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B. C. I'yapamosuyl, E. JI. Tapt?, B. I. Tepboxin?

YUCJIOBE MOJAEJIOBAHHS BIIVIUBY PAJIIAJIBHO-HEOJHOPITHUX BK/IIOYEHDB
HABKOJIO OTBOPIB HA HAIIPYKEHO-TE®OPMOBAHWI CTAH INIACTUHYATO-
OBOJIOHKOBHUX EJEMEHTIB KOHCTPYKII[I PAKETHO-KOCMIYHOI TEXHIKA

! Incmumym mexniunoi mexanixu Hayionanonoi axademii nayx Yxpainu i Jlepacagrnozo kocmiunozo azenmemea
Yxpainu, eyn. Jlewxo-Ilonens, 15, 49005, {ninpo, Ykpaina;

2 Tuinpoecouti nayionanvuutl yuieepcumem imeni Oneca onwuapa, np. Tazcapina, 72, 49010, quinpo, Ykpaina,
e-mail: hart@ua.fim; bogdan.teryokhin@gmail.com

KoncTpykuii pakeTHO-KOCMIYHOI TEXHIKHA YaCcTO MICTATh IDTACTHHYATO-000JIOHKOBI €JIEMEHTH 3 BHpizaMu abo
OTBOpaMH pizHOI KoH(irypamii. 3acTocyBaHHs BKIIOUCHB i3 (QyHKIIIOHANBEHO-TpagieHTHOTO MaTepiary (OI'M) B
TaKAX KOHCTPYKIIISIX JO3BOJISIE BILTUBATH Ha Koe(iieHT kKoHeHTparnii Hanpyxenb (KKH) B okomni otBopis [1, 3].
HasiBHicTh Takoro pojay HEOTHOPIAHOCTI MaTepialy MPU3BOAWTH IO MiABHINCHHS CKIATHOCTI MaTeMaTHYHOI
Mozem 3amadi. Tomy mpu mocmimkeHi HampykeHo-aedopmosanoro crany (H/JC) xorcrpykmiit i3 ®I'M Ta
PI3HUMH HEOIHOPITHOCTSIMHU (OTBOPAaMHM, BKIFOYEHHSMH TOIIO) IOLIJIBHO BHKOPHCTOBYBATH YHCIOBI METOIM
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A.Yu.Dreus!, A.V. Sokhatskyi?, O.V. Kravets'

USE OF THE WING-IN-GROUND EFFECT TO CREATE HIGHSPEED AERODYNAMIC SYSTEMS: REVIEW
AND PROSPECTS

'0les Honchar Dnipro National University, Haharina ave., 72, 49010, Dnipro, Ukraine, e-mail: dreus@mmf.dnu.edu.ua
2University of Customs and Finance,Volodymyr Vernadskyi st, 2/4, 49000, Dnipro, Ukraine

The wing-in-ground effect is the physical basis for creation of high-speed low-flying vehicles: Wing-in-Ground crafts
(WIG crafts), due to a significant increase in the load-bearing properties and aerodynamic quality of the wing during the
flight near the surface. The first developments of such large devices using the dynamic principle of support above the surface
were carried way back to the 60’s of the XX century (for example, “Orlenok” project (USSR), Warner’s “Compresser”
airplane (USA), Aerosladge No 8 (Finland), XTW-1 vehicle (China) ect). But, due to technical and economic factors, these
projects were not developed, and today, the military and commercial use of this type of vessels is limited.

The paper presents the world experience in the development of WIG systems. The economic efficiency of this type of
vehicles are analyzed. The war waged by russia against Ukraine revealed a certain set of problems and tasks in the field of
development of unmanned technologies, both on the modern battlefield and in the industrial complex, in particular, the lack
of domestic modern high-speed autonomous aerodynamic systems and complexes capable of solving multi-purpose tasks.
Especially, it should be noted the lagging of national technologies in the field of development of high-speed surface
subsurface vessels. Increasing the speed of such systems is a key issue for ensuring tactical advantages, notably when solving
special tasks. The possibility of developing a high-speed transport unmanned vehicle using the dynamic principle of support
over the surface is theoretically substantiated. The efficiency of WIG systems was evaluated according to the Gabriel-
Karman dependence and it was shown that such systems can potentially occupy a niche of speeds of 200-500 km/h, which is
not used in practice.

The key role in the implementation of the dynamic principle of support belongs to processes of acrodynamics of the
bearing surface near the screen (relative to the flat surface of the earth or water). The nature of the effect of the screen on the
aerodynamic characteristics of the object is quite complex. It depends on many factors and, to date, has been studied only for
individual cases. The main problem in the creation of technologies of unmanned WIG systems is the lack of a well-founded
flight theory of such devices, on the basis of which it is possible to ensure safe autonomous operation at all cruising stages.
The majority of modern studies on the aerodynamic of WIG crafts are aimed at the study of various aerodynamic schemes.
The methodology of experimental studies of the wing-in-ground effect and the results of such studies at the Oles Honchar
Dnipro National University are presented herein.

The work was carried out with the financial support of the National Research Foundation of Ukraine within the
framework of the project 2022.01/0170 "Substantiation of aerodynamic and design parameters of a high-speed wing-in-
ground craft".

KEY WORDS: acrodynamic of unmanned aerial vehicles, wing-in-ground effect, energy efficiency of UAVs, history of WIG
systems

O. Ononpienko, B. I'oBopyxa
AHAJII3 PYHUHYBAHHS TA EOPEKTH EKPAHYBAHHS B I’€30MATHITHAX MATEPIAJTIAX

Jninposcoruti deparcasnuii azpapHro-ekoHomiunutl yuisepcumem, ey Cepeis €gpemosa, 25, 49600, [uinpo,
onopriienko.oleg@gmail.com, govorukhavb@yahoo.com

[TpoTsiroM OCTaHHIX JAECSATUPIY PO3PaxXyHKOBI MOJIENI CYLUIBHUX CEPEIOBHII HEBIIUHHO PO3LIMPIOIOTHCS B
CEHC1 BpaxyBaHHS SIKOMOTa O1UIIOT KiTbKOCTI (Di3MYHKMX BIACTUBOCTEH T Ta TMOJIB, IO MIFOTh Y HUX. OqHUMH
3 KIIOYOBUX Y IIbOMY CEHCI € METOJM PO3PaxyHKy Ta NMpPOEKTYBaHHs CMapT- (IHTENEKTyaJbHHX) MaTrepialis,
30aTHAX 3MIHIOBATH CBOI BIIACTHBOCTI, CaMOCTIHHO HAaJAIITOBYIOUHCH Ha ONTHMAJbHI PEXUMH POOOTH.
IT’e30eneKTpUYHI MaTepiaii, OCHOBHOIO BIIACTHBICTIO SKUX € 3B’S30K MK CNCKTPUYHHMH Ta MEXaHIYHHUMHU
NOJISIMH, BCE MLIMPLIC BHKOPHUCTOBYIOTH B IHTCJICKTyalbHHX €JICKTPOMEXAaHIYHHX CHUCTEMaX SK CEHCOPH,
MIEPETBOPIOBAYI Ta aKTyaTOpH. Barome miciie cepeq HOBITHIX MaTepialliB IMOCINAIOTh TaKOK MarHITOCICKTPUIHI
KOMIIO3UTH, TOOTO, BUTOTOBJICHI 3a KepaMo- YHM HAHOTEXHOJOTLSIMH TBEpAl CyMIlIi IT€30MarHiTHOI Ta
I’ €30eNICKTPUYHOI KOMITOHEHT, Y SKHX MarHiTOCICKTPHYHUIA e)eKT BUHUKAE BHACIIIOK B3a€MOIi WX ABOX (a3.
Haiinommpenimmm npukiagom takoro komno3uty € BaTiO3-CoFe204, sikuit BigzHayaeThCs JIETKICTIO, MIIHICTIO,
HAIWHICTIO Ta CTIHKICTIO 10 BIUIMBY HABKOJUIIHBOTO CEPEJOBHUINA, & TOMY IIHPOKO BUKOPUCTOBYETHCS IS
BUTOTOBJICHHS IHTEJCKTYAJIbHUX KOHCTPYKIIHHUX €JIEMEHTIB HOBOI'O MOKOMiHHA. OMHAK, HEAOCKOHATICTh UM
NOPYLICHHST TEXHOJOTIi BUPOOHUITBA ab0 eKCIUTyaTalil TAKHX KOMIIO3UTIB MOXKYThb 3YMOBHTH YTBOPCHHS HA
Me30- Ta MaKpOPIBHAX Ne(EKTiB ¥ (OpMi TOHKUX BKIIOUEHB a00 TPIIIKH, 30KpeMa MiX(a3HHX, 110, B OLIBIIOCTI
BUIQJIKIB, NMPU3BOAUTE IO PYHHYBaHHS BCHOIO KOMIIO3MTY. TOMY HpPOTHO3YyBaHHS MIIJHOCTI Ta HamiHOCTI
KOHCTPYKTUBHUX CJICMCHTIB INPWIaAiB, BHIOTOBICHUX 3 M'€30€ICKTPHYHUX/IT'€30MAarHITHUX MaTepialis,
motpelye TOCTiKSHHS 1 aHai3y MPOIeciB iX pyHHyBaHH.
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AHTHIUIOCKY 3a7ady JUIsi HEMPOHHKHOI Ta NPOHUKHOI TPILIMHY, PO3TAIIOBAHOI MIXK JBOMa Pi3HOPIIHUMH
MarHiTOEJIEeKTPONPYKHUMH MaTepialaMd MiA AI€I0 MEXaHIYHMX HABAaHT)KEHb Ta EIEKTPUYHUX 1 MarHiTHHX
TOJIiB, @ TAaKOXX aHTHIUIOCKY IedopMallito 0araTtomapoBoro I’ €30MarHiTHOr0/N’ €30eeKTPUYHOI0 KOMITO3HTY 3
MEPiOANIHAMH MDK(QAa3HHUMH TPIIIUHAMHA i II€I0 MAarHITHAX a00 eNEeKTPHYHHUX MOJIB OYJI0 PO3TIIHYTO B
poOori [1]. IToBemiHKy ABOX KOJiHEapHUX MikK(}a3HUX TPIIIUH Y MaTHITOCICKTPOIIPY)KHAX MaTepiaiax i Tiero
AQHTHUIUIOCKOTO 3CYBY Ta PO3B’SI3KH JUII OOMEXKEHO HPOHHMKHOI TPIIMMHM ab0 IBOX KOJiHEapHHUX OOMEKEHO
MPOHUKHUX TPIIIUH Y I’ €30€IEKTPUUHIX/T’€30MarHiTHUX Marepianax Oyyo JociijpkeHo B pooorti [2]. B pobori
[3] po3risiHyTO IUIOCKY 3amady sl MbEe30CIeKTPOMArHITHOTO MPOCTOPY 3 TPILN[HHOK 3 YacTKOBOIO
SJIESKTPUYHOIO Ta MarHiTHOIO NMPOHUKHOCTSIMH. [IpobieMa 3BejeHa 1O BEKTOPHOI 3a1advi JiHIHHOTO CIPsDKEHHS,
sIKa PO3B’si3aHa TOYHO. 3HAWJCHO AHAIITHYHI BUPA3W JUIS HANpPYKeHb, €IEKTPUYHUX 1 MarHiTHUX 3MIIEHb, 1X
Koe(illieHTIB IHTEHCUBHOCTI, @ TAKOX JUIsl LIIBUAKOCTI BUBLILHEHHS eHeprii. Bapro 3a3HauuTy, 1o MmareMaTuyuHi
MOJIENI 11’ €30€JCKTPUYHHUX/TI’€30MArHITHUX KOMIIO3UTIB MAIOTh IECBHI aHAJOTil 3 BiIMOBITHUMH MOJACISIMU
I’ €30eNIeKTPHYHIX MaTepianiB. OmHAK iCHYIOTh TaKOXK i crenn(idai BiIMIHHOCTI, SIKi TIOB’s3aHi 31 CKJIaIOBUMH
CJICKTPOMATHITONIPYKHUX PIBHSIHB, PI3HAMH €JICKTPHYHUMHU i MarHiTHUMH TPaHUYHHMH YMOBaMH Ha Oeperax
TPIIIUH Ta MOSBOIO HOBHUX €(EKTiB €JICKTPOMATrHITOTIPYKHOT B3aEMOII.

Ha Bigminy Bif niHIIHOT MEXaHIKH pyHHYBaHHS MPYXHAX TiJI, 33/1a9i TeOpii TPIOIMH Y I’ €30€TCKTPUIHAX Ta
MAaTHITOCTICKTPONIPY)KHAX MaTepiajax €, 3arajioM, HeNiHIHHUMH, OCKUIBKMA [ieNeKTpUYHa Ta MarHiTHa
MIPOHUKHOCTI Ta3y (3a3BHYaid, MOBITPs), IO 3aIOBHIOE MPOCBIT MIUIMHA, HE NOPIBHIOE HyIO. Biarak, 3aBxan
ICHYIOTh JIOJATKOBI, NMEPEBAYXKHO HEJNiHINHI, 3B SI3KW MK PO3KPHUTTAM TPIIIMHHU Ta PO3PUBAMHU EJIEKTPUYHOTO 1
MAarHiTHOTO TOTCHIIaNiB Ha Hill. 3aJeKHOCTI MK OCTaHHIMH YacTO OYAYIOTh, BUKOPHUCTOBYIOUH MOJICIb
HAIMIBIPOHUKHOI TPIMIMHM, U SIKOi CTPHOOK €JIEKTPUYHOI'0 YW MarHiTHOrO NOTEHIaliB MPONOPUiHHMN 10
JMOOYTKY PO3KPHUTTS Ha HOPMAJbHY CKJIQJOBY CICKTPUYHOIO 3MIIICHHS YM MarHiTHOI iHmykiii. JliHeapusyouu
i pIBHSIHHS, JUIs1 CIIPOILEHHS BBOAATH TAKOK MOJEINI HETPOHUKHOI TPIIIMHM, JUIS SIKOT €JIeKTPUYHE 3MILICHHS Ta
Mar”iTHa IHAYKIIS Ha TOBEPXHAX TPIIIMHUA € 3aJaHuMH (3a3BUYaid, HYJIbOBUMH, TOOTO, MAarHiTHHH 1
CJICKTPUYHUN KOHTAKT IOBEPXOHb BIACYTHIiM), @ TaKoXX NPOHUKHOI TPILIMHM, Ui SIKOT ENEKTPHYHUHA Ta
MAaTHITHUHA MOTEHINAN Pa3oM i3 HOPMaJbHUMH CKIIQJOBHUMH EJICKTPHYHOTO 3MIIICHHS Ta MAarHITHOI iHAYKIIi €
HETICPEPBHUMH TIPH TIEPEXOMdi UYepe3 MOBEPXHIO TPIIIMHH, TOOTO, Peali3yeThCs iNCallbHUH CNeKTPUIHHN i
MAarHITHUHA KOHTAKT. KpiM TOTO, MOBEPXHI TPILMHA iHOJI MOXKYTh OYTH BKPHUTI SIEKTPOIAMH a00 TPIIIMHA MOXKE
OyTH 3aIlOBHEHA IIPOBITHOO PinnHO0. B 000X BHIaAKaX 3aCTOCOBYIOTHCS MOJIEII €IEKTPOIPOBITHOT TPILIHHU.

OcraHHIM YacoM 3Ha4HY yBary Ipy BHBYCHHI pYIHYBaHHS, IO 3aPOPKYETHCA B I1'€30MarHiTHAX MaTepianax
NOOIU3Y BEPUIMHY TPILMHY, PHUIICHO JOCTIHKEHHIO e()eKTy eKpaHyBaHHS BEPIIMHH TPILIMHU, TOOTO SBHILY,
KOJIM PO3IMOJIIJI MarHiTHOTO IOJIsi HABKOJIO BEPUIMHHM TPILIMHHU MOM’SIKIIYE 3pPOCTaHHS TPIIUHUA Ta 3MEHIIYE
3arajJbHU KOeQIli€eHT IHTEHCUBHOCTI HANPYXXECHHS, MEPEeIIKO/KAI0YH MOIKMpeHHIo TpimuHu [4]. YucenbHa
peaizaiisi, sika BKIIOYAE HAsBHICTb e(EKTy eKpaHyBaHHS BEPLIMHHU TPIIIMHHU B IT'€30MarHiTHHX Marepianax,
BpPaxoBY€ 3B’A30K MK MAarHiTHUM 1 MEXaHIYHUM MOJISIMH, 30KpeMa IT’€30MarHiTHI BJIaCTHBOCTI MaTepiaiy,
TCOMETPII0 TPINIUHA Ta XapaKTep HABAHTAXKCHHSA. 3 OIJIAYy HA PO3BHUTOK HAHOTEXHOJIOTIH y BHUTOTOBJICHHI
MAaTHITOCTICKTPUIHUX KOMIIO3HTIB IOCIHIIPKEHHS MAarHiTOCNCKTPONIPYKHIX MaTepialliB 3 ypaXyBaHHIM e(eKTy
eKpaHyBaHHS BEPIIMH TPIMIMHH € JOCHTh aKTyaJbHHM, IIPOTE 1 3HAYHO CKJIAAHIIINM 3aBIaHHAM, SKe MOTpedye
JOAATKOBOTO JOCIIIKSHHS.

VY nasiif poOOTi pO3TISIHYTO aHTHIDIOCKY 3aAady UId Midk(pa3HOI TPIIIMHY 3 pi3HUMH BapiaHTaAMH 3MiIIaHIX
€JIeKTPUYHMUX 1 MAaTHITHUX YMOB Ha 11 Oeperax. 30BHIIIHE HABaHTaKCHHS 3a/1aHE PIBHOMIPHO PO3MOIIICHUMH Ha
HECKIHYEHHOCTI IOJISIMU MEXaHIYHHUX 3yCHIIb, SIIEKTPUYIHOIT Ta MarHITHOT 1HIYKIIi].

Sk Bimomo [3], OCHOBHI CIIBBiJHOILIEHHS JUIS 1" €30€IEKTPOMAarHiTHUX TiJT BKJIIOYAIOTh:
KOHCTUTYTHBHI CIiBBIIHOIICHHS
o-g}' = s s E?.sgi"E.s o '&s;}' Hs D:' = Gy + a:'sEs + Lr'f:'shrs B:‘ = h!’.i:.s Cis +"r’:'fz'.sEs + ¥ Hs

)

>

b

PIBHSHHSI piBHOBaru

o-g'i",J' =0 ’ E':.,!. =0 ’ B!.,!. =0 :

Ta BUpa3U I Iedopmarlii, Harpy»KeHOCTI SIEKTPHIHOTO Ta MarHiTHOTO TIOJIiB

1 — —
E{i" - T(MJ',J +MJ’,:’) E"J' - _9?1' ﬁ: - _q}:i

B aHTHIIIOCKOMY BUIIAJIKy MA€EMO:
U =y = 0’ g :u3(x1,x2)’ P= €9(x1=x2), W=w(x,x,) )

. M . . .
BanOByIO‘II/I, 1o q)yHKHll 3 , w Ta w € TFapMOHIYHHUMH, OTPHUMAHO TaKl IPCACTABICHHA MEXAaHIYHUX,

SNIEKTPUYHHX Ta MarHITHUX (akTopiB

u=®(z)+ B(Z) t=BP)+BD'(Z)
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o v=lm eyl t=[on 0B8] @@= 0.42),0,)]
(bYHKIIisSI KOMIUIEKCHOT 3MiHHOT Z=R TR

3 BUKOPHCTaHHSIM MPEACTAaBICHb KOMIIOHEHTIB IOJS Ha JIiHII pPO3MEXKYBaHHS I’ €30€JEKTPOMArHiTHUX
MarepiaiiB 4epe3 o/iHy KyCKOBO-aHAIITUYHY (PyHKIIiIO, IOCTaBlIeHy MPOOIeMy 3BEJCHO 10 KpailoBoi 3amadi, Ay
SIKOT BUIMKMCAHO TOYHUN aHANITUYHUN pO3B’s130K. Ha OCHOBI 1IbOTO PO3B’SI3KY 3HAWICHO aHATITHYHI BHpPA3U IS
KOMITOHEHT TEH30pa HalpyXeHb, BEKTOPIB IHIYKLIT €IEKTPUYHOTO Ta MArHITHOTO TOJIIB, CTPHOKIB HepeMillieHb
Ta MOTEHIIANIB eNEKTPUYHOT0 i MarHITHOTO MOJIB Ha PI3HMX AUBIHKAaX MeXi mojiry marepiamis. L{i Bemmunan
TaKOX TPEJCTaBIeHO TpadivyHO Y3I0BXK BiAMOBINHUX YacTuH iHTepdeiicy. [IpoBeeHo MOpIBHAHHS pe3yibTaTiB,
OJCP)KaHUX JUIA Pi3HUX Mojened TpiluHu. s pi3sHUX BUIIB HABAaHTaXXCHHS BH3HAYEHO OCHOBHI MapaMeTpH
pyitHyBanHs. [IpoaHanizoBaHo e(eKT eKpaHyBaHHS BEpIIMHH MiK(pa3HOI TPILIMHH B I1'€30€IEKTPOMArHITHOMY
MaTtepiani. [lokazaHo, IO B 3aJIe)KHOCTI Bifl BEMYMHH 30BHIIIHFOTO HABAaHTAXCHHS CIIOCTEPITacThCsA PIi3HUMA
BIUIMB CJICKTPUYHOTO Ta MArHITHOTO MOJIB HA OCHOBHI XapaKTEPUCTHKU IIOJSL B OKOJNI BEpPUIMHH MixdazHOl
TPIIIUHHA.
KIIFOUYOBI CJIOBA: IurenexkryampHi Matepiamn, [I’e3omarnernku, Pospaxynkosi wmogeni, Edekr
€KpaHyBaHHS BEPIIMHH TPIILUHA
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This paper discusses several problem scenarios, including anti-plane problems for impermeable and permeable cracks in
magneto-electroelastic materials, as well as the deformation of a multilayer piezoelectric/piezoelectric composite with
periodic interfacial cracks under magnetic or electric fields. In particular, considerable attention is drawn to the study of
fractures in piezomagnetic materials near the crack tip and the crack tip shielding effect, which softens crack growth and
reduces overall stress intensity, ultimately preventing propagation cracks. Numerical implementation accounting for
piezomagnetic properties, crack geometry, and loading conditions proves valuable in this study, especially in the context of
developing nanotechnologies for magnetoelectric composites.
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MATEMATHUYHE MOJEJIOBAHHA AEPOJJUHAMIKHA HASEMHUX TPAHCIIOPTHHX
AITAPATIB: IPOBJIEMH, IJIAXHW BUPIHTEHHA

Inemumym mpancnopmuux cucmem ma mexnonociu HAH Ykpainu,
eya.. [lucapoicescokoeo, 5, 49000, [duninpo, Yrpaina; e-mail: Sokhatsky _anatoly(@ukr.net

Abstract. Classical approaches to modeling turbulent flows are methods based on the use of Reynolds Averaged
Navier-Stokes equations (RANS). They are closed with the help of one or another semi-empirical turbulence
model. In this paper, we consider hybrid approaches based on the joint use of Reynolds Averaged Navier -
Stokes and Large Eddy Simulation approaches in different flow domains. They are the most common for
practical use, based on the capabilities of computing technology. To close the initial equations, the Spalart-
Allmaras turbulence model in the realization of decoupled vortices is used. A set of programs for numerical
modeling of the aerodynamics of transport vehicles has been developed. The results of numerical calculations
are presented.
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