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Kniouesvie cnosa:

KOCMHYECKHE amiaparsl JUCTaHIMOHHOTO
30HAUPOBaHUA 3€MIIH, COJIHEUHO-CHHX-
pOHHast opOuTa, MOJMMEPHbIE KOMIIO3H-
LUMOHHBIE MaTepHAIb], HAIPSLKEHHO-1e(hop-
MHUPOBAHHOE COCTOSHHE

BBepeHune

B coBpemMeHHON pakeTHO-KOCMUYECKOW TEXHHU-

Annomayus. OnHol 13 Hambomnee BaXKHBIX 3ama4 DeepanbHO KocMude-
ckoif mporpammMel Poccnu Ha niepuon 1o 2025 roza sBisieTcst Co3IaHue KOCMHUYe-
CKUX aIapaToB AUCTAHIMOHHOIO 30HAMpoBaHus 3emid. HeorbemieMoll 4acTbio
MPOEKTUPOBAHUS KOCMIIECKUX aapaToB TAKOTO KJIACCAa CUMTAETCs OIpesierne-
HME [IapaMETPOB OPOUT, KOTOpbIe Haubonee 3 (EKTUBHBI ¢ MO3ULMI HHpOpMa-
THBHOCTH, SHEProoOecIIeueHns M Cpoka aKTHBHOTO CyIIeCTBOBaHMA. B opbu-
TAJILHOM TIOJIETE TEMIIEPATYPHOE COCTOSHIE KOCMUUIECKHX aIIlapaToB CIOMXKHBIM
00pa3oM MeHsieTcs BO BpeMEeHH U IpocTpaHcTee. HeomHopoHOE TeMIepaTypHOe
TI0JTe 37IEMEHTOB KOHCTPYKIMH KOCMHYECKUX aapaToB MOYKET CTaTh MPUIUHON
HCKaXeHHs (JOPMbL, OTPUIATENBHO BIUSIOLIETO Ha BHIIOIHEHHE LENIEBBIX 3a71au.
IpennoxeHa MeToAMKa KOMIUIEKCHOTO aHAM3a WM ONpENETeHHs] MapamMeTpoB
KOHCTPYKIMH IIaTGOPMBI U3 MOJUMEPHOI0 KOMIIO3ULIHOHHOTO MaTepuaa,
BXOJIAIIEH B COCTaB KOCMUYECKOTO aIiapara AVCTAHIMOHHOTO 30HIMPOBAHII
3emimu. PaccMOTpeHbI yCIOBUS TEIIOBOTO HATPY KEHUS UL TIOJIETA 110 COJTHEUHO-
CHHXPOHHOW OpOUTE U BBINOJIHEHO MAaTEMAaTUYECKOE MOJIEIUPOBAHUE YCIOBUM
(YHKIMOHMPOBaHHUS, 00eCeunBaOIINX 3(QPEKTHBHYIO SKCILTyaTallHI0 TaKOTO
poia KOCMUYECKHX anmapartoB. IIpencrapieHs! pe3ybTaTbl MOAEIUPOBAHYS Tell-
JIOBOTO PEXUMA BapHAHTOB KOHCTPYKIMH TIIAT(HOPMEI U3 TIOIHMEPHOTO KOMIIO-
3UILIMOHHOTO MaTepuaia. MeTtoauka OyIeT Hoje3Ha P ONPEeIeHHH KOMIUIEK-
ca OpOWTANBHBIX XapAaKTEPHCTHK KOCMHYECKHX amMapaToB IUCTAHIIMOHHOTO
30HIMPOBAHNS 3EMJIH Ha HTaIle TEXHUUECKUX MPEUIOKEHHUI.

HO MOBBIIIAIOTCS, 4 YCIOBHS KCIULyaTaluy H3JEJIUs
CTaHOBSTCS BCe Oosee 3KCTpeMalbHBIMU. Tak, 3ie-
MEHTbl KOHCTPYKLIMHA CITyTHUKOB CBSI3U U JIUCTaH-

K€ MPOYHOCTHBIE U MAacCOBO-Ta0apuTHBIE TpeOOBa-
HUS, TIPEABSBISEMbIC K KOHCTPYKITUSM, HEIIPEPhIB-
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UOHHOTO 30HIUPOBaHUs 3eMIIH MOABEPTaroTCsl BO3-
JEeHCTBUSIM 3HAKOIIEPEMEHHBIX TEMIIEPAaTYPHBIX Ha-
TPY30K, PaAHallIOHHOMY H3JTy49EHHIO.

Jnst obecniedeHnst BHICOKOI BecoBoi d(dexTrs-
HOCTH KOHCTPYKIIMH IIMPOKO MPUMEHSIOTCS TPEXCIIOH-
HbIe MTaHEMM ¢ OOIIMBKaMH W3 YIJICIUIACTHKA, Ipe-
CTaBJIAIONIME COOOH cHcTeMy, KOTOpas COCTOUT U3
JIBYX BHELIHUX CPAaBHUTEIHLHO TOHKHX CIIOEB U Cpel-
Hero, Oonee TosncToro ciaos. OOMMBKY M3rOTaBINBa-
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IOT IPEUMYIIECTBEHHO U3 YTIEIUIACTHKA, KOTOPBIN
001a1aeT OTHOCHTEIIHEHO HEBBICOKOH IIIOTHOCTHIO, BBI-
COKMMU (hM3UKO-MEXAaHIMUECKIMU XapaKTCPUCTHKAMH,
HU3KUMH TEMITEPATyPHBIMU KO3(D(MHUIUCHTAMH JIHHEH-
HOTO PacUIMpEHHs. 3alOIHUTENb U3rOTABIUBAIOT U3
MaTepHaJIOB ¢ MaJIOH IIOTHOCTHIO (BCIICHEHHOTO TT0-
JIUIMEPHOTO MaTrepuaja, JIETKOro Meramia B (Gopme
COT, MIEPEMBIUeK, TO(PUPOBKH WX APYTOM KOHCTPYK-
i), OOIIMBKY UCIIBITHIBAIOT TIPOIOJIBHBIC HATPY3KH
(pacTspkeHue, cKaTHe, CIABUT) B CBOCH IIOCKOCTH U
MOTIEPEYHbIC M3TU0AIOIINEe MOMEHTHI. 3aIlOTHUTEIb
BOCIIPHHUMAET MOTIEPEYHbIE CUJIBI TIPU U3THOE U
obecrneurBaeT COBMECTHYIO pabOTy U yCTOWIHBOCTh
HECYIIMX CJIO0EB. TpeXCIOiHbIE TaHEeI! MIPU MaJIoM
Bece 00J1a1al0T MOBBIIICHHOH JKeCTKOCTBIO Ha M3THO,
YTO TIO3BOJISIET MOYYUTh 3HAYUTEIHHBINA BHIUTPHIII B
Bece ISl KOHCTPYKIWH, BOCIPHHUMAIOIINX CKUMAFO-
e ycumus. OIBIT SKCIDTyaTallud U OTPabOTKH 00b-
€KTOB C MPUMEHEHHUEM TPEXCIIOMHBIX NMAKETOB MOKa3al
BBICOKYIO 3P (EKTUBHOCTh TPEXCIONHBIX KOHCTPYK-
LM, a TOPOW — UX HE3aMEHUMOCTb.

OpnHoli u3 HamboJee BaKHBIX 00JIacTed mpuMe-
HEHUSI TPEXCIONHBIX KOHCTPYKIIUN ABJISAETCS UX HC-
MOJIb30BaHUE AJIA 33J1a4 OKOJIO3EMHBIX KOCMHYECKUX
MIOJIETOB HAa HU3KUX OPOWTAaX C IETbI0 TUCTAHIIHOH-
Horo 3oHmupoBanms 3emin (/133). Crytaukm 133
MpeIHa3HAYCHBI IS U3YYCHUS 36MHOM MTOBEPXHOCTH
Pa3IUYHBIX MECTHOCTEH U PETHOHOB, BBHISBICHUA
3aJIeKEeH MOJIE3HBIX HMCKOMAeMBIX, aHOMAJIbHBIX SIB-
JIeHUH TIpUpOo/bl (II0XKapoB, HABOAHEHUM, 3eMIIeTps-
CCHUI, U3BEPKEHUI BYJIKAHOB U T. 1.). B HacTosee
Bpems co3nanue cucteM /133 BXoauT B cocTaB Qee-
pajJbHOM KOCMHUYECKOW MpPOrpaMMbl U SBIISIETCS OJI-
HUAM W3 TIPUOPUTETHBIX HAIIPABIICHUN I Pa3BUTHUS
PaKETHO-KOCMHUYECKOH MpOMBILLIEHHOCTH B Poccuu.
Crytaukamu cBs3u U J[33 3aHMMAOTCS Takue KOM-
nanunu, kak Lockheed Martin Commercial Space

BopToBoii eneBoit koMmriekc
[Airborne target complex]

Systems, Orbital Sciences Corporation, Boeing Satel-
lite Systems, Space Systems/Loral, EADS Astrium,
Thales Alenia Space, AO «MICC», AO «BHUNIM»
U ST APYTHX.

[ToBbIIeHNEe PKOHOMHUYHOCTH M HAJIEKHOCTH
kocMuueckux ammapaToB (KA) Hepa3pbIBHO CBsI3a-
HO C BO3MOKHOCTHIO YMEHBIIICHUS MaCChl KOHCTPYK-
[IUH TIPY COXPAHEHHUHU WU JJaKe TIOBBIIIEHUH MTPOY-
Hoctu. PemeHne mpoOjemM B 3TOM HampaBiIeHUU
CBSI3BIBAIOT C Pa3pa0O0TKOW HOBHIX BHIOB OOIIMBOK
W 3aroJIHUTENIEd B TPEXCIOWHBIX KOHCTPYKIUSX.
AKTyanbpHOM 3amauell ABIsSETCS CO3JAaHUE METOHa
pacdeTa U ONTUMHU3AINHI KOHCTPYKIIUU MHOTOCIIOM-
HOW TaHeIW C YYeTOM pa3JIMYHbIX TPeOOBaHUHU,
00yCIIOBIIEHHBIX MX AKCIUTyaTanuel, 0COOEHHOCTHIO
W3TOTOBJICHHUS, & TAKXKE TEXHOJIOTHYECKUX OTPaHH-
yeHuil. PaboTel B maHHOI 00JacTH BEAyTCS CIICIU-
amuctamu CHIA, ®@pannun, Anonuu, KHP, Poccun
[1-13].

Ha ocHoOBe BBINIECKa3aHHOTO 1IN0 HACTOS-
el paboThI SBISICTCS OMPEIEICHUE TEIIOBBIX
Harpy30K M HaMpsHKEHHO-Ie(OPMHUPOBAHHOTO CO-
CTOSTHHSI DJIEMEHTOB KOCMUUecKoro ammapara J[33
JUIs BEIOOpa M 0OOCHOBAHUS MAaTEPHANIOB, MO3BO-
JSAIOMUX JOCTUYh PalMOHANIBHBIX BECOBBIX Iapa-
METpOB.

1. KomnoHoBKa KkocMmuieckoro annapara 433

B onHOM M3 KOHCTPYKTHBHBIX BAPHAHTOB MCIIOJI-
HeHnst KA mMeer hopMy mpsMOYToJIBHOTO Tapaiiie-
JeNHIIe1a, SIEMEHTHl KOTOPOTO COEIMHEHBI MEXTY
co00¥ 1 TIOJICOEAMHEHBI K TIEPEXOAHOM pepme (puc. 1).
s ynoGceTBa cOOpKH M MOHTaKa MPUOOPOB ammapaT
paszerneH Ha JBa OTCEKa: OTCEK INOJE3HOH HarpysKu
(OopToBOi 11€TIEBOI KOMIUIEKC) U OTCEK CITy>KEOHBIX
cucteM (cimyskeOHas mathpopma).

CnysxeOHas mardpopma
[Service platform]

Puc. 1. O6wwii Bug KA 133
[Figure 1. General view of the remote sensing spacecraft]
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OcHOBHBIE TPpeOOBaHUS K MHOTOIICICBOM CITyKeO-
HOH mmaTtdopme, 00yCITIOBICHBI €€ KOHCTPYKTHBHO-
KOMIIOHOBOYHON CXEMOM: MMHHUMAaJbHbIE TabapUTHI
U Macca, COXpaHEHUE HCXOJHBIX rabapuTOB MpH
BO3JICHCTBUM BHEUIHUX U BHYTPEHHUX UCTOYHHUKOB,
MHHUMAJIbHBIE KOHCTPYKTHBHBIC U3MEHEHHS MPH yC-
TaHOBKE Ha Hee IleNieBoil ammaparypsl KA, MuHH-
MaJbHBI 00hEM Ha3eMHOMN IKCIIEPUMEHTAIBHON OT-
paboTKH, yA0OCTBO IKCILTyaTaIHH.

[TnaTdopma KA mpeacrasiser coboii pazmepo-
CTaOWJIBHYIO HECYIIYI0 KOHCTPYKIIMIO, HE HMEIO-
LIIyI0 TepMETUYHBIX OTCEKOB. [laHenu oTceKoB
UMEIOT BUJI TPEXCIONHOW KOHCTPYKIMHU, COCTOSIIEN
W3 COTOBOTO 3alOJHUTENS aJIOMUHHUEBOrO CILIaBa,
JIBYX JICTOB OOIIMBKHU U3 YIIEIIACTHKA, TETJIOBBIX
TpyO, MpeAHa3HAYEHHBIX IJIs1 BHIPABHUBAHUS TEeM-
MepaTypHBIX MOJIEH, a TaK)Ke 3aKIaIHBIX JIEMEHTOB
JUIs KperuieHust anmapatypbl. CoJqHeuHble Oarapen
COCTOSIT M3 JIByX MaHENedl MO YeThIpe CEKIUHU
KaXK7asl.

2. MogenupoBaHue ABNXEHUS
KocMuuyeckoro annaparta 433 no opbuTte

[Ipexne Bcero, npenbsBisieMble (yHKIHOHAIb-
Hble TpeboBanus k KA /133 BIUSIOT HA X TUHAMU-
YecKHe XapaKTepUCTUKH, TO €CTh Ha padodylo op-
outy. bbuta cocTaBneHa mMareMaruyeckas MOJIENb
muHamuku aemkeHus KA JI33 mo opOute u ycio-
BUIl ero (yHKIMOHUPOBAHHA. JTa MOJIENb PeaIn30-
BaHa B IporpaMMHO# cpene Matlab, mo ee pesyib-
TaTaM [IPOAaHAJIU3UPOBAHBI XapaKTEPUCTUKH OpOu-
o1 KA /133 [13]. PacueT maremarnueckoi MOAETH
ompezenuia napaMeTpsl padboueit opoutsl mia KA
J33: BeicoTa opOuTs £ = 514 KM, HAKIIOHEHHE Op-
ouTel i = 97,4°, MecTHOE BpeMs TIPOXOXKICHHSI BOC-
XOASIIero y3na mq = 6 h. Tun opOUTBI — OKOJIO-
KkpyroBas (¢ skcueHTpucuteToM e = 0,00135), con-
HEYHO-CUHXPOHHAs!, KpaTHas (TIepHoJ KPaTHOCTH —
14 cyToKk).

3. MogenupoBaHue TemnepaTypHOro nons

1 HanpsbkeHHo-AedOoPMUPOBAHHOIO COCTOSHUS
pasmMepocTabuIbHbIX 3J1IEMEHTOB
KOHCTPYKLM KOCMUYECKOro annapara

Bnusinue xocmuueckoro mpocrpanctsa Ha KA
CKJIa/IbIBaeTCad U3 CyMMBI KOPOTKOBOJHOBOI'O 3JIEK-
TpoMarautHoro m3nydenus (OMU), cocrosimero kak
U3 JJTMHHOBOITHOBOTO yibTpaduoneroBoro (YD), Bu-
JMMOTO U KOPOTKOBOJIHOBOTO MH(ppakpacHoro (MK)
crnexktpoB OMMU, Tak u u3 anuHHOBoJHOBOoro MK
OMMU (remmoBoro usnmydeHus). CIEKTp COTHEIHOTO

ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

M3ITyYCHHS COCTOUT B OCHOBHOM M3 MEpBBIX Tpex DM,
a mmHHOBOIHOBOEe MK OTHOCHTCS Kak K COOCTBEH-
HOMY TEIUTOBOMY HM3JTyYSHHUIO 3eMJIH, TaK M K TETUIO-
BbIM TIOTOKAM U3ITyYEHHUS MEXKIY 3JIEMCHTaMU KOH-
crpykuuit KA.

ITox Bo3metictBreM OMU B CHIIOBBIX KOHCTPYK-
usix KA BO3HHMKAIOT TeMIlepaTypHbIe aehopMalivi,
KOTOpBIE BIUSIOT Ha pa3Mepbl U (HOPMY OCHOBHBIX
anemenToB KA /133, Haxomsmerocss B yCIOBHUAX
9KCIUTyaTalluy Ha OpOUTe.

JlJ1s OlleHKH M3MEHEHUs TEMIIEPaTypPHOTO OIS
W BIMSHUS €TO0 HAa HaMpPSKEHHO-Ie()OpMUPOBAHHOE
COCTOSIHHE Pa3MepOCTaOMIIbHBIX 3JIEMEHTOB KOHCTPYK-
uun KA /133 3amaHbl ycioBUS, COOTBETCTBYIOIIUE
JIBIDKEHUIO 110 OTPEIeTICHHON BBIIIE COMHEYHO-CHH-
XpoHHOU opbute. Pacmpenemenue TemmepaTypHOTO
NOJS ¥ HATPSDKEHHO-1e(OPMUPOBAHHOE COCTOSHUE
B KOHCTpykimu KA paccmarpuBaiuch B TeueHHE
rojia ToJjieTa Mo OpOWTEe, B CBSI3M C YEM BBIOpAHBI
YeThIpe HanOoJee oKa3aTeNIbHbIe TOYKH H3MEHEHUSI
CBETOTEHEBOW OOCTAHOBKH: 3UMHEE M JIETHEE COJIH-
LIECTOSIHNE, BECEHHEE U OCEHHEE PaBHOJICHCTBHE.

B kadecTBe mccnenyeMbIX JIEeMEHTOB KOHCTPYK-
UM B pabOTe PacCMOTPEHBI TuIaT(GopMa, COIHEUHBIC
Oarapen u pedekTop aHTEHHEL. [ eomeTpruieckie Mo-
e paspaboTraHbl s ToIatGopMel B GopMme Ima-
pamtenenunena pazmepamu 1600x2000x2000 mm,
TIaHEeJN COJTHEYHBIX Oarapeit pazmepamu 8000% 1700 mwm;
pednekropa anTeHHBI guameTpoM 1200 MM U BBICO-
toit 100 MmM. HeoOxomumele ISl MOJSITHPOBAHUS
JTAHHBIC TIO TEIIOPU3UUECKUM XapaKTCPUCTHKAM 3a-
HMMCTBOBAIUCh U3 CIpaBoyHUKA [14], a mo omrtuye-
CKHM XapakTEepPUCTHKaM M3 cipaBodHuka [15]. Mo-
JIeTUPOBaHNE TPOBOAMIOCH B MPOTPAMMHOM KOM-
mwiekce NX. CTpomnach KOHEYHO-3JIEMEHTHAs MO-
nmens KA JI33 co cpemHMM auaroHajdbHBIM pa3Me-
poM KoHeuHoro 3yeMeHTa He Oonee 100 mM. [lapa-
METPHUECKOE MOJAEIMPOBAHKME BBIMOJIHIIOCH C MO-
Mometo Moayns NX/Space Systems Thermal B xo-
TOPOM 3aJlaHbl TapaMeTpbl OpOUTHI, opreHTarHss KA
B MPOCTpaHcTBe, NoiokeHne CoJHIA OTHOCHTEINb-
HO opOuThl. OTHIENBbHBIE PE3yNIBTATHI IO OIpeIee-
HUIO TEMIEPaTyPHBIX MO U HaNpspKeHHO-aedop-
MHUPOBAHHOTO COCTOSIHUSI DJIEMEHTOB KOHCTPYKLUI
MIpUBEJIEHBI Ha puc. 2—4.

W3 pe3ynbTaToB mapaMeTpruuecKoro MOAEIupo-
BaHUS ONpEAENEeHO, YTO paclpesesieHHe TeMIlepa-
TYpPHOTO TIOJISl B TeUEHHE roja MeHsercs ot —70 1o
+88 °C (puc. 2, 3), a nepeMenieHns: B KOHCTPYKIIHH
He TpeBbImaioT 18 MM (puc. 4), 9TO YKJIaIbIBACTCS
B JIMana3oH JOMYyCTUMbBIX 3HadeHuil. Kpome Toro,
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YCTaHOBIIEHO, YTO AJIs OoJiee AETaabHOIO aHalu3a
HAaIpsLKEHHO-1e(pOPMUPOBAHHOTO COCTOSHUS JJIEMEH-
ToB KoHCTpYKImii KA /133 u3 monuMepHbIX KOMIIO-
3ULUOHHBIX MaTEepPHajOB HEOOXOOMMO BBITIONHATH
pacder Bcero ammapara HM3-3a BO3MOXHOIO 3aTeHe-
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HO-J1€()OPMHPOBAHHOE COCTOSHUSI JJIEMEHTOB KOH-
ctpykuni KA J133.
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Puc. 2. TemnepaTypHoe none B KOHCTpYKuUmn KA nog, BAnsHMEM Harpesa noTokamMu TenioBoro nanyydexmns ot ConHua
B NEpMOL 3MHET0 COJTHLIECTOSIHUSA 1 3eMnu (TEHEBas YacTb BUTKA), °C
[Figure 2. The temperature field in the spacecraft structure under the influence of heating by thermal radiation fluxes from the Sun
during the winter solstice and the Earth (shadow part of the orbit), °C]
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Puc. 3. TemnepaTtypHoe none B KOHCTPYKLUMM KA noa BAMSHMEM Harpesa NoTokamun TEN0BOro nanyyexHms ot ConHua
B NepVo, BECEHHEr0 PaBHOAEHCTBUS 1 3eMin (OCBELLEHHAs YacTb BUTKA) Ha OCBeLLEeHHON cTopoHe KA, °C
[Figure 3. The temperature field in the spacecraft structure under the influence of heating by thermal radiation flux from the Sun
during the spring equinox and the Earth (the illuminated part of the orbit) on the lightened side of the spacecraft, °C]
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Puc. 4. O6wwime nepemeLeHms B KOHCTPYKLMKM KA nog BAvsSIHAEM Harpesa noTokamu TEMI0BOro nanyvennst ot ConHua
B MEPUOA, 3MHEr0 COJTHLLECTOSIHMA 1 3eMnn (OCBELLEHHAs YaCcTb BUTKA), MM
[Figure 4. General displacements in the spacecraft structure under the influence of heat fluxes from the Sun
during the winter solstice and the Earth (illuminated part of the orbit), mm]
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Puc. 5. l'eomeTpuyeckas Moaesb afiemMeHTa paamepoctabunbHoi nnatdopmel KA 133 ¢ o6LwmBkamMm n3 yrnennacrmka
[Figure 5. Geometric model of an element of the dimensionally stable remote sensing spacecraft platform
with carbon-epoxy composite material plating]
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Puc. 6. ﬂ,ed)OpMaLI,MI/I B nNepneHgnkynsapHoOM K obLImMBKam HanpasJsieHn B COTax nop BaAnaHMeM Harpesa notokaMmum TenioBoro

n3nyyeHns ot ConHua B Nepuoa BECEHHErO PaBHOAEHCTBUS U 3eMin (OCBELLLEHHAs YaCcTb BUTKA) HA OCBELLEHHOM cTopoHe KA

[Figure 6. Deformations in the direction perpendicular to the sheathing in the cells under the influence of heat flux from the Sun
during the spring equinox and the Earth (illuminated part of the orbit) on the illuminated side of the spacecraft]
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Ha puc. 5 u 6 npuBeneHsl OTAETbHBIE PE3YIIb-
TaThl pacueTa HaAIPsSKEHHO-Ae(HOPMUPOBAHHOTO CO-
CTOSIHHISI B DJIEMEHTE pa3MepoCTaOmIbHOM Tu1aTdop-
Mbl KA /133 ¢ o0mmBKaMu u3 yriemiacTika Ha oc-
HOBE YIJIEPOAHOH JICHTHI M aJJFOMUHHEBBIM COTOBBIM
3aII0JTHUTEIIEM.

3aknoueHne

[Ipeanoxena MeToAMKa ONpeAEiIeHHUs] TeMIepa-
TYPHOTO U HAIPsKEHHO-IE(OPMUPOBAHHOTO COCTO-
STHHSL 37IeMeHTOB KOHCTpykiuuid KA JI33 ms Bb16O-
pa paluMoOHAIBHBIX KOHCTPYKTHBHO-KOMIIOHOBOYHBIX
pelIeHu, KOTopasi TTIO3BOJISIET YIUTHIBATS!

— nuHaMuKy nosera KA mo opbute; B yacTHOCTH
MIPUBEACH pacyeT Ui OPOUTHI CO CIEAYIONIMMH pa-
0ourMH MapaMeTpamMu: BbIcOTa OpOUTHI 1 = 514 KM,
HaKJIOHEHHE OpOHUTHI i = 97,4°, MecTHOE BpeMs Ipo-
XOK/ICHHUS BOCXOAIIETO y371a Mo = 6 h, THIT OpOUTHI —
oKoJIOKpyroBas (c skcueHTpucuteToM e = 0,00135),
COJTHEUHO-CHHXPOHHAs, KpaTHas (IIepHoj KpaTHO-
cth — 14 cyTOK);

— temnoBeie nmoToku Ha KA JI[33 ot ComnHia,
psIMOe M3ITydeHHe 3eMITH U OTPaXEHHOE OT 3eMIIH
mydeHne CoJHIIa;

— 3aTE€HEHHE U MepeoTpakeHNe dJIeMEeHTaMH KOH-
crpykuun KA /133 mpu MomenupoBaHUM Temio00-
MeEHa;

— HaIpsKEHHO-Ae()OPMHPOBAHHOE COCTOSIHHE
KOHCTPYKTUBHBIX 3nemeHToB KA JI33 Ha ypoBHe
CTPYKTYpHI MaTepuaiia (B OOIIMBKAX M COTAaX TPEX-
CJIOWHBIX COTOBBIX ITaHEIEH ).

Mertoarka MOXeT MPEACTaBIATh HHTEPEC Ha Ha-
YallbHBIX 3Talax MPOCKTHUPOBAHHS JIEMEHTOB KOH-
crpykmuii KA JI33 ¢ mpuMeHeHHEeM MOJUMEPHBIX
KOMITO3UIIMOHHBIX MaTE€PHUAaJIOB.
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Abstract. One of the most important tasks of the Federal Space Pro-
gram of Russia for the period until 2025 is the creation of spacecraft for
remote sensing of the Earth. An integral part of the design of this class
spacecraft is the determination of the parameters of the orbits that are most
effective from the standpoint of information content, energy supply and
the duration of active existence. In orbital flight, the temperature state of
spacecraft in a complex way varies in time and space. The inhomogeneous
temperature field of the structural elements of spacecraft can cause shape
distortion, which adversely affects the performance of targets. A technique
for a comprehensive analysis and determination of the platform composite
design parameters, which is part of the spacecraft for remote sensing of
the Earth is proposed. The conditions of thermal loading for flight in a sun-
synchronous orbit are considered and mathematical modeling of the opera-
ting conditions that ensure the effective operation of such spacecraft is per-
formed. The results of modeling the thermal regime of options for compo-
site platform designs are presented. The technique will be useful in deter-
mining the complex of orbital characteristics of the Earth remote sensing
satellite at the stage of technical proposals.
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oOTeKaHue TIOBCPXHOCTH, KOHCYHBIC DJI€-
MCHTbBI

BBepeHune

AdponMHaMUKa SBISETCS OOHUM H3 OCHOBHBIX
(baxTOpOB, BIMSIOIINX HAa XapaKTEPUCTUKH CaMOJIeTa,
BKJIIOYasl TOIUTMBHYIO 3((EKTHBHOCTD, aKyCTHYECKHE

b xu Cepeeit B,

4

, acTIMpaHT, acchcTeHT Kadenpst CM-13 «PaxerHo-

Annomayus. TIpu IPOEKTUPOBAHUH CAMOJIETOB OOJIBIIOE BHIMAHUE yoe-
JISIETCsI KPbULYy KaK OJHOMY U3 HauOoJee OTBETCTBEHHBIX JIEMEHTOB ILIAHEpA.
Bo Bpems pa3paboTku HEOOXOAUMO UMETh YETKOE IPEACTABICHUE O MOCIEI0-
BaTENBHOCTH JICHCTBHIA, CTEIICHN BIMSHUS Pa3INIHBIX (aKTOPOB M OCOOCHHO-
CTel pacyeTa Ha CPOKHM IIOJTy4YEHHUs U Ka4ecTBO pesyJibrara. Kpome Toro, camo
HPOEKTUPOBAHUE TAKOI'O IEMEHTA KOHCTPYKIIMU SIBIISIETCS CIIOKHOW KOMILIEKC-
HOM MyJIbTUAUCLMILIMHAPHON 3ajauell, 3aTparuBarollell pa3auuHble obnacTu
HayKy, KOTOpask 3HAYMTEIIBLHO YCIOXKHAETCSA C IPUMEHEHHUEM MOIMMEPHBIX
KOMIO3UIIMOHHBIX MatepuaiioB (ITKM). B paMkax peliieHus: akTyanbHOH 3a/1a-
4 110 COCTABJICHUIO METOAMKH MpOoeKTHpoBaHus kpbuia u3 [IKM, npumensie-
MOI1 Ha HauyaJbHBIX 3TaNax ¥ yYUTHIBAIOIIEH BBIOOP BHEIIHEro 00JMKa, 000c-
HOBAaHUE KOHCTPYKTHBHO-CUJIOBOW CXEMBI U OTAEIBHBIX CHIOBBIX 3JIEMEHTOB,
HE0OXOMMO ONpeeNHuTh CTENIeHb BIHMAHIS AedopManiy Kpbiia Ha HOTydae-
MbIE€ HAarpy3KH, MCIOJIb3yEMBIE IIPU pacueTe U ONPEJEICHUN N1apaMETPOB U3-
Jenus. B pabote paccMoTpeHO 00TeKaHUE BO3LYIIHBIM IOTOKOM KpbLla Iac-
Ca)KUPCKOT0 aBHalaiiHepa M INPOaHAIM3UPOBAHBl BEIMYUHBI AABJICHUS IPU
pa3nuuHBIX pexumax nosera. IIpoBeneHO cpaBHEHHME MCXOIHOH TeopeTHde-
CKOM TIOBEPXHOCTH KpbLIa U Ae()OPMUPOBAHHOMN IIPU MOJIETE, a TAKXKE OIpesie-
JIEHO Pa3JIM4YUE B HATPY>KEHUU PACCMOTPEHHBIX BaApUAHTOB. Pe3ynbraTsl Oy1yT
YYTEHBI U UCIIOJIB30BaHbI IIPH COCTABICHUH METOAUKU IPOEKTUPOBAHKS KpbLla
n3 [1IKM Ha ocHOBE mapamMeTpuIecKoro MOJETHPOBAHKSI.

3 QEKTHI, a TaKKe HArpyKEHHs ero 3JIEMEHTOB U ar-
peraroB. Ha aspommHamMpdeckre XapakTepUCTHKH OKa-
3bIBAIOT BIMSIHUA Takue (PaKTophl, KaK KOMIIOHOBKA [ 1]
¢ yuetoMm jaBuratens [2] u mexanuzanuu [3], oOmeme-
HEHHE TTOBEPXHOCTH IIPH MoJIeTaxX B 0OIaKax ¢ pa3iiid-
HBIM (ha30BBIM cocTtaBoM [4; 5]. Haubosblee duciio
WCCIIEIOBAaHUI B 00IACTH a3pOIMHAMUKK COCPEHOTO-
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YEHO Ha M3YyUYCHHUH PA3JINYHBIX HOBBIX BAPUAHTOB KOH-
CTPYKIIMH ¥ TeoMeTpudeckux Gopm [6] ¢ mocemyro-
MM CPaBHEHUEM SKCIIEPHUMEHTAIBHBIX JIAHHBIX C pe-
3yJIBTATAMH YHCIICHHOTO MOJICTUPOBAHUS U HX O0b-
eMHEHNEeM B pacuerax [7]. OmHaKo Takke MPOBOISIT-
CA pa60TI)I M0 M3Y4YCHUIO BJIMAHUA TCOMCTPHUCCKUX

AEROSPACE ENGINEERING



BapaHoscku C.B., Muxarinosckuii K.B. BectHuk PYH. Cepusi: iHxeHepHble nccneposanus. 2020. T. 21. Ne 3. C. 166-174

XapaKTEepPUCTHUK KpblJla Ha a’3poAMHaMHUKY [8] mpu pas-
JIMYHBIX PeKAMax ImojieTa [9], B TOM Ymuciie s ajiar-
TUBHBIX KpbUTheB [10]. YuuThIBacTCS MHOTOIMCITH-
IUIMHAPHOCTH 3afaun [11], pemenne u onTUMaibHbIE
Pe3yNBTaThl KOTOPOU AOCTUTAIOTCS C TIOMOIIBIO TIPH-
MEHEHHsI pa3IMdHBIX METO/IOB, TAKMX KaK T'eHEeTHde-
CKHe anroput™msel [12], Tomomoruyeckas ONMTHMH3A-
uus [13], conpsbkeHHbIX rpagueHTos [14]. U3 Beie-
M3JI0KEHHOTO TIOHSATHO, YTO TIPOBOIMMEIE PaOOTHI 3a-
TparuBaroT MHO>KECTBO BOIPOCOB M3 00JACTH a’po-
JUHAMMKH, KOTOpbIE TPYJIHO OJTHOBPEMEHHO YYECTb
IIPY TIPOSKTUPOBAHWUH U3JIEIIHIA, B TOM UHCIIE U3 KOM-
TTO3UIIMOHHBIX MaTepuaioB [15—17], moaToMy Hammaue
YHUBEpPCATIbHOW MeTOAMKH [18] MO3BONUT MOTy4HTH
MIEPBUYHYIO0 KOHCTPYKIIMIO KPBUIA C YIETOM OCHOBHBIX
(haxTOpOB.

Lenp HacTosmIeH pabOTHI 3aKITI0YAECTCS B aHAH-
3¢ BIUSHMSA ydeTa aedopManun Kpbuia Ha ONpeaes-
eMble a’3pPOAMHAMHIYECKHE HArpy3KH Ha JTare Tpo-
eKTHBIX PacdeToB JUIsl 0OeCIIeYeHHs CO3/IaHHs OITH-
MaJIBHBIX KOHCTPYKTMBHO-CHJIOBBIX CXEM W3 IOJH-
MEPHBIX KOMIIO3UITUOHHBIX MaTepuaioB ([IKM).

1. UcxopgHble AaHHble

OOBEKTOM HCCIIeIOBAaHHS BHIOPAHO CTPEIIOBH/I-
HOE KpBUIO NaccakUpcKoro aBuanainepa [19] pa3ma-
X0M 35 M cO cHpsIMJICHHBIM Yy4acTKOM M HECHMMET-
PUYHBIM a3pOAMHAMUYECKUM mpoduieMm (puc. 1).
PaccmatpuBanack n30a1poBaHHas TOBEPXHOCTb.

Puc. 1. BHewHun Bng Moaenu kpbina
[Figure 1. View of wing model]

Pacuer mpoBoamiics s KpelcepcKoro pe-
>)kuMa mojera Ha BbicoTe 11 500 M co ckopocThio
242 wm/c. PaccMaTpuBaioch HECKOJIBKO YTJIOB aTaku
(0, +11,—=7°), COOTBETCTBYIOIIUX PA3TUUHBIM PEIKU-
MaM TIoJIeTa.

Brruncienns npoBOAMINCH C IOMOIIBIO METO-
Jla KOHEYHBIX 00BEMOB B MIPOrPAMMHOM KOMILIEKCE
ANSYS, B KOTOpOM pealii30BaHO PEIICHUE YCpel-
HEHHBIX 10 Pefinonbacy ypaBaennii HaBbe — CTOK-
ca (RANS) ¢ npuMeHeHnemM Monenu TypOyJIeHTHO-
cTh k—€. Bo3ayX cunTancs COBEPLICHHBIM ra3oM,
rmapaMeTpsl CTAaHIApPTHOW aTMoc(epsl B3SATHI 1O
I'OCT 4401-81. Ilpu pacuere obecrneunBaics Kpu-
Tepuii cxoxenus 10 (TouHOCTh penrenus).

ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

Mopenb uccienoBaHus MpecTaBsieT coboi ma-
pautenenuriel. PaccrossHue oT kKpas pacdeTHOH 00-
JIaCTH 10 0OBEKTa UCCIIEOBAHNS COCTABIISLIO 5 IITHH
Xxopa Ans yckopeHus pacuetoB [20]. ITapamerps! Ha-
OeraroIero MmoToKa, COOTBETCTBYIOIINE PEKUMY T10-
JieTa, 3a/1aBaJiCh Ha (DPOHTAFHYIO TIOBEPXHOCTD, HC-
TEKAOIIUH TIOTOK — Ha THUIBHYIO TIOBEPXHOCTS (pHC. 2).
Ha xpplnie 0TCyTCTBYET CKONIBKEHHE, TO €CTh CKOPOCTh
MOTOKA Ha MMOBEPXHOCTH paBHA HYIIO, HA OCTATBHBIX
MOBEPXHOCTSIX — cBOOOAHOE TeueHue. [locTpoena He-
perymsipHas o0ObeMHasi TeTpadpanbHas ceTKa C JIUC-
KpeTr3alieil y MOBEepXHOCTH KPBUIA U TATHIO CIIOS-
MH TPU3MATHUECKUX sUeeK Ui ydeTa T'paHMYHBIX
3¢ deKTOoB.

1 2
%
= e
— e
A ] b
—_— —
B

Puc. 2. Cxema pacyeTa:

1 — BO3AyLIHasA cpena; 2 — Kpbio; NoToku: A — HaberaioLwmii;
b — ncTekatowmin; B — ycnosue cummeTpumn
[Figure 2. Design schedule:

1 - air; 2 — wing; flow system: A —inlet;

B - outlet; B — symmetry condition]

i sl [—

Puc. 3. BapuaHTbl KPbUIbEB:

1 —yron ataku +11°; 2 — HepedopMMpoBaHHOE;
3 —yron ataku 0°; 4 — yron ataku —7°
[Figure 3. Wing form:

1 - angle of attack +11°; 2 — undeformed;

3 - angle of attack 0°; 4 — angle of attack -7°]

[IpoBeneHo MonmennpoBanue OOTEKaHUS KpbLIa
HCXOIHON Heme(hOpMUPOBAHHON TEOMETPHH TIPH TPEX
yraax atakd. [lomydeHHbIC 3HAYCHUS JaBICHUNA OBLIH
HCIOJb30BaHbl B KauecTBE HAarpy3oK INpH pacyere
HaNpPsHKEHHO-1e()OPMUPOBAHHOTO COCTOSHUS, B pe-
3yJbTaTe MOJAEIHPOBAHUA KOTOPOTO TAKXKE ONpese-
JeHbl Tpu (opMbl Aedopmanuu Kpeuia (puc. 3).
Ha ocHoBe momy4eHHBIX MepeMelIeHU B KOHCTPYK-
LU BBINOJIHEHBI T€OMETPUYECKUE MOJEIH H30THY-
TOTO B TOJIETe€ KPbUIa M MPOBEAEHO HCCIeI0BaHHe
00TeKaHus MOBTOPHO IS K0T 0.
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2. Pe3ynbTathl JaBIICHUS p(f) o MpoUITI0 KpbUla B Pa3iIUYHbIX

napamMmeTpuiyeckoro mogenvpoeaHusa
CCUCHUAX IJId paCCMOTPCHHLIX BapUaHTOB HECKOJIb-

B pesynbTate napamMeTpuueckoro MoJeIHpoBa- KUX pacueTHbIX ciydaeB (0° — puc. 4; +11° — puc. 5;
HUsI TIOJTy4CHBI U NPOAHAIM3MPOBAHEI 3HAYCHHS JaB-  _7° _ pyc. 6), Te X — OTHOCHTEJIbHAS KOOpIHHATA
JICHUS] TIO KPBULY, TEMIEpaTyphl, Xapakrep oOTeka- TOUKH IIPOPHUIIS.

HUs Kpbuta. [IpeactaBnensl rpadyky pacnpeneaeHus

p, klla

R T

il

W/

0

0,0 0,1 0,2 0,3 0.4 0,5 0.6 0,7 0,8 09

Puc. 4. Pacnpepenexvs nasneHns p(Y) no NPodWIo KpbiNa Npu yrie atakn q=0°:
HenedOopMUPOBaHHOE (—— ) 1 AePOPMUPOBAHHOE (—— ) KPbIbs
[Figure 4. Air-load distribution p(X) over the wing profile at angle of attack a=0°:

undeformed ( ) and deformated (——) wings]
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Puc. 5. Pacnpenenenuvs pasneHmsa p(?) no NPoduIo Kpbiia Npu yrie atakm o = +11°:
HeaedopMUPOBaHHOE (—— ) U AePOPMUPOBAHHOE (——) KPblSbS
[Figure 5. Air-load distribution p(?) over the wing profile at angle of attack a = +11°:

undeformed (——) and deformated (——) wings]
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Puc. 6. PacnpeaeneHus naBneHuns p(?) no NpPoduIo Kpbina Npu yrie atakm a = 7°:
HepedopmmpoBaHHoe (—— ) n 4edbopMUPOBaAHHOE (—— ) KPbIbst
[Figure 6. Air-load distribution p(?) over the wing profile at angle of attack a = 7°%

undeformed (—— ) and deformated (—— ) wings]
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[Ipu yrne araku 0° B cedenuu | nedopmarium
MUHUMAJIbHBI, HO OOJbIle, YeM B KOPHEBOM cede-
Hud, u coctaBiaoT 0,5-1 %. Haubonpmee pasmu-
YHe B BEJIMYMHAX JABJICHUS HAOJIONACTCS M0 HOCO-
BOM YacTH HaBETPEHHOW CTOPOHBI (KPBUIO HMEET
KPYTKY — YTOJI YCTAaHOBKH Y KOPHS paBeH 3°), Mak-
cuMalibHOe paznuume coctasnger 1,5 %. B xBocTo-
BOH W cpelHEH 4YacTH CeueHWsl 3HauYeHUS HMEIOT
OIMHAKOBBIN Xapakrtep, paznuune He Ooxee 0,5 %.
C yBenuueHueM JehopMallii KpbUla W3MEHSIOTCS
U BennuuHbl nasieHuil. g ceuenus II B HocoBoi
YacTH, a TaKoKe U HIKHEH OOIIMBKU pa3iyuiue J10-
cruraet 3 %. B xoH1eBoit yactu kpsina (ceuenue I1I),
BBUJly HauOOJIBIIIErO OTKIOHCHUS, pa3inyue B 3Ha-
YEHHSIX BEIMYMHBI IABIEHUS MaKCUMAIIbHO U COCTaB-
nser 7 % B HOCOBOI 4acTH C yMEHbBIIIEHHEM B XBO-
ctoBoit 710 0,5 %. 3HaueHus i nehOPMUPOBAHHO-
ro kpeuta Beime. CTOUTh OTMETHTH, YTO JJIS Jie-
(hopMHPOBAHHOTO KpbUTAa TPU OOJIBITUAX 3HAYCHUIX
caMmo pacrpeielieHue uMeeT Ooliee IIaBHBIH Xapak-
Tep, TpaduKy TaBICHUS CTIIXKCHHBIE,

Ha yrne araku +11° HaOmromaeTcsi CHIKEHHE
JaBJICHUS IS Ae(OPMHUPOBAHHOTO KPBIJIA 3a CUET
TOTO, YTO B HEKOTOPHIX O0JIACTAX HE MPOUCXOIHT
CPBIB TIOTOKA W HE BO3HUKAET TYpOYIIEHTHBIX Tede-
Hul (puc. 7). B cedennu I B XBOCTOBOM YacTw Tpo-
(unep naBneHUs BHIPABHUBACTCS W 3HAUCHUS JaBJIe-
HUS YMEHBIIAIOTCS (pa3iudme coctaBiseT 5 %),
MTOBBIIIIEHHOTO JIaBJICHUS 110 HIDKHEH OOIIMBKE HE
HaOmogaercss. B HOCOBOM YacTH CHMKAaeTCsl MUK
naienus Ha 10 %. B ceuenun Il Ha BepxHei 00-
[IMBKE, HAXOJAMIEHCS C HABETPEHHOW CTOPOHBHI,
UIsl HeZle(hOPMHUPOBAHHOTO Kpbla 3HAYCHHUS OOJTb-
me Ha 9 % (B AaHHO# 00jacTH 00pa3yrTCs 3aBHUX-
peHMs), OTHAKO 33 CUET U3MEHEHUS T€OMETPUH TIPH
nedopmanyu m1aHHOTO 3¢ dekTa He Bo3HHKaeT. O0-
i BUJ rpauKOB UMEET CXOXKHUH XapakTep, HO
JUIs e(OPMHUPOBAHHOTO KpbLia 0oJiee paBHOMEPCH
Y CTJIaKeH.

st yrina ataku —7° HaOIOAaeTCs Kak CHUXKe-
HUE JIaBJICHUsI 3a cueT JedopMaliuu (MaKCUMAIIbHOE
CHI)KEHHE JaBieHUsl cocTaBisieT 19 % B 30HEe HO-
COBBIX HacTei), Tak W He3HaUMTelIbHOe — 10 3 % —
yBeNIu4YeHHue (XBOCTOBBIE yacTH). OJHAKO BO3HMKA-
eT 0o0lllee CHMIKCHUE BEJIMYMHEI JIaBieHul. B cpen-
HUX YacTSX PasHHIAa MEXIy 3HAUYEHUSMHU HE Ipe-
BEIIIaeT 5 %.

[pu paccMoTpeHnn KpbUIbEB U AehopMaIiuii Ipu
yrinax ataku 0°, +11° u —7° He y4YUTHIBANIUCH dIie-
MEHTBl MEXaHW3allHd KpPbLIa, KOTOPBIE H3MEHSIOT
FEOMETPUI0 NPO(IIIS U MO3BOJSAIOT YHTH OT Hera-

ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

TUBHBIX 3(QPEKTOB BUXpeoOpa3oBaHHUs WIIM OTCPO-
YUTh WX HOSBICHHE /Ul OOJBIINX 3HAYCHUH yTIIOB
aTaku.

Puc. 7. HanpasneHue notoka B6M31 NOBEPXHOCTU Kpbia
npw yrne ataku +11°, 30HbI 06pa30BaHNS 3aBUXPEHWN
[Figure 7. Airflow streamlines near the wing surface
at an angle of attack of +11°, the zone of formation of vortices]

3aksoyeHue

B pesynbrare mpoBeneHHOTO MapaMeTpUIecKo-
0 MOJICIIMPOBaHUS 3aJlaydl BHEIHEH a’poJrHaAMU-
KH JIJIsl Kpblla MAacCaKUPCKOTO caMoJieTa sl He-
CKOJIBKUX PEXHMMOB TIOJIETa W Pa3IHYHBIX YTIOB
araku (0°, +11°, —7°) momy4eHsl cIeqyIONIUE pe-
3YJIbTATHI:

— YCTaHOBJIEH XapakTep O0TeKaHUs TOTOKOM M
OTIPEJICIICHO a’pOJAMHAMHUYECKOE NAaBJICHUE IS Jie-
(hOpMUPOBAHHBIX B TOJETE U HeAe(HOPMUPOBAHHBIX
KPBIIBEB;

— OTIPENIETICHO, YTO MAKCHUMAIFHOE Pa3InIue Be-
nuyuH cocTaBiseT 19 % B 30He HOCOBOM uYacTu
KpbIJIa JJIs1 IMKOBBIX 3HAYCHWH NaBIeHUs (U Je-
(hOpMHUPOBAHHOTO KPBIJIA MEHBITIC).

O6mree ornuune 1epOPMUPOBAHHOTO KPBIJIa OT
HenleOpMHUPOBAHHOTO COCTaBIACT 5—7 %o, IpHU 3TOM
B OOIBINIEH CTENEHN Harpy3KH CHIDKAIOTCS, pacipe-
NIeJICHUE JTaBJICHUSI CTAHOBUTCS PaBHOMEPHBIM (Tpa-
¢uku criaxuBaroTcs). Takum o0pa3oM, Ha paHHHX
dTamax MPOEKTHPOBAHUS IS OTIpeeIeHUs] Harpy30K,
JICHCTBYIOIIMX Ha KPHLIO MOXHO MpeHeOpedb nedop-
MAaIMsAMH, BO3HUKAIONIMMU B TIOJETE, TEM CaMbIM
COKpaTUB BpeMs CTaJIMW OIPENEICHNs Harpy3oK B
HECKOJIBKO pa3 (B maHHOU paboTe B 2,5 pa3a — CHU-
JKEHHE KOJIMYEeCTBA PACUETOB W MOACIHUPOBAHUS C
10 o 4), a mOTpenIHOCTh U 3aBBIINICHUE BEIUYUH
coctaBuT He Oonee 7 %.
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PesynpTarel HacTOsIEH pabOTH OYAYT YUTEHBI
M HCIIOJIB30BAaHBl MPH COCTaBICHHH KOMIUIEKCHOM
METOAMKU NpoeKkTupoBaHus Kpblna u3 IIKM Ha oc-
HOBE IIapaAMETPUYECKOTO MOAEIUPOBAHHUS.
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Kniouesvie cnosa:
MOBEPXHOCTHO-IIACTHYECKOE AeOpMU-
pOBaHue, MOBBIIIEHHUE SKCILTyaTallHOHHO-
TO pecypca IOPIIHs, CHIKeHHUS Koddhu-
L[UEHTa TPEHUs, IBUraTeIb BHYTPEHHETO
CropaHust

BBeneHune

B mpornecce paboTel ABHraTenss BHYTPEHHETO
cropanus ([IBC) Hambosee HarpyXeHHBIMU SBIIS-
FOTCSI 3JIEMEHTHI IIIIMHIPOTIOPIITHEBOH TpyImist [1; 2].

Annomayus. 3Ha4UTEIbHAS IO MEXaHUYECKUX IIOTEPh B IBUTATEISAX
BHyTpeHHero cropatnus (IBC) nprxoanTcs Ha MIMHIPONOPIIHEBYO TPYIIITY.
B 3aBucuMOCTH OT PEXMMOB pabOTHI ABUTATENs] BHYTPEHHETO CrOPAHMS
BO3MOXKHO KOHTAKTHOE B3aWMOJICHCTBUE B Mape «MOPIICHb — LWJIUHAPY,
YTO MPHUBOJAUT K U3HOCY PabO4MX MOBEPXHOCTEH pecypcoOnpeaessFoIuX
9JIEMEHTOB U CHIKEHHMIO SKCIUTYaTal[IOHHOTO pecypca CHIIOBOTO arperara
B LIEJIOM. B cBsI3u ¢ 3THM CHIDKEHHE MOoTeph Ha TpeHue B anemenTtax J[BC
U, B YaCTHOCTH, CONPSIKCHUHN «IIOPIICHb — I'Ujib3a HUJIHUHAPOBY SABJISACTCA
aKTyaJbHbIM. PelieHneM JaHHBIX 3a]a4 3aHUMAIOTCS KaK OTEYECTBEHHBIE,
TaK U 3apyOeKHBIC HCCIIEOBATEIH, ITPEIUIOKEHBI Pa3IMYHbIE PO MOPII-
Hel, METO/IBI pacueTa MapaMeTpoB MAaCISIHOTO CJIOSl, HO IPAKTHYECKOe CO-
CTOSIHUE BOIpoca 00yClIaBIUBAET aKTyaJlIbHOCTb UCCIEAOBAHUNI B 3TOM Ha-
npaBieHnd. B paboTe paccMoTpeHa BO3MOXKHOCTh CHIDKEHHS M3HOCA 000K
MOPIIHEH 3a CUYET YMEHBIICHUSI KOHTAKTHOW MOBEPXHOCTH B CONPSDKEHUH U
o0ecnieyeHUsI MacITHON IJIGHKH B 30HE TPEHHS HE 3aBHCHMO OT PEKHMOB
pabotsl qurarens. JlaHHasi BOSMOXKHOCTb Pean3yeTcst myTeM (popMUpOBaHUS
OIpEIENIEHHOTO MaKpoIpodmis Ha paboueil MOBEPXHOCTU IOOKH MOPIIHS.
dopmupoBaHne Makpopeibeda MPOU3BOIMUIOCH MYTEM MOBEPXHOCTHOTO
IUTACTUYECKOTO Ae(OPMHUPOBAHMS C BO3BPATHO-IIOCTYIATEILHBIM TIepeMe-
ImeHueM chepuyecKoro HHCTpPYMEHTa 10 00pabaThiBaeMOi TOBEPXHOCTH.

Oco6ernnocts JIBC 3akmodaercs B MHOTO(aKTOPHO-
CTH TIOKa3aTesiell HaJeKHOCTH M OOJBIIOM JHaras3o-
HE YCJIOBHU U PEXHMOB SKCIUTyaTalWU. ABapUHHBIN
PEXUM CKJIaABIBACTCS U3 CyMMapHOTO ICHCTBUSI MHO-
THX, B TOM YHCJIE CIydaiHbIX, (hakTopoB [3]. O6ec-
NeueHne HaJeKHOW M JONTOBEYHOW PabOTHI IBUTa-
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TpaHcropTa U aBTocepsuc» MAJIM; no1eHT AenapTaMeHTa MallMHOCTPOCHHS H
npubopoctpoenus Mmxeneproit akagemun PYJIH; mokTOop TeXHMYECKHMX HayK,
nonent; ORCID iD: https://orcid.org/0000-0002-1976-9376; asoyan.ar@mail.ru
T'opuikoe Anexcandp Cepzeesuu, aciipaHT eNapTaAMEHTa MAILIMHOCTPOCHHUS U TIPH-
6opoctpoenus MuxenepHoit akagemuun PYJTH.

Hcpaenan Anu Xauamypoena, aCmpaHT JeNnapTaMEeHTa MAIIMHOCTPOCHHUS U TIPH-
6opoctpoenus MuxenepHoit akagemuun PYJTH.

© Acosn A.P., 'opmikos A.C., Ucpaensn A.X., 2020
This work is licensed under a Creative Commons Attribution 4.0

International License

https://creativecommons.org/licenses/by/4.0/

MALUMHOCTPOEHME N MALLMHOBEOEHWE

Telned BHYTPEHHErO CrOpaHHs — OCHOBHAs 3ajada
neurarenectpouteneid. ['maBueiM y3mom JIBC sBmns-
eTca nuauHAponopiuHeBas rpynmna (LI, Hagex-
Hasl ¥ JOJITOBEYHasl paboTa KOTOPOH SIBJISIETCS BaX-
HBIM YCJIOBUEM AJISI AOCTHXKEHUS BBICOKUX 3((ek-
THBHBIX ITOKa3aTelIe IBUTATENS B IIeioM [4].
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OO111en3BECTHO, YTO CUJIA IABJICHUSI Ta30B HATPY-
JKaeT MOPIITHA, TUI3Bl WIHHIPOB, TOJIOBKY OJIOKa
U Jpyrue 5JCMCHTHI, BbI3bIBAasd B HUX HANPAKCHUA
n3ruba. B mporecce pabouero mukia cuiaa MEHSET
CBOIO BEJIMYMHY U MOXKET OBITH OIpe/iesieHa 110 HH-
JIMKATOPHOU TuarpaMme

Pr=AS) unu Pr=fV),

roe S — xox mopiuHs, M; V' — o0beM OMIMHApA
(VitV.), M® nnm pacueTom.

Ha xpuBOIMINAITHO-IIATYHHBIIA MEXaHU3M JEUCTBY-
10T JIaBJIEHHE Ta30B Pr, CHIIBI HHEPIMU P}, CHIIBI Beca
P, u cunel Tpenus Py, (puc. 1).

CymMmapHas IBWXKymas cuia OyieT paBHa:

Ps=Pr+P;+Py+PT (D)

Puc. 1. Cunbl, gelictayioLime
B KPMBOLUWNMHO-LLIATYHHOM MEXaHN3me
[Figure 1. Forces acting in a crank arm]

JeiicTBytoiiasi Ha MopIileHb cuiia Pr HarnpaBjieHa
BHHU3 U B COBOKYITHOCTH C CHJIaMU HHEPIIMH Harpy-
JaeT nopuieHs. JlaBneHue ra3oB W cuja MHEPLUHU
JIEHCTBYIOT B HANpaBJICHUU OCH IUIWHApA (puc. 1)
1 10 XO/y ABIKEHUS MOPIIHSA, MEHSIOT CBOIO BEJIH-
YUHY, TOCTUTasi MAKCUMYyMOB B «MEPTBBIX» TOYKaX
TTOPIITHSL.

Ha niepBoii mosioBrHE X0/1a MOPIIHSA OT BEpXHEH
MEPTBOI TOYKH K HIDKHEH MepTBOH Touke (puc. 2)
cwia Pj HarpaBieHa BBEPX U MPETISATCTBYET JBHKCHHIO
TOpIIHS (B 3TOT MTEPHOJT paboTa CHIIBI HHEPIIUU OT-
puIaTenbHa), a Ha BTOPOil MMOJIOBHHE XOJa MOPIIHA
CWJIa MHEPIIUHU MOJIOKUTENIbHA (HAlpaBieHa BHU3) U
TaKuM 00pa3oM CIIOCOOCTBYET ABMYKEHHUIO MOPIITHSA [5].
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Cuna naBieHus ra3oB onpesnessercs no gopmyne

Pr=(pr—po)Fm, )

rie pr — AaBjeHue razoB B muiauuape, Mlla; po —
JaBJICHUE TOJ| MOPIIHEM, JaBICHUE B KapTepe IBU-
ratens, Mlla; Fii — miowmaas OpIHs, M.

Puc. 2. PasnoxeHne cymMMapHOW ABUXYLLEN CUbI
B KPUBOLLIMMHO-LLATYHHOM MeXaHn3me
[Figure 2. Decomposition of the total driving force in crank]

BremHe#t Harpy3koil r0OKH TOPIIHS SBISETCS
OOKOBas CHJIa — COBOKYITHOCTD JCHCTBUH T'a30BBIX U
WHEPITMOHHEIX cull [6].

[Ipunoxus cuny Ps, onpenenuM HOPMaIbHOE
yeunue N, neicTByromee Ha 100Ky mopurHs (O0KO-
BYIO CUITY),

N =Ps tgf, 3)

rae B = arcsin(Asing) — yrox OTKJIOHEHHS OCH Ia-
TyHa OT OCH LWJIMHIpPA U yCHIINE, HAIPaBICHHOE
BJOJIb OCH ILIATYHa,

S'=Ps/ cosp, 4)

Cuna N mprkuMaeT MOpIICHb K CTCHKaM M-
JIMH]PA, BBI3BIBACT IIEPEKIIAAKY IIOPIIHA B LIIUHIPE,
BIUSCT HA TPCHHE U HM3HOC MOBEPXHOCTEH IMJIMH-
npa 1 moprHs. CoImyTCTBYIOIINM (PaKTOPOM TIPH 3TOM
SABJIACTCA CKOPOCTH ABUIKCHUA MMOPIIHSA.

OnucaHHbIC 3IEMEHThHI OTHOCSATCS K AUHAMIYECKH
HArpy»KEHHBIM, JJIsl KOTOPBIX, K&K 000OCHOBAHHO B pa-
oorax ®.H. ABnonrkuna [7; 8], crpaBeayiBa KC-
MOHEHIIHAJIbHAS 3aBHCUMOCTh M3HOCa S OT Hapa-
0otkwm [:

S = Soe”, (5)

MECHANICAL ENGINEERING AND MACHINE SCIENCE



AcosiH A.P., lNopukoB A.C., UcpaensiH A.X. BectHuk PYOH. Cepus: NHxeHepHble nccnegosanus. 2020. T. 21. Ne 3. C. 175-180

rae So — M3HOC B KOHIIE Nepruoja NpupaboTKH, MpH-
BEJICHHBIN K Hadaly JKCIUTyaTaluu; b — N3MEHEeHHe
WHTCHCUBHOCTHU U3HAIMBAHUA HAa CAUHHUIY U3HOCA.

Xapakrtep ISHCTBYIOIIUX HArpy30K Ha pabovyro
MIOBEPXHOCTH T'MJIb3bl LMJIMHAPOB M MOPLIEHb 00y-
CITaBITUBAET M3MEHEHHE (DOPMBI pabOUNX MMOBEPXHO-
CTel OIMMCAHHBIX JJIEMEHTOB B BUJIC OBAJIBHOCTH,
KOTOpasi B IPOLIECCE IKCILTyaTallui BO3pacTact.

C menpio cHIKeHHS K0d(hdUITMeHTa TpeHus mpu
KacaHWH FOOOK TOPIITHEH O CTeHKH IMIMHAPOB B TPO-
Hecce dKCIUTyaTaldl MPH MPOU3BOJICTBE MOPIIHEH
Ha pabouylo 4acTh 000K MOPIIHEH HAHOCAT aHTHU-
(PUKIMOHHOE TBEPAOCMA304HOE MTOKPHITHE HA OCHO-
BE€ MEJKOAUCIIEPCHOTO HUCYIIb(puna MonmuOIeHa U rpa-
¢wura, nonumep TerpadropaTriieHa (TedaoH) u ap.

Puc. 3. VI3HOC aHTUDPUKLIMOHHOMO NOKPLITUSA Ha I0OKe NOPLLHS
[Figure 3. Wear of the anti-friction coating on the piston skirt]

Ho mnpakTika mokasbsIBaeT, 4TO HCIIOJIB3yeMast
TEXHOJIOTHSA C TNPUMEHEHHEM aHTH()PHKIHOHHOTO
TBEPJOCMA30YHOTO TOKPBITHS Malod(pPEeKTHBHA, U
[IPU KOHTAaKTe padOYHMX MOBEPXHOCTEH MPOUCXOAUT

MALUMHOCTPOEHME N MALLMHOBEOEHWE

HCTUPaHHEe HAHECEHHOrO MOKPBHITHS (pHUC. 3), 0CO-
OCHHO MPW TPAHUYHBIX YCIOBHUSX CMa3K{ COMpSATa-
E€MBIX TOBEPXHOCTEH (IIpH 3aIyCKe JBHUIaTENIs).
[lepBoHa4anbHBIN 3aITyCK IBUTATENS COOTBETCTBYET
BBICOKOMY M3HOCY U PacxXojy TOIUTUBA — IIPUMEPHO
Ha 10 % Oompmie, 4eM B HOPMAaJBHBIX YCIIOBHSX
JKCILUIyaTalliM, BCJCACTBUE OTCYTCTBHS CMa3blBa-
IOMIeH JKUAKOCTH MEXIy TPYIIUMUCS JETaSIMH,
BBHJIy €€ CTCKaHUs C TCUCHUEM BpeMeHH [9].

W3BecTHO, YTO B 3aBUCUMOCTHU OT PEKHUMOB pa-
0OTBI IBUTATENS OCHOBHYIO JIOJIO PEXKUMOB TPECHUS
B CONPSDKCHHH «IOPUIEHb — MHJIWHADP» 3aHUMAaeT
THAPOIMHAMHYCCKHUN pexxuM — 52 %, manee ciemy-
10T cMemanHbIi — 39 % u rpannysbiii — 9 % [10; 11].

B obmem ciydae cuia TpeHust F, onpenens-
eTcs 1mo GopmyIe

Eup =S (W / h), (6)

rae S — IDIomanh MOBEPXHOCTH TPCHUS, |L — BSI3-
KOCTh Maclia; v — CKOPOCTh CKOJIBKEHHS MOBEPXHO-
CTEeH OTHOCHTEIBHO JIPYT ApPYyTra; /i — TONIIMHA Mac-
JISTHOTO CIIOSI.

Takum 00pa3oMm, MOTEPU HA TPEHUE MOKHO
CHU3UTh, YBEIUYHB TONIIUHY MacisHOrO cios (/).
Ho B paccmaTprBaeMoM cirydae TOJIIWHA MaCIISTHO-
T0 CJI0SI OTPAaHUYUBACTCS BEITUYMHOW 3a30pa B CO-
MPSKCHUH, KOTOPBIH MBI HE MOKEM U3MEHUTH.

2. MopgenupoBaHue npouecca

Koaddumuent TpeHnss MOKHO CHH3UTH 33 CUET
YMEHBIIIEHUS TUIOIMAAN KOHTAKTHOW MTOBEPXHOCTH H
JIOKaJIBHOTO YBEITUYEHUsI TOJIIIMHBI MACISIHOTO CIIOS
B CHENHaIbHO CPOPMHPOBAHHBIX MaKPOIOJOCTSX.
Jlns aToro mpenaraercs Ha pabodeil MOBEpXHOCTH
1000K TOPIIHEH MPOU3BOIUTE (HOPMHUPOBAHHUE OTIPE-
JIETICHHOTO Makpopenbeda ¢ UeNbl0 CHIKEHHUST KOH-
TaKTHOW TIOBEPXHOCTH W yJIepKaHUS Macia B o0pa-
30BaHHBIX IOJIOCTAX, YTO IMO3BOJIMT rapaHTUPOBAH-
HO 00ECIIeYUBATh MACIISIHBIN CIIOM MEXy COMpHKa-
CaIOLIUMUCA TOBEPXHOCTSIMU.

B xome mccrmemoBaHus MPOM3BOIMIOCH MOJIE-
JMpOBaHUe Mpoliecca paboThl MopiHs ¢ GopMHUpo-
BaHHBIM Makporpoduiem Ha paboueli TOBEpXHOCTH
100Kku (puc. 4).

Cucrema aBTOMATHU3WPOBAHHOTO IPOSKTHPOBA-
HUsI BKJIIOYAET IIUPOKUN HAO0Op pa3iuyHBbIA (PYHK-
UUUA TPEXMEPHOI'O MOJAEIUPOBAaHUS TBEPIBIX TeEI,
YTO Ba)XHO TpU pabOTe CO CIONKHBIMH MOJEISIMH
Y3II0B U JIeTajlei BO BpeMsl IPOEKTUPOBAHUS U3JIE-
. B ncnons3yeMoM mporpaMMHOM OOECTIeUeHHUH
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MOJISTUPOBAJIOCH TCUCHUE MOTOKOB JKUJIKOCTH I10
3a/TaHHBIM HaIpaBJIeHHusM [12—-14].

dopmupoBanre Makpopenbeda MPOU3BOAUIOCH
MyTeM TOBEPXHOCTHOTO ILIACTUYECKOTO JehOpMHU-

POBaHMsI C BO3BPATHO-TIOCTYIATEIbHBIM TIepeMelIe-
HUEM c(eprvIecKoro MHCTPYMEHTa 1o oOpadarhiBac-
MO# TIOBEpXHOCTH. B pesyrnbrare Ha MOBEpXHOCTH 00-
pazoBajicsi CHHYCOUAAbHBIN mpodmis (puc. 5) [15].

3 Pnodfuanse WiMax
Tethotte (Tarwas cpagal ] (0T 82, 1003.0¢]

Puc. 4. MogenuvpoBaHue npouecca paboTbl NOPLLHSA ¢ GOPMUPOBaAHHBIM Makponpoduiem Ha paboyer MoBepPXHOCTU 0OKM
[Figure 4. Modeling of the piston operation with the formed macro profile on the working surface of the skirt]

Puc. 5. NMpoduns 06pasyemoro makpopenseda
[Figure 5. Profile of the formed macrorelief]

CdhopmupoBaHHbIe yriTyOneHHs Ha TTOBEPXHOCTH
OOKM TIOPIIHS CIIOCOOCTBYIOT yIEp KaHHIO Maciia
B pabodeli 30He HE3aBUCUMO OT PEKHUMOB PaOOTHI
JBUTATEIIS.

JlanpHeliee nccieaoBaHue HalpaBieHO Ha Ofl-
peneneHre ONTUMAIBHOTO PUCYHKa MaKpOIpoQuIs
1 MECTa PacIoNIOkKECHHUS ero Ha I00Ke MOPIIHSI.

3akno4yeHue

[pemmoxkeHO TeXHUYECKOE peIleHHE, MO3BOJISIO-
mee CHU3UTHh KOY(PPHUITMEHT TPEHUS B Tape «Iop-
LIeHb — MWJIMHAPY TPH JIOOBIX PEeKUMAax padboTHI
JIBUTATENSI U TIOBBICUTh 3KCILTyaTallMOHHBIA pecypc
TIOPIITHSL.
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Abstract. A significant proportion of mechanical losses in internal
combustion engines accounted for mechanical losses in the cylinder-piston
group. Depending on the operating modes of the internal combustion en-
gine, contact interaction in the piston-cylinder pair is possible, which leads
to wear of the working surfaces of the resource-determining elements and
a decrease in the operational life of the power unit as a whole, in connec-
tion with which the reduction of friction losses in the internal combustion
engine elements and the piston — cylinder liner coupling in particular is
relevant. Both domestic and foreign researchers are engaged in the solution
of the above described problems, various profiles of pistons, methods of
calculating the parameters of the oil layer are proposed, but the practical
state of the issue determines the relevance of research in this direction.
The paper considers the possibility of reducing the wear of piston skirts by
reducing the contact surface in conjugation and providing an oil film in
the friction zone, regardless of engine operating conditions. This opportuni-
ty is realized by forming a certain macro profile on the working surface of
the piston skirt. The formation of the macrorelief was carried out by means
of surface plastic deformation, with the reciprocating movement of a sphe-
rical tool on the machined surface.
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U3HOC
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I/ISBGCTHO, YTO JUIA TMOMOJIa HEMEHTAa UCIIOJIb3Y-
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LIECTBIIEHUEM CYIIKY, TIOMOJIA U CENapalluy B OJHOM arperare JaeT el HeocIo-
pHMOe TPEHMYIIECTBO Iepe]] MIApOBO MENBHHIICH. DTHM OOBSCHSETCS CyIIe-
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MALUMHOCTPOEHME N MALLMHOBEOEHWE

AKTUBHO BBITECHSCTCS C PHIHKA BAJIKOBBIMU MEIBHU-
amMy. DTU MEIBHUIBI TTO3BOJISIIOT MPOBOIUTE OIIE-
panuy CylIKd, IOMOJIa U cenapaly B OTHOM arpe-
rare [1]. B pabore [2] mpoBeneHO CpaBHEHUE OTIBITA
SKCIUTyaTallMy IIapOBOM MENIbHULIBI U TEPBOM Baj-
KOBOW BEPTHUKAJIbHON MENbHULIBI, BBEAEHHON B JKC-
mryaranuio B CIIA B 2002 r. B [3] omncano ana-
JIOTHYHOE MHOTO()AaKTOPHOE HCCIICAOBAaHUE, TPOBE-
nennoe B JltokcemOypre. [lokazaHo, 94TO BaJKOBBIC
MENBHUIIEI MEHEe SHEProeMKHe, YeM aHaJloTH, HO 0o-
Jiee YyBCTBHUTEJBHBI K Ka4eCTBY CHIPBS U OOiee CII0XK-
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HBI B TEXHHMYECKOM 00CTykuBaHuu. Kpome toro, cro-
HMMOCTh BAJIKOBOM MEJTbHUIIBI OOBIYHO BBIIIE, HO ATOT
HEJI0CTATOK KOMIICHCUPYETCS BHICOKOH MPOU3BOIH-
TeIBHOCTRIO [4; 5]. I'maBHO# mpoOaemMoi TIpu dKC-
IUTyaTallid BaJIKOBBIX MEJBHUII SBJSIETCS WHTEHCHB-
HBIM M3HOC TPYLUUXCS JeTanei [6], oka3pIBarolui
MpeBalMpylollee BIMSHUME Ha HX PabOTOCIOCO0-
HOCTb. L{enpro HACTOSIIEro MCCaeIOBaHMS SBISCTCS
pa3paboTKa MaTeMaTHYECKOW MOJEIM KOHTAKTHOM
3a7a4uM pacdeTa HarpsHKeHHO-Ie(GpOpMIPOBAHHOTO CO-

Cenaparop
separator

MomonkHeli Banok

grinding roll

MomoneHeI# cTon =7

grinding table |

crosiaus (H/IC) BankoBOH METBHHLIBI U TEXHUUECKUX
MEPOTPHUATHH, TPOITEBAIOLINX CPOK €€ CITYKOBI.

1. O6GbeKT uccnepnoBaHus

OOBEKTOM UCCIENOBaHUS SIBISETCS BaJIKOBas
Tapenpyaras MeJIbHUIA C TIaJKUMH TapelibYaTbIMU
BaJIKaMH, MpPEAHA3HAUCHHAA IJId U3MCJIbYCHUA Ma-
Tepraja METOJOM HCTHUPAHUS MPOU3BOJICTBA KOM-
maann FLSmidth (otmemenne B Poccuun «OOO
®JICmunr Pycy) (puc. 1).

3arpysoyHoe ycTpoHCTED

booting device

raapaenuyeckan
NPUXHMHAA CHCTeMa

; % hydraulic clamping
| system

Puc. 1. KOHCTpyKumnsa nccnenyemMom BaskoBOn MebHULbI
[Figure 1. The design of the investigated roller mill]

Puc. 2. PaspyLieHune cekTopoB B 06/1aCTu UX KOHTakTa Mexay coboi
[Figure 2. Destruction of sectors in the area of their contact with each other]
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MenbHUIA COCTOUT U3 TPEX MOMOJBHBIX BAJIKOB,
JIBIOKYIIUXCS TIO TIOMOJILHOMY CTOJTy. Memoliue Baji-
KA BMECTe C O0mIeil I HUX HAXKUMHOU paMoi,
OCHAIIICHHOM TpeMsl TAramu, 00pa3yrT CTaTHYECKU
ONPEICIUMYIO CUCTEMY, CO3AAIOIIYI0 PABHOMEPHOE
pactipeqiefieHre Harpy3kd Ha CJIOW pa3MalibiBaeMo-
ro npoaykra. Kaxapiii Mentonuii BajJok NOABUAKHO
COEIMHEH Yepe3 HaKMMHOH 3JIEMEHT C Ha)KUMHOM
paMoif M1 MOKET BBITIONHATH Kadaromuecs OOKOBBIC
IBIDKEHUS. B cBsI3u ¢ 3TUM U Oiiaronmapsi Mpy>KHUH-
HOM IOABECKE HATSHKHON CHUCTEMbI MEIIOIINE BaJIKH
MOTYT ONTUMAJIFHO NIPMKUMAThCA K paboueil oBepx-
HOCTH MEJIOLIETO AUCKA. PazManbiBaeMblid IPOAYKT,
MONAJAIOIIN B MEJIBHUILY TPU 3arpy3Ke, 3aTAruBa-
€TCSl B MPOMEXKYTOK MEXKIY METIONIMMH BaJKaMHU
U MEJIONIUM JUCKOM, TJI€ MOJIBepraerca u3Mebye-
Huto. HeoOxoaumebie isi M3MENBYCHUS YCHIUS CO-
3/1aI0TCS B pe3yjbTaTe NPUXKATUS METIOLIUX BAJIKOB
K MeIoleMy AUcKy. JlapneHue npuxatus OCyIecTB-
JSIeTCSl ¢ TTOMOIIBI0 THAPOITHEBMATHUECKON HATSIK-
HOHM CHUCTEMBI M MOXKET OBITh M3MEHEHO BO BpeMs
npouecca. M3Menpyaemblii IPOAYKT MOABEPTaeTCs
pa3Moity MOJ| IEMCTBUEM CHJI JIABJICHUS U CABUTA.

B mporiecce paboThl MPOUCXOIUT U3HOC TPYIIUX-
cs jeraneld MenbHUIE. HanbonmpiiemMy W3HOCY 1MOJ-
BepraeTcsl BHEIIHSS 4acTb CEKTOPOB BAJIKOB, KOTO-
phle TOAJIeKAT MEPUOANICCKON 3aMeHe. DKOHOMMY-
HOM aJbTEpHATUBOM 3aMeHE SIBJISIETCS] HaIlJIaBKa TBEp-
IIIM CIIABOM W3HAIIMBAaEMBIX IMoBepxHocTeh. Cer-
MEHTHAas KOHCTPYKIHS H3HAITUBAEMBIX IOBEPXHO-
CTEH MO3BOJISIET MPOU3BOIUTH MHOTOKPATHYIO HAILIAB-
Ky TBEPIBIM CIUIaBOM Ha MPOTSKEHUU BCETO CPOKa
cy)0b1. KpoMe Toro, B mpomecce paboOThI IpouC-
XOJUT (PPETTUHT-U3HOC MAPhl «BTYJKA — CEKTOP».
M3HOC BTYNKM NOALIMIHUKA B 30HE €€ KOHTAKTa C
CEKTOpaMH TPUBOAUT K YBEJIMUYECHUIO PajdajbHbBIX
CMEIICHUI CEKTOPOB M POCTY KOHTAKTHBIX HaIps-
JKEHUH B 30HE KOHTaKTa CEKTOPOB JIPYT C APYrOM B
OKPY>KHOM HANpaBJICHUU. 3HAYUTEIbHBIE KOHTAKT-
HBIE HANPSDKCHUS SIBISIIOTCS MPUYHHOW paspyIiie-
HUS CEKTOPOB B 00JIACTH WX KOHTAKTa MEKIY COOOi
B 30HE MPWIUBOB (puC. 2).

2. MogenupoBaHue
HanpsXeHo-aAedPpopMUpoBaHHOIro
COCTOSIHUSA BaJIKOB MeJIbHULLbI

Onenka HJIC MenpHUIBI MPOU3BOIMIACE METO-
JIOM KOHEUYHBIX deMeHTa (MKD) ¢ momombro nake-
Ta puKIamHbIX porpaMMm ANSY'S. Pacuernas cxema
MEJILHHIIBI TIPEJCTABIISACT COOOW BTYJKY MOMAIIAITHHU-
Ka, Ha KOTOpPYIO HaAeThl cekTopsl (puc. 3). B pac-

MALUMHOCTPOEHME N MALLMHOBEOEHWE

YETHOU CXEME BTYJIKA KECTKO COCAUHEHA C KOJIBIIOM.
CexTopBl, 3aKpeIUICHHBIE Ha BTYJIKE C TIOMOIIBIO TIPH-
’KAMOB, OIMPAIOTCS Ha KOJIBIIO U CBOEW BHYTPEHHEN
MOBEPXHOCTHI0O KOHTAKTUPYIOT cO BTyIKoU. KoH-
TaKTHbIC MTOBEPXHOCTH MPEIACTaBICHBI HA pHC. 4—0.
Ha puc. 4-6 mpunATH ciemytontue mudpoBsic 000-
3HAUCHUS KOHTAKTHBIX MOBEPXHOCTEH: 1 — BTyNKH
C OPUXKUMOM; 2 — BTYJIKH, KOJIbLIA U CEKTOpa; 3 —
MPWKUMA C CEKTOpOM; 4 — MeXIy ceKTopaMu. Takum
00pazoM, KOHCTPYKITUSI MEIBHHUIIBI UMEET MHOTO-
KOMIIOHEHTHYIO CUCTEMY COMPSDKCHUS Pa3THUYHBIX
Jeraneil, KOHTAKTHBIE CBS3U MEXIY KOTOPBIMHU —
HETOJIOHOMHEIE.

IIpu pacueTe HCHONB30BaH BapHUALUOHHO-
sHeprernueckuil nogxon MKD. Cornacuno [7-9],
paspemaromue ypapHeHHsS MKD momydeHbl MUHU-
MHU3AIeH MOTHOW SHEPTUN CUCTEMBI D!

83 = 8U +8U, —54 =0,

rae U — noreHuuanbHas sHeprus nedopmanun; Uy —
NOTCHIMAIbHAS SHEPIUs KOHTAKTHOM 30HBI B3aUMO-
neiicTBus; A— paboTa BHEUTHHUX CHII.

[Ipupamenne nmoreHUMAIBHONW 3HEpruu Aedop-
Maluy CUCTEMbI KOHTAKTHPYIOLIUX TEI UMEET B

oU = coedV ,
]

I7Ie G — BEKTOP HANPSDKEHUI; € — BEKTOp Jedopma-
uuii; V — o0beM 3aeMeHTa.

KonTakTHas 30Ha paszienieHa Ha PsiJi KOHTAKTHBIX
a71eMeHTOB. KOHTaKTHBIN 3JIEMEHT OIMCHIBAET B3aUMO-
JIECTBUE MEXKITYy TTOBEPXHOCTHBIM Y3JIOM OJTHOTO TENa
C COOTBETCTBYIOIIEH MOBEPXHOCTBIO 3JIEMEHTA APYIo-
ro tena. [IpupailieHe NOTEeHIMAIBHOW 3HEPrud KOH-
TaKTHOM 30HBI B3aUMOACHCTBUS TUIOIIA/IBIO S PaBHO:

3U ¢ = [ Pdu,dS + [[tdu,ds,
S S

Te 4, — BeJIMYMHA KOHTAKTHOTO 3a30pa B HaIpaBJic-
HUW HOPMaJM K TMOBEPXHOCTH; U; — BEIMYMHA KOH-
TaKTHOTO 3a30pa B TAHTCHIIMAJIHFHOM HAIlpaBlICHUM;
P — xOHTaKTHOE NTaBNeHNE B HANPABICHUH HOPMAITU
K moBepxHoctH (Pr = 0, ecmu u, > 0, wmu Py = Kyup,
ecmu u, < 0); K, — MaTpuia *ecTKOCTU KOHTAaKTHOU
MOBEPXHOCTH; T — (PPUKIIMOHHOE HATIPSKEHUE.

IIpu mocTpoeHUH KOHEUYHO-3JIEMEHTHON Mojie-
JIU TIPUMEHSUTICH 00bEMHBIC KOHEYHBIE DJIEMEHTHI
SOLID285. KoHneuHo-351eMEHTHAsT MOJEIb TMpel-
crapyieHa Ha puc. 7. [Ipu MoienupoBaHUM KOHTaKTa
MMOBEPXHOCTEH BTYJIKU C MPUKUMOM, BTYJIKH C CEK-
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TOPOM, TIPHMKAMA C CEKTOPOM W KOHTAKTa MEXIY
CEKTOpPaMHU HCIOJb30BaHbl KOHTAKTHBIC 3JIEMCHTBI
CONTA174 u TARGE170. Pabouasi Harpy3ka BKIIIO-

NpHAIMEL

clamps

CERTOPB
sectors

lT}‘J'IIﬂ_ moImHIHHKA
bearing sleeve
KOJLI0

rng

Puc. 3. PacyeTHasa cxema NnOMOJIbHOr O Basika
[Figure 3. The design scheme of the grinding roll]

Puc. 5. KOHTaKTHbIE NOBEPXHOCTU NPUXNMa
[Figure 5. Contact surfaces of a clamp]

JCIIOBHSA
CHMMETPHH
' symmetry conditions

uy =0 —

Puc. 7. KoHe4yHO-aneMeHTHas moaenb
[Figure 7. The finite element model]
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yajga CUJIbI JaBJIEHUS B paauainbHoM F), = 2,6 MH,
B oceBoM HamparieHun £, = 0,43 MH u cuisl 3aTsmK-
KU KpeTexHbIX mmmiek npmwkuma F; = 0,71 MH.

BTYJIKA MO HNHAKA

bearing sleeve

KOJIbIO

ring

Puc. 4. KOHTaKTHble MOBEPXHOCTW BTYJIKM MOALLINMHMKA U KOSbLA
[Figure 4. Contact surfaces of bearing sleeve and ring]

4]

Puc. 6. KOHTaKTHbIE NOBEPXHOCTU CEKTOpa
(8aHo n306paxeHne NOMOBKHbI CEKTOPA)
[Figure 6. The contact surface of the sector
(given the image of half the sector)]

CornacHo nMmeronieics TeEXHUUECKOH TOKyMeH-
TallMy BTYJIKA TOJIIUITHAKA U CETMEHTHI W3TOTOB-
JIeHBI U3 4yTyHa. Marepua BTYJIKU MOIIUITHAKA —
gyyrya EN-GJS 400-18U. HaubGonee 6mu3kwmii poc-
CUHCKHMI aHaJOTI BBICOKONPOYHBIM YYT'YH C LIApO-
BuAHbIM Tpadurom BY-40. MaTtepuan cerMeHTOB —
BBICOKOIIPOYHBIH YYT'YH C IIAPOBUAHBIM IpadUTOM
EN-GJN-HV6000 (XCR18), uTro moaTBep:KIacTcs
MPOTOKOJIOM XUMHYECKOTO aHaJIn3a 00pa3ioB, B3s-
THIX W3 pa3pylIeHHbIX cerMeHToB (puc. 3). Hambo-
nee OJM3KMHA POCCUHCKHU aHANOT — XPOMHCTBII
uyryH tuna YX16M2.

B kauecTBe XapaKTepHUCTHKH, ONpECIsIOIeH
YPOBEHb HAIPSDKEHHOTO COCTOSIHUSI MaTepuaa,
MPHHATO DKBUBAJICHTHOE HaINpshKeHUe o Muszecy.
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Puc. 8. lNMepBoe rnasHoe HanpsixeHue, Ma
[Figure 8. The first main stress, Pa]
— ANSYS ANSYS
o R17.2 R17.2]
TnE=z ©CT 18 2017

AVG) 15:59:08

increased

266317 -195E408 3662400 -547E+08 -729E+08
943E+07 .276E+08 - 638E-08 -819E+08

437E+08

Puc. 9. OkBuBaneHTHble HanpsbxeHus, Ma
[Figure 9. Equivalent stresses, Pa]

1] -143E-03 +2B6E-03 -AZHE-03 -5T38-03
JT1EE=04 «215E=03 3%8E=02 +501E=03 LG4 4E=03

Puc. 10. lepemeLLeHns cekTopa n npuxnma B pagvanbHOM HanpasaeHun, M
[Figure 10. Sector and clamp movements in the radial direction, m]
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3. Pe3ynbTaThl MOAENNPOBAHNSA

OcHoBHbIe pe3ynbTaThl pacueta HJIC npencras-
JIeHsl Ha puc. 8, 9. Pacuer mokazan, 4To 3HaYCHUS
HanpspKEeHUH HEBBICOKKM. MakcHUMallbHble 3HAUEHMS
pacTIAruBarOIMX HanpspkeHud gocturarot 43 Mlla,
a okBUBaJICHTHBIE — 82 MIIa B KOHTAKTHOH 30HE B3aUMO-
JIENCTBUS CEKTOPOB. BhIUKCIEHHBIE IEPEMELICHNUS CEK-
TOpa M HpWxuMa moka3anel Ha puc. 10. Henmedop-
MHPOBaHHOE COCTOSIHHE TOKa3aHO YEePHBIM KOHTY-
poMm. Cmemenne npmxuma coctaBmmm 0,4—0,64 M,
MakcuManbHoe cMenieHue cexropa 0,14 M.

4. UccneposaHue BAUSHNS U3HOCA BTYJIKN
Ha pa3pyLueHue cermeHTa

Ilo Mepe u3HOCA KOHTAKTUPYIOIUX ITOBEPXHO-
CTel CerMeHThl KOHCTPYKIIMM METBHHUIIBI CMEIIAI0TCS
M CaJiITCs Ha YMEHBIIEHHBIM M3HOIICHHBIN MOCA0Y-
HBI IMaMeTp BTYJIKH NOAIIMIHUKA. B KOHCTpyK-
WA MEJIbHUIBI MPEAYCMOTPEHBI 3a30pbl MEXIY
CEKTOpaMH, KOTOPbIE, KaK MPAaBUIIO, COCTABJIAIOT OT
1 1o 4 mMM. [Ipu yMeHBIIEHHN TOCAIOYHOTO PAIUy-
ca MMEIOIIUECS 3a30pbl IIOCTENICHHO BBIOMPAIOTCS.
[Nocne Toro kak 3a30pbl OKa3bIBAIOTCS] BEIOPAHHBIMU,
CEKTOpBI HAUMHAIOT paclupaTh APYyT Apyra B 30HaX
IpUiINBOB. IIpy 3TOM KOHTAaKTHBIE HANpPsDKEHHUS B
30HE MPUIUBOB Bo3pacrtatoT. [Ipu pabore MenbHH-
LBl YCIIOBHE CaMOTOPMOXKEHHUSI B pe3bde Kpemex-
HBIX LINWIEK OPUKUMa HapyIIaeTcs U IPOUCXOAUT

Puc.12. NepBble rnasHble HANPSXXeHNs
C Y4€TOM OTHOCUTEJIbHOrO CMELLEHMS CeKTOPOB, lMa
[Figure 12. The first principal stresses, taking into account
the relative displacement of the sectors, Pa]

[Ipu ynpyrom nedopMupOBaHUN KOHCTPYKIMA
SKBUBAJICHTHBIC HAPSDKEHNS, BOSHUKAIOLIYE B PE3YJib-
TaTe neicTBus paboueit Harpysku 82 Mlla, cymmu-
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camooTtBuHuMBaHue [10]. B coyuae HepaBHOMEpHO-
CTH 3TOTO Ipolecca U3HOC KOHTaKTHPYIOUIMX II0-
BerHOCTeﬁ CETMCHTOB U BTYJIKHM TaKX€ ITPOUCXO-
JIUT HepaBHOMEpHO. [103TOMy CEeKTOpBI MOTYT CMe-
IIaThCSI OTHOCHUTENBHO IPYT Apyra B PaguaibHOM
HampaBieHnn (mepeMernienue A Ha puc. 11). Ilpu
OTHOCHUTCJIILHOM CMCUHICHHNU CCKTOPOB HAa BCINYUHY
A = 0,5 MM ITIaBHBIE PACTATHBAIOIINE HANPSHKEHUS
nmocturaor 64 Mlla (puc. 12), a d>KBHUBaJICHTHBIC
HarnpspKeHus B 30He pacTsoxeHust — 90 Mlla (puc. 13).

Puc. 11. CmeweHne A ogHOro cektopa OTHOCUTENBHO APYroro
[Figure 11. The displacement A of one sector relative to another]

T
.245E+06 A471E+0
.236E+08

8 939E+08 141E+09 187E+09
.705E+08 117E+09 .164E+09 -211E+09

Puc. 13. 3kBuBaneHTHble HANPSXXEeHUs
C Y4€TOM OTHOCUTENBbHOrO CMELLEHUSA CEKTOPOB, Ma
[Figure 13. Equivalent stresses, taking into account
the relative displacement of sectors, Pa]

PYIOTCS ¢ HanpsbKeHUsIMU 0T cMmetieHus. [Ipu ogHo-
BPEMEHHOM BO3JEHCTBUH paboueil Harpy3Kd U cMe-
menns A = 0,5 MM cymMMapHBIe SKBUBaJICHTHBIE Ha-
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npspkeHus cocrasisitoT 172 Mlla. IIpenen BeiHOCTH-
BOCTH MaTepuaja BajakoB, paBHbid 200—-210 Mlla,
C y4eTOM MOHMIKAIIUX (aKTOPOB YMEHBIIACTCS
MpaKTUYECKH B J[Ba pa3a U CTAHOBHUTCS PaBHBIM
100-105 MlIla [11-14]. Takum oOpa3zom, pecypc pa-
0O0TBI KOHCTPYKLUHN MEJIbHUIBI CTAHOBUTCS OIPaHU-
YEHHBIM, M CO3/JIAIOTCS YCIOBHS ISl Pa3BUTHA yCTa-
JOCTHBIX TpPEIIMH B KOHTAKTHOM 30HE MNPUIIMBOB
CEKTOPOB, YTO W HAOIIONAIOCH TIPU 00CICTOBAaHIH
MEJTbHHULIBI.

Jig ompeneneHuss JONMYyCTUMBIX IapaMeTpoOB
TPEIIMHONOAO0HBIX Ae(hEKTOB MOXKHO MCIOIb30BATh
METOJIUKY, MPEIJIOKEHHYIO B [15], paspaboTaHHyIO
JU1s 0a30BBIX AeTajiell Ky3HEeUHO-TIPECCOBBIX MAIIUH.

3aknio4yeHue

IIpoBeneHHOE HCCIIEOBaHNE BBIABUIIO IIPUYUHBL
paspylleHus AeTajleil BJIKOBOM MEJIBHMLBL IPU OJ-
HOBPEMEHHOM BO3ZICHCTBUM pabouell Harpy3Ku 1 cMe-
IIEHUSI CEKTOPOB, BO3HUKAIOLIETO HM3-3a MHTCHCHB-
HOTO HM3HOCA, CYMMapHBIE DKBUBAJICHTHBIC HaIIps-
JKEHMsI TIPEBBIIIAIOT 3HaYEHHE Mpefiesia BEIHOCIUBO-
CTH NP IUKINYECKOM Harpy>keHuu. CienoBaTeib-
HO, IIPOUCXOJUT HAKOIIJIEHHE YCTaJOCTHOM MOBpe-
KIAEMOCTH MaTepHaia, GOpMHPOBAHKE U POCT Tpe-
LIMH, YTO OTPHLATENBHO CKa3blBaeTcs Ha padoTo-
CIOCOOHOCTH MEJIbHHLIBL.

Jig mpenoTBpalieHusl pa3pyIieHus] CEerMEHTOB
U TPOJJICHUs CPOKa MX CIIy:KOBI HEOOXOAUMBI Clie-
OYIOIUE MEPOTIPHSTHSA:

— 00yacTh KOHTaKTa MEXIYy CeKTopaMu cop-
MHpPOBAaTh B BHJIE PHINBOB IIJIABHOM (hOPMBI, HE NMe-
FOIIMX KOHIEHTPATOPOB HANPSKEHUI;

— o0ecrieunTh CBOEBPEMEHHYIO HAIUIaBKYy TBEp-
JIBIM CIJIABOM M3HAIIMBAEMOW MMOBEPXHOCTH BTYJIKH
MOUINITHHUKA B 30HE €€ KOHTAKTa C CETMEHTaMH;

— cTaObMIM3UPOBATh B MPOLECCE IKCILUTyaTaLH
CHITy 3aTSDKKH KPENE)KHBIX IIMUIECK MPUKUMA;

— JUIsl YMEHBLIEHHUs TPEHUs U M3HOca LeJeco-
00pa3HO UCIIONB30BATh aHTH(PPETTUHIOBBIE TTOKPHI-
THS U CMA3KH.
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Abstract. Engineering for the cement industry is part of the heavy indus-
try. The cement industry is the main supplier of raw materials for the pro-
duction of concrete and reinforced concrete. For grinding cement, two types
of mills are used — ball and roller. Recent decades have proven the great
effectiveness of a vertical roller mill for grinding raw materials. Its effec-
tiveness, combined with the implementation of drying, grinding and separa-
tion in one unit, gives it an undeniable advantage over a ball mill. This ex-
plains the significant increase in the share of roller mills in the cement mill
market. The grinding process in such mills occurs due to abrasion, respec-
tively, in the process of work wear of the rubbing parts of the mill occurs.
The work evaluated the performance of a mill with smooth disk rolls. During
the study, the cause of the destruction of the sectors of the mill produced by
FLSmidth, operating in the Russian Federation, was identified. The study
revealed the causes of the destruction of the details of the roller mill:
with the simultaneous impact of the workload and the displacement of
the sectors resulting from intensive wear, the total equivalent stresses exceed
the value of the endurance limit under cyclic loading. Therefore, the accumu-
lation of fatigue damage to the material, the formation and growth of cracks,
which adversely affects the performance of the mill. A number of measures
have been proposed to increase the operability of mills of this design.
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Kniouesvie cnosa:
MapuIpyTU3alHs, JOTOJIHEHHAS peallb-
HOCTb, FeOMH(OPMAIIIOHHbIE CEPBUCHI

Annomayus. B Hacrosiiiee BpeMsi OHUM U3 IIEPCIIEKTUBHBIX HarpasJie-
HUH pa3paboTky B chepe HHPOPMAIMOHHBIX TEXHOIOTUI SIBJISETCS IOTIOTHEH-
Hasl peasbHOCTh. C ee MOMOIIBI0 MOJKHO TOTYYHTh JOCTYII K JTaHHBIM Peailb-
HOTO MHMpa IOCPEICTBOM KaMepbl YCTPOWCTBA, HMCIOb3ys HMHTEPAKTHBHBINA
HOAXOJ, OTOOpaXKEHUs JAHHBIX. JIOIOIHEHHAs! PEAIbHOCTD IIMPOKO IPUMEHS-
€TCsl B PA3MMYHBIX OOJIACTSIX )KU3HU: HAYMHAS OT UTPOBBIX M 3aKaHUMBAs IIPO-
(eccuoHANBHBIME NPIJIOKEHUSIME I IPOBEACHHS MHCTPYKTaXKa, 00ydeHHs
HEPCOHAA B IPOU3BOACTBEHHOM CEKTOPE, TSKEIIOM MAIIMHOCTPOESHUH U BbI-
COKOTEXHOJIOTUYECKOM CEKTOpE, TEM CaMbIM OOECIeUMBasi BO3MOMHOCTb HC-
TI0JIF30BaTh BUPTYaJIbHbIE MHCTPYKIHMH IS OCYIIECTBICHUS KBATU(PUIIPO-
BaHHBIX ornepanuii. Eie omHrM crocoOGoM MpUMeHEHHs AOTOJHEHHOM peatb-
HOCTH SIBJIACTCA I'€OJIOKAlMsA — BO3MOXKHOCTb B PEKUME PCaJIbHOI'O BPEMEHU
OTCIIEIKUBATH MO3UINI0 OOBEKTOB Ha reorH(GOpMallMOHHOI KapTe. B craTthe
paccMaTpHBAIOTCS CIIOCOOBI TIOCTPOSHUSI MapIIPYTOB B JOMOJHEHHOH peab-
HOCTH Ha OCHOBE T€OJIOKALIMOHHBIX JaHHBIX, aHATU3UPYIOTCSI OCOOCHHOCTH €
IMPUMCHCHNSI U BbLIABJICHHBIC HpOGﬂeMbI. HpI/IBOZLI/ITCﬂ NpUMEP MOCTPOCHUS
MaplIlpyTa Ha KapTe ¢ MPUBS3KON K T€OJIOKAIIMHHBIM JIAHHBIM M Ha CLIEHE J10-
MIOJIHEHHOH PEaIbHOCTH C BBIYHCICHHBIMH KOOPAMHATAMH TOYEK MapIIpyTa.
IpencraBnens! crocoObl peoOpa3oBaHus reorpaduIecKux KOOPAUHAT B KO-

OpAWHAThI CLUCHBI [lOHOJ]HCHHOI;I PCaJIbHOCTH.

BBeneHune

OcHoOBHOM HCJIBIO CTAaThHU SABJIACTCA paCCMOT-
PEHNUE BO3MOKXHOCTU IMMPUMCHCHHSA TEXHOJOIMHU 10-
MOJHCHHOM pCajlbHOCTU B I‘COI/IH(I)OpMaLII/IOHHBIX
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MALUMHOCTPOEHME N MALLMHOBEOEHWE

cucTeMax Uil OTOOpa)keHHs M IOCTPOEHHs Mapli-
pyToB. Pa3zbepeM BO3MOXKXHOCTH MPUMEHEHHS B 00-
JIACTH MapUIPYTH3aLMH, a TaKXKe BBIICIUM CYIIEeCT-
BYIOLIHE MTPOOIEMBEI.

Jist mocTpoeHust BUPTyalbHBIX MapIIpyTOB HC-
noJb3yeM IpeacTaBieHHblil Apple B 2017 r. ¢peiim-
Bopk ARKit [1], a mjas co3maHusi IPUIOKCHUN J10-
MOJIHEHHON PeajJbHOCTH IIOJ ONEPalMOHHYIO CHU-
cremy i0OS u onpeneneHus reojokanuu — (ppeim-
Bopk CoreLocation, Bctpoennsiii B SDK 10S [2].
Taxxe npumenum oTkpeITeiii SDK u API cepsuca
reosiokaniui HereMaps 1 mpeaocTaBieHus: Kap-
TorpaMuecKon MOI0KKH, OTOOpaKeHUsI MapLIpy-
TOB U Pe3yJIbTaTOB pacyeTa.
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1. Co3paHune cueHbl AOMNOJIHEHHOW peasibHOCTHN

[Ipu co3maHuM CIEHBI JOTOJHEHHOW pearbHO-
CTH KaMepa yCTPONCTBA UCIIOJIb3YyET pealibHbI MUD
JUTSL CO3/TaHUsI BUPTYAIbHBIX OOBEKTOB. DTO MPOHUC-
XOJUT 32 CYET TOTO, YTO BUPTYalbHBIE OOBEKTHI,
Takue Kak 3D-Monenu, BUJI€0, TEKCTYPhI UJIU 3BY-
KoBbIe 3((EeKTHI, MPOCHUPYIOTCS Mepe] HaMH Ha
KaMmepe yCTPONCTBA, MOBEPX PEeaTbHOTO MUPA.

Jnst coznmaHust TOTIONIHEHHOW PealbHOCTH TIPH-
BIIEKAETCS DA alapaTHBIX TEXHUYECKUX YCTPOICTB,

TaKMX KakK MPOLECCOp, UCIUICH, JaTYUKN U YCTPOM-
CTBa BBOJa/BRIBOIA. Becemu aTiMu ceHcopaMu o0ia-
JTAI0T COBpPEMEHHbIE MOOWJIbHBIE yCTpolicTBa. B co-
craBe 00paboTKu HHMOPMAIIMU C MOOUIIBHOTO YCTPOii-
ctBa iPhone ucnons3yer BcrpoeHHsI B 10S ¢peiim-
Bopk ARKit. B cBoro ouepenr ARKit oOpabdaTrsiBaeT
MH(POPMAIIHIO C Pa3TUYHBIX CEHCOPOB yCTpocTBa [3].
CeHcopbI MpeJICTaBIeHbI B Ta0I. 1.

CueHa [ONOJHEHHON PEaNbHOCTH HCIOIb3YyEeT
CUCTEMY BU3yaJbHO-UHEPIHAIHHON 0IOMETPHH.

Tabnanuya 1
CocTaB CeHCOpPOB MOOUJIBHOIO YCTPOiiCTBa
[Table 1. Data capture by the device]
YcTpoiicTteo CeHcop 1 CeHcop 2 CeHcop 3 CeHcop 4 CeHcop 5 CeHcop 6
[Device] [Sensor 1] [Sensor 2] [Sensor 3] [Sensor 4] [Sensor 5] [Sensor 6]
iPhone Kamepa BapomeTp 'mpockon AkcenepomeTp MarHutomeTp GPS
[Camera] [Barometr] [Gyroscope] [Accelerometr] [Magnetometr]

Buzyanvnas ooomempus — METOIl OLICHKH I10J10-
KEHMS U OPUCHTAIMH YCTPOUCTBA C IIOMOLIBIO aHa-
JM3a TIOCIEN0BATEIHHOCTH HM300paXKeHUH, CHSATHIX
YCTAaHOBJICHHOM Ha HEM Kamepoit [4].

Buzyanvno-unepyuanvnas odomempus — TEXHO-
JIOTHSL, HCHIOJB3YIOLIAst BUAECOKAMEpPHI B IONIOJHEHHUE
K MHEpLHANbHBIM JaTYUKaM U crocoOHast obecrie-
YHUTh TOJIHOE IIECTHCTOPOHHEE OTCIICKUBAHHUE CBO-
0OMHOro ABMXEHUS B BU3YalIbHO Pa3InUUMBIX Cpe-
nax [5].

Dpetimghoprx ARKit aHanuzupyer Kamepy Tese-
(oHa M DaHHBIE O ABW)KEHUU AJIS OTCIIEKUBAHUS
OKpy>karomero Mupa. KoMmeioTepHoe 3peHue peru-
CTPUPYET 3aMETHbIE OCOOEHHOCTH B CPEAe U CIOco0-
HO MOJJEPKUBATh OCBEIOMIJIEHHOCTH 00 MX pacHo-
JOXKEHUH B PEaJbHOM MHpPE BHE 3aBHCUMOCTH OT
IBIDKeHHs ycrpoictea iPhone. Cucrema oObeauHs-
€T JaHHbIC C BU3YaJbHOH M MHEPLHUAILHON MOACHU-
CTEMOM YCTpOMCTBa JjIsi OMPEACIICHUS MOJIOKEHUS
Y CMCIIICHHS Ha cIieHe [6].

K BusyanbHON mojacucremMe OTHOCATCS Takue
YCTpOICTBa, KaK KaMepa, a K MHEpUUAIbHOH MOoJ-
CHUCTEME — aKCeJlIepOMETp, MarHUTOMETP U THUPO-
ckor [6].

Maznumomempsi UCTIOAB3YIOT UHPOPMALHIO C
YCTAQHOBJIEHHBIX HA MOOMJIBHOM YCTPOWCTBE AaT4H-
KOB JUISI U3MEPEHHUs HalpspkeHHocTH moiis [7]. [lpu
3TOM MarHUTOMETP MOOWJIBHOTO YCTPOMCTBa H3Me-
psieT HanpsHKEHHOCTh MOiA. MarHuToMerp Mo3BO-
JSI€T OLCHUTh BO3JIEHCTBHE HA YCTPOICTBO MarHuT-
Horo noJjtoca 3emin [8].
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B ocHoOBe BBIOOpKH JydIIIEro Mo3UIIMOHHUPOBA-
HUS Ha CIeHe IexXuT ¢gurpbmp Kanvana [9] — anro-
PUTM, KOTOPBIA B KaXKJIblii MOMEHT BPEMEHU I10CIIE
VHHIUATIM3AIUHA CLICHBI BBIOMPAET HAWITyYIllee U3 TO-
Ka3aHHUH JBYX MOJICUCTEM, YTO TO3BOJISIET KOPPEKT-
HO OTpENeINTh Ha CIEHE TEKYUIYI0 IMMO3UIUI0 U
OpUEeHTalUIo nojas3oBatens [10].

[Ipu co3maHum ClieHBI OTIOTHEHHOW peabHO-
CTH €CTh BO3MOXKHOCTPH OTIPE/ICTICHUS TOPH30HTAIb-
HBIX U BEPTUKAIbHBIX TTOBEPXHOCTEH, YTO MO3BOJIS-
€T paccyuTaTrh PacCTOSHUE OT TOYKUA MHUIIUAIIH3A-
UM CIEHBI IO TTOBEPXHOCTH 3eMJIH /ISl Olpesiene-
HUS BBICOTHI TIPH MTOCTPOEHUHU MapuIpyToB [9].

[ToMyMO MEpeYUCIEHHBIX YCTPONUCTB U JaT4yu-
koB, ARKit ucmonp3yer mokasaHus ¢ MpUEeMHUKA
riao0anbHON cucTeMbl To3unuonupoBanus (GPS),
YTO TIO3BOJISIET OMPENENUTh reorpadguyueckue Koop-
JIUHATHI TEKYIIETO TIOJIOXKEeHHs Moib3oBaTens. [lan-
HEIE MMOTy4aeT oT ciyTHUKOB GNSS.

2. ConocraBneHue CuCTeMbl KOOpAUHaAT
CLEeHbl AOMNOJIHEHHOMN peanbHOCTU
n ocem reorpacdpunyeckom cuctemMbl KOopauHaT

Ocu X 1 Z coBnajarmT ¢ HampaBiICHUSIMU A0J-
TOTHI 1 MHPOTHI [11], 9TO MMO3BOJISIET yCTAaHOBUTH BHI-
paBHUBaHME OCel momnonHeHHoM peanbHocTH ARKit
puc. 1:

— HanpaBUTh OCh Y MapaljiesIbHO CHJIE TSHKECTH;

— 0Chb Z pacTioIOXKUTh 10 HATIPABJICHUIO K BOCTOKY;

—0Ch X YCTaHOBHUTH IO HAIMpPaBJICHUIO Kypca
KoMIIaca.
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+Y

(Up)

-X -Z
(West) ‘_ —7 (North)
+Z +X
(South) (East)

v
-Y
(Gravity)

Puc. 1. Cuctema KoopamHaAT CUEHbI A0MNOJIHEHHOW PeasibHOCTH
[Figure 1. System coordinate for AR Scene]

Hawano koopauHat pa3meriaercsi B UCXOTHOM
MecTe yCTpOHCTBa B MOMEHT MHHUIMAIN3AINH CIie-
HbI B Touke (X =0; Y=0; Z=0).

3. PacnonoxeHue MapLUpyTOB Ha KapTe
M cCLeHe AONOJIHEeHHO peanbHOCTH

Jis onpeneneHus MO3UIUKA 0O0BEKTa Ha CIIECHE
HEOOXOIUMO MPOU3BECTU PsA MAHUMYJSIIUN C Jie-
KapToOBOH M Teorpaduueckoil cucreMamM KOOpAu-
Hat (puc. 3). JlekapToBas cucTeMa KOOpAMHAT HC-
MOJIB3YETCs ISl pa3MelleHHsi 0ObEKTOB Ha CIICHE
JIOTIOJTHEHHOW peanbHOCTH [12]. ['eorpaduueckas —
Ui oToOpaskeHUsT OOBEKTOB Ha reorpaduyeckoi
kapte. CBs3b CHCTEM TpeJCTaBlieHa Ha pHC. 2.

Radius

Segment count
(radial and pole to pole)

Puc. 2. Cuctembl koopanHat
CLEHbI JOTMOJIHEHHOI PEaNIbHOCTM U KapThl
[Figure 2. System coordinates for AR scene and maps]

MALUMHOCTPOEHME N MALLMHOBEOEHWE

Koopaunate! Ha clieHe TOMOJHEHHOH peabHO-
CTH W3MepsIoTes B MeTpax [11]. 3a cuer 3TOTrO BO3-
MOYKHO IMPOM3BECTH TNpeoOpazoBaHUWE KOOPAMHAT
u3 reorpauueckoil cucTeMbl B AekapToBy [13].
[Ipu 3TOM CMelIeHHe MEXIy HadalbHOW TOUKOU U
KOHEYHOW — MCKOMOW Ha CIIeHE JOIMOJHEHHOH pe-
aBHOCTH — M OYJIeT CMEIICHUEM MEXIy Teorpadu-
YECKUMH KOOPJIMHATAMH, Peo0pa30BaHHEIMU B MET-
pol. TlockombKy KOOpAMHATHI OMPEHENSIOTCS Kak
JIOJITOTA U IIUPOTA, CMEIICHUE MEXITy STUMHU Tapa-
MU U €CTh CMEIEHHUE MO 0CsM X U Z CIICHBI T0IOJI-
HEHHOW peabHOCTH COOTBETCTBEHHO.

Puc. 3. AnropuT™ noCTpOEeHNs MapLupyTa
B [OMNOJIHEHHOV peasibHOCTN

Figure 3. Algorithm build route at AR
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ITocne Toro xak OyJeT NPOM3BEIEH PacyeT CMe-
LIEHNs1 KOOPIMHAT B OAHOH CHCTEME U IpeoOpa3oBaH
B JpYyryt0, HEOOXOJUMO OIIPENeNIUTh LIEHTP Hadaia
CHCTEMBI KOOPJMHAT CLIEHBI JOMOJHEHHOM peasbHO-
ctu. st 3Toro HeoOXOAMMO BBIOpAaTh TAKYIO TOUKY,
B KOTOPOIl B MOMEHT MHHUIMAIN3AIUY CLIEHBI OyayT
M3BECTHBI KOOPAWHATHI, MOJIYYEHHBIE C MOMOIIBIO
GPS [4]. B momeHT, korma Oyzaer 3adukcupoBaHa
TaKasi TOYKa, IIOSIBUTCSI BO3MOXKHOCTh [TOCTPOEHMS Ha
CIIeHEe JOMOJIHEHHON peajbHOCTH TOYEK MapuipyTa,
3Has TOJIBKO UX Teorpaduueckre KoopauHaThl (puc. 4).

dopMmyna A onpeneNieHUs PACCTOSIHUS MEX-
Iy KoopauHaTtamu Ha kapTte (1):

cos(d) = sin(@a) = sin(@b) + cos(Ba)
* cos(@b) * cos(ua — ub), (1)

rae @a v @b — mupoTH; UA, Ub — JOJTOTHI JAHHBIX
ITYHKTOB; d — pacCTOAHUEC MEXKAY ITYHKTaMH, U3MEC-
psieMoe B pajaMaHax UTHHOM Jyrd GOJBIIOro Kpyra
3€MHOTO IIapa.

ITepeBon paguaH B METPHI:

D = acos(d) =R, ()
rae d — pacCTOsHUE MEXIY ITyHKTaMH, U3MEPIEMOE

B pajzvaHax JUIMHOM IyTu GOJBIIOTo Kpyra 3€MHOTO
mapa; R = 6371 kM — cpeHUil paailyc 36MHOTO I1apa.

N
(cos(@).sIN(O))
| SINW)
< . T
-1 O | cos®) 1
V

Puc. 4. AnropytT™ nocTpoeHns MapLupyTta
B AOMNOJSIHEHHOM peanbHOCTU
[Figure 4. Algorithm build route at AR]

dopMmyna sl ONPEACICHUS] CMEIIICHUST B MET-
pax Mexay JOJNTOTAaMH W HIMPOTaMHU U Tpeodpaso-
BaHUE B KOOPJWHATHI CIICHBI JIOTIOJIHEHHOW peab-
HOCTH (2):

2xPixR

deltalat = ———, 3)
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rne Pi ~ 3,141592 — matematnyeckass KOHCTaHTa,
BBIpKAFOIIasi OTHOIIIEHUE OKPYKHOCTH K JJIHHE €€
nuametpa; R = 6371 kM — cpeHuil pagyc 3eMHOTO
mapa [14].

2xPi*R*cos(lat1)

deltaLon = 260 ) “4)

rae Pi ~ 3,141592 — marematnueckass KOHCTaHTa,
BBIPKAIOIIAss OTHOIICHUE OKPYKHOCTH K JJINHE €€
nuamertpa; R = 6371 kM — cpeHul pagiyc 3eMHOTO
mapa; latl — mupora HayanbHON KOOPAMHATHI Ha
Kapre.

deltaX = (lon2 — lon1) * deltaLon, (5)

rae lonl u lon2 — monrora HaYaJILHOW U KOHEUHOM
KoOpIuHATH Ha kapte; deltalon — npupamenne mo
JIOJTOTE.

deltaZ = (lat2 — latl) * deltaLat, (6)

rae latl u lat2 — mmpora HayabHOW W KOHEYHOU
KoopIuHATH Ha kapte; deltalat — mpupamenue mo
HIMPOTE.

Brrunciennsie 3Hauenus deltaX u deltaZ sas-
JIAIOTCSA TpupalieHueM st oced X u Z COOTBET-
CTBEHHO.

objX = X0 + deltaX,
objZ = Z0 + (—deltaZ), @)

rae objX u objZ — KOOpAWHATHI TOYKH Ha CIICHE J0-
MIOJIHEHHOM peanbHOCTH [15].

Pe3ynbTaThl pacyeToB sl TECTOBOIO MapIIpy-
Ta MpeICTaBIICHEI B Ta0. 2.

4. NpoBeaeHne 3KCNepnMeHTa.
MNocTpoeHue mapLipyTta

Ha xapre 3agaeM TOYKaMU CErMEHTHI MapIIpy-
Ta JUI1 CO3MAaHUS WX B PEXHME JIOTIOJHEHHOW pe-
anpHOCTH (pHC. 5).

WHnnmanusupyeM CIieHy JOMOJHESHHON peab-
HOCTHU B Hauaje MapuipyTa B TOUKeE.

Ha puc. 6 u 7 npencraBiieHbl pe3yJibTaThl MO-
CTPOCHHS MapIIPyTa, a TaKKe Pe3yJbTaThl OTCIIE-
JKUBAHUS TE€OMO3UIMH TTOJIH30BATENsI HA MapIIpyTe
JUISL aHAJTA3a KadecTBa MOJMyYeHHBIX Touek mo GPS.
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Tabnnya 2
BbluncneHHble KOOPAUHAaTbI CLEeHbl AOMNOJIHEHHOM peasibHOCTHU
[Table 2. Computed coordinate for AR scene]
LupoTa OonroTta CwmeleHue no gonrote CmeLlieHue no wmpoTe PaccTtosHue
[Latitude] [Longitude] [Offset latitude] [Offset longitude] [Distance]

55.790607665738925

55.790637186838694

55.79070514309321

55.79050494307579

55.79040408403042

55.79029708193492

55.79022642140064

55.790151503070554

55.7900245268851

55.789945304497145

55.789865714112274

55.78986205414613

55.789969241354044

55.79005458812978

55.790123547746596

55.79016529680853

55.790252657035644

55.790486478018444

55.7905507838302

38.43919700016806

38.43939233127532

38.439813942917496

38.43993051296731

38.43997846910398

38.4399654496344

38.439792761745274

38.4397685710474

38.43979900978218

38.439617293316154

38.439289565788734

38.43913933484901

38.43904044576228

38.43897875048687

38.43878813629289

38.438644316951255

38.43858245811466

38.438482522236406

38.438809039411126

12.224978492197607

38.61193410739788

45.907578778373896

48.908958064845315

48.09412248750543

37.28629080109022

35.7722935410897

37.67732998495587

26.304436440575017

5.793305212529633

-3.6090374696573067

-9.798102669302764

-13.659358695325283

-25.589124795047287

-34.59019166508795

-38.46168431939108

-44.71626393736429

-24.280883755482574

3.2862737939613993

10.851129443203357

-11.435034553283009

-22.6626121255378

-34.574030910073326

-42.439925605768074

-50.77979596196146

-64.9147202697816

-73.73371615612359

-82.59367727202104

-83.00110283983018

-71.06907743500359

-61.56831781946964

-53.891768389920344

-49.24428407415834

-39.51938807638185

-13.490555334339737

-6.332065114763968

0

12.658748279907163

40.10780048416137

47.31031547968738

53.90445211015675

59.2319189983349

56.49272652482635

62.114933931060584

75.05679065086598

78.28536143824138

82.79660465819886

83.0795568601002

71.74139931035073

63.065343396300435

59.6584529781236

60.178852226622965

55.14610910749036

46.70704742272045

25.093154898600957

6

Puc. 5. lMNocTpoeHne mapLupyTa Ha kapTe (a) 1 oToOpaxeHne To4Yek MapLipyTa Ha MOBUILHOM YCTPoNCTBE (6)
[Figure 5. Route in maps (a) and mobile client (6)]

MALUMHOCTPOEHME N MALLMHOBEOEHWE
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Puc. 6. [1BuxxeHve No MapLUpyTy, OTCNeXunBaHue reonosnumm
[Figure 6. Move at route, location service]

o' Tinkoff T @ 797 % w=m o Tinkoff & ' Tinkoff & @ 794 % ==
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| Y ra
£ %’” y

-1 \scene pos - SCNVector3
4 w v

BY setnode = 61,20 1354 node wolld - SCNVector3(x offset node - 44.414093 node world - SCNVectGrs(x de - 43920424 node world - SCNVector3(x:...

world system : nil position in Optional(55. world.system - pik position in map:Optional(S5=

=
route seg : 18 k route seg : 18

Beraing : Beraing :

Direction : : Q Direction :

world system : nil position in map: Optional(55...

route seg : 18

Beraing :

Direction : (0]0]0]

Altitude : . | " -1.087037 Altitude : -1.037037 Altitude : -1.037037

Puc. 7. MapLipyT B 4ONOSIHEHHOM pPeanbHOCTH
[Figure 7. Route an augmented reality]
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3akno4yeHue

MapmpyTuzanusi MHPOKO HCIIONB3YETCs Kak
IUISL TIEIIEXOMHBIX MapIIPyTOB, TaK U UIS aBTOMO-
OounbHBIX. He Bcerna ucmonb3yst KapTy MOXHO TIO-
HATH B KaKOM HAaIIPaBJICHUH HEOOXOIMMO IBHUIATh-
csl. 3a CUCT MCIIOJIb30BAaHMS JOTIOJIHEHHOH peabHO-
CTH, TOCTPOCHHOW Ha TEOJIOKAIIMOHHOM CEpBHCE,
MOJIL30BATEIIO Cpa3y MOKHO OyAeT HavaTh JIBHKE-
HHE TI0 HYy’)KHOMY MapIipyTy

AHanm3 U 5KCIEePUMEHT, ITPOBECHHBIC ITPH TI0-
CTPOCHHH MapIIPyTOB B JOMOJHEHHON PeatbHOCTH,
MoKa3ayy ciabble MecTa TaKoro IMoJIXoja, a UMEH-
HO: OMpE/IeJICHHE TCONO3UINH TT0JIh30BaTeNs B MO-
MEHT WHHIMAIW3AIMHA CICHBl U BO BpEMs JBHKE-
Hus. [IporcxoauT yactoe OTKIOHEHHUE, B pe3yibTa-
TE 9ero BHIYHMCICHHbIE CMEIICHHS MPHOABISIOTCS K
HEMpPaBUIBLHBIM KOOpAMHATaM C omHOKoi. C 11enbio
yCTpaHEHHs NaHHOW MpoOJeMBbl IpeaaraeTcs: pac-
CMOTPETh BO3MOYKHOCTh KOPPEJSIHH JaHHBIX C I10-
CIemyromelt KaTnOPOBKOH CIICHBI.

Cnucok nutepartypsbl / References

1. Furht B. Handbook of Augmented Reality. Florida
Atlantic University (USA). Springer; 2011.

2. Francese R, Gravino C, Michele R, Scanniello G,
Tortora G. Mobile app development and management:
results from a qualitative investigation. Proceedings of
the 4™ International Conference on Mobile Software En-
gineering and Systems. IEEE Press; 2017. p. 133—-143.

3. Schops T, Engel J, Cremers D. Semi-dense visual
odometry for AR on a smart-phone. Proceedings of
the International Symposium on Mixed and Augmented
Reality (ISMAR). 2014;(1):145-150.

4. Lin T, Maire M, Belongie SJ, Hays J, Perona P,
Ramanan D, Dollar P, Zitnick CL. Microsoft COCO:
common objects in context. Proceedings of the European
Conference on Computer Vision (ECCV). Zurich, Swit-
zerland; 2014. p. 740-755.

5. Mur-Artal R, Tardés JD. ORB-SLAM?2: an open-
source SLAM system for monocular, stereo and RGB-D
cameras. I[EEE Transactions on Robotics. 2017;33(5):
1255-1262.

6. Kulikov AS, Mavlutov AR, Mavlutov AR. Appli-
cation of augmented reality in GIS. Herald of Science
and Education. 2019;2(56)(2):25-28.

Kynukoe A.C., Masnromos A.P., Magniomos A.P.

[pumenenune nononueHaor peanpHocTH B I'YIC // BectHrK
Hayku u oOpazoBanms. 2019. Ne 2 (56). Y. 2. C. 25-28.

MALUMHOCTPOEHME N MALLMHOBEOEHWE

7. Lee DH, Lee JM, Han JK, Choi BI. MR elasto-
graphy of healthy liver parenchyma: normal value and re-
liability of the liver stiffness value measurement. Journal
of Magnetic Resonance Imaging. 2013;38(5):1215-1223.

8. Venkatesh SK, Wang G, Teo LL, Ang BW, Mag-
netic resonance elastography of liver in healthy Asians:
normal liver stiffness quantification and reproducibility
assessment. Journal of Magnetic Resonance Imaging. 2014;
39(1):1-8.

9. Mourikis Al, Roumeliotis SI. A multi-state con-
straint Kalman filter for vision- aided inertial navigation.

Proceedings of the International Conference on Robotics
and Automation (ICRA). Rome, Italy; 2007. p. 3565-3572.

10. Kim LM, Mourikis BH. Real-time motion track-
ing on a cellphone using inertial sensing and a rolling-
shutter camera. Proceedings of the International Con-
ference on Robotics and Automation (ICRA). 2013;(1):
4712-4719.

11. Yurlov DN. Princhip dopolnennoy realnosty v
navigatsii [Augmented reality principle in navigation].
Academy. 2019;1(40):26-28.

IOpnos /[.H. TlpuHuun NOTOJHEHHON PEaIbHOCTH B
Hauranuu // Academy. 2019. Ne 1 (40). C. 26-28.

12. Faure F, Gilles B, Bousquet G, Pai DK. Sparse
meshless models of complex deformable solids. ACM tran-
sactions on graphics (TOG). 2011;30(4):73.

13. Baraff D, Witkin A. Large steps in cloth simula-
tion. Proceedings of the 25" annual conference on com-

puter graphics and interactive techniques. ACM. 1998.
p. 43-54.

14. Luntovskyy A. Advanced software-technological
approaches for mobile apps development. 14" Internatio-
nal Conference on Advanced Trends in Radioelectronics,
Telecommunications and Computer Engineering (TC-SET).
2018:113-118. doi: 10.1109/TCSET.2018.8336168.

15. Kim WT. Mobile Application Development Ex-
periences on Apple’s iOS and Android OS. IEEE Poten-
tials. 2012;31(4):30-34.

Ansg uMTnpoBaHuns

FOoun A.B., Cmpamuenxo A.H., Maoymapose M.M., Mup-
nenko M.A. TlocTpoeHre MapupyToB B JOIOJHEHHON pe-
IBHOCTH C Hcrob3oBanrneM I VIC-rexnomnoruii / BecTHrK
Poccuiickoro ynusepcurera npyx0sl HaponoB. Cepusi:
Wnxenepusle uccnemoBanus. 2020. T. 21. Ne 3.
C. 189-196. http://dx.doi.org/10.22363/2312-8143-2020-
21-3-189-196

195



Yudin A.V. et al. RUDN Journal of Engineering Researches. 2020;21(3):189-196

DOI 10.22363/2312-8143-2020-21-3-189-196
Research article

Construction of routes in augmented reality using GIS technologies

Alexandr V. Yudin, Artem N. Stratienko, Mukhriddin M. Madumarov, Margaryta A. Myrnenko

Peoples’ Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation

Article history: Abstract. At present, one of the promising directions of development
Received: April 22, 2020 in the field of information technologies is augmented reality, which offers
Revised: July 23, 2020 access to real-world data through the device's camera using an interactive
Accepted: July 24, 2020 data display approach. Augmented reality is widely applied in various areas

of life: beginning from game applications, finishing with professional ap-
plications for briefing, training for personnel in a manufacturing sector,

Key .WOFdS" dreali i . heavy mechanical engineering and the high-tech sector, thereby providing
routlpg, augmented reality, geo-nformation an opportunity to use virtual instructions for implementation of the quali-
services

fied operations. Also, the main way to apply augmented reality is location
service — the possibility to track the position of objects on the geographic
information map in real time. The article discusses ways of constructing
routes in augmented reality on the field of location service data and ex-
plores the peculiarities of application. Problems identified when applying
the above method are analyzed. An example of route construction is given
on the map with reference to location service data and on the stage of aug-
mented reality with calculated coordinates of route points. Methods of con-
verting geographical coordinates into coordinates of augmented reality sce-
ne are presented.

For citation

Yudin AV, Stratienko AN, Madumarov MM, Myrnenko MA. Construction of routes in augmented reality using GIS
technologies. RUDN Journal of Engineering Researches. 2020;21(3):189—196. (In Russ.) http://dx.doi.org/10.22363/
2312-8143-2020-21-3-189-196

Alexander V. Yudin, Associate Professor of Department of Mechanics and Mechatronics of Institute of Space Technologies of Academy of Engineering of RUDN Univer-
sity; Candidate of Physical and Mathematical Sciences; ORCID iD: https://orcid.org/0000-0002-6802-8603, eLIBRARY SPIN-code: 4917-0840; yudin-av@rudn.ru

Artem N. Stratienko, master student of Department of Mechanics and Mechatronics of Institute of Space Technologies of Academy of Engineering of RUDN University;
ORCID iD: https://orcid.org/0000-0002-3350-813X.

Muhriddin M. Madumarov, master student of Department of Mechanics and Mechatronics of Institute of Space Technologies of Academy of Engineering of RUDN
University; ORCID iD: https://orcid.org/0000-0002-0904-5411.

Margarita A. Mirnenko, master student of Department of Mechanics and Mechatronics of Institute of Space Technologies of Academy of Engineering of RUDN University;
ORCID iD: https://orcid.org/0000-0003-3922-2308.

196 MECHANICAL ENGINEERING AND MACHINE SCIENCE



BeCTHUK PY[IH. Cepusi: IHXeHepHble NCCNeaoBaHns

RUDN Journal of Engineering Researches

journals.rudn.ru/engineering-researches

2020;21(3):197-207

or ENGINEERING.

[ RESEARCHES

HAYKWN O 3EMJIE
EARTH SCIENCE

DOI 10.22363/2312-8143-2020-21-3-197-207

YK 552.5

Hay4yHag ctatbsa

CoBpeMeHHOe COCTOSSHUE U NepcneKTuBbl Ppa3BUTUSA
¢docdaTHO-CbIpbeBO 6a3bl Poccumn

A.®. I'eopruesckuii, B.M. Byruna

Poccuiickuit yauBepcuteT npyx06I HaponoB, Poccuiickas @edepayusa, 117198, Mockea, yn. Muknyxo-Maxaas, 0. 6

Hcemopus cmamou:

Iocrynuna B pegakuuto: 9 anpens 2020 r.
Hopaborana: 25 ampens 2020 T.
Ipunsra k my6mukanuu: 16 nrons 2020 r.
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neuuut Gocdopa, ypoxkaitHOCTh, MHUHE-
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6a3a, hochOpHUTOBBIC U AMATHTOBBIC MECTO-
poxnenus, pocdorenes, Mporu3BOICTBO
(docdaTos, TrIBI U 3anack py, Gocdo-
putsl, GpocdaTsl, anaTUTHL

Aunnomayus. B cratbe aHanmusupyercs cocrosHue pocdaTHON chipbe-
Boii 0a3sl Poccum 1 ee poib B 9KOHOMUYECKOM Pa3BUTHU CTPAHBL, B 4acT-
HOCTU OTEYECTBEHHOI'O CEJILCKOTO XO3SIMCTBA. BhiaeneHsl mpobieMsl, Ko-
TOpbIE HE MO3BOJIIIOT CO3/1aTh COBPEMEHHOE MOIIHOE MPOM3BOICTBO (oc-
¢aroB, crocoOHOE YIOBIETBOPUTH CYILIECTBYIOIIUE 3aIPOCHl CEIBCKOIO XO-
3siicTBa B POCHOPHBIX MHUHEPAIBHBIX yIOOPEHUSIX. AHAIU3UPYIOTCS BO3-
MOXXHBIE HaIpaBJIeHUsl pa3BUTUS (HOchOPHON OTpaciiu B pernoHax Ha Onu-
JKAMIIyI0 U OT/AAIEHHYIO nepcrekTuBsl. Llenp paboTel — aHann3 coBpeMeH-
HOT'O COCTOSIHMSI OTEUECTBCHHON MMHEPabHO-CHIPHEBOM 0a3bl Ul IMpous-
BojicTBa (POCHOPHBIX MHHEPATBHBIX YIOOpPEHHH, OCTPBIA ACHHUIUT KOTO-
PBIX CHEPXKUBACT PA3BUTUE CEIILCKOTO X03sicTBa cTpansl. dakTuyeckoit 6a3oii
IUTSL UCCIIEIOBAHUH TTOCTYKWIIH TIaBHBIM 00pa3oM 00paboTaHHBIE MaTepH-
aJIpl CIIENMAIU3UPOBAHHBIX HAYUYHBIX CTaTel U MyOMUKalUu B OTKPBHITOM
nocryrne. Kpome Toro, npuBieKaiuck JaHHBIE, COOpaHHBIE aBTOpPAMH B X0
TpUALATHIETHEH paboTsl 1o u3ydeHus: GocOpUTOBBIX MecTOpoxaeHui Poc-
CHH U 3apyOeXHBIX CTpaH. VI3ydeHBl TpyAbl BEAYIIMX POCCHUIICKAX HPOMU3-
BonuTenel GpochopHOI MPOIYKIMH, TOPHOJOOBIBAOLINX KOMIIAHHH, 0a3 JaH-
HBIX CIIEUAIN3UPOBAHHBIX (peiepallbHBIX U PETHOHAIBHBIX T'€0JIOTHYECKUX
KOMIIaHU#. Y CTaHOBIJICHO, YTO JUISl FEOJIOTHYECKHX CITY>KO CTpaHbl BaXKHEUIIICH
3ajayeil ocTaeTcsl BBUIBICHHE MECTOPOXKICHMI BBICOKOKAUECTBEHHBIX (hoc-
(arHpIX pyn u npexne Bcero B Cubupu u Ha JlaneHem Bocroke Poccun.
3HayKUTeNbHbIE EPCIIEKTUBBI 110 PA3BUTHIO 3THX PETMOHOB OTKpbIBaeT Ce-
BEpPHBI MOPCKOHM IyTb. 3alyIJaHUPOBAHHBIE TEMITBI €r0 Pa3BUTHA CYJIAT YHH-
KaJIbHbIE BO3MOXKHOCTH 110 9KOHOMUYECKOMY OCBOECHUIO TaiimMbIpo-AHabap-
CKOTO pErHoHa, I'Jle COCPE0TOYEHbl OMPOMHBIE PECYPCHI allaTUTOHOCHBIX
xapOoHatuToB TommnTopckoro menouHoro mMaccuBa U Meiimeda-Koryiickoit
MIPOBUHIIMU.
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BBepeHune

Hons docdopa B 3eMHON KOpe HE3HAYUTEIHHA —
Bcero 0,08 %, HO IO 0Opa3HOMY BBIp2KEHHUIO aKajie-
muka A.E. ®epcmaHa — 3TO «BEMIECTBO XKU3HHU U
MeIcy. Dochop ydacTByeT B CTPOSHHH KIIETOYHOM
TKaHHU PACTeHUH U KUBOTHBIX. OH BXOJHT B CTPYKTY-
Py HUX TEHOB, TO €CTh OTBEYAeT 32 BOCIPOM3BOJICTBO
OpraHM3MOB U Ieperady UX MOTOMKaM HacCIleICTBEH-
Ho# nadopmarmu. Ipu nepure hocdopa B mousax
Yy pacTeHHil HapymaloTcs OOMEHHBIE MPOIECCHI,
OHH TIJIOXO YCBaMBAIOT KaJIMH U a30T ¥ HE MOT'YT HOp-
MaJIbHO pa3BHBaThes [1]. Bee Tpu anemeHTa sKHU3HEH-
HO BakHbI JJ1s1 pacteHuil. Ho ans poccuiickux ycio-
BUI pUHUMITHANIbHOE 3HaYeHne umeet P. 1o oueHke
9KCIIEPTOB, C y4eToM crenuduku nous Poccun onrtu-
MaJTbHBIE YCIIOBHS I PA3BUTHS PACTEHUHA CO3AAI0TCA
MPU KOHIIEHTPAIUAX MMUTATENFHBIX BEIIECTB TPUAJIbI
N:P:K, 6m3kux k cootromenuto 1:1.5:0.9. Cesizb doc-
(hopa ¢ yporkalfHOCTBIO CETTbCKOXO3SHCTBEHHBIX KYITb-
Typ JeMOHCTpupyeT puc. 1. ExxeronHo, B 3aBUCHMO-
CTH OT THIIA ITOYB ¥ BHIPAIMBAEMBIX Ha HUX KYJBTYD,
C KaKIBIM ypOXKaeM H3 MoYB oTuyxaaercs ot 30 mo
60 % docdopa, 9To BEAET K OCKYACHHUIO U TTaJICHHIO
uX wiogopous (puc. 2).

—
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Puc. 1. Bsanmoceasb Mexay ypoxXamHOCTbIO KybTyp
1 copepxaHueM foctynHoro P B nouse [2]
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Figure 1. The relationship between crop yields
and available P in soil
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Figure 2. The ratio of the removal P and crop yields
and its application with fertilizers

EcrecTBeHHBIM IIyTEM IMOYBBEI HE MOI'YT BOCCTa-
HOBHTB 3amackl ocdopa. s ero monosHeHMs Tpe-
OyeTcs akTUBHOE BMEIIATENhCTBO YenoBeka. OH BHO-
CHUT yIOOpEHHUs B BUJIC PUPOIHBIX U UCKYCCTBEHHBIX
coenuHeHui Gochopa. B mousax paznuyaroT MUHE-
panpHBINA 1 opranmdeckuit Gpocdop. [ocnemamii BKITIO-
YeH B CIOXHYIO CTPYKTYpPY OPraHHYECKUX MOJIEKYIL,
KOTOpBle (DOPMHPYIOTCS B XOZ€ Pa3IWYHbIX OHOTEH-
HBIX mporeccoB. OHAKO Jaxe B 9TOM cllydae U3Ha-
YanpHO €ro mpupoja Oblla MHHEpPATBHOW, yHacIe-
JTOBAaHHOM OT MIPOJYKTOB BHIBETPHBAHHS MUHEPAJIOB
dochopa. Crenmanucram ussectHo 190 MmuHepaio
dochopa, Ho Gonee 95 % ero NPUHAIICIKUT araTh-
ToBO# Tpynme. C TCHETHUECKUX MO3UITUN amaTHUTO-
BbIe MUHEpaibl, 0e3 ydera MeTaMop(hUIEeCcKUX Tpo-
LECCOB, MOAPA3IACIIIOTCS Ha MAarMaTOTCHHBIE U Oca-
JOYHBIC.

MarmatoreHHbIe araTUThl B MPOMBIINICHHBIX Mac-
mradax TJIaBHBIM 00pa3oM COCPEIOTOYEHBI Cpenr
He(eMHOBHIX 1 KapOOHATHTOBBIX KoMILTeKcoB. Oca-
JIOYHbIE anatuThl B ()OpME CKPBITOKPUCTAILTUYECKUX
arperatoB o0pa3ytot (ochopursr. Oxomo 85 % mpu-
poaHbIx (hocdaToB MCIIONB3yeTCs IS MPOU3BOJICTBA
(dochopubix ynodpenuii. [1o naHHEIM AMEpUKaHCKON
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TeOJIOTHYECKON CIyXKObl, MUPOBBIE pa3BEllaHHbBIC
3amackl (hocdaroB coctaisot 70 mupx T P,Os [3].
3anacel P pacnipenencHsl kpaiiHe HEpAaBHOMEPHO,
n3 HuX 60 % npuypouensr kK Mapokko, CILIA n Ku-
tato. CBoeobOpazHoii ocharroit «CaymoBckoir Apa-
BUEi» sBIAETCS MapoKKo — 3/1eCh CKOHICHTPHPO-
BaHo Oosee 70 % 3amacoB BBICOKOKAYECTBEHHBIX
thochopuroBsix pyn. HazBanHbie cTpaHbl SABISIOTCS
JuaepamMu 1o 1o0srde u noctaske pocdaros Ha Mu-
poBoO# peIHOK (pHC. 3). BHE KOHKYPEHIIMU HAXOUT-
csa Kurtail. EMy npuHaaiexxuT NpakTH4eCKHd IOJIO-
BHHA CBIPHEBOTO PHIHKA W PBIHKA MepepabOTaHHBIX
thocdaror (puc. 4). Poccust mo oTME4eHHBIM TOKa-
3aTesisiM 3aHUMaeT YeTBEPTOe MECTO, €€ OISl B MU-
POBOM OanaHce coCTaBIsIeT OKOJIO 5—6 %.

K xpynne#mmm npousBoautensiM ¢ocdaToB
OTHOCSTCS MEXIYHapOJIHBIE Kopropanuu Mapok-
ko, CIIA, Kutas, a Tak:ke pOCCUUCKUE XOJIUHTH
«DocArpo», «Arpoxum» u EBpoxum (puc. 5).
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@ Mekeuka (O Mapokko (D CLIA

Puc. 3. Pacnpegenexune 3anacos pochopuToB No cTpaHam,
MJH T P05
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Figure 3. Phosphorites’ reserves in different countries,
min tones P,Os
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Figure 4. China's share in world phosphate market
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Leaders in phosphate production, min. t.
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[Figure 5. Fertilizers production
and leader phosphate producers]

OcHOBHBIE TIOTpeOUTENN U UMITOPTEPHI pocda-
TOB — CTpPaHbl IOKHOW U BOCTOUHOM A3sum, Jlatun-
ckoii Amepuku, 3amaguoi EBponbl. Hakoner, u3 npu-
BE/ICHHOH I'pauKH CleIyeT, YTO TPH YETBEPTH IIPO-
MBIIIUTEHHBIX 3amacoB Qocdopa cBs3aHbl ¢ Gochopu-
TamMu. MarmarorenHsie ochaTbl CTPYKTYPOOIIpeie-
JISTFONTYIO POJIb UTparoT Tobko st KOAP, bpasunun,
Poccum, IllBenmn, Kanampl. 3a moaTopa CTONETHS
m3ydenns B Poccrm ochoputoB pazpaboTaHbl TIPHH-
LUIBI KITACCU(PUKAIMK 3TUX NPHUPOAHBIX 00pa3oBa-
HUH, Cpe KOTOPBIX HIMPOKOW U3BECTHOCTBIO IOJIb-
3yercs knaccupukanus A.C. CokonoBa [4]. B Heit
€CTh KaK JUCKYCCHOHHBIE, TaK U OOIIeNpU3HAHHbIC
nosoxxkeHus. OCTaBisAs 3a CKOOKaMH AUCKYCCHOHHBIE
BEIllM, COCPEJOTOUYNM BHUMAaHHE Ha T'€HETHYECKHX
tumnax (hochopuToBEIX MecTopokaeHuit. C yaeTom
COBPEMEHHBIX JAaHHBIX BBIICISIOTCS BOCEMb THIIOB
¢ocorenesa: ahaHUTOBBIH, MUKPO3EPHUCTHII, 3epHH-
CTBIM, JKEJIBAKOBBIN, PAKYLIEYHBIM, TaJICYHO-3EPHUCTBII,
MIECYAHO-3EPHUCTBIHM, OCTATOYHO-METACOMATHYECKHI.
W3 HUX MPOMBILIIEHHOE WM OTEHIUAIBHO-TIPOMBILII-
JIEHHOE 3HaueHHe MMEIOT MepBble mATh. VX Mecrto-
poxaeHus obnagaroT 3amacamu 6osee 50 MIH T
P>0s, a mons moObram pya B MHPOBOM OayiaHce J0-
cruraer 1 %. OTnuuuTensHbIE HeTporpaguyeckue
0COOCHHOCTH TaKUX Py MOXHO BUJETH Ha puC. 6.

OTMeueHHbIe NMPOMBIIIJICHHbIE T€HETHYECKHE
THUIIBI TAKOKE OTIMYAIOTCA 1O (OPMALMOHHON MpU-
HaJICKHOCTH, CTPYKTYPHO-TEKTOHUYECKHM, CTpaTH-
rpaduuecKiM, (aruanbHbIM, JTUTOTOTHICCKHM, T€0-
XAUMUYECKUM U JIPYTHM Xapakrepucthkam. [loguepk-
HeM aBa MoMeHTa: 1) cBsa3b (pocorenesa ¢ ompe-
JETICHHBIMU T€0JIOTHYECKUMH 3T0XaMH M 3BOJIIO-
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LUOHHBIN ero Xapakrep; 2) NpUHLUIHAIbHbBIC pa3-
T4l MeXIy aQaHUTOBBIM M OoJiee MO3IHUMHU THU-
namu ¢pochaTOHAKOTUICHHS.

B cBoe Bpems H.A. Kpacunsaukosa (1967) 06-
paTuia BHUMaHHE Ha CMEHY B F€O0JIOTHYECKOM Bpe-
MEHH TJI00aTBbHOTO paclpoCTpaHEHUs! Pa3HBIX MPO-
MBIIUICHHBIX TeHETHYECKUX THIOB (HOocHOpUTOBBIX
MECTOPOKACHUH M 00O3HauMja 3TO SIBIEHUE Kak
sBomonuio ocdorenesa [5]. PaspuBas uaer 3Bo-
moruonHoctu Gocdorenesa akagemuk A.Jl. Sn-
mvH (1988) BbLIenM BeHI-KeMOPHUIICKYIO U MO31-
HEMEJIOBYIO-PAHHEIIAIEOT€HOBYIO 3II0XH IPOMBIILI-
neHHoro (ocdaronakormienus [6]. [To ero gaHHEBIM,
B BeHje-KeMOpuu cocpenoTodeHo 6oiuee 15 % BbI-
SIBJICHHBIX MHPOBBIX 3aI1acOB MATHOKHUCH (hocdopa.
IIpencraBneHs! OHM pydaMy aaHUTOBBIX U MUKPO-
3EPHHUCTBIX T€HETHUECKUX THIIOB MECTOPOXKICHHH,
KOTOpble B OCHOBHOM JIOKIM3YIOTCS B TIpelenax
Asmnatckoro koHTHHeHTa. Eme 6oree konoccaabHbIe
CKoIIeHHUS ocdopa CBA3aHBI C MEJ-TTAICOTEHOBOM
310Xx0M. 31ech CKOHLIEHTpUpOoBaHo 27 mipa T P»Os,
i nioutr 60 % oT ux 00ImKMX 3amacoB. ITO UCKIIO-
YUTENEHO PYABl MECTOPOXKICHUH 3€pPHUCTOTO T'eHe-
THUYECKOro Tuna. B 0OCHOBHOM OHM NPHYpPOYEHHBIX
K ApaBuiicko-Adpukanckot (ochOpUTOHOCHOMH ITPo-
BuHIMU. TakuMm oOpa3omM, 0coboro BHUMaHHS 3a-
ClTyHBaeT a)aHUTOBBIA 'EHETHYECKUN THUIT MECTO-
POXIEHUH, TOCKOJIBKY UMEHHO C HEro B 3AUaKap-
CKO€ BpeMsi Ha 3emJjie HAauWHAETCs! MPOMBILIUICHHOE
¢dochopuroodpazosanue. [IpuHIMITHATBLHBIE €r0 OT-
nmaust oT OoJiee MO3MHUX THUTOB (hocdoreHesa cBsi-
3aHBl C MAJEOTCKTOHMYECKHMMH OOCTaHOBKAMH B
¢dochopuroHocHBIX OacceiiHax. AdaHuToBOE (hoc-
(aroHakomieHre ObLIIO MPUYPOUYCHO K MOABHUKHBIM
y4acTKaM 3€MHOH KOpBl C CEICMUYECKU aKTHBHBIM
TEKTOHHYECKUM PEKHMOM, YHACIECAOBaHHBIM OT JO-
saMaKapckux pupToBBIX CTpyKTyp [1; 7]. bnaroga-
ps 3ToMy Takoil gocdorenes mporekan Ha (oHe
YCKOPEHHOW CEeMMEHTAIINHY, YTO JaJI0 BO3MOXKHOCTh
MaKCHMAJIbHO IOJIHO IIPOSIBUTHCS AMAT€HETHUYECKOM
¢docatnzanum ocankos. CienoBaTesNbHO, AT Me-
CTOpoXXaeHUH adaHUTOBBIX (POCPOPUTOB TIaBHBIM
(daxkTopoM pynHOU KOHIeHTpamuu (ocdopa crano
€ro JUareHeTHYeCKOe MHCUTHOE HakoluleHue. Jlis
Ipyrux TUHOB (GOC(OPHUTOBBIX MECTOPOXKIEHUH,
o0macTpio (OpMHPOBaHHS MX PyJ OBUIM Maiormo-
IBIDKHBIE cj1a00 mporubarommuecs CTPYKTYPBI C
MEJICHHBIMU TEMIIaMHU CEIUMEHTAllMU U JJIUTEJIb-
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HBIMU TepeMblBaMU 0caakoB [8]. biarogaps stomy
BO3HUKAJIM KOHJEHCHPOBAaHHBIE Pa3pe3bl U3 MHOTO-
KpaTHO MEPEMBITOTO M CTPYKEHHOTO pa3HOO0pa3HOTO
(hochopuroBoro mareprana. IHBIMH CIIOBaMH, 371€Ch,

E PN

PakylHAKOBbIe pochopuTbl

B OTNINYKE OT apaHUTOBHIX (HOCPOPHUTOB, TITABHBIM
PyZA000pa3yIomIM MEXaHU3MOM KOHIIEHTpauu (Goc-
¢dopa ObUTM CEAMMEHTAI[MOHHBIC IPOLECCH JITH-
TEeTHLHOTO NITUX0BaHUS (POCHATHBIX OCATKOB.

#flishelly phosphoritesiif

concretionary phosphorites|

Puc. 6. MeTtporpadunyeckme Tmnbl $ochopurToBLIX PYL,
[Figure 6. Petrographic types of phosphorites’ ores]

Tabavua

JAoneBoe y4yacTvue NpPoMbILLIEHHbIX TUMOB PYA B CTPYKTYpe ¢pocdaTHO-CbipbeBoii 6a3bl CoBeTckoro Coto3a
[Table. Industrial ore types’ share in phosphate-raw material resource base of USSR]

MpombiwneHHble Tunbl pya [Types of industrial ores]

AnatutoBble
[Apatite ores]

DochHOpPUTOBLIE MUKPOSEPHUCTLIE

®dochopunToBbIE XENBAKOBbLIE
[Microgranular phosphorite ores] [Concretionary phosphorite ores]

dochopunToBbIE PaKyLLEYHbIE
Shelly phosphorite ores

48 % 36 %
(BBICOKOCOPTHbIE /
of good quality)
XunbuHbl, KoBoop
[Khibiny, Kovdor]

of acceptable quality)
Kapatay
[Karatau]

12% 4%

(ynoBneTBOpUTENBLHOMO KavecTBa / (HU3KokavecTBeHHbIe / of low quality) (Hu3kokavecTeeHHble / of low quality)
LleHTpanbHble pernoHbl Poccumn
[Central regions of Russia]

MpubanTuiickme pPernoHsbl
[Baltic regions]

Bce ckazanHOe HampsMyro UMeeT OTHOIICHHE K
(hocdarnoit mpodbneme Poccun. Kak yxxe otmedanocs,
nonst Poccun B MupoBoM mpou3BoicTBe (ocdaros
coctapnsier 6 %. OmHako 3TOT (pakT He CHHXKAeT
OCTpPOTHI CyIIECTBYIOMIEH mpobiemsl. [lo maHHBEIM
MuHcenbxo3a, B Poccuiickoit denepanun exero-
Hoe moTpedieHne (GochopHBIX yIoOpeHHH cOCTaB-
nset He 6onee 630 Thic. T P2Os [9], B TO Bpems kak
0 HayYHO 00O0CHOBaHHBIM HOpMaM MX BHOCHUTH He-
00X0JMMO B JiBa pa3a Ooubiie. [ToHATHO, YTO Takas
CUTyalusi B 3HAYUTEIBHOW CTENICHH CBsI3aHa C OCO-
OCHHOCTSAMH MHHEPaTbHO-CHIPhEBOH 0a3nl Poccum,
KOTOpas B OCHOBHOM OblTa yHacienoBaHa ero ot Co-
Berckoro Coro3za. 31mech HE0OXOIMMO BCTIIOMHUTB,
YTO, HECMOTPS Ha Psil HETAaTUBHBIX MOMEHTOB, TO-
TEHIIMAI MOCJeHEeNH ObUT BeCbMa BEJIMK U MO3BOJISLIT
Coserckomy Co103y 3aHHUMAaTh BTOPOE MECTO B MU-
pOBO# MOOBIYM M Tpom3BoACTBE (docdartor. Jlome-

HAYKWN O 3EMJIE

BOE y4JacTHe TPOMBINIICHHBIX THIIOB PYI B CTPYK-
Type ¢ochaTHO-chIpheBoii 0a3pl CoBerckoro Corosa
MOKa3aHo B Ta0nuIe.

W3 ckazanHOro cnemyer, uto Ha Tepputopun CCCP
MPOMBIIUICHHBIE MECTOPOXKICHUST (OCHATHBIX Py
ObUT paccpeqoTOUYeHB HepaBHOMEpHO. Bce oHm Ha-
XOJIMIIACH B eBporeiickoit yactu Poccun (59 %),
Kazaxcrane (36 %) u Dcronnu (4 %). ['uranrckue
npoctpadctBa Cubupu u Jansaero Boctoka He nume-
1 coOOCTBEHHOW 0a3bl JJIS MPOU3BOJCTBA ya00pe-
HUI ¥ [ETMKOM 3aBHCENN OT UX IOCTABOK U3 €BPO-
MEeMCKON YacTH CTpaHBbI.

K kauecTBeHHBIM pyJam, TPUTOTHBIM JIJIS TITY-
Ookoif xumMHu4ecKoil nepepaboTky, oTHocHIUCh 80 %o
3anacoB Qocgoproro ceipbsi CCCP. [outu moo-
BHHA W3 HUX IIPE/ICTABIICHA YHUKAJIGHBIMA allaTUTaMU
Konbckoro noiyoctpoBa, Ha 6a3ze KOTOPBIX CO3laH
MOIITHBIH KOMITJIEKC TOPHOJIOOBIBAIOIICH IPOMBIII-
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JICHHOCTH. BTOpBIMH MO 3HAYUMOCTH OBUIM PYZABI
MUKpO3epHUCTHIX (hocdopuTtoB Kaparayckoro Gac-
ceifHa, CTaBIIEro BTOPHIM BCECOIO3HBIM LIEHTPOM 10
0OBIYe M MIPOU3BOJCTBY PacTBOPUMEIX (hocharos.
XenBakoBble M paKyllIedHbIE pPyIbl, HECMOTPS Ha
HEBBICOKOE KavecTBO, popMupoBany B EBponerickoii
YacTH CTpaHbl TPETHH MPOMBIIUICHHBIM KOMILIEKC.
OHn ObLT HalleNIeH Ha BBIMYCK JEIIEBBIX yI00OpeHUH
U3 MOJIOTBIX (hOC(OPUTOB M TO3BOJISII MECTHBIM ar-
papusiM MEHbIIE NPUMEHSTh JOPOTHE KOHLEHTPH-
poBaHHbIe ynoOpeHus. B 1meiaom Ha IuKe MPOMBIII-
nernoro passutus CCCP paszsenannbie 3amachl (oc-
¢aroB cocraBmsu 1,3 mupa T P,Os, B Tom uncie
anmatutoB 0,6 mupn T u ¢ochopuroB 0,7 mMapa T
P,0s. [IpoussozacTBo HoChOpPHBIX YI0OPESHHIA B CTpaHEe
nocTurino 7,1 MiTH T. DKCTIOPT MX He mpeBbImat 2 %.
OnmHako make B OTH (JIyYINFE) TOABI Ha ITOJIS BHO-
cuinock 30,5 xr P,Os Ha 1 ra namHu. 9To B OITh pa3
MEHBIIIE, YeM B cTpaHax 3amanHoit EBponsl, rae ypo-
»aii 3epHOBBIX jocTuran 70 1yra.

C pacmagom CoBetckoro Coroza pe3ko MeHs-
eTcst CTpykTypa docdaTtHO# ChipbeBoit 6a3p1 Poccnn.
Ilocne orceueHus: OT Hee Ka3aXCTAHCKUX M 3CTOH-
ckuxX GocoprUTOHOCHBIX OACCEHHOB OHA MpaKTUYe-
CKH LIEJTMKOM CTaHOBUTCSI OPUEHTHPOBAHHON HA ara-
TUTOBBIE MecTOpokaeHHs Konbckoro momyocTposa.
ITo cocrostaMio 'ocymapcTBeHHOro OanaHca 3arma-
coB Ha 2019 r. Ha Tepputopuu Poccuiickoit dene-
parnuy yateHo 23 anmatutoBBIX B 38 hochopHuTOBEIX
MECTOPOKACHUH ¢ pa3BeJaHHBIMHU 3allacaMH BBICO-
Kux kateropuii B ooveme 714,0 u 217,0 muH T P2Os
cootBeTcTBeHHO [10; 11]. OnHaKo B MPOMBINUIEH-
HOM 0TpaboTKe HAXOJATCS TOJNBKO alaTUTOBBIE Me-
CTOPOXXKICHUS XHUOUH, a TaKKe KOMILJIEKCHbIE Kap-
OoHatuToBBIe pynbl KoBmopa. @ocdoputoBsie Top-
HOpynHBIe KoMOMHATHI EBpomnetickoii yactn Poccun,
KOTOpBIE B COBETCKHUE T'0JIbl CHENUANTN3UPOBAINCH HA
nepepadoTKe HU3KOCOPTHOTO CHIPHS, MO SKOHOMH-
YEeCKHM MPUYMHaM 3aKOHCEpBHPOBaHbL. TakuM oOpa-
30M, Ha CErOJHAIIHUNA MOMEHT OCHOBY MUHEPAJILHO-
CBIPHEBOMN 0a3bl CTPAHBI COCTABIIAIOT UCKIFOUUTEIILHO
anatuToBble pynsl Konbckoro momyoctposa. Bol-
MyCKaeMBbIi 37eCh alaTUTOBBIH KOHLIEHTpAT Conep-
#UT 39 % P>Os 1 sBgeTcs ay4yiiuM B MUpE 1O Ka-
yecTBy. OOBEM €ro 100b14M B TOCIEIHUE BA TO/a
IIPEBBICUIT 5 MIIH T, HO 3TO JIMIIb YETBEPTasl 4acTh
OT ypoBHA ero mpousBoactBa B CoBerckoMm Corose.
B 2019 r., no nanueiM Poccrata, B cTpane mpousse-
neHo 4,3 MitH T ochopHBIX YI00pEeHUM, HO TOIBKO
MOJIOBMHA M3 HUX pealn30BaHa Ha BHYTPEHHEM PBIH-
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ke. [Ipu TOoM, 1O 3aKiII0YeHHIO arpapues, 85 % mouB
Poccun nyxpaercst B ochopuzanuu Bee ckazan-
Hoe oOHa)kaeT HamboJee OCTpble MPOOJIEMBbI HbIHEII-
Hero coctosHus (hocaTHOH reoJoTHH M OTPaCiIeBON
dbochopHO TpOMBIIIIEHHOCTH B IesoM. K mpo-
OyieMaM, KOTOpBIE TPeOYIOT CKOPEUIero pelieHus,
oTHocsATCs: 1) opHeHTHPOBaHHOCTH (HocOpHO mpo-
MBIIIJICHHOCTH Ha €IMHCTBEHHBIH, XOTS U BBICOKO-
Ka4eCTBCHHBIH HCTOYHUK MHUHEPAJIHHOTO (amaTHUTO-
BOT0) CBHIPhS M MOHOIIOJIM3UPOBAHHOCTh PHIHKA (DOC-
(hopHBIX yI0OpeHMit; 2) 3HaUNTEIbHAS yIaJICHHOCTD
CBIPBEBOM W TPOU3BOJACTBEHHOW 0a3 (docdartoB ot
o0JacTeil pa3BUTOrO CEIILCKOTO XO035HCTBa; 3) OTCYT-
CTBHE Ha BOCTOKE CTpPaHbl SKOHOMHYECKH IpHUBIIE-
KaTeIbHBIX MECTOPOXKICHUI; 4) OpHEHTUPOBAHHOCTD
arpOXMMHUYECKHX TPEANPUATHH HA BHEIIHUH PHIHOK
B ymepd poCCHUHCKOMY MOTPEOHUTEIN0; 5) HemocTa-
TOYHBIA 00BEM CYIIECTBYIOIINX MPOU3BOACTBEHHBIX
MOITHOCTEH /IS BBITYCKA BBHICOKO KOHIICHTPUPOBAH-
HBIX yIOOpeHHi; 6) OTCYTCTBUE PEHTA0ENbHBIX TEX-
HOJIOTHH TS TIepepabOTKH HU3KOKAYeCTBEHHBIX (OC-
(dhopHuTOB B pacTBOpUMEIC yrnoOpeHus. Bo3HukaeTr Bo-
MpOC: a TaK JH Ba)KHA pacCMaTpuBaeMas TeMa, eCli
BOT ye Kako# rox Poccusi BEIXOTUT Ha epBoe Me-
CTO B MHp€ 10 3KcTopTy 3epHa? He aHanuzupys 3To
4yz0, IpuBeaeM Apyrue unudpsl. ToabKo 3a mepBoe
MOJIYTOiMe TPOILIOro Troaa uMmopt B Poccuro mo-
JIOYHOM MPOAYKIMM JOCTUT 865 MIIH JOJUL., a Msca
2 MIIpJ TOJLT.

TakiM 00pa3zoM, HAIUIIO CYIIIECTBOBAHUE B CTPaHE
Cepbe3HON MPOOJIEMBl IO CO3JaHUI0 COBPEMEHHOMH
KOPMOBO# 0a3bl 115 )KUBOTHOBOACTBA. M pemmTs 5T0oT
BOIIPOC OTEUECTBCHHBIC arpapuy BPsl JIK CMOTYT
0e3 akTUBHOH (hochopu3aIuy ceIbCKOX03SHCTBEH-
HbIX yroauid. MTak, 4To UMEEM B UTOre€ M KaKUMH
pe3epBaMH MOKHO BOCHOJB30BATHCSA IS CMSTYe-
HUs cylecTBytomen cutyanuu? [ToHSITHO, YTO KOH-
KpeTHKa OTBETa Ha 3TOT BOIIPOC BO MHOTOM 3aBHCUT
OT SKOHOMHYECKOTO COCTOSIHHS CTPaHbI, a TAKKE OT
MMHAMUAKA MUPOBBIX IIeH Ha (ocarer. Ho Bce-Takwm,
Ha 9YTO MOXKHO, a Ha YTO HE HY)XHO HAJEAThCS C
reoJIOTHYECKO TOUKH 3peHusa? PaccmMoTpuM curtya-
LIUIO 110 OTAEIBHBIM PETUOHAM.

1. Konbckuii nonyocTtpos

Pernon Ha Ommkaiiiiye OecsITUIETHE COXPAaHUT
CBOH cTaTyc TiaBHOW (ocdaTHON CHIpbeBON 0Oa3bl
crpadbl. B Xubnnaax w3 mecsty pa3BeaaHHBIX MECTO-
POXKAEHUI B 3KCIUTyaTallil HAXOAATCSl CEMb, IIE Be-
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JeTcsl KapbepHas M moazeMHast 100br4a pya. B 2019 r.
ObU10 HapaboTaHo 11,3 MJIH T anaTUTOBBIX pya. M3 HUX
10,1 mma T BRITymieHo OAO «AmaTturt» XOJNIWHTA
«DocArpo», a 1,2 MJIH T MOTYy4EHO HA HEJIaBHO TO-
cTpoeHHoM pyaauke Onennit pydet rpymsl «OAO
Axkpon». B Ommkalinx miiaHax 3TOW KOpHOpaIiu
ocBoenue [lapToMuoppckoro mectopoxaeHus. J(pa
3TUX (pakTa MMEIOT MPUHLHIHAIBHOE 3HAUYCHHE.
OHM MOKa3bIBAIOT, YTO HA PHIHKE alaTUTOBOTO ChI-
pbs TIOSIBUJICS HOBBIM WTPOK, CIIOCOOHBIN BIUSITH
Ha MOHOTIOJIBHYIO IIEHOBYIO IOJIUTHKY XOJIJIHHTA
«DocArpo». C apyroii CTOpOHBI, Ha I[eHBI OyIeT
OKa3bIBaTh BCE Oonplee AaBieHHE aKTUBHO BO3-
pacTarolee MCTOIEHHE KapbepHBIX 3aIacoB, A0JIA
KOTOpPBIX ye ceiuac cokparmiack 10 20 %. Ilepe-
OpHEHTAITNS TOOBIIHBIX PabOT Ha TIIyOOKHUE 3aJIeHKH
BEIET K JOTOJHHUTEIHHBIM 3aTpaTaM H IO3TOMY B
Onmmkaifieil mepcreKTHBe HeM30eKeH POCT IIeH Ha
JaHHYIO MTPOAYKIHIO

KoBnopckoe KOMIUIEKCHOE MECTOPOKICHHE —
BTOPOIi TI0 BAXKHOCTH O0BEKT B CTPYKType docdar-
HOH-CBIpBeBO# 0a3pl Poccun. Ha ero momo mpuxo-
mutcst 20 % moOpIBaeMOro almaTUuTOBOTO KOHIICHTP-
ata. PaspabatsiBaeT Mectopoxaenne OAO «Kos-
nopckuit 'OK» — nodepHss CTpyKTypa KOMIaHWUU
MXK «EBpoXum» Ilpeanpusitue mpou3BOAMUT XKe-
ne30pyAHbIH (7,9 MITH T), anatuToBbIH (3,9 MITH T) U
6ammenentoBblit (10,1 ThIC T) KOHIIEHTpATH. JlonTO-
CPOYHBIE TTEPCIIEKTUBBI yeTOoHIMBOTO pa3Buths I'OKa
Ha ¢ocdaThl onpenensoTes:

— IOCTOBEPHO pa3BeAaHHBIMH 3amacaMi B 00b-
eme 25 muH T P,Os B popmMe KOMIUTEKCHBIX (KOpeH-
HbIX) 1 7 MaH T P>Os B BuJie anmaTUT — mradenuro-
BBIX (BTOPHYHBIX) Py KOPBI BEIBETPUBAHUSA KapOo-
HATHUTOB;

— BBICOKHM Ka4eCTBOM TIOJIy4YaeMbIX KOHIICH-
TPaTOB;

— KOMIUIEKCHBIM COCTaBOM J0OBIBAEMBIX PY/I;

— pa3paboTKO MECTOPOXKICHUS CBEPXIITyOOKUM
(800 M) xapbepoMm, 4TO TO3BOJIUT MEPECHECTH Ha
30 JeT CTpOUTENHCTBO JOPOTOCTOAIIETO MO3EMHO-
r0 pyJIHHKA.

2. JleHNHrpaacKuii peruoH

C zamana JleHnHrpaackas 0071acTh MPUMBIKAET
k [Ipubantutickomy docopuroHOCHOMY OacceitHy
pakymedabx hochoputos. [IpoOMBITUIEHHO 3HAYH-
MBIM OOBEKTOM sIBIIsieTcss KUHTHCENTCKoe MecTo-
POXJICHHE, KOTOPOE HAXOJIUTCSA B IKCIIyaTaluu

HAYKWN O 3EMJIE

C cepeuHBl Impouuioro Beka. IIpon3BoacTBEHHOE
oobenuaenue «Pochopur» kommanuu «EBpoXum»
MPOBOJUT TIOJIHBIM LIUKJI OCBOEHHUS MECTOPOXKIe-
Hus. [lonydaeMblil 3/1eCh KOHLIEHTPAT COAEPIKUT
28 % P,0s. [locne cmemmBaHus ¢ KOIBCKAM anaTH-
TOM TOTOBBIH MPOIYKT MPHUTOJEH JUIA TOTYUYCHHS
BBICOKOKAaYECTBEHHBIX PACTBOPUMBIX YI00pEHUI.

[o pacueram cneunanuctoB «EBpoXum» cebe-
CTOMMOCTh KOHIIeHTpaTa KHHIHCENICKOro MecTo-
POKIIEHHUS TIpeBBIMacT 0oyiee YeM B J1Ba pas3a cebe-
CTOMMOCTE (ochaTOB MECTOPOXKICHUN Mapokko u
TyHuca, 94T0 NenaeT MPOIYKIMI0 KOMIAHHH HEKOH-
KypEHTOCIIOCOOHOM Ha MHUPOBOM pBIHKE. B cBsizu C
3TUM DKCIUTyaTallds MECTOPOXKICHHS IPEKpaIIcHa,
a mpou3BoACcTBO o0benuHenus «Dochopur» mnepe-
OpMEHTHPOBAHO HA MepepaboTKy KOBIOPCKOTO ara-
TuTa. Hamexnpl Ha BO3pOXKIeHHEe MHTEpeca K pa-
KymmeuHsiM (pochoputam KuHrncenmnckoro mecro-
POXKICHUS, a TaKKE K JPYTMM OKPYKAIOIIMM €ro
MIEPCTIEKTUBHBIM IUIOLIA/SIM, IAET 3aBEpIIEHHE CTPO-
utenbcTBa Ha banTtuke camoro Gomsinoro B EBpore
Yerp-Jlyrkckoro ToproBoro Mopckoro moprta. Ilon-
HBIA BBOJ[ €r0 MOIIHOCTEH OyIeT CIOCOOCTBOBATH
POCTYy PKOHOMHUYECKOH JesATeNbHOCTH U TpUBJIEUe-
HUIO B PErMOH KPYITHBIX WHBECTHUIIMN, B TOM YHUCIIC
JUTSE OCBOCHHMSI €r0 MUHEpaJbHBIX OorarcTs. B dacr-
HOCTH, y’K€ ceff4ac y MHBECTOPOB TOSBUJIICS UHTE-
pec K ceBepHBIM (OCHOPUTOHOCHBIM ILTOIIAJISIM.
OmHako TEepBOCTENEHHOTO BHUMaHUSA Tpedyer Bo-
JIOCOBCKasl IUIOMIAAh C TPOTHO3HBIMH pEeCypcamu
190 mnH T P>Os cemunponentHsix pyna [12]. Ilpo-
MyKTUBHAs Mayka BojocoBCckoil Iiomany Ha Iiry-
6unax 100 M mpencraBieHa OOBOTHCHHBIMH TIECKa-
MU, 9TO OJarompusATCTBYET OpTaHW3AIMHA CKBAXKHH-
HOHM THIpOomOoObIIH. B KOHIIE COBETCKOTO TEpHoa
TEXHOJIOTHS TakuxX pabor Obuia ocBoeHa B MHCTH-
TyT€ TOPHO-XUMHUECKOTO CBHIPbs IPYMIION mpodec-
copa B.2K. Apenca [13].

3. UeHTpanbHaga Poccusa

®DochopUTOHOCHOCTh PErHOHA CBSI3aHA TIIABHBIM
00pazoM ¢ MECTOPOXKICHUSIMH TPYIHOOOOTaTHMBIX
JKeNBakoBbIX (ochoputor Bomkckoro u JHempoBcko-
JHonenxoro OacceiiHoB. B mMXx KOHTypax pa3BegaHO
oonee 200 dochopuToBBIX 3alekel pa3HOro Mac-
mTaba. Kaprepamu ropHo-000raTUTEIEHBIX KOMOMHA-
TOB oTpadaTeiBauch Bsarcko-Kamckoe (109 miH T
P,0s, Kuporckas o6macts), EropseBckoe (30,6 MutH T
P»0s, MockoBckast oonacts) u ITommmckoe (10,9 M T
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P,0s, bpsiackas o6nacth) Mectopoxaenus. OOmuit
00beM TpOoU3BOAUMON (OCHOPUTHON MYKH NOCTH-
ran 4 miH T B rof. IlojgoBuHa ee BbITyckangach MoA-
MOCKOBHBIM KoMOmHaTOM «®Pocdartbl», MpoayKIus
KOTOPOI'0 MOCTaBisUIach BILUIOTH 10 JlameHero Bo-
CTOKa.

OtcyTcTBHE pEeHTAaO0ENbHBIX TEXHOJOTHH Iepe-
pabOTKH >KeNBAaKOBBIX (POCPOPUTOB B PACTBOPUMBIC
yIOOpeHHs CTajo MPUYMHON 3aKPBITUSI TOPHO-000Ta-
TUTENHFHBIX KOMOMHATOB W YTpaThl MHTEpeca K Me-
CTOpOXKIEHUAM JTHX ¢ocoputoB. B wacTHOCTH,
CBEPHYTHI IIPOEKTHI TI0 OcBOeHMI0 KnMoBckoro u Yko-
JoBckoro MectopoxaeHuuil B Tynbckoit n Kypckoit
obnactax. [Ipekpaiena pa3padorka CIOHAIOKOBCKOTO
MectopoxieHust B Tatapcrane u CopAMHCKOTO yJacT-
ka Bsrcko-Kamckoro mecropoxxaenusi B KupoBckoit
obmacTu. ITO HEe 03HAYaeT, UYTO (PocMyKka mepecTacT
OBITH BOCTpeOOBaHHBIM ynoOpenueM. [Ipocro u3-3a
HU3KOH IIaTeKECIOCOOHOCTH POCCUHCKOTO MOTpe-
Outens B OmKaimedl MepcreKTUBE MPOM3BOICTBO
(docmyku Oyner ocraBaTbcs HepeHTaOeNnbHbIM. Hc-
KJIFOUEHHEM CTaHeT 3aruiaHupoBaHHoe B 2021 1. ocBo-
earie B TamMOOBCKOW 00JIaCTH TUTaH-ITUPKOHHEBOTO
pocceinHoro MectopoxacHus LlentpansHoe. Pyanbiii
IUTaCT €T0 COMPOBOKAAETCS JKENBAKOBBIMH (Pocdo-
putamu. Pa3Benanneie 3amackl GpochopuToB oOlicHe-
HEI B 3,9 MuH T co cpenuuM 18 % comeprxanuem
P>Os B MBITOM KOHIIEHTpaTe [14].

4. Cubupcknii n lanbHEeBOCTO4HbIN PEruoHbl

docaTHO-CHIphEBYIO 0a3y pernoHa B o0beMe
2,2 mipa T P>Os, hopmupytot anarurossie (1,4 Mupa T
P>0s5) u docthopurossie (0,8 mupa T P,Os) mecro-
poxnenus. HecMOTpst Ha CTONb Cephe3HbINA MOTEHIIU-
aJl 10 3KOHOMHYECKUM U 3KOJIOTMYECKUM MPUYNHAM
HHU OJWH M3 YKa3aHHBIX OOBEKTOB HE IOTOB K OCBOE-
HHIO. B KauecTBe KpaTKHX MOSICHEHHH OTMETUM Clie-
nytroriee. Mecropoxnenus pocdoputos npencrasie-
Hbl aanuToBbIM (V), rpaBuitHO-pakymeynsiM (O) u
KOpBI BbiBeTprBaHus THIaMH. C TOUKH 3peHHUs] 00be-
MOB 3aITacoB, ONPOOMPOBAHHOCTH CXEM OOOTAICHHS
PYA IPaKTHYECKH 3HAYMMBIMH SIBISIFOTCS a(aHHUTO-
Bble MecTopoxaeHus OKnHO-XyOcyrynbckoro oac-
celiHa, HO OHM PACIOJIOKEHBI B TPYIHOJOCTYITHBIX
ropax FOro-Bocrounoro CasiHa. 3HaunTenpHO Oornee
BBITOJIHOE Teorpaduyeckoe MON0KEHHE 3aHHMAIOT
MHOTOYHCIICHHBIE MECTOPOXKICHNST (POCHOPUTOB KOPHI
BbIBETpUBaHUA tora KpacHospckoro kpasi, Xakacuu u
UpkyTtckoii obmactn. OnHAKO, KaK U B CIIydae C JKell-
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BaKoOBBIMH (hocOpUTaMHU, OTCYTCTBHE TEXHOJIOTHYE-
CKHMX CXEM XMMHYECKOH mepepadOTKU Pyl B PacTBO-
pHuMbIe yIOOpEHHs IENAal0T X MaIOIIPUBIICKATETbHbI-
MH JJI1 UTHBECTOPOB.

Cpenun anaTUTOBBIX MECTOPOXKICHUM BBLIEIIIOT-
Csl TWIIBI, CBS3aHHBIE C PEIKOMETAIbHBIMH KapOoHa-
TUTaMH, IEJTOYHBIMH yJIbTpada3uTaMu, KOpaMu HX
BBIBETPUBAHMUS, a TAKXKE ¢ TaO0PO-IHOPUTOBBIMH U
MeTaMOp(OTreHHBIMH KOMILJIEKcaMu. Pa3BenaHHbIe
3arachl araTUuTa HaCUUTHIBAOTCS B cymme 302 MJH T
P,0s. U3 HUX B KayecTBe MOTCHIMAIBHO AKTHBHBIX
MOKHO PacCMaTpUBaTh 3aI1achl, CBSI3aHHBIE C METAMOP-
¢uramu Cenuraapckoro MecTopokaeHus (86 MiH T
P>0s) B SIkyTnn u OrrypkoBcKuM rabOpo-ITHOPHTOBBIM
maccuBoM (109 mun T P2Os) B Bypsatuu [15]. Beiron-
HOM cUTyaruel 1yl 000uX 00BEKTOB SBISCTCS UX pac-
TOJIOKEHHE B PaliOHaX C XOpOIIO pa3BUTON HWH(Dpa-
CTPYKTypoil. TeM He MeHee, HECMOTPS Ha CTOJIb Oue-
BUJIIHBIE MIPEUMYIIECTBA, OKUAATH, YTO B OJrbKaiinme
TO/IBI 3T MECTOPOXKICHUS HAYHYT OTpabaThIBATHCS,
He MpHuxoauTcs. HenmpeoaomuMbIM MpensSTCTBHEM /IS
ocBoeHUsT ONIypKOBCKOTO MECTOPOXIEHHST OyIeT oc-
TaBaThCs IPUYPOUECHHOCTD €T0 K IPUPOJHO-OXPAHHON
30He o3epa baiikana. OcBoeHne CenurniapcKoro MecTo-
pOKIeHHs TpeOyeT BIOXKEHUI He MeHee 1,5 Mipa Jomt.
Ilonck nHBECTOpa CAECPKUBALT:

— 3HaYUTENbHAs YJAJIeHHOCTh OYyIyIIero mpo-
M3BOJICTBA OT NOTPEOUTEIII KOHEUHOM MIPOLYKIHH;

— BBICOKasl PaAMOAKTUBHOCTG PY/I;

— HU3KOE UX KayeCTBO U CIIOXKHas (IoTaloHHas
TEXHOJIOTHS 00OTaIleHHUSI.

Takum 00pa3zoM, KapTHHA MOTYYaeTcs] HEOAHO-
3HavHOW. C OIHOW CTOPOHBI, Ha TeppuTopuu Cubu-
PH yKe ceiiuac U3BECTHBI I'€0JIOTHYECKHE OOBEKTHI,
KOTOpBIE MOTYT CTaTh 0a3oi sl opraHm3anui (oc-
¢opHoro mpousBoacTsa. C APyroii CTOPOHBI, N3-3a UX
TPYZIHOAOCTYITHOCTH, HEBBICOKOTO KadyecTBa 3alacos,
a Tarxke crenu(uky ycnoBuid 0TpabOTKU HE Cleay-
€T OXKHJATh B OJIM)KalIIne TOMBI MOSIBICHHUS KPYII-
HBIX NIPEANPHUATHH, CIIOCOOHBIX KapAUHAIBHO PEILIUTh
Ha BocTOKe Poccmm mammyro mpoOmemy. [losTomy
BOKHEHUIIIEH 3a/1auell TEOJIOTHIECKOH CITYKOBI CTpaHbI
0CTaeTcsl Co3[aHue 3/1eCh MOIIHOTO IIeHTpa (ochop-
HOH oTpacnu no Tumy KoJbCKOro mMpOMBILIIEHHOTO
Kjactepa. B cBeTe ckazaHHOTO NPUHIUIHAIBHOE
3HaueHue npruooperacT CeBEPHBIM MOPCKOM ITyTh.
3arIaHUPOBAHHBIE TEMIIBI €TO PAa3BUTHUSI OTKPHIBA-
10T YHUKAJIbHBIE BOBMOXHOCTH 110 SKOHOMHYECKOMY
ocBoeHnto TaiMbIpo-AHa0apcKoro peruoHa. 31ech
COCPEIOTOYEHBI OTPOMHBIE PECYPCHI alTAaTUTOHOCHBIX
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KapOOHAaTUTOB TOMNTOPCKOTO IIEIOYHOIO MaccuBa
1 Meiimeua-Kotyiickoit nposunumu [16; 17]. OcBoe-
HHE 3THX 00BEKTOB IMO3BOJUT MPEBPATUTH PETHOH B
MOTITHBIN TTeHTP PochOopHOI TPOMBITTUICHHOCTH.

3aksnouyeHne

[TouBbl Poccun HCTIBITHIBAIOT OCTPBIN EUITUT
(hocdopa, uTO HEeraTUBHO BiMseT Ha 3(P(PEKTUBHOCTD
CEJIbCKOXO3IHCTBEHHOTO NPOU3BOACTBA CTpaHbl. [le-
¢umut dochopa cBsizaH ¢ 0OCOOCHHOCTAMH OTEYECT-
BEHHOU MHHEpaIbHO-CHIpbeBOH 0a3nl. Poccus 3aHum-
MaeT 4eTBEPTOE MECTO B MHpeE Io 3armacaM (ocda-
TOB, 00JIa1asi YHUKAIGHBIMA MECTOPOXKICHHSAMH aria-
tutoB Konbckoro nmomyoctpoBa. OqHaKo cAepKUBa-
oM (akTopoM B Pa3BUTUH (HOCHOPHON MPOMBILI-
JICHHOCTH SIBIIIETCS KpallHe HepaBHOMEpHOE pac-
npejeneHue B npenenax Poccuu MecTopoxaeHUM
(hochaToB 1 HEBBHICOKOE KAYECTBO MX PYH. YUIHTHI-
Bas 3TO, JUIS TEOJIOTHYECKUX CITYKO CTpaHbl BayKHEH-
el 3a/1a4eii 0CTaeTCs BBISBICHHUE B PETHOHAX MECTO-
POXIICHUH BBICOKOKAYECTBEHHBIX (hOC(ATHBIX PYI.
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Introduction

A shell is a structure composed of sheet materi-

Abstract. From the old ancient types of roof and dome construction,
various forms of shells have been discovered which attract special atten-
tion. A shell is a structure composed of sheet material so that the curvature
plays an important role in the structural behaviour, realizing its spatial
form. There are different types of shells, namely thick and thin shells.
G. Brankov, S.N. Krivoshapko, V.N. Ivanov, and V.A. Romanova made in-
teresting researches of shells in the form of umbrella and umbrella-type
surfaces. The term “nonlinear” refers to a given structure undergoing
a change in stiffness in its loaded state. There are basically three different
types of nonlinearities: geometric, physical and contact (boundary condi-
tion nonlinearity). For further analysis of the stress-strain state, a paraboloid
with an inner radius of 4 m and an outer radius of 20 m and the number of
waves equal to 6 was considered. The test shell is made of reinforced con-
crete. The minimum load parameter at which the shell loses stability indi-
cates a more than three times the margin.

There are different types of shells, namely thick and
thin shells. A shell is called thin if
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1 h 1 ,
1000 — R — 20

where R is the radius of curvature of the middle sur-
face and # is its thickness.

Hence, shells for which this inequality if vio-
lated are referred to as thick shells.

From the old ancient types of roof and dome
construction, various forms of shells have been dis-
covered which attract special attention. Until pre-
sent day in the centre of city of Rome stands a mas-
terpiece of ancient shell construction and has with-
stood for almost two-thousand years called Panthe-
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on. Its span of 43 meters still impresses the modern
engineering profession. The Hagias Sophia is a se-
cond example of the structural capacity of the clas-
sical builders. It was built in the 6™ century, how-
ever, damages from earthquakes and fires have dras-
tically altered the structure giving the building
the appearance that it has today.

The modern era of shell structures started in
1925 with the completion of the first thin reinforced
concrete shell covering the Zeiss planetarium in Jena,
Germany, this delayed the development of methods
of strength analysis. It was, however, a few years
earlier, in the beginning of the 20" century that
throughout Europe several reinforced concrete shell
structures arose [1], inspired by the new material
reinforced concrete, patented and promoted by Jo-
seph Monier, who was then a French gardener.
These early ‘thick’ shells are mostly documented in
national literature only, and, therefore, less accessi-
ble for historical research. An example is the dome
of the 1914 Cenakel church by J.G. Wiebenga, con-
structed in Nijmegen in the east of the Netherlands.

1. Literature overview

The most complete work on the history of the
development of umbrella shells in modern architec-
ture is a monography of G. Brankov [2]

In a paper [3], S.N. Krivoshapko explains in
detail the different types of paraboloid umbrella-type
structures and their formation. Six different types of
umbrella-type surfaces with parabolic meridians are
known. Different types of identical fragments form
each shell type with different number of waves.
He gives a comparative analysis on the differences
of the umbrella-type surfaces with parabolic meridi-
ans with radial waves.

In a review article [4], principal achievements
of science and engineering in the sphere of design,
construction, and static, vibrational, and buckling ana-
lysis of thin-walled structures and buildings in the shape
of paraboloid surfaces of revolution are summarized.
These shells are useful as roof structures, TV towers,
reinforced concrete water tanks, and dams. They are
also used as supports for electric power transmis-
sion lines and as high chimneys. Several public and
industrial buildings having the paraboloid form are
described in the review. The basic results of theore-
tical and experimental investigations of stress-strain
state, buckling, and vibration are presented. The in-
fluence of temperature and moisture on the stress-
strain state of the shells in question is also analysed.

CTPOUTENBLCTBO

In a book [5] J.N. Reddy presents the theory
and computer implementations of the finite element
method as applied to nonlinear problems of heat
transfer and similar field problems, fluid mechanics,
and solid mechanics (elasticity, beams and plates).
Both geometric as well as material nonlinearities
are considered, and static and time-dependent re-
sponses are studied.

The information on the application of shells in
the form of the paraboloid of revolution with radial
waves is given in a paper [6]. V.N. Ivanov [7] was
the first who used a finite difference energy method
for the determination of stress-strain state of an um-
brella-type shell. But A.S. Chepurnenko with col-
leagues [8] applied a finite element method for this
aim. V.A. Ro-anova [9] offered a method of visua-
lization of generating umbrella-type and umbrella
surfaces with radial damping waves in the central
point. O. Ariarskyi with colleagues [10] investiga-
ted the advantages of umbrella-type shells in com-
parison with the shells in the form of their base sur-
faces of revolution.

Shells of this type attract the attention of stu-
dents of the Department of Civil Engineering of the
Academy of Engineering of the RUDN University.
They take them for the investigation in their degree
works [11]. This paper will help them to continue
their researches.

2. Types of nonlinearities

The term “nonlinear” refers to a given structure
undergoing a change in stiffness in its loaded state.

There are three different types of nonlinearities:
geometric, material, contact (boundary condition non-
linearity).

In FEA, nonlinearity means that the stiffness
matrix (K) changes with the solution, K is a function
of the nodal displacements; as K changes, a new
solution must be attained until the thus iterated solu-
tion stops changing within tolerances.

Materials nonlinearity. Material non-linearity is
the transfer of material behaviour from elastic to
plastic (where elastic corresponds to a linear behavi-
our and plastic corresponds to a nonlinear behaviour).
Even for a plastic material, initial portions of the stress
strain graph tend to be linear and then become non-
linear post the Proportional limit (as shown in the Fi-
gure 1). From the graph in that figure, it’s observed
that the stiffness changes because of material proper-
ty. Simply speaking, if the relation stress-strain is
nonlinear we have material nonlinearity.
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Figure 1. Material stress-strain diagram

Boundary conditions nonlinearity. This is when
the boundary conditions defined in the simulation
change during an analysis. For example, consider
a deflecting cantilever beam (Figure 2, a).

Now, consider an object in the path of the de-
flection (Figure 2, b). Between the two above figu-
res, the boundary conditions have changed. The can-
tilever beam can no longer deflect as the object pre-
vents its deflection. This is what is meant by boun-
dary condition nonlinearity. Here a boundary condi-
tion may be added or removed during the finite ele-
ment run like gap analysis. Other examples include
analyses having friction contacts.

Contact nonlinearity occurs when, due to
the deformation of one or more parts in contact
(pushing or pulling on other) produces a defor-
mation leading to a change in the geometry of the
part that translates into a change on K or on the
forces (action and reaction) between the parts in
contact forcing another iteration on approaching
the solution.

"""" e S
T b4
Object é
— b

Figure 2. Deflecting cantilever beam

Geometric nonlinearity. Simply speaking, if the re-
lation displacement-strain is nonlinear we have geo-
metrical nonlinearity. As a simple example of geo-
metrical nonlinearity, one can mention the case of
elastic buckling of a column and the corresponding
Euler equation. In this case, the deformation of co-
lumn (when it buckles) is so high that the effect of
secondary moments due to axial force have to be
taken into consideration.

3. The parametric definition of
the median surface

A paraboloid of revolution with radial waves is
generated by plane parabolas the picks of which
coincide with a central fixed point. Tangents drawn
through the central points of parabolas must be in
the same plane. Any cross section of the surface by
the plane passing through the z-axis will be a parabo-
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la. The parametrical equations of this surface of
umbrella type can be represented as [12]

X(u, v) = u cos v, y(u, v) = u sin v;
z(u, v) = [a sin(nv ) + b] i,

where v is an angle taken from the x-axis in the direc-
tion of the y-axis; a = const is an amplitude of the
wave; n is a number of peaks of the waves; b is a con-
stant parameter of the base paraboloid of evolution.

The curvilinear coordinate lines u, v are not
lines of principle curvatures. If we take a = b then
lower wave picks will be on the xOy plane as show
in the plotted surface below (Figure 3).

For further analysis of the stress strain state,
we consider a paraboloid with an inner radius of
4 m and an outer radius of 20 m and the number of
waves equal to 6 (Figure 4). Suppose the test shell
is made of reinforced concrete [13—15].
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Figure 3. Paraboloid of revolution with radial waves

Figure 4. The finite element model of the paraboloid shell

The finite element analysis of the shell was per-
formed in the certified LIRA-SAPR software
package. The calculation was performed in a linear
setting.

The finite element model of the shell (Figure 4)
consists of 15 000 elements and 7650 nodes, the to-
tal number of nodal unknowns is 43 953. Flat surface
triangular shell elements with six degrees of free-
dom in the node were used to model the surface.

The boundary conditions corresponded to free
support on the inner ring and lower radial gene-
ratices.

The stability calculation was carried out under
the assumption of elastic work of the material in
accordance with the graph shown in Figure 5.
In this case, the redistribution of forces and the pos-
sibility of cracking were taken into account appro-
ximately by lowering the stiffness of the shell.
The elastic modulus E, taken in the calculation,
was determined by multiplying the initial elastic mo-
dulus of concrete £y by a factor of 0.3.

CTPOUTENBLCTBO

Thus, the calculation was carried out with
the following material parameters: shell thickness
h =16 cm, elastic modulus £ = 9000 MPa; Poisson's
ratio v = 0.2; specific gravity y = 25 kN/m’.

ag
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m Y

& €.
]
Figure 5. To linear calculation: diagram o—¢ of the material

The shell stability calculations were carried out
on the main combination of loads:

g=1.1g+ 1.4S [xN/m?], 1)

where g is the normative value of the shell self-
weight (g = 3.5 kN/m?); S is the normative value of
the snow load (S = 1.8 kN/m?).

Deflections (Figure 3) were determined from
the calculation of the shell for the normative combi-
nation of loads as a result of solving the resolving
system of equations of the form

[K ]iz} = {P}, ()

where [K] is the structural rigidity matrix; {z} is
the vector of nodal displacements; {P} — vector of
nodal loads.

Figure 6. Fields of vertical displacements of the shell

The maximum deflections of the radial genera-
trix do not exceed 1/150 of the span of the shell
(Figure 6).
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Due to the symmetry of the shell, it is sufficient
to investigate the stress state of its single wave.

Figures 7-12 show the fields of normal and
tangential stresses, as well as linear moments ob-
tained as a result of calculating the shell for the cal-
culated combination of loads.
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Figure 10. Fields of bending moments
in the radial direction, kKNm/m
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Figure 11. Fields of bending moments
in the circumferential direction, kNm/m

Figure 8. Fields of normal stresses
in the circumferential direction, kN/m?
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Figure 12. Fields of torques, kNm/m

It is known, the solution of the stability problem
by the finite element method reduces to a generali-
zed eigenvalue problem

[K - AKs]{p} =0, )

Figure 9. Fields of tangential stresses, KN/m’ where A is the load parameter at which the structure
goes into an adjacent equilibrium state; {¢} is the
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eigenvector corresponding to A; [K] — structural ri-
gidity matrix; [Ks] is the matrix of initial stresses
determined from a linear calculation.

d

Figure 13 show the forms of shell stability loss
and the load parameter A corresponding to each
form.

Figure 13. The buckling of the shell:
a — the form 1(A = 3,768); b — the form 2 (A = 4,000); ¢ - the form 3 (A = 4,285); d - the form 4 (. = 5,000)

The minimum load parameter at which the shell
loses stability indicates more than three times the margin.

Conclusion

Thus, it was established that a significant contri-
bution to the overall stress state of the shell of the con-
sidered form is made by normal and tangential stres-
ses. In addition, the influence of bending forces acting
in the circumferential direction is also great. The va-
lues of moments in the radial direction were lower
than those in the circumferential direction by 50-75%.

The minimum load parameter at which the shell
loses stability indicates a more than three times
the margin.

May be, the results of these researches will at-
tract Russian and foreign engineers and architects
for additional working out.
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FeomeTpunyeCcKn HeJIMHEeVHbIN pacyeT TOHKUX ynpyrnx odoonouex
B popme napabononpa BpalieHns ¢ paguasbHbiMU BOJIHAMU

M. Kunab-yaée, A.C. Mapkosuy, II. Hranay, C.B. AHocoBa

Poccuiickuit yauBepcuteT npyx06I HaponoB, Poccuiickas @edepayusa, 117198, Mockea, yn. Muknyxo-Makaas, 0. 6

Annomayus. JIpeBHHE KPBIIIY U KyIIojia IPUBIEKAIOT 0c000e BHUMA-
HHUe, Onmarogapsi pasHooOpasuto ¢opm obosouek. O00I0YKA — ITO KOH-
CTPYKIIMS, COCTOALIAs U3 JIUCTOBOTO MaTepHaa, ¢ KpUBU3HA UIPaeT BaX-
HYIO pOJIb B KOHCTPYKTUBHOM IIOBEJIEHUH, PEANM3YS IIPOCTPAHCTBEHHYIO
¢dopmy. CymiecTByIOT 1Ba TUIIa 000J0YEK: TOJICTHIe U TOHKHE. I'. bpaHKoB,
C.H. Kpusomanko, B.H. Banos u B.A. PomaHoBa mpoBenu MHTEpECHbIE
ncceoBaHus MapaboJouIHBIX 0007049eK B popMe 30HTHYHBIX U 30HTHY-
Horo tumna noepxHocteil. K manHolM KOHCTpyKuMH, moJaBeprarouieiicst us-
MEHEHHIO JKECTKOCTH B €€ Harpy)>XeHHOM COCTOSIHMH, NMPUMEHHM TEPMUH
«HenmMHeNHbI». CyIecTByeT TpH OCHOBHBIX THIIA HEMTMHEHHOCTEN: TeOMETPH-
YyecKas, MaTepualibHasi U KOHTaKTHas (HEJMHEWHOCTh TPAHUYHBIX YCIIO-
Buil). B kauecTBe 00BEKTA HCCIENOBAHUS Ul ONPEACIICHNS] HAPSDKEHHO-
J1e(OpPMUPOBAHHOTO COCTOSIHUSI ObLI BBIOpaH mapabosions; ¢ BHYTPEHHUM
pammycom 4 M, BHeITHUM paanycoM 20 M B YUCIIOM BOJH, paBHBIM 6. Te-
cToBas 000JI0YKAa M3rOTaBIMBAIACh U3 JKeine3oOeroHa. [lapamerp MuHH-
MaJIbHOM Harpy3KH, IpHU KOTOPOM 000JIOUKa TepsieT CTaOMIBbHOCTD, OKa3all
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