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AHAJII3 CTIMKOCTI BUXPOBUX HUTOK YV HAAIIJIMHHIA
PIIAHI

ABpaMeHKO A.01, Ko0G3ap A.C.2
[acTuTyT TexuiyHoi Teruiodizuku HAH Vkpainu, m. Kuis
! Email: andrykobzar@gmail.com,
2 Email: tgetu.ittf@gmail.com

JociikeHHs KBAaHTOBOT TypOYJICHTHOCTI € OJTHUM 3 HANpsSMKIB BUBYCHHS TYpPOYJIECHTHUX
SIBHIII, IO MAFOTh MICIIE TIPU PO3TJISAiI KBAHTOBUX BUXOPIB Y HAAIUIMHHIN piauHi, Harpukiaa He
I1.[1] OnHum i3 mepiux, XTO omKcaB TypOy/IeHTHI e(eKTH B HAAIUIMHHINA pedoBHHi, 0yB Delinman
[2]. Bin noBijjoMuB, 110 301IBIICHHS! BAXPOBUX HUTOK BiJJOYBAa€ThCS B PE3YJIbTATI IEPETBOPCHHS
KIHETUYHOI €Heprii MOTOKY B HUX. BUXpOBI HUTKHU 3MiHIOIOTh CBOIO KPUBHU3HY Ta OPIEHTAIIIIO i
BIUIMBOM cuiu MarHyca. 3i 30UIbIICHHSM JOBXXMHHM BUXPOBHX HUTOK BOHH O0'€THYIOTHCS Y
BHUXPOBI KUJIBIIA.

Po3rnsiHeMo BepTUKAIBHUN IIJTIHAPHYHUIN KaHaJ, IO 00ePTAETHCS Ta 3aIIOBHEHUH P1IAKUM
He Il. Pyx BUXpOBOi HUTKH, 3MIiIlIEHOI Bi/l OCi 00epTaHHs KaHATy OMUCYETHCS PiBHAHHIM [3]

dr
E:_p;/ﬁ(vn_vs)"i@:_p;f3(w_R2):f.2)f (1)
1€ ps — TYCTHUHA HAATTMHHOT KOMIIOHEHTH PiJIUHU, {3 — TPETSI KOMIIOHEHTA APYToi B’ A3KOCTI,
Y - KBaHTOBaHA MUPKYJISIIS HAAIUIUHHOI KOMITOHEHTH IIBHAKOCTI, V,, - BEKTOp HOpMaIbHOI
KOMIIOHEHTH IBUAKOCTI, Vg - BEKTOp HAAIUIMHHOI KOMIIOHEHTH IBHIKOCTI, g —
OpPTOHOPMOBAHHUH BETOP KyTOBOI KOOPJIWHATH, W — KyTOBa HIBHIKICTH oOepTaHHs KaHamy, R —
paaiyc kaHany, ¥ — pajaiagbHa KOOpAHHATA, t-yac.
YV 6e3po3MipHiii popMi JaHe pIBHAHHS MA€ BUTIISA

dr 5
—(Ro — 1= Tz)r (2)

dFo
€ 0e3po3MipHOI0 paiaibHOI0 KOOPJIUHATO, YHCIOM

2

_T — tps{s _ WR
e T—E,FO —?,RO—

®yp’e Ta unciaoM PocOi BiIMOBIAHO.
Honamo aito BumaakoBoi ['aycosoi cuim Fi(t).
(Fi(t))=0
(Fy(t)F(t)) = Qé(t — t') 3
ne Q e mapameTpoM, 110 BiJNOBIA€E 32 IHTEHCUBHICTh (IyKTyaminuux cui, 6 (t) € menbra-
¢yHukuieto Jlipaka. B Takomy BUIagKy, OTpUMYEMO
dr

E:—(R0—1)1"+F(F0—Fo') (4)

NmoBipHicTh mepeOyBaHHA y TIEBHOMY CTaHI CHCTEMH, IO OMHUCYETHCS PIBHSHHAM
JlamxeBiHa

dr
—=f(r) +F(®) ®)
BU3HA4Ya€eThCs piBHSIHHIM Pokkepa-Ilnanka /s rycTHHU HMOBIPHOCTI
OP(r,t) 0 1 9%P(r,t)
—_— e — + — —_—
% 5 L OPr Ol +50—3 (6)

ne f(r) e neniniitHOIO PyHKIII€ETO.
3actocyiimo piBHsiHH Dokkepa-ITnanka mis piBasHHS (2) sk ¢yskuii f(r). Toxi, 3 piBHIHHS
(6) orpumaemo
d[(R 1 )P()]+l dZP(r)_0 .
ar|\"° T1—2)7Y 2° drz ("

Po3s’si3kom piBusHHs (9) €
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Puc.1. 3anexHiCTh T'yCTUHH HMOBIPHOCT1 pO3TalllyBaHHSI BUXPOBOI HUTKH Ha BIJICTaH1 I' B1J
LEHTPY

Jns Ro <1 ryctuHa WMOBIPHOCTI 3pOCTa€ i3 BiAJAJICHHSM BiJl IIEHTPY, IO BiJANOBigae
HECTIMKOMY CTaHy BUXPOBOT HUTKH HE3aJIeKHO BiJ] moyaTkoBoi no3uii. s Ro > 1 rpadik mae
nBa ekcTpeMymu y Toukax 0 Ta 1, mo o3Hauae, mo BUXOp 3aiiMaTHMe CTIHKe ITOJIOKCHHSI B IIEHTPI
abo0 Ha Kparo KaHaJly B 3aJIe)KHOCTI BiJl TOTO, UM BiH 3HaXOAMBCS JiBille a0o0 Mpasilie MiHIMyMYy

byHKl (i, = +/ (Ro — 1)/Ro).

Ilepenik nmocujaanp
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helium,” Progress in Low Temperature Physics, Vol. 1, pp.17-53.
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EKCIIEPUMEHTAJIBHE JOC/IJTOKEHHA AEPOJINHAMIYHOI'O
IHIYMY CEI'MEHTA 3 AEPOAUHAMIYHUM ITPO®PIJIIEM NACA 0012

Anekceenko C.B., 3omotapenko C.A.
HamionansHuii TeXHIYHUE YHIBEpCUTET «J|HITPOBCHKA MoMiTeXHiKa», J{Hinpo, YkpaiHa,
e-mail: aleksieienko.s.v@nmu.one

AepoarHaMIYHUH [IyM € XapaKTepHUM CYMYTHIM SIBUIIEM IiJ 4ac PyXy aepoIHHAMIYHHUX
TiJ1 y TIOBITPSTHOMY CEPEIOBHIII T BU3HAYAETHCSI OCOOJMBOCTAMU HECTAIIIOHAPHUX MPOIIECIB, 110
BUHUKAIOTH MiJ yac ix oOrikanusA. /g aeponuHamMiyHUX TpoQisiB 32 MaUX 1 MOMIPHUX YHCENT
PeiiHobACa aKyCTHYHHM CIIEKTP MOXE MICTUTH SIK ITUPOKOCMYTOBI, TaK 1 BUPaKEHI JTUCKPETHI
CKJIAJIOBI, XapaKTEPUCTUKH SIKMX CYTTEBO 3ajJeXaTh Bijl MIBHIKOCTI pyXy Ta KyTta araku [1, 2].
ExcniepumeHTanbHe BH3HAYEHHS TaKUX 3aJEKHOCTEH € BAXIMBUM SK JUISL JIOCIIIKCHHS
AepOAKYCTHYHUX XapaKTEPUCTHK MpodisiB, Tak i Ans (HOpMYyBaHHS EKCHEPUMEHTAIBHOI 0a3u
BaliJallil PO3paxXyHKOBUX METOMAIB aepOaKyCTUKH. MeTor poOOTH € eKCHepUMEHTajIbHe
JOCIIJKCHHSI CTIEKTPAJIbHUX XapaKTEPUCTHK aepOJMHAMIYHOTO IIyMy MOJEIBHOTO CETMEHTA 3
npodinem NACA 0012 Ta Bu3HaueHHS iX 3MiHU 3aJIe)KHO Bif JIHIHHOI IIBUIKOCTI pyXy 1 KyTa
aTaKH.

Sk mochigHuit 00’ €KT BUKOPUCTAHO MOJICIBHUN CErMEHT 3 aepOoaMHAMIYHUM MpodiaemM
NACA 0012. CerMeHT BCTaHOBIIFOBABCS MK JBOMA TOPIEBUMH TUIACTHHAMH Ha 00EPTOBOMY
€JIEMEHT]1 EeKCIEePUMEHTAIbHOI YCTAaHOBKHM Ta 3/1MCHIOBaB pyX y TOPHU30HTAJBHIN IUIOIIUHI.
HeoOximHuii KyT aTaky 3aaBaBCs IPOCTOPOBUM ITOJIOKEHHSIM CETMEHTA BiTHOCHO HAIIPSIMY HOTO
pyxy. [EkcrnepumeHTanmbHi  JOCHI/DKEHHS  OPOBOAMIUCS B  aKyCTM4YHIA  Kamepi 31
3BYKOIIOTJIMHAJILHUM OOJIMITIOBAaHHSAM 3a METOAMKOI, onmcaHoro B [3]. s peecrparii
AaKyCTHYHOTO CHUTHAaIIy BHKOpUCTOBYBaBcs mymomip SV 971A skwuii Binnosimae Bumoram IEC
61672-1:2013 nyis mpunaaiB 1 kiacy, Ta A03BOJIsSIE BUMIPIOBATH IIyM B Jiana3oHi yactor 5 I'mp +
20 kI'm. ITpunan ocHaIeHUH MONEepPeHbO MOJIPU30BAHUM KOHIeHCaTOpHUM Mikpodonom ACO
SV 7152 12” 3 uomiHanbHOKO uyTiuBicTi0O 32 MB/Ila, HepyXOMO poO3TallOBaHUM IMOOIH3Y
TpaekTopii pyxy cermMeHTa. BuMiproBanbHa amapaTypa mMajia BiANOBIAHY METPOJIOTIYHY HOBIPKY,
a oprasi3alisi TOBTOPHUX BUMIpPIOBaHb 3/iHicHIOBaacs 3 ypaxyBanusaMm Bumor JJCTY T'OCT 1SO
5725-1:2005 110710 TOBTOPIOBAHOCTI Ta 301’KHOCTI Pe3yJIbTATIB.

J1st BUIIIEHHST aKyCTUYHO1 CKJIAJIOBO1, TIOB’SI3aHOT 3 pPyXOM JIOCJIITHOTO CETMEHTa, OKPEMO
peecTpyBanu (OHOBHMH IIyM KaMepu Ta IIyM Mpaloo4yoi ycTaHOBKM 0e3 mopeni. OOpobOka
CUTHAJIIB BUKOHYBAJIaCs Y YAaCTOTHIM 00JacTi 13 3aCTOCYBaHHSAM MIBUIKOTO TiepeTBopeHHs Dyp’e
(FFT) 3 uwacrotHum po3aiieHHsM 12 T'u. BHecok ()OHOBOro mIymMy BpaxoBYBaBCsS METOIOM
CHEKTPaJIbHOTO BiAHIMAHHSI, CIIEKTP CUTHAIY MOJIE1 BU3HAYABCS HA OCHOBI ITOPIBHSHHS CIEKTpa
MIOBHOT'O 3apEECTPOBAHOIO CUTHAIY 31 CHEKTPOM (DOHOBOTO LIyMY, BUMIPSHOTO 32 aHAJOTIYHUX
yMOB 0e3 Moiedi. J{7st 3SMEeHIIIeHHS! BIUTMBY BHITaJIKOBHX CKJIAIOBHX CIIEKTPH ycepeaHioBaiu 3a 21
IHTEpPBAJIOM CIIOCTEPEKEHHS, CHOPMOBAHUM 3a Pe3yJIbTaTaMHU TPHOX MOCI1OBHUX BUMiPIOBaHb.

ExcniepumentansHa cepis ais npodimo NACA 0012 oxorurroBaia ciM 3HaYCHb KyTa aTaKd
o = 0-15° 3 kpokom 2,5° Ta I’Th 3HAYCHB JIHIHHOI IBUAKOCTI pyxy cermenta V = 10 - 20 m/c 3
KpokoM 2,5 m/c. [l BCIX MOCHTIDKEHHX PEXHMMIB HaiOLIbII piBHI 3ByKOBOro THUCKY (SPL)
CITOCTEPITal0ThCS TIEPEBAKHO B HU3BKOYACTOTHIN YaCTHHI CIEKTPA, MICIS YOTro 31 301IbIICHHIM
YacTOTH BiJOYyBaeThca 3aranbHe 3HIKEHHS SPL. 30inbIIeHHS MIBUAKOCTI pyXy CerMeHTa
CYTIPOBOJIKYETHCSI 3POCTAHHSM CIIEKTPAILHOTO PIiBHS IIyMy. BIumB KyTa artaku HaWOUTbII
BUPXEHUN Y HU3BKO- Ta CEPEIHbOYACTOTHIN 00JacTsAX; y BUCOKOYACTOTHIN YaCTHHI CIEKTpa
KpUBI, OTpPUMaHI JUIsl pI3HUX KYTIB aTaky, MOCTYMOBO 30JMXKyI0Tbcs. CIIEKTpU MatOTh MEPEBAXKHO
IMIMPOKOCMYTOBUH XapakTep, OJJHAK 32 MAJIMX KYTiB aTaku o0 < 5° Ta MEHIIUX IIBUAKOCTEH pyxy
Ha MIUPOKOCMYTOBOMY (DOHI CITOCTEPIraroThCsl BUPAXKEHI TUCKPETHI (TOHAJIbHI) KOMIIOHEHTH.
Haii6inpm moMiTHI TOHAJIbHI MakCUMyMH (OPMYIOTBCS B 0O0JIACTi KUIBKOX COTEHb Tepl] 3a

10



X Intern. Conf. "Computer Hydromechanics", September 29 - October 1, 2026
X Mixnap. koH(. «Komm’totepHa rigpomexanika» 29 BepecHs - 1 sxoBTHs 2026

mBuakocteid 10-12,5 m/c. 3i 3MiHOIO peXXuMy PyXy 3MIHIOIOTBCS K aMILTITY/a, TaK i 4aCTOTHE
MIOJIOKEHHS ITUX MAaKCUMYMIB.

[ToBTOPIOBaHICTH PE3YJIHTATIB OIIHIOBAIACS 32 CEPISIMU BUMIPIOBaHb, BAKOHAHUMH B Pi3HI
JIHI 32 O/IHAKOBUX PEXUMHHUX MapaMeTpiB. Po30DKHICT 3HaYeHb €KBIBaJCHTHOTO A-3Ba)KEHOTO
piBHS Laeg MiXK TOBTOPHUMHU cepisiMu He mepeBuinyBaia 1 n1b(A), 1o miaTBeppKye 3a10BUTbHY
HOBTOPIOBAHICTh EKCIICPUMEHTAJIbHUX NaHuX [4]. OCHOBHMI aHaJi3 aKyCTHYHUX XapaKTEPHCTHK
IPH [IbOMY ITPOBOIMBCS 3a By3bKOCMYTroBuMH 3ajiexHocTsimu SPL(F).

TakuM YHMHOM, y IOCH/DKCHOMY Jiama3oHi MapaMmeTpiB aKyCTHYHHHA CIEKTP CErMEHTa
NACA 0012 mae mepeBakHO IIUPOKOCMYTOBHM XapakTep 13 3arajbHUM 3HWKEHHAM SPL 3i
30UIBIICHHSM YacTOTH. 3pOCTaHHS IIBUAKOCTI PyXy CYHPOBOUKYETHCA —IMiABHILECHHIM
CHEKTPAJILHOTO PIBHS IIyMYy, TOAl SIK BIUIMB KyTa aTakd HAWOUIbII BUPaXEHHH y HU3bKO- Ta
CepeAHbOYACTOTHIM 00NacTaX crnekTpa. 3a MaJMX KYTiB aTakd Ta HIDKYMX INBUIKOCTEH Ha
HIMPOKOCMYTOBOMY (DOH1 JOJATKOBO CIOCTEPIraloTbcs TOHAIbHI KOMIIOHEHTH, 4acToTa Ta
aMILTITYJa SIKUX 3aJIeKaTh BiJl PeXUMY pyXy cermMeHTa. OTpUMaHUii MaCHB €KCIIEPUMEHTAIbHUX
JTaHUX MOKe OYTH BUKOPUCTAHUMN JJIsl Bajiallii YUCENbHUX aePOAKyCTUIHHX MOJIEIIEH.

Ilepenik mocujianb

1. Brooks T.F., Pope D.S., Marcolini M.A. Airfoil Self-Noise and Prediction. NASA
Reference Publication 1218, 19809.

2. Arbey H., Bataille J. Noise generated by airfoil profiles placed in a uniform laminar flow.
Journal of Fluid Mechanics. 1983. Vol. 134. P. 33-47.

3. Aunekceenko C.B., [peyc A.}1O., Hakammmze JI.B., Jlep6aba B.A., 3omorapenko C.A.
MGTOI[I/IKa AKYyCTUYHOTI'O CKCICPUMCHTY I ,Z[OCJ'IiI[)KeHHH aepOI[I/IHaMi‘IHOFO mymy
cerMeHTiB Jonateir BitpsHux TypOiH. Naukovyi Visnyk Natsionalnoho Hirnychoho
Universytetu. 2025. Ne 4, P. 71-78. DOI: 10.33271/nvngu/2025-4/071.

4. Aleksieienko S., Dreus A., Nakashydze L., Derbaba V., Zolotarenko S. Effect of wind
turbine blade trailing edge modification on aerodynamic noise. Eastern-European Journal
of Enterprise Technologies. 2025. 6(7(138)). P. 53-62. DOI: 10.15587/1729-
4061.2025.347020.
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OBUYHUCJIOBAJIBHI TEXHOJIOT'TI MOJEJIOBAHHA
AEPOTTAPOAUHAMIYHUX CUCTEM IIOJABIMHOTI'O
ITPU3HAYEHHA

Banin B.A.! Jlopruii 2, JIe6igs O.I. 2, Uepniii J1.1.3
! Hanionanesuuii Texniunuii ynisepeurer «XI1I», Xapekis, Ykpaina, vvaplb5256@gmail.com
2 [HCTHTYT TesleKOMYyHiKallii i rio6ansHoro indopmaniitaoro npocropy HAH Vkpainu, Kuis,
0.9.lebid@gmail.com
3 Kuischkuil HarionanpHuil yniBepcutet imeni Tapaca IlleBuenka, Ykpaina, d_cherniy@ukr.net

PosrnsaroTbess HecTalioHapHi TiAPOAMHAMIYHI 331341 3 BUIBHUMHU MEXaMH — 3a/1a4i TIpo
BIJIpUBHI Tedil, 3aJjaui MPOHUKHEHHS CKP13b BUIBHY MEXY BIIOKPEMIICHHSI PIIKUX CEPEIOBUIIL.
3agaui BHUHMKAIOTh NPU CTBOPEHHI CHEIIalbHUX CHCTEM — aepOJMHAMIUYHUX IIaTGopM
(mpu3HaueHWX IS MEPEHECCHHS KOPUCHOTO HABAHTAXKCHHS) 3 KOMOIHOBAaHOI CHCTEMOIO
TUHAMIYHOT MmiaATpUMKH. OOYUCITIOBAIBHI TEXHOJIOTIT MPU3HAYCHI IS 3a0e3MeueHHs
KOMIT FOTEPHOTO MOJICJIIOBAHHs IMPHU TMPOBEACHHI MEPEANPOEKTHUX MOCTIIKEHHSIX IUHAMIKA
MYJbTI(QYHKIIOHAIBHUX JIITAIOUUX IIATHOPM.

KomnoHoBkH aepoguHaMiuHux miatdgopm (Haamaunx JIA)

Puc.1 Puc.2 Puc.3
MARTIN JETPACK JET Monens i3 «<PO3ETKI»

BpaxoBytouu Te, mo pi3Hi aepoAMHAMIUHI CXEMH 3a0e3MeUyI0Th Pi3HI PSKUMHU PyXy Ta
pi3HI NPUHIUIN aepPOAMHAMIYHOI MIATPUMKH, PO3IIIAIAETHCS MOJEN Pi3HUX KOHCTPYKTHBHUX
CXEM aepOoJAMHAMIYHUX TUIAT(OPM 3ATHUX 3a0€3MEUNTH BUCOKI aepOIMHAMIYHI XapaKTEPUCTHKH.

Puc.4 Puc.5
BapianT «X» — BepTHKaIbHUIA 31TIT. Bapiant «X» — ropu3oHTaIbHUN TOIBIT
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AUCKPETU30BAHI MATEMATHUYHI MOJEJII AJI51 IOYATKOBO-
KPAMOBHUX 3A/TAY B OBJIACTAX 3 PYXOMMMMH TA BIJIBHOIO
MEXEIO

Bacin I1.0.%, T'ypsxiii P.O. 2, JIe6imp O.I. 2, Uepniit /1.1
L KuiBcbkuit HamioHaapHU yHiBepcuteT iMeHi Tapaca IlleBuenka, KuiB, Ykpaina,
d_cherniy@ukr.net , vasinpavlo@gmail.com
2 JHCTHTYT TeNeKOMYyHiKalliif i rmo6ansHoro indopmaniitHoro npocropy HAH Ykpainu, Kuis,
VYkpaina, gourjii@gmail.com , 0.g.lebid@gmail.com

PosrnsaaroTbes ABOBUMIpPHI Tedii 171eabHOI HECTUCINBOI piAMHU HaBKOJIO cucteMu N
pyxomux KOHTYpiB (puc.l).

AY s

\ L) N LA L)
\ 0

g x
D, L) L&) L)

Puc.1

PosrnsiHyTo 3acTocyBaHHS Teopli MOTEHIIaNy Ta TINEPCUHTYJISIPHUX 1HTETPAJIbHUX
PIBHSHB JJI PO3B’SI3aHHS HEJIOKAJIbHOI MOYATKOBO-KPaHOBOI TiAPOJUHAMIYHOI 3a/adi 100
nedopMalii B MOJI TSKIHHA 00JacTi 3 BUIBHUMHU HENPOHUKHHMMHU MekaMmu. [IpencraBieHo
JUCKpeTH3allilo Mojeneil Ta mnoOyAoBy MeToqy OOYHMCIeHb Ha  OCHOBI JAMCKpeTH3amii
TIMEePCUHTYISIpHUX  1HTerpaniB. IlpemcraBieHi OOYHCIIOBAIbHI TEXHOJIOTIT MOJIEITIOBAHHS
TIPOJMHAMIYHMX MTPOIIECIB 3 YTBOPEHHAM KYMYJISTUBHUX CTPYMEHIB Ta PO3MOBCIOIKEHHS XBUJIb
Ha MOBEPXHI PIAMHU BUKIMKAHUX IOYaTKOBUM JIOKaJbHUM 30ypeHHSM ii BIJIbHOI MOBEPXHI -
MeXxHu obuacTi Tedil. BpaxoByeThcs, 1110 ISl BUXpOBHUX MOJIB 3acTOCOBHA Gopmyna CTokca:

r=¢.(V.2)dl = [ f; (rotV,it)do. (1)

3aB/AsSIKM 4OMY, IPU MOJIETIIOBAHHI, BUXPOBA T€Uisl allPOKCUMYETHCS LIUPKYJIALIHHOI0. Y TaKOMY
NPUITYIEHH] PO3TIIAal0ThCs Teuli 3 BIJPUBHUMM SBUIAMHU, NPOLIECH IPOHUKHEHHS Yepe3
BUIbHY TPAHHUITIO BiIOKPEMJICHHS BOXyX/BO/Ia, a00 TUHAMIKa PIIMHK 3 BUTLHOK TPaHHIICIO.
JIsisi MATeMaTHYHOI 3a/1a4i PO JUHAMIKY HENPOHUKHHUX pyxomuX rpauiib Ly (t) = Lgi + Ly y
obmnacti D*(t) MmaemMo MareMaTUYHy MOJIENb, SIKA MA€ iHTErpajIbHE MPEACTABIEHHS (3
napaMETPUIHOIO 3aJICKHICTIO Bif t):

D@0 = p(x YO +iv(x Y0 = [ re0E-0)dor = [onhe-odo . @)
La (1) L/ ()
\7(z,t)=u(x.y,t)—iv(x,y,t)=w=i 7(w’t)dw+i_ I Mda)i 3)
oz 2m Yy 1-o 2m %y Z-
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B cuny cyTTeBOT MIiHAMBOCTI 001acTi 13 3a31aleriab HEBIJOMOIO (POPMOIO YACTUHHU TPAHUII,
pilleHHs 3agadi MpPO HECTAI[IOHAPHY TEYiI0 HABKOJIO HENPOHMKHHUX PYXOMHUX PI3HOTHITHUX
IPAHUIbP MOXJIMBO TUIBKM YHCEIIBHHUMH METOJaMH, IPH 3aCTOCYBaHHI OOYHMCIIOBAILHUX
TEXHOJIOT'1H.

[ToOymoBH OOYHCITIOBAILHUX TEXHOJIOTIH 3aCHOBaHA Ha 3aCTOCYBaHHI METOIY JUCKPETHUX
ocobmuBocTei [1,2] ans nuckperusaiii moaeneit (2),(3).

M P n(t)
D(2,t) = p(X, Y1) + iy (%, y,t) = z — oy, (1) +22 ol (1) (4)

= psl

V(Z,t)=U(X.y,t)—iv(x,y,t)_aq)(zt i () ii 6

127(z- ;) 5 lem(Z— p(t))

Oco6nuBi interpamu (2), (3) Ha BCiX BHYTpIIIHIX TOYKaX KOHTYPY Lgp,, TOOTO mpH
Z = wqy € Lgp , BBAXAIOTHCA ICHYYMMH y CEHCI CKiHYeHHOI yacTunu 3a Komri—Annamapom:

f(w) _ w f(w) b f(w) f(wo) 1 1
fLab (w—wo)™ dw = erLrBO [fa (w—wg)™ dw + fw” (w—wo)™ dw — (n-1) ((wrl—wo)"‘1 - (wr—wo)"‘l)] (6)
wI-=wg

pu

loTool _ 4 (7)
wI-wo |a) —a)0|
[OLEIOT)

Mertoz Ta alrOpUTM PO3B’SI3aHHS IUCKPETU30BAHUX 32124 HAJIA€ PE3YJIbTAT Y BUIJISAII BEKTOPHUX
TOJIiB MIBUAKOCTEH, PO3IMOJUTY TUCKIB B 00JIACTSAX Ta SMIOP HABAHTAKEHDb HA TPAHUIISX.

Ilepenik mocujaanp

[1] Dovgiy S. O., Lyashko S. 1., Cherniy D. I. Algorithms of the Discrete Singularity Method for
Computing Technologies// Cybernetics and Systems Analysis. — 2017. — Vol. 53, 6. — P. 950-962.

[2] S.A. Dovgyi, |.K. Lifanov, D.I. Cherniy. The method of singular integral equations and computational
technologies. Yuston, Kyiv, Ukraine, 2016. 380 p.

[3] Chapko R., Johansson B. T., Muzychuk Y., Hlova A. Wave propagation from lateral Cauchy data
using a boundary element method // Wave Motion, 2019.- 91.- doi.org/10.1016/j.wavemoti.2019.102385
- P.1-12.
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BIAT'YK B’AA3KOIIPY>KHOI'O IITAPY HA 3BYPEHHSA
TYPBYJIEHTHOI'O IIOTOKY

Bopomnaes I'.O.
InctutyT rigpomexaniku HAH Ykpainu, Kuis, voropaiev(@nas.gov.ua

B nanwuii yac 3aranbHOBU3HAHO, IO TyPOYJICHTHHA TIOTIK OJJHOPITHUX CEPEIOBHII Y3I0BK

Oyab-1K0i 00TIYHOT TOBEPXHI, 10 HE 3MIHIOE CBOI MIAPaMETPH B3JIOBK MOTOKY, IPUXOIUTH y CTaH
CTIWKOi KIHEMaTHMYHOI Ta €HEPreTHYHOi pPIBHOBArW B KOXKHIM TOYIll MOTOKY, IO BiJNOBIiIa€
Harfpy3i TepTs (AuHAMIYHOT MIBUAKOCTI) HA OOTIYHOI TOBEPXHI.
YMoOBa €HEpreTHYHOi pIBHOBarM TYpOYJEHTHOTO TIOTOKY Ha OOTIYHOI TOBEpXHI, IO
nedopMyeThes, epeadadae He3MIHHICTh OCEPEAHCHUX KIHEMAaTUYHUX 1 TMHAMIYHUX TPAHHYHUX
YMOB Ha MeXi po3/iny. He3aMiHHICTh OcepeTHEHNX TPaHUYHUX YMOB Y CBOIO Yepry mepeadoadac i
NesIKy TEpiOAMYHICTh CaMOi MEXI PO3AUTly 1 IMIBHUAKOCTEH TMEpEeMIllIeHHS MeXi pOo3aildy, IO
JIO3BOJII€ TIOB'SI3aTH LI KIHEMaTHWYHI Ta JWHAMIYHI TPaHUYHI YMOBU Ha TIOBEPXHI PO3ALTY
cepenoBulll 3i 30ypeHHsMH 1OTOKYy [1]. Ilpu mpomy cepenHi KiHEMAaTH4HI TpaHHUYHI YMOBH
MOKYTh 3aJHILIATUCS HYJIbOBUMH, B TOW 4ac SIK JUHAMIYHI YMOBHU NMOBHHHI BIAMOBIJaTH YMOBI
€HepreTMYHoi pIiBHOBarW, M0I0 TeHEPYIOTh, ab0 MOMIMHAIOTH €Hepriro  TypOyJIeHTHOCTI
OPUMEXKOBOTO IIapy B 3aJ€KHOCTI BiJl TEOMETPUYHHUX 1 (DI3UUHUX XapaKTEPUCTHK
PY>KHOTO/B'SI3KOTPYKHOTO TTOKPHUTTSL.

Y nonoBiai MpeAcTaBlIeHI pe3ylbTaTd MEBHUX KIHEMATHMYHUX 1 JMHAMIYHUX
XapaKTEePUCTHK B'S3KOMPY)KHOTO Iapy KIHIEBOI TOBIIMHU IiJ JI€I0  IyJbCAIIHHOTO

Hapantaxenus ;| =N, exp(ia(x—Ct) —ig), ne o — xBunbose uncio, C - Gpa3oBa WBUAKICT, Pi
S

-3cyB (a3 MK HOPMAJIbHHMH 1 3CYBHHMH KOMIIOHCHTaMH HAaBAaHTAXXEHHS, IO Jli€ HA HOTO

0’
: . o . : : . -
HOBEPXHi, Ha MiJCTaBi pillIeHHs PiBHAHb 30€pEKEHHS KUIBKOCTI PyXy: O, e =0y
PiBHSHHS CTaHy B'SI3KONPYKHOTO MaTepiany MOKPHTTA, 10 3B's3ye Hampyry (o) 3
nedopmamiero (g), 3amucyeTbcs y BHIVISAI  HOPMOBAHOTo omeparopa Bombreppa [2]:

t
o(t) = I dZ—g)[l+ p(t-1)]dr 3 EKCTOHEHINiHOK  (yHKIiEl0  penakcarii

< t
o)=Y 1 eXP(—-
k=1 k

HIUIBHOCTI, 1110 BIIHECEH1 10 CTATUYHOTO MOAYJIS MPY>KHOCTI MaTepiany HOKPUTTS.
Sk 3HEpO3MipHi MapaMeTpH 3a/1a4i 3aCTOCOBYIOThCS: IIBUAKICTH 3CYBHO1T XBUJI1 B IOKPUTTI

), nme Ok 1 Pk - yacu penakcamii i BiHoBigHI KoepillieHTH CIEKTPaIbHOI

C, = o 14 tioro ToBmmHa h, mo i BusHAYAE XapakTepHuii yac nokpurra 7, =h/C, , mono
Ps

SKOTO PO3IJIAAAETHCS CIEKTP yacy perakcaiii. BiHOIIEHHS HOpPMalbHOTO HAaBAaHTAKEHHS J10

3CYBHOTO OIIIHIOEThCS TapametpoM Kpeitunana (Kr), 3i 3cyBom daszu ~ 50-70°. Tpaektopii pyxy

TOYOK MTOBEPXHI MPU MPOXOPKEHHI XBUJII CYTTEBO 3aJIeKaTh BiJl IWHAMIYHUX MOJYJIB MPYKHOCTI
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Marepialy Ta XBHJIbOBOTO YHCJIa HABAHTAKCHHS, IO JIO3BOJIE OIIIHIOBATH CTaH ITOBEPXHi
PO3IiTy IpH 3MiHi JOBXUHH XBHJII Ta IBUIKOCTI 11 mommpenHs (Puc.1).

3 %10
6 X10 10 6

6 Cr=1.25:al=1.5Kr=1.6-10;
Cr=1.25,al=0.5:Kr=1.6-10;

a) b) c)
Puc 1. Tpaeckmopii mouok nosepxui npu npoxoooicenni xeuni: a)- C=0.5; a=0.5;
b) -C=0.5; a=1.5; c¢)- C=1.25; a=L1.5. Ilpu 3mini napamempa Kpeitunana 6iol.6 oo «.
[Tpy bOMy Ha TIOBEPXHI MOKPHUTTS 3aJ€KHO BiJ| CITIBBIIHOIICHHS XapaKTEPUCTHK IOTOKY Ta

T2
HOKPUTTS. ~ (OPMY€EThCS  TMOTIK  MyJIbCAIiifHOT  eHeprii:J = %'” N, %dxdt ,  AKUi
00

NepepO3NOAIsIE EHEPTii0 PI3HUX YaCTOT MK TYPOYJICHTHUM MPUMEKOBHUM IIAPOM Ta TIOKPUTTIM
(Puc.2 a,b).

energy flow into the coafing

energy flow into the coating

=50 , =50;

Puc.2.Ilomix nynvcayitinoi enepeii na meici po3oiny cepedosuwy. a) C=0.5 cuns kpusa —
Kr=20, uepsona - Kr=2.5; b) C=1.25, 3enena - Kr=4.0.

[Ipn manux 3HaueHHsX nmapamerpa KpeliuHaHa eHepris TOBI'MX XBWJIb IOBEPTAETHCS B
NOTIK, @ MOTJIMHAHHS €Heprii KOPOTKUX XBHJIb MOTOKY 1CTOTHO 3pocTae. IIpu 11boMy 3Hau€HHS
MOTOKY CYTTEBO 3pocTa€ mpu (Ha30BOi MIBUIAKOCTI OLIBINE MIBUIKOCTI PO3MOBCIOKEHHS 3CYBHOL
xBWIi.  TakuM YMHOM, Ha MiACTBI OTPUMAHUX PE3YJIbTATiB BU3HAYIOTHCS IPAHUYHI YMOBH JUIS
TypOJICHTHOTO IPUMEKOBOTO IIapy HA MOBEPXHI MOKPUTTS B 3aJI€KHOCTI BiJ HOTO BI3KOMPYKHHUX
BiactuBoctei [3].

Ilepeaik nocnjianp

1. Koznos JLIL., Boponaes I'.O. IIpo MoxxnuBuii MexaHi3M B3aeMoii TypOyJIeHTHOI Teuil B TpyOi
3 npyxHoaeMipyBanbHo0 nmosepxuero // JJAH YPCP, Cep . A, ®i3.-mar. Ta TexH.Hayku. -1981.
-No.9. - C.48-52.

2. PabotnoB }0.M. EnemenTu crniajkoBiii MexaHiku TBepaux Til. - M: Hayka, 1977. -472 c.

3. Boponaes I'.O. TypOyneHTHHII TPUMENKOBUI IIap Ha MOBEpXHi, 1m0 aeopmyerbes //
[Mpuknanna rigpomexanika. 2005. Tom 7(79). N.3-4. C.35-43.
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OCOBJHUBOCTI ®OPMYBAHHSA BUXPOBOI CTPYKTYPU ITIPU
HEPEXITHUX ITPOINECAX B YHACTKOBO I'O®POBAHUX TPYBAX

Bopomnaes I.0.%, Backosa 0.0.12
! Incturyr rizpomexaniku HAH Vkpainu, Kuis, BaskAleksandra@gmail.com
2 KITI im. Irops Cikopcbkoro, Kuis

OOTiuyHi TopoBaHi MOBEPXHI 3HAWUIUIM IIUPOKE 3aCTOCYBAHHSI B CAMHUX PIZHUX Taly3sx
npomuciaoBocTi. TeroBi 1 TifpaBiiyHi HpOIECH B yCTAaTKyBaHHI 13 ro)poBaHUMH CTIHKaMH
3a3HAlOTh ICTOTHOTO BILIMBY 3 OOKY reoMeTpuuHHX mapamerpiB rodpis [1, 2]. [areHcuBHICTH
TEIUI000MiHY Ta 3HAYEHHS HAIMPYXKEHb TEPTS BU3HAYAIOTHCS MPOIIECaMU TeHEpaIlil Ta PO3BUTKY
BUXPOBOT CTPYKTYpH. 3MiHa TOBKUHH XBHUJII A Ta aMIUTITYIU @ TOQpyBaHHS HANPsIMY BIUIMBAE HA
CTPYKTYpPY BHUXPOBOI CTPYKTypH sKa 3apoJUKyeTbcs B TpyOi 1 11 criiikicTe. 3a yMOB
HEI30TePMIYHOCTI TTOTOKY 3 ypaxyBaHHSIM 3aJIC)KHOCTI JTUHAMIYHOI B’S3KOCTI BiJl TEMIIEpaTypH,
KoM OUIS CTIHOK YTBOPIOETHCS TPAMIEHT 3HAYCHb B’SI3KOCTI, Tpu GopMyBaHHI TPODLITIO
HIBUKOCTI Ha MMOYATKOBINM AUISHII TPpyOU MpH BiANMOBIAHUX unciax PeliHonb/ca 3aBX1u MOKHA
BUJUINTA TPH XapaKTepHI 30HU TICBHUX JOBXHH IOTEpENy 30HH 30ypEeHOTO TOTOKY: 30HY
3apOJKEHHS KOJIMBaHb, 30HY PO3BUTKY PETYJISPHUX BiCECHMETPHYHHMX XBWJIb 3aBUXPEHHOCTI 1
THCKY, 30HY ICHYBaHHSI PEryJIIPHUX TOPONOJIOHMX BUXPOBUX CTPYKTYD [3].

B nomnoBini HaBeneHO pe3ybTaTh JOCIHIHKCHHS BIUIMBY rOQpOBaHUX BCTABOK Ha IPOIIEC
dbopMyBaHHS [UX 30H, IO JCMOHCTPYETHCS MHUTTEBHUMH HANpyraMH Ha CTiHKax TpyOu
30iIbIIEHHS  JOBXKMHU  TO(QpoBaHOI BCTaBKM MPHU3BOAMTH JO paHHBOI  TreHeparii
HU3BKOAMILTITY THUX 30ypeHb B ITOTOIll, CKOPOUSHHS MEPIIIOi 30HH — 30HU 3apOKSHHS KOJIMBaHb,
3a paxyHOK BBEJICHH B [TOTIK MTy4YHOreHepoBanoi roppamu (A =40 MM, a = 6 MM) 3aBUXPEHHOCTI

(puc. 1).

21/(pU?)

0.01 e ot

1% ¥ i
3 )
. 3 o fr' . __'
0.005 .« . . ?- . ,.-I 1%
= : s N 3o r . e
.t -~ ol : O

A
- ‘6.—.ﬁ\-AJ ‘,J\Av/\r\;% s r'-g .

-0.005
5 10 15 20 25 x/d

* JOBJKHHA BCTABKH 280 MM JIOB/KHHA BCTaBKH 160 MM

Puc. 1. MuTTeB1 3Hau€HHs HaNpy>KEHHS TEPTsI B3JOBXK TPYOH.

[Ipore mMOYaTOK pPO3BUTKY TOPOMOMIOHUX CTPYKTYp (TpeTss 30HA) HE 3MIHIOE CBOET
nokamizamii. I moganmpmmii po3BUTOK BHXPOBOI CTPYKTYPH BcepenuHi TpyOM BinOyBaeThCs
OJIHAKOBO 32 BCIX JOCIIPKEHUX JTIOBXKHUH rOPpOBaHOI BCTABKHU.

HacTynmHuM po3risiHyTHM (aKTOpPOM BIUIHBY € BEIMUMHA JOBKMHH XBHII roppysaHHs. [i
30UTBIIICHHS IPU3BOIUTH 10 CKOPOUYCHHS 30HU TOPOIOIIOHUX BUXPOBUX CTPYKTYp 10 1,25 pa3iB

(puc. 2):
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2
P ——x/d=T7 /% =20 Mm
——x/d=T7 /A =40 Mm

0,01

0.005

0,005
8 13 18 23 28 33 x/d

Puc. 2. MuTTeBi 3HaUCHHS HAMPY>KEHHS TEPTSI B3JOBXK TPYOH.

30UTbIICHHS aMIUTITYId TOGPYBaHHS MPU3BOJIUTH 10 3aTATYBAHHS MPOIECY MEPEXOIy 10
TYpOYJIEHTHOTO PEXKHUMY, 3MEHIIICHHSI aMILTITYl KOJMBaHb BHH3 110 MOTOKY (puc. 3):

20/(pU?)

* a=6mm

* a=3mm
0.01

& i
i\ :
N -’ M"' V‘._-"'\ ﬂ
AR
ey ¥

-0.005
11 13 15 17 19 21 23 x/d

7 9
Puc. 3 MuTTeBi 3HaUCHHS HANIPYKESHHS TEPTS B3I0BXK TPYOH.

5

OTtpumaHi pe3ynbTaTH MOKa3yIOTh Pe3yIbTyIOUHUH BIUIMB B3a€MO/Ii1 IPUPOAHBOT Ta IITYYHOT
3aBUXPEHHOCTI NOTOKY Ha (hOPMYBaHHS BUXPOBOI CTPYKTYPH BCEPEIMHI KaHATY.

Po3zymiHHA MOXJIMBOCTI (OpPMYBaHHS IITY4YHOI 3aBUXPEHHOCTI IIIAXOM 3MiHHU
F€OMETPUYHUX NapaMeTpiB 00TIYHOI MOBEPXHI BIIKPUBAE HIMPOKI NMEPCHEKTUBU JI0 KEPYBAHHS
npolecaMu TeIIoMacooOMiHY 1 3MIHM BEJIMYUHU T1APABIIYHOTO OMOPY.

Ilepeaik nmocnjianb

1. Fatimah Q. AL-Daamee, Naseer H. Hamza, On the effect of wave amplitude and corrugation
profile of certain types of corrugated channels on thermal performance and entropy generation,
International Journal of Thermal Sciences,Volume 207,2025,
https://doi.org/10.1016/j.ijthermalsci.2024.109354.

2. Tiezhi Wang, Xinzhe Liu, Ting Chen, Jinliang Xu, Guohua Liu, Spiral corrugation suppresses
heat transfer deterioration of supercritical carbon dioxide in upward flow, International Journal
of Heat and Mass Transfer, Volume 261, 2026,
https://doi.org/10.1016/j.ijheatmasstransfer.2026.128610.

3. G. Voropaiev, O. Baskova, Some features of a laminar flow stability loss in a pipe, Journal of
Numerical and Applied Mathematics, Nel (135), 59-65 (2021). https://doi.org/10.17721/2706-
9699.2021.1.07
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B3AE€MHM BILIMB OITOP MOCTOBUX IEPEXO/IB HA PO3MUB
I'PYHTY

Bopomnaes I.0.}, Bocko6iitauk B.A., Onumienxo A.M.2, Bocko6oitank O.A.L,
Maxammenos JXK.K.L, Bocko6iiiauk A.B.!
1IHCTI/ITyT rizpomexaniku HAH Ykpaiuu, M. Kuis, voropaiev.gena@gmail.com
?HanionansHuil TpaHCIOPTHHI yHiBepcuTeT, M. Kuis, onyshchenkoamntu@gmail.com

30UIbIICHHS 1HTEHCUBHOCTI aBTOMOOILIBLHOTO Ta 3aJI3HUYHOTO TPAHCIIOPTY Y BEIHMKUX
MicTax moTpedye po3IMUPEHHS AOPIr 1 MaricTpasiell. Y THX MicTax, Jie € MOCTOBI IIEPEXOAH Yepes
pIYKH, KaHAJIM YH 1HIII BOJAOWMHMIIA, BUHUKAE IMOTPeda CrOpyHKYBaTH MOCTOBI aBTOMOO1JIbHI 200
3aJi3HUYHI nepexoau no0nm3y ICHYIOUHX, parioHaIbHO BUKOPHUCTOBYIOUHU
NUISIXOEKCIUTyaTaliiny iHppacTpyKTypy. 30kpema, B M. KueBi BUHUKIIA Taka mpoodyiema il 4ac
NPOCKTYBaHHS Ta OyAIBHMILTBA aBTOMOOUIBHO-3aJI3HUYHOTO MOCTOBOTO TIEpEXOIy uepes
p. JAHinpo mo6nu3y icHy4oro JlapHUIIBKOr0 3ai3HHYHOI0 MOCTOBOTO mepexony (puc. 1).

- . ' 'ﬁ;’_r._w'«-

e T

Puc. 1. JlTapHunpkuii 3a1i3HHYHO-aBTOMOOUTHHHII MOCTOBUI TIEPEXif] Ta 3alli3HUYHUIN MICT
yepes p. JAninpo y M. KueBi: a — Buj BlieHb; 6 — BUj yBeuepi.

[lin yac oOTikaHHS OJM3BKO PO3TAILIOBAHMX OMOP y CJiAl OJHA 3a OJHOI0 BUHHUKAIOTH
B3a€MHI iX BIUIMBHM Ha TiIpOAMHAMIYHI XapaKTEPUCTUKU Tedil Ta HAa OCOOJMBOCTI PO3MHUBY Ta
HaMUBY IPYHTY B iX OKOJI, II0 HaJ3BMYaliHO BaXJIMBE B yMOBaX MOBEHEH 1 3a0e3NeueHHs He
pYHHYBaHHS MOCTOBHX IepexofiB. [[ns crnopy/DkeHHS HOBOTO MOCTOBOTO mepexoay Oyiio
CIIPOEKTOBAHO Cy4acHY €KOHOMIUHY 3a MaTepiajiamMu 6araTo najabHy ONOpY y BUTIISAII TPUPSATHOTO
POCTBEPKY, JI€ LWWIIHIPUYHI Maji po3TallOBYyBaJIUCs OHA MOOJIN3Y 1HIION.

B InctutyTi rigpomexaniku HAH Ykpainu Oynu npoBezieH1 NouyKoBo-A0CiIHI poOOTH 3
HAYKOBOT'O CYIpPOBOJY IPOEKTYBAaHHSA Ta OyAIBHMLITBA IPYNOBOi KOHCTPYKIIT 3aji3HUYHOTO
MocTy Ta JlapHUIIBKOTO 3a113HUYHO-aBTOMOOLIBHOIO MOCTOBOTO nepexoay Ha J{Hinpi y M. Kuesi
3a JJOMOMOT'O0 YHCEIBHOTO Ta (hi3MYHOTO MOJIEJIIOBAHHS B3a€MO/IiT OMIOP MOCTOBHX IEPEXO/IiB Ha
CTPYKTYpY Tedil Ta pO3MHUB 1 HAMHB IPyHTY B oKouti orop [1, 2].

B xoni BuKOHaHHS IIMX POOIT OyJ0 MPOBEAEHO JOCTIKEHHS (OPMYBAHHS BUXPOBHX 1
CTPYMEHEBUX TEYiii HABKOJO MOEJIE MOCTOBHX II€PEXOJiB B JIAOOPATOPHUX YMOBaX Ha
HEpO3MUBHIH MMOBEPXHI 1 B KaHaJ1 3 MILIAHUM JHOM ISl TOCI1PKEHHS IIPOLIECIB PO3MUBY IPYHTY.
Jlns BUKOHAHHS HAyKOBO-JOCTIAHUX poOIT OyJI0 CHPOEKTOBAaHO 1 BUTOTOBJICHO CIICIiaNIbHI
eKCIIepUMeHTaNbHI cTeHau (puc. 2) Ha 0a3i TigPOJMHAMIYHOTO KaHAITy 3 HEPO3MHUBHHUM JTHOM, B
aKoMy OyiM BH3HAUEHI XapaKTepHI OCOOJMBOCTI CHPsDKEHOT Tedil 3 MOJEISIMH MOCTOBHX
nepexo/iB, a Takok Ha 0a3l TigpaBIiYHOrO JIOTKA, JIeé MOJIeNI MOCTOBUX IE€peXoliB
pO3TaIoBYBAIKCS HA MIAHOMY IPYHTI 1 OyJ10 BU3HAYEHO 0COOIMBOCTI (DOpMyBaHHS pO3MHUBIB Ta
HaMMBIB IPYHTY OUIS MOCTOBUX OIIOp, a TakoX 3poOJeHO pekoMeHjalil MmoA0 Hebe3meyHOoi
eKCIUTyaTalii MOCTOBUX MEePEX0/iB B YMOBaX MMOBEHEH.
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Puc. 2. EkciepumeHTanbH1 CTEHAM BU3HAYCHHS BIUIMBY KOHCTPYKIIIM MOJIENEH OIOp MOCTOBUX
HEepexoiB: a — HEPO3MUBHA MOJIENb Ta O — MOJIeIi HAa PO3MHUBHOMY I'PYHTI.

B pesynprari uncenbHOro i (pi3MYHOrO MOAENOBaHHS OyliM BH3HAYEHI OCOOIHMBOCTI
PO3MHUBY IPYHTY B OKOJIi MOCTOBHUX OIIOp Ta iX XapaKTepHi PO3MIpH, 110 MIOKa3aHO Ha pHUC. 3.

e 0,6600
.83 S 10,8000
i Io,saoo
05 2 w0 x/b 195

Puc. 3. AkcoHOMETpisi pO3MHUBY Ta HAMUBY I'PYHTY B OKOJII MOJIEJTi IPU3MATHIHOI OTIOPH: a —
OJIMHOYHA OTI0pa Ta 6 — rpynoBa KOHCTPYKIiS ABOX MOJIeIell MOCTOBUX MEPEXO/IiB.

YcTaHoBIIE€HO, 11O Mij Yac OJUHOYHOTO 1 IPYTOBOT0 OOTIKAaHHSA MOCTOBHUX OMOP HA JKOPCTKIHN
1 pO3MHUBHIN TIOBEPXHI TEHEPYBAINCS BEIMKOMACIITaOHI ITiAKOBONOIOHI BUXPOBI CTPYKTYpH B
00J1acTi CHpsKEHHS MOBEPXOHb OIOP 13 AHOM, IHTEHCUBHI BUXPOBI TPYOKHM B 3CYBHHUX IIapax Ha
01YHUX TIOBEPXHSAX MOTaHO OOTIYHMX TN, CIIIHI BUXOPH 1033y OIOp Ta CTPyMEHEBI Tedii Mix
OJIM3bKO PO3TAILIOBAHUMH OMOPAMH.

Busnaueno, 1o JIOKaNbHUN PO3MHB IPYHTY TE€pel MPU3MAaTHYHOI OTIOPOI0 3alli3HUIHOTO
MOCTY 3pic Maifke Ha 15% 3a HaAKPUTHUHUMH HIBUKOCTSAX MOTOKY, KOJM CIIOCTEpIraBcs MepeHic
YaCTHHOK I'PYHTY B3JIOBK OTIOPH, Ha MIJIKii BOAI Ta 3MeHIIUBCs 0ym3bko 20% 3a JOKPUTHIHHUMHA
MIBUJKOCTSAMU Ha TIJIMOOKIH BOJI MiJ 4Yac B3aEMHOTO pO3TALIyBaHHS MOCTOBUX OIOp, IO
3HAXOWJIMCS Y CIi/Il OJTHA 33 OJHOIO.

Mepeaik nocuiianb

1. Voskoboinick V., Onyshchenko A., Voskoboinyk O., Makarenkova A.,
Voskobiinyk A. Junction flow about cylindrical group on rigid flat surface. // Heliyon. — 2022. —
P. e12595-1-12. http://dx.doi.org/10.1016/j.heliyon.2022.e12595

2. Voskoboinick A., Voskoboinick V., Turick V., Voskoboinyk O., Cherny D.,
Tereshchenko L. Interaction of group of bridge piers on scour // In: Hu Z., Petoukhov S., Dychka
I., He M. (eds) Advances in Computer Science for Engineering and Education I1l1. ICCSEEA
2020. Advances in Intelligent Systems and Computing, Vol. 1247. Springer, Cham, 2021. — P.
3-17. https://doi.org/10.1007/978-3-030-55506-1_1
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PEKOHCTPYKIIA JAMBU I''IMBOKOBOJHOI'O CYIHOBOI'O XO4Y
AYHAU-YOPHE MOPE

Bopomnaes I.0.}, Bocko6iiiauk B.A.}, Onmmenko A.M.2, KoBanbuyk B.B.2,
Bocko6oitauk O.A.1, Maxammenos JK.K.!
YucruryT rinpomexanixu HAH Ykpainu, M. Kuis, voropaiev.gena@gmail.com
?HanionansHUil TPaHCIIOPTHHIA yHiBepcuTtet, M. Kui, onyshchenkoamntu@gmail.com
*Hanionaneuuii yaiepcuret «JIpBiBChKa momitexnika», M, JIbBiB, kovalchuk.diit@gmail.com

JyHaii — ne HalOibIIa Mi>kKHApoaHA pika €BpoIH, SKa MPOTIKAE MO TEPUTOPIAX AECATH
Jep’KaB, B TOMy 4Mcii 1 yepe3 Ykpainy. JlyHait Bnamae B YopHe mMope 1 mpeacraBisie co00io
TPAHCHOPTHY MariCcTpaisb CbOMOTO MDKHAPOJHOTO TPAHCIIOPTHOTO KOPHIOPY, SKHHA 3’ €IHY€
€pponty 3 Asiero. ToMy oAHMM 3 BaXJIMBUX 3aBIaHb Uil YKpaiHM — 1€ BiJHOBJICHHS
CYJIHOIUTaBCTBA MO TUPIY bucTpe, BUKOPUCTOBYIOUH HOTO SIK €BPOIEHCHKO-a31iChKY MaricTpaib
BiJ banriiickkoro mops uepes Peiin 1 [lynait y Hopae mope, a gani B kpainu Cxony, ax 1o Kutaro.
BigHOBICHHS MTHOOKOBOIHOTO CyTHOBOTO X0y p. AyHaii-HopHe Mope Oyiio po3modaTo OJu3bK0
JBA/ILATH POKIB TOMY 1 IPOCYBAOCs 3 BEJIMKUMHU TpyJHOLIaMH 1 nepepBamu. byio 30ynoBaHo
3aXMCHY OTOpOJKYBAIbHY AamMOy MOPCBKOTO MiaXiTHOTO KaHATy TITHOOKOBOIHOTO CYJTHOBOTO
xony ynaii-Hopue mope (puc 1) B akBatopii rupna bucrpe Kumiiicskoi nenbtu p. dyHail.

a
Puc. 1. OropomxyBanbHa 1am6a MopchKOro miJIxiIHOro KaHayly ITHOOKOBOIHOTO CYTHOBOTO
xoxy Hynaii-HopHe Mope: @ — 3arajibHUM BUJ;, 6 — GparMeHT KaM’ siHOT HACUIIKH.

Jlamba mpu3HavyeHa JUId 3aXUCTY KaHAIy BiJ] HAHOCIB TijJ Yac MITOPMIB MiBHIYHOTO Ta
MiBHIYHO-CXIJIHOTO HAMpsMy, SKI € HaWMOTYXHIMIMMH Yy i AUISHII MOps, 3aXHCTy Bia
3aIUTUBAaHHS YKOCIB KaHATy TiJ] €0 XBUJIb 1 JIJIs 3a0e3MedeHHs 0€3[IeYHOro BXOAY JI0 KaHaTy
CY/IeH 3 MOpsI TIpH CHJIBHHX BITpax, sIKi JOMIHYIOTh B OCIHHBO-3UMOBHH nepioa. B (2013-2014)
pokax Ha akBartopii YopHOro Mops B palioHI OTOpPOKYBAJIbHOI JaMOW 3a CKIIQJHHUX
T1IPOMETEOPOJIOTIYHUX YMOB, SKi BH3HAYAIUCh OCHJICHHSIM IIITOPMOBOTO BITPY; MiJBUIICHHSIM
BITPOBOTO HAroHy Ta MOCYBAaHHSM JILOJOBHX TIOJIIB, BUHUKIJIA CEPis KOPCTKHUX IITOPMIB, SKI
NpU3BENN JI0 YacTKOBOI Jedopmariii OKpeMuX AUISHOK HAJIBOJHOI YaCTHHU OTOPOJKYBAIBHOI
namOu (rpeOHI0 OropoKyBalbHOI JamOu). B pesynbraTi mil TakMxX HaBaHTaKEHb BigOyIIOCS
CMOB3aHHsI KaM’ sIHOI HACHIKHU Ta 3’sIBUJIAcS OLNbIIA MOJIOTICTh YKOCIB, a TAKOX IMEpeMillleHHs
okpemux kameHiB (paxiii 900 MM, siki OyJM 3aKHMHYTI XBHJIIMH Ha TPeOiHb OTOPOJKYBAIBHOI
namMou.

Tomy mocrtano 3aBmgaHHs 3a0€3MeYUTH HaJIHY Ta Oe3aBapiiiHy ekcruryaTallito gamoun. B
pe3yabTati B [HcTuTyTI rizpomexaniku HAH Ykpainu 3a 10omomMororo 4uceiabHOro Ta GpizuaHoro
MOJICITFOBAHHS OyJIM TTPOBEICHI HAYKOBO-OCIITHI POOOTH 3 pEKOHCTPYKIIii PparMeHTIB 3aXUCHOL
namMOu, BU3HAYEHI 11 YOCKOHAJICHHS 1 po3po0IeH] peKOMEH Al 0/I0 CTBOPEHHS KOHCTPYKIIii
naMOM CTIHKOi 10 IITOPMOBUX HaBaHTaxeHb [1]. [Iis 3MeHIIEHHS HEraTHBHOTO BIUTUBY
MITOPMOBUX XBWJIb Ha 3aropo/KyBalbHy AaMOy OyJo MpHiHATE pilIeHHS BUKOPUCTATU
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MO3UTUBHUI JOCBIA EKCIUTyaTallii MiJBOJHUX XBWJICIOMIB 1 OepM i 3axucTy OeperiB i
TIPOTEXHIYHUX CHOPY/ Bij Aiil IITOPMOBUX XBUIIB [2].

Puc. 2. Monens ¢parMeHnTa CTyniH4aTOi OrOPOPKYBAIbHOT JaMOu: a — niepe] Jociiiamu, 6 —
oOBaJICHHsI XBWJII Ha HIKHINM OepMi Ta 6 — 0OBaJICHHs XBHJII HA BEpXHil OepMi.

3arponoHOBAaHO MOAOBKHUTH MOPUCTY YaCTHHY JaMOM Ta mpuaatd il ctymiHdary gopmy.
PesynpTaTi po3paxyHKIB 1 €KCHEpUMEHTH IOKa3alu, 1o Ouiblne edeKTuBHOIO € (opma
(poHTaTBFHOT YacTUHU aMOM 3 JIBOMa OepMaMu i YKOCaMu Pi3HHX KyTiB Haxwiy (puc. 2). Taka
dbopma nambu 103BONIHIIA HAalOLIbIIEe €PEeKTUBHO PO30UTH IITOPMOBY XBHIIIIO Tij Yac ii miaxomy
1o rpeOHs gamOu. OOBaneHHs XBWII BiOyBajocs Ha HWXKHIN Oepmi (puc. 20), a OypyH, SKuAA
yYTBOPIOBABCSI, PO30MBABCs HAa BepXHiit OepMi (puc. 2B) i IITOPMOBA XBUIIA MIAXOMIA 10 TPEOHS
naMOu 31 3HAYHOIO BTPATOIO eHeprii. Takum YMHOM, 3aCTOCYBaHHS YKOCIB 1 CTyMiHYacTUX OepM
JIO3BOJIMJIO CYTTEBO PO3PYIIUTH Habirarouy XBHIIIO, 3MEHIIUTH ii BUCOTY Ta IHTEHCUBHICTb IIPH
IMAXOM1 10 TOJIOBHOT YaCTHHH 3aXHUCHOI JaMOu

Pe3ynbraTi po3paxyHKiB Ta €KCIIEPHUMEHTAJIbHI JOCIIDKEHHS J03BOJIMIIA CHPOEKTYBAaTH
epexTuBHy (hopMy (QpOHTANBHOI MOBEPXHI OrOPOKYBAJIBHOI JaMOW y BHIJIAAI CTYHiHYACTOI
nambu 3 1BoMa OepMaMu, IO PO3TAIIOBYBAIUCS Ha pi3HUX ruOuHax. bepmu Bukonanu QyHkii
IiIBOAHUX XBUJIEIOMIB Ta 3HAYHO 3MEHIIMJIN €HEPTil0 XBUIIHOBOTO BILIMBY HA BEPXHIO YaCTUHY
nam6u. Busnaueno ontumaneHy (opmy gamOu Ta reoMeTpuuHi mapamerpu ii ¢poHTambHOL
MOBEpXHI. 3amporoHOBAaHO B HATYPHHX yMOBaxX IOOYAyBaTH MOPHCTY YaCTHUHY 3aXHCHOI
Oropo/UKyBasIbHOI J1amMOu Mopcekoro cynHomiaaBHoro xony JlyHaii-HopHe Mope 3 TakuMH
napaMeTpamu: HUKHIM rTuO0KoBOAHMHN yKic 3 HaxwioM 1:1.5, nani Ha riubuH1 4 M BiJ ypi3y BoIu
3poOuTH HIXHIO 6epmy mmpuHOI0 10 M. TToTim 3pobutn ykic 3 HaxmioMm 1:5, a nani Ha rIMOUHI
2 M BCTaHOBHTH BEPXHIO OepMy Ta 3aKiHUUTH 1aMOy peKOMEeHI0BaHO rpebHeM i Haxuiom 1:(3-
3.5). OGnuiroBaHHS (PPOHTANTBHOT YACTHHU JaMOU CJ1iJ] 3p00OuTH 3 KaMiHHs (pakii 1.2 M.

3a pesynbTaTaMH JOCHIDKEHHS BH3HAYEHO, IO XBUJIHOBI HABAHTAXCHHS HA BEPXHIO
YaCTHHY PEKOHCTPYHOBAHOI Ta BJIOCKOHAJIEHOi CTymiHYacToi gamOu OyayTh Maiike BJBiul
HWKYMMH, HDK Ha ICHYIOU1i 1aMO1 B yMOBax IITOPMOBOIO XBHJIFOBAHHS /ISl KOPOTKUX Ta JOBIHX
XBHJIb, 1110 OCOOJIMBO BaXKJIMBE JUIsl YACTUHU AaMOM, sika OyJia mopyIeHa Imij 4ac Aii ITOPMOBUX
XBWIb Ta OOJIEEHIHHS KaM STHOrO OOJIMIIOBaHHS 1aMOu.

Ilepenik nmocujianp

1. Voskoboinick V., Khomitsky V., Voskoboinyk O., Tereshchenko L., Voskoboinick A.
Wave loads on protective dam of the Marine channel of the Danube-Black sea // Hydro-
environment  Research. - 2021. - Vol. 3, no 3 - P 1-12.
https://doi.org/10.1016/j.jher.2021.01.003

2. Onyshchenko A., Kovalchuk V., Voskoboinick V., Voskobiinyk A., Aksonov S., Trudenko
D., Hrevtsov S. Establishing patterns of change in the coefficients of reflection, transmission and
dissipation of wave energy depending on parameters of a permeable vertical wall // Eastern-
European J. Enterprise Technologies. - 2024. - 4/5 (130). - P. 46-56.
https://doi.org/10.15587/1729-4061-2024.309969

23


https://www.sciencedirect.com/science/article/abs/pii/S1570644321000034?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S1570644321000034?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S1570644321000034?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S1570644321000034?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S1570644321000034?via%3Dihub#!
https://doi.org/10.1016/j.jher.2021.01.003
https://doi.org/10.15587/1729-4061-2024.309969

X Intern. Conf. "Computer Hydromechanics", September 29 - October 1, 2026
X Mixnap. koH(. «Komm’totepHa rigpomexanika» 29 BepecHs - 1 sxoBTHs 2026

HOJIIIIIEHHSA OXOJIOKEHHS ATOMHUX PEAKTOPIB
MIBJIEHHO-YKPAIHCBKOI AEC CTPYMEHEHAIIPABJIIOUYOIO
CHOPYJIOIO TALLIULBKOTO BOJOCXOBHUIIA
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ATOMHI €JEKTPOCTaHIIl, HA YacTKy sAKuX mpunagae Ooim3bko 50% enexTpoeHeprii, mo
BUPOOJISETHCS ENIEKTPOCTAHIIAIMU YKpalHU BIZIrparoTh MPOBIAHY pPOJb €HEepro3zade3neycHHi
HApOJHOTOCIIOIAPCHKOTO KOMIUIEKCY YKpainu. OpHa 3 HaWBaKIMBIIMX YMOB HaAIMHOI
excruryaranii AEC — GesnepebiifHe Bomo3a0e3neueHHs, JDKepeslaMu SKOTO CIYyTYyIOTh DIKH,
BOJIOCXOBHIIA Ta BOJOMMH-0X0J0/KyBavl. [[ns HopmansHOro (ynkionyBanHss AEC BuHUKae
HEOOXIJTHICTh BiIBEJICHHS CHCTEMaMH OXOJIOJUKCHHS B HABKOJHIIHE CEPEIOBHILNE BEIMYE3HOI
KUIBKOCT1 TeIuia, mo cTaHoBHTh Onm3bko 70% eHeprii manmBa, mo crnoxuBaeThes. Cepen
OCHOBHHX TiIPOJIOTIYHUX UYWHHHKIB, IO BU3HAYAIOTh YMOBU (DYHKIIIOHYBaHHS EKOCHUCTEM
BOJIOMM-OXOJIOJKYBauiB aTOMHHUX EJIEKTPOCTAaHIIM YKpaiHu, BaXIJIMBE MicIle MOCIJAI0Th
BOJIOOOMIH, TiJJpOIMHaMIKa BOJOCXOBHINA 1 TEIUIOBUH (TEpMiUHHIA) PEKUM BOTHHX Mac.

3acobu mojadi 0X0J0IKyBaHOI BOJIU AJIsI ONTHUMAIbHOI eKCIUTyaTallil aTOMHUX PEaKTOpiB
[MiBnenHo-ykpaincekoi AEC (puc. 1) 3 Tauumipkoro BoJOCXOBHIIA-0X0JI0KyBaya [1iBIeHHO-
VYkpaincekoi AEC B cBili yac mpairoBaiy y BXXKKUX YMOBaX TEPMIYHOTO PEXKUMY .

r : <l — - = - TR

Puc. 1. 3aransuuit Bua IliBaenno-Ykpaincekoi AEC.

OxonoxyBaiabHOT 3110HOCTI TanuTUIBKOro BOAOCXOBHILNA OYJI0 HEJIOCTaTHBO JUIS
e(eKTUBHOI poOOTH TPHOX €HeproOoKiB craHiii. [le mpuszBeno 10 HEOOXITHOCTI MPOBEICHHS
JeTaJbHUX JOCHIPKEHb MOMJIMBOCTEH MOJIMIIEHHS TEPMIYHOTO pEXUMY BOJOCXOBHINA-
oxoJioKyBada. Cxema KOMIIOHOBKM BOJI03a0IpHHX 1 BOJOBMITYCKHUX CHOpyA TaluIUIBKOTrO
BOJIOMMMIIA-0XOJI0/)KyBaya BiIHOCUTBCS JO TaK 3BAaHOI'O CYMICHOTO THITY, KOJHM PO3AUICHHS
MOTOKIB B1I0yBa€ThCA 3a paXyHOK BepTUKaIbHOI cTpaTudikalii remneparypu Boau. Hemonikom
TaKOi CXEMH € 3aly4eHHS TEIJIMX BOJI BEPXHBOIO MIapy MOTOKY y HIKHI HOro mapu. Y CreKoTHI
JITHI Mics1li HOTo 0XO0JIOIKYBaJIbHA 3aTHICTh 3HIXKY€ETbcs. HeoO0xiHOro 06'eMy Boau MOTpi6HO1
TEMIIepaTypyu HEJOCTAaTHbO Ul BCIX TPhOX €HEProOIOKiB 0XxooKyBay IliBaeHHO-YKpaiHChKOT
AEC cranmii. Yepes 1ie cymapHna nmotyxHicth AEC oomexyetbest Benmnuanaoo 1800 MBT i B miTHI
CIEKOTHI YacH MPUXOTUTHCS BUBOJUTH 3 €KCILTyaTallii OMH i3 OJIOKIB.

TomMy 3ampornoHOBaHO MPOBECTH BiJIBIJl TEIUIOBOTO MOTOKY Y TOPU3OHTAIIBbHIN IJIOLIUHI
BOJIOCXOBHII]A CTPYMEHEHAIPABIAIOYOi 3aBicH, MO0 3HU3UTH TeMIepaTypy BOAU Yy 30HI
rbokoBogHOrO Bono3abopy. B Incruryti rimpomexaniku HAH VYkpainu Oynu npoBeneHi
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MOJICJIbHI BUTMIPOOYBaHHSI 31 CTBOPEHHS TaKOi 3aBiCH Ta BU3HAYEHI OCOOJIMBOCTI PyXy PIIWHHU B
KaHaJIi MDK 3aBicOl0 Ta OeperoM Mojeli BOJOCXOBHINA Ha CHEIialbHO po3polJIeHOMY i
CTBOPEHOMY CKCIIEPUMEHTAILHOMY CTeH i (puc. 2).

Puc. 2. Monienb cTpyMeHEHAIPABIISIOYO1 CIIOPYIU: @ — BXiJIHA JUISHKA; 6 — penbed JTHA

ExcniepumenTanbHi poOOTH IMPOBOAMIINCA 3a JIOMOMOIOI0 Bi3yalbHUX JOCHIKEHb Ta
IHCTpYMEHTAJIbHUX BUMIPIOBaHb IIOJIIB MIBHJIKOCTI, THCKY Ha HaBaHTa)X€Hb HA THYYKY
CTpyMEHEeHarnpasJsfouy 3aBicy. B pe3ynprari oTprMaHi 1HOJs MBUAKOCTI Y MPUIIOBEPXHEBIH Ta
NPUIOHHIN 00JacTi Tevii ycepeinHi MOJIeNi CTpyMEeHeHanpaBisitodoi copyau (puc. 3).

T
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a o
Puc. 3. [Tone mBuAKOCTI MOOIN3Y CTPYMEHEHANPABIISIOUOT CIIOPY/IU: & — IOBEpXHEBA
Ta 6 — IPUJOHHA TeYil

BusiBnieHO, 110 B HATYpHUX YMOBaX MaKCHMAaJIbHA MIBUAKICTh MPUIIOBEPXHEBOTO IIapy Ha
rbuHil 01u3pKko 1 M Oyae croctepiraTucs B 00J1acTi 3BY)KEHHS TIOTOKY 1 JOCATHE 3HAYEHHS
nopsiaky (0,65=0,75) m/c a6o (1,5...1,7)U. Bcranosneno, mo Ha riaubuni 0,5 M Ham maHOM,
0COOJIMBO B TYNHKOBIM 00J1aCTi CIOPYAH Ta 00JIaCcTI HANOUTBIINX TIMOWH TIEPe/T TOJIOTHOM 3aBiCH,
3apeecTpOBAaHO 3BOPOTHY TEUil0, fKa Maja HampsMOK BiJl 3aBicM A0 rpedmi. MakcumalnbHi
IBHKOCTI 3B0poTHOTO Teuii cranoBuiH (0,05=0,1) cepeAHBOBUTPATHOI MIBHAKOCTI HaJ[ IpebIIcto.

YcraHoBiIEHO, MO HAWOUIBIIMI JUHAMIYHHUNA THCK, IO [JiIB Ha I[IOJIOTHO 3aBicH
CTpyMEHEHAIPABJIAI0Y0i CIIOPY/IH, CIIOCTEPIraBCs B MPUIIOBEPXHEBOMY Irapi motoky (mo 1,5 M B
HATYPHUX yMOBax). 3i 30UIbLICHHSIM IIBUIKOCTI Teuil TUHAMIYHHUN THCK, IIO [isIB HA MOJOTHO
3aBicH, 30UTBIITYBaBCSA, 1 MAKCUMAaJIbHI 3HAYEHHSI CTIOCTEPITAIMCS B 00JIaCT1 3BYKEHHS MTOTOKY.
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CAMOY3TOJUKEHA YNCEJIBHA CXEMA JUISI PO3BSISAHHS
KIHETUYHOTO PIBHSIHHS EBPO-JIEKBO B 3AJJAYAX PEOJIOTTi
CKJIAJTHUX PIIVH
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Me3ockormiuHa KiHeTHYHA Mojenb EOpo-JIekbo omucye MexaHIYHYy MOBEIIHKY CKIIATHUX
piauH, sKi MarOTh BIACTHBOCTI M SIKMX CKIOMOAIOHMX MarepianiB. Jlo HHX HajexaTb
KOHLICHTPOBAHI CyCIIeH3ii, eMyJIbCii, ACsKi BUM MOJIMEpIB, IPaHyIbOBaHI CEPEIOBHILA, TOLLO.
[XHBOIO XapaKTepHOIO0 OCOOIMBICTIO € HAABHICTH TPAHMUII TEKYUOCTi: IIPH HANPYKEHHAX HIDKUE
NIEBHOT'O KPUTHYHOTO 3HAUYEHHS BOHU TIOBOJATHCS SIK MPY)KHI TBEPIi Tijia, a NMPH MEPEBUIICHHI
[IbOTO TOPOTY MEPeXOAsTh Yy cTaH IutacTHuHOi Tewii. B Me3ockomiuniii Teopii Mmarepian
PO3TIIAIAETECS SIK CYKYIMHICTh OKPEMHUX OJIOKIB, KOKEH 3 SIKUX XapaKTePU3YEThCS BIACHHUM
3HAYCHHSM JIOKAJIILHOTO HATIPY>KEHHS.

Mopens E6po-Jlekbo ommcye €BOJIONII0 JIOKATBHUX HANPYXEHb y Marepialli Ml i€
30BHIIIHBOTO 3CYBY. BOHa XapakTepu3yeThCs THM, IO 3aMiCTh ACTEPMIHOBAHOT'O OIUCY €BOJIFOLIIT
HAIPYXCHh B OKPEMHX CJICMCHTAPHHUX OJIOKaX PO3TJISLAA€ CTATUCTUYHHHA PO3MOALUT JIOKATHHHUX
HanpyXeHb. JIJI1 1[bOro BBOJAMTHCS MIUIBHICTH iMOBipHOCTI p(t,0), 10 BHU3HAYAE YACTKY
eJeMeHTapHUX OJIOKIB, SIKi B MOMEHT 4acy t MaroTh JIOKaJIbHE HanpykeHHs 0. EBomroris GpyHkiii
p(t, o) y 4acoBi ONUCYETHhCS KIHETHYHO MOJICIUII0, OTPUMAHOK Ha OCHOBI piBHSHHA DOKKepa-
[Tnanka [1]:

dp ap 1 D(t)

= = —Go¥ 5~ + D(t ) 302~ 1, X(Oaoap + =~ 80(0). @)

Koxxen unen piBusaas (1) Bigmosigae neBHOMy ¢i3uuHoMy mporecy B marepiami. Ilepmuit
ONKCY€E KOHBEKLIIO HANpPYy>KE€Hb, 3YMOBIIEHY 30BHIIIHIM 3CYBOM 31 IIBHJKICTIO Y; ApPYTruid
BiJnoBifae nudysii Hampy>KeHb, HACTYHHHMH J10JJaHOK OIUCYE peJakcaiiio OJokiB, ae Oyio
NEepEeBUILEHE KPUTUYHE HANPYKEHHS O, 1 OCTaHHIM BPaxOBY€ IMOBEPHEHHsI IUX OJIOKIB Y CTaH 13
HYJIbOBUM Hampy»XeHHsM miciisi penakcanii. X 1 8y B (1) mpeacTaBisitoTh co00r0 GYHKIIIT
Xesicaifna ta [ipaka BignosigHo. Benuuunu Gy, 0., Ty 1 a XapakTepu3yroTh (i3MKO-XIMIYHI
BJIACTMBOCTI Marepiany: Gy — MOAyJb MPYKHOCTI, O, — IOPOrOBE Hampy>KeHHs, Ty —
XapakTepHUH Yac penakcaiii, IpOTATOM SKOTo eIEMEHT ePEeXOAUTh B HOBUH CTaH piBHOBAru, @ —
0e3po3MipHUI MapaMerp, SIKUM XapaKTepU3ye NUHAMIYHY KPUXKICTh CTPYKTYpH CEpelOBHILA.
Oco06nuBicTIO (i3UKK TAaHOTO TPOIIECY € Te, 110 KoedimieHT audys3ii B piBHsHHI (1) He € cTanow
BEJIMYMHOIO, a 3aJeKHUTh BiJ MOTOYHOrO CTaHy cucTeMHu. Ll BmacTuBiCTh, BiloMa SK
CaMOY3T0JKEeHICTh, ePEeTBOPIOE JIiHiMHe piBHAHHA Dokkepa-IInaHka Ha HexdiHiMHE, O 3HAYHO
YCKIIQIHIOE 3HAXOJPKEHHS WOro po3B’s3kiB. JIokimamHO moctaHoBKa 3amadvi juist piBHsSHHSA (1)
omucaHa B po6oTi [2]. 3a3HaunMo Takox, 1o piBHAHHSI EOpo—JIekbo MOB’s13y€ ME30CKOMIYHY
JUHAMIKY TPOIECY 3 MaKPOCKOMIYHOK PEOJIOTI€I0, OCKUIBKM Ha OCHOBI HOTO PO3B’SI3KY
BU3HAYAIOTHCS TIOBHE HANIPYXKEHHS MaTepialy Ta Horo eekTuBHa B’ SI3KICTh.

B miit poGoTi po3BUHEHWI CaMOY3TO/UKEHUN UYHMCEIbHUM alTOPUTM JUISl PO3B’sI3aHHS
piBasHHS (1), SIKMH BHKOPHCTOBYE NMPHHIMII PO3LICIUICHHS 3a (isnuHumu mporecamu. 1106
3a0e3MeYnTH BHUCOKY TOYHICTh OOYHMCIIEHb, B HbOTO IHTEIpOBaHa iTepalliifHa mpoueaypa ass
BU3HAUYEHHS HeMNiHiiiHOro koedimienta audysii. KirouoBuMu enemeHTaMu IUCKpeTH3alii €
HEesIBHA CXeMa JJIsl MOJEIOBaHHA Nu(y3ii, METOA XapaKTepUCTUK 13 BUKOPUCTAHHSM CILUIANHIB
AKIMH JUIs eTary aABeKIl Ta oO4YHCIeHHS AeiabTa-(pYyHKIIi i3 BUKOPUCTAHHAM MPSIMOKYTHOTO
IMITyJIbCy. BUKOHaHE MOpPIBHSHHS OTPUMAHUX YUCETBHUX JTaHUX 3 BIJOMHUMH aHATITHYHUMH
pPO3B’s3KaMM, a TaKOX JOCHIDKeHAa MOTro 3JaTHICTh KOPEKTHO BiJITBOPIOBATH PO3MOALIH 3
BHUCOKHMHU TpaJleHTaMU Ta po3puBaMu 0€3 BUHUKHEHHSI HE(PI3UUHUX OCLIMJISALIN.
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B po3paxyHkax mocmipkeHa eBOMIONIS (DYHKIT pO3MOAUTY JIOKAJbHUX HAINpPYKeHb IS
IMPOKOTO Jiana30Hy IMOYaTKOBHX YMOB, IIBHJIKOCTEH 3CYBY Ta 3HA4€Hb CTPYKTYPHOTO
napamerpa . BCTaHOBJIEHO, IO CHUCTEMa JEMOHCTPYE CTIMKYy acCHMOTOTHYHY 30DKHICTB 0
€IMHOTO CTAalliOHAPHOTO CTaHy HE3aJeKHO BiJl MOYaTKoBOi KoHirypamii. Ile migTBepmxye
ICHYBaHHS B CHCTE€MI IJIOOAJIBHOTO arpakropa y (YHKIIOHAJIBHOMY IPOCTOPI PO3MOILIIB
IMOBIpPHOCTI, 1m0 (i3MYHO BIAMOBIJAE MOBHIA BTpATi MaMm’sTi CEPENOBHUINA MPO MEPEAICTOPII0
nedopmyBaHHS. AHa3 TUHAMIKU L,-BiJCTaHI MK PO3B’SI3KaMH ITiITBEPIUB CKCIIOHEHITIMHHIA
XapakTep pelakcaiii B aCHMITOTHYHOMY PEXHMIi Ta JO3BOJUB BCTAHOBUTHU CYTTEBUU BILIWB
HIBUJIKOCTI 3CYBY Ha KIHETHKY JOCSATHEHHS CTalliOHAPHOTO CTaHy. 30KpeMa, BHSBIICHO, IO
iHTeHCHU}IKaIlis 30BHIIIHBOTO 3CYyBY NPUCKOPIOE BTPATy MaM’ ATi CUCTEMH IPO MOYATKOBUHN CTaH,
CKOpPOYYIOUH Yac BHUXOJy Ha aTPaKTop.

Ha puc. 1, 2 nokazano auHamiky ¢yHKUii posmoniuty p(t,o) Ui pi3HUX 3HAYCHb
HIBHJIKOCT] 30BHIITHBOTO 3CYBY Ta IMOYAaTKOBUX YMOB. Y MEPIIOMY BHUMAJKy MOYATKOBHU CTaH
cucTeMu p,  (4epBoHA KpHBa) 3aJa€ThCSI Y BHUIVIAAI BY3bKOI'O TayCCOBOIO PO3MOALTY,
JIOKaJIi30BaHOTO B 00J1aCTi Bil’€EMHUX HANPYXEHb. Y APYroMy BUIAIKY PO3MOALI Py 3aAaHUU y
BUIJISII KYCKOBO-cTanoi QyHKii 31 cTpubkamu nepiioro poxy. Cipi KpuBi I€MOHCTPYIOTh TYT
MOCTYTIOBY 1epe0yI0BY pO3MOAiTY. 3 pe3ysIbTaTiB MOACTIOBAHHS BUILIMBAE, 10 HE3BAKAIOUH HA
pi3HI MOYaTKOBI YMOBH, CHCTE€Ma 30Iira€ThCsi JO OJHOTO il TOTO CaMOro CTalliOHAPHOTO CTaHY
(cuHst KpuBa), SIKUI XapaKTepHU3y€EThCs Pi3KOI0 3MiHOI0 Haxwiy QyHKIi p(t,a) mobmusy o = 0
Ta (OPMYBaHHSIM ACHMETPUYHOTO XBOCTa B 00JacTi JOJaTHUX HampykeHb L[i po3paxyHku
HiATBEPKYIOTh, 0 HE3AIEKHO B (Hi3MYHO JOMYCTHMOTO IIOYaTKOBOTO CTaHY CUCTEMA IPSMYE
JI0 €JMHOTO TJI00aIbHO CTIHKOTO po3B’sA3KYy (aTpakTopa).
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Puc. 2. Epomonis ¢ynkuii p(t,0) BiJl KycKOBO-CTAOro posnoily 10 CTal[iOHAPHOTO CTaHY Papprox
npu ¢ = 0.3 u1s pi3HUX 3Ha4YeHb MIBUAKOCTI 3cyBy: a—y = 0.1; b-y =1
Ilepeaik mocujianb

1. Hebraud, P ., Lequeux, F. (1998) Mode-coupling theory for the pasty rheology of soft glassy
materials. Phys. Rev. Let., 81, 2934-2937. https://doi.org/10.1103/PhysRevL ett.81.2934

2. Gorban, N.V., Ruffe, B.S. (2026) Asymptotic behavior of solutions for a lattice system
generated by non-autonomous complex flows modeling concentrated suspensions. J. Nonlin.
Math. Phys., 33, 53p. https://doi.org/10.1007/s44198-026-00404-x
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ABOMOIOBA MOJEJIb XPECTOIIOAIBHUX ITOBEPXHEBHUX
XBWJIb Y BOAI B HUJITHAPUYHIN €EMHOCTI

Toperkuii F0.B. !, Kpacnononsceka T.C?

1IHCTI/ITyT rizpomexaniku HAHY VYkpainu, m. Kuis, yuragv@urk.net
Inctutyt rigpomexaniku HAHY Vkpainn, M. Kuis, krasnopolskal005@gmail.com

XpecTtonoaiOHI XBUJIl € XapaKTEPHUM XBHJIHBOBUM SBHUIIEM, SIKE CIIOCTEPITaeThCcs 5K Y
7a00paTOPHUX EKCIEPUMEHTAX 1 IPUCTPOSIX TUITY «CIIBalOYOT0 OOKasa», TakK i B 3a/1a4aX MOPCHKOL
TEeXHIKHM, 30KpeMa IIiJi Yac JOCIHIUKEHHS JIWHaMiKd KopabmiiB. TeopeTwdyHe oOIpyHTYBaHHS
MOXKJIMBOCTI iXHBOTO 30y/DKEHHS B “criiBatodyoMy OoKaii” mpuBOASTHCS B crartsix [1,2].

VY naniit po6oTi Oyio po3poOIeHO MPHUHIIMIIOBO HOBY MOJIEIb, IO Nepeadavae oHOYaCHE
30y/UKeHHSI IBOX BJIaCHUX MOJ BUIbHOI moBepxHi. Komm’toTrepHe MonemtoBaHHs Ta rpadiune
IPE/CTaBICHHs BUIBHOI MOBEPXHI 3a JOIOMOIOI0 JBOX BJIACHUX (POPM IOKa3ye€ OCHOBHI PHCU
XBUJIBOBHX CTPYKTYP Y «CITIBAIOUUX OOKaIax».

Jnst aHamizy XBWJIb Ha BUIbHIA MOBEPXHI PIAUHU B «CIIBalOYOMY OOKalli» TeOMETpiio
€MHOCTI OyJIO CIIPOIICHO: KOHTEWHEp y (opMi Hamm 3aMiHIOETHCS MHIIHAPOM pajaiyca R i3
IUIOCKUM FOpU30HTaIBHUM JAHOM. [lonpu ocbOBY cUMETpito pe3epByapa, HOoro CTiHKa KOJIMBAETHCS
3a JIPYrO0 KOJIOBOKO MOJIOK0, TOMY ii 3MIIIEHHS 3aJIC)KHUTh BiJ] a3UMYyTaIbHOT KOOpauHatTu 6 5K
cos(260). Pyx piavHu ONUCYIOTHh Y HWTIHAPHYHIN cucTemi koopmuuar (r,6,x), Bichb X SKOI
30iraeTbesa 3 Biccio pesepByapa. CepenHio mMOWHY piIuHHM MO3Ha4aw0Th 4epe3 d. Ilowatox
KOOPAMHATH X PO3TAIIOBYIOTH Ha He30ypeHil BUIbHIN MMOBEPXHI, TOXX MOJIOKEHHS JHA Pe3epByapa
3a71a€ThCs K X = —d. 3a rapMOHIYHUX KOJIMBaHb CTIHKM 3 KYyTOBOIO YAaCTOTOIO w I MUTTEBHM
pamiyc 3amaroTh SK R*(x,0,t) =R + x(x,0,t), ne x(x,0,t) = acos(20)cos(mx/
2d)cos (wt) . Ilpunyckawoud, IO piiMHA € HEB’A3KOK 1 HECTUCIMBOK, MOJIE MIBHIKOCTI
NpPEeACTaBIUIOCS B TEPMiHAX MOTEHIIATy MBUAKOCTI. MeHICKOBHUM Ta KanuIspHUN BIUIMB HA JiHIi
KOHTAKTy MOBEPXHI PIAMHM 31 CTIHKOIO LMJIIHApA BUKIIOUEHO. KpiM TOro, mpUIycKaeThes, 110
HIBUKICTH PITUHU 3JIUIIAETHCS 0OMEKEHOIO 10 BCiii 001acTi,

3 BUKOPUCTaHHIM METOAY CyIepIo3ullii Oyio po3B’si3aHo JiHINHY 3a1a4y JU1sl HOBEPXHI, 1110
KOJIMBAETHCS, 110 TI03BOJIMIIO OOIPYHTYBaTH BUHUKHEHHS BUMYIIEHUX XBHJIb 13 YOTHUPMA By3JIaMU
B a3UMYTaJbHOMY HANpsMKY, a TAaKOX JIO3BOJWIO BH3HAYUTH BJIACHI (JOPMH TK PE30OHAHCHI
YaCTOTH KOJMBAHb. [ pyHTYIOUMCH HA OTPUMAHUX pe3yJbTarax JiHiiHOT Teopii, METOIOM 30ypeHb
3a MaJluM NapaMeTpOM EICUIOH, SIKIH BpaxoBY€ SIK MaJliCThb KOJIMBaHb OOKally @, Tak 1 MajlicTb
1HepUIHHUX e(eKTiB BiJl pyXy O14HOT MOBEpXHi OyAyeTbcs pO3B’S30K 3a/adi JUIsl B HeNliHIHOMY
HaOmkeHHl. [[ns omucy KOpPOTKMX XpecTONOAIOHHMX XBWJIb Oyjl0 OTpPUMaHO HEJiHINHI
napameTpuuHi piBHsAHHS. [ToGynoBaHo 1B MaremarnuHi Mmojeni. Ilepiia Moaens onucye nosBy
XpECTONOAIOHUX XBUJIb, KOJIM Ha BUIbHIN MMOBEPXHI PIIUHU CIIOCTEPIraeThCs JIMILE OJHA BIacHa
Moza . Y 1bOMY BHIAJIKy BJIACHA YacTOTa MOAU w ~ 2w, ,, TOBUHHA OyTH OIM3BKOIO O YaCTOTH
KOJIMBaHb O1YHOT MOBEPXHI IITIHAPpUIHOT eMHOCTI. [Ipyra monens (1) 3acTOCOBY€EThCS y BUMAIKY,
KOJIM MPUCYTHI JIB1 BJIACHI MOJU W = 2Wy, ;m =& 2Wn+2 h ,1 B IIbOMY BHITAJIKy YaCTOTa KOJIMBaHb
014HOT OBEPXHI EMHOCTI BJIB14Yl IEPEBUIIY€E BIACHI YACTOTH PE30HAHCHUX MOJ.

Enm'l'wrzlmfnm - €n+2thma cos wt +€n+2hVnma sin wt — — €n+2h anma cos wt = O;
€n+2h + (‘)121+2h€n+2h - EnmAn+2ha cos wt + S;ann+2ha sin wt —
— &m WM, opa cos wt = 0. (@D

s mpoBeleHHS eKCIepUMEHTAIbHUX JochikeHb B I[HcTuTyTi rigpomexaniku HAH
VYkpainu Oyno po3poOsieHO CTeHJ, Ha SIKOMY 3a JONOMOro Qortokamepu Oyno 3aiKCOBaHO
XBWJIBOBY KapTUHY IpU 30y/KEHH1 XpECTONOAIOHUX XBWJIb HA TIOBEPXHI PIAUHU B LUIIHIPUYHIHI
eMHOCTi. OJTHOYACHO 3 ITUM 3/IHCHIOBAJIACs peeCTpallisi YaCTOTH aKyCTUYHOT'O BUITPOMIHIOBAHHS,
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1110 CTBOPIOBAJIOCS BIOPYIOYMMH CTIHKaMU €MHOCTI. Byito orpuMano ¢otosnivku (puc. 1), Ha sKuX
BUHO K 3’ IBJIAETHCA XBUJIA, JOIMMOBHIOKOYH PC30HAHCHY.

Puc. 1. Xpectonozaioni xBuii 015 Kparo “criBatouoro 6okany” B 1ab0paTopHOMY
eKCTIEPHUMEHTI

OTpuMaHi eKcriepuMEHTANbHI Pe3yJIbTaTH CBiI4YaTh HA KOPHCTh TEOPETUYHOI MOJENI, SKa
nepeadayae B3a€MOJIIO JBOX 3B’A3aHUX BJIACHUX MOJ 13 OMU3bKUMHU PE30HAHCHUMH 4acTOTAMHU.
['pacpiuni 300paxkeHHs MiJIHECEHHsI BUIBHOI MOBEPXHI 3a JBOMa HAOIMKEHHSMHU BIACHUX MOJ
BiJJOOpakaroTh OCHOBHI PUCH XBHJIBOBHMX KapTHH, L0 CIIOCTEPIraloThCsl €KCIIEPUMEHTAIBHO Ha
BUIbHIN MMOBEPXHI PIIUHHM, SIKA MICTUTHCS B 'y HWIIHAPUYHIA €MHOCTI 3 BIOPYIOUMMH CTIHKaMH, 1
pO3paxoBaHi BJIAaCHI YaCTOTH PE30HAHCHUX MOJ MPUOJIM3HO BABIUlI MEHIII 3a YacTOTy KOJIMBaHb
01yHOT TOBepXxHi IWIiHApa. [1osiBa YOTHPHOX 30H 31 3POCTAIOUMMHU/CIIANAIOUYUMH AMILTITYIaMU
XBHWJIb Ta IXHE PO3TAIIyBaHHS B IIMX 30HAX TAKOXK MOSCHIOETHCSI 30HATBHOIO CTPYKTYPOIO BY3JIOBUX
KOJIMBaHb IIMJIIHIPUYHOI TOBEPXHI EMHOCTI.

[lepenik mocujaanp

1. Krasnopolskaya TS, van Heijst GJF (1996) Wave pattern formation in a fluid annulus with
a vibrating inner shell. J. Fluid Mech. 328:229-252. doi:
10.1016/j.euromechflu.2017.08.011

2. Gorskiy YV, Krasnopolskaya TS, Zhuk YO (2025) Cross-waves in fluid surface in the
partly filled cylindrical container // International Applied Mechanics. — 61, no. 6:40-55.
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AHAJII3 BIUIUMBY ®I3UKO-MEXAHIYHUX BJACTUBOCTEM
TUTAHOBHUX CIVIABIB TA ®OPMMU IIJIAHY HA HAIIPYKEHO-
JTE®OPMOBAHUI CTAH ITOJIOT'UX OBOJIOHOK
HENPSIMOKYTHOI ®OPMHU

['puropenko O. S.— akagemik HAH Ykpainu, gokrop ¢i3.-mMar. Hayk, mpodecop;
@inb €. B.
[actutyTt mexaniku im. C.I1. Tumomenka HAH Ykpainu, m. Kuis
ayagrigorenko1991@gmail.com, evgeniy.fil87@gmail.com

Jocmimkenns  HamnpyxeHo-aedopmoBanoro crany (HJAC) momorumx 00070HOK 3
OPTOTPONHUX MaTepiajliB € akKTyaJbHHM 3aBJaHHSAM aBia-, MAIIMHO- Ta CYJHOOYZyBaHHS.
Oco0ymBOro 3HauYeHHs IIel HampsM HaOyB B aepOKOCMIYHIN ranay3i Ta BIHCHKOBIM TexHIIl
(MilTech) — 3o0kpema, mijg 4Yac NPOEKTYBAaHHS HAJICTKUX CJICMEHTIB (IO3CIDKY Ta KpPWII
6esminoTHuX JitanbHuX amapatiB (BITJIA) [1] , a Takox y GioMeanuHii iHKeHepil, 1e OpTOTPOIHi
TUTAHOBI CIUIABM 3aCTOCOBYIOTBCS JIII BUTOTOBIICHHS IMIUIAHTIB ckiagHoi (opmu. Tomy
po3pobka Ta BaockoHaneHHs MeToniB ouiHku HJIC 000JI0HOK € aKTyaldbHOIO HayKOBO-
NPaKTUYHOIO 3a/avyero. MaremMaThyHe MOJENIOBAaHHS TaKWX KOHCTPYKLIA € HaJCKIaIHOO
3aJ1a4et0 Yepe3 KOMILUIEKCHY JIiF0 TPhOX B3a€MOIIOB’ I3aHUX YNHHHKIB. FT€OMETPUYHOT CKJIaTHOCTI,
aHi30Tpomii MaTepiady Ta HEOOXITHOCTI pO3B’S3aHHS CHUCTEMH pIBHSHb 13 YaCTHHHUMU
MOX1THUMH BUCOKOTO MOPSAKY. [l MoA0IaHHS [UX TPYAHOLIIB PO3pOOIEHO TUCKPETHO-KOHTH-
HYaJbHHUN MiIXiJ, IKUH TOEAHYE TeOMETPUYHE TIEPETBOPEHHS BUX1THOT 00JIACTI 1O OMUHUYHOTO
kBagpata X =T -&, ampoKCHMAaIil0 HeBiZoMmx OYHKIiH u,v, W, Yy, Y, crutaiinamu, s
3BEJICHHSI OTPUMAaHOI IBOBUMIpPHOT 3a/1a4i 10 OJTHOBUMIPHOI, Ta pO3B’sI3aHHS OCTAHHBOI CTIMKHM
YHCETBHUM METOIOM JUCKPETHOI opToroHamsarii [3].

PosrnsinyTo mosiori 00OMOHKHM CTaJiol TOBIIMHHU 3 JKOPCTKO 3aKpPIIJICHUMH KOHTYpaMu
(3amemunienns), kpuBm3Hamu ki = k, = 0,1 Ta piBHOMIPHO pO3NOAIICHUM ITOBEPXHEBUM
HABaHTAXCHHSAM (o. Y MeXax 3arajbHOI OpTOTPOIHOIT Mojeni [1] Marepian 000J0HKH 331aHO 5K
JaCTHHHHK (130TPONHUI) BUMAJI0K NPYKHUX XapakTepuctuk: E; = E, = E, vy = v, =V, Gy, =
G. JlochmipkeHO TpU MapKH TUTAHOBHX CIUIABIB PI3HOTO Kiacy 1 mpusHaueHHs (tadim. 1, momymi
HopMoBaHO BimHOCHO Ey = 100 I'Tla) Ta m’stb dopm 1uiaHy, 3aaHUX KOOPIAMHATAMHU BEPIIUH
JOTHPUKYTHHKA: KBajapar (gl), mpsMokyTHHK 3 BigHomeHHsM cropid 4:1 (g2), pom6 (g3),
napasnenorpam (g4) i tpanertis (g5).

Tabn.1: ocaimKyBaHi TUTAHOBI CIUIaBH

[To3. Mapka criaBy Knac E, I'Tla G, I'Tla
ml Ti-6Al-4V (BT6) a- 114 44
m2 Ti-13Nb-13zr near-f3 62 23
m3 Ti-8Al-1Mo-1V near-a 125 47

Po3paxynku BuKOHaHO Aiisi Beix 15 komOiHamiil «cmimaB—gpopma». AHami3 0e3po3MipHOTro
nporuny W = WE/QO BusiBuB 1Bi 3akoHOMipHOCTI. [lo-mepmie, s BCiX I'ATH TeOMETpid
30epiraeTbCsi OJIHAKOBUU TMOPSJIOK CIUIABIB 3a BEJIWYMHOIO TMPOTHHY. HAMOUIBIIMI MpPOTHH
JIEMOHCTpY€ HaliMeHIl skopcTkuii crutaB Ti-13Nb-13Zr (m2, E = 62 I'Tla), npomixkuuii — Ti-6Al-
4V (m1l), naiimeHmmi (ToOTO HaWBUILY MPOCTOPOBY X)OpcTKicTh) — Ti-8Al-1IMo-1V (m3, E =
125 I'Ta), puc. 1. MakcumanbHa aedopmailis BUSBUIACS OOCPHEHO MPOMOPIIHHOK MOIYITO
NpY>KHOCTI MaTepiaity, 0 MiATBEP/HKYE KOPEKTHICTh OOy 10BaHOI MOJIEII.

[To-npyre, dopma TUTaHy CyTTEBO BIUIMBAE Ha 3arajibHy J>KOPCTKICTh KOHCTPYKINi 3a
OJTHAKOBUX YMOB 3aKpiIUICHHS KOHTypy. HaiimeHnry »opcTkicTh (HalOinbmi nmporunu, w ~ 25
JUIsl CIUTaBy M2) IeMOHCTpY€E KBajpaTHa 000sioHKa (g1): KOHTYp OJHAKOBO OOMEXYE MPOTUH 3
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yCiX HampsAMKiB, a popMa IpOTHHY Haraaye MpaBUIbHUHN KyI1oJ. BUTaray it mpsMokyTHUK (§2)
BUSIBHBCS HAIDKOPCTKIMIMM: 3aKPITUICHHS B3JIOBXK JJOBTUX CTOPIH ICTOTHO OOMEXYe AeopMariio
B 1ieHTpi (W = 4,5), emopa nporuHy HaOyBa€ BUIJISAY BUTATHYTOro miato. KocokyTHi Gopmu —
pom0, mapanenorpam, tpamneiis (g3—g5) — 3aiiMaroTh IpoMiKHE mostokeHHs (W ~ 19 ... 22 mis
M2); HAsBHICTh TOCTPHUX/TYMHX KYTiB 1 HEMapajaedbHUX CTOPIH 3CYBA€ MOJIOKCHHS MaKCUMyMY
NPOTHUHY BiTHOCHO T€OMETPHYHOTO IIEHTpa (irypHu.

wE/qo

25

20

15

10

0

0,0 02 0.4 06 038 xla
Puc. 1: Posnoxin nporuny w = wE/q, B310BX niepepizy 000J0HKH KBaapaTHOi ¢popmu (91): 1 —
Ti-6Al-4V; 2 — Ti-13Nb-13Zr; 3 - Ti-8Al-1Mo-1V

Bcranoneno, mo BuOip MapKu TUTAaHOBOTO CIUIABY ISl €JIEMEHTIB KOHCTPYKIIiH TOJIOTHX
000JIOHOK HEMPAMOKYTHOI ()OPMHU OBHHEH YPaxOBYBAaTH HE JIUIIIE BUMOTH J0 010CYyMICHOCTI Uu
MacH, a i O4iKyBaHy BEJIMYMHY Jedopmarrii: s eIeMEHTIB, 10 TOTPEOYIOTh BUCOKOT pO3MipHOL
CTabIIBHOCTI, JOUITBHO TOETHYBATH JKOPCTKI «a- un (a—f)-CIulaBd 3 BUTATHYTHMH
TreOMETPUYHUMH (popMaMu IJIaHy; HATOMICTh OLIBII MiIAATIANBI [-CIUIaBH, MPHUIATHI, 30KpeMa,
JUIs 3MEHLIeHHs e(eKTy eKpaHyBaHHS Halpy>KeHb y KICTKOBIH TKaHUHI NMpHU IMIUIAHTYBaHHI,
BHMAararoTb OOOB’SI3KOBOTO BpaxyBaHHsS CYTTE€BO OUIBIIMX IMPOTUHIB MiJ Yac MPOEKTYBaHHS.
OTpumaHi  pe3yiabTaTd  MIATBEPDKYIOTb  €(EKTUBHICTH  PO3pOOJIEHOTO  JUCKPETHO-
KOHTHHYaJIbHOIO MiIXOTY SIK IHCTpYMEHTY napamerpuyHoro ananizy H/1C nonorux oprorponHux
000JIOHOK CKJIaZAHOT (pOpMHU B IUIaHI Ta MOXJIMBICTH HOTO 3aCTOCYBAaHHS JJIsi OOIPYHTOBAHOIO
BUOOPY Matepiany i reoMeTpii 000JJOHKOBUX KOHCTPYKITIH.

[lepenik mocujaanp

1. Bogdanov V.L., Grigorenko A.Ya., Chepkov I.B., Odnoralov I.A., A.V. Kuchynskyi A.V.,
Kremenytskyi V.V., Sperkach S.O. — Identification of Special-Purpose Structures by Their
Fragments Based on Scanning Electron Microscopy Methods // Advanced Structured Materials
Springer. — 2025. — Vol. 233. 406 p. https://doi.org/10.1007/978-3-031-88827-4

2. Grigorenko A.Ya., Muller W.H., Grigorenko Ya.M., Vlaikov G.G. Recent Developments in
Anisotropic Heterogeneous Shell Theory. General Theory and Applications of Classical Theory —
Volume 1. Berlin: Springer, 2016. 116 p. https://doi.org/10.1007/978-981-10-0353-0

3. I'puropenko O. ., ®@inp €. B. Po3p’s3aHHs 3a1a4 npo Hanpyx eHo-1edopMOBaHUI CTaH
MOJIOTUX OOOJIOHOK HEMpsAMOKYTHOI ¢opmu B muiaHi. [IpobmemMu oOuMCIOBaIBLHOT MEXAHIKU 1
MiItHOCTI KOHCTpyKIiii. 2026. Bum. 41. https://doi.org/10.15421/4226105.

4. Grigorenko A.Ya., Pankratiev S.A., Yaremchenko S.N. Solving the Problems on Stress-Strain

State of Plates of Complex Shape in the Refined Statement // Int. Appl.Mech. 2017. Vol. 53. No.
3. P. 326-333. https://doi.org/10.1007/s10778-017-0814-6.
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[IPO EBOJTIOLIIIO KOHCTPYKII TA CYYACHI TEHEHI{I PO3BUTKY
AHTPOIIOMOPOHUX ITPOTE3IB KHUCTI
I'puceBma Poman FOpiitoBuu
Incturyt Mexauikn iM. C.I1. Tumomenka HAH Vkpainn, M. Kuis, hrysevych(@gmail.com

Beryn Ta akTyaJbHICTB.

Btpata BepXHBOI KIHITIBKH CYTTEBO 0OMEKY€E AKICTh JKUTTA, MpodeciiiHy AISIbHICTh Ta
COIIaJIbHY IHTETpaIliio JIOAUHH. BIIHOBICHHS MPHPOIHOI KIHEMAaTHKH JFOJICHKOI PYKH Ta
GYHKITI ~ 3aXOIUIEHHA MpeJMeTIB  pPI3HOI TeoMeTpil HaIeKHUTh JI0  aKTyadbHHX
MUKIHCIHIDTIHAPHUX 3a/1a4 O10MeXaHIKH, MaTepiaJo3HaBCTBa, IIPHKIAJHOI MEXaHIKH Ta Teopil
aBTOMAaTHIHOTO KepyBaHHA. CydacH1 aHTpoIoMOp(dHI IIPOTe3H KHCTI €BOJIOMIOHYBAaIH BiJI
MaCHBHUX KOCMETHYHUX OOOJIOHOK JI0 CKJIaJHUX MEXaTPOHHUX 1 pPOOOTH30BaHMX CHCTEM 13
OlOHIYHUM KepyBaHHSM. BojHOYac aHami3 JOCBLIY peaOLUTITaIlli IAIieHTIB CBIAYHUTH IIPO
BHCOKHIT BJICOTOK BIJIMOBH B1JI aKTHBHHX IIPOTE31B, 3yMOBJICHHIT IXHBOIO HaJIMIPHOIO Macolo,
HEJOCTAaTHhOIO €KCIUTYaTalliiiHO HaMIiTHICTIO, CKIAIHICTIO TEXHIYHOIO OOCTyroBYBaHHA Ta
BTOMIIOBAHICTIO M’A31B KykKcH. Ile 3yMOBIIOE HEOOXIJHICTh KOMIUIEKCHOTO aHawi3y
KOHCTPYKTHBHHX CXeM, OITHMI3allli KIHEMaTHIHIX JaHITIOTIB Ta PO3POOKH YTOUHEHHX METO/IIB
MOJIETTFOBAHHS HAIPyKeHO-1e(hOpPMOBAHOTO CTaHY CIUIOBUX €IEMEHTIB MPOTE3HOI KHUCTI.

IcTopuyHa perpocnekTHBa Ta (PYHKIIOHAIbHA KJIacHpikarist.

Po3BuTOK 3aC001B NMPOTE3YBaHHS BEpXHIX KIHI[IBOK IIPOIMIIOB KUTbKAa KIIFOYOBHX €TalliB:

L. Ilacueni ma xocmemuuni xonempyxyii. Ilepil MpoTe3n SBISITH COO00 KOPCTKI
MeTaneBl abo JepeB’sHI KOHCTPYKINI 3 (ikcoBaHHMH abo0 CTYIIHYAcTO peryIbOBaHHMHU
TIOJIOKEHHSAMH TATBITB. [XHFOIO OCHOBHOIO (BYHKIIIEFO 3aTHIIA€THCS €CTETHIHEe MAcKyBaHHS
nedeKTy Ta HacHBHA OTIOpa.

2. Tazo6i (mexaniuni) npome3su. 3aBIAKH BUKOPUCTAHHIO eHEPT1i pyXy 30epeKeHnx
CerMEHTIB TuIa (IJIEYOBOTO IMOSCY abo JIIKTHOBOTO CyITIo0a) uepes CHCTeMy THYUKHX OOyleH-
TPOCIB BJaJOCs 3a0e3MeYNTH aKTHBHE B1JIKpPUBAHHS/3aKpHBAHHS 3aXOIUIeHHS. TAroB1 mpoTe3u
BHPI3HAIOTHECSA BHCOKOIO MIITHICTIO, HEBHCOKOK BapTICTIO Ta 3abe3nedyroTh IIpSMUil
MIPOMPIOTIETI THBHHIIT 3BOPOTHUI 3B 30K 3a paxyHOK HATATY Tpoca, M0 MOSCHIOE IXHIO ITHPOKY
MOIYJIAPHICTH 1 B CYYacHIH MPaKTHIIL.

3. Mioenexmpuuni ma 6ioniuni cucmemu. 3aCTOCYBaHHS IMOBEPXHEBUX JAaTIHKIB
erektpoMiorpagii (EMI') mo3Bommiao 34uTyBaTH OlOMOTEHINIATH 30epeKeHHX M S31B
nepeIIads 111 KepyBaHHS eleKTpoMeXaHIdHIMH npuBoiaMu. CydacHi po3poOkH 6a3yroTbest
Ha aJITOpHTMax IIPOIOPIIHHOTO KepyBaHH, pO3II3HABaHHI HMaTePHIB M’ SI30BOi aKTHBHOCTI Ta
TapreTHIil pelHHepBaIlii M’ g31B.

4. Cucmemu Ha ocHoGi meH30Mempii NOGePXHI WIKIPU MA MAUUHHO20 HAGYAHHA.
HoBITHIM HampsAMOM Yy PO3BHTKY OloiHTepdeiiciB € BIACTeKEHHS MEXaHITHHX JedopMarriii,
MPYKHOTO HATATY Ta TOIOrpadIdHUX 3MIH ITOBEPXHI MIKIPH KYKCH IT1JT 9ac CKOpPOUEeHHS M’ S31B
nepemmnigds. Ha BiIMIHY BiI KiacHuHoi eilekTpomiorpadii (EMI), fka € dyTIMBOIO 0
MMOTOBUILUICHHS, €IeKTPOMArHITHUX 3aBajl 1 3MIIICHHS €JIeKTPOiB, BUKOPHCTaHHS THYYKHX
TEH30PE3UCTHBHUX a0 ONTHYHHX CEHCOPIB 3a0e3edye cTadUIbHY peecTpalliio IMpocTOPOBOTO
penbedy M'SI30BHX BOJIOKOH. IHTEerpariis MacHBIB TaKHX JIATYHKIB 13 MOJIEISIMH MAalIHHHOTO
HaBUaHHS (IITyYHHMH HEHPOHHUMH MepeKaMH) J03BOJISE aHaTI3yBaTH JUHAMIKY HATATY
IIKIPH B PEeXKIMI peaTbHOTO Yacy, 3 BUCOKOI TOUHICTIO JeNH(pyBaTH HaMip KOPUCTyBada Ta
MPOTHO3YBATU IUIHOBHII TaTePH 3aXOIUICHHS UM OKPEMUIT IIPOCTOPOBHIL JKECT MabIIIB.

KinemaTn4ni cxeMH, THIIH MPHBOXIB Ta MiAIATIHBI MeXaHi3MH. AHaTOMIYHa KHCTh
JIFOIMHU BOJIOIE CKIAHIM KIHEMaTHIHHM JIaHITIoroM 13 moHaa 20 ctynensMu BuibHOCTI (DoF
— degrees of freedom), BiATBOpeHHS SKHX y HITYYHOMY IPHCTPOi oOMeKeHe KOPCTKHUMH
MacorabapUTHUMH paMKaMHi (Maca JHCTadbHOTO MOAYIS He MOBHHHA mepeBunryBaru 400-
500r). BiImoB1IHO 10 MIPHHIUITY PO3IOJILUTY PYX1B BUJAUISIOTH TaKl CXEMH:
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o [loenicmio kepoeani ma HAOIUWIKOGO NPUEOOHI cucmemu. KOKeH MIapHIp Majbllsd
MPUBOJIMTHCSA B JIiI0 HE3aJEKHHM MIKpOeIeKTpoJBUTYHOM. Ile 3abe3meuye MaKcHMalbHY
THYYKICTh PYXIB, IPOTE€ MPU3BOIUTH 10 KPUTHYHOTO 3POCTAHHS MAcH, €HEProCIOKUBAHHS Ta
HMOBIPHOCTI MEXaHIIHOI B1JIMOBH.

o HedonpueooHni mexawizmiut (underactuated): KUIbKICTh KEPOBAHUX IIPUBOJIIB MEHIIIA 3a
KUIBKICTh CTyHeHIB BUIBHOCTI (DoA — degrees of Actuation) — (DoA < DoF) . Posmonin
CIUIOBOTO IIOTOKY peasi3y€eThCs 3a JIOIIOMOTOFO IMTPOCTOPOBHX MAPHIPHO-BAKUIFHIX MEXaHI13MIB
(40THpPHIAHKOBHKIB), TH(epeHITiaTbHIX Mepeiad ado po3ralyKeHHX TPOCOBUX 3B’ A3KiB. Taki
KOHCTPYKIIi 3a0e3MeTyrTh ITaCHBHY MeXaHITHY aJalTalllf0 MajbIliB JI0 JOBUILHOI (opmu
00’€eKTa 3aXOIICHHS IIPH BUKOPHUCTAHHI JIHIIe OJHOro ado JBOX MOTOPIB.

o [Tiooamauei mexauismu (compliant mechanisms): 3aMiHa TPAOAULINHUX TIWITHIPHIHUX
MIApHIPIB Ha THYYKI IIPYKHI 30HH a0o0 1HTerparis ejxacTOMepHHX MaTepialiB (IIOJiypeTaH,
cunikoH). IlpyxHi nedopmariii J03BOJIAIOTH MOITHHATH €HEpriio yIapHHX HaBaHTaKeHb,
KOMIIEHCYBATH BIIXILICHHS TPA€KTOpiit Ta 3MEHITYBAaTH KUIbKICTh CKJIa/IaTbHUX OJNHHIIb.

AHTHBHe BHPOOHHIITBO TA TOMOJIOrivHA onTHMIi3amia. [Tommpenns TexHomoriii 3D-
JPYKY BIIKPIIO MOK/IHBICT CTBOPEHHS JIETKHUX, JOCTYIIHHUX 1 IEPCOHATI30BAaHUX KOHCTPYKITIH
13 BIKPHTHM IHXEHEPHHM Kojom(open source). Bukopucrtanas tepmoruiactiB (PLA, ABS,
PETG, Nylon) Ta KOMIIO3HTIB, HallOBHEHHX BYIIIEBOJIOKHOM, 3a0e3Iledy€e BHCOKE IHTOME
CIIIBBLIHOIIEHHS MIITHOCTI JI0 MACH.

Bonrouac nonrapoBe HaHeCeHHS MaTepialy 3yMOBIIIOE CYTTERBY aHI30TPOIIIF0 MEXaHITHUX
BJIACTHBOCTEH, MIO CTBOPIOE PHU3UK pO3MIApYBaHHS JeTaleil MpU MUKIIapoBoMy 3cyBi. Ile
BHMAarae 3acTOCYBaHHS METO[B CKiHUeHO-eneMeHTHoro (MCE) MojentoBaHHS [UIS aHATI3y
HaIpyKeHO-1e(OpMOBaHOTO CTaHy (hajaHT HaJblliB Ta €IE€MEHTIB JOJIOHI IIiJl 9ac BUKOHAHHA
THIIOBUX 3aXOIUIeHb: IIUTIHAPUYHOTO, IHIIKOBOTO, MJIOCKOTO Ta TaYKOMOAIOHOTO 13 CHIOBHMHU
HaBaHTa)KeHHSAMH B jianaszoHi 15+50H . 3acTocyBaHHS TOIMOJOTIYHOI ONTHMI3AIIi JIO3BOISE
paIioHaIbHO MEPepO3NONUIATH Marepial y 30HaX KOHIIEHTpaIlil HalpykeHb Ta JIOCATTH
3HIDKEHHS MacH PyXoMHX elleMeHTIB Ha 20-+35% mpu 30epeKeHH] IIPOEKTHOI JKOPCTKOCTI.

Bucnobku. CyJacHl TeHJISHINI B rajay3l IPOEKTyBaHHA MPOTe31B KHCTI OPIEHTOBaHI Ha
CTBOpPEHHS TiOpUIHUX HEJONPHBOJHUX CHCTEM 13 BHKOPHCTAaHHAM MHiIATIHBUX MIAPHIPIB Ta
JEeTKHX T[OMIMEPHUX MarepianiB. [OJTOBHUM IHJKCHEPHHUM 3aBIAHHSAM 3aJIUIIA€ThCA
3a0e3medeHHsd CTarMdHol Ta BTOMHOI MIIHOCTI TOHKOCTIHHHX eJIEMEHTIB CKJIagHOL
mpocTopoBoi reoMeTpii. IIepCrIieKTHBHUM HampsIMOM JOCTUDKEHb € PO3BHTOK METOJIIB
YHCIOBOTO MOJIETIOBAHHS HEMHIIHHOTO JehopMyBaHHS KOMIIO3UTHHX Ta e€lIacTOMEPHHUX
EIEeMEHTIB TMpPOTe31B 3 YypaXyBaHHAM JHHAMIYHOTO KOHTAKTy Ta S3MIHHHX ITHKIIYHUX
HaBaHTaXKEHb.
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KBAHTOBI TEXHOJIOT'I IHTEJJEKTYAJIBHOI'O AHAJII3Y JIAHUX
JJIA IMIIABAIMEHHA ECPEKTUBHOCTI EHEPTETUYHHUX T1a
I'TITPOMEXAHIYHUX CUCTEM

Jixamnanosa LA., n.¢.-m.H., mpodecop, email: idzhalladova@gmail.com kadenpa cucremuoro
ananizy Ta kioepoesneku KHEY imeni Baguma I'erbmana, M. KuiB, Ykpaina.
Kawmincekuii O.€., 1.e.H., mpodecop, email: olkam@kneu.edu.ua
JIrotuii O.1., k.1.H., ipodecop, email: lai4d7@ukr.net

CydacHi €HepreTM4Hi CHUCTEMHU € CKIAQIHUMH JTUHAMIYHUMH 00 €KTaMH 3 BEJIHKOIO
KUJIBKICTIO PO3IOITICHUX JKEPEIl €Heprii, HaKOMMYIyBaviB, CEHCOPIB 1 aBTOMATU30BAaHUX CHUCTEM
KepyBaHHs, €(QEKTUBHICTh SKHX BH3HAYAETHCS MPOCTOPOBO-YACOBUMH XapaKTEPUCTUKAMU
NOTOKIB  Ta nporeciB. TpagumiiiHi MeToau iX onTuMizamii MmOTpeOyIOTh 3HAYHUX
00UYHCITIOBAIBHUX PECYPCIB, TOMY Jie/iajli OUIBIIOr0 3HAYCHHS HAOyBa€ BUKOPUCTAHHS BEIIMKUX
MaCHUBIB €KCTICPUMEHTABHUX JaHUX IS OTIEPATUBHOTO MOHITOPHHTY, TPOTHO3YBAHHS PEKUMIB
po0OTH Ta 1HTENEKTYyaJIbHOTO KEepPYBAaHHS OONAAHAHHAM. AKTyaJbHUM € CTBOPEHHS TiOpuIHOI
KBAaHTOBO-KJIACHYHOI CHCTEMH IHTEJICKTYaJlbHOTO aHAJI3y JAaHMX, Yy SKid KIACHUYHI YUCEIbHI
METOJIM 3a0e3MeYyl0Th MOJENIOBaHHS (I3MUHUX MPOIECiB, METOAM MAIIMHHOTO HABYAHHSI —
noOyoBy mHu(poOBOro MBIMHWKA, a KBAHTOBI aJTOPHUTMU BUKOPHCTOBYIOTHCS IS PO3B’SI3aHHS
HAWOUIBII CKJIATHUX KOMOIHATOpHUX 3amad omtumizailii. Cy4yacHi AOCHIIKEHHS KBaHTOBHUX
004HMCIIeHb PO3MIIAAAI0TH TIepeLyciM riopuaHi migxoau ao optimal power flow, economic dispatch,
unit commitment Ta onTuMi3allii CTPYKTYpHU €HEpromepex. BomHodyac mMpakTHYHE KBAHTOBE
NPUCKOPEHHS Ui BEIUKUX TPOMHCIOBUX 33Jad MOKH IO MOTpedye eKCIepHMEHTAILHOTO
migTBepKeHHs yepe3 oomexenHss NISQ-obaagHanns (e CyvacHi KBaHTOBI 0OYMCITIOBAIbHI
OpUCTPOi Ta MOB’S3aHA 3 HUMHU 1H(PACTPYKTypa, TpHU3HAYCHI IS BUKOHAHHS KBAHTOBHUX
QITOPUTMIB B yMOBaX HasIBHOCTI TyMiB 1 0OMEKEHOT KiJIbKOCT1 KYOITiB.

Mopeasn. [Ins onucy rigpoAuHaMiYHUX MHPOLECIB y MPOTOYHIM YAaCTUHI €HEPreTHYHOTrO
o0nasiHaHHS BUKOPHUCTAEMO PIBHSHHS 30€pEKEHHS MAcu Ta IMIYJbCY I HECTUCIUBOI PiAMHU.
PiBHSIHHS HEPO3PUBHOCTI MA€ BUIJIS

V-u=0, 1)
a pIBHSIHHS pyXy

ou r
p(5+ @ V)= —Vp+ ¥ ey (Tu+VuD +pg. @)
JI€ U— BEKTOp IIBUIKOCTI; p— THUCK, Pp— TYCTHHA POOOYOT0 CEpPENOBHILA; Uer = U + [p—
edeKTUBHA TUHAMIYHA B’ A3KICTh 3 YPaxyBaHHSAM TypOYyJIEHTHOI CKJIaJ0BOi; J— BEKTOpP MacOBUX
CHIL
Jlis eHepreTMYHUX CHUCTEeM, Y SKHX ICTOTHE 3HAY€HHS Ma€ TerIooOMiH, MaTeMaTH4Ha
MO/J1€Jb JIONIOBHIOETHCS PIBHAHHSIM [IEPEHECEHHS €Heprii

oT
pcy (E +u- VT) =V (kegtVT) + qy, 3)

ne T— Temneparypa; Cp,— TIUTOMa TEIUIOEMHICTh, Ker— €(QEKTHBHMA KoedimieHT
TEIUIONPOBIIHOCTI; q,— 00’ €MHE JKEepeJIo TEIUIOTH.

Pigusiaas (1)—(3) 103BOJNISAIOTH BU3HAYMTH MPOCTOPOBO-YACOBI TIOJIS MapaMeTpiB, sKi
0e3nocepeIHbO BIUTUBAIOTH HA €PEKTUBHICTh EHEPIeTUYHOTO 001 THAHHS.

Jl1st yucenbHOTO PO3B’sI3aHHS MPOMOHYETHCSI BUKOPUCTAHHS METOJy CKIHUEHHUX 00’€MiB
(Finite Volume Method, FVM). Horo TIEpeBaroro JjIs 3a/1a4 TipoMeXaHiKi € BAKOHAHHS 3aKOHIB
30epekeHHs 6e3MocepeIHbO Ha TUCKPETHOMY PiBHI.

Jlnst po3B’si3aHHS BETMKUX HENiHIHHUX cucteM (5) MOLiIbHO BUKOPHCTOBYBATH Cy4YacHUH
meton Jacobian-Free Newton-Krylov [1]. Bin moeanye meron HproToHa 3 iTepamiiHUMM
MeToAaMu mignpoctopiB Kpusaosa Ta 103BoJIsiE YHUKHYTH SIBHOTO (DOPMYBaHHS IOBHOI MaTpHIi
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Axo6i. Takuii Kjgac METOAIB IIMPOKO BUKOPHUCTOBYETHCS JUISl BEIUKHX HENHIMHUX 3a7a4
00YHCITIOBANBHOT (PI3UKH .

B po6oti aBTOpIB 3anponoHOBaHa MaTeMaTH4YHA MOJIENb, sika (OpPMY€E €IUHY TiOpHUIHY
TEXHOJIOTIIO 1HTENEKTYalbHOTO aHaNi3y Ta ONTHUMI3allii €HepreTUYHUX CHCTEM, L0 MOEIHYE
dbyHIaMeHTalIbHI PIBHSIHHS TiApOMEXaHiKH, METOJ CKIHYeHHUX 00’ emiB, Jacobian-Free Newton-
Krylov, meromu penykuii posmiprocti, physics-informed neural networks i kBaHTOBY
onrumizariio [2].

Ha Bigminy Big miaxofy, 3a SKOro KBAaHTOBHH KOMII'IOTEp PO3IJISNAETHCA SIK 3aMiHa
TPaAMIIIHHUX YHCEIIbHUX METOJIB, 3alPOTIOHOBAaHA apXiTEKTypa mnependavae ix GpyHKIiOHAIBHE
po3niIeHHA. BHUCOKOTOYHE MOJENtoBaHHS (I3UMYHUX TPOLECIB 3IMCHIOETHCS KIACHYHUMHU
3aco0amMu, MallMHHE HaBUaHHS 3a0e3ledye MIBHIKY PEKOHCTPYKIIIO CTaHy CHEPreTHYHOTO
00’€KTa, a KBAaHTOBHI MOJIYJIb BUKOPUCTOBYETHCS JIJIS TIONMIYKY €(PEKTUBHUX PIllIEHBb Y MPOCTOPI
JTVCKPETHUX KEPYIOUYHX 3MIHHHX.

HaiiGinpm mepcrneKTUBHUM — HANpSMOM 3aCTOCYBaHHS TaKOTO MIAXOIy € CTBOPEHHS
uGpOBUX JBIMHUKIB TiApPOTYpOiH, HACOCHUX CTaHIIH, TAPOAKYMYJIIOIOUUX EJIEKTPOCTAHIIIH,
TEIUIOOOMIHHOTO OOJIaHAHHS Ta KOMIUICKCHUX CHEPreTHYHUX CHUCTEM. BUKOpHCTaHHS
EKCIICPUMEHTAJIbHUX JaHUX Yy MOENHAHHI 3 (PI3MYHO OOTPYHTOBAHMMU YHCEITBHUMHU MOJCIISIMU
JI03BOJISIE 3/IIACHIOBATH IPOTHO3YBAHHS €HEPTOC(PEKTHUBHOCTI, BUSBJICHHS aHOMAJIBHUX PEKHUMIB,
OLIIHIOBAHHS T'IPaBIIIYHUX BTPAT Ta ONTHMAaJIbHE KepyBaHHs 001 1HaHHIM. KBaHTOBHIA ITpo1iecop
HE 3aMIHIOE KJIACHYHI YUCETbHI METO/IH, 8 BUCTYIAE CIIEI[ialli30BaHIM ONTHMI3aliifHUM MOTyJIeM
JUIST HalOUIBII CKIIAQAHOI TUCKPETHOI YacTuHU 3anadi. Came ribpugHa apXiTeKTypa ChOTOJIHI
PO3TISIIAETHCSA SIK OJIMH 13 HAWOUIBII MPAKTUYIHUX HAIPSIMIB 3aCTOCYBAaHHS KBAHTOBHX TEXHOJIOT1H
10 3a7a4 eneprocuctem|3-4].

Y TNpakTUYHOMY EKCHEPUMEHTI MPOIOHYEThCS MapajieilbHe pO3B’sI3aHHS OIHAKOBUX
ONTHUMI3AIITHIX 32/1a4 KIIACHYHUMH Ta KBAHTOBO-KJIACHYHUMH METOaMH Ta TIOPIBHIOBATH SKiCTh
pillieHHs, Yac OOYMCIICHHS, MacIITabOBaHICTh, KUIBKICTh HEOOXITHUX iTepalii 1 CTIHKICTh
QITOPUTMIB JI0 30UIBIICHHST PO3MIPHOCTI 3a]1a4i.

[Mopanpuni nocmiakeHHs OyIyTh CHpPSIMOBaHI Ha MPOrpaMHy peati3allilo 3alIpONOHOBAaHOT
apXIiTEeKTypH Ta 11 TECTYBaHHS HA PEATbHUX CKCIICPUMEHTATLHUX JaHuX. OKpEeMUM 3aBIaHHSAM €
BCTAHOBJICHHSI TPAHUYHOI PO3MIPHOCTI 3a/1a4, AJIs SIKUX 3aCTOCYBaHHS KBAaHTOBOTO BiJMNaiy cTae
KOHKYPEHTHUM TIOPIBHSHO 3 TPATUIIIHHIME aJITOPUTMAMH.
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AHAJII3 HAKOITMYEHHSA YUCEJBHUX ITOXUBOK IIPH -
MOJAEJIIOBAHHI HA GPU PYXY TOYUKOBHUX BUXOPIB

Jlosruii C. O. !, Bynanuyk I'. T. 2, Bynamayk O.M. 3
IHcTHTYT TenekomyHikariii i rimo6ansHoro iHdopMariitaoro npocropy HAH Ykpainu,
Kuis, info@itgip.org
2 IBH3 “TIpua3oBCchKuii qepskaBHUIT TeXHIUHMIT yHiBepcHTeT”, Mapiymois,
ggbulan7@gmail.com
3 IncturyT npuknagaux cucteM yrpasininas HAH Ykpainn, Kuis,
obulan65@gmail. Com

Y poboTi JOCHiIKYEThCSl BIUIMB mporpamHoro cepenouma GPU-obuuciens Ha
HAKOMWYCHHSI YHCEIBHUX MOXUOOK TPU MOJCIIOBaHHI HECTIHKOTr0 BUXPOBOTO APy METOJIOM
TOYKOBHX BHXODIB. 3ajadya pO3IIAAAETBCS Y TPbOX CEpeAOBMINAX. IOJBIMHAa TOYHICTH Ha
[ICHTpaJIbHOMY TpoIiecopi, 3Buuaitia TounicTh Ha GPU B cepenorunti OpenTK (mosa GLSL) ta
Unity (moBa HLSL) [1]-[3]. Yci po3paxyHKH BUKOHYBAJIHUCh Ha OJJHOMY 1 TOMY % KOMII FOTEpi Ta
Bifeokapti. L{i Tpu anroputmu Oynau abCONIOTHO IMEHTHYHHUMH, a €IMHOIO BIJIMIHHICTIO MIX
pearizanisiMu OyJIM TUITK TaHUX, KOMITUISTOpH IekaepiB Ta rpadiuni API.

Bceepeanni npssMOKyTHHKA CUMETPUYHO BiTHOCHO ocel X Ta Y po3mimyBaiuch N BUXOpPiB

i3 CyMapHOI0 IUpKyJIsiieto G 3 koopauHatamu X; € (—a/2,a/2) y; € (—g,g) 1 HHUPKYJISIIEI0

I, sxa BusHavanach sk [ = G/N. I1IBuAKICTh BiJi BUXPOBOTO IIapy BH3HAYaIach 3a (hopMmysiaMu

[4]: N I-sh <2n(y - yi)>

ulx,y) = — ; oy <ch (Zn(ya— yi)) —ios (27‘[(Xa— xi))> (1)
N [-sin <2n(x Xi )>
v(x,y) = 2 - (Ch ) :S ( M)) @)

Y3108k oci X BUKOHYBaJlaCh YMOBA MEPIOJUYHOCTI. PyX BUXOpPIB OMHCYETHCS CUCTEMOIO

TQepeHIiaTbHUX PIBHAHB MEPIIOTO MOPSIKY:
dx; dy;
dt u(xl’yl) dt v(xj’yj) (3)

HasiBHiCTH cuMeTpii MOYATKOBHX yMOB JO3BOJIE€ OUIBII YITKO BH3HAYATH MOPYIICHHS
cuMeTpii, sike 00ymoBiieHe HecTiHKicTioO KenbBina-I'enpMroniplia Ta HAKOMUYEHHSIM YHCEITHHUX
noxuOoK. JIJIsl YHUKHEHHsI CHHTYJISIpHOCTI y dopmynax (1),(2) BUKOpUCTOBYBaach mpoleaypa
peryJssipu3ailii, aHajoridHa BBeICHHIO pajiyca PankiHa as ToukoBoro Buxopy. 3agaya Komri (3)
PO3B’sA3yBaacs METOJ0M Hpe,Z[I/IKTOp-KopeKTOp (leap-frog). Jlns paniyc-BekTopa BUXOpY 7; KPOK
npe/mKTop BM3HAYACTHCS 3a POPMYIIOO 7 ip = + 05- 17] - At, a KpOK KOPEKTOp — 3a (hOPMYJIIOI0
Tip1 =7+ vj( p) At. TlouaTkoBi naHi BI/IXOplB 3aBaHTaxyBanucs Ha GPU i mani po3paxyHok
BI/IKOHyBaBC}I TITBKA 32 PaxyHOK OOUYMCIIOBAJIbHHUX IIEHAEpIB. Ili »x cami pgaHi
BUKOPUCTOBYBAIIMCS JUIsl Bisyauizamii. Pe3ymbraTe moBepTanvcsi Ha IEHTPAJbHHUHA IPOIECOP
TITBKUA JJIs TIOPIBHSHHSA 13 pe3yJibTaTaMU 3 TOJBIMHOIO TOYHICTIO 1 30€peKeHHS NaHUX IS
MOPIBHSIHHS MK cO0010.

BuxonyBanocs MOpiBHSHHS KOOPIMHAT BHUXOPIB, MOJIOKEHHS IICHTPY 3aBUXPEHOCTI Ta
dopma BuxpoBoro mapy. PospaxyHkn mokazamm, 1o s nepmmx 10 KpokiB pe3ynbraTtd
obumucnens nns GLSL ta HLSL cniBmanaroth, mo CBITYUTH MPO iIEHTHYHICTh BUKOPUCTAHUX
anroput™iB. [Ipu boMy Ha OYaTKOBOMY €Tami yCli BUXOPH pyXaroTbcs MapaienbHo oci X 1
CTPYKTypa BHXPOBOTO IIapy HE MOPYIIYyEThCs. A€ 13 30UIbIIEHHSIM YHClia KPOKIB IHTETPYBaHHS
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BUXOpPH 3MIIIYIOThCS B370BX oci Y. lle moB’si3aHO 3 HAKOMWYEHHSM YHUCEITBHUX IMOXHOOK.
[TounHatouyn 3 TMEBHOTO MOMEHTY CHMETpis Iapy BUXOPIB SBHO MOPYIIYETHCS, BHUXOPU
MOYMHAIOTh TPYIYBATUCS B HEBEIUKI KIYOKH, a MOTIM NOYHMHAETHCS PO3BUTOK HECTIMKOCTI
KenpBina-I'enpMronbia, Mo NPU3BOAUTH 10 (HOPMYBAaHHS BEIMKUX BUXPOBUX CTPYKTyp. Ciix
3a3HAYUTH, IO PyX IIapy BiAOYBaeThCs B yMOBax HecTiikocTi KenbBina-I'enbMrosibpiia, sika micis
MOPYIIEHHST CUMETPii BHACTIOK YUCEIBHUX TMOXHOOK MPHU3BOAUTH IO IIBHAKOTO 3TOPTaHHS
BHXPOBOTO APy y BUXPOBI KIIyOKu. ToMy He3HauH1 BIIMIHHOCTI B 00uncieHHi ¢pyHkiii Ha GPU
Ta 1X HAKONMUYCHHS MPHU3BOIATH J0 BIAMIHHOCTEH Yy pe3yibTaTax MOJCIOBaHHS. Byno Takox
NPOBE/ICHO JOCII/HKCHHS BIUTUBY KPOKY II0 4acy, 3aBHXPEHOCTI Ta pajiycy peryispusaiiii Ha
pe3yJIbTaT €BOJIIOIII BUXPOBOIO IMapy. Bylo BCTaHOBJIEHO, IO KOXKHA pealizaiis € O0iTOBO
neTepMiHOBaHOO. He3Bakarounm Ha TPAKTHYHO TOBHHH 30Ir PE3yJIbTaTiB OKPEMUX KPOKIB
IHTErpyBaHHA Ha MOYATKOBOMY €Tami Ta JIETepMiHOBaHICTh 000X peaji3alliii, mpu TpUBAIOMY
MOJICJIFOBaHHI BHXPOBOTO IIAPY CIIOCTEPIra€Thesi MOCTYIIOBE HAKOMWYCHHS PO30DKHOCTEH MiX
pizaumu peanizanisivu Ha GPU. IIpn oMy MakpocKoIiuHa CTPYKTypa Teuii, XapakTep pO3BUTKY
HECTIMKOCTI Ta OCHOBHI (Pi3MYHI 3aKOHOMIPHOCTI 3aJIMINAKOTHCSA OJMM3bKUMHU MPOTITOM IEBHOTO
MOMEHTY 4acy (puc. 1). Ajie B MOJalbIIOMYy PO3XODKEHHSI CTAIOTh BCE 3HAYHUMHU 1 HE CXOKUMHU
onHa Ha ofHy. CitiJ 3a3HAYUTH, 0 30UTBIICHHS IIUPKYJIAIIT Ta KPOKY 10 Yacy iCTOTHO BILTMBAIOTh
Ha MMPOLEC HAKOMMYEHHsI MOMHJIOK. MEeHIII anpoKcuMariiHi TOXHOKH NpU iHTEeTpyBaHHI PIBHSIHb
PYXy BUXOPIB MIPU3BOJATH IO MEHIIIOTO PO3XO/DKEHHS PE3yJIbTaTiB PO3PaXyHKIB.

6)
Puc. 1 Pe3ynbraTi Mo/eIIOBaHHS BUXPOBOTO HECKIHUEHOTO Mmapy uist 32768
BuxopiB uepe3 3000 kpokiB 1o yacy npu 1upkyIsiii mapy 50: a) Unity 6)

Byno BcTaHOBIIEHO, IO HABITH NMPH BUKOPHCTAHHI OJTHAKOBOTO AJITOPHUTMY, OIHAKOBHUX
MOYaTKOBMX YMOB Ta OJIHi€1 i Tiel camoi BijieokapTH pe3ynbTaTi TpuBajoro GPU-MonentoBanHs
MOKYTh BIAPIZHATHCS 3aJIEKHO B1Jl IPOIPaMHOT0 CEPEI0BUIIA BUKOHAHHS.

Ilepeaik nocujianb
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YUCEJIBHE MOJAEJTIOBAHHA AEPO/IMHAMIKH ITPODLIIIO
NACAQ012, IO KOJIMBAETHCA, ITPU ITIEPEXITHOMY YU CJIT
PEMHOJIBJICA

JloBruit C.0.%, Pequnms I[.O.z, Beckos €.B.2
YncTuTyT npuKIagHuX cucTeM ynpasiinasa HamionansHoi akanemii Hayk Ykpainu, Kuis,
s.dovgii@gmail.com
2 JHCTHTYTY TPAHCIIOPTHHX CHCTEM i TexHooriit HamionansHoi akanemii Hayk Yxpainu, J{Himpo,
redchits_da@ua.fm
SHapyanpHO-HAayKOBHUI IHCTUTYT iH(OPMAITITHUX TEXHONIOTIH Ta poboToTexHiki HarionansHoro
yHiBepcurery «llonraBceka nomitexuika imeni FOpist Konapartioka», [lonrasa,
veskovev@ukr.net

JlociiKeHHsT HECTaIllOHAPHOTO OOTIKaHHS aepOIMHAMIYHHUX PO LTiB, 110 KOJHUBAIOTHCS,
B YMOBAaxX JIaMiHapHO-TYpOYJECHTHOTO MEPEXOay Mae BaXJIMBE 3HAUCHHS MPHU PO3poOIi Malmx
JITaJTbHUX aMapaTiB Ta MaJIUX BITPOCHEPreTHYHUX YCTaHOBOK [2, 5].

Po3BUTOK Manmux JiTaqpHUX amapaTiB BEUMarae TJMOOKOTO PO3yMiHHS HECTalliOHAPHOI
aepoIMHaMIK{ MaXOBHX KPHJI, 1€ KpUTUYHY POJIb BiAIrPa€e CTPYKTypa BUXPOBOI'O CIIiTy Ta Iepexin
BiJI PSXKHMY OIOPY JI0 PEXKUMY TATH IPU 301IbIICHH] 3BEICHOT YaCTOTH KoJMBaHb kpuia [1, 5].

He3Baxaroun Ha 3Ha4yHy KUIBKICTb EKCIEPUMEHTAJbHMX Ta YHMCEIbHUX JOCIIJKEHb
HECTAI[IOHAPHOTO OOTIKaHHS MPOo(diIiB, MO KOJMUBAIOTHCS, OCHOBHY YBary MPUAUICHO a0o
NaMiHApHOMY pEXHMy TIpHM umciax PeiiHonbaca mopsaky Re = 10°, a6o Ginmbm BHCOKHM
snagennsaM Re = 10*-1.5-10°, mo BiANOBiAar0TH IEpeXinHOMY Ta TypOYIEHTHOMY PEKUMAM Tedii
[2]. Miama3on uncen Pelinosbaca Bijg 2-10°8 o 4-10°, XapaKTEePHUH ISl 0araTboX MajuX JIITAIbHUX
amapatiB Ta MaJHX BITPOCHEPTeTUYHUX YCTAHOBOK, 3aJMINAETHCS BKpail MaIOBHBYCHUM.
Buacninok niporo nedinuty ganux, nutanas Bepudikanii Bigkputux CFD-makeTiB 1uis noaioHoro
KJIacy 3ajJad 1 J0Cl onpaipoBaHi HeJocTaTHhO. OcOoOIMBOI aKTyalbHOCTI 1Sl MpolaemMa Ha0yBae
npu posB'sizaHHI piBHAHb Hap'e-CTokca 3 OJHOYAaCHMM BHMKOPHUCTaHHSM TEXHOJOTIH
06araTo0JI0KOBHX CITOK Ta Cy4YaCHUX MOJIeJIel JaMIHapHO-TYpOYJIE€HTHOTO IEPEXOy.

Mertoro 1aHOi poOOTH € Ballijiallis YUCEeTbHOI METOIMKH MOJIETIOBaHHS HECTallloOHApHOTO
oorikarus npodimo NACA 0012, mo KomMBa€eThCs, MUISIXOM BiJITBOPEHHS CKCIIEPUMEHTAITBHIX
pe3ynbTaTiB Tian ta iH. [5], a TAKOXK JOCTIKEHHS BIUIMBY MallUX 30ypeHb HAa BUXPOYTBOPCHHSI
Ta aHaJI3 aepOJAMHAMIYHHUX CHJI.

B po6ori posrnsnaerses cumerpuunuil npodine NACAO0012, sikuii 3111CHIOE KOJTMBAaHHS
HABKOJIO TOPH3OHTAJIBHOI OCi, po3ramoBaHoi Ha BiactaHi 0.25 NOBXWHU XOpAW BiJ HOCHKA
(nmepemHbOI Kpaiiku) npodimo mpu uuci Peitronsaca Re = 3-10° [5].

AMIuTiTY1a KOJMBaHb MPO(III0 CTAHOBUTH 5° BIIHOCHO HYJIHOBOTO CEPEIHBOTO KyTa aTakH, a
3BejieHa yacToTa Ka BapiroeTbes Bix 6.6 1o 12 [5].

Teuis HecTHcnUBOI piAMHU onucyBanacs piBHIHHAMU Hap'e-CTokca cijibHO 3 MOJEIIIIO
TypOynenTHocTi K—@ SST Ta y—Rey Mmoaemio naminapHO-TYpOyJIeHTHOTO nepexony [3].
YucenpHe MOJENIOBAHHS BUKOHAHO METOJIOM CKIHUEHHUX 00'€MIB y MPOrpaMHOMY KOMILIEKCI
OpenFOAM. [lns onmcy pyxy Npo(iiro 3acTOCOBYBajacst TEXHOJIOT1s 6araTo0JI0KOBUX CITOK, SIKi
nepeTuHaThCs (Overset mesh), mo m03BoJsie peanizyBaTH JOBUTBHUEN pyX. Jliisi po3B's3aHHs
pIBHSHB 3acTocoByBaBcs po3B'szyBad overPimpleDyMFoam. Pisusuus Has'e-Crokca
pO3B'A3yIOTBCS 32 JomoMororo  moxayis  overPimpleDyMFoam -  posp's3yBaua st
HecramioHapaux Ttewid. overPimpleDyMFoam nmckpernsye HecramioHaphi piBHsHHS Hab'e-
Crokca I HECTHCIMBOI PiTUHH y TOETHAHHI 3 MOJICIUTIO JIAMIHAPHO-TYpPOYJIEHTHOTO TIEPEXO/TY.
OCHOBHI pIBHSIHHS pO3B'SI3yI0Thcs 3a jornomoroo anroputmy PIMPLE, skuii moeanye B cobi
enementu anroputMmiB PISO ta SIMPLE, 30kpemMa iTeparmiiiHi KA Ta HUKHIO peaKCaIlito
3MiHHUX [4].
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OTpumaHi CcHUCTEMH JIHIMHHX anreOpaiuHuX PIBHSAHb PO3B'SI3YIOTHCS 3a JOTIOMOTOO
po3s's3yBaua PBICGStab (Preconditioned BiConjugate Gradient Stabilized) — cra6inizoBanwuii
METO OiCTIpsKEHUX IPaIi€HTIB 3 AiaroHanbHuM HermoBHUM LU-mepenobymosiennsm (DILU).
[TpocTopoBa qucKpeTH3allisi BAKOHYBAJacs CXeMaMH JPyroro NOpsAKY TOYHOCTI, a IHTerpyBaHHS
3a 4aCOM 3IIHICHIOBAJIOCS HESIBHUM METOJIOM JIPYroro mopsaky [4].

OTtpumani pe3ynbTaTH JEMOHCTPYIOTH CTiliKe BITBOPEHHS OCHOBHHMX 3aKOHOMipHOCTEH
(dbopMyBaHHS HECTAI[IOHAPHOTO BUXPOBOTO CiIiAy 3a mpodiseM. Po3paxyHKOBI MOJIs IMIBUAKOCTI Ta
3aBHXPEHOCTI KOPEKTHO BiJI0OpakaloTh YTBOPEHHS Ta PO3BUTOK BHUXPOBUX CTPYKTYp, IO
crocrepiralotbess B ekcriepuMenTi [5]. TlopiBHSHHS pO3MOiIIB MHTTEBOI 3aBUXPEHOCTI,
CTPYKTYPH CIIiIy Ta ITOJIiB IIBUAKOCTI 3 OITyOTIKOBAaHUMH €KCIIEPUMEHTAIBHUMU JAHUMU ITOKA3y€
SKICHUA Ta KUIbKICHUH 30ir. BukopuctanHs TexHoJorii 0araToOJOKOBHUX CITOK, IO
NEPEeTHHAIOTHCS 3a0e31eduye KOPEeKTHE MOACTIOBAHHS KOJIMBAaHHS MPO(DIII0 B 001aCTi MEPEKPUTTS
CITOK.

Po3pobnena meToauka 3abe3nedye T0CTOBIPHE BIITBOPEHHS €KCIIEPUMEHTAIBHUX JAHUX 1
MOJKe OyTH BUKOPUCTAHA JIJISl MTOAATBIIUX JOCIIKCHb.
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EKCIIEPUMEHTAJIBHA BAJIJIAIIA YUCEJIBHOI MOJIEJI
PO3PAXYHKY I'lI®TPOANHAMIYHUX XAPAKTEPUCTHUK
INIABOAHOI'O AITAPATA IINIAHEPHOI'O THUITY

3arymennuii S1.B., Kouin B.O., Mopo3 B.B., Opumriues B.O.,Craposepos JI.K.
IacrutyT rigpomexaniku HAH Ykpainu, m. Kuig, MorozVVV@nas.gov.ua

[TinBoaHI amapaTv IUTAHEPHOT'O THIy € BIAHOCHO HOBHM THIIOM ITi/IBOJIHUX araparTiB
BEJIMKOTO pajiyca Aii, siki 3apa3 akTUBHO po3BuBaioThcs [1]. [MpuHumn ix aii rpyHTyeThCS Ha
B1JIOMOMY 13 TiIpO0IOHIKK ME€XaHi3Mi TUTaBaHHS pHO, 1110 KEPYIOTh CBOEIO IIABYYICTIO 32 PaXyHOK
nedopMarlii MOBITPSIHOTO MixXypa. 3aBISKH OJHOYACHOMY 3MIIICHHIO IIEHTpa Bard IiJBOJIHI
armapard IUIAaHEPHOTO THUIY 3IIHCHIOITh HUKIIUHI pyXH (3aHYPEHHS-CIUIMBAHHS) 3a MMHUJIKO- YU
cripanenoaioHo TpaekTopiero. [Ipu 1bOMYy BHCOKa TiIpOJMHAMIYHA SKICTh (CITiBBIIHOIICHHS
MK MiIiAMaIbHOI CHJIOK Ta TiAPOJAMHAMIYHOI CHJIOK OIOpPY) € 3almopyKor e(eKTHBHOCTI
TaKOTo MiBOIHOTO arapata.

TpaguuiiiHo TiABOIHUIN amaparT IUIAHEPHOTO THITY CKJIAJA€ThCsl 3 KOPIYCYy, KpHI 1
XBOCTOBOT'O OIEPEHHS. SIKIO CTOCOBHO KPWJI Ta XBOCTOBOTO ONEpPEHHs chopMyBanacs JOCUThH
cTilika ysiBa mpo ix ¢popmy Ta npodisib, TO IJs KOPIIyCY MPUTAMaHHE HIUPOKE PO3MAITTS. AHAMI3
T1APOJMHAMIYHHUX XapaKTEPUCTUK ICHYIOUHUX TPAAULIHHUX MT1ABOJHHUX arlapaTiB INIAHEPHOTO TUITY
MOKa3aB, WI0 OCHOBHHUM KOHCTPYKTHBHHUM €JEMEHTOM, SKUH BeAe [0 3MCHIICHHS
TiIPOJMHAMIYHOI SKOCTI € Kopmyc amapara. ToMy HUHI W€ aKkTHBHHH IMOIIYK ONTHMAJIbHOL
dbopMu KOpITyCy MiJBOAHUX arapaTiB IUIAHEPHOTO TUITY. SIK mpaBuIio, ONTUMI3allis Bi10YBa€ThCS
13 3aCTOCYBaHHSIM YHCEIPHHUX METOIB JOCHIDKEHHS TiIPOAMHAMIYHHUX XapaKTEPHCTUK
migBoiHOTO anapata [2]. 3a Takux 0OCTaBHH BaJIiIaIlisl YUCSIBLHUX MOJIEIICH, 110 3aCTOCOBYIOTHCS
JUTSL PO3PaxyHKY TiIpOAMHAMIYHUX XapaKTEPUCTHK, € AKTYaJIbHOI0 3a/1a4el0.

B wmeromax ygockoHaneHHs ~(opM  KOpPHyCiB  MIJBOJAHUX IUIAHEPIB  aKTHBHO
BUKOPHUCTOBYIOTHCS T'1JIpo010HIUHI NiaXoau. 30kpema, B [HcTutyTi rigpomexaniku HAH Ykpainu
PO3po0JIEHO TiAPOJMHAMIYHY CXEMY MiJBOJHOIO amapara IUIaHEpPHOTO TUIY, B SKId B SKOCTI
(hOopMOYTBOPIOIOYOTO MPOGITI0 KOPITYCY BUKOPUCTAHO XBHIISICTE BEPETEHOMOMI0He Tijo (puc.l-
@), KOHIICTIIIIIO SIKOTO 3aIpONoHOBaHO B po6oTi [3]. Ha moBepxHi KopIycy MiIBOAHOTrO amapara B
HOCOBIH YaCTHHI CIIOCTEPIraeThCs AB1 XBUJIL.

B ey

Puc.l. BaranpHuii BUTJIS MOJICITI TTiIBOAHOTO anapara ()
Ta mMpodisis KOPIyCy MiBOAHOTO armapara rianepHoro tumy (60).

Jl1st BU3HAUEHHS 1HTETrpaJIbHUX 1 JJOKAJIbHUX TAPOJAUHAMIYHUX XapaKTEPUCTHUK IT1/IBOAHOTO
amapary, po3po0JIEHO aJITOPUTM MOJIEIIOBaHHS SIK Ha OCHOBI NMPSIMOTO YHCEIBHOTO PO3B’sI3aHHS
HECTalllOHapHUX TpUBMMIpHUX piBHAHb HaB’e-CTokca, Tak 1 3 BHUKOPUCTaHHSIM MoOjeel
TypOyneHTHOCTI [4], 1m0 M03BOJSE OLIHUTH BIUIMB 3MiHM (GopM OOBOAIB amapaty i Horo
KOMIIOHOBKM Ha TIIPOJMHAMIYHI XapakTepuUCTUKU. MeTow podOTH € eKclepuMeHTalbHa
BaMiJaIisl po3poOsieHoi  4YMCeNbHOI  MOJeNi, IO  3aCTOCOBYETbCA ISl  BHU3HAYCHHS
TAPOIMHAMIYHUX XapaKTEPUCTHK M1ABOIHOTO anapary IIaHEpHOro TUITY.
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Baninamiro 4ncenbHOi Mozaeni Oysio 3MiHCHEHO NUIAXOM TOPIBHSIHHS T1APOAMHAMIYHUX
XapakTepucTHK (KOe(illieHTIB MiAHOMHOI CHJIM Ta CHJIH TiAPOJHHAMIYHOTO OTOpY), OTPHMAaHHX
BIJIMIOBITHO EKCIIEPUMEHTAIBHUM Ta pPO3PaxXyHKOBUM crocobamu. byma BurortoieHa Ta
BUIPOOYBaHa B JIOCHITHOMY OaceiiHi Mojenb miaBoaHoro amaparta (puc.l-a). Mogenp maina
niametp koprycy 165 mm mipu goexkusi 700 Mm. BurnpoOyBaHHS POBOIMIKMCS TIPH IIBUIKOCTAX
oykcupysanns 1,06 Ta 1,44 m/c. Peectparis cuiu riipoguHamMivHOro onopy Fq Ta migiioMHa cuia
Fi 3milicHroBanacst 3a JTOIOMOror BOYJIOBAHOTO B MOJETh TEH30METPUYHOTO JTUHAMOMETpA B
HMIBUKICHIN cucTemi koopauHat (puc.1-6). Koeoitient rigpoannamianoro onopy Cy BU3HAYaBCs
3a opmynoro Co=2Fd/(pU?A,), a xoedinient mimiiomuoi cumu C) BigmosizHo mo dopmyi
Ci=2F/(pU?A,y) (TyT p - MacoBa TycTiHa Boau, U — MIBUAKICTE GyKCHPOBKH, Ay, — IIIOIIA KPHITA
B IUIaHi).

Bynu mpoBeneHi po3paxyHKH TiIPOAMHAMIYHHUX XapPaKTEPUCTHK IMiJABOJHOTO arapara B
niana3oHi KytiB araku Big 0 mo 8 rpanmyciB mpu mBuakoctsx xomy 1,0 ta 1,5 m/c. Ha puc.2
MOKa3aHO MOPIBHIHHSA KOe(DIIIEHTIB TiAPOJMHAMIYHOTO OTOPY Ta MiAHOMHOI CHIIM, OTPUMAaHHUX
BIIMOBIIHO EKCIIEPUMEHTAIBHUM (iHIEKC €XP) Ta po3paxyHkoBuM (0e3 iHIEKCY) crocoOamu.
[TopiBHSIHHS €KCHNEPUMEHTAIbHUX Ta PO3PAXyHKOBHX IaHUX CBIAYUTH, MO PO3OLKHICTH B
JOCIIKEHOMY JIialla30Hi mapaMeTpiB He nepeBuirye 5%.

a) 6)

0,08
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H—CT@H

0,6 .

|
!

B
0,02 Ig-—"" 02

0,00 0,0 K=
o 2 4 6 8 10 o 2 4 6 8 10
rpag paa
—a-10 A—15 £ 1,06_exp O 1,44-exp —10 < 1,06-exp Q 1,44-exp A—15

Puc.2. ITopiBHAHHS pO3paxyHKOBHX Ta €KCIICPUMEHTAIBHHUX JaHUX:
(@)- koedimieHT TigpPOAUHAMIYHOTO OTOpPY; (6)- KOedIIlieHT MiAHOMHOT CHITH.

BucnoBok. IlopiBHAHHA TiIPOAMHAMIYHUX XapaKTEPUCTUK I1JBOJHOTO arapara
IUTAHEPHOTO THITY, OTPUMaHUX PO3PAXYHKOBUM Ta €KCHEPUMEHTAIbHUM LUISIXOM, CBITYUTH, 10
po3po0iieHa YucellbHa MOJENb JO3BOJISIE aJeKBATHO 1 3 JOCTATHBOIO JIS NMPAKTHKH TOUYHICTIO
nepeadavyBaTy T'iIpOAMHAMIYHI XapaKTEPUCTHKH IT1JJBOJHOTO anapaTa INIaHEPHOTO THUITY.

Ilepeaik nmocnjianb

1. Wang J., Wu Z. X., Dong H. J., Tan M. and Yu J. Z. (2022) Development and control of
underwater gliding robots: A review. IEEE/CAA J. Autom. Sinica, Vol. 9, No. 9, pp. 1543-1560,
https://doi.org/10.1109/jas.2022.105671

2. Gao T., Wang Y., Pang Y. and Cao J. (2016) Hull shape optimization for autonomous
underwater vehicles using CFD, Engineering Applications of Computational Fluid Mechanics,
Vol.10, No.1, pp. 599-607, https://doi.org/10.1080/19942060.2016.1224735

3. Bannasch R. Widerstandsarme Stromungskoérper - Optimal formen nach Patenten der Natur //
BIONA-report 10, 3. Bionik-kongress - Mannheim, 1996, s.151-176.

4. Zagumennyi Ya., Voropaiev G. Numerical Simulation of Flows around Unsteady Moving
Bodies. 5th Int. Conf. “High Performance Computing 2018” (HPC-UA’18): Kyiv, Ukraine, P.
179-182.
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BIBPAIIIMHUI IITYM JIOIIATI BEPTOJIBOTA

Kapwmasin C.B.!, Jlyk’snos I1.B.?
YKTII im. Irops Cikxopebkoro, idgbug@gmail.com
2KTI1I im. Irops Cikopcebkoro, p.lukianov@Kkpi.ua

Cporonmui BiZOMO, IO Yy HECKIHYEHOMY 3a JBOMAa KOOpPJMHATAMHU MPYXKHOMY IIapi
YTBOPIOIOTHCS TPYkHI XBWiIl JlemOa. I{uM XBWIISIM NMPHUCBSYEHO NOCUTH Oarato poOiT. BoHm
BUXOJSATH 3 CEPEAMHHU IMPYKHOTO IIapy Ha HOro moBepxHI0. YacTWHa 3 HHUX HUX PO3CIIOETHCS,
YaCTHHA MIOBEPTAEThCA Ha3a/, ajie IeBHA YaCTHHA 3 HUX BUXOJUTh B 1HILIE aKyCTUYHE CEPEIOBUILIEC
- moBiTps. OcTaHHS YacTHMHA XBWIb (AaKTUYHO (POpMYye 3BYK BiOpAIifHOTO TMTOXOKEHHS.
OCKUTbKH MU PO3TIISAAEMO y JaHiid poOOTI He HECKIHUCHHH IIap CKIHYEHOI TOBIIMHHM, a JIONATh
BEPTOJILOTY, SIKA MOJICIIOETHCS TOHKOIO MPSIMOKYTHOIO IJIACTUHOIO CKIHYEHHUX PO3MIpIB 32 TPhOMa
KOOpAMHATAMHU, TO B HIli MOKJIMBE (POPMYBAHHSI TAKETY CTOSYUX XBUJIb.

®@izuyHa Mojaeb. 3aMIHUMO HAOJIMKEHO JIONATh TOHKOI MPSIMOKYTHOI MPYXKHOIO
IUIACTHHOK  CKiHYeHMX posMipiB (puc.1l). Ilim 1gi€x0 30BHIIIHBOIO aepOAMHAMIYHOTO
HABAaHTA)XCHHS YCEpeIWHI IUIACTHHA BHHHUKAIOTH AcopMarlii, sSKi CIPUYUHSIOTh BUHUKHEHHS

3BYKOBUX XBWJIb, YACTHUHA 3 SKUX TEPENAETHCA Yy TOBITPS Yepe3 HOpPMaJbHI HANPYXKEHHS O, .

JlaHi Hampy>XeHHs BHPAXAIOTbCS 4epe3 MOTEHLIaJH 3BYKOBHX IIOB3/IOBXKHIX Ta IONCPEUHMX
XBWJIb, 3B'3aHI 3 PO3MOALIOM aepOJMHAMIUYHOTO HaBaHTaXKeHHA ((X,Yy) HACTyIHUM YHHOM:

GZZ\Z:—h - _q\low x,y), GZZ\Z:h - _q\up (X,y).

Puc.1 Po3noain HarpyeHb Ha MOBEPXHi JOMaTi

MarematuuHa Mmojaesb. BimoMo, mo B MeXax TINOTE3W MaluX TMEPEeMillleHb Ta
nedopmaliiif, ICHyBaHH MMO3I0BXKHIX Ta MMOMNEPEUYHUX 3BYKOBUX XBHJIb YCEPEIHHI MPYKHOTO Tija
onucyeTbes piBHsHHAM Hap’e-Korri [1], sike po3niagaeTbest Ha 1Ba piBHSHHS ISl TOTEHIIATIB!

Ap+Kp=0,A7 +kiy =0 |, (1)
e

2 2
klzJL' t:\/&’x: U
0+ 2) w T @eva-2v)’t 20+)

I'panmuni ymoBu. OCKUTBKY peajibHA JIONATh Ha KPasix 3a0KPYTJIeHA, TO 3aCTOCYEMO
YMOBY BUIBHOI Bijl HanpyxeHb rpanuili (prc.l), ska o3Havae piBHICTh HYJICBI HanpyxeHsb [1].
YMOBa 3aCTOCOBYETHCS AJISt TOPLIIB JIOMATI:
y=0,y=R:0,=00,=00,=0;,x=0,x=c: o0,,=0,0,=0,0,=0;

X yX
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z=%h: 6, =-q(X,y),04, =0,0,, =0,u, =0 (2)

Po3p’sizannsa 3amavi. ['pannuna 3amaua (1)-(2) poss’si3aHa aHATITHYHO METOIOM
poszineHHs 3MiHHUX. PO3B 5130k Mae HacTynHuUi BUTisin [2]:

)shtpch-cht
o(x,y,2) = 422 (1 + ©2) St kZ Gin ™ x. sin™y 4
o R-C-ap -shtyh-chtyh c R

o0 O
(Dl 0)2 Cht kh ShtnkZ nk
+4ZZR e hsm—x smﬁy
k=ln=L1 ‘C-apk -SNlN-CNty

[colee]

Wy (y,2) = L3 31 (96— @5)chpych chpy2 sinn—kx-sin%ny+

k:ln:l(k+u)pnk (anjs hph-chpyh c

o0 o0

L1 ZZ (o5 +w6)ihpnkhshpnkz
p= 1n—1(x+u)pnk( R jshpnkh.chpnkh

sinn—kx~sinn—ny
R

vyxy2)=3 3 +(’°8)Shpnkh'Chp”kzsinn—kx-sin%ny+

koino1 MPnkkRchppchshpyh ¢

+3 3 (s 0N CPy Shpc2 g ke, 70
o1 MPpkkR chpphshpyh ¢ R

WZ(X y Z) ZZ((D3+CO4)Shpnkh Chpnkz ] ﬂ:kX~SinTc_ny+
icina AmPnkchpchshpyeh c R
+Z Z (033 0‘)4)Chpnkh ShpnkZ nk X-Sinn_ny, (3)
cina A nkchppchshpph c R

cR
{ } ”{qup(x y)}smﬁysm%kxdxdy {®3}=—£j{qu(X'y) }cos%nycos%kxdxdy,

Oiow (X5 Y) g 0 diow (X, Y)

cR X, cR X,
{605} :_[ cos ™ ysin 7N X{Qup( y) }dxdy, {0)7} =.”Sin mn ysin nk {QUP( y) }dxdy,
0‘)6 00 R c quW (X! y) (08 00 R c q|OW(X' y)
2 2 2 2
k nin nk mn
Y VTN .1 . Y .8 .8
Prk \/ t (cj (Rj " \/(c] (Rj !
Takum YuHOM, 3ampoOMOHOBAHO (i3WYHY MOJENb TeHepalii 3ByKy BiOpariiiHoro

MOXOJ/IPKEHHS, sIKa ypaxoBye TpaHCQOpMAIlil0 BHYTPILNIHIX XBWJIb, IO YTBOPIOIOTHCA Mif €O
30BHIIIHFOTO HABAHTAXKEHHS, Y HOpMaJlbHI 3BYKOB1 KOJIMBAHHS HAa TIOBEPXHI JIOTATI.

Ilepeaik mocujianb

1. Isakovich, M.A., General Acoustics. M.: ““Science”, 1973.p. 495
Petro LUKIANOV, Sergii KARMAZIN . Noise of Elastic Thickness Vibrations of a Helicopter

Blade Induced by Aerodynamic Loads// Aerospace Technic and Technology,N6 (2025),pp.4-15.
https://nti.khai.edu/ojs/index.php/aktt/article/view/aktt.2025.6.01
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PO3MOLJI TEMIIEPATYPU B IPUCTIHHIN OBJIACTI
BUCOKOIBUIAKICHOI'O INIBOBMEKEHOT'O CTPYMEHIO
I'A30BOI'O EXXEKTOPA

Kopo6os B.1.%, SIpom [1.B.%, Kopo6osa M.B.2, Konogniit H.O.3
Ynemumym ciopomexanixu HAH YVrpainu, m. Kuis
2Kuiscokuii HayionanbHuil ynisepcumem imeni Tapaca Illesuenxa
SHTY Kuiscokuii nonimexuiunuii incmumym imeni Ieops Cikopcbkozo
vita.korobov@gmail.com

["a3oBuil exXEeKTOp 3aBASKU MPOCTOTI KOHCTPYKIIil, BIACYTHOCTI PyXOMHX JeTalei i, oTxe,
BHCOKOi HAJIAHOCTI IIMPOKO BUKOPHUCTOBYETHCS B PI3HHX Taly3sX TEXHIKH, OCOOJIMBO B
MaIMHOOY/yBaHHI. BUXJIONHMIA CTpyMiHb I1HXEKTOpa 4YacTO 3aCTOCOBYETHCS B CHCTEMax
OXOJIOJDKEHHSI JIeTale y Tpolleci MEXaHI4HOi Ta Micis TepMmiuHoi o0poOku. Ilpuctpiii mae
00MEKEHHH /T1ara30H IHTErpaIbHOTO TEepenay TeMIepaTypu. Xo4da Ipy [bOMY 3HAYHHHN Meperna
TEMIIepaTyp peasli3yeThCs BCEPEINHI, OE3MOCEPEHBO HA BUXO1 BUCOKOIIBHIKICHOTO CTPYMEHSI
31 3pi3aHoOro coruia. BuUKopucTaHHA Takoi 30HM B KOHCTPYKIISIX OXOJIO/DKEHHS, HAIPHKIIAL
MIKPOIIPOIICCOPHOI TEXHIKH, MOXKE ICTOTHO MIABHUIIUTH Koe(]ilieHT TeruronepeHeceHHs. s
peastizanii Takoro Mmigxoay HEOOXiTHO PO3YMIHHS OCSYKHOTO PiBHS MAaJiHHS TEMIIEpaTypu Ha
CTIHIIi, 110 OXOJIOJKY€ETHCS, B PO3TiHHIN 30HI BUCOKOMIBUAKICHOTO cTpyMmeHs. L{i qocmimkenHs
MOKJIMKaHi IIONOBHUTH iH(opMaIiiiHe mojie y 3a3Hau€HOMY HAIPSMKY .

PoGoTy BHMKOHAaHO Ha EKCIEPUMEHTAILHOMY CTEHIi. 3a JOMOMOrOK MiHIaTIOPHHUX
MaJIOTHEPIIHUX HAIiBIIPOBITHIUKOBHUX JATYHUKIB TEMIIEPATYPH, SKi pO3MIIyBAIUCS HA MOBEPXHI
PO3TIHHHMX TpaHEd MaKeTa IUIOCKOTO IMOBITPSHOTO €XKEKTOpa, BHMIpIOBANACS TEMIIepaTrypa B
MPHUCTIHHIA 00JIaCTI TICPBHHHOTO BHCOKOIIBHJKICHOTO CTpyMeHs. BapiroBaBcs mapamerp
IMITYJIbCY HaJUIYBY.

20

N
5}

% 18 CO:M';O; INEPRTYPH haksendors epveitppa mg OTtpumaHi pe3yabTaTh aHaJi3yBaIuCs

%ﬂ 16 2 16*% KOMIIJIEKCHO '(PI/IC). ‘

;. 1‘2‘ Ve \ 1‘2‘% IHT'epnpeTaum pexumMy Teuii BecepenuHi kamepu
o )[',f A\ | < . SMIITYBAaHHA HA OCHOBL JaHHX TEMIEpaTypHUX
. /i 7. N2 \ BUMIPIOBaHb Ta  BHUTpPaTHHX IapaMeTpiB,
. /4 ‘,‘(‘\C j = \a ] XapakTep KPUBHX Ha BIAMOBIJHUX jdiarpamax,
4 / 4 *4 .l W i i . MiATBEPIKY€EThCS oTorpadismMu  Bizyamizarii
- ST L4 =2peseled 1 Tedli BCEpPEeIUHI BHCOKOLIBUAKICHOIO TPaKTy
0

0 HOBITPSIHOTO e3KeKTopa *).
0 2 4 6 8 10 12 14 16 18 20 22 24
P reseiveropening bar

1. adikcoBaHO 30HM Ta MapaMeTpu 31 3HAYHUM MaJIHHAM TeMIIEpaTypH LIOJ0 MOBITPS,
110 HaJTyBAETHCS.

2. ExcriepuMeHTanbHO, Ha MIACTaBl JAHUX KOMIUIEKCHHX OCIHIHKEHb, MiATBEPIKEHO
ICHYBaHHSI KPUTHYHOT'O PEXHUMY pOOOTH HAJ3BYKOBOI'O Ta30BOI0 €KEKTOpa JOCIHIHKYBaHOTO
TUIY, KOJIU B1IOYBa€THCS 3aMUKaHHS HU3bKOHAIIPHOTO ra3y CTPYMEHEM BHCOKOHAIIPHOTO rasy,
110 PO3IINPIOETHCS, Ha TOYATKOBIN AUISHII KaMepH 3MillTyBaHHS.

3. OxpecieHo poOoUHii iama3oH poOOTH MOBITPSIHOTO €KEKTOPa 3a/IaHOi Te€OMETPii.

4. OcobiuBOCTI POOOTH TA30BOIO €XEKTOpPa MOXYTh OyTH BHKOPHCTaHI B cCHCTEMax
OXOJIO/IPKEHHS TEXHIYHUX MPUCTPOIB Ta TEXHOJIOTTYHUX MPOIIECIB.

IlepeJik mocujianb

*) Kopo6os B.U., 3arymennsiii 51.B., [Tapamonos FO.A. (2007) TeueHue B 25k€KTOPHOI CUCTEME
C TIOJYyOTrpaHMYEHHOM BBICOKOCKOPOCTHOM cTpyeit. [Ipukmnanna rigzpomexanika, In-m
eiopomexanixu HAH Yxpainu, Kuis, 9 (1), 36-44.
http://dspace.nbuv.gov.ua/bitstream/handle/123456789/4692/04-Korobov.pdf?sequence=1

44


mailto:vita.korobov@gmail.com
http://dspace.nbuv.gov.ua/bitstream/handle/123456789/4692/04-Korobov.pdf?sequence=1

X Intern. Conf. "Computer Hydromechanics", September 29 - October 1, 2026
X Mixnap. koH(. «Komm’totepHa rigpomexanika» 29 BepecHs - 1 sxoBTHs 2026

KOMIT'FOTEPHE MOJE/JTIOBAHHSI EKPAHHOI'O E®EKTY:
ITOPIBHAJIBHUU AHAJII3 NIAXOAIB

Kymmnip /1.1, 3arymennwuii 51.B.
IncTuTyT rigpomexaniku HarionanpHoi akagemii Hayk Ykpainu, KuiB, YkpaiHa,
kushnirdima2000@gmail.com

JlocmiKeHHsT aepOAMHAMIYHUX XapaKTEPUCTHK KPUIIOBUX MPO]IIiB € OJHUM i3 KITIOUOBHX
eTamiB MPOEKTYBaHHS Cy4YaCHMX JITAJIbHUX amapaTiB Ta BUKOHYETHCS 13 3aCTOCYBAHHSIM SIK
EKCIePUMEHTAJIbHUX, TaK 1 YACEIBbHUX METOMAIB. B 000X mifxomax st COpOIEHHs TOCTaHOBKH
3aJa4i IepeBaKHO BUKOPHUCTOBYETHCA OOEpHEHA CXeMa MOJICIIOBAHHS, 32 SIKOT aepoJuHAMIYHUN
npodisb 3aTUNMIAETHCS HEPYXOMHUM, a HOro pyX BiIHOCHO MOBITPSI 3aMIHIOETHCS HAOIrarouuMm
MMOTOKOM BiAMOBIAHOI MIBUIKOCTI. 32 CTAJIMX YMOB TaKa MOCTaHOBKA € (DI3WYHO €KBIBAJICHTHOIO
peaslbHOMY PYXY MPO(DLUIIO Ta ICTOTHO CIPOIIY€E pealli3alliio K eKCIePUMEHTATLHUX JOCIiKCHb
B aepOJMHAMIYHUX TpyOax, TaK 1 YMCEIbHOTO MOJICIIOBAHHS, OCKUIbKH yCyBae HEOOXiIHICTh
BUKOPUCTAHHS PYXOMHX CITOK 1 TOB'SI3aHUX 13 HUMH QJTOPUTMIB JHHAMIYHOI mepeOya0BU
pPO3paxyHKoOBOi 006nacTi. BomHouac eKBIBaJIEHTHICTh MPsIMOi Ta OOEPHEHOI MOCTAHOBOK MOXKE
NOPYUIYBaTUCS y BUMAJKaxX, KOIU Mo0OIu3y mpodito po3ramoBaHi TBEpIi MOBEpxHi abo iHImI
00'€KTH, B3aEMO/Iisl 3 IKUMH 3aJICXKHUTh BiJl BHOOPY IpaHUYHUX YMOB [1].

Jl1s1 32124 BUTBHOTO MOJIBOTY BUOIp TPAaHUYHMX YMOB Ha BiJIATICHUX MEXKaX PO3PaxyHKOBOT
o0JacTi MPaKkTUYHO HE BIUIUBAE HA Pe3yJbTaTH yepe3 iX 3HAuHy BiAcTaHb BiJ npodimo. OgHak
Il Yac JOCIHIPKEHHS €KpPaHHOro e(eKTy, KOMu Hpodilib pyxaeThCs Ha Mallii BHUCOTI Haj
MOBEPXHEI0, 30KpeMa Ha Biactadi 0au3pko 0.1 moBXKMHU XOpAM Kpuila, HIDKHS Meka 00JacTi
oOTikaHHs Oe3rmocepelHbO MOEIIOE SKpaH 1 MoYrMHAE BU3HAYaTH (i3uKy Tedii. Y miid obmacti
CYTTEBO 3pOCTa€ THUCK MmiJa MpodiieM, 3MIHIOETBCS PO3MOALUT MIBUAKOCTEH, 3MEHIIYETHCS
IHAYKTUBHUHA OIip, TMOCHIIIOETHCSA TEPETIKaHHS MOTOKY 3 HW)KHBOI TOBEPXHI Ha BEPXHIO,
3MIHIOETHCS CTPYKTYpa BUXPOBOTO CIIy Ta XapaKkTep HOro B3a€EMO/I1 3 eKpaHOM, a TAKOK MOXKYTh
BUHHMKATH TIEPEAYaCHUM 3pUB MOTOKY M 1HIIN HECTAI[IOHApHI SIBUIIA. YHACHIJIOK IIOTO BUOIP
MaTeMaTHYHOI MOJZIeJIi MOBEPXHI €KpaHa Ta BIJIMOBIIHUX IPAHUYHUX YMOB MOXe Oe3rocepeHbo
BILJIMBATH Ha PO3MOJUI THUCKY, CTPYKTYpPY Teuli Ta IHTErpajbHl aepOJUHAMIUHI XapaKTEPUCTUKH,
Mo poOuTh JaHe MUTaHHA OJHUM 13 BHU3HAUAIBHUX YHHHUKIB JIOCTOBIPHOCTI YHCEIILHOTO
MO/ICITFOBAHHSI.

He 3Bakaroum Ha 3HaUHY KUIBKICTb JIOCHIJKEHb, Y HAYKOBIH JIiTepaTypi BiICYTHIN €TMHUMA
MIX11 10 MOJCIIIOBAHHS MOBEPXHi ekpaHa. OHUM 13 HAaHOUTBIII MOMTUPEHUX BapiaHTIB € MOJIEIb
pyxomoi moBepxHi (‘moving wall’) [2], mis sikol Ha ekpaHi 3a1a€ThCsI MIBUIKICTD, IO JOPiBHIOE
HIBUAKOCTI HAOIraro4oro MOTOKY, IMITYIOUM HECKIHUEHHUH pyX 3€MHOI IMOBEPXHI B1JIHOCHO
npo¢into. [HIIMM TIX0OOM € BHKOpUCTaHHS rpaHudHoi ymoBu ‘Slip’, ska 3a0e3neuye
HETIPOHUKHICTh MOTOKY Yepe3 MOBEPXHIO €KpaHa, aje He BPaXOBY€ NOTUYHE B'SI3KE TEPTH, IO
JI03BOJISIE MOJICITIOBATH 1/1eaili30BaHy IIaJIKy MOBEPXHIO 0e3 (hopMyBaHHS MPUMEKOBOTO 11apy [3].
AJIbTEpHATUBOIO € 3aCTOCYBaHHS I'paHM4YHOI yMoBH ‘NO-Slip’, 3a K01 MIBHIKICTH MOTOKY Ha
NOBEPXHI €KpaHa [OpIBHIOE HYJIIO BIANOBIAHO J0 YMOBH NPWIMINAHHS, L0 3a0e3nedye
dbopMyBaHHS NPUMEKOBOrO IAapy Ta BpaxyBaHHS BIUIMBY B'si3kocTi. HaifOunbmn ¢dizuunHo
KOPEKTHHM CIIOCOOO0M € Oe3mocepeiHe MOACTIOBAHHS PYXY a€pOIMHAMIYHOTO MPOQLITIO BITHOCHO
HEPYXOMOTO CEpEIOBUIIA 13 3aCTOCYBAaHHSIM METO/IIB TMHAMIYHHX CITOK. Takui miaxix HalOLIbII
MIOBHO BiATBOPIOE peajibHI YMOBH MOJBOTY, IPOTE XaPaKTEPU3Y€ETHCS BUCOKOIO OOUNCIIIOBAIILHOIO
CKJIaJIHICTIO, HEOOX1THICTIO JUHAMIYHOT epeOy0BH CITKH Ta 3HAYHUMH BUTPATaMH MAIIMHHOTO
yacy, M0 CYTT€BO OOMeXye HOro 3acTOCYBaHHS IIiJ] Yac TPOBEACHHS MapaMeTPUUYHUX
JOCTIKEHb.

VY nomoBiAi MpeacTaBICHO pPe3yNbTaTH MOPIBHSJIBHOTO aHAi3y YOTHPHOX MHiAXOMIB 110
YHCEJIbHOTO MOJIEJIIOBAHHS IUIOCKOTO €KpaHa: MOJEJl PYXOMOi IOBEpXHI 31 IIBUIKICTIO
HaOiratoyoro moroky (Puc. la), momeni 3 rpannunHor0 ymoBoto ‘no-slip’ (Puc. 16), monemni 3
rpanngHO0 YyMoBoto ‘Slip” (Puc. 1B), a Takox MoJiemi 6e3MocepeIHbOr0 PyXy aepoIMHAMIYHOTO
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npodiTto i3 3aCTOCYBaHHAM METO/IB AMHaMIYHKX CiTOK (Prc. 1r). s KoKHOT MOJIeIi TIPOBEICHO
MOPIBHSUTLHUN ~ aHalli3  KOe(Ili€HTIB MAMOMHOI CHJIM, aepoJWHAMIYHOTO OIopy Ta
aepOJIMHAMIYHOI SKOCTI.

U=(Uo0,0) Ay
y — [}
- ) U = (Us, 0, 0) )
—
— n
<
a) U.QT'Ode = (UO'O'O); 6) Ugrormd = (O- 0-0)} UQ"’“”d = (O: Ou O)
6) Ugrotmd = (U,,0,0),0U, /dy = 0. 2)

Puc. 1. Cxema 3agadi i3 3a3HaYSHHSAM PO3TIITHYTUX MIAXO/IB A0 YUCEIBHOTO MOJCITIOBAHHS
€KpaHHOTO epeKTy

Kpim iHTerpaJibHUX aepoJWHAMIYHUX XapaKTEPUCTHK, BUKOHAHO CIICKTPAIbLHUI aHai3
YacOBUX 3aJIKHOCTEH aepOAMHAMIYHUX KOE(IIIEHTIB JUIi OLIHIOBAaHHS OCOOJIMBOCTEH
HecTallioHapHUX TporieciB. OKpeMy yBary mpHIUICHO MOPIBHAJILHOMY aHAi3y KapTHH BUXPOBOI
CTPYKTYpH Tedii, PO3MOAUIB KOESQIIi€eHTa THCKY B3J0BXK BEPXHBOI Ta HUKHBOI TOBEPXOHB
npodinmo, a Takox Bamimamii uncenbHux wmozenci (Puc. 2). JlocmimKeHHS MPOBEACHO IS
npodinis NACA0012 i Clark-y npu nsox pexumax Tedii (Re=10* i Re=10°), Tpbox KyTax aTaku
(2.5, 5.0 i 7.5 rpaayciB) ta yotuprox Biacraneir go expany (0.1, 0.2, 0.5 moBxun Xopau Ta
BUIAJIOK PyXy KpHJia y BIIBHOMY IPOCTOPI).

- 0 0 et T

“O' \-’_ %=

Q) 0)
A

% B o Se
. / | » :
e o [ [ emaann g f @,
6) e
Puc. 2. Buxposa ctpykrypa Tedii HaBkoso cumerpudnoro (NACAQ0012) (a, 6) i

Hecumetprutoro (Clark-y) (6, ) kpunoBux npo¢inis modnu3y expany (8, ) Ta Ha 3HaYHIN
BiJICTaH1 BiJ HBOTO (@, O)

OTtpumani pe3yibTaTH JO3BOJSAIOTH OLIHUTH CTYIIHb BIUIUBY CIIOCOOY MOJAETIOBAHHS
€KpaHylouoi MOBEpXHI HAa JOCTOBIPHICTh BH3HAUYEHHSI a€pOJIMHAMIYHMX XapaKTEPUCTHK KpHiia
no0JIn3y eKpaHy, BUBHAUUTH MEXI 3aCTOCOBHOCTI PO3IJISIHYTHX YUCEIbHHUX MIAXOJIB, a TAaKOX
c(hopMyIIIOBaTH MPAKTUIHI PEKOMEH 1alli1 111010 BUOOpY Halle(heKTUBHIMINX YUCETHbHUX MOJIEICH,
K1 HalJIOCTOBIPHIILIE BIITBOPIOIOTh PYyX JIITAIBHOTO anapaTy No0JIn3y eKpaHa.
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3IrTHAJIbHI KOJIMBAHHHS JIOIIATI BEPTOJIBOTA
KPUBOJIIHINHOI ®OPMHU

Jlykan A.B.%, Jlyx’smmos I1.B.2
IKTII im. Irops Cikopeskoro, Kuig, lukanandrey2014@gmail.com
%p.lukianov@kpi.ua

AepoanHaMivyHa CTIHKICTh BEPTONBOTA IIiJI YacC IMOJILOTY, MaHEBPIB 3aJICKUTh B 3MiHU
aepoJIMHAMIYHUX XapaKTePUCTUK HECY4YOro IBUHTA, pOTOpa BepTOIboTa. He 3Bakaroum Ha Te, 1o
JIOTaTh KOHCTPYKTUBHO BUTOTOBJISIETHCS JKOPCTKOK, BCE K TaKW Majl KOJMBAHHS JIOMATI
npucyTHi. [Ipo 1e cBiquuTh 3HOMKa TeJIeKaMepH, pPO3MIIICHOI Y KOPEHEBO1 YacTUHHU Jonari. JlaHi
KOJIMBAHHSI TIPU3BOJIATE 10 3MIHM acpOJAMHAMIYHUX MapaMeTpiB BEPTOIHOTA, MOXKIUBOI BTpATH
CTIMKOCTI, 1[0 MOYE MPHU3BECTH 0 HEKEPOBAHOCTI BEPTOJIHOTA.

Haiibinpin anexkBaTHOIO TEOpi€lo, sIKa OMKMCYE 3TUHAIBHI KOJIMBAaHHS 0€3 MOomepevyHol
nedopmariii, € Teopisa Kipxroda —JIsBa. PiBHsHHS, sike onucye moAiOHI KOJIMBAaHHS, € PIBHIHHA
Jlarpamxka-Codi Kepmen. Jlns monari nmpsMokyTHOT GopMu JaHy 3ajady BXXKe PO3B’S3aHO y
po6oTi [1]. CyyacHi jonari HaMaratoThCsl BATOTOBJISITA KPUBOTiHIAHOI (hopmu. Taki onati Bxe
BUKOPHCTOBYIOTBCSI Ha POTOpPAaX BEPTOJIbOTA 3 METO 3HWKCHHS INyMy. BUBUEHHS 3MiHU
aepoJIMHAMIYHUX XapaKTePUCTUK JIONATI KPHWBOJIHIMHOI ¢GopMH Tiag dYac HeCTaIllOHApPHHUX
3TUHAJBHUX KOJIMBAHb € I[IKaBOIO 33]1a4CHO.

IlocranoBka 3agaui. Po3rnsHeMo ofHy 3 MOXJIMBHX Bapialiii 3MiHH (opmu Jomari
y370BXK ii pO3Maxy: YaCTHHA KPyroBOT'O KiJIbIA JOCTATHHO BEIMKOTO pajiyca (puc.l), ska 30BHI
HaJae jonaTti madnenoaiony gopmy.

w -‘r/\/ 1
sl 1 1
Puc.1 Jlonate poTopa KpuBO:iHIHHOI popmMu

3HsTE B1/IEO CBIIYUTH MPO T€, IO JIOMATh MOBOJUTHCSA SIK KOHCOJBHO 3allleMJIeHa 3 OJIHOTO
6oky miactura [1],[2]. Tami Tpu kpai ruracTuHu BinbHI. BBaskaemo jomath TOHKOMO. Hexait
30BHIIIHE HABAHTAXXEHHS TapMOHIYHE COSwt, TOJAl DPIBHSHHS HECTAlllOHAPHUX 3THHAIBHUX
KOJIMBaHb B MOJISIPHIA CUCTEM1 KOOPAUHAT (r,¢) HAOy/1€ BUTIIALY:
? 10 1 & .
D5+~ +——) W(r,9)- phw'W(r,¢) = 4(r,¢) cos ot 1)
o ror ¢ op
Jo piBusHHA (1) H01a€MO YMOBU KOHCOJIHO 3aKpPIIUIEHOT'O OJJHOTO Kparo JIomati (TOHKOT
NPSMOKYTHOT TUIACTHHH):

oW
= :W = 0’ _— 0 , 2
=0 p» )
BUIBHOTO 1HIIIOTO KPalo :
_ 1 oMrg
P=¢, Mr=0,Q +=-——=0. (3)
r oo
Ha nepenniit Ta 3aHiX Kpaikax JonaTi 3a1aMo Mepepi3yrouu 3yCHUlIs |
r=n:9(r¢)=qe):r=r:q(re) =) (4)

Po3B’si3anns 3aaayi. [ 3Hax0mKeHHs po3B’si3Ky piBHsIHHSA (1)3 3a rpaHUYHUX YMOB (2)-
(3) ciouatky OyJ10 po3B’si3aHO OHOPIAHE 10 piBHsHHS (1) HACTYITHE PIBHAHHS:
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2 2,
(6_+1.£+i2.§_2) W(r,0)— K'W(r,¢) =0, (5)
¢

or> ror

SIKE MOJKHA [TOJIaTH Y BUIJISI/II ONIEPATOPHOTO JOOYTKY

2 2 2 2
W 1ow 1 oW oW 1 ow 1 oW
S A L ey C L AL L -0, (9)
o r or r 6g0 r or o
SIKMI PO3MAAA€THCS HA 2 PIBHSAHHS!
2 2 2 2
8W+EGW+1 aW—KZW 06W l8W+1 aW+K2W 0. )

o> r o ° 5(0 o> r o [’ a(p

phw?

ne K4 = . TTo3HaurMo po3B’A30K 3aralibHOrO BULIIsLY Tiepinoro piBastHus (7) uepes W, a

po3B’s130K apyroro piBasHHS (7) uepe3 WP . Toi po3B’sI30K 3araibHOT0 BUTISIAY piBHSIHHS (6)
HaOy/Ie BUTTISY:

W(r,0) = > WD +W,P) = >"[C v, (kr) + CoYv, (kr) + Ca v, (kr) + C,Kv, (kr)] (&, Cos Vg +b, sinv, ) (8)
n=0 n=0
Jai Oynu 3HaliIeHI BIacHi YKcIia Ta BiacHi QyHKii A7t piBHSAHG (7), 3 ypaXyBaHHIM
sikux (8) HaOyBa€e HACTYITHOTO BUTJISITY:

W, =C,,,Jv, (kr)cos 27ng +C,,.Yv, (kr)cos 279 +C,,, v, (kr)cos 27Ng +C,,,Kv, (kr)cos 279 +

P~ P~ P, — ¢ P, — ¢,
2zng 2zng 27ng
+C,,, v, (kr)sin +C,,,Yv, (kr)sin +Cynlv (kr)sm +C4anv (kr)sm
P, —P P —P P =P D= ,(9)

ne HeBiioMi koedilieHTH Cy,,i=1...,4 3HaXOAATHCSA 3 CUCTEMH JIIHIHHUX ainreOpaiuHuX piBHSIHb,

sIKa YTBOPHJIACH TICIIsl 33/J0BUTBHEHHS TPAHUYHUX YMOB (2)-(4).
Jami, ypaxyeMmMo HecTalllOHapHICTh HaBaHTaXXEHHS ((r,p)COSwt, 3aCTOCYBAaBIIM METO]

HOpMaJbHUX KoopauHaT [3], Maemo:

W(r,p,t) = Ew Wn(r,<p)><D|7(coswt—cos /%kzt)
2
o)

LphC
: (10)
e
(73} [Z730)
I, = ”wn(r,go)drd(p, 1, = ”wn (r,p)drdo . (11)
[ (2
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JAMIHAPHUM CTUCJINBUN HPHME)KOBI/H@ IIAP:
BIICYTHICTb OBEPHEHOCTI MI’K T'PAJIIEHTHOI TA BE3
T'PAJIEHTHOIO TEUISIMHA

Jlyx’sinoB I1.B., YTioros €.B.
Hamionansnuii yHiBepcuTeT «KuiBCchkuii aBiariiauii iHCTUTYT», KuiB,
pavel lukianov@ukr.net, zytygov@gmail.com

B cywacHux pobotax, sKi JOCHI/KYIOTh TEMaTHKy MPHUMEXOBOTO IIapy, poOUTHCA, 3a
3aMOBYCHHSIM, HEBIPHE MIPHUITYIICHHS PO MOXKJIMBICTh OOEPHEHOCTI 3a7a4i 0e3 rpaaieHTHOI Tedii
no rpagientHoi. Tak sk mnpuMexoBuil map 0e3 TpaaieHTHOI Tedii BiamoBimae ¢i3uko-
MaTeMaTUYHOI MOJIel pyXy TUIa B piivHI abo Ta3i, Y BUIMAIKY KOJH B (Di3UKO-MaTeMaTUUHIN
MOJIeJNIi MPUCYTHIN TpamieHT TUCKY, TO II€ BIINOBIIAE PyXy pPiAUHH a00O Ta3zy IOB3 HEPyXOMe
JOBKOJ1a Ti0. Lle mpu3BoauTh 10 TOTO, 200 MOSICHIOE TE, IO aBTOPH B CBOIX POOOTaX MPOBOIATH
oOepHEeHHsI 3a/1a41 KOJIM TPAaHUYHI YMOBH He € (i3nYHUMHU. BBa)kaeThCs 110 MPUMEKOBHIA 1Iap HA
pyxomoMmy Tisi Biamnosigae 6e3 rpagientaomy (dp/dx = 0), a moTiM NPOBOIATH OOEPHEHHS IIi€l
3ajadi B 3a/1a4y 3 TAKUMHU T'PAaHUYHUMH YMOBaMH JIe HEPYXOME TiJI0 00TiKaeThes pinuHoto. Taka
Tedis BifmoBigae ymoBi dp/dx < 0, Tako MOTPIOHO 3a3HAYUTH, 110 PIBHAHHS OaNaHCy eHeprii
JUIS TPai€HTHOT TeYil MOBMHHO MaTH KOHBEKTUBHUM JIOJJAHOK Bijl MOBHOI IMOXIJHOI THCKY 3a
gacoM, T00T0 U -dp/dx. lle CBiTYMTH TPO HEKOPEKTHICTH IMPOBEICHHS OOCPHEHOCTI st
PO3B’s3aHHs OAHOI 3 UX (PI3UYHO-MATEMATHYHUX 33/1a4 1HIIO0.

Byno orpumaHo po3B’s3KHM AJIi TBOX THUIIB NPHUMEXKOBUX MIAPIB KOJIH TUIO PYyXa€ThCA
(mpsiMa 3ama4a) Ta oOTikaHHs Tina (0OepHEHa 3a1a4a).

[TpumesxkoBuii map Ha HEPYXOMIi IIOMIMHI OMUCYETHCS TAKOKO CUCTEMOIO PiBHSHHS:

! dp d( ,du
0= kMa2 dx’ dy L” dy} @)
2
k— dp B 2 (du 1d(, dT’
0= g 1)Ma°°“(dyJ +ody[“ dy'J @
, 32 *
‘u:(T) 1+7T* 3)
T'+T

Jlana cucTeMa CKJIaJa€eThess 3 PIBHAHHS 30epekeHHs immnyiabcy (1), piBHAHHS OamaHCy
eHeprii (2), Ta 3anexkHicTh B’s13K0CTi Big Temnepatypu (3) (popmyna Cateprena).
ITicist MpoOBEICHHST MATEMATHYHUX PO3PAXyHKIB OTPUMYEMO TaKy CUCTEMY PiBHSIHB:

" oY) @
T'+T
*
k-1 du' ), 1d|gn3/2] 4T |dT
0= 1-y') . —u’ L 5
( k j( Doy ™ roay| T 1o ay ©

Jns po3B’si3aHHS JaHOI CHCTEMH MNOTPIOHO JOJaTH TpaHUYHI YMOBH a caM€ YMOBY
npwimnanHs  (6), o0e3po3MipHe 3HAYeHHsS TeMIepaTypu Ha moBepxHi (7) Ta 3HAa4YCHHS
TEeMITEpaTypH Ha 30BHILIHIA MEXi MPUMEKO0BOTO 1iapy (8).

49


mailto:pavel_lukianov@ukr.net
mailto:zytygov@gmail.com

X Intern. Conf. "Computer Hydromechanics", September 29 - October 1, 2026
X Mixnap. koH(. «Komm’totepHa rigpomexanika» 29 BepecHs - 1 sxoBTHs 2026

uyEOZO (6)
T, =1 (8)
Y=YpL

Ornuc npyuMexoBOro MIapy Ha PyXOMiid IUIONIMHI OMUCY€ETHCS TAKUM PIBHSIHHSIM:

_d(du) o d L df, k=1,,22) (1 \d( dh

[TpoBiBImIM MaTeMaTW4HI MEPETBOPEHHS, OTPUMYEMO MATPULIIO CUCTEMHU KA Ma€ TaKHH
BUIJIAL!

70
' L (132 14T
(To(k—l)MagoU'—Az) o T’+T*
(0}
0

du'_ TO dT’__G(TO(k_l)MaOZOu’_AZ) (10)
dy (T,)3/2 1T Y (T,)3/2 14T

T4T T4T

Po3B’s130k naHO1 BiOYyBa€ThCs 3 MIJCTAHOBKOIO BIAOMHUX 3HA4€Hb CTalIMX 1 BiH Halyne
TaKOI'0 BUTIISAY:

2
dy’ (T')3’2( 1+0.5471 j dy’ (T,)s/z( 1+0.5471 j
T'+0.5471 T'+0.5471

Takox 1aHe piBHSAHHS Ma€ TpaHUYHY YMOBY:

u’ 14 14 :O
Y=YBL

3 K01 BiA0yBa€ThCS OTPUMAHHS KOHCTAHTH A2 .
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BIJIGUTTS TA MIPOHUKHEHHS I'PABITAIIMHUAX XBUJIb
ITPOHUKHOIO BEPTUKAJIBHOIO CTIHKOIO

Mepenrep FO.I1.}, Bocko6iitauk B.A.%, Bocko6oitauk O.A.L, XapueHko AT1
onocyxina O.B.%, Bocko6oiinik C.1.2
lIHCTI/ITyT rizpomexaniku HAH Ykpaiau, m. Kuis, YuriMer@gmail.com
?HanionansHU YHIBEpCUTET XapuoBHX TeXHONOTIH, M, KniB, ivosk3@gmail.com

VY npubepexHux 00aacTaX 3A1MCHIOETCS OYMIBHUIITBO Ta €KCILTyaTallisl BEJTUKOI KUTBKOCT1
TIIPOTEXHIYHUX CIIOPYJI, MPHYaIiB, 30H Ta 0a3 BiqnoynHky. OCHOBHA MpoOIeMa PO3BUTKY LIHUX
obrmacteli Ta mpuOEpPeKHUX aKBaTOpii — 1ie 3axucT OeperiB, TraBaHeld Ta MOPCHKOL
iHppacTpyKTypH. 3aCO0M 3aXUCTy MOBUHHI MAaTH BUCOKY €()EeKTUBHICTb, MiJBUIIEHY €KOJOTTUHY
Oe3reKy 1 MOBMHHI OyTH HaWO1IbII HAIIMHUMH 1, TTO MOYKJIMBOCTI, JIelieBUMHU. IcHy€e GaraTo TUIIIB
npubepeXHUX 3aXUCHUX criopya. Lle rpe6ui, OyHu, 6epMu, XBUIIETIOMH Ta INTYYHI IUIDKI, OyXTH,
raBaHi. 3aXMCHI CHOPYIU aKTHUBHOTO, MACHBHOI'O YM KOMIUIEKCHOT'O THIY Jii MOBHICTIO a0o
YaCTKOBO 3aXHIAIOTh MPUOEPEKHI CIIOpyIn Ta OEPETOBY 30HY.

3anexHO BiJ BUAY CIIOPY/H, i1 po3TalllyBaHHS B MOPCHKii aKBaTOpIi, MPUHIIMITY 1 MEXaHI3MY
Il XBHJIBOBE II0JIE YAaCTKOBO a00 TIOBHICTIO BiJJOMBA€THCA BiA CIIOPYIH, TPAaHCPOPMYETHCS i
MIPOHUKAE Yepe3 Hel, SMEHIIYI0YN XBUJIbOBI HABAHTAXEHHS HA 00'€KTH, 110 3aXHIIalThes. s
[[LOTO, 30KPEMa, 3aCTOCOBYIOTHCS TMPOHHMKHI XBUJICIOMHU. Takuii XBHUJICIIOM 3MCHIIYE BITOUTTS
XBWJIb, II0 HAOIraroTh, BIJHOCHO CYLIUIBHOI BEPTUKANBHOI CTIHKH, 3a0e3ledye 4YacTKOBE
MPOXO/DKCHHSI XBUJIb MPUUHATHOTO PIBHS B aKBaTOPIiIO, IO 3aXUIIAETHCS, & TAKOX JI03BOJISIE
OOMIHIOBATHCS PIAMHOIO MK BIIKPUTHM MOPEM 1 3axXuIeHO0 obyacTio. KpiM Toro, mpoHukHa
CTIHKa J1a€ MOKJIMBICTh OE3MEPEIIKOAHO MepeMillaTiCs MOPChKii ¢ayHi Ta ¢opmye Tedii, sKi
BIUIMBAIOTh HA MEPEMIIEHHS NOHHHUX BIAKJIAAeHb Ta 3a0pyJHEHb Ha TOBEPXHI 3aXUIICHOI
aKBaTopii.

Mera poGoTH — BHBYEHHS OCOOJIMBOCTEH B3a€EMOJii MOPCHKUX XBUJIb 3 MOJAEISAMU
Oepero3axmucHUX CIopy 1 MPOHUKHOTO TUITY Y BUTJISII BEPTUKAIBHUX CTIHOK.

Busnauenns ocobauBocTeil TpaHcdopmaiii rpaBiTallifHUX XBHJIb MOOIU3Y MPOHUKHHUX
BEPTUKAIBHUX CTIHOK MPOBOJMIIOCS 33 JOTIOMOTOI0 Bi3yaJIbHUX JOCIIKEHb Ta BUMIPIOBAHHSIM
BUCOT XBWJIb Mepel (GpOHTAIBHOI0 YaCTUHOI BEPTUKAIBHOI CTIHKM Ta mo3any Hei. BizyanbHi
JIOCJIIJDKEHHS 32 JOTMOMOror ¢oToanapaTypu Ta BiJeoKamep JO3BOJWIM OI[IHUTH XapaKTepHi
OCOOJIMBOCTI TOBEIIHKMA XBHJIBOBOTO TMOJII B JOCHKYBaHMX oO0dacTsx. [HCTpyMeHTanbHI
JTOCJTIJPKEHHS 32 JIOMTOMOTOI0 TIaTYMKIB BUCOTH XBWJIb JJO3BOJIMIIM BUBHAUUTH KUTBKICHI TTapaMeTpH
XBUJIBOBOTO PyXy MOOIH3Yy CYLUUTFHUX 1 MPOHUKHUX BEPTUKATHHUX CTIHOK. [IJ1si BUKOHAHHS [IUX
HayKOBUX POOIT OYJI0 CTBOPEHO EKCIIEPUMEHTAIBHUHN CTEH]T Ha 6231 XBIJILOBOTO KaHAJY 1 JOCIIIIN
MIPOBOAMIIUCS B JJA0OPATOPHUX YMOBAX.

Puc. 1. Monenb NPOHUKHOT BEPTHKAIBHOI CTIHKH (8) Ta MPOXOKESHHS rpeOHs IpaBiTaIliitHOT
XBHJII Yyepe3 MPOHUKHY BEPTUKAIbHY CTIHKY MpoHHKHICTIO 50% (0).

ExcniepyMmeHTanbHl  JTOCHIUKEHHS BIUIMBY HPOHUKHHUX BEpPTHUKaJIbHUX CTIHOK Ha
TpaHchopMallifo rpaBiTalliiHUX XBWIb MPOBOAWINCSA B JIAOOPATOPHUX yMOBaX y XBHJIBOBOMY
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KaHaJli 3 BEpTUKAILHUMHE CTIHKAMH TTAJTbOBOTO TUITY 3 MAJSIMA KPYTOBOTO TIONIEPEYHOTO IEpepizy.
Moieni naqbOBUX KOHCTPYKIIH MajH pi3HY IPOHUKHICTB 1 pO3TALIOBYBAINCS MEPICHIUKYIISIPHO
HANpsAMKY pyXy XBWJIb BiJ TeHepaTopa XBHIIb IIMTOBOI KOHCTpyKIii (puc. la). BisyanbHi
JIOCITIJKEHHS TO3BOJIMIIM BUBHAYUTH OCOOIMBOCTI B3a€MO/I11 IPaBiTAI[ITHUX XBUJIIb 3 TPOHUKHUMH
XBHJICJIOMaMH Ta X MPOXO/PKEHHS Yepe3 XBuiieaom (puc.16).

3aneKHOCTI BUCOTH BiIOMTOI XBUIII Ha BIJICTaHi JOBKWHU XBWJII BiJl BEPTHKAIBHOI CTIHKH,

ki BusHavyamucs sk hy =h—h rta Bimburoi xBmii h; HopmoBani rmmbunoro kanamy (H),

MIPEICTABJICH] HA PUC. 2 B 3JIEKHOCTI BijJl YaCTOTH XBWIb. TyT KpuBa 1 BUMIpsiHA U1 CYyIUTBHOL
BEPTUKAIBHOT cTiHKH (mpoHuKHicTh 0%), KpuBa 2 1uist cTiHky nponukHicTio 10%, kpusa 3 — 20%,
kpuBa 4 — 30%, kpuBa 5 — 40%, xkpuBa 6 — 50%, kpuBa 7 — 60% i kpuBa 8 HABOAUTH PE3yIbTATH
BHUMIPIOBAHHS BUCOTH ISl IPUNACTITHBOT XBHITI.

0.5

0.4}

0.3F

0.2

0.1f

0.0
0.4 0.6 0.8 1.0 1.2

Puc. 2. Bucotu BitOMTHX XBUIIb TIEpEl MPOHUKHUMH XBUIICIIOMaMHu () Ta BUCOTH
NPOHUKHUX XBWJIb 110331y MPOHUKHUX (0) B 3aJIXKHOCTI B/l YaCTOTH HPUHICIITHBOT XBHUIII.

PesynbraTi mociipKeHb MOKa3ajiH, 10 BUCOTH BIAOUTHX XBUJIb NMPAKTHYHO JOPIBHIOIOTH
BHCOTaM MPUNJEIIHIX XBIIb HA BiZCTaH1 OJHI€T JOBKUHU XBUIII IEPEl BEPTUKAIBLHOIO CYIUIBHOIO
CTIHKOIO, III0 BUTIKaE i3 criBcTaBieHHs KpuBHX 1 Ta 8 Ha puc. 2a. 31 30UIbIIEHHSIM TPOHUKHOCTI
BEPTUKAJIbHOI CTIHKM BHCOTH BIIOMTUX XBWJIb CYTTEBO CTAlOTh MEHIIUMHM, HIX BHCOTH
npuienHix xBuwib. [Ipu 1poMy 31 30UIBLIEHHSM YacTOTH XBWJIl PI3HHUIS BUCOT BiOUTOI Ta
NpURACIIHBOI XBUIII 301IbIIY€ThCS. Pe3ynbTaTu JOCTIKEHb MMOKa3ald, 10 BUCOTA MPOHUKHOI
XBWI1 3017IBIIYETHCS 31 30UIBIIEHHSM MPOHUKHOCTI CTIHKM 31 30UIBIIEHHSAM YacTOTH XBWII, SIK
MOKa3aHOo Ha pUc. 20, 110 KOPEIIIOE 3 Pe3ysIbTaTaMH CIIOCTEPEKEHb 1HIINX JJOCITIKEHb.

JocnikeHHs MoOKasand, [0 HaWOUIbLIl  piBHI  IyJbCallii XBWJIBOBOI'O THUCKY
criocTepirainucs 0Oe3nocepeHbo Mepe] (PPOHTAIBHOI YACTUHOK CYLUIBHOI CTiHKH, 1€
NpUMJENIHS XBUJIS B3a€MOJIE€ 31 CTIHKOIO, YTBOPIOIOYM BiAOWTY XBuito. HalimeHmi piBHI
nyjabcalid THCKY Malld Miclle Ha BIJICTaHI OJHIET JIOBXXKMHU XBWJII MeEpeJ] CYLUIbHOIO
BEPTHUKAJIBHOIO CTIHKOIO. 3 HAOIMKEHHAM J10 GPOHTANIBHOI CTIHKM IHTEHCUBHICTb HOJIS ITyJIbCALliN
TUCKY 30UIbIIyeThCS B 00dacTi BUCOKMX uyacToT. Lleil niama3oH chnekTpaJpHUX piBHIB
OOyMOBJIEHUI JII€}0 BUCOKOYACTOTHUX JApIOHOMAacHITAOHUX JDKEpeNl THCKY, SKUMH €
npibHOMAacIITabHI CKIIa10B1 XBHJILOBOTO PYXY, 1110 T€HEPYIOThCS B3aEMO/I1€10 MTPUHCIIHBOT XBUITI
3 CYIIJIBHOIO CTIHKOIO.

BusHadyeHo, 110 MpOHMKHA BEpPTUKAJIbHA CTIHKA 3 MalIIMU KPYTOBOI'O IONEPEYHOTO
NEPETUHY € JOCTAaTHhO €()EKTUBHOIO 3aXHCHOIO CIIOPYAOIO, IO CYTTEBO 3MEHIITY€E MPOHUKHEHHS
IITOPMOBHX XBUJIb Y 3aXHILEHY aKBaTOPit0, 0COOIMBO B yMOBaX HE3HAYHOT NPOHUKHOCTI, TAKOX
15l KOHCTPYKIIS JTO3BOJISIE MOJIMIIUTH €KOJIOTIYHI YMOBH Ta 3HAUYHO 36KOHOMHUTH MarepialibHi
pecypcu miJl yac OyAiBHUIITBA Oepero3axrucHoi CHOPYAH. Y CTAHOBIIEHO, 1110 BUCOTH XBWJIb NIEPE
MIPOHUKHOIO BEPTHKAIHHOIO CTIHKOIO T4 BUCOTH BIIOMTHUX XBUJIb 30UTBITYIOTHCS 31 3MEHIIICHHSIM
IPOHUKHOCTI CTIHKM Ta 30UIBLIEHHSM YacTOTH XBHJIBLOBOTO MOJSA. 31 30UIBIICHHAM TOBKUHH
NPUAACTIITHIX XBHJIb IIi BUCOTH HABIIAKA 3MEHIITYFOTHCH.
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A0 IIMTAHHA MOJIEJIIOBAHHSA PYXY INIIBOAHOI'O IINTAHEPA

Mopo3 B.B, bacoscekuii B.I'., 'op6ans .M., Kouin B.O.
IactutyT rigpomexaniku HAH Ykpainu, Kuis, basovsky@ukr.net

MaremMaTiuHe MOJCTIOBAHHS JWHAMIKM TMiJABOJHOTO armapara IUIAaHEPHOTO THITY €
KITFOYOBUM €TarioM B OOIPYHTYBaHHI HOTO KOHCTPYKIIii, @ TAKOXK € BOKIUBUM JIJIs TIepe10adeHHs
HOTO MOBENIHKKM B MOPCHKOMY cepeoBuIli. Ha BinmMiHY BiJ IHIIUX MiABOJHHUX TPAHCIIOPTHHUX
3ac00iB, MJIaHEp BUKOPUCTOBYE 1HEPUIMHUI IBUTYH, B SIKOMY MOCTYHaJbHUHA PyX BU3HAYAETHCS
3MIHOIO TJIABYYOCTi a00 MEePEepO3NoIijIOM BHYTPIIIHROI Macu. BogHouac, riapouHaMidyHi CHUITH,
10 CTBOPIOIOTHCS KOPITyCOM 1 KPWJIAMH, BH3HAUYAIOTh HAIMPSIMOK Ta XapakTep PyXy TaKoro
npuctporo. Omxe, MaTeMaTHYHA MOJENIb pPyXy IiJBOJAHOTO IUIaHEpa Ma€e BPaxOBYBaTH
CIBBIIHOIICHHS T1IPOCTATUYHUX 1 T1IPOJJUHAMIYHUAX CHJI Ta MOMEHTIB, BIUIUB IHEPIIIHUX CHJI, &
TaKOK 0COOIMBOCTI B3a€EMO/Iii 3 HABKOJUIIHIM cepenoBuieM. KopekTHe MO/IeIFOBaHHS TOBHHHO
OIMKMCYBATH HAIMPSIMOK PyXy arapara, BU3HAYATH CTIMKICTh HOTO TPAEKTOPIi, a TAKOXK OI[IHIOBATH
e(eKTUBHICTh BHOPAHOTO IPUHIIUITY KEPYBaHHS.

Jlnst BUBOJIY PIBHSIHB PyXy IUIaHEPa BUKOPUCTOBYEMO YHIBEpCallbHY MOJIENb 3 poboTH [1].
BomHouac BBakaemo, IO IUIABYYICTh € €IMHUM EIIEMEHTOM KEpPYBAaHHS PYXOM IIiJIBOJHOTO
amapara. 3MiHa IJIaBy4YOCTi BIUTMBAE Ha BEPTUKAIBLHY CHITY, IO B IO€AHAHHI 3 TIPOANHAMIYHUMH
BJIACTUBOCTSIMU KpHUJIa Ta KOPIyCy, GOpMye yCTalleH] TPAeKTOpii riricaiu miaHepa.

[TpoexTyBaHHS Ta ONTHMI3aIliss poOOTH IMiIBOAHOTO IUIAHEpPa HacaMIlepe]l MOTpPeOyITh
aHai3 Horo AMHAMIKM y BEpTUKAJIbHIN TUIOUINHI, OCKUIBKH B Hill (DOPMYETHCSI OCHOBHUMN PEKUM
pyXy TUIaHepa — [MUKJIIYHI 3aHYPESHHS 1 CIUTUBaHHS. [103/10BXKHS AMHAMIKA BU3HAYAE KYT TITICA]H,
BEPTUKAJIbHY IIBUJKICTh Ta TJIUOMHY 3aHYPCHHS, BiJl 4YOTr0 3aJICKUTh 3[ATHICTh amapary
e()eKTHUBHO BUKOHYBATH JJOBIOCTPOKOBI criocTepekeHHs1 CBITOBOTO OKEaHy.

[lepexia Big MOBHOI MPOCTOPOBOI MOJEN JTUHAMIKM IJIaHepa 10 MOJENl Y BepTUKaIbHIN
IUIOIIMHI 0a3y€ThCs HA MPUIYIICHHI PO CUMETPII0 KOHCTPYKIIT Ta HOTO TPAEKTOPIi, a TAaKOXK Ha
imenTrdikaIiii 3MiHHUX, K1 33/1isIHI y TTO3I0BKHBOMY pyci (quB. PucyHok 1).

Puc. 1

3rigHO 3 PUCYHKOM, JUIsl pO3B’sI3aHHS 3a/1a4l BBOAATHCS 1HEpIliiHA CUCTeMa KOOPIWHAT 3
OJIMHUYHUMH BEKTOpamH i, j, K 1 BepTHKaIBHOIO BicClO, CITPSIMOBAHOIO JJOHH3Y; 3B sI3aHAa CHCTEMa
KOOpJMHAT — €4, €3, €3, 3 MOYaTKOM B IIEHTP1 Mac IJIaHepa; IIBHIKICHA CUCTeMa KOOpAHMHAT 3
TOJIOBHOIO BICCIO, IO CIIPSIMOBAaHA y BEPTUKAJbHIN IUIOMIMHI PYXy B3J0BXK BEKTOpPA IMIBUAKOCTI
wiaHepa V = (v4,0,v3),B sKili OIIHIOIOTHCS TiAPOJAWHAMIUHI XapaKTEPUCTHKH. B3aemue
MOJIOKEHHST IIMX CHCTEM 3aJa€ThCs KyTaMu TaHraxka 6, rmicagm & i araku a. Kyt TaHraxka
BI/I3HatIae 0p1eHTau1}o TJIaHepa BITHOCHO 1HEPIIIHHOT CHCTEMH KOOPIMHAT; BiH TIOKA3Y€ HAMPSMOK,
Kyau “auBuThcs’ Hic Tima. KyT rTmicagm —1me KyT MK TpPaeKkTOpi€l0 pyxy IUiaHepa 1
TOPU3OHTAJUIIO; BIH BKa3y€ Ha HampsMOK pyxy. KyT artakw, mij sSIKUM TIIO 3yCTpi4aeThes 3
MOTOKOM, BH3HAYa€ KyTOBE 3MIIIIEHHS IIBUKICHOI CHCTEMU KOOPAMHAT BITHOCHO MO3/I0OBXHBOT
oci koprycy miuaHepa. O4yeBUAHO, IO BiH JOPIBHIOE PI3HHUII MIXK OpIEHTALIEI0 KOpHycy 1
TpaekTopieto: @ = 6 — €.

HaBanTtaxkeHHs Ha TUI0 Ma€ TIAPOCTaTUYHY Ta TiApoaWHaMIuHy ckiaaoBi. Jlo
TIAPOCTAaTUYHUX CHJI HalleKaTh MPOTUIIEKHO CIPSMOBaHI cuia TskiHHI W = mgg 1 cuma
Apximena F, = gMg;sp, TOUKM NMPUKIANAHHS SKUX 3HAXOAATBCA B LEHTPI Mac Ta B ILIEHTPI
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IJIaBy4oCTi BianosiaHo. TyT mg — moBHa Maca miiaHepa i Mg;s, — Maca BUTICHEHOI IUIaHEPOM
BOJIH, a § — IPUCKOPEHHS BITLHOTO NaaiHHA. Pi3HUIS mux cun F, = g(ms - mdisp) =gmg €
BEPTUKAJIBHOIO PIBHOJIIOYOI0 CHIIOKD, IO Kepy€e 3aHYPEHHSM 1 CIUIMBaHHAM Iu1aHepa. OTxe, 5K
0aunMMo, HAMPSIMOK PyXy IIaHEpa KOHTPOIIOETHCS HOTOo IIaBYUICTIO M. TpaekTopiro miaHepa
MiJ] Yac TUTaHEPYBaHHS 1 HOTO MIBUIKICTh Ta CTIHKICTh BU3HAYAIOTH TAPOAMHAMIYHI CHJIU — CHIIA
omopy D Tta minmiliManpHa cuia L, a Takoxk ixHi MOMeHTH M, BiTHOCHO meHTpa mac. Kpim Toro,
Ha PyX BIUIMBAIOTH IHEPUiHHI €PEKTH, fAKI Peali3yloThCs Yepe3 NPUEAHAHI Macu Mgy, My3,
BIJIMIOBITHO B TO3JIOBXKHBOMY Ta IIONIEPEYHOMY HaIpsMKax Ta IXHI MOMEHTH, a TaKOX
rigpoarHaMigHe 1eMII(pyBaHHS.

Pyx mmanepa B piguHI HE € TUIBKH MPSMOJIIHIHHAM, a TaKOXX IOB'S3aHU 3 0OCpTaHHIM
HABKOJIO ToJifoca. [igpoArHaMiuHi CHIIM 1 MOMEHTH, IO JIiIOTh Ha IJIaHep, SIKUHA OJHOYACHO
PYXa€eThCs MOCTYNAIBHO 1 00€PTAETHCS, BIIPI3HAIOTHCS Bi CHII 1 MOMEHTIB, IO J1FOTh TUIBKH T
qac MocTymnajabHOro pyxy. Lle o3Hauae, mo rigpoAuHaMidHI CHIM # MOMEHTH € (QYHKIISIMUA HE
TUTBKH KyTa aTaku «, 4yucia Pelinonbaca Re 1 popmu mutanepa, aje i KyToBO1 IBHIKOCTI BITHOCHO
nonepeuHoi oci & = (0, Q,,0).

OckilbKM KyTOBa HIBUJAKICTH IUIAaHEpa Maya, TO TIAPOAMHAMIYHI CHJIM 3alUCYIOThCS Y
BUTJISIIL PSLY 3@ KyTOBOIO MIBHKICTIO, 30€piraroun TUIBKH WISHH MEPIIOro MopsaKy. Yinenu, mo
HE 3aJIeXkaTh BiJl KyTOBOI IIBHUKOCTI OMHMCYIOTh TiAPOJWHAMIYHI CHIIM TOCTYNAJIbHOTO PyXy, a
YJICHH, 110 JIIHIHHO 3aJIeKaTh BiJl KyTOBOI IIBUIKOCTI, OMUCYIOTh OOCPTaHHS ILIaHEpa.

[Tix yac oOepTaHHs IJIaHEpa KO’KHA TOYKA HOTO MOBEPXHI JIICTA€E I0ATKOBY IBUAKICTb, IO
HamnpaBlieHA TMEPICHIUKYISIPHO 10 pajiyca-BEeKTOpa, SKUH 3 €qHYy€ LEHTP OOepTaHHS 3 III€I0
TOUYKO0. /)i MaJiol KyTOBOT IIBUAKOCTI 0OEpTaHHS IUTAHEPA MOJTYJIb IIi€i JOAaTKOBOT IIBUIKOCTI
€ TEX MaJIOI0 BEIMYMHOIO. BiAmoBiaHi MOyl 101aTKOBHUX T1IPOAMHAMIYHUAX CHII TEXK € MATHUMU
BEJIMYMHAMH, SIKHMU MOXKHA HEXTYBAaTH MOPIBHIOIOYHN 3 BEIMYMHAMHU No3ulidHuME cuit. L{omo
iXHBOr0 MOMEHTY M, TO BiH CyTTEBO BILIMBAC HA IMHAMIYHI BJACTHBOCTI Iianepa. Llei MomenT
CIpHsi€ 3TacaHHIO KOJHMBaHb, [0 BUHHWKAIOTH KOJHM IUIAHEP BIAXWISETHCSA BiJl TOJOKEHHS
pIBHOBAru 4 IiJl 4ac Mepexoay BiJ OAHOTO MOJOKEHHS PIBHOBArU J0 1HIIOTO.

Heo0xi1HO 3a3HAaYUTH, 110 JJI OIIHKU BCIX TLAPOAMHAMIYHUX CHII, 3yMOBJIEHUX B’ SI3KICTIO
pinuHu, Oy/1eMO KOpPUCTYBaTHCA TINOTE3010 CTalliOHAPHOCTI. BiAMoOBiAHO A0 wi€l TrimoTesH, Bci
TIpOIUHAMIYHI CUJTM BBAKAIOTHCS HE3AJICKHUMU B1JT ICTOPIT pyXy IJIaHEpa.

3 ypaxyBaHHSM BHUIIIEO3HAYEHOTO, IICTAEMO TaKi PIBHSIHHS JTWHAMIKH IM1IBOJHOTO IJIaHepa
y BePTUKAJBHIN IUTOMINHI:

X = v,0088 + v3sin@,  z= —u;Sinf + vyc0s8, O = Q,,
Q= [(mp3 — mpy)v1v3 + My gz©E sin 6 + Mp, + Mg, |/ esr,
vy = [—(m+mp3)vsQ, — megsing + Lsina — D cosa]/(m + mg,),
V3 = [(m+msy)v,Q, + megcosd — Leosa — Dsina]/(m +mys).
TyT Joff — eeKTHBHUI MOMEHT ILIaHePa HABKOJIO 0Ci e;; 2P

IUIaBYYOCTI TUIaHEepa.
Ls cucrema nudepeHiiaTbHIX PIBHSIHB € OCHOBOIO JIJISl aHATI3Y PYyXY IMIABOJIHOTO TJIaHEepa
y BEpTHKAJIbHIH IJIOLIHHI.

— BEpTUKaJIbHA KOOpMHATA IIEHTpa

Ilepeaik nocujaanp

14. Graver, J. G. (2005). Underwater gliders: Dynamics, control and design: Diss. Princeton
University, USA.
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OHTUMIBALI INIAHYBAHHSA HIIBOAHOI'O TJIAMJIEPA B
YMOBAX CTPATU®PIKALII YHOPHOI'O MOPA

Mopo3 B.B., Kounn B.O., 'op6ans [.M., bacoBcekuii B.T'.
IactutyT rigpomexaniku HAH Ykpainu, Kuis, ivgorban@gmail.com

Y cywacHux gociipkeHHAX CBITOBOIO OK€aHy BaXKJIWBY pOJIb BiIrparOTh IiABOJHI
IUTaHEPH, PYX SKUX 3a0€3MeUy€eThCs 3MIHOIO TUIABYUYOCTI, IO JJa€ IM 3MOTy BUKOHYBATH TPUBAi
MOHITOPHMHTOBI Micii y ToBIli Bogau. Biaromi, sx B 1989 porii Oyiia 3ampornoHOBaHa KOHIEITIS
MiJBOTHOTO TUTAHEPa, TaKi arapaTy yCIIITHO 3aCTOCOBYBAIMCS B PI3HUX KOH(DIryparisx, 30Kpema,
Slocum, Seaglider, Spray ta in. Mojaens MmIaHepa, IO PO3MNIAAAETHCA B Iiii poOoTi, Oyia
CIPOEKTOBaHa Ta BUroToBIeHa B [HcTHTYTI Timpomexaniku HAH Ykpainu. Bona ckiagaerses 3
nuaiHagpuaHoro kopiycy, kpui npodimro NACAO012 ta xBocToBOrO onepeHHs. st KOKHOTO 3
[[UX CJIEMEHTIB Ha OCHOBI HAMIBEMIIPHUYHUX MOJIENICH BHU3HAYCHI TiIpOAMHAMIUHI Koe]imieHTH
MiIHOMHOT CHUJIM Ta CUJIU OTIOPY, SIK1 BIAIrparOTh KIIIOUOBY POJib y (hOpMyBaHHI TPAEKTOPIi pyXy
amapara.

OOrpyHTyBaHHS  KOHCTPYKIIi IiJBOJHOrO IUIaHEpa Mmependadae  MaTeMaTH4YHE
MOJICJIFOBAHHSI MOTO JMHAMIKH 3 ypaxyBaHHAM YCiX MIFOYMX HABaHTAXEHb. TiPOCTATUYHHX,
TiApoAMHAMIYHUX, IHepUIHHUX 1 eMidyBanbHUX. OCKUIBKY MJIaHYBaHHSA Taiiziepa BiiOyBaeTbCs
B PEXHMI IUKITIYHUX 3aHYPEHb 1 CIUTUBaHb, JAOLUIBHO PO3IIISIIATH HOTO PyX y BEPTHKAIBHIH
wiomuHi. Cxema 1Mo3710BKHBOT0 PYXY ITiIBOIHOTO IIAaHepa 13 3a3HAYCHHSM JIF0UUX Ha HOT'O CHJT
1 MOMEHTIB HaBeJieHa Ha puc. 1. MaTemarnyHa MOJEIb, IO ONMUCYE JUHAMIKY PO3TIITHYTOTO
3pasKa riaiiepa, IpyHTYEThCS Ha YHIBEpCAIBHUX PIBHSAHHSAX 3 poOoTH [1], iHdopmariii mpo ioro
i j TiIpOAMHAMIYHI ~ XapaKTepUCTHKH, a  TaKOX
BpaxoBy€ HAONMKEH! OLIHKK 1HEPUIMHUX CHI 1
neMripyBabHUX MOMEHTIB JUISl 1TaHOI KOHCTPYKIIi.
BukoHaHe MOJIENIOBaHHS J03BOJIMIIO BCTAaHOBUTH,
0  3ampollOHOBaHA  KOHCTPYKIlisS  amapara
3a0e3neyye MOro criike TpuBaje IUIAHYBaHHS B
OJTHOPITHOMY 33 TYCTHHOIO BOJTHOMY CEPE/IOBHIII.

Puc. 1. Cxema pyxy ruaHepa

[Ipore B peanbHux yMoBax CBITOBOIO OK€aHy I'yCTHHA BOJY 3MIHIOETHCS SIK 13 TNIMOMHOIO,
TaK 1 B TOPU30HTAIBHOMY HANpsSMKy, 110 MOXE ICTOTHO BIUIMHYTH Ha IMapaMeTpu pyxy 1
TPAEKTOPIIO TIABOAHOTO IUIaHepa. Y il poOOTI IOCHTIIKYIOTHCS OCOOJIMBOCTI €KCIUTyaTarlii
rnaiiepa B YopHOMy MOpI, 7S SIKOTO XapaKTepHUMHU € BUpaKeHa BepTHKaJIbHA cTpaTu(iKallis y
BEPXHBOMY IIapi 3 (GOpMYyBaHHSM MHOKIIHY, a TAKOXX TOPU30HTAIbHA HEOHOPIAHICTh TYCTUHH,
3yMOBJIEHa OCOOJMBOCTSMM IMPKYyJALii BogHMX Mac. Ha puc. 2 HaBemeHi 3aJIekKHOCTI

Crparudikayia HopHoro Mopa BEPTUKAIBHOTO Ta TOPU30HTAIBHOTO  TPAJIEHTIB
0.035 ‘ ‘ . :

apvert/as

sepmwanuia nodaa ryctam | o oo TYCTHHH BIX rmubunn z B YopHomMy Mopi, sKi
0.03f —e— rOpUSCHTANLHA NOXIAHA FYCTHHM | o0uHncieHi 3a JaHUMU pO60TI/I [2] 3 puc. 2 BUIIJIUBAcE,
-4 0,07 . .
0.025¢ 110 3HAYCHHS I'paJilEHTa T'YCTUHH IO TOPU30HTAaJl Ha
- 0.06 . . LT .
0.02} » KUIbKa ITOPSIKIB MEHIII 3a 11 BEPTHKAJIbHI IIepernaiu
40,05 . X .
0.015L C\S: B 30H1 mHOKIHY. Ile nmo3Bosge 3HEXTyBaTH
- 0.04 .
001h “©  TOPHM3OHTAJIBHOK CKJIIAQAOBOIO 1 BBaXXaTH MOJIE
: 1 0.03 .
TYCTHHH 3aJI€KHUM JIMILIE BiJl TTTUOUHU!
0.005F 10072
0 L L L 0.01 p(Z) = pvert(z)- (1)
0 100 200 300 400 500

rmubuHa 2 (M)
Puc. 2. [lapamerpu ctpatudikarii
Pyx rmaiinepa y cTpaTH(iKOBaHOMY CEpEOBHILI CYNPOBOKYETHCS 3MIHOK YCiX HOTO
KJIIOYOBHX MapaMeTpiB, M0 BUMarae MoAudikamii KJIaCHYHMX PIBHSIHb JIMHAMIKU arapara.
3anexHICTh TIAPOJUHAMIYHMX Ta IHEPUIMHUX KOEQIIIEHTIB BiJ TIMOMHH ONHCYETHCA 32
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normomororo koedimienta p(z)/py, 1€ py — 3HAUEHHS TYCTHHH Ha moBepxHi. Kpim Toro, B
TUQEPCHIIMHUX PIBHAHHSAX IS IIBHIKOCTEH 3 SBISIOTHCS JOJATKOBI WIIGHH, 3YMOBJICHI
nudepeHIiFoBaHHIM 3a YaCOM IHEPIIMHUX XapaKTEPUCTHK arapara.

B oxgHOpiaHi# piauHi pyHIIiitHOIO CHIIOKO ITalijiepa € cTajla HaJJIUIIKOBA IUIaBYqiCTh My, sIKa
BU3HAYAEThCSI 3 OajaHCy TiApOCTAaTHYHUX CHJI. AIapaTHO BOHA CTBOPIOETHCS CHCTEMOIO
KepyBaHHs, fKa Iepekauye poOOody piAMHYy, 3MIHIOIOUM 3arajbHy BOJOTOHHAXKHICTH TiNa Ha
BEJIMYMHY J0oAaTKOBOro 00’emy AV. Y crpatudikoBaHOMy cepeqoBUINl ApXiMeIoBa cuja, a 3a
HEI0 1 HAJJIMIIKOBA IUIABYYICTh € (DYHKIISIMH TIIMOMHM, TOOTO, TiApocTaTHMYHH OanaHC Mae
BUTJIS

E=W-— Fa(Z) = g(ms - p(Z)Vdisp) = ng(Z)- (2)
PigusiaHs (2) 3amucaHe 3a YMOBH, 110 CTpaTU(iKaIlis THCKY Ta T'YCTHHHU HE BIUIMBAE Ha BIACHUI
00’eM kopirycy amnapata. SIKIIo 3a aHAJIOTI€l0 3 OJHOPIAHUM CEPEOBHIIEM BBAXKATH, IO TIOMIIA
nepekauye (ikcoBanuii 00’eM pigmHu AV, TO Maca IMIaBy4OCTI Mg, SAKY CTBOPIOE TOMIIAa HA
rIMoOuHI Z I 3a0e31eUueH s CIUIMBAHHs, BU3HAYAECTHCS 31 CIIIBBIIHOIICHHS

_ p(z) p(z)
mo(z) = ms|1— + mgo ; )
Po Po
Jie Mg — 3arajbHa Maca amnapara, Mg, — HaJJMIIKOBAa Maca IUIaBy4OCTi Ha MMOBEPXHi.
——Bes cTpaTudikayii, —---3i cTpaTudikayieio Po3paxynku nokasanu, mo B ymoBax YopHoro Mmops

IUTAaHYyBaHHS anapaTa 3alpONOHOBaHOT KOHCTPYKIIIi
€ cTifikuMm. BomHouac, HeBeNIHKi BiIXWJICHHS KyTa
mudepeHTy  Ta  KiIHEeMaTHYHHUX  [apaMmeTpiB
NPU3BOJATH JO TOMITHOTO 3CYBY TPAEKTOPIl y
MOPIBHSIHHI 13 BHIAJKOM OJHOPITHOI PIAMHH.
3MillleHHs TOYKU peBepCy Mo TOpu30HTaNl Ax 1 Mo
BepTHKami AH MOXyTh NMPU3BECTU 10 MOPYIICHHS
TOYHOCTI HaBiramii, fKkmo il  po3paxoBaHO 3a
MOJIEJIIMU  3BUYaiHOTrO cepenoBuina. Pe3ynbpratu
Ha puc. 3, OTPUMaHI IS MIBUAKOCTI TUTAHYBaHHS
V=034 m/c ta rmubunm 3anypeHHs 300 M.
BuaHo, 1110 npoTsrom nuiie oHiel 1001 3MileHHS
TpaekTopii BiJ MPOrHO30BaHOi gocsrae 150 m mo

0'....|....|...|....|....'

0 5 10 15 20 25 ropusoHTani Ta 10 M mo BepTHKami 31 CTiHKOO
?, FOIUHH TEHJICHLI€I0 10 301JIbIIEHHS.
Puc. 3.

3Bakar04M Ha Te, IO I'YCTHHA BOIM B IIUX po3paxyHkax 3miHuiacs jumie Ha 0,25% (muB.
puc. 2), OTpUMaHUii pe3ynbTaT CBIUUTH MPO BHCOKY YYTJIUBICTh KiIHEMATHUKH IIAHYBAHHS 0
cTparudikamii Npu KIacU4HIM cTparerii KepyBaHHS pyxoM amapata. Jlns 30epeskeHHs

p03anYHKOBOI ,Z[I/IHaMiKI/I Ta KyTa IJIAaHYBAHHS MIPOIMOHYETHCA 3a0€3MCYUTH CTAIICTh HHaBy‘IOCTi

my = const, poOasuu 3MiHHUM J0IaTKOBUI pobounii 06’em mommu AV(z) = AV, %. OCKIIBKH
p

BEJIMYMHA TO) < 1, Takuil miaxig He juime 30epirae KiHEMaTHKY pyXy, a i 3MeHIIye poOouunit
Z

X171 TOMITM B HIDKHIN TOYIll TPAEKTOPIT, IO I03BOJISIE€ 3MEHIIIUTA €HEPTOBUTPATH aKyMYJISITOPA.
Ilepesik mocujanp
1. Graver, J.G. (2005) Underwater gliders: Dynamics, control and design. Diss. / Graver
Joshua Grady. — Princeton University, USA. -273 p.

2. Benokonutos, B.H. (2014) Kinumarnveckass “3MEHUYHMBOCTD TNIOTHOCTHOH CTPYKTYPBI
YepHoro Mops. YKpaiHCHKUIl rigpoMeTeoposoriunuil xxypHai, 14, 227-235.
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HECTAIIOHAPHE BEPTUKAJIBHE 3AHYPEHHS TOHKOI'O
TIJIA OBEPTAHHSA Y HECTUCJIUBY PIIMHY

Hecrepyk . T
IactutyT rigpomexaniku, HAHY, inesteruk@yahoo.com

OcTraHHIM YacoM 3’SIBIIIETHCS BEJIMKA KUIBKICTh TEOPETUYHUX JOCIHIKEHb BXOIY TIT Y
Boy 3 BukopuctanusMm CFD (auB., Hanpukian [1]). Lle ckiagHe HecTallioHapHe SIBUILE BUMarae
BUKOPUCTAHHS aJIeKBaTHUX MOJEJIEH, 1110 BpaxOBYIOTh (pa30BUM nepexia Ta GopMyBaHHS KaBEPH,
JaMiHapHO-TYpOYJICHTHUH Nepexi, sBHIa NoOnu3y BUIbHOI MOBepxHi. sl MIBUAKOTO BXOAY Y
BOJIY Ha IIBUIKOCTAX OJM3bKUX Ta OLIbIIMX 1 KM/CEK HE0OX1IHO BpaXOBYBATH TaKOK CTHCIUBICTh
pinuau. Tomy meroqu CFD BuMararooTh BENMKHMX BUTpAT MAIIMHHOTO Yacy Ta YCKJIATHIOIOThH
PO3B’s3aHHSA 3a/1a4 oNTUMI3aIlii GopMH Tija.

Jns 3aHypeHHsS BHJIOBXKEHUX TiJ MOXXHAa BHUKOPHUCTOBYBAaTH HECTAIliOHApHY TEOPIlo
TOHKOTO Tijla Ta UIyKaTH MOTEHIiad Tedii ijealbHOT HECTUCIMBOI PIIUHHU SIK CYHEPIIO3HULIII0
JDKEpell Ta CTOKIB 3 HECTAI[lOHAPHOI IHTEHCHBHICTIO, PO3TAIllOBaHUX Ha oci cumerpii, [2]. Ha
JKallb, B BIJIMOBIAHY JIIHEAPHU3AI[I0 HE BAAETHCS 3pOOUTH ISl HECTAIIOHAPHOI Teuii CTUCIMBOL
piAMHH, a BIUIIB BUTbHOI TOPH30HTANILHOI MIOBEPXHI BOJIM MOXHA BpaxyBaTH JIUIIE TPUOIU3HO 32
JIOLIOMOTOK0 BiJIOMHUX METO/IiB T€OPii TOHKOTrO Kopiyca kopabuis [3].

VY BHNAAKYy CyNepKaBiTalliiHOro OOTiKaHHsS (30Kpema, BXOAY Yy BOJY 3 YTBOPEHHSM
cyrnepkaBepHH), (hopMa HECTalliOHAPHOI KaBEPHH HEBIJOMa 1 Mae BU3HAYATHUCh 3 JOJATKOBHX
MipKyBaHb. SIKIIO THUCK y KaBEepHI 3aJI€KHUTh JUIIE BiJ Yacy, TO aCHMITOTHYHI PO3B’S3KH
BIJIIOBIJHKMX PiBHSHB MOXKHA 3HAWTH B [2, 4]. SIKIII0 THCK 3aJI€5KUTh TAKOXK BiJl KOOPIUHATH BIOBK
oci cumerpii (Hampukian y BHNAAKY IHTCHCHBHOTO MiJAyBYy Ta3y B KaBEpHYy), TO ClIij
BUKODHCTOBYBAaTH OUIBII CKJIAJHY CHUCTEMY IHTErpo-audepeHIianbHuX piBHSIHb Ta il
ACUMIOTOTHYHI PO3B’s3KH [5]. SIKII0 0OMEKHUTHUCH JIUIIE TIEPIIUM HAOIMKESHHSIM JIJIsl PO3B’SI3KY,
TO MOXKHa PO3B’si3yBaTH Jinine audepeniianbai piBHaHHs (quB. [5]). 30kpema, B aOCOIIOTHIN
CHCTeMi KOOpAMHAT (HAMpPHKIAJ, 3 TOYaTKOM, PO3TAllIOBAaHMM Ha HE30ypeHill BiJIbHIN MOBEPXHI)
nepiie HaOJIMKEHHsT HECTalllOHApHOI Teopii TOHKOTO Tijla MiATBEPKY€E MPUHIIUIT HE3aJIeKHOCTI
PO3IIUpPEHHs niepepi3y kaBepHH, 3anpornonoBanuii ['.B. JlorsunoBuuem [6]. [lanuii ¢pakt qo3Bosise
HEXTYBATH BIUIMBOM BUIBHOI MMOBEPXHI PIIMHU Ta pO3PaXxOBYBAaTH HECTALlIOHAPHI (JOPMH KaBEpH,
YTBOPEHUMH TOHKUM TiTaMH TpU IXHBOMY BXOJi y BOAY. 30Kpema OyJiO0 pO3paxoBaHO dHac
TTHOMHHOTO 3MHKaHHS KaBepPH, YTBOPCHUMH TOHKHUMHU Tinamu pi3HOi dopmu [2, 7]. s
BpaxyBaHHS BIUIMBY BIUIbHOI TIOBEpPXHI INpU BEPTUKAIbHOMY BXOJAl Yy BoAy OyIyTh
BUKOPUCTOBYBATUCH JKEpesia Ta CTOKU NMPOTHIIEKHOT 32 3HAKOM 1HTEHCHUBHOCTI PO3TalllOBaHi Ta
Tii caMiii BiiJiani BiJy HE30ypeHOi MOBEPXHI BOIH, SIK 11€ pOOUTHCS B TEOPii TOHKUX KOPITYCIB CYJ€H
[3].

3agadi onTUMI3aIii, 1[0 BUHUKAIOTH Mi9ac BUCOKOIIBUKICHOTO BXOAY Y BOJY MOXKHA
YMOBHO PO3AUIUTH Ha JIBI BenMKi rpynu. Ilepiia crocyeTbes 301IbIIeHHS AaIbHOCTI pyXy 0e3
CYTTEBOI BTpATH IBUAKOCTI. J[pyra cTOCy€eThCsl 3MEHIIICHHS HaBaHTAXXEHb Ha TiJIi, [0 MOXYTh
OyTH TOCUTh 3HAYHUMHU Ha BEJIMKHX IIBUIKOCTAX, 0COOIMBO Ha HOCUKY, 110 MEPIIUM ITPOHUKAE B
piauny.

3amauya MakcuMi3alii JaJbHOCTI CyNepKaBiTalllHOTO pyXy 3a JAMCKOBUM KaBITaTOPOM
posrsganacs B [8] 3 BHKOpHCTAaHHSIM YMOBH (hiKCOBaHOI MOYATKOBOI KiHETHYHOI eHeprii. B
po6oti [9] Bmamocs oTpuMmaTHM aHAMITHYHUE PO3B’A30K 3aJadyi Ta 3amporoHOBaHI (GopMu
ONTUMAJBHUX KOPIYCIB 3 JHUCKOBUM KaBITATOPOM. 3O0UIbIICHHS JaJbHOCTI 3a PaxyHOK
BUKOPHCTaHHS KaBiTaropiB 3MiHHOI opmu orineHo B [10]. Ormsag 3amad mouryKy MakCUMymy
JAITBHOCTI JJISi HETOPU30HTATBHOTO CYNEPKaBITAIlIHOTO PyXy 3 BUKOPUCTAHHSM SIK JHCKOBHX,
TaK 1 TOHKMX KaBiTaTOpiB JUIsl DI3HMX 130MEPUMETPUYHUX yMOB HaBeneHuit B [11], ne
MOPIBHIOBABCS TAKOXK BHUITAI0K O0€3BIIPUBHOTO OOTIKAHHS.

VY npenpunri [12] 3po6neHo cripoOy iHTErpyBaTH METOAM KOMI IOTEPHOI T'iIpOMEXaHiKK
(CFD) Ta anamituuHi po3B’s3ku [11] mist po3paxyHKy ONTHMAaIbHUX (GOPM Til 3 JUCKOBHM Ta
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KOHIYHMMH KaBITaTOpPaMH, 110 BEPTHKAIBHO MPOHUKAIOTH Y BOAY 31 mBHAKOCTIMH mopsiaky 1000
m/c. Ilpu npomy CFD 3actocoByBanach jMile Ha MOYATKOBUX CTAisIX BXOAY, KOJHM BIUIHB
MOBEPXHi BOJIM € 3HAYHUM Ta HE BUKOHYETHCS YMOBA KBa3icTallioHapHi (110 BUKOPHUCTOBYBAJIACH
B [11]). B [12] Oyno moka3aHo, IO MiCis JOCTATHROTO 3aHYpPEHHS Tijia, HOr0 pyX CTae
KBa3iCTaI[iOHAPHKUM, IO JO3BOJISE BHKOPHCTOBYBATH aHAIITHYHI po3B’si3ku [11], ckoporuTH
BUTPAaTH KOMIT'FOTEPHHX peCypciB Ta OTpuMaTH (OpMHU KOPHIYCiB, MO0 3a0e3MeUyrOTh
MaKCUMaJIbHY TIIHOWHY NMPOHUKAHHS y BOJIY B CyNEpKaBiTAlllHHOMY pexuMi. BukopucraHHs
KOHIYHMX KaBITATOPIB JO3BOJISIE 3HAYHO 3HM3UTH JIOKAIbHI HampyxeHHs. [Ipo me cBiguarh
pesynbratu [12] Ta HaBeeHI B JaHOMY JOCIIDKCHHS PO3PaxXyHKH JUIS CTAI[iOHAPHOTO 3aHYPEHHS
KOHYCIB IIpH pi3HHX yuciax Opyna.

B MaiiOyTHROMY CIiJI 30CEpeIUTHCh Ha KaBITaTOpax CHeliadbHOI YBITHYTOI (opMu,
noxibHoi 10 Qopmu Hocuka BucokomBuikicHux pud [13]. Ipoemeni B [13] ouiHKK
CTaIlIOHAPHOTO TIOJIS TUCKIB CB1/TUaTh, III0 HA BIATOBIAHMX BHAOBKECHHX TiJIaX 0OECPTaHHSI MOYKHA
YHUKATH TOYKHU TaJbMyBaHHS TIOTOKY Ta ITiIBUIEHHS THCKY, III0 MOXe OYTH JIy>)KE€ BEJIHMKUM HA
BUCOKHX MBUAKOCTX. [Tomi0HI hOopMU MOXKYTh TAKOXK BUKOPHCTOBYBATHCH JIJISI CTAI[IOHAPHOTO
pyxy nobnu3y noBepxHi Boau [14] Ta a1 BUCOKOIIBUAKICHOTO BXO/Y Y BOJY.

Ilepenik mocujianp
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BU3HAYEHHSI MOKJIMBOCTI TOUHOI'O BIIHOBJIEHHSI ITOJIIB
IIBUJIKOCTI TA, BUIIIOBIIHO, JOTUYHUX HATIPYKEHDb HA
CTIHLII (WSS).

Ogsepko B.C.
[HCTUTYT MPHUKIIaTHOI MAaTEMaTHKHU Ta MexaHiku, Uepkacw, Vitaliioverko@gmail.com

JlocmiIKeHHs [OJTiB MBUAKOCTI Ta JOTHYHUX Hampy»keHb Ha crinmi (Wall Shear Stress —
WSS) maroth (yHIaMeHTal bHE 3HA4YCHHS Ui OlOMEXaHIKH, aepo- Ta TipoAuHaMiku. PiBeHb
MEXaHIYHOTO HAIPYKEHHS, SKE TOTIK PiAMHU a00 KPOBI YHHUTD HA CTIHKY CYJMHHU YH MTOBEPXHIO
00TigHOTO TiNa, Oe3MmocepeIHHO BILUTMBAE HA JIOKAIBbHI TPOIIECH MAacOOOMIHY, TEPTS Ta PO3BUTOK
pYWHIBHMX sBHIN. 30KpeMa, y CEpLeBO-CYAMHHIA MeauiuHi aHoMmaiabHi Tpamientd WSS e
KJIIOYOBUM (PAKTOPOM YTBOPEHHS Ta PO3PUBY AHEBPU3M, BHHUKHEHHS aTEPOCKIEPOTHYHHUX
Oysimok  Ta  eHpoTenianbHOl aAucyHKIIl. To4yHE BITHOBICHHS IMX TMapaMeTPiB JIO3BOJISE
NPOTHO3YBATH TMOBEIIHKY TAaKMX CKJIAaJHUX CHUCTEM, SIK TOTIK KpPOBI y apTepiaibHOW CHCTEeMi
JFO/IMHHU.

CydacHUM MPUKIIAZOM TEPEIOBUX HAYKOBHX PO3POOOK y IIbOMY HAIPSIMi € JTOCIIHKEHHS
[1]. V wiit pobori aBTOopr 00’€mHamu MeToaun obOumcmoBaibHOI TimpomuHamiku (CFD) Tta
ruOokux HepoHHUX Mepex (DNN) i IBUAKOTO Ta TOYHOTO BiIHOBJICHHS TPUBUMIPHHUX MOJIIB
TUCKY, HIBHJIKOCTI ¥ JOTUYHUX HANPYyKE€Hb HA CTIHII aopTH. JOCHiKEHHS NEMOHCTpYE, 11O
HaBYEHI MOJIeNi Ha OCHOBI (pOpMH CyIWHHM 37aTHI NMPOTHO3YBaTH Te€MOJMHAMIYHI MapameTpH
BCHOTO 3a KiJbKa CeKyHJ (3aMicTh XBWIMH a0o romuH Tpamuniiaux CFD-po3paxyHKiB) i3
noxuOKo MeHme HiK 5%, 10 BiAKpHUBaE NMEPCHEKTHBH JUIS KIIHIYHOTO 3aCTOCYBaHHS. AJe
BUKOPUCTAHHS HEHPOHHUX MEPEXk TAKOXK Mae OOMEXEHHs -IUId 1X BUKOPUCTaHHS MOTPIOHO MaTH
BEJIMKH OOYMCIIOBAJbHI IMOTY)KHOCTI Ha TEpPCOHAN 3 CHeru(iuHUMH 3HAHHSAMH B 00JacTi
1HpOpMATUKM, MAaTEeMAaTUKU Ta KOMII'IOTEPHOI T'iJIpOMEXaHiKU. 3arpolNOHOBAaHUNA HaMU METOJ
noTpeOye MEHII MOTY>KHOI 00UHUCITIOBAIBHOT TEXHIKH.

MeToro 1BOro AOCHIPKEHHS € BHU3HAYEHHS MOJXKJIMBOCTI TOYHOIO BiJHOBJIEHHS IOJIB
IIBUIKOCTI Ta, BIAMOBIIHO, TOTHYHKUX HANpPyXkeHb Ha cTini (WSS).

Mu npunyckaemo, mo WSS MokHa BIJHOBUTH 3a JIOIIOMOTOI0 HACTYITHOTO METOY.
Cnouarky 3 nanux MPT BiJIHOBIIOIOTECS TIOJISI IBUAKOCTI, ICJISI YOTO BOHU BUKOPUCTOBYIOTHCS
SK BXIJAHI JaHi JJI1 MOJEJIOBAaHHS HEBEIMKOi JAUISHKA KPOBOHOCHOI CYAMHH, SKY MOXHa
MOB’sI3aTH 3 TeoMeTpiero npsiMoi TpyOu. [1oTim 1i 1aHI BUKOPUCTOBYIOTBCS /ISl CTAlllOHAPHOTO
monemtoBanHs y FLUENT.

KpoB posrisganacs sk HbIOTOHIBChKa pinmHa 3 ryctuHOr 1030 kr/mM3 i nuHaMidHONO
B’s3kicTio 3,7 10-3 [la-c. IloBHYy cuctemy piBHAHb HaB’e—CToKca y TpUBHMIpHiil MOCTaHOBII
OyJ10 PO3B’SI3aHO JIJIsl CTAIlIOHAPHOTO JIJAMIHAPHOTO MTOTOKY 32 JIONMIOMOTOI0 HESIBHOTO PO3B’ si3yBaua
Ha OCHOBI THCKY. /[ 0GUMCIIEHHS TUCKY BHUKOPUCTAHO CTaHIApTHY cxemy. s 3B’S3Ky Mix
TUCKOM 1 MBHAKICTIO oOpaHo cxemy PISO 3i 3B’s3yBaHHSAM i3 CyCiIHIMH KOMipKam# 3
ypaxyBanusim Skewness-Neighbor Coupling. IlepeHoc imMmynbcy TUCKpETH3yBaBCsS 3a CXEMOIO
MIPOTH MOTOKY APYTOTO MOPSAKY. JlocmimKyBaBcs CTallloHapHUM MOTIK.

Ha Bxoxi Oyno 3aiano TpuBUMipHHHA PO}k MBUAKOCTI. [laHi 1yIs1 KOMIIOHEHT MIBUAKOCTI
B3sTO i3 manux orpumanux y Politecnico di Milano. Ha Buxoi mist BCix Mojeneit 3a1aH0 yMOBY
tucky (Omm pr. Cr.) i3 MeTogoM crierudikariii 3BOPOTHOTO MOTOKY 3a MapaMeTpaMH CyCiTHbOT
KoMipku. Ha cTiHII NpUIHATO YMOBY NPUIJIMIIAHHS.

Ha puc 1. 306paxena cxema po3paxyHKoBoi o0xacti. s cuMyJIsLii BUKOPUCTOBYBAIHCh
eKCIIEpUMEHTAaJIbH1 J1aHl 3 Mepepi3y BBEPX IO MOTOKY , MPOBOJMINCH OOYUCIEHHS IS IIepepizy
BHU3 110 IOTOKY Ta MOPIBHIOBAIKCA 3 €KCIIEPUMEHTAIbHUMHU JAHUMHU BHH3 I10 MTOTOKY.
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Puc. 1. 'eomeTpist po3paxyHKOBOi 00JaCTi JIJIsl TECTOBOTO MOJIETIOBAHHS

CkiazHa (hopMma MoiB MBUAKOCTI NOTpeOye ckiaagHux GopMya A ii onucy. PeanizyBaTtu
KyOiuHy crutaiiH-iHTeprioysinito B oomexenHsx UDF-¢aiinie FLUENT nemoxnmBo. Tomy
HOIEPEHbO SKCIIEPUMEHTANIHY JaHi 00pooisutics y nakeri Matlab.

0.000e+000
[m 1]

0 00501 0.150.2 0.250.3 0.350.4 0.450.5 0.550.6 0.650.7 0?50. 0850909851 1.0511

A) b)
Puc. 2. Moayns mBuaKocTi: A) aaHi, oTpuMani 3 Habopy aanux; b) iHTepnonboBaHa
MIBUOKICTH

MoskHa 1Mo0aunTH, MO TOJIS IIBHIKOCTI OyJM BiTHOBJICHI KOpeKTHO. lle mae mijmcraBu
MPUITYCTUTH, IO e METOJ MOKHA YCIHIIIHO 3aCTOCOBYBaTU AJis BusHaueHHs WSS y Benukux
apTepisiX JIOIUHU.
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IMPOI'PAMA “HIBUAKICTB” 1JIs1 BUMIPIOBAHHA AKYCTHUYHUX
IBUJIKOCTEM Y BETOHAX, SiO;, HAHOKOMITIO3UTAX 3
BAT'TATOCTIHHUX BYIVIEHEBUX HAHOTPYBOK TA IIOJIIMEPIB,
HAYKOBO-TEXHIUHI IPUHIUIIN 3ABE3NIEYEHHSA CTIHKOCTI
MEJIIOPAIIMHUX I'JIPOTEXHIYHUX CIIOPY]I B YMOBAX
KIIMATUYHUX TA AHTPOIIOI'EHHUX BUKJ/IUKIB

Onanko A.ILL Smox M.B.2, Ounanko FO.A 2, Bopomait I'.B.2, Ky3pmuu C.AZ2 JAMuUTpeHko
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IMasnenko O.JI.L, Kypouka JLLY, Inpin T1LIL.3
'Kuiscpkuit Harionansuuit Yuisepcuret imeni Tapaca Illesuenka, Kuis, onanko@i.ua
2IHCTI/ITyT Boanux ITpo6iem i Memiopanii HAAHY, Kuis, yaonankol@agmail.com
Hanjonansauii Yaisepcurer Biopecypcis i ITpuponokopuctysanns Yipainu, Kui, p_ilyin@ukr.net

BCTYII

Bcranosneno cnenianshe nporpamue 3a6esneuenns “IIIBUJKICTD” na nepconampHOMY
koMt totepi. Komm'torepusoBanuii ynbTpa3sBykoBuii (Y3) BUMIpIOBaY MIBHIKOCTI MOLIMPEHHS
xpuwip “HIBUJKICTD” npusnaueHuil a1 BMMIpIOBaHHS HO3J0BKHBOI V| Ta momepedHoi V1
HIBUJIKOCTEH TOIMMUPEHHS aKyCTHYHHUX Y3 XBHWJIb NUISIXOM BHMIPIOBaHHS 4acy 3aTpuUMKu At
(bpoHTY XBHJII i Yac i mpOXO/pKEHHS Yepe3 3pa3ok 6eTony, SiO2, HAHOKOMITO3HTY.

EKCIIEPUMEHTAJIBHI METOJIU

Byno BuKopucTaHO yNBTPa3BYyKOBHI IMITYyJIbCHO-(A30BUIl METO/ BU3HAYCHHS aKyCTUYHHUX
IIBUJIKOCTEH TPYXKHUX XBWIb V|, VL 3 BUKOPUCTAHHAM KOMII'FOTEPU30BaHOI IIPOrpaMu
"IUBUAKICTB” [1-3]. 3pa3ku roTyBajiu METOIOM YJIbTPa3BYKOBOTO JHUCIIEPTyBaHHS 3
Bukopuctanuam udposoi Y3 Banuu CE-6200A notyxuictio W = 70 Br, gacrororo f ~ 42 kI
['onoswue BikHO miporpamu “"IIIBUJIKICTbH” moka3zano Ha Puc. 1.

A

—
. SRTIRET W [ oo -
14| @ o] e | e e z976
- 2 o S

Puc. 1. ImocTpartis BikHa 0OpoOKH JaHUX BUMIPIOBAaHb 1103JI0BXKHBOI V|| Ta monepedHoi V1 akyCTHYHHX
MIBU/IKOCTEH MPYKHUX XBHJIb 32 JOTIOMOTOI0 IMITYJIbCHO-()Aa30BOT0 yIbTPa3ByKOBOI'O METOJIy Ha YAaCTOTaxX
f|| ~ 1,11 MI' ta fL ~ 0,43 MTI'tt Ta 3aransauii Burisia npuiaay “IHIBUJKICTB”.

PE3YJIbTATHU TA OBI'OBOPEHHS
Crepeomnpoexkirist udepeHitiarbHoro koedirieHta mpyxHoi anizorporii Ag SiO2 (i3omiHii -
y %) npezncrasieHa Ha Puc. 2.

NNO
o 0 0 0

[

EENNUGRAMOOOO
0

[

o= —o.e —o.a —o.= S o= ola ole

Puc. 2. Crepeonpoexuis qupeperniansHoro koedimienTa npyxuoi anizorpomnii Ag SiOz (i30miHil y %).
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CrepeonpoeKIlist pi3HHIII MIBUAKOCTEH KBa3iMONMEPEUHUX MPYKHUX XBUIb AVL=V1g - V1 y SiO;
(i3ominii B KM/C) Ta CTEPEONpPOEKIlis KyTa nonﬁpmaun - BIOXWJICHHS BEKTOpa NPYKHHUX
nepemimens U Bif HampsMKy HopMam XBHm 0 ¢, = = (U,R) SiO (i3omimii - y rpamycax)

npencranieHi Ha Puc. 3 Ta Puc. 4.

o= —oe —oa —o = S ol= ola ole

Puc. 3. CTepeonpoeKum PI3HHUII NIBUAKOCTEHN KBa3IMOMEPEUHHUX MPYKHUX XBUIIb AVi = Vi1 - V1 y SiO;
(i3oiHii B kM/c).

LT

-1 —o.a —o.e —o.a —o.= o o= ola ole o's

Puc. 4. CTepeonpoeKIlis KyTa nonﬂpmauu - BIIXWJICHHSI BEKTOpa MPYKHUX HepeMlH_[eHB U Bin
HAMPSMKY HOpMaJTi XBHJII ¢, = (U,R) SiO2 (izomiii - y rpamgycax).

BUCHOBKHA

1. Monyms npysuocti E, Momynb 3cyBy G, koediuient ITyaccona p, BHyTpimme Teprs Q!
6erony, SiO2, HAHOKOMITO3HTY 3aJICKHUTh BiJl HOTO aHI30TPOITii.

2. Jlunamiuni gedopmariii €; B TiAPOMENIOPATUBHUX CHUCTEMax 3ajieXkaThb Bil YTBOPEHHs Ta
THOLIMPEHHSI TPILIKH, BiJHOBICHHS MOJIB MEXaHIYHUX HAMPYKEeHb Gy (CTUCK-PO3TAT) MiCIs BUOYXIB
CHap#/iB Ta IPOHIB.

MNOJSAKHN

L1 po6oTa Oyna nigTprMana MiHiCTepCTBOM OCBITH 1 Hayku Ykpainu: ['pant MiHicTepcTBa
OCBITH 1 HayKH YKpaiHH Ha MEPCIEeKTUBHUNA PO3BUTOK HAyKOBOTO HANPsAMKY “MaremMaTuuHi HayKH
Ta npupoaHuyl Hayku B KuiBcbkomy HamionansHomy VYHiBepcureti iMeH1 Tapaca IlleBuenka.

Ilepeaik mocujianb

1. Onanko Y. A., Kuzmych L. V., Onanko A. P. et al. Influence of annealing on
indicatory surface of anelastic-elastic body of GeSi. (Q2)Discover Applied Sciences. 2025. V. 7,
Ne 10. P. 1210(9). DOI: https://doi.org/10.1007/s42452-025-07799-0

2. Onanko Y. A., Kuzmych L. V., Onanko A. P. et al. Influence of irradiation on
indicatory surface of anelastic-elastic body of AgZn alloy. (Q2)Materials Research Express. 2025.
V.12, Ne 1. P. 016516(8). DOI: https://iopscience.iop.org/article/10.1088/2053-1591/adabbc

3. Onanko A. P., Kuzmych L. V., Onanko Y. A. et al. Indicatory surface of anelastic-
elastic properties of Ti alloys. (Q2)Materials Research Express. 2023. V. 10, Ne 10. P. 106511(7).
DOI: https://iopscience.iop.org/article/10.1088/2053-1591/acfecc
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AHAJII3 TA ITPOT'HO3YBAHHS 3AMYJIEHHS CYTHOIIJTABHOI'O
KAHAJIY HA IIEPEKATHIU JIJIAHII PIKU 3A HATYPHUMUAU
JAHUMHU BUTPAT HAHOCIB

Octposepx b.M., IToranenko JI.C., Xwmxa LLA.
InctutyT rigpomexaniku HAH Ykpainu, Kuis,E-mail: potapenko Is@ukr.net

l'omoBHAa yMOBa, IO CHpHs€ 3aMYJIEHHIO AULIHKA pyclia pPIKH, TOJATaE B JIOKAIBHOMY
MOPYIIIEHH] BiJIIOBITHOCTI M’k BMICTOM HaHOCIB B TIOTOIIi 1 TPAHCTIOPTYOYOIO 3/IaTHICTIO MTOTOKY,
TOOTO TIEpEeBAaHTAXEHHA IOTOKY HaHOcaMH. llepeBaHTa)KeHHS IMOTOKY HAHOCAMH BHUHHUKAE
BHACJIIJIOK JIBOX IPUYMH: HAJIXOJKEHHS B MOTIK JOAATKOBOI KUIBKOCTI HAHOCIB Ta 3MEHIICHHS
HIBUJIKOCTI TOTOKY. Haif0ibIiie 3Ha4eHHS TAKOTO NIEPEBAHTAKEHHS BiJOYBA€ThCS MMiI4ac MOBEHI,
KOJM pika Hece 0araro HaHOCIB 1 I MATPUMKH CYIAHOIUIABCTBA HEOOXIJHO BUKOHYBATH
PO3YHCTKY CyAHOBOTO X0y [1].

HanexxHe mporHo3yBaHHs 3aMyJIEHHS CYJHOIUIABHOTO KaHAJNy € BaXJIMBUM ISl OLIHKU
00’eMy poOIT HEOOXITHUX Ui PO3YMCTKU pycia. [Ipu 1boMy akTyalbHOIO CTa€ 3ajada OI[IHKU
3aMyJIEHHsI [TPOPi31 CYAHOIUIABHOIO KaHaJly Ha OCHOBI BUMIPIOBAaHHsS BUTpAT HaHOCIB. Burparu
HAHOCIB, SIK IPAaBUJIO, BUMIPIOIOTHCS HA TPOPI3i, MIMPUHA SKOi 3HAYHO MEHIIA 32 IUPUHY pycia,
TOMY IIPH MOJICIIOBaHHI BUHMKAa€ MpoOsieMa BU3HAUYEHHS TPAaHUYHUX YMOBH Ha BXOJI BCi€l
TUISTHKH pycla.

Jlnis BUpileHHs 1€l mpo6sieMu B poOOTI MPONOHY€ETHCS IPOBECTU MOJIETIOBAHHS 3aMyJIEHHS
METOIOM TOCTiOBHUX HaOmmkeHb. Ha mepmiiid itepamii Ha BXOIi IUISHKHA pycia 3aJa€ThCS
piBHOBa)XKHA TPUJOHHA KOHIICHTpAIlisl, SKa BIAMOBIJAE PIBHOBAXKHOMY CTaHy, y SIKOMY TIOTIK
BUHECEHHSI HAaHOCIB 3 MYXKOTO IMPHIOHHOTO IIapy BPIBHOBAXYETHCS IMOTOKOM OCA/KEHHS [0
mapy. HaaxokeHHs B MOTIK JOJATKOBOI KUIBKOCTI HAHOCIB MOJIENIIOETBCS HAa JIPyromy
HaOJIDKEHHI, 1 Tak 10 TUX Mip TMOKM KOHIICHTpAlis HAHOCIB B Mpopi3i He OyAe BiaNOBimaTH
3HAYEHHIO, OTPIMAHOMY B PE€3yJIbTaTi BUMIPIB.

Jnst Bepudikarii anroputmy mpoBeneHi po3paxynku Ha 37 kM Kimiiicbkoro rupna [yHaro
3a naHuMH JyHalChbKOI IiIpOMETe0poIIoriyHol 0OcepBaTopii o BUTpaTax BOJAM Ta MyTHOCTI, Ta
JAaHUMHU NTpoMipiB IOuH. O6’eM 3aMyJIeHHSI OTPUMaHMM B pe3yJIbTaTl MOJIEIIOBAHHS Ha MPOTSI31
4 ni6 nopiBHIOBaBCA 3 00’€MOM OTPUMAHHUM IUISIXOM BUMIpiB OaTUMeETpii, BIANOBITHUX MTOYATKY
1 KIHII}O pO3paxXyHKOBOTO NEPIOY.

JIns po3paxyHKiB BHKOPHCTOBYeTbcs Monens FST2DH [2]. B cucremy po3paxyHKOBHX
PIBHSIHb BXOJSTH PIBHSHHSA [IEPEHOCY MACH Ta IMITYJIbCY, PIBHAHHA JedopMallii JHA Ta IEPEHOCY
TATJIMX 1 3aBUCIUX HaHOCIB [3].

Obnactp mMozemoBaHHs Mae mpoTspkHicTs 1350 M Ta mmpuny 600 M, mmpuHa Mpopisi
ctaHoBUTh 60 M. MojentoBaHHs CTalllOHapHOI Tedii B pycii MpOBeAeHO Ha 0a3i BUMIpIB
OatumeTpii. B BepxHbOMY CTBOpI Teuil 3a1aHi BUTpaTH Q, B HIDKHBOMY CTBOPi— PiBEHB IMOBEPXHI
Boau Zw. OTpuMaHe CTalliOHapHE pIIIeHHS JJIs IIBUJAKOCTI Tedii Ta pPIBHA IOBEPXHI BOIM
BUKOPHCTOBYETHCS SIK IOYaTKOBI YMOBH JJIs1 HECTAI[IOHAPHOI 33aul TPAHCIIOPTY HAHOCIB Ta 3MIHU
MOBEPXHi JIHA.

MopentoBaHHS 3aMyJICHHS KaHaly TpOBeIeHO Ha mpors3i 4 mié 3 ymoBamu, IO
BIAMOBIAIOTH cHiOCTEepexeHHsM JlyHalchKoi TigpoMeTeopoioriynoi odcepsatopii (JIFMO) 3a
nepion 4.02.24 — 7.02.24, a came Butpatu cTaHOBIATH 2700 M3/c, BiMOBimHO KOHIICHTPAIIist
3aBuciuX HaHociB cranoBuTh C =0.000043 (M3/m3), po3paxoBaHa KOHIIEHTpALLis TATIMX HAHOCIB

C,=0.0000023 (m%m?). BusHaueHHs rpaHyJOMETPUYHOTO CKIIALy TATJIMX Ta 3aBUCIUX HAHOCIB

Ha Kuniticekomy rupii (115, 20 km) nposezeno 3a nanumu JITMO. 3rigso [1] B pesxumi moBeHi
MeIiaHHUH TiaMmeTp cTaHOBUTH 0.15mMMm.

Pe3ynbrat MojemOBaHHS MOKa3ajy, MO B MEXaxX MPopi3l KOHIEHTPAIIS 3MIHIOETHCS BiJl
0.000043 z10 0.000050 (M3/M3), m0 106pe Y3romKyeThCs 3 BAMIPSHOI KOHIIEHTPALEI0 3aBUCIUX
HAHOCIB Ta PO3PAaXOBAHOIO KOHIIEHTpAIIii TATIMX HaHOCiB, a came 0.000045 (M3/m°).
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[TopiBHAMBHUI aHATI3 pE3yIbTATIB MOJCIIOBAHHS HAa OC1 TIPOPI3i, IS PI3HUX TPAHUIHHUX
YMOB, a caMe I'PaHUYHUX YMOB, 1110 BiANOBIAAIOTh PIBHOBa)KHIN KOHIEHTpauii C, Ta rpaHUYHUX

YMOB OTPMMaHMMH METOJIOM IIOCHIZIOBHUX HaOmwkeHp C. nokasas, mo C, >C: TOOTO
BizOyBaeThes 3amysieHHs (puc. 1).

C 1 000 000 m3/m3
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Puc. 1. Konnenrpaiiisi HaHOCIB Ha Oci MPOPi3i CyAHOIUIABHOTO KaHaiy, 1 - rpaHruHI yMOBH, 1110
BiJIMIOBIIAFOTH BUMIpaM, 2 - TPAaHUYHI YMOBH JUIsI PIBHOBa)KHOT KOHIICHTpAITii

Jnst Bepudikarii anroputMy mnpoBeneHi po3paxyHku Ha 37 kM Kimilicekoro rupna [lynato
3a TaHuMH J[yHalChKOT T1[pOMETe0opoIorivHOT 00cepBaTopii o0 BUTpATaxX BOAM Ta MyTHOCTI, Ta
JAaHUMHU TIpOMIpiB TMOMH. BcTaHoBieHO, MmO 00’€M 3aMylieHHS OTPUMaHHMK B pe3yJNbTaTi
MOJIETIIOBaHHs Ha MPOTsI3i 4 110 BiAMOBia€ 00’ €My OTPUMAaHOMY HUIIXOM BUMIpiB OaTUMETIi.

[TopiBHsUTEHUI aHAITI3 3MiH TIOBEPXHI JTHA HA OCI MPOPI3i, OTPUMAaHUX 3a Pe3yIbTaTaMu
MOJIETIIOBaHHs Ta Ha 0a3i BUMIpiB OaTUMETpii HaBEJCHO Ha PUCYHKY 2.

3aMyneHHs, M
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Puc. 2. 3minu noBepxHi AHA Ha Oci KaHaiy, 1 - MoJentoBaHHs, 2 — BUMIpH.
3a pe3yapTaTaMy MOJICTIOBAaHHS BU3HAYEHO 00’ €M 3aMyJICHHS B 30H1 JTHOTIOTIMOJICHHS KaHAITY,
sakuit cranoButh 7207 M. O6’eM, OTpUMaHuii Ha 6a3i BUMipiB GaTUMETPii MIIAXOM 00UHCIEHHS
Pi3HMIIi TOBEPXOHB [HA, HA TIOYATKY Ta B KiHIIi PO3paxyHKOBOTO Mepiofy, cranoButh 7400 Me.

Ilepenik mocuiianb
1. Tigponoris genst JdyHas. —M.: TEOC, 2004. 448 c.
2. Two dimensional Depth-averaged Flow and Sediment Transport Model. Publication No.
FHWA-RD-03-053, U.S. Department of Transportation, 2003.
3.Engelund, F.; Fredsoe, J. A sediment trensport model for straight alluvial channels.
Hydrol. Res. 1976, 7, 294-298.
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TBPUIHUN METO/I JIJIA1 CACTEM JU®EPEHIIAJILHUX PIBHSIHb
3 3ANI3BHIOBAHHSIM B MEXAHIII XPECTOIIOAIBHUX XBWJIb B
BACEHWHI CKIHYHEHHHUX PO3MIPIB 3 XBHJIEITPOAYKTOPOM

Meuyk €.]1.}, Kpacnononsceka T.C.1, Tleuyk B.J1.2
Nucruryt rinpomexaniku HAHY, Kuis, evgdmp@gmail.com
2 KuiBchKuii HalliOHAIBHKI yHIBEpCUTET OyIiBHUMITBA Ta apXiTekTypH, Kuis,
pechuk.vd@knuba.edu.ua

OcTaHHIM 4acoM CIIOCTEPIraeThcs BEIMKHUH 1HTEpeC 0 AMHAMIYHUX CHUCTEM, L0 MAarOTh
3ami3HIOBaHHA y 4aci. /luHaMiyHi mpolecu MOB’s3aHi 3 Mepeaadero MacH, eHeprii, iHpopmarii
CYIpPOBO/DKYIOTBCS HAsIBHICTIO 3aIli3HIOBaHHA. Take 3ami3HIOBaHHS MoOKe OyTH 0OyMOBIICHE
PI3HUMH IPUYUHAMH — 0OMEKEHICTIO IIBUIKOCTI MOIIUPEHHS B3a€EMO/1i1, HAsBHICTIO 1HEPIIIIHOCTI
JESKUX EJIEMEHTIB, OOMEKEHICTIO TPOTIKaHHS TEXHOJOTIYHMX IMporeciB Ta iHme. Po3B's30k
cucteM nu(epeHIiaIbHuX pIBHSIHD 3 3alli3HIOBAHHSAM 3a3BUYall 3HAXOMIATh UYUCEIbHUMH
MeToAaMu. Y BHIAAKY, KOJM BEJIMYMHA 3alli3HIOBaHHA OUIbIA, HDK KPOK YHCEIBHOTO
IHTETpyBaHHs, 3HAXO/KEHHS YHCEIBHOTO PO3B'SI3KY CHCTEM IU(EpeHIiaIbHUX PIBHSIHD 3
3alli3HIOBAHHSAM HE BHMKJIMKA€ CKJIAQAHOCTI. [ IbOrO BUKOPUCTOBYIOTH I1HTEPHOJISLIIO
nepeaicTopii MozeNi 1 4MceNbHI METOOM ISl 3BUYAHUX CHUCTeM IU(EpeHIiaIbHUX PiBHSIHB,
Hanpukiaj, siBHI Metoau PyHre-KyTTtu. 3acTocoByroun MeTo]] KPOKIB, OTPUMYIOTh UHCEIIbHUI
PO3B'SI30K Ha HEOOX1AHUN TPOMDKOK Yacy. [IpoTe, KO MPOMIKOK Yacy, Ha IKOMY PO3TIISAA€THCS
QUHAMIYHA CHUCTEMa, JOCHTh BEIMKHH y TOPIBHSAHHI 3 3ali3HIOBAaHHSIM, TO YHCIO KPOKIB
30ibmIyeThes. Lle yrmoBibHIOE MPOIiece YUCETFHOTO IHTErPYBAHHS 1 IPUBOIUTH 10 HAKOITMYCHHS
HOXMOKH. Y BUIAJIKy MaJIUX 3@ BEJIMYUHOIO 3aI113HI0OBAaHb, 3aCTOCOBYIOTh po3Kiaj B psa Teitnopa
10 3aITi3HIOBAHHIO 1 J]aJTi pO3B’SI3yIOTh 3BUYAIHY CUCTEMY JU(EepPEHIIIaTbHUX PIBHSHb YUCETbHIM
MeTo0M, Hanpukiaa, merogoM Pynre-Kyrtu. Takuil minxin mae oOMeXeHHs Ha BEIUYUHY
3aMi3HIOBAaHHA 1 HE MO)Ke OyTH 3acTOCOBaHUM Juig OaraTbox Mojeinei 3amad. Tomy uacto
JIOBOJIUTBCSL  3aCTOCOBYBAaTHM KPOK YHCEIBHOTO IHTErpyBaHHS OUIbIIMH, HDK BEIMYMHA
3aMi3HIOBAaHHS, 1 HerepepBHI HesiBHI MeToau Pynre-KyTTtu. Toai Ha K0’)KHOMY KpOIll YMCETBHOTO
IHTETrpyBaHHs JJOBOJAUTHCS PO3B'SI3yBaTH CUCTEMU HENIIHIHHUX PIBHSAHB, 110 YCKIIATHIOE ITOPUTM
PO3B'SA3KY.

Mu noOyayBaniv HOBHIA IBHUHM T1IOpUIHUI METO ISl cucTeM IudepeHIlialbHIX PIBHIHb
3 3aIli3HIOBAHHSAM IT°SITOTO MOPSIIKY 301KHOCTI, SIKUI Oa3yeTbes Ha ABHUX MeTonax Pynre-KyTTtu
Ta no0y0B1 moxiHOMIB HeloTOoHa i mepenicTopii Mojeni. byno BUKOpUCTaHO SIBHI METOAM
Pynre-KyTtTu i’ ssToro nopsiKy, OCKUIbKM BOHU € HalO1IbIII MOITUPEHUMHU [Tl 3BUUaHUX CUCTEM
TuQepeHiaTbHUX PIBHSAHb 3aBISKH 3pYYHOCTI iX BUKOPUCTAHHS 1 IIBHUIKOCTI OOYHCICHHS
YHUCEJIbHOTO PO3B’A3Ky. MU 10Benu 301KHICTh LOIO METOLY 1 3pOOMIIM OLIHKY JIOKaJIbHOI
NOXMOKH Ha KO’)KHOMY KPOILl YHCENIbHOIO IHTerpyBaHHs. TakoK BCTAHOBJIEHO OCHOBHI TPUHIIUIIH
noOy/10BH TaKMX TOPUAHUX METOJIIB BUIIUX MOPSAAKIB 301)KHOCTI JJIs CUCTEM AU(epeHIialbHUX
PIBHSHB 3 3aIi3HIOBAHHSM.

Brnepiie nocnikeHO BIUIMB 3ami3HIOBaHHS Ha JWHAMIKY XPECTOMOMIOHMX XBUJIb.
BcraHoBNIEHO CyTTEBICTh BpaxyBaHHA (DaKTOPIB 3alli3HIOBaHHS, PU JOCIIKEHH] Ha PETYIISpHY 1
XaOTUYHY JUHAMIKY CUCTEMH, L0 OMUCY€E XPECTOMOAIOHI XBUJII B OaceiiHl CKIHYEHUX pO3MIpIB 3
XBUIIEpoAyKTOpoM. OJniepxaHi pe3yabTaTH MOXYTh OyTH BUKOPHCTaHI MPH po3poOIli METOIUK
JUISL BU3HAUEHHS JTUHAMIYHMX XapaKTEPUCTUK XPECTOMOMIOHMX XBWJIb B OaceiiHaX CKIHYEHHHUX
pPO3MIpiB, MPU PEryIIpHUX 1 XaOTMYHMX PEXKHMax KOJHMBaHb, a TAaKOX IMPH pO3paxyHKax i
KOHCTPYIOBaHHI Cy4aCHUX CYJI€H Ta BHUCOKOIIBUIKICHHUX KOpaOIiB Ha MOBITPSHUX TOIYIIKAX,
IPUCTPOIB 1 MEXaHI3MIB, IPU3HAYSHUX ISl MTOTAIIEHHS He0aKaHUX PITUHHUX XBUJIb.
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BILJIUB MTO3/I0B)KHIX BUXPIB, TEHEPOBAHUX JIYHKAMU, HA
TYPBYJIEHTHUUN [IPUMEXOBUMN IIIAP

Posymurok H.B.
Incmumym ciopomexanixu HAH Ykpainu, Kuis

JlyHku Ha OOTIYHIN TOBEPXHI BUKOPUCTOBYIOTHCS SIK OJIMH 13 3aC001B MTACUBHOTO KOHTPOJTIO
NPUMEKOBOTO MIAPY, OCKUIBKM TEHEpOBaHI HUMH TMO3J0BXKHI BHXpPl BIUIMBAIOTh Ha OOMiH
IMIIyJIbCOM MIXK OCHOBHHUM IOTOKOM Ta IPUCTIHHOIO 00JACTIO, 110 NPU3BOAMUTH 10 MOCHJICHHS
TEIUIO- MacoOOMiHy, 3MIHIOE TMOJAIBIINA PO3BUTOK IMPHMEXKOBOTO INApy, MOXeE 3armodiraTu
B1JIpUBY TIOTOKY.

B naniii poOOTI pO3risiIaeThCs B3a€EMOJIS IMO3JOBXKHIX BUXPIB, TCHEPOBAHHX MapOIO
BUJIOBXKEHUX JIYHOK HECUMETpHuHOi (opMmu, posramoBaHux mig Kyrom 30° 10 Hampsamky
30BHIIIHBOTO TMOTOKY, Ta TypOyJEHTHOTO MPHMEKOBOTO IIapy B OKOJII JIYHOK Ta HI)KYE 3a
HOTOKOM.

Hecramnionapuuii TypOyJIeHTHHIA TOTIK HaJ MOBEPXHEIO BUBYAETHCS YHCEIHLHO HA OCHOBI
PO3B’sI3aHHS HECTAL[IOHAPHOI CUCTEMU piBHSAHB PeliHoub/ca; U1 MOJIeNtOBaHHs TYpOyJIEHTHOCTI
3aCTOCOBAHO MO/IECJIb IEPEHOCY HANpPYKeHb B Moaudikaii K-o.

Po3paxynkoBa 00sacTh Ma€ BUTJISZ Mapajelieninesia, B OCHOBI SIKOTO JIEKHUTh IIACTHHA 3
JYHKaMH, po3TallloBaHUMU Ha MEBHIN BiJIcTaHi BiJl BX1AHOI rpanuili. Ha 006TiuH1ii moBepxH1 3a1aHO
IpaHUYHI YMOBH TPWINIIAHHS, Ha OOKOBHX IMOBEPXHAX - YMOBU CUMETpIi, HA BEpXHIl rpaHuULi -
pyxoma ctiHka 6e3 Teprd. Ha Bxoni 3ajaHo mapameTpu TypOYJIEHTHOIO HMPHUMEXKOBOIO LIapy
MEBHOT TOBIIWHM, OJICpP)KaHI Ui OOTIKAHHSA TJAAKOI IOBEPXHI TPU AHAJIOTIYHUX OIIIiSIX
YHUCEIbHOTO0 MOJIEIIOBaHHS.

Uucno PeifHonb/ica 3a TOBIIMHOK MPUMEKOBOTO IMIAPY TEpe] JTyHKAMU BapilOEThCS B
nmiana3zoHi Resp=15000+45000, BiAHOIIEHHS MAaKCHUMAaJIbHOT TJIMOMHM IJyHKH JO TOBIIHHU
h/80=0.23+0.7.

JIyHKM CKIagaroThCid 3 HOCOBOI, CEpPEIHbOI Ta
xBocToBoi yactuH (Puc.l), reomerpist skux po3poOiieHa (

Ha OCHOBI HOMEPEIHIX JOCIIPKEHb CUMETPUYHUX JTYHOK
[1]. B naHOMYy BHIaIKy pO3IIISIAINCH TYHKH, SIKi MAIOTh
3MEHILIEHUN KYT HOCOBOi YaCTHHU 1 HaBITPSHUX CTIHOK
CepeAHbOl 4YacTUHHM, a TaKoX JIiHiIiHE 3MEHIICHHS
TIMOWHU JIYHKM B XBOCTOBIA YAaCTHHI, BIJHOIIECHHS
JIOBXHHH 10 IUpUHE JyHKH L/d=3. Puc.1

CdopMoBaHi B JyHKax BHUXpPl 3 BICCIO B3JIOBXK
OOKOBHUX CTIHOK B XBOCTOBUX YAaCTHHAX CIUIMBAIOThH B IPUMEKOBHHM 111ap, 30JMKYIOTHCS Ha AEAKIH
BIJICTaHI HW)XY€ 3a MOTOKOM 1 YTBOPIOIOTH BHUXpPOBY mapy. Po3Mipu BHXpIB BHU3HAYalOThHCS
TITHOMHOO JIYHOK N, TOMy B OJM3bKOMY CITi/Ii JIYHOK iX €BOJIFOL[SI IPAKTUYHO HE 3aJICKHUTh BiJ|
TOBIIMHM TPUMEXOBOro Imapy. Buxpi B mapi yTBOPIOIOTH BUCXIJHUH MOTIK MK CO00MO 1
MOCTYTIOBO CIUIMBAIOTh Bropy, JOKaJdbHA TOBIIMHA IPUMEXKOBOTO 1Iapy 30inbnryeThest. Hikue 3a
MOTOKOM TPA€EKTOPIl BUXPIB 3 OLIBIIOI0 0o 3MILTYIOTECS IO BHUIIIE.

[IpucyTHICT, BUXPOBOI Mapu MPOCTEXKYETHCSA 1 B MPO(UIAX HIBUAKOCTI, 1 B pO3MOAiTIaX
TypOyJICHTHHX Hanpy>KeHb Ta eHeprii TypOynentHocTi (Puc.2) Ha Bigcrani 0.87Lx, 2.75Lx, 6.5L«
(Lx— moBXHHA MPOCKIIiT TYHKH Ha HATIPSM 30BHIIIHBOTO MMOTOKY).

Hanpyxennst PeiiHonbaca Ta TypOyJieHTHa €HEpris IOYMHAIOTh BIIXWIATHUCSA BiJ
CTaHJapTHHUX PO3IOALIIB B MIPUMEXKOBOMY IlIapl HA TIaAKINA MOBEPXHI MOYUHAIOYH 3 MEPEX1THOT
3oun (Y™>11). TIpm y">100 BOHM CYTTEBO 3pOCTAIOTh, AOCATAOYH MAKCHMMaIbHUX 3HAYEHb Hajl
BUXpPaMH, L0 BUKJIMKA€ 3HAYHI BIAXWIECHHS B JIHIMHMX 4YacTHHAX Jorapu@MIiuHUX MpodiiiB
MIBUJIKOCTI. 3 BilZJaJIEHHSIM BiJ JIYHOK Il MAKCHMYMH MITPYIOTh BrOPY 110 TOBIIUHI TPUMEKOBOTO
1apy i MOCTYITOBO 3MEHINYIOTECS. Y BHIAAKY TOHIIOTO TPUMEKOBOTO IIapy BITHOCHHNA pO3Mip
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BUXPIB TaKuH, 110 iX BIUIUB PO3MOBCIO/IKYETHCS HA BCIO TOBUIMHY IIapy. 31 30UIbLICHHAM Oo
MaKCHUMYMHU 3CyBalOThCsI HMKYE 10 TOBILMHI TPUMEXKOBOTO IIapy 10 0OTIUHOI HOBEPXHI 1 CTAlOTh
OUTBIII KOHIICHTPOBAaHWMH. B yciX BuUmajkax eHepris TypOYJICHTHOCTI 3HAYHO 3pOCTAE y
30BHINIHIM 00JacTi mpUMeXoBoro mapy. Hrkue 3a MOTOKOM BHXpI IMOCTYIHOBO 3aTyXaloTh,
BEIMYMHM IUX MAKCUMYMIB 3MEHIIYIOTbCS, aj€ pPIBEHb TYpPOYJIEHTHOCTI 3aJIUIIAETHCA
[T IBUAIEHNAM.

3cyBHI HampyxeHHst PeiiHonmbaca —U'V', sIKi XapaKTepU3yHOTh TYpOYJICHTHHN MEPEHOC
IMITYJIbCY B HANpsMKy OOTIYHOI MOBEPXHI, JEIIO 3MECHIIYIOThCS Oi1s CTIHKH 17 BUXpaMH, IO
BIJIMOBiZJa€ MeHINIH e(QEeKTUBHOCTI MEPEHOCY y MPHUCTIHHINA 00NacTi B MPUCYTHOCTI JaHOL
MO3/I0OBKHLOT BUXpOBOI Mapu. B ToW jke dYac, 3Ha4YHI MakCMMyMH B 30BHIIIHIA 00JacTi
BIJIMIOBIJAIOTH MMiJBUIIEHOMY TypOYJICHTHOMY OOMIiHY IMITYJIBCY.

Takum 4MHOM, reHEepoBaHI JIyHKaMM IO3JI0BXXHI BHUXPU INEPEPO3MOAUIAIOTH EHEprilo
TypOyJIEHTHOCTI, TIEpEeHOCS YN ii Bropy i 30UIbIIYIOUM TMEPEMIllyBaHHS B 30BHIIIHIM YacTHHI
npuMexoBoro Imapy. I[IpurHiuyerbcs NpPUCTIHHUM MEPEHOC IMIYJbCY, HATOMICTb CYTTEBO
30LIBIIYIOTBCS 3CYBHI TypOYJICHTHI Hamnpy>K€HHS B 30BHINIHBOMY IIapi; TOOTO, MOPOIKEHHS
TypOyJIEHTHOCTI Ta IHTEHCUBHUN OOMIH IMITyJIbCOM 3CYBA€ThCA J1aji BiJl CTIHKH. B mopiBHIHHI 3
OOTIKaHHIM TJIQJAKOI TIOBEPXHI HE TUIBKH 3pOCTA€ PiBeHb TYpOYyJIEHTHOCTI, ajie i 3MIHIOEThCS ii
CTPYKTypa B IPUMEKOBOMY I1api Ha BiacTani 70 ~10Lx.

Y/delta

0 01 02 03 0.4 0.5 0.6 o7 0.8 0.9 1 a 0.1 02 03 04

a) 6)

yfdelta

0.6 07 08 09

0 01 02 03 04 0.5 06 07 08 09 1 o a1 02 03 04 0.5
Ux/Umax y/delta

B) r)

Puc.2. T1o310BXHS IIBUAKICTE Ta €HEPTist TypOYJICHTHOCTI Ha OCi CUMETPil mapy BUXPIB Ta B
nepepizax uepes meHTp Buxpa. a),0) h/d0=0.7; B),r) h/50=0.23

Ilepenik mocujianp
1. Posymurok H.B. BrumB  reomerpii snynku Ha i omip // Komm'roorepHa

riipoMexaHika: Te3u JIeB’aToi MiKHap. HayKoBo-nipakTu4yHOi KoHd. Kuis: [I'M HAHY, 2024. —
C. 70-71.
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AJJAIITUBHUHI AJITOPUTM MOKPAIIIEHHS IKOCTI
SAIHTYMUIEHUX OIITOAKYCTHUYHUX 30BbPA’KEHD

Pynuuupkuit O.I'., Pyaaunska M.O.. Tkauenko JI.B.
I'M HAHY, Kuis, lusia.tkch@gmail.com

3aBIsSKM MOJKJIMBOCTI HEIHBA3MBHOI peajtizallii CTPyKTYpHOI Ta (PYHKIIOHAIBHOI Bi3yaumi3alii
010J10TYHUX TKaHHH, onToaKkycTuuHui (OA) miaxija noka3as 3HAYHHUN MOTEHINA y KIIHIYHUX Ta
JOCITITHUIBKUX 3acTocyBaHHsX [1,2]. OnHak, nyske yacto orpuMani OA-CUrHaIN Ta 300payKCHHS
JICMOHCTPYIOTh HH3bke chiBBiHomeHHs curHan/iiym (SNR). lle mnoB'szano i3 ciabkoro
aMmrTiTyn0or0 OA-cUrHajiiB Ta CHJIBHMM BHIAQJKOBHUM IIIYMOM BiJl 30BHIIIHIX MPUCTPOIB Ta
HaBKOJIMIIIHBOTO cepenoBuina. KpiM Toro, cmoTBOpeHHsS Ta apTedakTH y PEKOHCTPYHOBAaHOMY
300pakeHHI MOXKYTh OyTH TIOB's13aH1 3 0COOJMBOCTSAMHM BIJIIOBITHOTO aITOPUTMY PEKOHCTPYKIIIi.
Otxe, g e(heKTUBHOTO BUKOPUCTAHHSA I[LOTO METOAY B KIIHIYHIA MPAaKTUIl Ta HAYKOBUX
JOCITIJKCHHSX BEJIbMHU aKTYaJIbHOIO CTa€ MPOo0JieMa YCYHEHHS CIIOTBOPEHb Ha PEKOHCTPYHOBAHUX
OA-300paxkennsix. [y momonmaHHs wiei mpobiremu Hamu OyB pO3pOOJCHHI aIrOpUTM
MOKPAIIIEHHS SKOCTI ONTOAKYCTHYHUX 300pakeHb Ha OCHOBI TeopeMu banaxa mpo Hepyxomy
TOYKY Ta KQJIMAHOIOIIOHOTO TTiIXO/Y.

Hexaii X — HeBizoMe BXigHe 300paxeHHs, Y — peKoHCTpyiioBaHe (3amaHe) 300pakeHHs, a
F(-) — BinoOpaskenHs (omeparop), ke epeTBOPIOE BXiTHE 300paskeHHS Ha 1Or0 pEKOHCTPYHOBaHY
Bepcito (300paKeHHS 13 CIIOTBOPCHHSAMHU Ta apTe(aKkTaMHu):

Y =F(X), X,Y € RY.

[TocraHoBKa 3amaui Taka: jjis 3aganoro F(X*) 3Haiitu Haiikpairy omiHky X*, Taky, mio0
F(X*) = X*. V Hamomy BUIaIKy orepaTop F Mo)kHa MpeACTaBUTH K PE3yJbTaT MOCHiIOBHOTO
3actocyBanus QyHkiii fi(-) Ta f2(-): F(-)=f2(f1(:)), me fi(-) — oneparop, 1o po3B's3ye npsimy 3agady
ONnTOaKyCTHKH, a f2(-) — omeparop, 1110 BU3HaYa€e po3B'sI30K 0OCPHEHOT 3a 1.

V [3] My BHKOpUCTAIH TeH MiIXiJ] JUIs TIOKPAIIEHHS SKOCTI pEKOHCTPYHOBAaHHUX 300paKeHb
doTtoakycTuku. OOMEXEHHSIMH 3alpPOMOHOBAHOTO TMIAXOAy € T, IO 1HOAI TaKWil aaroOpuTM
BUSBIISIE BUCOKY UYTIUBICTD 0 aJUTUBHOTO IITyMYy Ta TPEMTIHHs 300pakeHHs, a TAaKOK, BUMarae
3aHaaTO OaraTo iTepauid A OTpUMAaHHsS Oa)kaHOI AKOCTI. Y JAaHid poOOTI MM PO3BHUBAEMO
3aMpoNOHOBaHUI METOJ, BUKOPUCTOBYIOUH MiJIX11, moai0Hu 1o metoay Kanmana.

st 11poro, peKOHCTpyHOBaHHMM 13 3apeecTpOBaHMX Ha IMOBEPXHI JaHUX o0pa3 X, =Y,

PO3IIIAIAETHCS HAMU SIK HYJIbOBA iTepallis, ika MICTUTh 1H(QOpMAIIi0, OTPUMAaHY 3 EKCIIEPUMEHTY.
ArmpiopHa 1HGopMallis OpO NpPOLEC MICTUTbCS B MNPUHHATIE Hamu (i3uuHIE  Mozeni
PO3MOBCIO/PKCHHS 3BYKOBUX XBHJIb (TpsiMa 3a[a4a ONTOAKyCTHUKH), iX peecTpailii Ta anrropuTmi
pO3B’s13aHHS 3BOPOTHOI 3aj]aul ONTOAaKycTHUKU. ToOTO ampiopHa iHpopMallis CKOHIIEHTpOBaHa B
oneparopi F(-). IIpu npoMy, y HaloMy BUNAJKy, HIOMMJIKHA €KCIIEPUMEHTY 1 HETOUYHOCTI MOJEI

HE 3aJIeXaTh BiJ HoOMepa iTepalii. OTxe, allrOpuT™ CKIIafaeThbes 3 1BoX (a3 (a3u nependadyeHHs
Ta (a3 KopuryBaHHs. Ha nepuioMy erami po3paxoByeThCsl IPOTHO3 CTaHY B HACTYIHUA MOMEHT
yacy (y Hac me Homep itepamii q). Ha apyromy kporti — erami KOpeKii — Mmicist MOPiBHSHHS
MO/JICJIBHOTO Ta €KCIIEPUMEHTAILHOTO 3HaYEHb BiJIOYBA€ThCS YTOUHEHHS NIepeA0aueHOro CTaHy.
Po3pobaennii  anropuT™ Kopekiiii, HasuBaHuii Hamm KL-nioxooom (Kalman-like
approach), OyB 4HCENTbHO NPOTECTOBAHWH 3 BUKOPHCTAaHHSAM (AHTOMIB, IO IMITYIOTh
CEPEIOBHUIIIE, SIKE MICTUTh BKJIFOUEHHS 3 BUIIIMM KOE(II[IEHTOM ONTUYHOTO MOTJIMHAHHS, HIXK (OH.
Jns mepeBipku e(EeKTUBHOCTI PO3pPOOJIEHOrO ajNropuTMy Oyja NpoOBEJeHAa HHU3KA YHCIOBUX
eKCIIEpUMEHTIB JI¢ MojeltoBajacs OlojioriyHa TKaHMHAa 3 abcopOepaMu pi3HOI TE€OMETIii.
Bionoriuga TkaHWHA MOEIIOBAIACS OJIHOpilIHI/IM CEPEAOBUILIEM 3 T'YCTUHOIO p, =1020 kg/m3 Ta

MIBUJIKICTIO 3BYKY C,=1510m/s. TecTyBaHHS MpOBOAMIIOCA IJIsi ABOBUMIPHHUX MOJENEH pi3HOI

FEOMETPUYHOI CKJIAJHOCTI: TPU KPYroBl JUCKHU PI3HOrO JiaMeTpa Ha pi3HIA TriauMOuHI Ta
JIBOBUMIpPHA MOJENb CYJIUHHOTO JepeBa Ha ofgHopinHoMy ¢oHi. [Ipu mpomy BBakanocs, IO
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PEECTPYIOUN CEHCOPH, 3HAXOAATHCS Ha BEPXHIM MOBEPXHI MPSIMOKYTHOTO 3pa3Ka 3 po3Mipamu
4.6x4.6mm. OOpaHi 4uciaoBi (PaHTOMHU CIIOTBOPIOBAINCH AJUTHUBHUM TayCiBCBKUM IIyMOM Ta

ornepari€ero 3¢yBy. OCKIIBKH IIPU TAKOMY ITiAXO0/1i OpHUTiHaAIbHE (YUCTE Ta HE3CYHYTE) 300paKCHHS
BiJIOME, Yy SIKOCTI KpUTEPiiB OLIHKK €()eKTUBHOCTI METOLY KOPEKIil JOLITbHO BUKOPUCTOBYBATH
TaKi MOKa3HUKH SIKOCTI, K iKoBe cmiBBignomenns curaain/mym (PSNR) Ta iHgeKc CTpyKTypHOT
noxionocti (SSIM). IMepmuit (PNSR) Bumiptoe aOCONIOTHI MOMHIKA B KOKHOMY IiKCeni, a
npyruii (SSIM) oriHro€e sKicTh 300pakeHHs Ha OCHOBI CTPYKTypHOI iH(popmarrii. 3uauenus PSNR
ta SSIM 111 KO)KHOTO KOHKPETHOTO METOAY PO3PaxOBYBAIHUCH JIi KOXKHOI iTeparii OKpemo.
Pesynbrat KOpekIii 300pakeHHS OTPUMaHi JUIsl PEKOHCTPYHOBAHOTO CYIUHHOTO JepeBa,
nokasani Ha Puc. 1.

3 pUCYHKY BHJIHO, 3aCTOCYBaHHs T-MeToay (MOmepeaHii MeTo) He TUIbKU HE MOKpAIILYE,
ajie CyTTeBo noripirye skicte OA-300pakenHs. B ol ke gac 3anpononoBanuii KL-anropurwm, Ta
HOro mpucKopeHa 3a JONoMOror MeTojia AHepceHa - Bepeis KLaa-MeTo 1, 3Ha4HO OKPAIyOTh
skicTb 300paxenHsa K y PSNR, tak i y SSIM Tepminax. [y MOpiBHAHHS NMPHUBEIEHO TAKOX
pe3yJsbTaTh sl METOy y3araibHeHol moxinHoi (total derivative approximation) TDA-meros.

AN

PSNR (dB)
(98]

N8}

5 10 15 20
Iterations Iterations
Puc.1. [TopiBHSHHS TOKPALICHHS SIKOCTI pEKOHCTPYHOBaHUX 300paxkeHb 13 HoMepoM iTeparii: T - Tao

metogl; KL - 3anponionoBannii meTof; KLaa - AHnepconiBebke npuckopenus KL-metony; TDA - meton
Ta f0ro mpuckopena Bepcist TDAaa.

Ilepeaik mocnjianb
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TPYHTOBE CEPEJIOBUIIE 11 ITIOBEPXHEBUM IUHAMIYHUM
HABAHTAKEHHAM

Capuipkuii O.A.
InctutyT rigpomexaniku HAH Ykpainu, m. Kuis, oasavicki@gmail.com

O1iHKa TMHAMIKHA CUCTEM (PYHIaMEHT-TPYHT BPaXxOBY€E T€OMETPIt0 €J1eMEHTIB (DyHJaMEHTIB
Ta TPYHTOBOI OCHOBH, (Di3MKO-MEXaHI4YHI BJIACTHBOCTI MarepianiB, KOHTAaKTHI yMOBH Ta
0COOJIMBOCTI AMHAMIYHOI B3aeMO11. METOIMKH Ta MPUKIIAIU JUHAMIYHUX PO3PAXyHKIB TUTMTHUX
(GyHIaMEHTIB Ha IPYHTOBIl OCHOBI HaBeJcHO B [1l], Je BHKOPHUCTAHO METOJ OPTOrOHAJIBHUX
MOJIIHOMIB, 0230BaHMIA HA YHIBEPCATLHOMY METO/I1 TPAHUYHUX 1HTETPATBbHUX PIBHSAHB Ta MOCIISIX
IPYHTY 3 JIIHIHHO-TIPY>)KHUMH PEaKIisIMH, 30KpEMa, MOJEIUII0 MOPUCTONPYKHOTO HACHYEHOTO
pinunoro rpynty M. A. Biot. BukopucranHs B TaKuX METOJMKAX aHAIITHYHHUX PO3B’SI3KIB y
KpalloBUX 3ajayax IS JIHIAHUX MOJeNeld TPYHTOBOTO CEPEJOBHINA MPU3BOIUTH 10
HEJIOCTOBIPHUX pe3yJbTaTiB 0e3 BpaxyBaHHS CKJIAQIHOI CTPYKTYpHU IPYHTOBOi OCHOBU Ta
HEIHIHHOT IPYKHO-TUIACTUYHOI fedopmarii IpyHTy .

Hapasi e)eKTHBHO BUKOPHUCTOBYIOThCS MeTO I CKiHYeHHHX eieMeHTiB (CE) un ckiHueHHUX
0o0’emiB. B cyuacHi KOMIT'IOTepHI pPO3pPaxyHKOBI KOMIUIEKCH BKJIIOYEHO IIUPOKUH HAOIp
IPYHTOBHX Mojeie (IpyHTH TUCIIEPCHI Ta CKENIbHI, HACHYCHI PiJHHOIO Ta iH.), peali3oBaHUX B
CHOJYYCHHI 3 MOJEISIMU IH)XCHEPHHX KOHCTPYKIIH Ta pPO3PaxyHKOBHX CXEM CIICHiaJbHUX
o0’extiB g metoniB CE abo uucenbHO-aHaNITUYHHMX. Psij 3acTocyBaHb TaKUX KOMILJIEKCIB
npezcTasieHo B 30ipui nomosigel X| ykpaiHcbkoi KOH(EpEeH T MeXaHiKi I'PYHTIB 1 TEOTEXHIKH,
HaNpuKIaa B poooTi [2] mogaHo METOIUKY Ta pe3ysibTaTH MOJETIOBaHHS B mporpami Ansys/LS-
Dyna B3aeMoii mapy rpyHTOBOTO CEPEIOBHIIA 3 3aXHUCHOKO ITiI3EMHOIO CTIIOPY/IOI0 MPHU BIUIMBI
BUOYXy abo ynaapy.

Metoro naHoi poOOTH € BHBYCHHS MPOrPAMHHUX KOMIUICKCIB Ta BHKOPHCTAHHS
HPY>KHOIUIACTUYHUX MOJIeNIell TIPYHTOBOIO CEpEelOBHILA, BHU3HAUEHHS 3MIHM HaIPyKEHO-
ne(OpMOBAHOTO CTaHy, MOJIEJIIOBaHHS KOJIMBAaHb IPYHTOBOT OCHOBI ITPH J11 HA AUIBHULII TTOBEPXHI
HECTAI[IOHAPHOTO HABaHTAXCHHs, M0 BIANOBila€ JAMHAMIYHOMY HAaBaHTAKEHHIO  BiJ
($yHIAMEHTHOI TUTMTH Ha KOHTAKTI 3 TOBEPXHEIO IPYHTY. 3BEPTAEMOCH /IO BUKOPUCTAHHS METOTY
CE st MOXJIHMBOCTI YCKJIaJHEHHS PO3PaxXyHKOBHUX CXEM BIAMOBIAHO /10 PealibHOI CTPYKTYpH
IPYHTOBUX OCHOB, JJOTPUMaHHS BUMOTI' XBUJIbOBOI JUHAMIKHY Ta HEJIHIHHOI MEXaHIKU IPYHTIB.

Jl11 OCHOBM NPUMHATO (Pi3UKO-MEXaHIYHY MOJENb 3MIIIHIOBAHOTO I'PYHTY 3 YpaxyBaHHIM
manx nedopmariii (hardening soil with small-strain stiffness, HSs) [3]. Moxenp BBakaeThcst
JIOCTOBIPHOIO IS 3a/1a4 JUHAMIKM (DyHJAMEHTIB Ha IPYHTOBIH OCHOBI, 3arjavOJIeHUX CHOPYA,
OyIiBHULITBA B yMOBaX UIUIbHOI Micbkoi 3a0ymoBu Ta 1H. IlepeBarm Moneni HacTyIHI:
BPAaXOBYETbCS HENIHIMHA 3aJE€KHICTh MOAYJSA 3CYBY BiA aMILITyAu Jaedopmarii, 3011bIIEHHS
KOPCTKOCTI TPYHTY (HAONMKEHHS 0 TPYKHO-TIHIHHOT) MPH MaluX 3CYBHUX AedopMallisx;
BPaXOBY€EThCSI PIBEHb THCKIB Ta JAedopmariiii (1[0 BKIIOYAE iCTOPit0 HaBaHTaxeHHs). Ha 3HauHii
BIJICTaHI BiJ JpKepelia NUHAMIYHOTO HaBaHTaXEHHS jaedopMallii 3MEHIIYIOThCS TaKOX uepes
nemMiipyBaHHs (3aracaHHsi KOJIMBaHb B MaTepiaji IPYHTOBOTO CEpeIOBHINA MPOMOPIIHHO 1HepIIiT
Ta MEXaHIYHOT JKOPCTKOCTI). Moiesib puaaTHa Jisl MIlIaHUX Ta MIMHUCTHX IPYHTIB B 3BUYAWHIX
yMOBax eKkcIutyartauii cnopya. [lapameTpu Mozaesni rpyHTY B3SITO 3 IPUKIAIIB.

MosientoBaHHSI KOJIMBaHb MPYKHO-TNIACTUYHOT OCHOBU B «KOPOOI1Ii» 0OMEKEHOTO PO3MIpY
s MCE BuMarae BCTaHOBJICHHS Ha Meax 00JIacTi: CreliaJbHUX eJIEMEHTIB s 3a0e3MeueHHs
npornycky (HeBiIOMTTS) XBHJIb, X04a O MPYKHHX, VIS 33JaHOTO Marepiany; KOHTAKTHHUX YMOB,
SKIIO MOJIENIOETHCS Meka (yHIaMeHT-OocHOBa. JlocTymHe BpaxyBaHHS TI'paHMYHUX YMOB Ha
KOHTaKT1 IPYHTOBHX TOBII MK 00010, 3 (hyHIaMEHTOM, MIJ3€MHUMU CIIOPYIaMU Ta 1H.

OcCHOBHI pO3paxyHKH BHKOHYIOTBCS 3 3aCTOCYBaHHSAM iTepauiiiHoro merony HpioToHa-
Padcona y uaci. IIIBuakicTh po3paxyHKy Ta TOYHICTh 3HaWJEHHX HAIPYX EHb 1 MEpeMillleHb
3aJIOKHUTh BiJ (OPMH Ta SKOCTI (BiAMOBIAHICTE PO3MIipy, IPOMIXKKY Yacy Ta IIBUAKOCTI XBHJIb)
eleMeHTIB. Po3Mip «KkopoOKH» 3aleKuUTh TaKOX BIJl 3aracaHHsi KOJMBaHb B IPYHTOBOMY
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CEpEIOBHIII, TPOIMOPIIIIHOTO MIITLHOCTI Ta MEXAHIYHOT YKOPCTKOCTI IPYHTOBOTO CEPEOBHIIA, 110
posnoainseTrbess koedinienramu Penes. KonmuBaHHS Mojeni MOBUHHI BpaXxOBYBaTH BKIIIOUCHHS
90 % macu Ha OCHOBHMX YacTOTaX, JJIi I[bOTO BUKOHYETHCS OPIEHTOBHHM aHai3 «BJIACHHUX
YaCTOT», KOJIU IPYHT BBAXKAETHCS MPYKHUM.

JocnipkeHHss 00MEeKEHO 3aCTOCYBaHHAM OFODKETHUX KOMIT I0TEPiB, TOMY PO3TIISIAI0THCS
CHpOIIEHI MOAENi, IO JO03BOJISIE BHUSBIATH BIANOBIOHICTD pe3yJbTaTiB MpHU aHaII3i
PO3MOBCIO/IPKEHHS XBHJIb Ta BUSBJICHHS 30H IUIACTUYHOI AeopMariii.

PesynbraTu posrisinemo Ha npukiaai 2D 3amauqi (rutacka nedopmartist) KouBanb mapy HSS
IPYHTY BHCOTOIO 25 M 3 3aTHCHEHOIO THJILHOIO TPAHHIO IIPH il Ha AUIBHMIN 2 M OIS IMOYaTKy
KOOPJMHAT MOBEPXHEBOTO PIBHOMIPHO PO3MOAUICHOT0 BEPTHKAIBLHOIO THCKY (aMILTITY]a THCKY
20 kH, HaBaHTa)XECHHsI MPHUKIATAETHCA Yy CKIHUCHHOMY mpoMiKKy 4dacy Big O mo 0.1 c, HiOu
¢ynkuis Xesicaiina). CoyaTtky 3HaXOIMTHCS HANPY>KEHUH CTaH IPYHTY Iijl II€F0 BIACHOT Bary,
nedopmarllii BBaKAIOThCS HYJIBOBUMH, SK Ha II0YaTKy OymiBHUIITBA. Takuii BiAOMHIA
HEPIBHOMIPHUI CTaH 3yMOBIIIOE BCIO HACTYIHY BHYTPILIHIO MPOCTOPOBY B3a€EMOJIII0 MaTepiaiy
IPYHTY NIPHU KOJIMBAHHSX, 3MIHY PO3paXyHKOBUX MOAYJIB B 3aJIEKHOCTI BiJl HAMPY>KEHb Ta 1CTOPii
HaBaHTAXCHb MIPHU il TUHAMIYHOTO BILUIUBY.

Po3paxoBaHo HanpyskeHO-IehOpMOBaHUN CTaH IIapy IPYHTY y IeBHI MOMeHTH. Ha ciuHiit
obmacti rpyHTy Ha mpotssi 1 c, 3 iHrepBasiom 0.05 ¢ BinTBOpeHO 3MiHY HaAmNpy>KEHOTO CTaHY,
PO3BUTOK DIBHS HAINpY>KeHb, 3MillIEHb Ta IIBUJIKOCTEH B 0O0JNACTI Mij JIIHI€I0 HAaBAaHTA)KCHHSA
(GmvoxHS 30HA), OTIM BiIpUB 30y DKEHb IPYHTOBOTO APy B TOPU30HTAILHOMY HANPSIMKY 1 XBHJII,
3aracaHHs KOJIMBaHb BIAMOBIIHO MeXaHi3MaM Mmojeni. B kiHui iHTepBany 6aunMo 30epeskeHHs
HANPY)KCHOI 30HM ITiJl HABAHTAKECHHSM, OI[IHIOEMO OCTAaTO4YHI InIacTwyHi nedopmamii. s
3MillleHb, HAMIPY)KEHb Ta 1H. CIIOCTEPIra€MoO HEeCTalllOHAPHI KOJIMBAHHS Ul XapaKTEPHUX TOYOK,
Ha MoBepxHi (MMOBEpXHEBI XBHIII), B MacHBi, Ha 3aTHCHEHId HIDKHIM Mexi. IIposBiserbes
3aracaHHsl BCEpeuHi, a Ot OOKOBHX TpaHei IPyHTOBOI 001acTi KOJMBAaHHS HETOMITHI Yepes
nemndyBaHHs Ha BijcTaHi. [IpointocTpoBaHO pyX MOBEPXHEBOT XBHII.

[ls TecToBa 3amava mokasye (i3MYHHMIA CTaH TPYHTY BCEpEAMHI IIapy, Ha BiIMiHY Bix
pe3ynbTaTiB MeTOAMKH [1] TiIbKY /17151 MTOBEpXHi HaBaHTa)KeHHs. Pe3ynbraTu cBiguaTh Mpo BAAIHN
BuOip mex obnacti, CE ciTku, Tumy Ta po3Mmipy €JIeMEHTIB BUCOKOi CKJIaJHOCTI, aMIUIITyau
HABaHTa)XCHHS Ta iH.

B nawiii poGOTi MPOIOBKEHO AOCIIKCHHS TUHAMIKU (yHIaMeHTiB [1], BUBYEHO METOTMKH
npakTuyHoro BpaxyBaHHs i MCE Garatbox ocoOimBOCTEH MOJIENIOBaHHS Ha IPYHTOBHUX
OCHOBax, BiJl BUOOpPY MOJI€JIl OCHOBH JI0 JJOKJIAJTHOTO aHaJli3y Halpy>KeHO-/1e()OpMOBaHOTO CTaHY.
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KOMIT'IOTEPHE MOJIEJTIOBAHHSI TMHAMIKHM MOJIEJIEM, 11O
NMPOHUKAIOTH ¥ BOJIY YEPE3 CXBUJIbOBAHY NOBEPXHIO

Cemenenko B.M., Capuenxo I'.}O., Haymona O.1.
IactutyT rigpomexaniku HAH Ykpainu, m. Kuis. E-mail: vnsvns60@agmail.com

1. O6'exkT pocaimxenHsi. Po3rimsmaroTeCs TiApOAMHAMIYHI TPOLECH IPH TEPETHHI
MOJICJIIMU BUIBHOI TIOBEPXHI BOAM Ta TMOAAJBIIOMY INPOHUKHEHHI y BOAY 3 YypaxXyBaHHSAM
peryJsipHUX HOBEepXHEBUX XBWIb. OcoOMMBHI iHTEpec NpeACTaBis€ BXiJ Ta MNPOHUKHEHHS
MoJIesiel y BOY MiJl MaJIMMHU KyTaMU JI0 BUTbHOI OBEPXHI, BKIIFOUAIOYH SBUIIE PUKOIIETY.

ExcniepuMmeHTanbHO MNpoLECH MNpH BXOJAl Yy BOJYy BUIBHOMITAIOUMX MOJENeH uepes
He30ypeHy MOBEPXHIO, BKIIIOYAIOUH SIBUILE PUKOLIETY, criocTepiranucs y Jlaboparopii cydacHoi
rigpoguaamiku II'M HAH VYkpainu [1]. Tam ke onmucaHo METOAHMKY PO3PaxyHKY Ta HABEIACHO
MPHUKJIAIA KOMITFOTEPHOTO MOJCIIOBaHHSI. MeTor naHoi poboTH € Momaudikaimiss METOTUKU
KOMIT FOTEPHOI'0 MO/IETIOBAaHHS IIPOHUKHEHHS MOJIEJIeH Y BOAY 1 pyXy CyNepKaBiTYIOUMX MOJEIeH
y BOJIi 3 ypaxyBaHHSM BIUTUBY TOBEPXHEBUX XBHIIb.

2. MarematuyHa MojJedb. BHKOpPUCTOBYETbCS MaTeMaTHYHa MOJIENb JAMHAMIKU
CYIIEpKaBITYI040i MOJIeNi, sika 0a3yeThcs Ha MOBHIM cucteMi piBHsSIHE 6DOF pyxy BHIOBKEHOTO
TBepJoro Tija. J{is po3paxyHKy (GOpMH HECTallOHAPHUX KABEPH BUKOPUCTOBYETHCS HMPUHIMII
HE3AJICKHOCTI pO3MUpPEHHsT mepepi3iB kaBepHu [.B.JlorBunoBmua. [y po3paxyHKy MIFOUMX
TiAPOAMHAMIYHUX CHJI BUKOPUCTOBYIOTHCS alpPOKCUMAIIilHI 3aJI€KHOCTI, sIKi OyJIM OTpUMaHi sIK
Ha OCHOBI €KCIIEPUMEHTIB, TaK 1 HA OCHOBI TEOPETUYHUX PO3B’s3KiB. [[Is1 MO/IEIOBaHHS BILTUBY
IIOBEPXHEBUX XBUJIb BUKOPUCTOBYETHCS JIHINHA Teopis IJIOCKUX PETYJISPHUX IpaBiTaliiHUX
XBWJIb HA TVIMOOKIN BOII.

3. Moaudikauis komn’otepuoi nporpamu DIVE. Hamu po3pobaeHo nemMoHcTpartiiiiny
nporpamy DIVE_19 mist koM’ t0TepHOTO MOCITIOBAHHSI ITPOIIECY TPOHUKHEHHS MOJICTICH Y BOTY
yepe3 CXBWIIbOBAHY BUIbHY MOBEPXHIO 1 KEPOBAHOI'O PyXy CYNEPKaBITYIOUUX MOJeNed y BOJII C
ypaxyBaHHSIM BIUIMBY TOBEPXHEBUX XBWIb. [Ipy BUKOHAaHHI (DYHKIIi MEHIO MPOTrpaMu MOKHA
CIIOCTepIraTu Ha eKpaHi KOMIT I0Tepa €BOJIOLII0 KaBePHU MPU BXOJ1 1 MPOHUKHEHHI Mojienel y
BOJIy MiJ[ JIOBUIbHUMHU KyTaMH SIK y TIOTOKOBii CHCTeMi KOOpIUHAT (SIK MpU 3HOMIII PyXOMOFO
BiZleOKaMeporo), Tak 1 y ikcoBaHiii cucTeMi KoopAMHAT (K TpPU 3HOMIH HEPYXOMOIO
BiZICOKaMepOoIo).

4. Ouinka iiMoBipHOCTI “BAajioro” Bxoay Moje/jeil y BOAYy Ta KPMTHYHOIO KyTa
pukomery. Po3risHyTo npo0iemMy pUKOLIETYBaHHS MOJENEeN MpH yaapl M0 BOJAHIA MOBEPXHI.
3anponoHOBaHO TE€OMETPUYHUN KpuTepiil “HeBmanoro” BXOAy y BOAY MoOJeNi 3 JUCKOBHM
KaBITaTOPOM, 3T1JJHO 3 SKHUM PHUKOIIET MOJENl BiJl MOBEPXHI BOAM B NEPLIOMY HAOIMKEHHI
BBAXXAETHCS MOKJIMBHM Y BHIAJKy, SKIIO MOJENb CMOYAaTKy TOPKAETHCS BOJIU HE KPOMKOIO
KaBITaToOpa, a JIeSKOI0 AUISHKOIO Kopmycy. J[aHo oliHKY HMOBIpHOCTI “Baanoro” abo “HeBaanoro”
BXoay y Boay (muB. Puc. 1, @) Ta kputuuHOro KyTa pukorrery (muB. Puc. 1,b) mis Mmonerneit pisaoi
dbopmu 3a5Ie’KHO BiJ MapaMeTpiB XBHIOBaHH. [lokazaHo, 110 32 HASBHOCTI MOBEPXHEBUX XBUJIb
HMOBIpPHICTb PUKOLIETY CYTTEBO 3POCTAE.

5. BiuiuB noBepXHeBHX XBHJIb HA JUHAMIKY cynepKaBiTyounx Mojeseil. HaBoastoces
NPUKIIAJAA KOMITFOTEPHOTO MOJIETIOBAHHA PyXy CyNEpKaBiTYI0u0i MO/eNi Mo0IN3Y CXBUIbOBAHOT
noBepxHi Boau (auB. Puc. 2) Ta mpoiecy MpOHUKHEHHsI MOEJIel y BOIY 4Yepe3 CXBHIbOBAHY
noBepxHto Boau (nuB. Puc. 3). Po3paxyHKkn mokasanw, 0 MpH pyci CYNEepKaBiTYHO40l MoJeli
no0JIN3y CXBHJIHOBAHOI IMOBEPXHI BOAM MOXXYTh 30y/XKYBaTHCSI aBTOKOJIMBAHHS BEHTHJIbOBAHOI
KaBEpHH, 110 MOXKE MPHU3BECTU 10 PYyHHYBaHHs KaBEpHU. Y TOMU K€ 4ac HasBHICTh MOBEPXHEBUX
XBHJIb C IPUAHATAMHE MapaMeTpaMu (aMILUTITy/1a Ta moyaTkoBa (a3a) 3a yMOBHU “BAANIOr0” BXOIY
MOJIelll y BOJYy CJIa0KO BIUIMBAIOTh HAa 3MIHY HapameTpiB pyXy MoOJIelNi, 30KpeMa Ha IIIMOUHHE
3MUKaHHS KaBEPHHU.

73


mailto:vnsvns60@gmail.com

X Intern. Conf. "Computer Hydromechanics", September 29 - October 1, 2026
X Mixnap. koH(. «Komm’totepHa rigpomexanika» 29 BepecHs - 1 sxoBTHs 2026

ESTIMATED PROBABILITY of the MODEL WATER ENTRY S 2038 ESTIMATION of the RICOCHET CRITICAL ANGLE et 2098
2. SERIAL ¥ PROBABILITY OF WATER ENTRY SERIAL £
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YUCEJBHE JOCJIIKEHHS KOHIEHTPALIT IIUJITHIPUYHOT
®OPMM 3 KPYTOBUM OTBOPOM

Cepadumonuu P.B.
IacruryT mexaniku iM. C.I1. Tumomenka HAH Ykpainu, Kuis,
e-mail: serafymovychr@gmail.com

TpumapoBi 000JOHKOBI KOHCTPYKIIi IIMPOKO 3aCTOCOBYIOTHCS B €JIEMEHTAaX PaKETHO-
KOCMIYHOI TEXHIKH, OCKUIbKH 320€3Meuyr0Th MOEIHAHHS Majoi MacH, BUCOKOI OPCTKOCTi Ta
JOCTaTHBOI Hecy4oi 31aTHOCTI. Taki KOHCTPYKLIT CKIalaloThCs 3 IBOX TOHKUX HECYUYHMX LIapiB 1
TOBCTOTO IIapy 3amoBHIOBa4da. Hecyui mapu crpuiiMaioTh OCHOBHY YacTHHY MEMOpaHHHX i
3TMHAJILHUX HaBaHTa)XKCHb, a 3allOBHIOBAY 3a0e3Meduye CIUIbHY poOOTy mapiB i Oepe ydactb y
CIPUIHATTI IONIEPEYHOro 3¢yBy [1, 2].

BaxuinBoro 3ajauero po3paxyHKy TaKuMX KOHCTPYKIIM € BH3HAUEHHs HaIpyKeHO-
neOpMOBAHOTO CTaHy MOOIHU3Y OTBOPiB. HasBHICTH OTBOPY MOPYIIY€E PIBHOMIPHICTH PO3MOILTY
Hanpy’KeHb 1 CIIPUUMHSE MOSABY JOKAJIbHUX 30H KOHIEHTpALli, K MOKYTb BU3HA4YaTH MIIHICTb
000JIOHKOBOTO €JIEMEHTa B I1ijiomy [3, 4].

Mertoro pobOTH € yucenbHe JOCIIIKEHHs BIUIMBY TPHUILAPOBOi CTPYKTYpPH Ha PO3MOJILI
Hanpy>KeHb HABKOJIO KPYroBOTO OTBOPY B IMJIIHAPUYHOMY OOOJIOHKOBOMY EIIEMEHTI paKeTH.
OcHOBHa yBara npuauIs€TbCs aHaNi3y KOJOBUX HAIPYXKEHb y3/10BXK KOHTYPY OTBOPY.

PosrisnaeTses nuinapudHa o6ononka giametrpom D=1 M i1 BucoToro H=1,4 M, ocitabiena
KpyroBum oTBopoM pajiycoMm r=0,1 m (puc.l). ToBIIMHA KOXXHOIO HECY4Oro IIapy CTAHOBUTH
h_1,2=0,005 M, TtoBmuHa 3amoBHioBaua — h_3=0,05 M. O000HKa HABAHTAKYETHCS OCHOBUM
sycuisim P=0,4 MH. Hecyui mapu BUTOTOBIEHI 3 amroMmiHieBoro cruiasy AMI-6M, a mmap
3anoBHIOBaya 3 minormiacty PVC foam.

Jlis po3paxyHKy AaHoi 0OOJIOHKM BMKOPHMCTAHO TinoTe3u TUMOIIeHKa, II0 A€ 3MOry
BpaxyBaTH TOIMEePEYHi 3CyBHI nedopmairii. [{e € cyTTeBUM I TpUIIAPOBHX 000JIOHOK, OCKUTBKH
3alI0BHIOBAY Ma€ CKIHUEHHY 3CYBHY KOPCTKICTb 1 BIUIUBA€E Ha 3arajlbHUM pO3MOJILT HANpy>KeHb. Y
30HI OTBOPY BpaxOBYETbCS JIOKAJIbHUM XapakTep 3MIHM HAINpPY>KEHOTO CTaHy, OCKIJIbKU came
o063y HOro KOHTYpY BUHUKAIOTh HAHOUIBII I'PalieHTH HAPY>KEHb.

PesynbraTi 4mcenbHOrO aHaizy MOJAHO HA PUC. 2 Y BUTJISLAL PO3MOIUTY BiTHOCHHX
KOJIOBUX HAIPYKEHb 0g/0y y3I0BK KOHTYPY KPYTOBOTO OTBOPY JJIsl TPHIIIAPOBOT i IBOX BapiaHTIB

P

O,Z[HOH.IapOBO.f O60J'IOHOK, e ox =

Ay
Ly -

-1.50

X
p -2.50

y -3.50

TL'D(}'L]_"‘}'Lz)l

06/ 0«

H

-4.50

-5.50

6,°

Tpuwwaposa = . =0pHowapoBa 5SMM = - OpHowaposa 10MM

Puc. 1. Po3paxyHkoBa cxema Puc. 2. I'padik mopiBHSHHS PO3IOAUICHHS KOJIOBUX
HaIpy>XeHb HABKOJIO KPYyTOBOTO OTBOPY
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OtpuMaHi AaHi MOKa3yIOTh, [0 BUKOPUCTAHHS TPHIIAPOBOI KOHCTPYKIIi MPU3BOAUTH 110
3MEHIICHHS! MaKCHUMAJIbHUX KOJIOBHX HAIpPY)XKeHb HAaBKOJIO OTBOPY. Lle MOSICHIOETHCS THM, IO
3aMoBHIOBAaY 3abe3rnedye CIUIbHY poOOTY HECy4YMX IIapiB, MiJBHINYE 3arajibHy 3THHAIBHY
KOPCTKICTh OOOJIOHKH Ta CIIPUSE TIEPEPO3NOILTY HAIIPYKEHb Y 30HI KOHIICHTpAIIii.

Takum uynHOM, 000I0HKOBA MOJIeNIb THMOIIIEHKA € JTOUIIBHOIO Ul YUCEIBHOTO aHaNi3y
TPULIAPOBHUX IMIIHAPUYHUX OOOJIOHOK 3 OTBOpamMu. BoHa [103BOJIsiE BpaxyBaTH IONEPEUHY
3CYBHY IOJATJIMBICTh 3allOBHIOBAYa Ta OIIHUTH 1i BIUIMB Ha KOHLEHTPALII0 HAIPYXKCHB.
OTtpumaHni pe3ysbTaTH MiATBEPKYIOTh €PEKTHBHICTh TPUIIAPOBOT KOHCTPYKLIT IS 3HIKCHHS
JOKAJIIHUX HAIPYXXEeHb MMO0IN3Y OTBOPY B 0OOJIOHKOBHX €IEMEHTaX PaKeTHO-KOCMIYHOI TEXHIKH.
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IMITYJIbCHUM YJIAP TLJIA, HOBHICTIO 3AHYPEHOI'O
Y BIIKPUTUM KOHTEHHEP

10.A. Cemenon?, FO.M. CaBuenko?, I'.}O. CaBuenko?, O.l. Haymosatl
Ynuemumym ciopomexanixu HAH Yxpainu, Kuis, Yxpaina

IMmysnbcHUM yap HECTHCIMBOI PIAMHU € PI3KUM HENIHIMHUM HIpOLEcOM, L0 TPHUBAE
HA/I3BHYAiHO KOPOTKHI MPOMDKOK Yacy, IpOTe CYNPOBOKYETHCSI BHHUKHEHHSIM HAJ3BUYANHO
BEJIMKMX T'JIpOAMHAMIYHUX HaBaHTa)K€Hb Ha KOHCTPYKIIi. BitoMuMu npukiazaMu € HakaT BOJIU
Ha nanxyOy CyHa, CICHTIHT JHHINA Ta yJap XBWIl 00 MOPCHKI IIATGOPMH Yi OEperoBy JiHIIO.
30KkpeMa, BUCOKOIIBHMJIKICHI Cy/lHA Ha MIJBOAHUX KpWUJaxX, KPUJIOBA CHCTEMa SKHX ITOBHICTIO
3aHypeHa, MOXYThb 3a3HABaTH PANTOBUX BEPTHUKAIBHUX yAApiB, CHPUYMHEHUX XBUJISIMH, IO
Ha0IraroTh Ha OCHOBHUH KOPITYC.

[TpoGiiemMa iIMIyITECHOTO PYXY 3aHYPEHOTO ITiJT BUTHHY MIOBEPXHIO Tijla Ma€ TPUBALY 1CTOPIIO
(Havelock 1927, 1936; Lamb 1913), a po3BHTOK TeOpii iMIyJIbCy MOB’sA3aHMIA i3 poOOTaMu VON
Karméan (1929) ta Wagner (1932). BinbuiicTe BiIOMHX MOCITIKEHb CTOCYBAIHCS PyXy B
HeoOMexeHii o0nacti piguHu. Ha BiaMiHY Bii HUX, Y poOOTI pO3IIISIHYTO IMIYJIBCHUHN pPyX Tila,
MOBHICTIO 3aHYpPEHOT0 Y BIAKPUTHH KOHTeiHep (a00 KaHai) 3i CTIHKaMH, sIKi MOXYTb CyTTEBO
BIUIMBAaTH Ha CHJIM, L0 AIIOTh Ha Tino. PoboTa y3aranbHIO€ BUIAIOK PIAMHU HECKIHYEHHOI
rmbunn  (Semenov, Savchenko & Savchenko 2021). Cepen 3actocyBaHb — MPOLIECH
BCTaHOBJIEHHS MOPCBKHX CIIOpPYJ, omepalii y 6aceiiHaX aTOMHHX €JIEKTPOCTaHIIH TOILO.

IMocTanoBka 3aaayi. Tio 3 XapakTepHOIO JOBXKHUHOIO L 3aHypeHe B KOHTEWHEp HA TITHONHY
h g crokilHO BiIBHOKO IMOBEPXHEHO piauHu. Tijg0 Ta KOHTEHHEp CUMETPHYHI BiIHOCHO OCi Y,
TOMY PO3TJISIIAETHCS JIMIIE MOJOBHHA obOnacti Tedii. JJo Momenty ymapy t = 0 Tino i piguHa
nepedyBaroTh y CTaHi CIOKOI0. Y MOMeHT t = 0+ Tij10 panToBO MOYMHAE pyXaTHCA 3 IPUCKOPEHHSIM
a, CIIpSMOBaHUM YHU3, TaK M0 32 HECKIHUCHHO MaJIMi MIPOMIXOK 4acy MBUIKICTH TiJIa J0ocsTae
sHadueHHs U = at. PiquHa BBaXKaeThCs 1/1€AJIbHOI0 Ta HECTUCIIMBOIO, TeUiss — OE3BUXPOBOIO;
BIUTMBOM CHJIH TSDKIHHS M TIOBEPXHEBOTO HATATY T/ Yac yaapy HEXTYEMO.

VYBOIATHCS KOMIUIEKCHI MOTEHIlIaIM y CHCTeMi KOOpJAMHAT, MOB’s3aHill 3 TijioM, @, Ta y
cuctemi, MNOB’s3aHId 3 KoHTeHHepoM, D' Opmpasy micias yJaapy NOTEHLIaIM IOB’s3aH1
crhiBBinHOMmEHHIM @' = @ — UY, a iMITyJIbC TUCKY BU3HAYAETHCS K

II'=—p®'= —pd + pUY.

[Tpuennana maca M’ OOUYHMCIIOETbCS Yepe3 KIHETHMYHY €HEprilo piIuHH, a 0e3po3MipHi
Koe(ILIEHTH MPUETHAHOT MACH Y JIBOX CUCTEMax KOOPJMHAT MOB’A3aHl pIBHICTIO M'=m — a*, e
a* — 0e3po3MipHa IUIOMIA MONEepeYHOro nepepizy Tina. JlogaHoK ypaxoBye CHIy IUIaBY4OCTi,
CIPUYHMHEHY MPUCKOPEHHSIM KOHTEHHEepa.

Meton po3B’si3aHHsl. 3aCTOCOBAHO METOJl IHTErpajibHOro rojporpada: sk JOMOMIXKHY
napamMeTpuuHy 00JIaCTh 0OpaHO MEPIINi KBaJAPaHT (-TUIONTMHU. DOPMYITIOIOTHCS KpaloBl 3a/1aul
st QyHKINT KoMIieKcHOT mBuaAKocTi dw/dz Ta moximHoi koMIutekcHoro moreHmiany dw/d{. 3a
JIOTIOMOT00 1HTETpabHUX (OPMYJT OTPUMAHO AHATITUYHI BUPaA3H JUIsl IMX QYHKIIH, K1 MICTATh
HrykaHi (QyHKIIT po3MmoIily HanpsAMy IIBUAKOCTI B3JIOBK TBEPAUX MEX Ta BEJIMYMHHU MIBHJIKOCTI
Ha BUIbHIM moBepxHi. KpaifoBa 3amada 3BOJUTBHCS /10 CHCTEMH IHTETPAJIbHUX Ta IHTETPoO-
TuQepeHIiaTbHUX PIBHSAHB, sIKa PO3B’A3YEThCS YHCEIBHO METOJIOM iTeparliil.

PesyabTraT. BuzHaueHo nosie mIBUAKOCTI, PO3NOALT IMIYJIbCY TUCKY Ha TUIl Ta CTIHKax
KOHTEHHepa, a TaKoX MPHUEIHAHY Macy Ofpasy Micis yJaapy JUls IIUPOKOro Jiana3oHy TIHOUH
3aHYpeHHS W TeOMeTpiii KoHTeWHepa (NPAMOKYTHHH Ta MIBKPYIJIMH KOHTEHHEpH, KaHal
CKIHUEHHOI ITMOWHM) Ta Ui Pi3HUX (OPM IONEPEYHOTo Mepepizy Tila — IUIaCTUHH, Koja i
INPSIMOKYTHHKA. Y CTAHOBJIEHO TaKi 3aKOHOMIPHOCTI:

— 32 BEJIMKUX IVIMOMH 3aHYpEeHHs1 KOH]Irypartis JiHii Teuii cTae Maibke CUMETPUYHOIO, SK Y
HEOOME)KEHI# piJivHI, a BIUTUB JTHA Ta BUTLHOT TTOBEPXHI € CIIa0KuM,
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— (opMma mepepizy CyTTEBO BIUIMBAE HA PO3MOJILI MIBHAKOCTI;, Ha KIHIMX TUTACTHHU Ta B
KyTOBUX TOYKaX KBaJ[para MBUAKICTb HEOOMEKEHO 3pOCTAE, 110 MiATBEPIKY€ETHCS aHATITUYHO,

— KoeiIlIEHT MPUETHAHOT MAaCH 3pOCTAE MPU HAOIMKEHHI1 T1J1a 710 JTHA 200 70 O1YHHUX CTIHOK
KOHTCIHepa; HalOUIbIle WOTro 3HAYEHHS BIJIOBIAAE€ KBAJpaTHOMY Iepepily, HalMEHIe —
IJIACTHHI, IO TTOB’13aHO 3 IEPUMETPOM Tepepizy;

— 31 3MEHILCHHAM IUPUHI KOHTEHHEpa IMITYJIbC TUCKY Ha T1JT1 Ta CTIHKAX 3pOCTA€, OCKIIBKH
piauHa IPOTIKAE Yepe3 3BYKCHHH 3a30p M1k TLIOM 1 CTIHKOIO 3 OUIBIIIOK0 MIBUJIKICTIO.

Opepkanuil poO3B’S30K OMHCYE TAKOXX CUTYaIllil0, KOJIM KOHTEHHEp pamnToBO MOYHMHAE
pyXaTHCs Bropy, a TUIO 3aJMIIAETHCS HEPYXOMUM,; Yy IIbOMY BUITJIKy NPUEIHAHA Maca Oiiblia, 60
JIOJIATKOBO BPAaXOBY€E CHUITY TUIABYYOCTI, IO Ji€ HA T1IO HA CTaJii KOPOTKOYACHOTO MPUCKOPCHHS
KOHTEHHepa.

BucHoBkM. 3a7auy npo IMOYJIbCHHH CTapT Tijia, HMOBHICTIO 3aHYPEHOTO0 B KOHTEHHEp,
PO3B’sA3aHO METOI0OM IHTETPaJIBLHOTO rojorpada 31 3BeACHHSIM /10 CHCTEMH 1HTETPATLHUX PIBHIHb.
[lepepizu y mopsiKy 3pocTaHHsi nepumerpa (IJIacTHHA, KOJIO, KBAJPaT) CHPUYUHSIOTH I0pa3
Ounbie 30ypeHHs piAuHY, OUTBIIMKM IMIYJIBC TUCKY Ta OUIbLIY MPUEAHAHY Macy 3a OJHAKOBOI
rMOMHU 3aHypeHHs. [Ipu HaOMKeHHI Tijma 70 HA YU CTIHOK KOHTEWHEpa IMITYyJIbC THCKY |
MpHeIHAHA Maca IOCTYIOBO 3pOCTAI0Th.
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KOMITI'FOTEPHE MOJEJ/JTIOBAHHSI BIIUBY XBUJIACTOI
IHOBEPXHI HA AEPOINHAMIYHI XAPAKTEPUCTUKH NTPOPILIIO
KPUJIA

Coxaupkuii A.B., [Ipeyc A.IO.
JuinpoBcekuii Harionanbnawmii yHiBepcuteT iMeHi Onecs ['onuapa
sokhatsky anatoly@ukr.net, dreus.andrii@gmail.com

BypxnuBuii po3BUTOK OOYHMCIIOBAIBHOT TEXHIKM B OCTaHHI JECATHIIITTS BiIKPUBAE HOBI
MOXKJIMBOCTI JIJIsi PO3B'sI3aHHS 3a7a4 acpOoAMHAMIKM Ta AWHAMIKH pyXy JiTaIbHUX amapariB B
rycrux mapax armochepu. OKpiM IbOTO HEOOXiIHI PO3pOOKH €PEKTUBHUX YHCIOBUX METOJIB.
Haman pocii Ha YkpaiHy BUMarae po3poOKd HOBUX TEXHOJIOTiH OOMOBOrO 3aXHCTy JepKaBH.
BaxnuBicTh BUKOPUCTaHHS HAJABOAHHUX OE3MIJIOTHUX CHUCTEM SICKPABO JEMOHCTPYIOTH OOMOBI il
B akBaTopii YopHOTro MOpsl, 10 MAIOTh MICIIE B pe3yJIbTaTi BilHH, Ky pO3B’s3aia pocis MpOTH
VYkpaiau. 3acToCcyBaHHS CWIaMH OOOpPOHM YKpaiHM IIBHIKICHMX O€3eKiMaXHUX KaTepiB
JIO3BOJIMJIO HAHECTH arpecopy HHU3Ky YyTJIUBUX MOpPa30K. B IIbOMy KOHTEKCTI aKTyalbHOIO €
3a/1a4a 31 CTBOPEHHS IIBHJKICHHX MAJOPO3MIPHUX OE3MUIOTHUX HAJBOIHHWX amaparis, IO
BUKOPHUCTOBYIOThH €(eKT OJIM3bKO PO3MIIIIEHOT BOJHOT TOBEPXHI.

OgHuM 3 TaKMX MOXJIMBHX BapiaHTIB 3aXHUCTy KpaiHU BiJ arpecopa € po3podOka
MaJIopo3MipHUX HaaBoIHKX JiTaiapHux amapariB (WIG- Wing in Grounds crafts). WIG-crafts e
NEPCICKTUBHAMU  IHHOBAIIMHUMHU  TPAaHCIOPTHUMH  3aco0aMM, MIO0 MOXYTh  TaKOX
BUKOPHCTOBYBATHUCS K MOPChKi Oe3minotHi cuctemu [1,2]. Pyx Takux WIG amapariB mo6iusy
XBUJISICTOI TIOBEPXHI MOB’s3aHa 3 MPOOIEMOI0 3a0€e3MeUeHHs aepOAMHAMIYHOT CTIHKOCTI IMiJT Yac
HOJBOTY, OCKUIBKM Ma€ MiClleé CyTT€BE KOJMBAHHI aepOAMHAMIYHUX XapaKTEPUCTHK.
AepoanHamika npodimo Kpuia moOnM3y XBWIISICTOI MOBEPXHI BMBYEHA Ha0araTo MEHIIE 3a
aHAJIOTIYHUHN PyX HaJ IJIOCKOIO oBepXHe. OCHOBHOO MPO0JIEMOIO NPH CTBOPEHHI TEXHOJIOT'1H
oesmimotnux WIG cucrteM € BifCyTHICTH OOIpYHTOBAHOI TEOpii MONBOTY TaKUX amapaTiB, Ha
OCHOBI fIKOT MOKHa 3a0e3neunTH Oe3NeYHy aBTOHOMHY pPOOOTY Ha BCIX KpeHCepChbKUX eTamax
noipoTy. KopekTHa mocraHoOBKa aepoIMHAMIYHOTO €KCIIEPUMEHTY B IIbOMY BHUITJIKY ITOB’sI3aHA 3
HH3KOI0 TeXHIYHUX 1 Pi3nuHUX HermepeOopHuX TpyaHouiB [3].

Ha croronHi B cdepi MaTeMaTUYHOTO MOJIEIIOBAHHS a€pPOJMHAMIUYHUX MPOIECIB JIIAEPOM
BBAXKAIOThCA MIJXOMH, 1110 MoOya0BaHI Ha 0a3i ocepenHeHuX 3a PeliHonmbacom piBHAHb Hap’e-
Croxkca 3aMKHEHI BIATIOBITHOO MOIEIUTIO TypOyeHTHOCTI. [IpoTe BennuesHi BUMOTH J0 pecypciB
€JIEKTPOHHO-00UHCITIOBAIbHUX MAIlMH Ta HAJATO BEIMKHHA Yac MPOBEAEHHS EKCIIEPHUMEHTY 3
BUKOPDHCTaHHAM oOcepedHeHHX 3a PeiHonbacom piBHAHb Ha’e-CTokca  mpuUMyIIyIOThH
JIOCJTITHUKIB, PO3POOHHKIB HAYKOBO MICTKUX TEXHOJIOT1H 3BepTaTHC /10 O1IbII IPOCTUX MOJIEIEH.

OpHMM 3 MIIXOJIB 10 pO3paxyHKy aepoJMHAMIYHMX XapaKTEPUCTUK Ti1 € BUKOPUCTAHHS
MoJienl i1eanbHol piauHu. He3Baxkarouu Ha Te, 110 B paMKax MO/ 11eaabHOl PiAMHU HE 3aBXKIU
MOYKHA KOPEKTHO pO3paxyBaTH CHITY JIOOOBOTO OTIOPY, MMPOTE BiH JJO3BOJISIE TPOBOANUTH €(DEKTUBHE
BU3HAYCHHS MTiAMOMHOI CHITH Ta aepoinHaMiuHuX MOMeHTIB [3]. Cepe MeTO/1iB Ha OCHOBI MO
11eabHOI PIIMHU CI1J] BUIUTUTH METOIU TUCKPETHHUX E€JIEMEHTIB, a caMe METOJ JHUCKPETHHX
BuxopiB (MJIB) [3,4]. Lle#t miaxigx Mae MIUPOKE PO3MOBCIOKEHHS B OOYMCIIOBAJIbHIN
aepoJAMHAaMIIll 3aB/ASIKM CBOiM YHIBEpCaJIbHOCTI Ta ONTUMAaJIbHUM BHUMOram 1o pecypcis EOM, y
TIM 4YHCHi 1 A8 MoJienmoBaHHs AuHamiku pyxy WIG-anaparis [3].

Jlnst nocniapkeHHs BIUTUBY XBUJISICTOT BOAHOI MOBEPXHI HA a€pOIMHAMIYHI XapaKTepUCTUKU
WIG-anapary po3risgaeTbes 3aada y 3 MOJCNIOBaHHS OOTIKaHHA MpOQLII0 Kpuiia MoOau3y
XBHJISICTOI BOJTHOI MOBEpXHi. [IpuIycKaeThes, MO KyT aTakd € TaKuM, IPH SKOMY Peaji3yeThCs
oOTikaHHs mpodimo Kpuia y Oe3BipuBHOMY pexumi. B Takomy BUNAIKy ONTHMaIbHUM
MIIX0I0M OyJe MOJENh 3 PO3MINIEHHSIM JUCKPETHUX BHXOPOBHUX €JIEMEHTIB 10 MOTO MTOBEPXHI.
Jlns BpaxyBaHHS BIUTUBY €KpaHHOTO edekTy Ha BijcTaHi 2N CHMETpUYHO, MO BiIHOUICHHIO 10
TJIONIMHUA YMOBHOTO €KpaHy, A3€PKaJIbHO PO3MIIIYEMO BiIMOBIIHUN TTpodiik. s 3abe3neueHHs
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YMOBH HENPOTiKaHHS TUIOIIMHN CHMETPii BBOAUTHCS (BiKTHBHHIT BUXOp 3 IUPKYJIALicto I piBHOT
32 BEIMYMHOIO IUPKYIAIil OCHOBHOIO BUXOpPS i 3BOPOTHy 3a HampsMoM, oTxe I =-I'. Ilpu
MOJICIIIOBaHHI OOTIKaHHS Kpuja KIHIIEBOTO po3Maxy, Horo ¢opMa auckpeTHa ¢opma
MPEJICTABISIETHCS HU3KOKO TMEPEPi3iB 3 PO3MIMICHUMH Ha HIX CUCTEMOIO BUXOPOBHUX €JIEMEHTIB.
3riIH0O  METOJy /AWCKPETHUX BHUXOpPIB, BIUIMB TiJla Ha HE30YpEeHUH TMOTIK PiAMHU
3aMiHIOETbCS JII€I0 HA HBOTO CHCTEMH JMCKPETHUX BuXOpoBux enementis I'j, j=12,..,N,

PO3MILIEHKX Ha Tili, Ta BUILHUX BUXOPOBHUX E€IEMEHTIB ciiny vy, k =1,2,..., K . Hupkynsmii

BiJITOBITHUX JTUCKPETHUX BUXOPOBHX €JIEMEHIB IIUX CUCTEM PiBHI MO BEJIMYUHI Ta POTUIICIKHI 32
3HaKOM. PyX BUIbHUX JUCKPETHHX BHUXOPOBHX €JIEMEHTIB 000X BHUXPOBHX CHUCTEM B Hacl
NPOXOJIUTH B HANIPSIMKY TapajieIbHOMY BOJHIH moBepxHi. [Ipu Takiii cxemaTH3alii 3a HapsIMOM
Teyil JIsi BUXOPOBUX CHUCTEM aBTOMATHYHO B OyIb-SKU MOMEHT 4Yacy BHKOHYETHCS yMOBa
HETPOTIKaHHS Ha MOBEPXHI MPOQLIIO Ta MiICTHIFHOI HOBEPXHI.

3a pesynbTaTaMd HayKOBO-IOCHIAHOI pOOOTH pO3pOOJEHO METOJIMKY, alIrOpuUTM Ta
KOMILIEKC MPOTPaAMHOTO 3a0€3MEeYeHHs, OCHOBAaHHWI Ha BHUKOPHUCTaHHI METOIY IHUCKPETHUX
BUXOpiB, 10 [I03BOJISIE MOJETIOBATH BIUIMB XBWJISICTOI MOBEPXHI Ha aepoAMHAMIUHI
XapakTepucTHKH Kpuia. Lled miaxig 3HauyHO CIpOIIy€e OOYMCIIEHHS TOPIBHSAHO 3 CITKOBUMH
METOJIaMH 1 MOTpedye 3HAYHO MEHIIUX O0UHMCIIOBANbHUX pecypciB. st Bepudikarii MeToaukH,
ITOPUTMY Ta KOMIUIEKCY IPOTPaMHOT0 3a0€3eYCHHS TIPOBECHO BIAMOBITHUIN aepoIuHAMIYHAN
excriepuMeHT. 11IIaX0M MOpiBHAHHS pe3yibTaTiB po3paxyHKy o0TikanHs mpodinto kpuia Clark
YH-12, mo 3HaX0auThCs B HEOOMEKEHOMY IMOTOIII, 3 BIIOMUMHU €KCIICPUMEHTAIBHUMH JaHUMU
METOJIMKA MPOJEMOHCTPYBaja MPUHHATHY TOUHICTH OOYHCIICHb.

B pe3ynbraTi 004MCITIOBATBHOTO EKCIIEPUMEHTY JTOCIIIKEHO BILTUB XBHIIICTOI ITOBEPXHi Ha
aepoAMHAMIUHI XapaKTepUCTUKH Mpodito Kpuia. PesynbraTi JochiKeHHs TOKa3yTh, 10 MO
Mipi HaOMMKEHHS /10 1i€l TIOBEPXHI 3aJIC)KHOCTI aepOJANHAMIYHUX KOEQIIIEHTIB BiJl KyTa aTaku
HaOyBalOTh HENIHIMHOTO XapakTepy. XapakTep 3MiH 3aJIeKHUTh BiJl MOJOXKEHHS rpeOeHiB XBHUIIb
BiTHOCHO Mpo(iro. BIuMB XBUIIb TaKOXK MPOSIBISETHCS 1 B 3MEHIIEHH] KOS(IIIEHTIB MiIHOMHOT
CWJIM 1 aepOJMHAMIYHOTO MOMEHTY Ha MEBHUX KyTaX aTakd y MOPIBHSHHI 3 iX 3HaYEHHSIMU 3a
BIJICYTHOCTI BIUIMBY BOJIHOI IIOBEPXHI.

Po6oty BuKOHaHO B pamkax mpoekty Ne2022.01/170 «OOrpyHTyBaHHs aepOoJIUHAMIYHUX i
NPOEKTHUX TIapaMeTpiB  BUCOKOMIBHIKICHOTO HAJBOJHOTO JITAaJBHOTO amapaTy», IIo
¢inancyerscs HarionansHuM (GOHIOM TOCTIHKEHb Y KpaiHu.
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YTOYHEHHS PO3B’SI3KIB 3AIAUI ITPO BILJIUB IMITYJIbCHOI
CNJIN HA PYX CUCTEMM PE3EPBYAP - PIJIMHA 3 BIUVIbBHOIO
ITOBEPXHEIO - IINTAT®OPMA

Tkauenko P.B.
InctutyT mexaniku iM. C.I1. Tumomrenka HAH Ykpaiuu, Kuis, terri_v@ukr.net

PesepByapu 3 piguHOIO, IO 3HAXOAATHCA Ha pyxomid 1miatdopmi, MIHUPOKO
BUKOPUCTOBYIOTBCS Y CydacHiil TexHimi. ToMy akTyanbHO po3TIsSHYTH HEliHIMHI 3a1a4i JUHAMIKH
KOHCTPYKIIIA 3 PIAUHOIO 13 BUIBHOIO TIOBEPXHEI0 B PYXOMHUX pe3epByapax. Xoya B 0araThbox
poboTax JOCTiIKyBAIHCS OKpEMi eIEMEHTH TaKUX KOHCTPYKITiH. AJjie HelliHilHI 331241 CIIITLHOTO
PyXy pe3epByapiB 3 pIIMHO Ha pPyxomid ImiaTdopmi Ie HEIOCTAaTHRO BHBYEHO, Ta HE
JOCTIDKEHO (aKTOpU CyMICHOCTI. 3YNMHMMOCS Ha IMX JBOX (hakTopax: NpPYKHUHHOMY
3aKpiIUICHHI Ta B3a€EMOJIIEI0 3 pyXxoMoro miaTdopmoro. Lo 3amady BUpIlIyeMO aHATITHYHO Yy
HEIHIAHIN MOCTaHOBII, a peasi3amiio aHAIITHYHUX AITOPUTMIB — YUCEITTHHO.

I3 BUKOpucTaHHsIM MeToy, po3pobsieHoro O.C.Jlumapuerkom [1], Ha ocHOBI BapialliftHOro
npuHiuny ['amineroHa-OCTporpazchkoro, MOOYAOBaHO MAaTEeMAaTHYHY MOJENb IS Takoi
CUCTEMH.

ITocTanoBka 3axaui.

Po3rnsiHeMO pyX y TOpPU3OHTaIbHINM IUIOMMHI a0COJIOTHO TBEPAOTO IMIIHAPUIHOTO
pe3epByapa, 4aCTKOBO 3allOBHEHOTO i7I€ajIbHOIO PiIMHOIO 3 BUIBHOIO MOBEPXHEIO, MPUETHAHOTO
NPYXKUHOIO 70 pyxomoi rmardopmu. Y MoYaTKOBUN yac cuctema «muargopma — pesepByap 3
pianHOI0» TIepedyBae y CIIOKO1.

Puc. 1

TyT no3HaueHo: ¢ — 00J1acTh, 110 3aiiMae piuHa B JaHUI MOMEHT Yacy; S —30ypeHa BiibHa
MOBEPXHS PIAUHU;, S,— BUIbHA MOBEPXHS PIAMHU B He30ypeHoMy craHl. Cucrema KOOpAWHAT
O,X, Y,z TIOB’s3aHa C pe3epByapoM, O;x Y,z — 3 IIaThopmMoro, Oy, Xy, Yo, Zy — YMOBHO HEpyXoMa
cuctemMa KoopauHaT. Touka O 3HaXOJUTHCS B LIEHTP1 HE30ypeHOi BUILHOI MOBEPXHI piAuHU. B
He30ypeHoMy cTaHl TOuku O, 1 O cmiBnaaarTh. [lo3Haunmo z=§&(x, y,t) — HEBilOMe PIBHSHHS
BIJIbHOI TOBEpXHI piiuHU y 30ypeHomy crtani. [lo miuatgopmu NpUKIaJeHO NPSMOKYTHHIM
iMmyiee. [To0ymoBaHO MaTeMaTHYHY MOJICITh PyXY JUIS TaKoi cUucTeMHu. [Ipu IboMy MU OTPHMAaHO
CUCTEMY PIBHSHB, SIK B YACTUHHUX, TaK 1 B 3BUYAHHUX MOXITHUX.

JlocmipkeHO TOPH3OHTATBHUN PyX CHUCTEMH TIPU HACTYITHHX 3HAYEHHSIX >KOPCTKOCTEH
npyxunu: C=50 xH/m, 100 xH/m, 200 xH/m, 500 xH/m, 2000 xH/m). dns mnopiBHSHHS
PO3TIIAAAIOCH XKOPCTKE 3aKpituieHHs. J[o miaTdhopMu MpuKIIageHa CUIa y BUTIISII IPSIMOKYTHOTO
immynecy TpuBanicTio 0.01c, 0.02¢, 0.05c¢, 0.1c, 0.2¢, 0.5¢, 1c. lnsg oTpuMaHHs BCiX MOMEPEAHIX
pe3ysbTaTiB OCHOBHHI Kpok iHTerpyBaHHs Opascs h=0.01c. [Iyis OmiHKH TOYHOCTI PO3B’S3KY
npoBourck oouncienns nmpu h=0.005c¢, h=0.002c i h=0.001c. BussieHo 1o HaiiOiIbIe BUIHO
PI3HHUINI0 B OOYUCIICHHSAX TIpH 30UTbIIeHHI TouHOoCTi ¥ 10 pasiB. Ase, mpu 1[bOMY, 3MiHH JIyXKe
He3HayHi. OTxe kpok h=0.01C 3abe3neuye npuiHATHY TOUHICTB, | TOMY HEMA€ CEHCY 3MEHIITyBaTH
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Kpoy iHTerpyBaHHs. [lokakemo 11e Ha pUKIaal KOJTMBAaHHS BIJIbHOT TOBEPXHI PIIMHU Ta MEPIIOT
ocecumerpruHoi popmu ipu C =100 kH/m, TpuBanocti immynscy 0.05 ¢ st KpoKiB iHTerpyBaHHS
npu h=0.01c ta h=0.001c.

2

7
0.2 0.2
| | |
0 0
0.2 -0.2
f: C T M T . T d T ¥ T v It’ c
40 42 44 46 48 50

0 ' 40 ' 80 | 1%0
a. .
Puc 2. KonuBanns BinbHOT moBepxHi piauuu npu C =100 kH/m, tpuBamicts iMmyascy 0.05 ¢,
h=0.01c (a. intepsan 0-125 c., 6. 40-50 c.)

s 7
| rjc -0.2

R
- L/\\MM/V\
T T T T T T T T T T T T |r3 c
0 40 80 120 40 42 44 46 48 50

a. 0.
Puc 3. KonuBauus BiibHOT moBepxHi piguau npu C =100 kH/m, tpuamicts immyibcy 0.05 ¢,
h=0.001c (a. inTepBan 0-125 c., 6. 40-50 c.)

a% (23
R R
L) T T T T 1 [’c
0 42 44 46 48 50
0
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0.02
0.02
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0 ‘ | I 0.01
-0.01 0
0.024 T T t,e -0.01
4

T
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a. .
Puc. 4. 30ypenns nepinoi ocecumerpruHoi popmu npu C=100x H/m tpuBamictio iMmybey 0.05
¢, h=0.01c (a. inTtepBan 0-125 c., 6. 40-50 c.)

a% a
3
2
1
0

7
0.03 0.0
0.02 0.0
0.01

| 0.0
. | | ! |
-0.01
t,c
40 42 44 46 48 50

f,c -0.01+4
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T -
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a. 0.
Puc. 5. 30ypennst nepoi ocecumerpudanoi ¢popmu npu C=100x H/m TpuBamnictio immynscy 0.05
¢, h=0.001c (a. inTepBan 0-125 c., 6. 40-50 c.)

Ilepeik mocujianb

1.JIumapuenko O.C., Marapamo JIx., Scunckuit B.B [lunamuka Bpamiaromumxcs
KOHCTpYKIHMH ¢ xkuakoctsio, K., 'O3IC, 2002. — 304 c.
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TEOPEMM PEJIEA ITPO HECTIPIKIC:FI; JIJIA B'SI3KOI PITUHU TA
TPUBUMIPHA HECTIMKICTb PEJIEA

®enopues K.O.
IactutyT Texuiunoi terrodizuku HAH Ykpainu, m. Kuis, Kirillfedortsev2000@gmail.com

JIBi kmacuuHi Teopemu Pejes mpo HeCTIHKICTH Tedii igeanbHOi (HEB'SA3KOI) piavHK
MONIMPEHO Ha BUIMAJOK B'SI3KO1 PiAMHM, 30KpeMa Ha Teduii 3a HasSBHOCTI BiIbHOI KOHBeKIii. Ha
OCHOBI JiHeapu3oBaHux piBHsAHb Hag'e-Ctokca Ta ®yp'e-Kipxroda mokazano, mo npodiib
MIBUJKOCTi, KM MAa€ TOYKY IEpETruHy, 3aJHMIIAEThCA HECTIMKUM, a (a3oBa MIBHIKICTh
HeUTpanbHUX 30ypIOBaJIbHUX XBHUJIb OOMEKE€HAa MAKCHUMAaJIbHOK HIBHMJIKICTIO OCHOBHOI Tedii -
MOBHICTIO 32 aHAJIOTI€I0 3 KIIACHYHUMHU pe3yJbTataMu Pemnest 1 HeB'I3K01 piuHH.

Jlnst BuGopy Qopmu 30yproBanbHUX (YHKIH, IO BHUKOPHUCTOBYIOTHCS B aHai3i
TiAPOAMHAMIYHOI Ta TETUIOBOI HECTIMKOCTi, 3aCTOCOBAHO MiaxXiJg Ha OCHOBI Teopii rpymn Jli
(cumeTpiiiHuii aHaui3), O 0a3yeThCs HA CUMETPIsAX 3CYBY He3alekHUX 3MiHHUX. [Toka3zaHo, 1110
pizHi popmu 30yproBaIbHUX (YHKIIN, OTPUMAaHI Ha OCHOBI IIUX CHMETPIiid, MPUBOJIATH 10 PI3HUX,
ajie y3ro/KeHUX Mk cO00I0 KpUTEPIiB CTIMKOCTI AJI OHOTO i TOTO 5K TUITY HECTIHKOCTI.

Po3risiHyTO MIOCKY Tedito 3 MO3A0BKHBOW MBHIKICTIO Uo(Y), 110 3aJeKUTh JIHMIIE Bik
nornepevyHoi koopauHatH. Jlineapusaris cuctemu piBHsSHb Ha'e-Ctokca-@yp'e-Kipxroda ta
iIcTaHOBKA 30yPEHb Y BUIIISII XBIIIBOBUX (PYHKIIIH JO3BOJIHMIN OTPUMATH YMOBY 3MiHU PEXKUMY
teuii. 3a BijicyTHOCTI BiibHOT KOHBEKIIT (Gr = 0) 111 yMOBa pO3Maga€ThCsl Ha JIBI HE3aJIC)KHI YMOBH,
nepiia 3 SKAX BiANOBiZae apyrid teopemi Penest (da3zoBa MIBUAKICTh HEHTPaJbHUX XBHIIb
JIOPiBHIOE MaKCHMAaJIbHIH MIBUIKOCTI OCHOBHOI Tedii), a Apyra — mepiiiii Teopemi Pernest (3mina
peXUMY Tedii MOXKJIMBA 32 YMOBH 3HHUKHEHHS JPYyroi MOXiAHOT MpOQiIt0 MIBHIKOCTI B TOYII
neperuny). 3a HasBHOCTI BUIbHOT KoHBekii (Gr # 0) 00uaBI YMOBH 00'€IHYIOTHCS B €IMHUI
KPHUTEPIiii, [0 BU3HAYAETHCS 3HAKAMH TTOXITHUX MPOQiTiB BUAKOCTI i TEMIIEpAaTypH Ta YHCIOM
I'pacroda.

OtpumMaHi pe3ylbTaTd MIATBEPAXKYIOTh, 110 00uABI Teopemu Penes 3anuiaroTbes
CIpaBEeIJIMBUMHU I B'A3KOT PIAMHU 3a HAsABHOCTI BIIBbHOI KOHBEKIIl, a 3ampoONOHOBAaHUM
rpynoBuii  (JIi) miaxim mo BuOOpy 30yproBaibHUX (QYHKIIH € THYYKAM 1 TOCIiJIOBHUM
IHCTPYMEHTOM aHajIi3y TiApOJMHAMIYHOI Ta TEIIOBOI CTIMKOCTI.

Po3po06nennii miixia Takok 3aCTOCOBAHO JI0 3ajjayil PO TPUBUMIPHY HECTINKICTb BUIbHOT
KOHBEKIIi B HEOOMEXKEHOMYy IIapi pIAMHU MDK JIBOMa TOPU3OHTAJIBHUMM TOBEPXHSIMH,
pPO3AUIEHUMHU BIJICTaHHIO L, 3a HasgBHOCTI CTaJOro BEPTUKAJIBHOTO TIpajiieHTa TeMIepaTypHu.
Po3B'si3aHHS BIAMOBIAHOT AMCHEPCIHHOrO PIBHSAHHSA MOKa3aJlo, 110 KOHBEKTHBHA HECTIMKICTb
BUHUKAE JIUIIE 32 BiJl EMHOTO TPaJli€HTa TEMIIEPATypPH, IO TIEPEBUIYE KpUTHUHE 3HaueHHs. [jis
I[bOTO TPajieHTa OTPUMAHO KPUTHYHE 3HA4YeHHs yucia Penes. MiHimizamis 1poro Bupasy 3a
XBHJILOBHM YHCJIOM Ta BPaxyBaHHS TOTO, 110 HA BUCOTI IIApy BKJIAJA€THCS MOJIOBUHA JOBKUHH
XBHJII BEPTHKAILHHUX 30ypeHb, a€ Uik OCHOBHOI (TepIiioi) Moau KpuTHUHe 3HaueHHs Ra ~ 657,5.

[le 3Ha4YeHHS TOBHICTIO 301ra€ThCsl 3 Pe3yJIbTaTaMH, OTPUMAaHUMU HE3AJIEKHO KIIACUYHUM
METO/IOM BJIaCHUX 3HaueHb Penes Ta Metozom JlopeHia 3 aMIUTITY 1010, 110 3aJ€KUTh BiJl 4acy.
TakuM YHHOM, MTOTIPH TIPHUHIIUIIOBO Pi3HUI BUOIp popMu 30yproBasibHUX QYHKIIIH (KOHIICHTpAILis
apryMeHTIB y XBWIbOBIH (QyHKIIT, y aMIuniTyal Sk (QyHKIIT KOOpAHHATH, a00 y aMIUNTYAl SK
GyHKIIT yacy), yci TpU MiIXOAU MPUBOMIATH J0 OJJHOTO i TOTO CaMOT0 KPUTEPitO0 CTIHKOCTI, MPH
IIbOMY 3alpOIIOHOBAHUM y POOOTI Mi/IXi1 BUABISETHCS HAUMIPOCTIIINM Y peatizarii.

OTtpumaHi pe3yJabTaTH MIATBEPKYIOTh CIIPaBEeIIUBICTE TeopeM Perest s B'a3K01 piauHu
Ta JIEMOHCTPYIOTh €(EKTHBHICTh T'PYNO-TEOPETUYHOTO MiIXO0AY 0 BHOOpPY 30ypIOBaIbHUX
byHKIINH y 3amayax TiIpOJUHAMIYHOI Ta TEIJIOBOI CTIMKOCTI, 30Kpema Ui TPUBHMIPHOT
HecTilkocTi Penes-benapa.
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ACIHIEKTH CTBOPEHHA EKCIIEPUMEHTAJIBHOI'O CTEHAY JUUIA
BIATBOPEHHA TEPMIYHOI CTPATU®IKAIII B KOPOTKHUX
TPYBAX

®inonos B. B.}?, bornan A.B.L, ®inonosa 10.C.L, Kosanenko O.B?, ®denopoB IL.O.l'2

1TOB «III-1ientp», Kuis, Ykpaina
’Incturyt rinpomexaniku HAH Vkpainn, Kuis, Ykpaina

Tepmiuna crpatudikalis € oqHUM 13 PEHOMEHIB, KU CIIOCTEPIra€Thesl B TPyOOIPOBOgaX
CHEepPreTUYHOro OO0JIaJHAHHSA, 30KpeMa aTOMHHX ejeKkTpoctaHmid [1], mo Moke ciyryBatu
YMHHUKOM CYTT€BUMH HaBaHTa)XEHHSAMH. B miioMy crioctepiraerbes ctpaTtudikariis ABOX THIIIB:
B OJHO(A3HOMY CEpEIOBHUINI, Ta YMOBHO 3a pPaxyHOK pIi3HHUX TyCTHH (ABOoda3Ha cHcTema).
Oco06mmBO 1st TPYOOIIPOBO/IIB, B SKHX CIOCTEPIraeThCs TEMIIEpaTypHa cTpaTu(ikaiis depes
HasIBHICTh 1BOX (pa3, XapakTepHUMH € BiOpallii (Harnpukiam ApeHaxHi TpyOOIpoBOar TYPOIHHUX
YCTAaHOBOK). B 1ux Bumajakax HaKJIaJalThCs JOJATKOBI HaBaHTaXeHHs. OUeBUIHO, 110 BCE 1€
HETaTHUBHO BILUIMBAE HA PECYPC EKCIUTyaTallii TAKKX €JIEMEHTIB 1 B 3araJlbHOMY BHUITaJIKy ITOTPEOye
KOHTPOJIIO Ta MOHITOpUHTY [2].

Ha cborognimHii AeHb Taki CUCTEMHU ICHYIOTh 1 BXK€ €KCIUTYyaTyIOThCSl Ha MailaHYiKax,
IpOTE BOHU 3a3BHYAll HAaIpaBiieHI HA MOHITOPUHT TEMIIEPATYPHOTO CTaHy 30BHIIIHBOI MOBEPXHI
o0OpaHux nepepiziB TPyOONPOBOIiB 32 YMOBU 30€pEKEHHSI CUMETPUYHOCTI TEMIIEPATYPHOTO OIS
BIJIHOCHO BepTUKaNi. MaremMaTWdHi MOJENi, IO 3aKJIaJeHI B Taki CHCTEMH Oa3ylTbCs Ha
3BOPOTHHUX 33/1a4ax IO TEIJI00OMiHY IPH Hamepe.l 3aJaHOMY CITiBBIJHOLIEHHIO MO TEIUIOBiAAuI.
BiTun3HsHI cCUCTEMU MOHITOPUHTY HOBOTO MTOKOJIIHHS, IO PO3POOIIOIOTECS CHOTOJHI MAIOTh Ha
METI peai3allito HaCTyITHUX OCOOIUBOCTEIH:

. OpHoyacHe BUMIPIOBAaHHSI TeMIlepaTypH Ta JedopMaliii Ha 30BHIIIHIM MOBEpPXHI
TpyOOIIpOBOTY.

J Temneparypa BHMIpPIOIOTBCSI 1O BCbOMY 30BHIIIHBOMY Tepumerpy (He
3aKJIaa€ThHCs, 10 TEMIIEPATYPHE MOJIe CHMETPUYHE).

J OpnHouacHa (ikcallis BIOpONPUCKOPEHb B TPhOX HaNpsMKax.

J [TinTprMKa MyJIBTHCEKIIHHOCTI BUMIPIOBaHb (IEKiTbKa MOMNEPEYHUX MepepisiB,
6a3o0Bux — 3).

. CremianbHe Tporpamue, sike 6a3yeTbess Ha MBHAKOAIOUMX anroputMmax (3D) Ha

OCHOBI KOHIICTIIIT «e)eKTUBHUX TIEPEPi3iB» 3 MOXKIIUBICTIO IPSIMOTO PO3PAXYHKY Ta CIEIiaTbHOIO
¢ikcariero BUMiproBaHb IpU po3paxyHkax noiiB. Ouikyetsces, mo [1O no3Boauth HabAM3UTHUCA
1o xouueniii RealTime monitopunry (rapantoano Online).

be3nocepennbo AHS po3pOOKH Ta HAJIAKH OCHOBHMX KOMIOHEHTIB CUCTEMU MOHITOPUHTY
HEOOXIJTHO CTBOPEHHS CITEIialli30BAaHOTO EKCIIEPUMEHTAIBHOTO CTEHY, IKAH B IIMPOKHX MEXax
JI03BOJISIB OBl IMITYBAaTH TEMIIEpaTypHY cTpaTH]ikallito 3a1aHux napamerpis. [Ipobiema nomnsrae
B TOMY, IIO MPUPOJHIM YMHOM CTpaTU(IKallisl peani3yeTbes JHIlEe B MPOTSHKHUX KaHaiax. B
3aJIeKHOCTI Bij Jiamerpa JoBkuHa Moxke csratu 10 merpis. lns imitamii peagbHUX YMOB
YTBOPEHHS TeMIIepaTypHOi HEPIBHOMIPHOCTI HEOOXITHO IMITYBaTH HMPOTIYKH apMaTypH, TOOTO
(aKkTHYHO CTBOPIOBATH IUPKYJSALIHHUX CTEHJ MiJ TUCKOM. 3 TOYKHM 30py MOBHOTH BHUBYEHHS
pi3HOIUIaHOBHUX (hi3MdyHUX siBUI (B TOMY YHCIII 3aMaploBaHHs BEPXHbOI YACTUHU KaHATYy) TaKUH
CTEH/]] Ma€ CYTTEBY KUIBKICTh MepeBar, npoTe e(peKTUBHO MpaloBaTUME JIUIIE JUIs JOCUTh JIOBTUX
TECTOBUX JUISHOK 3 JiameTpoM He MeHIe 250-300 M.

KamitanoBkinageHHs B TaKWX CTEHJ HECYMIpHI 3 TOYKHM 30py KOPHUCTI BiJl OJHOTO
KOHKPETHOTO TPOEKTY. JlOmMIbHIM BUSBHIIOCS PO3pOOKa CHEIlaTbHOI TECTOBOI CEKIIil, B SIKIH
TeMIepaTrypHa CTpaTH(]iKallisi YTBOPIOETbCS IITYYHO, 3a pPAXyHOK HEPIBHOMIPDHMX YMOB
narpianas (abo I'Y B 3arampHomy). BakinBoro ymMoOBOIO € po0OOTa TECTOBOI CEKINl MpH
aTMoc(hepHOMY THCKY (MOXKJIMBUI HEBEMUKHUIA HaTUIIOK). [TapameTpu, 110 HEOOXITHO IMITYBaTH
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— BeprukanbHuii rpagienty 150-160 K (mpaktuuno Ha 006’ekrax eHepretukm -65K, xoua
3ycTpivaroThest KopoTkodacHi anomanii B 120K) npu MiHiMamsHOMY JiaMeTpi.

Huzpkuii THUCK Ta IIOCHTh BHUCOKI TEMIIEpaTypH CYTTEBO 3BYKYKOTh HOMEHKIATYPY
MOJJIMBUX poOouunx Tija. Posrisnanucs aBi 0a30Bi KOHIEIIT — Hei3TOTepMivHi moToku (Puc.la)
ta 00’ eMHi KoHTpooBanHi HarpiBanus(Puc. 16).

CS_10 (x = 1.05m)

Eh
Eof

Pressure measurement
nozze

Boundary layer blow-off
nozze

Pressure measurement
nozle

* The problem is that the connectors were
supposed to be equipped with matrix velocity
Measuring connector sensors, but this idea has been postponed due to
(outer wall temperature the use of glycerin and the selection of a method
6 — and flow temperature) for forming an electrolytic tracer.

T,p=200°C Ty, =250 "C

Pucynok 1. OCHOBHI KOHIICTIIIIi TECTOBOI CEKIIil (a — HeI30TepMiuHi MOTOKH, 00 €MHE
HarpiBaHHsI)

OO0uBa BapiaHTH JTO3BOJIIIOTH OTPUMATH CTIMKY cTpaTH(iKalliiiHy KapTUHY Ha BIAHOCHO
HE BEIMKHX jaiamerpax (65-75 mm), mpoTe mepmmii BapiaHT Ma€e epeKTUBHY AOBXHUHY OMu3bKO 1
MeTpa. BapiaHT 3 HepiBHOMIpHUM OOIrpIBOM J03BOJISIE OTPUMATH MNPAKTUYHO PIBHOMIpPHIN
nepenaj reMnepatyps A0 3 eekTuBHUX MeTpiB. Jlo TOro >k APYrHii BapiaHT € 3HAYHO JICIIEBLINM
3 TOYKH 30py BUTOTOBIJICHHSI Ta HAJIA/IKH.

Ilepeaik nocujianb

1. V.P. Povarov, O.V. Urazov, M.B. Bakirov et al. Design and experimental
assessment of thermal stratification effects on operational loading of surge line of Unit 5,
Novovoronezh NPP, Nuclear Energy and Technology, Volume 3, Issue 2, 2017, Pages 92-97,
https://doi.org/10.1016/j.nucet.2017.05.001.

2. Kim, SN., Hwang, SH. & Yoon, KH. Experiments on the thermal stratification in
the branch of NPP. J Mech Sci Technol 19, 1206-1215 (2005).
https://doi.org/10.1007/BF02984042.
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LIUTEX-A MILESTONE IN FLUID DYNAMICS

Chaoqun Liu
University of Texas at Arlinton, Texas, USA
cliu@uta.edu

Fluid dynamics is a classical science with long history. In fluid dynamics, distance, velocity,
temperature, and pressure have been well defined for long time, which is a foundation for Navier-
Stokes equation. However, flow rotation around an axis or vortex had not been defined for long
time. Helmholtz (1858) [1] gave a definition of vortex by a vortex filament which is really an
infinitesimal vorticity tube. His definition and theory have been adopted by almost all textbooks
and countless literatures for almost two hundred years. Therefore, vortex was defined by vorticity
tube, and vortex strength was measured by vorticity. We call Helmholtz’s definition as the first
generation or G1. As computer technology advances, the direct numerical simulation (DNS) and
large eddy simulation (LES) have been widely applied in computational fluid dynamics. People
quickly found that the direction of real vortices does not coincide with vorticity and the vorticity
at the place with strong vortex could be rather weak (Robinson, 1989)[2]. Vorticity is a mixture of
fluid rotation and fluid shear, and vorticity cannot distinguish rotation from shear. In 80" and 90™"
decades of last century, quite a few vortex identification criteria had been developed. Among them,
Q-(Hunt et al 1988) [3], Delta (Chong et al 1990) [4], Lambda2 (Jeng et al 1995) [5], LambdaCi
(Zhou at al 1999) [6] are more popular. We call these criteria the second generation or G2.
However, all these criteria are scalar, but vortex is a vector. To show the vortex structure, an iso-
surface must be used. However, the iso-surface shape is strongly dependent on the selection of
threshold, which is arbitrary and empirical. In addition, all G2 methods are contaminated by shear
in different scales.

A vortex is intuitively recognized as a rotational/swirling motion of fluids. It is ubiquitous
in nature and viewed as the building blocks, muscles, and sinews of turbulent flows [7].
Apparently, a rigorous definition of vortex was important and urgent to give for vortex science,
turbulence research, and fluid dynamics. Liu et al (2018 and 2019) [8-11] gave Liutex which is a
rigorous and mathematical definition for vortex definition and identification. Liutex direction is
the local rotation axis and Liutex magnitude is twice the local rotation angular speed. Liutex is
called third generation of vortex definition and identification or G3. Liutex is a milestone in the
history of fluid dynamics. Liutex opens a new era to start quantified research in vortex science and
turbulence. Liutex theory is groundbreaking and revolutionary. Thousands of users have reported
their success in getting progress of research or new physics by using Liutex. Following are the
major Liutex theory and methods. The core of the Liutex theory is to extract the rigid rotation part
from velocity gradient tensor and from vorticity.

Liutex — a mathematical definition for local fluid rotation

1) Definition 1: A local fluid rotation axis is defined as a vector that can only have stretching
(compression) along its length (the rotation axis cannot rotate itself).

2) Definition 2: The vector magnitude must be linear to the fluid angular rotation speed.

3) Liutex definition [8-11]:
L = LI where [ is the eigenvector of (V#)T and L is defined as

L={(x1)— /(5,?)2—4/1@, and@-[>0 (1)

where w = V x ¥ is vorticity
4) Liutex Theorem 1. Liutex is the unique and rigorous mathematical definition of local fluid
rotation.

Proof: d6=Vo-[=al where [ is the local rotation axis according to Def. 1.

[ is also the Liutex direction which is defined as a real eigenvector of velocity gradient tensor
matrix (Vo)T.
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5) Triple decomposition of velocity gradient tensor (Liutex’s first decomposition law)
Liutex Theorem 2. Liutex triple decomposition of velocity gradient tensor: In a principal
coordinate system,

L
e 2e € 0 L/2 0] [Ar O 0] [0 € ¢
VWy=|_L =|-L/2 0 oOf+|0 A, O|+]|0 O n|=L+SC+S (2)
2z fer T [o 0 o][o oa][ooo‘
0O 0 A r
where L is Liutex, SC is stretching, and S is shear.

6) Liutex based vorticity decomposition (Second Liutex decomposition law)

Liutex Theorem 3. Vorticity can be decomposed to rigid rotation and anti-symmetric pure shear,

i.e.Vx%=L+S where L is Liutex and $ is pure anti-symmetric shear.
7) Liutex similarity in transitional and turbulent flow
Liutex Theorem 4. Liutex power spectrum in the dissipation subzone of a turbulent
boundary layer follows the -5/3 law. It means that the under-resolved scales are proportional to
Liutex.

Liutex similarity paves a foundation for LES subgrid scale (SGS) model development.
Liutex theory also opens a new door for flow control that to reduce drag you must reduce Liutex.
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FLOW STRUCTURE IN A VENTILATED CAVITY

Dimitrieva N. F., Bistrova M. O., Sidko M. 1., Bilous D. A.
Institute of Hydromechanics, NAS of Ukraine, Kyiv, Ukraine, Dimitrieva@nas.gov.ua

This study is devoted to the study of complex flows inside the cavity and the influence of
injection parameters on the restructuring of the vortex structure. At a low flow velocity, the
evaporation effect can be neglected.

A two-phase immiscible medium water-air is studied. Volume of Fluid method is used to
solve the two-phase flow problem. The two immiscible media are considered one effective fluid
all over the domain. Mathematical modelling of the problem is based on the equation set of
incompressible fluid mechanics which includes equations of continuity, Navier-Stokes, diffusion
of phase volume fraction:

ou; o(u;) o(u;) 10dp 0%u;
-— =0 U; =——a0—tv——+fy,
ox; dt 0x; p 0Xx; 0x;
Jda N Ja 0 _ + (1 ) _ Jda
ot Y dx; =Y p = apy a)Pa,  foi = 0K ox;

where u; is velocity component, p is density, p,, is water density, p, is air density, p is the pressure,
v is the kinematic viscosity coefficient, t is time, f,; is surface tension, ¢ is the surface tension
constant, k is the interfacial curvature. The phase fraction « = 1 is water, a = 0 is air.

The computations are performed using the OpenFoam software. The interFoam model is
used for two incompressible isothermal media without phase transition. The mesh is constructed
by the stepwise cell refinement method using the snappyHexMesh utility. The calculation results
were presented in the open software ParaView.

Numerical experiments showed that a stable air cavity is formed in the wake of the body
(Fig.1). Good qualitative agreement with experimental data was obtained [1]. The developed
cavity of high elongation can be conditionally divided into three zones [2, 3].

Fig. 1. Longitudinal component of velocity in the central section, Uy =1 m/s, Ua =2 m/s

The first zone is characterized by a constant pressure and is quite accurately determined by the
boundary of the molecular layer of the air-water interface. The second zone is characterized by the
thickness of the layer, which is filled with small drops of water due to viscous diffusion, as well
as blowing air into the cavity to maintain a constant pressure. The third zone is characterized by a
two-phase mixing layer, which forms the wake of the cavity. The calculation results are in
qualitative agreement with the theoretical ones in [4].

The dimensions of the cavity parts depend on the velocity of the main fluid flow and the
flow rate of the injected gas [5].
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Of interest is the process of formation of a gaseous cavity. At first, the air fills the entire
back wall due to the non-slip condition. Thus, the gas flow gains a radial component, losing
longitudinal velocity (Fig.2, a). When the air bubble reaches the diameter of the housing, it
becomes cylindrical (Fig.2, b). Bubbles begin to break off and be carried further into the fluid flow
(Fig.2, c, d).

5.0e-01
|

a) t=0.004 s, b) t=0.018s, c)t=0.055s, d)t=0.100s

Fig. 2. Evolution of the longitudinal component of velocity, Uy =1 m/s, Ua =2 m/s
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HIGH RESOLUTION MONITORING AND MODELING THE OCEAN
SURFACE

P. Fraunié
Mediterranean Institute of Oceanography, Université de Toulon, Aix-Marseille université,
IRD, Toulon, France, fraunie@univ-tin.fr

Due to the high resolution of coupled ocean-atmosphere models downscaling up to hundreds
meters, a renew of interest is dedicated to mixing processes and coherent structures at the sea
surface.

From high resolution in situ observations using gliders, floating platforms, High Frequency
radars and oceanographic vessels cruises, basic processes occurring at the sea upper layer
including surface and internal waves are investigated. Starting from the Orr Sommerfeld equation
as applied to the inflectional instability and depending on initial and boundary conditions, Kelvin
Helmhotz, Holmboe, Ekman and Langmuir secondary flows are especially analysed. In the end,
recent investigations are discussed concerning the winter marine deep convection related to
Rayleigh Bénard cells and millimetric surface waves as observed in laboratory at the air-sea
interface and on the wall of crowns produced by drops impacting the free surface.

References

1. Langlais C., Barnier; B., Molines J-M, Fraunié P., Jacob D. and Kotlarski S. (2009).
Evaluation of a dynamically downscaled atmospheric reanalysis in the prospect of forcing long
term simulations of the ocean circulation in the Gulf of Lions. Ocean Modelling 30, 270-286.

2. Schaeffer A., Garreau P., Molcard A., Fraunié, P.Seity 2011. Y. Influence of high
resolution wind forcing on the gulf of Lions hydrodynamic modelling, Ocean Dynamics vol61,
11, pp1823-1844.DOI: 10.1007/s10236-011-0442-3.

3. Sentchev A., Forget P., Fraunié P. (2017). Surface current dynamics under sea
breeze conditions observed by simultaneous HF radar, ADCP and drifter measurements. Ocean
Dynamics, 67, 3-4.

4. Bodnar T. and Fraunié P. (2024), Computational assessment of mass-diffusive
compressible fluids flows models, J. Phys. Conf. Ser.
5. Aldebert C., Koenig G., Baklouti M., Fraunié P. and Devenon J.L. (2021). A fast

and generic method to identify parameters in complex and embedded geophysical models: the
example of turbulent closure in the ocean, Geophys. Res. Letters, doi.org/10.1029/2020MS002245
6. Chashechkin Yu. D., llinykh A. Yu. (2018) Banded Structures in the Distribution
Pattern of a Drop over the Surface of the Host Liquid // Doklady Physics. Vol. 63. No. 7. P. 282-
287.
7. Vonta L., Bourras, D., Benjeddou, S.; Luneau, C.; Touboul, J.; Fraunié, P.;
Sentchev, A.; Villefer, A. (2025) Imbalance Term in the TKE Budget over Waves. Atmosphere

2025, 16, 412. https://doi.org/10.3390/atmos16040412.

90


mailto:fraunie@univ-tln.fr

X Intern. Conf. "Computer Hydromechanics", September 29 - October 1, 2026
X Mixnap. koH(. «Komm’totepHa rigpomexanika» 29 BepecHs - 1 sxoBTHs 2026

COMPUTATIONAL TECHNOLOGIES BASED ON THE VORTON
VORTEX FRAME METHOD

Glushchak V. V.
Taras Shevchenko National University of Kyiv, Ukraine, glushchak93@gmail.com

A computational technology for computer simulation based on the vortex frame method is
presented. This version of the computational technology is applied to the test simulation of flow
around an infinitely thin circular disk of diameter D, oriented orthogonally to the direction of a
uniform flow U,, of an ideal incompressible fluid (Fig. 1).

The disk model consists of a system of interconnected closed vortex frames. The disk
surface is divided by a system of concentric circles and radial rays into cells, each corresponding
to one closed vortex frame with one unknown circulation, discretized into a system of vortex
segments. A common edge of two adjacent frames carries the difference between their circulations.
Therefore, for an azimuthally uniform solution, the system of frames reproduces the configuration
of interconnected vortex rings while retaining the azimuthal degrees of freedom that are absent in
the ring configuration.

The no-penetration condition on the disk is satisfied at a system of collocation points
located on the disk between the vortex segments forming the closed vortex frames. The Kutta—
Chaplygin-Zhukovsky condition is imposed at the disk edge.

A circulation-carrying wake is formed downstream of the disk. According to the proposed
algorithm, the free edges of the boundary frames split into a system of symmetric vortons of two
layers: azimuthal vortons (arcs along the disk edge) and radial vortons (rays), whose motion
models the vortex flow. Radial vortons distributed around the circumference have zero total
circulation and therefore do not change the overall circulation of the wake. Their role is different:
the ring averages the circulation along the edge [3], whereas they preserve its variation at different
points, allowing the wake to be non-axisymmetric. The validity of this replacement follows from
the method of singular integral equations [1]: the vortons produce the same field in the integral
sense and move [3] in the same manner as the original frames.

[w]Z
o
o

1.0 Wl

Fig. 1

A comparative analysis of the test simulation results with experimental data and with
simulation results obtained by other authors using different methods showed satisfactory
agreement.
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CAN TRIPLY PERIODIC MINIMAL SURFACE INSERTS REDUCE
TURBULENCE-INDUCED EFFECTS IN HIGH-REYNOLDS-NUMBER
INTERNAL FLOWS?

Q.L. Hopman?, Kamiel Politiek®, Nicholas Waterson?, Pablo Druetta’,
Anastasiia Krushynska'
! Engineering and Technology Institute Groningen, University of Groningen, Groningen, The
Netherlands
2 ASML B.V., De Run 6501, 5504 DR Veldhoven, The Netherlands

Turbulence in high-Reynolds-number internal flows generates broadband pressure
fluctuations that induce structural vibrations, acoustic noise, and even structural fatigue. To
mitigate these effects, triply periodic minimal surfaces (TPMS) and other porous inserts are
considered promising for efficient turbulence reduction in internal flows. This relies heavily on
numerical predictions of reduced turbulent kinetic energy and lacks rigorous experimental
validation in high Reynolds number regimes. This study challenges this assumption by quantifying
the efficiency of porous inserts in a well-controlled turbulence regime driven by geometric
inhomogeneities in pipes. Specifically, we study high-Reynolds (Re = 15,000) turbulent flows in
pipes with a sudden expansion and a 90° miter bend through 3D-printed resin TPMS inserts.

We evaluate various porosities, insert lengths, and unit cell sizes by measuring pressure
fluctuations in the local and up- and downstream regimes. Our findings demonstrate that,
compared to a honeycomb insert, the tested TPMS inserts offer no advantage in pressure-
fluctuation attenuation and increase pressure levels upstream of the insert. Furthermore, while the
relative performance of TPMS inserts improves with larger pore sizes, this effectively minimizes
flow interactions and renders the structural contribution of the TPMS matrix negligible. Therefore,
for the considered sheet-based geometries and flow regime up to (Re = 15,000) shown here, the
TPMS inserts cannot be recommended for passive acoustic and hydrodynamic mitigation in
internal high-Reynolds-number flows, disproving the initial assumptions regarding their reduction
in wall pressure fluctuations in these particular configurations.
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FLOW STRUCTURE IN AN AIRLIFT PUMP

Koval S. 0.12, Dimitrieva N. F.2, Krivonog O. 1.2, Fadeichev V. V.2, Romanenko P. Y.2
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
Kyiv, Ukraine, koval.sergiy-ipt@Ill.kpi.ua
?Institute of Hydromechanics, NAS of Ukraine, Kyiv, Ukraine, Dimitrieva@nas.gov.ua

In addition to traditional types of pumps, there are many other non-traditional ones, such as
an airlift pump. The airlift pump is a device designed to lift a liquid or a mixture of liquid and solid
particles from a certain depth to a certain height using a gas mixed with it. They can be used to lift
various types of liquids, by utilizing the lifting force that results from the injection of a gas, such
as air, that has a lower density than the primary liquid.

Although these pumps have a lower efficiency than other conventional pump types, but they
are applicable for many other reasons, such as ease of installation and maintenance, the ability to
avoid clogging. For these reasons, these pumps are used for: pumping corrosive liquids in chemical
plants, removing sludge in wastewater treatment plants, lifting small minerals from the depths, and
pumping viscous liquids such as hydrocarbons in the oil industry.

The primary objective of this study is to investigate the geometric and operational parameters
for airlift pump efficiency using mathematical modelling and experimental data.

The airlift pump modeling was limited by the two-phase water-air formulation and the lack
of return of the discharged water to the system. The geometric dimensions and input parameters
of the simulation are in full agreement with the experimental data [1]. The experimental research
was carried out in the filtration laboratory of the IHM, NAS of Ukraine.

The Volume of Fluid method is used, which is a modern approach to describing of
multiphase flows. It is based on solving the Navier-Stokes equations taking into account the phase
fraction of each fluid in a certain control volume. The set of equations is as follows

Z—f+v-(aﬁ)+v)-(wa(l_a)):o’ (1)
V-U=0, )
6(§tU) +V- (pﬁﬁ) = _Vp +V- [‘u(v’ﬁ +VﬁT)] —pg + O'K(v)a{), 3)

where o is the phase fraction, U is the velocity vector, Fg is the additional velocity to clarify the
interface between phases, p is the total pressure, g is gravity vector t is time, o is the surface tension
constant, x = V - (Va/|Va|) is the curvature of the interface. Dynamic viscosity coefficient u and
density p are calculated as weighted averages based on the fraction distribution of the fluid. The
set of equations (1-3) is supplemented by the Smagorinsky turbulence model, which uses large
eddy simulation.

Numerical modelling of two-phase flow was performed using the opensource software
OpenFOAM. The computational mesh was built in the open-source software SALOME using the
Gmsh sub-utility. After the initial generation of the tetrahedral mesh, it was converted to a
polyhedral mesh using the polyDualMesh utility. The number of elements is ~8.8 - 10, which
provides high resolution and allows for a clear description of the boundary between phases. The
maximum cell volume AV, ., = 107 m3,

The influence of physical parameters on the airlift efficiency was investigated. Fig. 1 shows
the velocity streamlines on a vertical section through the centre of the pipe against the background
of the liquid volume fraction.

The observed rise of air bubbles in the pipe is accompanied by a complex system of vortices,
which leads to an increase in hydrodynamic drag. An efficiency of no more than 2.1% was
achieved over the studied range of input parameters [2]. The calculation results are in good
agreement with the experimental data within the error.
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Fig.1. Visualization of complex flow in an airlift pump, Qa=0.4 I/s:t=1;2;3;4;5;6 s
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NUMERICAL SIMULATIONS OF TURBULENT FLOW IN A SIMPLE
VENTRICULAR ASSIST DEVICE

Lancmanova A.1?3, Bodnar T.1?, Linkeova I.}
! Faculty of Mechanical Engineering, Czech Technical University in Prague, Prague,
Czech Republic
2 Institute of Mathematics, Czech Academy of Sciences, Prague, Czech Republic
3 CFD support, s.r.o., Prague, Czech Republic

Introduction

Ventricular assist devices (VADs) provide mechanical circulatory support to patients with
severe heart failure. Implantable rotary pumps must produce the required pressure rise and flow
rate within a small volume and therefore operate at high rotational speeds. Their flow combines
rotation, curvature, separation, narrow passages, strong near-wall gradients, and locally elevated
stresses. Computational predictions may consequently depend on grid design and turbulence
closure. This is important because pressure rise and efficiency determine hydraulic performance,
while wall shear stress and turbulence quantities underpin predictions of hemolysis and
thrombosis. Comparisons between published axial VAD studies are further complicated by
proprietary or study-specific geometries. The present work establishes a reproducible
computational reference case based on a simple, fully parametric axial VAD [1, 2] and quantifies
the sensitivity of its predicted flow to grids and RANS models.

Test case and computational setup

The script-generated pump geometry is controlled by approximately 30 design parameters
and comprises a stationary inlet straightener, rotating impeller, and stationary outlet diffuser. One
configuration is fixed here to isolate numerical effects. Its shroud diameter is 16 mm. Blood is
approximated as an incompressible Newtonian fluid with density 1050 kg m™ and dynamic
viscosity 0.0035 Pa s; the operating point is 2.5 | min~! at 8000 min™2.

The incompressible Reynolds-averaged Navier—Stokes equations are solved in OpenFOAM.
Rotation is represented by the multiple reference frame method, with the impeller in a rotating
frame and the straightener and diffuser stationary. Seven two-equation RANS closures are
compared: standard, realizable, and RNG k-¢; Lien cubic and Shih quadratic nonlinear k—¢; and
standard and SST k-w. Ten predominantly hexahedral grids are used. Five grids without prism
layers are obtained by globally refining the background mesh from a 243 to a 493 base subdivision
in the impeller region. Five further grids are derived from the intermediate 363 mesh by adding
three wall-normal prism layers with an expansion ratio of 1.1 and different first-layer thicknesses.
This separates global refinement effects from near-wall resolution. A-priori first-cell estimates
agree reasonably with a-posteriori wall distances, and all cases remain within the intended margin
fory* < 1.

The assessment combines local fields and integral characteristics. Total pressure rise is
measured between inlet and outlet. Hydraulic efficiency is Ap.,:Q divided by the mechanical
power obtained from impeller torque and angular velocity. Wall shear stress is evaluated from the
tangential component of effective viscous traction. Velocity, pressure, turbulent kinetic energy,
dissipation variables, and turbulent viscosity are compared on surfaces and on cuts through the
three pump components.

Results

Velocity fields are broadly similar, but grid refinement and turbulence-model variation do
not produce universally smooth or monotone convergence. Efficiency is generally higher on grids
containing prism layers. Without layers it decreases on coarser meshes, and the grid-induced
change can match differences between turbulence closures. With layers, efficiency is almost
insensitive to first-cell thickness; model choice becomes dominant and produces a spread of about
one percentage point on the same grid. Pressure rise has a more complex, non-monotone
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dependence on y*. Results without layers are mostly grouped closely, while layered grids reveal
stronger model dependence and temporal variability. The two k—w closures and Lien cubic model
show similar non-monotone trends; the standard, realizable, and RNG k—¢ closures form another
group.

Maximum wall shear stress varies considerably because this pointwise measure may depend
on a single local cell or surface location. Mean and median stresses over the complete device and
impeller are more stable, although model differences remain comparable with grid effects.
Elevated wall shear appears near impeller blade tips, straightener trailing edges, and diffuser
leading edges. Irregular diffuser patterns reflect the secondary flow, warning against assessing
mesh independence or hemocompatibility from one maximum value alone.

Detailed comparisons show that similar velocities do not imply equivalent turbulence fields.
Flow through the blade passages is neither axisymmetric nor tangentially periodic. Prism layers
influence axial and secondary velocities more strongly than changing between representative SST
k—w and Lien cubic k—e closures. Pressure rises mainly through the impeller, with further local
peaks at diffuser leading edges. Turbulent kinetic energy and turbulent viscosity vary substantially
across the seven closures and between layered and non-layered grids. The Lien cubic model is the
most sensitive to grid structure and spacing, whereas SST k-w is the most robust. Lien-model
dissipation fields change markedly when layers are added, while SST specific-dissipation fields
retain similar structure and magnitude.

Conclusion

Moderate or low Reynolds numbers in much of the domain limit the influence of turbulence-
field variability on the gross velocity pattern, but the variability still affects pressure rise,
efficiency, and blood-damage-related quantities. The parametric geometry, ten-grid database,
seven robust solver setups, and open-source post-processing workflow provide a reference
platform rather than identifying one universally superior closure. Future studies will examine other
operating points, compare transient sliding meshes with MRF, introduce hemorheology,
hemolysis, and thrombosis models, and use the parametric geometry for systematic shape
variation. Selected grids, setups, and data are intended for release as an open test case.
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HYPOTHESIS-FREE THEORY OF CLASSICAL TURBULENT FLOWS

Lukianov P.V., Pavlova K.S.
National University “Kyiv Aviation Institute”, Kyiv,
Pavlo.Lukianov@npp.kai.edu.ua, pavlovakateryna6@gmail.com

Introduction

The modeling of turbulent flows involves the problem of turbulence closure, as turbulence models
rely on hypotheses. For instance, the well-known hypotheses of Prandtl and K&rman are not
universal when applied to the pipe and flat-plate flows discussed below, as they fail to describe
the flow across the entire domain. Methods of the calculus of variations can be employed to
describe these turbulent flows and to use the resulting findings for the numerical modeling of more
complex flows. This approach requires recognizing that natural phenomena are characterized by
optimality. Indeed, fully developed turbulence in a circular pipe is characterized by maximum
entropy and the most pronounced turbulent (vortical) mode of motion. The nature of planar
turbulent flow lies in maximum inertial instability. Different physical mechanisms can yield the
same logarithmic law. The viscous and buffer sublayers are derived in the same way—from the
condition of extremum fluid flow rate.

Results: summary table of fluid flows
To present the information comprehensively and conveniently, we provide it in the form of
a table. The solutions presented fit nicely experimental data and known analytical laws.

Flow

Functional

Solution

1.1. Flow over a moving
plane; viscous and buffer
sublayers of  turbulent
boundary layer.

Minimum volume (rate) of
fluid set in motion

V =C exp(-Y)

1.2. Flow over a moving
plane; logarithmic sublayer of
turbulent boundary layer

Maximum value of the square
of the difference between
orbital (transport) and spin
(relative) angular velocities

[1].

V =C,log(y)+C,

2.1. Boundary layer on a
circular pipe; viscous and
buffer sublayers.

Maximum fluid flow rate

_2
C,
2

V; =C, +Cgerf T

2.2. Boundary layer on a

Maximum value of the

see also [2]
V,=C,log(F)+C,

circular pipe, logarithmic | squared vorticity
sublayer
3. Swirling flow in a|Maximum value of the |V =C1|09(T)+Cz
rectilinear circular pipe squared vorticit -
PIP | y =CF+C,IF
Maximum value of the
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Specific data for the viscous and buffer sublayers are presented below, along with the well-known
logarithmic law. The analytical expressions used for this purpose are as follows:

V =U" =14(1—-exp(-0.08y")), V, =V =14erf (0.05r")),
U™ =255log(y"))+5.2, V" =255log(r*))+5.2.

20 1 20l

10! 10° 10! 10? 107 107! 10°? 10' 102 10?
w y+orr+

a b
Figl. Comparison of exponetial law and logarithmic one with modern experimental data [3] (a)
and comparison of exponetal and error function laws at the background of logarithmic law(b).

Conclusions

1. Correctly specifying the extrema of physical quantities—such as the square of the
inertial instability function, the square of the vorticity, and the fluid flow rate—makes it possible
to obtain well-known solutions to classical problems concerning incompressible fluid flow.

2. As the table shows, despite the identical kinetic nature of the various flows
(logarithmic law), the nature of these flows differs. This distinction is confirmed by different
functionals, the extrema of which yield the correct solution.

3. The proposed approach will enable a deeper understanding of the nature of turbulent
flows and can be used in the development of new numerical models for other, more complex,
turbulent flows.
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DEEP-LEARNING RECONSTRUCTION OF TAYLOR-COUETTE
TURBULENT FLOW UNDER SPARSE SAMPLING AND NEAR-WALL
DATA LOSS
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ievgen.mochalin@gmail.com
2Zhejiang Normal University, Jinhua, jiayuxiang178@3163.com

In practical measurements such as PIV, the near-wall region is often affected by optical
reflection, limited spatial resolution, and loss of reliable velocity vectors [1]. This region is
nevertheless important for evaluating the tangential velocity profile, wall shear stress, and skin-
friction coefficient [2]. Therefore, this study employs a physics-informed neural network (PINN)
to reconstruct the velocity field, with particular emphasis on accurate reconstruction in the near-
wall region. An accurate CFD solution is used to generate the training, validation, and test datasets.

The computational domain is constructed as a 45° sector of the Taylor—Couette annulus, with
periodic boundary conditions imposed in the axial direction to approximate infinitely long
cylinders. Large-eddy simulation (LES) is performed in ANSYS Fluent to obtain the reference
flow field for the inner rotating cylinder Reynolds number Re = 3000. A fixed (x,y) cross-section
corresponding to the PIV measurement plane is extracted for reconstruction and evaluation, and
the flow-field data are converted into dimensionless form before training. A global uniform
sampling strategy is used to construct the supervised dataset, with 300, 1500, and 2000 sampling
points considered. To simulate near-wall data loss, one to four computational mesh layers adjacent
to the walls are sequentially excluded from the supervised dataset. The excluded sampling points
are replaced by their nearest available neighboring points outside the removed region while
keeping the total number of supervised samples unchanged. The proposed model is a PINN
incorporating Fourier feature embedding and GradNorm adaptive loss weighting [4]. The model
is trained using three loss terms: supervised-data loss, analytical boundary-condition loss imposed
on the inner and outer cylinder walls, and Navier—Stokes PDE residual loss. For comparison, a no-
PDE model is trained using the same settings but without the PDE residual term.

Reconstruction performance is evaluated using the component-specific 2%-threshold
exceedance counts Ny .., Ny o, ansz,uy. For each velocity component g = {ug, Uy, uy}, Ny g is

defined as the number of spatial points at which the reference-velocity-normalized pointwise
absolute error exceeds 2%. The corresponding proportion is calculated relative to the total of 6000
spatial points. Additional evaluation quantities include the angle-time-averaged skin-friction
coefficient Cr and the angle-time-averaged wall-unit velocity profiles Vg (r*).

Taking the 300-point case as an example, Fig. 1 shows that the PINN with PDE constraints
substantially outperforms the no-PDE model under sparse sampling and near-wall data removal.
In Fig. 1(a), the no-PDE model exhibits increasing values of N,,,, as more near-wall layers are
removed, indicating deterioration of reconstruction accuracy when direct near-wall information is
unavailable. In contrast, the PINN model maintains considerably lower values and does not exhibit
the same deterioration trend. Similarly, Fig. 1(b) shows that the relative errors of C; are
substantially lower for the PINN model than for the no-PDE model near both the inner and outer
walls. Since Cy is calculated from the near-wall velocity gradient, this result indicates that the PDE
residuals improve not only the global velocity-field reconstruction but also the near-wall gradient
reconstruction. Overall, these results suggest that the Navier-Stokes PDE residual provides
additional physical information and reduces the model dependence on direct near-wall supervised
data.
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Fig 1. Comparison of NZ,UQ (a) and the relative error of angle-time averaged C (b) for the case of 300
sampling points with and without PDE constraints.

The angle-time-averaged profiles of V, (r*) further support this conclusion. Fig. 2 shows the
most challenging case with only 300 sampling points and four near-wall layers removed.
Compared with the no-PDE model, the PINN with PDE constraints better follows the CFD
reference solution near both the inner and outer walls. This indicates that the Navier—Stokes
residuals help the model recover near-wall mean tangential velocity behavior beyond the
information provided by supervised data alone.

—CFD

—PINN with PDE

= -no-PDE

— -Linear profile V§f =+
4-layer boundary

20 + 40 60

r
(a)

—CFD

—PINN with PDE

= =no-PDE

— —Linear profile V7 =1+
[ 4-layer boundary

40 60
r +

(b)

Fig. 2. Comparison of angle-time averaged wall-unit velocity profiles near inner (a) and outer (b) walls
between CFD, deep-learning PDE model, and no-PDE model for the case with 300 sampling points and four
near-wall layers removed.

Thus, PINNs with PDE constraints provide an effective approach for reconstructing sparse
velocity fields in complex turbulent flows. However, the current implementation still requires
further improvement in training-time efficiency because the PDE residual introduces additional
computational cost.
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THREE-DIMENSIONAL NUMERICAL SIMULATION OF
MAISOTSENKO-CYCLE HEAT-AND-MASS EXCHANGERS
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The Maisotsenko-cycle heat-and-mass exchanger (M-cycle HMX) is a dew point
evaporative heat- and mass-transfer device that reduces product air temperature through coupled
heat- and mass transfer between dry and wet air channels. The air in the dry (primary) channel
mainly undergoes sensible cooling, whereas the air in the wet (working) channel is humidified by
evaporation at the wetted wall and absorbs latent heat. This study develops a three-dimensional
numerical model based on a single-phase humid-air CFD framework for predicting the overall
cooling performance and local heat- and mass-transfer characteristics.

For model validation, the experiment of Riangvilaikul and Kumar [1] is used as the basis for
overall performance comparison. A single pair of dry and wet air channels is selected as the
representative computational domain shown in Fig. 1. The working -air flow is a 1/3 part of the
primary-channel outlet flow. The simulations are performed in Ansys Fluent for the primary-
channel Reynolds number of 1500. The liquid film is not explicitly solved; instead, a user-defined
function (UDF) is used to impose the local evaporation mass flux and latent heat absorption at the
wetted wall in the scope of single-phase model with species transport.
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Fig. 1. Model geometry of the counter-flow dew-point evaporative cooler.

Fig. 2 compares the product air outlet temperature obtained from the experiment and the
simulation for several values of the inlet humidity, defined by the water vapor mass fraction Y;, ,, i7,.
The results show that the model can capture the variation trends of cooling performance under
different operating conditions and demonstrates good agreement with the experimental data.
Therefore, the developed numerical approach can provide reasonably accurate predictions of the
overall performance indicators of M-cycle HMX.
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To further examine the model’s capability of predicting internal local heat- and mass-transfer
characteristics, the local Nusselt number in the primary (Nu,,) and working (Nus) channels, as well
as the local Sherwood number in the working channel (Shg), are further calculated for

40
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3
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Primary-air outlet temperature ,°C

Primary-air inlet temperature ,°C

Fig. 2. Average primary-air outlet temperature:
1- 4— experiment [1]; 5 - 8- present numerical
simulation; 1,5— Y, ,, ;, = 0.0069; 2,6—
Yypin = 0.0112;3,7- Y, ,;n = 0.020; 4,8—
Yy p.in = 0.0264,

representative cases and compared with the
corresponding results of Wan et al. [2] and Lin
et al. [3]. This comparison is intended to
evaluate whether the predicted local Nu/Sh
distribution trends and their values in the fully
developed region are consistent with existing
studies. The results demonstrate good
agreement, while slightly lover Nu-values in
the fully developed region can be explained by
the differences in the boundary conditions and
problem dimensionality (2D for the published
studies and 3D for the present simulation).
Thus, the model is verified in both the overall
performance prediction and the internal heat-
and mass-transfer mechanism reconstruction.
The present three-dimensional single-
phase humid air CFD model couples the
wetted-wall evaporation mass flux and latent
heat absorption through a local evaporation
UDF in Ansys Fluent. Without explicitly
solving the liquid-film flow, the proposed
model can reproduce the main heat- and mass-

transfer features of the M-cycle HMX,
reasonably predict the cooling effectiveness under multiple cases and capture the main internal
heat- and mass-transfer characteristics, providing a basis for further optimization of channel
configuration, channel dimensions, and operating conditions.
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AXIAL DISTRIBUTION OF WALL SHEAR STRESS ON A ROTATING
FILTER ELEMENT AND ITS GOVERNING FACTORS
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Near-wall flow in rotating filtration devices directly affects hydraulic resistance, viscous
energy dissipation, and the scouring action exerted on the filter surface. Taylor-Couette flow
provides the classical hydrodynamic framework for understanding centrifugal instability and
rotation-induced vortical motion between coaxial cylinders [1]. In rotating cylindrical filtration,
rotational shear, radial filtrate flow, and Taylor-vortex motion have been shown to influence filter
surface loading and filtration performance[2]. The present study investigates the axial
distribution of wall shear stress (WSS) on a rotating permeable cylinder of radius R, at different
rotational speeds, radial suction velocities, and bottom-outlet conditions representing retentate
flow. The objectives were to quantify the changes in WSS as the rotational speed increases from
1000 to 2000 rpm, evaluate the influence of radial suction through the filter cylinder, and identify
the resulting flow structures in the annular gap. The computational domain, principal dimensions,
and boundary conditions are shown in Fig. 1. Two rotation rates are considered, corresponding to

rotational Reynolds numbers Re; = 10,500 and
‘"'T"W o Teleow 21,000, where Re, = QR,d/v, d = R, — R, is the gap
: width, Q is the angular velocity, and v is the kinematic

:R‘:ZSmmi . . . . . .
A viscosity. The filtration rate is characterized by the
(12 =29 mm, radial Reynolds number, Re, = U;R, /v, where U, is

the average filtration velocity. Three values of Re, are
considered: 100, 200, and 500. Cases with no retentate
flow (dead-end filtration) and with 10% retentate flow
are also considered.

A three-dimensional transient CFD model of
water flow was developed in ANSYS Fluent.
1 Turbulence closure was provided by the shear-stress-
| SEDIE. transport (SST) k-omega model [3]. A structured
/ | computational mesh with 760,000 cells was adopted

| L=35mm hased on a mesh-independence study. The flow

: parameters were evaluated after the transient solution
‘ L—_-I Y reached a statistically stationary state.

Re=12.5mm| - To evaluate the axial distribution of WSS on the

| | Retentate flow rotating cylinder, shear stress was azimuthally averaged

over circumferential rings at r = R,, yielding the

Fig. 1. Schematic of the computational dependencg (TW)Q(Z). The corresponding distributions

domain, principal dimensions, and are shown in Fig. 2 for two values of Re, three values

boundary conditions. of Re,, and cases with no retentate flow and 10%
retentate flow.
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Fig. 2. Axial distributions of circumferentially averaged wall shear stress on the filter surface for the cases of:
Re,;=10500, no retentate flow (a); Re;=10500, 10% retentate flow (b); Re;=21000, no retentate flow (c);
Re;=21000, 10% retentate flow (d).

Figure 2 leads to the following conclusions:

1) Increasing the filtration velocity (Re,) suppresses the Taylor vortices while
simultaneously increasing the wall shear stress.

2) The combined radial and axial flow suppresses Taylor vortices in the upstream portion
of the annulus.

3) A 10% retentate flow slightly reduces the wall shear stress.

4) The rotation rate (Rey) is the primary factor governing the magnitude of wall shear stress
on the filter surfaceQOmuoka! MCTOYHUK CCHLIIKM He HalieH..

Further studies should address the effects of the investigated factors on discrete-particle

motion in the annular gap.
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EFFECT OF MILD INNER-CYLINDER ELLIPTICITY ON LAMINAR
TAYLOR-COUETTE FLOW
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Rotating filtration utilizes Taylor—Couette flow (TCF) in the annulus between a rotating inner
cylinder and a stationary outer cylinder to generate shear and centrifugal effects at the surface of
the rotating filter element, thereby reducing fouling. Centrifugal instability leads to the formation
of Taylor vortices (TV), whose radial and axial motion can reduce concentration polarization and
cake growth [1]. Similar annular flows occur in seals, bearings, mixers, and rotating reactors. Most
analyses assume perfectly circular, coaxial cylinders [2, 3]; however, manufacturing tolerances
can produce an annular gap of variable thickness. In a narrow annulus, such geometric variation
can alter the established vortex structure. Previous studies considered an elliptical stationary outer
cylinder [4], whereas the present study examines an elliptical rotating inner cylinder. The reference
circular and elliptical rotors have nearly identical cross-sectional areas. The two cases therefore
differ in cross-sectional shape, but not in overall rotor size or axis position. The simulations show
that mild ellipticity preserves a stable TV structure while producing fewer, axially longer vortex
cells and maintaining higher tangential velocity farther across the gap. These changes may enhance
transport processes near the rotating filter surface.

Figure 1(a) shows the cross-section of the annular flow domain for the two inner-cylinder
configurations. Both configurations have H = 0.120 m and ro, = 0.056 m. The reference cylinder
radius is ri = 0.050 m, while the ellipse has semiaxes a = 0.051 m and b = 0.049 m. The resulting
ellipticity is ¢ = 0.0392, and the rotor cross-sectional areas differ by only 0.04%.

Transient three-dimensional laminar flow of incompressible water was simulated in ANSYS
Fluent, with no-slip conditions imposed at all walls. The moving-mesh approach was applied in
case of elliptical inner cylinder because of no azimuthal uniformity of the annular gap. An inner-
cylinder angular velocity of Q=0.75 rad s* was considered, corresponding to a rotational Reynolds

number Re,; = 2id . 224 x 102 for the reference case with constant gap widthd = 0.006 m,

v
and to wavy Taylor-vortex flow [3]. Transient calculations were performed until the developed
flow becomes quasi-steady-state.

The complete Navier—Stokes equations were solved using the finite-volume method. Spatial
gradients were reconstructed using the Least Squares Cell-Based scheme, pressure—velocity
coupling was handled with the Coupled algorithm, pressure was interpolated using the PRESTO!
scheme, and the convective terms were discretized using the QUICK scheme. Transient time
integration was performed using the Bounded Second-Order Implicit formulation.
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Fig. 1. Geometry configuration (a) and the axial velocity contour plot in meridional cross-section for the
circular inner cylinder (b) and elliptical inner cylinder (c) configurations.
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A structured hexahedral mesh with near-wall refinement was constructed. Based on the mesh-
independence study, meshes containing 4.16 x 10°and 1.728 x 10°cells were adopted for the
reference and elliptical-cylinder cases, respectively.

Fig. 1 shows the cross-sectional geometries and axial-velocity contours in the meridional
cross-section for the circular- and elliptical-cylinder cases. For the elliptical-cylinder case, the
meridional plane shown corresponds to the maximum gap width. One effect of ellipticity is a
reduction in the number of Taylor-vortex pairs, corresponding to a greater axial wavelength than
in the circular-cylinder case. Thus, mild ellipticity increases the axial wavelength by
approximately 25%. The axial velocity is also notably higher in the elliptical-cylinder case,
indicating greater vortex intensity.
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Fig. 2. Dimensionless tangential-velocity profiles after the flow have stabilized.

Figure 2 compares normalized tangential velocity profiles across the gap, where r* =
(r—m)/d, vy = ve/(Qr;). Velocity vy in Fig.2 is averaged in the tangential and axial directions.
The elliptical-cylinder profile is noticeably higher than that for the circular reference case over
most of the gap and decreases more gradually toward the stationary outer wall. Tangential motion
is therefore maintained farther across the gap in the elliptical case. Thus, mild ellipticity
substantially modifies the near-wall tangential-velocity distribution and may affect the shear at the
rotating inner cylinder.

Future studies should quantify these effects over a range of rotational speeds and extend the
analysis to a porous inner cylinder.
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MECHANICAL METAMATERIALS FOR MODULATING TURBULENT
FLOW DYNAMICS
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Locally resonant and Bragg-scattering metamaterials offer a passive route to controlling
flow instabilities by embedding sub-wavelength resonant structures beneath a flow-bounding
surface. Building on the phononic subsurface (PSub) framework established by Hussein et al.
(2015), originally demonstrated for delaying boundary-layer transition by destructively interfering
with growing Tollmien-Schlichting waves, this work extends the concept to a fundamentally
different instability class: the Karman vortex street shed behind a bluff body. Unlike the
convectively growing TS wave, vortex shedding arises from a global (absolute) instability that
saturates via a supercritical Hopf bifurcation into a highly periodic, essentially monochromatic
self-sustained oscillation. This clean, single-frequency character makes it an attractive testbed for
phase-tuned subsurface control, while its global rather than convective nature requires
reformulating both the resonator design and its coupling to the flow relative to the TS-wave case.

The subsurface is modeled as a discrete mass-spring-damper chain (diatomic for Bragg gap
tuning, with optional local resonators), coupled to a large-eddy simulation of the flow through a
Gaussian-windowed transpirational boundary condition embedded directly in the OpenFOAM
solver. The metamaterial chain's equations of motion are discretized in time via Backward Euler
and assembled into a pentadiagonal system at each flow time step, exploiting the chain's nearest-
neighbor coupling topology to solve the resulting linear system efficiently without full matrix
inversion. We detail the assembly of this pentadiagonal operator, its coupling to the fluid solver
via Aitken-relaxed FSI iteration, and the practical considerations, coupling window shape,
boundary treatment, time-step matching, required for stable two-way coupling between a resonant
elastic subsurface and a shedding turbulent wake.

107



X Intern. Conf. "Computer Hydromechanics", September 29 - October 1, 2026
X Mixnap. koH(. «Komm’totepHa rigpomexanika» 29 BepecHs - 1 sxoBTHs 2026

STUDY OF THE FEATURES OF UNSTATIONARY FLOW
DURING GLIDING OF BODIES IN A CAVITY

V.V. Serebryakov
Institute of Hydromechanics National Academy of Sciences, Kyiv, Ukraine

The problem of effectively accelerating a gliding body in a cavity is one of the most
important. A number of solutions suitable for assessing the overall situation are presented below.
The primary method for calculating a non-stationary cavity is the well-known equations [1, 2],
which are a mathematical formulation of the well-known "principle of independent cavity
expansion™ [3]. The well-known method based on impact added masses [5] is used to determine
the magnitude forces. of the gliding

1. The system of equations for calculating a non-stationary axisymmetric cavity r =R(x,t)

in a coordinate system r, x associated with a stationary fluid is defined in the form (1, 2):
22 2
0°R(x,1) . 2AP(x,1) _0, b) aR” 2[cy(x) —kop (X)]
ot pu ot ku

a)

=Rn(X)Un(X)\/

t=t, (x)
U= U(t)|t:tn x) = Unp(X), b)cy =cgt (t)|t:tn x) ~ cq(x),c)

Gy (X) = O.S[AP(X, t)/ pU? (t)}

(1)

)
t=t, (x)

Here: U, R,, cy4 - speed of movement, cavitator radius and drag coefficient, which can
depend on time t, R =R(x,t) non- steady axisymmetric super cavity form, AP=P_(x)—P.(t) the
pressure difference in the flow and in the cavity, AP, (t)- at the section behind cavitator, p- water
mass density, x,(t) - the cavitator law of motion t,(x) is the inverse function of the law x,(t).
The quantities p, k are slowly varying functions, mainly from the cavity elongation i; p
characterizes the inertia of the cavity sections, k - the energy transfer along its cross sections. The
dependencies for determining the quantities p-(3a) and k-(3c) were obtained in the form of
second-order asymptotic dependencies on the elongation of the cavity [2, 4] with their
approximation in the form of dependencies on & (3b), (3d).

=In—=: | /—l = Q) kD1l-——— 2 kxl-——2 (3)
a) U In\/g — b) uUln - n(6+10j ;c) ki1 3 — d) In(4/cs+18)

Under cavitation number o, =c, =const during the motion process, the shape of the

unsteady cavity is determined by solution (4). The calculation results here are illustrated in
Figure 1.
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Figure 1 (a) Figure 1(b)

The results on Figure 1 are given for case of o, =0.02 in two systems of coordinates: (a) cavitator

is moving in motionless fluid: ——--1-t=10,2-t=22,3-t=32,4 -t =42, ———— Stationary
cavity at o, =0.02; (b) Fluid is moving, cavitator is motionless: ————t =10, t=22, t=32,—
-- t =42, =———— stationary cavity at o, =0.02.
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The results of calculations of a non-stationary cavity during motion with acceleration
indicate a very rapid decrease in the influence of acceleration on the shape of the cavity as the
speed of motion increases.

2. To calculate the gliding forces, a method based on impact added masses m" is used,
taking into account the amount of immersion of the body in the cavity h and the gap A between
the surface of the body and the cavity [5]

2A+h * 2 2h
s b) , m =pTCRb
(A+h)? r A+h ©)

The assessment of the influence of acceleration on the gliding force of a cylindrical body
of length at a constant angle of attack based on the approach [5] is determined by solution (7)

— |L(2e+aL)| 1(aL L = F
Fa= (—2) *‘(_2}( Lj’ =t (6)
(e+al) alys/\eta mRgp(aV)

The results of calculations according to dependence (7) are presented in figures 2a, 2b.

a) mp, =prRzh

E 1_:3 T T T

60| 60
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W T 20k
10 .ID :l[) 4‘[) a
Figure 28 ———— U=10m/s, --....... Figure 20 ——— a=10m/s?, .........
U=20m/s a=20m/s?
— ——— U=50m/s ———— a=50m/s?

The calculation results reveal a very rapid decrease in the effect of acceleration on planing
forces with a significant increase in speed.
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PARTICLE IMAGE VELOCIMETRY OF SYNTHETIC JETS,
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A synthetic jet is both a promising means of controlling boundary layer structure, effectively
countering separation and intensifying convective heat transfer, and a highly interesting research
subject due to its highly unsteady periodic flow structure, which generates regular vortex systems
and intense momentum in the direction of jet formation at zero mass flow rate. This latter feature
distinguishes the synthetic jet from boundary layer microblowing, as it does not require a
secondary air source and its redistribution system, while remaining an active, flexible, and
adjustable flow control method, making it highly attractive for a wide range of various industrial
applications, and, above all, aviation and other modern high-speed vehicles.

The objective of this study is to perform 2D2C TR-PIV measurements of transient velocity
fields and, through postprocessing, determine the characteristics of the averaged and fluctuating
motion behind a flat plate boundary layer cross-section along the direction of its development at x
=1.65 m. An array of five small nozzles is located within a wind tunnel, with free-stream velocity
U, ranging from 2 to 20 m/s and excitation frequencies f ranging from 10 to 500 Hz. Reynolds
numbers ranged from Re=2.2x10° to 2.2x10°, which, under closed-loop wind tunnel conditions
with a closed test section and a turbulence level of up to 0.5%, corresponds to the range from very
initial transition stage to fully developed turbulent flow. The wind tunnel and TR-PIV system
characteristics are presented in more detail in [1], while the main parameters and dimensions of
the test setup are shown in Fig. 1 and its caption.

|l=.':==— .
' vy oo 8

Fig. 1. Sketch (left, not to scale) and pictures (middle and right) of the experimental setup:
1 — test plate (plexiglass, Ltp.= Wtp.=0.5m, Hip.=10mm); 2 — array of five small nozzles
(©0.8mm, normally oriented toward the streamlined surface, distance between axes 5mm); 3 —
speaker @100mm; 4 — initial flat plate (plexiglass, Linp.=1.5m, Winp.=0.5m, Hinp.=8mm); 5 — wire
turbulator (@3mm); 6 — magnetic attachments; 7 — boundaries of the test section of the wind
tunnel; 8 — square field of view of measurement (FOV, size length 53mm); 9 — amphilier; 10 -
Arduino Uno controller; 11 — computer; central line of the nozzle array.

The conducted research and its processing demonstrated a monotonic increase in the
intensity of the synthetic jet with increasing perturbation frequency, and also examined the features
of boundary layer formation immediately downstream of the nozzle array.

Fig. 2 shows the mean characteristics of the synthetic jet for f=300Hz in the absence of an
incoming flow U, = 0, and Fig. 3 shows them for f=200Hz in the boundary layer for U, =2m/s.
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Fig. 2. Synthetic jet for U,=0 and f=300Hz: left — velocity profiles (black arrows), vorticity
distribution (red-blue color palette), streamlines (green); right — turbulence kinetic energy (red-
green-yellow-blue color palette).
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Fig. 3. Synthetic jet for U,=2m/s and f=300Hz: left — velocity profiles (black arrows), vorticity
distribution (red-blue color palette), streamlines (green); right — turbulence kinetic energy (red-
green-yellow-blue color palette).
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FROM WAVE ATTRACTORS TO MULTISTABLE QUANTIZED MODES:
INTERNAL-WAVE DYNAMICS IN BOUNDED DOMAINS

Sibgatullin I, Deleuze J., Sylvain J.
ENS de Lyon, France, ilias.sibgatullin@ens-lyon.fr

Internal and inertial waves are key components of geophysical fluid dynamics. They can
transport energy over long distances, and in the deep ocean their vertical scales may reach
hundreds of meters. Unlike many other hydrodynamic systems, they obey a geometric propagation
constraint: upon reflection, wave beams preserve a fixed angle with respect to gravity, or to the
rotation axis in the inertial-wave case. This property makes both linear focusing and nonlinear
energy transfer particularly nontrivial in bounded domains.

In generic non-orthogonal containers, repeated reflections produce wave attractors, i.e.
limiting ray cycles that are structurally stable and concentrate wave energy. When the vertical and
horizontal scales are comparable, the transition toward turbulent states can proceed through
cascades of triadic resonances. We first discuss this attractor framework in large-aspect-ratio
domains, where the dependence on forcing amplitude reveals several distinct nonlinear scenarios.
Below a threshold, energy transfer is dominated by superharmonic pathways. As the forcing is
increased, parametric subharmonic instability emerges and progressively populates frequencies
corresponding to multiples of half the forcing frequency. Only once these components reach
comparable energy levels does a broader cascade of triadic resonances develop. Spectral and time-
frequency diagnostics show that geometry, and in particular aspect ratio, strongly influences the
pathway toward turbulence, the evolution of kinetic energy, and the organization of coherent
structures.

We then turn to a geometrically exceptional but physically important limit: rectangular
domains aligned with gravity and/or rotation. In this geometry, internal waves are quantized by
the boundary conditions, so that only discrete families of global modes are admissible. One might
expect this setting to be simpler than attractor dynamics; surprisingly, we observe the opposite.
Combining laboratory measurements using particle image velocimetry (PIV), targeted modal
diagnostics, and high-resolution direct numerical simulations (DNS) with moving-boundary
forcing, we show that rectangular domains can display pronounced multistability and considerable
spectral complexity. A primary triadic resonance can generate a dense, nearly uniform picket-
fence frequency comb through nonlinear frequency mixing, while the dominant spatial content
remains concentrated in only a small number of global modes. Near-degenerate mode pairs and
weak detuning provide a natural reduced-model interpretation of the associated slow envelopes.
This behavior is qualitatively different from the progressively broadband spectra associated with
cascading attractor turbulence.

Overall, two complementary messages emerge. First, aspect ratio acts as a genuine control
parameter for nonlinear internal-wave dynamics in attractor geometries, affecting not only the
established state but also the route toward turbulence. Second, near-rectangular quantized systems
should not be regarded as a trivial limit of attractor physics: they can be even more multistable and
spectrally intricate, with competition between triadic pathways and robust formation of discrete
frequency combs. Together, these results provide a broader perspective on how geometry selects
and organizes nonlinear energy-transfer mechanisms in bounded internal-wave systems.
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Plasma-assisted processes in aerodynamic applications
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Abstract

Research on a new hypersonic flight concept was accompanied by a novel area of
fundamental research, plasma aerodynamics. This research area studies the relationship
between weakly ionized plasmas and other physicochemical phenomena, including
combustion and fluid dynamics, to be discussed in this presentation. Fig. 1 illustrates the
application of plasma aerodynamics to different aspects of hypersonic flight, but research in
aerodynamics also has been broadened to address other possible technological applications.

TECHNICAL CHALLENGES

+ Uniform Plasma Generation

* Power Required; System Impact
* High Re, Q Environment

* Measurement/Modeling

PAYOFFS
* Drag Reduction

* Thermal Management
= Flight Control

» Size, Welght reduction
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* Power generation

« Ignition'Combustion
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Not shown: Novel Approaches For On-Board Plasma Generation

Fig. 1. Plasma Aerodynamics: four research focus areas
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chemical energy in the propellants to

mechanical energy producing vehicle
thrust. For air-breathing application,
the propellants are fuel and
atmospheric oxygen. Fig. 2 shows
propulsion efficiency, as represented
by specific impulse Isp (thrust
produced relative to the rate of
propellant consumption) as a function
of flight Mach number. Shown in this
0 LI 2 figure are turbojets, ramjets, rockets,
Fig.2. Flight Mach Number, Nondimensional turbine-based combined cycle
(TBCC), rocket-based combined cycle
(RBCC), and scramjets, which also are components of TBCC and RBCC engines.
Performance using both hydrocarbon and hydrogen fuels is indicated.

113



X Intern. Conf. "Computer Hydromechanics", September 29 - October 1, 2026
X Mixnap. koH(. «Komm’totepHa rigpomexanika» 29 BepecHs - 1 sxoBTHs 2026

In 1996, the United States Air Force initiated a unique collaboration between researchers in
the United States and Eastern Europe through its European Office of Aerospace Research and
Development (EOARD) [1]. The program involved also the Ukrainian team headed by Nina
Yurchenko which expanded plasma aerodynamics studies.

Active flow control using plasma actuators offers additional possibilities compared to
classical mechanical methods. To illustrate the benefits of plasma-assisted flow control, a
smart, energy-efficient strategy is presented here as an alternative to the widely used
dielectric-barrier-discharge (DBD) method. The strategy is implemented using localized
plasma generation [3] as microwave-initiated discharges and high-voltage spark discharges.
Both can operate intermittently, providing strong aerodynamic authority that makes them
exceptionally promising for adaptive control.
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Fig. 3. Plasma Aerodynamics: energy-efficient strategy to improve aerodynamic performance;

(a) airfoil with an array of plasma discharges; (b) formed vortical field with a given scale; (c) drag
and lift coefficients in the baseline and controlled cases

Supercritical airfoil controlled by the array of spark discharges showed increased lift
and stall angle together with the drag reduction in the pre- and post-stall regions, Fig. 3.

The same strategy and similar engineering solution were subsequently applied in UAV
flight tests having demonstrated the similar results [3].

The presented paper aims to share research findings which are made possible through
national and international collaboration and the capabilities of a laboratory established within
a renowned scientific program.
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ASSESSMENT OF TEMPORAL AND THERMAL MODELLING
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A WALL-MOUNTED CUBE
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Introduction

Turbulent flow around wall-mounted bluff bodies involves separation, recirculation and
vortex shedding, and these structures govern the convective heat transfer from the obstacle. The
configuration underlies applications from the thermal management of electronic components to
wind flow and pollutant dispersion around buildings. Engineering practice relies predominantly
on steady-state RANS, largely for reasons of computational cost, and the discrepancies that persist
against experimental data are commonly attributed to the turbulence closure alone. This
contribution examines instead the two modelling decisions that precede the choice of closure,
namely the treatment of time and the level of thermal coupling, in order to establish which of them
influences the predicted flow and temperature fields in the provided benchmark configuration.

Test case and computational setup

The study follows the experimental benchmark of Meinders et al. [1, 2]: a cube of height H
= 15 mm mounted on the bottom wall of a channel, at Re =~ 4440 based on cube height and bulk
velocity Uouik = 4.47 m/s. A three-layer velocity profile and a turbulent kinetic energy profile fitted
to the experimental data are prescribed at the inlet. All computations use OpenFOAM v2406 with
the k- SST turbulence model and second-order spatial discretisation, employing the SIMPLE
algorithm for steady-state and the PIMPLE algorithm for transient simulations with At = 107 s,
corresponding to approximately 100 steps per shedding cycle.

Six cases are compared, combining two temporal treatments (steady-state RANS and
transient URANS) with three levels of thermal coupling: (i) temperature transported as a passive
scalar at constant density with gravity switched off; (ii) the Boussinesq approximation, coupling
the momentum and energy equations through a buoyancy term; and (iii) a fully compressible
formulation with p = p(p, T) and temperature-dependent transport properties. The cube surfaces
are held at 75 °C against a reference temperature of 21 °C, giving AT =54 K.

Results

For isothermal flow, the steady-state simulation reproduces the qualitative flow structures
but places reattachment at 3.9H. against the experimental value of 2.5H., an over-prediction of 56
%. Additionally, the steady-state RANS simulations struggle to reach true steady-state, visible on
ever-present fluctuations in pressure fields. The transient simulation reduces the reattachment
length to 3.0H¢ (20 % over-prediction) with the same turbulence closure, and spectral analysis of
the wake yields a dominant frequency of 30 Hz, corresponding to St = 0.101, coming to an
excellent agreement with the measured 0.100 £ 5 % [1, 3].

The temperature field inherits this temporal sensitivity. The steady-state solution develops a
markedly elongated thermal plume, a direct consequence of its oversized recirculation zone acting
as a larger reservoir of heated fluid; the transient solution confines the elevated temperature
considerably closer to the cube. The level of thermal coupling, by contrast, has no significant
effect: the passive-scalar and Boussinesq solutions are effectively identical in both velocity and
temperature, for the steady-state and the transient treatment alike. This is not the outcome an a
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priori estimate suggested. The Richardson number formed with the bulk velocity is negligible (Ri
= gBAT Hc/U2 = 1.4 x 10°3), but the value formed with the local velocity inside the recirculation
zone (U = 0.1 Upuik), rises to Ri =~ 0.14, a range in which buoyancy would not normally be
dismissed. The recirculation zone nevertheless remains dominated by shear-driven mixing and the
buoyant forces leave no imprint on the solution. This mismatch between the dimensionless
estimate and the computed result is the more instructive finding.

The fully compressible formulation was included for a comparable reason. Across AT = 54
K the properties do not vary marginally: p falls by 16 %, u rises by 16 %, and v and a rise by 37
% and 38 %, therefore the constant-property assumption of the simpler models is not clearly safe
and deserves verification. Nevertheless, our findings show, that simulations resolving these
variations produce the mean velocity and temperature fields very close to the ones obtained with
the lower coupling levels. The flow is strongly forced (Ma =~ 0.013) and separation is fixed by the
sharp edges of the cube, the wake is governed by inertia and turbulence rather than molecular
transport, and the property variation is not felt in the mean fields in this configuration. All three
coupling levels thus agree: the thermal model does not govern the result, whereas the temporal
treatment does.

Conclusion

The two modelling decisions are of markedly unequal weight. Temporal resolution governs
the mean flow and the thermal wake alike, and steady-state RANS is physically inappropriate for
this configuration despite the moderate Reynolds number, whereas the thermal coupling can be
kept at its cheapest level. For engineering practice this gives a directly usable guideline: on
configurations of this class the computational budget is better spent on time-resolved simulation
than on an elaborate thermal model, and a passive-scalar treatment of a transient solution will
outperform a Boussinesq or compressible treatment of a steady one. The reported configuration
matching the experimental setup is intended as the basis for a future parametric extension of the
benchmark towards larger scales, lower velocities and larger temperature differences, in the
regimes where buoyancy or property variations are expected to become active.
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