHHH, HH-
BEpCHUEH MTOTOKA, HATMYMEM 3HAUYUTEIbHBIX TPAJNCHTOB
ckopocTell n temmeparyp. CienoBaTenbHO, €€ IpHMe-
HEHUE JJIs1 HCCIIEA0BAHUs TCUCHUH B paboUnX KaHasax,
c(hOpMHUPOBAHHBIX W3 MOMEPEYHO OOTEKAEMBIX MyYKOB
NPO(UIMPOBAHHEIX OPEOPEHHBIX AUIMITUYECKHUX TPYO,
Haubosiee 1enecooopasHo.

Pemenue cuctemsl (4)—(10) mpou3BoauiIOCh METO-
JIOM KOHeuHbIX 00beMoB [10]. B kauecTBe parpoHaib-
HOTO BapuaHTa IPUHUMAJICS BapHaHT, IPH KOTOPOM
HaOmopancss Obl HaMOOJBLIMH POCT WHTCHCUBHOCTH
TEIJIOOT/Ia4M 110 CPAaBHEHMIO C POCTOM adpOJUHAMHYE-
ckoro conporuBieHusi. CpaBHeHHe 3()(EKTHBHOCTH
TEIUIOOTJaYH MTPOU3BOIMIIOCH TI0 TIOKa3arento (akropa
ananornu Peiinonbzca (1). Uanexe «0» ompexnensier Oa-
30BBII KaHAJ, B HAIEM CIy4ae NPUHUMAJICS BapHaHT d
(cM. puc. 6,a). KomronoBka pacueTHON o0nacTu mpen-
cTaBJeHa Ha puc. 7.

OO0cy:k1eHHe MOJYyYeHHBIX pe3yJabTaTroB. Pe3yis-
TaThl MOZICIMPOBAHUS MTOAAHBI B Ta0m. 1 1 Ha puc. 8.

AHanu3 pe3ynbTaToB MMOKa3bIBaeT cienytomee. Kax
1 0KHMJAJIOCh, HAHECEHHE JIYHOK Ha peOpo 3HAYUTEIHHO
MHTEHCU(HIMPYET TEIUIOOTady 3a CUET CHIDKCHHUS ad-
POAMHAMHYECKOTO CONMPOTHUBIICHUS MpH oOTekannu. [1o-
Kazarenb dPGeKTHBHOCTH FAR caBuraercs OT HIKHEH
TPaHUYHON JMHUM K BepxHed. OnHako 3P QeKTHBHOCTD
TETJIO0OOMEHHOW MOBEPXHOCTH CHIIBHO 3aBHUCHT OT pac-
TIOJIO’KEHNUS JTyHOK. Hambonee panroHanbHBIM SBIISIETCS
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Puc. 7. KomnoHoBka pac4eTHoil o0nactu

FAR
1.8 -
1,64 °3)
14 °
]l o8
124¢ °
1.0 -
/
f]'l'l'lffo
012 3 4
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Tadmuma 1. Pesymsratel oneHKH 3()(EKTHBHOCTH TEINI000-
MeHa

BapuanTt 6 BapwuanT ¢ BapuanTt 0

Re A, | EAR | fif, | FAR | fif, | FAR
2200 0,42 1,24 0,46 1,31 0,48 1,21
4350 0,78 1,31 | 0,97 | 1,41 | 098 | 1,63
6500 L15 | 1,17 | 126 | 1,51 | 1,44 | 1,56
8700 1,19 1,25 1,30 | 1,60 | 1,52 | 1,58
11000 1,22 1,31 1,35 | 1,65 | 1,59 | 1,59
13000 | 126 | 135 | 138 | 1,69 | 1,65 | 1,58

BapHaHT ¢ — IIOCJIEA0BATEILHOIO PACIOJIOKEHUS JIy-
HOK Ha pe0dpe, MOCKOJIbKY B HeM Ha0IIo1aeTcst HanboJib-
i pocT 3 (HEeKTUBHOCTH TETIOOTIAYH IO CPABHEHHIO
C POCTOM CONpPOTHBIICHUS. BapuaHT ¢ — ¢ HOCOBBIM
1 KOPMOBBIM PacIHoOJIOKEHHEM JIYHOK HE Jajl OXKHJla-
eMoro 3¢QexTa, TOCKOIBKY TOMOTHUTEIEHOE COIPO-
THUBJICHHE PA3BUBAIOIEMYCSI HOCOBOMY BHXPIO CO37aJia
HOCOBast 4acTh TpyOBl, a KOpPMOBas JIyHKa HaXOAWUTCS
B THJPOIMHAMHYECKOM CJIe/Ie TyHOK Ha pedpax.

BBIBO/IBI. 1. BriepBble BEINOJIHEHO MOAEIUPOBaA-
HHE Hapy)KHOTO OOTEKaHWs TEIIOOOMEHHOW TOBEpX-
HOCTH, DJICMCHTOM KOTOpOﬁ SIBJIISICTCS DJIJIIMIITUYCCKAast
Tpy0a-oCHOBA C MPSIMOYTOJILHBIMH peOpamu, Ha KOTO-
pBIe HaHECEHHI TPH BapHaHTa PACTIONOKEHHS JTYHOK:
B JMaMeTpajbHOW IUIOCKOCTH IO MaJIOi OcH TpYOBbI,
TIOCIIEI0BAaTENIFHO Ha pedpax, B HOCOBOW M KOPMOBOM
9acTAX U MOCIIe0BaTeIbHO Ha pedpax.

2. Iloxy4eHo, 4ToO HAMITYYIINM BapHAHTOM SIBIISIECT-
Csl BAPHAHT C T10CJIE/I0BATEIbHBIM PACIIOIOKEHUEM JTy-
HOK Ha pedpax, MpH KOTOPBIX MaKCHUMAIBHEIA POCT IO
nokasarento 3gppextuBHocTH FAR nocturaet a0 30 %.

3. Iony4yeHHble pe3yabTaThl OYYT UCIIOIb30BAHbI
IUTS TIONTYYCHUST KPUTEPHUATBHBIX 3aBUCHMOCTEH TEIUIO-
OT/Ia4u MPOQMINPOBAHHBIX OPEOPEHHBIX TOBEPXHO-
cTell TeruiooOMeHa.

[11  Waste Heat Recovery System (WHRS) for Reduction of Fuel Consumption, Emissions and EEDI [EnexTpoHHHH TOKY-
meHT] / MAN Diesel & Turbo. Pexxum mocryna https://turbomachinery.mandieselturbo.com/docs/ librariesprovider4/
Turbomachinery doc/waste-heat-recovery-system-(whrs).pdf ?sfvrsn=8.

[2] Bawxkan, I1. K. CnpaBounuk 1o teruiooOmenHbIM anmapatam [ Teker] / I1. U. baxaw, I'. E. Kaneser, B .M. Cenusepcros. M.:

Mammnoctpoenue, 1989. 367c¢.

[3] Xanartos, A. A. TermmooOMeH 1 THAPOANHAMHKA OKOJIO IOBEPXHOCTHBIX yriyOmeHuit (TyHoK) [Teker] / A. A. Xanaros. K.:
Un-T Texuudeckoii remnopusnkn HAH Ykpanns, 2005. 140 c.

[4] Xanartos, A. A. O600IIEHNE ONBITHBIX JAHHBIX IO (GaKkTOpy aHANOruu PeitHonbica 11 MHTEHCH(UKATOPOB TEII00OMeHa
pasmmunbix THIOB [Teker] / A. A. Xamatos, A. B. Oxumes, B. H. Onnmenko. [Ipom. Termorexauka, 2010, 1. 32, Ne 5.

C.5-13.

[5] Kynremu B. b., dynapes B. B., Kynteiir B. 3., Cyxoukwuii A. b. TerumooOmennas Tpy6a. [laTeHT Ha none3nyr Mojens. BY

Ne 7593. 3asBneno 2011.03.17. Omy6a. 2011.10.30.

[6] Kelvion. Product Line: Air Fin Cooler. Taking the heat out of major industries [DnekTpoHHbIH 10KyMeHT]/ Pexum noctymna
http://www.edelflex.com/archivos/descargas/379/Kelvion AFC Product Line Brochure EN.PDF.

[7] Temnoobminna moBepxHs. Kysueros B. B., Kysnenosa C. A., fIkumosud A. B., Ky3znenos B. I'. [Tatent Ykpainu Ha KOpUCHY
mozens Ne 69705. 3asneno 25.10.2011. Ony6u. 10.05.2012 6ron. Ne 9 IMarenrosnacauk HYK im. aqmipana Makaposa.

[8] Immxtuar I'. Teopus norpanuusoro cios [Texcr] M. : Hayka 1974. 712 c.

[91 Marine Engine IMO Tier Il and Tier lll Programme 2nd edition 2017 [OnekTpoHHBIA 1okyMeHT] / Pexxum mocrtyma http://

marine.man.eu.

Brictpos, 10. A. Yncinennoe MojennpoBaHue BUXpeBOi MHTeHcH(uKanuu B makerax tpyO [Texcr] / FO. A. Brictpos,

C. A. Ucaes, H. A. Kynpssues, A. U. Jleortse. CII6.: Cynoctpoenne, 2005. 392 c.
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Abstract. The paper analyzes the generalized structure of energy consumption of the soci-
ety. It is shown that the structure of modern energy unit (EU) waste heat streams has signifi-
cantly changed. These changes are caused by the use of the latest energy-saving production
processes, high-efficiency thermal motors, etc. It is shown that a large proportion of the
waste heat of modern power plants (60...80 %) is low-temperature thermal emissions. Ex-
amples of the use of known energy saving technologies designed to improve EU efficiency
are considered. It is concluded that the existing majority of technologies are intended for use
as a part of powerful EU, and, moreover, they are mainly focused on the consumption of
high-level emissions. The work shows that there is a need to develop new technical solutions
for the use of low temperature thermal resources, discharged and reduced. In addition, there
is a lack of technologies that are suitable for efficient use of relatively small amounts of heat
resources, 10%...10° kW, in particular for transport energy. Thermoacoustic technologies are
proposed as a solution of stated problems. The basic scheme of the thermoacoustic system is
developed, which is suitable for use of low-temperature thermal emissions of various types
of EU. The basic principles of construction of thermoacoustic power generating systems for
the use of low temperature thermal resources are considered. Factors that affect the external
characteristics of thermoacoustic heaters are established. A generalized mathematical model
of EU with a thermoacoustic energy saving system is proposed. It is synthesized on the basis
of mathematical models of components of the basic EU. The results of the calculations car-
ried out on the basis of the model shows that the use of thermoacoustic thermal machines in
the ship’s power plants, for the utilization of surplus waste heat energy with temperatures
in the range of 111... 450 K, can increase the efficiency of the ship power plant by 6...8 %,
ensuring fuel economy up to 6 %.

Keywords: power plants; thermal emissions; thermoacoustic technology; mathematical
model.

Awnorauis. [IpoBeeHo anaii3 y3araabHEHOT CTPYKTYPH €HEPTrOCIIOKUBAHHS CyCITLIECTBOM.
[TokazaHo, 1110 B CTPYKTYpi CKUIHUX EHEPTETHYHNX MTOTOKIB CyJaCHUX €HEPreTHYHHUX ycTa-
HoBoK (EVY) BinOymucst cyTTeBi 3MiHH, SIKi 3yMOBJICHI BUKOPHCTaHHSIM HOBITHIX €HEpro-
32011 DKYIOUMX BUPOOHWYMX IIPOIECiB, BUCOKOC(PEKTUBHHUX TEIUIOBUX JBUTYHIB TOIIO.
YcraHoBneHo, Mo OiIbITy 4acTKy ckuaHoi Teruotu cydacHux EY mo 80 % ckiamaroTs
Hu3bKoTeMIiepatypHi termiosi Bukuau (HTB). PosrmsanyTi npukimany 3acTocyBaHHS Bifo-
MHX TEXHOJOTIH eHepro30epeXeHHs, NMPU3HAUYCHHUX IS MiABHIIEHHS edektuBHOCTI EVY.
3p0o0JIeHO BUCHOBOK, IO OUTBMIICTE 13 HUX MpHU3HAYCHA JJIS YTHIi3allil BUKUIIB BUCOKOTO
noTeHuiany B ckiaji nmoryxuaux EY. [Tokaszano, mo icHye morpeda B po3poOIli HOBUX TeX-
HIYHUX pillICHb, TPU3HAUYCHUX JJIsI BUKOPHCTAHHS HU3bKOTEMIIEpATypHHUX TEIIIOBUX PECyp-
CiB, CKM/IHUX Ta BIAHOBIIOBaJILHNX. KpiM TOTO, OpaKye TeXHOJIOTIH, MpUAATHUX IS edek-
THUBHOTO 3aCTOCYBaHHS BiJIHOCHO MaJlMX 00’€MiB TEIUIOBHX pecypcis, piBHs 102...103 kBT,
30KpeMa JIsl TPAHCIIOPTHOI eHepreTHKH. [yl BUPIMICHHS IIOCTABJICHUX MUTAHb 3aIlpoIIo-
HOBaHO BIPOBA/KCHHS TEPMOAKYCTHYHHMX TEXHOJIOTiH. Po3pobieHa mpuHIHUIIOBa cXxema
TEepPMOAKyCTHYHOI CUCTEMH, SIKa pHuaaTHa Juisd BukopuctoByBanus HTB pizuux tunis EV.
Po3ranyTi 6a30Bi MPUHIAITE NOOYI0BH TEPMOAKYCTHUHHUX CHEPrOreHEPYIOUNX CHCTEM 3a-
CTOCYBaHHSI HU3bKOTEMITCPATYPHHUX TEIUIOBUX PECYpCIiB, CKHIHHUX Ta BiJHOBIIOBAJIbHHX.
YcraHoBneHi (akTopH, SKi BIUIMBAIOTh HA 30BHIIIHI XapaKTEPUCTHKH TEPMOAKYCTHUHHX
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TEIUIOBUX MAIllMH. 3aIpOIIOHOBAHA y3arajbHIOI04Ya MaTeMaTHdHa MoJens EY 3 TepMOaKkyCTHYHOIO CHCTEMOIO eHep-
ro30epexeHHs, Ska CHHTE30BaHa HAa OCHOBI MaTeMaTHYHHMX MOJelNeil ckiagoBux dacTuH 6a3oBoi EY. Pesymsratu
PO3paxyHKiB, BAKOHAHUX Ha 0a31 MOJEINi, CBiAYaTh, IO 3aCTOCYBAHHS TEPMOAKYCTHYHHUX TECIJIOBUX MAIIMH Yy CKIaIi
CyIHOBUX eHepreTnyHUX ycTaHoBoK (CEY), g yTumizarii HaJUIMIIKIB CKUTHOI TETIOBOT €HEeprii 3 TeMIiepaTypamu
B nmiamazoni 111...450 K, nae moxxnusicts migaatu edextuBHicTs CEY Ha 6...8 %, 3a0e3neunBIIg npy bOMY €KO-
HOMIiI0 TTaJTbHOTO 10 6 %.

Kuarouosi ciioBa: eHepFeTI/I‘IHi YCTaHOBKU; TEIIOBI BUKH U, TepMOﬂKyCTH‘IHi TeXHOJ’IOFﬁ; MarceMarTu4dyHa MOAC/b.

AnHotanust. [IpoBenen aHann3 0000IEHHON CTPYKTYpPBI SHEpronotpediaeHus odmectsom. IlokazaHo, 9T0 B CTPYK-
Type TEIUIOBBIX BBIOPOCOB SHEPreTHYECKHX YCTaHOBOK (DY) NMPOM3OLUIM CYIIECTBEHHBIC M3MEHEHHs, 00YCIIOB-
JICHHBIC HCIIOIb30BAaHNEM HOBEWIINX YHEProcOEperarolInx MPOU3BOJICTBEHHBIX MPOLECCOB, BHICOKOA(P(EKTUBHBIX
TerioBeIX ABurareseil. ITokazano, aro 80 % cocTaBisfoT HU3KOTEMIepaTypHble TernoBble BeIOpockl (HTB). Pac-
CMOTPEHBI IPUMEPBI IPUMEHEHNSI U3BECTHBIX TEXHOJIOTHI SHEProcOepeKeHNs, MPEJHA3HAUCHHBIX JUIS TOBBIIICHUS
apdexruBHOCTH DY. CHenaH BHIBO, YTO OONBIIMHCTBO UMEIOLIMXCS TEXHOJIOTHI TPETHA3HAYEHO AJIsl HCIIOJIb30Ba-
HUSI B COCTaBE MOIIHBIX DY, KpOME TOT0, OHH OPHEHTHPOBAHBI HA MOTPEOICHUE BHIOPOCOB BBHICOKOTO ITOTEHIIHAIA.
[TokazaHo, 9TO cymIecTBYET MOTPEOHOCTH B Pa3padOTKE HOBBIX TEXHHUECKHUX PEIICHHH, TPeJHa3HAYCHHBIX IS TIPH-
MEHEHHS HU3KOTEMIIEPATYPHBIX TEIUIOBBIX PECYPCOB, COPOCHBIX M BO30OHOBIIsIEMbIX. KpoMe Toro, He XBaTaeT TeXHO-
JIOTWH, IPUTOAHBIX AJIsT 3P(PEKTHBHOTO HCIIOJIB30BAHHS OTHOCHTEIIFHO MAJIBIX 00BbEMOB TEILUIOBBIX PECYPCOB, YPOBHS
102 ...103 xBt, B yacTHOCTH JI1s1 TPAHCIIOPTHOM 3HEPTreTUKU. [I11sl pelieHust HOCTaBAEHHbIX BOIPOCOB MPEATIOKEHO
NPUMEHEHNE TEPMOAKYCTHUECKUX TeXHojornil. PazpaboTana mpUHIMITHATIBHAS CXEMa TEPMOAKYCTHUECKON CHCTe-
MBI, KOTOpast IpUroJHa Ut ucroiab3oBanns HTB pasmimunbix Tunos JY. PaccMoTpeHb! 6a30Bble MPUHIUIIBI TOCTPO-
€HHSI TEPMOAKYCTHUECKHX YHEPTrOrCHEPUPYIOLIINX CHCTEM 3HEProcOepekeH s, IPEAHA3HAUYCHHBIX JJIsl yTHIIN3ANN
HHU3KOTEMIIEPaTypHBIX TEIUIOBBIX PECYPCOB — TEIUIOBBIX BBHIOPOCOB EY ¥ TEmIOTHI BO30OHOBISIEMBIX MCTOYHHKOB
sHepru. Ilpemnokena 0000mIEHHAass MaTeMaTHIecKast MoJelb DY ¢ TepMOAKyCTHUECKOH CHCTEMOM sHeprocoepe-
JKEHUSI, KOTOpasi CHHTE3MPOBAaHA HAa OCHOBE MaTEMaTHYECKUX MOJIeNel cocTaBHBIX yacteil DY. Pesynbrarsl pacue-
TOB, BBITIOJIHEHHBIX Ha 0a3e pa3paboTaHHOI MOJEIH, TIOKa3bIBAIOT, YTO MMPUMEHEHUE TEPMOAKYCTHIECKUX TEIIOBBIX
MallIlH B COCTaBe CYJOBBIX SHEPreTHUYECKUX ycTaHOBOK (COVY), mis yTWin3anuy W3JIMIIKOB COPOCHON TETIIOBOM
SHEpTuH ¢ Temreparypamu B quanasoHe 111...450 K, maet Bo3MoxHOCTB 1OBEICUTH 3¢ dexTnBHOCTE COY Ha 6...8 %,
00ecIeunB MPH 3TOM 3KOHOMHMIO TOPIoYero 10 6 %.

KaroueBnle ciioBa: OHEPIrCTUYCCKHUEC YCTAHOBKHU,; TCIIJIOBBIC BI)I6pOCI:.I; TEPMOAKYCTUYECKUC TCXHOJIOTUU; MaTEMATHU-
qecKasa MOACIIb.
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IMocranoBka 3amaui. CyyacHe CycCIIiIbCTBO CIOXKH-
Ba€ BEJWKI 00’€MH eHeprii, OCHOBHHUI 00’e€M sKoi mpo-
JYKY€TBCS 3 TOIOMOT'OI0 TEIUIOBHX CHEPreTHYHHX yCTa-
HoBOK (TEY). PoGota 6ynp-axux EY cynpoBomkyeThcs
YTBOPEHHSIM TEIUIOBHX BHKHIIIB, SKi PO3IIISNAIOTHCS SIK
BTOpUHHI eHepreTuuHi pecypcu (BEP). Buxopucranus
uux BEP no3Bomnse migsummuTu epexTuBHIicTs EY, 3MeH-
IIUTH CIIOXXMBAaHHS BUAOOYBHUX BHIB MAJNNB, 3HU3UTH
LIKIJJIMBUI BIUIMB HA JOBKIJIJIA.

VYaockoHaneHHsT TexHigHOTO piBHA EY Ta BmpoBa-
JUKEHHSI HOBITHIX TEXHOJIOTIH B €HEPreTHIl, TPAHCIIOP-
Ti, IPOMICIIOBOCTI TIPHU3BENN 0 CYTTEBOTO IiABHUIICHHS
epexruBHocti TEY Ta 3MiHM TemmepaTrypHOro piBHA
BEP.

[Hiarpama Ha puc. 1 iTFOCTpy€ B MOCTITOBHOCTI TPO-
LecH BUPOOHHMITBA, TpaHcdopmalii Ta €HeprocroXxu-
BaHHS: BiJl IEPBUHHUX JKepesl eHeprii (majquB) 10 CIio-
KMBa4iB B CHEPreTHIi, TPAHCIIOPTY, IMPOMHUCIOBOCTI,
KKX, chepu nmocayr [1]. Moxxkna 6aunTH, 1110 B pe3yJib-
tati podotn TEY Ginsa 30 % eneprii nepBUHHUX €HEp-

TOHOCITB BHKOPHCTOBYEThCS Ha IMOTPEOM CIIOKUBAUiB.
Pemry eneprii, a ne npubmuzao 50 %, ckiamarots BEP
pi3HMX TemneparypHux piBHiB, 20 % — 0e33BOpOTHi
BTpATH.

Cymapnmii 06’em BEP i3 Temmnepatypoto, 1o mnepe-
Butrye 300 °C, cknanae e 20 %, 10 miana3oHy TeM-
nepartyp 200...300 °C nanexuts 16 % Bix 3araabHOTO
00’emy, pemra, a e 54 %, — BUKUIM 3 TEMIIEPATypoIo,
HIwk4oto 3a 100 °C. luranHs, OB s3aHi 3 yTIITI3AIIE0
BEP 3 temnepatypamu, Bumumu 3a 300 °C, He € npen-
METOM HasiBHUX JIOCII/DKEHb.

Buxopucranns BEP 3 temmneparypamu HuK4e
300 °C, a me 89 % Bim 3aradbHOTO O0CSTY, € CKIIAJTHOIO
mpoOJeMOI0, OCKUIBKK MOTPeOye BpaxyBaHHs MOTPEO
KOHKPETHOTO CITOXXKMBada. Taka 3agada MoXe OyTH
PO3B’si3aHa HIISIXOM 3aCTOCYBAHHSI CHCTEMHOTO IiJXOY,
OCKITBKH TIOTpeOye aHalli3y B3a€MOJii CKIaJOBHX eie-
MeHTiB EY, 00rpyHTYBaHHS MOKJIMBOCTI Ta JTOIUIBHOCTI
BUKOPHCTAaHHS TEXHOJIOTiH eHepro30epekeHHs B KO>KHO-
MY OKPEMOMY BUMAJIKY.
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TpancnopTt 15.943
MNpomucnosicte 52.106
Komepuis 17.280
Hutno 44.330
Komepuis 8.411

BuCOKMiA
norexyjian

Tpaxcnopr 33.441
Npomucnosicte 12.123
Komepuis 5.132

leHepy
enekTpoeHeprii
212.824

MNepBUHHI HOCIi eHeprii
474.141

utnosui
CeKTop
86.921

KomepujinHui
CeKTop
43.200

MNpomucnosicte  6.380
Enektpoenepria 12.865
Kutno 19.471
Komepuia 713

CkuaHa Tennosa eHepria
245.717

Husbkuit Tpancnopt 28.487

notexujan Npomucnosicte  13.399

(<100 °) Enektpoenepria 94.343

155.592 Kutno 10.952

K i 8.411
B'rpam TpancnopT 23.092
Npomucnoeicte 22.331
ener Enextpoenepris 25.539
94.795 Hutno 12.169

Komepuis 11.664

Puc. 1. V3araibHeHa CTpyKTypa CHEpreTHYHUX [OTOKIB Cy4acHOro cycmijbersa, 10 x [1]

AHaJui3 ocTaHHiX gociaikeHb i myOuaikauiii. [pu
BHOOpi TexHousorii 3actocyBanHs BEP BupimarsauM
(akropoM € creuudiyHi MOTPeOU CMOKMBAYA B KOH-
KPETHHX BUJAX SHeprii: MexaHi4YHil, eJeKTpU4HiH, Te-
IUIOBiK Tomo. BiqnmoBigHO 10 X 00CTaBUH €HEepro3oe-
pirarodi TeXHOJIOTi1 MOYKHA TIOJITUTH Ha JIBi TpymH [2—4].

[lepma rpymna, Tenodikauiiini, e Taxi, mo =e me-
pendadaroTh OTpUMaHHS JAOAATKOBOI MEXaHIYHOI poOo-
TH, a caMe KOMYHaJIbHI Ta IMOOYTOBI MOTPEOH, MPOIECH
cymku Ta iH. 1li pimeHHst BiIHOCHO NpoOCTI, ane iX Bu-
KOPHUCTaHHS IIIJIKOM BH3HAYAE€THCSl HASBHICTIO MOTPEO
y CHOKUBAYa.

Jpyra rpyna, eHeproreHepymod4i TexXHOJIOTii, 110
SIKMX HaJIeXaTh KOT'CHEepalliliHi Ta TpureHepamiiiHi cxe-
MH. Y [UX CHCTEMaX 3aCTOCOBYIOTBHCS TEIUIOBI MAIIMHU
(TM), sixi 31aTHI TepeTBOPIOBATH MOTEHITIa]l HU3bKOTEM-
nepatypanx BEP y mexaniuny po6oty. Taki TM MoXyTh
OyTH peani3oBaHI Ha OCHOBI PI3HHX TEPMOJMHAMITHHUX
UKITiB — IUKI PeHkina (Ha Boai abo OpraHidyHUX Te-
wionocisix (ORC) [5, 6], uukn A. Kalina [7], Trilateral
Cycle (TC) [8] Toro.

3po3yMijio, M0 BCi BKa3aHI TEXHOJOTII mepeadaya-
I0Th BUKOPHUCTAHHSI J10IaTKOBOTO 00JIaJHaHHS, 110 MPHU-
3BOJINTH JI0 3pOCTAHHSI MacOradapuTHHUX NOKa3HUKIB EY,
YCKJIQTHEHHS X KOHCTpPYKIii, 3pOCTaHHs BapTOCTi, MO-
TipIIeHHS HamidHOCTI. Y JEsSKUX BHUMAIKax Ii (akTtopu
YHEMOJKIIUBIIFOIOTH X 3aCTOCYBaHHSL.

Hagenena indopmaris CBiI4UTh, MO Ha JAHWUH MO-
MEHT HE ICHy€ yHIBepCalbHOI TEXHOJOTii yTHii3armii
Hiwk4doi Temneparypu (HT) BEP. Bubip Texuosorii 00-
MEKYEThCSI XapaKkTepucTHKaMu HasiBHOI EY Ta norpeda-
MH KOHKPETHOTO CIIO)KMBa4a, KpiM TOTrO, B JESKUX BHU-
najgKax, TakhX, SK TPaHCIIOPTHA CHEPreTHKa, ICHYIOTh
MacorabapuTHi, eKOJIOTi4Hi abo BapTicHI 0OMexeHHS [9,
10]. BigcyTHi pillleHHs U «MauX» 00’€MiB TETIOBHX
Bukuais 10%...103 kBr.

OmHUM 3 TepCHeKTHBHUX NUIAXiB ytwiizamii HT
TEIUIOBUX CHEPropecypciB € BUKOPUCTAHHS TEPMOAKYC-

tnyarX TemioBux MamuH (TATM). Icaytote TATM
npsiMoi aii: e Tepmoakyctuuni asurynu (TAJ]) ta ma-
IIMHA 3BOPOTHOI Jii — TepMoakyCTH4HI pedprokepa-
topu (TAP) abo temmoBi Hacoci. Lli amapatu cyTTeBO
BIZIPI3HSIOTHCS BiJ| MEXaHIYHUX CHUCTEM MPOCTOI KOH-
CTPYKLIEIO, BIJICYTHICTIO PYXOMHX YacTHH Ta HIKiJUIN-
BUX pobounmx pewyoBuH. [ns TATM xapakTepHi BHCO-
Ka HaAIWHICTh, BITHOCHA Majla BapTiCTh, CKOJOTIYHA
6e3mexa [11, 12].

3nataicte TATM BHKOPHCTOBYBaTH TEILIOTY Bij
OyIb-SIKHX 30BHIIIHIX JPKEPEN A€ MOXKIUBICTh CTBOPIO-
BaTH Taki cucremu st pisHux tunie TEY. Jlns po6o-
i TAJ] BHpImANbEHOIO € PI3HUI TeMIIepaTyp MiX 30-
BHIIIHIMH JDKEPEJIaMH Ta CTOKOM TEIIOBOI €HEeprii, ToMy
TATM 3patHi BUKOPHCTOBYBaTH Oyb-sKi jpKepela
eHeprii, B IbOMY BHITAIKy KPiOT€HHHH ITOTEHIIIAN CKpa-
IUICHHX Ta3iB. Taki yCTaHOBKH JAOLIJIBHO 3aIPOBA/INTH K
cucremu perazudikamii LNG ta LPG nanue Ha cyaHax
Ta OEperoBUX TepMiHAIAX.

BunisienHHss  HeBHpileHMX  paHille YacTHH
3araJbHOl mpodaemu. TepMoaKyCTHYHI TEXHOJIOTII MO-
JKYTh CTaTH B HATOJi JUIsl BUPIMIICHHS MMUTaHb YTUIIi3aIlii
HT temmoBux BuKuiB. Alle iX BIPOBAKCHHIO 3aBaXKaE
BiJICYTHICTh HAayKOBHX 3HaHb BiTHOCHO pPaIliOHAJIHHOTO
BukopucranHsi TATM y cknani EY.

METOIO CTATTI e ¢popmaizarist 6a30BUX IPHH-
LIUITIB TTIO0Y/IOBU €HEPrOTEHEPYIOUNX TEPMOAKYCTHYHHX
CHCTEM 3aCTOCYBAaHHS HU3BKOTEMIICPATYPHHUX TETUIOBUX
pecypciB, CKUIHUX Ta BiIHOBIIOBAIBHUX; CHHTE3 MaTe-
MaTHyHOi Mozeni EY 3 TepMoakyCTUYHOI CHCTEMOO
eHepro30epekeHHs; Po3podKa HaAyKOBO OOIPYHTOBaHHUX
MPUHIMUITB TOOYAOBH TEPMOAKYCTUYHUX CHCTEM SIK
CKJIa710BOi yacTuHu EY.

METOAU AOCJIIKEHHSI — anani3 Ta cus-
Te3 TeIUIOTEXHIYHUX TPOIEeCiB Ta ix MonenoBanHs B EY
3 TEPMOAKYCTHYHOIO CHCTEMOIO CHEPro30epeKeHH.
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OB’EKT JAOCJIIXEHHS — TtemmoTexHiu-
Hi mpouecu eneproneperBopenHs B EY 3 TATM ra ix
€JIEMEHTaxX, iX BHYTPIIIHI B3a€MO3B’SI3KH 1 B3aeMOJis
3 HABKOJIMIITHIM CEPEOBHUIIEM.

HOPEIMET AOCJIIKEHHSI — 3akoHOMipHOCTI
terodiznaanx mnporeciB B EY ta TATM cucrem BuKo-
puctranns HT TemoBux pecypcis.

OcHoBHHUIT MaTepiani. 3ajadi CTBOPEHHS y3araib-
HeHOoi MatematndHoi Momerni EVY 3 TepmoakycTHaHOIO
CHCTEMOIO EHEPro30epeKeHHs JOIIJIBLHO BHUPIIIYBaTH
B MaKCHMAaJbHO IOBHIM MOCTAHOBII, HE 3BYXYIOUH il
okpemumu Tunamu EY. Tlpunnunosa cxema EY 3 Tepmo-
aKyCTHYHOIO CHCTEMOIO CHEPro30epeKeHH [T0Ka3aHa Ha
puc. 2.

MarematiuHa MOAENb Ma€ BIJIOBIAATH CTPYKTYpI
EY rta ¢pynknionansHuM 3B’ s13kaM y komrekci: «JDKE-
PEJIA EHEPI'TI-TATM-HABAHTAXEHHS TATM».
MaremaTiuHa MOJENb TOBHHHA 3a0€3MEUYUTH MO>KIIHU-
BICTh NPUHHATTS OOIPYHTOBAaHHWX KOHCTPYKTUBHHX Ta
CXEMHHUX DIICHb MPH PO3POOII TEPMOAKYCTHIHHIX CHC-
TEM eHepro30epeKeHHs, 3JaTHUX MpAIIOBaTH B CKJIaJi
pizaux TEY. EHeprooOMiH MiX [KepenaMu €Heprii,
TATM Ta HOBKULTAM 3a0€3ME€4yIOTh 30BHIIIHI CHCTEMHU
3 MMPOMIKHUMH TETUIOHOCISIMH.

BBaxaemo, mo EY ckimamaeTbes 3 TpbOX B3a€EMHO
OB’ A3aHUX MiCUCTEM:

— TiJICMcTeMa BUCOKOTO MOTEHIIATy — IIe JDKepesa
CKHJIHOT Ta BiTHOBJIFOBAILHOI TEIJIOBOI €HEpril: TeroBi
JBUTYHH, BUpOOHNYI Tiporiecy, EY, Tomo;

—migcucrema TATM Ta i HaBaHTAKEHHS,

— TcUcTeMa HU3BKOTO TMOTEHIIany (CTiK TEerIoBO1
eHeprii) — JIOBKUuIs abo poOoUl peYOBHHH, 3 TEMIIEpa-
TypOI0, HIKUYOIO 32 TEMIIEpaTypy OTOUYIOHOTO Cepea-
OBHIIA.

MaremaTiuHa MO/IENb CHHTE30BaHa Ha 0a3i mMoje-
JIel CKIIAIOBUX KOMMOHEHTiB EY BiAmoBimHO 10 mpH-
WHATUX MPUITYIICHb:

— TATM mnpartoe 3a paxyHOK pi3HHII B TEMIIEpaTypi
MDK JDKepellaMH eHeprii BUCOKOTrO Ta HU3bKOTO MOTEH-
miay;

\ =300 °C

Tepmocudpon
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— 30BHIIIHI JpKepena HU3bKOTO MOTEHIIATy MOXYTh
MaTu TEMIIEpaTypy JOBKIJUIS 200 HIXKIY;

— mxepena eneprii — T/, EY, TexHosoriuni npoire-
CH, HE ITOB’s[3aHi TepMOoArHAMIYHUME [uKiIaMu 3 TATM;

— eneproodmin mMixk TATM Tta jkepenamu eHepril
3IIMCHIOETHCS 32 paXyHOK OKPEMHX MPOMIKHUX CHCTEM;

— HaBaHTaxeHHs M TATM moxyTh OyTH eHeprore-
Hepyrodi exemerTr 200 TATM 3BopoTHOI fii.

1. TerutoeHepreTHyHa YCTaHOBKa Ta 30BHIIIHE Ce-
penosuie

3riiHO 3 NMPUHHATUMU yMOBaMH MaTeMaTH4Ha MO-
nenb yMoBHOI EY Moxe OyTH nogana y BUIIISAI CHCTEMH
PIBHSIHb OaJlaHCy SHEPreTUUHHUX Ta MaTepiajbHUX MOTO-
kiB BEP Ha pi3Hux ekcruryaramiinux pexumax. Llsg mo-
Jiellb BKIIIOYa€e B ceOe TeruiodizuyHi napaMeTpH Terio-
HOCITB MiZICHCTEMH BUCOKOT'O T2 HU3bKOT'O MOTEHITiay.

st 3agaqi npoexryBanus TATM gocraTHbO 3HATH
(hyHKIIIOHAITBHI 3aJIC)KHOCTI TEMIIEpaTypH Ta BUTPATH 110
KOKHOMY 31 CKHJIHHX TCIJIOHOCIIB 3aJIC)KHO BiJ| MOTYX-
HocTi EVY, 30BHImHIX mapaMeTpiB Ta iHIMX (axkTopis.
3a3Buyail 1s iHpopMallis Moxke OyTH 3a/laHa y BUIIISII
ANPOKCUMALIHHIX (YHKIIIH, [0 3HAYHO CIIPOIIYE IX TMO-
Jlalibllie BUKOPUCTAHHS. 3arajioM Isi CHCTeMa pPiBHSHb
BUTJISIAE SIK

T} =F(N3Ey(reg)’7;mb"“);
G} = F(Negy (reg). Ty --); M

Negy (reg) = F (Tyups €os-r)s

ne i — enemeHnT TEY, mo po3risgaerbes; j — TEMJI0HO-
cit BEP; Ne,(reg) — e(eKkTHBHA NOTYKHICTh Ha Pi3HUX
pEeKHMax; g, — TUTOMA BUTpPaTa nanbHoro; I = — TeM-
neparypa JOBKIJLISL.

3posymino, mo ToTyXkHiCTE EY Ne, (reg) — ue
IbOBa (DYHKIST 1 3aJeXKHUTh BiJl BEIMKOI KUIBKOCTI
napametpis. Joctynuuii 06’em BEP TEY no xoxuomy
3 TEIUIOHOCITB BIJIHOCHO J0 YMOB JOBKLLIS MOXKe OyTH
004YnCIICHNH K

Oxom0KyBay

(e

g mypbozcenepamop

meniosuu Hacoc

Pesonarop

Cmok meniosoi

eHepeii - 006K,
abo Kpiocenui
cepeoosua

Puc. 2. [IpuHmnoBa cxemMa CUCTEMH BUKOPHCTAHHS HU3bKOTEMIIEPATYPHHUX TEIUIOBUX pecypciB i3 3actocyBanusM TATM
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0} =Gy, (T =T, ) ®)

3nebinbIroro 1iei iHGopMarli J0CTaTHLO IS PO3-
pobku TATM Ta 1MoB’sI3aHUX 3 HEKO CHCTEM.

2. TepMoakyCTHYHa TEIJIOBA MaIlliHA

Y TATM 3a paxyHOK TEpPMOAKyCTHYHOTO e(peKTy
3IIIICHIOIOTHCSI IEPETBOPEHHST TEILIOBOT eHEPril B Mexa-
HIYHY Y BHUIJISII TTOTY>KHMX aKyCTHYHHMX XBWIIb 3 i TO-
JIATIBIIOI0 TpaHC(hOPMAIIi€lo JUTs TOTPeO CrioKMBava:

; 1 -
Q; <k, :ERe[plUl]:

1 1
=5|P1||U1|°°S‘PpU =5A|P1||”1|°°S‘PPU’

ne p,, U, — aKyCTHYHHMH THCK Ta KOJHMBHA INBUIKICTb;
A — rutoma nepeTuHy pezonaropa; U — 00’ eMHa MBH/I-
KICTB; QO — (a3zoBuii KyT.

bazoBi nonoxeHHst cy4acHOi Teopii TEPMOAKyCTUKH
Oynu BukaneHi B podorax N. Rott [12]. ¥ nogansimomy
G. W. Swift [13] po3BUHYB 1}0 MOJIE/Ib, 3aIPOBAMBIIN
Tak 3BaHy «short engine model» TATM (puc. 3).

Mogneins Rott—Swift (MRS) nobynosana Ha 6a3i kiia-
CHYHOT JIIHIHHOT aKyCTHKH, 1€ 3araJlbHOBU3HaHa MOJIEIIb
LIMPOKO BUKOPUCTOBYETHCS B IPAKTHI TEPMOAKYCTHKH.
VY wii ogHOMIpHIii MoJIeNi mapaMeTpu podoYoro cepeo-
BHIIA T4 aKyCTHYHOT XBUIII € QYHKIIISIMU TTOB3/I0BKHBOT
KOOPJMHATH, a B TIONIEPEYHOMY TI€PETHHI PO3IJISIAI0Th-
Csl JIMIIIE OCePe/IHEHI BETMUUHH.

3rigHo i3 MRS akycTH4HY NOTYXKHICTb, SIKY TPOJY-
Kye a00 abcopOye CIIEMEHT MATpPHUIli JJOBKUHOK dX, BH-
3HAYaIOTh SIK

.
9L _ _r_V[Ul]z —L|P1|2 +lRe[gf71U1 . 3
dx 2 2r, 2

ne 7, — B’A3KiCHA CKJIAI0Ba aKyCTHYHOTO OTIOPY; 7, —
TepMopesakcaliiiHa CKIagoBa aKyCTHYHOTO OIIOpY;
p,,— TYCTHHA poGOYOrO CEPENOBUINA; g — KOe]imieHT
ITiICHJICHHST MATPHILIL.

[epmri nBa wienn piBHAHHA (3) € AUCUTATHBHUMH
1 TOB’s13aH] 3 B’S3KICHUMH Ta TepMoOpelaKCallifHIMU
npolecamMy B IPUMENKOBHX mapax. TpeTs ckiazoBa BH-
3Ha4Ya€ XapakTep Ta IHTEHCHBHICTH TEPMOAKYCTHYHUX
mepeTBopeHs y Matpuii. KoedimieHT miacuimroBaHHSA
aKyCTUYHOI €HEeprii po3paxoBy€eThCS TaK:

fk_fv LdTm
1-0)(1-£,) T, dx’

g=( “

Je ® — KyToBa IIBUJKICTh; 7 — ocepe/iHeHa TeMIle-
parypa cepeloBHINa; f, i f, — IPOCTOPOBO OCEpeaHEH]
TepMmoakycTuyHi ¢pyHkuii Porra [7, 8], siki 3anexath Bij
TUITY [TOBEPXHI MaTpuil; 6 — craia [Ipanaris.

Mokna BBaxkatH, mo marpuus TATM mpamioe sk
CBOEPIIHUI «TEPMOAKYCTHUYHHID ITiACUIIIOBAY, BEIUYU-
Ha SIKOTO 3aJIKUTh BiJl IO3I0BKHBOIO FPaJiEHTA TEMIIe-
paryp y matputii dTm/dx.

AKyCTHYHY NOTYKHICTb, 110 TEHEPYETHCS B MATPHUL
MTII 3a MRS, Bu3HauYarOTh HUIIXOM iHTErpyBaHHS (3)
3a JIOB)KUHOIO MaTPHILI.
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Pcrcnc[‘)mo p

‘ Harpisau OxonoTkysay

Hasanra-
AKCHHA

OxonogzyBay  Matpuus — crek abo Harpisau

pereHepatop

0)

Puc. 3. Moaynp TepMOaKyCTHYHHX TIEPETBOPEHB Ta HOTO CKIIa-
JIOBI €JIEMEHTH:

a — KOHCTPYKLIisi; 6 — cxema Onoka TermiooominHuKiB TATM

VY teopii repmoakyctik MRS BayJIMBUM € TTOHSAT-
Ts1 HOBHOT noTykHOCTI — H,, sika BimoOpakae enepre-
THUYHI TIEPETBOPEHHS B CTPYKTypHUX enemeHTax TATM
— TemI000MIHHHMKAX, MaTpHIli, PE30HATOpI, HaBaHTa-
JKEHHI:

Hy(x) = Ea (x)+%memJRe[slal] dA -

dr, ®)
- (Agas kgas + Asolid ksolid )E

3a momomoroto criBBigHOMEHs (1)—(5) MoxHa BU-
3HAYUTH KUTBKICTh TETIOTH, Ky MafOTh ITiIBECTH JI0 Ma-
TPHII TETI00OMIHHUKH, IOTYkHICTE TATM, mocmigutn
po3noxin Tertogiznganx mapametpis y TATM.

Ha ocuoBi MRS cTBOpeHMIT IpOrpaMHNii KOMIUIEKC
Delta EC [14], sxuii BUKOHye OFHOYACHI iHTerparii
B3JIOBXX OCi X IMIYJIbCY, HEMICPEPBHICTH 1 PIBHSIHHS CY-
MapHOI MOTY>KHOCTI ¥ popMax:

dp, =F, (T o Ul 0, gas proerties, geometry)dx;

om

dr, =F,

ower X

X(Tm, p, Uy H,, o, gas proerties, geometryj dx;

dU, =F

cont X

x(T,,, p1»Uy; o, gas proerties, geometry )dx.
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Opnak miHiitHa Mozmens Porra—CBidra mae cytre-
BHI HENONIK, OCKUTBKH BCi TEIUIO(I3UYHI TMapaMeTpu
BBa)KAIOTHCS OJTHOPITHUMH B IIONIEPEYHOMY IIEPETHHI pe-
30HATOpA i TAKUMH, IO 3aJISKATh TUTBKU BiJl IOB3IOBK-
HBOI KOOPAWHATH.

MRS He BpaxoBy€e 0COOIHUBOCTI TEIUIOCHEPTOOOMiHY
Mix pobounm Titom TATM Ta pekynepaTHBHUMH Te-
I000MiHHHKAaMU, a BUpa3H (3)—(5) 6a3yroThcs Ha pi3HH-
i Temrepatyp y3noBx Matpurli TATM, sika BBaKaeTb-
cs 3amaHoro. [IuTaHHs, SKMM YMHOM ISl TeMIlepaTypHa
PI3HHUIT MOXe OYTH JOCITHYTa, HE po3rismatoTecs. He-
XTyBaHHS IUMH (haKTOPaMH IIPU3BOANTD /10 3HAYHHX TIO-
XHOOK TIPH TIPOEKTYBaHHI TEPMOAKYCTHYHHX araparib.
MoXHBI BHITAJKM, KOJHM TOTEHIIIHHA TEIUIOBa MOTYX-
HICTh CTEKy MOJKE TEpPEBHUIIYBATH BiANOBITHY IOTYX-
HICTh TEIUIOOOMIHHUKIB. OYeBHIHO, IO 332 TAKUX YMOB
HAHOIIBII pamioHaTBHUM Oyne minxin, 3a skum TATM
Oyze po3risiaaeThes K CKiagoBa yactuHa EY.

FTT-monear TATM. OctaHHIM 9acoM IIHPOKOTO
PO3TOBCIOKEHHST T aHamizy edekrtuBHocTi EY Ha-
O0yma Tak 3BaHa FTT (Finite Time Thermodynamics).
Ocob6muBicts FTT-momeneii T/ monsrae B 3acTOCyBaHHI
y3araJbHEHOTO 3aKOHY CHEpProoOMiHy, SKHH TO3BOJISIE
BPAaxXOBYBaTH IMapaMETPH JPKEpes eHeprii, MOTY>KHOCTI
T, TpuBamicTh TepMoAUHAMIYHOTO TUKIY, It TATM
1Ie 9acToTa 3BYKOBOi xBuiIi [15, 16]:

Opex = kFppy (Tfn[ _TLn)s

ne n = n + in, — KOMIUIEKCHUH MOKA3HUK; k — xoediri-
€HT Terionepeaadi; £, — 3arajbHa IUIONIA MOBEPXHi
TEIUIOOOMIHHHUKA.

Ha puc. 4 maBenena cxema TA/L, sika UTIOCTPY€E OCHO-
BHI MIPHUHIUIH TOOYTOBH MOJICJICH TPOIIECIB METOTaMHU
FTT-tepmomuHaMiKHy.

3riziHo 3 mepIuM 3aKoHOM TepMmoanHaMikn B TATM
MalOTh BUKOHYBATUCS YMOBH

Ty >Ty>T; >T1;. (6)

AKycTHYHAa TIOTY)XHICTh, 5Ky po3BuBae TATM,
MoXe OyTH po3paxoBaHa sIK

é:éH_Q.L:QiH_QiL' (7

VY 6azosiii FTT-moneni nependavyaerbesi BpaxyBaH-
HS BIUIMBY HE3BOPOTHHX TIporeciB y marpuii TATM 3a
JIONIOMOTOI0  Koe(illieHTa BHYTPINIHHOT HE3BOPOTHOCTI
Oram [16]-

VY HasiBHIN MOEJi 3apONOHOBAHO BBECTH Koediri-
€HT, SIKUIl ypaxoBye€ BILIMB HEOJHOPITHOCTI ITOJISl TEMIIe-
paryp 1o GpOHTY pEeKyNepaTUBHUX TEIIOOOMIHHUKIB —
¢ yex - Toni cymapHuii KOe(illieHT HE3BOPOTHOCTI BU3HA-
YUTBCS y BUTIIS CYyMHU

Os =Oryrm T Ppex - ®)

Sk mokasano B [16], KUTBKICTh TEIUIOBOI SHEPTii, 110
nepenana terurooominaukamMu TATM mo poGodoro Tina
Ta MaTPHIIL:
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- ko fFs (x"T5; =17 .
)X (" osatk k)
. ko fFs (X'T; -1
Oy = 0sx . )
(1+)%(2" +ostrky / k. )
ne k, i k, — xoediumienTn Temonepenavi HarpiBada

it oxonomkysaua; ¥ =1T;0/Tyo — Temmeparypuuii Ko-
edimienr; f = FI?EX Fiex BiJIHOIICHHS ITOBHHX
wIon TeruooOMiHHuKIB; O =k;, / k, BiHOIIEH-
Hi Koe(illieHTIB TerIonepenadi  TeII000MiHHHKIB,;
K =F g’,EX + Fipy — cymapHa muiona TeIUI00OMIHHH-
kiB. [loryxHicTh, Ky 3mareH po3Bunytd TAJl Erup
3a meronoioriero FTT-repmoanHaMiky 3 ypaxyBaHHIM
(6)—(8) moxxe OyTH po3paxoBaHa sIK

khsz(l_(PzX)(T;} _(TL /X)n)
(1+ £)(1+895 2" )

ETAD = QiH_QiL =

. (9)

VY poborax [17, 18] Oyno moka3aHO, IO iHTCHCHUB-
HICTh TEIUIOOOMIHY B 3HAYHIM Mipi BH3HA4Ya€ MOXKIHUBY
notykHICTh TATM, OCKIIBKH TEIIIO00MIH — II¢ € IMHUI
MeXaHi3M IIiJIBEJCHHS 30BHINTHBOI €HEPTii 10 poOOUoro
Tina. 3aBasiku (9) MOKIMBO BCTAHOBUTH OE3MOCEpEIHIN
3B’S130K IHTCHCUBHOCTI TCIIOOOMIHY B aKyCTHUYHOMY CE-
penosuii 3 pobounmu xapakrepuctukamu TATM.

OOropopeHHs1 OTPMMAHUX Ppe3yJbTaTiB. YHacIi-
JIOK 3aCTOCYBaHHS IHTETPYIOUOTO MiIXOAY IO MOJEIIO-
BaHHA EY 3 TATM cuHTe30BaHa y3arajibHIOIO4Ya MaTe-
MaTH4YHa MOJENb, B sKiii 3 gomomororo meroxis FTT-
TepPMOAWHAMIKN TIOB’s13aHi OamancoBa monens EY Ta
niHiitHa Moaens TepMoakycTuku MRS:

Tj = F (Negy (reg), Tyup» )
G’ = F(Negy (reg), T,y )
Negy (reg) = F(Tp» 8e» )
dpy = Epom

dTl,, =F, X

power

(Tm, U,; o, gas proerties, geometry)dx

x[Tm , 01, Ups Ha, 0, gas proerties,geometry] dx

dU, =F,,, x

cont

x(Tm, p, U, o, gas proerties, geometrjy)dx
H, (x)= E (x)+%mem [Re[sy] dd -

a ( Agaskgas + Asoliaksolia ) dd%

éTAD = éHC_éLC =
~ khﬁz(l_QZX)(Tg _(TL /X)n)
(1+1)(1+395 /2"
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T Ty — Temneparypa

IZKEpesa TEIIOTH

Tiy — BULIA TeMnepaTypa
pobouoro Tina TAJ]

TiL — HHkua TemMnepary-
pa potouoro Tina TAJ]

TL remneparypa jpo-

Puc. 4. ITotoxu eneprii 8 TATM

V 3araJpHOMY BHITAIKY PE3yTHTATOM BUKOPHCTAHHS
CHEProreHepyrY0i TePMOAKYCTUYHOI CHCTEMH € OTpHU-
MaHHsI JI0OJaTKOBOI moTykHOCTI Ne™ ™, tomi cymapHa
eeKTHBHA OTYXKHICTh EY

Nef¥ = Net¥ + Ne™ ™ x

X(NeEy(reg), QfEP’ Tamb’ TH> Tc, )

BaxxnmuBoro mepeBaror Mojesi € MOKIUBICTS ii 1mo-
€TaITHOTO 3aCTOCYBAHHS JUISI BHU3HAYECHHS JOLUIBHOCTI
Bukopuctanus TATM y koukpetHiit EY.

Ha neprromy erami 10CTaTHRO PO3TIISTHYTH OallaHCo-
By Mozenb EY Ta oTpuMaTH aHi BITHOCHO IapaMeTpiB
CKUAHUX pecypciB. Jlai, 3a JOMOMOTO0 CIPOIICHUX BU-
pa3iB MRS MoHa OIIIHUTH TOTCHIIWHY e()eKTUBHICTD
Bix Bukopuctanus TATM.

Sk mpuKiIan pos3risIHYyTa MOJMIIMBICTH 3aCTOCYBaH-
H1 TATM pmnst yTriizanii TeIIOBUX BHKHIIB CYIHOBO-
ro MOJl W12X92DF mnoryxuictio 63800 kBT, sikuii
3IaTHUH TIPAIFOBaTH Ha KpioreHHOMY mamuBi — LNG
[19]. Jnst TpaHCHIOPTHHX CyJ€H BUTpaTH Ha MajbHE
€ OCHOBHOIO CTaTTEI0 BHUTPAT, TOMY BIIPOBAKECHHS
CHEProreHepyIoYnX TEXHOJIOTIH eHepro3aolaKeHHs
€ ayxe npuBabmusuM. Ha puc. 5 HaBeneHi naHi Bin-
HOCHO 00’€MIiB Ta MmapaMeTpiB CKUIHOI eHeprii IBUTyHa
WI12X92DF [19].

Tem e MOJT W12X92DF
9000 ernoB1 Bk MO/
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6000 //
./ —
Pt et
o —
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25 40 55 70 85
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a)

Puc. 5. [Tapamerpu JpKepen TEIIOBOT eHepril:

Tennora, kBt

100

a — 00’eMu; 6 — TeMHeparypu; —a— — JOBKIULISA,

T, | BXULIA

Mo:xHa 1o0aunTH, IO TEMIEpPaTypH TEIUIOBUX BHU-
KuziB He nepeBuinyors 230 °C, mo CyTTEBO 0OMEXYye
MOXJIUBOCTI BUKOPHCTaHHS CHCTEM yTHIIi3allii, OCHOBa-
HUX Ha UK PeHkina.

TepmoakyCTH4HI TEIUIOBI MallMHU 3JaTHI Mpalo-
BaTH 33 TAKMX YMOB, KPiM TOTO, BOHH JJO3BOJISIFOTH yTH-
J3yBaTH MOTEHIIAJ KPIOT€HHOT0 MaJiuBa. Y PaxoByrOUn
i obcraBuHH, Oysa po3podieHa TepMOaKyCTHYHA CHC-
tema yruiizanii HT BukumiB Mamoo0epToBOTO IBUTYHA
(MOJ), cxema siko1 moka3zaHa Ha puc. 6.

V wmiif cuctemi epedavaeThCsl BAKOPUCTAHHS JIBOX
TEPMOAKyCTHYHHX JBUTYHIB, KI NPAIIOIOTH 3a IIUKIOM
Cripainra. Sk HaBantaxxenns TAJ] oOpaHo enekTpore-
HepaTop 3 HPUBOAOM Bij IMITyJIbCHOI JIBOHANpPaBIEHOI
typoinu (I1T) [19, 20].

3rigHo i3 [13, 14] y nepmoMy npuOIMKEHHI MOXK-
muBy moTyXHicTh TATM MOXHa BH3HAYHTH, 3HAIOUU
€K3eprifo HassBHUX €HEPreTHYHUX PECYPCIB Ta 3aaBIIH
KK/ TATM. Y nanoMmy BUNJAKy IOTYXHICTh TEpMO-
aKyCTHYHOTO TypOOTeHEepaTopa Moke OyTH po3paxoBaHa
SIK

Ner,rr = n?ﬁfrrlM( i _qut)(l_n/Th)anTlgen,

ae M, — KKJI iMiynbeHOT iBoHanpasieHol TypOiHu;
Nyen — KK/l enexrporeneparopa. 3rigao 3 [11 Ta 21]

550 Tenmmeparypu BEP MOJT W12X92DF

500 = .
o 450
= 400 —o—o—
;;350
2300
.
£ 250
£ 200

150

100
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25 40 55 70 85 100
TTotyxuicte MO/, %
0)

—A— — BiaXiaHi rasu, —— — nanuBHa LNG-cucrtema, —e— — OHII;

—0— — OHIT MO/] ta mamuaa LNG-cucrema, —— — OHIT MO/], nanmueHa LNG-crucTeMa i HaUTHIIIOK TTapu
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Puc. 6. Ilpuanunosa cxema yruiizanii BEP cynnoBoi eneprernunoi ycranoBku 3 TATM:

1 — MOJ/; 2 — yrunizauiitauit xotern; 3 — oxonopKyBad HaurysHoro nositpst (OHII); 4 — TAl; 5 — nasantaxenns (I1T);
6 — LNG pack; 7 — nacoc; 8§ — 3amac LNG-nanuBa; 9 1 /0 — oxomnomxysaudi ']

MOXHa TpuiiHiTH, mo n,. = (0,65-0.8), a LI
=(0,94 — 0,96). O6’emu TeIOBUX BUKU/IB Ta IX TemIIe-
paTypu BU3HAYa€eMO 3a TaHUMH (ipMuA-BUpoOHUKA [22].

Sk mokazaHo Ha puC. 7, 32 paxXyHOK YTHIII3aIlil Kpi-
OT'€HHOT'O ITOTEHIlITy TTaJIMBa MAaKCUMaJIbHa MOTYKHICTbh
TATI moxe csaratu 1600 kBT, cknana temora OHIIT mo-
naTtkoBo jgae 10 2800 kBrT.

VY pasi BUKOPUCTAHHS BCHOI'O HAsIBHOTO IIOTEH-
miany ckunpHoi termotd MOJL (emeprii perasmikarii
LNG-nanuBa, ckuguoi tertoru OHIT ta Temioru Bin-
XigmHUX ra3iB) cymapHa motyxHicTh TATI Moxe csrati
4200...5200 kB, mwo cknagae a0 8,3 % npu MakcuMaib-
Hill TOTY»KHOCTI JBUTYHA.

BUCHOBKM. 1. Anami3 cTpyKTypH €HEPreTHIHUX
MOTOKIB cydacHuX EY Ta iCHYIOYMX TEHICHIIIH MOKa3aB
HasIBHICTh 3HAYHUX 00’ €MIB HU3bKOTEMIIEPATypHHUX BHU-
kuiB 3 Temmneparypamu Hkde 300 °C ta Hectauy edek-
TUBHHUX TEXHOJIOTH iX yTHIi3aii.

2. s Bukopuctansas HT BEP, amxunmu 3a 250 °C,
3aIPOIIOHOBAHO 3aJy4YeHHs TEPMOAKYCTHUHHX TEXHOJIO-
riif, po3pobiieHa MaTeMaTu4Ha Mozeab EY 3 Tepmoakyc-
TH4HOO cucTemoro yrumizanii HT BEP.

3. 3a monoMoror po3po0JeHOi MOJeN TMOoKa3aHo,
10 TEPMOAKYCTUYHA EHEPrOreHepyroYa CUCTeMa perasu-
¢ikanii LNG-nanmBa 3qatHa npoaykysaru 10 1600 kBt
€JIeKTPUYHOI eHeprii.

4. CymapHa MOTY)KHICTh TEPMOAKYCTHYHOI CHCTEMH
YTHTI3AIi1 CKHIHOI TEIUIOTH Ha EKCIUTyaTallliHIX PEXKH-
Max JIBUTYHa MOXe csiratd Big 5 10 8,3 % moTyKHOCTI
MOJI W12X92DF.
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Puc. 7. Iloryxuicte TATI 3aneHO Bii BUKOPHCTOBYBAHOTO
JoKeperia eHeprii:

—»— —— mnamuBHa LNG-cuctema; —e— — OHII MOJI;
—o— — OHIT MOJ{

5. YrpoBaJKeHHsI TEPMOAKyCTUYHUX E€HEProreHe-
PYIOUHX TEXHOJIOTII JUIsi BUKOPUCTAHHS IJI00aIbHUX TE-
wioBuX BUKHMIIB [ 1] 3 Temmepatypamu 100...299 °C no-
3BOJIUTH yTHII3yBaTH 10 4,2-10" JIx TerioBol eHeprii,
1o ckianae Big S 1o 10 % Bix cymapHoro 00’emy.

V pasi yrwiizanii BUKHIIB 3 TEMIIEpaTypolo0 MEHIIE
100 °C moxxna meperBoputH 1,5...5,0 % Bix 3arampHO-
ro 00’eMy, 110 B aOCOJIFOTHOMY BiJIHOIICHHI CKJIAA€ J10
7,8:10" JTx.
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Abstract. The actual task of thermo-force drives designing for technological equipment
based on actuators of alloys with shape memory effect is considered. The actuators use in
thermomechanical engines and automatic regulation and control means provides significant
advantages over traditional drives. These include high reliability, simplicity of design and
parameters control, high stiffness of the power characteristics at the same time a wide range
of movement speeds, low weight and size parameters. In the article analysis of schemes for
implementing the reciprocating motion of small-sized devices actuating element for process
equipment, which justifies the choice of schemes in the form of conjugated pairs: a thermo-
sensing element with the effect of shape memory—the return elastic element, was carried out.
In this case, the thermal actuator bi-directional action is provided by combining the parts
with a unidirectional action or using the reversible shape memory effect. Analysis of the
possibilities of thermosensitive elements types using, types of their deformation, effects of
thermomechanical memory, phenomena of reversible and irreversible shape memory effect,
operation modes of thermosensitive elements is made. The analysis of the thermal actuators
applicability depending on the number of work cycles and methods of shape memory effect
initiating is given. Regulating method of the generated reactive stresses magnitude by vary-
ing the counterbody counteraction stiffness is considered.

Keywords: thermal actuator, shape memory effect, execution unit, actuating mechanism,
thermosensitive element, movable operating element, technological equipment.

AHoTanis. Po3risiHyTO akTyaibHY 3aady HPOEKTYBAaHHS TEPMOCWIOBHX TPHBOJIB JUISA
TEXHOJIOTIYHOTO 00JaTHAHHS Ha 0a31 BHKOHABUMX CJIEMEHTIB 3i CTIIaBiB 3 epeKToM mam’sITi
(bopmHu, 3aCTOCYBaHHS AKUX B TEPMOMEXaHIYHAX JBUTYHAX i 3aC00aX aBTOMAaTHYHOTO Pery-
JIIOBAaHHS Ta KepyBaHHS 3a0e3Meuye CyTTEBI epeBaru B MOPIBHAHHI 3 TPAAULIHHAMHA MIPH-
BonamH. Jlo HUX CIiJ BiIHECTH BUCOKY HaJIMHICTB, IPOCTOTY KOHCTPYKLIT i yHpaBIliHHS
rapamMeTpamMH, BUCOKY JKOPCTKICTh CHIJIOBOT XapaKTEpUCTUKH IPH OJHOYACHO HIMPOKOMY
Jiarma3oHi MIBHIKOCTEH MEpEeMIlIeHHs, HI3bKI MacorabapuTHI MOKAa3HHUKH. Y CTaTTi MPO-
BEJICHO aHaNi3 CXeM peaiizallii 3BOPOTHO-MOCTYIAIBHOTO PyXy BUKOHABYOI JAHKH Majlo-
rabapuTHUX TPUCTPOIB JJISI TEXHOJIOTIYHOTO OOJaJHAHHS, SKUH OOTPYHTOBYE BHOIp CXEM
Y BUINISAAL CIIPSDKEHHX Tap: TEPMOUYYTIMBUI €EMEHT 3 €(eKTOM ImaMm’siTi (hOpMI—3BOPOT-
HUIA NpyXHUiT enemMenT. [Ipy 11boMy JBOHAIPABIEHICTD i TEPMOCHIOBOTO ITPUBOAY 3a0€3-
MeYy€eThCsl LUISIXOM KOMOIHaLIT ieTaneil 3 0lHOHANPABJICHOIO JIi€l0 a00 3 BUKOPUCTAHHIM
obopotHoro edekry mam’sti popmu. HaBeneHo aHalli3 MOKIMBOCTCH BHUKOPHUCTAHHS BH-
JIiB TEPMOUYTJIMBUX €JIEMEHTIB, BUIIB 1X Jedopmallii, BAKOPUCTOBYBaHHUX €(DEKTiB TepMO-
MEXaHIYHOT TIaM’sITi, IBUI 000pOTHOTO i HeOOOPOTHOTO ehekTy maM’sTi GOPMH, PSKUMIB
pOOOTH TEPMOUYTINBUX €IEMEHTIB, aHaIli3 3aCTOCOBHOCTI TEPMIUHIX CHIJIOBHX TPUBOIIB B
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3aJICKHOCTI BiJI KUTBKOCTI IUKJIIB POOOTH i CIOCOOIB iHiMit0BaHHS edekTy mam’siti popmu. PosrmsHyTo crmocid pe-
TYJIOBaHHS BEJIMYMHU TCHEPOBAHUX PCAKTHBHUX HAIPY>KCHb [UITXOM BapilOBaHHS KOPCTKOCTI MPOTHU/IIi KOHTPTLIA.

Kuaro4oBi cjioBa: TepMOCHIOBUH MpHBIiT; ePeKT mam’sTi opMu; BUKOHABYHIA IIPUCTPIil; BUKOHABUMI MEXaHi3M; Tep-
MOYYTIHBHUI eeMEeHT; poOOYHMil OpraH; TEXHOJIOTIUHEe 00IaIHAHHS.

AnHoTanusi. PaccMoTrpeHa akryasbHas 33/1a4a MPOSKTUPOBAHUS TEPMOCUIIOBBIX ITPUBOJIOB ISl TEXHOJIOTUYECKOTO
00opyioBaHust Ha 6a3e UCIOTHUTEIbHBIX DJIEMEHTOB U3 CINIABOB € 3P PEKTOM namstu (POpPMbI, IPUMEHEHHE KOTOPIX
B TEPMOMEXAHUYECKUX JBHUrATENsIX M CPEJCTBAX aBTOMATHYECKOrO PETYJIMPOBAHHUS U YIPABJICHHUs 00eCHeYrBaeT
CYIIECTBEHHbIE NPEUMYIIECTBA [0 CPABHEHHIO C TPAJAMIMOHHBIMU MpUBOJaMu. K HUM cJieqyeT OTHECTH BBICOKYIO
HAJIe)KHOCTb, IIPOCTOTY KOHCTPYKIMH U YIPABICHUS TapaMeTPaMH, BBICOKYIO JKECTKOCTh CHUIIOBOM XapaKTepPUCTH-
KM IPU OJIHOBPEMEHHO LIMPOKOM JIMala30He CKOPOCTEH MepeMelleH s, HU3KHe MaccoradapuTHble rmokazarenn. B
CTaThe MPOBEJICH aHAIM3 CXeM pealn3alii BO3BPATHO-IOCTYIATEIHHOTO JBIKEHUSI UCIIOJHUTEIHHOTO 3BEHA Ma-
JOTa0APUTHBIX YCTPOMUCTB ISl TEXHOJIOTHUECKOTO 000pya0BaHMUs, 000OCHOBBIBAIONINN BBIOOP CXEM B BHJIE COMPS-
JKEHHBIX I1ap: TePMOUYYBCTBHUTEIbHBIA 31eMeHT ¢ 3ddexTom namstu (HOpMbI—BO3BpATHBIA yrpyruil anement. [Ipu
9TOM JIByHANPaBICHHOCTb JISHCTBISI TEPMUUECKOT0 CUIIOBOT'O IIPHBO/IA 00ECIICUNBACTCS ITyTeM KOMOWHALIMY JieTaiei
C OJIHOHAIPABJICHHBIM JEHCTBUEM HJIH C UCIOJb30BaHueM oOpaTumoro 3¢ dexra namsti Gopmel. [IpuBenen anamus
BO3MOXKHOCTEH HCIIOJIb30BAHUSI BUIOB TEPMOUYBCTBUTEIBHBIX 3JIEMEHTOB, BUJIOB HX Je(opMalny, UCHOIb3yeMbIX
3¢ (deKTOB TEPMOMEXaHUIECKOM MAaMSITH, SIBJICHUI 00paTuMoro U Heoopatumoro 3ddexra maMsati GOopMbI, pEKIMOB
paboThl TEPMOUYBCTBUTEIBHBIX AIEMEHTOB, aHAJIN3 [IPUMEHUMOCTH TEPMUYECKUX CHUIIOBBIX NPUBOJOB B 3aBUCHMO-
CTH OT KOJINYECTBA ITUKIIOB pabOTHI U CITOCOOOB MHUITMUPOBaHUS Y (dekTa mamsiti GopMbl. PaccmoTpen crioco0 pery-
JIMPOBAHMUS BEJIMYMHBI TEHEPUPYEMbIX PEAKTHBHBIX HANPSHKEHHUN [TyTEM BapbUPOBAHUS )KECTKOCTH POTHUBOACHCTBHUS
KOHTpTEIa.

KuitoueBble ciioBa: TepMUUECKUiA CHIIOBOW NPUBOJL; 3 dexT nmamsiTé popMbl; HCIIOITHUTENBHOE YCTPOWCTBO; HCIIOIN-
HUTEJILHBII MEXaHU3M; TEPMOYYBCTBUTEIILHBIN 3JIEMEHT; pa004YHii OpraH; TEXHOJIOTHUECKoe 000pyAOBaHUE.
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IMocranoBka npodiaembl. BaxxHol 3a1a4ueii aBToma-
TH3AIIUH TEXHOJIOTUYECKUX MPOIECCOB M IPOM3BOJCTB
ABIISICTCA CO3JJaHWE AJalTUBHO YMPABISIEMbIX 3JIEMEH-
TOB M mpuBoJoB [, 2, 3]. B cBsI3u ¢ 3TUM 3aciryKuBa-
eT BHMMaHHS HCIIONB30BaHKME B KadecTBe aedopmariu-
OHHO-CHJIOBBIX 3JIEMEHTOB HOBBIX (DYHKIIMOHAITBHBIX
marepuanioB ¢ 3ddexrom mamsitu popmer (DI1D) [4, 5,
6], mpUMEeHEHHE KOTOPBIX 3HAYUTEIHHO YIPOIIAET CH-
CTeMy YTIpaBICHHUS TPH OJHOBPEMEHHOM PACUIMPCHHUU
BO3MOXHOCTEH peryiaupoBaHus [2, 7], KOHCTPYKIHIO
WCTIONIHUTENIFHOTO MEXaHM3Ma 3a CYeT OOBeIMHEHHUS
B OJIHOM DJIEMEHTE TEPMOYYBCTBUTEIBHBIX H Je(op-
MAalMOHHO-CHIIOBBIX (QyHKIMU [8, 9], a Tarke pacuiu-
pSeT TEXHOJOTHYECKHE BO3MOKHOCTH W YMEHBINIACT
MaccorabapuTHBIC [OKA3aTeIl TEXHUYECKUX CpPEACTB
[2, 5, 10].

OpHaKo TOYHOE MPOCKTHPOBAHUE WCIOTHUTEIBHBIX
TEPMOUYYBCTBUTENBHBIX 37eMeHToB (TUD) ¢ DIID ¢ 3a-
JAHHBIMH CBOMCTBaMH 3aTpPyIHEHO, TTOCKOJIBKY KPHUBBIC
Hanpspkenue-aeopmanust cruiaBoB ¢ DD sBisiroTcst
HENTMHEHHBIMH, MOIYJb caBUra G W MOCTOSHHASA YIpY-
TOCTH HE SBJISIOTCS KOHCTAaHTaMH H, CII€JOBATEIIFHO, 00-
I1as METOTUKA TPOCKTHPOBAHUS TEPMOCHUIIOBBIX JIEMEH-
TOB B 3TOM ciydae Henpumenuma [11, 12]. Kpome toro,
KpHBas HaNpshKeHUe-1e(opMalisi K3MEHSIETCS B 3aBUCH-
MOCTH OT TEPMHUYECKON MIH e(OPMALMOHHON MpEIbI-

CTOPHH, HET JOCTATOYHO MOJHBIX JaHHBIX OTHOCUTEIHFHO
CBOMCTB TPH KPYYEHHU M CIOXHOM Je(OpPMaIIMOHHOM
Bo3zaelicTeu [13, 14].

AHaJIN3 TOCTeIHUX MCCJIEeNOBAHMII M NyOnuKa-
nwii. [Ipu Be6ope crmaBoB ¢ DD, ynoBneTBopsrommx
TpeOOBaHMSIM TPAKTUYECKOW HKCIUTyaTallid B IIPHBO-
Jlax TEXHOJIOTMYECKOro o0OpyIOBaHMS, MX OICHUBA-
IOT TI0 CJICAYIONIMM OCHOBHBIM MapaMmeTpam ITaMsTH:
a) BenmunHe oOpatuMol nedopmaruu; 0) CTEneHn
BOCCTAHOBJICHUSI MCXOAHOW (DOPMBI; B) HANPSDKEHHMIO,
TeHEpUPYEMOMY TIPpH HarpeBe; I') HaNpsDKEHHIO, He-
00XOIMMOMY  JUISl  TIpEABapUTEIbHONW  jaedopMaiyn
[5, 6, 15].

Bceerna xenarenbHO, 4TOOBI MEpBBIE TPH XapakTe-
PHUCTHKN OBUIM MaKCHMaJIbHO OOJIBIIMH, a YeTBEpTast —
MHUHUMAIBGHOH. [IJ1s1 pelIeHns] KOHKPETHBIX TEXHUYECKUX
3aj1a4 TpeOyIOTCsI CIUIaBhI C ONpPE/ICTICHHBIMU TEMIIEPaTy-
pamu mposiBiieHus 3G eKTa, MUPUHOI TeMIlepaTypHOTo
MHTEpBajla BOCCTAHOBICHUS ()OPMBI, BEIMUUHON THCTE-
pe3nca MeXAy MpSIMBIM W OOpaTHBIM TPEBPAIICHHUSIMH.
[TosTOMY BO3MOXKHOCTB YIIPaBJICHHS STUMH TapaMeTpaMH
B IIMPOKUX TIpejeniax SBISIETCS TAaKKe HCKIIOUUTEIb-
HO BaXHOW XapaKTEpUCTUKOW Marepuayia, KOTopas
orpeziesieT MacimTadbl ero npuMeHeHus. /i KoH-
KypEHTHOH CIIOCOOHOCTH CIUIaBa B TEXHHUUYECKHX CH-
cTeMax HEe MEHEE BaKHBIMH SBJISIIOTCSI €0 TEXHOJIO-
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IMYECKHe ¥ SKOHOMHMYECKHE IT0Ka3aTesd: HMPOYHOCTH,
TUTAaCTHYHOCTD, YAEIbHBIA BEC, CTOMKOCTh K KOPpPO3HH,
TEXHOJIOTHYHOCTh B HM3TOTOBJICHWH W T.JI., U HAKOHEII,
cebectoumocTs [4, 9].

W3 n3BectHbIX cmutaBoB ¢ DIID iyunie Bcex ykaszaH-
HOMY KOMIUIEKCY CBOMCTB COOTBETCTBYIOT CIUIABBI Ha
ocHOBe Tpex 0a3oBbix cucreM: CuZn (B-nmaryns), CuAl
(amomunameBas Opon3a) u TiNi (Hukenux Tutana) [4, 6,
15]. B Tabxn. 1. cpaBHUBAIOTCS CBOMCTBA CIIABOB HAaW-
GoJiee MepCIIeKTUBHBIX VIS IIPAKTUYECKOTO IPUMEHEHHS
rpymi. B o0meM MOXHO OTMETHTB, 4TO cIutaBbl TiNi
HMMEIOT JIy4YIIHe CBOWCTBA C TOYKH 3pEHHs IpaKThHye-
CKOTO NIPUMEHEHHS M SIBIAIOTCS JIydIleil OCHOBOW JUIs
pa3paboTKy M CO3/1aHMs M3AEIHH PA3INYHOrO (YHKIH-
OHAJIBHOTO Ha3HAYEHUs! /ISl TEXHOJIOTHYECKUX CHCTEM,
OJTHAKO CIUIaBbl Ha ocHOBe Cu MMEIOT SKOHOMUYECKHE
npeumyiectBa. [loatomy Tam, rae Tpedyercst BhICOKast
Ha/Ie)KHOCTH NMPH OOJIBIIOM YHCIIE IUKIJIOB paboOTHI, Ha-
MIpUMeEp AJIsl PEryJIsITOpPOB M ITIPHBOJIOB, CIEAYET IpHU-
MeHATh croiaBbl TiNi. Haobopor, B Takux o0xacTsx, rue
yKa3aHHBIC CBOICTBa HE TPeOYIOTCS, a YUCIO LUKIIOB
OTPaHWYEHO, KaK B TEMIEPaTYPHBIX IPEIOXPAHUTEIIX
WIN YCTPOHCTB 0€301acHOCTH, NEHCTBYIOIINX TOJIBKO
B aBapUMHBIX CUTYALUsIX, MOXXHO IIPUMEHATH CIUIABBI Ha
ocHoBe Cu (B ocHoBHOM CuZnAl n CuAINi), yuanTbeiBas
nx OoJsiee HU3KYIO0 CTOUMOCTb.
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Cy1miecTByIoIie B HACTOSIIEE BPEMsI MOJICIIN U Me-
TOJBI MO OIEHKE ae(OpPMAIIMOHHO-CHIOBBIX XapakTe-
puctuk [7, 11, 16, 17] He oXBaThIBalOT BECh CHEKTP BO-
MIPOCOB, CBSI3aHHBIX C IIPOSKTHPOBAHUEM TEPMOCHIIOBBIX
npusozoB (TCII). I[Tostomy coznanne HaydyHO 0OOCHO-
BAaHHOM SJIEMEHTHOH 0a3bl TEPMOCHJIOBBIX IPHUBO/IOB,
YUUTHIBAIOLIEH IOCIIEAHNE HCCIECJOBAHNUS MaTepHaIoB
¢ OII® u QakropoB, BIUAIONIMX Ha UX CBOMCTBA, Oy-
JIeT criocoOCTBOBaTh 0oJiee IMUPOKOMY HCIOIB30BAHUIO
TCII na 6aze TUD ¢ OI1® u penreHno KOHCTPYKTOPCKO-
TEXHOJIOTUYECKUX BOIPOCOB, CBSI3aHHBIX C JIAHHBIM TH-
IIOM TIPHBOJIOB [UISi MAJOTA0APUTHBIX MCHOIHUTEIBHBIX
MEXaHN3MOB TEXHOJIOTHYECKUX CHCTEM.

HEJIb PABOTDBI — pa3paboTka 3imeMeHTHON 0a3bl
TEPMOCHJIOBBIX IPUBOJIOB U TPEOOBAHUIA K HUM, KOTOPBIE
KOPPEIUPYIOT C YCIOBUSIMH DKCILTyatalnuu o0opyroBa-
HUSI M OCHACTKH TEXHOJOTMYECKHX CUCTEM.

OcHoBHoIT MaTepuaJt. /[y BBIOOpa CXEMBI ITOCTPO-
enust TCII paccMOTpuUM UX mapamMeTpsl, MPUBOJSIUE K
HN3MEHEHUIO HAYaJIbHOTO MTOJIOKEHHSI WIIN COCTOSIHUS BBI-
XOJIHOTO 3B€HA, U TEPMOMEXAaHUUECKUE XapaKTEPUCTUKU
crtaa ¢ OI1®D, KOTOpbIE JOHKHBI OBITH OIPE/IENIEHBI C
y4eTOM BUJA ABMKEHMsI, KOHCTPYKLUI MeXaHu3Ma, ero
reOMETPUUECKUX, CUJIOBBIX M JAPYrux napamerposn. IIpu
9TOM, OOJIBIIMHCTBO YYUTHIBAEMBIX (JaKTOPOB OTpeIesi-

Ta6auna 1. CpaBaenue cBoiicts criaBoB ¢ JI1® Ha ocHoBe TiNi, CuAl u CuZn

TiNi-X CrutaBel Ha OCHOBE Cmnasel Ha ocHoBe CuZn
Cmuag ¢ DI1O (rne X = Cu, Fe, Co, CuAl (CuAINi, (CuZnAl, CuZnSn,
Al Pd, Pt, Au) CuAlFe, CuAlMn) CuZnSi)

CuoBble:
1. HanpsbkeHust BOCCTaHOBJICHUS 400...700 250...440 200...250
hopmsr, MITa
2. MakcumasbHas yJaeabHas 10 16000 (mpu
MOIIHOCTB, BT/Kr gacrore 10 ['m) — —
3. PaborocmocobnocTs, Ix/cm? 110 10 3a kot ~ 4 332 IUKI ~ 3 3a IUKI

JedopmanmoHHEe:
1. Bennunna Bo3BpaTa 8... 2.3 4
nedopmarmu, %
2. Obparnmas nedopmarnms, % 2.4 - 0,5...2
3. [lnacTu4HOCTH BBICOKast HU3Kas JIOBOJTBHO BBICOKAst

TemneparypHsbie:
1. Tepmuueckasi cTaOMIBHOCTh Bbicokas (1o 1200°C) |  Huskas (mo0 150°C) Huskas (1o 200°C)
2. Uurepsan nposisienus 1D, °C -200...+500 —150...+100 -200...+100

XapaxTe- 3. l'ucrepesuc npespatuenus, °C 2...65 6...80 10...70
pHCTHEKH 4. UntepBan 5...40 5...90 5...120
dbopmosoccranosnenus, °C
po0IeMBbI
HUHTEPKPHUCTAILTUTHOTO
L{uktoBast JOITOBEYHOCTH paspymieHus
mpu € = 0,02 10° 10 102
npu € = 0,005 107 10° 10°

Koppozuonnas cToiikocTh

BBICOKAass XUMHYCCKast

CYIIECCTBYIOT IPOOJIEMEI,

HHU3Kasg XUMHYCCKasa 0COOEHHO B OTHOIIEHHUU

CTOHMKOCTb CTOHKOCTb KOPPO3HOHHOM CTOMKOCTH
07 HAaTPsDKEHHEM
O0pabaTeIBaeMOCTh JaBICHHEM Xopolas JIOBOJIBHO I110Xast JIOBOJIBHO I110XAast
O0paboTKa ¢ LebIo MOTyYeHHs CpPaBHUTEIHHO JIOBOIBHO THYLHAS OBOJBHO TPY/HAs
Olld rpocras Py Py
CebecTonmMocThb BBICOKAs JIOBOJIbHO HU3Kas JIOBOJIBHO HU3Kast
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ercst pyHKIMOHaNbHBIM HazHaueHueM TCII B TexHoso-
TMYECKOHW CHCTEME: BEJIMYHMHBI Pa3BHBAEMBIX YCWINH U
TepeMenIeH i, MPOYHOCTh NMPH IUKINYECKOM Harpyxe-
HUH, KOJMYECTBO LUKIIOB CpadaThIBAHMS, TEXHOJIOTHY-
HOCTb, YI0OCTBO KOHCTPYKTOPCKOW KOMIOHOBKH, CIO-
€00 MHUIIMMPOBAHNUS cpadaThIBaHUS U T.II.

1. Buo mepmouyecmsumenviozo snemenma. I'eo-
MeTpudeckue pazmepsl TUD oka3bIBalOT CyIIECTBEHHOE
BIUSIHUC Ha peann3anuio 3QQGeKToB MaMsatu. ITo 00y-
CJIOBJICHO HEOJHOPOAHOCTBIO JedopManuyl 1mo o0beMy
Marepualia ¥ HEOJHOBPEMEHHOCTBIO ()a30BBIX IpEBpa-
LIEHUH B 00beMax, pacroioKEeHHBIX Ha Pa3HOM paccTosi-
HUH OT TIOBEPXHOCTH TEII00OMEHa, KOTopast Onpeiessi-
eTcsl TPaJIeHTOM TEMIIEpaTyp 10 CEUYEHHIO MIPU HarpeBe
n oxyaxjaeHuu. Ilostomy TUD momKHBI UMETh MHHHU-
MaJIbHO BO3MOJKHOE ITONIEPEYHOE CEYCHHUE IPU MaKCH-
MaJIbHO BO3MOYXHOM TUIOIIAM BHEIIHEH ITOBEPXHOCTH,
YTO OCOOGHHO BAXKHO ISl 00ecIieueH s ObICTPOICHCTBUS
U IIUKJIMYECKON CTOMKOCTH. B mpOTUBHOM cily4ae HecTa-
LIMOHAPHOCTH MPOIIECCOB, NMPOUCXOAAIINX B Marepuae
TUD, BbI3bIBaCT HAKOIUICHWE HEOOPATHMBIX KpHCTall-
norpaduyecKux U3MEHEHHH (OCTaTOYHbIE HATPSDKEHMS,
WHHUIUMPOBAHNE HEOOPAaTUMBIX MCTOYHHMKOB jaedopma-
LUH U T.J.), YTO TIPUBOJUT K YXYALICHUIO XapaKTEPHUCTHK
OI1d. B cBs3u ¢ 9TM HanbosIee JOCTYIHBIME JUIs TIPHU-
MEHEHHSI ¥ IPOCTBIMH MIPU TIPOTHO3MPOBAHNY TTOKa3aTe-
JIel SIBJISIIOTCS DJIEMEHTBI, BBITIOJIHEHHBIE U3 TIPOBOJIOKU
WY TTACTHH HEOOJIBIIOr0 MONEPEYHOTO CeUSHHSI.

2. Buo oepopmayuu THO. Tlo Buay neopmanum, pea-
n3yeMol rpu BocctaHosieHnu ¢popmbl TUD, TCII pasne-
JISIFOTCS| Ha KOHCTPYKIMH € pa00YMMH 3JIEMEHTaMH CKaTHs,
PacTsDKeHMsI, KPYUSHUs, M3rH0a M CII0XKHOTO Harpy>KeHUS.
Jedopmanust pacTspKeHHSI-CKaTHST HHULMUPYET HanOoJIb-
IIMe peaKTHBHBIC HampspkeHHsi npu peanusaimu DI,
OJIHAKO TpeOyeT OTHOCHTENIBHO BBICOKHMX HAIPSDKEHUH Ha-
Benenwst. [Ipu neopmarmu n3ruba, Haodopor, TUD xapak-
TEpHU3yeTCst OOJIBIIMMH MEPEMEIICHUSIMH, HO MaJIbIMU pa3-
BUBaeMbIMU YCHIIHAMH. OTMETHM IIE€pCIIEKTHBHOCTD TPH-
MeHeHwust 3eMeHToB ¢ JI1D, peanusyrommx aehopmaruro
KpyueHus. [Ipn 9TOM JOCcTHraercst TOCTATOYHO BBICOKMIA
YPOBEHb PEaKTUBHBIX HaNpsHKEHUH U 00paTHMbIX Jedop-
mMarmi. JIist ocy1iecTBiIeH s IPSIMOJIMHEHHOTO BO3BPATHO-
TIOCTYIATEILHOTO MIEPEMEILICHHS 3JIEMEHTBI, padoTarolye
Ha Kpy4eHHe, MOYKHO U3TOTaBIIMBaTh B BUJIC MIPY)KUH CKa-
THUSI-PACTSDKEHUS PA3IMYHBIX THIIOB.

3. Buo ucnoavsyemoeo 3gghexma mepmomexanuye-
ckotl namsmu. B OOJBIIMHCTBE CIy4aeB B DJIEMEHTAX
TCII nmpu HarpeBe peanmsyercst D[P (pabounit xox),
a TP OXJIAXJCHUH — (P dEKT MIacTHIHOCTH MpeBpallie-
Hust (xosocToi xon). C TOUKH 3peHNsT MOBBIIICHNUS K.IT.]1.
MIPUBO/IA 1IEIeCO00Pa3HO (J1aXke YaCTHYHOE) UCTIONh30Ba-
uue obpatumoro DIID. [Ipu 3ToM OyaeT HAOIOAATHCS
3HAYUTEIBHOE CHI)KEHHE HANPSHKEHUI HaBeICHHS U, CO-
OTBETCTBEHHO, OTPHULATEILHONH PadOTHI IMKIIA, BCIEN-
CTBHE IOJIHOM WJIM 4acTH4YHOH camonedopmanuu TUD
B IIPOLIECCE OXJIaXKICHHSI.

4. Hanpasnenue oeticmeuss T4D. Slenenue DI1D sB-
nsieTcsi HeoOpaTHUMBIM U OJJHOHANpaBiieHHbIM. OJTHOHA-
nipaBiieHHble TUD HaXoIsT MpUMEHEHHE B YCTPOICTBAX,
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IJIe YUCIIO PadOYMX IUKJIOB OrPAaHHYCHO OJHUM (OO
BO3BpaT B MCXOJHOE IOJIOXKEHHUE I0CiIe pabodero xoja
OCYIIECTBIISICTCS] BPYUYHYIO).

Jist obecrieueHnst XapaKTEpUCTHK JIBYHAIPaBJICHHO-
ro JIeWCTBHS, T.€. 00pPaTUMOCTH U3MEHEHHUs! (POPMBI IPU
TEPMOLMKIUPOBAHUN DIIEMEHTa IPHMEHSETCS CIIeIH-
anpHast 00paboTKa CIJIABOB C MCIIOJIL30BAaHHEM CBOWCTB
caMoro cruiaBa WJIHM, HWCIIONb3Yysl OJIHOHAINpaBJICHHBIH
CruiaB, OOECIIEYMBAIOT JIBYHAIPABICHHOCTh JICHCTBHS
YCTPOMCTB ITyTEM yCTAaHOBKHM KOHTpTENa. Takue mpuBObI
MOXXHO KJIaCCH(UIMPOBATh 10 HCIIOIB3YyeMOMY KOHTP-
BO3JICHCTBUIO: TPaBUTALMOHHEIE, NPYXUHHBIE, Tudde-
PEHIMATIbHBIC, C KOHTPBO3JCHCTBUEM CPEbI.

5. Pexcum pabomei. HeoOXoauMO pa3iudyaTh TPH
OCHOBHBIX pexxuma pabotsl TUD B cocrtaBe mpuBoja:
1) pexxuM PUKCHPOBaHHBIX YCHIIMH, IPH KOTOPOM HaIIpsi-
JKEHUS OCTAIOTCS TIOCTOSIHHBIMH Ha dTarax OXJIaXJCHUs
(c,) nHarpeBa (G,), XOTA G, # G_; 2) PEXKMM 3aJIaHHBIX Jle-
(hopmaruii — HaKJIa(BIBAIOTCSl OTPAHUYEHHS Ha TIPE/IeIb-
HbIE 3Ha4YeHUs JedopMaluy MaTepruaia, a HalpsDKeHNs,
co3JiaBaeMble B paboyueM AJIEMEHTE, HE JIMMHTUPYIOTCS;
3) cBOOOIHBI 1e(hOPMAIMOHHO-CUIIOBON PEKHM.

6. I1o konuuecmay yuxnoe pabomoet TCII MOXKHO pa3-
JICITUTh Ha MPUBOJIBI OJJHOKPATHOTO JEUCTBHUS (TemMIiepa-
TYpHBIE TPEIOXPAHUTEIH, YCTpoicTBa 0E301MacHOCTH,
JICUCTBYIOIIME TOJBKO B aBAPMHHBIX CUTYalUsIX) M IIH-
KJIMYECKOT0 JEUCTBHS (MCIOJHUTEIBHBIE MEXaHU3MBbI,
MEepPEeKIII0YaTENH, TEIUIOBbIE ABUTATEIH U T.11.). [IprBO/IBI
OJTHOKPATHOTO JICHCTBHS MOCIe CpabaThIBAaHUs 3aMEHsI-
I0TCSI HOBBIMH, WJIM TIPUBOJISITCS B pabodyee COCTOSHHE B
PYYHOM pEKUME.

7. Cnocob unuyuuposanus I11®. Padbounii xonq TUD
NpUBOJA 00ecIeYnBaeTCs JIIOOBIMU CIIOCOOaMK HarpeBa
(B uHTEpBaJIe TemrepaTyp oopaTHOro (azoBoro mnpespa-
IICHNS), peaJiu3anysi KOTOPhIX 3aBHCUT OT BHJA M Teo-
METPHYECKUX MapaMeTpoB MeXaHW3Ma, Bi1a 000py1oBa-
HUSI, CII0C00a 3aKperIeHNs], YCIOBUH CONPSHKEHHS C CO-
CeTHMMH dJIEMEHTaMu M T.4. HarpeB moxker ocymect-
BJIATBHCSI HETIOCPE/ICTBEHHBIM IPOITYCKAaHUEM TOKa Yepes3
paboumii 2IEMEHT, MO0 KOCBEHHBIM CIIOCOOOM: Harpen
ropsiueit cpeioi, BBICOKOYACTOTHBIM MHAYKIIMOHHBIN Ha-
rpeB, HH(paKpacHOE U J1a3ePHOE M3ITYyUCHHUSL.

8. JKecmrxocms npomusooeticmsusi. BenmauHa v KHHe-
THKA Pa3BUTHUs PCAKTUBHBIX HAIMPSHKCHHUMN, TCHEPUPYEMBIX
npu peanuzarmu DD, B 3HaUNTENBHOM CTENeHN orpee-
JstroTCst KecTkocThio K crctemsl. [Ipu K = 0 ¢opmoBoc-
CTAQHOBJICHME B CBOOOJHOM OT HAIPSDKEHHH COCTOSHUM
NPUBOJUT K TIOJITHOMY WM YaCTUYHOMY BO3Bpary 3ajiaH-
HOM JieopMal 1 HamnpshKeHusl He Bo3HHKaroT. Haripo-
THB, TIPH a0COJIIOTHO JKECTKOM MPOTHBOJICHCTBHH, KOTJ/IA
K — oo, BocctaHOBIIEHHE (POPMBI 3aIIPEIICHO ¥ B MaTepra-
JIe TeHEPUPYIOTCSI MAaKCUMaJIbHBIC YCUIIHSI, BETMYMHA KOTO-
PBIX ONpEIENsIeTCs CTENEHBI0 PeIBapUTEILHON iehopma-
MK €, ¥ MEXaHTYECKMMH CBOHCTBAMHU MaTepHaa.

B obmem ciydae Mpu MOCTOSHHBIX 3HAYEHUAX €
MaKCHMaJbHBIC PEAKTUBHBIC HANPSIKCHUSA G ™ BO3pac-
TAIOT MPHU YBEJIUUCHNH JKECTKOCTH MPOTUBOACHCTBHS K
(osHAKO TIPHM 3TOM CHYIKAETCSl BOCCTaHABIIMBaeMasl Jie-
(hopmanus namaTH GOpMBI € ).
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OmueHka xapakTepa pa3BUTHS PEaKTHUBHBIX HaIps-
skernit [11, 18] s pasmuYHBIX BapHaHTOB 3TOTO TIPO-
1iecca Mo3BOJISIET 3aKII0UNTh, YTO MaKCHMalIbHAs TT0JIe3-
Hast paboTa JOCTHTAeTCA MPH MAaKCHMaIbHOH JKECTKOCTH
TIPOTHBOICHCTBUS HAa HaYaIbHON CTAANU TIporiecca (He-
00XOMMO JTOCTHYh MAKCHMAJIBHO JIOMTYyCTHMBIX HAIps-
JKEHUH, HO HE BBILIE NPENEa TEKYYeCTH G HUCXOIHON
(a3pl), ¥ MHUHUMAIBHON JKECTKOCTH TPOTHBOACHUCTBHS
Ha OCHOBHOH cTajmu mporiecca (popMOBOCCTAHOBICHUS
TIPY MaKCUMAJIBHO JOITyCTUMOM HalpsDKEHUH.

HUccnenoBanms padborocrocobnoct TUD [9, 14, 15]
MOKA3bIBAIOT, YTO HAWOOJee CHIOBBIMH SIBIISIFOTCS JIH-
HEHHBIE W TOJTYyKOJbLEBBIC 3IEMEHTHI. [IpenmyIecTBo
JMHEHHBIX JIEMEHTOB 3aKJII0YAETCsl B MIPOCTOTE HCIION-
HEHHS W yAa4HOM OOBEIMHEHWM HAMOOJBIINX Pa3BH-
BAEMBIX YCHUJIMI C Majod TEIUIOBOM HMHEPLHMOHHOCTBHIO
MIPY UCTIONB30BaHUK HaOOpa 3JIEMEHTOB C JHAMETPOM
0,1...1,0 mm. K HemocTaTkaM HEOOXOIMMO OTHECTH Ma-
JIBIH PabOYmiA X0, OTIPEeIIIEMBII BETHIMHOMN MCXOTHON
nepopmanuu (coctaBisieT 6...8 % UIMHBI DIIEMEHTA).
B cBoro ouepenp MOTYKONBIIEBBIE 3JIEMEHTHI, TIPH He-
CKOJIbKO MEHBIIHNX BEIMYMHAX T€HEPHPYEMbIX YCHIIHH,
MMEIOT 3HAYUTENILHO OONBIINE 3HAUEHHS TTepEeMEIIeHNI
(Tabm. 2).

[Ipu wmcnonp3oBaHum B KadectBe TUD IHMHEHHBIX
00pa3moB (MPOBOJIOKA, CTEPKEHb) €CIM BOCCTAHABIIH-
BaeMOW neopManii HEIOCTATOYHO IS O0eCTIeYeHHUS
TpedyeMoro pabodero xoaa, HEOOXOAUMO TOCPEICTBOM
MPUMEHEHMSI COOTBETCTBYIOLIEH KMHEMAaTHYECKOW cXe-
MBI YBEIMYUTH BEIMYMHY IEPEMEHICHHSI BBIXOIHOTO
3BEHA. 3aTeM Ha OCHOBE aHaNM3a KMHEMAaTHUKH OIpeje-
JUTH B3aNMOCBSI3b YCUIINH 1 TIEPEMEIICHUI B BBIXOTHOM
3Bere u TUD. I[Ipu mocTpoeHun amarpaMmsl pabodero
LIMKJIA 3Ta B3aNMOCBSI3b YUUTHIBACTCS KO PUIIeHTaMU
PEAYKIMH EPEMEIICHUN U YCUITHH.

OnHaKo yClOXXHEHHE KHHEMAaTHIeCKOH CXEMBI 3a4a-
CTYIO HE BBITOJJHO C TOYKH 3PEHUSI IIPOCTOTHI KOHCTPYK-
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YBEIMUYECHUS pab0vero X0a HCIOIHUTEIbHBIC JIEMEHTHI
TCII menecoobpa3HO M3TOTABINBATH B BHAE CIHpaeit
¢ OII® (Takoit HIeMEHT UMEET coueTaHue U3THOHOM Je-
(hopMary 1 KpydeHus ). DTO MO3BOISAET TaK)Ke BAPHUPO-
BaTh BEJMUYMHBI YCHIINS M pab0dero xoaa B JOCTATOYHO
MIAPOKHX TpEIeTIax.

[Ipu ucrionp30BaHUN PYKUHHBIX TUD pacTskeHns -
CKaTHs TOSBISIETCSI BOSMOXKHOCTh MOJYYUTh TAKOH XKe
pabounii X0/, Kak W B JIEKTPOMarHUTHBIX COJICHOM/IAX,
THIPABINYECKUX W MHEBMATHUECKUX MWIMHApAX MHpH
3HAUUTEIBHOM YMPOMIEHHH KOHCTPYKIMH YCTpOMCTBa
B menoM. [Tpumenenne cruraBoB ¢ DI1D mis m3rotosie-
HUSI BUTBIX TPYXWH CYIIECTBEHHO PACHIMPUT 0OIACTH
UCTIONB30BAaHMS JAHHBIX KOHCTPYKTHBHBIX 3JIEMEHTOB,
TIO3BOJIUT MPEIOKUTH HOBBIE PEIICHNUS psizia 3a1a4 OJia-
TOAapst HEPEXOAY OT «ITACCHBHOM» aKKyMYJISIIUN YIpY-
TOH SHEPTHH K «AKTUBHOMY» IIPEBPAIICHUIO TETIOBOM
SHEPTHH B MEXaHHYECKYIO, MIIM KOMOMHUPOBAHUIO ITHX
CBOWCTB B IPYKUHHBIX TUD.

[omoxxutenpHpIMI KadecTBaMH TUD mpyKHHHO-
TO THIA SBJISIOTCS MPOCTOTa KPEIUICHNS, BO3MOXHOCTh
KOMITOHOBKHM B IIMJIMHAPHYECKHUX KOPITycax, OOIbIINE
3HAUEHMs MepeMeIleHNH, HeOOobInasi BeIUINHA HaIps-
JKEHUI HaBEJICHUS TIPU CPAaBHUTEIFHO BHICOKOM yPOBHE
PEaKTUBHBIX HANPSDKEHUH (YTO MO3BOJISET HCTIONIB30BATH
B KaueCTBE KOHTPTEJ BO3BPATHBIE MPYKIMHBI HEOOIBIION
JKECTKOCTH), TIPOCTOTA PETYJIMPOBKH yKa3aHHBIX ITapame-
TPOB M TEMIIEPaTypHOTO MHTEpBaJIa CPabATHIBAHMUS, BBI-
COKasl IUKJINYECKast CTOMKOCTh. JTO JaeT BO3MOXKHOCTD
PEKOMEHIOBATh MPYKHHHBIC 3JIEMEHTHI NIPH pa3padoTKe
Pa3IUUHBIX PETYIMPYIOMNX YCTPOIHCTB, Mayoradapur-
HOHM apMaTypsl, TPUBOJOB NUKINIECKOTO JICHCTBHS /IS
Pa3IUYHBIX YCTPOMCTB, MPUMEHSIEMBIX B TEXHOJOTHYE-
ckmx cucremax [1, 3,5, 10, 14, 18].

Jus counenernnst TCII ¢ perynmmpyrommMn opraHaMu
Pa3IMYHBIX YCTPOWCTB TEXHOJOTMYECKUX CHUCTEM 3ada-
CTyI0 HEOOXOJUMO TPHMEHEHHE MEXAHMUYECKHX CBS3CH,
pacydeT KOTOPBIX CBOJNTCS K 00ECTIEUCHNIO COOTBETCTBHS:

Ta6auna 2. CpaBHeHue 1e(hOPMAITHOHHO-CUIOBBIX XaPAKTEPUCTHUK UCTIOTHUTEIBLHBIX JIEMEHTOB ¢ DI1D

XapaxkTepuCTUKH IEMEHTOB CusoBble napameTpsl
Tun JlnuHa, MM Jamer Pamt HauasnbHoe MaKCHMATL
CUJIOBOTO amerp AMYC | Kommuectso | Ilar t, | Ilone3nsit ycunue akeumart
MPOBOJIO- | W3ruda HOE ycuiine
9JICMCHTA . )i BUTKOB, 7 MM xom Al, MM HOoJKATHS
min max KU d, MM R, MM N.H Nmax’ H
0
102 1,6 80 120
100 0,5 - - -
L. 108 8,0 400 600
JIunerinbrit
102 1,6 1200 1800
100 2,0 — — -
108 8,0 6000 9000
omyKos- 100 115 0,5 2,75 2 3,5 10,0 40 120
LIEeBO 100 160 2,0 7,0 2 14 40,0 600 1800
6,5 30,1 0,5 3,0 10 3 5,0 10 35
26,4 60,8 2,0 3,1 12 5 23,0 13 108
27,6 73,1 2,0 3,15 12 6 34,0 17,5 113
[pyxunneni | 28,1 85,5 2,0 3,15 12 7 43,0 26 126
28,9 96,6 2,0 3,15 12 8 50,0 31 140
6 15 2,0 7,0 3 5 2,0 23 70
12 30 4.0 13,0 3 10 12,0 150 300
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1) cratudyeckoll XapakTepUCTUKU KHHEMAaTHYECKOI
nepenaue;

2) mepectanoBouyHoro ycuiauss TCII Tpebyemomy
ycunuio (MoMeHTY) pabouero oprana (PO);

3) nonHbIX X010B BbIxoAHOTO eMenTa TCII u PO.

Pacuer Mexanndeckux cBsazeit st cowteHenus TCII
¢ PO 3akmtodaercst B onpesieNeHu NepeiaTouyHoro otT-
HOIICHHUSA KMHEMAaTHUECKUX LieNel U UX MOMEHTOB B CO-
OTBETCTBHUHU C NEPECTAHOBOUHBIMU YCUIMSIMU MEXaHU3-
MOB ¥ TpeOyeMbIMH YCHIMAMH sl nepemerenus PO.
B o0mieM citygae 9TOT pacueT CBOAUTCS K HaXOKIACHHIO
CIIEIYIOIINX PAaBEHCTB:

N, =N, b0 N =N K
oy — “'po S nim ny Vo ke’
UM
rae N — nepecranoBouHoe ycuiue TCIT; N — ycu-
my po
nmue, Heobxomumoe s nepemenicaus PO; SIDO — Xof
PO; SPIM — xox BeixogHoro 3iementa TCII; KKC — mepe-
JIATOYHOE OTHOIIEHHE KUHEMAaTUYEeCKOU mepeiayu.
OHaKO MPH MPAKTUYCCKUX PEHICHUSIX Ui oOecIie-
4yeHHs paborocmocoOHocTH Becero Y mpuHUMAIOT, 9TO
nepecranoBo4HbIH MoMeHT TCII Gosbiie MoMeHTa pado-
yero oprana He menee yem Ha 10...15%, Torna

N =(N_+0,IN K .
ny po y- KC

HcxXomHBIMH TaHHBIMH IJISI TAKUX PAcueTOB SIBIIS-
I0TCSL:

1. BenuunHa nepecTaHOBOYHOTO YCHIJIMS HA BBIXO-
oM aremenTe TCII (ompenenseTcs Ha OCHOBAaHHU CHIIO-
Boro pacueta TCII).

2. Benmumna ycnnmsi, TpeOyeMoro sl mepeMelre-
Hus PO (s crarmaptebix PO ompenenseTcs mo crpa-
BOYHOM JIUTEpaType, AJIs ClIeHUaIbHBIX — HA OCHOBaHUH
MIPEIBAPUTEIFHBIX PACUCTOB).

3. 3HaueHus KO3()(PUIMEHTOB MEPEeaadH ISt UCIION-
HUTENBHOTO YCTPOUCTBA U MEXAaHUYECKOU CBSI3U.

4. TpeOoBaHUSI K MEXaHUYCCKOH CBSI3M B OTHOIIICHUH
JIMHEApU3alMU XapaKTEPUCTUKU PEryIUPYIOLIEro OpraHa.

5. TouyHble KOOPAUHATHI PENOIAaracMol yCTaHOBKU
PO u BozmoxHbIe BapuaHTs! pazmenienust TCII ¢ yuetom
AKCIUTYaTAIMOHHBIX TPEOOBAHUH MO0 0OCITYKUBAHHIO.

6. JlononHUTENBHBIE TPEOOBAHMS, KACAIOIIHECS KOH-
CTPYKIIMH KHHEMATHYECKOH CBs3M (HAIIpUMEp, HAJTNINE
Y3JI0B HACTPOUKHU ISl UBMEHEHUS EPEAATOUHOTO OTHO-
IICHHUS).

OO0cy:kneHne MOJTy4YeHHBIX pe3yabraroB. 1. AHa-
M3 CXEM peaju3alii BO3BPATHO-MOCTYIATEIbHOTO
JIBIDKCHHUSI HCIIOJIHUTENBLHOTO 3BEHA MAaorabapuTHBIX
YCTPOMCTB /ISl TEXHOJIOTHYECKOT0 00OpYHAOBaHUS, IO-
3BOJISIET OCTAHOBUTH BBIOOP HA MPOCTEHIIUX CXeMax B

CIIMCOK JIMTEPATYPBI
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Buje compsbkeHHbIX map: TUD ¢ OIID u Bo3BpaTHbII
9JIEMEHT U3 TPAAULMOHHOTO MaTepuaia (Mpy>KHHa Mo-
CTOSITHHOW jkecTKocTH). IIpy TOM JIByHanpaBjIeHHOCTb
neiicteust TCII obecnieunBaeTcst myTeM KOMOWHAIIMH Jie-
Tanel ¢ OHOHANIPABICHHBIM JIelicCTBUEM (METOJ] CMelle-
HUs), Koraa aedopmanus TUD ocymiecTBisieTcst ¢ HomMo-
IIbI0O COOTBETCTBYIOIIECH BHEUIHEH CUIIBI CMEICHUS PU
€ro OXJIaXKICHUH.

2. JIByHamnpaBiIeHHOCTh JACHCTBHUS LelIecO00pa3Ho
obecrieunBarTh TakxKe, UCIOJb3ysl oOpatumblil 11D, uro
MpPUBEJET K YMEHbIIECHUIO pa3mepoB 3iaemeHToB TCII,
YOPOCTUT KOHCTPYKIIHIO, IOBBICUT K.I1.J]. TPUBOJA.

3. B cBs3u ¢ (akTOpOM KECTKOCTH HPOTHBOCH-
CTBHSI HEOOXO/JMMO YUYHTBIBATh BIIMSHHUE 33a30pa MEXKIY
TUD n KoHTpTENOM (MM APYTHMH COIPSHKEHHBIMH Jie-
TaJISIMH) Ha BEJIMYMHY pa3BUBaeMbIX ycwimil. [Tockoss-
Ky IpH HaJIMYMHK 3a30pa (CBOOOIHOTO X0/1a) BOCCTaHOB-
neHue (OpMBI AIEMEHTa YaCTUYHO MPOUCXOIUT NPHU
K =0, To Ha TeHepHPOBaHNE PEAKTUBHBIX HANPSHKEHUN
WJET MEHbIIas 10Js 3Hepruu npouecca. [lpu stom Gp“"a"
OyzseT mpornopuuoHaNbHO Jone nedopmanuyn HaBeje-
HUSL € , YYACTBYIONICH B TPOIECCE BO3BPATa ¢ MOMEHTA
koHTakta TUD c kontprenom unu PO (mocne BbiOOpa
3a3o0pa). TakuM 00pa3oM BapbHPOBAHUC KECTKOCTH TO-
3BOJISICT B HEOOXOIMMOH CTETIEHH PETyIMPOBAaTh BEINYH-
HY G, 4TO BaXHO C NPAKTHYCCKON TOUKH 3PCHHS.

BbIBO/IbI. IlpoBeneH aHanmu3 cXeM peaqu3aluu
BO3BPATHO-TIOCTYMATEIBLHOTO JBM)KEHHST HCIIOJIHUTEIb-
HOTO 3BE€Ha MaJlOra0apuUTHBIX yCTPOWCTB ISl TEXHOJO-
THYECKOTO 000pYIOBaHMSA, OOOCHOBEIBAIONIHNI BHIOOP
CXeM B BHJE CONPSDKCHHBIX Map: TEPMOUYBCTBUTEIb-
HBII 2neMeHT ¢ >ddexTom mamara Gopmbl — BO3BpaT-
HBII ynpyruii snement. Ilpu 3ToM IBYHaIrpaBICHHOCTD
JICUCTBUSI TEPMHUECKOTO CHIIOBOTO NPHUBOJA 00ECTedH-
BACTCs IyTeM KOMOWHAIMM JIeTajled ¢ OJHOHAIpaBIICH-
HBIM JICWCTBHEM WJIM C HCIIOJIBb30BAaHUEM OOpPaTHMOTO
a¢dexra mamatu Gopmel. [IpuBeeHB aHATH3 BO3MOX-
HOCTEH HCIIONb30BAaHMS W PEKOMEHAAINH T10 NPUMEHe-
HUIO BHJOB TEPMOYYBCTBUTEIBHBIX JJIEMEHTOB, BHUJIOB
nepopmanmu TUD, ucmomb3yembrx 3¢dexkToB Tepmo-
MEXaHW4YECKOW IaMsTH, SABJICHUH 0OpaTHMOro M HEoO-
patamoro >ddekra maMATH QOPMEI, PSKUMOB PaOOTHI
TUD, anHanm3 NPUMEHHMOCTH TEPMUYECKHX CHIIOBBIX
MIPUBOJIOB B 3aBHCUMOCTH OT KOJMYECTBA IIMKJIOB pado-
THI U CITIOCOO0OB MHHUIIMHPOBaHUS d(Pdekra mamsaru dop-
MBI /ISl TEPMOCHJIOBBIX IPHBOJIOB TEXHOJIOTHYECKOTO
obopynoBanust. PaccMoTpen cmoco0 peryimpoBaHUs
BEJIMYNHBI TEHEPUPYEMBIX PEAKTUBHBIX HAINPSHKCHUH
MyTEM BapbHPOBaHUS JKECTKOCTH MPOTHBOICHCTBHS
KOHTpTEa.

[1]  Amnmcumos, B. B. [IpoektupoBanue TepMOCHIOBUX MPHUBOAOB Ha 0a3ze (HyHKIMOHAIBHBIX MAaTEpHAIOB Ul MACISHBIX CH-
CTeM TexHosormdeckoro obopynosanus / B. b. Anucumos, K. E. Briconkas, A. A. Mopozosnd / Matepiaimu V MixaapoHo1
HAYKOBO-TEXHIYHOI KOH(EpeHIil «AKTyanbHI MpoOIeMH IHKEHEPHOI MEXaHIKA Ta TEXHOJIOTII MalInHOOYIyBaHHS.

Muxkonais: HYK, 2018. C. 61-62.

[2] Huxoaaes, A. JI. MccrenoBanue u pa3paboTka afalTUBHOTO JPOCCENS TH/PABIMIECKON CHCTEMBI BHICOKOTOUHBIX CTAaHKOB
¢ IUTUTENBHBIM TexHoNmormdeckuM nukioM [Tekct] / O. JI. Hikonaes, B. A. Iomimyk, O. /1. Jxyp6una / 36. Hayk. mp. HYK.

Muxonais: HYK, 2011. Ne 2.
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Abstract. The article analyzes the existing approaches to the strategic development of
Ukraine’s maritime transport, including the infrastructure of seaports under conditions of
deregulation of their work. The formation of the necessary conditions for a balanced, ra-
tional development and deployment of the transport infrastructure, the elimination of the
existing imbalances between it and other sectors of the economy require the development of
its strategy for the medium and long-term time horizons. The implementation of the devel-
opment strategy and location of the transport infrastructure in order to solve the problem of
complete, timely, uninterrupted and high-quality satisfaction of the rapidly growing demand
of consumers of services with possible minimum costs will require its priority, advanced
and accelerated formation in relation to the economy as a whole and its individual sectors.
Ports are the most important points of transshipment of cargo to sea transport from adjacent
regions and the country as a whole. The peculiarity of the work of the transport and tech-
nological complex of the seaport in modern technical, economic and political conditions is
that it works mainly in view of the increased deregulation according to the nomenclature and
the number of transported goods. The peculiarities of the work of seaports of Ukraine in the
conditions of deregulation are studied using the example of the Mariupol port of the Eastern
region of Ukraine for transportation of various types of cargo. A graphic model demonstrat-
ing the changes in the main port performance parameters was constructed depending on the
influence of various conditions and factors. The complexity of the work of seaports lies in
a certain “unpredictability” of the nomenclature and volume of logistic flows of goods and
the requirements of consumers, not fully dependent on the specialization and areas of work
of the ports. In the study of this problem, the zones of deregulation of the volumes of cargo
flows passing through the seaports of Ukraine were determined, the influence of deregulat-
ing factors on their competitiveness was described. The method of mathematical analysis
determines the limits of deregulation of the transport and technological complex on the
example of the Mariupol sea port, depending on different performance indicators, directions
and range of cargo traffic according to long-term, more than 12 years, observations. The
area of change in the limits of the deregulation of cargo flows has been determined, which
makes it possible to adjust infrastructure costs accordingly and increase the competitiveness
of the seaport.

Keywords: seaport; transport and technological complex; deregulation; cargo; factor; field
of tolerance.

AHoTauis. 3aifiCHeHO aHaJi3 ICHYI0UMX MiAXOIB 0 CTPATEriyHOTO PO3BUTKY MOPCHKOTO
TPaHCIOPTY YKpalHH, B TOMY YMCII TPAHCHOPTHO-TEXHOJIOTTYHOTO KOMILIEKCY MOPCHKOTO
MOPTY B YMOBaxX JEperyJilii MOTOKIB BaHTaxiB. Jlocmimkeri oco0auBoCcTi podoTn Mop-
CBKHX IOPTIB YKpaiHU B YMOBAax JIeperynii Ha mpukiaa Mapiynoascekoro nopty Cxin-
HOTO perioHy YKpaiHu Npu HepeBe3eHHsX Pi3HUX BUIB BaHTaxiB. [loOynoBano rpadiuny
MO/JIeJb, 10 AEMOHCTPYE 3MiHA OCHOBHHX MOKAa3HHUKIB pOOOTH MOPTY 3aJ€KHO BiJ BIUIUBY
pi3HHUX YMOB i (akropiB. BusnaueHo chepy 3MiHHM MeK Jeperysisiii BAHTaKOIIOTOKIB, 1110
JIO3BOJISIE BIATIOBIHO PETYJIIOBATH BUTPATH Ha IHOPACTPYKTYPY 1 MiABUIUTH KOHKYPEHTO-
CIPOMOXHICTh MOPCHKOTO TIOPTY.
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Kuro4oBi ciioBa: MOpChKHil TTOPT; TPAHCHIOPTHO-TEXHOJIOTIYHUI KOMIUIEKC; JIeperyJIsiis; BaHTax; (akTop; moie
JIOITYCKY.

AnHoTauus. [IponsBeneH aHanu3 CyIIeCTBYIOIINX MOAXOM0B K CTPATETHICCKOMY Pa3BHTHIO MOPCKOTO TPAHCIIOP-
Ta YKpauHbl, B TOM YHCJIE TPAHCTIOPTHO-TEXHOJIOTHIECKOTO KOMIIEKCA MOPCKOTO TOPTa B YCIOBHSX ACPETYIALINT
rpy30moToKOB. MccnenoBanbl 0COOCHHOCTH pabOThl MOPCKUX TIOPTOB YKPAWHBI B YCIOBUAX ACPETYISAINH Ha MpHU-
Mepe Mapuynonbsckoro nopra Boctounoro pervona Ykpaussl IIpy IepeBo3Kax pa3iaudHbIX BUIOB Ipy30B. Iloctpo-
eHa rpadudeckas MOAeIb, JEMOHCTPHUPYIONIas N3MEHEHHU OCHOBHBIX TIOKa3aTeseil paboThI mopTa B 3aBHCUMOCTH OT
BIIMSTHUS PA3IMYHBIX YCIOBHU 1 pakTopoB. OnpeaeneHa 001acTh H3MEHEHHUS MPEIENIOB ICPETryIALINN IPy30II0TOKOB,
YTO TO3BOJISIET COOTBETCTBEHHO PETYIMPOBAThH PACXO/IbI HA HHPPACTPYKTYPY H MOBBICUTH KOHKYPEHTOCIIOCOOHOCTh
MOPCKOTO TTOpTAa.

KiroueBbie cjioBa: MOPCKOM MOPT; TPAHCIIOPTHO-TEXHOJIOTHYCCKUI KOMILICKC; MCPEryJisius; rpy3; GakTop; moje
JIoITyCKa.
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ITocTanoBka 3agauu. IIpoGneMbl TpaHCHOPTHOM
CHCTeMbl YKpauHbI HE SIBISIOTCS YHUKAIbHBIMH. TpaHc-
MOPTHBIE CHCTEMBI APYTHX CTPaH, XOTS HMEIOT CBOHM
0COOCHHOCTH, CTAJIKUBAIOTCS C AHAJOTWYHBIMH TPYII-
HoctaMu. Hampumep, B Poccun 60 % BHEIIHETOProBOro
Ipy30000pOTa OCYLIECTBIISICTCSI C y4acTHEM MOPCKOTO
TPAHCIIOPTa, TO3TOMY AajbHEHINee pa3BUTHE MOPCKON
UH(PACTPYKTYPHI ABJISIETCS OAHUM M3 BOKHEHIINX (ak-
TOpoB 3(dekTHBHOI HMHTErpanuu Poccun B MHUPOBYIO
TPAHCHIOPTHYIO CUCTEMY.

EBpocoro3, Poccus, Kutait 1 Muaus 1o Hacrosiero
BPEMEHH HE CBSI3aHBI COBPEMEHHOW CEThIO TPAHCHOPT-
HBIX JIOPOT, COOOIICHUE MEXAY HUMH IO Cylle KpaiHe
ciaboe, TTOCKOJIbKY OOJIbIIINE MTApTHU TPY30B BCE TAK XKe
BBITOZIHO JIOCTABIIATH MOPCKUMHU Iy TsIMH [1].

MOIIHOCTH TPAaHCIIOPTHBIX CHCTEM 4YacTO JKCILTya-
TUPYIOTCS Ha MpeJiesie CBOMX BO3MOXKHOCTEH, MOCKOJIBKY
CYIIECTBYIOIME TPAHCIIOPTHBIE KOMIUIEKCH OBUTH TO-
ctpoensbl B 50—-60 rogax npouuioro Beka 1 yxe He YI0B-
JIETBOPSIFOT COBPEMEHHBIM TpeOoBaHMsAM. Tak, Ha Mop-
CKOM TPAHCIOPTE YK€ CMEHHJIOCHh TPU MOKOJICHUS MOp-
CKHX CYJIOB, 4TO IIPHUBEIIO K TpodIeMaM: He0CTaTOUHBIX
IIIyOMH TOPTOBBIX AKBAaTOPWH, HECOOTBETCTBUS JUIMHBI
MIPUYAIIOB JINHEHHBIM pa3MepaM CyI0B, HEOOXOJHUMOCTH
00paboTKN B KOPOTKHE CPOKH KPYIHBIX ITAPTHil pa3iiny-
HBIX [10 HOMEHKJIaType U HallPaBICHUSM TPy30B [2].

dopmupoBaHHE HEOOXOANMBIX YCIOBHH cOalaHCH-
POBaHHOTO, PAMOHAIBLHOIO Pa3BUTUS U Pa3MELICHUS
TPaHCIIOPTHOW HWH(PACTPYKTYpHI, YCTpaHEHHE HMEIO-
KXCsl AUCIPONIOPLUUIT MEXIy HeW M JpyrMMH OTpac-
JSIMH 3KOHOMHKH TPEOYIOT pa3pabOTKH ee CTpaTeruu
Ha CPEJHECPOUYHbIE U JOJITOCPOUHBIE BPEMEHHbIE OPU-
30HTHI. Peanu3anus ske cTpaTeruu pa3BUTHA U pa3Mellie-
HUSI TPAHCIIOPTHOM MH(PPACTPYKTYPHI C LETBIO PELICHUS
poOIEMBI TTOJTHOTO, CBOEBPEMEHHOT0, OecrepeboitHoro
U KadeCTBEHHOI'O YJOBJIETBOPEHHs OBICTPOPACTYILETO
crpoca noTpeduTese yciayr ¢ BO3MOKHBIMA MUHHMAJIb-
HBIMH 3aTpaTaMH NOTpeOyeT MPUOPHUTETHOTO, ONepeKa-
IONIETO M YCKOPEHHOro e¢ (hopMHpOBaHUS MO OTHOIIE-
HUIO K 9KOHOMHKE B II€JIOM U OTJICIIbHBIM €€ OTPACIISIM.

Mopckue TOproBble IOPTHI IPEICTABISIOT CO0Oi
TPAHCIIOPTHBIE KOMILJIEKCHI, KOTOPbIE 00CITYKHBAIOT pa3-
JIMYHBIE TTPOMBIIIICHHBIE PETHOHBI Y KpauHsl. [Ipeamnpu-
ATHsI TIOCTOSIHHO Pa3BUBAIOTCS, COBEPIICHCTBYIOT CBOIO
MPOJIYKIHNIO, SIBIISSICH KJIMEHT-OPUEHTUPOBAHHBIMU B
9KCIIOPTHO-UMITIOPTHOM OTHOIIECHUH, ITOJydasi WIN OT-
TIPaBIIsAs 9epe3 MOPCKUE TOPTHI ChIPbE, 000pYyAOBaHUE
WJTH IPYTYIO MPOIyKIuio [3].

Oco0eHHOCTBI0  paboThl  TPaHCHOPTHO-TEXHO-
JIOTUYECKOr0 KOMILIEKCa MOPCKOrO IOPTa B COBPEMEH-
HBIX TEXHUKO-?KOHOMHYECKHX W TIOJUTHYECKHX YyCIO-
BUSIX SIBIISIETCSl TO, YTO OH PabOTaeT MPEUMYILECTBEHHO
C y4€TOM MOBBIIIEHHON JIePeryasuy 0 HOMEHKIAType
1 KOJIMYECTBY TPAHCIIOPTHPOBAHHBIX TPy30B. [lopThr —
Ba)KHEHIINE y3JIbl IEPEBATIKU TPY30B HA MOPCKOM TpaHC-
MOPT C TPHIICTAIONINX PETHOHOB M CTPAHBI B ICJIOM.
PuTMuYHOCTD W ieperyisiiyst paboThl MOPCKHX MOPTOB
HaINpsIMyIo 3aBHCUT OT d(PPEKTUBHON AEATEIBHOCTH OC-
HOBHBIX OTpacieil CTpaHbl: MAIIMHOCTPOCHHUS W MeTall-
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JIypTruu, arponpoMbIIIJIEHHOI'O U TOIUIMBHO-OHEPICTUYC-
CKOTO KOMITJIEKCOB, OT KoJieOaHUsI 00BEeMOB KOHTECHHEP-
HBIX TIEPEBO30K U T. II.

AHaJIN3 TMOCJIEIHUX HMCCIeI0BAHUNA U MyOauKa-
uuii. Bxoxaenue YKkpauHbl B MUPOBBIE TPOMBIIIIIIEHHO-
TPaHCIIOPTHBIE CHCTEMBI TpeOyeT aHai3a CyNIeCTBYIO-
mux “u pa3pa60TK1/I HOBBIX MHHOBAIIMOHHBIX IIOJAXOJ0B
K CTPaTernIecKOMY Pa3BUTHIO €€ MOPCKOTO TPAHCIIOPTA,
B TOM YHCJIe HHPPACTPYKTYPbl MOPCKUX ITOPTOB B yCJIO-
BUSX JEPETYISALUN UX pabOTHI.

Takue MOAXOIBl JOJKHBI 0a3UpPOBATHCS HA TOBEI-
IIEHUU JKOHOMMYECKOU, COIUAIbHOM, JKOJIOTUYECKON
1 (QYHKINOHATBHON 3(QeKTuBHOCTEH padOTHI TpaHC-
MOPTHBIX CHCTEM MOPCKHX ITOPTOB C YU4ETOM HPHOPUTET-
HOCTH DHEPTo- U PeCypcocOepeKeHHs, 3aIUTHl OKPYKa-
IOIIeH Cpelbl, a TaKXKe TapMOHU3AIMH C MEXKIYHAPOJI-
HBIMU TPeOOBAHUSAMHU K Ka4deCTBY M Pe3yJIbTaTUBHOCTH
paboTel MHPpacTpyKTypbl TOpToB. IlosTOMy HEOOXO-
JIIMO HCCJIEIOBaTh OCOOCHHOCTH JIEPEryJISIIUU pabOTHI
MOPCKHX MOPTOB YKpauHbl, OCOOCHHO B 3UMHHUX YCIIO-
BUSIX, HA IpuMepe Mapuymoiasckoro mopra Boctognoro
peruoHa YKpauHbl IpU IEPEBO3KaxX Pa3jIM4YHbIX BUJOB
TPY30B U MOCTPOUTH TpadUUecKyr0 MOJICTb, IEMOHCTPH-
PYIOILYIO BIUSIHUE ACPETYIISIINA 00BEMOB IPY30IIOTOKOB
MopTa Ha Mokas3aresid paboThl ero HHOPACTPYKTYPHI.

ABTOpOM 00pabOTaHBl AHAUTHYCCKUEC MATEPUAIBI
xypHasoB «IlopTel Ykpaunsl» 3a nocieanue 6 jer, Ma-
TepHabl caifToB MUHHCTEpCTBA HHPPACTPYKTYPHI 1 AJZT-
MUHHCTPALUU MOPCKUX NMOPTOB YKpauHsl [4]. Pemennem
JaHHO# 1pobseMbl 3annmannuch A. Hutiesua u H. Menb-
HUKOB [5].

Opranuzanusi CHUCTEM BHYTPEHHHX M BHEIIHHX
TPAHCHOPTHBIX MPOIECCOB JBIKCHUS JIOTHCTHYCCKHIX
MaTepralIbHBIX TOTOKOB MEKLY NPONU3BOIUTEISIMH U O~
Tpe6I/ITeHHMI/I, a TaKXXC€ B3aMMOCBA3U MEXKIY CUCTEMaMU,
COCTABIIAIONIIMH TPAHCIIOPTHO-TEXHOJIOTHICCKHIA TIPO-
1ecc, onucansl B [6]. KomneTeHTHOCTHAsI MO/IETTh pa3BH-
THS MOPCKHX TIOPTOB MpOaHaIM3upoBana B [7].

[Ipu uccremoBanuy JaHHOH MPOOIEMBI OIIPE/ICIICHBI
30HBI JIEPEryJISIIMA 00bEMOB IOTOKOB I'PY30B, IPOXO/Isi-
[IUX Yepe3 MOPCKHE TOPTHl Y KPauHBI, OTIICAHO BIHSIHUE
JIeperyIMpyroIux (HakTopoB Ha X KOHKYPEHTOCIIOCO0-
HOCTb.

Jlo HacTosimero Bpemsi He IOJIHOCTBIO HCCIeI0Ba-
HO BJIMSIHHE Jeperyisuud Ha 3(QexkTHBHOCTh paboThI
TPAHCIOPTHO-TEXHOJIOTHIECKAX KOMIIICKCOB MOPCKHX
MOPTOB, T.€. JaHHAasl MpoOJieMa elle He MOJIHOCTHIO pe-
IICHA.

HEJIb NCCIEJIOBAHUSA — onpenenuts 00-
JacTh M3MEHEHHUS TpaHWIl JEPeryisiiud  00beMOB
IPY30II0TOKOB MOPCKOTO MMOpPTa YKPauHbI M ONHKCATh €€
BIIMSTHHE HA OCHOBHBIC ITOKA3aTeIN PadOTHI HH(paCcTPyK-
TYpBI Ha IpuMepe Mapuymnoibckoro nopra Bocrounoro
peruoHa YKpauHbI.

Metonpl, 00beKT W npeaMer ucciaenoanus. Oc-
HOBHBIMH ITOKa3aTeJIIMH OLICHKH TPAHCIIOPTHO-TEXHOJIO-
TMYECKUX KOMITJIEKCOB MOPCKHUX TOPTOB SIBJISIOTCS: TIJIO-
Maab KOMITIEKCa, HAININe 00bEKTOB HH(PACTPYKTYPHI,
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TPy30HANPSHKEHHOCTh paboTHl (B MPOIEHTaX OT oOImiei
TUIONIAIY MPUYAJIOB), & TAKXKE MPOJOHKUTEIBHOCTD MO~
IPY309HO-Pa3rpy30UHBIX ONEPaLUil.

[TprMeHeHbI METOABI CTAaTUCTUIECKOTO aHaIn3a JJIs
cOopa pacyeTHbIX JTaHHBIX B OTKPBITOM JIOCTYIIE.

MeTo1oM MaTeMaTH4ecKOro aHAIHM3a OIPEIeNICHbI
TIpe/ieNbl  ACPErysiiui  paboThl  TPaHCHOPTHO-TEXHO-
JIOTMUYECKOr0 KOMILIEKCa Ha mpuMepe MapHuynonbcKoro
MOPCKOT0 I10pPTa, B 3aBUCUMOCTH OT Pa3HBIX IIOKa3aTenei
paboThl, HANpaBIEHUs] 1 HOMEHKJIATYPHI TPY30I10TOKOB
MO JaHHBIM MHOTOJIETHHUX (Oosee 12 yieT) HabmoAeHUI.

I'padmueckuit MeTo] MO3BOJISIET BU3YAIM3UPOBATH
MIOJTy4EHHbIEC OIBITHBIM IIyTEM JaHHbIE C IOMOUIBIO pe-
nmaktopa Microsoft Excel.

Hcnonb30BaHbl MAaTEMAaTHYECKUI METO] IOCTPOEHUS
MTOJIMHOMHUHAIBHBIX (YHKIWH, TEOPHsS ONTUMAaIbHOCTH
JUISL paCYETOB X 3KCTPEMYMOB.

O1eHeHbl TEXHUYECKHE MapaMeTphl PeaslbHO (PyHK-
LUOHUPYIOIIET0 TPAHCHOPTHO-TEXHOJOTUUECKOTO KOM-
IJIeKca MOPCKOro TopTa.

Obvekm uccnedoeanus — TPAHCIOPTHO-TEXHO-
JIOTHYECKUHM KOMIUIEKC MOPCKOTO MOpTa € y4eTOM IJIo-
6aJ'H>HBIX, PETUOHAJIBHBIX U BHYTPEHHUX BbI3OBOB, BJIMSA-
HUS IEPEryJIALUU II0TOKOB I'PY30B Ha €r0 pa3BUTHE.

IlIpeomem uccneoosanus — pa3BUTHE LEIOCTHOIO
TPaHCIIOPTHO-TEXHOJIOTMIECKOTO KOMIIIEKCa MOPCKOTO
MopTa B YCIOBHSIX TI00ANBHBIX, PETHOHAIBHBIX U BHY-
TPEHHHX BBI30BOB, BIMSHUE ACPETYJSIMN ITOTOKOB TPY-
30B Ha KOMIIETEHTHOCTHYIO MOJIEIb.

OcHoBHOII MaTepuajl. YUWUTBIBasg, YTO MOPCKOM
nopt Mapuynosp pacroyio)keH B MEJIKOBOAHOM 4YacTH
A30BCKOTO MOP#, @ TIOTOKU I'PY30B UMEIOT 3HAYUTEIbHBIC
00BEMBI IT0 HOMEHKJIATYPE U KOJINYECTBY, €r0 paboTocHo-
COOHOCTB B YacTH IUIaBaHUs OOJIBIIETPY3HBIX Cy0B 00e-
CIIEUMBAETCA PATOM UCKYCCTBEHHO CO3[AHHBIX U MOJEP-
JKMBAIOIMXCS B pab0UeM COCTOSTHMM MOPCKUX KaHAJIOB.

B 3umHMII mepuoa BpeMEHM MOAXOJHBIC KaHAJbI
U aKBaToOpHsl MOpTa 3aMep3aloT M 3a0UBAIOTCS OUTHIM
JBJIOM JI0 JHA, YXYyAIIas YCJIOBHS CYJOXOACTBA IO HHUM.
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[TosTomy paboTa ropra B 3TOT IEPUO OPTaHU30BHIBACT-
Csl TAKUM 00pa3oM, 4TOOBI, UCIIOIB3YS JIETOKOI B OIpe-
JIETICHHOE BPEMs, ITPOBECTH HECKOJIBKO (MJIN IPYIY) Cy-
JIOB — KapaBaH 110 kKaHaiy. K 3Tomy BpeMeHH cyzia J0mK-
HBI OBITH 00pabOTaHbI (MOTPYKEHBI WK Pa3Tpy>KeHbI) B
MOPTY 1O TPYIIIOBOMY MpHU3HAKYy [8].

B mpoIeHTHOM COOTHOIIEHWH AEPEryIsLus Iepe-
rpy304HBIX paboT B MOPCKOM MOPTY IO POJY OCHOB-
HBIX TPY30B IpHUBeIeHa B Tabi. |, maHHbBIE A KOTOPOit
BeIOpaHbl U3 [4] u [9]. 3a 100 % mpuHATO HamOOMIbIICE
(MakcuManbHOE) KOJMYECTBO MEperpy, aeMoro omnpene-
JICHHOTO T'Py3a B TEUCHUE SIHBAPSI OJHOTO U3 paccMaTpH-
BaeMbIX JIET, TAKMM 00pa3oM MOXKHO ITIPOCIICIUTH TEH-
JICHIIUH 32 3TOT HEPUO/.

CH0XHOCTh PabOTHI MOPCKUX TOPTOB 3aKITIOYAETCS
B OINPEJICNICHHON «HENPE/ICKa3yeMOCTH» HOMEHKIIATYPBI
1 00bEMOB JIOTHCTHYECKUX MOTOKOB TPY30B M TpeOOoBa-
HUH TOTpeOuTeNeH, He 3aBUCAIINX B TOJIHOH Mepe OT
CIeIMaIM3aliy | HaTpaBJIeHUi paboThl mopTos [7].

OTO B 3HAUMTEIBHOW Mepe BIMSET Ha HCIOIB30-
BaHHWE TPAHCIOPTHBIX, CKJIAACKUX M MOrPY30YHO-pas-
IPY30UHBIX CPEACTB IIOPTA, a TAKXKE Ha IMOJJEpiKaHUE
9HEPTrOBOOPYKEHHOCTH W 3al[UTHI OKPYXKAIOIIEH Ccpesbl
B TIOPTY.

J1st OLleHKM M3MEHEHMM I'py30IOTOKOB, MPOXOJs-
IMAX Yepe3 TPaHCIOPTHO-TEXHOJIOTMYECKYIO CHCTEMY
(TTC) MapuynoapcKoro MOPCKOT0 MOPTa, MPEACTaBUM
rpaduyuecKy JaHHBIE TI0 TPY30000pOTY MOPTa 32 SHBAph
B JIBYX Pa3HBIX BHZAX: IO BHUAAM Tpy30B (puc. 1) u mo
HATIPaBJICHUSIM IPY30I0TOKOB (pHC. 2) B IPOLIEHTHOM CO-
OTHOIICHHH.

AHanu3 JaHHBIX TIOKa3bIBAET, YTO B IPOLIEHTHOM
COOTHOMICHHH KOJMYECTBO MEPEBAIICHHBIX MapHyToib-
CKUM TIOPTOM TPY30B 32 SIHBaph B pa3HbIe IoJIbl HE paB-
HOMEPHO, OJIHAKO UMEET TEH/ICHIIMIO K 00IIeMy CHUKe-
HUIO, KOTOPYIO MOXKHO OIIMCATh TPEHAOM — IPOTHO3HOM
MOJICTIbIO TIOJIMHOMHUHAJILHOTO BHJA 110 BUJAM TPY30B
(puc. 3) u o HanpaBIeHUAM TPY30IOTOKOB (puC. 4).

Tpena u3MeHeHus! rpy30M0TOKOB 110 BHIAM TPY30B

mpeacTaBuUM B BUJIC

Tadanua 1. HepaBHOMepHOCTH B ITPpOeHTHOM (%) COOTHOIIEHUH IIEPETPY3KH OCHOBHBIX IPY30B B MapnyIoabcKoM
MIOPTY 10 OJHOMY MECAILy (AHBaph) pa3nuuHbIX JeT B nepuog 2002—-2015 rr.

Bun B % 1o ronam (sHBapb)

rpysa 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015
Meramn 459 | 36,9 | 41,3 | 49,0 | 71,5 | 100,0 | 23,8 | 358 | 64,4 | 80,2 | 72,3 | 68,4 | 73,9 | 39,0
VYronb 31,7 | 27,2 | 55,7 | 89,2 | 29,1 | 51,9 | 9,2 | 54,5 | 84,3 | 100,0 | 70,8 | 63,3 | 41,9 0,1
Cepa 65,7 | 81,0 | 98,0 | 100,0 | 73,5 | 65,1 | 33,1 | 0,0 0,0 0,0 0,0 0,0 0,0 0,0
Xwumukars! | 23,8 | 0,0 | 23,8 | 100,0 [ 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
Crpoiimar. | 8,1 15,8 | 33,6 | 71,5 | 31,0 | 100,0 | 28,6 | 0,3 13,7 | 283 | 794 | 13,4 | 33,3 4,1
3epHoBble | 43,9 | 8,2 82 | 40,3 | 40,8 | 158 | 9,7 |100,0 | 21,0 | 63,6 | 61,2 | 72,0 | 76,7 | 61,6
Ipoune 79 | 20,1 | 357 | 27,5 | 100,0 | 57,4 | 444 | 03 10,8 | 31,5 | 288 | 304 | 21,4 | 46,8
DkenopT 40,4 | 34,0 | 47,1 | 68,7 | 64,5 | 100,0 | 25,5 | 39,6 | 63,4 | 82,4 | 824 | 650 | 68,5 31,1
Wmmopt 13,8 | 2,7 8,0 | 104 5,5 6,6 9,1 0,0 3,0 6,1 7,8 6,5 4,6 100,0
Tpauzur 62,8 | 100,0 | 96,1 | 87,2 | 75,7 | 91,7 | 37,5 | 22,4 | 23,7 | 33,0 | 31,6 | 37,1 18,3 0,0
Kabotax 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 100,0
HUTOI'O 48,6 | 51,8 | 61,3 | 75,6 | 68,9 | 100,0 | 30,0 | 35,7 | 544 | 71,5 | 71,4 | 59,5 | 57,0 | 40,0
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Y = 0,00x° — 0,16x° + 3,04x* — 27,56x° +
+122,43%% — 236,05x + 186,86.

3a OCHOBY B34T BUJ I'Py3a — METaJUl Kak OCHOBHOM
Ipy30I0TOK MapHynoiabCKOro MopTa Ha CEroAHSIIHUN
JICHb U, OYCBUIHO, HA OIIDKANIITYFO IEPCIICKTUBY.

Tpena w3MEHEHHUS TPY30MOTOKOB TI0 HATIPABICHUSIM
TPy30IIOTOKOB MIPEICTABUM B BUJIC

Y =0,00x% - 0,21x° + 3,86x* — 33,64x +
+142,38x% — 257,43x + 187,11.

Y, rpysonotok (%)

VA VAN

oo L JVH\ |7 BN
oo SR AN
AN @V sav.
W LN

X, roabl (Ne nn)

Puc. 1. Jlannble nepeBaiku 0 BUAaM Ipy30B MapuynoabCcKo-
TO TIOPTA B OJTHOM MecsIle — SHBape Pa3NuyHbIX JIeT, B % co-
otromennu (¢ 2002 mo 2015 rr.). Bux rpysa:

—+— — METAJLT; i~ — YTOJIb;, —&— — CEpa; =< — XHUMHUKATEI,
—#— — cTpoiiMaTepuabl; ~e— — 3epPHOBbIC; —— — MPOYHUE

Y, TPY30MOTOK (%)

120,0 —y-=0,00x8-0,16x5+3,04x%-27,56x3+122,43x2
-236,05x+ 186,86
R?=0,45
100,0

80,0

60,0

40,0

20,0

0,0

-20,0
X, rogbl (Ne nn)

Puc. 3. Tenaennuu neperysinuu padoThl MapHymoibCKOro
MOPCKOT'O TIOPTa MO BHIAM I'Py30B B 3UMHUI IEpHO] (STHBAPh)
1o rozxam (2002-2015 rr.) B % cootHomennu. [lonnHOMUHATE-
Hast QyHKIUS:
+ — METAJUT; ® — yTOJIb; » — CEPa; * — XUMHUKATBI; — CTPOU-
MaTepHalbl, « — 3epHOBBIE; — MPOYNE
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IIpn 3TOM OSKCIOPT, SIBISSICH OCHOBOIOJIAraromIei
TEHJICHIIMEH BIMSHUH Ha 00IIee KOJIMIECTBO Meperpyxa-
€MOT0 TPy3a, UMEET Ty K€ TEHJCHIINIO, B OCHOBHOM 3TO
METAJUIONPOKAT METAUTYyPIHUYeCKUX MPEANPUSITHH, 1103-
TOMY B3SIT B KQU€CTBE aHAJIOTMYHOMN ITPOTHO3HONW MOJIEIIH.

Pesknit Bcrmeck mmropra B stHBape 2015 1. (cm.
puc. 1) mpowmsomen u3-32 TOIUIMBHO-?HEPTETHUECKOTO
KpHU3HUCa B PETHOHE, B OCHOBHOM M3-3a MaJEHUS IPy30-
MIOTOKA YIJIsI, HEOOXOJMMOTO JUIl METaJUlyprHuecKOi
orpaciu. CpaBHHUTEIFHO HU3KUMH SIBISUTUCH OOBEMBI

Y, rpysonotok (%)
120,0

100,0

80,0 -

60,0 -

40,0 -

20,0

0,0 -

8 9 10 11 12 13 14
X, rogp! (Ne nn)

Puc. 2. JlanHpIe nepeBaiKd MO HANPaBICHUSAM T'Py30MOTOKOB

Mapuynosbckoro nopra B 0JHOM Mecsilie — sSHBape pas3jiny-

HBIX JIeT, B % cooTHomenuu (¢ 2002 mo 2015 rr.). Hampasie-
HHUE IPy30M0TOKA:

—+— — JKCIIOPT; =~ — HUMIIOPT; == — TPAH3UT; —— — Ka-
0OoTax; —<— — UTOT0

Y, rpysonoTok (%)

120,0
y = 0,00x% - 0,21x5 + 3,86x% - 33,64x> + 142,38x2

-257,43x+ 187,11
R? = 0,57

100,0 e - .
80,0
60,0
40,0

20,0

X, rogbl (Ne nn)

Puc. 4. Tenpennun aeperyisinu padoTel MapHynoIbCKOTo
MOPCKOTO TIOpPTa TI0 HAMpPABICHUSIM TPY30MOTOKOB B 3UMHUM
niepuo (stHBaps) 1o roxam (2002—-2015 rr.) B % cooTHOLIEHUH:
+ — DKCIIOPT; ® — HUMIIOPT; » — TPAH3UT; — KabOTaX; — UTO-
ro; —— — MOJIMHOMHAIIbHAS (IKCIIOPT); — MOJIMHOMHAITb-
Hasl (MMIIOPT); —— — HOJIMHOMUAJIbHAS (TPaH3UT); —— — I10-
JTMHOMHANIBHAS (Kab0Tax); —— — MOJIMHOMHAIbHAS (HTOTO)
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KabOTaXXKHBIX TIEPEBO30K (Bcero 74,6 THIC. T), a 0OBEMBI
TPAH3UTHBIX MEPEBO30K yIAM BCIEACTBUE IMOIHTHYC-
CKHX TPUYHH.

CaMbBIM TPYAHBIM B COLHUAIbHO-DKOHOMHYECKOM
OTHOILICHUH, a TAK)KE B YAaCTH 3allUTHl OKPYKalomIeH
Cpelbl, SIBISETCS MECSIL THBAph, NPUXOISAIINICS Ha MUK
3MMHETO CE30Ha — IepUOA paboTsl MapHyrnoiabCcKoro
MOPCKOT'O [TOpTa B JIE0BOW 00cTaHOBKE. B 3TOT 0COOBII
MepHoJ I mopra paboTa ero HHGPaCTPyKTyphl opra-
HU3YETCsI OTACIBHBIM MPUKA30M, KOTOPBI U3laeTCs 110
MapHymnonbsCKOMY MOPCKOMY IOPTY €KETOIHO.

B conpansHOM mi1aHe 0cOOEHHOCTH M CIIOYKHOCTH pa-
OOTBI IOPTA B 3UMHHI IIEPUOJT 3AKIIFOYAIOTCS B HAJTMYUH
TEeMIEpaTyp, NPUBOAIIMX K 3aMEP3aHHI0 aKBaTOPHU
W MOJXOJHOTO KaHaja K IOPTY U OOJICICHEHHIO TpaHC-
MOPTHOTO, MOTPY309HO-PA3rPy304HOro, a TAKKE CKIAJI-
CKOro 000pyZ0oBaHHs. B 3THX yCIOBHSAX CHIIKAaeTCs Ka-
4eCTBO paboTHl U YPOBEHb 0E30IIACHOCTH TpPyJa Mepco-
Hana nopta. CHIDKaeTCsl YPOBEHB 3alUThI OKPYKaromei
Cpelsl BBUY TOTO, YTO B JICTHUH IEPUOJ NPAKTHYCCKH
BCE TBEpPJbIC BHIOPOCHI OCENAIOT B OTKPBITOH MOPCKOM
BOJIC, IJIe NMPOUCXOAUT WX HAKOIUICHHE W HeHTpaiu3a-
¥s, @ B 3UMHHUI TIEPUOJ BCe BBIOPOCH B OKPYIKAIOIIYIO
Cpely OCeIaloT Ha JieJl U IIOTOKaMH BO3yXa PasHOCSTCS
10 TEPPUTOPUH MOPCKOT'O TIOPTa, B TOM YUCIIEe U Ha 00b-
eKThl HHPPACTPYKTYPHl. B 9KOHOMHYECKOM OTHOIICHUH
YBEJINYUBAIOTCS 3aTPAThl Ha TOIUTMBHO-DHEPICTHYCCKHE
1 TPYJOBBIE PECYPCHI, HCIIONB3yEMbIe HA TPAHCIIOPTHBIX,
MIOTPY304YHO-Pa3TPy30UHbIX U CKITJICKUX padoTax.

Ot 00CTOATENHCTBA TPEOYIOT U3MCHEHUH TEXHOIIO-
MU paboT M COOTBETCTBYIOLICH MOATOTOBKH TEXHOJIOTH-
YeCKOro 000pyI0BaHHs OCHOBHOI'O POU3BOICTBEHHOTO
mporecca U Bceld HHPPacTPyKTypbl MOPCKOTO MOpTa.

Jeperyssiiiio MOXHO IpPEACTaBUTh B BHJIC 30HBL,
OIMCBIBAEMOIN  JIByMsI KPHBBIMH: ONTHMHCTHYECKOM

Y, rpy30onoTokK (%)

120,0 - ¥=0,04x¢-1,11x + 9,33x2- 24,71 + 100,00
R2=1,00

100,0

80,0

60,0

40,0

20,0

= .0,34%3 + 8,212 - 53,75x+ 114,28
2:

Dl g = 0D

1234567 8 91011121314

1

X, roap! (Ne nn)

Puc. 5. O6nacth pe3epBa 3aBUCHMOCTH BEJIMYHH IPY30II0TOKA
metaita gepe3 TTC mnopra (T) B 0cOObIH meprox (STHBapb Me-
CsIIT) IO TOJ[aM B % COOTHOILICHUH:

o — METAIUT; —4— — MAKC.; == — MHH.; —— — IIOJIH-
HOMHAIbHAs (MaKC.); —— — MOJIWHOMHAJIbHAS (MUH. )
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1 NIECCUMHUCTHYECKON, KOTOPBIE MOIYyUCHBI B PE3yNbTaTe
CTaTUCTUYECKON 0OpabOTKH SKCHEPHMEHTAIBHBIX IaH-
HBIX TI0 00pabOTKe TPy30B B MOPTY. BhIMOIHNM aHamm3
TEHJICHIUH JICPETYJSIINU 10 OCHOBHBIM BHJIaM T'PY30B,
MepeBaIMBaeMbIX B MapuyIoIbCKOM MOPCKOM IOPTY
B OJIHOM MecCsleé — SIHBAape B MEPHOJ Pa3INYHBIX JIET
(2002-2015 rr.).

PesynbTaTsl aHannza NpUBEICHBI B BUIC I'paUKOB
10 BHJAM Tpy30B (pUC. 5) W 1O HAINPaBJICHUSIM TIPy30-
MOTOKOB (pHC. 6). AHaNHM3 IOKAa3bIBaCT, UYTO OOBEMBI
Meperpy3KH Pa3IM4YHbIX I'PY30B B MOPCKOM IIOPTY HE
HMEIOT OTIPEJICICHHON CTaOMIBHOCTH. DTO BIICYET 32 CO-
0011 3HAYUTENTBHBIEC TPOCTON TOTPY30UHO-PA3TPY30UHBIX
cpencTtB (00BEKTOB) MOPTa U HEPABHOMEPHOE HCIIOIH30-
BaHME CKJIQJICKUX IUTOMIAZCH (MMOMEIIEHHH M TeppuToO-
pwii), a Takke 000pyI0BaHHS MOPCKOTO MOPTA.

IIpocnexuBaercss oueBHAHAs HEPABHOMEPHOCTH B
MpOLEHTHOM (%) COOTHOIICHNH TEPEeTPy3KH OCHOBHBIX
rpy30B B MapHyIoiIbCKOM MOPCKOM TOPTY TIO OJTHOMY
MecsITy (SHBaph) pasaH4HEIX JieT B iepuon 2002-2015 rr.

Ha ocHoBe maHHBIX pabOTHI TOpPTa B 0COOBIN Mepu-
0J1 — STHBApb 3a nocjeaune 14 er, MOXXHO YCTaHOBUTH
rpaHuIpl obJacTel pesepBa BOSMOXKHBIX MX 3HAYCHUH
C IIEJIBI0 MTONCKA PE3EPBOB JJISI MOBBIMICHUS (P PEKTHB-
HOCTH paboThI mopTa.

PaccmarpuBatoTcst aBe 007acTH PE3epBOB: 1O HaM-
Oonmee XapakTepHOMY [UISI TOpTa Tpy3y — METALTy
(cM. puc. 5) ¥ OCHOBHOMY HAIIPaBICHHUIO T'PY30TIOTOKOB
mopTa — IKCMOPTHOMY (CM. puc. 6). DTH oS pe3epBa
B TIOJTHOHM Mepe IeMOHCTpupyroT BosmMokHOCTH TTC Mop-
CKOTO TIOPTa B YCJIOBUSIX JEPETyJISIIINN, OBBIIICHUS WITH
CHI)KEHHSI OOBEMOB TPY30NOTOKOB B 3MMHHI TEpHOT,
Korzia B paboTe IopTa TOMUHHUPYET (PaKTOp CE30HHOCTH.

OO0nacTy O4YepuCHBI T'PAHUIAMHU: BEPXHEH, TO €CTbh
B T'OJIbl MAKCUMAJIBHBIX Tpy30moTokoB yepe3 TTC nopra

Y, rpy3onoTok (%)

120,0 ¥=0,06x*-1,90x*+17,65x*- 51,71x+ 100,00
R2=0,88
100,0
80,0
60,0
40,0
20,0
y=-0,04x +1,23x2- 9,77x + 48,99
R2=1,00
0,0 T T T T T T T T T T 1

1234567 8 91011121314
X, roabl (Ne nn)

Puc. 6. O6nacTh pe3epBa 3aBUCHMOCTH BEJIMYUH SKCIIOPTHOTO
rpy3onoroka TTC nopta (T) B 0cOOBIit Iepro (STHBAph MECSIIT)
10 ToJaM B % COOTHOIICHUH:

wtop o — DKCTIOPT; —#— — MaKC.; —l— — MHUH.; — To-
JTMHOMHANIbHAS (MaKC.); —— — IMOJMHOMHUANbHAS (MUH.)
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B SIHBape, ¥ HWXKHEH, B TOJbI C HANMEHBIIUMH TPy30I0-
TOKaMH B 3TOT MIepHOJI. BepXHsisi rpaHuIia XapaKTepH3y-
€T MaKCHMaJIbHYIO 3arpy3Ky IIOPTa M IOBBILICHHbIE J10-
XOJIBI, TOATOMY OHA Ha3BaHa «ONTUMHCTHYECKON». AHa-
JIOTMYHO HIDKHSSI TPaHHILA, OOYCIIOBJICHHAsI CTEYCHHEM
He6HaFOHpI/I${THI)IX KIIMMAaTHYCCKUX YCJ'IOBI/H\/'I, Ha3BaHa
«IECCHMHUCTHYCCKOI».

Tpenasl neperyIsanuoHHBIX W3MEHEHMH B paboTe
MOPCKOTO [TOPTa MOTYT OBITh 3a/IaHbl B BUJIC TIOJTMHOMHU-
HaNBHOW (hyHKIHH, Kak onmucano B [10]:

Y = f(x)= ax"+ ax"" +

n

_ n+l-i

=a,+ Zaix ,
i=1

+a,x + ay=

rue a,, ..., 4, — ynpapJiseMble OCHOBHbIE IEPEMEHHbIE
mapaMeTpsl peodpa3oBaHus TpaduKa MOTHHOMHUHAIb-
HOW (pyHKIMH; i — KOJIMYECTBO CTETEHEH, BEIWYHHA
TOYHOCTH MPUOJIMKCHUS NaHHBIX; [ = 1, ..., 11; a,— BIH-
SHUE TMTPOYHX (PAKTOPOB.

[IporHo3HbIe TPEH B! ISl JaHHBIX TPAHUI] obslacTel
pesepa rpy3oobopora TTC mopra B 0coboMm mepuoje
3aBUCAT OT KIMMAaTHYECKUX YCIOBHH U OPYTHX JAepery-
JSIIUOHHBIX MOMEHTOB, OHH UMEIOT CIICIYIOIIHE BUIBL:

1. IleccumucTuyeckas (™ W onTUMHCTHYECKas f™
rpaHuIpl 00JIacTell pe3epBa rpy30I0TOKa MeTajlia 4yepes
TTC mopra B 0coO0BIif TIepHOA €ro padOTHl OIpeIess-
IOTCSL:

S, =—0,34x°+8,21x% — 53,75x + 114,28 mpu R*= 1;

S =004 x*—1,11x°+9,33x*~24,71+100,0
npu R*>=1,

I'Jle X — BEJINYMHA IPY30II0TOKA METaIA, IIPOXOISIIETO
gepe3 TTC mopTa B sHBape 1Mo romam; R — BEIWYHHA
JIOCTOBEPHOCTH alNPOKCUMAIMK QYHKIINH X, IPU 3HAUe-
HUSAX JaHHOW Benn4yuHbl OT 0,7 10 | MOXKHO TOBOPHTH
0 TOM, YTO PEe3yJbTaThl OMPEEICHNS TPAHNL] 00IacTel
(YHKIIMH JTOCTOBEPHBI.

2. lleccumucTtuyeckas 7 1 ONTHMUCTUYECKAs [
TpaHUIBl 001acTel pe3epBa 3KCIOPTHOTO I'PY30TOTOKA
yepe3 TTC nopra B 0coOblii mepros ero paboTsl orpe-
JETISFOTCS:

[, =0,04x° +1,23x* — 9,77x + 48,99 mpu R*= 1;

S =0,06x*—1,90x° +17,65x*~51,71x+ 100
mpu R*> = 0,88,

TJIe X — BEIMYMHA SKCIOPTHOTO IPY30II0TOKA, TIPOXO/Is-
miero uepe3 TTC nopra B siHBape 1o rojgam.

Pa3pbIB Mexy ONTUMUCTUYECKON U IIECCUMUCTHYE-
CKOH TpaHMIIaMH B 00JacTAX pe3epBa rpy3oodopora —
9TO pe3epB B OPraHU3alMU BEACHUS TPY30BOH pPabOTHI
Bceit TTC Mopckoro mopra, KOTOpPBI HEOOXOIMMO HC-
MI0JIb30BaTh JJIsI MOBBILIICHUSI €€ TEXHHKO-3KOHOMHUYe-
CKOH 3 (HEKTUBHOCTH.

[Mone momycka rpy30000poTa MOpTa MOKHO PacCUH-
TaTh 10 (hopMyiie MO0 MO BUIY rpy3a, JHOO [0 HAIPaB-
JICHUIO TPy30MOTOKA!
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o) Iy

[ Qs (0) dt = [ Qi (1)t

4 4
rae O — MaKCHMalbHbIH 00BeM IPy30MepeBo3oK (q)
TIOPTa 3a MCCIEYEMBIHA EPHOA £; O . — MUHUMAJIBHBIN
00BEM TPy30IePEeBO30K (¢) MOpTa 3a MCCIIETyeMbli T1e-
puon ¢, t, — BpeMs (mepuon) Havana HaOmroneHui (1-#
rox, 2002 r.); ¢, — Bpems (NepHojl) OKOHYaHHs HaOIIIo-
nenuit (14-i rom, 2015 1.).

CrnenoBarenabHO, TaHHBIM MHTErpas MO3BOJIET Hail-
TH TUIOA]b (I10JI€) JONMYCTUMBIX 3HAYCHHH (QyHKIHUU
M3MEHEHHUS IPy30000poTa MopTa B mpeaeiax or O . J1o
Q... 33 Bpems £

B03M0OXHOCTH MOPCKOTO HOpTa OrpaHUYEHbI: UMe-
IOIINMHUCS Y HETO TEXHUUECKHMH PECYPCaMH, TTOITBEPIK-
JICHHBIM IUIaHOM 3aB03a I'PY30B, YPOBHEM KBaJU(HKa-
OUH PaOOTHUKOB, MPUPOIHO-IHEPTETHUECKUMH Xapak-
TEPUCTUKAMH BBIMOJHSAEMBIX DPabOT, HPUMEHSIEMBIMU
texHonorusmu [11].

OueBHTHO, YTO BCE JITAaHHBIC OTPAHUUCHHUS, @ TAKXKE
BHEIIIHEE BO3/ICHCTBUE CO CTOPOHBI I'OCYAapCTBEHHBIX
W PETHOHAIIBHBIX CTPYKTYP, SIBISIOTCS CYIIECTBEHHBIM
JIepeTyIUPYIOIUM (PaKTOPOM M UCTOYHHKOM HarpsKeH-
HOCTH B paboTe MOPCKOTO TOPTa; BIUSIIOT Ha ero pyHK-
HOHAJBHYI0 3(PPEKTUBHOCTH, SKOHOMHYIECKOE U COLHU-
aJbHOE PAa3BUTHE, OXpaHy OKpyXaromiei cpensl [12].

Ha puc. 7 npencrasiena yzaensHasi CTpyKTypa pac-
XOJIOB [OPTa U €ro YHEPronoTpedIeHue Mo mnojpasiere-
HUSIM.

Ecnu cumraTh, 4TO IIIOIIAAB PACCMOTPEHHBIX 00-
JIACTEH SBJIETCS OTHOCUTEILHON MEPO OIICHKU pabOThI
TTC nopra B yCIOBHUSIX JEPEryJISIIMN, TOT/IA BEITMUHHY
9TOH OLICHKU MOYKHO BBIPA3UTh:

— B 3aBUCHMOCTH OT I'PY30II0TOKa KOHKPETHOTO BUJIA
rpy3a (Metamia), npoxossiero yepe3 TTC nopra:

OHT I
5
fl’ICM
— B 3aBHCHMOCTH OT HAIPaBJCHUSI TIPY30I0TOKA
(3kcmopr), npoxosmiero uepe3 TTC nopra:

J' OHT

fl'lCM
VYkazanHbIe 007acTH, (OPMUPYS TIOJIE TOITyCKa, T0-
3BOJISIIOT MPOTHO3UPOBATh JanbHelmee pa3sutue TTC
MOpPTa B YCIOBHUSX NEPETYISAUH, B 3aBHCHMOCTH OT
HATIPABJICHUSI TPY30MOTOKOB W BHUJA TIEPETPYKCHHBIX

TPy30B.

Wrak, naHHBIM WCCICIOBAHWEM YCTAHOBJICHO, YTO
B MOPCKHX TOPTaxX MPOUCXOIST OMpPEEICHHBIE JIEpery-
JSAIMOHHBIE W3MEHEHHS, B YACTHOCTH, I MapHuymoib-
CKOT0 IOpTa KpallHe BAKHOE 3HAYCHUC MMECT CE30HHBIIN
(hakTop — paboTa B 3UMHUMH, T. €. 0COOBIH meproa. ITo
OKa3bIBACT CYIIECCTBEHHOE BIUSHIE Ha pabOTy BCEH HMH-

(dhpacTpyKTypsl mopra, TpeOyeT OpraHM3alMOHHBIX Pe-
LIEHUH.
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Puc. 7. Y nenpHas CTpyKTypa pacxo0B MOPTa M SHEPrONoTPEOICHHE TI0 MOAPA3ACICHUSM:

B — pacxoabl, %; B — sHeprus, %

BbIBO/IbI. Ananu3 noka3zain, 4To U3MEHEHHs HO-
MEHKJIATYphl U 00BEMOB T'PY30MOTOKOB OKAa3bIBACT CY-
MICCTBEHHOE JICPETYJIIMOHHOE BIUSHHE Ha padoTy
TPAHCIOPTHOM MHPPACTPYKTYPhI MOPCKOTO ITOPTA, a IPH
3HAYUTEIBHOM YPOBHE I'PY30II0TOKOB HEOOXOIUMO YUH-
THIBAaTh, B TOM YHCJIC U CE30HHBIN (aKTOP.

IIpu oueHke aeperyysiiMOHHBIX HW3MEHEHHH TIpy-
30MI0TOKOB MOPCKOT'O MOpPTa MEPONPUSITHUS [0 H3MEHe-
HUIO HAarpy3KH Ha €ro TPaHCIOPTHYI0 HHPPACTPYKTYPY

Cnucok uTepaTypsl

JIOJDKHBI Pa3padaThIBaThesi B COOTBETCTBHUHU C OIIPEre-
JICHHOH 00JIacTbl0 W3MEHEHUS! TPaHWI, T.C. PACXOIbI
Ha WH(PACTPYKTYpy COOTBETCTBEHHO YBEIMUMBAIOTCS
WJIN CHIDKAIOTCS. DTO MO3BOJIUT BBIOPATh PAllMOHATIBHOE
HarpasjIeHHE TOBBIMECHUS J(P(EeKTHBHOCTH PaOOTHI
BCEH TPAHCIIOPTHO-TEXHOJOTMYECKOH CHCTEMBI IOPTa,
YIIyYIIUTh COCTOSIHHE HH(MPACTPYKTYpHI MOpTa M IO-
BBICUTH KOHKYPEHTOCTIOCOOHOCTE BocTouHOTO pernoHa
YkpauHsl.
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MHorodyHKLUMOHanbHoe aBapuUnHO-cnacaTenbHoe
CYyAHO NefoBOro nnaBaHWUs MoLWHOCTbO 4 MBT
Tuna «Cnacatenb Kape»

3aBop-ctpouTtenb — HeBcknin CyaoCcTpoUTENIbHO-
Cy[OpPEMOHTHbIN 3aBOJ,

(noctpoeHo 3, B nocTporike 1 cyaHo)

CIMACATEAL
KAPEB

Ha3HaueHune:

® NaTpy/NMpoBaHNe, aBapUINHO-CracaTeNlbHOE AeXYypCTBO B pa-
MOHAaX Cyf0X0ACTBA, PbIOHOMO MPOMBbICIA, MOPCKUX HEDTAHbIX
1 ra3oBbIX MPOMbICIOB;

® OKa3aHMe TEeXHWYECKOW MOAAEPXKM U MOMOLWM B parioHax
onacHbIX Ans MopennaBaHus, LoOblM MOpPenpoayKToB, obcny-
>XMBaHWe TPaHCMOPTHbIX onepauun B nopTax;

® MOUCK M OKa3aHue NoMOoLLM TepnsawmMm Geacteme cyaam;

® MoOUCK, CraceHure, 3BakyaLus U pasMelleHne Nojen, okasa-
HUE UM MeANLMHCKONM NOMOLLN;

® CHiITUE C Menu 1 pudOB aBapUNHbIX CY[OB, OTKayka BoAbl
13 3aTOMJIeHHbIX OTCEKOB;

® OKasaHMe NoMoLM CyaaM W BbIMONHEHWE CcnacaTesibHbIX pa-
00T B IelOBbIX YCIIOBUSX U Ha YNCTOM BOAE;
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® DyKCMpOBKa aBapUMNHbIX CyLOB N OOBLEKTOB K MeCTy yoexuL,
a TaKkXe BbINOJIHEHNE MOPCKUX BYKCMPOBOK CYAOB, MiaBy4nx
0ObEKTOB U COOPYXEHWUI BO NIbAAX U Ha YNCTON BOAE;

® OKa3aHMe NoMOLLM B TyLLIEHMM NOXaPOB Ha NnaBy4nx 1 bepe-
roBbIX 06beKTax, AOCTYMHbIX 415 MOAX0Aa C MOpS;

® TbINOBOE U TexHMYeckoe obecrneyeHune, B TOM Yucie BbIMON-
HEeHWe NOoABOAHO-TEXHNYECKUX PabOT BOJONA30B Ha rybuHax
0o 60 meTpos;

® TylleHWe ropsero Ha Boae TOMnMBa, IMKBMAALMNS aBapuii-
HbIX pa3nnBoB HedTU 1 HepTeNPoJyKTOB;

® OCBMAETENbCTBOBAHWE N OYUCTKA MOABOLHOW YacTu Kopryca
CYAOB, NnaBy4nx N 6GeperoBbix 06GbLEKTOB;

® 0OcnefoBaHMe MOPCKOrO AHA U MOBPEXAEHHbIX 0ObeKToB
Ha rny6uHax go 1000 m.
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