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Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

Kondepenuun «®YHAAMEHTAJIBHBIE W TIPUKJIA/IHBIE
3AJJAYU MEXAHUKW» (Fundamental and applied problems of me-
chanics — FAPM) ¢ 2012 r. perynsipHo npoBoasarcst B MI'TY um. H.O. bay-
MaHa Ha 0a3e HayuHo-yueOHOro xomruiekca «@yHAaMEHTAIbHbIE HAyKN»
u kadenpsl «Teopernyeckass Mexannka» uMeHu npodeccopa H.E. XKyxkos-
CKOI'O C YYaCTUEM YYEHBIX M3 BEAYIIMX HAy4HbIX yupexnaeHuid PAH u yHu-
BepcuTeToB PO, Bemynwx 3apyO0eHBIX YICHBIX-MEXaHUKOB.

OCHOBHOH 1I€TBI0 JTaHHOW KOH(MEPEHIUU SBIICTCS TPEACTABICHUE
HOBBIX PE3YyJIbTaTOB UCCIICIOBAHUMN, MPOBOJAUMBIX 10 Pa3IUYHBIM HaIpaB-
JICHUSIM MEXaHUKU B POCCHMCKHX M 3apyOeKHBIX HAy4YHBIX U 0oOpa3oBa-
TEJbHBIX YUPEHKICHUSX.

B 2019 r. xondepenuus FAPM-2019 nocsawena 100-remuio co
OHs pooicOenus akademuxa Koncmanmuna Cepeeesuua Konecnukosa
(1919-2016) — omHOTO U3 MMOHEPOB OCBOCHHSI KOCMUYECKOTO MPOCTPAH-
CTBa, CO3JaTeNsl HAYYHO-T1€1arOTMYeCKON HIKOJbI M0 TUHAMHUKE PaKeTHO-
KOCMHUYECKHX CHCTEM, TEOpHH KojeOaHuM, (pOHTOBHKA, OCTABaBILErOCs
IPU3HAHHBIM JIMAEPOM YydeHbIX-MexaHukoB MBTY um. H.O. Baymana
BIUIOTH JI0 CBOEH HETaBHEW KOHYMHBI HA 97-M roay >KM3HH.

B cBs3u ¢ roouneinon garoit K.C. KoxecHnkoBa Bo MHOIUX JOKJIagax
CHENaH aKUEHT Ha WCCIENOBaHUs, SBIISIOIIMECS PA3BUTHEM M MPOIOJIKE-
HUEM €r0 HAyYHBIX M y4eOHO-METOIUYECKUX U3bICKAHUI B COBPEMEHHBIX
YCIIOBHUSIX.

Pabouwe s13b1KU: pyCCKUN U aHTJIMMUCKUT

Kondepennus nonnepskana Poccuiickum hoHIoM GyHIaMEHTATBHBIX
uccaeaoBanuii (rpant POOU Ne 19-08-20142).

Cexkuuu koHdepeHIUM

1. MATEMATHYECKOE MOJEJIMPOBAHUE MEXAHUYECKHNX CUCTEM
YCTOMYMBOCTb, KOJIEBAHUS

2. TEOPETUYECKASI MEXAHUKA. HEEECHA I MEXAHUKA

3. ABPO- U TUJIPOMEXAHUKA

4. ONTUMUBALIMSI Y JUATHOCTUPOBAHME MEXAHUYECKHX
U TUIPOMEXAHUYECKUX CUCTEM

5. HAYYHO-METOJNYECKHE 1 UCTOPUYECKHE BOIIPOCHI MEXAHMKU
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Cenaparpucnas moaeJb 3¢ dexra [rkanudexkoBa
JI.JI. Abpapos

HITO IIKPB, Mocksa, Poccust
E-mail: abrarov@yandex.ru

B pamkax monenmu a¢ppexra [IxannGekoBa Ha Oa3e ypaBHEHuUi Jitnepa —
[lyaccona raiika ABHXETCS TOYHO MO 0OpaTHMMOM cenapaTrpuce — IOBEpX-
HOCTH B MOJIETIBHOM IIPOCTPAHCTBE — BPEMEHH, MIPEICTABIISIOLIYIO CenapaT-
pucy ¢a30BOM TUHAMHKH BOJYKA Dijiepa, JOMOJHEHHYIO JCHCTBHEM CHM-
METpUu 00paTUMOCTH IO BpeMeHU ypaBHeHWi Oinepa — Ilyaccona [1].
Dddext JxannOexoBa B KOHTEKCTE TOTEHIMAIA F T€OMETPUYECKU TIpe/I-
CTaBJIsIeT MUHUMAJIBHBIN (CM. HIKE) IIUKII 00OpaTUMOM cerapaTpHCHI.

OOpatumasi IO BpEMEHH cemaparpuca MNpPEeACTaBIseT CHEIHATbHYIO
HEOPHEHTHPYEeMYI0 MoBepXHOCTh — 3d-OyThuiky KiteitHa, siBisironryrocs
CTaHJApTHBIM 2d-KyOOM ¢ YHOpSA04YE€HHBIM TPYIIIOBBIM OTOXKIECTBICHH-
€M MPOTUBOMOJIOKHBIX TpaHEe BAOJb €ro TNaBHBIX auaroHanei. Och rai-
KM JIBIKETCSI B TOYHOCTH I10 AWAroHasHOMY 1ukiy 3d-OyTeutku KieitHa,
IpEJICTaBIsIEMOMY OChbIO ["anmya — riiaBHOM JuaroHanbpio Kyoa, UMeromen
MUHUMAJIBHBII PaHr TMPH YKa3aHHOM OTOOpPaXXEHHH OTOXKJECTBICHHUS.
JlaHHOE «TOYHO» cenapaTpUCHOE BUYKEHUE MPUHIUIHAIBHO OTINYAeTCs
OT «ITOYTHY CEMapaTPUCHBIX IBMKCHUHN Taiiku U3 paboThI [2].

Mopnens nBwxkeHust u3 teopemsl ([1]) mo3BonsieTr paccuuTaTh IIHHY
KOH(UTYPAIOHHOTO MepHoJa KYyBBIPKOB TaliKu: HAIIPUMEp, JUIMHA 3TOTO
nepuoza A railku guameTpoM 1 cm paBHa 42 cM. M0XHO 11OKa3arth, YTO
3Ta JUIMHA MPEJCTABISET 3UIEPOBY XapakTepucTHKy 3d-cdepsl ¢ aHaIH-
THUYECKOH Tormosiorneit — crangapTHON (yHKIMOHAIBHOM 3d-cdepsl.
Knrwoueswvie cnosa: >¢ppexm Jocanubexosa, ypasnenus Jinepa — Ilyac-
COHa, 4-u unmezpar.
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Separatrix model of the Dzanibekov effect

D.L. Abrarov

NPO PKRV, Moscow, Russia
E-mail: abrarov@yandex.ru

In the framework of the model of the Dzanibekov effect on the basis
of the Euler — Poisson equations, the nut moves exactly along the reversi-
ble separatrix — the surface in the model space-time, which is the separatrix
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of the phase dynamics of the Euler top, supplemented by the action of the
time reversibility symmetry of the Euler — Poisson equations, [1]. The
Dzanibekov effect in the context of potential /' geometrically represents a
minimal cycle of a reversible separatrix.

The time-reversible separatrix represents a special non-orientable sur-
face — a three-dimensional Klein bottle — a standard 2d-cube with
ordered group identification of opposite faces along its main diagonals.
The axis of the nut moves exactly along the minimum cycle of the Klein
3d-bottle, represented by the Galois axis — the main diagonal of the cube,
which has the minimum rank for the indicated identification map. This
“exactly” separatrix motion is fundamentally different from the “almost”
separatrix motion of [2].

The motion model (see [1]) from the theorem allows us to calculate
the length of the configuration period with the flip-flops of the nut: for ex-
ample, the length of this period for a nut with a diameter of 1 cm. is
42 cm. It can also be shown that this length represents the Euler character-
istic of a 3d-sphere with an analytic topology.

Keywords: Dzanibekov effect, Euler — Poisson equations, 4th integral.
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Mirror symmetry in classical mechanics
Adlaj Semjon

Federal Research Center “Informatics and Control” of the Russian Academy of Sciences
E-mail: SemjonAdlaj@gmail.com

On June 25th, 1985 the Soviet cosmonaut Vladimir Dzhanibekov rec-
orded a striking observation which became subsequently (yet over a dec-
ade later) known, via a video demonstration (from the “Mir” space sta-
tion), as “the Dzhanibekov effect”. The essence of his observation was
most succinctly described by him as a sudden “180 degrees” spin reversal.
This concise description, which was ignored by many and noticed by
a few, has raised the scrutiny to rigid body dynamics to a new unprece-
dented level. And it brought to focus the issue of the orientation of motion
along with its (spatial) mirror symmetries, as well as, its time reversal
symmetries. Furthermore, delving into the exact mathematical description
of the (so-called) critical torque free rigid body motion led to a canonical

6 Hnuorcenepnoiii ncypnan: nayka u unnosayuu # 2-2020



DOI: 10.18698/2308-6033-2020-2-1960

generalization of the notion of the axis of symmetry of a rigid body when
its three moments of inertia are pairwise distinct. Such a “generalized” ax-
is of symmetry has been called a “Galois axis” as was, in particular, pre-
sented earlier this year in an eponymous talk. Galois axis is remarkable for
rotating uniformly throughout the aforesaid critical rigid body motion, re-
gardless of whether the body “flips” (as Dzhanibekov observed) or main-
tains permanent rotation! Even more remarkably, two mirror-symmetrical
“flips” occur, corresponding to same rotation (either “clockwise” or
“counterclockwise”) and sharing one and the same Galois axis! The said
duality of critical rigid body motion led to describing the “Dzhanibekov
top” as a “classical analogue” of graviton, being the only massless spin-2
elementary particle. As we earlier alluded, one might anticipate that the
Galois axis, being xed within a rigid body, would (indeed) coincide with
the axis of symmetry of a dynamically symmetric rigid body. Yet, being
orthogonal to the circular sections of MacCullagh ellipsoid (of inertia), it
no longer coincides with any principal axis of inertia whenever the mo-
ments of inertia are pairwise distinct. We must also note that the said criti-
cal motion separates two rigid body motion regimens with (necessarily!)
opposing (to each other) orientations, further triggering a determination of
underlying chirality of the corresponding (two) pseudovectors of angular
momentum and angular velocity.

OnpenesieHne a3POANHAMIUYECKHX XaPAKTEPUCTHK
TOHKOCTEHHBIX 000/104€eK NMPHU CBEPX3BYKOBBIX CKOPOCTAX
¢ momomnib0 Metoaa HeroTona

H.A. Anekcangposa, A.1O. Jlynenko, JI.K. Hazaposa

MI'TY um. H.D. bBaymana, Mocksa, Poccust
E-mail: alexandrovan.a@yandex.ru

ITycku Bcex COBPEMEHHBIX paKeT-HOCHUTENEH COMPOBOXKAAIOTCS cOpo-
COM OTpabOTaBIIUX 3JIEMEHTOB KOHCTPYKIMH, KOTOpPbIE MPEACTaBIIAIOT
coboii TOoHKOCTeHHBIE 0Oomouku. Ilocne otraeneHuss orpaboTaBIINe
JJIEMEHTBl KOHCTPYKLUHU ABMXKYTCA B IIMPOKOM [JHAla3oHE CKOPOCTEi
U YIJIOB aTaku. J[s pemenus 3aja4d onpeesieHus: U COKpalleH!sl paiOHOB
NaJieHus OTAENAEMbIX YacTel HEe0OX0AMMO MMETh NPEJCTaBICHHUE O CTa-
TUYECKON M AMHAMUYECKOM yCTOMYMBOCTH 3THX Teil. [loaTomy mccneno-
BaHUE CTAl[MOHAPHBIX U HECTAIlMOHAPHBIX a3pOJMHAMUYECKHX XapakTe-
puctuk (AJ1X) obomodek mpeacTaBiseT MPaKTHYECKU HHTEPEC.

Cranuonapusie AJ[X Ten BpallleHUsI U B MEHbBIIIEH CTEIIEHU 000I04eK
UCCIICIOBAHbBI JIOBOJIBHO TOAPOOHO, a OmpesesieHre KOMIUIEKCa adpOiH-
HAaMHUYECKUX IPOU3BOJHBIX AEMI(PHUPOBAHUS B paMKax a’poJrHaMuye-
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CKOI'0 SKCIEpUMEHTa WM pacueTa MpU CBEPX3BYKOBBIX CKOPOCTSIX UMEET
CBOIO CHEIM(PUKY U CIOKHOCTH.

B nmanHO# paboTe paccCMOTPEHO MPUMEHEHHE MPHOIMKEHHOTO METO-
Jla, OCHOBAaHHOI'0 Ha Teopun Hpr0TOHOBA TOPMOXKEHMSI. DTOT METOJ] U3BE-
CTEH JAaBHO M IMO3BOJISIET OMEPAaTUBHO HaxoauTh 3HaueHus AJ[X Tena,
MUHYS NPeABAPUTENbHBIA pacyeT MoJiel ra3oJuHaMUYECKUX MapaMeTpoB
B niotoke. OcoOblii MoAX0/1, UCTIOB3yEeMbI B pa3paboTaHHON MporpamMmme,
HAIMCaHHOW Ha s3bIKe mporpammupoBanust Delphi, 3akirouaercs B mpu-
MeHeHUH (aiinoB STL-reoMeTpun Ten sl HAXO0XKACHUS 00JIaCTH adPOIu-
HaMHUYECKOW TEHH M MECTHBIX YTJIOB MEXAY BHYTPEHHEW HOPMAJbIO K IO-
BEPXHOCTH Te€Ja U BEKTOPOM CKOPOCTH HAaOEraroIero moToka.

C nomotpto pa3paboTaHHOM MPOrpaMMBbl ObUTH MPOBEACHBI TECTOBLIC
pacyeTsl CTalMOHApHBIX U HecTauuoHapHbIX AJIX octporo xonyca. [lan-
HbI€ XapaKTEPUCTUKH CPAaBHUBAIHNCH C SKCIEPUMEHTAIbHBIMU JaHHBIMHU.
Pacxoxnenue ¢ skciepuMeHTOM B cpeHeM cocTasiseT 10 %.

[Ipumensist 0coOBIi TEOMETPUYECKUN MOAXO0/, 3aKIIOYAIONIHICS B TIO-
CTPOEHHUH CEeKYIel MIOCKOCTH MO HAMPaBJICHUIO BEKTOpa CKOPOCTH Halde-
raromiero MoToka M aHaJIM3€e MOJIOKEHUS Y3JI0B CETKH pa30HEeHUs. OTHOCH-
TEJIbHO JIMHUM MEPECEUCHUs 3TOM MIIOCKOCTH C MOBEPXHOCTHIO Tela, Oblia
npoBejeHa Monaudukanus pa3pabOTaHHON MPOrpaMMBbl, MO3BOJISIONIAS
paccuuThIBaTh TOHKOCTEHHbIE O0OJOYKM € MOMOIIbI0 MeToaa HproToHa.
JlanHbIC pE3yJIBTATHl TMPEACTABIISIIOT OCOOYIO0 IIEHHOCTh, Tak Kak AJIX
TOHKOCTCHHBIX 000j109eK B oTim4ue OT AJ[X CIUIOMIHBIX Tell HeIoCTa-
TOYHO HCCIIEA0BAHBI.

PesynpTaTroM naHHOW pabOTHI CTano OMNpeAeseHHEe CYyMMapHBIX —
CTallMOHAPHBIX U HecTaUOHAPHBIX — AJIX TOHKOCTEHHBIX KPYTOBBIX
oOosouek. [lomydyeHHble 3HaueHHs cTanuoHapHbIX AJ[X cpaBHMBaJINCH
C pacyeToM aHaJOTMYHON 3aJayud B OTKPHITOM IPOrPaMMHOM IaKeTe
OpeanFOAM. Pacxox/ieHue MNOJIYy4YEHHBIX BEJIMYMH HOPMAJIBHOM CHIIBI
Y MOMEHTA TaHra)<a COCTaBJISIIOT OK0JIO 7 %.

Knroueswie cnosa: monxkocmennvie odoonouku, memoo Hvromona, ouna-
Muveckas ycmouyusocms, Hecmayuonaptole A/X.

Determination aerodynamic characteristics of thin-walled
shells at supersonic speeds using the Newton's method

N.A. Alexandrova, A.Yu. Lutsenko, D.K. Nazarova

Bauman Moscow State Technical University, Moscow, Russia
E-mail: alexandrovan.a@yandex.ru

The launches of all modern launch vehicles accompany by the dis-
charge of spent structural elements, which are thin-walled shells. After
separation, the spent structural elements move in a wide range of speeds
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and angles of attack. To solve the problems of determining and reducing
the areas of incidence of detachable parts, it is necessary to have an idea
of the static and dynamic stability of these bodies. Therefore, the study
of aerodynamic characteristics (ADH) — stationary and dynamic — of
shells is on practical interest.

The stationary ADH of bodies of revolution and, to a lesser extent,
shells have been studied in sufficient detail, and the determination of the
complex of aerodynamic damping derivatives as part of an aerodynamic
experiment or calculation at supersonic speeds has its own specificity and
complexity.

In the well-known literature, stationary ADH of bodies of revolution
have been studied in sufficient detail. However, the definition of a com-
plex of aerodynamic damping derivatives an aerodynamic experiment at
supersonic speeds has the difficulties.

In this paper, we consider the application of the approximate method
based on the Newtonian theory of inhibition to the dynamic aerodynamic
characteristicscalculation. This method has been known for a long time
and allows you to quickly find the aerodynamic characteristics values, by-
passing the preliminary calculation of the fields of gas-dynamic parame-
ters in the flow. A special approach used in the developed program written
in the Delphi programming language is to use the body STL geometry
files to find the aerodynamic shadow region and local angles between the
internal normal to the body surface and the incoming flow velocity vector.

Using the developed program, test calculations of stationary and non-
dynamic ADHs of the acute cone were carried out. These characteristics
were compared with experimental data. The discrepancy with the experi-
ment is about 10%.

Using a special geometric approach, which consists in constructing a
secant plane in the direction of the flow velocity vector and analyzing the
position of the mesh nodes of the partition relative to the intersection line
of this plane with the surface of the body, a modification of the developed
program was performed, which allows calculating thin-walled shells using
the Newton method. These results have particular value, since the ADH of
thin-walled shells, in compare to the ADH of solid bodies, is insufficiently
studied.

The result of this work was the determination of the total - stationary
and non-stationary — ADH of thin-walled circular shells.

The obtained results of stationary ADCs were compared with the cal-
culation of a similar problem in the open software package OpeanFOAM.
The discrepancy between the obtained values of the normal force and
pitch moment is about 7%.

Keywords: thin-walled shells, Newton's method, dynamic stability, dam-

ping coefficient.
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JKCNepUMEeHTAIbHOE ONpeae/ieHe TUHAMUYECKNX
BO3/1eHCTBUII /151 MMJIOTUPOBAHUS KBAJIPOKOIITEPa

M.A. Anukun, E.C. beiukoBa, A.B. I'apkyia,
A.A. Ilappenos, A.}O. Kapnaues

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: karpachevay@bmstu.ru

B nacrosimee Bpemst OecriniioTHBIE JieTaTeNbHbIe anmapatehl — BITJIA
(IpoHBI) TEPEKUBAIOT HOBBIA OYpHBIM ATam CBOETO Pa3BHUTHSA, B OCHOBE
KOTOPOTO JIeXKAaT JTOCTHKEHHS B CO3[JAHUU HOBBIX JIETKMX M MPOYHBIX KOH-
CTPYKLIMOHHBIX MaTE€pUaJIOB, MOSBICHUE SHEPrOEMKHUX HCTOYHHKOB IHTa-
HUsI, OECKOJIEKTOPHBIX dJIeKTpoBHrareneit u T. A. He MeHee BaxHYyI0 poib
UTPAIOT TAK)KE U YCIEXH B TEOPETUYECKOM MOJICIIMPOBAHUY YIIPABJICHUS T10-
JIeTaMH 3TUX POOOTOTEXHUYeCKuX cucteM. OJTHAKO MOJETUPOBAHUE JIFOOOTO
mpolecca BCeT/a HY)KHAeTCs B OKCIIEPUMEHTAJIBHOM TIOATBEP)KACHUU |
BBISICHEHHHU JIOCTOBEPHOCTH HamOOJIee 3HAUYMMBIX XapaKTEPUCTHUK OOBEKTa,
UX B3aMMOCBSI3U C TEOPETHYECKOW MOJENBI0 M ee yTrouHeHueM. [loatomy
B 3a[a4dy HCCIICIIOBAaHHS BXOIMJIO SKCIIEPUMEHTAIBHOE M3YyUCHHE CHJIOBBIX
(daxTopoB, HOPMUPYIONIHX TBIKCHHE KBAJIPOKONTEPa (JIETATEIHLHOTO arma-
para ¢ 4eThIpbMsI HECYIIIMMH BHHTAMH), IJIsl OTIPE/ICIICHNS] 3HAUCHHUI Xapak-
TEPUCTHK, HEOOXOAUMBIX IS TIOATBEPIKACHHS ITPAaBOMEPHOCTH HCIOIB30Ba-
HUSI pa3pabaThIBAEMBIX TCOPUI M IPUHIMAEMBIX B HUX THIIOTE3.

CoBpeMeHHBIE MYJBTUKONTEPHl TMPUMEHSIOTCS B TPOMBIIUICHHO-
XO3SHMCTBEHHBIX 00JACTAX JEATEIBHOCTH YEJIOBEKa, I/Ie ero npeObIBaHHe
3aTPyJHEHO WM CBS3aHO C PUCKOM JJIS J)KU3HU. DTO pa3Beika B TPYAHO-
JOCTYIHBIX MECTax, BKIIOYas 30HBI C MOBBIMICHHBIM (POHOM paguaIim,
IIOWCKU TIPOTABUIMX B CJOXHBIX YCJIOBUSAX pelibea MECTHOCTH, a’po-
ChEMKa MPHU MOKAPOTYIICHHH W MHOTOE Jp. Takas MHOTO3HAYHOCTH 3a-
Jla4d, KOTOpBIE PELIAIOTCS C MCIIOJIB30BaHUEM JPOHOB, 00yCIIaBIMBAET aK-
TyaJIbHOCTh pa3paboTOK, HAIIPABJIICHHBIX HA MX COBEPIIICHCTBOBAHHUE.

CornacHo OmMyOJIMKOBAaHHBIM JAaHHBIM, KBaJIPOKONTEpP TPATUIIMOHHO
BOCIIPUHUMAETCS KaK JIeTaTelIbHBIA amnmapar, MOJCIUPYEMbIH TBEpPABbIM
TEJIOM C 6-10 CTemneHsMH CBOOOAbl. OpueHTalus €ro B IMPOCTPAHCTBE
3a/1aeTcs ¢ MOMOIIBIO YIIoB Diinepa — KpbuioBa, 00BIYHO MPUMEHSIEMBIX
B aBUAIIMOHHOM TEXHHKE, a JJIsl ONMUCAHUS JBUKCHHS Ha OCHOBE IMOJIOXKE-
HUM TMHAMUKH COCTaBIsAIOTCA MU depeHInanbHble ypaBHEHUS.

[IpoBeneHne KOHKPETHBIX pPAacyeTOB TpeOyeT YCTAaHOBIICHUS HCXOJ-
HBIX JIaHHBIX, HEJJOCTOBEPHOCTh KOTOPHIX MOKET CBECTH K HYJIO IICH-
HOCTb TMOJTy4aeMOT0 pe3yjbTara.

B mpennaraemoii paboTe paccMOTpEHBI TPH OCHOBHBIX BUA JBUXKE-
HUS KBaJPOKOITEPA: MOCTYIMATENbHOE JABIKEHUE (TMPU MOIBEME BBEPX),
BpallleHHe BOKPYT BEPTHUKAIBbHON OCH CUMMETpuu (TpU 3aBUCAHMM Ha
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HEKOTOPOM BBICOTE), IUIOCKOMApaUIeIbHOE TBUKEHUE (IIPU TOPU3OHTAIb-
HBIX TI0JIETaX Ha HEKOTOPOW BBICOTE). DKCIECPUMEHTAIBHO YCTAHOBJICHBI
3HAYCHHUS MMOJBEMHON CHJIbI HECYIIUX BUHTOB B 3aBUCHMOCTH OT YaCTOTHI
ux BpaiieHus. Ha OCHOBE MPOBEICHHBIX OIMBITOB OMPEICICHBI CHCTEMBI
CHJI, 00ECIEUMBAIOIINE pPAacCMATPUBACMBIC IBMIKCHHUS KBaJIPOKOMTEpA.
Haiiienbl MaccoBble M HMHEPIIMOHHBIC XapaKTCPUCTUKU. IKCIECPUMEH-
TaJIbHBIC MCCJICIOBAHUS MTPOBOMINACH C HUCIOJIb30BAHUEM COBPEMEHHOTO
U3MEPHUTEIBHOTO 000PYIOBaHUS U PHOOPOB OECKOHTAKTHOTO JACHCTBHSI.
Ha ocHOBe 00IIMX TeOpeM TMHAMHKH W MX CJIEICTBUI OBLIA COCTaB-
JaeHbl  auddepeHranbHble  YPaBHEHUS YKa3aHHBIX BHIOB JBMIKCHHS.
CdhopmynupoBaHbl ¥ pelIeHbl COOTBETCTBYIOIKE 3a1aun Komu. Pesyib-
TaThl YUCJICHHBIX PACYCTOB TIOATBEPIKICHBI JAHHBIMHU OIBITOB.
ITpoBeacHHBIC UCCIICIOBAHUS U MOJYYECHHBIC PE3yJIbTAaThl 1EIeC000-
pasHO NMPUHUMATh BO BHUMAHHE MPH PACCMOTPEHHUH M HU3YyYEHUH OoJjice
OO0IIMX BUIOB JABHKEHHSI KBAIPOKOIITEPA M ONITUMH3AIIUHN TPACKTOPHIA €ro
TI0JICTOB.
Knroueswvie cnosa: opon, keaopoxonmep, cuiogvie paxkmopul, NOObEMHAS
cuna.

Experimental determination of dynamic effects
for piloting a quadcopter

M.A. Anikin, T.S. Bychkova, A.V. Garkucha,
A.A. Parfenov, A.Yu. Karpachev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: karpachevay@bmstu.ru

Currently, unmanned aerial vehicles-UAVs (drones) are experiencing
a new rapid stage of its development, which is based on achievements
in the creation of new lightweight and durable structural materials, the
emergence of energy-intensive power sources, brushless motors, etc.,
equally important role is also played by successes in the theoretical model-
ing of flight control of these robotic systems. However, modeling of any
process always needs experimental confirmation and clarification of the
reliability of the most significant characteristics of the object, their rela-
tionship with the theoretical model and its refinement. Therefore, the task
of the study was the experimental study of the force factors that form the
movement of the quadcopter (aircraft with four rotors) in order to deter-
mine the values of the characteristics necessary to confirm the validity
of the use of the developed theories and hypotheses accepted in them.

Modern multicopters are used in industrial and economic areas of hu-
man activity, where his stay is difficult or associated with a risk to life.
This exploration in hard-to-reach places including areas with high back-
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ground radiation, the search for the missing in difficult terrain conditions,
aerial photography in firefighting and much more. Such a multi-meaning
tasks that are solved with the use of drones, determines the relevance
of developments aimed at improving them.

According to published data, the quadcopter is traditionally perceived
as an aircraft modeled by a solid body with 6 degrees of freedom. Its ori-
entation in space is given by Euler — Krylov angles, commonly used in
aircraft engineering, and differential equations are drawn up to describe
the motion based on the positions of the dynamics.

Carrying out specific calculations requires the establishment of initial
data, the unreliability of which can nullify the value of the result.

In the proposed work, three main types of motion of the quadcopter
are considered: translational motion (when lifting up), rotation around the
vertical axis of symmetry (when hovering at a certain height), plane-
parallel motion (for horizontal flights at a certain height). The values
of the lifting force of the rotors depending on the frequency of their rota-
tion are experimentally established. On the basis of the conducted experi-
ments the systems of forces providing the considered movements of
a quadrocopter are defined. Mass and inertial characteristics are found.
Experimental studies were carried out with the use of modern measuring
equipment and devices non-contact action.

On the basis of General theorems of dynamics and their consequences,
differential equations of these types of motion were made. The corre-
sponding Cauchy problems are formulated and solved. The results of nu-
merical calculations are confirmed by experimental data.

The conducted researches and the received results it is expedient to
take into account at consideration and studying of more General types of
movement of a quadrocopter and optimization of trajectories of its flights
Keywords: drone, quadcopter, power factors, lift.

Metoa uaeHTU(PUKAUNY MHEPUMOHHBIX XaPAKTEPUCTUK
TBEPAOro Tejia

A.K. Anemnn, U.M. Konapatrses

WuctutyT MammHoBeneHus umenu A.A. biaronpasoBa PAH, Mocksa, Poccust
E-mail: aleshin_ak@mail.ru, kiimash@yandex.ru

[IpencraBineH TeOPEeTUKO-IKCIEPUMEHTANbHBI METOJ ONpeesICHUs
MHEPLHUOHHBIX XapaKTEPUCTUK TBEPJOTO TeJla — MAaCChI, MOJ0KEHHS 1IeH-
Tpa Macc ¥ TeH30pa uHepuuu. Meto 6a3upyercsi Ha COBMECTHOM MpUMe-
HEHUM BBIYUCIUTEIBHOTO W HATYPHOTO SKCIIEPUMEHTOB B KOMILIEKCE
C U3BECTHBIM TEXHOJIOTMYECKUM MPUEMOM, MPUMEHIEMbIM MpH OanaHCH-
POBKE BpAIIAIOIIMXCS T€T — METOAOM MPOOHBIX Tpy30B [1]. s mpose-
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JICHUS KCIIEPUMEHTOB pa3padOoTaHbl U3MEPUTEIbHBIN CTEH U CHEIHAIb-
HBIi MaHUMYJIATOP, MEXAaHU3M KOTOPOro 00eCreuynBaeT ABUKEHHUE HCCIe-
JyeMOro TBEpAOro Tela C TpeMs CTeHeHsIMHU CBOOOJbl. OCOOEHHOCTD
IpeJlaraéMoro MeTofia COCTOMT B NPUAAHUU TBEPAOMY Tely IUIOCKO-
[apajyIeNIbHOTO BPAIIEHUS ¢ U3BECTHBIMU JTMHEHHBIMU U YIJIIOBBIMHU TIE€pe-
MEILEHUSAMH, 3a/1aBaeMbIMHU B X0JIe SKcriepuMeHTOB. [loka3aHo, 4to peru-
CTpUpyeMasi peakiysi JUHAMHUYECKOW CHUCTEMBbl U3MEPUTEIBHOTO CTEHAA
Ha U3MEHEHUS MOJIOKEHHSI HCCIIEeyeMOro TBEpAOTo Tella U JOMOTHUTEb-
HBIX MPOOHBIX TPY30B COJACPKHUT BCIO HEOOXOIUMYIO MH(POPMALMIO IS
OTIpeIeJIeHUs] MHEPIUOHHBIX XapaKTepUCTUK Tena. OnpeneneHue NHepIH-
OHHBIX XapaKTEPUCTHK MPEICTaBISAET COOOM MOCIEeN0BATEIbHOCTD JIBYX
OpOIEeyp: C MOMOIIBIO NEPBOM yCTAHABJIMBAIOTCS Macca M MPOCTPaH-
CTBEHHBIE KOOPIAMHATHI LIEHTPA MAcC UCCIIENyeMOro Tena [2], ¢ MOMOILIbI0
BTOPON — ONPEAEISIOTCS KOMIIOHEHTHI TEH30pa HHEPIIUH.

Knwoueswie cnosa: uoenmugpuxayus napamempos, uHepyuoHHvle Xapax-
MepuUcmuKy, Memoo npoOHbIX 2pY308, NIOCKONAPANIENbHOE 6PalyeHle,
MeH30p UHepYuu.
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A solid body inertia properties identification method
A K. Aleshin, I.M. Kondrat’ev

Mechanical Engineering Research Institute of the Russian Academy of Sciences,
Moscow, Russia
E-mail: aleshin_ak@mail.ru, kiimash@yandex.ru

Semi-theoretical approach to practical identification of solid body
inertia properties such as mass, center of mass location and inertia tensor
is presented. This approach is based on common usage of computational
and full-scale experiments along with well-known probe mass method [1].
A testing bench and a specific manipulator are developed to run the exper-
iments. The manipulator provides for solid body under investigation
a plane parallel rotational motion with three degrees of freedom. As shown
the sensed output signals from dynamical system of the testing bench as
a function of solid body position and probe mass value carry full infor-
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mation to calculate the solid body inertia properties. A procedure to
determine inertia properties consists of two phases: (1) mass and center of
mass 3D-location computations [2] (2) inertia tensor computation.
Keywords: parameter identification, inertia properties, probe mass meth-
od, plane parallel rotation, inertia tensor
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be3onacHoe oTae/ieHHe MUJIOTHPYEMOro KopadJis
«Co103 MC» ot HeynpasJsieMoii MexxayHapoaHoii
KOCMUY€ECKOM CTAHIUMN

A.C. Audanos ', B.H. Baxymus >, H.B. Boromonos', C.B. Bop3six '

'TIAO «PaxeTtHO-KOCMHUUEcKas Kopropamus « ueprusy umenn C.I1. Koponépay,
r. Koponés, Poccus
*UncTuTyT npukiagHoil Mexanuku PAH, Mocksa, Poccus
SMI'TY um. H.3. Baymana, Mocksa, Poccns

E-mail: a_s_anfalov@mail.ru, vbak@yandex.ru,
nbogomolov1992@gmail.com, sergey.borzykh@rsce.ru

B crarbe paccmaTpuBaeTcs Npolecc OTACNIECHUS MUIOTUPYEMOIO KO-
pabns Coro3 MC or HeynparmsiemMoll MexayHapoIHONH KOCMHUYECKOU
cranuuu (MKC) B Tekymeil KOHQHUrypaluu COTJIaCHO ONPEACICHHOMY
QITOPUTMY CPOYHOI'O OTAEJICHHS U JANbHEHIIEro CpoyHOro cmycka. Cra-
Thsl OIIUCBIBAET Pe3ysbTaThl MojeaupoBanus AsrxeHnss MKC rpasuranu-
OHHBIX CHJI M TPABUTALIMOHHBIX MOMEHTOB B TEUEHHE OJJHOTO BUTKA ITOCIIE
notepu ympasieHus. B cratbe 000CHOBaHa MPUMEHUMOCTH aJITOPUTMA
otaeneHus muitoTupyemoro kopabdmst Coro3 MC ot monyneit «PaccBer»
u «llouck» Masoro muccienoBaTenbCKOro MOAYJSI B psJie HEMITaTHBIX
U aBapUUHBIX CUTyaluH, TPeOYIOIUX BaKyalluy dKHUIMaKa MO CYIIECTBY-
IOLLIEH IpoLeaype.

Knroueswie cnosa: nunomupyemsiti kopadbav, Meswcoynapoonas kocmuue-
CKas CMAanyusi, aneopumm omoeneHus.
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Soft undocking of Soyuz MS spacecraft
from uncontrolled International Space Station

A.S. Anfalov 1, V.N. Bakulin 2, N.V. Bogomolov 1, S.V. Borzykh L3

'S.P. Korolev Rocket and Space Corporation Energia, Korolyov, Russia
*Institute of applied mechanics RAS, Moscow, Russia
3 Bauman Moscow State Technical University, Moscow, Russia

E-mail: a_s_anfalov@mail.ru, vbak@yandex.ru, nbogomolov1992@gmail.com,
sergey.borzykh@rsce.ru

This paper considers a process of Soyuz MS crew vehicle undocking
from uncontrolled International Space Station (ISS) of the current configu-
ration according to certain algorithm of urgent undocking and further ur-
gent descent. The paper describes the results of simulating the ISS motion
under gravity force and gravitational torque within one orbit after the loss
of control. The paper concludes on applicability of this algorithm for So-
yuz MS crew vehicle undocking from Rassvet (MRM1) and Poisk
(MRM2) Mini Research Modules in case of any contingency or emergen-
cy situation resulting in crew evacuation under the existing procedure.
Keywords: crew vehicle, International Space Station, algorithm of un-
docking.

JIMHAMMKA ¥ yIIpaBJIeHHEe KOCMHYECKUM 00beKTOM
NPHU ero 0€CKOHTAKTHOM TPAHCIIOPTHPOBKE
HOHHBIM IOTOKOM

B.C. Acnanos, A.C. Jlegxos

CaMapckuii HalIHOHATBHEIN HCCIIEA0BATEIECKIN YHHBEPCUTET
umenu akagemuka C.I1. Koponésa, Camapa, Poccust
E-mail: aslanov_vs@mail.ru, ledkov@inbox.ru

[IpoGnema TpaHCIOPTUPOBKU KOCMHUYECKHX OOBEKTOB, B TOM YHCIIE
U KOCMHUYECKOTO Mycopa, — OJHAa U3 HauOollee aKTyaJbHBIX MpoOiieM
COBPEMEHHOM KOCMOHABTHUKH. [lepcrieKTHBHBIM HamNpaBICHUEM pPEIlCHUs
9TON MPOOIEMBI SIBISIETCS CO3/IaHHUE CHUCTEM OECKOHTAKTHOW TpaHCHOp-
TUPOBKH, TJIABHBIM JOCTOMHCTBOM KOTOPBIX SIBIISIETCS OTCYTCTBUE HEOO-
XOJUMOCTA B CTHIKOBKE WJIM MEXaHHYECKOM 3aXBaTe KOCMHUYECKOTO
oOnekTa. B manHOl paboTe paccmaTpuBaeTcsi TPAHCIOPTUPOBKA KPYITHO-
rabapuTHOrO KOCMHYECKOro OOBEKTa MOCPEACTBOM HOHHOTO MOTOKA,
TeHEpUPYEMOT0 aKTUBHBIM KOCMUYECKUM ammnapaToM. AKTUBHBIH KOCMH-
YeCKUH ammapaT OCHAIlleH JABYMS MPOTHUBOMNOJIOXKHO HaMpaBIEHHBIMU
VMOHHBIMH JIBUTATEJISIMU: MAPIIEBBbIM U TOJKAIOUIUM, KOTOPBII CITY>KUT AJIs
00/1yBa MacCUBHOTO 00bEKTa, OKa3bIBas Ha HETO CUJIOBOE BO3/ICIICTBHE.
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Lenpto paboThl SABISETCS UCCIENOBaHUE ABM)KEHHUS KOCMHYECKOIO
00BEKTa BOKpPYT IIEHTPa Macc B MOHHOM IIOTOKE U pa3pabOTKa 3aKOHOB
yIpaBJIeHUs, O00ECIEeYMBAIONINX YIJIOBYIO CTAa0MJIM3AIUI0 IacCUBHOTO
KOCMHUYECKOr0 00BEKTA.

Hoximan coctout u3 Tpex ydactei. IlepBas mocssiieHa OnpeneaeHuIo
CHJI I MOMEHTOB, JICHCTBYIOIINX HA MACCUBHBIA OOBEKT B MOHHOM IOTOKE
OpU CIUIONIHOM M YacTUYHOM 00ayBe. Bo BTOpOW 4YacTH ¢ HOMOIIBIO
ypaBHeHMH JlarpaH)xa BTOpPOro poja CTpPOMTCS MaTeMaTH4YecKash MOJEb
YIJI0BOrO JBM)KEHUSI MACCUBHOTO OOBEKTA MOJ ACHCTBUEM CUII U MOMEH-
TOB OT MOHHOT'O NMOTOKA, & TAK)KE€ TPaBUTALIMOHHBIX U a3pOJANHAMUYECKUX
cUJI 1 MOMEHTOB. TpeTbst yacTh chOKycHpoBaHa Ha pa3pabOTKe yIpasJie-
HUSl MOHHBIM IIOTOKOM JJIsi CTaOWIM3allMM MacCHUBHOTO KOCMHMYECKOIO
o0bekTa. IlpemnokeHo 1Ba 3aKOHa YIPABJICHHs: Ha OCHOBE W3MEHEHHUs
BEJIMUMHBI TATH TOJIKAIOIIETO0 MOHHOTO JIBUraTelsl U U3MEHEHUs OpUEHTa-
IIUM OCU MOHHOTO notoka. C nmomouibio Teopemsl JIsimyHoBa 006 acUMIITO-
TUYECKOH YCTONYHMBOCTH IO MEPBOMY MPHUOIMKEHUIO ObLUIO JI0OKa3aHO, 4TO
3aKOH YHIpaBJICHUS BEIMYMHOM TITM OOECIEUMBAET ACUMITOTHUYECKYIO
YCTOMYMBOCTH TPEOyeMOro MoJoKeHUsI KocMuieckoro oobekra. Ha ocHo-
B€ YMCJIEHHOTO0 MOJEIUPOBaHMUE OBLIO MOKAa3aHO, YTO 3aKOH YIpPaBJICHUS
OpHEHTAIe OCH MOHHOTO TOTOKA siBysgeTcs 6osee 3 (PeKTUBHBIM C TOU-
KU 3pEHHMs MHUHUMM3ALUU BPEMEHH NEpeBOJa KOCMHYECKOIO0 Mycopa
B TpeOyeMoe MoJI0KEHHE.

Knrwouesvle cnosa: kocmuueckuti 00bekm, UOHHbLL NOMOK, OECKOHMAKMHAS
MPAHCNOPMUPOBKA, OBUNCEHUE BOKPY2 YEHMPA MACC, 3AKOH YNPAGLEHU.

Cepreit AnekceeBu4 YanjabIiruH — MeXaHMK U MATEMATHK,
OPraHU3aToOP HAYYHBIX UCCICT0OBAHNM
(k 150-1€THIO CO THS POKICHUSA)

I'.A. Bazanuyk, E.b. I'aptur, B.Sl. Tomammnonasckuii

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: fn3@bmstu.ru

B nmoxnane maercsa kpaTkuil 0030p Hay4YHOH, MeIaroruuyeckou, oouie-

CTBEHHOM M OpraHu3auuoHHoN pestenbHocTH Ceprest AjekceeBUYa
Yamneiruaa. OCHOBHOM aKLEHT cliefaH Ha oTpaxenuu cBszeit ¢ H.E. XKy-
KOBCKHMM, Kadeapamu u coTpyaHukamu Hmmepatopckoro MoOCKOBCKOTO
TeXHUYEeCKOro yuwiuiia, Mmneparopckoro MOCKOBCKOTO yHUBEPCUTETA
u LleHTpanbHOro a’3porupoAMHaMHYEcKOro HHCTUTyTa [1].
Knroueswie cnoga: Cepeeii Anexceesuu Hannvieun, ucmopus Hayxku, meo-
pemuueckas MexaHuxkda, Mamemamuxd, a’pocudopoounamuxa, Hmnepa-
mopckoe Mockosckoe mexnuueckoe yuunuwe, MI'TY um. H.O. baymana,
MI'Y, HAT'H umenu npogeccopa H.E. JKyxoeckoeo.
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Jluteparypa

1. Bazanuyk I'A., lapmue E.F., Tomawnonsckuti B.A. Cepreit AnexceeBny Yarumsrunea —
MEXaHHK M MaTeMaTHK, OpraHH3aTop Hay4HbIX HccienoBaHui (K 150-ymetio co aHS
poknenus) / MalmHocTpoeHne 1 KOMIIbIoTepHble TexHonoruu. 2019. Ne 4. C. 42-49.
URL: https://www.technomagelpub.ru/jour/article/view/1495/1269

Sergey Alekseevich Chaplygin as a mechanic
and mathematician, organizer of scientific research
(On the 150th anniversary of his birth)

G.A. Bazanchuk, E.B. Gartig, V.Ya. Tomashpolsky

Bauman Moscow State Technical University, Moscow, Russia
E-mail: fn3@bmstu.ru

The report gives a brief overview of the scientific, pedagogical, social
and organizational activities of Sergei Alekseevich Chaplygin. The main
emphasis is on reflecting ties with N.E. Zhukovsky, with departments and
employees of the Imperial Moscow Technical School, the Imperial Mos-
cow University and the Central Aerohydrodynamic Institute [1].
Keywords: Sergey Alekseevich Chaplygin, history of science, theoretical
mechanics, mathematics, aerohydrodynamics, Imperial Moscow Technical
School, Bauman MSTU, Moscow State University, TsAGI named after
Professor N.E. Zhukovsky.
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Tepmomexannyeckue KojJ1e0aHus ra3a B yIJUHEHHOM cocy/ie
NPU HAJTUYHUU HEOJJTHOPOIHOCTH

B.I. BaﬁnyHOBl’z, o Ko Ko®

' MuctuTyT npobiem Mexannku umenn A FO. Mmmuckoro PAH, Mocksa, Poccust
IMITY um. H.D. Bbaymana, Mocksa, Poccust
E-mail: fn3@bmstu.ru

UucneHHO-aHaTUTUYECKUMHA METOJAMHU PACCMOTPEHO BIIMSIHUE HEOJ-
HOPOJHOCTH B Ipoduiie cocyaa U 6a30BOM pacipeeieHUH TeMIIEpaTyphl
Ha COOCTBEHHbIE KoJieOaHus rasza B cocyne. CyllecTBEHHOE BIHMSHHME Ha
COOCTBEHHBIE KOJIE€OaHMs ra3a OKAa3bIBAIOT THIBI TPAHUYHBIX YCIIOBHMA.
IIpencraBnser npenBapuUTENbHBIM KOHCTPYKTHUBHBI HHTEpPEC OTHOCH-
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TEJNBHO IPOCTO PeaM3yeMble BapUaHTHI: 1) OTKPBITBIE KOHIIBI; 2) 3aKpbl-
ThI€ TBEPJOM KPBIIIKON KOHIIBL, 3) CMEIIAHHBIA BapUaHT 3aKpbITOTO U OT-
KPBITOrO KOHIOB cocyaa. CHIIbHOE BIUSHHE HA 4acTOTHl U (DOPMBI 3TUX
KOJICOAaHUH MOTYT OKa3bIBaTh M3MEHSEMbIC WM PEryJIHpyeMble apaMeT-
pBl GPUKCUPOBAHHOTO IMOJIOKEHHSI HEOJHOPOAHOCTH M BEITMUUHBI pajyca
OTBEPCTHS B HEU U Ap. M3yueHo BIusHHUE 3HAYECHUN IapaMETPOB HEOIHO-
POIHOCTH B COCYJE, U3MEHSIOMNXCA B IIUPOKOM JAMarna3zoHe (OIu3KoMy
K IIPEJENIBHO JOMYCTUMOMY).

Paboma evinonnena no meme eocyoapcmeennoco 3adanus Ne AAAA-
Al7-117021310385-0.

MopeaupoBaHue HANPSAKEHHO-1e(POPMUPOBAHHOIO
COCTOSIHHSI TPEXCJIOMHBIX 000/109€eK
C IPSMOYI'0JIbHBIMH BbIpe3aMu

B.H. bakynun

WucrutyT npuknagHoit Mexanuku PAH, Mocksa, Poccust
E-mail: vbak@yandex.ru

TpexcnoitHbie 000JIOUYKH SBIISIFOTCS PACIPOCTPAHEHHBIMHU 3JIEMEHTA-
MU COBPEMEHHOW TEXHUKH. DTO BBI3BAHO BBHICOKON BECOBOM 3 (HEKTUBHO-
CTBIO M KECTKOCTHIO, BHICOKMMH TEIIO-, 3BYKO-, BUOPOU3OIALNOHHBIMU
XapaKTEPUCTUKAMM TPEXCIOMHBIX KOHCTpykKumid. [Ipemmaraercsa moaxon
MOCIIOMHOTr0 MOJEIMPOBAHUS M AITOPUTMBI IOCTPOEHUSI YTOUHEHHBIX MO-
Jeneld uccienoBaHus HanpsikeHHO-AegopmupoBanHoro coctosinus (HIC)
TPEXCIOWHBIX HEPETYJISIPHBIX 000J04eK [1-5], ¢ MOMOIIBIO KOTOPBIX U3Y-
yeHo HJIC TpexcnoiiHbIX 000704YeK C MPsIMOYTOIbHBIMU BbIpe3amu. [Ipu-
BOJSITCS PE3YJIbTAThI UCCIIEIOBAHUS.

Uccneoosanue uacmuyno 6bINOIHEHO NPU QUHAHCOBOU NOOOEPI’CKe
Poccutickoco  ¢onoa @ynoamenmanvrvix ucciedosaHuli. 8 pamKax
Hayuno2o npoexma Ne 19-08-00125a.

Knwueevie cnoea: mpexcioiinvle 000104KU, NPAMOY20JIbHbIE BbIPE3DI,
HANpA#CEeHHO-0eOPMUPOBAHHOE COCMOAHUE, NOCTIOUHbIL AHANU3, YMOY-
HeHHble MOOeU.

Jlureparypa

1.  baxynun B.H. YTOuHEHHAas MOJEIH MOCIOIHOTO aHATN3a TPEXCIOWHBIX HEPEryIsp-
HBIX KOHHMYecKuX obosiouek // Jloxnaabl Akagemun Hayk. 2017. T. 472, Ne 3.
C. 272-2717.

2. bakynun B.H. DddextrBHas MoJenb MOCIOWHOIO aHAM3a TPEXCIOWHBIX HEpery-
JSIPHBIX 000JIOYEK BpaleHus LMIMHApHYecKkoi Qopmbl // Jloknaabl AkageMuu
Hayk. 2018. T. 478, Ne 2. C. 148-152.

3.  bBaxymun B.H. biounass KOHEYHO-dJIEMEHTHAsh MOJETb ITOCIOMHOTO aHanm3a TpexX-
CJIOWHBIX B OOIIEM ClTydae HeperyJsIpHBIX 000JI0UEK BpalleHHs ABOWHON KPUBU3HBI //
Hoxnans! Akagemun Hayk. 2019. T. 484, Ne 1. C. 3540.
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baxynun B.H. biouyHas KOHEYHO-3JIEMEHTHAs MOJENb Ul IIOCIOMHOIO aHaJIu3a
HaIpsHKEHHO- J1e()OPMUPOBAHHOTO COCTOSIHUSI TPEXCIIOWHBIX 00OJIOYEK C Hepery-
nsipHO# crpykrypoii // 3. PAH. MTT. 2018, Ne 4, C. 65-72.

baxyaun B.H. Monens 17151 yTOUHEHHOTO pacyeTa HarpshKeHHO-1e()OPMUPOBAHHOTO
COCTOSIHUSI TPEXCJIOMHBIX KOHMYECKHX HEperyisipHbIXx obosouek // Ilpukmamnas
MmaTeMaTuka U Mmexanuka. 2019. T. 83, Ne 2. C. 315-327.

Modeling of the stress and strain state
of sandwich shells with rectangular cutouts

V.N. Bakulin

Institute of Applied Mechanics, Russian Academy of Sciences, Moscow, Russia
E-mail: vbak@yandex.ru

Sandwich shells are common elements of modern engineering struc-

tures. An approach for layer-by-layer modeling and algorithms for build-
ing refined models for studying the stress and strain state of irregular
sandwich shells [1-5] are proposed with which the stress and strain state
of sandwich shells with rectangular cutouts was studied. The results of the
study are presented.

Work is made with financial support from the Russian Foundation of

Basic Researches No. 19-08-00125a.
Keywords: sandwich shells, rectangular cutouts, stress and strain state,
layer-by-layer analysis, refined models.
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B3pbIBHBIE TEXHOJIOTHH 1JIsl MPOYHOCTHBIX UCTBITAHUI
TOHKOCTEHHBIX KOMIIO3UTHBIX KOHCTPYKIMM
Ha JeiicTBHe 0OKOBBIX HECTAIIMOHAPHBIX HATPY30K

B.H. BaKyJ‘II/IHl, A.B. OCTpI/IKz, JI.H. Huxomaes®, A.A. qup}IHOB2

'MucturyT npuknagHoit Mexanuku PAH, Mocksa, Poccns
ZI/IHCTI/ITyT npobiiem xumudeckoi ¢uszuku PAH, r. YepHoromoska, Poccus
E-mail: vbak@yandex.ru, ostrik@ficp.ac.ru, nik@ficp.ac.ru

TOHKOCTEHHBIE KOMIIO3UTHBIE KOHCTPYKILMH PaKETHO-KOCMHUYECKON
texuuku (PKT) HaxomsTcst moa nelcTBHEM TOJIETHBIX HArpy30K W BHEII-
HUX BO3/JICMCTBUI pa3nuuHOM ¢u3uueckoil npupoasl. IloneTHsie Harpys-
KM, KaK IpaBUJIO, SIBIIAIOTCS OCECUMMMETPUYHBIMM W KBa3HCTALIMOHAp-
HbIMU. MEeTO/1bl MPOYHOCTHBIX PACUETOB HA HArPY3KH TaKOI'O THIIA XOPOLIO
pa3paboTaHbl U BHEJPEHBI B MPAKTHUKY MPOEKTUPOBAHUS 3JIEMEHTOB KOH-
crpykimii PKT. B To e Bpemsi BHElNIHHWE BO3ACUCTBUS B OOJBIITUHCTBE
CJIy4aeB HOCST OAHOCTOPOHHMI M HECTAIlMOHAPHBIN Xapaktep. Pe3ynbrarsl
pacyeToB Ha MPOYHOCTH B 3TOM CIIy4yae HE CTOJb JIOCTOBEPHBI, U TpeOyeTcst
MPOBEICHUE MPOYHOCTHBIX UCHBITAHUNA Ha JIelicTBUE OOKOBBIX HECTAIMO-
HapHBIX HAarpy30K.

OnuceiBaeTcs HabOp ra3o0lMHAMUYECKUX YCTPOMCTB AJisl TeHepaluu
OOKOBBIX HECTALMOHAPHBIX HArPY30K Pa3lNUYHON (PU3MUECKOW MPHUPOJIBI.
[Ipensararorcst ABa HOBBIX B3PBIBHBIX YCTPOMCTBA JIs CO3AAHUS MAJIOMM-
IYJICHBIX Harpy30K MUKPOCEKYHIHOMW UINTENbHOCTH. PaccmarpuBarorcs
METO/Bl U3MEPEHMSI MAapAMETPOB PEAKIMH TOHKOCTEHHBIX KOMITO3UTHBIX
KOHCTPYKLUMH Ha JAEWCTBHE IUHAMMYECKMX M HMMIIYJbCHBIX HArpy3oK.
[IpenyiaraeTcss HOBBIM METOJ PETMCTPALMKA PA3BUTHS HECTALMOHAPHOIO
nporuda KOHCTPYKIMKA Ha 000JI04€4HOM cTaanu 1e)OpMUPOBAHHUS.

[IpuBondaTcs pe3yapTaThl yIapHO-BOJHOBBIX MCIBITAHUM yTJe- U Opra-
HOIUIACTUKOB IPHU MX HArpy>KEHUM NOCPEICTBOM JIETOHAIMM B3pBIBUATHIX
BEIIECTB WJIM 3JIEKTpUYECKHM B3pbIBOM (osbru. [lokazaHo, yTo Ha Benu-
YHHY OTKOJIbHOT'O HAaNpSKEHUS OKA3bIBAET BIUSHHUE THUII CBA3YIOLIETO.

Ha npounocts k 00onovyeuHoi craguu 1eGopMUpOBaHUS UCTIBITHIBA-
JHUCh IWJIMHAPHUYECKUE CTEKJIOIUIACTHKOBBIE 00o0siouku. Ilomydeno, uro
UCIIOJIb30BaHUE MPOBOJOYHBIX MU (POJBIOBBIX AATYUKOB JIJISI U3MEPEHUS
nedopMaruii MpUBOANT K OJM3KUM pe3yJIbTaTaM.

Paboma evinonnena npu noodepocxke PODU (Ne 18-08-00094-a,
Ne 19-08-00606-a).

Kniouegvie cnosa: monkocmenHvle KOMNO3UMHbIE KOHCMPYKYUU, NPOYU-
HOCMHblEe UCNLIMAHUS, 83DbleHble 2A300UHAMUYECKUE YCMPOUCMEd, usme-
PpeHue HeCMAaYUOHAPHLIX NAPAMEmpPo8 0ehOpMUPOBanUsL MEepObIX mel.
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Explosive technologies for strength tests of thin-walled
composite constructions
on action of side non-stationary loadings

V.N. Bakulinl, A.V. Ostrik ? , D.N. Nikolaev 2 , AA. Cheprunov2

'Institute of Applied Physics of the RAS, Moscow, Russia
*Institute of Problems of Chemical Physics of the RAS, Chernigolovka, Russia
E-mail: vbak@yandex.ru, ostrik@ficp.ac.ru, nik@ficp.ac.ru

A set of gasdynamic devices for generation of side non-stationary
loadings of various physical natures is described. Two new explosive
devices for formation of low-pulse loadings of microsecond duration are
offered. Methods of measurement of parameters of reaction of thin-walled
composite constructions to action of dynamic and pulse loads are consid-
ered. The new method for registration of development of non-stationary
displacements at the shell stage of deformation is offered.

Results of shock and wave tests carbono- and organoplastics are given.
It is received that use of wire or foil sensors for measurement of defor-
mations yield close results when the shell stage of deformation of fiberglass
thin-walled constructions is investigated.

Work is carried out with financial support from the Russian Founda-
tion of Basic Researches (No. 18-08-0094-a,) No. 19-08-00606-a.
Keywords: thin-walled composite constructions, strength tests, explosive
gas-dynamic devices: measurement of non-stationary parameters of solid
bodies’ deformation.

NmuTanuoHHass MOJe/Ib TEXHOJIOTHYECKOr0 IMpouecca
CTePUIM3ALUN MATEPHUAJIOB KaK 3(PPeKTUBHBIN
HHCTPYMEHT NpPH pa3padoTkKe U MOJAEPHU3AIUU

CTEePUJIN3ALMOHHBIX YCTAHOBOK

M.T. Banbixut', YI.T. Brarosemenckuii %, C.A. MOKPYIHI/IHl

'MI'VIIIT, Mocksa, Poccust
MI'TV um. H.D. baymana, Mocksa, Poccus
E-mail: mmb@mgupp.ru

PaccmarpuBaercst 3aaya 10 BBIBEICHUIO M3 3KCIUTyaTallMd CTaporo
Hea(ppeKTUBHOrO 00OPYJOBAaHUS W BHEAPEHHIO HOBOTO, COOTBETCTBYIO-
II€r0 COBPEMEHHBIM TPEOOBaHUSAM 110 Ka4eCTBY U SHEProdPpPeKTUBHOCTH,
a TaKXKe MHCIOJb30BaHUI0O HMHHOBAIIMOHHBIX TEXHOJIOTUH B IPOU3BOJ-
CTBEHHOM IIpouecce. B noxmane oOcykmaercss mpobiiema pa3paboTKu
UMHTALMOHHONW MOJENN JUIsl OMMCAHUs TEXHOJIOTHYECKOTo Mpolecca CTe-
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pUIN3aLMY Pa3IUYHBIX NPOAYKTOB. /[ar0TCs peKOMEHIalUU 110 IPUMEHE-
HUIO MOJIEJIM B MOJCPHMU3ALUN CTEPWIN3ALUOHHBIX YCTaHOBOK. IIpu mpo-
BEJICHUU UCCIICAOBAHUMN NPUMEHSIIACh TEOPHs U MAKEThl IIPOrpaMM Marte-
MaTHYECKOro MojenupoBaHus. PazpaOoTaHHass MMUTAIlMOHHAs MOJEIb
YYUTBIBAECT B3aMMOJEHUCTBHUE IIAPAMETPOB, OTPaKAKOLIUX IOBEACHUE HUC-
CJIEyEeMOM CHUCTEMBI, aJICKBaTHO OTPAXKAET TEYCHUE PEATIBHOIO TEXHOJIO-
THYECKOTO TPOIIecca, O3BOJISIET YUeCTh TEIIO(PHU3MUECKUEe CBOMCTBA CTe-
PUWIM3YEMBIX MATEpUAJIOB, BIUSHUE TEXHOJOIMYECKUX BO3MYLICHUI
Y UHIUBUYaJbHbIE XapaKTEPUCTUKH yCTaHOBKU. CO34aHbI NIPEANIOCHIIKI
K HCIOJIb30BaHUI0 MMMTAI[MOHHON MOJENU B pa3paboTke 3(PPeKTHUBHBIX
CTEPWIM3ALMOHHBIX YCTAHOBOK I MAaJbIX MHPEANPUATHM U KPYIIHBIX
IIPOU3BOJCTB, & TAK)KE COBEPILICHCTBOBAHMS CYLICCTBYIOLIUX CTEPUIIMA3aA-
IIMOHHBIX aIllIapaTOB C UCIOJIb30BaHUEM pa3pabOTaHHON MaTeMaTHYeCKON
MOJEJIA TE€XHOJIOTUYECKOIO MPOoLEecca CTEPUIN3AlY MaTepUaloB B IPO-
MBIILICHHOM aBTOKJIABE.

Kniouegvle cnosa: umumayuonnas mooeinb, CIMepuIu3ayus Mamepuaios,
MexXHONI02UYeCKUll npoyecc, memnepamypa, 0agieHue, Cmepulu3ayuoOHHas
YCMAanoeKa, asmoxas.

Simulation model of the technological process
of sterilization of materials as an effective tool
in the development and modernization of sterilization plants

M.G. Balykhin', I.G. Blagoveshchensky'?, S.A. Mokrushin'

"MGUPP, Moscow, Russia
*Bauman Moscow State Technical University, Moscow, Russia
E-mail: mmb@mgupp.ru

The problem of decommissioning of old inefficient equipment and
introduction of new, corresponding to modern requirements for quality
and energy efficiency, as well as the use of innovative technologies in the
production process is considered. The article discusses the problem of
developing a simulation model to describe the technological process
of sterilization of canned food. Recommendations for the use of the model
in the modernization of sterilization plants are given. During the research,
the theory and software packages of mathematical modeling were used.
The developed simulation model considers interaction of parameters re-
flecting the behaviour of the system under study adequately reflects
the technological process allows to take into account thermophysical
properties of sterilizable materials, the impact of technological disturb-
ances and individual characteristics of the installation. Prerequisites for the
use of the simulation model in the development of effective sterilization
facilities for small enterprises and large industries, as well as the im-
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provement of existing sterilization devices using the developed mathemat-
ical model of the technological process of sterilization of materials in an
industrial autoclave.

Keywords: simulation model, sterilization of materials, technological pro-
cess, temperature, pressure, sterilization plant, autoclave.

dusnueckue Kojedanus JIyHol, BbI3BAaHHbIE
ee NPWIMBHBIMH Je(OopMALUIMHA

M.IO. BapKI/IHl, I[1.M. HIKaHOBl, Hanada Hideo?

'MI'TY um. H.D. Baymana, MockBa, Poccust
? HarmonanpHast actpoHomudeckas odcepparopus Anonnn, Omry, SAnoHns
E-mail: fn3@bmstu.ru

Jlyna, kak u 3eMJisi, HE SIBISIETCS TMOJHOCTBIO TBEPJOW U MCIIBITHIBACT
nedopMallMOHHbIE U3MEHEHUs, HallpUMep, M3-3a MPHJIUBOB, BBI3BAHHBIX
IPAaBUTALIMOHHBIM TNPUTSDKEHHEM 3€MHOM OpPOMTBHI B CIOXXHOM M pe30-
HaHCHOM xapakrtepe aBuxeHus Jlynsl. [lokazano, uyto 3tH nedopmanuu
NPUBOJAT K BPEMEHHBIM BapHallMsiM KOMIIOHEHT TeH30pa MHepiuu JIyHbI
U, KaK CJIEJICTBUE, K BapualusM B ABI)KEHUU NONIOCOB JIyHBI, a Takxke
K BapHallisIM OCEBOTO BpaIlleHHs. Y Ka3aHHbBIM MOAYJIb BapHUallid HAXOIUT-
cs B mopsinke 10-12 mac (MmwurcekyHna ayru). CyIiecTByIOT Bapualliy,
UMEIOIIME BaXKHOE 3HAYCHHE ISl PAa3BUTHUSI BHICOKOTOYHOUM Teopuu (pusu-
Yyeckoi muOparyn JIyHBI, TPUTOAHBIC ISl COBPEMEHHBIX MPOEKTOB TI0 pe-
KyJnbTuBalyy JIyHsl, B yacTHOCTH AnoHckuil npoekt ILOM, npexycmarpu-
BAaIOUIMI YCTAHOBKY TEJECKOIAa Ha JIYHHYIO NOBEPXHOCTb U ONpEAEICHUE
TOYHOCTH e€ro opueHTanuu nopsaaka 1-0,1 MC/I, a Takxke poccuiickas JTyH-
Hasi MporpaMma, IpelycMaTpUBarolasl 3allycK ISTH aBTOMaTHYECKUX
cranuuii Ha JIyny B 2019-2024 rr.

Hccneoosanue svinonneno npu gunancosoii noodepaicke Poccutickozo
Hayuno2o ¢onoa (epanm PITH® Ne 17-71-10254).

Knrwouesvie cnosa: usuueckue xonebanus Jlynol, npurusHvle oegopma-
yuu, npunusHvle d¢hgexmul, epawjerue JIyHol, cerenonomeHyual.
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The physical librations of the Moon caused
by its tidal deformations

M.Yu. Barkin', P.M. Shkapov', Hanada Hideo

! Bauman Moscow State Technical University, Moscow, Russia

% National Astronomical Observatory of Japan, Oshu, Japan
E-mail: fn3@bmstu.ru

The Moon, like Earth, is not completely solid, and experiences defor-
mation changes, for example due to the tides, caused by the gravitational
pull of the Earth's orbit in a complex and resonant nature of the motion
of the Moon. It is shown that these deformations lead to temporary varia-
tions of Moon inertia tensor components and consequently to the varia-
tions in the movement of the poles of the Moon, as well as to the varia-
tions of axial rotation. The indicated variations module is in the order
of 10—-12 mas (millisecond of arc). There variations are important for the
development of the high-precision theory of lunar physical libration, suit-
able for modern projects for the reclamation of the Moon, in particular the
Japanese project ILOM, which contemplates installing the telescope on the
lunar surface and determining its orientation accuracy of the order
of 1-0.1 msd, as well as the Russian lunar program, providing the launch
of five automatic stations to the Moon in 2019-2024.

The research was carried out with the financial support of the RSF
(Grant No. 17-71-10254).

Keywords: physical librations of the moon, tidal deformations, tidal
effects, rotation of the moon, selenopotential.

MaTteMaTH4yecKkoe MOJeJTHPOBAHUE NPOLECCA MOTPY3KH
ABTOMOOMJIA-CAMOCBAJIA

FO.H. Bapsiutnukos, A.B. I[Tanmmna

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: fn3@bmstu.ru

Hccnenyercst mpobiaema yaapHOTO BO3ICHCTBHUS Tpy3a Ha TOJIBECKY
Opu TOrpy3Ke aBTOMOOWIIA-caMOCBasia. ABTOMOOMIIb MOJEIUpyeTcs
KECTKOM OasIkol Ha JIByX YHPYTHX ONOpax pa3iMuHOM KECTKOCTHU C yye-
TOM JIMHEHHO-BA3KOTO CONPOTUBIICHUS MOJIBECKHU. Y 1ap rpy3a abCOIIOTHO
HEeYIpYTruid B IEHTp Macc Oanku. MaremaThdeckasi MOJIENb aBTOMOOMIIS
IIOCTPOEHA Ha OCHOBE ypaBHeHu# Jlarpanika 2-ro poga B BHIE CHUCTEMBI
JIBYX HEOIHOPOJHBIX JIMHEHHBIX TU(PEepeHINaTbHBIX YPABHEHUH MaJIbIX
KosiebaHuit cucteMsl. [lomydeHsl aHaMUTUYECKUE pEIleHHs] CUCTeMbl 0e3
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ydeTa ¥ C y4eTOM COIPOTUBIIEHHUS aMOPTU3aTOpPOB noasBecku. Ha ocHoBe
HOJYYEHHBIX Pe3yJIbTaTOB pa3paboTaH aJIrOPUTM pacdeTa YCHWINH B MOA-
Beckax. [IpoBeneH YMCICHHBIH SKCIEPHUMEHT IOTPY3KH aBTOMOOMIIS
benA3-7555B.

Knwoueswvie cnosa: asémomobunsb, nocpyska, mMamemamuieckas Mooeny,

yoap.

Mathematical modeling of the loading process
of a dump truck

Yu.N. Baryshnikov, A.V. Panshina

Bauman Moscow State Technical University, Moscow, Russia
E-mail: fn3@bmstu.ru

The problem of the impact of cargo on the suspension when loading
a dump truck is investigated. The car is modeled by a rigid beam on two
elastic supports of different stiffness, taking into account the linearly vis-
cous suspension resistance. The impact of the load is absolutely inelastic
in the center of mass of the beam. The mathematical model of the car is
built on the basis of Lagrange equations of the 2nd kind in the form
of a system of two heterogeneous linear differential equations of small os-
cillations of the system. The analytical solutions of the system are ob-
tained without and taking into account the resistance of the suspension
shock absorbers. Based on the results obtained, an algorithm for calculat-
ing the efforts in suspensions is developed. A numerical experiment
of loading a BelAZ-7555B car was carried out.
Keywords: dump truck, loading process, mathematical modeling, impact
process.

IIpoexkTHOE 00yUyeHUe B paMKaX O00LIeHHKEHEPHOH
MOJATOTOBKHU B YPaJbCKOM (peiepajibHOM YHHUBEPCUTETE

C.A. bepecroBa

Yp®YVY umenu nepsoro Ipe3unenra Poccun b.H. Enbuinna
E-mail: s.a.berestova@urfu.ru

[IpoexTHOE OOy4eHHE MPU3BAHO K YCTPAHEHUIO MpoOIeMbl B cdepe
HOJTOTOBKM BBICOKOKBAJTU(HUIIMPOBAHHBIX CHEIMATINCTOB, a WMEHHO
OTCYTCTBHUIO CBSI3YIOLIETO CMBICIIOBOTO 3B€HA MEXIy paboueil mporpam-
MO OOIIENH)KEHEPHBIX JAUCHUILIUH U 001aCThI0 IPUMEHEHHUSI B TIpodec-
CHUOHAJILHOW JIEATENBHOCTH TOJTy4YaeMbIXx KomneTeHnui. [IpoektHoe o0y-
YeHHE II03BOJSIET OOBEOUHUTH B €IMHOE CMBICIOBOE MPOCTPAHCTBO
OCBavMBaeMbIe B Ipolecce OOydeHUs] KOMIIETEHIIMA W WX TMPAKTHYECKOe
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ucronb3oBanue. Pa3Butue M pacmmpeHue Kpyrozopa B 00JacTé COBpe-
MEHHBIX MUPOBBIX MHKEHEPHBIX pa3paOOTOK, HAYUYHBIX TEOPHUH, BBICOKO-
TEXHOJIOTUYHOTO MPOU3BOJICTBA HA CTAJUM 3aKJIAAKH OOLIEMHXEHEPHBIX
3HaHUH TOJHDKHO NMPOUCXOANUTH HA MEPBBIX Kypcax 00yueHHs..

Jlnst co3naHus MOTHBALMK IO OCBOEHHIO CTYAEHTaMH oO1ienpodeccu-
OHAJIBHBIX 3HAHWH W KOMIETEHLUI Ha MPOTSKEHUH BCETO mepuona o0yue-
HUS B BY3€, MOBBIIICHHUS 3((EKTUBHOCTH TMPENOIaBaHusl OOIIEHHKEHEP-
HBIX JHUCIUIUIMH B YPaJIbCKOM (heiepalbHOM YHUBEPCHUTETE BBOJIUTCS
TEXHOJIOTHUS MPOEKTHOro ooyueHus. C BBeeHHEM COOCTBEHHBIX 00pa3oBa-
TENBHBIX CTAHIAAPTOB MPOEKTHI MPOYHO 3aHMMAIOT CBOE MECTO B y4eOHBIX
aHax OakajaBpHaTra, COCTaBIAA JIECATYIO 4acTh Y4eOHOH Harpys3ku 3a
BpeMsi 0O0yueHus B Byse. [IpoekTHas paGorta JenmuTcs Ha MPOEKTH pa3iny-
HOT'O YPOBHS B PaMKax AMCLUUIUIMHBI UM MOZYJIS, KOTOPBIE SIBISIOTCS UTO-
T'OM CaMOCTOSITEIbHON y4eOHOW paboThl CTyIEHTa, BHIIIOJIHIEMOM IO 3a/1a-
HUIO PYKOBOJHMTENS MPOEKTa U CONPOBOXKIAOLIEHCS KOHCYJIBTUPOBAHUEM
KypaTopa TpoekTa. IIpoeKT comepKUT pe3ysbTaTbl TEOPETUYECKUX WIIN
AKCIEPUMEHTAIBHBIX HCCIEIOBAHUMN, PEIIEHUs] TEXHUYEeCKUX 3amad. OH
HarpaBsJeH Ha (OPMUPOBAHNE KOMIIETCHIINH, pa3BUBAEMBIX B paMKax H3y-
YEHHUs MOJIYJI, U HOCUT MEXIUCLMIUIMHAPHBIN Xapakrep. BeimonHenue
NPOEKTa 10 MOMAYJIIO MPOBOAMUTCS C LENbl0 (POPMUPOBAHUS y CTYICHTOB
OIBITa KOMILJIEKCHOTO pellleHHs 3a/1au. B kauecTBe 00beKTa UCCIeIOBAaHHSA
BbIOMpPAETCs peasibHbI MHKEHEPHBINA 00BEKT. IIpOeKT ABIseTCS OTAEIbHBIM
KOMIIOHEHTOM 00pa3oBaTeIbHOI MPOrpaMMBbl, BXOAUT OTIAEIBHOW CTPOKOU
B y4eOHBII MJ1aH, MPOMEXKYTOUYHAsI aTTeCTallus IPOBOJAUTCA B (popMe 3alu-
ThI ITPOEKTA IEPE]T IKCIEPTHON KoMuccuer. [IpoeKTsl MOTYT BBINIOJIHATBCS
KaK MHAWBUAYAJIbHO, TaK W KOMAaHJIAMH 10 2-5 YeJoBeK C 00s3aTelnbHON
KOHKpeTu3aluei oo0beMa 1 BUI0B BHINOIHAEMBIX ITANOB MPOEKTA KaKJI0r0
CTYJIEHTa B IPYIIIIE.

TeopeTnueckas MexaHuKa, JUCHMILIMHA YYEOHBIX IJIAHOB HampasJie-
HUI NOJATOTOBKU U3 obnactu «HXeHepHOe [1e10, TEXHOJIOTUH U TEXHU-
YEeCKHe HayKH», BXOJUT B COCTaB MOJYJIEH MO OOIIEHHKEHEPHOU MOAro-
TOBKE M 3a4acTylo sBIseTcs 0a30BOM YacThIO IPOEKTa IO MOJYJIO.
[Ipumepom mpoekTa Mo MOIYII0 MOXET CIIy)KHTh pa3paboTKa W pacyer
MEKTPUYECKOMN TalM JJI1 YCIOBHOI'O NMPOU3BOJACTBEHHOIO y4acTKa, OIpe-
JICTICHHBIX YCJIOBUN M PEKUMOB paOOTHL. [IpOEKT OXBaTHIBAET TaKWE JTUC-
LUIUIMHBI, KaK MH)KEHEepHasi rpauka, MaTeMaTuKa, TEOpeTHIecKasi Mexa-
HUKA, CONPOTUBICHUE MATEPHAJIOB, JETald MAallWH, JJEKTPOTEXHHUKA,
II0{bEMHO-TPAHCIIOPTHBIE MAIINHBI.

Jlnst macmTabHOM peanu3any MPoeKTHOTO moaxoaa B YpdVY coznma-
€TCsl MHTEpAKTHBHAs IUIOLIAJKA, I/I€ PYKOBOAUTENIN 00pa3oBaTEIbHbBIX
porpaMM, NpeAcTaBUTENN paboTodarened MOryT pa3MEeCTHTh 3aJaHus
K IIpoeKTaM. TaM ke OHU MOTYT OTCJIEKHMBATh X0/l BBIIIOJHEHUS IIPOEKTA,
3HAKOMMTBCS ¢ HAyUYHBIMU U3bICKAaHUAMU U MHXKEHEPHBIMH pa3paboTKaMu
CTyIeHTOB. Takoi MOAXOJI pellaeT TakkKe 3aJady MPOJABUKCHHS CTYICH-
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TOB KakK OyAyIIMX CIEIHATUCTOB Ha PHIHKE TPYyJAa MOCPEICTBOM JIMYHBIX
nopT(oiIno, 3HAKOMUT CTYIEHTOB C PEAITbHBIM CEKTOPOM 3KOHOMMKH,
OPEANPUATHIMU, BAaKAaHCUSMH. YK€ Ha CTaguM OOy4YeHMs Yy CTYJIECHTOB
€CTh BO3MOXHOCTb IIPOaHAIU3UPOBATh, I1e TPEOYIOTCS CIELHMATUCTHI MO-
JTy4aeMoi UMU B By3e KBaJIH(pUKaLIUU.

Kniouegvle cnosa: mexcoucyuniunapHuiii npOeKm, mexHono2us 00yyenus,
NPAKMUKO-0PUEHMUPOBAHHBIL NOOX00, MEOPEemMUiecKds Mexanukda.

Project-based learning at the Ural Federal University

S.A. Berestova

Ural Federal University named after the first President of Russia Boris Yeltsin
E-mail: s.a.berestova@urfu.ru

Project-based learning is designed to eliminate the problem in the field
of training of highly qualified specialists. There is no connection between
the curriculum of general engineering disciplines and the field of applica-
tion of the acquired competencies in professional activity. Project-based
learning integrates the skills and their practical using. General engineering
competencies are formed in the first years of training. At this time, the de-
velopment and expansion of competency in the field of engineering should
occur.

At the Ural Federal University is actively implementing a project-
based learning technology. This motivates students to obtain General pro-
fessional knowledge and competencies throughout the period of study at
the University. This increases the efficiency of teaching General engineer-
ing disciplines. The University has its own educational standards ap-
proved. Projects have a strong place in the undergraduate curriculum.
The project activity is the tenth part of the teaching load while studying at
the University.

Project work is divided into projects of different levels. These are pro-
jects that are implemented either within the discipline or within the mo-
dule. The project is the result of independent work of the student.

The project Manager formulates the task for the project. Work on the
project is accompanied by consultations of the project curator. The project
contains the results of theoretical or experimental studies, solutions of
technical problems. It is aimed at the formation of competencies devel-
oped within the study module. It is interdisciplinary in nature. Students
gain experience in complex problem solving in the course of the project.
The object of research is a real engineering object.

The project is a separate component of the educational program. This
is a separate line of the curriculum. Interim certification is carried out in
the form of protection of the project before the expert Commission. Pro-
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jects can be performed individually. Also, teams of 2—5 people implement
the proposed projects. At the same time, the scope, types of work, the role
of each student in the group is necessarily specified.

Theoretical mechanics is a discipline of curriculum areas of training
in the field of "Engineering, technology and technical Sciences". It is part
of the General engineering training modules. Theoretical mechanics is the
basic part of the project modulo. An example of a module project is the
development and calculation of an electric hoist. Conditional production
site, certain operating conditions and operating modes are determined by
technical set of requirements. The project covers a range of disciplines.
There are Engineering graphics, mathematics, theoretical mechanics, re-
sistance of materials, machine parts, electrical engineering and others.

The interactive platform is created in Ural Federal University for
large-scale implementation of the project approach to training. On this
site, heads of educational programs, representatives of employer’s place
tasks for projects. The project Manager can monitor the progress of the
project at this site. He can get acquainted with scientific researches and
engineering developments of students. Thus, the student's portfolio is
formed. This approach also solves the problem of promoting students as
future professionals in the labor market. He also introduces students to the
real sector of the economy, enterprises, and vacancies. Already at the stage
of training, students can analyze the demand for specialists of the qualifi-
cation they receive at the University.

Keywords: interdisciplinary project, education technology, practice-
oriented approach, theoretical mechanics.

IIpo6.1embl, nepcneKTHUBBI M BO3MOKHbIE TEXHOJIOTHYECKHUe
pelieHus NPenoJaBaHus MeXaHUKH
B COBPEMEHHBIX YCJIOBHSAX

B.Jl. beprsies, JL.II. CemenoBa, O.A. Tkau

Tynbckuii rocy1apcTBEHHBI YHUBEpPCUTET, Tyna, Poccust
E-mail: vit 59@mail.ru

[IpoBoauTCst aHaMM3 COBPEMEHHOTO COCTOSIHMSI BBICHIETO OOpa3oBaHUs
B PO, a Taioke olieHKa KJIaCCUYECKOM U JUCTAHIIMOHHON TEXHOJIOTHH 00yue-
HUsl. PaccMaTpuBaeTcsi BONpoc MOBBIMICHUS €ro d(QGEKTHBHOCTH H TIpeyia-
raeTcss TEXHOJOTHYECKass MOJIENb MPUMEHEHUs] MH()OPMAITMOHHBIX TEXHO-
JIOTUi TIpU M3YYEeHUH (PyHIaMEHTALHBIX WHKEHEPHBIX JUCIUILTHH. M3nara-
€TCsI OTBIT MPUMEHEHHUS HH(POPMAITMOHHBIX TEXHOJIOTUI MPH U3yUYEHUH TEO-
pPETHUYECKOM MEXaHUKM HAa MH)KEHEPHBIX CIECHUATLHOCTSAX M HAIPaBICHHSIX
MOATOTOBKH B TYJIbCKOM TOCYIapCTBEHHOM yHHBepcuteTe [ 14 .
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Knrwouesvle cnosa: meopemuueckas Mmexamukda, ayOUmMopHvie 3aHAMU,
CReYUAnU3UPOBAHHAsL AYOUMOPUsL, MYTbMUMeOUtiHoe 0O0py008anue, camo-
cmosmenvHas paboma cmyoeHmos, MAamemamuiecKu-opueHmupo8anHole
cpeobi.
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Problems, prospects and possible technological solutions
teaching mechanics in modern conditions

V.D. Bertyaev, L.P. Semenova, O.A. Tkach

Tula state University, Tula, Russia
E-mail: vit 59@mail.ru

The higher education in the Russian Federation current state is ana-
lyzed, classical and distance-learning technologies are estimated. The
question of efficiency increasing is considered. The technological model
of information technology application of fundamental engineering disci-
plines study is proposed. The article describes the experience of using in-
formation technologies in the theoretical mechanics study in engineering
specialties at Tula state University [1-4].

Keywords: theoretical mechanics, classroom, specialized audience, mul-
timedia equipment, student’s independent work, mathematically oriented
environment.
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OTKpBITHIE MEKTYHAPOAHbIE HHTEPHET-0JIUMIINAIbI
no teopern4yeckoii mexanuke 2010-2019 rr.

B.Jl. beprsies, JL.II. CemenoBa, O.A. Tkau

Tynbckuii rocy1apcTBEHHBIN YHUBEpCUTET, Tyna, Poccus
E-mail: vit 59@mail.ru

PaccMaTpuBaroTCst OTKPBHITHIE MEXKTyHAPOIHBIE HHTEPHET-OJIMMITAATBI
M0 TEOPETHUECKOM MEXaHUKe, KOTOpPhIE MPOBOIATCS Ha 6a3ze Mapuiickoro
TOCYAapCTBEHHOTO TEXHHYECKOTO YHUBEpPCUTETa C ydactuem HaydHo-
HCCJIEIOBATENILCKOIO0 HMHCTUTYTa MOHUTOpPUHIA KayecTBa 0Opa3OBaHUs
B T. Momkap-Ona ¢ 2010 r. [TpHBOAMTCS aHATH3 TEXHONOTHH TIPOBEICHHS
OJIUMITUAJ, METOAMYECKOro oOecleyeHusi, KOJIMYECTBA Y4YaCTBYIOUIMX
By30B W 4YHCIIa CTYJICHTOB, Ka4yeCcTBa MpEAJaraéMbIX 3a1ad, METOIUKU
pacuera ¥ HauyucieHus OamioB. OTMeuaeTcsi, YTO HECMOTPS Ha CyIile-
CTBYIOIIIME HEJOCTATKH B METOAMUYECKOM 00€CIIeUeHNH, HEKOPPEKTHOCTSIX
B (popMyHpoBKax psia 3aaHui U MPOYMX 3aMEeUaHUsAX O0IIas TMHAMUKA
Pa3BUTHUSA U COBEPIICHCTBOBAHHS HHTEPHET-OJIMMITAA]] 3aCITyKUBAET IO-
JIOKUTEIILHOU OIICHKH.
Knwuegwie cnosa: meopemuueckas Mexanuxa, MexcoOyHapoOHAas ONUMNUA-
0a, 6azosvie 8y3bl, CNEYUANUUPOBAHHAS ayoumopus, docmyn ¢ Mnmepuem,
KO2(hhuyuenm pewiaemocmu, pe3yibmamol U n0OeOUmenu OIUMNUAODL.
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Open international Internet Olympiads
in theoretical mechanics 2010-2019

V.D. Bertyaev, L.P. Semenova, O.A. Tkach

Tula State University, Tula, Russia
E-mail: vit 59@mail.ru

The open international Internet Olympiads on theoretical mechanics
are considered. They are held in the Mari state technical University with
the participation of the Research Institute for the quality of education
monitoring in Yoshkar-Ola since 2010. The technology of Olympiads,
methodological support, the number of participating universities and
the number of students, the quality of the proposed tasks, and methods
of point’s calculation are analyzing. It is noted, that despite the existing
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shortcomings in the methodological support, inaccuracies in the wording
of a number of tasks and other comments, the overall dynamics of the de-
velopment and improvement of Internet Olympiads deserves a positive as-
sessment.

Keywords: theoretical mechanics, international Olympiad, basic universi-
ties, specialized audience, Internet access, solvability coefficient, results
and winners of the Olympiad.
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ABTOMATH3MPOBaHHbBIE Y4eOHbIe KyPChI
110 TEOPETHYECKOH M AHAJIUTHYECKON MeXaHNKe

B.JI. Beprses', B.C. Pyunmckuii®

'Tynbckuit rocynapcTBeHHbIi yHuBepcuTeT, Tyna, Poccus
*MoCKOBCKHiT aBHALINOHHBIH MHCTUTYT, MockBa, Poccust
E-mail: vit 59@mail.ru, 2svr@mail.ru

Teoperndeckas 1 aHaIUTHYECKass MEXaHUKA MIPEACTaBIAET COOOH OHY
U3 OCHOBOIIOJIAralOMMX JUCHUILIMH BBICHICH ILIKOJBI, 0OeCHeynBaoLIeH
00IlEeHayYHY0 MHXEHEPHYIO0 OATOTOBKY CTYJEeHTOB. B nokmane paccmar-
PHUBAIOTCS METOAMYECKHE BONPOCHI OpraHU3aluu y4eOHO-MCCIe0Ba-
TEJILCKON pabOThI CTYJJEHTOB C IOMOIIBIO aBTOMATU3UPOBAHHBIX yUEOHBIX
KypCOB II0 TEOPETHUYECKOM M aHAJIUTUYECKOM MexaHuke. IIpencrasien
npumep anbOoMa 3alaHui, CoJepKALMN TIEpeUeHb CXeM, BXOAAIINX B OaHK
3aJaHUi [IPOrpaMMHOI0 NpoaykTa. IIprBeeHBI OCHOBHBIE TEOPETUUYECKHUE
aCIeKThl pacCMAaTPUBAEMBIX 3ajad. PaccMOTpeHa CTpyKTypa M OCHOBHBIE
OPUHIMIBL PabOTHl C MPOrpaMMHBIM OOECIICYEHHEM U MaTeMaTUYECKH-
OPUEHTUPOBAHHOU CPEHOM.

B aBTOMaTH3upoOBaHHOM y4eOHOM Kypce MMEETCsl pa3BHUTas CUCTEMa
IIOMOLIH, TIPY 3TOM B II0JI€ PACUETHOU CXEMBI IIOSIBUTCS MEHIO C paszena-
MU TIOMOIIM. B «MeHI0 HAcTpOHKH peXuMa» MpeayCMOTPEeH BBIOOP pas-
JUYHBIX TAPAMETPOB PEXKHUMa PAOOTHI.

Ha nepBom »srtame cocraBnsiercs aud¢epeHaabHoe ypaBHEHHE
JBUKCHHSI MEXaHUYECKON CHUCTEMBI 10 MCXOIHBIM ITapaMeTpaM, KOTOpBIE
HaxXoAATCsl B OKHE JaHHBIX. [IpaBMIIBHOCTH COCTaBIEHHOI'O YpaBHEHUs
KOHTPOJMPYETCSl MyTeM BBOJA YMCICHHBIX 3HaueHUH Ko3(duumeHToB
muddepeHMaIbHOro ypaBHeHus. [10 OKOHYaHUM JaHHOTO 3Tana B CIie-
[IMAJIbHOM OKHE NOSBISETCA IpaQUK JBUKEHUS, COOTBETCTBYIOLIMHA A (D-
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dbepeHnraIbHOMY YPaBHEHHIO C paHee OmpeiesieHHbIMU KO3 QUuImeHTa-
mu. Ha mo6oM sTare paboThl ©MeeTcsi BO3MOKHOCTh TOCMOTPETh JIBUKE-
HHUE TEeJI MEXaHMYECKOW CHUCTEMBI C TEKYIIMMHU MapaMeTpaMH B PEKHMeE
MYJIbTHIDTHKAIAA. PeXUM MYJTbTHILTHKAIIMA MOYKHO BOCIIPOU3BOIMTH HE-
00X0MMO€e KOJIMYECTBO Pas3.

Bropoii stan sBisercs uccnenosarenbckuM. Ha aToM arane uccieno-
BaHHME MPOBOAUTCS IyTEM BapHHPOBAHHS OJHOTO W3 MAPaMETPOB MEXaHH-
YeCKOH cucTeMbl. MI3MeHeH s, KOTOpBIE BOSHUKAIOT B MPOIECCE IBUKCHUS,
OTpaXaroTcsi Ha rpadukax, U300pakeHHBIX B CIielMaTbHOM OKHe. [lepBo-
HAvYaJIbHBIN TpauK IBIKEHHUS M300pakaeTcss KPacHBIM LBETOM, Tpaduk,
NIOCTPOCHHBIN C Y4eTOM H3MEHEHHH, — CHHHUM. AJIETEpHATUBHOE MEHIO
npeayaraeT OCTaBUTh OAWH M3 rpadukoB. Ecnm TeHIEHIWS W3MEHEHHS
JIBIDKEHHSI COOTBETCTBYET WHAMBUAYAILHOMY Yy4eOHO-HCCIIEI0BATEIbC-
KOMY 3aJaHHIO, TO OCTaBJISIETCS HOBBIM (CHHMI) TpaduK M COXPaHSIOTCS
B TIaMSTH BCE NMPHUBHECCHHBIC M3MEHEHUs. B MPOTHBHOM Cilyyae 3HAYCHHS
NapaMeTpOB OCTAIOTCS MPESKHUMHU. DTOT MUK MOBTOPSIETCS, TIOKA COOTHO-
HICHHE MTapaMeTPOB HE OYAET COOTBETCTBOBATh TOMY THITY IPOIIECCa, KOTO-
pBIi TpeOyeTcsi MOMYYHUTh MO yCIIoBHIO 3amaun. OCyIIecTBIeHHE U3MEHe-
HUS Iara 10 BPEMEHH TI03BOJISIET TIPOCMATPHBATH JBIDKCHHUE Tel
MEXaHWYECKOW CHCTEMBI B PEKHME MYJbTHIDIMKAIUA TIPU 3aMEJICHHOM,
HOPMaJIBHOM WJTH YCKOPEHHOM BOCTIPOW3BEICHUH.

Knwuesvie cnosa: meopemuueckas u auaiumuyeckas MexaHuxkd, asmo-
MAmu3uposanHvle yueOHvle Kypcol, YU4eOHO-UCCIed08amenvekue pabomol
CMYOeHmMOo8, MAmeMamuyecKu OpUeHMUpPOBAHHAsl cpeod.

Automated training courses in theoretical
and analytical mechanics

V. D. Bertyaev', V.S. Ruchinskiy2

' Tula State University, Tula, Russia,
2 Moscow Aviation Institute, Moscow, Russia
E-mail: vit 59@mail.ru, 2svr@mail.ru

Theoretical and analytical mechanics is one of the fundamental disci-
plines of higher education, providing General scientific engineering train-
ing of students. The report discusses the methodological issues of the or-
ganization of educational and research work of students with the help of
automated training courses in theoretical and analytical mechanics. An ex-
ample of a job album containing a list of schemes included in the job Bank
of the software product is presented. The main theoretical aspects of the
problems are presented. The structure and basic principles of work with
software and mathematically-oriented environment are considered.

The automated training course has a developed help system, and
a menu with help sections will appear in the field of the calculation
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scheme. In the "setup menu mode" allows you to choose various parame-
ters of operation.

At the first stage, the differential equation of motion of the mechanical
system according to the initial parameters, which are in the data window,
is compiled. The correctness of the equation is controlled by entering the
numerical values of the coefficients of the differential equation. At the end
of this stage, a motion graph corresponding to the differential equation
with previously defined coefficients appears in a special window. At any
stage of operation it is possible to see the movement of bodies of the me-
chanical system with the current parameters in the animation mode. The
animation mode can be played the required number of times.

The second stage is research. At this stage, the study is carried out by
varying one of the parameters of the mechanical system. Changes that oc-
cur during the movement are reflected in the graphs shown in a special
window. The original schedule is shown in red, the schedule built with the
changes-in blue. The alternative menu offers to leave one of the graphs. If
the trend of movement change corresponds to the individual educational
and research task, then a new (blue) graph is left and all the introduced
changes are stored in the memory. Otherwise, the parameter values remain
the same. This cycle is repeated until the ratio of the parameters will cor-
respond to the type of process that is required to obtain according to the
problem. The implementation of changes in the time step, allows you to
view the movement of the bodies of the mechanical system in the anima-
tion mode with slow, normal or accelerated playback.

Keywords: theoretical and analytical mechanics, automated training
courses, educational and research work of students, mathematical-
oriented environment.

KoMmnbroTepHoe o0ecrieueHue Kypca TeopeTu4ecKoil
U AaHAJMTHYECKOIl MeXaHUKH B YCJIOBHUAX
NePMaHEHTHOW TeHIEHIIUMN K COKPALleHUI0 00beMOB
Y4eOHBbIX 3aHATHI

B.JI. BepTﬂeBl, B.C. quI/IHCKI/Iﬁ2

'Tynbckuit rocynapcTBenHsli yuusepeutet, Tyma, Poccus
MOCKOBCKH aBHALMOHHBIH MHCTUTYT, MockBa, Poccust
E-mail: vit 59@mail.ru, 2svr@mail.ru

Jlokliaq TOCBSIIIIEH NPUMEHEHUI0 COBPEMEHHBIX MaTEeMaTHUYECKHX
cpen Ha mpumepe naketa Mathcad npu u3ydeHun TeopeTHYeCcKoW U aHa-
TuTHYeCKON MexaHuku. [IpuBeneHa mHbopMaIus O CUCTEME JUCTAHIU-
OHHOTO OOydYeHHus, omucaH yueOHO-meToauueckuii komrieke (YMK)

Huorcenepnotii scypnan: nayka u unnoeayuu #2-2020 33



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

[0 TEOPETUYECKON M aHAJIMTUYECKOH MEXaHUKE, paCCMOTPEHBI BO3MOXK-
HBIC TEXHOJIOTUU W UMEIOILIUICS OMBIT ucnoiab3oBanuss YMK B yueOHOM
npoiiecce.

[IpencraBneHHbIN Kype KU claeyeT paccMaTpUBaTh KakK MpoJoJ-
XKeHHe paboThl 10 pa3pabOTKe M CO3/aHUI0 METOIUYECKOTr0 0OecreueHHs
Kypca TEOpPETUYECKOM M aHAIUTHYECKOM MEXaHUKU B YCIOBHAX MepMa-
HEHTHOM TEHJEHIMH K COKPALECHUIO 0OBEMOB JICKIIMOHHBIX U MPAaKTHYe-
CKUX 3aHATHH. V310)kKeHHe TeOpeTUYeCcKoro U NpakTUYeCKOro Marepuana
COIIPOBOKIAETCS IIUPOKUM CHEKTPOM IpadMuecKoil U BUICOUHTEPIpETa-
Ui 1 He TpeOyeT sl OCBOCHUS U IOHUMAaHUs 3HaHUH CIIeUANIbHBIX pa3-
JIeNIOB BbICIICH MaTeMaTHKH. [l yCTaHOBKM Kypca HEOOXOJUMO cKayaTh
ob6pa3 DVD-gucka (B opmate *.is0), pacmakoBaTb 00pa3 B OTAEIbHYIO
Hanky WM BOCIOJIb30BaThCsl OECIUIATHBIMU MPOrpaMMaMHU, KOTOpBIE pa-
6oratot ¢ oopazamu DVD-auckos (Windows, Daemon Tools u np.). Bos-
MOXHa paboTa C OTIACIbHBIMU (QaiilaMH, HMEIOUUMH pPACHIMPEHHE
«*.ppsx».

Nmeercsa cnenmaneubiii (aiin «Ilycras.ppsx», KOTOPBI COASPKHUT
10 mycThIX cnaiiioB W TpeAHa3HA4YeH sl ONEPaTUBHOIO IMPOBEACHUS
ayJIUTOPHOTO 3aHATHA, TeéMa KOTOPOTO OTCYTCTBYET B JaHHOM Kypce. s
paboThl ¢ KypcoM HEOOXOAUMO cienyrollee IporpaMMHOe obecreueHue:
porpaMMbl TPOCMOTpa (aiiyioB Mpe3eHTalnl, COBMECTUMBIX ¢ Microsoft
Office 2007, 2010, 2013 wu BbIIIe; TPOrpaMMBI AJisi IPOCMOTPA BHJICO-
daiinos *.avi, *.mp4.

[Ipu mpoBeneHMM TNpeNoAaBaTENIMU ayIUTOPHBIX 3aHATUH HE00XO-
MO MMETh CHEUUATU3UPOBAHHYIO ayAUTOPHIO, OCHALICHHYIO OOBIYHBIM
[IEPCOHAJIBHBIM KOMIIBIOTEPOM C aKTUBHOW JJIEKTPOHHOU JOCKOM. Bos-
MOYKHA OpraHM3alus paboThl B JIOKAJIBHOW CETH.

Knrwouesvle cnosa: meopemuueckas u aHaIumu4eckas MexaHuxa, OUCmaH-
YuoHHoe obyueHue, Y4eOHO-Memooudeckuli KOMNIEKC, MamemMamuiecku
opuenmuposanHas cpeda, nakem Mathcad.

Computer support of the course of theoretical
and analytical mechanics in the conditions of permanent
tendency to reduction of volumes training session

V.D. Bertyaev', V.S. Ruchinskiy 2

'Tula State University, Tula, Russia,
2 Moscow Aviation Institute, Moscow, Russia
E-mail: vit 59@mail.ru, 2svr@mail.ru

The report is devoted to the application of modern mathematical envi-
ronments on the example of the Mathcad package in the study of theoreti-
cal and analytical mechanics. The information about the distance learning
system is given, the educational and methodical complex (CMC) on theo-
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retical and analytical mechanics is described, the possible technologies
and the existing experience of using CMC in the educational process are
considered.

The presented course of lectures should be considered as continuation
of work on development and creation of methodical maintenance of
a course of theoretical and analytical mechanics in the conditions of
a permanent tendency to reduction of volumes of lecture and practical oc-
cupations. The presentation of theoretical and practical material is accom-
panied by a wide range of graphic and video interpretations and does not
require the development and understanding of knowledge of special sec-
tions of higher mathematics. To install the course, you need to download
a DVD image (in *format.iso), unpack the image into a separate folder or
use free programs that work with DVD images (Windows, Daemon Tools,
etc.). It is possible to work with individual files that have the exten-
sion"*.ppsx".

There is a special file “Empty.ppsx”, which contains 10 blank slides
and is designed for operational classroom lessons, the theme of which is
not in this course. The following software is required to work with the
course: presentation file viewer compatible with Microsoft Office 2007,
2010, 2013 and above; video file viewer *.avi,*. mp4.

When teachers conduct classroom classes, it is necessary to have
a specialized audience equipped with a conventional personal computer
with an active electronic Board. It is possible to organize work in a local
network.

Keywords: theoretical and analytical mechanics, distance learning, edu-
cational and methodical complex, mathematically-oriented environment,
Mathcad package.

KoHTposbHO-00y4YaKoue NnporpamMmmasl
M0 TEOPeTUYeCKOH U AHAJIUTHYECKOI MeXaHUKe

B.JI. BepTﬂeBl, B.C. quI/IHCKI/Iﬁ2

'Tynbckuii rocynapcTBeHHsI yHuBepeutet, Tyina, Poccus
MockoBckwuii aBHALlMOHHBINA MHCTUTYT, MockBa, Poccus
E-mail: vit 59@mail.ru, 2svr@mail.ru

B noknaze paccMOTpeHbl KOHTPOJIbHO-00yYaroIue MporpaMMsbl MO
CTaTUKE M KMHEMAaTHKe: Ha3HaueHHe, COCTaB METOAMYECKOro obecreye-
HUS1, 0COOEHHOCTH pabOTHI C TPOrpaMMaMH.

B pexxume oOydeHUs B OTIMYME OT peXKHMMa KOHTPOJS Mporpamma
KOHTPOJIUPYET JEHCTBUS CTYJEHTA IO PELICHUIO 3a/ay, HE OLIEHUBas MX
B Oamtax. [Ipu KOHTpoOJe COCTaBIsIEMbIX YPaBHEHHMH BBIAIOTCS COOOIIIE-
HUsL 00 omMOKax ¢ yKa3aHHEM CJaraeMbIX, B KOTOPBIX OHM JOIYIICHBI.
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PaccraHoBka peakiuii cBs3ell W 3aMEeHa paclpeAe’IeHHON Harpy3Kd paB-
HOACUCTBYIOIIEH CHIION OCYIIECTBISETCS C TIOMOIIBIO CHEIUAIBHBIX Me-
HI0. KonM4ecTBO MOMBITOK COCTAaBICHUS ypaBHEHHI paBHOBECHS HE Orpa-
Hr4yeHo. CleyIomuil BOIpOC IMpeuiaraeTcs CTYIEHTY TOJBKO B Cilydae
NpaBIIBHOTO OTBETa Ha mpeabinynmid. «COoOpKa» ypaBHEHHH OCYIIECTB-
JSIETCSI C IOMOIIBIO MEHIO CHIIOBBIX M TEOMETPHYECKUX ITapaMeTpoB, dJie-
MEHTaMHU KOTOPOTO SIBJISIFOTCS aKTUBHBIE CHUJIbI, PEaKLIUU CBS3EH, pa3Mephl
KOHCTPYKLIUM, TPUTOHOMETpUYECKHE (DYHKIMM 3aJaHHBIX YIJIOB, 3HAKU
apupmMeTHuecKux aeictBuit u T. 1. [lopsaaok cOOpKU ypaBHEHUH paBHOBE-
CHsl He BIMSET Ha mpoliecc 00ydeHus u pe3yiabTar KoHTpons. Ilpu pabore
B pexXHuMe 00yUeHHsI UMEETCS BO3MOKHOCTh BBI3BATH JJISl PEIICHUS 33/1a4y
ar060ro TUmna.

B nepBoMm paszene quajior mojb30BaTeNsl ¢ KOMIBIOTEPOM OCYIIECTB-
aseTcs B popme «Borpoc — OoTBeT». Bo BTOpoM pazzerne CTyJIeHT caMoCTO-
aTenpHo, 0e3 mojckasku OBM, crpout anroputm pemienus 3amaud. [Ipa-
BIJIBHOCTh BBOJIa aHATMTUYECKHUX BBIPAKCHUH U TpadMuecKuX MOCTPOCHUH
HenpepbsIBHO KOHTposupyetcs DBM. B TperbeM paszziene B3auMoaecTBHE
KOHTPOJIbHO-00y4aloIIeil MporpaMMbl CO CTYJICHTOM HPOUCXOAUT B Oojee
ruOKoi (popMe: CTyIEHT CaMOCTOSATENILHO BBHIOMPAET MOPSIOK PELICHUS 3a-
JIa4M C TIOMOIIBI0 MEHIO, COCTABJIEHHOTO M3 OJIOKOB alropuT™Ma, ¥ HEKOTO-
PBIX BCIIOMOTATENIbHBIX MEHIO. TOJBKO MHOTIA AWAIOr NPUHUMAET hopMy
BOIIpOCa M OTBeTa. B mocieHeM cirydae BOIPOCH! HOCSAT BCIIOMOTATEIbHBIH
XapakTep U CIyXKaT YCIEIIHOMY «ITyTEIIECTBHIO» CTYJICHTA IO POTrpaMMe.

OOmmpHBIN BBHIOOP 3a/1a4, a TAK)KE aBTOMATHU3AIMS UAT0Ta «IIOJIb30-

BaTeJIb — KOMIIBIOTEPY IMO3BOJIAIOT CTYAECHTaM HCIIOJIB30BATh 3JIEKTPOH-
HBII 3aJauHUK Ha TPAKTHYECKUX 3aHATHAX B IUCIUIEHHBIX Kiaccax |
YUTAIBHBIX 3a/IaX.
Kniwouesvle cnosa: xonmponvHo-oOyuaiowue npocpammvl, meopemuye-
CKAas U AHANUMUYECKAs MeXAHUKA, 2NeKMPOHHbI 3a0AUHUK-MPeHaxicep,
a8MmMoMamu3uposantsle yueobnvie KypCol, pextCumbl 00VUeHUss U KOHMpPOJi,
MEHIO CUOBbIX U 2e0MEMPUYECKUX NaApaAMempos.

Control and training programs
on theoretical and analytical mechanics

V.D. Bertyaev', V.S. Ruchinskiy >

'Tula State University, Tula, Russia,
2Moscow Aviation Institute, Moscow, Russia
E-mail: vit 59@mail.ru, 2svr@mail.ru

In the report control and training programs on statics and kinematics
are considered: appointment, structure of methodical maintenance, fea-
tures of work with programs.

In learning mode, in contrast to the control mode, the program moni-
tors the student's actions to solve problems, not evaluating them in points.
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At control of the made equations error messages with indication of terms
in which they are admitted are given. Placement of reactions of communi-
cations and replacement of the distributed loading by resultant force is car-
ried out by means of special menus. The number of attempts to compile
equilibrium equations is not limited. The next question is offered to the
student only if the previous one is answered correctly. "Assembly" of
equations is carried out by means of the menu of force and geometrical pa-
rameters which elements are active forces, reactions of communications,
the sizes of a design, trigonometric functions of the set angles, signs of
arithmetical actions, etc. the Order of Assembly of equations of equilibri-
um does not influence learning process and result of control. When work-
ing in training mode, it is possible to call a task of any type to solve it.

In the first section, the user's dialogue with the computer is carried out
in the form of a "question-answer". In the second section, the student in-
dependently, without prompting the computer, builds an algorithm for
solving the problem. Correctness of input of analytical expressions and
graphic constructions is continuously controlled by the computer. In the
third section, the interaction of the control and training program with the
student takes place in a more flexible form: the student independently
chooses the order of solving the problem using a menu composed of algo-
rithm blocks and some auxiliary menus. Only sometimes the dialogue
takes the form of a question and answer. In the latter case, the questions
are auxiliary in nature and serve the successful "journey" of the student
through the program.

A wide range of tasks, as well as the automation of the dialogue "user-
computer" allow students to use the electronic task book in practical clas-
ses in display classes and in reading rooms.

Keywords: control and training programs, theoretical and analytical me-
chanics, electronic task book-simulator, automated training courses,
training and control modes, menu of power and geometric parameters.

Pa3padorka HelipoceTeBON MOJE/IH Il YIIPABJICHUSA
MPOLECCOM I03UPOBAHMS CHIITYYHX MACC

M.M. bnarosemenckas, B.I'. bnarosemenckuii, A.H. Ilerpsikos

MI'VIIII, Mockga, Poccust
E-mail: mmb@mgupp.ru

PaccmaTpuBaercs u aHaIM3UpyeTCsl akTyallbHasl 3a7a4a aBTOMaTHYECKO-
IO YIPAaBJICHHs IPOLIECCOM JIO3UPOBAHMS CBITyYMX MAacC Ha OCHOBE paspa-
OOTKM MaTeMaTUYECKON MOJETN ¢ MPUMEHEHHEM amrapaTa UCKYCCTBEHHBIX
HEHpPOHHBIX ceTel. Llenpio padoThl SIBIIIETCS MOy4YeHUE PEKOMEH A T10
WCITIOJIb30BAHUIO HelipoceTreBor moaenu ¢ [ TN I-koHTposiepoMm.

Huorcenepnotii scypnan: nayka u unnoeayuu #2-2020 37



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

B crathe 00OCHOBaHA MEPCHEKTUBHOCTb MCIOJIb30BaHMs HeWpocere-
BBIX TeXHOJOrui mpu paspaborke ACY-nmpoueccoB 103MPOBAHHS MENKO-
JMCIIEPCHBIX CBITYYMX MAacc JUIf MOJTy4eHHs] He0OOXOIUMOro KayecTBa Bbl-
nyckaemoil mnpomykuuu. [Ipu sTOM mosBiseTcss 3amada pa3paboOTKU
MaTeMaTU4ecKuX Mojienel, 00eCeuynBaOMX 3aJaHHbIN alTOPUTM HPOU3-
BOJICTBA. B CBs3u ¢ 3TUM B paboTe MpeACTABISAIOTCS KOMIUIEKCHBIE HCCIIe-
JIOBaHUsl, HAIIPABJICHHbIE HA aBTOMATHU3aLMIO YIIPABJIECHUS YPOBHEM IIPH J10-
3UpPOBAHUU CHIIyYUX MAacC C IMPUMEHEHHEM HCKYCCTBEHHBIX HEHPOHHBIX
cereil; pa3paboTKy BUPTYAIBbHOTO JAaTYMKa YPOBHS STHX CBHITYYHX Macc Ha
OCHOBE HEMPOCETEBOM MOJIEIH; UCCIECIOBAHUE BO3MOXKHOCTU HHTETPALMU
TaKOro AAaTYMKa B CUCTEMY YNPABJIEHUS TEXHOJIOTMYECKUM IPOLIECCOM J0-
3upoBaHusi. Pa3paboTka COBpeMEHHBIX HEHPOCETEBBIX MOAETCH MO3BOJSET
nOCTpouTh 3P (HEKTUBHYIO CHCTEMY PEryJMpOBAHUS U YIIPABJICHUS TEXHO-
JIOTMYECKUMHU MTPOLIECCAMU 103UPOBAHMS CHIITy4HX MacC.

Kniwoueswie cnosa: mamemamuueckas mMooeib, agmomMamuieckoe ynpas-
JleHue, UCKYCCMBEHHble HeUPOHHble Cemu, npoyecc 003UPOBAHUs, Cblnyyue
maccul.

Development of a neural network model
to control the process of dosing bulk masses

M.M. Blagoveshchenskaya, V.G Blagoveshchenskiy, A.N.Petryakov

MGUPP, Moscow, Russia
E-mail: mmb@mgupp.ru

This article discusses and analyzes the actual problem of automatic
control of the process of dosing of bulk masses on the basis of the devel-
opment of a mathematical model using the apparatus of artificial neural
networks. The aim of the work is to obtain recommendations on the use of
a neural network model with a PID controller. The article substantiates the
prospects for the use of neural network technologies in the development of
ACS by the process of dosing of bulk masses to obtain the necessary qual-
ity of products. At the same time there is a problem of development of the
mathematical models providing the set course of production.In this con-
nection, the article presents comprehensive studies aimed at automating
the level control when dosing bulk with the use of artificial neural net-
works; the development of a virtual level sensor of these bulk masses on
the basis of a neural network model; the study of the possibility of inte-
grating such a sensor into the control system of the technological process
of dosing. The development of modern neural network models allows to
build an effective system of regulation and control of technological pro-
cesses of dosing of bulk masses.

Keywords: mathematical model, automatic control, artificial neural net-
works, dosing process, bulk masses.
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Hcnonb3oBanne HMUTAMOHHOTO MOAEJTHPOBAHUS
NJIS1 MAEHTU(PUKAIIUM COCTOTHUSA
NMPOMBIILJIEHHOT 0 NPeANPUATHS

1,2
n

1 . 1
WN.I'. bnarosemenckuii ~, M.M. binarosemenckas , E.A. Hazolikun

'MTI'VIIIT, Mocksa, Poccust
IMI'TVY um. H.D. Baymana, MockBa, Poccust
E-mail: mmb@mgupp.ru

PaccmarpuBaercss METOJ UMUTALIMOHHOTO MOJICTUPOBAHMS KaK OJMH
n3 Hanbonee dPPEKTUBHBIX METO/IOB UCCIEAOBAHUS TTPOILIECCOB U MTPOU3-
BOJICTBEHHBIX cHCTeM. MIMHUTaIIMOHHast MOJIENIb OTpa)xkaeT OOJIBIIOE YHCIIO
napaMeTpoB, JIOTUKY W 3aKOHOMEPHOCTH ITOBEICHHS MOJIEIUPYEMOTO
o0bekTa. B pabote paccmarpuBaercst mpoOaeMbl HISHTH(PUKALIUN COCTOS-
HUSI TIPOMBIIIJICHHBIX MPEINPUATHI Ha OCHOBE TEXHOJIOTUH WMUTAIMOH-
HOTO MOJETUPOBaHUA. METOJ MMHUTALIMOHHOTO MOJICIMPOBAHUS IO3BO-
JSIET CHPOCKTUPOBATH MOJICTh U3y4aeMOW CHUCTEMBI ISl TIPOBEICHUS JKC-
NEPUMEHTOB C LIENbI0 ToyueHus: nHpopmanuu o0 1ol cucreme. [lokasa-
Ha HEOOXOIMMOCTh IIUPOKOTO HCIIOIH30BAHHUS MAaTEMaTHYECKOTO MOJICITH-
poBaHHMS OOBEKTOB M TPOLECCOB B PAa3IMYHBIX MPOU3BOICTBEHHBIX
nporieccax. [IpuBoasITCS OCHOBHBIE NMPHHITUITEI MOJICITUPOBAHUS, TIPUMEPHI
MaTeMaTU4ecKuX Moesel MpoueccoB U 00bekToB. OnuchBaeTcs mpooie-
MaTHKa COBPEMEHHBIX MPOM3BOACTBEHHBIX MPOIIECCOB, UCCIETYIOTCS CIIO-
COOBI MPUMEHEHHS KOMIIBIOTEPHOTO MOJICIMPOBAHUS KaK cpeacTBa hopma-
JM3aluK TTPOU3BOJICTBEHHBIX MPOIIECCOB, ACTCS OIMMCAHHE AKTYaIbHBIX
METOJI0OB MMHUTALIMOHHOTO MOJETUPOBAHUS M TPOU3BOIUTCSA BHIOOp MpO-
TpPaMMHOTO OOeCTIeUeHHs JIsl CO3/IaHusI TOJOOHOTO poaa mozenei. [Tocme
HOCTPOEHHST UMMTAIIMOHHOW MOJEIH TPH MPOBEICHUM ONTUMHU3AIMUU MO-
JIETM MOXHO TI0A00paTh HEOOXOIMMOE KOJMYECTBO OOOPYIOBaHUS U
paboymx MeCT Uil BBIIIOJIHEHHS BCEX OIepaluidi MPOU3BOJICTBEHHOIO MPO-
1iecca, ONpeeNITh BEJIMYMHY TPAHCIIOPTHOW MApPTHU TIPH Tepeaade u3fe-
JMH MEeXIY pa3nyHbIMUA pabOUYMMH MECTaMH U HauyaJIbHbIE 3HAYCHUS MEXK-
OTIEPAIIOHHBIX 3a]IEJIOB.

Knwoueevie cnosa: mynvmuazenmuoe MoOeauposauue, UMUMAYUOHHOE
MOOenuposanue, ynpasieHue, NPpocHO3UPOBarue, UOeHMUPGUKayusl.
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Using simulation modeling to identify
the state of an industrial enterprise

1.G. Blagoveshchenskiy ', M.M. Blagoveshchenskaya ', E.A. Nazoikin '

'MGUPP, Moscow, Russia
’Bauman Moscow State Technical University, Moscow, Russia
E-mail: mmb@mgupp.ru

This article discusses and analyzes the method of simulation as one
of the most powerful and most effective methods of research processes
and production systems. The simulation model reflects a large number
of parameters, logic and patterns of behavior of the simulated object. The
article deals with the problems of identification of the state of industrial
enterprises on the basis of simulation technologies. The simulation method
allows you to design a model of the studied system for experiments in or-
der to obtain information about this system. The necessity of wide use
of mathematical modeling of objects and processes in various production
processes is shown. The basic principles of modeling, examples of math-
ematical models of processes and objects are given. The problems of mod-
ern production processes are described, the ways of using computer mod-
eling as a means of formalization of production processes are investigated,
the description of actual methods of simulation modeling is given and the
choice of software for creating such models is made. After building the
simulation model, when optimizing the model, it is possible to select the
necessary number of equipment and jobs to perform all operations of the
production process, determine the value of the transport batch when trans-
ferring products between different workplaces and the initial values of the
interoperative backlog.

Keywords: multi-agent modeling, modeling, simulation modeling, anylogic,
food enterprises, models, management, forecasting, identification.

bBadgTuHr KaKk HeJTMHEHHBIN 0KO0JIOPE30HAHCHBIN
MPOLEeCC Pa3BUTHA MAJIBIX KOJeOaHU

A.H. bornasos

HUU mexanuku MI'Y, Mocksa, Poccust
E-mail: bogdanov@imec.msu.ru

Pa3zBuTe Manblx KojeGaHHMN B YCIOBHUSX, OIM3KMX K PE30HAHCHBIM,
IpeCTaBIsAET COOOM CepbEe3HYI0 ONACHOCTh JUIS MEXaHMUYECKUX YCTPOMUCTB,
B MIEPBYIO OuYepeb /sl JeTaTeNbHbIX anmnaparos [1]. B aspoaunamuke xo-
pOILIO U3BECTEH Oa(TUHT, MPeCTABISAIONNM cO00H HecTallMOHApHbIE KoJle-
0aHus ¢ yapHBIMU BOJIHAMU Y TOBEPXHOCTH ammnapaTa. CBsi3b OKOJIOPE30-
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HAHCHBIX KoNeOaHui u OadTHHra B HACTOAIIEE BPEMsI OTHOCUTCS K YHCITY
TUIIOTE3, HE pa3pabOTaHHBIX SKCIIEPUMEHTATILHO U TEOPETUYECKH.

B Hacrosiem nokiane npeajiokeHa MaTeMaTHdecKasi MOJIENb OKOJIO-
PE30HAHCHBIX KOJEeOAHUW, B TOM 4YHCIE M JUIsl TPAHC3BYKOBOTO pexHMa
JIBUKCHHS JICTATENFHOTO armapara, aHaJOTUYHas MOJAENTH HEeITUHEHHBIX
OKOJIOPE30HAHCHBIX KOJIeOaHmii ra3a B KaHaie [2].

Paboma evinonrnena ¢ coomsemcemesuu ¢ nianom ucciedosanuti HUHU
mexanuxu MI'Y npu ¢unancosoil noodepoicke Poccuiickoeo ¢onoa ¢hyH-
damenmanvhulx ucciedosanuil (npoekmol Ne 16-29-01092-o¢pu_m, 18-01-

00793-a).
Jluteparypa

1. [Tanues P.®. Henunelinble pe3oHaHChl U KaracTpodsl. HapexHocTh, 6€301macHOCTh
u OecirymHocTh. MockBa: HayuHo-uznarensckuid neHtp «PerynspHas u xaoTude-
ckas nuHamukay, 2013. 592 c.

2. bozoanos A.H. MonenpoBaHue BBIHY)KIACHHBIX PEIAaKCALMOHHBIX KOJeOaHWi rasa
B KaHaJle nepeMeHHoro cedeHus // Mar. mopenupoBanue. 1994. T. 6, Ne 1. C. 69-85.

Buffeting as a near-resonance non-linear
process of the small disturbances development

A.N. Bogdanov

Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: bogdanov@imec.msu.ru

The development of small disturbances under near-resonance condi-
tions has a significant danger to mechanical machines behavior, first of all
to a flight failure [1]. In aerodynamic theory a buffeting is well-known as
process of irregular oscillations with the shock waves at the surface of air-
craft. Currently the relation between near-resonance oscillations and buf-
feting has a status of hypothesis that is not confirmed through both exper-
imental and theoretical investigations. This paper outlines a mathematical
model of near-resonance oscillations, applying to transonic motion mode
of aircraft as well. The suggested model is similar to the model of non-
linear near-resonance gas oscillations in a channel [2].

This work was carried out according with the research plan of the
Institute of Mechanics Lomonosov Moscow State University due to finan-
cial support of the Russian Foundation for Basic Research (projects 16-
29-01092-ofi_m, 18-01-00793-a).
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O BJIMSIHUM HEKOTOPBIX MapaMeTPOB NJIAHETAPHOIO
MeXaHM3Ma HAa H3MEeHeHHe ero NMOTEeHIUAJbHOI YHeprum

H.U. bounapenko, K.b. O6nocos, A.B. [lanmuna

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: fn3@bmstu.ru

B pabote paccmaTpuBaeTcs MOJelb MEXaHHW3Ma IUIAHETApPHOTO THIIA
C OZHOH CTENEeHbI0 CBOOO/BI, PACIIONOKEHHOIO B BEPTUKAIBHON IIOCKO-
ctd. [10100HBIH MEXaHNU3M MOJKET SBIATHCS YAaCThIO IUIAHETAPHBIX PEIyK-
TOpPOB, OOPTOBBIX IUIAHETAPHBIX Nepenad TsuKenbix apromoomieil. C mno-
MOIIbI0 HETMHEHHOW (YHKIMU MOTEHLIMATBHON SHEPIHU OIpPENeNsIioTCs
IIOJIO’KEHUSI yCTOMYMBOIO M HEYCTOMYMBOI'O PAaBHOBECHS paccMaTpuBac-
MOTO MEXaHW3Ma. BBIsBIEHB OCOOCHHOCTH M3MEHEHMS MOTEHIUAIBHON
SHEPrUU B 3aBUCUMOCTH OT XapaKTEPUCTHK MEXaHW3Ma, B TOM YHCIIE OT
TOTO, SIBJIAECTCS JIM PaJUdyC CaTEJUINTA YUCIOM PALMOHAIBHBIM, UPPALAO-
HAJIBHBIM WJIN TPAHCLEHICHTHBIM.
Knwuesvie cnosa: nianemapuvlii mexanusm, KoieOAHUS, NONOICEHUE
PpasHogecusi, NOMEHYUATbHASA FIHEPIUSL.

On the influence of some parameters of the planetary
mechanism on the change in its potential energy

N.I. Bondarenko, K.B. Obnosov, A.V. Panshina

Bauman Moscow State Technical University, Moscow, Russia
E-mail: fn3@bmstu.ru

The paper considers a model of a planetary type mechanism with one
degree of freedom located in a vertical plane. A similar mechanism can be
part of planetary gearboxes, final planetary gears of heavy vehicles. Using
the nonlinear function of potential energy, the positions of stable and un-
stable equilibrium of the mechanism under consideration are determined.
The features of changes in potential energy depending on the characteris-
tics of the mechanism, including whether the radius of the satellite is a ra-
tional, irrational, or transcendental number, are revealed.

Keywords: planetary mechanism, vibrations, equilibrium, potential energy.
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I'paBUTAMOHHBII MOTEHIMAJI MJIAHETHI,
MOeJTUPYeMOii BA3KOYNPYTHM IIApPOM

A.C. bopen, A.B. lllatuna

MUPIOA — Poccuiickuii TEXHOIOTHIECKHN YHUBEpcUTeT, MockBa, Poccus
E-mail: shatina_av@mail.ru

Pabota moCBsllleHa HCCIEIOBAHUIO TPABUTAIIMIOHHOTO IOTEHIUAIA
IJIAHETBI, IBUXKYILEHCA B TPAaBUTALIMOHHOM I10JI€ MPUTATUBAIOIIETO LIEHTpa
u cnyTHuKa. [lmanera mMopenupyercsi OJHOPOAHBIM HM30TPOIHBIM BSI3KO-
ynpyruM mapom. CIyTHUK U MPUTATUBAIOMIMKN LEHTP MOACIUPYIOTCS Ma-
TepualbHbIMH TOoukamMu. CHCTeMa «IJIaHETa—CITyTHUK» JBUXKETCS OTHO-
CUTCIILHO OOIIEero IEeHTpa Macc, KOTOPBIH B CBOIO OdYEpE]b COBEpIIACT
JBUKCHHE 110 KEIJICPOBCKON OpOMTE OTHOCUTEIIEHO HETOIBHKHOTO IMPH-
TATUBAIOIIETO LEHTpa. Ha OoCHOBe pemeHHs KBa3UCTATUYECKOM 3a1auu
TEOPHUH YIPYTOCTH B pacCMaTpUMBAEMOW 3ajauye mojiydeHa (popmyna st
BBIYMCIICHHS] TPABUTAIMOHHOIO MTOTEHIIMANA [JIAHETHI, @ TAKKE BBIYUCIIEH
TPaBUTAIMOHHBIA MOTEHIIMAT 3€MJIM C YUYE€TOM TBEPAOTEIbHBIX MPHJIHUB-
HBIX 3¢ ¢dekroB oT JIynsr u CosiHIIa BO BHEUTHEH TOYKE W B TOYKE Ha €e
noBepxHocTu. [locTpoensl rpaduku, MOKa3bIBAIOIINE 3aBUCUMOCTh T'pa-
BUTAIIMOHHOTO TIOTEHI[MANIA 3eMJIM OT BpeMeHHU. TpaauiinoHHO sl orpe-
JIeJICHUS] TPABUTAIIMOHHOTO MO 3€MJIM UCTIONB3YETCs MOJENb a0COIOT-
HO TBEPJIOTO TEJa, a YYeT NPUIUBHBIX IedOopMaIuii OTpa)kacTcsl B BHJIC
MaJIBIX TMOMPABOK K KOAPPUIIUECHTAM MOJETH T'eONMOTCHIMANA. AKTyalb-
HOCTb TEMBbI UCCIIEIOBAHUS CBSI3aHA C BBICOKOTOYHBIM MPOTHO3UPOBAHUEM
JIBIDKEHUSI MCKYCCTBEHHBIX CITYTHUKOB 3€MJIM, BBICOKOTOYHBIM H3Mepe-
HUEM T'PABUTAIMOHHOTO TOJIST 3EMITH.

Knwueswie cnosa: epasumayuonuslil NOMeHYUa, 33K0ynpy2as nianema,
NPUTUBDL.

Gravitational potential of a planet modeled by
a viscoelastic sphere

A.S. Borets, A.V. Shatina

MIREA — Russian Technological University, Moscow, Russia
E-mail: shatina av(@mail.ru

The work is devoted to the study of the gravitational potential of
a planet moving in the gravitational field of an attracting center and satel-
lite. The planet is modeled by a homogeneous isotropic viscoelastic
sphere. The satellite and the attracting center are modeled by material
points. The planet-satellite system moves relative to the common center
of mass, which in turn performs motion in the Keplerian orbit relative to
the stationary attracting center. Based on the solution of the quasistatic
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problem of the theory of elasticity, the formula obtained is used to calcu-
late the planet’s gravitational potential, and the Earth’s gravitational po-
tential is calculated taking into account the solid-state tidal effects from
the Moon and the Sun at an external point and at a point on its surface.
Charts are constructed showing the time dependence of the Earth’s gravi-
tational potential. Traditionally, to determine the Earth’s gravitational
field, a model of an absolutely rigid body is used, and account of tidal de-
formations is reflected in the form of small corrections to the coefficients
of the geopotential model. The relevance of the research topic is associat-
ed with high-precision prediction of the motion of artificial Earth satel-
lites, with high-precision measurement of the Earth’s gravitational field.
Keywords: gravitational potential, viscoelastic planet, tides.

MopaennpoBanie IMHAMMKHA MHOT03BEHHOI MO/1e/IN
C IepeMeHHOM JJIUHOMI

A.B. BOpI/ICOB], N.E. Kacm/IpOBI/qu, P.I. MyxapJIs[MOB2

! ®unman ®I'BOY BO HUY «MDBW», CmoneHck, Poccust
2PYIIH, Mocksa, Poccus
E-mail: borisowandrej@yandex.ru, kaspirovich.ivan@mail.ru, robgar@mail.ru

B pabore MozmenupyeTcsi IMHAMHUKAa MHOTO3BEHHOW CHUCTEMBI C TEpe-
MEHHOM JUIMHOW. KaIplii CTEpKEHb MOJEIN IPEJCTABISACTCS B BHJE
CYMMBI OCHOBHOT'O MAacCCHBHOTO 3JIEMEHTa C MOCTOSIHHOM JIMHOW U 0e3-
MAaCCOBOTO MpHUJATKa C IEPEMEHHON. Y CTAaHOBKA pEKUMa ABUKECHHS CUC-
TEMBbI TIO3BOJIET HAJIOKUTh HA0OP MEXaHWYECKUX CBSI3CH. YTpaBIISIONIHE
BO3/ICUCTBUS, ONPEIEIISIONINE IIHHY CTEPXKHS, HITYTCS B BHIE 0000IICH-
HBIX CHJI peakluuid CBsi3el C yueToM MeTofa crabunm3anuu baywm-
rapre.

Paboma evinonnena npu ¢unancosoii noooepiicke PODPU (npoexm
Ne 19-08-00261).

Knrouesvie cnosa: cmabunusayus cesnzell, MHO2036eHHAS cucmema,
ynpasasaowue 8030etiCmausl.
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Modeling the dynamics of a multi-link model
with variable length

A.V. Borisov ', LE. Kaspirovich?, R.G. Mukharlyamov >

'The Branch of National Research University «Moscow Power Engineering Institute» in
Smolensk, Smolensk, Russia
*RUDN University, Russia
E-mail: borisowandrej@yandex.ru, kaspirovich.ivan@mail.ru, robgar@mail.ru

In this paper the dynamics of a multi-link model with variable length
is considered. Each rod of the model can be represented as a sum of
a massive element with a fixed length value and a massless part with vari-
able length. By setting mod of the motion we can restrict our system with
a set of mechanical constraints. So the control forces that determine the
length of the rods can be found as generalized constraint reactions with re-
gard for Baumgarte stabilization method.

This work is supported by RFBR, project No. 19-08-00261.

Keywords: constraint stabilization, multi-link model, control forces.

IMoTeHunaabHas IHEPIrusi CUJIbl HATHKCHUA ru0Koii HUTH

A.B. bproksuH, O.}0. bprokBruHa

Mertumusckuit uaran MI'TY um. H.D. baymana, Meituiy, Poccust
E-mail: fn3@bmstu.ru

B pabore aHanu3MpyloTCs SHEPreTHMYECKHE XapaKTEpUCTUKH HHUTHU
IpU €€ MPOJI0JIbHO-TIONEPEYHBIX KojeOaHusax. Vcnonb3ys BaprallMuOHHBIN
IIPUHLAI, IPOaHAJIN3UPOBaHA 3aBUCUMOCTb CHJ, JEHCTBYIOIIMX HA dJIe-
MeHT HMUTH. [IpennoxkeHHblli OAX0 MO3BOJSET ONUCHIBATh CHJIBI, JEi-
CTBYIOIIIME HAa TMOKYIO HUTH IPH JIIOOBIX 3aBUCHUMOCTSIX MOTCHIUAIBHON
DHEPTUH OT PACTKECHUM.

Kniouegvie cnosa: cubkas numo, Konebanus, NOMeHYUAIbHASA IHEP2UsL.

O BHHTOBOM yCTAHOBUBIIEMCS ABUKEHUM TeJia
NPH CHUKEHNH B CONMPOTHUBJISIONIEHCH cpejie

M.U. Byrposa

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: MaryBugrova@yandex.ru

PaccmarpuBaeTcs majieHue TSKEIOTO OCECUMMETPHUYHOTO Tella B CO-
npoTuBJIsIONIeics cpeae. Bo3aeiicTBue cpeasl popMupyeTcsi Ha OCHOBE
KBazucTtatuueckon moxaenu. Ilpenmonaraercs, 4To BO3AECHCTBUE CPEbl
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CBOJIUTCSI K PaBHOJICHCTBYIONIEH CHIIE, JIEKAIIEH B INIOCKOCTH yIJla aTaku
Tena, U JUCCUMATUBHOMY MOMEHTY OTHOCHUTEIBHO €r0 OCH CUMMETPHHU.
[Ipu Takoi Moenu BO3AEHUCTBUS CPEIbl BCETIAa CYIIECTBYET PABHOMEPHOE
CHIDKEHUE TeJla C BEPTUKAJIBHO OPUEHTUPOBAHHOM OCBhIO cuMmmeTpud. [lpu
ONPENIEIECHHBIX YCIOBUAX BO3MOXHO BUHTOBOE YCTAHOBUBILIEECS IBUXKE-
HUE, IPY KOTOPOM OCh CHMMETpPUHU Tejla OIUCHIBAET KPYTrOBOM KOHYC,
a TOYKa IIPWIOKEHUS PABHOACHCTBYIOLIEH CHUJIbl BO3ACHCTBUSA CpEIbI
CHI)KAaeTCs paBHOMEpPHO Mo BepTukaiu. B pabote paccmaTpuBaioTcst Bo-
MIPOCHl YCTOMYUBOCTH BUHTOBOTO JBUKEHUS.

Knroueswie cnoga: ocecummempuynoe meno, conpomuBIAoOwascs cpeod,
BUHMOBOE O8UIICEHUE, YCTNOUYUBOCD.

On the steady helical descenting motion of a body
in a resisting medium

M.I. Bugrova

Bauman Moscow State Technical University, Moscow, Russia
E-mail: MaryBugrova@yandex.ru

The fall of a heavy dynamically symmetrical body in a resisting medi-
um is considered. The impact of the environment is formed on the basis
of a quasi-static model. It is assumed that the influence of the medium can
be represented as the resultant force lying in the plane of the angle of at-
tack of the body and the dissipative moment of symmetry axis. With this
model of environmental impact, there is always a uniform descent of the
body with a vertically oriented axis of symmetry. Under certain condi-
tions, a helical motion is possible, in which the axis of symmetry of the
body makes a circular cone, and the point of application of the resultant
force decreases uniformly vertically. The paper considers the issues
of stability of a helical movement of the body in a resisting medium.
Keywords: dynamically symmetrical body, resisting medium, helical mo-
tion, stability.

HpnMeHeHne METO0Aa HEONIPEACICHHDBIX YACTOT
AJIFA aHAJIn3a }IByXHJIaHeTHOﬁ 3agavun

B.M. bynanos

HUU mexannku MI'Y, Mocka, Poccus
E-mail: vlbudanov@gmail.com

PaCCManI/IBaeTCH 3aa4a O IBUKCHHUU BOKPYTI' MACCUBHOI'O LICHTPAJIb-
HOro Tcia (3B63,[[BI) ABYX NPYTHUX TCI (HJ'IaHeT) CO CpaBHUMBIMH MacCCaMU,
KOTOPBIC CYHICCTBCHHO MCHBIIC MACCHI HECHTPAJILHOI'O TCJIA. Hpez[nonara—
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€TCsl, YTO JIBWKEHHE IJIAHET MPOUCXOAUT B OJHOM IJIOCKOCTU MO OpOH-
TaMm, OJMM3KUM K KpyroBbiM. OOIIENPUHATHIM MOJIXOAOM AJIS aHAJTUTHYE-
CKOT'0 aHaJlu3a TaKOM CHUCTEMBI SIBISIETCS OMUCaHWE OPOUT KaK KEIiepoB-
CKHX, HO C OCKYJINPYIOIIMMU IeMeHTaMu. 1Ipu aToMm ncnonb3yercs cBs3b
MEX]Y CPEHUM IBM)KEHHEM M BEJIMYMHOM OOJIBIION MOIYyOCH B COOTBET-
CTBUM C TPeTbUM 3aKOHOM Kermepa Ha ocHoBaHUM TeopeMmsbl Jlammaca —
Jlarpanxa 0 HEU3MEHHOCTH OOJIBIIUX MOTYOCEH U CPETHUX JBHKECHUH.

B nacrosmeil pabore ABM)KEHUE IJIAHET CTPOUTCS HEMOCPEICTBEHHO
B IOJIIPHBIX KOOPAMHATAX C MPUMEHEHHEM METOJla HEONPEAEICHHbIX Ya-
CTOT, MPEAJIOKEHHOTO aBTOPOM U SIBIISIFOLIErocs Moaudukanueit metona
1oCJIe0BaTeNbHbIX npubmmkenuil. [lomyueHo mnepBoe mpHOIIKEHHE,
npezcTaBisiomee co0oi A Kaxa0i IUIaHETHl CyMMY PaBHOMEPHOTO
KPYTOBOTO JBIKEHHMS M MallbIX KBa3HIlepuoandeckux nodasok. [locmen-
HHUE TPEACTABIAIOT COO0H CyMMy NEpHOJUYECKUX KOMITIOHEHT, TIEPHOIbI
KOTOPBIX PaBHbI MEPHOAaM KPYTOBBIX JBM)KEHUIH 000MX Tel, a TaKkkKe UX
CyMMaM U pa3HocTsM. IIpu 3TOM nepuonbl KpyroBbeIX JIBUKEHUN W3MEHSI-
I0TCS 110 CPaBHEHMIO C TEM, YTO AaeT TpeTuil 3akoH Kemepa: nepuon
BHYTPEHHEH IIAHETHI YBEINYMBACTCS, a4 BHEIIHEW — yMEHbIIaercsa. Bro-
pOii OCOOEHHOCTBIO TMOCTPOCHHOTO MPUOIMKEHHOTO PELICHUs SBIACTCS
OTCYTCTBHE BEKOBBIX BO3MYILEHUII.

[losy4ueHHbBIE aHATUTUYECKHUE BBIBOJBI MOATBEPKIAIOTCS pe3ysbTaTa-
MU YHCJICHHOIO HWHTETPUPOBAHUSA, a TaKK€ IPOBEPKOM BBITOJIHEHUS
M3BECTHBIX IEPBBIX MHTEIPajOB, B YaCTHOCTHM HHTETpaya ILIOMIAICH.
[IpenyioskeHHast METOJMKA TEXHUYECKH IpOIIe OOLICTIPUHATON U MOXET
CIy>)KUTh aJbTEPHATUBOM INpPHU pEIIEHHMH KOHKPETHBIX 3aJay HeOecHOU
MEXAHUKH.
Knwueevie cnosa: osyxnianemnas 3adaua, memoo NOCI008AMENbHbIX
NPUOIUINCEHULL.

Application of the undefined frequency method
for the analysis of a two-planet problem

V. M. Budanov

Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: vlbudanov@gmail.com

The problem of motion of two bodies (planets) with comparable
masses around a massive central body (star) is considered in proposition
that planet masses are significantly less than the mass of the central body.
It is assumed that the movement of the planets occurs in the same plane
and orbits are close to circular. A common approach for the analytical
analysis of such a system is to describe the orbits as Keplerian, but with
osculating elements. The connection between the mean motion and
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the magnitude of the large semi-axis is used in accordance with Kepler's
third law on the basis of the Laplace — Lagrange theorem on the immuta-
bility of large semi-axes and average motions.

In this paper, the motion of the planets is constructed directly in polar
coordinates using the method of undefined frequencies proposed by the
author, which is a modification of the method of successive approxima-
tions. The first approximation is obtained, which is the sum of uniform
circular motion and small quasi-periodic terms for each planet. The latter
are the sum of periodic components whose periods are equal to the periods
of circular motions of both bodies, as well as their sums and differences.
Herewith the periods of circular motions change in comparison with what
Kepler's third law gives: the period of the inner planet increases, and the
outer one decreases. The second feature of the constructed approximate
solution is the absence of secular perturbations.

The obtained analytical conclusions are confirmed by the results of
numerical integration, as well as by checking the performance of the
known first integrals, in particular, the area integral. The proposed tech-
nique is technically simpler than the conventional one and can serve as an
alternative for solving specific problems of celestial mechanics.

Keywords: two-planet problem, method of successive approximations.

I[I/IHaMI/IKa paKeT-HOCHTeJIeﬁ B TCXHUYECCKOM YHUBECPCUTETE

B.A. bByxuHckuit

MI'TY um. H.O. baymana, Mocksa, Poccus
E-mail: buzhinsky.valery@yandex.ru

CraHoBieHHe H pa3BUTHE Kypca «JlMHAMHKa paKeT-HOCUTEIEH»
B TEXHUYECKUX YHUBEPCUTETAX CBSA3aHO C HAYYHO-NEIArOrMYecKou mes-
tenbHOCTRIO akagemuka K.C. KonecHukoBa. OCHOBHBIE TEXHHUYECKHE
npo0sieMbl TWMHAMUKH PaKeT-HOCUTENEeH U WHKEHEpHbIE METO/bl UX pe-
HIEHHUs OTPa)XeHbI UM B yueOHUKe [1], mepBoe M3aHue KOTOPOTO BBIILIO
B 1980 r., a BTOpOE, C HE3HAUUTENbHBIMU JONOJHEHUsIMH, — B 2003 T.
OTOT y4eOHUK MOJIy4YHII BBICOKYIO OLIEHKY U MCIIOJIb3YEeTCsl HHKEHEPAMHU U
YYEHBIMH PAKETHO-KOCMHUYECKOW MTPOMBIIIIIEHHOCTH.

JluHamMHuueckue CBOKWCTBA KUIKOCTHBIX PAKET ONPEAEISAIOTCS B3aUMO-
JIEMCTBUEM KOHCTPYKLUHH C JKUJIKMM TOIUIMBOM. Pe3yibrarel nccienosa-
HUSl JBUKEHHSI Tella C JKUIKOCThIO, OMyOJIMKOBAHHBIE BEJIIUKUM PYCCKUM
yueHbiM H.E. )KykoBckum B 1885 1. [2] 1 HE uMeBIIKE B TO BpEMS KaKuX-
a100 TPaKTHUYECKUX TPHIIOKEHHUM, B HACTOAILIEE BpPEMS NPUMEHSIOTCS
B Pa3NMYHBIX OOsacTsAx TexHUKHU. [locTaHOBKa KpaeBbIX 3a/ay OCTaJIacCh
HEU3MEHHOU, a BBEJCHHBbIE MM IPUCOCIUHEHHbIE MOMEHTHl HHEPLUU
KHUJIKOCTH HEOOXOAWMBI Ul ONpPEAEICHUS MOMEHTOB WHEPIUH paKeT-
HOCHUTEJIEN U KOCMUYECKUX alnaparos.
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Mertonsi, pazpaborannsie H.E. )KykoBckum B mpoBeIeHHOM HCCIIE0-
BAaHUU aBapuii Ha MOCKOBCKOM BOJIONIPOBOJE, BIEPBBIC Hare4aTaHHbIC
B «bromnerensx [lomurexaudyeckoro obmectBa» B 1899 r. [3], mpakTnye-
CKM 0e3 W3MEHEHHMI TMEepeHOCATCS Ha aHalu3 ABMKCHUS >KHIKOCTH
B TOIUIMBHBIX MarucTpajiix pakeT-HocuTeleld. B wacTHoCTH, 71 IpenoT-
BpAIllCHUsI Pa3pbIBOB BOJOMPOBOJA OT THIPABIMYECKUX YAApOB ObLIa
NpeJioKeHa YCTaHOBKA «BO3AYIIHOTO Koimaka». ['a3oBblii nemrmdep,
MMEIOLIMNA aHAJIOTUYHbIE CBOMCTBA, YCTAHABIMBAETCS B TOIUIUBHBIX Maru-
CTpPAISIX PAKET-HOCHUTENICH U SIBJISETCS CPEICTBOM MPEAOTBpAIICHUS HX
npoaoasHoi Heycroiunoctu (POGO).

Uccnenosanust H.E. )KykoBckoro noiyunnu pa3BuTue B paboTax ore-
YECTBEHHBIX U 3apyOeKHBIX yueHbIX. COBPEMEHHOE COCTOSIHUE UCCIIEI0Ba-
HUW N0 TMHAMHUKE KOHCTPYKIMU C KUIKOCTBIO, BKIIFOUAIONIEE MOJTHEHITUN
0030p rpOMaJHOTO YKCiIa HAyYHbIX MyOmmkaruii, nmoasen Payd [4]. B cBs-
3U C Pa3BUTHEM BBIYUCIUTEIHHOW TEXHUKH M TPUMEHEHHEM METO/a KO-
HEYHBIX 3JIEMEHTOB M3MEHWINCh METOJbl pacueTa W aHajiu3a JUHAMUYe-
CKUX XapaKTEPUCTUK KOHCTPYKIUH ®KUAKOCTbIO. COBPEMEHHOE U3JI0KEHHE
TEOPUH MEXaHMYECKUX KoJeOaHHi, OpUEHTHPOBAHHOE Ha MPHMEHEHHUE
3TUX METONIOB, npeactaBwin JKepaauH u Pukcen [5]. Hackonbko BO3MOX-
HO, 9TU M3MEHEHHS MPUHUMAIOTCS BO BHHUMAaHUE B JICKIUAX [6], KOTOpBIE
yyratorcs cryaentam MOTU u MI'TY um. H.O. baymana.

Knrwouegvie cnosa: ounamuka pakem-Hocumenet, MexaHuyeckue ko.eba-
HUSl, KOHCIMPYKYUU C HCUOKOCBIO.

Jluteparypa

1.  Konecnukos K.C. Jlunamuka paket. Mocka: Mammnoctpoenue, 2003. 519 c.
JKykoscxkuti H.E. O NIBWKEHUU TBEPIOTO TeJia, UMEIOIIETO TMOJIOCTH, 3ar0JTHCHHbBIE
OJTHOPOJHOM KamenbHOH sxuakocTeio. C.-IletepOypr, 1885. 137 c. // Cobp. cou.,
1. II, Mocksa: I"'ocrexusgar, 1948.

3. JKyrxosckuii HE. O runpaBIndecKkoM yaape B BOAONPOBOIHBIX TpyOax. M.—JL:
I'MTTIL, 1949. 105 c.

4.  Ibrahim R.A. Liquid Sloshing Dynamics. Theory and Applications. Cambridge Uni-
versity Press, 2005. 948 p.

5.  Geradin M., Rixen D.J. Mechanical Vibrations. Theory and Application to Structur-
al Dynamics. Third edition. Wiley, 2015. 598 p.

6. DByorcunckuti B.A. luHaMuka U yCTOWYMBOCTb ABMKEHMs pakeT. Koponés: M3n-Bo
[MHWWmam, 2017. 273 c.

Dynamics of launch vehicles at the technical university
V.A. Bouzhinskii

Bauman Moscow State Technical University, Moscow, Russia
E-mail: buzhinsky.valery@yandex.ru

Formation and development of course “Dynamics of Launch Vehi-
cles” at the technical universities is connected with the scientific-
pedagogical activity of the academician of K.S. Kolesnikov. The basic
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technical problems of dynamics of launch vehicles and the engineering
methods of their solution are reflected by him in the textbook [1], first edi-
tion of which was published in 1980, and the second, with the insignificant
additions, in 2003. This textbook obtained appreciation and he is used by
engineers and scientists of rocket-space industry.

The dynamic properties of liquid rockets are determined by the inter-
action of structures with liquid fuel. The results of the study of the motion
of the body with liquid, published by the great Russian scientist N.E. Zhu-
kovsky in 1885 [2] and did not have any practical applications at the time,
are now used in various fields of technology. The formulation of boundary
value problems remained unchanged, and introduced by him the attached
moments of inertia of the liquid are necessary for determining the mo-
ments of inertia of launch vehicle and spacecraft.

The methods developed by N. E. Zhukovsky in the study of accidents
on the Moscow water supply, first published in the "Bulletins of the Poly-
technic society" in 1899 [3], almost unchanged transferred to the analysis
of fluid motion in the fuel lines of launch vehicle. In particular, to prevent
water breaks from hydraulic shocks was proposed the installation of an
"air cap". A gas damper having similar properties is installed in the fuel
lines of launch vehicles and is a means of preventing their longitudinal in-
stability (POGO).

Zhukovsky's research has been developed in the works of domestic
and foreign scientists. The current state of research on the dynamics of
structures with liquid, including a complete review of a huge number of
scientific publications, summed up Raouf A. Ibrahim [4]. In connection
with the development of computer technology and the application of the
finite element method, the methods of calculation and analysis of dynamic
characteristics of structures with liquid have changed. The modern exposi-
tion of the theory of mechanical vibrations, focused on the application of
these methods, was presented by Michel Geradin and Daniel J. Rixen [5].
As far as possible, these changes are taken into account in the lectures [6],
which are read to students of MIPT and Bauman MSTU.

Keywords: dynamics of launch vehicle, mechanical vibrations, liquid
structures.
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JAvnHaMmu4yecKkuii aHAJIU3 KPUBOIIMITHO-TIOJI3YHHOT' O
MeXaHM3Ma C MPYKUHOM, IPUMEHAOLIErocst
B MOEYHOM MalllMHe HOBOI'0 THIIA /ISl OBOLIEH U (PPYKTOB

B.®. Byii ', C.C. T'aspromms ', B.b. ®yur 2, X.M. Jlaur >, B.C. IIpokormos '

"MI'TY uwm. H. 3. Baymana, Mocksa, Poccust
? TexHuueckuit yausepcureT umenu Jle Kyit Jlona, Xanoii, BeetHam
3 WHpycrpuanbHblil yHUBEpcUTET XoluMuHa, XOIMKUMHUH, BeeTHaM
E-mail: phuongbv1991@gmail.com, vprokopov@bmstu.ru

Kpusommunuo-non3yHusiii Mmexanusm (KIIM) mupoko npumensiercs
BO MHOIMX 0OjacTsX MamuHocTpoeHus. OnHOM M3 BaKHBIX IMpoOJeM,
cBsaA3aHHbIX ¢ npuMeHeHueM KIIM, sBisercs BO3HUKHOBEHHE NMHAMUYeE-
CKMX PEaKIM{, BBI3BIBAIOIIMX BHOpPAIMM CHCTEMBI M CHIDKAIOUIMX YCTa-
JIOCTHYIO IPOYHOCTh Aetaneid. OCHOBHBIM CIIOCOOOM CHMIKEHMSI BIUSHHS
CWJI MHEpLMH U AMHaMHueckux peakuuid Ha KIIM sBnsercs ucnonb3oBa-
HHE NpoTUBOBeCOB. ONHAKO AAHHBIA CIIOCOO NMPUBOJUT K YBEIUYEHUIO
Macchl U radapuTOB KOHCTPYKIUH, MIO3TOMY BO MHOTHX CIy4asX OH He-
IIPUMEHHUM.

C 1uenpio CHMKEHUS JMHAMUYECKUX PeaKIHii B Tapax B JaHHOU pabo-
TE MpeJIaraeTcs MCMoJIb30BaHHEe MOIU(PHUIIMPOBAHHOIO MEXaHU3Ma, KOM-
ounupytomero KIIM ¢ cucremoil npyxuH. /[luHamMmudyeckre U KMHEMaTH-
yeckue xapaktepuctuku cucteMbl KIIM-npyxuHbl mnona JaeldcTBUEM
BHEIIIHUX CHJI OBUTM M3YYEHBI C MOMOIIbIO aHAIUTHUYECKUX BBIPAKECHUI.
Ha ocHOoBaHMH TakuX BbIpa)X€HUI OBUIO MCCIIEJOBAHO BIIUSHHE >KECTKO-
CTH TIPYXMHBI Ha TpeOyeMbli BpAIIAIONIM MOMEHT MOTOpa M PEaKIHU
B napax KIIM. Pe3ynbTaThl nokaszanu, yto npyxkuHa B KIIM no3Bonsier
YMEHBUINTh HE TOJIBKO PEAKIMH, HO TaKXe HEOOXOJUMYIO MOIIHOCTH MO-
TOpa — JAPYTMMH CIIOBaMHM, MOBBICUTH 3HEProdppeKkTUBHOCTh. Cucrema
KIIM-npy>xunbl 3¢(GEeKTUBHO MPUMEHSETCS] IPU CO3/aHUU MOCYHOH Ma-
IIMHBl HOBOTO TUHA JUId OBOIIEH M (PYKTOB. YCIELIHO pelleHa 3a/jada
ONTUMAJIBHOTO CUHTE3a C IByMSI KpDUTEPUAMHU, TAKUMHU KaK JUHAMUUYECKHE
peakiuu 1 Tpedyemas MOIIHOCTb. [lomyueHHble aHATUTUYECKHE pe3ylib-
TaThl XOPOIIO COTJACYIOTCS C YHCIEHHBIMH pesyibpratamu NX Motion
Simulation-RecurDyn".
Knwoueswie cnoga: kpugouwiunHo-noa3yHHulil MEXAHUZM, NPYICUHBL, OUHA-
MUYECKUU AHAU3, CUHME3 MEXAHUZMOS, ONMUMUZAYUSI.
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Dynamic analysis of slider-crank mechanism
connected spring system and application
for an innovative fruit & vegetable washer

V.P.Bui', S.S. Gavriushin ', V.B. Phung ?, H.M. Dang >, V.S. Prokopov '

"Bauman Moscow State Technical University, Moscow, Russia
“Le Quy Don Technical University, Ha Noi, Viet Nam
3Industrial University of Ho Chi Minh, Ho Chi Minh, Viet Nam
E-mail: phuongbv1991@gmail.com, vprokopov@bmstu.ru

The slider-crank mechanism (SCM) has played an important role
in machine design and already implemented in many devices and appli-
ances. One of the principal issues of this mechanism is dynamic reactions,
causing system vibrations and reducing fatigue strength of the parts. The
main approach to diminish the inertial force effect on SCM is to use coun-
terweights. However, the drawback of this approach is the increase
in structure mass and dimensions, the resultant mechanical system is often
bulky; hence in many cases it is not feasible for machine design.

In this work, the approach to reduce dynamic reactions is to use com-
bination of spring system with SCM. The dynamic and kinematic charac-
teristics of the spring-SCM with spring under an external force were ana-
lyzed using explicit expressions. The effect of spring stiffness on crank
torque and reaction forces at joints was examined. The results showed that
spring in SCM reduce not only reaction forces at joints, but also decrease
required power to crank drive motor or less energy consumption.
The spring-SCM was effectively used in an innovative fruit and vegetable
washer. The optimal synthesis problem of this appliance with two criteria
such as reaction forces and required power was solved successfully.
The analytical results verified with the numerical ones obtained using
from NX Motion Simulation—RecurDyn®.

Keywords: slider-crank mechanism, spring, dynamic analysis, mechanism
synthesis, optimization.

HecranuonapHsbie pe:KxMMbI reHepalMi BHYTPEHHHUX
U IOBEPXHOCTHBIX I'PABUTALMOHHBIX BOJH

B.B. bynatos, 10.B. Bnagumupos

Wucruryt npobnem mexanuku uM. A.1O. Mnummackoro PAH, Mocksa, Poccust
E-mail: internalwave@mail.ru

HCHLIO pa6OTI>I ABJIACTCA MATEMATUYCCKOC MOACIIUPOBAHUEC HECCTALIUO-
HApHBIX PCIKUMOB I'€HCpallun noneu BHYTPCHHUX U TOBCPXHOCTHBIX I'PaBH-
TallMOHHBIX BOJIH, BO36y>KI[aeMBIX HECTAUUOHApPHBIMH  ABUKYITUMUCA
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UCTOYHUKAaMHU BO3MYILIEHUNA. V3ydueHbl OCHOBHBIE OCOOCHHOCTH (Pa30BbIX
CTPYKTYpP M BOJIHOBBIX KapTHUH BO30Yy’>KJa€MbIX BOJIHOBBIX IOJIEH B 3aBH-
CUMOCTH OT Pa3iIMuYHBIX MapamMeTpoB reHepanuu. Pe3ynpTaTbl MaTeMaTh-
YEeCKOI'o MOJIEJIMPOBAHUS HECTALIMOHAPHBIX PEXUMOB FeHEepaly MOKa3bl-
BAIOT, YTO JAJbHHE BOJIHOBBIC IOJII OT HECTALIMOHAPHBIX MCTOYHHUKOB
BO3MYILICHUH IPH OIpPENEICHHBIX PEeKUMaX TeHepaluy IMpeaACTaBiIsIOT
c000i1 THOPUIHYIO CHCTEMY BOJH JABYX THUIIOB: KOJBIEBBIX (IIOTIEPEUHBIX )
U KJIMHOBUAHBIX (MpOROJIbHBIX). HecTanmoHapHOCTh MCTOYHHMKA BO3MY-
IICHUH MPUBOJIUT K IOSIBJICHUIO HE TOJBKO KOJIBLEBBIX BOJH, pacxops-
IIMXCSI HEMOCPECTBEHHO OT MCTOYHUKA, HO TAaKXKEe K FeHepaluu THOpua-
HBIX BOJIHOBBIX BO3MYIIIEHUH, PACTIPOCTPAHSIOLINXCS OT HICTOYHHMKA BBEPX
1o notoky. KauecTBeHHas kapTHHA BOJHOBBIX IOJIEW OT HECTALIMOHAPHO-
IO UCTOYHMKA CYIIECTBEHHO YCIIOKHSETCS 110 CPAaBHEHUIO CO CIYy4YaeM re-
HepaIy BOJH JBIXYIIUMCS CTAallHOHAPHBIM HCTOYHHMKOM, KOT/Ia B (DUK-
CHPOBAHHYIO TOYKY HAOJIIOJCHUS MOCIEA0BATEILHO MPUXOSAT BOJTHOBBIC
(pPOHTHI OTACTBHBIX KIMHOBHIHBIX (MPOJOIBHBIX) MOJI. PacueTs! moka3bl-
BAIOT, YTO MPH ONPEAETICHHBIX TapaMeTpax reHepaluu B (GUKCUPOBAHHYIO
TOYKY HaOJIOIEHUSI MOTYT IPUXOUTh BHaYalle KOJIbLIEBBIC (IIOTIEPEYHBIC)
BOJIHBI. BOJTHOBBIE MOJIBI, TIEPBBIE TOCTUTAIONINE (PUKCUPOBAHHOW TOYKU
HaOJI0ICHUS, ONPEACISIOTCS MapaMeTpaMu TeHEpalul U CTpaTU(HUKAIIH-
eil cpenpl. s OONMBIIMX HOMEPOB MOJ YToOJl IOJIypacTBOPa BOJHOBOIO
KJIMHA YMEHBIIAETCS ¢ HOMEPOM MOJIbI TaK K€, KaK U JUIS CIydaeB CTalu-
OHApHBIX pEeXHUMOB TeHepaiuu. IlomydeHHble pe3yibTaThl MaTeMaruye-
CKOT'O MOJEJIMPOBAHHUS TOJIEH BHYTPEHHUX U IMOBEPXHOCTHBIX I'paBUTALIM-
OHHBIX BOJH JIAIOT BO3MOXKHOCTH ((PEKTUBHO aHATN3UPOBATh OCHOBHBIC
aMIUIUTYAHO-(a30Bble XapaKTEPUCTUKHU BO30YKIa€MbIX BOJHOBBIX IOJIEH
U, KpOME TOro, KaueCTBEHHO MHCCJEN0BaTh MOJIYYEHHBIE PELICHUS, YTO
BaXHO JUUISl MPaBWJIBHON MOCTaHOBKU 00Jie€ CIIOKHBIX MaTeMaTH4YEeCKHX
MOJIeNIeli BOJTHOBOM JMHAMHUKH DPEaTbHBIX CTPAaTU(PHUIIMPOBAHHBIX CpE.
[TomoOHOTO po/ma BOJTHOBBIE KApTUHBI MOTYT HAOIIOAATHCS MPH AMCTaH-
IIMOHHOM 30HIMPOBAHNY, HAOIIOJCHUN W U3MEPEHUSIX BHYTPEHHUX M T10-
BEPXHOCTHBIX TPaBUTAIIMOHHBIX BOJH, BO30YXIaeMbIX pa3IMYHbIMHU HC-
TOYHHKAMH BO3MYIICHHWH, B TPUPOAHBIX (OKeaH, arMocdepa 3emitn)
U HMCKYCCTBEHHBIX CTpaTU(UIMPOBAHHBIX cpemax. [Tommmo dyHmamen-
TaJbHOI'O MHTEpECa MOCTPOCHHbIE MAaTEMaTHUECKUE MOJAEIU MpPeCTaBIIsI-
I0T 3HAYUTENIbHYI0 LEHHOCTh Il MPaKTHUKH, IOCKOJBbKY IO3BOJISIOT
pemath 3aJaud MOJEIMPOBAHUS BOJHOBBIX T'HAPOPU3NYECKUX MOJEH
B IIMPOKOM KJIacCe MPUIIOKEHUH.

Knwouesvie cnosa: snympennue u nogepxHocmuvie epasumayuOHHvle 60.-
Hbl, CMPAMUPUYUPOBAHHAs CPedd, 80THO8AS OUHAMUKA, ACUMNIMOMUKU.

Huorcenepnotii scypnan: nayka u unnoeayuu #2-2020 53



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

Non-stationary generation regimes of surface
and internal gravity waves

V.V. Bulatov, Yu.V. Vladimirov

Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia
E-mail: internalwave@mail.ru

The aim of the work is mathematical modeling of non-stationary
modes of generation of fields of internal and surface gravity waves excited
by non-stationary moving sources of disturbances. The main features
of phase structures and wave patterns of excited wave fields are studied
depending on various generation parameters. The results of mathematical
modeling of unsteady generation modes show that distant wave fields
from unsteady sources of disturbances at certain generation modes are a
hybrid system of two types of waves: ring (transverse) and wedge-shaped
(longitudinal). The non-stationarity of the source of disturbances leads to
the appearance of not only ring waves diverging in directly from the
source, but also to the generation of hybrid wave disturbances propagating
from the source upstream. The qualitative picture of wave fields from an
unsteady source is significantly complicated compared with the case
of wave generation by a moving stationary source, when the wave fronts
of individual wedge-shaped (longitudinal) modes arrive at a fixed observa-
tion point. Calculations show that for certain generation parameters, ring
(transverse) waves can initially arrive at a fixed observation point. Wave
modes, the first reaching a fixed observation point, are determined by
the generation parameters and stratification of the medium. For large
mode numbers, the half-wave angle of the wave wedge decreases with the
mode number in the same way as for the cases of stationary generation
modes. The results of mathematical modeling of the fields of internal and
surface gravity waves make it possible to efficiently analyze the main am-
plitude-phase characteristics of the excited wave fields, and, in addition,
to qualitatively investigate the solutions obtained, which is important for
the correct formulation of more complex mathematical models of wave
dynamics of real stratified media. Such kind of wave patterns can be
observed during remote sensing, observation and measurements of internal
and surface gravitational waves excited by various sources of disturbances
in natural (ocean, Earth's atmosphere) and artificial stratified media. In
addition to the fundamental interest, the constructed mathematical models
are of considerable value for practice, since they make it possible to solve
the problems of modeling wave hydro-physical fields in a wide class
of applications.

Keywords: surface and internal gravity waves, stratified medium, wave
dynamics, asymptotics.
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N. Heroton u A.H. Kpbu10B: aspoauHaMuyecKas 3a/1a4a

B.A. Baunko

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: vvanko@mail.ru

Jloknmax mocBsimieH IByM roownerHbiM gatam 2018 roma: 375-i
rofoBuMHe co 1HS poxaenus WM. Herootoma w 155- rogoBuiuHe
A.H. KpsiioBa. B 1687 r. Bbllen B CBET (MOJIHBIA TEKCT — TPU KHUTH)
ucropuyeckuil tpyn copa Mcaaka HeroroHa «Marematnueckue Hadania
HaTypanbHOU ¢unocodpun». B Poccum xHura BnepBbie Obl1a OMyOIHMKO-
BaHa B 1915-1916 rr. B «M3Bectusix HukonaeBckoil MOpCKOIl akageMumny
B IIEPEBOJIE C JIATBIHU «C MOACHEHUSIMHU U NpuMeyaHusiMu @nora ['enepa-
na A.H. KpsinoBa, 3acimykeHHOro mpodeccopa akaaeMuu, OpJIuHAPHOTO
akanemuka MMmepatopckoit akagemMuun Hayk» [1].

B paznene 7 (xuura II) «O nBMXeHUM KUIKOCTEH U COMPOTHBICHUU
OpoiieHHbIX Tem» HpIOTOH pernaer 3aady O CONMPOTUBICHUH JIBUKEHUIO
miapa U JUIMHHOTO IWJIMHJpa PaBHBIX JHAMETPOB B «PEAKoOM cpene» (Mo-
JIeNb UACALHOTO Ta3a WK clIa00 COMPOTHUBISIONICHCS KUIKOCTH), 3aTEM
UCCIEeAyeT IBH)KEHUE YCEUEHHOIO KOHyCa B TOM K€ Cpelie U CTaBUT 3aja-
4y 0 HaXOXJIeHUU (DOPMBI TeJIa BPAIICHHS, HCTIBITHIBAIOIIETO HAMMEHBIIIEE
71000BOE COTPOTUBIICHUE TIPU CBOEM JIBUKCHHH.

Pemenne nocraBiaeHHo# 3anaun HpioTOH mpuBOAUT O€3 BCSIKUX TOSAC-
HeHul («S cumTaro, 4To...»), B BUAE HEKOTOPOI MPOMOPIIMH, COCTABIICH-
HOM M3 JMHEHHBIX 3JEMEHTOB MPOECKTUPYEMOIo Tejla BpalleHHUs: OKa3a-
JIOCh, YTO HOCOBAsi CEKIIMS KOHCTPYKIIMU JOJDKHA OBITh 3aTyIJieHa, T. €.
JOJIKHA MMETh TUIOCKYIO TUIOIIAIKY, BCTPEUAIOIly0 Haberaronuii moTok.
[TocTaHoBKa 3amaum O Telie BPAIICHHUS C HAUMEHBIIMM JIOOOBBIM COTIPO-
THUBJICHUEM, €CTECTBEHHO, 3aBHUCUT OT 3aKOHA COINPOTHBJIEHUS CPEBbI.
HreioToH npencraBisul cebe «peaKylo Cpeay», COCTOSIIEH W3 HEeMOIBUXK-
HBIX PAaBHOMEPHO PACTOJIOKEHHBIX B MPOCTPAHCTBE aOCOJIOTHO YIPYTHX
OJIMHAKOBBIX LIAPUKOB, KOTOPHIE OKAa3bIBAIOT CONPOTHUBIICHUE JIBIXKYILE-
MyCsl TE€Iy M PEearupyroT ¢ TEJIOM IO 3aKOHY «YToJl MAJIeHUs PaBEH YIiy
oTpaxkeHus». BriBomsaTcs: 3aK0H conpoTuBiieHus HrproToHa (mpomnopiyo-
HAJIBHOCTh KBaJpaTy CKOPOCTH); (pOpMyJa CHIIBI COPOTUBIICHHUSI JIBHKY-
HIEMYCs B «PEIKOM Cpelie» Telly; CTABUTCS M PEIIAaeTCs COOTBETCTBYIOIIAS
BapuannoHHas 3anada. [logquepkuBaercs Bwlaaromascs posb akaa. Kpsl-
JI0OBa B COBPEMEHHOM MOCTAHOBKE M pEIIeHUH 3aiaunu. OTMedaeTcs: BKIaL]
OTEUECTBEHHBIX YUYEHBIX B Pa3pa0OTKy TEOpPUU JIETATEIbHBIX alIapaToB
onTUMaIbHBIX hopm [2, 3].

N3nararotcst pe3ynbTaThl aBTOpa: anre0Opanvyeckoe MUCCIIeIOBAHUE CY-
HIECTBOBAHUS W €AMHCTBEHHOCTH pellieHus 3a1auyu HploToHa, BBIBEIEHO
JIOCTaTOYHOE YCJIOBUE €IMHCTBEHHOCTH PELICHUS 3a/1a4d B BHUJIE OTpaHU-
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YeHHs] Ha BHIOOp rabapuTOB HOCOBOW CEKIIMH; MPHUBEIEH MPUMEP MPOCK-
TUPOBAHHUS HOCOBOW CEKIIMU JIETATENLHOTO ammapaTa HauMeHbIIero 1000-
BOr'0 COMPOTUBJICHUSA [4].

Knroueswvie cnosa: 106060e conpomueienue, MUHUMUZAYUS, MeEN0 8palje-
HUA, 3610611!& HblOI’HOHa, cywecmeosaHue u €0MHCH16€HHOCI’I’Zb PEULeHUA.
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I. Newton and A.N. Krylov: Aerodynamical Problem
V.I. Vanko

Bauman Moscow State Technical University, Moscow, Russia
E-mail: vvanko@mail.ru

The report is devoted to two anniversaries of the past, 2018: the 375th
anniversary of the birth of Newton and the 155th anniversary of Krylov.
In 1687 the historical work of Sir Isaac Newton “Mathematical principles
of natural philosophy” was published (full text — three books). In Russia,
the book was first published in 1915—16 in the “Transactions of the Niko-
laj I naval Academy” translated from Latin “with explanations and notes
of the Fleet General A.N. Krylov, honored Professor of the academy,
ordinary academician of the Imperial Academy of Sciences™ [1, 2].

In section 7 (book II) “On the motion of liquids and the resistance
of thrown bodies”, Newton solves the problem of resistance to the motion
of a ball and a long cylinder of equal diameters in a “rare medium”
(a model of an ideal gas or a weakly resisting liquid), then investigates the
motion of a truncated cone in the same medium and poses the problem
of finding the shape of a body of rotation experiencing the least drag dur-
ing its movement.

Newton gives the solution of the problem without any explanations
(“T believe that...”), in the form of some proportion composed of linear
elements of the projected body of rotation: it turned out that the nose sec-
tion of the structure must be blunted, i.e. must have a flat platform meeting
the incoming flow. The formulation of the problem of the body of rotation
with the lowest frontal resistance, of course, depends on the law of re-
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sistance of the medium. Newton imagined a "rare medium" consisting
of fixed uniformly spaced absolutely elastic identical balls, which resist
a moving body and react with the body according to the law "the angle of
incidence is equal to the angle of reflection". The following are deduced:
Newton's law of resistance (proportionality to the square of velocity); the
formula of the force of resistance to a body moving in a “rare medium”;
the corresponding variational problem is posed and solved. The outstand-
ing role of academician Krylov is emphasized in the modern formulation
and solution of the problem. The contribution of domestic scientists to the
development of the theory of aircraft of optimal forms is noted [3, 4]

The author's results are presented: algebraic study of existence and
uniqueness of solutions of the Newton problem; derived a sufficient condi-
tion for the uniqueness of the problem solution in the form of restrictions
on the choice of the dimensions of the forward section; an example of de-
signing the forward section of the aircraft the least drag [5].

Keywords: The Newton’s problem, the least drag’s body, existence and
uniqueness of solution.
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MuHuMaJIbHAA CABUraIOIIAs CHJIA NP HAJUIUH
TPEHUSI CKOJbKCHUN

B.B. Bapenuos

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: av2854@columbia.edu

Paccmotpens! paznudHbie METOIBI ONPENEICHNUS MUHUMAIBHOM CIBH-
rarouiey CUIIbl, IPUIIOKEHHOH K Telly, JIeXkKallleMy Ha HAaKJIOHHOH IIepOXo-
BAaTOM IIJIOCKOCTH, OCHOBAHHOM HAa I€OMETPUYECKOM M AHAIUTHYECKOU
¢dopmax paBHOBecHs. JlaHa cpaBHUTENbHAS XapaKTEPUCTUKA PACCMOTPEH-
HBIX METOJIOB.

Knwueswie cnosa: pasnosecue mena, peakyus uepoxosamoiu noeepxHo-
cmu, Y201 mpeHusl, MUHUMATbHASL CO8ULAIOWAs CULA.
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Minimum shear force in the presence of sliding friction

V.V. Varentsov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: av2854@columbia.edu

Various methods for determining the minimum shear force applied to
a body lying on an inclined rough plane based on geometric and analytical
forms of equilibrium are considered. A comparative characteristic of the
considered methods is given.
Keywords: body balance, rough surface reaction, angle of friction, mini-
mal shear force.

MartemaTu4eckoe Moe TUPOBaHHE
HANIPSAKEHHO-1e(OPMUPOBAHHOIO COCTOSIHUSI BHICOKO-
HArpy’KeHHbIX MeXaHUYeCKHX TOYEYHbIX COeUHEHUI

W3/1eJIUI U3 MOJTHMMEPHbIX KOMIIO3UIIHOHHBIX MAaTEPHAIOB

IO.A. Bamykos

CamMapckuii HallMOHAJIBHBII HCCIIe0BATENECKUN YHUBEPCUTET
umenu akagemuka C.I1. Koponéra, Camapa, Poccus

E-mail: vashukov@ssau.ru

OOBEKTOM HCCIEIOBAHUS SIBISETCS MEXAaHHMYSCKOE TOYECHHOE COEIH-
HEHUE KOMIIO3MIIMOHHBIX MaTepuanoB. lccrnenoBanoch HampsKEHHO-
ne(OPMHUPOBAHHOE COCTOSIHUE B JCTAIAX W3 TMOJMMEPHBIX KOMITO3UTOB
C TOJKPEIUICHHBIMH OTBepCcTHsIMH. B mporecce paboOThl HCIONIB30BaHA
pa3paboTaHHasi ¥ TPOBEPEHHAss HAa aJIEKBAaTHOCTh MaTEMaTH4YECKas MO-
nenb. OnpeneneHo BIMSHUE KOHCTPYKTHBHO-TEXHOJOTHUYECKHUE MapameT-
poB 00pa3oBaHUs OTBEPCTHIl C TMOJKPEIUIEHHEM Ha HECYIIYIO CIIOC00-
HOCThb COEIMHEHHH.

Knrouegvle cnosa: komnosuyuoHusvle Mamepuavl, coeOuHeHue, NoOKpen-
JIeHHOe omeepcmue, HANPINCeHHO-0eopMUPOBAHHOEe COCMOsIHUE, Mame-
Mamu4ecKkast Mooenb.
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Mathematical modeling of the stress-strain state of highly
loaded mechanical point joints of products from polymer
composite materials

Yu.A. Vashukov

Samara National Research University, Samara, Russia
E-mail: vashukov(@ssau.ru

The object of study is the mechanical point connection of composite
materials. The stress-strain state was studied in parts of polymer compo-
sites with reinforced holes. In the process of work, a mathematical model
developed and tested for adequacy was used. The influence of the struc-
tural and technological parameters of the formation of holes with rein-
forcement on the bearing capacity of the joints is determined.

Keywords: composite materials, the connection, the supported aperture,
the is intense-deformed condition, mathematical model.
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Onpenenenne pecypcHbIX XapaKTEPUCTUK TEPMOMUKINYECKU
HATPYKEHHOI TPYOBbI C y4eTOM KHHETHKH OCHOBHBIX
MeXaHH4YeCKHX CBOIICTB MaTepuaa

J.K. Beperumyc, H.K. Bepetumyc

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: nkvmhts@yandex.ru

B pesynbraTe aHanu3a KUHETUKH IOJIEH HAKOIUIEHHBIX IMOBPEXKICHUN
CMOJIEJIMPOBAHO MAJIOIIMKIOBOE Pa3pylLIEHHE TOJICTOCTEHHON TpyObl Mpu
TEPMOMEXAHUYECKOM HArpy>KE€HUU U OINPEJEICHBI: YMCIO LUKIOB /10 3a-
POXKIEHHS TPEIMHBI K MECTO €€ 3apOKIACHUS, HAIPABJICHUE IPOPACTaHUs
TPEIIMHBI U YUCIIO LUKIOB IO MOJHOTO pa3pylieHus Tpyobl. Kunernde-
CKHME ITOJISI HAKOIUIEHHBIX MOBPEXICHHUHM OMNPENESINCh PACYETHBIM ITy-
TE€M, C y4€TOM 3aBHUCHUMOCTHU OT YMCJIAa IUKJIOB HArpy>K€HUsS OCHOBHBIX
MEXaHWYECKUX CBOHCTB Marepuanga Tpyosl — cramu 15X2HM®A.
BcenencrBue BBeieHHS B paCUE€THYIO MOJI€NIb KUHETUKH CBOWCTB Marepua-
Ja, B TOM YHCJI€ MIEPEMEHHOI0 LUKINYECKOIrO Mpejiena TEKyYeCTH, Jaxe
pacyeTHbIe TOYKU TPyObl, HAXOIUBIIUECS TPU CTATHUECKOM Harpy>KEHUU
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B YIIPYI'OCTH, IIPU IUKINYECKOM HArpyXEHUH NEPEXOJAT B IIACTUUYECKOE
cocTtosiHue. B 3TOM ciywyae mpu ONnpencsieHUH KHMHETHKHM HalpsyKEHHO-
1e(OPMHUPOBAHHOTO COCTOSIHUS IIMPHUHA TMETIM IUKIAYECKOTO YIPYro-
IUTACTUYECKOTO0 THCTEPE3UCa U, KaK CIEACTBHE, BEIMYMHA HAKOILICHHOTO
NOBPEXACHUS B 30HAX MAKCUMAJIbHON Harpy>KEHHOCTH OKa3bIBAIOTCS
3HAQYUTENBHO OOJbIIEe, YeM MpPH MOCTOSHHOM IMKJIWYECKOM IIpejene
TeKyudecTH. Takum 00pa3oM, peasn3yercsl SKCTpeMalIbHbIA y4eT HaKoILIe-
HUS TIOBPEXKICHUS, YTO O0OECIEeYMBAET pacyeT Yucliia LUKIOB O 00pa3o-
BaHUs TPEIIMHBI U J0 pa3pylIeHHUs B 0ojiee «KECTKUX» YCIOBUAX, C JIO-
NYLIEHUAMHU B 0€30MaCHYIO CTOPOHY.

Knwouesvie cnosa: nonsi HakonieHHvix noepedcoenul, Kunemuxa, mpyoa,
Mmpewuna, Yucio Yukjios.

Determination of thermocyclic loaded pipe resource
characteristics taking into account the kinetics of the basic
mechanical properties of the material

D.K. Veretimus, N.K. Veretimus

Bauman Moscow State Technical University, Moscow, Russia
E-mail: nkvmhts@yandex.ru

The low-cycle destruction of a thick-walled pipe under thermome-
chanical loading was simulated and the number of cycles before the crack
nucleation and the place of its nucleation, the direction of crack propaga-
tion and the number of cycles until the pipe was completely destroyed
were determined as a result of the analysis of the kinetics of the fields
of accumulated damages. Kinetic fields of accumulated damages were de-
termined by calculation, taking into account the dependence on the num-
ber of loading cycles of the basic mechanical properties of the pipe mate-
rial (steel 15X2NMFA). The addition of the material properties to the
kinetics model, including the variable cyclic yield stress, showed that even
the design points of the pipe, which were in elasticity under static loading,
under cyclic loading go into the plastic state. In this case, when determin-
ing the kinetics of the stress-strain state, the width of the loop of cyclic
elastic-plastic hysteresis and, as a consequence, the value of the accumu-
lated damage in the zones of maximum loading are significantly greater
than at a constant cyclic yield strength. Thus, the model provides the cal-
culation of the number of cycles before crack formation and the number of
cycles before break in more “hard” conditions, with assumptions in a safe
direction.

Keywords: accumulated damage fields, kinetics, pipe, crack, number
of cycles.
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HccienoBanue aMIUIMTYAHO-YACTOTHOM XapPaKTEePUCTUKH
HeJIMHEHHbIX KOJIe0aHUil MOBEPXHOCTH pa3jaesia
ABYXCJIOMHOM KUAKOCTH

Bun Ko Ko, A.H. Temnos

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: win.c.latt@gmail.com, antt45@mail.ru

[Ipu mpoBeneHNN AKCIIEPUMEHTAIBHBIX WCCIIEAOBAaHUN MasbIX KoseOa-
HUI MHOTOCJIONHOM KHJIKOCTH OBLJIO 3aMEUEHO BOJIM3M OCHOBHOM pE30HAHC-
HOM 4acTOThl HEJTMHEHHBIE OTKIOHEHMSI TIOBEPXHOCTH pas3felia, Mepexos-
[IME 3aTEM BO BpallaTeIbHOE JBUKEHHUE CIIOEB KUIKOCTEN. B nmpeayaraemom
JIOKJIaZIe TIPEANPHUHSITA TTONBITKA JIaTh TEOPETHIECKOE OOBSICHEHUE TT0/I00HO-
ro JBM>KEHHS TIOBEPXHOCTH pas3fielia B ABYXCIOMHOM kuakocTu. Llensto pac-
CMaTpUBacMoOi PadOTHI SIBJSIOCH TOJMYyUYSHHE YpaBHEHUN HEMasbIX KoJjeOa-
HUI TIOBEPXHOCTH pasjena JBYXCIOMHOM JKHUIKOCTH W HCCIIEIOBAaHUE
YCTOMYMBOCTHA BO3HUKAIOIIIETO BPAIATEILHOTO JBIKEHHS KMIKOCTU B TIO-
JIBVDKHOM THJTMHIPUYECKOM Oake, COBEPIIAIOIINM BO3BPATHO TOCTYIATEITb-
HEIC IBUKCHUS.

JIis ABYyX HEC)KMMAEMBbIX HECMEIIUBAIOIIMXCS HICATBHBIX KUIKOCTEH,
MOJIHOCTHIO 3AITOJIHSAIOIIUX OCECHUMMETPHYHBIN COCYT IPOU3BOIBLHOU (op-
MBI, B MPEATOIOKEHUN OTCYTCTBHUSI BUXPEBOTO JBIKEHUS B KaXKIOM >KUI-
KOCTH C(OPMYJIMpPOBaHA 3ajJada O HEMAIbIX KOJICOAHUSX IMOBEPXHOCTH
paszena JKUJIKOCTEH, cocTosas u3 ypaBHeHus Jlamnaca, ycimoBuid Hempo-
TEKaHUS Ha CMAYUBAEMBbIX [MOBEPXHOCTSX, a TAKKE KHHEMATUYECKOTO U JIU-
HaMUYECKOI'0 YCJIIOBUM Ha BO3MYILEHHOU ITOBEPXHOCTHU Pa3zeia.

[Tocne mpencraBineHus Bcex (YHKIIHA, BXOIAIINX B KHUHEMAaTHIECKOE
U TMHAMUYECKOE YCIIOBUS C MOMOIIBI0 ¢opmyibl Teinopa yepes ux 3Ha-
YeHHs] Ha HEBO3MYIIICHHON MOBEPXHOCTHU pasjieia, ObuIa ModyueHa CUCTe-
Ma HeJIMHEHHBIX YpaBHEHUH JIJ1s1 000OIIEHHBIX KOOpAUHAT oL, f3.

HccnenoBanue HEIMHEHHBIX YPAaBHEHMM IIOKa3ajlo, 4TO B CiIydae
=0 momydyeHHOe HEMWHEHHOE ypaBHEHHE JUIsl 00OOIIEHHON KOOpAHHA-

Thl O ONHUCBIBAET BBIHYKAECHHBIE KOJEOAHUS MOBEPXHOCTH pa3Jiena KuJ-
KOCTEH, MPU KOTOPBIX AMAMETP TOPU3OHTAIBHON IOBEPXHOCTH HEIOJBH-
KEeH M TEepIeHAMKYJSIpeH IUIOCKOCTH Bo30yxaenus. Ilpu =0 anamus

ypaBHEHHUH MTOKa3bIBACT, YTO BO3ZMOXKHBI KOJIEOAHHUS IOBEPXHOCTH pasiesa
OKOJIO JAMaMeTpa, KOTOPHIH BpallaeTcsi BOKPYT MPOAOJILHON OCH ITUJIMH-
JTPUYECKON TIOJIOCTH, BBIHYK/IAsl CJIOM YKHJIKOCTH COBEPIIATh BpAIIaTEIIh-
HOE JIBWKEHUE. Pe3ysibTaThl UCCIEIOBAHNI HEIMHEMHBIX YPABHEHHM MPH-
BEJICHbI B BHJIe 00JaCTEll HEYCTOMYMBOCTH BBIHY)XKJICHHBIX KOJICOAHUN U
obJyacTell mMapaMeTpUIECKOTO PEe30HAaHCA MPH PA3TMYHBIX COOTHOIICHHSIX
IUIOTHOCTEN KUIKOCTEH.
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Knwouesvie cnosa: nenuneiinvie Kkonebawus, O08YXCIOUHAA IHCUOKOCMb,
obracms Heycmouyueocmu, 2uOpoOUHamMUdecKue Kodgpghuyuenmol, peso-
HAHCHAA 4aCmoma.
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Investigation of amplitude-frequency characteristics
of nonlinear oscillations of the interface of two-layered liquid

Win Ko Ko, A.N. Temnov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: antt45@mail.ru

When conducting experimental studies of small oscillations of a mul-
tilayer liquid [1], nonlinear deviations of the interface were observed near
the main resonant frequency, then passing into the rotational motion of the
layers of liquids. In the proposed report, an attempt is made to give a theo-
retical explanation of such a motion of the interface in a two-layer liquid.
The aim of this work was to obtain the equations of considerable oscilla-
tions of the interface of two-layer liquid and to study the stability of the
resulting rotational motion of the liquid in a movable cylindrical tank per-
forming reciprocating movements.

Let two incompressible immiscible ideal liquids completely fill an ax-
isymmetric vessel of arbitrary shape. Assuming the absence of vortex mo-
tion in each liquid, the problem of considerable oscillations of the liquid
interface is formulated, consisting of the Laplace equation, non-flow con-
ditions on the wetted surfaces, as well as kinematic and dynamic condi-
tions on the perturbed interface. The velocity potentials of each liquid are
represented as the sum of the products of the generalized coordinates
o;(t) of the i-th harmonic of wave motions of liquids on the interface on

the coordinate function Bl.(k)(x, V,2).

For the mathematical description of the effect observed in the experi-
ment, two basic asymmetric harmonics excited in two mutually perpendicu-
lar planes and determined by generalized coordinates o; =a; (i=1,2):

o, =a, o, =f, and the corresponding waveforms are taken into account.

After representing all the functions included in the kinematic and dy-
namic conditions using Taylor's formula through their values on the undis-
turbed interface, a system of nonlinear equations for generalized coordi-
nates o, 3 was obtained.
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The study of nonlinear equations showed that in the case =0 of the

obtained nonlinear equation for the generalized coordinate, describes the
forced oscillations of the interface of liquids, in which the diameter of the
horizontal surface is fixed and perpendicular to the excitation plane. When
B # 0, the analysis of the equations shows that there may be oscillations of

the interface near the diameter, which rotates around the longitudinal axis
of the cylindrical cavity, forcing the liquid layers to make a rotational
movement. The results of studies of nonlinear equations are presented in
the form of regions of instability of forced oscillations and regions of par-
ametric resonance at different ratios of the density of two layered liquids.
Keywords: nonlinear oscillations, two-layered liquid, instability region,
hydrodynamic coefficients, resonance frequency.
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dyHaaMeHTAJIbHbIE U PUKJIATHbIE IPO0JIeMbI
MATeMATHYeCKOr0 MOeJIMPOBAHUS U METO/I0B HX aHAJIHU3A
NpH pellieHUN 32724 BECOBOI0 COBEPIIEHCTBA
JieTaTeJIbHbIX aNllapaToB

O.1. Bunorpanos, A.B. bensies

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: yuvino@rambler.ru, beliacv@bmstu.ru

JlocTikeHne BECOBOI'O COBEPILEHCTBA JieTaTeNbHOro anmnapara (JIA) —
npobieMa MHOro(aKkTOpHAasi, MHOTOIIApaMETpUYEcKasi, 1 HE MOXKET UMETh
UJICATFHOTO PEUICHUs B TEOpHH M Tipu co3nanuu JIA. Pemenue npoGiemsbl
110 HAaNPSDKEHHO-/1e(OPMUPOBAHHOMY COCTOSIHUIO HMEET CBOIO CIICHU(HKY.
MexaHuka TBEpAOTo AeGOpPMUPYEMOro Tella ONpeAeiseT Kak Hen30ex-
HOCTh MECTa KOHLICHTpPAIMH HampspKEHWH B KOHCTpYKIMHU JIA, koTopble
OTIPEIETISIFOT €T0 MPOYHOCTh H, KaK CIE/ICTBHE, BeC. TeopeTHYeCcKUM pele-
HHMEM 3aJ]a4d [PU 3TOM SBJSIETCS MaTeMaTHYeCKOoe MOoJeIupoBaHue (aud-
(depeHnmanbHbIe ypaBHEHUS) MEXaHUKU Je(QOPMUPOBAHUS TOHKOCTEHHBIX
aneMeHToB JIA 1 BbIOOp 3¢ (eKTUBHOTO MeTOoIa aHau3a Moaenu (audde-
PEHLMAIBHBIX YPAaBHEHHI) C KOHTPOJIMPYEMOU MOTPEUIHOCTBIO MPH pellie-
HHUU TIPUKITAIHBIX 33/1a4. B kaduecTBe MaTeMaTHYecKOW MOJIENN JIEMEHTOB
JIA mpunumaercs teopus obomouek (B.3. Bmacos [1], runoressr Kupx-
roda — JIsBa) u BrEpBbIC AHATUTUYECKH (C KOHTPOIUPYEMOH MOTPEIIHO-
CTBIO) aHAJIM3HUPYIOTCS MaTeMaTHYECKHE MOJIENU /sl Kjlacca 3ajad, orpa-
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HUYEHHOTO BO3MOXXHOCTBIO Merona Dypbe paszielieHus MEepPeMEHHbBIX
B Au(depeHINaTbHBIX YPAaBHEHUSAX C YaCTHBIMH MTPOU3BOIHBIME. Onpese-
JSIFOTCSL pa3Mepbl MECT KOHILIEHTPAIMM HANpPSLDKEHUA M UX MAaKCUMAaIbHbIE
3HaueHUs. Pe3ybTaThl MO3BOJISIOT CHU3UTH KOA((GHUIIMEHT 3armaca MpovHO-
CTH U, CJIEIOBATENIbHO, YMEHBIIIUTh BEC JIETATEIBHOIO anmnapara [2, 3].
Knrwuegvie cnosa: mamemamuueckas mooeinsb 0eqpopmuposanuss 060104KuU,
KOJIUYEeCMEEHHbIU AHAIU3 NOSPEUHOCMU.
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Fundamental and applied problems of mathematical
modeling in the design of aerospace systems

Y.I. Vinogradov, A.V. Belyaev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: yuvino@rambler.ru, beliacv@bmstu.ru

Achieving mass perfection of the aerorspace system is a multifactorial
task. As a solution search area, the stress-strain state of the structural ele-
ments of the aerospace vechicle is adopted. The mathematical modeling
(differential equations) of the thin-walled structural elements deformation is
the theoretical solution. The possibility of using the analysis method with
the control of the error of the solution is shown. The theory of shells
(V.Z. Vlasov [1], Kirchhoff-Love hypotheses) is accepted as a mathematical
model of thin-walled elements. For mathematical models that allow separa-
tion of variables in partial differential equations, a new analytical method for
controlling the error of the solution is proposed. It’s used to determine the
size of stress concentration sections and their maximum values. The proposed
method allows checking the strength of the aerospace thin-walled structure
and assessing the possibility of reducing its mass [2, 3].

Keywords: mathematical model of shell deformation, quantitative error
analysis.
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JIaGopaTopHbIii KOMIUIEKC 10 TEOPETUYECKOH MEXaHUKeE

B.B. Butymkus, }O.H. )Kurynesiies

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: fn3@bmstu.ru

B nmoxnane npuBeneHsl pe3ysbTaThl MpoBoauMoi Ha kadeape «Teope-
tuueckass Mexanuka» MITY um. H.D. Baymana paGoTbl 1mo co3naHHIO
71a00paTOPHO-UCCIIEIOBATENBCKOIO KOMIUIEKCAa 0 OCHOBHBIM pa3zzeiiam
TEOPETHUECKOM MEXaHMKH M TEOpUH KOJIeOaHWi, OTBEYAIOILIET0 COBpe-
MEHHOMY YPOBHIO HayUHBIX UCCJIEIOBAHUH U BEJCHUS Y4eOHOTO Mpolecca.

K HacrosiiieMy BpeMeHHU B JIOTOJHEHHE K OOJBIIOMY YHCIY CYIIECT-
BYIOIIMX JE€MOHCTPAIIMOHHBIX MPHUOOPOB CO31aH sl CHAOKEHHBIX U3Me-
PUTEIBHBIMU YCTPONUCTBAMH YCTaHOBOK, TIO3BOJISIONIUX MPOBOIUTH J1a00-
paTopHbie pabOTHI 1O U3YyUYEHUIO OCHOBHBIX TEOPEM U aKCUOM MEXaHHKH.
OcHOBHOE HampaBjieHHWE Tpu pa3paboTKe JAaHHOTO JIAOOPATOPHOTO
KOMIIJIEKCA 3aKJIF0YaeTCs B CO3/IaHUHM aBTOMATU3UPOBAHHBIX MOJIEIBHBIX
YCTaHOBOK, OOECIEUMBAIOLINX COCIWHEHHE MaTeMaTHYECKOTO MOJIeIH-
pOBaHMs PEATbHBIX MEXaHMUYECKHUX IMPOLECCOB C (PU3MUECKUM SKCIepH-
MEHTOM, C npuMeHeHueM OBM U COOTBETCTBYIOLIETO MPOTPaMMHOIO U
METOANYECKOTO O0ECIICUEHNUS.

Knrouesvie cnosa: meopemuueckas MexaHuka, meopus Koaebauui,
JnabopamopHsle  UCCIe008amMeNbCKUe  KOMNIEKChbl, MamemamuiecKoe
MoOenupomeaHnue, IKChepuMeHn.
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Laboratory complexon theoretical mechanics

V.V. Vitushkin, Yu.N. Zhigulevtsev

Bauman Moscow State Technical University, Moscow, Russia,
E-mail: fn3@bmstu.ru

The report presents the results of the work at the Department of Theo-
retical Mechanics, Bauman MSTU, on creation of a laboratory and re-
search complex on the main sections of theoretical mechanics and theory
of oscillations, corresponding to the modern level of scientific research
and conducting the educational process. To date, in addition to the large
number of existing demonstration devices, a number of measuring devices
have been installed, allowing laboratory work on the study of basic theo-
rems and axioms of mechanics. The main direction in the development of
this laboratory complex is to create automated model installations that
provide a connection of mathematical modeling of real mechanical pro-
cesses with a physical experiment, with the use of computers and appro-
priate software and methodological support.

Keywords: theoretical mechanics, theory of oscillations, laboratory
research complexes, mathematical modeling, experiment.

O cradmiau3anuu ABOMHOIO NEPEBEPHYTOI0 MATHUKA,
YCTAHOBJICHHOTO HA KaYeJIAX CHCO

K.JI. Bonnuukas, [1.A. Kpyunnun, A.M. ®opManbckuii

MI'Y umenu M.B. JlomoHOCOBa
E-mail: voitsitskaya96@gmail.com, pkruch@mech.math.msu.su, formal@imec.msu.ru

B pabote paccmarpuBaeTcs 3ajaya CTaOWIM3AIMH TEPEBEPHYTOTrO
JTBOMHOTO MAasiTHUKA, YCTAHOBJICHHOTO Ha TOJBMXHOW OMOpEe B BUJC
npecc-namnbe (Ha Kadensx CUCcO). YTIpaBIeHHUEM B CUCTEME SIBIISIETCS Orpa-
HUYEHHBIN 1O aOCOIIOTHON BEIMYMHE MOMEHT B MEX3BCHHOM IIApHUPE
MasTHHKA. YUYHUTHIBACTCS BSI3KOE COMPOTHBIIEHHWE B CHUCTEMe. AHaJorudy-
Has 3aJ1a4a ¢ OJJHO3BEHHBIM MasiTHUKOM paccMatpuBaeTcs B [1].

OrnuceiBaeMasi cUCTEMa MMEET TPU CTETIEHH CBOOOABI M OJMH YIpaB-
nsonit mapametp. Ilpu OTCyTCTBHM ymnpaBiieHUS CHCTEMa HMEET He-
YCTOWYMBOE TIOJIOKCHHE DPABHOBECHS, B KOTOPOM 00a 3BEHA MasTHHKA
HaIpaBJICHbl BEPTHUKAJIHLHO BBEPX, a Ka4elu HE HAKIOHEHBI. JTa CHUCTEMa
MOJICTTUPYET YeI0BeKa, KOTOPHIM CTOMT Ha KadelsX CUCO M CTPEMHTCS CO-
XPaHUTh UCXOAHOE BEPTUKAILHOE TOJIOKCHHE PABHOBECHS, TTPHUKIIAIbIBAS
MOMEHT TOJIBKO B Ta300eJpeHHBIX cycTaBaX. [locTpoeHHoe B paboTe cra-
OMIIM3HpYIOIIEee YIPABICHHE COOTBETCTBYET OAHON U3 BO3ZMOXKHBIX CTpaTe-

66 Huorcenepnoiii scypuan: nayka u unnosauyuu # 2-2020



DOI: 10.18698/2308-6033-2020-2-1960

I'Mi, pacCMaTpUBAEMBIX NPU OMOMEXaHHUYECKHX HCCIIEeOBaHUIX Mpolecca
yAEp KaHMsI 1036l YETIOBEKOM, CTOSAIIUM HAa HEYCTOMYMBOU OIIOPE.

Hcexonnas HenmHEHAs cUcTeMa YPaBHEHUH JIBUKCHHUS JIMHEApU30BaHa.
IToka3zaHo, 4TO MOJNyYEHHAs IPU TOM JIMHEHHAs CUCTEMa SIBJISIETCS BIIOJIHE
ynpasisemoil B cMbiciie Kanmana. Haiinena o61acTh ynpaiseMocTu cucTe-
MBI TIPH OTPaHIMYECHHOM T10 a0COJIFOTHOW BEJTMUMHE YIPABIISIONIEM MOMEHTE.
[TocTpoeHo ympaBieHue, CTaOMIM3HUPYIOILEE HEYCTOWYMBOE IIOJIOKEHUE
paBHOBECHSI C MaKCUMaJIbHOW 00JacThio MPUTSDKEeHUs [2]. DTo ynpasieHue
TaKOBO, YTO BCE €r0 PECYPCHl HCHOJB3YIOTCA Al MOJABJICHUS JIByX He-
YCTOMYMBBIX MOJI, KOTOPbIE COOTBETCTBYIOT JBYM HEYCTOHYMBBIM >KOP/IaHO-
BBIM TiepeMeHHBbIM. [locTpoeHHOE yIipaBlieHHEe UMEET BUJ JMHEWHOU 00part-
HOM CBS3M C HAChIIeHWEeM. | paHuiia oONacTu NPHUTSHKEHUS COCTOSHUS
paBHOBECHS MPU 3TOM YIIPABICHUM OIPENEIACTCS IyTEM PEUICHUs JIMHEH-
HBIX YPaBHEHUH IBU)KEHUS B OOpPaTHOM BPEMEHHU. JTO PEILLIEHUE CTPEMHTCS K
HpesieIbHOMY LUKy, KOTOPBI M MpeCTaBlsieT cOOOH MCKOMYIO T'PaHHILY
(cM. [2]). MBydeHo moBeaeHEe CUCTEMBI TIPU PA3TUYHBIX 3HAYCHUSX OOIIETO
KO3 PHUIMEHTA YCHUIICHUS B JIMHEHHONW 0OOPAaTHOM CBS3H U MOKA3aHO, YTO MPH
€ro pocre rpaHulla 00JacTH MPUTSKEHUS HEOrPAaHUYEHHO MPUOIIKaeTCs K
rpaHuIle 00JaCTH YIPaBISIEMOCTH.

UucneHHO NpOBEJEH aHAIW3 TPACKTOPUM IBUKEHUS B HEJIMHEWHOU
cUCTEME NPHU HAYaJIbHBIX COCTOSIHMAX, OJIM3KMX K TPaHULE O0JIACTH MPH-
TSOKCHUS JTMHEHHOU cucteMsbl. [IpoBeneHo cpaBHeHUE 00sacTel mpuTsKe-
HUS JJMHEAPU30BaHHOM CUCTEMBI M UICXOJHOW HeIMHEeWHOM. [Toka3aHo, 4yTo
00/1aCTh NPUTSHKEHUS] HETMHEWHOW CUCTEMbI HaXOAUTCS BHYTPH 00JacTu
MPUTSHKEHUS JIMHEWHOM CUCTEMBI U OJIM3Ka K HEil.

Kniwoueswie cnoga: 06y3sennvlii MaAmHuk, Heycmoudugas onopa, cmaobu-
auzayus, 061acme YnpasisaemMocmu, 001acms RPUMANCEHUS.
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On stabilization of double inverted pendulum installed
on seesaw

K.L. Voitsitskaya, P.A. Kruchinin, A.M. Formalskii

Lomonosov Moscow State University, Moscow, Russia
E-mail: voitsitskaya96@gmail.com, pkruch@mech.math.msu.su, formal@imec.msu.ru

The problem of stabilization of the inverted double-link pendulum
installed on seesaw is considered. The system is controlled by the torque
applied in the inter-link joint of the pendulum. This torque is limited in
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absolute value. The viscous resistance to the motion of the system is taken
into account. A similar problem with the single-link pendulum is consid-
ered at [1].

The studied system has three degrees of freedom and one control ac-
tion. Open loop system has an unstable equilibrium position with both
links of the pendulum directed vertically upwards and not inclined seesaw.
This system models a person who stands on the seesaw and tries to main-
tain the vertical posture using torques only in the hip joints. This stabiliz-
ing control corresponds to the so called hip-strategy. This strategy is one
of the possible strategies studied in biomechanical investigations of pos-
tural control of a person standing on an unstable support.

The original nonlinear equations of motion are linearized. The linear
system thus obtained is shown to be quite Kalman controllable. The con-
trollability region with limited in absolute value control torque is found.
Control law stabilizing the unstable equilibrium position with maximal as
possible basin of attraction is designed [2]. All resources of this control
are used to suppress two unstable modes which correspond to two unstable
Jordan variables. This control law has the form of the linear feedback with
saturation. The boundary of the basin of attraction with this control is de-
termined by solving equations of motion in reverse time. This solution
tends to the limit cycle which is the sought boundary (see [2]). The behav-
ior of the system with different gain ratios of feedback is studied. If gain
ratio grows, the basin of attraction tends to the controllability region.

Analysis of motion trajectories in original nonlinear system with ini-
tial conditions close to the boundary of basin of attraction of linearized
system is performed numerically. The attraction basins of linearized sys-
tem and original nonlinear one were compared. The basin of attraction of
the nonlinear system is shown to be within the basin of attraction of the
linearized system, and close thereto.

Keywords: double-link pendulum, unstable support, stabilisation, control-
lability region, basin of attraction.
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MeToa OIEeHKH BJIMSHUS MOTPEIHOCTEd U3TrOTOBJIEHUS
HA MEePEKPECTHYI0 YYBCTBUTEIbHOCTD
MHOTOKOMIIOHEHTHOT'0 TEH30PEe3UCTOPHOI0
CHJIOMOMEHTHOI'0 JaTYMKAa

C.H. I'aBpuiienkos, C.C. I'aBpromnH

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: gss@bmstu.ru; gavrilenkov_si@student.bmstu.ru

MHOTrOKOMIIOHEHTHBIE TEH30PE3UCTOPHBIE CUITIOMOMEHTHBIC JATYHKU
HaXOAAT LIMPOKOE MPUMEHEHHE IS 3a/ad ympaBlieHuss podoramu [1],
0CcO0eHHO KoJimabopaTtuBHbIMU. OqHOW U3 Hanbosiee KPUTHUHBIX HCTOY-
HUKOB MOTPEUIHOCTH U3MEPEHUS TAKUX JATYMKOB SIBISETCS MOTPEIIHOCTD
MEePEKPECTHON YYBCTBUTEIHLHOCTH (B3aUMOBJIHMSHUE H3MEPUTEIHHBIX Ka-
HaJIOB JaTYMKa, U3MEPSIOIINX OTIAEIbHbIE KOMIIOHEHTHI CHUJIbI — BEPTH-
KaJlbHasi cuijia, OOKOBasi CMja, MOMEHT U T. J.). B3auMoBIMSHUE MOXKET
OBITh BBI3BAH HETOYHBIM pPa3MEIIEHHEM TEH30PE3UCTOPOB Ha YIPYroM
JIIEMEHTE JIaTYMKa MO0 €ro HECOBEPUICHHOH (hOpMOW HM3-3a TMOTPEIIHO-
cTeil u3rotoBieHus. B paboTe paccMaTpuBaeTcsi METOJ OLIEHKH BIUSHUS
MOTPEIIHOCTEH U3TOTOBJICHUS Ha MEPEKPECTHYIO YYBCTBUTEILHOCTh MHOTO-
KOMIIOHEHTHOTO TE€H30pE3UCTOPHOIO CHJIOMOMEHTHOIO Jaryuka. Meron
OCHOBAaH Ha y4YeTe IMOTPEIIHOCTEH H3TOTOBJICHUSI (OCOOCHHO MOTPEIIHO-
cTeil ¢opMbI) B T€OMETPUYECKON MOJENHM paccMaTpUBAEMOTo JaTyuKa
¥ MOJICTTUPOBAHUH MEPEKPECTHON UYBCTBUTEIBHOCTH C MTOMOIIBIO OTKPHI-
TOro mporpammHoro komrmiekca Salome-Meca/Code Aster. [Tocne sToro
MIPOBOAMTCS aHAIIU3 HAMPSKEHHO-ASPOPMUPOBAHHOTO COCTOSHUS yIPYyTO-
ro B3JEMEHTAa JaT4yhKa Uil HECKOJbKHUX PACUETHBIX ciydaeB. Kaxnabii
pacyeTHBIM CITy4all TPEICTaBIIsIeT MOJCIMPOBAHKUE HAMNpPsKEHHO-IehOop-
MHUPOBAHHOTO COCTOSIHMSI JaTUYMKA MOJ JCHCTBHUEM OTAEIBHOTO KOMIIOHEH-
Ta Harpy3ku. [locie 3TOoro ompenensieTcsi BBIXOIHOM CHTHAl MOCTOBBIX
CXEMbl KaHAJIOB U3MEPEHHUI OTJEIbHBIX KOMIIOHEHTOB CHJIBI, YTO MO3BOJIS-
€T BBIYHUCIUTH MEPEKPECTHYI0 UYBCTBUTEIBLHOCTh. JTa CEpUS PACUCTHBIX
CJIy4aeB MOBTOPSETCA AJIsl KaXKIOTO TUIA MOTPEITHOCTH (hOPMBI, TIOCIIE YETO
MEPEKPECTHBIC YYBCTBUTEILHOCTUA OT KaXKIOTO TUIA MOTPEITHOCTH (POPMBI
CyMMUpYIOTCs. JIaHHBIM MeTOJ MOXeT ObITh MPUMEHEH B 00JaCTH MPOEK-
TUPOBAHUSI CUJIOMOMEHTHBIX JATUYUKOB JJIS ONPEACIICHHUS] KOHCTPYKIIUH,
KOTOpbIe Hanboyiee YCTOMYMBBI K MOTPEIIHOCTSM H3TOTOBJIEHHSI U KOTO-
pble MOXKHO OyJIeT M3TOTaBJIMBAaTh HA OOBIYHOM OOOPYIOBAaHUU, YTO MO-
KET CHU3UTh ce0ECTOMMOCTh AATYUKOB. DTOT METOJ TaK)KE€ MOXKET ObITh
HCIIOJIb30BaH TEXHOJIOTAaMU JJI1 Ha3HAUYEHUS PAllMOHAIIBHBIX JTOMYCKOB HA
YIPYTHI 3JIEMEHT AAaTYMKA MUCXOJ U3 MAKCUMAJIBHOM JTOMyCTUMOM Tmepe-
KPECTHOW UyBCTBUTEIBHOCTH. KpoMe TOro, MaHHBIM METOJ MOXET OBITh
MOIU(UIMPOBAH KaK UHCTPYMEHT JJI MPOEKTUPOBAHUS C YUYETOM TEXHO-
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JOTMYECKUX TpeOoBaHU [3] MPUMEHUTEIBHO K JPYTUM JAETAISAM MAaIluH
1 IpruOOPOB.

Knwoueswie cnosa: nozpewinocms 63aumMoBIUAHUA, MHO20KOMNOHEHMHbI
cunomomenmuuiii oamyux, Code Aster, npoexmuposanue c yuemom mex-
HOJIO2UYeCKUX Mpebo8aHul.
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Method of investigating the influence of manufacturing
errors on the cross-talk error of multi-axis strain gauge
force transducers

S. I. Gavrilenkov, S.S. Gavryushin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: gss@bmstu.ru; gavrilenkov_si@student.bmstu.ru

Multi-axis strain gauge force transducers are increasingly used for
force control in robotics [1], especially in collaborative robots. One of the
major sources of errors for multi-axis strain gauge force transducers is the
cross-talk error (mutual interference of transducer’s channels measuring
individual load components — vertical force, lateral force, torque, etc.).
Cross-talk errors stem from either imprecise placement of strain gauges on
the transducer elastic element or the irregular shape of the transducer elas-
tic element caused by manufacturing shape errors. This work considers a
method of estimating the influence of manufacturing errors on cross-talk
errors of a multi-axis strain gauge force transducer. The method is based
on including manufacturing errors (especially, shape tolerances) in the ge-
ometric model of the transducer considered and modeling the cross-talk
error using open-source FEA software package Salome-Meca/Code Aster.
After that, the stress-strain state of the transducer elastic element is ana-
lyzed for several load cases. Each load case represents a simulation of the
transducer just under a specific load component. The output signal of the
transducer Wheatstone bridge measuring circuit is calculated using the in-
formation about the stress-strain state, enabling the calculation of the
cross-talk error. This batch of load cases is conducted for each type of
shape manufacturing error; after that, the cross-talk errors from different
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shape errors are combined. In the area of transducer design, this method
can be used to find the transducer constructions, which are more robust to
manufacturing errors and can be manufactured using common machine
tools, which will lower their cost. Alternatively, this method can be used
by production engineers for assigning geometrical tolerances based on the
maximum permissible cross-talk error. Besides, the method can be modi-
fied to be used as a “design for manufacturing” [3] tool for other parts of
machines and instruments.

Keywords: cross-talk errors, multi-axis force transducer, Code Aster,
design for manufacturing
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AHanu3 u NPOCKTHPOBAHHUEC TOHKOCTCHHbBIX
0CECUMMETPHUYIHBIX 000J10YEeK HA OCHOBE
MHOTOIIapaMETPUIECCKOTO IMmoaxoaa

C.C. I'aBpromun

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: gss@bmstu.ru

W3nararorcsi TEOpPETUYECKHE OCHOBBI, YHWCICHHBIC AalTOPUTMBI U
HaKOIUICHHBIH MPAaKTHYECKHUI OIBIT B 00JIACTH pacyeTa U MPOSKTHPOBAHUS
(YHKIIMOHAJIBHBIX 3JIEMEHTOB TEXHHUYECKHX YCTPOMCTB (CEHCOPOB M aK-
TIOATOPOB), MPEICTABISIONINX CO0O0H HEMMHEHHO aehopMHpyeMbIe TOH-
KOCTCHHBIE MEXaHWYECKHE KOHCTPYKIMH B (popMe OCEeCHMMMETPUYHBIX
obonouek. [Ipouecc neopMupoBaHus 3IEMEHTOB MOXKET OBITH WHHUIINU-
pOBaH JEHCTBHEM HECKOJBKHX BHEIIHUX YIPABISIONINX BEIHYHH (BHEII-
HUX CWJ, JaBJCHMA, TeMOepaTypsl U T. 1.). [lo 3Tol mpuumHe peuieHue
3aJa4d MPOEKTUPOBaHMUSA (CHUHTE3a) KOHCTPYKIIMM CTaHOBUTCS BEChbMa
TPYAOEMKHUM U BBI3bIBAET HEOOXOJMMOCTb DPa3pabOTKU CIHEIHATbHBIX
NOJXO0/I0B, IMpEIHA3HAUYEHHBIX JIi CBOEOOPA3HOTO MPOrpaMMHPOBAHUS
ne(OpMALMOHHBIX CBOMCTB Oyaylieid KOHCTPYKIHMH. XapaKTepHOH oco-
OCHHOCTBIO M3JIaTra€MOr0 MHOTOMAPaMETPHUECKOro TOAXO0JA SBISETCS
IIOCTPOCHUE U HM3y4YCHHE THIIEPIIOBEPXHOCTH PABHOBECHBIX COCTOSHHM,
MOCTPOCHHOM B NMPOCTPAHCTBE YHPABISIOMIMX MapaMeTpoB 3aaaun. [Ipu
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YHUCJICHHOM aHAJIN3€ UCIOJb3YETCs CTPATErHs MOCIEN0BATENBHOIO HCCIIE-
JIOBaHMsI OJHONAPAMETPUYECKUX HEJIMHEHHBIX 3aJad, NpUHAIISKAIUX
MHOTI'OIIapaMeTPUUECKOMY CEMENCTBY, B KOTOPOE MOIPYy’KEHA aHAIU3UPY-
emas 3ajada. B oCHOBy anropurMa CHHTE3a MOJIOKEH IIPUEM CMEHBI NOJ-
IIPOCTPAHCTBA YIPABJIIOIIMX IapaMeTPOB, IOINOJHEHHBIM IpoLeaypon
IUTABHOI'O IIEPEX0/1a IPU CMEHE TOAIIPOCTPAHCTB.

Taxoil moaxona mperocTaBisieT BO3MOKHOCTh BapbUPOBATH B MpoOLIEC-
CE pElICHUs HE TOJIBKO NapaMeTpsl Harpy3Ku, HO M apaMeTphl, XapakTe-
pU3YIOIIHE TEOMETPHIO U (PU3UKO-MEXaHMYECKHE CBOWCTBA KOHCTPYKIIMH,
YTO 00ecreunBaeT KOHEUHYIO 1IeJIb — CHHTE3 KOHCTPYKIIMU C TpeOyeMbl-
MU JepOopMalMOHHBIMU cBoicTBaMu. [lpemmaraemas MeTOIMKa HILTIO-
CTpUPYETCS KOHKPETHBIMU IPUMEPAMHU.
Kniouegvle cnosa: monkocmennvle 000104KU, HeNUHelHOe 0eopMuposa-
Hue, MHO20NApaMempudeckuii N00X00, YUCIEHHbIE ACOPUMMDBI.

Analysis and design of thin-walled axisymmetric shells
based on multiparametric approach

S.S. Gavriushin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: gss@bmstu.ru

Theoretical foundations, numerical algorithms and accumulated prac-
tical experience in the field of analysis and design of technical devices
functional elements (sensors and actuators), which are non-linearly
deformable thin-walled mechanical structures in the form of axisymmetric
shells, are presented. The process of elements deformation can be initiated
by the action of several external control variables (external forces, pres-
sure, temperature, etc.). For this reason, the solution of the structure design
problem becomes very time-consuming and necessitates the development
of special approaches designed for programming the deformation proper-
ties of the future structure. A characteristic feature of the multiparametric
approach is the construction and study of the equilibrium states hypersur-
face, constructed in the control parameters space of the problem control
parameters. The numerical analysis uses the strategy of sequential investi-
gation of one-parameter nonlinear problems belonging to the multi-
parameter family in which the analyzed problem is immersed. The synthe-
sis algorithm is based on the method of subspace change of control param-
eters, supplemented by the procedure of smooth transition when subspaces
change.

This approach makes it possible to vary in the process of solving not
only the load parameters, but also the parameters characterizing the geom-
etry and physical and mechanical properties of the structure, which pro-
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vides the ultimate goal-the synthesis of the structure with the required
deformation properties. The proposed method is illustrated by specific
examples.

Keywords: thin-walled shells, nonlinear deformation, multiparametric
approach, numerical algorithms.

HccnenoBanue 3pPpeKTHBHOCTH MPeACKA3ATEIbHOMN
AHATHOCTHKHU HA OCHOBE HMHMTAIMOHHBIX MO/IeJ1eil
U MAIIIMHHOTO 00y4YeHMsI

AM. FapeeBl, B.1. HpOHCHKOl, JIM. Craguux', E.JO. Munaes',
ILH. FpeHJHﬂKOBl, H.C. [[aBBII[OBl’Z, AT. FI/IMa,I[I/IeBl, A.B. HI/IKOHOpOBl’z

'Camapcknii HAIMOHATBHBIH HCCIIEI0BATENBCKHIH YHUBEPCUTET UMEHU aKaJeMHKa
C.II. Koponéaa, Camapa, Poccus
2I/IHCTHTyT cucteM 00paboTku m3odpakennit — puman @HUIL «Kpucramiorpadus
n poronuka» PAH, Camapa, Poccust
E-mail: gareyev(@ssau.ru, artniko@gmail.com

[IpenckazaTenbHas OUarHOCTHKA OCHOBBIBAETCS Ha HENPEPHIBHOM
MOHMTOPHUHIE CHUCTEMBI C LIENbIO BBIBICHHUS y4acTKOB WM Y3JIOB Iaje-
HUS TPOU3BOAMTEIBLHOCTH W TNPOTHO3UPOBAHHSA Y3JI0B, HYKIAIOUIUXCS
B o0cmyxuBaHud. KitoueBoe NpeuMyIIecTBO METOAOB JMArHOCTHUKH,
OCHOBaHHBIX Ha MAaIIMHHOM 00y4YeHHH [1], M0 cpaBHEHHIO ¢ METOAAMHU Ma-
TEMaTUYECKOTO MOJICTUPOBAHUS [2] B TOM, UTO I TIOCTPOEHUS YCIIEIITHO-
rO anropuT™Ma OOHAPY)KEHHUsI HEHCIIPABHOCTEH HE TpeOyeTcs MOCTPOCHUS
TOYHOM (puznyeckoit Monenu. O HAKO Ha ATale NepBOHAYAIBLHOIO 00y4e-
HHSI MOXET BOSHUKHYTh ITpo0OJieMa HEXBATKU JIaHHbIX. B HacTosdmiel pabote
UCCIIEAyeTCd MOAXOJA K IPEICKA3aTeIbHOW JMAarHOCTHKE Ha OCHOBE Ma-
HMIMHHOTO OOYYEHHS C MCIIOJIhb30BaHHEM MMHTAIIMOHHOW MOJIETH yisi (op-
MHPOBaHUsI UCXOTHOI 00yyaroieil BEIOOPKH.

Uccnenyercs anextporunpomexannueckuit yzen (3I'MY) nomauu pa-
6ouell KUIKOCTU B TEXHOJIOIMYECKOM KOMIUIeKce. OCHOBHBIMM 3JIEMEHTa-
Mu DI'MY SBASIOTCS: 3IEKTPOABUTATEh, OOBEMHBINH HACOC, MTPEIOXPaHU-
TEJIBHBIM KJIallaH, THEBMOTMIPABINYECKUN aKKyMyJsaTop. s umuranuu
pa3nuuHbIX ycnoBui pabotel DI'MYVY wucnonezyercs NponopLyuoHaIbHBIN
pacupenenuTesb, yCTaHABIMBAEMbI B HAIIOPHOW T'MAPONIMHUAN. B KauecTse
HEHCIIPABHOCTEW PAacCMaTPUBAIOTCS BHEIIHAS HETEPMETHUYHOCTh I'MIPOCH-
cTeMsl, yTeuka raza u3 [1I'A B atmocepy 1 mojoMka npy>KHHbI IpeJoXpa-
HUTEIBHOIO KJjamaHa. J[nd wnccnenoBaHus JMHAMUYECKUX IIPOLIECCOB
B OI'MY pazpaboraHa ero WMHUTaMOHHas Mozenb Ha 0Oase IIO
SimulationX. B pe3ynsrare MoaenupoBanus chopMupoBaHa 0a3a JaHHBIX
B BHUJIE MAacCHBOB 3HAUEHUN OCHOBHBIX MApaMETPOB CHUCTEMBI (pacxonx H
JaBlieHne paboueil cpelibl), MOMYUYEHHBIX MPU PA3IUYHBIX €€ COCTOSHUSX.
[TonyuyeHHbIe JaHHBIE UCTIONB30BaHbI J1s1 00yUYeHUs KIaccu(pukaTopa.
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JIJiss TMarHOCTHKY HEHWCIIPAaBHOCTU UCIOIB30Balach CXeMa Ha OCHOBE
YETBIPEXCIIOWHON HEHPOHHOW CETH ¢ aKTHBAIMOHHOW (yHKIMEH softmax
B nocsiefiHeM ciioe U selu [3] B ocTanbHBIX. ApXUTEKTypa CEeTH ONHCHIBA-
ercsa cuenyrommm  obpasom: Flatten-D(200)-D(100)-D(50)-D(2), rtae
Flatten — mpeoOpa3oBaHre BXOJHOTO MHOTOMEPHOTO MAacCHBA B IJIOCKHIA
BEKTOp 3HaueHUM, a OykBod D o00o03HayaeTCs MOJHOCBS3HBIA ciou. JlJis
00y4eHUsT HA OCHOBE HMCXOJHBIX JAHHBIX OBUIH CTC€HEPUPOBAHBI JaHHBIC
MPOXOJIOM CKOJB3sero okHa pasmepom 100 co cmemennem 100. bruio
MPOBEJICHO O0yUYeHUE W BaJIHAallvs Kak Ha MOAEIbHBIX, TAaK U HAa CTCHJIO-
BBIX JaHHBIX.

[IpoBenenHOE HccleAOBaHNE MOATBEPIKIAET MEPCICKTUBHOCTE MPE-
JIO’)KEHHOTO TMOJIX0/]a MCTIOIb30BaHMS JJAaHHBIX, MOJYUYEHHBIX HA UMUTAIH-
OHHOUM MOJENH ISl 00y4YeHUs KIaCCH(PUKATOPOB TUATHOCTHKU HEUCIIPAB-
HOCTEM.

Knrouesvie cnosa: npedckazamenvhas OUacHOCMUKA, HEUPOHHblE cemu,
Simulation X.

JIuteparypa

1. Gao Z, et al. A Survey of Fault Diagnosis and Fault-Tolerant Techniques. Part I:
Fault Diagnosis with Model-Based and Signal-Based Approaches // IEEE Trans. on
Industrial Electronics. 2015.

2. Gao Z, et al. A Survey of Fault Diagnosis and Fault-Tolerant Techniques. Part II:
Fault Diagnosis with Knowledge-Based and Hybrid/Active Approaches // IEEE
Trans. on Industrial Electronics. 2015.
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Predictive maintenance effectiveness research based
on simulation models and machine learning

AM. Gareevl, V.L Protsenkol, D.M. Stadnikl, E.Y. Minaevl,
P.IL Greshnyakovl, N.S. Davydovl’z, A.G. Gimadiev', A.V. Nikonorov'*

'Samara National Research University, Samara, Russia
? Image Processing Systems Institute, FSRC branch Crystallography and Photonics,
Russian Academy of Science, Samara, Russia
E-mail: gareyev(@ssau.ru, artniko@gmail.com

Predictive maintenance is based on continuous monitoring of the sys-
tem. The goal of this approach is identification of nodes where perfor-
mance reduced and predicting nodes that need the maintenance. A key ad-
vantage of machine-learning-based diagnosis methods [1] over
mathematical modeling methods [2] is that it does not require develop-
ment of an accurate physical model to build a successful fault detection
algorithm. However, during the initial training phase, a data shortage
problem may occur. In this paper, we study the approach to predictive
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diagnostics based on machine learning using a simulation model to form
the initial training sample.

The electro-hydromechanical unit (EGMU) of the working fluid sup-
ply in the technological complex is investigated. The main elements of the
EGMU are: electric motor, displacement pump, safety valve, pneumohy-
draulic accumulator. To simulate various operating conditions of the
EGMU, a proportional distributor installed in a pressure hydraulic line is
used. As malfunctions, external leakage of the hydraulic system, gas leak-
age from the PHA to the atmosphere and breakage of the safety valve
spring are considered. To study dynamic processes at EGMU, its simula-
tion model based on SimulationX software has been developed. As a result
of modeling, a database was formed in the form of arrays of values of the
main system parameters (flow rate and pressure of the working medium)
obtained at its various states. The data obtained were used to train the clas-
sifier.

For malfunction detection, we used a classifier based on a four-layer
neural network with softmax activation function in the last layer and selu
[3] in the rest. The network architecture is described as follows: Flatten-
D(200)-D(100)-D(50)-D(2), where «Flatten» is the transformation of the
input multidimensional array into a flat vector of values, and «D» denotes
a fully connected layer. Training dataset samples were generated by split-
ting the original timeseries into windows of size 100. Training and valida-
tion was done on both model and experiment data.

The study confirms the prospects of the proposed approach of using
simulation model data for training fault diagnosis classifiers.

Keywords: predictive maintenance, neural networks, SimulationX.
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ba3a 1aHHBIX M0 HEUCTIPABHOCTAM
JIEKTPOTHAPOMEXAHNYECKHUX Y3JI0B M UX UMHUTAIUSA
B Mmpoluecce IKCIEePUMEHTAJIBLHBIX UCCIeT0BAHUI
THAPABJIHYECKUX CHCTEM

A.M. T'apees, U.A. TTonensuiok, J[.M. Ctaagnuk, B.51. CBepOuios

CaMapckuii HallHOHATBHBIN UCCIIEA0BATEIECKIN YHHBEPCUTET
nmenn akagemuka C.I1. Koponésa, Camapa, Poccust
E-mail: v.sverbilov@mail.ru

Jist moBbimeHust 3 GEKTUBHOCTH TUATHOCTUPOBAHUS AIIEKTPOTHIPO-
MexaHuueckux y3iaoB (OI'MY) ruapaBiauuecKux CHUCTEM MO JUHAMUYE-
CKUM XapaKTEpHUCTUKaM IIeJIeCOO0pa3HO MMETh MMHUTALMOHHBIE MOJENN
XapaKTEepHBIX HeHclpaBHOCTeH. Takol Moaxon MO3BOJISIET 3apaHee, elle
Ha JTale MaTeMaTU4YeCKOro MOJEIMPOBAHHUs, OLEHUBATH BIIMSHHUE pa3-
JUYHBIX HEHCHpaBHOCTEN Ha ¢yHKIMOHUpoBaHue DI'MVY Ha ocHoBe 0a3bl
JTAHHBIX 10 HEUCIIPABHOCTSAM M MX MMHUTALMOHHBIM MoJeIsIM. B nokmane
[pOaHaJIM3UpPOBaHA CTaTUCTHYECKass MH(pOpMALUs U3 JIMTepaTypHbIX HC-
TOYHUKOB O XapaKTepHbIX HeucnpaBHOcTIX OI'MYVY, paccMoTpeHs! npu-
YMHBI X BO3HUKHOBEHUS U BIUSHMS Ha (DYHKIIMOHUPOBAHUE THPaBINYE-
ckux cucreM. CdopmupoBaHbl HOBBIE 0a3bl JaHHBIX IO THIIOBBIM
HEHUCIPAaBHOCTAM, BKJIIOYAIOIIUM BHYTPCHHHME M BHEIIHUE YTCUKH, 3aJIH-
NaHWe 30JI0THHUKOB, JAETpagaluio padodel »uakocT. s mpeacTaBieH-
HBIX HEUCIpPaBHOCTEH pa3paboTaHbl U HCCIENOBaHbl MX MMHMTALMOHHBIC
monenu B nporpammHoM makere MATLAB/Simulink. Onucana peanuza-
U1 JAHHBIX HEUCIPAaBHOCTEH Ha I'MIpPaBIMYECKOM CTEHJE A BepU(U-
Kallul UX Marematudyeckux Mmoneneid. IlpemnoxkenHas 6a3a JaHHBIX IO
HEHUCTPABHOCTAM TI0JIE3HA MPU JUArHocTuke coctosinus I'MY rugpas-
JIMYECKUX CUCTEM IIPU JOBOJAKE U HKCILIYaTALMH.

Knwouesgwie cnosa: 6asza oannvix Heucnpasnocmell, OUASHOCMUPOBAHUE,
OuHamu4eckue ceolUcmed, MoOeIuposarue, mecmuposaHue.

Database on faults of electro-hydro-mechanical units
and their simulation in the course of pilot studies
of hydraulic systems

Albert Gareev, Ilya Popelnyuk, Dmitry Stadnik, Viktor Sverbilov

Samara National Research University, Samara, Russia
E-mail: v.sverbilov@mail.ru

For increase in efficiency of diagnosing of electro-hydro-mechanical
units of hydraulic systems on the basis of dynamic properties it is reasona-
ble to have simulation models of typical faults. Such approach allows
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estimating in advance (at a stage of mathematical modeling) influence of
different faults on functioning of hydraulic systems. In the paper, statisti-
cal information from literature sources on typical faults of electro-hydro-
mechanical units is analyzed, the reasons of their occurrence and influence
on functioning of hydraulic systems are considered. New database on typ-
ical faults is formed. It includes internal and external leakages, spool and
sleeve sticking, degradation of working fluid. For the faults presented in
the database, simulation models are developed and studied in the
Matlab/Simulink software package. Implementation of these faults at the
hydraulic test bench for verification of their mathematical models is de-
scribed. The proposed database of faults will be helpful for diagnosing of
the state of electro-hydro-mechanical units of hydraulic systems in the op-
eration and the pilot studies

Keywords: database of faults, diagnosing, dynamic properties, simulation,
testing.

AHaJIM3 pe3yJIbTATOB YUCJICHHOT0 MOACJIUPOBAHUA
yAapHO#U ae)opMaLMU YACTHL IPU HAHECCHUU
MOPOIIKOBBIX NOKPBITUH

M.I'. I'mop6enmmmze, B.FO. Xpucrocora

CamMapckuii HallMOHAJIBHBIIN HCCIIe0BATENECKUN YHUBEPCUTET
nmenn akagemuka C.I1. Koponéra, Camapa, Poccust
E-mail: m.giorbelidze@ssau.ru; hristosova@mail.ru

3ammTHEIe U (DYHKIMOHAJIBHBIE CBOMCTBA MOPOILIKOBBIX IMOKPBITUN
3aBHCAT OT OOJIBIIOTO KOJIMYECTBA TIEPEMEHHBIX (PaKTOPOB, BO3HUKAIOIINX
C MOMEHTa MOJTrOTOBKHU IMOPOIIKOBOIO MaTepuala, ero HarpeBa, ycKope-
HUS U TIEpEeHOCa B Ta30BbIX MOTOKAaX M MOCIEAYIOIIEro B3aUMOJICHCTBUS
C TIOBEPXHOCThIO JeTanu [1-6]. YacTuipl NOpPOIMIKOBOrO MaTepHuaia UMEIOT
CYIIECTBEHHBIN pa3zdopoc Mo pa3MepaM U CYIIECTBEHHO OTIMYAIOTCS MO CKO-
POCTSIM, TpPACKTOPUSIM MBIDKCHHUS, TeMIlepaTypaM HarpeBa U XapakTepy
YIAQpPHOTO B3aMMOJEHCTBUS. OTH TNPUUYMHBI NPUBOJAT K CYLIECTBEHHOMY
paz0pocy (pU3MKO-MEXaHHMYECKUX CBOMCTB WM3-3a2 CYIIECTBEHHO OTIHMYAIO-
HIUXCS YCIOBHI 00pa30BaHusl OTJACIBHBIX KIACTEPOB CTPYKTYPbI TOKPBITHSL.

[IpoBeneHO YMCIIEHHOE KOHEYHO-JIEMEHTHOE MOJEIUPOBAHUE YIap-
HOU AedopManuy YacTHIl O JKECTKYIO INperpagy B MPOrpaMMHOHN cpene
ANSYS. Ilpu MoaenupoBaHUN HCTIOIB30BAIMCH TPAIUIIMOHHBIE (PpaKIuu
nopomkoBoro wmarepuana Ni-Co-Cr-Al-Y u y4YuTBIBaIUCH CKOPOCTH
U TeMIIepaTyphl HarpeBa XapaKTEpPHbIX YACTHIl 3TUX (pakUuil B COOTBET-
CTBUU C peajbHBIMU pexXUMaMH HamblieHHs. MccrnenoBanoch OJHOBpe-
MEHHO€ BJIMSHUE TEIJIOBOTO U KUHETHUYECKOTO (haKTOPOB MpoIlecca Hallbl-
JIeHHs Ha CTeNeHb yAapHOH aedopMaiuu, JUIMTENBHOCTh yjAapa M Ha
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napameTpsl (popMHUpPYIOLIEToCs KilacTepa MOKPBITHS. PasHble ckopocTh
¥ TEeMIIepaTypbl HarpeBa 4acTHIl Pa3HOTO pa3Mepa MPUBOIAT K 0Opa3oBa-
HUIO KJIACTEPOB C CHJIBHO OTIMYAIOUIMMHUCS TTapaMeTpaMH U pa3HOM 30HOU
KOHTaKTa. JTO HEN30€KHO MPUBEAET K CHIKCHHIO TIPOYHOCTH CIETUICHUS
C TIOBEPXHOCTHIO JE€TAI M BOSHUKHOBEHHIO aHU30TPOIINU CBOMCTB. YcTa-
HOBJICHO, YTO HauOoOJblIee BIUSHHE HA yJapHYIO Ae(OPMALUIO YacTHII
OKa3bIBaeT TEMIIepaTypa HarpeBa, a Ha JIUTEIBHOCTh ylapa — CKOPOCTh
JaCTHIIBL.

Hccnedosanue evinonneno npu @urancosoi noooepixcke PODOU
6 pamkax HayyHoeo npoekma Ne 18-38-0095919.
Knioueswie cnoga: nopouikogvie NOKpbImus, YUCIEHHOE KOHEUHO-I1eMeHM-
HOoe MoOenuposaHue, yoapras degopmayus, Kiacmep.

Jluteparypa

1. bBapsunok B.A. Ilna3Ma B TEXHOJIOTUH, HAJIEKHOCTh, pecypc. MockBa: Hayxa u tex-
Hozoruu, 2005. 456 c.

2. Bapeunox B.A., Boeoanosuu B.M. ®usmdeckoe W MaTeMaTHYSCKOE MOICTHPOBAHUE
Tporiecca (GOPMHUPOBAHNS ME3OCTPYKTYPHOYTIOPSAOYECHHBIX TIa3MEHHBIX TTOKPHITHH //
Kypnan texanaeckoit puzuku. 2012. T. 82, Bem. 2. C. 105-112.

3. bobpos I'B., Unvun A.A., Cnexmop B.C. Teopuss m TexHOJOTHA (POPMUPOBAHUI
HEOpraHuYecKHuxX MoKpeITHA. MockBa: Anbha-M, 2014. 925 c.

4. Anxumos A.Il., Knunxos C.B., Kocapeg B.®., @omun B.M. XonogHoe ra3oquHaMu-
Yyeckoe HamblIieHue. Teopus u npaktuka. Mocksa: @usmariur, 2010. 536 c.

5. Ily3psaxoe A.®. TeopeTuueckrue OCHOBBI TEXHOJOIMM IJIA3MEHHOTO HAalbUICHMUS.
Mocksa: U3n-s8o MI'TY um. H.3. baymana, 2003. 458 c.

6. Heimann R.B. Plasma spray coating. Weinheim: VCH Verlagsgesellschaft GmbH,
1996. 352 p.

Analysis of the particle shock deformation numerical
simulation results during powder coating

M.G. Giorbelidze, V.Yu. Hristosova

Samara National Research University, Samara, Russia
E-mail: m.giorbelidze@ssau.ru; hristosova@mail.ru

Protective and functional properties of powder coatings depend on
a large number of variable factors arising from the preparation of the pow-
der material, its heating, acceleration and transfer in gas flows and subse-
quent interaction with the surface of the part [1-6]. The particles of the
powder material have a significant variation in size and differ significantly
in speeds, trajectories, heating temperatures and the nature of the impact
interaction. These reasons lead to a significant dispersion of physical and
mechanical properties due to significantly different conditions for the for-
mation of individual clusters of the coating structure.
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Numerical finite element modeling of particle shock deformation
against a rigid barrier in ANSYS software environment is carried out. The
simulation used traditional fractions of Ni-Co-Cr-Al-Y powder material
and took into account the heating rates and temperatures of the character-
istic particles of these fractions in accordance with the actual spraying
modes. The simultaneous influence of thermal and kinetic factors of the
deposition process on the degree of shock deformation, the duration of the
impact and the parameters of the emerging coating cluster was studied.
Different speeds and temperatures of heating particles of different sizes
lead to the formation of clusters with very different parameters and differ-
ent contact zone. This will inevitably lead to a decrease in the adhesion
strength to the surface of the part and the appearance of anisotropy proper-
ties. It is established that the greatest influence on the shock deformation
of particles is exerted by the heating temperature, and on the duration of
the impact — the speed of the particle.

The reported study was funded by RFBR according to the research
project No. 18-38-0095919.

Keywords: powder coatings, numerical finite element modeling, shock de-
formation, cluster.
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Onenka NPUMEHNUMOCTH KBA3UCTATHYECCKOI'0 1oaxoaa
B 3aa4€ 0 ABYX3B€HHOM A3POIMHAMUYIECCKOM MAsiITHUKE

A.IL Tomy6, FO./1. Cenmroukuit

HUUM mexaanku MI'Y, Mocksa, Poccus
E-mail: holub.imech@gmail.com

PaccmarpuBaeTcst JByX3BEHHBINM adpPOJAUHAMHUYECKUN MasTHUK, BIOJb
BTOPOT'0 3B€HA KOTOPOTO PAacCMOJI0KEHO CUMMETPUYHOE KPbUIO. A3poau-
HaMH4Y€CKOE BO3JIEHCTBUE HA KPBUIO OIKMCHIBACTCS C IIOMOILBIO KBAa3UCTa-
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THYECKOTo Toaxoja. MceaemyeTcs BAMSHUE MOJOXKEHUS Kpblla Ha MOBe-
JeHue MasTHUKA. [Toka3aHo, 4To B OMpPEICICHHOM Jnaa3oHe mapaMeTpoB
CHCTEMbI CYIIECTBYIOT J[BA YCTAHOBHBIIHXCS KOJICOATETbHBIX pPEKUMA.
[IpoBeneH CpaBHUTEIbHBIM aHAIN3 PE3yJbTATOB YHUCICHHOTO MOJEIHPO-
BaHMS U dKCIIepuMeHTa. /laHa olleHKa MPUMEHUMOCTH KBa3UCTATHYECKOTO
HOX0/a ISl OMMCAHKS a3POAMHAMHYECKOTO BO3ICHCTBUS Ha CHCTEMY.
Kniouesvie cnosa: xonebanus, Masmnukogvie CUCMEMbl, K8AZUCTAMUYE-
CKULl N0OX00, a3POOUHAMUKA.

Estimation of the applicability of the quasi-steady approach
in the problem of a double aerodynamic pendulum

A.P. Holub, Yu.D. Selyutskiy

Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: holub.imech@gmail.com

A double aerodynamic pendulum is considered with a symmetric wing
fixed to the second link. The aerodynamic load is described with the qua-
si-steady approach. The influence of the position of the wing on the be-
havior of the pendulum is studied. It is shown that two steady oscillatory
regimes exist in a certain range of system parameters. Comparative analy-
sis of results of numerical simulation and experiments is performed.
The applicability of the quasi-steady approach for description of the aero-
dynamic load in this system is assessed.

Keywords: pendulum systems, quasi-steady approach, aerodynamics.

Hcnoab3oBanue nepdopaumu NnoBepXHOCTH
JJISl yIIPABJICHUS] 23POAUHAMNYECKMMHU XaPpAKTePUCTHKAMHU
JIETATEJbHBIX allllapaTOB U MX 3JIEMEHTOB NPH J03BYKOBBIX
CKOPOCTSAX 00TeKAHUSA

A.T. Tony6es, E.I'. Cronaposa, M. /1. Kanyruna

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: alexeygg@mail.ru, maria224466(@yandex.ru

[lepdopanus o0TexkaeMoil MOBEPXHOCTH SIBJISIETCS OJHUM H3 CIIOCO-
00B yIpaBiIeHHs NapaMeTpamMH oOTeKaHMs JIeTaTeJbHbIX anmnaparoB (JIA)
U OTIENbHBIX 3JEMEHTOB KOHCTpykumu [1]. Mcmonb3oBaHue CKBO3HOU
nepdopany MO3BONSIET HU3MEHATh CTPYKTYphl OOTEKaHus, a CleIoBa-
TEJIbHO, adpoauHaMudeckue xapakrepuctuku (AX) JIA.

B nanHo#t pabore mpencraBieH 0030p HCMOJIB30BaHUS mHephopupo-
BaHHBIX MOBEPXHOCTEH MPHU J03BYKOBBIX CKOPOCTSAX OOTEKaHUS pa3iind-
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HBIX pasHoBuaHOCTeH JIA. Bojee neTanbHO paccMOTpEH Ipolece o0TeKa-
HUs TIepOPUPOBAHHON U CIUIONTHOW IUIOCKOM TUTACTHHBI ITyTEM MOJICITH-
poBanus B mporpamme SolidWorks B makere FlowSimulation, rae mpose-
JIEH 4YMCJICHHBIH pacyeT a’dpoAMHAMHYECKUX XapPaKTEPUCTHUK IUIACTHH
C Pa3NUYHOM CTENeHbI0 mepdopanuy Ha pa3IUYHBIX YIJIaX aTakd. Bel-
IIOJIHEH aHalU3 IOJYYEHHBIX pe3yJbTaTOB M IPEJACTABICHO CPaBHEHHE
C OKCIIEPUMEHTAJIbHBIMU IaHHBIMH.

Jliis mpoBeieHHs Ipoliecca MOJIEIMPOBAHUS TPEXMEPHOTO OOTEKaHUs
ObuTH BBIOpaHbI TUIOCKas Iep(OpUpOBaHHAS IJIACTUHA C JITUHON CTOPOHBI
L = 0,15 m, tommuaoi b = 0,002 M, paguycoM CKpYTJIEHHS CTOPOH
r = 0,001 M u HenepdopupoBaHHAsE ¢ TAKUMU K€ T€OMETPUUECKUMH T1a-
pameTpamu. YTJbl aTakd U3MEHSIUMCh B Auamnazone o = 0°...90° ¢ marom
Ao = 30°. [TapameTpsl 103ByKOBOT0 IIOTOKAa COOTBETCTBOBAJIMN YucTy Peil-

Hombica Re = 2,5-10°, pacCYMTaHHOMY I10 JJIMHE IIJIACTUHBI.

OCHOBHBIM OTIMYHEM OOTeKaHUS EPPOPUPOBAHHON MIACTHHBI SBIIS-
€TCs TIEPETOK BO3/ayXa uepe3 mepdopannio ¢ HaBETPEHHON CTOPOHBI Ha
MoJIBETpeHHY0. B pe3ynbraTte monenupoBaHus ObUIO YCTAHOBIIEHO, YTO
MPU MaJIbIX YIJIaX aTakKl MHTEHCHUBHOCTH CTPYEK BO3/AyXa, MPOXOJSAIIUX
CKBO3b INepdopalnio, YMEHbIIAETCS C YBEIHMUYEHHUEM DPACCTOSIHHS OT Tie-
peaHel KPOMKHU U3-3a YMEHBILICHUS Pa3HUIIbI JABICHUN MEX]y MOJBET-
PEHHOM M HaBETPEHHOM CTOpOHAaMH IUIacTUHBI [2]. CKOpOCTh Ha BXOJIE
B OTBEPCTHS, PACTIONIOKEHHBIE OJIM3KO K TIEpeIHEN KPOMKE TIACTHUHBI, TIO-
YTH COBMAJaeT ¢ HOPMAJIbIO K TUNIOCKOCTH IUIACTUHBI, TOATOMY UX 3 dek-
TUBHAas IUiomaab Oonbiie. [lpyu yBennmueHun yriia ataku KapThHA UX 00-
TekaHust MeHseTcs ciabo. [Ipu o = 90° HHTEHCUBHOCTH MEPETOKA BO BCEX
OTBEPCTUSX MPAKTUUYECKU OJIMHAKOBA HE3aBUCUMO OT UX PACIIONOKEHHUS.

Teyenue dvepe3 mepdoparuio NMPUBOIUT K 0Opa30BaHUIO JOTIOJIHHU-
TEJIbHBIX MEJKHX BUXpPEW Ha MOJABETPEHHOW CTOPOHE IIACTUHBI. MHTEH-
CHUBHOCTb 3TOTO IPOIIecca 3aBUCUT OT CTETNEeHH Meppopauu U yria aTaku.

[Toy4yeHHbIe pe3ynbTaThl MOTYT OBITH TIOJIE3HBI MPU MPOSKTUPOBAHUN
COBPEMEHHBIX CaMOJIETOB U PaKeT, MOCKOIbKY OJaroaapsi UCIOIb30BaHUIO
nepQOpUpPOBAHHBIX TOBEPXHOCTEH CTAHOBHUTCS BO3MOXXHBIM MOBBICUTH
3¢ (HeKTUBHOCTh (PYHKIIMOHUPOBAHUS OPraHOB YIIPAaBJICHUS JIETATEIbHbBIX
arnmnapaToB pa3IMYHOIO Ha3HAUYCHHUS.

Knroueswie cnosa: nepghopuposantvie nosepxHocmu, aspoouHamuieckKue
Xapaxkmepucmuku, 0038yKogoe obmexkanue.
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The use of surface perforation to control
the aerodynamic characteristics of aircraft
and their elements at subsonic flow speeds

A.G. Golubev, E.G. Stolyarova, M.D. Kalugina

Bauman Moscow State Technical University, Moscow, Russia
E-mail: alexeygg@mail.ru, maria224466@yandex.ru

Perforation of a streamlined surface is one way to control the parame-
ters of the flow around aircraft and individual structural components [1].
The use of perforation allows you to change the flow structure, and there-
fore the aerodynamic characteristics of the aircraft.

This paper presents an overview of the use of perforated surfaces at
subsonic speeds around various types of aircraft. The flow around a perfo-
rated and solid flat plate is considered in more detail by simulating in the
SolidWorks program in the FlowSimulation package, where the aerody-
namic characteristics of plates with different degrees of perforation at dif-
ferent angles of attack are numerically calculated. An analysis of the re-
sults obtained and a comparison with experimental data are performed.

To carry out the process of modeling three-dimensional flow around,
a flat perforated plate with a side length L = 0.15 m, a thickness » = 0.002 m,
a spherical radius of the sides » = 0.001 m and non-perforated with the same
geometric parameters was chosen. The angles of attack varied in the range
a = 0°...90° in increments of Aa = 30 °. The subsonic flow parameters corre-

sponded to the Reynolds number Re = 2.5-10° calculated from the plate

length.

The main difference between the flows around a perforated plate is the
flow of air through perforations from the windward side to the leeward
side. As a result of modeling, it was found that at small angles of attack,
the intensity of air streams passing through the perforation decreases with
increasing distance from the leading edge due to a decrease in the pressure
difference between the leeward and windward sides of the plate [2]. The
speed at the entrance to the holes located close to the front edge of the
plate almost coincides with the normal to the plane of the plate, so their ef-
fective area is greater. With an increase in the angle of attack, the picture
of their flow around doesn’t vary significantly. At a = 90 °, the flow rate
in all perforations is almost the same regardless of their location.

The flow through the perforation leads to the formation of additional
small vortices on the leeward side of the plate. The intensity of this pro-
cess depends on the degree of perforation and the angle of attack.

The results obtained can be useful in the design of modern aircraft and
rockets, because through the use of perforated surfaces it becomes possible
to increase the efficiency of the controls of aircraft for various purposes.
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IloBeaeHue MIECTUHOTOrO POOOTA B ABAPUITHOI CUTyallMU

10.®. Tony6es', B.B. Kopsinos', E.B. Menkymosa®
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[TokazaHo, 4TO aBTOHOMHOE CIACEHHE IIECTUHOTOW MaIlNHbI U3 aBa-
PUITHOTO TIOJIOKEHUST «BBEPX HOTaMH» BO3MOXHO C MOMOIIBIO IUKIYE-
CKOTO ABM)KEHHS HOT, €CJH KOPIyC MMEET BEPXHIOI O0OJI0UKY B BHJE
yCEeUeHHOTO InHapa. [Ipenoxen MeTon packaunBaHus Kopiryca, obec-
NEYMBAIOLIMNA NIEpEeBOPOT KOpITyca U BO3BpallleHue podora B pabouee mo-
JI0’)KeHue. BBINOTHEHO aHATUTHYECKOE HCCIIENOBAaHUE U KOMITBIOTEPHOE
MOJIETTUPOBAHUE TIOTHOW AMHAMUKH poOOTa, moaTBepauBIIue 3G (hHeKTuB-
HOCTh pa3pabOTaHHOW METOIUKH /ISl BOCCTAHOBJICHUS (DYHKIIMOHAILHOU
COCTOSITENILHOCTH poOoTa. [IpuBOASTCS pe3ynbTaThl YUCICHHBIX KCIEPH-
MEHTOB M COOTBETCTBYIOIINE BUaeoMaTepuaisl. [Ipu aBmxennn podora mo
0€310pOKbI0 MOTYT BO3HHMKATh pa3Hble aBapuiiHble cutyaruu. [lpu
OTCYTCTBHH TIOJIOMOK HauboJiee KaTacTpOQHIHBIM MPECTABISCTCS CITyJaid,
KOIJla M3-3a MajeHus poOOT OKa3bIBaeTCs B IEPEBEPHYTOH MO3UIMU
C HOraM¥, OpMEHTUPOBAHHBIMHU BBEPX, U KOPITYCOM, JISKAIIM Ha ONOPHOM
TIOCKOCTH. 1711 MHOTOHOTOro po60Ta ¢ KOPITyCOM B BUJIE MPSMOYTOJILHOTO
napajuieienunea  oOpaTHBI TEepPEeBOPOT KOpIyca TPYIHOBBIIOIHUM.
Bo3MoskeH crmacuTenpHBIA BapHaHT, KOT/a 3a CUYET KOHCTPYKIHUU PoOoTa
MOYXHO JIBUTAThCS M B TIEPEBEPHYTOM TOJI0KECHHH.

Paboma evinonnena npu ¢unarcosoti noooepicke PODPU (npoexm
Ne 19-01-00123 A).

Knrouesvie cnosa: wecmunozuii pobom, agaputiHas cumyayus, nepeso-
pom Kopnyca, packaiusanue.
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Behavior of the six-legged robot in emergency situation

Yu.F. Golubev 1’2, V.V. Koryanov ! E.V. Melkumova?

! Keldysh Institute of Applied Mathematics, RAS, Moscow, Russia
2Lomonosov Moscow State University, Moscow, Russia
E-mail: golubev@keldysh.ru; elena v_m@mail.ru

It is shown that the Autonomous rescue of a six-legged machine from
an emergency position “upside down” is possible with the help of cyclic
movement of the legs, if the body has an upper shell in the form of a trun-
cated cylinder. A method is proposed of rocking the body, which provides
a flipping of the body and the return of the robot to the operating position.
An analytical study and computer simulation of the full dynamics of
the robot were fulfilled which confirmed the effectiveness of the devel-
oped technique for restore the functional capability of the robot. The re-
sults of numerical experiments and corresponding video materials are pre-
sented. When a robot moves cross country, emergency situations can
occur. Except for hardware failures, the worst of such situations is the case
when the robot turns out to be in the upside down position when its body
lies on the supporting plane with its legs upwards. For a multi legged ro-
bot with a box-shaped body, it is extremely difficult to bring itself to
the normal position. A possible way out is the have a special leg design
enabling the robot to move both in the normal and the upside down posi-
tion of the body.

The work was supported by the Russian Science Foundation (grant
No. 19-01-00123 A).

Keywords: six-legged robot, emergency, flipping of the robot’s body, rocking.

IlepeHoc Xpynkoro HHWJIMHAPA MAHUITYJIATOPOM
¢ TpexnajblUeBbIM CXBATOM

10.®. Tony6es'?, E.B. Menkymosa’

' MucturyT npuknagsoii Matemarukn uvern M.B. Kennsima PAH, MockBsa, Pocenst
? MocKOBCKHIA rocy1apcTBeHHbI yHIBepeuTeT nMern M.B. Jlomorocosa, Mocksa, Poceus
E-mail: golubev@keldysh.ru; elena v_m@mail.ru

Hccnenyercs 3amada 06 yAepKaHUU XPYIKOTO HPSMOro KpyroBOIO
HIEpOXOBATOr0 LUIMH/pA NaJIblIaMU PYK poboTa-MaHumystopa. Kaxasiii
U3 MNaJbIEB MMEET OJHY TOYKY B KOHTAKTE€ C LWIMHIPOM C TPEHHUEM
AMoHTOHa — KylloHa M JUIs IBYX TOYEK OIOpPHI C TPEHHUEM BEPUYECHHUSI.
UuCAeHHO M aHAIWTUYECKU MOJY4YeHbl BO3MOXKHbIE 00JIACTH PaclioioxKe-
HUS TOYEK KOHTAaKTa Ha LWIMHJIpPE, AJI KOTOPBIX CYLIECTBYET pELICHHE
3a/la4yi KMHETOCTATUKU P NEPEHOCE LMIMHAPA ABYMs U TpeMs INajblia-
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MHU. JTa 3a/lada UMEeT aHaJIOTUU 3a/ladaM O PAaBHOBECUU MHOTOHOTOTO
[Iararmiero podora Ha MOBEPXHOCTH OOBEKTa MUIUHIPHIECKON (HOPMBI
Wi pob0Ta, OMUPAIOIIETOCS Ha MPOU3BOJILHYIO TOBEPXHOCTh, TOUKH TOJ-
Beca HOT KOTOPOI'O PacMojIOXKeHbl Ha KOPITyCe HA MOBEPXHOCTH UIMHIPA.
Po6oT MokeT yaepKuBaTh MWIHHIP ABYMsI AIbIIAMU, PACTIOI0KEHHBIMU
Ha OJHOM JMaMeTpe B OCHOBAaHWU LMJIUHJAPA, U 33 CUET CYXOro TPEHHUs
JIByMSI TIAJIBIIAMHU, PACTIONIOKEHHBIMU IO Pa3HBIE CTOPOHBI OT LIEHTPa Mace
UWJIMHpPA WKW BBOAUMOUN B AuHaMuKke Touku C. AHaJOruen 3aaqu Ciry-
kKaT KoeOaHusl IUINHAPA HA [UIUHAPE B OKPECTHOCTU YCTOMYUBOTO TO-
JI0KeHUsl paBHOBecHs. LIMIMHAP NEXKUT HA OJHOM Maliblle PYKH YeloBe-
KOMOJIOOHOTO po0O0Ta MEePHEHANKYISIPHO €My, KOHIIOM JAPYroro majibla
MPUIIEPKUBAETCA. AHAJIIOTUYHO JIEPIKUTCS CTaKaH.

Paboma evinonnena npu ¢unarcosoii noooepicke PODPU (npoexm
Ne 19-01-00123 A).
Knrwouegvie cnoea: mpexnanvyesniii cxeam, mpenue Amonmona — Kyno-
Ha, mpexunoculi pobom.

Brittle cylinder transfering by a manipulator
three-finger grasp

Yu.F. Golubev 1’2, E.V. Melkumova >

"Keldysh Institute of Applied Mathematics, RAS, Moscow, Russia
2Lomonosov Moscow State University, Moscow, Russia
E-mail: golubev@keldysh.ru; elena v_m@mail.ru

We consider the problem of brittle cylinder grasping by the manipulator
fingers. Each finger contacts the cylinder in a single supporting point with
Amontons—Coulomb or for two footholds spinning friction. Using numerical
simulations and analytically, possible locations of the contact points on the
cylinder, for which there is a kinetostatics problem solution when the cylin-
der is moved by three fingers, are received. There is an analogy of the equi-
librium of a three-legged robot on a cylinder for the problems of transfer by
a manipulator with a three-finger grasp of a cylinder or for a robot on a sur-
face which legs suspension points are on the cylinder surface. Two support-
ing points can be on one diameter in the cylinder base. Or because of fric-
tion on the opposite sides of the robot center of mass or giving in the
dynamics, point C. The analogy of the problem is oscillations in the vicinity
of the stable equilibrium one cylinder on another. The cylinder lies on one
finger rectangular to it, of the hand of a humanoid robot, adheres to the end
of the other finger. Similarly holds the glass.

The work was supported by the Russian Science Foundation (grant
No. 19-01-00123 A).

Keywords: three-finger grasp, Amontons—Coulomb friction, three-legged
robot.
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OueHka TPaeKTOPHBIX NAPAMETPOB JAAJbHOO0MHOI0 CHAPSI/IA

JIA. Tpumko’, O.J1. Tapaunn', A.®. P3aes', A.JO. ®&nopos’

'MITY um. HD. Baymana, Mocksa, Poccust
2 Jluneii Ne 1501, MockBa, Poccus
E-mail: dim.gr@mail.ru

[IpenmeTom wuccnenoBaHus SABISETCS TUHAMHUKA W3MEHEHHs Tpa-
eKTOpHBIX mapaMmeTpoB cHapsiga M795 (cranmapt HATO) npu crpennbe
Ha pa3IuyHble JaibHOCTH U3 rayouusl AS-90. CHaps MoznenupyeTcst Kak
TBEP/AOE TENO0, €ro NPUOIMKEHHBIE a’dPOAMHAMUYECKHUE XaPaKTEPUCTUKU
Juisd uanas3oHa yrioB ataku 0...30 rpaaycoB MoJy4yeHbl ¢ UCHOIb30BAHU-
em moayns Flow Simulation mporpammuoro nmakera SolidWorks. Moge-
JMPOBAaHUE TOJIETa BBHIMOJHAJIOCH B MPUBSI3KE K Bpalarouieiics 3emie c
MHTETpUpoBaHueM MeToqoM Pynre — KyTTel 4-T0 mopsaka; pe3yiabTaThl
pacyeTa YaCTMYHO IPOBEPSUTUCh HHTEIPUPOBAHMEM MeToJoM OJilnepa
B IUIOCKONIApAJUIEILHOM T10JI€ CUJIbI TsKecTH. [losieT cHapsaa mpoucxoaut
B IUIOTHBIX CJIOSIX aTMOC(ephl C HauyalbHOM CBEPX3BYKOBOH CKOpPOCTBHIO.
[IpenBapuTenbHble JaHHBIE PACUETOB CBUAETEILCTBYIOT O OOJIBLIOM 3ama-
Ce CTaTUYECKOH YCTOMYMBOCTH HM3JENUs B MPEANOJIOKEHUH, YTO CTBOJI
rayOHIIbl SBISIETCS TJIAJAKHM M CHApsI HE MMEeT HaualbHOM YTIIOBOW CKO-
pPOCTH O KpeHy. MakcumalibHas JajdbHOCTh MOJIeTa, MOJyYeHHas pacueT-
HBIM ITyTE€M, XOPOIIO COTJIACYETCS C TAKTHKO-TEXHHUECKUMH XapaKTepH-
CTHKaMM rayOHIIbl, U3BECTHBIMU U3 OTKPBITBIX HCTOYHUKOB. JlanbHenHmmumM
HarpaBJIeHueM paboT OyneT momnbITKa ydeta 3G ¢eKToB, BEI3BAaHHBIX Bpa-
IIIEHUEM CHapsJia 10 KPeHy MPU BbUIETE U3 HAPE3HOTO CTBOJIA.

Knroueswvie cnoea: cnapso M795, eayouya AS-90, mpaexmopus nonema,
cmamuyeckas yCmouuuugoCmy OGUNCEHUSL.

Estimation of trajectory parameters
of the long-range projectile

D.A. Grishko 1, O.D. Garanin 1, A.F. Rzaev 1, A.Yu. Fedorov?

! Bauman Moscow State Technical University, Moscow, Russia
2 Lyceum 1501, Moscow, Russia
E-mail: dim.gr@mail.ru

The study is focused on the dynamics of trajectory parameters
of M795 projectile (NATO standard) which is compatible with AS-90 how-
itzer. Several shooting distances have been studied. The projectile is consid-
ered as a solid body, its approximate aerodynamic functions were obtained
in the interval of 0...30 degrees of attack angle using Flow Simulation
module of SolidWorks software package. The flight simulation was imple-
mented with respect to the rotating Earth with 4th order Runge — Kutta
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method of numerical integration. The results of calculation have been par-
tially checked by Euler integration in the g-constant homogeneous gravity
field. The projectile flies in the dense atmosphere with initial supersonic ve-
locity. The preliminary calculations show the object has a great reserve of
static stability. These calculations were made in suggestion that the barrel is
rifled and the projectile does not have initial angular velocity in roll chan-
nel. The maximal flight distance, obtained from the calculations, mostly
corresponds to the howitzer's technical characteristics, which are available
from the open sources. The following activity will be concerned with effects
caused by projectile's spinning while leaving the rifled barrel.

Keywords: M795 projectile, AS-90 howitzer, flight trajectory, static stabi-
lity of motion.
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HccnenoBanbl BoOmpochkl pa3paboTku A(PPEKTUBHBIX, YTOYHEHHBIX
METOOB MPOTHO3UPOBAHUS OMPEACISIIONINX XaPAKTEPUCTHK KOMITO3UTOB,
OCHOBAHHBIX Ha COBPEMCHHBIX JOCTHXCHHUSAX B 00JJACTH MATEMaTHUYECKO-
r'0 ¥ KOMIBIOTEPHOTO MOJICTHPOBAHUSL.

Ha ocHoBe mpuHIIMIIa MHOKECTBEHHOCTH MOJIEJNIel MPOTHO3UPOBAHUS
pa3paboTaHbl 0000IIEHHBIE MHOTOMApaAMETPUUYECKUE MOJAETU MPOTHO3H-
POBaHUS ONTUMAIBHOU CTPYKTYPHI M CIIO)KHOCTH, OTHCHIBAIOIINE BO3/CH-
CTBHUE HECKOIBKUX OSKCTPEMANbHBIX JECTAOMIM3UPYIONMX (AKTOPOB
pa3inuuHOil (pU3MYecKOW MPUPOJABI HA KOMIIO3UIIMOHHBIE MAaTepHAaIIbI
U KOHCTpYKIMU. B pamkax pa3paOoTaHHBIX MHOTOMapaMETPUIECKUX MOe-
Jeld MOYKHO pelaTh Kak 3a/1a4d MPOTHO3MPOBAHMS OCTATOYHOTO pecypca,
MPOYHOCTH, HAJIC)KHOCTH, JIOJITOBEYHOCTH TPH BO3JICHCTBUHM HEOMPEIEIICH-
HOTO YHCIIa SKCTPEMaNbHBIX (DaKTOpOB, TaK M 3aJa4ll MPOTHO3HPOBAHUS
NpU BO3JEHCTBUU CTPOTO OMPEAETICHHBIX 3apaHee HM3BECTHBHIX (DaKTOpOB,
HampuMep, MpH BO3ACUCTBUH (DAKTOPOB, CBSI3aHHBIX C KIUMATHYECKUM
BO3CUCTBUEM U MPOIIECCAMU YIIPOUHEHHSL.

Pazpaboranbl MeTOABI pelieHus OOpaTHBIX 3a/iad MPOTHO3WPOBAHUS
B YTOYHCHHBIX BaApUALMOHHBIX IMOCTAHOBKAaX HAa OCHOBC INpPHUHIOHWIIA MHO-
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YKECTBEHHOCTH MOJIeNIei MPOTHO3UPOBAHUS, MO3BOJSIONINE HA MHOTOMapa-
METPUYECKOM CEMENCTBE MOJIEel MOCTPOUTh MOJIENb ONTUMATBHOM CIIOXK-
HocTU. Pa3paboTaHHble METOABI pelIeHus] OOpaTHBIX 3a7a4 MMPOrHO3UPOBa-
HUS B YTOUHEHHBIX MMOCTAHOBKAaX HAa OCHOBE MPHUHIIMIIA MHOKECTBEHHOCTH
MoJieNieil MPOTHO3UPOBAHUS MOTYT OBITh IPUMEHEHBI JUTSl PEIICHHs ITHUPO-
KOIO Kpyra MpakTUYECKUX 3a7ad MPOrHO3MPOBAHMSI OCTATOYHOIO pecypca,
JIOJITOBEYHOCTH, MMPOYHOCTH CIIOKHOTMIOCTPOCHHBIX KOMIIO3UTOB B TAKUX CO-
BPEMEHHBIX OONIACTAX, KaK aBUAIIMOHHAS U KOCMHYECKasl TEXHHUKA, HEQTsI-
Hasl ¥ Ta30Basi MPOMBIIUIEHHOCTh, CyJOCTPOCHHE U T. II.

Knrouesvie cnosa: xomnosuyuoHusvie mamepuansi, 0000ueHHble MHO20-
napamempuieckue MoOenu NPoSHO3UPOBAHUS, OCMAMOUHbILL pecypc, 00-
20CPOUHOE NPOSHO3UPOBAHUE, IKCMPEMANbHblE KAuMamuyeckue @axkmo-
Dpbl, NPUHYUN MHOMNCECMBEEHHOCU MOOelel NPOSHOZUPOBAHUS, MOOelb
NPOCHO3UPOBAHUSL ONMUMATILHOU CLOHCHOCTU.
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Generalized multiparametric models for predicting
the defining characteristics of composites under
the influence of extreme factors of the external environment

E.L. Gusev 1’2, V.N. Bakulin®

"Institute of oil and gas problems of Siberian Branch of RAS, Yakutsk, Russia
*Institute of mathematics and informatics of North-Eastern Federal University,
Yakutsk, Russia
3 Institute of Applied Mechanics RAS, Moscow, Russia
E-mail: elgusev@mail.ru

Questions of development of effective, refined methods of forecasting
of defining characteristics of composites based on modern achievements
in the field of mathematical and computer modeling are investigated.

On the basis of the principle of multiplicity of forecasting models,
generalized multiparametric forecasting models of optimal structure and
complexity are developed, describing the impact of several extreme desta-
bilizing factors of different physical nature on composite materials and
structures. In the framework of the developed multivariable models to
solve the problem of predicting the remaining resource, strength, reliabil-
ity, durability as when exposed to an indefinite number of extreme factors
and the problem of predicting when exposed strictly defined in advance of
known factors, for example, when exposed to factors associated with cli-
matic processes and hardening.
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Methods for solving inverse forecasting problems in refined variation-

al formulations based on the principle of multiplicity of forecasting mod-
els are developed, which allow to build a model of optimal complexity on
a multiparametric family of models. The developed methods for solving
inverse forecasting problems in refined formulations on the basis of the
principle of multiplicity of forecasting models can be applied to solve
a wide range of practical problems of forecasting the residual life, durabil-
ity, strength of complex composites in such modern areas as aviation and
space technology, oil and gas industry, shipbuilding, etc.
Keywords: composite materials, generalized multiparametric forecasting
models, residual resource, long-term forecasting, extreme climatic factors,
the principle of multiplicity of forecasting models, the forecasting model of
optimal complexity.
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AcuMnToTnueckas TEOpUs
KOMIIO3UTHBIX HNUJIUHAPUICCKUX 000J10UeK
NP TEPMOMEXAHNYIECCKOM HAI'PYKECHUHU

H0.M. lumutpuenxo, E.A. I'y6apeBa, A.E. [Inuyruna

MI'TY um. H.D. baymana, Mockga, Poccus
E-mail: dimit.bmstu@gmail.com, elena.a.gubareva@yandex.ru,
a.e.pichugina@gmail.com

[Ipennoxxena Teopusi TEPMOMEXAHUYECKOTO HArpy>K€HUs TOHKHX
MHOT'OCJIOMHBIX AHU30TPOIMHBIX KOMITIO3UTHBIX HUIMHAPHYCCKUX 060.]10-
YeK MPU COBMECTHOM BO3JCHCTBMM BHEIIHETO JABJICHHS, MOMEHTOB CHII
Y HECTAI[MOHAPHOI'0 HEpaBHOMEPHOro Harpesa. [I[puMeHeH acumnroTuye-
CKHI METOJ] BBIBOJIJa OCHOBHBIX ypaBHEHHUH TEOPHUH OOOJIOYEK M3 OOIICH
TPEXMEPHOU TEOPUH TEPMOYIIPYTOCTH B KPUBOJMHEWHBIX KOOPAHMHATAX.
CdopmynupoBaHa peKyppeHTHasi OCIEA0BaTEIbHOCTh JIOKAJIbHBIX 3a7a4
TEOPHUHU TEPMOYIIPYTOCTH U IOJYYEHBI aHAIUTUYSCKUE PEIICHUS 3THUX 3a-
nad. [lokasaHo, YTO NaHHBIM MOJAXOJ MO3BOJIAET MOJYYUTH BBIPAKECHUS
AJId BCCX MICCTH KOMITIOHCHT TCH30pa HaHpH)KeHI/Iﬁ 110 TOJIIIWHBI 060110‘-1-
ku. PaccMoTpen mpumep pacueTra IMIMHIPUYECKON 00OJIOUKH C OCECUM-
METPUYHBIM U3rHOOM C y4eTOM HepaBHOMepHoro Harpesa. [IpoBenen mna-
paMEeTpUYECKUIM aHaJIu3 3aBUCUMOCTEH KOMIIOHEHT T€H30pa HaMNpsHKEHUN
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OT JIOKAJIbHBIX KOOPAMHAT IIPU PA3IUYHBIX YIilax apMUPOBAHUSA KOMIIO3U-
ta. [lokazaHo, YTO TMPEATIOKEHHBIH METOA 00ECIeUYNBACT BHICOKYIO TOY-
HOCTb pacycTa HaHpH)KeHI/Iﬁ n HCpCMeH_[eHI/II\/'I U HC INPUBOJUT K IOBBILIIC-
HUIO TIopsiaKa oOmield cucteMbl nuddepeHInaIbHBIX YPABHECHHN TEOPHUH
000JI0YeK.

Knwuesvie cnosa: momnxue yununopuyeckue 00O0NOUKU, ACUMAMOMUYe-
CKasl meopus, mepmMoMexaHuxd, KOMNO3UYUOHHbIE MAMEPUAITHL.
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Asymptotic theory of composite cylindrical shells
under thermomechanical loading

Yu.l. Dimitrienko, E.A. Gubareva, A.E. Pichugina

Bauman Moscow State Technical University, Moscow, Russia
E-mail: dimit.bmstu@gmail.com, elena.a.gubareva@yandex.ru,
a.e.pichugina@gmail.com

The theory of thermomechanical loading of thin multilayer anisotropic
composite cylindrical shells under the combined influence of external
pressure, moments of force and non-stationary non-uniform heating is
proposed. The asymptotic method of deriving the basic equations of shell
theory from the general three-dimensional theory of thermoelasticity in
curvilinear coordinates is applied. A recurrent sequence of local problems
of the theory of thermoelasticity is formulated and analytical solutions to
these problems are obtained. It is shown that this approach allows one to
obtain expressions for all 6 components of the stress tensor over the shell
thickness. An example of calculating a cylindrical shell with axisymmetric
bending, taking into account uneven heating, is considered. A parametric
analysis of the dependences of the components of the stress tensor on the
local coordinates at various angles of the reinforcement of the composite
is carried out. It is shown that the proposed method provides high accura-
cy in calculating stresses and displacements, and does not increase the or-
der of the general system of differential equations of shell theory.
Keywords: thin cylindrical shells, asymptotic theory, thermomechanics,
composite materials.
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Pacyer ycTOHYHBOCTH TOHKMX KOMIIO3UTHBIX MJIACTHH
NPH KOMILJIEKCHOM TePMOCHJIOBOM BO3/1efiCTBUM HA OCHOBE
ACHMITOTUYECKOI0 AHAJIN3A TPeXMEPHbIX YPABHEHHU

I0.U. Iumutpuenko, E.A. I'ybapesa, A.A. lllypno

MI'TY um. H.D. baymana, Mocksa, Poccust
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Hpez[nomeHa TCOpHUA yCTOfI‘-IHBOCTPI TOHKHX IUIACTUH NPHU KOMILJICKC-
HOM TE€PMOCHJIOBOM HArpy>eHHH. Y pPaBHEHUS TEOPUH YCTOWYMBOCTU BbI-
BEJICHbI Ha OCHOBE OOIIMX TPEXMEPHBIX ypaBHEHHH TEOPUH YIPYTOCTH
U TPEXMEpPHOW TEOpUU YCTOMYMBOCTH, a TAK)KE€ HECTAIlMOHAPHOTO TpeX-
MEPHOTO ypaBHEHHS TEIJIONPOBOIHOCTH, 03 BBEIEHUS KaKUX-JINOO J10-
MYIIEHUH OTHOCUTENIBHO XapakTepa MNEepeMENICHUM W HaNpsHKEHUH 10
TOJIIIUHC I1JIACTHUHBI. B ocnoge MCTOAA — aHAJIN3 ACUMIITOTUYCCKUX pa3-
JIO’)KEHU OCHOBHBIX ypaBHEHUH MO MajloOMy I€OMETPHUYECKOMY MapameT-
Py, OpCACTAaBIAOICMY OTHOMICHUC TOJIIWHBI ITUIACTHHBI K €€ IJIMHC.
BreiBenensl B 0o0mieM BHJE JIOKajdbHBbIE 3aJaud 10 TPETHEro MOpsIKa
BKIIFOYUTCIIBHO IOJII OCHOBHOI'O U BAPpbUPOBAHHOTO COCTOSAHUA TIIIACTHUHBI.
[To mpennokeHHOW TEOPUU MPOU3BENICH PACUET YCTOMYMBOCTH MPSAMO-
YTOJBHOM IUIACTHHBI IPU BO3ACUCTBUU HEPABHOMEPHOI'O IIPOJOJIBHOTO
Harpy>KeHHus U TEPEMEHHOT0 HECTAI[MOHAPHOIO TEMIEPaTypHOTO IOJS.
IIpoBeneH ananu3 BIUSHUS HEPABHOMEPHOI'O HAarpeBa Ha YCTOMYMBOCTH
IUTACTHH NPU Pa3IMYHBIX CXEMax apMUPOBaHUS.

Knroueeswie cnoea: monxue niacmumnsl, ACUMNIMOMUYECKASl MEOPUs, Meo-
pus ycmoﬁqueocmu, JIOKAJIbHblE 361061111/1, KOMNO3UYUOHHblE Mamepuaibl,
mMepMoMexaHuxa.
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Calculation of the stability of thin composite plates
under complex thermo-force action based on
an asymptotic analysis of three-dimensional equations

Yu.l. Dimitrienko, E.A. Gubareva, A.A. Shurpo

Bauman Moscow State Technical University, Moscow, Russia
E-mail: dimit.bmstu@gmail.com, elena.a.gubareva@yandex.ru,
shunikishina@gmail.com

The theory of the stability of thin plates under complex thermo-force
loading is proposed. The equations of the theory of stability are derived on
the basis of the general three-dimensional equations of the theory of elas-
ticity and the three-dimensional theory of stability, as well as the non-
stationary three-dimensional equation of heat conduction, without intro-
ducing any assumptions regarding the nature of displacements and stresses
along the plate thickness. The method is based on the analysis of asymp-
totic expansions of the basic equations with respect to a small geometric
parameter representing the ratio of the plate thickness to its length. Local
problems up to the third order inclusive for the ground and varied state of
the plate are derived in general form. According to the proposed theory,
the stability of a rectangular plate under the influence of uneven longitudi-
nal loading and an alternating non-stationary temperature field is calculat-
ed. The effect of uneven heating on the stability of the plates, with various
schemes of reinforcement was analyzed.

Keywords: thin plates, asymptotic theory, stability theory, local problems,
composite materials, thermomechanics.
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MopneanpoBanue 1e¢opMUpPOBAHMS
CJIOMCTHIX KOMIIO3UIIMOHHBIX MATEPHAJIOB
¢ KOHEYHBIMH e opMaLMsIMA HA OCHOBE YHHBEPCAJIbHBIX
onpeaesaiIUX COOTHOIIEHU I

0.1, umurpuenko, C.b. Kapumos, J1.}O. KonbxanoBa

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: dimit.bmstu@gmail.com, sunnat49@yandex.ru, darya.kolzhanova@yandex.ru

[IpencraBneHsl pe3ynbTaThl pa3pabOTKH MOJAETH JIePOPMHUPOBAHUS

CJIOMCTBIX KOMIIO3UTOB C KOHEYHBIMH JIeopMalMIMU IO XapaKTepUCTUKAM
OTIENbHBIX €10eB. [Ipeuioken BapuaHT METOJa aCUMITOTHYECKON IOMO-
TeHU3alUU JUI CJIOUCTBIX KOMIIO3UTOB C KOHEYHBIMH JAe(opManusiMu
U TIEPUOTUUYECKON CTPYKTYpOi. MeTos MO3BONSET pacCUUTHIBATh PQek-
TUBHBIE JUarpaMMbl J1e()OPMUPOBAHUS CIIOUCTBIX KOMIIO3UTOB CIIOUCTBIX
KOMIIO3UTOB C KOHEUHBIMU JIe()OpMAIHSIMU, CBS3BIBAIONINE KOMITOHCHTBI
OCpEIHEHHBIX TEeH30pOoB HampspkeHuid ITuomsr — Kupxroda u rpaguenTa
nedopmanuii. [IpoBeneHbl YHCICHHBIE pacueThl Il MOJIENIeH HeTMHEHO-
YOPYTUX Cpel ¢ KOHEYHBIMHU AeQOpMalsIMU C UCIOJIb30BAaHUEM YHHUBEp-
CQJIBHBIX MOJIEJIEH OIPEEIIAIOUIMX COOTHOIIEHUN 7Sl CiIydasl CKUMAaeMBbIX
Y HEC)KMMAEMBIX CJI0E€B KOMITO3UTA.
Knroueswie cnoea: cinoucmovie komnosumsl, Koneunvie oegopmayuu, me-
MO0 aACUMNMOMUYECKOU 20MO2eHU3aYUL, meH30p Hanpsaxcenu ITuonvl —
Kupxeoga, epaduenm deppopmayuu, ynugepcaivivie mooenu onpeoensiio-
WUX COOMHOULEHU.
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Modeling of deformation of layered composite materials
with finite strains based on universal constitutive relations

Yu.l. Dimitrienko, S.B. Karimov, D.Yu. Kolzhanova

Bauman Moscow State Technical University, Moscow, Russia
E-mail: dimit.bmstu@gmail.com, sunnat49@yandex.ru, darya.kolzhanova@yandex.ru

The results of developing a model of deformation of layered composites
are presented using finite deformations according to the characteristics of
individual layers. A variant of the asymptotic homogenization method for
layered composites with finite strains and periodic structure is proposed.
The method allows one to calculate effective strain diagrams of layered
composites of layered composites with finite strains, connecting the compo-
nents of the averaged Piola — Kirchhoff stress tensors and the strain gradi-
ent. Numerical calculations were performed for models of nonlinear elastic
media with finite strains using universal models of defining relations for the
case of compressible and incompressible composite layers.

Keywords: layered composites, finite strains, asymptotic homogenization
method, Piola-Kirchhoff stress tensor, strain gradient, universal models of
defining relations.
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MopenupoBaHue TeYeHU HEHBIOTOHOBCKUX KHIKOCTEH
B KOMIIO3UTHBIX NEPUOAUYCCKHUX MOPUCTBIX
MHOTI0KAHAJIbHBIX CTPYKTYpax

10.1. Iumurpuenxo, lllyryan Jin

MITY um. H.D. baymana, Mocksa, Poccust
E-mail: dimit.bmstu@gmail.com, shuguangli2008@gmail.com

Kunkoe cBszyromiee B KOMIIO3UIIMOHHBIX MaTepHallax, KaKk IpaBUilo,
HAMOJIHEHO pa3IMYHBIMU J00aBKaMH (YCKOPUTEISIMH 3aTBEpJCBaHMUA,
Moau(puKaTOpamMH, HaHOYACTHUIAMH, MOBBIIIAIOUIUMH Je(opMalOHHbIE
CBOMCTBa KOMIIO3MTa), B pe3yJbTaTe€ TaKHE CBSA3YIOLUIUE NPOSBISAIOT
HEHBIOTOHOBCKHE cBolcTBa. MccrnenoBanne HEHbIOTOHOBCKUX 3(h(EKTOB
TE€YEHMs )KMJIKUX CMOJI B KOMIIO3UTAaX B HACTOSLIEE BPEMs IMPAKTHUECKU
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oueHb Majo m3yueHo. Hacrosimmass paborta mocpsiimeHa pa3paboTke dYrc-
JICHHOT'O aJIFOPUTMa PELeHUs 3a/lad TeYeHHUsS HEHbIOTOHOBCKHUX CBSI3YIO-
IMX B KOMIIO3UTHBIX MHKpOKapkacax. [IpoBeneHo MHoromacmraOHOE
MOJIETTUPOBAHUE TEUEHUH JKUIKUX CBS3YIOUINX, MPOSBISIONINX HEHBIOTO-
HOBCKHE CBOMCTBA, B KOMIIO3UTHBIX MOPHUCTBIX CTPyKTypax. Moaenupo-
BaHUE OCHOBAaHO Ha METOJE ACUMIITOTHUYECKOW roMoreHuzanuu [1-3],
C TIOMOIIBI0 KOTOPOro c(OpMyITUpOBaHA TaK Has3biBaeMas JIOKaJIbHAs
3aJjaya TEYEHMs KUAKOCTU. J[Js YMCIEHHOro peuieHHs] HCIOJIb3YyeTcs
HTepaHHOHHBIﬁ MCTO/ JIMHCApU3allUH 3aJa4u B COUCTAHUU C MCTOJOM KO-
HEYHBIX 3JeMeHTOB. [IpencraBieHbl HEKOTOPBIE PE3yIbTaThl YUCICHHOTO
MOACIMPOBAHUA TCUCHUS HCHBIOTOHOBCKOI'O CBA3YIOUICTO B sUeiike nepuo-
TUYHOCTH. JIJig peleHusl JIOKaldbHBIX 3a/ad TEeYeHHs] HEHbIOTOHOBCKOM
KUAKOCTU MPUMCHCH MCTO/] KOHCYHBIX 3JICMCHTOB.

Knroueenvie cnoea: nenviomonosckas 6A3KOCMb, Memoo acumnmomuye-
CKUX 20MO2eHU3AYUlU, KOMNO3UMHAS CMPYKMYpd, Memoo KOHEeUHbIX djle-
MEHMO8B.
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Modeling of flows of non-Newtonian fluids
in composite periodic porous multichannel structures

Yu.l. Dimitrienko, Shuguan Lee

Bauman Moscow State Technical University, Moscow, Russia
E-mail: dimit.bmstu@gmail.com, shuguangli2008@gmail.com

The liquid binder in composite materials is usually filled with various
additives (hardening accelerators, modifiers, nanoparticles that increase the
deformation properties of the composite), as a result, such binders exhibit
non-Newtonian properties. The study of non-Newtonian effects of the flow
of liquid resins in composites is currently very little studied. The present
work is devoted to the development of a numerical algorithm for solving the
problems of the flow of non-Newtonian binders in composite microframes.
Multiscale modeling of flows of liquid binders exhibiting non-Newtonian
properties in composite porous structures has been carried out. The
simulation is based on the asymptotic homogenization method [1-3], with
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the help of which the so-called local fluid flow problem is formulated. For
a numerical solution, an iterative method of linearizing the problem in
combination with the finite element method is used. Some results of
numerical simulation of the flow of a non-Newtonian binder in a periodicity
cell are presented. To solve local problems of non-Newtonian fluid flow, the
finite element method is used.

Keywords: non-Newtonian viscosity, asymptotic homogenization method,
composite structure, finite element method.
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MukpoMexanuyeckoe MoaeJTUpoBaHue 1epopMHUpoOBaHUSA
U pa3spylIeHus] HOJTUMEPHbIX KOMIIO3ULIIMOHHBIX MAaTEPHAJIOB
IPU BLICOKHUX TeMIlepaTypax

10.U. Iumurpuenko, C.B. Coopmukos, 10.B. FOpun

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: dimit.bmstu@gmail.com, servasbor@gmail.com, yvyurin@yandex.ru

C moMoIipi0 MeTo/Ia MHOrOMacIITaOHON TOMOTEHHU3AIMKH pa3padoTa-
Ha MOJIE€Nb BBICOKOTEMIIEPATYPHOTro JehOPMUPOBAHUA M Pa3pylICHUs
MOJIMMEPHBIX KOMITO3UIIMOHHLIX MAaTCpHaJIOB Ha TKAHCBBIX CTPYKTypax
apMUpPOBAHUS C YYETOM TMPOLECCOB TEepMOJAECTPYKIuu. YucneHHoe
MOJIETTMPOBAHUE OCYIIECTBIISAETCS MyTEM KOHEYHO-IJIEMEHTHOTO PEIleHuUs
cepuii JTOKaTbHBIX 33/1a4 Ha sYeiKax MEepHOJUYHOCTH JBYX CTPYKTYPHBIX
ypoBHei. [IpoBeneHbl pacueTsl MoJie TEH30pOB KOHIIEHTPAIUHA HaIpsKe-
HUH B MaTrpunax M HaAIOJHUTCIIAX. I[J'ISI pacucTa NMpOYHOCTHBIX XapaKTC-
PUCTHK KOMIIO3UTOB NPUMEHEH HOBBIM KPUTEPHUM IMPOYHOCTH MaTpPHIIBI
U HaMOJIHUTENEH pru MHOI'OOCHOM HAIIPSIPKCHHOM COCTOSIHUH, YUYUTBIBA-
IOIUI CYIECTBEHHOE pa3jnuue CBONCTB MpPU PACTSDKEHUU U CKATHH.
[IpoBeneHO YMCIEHHOE HCCIEA0BaHUE MPOLIECCOB MUKPOPA3pyIICHUs
KOMITIO3UTOB BIUIOTH JI0 MOJHOTO pa3pylIeHUsl MPHU Pa3IUYHbIX MPOTpaM-
Max Harpena.
Knrouesvie cnosa: xomnosumovl, MUKpopaspyueHue, YucieHHoe Mooenu-
posanue, Memoo KOHEYHbIX INEeMEHMO8, MeMOO0 MHO20YPOBHEGOU 20MO2e-
HU3ayuu, Kpumepuii NpOYHOCMU, 8bICOKUE MEMNEPAmypbl.
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Micromechanical modeling of deformation and fracture
of polymer composite materials at high temperatures

Yu.l. Dimitrienko, S.V. Sborschikov, Yu.V. Yurin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: dimit.bmstu@gmail.com, servasbor@gmail.com, yvyurin@yandex.ru

Using the method of multiscale homogenization, a model of high-
temperature deformation and fracture of polymer composite materials on
tissue reinforcement structures was developed, taking into account thermal
decomposition processes. Numerical modeling is carried out by finite ele-
ment solution of a series of local problems on periodicity cells of two
structural levels. The fields of stress concentration tensors in matrices and
fillers are calculated. To calculate the strength characteristics of the com-
posites, a new criterion is used for the strength of the matrix and fillers in
a multiaxial stress state, taking into account a significant difference in ten-
sile and compression properties. A numerical study of the microdestruc-
tion processes of composites up to complete destruction under various
heating programs was carried out.

Keywords: composites, microdestruction, numerical modeling, finite ele-
ment method, multilevel homogenization method, strength criterion, high
temperatures.
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MopenaupoBaHue npoueccoB GujabTpanuu
JKHIKOT0 CBSI3YIOLEr0 B KOMIIO3UTHBIX CTPYKTYypax
¢ HCcImoJib30BaHueM TexHoJioruu RTM-metoaa

10.1. Inmutpuenxo, U.0. boraanos, FO.B. 3axaposa

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: dimit.bmstu@gmail.com, biofamily 7394@mail.ru

HccenenoBanue npoueccoB TEUYEHMs KUJIKOCTEH B NMOPUCTBIX KOMIIO-
3UTHBIX CTpyKTypax npu RTM-merone H3roroBeHHs, Kak IPaBUIIO,
OCYIIECTBIISIETCSI B paMKax (EHOMEHOJIOTHMYECKOW TeopHH (PHUIbTpaIyu,
B OCHOBE KOTOPOH JIexHT 3akoH [lapcu. B aToMm ciydae koa(pduIMeHTh!
MPOHUIIAEMOCTH TIOPUCTON CPEIbl OMPEENISIOTCS JTUO0 IKCIEPUMEHTAb-
HO, 7100 C TIOMOIIBIO PA3IUYHBIX SMIUPUUYECKUX U MPUOJIMKEHHBIX CO-
OTHOIICHHH JUTSI ONMCAHMS JIOKAIBHBIX MPOIEecCOB GMIbTpanuu. B sToMm
Clly4ae TOJY4aroTCs TOBOJBHO TpyObI€ OLIEHKHU pealbHBIX MPOIECCOB,
IIPOUCXOJSIIMX BHYTPH IIOP CO CIIOKHOW T'€OMETpUEH, YTO IPUBOAUT
K OOJIBIIMM OTKJIOHEHHUSIM IpHU ONpeAeseHUH MpoHHIaeMoctu. B pabote
IPEJICTaBJIEHbl PE3yJIbTaThl HCCIEJOBAaHUM MNpoLEeccCOB (UIbTPALMU Ha
OCHOBE METOJia aCUMITOTHYECKOro ocpenHeHus [1, 2]. PaccmaTpuBaercs
TpexMacuTabHOe MOJEIUPOBaHUE (QUIBTPALUU CIA00CKUMAEMOTO KUI-
KOI'O CBSI3YIOLIErO0 B TKAHEBOM MaTepUalieé HANOJHUTENS IPHU MPOU3BOJ-
CTBE KOMIIO3MLIMOHHBIX MaTepHaoB HA OCHOBE MeTona RTM. Meronuka
OCHOBaHa HAa NMPUMEHEHHWHU METO/JAa ACUMIITOTUYECKOIO OCPEIHEHUs CH-
creMbl ypaBHeHuM HaBbe — Crokca. IlonydeHbl KOHEYHO-371€MEHTHBIE
pelIeHus JIOKaJbHBIX 3a/1ad (GUIbTpaluy IS Pa3iNYHbIX TUIIOB MHKpO-
CTPYKTyp KoMI03uTOB. [IpoBenieH aHa/Iu3 BIMSHUS Pa3IMUHBIX CTPYKTYp
KAapKacoB Ha XapaKTEPUCTUKU NMPOHUIAEMOCTH KOMIIO3UIIMOHHBIX MaTe-
pHaoB.

Knrouesvie cnoea: meopus guiempayuu, nopucmole cpeowvli, Memoo
ACUMNMOMUYECKO20 OCPEOHEHUsl, MemOoO KOHEYHbIX INeMEHMO8, MeH30D
nponuyaemocmu, cucmema ypasnenuu Hasve — Cmoxca.
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Modeling of liquid binder filtration processes
in composite structures using technology RTM method

Yu.l. Dimitrienko, 1.O. Bogdanov, Yu.V. Zakharova

Bauman Moscow State Technical University, Moscow, Russia
E-mail:dimit.bmstu@gmail.com, biofamily 7394@mail.ru

Investigation of the processes of fluid flow in porous composite struc-
tures using the RTM manufacturing method is usually carried out in
the framework of the phenomenological theory of filtration, which is
based on Darcy's law. In this case, the permeability coefficients of the po-
rous medium are determined either experimentally or using various empir-
ical and approximate relationships to describe local filtration processes.
In this case, rather rough estimates of the real processes occurring inside
the pores with complex geometry are obtained, which leads to large devia-
tions in the determination of permeability. The paper presents the results
of studies of filtration processes based on the method of asymptotic aver-
aging [1, 2]. A three-scale modeling of filtration of a slightly compressible
liquid binder in a filler fabric material is considered in the production of
composite materials based on the RTM method. The technique is based on
the application of the method of asymptotic averaging of the Navier-
Stokes system of equations. Finite-element solutions of local filtration
problems for various types of microstructures of composites are obtained.
The analysis of the influence of various framework structures on the per-
meability characteristics of composite materials.

Keywords filtration theory, porous media, asymptotic averaging method,
finite element method, permeability tensor, Navier — Stokes system of
equations.
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The Spectrum of the turbulence based on theory
of stochastic equations and equivalence of measures

A.V. Dmitrenko '

'Department of Thermal Physics, National Research Nuclear University « MEPhI»,
Kashirskoye shosse 31, Moscow, 115409, Russia
’Department of Thermal Engineering , Russian University of Transport «MIIT»,
Obraztsova Street 9, Moscow, 127994, Russia
E-mail: AVDmitrenko@mephi.ru, ammsv(@yandex.ru

The formation of the spectrum of turbulence in the inertial interval on
the basis of the new theory of stochastic hydrodynamics is presented. This
theory is based on the theory of stochastic equations of continuum laws
and equivalence of measures between random and deterministic move-
ments. The purpose of the article is to present a solution based on these
stochastic equations for the formation of the turbulence spectrum in the
inertial interval in the form of the spectral function E(k) depending on
wave numbers k in form E(k)~kn. The results of analytical solutions
showed a satisfactory correspondence of the obtained dependence with the
classical Kolmogorov’s dependence in the form of E(k)~k5/3.

Hay4nsiit koncyabTanT B Kb-1.
K 100-1eturo co nus poxaenus K.C. KosiechnkoBa

JI.B. [lokyuaeB

AO «JHUHWmam», Koponés, Poccust
E-mail: doklev@mail.ru

[Tocne 3amuTel KaHAUJATCKOM AUCCEPTALMU 10 IMIMMMH KOJIEC aBTO-
moOuns 35-netuuit K.C. KonecHUKOB ¢ mojauu ero Hay4yHoro pyKoBOAM-
tenss B.M. ®eonockeBa nmpuxoaut B HUUN-88 3aHumarbcs Bompocamu
paketHoii Texauku. C.I1. Koponé€s Oeper ero HaydyHBIM KOHCYJIHTAHTOM
B cBoe Kb-1 11t paboThl mo coBMecTuTeNnbeTBY. Ilepe MonoabM yueHbIM
OH CTaBUT 3aJjauy — pa3o0parbcs U JaThb PEKOMEHAALNH [0 UCKIIFOUEHUIO
BPEJIHOTO BJIMAHUSA KOJEOAaHUI *KHUJIKOro TOIUIMBA Ha pabOTy CHCTEMbI
ynpasiieHus: nojieroM pakerbl. Koncrantun CepreeBud TIIATENbHO H3Y-
yaet pabots! I'.C. Hapumanosa, H.H. Mouceesa, b.11. PabunoBuya, npu-
HUMAaeT aKTHUBHOE ydacTue B paboTax «aBapHilHBIX» KoMuccuil. Bruiot-
HYIO CTaJKMBAeTCs C BO3HHKIIEH NpoOIeMON HEyCTOMYMBBIX YHPYTHX
npoAoabHBIX KosneOanuit P-7. Ero uccinenoBaHus MO3BOJSIOT FPaMOTHO
MOJIOWTH K 00ECTIEYEeHNIO YCTOMUYUBOCTH JIBUKEHHUS YEThIPEXCTYIEHYATOM
JKUJIKOCTHOM PaKEThI-HOCUTEIISI MAKETHOM CXEMbI C aBBTOHOMHOM CUCTEMOM
ynpasiieHus, noixyunsiueil HazBaHue «Monnus». B MBTY um. H.O. bay-
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MaHa OH O0ydYaeT CTyJCHTOB HE TOJBKO MO (pyHAAMEHTATBHBIM TUCITH-
IJIMHAM, HO ¥ 3HAKOMHT ¢ NMPpoOJIeMaMu TMHAMHUKHU pakeT. Ero u3manus mo
ATOM TEME CTajy HACTOJIbHBIMU KHUTAaMU HE TOJIBKO ISl CTYJIEHTOB, HO
Y JIJIS UTH)KEHEPOB B PAKETHO-KOCMUYECKON OTPACIIH.

Knrouegvie cnosa: ounamuxa, pakema, KonebOauus, yCmoudu8oCms.

Scientific Consultant at KB-1.
On the centenary of the birth of K.S. Kolesnikov

L.V. Dokuchaev

TsNIImash JSC, Korolev, Russia
E-mail: doklev@mail.ru

After defending his PhD thesis of shimmy of wheels of a car, 35-year-
old K.S. Kolesnikov with the submission of his supervisor V.I. Feodosiev
comes into NII-88 to deal with issues of rocket technology. S.P. Korolev
takes him as a scientific consultant in his KB-1 for part-time work. To the
young scientists he sets the task — to understand and give recommenda-
tions on eliminating the harmful effects of liquid fuel fluctuations on the
operation of the missile flight control system. Konstantin Sergeevich care-
fully studies the work of G.S. Narimanov, N.N. Moiseev, B.I. Rabinovich,
takes an active part in the work of ‘emergency’ commissions. He tightly
faces with the problem of unstable elastic longitudinal vibrations R-7. His
research dynamics allows a competent approach to ensuring the stability
of the movement of a 4-stage liquid launch vehicle of a packet scheme
with an autonomous control system, called the "Lightning". At BMHTS,
he teaches students not only in fundamental disciplines, but also introduc-
es the problems of rocket. His publications on this topic have become ref-
erence books not only for students, but also for engineers in the rocket and
space industry.

Keywords: dynamics, rocket, vibrations, stability.

JKCcNepUMeHTA/IbHOE peneHue 3a1aun bykya

AA. HOMHBIH_IeBl, B.A. KaJ'II/IHI/I‘IeHKOI’z, [1.M. llIkamnos'

'MITY um. HD. Baymana, MockBa, Poccust
*UncrutyT npobaem Mexanuku um. A JO. Mimurckoro PAH, Mocksa, Poccus
E-mail: domnyyshevaa@student.bmstu.ru; kalin@ipmnet.ru; spm@bmstu.ru

Lenbto mpeacTaBneHHON pabOThI SBISETCA KCIEPUMEHTAIBHOE pelie-
HUE CIIEeIyIONIeH Kiaccuueckoi 3amaun, copmynupoBannoii I'. Bykya ermie
B 1812 r. — nmoawem noa AeWcTBUEM MOCTOSHHOM BEPTHUKAIBHOW CHJIBI OJ1-
HOPOJIHOM LIENH, JIEJKAIeW B CBEpPHYTOM BHJIE HA TOPU30HTAIBHOM IUIOCKO-

Huoxcenepnutii ycypnan: nayka u unnoeayuu #2-2020 101



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

ctu. Ecnu ananuTuueckoe pemnieHue 3TOH 3aJa4du, OCHOBAHHOE HA TEOPHUU
CHUCTEM TIEPEMEHHON MacChl, MO)XHO HalTH B paborax I'. Bykya (1814),
I" K. Muxaiinosa (1974), S.I'. TTanosko (1985) u V. Sima (2005), To pe-
3yJIBTAaThI SKCIIEPUMEHTOB O JBMKCHUW TAKOW IIETIH HE ITyOJIMKOBATUCH.

B HacTosmmx sKcrepuMeHTax HCIOJIb30BalaCh OPUTHHAILHAS METO-
JIKa, COTJIACHO KOTOPO# JIBM)KEHUE LIENH MCCIIE0BAIOCh B BOJIE, a B Ka-
YeCTBE IMOCTOSIHHON CHUJIBI CIYKWJIa CHJa TUIABYYeCTH TMOIUIaBKa, MPH-
KPEIUICHHOTO K KOHIy Iend. lVcrmonp3oBaHHAs TIOCTAHOBKA OIIBITOB
MO3BOJIMJIA BBISIBUTH 3aTYXAIOMIMA XapaKTep KoJeOaHUi CHCTeMBI MOIlIa-
BOK—TIEMIOYKA TIPU CMEIICHUH CHUCTEMBbI OTHOCHTEIBHO PaBHOBECHOTO TO-
JoxeHus. J{7s MHTEpIpeTanuy JaHHBIX DKCIEPHUMEHTa HCIOJIb30BalioCh
KJlaccu4eckoe perieHue 3amaadu bykya. JluddepeHmansHoe ypaBHEHHE
JBUKCHHUSI 1IEMU KaK CHCTEMBI C TIEPEMEHHONW Maccoi Mo JeHCTBHEM TTO-
CTOSTHHOW CHJIBI PEIICHO YHCICHHBIMH MeTofaMu. [IpoBeeHO cpaBHEHHE
TEOPETUYECKUX M IKCIIEPUMEHTAIBHBIX JaHHBIX. OOCYKIAIOTCS HCIIONb-
3yeMble JUISl TIONyYEHHsI ypaBHEHHS JBYDKCHUS JIOMYIICHUS, MPHHSATHIC
B MEXAHUKE LIETIEH.

Knwuesvie cnosa: 3aoaua bykya, yenv, cucmema nepemeHHOU MAccwl,
ypasneHue Mewepckozo, cuia niagyiecmu, samyxaoujue Koiebanus, co-
nPOMuBIeHue HCUOKOCMU.

Experimental solution of Buquoy’s problem

A.A. Domnyshev ', V.A. Kalinichenko ', P.M. Shkapov '

' Bauman Moscow State Technical University, Moscow, Russia
?Ishlinskii Institute for Problems in Mechanics
of the Russian Academy of Sciences, Moscow, Russia
E-mail: domnyyshevaa@student.bmstu.ru; kalin@ipmnet.ru; spm@bmstu.ru

The aim of the present study is an experimental solution to theclassi-
cal problem formulated by G. Buquoy back in 1812 — lifting under the
action of a constant vertical force of a homogeneous chain lying in a fold-
ed form on a horizontal plane. An analytical solution to this problem,
based on the theory of variable mass systems, can be found in the works of
G. Buquoy (1814), G.K. Mikhailov (1974), Y.G. Panovko (1985) and
V. Sima (2005), however, the results of experiments on the motion of such
a chain were not published.

In present experiments, an original technique was used, according to
which the chain motion was studied in water, and the buoyancy force of
the float attached to the end of the chain served as a constant force. The
used experimental setup allowed us to identify the damped nature of the
vibrations of the float and chain system when the system is shifted relative
to the equilibrium position. To interpret the experimental data, we used the
classical solution of the Buquoy’s problem. The differential equation of
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chain motion as a system with variable mass under the action of constant
force is solved by numerical methods. A comparison of theoretical and
experimental data was conducted. The assumptions used to obtain the
equations of motion, accepted in mechanics of chains, are discussed.
Keywords: the Buquoy’s problem, chain, variable mass system, the Mesh-
chersky’s equation, buoyancy force, damped oscillations, fluid resistance.

Buinsinue cyXoro TpeHus B y3J1aX KOHCTPYKIHH
HA IMHAMHKY IIAPHUPHOI BEeTPOYCTAHOBKH

M.3. Jlocaes, JI.A. Knumuna, E.C. IllanumoBa

HUU mexananku MI'Y, Mocksa, Poccus
E-mail: klimina@imec.msu.ru

[TocTpoeHa Monenb JUHAMUKY MaJIOTa0apUTHON KPUBOIIMITHO-IIATYH-
HOM BETPOYCTAaHOBKH, YUUTHIBAIOIIAS CyX0O€ TPEHUE B MOJI3YHE MEXaHU3Ma.
Onucana 3aBHCHMOCTh XapaKTEPUCTHK YCTAHOBUBIIMXCS PaOOUYHMX PEXKH-
MOB CHUCTEMBI OT MapaMeTpoB Mojenu. llokazano Hammuue 3Qdexra
rHCTepe3rca MEXaHNYECKOH MOITHOCTH Ha pabodyeM peXuMe B 3aBUCHMO-
CTH OT HAIlpaBJICHUs] U3MEHEHHS 3HAUYCHUsS KOd(PPUIMEHTA, XapaKTepH3y-
IOIIETO BHEUIHIOK JJIEKTPUYECKYIO0 HArpy3Ky B JIOKaJbHOW IETH TeHepa-
TOpa BETPOYCTAHOBKH.

Paboma evinonnena npu gunancosoii noodepocke PODU (npoexm
Ne 17-08-01366).

Knwuesvie cnoea: semposnepeemuueckas YCMAHOBKA, KPUBOWUNHO-
WAMYHHBLI MEXAHUM, MeXAHUYECKASi MOUHOCMb.

Influence of dry friction in joints upon dynamics
of a hinge-mechanism-type wind power unit

M.Z. Dosaev, L.A. Klimina, E.S. Shalimova

Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: klimina@imec.msu.ru

The mathematical model of a small-scale slider-crank wind power unit
is constructed. Dry friction in the slider is taken into account. Characteris-
tically features of operation modes of the unit are described depending on
the parameters of the model. The effect of hysteresis of the trapped power
with respect to the direction of changing of the electrical load coefficient
is described.

This work was partially supported by the Russian Foundation for
Basic Research, project No. 17-08-01366.

Keywords: wind power unit, slider-crank mechanism, trapped power.
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PaBHoOBecHe Tes1a HA OIIOPAX HA IIEPOXOBATOM MJIOCKOCTH

M.3. Jlocaes, B.A. CamcoHOB

HUU mexanuxu MI'Y, Mockga, Poccust
E-mail: dosayev @imec.msu.ru

PaccmaTpuBaeTcsi MexaHWYecKass CHCTEMa, COCTOAIIAs W3 TBEPIOTO
TCJIa U ABYX HCBCCOMBIX CTGp)KHGfI, COCIOINHCHHBIX C TCJIOM HOCpeI[CTBOM
npykuH. CTEep)KHH ONMUPAIOTCA Ha MIEPOXOBATYI0 TOPH3OHTAIBHYIO IO-
BEpXHOCTb. KOHTAKT CTEp:KHEH C MIOCKOCTHIO OMHUCHIBAETCSI C MOMOIUIBIO
3akoHa ['yka. K Tenmy mpuiokeHa TOCTOSHHAsE TOPU3OHTAJIbHAs CHJIA.
HaﬁILCHO ITOJIOKCHUEC paBHOBeCI/I}I CUCTCMBbI U OHpCI[GJICHBI peaKHI/II/I.
[TokazaHo, 4TO HOpMaJlbHAsE peaklMs «3aJHEW HOTW» TMPEBBIIIAET HOP-
MaJIbHYIO peakiuio «nepeanein». C yMeHbleHneM KO3 QHUIUeHTa TPeHUs
CHCTEMa HayWHAeT ABWKEHUE C «3aJHEH HOTW», KOTOpas HaYMHACT
CKOJIb)KCHHUE B HAIpPABICHUU TPHIOKEHHONH BHEUIHEW CHJIIBbI, NPHOIH-
JKasICh K «IIEPETHE».

Knrouegvie cnosa: cuna mpenus, ycious pagHO8eCUsl, peaKyus Onopbi.

Balance of a body with supports on a rough plane

M.Z. Dosaev, V.A. Samsonov

Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: dosayev@imec.msu.ru

A mechanical system consisting of a solid body and two weightless
rods connected to the body by means of springs is considered. The rods
are in resting contact upon a rough horizontal surface. The contact of the
rods with the plane is described using Hooke's law. A constant horizontal
force is applied to the body. The equilibrium position of the system is
found and support reactions are determined. It was shown that the normal
reaction of the “rear leg” exceeds the normal reaction of the “front” one.
With a decrease in the coefficient of friction, the system begins to move
from the “rear leg”, which begins to slip in the direction of the applied ex-
ternal force, approaching the “front” one.

Keywords: friction force, balance conditions, support reaction.
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HoBasi KOHCTpYKIIUSI MeXaHU3Ma ra3opacnpeaejieHus
JABUTATE/ISI BHYTPEHHEr0 CrOPaHUsA HA OCHOBE MeXaTPOHUKH

C.C. lparynos, 11.B. MepkypbeB

HUY «M3W», Mocksa, Poccus
E-mail: sergejdragunov@yandex.ru, merkuryeviv@ya.ru

Ha coBpemMeHHOM 3Tame pa3BUTHS TEXHUKH MPOPBHIBHBIMH M MHHOBA-
[MOHHBIMU SIBJISIFOTCS PEIICHHs Ha OCHOBE MeXaTpOHHMKH. HoBoe KOH-
CTPYKTHBHOE PEIICHHE BEChbMa aKTYaJbHO, TIOCKOJIbKY ITO3BOJISIET CYIIe-
CTBEHHO yJIyqmuTh Xapaktepuctuku [IBC mopmHeBoro tuma. OObeKTOM
UCCIJIEIOBaHMs SIBIISIETCS MEXATPOHHBIM MEXaHH3M IOBOPOTa JMCKOBOIO
30JIOTHUKA, COBEPIIAIONINI KoeOaTeNbHbIe IBUKEHHUS CHHXPOHHO C Yac-
TOTOM BpaleHus KojeHdaroro Bana. [locTaBneHa 3amaya — 30JOTHUK
JIOJI’KEH MEePEKPBIBATH BITYCKHOE M BBIITYCKHOE OTBEPCTHE, KOT/Ia TOPIICHb
Haxonutcsa B BMT Ha Bcex pexxumax paOoTsl. PesynbTaTel paboThl npe-
CTaBJICHBl B BHUJE METOAMKH pacdeTa »ECTKOCTH BO3BPATHBIX MPYKUH
U KOHCTPYKLMH MEXaHM3Ma M3MEHEHHUs yria MX 3aKpyTku. B kauectBe
npUMepa UCTIOIb30BaH OJHOLUMIHHIPOBBIN IBUTATENb.

Paboma sevinonnena npu gpunancosoii noooepicke PODU no epanmy
Ne 19-08-00367.

Knrouesvie cnosa: mexampouuxa, Konebanus, Mexamusm 2asopacnpeoe-
JIeHUs, 08ucamenb 6HYMpeHHe20 C2OPAHUsL.

The new construction of the mechanism of a valve train
of an internal combustion engine on the basis of mechatronics

S.S. Dragunov, I.V. Merkuryev

National research university «MPEI», Moscow, Russia
E-mail: sergejdragunov@yandex.ru, merkuryeviv@ya.ru

At the present stage of technological development, solutions based on
mechatronics are breakthrough and innovative. The new design solution is
very relevant, because it can significantly improve the characteristics of
the internal combustion engine piston type. The object of the study is the
mechatronic rotation mechanism of the slide valve, oscillating in synchro-
nism with the rotational speed of the crankshaft.The task is set — the slide
valve must block the inlet and outlet when the piston is in TDC at all op-
erating modes. The results are presented in the form of methods for calcu-
lating the stiffness of the return springs and the design of the mechanism
for changing the angle of their twists. A single-cylinder engine is used as
an example.
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This work was financially supported by the Russian Foundation for
Basic Research under grant No. 19-08-00367.
Keywords: mechatronics, oscillations, gas distribution mechanism, inter-
nal combustion engine.

OneHka KOHeYHBIX AepopManuii
PEe3UHONOA00HBIX MATEPHAJIOB

T.b. I[yﬁmeHanHeBl, N.B. MepKpreBl, P.H. ACKap6eKOB2, B.D. Lloit'

"HINY «MD3W», Mocksa, Poccust
2KITY um. U. Paz3akoBa, bumkek, Keipreizcran
E-mail: DuyshenaliyevT@mpei.ru, merkuryeviv@mpei.ru

B pabote paccmarpuBaioTCs KOHEYHBIE (F€OMETPUYECKU HENHHEH-
HbIC) yrpyrue naedopmaiuy pe3nHONOJO0HBIX MarepuajnoB. Takue ne-
(opmalMy ONMUCHIBAIOTCS MAaTEMaTHUYECKOM MOJENbIo, pa3paboTaHHOHN Ha
OCHOBE PEILEHUS KPaeBbIX 3a7au CTATUKU B HEKJIACCUYECKOM MOCTAHOBKE.

[IpuBoasaTcs ¢GopMyabl MO ONPEAETICHUI0 KOHEUHBIX JedopMaruii
YOPYTHUX TeJl HA OCHOBE 3JIEMEHTOB MPOCTPAHCTBEHHOT'O U MaTepUaIbHOTO
IPAJUCHTOB IepeMelleHni. JlaeTcs cpaBHEHUE OIPEACIICHUH IO 3TUM
nByM nonxonam. IloaTBepkaaeTcss IpaBOMOYHOCTh MPUBEIEHHBIX BBIBO-
JIOB Ha IIpUMEpPE OJHOMEPHOTO, IBYMEPHOIO U TPEXMEPHOTO Mpeodpazo-
BaHui B cucreme Mathcad.

Knwoueevie cnosa: roneunvie Oegopmayuu, nepemewjeHus, paouesm
nepemeujetus, NPOCMpPaHCMeEeHHble U MamepuaibHble KOOpOUHAMmbl, Kpae-
eas 3adaua.

Evaluation of the final deformations
of rubber-like materials

T.B. Duishenaliev ', LV. Merkuryev 1, R.N. Askarbekov 2, V.E. Tsoi

"National research university «MPEID», Moscow, Russia
2KSTU named after I. Razzakov, Bishkek, Kyrgyzstan
E-mail: DuyshenaliyevT@mpei.ru, merkuryeviv@mpei.ru

In this work the finite (geometrically nonlinear) elastic deformations
of rubber-like materials are considered. Such deformations are described
by a mathematical model, developed on the basis of solutions to boundary-
value problems of statics in a non-classical formulation.

The formulas for determining the finite deformations of elastic bodies
based on the elements of spatial and material displacement gradients are
given. A comparison of definitions for these two approaches is given. The
validity of the above conclusions is confirmed through the example of
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one-dimensional, two-dimensional and three-dimensional transformations
in the Mathcad system.

Keywords: finite deformation, displacements, displacement gradient, spa-
tial and material coordinates, boundary value problem.

Kosebanus cucrembl nepepacnpeaejieHusi TOIIMBA
B PH ¢ oqHokomMnoneHTHBIM 7KPJ{

M.HN. JIpss4eHKO

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: s_masyanya@mail.ru

OnHuM U3 BO3MOXHBIX MyTEH YJIYUIICHHUS] YHEPreTUYECKUX XapaKTe-
puctuk paker-Hocuteneil (PH) TsokenbIx Ki1accoB SIBIISICTCS TOBBIIIICHUE
BECOBOM 3(PPEKTUBHOCTH KOHCTPYKIIMM BTOPOUW CTYIEHU 3a CUET Mepe-
pacnpesiesieHus1 YacTH TOIUIMBa U3 0akoB mepBoil cryneHu. [lepepacmpe-
JICTICHUE TOIUTMBA MOXET OBITh OCYIIECTBICHO TMEpenajoM JaBICHUS
MEXIy OakamMu OOKOBBIX OJIOKOB M 0aKOM IIEHTPAJIBHOTO OJIOKA 3a CYET
JIABJICHUS B Ta30BBIX MOIYIIIKAX WM 32 CYET pabOThl OYCTEPHBIX HACOCOB,
YCTaHABJIMBAEMbIX B HUKHUX YACTAX OAKOB IEHTpabHOTO OJ0Ka [1].

JlanHast paboTa MOCBSIICHA HCCIEAOBAHUIO JUHAMUYECKUX TPOIIEC-
COB B YIPONIICHHON MaTeMaTH4eCKOM Mojenu MHorocryneH4datoil PH Ha
AKTUBHOM YYaCTKE TPACKTOPHHU.

Matemaruueckass MoJieib BKJIIOYAaeT B ce0sl CUCTEMY THAPOJAMHAMU-
YECKUX YPaBHEHUH, ONMUCHIBAIOIINX JTUHAMUYECKHE TIPOLIECCHI B arperaTax
u sneMeHTax PH kak B cucteMe ¢ coCpeloOTOUCHHBIMU TTapaMeTpamu [2],
U TPEJCTaBIseT cOO0M cUCTeMy JIMHEapU30BAHHBIX JU(epeHIINaTIbHBIX
ypaBHEHUI BTOPOTO MOPSIKA.

B pabote ompeneneHbl TIaBHbIC YaCTOTH KOJeOaHUN TOIUIMBA B CH-
CTeMe Iepepacnpe/iesieHnss U HccieloBaHa MmpoliemMa yCcToiunBoil pado-
ThI CUCTEMBI TIepepacipeIe]ICHHs TP MPOI0JIbHBIX KoneOanusx PH.
Knroueswie cnosa: nepepacnpedenenue moniuea, npoooivhvie KoieOaHus,
2/Ia8Hble YACOmbl, YCMOUYUBOCHIb.
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Vibrations of the fuel redistribution system
in a run with a one-component Ire

M.I. Dyachenko

Bauman Moscow State Technical University, Moscow, Russia
E-mail: s_masyanya@mail.ru

One of the ways to improve the power budget of modern heavy-class
launch vehicle is to increase the weight efficiency due to the transfer of
fuel from one rocket stage tank to another and provide a more complete
filling at the separation moment.

The redistribution of fuel can be carried out by a pressure differential
between the tanks of the side blocks and the tank of the central unit due to
the pressure in the gas cushions or due to the operation of booster pumps
installed in the lower parts of the tanks of the central block [1].

This work is devoted to the study of dynamic processes in a simplified
mathematical model of multi-stage launch vehicles in the active part of the
trajectory. The mathematical model includes a system of hydrodynamic
equations that describe dynamic processes in aggregates and LV elements
as in a system with lumped parameters [2], and is a system of linearized
second-order differential equations.

The main frequencies of fuel vibrations in the redistribution system
are determined and the problem of the stable operation of the redistribu-
tion system with longitudinal LV oscillations is investigated.

Keywords: fuel redistribution, longitudinal vibrations, principal frequen-
cies, stability.
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(0) HEKOTOPLIX IMMOJAX0/aX K PCIICHUIO 3aa1u
I/IIleHTI/I(l)I/IKaIII/II/I HepOBHOCTeﬁ HAOPOKHOI'0 INIOKPLITHUA
M0 MOKAa3aHUuAM MHEPHHAIBHBIX JATYUKOB CMapT(l)OHa,
YCTAHOBJCHHOI'0O BHYTPH IBMIKYIIETI0CH aBTOMOONJIA

IT.A. Eropog, }0.B. bonotun

MI'Y umenu M.B. JlomoHnocoBa, MockBa, Poccust
E-mail: paul.egorov@icloud.com

3amava ompeseNeHns XapakTepUCTUK JOPOKHOTO MOKPBITHS B HACTO-
sAl1ee BpeMs UHTCHCUBHO HCCIIEyeTCs. BONBIIMHCTBO paboT HAMpaBIeHO
Ha KJIACCHU(PUKAIMIO YYaCTKOB JOPOT MO CTATUCTHYECKUM IOKa3aTesIM,
B TO BpeMs KaK B JaHHOH pab0OTe OCHOBHOE BHUMAaHHUE YJIESAETCS TPO-
CTPaHCTBEHHO-BPEMEHHOM JIOKATH3AIUN KOHKPETHBIX JOPOKHBIX COOBITHIA.

HccnenoBanne OCHOBaHO Ha MHTETPAIlMU METOJIOB HAYKH O JaHHBIX
Y MEXaHUKH ISl MOJICITMPOBAHMSI IBIDKCHHSI aBTOMOOWMIIA. [[s1 onmcanmst
JTUHAMHUKU aBTOMOOWIISI UCTIONB3YETCs BEJIOCUTIEIHAS MOIETTh aBTOMOOMIIS
C YETBIPHMS CTENICHSIMU CBOOO/IBI, BKIIFOUAIOIIAsl B CEOsI HE3aBUCHUMBIC Tie-
PEOHIOI W 3aHIOI0 BEPTHKAIbHBIC CTOWKH TOJBECKH W KECTKYIO paMy
Mexay HumHd. llluHa npencrapisercs B BUAE NPYKUHBI, aMOPTU3ATOP —
B BUJIE MIPYKUHBI U JAeMIIdepa.

Lenb paboTHI COCTOUT B TOM, YTOOBI IPOBECTH UACHTU(UKAIIUIO TIPO-
JIOJIBHBIX JIOPOKHBIX COOBITHH, BCTPEUAIOIIUXCSA HA IMYyTH ABUXKYIIETOCS
ABTOMOOWJISA, TIO TaHHBIM 00 YCKOPEHHH BEPTHKAIBHOTO CMEIEHUS PaMBbI
aBTOMOOMIISI, BBI3BAHHOM 3THMU COOBITHSIMU. B KauecTBe TakKuxX COOBITHI
MOXHO paccMaTpHBaTh, HAMPUMEp, SIMBI, JeKaunue MOJIUIEHCKHE U TPO-
YHe JIOKATbHBIE BO3MYILEHHUS MPOMUIS JOPOKHOTO MOKPBITUS C Xapak-
TEPHBIMHU TPOJOIBHBIMHA pa3MepaMU MEHBIIIE JITMHBI KOJCCHOW 0a3bl aB-
TOMOOMJIA.

Jns pemienus 3amaun uAeHTUPHUKAIMM B paboTe paccMaTpuBaeTcs
pAIl MOAXOJ0B, OCHOBAHHBIX HA CIEKTPAJILHOM AaHAIW3€ WMHEPLHUATbHBIX
JAHHBIX M TPUMEHEHWH MAIIMHHOTO OOYyYEeHHS: KaK C y4YHUTeJieM, TakK
u 6e3. OO0yueHue ¢ yuuTelieM BBITIOJHICTCS NIl CBEPTOUYHBIX HEHPOHHBIX
ceTeil Ha oOywaromieil BbIOOpPKE, OCHOBAaHHOW Ha Ha0OOpe CIEKTPO-
rpaMM/CKaJIOTpaMM BEPTHUKAILHOTO KaHAJIa YCKOPEHUS PEaKIMH MEXaHH-
YECKOW CUCTEMBI Ha MOJCNBbHBIA Npoduib mpoporu. [loaxon, He HCTONb-
3yIOLIUH 00y4YeHHe ¢ yYUTeNeM, OCHOBAH Ha MOMCKE MOMEHTOB pa3iaJiKu
B CIIEKTPAJIbHBIX JJAHHBIX 3TOTO K€ KaHaJja.

B kauectBe OCHOBHOTO pe3ynbTaTa pabOTHI MPEACTABISIETCS CPaBHE-

HUE Pa3HbIX MOJX0J0B Ha SKCIIEPUMEHTAIbHBIX JaHHBIX.
Knrouesvie cnosa: uoenmughuxayus 00poA#CHO20 NOKPbIMUSL, 8E10CUNEO-
HAsL MOOeb aBMOMOOUNS, CHEKMPATbHbIU AHAIU3, UHEPYUATbHbIE 0AmMYU-
KU, CHeKmMpocpammbl, CKALOSPAMMbl, MAULUHHOe 0DyYeHue, HelpoHHble
cemi.
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Approaches of solving the problem of identification
of road surface irregularities according to the inertial
sensors of a smartphone installed inside a moving car

P.A. Egorov, Y.V. Bolotin

Lomonosov Moscow State University, Moscow, Russia
E-mail: paul.egorov@icloud.com

The task of determining the road surface characteristics is currently
being intensively studied. Most of the articles are aimed at the classifica-
tion of road sections by statistical indicators, while this work focuses on
the spatial and temporal localization of specific road events.

The study is based on the integration of data science and mechanics
techniques to model vehicle movement. In order to describe the car's dy-
namics, a four-degree-of-freedom bicycle model is used, that incorporates
independent front and rear vertical suspension struts and a rigid frame in
between them. The tire is represented in the form of a spring, the shock
absorber is in the form of a spring and a damper.

The goal of the work is to identify the longitudinal road events that
occur in the path of a moving car, according to the acceleration of the ver-
tical displacement of the car frame that is caused by these events. For such
events, for example, pits, speed bumps and other local disturbances of the
road surface profile with a characteristic longitudinal size less than the
length of the wheelbase of the car can be looked at.

To solve the identification problem, the work considers a number of
approaches that are based on spectral analysis of inertial data and the use
of machine learning. Supervised learning is performed for convolutional
neural networks on a training sample that is based on a set of spectro-
grams/scalograms of the vertical channel of acceleration of the mechanical
system response on the model road profile. The unsupervised learning ap-
proach is based on finding points of difference in the spectral data of the
same channel.

The main result of the work is a comparison of different approaches
that are based on the experimental data.

Keywords: road surface identification, Bicycle model of a car, spectral
analysis, inertial sensors, spectrograms, scalograms, machine learning,
neural networks.
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MexaHNKa HEeBOYHOI0 3aleNJIeHHUs

O.B. Eropoga, A.B. I'yces, E.A. Koznsesa

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: tmm-olgaegorova@yandex.ru, gusevandre2015@yandex.ru, lizabul801@mail.ru

Ha mnpumepe wmexanusma W3 YHMKaiabHOM Koyulekuuu MITY
M. H.D. baymana paccMOTpeHbI BOIPOCHI U3yYEHUS] MEXaHUKHU LIEBOYHOTO
3aneneHus. Pe3ynpraToM McciaenoBaHus SBISETCS U3yUYEHUE MOBEACHUS
MEXaHU3Ma U U3MEHEHHMs €ro XapakTepuCTHK. C MOMONIIBIO 3TOTrO Hccie-
JIOBaHMsI MOYKHO TPOBOJUTBH JONOJHMUTEIbHBIE pacdeThl, HApUMEP Ha
MPOYHOCTH LIEBOK, U TEM CaMbIM MOAOHpaTh HauboJiee BHITOAHbIE BapHaH-
THI JUIsI HEOOXOIUMOT'0 BUJIAa AKCIUTyaTanuu Mexanusma. C nmomomisio 3D-
BU3YaJIM3al[Ml MOXHO IMOKa3aTh MPHUHIUI PabOThl Jake MPHU OTCYTCTBUU
CaMOro MEXaHMW3Ma, YTO 3HAYMTENHFHO 00JIeryaeT NOHUMaHKE MPernoaaBa-
TeJel U CTYJIEHTOB B MOIleCCe 00YUECHHUS.

Kniouegvie cnoea: meopus mexanuzmos u MAauiuH, uzydeHue MexaHuku
Ye80UHO20 3ayenyieHusl, 00paz0eamebHble MEeXHOI02UU.

Cycloid gear mechanics

O.V. Egorova, A.V. Gusev, E.A. Kozlyaeva

Bauman Moscow State Technical University, Moscow, Russia
E-mail: tmm-olgaegorova@yandex.ru, gusevandre2015@yandex.ru, lizabul801@mail.ru

The article is devoted to the study of the pinion mechanisms. In it, we
consider this topic on the example of a mechanism from a unique collec-
tion of MSTU N.E.Bauman. The result of the study is the study of the be-
havior of the mechanism and changes in its characteristics. With the help
of our research, additional calculations can be carried out: for example, on
the strength of the lugs, and thereby select the most advantageous options
for the required type of operation of the mechanism. Our article is also ed-
ucational in nature: using 3D visualization you can show the principle of
work, even in the absence of the mechanism itself, which will greatly fa-
cilitate the understanding of teachers and students in this matter.
Keywords: theory of mechanisms and machines, the study of the cycloid
gear mechanics, educational technology.
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Pacuyer yaejbHOM MOBEPXHOCTHOM YHEPIrUm
HAHOYACTHUI AJTIOMUHMS

O.C. EpkoBuy, B.IO. ®enoposa

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: erkovitch@mail.ru, fedorovavyu@gmail.com

Ocy11ecTBIIEH YNCIIEHHBIN pacyeT yAeIbHON OBEPXHOCTHON SHEPTUU
chepruiecKu-CUMMETPUYHBIX HAHOYACTULl aTIOMUHUSA. J[71s onucanus yac-
TUI] OblJIa CTI0JIb30BaHA MO Kene (MoJeNb ofHOpoaHoro ¢oHa). [Ipu
MOJICJIMPOBAaHUM CBOWCTB HAaHOYACTHUI] Oblja UCIOJIb30BaHa TEOPHs (PYHK-
rmonanos motHocT (DFT).

Jns pacyera 3HEPreTUUECKUX XapaKTEPUCTHK YacTHULl ObUT MPHUMEHEH
npsiMol BapualMoHHBINH MeToa Putna. B pabore paccmarpuBaiuchk yacTu-
1bl, PagyC KOTOPBIX JIEXKUT B npenenax 1 am — 10 HM, sHepreTuueckue
XapaKTEPUCTHKH KOTOPBIX MPEJCTABISIOT HAUOOJBIINI UHTEpEC B MPAKTHU-
YECKHUX NMPHIOKEHUSIX.

bblna uccnenoBana 3aBUCUMOCTb SHEPIreTUYECKUX XapPAKTEPUCTUK CHUC-
TEMbl OT 3HAYEHUS YJEJNBbHOM IUIOIAAU IOBEPXHOCTH METAJNIMYECKOrO
HAHOIIOPOIIKA.

[lomy4eHHbIe pe3ynbTaThl MOTYT OBITH MCIOJIb30BAHbI IIPU MCCIIEA0BA-
HUM TEPMUYECKUX M MEXaHWYECKHUX CBOMCTB (nedopmarus, TBEpAOCTb
U T. .) MaTepUaJIOB, BKIIOYAIOIUX METANINUYECKHE HAHOUACTULBI, a TAKXKe
IIPY UCCIIEIOBAaHUH CBOWCTB METAJUNINYECKUX HAHOMIOPOIIKOB.

Knwoueewie cnosa: nanovacmuysi, anoMuHui, y0eivHas NOGEPXHOCMHAS.
9Hepausl, meopus QYHKYUOHANA NIOMHOCTIU.

Calculation of specific surface energy
of aluminum nanoparticles

O.S. Erkovitch, V.Yu. Fedorova

Bauman Moscow State Technical University, Moscow, Russia
E-mail: erkovitch@mail.ru, fedorovavyu@gmail.com

The specific surface energy of spherically symmetric aluminum nano-
particles was numerically calculated. The jellium model (homogeneous
background model) was used to describe the particles. The modeling of
the nanoparticles properties was carried out by the density functional theo-
ry (DFT). To calculate the energy characteristics of the particles, the direct
Ritz variational method was used. The work considers particles whose ra-
dius ranges from 1 nm to 10 nm. The dependence of the system energy
characteristics on the specific surface area of metal nanopowders was in-
vestigated. The results can be used to study the thermal and mechanical
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properties (deformation, hardness, etc.) of materials including metal nano-
particles, as well as to study the properties of metal nanopowders.
Keywords: nanoparticles, aluminum, specific surface energy, density func-
tional theory.

Msrkasi nocajgka npv nNoOMoOIU NapamKTHONH CUCTEMbI
C YIPYTMM 3B€HOM

C.B. Xypun

OAO «HUMU napannrorocrpoenus», Mocksa, Poccust
E-mail: zhur_serg@rambler.ru

BuuMaHuio npeanaraercs pe3yJabTaThl JIETHBIX JKCIEPHUMEHTOB IIa-
paurtotHoit cucteMsl (I1C) ¢ ynpyrum 3BeHom [1]. OtianuutensHO#R oco-
6enHocThio HOBoro tuma [IC sBiseTcss HalW4ue YNPYroro 3BeHa s
MIOJIBECKHU TPY3a K MapallioTy, a caM Ipy3 MpHU 3TOM pas3zeisercs Ha JiBe
YacTH 7 W My, COMOCTaBUMbIE TIO MAacce M MOJBEIIMBAaeMbIe OIHA IOJ
Apyroit [2].

[Ipennaraemerii Tun IIC cHmkaeT BIUSHUE HEJOCTATKOB KilacCHUYe-
ckux rpy3oBbix [1C: neperpy3ku mpy HamoJHEHUH KyIoya AeMI(pUpyroT-
Csl YIIPYTUM 3BE€HOM; CKOPOCTh CHMXeHHs naHHoro tuna [1C He sBnsercs
MOCAJI0YHOIM CKOPOCTBHIO TMOJIE3HOTO Tpy3a 71), IOSTOMY MOXKET 3aMETHO
NpeBbIIIATh CKOPOCTh CHIKEHHS OonblIMHCTBA rpy3oBbix [IC; BepTH-
KaJIbHasi CKOPOCTh Ipy3a 7 B IMpoLEecce MOCcaaKu (Mocie KacaHusi rpy30M
my TMIOBEPXHOCTH) TaCUTCS 3a CYET ACMCTBUS yIPyroro 3BeHa, cuia ympy-
rOCTU KOTOPOTO CTAHOBUTCSI HECKOMIIEHCHPOBAHHOM TOCTIE TOTO, KaK Ipy3
My KOCHYJICSI IOBEPXHOCTH; B OIpeIeJICHHBI MOMEHT IOCJIe KacaHus Ipy-
3a m) TIOBEPXHOCTH MEXaHU3MOM YIIPaBJICHUS JAJITUHONW TpOCca MPOUCXOAUT
HaTSDKEHHUE TPOCa, U MPOUCXOJUT «SIKOPEHUE» Tpy3a m; TPy30M My, TEM
CaMbIM raCUTCS FOPU30HTANIbHASL COCTABIISIONIAs CKOPOCTH Ipy3a mj.

Jlnst monTBep KAEHUST pabOTOCTIOCOOHOCTH M PEATM3yEeMOCTH Tpeia-
raeMoil KOHIENIMK ObUIa CIPOEKTHPOBAHA, W3TOTOBIIEHA W HWCIBITAHA
skcniepumenTanbHas [1C.

OCHOBHBIE BEIBOJIEL.

1. Ilpennoxen HoBbii Tum I1C ¢ ynpyrum 3BeHOM U TaHAEMHBIM pa3-
JeJIeHueM Tpy3a Ha ABe 4yacTh. OCHOBHOW €ro OCOOEHHOCTBIO SIBIISIETCS
BO3MOXXHOCTh 00O€CHEYMTh Majlble JTWHAMUYECKUE NEPErpy3KH BEPXHEro
rpy3a BO BpeMs BCEro I10JIeTa, BKJIIOYask MOCAJIKY.

2. PeammzyeMocTh U paboTocnocoOHOCTh mpemiaaraemoro tuma [1C
nokasaHa Ha mnpuMmepe skcrnepuMmeHtanbHoi [IC ¢ mosneTHoO Maccoit
=10 xr, B JIETHOM J3KCIIEPUMEHTE AUHAMHYECKAs NEPErpy3Ka BEPXHETO
rpy3a He IpeBbIcuia n = 5.
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Soft landing using a parachute system with an elastic link
S.V. Zhurin

Joint Stock Company «Scientific and Research Institute
of parachute Design and Production», Moscow, Russia
E-mail: zhur_serg@rambler.ru

Attention is given to the results of flight experiments of the parachute
system (PS) with an elastic link. A feature of the new type of PS is the
presence of an elastic link for the attachment of the cargo to the parachute,
and the cargo itself is divided into two parts m; and m,, comparable in
weight and suspended one under the other. The choice of the design pa-
rameters of the parachute system, it is possible to provide small dynamic
overload on the top of the cargo in flight and during landing.

The proposed type of PS reduces the disadvantages of classic cargo PS:

— overload when inflate are damped by the elastic element;

— the rate of descent of this type of PS is not the landing speed of the
payload m1, so it can significantly exceed the rate of descent of most car-
go PS;

— the vertical speed of the load m1 during landing (after touching the
surface of the load m;) is reduced by the action of an elastic link, the elas-
tic force of which becomes uncompensated after the load m, touched the
surface;

— after touching the surface of the cargo m, cable length control mech-
anism tension occurs, and there is "anchoring" cargo m1 cargo m,, thereby
reduced horizontal component of the speed of the cargo m;.

To confirm the efficiency and feasibility of the proposed concept was
designed, manufactured and tested experimental PS.

Main conclusions.

1. The proposed new type of PS with the elastic element and the tan-
dem split the cargo into two parts. Its main feature is the ability to provide
small dynamic overload of the upper load during the entire flight, includ-
ing landing.

2. The feasibility and performance of the proposed type of PS is
shown by the example of an experimental PS with a flight mass of =10 kg,
in the flight experiment, the dynamic overload of the upper load did not
exceed n=35.
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O MeTo/e OLIEHKH pecypca JONAaTOYHOr0 anmnapara
ra3oTypoOMHHOIO IBUTaTeJIA
NPU ACHMMETPUYHOM IUKJIUYECKOM HATPYKEHUH

9.b. 3aBoiiunHckas

MI'Y nmenu M.B. JlomonocoBa, MockBa, Poccust
E-mail: elen@altomira.ru

OpnHOl U3 COBPEMEHHBIX 3aJa4 OIICHKH 0€30MacHOCTH IKCILTyaTaluu
TypOUH M KOMITPECCOPOB B T'a30- U MapoTypOOCTPOCHUHU SIBISETCS HCCIe-
JIOBaHHWE 3aKOHOMEPHOCTEM CTOXACTHMUYECKOro Ipolecca 3apOoxkKACHUS
Y Pa3BUTHS YCTAJIOCTHBIX MUKPO- U MAKpOTPEIIUH B KOHCTPYKLHUSX JIOMa-
TOYHOTO anmapara MpH SKCIUTyaTallMOHHOM HarpyxeHuu. [Ipobiema
OIICHKH pecypca paloThHI JIOMATOK CBsi3aHA C HEOOXOAMMOCTBIO M3y4YaTh
CIy4aifHbIe TIPOIECCHl pa3pyIlIeHuss B 007acTSIX MHOTOIMKIOBON M TUTa-
LUKJIOBOM yCTAJIOCTH. Y CTAJIOCTHOE Pa3pyILIECHUE OXJIAXKAAEMBIX JOMATOK
KOMITPECCOPOB U TYpPOHMH BBHI3BIBACTCSI B OCHOBHOM BBICOKHM YpPOBHEM
OCEBBIX TIEPEMEHHBIX HANPSHKEHUN B 00JACTSIX UX KOHIICHTpAIUH (CBs-
3aHHOM CO CTPYKTYPHOM HEOJHOPOJHOCTBIO MaTepuasa, TEXHOJOTH4e-
CKUMHU Jie()eKTaMU; KOPPO3HMOHHBIMU TOBPEKICHUSIMU, TOBPEKICHUIMU
B pe3yJbTaTe MonajaHus MOCTOPOHHUX MPEJAMETOB, Pa3pylICHUsIMH OaH-
JQXKHBIX TMOJIOK U JIp.), BO3HUKAIOUIUX MPU UX BO3MOKHBIX PE30HAHCHBIX
BBIHYKJICHHBIX KOJICOAHUSX, MPUIMHAMH KOTOPBIX SIBISIOTCS TypOyJIEHT-
HbI€ Ta30BbI€ TOTOKH MPHU BpaIICHUH Baja, NaplualbHOCTh MMOJBOAA raza
B [IUKJIE PabOTHI, HEPABHOMEPHOCTH MMOTOKA M3 COIUIOBBIX KAaHAJIOB W JIp.
YcTanocTHeIM pa3pylieHusIM Hanbosiee MoABepKEHbl TypPOMHHBIE U KOM-
MIPECCOPHEBIE JIONATKU aBUAIIMOHHBIX Ta30TYPOUHHBIX JBUTATENCH, TaK KaK
3a IUKJI pabOThI 3aIyCK — OCHOBHOW PEXHM — OCTAaHOBKA JIOMaTKa Io-
MaJaeT Ha KOPOTKUN MEpPUOJI BPEMEHH B YCIIOBUS BBIHYXICHHBIX PE30-
HAHCHBIX KoJIeOaHui 10 OHOM 13 yacToT [1, 2].

DKCTIEepUMEHTAILHO O0HAPYKUBAETCS, YTO MHUKPO- U MAaKPOTPEIIMHBI
BO3HUKAIOT MEPHEHIUKYIISIPHO OCH JIONATKH B KOPHEBOM CEUEHUH B 30HE
KOHIIEHTpALlMU HalpsDKEHUN OT M3ruOHBIX popm konebanuil. B Hanbonee
o011eM BUJIE OCEBOE HAMPSKEHHUE B JIONATKE MOYKET ObITh IIPEJICTABICHO B
BHJIE CYMMbI TOCTOSIHHOM COCTaBJISIIOIIEN M JUCKPETHOrO CIEKTpa
¢ HaOOpPOM aMIUIUTYJ, ILIarOM, PaBHBIM YacTOTE BpalllEHUs JUCKA, U CABU-
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raMu (a3 MexJay KOMIOHeHTaMH. B naHHO paboTe uccienyercs acum-
METPUYHOE OJHOYACTOTHOE HAarpyK€HUE C MOCTOSHHOM COCTaBIISIOLIEH,
oTpesieNsieMOi U3BECTHBIM 00pa30M KaKk MaKCHMaJIbHOE 3HAYE€HUE CYyMMBbI
PacCTATMBAOIIET0 HANPSHKEHHUS OT LIEHTPOOEKHBIX CHII M M3rHba OT a’po-
JUHAMUYECKHUX CHIL

MeTo/1 OLIEHKH pecypca JIOMaTKH OCHOBBIBAETCS HA TEOPHH MacIITaOHO-
CTPYKTYPHOTO paspylueHus [3—7], cOrmacHO KOTOPOM CTOXacCTHYECKHH
IPOLIECC YCTAJIOCTHOTO Ppa3pylleHHs pPAcCMATPUBACTCA HAa ULIECTH Mac-
ITa0HO-CTPYKTYPHBIX YPOBHSX, OTBEYAIOIIUX PA3HBIM CTAMSIM 3BOJIOLMU
Marepuana U (pusndeckuM MexaHu3maM. J[JIsi BEpOSITHOCTH pa3pyIICHHS
JIONATKXA Ha MHUKPO-, ME€30- U MAaKpOYPOBHSX MPU aCUMMETPHUYHOM OJJHOOC-
HOM Harpy>eHHUU CTPOUTCS MepapXHyecKas CHCTEMa ONpeessIoInX COo-
OTHOIIEHH, B KOTOPHIX B Ka4eCTBE MEPEMEHHOI BBIOMPAETCS aMIUIUTYAA
HalMpspKEHMs, a MaTepuaibHble (PYHKLIUHU ONpPEeNstoTcs M0 JJaHHbIM CTaH-
JApTHBIX MCIBITAHUN HA YCTAJIOCTHYIO IMPOYHOCTh C YUETOM pE3yJIbTaTOB
(GU3HYECKUX HCCIIEOBAHUI 1O Pa3BUTUIO XPYIKHX TpeuH. Paccmarpu-
BAIOTCSl MaTe€pHajbl, UMEIOILIUE NIPEEN BBIHOCIUBOCTH, U MATEPHAIIbI, Y KO-
TOPBIX B O0JACTH TMTALMKIOBOM YCTaJIOCTH IMpEAeN YCTaJOCTH yMEHbIla-
€Tcs C pOCTOM YHMCIIa LIMKJIOB. B COOTBETCTBUM C U3BECTHBIMHM KPUTEPUIMU
YCTaJIOCTHOM NPOYHOCTH BBINHUCHIBAIOTCA 3aBHUCHMOCTH MaTEpHAIBHBIX
GyHKIMI OT mapameTpa acuMMeTpun nukia. CTposiTcs KpUBbIE yCTAlIOCTH
JIONIATKHU TI0 ONpeseseHHOMY ypoBHIO aedektHocTu. Ilpencrasustores pe-
3yJIBTaThl PacueToOB Uil JIoNaTku U3 HUKeneBoro cruiaa XKCOK B oGmactu
MHOTOITMKJIOBON M TUTAIMKIIOBOM ycTanocTu. OnpenesstoTces: 00JacTH pas-
BUTHUS J1€(DE€KTOB, KpPUBBIE YCTAJIOCTH IO OOpa30BaHUIO MHKPOTPEIIMH,
KOPOTKHMX M MaKpOTpEIIMH MpPU Pa3IWYHBIX Mporudax jonatku. Meton
pacueTa MOATBEP)KIAAECTCS CPABHEHUEM IIOJIyYEHHBIX PE3yJIbTaTOB C U3BECT-
HBIMH JJAHHBIMU T10 Pa3pyLIEHUIO JIONATOK TypPOOKOMIIPECCOPOB.
Knwoueswie cnosa: cmoxacmuueckue npoyeccovl ycmanioCmuo20 paspyuie-
HUsA, JONAMKA, GEPOSIMHOCMb PA3PYUWeHUs, MacumadHo-CMpYKmypHble
YPOBHU pa3pyuienus, MHO2OYUKI08AS YCMAIOCMb, 2USAYUKI08As YCMa-
J10CMb, KPUBAs yCmanoCcmu.
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On a method for resource estimating the resource
at asymmetric cyclic loading of a gas turbine engine blade

E.B. Zavoychinskaya

Lomonosov Moscow State University, Moscow, Russia
E-mail: elen@altomira.ru

One of the modern problems of operation safety of turbines and com-
pressors in gas and steam turbine structures is to study the stochastic pro-
cess of generation and growing of fatigue micro- and macrocracks in the
structure elements of a blade apparatus under operational loading.
The problem of resource estimating of the blades is associated with the
necessary to investigate the random fracture processes of multicycle and
gigacycle fatigue. Fatigue failure of cooled compressor and turbine blades
is caused, in general, by a high level of axial cyclic stresses in the areas of
their concentration (associated with material structural heterogeneity,
technological defects, corrosion damage, damage by other objects, retain-
ing shelve destruction etc.). The stresses occur during their possible forced
resonance vibrations caused by turbulent gas flows during shaft rotation,
partial gas supply to the working cycle, flow from nozzle channels, etc.
Turbine and compressor blades of aircraft gas turbine engines are most
susceptible to fatigue, because per cycle: start — main regime — stop,
the blade falls for a short time period in the conditions of forced resonant
oscillations at one of the frequencies [1, 2].

It is experimentally found micro- and macrocracks occure perpendicu-
lar to the axis of the blade in the root section in the zone of stress concen-
tration from bending vibration modes. In general, the blade axial stress can
be represented as the sum of the constant component and the discrete spec-
trum with a set of amplitudes, with a step equal to the disk rotation fre-
quency, and phase differences between the components. Here asymmetric
one-frequency loading with a constant component, defined in a known
manner of the maximum value of the sum of tensile stress from centrifugal
forces and bending from aerodynamic forces, is investigated.

The blade resource estimation method is based on the theory of scale-
structural failure [3—7], according to which the stochastic process of fa-
tigue failure is considered at six scale-structural levels corresponding to
different stages of the material evolution and physical mechanisms. For
the blade failure probability on the micro-, meso- and macrolevels at
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asymmetric uniaxial loading, a hierarchical system of constitutive rela-
tions is constructed. The stress amplitude is selected as a variable and the
material functions are determined according to standard fatigue tests tak-
ing into account the results of physical studies on the brittle crack grow-
ing. Here considered materials with an endurance limit and materials with
the fatigue limit decreases with increasing number of cycles at gigacycle
fatigue. In accordance with the well-known criteria of fatigue strength, the
relations of material functions from asymmetry parameters are presented.
The blade fatigue curves are given for a certain defect levels. The calcula-
tion results are presented for a ZhC6K nickel alloy blade at multicycle and
gigacycle fatigue. Areas of defect growing, fatigue curves on microcracks,
short and macrocracks at various deflections of a blade are determined.
The calculation method is confirmed by comparing obtained results with
known data on the compressor blade fatigue.

Keywords: fatigue stochastic processes, blade, failure probability, failure
scale-structural levels, multicycle fatigue, gigacycle fatigue, fatigue curve.
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MarteMaTu4eckoe MOIeTHPOBAHNE YIapa YaACTHI
0 MOBEPXHOCTH NMPU MOJYYeHUH MOPOIIKOBBIX MOKPBITHH

E.A. 3otoB, K.B. HeGora

CaMapckuii HalIMOHATBHBIN UCCIIEA0BATEIECKUN YHHBEPCHTET
nmenn akagemuka C.I1. Koponéra, Camapa, Poccust
E-mail: nebogakirill@yandex.ru, west0506@rambler.ru

lazoTepmuueckue ¥ ra3oAMHAMUYECKUE TMOKPBITUS HIUPOKO HCIOJIb-
3YIOTCS TPH 3alllUTEe MOBEPXHOCTEH M3ENNN MAIIMHOCTPOCHHUS OT HeOna-
TOMPUATHBIX (PAKTOPOB CPEJIbI B TPOIECCE IKCIUTyaTAIlMU U JUIS IPUAAHUS
uM OoJsiee BBICOKUX (PU3UKO-MEXaHUYECKUX CBOMCTB 3a CYET MPUMEHEHUs
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CHELHATbHBIX MAaTepHajoB U TEXHOJIOTHYECKUX MPHEMOB B MPOLECCE IM0-
cioitHoro HaHeceHud [1-5]. JlanHas rpynma MeTOJ0B MPUMEHSIETCA s
MOJYYEHHUS CIIOMCTHIX MOKPBITHIA 0€3 TOPU30HTAIBHBIX CKBO3HBIX MOP, YTO
HanboJyiee BOCTpeOOBAHO MPHU PEUICHWH MPOOJIEM TOBBIIMICHHS TEII03a-
LIUTHI ¥ )KapOCTOMKOCTH U3IETUH.

Jnis obecnieuenus 60s1ee BHICOKUX 3alUTHBIX CBOMCTB B TAKHX MOKPHI-
THSIX HEOOXOJMMO CO3/IaTh YCIOBUS Il 00pa30BaHUS OJJHOPOJIHBIX CTPYK-
Typ. OTa 3a/a4a peuraercs myTeM BbIOOpa ONTUMAIbHBIX MapaMeTpoOB TeX-
HOJIOTUM HAHECEHHs Ha OCHOBE aHAJM3a MOJENbHBIX IPECTABICHHUH
OCHOBHBIX TpolieccoB noiyuyeHus. [Iporecchl yckopeHust 1 HarpeBa YacTHIl
JIOCTaTOYHO IOJTHO ONMCAaHBI B psJIe UCTOYHUKOB, Hanpumep [3, 4], onHako
MOJIEIMPOBaHMUE Ipoliecca yAapa JacTuil Tpedyer Oonee AeTalbHOTO MO-
X0/la C IIeTbI0 YyYeTa BIMSHHUSA OCHOBHBIX (DaKTOPOB TPH OOpa3oBaHUH
CIUIPTOB MOKpHITUSA. B paboTe mosyuyeHbl aHATUTHYECKUE COOTHOLICHUS
Uit (OPMBI M pa3MepoB CIUIITA, MPOJODKUTEIBHOCTH yJapa U CTETEeHH
TUIACTHYECKOM NedopMaliii B 3aBUCUMOCTH OT CKOPOCTH, TEMIIEpaTyphl,
(bopMBI, pa3MEpOB U CBOMCTB YacTHUI] MOPOIIKOBOTO MaTepuaa.

HUccnedosanue evinonneno npu @urancosoi noooepixcke PODOU
6 pamkax HayyHoeo npoekma Ne 18-38-0095919.

Knrouesvie cnoea: nopowikogvie noKpvlmus, mMamemamuieckoe mooeiu-
poeaHue, yoap 4acmuy, Cnidm, 3aKOHOMEPHOCIU.
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Mathematical modeling of the particles impact
on the surface in the preparation of powder coatings

E.A. Zotov, K.V. Neboga

Samara National Research University, Samara, Russia
E-mail: nebogakirill@yandex.ru; west0506@rambler.ru

Gas-thermal and gas-dynamic coatings are widely used to protect the
surfaces of engineering products from adverse environmental factors dur-
ing operation and to give them higher physical and mechanical properties
through the use of special materials and technological techniques in the
process of layering [1-5]. This group of methods is used to obtain layered
coatings without horizontal through pores, which is most in demand when
solving problems of increasing thermal protection and heat resistance of
products.

To ensure higher protective properties in such coatings, it is necessary
to create conditions for the formation of homogeneous structures. This
problem is solved by selecting the optimal parameters of the application
technology based on the analysis of model representations of the main
processes of production. The processes of acceleration and heating of par-
ticles are fully described in a number of sources, for example [3, 4], but
the modeling of the particle impact process requires a more detailed
approach in order to take into account the influence of the main factors in
the formation of coating splits. Analytical relations for the shape and size
of the splat, the duration of the impact and the degree of plastic defor-
mation depending on the speed, temperature, shape, size and properties of
the particles of the powder material are obtained.

The reported study was funded by RFBR according to the research
project No. 18-38-0095919.

Keywords: powder coatings, mathematical modeling, particle impact,
splat, regularities.
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MonennpoBanue npouecca o0pa3oBaHus CIJIITOB
MOPONUIKOBBIX MOKPBLITHI U pa3padoTka
KOJIMYECTBEHHOI0 KPUTEPHS OLEeHKU UX CTPYKTYPbI

E.A. 3otoB, K.B. HeGora

CamMapckuii HallMOHAJIBHBIN HCCIIe0BATENECKUI YHUBEPCUTET
umenu akagemuka C.I1. Koponésa, Camapa, Poccust
E-mail: west0506@rambler.ru, nebogakirill@yandex.ru

[ToporikoBble MOKPHITHS, MOMYyUYEHHBIE Ta30JIMHAMUYECKUMHU U Ta30-
TEPMUUYECKUMH METOJAaMM, HALUIM IIHPOKOE PAacCHpOCTPaHEHHUE MpH Ipo-
M3BOJICTBE PA3IMYHBIX U3JEIUN MamuHocTpoeHusa [1-5]. CpoiicTBa mo-
KPBITHI CYIIECTBEHHO 3aBUCAT OT CBOMCTB W Pa3MEPOB MOPOIIKOBBIX
yactul [1, 5], a Takke OT mapameTpoB Ipolecca HaHeceHus [3, 4], omnpe-
JENSIOMINX BpeMs MpeObIBaHUS YaCTHI] B MOTOKE, UX CKOPOCTHU, TPAEKTO-
pUM ABMKEHUS U TEMIIepaTypy HarpeBa. BBuIy 3THX NMpUYMH NpU MOJE-
JUPOBAHUU BO3HUKHOBEHUS OTACIHHBIX CIUIITOB MOKPHITUS HEOOXOIUMO
YYUTHIBAThH OOJIBIIOE KOJTHUECTBO MapaMeTPOB.

B nannoii pabote npoBeIeHO MaTEMaTUYECKOe MOJICITMPOBAHUE YIIPY-
roro U ymnpyromiacTUYeCKOro yJapa 4YacTUIl IPHU 3aKpeIuieHuH Ha IMo-
BEPXHOCTH JAETalu. YUYWUTHIBAINCH CBOMCTBA MOPOIIKOBOIO MaTepuala,
KHMHETUYECKOE U TEIJIOBOE COCTOSIHME YacTHUI] B MOMEHT yJapa C IMOBepX-
HocThlO netanu. [lox nelicTBUEM MMIYJIBCHOTO M HANOPHOTO JABIICHUS
yacTtuna, Gopma KoTopoi Onm3ka K chepuueckoi, pacTekaercs Mo Io-
BEPXHOCTH JETaju, 00pa3oBbIBasi CIUIAT MOKPBHITHUSA C XapaKTepHBIMU Ta-
pameTpamu: TOJIMHON U auameTpoM. Kak mokazanu pe3ynbTarhl Uccie-
JIOBaHMsI, JaHHbBIE IMapaMeTpbl MPeAOIPeEIeIeHbl B OCHOBHOM CBOMCTBaMHU
Marepuaia U napaMmerpamu Ipolecca HalbUICHHs], YTO MO3BOJIAET yIPaB-
JATh CTPYKTYpPOM IOKPBITHS B Ipouecce nonydeHuss. Kpome toro, komnu-
YECTBEHHBIN KPUTEPU HA OCHOBE COOTHOIICHHUM 3TUX MapaMeTpOB, JETKO
YCTaHABJIMBAEMbIX IMPU AaHAJIU3€ MOMNEPEUYHbIX METauIorpaduIeCcKux
nuidoB, TO3BOJSET AaTh Ooliee OOBEKTUBHYIO OLIEHKY KauecTBa MOKPHI-
TAS U €r0 CTPYKTYPHI, a TaKKe MPOBOAUTH 00Ji€€ KOPPEKTHHINH CpaBHU-
TeIbHBIN aHAIN3 Pa3HbIX 00Pa3I[OB MOKPHITHUS.

Uccneoosanue e6vinonneno npu @uuancosou noooepixcke PODU
6 pamkax HayyHoeo npoekma Ne 18-38-0095919.

Knroueswvie cnoea: nopowkogvle noxkpuimus, o00pazosanue cnidmad,
CmpyKmypa, KOIu4ecmeeHHulll Kpumepuii OYyeHKuU.
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Modeling of the powder coatings splats formation process
and the development of quantitative criteria
for assessing their structure

E.A. Zotov, K.V. Neboga

Samara National Research University, Samara, Russia
E-mail: west0506@rambler.ru, nebogakirill@yandex.ru

Powder coatings obtained by gas-dynamic and gas-thermal methods
are widely used in the production of various engineering products [1-5].
The properties of coatings significantly depend on the properties and sizes
of powder particles [1, 5], as well as on the parameters of the application
process [3—4], which determine the residence time of particles in the flow,
their speed, trajectory and heating temperature. Due to these reasons,
a large number of parameters must be taken into account when modeling
the appearance of individual coverage splits.

In this work mathematical modeling of elastic and elastic-plastic im-
pact of particles at fastening on a surface of a detail is carried out. The
properties of the powder material, kinetic and thermal state of the particles
at the moment of impact with the surface of the part were taken into ac-
count. Under the action of pulse and pressure pressure, the particle, whose
shape is close to spherical, spreads over the surface of the part, forming a
splat coating with characteristic parameters: thickness and diameter. As
shown by the results of the study, these parameters are predetermined
mainly by the properties of the material and the parameters of the spraying
process, which allows you to control the structure of the coating in the
production process. In addition, a quantitative criterion based on the ratios
of these parameters, easily established in the analysis of transverse metal-
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lographic cuts, allows to give a more objective assessment of the quality
of the coating and its structure, as well as to conduct a more correct com-
parative analysis of different samples of the coating.

The reported study was funded by RFBR according to the research
project No. 18-38-0095919.
Keywords: powder coatings, splat formation, structure, quantitative eval-
uation criterion.
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HN3MeHunBOCTH YAaHIJICPOBCKOTO IBUKCHHUS IMOJJIIOCA

JI.B. 30T0Bl’2, K. ]51/13yap3 , H.C. CI/II[OpeHKOB4

"MI'V umenu M.B. JlomonocoBa, I’ AUIII, Mocksa, Poccus
2 HaumoHaIbHbI HCCIIeI0BATEIbCKUN YHHUBEPCUTET
«BpIcIas 11koia 3koHoMuK», MUUOM, Mocksa, Poccust
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B nocneanue 10 et Mbl mpoBenu padoTy, MO3BOJIMBIIYIO TPOABUHY Th-
Csl B M3YYEHHUM YaHIJIEPOBCKOro kosiebaHus momoca 3emiu. B pabore [1]
MBI BOCCTAHOBWJIM BO30YKICHHUE TOW PE30HAHCHOW MOJBI METOIOM KOp-
pextupytomeii punbrpanuu [lanreneeBa. Teneps ecThb yBEpEeHHOCTh, UTO
Takas (uiabTpanMs — pPEryJSPUHMPYIOLIMM aJrOPUTM U €ro MapameTpbl
BBIOpaHbI COIVIACOBAHHO C IMOTPEIIHOCTSIMU HAOMIOAECHUH M MapaMeTpamu
pe3oHaHca. B B030ykmeHun oOHapyXUBaIOTCs KBa3u-20-€THUE aMILIU-
TyJHblEe MOAYJALMU. B paMkax nudgepeHInantb-HOro ypaBHEeHHs MepBOro
HOpsi/IKa, OMMCHIBAIOILIETO ABM)KEHHUE MOJII0CA, JIETKO MMOKa3aTh, YTO 3TH MO-
nyasuun o0yciapnuBaioT 40-1eTHUE M3MEHEHMs aMIUIMTY[Ibl YaHIepOB-
CKOro KoJieOaHus W pacllelieHHe ero crnekrpaibHoW nuHuu. [Ipocras
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MOJIeTIb OTHOAIONIe YaHAJIEPOBCKOro KoiiebaHus, Bkimtouatomas 80 u
40-netHue OueHUs, OOBSICHSIET €ro HBIHEIIHEE 3aTyXaHue, MoJI00HOe MPo-
n3omeamemMy B 1930-e rozpl, a Takke MPOrHO3UPYET YBEIUUYEHHUE €I0 aM-
IUTUTYIbl B OMiKaiime AecATHIETHs] ¢ BOBMOXKHBIM CKayKoM 10 ¢a3e Ha
180 rpanmycoB. C npyroif cTopoHbI, reojie3nyeckoe Bo30YyX IeHHE YaHJIe-
POBCKOT'O IBIKEHHMSI T0JIt0ca B mocienaue S0 et cormnacyercsi ¢ OKeaHuue-
CKUM U aTMoc(hepHbIM B030OYyXIeHHeM [2—4], JOMUHHPYIOIIUM BIHSHHEM
OK€aHa, 10 BCeW BUAMMOCTH, TPUBOASIINM K 20-IeTHUM MomyJianusm. Mx
bu3nIecKoil MPUIMHON MOTYT OBITh KIIMMATHYECKUE WM TPUIUBHBIC TIPO-
LIECCHI, BIMSIOIINE HA €r0 LHUPKYJIISIHIO.

Paboma noooepocana Kumaiickoti npoepammou no uHHOBAYUOHHOU
UHOICeHepUU 6 COBpeMeHHOU 2eodesuu u ceodunamuxe (epaum NSFC
No. B17033).
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OnTumu3anus ABYXCTYII€EHYATOIO HGHTpOﬁe)KHOFO Hacoca

B.M. 3y6anoB, A.A. Boakos, A.1. KopueeBa

CamMapckuil HallMOHATIBHBII HCCIIE0BATENIbCKUN YHUBEPCUTET
nmenn akagemuka C.I1. Koponéra, Camapa, Poccus
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B pabote anmpoOupoBaH METOJ TOBOAKH TOIUIMBHOT'O HACOCA BBICOKO-
POM3BOIUTENHHOTO TYPOOHACOCHOTO arperara MmyTeéM COBMECTHOTO HC-
MOJIb30BaHUsl MPOTPAMMHOTO OOECIEUYeHHUs MATeMaTUYeCKOM ONTHUMH3a-
nun [0SO, xommiekca NUMECA u CFD nporpammer ANSYS CFX.
[Iporpammuoe oGecriedeHne Ui ONTHUMHU3ALUN OBUIO MCIIOJIB30BAHO IS
ABTOMATHUYECKOTO U3MEHEHUS TEOMETPHUN KPBUIBYATKU HU3KOIO JaBJICHMS,
NEPEXOIHOTO KaHalla M KPbUIbYAaTKU BBICOKOTO JaBIICHUS U1l HAXOXKIe-
HUSl ONTUMAJIbHON KOHCTpyKuMHu. HeoOxoaumo ObUIO COXpaHUTh OPUTH-
HaJbHBIM BapuaHT OCTaBIIMXCS yacTed Hacoca. [Io sTol mpuuuHe u3Me-
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HSUIUCh TOJIBKO T'€OMETPUYECKHE IapaMeTphbl JOMaToKk 0e3 W3MEHEHHUs
KOHTYPOB MEPUIMOHAIBHOM YAaCTH NOTOKA HACOCA.

Co3anme CeTKH JIOMATOYHBIX YacTel (POTOPHI M MEPEXOIHBIN KaHa
cTaTopa) BHIMONHIOCH ¢ ucmonb3oBaHneM NUMECA AutoGridS. s
YIPOILIEHUS PacyeTOB MCIONb30BAINCH CEKTOPHBIE MOJENH. bwln pac-
CMOTPEH MOTOK BOKPYT TOJBKO OAHOM JionaTtku. Hactpolika u penieHue
3anaun 0wl BhinoaHeHsb! B pemarene ANSYS CFX. CpaBHenue pacuer-
HBIX XapaKTEPUCTHUK OCHOBHOI'O HAcOCa C 3KCIEPUMEHTAIbHBIMHU JaH-
HBIMH OBLJIO BBITIOJTHEHO IO ONTHUMH3AIIH.

[IpoBeneH aHayIM3 XapaKTEPUCTHUK JJIs MOJYYEHHON ONTUMHU3UPOBAH-
HOM reoMeTpuM Hacoca. bbulo yCTaHOBJIEHO, YTO HAacoC ¢ ONTHUMU3HPO-
BaHHOM reomerpuel umeer Ha 3 % Oombmmit KIIJ] npu coxpaneHun
Hamopa o CPaBHEHMIO C UCXOJIHBIM BapHMaHTOM Hacoca. [loxyuyeHHbIH 3a-
mac MOXHO HCHOJB30BaTh JUIsl (OPCHPOBAHUS PAKETHOTO JBUTATEIs
W/WIH [IJ1S1 CHYDKEHUS. Harpy3KH Ha OCHOBHYIO TypOuHY, KOoTopasi paboTaer
B arpeCCUBHON OKHUCIIMTEIBHOM Cpee.

Knrouegwie cnoea: winexoyenmpobedicHwlil Hacoc, 10NamKa, ONMUMU3AYUSL.

Optimization of two-stage centrifugal pump
V.M. Zubanov, A.A. Volkov, A.l. Korneeva

Samara National Research University, Samara, Russia
E-mail: waskes91@gmail.com, ad44rey@gmail.com, akorneeva94@mail.ru

The paper tested a refining method for a fuel pump of rocket powerful
turbo-pump unit by the joint usage of mathematical optimization software
I0SO, meshing complex NUMECA and CFD complex ANSYS CFX.
The optimization software was used for automatic change of the geometry
of low-pressure impeller, transition duct and high-pressure impeller to find
the optimal design. It was mandatory to keep the original variant of the
remaining parts of the pump. For this reason, only geometrical parameters
of the blades were varied without changing the contours of the pump me-
ridional flow part.

Creation of vane unit mesh (rotors and stator transition duct) was per-
formed using NUMECA AutoGrid5. Sector models were used for the cal-
culation simplification. The flow around only one blade or screw was con-
sidered. Setting up and solution of the task were carried out in the ANSYS
CFX solver. Comparison of calculated characteristics of the basic pump
with the experimental data was performed before the optimization.

The analysis of characteristics for the obtained optimized pump ge-
ometry was carried out. It was found that pump with optimized geometry
has a 3 % greater efficiency while maintaining the head comparison with
the original pump variant. The obtained reserve can be used to boost
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the rocket engine, and/or to reduce the loading of the main turbine, which
operates in aggressive oxidizing environment.
Keywords: screw centrifugal pump, blade, optimization.

MaremaTnueckoe MoJeJTUPOBAHHE 30HIMPOBAHUS
BEPXHMX CJI0€B aTMOC(hePHI C MOMOIIBIO OPOUTAIBLHBIX
TPOCOBBIX CHCTEM

B.A. Usanos', C.A. KynpeeBl, B.C. quI/IHCKI/Iﬁ2

1PYIIH, Mockga, Poccust
MoOCKOBCKH aBHAIMOHHBIH MHCTUTYT, MockBa, Poccust
E-mail: 2svr@mail.ru

Cpenu 3amad MpakTUYECKOTO MCIIOIB30BaHHUS OPOUTANBHBIX TPOCO-
BbIX cucteM (TC) ogHO U3 MEPBBIX MECT OOBIYHO OTBOMAT 33]a4€ 30HIH-
pOBaHMs OKOJIO3EMHOT'O IPOCTPAHCTBA € MIOMOILBIO anmaparypsl, CIycKa-
eMoit Ha Tpoce A0 BbicoT 100—-150 km [1-5].

W3BecTHO, YTO Ha 3TUX BBICOTaX CIIYTHUK CYLIECTBYET HECKOJIBKO 4Ya-
COB, a 30HJMPOBAHUE C MOMOUILI0 METEOPAKET OKA3bIBAETCS €IE MEHEE
POJOJDKUTENbHBIM. [IprMeHeHne opOUTaIbHBIX TPOCOBBIX CHUCTEM I103-
BOJIIET NPAKTHUYECKH HA JBa MOpPsAKA YBEIUYUTH HPOAOLKUTEIBHOCTH
30HJMPOBAHUS BEPXHUX CJIOEB C JIOCTABKOM MpHOOPOB B HUKHIOIO TEPMO-
cdepy 1, BO3MOXHO, B Me30chepy.

Ecnmu 3oHmupoBanue atmocdepsl ¢ HCMOJIB30BAHUEM OPOUTABHBIX
TPOCOBBIX CHUCTEM OCYILECTBISETCSI MPU CHUKEHMM 30HJA C BBICOTHI
150 kM 10 BbICOTHI 100 KM, TO MPOAOIKUTENBLHOCTh (DYHKIIMOHUPOBAHMUS
cucreMsl gocturaet 1040 4. Takoe BpeMs (yHKIIMOHHUPOBAHUS HA yKa3aH-
HBIX BBICOTaX CITyTHUKAa C KOPPEKTHPYIOIIEW ABUTaTEIbHON YCTAaHOBKOW
notpedoBano Obl SHEPreTUUYECKUX 3aTpar, ONpeesieMbIX BEIUYMHON Xa-
pakrepucTriyeckoii ckopoctu mopsiaka 4000 m/c. Takum obpazom, 3¢ dex-
TUBHOCTb MCIIOJIb30BaHMs OPOUTAIBbHBIX TPOCOBBIX CHUCTEM [yl 30HIUPO-
BaHMS BEPXHUX CIIOEB aTMOC(HEphl OKa3bIBACTCS IOCTATOYHO BHICOKOM.

[IpuBeneHHbIe COOOPaXKEHUSI XapaKTEPU3YIOT BO3MOKHBIE HAIpaBiie-
HUS 3QPEKTUBHOTO NPUMEHEHHS OPOUTAIIBHBIX TPOCOBBIX CHCTEM JJISl 30H-
JMPOBAaHMS BEPXHHUX CJIOEB arMoc(ephbl W MPOBEACHUS HAa ITUX BHICOTAX
reou3MUecKux MccieqoBaHMd. BMecTe ¢ TeM Ui MOCTPOSHHsT KOHKPET-
HBIX CXEM 30HIMPOBAaHUS HEOOXOIUMO MMETh NaHHbIE 00 OCOOEHHOCTSIX
JBMKEHUs1 OPOUTAIBHBIX TPOCOBBIX CUCTEM B IIPOLIECCE 30HAUPOBAHMS.

B HacTosimiee BpeMs JOCTATOYHO IMOJHO PACCMOTPEHBI PEKUMBI JBH-
KEHHUs OpOMTAIBHBIX TPOCOBBIX CHUCTEM 0e€3 ydeTa AEHUCTBHUS adpoAMHA-
MHUYECKUX CHUIL.

IIpn moaroroBke K MPOBEAECHUIO SKCIIEPUMEHTOB MO 30HIUPOBAHUIO
BEPXHHUX CJIOEB aTMOC(epsl C UCMOIBb30BAHUEM OPOMUTAIBHBIX TPOCOBBIX
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CHCTEM HEOOXOIMMO MOAPOOHOE U OOCTOSATENLHOE M3yYeHHE JIBHYKCHHS
CBSI3KM Ha BBICOTAX, TJ€ JCHCTBHEM a’pOJUHAMUYECKUX CHII IpeHeOpe-
raTh HEJIb3sl.

B noxiage mpenctaBiieHbl pe3yJbTaThl MOJEIMPOBAHUS PEKUMOB
JIBIDKCHUSI OpPOMTANBHBIX TPOCOBBIX CHCTEM, KOTOpBIE Hambojee MpHeM-
JeMbl U BBITOJIHEHHS ONEpaluy 30HIUPOBAHUSA, C yUETOM JECHCTBHS
a’pOAMHAMHYECKUX CHII.

Kniwouegvle cnosa: xocmuueckue mpocogvle cucmemvl, MOOeIUPOBAHUE
DeNCUMO8 O8UIICEHUS, 30HOUPOBAHUE C YUEeMOM Oelicmaus aspoouHamuie-
CKUX CUJI, epXHUE COU AMMOCGepbi.
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Mathematical modeling sounding of the upper atmosphere
with the help of orbital cable systems

V.A.Ivanov', S.A. Kupreevl, V.S. Ruchinskiy 2

'RUDN University, Moscow, Russia
“Moscow Aviation Institute, Moscow, Russia
E-mail: 2svr@mail.ru

Among the tasks of practical use of orbital cable systems (TC), one of the
first places is usually assigned to the task of probing near-earth space with the
help of equipment lowered on a cable to heights of 100—-150 km [1-5].

It is known that at these altitudes the satellite exists for several hours,
and the sounding with the help of meteor rockets is even less prolonged.
The use of orbital cable systems allows almost two orders of magnitude to
increase the duration of probing the upper layers with the delivery of in-
struments to the lower thermosphere and, possibly, to the mesosphere.

If the sounding of the atmosphere using orbital tether systems is per-
formed by reducing the tip heights of 150 km to a height of 100 km, the
duration of operation of the system reaches 1040 hours This time of opera-
tion at these altitudes satellites with corrective propulsion system would
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require energy expenditure, determined by the value of the characteristic
velocity of 4000 m/s. Thus, the efficiency of orbital tether systems for
sensing of the upper atmosphere is sufficiently high.

These considerations characterize the possible directions of effective
application of orbital cable systems for probing the upper atmosphere and
conducting geophysical research at these altitudes. At the same time, for
the construction of specific sensing schemes, it is necessary to have data
on the peculiarities of the motion of orbital cable systems in the sensing
process.

At present, the modes of motion of orbital cable systems without taking
into account the action of aerodynamic forces are considered quite fully.

In preparation for experiments on probing the upper atmosphere using
orbital cable systems, a detailed and detailed study of the movement of the
ligament at altitudes where the action of aerodynamic forces can not be
neglected is necessary.

The report presents the results of modeling the modes of motion of or-
bital tether systems, which are most suitable for performing the sensing
operation, taking into account the action of aerodynamic forces.
Keywords: space cable systems, simulation of motion modes, sensing tak-
ing into account the action of aerodynamic forces, the upper layers of the
atmosphere.

Pemenne kpaeBbIX 32/1a4 TEOPUM YIPYTOCTH
JJIS aHU30TPOMHBIX TeJI BPpallleHUs ¢ MAaCCOBBIMM CHJIAMM

I.A. I/IBaHBI‘-IGBl, E.IO. Jleuna’

1HFTY, JIumtenik, Poccus
*MI'TY um. H.3. Baymana, Mocksa, Poccus
E-mail: Lsivdmal@mail.ru, hensi-l@yandex.ru

Lenbto paboThl sBISETCS ONpeneIeHHE HAIPsKEHHO-1e()OpMUPOBaH-
HOT'O COCTOSIHHSI aHU30TPOIHBIX TeJl BpaIlleHUs MO ACHCTBUEM MAaCcCOBBIX
CWJI M BHEIIHUX YCIOBHHM (U3NYECKOTO U KMHEMaTHYECKOTO XapakTepa
B KOMOMHHpPOBaHHOW MOCTaHOBKE. PaccMaTpuBaroTcs mepBas, BTopas oc-
HOBHBIE 337]a4d MEXaHWKH, OCHOBHAs CMEIIaHHAas M KOHTaKTHas 3aJaqu
JUIsl  TpaHCBEpPCAIbHO-U30TPOMHOIO IMUIMHApUYECKOTo Tena. Pacuer
HaANPSDKEHHO-e(OPMUPOBAHHOTO COCTOSIHMSI OT COBOKYMHOCTH TaKHX
BO3JECHCTBUI COCTABIISIET aKTYAJbHYIO HAYYHYIO 3a7a4y.

[ToctaBnenHas 3amgaya obecrieyuBaeTCsl pa3BUTHEM METOAA TpaHUY-
HBIX COCTOSIHUM, OMHUPAIOLIErocsl Ha TMOHATUSL MPOCTPAHCTB BHYTPEHHETO
u rpaHuyHoro cocrosinuii. [loctpoena Teopusi GpopmupoBanusi 0a3ncoB
MIPOCTPAHCTB COCTOSTHUH, BKIIIOYAIONIINX B ceOs mepemMenienus, nedopma-
I[UU, HaIpsHDKEHUS W MaccoBble CHUJIBL. ba3uc BHYTpPEHHHUX COCTOSHUU
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COJICPXKHT MepeMelleHus, AeopMalui 1 HanpspKeHUs; 6a3uc rpaHUYHbIX
COCTOSIHUM — MepeMelleHUs TOYEeK I'PAaHUIIbI, YCUIHMs Ha IpPaHUIEe U Mac-
COBbIE CUJIBI (TTOCIIEIHEE YCIOBHO, TaK KAK MACCOBBIE CHJIBI IEHCTBYIOT Ha
BCIO 00JIaCTh Tena).

OO6muit 6a3uc mpeacTaBiseT co0oil coennHeHue aAByx 0aszucos. [lep-
BBl 0a3zuc Gpopmupyercs i ciydas IUIOCKOH edopMalvu OT JeicTBUs
TOJIKO MAacCOBBIX CHJI, OCHOBBIBAsICh Ha MIpUeMe MpUMEHEeHUs PyHIaMeH-
TaJIbHBIX MHOTOYICHOB. Jlaiee Ha ero OCHOBE, COTJIaCHO METO/IY HHTe-
TPalbHBIX HAJOXKEHUN, HHAYLUpYeTcs O0a3uc BHYTPEHHUX IPOCTpPaH-
CTBEHHBIX COCTOsIHMI. Bropoit 0asuc mpencraBisier coboit HabOp
BHYTPEHHUX COCTOSIHUM B KJIACCHUYECKOW KPAECBOM 3aJaye 3IaCTOCTATUKU
JUIS TpaHCBEPCAbHO-U30TPOIHBIX TeNl BpameHus. Ilocie oproronamusa-
K o01iero 6asuca BHYTPEHHHX COCTOSIHHM, II€ B KQUeCTBE CKaJISIPHOTO
MPOM3BEICHNUS BBICTYIIACT BHYTPEHHSAA YHEPTUS YIIPYroro nehopMHpoBa-
HUSI, UICKOMOE COCTOsiHUE ompenensercss paaoM Dypwe, KodpPUIMEHTHI
KOTOPOTO MPEACTABISAIOT cO00M ompenesneHHble UHTerpaisl. B 6asuce
T'PAaHUYHBIX COCTOSIHUN CKaJlipHOE MPOM3BEACHUE BBIpaXkaeT paboTy Imo-
BEPXHOCTHBIX U MaCCOBBIX CHIL

Oco0OeHHOCTh pelIeHUs] COCTOUT B TOM, YTO MCKOMOE YINPYroe IoJjie
YJIOBJIETBOPSICT OAHOBPEMEHHO 3aJaHHBIM YCJIOBUSIM Ha TpaHUIE Teja
U YCJIOBUSIM BHYTpH 00JacTH (MacCOBBIE CHUJIBI), @ HE TIPEACTaBIsIET COOOM
CYMMY pEIIeHHI YaCTHBIX 3a]1aY.

[IpuBeneHp! pemieHUs] pa3iM4YHBIX KpPaeBBIX 3aqad ISl KPyTroOBOTO
B IUTaHE LWJIMHAPA U3 TOPHON MOPOJIBI aJI€BPOJIUTA C COOTBETCTBYIOIIMMU
BBIBOJIAMH.

Solution of boundary value problems of elasticity theory
for anisotropic bodies of revolution with mass forces

D.A. Ivanychev !, E.Yu. Levina®

'Lipetsk State Technical University, Lipetsk, Russia
“Bauman Moscow State Technical University, Moscow, Russia
E-mail: Lsivdmal@mail.ru; hensi-l@yandex.ru

The aim of the work is to determine the stress-strain state of aniso-
tropic bodies of revolution under the influence of mass forces and external
conditions of a physical and kinematic nature in a combined formulation.
The first and second basic problems of mechanics, the main mixed and
contact problems for a transversely isotropic cylindrical body are consid-
ered. The calculation of the stress-strain state from the totality of such ef-
fects is an urgent scientific task.

The task is provided by the development of the method of boundary
states, based on the concepts of spaces of internal and boundary states.
A theory of the formation of bases of state spaces is constructed, which
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includes displacements, deformations, stresses, and mass forces. The basis
of internal states contains displacements, strains, and stresses; the basis of
the boundary states is the displacement of the boundary points, the forces
on the boundary, and mass forces (the latter is conditional, since mass
forces act on the entire area of the body).

A common basis is a combination of two bases. The first basis is
formed for the case of plane deformation from the action of only mass
forces, based on the method of applying fundamental polynomials. Fur-
ther, based on it, according to the method of integral overlays, a basis of
internal spatial states is induced. The second basis is a set of internal states
in the classical boundary-value problem of elastostatics for transversely
isotropic bodies of revolution. After orthogonalization of the general basis
of internal states, where the internal energy of elastic deformation acts as a
scalar product, the desired state is determined by the Fourier series, the
coefficients of which are certain integrals. In the basis of boundary states,
the scalar product expresses the work of surface and mass forces.

The peculiarity of the solution lies in the fact that the desired elastic
field satisfies simultaneously given conditions on the boundary of the
body and conditions inside the region (mass forces), and does not repre-
sent the sum of the solutions of particular problems.

The solutions of various boundary value problems for a circular silt-
stone in a cylinder made of rock with the corresponding conclusions are
given.

CpaBHUTEJbHBIN aHAJIN3 HEKOTOPBIX METO/10B
KOPPEKTHUPYIOLIEr0 BO31eCTBUA HA OPOUTY
cOmkaronerocs ¢ 3emiied OACHOr0 aCTEPoOMUIa

B.B. UBaukun'" 2, K.A. Ctuxuo’

! WucTtutyT npukinagHoi mateMaTuku uM. M.B. Kengeimma PAH, Mocksa, Poccust
*MI'TY um. H.D. Baymana, Mocksa, Poccust

B HacTosimiee Bpemsi OJJHUM W3 CaMbIX OMACHBIX JUIS 3eMIIH MajbIX
HeOECHBIX Tel sABJsIeTCsl actepou]; Anopuc, opoura KOTOPOro Takasi, 4To
B TEKYLIEM CTOJIETHHM OYyJeT HECKOIbKO OJHM3KUX COMKEHHH ¢ 3emuieil.
[Tpu >TOM A7l HEKOTOPBIX CONMIKEHMH CyIIeCTBYeT HeOoJblIasi MOJIo-
KUTETbHAs BEPOSITHOCTh CTOJIKHOBEHHs ¢ 3emieil. B pabore Ha mpumepe
acreporga Anoduc uccleayercs 3afada MpeaynpexIeHus CTOIKHOBEHHS
¢ 3emieil OMacHOro acTepoua C MOMOIIbIO KOPPEKIMU €ro OpOUTHI.
Hccnenyrorcss  XapakTepUCTHKM HMMIYJIbCHOW KOPPEKLMH, a Takxke
BO3MOXKHOCTH €€ peaiM3allid C TOMOIIBI0 yJapHO-KMHETHYECKOTO H
AfepHOro Bo3zaedcTBU. CrenaHo CpaBHEHHE MMIYJIbCHBIX U CIAa0BIX
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Bo3geiicTBuii. OTMeUYeHO, YTO ciaabble BO3AEHCTBHSA C MEIJICHHBIM H3MeE-
HEHHEM OpOUTHI acTepouaa MOTYT OKa3aThCsi Ooiee yAOOHBIMH B CHITY
NOTEHLIMABHO OO0JbIIel TOUHOCTH Koppekuuu. B paGore aHanus3upyroTcs
XapaKTEePUCTHKH TPABUTALIMOHHOTO BO3ACUCTBUS HA aCTEPOU C TOMOLIBIO
KOCMHYECKOTO armapaTra Majod MaccChl, YJIep>KHBAEMOTO YIPABISIOIIMMHU
PEAaKTUBHBIMH JIBUTATENSIMH B HEKOTOPOH TOYKE MPOCTPAHCTBA BOJIHM3H
acrepouza.

Comparison of some different types of dangerous near-
Earth asteroid’s orbit correction

V.V. Ivashkin"?, C.A. Stikhno®

' M.V. Keldysh Institute of Applied Mathematics, RAS, Moscow, Russia
2 Bauman Moscow State Technical University, Moscow, Russia

In the paper for the asteroid Apophis that today is one of the most
dangerous celestial bodies, some different types of dangerous asteroid
orbit’s correction are compared. Parameters of impulse correction are de-
termined and possibilities for its kinetic and nuclear implementations are
estimated. Impulse effects are compared with some weak effects. It is
shown that the weak long term correction may be better from accuracy
point of view than the short term impulse correction. Parameters of weak
correction by a “gravitational tractor” are analyzed for a spacecraft with
jet engines, which are capable to maintain the SC near-asteroid’s position.

I[Be MOJ€EJIU pasMbiBa 3EMJAHBIX IIJIOTUH

A.B. Ucakos, B.M. OBcIHHHKOB

MoCKOBCKasi rOCyJapCTBEHHAS aKaJeMusl BOJHOTO TpaHcnopTa, Mocksa, Poccust
E-mail: ovsyannikovvm@yandex.ru

3emiisiHble 1aMObl U IJIOTUHBI TUIPOCOOPYKEHHM HMEIOT 0coOeH-
HOCTb NEPENONHATHCS C OJHOM CTOPOHBI BOJOW M pa3pylIaTbCs C KaTa-
CTpO(UYECKUMH TOCIEACTBUSAMU. Pa3MbIB 3eMJISHBIX IJIOTUH BBUAY
0OJIBIINX UX Pa3MEpPOB MPOUCXOAUT HE MTHOBEHHO, a 3aHMMAaeT HEKOTO-
poe, MHOT/Ia MPOAOJDKUTENbHOE BpeMs. [1o3ToMy Moje3HO M3Yy4HTh pas-
JUYHBbIE CTaJMU pa3pyLIeHHUs U Pa3IUYHble MEXaHU3MbI, YTOOBI MOXKHO
ObUIO TPaMOTHO TpeJcKa3aTh W3MEHEHHE KapTHHBI pa3pylIeHUs BO Bpe-
MEHHU U YyCHETh NPEINPUHATH MPaBUIbHbIE CTPOUTEIbHBIE MEPHI IJISl CO-
XpaHEHUsl TUIOTHHBI WM 3aMeIUICHHsI €€ pa3pyLIeHHs Uid 3BaKyaluu
HaCeJICHUSI.
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PaccMoTpeH MeXaHHM3M BOJHOBOTO TEUEHHUS BHYTPU HENPOTOYHOU
LIEeJIM, NPUBOAAIIMI K €€ PacIIUpPEHHMIO 3a CUYET YIUIOTHEHHS CTEHOK
U yJuinHeHus mienu. Pacyer nposesieH Ha 6a3e HEOJHOPOJHOI'O BOJIHOBOTO
ypaBHeHus, BeiBeieHHoro JI.JI. Jlannay u E.M. Jludpmunem [1], ¢ yuerom
KOHBEKTHBHBIX YICHOB ypaBHEHHUs ABW)XKEHHA. B crathe [2] BbIBencHa
¢dopmyna, yduThiBarolas BKJax B BoOJHOoOpa3oBaHue. [lokazaHo, 4TO
C YMEHbBIIIEHHEM YyTIjla IIeJIH WHTEHCUBHOCTH BOJIHOOOpA30BaHUS B BO3-
BpPaTHOM M3 LI TEUYEHUN CUIIBHO BO3PACTACT.

Bropoii paccMOTpEeHHBIH MeXaHH3M HCCIEIYeT BOJHOOOpa3OBaHHE
B (QWIBTPALIMOHHOM TEYEHUH, MPOXOASIIEM HACKBO3b Y€pe3 BCIO TOJIIIH-
Hy IUIOTUHBI. ['€HepupyeMble BOJIHBI PACIIUPSAIOT CO BPEMEHEM ILIUPUHY
(GUIBTPallMOHHOTO KaHaA.

IIpoBeneHbl HKCIEPUMEHTANBHBIE MCCIECIOBAHUS IPOYHOCTH 110
LITaMITy BOJIOHACBIILIEHHOIO IPYHTA.

Marepuan 10KeH ObITh JIOTIOJIHEH MEXaHU3MOM B3BEIIMBAHUS B IIe-
JIEBOM IIOTOKE MEIbYaHIIMX YacCTULl, CKPEIUIAIOIIUX KPYIHbIE YaCTHULIBI,
U BBIMBIBAHHEM MX M3 Te€Ja IUIOTHHBI MPH MPEBBIIIEHUN CKOPOCTH (HUITb-
TpalMU KPUTUUYECKUX 3HAYCHUH. YaCTUYHO 3TO pPaCCMOTPEHO B MOHOIpA-
¢um [3].

Knroueswie cnosa: unompayus, cenepayus 6onm, oamoa, paspyuieHue.
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Two models of erosion of dams from the soil

A.V. Isakov, V.M. Ovsyannikov

Moscow State Academy of Water Transport, Moscow, Russia
E-mail: ovsyannikovvm@yandex.ru

The dams of hydraulic structures can overflow on one side and col-
lapse. Such destruction is a disaster. The destruction of a large dam has
a great time.

We must study the various stages of destruction and various mecha-
nisms to predict the change in the pattern of destruction over time. In this
case, we can take the right construction measures to preserve the dam. We
can get time to evacuate people.

We analyze the wave flow mechanism inside the gap in the dam. This
mechanism leads to an increase in the size of the gap. The calculation is
based on the inhomogeneous wave equation derived by Landau and
Lifshitz [1]. They used convective terms of the equation of motion.
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We used the formula from the article [2].

A decrease in the slit angle leads to an increase in the intensity of
wave formation in the return flow.

The second mechanism investigates wave formation in the filtration
flow through the dam. Waves expand the width of the filtration channels.
We conducted experimental studies of the strength of the stamp for water-
saturated soil.

We did not take into account the movement of small particles of soil,
which strengthen large particles. This is partially considered in the mono-
graph [3].

Keywords: filtration, wave generation, dam, destruction.
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33}121‘11/1 KOHTAKTHOTI' O B3aHMOI[eﬁCTBHﬂ
AJIA HUJIMHAPHYECKHUX TEJI ¢ HEOJHOPOAHBIMHA IMOKPBITUAMM

K.E. Kazakos

WuctutyTt npobiem mexannku uM. A.JO. Mnumuckoro PAH, Mocksa, Poccust
E-mail: kazakov-ke@yandex.ru

DONeMEHTbl MalllMHbl U MEXaHU3MOB COCTOSIT U3 MHOXECTBA Y3JIOB
U JeTalel, B3aUMOAEHUCTBUS KOTOPBIX NPUBOAAT K IOSIBICHUIO BHYTPEH-
HEro M KOHTaKTHOT'O HaIpsDKEHMS, a TAK)KE U3HOCY M JaXKe pa3pyILICHHUIO.
PacueTsl M3HOCOKOHTAKTHOTO B3aMMOJEHUCTBUS TEJl MO3BOJISIOT UHXKECHE-
paM IpelcKa3aTh B3aUMHOE IOBEICHHUE TE B IPOLECCE UX COBMECTHOM
paloThl, aHAIM3UPOBATh paCHpeeNeHUs] HampsbKeHUH u aedopmanuii
B TaKUX TellaX M NMPUHUMATh HEOOXOJMMbIE MEpHI 10 M3MEHEHUIO KOH-
CTPYKIIMM WJIM YCJIOBUHM €€ paboThl Ha 3Tarle MPOSKTUPOBAHMS.

B naHHOI paboTe OMUCHIBAETCS OCECUMMETPHUYHAs KOHTaKTHAs 3aja-
4ya 0 B3aUMOJCHCTBUH JKECTKOM BTYJIKH U BA3KOYNPYIOW CTApEIOIIEN TPy-
Obl, TOKPBHITOW HEOJHOPOJIHBIM YHpPyTuUM cioeM. s yka3zaHHOH 3amaun
IIOCTPOEHA €€ MaTeMaTH4YecKas MOJENb, IPEACTaBISIomas U3 ceds cme-
HIaHHOE HMHTETpajibHOE ypaBHEHME. [lomydeHO aHanuTHYeCKOE pElIeHHE
3a1a4d O HAXOXKJICHUU KOHTAKTHBIX JABJICHUH I10J BTYJIKOH, I03BOJIAO-
1iee Npou3BOANTh 3((HEeKTUBHBIE pacueThl Jake B Cllyyae, KOraa HEOAHO-
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POIHOCTH TOKPBITHSI OMUCHIBACTCS OBICTPOM3MEHSIONIEIHCS UM pa3pbIB-
HOU (PyHKLIHAMHU.

Kniwoueswle cnosa: konmaxmuas 3adaud, HeOOHOPOOHOe NOKpblmue, cyme-
wanHoe uHmezpanbHoe ypasHeHue, aHaIumuyecKue Memoowl.

Problems of contact interaction for cylindrical bodies
with nonuniform coatings

K.E. Kazakov

Ishlinsky Institute for Problems in Mechanics
of the Russian Academy of Sciences, Moscow, Russia
E-mail: kazakov-ke@yandex.ru

Machine and mechanism elements consist of many nodes and parts.
Their interactions lead to the appearance of internal and contact stresses,
as well as wear and even destruction. Calculations of the wear-contact in-
teraction for bodies allow engineers to predict the mutual behavior of bo-
dies in the process of their joint work, to analyze the distribution of stress-
es and strains in such bodies, and to take the necessary measures to change
the design or its working conditions at the design stage.

In this paper, the axisymmetric contact problem of interaction between
rigid bush and viscoelastic aging pipe with nonuniform elastic coating is
described. For this problem, its mathematical model is constructed. It is
mixed integral equation. An analytical solution for the problem of finding
contact stresses under the bush is obtained. It allow one to make efficient
calculations even when the coating nonuniformity described by rapidly
changing or discontinuous functions.

Keywords: contact problem, nonuniform coating, mixed integral equation,
analytical methods.

Oco0eHHOCTH HHTEHCHUBHBIX KOJIeOaHUH
0apoOTPONHOM KUIKOCTH

B.A. Kanunnuenko '

! MucturyT npobnem Mexanukn um. A 1O, Munmnckoro PAH, Mocksa, Poccus
2MITY um. H.D. baymana, Mocksa, Poccus
E-mail: kalin@ipmnet.ru

Lenpto mpencraBieHHONW pabOThl SBISETCS SKCIEPUMEHTAIBHOE HC-
CJIEOBAHKE PETYJSPU3ALNN PA3PYIIAOIIUXCA CTOSTYMX TPABUTALHMOHHBIX
BOJIH Ha CBOOOIHOM MOBEPXHOCTH BOJBI UJIHM CI0eM OoJiee JIETKOi HecMme-
IIUBAIOIIEHUCS C BOJOW BSA3KOM KHUIKOCTH, UM CIOEM TUIaBarouX chepu-
YEeCKUX YaCTHI] MOJOXKUTENbHOIN miaBydectu. PaccmaTpuBaroTest koneba-
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HUSl IBYXCJIOMHON CHCTEMBI B 0apoTpomHOM pexxume. st Bo3OyKIaeHus
BOJIH B MPSMOYTOJBHOM COCYJIE WCIIOJIB3YETCS MapaMeTPHUYECKUI pe3o-
HaHc. PaccmoTrpeH 3¢ ekt yBenuyeHUs TONIIMHBI BEPXHETO CJIOS Ha Tpe-
JIENTbHYI0 KPYTU3HY PETYJISIPHOW BOJHBI M €€ JUCCUTIATHBHBIC XapaKTepH-
ctuku. [Toka3aHo, YTO WCIOJB30BAHUE WM PACTUTEIHLHOIO MAacia, WU
MOJIUCTUPOJIOBBIX CHEPUICCKUX YACTHUI] B KAUECTBE BEPXHETO CIIOSI CYIIe-
CTBCHHO MEHSCT JMHAMHKY BOJHOBOW MOJbI — HAOJIOAETCS BOJHOBAs
peryJsipu3anus ¢ TOJTHBIM MOJIaBICHUEM MEXaHW3MOB paspyiieHus. [1po-
BEJICHO CPaBHEHHE CO CIy4aeM CTOSIYMX TPABUTAIMOHHBIX BOJH Ha CBO-
0O0/THO TIOBEPXHOCTH OJHOPOIHBIX YKHIKOCTEH, BI3KOCTh KOTOPBIX CYIIIe-
CTBEHHO OTJIMYACTCS: BOJbI M PACTUTEIBHOrO Macia. Pabota siBisercs
MPOJIOJDKEHUEM IIUKJIa HCCIICIOBAHUH aBTOPA, B KOTOPBIX U3ydalcs MeXa-
HU3M pa3pylIeHHs] TPABUTAIMOHHBIX TTOBEPXHOCTHBIX BOJH WM BSI3Kas pe-
TYJISIpU3aIsi UHTCHCUBHBIX BOJHOBBIX JIBHXKCHHU OIHOPOJHOM YKHIKO-
ctu. TemaTuka JOKJIaja CBsi3aHAa C PEIICHHEM MPAKTUYECKUX 3a7ad 0
TIOJTABJICHUIO WHTCHCUBHBIX KOJICOAHUHN KHUJIKOCTH CO CBOOOTHOM MOBEPX-
HOCTBIO B BHJIC CTOSTYMX BOJIH.

Paboma evinonnena no meme 2ocyoapcmeennozo 3adanusi Ne AAAA-
Al7-117021310375-7.
Knwuesvie cnoea: pecynapuvie, HepezyisapHvle U paspyuiaruuecs no-
sepxHocmubvle 80HbI Dapades, 08YXCIOUHAA HCUOKOCMb, OAPOMPONHbIE
B0JIHbL, BA3KOCHb HCUOKOCMU, OUCCUNamueHvle I dexmol, Oexpemenm.

Features of intense oscillations of a barotropic fluid
V.A. Kalinichenko '

! Ishlinskii Institute for Problems in Mechanics
of the Russian Academy of Sciences, Moscow, Russia
2 Bauman Moscow State Technical University, Moscow, Russia
E-mail: kalin@ipmnet.ru

The aim of the present study is to investigate experimentally regulari-
zation of breaking standing gravity waves on the free water surface by
means of either a layer of lighter viscous liquid immiscible with water or
a layer of floating particles of positive buoyancy. The oscillations of
a two-layer system in a barotropic mode are considered. Parametric reso-
nance is used to excite the waves in a rectangular vessel. The effect of in-
crease in the upper layer thickness on the limit steepness of the regular
wave and its dissipative properties is considered. It is shown that the use
of either seed oil or floating polystyrene balls as the upper layer changes
significantly wave mode dynamics, namely, regularization of waves with
complete suppression of breaking mechanisms. The situation considered is
compared with the case of standing gravity wave on the free surface of
homogeneous fluids whose viscosity differs significantly, namely, water
and seed oil. The report is a continuation of the cycle of author’s investi-
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gations in which the mechanism of breaking the gravity surface waves and
viscous regularization of the intense wave motions of homogeneous fluid
were studied. The subject of the study is connected with solution of practi-
cal problems on suppression of intense oscillations of a fluid with free sur-
face in the form of standing waves.

The work was supported by the State Program no. AAAA-AI7-
117021310375-7.
Keywords: regular, irregular, and breaking Faraday surface waves, two-
layer fluid, barotropic waves, fluid viscosity, dissipation effects, emulsion.

AHaIu3 BJMSIHUS MPOIlecca OTAeJIeHusI JI060BOTr0
TEIJI03AIUTHOT0 IKPaHa 0T BO3BPAI[aeMoOro annapara
HA UX 23POAUHAMHUYECKUE XapaAKTePUCTHKH

B.T. Kanyrusn, JI.M. CnoboasHiok

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: kaluginvt@mail.ru, slob.dima@mail.ru

IIpu nBwxeHnn BozBpaiaemoro ammapara (BA) B armocdepe 3emu
MIPOMCXOTUT OTJICJICHUE JTI0OOOBOTO Teruio3anmTHoro dkpana (JITD). Ilocie
otneneHwus, koraa JITD HaxoauTes B HEMOCPEICTBEHHOM O30cTH OT BA,
MMEeT MECTO B3aUMHas adpoAMHAMUYecKas HHTep(epeHIus, CylIeCTBEHHO
BIMSIFOIIAs Ha Oe30macHOCTh oTAeneHus. Benencreue manHoro 3ddexra
MIPOUCXOJUT W3MEHEHHE CYMMAPHBIX a3POJUHAMUYECKUX XapaKTEPHUCTHUK
(AX) xak BA, Tak u JITD, 4T0 MOXKET MPUBECTH K BOSHUKHOBEHUIO KOJIe-
0aHuil ¥ CTOJNIKHOBEHHIO. PaHee MpOBOIMIOCH YHCICHHOE MOICITUPOBAHKE
obrekanust BA n Haxomsmerocs Boym3u Hero JITD [1], ogaako B pabote He
Ob110 yuTeHo Biusinue aprkenus JITO va AJ/IX npu otneneHun.

B nacroseit pabote paccmaTpuBaeTcs 3ajada COBMECTHOTO OOTeKa-
Hus JITD u BA ¢ npumeHeHHeM HENOJBHKHOW U JTUHAMUYECKOW CETOK
B MIPOCTPAHCTBEHHO-HECTAMOHAPHON MOCTaHOBKE. BBHIABIAIOTCS 0COOEH-
HOCTU TEYEHWs], OlleHuBaeTcs BiusHUe aBrkeHus JITD B nHaleraromem
notoke Ha AJIX BA u JITO. IIpoBoautcsa cpaBHenue AJIX mpu pacuere
C IPUMEHEHHUEM Pa3JIMYHbIX PA3HOBUIHOCTEN ceTOK. OTMEUYEHO, UTO y4eT
OTHOCHUTENbHOM ckopocTu JITD urpaer cyuecTBeHHYIO posib Kak Ha W3-
menenue AJIX, Tak U Ha TpaHC(HOPMAIIUIO CTPYKTYp TCUEHUS B OTIUYHE
OT pacyeToB NPH HEMOJBIKHOM dKpaHe. BiusHHEe CKOpPOCTH IBUIKEHUS
OTJIEJISIEMBIX 3JIEMEHTOB MOXKET OBITh YUYTEHO MPHU MPOBEICHUH PAaCYETOB
C UCIOJIb30BAaHUEM JIUHAMUYECKON CETKH, B PE3yJbTaTe KOTOPBIX MOJIY-
YaIOTCsl PUEMJIEMBIE Pe3yJIbTAThI IJIs1 MHKEHEPHOU MPAKTHKHU.
Knwueevle cnoea: aspoounamuieckue Xxapakmepucmuxu, 100080U menio-
3auumHblll  9KPAH, 6038pAWAeMblll  annapam, OUHAMUYECKds CcemKa,
FlowVision.

136 Huorcenepuuiit scypuan: nayka u unnosayuu #2-2020



DOI: 10.18698/2308-6033-2020-2-1960

Jluteparypa

1. Axcenos A.A. n np. KoMnbioTepHOE MOJECIUPOBAHUE TEYEHUS U OTHOCHUTEIHHOTO
JBIDKCHUST BO3BPAI[AEMOT0 ammapara U KPBIIIKK JIFOKa MMapaiioTHOr0 KOHTEHHepa
B TIpoliecce MX pa3zelieHus Ha y4yacTke ciycka / KocMudeckast TeXHHKA U TEXHOJIO-
run. 2015. Ne 2. C. 39-50.

Analysis of the frontal heat shield separation process
from the reentry vehicle on their aerodynamics
characteristics using numerical simulation

V.T. Kalugin, D.M. Slobodyanyuk

Bauman Moscow State Technical University, Moscow, Russia
E-mail: kaluginvt@mail.ru, slob.dima@mail.ru

During reentry vehicle (RV) moving in the Earth’s atmosphere, the
frontal heat shield (FHS) is separated. After separation, when FHS moves
in close proximity to the RV, there is mutual aerodynamic interference,
which significantly affects the separation safety. As a result of this effect,
the total aerodynamic characteristics (ADC) of both RV and FHS occur
that can lead to oscillations and collision. Earlier, numerical modeling of
the flow around the RV and the nearby FHS was carried out [1], however,
the influence of the motion of the FHS on the ADC during separation was
not taken into account in the work.

In the present paper, we consider the problem of the joint flow around
an FHS and RV using fixed and dynamic grids in a spatially unsteady set-
ting. Features of the flow are revealed, the influence of the FHS motion in
the incident flow on the ADC of the RV and FHS is estimated. Compari-
son of ADH is carried out in the calculation using various varieties of
grids. It is noted that taking into account the relative FHS velocity plays
a significant role both in the change in the ADC and in the transformation
of the flow structures, in contrast to calculations with a fixed screen. The
influence of the speed of movement of the separated elements can be taken
into account when performing calculations using a dynamic grid, as a re-
sult of which acceptable results for engineering practice are obtained.
Keywords: aerodynamic characteristics, frontal heat shield, return appa-
ratus, dynamic mesh, FlowVision.
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IIpyMeHeHHe BBIYMCINTENILHOr0 KoMiuiekca OpenFOAM
JJISl pelieHHs 32424 a3POAUHAMMKH

B.T. Kanyrun', A.C. Enuxus'”, J1.K. Hasaposa'

'MI'TY um. H.D. Baymana, Mocksa, Poccust
2MICII um. B.I1. ViBanHuKOBa PAH, Mocksa, Poccust
E-mail: kaluginvt@bmstu.ru, andy _e@bk.ru, dknazarova@bmstu.ru

YuciaeHHOE MOJENMPOBAaHUE IPOLIECCOB OOTEKaHMs JIeTaTeNlbHBIX
anmnapaToB CaMbIX Pa3JIMYHBIX (POPM MO3BOJISET CYIIECTBEHHO JONOIHUTH
SKCHEPUMEHTAJIbHBIE JaHHbIE W PACIIUPUTh JIUANA30Hbl HCCIEAYEMbIX
napametpoB. Illupokoe pacnpocTpaHeHue cedyac MOJYYHUIM OTKPBIThIE
[aKeThl YUCIEHHOTO MOJEIMPOBaHus. PeleHne kaxJol KOHKpPETHOU 3a-
Jlaud UMEeT CBOM OCOOEHHOCTH, 4TO TpedyeT moadopa crocoba u mapa-
METPOB MOJIETUPOBAHUS.

B pabote n3noxeHsl 0COOEHHOCTH M MOAXOJbl YMCICHHOTO MOJAEIH-
pPOBaHUS NPUKIAAHBIX 337a4 a’3pOAMHAMHUKH C MPUMEHEHHEM Iporpam-
MHOI'0 KOMIUIEKCA ¢ OTKPBITHIM UCXOAHBIM KojioM OpenFOAM. Paccmot-
peHo oOTeKaHHe JIeTaTEeJIbHBIX amlapaToB W HUX HJIEMEHTOB pa3IMYHbIX
bopm:

— OTZIeJIIEMBIX OT pakeT-HocuTesel ooTekarenei B cBepx- (2 >M, > 4),
tpanc- (0,8 >M,, > 1,2) u no3BykoBoMm (M= 0,1) moToke Bo3ayxa;

— MOJIEJTd MAaHEBPEHHOT'O CaMoJieTa ¢ TOPMO3HBIM IIUTKOM B JJO3BYKO-
BOM IIOTOKE;

— CIlyCKaeMoro ammapara CerMEeHTHO-c(epudeckoil (opmbl mpu
0,6>My>4;

— MCTEYEHUS CBEPX3BYKOBBIX CTPYH B 3aTOIUIEHHOE IIPOCTPAHCTBO.

Hcnonp3oBanuch Kak MOAXOAbI, BXOSIIME B COCTaB KOMIUIEKCA
OpenFOAM, Tak u coOCTBEHHBIE Pa3pabOTKU aBTOPOB. MozenupoBaHue
JI03BYKOBOT'O OOTEKaHMs amlapaToB MPOBOAMUIOCH C MPUMEHEHUEM pellla-
teneit pisoFoam, simpleFoam, mist mMozmenupoBaHusi OOTEKaHHUS TpaHC-
U CBEPX3BYKOBBIM NOTOKOM mpuMeHsunch pematenu RhoCentralFoam
n dbnsTurbFoam, ucmons3oBanuce moaenu TypOyineHTHOCTH k—m SST
n CmaropuHckoro. Pe3yibpTaTel pacdeToB CpaBHHMBAJIHCH C SKCIIEPUMEH-
TaJIbHBIMU JIAaHHBIMHU.

C noMoIIbI0 YMCIEHHOTO MOJICTUPOBAHMS BBISIBIEHO, YTO OCOOECHHO-
CTbIO OOTEKaHUs OTIENAEMBIX OT pPaKeT-HOCUTENeH 3J1eMEeHTOB B (opme
TOHKHMX 000JI0ueK (0O0TeKareseil) ABIseTcs HaJudue MOJIOCTH, BHYTPHU KO-
TOpoi oOpa3yercsi 3acToiHasi 30Ha, adPOAMHAMUYECKHE XapaKTEPUCTHKH
TaKUX TeJ CYIIECTBEHHO OTJIMYAIOTCS OT adpOJMHAMHUYECKUX XapaKTepu-
CTHK COOTBETCTBYIOIIMX CIUIONIHBIX Tell. TOpMO3HON IIMTOK HAa MaHEB-
PEHHOM CaMoJIeTe TeHepUPYET BUXPHU, KOTOPbIE MOTYT BO3/I€HCTBOBAThH Ha
YIpaBIISIONINE TOBEPXHOCTH, PACHIOJIOKEHHbIE B CITyTHOM CJIE/Ie, YTO BbI-
3BIBACT HMX TPSCKY; pa3paboTaHa METOAWKA, KOTOpas MO3BOJSET C JOCTa-
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TOYHON TOYHOCTBIO MOJEJIMPOBATh Takue siBiieHHs. Taxke Moka3aHo, 4To
oTKphITEIH MakeT OpenFOAM MmoxeT ObITh MPUMEHEH JUIsl MOJAETHPOBa-
HUSI UCTEUECHUSI CHIIBHO HEJOPACIIMPEHHBIX CTpYH Npu (QyHKIIMOHHPOBA-
HUY U3IEIINN PAKETHO-KOCMUUYECKON TEXHUKH.

Taxum 006pazom, MPOBECHHbBIE UCCIIETOBAHUS MTO3BOIMIN CHOPMYIIH-
poBaTh METOJMKH pacueTa adpoJUHAMHUYECKHX XapaKTEpPUCTUK U CTPYK-
Typ TEYEHHUs I PEIIECHUs IHUPOKOro Kpyra 3aja4y B aBUALlMOHHOM U pa-
KETHO-KOCMHYECKOM NPOMBIIIIEHHOCTSIX.

Kniouegvle cnoea: pacuem aspoouHamuyeckux xapakmepucmuk, oome-
Kamenb 1emamenbHo20 annapamad, YucieHHoe MoOeIuposaHue npoyecca.

Application of OpenFOAM computational package
for solving aerodynamics problems

V.T. Kalugin', A.S. Epikhin'?, D.K. Nazarova'

' Bauman Moscow State Technical University, Moscow, Russia
? Ivannikov Institute for System Programming of the RAS, Moscow, Russia
E-mail: kaluginvt@bmstu.ru, andy _e@bk.ru, dknazarova@bmstu.ru

Numerical modeling of flow around the aircrafts, that can have vari-
ous forms, allows us to supplement the experimental data and extend
the range of the studied parameters. Open source packages for numerical
modeling are widely practiced now. The solution of each specific problem
has its own unique features and we need to choose the method and param-
eters of modeling.

In this investigation some numerical solutions and peculiarities of
applied aerodynamic problems in open source program complex Open-
FOAM are represented. The flow around various aircrafts and elements of
this aircrafts is studied. We analyzed:

— fairings, that separate from the launch vehicles, in supersonic
(2> My > 4), transsonic (0.8 > M, > 1.2) and subsonic (M, = 0.1) flow,

— the model of a maneuverable aircraft with an airbrake in subsonic
flow,

— segment-spherical reentry vehicle in flow with Mach number from
0.6 to 4,

— supersonic jet discharge into space.

Both basic OpenFOAM approaches and our own developments were
used. OpenFOAM solvers PisoFoam and SimpleFoam were applied for
subsonic flow modeling, RhoCentralFoam and dbnsTurbFoam solvers
were used for transonic and supersonic flow modeling. We chose k—w
SST and Smagorinsky turbulence models. Calculation results were com-
pared with experimental data.
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Using numerical modeling it was found that a peculiarity of the flow
around separable from the launch vehicle elements which are like thin
shells (fairings) is the presence of a cavity which has a stagnant zone in-
side, aerodynamic characteristics of such bodies differ from aerodynamic
characteristics of corresponding solid bodies. The airbrake on a maneuver-
able aircraft generates vortices, that effect on control surfaces in vortex
wake, which cause buffeting; developed modeling methodology allows us
to simulate such flow effects with sufficient accuracy. It is also shown that
the open source package OpenFOAM can be used to simulate highly un-
der-expanded jets discharge during the operation of the space vehicle.

So, conducted studies allowed us to formulate methodologies for aer-
odynamic characteristics and flow structures calculating, which are needed
for solving a wide range of problems in aviation and space industry.
Keywords: calculation of aerodynamic characteristics, aircraft fairing,
numerical simulation of the process.

Marpuua $Ixko0u ¥ CHHIYJISIpHBIE KOH(PUTYpaLUH
MAaHHIIYJIATOPA B pacyeTHO-rpadguyeckoii padore
110 KHHEMaTHKe

O.M. Kanyctuna, A.1. KoOpun

HNY «M3W», Mocksa, Poccus
E-mail: KapustinaOM@mpei.ru, KobrinAl@mpei.ru

ABTOpaM 3aJlaHUil pacyeTHO-rpapuIecKOi pabOThl MO KUHEMATHKE
YIPaBIAEMOro JBUKEHUS MAHUITYJIATOPA NPUXOANUTCS UCKIIOYATh CUHIY-
JSIpHBIE KOH(UIYpalluM MEXaHW3MOB IyTEM KOPPEKTHPOBAaHUS Hadallb-
HBIX YCJIOBUI nBWXeHUs. HekoppekTHble HayalbHBIE YCJIOBHSI MOTYT
OBITb BBEJCHBI NPH HCIOJb30BAHUU CUCTEM CHMBOJIBHBIX BBIYMCICHHUN
KaK IMpernojaBareieM, Tak U B pe3yibraTe ommOok ctyaeHra. [lpu stom
MEXAaHHU3M B IPOLECCE PACCUUTHIBAEMOrO IBHKEHUS MOMKET OKa3aThCs
B CHHTYJSPHOH KOHQHUIypaluH, 4YTO MpPOSBISETCA, B YacTHOCTH, B
HEOIPaHUUYEHHOM POCTE YTJIOBBIX CKOPOCTEH €ro 3BeHbeB. [loTpeOHOCTH
OOBSICHEHUS 3TOTO SIBJICHUS CTYJIEHYECKOH ayTUTOpUX MPUBOIUT K HEOO-
XOIUMOCTH BBeICHMs B pasnene «KuHemaTtnka» COBPEMEHHOIO Kypca
TEOPETUYECKON MEXaHMKH TaKUX MOHATHH, Kak MaTpuia SIKoOM MaHUITY-
JATOpa, CHHTYJISIpHAs KOH(Urypauus MexaHusMa M JIpyrux. B noxmazne
NpeJICTaBJICHbI IPUMEPHI TIOCTPOCHUS M aHAIKM3a MaTpuUIlbl SIkobu B mpo-
1[ecce HaXOKIACHUS TaKUX KOH(UTypaLuid.

Knroueswie cnosa: xunemamuka, ynpaeisiemli MAHUnyIamop, Mampuya
Akobu, cunzynapnasn Konguaypayus mexaHusma.
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Jacobi matrix and singular configurations of manipulator
in calculation and graphic work on kinematics

O.M. Kapustina, A.I. Kobrin

NRU «MPEI», Moscow, Russia
E-mail: KapustinaOM@mpei.ru; KobrinAl@mpei.ru

The authors of the tasks of the calculation and graphic work on the
kinematics of the controlled motion of the manipulator have to exclude
singular configurations of mechanisms by adjusting the initial conditions
of motion. Incorrect initial conditions can be introduced when using sym-
bolic computing systems both by the teacher and as a result of student er-
rors. Moreover, the mechanism in the process of the calculated motion
may appear in a singular configuration, which is manifested, in particular,
in an unlimited increase in the angular velocities of its links. The necessity
to explain this phenomenon to the student audience leads to the need to in-
troduce in the section “Kinematics” of the modern course of theoretical
mechanics such concepts as the Jacobi matrix of the manipulator, the sin-
gular configuration of the mechanism, and others. The report presents ex-
amples of the construction and analysis of the Jacobi matrix in the process
of finding such configurations.

Keywords: kinematics, controlled manipulator, Jacobi matrix, singular
configuration of the mechanism.

CoOcTBeHHbBIE KOJIe0aHUs OTPe3HbIX ¢pe3

A.1O. Kapnaues

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: karpachevay@bmstu.ru

[IpoexTrpoBaHue M KOHCTPYMPOBAHUE W3JEIUN, NOABEPrarOIINUXCs
IIPU 3KCIUTyaTallud MEPEMEHHBIM CHJIOBBIM BO3JECHCTBUAM, OJKHO IPO-
BOJMUTHCA HA OCHOBE PACYETOB [IMHAMUYECKHX CBOMCTB CO3/1aBa€MBIX
KOHCTpYKIWH. B HanmOombIeil cTeneHn 3T0 OTHOCUTCS K KOHCTPYKITHSIM,
COJIepXKalllUM TOHKOCTEHHBIE JIEMEHTHL. B cBs3M 3TUM paszpaboTka J0-
CTOBEPHOT'0 METOJIa ONpeeeHHUs] COOCTBEHHBIX IMHAMHUYECKUX XapaKTe-
PHUCTUK PEXYIINX HHCTPYMEHTOB B BHJE OTPE3HBIX KPYToB U ¢pe3 mpen-
CTaBJISIETCS AKTYJIbHOM.

PaccmoTpeH MH)XEeHEepHBIH METOJ| pacueTa 4acToT M GopM coOCTBEH-
HBIX KOJIeOaHWI TMCKOBBIX OTPE3HBIX (pe3 MepeMEeHHOW TOJIIUHBI B pa-
JMajJbHOM HampasiieHHH. IIpoBeneHO cpaBHEHHE pe3yJbTaTOB pacyera
IpeiaraéMblM METOIOM C JaHHBIMHU, MOIy4YeHHbIMH MeTtogoM MKDO,
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a TaKKe ¢ pe3ybTaTaMH 3KCIIEPUMEHTOB, IPOBEACHHBIX C HCIIOJIb30BaHH-
€M YHHUKaJIBHOT'O COBPEMEHHOT'O 000y TOBaHUSL.

Takum oOpazom, OblTa YCTaHOBJIEHA INPABOMEPHOCTH IPHUMEHEHHUS
NPEJIOKEHHOTO MOJIX0Aa K aHAIN3y IMHAMUYECKHUX CBOWCTB PacCMOT-
PEHHOTO BHJA TMCKOBBIX PEXYIINX MHCTPYMEHTOB. [lomyueHHbIE pe3yiib-
TaThl MOTYT CIIy>)KUTh OCHOBAHHEM NpPU OIIEHKE KPUTHUECKUX PEKHUMOB
IKCIUTyaTallui HCCIEAyeMbIX (pe3, a CoYeTaHHe IOCIIeI0BATEIFHOTO
NPUMEHEHHUS TPEATIOKECHHBIX METOJIOB IMO3BOJSET OCYIIECTBIISATH MPOEK-
THPOBAaHHE STHX MHCTPYMEHTOB C 3aJaHHBIMU JTUHAMHYECKUMH XapakTe-
PHUCTUKaMU.

Knrouesvie cnoea: ompesnas ¢pesa, c60600nvie Koiebanus, OuHamuie-
CKUe Xapakmepucmuxu.

Self-oscillations of the cutting cutters

A.Yu. Karpachev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: karpachevay@bmstu.ru

The design and construction of products subjected to variable forces
during operation should be carried out on the basis of calculations of
the dynamic properties of the created structures. To the greatest extent
this applies to structures containing thin-walled elements. In this regard,
the development of a reliable method for determining the intrinsic dynam-
ic characteristics of cutting tools in the form of cutting wheels and cutters
is relevant.

The engineering method of calculation of frequencies and forms of
natural oscillations of disk cutting mills of variable thickness in the radial
direction is considered. The results of the calculation by the proposed
method are compared with the data obtained by the FEM method, as well
as the results of experiments carried out using unique modern equipment.

Thus, the validity of the proposed approach to the analysis of the dy-
namic properties of the considered type of disc cutting tools was estab-
lished. The obtained results can serve as a basis for assessing the critical
operating conditions of the studied cutters, and the combination of con-
sistent application of the proposed methods allows the design of these
tools with specified dynamic characteristics.

Keywords: cutting mill, free oscillations, dynamic characteristics.
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Pemenue oOpaTHOM 3a1a4U TMHAMHKH
C Y4eTOM HeJIMHEHHOH PYHKIUN CTA0OWIU3AIUU CBSI3eil

N.E. KacniupoBuu

PYJIH, Mocksa, Poccust
E-mail: kaspirovich.ivan@mail.ru

[Ipu pemeHnu 3aa4ul yCTOWYMBOCTH YUCIEHHOTO PELICHHUS OTHOCH-
TENIFHO YPAaBHEHUI CBSI3€H MPH YHCIEHHOM MHTErPHPOBAHUH NPHMEHSET-
cs MeToJ| cTabmim3anuu, npeiokeHHslii baymrapre. CorimacHo sTomy
METOJy MTPOM3BOAHBIE IO CBSI35IM MIPUPABHUBAIOTCS K JIMHEHHOH (opme 110
CBS3AM. YTIpaBlieHHE 3HAUYCHUSAMH KO3(PPHUIMEHTOB NUHEHHON (OopMBbI
HO3BOJISIET JIOOWTHCS YCTOWYMBOCTH TPH YHCIEHHOM HHTETPUPOBAHUM.
B paborte paccMaTpuBaeTcsi BO3MOXKHOCTh MOCTpOEHHs ypaBHeHui Jla-
rpaHa BTOPOro poja ¢ y4eTOM MPOU3BOJIBHOW OJHOPOIHON HETUHEUHOU
GyHKUMU cTabunu3anuy. [ TaBHBIM BBHIBOJIOM HCCIICAOBAHHUS MOXKHO CUH-
TaTh TO, YTO HEOOXOANMO BBECTH AMCCHUIIATHBHYIO (DYHKIUIO JUIS TTOJTHO-
[IEHHOTO pPEIIeHUs 3a/1a4l CTa0MIN3aIUH.

Paboma evinonnena npu ¢unarncosoii noooepscke PODPU (npoexm
Ne 19-08-00261).

Knrouesvie cnosa: cmabunusayus cessell, OUCCUNamuenas QyHKyus,
yenosus I'enbmeonvya.

Solution of inverse dynamical problems
with regard for nonlinear constraint stabilization

L.LE. Kaspirovich

RUDN University, Russia
E-mail: kaspirovich.ivan@mail.ru

Baumgarte’s method of constraint stabilization can be applied to find
a stable numerical solution in relation for constraint equations during the
numerical integration. According to this method full time derivatives of
constraints are equated to their arbitrary linear form. Choosing values of
the coefficients of this form allow us to obtain a stable solution. In this pa-
per a method of constructing Lagrange equations of the second kind is
considered with regard for a nonlinear homogeneous stabilization func-
tion. A necessity if introducing dissipative function to find a complete sta-
bilization problem’s solution can be the main conclusion of the research.

This work is supported by RFBR (project No. 19-08-00261).
Keywords: constraint stabilization, dissipative function, Helmholtz condi-
tions.
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Ynpagsiienue 1BUKEHUEM PaAKeThI
METOA0OM CTAOMJIN3AIMHU CBA3EeH

K.3. Kacnuposuu

PYJIH, Mocksa, Poccust
E-mail: kamilaska24@gmail.com

B pabote paccMaTpuBaroTCs METOABI PELICHUST BAPHALIMOHHOM 3a/1a4n
peanu3alyy yrpaBlieHUs, CTaOWIN3UPYIOLIEr0 ONTUMAJIbHOE IBM)KEHHE
pakeTbl B IPaBUTALMOHHBIX MOJSIX, HaXOXKJEHUS HauOoyiee TOYHBIX €€
TPAEKTOPHi, a TaKKe NMPUMEHEHHUE IOJYUYEHHBIX PE3YyJbTaTOB IS pelle-
HUS Pa3IMYHBIX MPAKTUYECKHUX 3a7ad AWHAMHKH IOJIeTa. AKTYaJbHOCTb
UCCJIEIOBaHMsSI TaHHBIX MPOOJIEM CBsI3aHA C TEM, YTO KOCMUYECKOE HaBe-
JICHUE U MPOCIECKUBAHUE TPAEKTOPUU OOBEKTa B MPOLIECCE BCETO MOJIeTa
SIBJISICTCSI Ba)KHEHMIIEH OCHOBOW YCIEIIHOTO KOCMHUYECKOTr0 MaHEBpa KO-
pabneii, cyTHUKOB, pakeT. IlocTpoeHne U OCyIECTBIEHHE Ha MPAaKTHKE
3aKOHOB aBTOHOMHOT'O HaBEJEHMs B IPUMEHEHNU K COBPEMEHHBIM BUAAM
JIBUTaTEIbHON TEXHUKHU SIBJISIETCS OCTPOM HEPEIICHHOM Ha CETOAHSALIHUN
JIeHb 3aJa4ei, KOTopas 3aBUCUT OT BO3MOYKHOCTHU JIBUTATEJIEH JIETAaTElb-
HBIX alMapaToB MPOU3BOAUTE HEOOXOAUMYIO JUIsl MOJIETa TATY. Y YUThIBA-
eTcs TOT (PaKT, YTO B PEaTbHOCTH OOBEKT JIETUT HE TI0 3aJJaHHON TPAeKTO-
pHUH, @ UMEET ONPEIECIICHHOE OTKJIOHEHUE M3-32 HETOYHOCTEHN NapaMeTpoB
MOJIEJIA TOJIETa U JABUraTeabHON cucTeMbl. [IoaToMy BO3HMKaeT HEOOXO-
JUMOCTh TIOCTAaHOBKHM 3aJjaud CTaOWJIM3aLUU Il HAXOXKICHUS YCIIOBHM
ONTUMAJILHOTO yMpaBleHUs. 3aAaudl CTaOWIU3alMM U yNpaBIECHUS JBH-
KEHHUEM SIBJISIFOTCS] BaXKHBIMU KaK C TEOPETHUECKON TOUKU 3pEHUs, TaK U B
CHJly MHOTOYHMCIIEHHBIX TEXHUYECKMX NpuiaoxkeHuil. C TeopeTHdecKon
TOYKM 3PEHUS JAHHBIE 337a4M BaXKHBI IIPEXKIC BCETO TEM, YTO OHU OTHO-
CATCS K CIIOKHBIM 3a/1a4aM MEXaHHKH U BCAKHH pa3 TpeOYIOT Ui CBOETO
peleHust HoBble MoaXoAbl U MeToabl. Ilpu 3Tom xapakTep 3amaun cTalu-
JU3aluu ABMKEHUN CYIIECTBEHHO 3aBUCUT OT JIOTIOJIHUTEIbHBIX YCIOBH,
KOTOpBIE HAKJIaJAbIBAIOTCS HA JMHAMUYECKYIO CUCTEMY.

Paboma evinonnena npu ¢unarncosoti noooepsicke PODPU (npoexm

Ne 19-08-00261).

Control of the rocket movement
by means of stabilization of communications

K.Z. Kaspirovich

RUDN University, Moscow, Russia
E-mail: kamilaska24@gmail.com

The paper deals with the methods of solving the variational problem
of control implementation, stabilizing the optimal motion of the rocket in
gravitational fields, finding the most accurate trajectories, as well as
the application of the results to solve various practical problems of flight
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dynamics. The relevance of the study of these problems is due to the fact
that space guidance and tracking the trajectory of the object during the en-
tire flight is the most important basis for successful space maneuver of
ships, satellites, missiles. The construction and implementation in practice
of the laws of Autonomous guidance in application to modern types of
propulsion technology is an acute unsolved problem today, which depends
on the ability of aircraft engines to produce the necessary thrust for flight.
It takes into account the fact that in reality the object does not fly on a giv-
en trajectory, but has a certain deviation due to inaccuracies in the parame-
ters of the flight model and the propulsion system. Therefore there is
a need for the formulation of the stabilization problem to find conditions
of optimal control. The problems of stabilization and motion control are
important both from a theoretical point of view and because of numerous
technical applications. From a theoretical point of view, these problems
are important primarily because they relate to complex problems of me-
chanics, and each time require new approaches and methods for their solu-
tion. In this case, the nature of the problem of stabilization of movements
significantly depends on the additional conditions that are imposed on the
dynamic system.
This work is supported by RFBR (project No. 19-08-00261).

B03M0OKHOCTD YBeJIMYECHHUSI MEXaAHUYECKON MOIIHOCTH
BEeTPOTYpOMHBI, padoTamomieil Ha ocHOBe dpPexTa
Marnyca, nyreMm 100aBJIeHUs CTeneHeld CBO0OIbI CUCTEMbI

JLA. KJ‘II/IMI/IHal, M.B. Uxausu®

"HUU mexannku MI ¥, Mocksa, Poccust
*desiepalibHOE TOCYIAPCTBEHHOE ABTOHOMHOE 06PA30BATENBHOE YUPEKIEHHE BBICIIErO
obpazoBanus «Poccuiickuii yausepcureT tpancrnopra» (PYT (MUUT)), Mocksa, Poccus
E-mail: klimina@imec.msu.ru

PaccmoTpena mojenb ManorabapuTHONM BETPOTYpOUHBI, padoTaromen
Ha ocHOBe 3(pdexra Marnyca. B kimaccudeckoM ciydae Kakgas <«Jio-
nacTb» TaKOW TypOMHBI peCTaBisieT coboit potop CaBoHMYyCa, KOTOPBIN
MOXKET BpalaTbcs BOKPYr coOCTBEHHOM ocu cummerpuu. [Ipemnaraercs
HOBasi KOHCTPYKLMS TYpOUHBI, B KOTOPOM KaXkAasl «JIONacTh» MpeICTaB-
neHa aByMst poropamu CaBoHuyca. [IpoBeieHO cpaBHEHHE JIBYX CIIydaes,
OTJIMYAIOIIMXCS YUCIIOM CTeTeHel cBOOObI cucTeMbl. B mepBoM ciydae
00a poropa, 00pa3yrIINe «IOMACThY, MPEICTABISIOT COO0M OAHO TBEp-
noe Teno. Bo BTopoM ciydae BpallleHHE KaKIOro poTOpa OTHOCHUTEIBHO
€ro OCH CHMMETPHUU OMUCHIBAECTCA HE3aBUCHUMOI 0000IIIEHHON KOOpIuHa-
Tol. IIpuBeneHa OlEHKa MOIIHOCTH, OTOMpaeMoi TypOMHOM y MOTOKa
B K&KJIOM U3 3THX CIIy4acB.
Knrwueswie cnoea: semposnepeemuueckasn ycmanoska, s¢pgpexkm Maenyca,
MexaHudecKas MOWHOCMb.
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Increasing of the trapped power of Magnus-type
wind turbine by adjunction of additional degrees
of freedom upon

L.A. Klimina ', M.V. Ishkhanyan >

"nstitute of Mechanics of Lomonosov MSU, Moscow, Russia
*Federal State Institution of Higher Education "Russian University of Transport",
Moscow, Russia
E-mail: klimina@imec.msu.ru

The mathematical model of a small-scale Magnus-type wind turbine is
studied. In a common case, each blade of such turbine is represented by
a Savonius rotor that can rotate around its axis of symmetry. The new con-
struction of the turbine is suggested: each blade is represented by two
Savonius rotors. There rotors can either have independent or common
bearings. These two cases (which differ from each other in number of de-
grees of freedom of the system) are compared with respect to the value of
trapped power.

Keywords: wind turbine, Magnus effect, trapped power.

HoBblilt MeTO1 ONIpecHeHNsI BOJbI
HA OCHOBE MATHMUTOTMAPOAUHAMMYECKOT0 3P dexTa

B./1. Ko3sipes

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: kozyrevvd@rambler.ru

OO6men3BecTHO, YTO O0KOJIO 70 % MOBEpXHOCTH 3€MHOTO Iapa 3aHH-
MmaeT Boja. IloaToMy co3maercs miito3us, 4TO BOJA AJIS MUThs, TEXHUKU
U x034iicTBa HUKOTJa He 3akoHunuTCcs. Ho 310 He Tak! CoBpeMeHHBIH MUp
YK€ CTOJKHYJICS C CEpbe3HON MpOOIeMOi HEeXBAaTKU MPECHOW BOJBI, TaK
KaK TOJIbKO OHa MOXKET OBITh MCIIOJIb30BaHa B XO3IHCTBEHHOM J€ATEIbHO-
CTH uenoBeka. JlefcTBUTENbHO, MpecHOM BoAbl Ha 3emuie Bcero 3 % or
KOJIM4YeCcTBa Bcel BOJAbI HA miaHeTe. U 2 % HaxoguTcsi B 3aMOpPOKEHHOM
BHJIE B JIEAHUKAX, YTO JIEJIAET €€ MAJTIOAOCTYITHON U KpailHE TOPOroM B J10-
obrye. [lomydaercs, 4To B pacropsKEHUH YeI0BeKa ocTaeTcs TOJIbKO 1 %.

Bo MHOrux crpaHax 3nueMud BbI3BaHbl MMEHHO IJIOXUM Ka4eCTBOM
Bozbl. 1 nmake Takoii BOJbI B HEKOTOPBIX U3 HUX HAUMHAET HE XBaTaTh. 3a
nociennue 10 et neduuuT NpecHOr BOJBI B MHUPE TOJBKO YCyryOuics,
U 3Ta TEHJACHLUS HE MPETepNUT KaKUX-IU00 M3MEHEHUW B OymxkaiiiieMm
Ooynymem. [TosTomy mpobiema HEXBATKH MPECHON BOABI TpeOyeT 0e30T-
JarareibHOro pemeHus. Tak Kak JeHUKH MaJIoJIOCTYIIHbI U UX 3arachl He
CTOJIb BEJIMKH, ITPOILE BCETO OyAET ONPECHSITh COJIEHYIO BOAY.
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B nanHO#l cratbe OyJeT NpeUIOKEH M PacCMOTPEH HOBBIM METO.
OTIPECHEHUS BOJIBI HA OCHOBE MarHUTOTHIPOAMHAMUYECKOTO ddekTa. 3a
OocHOBY OyzeT B34t 3 dext Xomna. Takxke Oymer mpencraBieHa Mojae3Has
MOJIENIb JTaHHOW YCTaHOBKH, TPUBEACHBI (U3MYECKHe pacueThl. byzaer
orieHeHa 3((PEKTUBHOCTH TAHHON YCTAHOBKHU M €€ TIPOU3BOIUTEIHHOCTD.
Knroueswie cnosa: onpecnenue conenou 800vl, sgpgexm Xonna, macHumo-
2UOpoOUHamMuyeckuil sggexm, Hexeamrka npecHol 600vl, 2100a1bHAs
npobnema, peuterHue 2100a1bHOU NPOOIEMbL, INEKMPOMASHEMUIM, PuuKa
8 HCUBHU.

New method of water desalination based
on magneto hydrodynamic effect

V.D. Kozyrev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: kozyrevvd@rambler.ru

It is well known that about 70 % of the earth's surface is water. There-
fore, the illusion is created that the water for drinking, technology and
economy will never end. However, it is not! The modern world is already
faced with a serious problem of shortage of fresh water, as only it can be
used in human economic activity. Indeed, fresh water on Earth is only 3 %
of the amount of all water on the planet. And 2% is frozen in glaciers,
making it inaccessible and extremely expensive to mine. It turns out that
only 1% remains at the disposal of a person.

In many countries, epidemics are caused by poor water quality. In ad-
dition, even such water in some of them is beginning to lack. Over the past
10 years, the shortage of fresh water in the world has only worsened, and
this trend will not change in the near future. Therefore, the problem of
lack of fresh water requires an urgent solution. Since glaciers are inacces-
sible and their reserves are not so large, it will be easiest to desalinate salt
water.

In this article, a new method of desalination based on magneto hydro-
dynamic effect will be proposed and considered. The Hall Effect will be
used to solve this problem. A useful model of this installation will also be
presented, physical calculations are given. The efficiency of this unit and
its performance will be evaluated.

Keywords: salt-water desalination, Hall Effect, magneto hydrodynamic
effect, fresh water shortage, global problem, global problem solving, elec-
tromagnetism, physics in life.
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AHaJIMTHYECKHI pacyeT U IPUMEHEeHHe
KHHEMATHYEeCKHMX XapaKTePUCTUK aBTOMOOMJIBLHOIO
TPAHCIIOPTHOI'0 CPEACTBA MPH KOCOM Hae31e
Ha 00KOBBbIE TPOCOBbIE OIPAKIACHMS

T'.Il. Konecuukosa

Boennas akagemust PakeTHbIX BOMCK CTpPAaTErH4ecKOro Ha3HaueHus
nMenu Iletpa Benukoro, banammxa, Poccus
E-mail: kolesnikovagp@mail.ru

B noknazne npueneHsl 000CHOBAHMS PACCMOTPEHUSI aBTOMOOMIBHOTO
TparcnoptHoro cpeactsa (ATC) xak mMaTepuanbHONW TOYKH MPH KOCOM
Hae3qe Ha OOKOBBIE TPOCOBBIE OTrPa)JCHUS, MPOBEACH CPABHUTEIbHBIN
aHaJINU3 MOJTy4YaeMbIX TPAaeKTOpUil ¢ KoHeuHo-a1eMeHTHoi (KD) Monensio
Ha npumepe ATC tumna aBToOyc «Mepcenec-benn-0345». Takxke npose-
JE€H aHAIU3 KUHEMATHYEeCKHX pPE3yJIbTaTOB BUPTYAIbHOTO HCIIBITAHUS
B CPAaBHEHUU C aHAJUTHUYECKUMH KUHEMATHUECKHMMH pacyeTamu. AHaju-
3UpyeTcs, HACKOJIbKO HEOOXOIMMO YUUTHIBATh yIapHOE BO3AECUCTBUS MpHU
koHTakTe ATC co cToWKamMu TPOCOBOI'O OTPAXKICHHUS U HACKOJIBKO yYEeT
YAApHOTO BO3/IEHUCTBUS BIMSET HAa PE3yJIbTaThl aHAIUTUYECKOTO pacyuera.

AHaNUTUYECKUM pacdyeT KMHeMaTH4yecKux xapakrtepuctuk ATC mo3-
BOJIIET TMPOBECTH Kak IPOBEPKY KOPPEKTHOCTH pa3pabaThiBaeMoi
KD-mozenu TpocoBbIX Orpa)KACHHI, TaK U MOTYT OBITh HCIOJb30BaHbBI
IIPU UCCIEAOBAHNUN IBUKEHUSI aBTOMOOMIIBHOTO TPAHCIIOPTHOTO CPE/ICTBA
HENOCPEACTBEHHO Mpu noctpoeHnu K9-monemnu.

B noxiane takyke npeAcTaBlieH METOJ OLIEHKH MONEPEYHOr0 CEUEHUs
TPOCOBOTO OTPAXJEHUH MO JaHHBIM NPUOIMKEHHOTO aHAIUTHYECKOTO
MonenupoBanus Tpacktopuu ATC npu KocoM Hae3e Ha OOKOBBIE TPOCO-
BbI€ OTPaKJICHUS; OCYIIECTBIIEH MOAOOpP JOMYyCTUMBIX JUAMETPOB TPOCOB
st ynepxxanust ATC tuma ['A3-3102 u aBToOyc «Mepcenec-benir-0345».

Pe3ynbpTaThl aHaNMTUYECKOTO pacuera ObUIM MOATBEPXKAECHBI B pado-
tax [1, 2] maHHBIMM MAaTEMAaTHYECKOTO MOJICIUPOBAHMS Hae3Ja Mo JaH-
HBIM HATYpHBIX HchbITaHuid. KD-MoaenupoBaHue MpoBOAUIIOCH C MTOMO-
IIbK0 MHOTOLIEJIEBOTO KOHEUHO-2JIEMEHTHOr0 koMIuiekca LS-DYNA.
Knroueswie cnosa: mpocogoe ozcpasxcoerue, aHarumuieckoe Mooeauposa-
HUe, MpaeKmopust O8UNCEHUS.
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Analytic calculations and the use of the vehicle kinematic
characteristics when a cable barrier side hitting occurs

G.P. Kolesnikova

Peter the Great Strategic Missile Troops Academy, Balashikha, Russia
E-mail: kolesnikovagp@mail.ru

The report provides the rationale for considering a motor vehicle as a
material point in oblique collision with side cable barriers. A comparative
analysis of the resulting trajectories using the finite element (FE) model on
a Mercedes-Benz-0345 bus has been carried out. An analysis of the kine-
matic results of a virtual test has been also carried out in comparison with
analytical kinematic calculations.

In the report it has been made an analysis of how much impact should
be taken into account when the automobile vehicle exchange is in contact
with racks of cable barriers, and how much impact accounting affects the
results of an analytical calculation.

An analytical calculation of the kinematic characteristics of the auto-
mobile vehicle has exchanged allows one to carry out a verification of the
correctness of the developed FE-model of cable barriers, and can be used
to study the movement of an automobile vehicle directly when construc-
ting a FE-model.

Also in the report it has presented a method for estimating the cross-
section of cable barriers according to approximate analytical modeling of
the automobile vehicle trajectory during oblique collision with side cable
barriers; allowed selection of cable diameters for holding the automobile
vehicle exchanges of the GAZ-3102 type and the Mercedes-Benz-0345
Bus has been carried out.

The results of the analytical calculation has been confirmed in the
works [1, 2] by the data of mathematical modeling of collisions according
to field tests. FE modeling has been performed using the LS-DYNA mul-
tipurpose finite element complex.

Keywords: cable barrier, mathematical modeling, trajectory.
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IIpoHuKkHOBEHME YIIJIOTHEHHSI B YCKOPHEHHO
ABWKYIIUHCS CJI0M CKUMAEMOIo rasa

I'.10. Korosa', K.B. KpacuoOaes 2

'MI'V umenu M.B. JlomoHnocoBa, MockBa, Poccust
KU PAH, Mocxksa, Poccus
E-mail: kvk-kras@list.ru, gviana.k@gmail.com

Knaccuueckue pe3ynpTaThl 110 B3aUMOJEHCTBUIO Kalleb C MOBEPXHO-
CTBIO HUJIKOCTU TMOJyY€HBbl B MPUOJIMKEHUH HEC)KMMaeMocTu. B To ke
BpeMs 3PHEKThl CKUMAEMOCTH, OCOOEHHO ISl Ta30BBIX CPEM, OTPaKEHBI
B JuTeparype MmeHee mnoiHo. [loatomy B pabote ucciemyercs BIUsHHE
C)KMMaeMOCTH Cpelibl Ha 00pa30BaHUE KyMYJISITUBHBIX CTPYH U «XBOCTOBY
NP TIOTPY’KEHUHU Ta30BOTO 00JIaka (CTyCTKa, YIUIOTHEHHS) B HEOIHOPO/I-
HBIN cJIO¥ ra3a. PaccMaTpuBaroTcsi IByMepHbIE ainadaTudecKue IBUKCHUS
coBepuieHHOro rasa. Ilpenmomaraercsi, 4TO BEIIECTBO CIIOS HAXOIUTCS
B IpaBUTAIIMOHHOM paBHOBecHH. [IpoBeeHO MaTeMaThyeckoe MOJAEIUpPO-
BaHHE B3aHMOJEHCTBUS obaka u ciosd. [lokazaHo, 4To npu CBEpX3BYKOBBIX
OTHOCHUTEJIbHBIX CKOPOCTSIX CJIOSl U CTYCTKa ABM)KEHHUE COMPOBOKIACTCS
BO3HUKHOBEHHEM YJIapHON BOJIHBL. IHTEHCUBHOCTH yIapHON BOJIHBI 3aBH-
CUT HE TOJBKO OT T€OMETPUYECKUX (PAKTOPOB, HO M OT YBEIHUYCHHS ILIOT-
HOCTH M TeMmmepaTypbl ciiost niepesi ¢ppoHToM. [II0THOCTE Hepes CrycTKkoM
BO3paCTaecT MO Mepe €ro MpOJBMKEHHUS B TIyOb cios. COOTBETCTBEHHO
Bo3pactaet ynciao Ctpyxais u o0TeKaHHe SBISIETCS] HECTAIIMOHAPHBIM.

BriepBbie BBITIOJTHEHBI pacueThl B3aUMOJCHCTBUS 00Jlaka CO CIIOEM
KOHEYHOM TOJIIHHBI. Y CTAHOBIIEHO, YTO CTPYKTYpa ABUKEHUS ONpeaes-
€TCSl BEJIMYMHOU YCKOPEHUS, a TAaKXKE XapaKTEPHBIMHU BpeMeHamu jaedop-
MalllM CTYCTKA M €ro IpOXO0KJIEeHUA Yepe3 cioi. Ecinu BiussHuEM yckope-
HUSL MOXKHO TMpeHeOpedb, TO MPEBAIUPYIOT 3aTeKaHHWe ra3za BCien 3a
YIUIOTHEHHEM M 00pa3oBaHHE «XBOCTOBY». C y4yeToM YCKOpPEHHs IpHU J10-
CTaTOYHO OOJBIION TOJNIIMHE CIIOS BO3HUKAECT KyMYJSTUBHAS CTPYS.
B Tom ciywae, xorja BbI3bIBaéMble JABM)KEHHEM O0JIaka BO3MYIIECHUS
HapacTarT BCIEACTBUE HEYyCTOMYMBOCTH Panes — Telnopa, BO3MOKHO
o0Opa3oBaHHe KaK KyMYJISITUBHBIX CTPYil, TaKk U «XBOCTOBY.

Pe3ynbTarel uccienoBaHus MO3BOJIWIN OLIEHUTH yCIIOBUS, OJIaromnpu-
ATCTBYIOIIME HAOTIOACHUSIM KyMYJISITUBHBIX CTPYH B 00JIaCTSIX aKTUBHOTO
3B€3/1000pa30BaHMU.

Paboma evinonnena npu noooepaicke PODU (npoexm Ne 18-01-00184).
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Penetration of cloud in the accelerating moving layer
of compressible gas

G.Yu. Kotoval, K.V. Krasnobaev

'Faculty of Mechanics and Mathematics, Lomonosov Moscow State University,
Moscow, Russia
? Space Research Institute of the Russian Academy of Sciences (IKI), Moscow, Russia
E-mail: kvk-kras@list.ru, gviana. k@gmail.com

Classical results on the interaction of droplets with a liquid surface
were obtained in the incompressibility approximation. At the same time,
compressibility effects, especially for gaseous media, are less often re-
flected in the literature. Therefore, the effect of the compressibility of the
medium on the formation of cumulative jets and tails upon immersion of
a gas cloud (clot, condensation) in an inhomogeneous gas layer is investi-
gated. Two-dimensional adiabatic motions of a perfect gas are considered.
It is assumed that the medium of the layer is in gravitational equilibrium.
Mathematical modeling of the interaction of the cloud and the layer is car-
ried out. It is shown that the motion is accompanied by the appearance of
a shock wave at supersonic relative velocities of the layer and clot. The in-
tensity of the shock wave depends not only on geometric factors, but also
on an increase in the layer density and temperature ahead of the front. The
density before the clot increases as it moves deeper into the layer. Accor-
dingly, the Strouhal number increases and the flow around is unsteady.

For the first time, calculations of a cloud interaction with a layer of fi-
nite thickness were perfomed. It is established that the motion structure is
determined by the acceleration magnitude, as well as the characteristic
times of deformation of the clot and its advance through the layer. If the
influence of acceleration can be neglected, then gas leakage in the wake of
condensation and the formation of tails prevail. Taking into account accel-
eration with a sufficiently large layer thickness, a cumulative jet arises.
In the case when perturbations caused by the motion of the cloud increase
due to Rayleigh — Taylor instability, the formation of both cumulative
jets and tails is possible.

The results of the study made it possible to evaluate the conditions fa-
vorable for the observation of cumulative jets in the regions of active star
formation.

This work was supported by the Russian Foundation for Basic
Research (project No. 18-01-00184).
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O aByX MeTOaX MCCJIeIOBAHUA YCTOHYHUBOCTH
CTAIMOHAPHBIX JIBHKEHUI CHCTEM
¢ TeOMeTPUYeCKUMHU CBSI3SIMH

A4, Kpacunckuii

MockoBckuid aBUALTMOHHBIN HHCTUTYT, MockBa, Poccust
E-mail: krasinsk@mail.ru

Y CTOMYUBOCTh YCTAHOBUBIIMXCS IBHKEHUN CHUCTEM C I€OMETpHUYe-
CKMMHU CBSI3IMH BO3MO’KHA TOJIBKO B KPUTHUECKHUX CIy4asx, MIPOCTEUIINM
13 KOTOPBIX SIBIISIETCS Cy4daidl HYJIEBBIX KOPHEH B YHCIIE, PaBHOM KOJIWYe-
CTBY HAJOXXEHHBIX Ha CUCTEMYy CBA3€d. PaHee aBTOpOM yCTaHOBJIEHA
ACUMIITOTUYECKAss YCTOMYUBOCTh TaKUX JABUKEHUU MPU OTPUIIATEIIHHOCTH
JIEMCTBUTENbHBIX YacTel OCTalIbHBIX KOPHEW XapaKTEpPUCTHUYECKOTO ypaB-
HEHHUS CUCTEMBI MEPBOTO MpUOIMKEeHUsT aBTopoM. [Ipu HamWYuu HUKIHU-
YECKUX KOOPAMHAT MOSIBISIOTCS JOMOJIHUTENIbHBIEC HYJIEBbIE KOPHU XapaK-
TEPUCTUYECKOTO YPaBHEHHUS, UTO CYIIECTBEHHO YCIIOKHSIET UCCIEIOBaHNE
ycToiunBocTU. B HacTosimiedt paboTe sl pemieHus 3Tux Oojee CIoxk-
HBIX 3aJa4 TpeJiaraeTcsi mepexoja K mepeMeHHbiM Payca ¢ BBelneHueM
HMMITYJIbCOB BMECTO CKOPOCTEW IMUKJIMYECKHX KoopAuHAT. TakoW moaxo.
CO3JIa€T BO3MOKHOCTh MPUMEHEHUS Kak TeopeMbl MaskuHa 00 yCTOW4H-
BOCTH MPH TMOCTOSIHHO JCHCTBYIOIIUX BO3MYILECHHUSX, TaK U TEOPEMBI
KamenkoBa 00 yCcTOWYMBOCTH B (CYIIECTBEHHO) OCOOEHHOM CiIy4ae HyJe-
BBIX KOPHEW B KOJIMYECTBE, PABHOM CYMME YHCEJ T€OMETPUUECKUX CBA3EH
U IUKIWYECKUX KoopauHat. Ho B pe3yibrare NPUMEHEHUS] TEOPEMBI
Mankuna (pu pacCMOTPEHUHN B KAYECTBE MOCTOSHHO JEHCTBYIOIINUX BO3-
MYIICHUI HadaJbHBIX BO3MYIICHUN HHUKIMYECKUX HMIYJIbCOB) yCTaHaB-
JIMBAETCA TOJIbKO HEACHMMMTOTHYECKAS YCTOMYMBOCTH IO OTHOIICHHUIO KO
BceM (pa3oBbIM nepeMeHHbIM. CTporoe mpuMeHeHne TeopeMbl KaMeHkoBa
(c aHaNMM30M CTPYKTYpHl ypaBHEHUN BO3MYIIIEHHOTO JBM)XCHHS C TOUYKH
3pEeHHsI 3aMEH TEOPUH KPUTHUYECKUX CIY4YaeB) MO3BOJISIET CYHIECTBEHHO
YTOUHUTDH Pe3ysbTar. B pe3ynprare B 3TOH 3a1ade KpoMe OOIIEro 3aKiiro-
YEHUs! O HEACHUMNTOTUYECKOW YCTOMYMBOCTH HCCIIEIYEMOTO JBUKEHUS
MOJIy4eHO 0OOCHOBAHHOE 3aKTFOYEHHE 00 aCUMITOTHYECKOW yCTOWYHBO-
CTH T0 MO3ULIMOHHBIM CKOpPOCTSIM. O4YeBUIHO, KPOME TEOPETUUYECKOTO HH-
Tepeca YCTaHOBJIEHHOE B HACTOSAIIEH pab0oTe CBOWCTBO aCUMIITOTHYECKOM
YCTOMYMBOCTU CTAIMOHAPHBIX JBUKEHUU MO OTHOLIEHUIO K MO3ULIUOH-
HBIM CKOPOCTSIM MOJKET OKa3aTbCsl BECbMa Ba)XHBIM B TEXHUYECKHUX IPH-
JIOXKCHUSX.

Knrouegvie cnoea: ycmouuugocmo, ceomempuyeckue ces3u, KpumudecKui
cayual.
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On two methods for studying the stability
of stationary motions of systems with geometric constraints

A.Ya. Krasinskiy

Moscow Aviation Institute, Moscow, Russia
E-mail: krasinsk@mail.ru

Stability of the steady-state motions of systems with geometric con-
straints is possible only in critical cases, the simplest of which is the case
of zero roots in a number equal to the number of superimposed on the sys-
tem of constraints. Earlier, the author established the asymptotic stability
of such motions when the real parts of the other roots of the characteristic
equation of the system of first approximation are negative. In the presence
of cyclic coordinates, additional zero roots of the characteristic equation
appear, which significantly complicates the study of stability. In this pa-
per, to solve these more complex problems, we propose a transition to
Routh variables with the introduction of pulses instead of cyclic coordi-
nate velocities.Such an approach makes it possible to apply both the Mal-
kin theorem on stability under constantly acting perturbations and the Ka-
menkov theorem on stability in the (extraordinary) special case of zero
roots in an amount equal to the sum of the numbers of geometric con-
straints and cyclic coordinates. But as a result of applying Malkin's theo-
rem (when considering the initial perturbations of cyclic pulses as con-
stantly acting perturbations), only non-asymptotic stability is established
with respect to all phase variables. A rigorous application of Kamenkov’s
theorem (with an analysis of the structure of the equations of perturbed
motion from the point of view of substitutions of the theory of critical cas-
es) allows us to refine the result significantly. As a result, in this problem,
in addition to the general conclusion about the non-asymptotic stability of
the studied motion, a valid conclusion is obtained about the asymptotic
stability with respect to positional velocities. Obviously, in addition to
theoretical interest, the property of the asymptotic stability of stationary
motions established in this work with respect to positional velocities can
be very important in technical applications.

Keywords: stability, geometric constraints, critical case.
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MOI[EJII/IpOBaHI’Ie AUHAMHUKHA MAHHUIIYJIATOPOB
C HECKOJbKHMHU Ir€eOMETPUICCKUMHU CBA3AMU
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JInsi mpUMEHEHHsI Pe3yJIbTATOB COBPEMEHHOW TEOPUH YIPABICHUS
B MIPAKTUKE yMPABICHUS MaHHUITYJIATOpaMH HEOOXOAUMO pa3paboTarh Me-
TOJIbl MOJICTUPOBAHUS UX TUHAMUKH. HecMOTpsi Ha MHOTOYHCIICHHBIC HC-
CIIC/IOBaHMUSI, MHOTHE IMPOOJIEMbl MAaTEMaTHYECKOTO MOJECIUPOBAHUS U~
HaMUK{ MaHUIYJIATOPOB TpeOYyIOT AaibHEeHIIero n3ydeHus. OMHO U3 3TUX
HANpaBJICHUH CBS3aHO C W3YyYCHHWEM YCTOHYMBOCTH 3aJIaHHOTO pEeXHUMa
paboThl MaHUITYJISITOPOB. [T MaHHUIYJIATOPOB C T€OMETPUYCCKUMHU CBS-
35IMA TOYHOCThH HEJIMHEHHON MOJIENN UMEET 0c000€ 3HAUYEHHE, TOCKOIBKY
YCTOWYHMBOCTh CTAI[MOHAPHBIX JBIKCHUI TaKUX MAaHHITYJSTOPOB BO3-
MO’Ha TOJBKO B KPUTHYECKUX CiTydasx. M3yuyeHne KpUTHUECKHUX CITydacB
TpebyeT 0co00i TOYHOCTH MOJICTHPOBaHKs. B qanHO#H paboTe Ha mpUMe-
pe 3aJaud MOJCIUPOBAHUS TUHAMHUKH JIBYX3BCHHOTO MAaHHUITYJISITOpA
C JIBYMS HEIMHCHHBIMH T€OMETPUYECKUMH OTPAHHUYCHUSMH MPU YYeTe
HePEXOHBIX MPOIECCOB B 3JCKTPONPUBOJAX IOKa3aHa MpPaKTHYECKasI
3¢ (HEeKTUBHOCTh Pa3pabOTaHHOTO METOJa C KOMIUIEKCHBIM MPUMEHEHUEM
pE3yJIbTaTOB AaHAJMTUICCKONH MEXaHUKH, TCOPUU HEITMHEHHOM yCTOHYHBO-
CTH ¥ MAaTEeMaTHYECKOH TCOPUH yIIPaBICHHS.
Kniouesvie cnosa: manunyisimop, 2eomempuyeckas cési3b, YCmouiueoCma.

Modeling the dynamics of manipulators
with multiple geometric relationships

A.Ya. Krasinskiy %, A.A. Yuldashev?

"Moscow State University of Food Production, Moscow, Russia
*Moscow Aviation Institute, Moscow, Russia
E-mail: krasinsk@mail.ru, izzvms@gmail.com

To apply the results of modern control theory in the practice of ma-
nipulator control, it is necessary to develop methods for modeling their
dynamics. Despite numerous studies, many problems of mathematical
modeling of the dynamics of manipulators require further study. One of
these areas is associated with the study of the stability of a given operating
mode of manipulators. For manipulators with geometric constraints, the
accuracy of the nonlinear model is of particular importance, since the sta-
bility of the steady-state motions of such manipulators is possible only in
critical cases. The study of critical cases requires special modeling accura-
cy. In this paper, the effectiveness of the developed method with the com-
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plex application of the results of analytical mechanics, nonlinear stability
theory and mathematical control theory is shown on the problem of mod-
eling the dynamics of a two-link manipulator with two nonlinear geomet-
ric constraints taking into account transient processes in electric drives.
Keywords: manipulator, geometric connection, stability.

3aBUCHMMOCTD 3aXBA4YE€HHOM MACCHI
B akKpeunoHHbIX Auckax IOnurepa u Catypna
oT (pparMeHTALMM IJIAHEeTe3uMaJen

B.A. KpOHpole, A.B. Makankun’

"MHcTHTyT reoxumun u ananutHyeckoil xumun um. B.M. Bepranckoro PAH,
Mocksa, Poccus
*Uncruryt pusuku 3emmu um. O.10. IlImuara, Mocksa, Poccus
E-mail: va_kronrod@mail.ru

MopenupyroTcs mpolecchl NIEPECEUCHUs IIIaHETE3UMAIISIMU AKKPELIU-
oHHBIX quckoB FOmutepa u CarypHa M 3aXBaT UX MAacChl JUCKaMH B pe-
3yJIbTaT€ COBOKYIHOCTH IMPOLIECCOB a’pOAMHAMUYECKOTO TOPMOKEHHS
u (pparmentanuu. OnpeneneHbl MaKCUMaJIbHBbIE pa3Mepbl IJIaHeTe3nMa-
JIed, KOTOpbIE OCTAIOTCS B JAMCKE BCIEJACTBUE B3aUMOJACHCTBUS C Ta30BOM
cpenoy U norepu ckopoctu. HaiiieHsl orpaHM4eHyst Ha pa3Mepbl U MaTe-
puan MiaHeTe3uMasiel, Macca KOTOPBIX IMocie (parMeHTalud OCTaeTCs
B aucke. s miaHeTe3uMalieil ¢ MPOYHOCTHIO 2:10* Ma < 6 < 2-10° Ta
(macmrabueiit aktop A = 0,2) u paguycamu 0...10 KM onpeesneHsl cy-
IIECTBEHHBIE Pa3IuyMsl B 3aXBAYEHHOUN Macce ISl 30H MUTAHUS PACTYILUX
crnytHukoB ['annmena, Kammucero n Turana, 4To MOTJIO CIIY’KUTh OJTHOW W3
npuuuH manoil nuddepennuanuu Kammuero u TuTaHa mo cpaBHEHUIO
¢ 'anumeniom.

Knroueswie cnosa: IOnumep, CamypH, akKkpeyuoHHlll OUCK, NJIAHeme3U-
Manu, mopmodsicenue, hpazmenmayusl.

Dependence of the captured mass in accretion disks
of Jupiter and Saturn from fragmentation of planetesimals

V.A. Kronrod 1, A.B. Makalkin >

'V I. Vernadsky Institute of Geochemistry and Analytical Chemistry RAS, Moscow Russia,
20.Y. Schmidt Institute of Physics of the Earth RAS, Moscow, Russia
E-mail: va_kronrod@mail.ru

We simulated passing of planetesimals through the circumplanetary
disks of Jupiter and Saturn and capture of their material into the disks with
consideration of combined processes of aerodynamic braking and frag-
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mentation of planetesimals in the disk’s gas medium. Below are the results
of simulation for the comet material of the planetesimals. We estimated
maximum planetesimal size which the body should have at the entrance to
the disk in order to stay in the disk after loosing velocity due to gas drag.
We have obtained limitations on planetesimal at which the body is frag-
mented and its mass remains in the protosatellite disk. The conditions for
disk capture of the entire mass of planetesimals are different for satellites.
For material strength 2-10* Pa < o < 2-10° Pa (scale factor A = 0.2) a sig-
nificant difference in the total masses of planetesimals with radii from 0 to
10 km capturing by the circumplanetary disks in the feeding area of Gan-
ymede, Callisto and Titan is possible and could lead to a low differentia-
tion of Callisto and Titan compared to Ganymede.

Keywords: Jupiter, Saturn, protosatellite disk, planetesimals, aerobraking,
fragmentation.

Bausinue ceiicMU4ecKHX CKOpocTe B MaHTHH JIyHBbI
HA COBMECTHYI0 HHBEPCHUIO reo(pusndecKux
U F€OXMMHUYEeCKHUX JaHHBIX

E. KpOHpole, K. Matsumoto?, O. KYCKOBl, B. KpOHpoz[I,
R. Yamada®, S. Kamata®

lI/IHCTI/ITYT TEOXMMUH U aHAJIUTUYECKON XUMUU
nmern B.U. Bepranckoro (CEOXHW PAH), Mocksa, Poccus
*RISE Project, National Astronomical Observatory of Japan
3The University of Aizu, Research Center for Advanced Information
*Creative Research Institution, Hokkaido University
E-mail: e kronrod@gmail.com

PaccmarpuBaetcs mpobiema COTrIacOBaHUSI CEHCMUYECKHX W TpaBH-
TAI[MOHHBIX TAHHBIX C TEOXUMUYECKUMH MOJIEISIMHU BaJOBOI'O COCTaBa CH-
nukaTHOU JlyHbl. 3agaua pemraercsa METOJOM MHBepcuu baiieca B couera-
HUW C METOJIOM MHHHMH3AIMK CBOOOJHOW 3Hepruu ['mbOca mo pacuery
¢dazoBbIX paBHOBecud. OTIMYUTENHHAS OCOOCHHOCTH HACTOSIICH MOCTa-
HOBKHU COCTOHUT BO BKJIFOUEHHUU T'€OXHUMHUYECKHUX MapaMeTpOB CHUIMKATHOU
JlyHpl B KauecTBe «HAONIOACHHBIX» BEIUYHMH IPH pacyeTe (QYHKIUH
npasaononoous. OnpeeneHo 3HaYeHHE MOTPEIIHOCTH BO BpeMeHax Mpo-
Oera ceiicCMHYECKHUX BOJH, HAUIYUYIINM OOpa3oM YJIOBIIETBOPSIOIIEE CO-
BOKYITHOCTHU T€0(U3NYECKUX U TEOXUMHUECKUX OTPAHUYCHHI.

Knrouesvie cnoea: Jlyna, uuciennoe mooenupoganue, UHEEPCUSl, BHYMI-
PpeHHee cmpoeHue, MepMOOUHAMUKA, celicMUYyecKue CKOpOCmi.
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The effect of in seismic velocities in the lunar mantle
on the joint inversion of geophysical and geochemical data

E. Kronrod 1, K. Matsumoto 2, O. Kuskov 1, V. Kronrod 1,
R. Yamada *, S. Kamata*

'Vernadsky Institute of Geochemistry and
Analytical Chemistry (GEOKHI RAS), Moscow, Russia
*RISE Project, National Astronomical Observatory of Japan
The University of Aizu, Research Center for Advanced Information
*Creative Research Institution, Hokkaido University
E-mail: e.kronrod@gmail.com

The problem of matching of seismic and gravity data with geochemi-
cal models of the bulk composition of the silicate Moon was considered.
The problem was solved with Bayesian inversion method in combination
with Gibbs free energy minimization method for calculation of phase equi-
libria. A distinctive feature of this statement is the inclusion of the geo-
chemical parameters of the silicate Moon as the “observed” values in
the calculation of the likelihood function (LHF). The value of the error
in the travel times of seismic waves, which best satisfies the combination
of geophysical and geochemical constraints, was estimated.

Keywords: Moon, numerical modeling, inversion, internal structure,
thermodynamics, seismic velocities.

MopaeanpoBaHue JUHAMHUKHI CeJIbLCKOX031CTBEHHBIX
MAIlMH, TPAHCIOPTHPYIOUIUX €eMKOCTH,
YACTUYHO 3aM0JHEHHbIE )KUAKOCTHI0

MI. Ky3Heu013a1, M.A. BoﬁKaqul, ['.U. Kouuts®

'Benl'YT, Tomers, benapyce
’BI'ATY, Munck, benapycs
E-mail: tm.belsut@gmail.com, kgi.emtp@bsatu.by

B cenbCcKOX03HCTBEHHOM TMPOU3BOACTBE MPU BBIMOJHCHUH 3HAYH-
TCJIBHOI'O YHUCJIa TCXHOJIOTHYCCKUX onepaunﬁ BO3HUKACT HeO6XO)II/IMOCTB
TPAHCIIOPTUPOBKH XKHUIKOCTCH: KHUIKAX XUMHUECKUX YIOOPEHUH, MOJIOKa,
npoaykToB HedrenepepadboTku u 1p. OcoOEHHOCTh PabOTHI IUCTEPH U
arperatoB ¢ HaBECHBIMU €MKOCTSIMH JJIs JKUJIKOCTEH CBs3aHAa C HEOOXO-
JUMOCTBIO TIEPEBO3KH ITOJIE3HOTO T'Py3a MPU YaCTUIHOM 3aIOTHCHUU Pe-
3epByapa. Konebanus »UAKOCTH B TaKOM CIy4ae MOTYT MPH HEKOTOPHIX
rapaMerpax ABIKEHUS TPAHCIIOPTHOIO CPENCTBA IPUBOIUTL K IIOTEPE
YIPaBISIEMOCTH W aBAPUHHBIM CHUTYallMsIM, CBS3aHHBIM B TOM YHCIIE H
C YCJIOBCYCCKUMMU KCPTBAMMU.
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CenbCKOXO3MCTBEHHAs MalllMHA, TPAHCIOPTUPYIOIIAS. KUAKOCTD,
NPEJICTAaBISET COOON CIIOKHYIO MEXaHUYECKYIO CHCTEMY, KOTOpask MOXKET
nepeMenaThesl Kak Mo JoporaM OOMIETo MOJIb30BaHMS, HO U M0 6e3710po-
Kbt0. [IoaTOMy Ha ee MTUHAMHKY UM YCTOMYHMBOCTH OKa3bIBaeT BIIUSHUE
00JbIIIOE KOJNIUYECTBO CIy4YalHBIX (PAaKTOPOB, KOTOPBIC MOJKHBI YUHUTHI-
BaThCs MPHU Pa3pabOTKe HOBOW W MOJEPHU3AIMHU CYIIECTBYIOMICH TEXHU-
ku. Llenp mpeacraBieHHOW pabOThl — aHANHM3 BIHSIHHS KOJICOAHHMA KU-
KOCTH B YaCTUYHO 3aIlOJIHEHHBIX pe3epByapax CeIbCKOXO3SICTBEHHBIX
MallMH Ha YCTOWYMBOCTb UX MPSIMOJIMHEMHOIrO JIBUKEHHSI M ONACHOCTb
MOTIEPEYHOT0 ONPOKUIBIBAHUS IPU PA3HBIX YCIOBUSIX ABMKCHHUS.

Ha ocHoBe pa3BuTus noaxonoB, npeaioxeHHbix panee A.O. [luma-
HOBCKHM, BBITIOJIHEHBI PacdeThl MEPEXOHBIX PEKUMOB JBUKEHUSI HOBOU
KOHCTPYKIIMHU LIUCTEPHBI, BHYTPU pe3epByapa KOTOPOU pacloI0KeHa CUC-
TeMa TOJBIKHBIX TEPErOpOJIOK, CBSA3AHHBIX MEXIYy COOOM eTuHBIM
CTEp)KHEM, BBIXOJSALIMM HApyXy U MEpelalolluM BO3HUKAIOIINUE CHJIIbI
MHEpLUU Ha TaTdopMy depe3 TOPCHOHBI, paboTatolue Ha kpydeHue. Ha
OCHOBE HCIIOJIb30BAHUSI AHAJTUTHYECKUX METOJOB U KOHEYHO-3JEMEHT-
HOTO MOJICJIMPOBAHUSI MOKA3aHO, YTO HCIOJIb30BAaHWE TOPCHUOHOB TO3BO-
JISIeT CHU3UTH BO3HUKAIOIIME MPU PE3KUX PA3TOHAX M TOPMOKEHUSIX CHIIBI,
JIEHCTBYIOIIHUE HA PEe3epByap CO CTOPOHBI KOJIECOIIOMIEHCS KUIKOCTH, YTO
MOBBILIAET €ro JOJITOBEYHOCTb.

TeopeTruecku Takke pacCMOTPEHbI 0OCOOEHHOCTH TUHAMUKU MAalllH-
HO-TPAaKTOPHOTO arperara Ha ocHoBe mnpousBoaumoro OAQO «l'omcens-
MalD» YHHUBEPCAJIbHOIO 3Heprermdeckoro cpeacrsa YIC-2-250(280)A
«ITonecre» NMpH OCHAILIEHUHU €r0 HABECHOM €MKOCTBIO IS )KUIKOrO rpy3a
obbemoM 110 1500 1. Ha ocHOoBe mpuMeHEHUs] aHAIMTHYECKOW MOJIENH,
B KOTOPOH KHUIKOCTh 3aMEHSIETCS 3KBUBAJICHTHBIM TBEPJIbIM TEJIOM, TOKa-
3aHO, YTO YCTOMYMBOCTH MPSMOJIUHEHHOTO JIBMKEHHUSI pacCMAaTPUBAEMOTO
TPAHCIIOPTHOTO CpeACTBa OOECreunBaeTCs MpH IIMPUHE pe3epByapa, He
npesblmatomeid 1,5 M. Takke ycTaHOBIIEHO, YTO MIPHU PACIOJIOKEHUU €M-
KOCTH C JKHIKOCTLIO Ha BhicoTe 1,075 M Hajx 3emileli 1 Macce HaBECHOM
eMKocTH, He mpeBbimaromeit 1500 kr, npmxenue Y IC Mo MOBEPXHOCTIM
C TIOTIEPEUHBIM YKIIOHOM SIBJISIETCS] YCTOMYUBBIM.

[IpoBeneHbl SKCIEPUMEHTHI IO OTIPEACTICHUI0 BUOPOYCKOPEHHI TOUEK
B paMe arperara npH pa3IMyHbIX pexumax asrkeHus YIC mo achanbTy
U TI0 CTEpHE IIPU Pa3HBIX YPOBHSIX 3aMOJIHEHUS HaBeCHOTo Oaka Bomou. Mx
pe3yabTaThl TOKa3alld, YTO Ppa3dopoC aMIUTUTYa KOJeOaHW BEIHK MpHU
MOJTHOM U MyCTOM 0akax M yKJaJbIBaeTcsl B IOCTATOYHO HEOOJBIION qua-
Ma30H IpHU 3arojHeHun pesepByapa Ha 60 %. Takol pe3ynbTar cBUiE-
TEIbCTBYET O TOM, 4YTO KoOJIeOaHHs >KUIAKOCTH BHYTPU EMKOCTH CIIO-
COOCTBYIOT CTIaKUBaHUIO 3(D(PEKTOB, BOZHUKAIOIIUX MO ICHCTBUEM HM-
MyJIbCHBIX HArpy30K BCJIEJICTBUE Hae3/1a HA HEPOBHOCTH MOYBHI.
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BerInoHeHHbIE MCCIIeI0OBaHUS TTO3BOJIMIIN BBIPA00OTATh PEKOMEH AN
M0 YCOBEPIICHCTBOBAHHUIO KOHCTPYKIIMH CEIIbCKOXO3SHCTBEHHBIX MAIIIHH,
NpeIHa3HAYCHHBIX JIJIs1 TPAHCTIOPTUPOBKH JKUIAKOCTEH.
Knroueswie cnosa: yucmepra, MauunHO-mpaKmopHwlll azpezam, Konieoa-
HUSL JHCUOKOCMU, YACMUYHO 3ANOJIHEHHbIU pe3epeyap, YCMOU4usocms
O08UdICEHUS.

Modeling of the dynamics of agricultural machines
transporting tanks partially filled with liquid

M.G. Kuzniatsova ', M.A. Baikachou ', H.L. Koshlya2

! Belarusian State University of Transport, Gomel, Belarus
? Belarusian State Agrarian Technical University, Minsk, Belarus
E-mail: tm.belsut@gmail.com; kgi.emtp@bsatu.by

In agricultural production at a significant number of technological oper-
ations it becomes necessary to transport liquids: liquid chemical fertilizers,
milk, oil products, etc. The peculiarity of the operation of tanks and units
with mounted reservoirs for liquids is related to the need to transport a pay-
load with the partial filling of the tank. The liquid cargo oscillations in this
case can, for some vehicle motion parameters, lead to loss of controllability
and emergency situations, associated with human victims either.

An agricultural machine transporting liquid is a complex mechanical
system that can move both along public roads, but also off-road. There-
fore, its dynamics and stability is influenced by a large number of random
factors that must be taken into account when developing new and modern-
izing existing equipment. The purpose of this work is to analyze the effect
of liquid oscillations in partially filled tanks of agricultural machines on
the stability of their rectilinear motion and the danger of lateral tipping
over under different motion conditions.

Based on the development of the approaches proposed earlier by
A.O. Shimanovsky, the transition modes of the road tanks of new designs
are computed, there is considered a system of movable partitions inside
the tank connected by a single rod that goes out and transfers the arising
inertia forces to the platform through the torsion bars working on torsion.
Using the analytical methods and finite element modeling, it is shown that
the use of torsions allows to reduce the forces arising from sudden accel-
eration and braking acting on the tank from the side of the oscillating lig-
uid, which increases its durability.

There also investigated the theoretical features of a machine-tractor
unit dynamics based on the universal power tool UES-2-250 (280) A
Polesye produced by the Gomselmash enterprise, equipped with a hinged
reservoir for liquid cargo of up to 1,500 liters. Based on the application of
the analytical model with the liquid replaced by an equivalent solid body,
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it is shown that the stability of the vehicle rectilinear movement is ensured
for a tank width not exceeding 1.5 m. It was also established that at the
reservoir location at a height 1,075 m above the ground and the hinged ca-
pacity mass of the not exceeding 1,500 kg, the movement of the UES on
surfaces with a transverse slope is stable.

Experiments were carried out to determine the vibration accelerations
of the points of the unit frame under various modes of the UES on asphalt
and stubble at different levels of the hinged reservoir filling by water.
Their results showed that the oscillations amplitudes distribution is large at
full and empty reservoirs and fits into a fairly small range when its filling
is about 60%. This result indicates that liquid oscillations inside the tank
contribute to smoothing out the effects that occur under the action of im-
pulse loads due to collision with uneven soil.

The performed investigations made it possible to develop recommen-
dations for improving the design of the agricultural machines designed for
transporting liquids.

Keywords: road tank, machine-tractor unit, liquid oscillations, partially
filled reservoir, movement stability.

Iiockuit 1ug¢y3op: cTanMoOHAPHBbIE TEYEHUS
BSI3KO HECXKUMAEMOM KUAKOCTH

C.A. Kymakuies

Wucruryt npobinem mexanuku uM. A.1O. Mmumnackoro PAH, Mocksa, Poccust
E-mail: kumak@ipmnet.ru

Jlnst knmaccuveckoit moctaHnoBkH 3anaun Jxeddpu — [Mamens uccie-
JIOBaHA HBOJIOIMS OCHOBHOTO OJHOMOJIOBOTO (C TIOCTOSIHHOW IO 3HAKY
CKOpOCTBIO IMOTOKa B 3aBUCUMOCTH OT YTIJla pacTBopa nuddys3opa) craiu-
OHAPHOTO TEUEHHUS BSI3KON HEC)KHMMAEMOHW KUAKOCTU B TUIOCKOM AU(Pdy-
30pe. B 3aBHCHMOCTH OT OmNpenensonIix mapameTrpoB (yria pacTBopa
muddysopa u uncna PeliHonbaca) 1aHO moiHOE perieHue 3aaayn. [loka-
3aH IEpexoJi OCHOBHOTO OJHOMOJIOBOTO TEUEHUs, NMPU (HUKCUPOBAHHOM
3HaYEHUH yTja pacTBOpa, K MHOTOMOJOBBIM peXUMaM (y KOTOPBIX CKO-
pPOCTh TIOTOKA MEHSIET 3HAK B 3aBUCHMOCTH OT yTIJia pacTBOpa) MpHU H3Me-
HeHuM uucna PeliHonmbaca. YCTaHOBIEHO, YTO HA4YMHAs C HEKOTOPOTO
KPUTHYECKOI0 3HaueHus: yucia PeifHonbaca cyliecTBOBaHUE CTallOHAp-
HOTO OJHOMOJIOBOTO TEYEHHUS HEBO3MOXHO. [locTpoeHa COOTBETCTBYIO-
mas auarpamma oudypkamnuu, paHee He U3BECTHAs B HAYYHOM JIUTEpaATy-
pe, nocsimeHHon 3amxaue Jhxedpdpu — [Namens. [Tokazana BO3MOXHOCTh
peanu3anuy Kak OJHOMOJOBOTO, TaK U MHOTOMOJIOBBIX TEUEHHH MPH OJI-
HOM U TOM e yucie PeitHosbaca.
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Paboma sevinonnena no meme 2ocyoapcmeennozo 3aoanus (Ne AAAA-
Al17-117021310387-0) u uacmuuno noodepocana epanmamu PDODU
(Ne 17-01-00538, 18-01-00812, 17-08-00742).

Knrouesvte cnosa: niockuii ougghyszop, 3aoaua ocepppu — Iamens,
cMayuoHapHvle meveHus, 6:3Kasn HCUOKOCMb.

Plane diffuser: steady state flow
of a viscous incompressible fluid

S.A. Kumakshev

Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia
E-mail: kumak@ipmnet.ru

For the classical formulation of the Jeffrey-Hamel problem, the evolu-
tion of the main single-mode (with a constant flow rate solution depending
on the angle of the diffuser) steady flow of a viscous incompressible fluid
in a flat diffuser is studied. Depending on the determining parameters (the
angle of the diffuser and the Reynolds number), a complete solution of the
problem is given. The transition of the main single-mode flow, at a fixed
value of the angle of the diffuser, to the multimode mode (in which the ve-
locity of flow rate changes sign with respect to the angle of the diffuser)
with a change in the Reynolds number is shown. It is found that starting
from a certain critical value of the Reynolds number, the existence of a
stationary single-mode flow is impossible. The corresponding bifurcation
diagram, previously unknown in the scientific literature devoted to the Jef-
frey — Hamel problem, is constructed. The possibility of realization of both
single-mode and multimode flows at the same Reynolds number is shown.
Keywords: flat diffuser, Jeffrey — Hamel problem, steady flow, viscous
incompressible fluid.

HIararomniee KoJjeco

B.B. Jlanmun

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: lapshin032@bmstu.ru

B HennHENHOW MOCTaHOBKE aHAJIMTHUYECKH MCCIEAO0BaHA IUIOCKAs 3a-
Jladya O JBIKEHUHU LIATrarolIero Kojeca BHU3 10 HAKIOHHOW IIOCKOCTH,
KOTOpas sIBJISETCS MpOoCcTelieil Moenbio 1ByHOroi xoas0bl. Mccnenosa-
Hbl BO3MOXKHBIC CJIy4Yad ABMIKCHUS LIAraroIlero Kosieca NMPU PA3IUYHBIX
3HAYCHMSIX HAKJIOHA OINOPHOM NMOBEPXHOCTU U HAYAJIILHOM YIJIOBOM CKOPO-
ctu Kozeca. Iloka3aHO, 4TO BO3MOKHBI Pa3iIM4YHBIE PEKUMBI JBHKECHHUS
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[Iararolero Kojeca, Haubojaee HHTEPECHBIM U3 KOTOPBIX SBIISETCS CyIIe-
CTBOBAaHUE YCTONYMBOTO MEPHOANYCCKOTO PEIICHUS (aBTOKOJICOAHUI).
Knroueswie cnosa: nenunetinas OuHamuxa, 08yHO2ds X00bba, a8moxoJe-
banus, wazarouiee Koieco, koneco bes 0booa.

Walking wheel
V.V. Lapshin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: lapshin032@bmstu.ru

The dynamics of a 2D walking wheel motion down an inclined plane
is analytically investigated in nonlinear formulation. It is the simplest
model of a bipedal walking. The possible cases of the motion of the walk-
ing wheel are investigated at various values of the inclination of the sup-
port surface and the initial angular velocity of the wheel. It is shown that
various modes of motion of the walking wheel are possible. The most in-
teresting of which is the existence of a stable periodic solution (self-
oscillations).

Keywords: nonlinear dynamics, bipedal walking, self-oscillations, walking
wheel, rim-less wheel.

O HesIBHBIX YPABHCHHUSAX IBUKCHUA MEXAaHUYECCKUX CUCTEM

B.B. Jlanmma

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: lapshin032@bmstu.ru

B pabote mokazaHo, YTO CHIIBI, ACWCTBYIOLINE HA TOYKH MEXaHUYE-
CKOHM CHCTEMBI, MOTYT 3aBHCETh OT YCKOPEHMH Touek cucreMbl. Cucrema
mudhepeHIMaTbHBIX YPAaBHEHUN JIBIKEHUSI MEXaHUUECKONH CHCTEMBI OKa-
3pIBaeTCs HesiBHOW. OHa HE paspelleHa OTHOCHTENBHO CTapIIMX IMPOU3-
BOJHBIX. BO3HUKAIOT MNPUHIMIHAIBHBIE MaTeMaTHUYeCKHE MPOOJIeMBlI,
CBSIBAHHBIC C BO3MOXHOCTBKO U CAMHCTBCHHOCTBIO paspemeHI/m 9TUX
YpaBHEHUN OTHOCUTEIBHO CTapIIMX MPOU3BOJHBIX. HesBHBbIE ypaBHEHUs
JOBUXXCHUA XapaKTepHI)I IJII MCXAaHHMYCCKHUX CHCTEM C CYXI/IM TpeHI/IeM
CKOJIbKEHUS M KaueHus. B nuHaMuKke TOYKH MOJOOHBIX MPOoOJieM HE BO3-
HHUKACT. HO B 60.]'[66 CJIOKHBIX MCXaHHYCCKHUX CHUCTEMAX, B TOM YHUCJIC
Y TIPU MCCIIEIOBAHUU JBUKEHHUS TBEPJIOTO Tejla, BCS Macca KOTOPOro Co-
CpEOTOYCHA B OJJHOM TOYKE, a TAK)KE B CHCTEMAX C OJJHOM CTETEHBIO CBO-
00161 TOJI00HAS CUTYAIUA ABIISETCS BEChbMa XapaKTEPHOM.

B pabote paccMOTpeHbI YeTblpe NpHUMEpa MEXaHUYECKHX CHCTEM,
JIBUKEHHE KOTOPBIX OIUCHIBACTCS HESBHBIMHU U epeHIHaTbHBIMU
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ypaBHEHHUAMHU. B mepBbIX NByX NpUMeEpax pacCMaTpPUBAIOTCS JBUKECHHE
CTEPKHSI, CKOJIB3SIIIEr0 M0 IEPOXOBATOMY FOPU30HTAIBHOMY IOy W LIe-
pOXOBaTON BEPTUKAJIBHOM CTEHE, U KAUEHMs KOJIECa CO CMEIIEHHBIM LIEH-
TPOM MacC IpH HAJIWYMM MOMEHTa TPEHUs KadeHus. B sTux mpumepax
YPaBHEHHUS JIBUKEHUS JIETKO PAa3pelIalOTCs OTHOCUTENIBHO CTapuLlel mpo-
n3BOAHOM. Tpernii mpumep, B KOTOPOM PACCMATPHUBAETCS AJUTMITUYECKUN
MasiTHUK, SIBIIIETCSI HECYIIECTBEHHO MOJU(UIIMPOBAHHBIM TMPUMEPOM
[I>H5eBE, KOTOPBIN MpHUBET K 3HAMEHUTHIM mapaaokcaM IIsunese. Ilapa-
nokcbl [IpHeBe 3akiIo4aioTcs B TOM, YTO MPHU OONBIINX 3HAYCHHUAX KO-
s dumenta TpeHUs BO3MOXKHBI CHUTyaluu, korja auddepeHnnaibHbie
YPaBHEHHUS JBIKEHUS HEPA3pEIIMMbl OTHOCUTEJIBHO CTApIIUX IPOU3BO-
HBIX (T. €. JBUKEHHE CHCTEMbl HEBO3MOXKHO) WUJIM MMEIOT HECKOJIbKO pe-
nieHUud. B deTrBeproM IpuMeEpe pacCMOTPEH MaTeMaTHYECKUl MasiTHHUK,
B IIAPHUpPE KOTOPOTO UMEETCS MOMEHT CYXOro TPEHHsI, MPONOPLHOHAIb-
HBI MOJHOW peakiuu B 3ToM mmapHupe. HesBHoe nuddepenmmansHoe
YpaBHEHUE IBH>KEHUS IIPU 3TOM SIBISIETCS MPPAMOHAIBHBIM YPaBHEHUEM
OTHOCHUTEINIBHO CTapIiel mpou3BogHOM. [Ipu 60nbIIOM TpeHHH BO3HHKAET
napajiokc, aHaJIOTMYHbIN ntapajokcy [I>Hiese.

OTMeTHM Takke, 4TO BO BCEX PACCMOTPEHHBIX NPUMEPAX MOCIE pas3-
pEILIEHNs HESABHBIX YPABHEHUI JBUKEHHSI OTHOCUTENIBHO CTapLINX IPOU3-
BOJIHBIX CyXO€ TPEHHE NMPHUBOJUT K IMOSBJICHUIO CHJI (MOMEHTOB) CONPO-
TUBJIEHUS, NPONOPLHOHAIBHBIX KBaJApaTy CKOPOCTH, T. €. CyXO€ TPEHHE
MPOSIBIISIETCS] B TOM YUCIIE U KaK BS3KOE.

Knrwouesvle cnosa: nenunelinas OUHAMUKA, HESGHbIE YPAGHEHUS OBUNCEHUSL.

On the implicit equations of mechanical systems motion

V.V. Lapshin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: lapshin032@bmstu.ru

It is shown that the forces acting on the points of the mechanical sys-
tem may depend on their accelerations. The differential equations of a me-
chanical system motion of prove to be implicit. It is not allowed with re-
spect to higher derivatives. There are fundamental mathematical problems
related to the possibility and the only solution of these equations with re-
spect to higher derivatives. Implicit equations of motion are typical for
mechanical systems with dry friction sliding and rolling. In the dynamics
of material point such problems do not arise. But in more complex me-
chanical systems, including the study of the motion of a solid whole mass
is concentrated at one point, as well as in systems with one degree of free-
dom, such a situation is very characteristic.

The paper discusses four examples of mechanical systems movement,
which is described by implicit differential equations of motion. In the first
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two examples, we consider the motion of the rod sliding across the harsh
rough horizontal floor and a vertical wall, rolling wheels with an offset
center of mass in the presence of rolling friction. In these examples, the
equations of motion can be easily solved for the highest derivative.
The third example is modified Painleve example, where the investigation
of the motion of an elliptical pendulum leads to the well-known Painleve
paradoxes. In the case of the large values of the coefficient of friction,
there may be situations, when the differential equations of motion can not
be solved with respect to higher derivatives (i.e., the motion of the system
is not possible) or have multiple solutions. In the fourth example of the
mathematical pendulum hinge that there is a moment of dry friction is
proportional to the overall reaction in the hinge. Implicit differential equa-
tion of motion in this case is an irrational equation for the highest deriva-
tive. When there is large values of the coefficient of friction, paradoxes
similar Painleve paradoxes are obtained.

We also note that in all the examples after the tacit permission of the
equations of motion with respect to the highest derivatives dry friction
gives rise to forces (moments) resistance is proportional to the square of
the velocity, ie dry friction is partly shown as viscous friction.

Keywords: nonlinear dynamics, implicit equations of motion.

O MoaeTMpPOBaAHUH AIPOTMHAMHYECKOTO
BO3JIEiiCTBHS HA A3POANHAMUYECKHA MasiTHUK

b.A1. Jlokmun, FO. /1. Cenronkmit

HUU mexanuku MI'Y, Mocksa, Poccust
E-mail: blokshin@imec.msu.ru

B nmnpukmamHoit a’poauHamMuKe I ONKUCAHHUS HECTAIIMOHAPHOTO
A’POJIMHAMHUYECKOTO BO3JICHCTBHS HCIIONB3YETCSl TMOHATHE MTHOBEHHOTO
LIEHTpa JABJICHUS, TIOJIOKEHHE KOTOPOTO B Ka)KIbIii MOMEHT BPEMEHH 3a-
BHUCHT HE TOJILKO OT OPUEHTAIIMU, HO U OT YIJIOBOM CKOpocTH Tena. OHa-
KO IS HECUMMETPUYHBIX TET U HEKOTOPHBIX IMOJOKEHUH OCH BPAIICHUS
TaKOM MOJIX0]1 OKa3biBaeTcs HedheKTUBHBIM. B coolmienun npejaraer-
Cs IPpyrod MOJXO0J K MOCTPOCHUIO aJIEKBATHON MaTeMaTHYECKOW MOJIEIH,
OTIMPAOIINIICS HA MCIOJIB30BaHKEe MH(OPMAIIUU O CKOPOCTSIX JBYX (DHK-
CHPOBAHHBIX TOYEK TeJla. IKCIIEPUMEHTAIBHO H3BECTHOE CHIIOMOMEHTHOE
BO3JICUCTBHE «pa3jaraeTcs» Ha CHUJIOBOE BO3JIEHCTBHE IBYX CHII, TIPHIIO-
KEHHBIX B BBIOPAHHBIX TOYKAX. DTH CHJIbI CUHTAIOTCS 3aBHUCSIIMUMH OT
MTHOBEHHBIX 3HAUYCHHWH YTJIOB aTaKh W BO3IYIIHBIX CKOPOCTEH B ATHX
Toukax. [ToCKONBbKY yTiibl aTakd pa3IMYHbI W3-3a BpaIlleHUs 00BEKTa, TO
MIPU TAKOM CTHIOCOOE OMMCAHMS a’pOJAMHAMUYECKON HArpy3KH YUUTHIBACT-
Csl HE TOJIBKO OpHEHTalUsl 00BEKTa OTHOCUTENLHO MOTOKA, HO €0 YIJIoBas
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CKOpOCTh. PacueTsl, MpoBECHHBIC JIs1 OJTHO3BEHHOTO a3pOJINMHAMHYECKO-
T'0 MasTHUKA, TIOKa3aal paboTOCIIOCOOHOCTh MPEIOKEHHOTO MOIX0/1a.
Knrouegvle cnosa: xonebanus, MasmHukosvie CUCMeMbl, KeA3ucmamuye-
CKUl n0OX00, a3POOUHAMUKA.

On simulation of aerodynamic load
on aerodynamic pendulum

B.Ya. Lokshin, Yu.D. Selyutskiy

Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: blokshin@imec.msu.ru

In applied aerodynamics, concept of instantaneous center of pressure
is used to describe the aerodynamic load. Position of this point depends
both on orientation and angular speed of the body. However, such
approach proves to be not efficient for non-symmetric bodies and certain
locations of the rotation axis. In this work, another approach to construc-
tion of an adequate mathematical model is proposed based on use of in-
formation about velocities of two fixed points of the body. Forces and tor-
ques known from experiments are “represented” as action of two forces
applied in the selected points. These forces are supposed to depend on in-
stantaneous angles of attack and airspeeds of these points. As these angles
of attack are different due to rotation of the object, such method of de-
scription of the aerodynamic load take into account both orientation of the
body with respect to the flow and its angular speed. Calculations per-
formed for the simple aerodynamic pendulum show the efficiency of the
proposed approach.

Keywords: pendulum systems, quasi-steady approach, aerodynamics.

IMIUpHYecKasi MOAe]db BO3AeHCTBHUS MOTOKA
Ha porop CaBoHHYca U ee IPUJIOKEHUS

A.A. Macteposa, FO.Jl. Cemronkuii

HUU mexanuxu MI'Y, Mockga, Poccust
E-mail: masterovaanya@yandex.ru

B pabore mpemsiokeH SMIMPUYECKHH METOJ IJIsi MOJCITUPOBAHUS
a’POJIMHAMHUYECKOT0 MOMEHTa, JEUCTByromero Ha potop CaBoHHyca
B TMOTOKE cpeapl. PaccMarpuBaeMblil 1OAX0A OOECNeYMBaET JOCTATOYHO
XOpolliee MHTETpaIbHOE ONMKMCAHUE a3pPOJAMHAMHUYECKON HArpy3Ku Ha Bpa-
HIAIONTUHCA OOBEKT. JTO TO3BOJISIET MPU PENICHUU 3aJ1ad ONMTHMHU3AINH
JIOCTaTOYHO OMNEPAaTUBHO OMpPENENIUTh 00JacTh MapamMeTpoB, B KOTOPOW
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CJIeZlyeT OKU/IaTh «ONTHUMAJIbHOI0» MOBEACHUS CUCTEMBI, N30erast Bpemsi-
E€MKHX U PECYpPCOEMKHUX BbIYMCIICHHMH. Ha ocHOBE 3TOro merona npoasa-
JU3UPOBaHA TUHAMHUKA MEXaHUYECKON CHUCTEMBI, MTPEICTABIAIONIEH co00it
KOJIECHYIO TEJIEKKY ¢ poTopoM CaBOHMYCa B KAUECTBE MPUBOAA.
Kniwoueswie cnosa: eéemposnepeemuueckasn ycmanoexka, pomop Cagonuy-
ca, aspoOUHamMudecKuii MOMeHm, 8emponpuemMHoe yCmpoucmeo, Mexau-
yeckas cucmema, Mamemamuyeckoe Mooeauposanue.

Empirical model of flow impact on the Savonius rotor
and its applications

A.A. Masterova, Yu.D. Selyutskiy

Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: masterovaanya@yandex.ru

An empirical method for describing the aerodynamic torque acting on
the Savonius rotor in flow is proposed. The considered approach provides
sufficiently good integral description of the aerodynamic load on rotating
object. This allows for quick determination of the area in parameter space
where the “optimal” behavior of the system is expected, without having to
use time-intensive and resource-intensive computations. Using this meth-
od, dynamics of mechanical system is studied representing a wheeled cart
with a Savonius rotor as a drive.

Keywords: wind turbine, wind power, dynamics, Savonius rotor, wind-
driven cart.

I[I/IHaMI/IKa KOJIECHOT'0 HHEpHMoOHnaa

I1.K. Maxmymos', B.A. Camconos®, M.3. Jlocaes®

'Mexanuko-Maremariueckuii paxynpsrer MI'Y umernn M.B. JlomoHOCOBa,
Mocksa, Poccus
*HUU mexaHuKn MI'Y, Mocksa, Poccust
E-mail: fillipmacgreen@gmail.com

PaccMoTpeHa KosecHas TEJNeXKa, ABIXKYINASCS MO IIEPOXOBATOM
IUIOCKOCTH 0€3 MpPOCKaJIb3bIBaHUA. MeXaHndecKas CHCTEeMa COCTOUT W3
KOpITyca Ha KoJIecax M MOJI3YHKa, KOTOPBIA MOXKET JABUTATHCS 110 TPSMOH,
3aKperuIeHHOH B Kopmyce. [IpemioskeH anropuT™ OUKINYECKOTO JIBHDKE-
HUS, Pa3JIelICHHOTO Ha TPH dTamna. B KOHIle Ka)KI0ro MUKIIa MOI3YHOK BO3-
BpaIIaeTcs B UCXOIHOE MOJIOKEHNE, @ KapEeTKa CMEINAeTCs Ha HEHYJIEBOe
paccrosiHue. [Ipy cMeHe 3TarnoB NPOUCXOAT YAAPHI TEISKKHU 00 OTOPHYIO
IUIOCKOCTh. [IpUBENCHBI YUCIICHHBIE PACYEThl ABMKCHUS TEJCIKKU IS
BBIOpaHHBIX 3HAYCHUH MTapaMeTpPOB.

Knroueswie cnosa: unepyuouo, yoap, aneopumm.
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Dynamics of wheeled inertioid

P.K. Makhmudovl, V.A. Samsonovz, M.Z. Dosaev’

"LMSU Faculty of Mechanics and Mathematics, Moscow, Russia
’Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: fillipmacgreen@gmail.com

A wheeled cart moving along a rough plane without slipping is con-
sidered. The mechanical system consists of a wheeled body and a slider
that can move along straight line fixed in the body. The algorithm of cy-
clic motion is proposed divided into three stages. At the end of each cycle,
the slider returns to its original position, and the cart shifts by a nonzero
distance. When changing stages, impacts occur on the supporting plane.
The numerical calculations of the motion of the cart are presented for se-
lected values of parameters.

Keywords: inertioid, impact, algorithm.

METOIH/IKa OYYBCTBJICHHUSI MEXAaTPOHHBIX
KOMIIVICKCOB MECAUIIMHCKOI'0 HA3HAYCHUHA

N.A. Menwxun, C.C. I'aBproiins

MI'TY um. H.O. baymana, Mocksa, Poccus
E-mail: sagezz@yandex.ru

CoBpeMeHHBIN YPOBEHb Pa3BUTHS MHUKPOIJIEKTPOHUKH — IPHUBOJIOB
U CHUCTEM YIpaBJICHUS — OTKPHIBAET HOBbIE BO3MOXXHOCTH B TaKHUX IPH-
KIaAHbIX cdepax, Kak MpoTe3upoBaHUE. YTPaBIIEMOCTb MEXAaTPOHHBIX
CUCTEM OIIPENEIAETCS, B TOM YHCIIE, TOYHOCTBIO CPEACTB U3MepeHui. Jlis
CHJIOMOMEHTHOTO OYYBCTBJICHHSI C y4e€TOM TpeOOBaHMII K MaccoBO rada-
PUTHBIM XapaKTEPUCTUKaM HEOOXOIUMBbI OpUTHHAIBHBIC perieHus. KoH-
KypEeHTHOE NMPEUMYIIECTBO pa3paldaThiBaeéMbIX pElIeHUI oOecreunBaeTcs
OTKa30M OT YHMBEPCAJIBHOCTH IO OTHOUIEHMIO K MOJEIU Harpy>KeHHs,
YTO MO3BOJIAET AOOUTHCS TPeOyeMOi TOUHOCTH IS LieJIel yIpaBlIeHusI.
Knroueswie cnosa: cunomomenmuuiii 0amyux, Memoo KOHEYHbIX J1eMeH-
moe, UHDOPMAYUOHHO-UBMEPUMETIbHASL CUCTEMA.
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Methods of sensing mechatronic complexes
for medical purposes

I.A. Meshikhikhin, S.S. Gavryushin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: sagezz@yandex.ru

The current level of development of microelectronics: drives and con-
trol systems, opens up new possibilities in such applied areas as prosthet-
ics. The controllability of mechatronic systems is determined, inter alia, by
the accuracy of measuring instruments. For force momentary sensation,
taking into account the requirements for mass-dimensional characteristics,
original solutions are needed. The competitive advantage of the developed
solutions is provided by the rejection of universality with respect to the
loading model, which allows to achieve the required accuracy for control
purposes.

Keywords: force-torque sensor, finite element method, information-
measuring system.

ITocTpoenne nporpaMMHOii TpaeKTOpHUs
B KOHQUIYpPallHOHHOM MPOCTPAHCTBE BPaLlleHUil
AJISl peLIeHNs 32/1a4M O IJIABHOM Pa3BOpOTe TBEPAOro TeJia

E.A. MuTtromos, H.E. Muctopa, A.E. JlamoTkun

VYpanbckuii (eepalibHblil YHUBEPCUTET UMEHH NIEPBOTO
IIpesnnenta Poccun B.H. Ensnuna, ExarepunOypr, Poccns
E-mail: mityushov-e@mail.ru, n_misura@mail.ru, alexey.lamotkin@urfu.ru

B pabore mpesmiaraercss MeToZ, MOJIY4YEHUs MPOrPAMMHOIO YIpaBJe-
HUS, OCHOBAaHHBI HA KOHIICTIIIMU pEIICHUs OOpaTHOM 3aja4yMl JUHAMHU-
ku [1]. CormacHo [2], B KauecTBe KOH(PHUTYPAIMOHHOTO MPOCTPAHCTBA TTOBO-
POTOB MOKET OBITH BBIOpaH IIap paguycom t. B kadecTBe KOH(MUTYpAITMOH-
HOT'O TIPOCTPAHCTBA BPAIICHUN aBTOPAMH PACCMATPHBACTCS TEOMETPUICCKHUIA
o0pa3 — 1miap paauycoM 27T TPEXMEPHOrO €BKIIHMIOBA MpocTpaHcTBa. [Ipu

PELLeHUH HEKOTOPBIX MPHUKIAJHBIX 337ay yIPaBICHUS JBIKEHUEM TPaeKTO-
PHUH B IIAPE SBISIOTCS HEMPEPHIBHBIMU M MO3BOJISIIOT HATJISIIHO UHTEPIPETU-
poBaTh chepruieckoe IBIKEHHE TBEPIOro Tella IBMKEHUEM TOUKH T10 TPaeK-
TOPHUH B 3TOM IIIape.

YcraHoBneHa JIMHEWHAs CBS3b BUAA MEXY BEKTOPOM YIJIOBOM CKOPO-
CTH TBEPJOTO Telia B ero c(hepuyeckoM TBHKCHUU U CKOPOCTHIO JIBUKCHUS
TOYKH B IIape MpH 3a/1aHuM IBHKEHHS TOYKHU B IIape B BUJIE MOJUHOMA TIsl-
TOH cTemeHu. JIaHHOE COOTHOIIEHHE MOXKET OBITh HMCIIOJIL30BAHO IS
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OMKCAHUA TUIABHOTO Pa3BOPOTa JTUHAMUYECKH HECUMMETPUYHOIO TBEPJOTO
TeJNa ¢ 3a/JaHHBIMU [TPOU3BOJIBHBIMU YCIIOBUSIMU IO YTJIOBBIM IOJIOKEHUSIM
U CKOPOCTSIM. YTIpaBJICHUE, peaTn3yIollee JaHHOe JBUKEHUE, MOXKET OBbITh
HaWJIEHO U3 JUHAMUYECKUX YpaBHEHUN Dumepa.

B kauectBe mpumepa [3] mpuUBOAUTCS IJIABHBIA Pa3BOPOT TBEPIIOTO
TeNa U3 OJTHOM 3a/laHHOM OpUEHTAIMH B JAPYTYIO 33JaHHYIO0 OPUEHTAIIHIO,
C KpaeBBbIMH YCIIOBUSMHM JJIsl YIJIOBBIX CKOPOCTEH U YIJIOBBIX YCKOPEHUIA
3a OMpeeNIEHHOE BpeMsl.

Knrouesvie cnosa: xoungueypayuonnoe npocmpancmeo epaujeHuii, nias-
HbILL pA380POM, NPOSPAMMHOE YNpAaeieHue.
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C. 155-162.

2.  Apnonvo B.U. TeoMeTpusi KOMIUIEKCHBIX YKCEJ, KBATEPHUOHOB U CITMHOB. MOCKBa:
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Constructing a programmed trajectory
in the configurational space of rotations for the solution
of problems on the smooth rotation of a rigid body

E. A. Mityushov, A.E. Lamotkin, N.E. Misyura

Ural Federal University named after
the first President of Russia B.N. Yeltsin, Ekaterinburg, Russia
E-mail: mityushov-e@mail.ru, n_misura@mail.ru, alexey.lamotkin@urfu.ru

In this work, a method is presented to achieve a programed control,
based on the concepts of the solutions found to the respective problems in
dynamics [1]. According to [2], the configurational space can be taken to
be a sphere of radius 7. As the configurational space of rotations, the fol-
lowing geometrical concept was used by the authors — a sphere of radius
27 of three dimensional Euclidian space. When solving certain applied

problems of motion control, the trajectories within the sphere are continu-
ous and allow for a direct interpolation of the spherical motion of a rigid
body through the motion of point along a trajectory in this sphere.

When defining the motion of the point within the sphere in the form of
a fifth order polynomial, a linear relationship is established of the form be-
tween the angular velocity vector of the rigid body in its spherical motion
and the velocity of the point’s motion within the sphere. This relationship
can be used for the description of the smooth rotation of a dynamically
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asymmetrical rigid body with arbitrarily defined conditions of angular po-
sitions and velocities. The control, which produces this motion, can be
found from Euler’s dynamic equations.

An example of the smooth rotation of a rigid body is given [3].
Keywords: configurational space of rotations, smooth rotation, pro-
grammed control.
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YucieHHOe MO/l IMPOBAHUE TeUeHUsI B OJIMKHEM cJe/ie
NPHU J03BYKOBOM 00TE€KAHMH BPAIAKIINXCS
JIETATEJbHBIX alNapaToB B OTKPbITOM nakere OpenFOAM

A.A. Muukun, E.I'. Cronsiposa, S1.B. YxHaneBa

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: michkin a@mail.ru

JIBumxeHue nerarenbHbIX anmapatoB (JIA) pasnuuHOro Ha3HaueHUs
MOJKET COIIPOBOXKAATbCs BpamieHueM. llpm oOrekaHun NOJOOHBIX Tel
BO3JYIUHBIM IIOTOKOM BO3HMKAE€T KaK JOMOJHUTENIbHAs COCTABIISAIOIIAsS
UHTETPaJbHbIX a3POAMHAMUYECKUX XapaKTEPUCTHUK, CBs3aHHas ¢ 3(dek-
ToM MarHyca, Tak U IPOMCXOIUT TpaHc(opMarus TeueHHus: BOIU3U dJie-
MEHTOB, UMEIOILIUX YTJIOBYIO CKOPOCTh BpallleHUS.

BecoBble, npeHa)KHbIE M BU3yalIM3allMOHHBIE HMCCIENOBaHUsA, IIPOBE-
JIEHHBbIE B JIO3BYKOBOW a’pomaumHamuyeckor Tpyoe MI'TY um. H.D. bay-
MaHa, MOKa3bIBaIOT, YTO MPU MPOI0JIEHOM OOTEKaHUH OCECUMMETPUUYHBIX
TEJl, UIMEIOIINX YIJIOBYIO CKOPOCTh BpAllleHHs ©,, NPOUCXOIUT U3MEHE-

HUE paclpeesieHus JaBJIeHUs B CIIEJIE 3a annapaToM MpU HAJIUYUU OTpbI-
Ba IIOTOKA Ha MOBEPXHOCTU Bpamaromuxcs JIA: oTpeiBHas 30Ha U3MEHSI-
ercs. [lomydeHbl a’poauHAMUYECKHE XapaKTEPUCTHUKU M CTPYKTYpPbI
TEYECHHUS.

Ha xnacrepe «JIOMOHOCOB» M BBIYMCIMTENBHBIX pecypcax MITVY
uMm. H.O. baymana Obuta mpoBeseHa cepHsi YUCIEHHBIX SKCIEPUMEHTOB
B oTKpbITOM nakere OpenFOAM. PaccmarpuBanock npoiosibHOe 00TeKa-
HUE BpAIAIOIIEHCA MOJEIN JIETAaTEJIBHOIO amnmnapara LHAJIMHAPUYECKON
(GopMbl B MIMPOKOM JHAala3oHE YTJIOBBIX CKOPOCTEH U YIJIOB aTaKH.
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Cucrema ypaBHenuii HaBbe — Crokca, ocpenHeHHast o PeliHonbacy,
nonoJHsIack k—o SST-monensio nian ee MoauduUKaIuen, Co31aHHON Ha
ocHoBe mnonpaBku CmupHoBa — Mentepa. Ilpu mopenupoBanun pac-

CMaTPUBAIIUCH PA3TUYHBIC MTOAXOBI K 3aJaHUIO BpAIICHUSI.
Hcnonp3oBanue xiaccuuecko k—m SST-mozenu U 3amaHue Ha II0-

BEPXHOCTH BPAIIAIOIIETOCS OCECHUMMETPUYHOTO Tejla TPAHUYHOTO YCIIO-

BUS 110 CKOPOCTH V =, *r, i€ ¥ — PacCTOSHUE 10 OCU, HE MO3BOJIUIIO

NOJYYHUTh MPAaBUIBHOE pacHpesiefieHHe JaBJICHUS B CIIEE 3a arIapaToM,
CTPYKTYpY TE€U€HHsI Ha €ro MOBEPXHOCTH, YTO NMPHUBOJUT K IOSBJICHUIO
CYIIIECTBEHHOW OIIMOKH NpH OIpeaesieHuH Kod(p(UIeHTa IpoI0JIbHON
CHJIBL.

Pacuer ¢ ncnonp3oBanueM nonpaBku CmupHoBa — MeHTepa U TOro
ke I'Y naer BO3MOYKHOCTB MOJIyYUTh JOCTOBEPHYIO KapTUHY TEUEHHs B
OTPHIBHOW 30HE Ha MOBEPXHOCTH Bpariaromerocs tena. /i momydyeHus
KOPPEKTHOI'O paclpeieieHus JaBlIeHUs B OJMKHEM ciele HeoOX0IuMo
paccMOTpeTh 3a/laHue BPAIIATEIbHOTO JBWKEHHUS MOJETH KaK CI0XKHOTO
W HCIOJh30BaHME OTHOCUTEIBHOM cucteMbl otcuera (ReferenceFrame)
WIM HWCHOJb30BaHHE 0000IeHHOro cerouHoro wuHTepgdeiica (Arbi-
taryMeshlInterface).
Knwoueswie cnosa: spawaiowuecs remamenvhvlie annapamsl, cuna Mae-
Hyca, ompuvigHvie meyenus OpenFOAM.

Numerical simulation of flow in near wake of rotating
aircraft at subsonic flow in the open source code OpenFOAM

A.A. Michkin, E.G. Stolyarova, Y.V. Ukhnaleva

Bauman Moscow State Technical University, Moscow, Russia
E-mail: michkin_a@mail.ru

Different purpose flight vehicle motion can be accompanied by rota-
tion. An additional component of the integral aerodynamic characteristics
associated with the Magnus effect and a flow transformation occurs near
the elements having rotational speed in case of flowing with airflow

Weight, draining and visualization researches carried out in the sub-
sonic wind tunnel of Bauman Moscow State Technical University. Results
show that during longitudinal flow of axisymmetrical bodies having rota-
tional speed ®, happening a change of the pressure distribution in the

wake after the vehicle. The take-off zone changes take place in case of
flow separation on the rotation vehicle surface. Aerodynamic characteris-
tics and flow patterns are obtained.

A series of numerical experiments were carried out in the open source
code OpenFOAM on the cluster “Lomonosov” and computational re-
sources of BMSTU. There were simulations of longitudinal flow around
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rotating cylindrical shape flight vehicle in wide range of angular speeds
and angles of attack. A &—® SST model or its modification based on the
Smirnov-Menter correction supplemented the Navier-Stokes system of
equations averaged by Reynolds. Different attitudes to setting up the rota-
tion were considered in the simulation.

Using of the classic &~——m SST model coupled with surface velocity
boundary condition where speed v =, *r, r — is the distance to the axis,

did not allow to obtain the correct pressure distribution in the wake after
the body and detached flow on the surface, which leads to a significant er-
ror in determining the coefficient of longitudinal force.

Calculation using of Smirnov-Menter correction and the same bounda-
ry condition makes it possible to obtain a certain flow picture in the take-
off zone on the surface of the rotating body. To get the correct pressure
distribution in the near wake, it needs to consider specifying the rotational
motion using the Reference Frame or the Arbitary Mesh Interface.
Keywords: spinning vehicle, rotating body, Magnus force, OpenFOAM,
detached flow.

HNneun pedpopManuu pyccKOM MHKEHEPHOM IKOJIbI
B nmoaxojae A.C. Epmosa

H.A. MKpTBIUSIH

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: dmkrtychyan@mail.ru

Bropas tpers XIX B. Obu1a ans Poccun meprosoM MPOMBIIICHHOTO
NepeBOpoTa, BPEMEHEM Iepexoja OT MaHy(PakTypHOTO K KpPyImHOMY Ma-
LIIMHHOMY IPOU3BOACTBY. I pa3BUBAIOLIEHCS IPOMBILUIEHHOCTH Poccun
TpeOOBaIOCh OOJBINOE KOJIMYECTBO KBATH(PHUIIMPOBAHHBIX —CHEIHAHC-
ToB. HacymHbIM cTan BOIpoc MOATOTOBKM CBOMX TEXHMUYECKHUX KaJpOB.
[IporpeccuBHbIE I€ATENN TOTO BPEMEHHM CTOSUIM 32 BCEMHUPHOE PAa3BUTHE
TEXHUYECKOTO 00pa3oBaHMs, 32 MEPECTPONKY U pa3BUTHE OOIIETO M CIie-
[UAIBHOTO CPETHET0 0Opa30BaHMUS.

OnHuM 3 Takux nesteneit 6pu1 Anexcanap CrenanoBuy Epiios.

HestensHocTh A.C. EpioBa ceirpania 00bIIyto pojb B UICTOPUH OTE-
YEeCTBEHHON TEXHMKH U OCOOEHHO B MALIMHOCTPOUTEIBHOW MPOMBIIIICH-
HOocTU. OH OBUT OJHUM M3 YUYEHBIX TOTO BPEMEHH, KOTOpBIE CIIEIOBAIU
IIPUHLIAITY HEpa3pbIBHOCTH Teopuu u npakThku. A.C. EpmoB sBuics on-
HUM W3 OCHOBartesieli MOCKOBCKOWM MIKOJbI TEOPUU MEXaHU3MOB. [lamb-
Heiflee pa3BUTHE, COBEPIIEHCTBOBAHUE 3TOW MIKOJBI OBUIO OCYIIECTBIIE-
HO TakUMHU y4eHbIMH, Kak YeOwimeB, OpnoB, MepuanoB, CMUPHOB,
Aptobonesckuii, Pemeros, ['aBpunenko. A.C. EpmoB — co3natens nep-
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BOr0 yueOHHKa Ha PYCCKOM f3bIKE IO MPAKTHYECKON MexaHuke. MIMeHHO
A.C. EpioB ocHOBaJl KOJIJICKIIMIO MOJIENIe MexaHN3MOB kKaOuHeta «IIpu-
kinanHoi mexaHukm» kadenpst TMM MI'TY um. H.O. baymana. Astop
TeXHUYECKUX crared u 0030poB, A.C. EpmoB ObuT momyssipu3aTopomM
TEXHUYECKUX 3HaHUH. OH )KMBO OT3BIBAJICS HA BCSKOE SIBJIEHUE MU HOBO-
BBEJIEHHE B 001acTu TeXHUKH. OCHOBOIOJOXHHMK PYCCKOIO METO/a
MH)KEHEpHOTo 00pa3oBaHMsl, OCHOBAHHOT'O HAa HEpa3pbIBHON CBSI3H Iy0o-
KOT0 TEOPETUYECKOro oOyueHHsI C NPAaKTUYECKUM NPUMEHEHUEM 3HaHWUH
B YCIIOBUSIX MAaCTepCKuX, (padpuk u 3aBojoB. brnaronaps Anexcanapy Cre-
naHoBu4y B 1868 r. MOCKOBCKOE peMECIIEHHOE yueOHOe 3aBeIeHHEe ObLIO
ouimanbHO Mpeodpa3oBaHoO B BBICIIEE TEXHUUECKOE YUEOHOE 3aBEICHUE
MOJTY4MII0 HAUMEHOBaHNE MOCKOBCKOr0 TEXHUYECKOTO YUMITUILA.
Knwueevie cnosa: unsceneproe obpasosanue, yueOmvili npoyecc, HayKd,
npakmuyeckas mexanuka, Hmnepamopckoe Mockoéckoe mexnHuueckoe
yuunuwe, A.C. Epwios, mawunocmpoenue, npomMbludieHHOCMb, PYCCKULL
Memoo obyueHus.
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Ideas of reformation of Russia engineering school
in A.Yershov approach

D.A. Mkrtychian

Bauman Moscow State Technical University, Moscow, Russia
E-mail:dmkrtychyan@mail.ru

The article is devoted to A. Yershov who was an outstanding scientist,
reformer, the founder of the Russian method of engineering education.
The basics and methods of teaching technical Sciences in the 19th century
on the example of the Imperial Moscow Technical School are considered.
And also the role of A. Yershov in the formation of the Russian method of
teaching engineering Sciences, based on a combination of theoretical and
practical training.

References

1.  Mkrtychyan D.A. Sostoyaniye mekhaniki i prakticheskoy mekhaniki v Rossii do
serediny XIX veka [Mkrtychyan D.A. The state of mechanics and practical mechan-
ics in Russia until the middle of the 19th century]. Teoriya mekhanizmov i mashin —
Theory of mechanisms and machines, 2016, no. 4 (32), volume 14, pp. 229-236.

Huoxcenepnutii ycypnan: nayka u unnoeayuu #2-2020 173



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

Craouaunsanus cBsi3eil B cucreMax
HEMPSIMOI0 PeryJrupoBaHusl

P.I'. MyxapissmoB

PYJIH, Mockga, Poccus,
E-mail: robgar@mail.ru

W3naraercs MeTo] pellieHus 3a1auu yIpaBJIeHUs LieJIeHaNpaBICHHbBIM
JBUKEHUEM CUCTEMBI C YUETOM IUHAMMKHU HCIOJHUTENIBHBIX YCTPOMCTB.
Ilenp ynpasieHUss U KHHEMAaTUYECKUE CBOMCTBA CUCTEMBI OIPEIEIIAIOTCS
CBSI3SIMHU, HAJIOKCHHBIMH Ha (ha30BbIe KOOPJIMHATHI OOBEKTa YIIPaBICHUS.
Yder TMHAMUKH HCTIOIHUTEIBHBIX OPTaHOB MPUBOJAUT K 33a]a4e CTaOMIIH-
3alMu cBsi3eH, TpeOyromel UCIoIb30BaHUs MPOU3BOAHBIX OT YpaBHEHHM
CBs3eil OoJsiee BBICOKOTO TOPSAKA. YCTAHOBJIEHBI YCIOBUS YCTOMYMBOCTHU
MHBAPUAHTHOIO MHOXECTBA, COOTBETCTBYIOIIETO YPAaBHEHMSIM CBS3EH,
U OTPaHUYECHUS OTKIOHEHHMM OT YPAaBHEHMM CBS3€M NPU YUCIEHHOM pe-
LICHUW YPAaBHEHWMM IMHAMMKHU 3aMKHYTOM cHcTeMsl. [IpuBenen anropurm
pelmeHus 3aa4u yIpaBJiIeHHUs 3JIEMEHTOM aJallTUBHOW ONTHYECKON CHC-
TEMBI.

Paboma evinonnena npu gunancosoii noodepocke PODU (npoexm
Ne 19-08-00261).

Knwoueswie cnosa: ounamuxa, cucmema, yCmoudugocmy, ypasHeHus, Cesi-
3U, cmaduauzayusl.

Constraint stabilization in the system of indirect control

R.G. Mukharlyamov

RUDN University, Moscow, Russia,
E-mail: robgar@mail.ru

The method of solving the problem of controlling the aimed move-
ment of the system taking into account the dynamics of final control de-
vices is described. The purpose of control and kinematic properties of the
system are determined by the constraints imposed on the phase coordi-
nates of the control object. Taking into account the dynamics of final con-
trol devices leads to the problem of constraint stabilization, which requires
the use of derivatives of higher order constraint equations. The stability
conditions of the invariant set, which corresponds to the constraint equa-
tions, and the conditions for limiting deviations from the constraint equa-
tions in the numerical solution of the dynamics equations of closed system
are established. An algorithm for solving the control problem of an ele-
ment of adaptive optical system is considered.

This work is supported by RFBR (project No. 19-08-00261 A).
Keywords: dynamics, system, stability, equations, relations, stabilization.
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Tepmoaunamuuyeckue cBoicTBa cangupa
IPH BBICOKUX AABJICHUAX

JI.H. Hukonaes, A.B. Octpuk

WuctutyT npobiiem xumuueckoit pusuku PAH, r. Uepnorosnoska, Poccus
E-mail: nik@ficp.ac.ru, ostrik@ficp.ac.ru

Jlns pacyera BBICOKOCKOPOCTHOTO B3aUMOJIECUCTBUS HEOAHOPOIHBIX
Cpell ¥ KOHCTPYKIWiA TpeOyroTcst ypaBHeHus coctosiaus (YPC) marepuanos
B IIMPOKOH obnactu (azoBoil quarpammel. [Ipu moctpoeHnn mmpoxkora-
na3oHHBIX YPC HEoOXoauMBbl TaHHBIE YyIapHO-BOJHOBBIX HCCIICIOBAHUM.
Candup muUpoOKO HCMONB3YETCS B OMBITAX MO H3MEPEHHIO TEMIIEPATYP
YAApHOTO C)KAaTHs METAJUIOB U UX CIUIaBOB. [lo HAacTOSIIEro BpeMEeHU yaap-
Has CXKMMAaeMOCTh cardupa 3KCIEPUMEHTAIBHO ONpeaessiach B JHara-
30He AasneHuit 80...340 ['Tla, co3gaBaeMbIX IBYXCTYIIEHYATHIMHU ra30BbIMHU
nymkamu. J[eficTBUe M3Iy4YeHHUs] MOILIHBIX Ja3epoB MPUMEHSIIOCH IS U3-
MEpEHUS yAApHOU CKUMaeMocTu nipu nasienusx 0,7...2 TIIa.

O6nacts naBnenuit 340...700 I'Tla panee sKCrIepUMEHTAIBLHO HE U3Y-
yanack. B nanHoi paboTe JaBiIeHHs 3TOTO JUana3oHa CO3/1aBauCh KyMy-
JSTUBHBIM TEHEPAaTOPOM YIApHOTO ckatus. TemmepaTtypa 3a (pOHTOM
yAapHOU BOJIHBI, pacHpOCTpaHsIolIeics B candupe, H3Mepsuiach MeToa-
MU ONTUYECKOU MUPOMETPUH.

[Tpu moctpoenun YPC candupa B 001acTu cKaTusi UCIONB30BaIach
anmpokcuMaIis yaapaoi amuabartel, momydennas M. Kepmu (1. Kerley).
VYenbHas TEMIOEMKOCTh camdupa paccuuThiBasiach 1o Teopuu J[lebast.
Bxnan anekTpoHHOM KOMIOHEHTHI HE MPUHUMAJICS BO BHUMaHUE, TaKk Kak
IIPU HOPMAJIbHBIX YCIOBUSX camngup SBISETCS AUIIEKTPUKOM.

B pesynpTaTe NpOBEIEHHBIX HCCIEIOBAHUM 3KCHEPUMEHTAIbHO
OTIpe/ICNICHBI yIapHO-BOJIHOBBIC XapaKTEPUCTHKHU carupa M IMOCTPOCHBI
ero YPC B obmactu cxarus. IlonmydeHo ynOBIIETBOPUTEIBHOE COTJIacue
PacCYETHBIX U YKCTIEPUMEHTAIBHBIX JaHHBIX JUIsI TEMIIEpaTyp 3a GpOHTOM
yAapHOU BOJHBI B carndupe.

Paboma evinonnena npu noooepoicke PODPU (Ne 18-08-00964-a).
Knroueswie cnosa: cangup, okonnvie mamepuanvl, YyOapHO-80JIHOBbIE IKC-
nepumeHnmol, yoapHas aouabama, ypaeHeHus COCMosHUs 8eujecmad.

Thermodynamic properties of sapphire at high pressures
D.N. Nikolaev, A.V. Ostrik

Institute of Problems of Chemical Physics of the RAS, Chernigolovka, Russia
E-mail: nik@ficp.ac.ru, ostrik@ficp.ac.ru

Equations of state (EOS) are required in a wide area of phase diagram
of substance to calculate the high-speed interaction of non-uniform media
and constructions. Shock compression data are necessary to construct
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wide-range EOS. Sapphire is widely used as widow material in experi-
ments to measure shock compression temperatures of metals and alloys.
The shock compressibility of sapphire was experimentally determined in
the pressure range of 80...340 GPa generated by two-stage gas gun. The
action of powerful lasers was used to measure shock compressibility at
pressures of 0.7...2 TPa.

Previously, the region of pressure 340...700 GPa was not experimen-
tally studied. In our research the pressures of this range were created by
the cumulative shock compression generator. The temperature behind the
front of the shock wave propagating in the sapphire was measured by opti-
cal pyrometry technique.

An approximation of the shock adiabate obtained by I. Kerley was
used to calculate sapphire EOS in the compression region. The specific
heat capacity of sapphire was calculated according to Debay theory. The
contribution of the electronic component was not taken into account be-
cause under normal conditions sapphire is dielectric.

The shock-wave characteristics of sapphire were experimentally
determined at pressures 340...700 GPa. The equations of state were con-
structed up to pressures 2 TPa. Satisfactory agreement was obtained
between the numerical results and experimental data for the temperatures
behind the shock wave front propagating in the sapphire.

Work was supported by the Russian Foundation of Basic Researches
(No. 18-08-00964-a).

Keywords: sapphire, window materials, shock-wave experiments, shock
adiabate, equations of state for substance.

Bausinmne cikatus 3eMJIH HA CKOPOCTH JIBHKEHUSI
U300pakeHnil MPU ONTUKO-JIEKTPOHHOM CheMKe
MOBEPXHOCTH IJIAHEThI

N.M. Hukynkuna, A.B. lllatuna

MUPOA — Poccuiickuil TexHomornueckuii yausepcurer, Mocksa, Poccust
E-mail: shatina_av(@mail.ru

Lenb paboTbl — mosyueHue (GopMyi At pacdera CKOPOCTH JBHIKE-
HUSL n300pakeHust B (POKAIBbHOM IUIOCKOCTH MPU KOCMHYECKOH ChEeMKe
MOBEPXHOCTH IUIAHETHl C TIOMOIIBI0 OOPTOBOM ONTHUKO-3JIEKTPOHHON
anmnaparypbl B HaJUp C y4e€TOM CKaTHsl 3eMJIH. 3eMisl MoJienupyeTcs ad-
COJIFOTHO TBEPABIM OJHOPOAHBIM JIIIUIICOUIOM BpAIlEHHs, PABHOMEPHO
BpALAOIIUMCS BOKPYT ocH cuMMmeTpun. OpOuTa 1IEHTpa Macc CIyTHHKA
ABJIAETCS BO3MYLICHHOM M3-3a CXKaTUs 3€MJIM BJOJb OCH BpAILLEHUS.
I'maBHBIN ¢oKyc «kocmuueckoro (oToamnmapara» HaxXOIUTCA B LIEHTpE
Macc CITyTHHUKA.
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ITocTpoens! rpaduku KOOpAUHAT BEKTOpa CKOPOCTH IBMXKEHUS M300-
pakeHus B (PUKCHUPOBAaHHOU TOUKe (HhOKaIbHOU MIOCKOCTU B 3aBUCHMOCTH
OT BpeMeHU (UCTHUHHOHN aHOManuu), nojs ckopocteil. [IpoBeneH cpaBHU-
TETBHBIN aHAIN3 CcO ciaydaeM cdepuueckoir Mmoaenu 3emun. B aTom ciry-
Yyae LEHTP MacC CIYTHHKA ONMCBIBAET KEIJIEPOBCKYIO AIIUITHYECKYIO
opoury.

Kak npaBuio, pacueT nosst CKOpocTel B 3a/1a4ax MO JUCTAaHIIMOHHOMY
30HIUPOBAHUIO 3€MJIM MPOU3BOJIUTCA METOAAMHU KOMIIBIOTEPHOI'O MOJE-
aupoBaHus. B nanHoit paboTe nosyueHsl B SBHOM BHIE (OPMYJIBI AJIs KO-
OpIVHAT BEKTOpAa CKOPOCTH IBMKEHHS M300pa)K€HUIl B 3aJJaHHOW TOYKE
(hOKaTBHOM TIOCKOCTH.

Knroueswie cnosa: ckopocms 08udicenus uzoopaxcenutl, pokanibHas nioc-
KOCmb, 0pouma, UCKyCCmeeHHblll CHYMHUK 3eMau.

The effect of Earth compression on the speed
of image movement during optoelectronic
surveying of the planet

[.M. Nikulkina, A.V. Shatina

MIREA — Russian Technological University, Moscow, Russia
E-mail: shatina_av@mail.ru

The purpose of the work is obtain formulas for calculating the speed
of image movement in the focal plane during satellite imagery of the pla-
net’s surface using on-board optoelectronic equipment in nadir taking into
account the compression of the Earth. The Earth is modeled by an abso-
lutely solid homogeneous ellipsoid of revolution, uniformly rotating
around the axis of symmetry. The orbit of the satellite’s center of mass is
perturbed due to the compression of the Earth along the axis of rotation.
The main focus of the “space camera” is located in the center of mass of
satellite. The graphs of the coordinates of the image velocity vector at
a fixed point in the focal plane are plotted against time (true anomaly) and
velocity field. A comparative analysis is carried out with the case of
a spherical model of the Earth. In this case, the center of mass of the satel-
lite describes a Keplerian elliptical orbit.

As a rule, the calculation of the velocity field in the tasks of remote
sensing of the Earth is carried out by computer simulation methods. In this
work, we explicitly obtained formulas for the coordinates of the image ve-
locity vector at a given point in the focal plane.

Keywords: image speed, focal plane, orbit, artificial Earth satellite.
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Pa3nesienue 1BMKEHUN KOJIECHOTO aNnapara Ha «KMHUKCTE»

A.Il. HoBoxeposa

MI'Y umenu M. B. JlomonocoBa, MockBa, Poccus
E-mail: an.novoderova@yandex.ru

PaccmarpuBaercss HayasibHasi CTaAMs IBM)KEHUS JIBYXOCHOTO YEThI-
PEXKOJIECHOTO ammapaTa IpH MONaJaHUM OJHOTO M3 KOJEC €ro Beayllei
OCH Ha «MHKCT» — YYaCTOK OTIOPHOM IIOCKOCTH ¢ MEHBIINM KO3 PHUIIH-
eHToM TpeHus. Panee B [1] ans ciyuas, Korma Koseca amnmapaTa (aBTOMO-
OuJIs) B3aUMOJEHCTBYIOT C IOPOTOH MOCPEACTBOM YBOJA, MOKA3aHO, YTO
nocsie ObICTPOro BBIPABHHBAHUS KOHTAKTHBIX CHUJI OH MOJYy4aeT MUMITYJIbC
YTII0BOM CKOPOCTH, CIIOCOOHBIH MpHUBECTH K 3aHOCY. C MOMOIIBIO METO/I0B
pasfeneHus ABW)KEHUH [2] MoydeHbl OLIEHKH MMITYJIbCOB YIVIOBOM CKO-
pOCTH JJIsl 3TOTO U IPYTUX BapHUAHTOB B3aUMOJICHCTBUS KOJIEC C OTIOPHOMN
IUIOCKOCTBIO0, BKJIFOUAIOIIMX BO3MOXKHOCTb UX CKOJIBKEHMSI, U TIPOBEJIECHO
CpaBHEHHME IOJIyYE€HHBIX pe3ysbTaToB. lloka3aHo, YTO ydeT MOMEHTOB
BEPUCHMS KOJIeC cJ1ab0 BIUSET Ha 3TH OLIEHKU, HO Ba)XKEH IIPH HCCIEI0Ba-
HUM AMHAMUKHM KOpITyca amrapaTa Ha «MUKCTE» I0CJIE€ BO3ACUCTBUS MM-
IIyJIbCA YIJIOBOM CKOPOCTH.

Knwoueswie cnosa: muxcm, 3amoc, pazoenenue OSUNCEHUN, Y800, CyXoe
mpenue.
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Motions-separation of a wheeled vehicle
on a “p-split road surface”

A.P. Novoderova

Lomonosov Moscow State University, Moscow, Russia
E-mail: an.novoderova@yandex.ru

The motion of the vehicle when the wheels of the driving axis enter
a “p-split road surface” is considered. The term "p-split road surface" de-
notes the region of the reference plane with difference traction coefficients
for the left and right wheels. Earlier in [1] wheels interact with the road
through slip. And it was shown that after the rapid transition process of
equalizing the contact forces on the wheels, the vehicle acquires an angu-
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lar velocity capable of leading to skidding. Using the methods of fractional
analysis we obtained its estimates of the angular velocity for various con-
ditions of interaction of the wheels with the reference plane. It is shown
that when constructing these estimates the rotation moments and aligning
moments are small. A study is made of the further dynamics of the vehicle
on the “p-split road surface”.

Keywords: u-split road surface, wheeled vehicle skidding, fractional analy-
sis, slip model.
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HcTopus BbIBOJA YpaBHEeHHUs] HEPa3PbIBHOCTH
JI. Ditnepom, M.B. Octporpaackum u H.E. ’KykoBckum

B.M. OBCsIHHUKOB

MockoBckas rocyapcTBEHHas akaJeMHusi BOOHOro TpaHcnoprta, Mocksa, Poccust
E-mail: ovsyannikovvm@yandex.ru

Hanbonee TmarenbHbIe BHIBOABI MU GEpEeHINATFHOIO YPAaBHEHHS He-
Pa3pbIBHOCTH UL HeC)kKMMaeMmon xkunakoctu caenanu JI. Dinep (1752),
M.B. Octporpaackuii (1831), H.E. Xyxockuii (1876) [1-4]. Onu ncnomnb-
30BaJIM JIMHEHHBIE MO BpeMeHH cooTHomeHuss Komu—I ensMronsia
Y noydmiy B U epeHIMaTbHOM YPaBHEHUH YIIEHBI BTOPOTO U TPETHETO
HopsiJika MajocTy 1o BpeMeHu. Hanbosnee noiHoe ypaBHEHHE Hepa3pbIBHO-
CTH TIOTy4rI Ditniep. IT0 ypaBHEHHE COIACPIKUT SIKOOMAHBI BTOPOTO M TPETh-
ero nopsiakoB. M Diinep, u Octporpajackuii, 1 KyKOBCKUIM YHUYTOKUIN
YJIeHbl BBICOKOTO TOpPSKAa MaJIOCTH MpeleibHbIMU mepexoaamu. Octpo-
IPaJCKAN MCHOIb30BAJ TaKKE HAIPABIISIONINE KOCUHYCHI JUISl YHUUYTOXKE-
HUS YWIEHOB BBICOKOT'O MOPSJIKAa MAJIOCTH. Y HUYTOKEHUE YJIEHOB BBICOKOTO
MOpsAIKa MAJIOCTH CTaJ0 HEKOPPEKTHBIM MOcie BbIBoJAa JIaWTxXwimom
B 1952-1954 rr. BonHOBoro ypaBHenus [S5]. Ero meroa ucnomns3yer B3siTHE
MIPOU3BOJHOM IO BPEMEHU OT YPABHEHMSI HEPA3PBIBHOCTH. YJIEHBI BTOPOTO
MOpSJIKAa MAJIOCTH TOCJE B3SITHSI IPOU3BOJHON MOTYYaIOT MEPBBIA MOPSA0K
Y TIONAJalT B HEOJHOPOIHYIO YaCTh BOJIHOBOIO ypaBHEHUs. OHU T'eHEepH-
PYIOT aBTOKOJICOAHHS U 3BYK MPH TEYCHUU CKUMAECMOM KUJIKOCTH U Ta3a.
Knrouegvie cnosa: ypasnenue Hepaspvi@HOCMU, 8OIHOBOE YPAGHEHUE, A6-
moKonebanus, 2eHepayusi 36yKa.
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The history of the derivation of the continuity equation
of L. Euler, M.V. Ostrogradsky and N.E. Zhukovsky

V.M. Ovsyannikov

Moscow State Academy of Water Transport, Moscow, Russia
E-mail: ovsyannikovvm@yandex.ru

The conclusions of the differential continuity equation for an incom-
pressible fluid were made by L. Euler (1752), M.V. Ostrogradsky (1831),
N.E. Zhukovsky (1876) [1-4]. They used time-linear Cauchy-Helmholtz
relations and obtained terms of the second and third order of smallness
in time in the differential continuity equation.

Euler got this continuity equation. This equation contains the Jacobi-
ans of the second and third orders. And Euler, and Ostrogradsky, and
Zhukovsky destroyed the members of the high order of smallness by the
limiting transitions. Ostrogradsky also used directional cosines to destroy
members of the high order of smallness.

The destruction of the members of the high order of smallness became
incorrect after the conclusion of Lighthill in 1952—-1954 wave equation [5].
The Lighthill method uses the time derivative of the continuity equation.

Members of the second order of smallness after taking the derivative
receive the first order and come to the inhomogeneous part of the wave
equation. They generate self-oscillations and sound during the flow of
compressible liquid and gas.

Keywords: continuity equation, wave equation, self-oscillations, sound
generation.
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Hcnonb3oBanue JMHEHHBIX 10 BpEMEHU
¢dopmya Komin — I'eqsbMroJibia B BbIBOJAAaX YPABHECHUS
Hepa3pbIBHOCTH JHiepa, OcTporpaackoro, 7/KykoBckoro

B.M. OBcsHHUKOB 2

' MockoBcKast rocy1apcTBEHHAS aKaJIeMus BOJHOrO TpaHcnopTa, Mocksa, Poccus
* HostGpbckuit uHCTHTYT HedTh 1 raza — dumman TUY, Hos6psck, Poccus
E-mail: ovsyannikovvm@yandex.ru

H.E. KyxoBckuii nmpu mocTpoeHUU 3JuIunconaa aehopmaiui BeIUKC-
JIWJT YWIEHBl BTOPOTO MOPSAIKA MAJOCTH YPAaBHEHUSI HEPA3PBIBHOCTH, HO HE
WCIIOJIB30BaJl UX B OajlaHCe BENIECTBA. AHAJIOTUYHBIE WICHBI BBICOKOTO
NOpsIZIKa MAJIOCTH HalAeHbl B paboTe Dinepa. OHU MPOHUKAIOT B BOJHO-
BO€ ypPaBHEHME W TEHEPUPYIOT BOJHBI AaBieHus. dopmyna [Naycca —
OcTporpasckoro JaeT aHaJIOTHYHBIE YJIEHBI, €CJIM MHTErpajibl 3aMEHUTH
WHTETPAIIbHBIMA CYMMaMH M HE UCIOJIb30BATh HAIIPABIISIOMINE KOCHHYCHI.
OOcyxmaercs HCIONBb30BAaHHE YJIEHOB BBICOKOTO TIOPSAKA MaloCTU
B YpaBHEHMSIX dJIeKTpoAnHaMuku MakcBemia. Brickazana Ttakas rumote-
3a: TpeTbe ypaBHeHHME MakcBesia JJisl HaupsHDKEHHOCTU JIEKTPUYECKOTO
MOJISI MOXKET OBITh JTOTIOJTHEHO YJI€HAMHU BBICOKOTO TOPSIIKA MaJIOCTH. To-
ra OHO JAaCT BOJHOBOE YPaBHEHUE JIEKTPOJUHAMUKH TPETHErO MM YeT-
BepTOro Topsiika. Takue BOJTHOBBIE YpaBHEHMsI aIyT OMHCAHHE 00pa3o-
BaHUs 00Jiee CIOKHBIX JIEKTPOMATHUTHBIX BOJIH.

Knrwuegwle cnosa: ypasnenue Hepaspvl8HOCMU, UlleHbl 8bICOKO20 NOPAOKA
Manocmu, 801H080€ YpAsHeHUe, INeKMPOOUHAMUKA, YpasHeHus: Makceenna.
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Using time-linear Cauchy — Helmholtz formulas
in the derivations of the continuity
equation of Euler, Ostrogradsky, Zhukovsky

V.M. Ovsyannikov >

"Moscow State Academy of Water Transport, Moscow, Russia
?Noyabrsk Institute of Oil and Gas — TIU branch, Noyabrsk, Russia
E-mail: ovsyannikovvm(@yandex.ru

When constructing a strain ellipsoid, N.E. Zhukovsky calculated the
second-order terms of smallness of the continuity equation. N.E. Zhu-
kovsky did not use these terms in the balance of matter. Similar terms of
a high order of smallness were found in Euler 1752. They penetrate the
wave equation and generate pressure waves. The Gauss — Ostrogradsky
formula gives similar terms if the integrals are replaced by integral sums
and the direction cosines are not used. The use of high-order terms of
smallness in Maxwell's electrodynamics equations is discussed. This hy-
pothesis is expressed. The third Maxwell equation for electric field
strength can be supplemented by members of a high order of smallness.
It will give the differential wave equation of electrodynamics of the third
or fourth order. Such wave equations will describe the formation of more
complex electromagnetic waves.

Keywords: continuity equation, high-order terms of smallness, wave equa-
tion, electrodynamics, Maxwell equations.

Bo3HukHOBeHHe BUOPALUii NPH BPALEHUH KUIKOCTH

B.M. OBcsaHHMKOB "

"MockoBckas roCyAapCTBEHHAs akaJeMusi BOOHOro TpaHcnopta, Mocksa, Poccus
2 HostGpbckuit MHCTUTYT HepTu 1 raza — ¢umman TUY, Hosbpeck, Poccus
E-mail: ovsyannikovvm@yandex.ru

Pacuersl mokas3eIBalOT, YTO IIPU KPYTOBOM JBI)KCHUHM CXKUMAaeMOU
KHUJIKOCTH WM Ta3a 00sA3aHbl BO3HUKATh NEPHOAMUYECKUE KoseOaHMs,
CIABUTAIOIME OChb BPAILEHUs BEIIECTBA B CTOPOHY OT I€OMETPHUYECKOIO
LIEHTPA U HAKJIaJbIBAIOIINECS HAa CTAlMOHAPHBINA PEKUM BpauicHus. Panee
9TH aBTOKOJeOaHMsI ObUIM MOJYYEHBI 3a CYET MOMNAJaHus B HEOIHOPOI-
HYI0 4acTb BOJIHOBOI'O YPaBHEHHs KOHBEKTHBHBIX WICHOB YPaBHEHHUS
JIBIDKEHUS corylacHo pesyibraram Jlanaay u JIupnmua. B nannoit pabote
YCTaHOBJIEH BKJIa/l B UHTEHCUBHOCTb KOJIEOAHUI YJIEHOB BTOPOTO MOPsIIKa
MaJIOCTH ypaBHEHUSl HEPa3pbIBHOCTH, BBIUMCIIEHHBIX OJiuiepoMm B 1752 T.
HNutencuBHOCTh KoJIeOaHUW 3a cueT 00OMX MPOIECCOB OKas3ajach Mpo-
NOPIMOHABHON KBaJpaTy sKOOMaHa IOJIi CKOPOCTH BpalaTeIbHOIro
JBWKEHHsI WM YETBEPTOW CTENEHM YIVIOBOW CKOPOCTH BpAILCHHS (.
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OTnuune ABYX NMPOLECCOB COCTOUT B MPUCYTCTBHM KOdPHUIMEHTa 2 TIe-
pell SIKOOMAaHOM WIN 4 mepe]] ero KBaJpaToM BO BKJAJ€ B MHTEHCHUBHOCTb
reHepaluy BOJH KOHBEKTUBHOTI'O YJI€HA YPABHEHMSI IBUKECHHUSL.
VHTEHCUBHOCTh T'€HEpALMU aBTOKOJIEOaHHM, BBIYMCIEHHAs! COIVIACHO
MOJTy4YE€HHBIM (OpMyJiaM, MO MOPSIKY BEJIUYUHBI COTJIACyeTcs C HalIIo-
JTAEMBIMHU SIBJIEHUSAMHM B npupoae 3eMau u CoiHIa U B MH)KEHEPHBIX KOH-
CTPYKLHSX.
Knwoueswie cnosa: ypasnenue nepaspbl6HOCMU, UleHbl 8bICOKO20 NOPAOKA
manocmu, 60HO60€ YPAGHEHUe.
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The occurrence of vibrations during fluid rotation

V.M. Ovsyannikov " 2

"Moscow State Academy of Water Transport, Moscow, Russia
*Noyabrsk Institute of Oil and Gas — TIU branch, Noyabrsk, Russia
E-mail: ovsyannikovvm@yandex.ru

During the circular motion of a compressible fluid or gas, periodic
fluctuations must occur. Oscillations shift the axis of rotation from the
geometric center and are superimposed on stationary rotation. Convective
terms of the equation of motion fall into the inhomogeneous part of the
wave equation and generate self-oscillations. This is obtained earlier
according to the results of Landau and Lifshitz. In this paper, the contribu-
tion to the intensity of oscillations of the terms of the second order of
smallness of the Euler’s continuity equation 1752 is established.

The intensity of the generation of self-oscillations is consistent with
the observed phenomena in the nature of the Earth and the Sun and in en-
gineering structures.

Keywords: continuity equation, high-order terms of smallness, wave
equation.
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MaTtemaTHyecKHe MOJeIN IJIsl pa3paﬁoTKn
SICPHBIX PEAKTOPOB HOBOI'0 IMOKOJICHUA

B.C. OkyHeB

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: okunevvs@bmstu.ru

K cepenune XXI cronetus B Poccun maHupyercs nepexoa K KpymnHo-
MacITaOHOU SIEPHOM dHEPTETUKE. DTO TPeOyeT MOBBIICHUS POJIU BHYT-
pEeHHE TMPUCYIIMX CBOMCTB B obecmeuennn Oe3omacHocTH ADC.
OTKa3 OT MPUOPUTETA AKTUBHBIX (MHKEHEPHBIX) CUCTEM aBapUITHOM 3allu-
Thl TPUHIMIIAAIBHO BO3MOXKEH Uil PEAKTOPOB HA OBICTPBIX HEUTpOHaX C
KUJIKOMETAUIMYECKUM oXJaxaeHueM. [IpoektupoBaHne peakTopoB HOBOTO
MOKOJIEHUsI TpeOyeT pa3BUTUS €IUHOM METOJI0JIOTHH, OCHOBAHHOW HA CH-
CTEMHOM II0/IXOJI€, UCCIIEAOBAaHUM ONEpaIfii, TEOPUU UTP, BApUALIMOHHBIX
METOAAX, TEOPUU ONTHUMAIIBHOTO YIPABICHMS, JOTMYECKOM MOJAEIHpPOBa-
HUM. AHanu3 0€30IacHOCTH CIIEAYET IPOBOIUTH YXKE HAa CTAJAUN KOHIIETITY-
QTBHOW pa3paboTku peakTopa. OCHOBHBIE TPEOOBAHUS K JHEPrOUCTOY-
HUKaM Oyaymiero (dkoHommueckas 3(pQeKTUBHOCTh, 0€30macHoCTh, obec-
MIEYCHHOCTh TOIUTMBOM) MOXKHO (pOpPMajM30BaTh B BUJE OTpAaHMYCHUH IS
COOTBETCTBYIOIIHX (PYHKIIMOHATIOB.

ABTOpOM paccMaTpUBalOTCsS HEKOTOPBIE NPUKJIAJHbIE 33/1a4l U METO-
Jbl X PELICHHs, UMEIOUINE pa3Hylo cTeneHb (popmanuzanuu. OHU 00b-
€VHEHbl B TPU YPOBHS, COCTaBISIOLIME OCHOBY €IMHON METOI0JIOTUU
IIPUHATUS PELICHUN.

1. Metoasl Teopun ONTHUMAJIBHOTO YNPAaBIEHUS, OCHOBAaHHBIE HA pe-
LIEHUH 3a]]a4 MaTEMaTUYECKOT0 NMPOrpaMMHUPOBAaHMSI B 1ETEPMUHUCTCKON
IIOCTaHOBKE.

2. MeToapl T€OpUU MPUHATHS PEIICHUI MO0 MHOTHM KPUTEpPHUSM; Me-
TOJIbl PEIICHUs 3aJa4 B yCJIOBUAX HEOINPEIECIIEHHOCTH U HEMOJHOTHI UC-
XOTHOW MH(pOpPMAIIUU; SJEMEHTHl TEOPUH UTP, BKIIOYas (hopMaIn30BaH-
HYI0 4YacTh TEOpUU KOH(IUKTOB M KpUTEPUHM BHIOOpa pPalMOHAIBHBIX
pelLIeHHI B YCIOBUAX HEOIPEIEIEHHOCTH UCXOAHOM HH(OpMALIHH.

3. DnemeHThl He(OpMAIN30BAaHHON YacTH TEOpUU KOH(IUKTA, HOCS-
1K€ ONUcaTeIbHbIN XapakTep; aHAJIN3 UHTYUTUBHBIX MOHATHH.

Bbr1zienieHbl 1Ba OCHOBHBIX HAIlpaBJIEHUs UCCIIEJOBAHUI:

a) pa3BUTHE COOTBETCTBYIOLIUX INPWIOKEHUHM HCCIENOBAaHUA OIepa-
Ui, UCHOJB30BAHUE HJIEMEHTOB TEOPUU WP, pa3paboTKa U pa3BUTHE
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ONTUMU3ALMOHHBIX MOJEJIEH, BKIIIOYAsl ITOCTPOECHUE MOJEIEH, aIrOpuT-
MOB TE€OPHUHM NPUHATHS PELICHUNW U HEIOCPEACTBEHHO MPOLENYpPY IIPHUHS-
TUs PELICHUH, BKIIIOUYas €€ PaliOHAIN3ALUIO;

0) pa3BUTHE NETEPMHHUCTHUYECKOTO MOJXO0/a K aHaNIMU3y O0e30MacHo-
CTHM Ha OCHOBE Pa3pabOTaHHBIX MPUIIOKEHUI.

Pazpaborano maremaTtuyeckoe oOecrmeueHHe Ui MPOEKTUPOBAHUS
OBICTPBIX PEaKTOPOB HOBOI'O MOKOJIEHHUS, IO3BOJIMBIIEE HE TOJBKO IMOJTY-
4aThb ONTUMAaJbHBIE IO 3aJaHHBIM KPUTEPHUSAM KOMIIOHOBKU peakTopa
(BKJIIOUYas yCIOBHO paBHOOe3omacHele, T. €. IlapeTo-onTumanbHble), HO
U BbIOpaTh NMPEANOYTHTEIbHBIN COCTaB MaTepUaAJIOB aKTUBHON 30HBL. Tak,
JUis OBICTPOrO peakTopa Haubojee NPeAnoYTUTENFHOE TOINIUBO — CMECh
UN-PuN u Ha"onopoIika MeTaaIu4ecKoro ypaHa, TeINIOHOCUTEIIb — CBU-
HELl TOPUEBBIX Py, KOHCTPYKLMOHHBIE MaTepHallbl — KOPPO3HOHHO-
CTOMKasi CTajlb ¢ BOJb(PAMOBBIM MOKpBITHEM. VICTIONB30BaHHE 3TUX Ma-
TEpUATIOB B COBOKYITHOCTH CIIOCOOCTBYET HMCKIIIOUCHHMIO BCEX IOTEHIIH-
aJIbHO BO3MOJKHBIX TsKeJNbIX aBapuil Ha ADC.

BaxxHO, YTO Npu ONTHMM3ALKU COCTaBa CBUHIIA HE TpeOyeTcst pasfe-
JICHUE U30TOIIOB.

CMonenupoBaHbl BCE MOTEHIMAIBLHO BO3MOXKHBIE aBapUNHBIE CHUTYa-
LIUY, COIIPOBOXKAAIOIIMECS OTKA30M aBapUMHOM 3allUTHI, 4 TAKXKE UX KOM-
OWHAIIMKU C y4eTOM HEOJHOBpEeMEHHOCTH Hayaja. MccienoBanus mposese-
Hbl B YCJIOBMSX HEOIPEICICHHOCTH CLIEHAPUEB PA3BUTUSA aBapPUMHBIX
cutyanuid. OyHKIMOHAIIBI, XapAKTEPU3YIOIINE aBAPUNHBIE PEKUMBI, BKIIIO-
YEHbI B PACYETHO-ONTUMU3ALMOHHBINA ITPOIPAMMHBIN KOMILIEKC.

Mathematical models for the development
of new generation of the nuclear reactors

V.S. Okunev

Bauman Moscow State Technical University, Moscow, Russia.
E-mail: okunevvs@bmstu.ru

By the middle of the 21st century, Russia is planning a transition to
large-scale nuclear power engineering. This requires increasing the role of
intrinsic properties in ensuring the safety of nuclear power plants.
The failure of the priority of active (engineering) emergency protection
systems is fundamentally possible for fast neutron reactors with liquid
metal cooling. Designing a new generation of reactors requires the devel-
opment of a unified methodology based on a systems approach, operations
research, game theory, variational methods, optimal control theory, and
logical modeling. Safety analysis should be carried out at the conceptual
design stage of the reactor. The main requirements for the energy sources
of the future (economic efficiency, safety, fuel supply) can be formalized
in the form of restrictions for the corresponding functionals.
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The author considers some applied tasks and methods for their solu-
tion that have different degrees of formalization. They are combined in
three levels that form the basis of a single decision-making methodology.

1. Methods of optimal control theory based on solving mathematical
programming problems in a deterministic formulation;

2. Methods of decision theory according to many criteria; methods of
solving problems in conditions of uncertainty and incompleteness of
the initial information; elements of game theory, including the formalized
part of the theory of conflict and criteria for selecting rational decisions in
the conditions of uncertainty of the initial information;

3. Elements of the unformalized part of the theory of conflict, which
are descriptive in nature; analysis of intuitive concepts.

There are two main areas of research.

(a) Development of appropriate applications for operations research,
the use of elements of game theory, the development and development of
optimization models, including the construction of models, decision theory
algorithms and the decision-making procedure itself, including its rationa-
lization;

(b) Development of a deterministic approach to security analysis
based on the developed applications.

The software for designing fast reactors of a new generation was de-
veloped, which allowed not only to obtain optimal reactor designs accord-
ing to specified criteria (including conditionally equipotential, i.e. Pareto-
optimal), but also to choose the preferred composition of core materials.
So, for the fast reactor, the most preferred fuel is a mixture of UN-PuN
and nanopowder of metallic uranium, the coolant is lead of thorium ores,
structural materials are corrosion-resistant steel with tungsten coating.
The use of these materials together contributes to the elimination of all po-
tential severe accidents at nuclear power plants.

It is important that the optimization of the composition of lead does
not require the separation of isotopes.

All potential emergency situations, accompanied by a failure of emer-
gency protection (anticipated transients without scram), as well as their
combinations taking into account the non-simultaneous start, were simulat-
ed. The studies were carried out under conditions of uncertainty in emer-
gency development scenarios. Functionals characterizing emergency condi-
tions are included in the calculation and optimization software package.
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3HaKonmepeMeHHAas TUCCUTIALMS B 3a7]a4€e 0 TOPMOKEHHH
OMEPEHHOr0 Tejia B CONMPOTHUBJSIONIENCS cpejie

IO.M. Okysnes, O.I'. [Ipuanosa, B.A. CamcoHoB

HUUM mexaanku MI'Y, Mocka, Poccus
E-mail: privalova@imec.msu.ru, samson@imec.msu.ru

Hccnenyercs mporecc TOPMOXKEHHUS IUHAMUYECKH CUMMETPHYHOTO
Tella B HEBO3MYIIEHHOH aTMoc(epe 3a CUeT YCTAaHOBJICHHOTO Ha HEM OIle-
PEHHMS, YTO UMEET BaXKHOE MPUKIIAAHOE 3HaueHue. Haxomsres cramuonap-
HBIE PEKUMBI TOPMOXKEHUS TIPH JBMKCHUHU IIEHTPA MacC Tesia BIOJb OCH
cummeTrpud. [lokas3pIiBaeTcs, 4To Ha XapakTep YCTOWYMBOCTH ITHX PEXKH-
MOB BJIMSIIOT CHJIBI TIEPEMEHHON JANCCHUITIAIIMN, KOTOPBIE 3aBUCST OT (POPMBI
JIONIACTH, YTJIOB UX YCTAHOBKH, PACIOJIOXKEHUs JonacTeil Ha Teje M pac-
npezeneHust Macc Tena. OnpenensoTcss BO3MOXHbIE PEKUMbI HAUMEHEE U
Han0oJiee UHTEHCUBHOTO TOPMOXKECHHUS Tell.

Paboma evinonnena npu noooepoicke epanma PODU Ne 18-01-00538.
Kniouegvle cnosa: onepennoe meno, mopmoogicenue, nepemMennas Ouccu-
nayus.

Variable dissipation in the problem of deceleration
of a finned body in resisting medium

Yu.M. Okunev, O.G. Privalova, V.A. Samsonov

Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: privalova@imec.msu.ru, samson@imec.msu.ru

The process of deceleration of a dynamically symmetric finned body
in an unperturbed atmosphere is studied. The problem of using fins for
organizing of deceleration of the body is significantly important for appli-
cations. Stationary modes are found for which the center of mass of
the body moves along the axis of symmetry of the body. It is shown that
stability of such stationary modes is affected by forces of variable dissipa-
tion. These forces depend on the shape of the blades, pitch angles, location
of the blades on the body and the distribution of masses. In particular,
modes with the least and most intense deceleration are described.

This work was partially supported by the Russian Foundation for
Basic Research (project No. 18-01-00538).

Keywords: finned body, deceleration, variable dissipation.
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Ciyck onepeHHOro TeJjia ¢ pa3sHbIM YHCJI0M JIONACTEH
U ¢ Pa3JIMYHBIMH YIJIAMH UX YCTAHOBKH
B CONPOTHUBJIAIIIEHCS cpexe

IO.M. Oxkynes, O.T'". [IpuBanosa, B.A. CamcoHoB

HUUM mexananku MI'Y, Mocka, Poccus
E-mail: privalova@imec.msu.ru, samson@imec.msu.ru

Hccenenyercst IBUKEHHE TSKEIOT0 OIEPEHHOIO TeJla Ha CIIyCKE B He-
BO3MYIICHHOW atMocdepe. OmnepeHne Tena COCTOUT M3 OJWHAKOBBIX JIO-
nacteil. M3ydyaercs OBUKEHHE Tela ¢ YETBIPbMsI, TPEMsI U JBYMs JIOMa-
ctsaMu. B mpenpiaynmx paGorax ObUTM MOCTPOCHBI TPACKTOPUH ILIEHTpPA
Macc Teja B Cilydae, KOTJa JIONACTH yCTaHOBJIEHBI HA OJIMHAKOBBIC YIJIBI.
IIpoBoauTcs CpaBHEHHE ¢ TPACKTOPHUSAMH LIEHTPAa Macc TeNa, y KOTOPOTro
HapyllIeHa CUMMETPHs 3a CUET YCTAHOBKM OJHOM WM JIBYyX JIONIACTEH Ha
yroj, OTIMYAKIIHUUCS OT UCXOAHOro. Haxonsdrcsa Takue 3Ha4YeHHUs YTIIOB
YCTaHOBKH JIONIACTEH 11 aCUMMETPUYHOIO Teja, IIPU KOTOPBIX €ro LEHTP
MaccC ABHXKETCS [0 BUHTOBOW JIMHWM, Y KOTOPOH MMEETCS «BTOPUYHBIN
BUHT C BEPTHUKAJIbHOU OChIO. [I0Ka3bIBaeTCs, UTO MpPU ONPEACICHHOM pac-
ITOJIOXKEHUH JIONACTEN Ha TeJie BO3MOXKHBI PEKMMBI IUTaHupoBanus. Haxo-
JATCSL TAKUE 3HAYCHMs MApaMeTPOB aCUMMETPHUYHOTO Tejla C YEThIPbMs
U TpeMs JIONACTAMM, IIPU KOTOPBIX €ro LEHTP MacC COBEPIIAET JIBUKECHUE
Xa0THYECKOr0 THIIA.

Paboma evinonrnena npu ¢unarncosoii noooepsicke PODPU (npoexm
Ne 17-08-01366).

Knrouesvie cnoea: onepennoe meno, yeon yCcmaHo6Ku J10NAcCmu, mpaex-
mopuu yenmpa macc meua.

The descent of the finned body with different number
and pitch angles of blades in a resisting medium

Yu.M. Okunev, O.G. Privalova, V.A. Samsonov

Institute of Mechanics of Lomonosov MSU, Moscow, Russia
E-mail: privalova@imec.msu.ru, samson@imec.msu.ru

The descent of a heavy finned body in an unperturbed atmosphere is
studied. Fins are represented by several (two, three or four) similar blades.
For the case of equal pitch angles, trajectories of the center of mass of
the body are constructed in previous works. This work studies how chang-
ing of the pitch angle of one of the blades affects motion of the center of
mass of the body. Special values of pitch angles are found for which the
center of mass moves along a spiral which has a "secondary" screw with
a vertical axis. It is also shown that for a certain arrangement of the blades
on the body, gliding modes are possible. Special values of parameters of
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an asymmetric body (with three/four blades) are found for which the cen-
ter of mass performs a chaotic kind motion.

This work was partially supported by the Russian Foundation for
Basic Research (project No. 17-08-01366).
Keywords: onepennoe meno, yeon ycmaumosku jionacmu, mpaeKmopuu
yewmpa macc meina.

IIporpaMmMupoBaHue U MOJAEJTMPOBAHUE NTEePeMelleHH I
POOOTH3MPOBAHHOM YCTAHOBKH JJIS1 IPAMOTO
JIA3ePHOIr0 CILUIABJICHUS

M.A. Oneitnuk, A.H. Xunses, A.W. XalimoBuu

CamMapckuii HallMOHAJIBHBIIN HCCIIe0BATENECKUN YHUBEPCUTET
nmenu akagemuka C.I1. Koponésa, Camapa, Poccust
E-mail: oleynik1997@mail.ru, a.n.zhidyaev@gmail.com, berill samara@bk.ru

TexHonorus MpSAMOro Ja3epHOro CIUIABIEHUS METANIOB U CILIaBOB
HaXOAHWT Bce Ooyiee HIMPOKOE MPUMEHEHUE TPU H3TOTOBICHUH MallbIX
U CPEIHUX Pa3MEpOB ACTAIEH B a3POKOCMUYECKON OTpaciu. Takas TEXHO-
JIOTHSL MOXKET OBbITh PEAIN30BaHa C MTOMOILBIO UCTIONB30BAHUS IIIECTHOCEBO-
ro po0OTa-MaHMITYJIATOPA C JABYXOCEBBIM HAKJIOHHO-IIOBOPOTHBIM CTOJIOM
(TO3MIIMOHEPOM) JIJIsI PACIIMPEHUST TEXHOJIOTHIECKIX BO3MOXKHOCTEH 000-
py/ZlOBaHUSI.

[Ipu TakoM KoMuecTBE ocel y poOoTa OJHOM W3 MPOOJIeM SIBISETCS
IPOrpaMMHUPOBAHUE CIOKHOW KHHEMAaTUKU 3B€HHEB CCTEMBI, I03TOMY Ha
JTare MOJArOTOBKU MPOM3BOACTBA BAXKHBIM IIATOM SIBIISIETCS MOJICITHPOBa-
Hue (Bepudunuponanue) o6paboTku. MoaenupoBaHue MO3BOISET BU3Yya-
JU3UPOBATH TMpolecc 00pabOTKH, OTPadOTaTh OTHOCUTENIbHBIE IBUKCHUS
y3JI0B po0O0Ta, UCKIIOUYUTH CTOJKHOBEHUS M CHHTYJISIPHOCTH Oe3 3anei-
CTBOBaHMS caMoOro poooTa.

JIBU>KEHUS 2IIEMEHTOB po0O0Ta 3aJal0TCS TOIBKO KaK MOBOPOTHI COOT-
BETCTBYIOIINX 3BE€HBCB, & HE KaK JIMHEHHBIC TIEPEMEIICHHS, KaK 3TO TPO-
UCXOIUT y OOBIYHBIX CTaHKOB. [l 3TOTO paszpaboTaH cCrenuabHBINA
MOCTIIPOLIECCOp, PeoOpaszyIoUMil KOMaH bl B YIIPABIISIOMIEH MporpaMMe
B TpeOyeMble ABM)KEHUS Y3JI0B. TakKe MCIONIb3YETCs CO3/IaHHas MOANPO-
rpaMMa, BBITIOJHSIONIAs TMepecyeT KOOPAWHAT. JTO CBSI3aHO B TEM, UTO
JIBUKEHHSI poOOTa UMEIOT MOTPEIIHOCTH MpU 00pabOTKEe OCECUMMETPUY-
HBIX JIeTaliel, TO3TOMY OCHOBHBIM JBMKCHHEM IOJa4ld CTAaHOBHUTCS Bpa-
IIEHUE CTOJIa C 3arOTOBKOW, a ABIDKEHHsI po0OOTa JHIIL KOPPEKTHPYIOT
TPaeKTOPHIO.

Jlasiee ¢ MOMOIIBI0 00BEMHON KHHEMATHYECKOH MOJENIN poOoTa Mpo-
U3BOJUTCS IPOLIECC MOJIETUPOBAHUS.

Knroueswie cnosa: npomviuiienHvlii MHO200Ce80l pobom, npamoe nazep-
HOe cniagienue, MoOeluposarue oopabomxu.
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Programming and modelling of robot movements
for laser-based direct metal deposition

M.A. Oleynik, A.N. Zhidyaev, A.l. Khaimovich

Samara National Research University, Samara, Russia
E-mail: oleynik1997@mail.ru, a.n.zhidyaev@gmail.com, berill samara@bk.ru

The technology of laser direct metal deposition of metals and alloys
is increasingly used in the manufacturing of small and medium sized parts
in the aerospace industry. This technology can be implemented by using
a six-axis robotic arm with a double-axis table (positioner) to expand the
technological abilities of the equipment.

With such a number of axes, one of the problems is the creation of
complex kinematics of robot's parts, therefore, at the stage of production
preparation, an important step is the modeling (verification) of the process.
Modeling allows to visualize the process of deposition, work out the rela-
tive movements, eliminate collisions and singularities without involving
the robot itself.

The movements of the robot elements are specified only as the rota-
tions of the parts, and not as linear movements, as is the case with conven-
tional machines. For this, the special post-processor has been developed
that converts the commands in the control program into the required joint
movements. Also, the created subprogram is used that performs coordinate
recalculating. This is due to the fact that the movements of the robot have
errors when processing axisymmetric parts, so the main movement of the
feed is the rotation of the table with the workpiece, and the movements of
the robot only correct the trajectory.

Then, using the volumetric kinematic model of the robot, the simula-
tion process is performed.

Keywords: industrial multi-axis robot, laser direct metal deposition, pro-
cess modeling.

Kosie0anus Bpamawieiicsi ;)KUIAKOCTH, BHITEKAIONIICH
U3 NPOU3BOJILHOI0 0CECHMMETPUYHOI0 COCyAa

B.B. Opinos, A.H. TemHoB

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: v_orlov@list.ru, antt45@mail.ru

Paborta mocpsieHa aHanu3y KoJeOAHUM MXUIKOCTH, YaCTHYHO WU
HOJHOCTBIO 3aMOJHSIONIEH TOIUIMBHBIA 0ak, BpallaloLuiics BOKPYT Mpo-
JIOJIBHOM OCH PaKEThI-HOCUTENS. AKTYyaJlbHOCTh NMPOOJIEMbl OCHOBAaHA Ha
HEOOXOJIMMOCTH OLIEHKU BJIMSIHUS BHYTPHUOAKOBBIX YCTPOMHCTB (HM3MEpH-
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TEbHBIX, 3a00pHBIX, NEMI(UPYIOMIUX YCTPOICTB) HA KOJIeOaHUS >KUIKO-
ro ToIuMBa. B HacTofieM coOOIIeHWH MPUBEACHA MOCTAHOBKA 3aJadyH
0 JIBIKCHUHM HECKUMAEMOW BpaIIaloIIeNcsl KHUIKOCTH, BBITEKAIONIEH W3
0CECUMMETPUYHOTO 0aka MpOM3BOJIIbHON (pOopMBI uepe3 3a00pHOE YCTPOii-
CTBO, M TIPEICTaBICHBI PEIICHUS 33]]a4 O COOCTBEHHBIX KOJICOAHUSIX KU-
KOCTH, C TPAHUYHBIMHU YCIOBUSIMU Ha CBOOOJHON MOBEPXHOCTH U TIOBEPX-
HOCTH C COIIPOTHBIIEHUEM — ITOBEPXHOCTH CJIMBA 3a00PHOT0 yCTPOHCTBA.
Pemenne npoBeneHO IS COCYZOB MPOU3BOJIBHOW (POPMBI METOIOM
KOHEYHBIX JIEMEHTOB.

[Ipu ananu3e MOTy4YEHHBIX PE3YyJIHTATOB CIEAYET OTMETUThH TOSBICHHE
pellIeHHii, He BCTPEUAIOUINXCS B 3ajadax Oe3 CliMBa, a TakKe W3MEHEHHE
W3BECTHBIX PEIICHHU TMOJ| BIMSHUEM BBITEKAaHHS >KUIKOCTH. Hammume mmo-
BEPXHOCTH CITHBa 3a00pHOTO YCTPOWCTBA OMpPEIENSIET BO3MOXXHOCTD IMOSIB-
JICHUS Ha HEH JTOTIOJTHUTENIFHBIX BOJIHOBBIX JIBWKEHUIH — BOJIH ciiuBa. OHH
XapaKTEPU3YIOTCSl BOTHOBBIMH M COOCTBEHHBIMU YHCIAMH — PEIICHUSIMHU
COOTBETCTBYIOIMX CHCTEM ypaBHEHHUI C JOOABICHHBIM TPAHUYHBIM YCIIO-
BHEM Ha MIOBEPXHOCTH CIIMBA. BOIHBI CIMBa — 3TO anepuoAnYecKue, 3aTy-
Xalolre BOJHOBBIC JBIKEHHUS. Hanmnume B cucTeMe NOBEPXHOCTH CIIHBA
TpaHC(OPMUPYET He3aTyXarolue KolebaHusi — BHYTPEHHUE BOJIHBI U BOJI-
HBI Ha CBOOO/THOM MTOBEPXHOCTH — B 3aTYXAIOIINE BOJTHOBHIC JIBM)KECHHSI.

[IpumeHeHne MeTofa KOHEUHBIX 3JIEMEHTOB Ha OCHOBe MeTona [a-
JIepKUHA TO3BOJIMIIO TMOJMYYHUTh JJISi COCyZa MPOM3BOJIBHONW OCECHMMET-
pu4HOM (POpMBI pelieHre 3a1a4i, 0COOEHHOCTh KOTOPOH COCTOUT B HAJU-
YUY TPAHWYHOTO YCJOBHUSA Ha IOBEPXHOCTH ciuBa. Pa3paboraH jerko
peanu3yeMblil BHIYMCIUTENbHBIN aNroOpuTM Ui MpeICTaBiICHHs] Kak Ha
S3BIKAaX MPOTPAaMMUPOBAHUS HU3KOTO YPOBHS, TaK U HAa BBRIYUCIUTEIBHBIX
miatdopmax tuma Octavia, Mathcad mmn MATLAB. bnaronaps stomy
MOYKHO TIOJIy4aTh PELICHHE I COCYJIOB MPOHM3BOJILHON (hopMbI O€3 Hc-
MOJIb30BaHUs 3apyOekHBIX KOMMEPYECKHX CIEUaIN3UPOBAHHBIX IPO-
IyKTOB THNa Nastran u T. 1.

Knroueswie cnosa: sicuokocms, 8pawjerue, ucmedenue, Memoo KOHEYHbIX
971eMeHmo8, 3a00pHOe YCMPOUCMEO.
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Oscillations of a rotating fluid flowing from
an arbitrary axisymmetric vessel

V.V. Orlov, A.N. Temnov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: v_orlov@list.ru, antt45@mail.ru

The work is devoted to the analysis of fluid oscillations, partially or
completely filling the fuel tank, rotating around the longitudinal axis of the
launch vehicle. The relevance of the problem is based on the need to
assess the effect of internal tank devices (measuring, intake, damping devi-
ces) on liquid fuel vibrations. This communication presents the statement of
the problem of the motion of an incompressible rotating fluid flowing from
an axisymmetric tank of arbitrary shape through a fluid release device, and
presents solutions to the problems of natural oscillations of a liquid with
boundary conditions on a free surface and a surface with resistance — the
drain surface of the fluid release device. The solution was carried out for
vessels of arbitrary shape by the Finite Element Method.

When analyzing the results obtained, it should be noted the appearance
of solutions that are not encountered in problems without draining, as well
as a change in known solutions under the influence of fluid outflow.
The presence of the drain surface of the intake device determines the possi-
bility of the appearance of additional wave motions on it — drain waves.
They are characterized by wave and eigenvalues — solutions of the corre-
sponding systems of equations with an added boundary condition on the
drain surface. Drain waves are aperiodic, damped wave motions. The pres-
ence of a drain surface in the system transforms undamped vibrations —
internal waves and waves on a free surface, into damped wave motions.

The application of the Finite Element Method based on the Galerkin
method made it possible to obtain a solution of a problem for a vessel of
arbitrary axisymmetric shape, the peculiarity of which is the presence of
a boundary condition on the drain surface. An easily implemented compu-
tational algorithm has been developed for presentation both in low-level
programming languages and on computing platforms such as Octavia,
Mathcad or MATLAB. Due to this, it is possible to obtain a solution for
vessels of arbitrary shape without the use of foreign commercial special-
ized products such as Nastran, etc.

Keywords: fluid, rotation, outflow, finite element method, intake device.
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YPaBHeHI/Iﬂ COCTOSATHUA IMMOJUKPUCTAINTIHIECCKHUX TEJ
AJIA YUCJICHHOT0 peICHUA 3a1a1 MEXaHUKHU
CILIOILIHBIX Cpea

A.B. Octpuk

WucTHTyT ipobnem xumudeckoit ¢pmsuku PAH, r. UepHoromnoska, Poccus
E-mail: ostrik@ficp.ac.ru

VYpasuenust cocrosinus (YPC) TpeOyrores, nmpexae Bcero, s perie-
HUS 3a7a4 MexaHuKu cruiomHbX cpex (MCC) 4uCIeHHBIMH METOIaMH.
B nocrarouno ob6imem citydae ux yaoOHO MPEACTABISTH B BUJIE 3aBUCUMO-
CTell yenpbHON BHYTPEHHEH YHEPTHU U JABJICHHUS OT IJIOTHOCTH M TEMIIe-
patypsl. [Ipu moctpoernu YPC B TakoM Buje BOZHHKAET HEOOXOIUMOCTh
yIOBJIETBOPEHUS YCIOBHUIO TEPMOIUHAMUYECKOW COBMECTHOCTH.

Jlia nmonukpucTtamnueckux ten noctpoeHue YPC obneruaercs ux
U30TPONHUEH M BO3MOKHOCTBHIO MPUMEHEHHUS TEOpHUH TerioeMkocTu Jle-
Oas. B To ke BpeMs Kiacc NOJUKPUCTAIUIMUECKUX TEJ BKIIIOUAET BayKHBIE
JUISE TIPAaKTUKU KOHCTPYKIIMOHHBIE MaTepuaibl (B YaCTHOCTH, METAJLIBI
U X CIUIaBBl), UI KOTOPHIX HAKOIUICH IMPEICTABUTEIBHBIM HA0Op MaH-
HBIX, TpeOyromuxcs npu nocrpoeHuun Y PC.

[Ipu uucnenHom pemenun ypaBHeHHi MCC (3aKOHOB COXpaHEHHS)
OHM, KaK IpaBWJIO, 3aMBIKAIOTCS TAOJIMYHBIMU IIMPOKOJMANIA30HHBIMU
nonxysmnupudeckumu YPC, uro mopoxaaer psn rnpobiem. K ocHOBHBIM
U3 HUX OTHOCSITCS OOJIbIINE 3aTpaThl MAIIMHHOTO BPEMEHU U HapyIIeHHE
YCIIOBUSI TEPMOJMHAMUYECKOM COBMECTHOCTH IIPH aIIIPOKCHUMALIMKA Ha
JIBYMEPHOM CETKE TeMIepaTyp U IUIOTHOCTE.

st pazpaboTku 3PpPEeKTUBHBIX YUCIEHHBIX KOJOB TPEOYIOTCS IIUPO-
KOJIMarna3oHHble, HO ToiyaHainuTudeckue YPC, B KOTOpBIX HET HE0OXO-
JUMOCTH B alIpOKCHUMAallMd Ha JBYMEPHBIX ceTkax. Pa3paborke ympo-
IIEHHBIX BapuaHToB aHamutnueckux YPC nna pemenus 3amau MCC
MOCBALICHO 3HAYUTEIBHOE KOJMYECTBO paboT, B TOM YHCIE M NPUMEHH-
TEJIbHO K 00JIACTH YJapHOTO ckaTtus. B oTnnuue ot 3THX paboT npesyiara-
eTcs CTpOUTh (DYHKIMM YACTbHON XOJO0AHOM sHepruu u ['proHaiizeHa npu
a0COIOTHOM HYJI€ B 3aBUCUMOCTH OT IJIOTHOCTH B TaOJIMYHOM BHJIE (CET-
Ka — ofHoMepHas). Merogam noctpoenus 3Tux ¢yHkuuit 1 YPC Ha ux
OCHOBE C Y4YETOM BKJIaJa 3JEKTPOHHOW KOMIIOHEHTHI B YENbHYIO TEILIO-
€MKOCTh U MOCBsIIIEHa HACTOsAIIas paboTa.

Paboma evinonnena npu noodepocke PODU (Ne 18-08-00964-a,
Ne 18-08-00094-a).

Knrouesvie cnosa: memnepamypHvle ypasHeuus COCMOSAHUS, XON0OHOE
u mennogoe oaegienus, Qynxkyus I proHaiizena, 3a8UCUMOCMb YOelbHOU
Men0eMKOCU Om meMnepamypul, yoapras aouabama.
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The equations of the state of polycrystalline bodies
for the numerical solution of problems
of continuous medium mechanics

A.V. Ostrik

Institute of Problems of Chemical Physics of the RAS, Chernigolovka, Russia
E-mail: ostrik@ficp.ac.ru

The equations of a state for polycrystalline bodies in compression are
created on experimentally certain shock adiabatic curve and dependence
of specific heat on density and temperature. These equations are very con-
venient for the numerical solution of problems of continuous medium me-
chanics.

The numerical method for definition of specific cold energy and the
Gruneizen function at 7= 0 K depending on extent of substance compres-
sion is offered.

Work was supported by the Russian Foundation of Basic Researches
(No. 18-08-00094-a, 18-08-00964-a).

Keywords: temperature equations of state, cold and thermal pressure,
Griinaisen function, dependence of specific heat capacity on temperature,
shock adiabate.

MareMaTH4yecKoe MOJAEJUPOBAHUE MPOLIECCA PA3ZBUTHS
TEXHOJIOTHYEeCKUX HANPSKEHU B KOMIIO3UTAX,
HU3rOTABJIHUBAEMbIX IIyT€eM MHOIOCJIOMHOM HUTEBOM HABUBKH

ILA. Hapnn/IHl’2

'UIMex PAH, naGopatopusi MOIETHPOBAHHUS B MEXaHUKeE 1e(OPMUPYEMOro
TBepaoro tena, Mocksa, Poccust
MI'TV um. H.D. baymana, Mocksa, Poccus
E-mail: parshin@ipmnet.ru

OaHMM U3 MPEUMYIIECTB KOMIO3UTHBIX M3JIEIUH ABIISETCS MOTEHIH-
aJbHAasi BO3MOKHOCTEH IleJIeHanpaBlIeHHOro (POPMUPOBAHUS TIPU UX U3TO-
TOBJICHUH KOHTPOJIMPYEMBIX WM JaXe 3apaHee MPEeANHCAaHHBIX pacipe-
JIeJICHUN TEXHOJOTUYECKUX HampspkeHui. [[ms aToro, omHako, TpedyeTcs
HE TOJIHKO KaYeCTBEHHO MTOHUMATh MEXaHU3M PA3BUTHUS STUX HAIMPsHKEHUN
B KOHKPETHOM TEXHOJOTHYECKOM IpoIlecce, HO U pacroiarath aJeKBaT-
HBbIM KOJINYECTBEHHBIM ONHMCAHHEM 3TOTO MEXaHM3Ma. 3HAYUTENbHYIO J10-
JI0 TIPUMEHSIEMBIX METOJIOB M3TOTOBJICHUS MAaTEpPHANIOB, DJIIEMEHTOB KOH-
CTPYKUMH M JAeTajeil MallMH COCTaBJISIOT Pa3HOOOpa3HbIe aJTUTHBHBIC
TEXHOJOTHH B IIMPOKOM CMBICIE 3TOr0 TepMuHa. [Ipu ux mpumeHeHHH
U3rOTaBIMBAaEMbIe U3/IENHS TTOCTEIIEHHO U3MEHSIOT CBOU pa3Mephl U Gop-
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My 3a CHeT MOCJIEeI0BATEIBHOTO MPUCOCTUHEHHUS K HUM JIONOTHUTEIbHBIX
cnoeB Martepuana. Takod mporecc (OpMHUPOBAHUS U3JACIHUS MPOTEKAET
OJIHOBPEMEHHO C TMPOIIECCOM €ro AeGopMHUpOBaHUS TOJ ACUCTBUEM CO-
MyTCTBYIOLINX HAarpy3ok u ¢usnueckux mojeil. Ha ocHoBe TpaauumoH-
HBIX TOJXO0JIOB MEXaHUKU J1e(hOopMHpPYyeMOro TBEpJOro Teia mpobiema-
TUYHO OoJiee WJIM MEHee aJeKBaTHO OMHCaTh MOAOOHBIE MPOLECCHI
nedhopMUPOBaHUS BBHIY MX 0CcO00W KMHeMaTHKU. Hacrosiiee uccieno-
BaHME ONHMPACTCS Ha MOJXOAbl MEXaHHKH PACTYyIIMX Ae()OpMUPYEMBIX
TBEPJBIX TeJl, pa3pabaTbiBaeMble B paMKaX OTEUECTBEHHON HAy4YHOM IIKO-
JIOH, CO3AaHHOW M3BECTHHIM YYEHBIM MEXaHHMKOM M MaTeMaTHUKOM, Mpo-
deccopom A.B. MamxkupoBeiM. B pabore mpeasiokeHa HEKJIaccUdecKas
MaTeMaTH4ecKass MOJeNb Tpoliecca MOCIOMHOTO HM3TOTOBIICHUS IIMIIMH-
JPUYECKUX KOMIIO3UTHBIX H3AEIUN IyTEM MHOI'OCIOWHOW HAaBUBKH Ha
BpAIIAIOIIYIOCS] OCHOBY TOTpY’>KaeMOM B 3aTBEpeBAlOIee CBS3YIOIIEe
[IPEABAPUTEIILHO HATATMBAEMON apMUpyIoLed HUTU. [1oCTpOeHbI 3aMKHY-
ThI€ AHAIUTUYECKHE 3aBHCUMOCTH, MO3BOJIIOIIME MPOCIEAUTH IMPOLECC
Pa3BUTHS MOJIEH TEXHOJIOTMYECKHX HANpsDKEHUI B MOJTy4aeMOM HU3ICITHH
IpY Pa3IMYHBIX 3aKOHAX U3MEHEHUS MapaMeTPOB MOJCIUPYEMOT0 TEXHO-
JIOTHYECKOTO Tpoliecca U BHIPadOTaTh pEKOMEHIAINU 10 3(PPEKTUBHOMY
YIPABJICHUIO paclipelleIeHUsIMU 3TUX HanpspkeHuil. [lomydyeHHbie pe3yib-
TaThl OOHApPYKMBAIOT HE M3BECTHbIE paHee 3(P(eKTbl M MO3BONAIOT IO-
HOBOMY B3IJIIHYTh HAa HEKOTOPHIE MEXaHWYECKHE ACTIEKTHI MPOU3BOCTBA
KOMITO3UTOB.

Paboma svinonnena no meme eoczaoanusn Ne AAAA-A17-117021310381-8
u yacmuyHo 8 pamkax npoekmos PODOU Ne [8-01-00770-a, 18-01-00920-q,
18-51-05012-Apm a, 19-51-60001-FOAP _m.
Knrouesvie cnosa: aooumusnoe npouzeoo0cmeo, MexXamuxka pacmyujux
men, KOMNO3Uumuvl, MHO20CIOUHASL HABUBKA, MEXHON02UYEeCKUe HAanpsice-
HUsl, YnpasieHue.

Mathematical modeling of the process of technological
stress development in composites manufactured
by multilayer thread winding

D.A. Parshin

Ishlinsky Institute for Problems in Mechanics of the Russian Academy of Sciences,
Laboratory of Modeling in Solid Mechanics, Moscow, Russia
Bauman Moscow State Technical University, Moscow, Russia
E-mail: parshin@ipmnet.ru

One of the advantages of composite products is the potential possibil-
ity to purposefully generate in their manufacture controlled or even pre-
described distributions of technological stresses. This, however, requires
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not only a qualitative understanding of the mechanism of these stresses
development in a particular technological process, but also an adequate
quantitative description of this mechanism. A significant proportion of the
methods used in manufacture of materials, structural elements and ma-
chine parts are a variety of additive technologies, in the broad sense of the
term. When they are used, manufactured products gradually change their
size and shape due to successive attachment of additional layers of materi-
al to them. This process of product formation occurs simultaneously with
the process of its deformation under the action of accompanying loads and
physical fields. On the basis of traditional approaches in solid mechanics it
is problematic to describe more or less adequately similar deformation
processes in view of their special kinematics. The present study is based
on the approaches of mechanics of growing solids, being nowadays suc-
cessfully developed within the framework of the Russian scientific school
established by famous scientist Professor A.V. Manzhirov. The study pro-
poses a non-classical mathematical model of the process of layer-by-layer
manufacture of cylindrical composite products by multilayer winding on
a rotating base pre-tensioned reinforcing thread immersed in a solidifying
binder. The closed analytical dependences allowing to retrace the process
of development of the technological stresses distributions in the obtained
products at various laws of changing the relevant parameters of the mod-
eled technological process are constructed. The dependences enable to
give recommendations on these distributions efficacious control. The ob-
tained results describe previously unknown effects and let one take a new
look at some mechanical aspects of composites production.

The study was supported by the Ministry of Science and Higher Educa-
tion of Russia under State Assignment No. AAAA-A17-117021310381-8,
and partially by the Russian Foundation for Basic Research under Projects
No. 18-01-00770-a, 18-01-00920-a, 18-51-05012-Arm_a, 19-51-60001-JuAR t.
Keywords: additive manufacturing, mechanics of growing solids, compo-
sites, multilayer winding, process stresses, control.

K BOIIPOCY 0 COOTHOIICHUHA TUAPOAUHAMHUYECKOTO0
I[eMH(l)I/IPOBaHI/IH H CHHKCHUSA aMILINTYAbI KO0JIe0aHu#
3a CUeT HeJIMHEHHOM ’KeCTKOCTH MeXaHN4YeCKOil CUCTeMbI

A.N. Ileryxos, B.®. CmupHos, I1.M. [llkanos

MI'TY um. H.O. baymana, Mocksa, Poccus
E-mail: a-i-petukhov@yandex.ru

PaccmoTpena nByxmaccoBasi konebatenbHas cucrtema. lccnemoBan
PE30HAHCHBIN PEXUM C THAPOAWHAMHUYECKUM zaemiipupoBanueM. [Ipen-
CTaBJICHA KOHCTPYKUHUS C HEJIMHEWHOM >KECTKOCTHOM XapaKTEPUCTHUKON
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U MPOAHATM3UPOBAH CPBHIB KOJEOAHUN, MPUBOAAIIUN K YMEHBIICHUIO MX
amMruuTyApl. [IpoBeneH aHamM3 SKOHOMHH SHEPTHH 10 UTOTaM IMOJYYeH-
HBIX PE3yJIbTaTOB.

Knwuesvie cnosa: 0gyxmaccosas cucmema, HeluHeliHble KOIeOAHUS, 2UO-
POOUHAMUYECKOe OeMnuposarue, cpvié KOreOaHuu.

To the question of the ratio of hydrodynamic damping
and a decrease in the amplitude of oscillations due
to the nonlinear rigidity of a mechanical system

A.L Petukhov, V.F. Smirnov, P.M. Shkapov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: a-i-petukhov@yandex.ru

The double mass system is considered. The resonance mode with
hydrodynamic damping is investigated. A design with a nonlinear stiffness
characteristic is presented, and the jump phenomena of oscillation in the
resonance mode is studied to reduce amplitude. The analysis of energy
savings based on the results is obtained.

Keywords: double mass system, nonlinear oscillations, hydrodynamic
damping, oscillation jump phenomena.

MeToauka ucciae 0BaHUA 3aKPUTHYECKOI0 NOBEICHHUS
0CeCHMMETPHYHBIX MeMOpaH

C.A. llogkonaes, C.C. I'aBpromun

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mails: sergey0511@mail.ru, gss@bmstu.ru

PaccMmoTpeHbl TeopeTHuecKue OCHOBBI HEIMHEHHOro JehopMHUpoOBa-
HUSI TOHKUX OCECHMMMETPHUYHBIX 000iouek. [IpencTaBneHsl sKCIuTyaTarm-
OHHBIE XapaKTePUCTUKU MeMOpaH B pa3lIUYHBIX KOMMYTAllMOHHBIX
YCTPOMCTBAX, KJIAIIAHAX U JaTYMKaX JaBJICHUS.

PaccMOTpeHBl THUIIBI HETMHENHOTO MOBEACHUS 3aKPUTHYECKOTO TOBE-
neHust memopas. IIpencraBienbl MaTeMaTuyeckass MOJAEb AJI OMUCAHUS
npoliecca HeJIMHEHHOro AeopMUpoBaHHsl OCECUMMETPUYHBIX 000JI0YEK,
METOJ, IUCKPETHOIO MPOJOLKEHUS 110 IapaMeTpy U IPUEM «CMEHBI MOJ-
IIPOCTPAHCTBA YNPABIAIONINX IapaMETPOBY.

Ha npumepe mapHupHO-0onepToit chepruueckoit 000I09KH BBITOJIHEHO
HCCIJIEIOBAHUE 3aKPUTHYECKOTO TIOBEICHUS.

BriOpana pannoHaigbHas MaTeMaTH4ecKas MOJEINb JJISl ONUCAHUs He-
JUHENHOTO Ae(OpMUPOBAHUS XJIOMAOIUX CUMMETPUYHBIX 000JI0UEK.
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Pazpabotan u peann3oBaH B BHJIE aBTOPCKOW MPOrpaMMbl YHCICHHBIN

AJITOPUTM HCCJICIOBAHUS TPOIECCOB HEIMHEHHOTO AehOpMHUPOBAHUS
MHOTOTIAPAMETPUUECKUX CHCTEM.
Knrouesvie cnosa: nenumetinoe dedopmuposarue, mMOHKOCMEHHAS Oce-
CUMMEMPUYHAsL 000N0YKA, MeMOpaHa, 3akpumuieckoe nosedeHue, Ouc-
KpemHoe nepexitoyeHue, npoooixiceHue no napamempy, cmeHa noonpo-
CMpancmea napamempos.

Methods for studying the post-buckling behavior
of axisymmetric membrane

S.A. Podkopaev, S.S. Gavrushin

Bauman Moscow State Technical University, Moscow, Russia
E-mails: sergey0511@mail.ru, gss@bmstu.ru

The theoretical foundations of nonlinear straining of thin-walled
axisymmetric shells are considered. The operational characteristics of
the membranes in various switching devices, valves and pressure sensors
are presented.

The types of non-linear behavior of post-buckling behavior of
axisymmetric membranes are considered. A mathematical model is pre-
sented to describe nonlinear straining of axisymmetric membranes, a dis-
crete continuation by parameter method, and the “changing the subspace
of control parameters” technique.

Using the hinged spherical shell as an example, a study of post-
buckling behavior is performed.

A rational mathematical model has been selected to describe nonlinear
straining of thin-walled axisymmetric shells.

A numerical algorithm for studying the processes of nonlinear strain-
ing of multi-parameter systems has been developed and implemented as an
author program.

Keywords: nonlinear straining, thin-walled axisymmetric shell, mem-
brane, post-buckling behavior, discrete switching, continuation by para-
meter, change of the subspace of parameters.
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MexaHn4ecKre aHAJOTHHN M KOJIe0aHus 0aKa ¢ JKHIKOCTHIO
(x 100-neTuro akagemuka PAH K.C. KoJsiecHukoBa)

A.A. Tloxamoctud

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: fn3@bmstu.ru

Cpenu yueHbIX, KOTOPBIE UCIIOJIB30BAIM MOJEIb MEXaHUYECKOIO aHa-
Jora B BHUJAE MaTeMaTUYECKOrO MAasTHUKA (JMHEHHOrO OCIMIUIATOPA)
B 1960-e rozpl, Obi1 akanemuk PAH Koncrantun CepreeBuy KonecHukos,
NPUMEHUBIINN METOJ| JUI ydyeTa MOABMXHOCTU >KUAKOCTH B TOIUIMBHBIX
Oakax pakeT. B mokmaze moka3zaHO NpPUMEHEHHE IOJXO0/a, CBSI3aHHOTO
C MOHATHEM MEXaHWYECKOro aHajora K 3ajzade o0 yaape MpsiMOYTroJbHOTO
0aka C XKHIKOCTHIO O HEMOJBIDKHYIO ONOpY. JTa 3a1ada UMeeT IpaKTHye-
CKO€ IPUMEHEHHE (B CYZ0XOJICTBE) B HACTOSAIIEE BPEMS IIPU JABUKEHUHM CY-
70B Hedre- U 1a30B030B M0 CeBEepHOMY MOPCKOMY IyTH B CIIydae CTOJIK-
HOBEHMSI C JICASTHOM Mperpajon (Topocamn).

Mechanical analog and vibrations tank with liquid
(to the 100th anniversary of RAN academician
K.S. Kolesnikov)

A.A. Pozhalostin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: fn3@bmstu.ru

Among the scientists who used the mechanical analog (MA) model in
the form of the mathematical pendulum (linear oczillachion) in 1960th
there was RAN academician Konstantin Sergeevich Kolesnikov. The re-
port illustrates the use of the approach related to the concept of mechanical
analog to the task about the impact of a rectangular tank filled with liguid
on a motionless support. This task has practical application (in shipping)
presently when moving oil and gas carriers on the Northern sea route in
the event of a collision with an ice barrier (ice drifts).
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Heuerkasi perpeccuoHHasi MOAeJIb
HA OCHOBE MCXOAHOU Z-uHpopMamuu

O.M. Ilonemnyk

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: olga.m.pol@yandex.ru

B cratbe pa3paboraHa perpeccuoHHasi MOJIeNb, BXOJHBIMUA U BBIXOJI-
HBIMU JJAHHBIMU KOTOPOM SBJSIOTCS Z-4KCila. Z-4UCIIOM Ha3bIBAETCs YIIO-
psooueHHas Napa HE4eTKHX uucelsl. [lepBoe 4ucio SBISETCS HEYETKUM
paclIMpeHUeM 3HAYEHUN HEKOTOPOM JEHCTBUTEIBHOM IIEPEMEHHOMU,
a BTOPOE UHUCIIO SIBJIIETCS HEUETKUM pPAaCUIMPEHUEM MEphbl HalEeKHOCTU
(octoBepHOCTH) mepBoro uucia. IloctpoeHne perpecCMOHHBIX MoJenen
B YCJIOBHUSX UCXOAHON Z-uH(DopManyu (MHPOpPMAIIUN ¢ JAaHHBIMUA B BHUJIE
Z-qucen) sABISETCS aKTyalbHOM 3amaued. OIHAKO Ha JAaHHBIM MOMEHT
CYyIIECTBYET €AMHCTBEHHAsA PErPECCUOHHAS MOJEINb, IOCTPOEHUE KOTOPOU
OCYILECTBIIICTCS HAa OCHOBE OIEPUPOBAHUA C HEUYETKUMHU YHCIAMH H
BEPOSITHOCTHBIMH PACHPEIEICHUSIMU C IOCIEAYIOIHUM HCIOIb30BAHUEM
mepbl [xakkapra. O HegocTaTKax MO0J00HOr0 ONEPUPOBAHMS B YCIOBHSIX
HE3HAHUS TOYHBIX 3HAYECHHUH BEPOATHOCTHBIX PACIPEAEICHUN TOBOPUIOCH
HEOJTHOKPATHO, MMO3TOMY aKTyaJIbHOHM SIBJISIETCS TpoOJieMa JaimbHeHIIen
pa3pabOTKU PErPEeCCHOHHOrO aHaIn3a B yCIOBUAX Z-uHpopmanuu. B pa-
06oTe 00€ KOMIOHEHTBI Z-4uCeNl SBISAIOTCS TEPMAMM JHHTBUCTUYECKUX
NEPEMEHHBIX, 00JIaJaloIIMX CBOMCTBAMHU IOJHOTHl U OPTOTOHAJIBHOCTH.
OnepupoBanue ¢ Z-4ucliaMd MPOUCXOJUT HE Ha OCHOBE KJIACCHYECKOU
HEUeTKOW apu(METHKH, a Ha OCHOBE B3BEUICHHOW HEYETKON apu(METHKH,
YTO CYLIECTBEHHO YMPOIIAET BBIUUCIMTEIbHBIE NPOLEAYPHl, HE TpeOyeT
TOYHOTO 3HAHUSI BEPOSITHOCTHBIX pacIpeleseHU U He TepsieT UHpopMma-
IHOHHYI0 0COOEHHOCTh UCXOTHON HH(POPMAIIIH.

Knwoueevie cnosa: neuemras pezpeccuoHnas mooenb, Z-yucio, JUHEU-
CMUYecKas nepemeHHasl.

A fuzzy regression model for initial Z-information
O.M. Poleshchuk

Bauman Moscow State Technical University, Moscow, Russia
E-mail: olga.m.pol@yandex.ru

A regression model, the input and output data of which are
Z-numbers, is developed in the paper. A Z-number is an ordered pair of
fuzzy numbers. The first number plays a role of a fuzzy constraint on val-
ues that some real variable may take, and the second number plays a role
of a fuzzy constraint on the reliability measure of the first number.
The construction of regression models under initial Z-information (infor-
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mation with data in the form of Z-numbers) is an actual task. However, at
the moment there is only one regression model, the construction of which
is carried out on the basis of operations with fuzzy numbers and probabil-
ity distributions, followed by the use of the Jakkart measure. The disad-
vantages of such an operation under conditions of ignorance of the exact
values of the probability distributions have been repeatedly mentioned,
therefore, the urgent problem is the further development of regression
analysis in the conditions of Z-information. In the work, both components
of Z-numbers are terms of linguistic variables with the properties of com-
pleteness and orthogonality. Z-numbers are operated not on the basis of
classical fuzzy arithmetic, but on the basis of weighted fuzzy arithmetic,
which greatly simplifies computational procedures, does not require accu-
rate knowledge of probability distributions, and does not lose the informa-
tional feature of the initial information.

Keywords: fuzzy regression model, Z-number, linguistic variable.

BeposiTHOCTHOE MPOTHO3UPOBAHHE OLEHOK
BHOPAIIHOHHOTO COCTOSIHHSI 00OPY/I0BAHUSA

E.A. IpaBoroposa', O.5. CkBopos'”

'TMMALLI PAH, Mocksa, Poccus
2HTI_[ «bamarcmam», Mocksa, Poccus
E-mail: pravotorova@bk.ru, skv@balansmash.ru

PaccmoTpeHsl BOmpochl MPUMEHEHHUs BHOPALMOHHOTO MOHHUTOpPUHIA
JUI MIPOTHO3UPOBAHMS COCTOSIHMSI CIIOXKHOIO TEXHHUYECKOro 000opyaoBa-
HUS B YCIOBUSX JUIMTENBHOM SKcIUTyaTauuu. [IpemioskeHbl MeTOOuKH
IIPOTHO3UPOBAHUS B YCIOBUAX HEMOHOTOHHOI'O IIOBEIECHUS TPEHIOB Tpe-
HOB I[IapaMETPOB U MCIIOJIb30BaHMsI JOKAJIBHOM 3ProJNYHOCTH CTATUCTH-
YEeCKHX apaMeTPOB OLIEHOK BUOpAIUH.

Knwueewie cnosa: subpayus, ouazHocmuxa, npocHO3upoeanue, 8eposm-
HOCMb, 00CMOBEPHOCHb, I3P2OOUUHOCHb, MOHUMOPUHL.

Probabilistic forecasting of the estimates
of the vibration condition of the equipment

E.A. Pravotoroval, 0.B. Skvorcov'?

'IMASH RAS, Moscow, Russia
’STC “Zavod Balansirovochnykh mashin”, Moscow, Russia
E-mail: pravotorova@bk.ru, skv@balansmash.ru

The issues of the use of vibration monitoring to predict the state of
complex technical equipment in long-term operation are considered.
Methods of forecasting under conditions of non-monotonous behavior of
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trends of parameter trends and using local ergodicity of statistical parame-
ters of vibration estimates are proposed.

Keywords: vibration, diagnostics, prognostic, probability, reliability,
ergodicity, monitoring.

AHaJIU3 TMHAMUKY 3y0UaToii mepeaavu
¢ JUIMNTHYECKMMHU K0JleCaMHU B COCTaBe NMPUBO/IA
nepeMemuBaKIIero yCTpoicTBa

A.A. [Ipuxoapko

Ky6aHckuit rocy1apcTBeHHBIN TeXHOJIOTHYeCKuil yHuBepcuret, KpacHoaap, Poccus
E-mail: sannic92@gmail.com

PaboTta mocBsilieHa HCCIIEAOBAHUIO TUHAMUKH MEPEMEIINBAIOIIETO
YCTPOHCTBA C HEPABHOMEPHBIM JBM)KEHUEM PabOYero opraHa, B KauecTBe
UCIIOJTHUTEJIBHOTO MEXaHU3Ma KOTOPOro NMpUMEHEHa Iepenaya dJUIUITH-
YeCcKMMHM 3yOuaThIMHM KojecaMu. /IuHamudeckas Mozenb MMOCTpOEHa ITy-
TEM MPUBEJECHUS CUJI, MACC 1 MOMEHTOB K HadaJlbHOMY 3BEHY (BXOJHOMY
BaJly MCIIOJIHUTEIBHOrO MexaHu3Ma). MccnenoBanue noiay4eHHOro Helu-
HEMHOro ypaBHEHMs ABMKEHHsI IMPOBEIEHO METOAOM 3Hepromacc. B pe-
3yJibTaTe aHajlW3a HalJEH 3aKOH JIBWKEHMs HayallbHOrO 3BeHa. Tak Kak
IpU TaHHOM 3aKOHE He o0ecreynBaeTcs JoMycKaeMblil ko3 duuueHT He-
PaBHOMEPHOCTH JABHMKEHHMSI, TO MPOBEJEH pacuyeT MaxoBHKa, HEOOXOAUMO-
ro JUisl JOCTHXEHHUs TpeOyeMoll pPaBHOMEPHOCTH BpPAILIEHHUS BXOJHOTO
Bana. [lomyueHHass maremaTHyecKasi MOJIENb MOXET OBITh MCIOJIb30BaHA
IpY CO3JIJaHUM U MPOEKTUPOBAHUH MIEPEMEIINBAIOLINX YCTPOMCTB.
Knwueewie cnosa: epawamenvroe Osudicenue, HepasHoOMepHoe O8udice-
Hue, IUNMUYecKue 3ybuamole Konecd, OUHAMUYECKUU aHANU3, Npuge-
OeHHbIl MOMEHM UHEPYUU, NPUBEOEHHBINI MOMEHIM CUL CONPOMUBTEHUSL.

Dynamic analysis of elliptical gear in the drive system
of stirred tank

A.A. Prikhodko

Kuban State Technological University, Krasnodar, Russia
E-mail: sannic92@gmail.com

The work is devoted to the study of the dynamics of a stirred tank with
irregular movement of the impeller, in which transmission by elliptical
gears is used as an actuator. The dynamic model is built by bringing forc-
es, masses and moments to the initial link (input shaft of the actuator).
The study of the obtained nonlinear equation of motion was carried out by
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the energy-mass method. As a result of the analysis, the law of motion of
the initial link was found. Since with this law the permissible coefficient
of unevenness of movement is not provided, the flywheel is calculated,
which is necessary to achieve the required uniformity of rotation of the in-
put shaft. The resulting mathematical model can be used to create and de-
sign stirred tanks.

Keywords: rotational motion, irregular motion, elliptical gearwheels, dy-
namic analysis, reduced moment of inertia, reduced moment of resistance
forces.

Pemenne HeJIMHEMHOM 3a1a44 TUHAMMKH CIIOIIHOM Cpeabl
B paMKax IIKOJbHOU NMPOrPaMMbl 10 pu3NKe

ILT". PycanoB

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: parus@bmstu.ru

Mertonom tBepabix ten (MTT) uccrnenoBansl KojaeOaHWs HETUHEHHON
KOHCEPBATUBHON CHCTEMBI TEJl — «CKMMAEMBbII a3 MO MOPIIHEM», HaX0-
JLIMXCS BHYTPU HETOABHKHOTO LIMJIMHIPA C BEPTUKAIBHOW NPOJOJIBHOU
ocpr0. Ee SKBUBaJIEHTHAs pacyeTHasl CXeMa, MPEJCTABIICHHAs MOPIIHEM U
OJIHOW MOJIEKYJION ra3a B BUAEC MaTEPUAIbHOW TOYKH, UMEET JBE CTEICHU
cBOOOIbI. HauanbHBIM 3amac KHHETUYECKON SHEPTUH MO3BOJISIET MOJICKYJIe
HEIPEPBIBHO JIBUTATHCSI BEPTUKAIBHO BBEPX M BHU3 MEXKIY IOJBHKHBIM
MOPIIHEM U JHOM LWIMHApPA. BHE MOMEHTOB COyIapeHui Tejla JBUKYTCS
HE3aBUCHMO B OJHOPOJIHOM II0JI€ CHJIBI TSKECTH C IOCTOSIHHBIM yCKOpe-
HHEM g, MEHsIsI BO BPEMEHH ! CBOIO BBICOTY I10 3aKOHY MapaboJbl, a CKO-
pOCTb — IO TMHEUHOMY 3aKoHY. [Ipu yape monoxeHus Tell He MEHSI0TCS,
HO TPOUCXOJUT MIHOBEHHOE OOHOBJICHHE BEIWYMH MX CKOPOCTEH B COOT-
BETCTBUM C 3aKOHAMHU COXPAHEHHMsI KOJIMYECTBA ABUKEHUS U KUHETHYE-
ckoit sHeprun. [loaromy maremaruyeckas moaens (MM) i pacyera me-
PEMEHHBIX BBICOT U CKOPOCTEH TeJ SIBISIETCS anreOpandecKoi.

[Ipy M3BECTHBIX HayaJIbHBIX YCJIOBHSX AJTOPUTM pEUICHUS 3aJauu
CBOJUTCS K LIMKIMYECKH MOBTOPSIEMOMY pacyeTy KOpHEW ABYX KBajpaT-
HBIX YpaBHEHUH, 10 KOTOPBIM OIPEAEIIAIOTCS HOBbIE HAYaJIbHBIC YCIOBUS
Uil mocnenyomux (a3 cBOOOAHOTO JBMKEHHS TeN, T. €. MOMEHT
Y KOOPJMHATA MECTa OYEPEAHOT0 CTOJKHOBEHMS TEN, a TAKKE UX HOBBIC
CKOPOCTH TOCJIE yaapa.

[Ipu BBICOKOW CpeaHEell CKOPOCTH [BHKEHHUS MOJEKYJIbl MEXIY
MOPIIHEM U JHOM LUJIUHAPA KOJUYECTBO €€ COYJIapeHUM C MpEensaTCTBUS-
Mmu 3a 1 ¢ mpesbimmaeTr 200 pa3. [loaTomy, 4TOOBI BBIICHUTH OOIIYIO Kap-
TUHY JIB)KEHHMSI MTOPILIHS HA MPOTSKEHUU MHOTUX CEKYH/, CIEQyeT Mopy-

Huoxcenepnutii ycypnan: nayka u unnoeayuu #2-2020 203



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

YHUTb 3TH dJIEMEHTAPHbIE, HO MHOTOUYHCIICHHBIE BHIYHUCIICHUSI POOOTY B BU-
ne xomrbtorepa. C ero moMoIIb0 NEPBUYHO MOTYyUYEHBI IpaUKu U3MEHe-
HHSL BBICOTHI MOJIOKEHUsI nopuiHs [ = f(f) ¥ HpOeKIHMU ero CKOPOCTH

H =o¢(t). Ilo HuM npou3BeaeHbl KOJUYECTBEHHbIE OLIEHKH BBICOTHI pPaB-

HOBECHOT'O TMOJOXEHUS MOPIIHS, aMIUIUTYAbl U MEPUOoJia T €ro HU3KOoYa-
CTOTHBIX KoJieOaHui u naxe mo popmyne MKT Tekymieir BeTuunHbI AaB-
JICHUSI «Tra3a» M0 KUHETHYECKON PHEPrHMH MOJIEKYJIbl. SIBHas acUMMeETpHUs
(GbopMBI TTOCTPOCHHON 3aMKHYTOH KpHBOW (ha30BOMl XapaKTEpUCTUKU
FIf(®),o()]=0 mnoxrsepamia NPUHIMIHAILHOE OTIHYHAE EPHOIUYC-
CKUX KOJIeOaHMI MOPUIHS OT TAPMOHUYECKHUX.

Bennuuna nepuoja T Obl1a IPOTECTUPOBAHA 110 PEUICHUIO HEJTMHEWHO-
ro nuddepeHInalIbHOr0 ypaBHeHUs IBWKEHHS TOPILHS, B KOTOPOM Yy4H-
TBIBAJIOCH BJIMSIHUC ITOJIOKEHUSI MTOPITHS HAa TEKYIIYIO BEITUYUHY JTaBIICHHS
rasa mpu M30TEPMUYECKHX YCIOBHSIX. B HOBOH cuTyaluu mepuoJl MajbIxX
KoJieOaHuH MOpIIHA oKazaics B k = 1,73 pa3 6onbiue, uem nepuon t. C no-
suii MKT npuurHONM HECOBIAJICHUS MEPUOAOB CTaja Ype3MepHasi KO-
HOMHUS Ha YHCJIe BBOJUMBIX CTENICHEeW CBOOOBI sl MOJIeKybl. Ha camom
Jene oHa Obljla HaJleleHa BCEro JIMIIb OJHOW CTENEeHbI0 CBOOOIBI BMECTO
MOJIAraIONINXCS € TPeX CTENeHeW MO TPeM HE3aBUCHMBIM HAIPABIICHUSIM.
B upneane tectoBoe 3HaueHUE k JOMKHO OBLIIO PaBHATHCS k=/3.

ens cooOmieHuss — mnpoOyauTh HHTEpPEC Kadeap K BKIIOYCHHIO
B ydeOHBIE TPOrpaMMbI BY30B pa3JeliOB, HAMPABICHHBIX Ha OOyYeHHE
cryaertoB metoay MTT, kotopsiii 011 pa3paboTan aBTOpOM Ha Kadeape
TeopeTndeckoi Mexanuku MI'TY um. H.O. baymana npu nognepxke co
croponbl akan. K.C. KonecHukoBa. Breicokas «mpon3BOIACTBEHHAD)
apdextuBHOCTS MTT 00ycioBiI€HA PSIIOM €ro 3aMedaTelbHbIX KayecTB.
Cpenu Hux: 1) Bce GOpMBI MEXaHHMYECKOTO COCTOSTHUS BEIIECTBA; 2) KOH-
CTPYKTUBHBIN CIIOCOO BBIAEICHUS M MCKIIIOUEHHUSI OBICTPBIX MEPEMEHHBIX
U3 CIKCKa 0000IIEHHBIX KOOPIMHAT; 3) HAceayeMble (PU3HNIECKUE MO/Ie-
JM MAacCOBBIX CHJI ILTIOC HOBBIE (PM3UYECKUE MOJAENHU ISl CTPYKTYPHPO-
BaHHBIX MaTepUayoB; 4) Te e TeXHOJIOTMH aBTOMAaTU3UPOBAHHOTO BHIBO-
1a MM, KOTopble IPUMEHSIOT B OTHOIIIEHUU CUCTEM aOCOIIOTHO TBEPABIX
Ten; 5) utoroBeie MM mpuHamsIe)kaT K 4uCiy HexecTkux cucreM OY
WIH K anreOpandeckuM cucteMam; 6) O4eBUIHOCTH (PU3HUECKOTO CMBICIIA
yieHoB MM; 7) Gosee BBICOKass TOYHOCTH IMOJTYYaeMbIX PE3yJIbTaTOB IO
CPaBHEHHIO C APYTHMHU METOJAaMHU MPHU €r0 COOTHECEHHUH K OOIIEMY YHCITY
BBEJICHHBIX MEJUICHHBIX MEPEMEHHBIX; §) OBICTpOE MPAKTUUYECKOE OCBOE-
HUE CTYACHTaMU MIIAJIIINX KypPCOB KIIOYEBBIX MPUEMOB (OPMUPOBAHUS
MM Ha 0CHOBE PTOro METOA.
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Solving the nonlinear problem of continuum dynamics
in the framework of school program in Physics

P.G. Rusanov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: parus@bmstu.ru

The oscillations of a nonlinear conservative system of bodies "com-
pressible gas under the piston" inside a stationary cylinder with a vertical
longitudinal axis are investigated by the Solid Bodies Method (SBM). It is
equivalent to the calculation scheme submitted by the piston and one mol-
ecule of gas, as a particle, has two degrees of freedom. The initial supply
of kinetic energy allows the molecule to continuously move vertically up
and down between the movable piston and the bottom of the cylinder.
Outside the moments of collisions, bodies move independently in the ho-
mogeneous gravity field with constant acceleration g, changing in time ¢
their height according to the parabola law, and the speed according to the
linear law. On impact, the positions of bodies do not change, but there is
an instantaneous update of the values of their velocities in accordance with
the laws of conservation of the amount of motion and kinetic energy.
Therefore, the mathematical model (MM) for calculating the variable
heights and velocities of bodies is algebraic.

Under known initial conditions, the algorithm for solving the problem
is reduced to a cyclically repeated calculation of the two quadratic equa-
tions roots, which determine the new initial conditions for the subsequent
phases of free motion of bodies, that is the moment t and coordinate of the
place of the next collision of bodies, as well as their new velocities after
impact.

With a high average speed of the molecule between the piston and the
bottom of the cylinder, the number of collisions with obstacles for 1 sec-
ond exceeds 200 times. Therefore, in order to find out the General picture
of the movement of the piston for many seconds, you should entrust these
elementary but numerous calculations to a robot in the form of a comput-
er. With its help, graphs of the change in the height of the piston position
H = f(t) and the projection of its speed H =@(¢) are obtained. Accord-
ing to them, there were obtained quantitative estimates of the height of the
equilibrium position of the piston, the amplitude and period t of its low-
frequency oscillations, and even by the formula MKT the current value of
the “gas” pressure on the molecule kinetic energy. The apparent asym-
metry of the shape of the constructed closed curve of the phase character-
istic confirmed the fundamental difference between periodic oscillations
of the piston and harmonic ones.

The value of the period T was tested by solving a nonlinear differential
equation of piston motion, which took into account the effect of the piston

Huoxcenepnutii ycypnan: nayka u unnoeayuu #2-2020 205



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

position on the current value of the gas pressure under isothermal condi-
tions. In the new situation, the period of small oscillations of the piston
was k =~ 1.73 times greater than the period t. From the standpoint of MKT,
the reason for the mismatch of periods was excessive savings on the num-
ber of degrees of freedom introduced for the molecule. In fact, it was en-
dowed with only one degree of freedom instead of the three degrees it was
entitled to in three independent directions. Ideally, the test value of &

should be equal to £ = J3.

The purpose of the message is to awaken to awaken interest of de-
partments to inclusion in educational programs of training in the SBM
method, developed by the author at the Department of Theoretical me-
chanics of Bauman MSTU with the support of academician K. S. Kolesni-
kov. High "production" efficiency of SBM is caused by a number of its
remarkable qualities. Among them: (1) all forms of the mechanical state of
matter; (2) a constructive way to select and exclude fast variables from the
list of generalized coordinates; (3) inheritance of physical models of mass
forces plus the new physical models for structured materials; (4) the same
technologies of automated output MM as apply in relation to systems of
absolutely solid bodies; (5) the resulting MM belong to the number of
non-rigid ODE or to algebraic systems; (6) evidence of the physical mean-
ing of the MM members; (7) higher precision of the obtained results, in
comparison with other methods, if it is correlated to the total number of in-
troduced slow variables; (8) the rapid practical mastering of the keys tech-
niques of MM formation based on this method by University students of
engineering specialties, starting from 2 years of study.

IIpo6aemMa 4yBCTBUTEJIbHOCTH KPYITHOTA0APUTHBIX
NPEeUN3UOHHBIX KOCMHUYECKHUX KOHCTPYKIMA
U3 BBICOKOMOYJIbHBIX BOJIOKHHMCTBIX MOJUMEPHBIX
KOMIO3UIMOHHBIX MaTepuasos (BIIKM)
K MUKPOAMHAMUYECKHUM BO3/1€liCTBUAM

C.H. Casrun '

'MI'TY um. H.3. Baymana, Mocksa, Poccust
MMALL PAH, Mocksa, Poccus
E-mail: S.Sayapin@rambler.ru

PaccmoTpena mpoGieMa MHMKPOAMHAMHYECKOH YyBCTBUTEIHHOCTH
MPELU3NOHHBIX KpyMHOTa0apuTHBIX KocMudecknx KoHCTpyKiwmid (ITKI'KK)
n3 BbicOkoMOoAybHBIX BIIKM, cBsi3aHHas co CKa4ykoOOpa3HBIM yBEIHYE-
HUEM MOJYJsl YINPYTroCTH MaTepuana IMpH MPOXOKICHUHM IMOPOra MabIX
HarnpsbkeHud. [IpencraBiieHbl 3KCNEPUMEHTANIbHBIE JaHHBIE HWCIBITAHUN
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Ha c)KaThe TpyOdaThIX 00pa3ioB-cBUaAeTeNeH u3 yriemtactuka KMY-4J1, Ha
KOTOPBIX YCTaHOBJICHO CKaukooOpaszHoe yBemmueHne momyiis (7,375 I'Tla u
158 I'Tla) mpu npoxokaeHun nopora Manbix HamnpspkeHud (ot 0 go 5 xH).
[Toxazano, uto morpemHOCcTh cucteM ooe3BemmBanus [IKI'KK npu Hazem-
HOU O0TpabOTKE MPUBOAUT K OCTATOYHBIM Harpys3kam Ha ux (hopmMoobpaszy-
IOLIHE 3JIEMEHTHI, MPEBBILIIAIOIINM OPOrOBbIE 3HAYEHUS MAJIbIX Harpyxe-
HUIl. B pesynbTate mpu MaibIX Harpy>KEHHsIX B YCIOBHSIX OpPOUTAIBLHOTO
nosieta pacyeTHole 3HadeHus: moxyisi ynpyroctu I[IKI'KK wu3 BwicOKO-
MonynbHBIX BITKM MoryT okazaThcesl BbIIIE peaibHbIX Oosiee ueM B 20 pas.
Takum oOpa3oMm, TIpH HCIIOJB30BAHUUA BBICOKOMOAYJIBHBIX BIIKM
B IIKT'KK, nHanmpumep, mapaOonudeckux 3epkajax M3 YIJIEIUIacTHKa Jra-
MetpoM 10 1 Gosee METPOB C TOYHOCTHIO paboveil MOBEPXHOCTH HE XYXKE
10 MKM, HEOOXOIMMO YYHUTHIBATH WX UyBCTBUTEIBHOCTH K MHUKPOJAUHAMHU-
YEeCKUM BO3JIEMCTBUSAM B YCJIOBHUSX moiieTa. [loka3zaHbl BO3MOXKHBIE ITyTH
peleHus pooIeMBbI.

Knroueswvie cnosa: Mukpoounamuueckas 4y6cmeumenbHOCmy, Npeyu3uoH-
note KI'KK, svicokomooynvisie BIIKM.

Problem of sensitivity of large-size precision
space structures from high-modulus fibrous polymer
composite materials to microdynamical influences

S.N. Sayapin'~

"Bauman Moscow State Technical University, Moscow, Russia
?Blagonravov Mechanical Engineering Research Institute of RAS, Moscow, Russia
E-mail: S.Sayapin@rambler.ru

The causes of the problem of microgravity and inertial sensitivity of
large-size precision space structures (LSPSS) from high-modulus fibrous
polymer composite materials (HMFPCM) associated with an abrupt in-
crease in the elastic modulus of the material when overcoming the thresh-
old values of low stresses are considered. For example, the elastic modu-
lus of tubular samples from high-modulus fibrous polymer composite
materials with the longitudinal carbon fibers at the first (from 0 to 5 kN)
and subsequent loading sites were 7,375 GPa and 158 GPa, respectively.
As a result, under low loads arising in orbital flight, the calculated values
of the elastic modulus of LSPSS can be higher than the real ones by more
than 20 times and the real elastic deformation such structures can be high-
er than the calculated ones. Thus, when using HMFPCM in LSPSS it is
necessary to take into account their microgravity and inertial sensitivity in
orbital flight. Possible ways of solving the problem are shown.

Keywords: microdynamics sensitivity, large-size precision space struc-
tures, high-modulus fibrous polymer composite materials.
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BbeckonTakTHBIN online-MeTo KOHTPOJISI HATSKEHUS
CeTernoJI0THA PAAHOOTPAKAIOIIEH MOBEPXHOCTH CKJIATHOM
KPYNHOTra0apuTHOM 3epPKAJIbLHON AHTEHHbI

C.H. Casirun '

'MI'TY um. H.D. Baymana, MockBa, Poccust
MIMALILI PAH, Mocksa, Poccust
E-mail: S.Sayapin@rambler.ru

[IpencraBneH HOBBIM OECKOHTAKTHBIA OHJIAWH-METO] KOHTPOJIS HATA-
JKEHMS CETENOJIOTHA PAMO0TPAKAIOIIEH ITOBEPXHOCTH CKIIAJIHOM KPYITHO-
rabapuTHOW aHTEHHBI. MeTOj] OCHOBaH Ha BBISBICHHOW CBSI3U MYapOBBIX
KapTUH C pAaBHOMEPHOCTBIO M YCUJIMEM HATSKEHUS ceTenosioTHa. [lokasza-
HBI IIPEUMYIIIECTBA ONMMCAHHOIO METOJIa, OCHOBHBIM M3 KOTOPBIX SIBJISIETCS
BO3MOXHOCTh YCTAaHOBKHM CETEMOJIOTHA Ha CKJIAJHOM KapKace 3epkaja
aHTCHHBI B pexkuMe online. TIpencTaBiieHHBIN METOJ YHUBEPCAICH U MO-
XKeT OBbITh MCTOJB30BaH HE TOJBKO ISl M3TOTOBJICHUSI aHTEHHBIX OTpa)a-
Tenel ¢ paboyeil MOBEpXHOCTHIO B BUJIE CETUATOM 3aBECHI, HO U B JIOOBIX
JIPYTUX KOHCTPYKLHSX, B KOTOPBIX IPOBEPSAEMBINA 3JIEMEHT SIBISETCS CET-
KOM HE3aBHCUMO OT MaTepuasna, U3 KOTOpOro OH M3rorosiieH. llokasan
[IPUMEP MPAKTUYECKOTO IPUMEHEHUS METO1A.

Knrwouegvie cnosa: cknaouvie 3epKaivHble AHMEHHbl, KOHMPOb HAMAMCe-
HUsl CemenoiomHa, Myaposovle KapmuHbl.

Contactless online method for checking-up a net-shaped
curtain’s tension of a reflecting surface
of folding large-size mirror antenna

S.N. Sayapin 12

'Bauman Moscow State Technical University, Moscow, Russia
?Blagonravov Mechanical Engineering Research Institute of RAS, Moscow, Russia
E-mail: S.Sayapin@rambler.ru

A new contactless method for checking-up a net-shaped curtain’s ten-
sion of a radio-reflective surface of a large umbrella reflector antenna is
presented. The method is based on revealing the correlation between
Moire patterns and net-shaped curtain uniformity and tension. The ad-
vantages of the method are presented. Its main advantage lies in the fact
that it is possible to set the net-shaped curtain on the folding skeleton of an
antenna reflector in the online mode. The presented method is universal
and can be used not only to manufacture antenna reflectors with the work-
ing surface in the form of a net-shaped curtain but also in any other struc-
tures in which the checked element is a net, regardless of the material of
which it is made. A way to apply the method is presented.

Keywords: folding large-size mirror antenna, checking-up of tension of
net-shaped surface, moire patterns.
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MoJieKyJIsIpHbIN MOTOK U/1€AJbHOI0 PABHOBECHOI0 ra3a
yepe3 MaJioe 0TBEpPCTHE B BAKYYM

A.B. CeMUKoeHOB

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: avsemik@bmstu.ru, avsemik@mail.ru

B pabote paccmarpuBaeTcsi HCTEUCHUE UCATLHOTO PABHOBECHOTO Ta-
3a U3 OOJIBIIOTO COCY/ia Yepe3 KaHal Majoro oTBepcTHs B Bakyywm. Mcte-
YeHHE raza pacCMaTPUBAETCS KaK MOJIEKYJISIPHOE T€UEHUE B MUKPOKAHAJIE.
[Ipenmonaraercs, 94To pacxo/i raza 0O4YeHb Mall, TOITOMY COCTOSTHHE OCHOB-
HOM Macchl B COCYJle Ta3a MPAaKTUYECKU HE MEHSAETCS U OCTAeTCs PaBHO-
BecHBIM. Llenpio nccienoBaHus sBISETCS ONpeAeNieHue MapaMeTpoB rasa
BHYTpH KaHaja OTBEPCTHUS.

Hcxons 3 u3BecTHON (PYHKIMH pachpeesieHrs MOJIEKYJI, MoMaiato-
IIMX BHYTPh OTBEPCTHUS 3a HEKOTOPBIA Malblii MPOMEKYTOK Bpeme-
HU, MOXKHO OMNpPENEIUTh JIOJII0 BBUICTEBIIUX Y€pe3 OTBEPCTHUE MOJICKYI,
a TaKXe JOJII0 YHECEHHON 3TUMHU MOJIEKYJaMU 3HEPrUU. JTO MO3BOJISIET
TTOCTPOUTH UCKOMBIC (DYHKITMH, OMMCHIBAIOIINE 3aBUCUMOCTH KOJIMYECTBA
MOJIEKYJI BHYTPH OTBEPCTHS K UX CyMMapHOM SHEPTHH OT BPEMEHHU.

JlaHHBIN TOIXO0M K ONMHMCAHHWIO MCTEYCHHUS PAaBHOBECHOTO ra3a uepes
Majioe OTBEPCTHUE OTIUYACTCS OT OOJIBITMHCTBA COBPEMEHHBIX MCCIIEIOBA-
HUN TPSIMBIM TIpUMEHEHUEM (QYHKIMH pacHpeeNIeHus 10 CKOPOCTSIM
MOJIEKYJI, TOMABIIMX B OTBEPCTHE. DTO TO3BOJISIET OMHCHIBATH IPOIIECC
3aM0JTHEHUS KaHajla Majoro OTBEPCTHS MOJICKYJIaMH Ta3a 0e3 MmpuBiede-
HUS TUTIOTE3bI CTUTOITHOM CPEIBI.

Knrouesvie cnoea: monexynsapuviti NOMOK, UOeAIbHblll 2d3, UCMedeHue,
8aKyyMm, pacnpeoeieHue MOoaeKyil.

The molecular flow of an ideal equilibrium gas
through a small hole in a vacuum

A.V. Semikolenov

Bauman Moscow Technical University, Moscow, Russia
E-mail: avsemik@bmstu.ru, avsemik@mail.ru

The paper deals with the flow of the ideal equilibrium gas from a large
vessel through the channel of small hole into the vacuum. The gas flow is
considered as a molecular flow in the microchannel.

It is assumed that the gas flow rate is very small; therefore, the state of
the gas in vessel practically does not change and is a equilibrium one. The
aim of the study is to determine the parameters of the gas inside the chan-
nel of the hole.
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Based on the known distribution function of the molecules entering the
hole over a short period, it is possible to determine the fraction of mole-
cules emitted through the hole, as well as the fraction of energy carried
away by these molecules. This allows you to build the desired functions
that describe the dependence of the number of molecules inside the chan-
nel of hole and their total energy on time.

This approach to describing the outflow of equilibrium gas through
a small hole differs from most modern studies by the direct application of
the velocity distribution function of the molecules hit in the hole. This al-
lows us to describe the process of filling the channel of small hole with
gas molecules without invoking the hypothesis of a continuous medium.
Keywords: molecular flow, ideal gas, outflow, vacuum, distribution of
molecules.

YucaenHslid pacuer d3ppexra [xanudexoBa

M.H. Cepreesn

PTATY um. I1.A. ConoBbeBa, PriOunck, Poccust
E-mail: mihail sergeev@mail.ru

HccnenoBanue BpamaTtenbHOTO JIBWKEHUS CIUIONIHOW CPEabl MPe-
CTaBJISIET UHTEPEC KaK YUCTO HAYYHBIN, TaK U MpakTU4eckuil. /s moHu-
MaHHUS CJIOKHBIX JIBIDKCHHM MEXaHWYECKHX CHUCTEM HEO0OXOJMMO HCCIe-
JIOBaHHME TaKWX MoOJeNed, Kak BOM4OK Oiiepa. I[lpu ompeneneHHBIX
COOTHOIICHUSX MEXKIy TJIABHBIMM MOMEHTAMU HWHEPIMH TBEPAOrO Teia
BO3HMKAIOT MEPUOJUYECKHE MMOBOPOTHI OCH BpauieHusi tena Ha 180°. Ta-
Koe JBWKeHHe HasbiBaeTcs dddexrom JlxannbekoBa. dusmyeckas mpu-
poJia 3TOTO SBIICHUS OMMCHIBACTCS HA OCHOBE ypaBHEHUH Dilnepa U 3aKo-
HOB COXpaHEHHUs PHEPrud W MoMmeHTa ummyisca [1]. IlpubGmmkeHHoe
aHanuTUdeckoe uccnenoBanue dpdexra xannbekosa nano B pabdore [2].
[IpsiMoe uncneHHOE pereHre JaHHOM 3ajaud 00JaJaeT TEM MPEeUMyIe-
CTBOM, YTO CHHMAaeT OTpaHWYCHHS, HEOOXOAMMBIE IIJIS peain3aluy aHa-
JUTHYECKOTO TOo/x0/a. YHCIECHHBIM pacdyeT XOpOIIO COTrjacyercsl ¢ aHa-
JTUTHUYECKUMHU Pe3yJIbTaTaMHu.

Knrouesvie cnosa: momenm umnyibca, MOMeHmM UHEPYUU, V2l08dsl CKO-
pocmb.
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Numerical calculation of the Janibekov effect

M.N. Sergeyev

Soloviev RSATU, Rybinsk, Russia
E-mail: mihail sergeev@mail.ru

The study of the rotational motion of a continuous medium is of inte-
rest both purely scientific and practical. To understand the complex mo-
tion of mechanical systems, it is necessary to study models such as the Eu-
ler top. At certain ratios between the main moments of inertia of a rigid
body there are periodic rotations of the axis of rotation of the body by 180
degrees. This movement is called the Janibekov effect. The physical na-
ture of this phenomenon is described on the basis of Euler equations and
the laws of conservation of energy and momentum [1]. An approximate
analytical study of the Janibekov effect is given in [2]. The direct numeri-
cal solution of this problem has the advantage that it removes the con-
straints necessary for the implementation of the analytical approach. The
numerical calculation showed good agreement with the analytical results.
Keywords: moment of momentum, moment of inertia, angular velocity.
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MeTOI[ OLHCHKH HAACKHOCTH CUCTEMbBI OTACJICHUSA
KOCMHYECKOI'0 alinmapaTta 0T MapimeBoro ABurateist

H.U. Cunuses

MI'TY um. H.O. baymana, Mocksa, Poccus
E-mail: Sidnyaev@bmstu.ru

Cuctembl pa3feneHus] OTIMYAOTCS OOJBIIMM Pa3sHOOOpa3ueM, Tak
KaK OTJICJICHUE MACCUBHBIX 3JIEMEHTOB KOHCTPYKIIMU BO3MOXXHO Ha BCEX
ydacTKax mojera kocmmdeckoro ammaparta (KA): Ha akTHUBHOM ydacTke
TPACKTOPUH, TPU TOJETe MO OpPOUTE MCKYCCTBEHHOTO CIYTHHUKA 3eMIIH
(UC3) wm x apyrum Tenam COMHEYHOW CHCTEMBI, TIPH TOCAIKe Ha HUX,
IpH TIOJIETE TI0 TPACKTOPHUH BO3BpaTa, a TAKKe HAa y4acTKe CITyCKa Ha To-
BepxHOCTh 3emun. [Ipomecc pasmeneHus: yCIOBHO JEUTCS Ha HETOCPe/-
CTBEHHO pa3fieieHue (Pa3phIB CHUIIOBBIX CBSI3€H MEXKIy dJIEMEHTAaMHU KOH-
crpykimn KA) u otenenne (OTHOCUTENTBHOE JBIKEHHUE Pa3/ICiIHBIINXCS
Ten). TpeboBaHMS IO HAJIEKHOCTH K CUCTEME OT/IETICHHs B 001IeM citydae
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€CTh COBOKYITHOCTh KOJIMYECTBEHHBIX U (MJIM) KaUeCTBEHHBIX TpeOOBaHUN
K 0€30TKa3HOCTH, JOJTOBEYHOCTH U coxpaHsemMocTH [1]. 3amaueit nucce-
JIOBaHMsI HaJIEXKHOCTHU SBJIAETCS CO3JJaHUE YCTPOWCTBA PA3JEIICHUs YacTei
pPakeTbl ¢ JTOCTHKEHUEM TEXHUYECKOIO pe3yjpTaTa B BUJE IOBBIIICHUS
HaJIE)KHOCTH YCTPOMCTBA pa3/eleHMs] 4acTel PaKeThl 32 CUET CO3JaHus
KOHCTPYKIWU CTBIKOBOYHBIX 3JIEMEHTOB, KOTOPBIE JOJDKHBI Pa3pylIaThCs
OpyU OTKa3e OJHOTO U3 IMUPOAJIEMEHTOB IPHU IUTATHOM CpadaTbIBaHUU
OCTaJIbHBIX. JTa 3aJjauya pelaeTcs TakuM 00pa3oM, 4TO B YCTPOICTBE pa3-
JIeNIeHUs] YacTel pakeThbl, COAEPIKaIlleM CTHIKOBOUHBIE (PUTHHTH OTAEsie-
MBIX YaCTE€HW PAKEThI, PACIOIO0KEHBI 110 INIOCKOCTU CTHIKA, TUPOITIEMEHTBI
U CPEICTBA Pa3BEACHUS pa3leiIIeMbIX YacTel, IpUUEM IO KpallHEeN Mepe
OJIHA U3 TOJIOK Ka)KJI0M CTHIKOBOYHOM Maphl BBIMIOJIHEHA C OcJabiIeHUEM,
o0ecreunBaroIuM €€ MEXaHMUECKOe pa3pylieHHe NpHU 3alleMJICHUH JaH-
HOrO (UTHHTra OT Pa3BOPOTA pa3JeNIeMbIX YacCTe OTHOCHUTENBHO OTKa-
3aBIIEro0 MHUpO3JIEMEHTA. B ycTpoiicTBe pa3nencHus CTYNEHEW paKeThl
(UTHHTY BBITIOJHEHBI C YBETUYEHHBIM IO CPAaBHEHUIO C KOHCTPYKTHBHBIM
pU HOPMAJIbHOM CpabaThIBAHUU MHPOITEMEHTOB [UIEYOM 3aIllEMIICHUS OT
JMHUYU Pa3BOpOTa CThIKA 10 Oocu nupolanemeHTa. [Ipm oTkaze omHoro us
OUPO3JIEMEHTOB OCJIA0JICHHBIE YacTH CTBhIKAa Pa3pyILAOTCs, OCBOOOXKIas
CBS3b MEXKJY pa3fiesiieMbIMHU YacTIMU pakeTbl. CpeacTBa yBoJa pa3BOAAT
4acTH pakeThl Apyr oT Apyra. OJHaKo MPU 3TOM BO3HUKAET MOMEHT, «3a-
HIEMJISIFOLIUIY» €AUHUYHBIA JIEMEHT CTBIKA M3-3a PAa3BOPOTa pa3/eiisio-
IIUXCST YacTe pakeTbl (CTyNEHeH pakeThl WIM OTIENIIeMOU MOJIEe3HOU
Harpy3ku) OTHOCUTENILHO OTKAa3aBIIETO MUPO3JIEMEHTa U, KaK CIIEACTBHE,
HOSIBJISIETCS JOTIOJIHUTENBHOE HAarpy’K€HUE 3JEMEHTOB cThika. [Ipu HOp-
MaJbHOM, 0€30TKa3HON paboTe yCTpPOWCTBA pa3leieHUs MUPOITECMEHTHI
Harpy’karTcs TOJIBKO IMPOJIOJIBHBIMHU PACTATMBAIOLIMMHU U CPE3aIOIHUMHU
YCWIMSMH OT HArpy30K, BO3HHMKAOIIMX IPH 3KCIUTyaTallMd PakeTbl Ha
3emiie U B noJsieTe. 3anac NpOYHOCTH IIPU 3TOM CYLIECTBEHHO Bble. [lpn
3aIEMJICHAN K€ CTBIKA AJIEMEHTBI CThIKA JOIMOJIHUTEIBHO HArpyXarTcs
MOMEHTOM U CHJIOHN MO OCH MUPO3JIEMEHTA CYIECTBEHHO 00Jiee BHICOKOM,
YeM YCWJIME Ha y3eJ pa3/iejeHHs PU HOpMalIbHOM, O€30TKa3HOM Harpy-
KEHUM.

Knrouesvie cnosa: oyenxa naoedxcnocmu, 06e30nNACHOCMb, UCNbIMAHUE,
@yHKYuOHUpOBAHUEe, CINAMUCMUKA.
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A method for assessing the reliability of the spacecraft
separation system from the main engine

N.I. Sidnyaev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: Sidnyaev@bmstu.ru

Separation systems are very diverse, as the Department of passive de-
sign elements can be used for all phases of flight of a spacecraft (SC):
actinomycete trajectory during the flight in orbit of artificial Earth satellite
(AES) or other bodies of the Solar system by landing on them, when fly-
ing along the trajectory of return, and a descent phase to the surface of the
Earth. The separation process is conventionally divided into direct separa-
tion (rupture of force bonds between the structural elements of the space-
craft and separation (relative motion of separated bodies. Reliability re-
quirements for the separation system in General are a set of quantitative
and (or) qualitative requirements for reliability, durability and preserva-
tion [1]. The task of the reliability study is to create a device for separating
rocket parts with the achievement of a technical result in the form of in-
creasing the reliability of the device for separating rocket parts by creating
a design of docking elements that must be destroyed when one of the py-
roelectric elements fails when the others are normally triggered. This task
is solved in such a way that in the device separation parts of the rocket
containing the connecting fittings detachable parts of the rocket, located at
the plane of the junction, pyroelement and means of cultivation of shared
parts from each other, and at least one of the shelves of each mating pair is
made with weakening, allowing its mechanical destruction due to jamming
of the fitting from turning relative to the separable parts of the failed date.
In the device of separation of stages of the rocket fittings are executed
with the shoulder of clamping increased in comparison with constructive
at normal operation of pyroelements from a line of turn of a joint to an ax-
is of a pyroelement. When one of the pyroelectric elements fails, the
weakened parts of the joint are destroyed, freeing the connection between
the separated parts of the rocket. Means of withdrawal separate parts of
the rocket from each other. However, there is a moment, "shamlawi"
a single element joint due to the reversal of separable parts of a rocket
(rocket stages or detachable payload) relative to the pyroelectric sensor
failed and as a result, an additional loading of elements of the joint. In
normal, trouble-free operation of the separation device, the pyroelectric
elements are loaded only by longitudinal tensile and shear forces from the
loads arising during operation of the rocket on the Ground and in flight.
The margin of safety is significantly higher. When the joint is pinched, the
joint elements are additionally loaded with a moment and a force along
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the axis of the pyroelectric element significantly higher than the force on
the separation unit under normal, trouble-free loading.
Keywords: reliability assessment, probability, test, operation, statistics.
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HcciienoBanue KaTaJINTHYECKOI AKTUBHOCTH MOBEPXHOCTH
KOCMHYECKOro anmnapara npu B3auMo/1eiicTBUU
C HA0eralIuM MOTOKOM

H.U. Cunnses, H.C. KitmmoBa

MI'TY um. H.D. bBaymana, Mocksa, Poccust
E-mail: Sidnyaev@bmstu.ru, natali.lesnyh@gmail.com

B pabore paccMOTpeHBl XMMHYECKHE IMPOLECCHl, MPOTEKAIOIINe
B TIPUCTEHOYHOM CJIO€ MEXKIY HAOETAIONIM ra30M U TOBEPXHOCTHIO KOC-
mudeckux anmnapatos (KA). [IpencraBnena quHamuka MoBeASHHUs] aTOMOB
npu ancopbuuu. [lokazaH mpormecc peKOMOWHAIIMM aTOMOB 4epe3 Mexa-
Hu3M Wnu — Paiinuna. IIpoBeneH aHanu3 BIMSHUS JaHHBIX TApaMETPOB
Ha MOBEPXHOCTHBIE XapPAaKTEPUCTUKU KOCMHUYECKOIo arrmapara. PeakTus-
HBIE MPOIIECCHI, BEI3BAHHBIE B3aUMOJCHCTBUEM aTOMOB U MOJIEKYJ KHCIIO-
pola ¢ AMOKCHUAOM KpPEMHHS M MarepuajaMd Ha OCHOBE JUOKCHIA
KPEMHUS, OYEHb BAXKHBI JJII MOJEIUPOBAHUS XUMHUYECKUX TMPOIECCOB
B MPOMEXKYTOUHOM CJIO€ MEXAY T'a30M MU TMOBEPXHOCTHIO KOCMHYECKUX
anmaparoB B atMocdepax 1uiaHet [1]. MexaHu3m 3aBUCUT OT KaTaJIuTHYe-
CKOW aKTUBHOCTH, KOHTPOJIUPYIOUIETO TUHAMUKY Pa3IUYHBIX XUMUYECKO-
¢buznueckux npoueccos ¢ yuactueM O u O, Ha TOBEpXHOCTH. AcopOuus
aTOMapHOro KHUCIIOPOJa Ha MOBEPXHOCTSAX JUOKCHIA KPEMHHSI B HACTOS-
niee BpeMs HeJIOCTATOYHO M3Yy4€HAa SKCIIEPUMEHTAIILHO M3-3a CIOKHOCTEN
CO3JaHUsI BAaKyyMHBIX KaMmep € JIOJDKHOM M3MEPUTENIBHOM alapaTypou,
MO3TOMY Ba)KHbl TEOPETHUYECKHE BBIKJIAJKH, MO3BOJSIOIINE HCCIEA0BAThH
npoliecchl, mpoucxondmue Ha noBepxHoctu KA. Hampumep, uccie-
JIOBaHME JMHAMUKH B3aUMOJICHCTBHSI KHUCIOPOJI — JHUOKCH]Il KPEMHHUS
MO3BOJISIET JETAIbHO M3YYUTh aTOMapHbIC SIBICHMS, JIEKAIIUE B OCHOBE
mpolecca XeMocopOIy, BKIIIOYas MPOIECCHl BO30YKIeHUST (POHOHOB Ha
MOJIOXKKE AUOKCUAa KpeMHus. [1o1poOHO M3M0KEH MEXaHU3M CTOJIKHOBE-
HUSI MOJIEKYJT (TIPSIMOTO M HEMPSIMOT'0) C MCIOJb30BaHUEM MeToja MoHTe-
Kapno u paccuuThIBaroTCs BEPOSTHOCTHBIE XapaKTEPUCTUKHU aJCOPOIHH
JUTSL pa3lInYHbIX KHHETUYECKUX SHEPrui aTOMOB KUCIOPOAa, YAapsrOIInX-
Cs 0 MOBEPXHOCTh JUOKcHa KpemHus [2]. [Ipu conocTtaBieHUn moxyyeH-
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HBIX PE3YJbTAaTOB IS ABYX MPEUIOKECHHBIX MOTMMOPQHBIX MoIupUKa-
IIUH TTOJIYYCHO aHAJTUTHYECKOE BBIPOKEHHWE IS KaTaau3aTopa, IMO3BOJIS-
IOIIEE OTPEACTUTh MOBEIeHUE MOP(HOIOTHH MOBEPXHOCTH MPH PA3IUIHON
TuHaMuKe afcopommu. Kpome Toro, paccMOTpeHbl MEXaHWU3MBI BO3ICH-
CTBUSI TIPU PA3IMUYHBIX PEAKIUSIX (POHOHOB IJIA JBYX PA3NUYHBIX TOJH-
MOpGHBIX MoAMdHUKAIMK Ha atoM Kuciopona. IIpu stom (oHOHBI MOA-
JIOKKH KOHTPOJIUPYIOT U OIpPENeNsaioT mpoiiecc aiacopouuu. BxmoueHue
(OHOHOB B pACCMOTPEHHE JWHAMUKHA B3aMMOJCHCTBHS MOJICKYJIa—
MOBEPXHOCTH SIBIISIETCS OJHUM M3 Hanboyiee NHTEPECHBIX aCIEKTOB reTe-
POTEHHBIX TPOIECCOB, KOTOPHIM YacTO HE YYHTHIBAIOT B KBAaHTOBBIX pac-
YeTax CIOXKHBIX (U3UKO-XMMHUYECKUX IPOILECCOB, B YACTHOCTH, MpPHU
MIPOCKTHPOBAHUH TEIUIO3AMIUTHBIX TIOKPHITHH KOCMHYECKOTO armapara
C BBICOKOW IK30T€PMHUYHOCTHIO MPOIECCOB ancopOimu. Heodxoaumo oT-
METHUTh, YTO DHEPTHS XEMOCOPOIMH aTOMApHOTO KHUCIOPOJIa, pa3TuJHAs
JUIS IBYX MOMUMOP(HBIX MOAU(PUKAIIUN, HA caMOM JIelie BBICOKA U B OC-
HOBHOM ITepeaeTcsi (POHOHAM KaK TEIUIOBOM ITOTOK 4epe3 IMOJIOKKY JH-
OKCHJIa KpEMHHUSI.

Knrouesvie cnoea: xocmuueckuti annapam, aocopoyus, pekomoOuHayus,
nosepxHoCmuble xapakmepucmuku, mexanusm Hnu — Patiouna, monexy-
Ja, amom.
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Investigation of the catalytic activity of the surface
of a spacecraft in interaction with the incident flow

N.I. Sidnyaev, N.S. Klimova
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The paper considers the chemical processes occurring in the wall layer
between the incident gas and the surface of spacecraft (SC). The dynamics
of the behavior of atoms upon adsorption is presented. The process of at-
om recombination through the Ili-Rydil mechanism is shown. The influ-
ence of these parameters on the surface characteristics of the spacecraft
was analized. Reactive processes caused by the interaction of oxygen at-
oms and molecules with silicon dioxide and materials based on silicon
dioxide are very important for modeling chemical processes in the inter-
mediate layer between gas and the surface of spacecraft in planetary

Huoxcenepnutii ycypnan: nayka u unnoeayuu #2-2020 215



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

atmospheres [1]. The mechanism depends on the catalytic activity that
controls the dynamics of various chemical-physical processes involving O
and O, on the surface. At present, the adsorption of atomic oxygen on the
surfaces of silicon dioxide has not been studied experimentally due to the
difficulties of creating vacuum chambers with proper measuring equip-
ment, therefore theoretical calculations are important that allow us to
study the processes occurring on the surface of the spacecraft. For exam-
ple, a study of the dynamics of the oxygen-silicon dioxide interaction
allows a detailed study of the atomic phenomena underlying the chemi-
sorption process, including the processes of phonon excitation on a silicon
dioxide substrate. The mechanism of the collision of molecules (direct and
indirect) using the Monte Carlo method is described in detail and the
probabilistic characteristics of adsorption are calculated for various kinetic
energies of oxygen atoms striking the surface of silicon dioxide [2]. When
comparing the results obtained for the two proposed polymorphic modifi-
cations, an analytical expression is obtained for the catalyst, which allows
one to determine the behavior of the surface morphology for various
adsorption dynamics. In addition, the mechanisms of action during various
phonon reactions for two different polymorphic modifications to the oxy-
gen atom are considered. In this case, the phonons of the substrate control
and determine the adsorption process. The inclusion of phonons in the
analysis of the dynamics of the molecule — surface interaction is one of
the most interesting aspects of heterogeneous processes, which is often not
taken into account in quantum calculations in complex physicochemical
processes, in particular, when designing heat-shielding coatings for
a spacecraft with a high exotherm of adsorption processes. It should be
noted that the energy of chemisorption of atomic oxygen, which is differ-
ent for the two polymorphic modifications, is actually high and is mainly
transferred to phonons as a heat flux through a silicon dioxide substrate.
Keywords: spacecraft, adsorption, recombination, surface characteristics,
1li-Rydil mechanism, molecule, atom.

References

1. Sidnyaev N.I. Investigation of the destruction of the spacecraft surface during con-
tact interaction with microparticles of the space environment. Space Research, 2018,
vol. 56, no. 3, pp. 233-242.

2. Titov V.M., Fadeenko Yu.l. Through penetration during a meteorite impact. Space
Research, 1972, vol. 10, no. 4, pp. 589-595.

216 Huorcenepuuiit scypuan: nayka u unnosayuu #2-2020



DOI: 10.18698/2308-6033-2020-2-1960

IIpumenenue meroaa Mounte-KapJio
NPHU OLlEHKe HeonpeeJJeHHOCTH U3MepeHust
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E-mail: Sidnyaev@bmstu.ru, Nikishinava@student.bmstu.ru

B cootBerctBuM co cranpaproM GUM npu OIeHKE HEONpeAeNeHHO-
CTH uU3MepeHus (QYHKIUUS pachpeeieHus IBHO He ucnoibiyercs. OaHako
crangapt ISO/IEC Guide 98-3:2008 npenycMmarpuBaeT pacueT CTaHAAPT-
HOM HEOIpPEAEICHHOCTU MO IUIOTHOCTH PACIpEACIICHHUs] BEPOSTHOCTEM,
MOJIYYEHHOM U3 paclpeereHusl 4acTOT WIH MO MPeAnoJaraéMou mioTHO-
CTU pacHpelieNIeHUus BEPOSATHOCTEM, OTpakarollell CTENEHb yBEPEHHOCTH
B MOSIBJICHUH TOTO MJIU MHOTO coObITHs [1]. DTamel TpaHcGOopMUpOBaHUs
pacnpesieieHuii U MOJMyYeHHUs] OKOHYATEIbHBIX Pe3yJIbTaTOB HE TPeOYyIOT
JOTIOTHUTEILHOU METPOJIOrHuecKoi MHGOPMAIIUU U MOTYT OBITh BBIMOJ-
HEHBI ¢ JIO00N JOMyCTUMON TOYHOCTBIO JJIsl TOCTaBleHHOW 3amaun. Kak
TOJIBKO 3Tall MOCTAHOBKHU 3a/1a4M BBINOJHEH, MIIOTHOCTh PACIpEACIICHUS
BEPOSITHOCTEH AJIs1 BBIXOJHOW BEJIMYUHBI OPMAIBHO MOJIHOCTHIO ONpe/ie-
neHa. OgHAKO BBIYMCICHHE MaTeMaTHYE€CKOrOo OKHUIAHHs, CTaHAAPTHOTO
OTKJIOHEHHS] M MHTEpBaja OXBaTa MOXET MNOTpeOoBaTh MPUMEHEHUs YHC-
JIEHHBIX METOJOB, O0JaJal0IIUX HEKOTOPOM CTENEeHbIO MNPUOIMKEHUS.
Merton Monte-Kapio sBiseTcs mpakTHYECKON aabTEepHATHBOM Crocoly
oneHku HeompeneneHHoctn o GUM. Meron umeer ocoboe 3HaUYeHUE,
KOIJa JIMHeapu3alusi MOJENU He OOecreurBaeT ee aJeKBATHOIO Mpe-
CTaBJICHUS; paclpeiesieHue BbIXOJHON BEJIMYUHBI HE MOXKET OBbITh OMKCa-
HO HOPMAJIbHBIM pacrpeesieHueM WIH MacIliTaOMpOBaHHBIM CMEIIEHHBIM
f-pacripesiefieHMeM. 3aKOoH TpaHC(GOPMHUPOBAHUS HEOINpeesIeHHOCTEN
MO3BOJISIET YYECTh HEOMPEACTICHHOCTH BXOIHBIX BEJIMYMH M BBIYUCIIUTH
CTaHIAPTHYIO HEOIPEIECIECHHOCTh OLICHKH BBIXOJHOW BEIWYMHBL. MeETo.
OCHOBaH Ha HCIIOJIb30BAHUU IJIOTHOCTEH paclpeneieHus] BEpOsSTHOCTEN
BXOJIHBIX BEJIUYMH IS MOCIEAYIOIIEro pacyera IJIOTHOCTU pacipenee-
HUS BEPOSITHOCTEN BBIXOJAHOW BenW4HUHBI [2]. B To Bpems kak it mpume-
HEHHS CTIoco0a OIIEHUBAHMS HEONPEIeIEHHOCTH CYIIECTBYIOT HEKOTOPHIE
OTpaHUYEHUs, TPaHCHOPMHUPOBAHME PpACIPEACICHUN BCErJa MO3BOJSET
MOJIYYUTh TUIOTHOCTH paclpeieeHUs] BEPOSITHOCTEM BBIXOTHON BETUYMHBI
Ha OCHOBE paclpe/esieHuil BXOAHBIX BelauuuH. [locie mosmydeHus IioT-
HOCTU paclpeiesieHus] BEPOSTHOCTEH BBIXOJHON BEIUYMHBI MOTYT OBITh
ONpEEIIEHbl MAaTEMaTU4YEeCKOE O0XHJAHUE, HCIOIb3yEMOE B KadecTBE
OIICHKU BBIXOJAHOW BEJIMYMHBI, U CTAaHJAPTHOE OTKJIOHEHUE, HCIOIb3Yye-
MO€ B KadyeCTBE CTaHJAPTHON HEONPEIEICHHOCTH 3TOW OueHKH. llnoT-
HOCTb pacHpeiesieHuss BEPOSTHOCTEH BEIMYMHBI OTPAXKAET COCTOSHUE
3HaHUil 00 3TO BEIMUYUHE, T. €. OHA YUCICHHO OIpE/eIeT CTEeNEHb J10Be-
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pUsl TeM 3HAYEHHUSIM, KOTOpble MOTYT OBITh IPUIIMCAHBI YHOMSHYTOM
BEJIMYMHE HA OCHOBE JIOCTYIHOM HH(OpMAIIHH.
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Application of the Monte Carlo method
in the estimation of measurement uncertainty

N.L Sidnyaev, V.A. Nikishina

Bauman Moscow State Technical University, Moscow, Russia
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In accordance with the GUM standard, the distribution function is not
explicitly used in estimating measurement uncertainty. However,
the standard ISO / IEC Guide 98-3: 2008 provides for the calculation of
standard uncertainty in the probability distribution density obtained from
the frequency distribution or the estimated probability distribution density,
which reflects the degree of confidence in the occurrence of an event.
The stages of transforming distributions and obtaining final results do not
require additional metrological information and can be performed with
any permissible accuracy for the problem [1]. As soon as the stage of
the statement of the problem is completed, the probability distribution
density for the output quantity is formally completely determined. Howev-
er, the calculation of the mathematical expectation, standard deviation, and
coverage interval may require the use of numerical methods with a certain
degree of approximation. The Monte Carlo method is a practical alterna-
tive to the GUM uncertainty estimation method. The method is of particu-
lar importance when the linearization of the model does not provide its ad-
equate representation; the distribution of the output quantity cannot be
described by a normal distribution or a scaled biased t-distribution.
The law of transformation of uncertainties allows taking into account the
uncertainties of the input quantities and calculating the standard uncertain-
ty of the estimate of the output quantity. The method is based on using

218 Huorcenepuuiit scypuan: nayka u unnosayuu #2-2020



DOI: 10.18698/2308-6033-2020-2-1960

the probability density of the input quantities for the subsequent calcula-
tion of the probability density of the output quantity. While there are some
limitations to the application of the method of estimating uncertainty,
transforming distributions always allows one to obtain the probability den-
sity of the output quantity based on the distribution of the input quantities
[2]. After obtaining the probability distribution density of the output quan-
tity, the mathematical expectation used as an estimate of the output value
and the standard deviation used as the standard uncertainty of this estimate
can be determined.In addition, the probability distribution density can be
used to obtain a coverage interval for the output quantity corresponding to
a given probability. The probability density distribution of a quantity re-
flects the state of knowledge about this quantity, i.e., it numerically deter-
mines the degree of confidence in those values that can be attributed to the
said quantity on the basis of available information.

Keywords: measurement, uncertainty, transformations distributions, trans-
formations of uncertainties, method of estimation, Monte Carlo method.
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YpoBHHM npeacTaBieHnsi 00pad0TKH 3HAHMH IKCIEPTHBIX
TEeXHUYECKHUX CHCTEM IPH MPOEKTHBIX OLIEHKAX

H.U. Cunnses, FO.U. byrenko, E.E. bonotoBa
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[Moanepxka MPUHSATHS PEIICHUN B CIOKHBIX CUTyallUsX HE0OXoIuMma
B PA3JIMYHBIX 00JIACTSAX aBUAPAKETOCTPOCHUS U chepax NesTeIIbLHOCTH, TIe
TpeOyIoTcsi 000CHOBAaHHBIE, JIOTUYECKU JOKa3yeMbIe apryMEHThI B orepa-
THUBHOM W CTPATErMYECKOM YIIPABJICHUU TEXHOJIOTUAMHU HA NPEANPUATHH.
[Tpu npuHATHUN pelieHU HEOOXOAUMO MPOBEACHHUE NETAIBHOTO MOJIEIH-
POBaHMS MOCIIEICTBUIA MPEANOIAra€MOro PEIICHHs], IIOUCK ONTUMAIbHOIO
MyTH JOCTHKEHUS 3aJaHHOTO pEe3yJbTara C IOMOIIBIO TEXHOJIOTHI
UMUTAIIMOHHOTO MpoekTHpoBaHus. C MOAOOHBIMU 3aJa4aMU yCIICITHO
CIIPABJISIIOTCSL  COBPEMEHHBIE CUCTEMbI HMCKYCCTBEHHOI'O HHTEIUIEKTA,
a IMEHHO JKCIIEPTHBIE TEXHUYECKHUE CUCTEMBI — KOMILIEKCHI IPOrPaMMHBIX
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CPEICTB, CIIOCOOHBIE YAaCTUYHO WJIM TOJHOCTBIO 3aMEHSTh CIICIHAIUCTa-
JKCIEepTa MpHU PELICHNH CIIOKHBIX 33/1a4 B KaKOH-1100 npeaMeTHol obia-
cti. Takue cucCTeMbl NpEJHA3HAYEHBl I NPUHATUS PELIEHUN B IpO-
OJEMHBIX CHUTyalUsAX, BO3HMKAIOIUX IPU TEXHUYECKOM TUArHOCTHKE
Y DKCIUTyaTallM¥ a9POKOCMUYECKON TEXHUKH.

SAnpom m000i MHTEIUIEKTYyalbHOW CHCTEMBI SIBJsieTCs 0a3a 3HaHWA,
KOTOpasi ONMCHIBACT ONpEJENICHHYIO MpeaMeTHyI0 obnacte. [Ipencrasie-
HUE 3HAHUH B CUCTEMaX MCKYCCTBEHHOI'O MHTEIIEKTA — 3TO HE TOJIBKO
(GyHIaMEHTaJIbHOE TOHATHE, HO M pElIAaloIlUi acleKT MX pa3paboTKH.
[IpencraBinenue 3HaHUKA — OJTHO W3 HAMNPABJICHUW B HMCCIEAOBAHUAX I10
HCKYyCCTBEHHOMY MHTEJUICKTY, U3y4arollee CrocoObl OMMCAaHUs 0OBEKTOB
peanbHOro Mupa. Mojenu npeacTaBieHus: 3HaHUM MO3BOJISIOT EPEBECTU
MAaCCUBHYIO MH(OPMAINIO, XPAHSLIYIOCS B BUAC YEPTEKEN U TOKYMEHTOB,
B aKTHBHBIA HH(DOPMALIMOHHBINA pecypc. Bbeibop npaBuinbHOM Moaenu 3Ha-
HUS B DKCIIEPTHBIX CUCTEMaX MIPAET BAXKHYIO POJIb HA CTaJAUU NPOEKTH-
pOBaHUA U B OOJNBIIMHCTBE CIy4aeB CTAHOBUTCA OCHOBOM BbIOOpa MOJIXO-
Jla K pELICHUIO TOW WM MHOM 3a1a4yu. Ha ceronHsImHnii 1eHb CyIecTByeT
HECKOJIbKO PA3JIMYHBIX MOJENeH MpeacTaBiIeHUs 3HaHWM: (peimsbl, ce-
MaHTHYECKHE CETH, NPOAYKIMOHHBIE MOJEIH, JIOTHKa NpeaukaToB. Kax-
Jlasi MOZIeSIb UIMEET CBOU IPEUMYILECTBA U HEAOCTATKU, IOITOMY MOAOH-
paercs WHIMBHLYAIBHO B 3aBUCUMOCTH OT IIOCTaBJICHHBIX 3aaad.
AKTyanbHOH M TNpPaKTUYECKH 3HAUMMOM 3ajaueil SBISIETCS MOCTPOCHHE
UH(QOPMALIMOHHON CTPYKTYpBI Ul TPEICTAaBICHHUS IAaHHBIX B 00JacTu
ABUAKOCMUYECKOT0 IMpHOOpPOCTpOCHHs, KOoTopas obecrnedut 3(QeKTun-
HYI0 pabOTy 3KCIEPTHOM CHCTEMBI B PELICHUH CIOXKHBIX 3aJ]1a4, CBSI3aH-
HBIX C KOHCTPYKTMBHBIMHU DJIEMEHTaMU JIETATCIIBHBIX anmnaparoB. Takon
MOJIETIbIO SIBJISIETCSI UHTEIPUPOBAHHAS MOJIEb MPEACTABICHUS 3HAHUN —
abcTpakTHasi Hepapxuyeckas CTPYKTypa, oObeauHsomas rpadoByio
CTPYKTYDY, Pppeiimbl u npeaukartsl [1]. s peanuszanuu nogo0HOM CTPyK-
TYpbl JaHHBIX TpeOyeTcs NpUHUMATh BO BHUMAaHHUE U MPEIUKATHBIE CUM-
BOJIbI, KOTOpbIE OOECIEUYMBAIOT ONUCAHHUE CYIIHOCTH, MpEICTaBICHHON
B JJaHHOM cTpykType. Takas cTpyKTypa J0JKHA rapaHTUPOBATh HEMPOTH-
BOPEYMBOCTh OMHUCAHUN C OOBEKTAMHU W WX OTHOUICHUSMHU B pealbHOM
IIPOM3BOJICTBE, COXpaHssl COOTBETCTBHE C OIMCBHIBAEMBIM TEXHOJIOTHYE-
ckuM mporeccoM. [lanHas Mozenb obecrieduT Hambosiee PPEKTUBHYIO
paboTy SKCIepTHOW CHCTeMBI B OOJIACTH aBUAKOCMHMYECKOIO HpUOOpO-
CTPOEHHUS.

Knrouesvie cnoea: 6aza 3Hanuil, 3KCnepmHas cucmemd, iemamenbHbvili
annapam, KOHCMPYKYUsl, 3HAHUA.
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Levels of representation processing of knowledge
of expert technical systems at design estimations
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Decision-making support in complex situations is needed in various
areas of aircraft engineering and areas of activity where reasonable, logi-
cally provable arguments are required — in operational and strategic man-
agement of technologies at the aviation enterprise. In the decision-making
process it is necessary to conduct detailed modeling of the consequences
of the proposed decision, search for the optimal way to achieve the desired
result using simulation technologies. Modern artificial intelligence sys-
tems successfully cope with such tasks, namely expert systems — com-
plexes of software that can partially or completely replace an expert in
solving complex problems in any subject area. Such systems are designed
for decision — making in problem situations arising in the diagnosis and
operation of aerospace equipment.

The core of any intelligent system is a knowledge base that describes
a specific subject area. The representation of knowledge in artificial intel-
ligence systems is not only a fundamental concept, but also a crucial as-
pect of their development. Knowledge representation is one of the areas in
artificial intelligence research that studies ways to describe real-world
objects. Knowledge representation models allow you to translate passive
information stored in the form of drawings and documents into an active
information resource. Choosing the right model of knowledge in expert
systems is important, and in most cases becomes the basis for choosing an
approach to solving a problem.Today there are several different models of
knowledge representation: frames, semantic networks, production models,
predicate logic. Each model has its advantages and disadvantages, so it is
selected individually depending on the tasks. An actual and practically
significant task is to build an information structure for the presentation of
data in the field of aerospace instrumentation, which will ensure the effec-
tive operation of the expert system in solving complex problems associat-
ed with the structural elements of aircraft. Such a model is the integrated
model of knowledge representation-an abstract hierarchical structure that
combines graph structure, frames and predicates [1].To implement such
a data structure, you must also take into account the predicate symbols that
provide a description of the entity represented in the structure. Such struc-
ture should guarantee consistency of descriptions with objects and their
relations in real production, keeping conformity with the described techno-
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logical process. This model will provide the most efficient operation of
the expert system in the field of aerospace instrumentation.
Keywords: knowledge base, expert system, aircraft, construction, knowledge.
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[IpuBeneHb! peKOMEHIaluu 10 JOTIOJIHEHNUI0 CUCTEMbl BUOPAIIMOHHO-
ro MOHHTOPHMHIA JUIsl PELICHHs 3aJad JUArHOCTHUKH, MPOTHO3UPOBAHMS
Y 3aIUThl C HOBBIMU MHHOBAIIMOHHBIMH PELICHUSIMH, 00€CIIeUNBAIOIIUMU
MOBBILIEHHE JOCTOBEPHOCTH IMArHOCTHPOBAHMS W 3aIIMTHl 000pYIO0Ba-
Hus. [IpennokeHHble penieHus MO3BOJIAIOT KPOME OLIEHOK TEKYLIETro COo-
CTOSIHUA arperara 1o pe3yJjbTaTaM M3MEpEHUs] UHTEHCUBHOCTU BUOpaluu
OIICHUTH CTETICHb M3HOCA M YYECTh BIMSHHE TAKOTO M3HOCA M Je(EKTOB
B paboTe MHOTOYpOBHEBOI CHCTEMbI aBTOMaTHUECKOM 3alIUThHI arperara.
Knrwuesvie cnosa: subpayus, 3auuma, MOHUMOPUH2, OUACHOCIMUKA, NPOSHO-
3UpoBaHue, pe3epeuposaniie, YCmaioch, USHOC, OI00MCemHOoe peuleHue.

Vibration strength

0.B. Skvorcov *?

'IMASH RAS, Moscow, Russia,
2STC “Zavod Balansirovochnykh mashin”, Moscow, Russia
E-mail: skv@balansmash.ru

Recommendations are given on supplementing the vibration monitor-
ing system for solving the problems of diagnostics, forecasting and protec-
tion with new innovative solutions that provide increased reliability of
diagnosis and equipment protection. The proposed solutions allow, in
addition to assessing the current state of the unit from the results of meas-
uring the intensity for vibration, to assess the degree of wear and take into
account the effect of such wear and defects in the operation of a multi-
level system of automatic protection for the unit.

Keywords: vibration, protection, monitoring, diagnostics, forecasting,
redundancy, fatigue, wear, budget solution.
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HccnenoBanue MexaHM4eCKUX CBOWCTB
AMJIATAHTHOM YIIPYTOBA3KOIUIACTUYHOM KUAKOCTH
HAa OCHOBE MOJMCHIMKOHA

E.B. CnaBkuna, M.B. Actaxos
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PaccMoTpeHbI TepCreKTHBBI CO3/1aHusT KOMOMHUPOBAHHON adanTUBHOU
KOHCTPYKLHMH HAa OCHOBE KOMIIO3UTHBIX MAaTE€pUAJIOB, C BHYTPEHHUM 3aIl0JI-
HEHUEM JWIATAHTHOW YINPYTOIUIACTUYHOM XUAKOCTBIO I TOBBIIICHHUS
CTOMKOCTH KOHCTPYKIIMH K YAApHBIM Harpy3kam. Y CTAHOBJIEHO, YTO YIIPYIO-
IUIACTUYHAs KUJIKOCTh B MOMEHT yJapa IPEBpPAIAETCs B MECTe ynaapa
B TBEPJOE YNPYroe BEIIeCTBO, T. €. AedopMaiys B TEYCHHE KOPOTKOTO
IIPOMEXYTKa BPEMEHHU JIMHEWHO 3aBUCHUT OT BHEWHUX cui. [IpoBeneHbl
AKCIIEPUMEHTAILHBIE UCCIIEOBAHMS Ha yap CBOOOIHO MaJaroIuM IPy30M
Ha [MJIMHIPUYECKH oOpaszer] monucwivkoHa. OmnpeneneHo W3MEHEHHe
reoMeTpUYecKoi (HOpMBbI AUITATAHTHOU KUKOCTH MIPU yAape CBOOOIHO Ia-
Jarouiero mapa. Ha ocHOBe TeopuM ynpyrocTd ONpeesIeHb] NIPEeaei Mpoy-
HOCTH, MOJYJIb MPOAOJIBHOW M MONEPEYHON YHPYrocTH, KO3(pQHUIMEHT
Ilyaccona npu 1elCTBUM YIapHOW HArpy3KH Ha MOJMCUIMKOH.

Knrouesvie cnoea: ounamanmuas dHCuOKoCmb, YNPY208A3KONIACMUYHAS
AHCUOKOCMB, AOANMUBHASL KOHCMPYKYUS, NOBbIUUEHUE YOaponpouYHOCHU,
yoapHas HazpysKa.

The research of the mechanical properties
of dilatant visco-elastic fluid based on polysilicon

E.V. Slavkina, M.V. Astakhov

Bauman Moscow State Technical University, Kaluga branch, Kaluga, Russia
E-mail: e.v.slavkina@gmail.com, mvastahov@gmail.com

The perspectives of creating a combined adaptive structure based on
composite materials with internal filling with a dilatant elastoplastic fluid
to increase the resistance of the structure to hit loads are considered. It has
been established: an elastoplastic fluid at the moment of hit turns into
a solid elastic substance at the point of hit, i.e. deformation over a short
period of time linearly depends on external forces. Experimental studies
on the hit of a freely falling load on a cylindrical polysilicon sample were
carried out. The change in the geometric shape of the dilatant fluid upon
hit of a freely falling ball is determined. Based on the theory of elasticity,
the ultimate strength, the modulus of longitudinal and transverse elasticity,
and the Poisson's ratio under the action of an hit load on a polysilicon are
determined.

Keywords: dilatant fluid, visco-elastic fluid, adaptive design, increased hit
resistance, hit load.
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Ob6ocHoBaHue BLIOOpA MapaMeTPOB I'UAPoO-
M MHEeBMOTACHUTeJIed KOJICOAHUN MOJIBUKHOI0 COCTABA

JILA. Crmanxoa, H.C. JlaBmuHckas

Poccuiickuit yausepcuret Tpancnopra (MUNT), Mocksa, Poccust
E-mail: rich.cat2012@yandex.ru

Jnis obecriedeHus mokaszareseil KoM(OPTHOCTH U O€30MacHOCTH Tepe-
JIBIKEHUS TTACCAXKUPOB M TPY30B JKEJIE3HOIOPOKHBIM TPAHCIIOPTOM TIPE.I-
JIOKEHA HayYHO 0OOCHOBaHHAs M SKCIIEPUMEHTAILHO MOATBEPKICHHAS Me-
TOJMKA BBIOOpA PAIMOHAIBHBIX MApaMEeTPOB THIPABIMUYECKUX TacUTENIeH
Konebanui. Vcrons3yemple METOIbI UCCIIEOBAaHUI OCHOBAHBI HA CHCTEM-
HOM aHajn3e MH(POPMAIIUHU 110 HApPaBIEHUIO UCCIICOBAHUA, MaTeMaTHye-
CKOM MOJETHPOBAaHUN (DU3UYECKUX MPOIECCOB B3aMMOJICHCTBUS Kojeca
C PETbCOM, YUCIIEHHOM JKCIEPUMEHTE, 3aKOHaX TEOPETUYECKOM MEXaHH-
ku [1, 2]. UccnenoBano n3MeHEHNE aMIUTATY/ bl KOJe0aTeTLHOTO Mpolecca
MIPH TIOTIEPEYHOM M BEPTUKAILHOM PACIIOIOKCHHUH THAPABINYCCKUX TacH-
Teneil. BBeneHHbIe B pacueTax AOMYIICHUS O MPONOPLUUOHATBLHOCTU PeaK-
[IUA OT B3aMMOJICHCTBUS KOJIECHOU Maphl C PEIbCOM U MPOTHOa TO3BOJIAIN
MOJIYYUTh PE3YJIbTAThI, COOTBETCTBYIOIINE JECUCTBUTEIBHBIM C BBICOKOM
CTEMEHBIO JIOCTOBEPHOCTU. PacueTHbIe BEIMYMHBI CHJIOBBIX BO3JCHCTBUUI
Ha MOJIBUYKHOM COCTaB COOTBETCTBYIOT PEATIbHBIM.

[To pesynbratam uccnenoBaHuil pa3paboTaHbl TUHAMHYECKasT MOJIEIhb
U METOJIMKA OIICHKU KOJIeOATeTbHBIX MPOIIECCOB, MPOUCXOSAIINX TIPH TIe-
peMeNIeHnr TOABMKHOTO cOocTaBa Mo myTH. Ha ocHoBe pa3paboTaHHOM
MOJEJIM U MPOBEACHHOTO YUCIEHHOIO IKCIIEPUMEHTA MPEJJIOKEeHA MpaK-
TAYECKasl peain3alusi B BUJE PEKOMEHAIMN 1O BHIOOPY parmOHAIBHBIX
napamMeTpoB TUPOracuTeNe NOIBUKHOIO COCTaBA.

Knrouesvie cnoea: nodsudsicnoii cocmas, KoneOAHUs, 2UOPABIUYECKUL
2acumenb Ko1eOanul, Mooenuposanie, mexHuieckoe peuletue.
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The justification for the choice of parameters of hydro-
and pneumatic oscillations of sladkov's rolling stock

L.A. Sladkova, N.S. Lavlinskay

Russian University of Transport (MIIT), Moscow, Russia
E-mail: rich.cat2012@yandex.ru

In order to ensure the comfort and safety of the movement of passen-
gers and cargo by rail, a scientifically sound and experimental method of
choosing rational parameters of hydraulic extinguishers has been proposed
by rail. The methods of research used are based on system analysis of
information on the direction of research, mathematical modeling of physi-
cal processes of interaction of the wheel with the rail, numerical experi-
ment, foundations of theoretical mechanics [1, 2]. The change in the am-
plitude of the vibrational process in the transverse and vertical position of
hydraulic extinguishers has been investigated. The assumptions introduced
in the calculations about the proportionality of reactions from the interac-
tion of the wheel pair with the rail and the bend, allowed to obtain results
corresponding to the actual with a high degree of confidence. Estimated
magnitudes of force on the rolling stock correspond to real.

Based on the results of the studies, a dynamic model and a method of
assessing vibrational processes that occur when rolling stock moves along
the way has been developed. On the basis of the developed model and the
numerical experiment, practical implementation is proposed in the form of
recommendations on the choice of rational parameters of rolling stock hy-
drogas.

Keywords: rolling stock, vibrations, hydraulic oscillation extinguisher,
modeling, technical solution.
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O HOBOM cnioco0e onucaHus 00JbIINX MOBOPOTOB B BH/Ie
KOMOMHAIIMU CKAJISPHOH U BEKTOPHOM COCTABJISAIOIINX

®.J[. Copokun

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mails: orokinfd@bmstu.ru

[pennoxxeH HOBBIM CrIOCOO OMMCAHUS BpALICHUS PA3IMYHBIX JIETaNICH
(BasioB, KoJIeI| MOIIMITHUKOB, 3yOUaThlX KOJEC U T.II.), MpeAHA3HAYECHHbIH
JUISl IPUMEHEHUs! B 3a7a4ax POTOPHON TUHAMHKHU. Llenbro paboThl sBIsieTcs
npeosiofieHne mpoOsieMbl 0COOBIX YINIOB. TpexMepHoe BpallleHHe paccMmar-
pHBaeTcs Kak KOMOMHAIHS IBYX MOCIIEI0BATENbHBIX TOBOPOTOB: MEPBbIA —
BOKPYT HEMOJBIKHOM OCH (OCh pOTOpa B UCXOJHOM COCTOSIHMH), BTOPOH —
BOKPYTI' OCH, NEPIECHAUKYJSIPHON NMpeablayiei. BTopoil moBopoT 3amaercs
BEKTOpOM Oilsiepa, COCTaBIEHHBIM BCETO W3 JABYX NPOEKLMH, TaK KaK €ro
NPOEKLKS Ha OCh MEPBOr0 MOBOpOTa paBHA HyJ 0. OOIiee KOJIUYECTBO KH-
HEMATUYECKUX MapaMeTPOB OCTAETCSl PaBHBIM TPEM, KaK U B KJIACCHYECKOM
cllyyae, OJIHAKO NPEAJIOKEHHBIN CII0cO0 HE MPUBOAUT K BBIPOXKIEHHBIM KU-
HEMAaTUYECKUM YpPaBHEHUSIM IIPU YCIOBUM, YTO BTOPOI MOBOPOT HE MPEBbI-
maet 3HayeHus 360°. [locnenHee orpaHnyeHre B pOTOPHOW JTUHAMUKE BbI-
HOJHSACTCSl MPAaKTUYEeCKH BCErja, IO3TOMY pa3paboTaHHBIA  croOco0
PEKOMEHTyeTCsl UMEHHO JUI 3a7ad poTOpHOM nuHaMuku. [IpuBenens npu-
MEPBI, WJUTIOCTPUPYIOIME HOBbIE KUHEMAaTHUECKUE YPABHEHMS.

Kniwoueswie cnosa: donvuiue nogopomul, KuHemamura, pomopHas OuHa-
MUKa, meH3op nogopoma, men3op Kununa.

On a new way of describing large rotations in the form
of a combination of scalar and vector components

F.D. Sorokin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: sorokinfd@bmstu.ru

A new method for describing the rotation of various parts (shafts,
bearing rings, gears, etc.), intended for use in the problems of rotary dy-
namics, is proposed. The goal is to overcome the problem of special an-
gles. Three-dimensional rotation is considered as a combination of two
consecutive rotations: the first-around a fixed axis (the axis of the rotor in
the initial state), the second-around an axis perpendicular to the previous
one. The second rotation is given by an Euler vector consisting of only
two projections, since its projection on the axis of the first rotation is zero.
The total number of kinematic parameters remains equal to three, as in the
classical case, but the proposed method does not lead to degeneration of
kinematic equations provided that the second rotation does not exceed
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360°. The last limitation in rotary dynamics is almost always fulfilled, so
the developed method is recommended for rotary dynamics problems.
Examples are given to illustrate the new kinematic equations.

Keywords: large rotations, kinematics, rotor dynamics, rotational tensor,
Zhilin tensor.

Pacuyer HanpsizkeHHO-1e()OPMUPOBAHHOIO COCTOSTHUS
BHUTOM TPYOKHM € 3JVIMNITUYECKUM MONEPEYHbIM CeYeHUeM

A.I'. Copokuna

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: sorokinaag@bmstu.ru

PaccMaTpuBaeTcsl TeIMKOUIAIBHO CHMMETpHUHas (BHTas) TpyOka
C DJUIMNTUYECKAM TOMEPEUYHBIM CCUCHHUEM, HArpy)KEHHas BHYTPCHHUM
nasyienueM. HanpspkeHHO-1epOpMHUPOBaHHOE COCTOSHUE TPYOKU paccuu-
THIBAETCS COYETAHUEM METOJa KOHEYHBIX PA3HOCTEH M DHEPreTHUECKOTO
MmeToza. [Ipon3BomHbIE 1O KOHTYPHOH KOOpAWHATE 3aMEHSIOTCS KOHEY-
HBIMHU Pa3HOCTSIMU. [IpOM3BOHBIE TIO BUHTOBOM (IIPO/I0JIEHOM) KOOPIUHA-
TE JUIS CKAISAPHBIX BEJIMYMH PaBHBI HYJIIO, JJISI BEKTOPHBIX — CBOJSTCS
K BEKTOPHOMY YMHO)KEHHIO Ha BEKTOp KpyTKH. C TOMOIIBIO YKa3aHHBIX
OlepaIii BBIYHUCIISIOTCS TMapaMeTpbl MEPBOM W BTOPOM KBaJPaTHUYHBIX
dopmM, uepe3 KOTOpbIE HAXOIATCS SHeprus aehopMaldii U MOTEHIIAI
BHYTPEHHETO JaBiicHus. Her3BecTHbIC TIepeMeliieHusl, 3a1aBaeMbie B Ha0O-
pe TOYEK KOHTYpPa, HaXOJATCS MUHUMHU3AIUEH TOJTHOTO MOTEHIIMAIa MeXa-
HUYECKON cucTeMbl. [IpuBeneHbl pe3ysibTaThl YHCICHHOTO pacyueTa IMpH
Pa3IUUHBIX COYCTAHUSAX PA3MEPOB U JIABJICHUSL.
Kniwouesvie cnosa: cenuxoudanvnas cummempus, KOHEYHble PA3HOCMIU,
obonouxa, snepaust Oeghopmayuil.

Calculation of the stress-strain state
of a twisted tube with an elliptical cross-section

A.G. Sorokina

Bauman Moscow State Technical University, Moscow, Russia
E-mail: sorokinaag@bmstu.ru

A helicoidally symmetric (twisted) tube with an elliptical cross-
section loaded with internal pressure is considered. The stress-strain state
of the tube is calculated by a combination of the finite difference method
and the energy method. The contour coordinate derivatives are replaced by
finite differences. Derivatives on screw (longitudinal) coordinate for scalar
quantities are equal to zero, and for vector are reduced to vector multipli-

Huoxcenepnutii ycypnan: nayka u unnoeayuu #2-2020 227



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

cation on a twist vector. With the help of these operations, the parameters
of the first and second quadratic forms are calculated, through which the
deformation energy and the internal pressure potential are found. The un-
known displacements given in the set of contour points are found by min-
imizing the full potential of the mechanical system. The results of numeri-
cal calculation for different combinations of sizes and pressures are
presented.

Keywords: helicoidal symmetry, finite differences, shell, strain energy.

Ananranus NPOMe:KyTOYHOM aTTecTaluu
YPOBHS 3HAHMI CTY/ICHTOB K COBpPEeMEHHOM
HHG(OPMALTMOHHO-COLUAJIBLHOM cpeje

K.A. Ctuxuo

MI'TY um. H.D. baymana, Mocksa, Poccust

B ycnoBusx OypHOro pa3BUTHS M IIUPOKOTO HCIOIB30BaHUS CTYICH-
TaMH COIMAJBHBIX CETEW, ISl TOr0 4YTOOBI 0OecrednTh YPPEKTHBHOCTD
POMEXXYTOYHOW aTTeCTallU, MPUXOANUTCS YUUTHIBATH 3TH HOBBIE TEXHO-
JIOTHYECKUE BO3MOXKHOCTH M HMCKAaTh HOBBIE KPUTEPUH OICHKH 3HAHHM
CTy/IeHTOB. PaccMaTpuBaroTCsi BO3MOXKHBIE MApaMeTpbl U METOAMKA HX
OLIEHKH, MPOOJIEMBI UICHTH(PHUKAIIMN aBTOpa M pacyeTa BKJIaJla CTyIeHTa,
BO3HMKAIOMIME MPU 3alUTE 3a0YHO BBINOJIHAEMBIX HWHIMBHIYAIbHBIX
3aJjaHMid, ¥ X BO3MOXKHBIC PEIIEHUs, a TaKKe HOBBIE (OPMATHI OUHOM
POMEXYTOYHOU aTTeCTallui M UX OTPaHUYCHUSL.

Adapting intermediate students’ attestation
to the recent level of social media
and networking communication

C.A. Stikhno

Bauman Moscow State Technical University, Moscow, Russia

In the circumstances of wide spreading of different social networks
among students it’s vital to maintain an adequate level of intermediate
attestation in order to understand actual level of student’s knowledge.
Various parameters and means of their estimation are considered. Author
identification problem and possibilities and restrictions in distance or
internal tests are discussed.
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YcroituuBocTh 1o SIko0U ynpasisieMbIX JHHAMUYECKHUX
CHCTEM M BOCCTaHOBJIeHHE KOG PUUUEHTOB 00paTHOI
CBSI3M € MCII0JIb30BAHNEM I'HOPUIHBIX AJTOPUTMOB

A.B. Cymumos, I1.M. [llkanos

MI'TY um. H.D. baymana, Mocksa, Poccust
dmwman MI'Y um. M.B. Jlomonocosa B 1. CeBacrorone, Poccust
E-mail: spm@bmstu.ru

D¢ PeKTUBHBIM MaTEeMaTHYECKUM METOJIOM HUCCIEIOBaHMS JHUHAMUYC-
ckux cucteM sBisercs teopus Kocambu—Kaprana—Uepna (KKY). Ilpu
UCTIOJIb30BaHUM 3TOTO TOAXO0/Ia BOIIOIUIO JUHAMUYECKON CHCTEMBI OIH-
CBIBAalOT B COOTBETCTBYIOIIMX I'€OMETPUUECKUX TepMuHax. C 1enpio reo-
METPHU3AIUH IBOJIOIIUH CHCTEMBI BBOJISTCSI HEIMHEWHASI CBSI3HOCTh U CBSI3-
HOCTh THINa bepBanbaa, cBs3aHHBIE C cucTeMod AudQepeHITraTbHBIX
ypaBHEHH BTOPOTO MOPSIKA. ITO JaeT BO3ZMOKHOCTD IOJyYUTh TISITh T€0-
MeTpuueckux uHBapuaHTtoB Teopur KKY. Bropoli nHBapuaHT (Taxke
Ha3bIBAEMbI TEH30POM KPUBU3HBI OTKJIOHEHHSI) OTPEICISIET YCTOMUNBOCTh
cucremsl 1o fkodu. Ilpeamonaraercs, 4to MpUOTMKEHHBIE COOCTBEHHBIE
3HAYCHHUsT BTOPOTO WHBApUAHTA HAWICHBI U3 PE3yJIbTATOB JKCIIEPUMEHTA
U TIOCTIe Y FOIIeH KOMIIbIOTepHOU 00paboTk. COOTBETCTBYIOIIAsT OOpaTHAs
3a7ja4a Ha COOCTBEHHBIC 3HAYCHUS (DOPMYIIUPYETCS TaK: HAMTH CBOOOHbIC
napaMeTpbl CUCTEMBI TI0 HETOYHBIM KOCBEHHBIM (TIOJTYYECHHBIM NP H3ME-
peHusix) maHHbIM. KputepuanbHas (QyHKIUS 3324l CTPOWTCS HA OCHOBE
CpaBHEHUS JIBYX CIIEKTPOB: MOJIYYCHHOTO W3 KCTIICPUMEHTA M HAIEHHOTO
U3 pEIICHUs] TPSAMOH 3a7aud Ha COOCTBEHHBbIC 3HAueHHs (JJIsI BTOPOTO
WHBApUAHTA, 3aBUCAIIETO OT TEKYIIUX CBOOOIHBIX MapaMETPOB CHCTEMBI
Kak mepeMeHHbIX). [Ipu pemennn paccmaTpuBaeMon oOpaTHOW 3a1adMl Ha
COOCTBEHHBIC 3HAYCHUS HCIIOJB3yeTCS ONTHMH3AIMOHHBIA Toaxom. W3-
BECTHO, YTO OOpaTHBIE 3a/1a4i OOBIYHO OTHOCSTCS K KJIacCy HEKOPPEKTHO
MIOCTaBJICHHBIX, IIPU 3TOM METO]I PeTyJsipu3auui THUXOHOBA SIBIISETCS CTaH-
JApTHBIM IS TTOJTyYeHHs] KOPPEKTHOM MOCTAaHOBKM 3aauu. Tak Kak dKcrie-
pUMEHTANIbHbIE JAHHBIE SBJISIIOTCS HETOUHBIMU M HETOJHBIMH, & COOCTBEH-
HbIE CIIEKTPBI B O0ILIEM CITyyae COAEpKaT KpaTHble COOCTBEHHbBIE 3HAUEHMUS,
TO KpUTepHasibHasi (PyHKIUS B OOLIEM CIydae UMEET JIOKAIIbHbIE MUHUMY-
MBI U HE sBIIsieTCs Beroay nuddepenupyemoit. CremoBaTenbHO, HEOOXO-
JUMO HCTIONB30BaTh METONbI Tio0ampHOU HemuddepeHmpyeMoit onTu-
muzaiuu. [lpeioskeHsl JBa OpUTHHAIBHBIX THOPUIHBIX —aJIrOpuUTMa
MI00ATEHON ONTHUMH3AIUH, OOBEIUHSIIONINX CTOXaCTHUYECKUA KPaTHBINA all-
TOPUTM CTOJIKHOBEHMS YacCTHIl C LIEHTPAJIM30BaHHON BHIOOpPKOM (JI1s cKa-
HUPOBAHUA MPOCTPAHCTBA MOUCKA) U JIE€TEPMUHHPOBAHHBIE METOJbI (IS
JIOKaJIbHOTO CITycKa). B mepBom anroputrme ajsl JIOKaJIbHOTO MOMCKA HC-
MOJIB3YETCA METOJI KPUBOM, 3aIOJIHSIOMIEH MNpOCTpaHCTBO. Bo BTOpoM
ITOPUTME JIOKAJIbHBIN MOUCK peann3yeTcsl cUMIUIeKc-MeToaoM Hemnepa—
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Mupna 6e3 wucmnonb3oBaHUS NPOM3BOIHBIX. [IpencTaBieHbl pe3ynbTaThl
YCIEUIHBIX BBIYUCIUTENBHBIX AKCIEPUMEHTOB 10 BOCCTAHOBICHHIO KO-
(buIeHTOB 00paTHOM CBS3M AJUTUNTUYECKOTO MAasTHUKA C YIPABICHHEM.
[Tonxon mMoxeT OBITH MCIONB30BaH AJISl Pa3pabOTKU MaTeMaTHYECKUX MO-
Jeneil U aHalu3a YCTOWYMBOCTH YHPABISIEMBIX JAMHAMUYECKUX CHUCTEM
B paMkax teopun KKY.

Knrouesvie cnosa: ounamuueckas cucmema, ycmoudugocmos no AHxkobu,
eeomMempuyecKull UH8apuUanm, oopamuas 3adaqa, 2100a1bHas ONMUMU3aA-
yus, 2UOPUOHDILL AI2OPUMM, ITUNMUYECKUL MASTMHUK.

Jacobi stability of controllable dynamical systems
and restoration of feedback gains using hybrid algorithms

A.V. Sulimov, P.M. Shkapov

Bauman Moscow State Technical University, Moscow, Russia
Lomonosov Moscow State University Branch in Sevastopol, Russia
E-mail: spm@bmstu.ru

An effective mathematical method for the study of controllable dy-
namical systems is represented by the Kosambi—Cartan—Chern (KCC)
theory. In this approach they describe the time evolution of a system in
corresponding geometric terms. On the purpose to geometrize the evolu-
tion of the system a nonlinear connection and a Berwald type connection
(associated with a system of second order differential equations) are intro-
duced. This makes it possible to obtain five geometrical KCC-invariants.
The second invariant (also named curvature deviation tensor) determines
the Jacobi stability of the system. It is supposed that the eigenvalues of the
second invariant are known approximately from experiment and computer
processing. The corresponding inverse egenvalue problem is formulated as
follows: to find free parameters of the system from inaccurate indirectly
measured data. The error function of the problem is constructed on base of
comparison of two spectra: one from experiment and one from solving
the direct eigenvalue problem (for the second invariant depending on cur-
rent free parameters as variables). The optimization approach is used to
solve the inverse eigenvalue problem in hand. It is well-known that in-
verse problems are generally ill-posed, so the Tikhonov regularization
should be implemented in order to reformulate the problem into a well-
posed statement. As the experimental data are inaccurate and incomplete,
and the eigenvalue spectrua may contain multiple eigenvalues, the error
function in general case has local minima and is not everywhere differen-
tiable. So it is necessary to use global non-differentiable optimization
methods. Two novel hybrid global optimization algorithms that combine
the stochastic Central Based Multi-Particle Collision Algorithm (for scan-
ning the search space) and deterministic methods (for local searching) are
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introduced. Space-filling curve method is inserted during the local search
in the first algorithm. The second algorithm implements the local search
procedure by use of the derivative-free Nelder—-Mead simplex method.
Results of successful computational experiments on restoration of feed-
back gains of the controllable elliptic pendulum system are presented. The
approach may be used for developing mathematical models and stability
analysis of controllable dynamical systems in the framework of the KCC
theory.

Keywords: dynamical system, Jacobi stability, geometric invariant,
inverse problem, global optimization, hybrid algorithm, space-filling
curve, elliptic pendulum.

BoccranoBiieHue mapamMeTpoB ynpaBJisieMoil
AMHAMMYECKON CHCTEeMbl, HEYCTONYUBOM 10 SAxoou,
C HCIO0JIb30BAHMEM IMOPUAHBIX AJITOPUTMOB

B.J. Cymumos, I1.M. IlIkanos

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: spm@bmstu.ru

[Tonxon Ha ocHoBe Teopun Kocambu — Kaprana — Yepna (Teopun
KKY) sBnsercst 3¢ (PEeKTUBHBIM MaTEMAaTHIECKUM METOAOM HCCIICTOBAHUS
yOpaBlsieMbIX JUHAMUYECKUX CUCTEM. BBelieHHe HEeIMHEMHON CBS3HOCTH
U CBSI3HOCTU TUNa bepBanbia 1aeT BO3MOXKHOCTH ONKCHIBATH CBOMCTBA
CUCTEMBI B TEpMUHAX ISITU T€OMETPUUECKUX MHBapUaHTOB. BTopoii nupa-
puaHT (Ha3bIBaeMbIi TaKKe TEH30pPOM KPUBHU3HBI OTKJIOHEHUS) XapakTe-
pHU3yeT YCTOMYMBOCTh CHCTEMBI 110 SIkoOu. Bo MHOTHX ciyyasx mpuMeHe-
aue teopun KKUY tpeOyer penyknuu ypaBHEHHH SBOJIIOLUU CHCTEMBI
K CHCTEeME HEJTMHEWHBIX AudQepeHIraibHbIX YpaBHEHUI BTOPOroO MOpsi-
Ka. JTO MO3BOJISIET ONPEACIUTh B IBHOM BUE TEH30p KPUBHU3HBI OTKIIOHE-
HUSI 1 COOTBETCTBYIOIIMH CHEKTP COOCTBEHHBIX 3HAYEHUH, KOTOpPBIEC 3aBU-
CST OT CBOOOJIHBIX MTapaMETPOB TMHAMHUYECKON cucTeMsbl. [Ipearnonaraercs,
YTO yKa3aHHble COOCTBEHHbIC 3HAUEHHS] MOTYT OBbITh MOMY4YEHBI MPUOIH-
KEHHO U3 Pe3yJIbTaTOB HKCIEPUMEHTA C MOCIEAYIOUIeH KOMITBIOTEPHOM
o06paboTkoit. CooTBETCTBYIOMIAs 0OOpaTHAs 3a/1a4a Ha COOCTBEHHBIC 3HaYe-
HUSI COCTOUT B ONpEAETICHUH CBOOOHBIX NMapaMeTPOB CUCTEMBI MO KOCBEH-
HBIM, 3aJJaHHBIM HETOYHO (M3MEpEeHHbIM) NaHHbIM. KpurepuansHas (QyHK-
st OOpaTHOM 3a/laud CTPOMTCS HAa OCHOBE CPABHEHHS JBYX MHOMKECTB
JAHHBIX: 3aJ]AHHOTO HETOYHO IIEJIEBOTO CIEKTpa COOCTBEHHBIX 3HAYCHUIA
U CIEKTpa, BHIYMCICHHOTO B pe3yjbTaTe pelieHus MpsMOH 3a1auu Ha co0-
CTBEHHBIC 3HAUEHHS JUIA TEKYIIMX 3HAYEHHH CBOOOIHBIX IapaMeTpOB
CUCTEMBI Kak nepeMeHHbIX. [lpu pemiennn oOpaTHON 3a1auM peasn3oBaH
ONTUMU3AIMOHHBIN MoAxoa. B olmiem ciydyae oOpaTHbIE 3a/1a4l OTHOCST-
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sl K KJIACCY HEKOPPEKTHO MOCTaBJIEHHBIX, I03TOMY METO/1 PETYJISIpU3aALIAN
TuxoHOBa SABJSIETCS CTAHIAPTHBIM ISl IOTYYEHUSI COOTBETCTBYIOIIEH KOP-
PEKTHOM TIOCTAaHOBKM 3a/Ja4yd. BclencTBHE HETOYHOCTM U HETIOJIHOTHI
BXO/IHBIX TAHHBIX, @ TAKXKE BO3MOXKHOTO HAJIMYMsI B COOCTBEHHBIX CIIEKTPaxX
KpaTHBIX COOCTBEHHBIX 3HAYCHUH KpUTEepUaTbHAs (QYHKIMS OOBIYHO UMEET
JIOKaJIbHbIE MUHUMYMBI M HE SIBJISIETCS BCIOAY AuddepeHpyeMoir. Itum
o0ycioB/ieHa HEOOXOAUMOCTh MPUMEHEHHUs] METO/IOB INI00abHOM Henud-
depenmpyemoil ontumuzanuu. [IpencraBieHsl 1Ba OpUTHHAIBHBIX THO-
PHUIIHBIX AITOPUTMA ITI00ATbHOM ONTUMH3AINY, 00BEINHSIONINX CTOXACTH-
YECKUH KpaTHBIA aJrOpUTM CTOJKHOBEHHUS YacTUI C LIEHTPaIM30BaHHOU
BBIOOPKOH (CKaHMPOBaHME MPOCTPAHCTBA MOUCKA), M JCTEPMUHUPOBAHHBIC
METO/IbI (JIOKAJIbHBIN CITyCK). B mepBom ajiroputme npu pemieHuu 1noja3aiaud
HenupdepeHunpyemMoi ToKaTbHOW MUHUMHU3AIUN BBOJATCS JIByXIapaMeT-
PHUECKUE CTIIAKUBAIOLIME AMIIPOKCUMAIIMH C UTEPALMOHHBIM YTOUHEHHUEM.
Bo BTOpOM anroputme peanar3oBaHa MpoLeaypa JOKaIbHOIO MOUCKAa METO-
noM Xyka — J[xuBca (0e3 ncnonbp3oBaHust Ipou3BoIHBIX). [IpuBeeHs! pe-
3yJIbTaThl BEIYUCIUTENLHBIX SKCIIEPUMEHTOB IO OIPEAETICHUI0 CBOOOIHBIX
napaMeTpoB YIPaBIIeMON, HEYCTOWYMBOM MO SIkOOM AMHAMUYECKOH CHhC-
TEMBI C ABYMs CTENEHsIMHU CBOOObI. [IpenoxKeHHbI M0IX0a MOXKET ObITH
UCTIONIB30BaH Il Pa3pabOTKU MaTeMaTH4eCKUX MOJeNiel JAMHAMUYeCKUX
cucreM B pamkax teopun KKY.

Knrouesvie cnosa: ounamuueckas cucmema, ycmoudugocmos no AHrkobu,
eeomMempuyecKull UH8apuUanm, oopamunas 3a0ada, 2100a1bHas ONMUMU3A-
yust, 2UOPUOHDBIU AICOPUMM.

Restoration of parameters of the Jacobi unstable
controllable dynamical system using hybrid algorithms

V.D. Sulimov, P.M. Shkapov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: spm@bmstu.ru

The approach on base of the Kosambi — Cartan — Chern (KCC)
theory represents a powerful mathematical method for the investigation of
the controllable dynamical systems. Introducing a non-linear connection
and a Berwald type connection makes it possible to describe the properties
of the system in terms of five geometric invariants. The second invariant
(named the curvature deviation tensor) gives the Jacobi stability of the
system. Commonly the KCC theory is formulated by reducing the evolu-
tion equations of the system to a set of second order nonlinear differential
equations. Then the curvature deviation tensor and corresponding eigen-
value spectrum may be obtained explicitly. Both the tensor and eigenval-
ues depend on free parameters of the system. It is supposed that the eigen-
values of the tensor are known approximately from experiment and
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computer processing. The corresponding inverse eigenvalue problem is to
find free parameters of the system from indirect inaccurate (measured) da-
ta. The error function of the problem is constructed on base of comparison
of two sets: the given inaccurate goal eigenvalue spectrum and the spec-
trum from solving the direct eigenvalue problem with current free parame-
ters of the system as variables. The optimization approach is used to solve
the inverse problem. In general case inverse problems are ill-posed, so the
Tikhonov regularization is a standard method to reformulate the problem
into a well-posed statement. As the input data are inaccurate and incom-
plete, and the eigenvalue spectra may contain multiple eigenvalues, the er-
ror function generally has local minima and is not everywhere differentia-
ble. So it is necessary to use global non-differentiable optimization
methods. Two novel hybrid global optimization algorithms that combine
the stochastic Central Based Multi-Particle Collision Algorithm (for scan-
ning the search space) and deterministic methods (for the local descent)
are introduced. Application of two-parametric smoothing approximations
of the error function with iteration refinement is implemented for solving
non-differentiable local minimization subproblems in the first algorithm.
The derivative-free Hooke — Jeeves method is used for the local search in
the second algorithm. Results of successful computational experiments on
restoration of free parameters of bi-dimensional Jacobi unstable controlla-
ble dynamical system are presented. The approach may be used for devel-
oping mathematical models of dynamical systems in the framework of the
KCC theory.

Keywords: dynamical system, Jacobi stability, geometric invariant,
inverse problem, global optimization, hybrid algorithm.

JKCIEePUMEHTAJIbHOE HCCJIeJ0BAHNE CBEPX3BYKOBOI0
B03/1YX03200pHHUKA NPOCTPAHCTBEHHOI KOHPUTypauuu

B.U. Toamaues

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: tolmvifn@bmstu.ru

HccnenoBanue mpocTpaHCTBEHHOTO CXAaTUSI CBEPX3BYKOBOIO MOTOKA —
OJIHO W3 HOBBIX HANpaBJICHHUH Ta30BON MuHaMHKHU. Pa3paboTka u Hakom-
JIeHHE HOBBIX JaHHBIX MO TAaKUM BO3AyX03a00pHHMKaM, MO METOJHKAM
pacuera, POBe/IEHUE IKCIIEPUMEHTANIbHBIX HCCIEAOBAHUN MPEICTABISIOT
3HAYUTENbHBIN HHTEepec. B mokimane 00OCHOBaHA M AKCIIEPUMEHTAIBHO
MOJTBEPXK/IeHA BO3MOXKHOCTh M II€JIECOO0Pa3HOCTh CO3/IaHHUs MPOCTPaH-
CTBEHHOT'O BO3yX03a00pHHMKA HAa OCHOBE TEUEHUH B YIJIOBBIX KOH(UTY-
panusix. IlpennoikeHa KOHKpeTHas CXxeMa BO3yX03a0OpHHKA, MO pa3pa-
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0O0TaHHOM METOJMKE CIIPOSKTHPOBAHBI M HCCIIEIOBAHBI MOJIEH BO3/IyX03a-
O0pHMKOB TpH uuciaax Maxa 2,5 u 3. DkcnepuMeHTaIbHbIE UCCIIEI0BAHMS
JIoKa3aJid PabOTOCTIOCOOHOCTh TPEJIOKEHHON CXEMbI BO3IyX03a00pHUKA 1
BBISIBUJIM OOJIACTH yJIOBJIETBOPUTEIBLHOIO COBIAJCHUS PACUCTHBIX M JCH-
CTBUTEJBHBIX 3HAaYEHUI ITAPaMETPOB MOTOKA. Takke MMOoKa3aHo, YTO TeUEHHE
YCTOMUYMBO B IIMPOKOM JMana3oHe W3MEeHeHHs Kod(durenrta pacxoa.
Knwouesvie cnoga: ceepxzgykogoe mopmodicenue, npocmpancmeeHHbill
6030YX03a00PHUK, CKAYOK YNIOMHEHUS, Y2I0680€ Meo.

Experimental study of the supersonic
three-dimensional inlet

V.1. Tolmachev

Bauman Moscow State Technical University, Moscow, Russia
E-mailtolmvifn@bmstu.ru

This paper deals with the prediction of the inviscid supersonic flow
in three-dimensional (corner-type) inlets. The inlet has two compressing
wedges which generate two shock waves. Two possible shock configura-
tions could be generated by the intersection of two shock waves. One of
them is called a regular reflection configuration and another — a Mach
disk configuration. These possibilities were investigated for a symmetrical
geometry. The regular reflection wave configuration was used to design of
two models of supersonic inlets. Detailed experimental data are presented
forM=25and M =3.0.

Keywords: intake, shock waves interaction, corner body.

Oco0eHHOCTH TAMHUHAPHBIX KOHBEKTUBHBIX TCYECHUH
B FOPU30HTAJBHBIX CJIOSIX 'KUAKOCTH

A . ®emromkug

Wucruryt npobinem mexanuku uM. A.1O. Mmumnackoro PAH, Mocksa, Poccust
E-mail: fai@ipmnet.ru

[IpuBeneHs! pe3yabTaThl YMCICHHOTO MOJICIHPOBAHUS JIAMHHAPHBIX
KOHBEKTHBHBIX TCUCHHHA M TEIJIOMACCOMEPEHOCa B TOPU3OHTAIBHBIX CIIO-
X JKUAKOCTH M CPaBHEHHUE C IKCIIEPUMEHTATBHBIMHU TaHHBIMHU. PaccmoT-
PECHBI HEJNWHEHHBIE OCOOCHHOCTH KOHBEKTUBHBIX TEYCHHWH B TOPH30H-
TAJIBHBIX CJOSAX JKHIKOCTH ISl PAa3HBIX OIPEEISIONINX Oe3pa3MepHBIX
napaMeTpoB M TPAaHUYHBIX ycinoBuil. [loka3zaHO BIHMsSIHHE TIEPEMEHHOCTH
YCKOPEHHSI CHIIBI TSHKECTH Ha CTPYKTYPY KOHBEKTHBHOTO TEUYCHHS, pac-
MpeieNIieHne TeMITepaTypbl U Ha GOopMy CBOOOTHOM TTOBEPXHOCTH.
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Kniouegvle cnosa: ecmecmeennas Koneekyus, npomueomoKru, YucjieHHoe
MoOenupogarue, cmpamupukayus, cmpykmypa meyeHusi, c60000Has no-
8EPXHOCMb, NEPEMEHHOCTb cPAGUMAYUU.

Peculiarity of laminar convective flows
in horizontal liquid layers

AL Fedyushkin

Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia
E-mail: fai@ipmnet.ru

The results of numerical simulation of convective flows and heat and
mass transfer in horizontal liquid layers under different defining parame-
ters and boundary conditions are presented. Nonlinear peculiarity of con-
vective flows in horizontal liquid layers is shown. The influence of gravity
acceleration variability on the convective flow structure, temperature dis-
tribution and free surface shape is shown.

Keywords: natural convection, counter-flows, numerical modeling, flow
structure, stratification, free surface, gravity variability.

KoaﬂecueHunﬂ KRaIeJlIb

AUN. ®emomxkun, A.H. Poxkos

Wucruryt npobinem mexanuku uM. A.1O. Mmumnackoro PAH, Mocksa, Poccust
E-mail: fai@ipmnet.ru, rozhkov@ipmnet.ru

B pabote uncieHHO U SKCIIEpUMEHTANILHO UCCIeAyeTCs 3a4a4da O Ju-
HaMUKE CIIMAHMS JIBYX Kamelb HbIOTOHOBCKOHM >KUIAKOCTU. YuciaeHHoe
MOJIETTMPOBAaHUE OCHOBAaHO Ha pelleHus: ypaBHeHuit HaBre — Croxkca miis
JIBYXCJIIOMHOM CUCTEMBI KUJIKOCTh — BO3AyX. C MOMOIIBIO YUCIEHHOTO
MOJIETTMPOBAHUS [TOKa3aHO U3MEHeHue (hopM Kameslb BO BpEMEHU ISl pa3-
HBIX CBOMCTB XKUJKOCTEW. Pe3ynbTaTbl YMCIEHHOTO MOJIEIMPOBAHUS IO
JUHAMHUKE KOAJIECIIeHIIMU Karelb CPAaBHUBAIOTCS € SKCIIEPUMEHTAIbHBIMU
JTAHHBIMU.

Knroueswvie cnosa: uuciennoe mooenuposanue, IKCHepUMeHm, KoaleCyeH-
Yusl Kaneino.
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Coalescence of the drops
A.L. Fedyushkin, A.N. Rozhkov

Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia
E-mail: fai@ipmnet.ru, rozhkov@ipmnet.ru

The problem of the dynamics of the coalescence of two Newtonian
fluid droplets is investigated numerically and experimentally. The numeri-
cal simulation is based on the solution of Navier — Stokes equations for
a two-layer liquid-air system. The change of droplet shapes over time
for different properties of liquids is shown by numerical simulation.
The results of numerical simulation of droplet coalescence dynamics are
compared with experimental data.

Keywords: numerical simulation, experiment, coalescence of drops.

I'uaponnHaMuyecKkne KOrepeHTHbIe CHCTEMbI
U MeTpHYeCKHEe CTPYKTYPbI HA MHOT000pa3usax MoH:xa

H.H. ®umun

HucrutyTt npuknanHoit marematuku uM. M.B. Kengeimma PAH, Mocksa, Poccus
E-mail: oberon@kiam.ru

BBeneHo moHSITHE METPUKHM Ha MHOTO0OOpa3uu MOTeHIHanoB MoHxka
nuHamMudeckoi cuctembl. ChopMyIMpOBaHA KOHIICTIIHS KOTEPEHTHOCTH
HETIPEPBIBHBIX BUXPEBBIX CTPYKTYP B TEPMUHAX JCBUALMU F€0/I€3UNUECKUX
JUHUHA Ha 3aJJaHHOM MHOTOOOpa3uu. BBeJeHbl KpUTepuu pacraja u Koj-
Jlarica BUXPEBOM HEMPEPHIBHOM CUCTEMBI.

l'eometpusanusi onucaHusi BUXPEBBIX TUAPOJUHAMUYECKHX CHUCTEM
MOJKET OBITh BBIMIOJIHEHA HA OCHOBE BBEJCHUS MOTEHIIMATIOB MoOHka —
Krnebma, 94T0 mpuUBOIUT K raMUIBTOHOBOU (POpME MCXOAHBIX YpaBHEHHIA
DOiinepa. yiss 3TOro Mbl CTpOMM KHWHETHYECKHM moTeHiman Jlarpamxka
C MOMOIIBIO MOJII CKOPOCTH IMOTOKa, KOTOPOE MPEIBAPUTENILHO ONpese-
JSIeTCsl C TIOMOIIBI0 Ha0opa CKaNSPHBIX MOTEHIMAI0B MOHXa U TepPMOIU-
HAMHYECKUX COOTHOIICHUH. CIeIyronmM IaroM sBJISIeTCS Mpeodpa3oBa-
HHUE TIOJYYCHHOTO JIarpaHXMaHa ¢ TOMOIIBI0 mpeodpazoBanus Jlexanapa
B QyHKIMIO ['aMuiibTOHa M cTaHgapTHOE BBEACHUE OOOOIIEHHBIX MMITYJIb-
COB, KAHOHMYECKH COMPSHKEHHBIX C TIEPEMEHHBIMU KOH(PHUTYpAIMA B HOBOM
($ha30BOM MPOCTPAHCTBE JUHAMHUYECKOHN CHCTEeMBI. [layiee, UCTIONb3ys MmoiTy-
YCHHYIO0 TaMUJIBTOHOBY (DYHKIIHIO, OTIPEICTHM TaMHJIETOHOBO IPOCTpPaH-
CTBO Ha KOKAacaTeJIbHOM PacCIOCHUHM HaJ MHOrooOpa3veM TOTEHIMAIOB
Monxa. BbUUCISAS TecCMaH TaMUIBTOHHMAHA, MOMydaeM KOX(PQHUIIHESHTHI
(GyHIaMEHTAIBHOTO TEH30pa TaMUJIBTOHOBA IMPOCTPAHCTBA, OTPEICIISIOIINE
ero metpuky. Jlanee mbl onpenensiem aHanoru kodhduimenror Kpucrod-
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dens s N-nuHeiHoW cBsi3u. PaccmarpuBasi ypaBHeHus Oilnepa —
Jlarpanka ¢ HOJTy4E€HHBIMH KO3((UIMEHTaMHU CBA3HOCTH, Mbl IPUXOJIUM
K T€0JIe3UYECKHM YPABHEHUAM B BUJE TOPU3OHTAIBHBIX M BEPTUKAIBHBIX
TPAaeKTOpUI B FaMMIIBTOHOBOM IIpOCTpaHcTBEe. B paccMarpuBaeMoM ciryuae
HETPUBUAIIBHBIE PELIEHUS] MOT'YT UMETh TOJIBKO Au((epeHIHanbHble ypaB-
HEHMs [l BEPTUKAIBHBIX IyTeH. AHAIN3HPYs IOJIYYEHHYIO CHCTEMY
YPaBHEHUH I'€OAE€3UUECKOrO ABMIKEHUS C TOUKU 3PEHUSI yCTOMUMBOCTH pe-
IIEHU, MOXHO MOJIyYUTh BaKHbIE (PU3UUECKHE BBIBOABI OTHOCUTEIILHO UC-
XOJHOM TUAPOJMHAMHUYECKON CHCTEMBL. J[Is1 3TOro Mbl HCCIenyeM BO3-
MOXHOE YBEJIMUEHHE WJIM yMEHbIICHHE OECKOHEYHO MAJIOr0 PacCTOSHHSA
MEXIy T'e0Ie3MYeCKUMH BEPTHUKAIbHBIMU TPACKTOPUSMU (PELIeHUs] COOT-
BETCTBYIOLIEH cucteMbl ypaBHeHu# Slkoou — Kaprana). B pe3ynbrare Mbl
MOXeM CPOPMYJIUPOBATH OUYEHb OOIIME KPUTEPHH pacmaja U pa3pylleHHs
BUXPEBOW KOHTHHYAJIbHON CUCTEMBI.

Kniouegwie cnoga: ounamuka suxpet, 0eguayus 200e3utecKux, Cmamucmu-
yeckoe MHO2000pasue, MempuyecKull MeH30p, J1acpaHdiceéa NiIONHOCb.

The hydrodynamic coherent systems
and metric structures on the Monge manifolds

N.N. Fimin

Keldysh Institute of Applied Mathematics RAS, Moscow, Russia
E-mail: oberon@kiam.ru

The concept of metric on the manifold of Monge potentials of dyna-
mic system is introduced. The concept of coherence of continuous vortex
structures in terms of deviation of geodesic lines on a given manifold is
formulated. The criteria for the decay and collapse of a vortex continuous
system are introduced.

Geometrization of the description of vortex hydrodynamic systems
can be made on the basis of the introduction of the Monge — Clebsch po-
tentials, which leads to the Hamiltonian form of the original Euler equa-
tions. For this, we construct the kinetic Lagrange potential with the help of
the flow velocity field, which is preliminarily determined through a set of
scalar Monge potentials, and thermodynamic relations. The next step is to
transform the resulting Lagrangian by means of the Legendre transfor-
mation to the Hamiltonian function and correctly introduce the generalized
impulses canonically conjugate to the configuration variables in the new
phase space of the dynamical system. Next, using the Hamiltonian func-
tion obtained, we define the Hamiltonian space on the cotangent bundle
over the Monge potential manifold. Calculating the Hessian of the Hamil-
tonian, we obtain the coefficients of the fundamental tensor of the Hamil-
tonian space defining its metric. Next, we determine analogs of the Chris-
toffel coefficients for the N-linear connection. Considering the Euler —
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Lagrange equations with the connectivity coefficients obtained, we arrive
at the geodesic equations in the form of horizontal and vertical paths in the
Hamiltonian space. In the case under study, nontrivial solutions can have
only differential equations for vertical paths. Analyzing the resulting sys-
tem of equations of geodesic motion from the point of view of the stability
of solutions, it is possible to obtain important physical conclusions regard-
ing the initial hydrodynamic system. To do this, we investigate a possible
increase or decrease in the infinitesimal distance between the geodesic
vertical paths (solutions of the corresponding system of Jacobi — Cartan
equations). As a result, we can formulate very general criterions for
the decay and collapse of a vortex continual system.

Keywords: vortex dynamics, deviation of geodesics, statistical manifold,
metric tensor, Lagrangian density.

JlaGopaTopHble HCTOYHHUKH IPABUTALIMOHHBIX BOJIH

N.B. ®omuHn, B.O. I'nageiues, B.C. ['openuk,
B.JI. Kayu, A.B. Katorenko, E.A. Hlapanaun

MI'TY um. H.D. bBaymana, Mocksa, Poccust
E-mail: ingvor@inbox.ru

['paBUTAIMOHHBIC BOJHBI SIBISFOTCS TPEIMETOM MHOTOYHCICHHBIX
TCOPCTUICCKUX I/ICCJIGI[OBaHI/II\/JI, BBITIOJTHEHHBIX C Ha4daJia ABAaAIaTOro CTO-
JeTUs, U TIPUBJICKAIOT BHUMaHUE KaK MCTOYHHUK CBEJICHHI O paHHe# Bcee-
neHHoi [1], acrpodu3udeckux mporieccax [2] ¥ HOBOE CPEACTBO MepeIadun
WH(POPMALIUU ¥ SHEPTHU Ha OOJIBIIINE PACCTOSHHSI CO CKOPOCTBIO CBETA.

JlaGopaTopHble MCTOUYHUKHU IO/Ipa3yMEBalOT IPaBUTALIMOHHOE H3JTyye-
HHME MaJIOH aMIUTUTY]IbI © MOIIIHOCTH, W, TAKAM 00pa3oM, ciia0ble TpaBHUTa-
HUOHHBIC BOJIHBI PACCMATPUBAIOTCA B KaAYCCTBC MaJIbIX BO3MyHICHPIfI Inpo-
CTPaHCTBa-BpeMEHH MUHKOBCKOrO g, =1, +/,, Ha OCHOBE JMHEAPH-

30BaHHOM TEOPHUHU I'PABUTALMU DUHINTEHHA.

B kauecTBe BO3MOKHOTO MEXaHHW3Ma I'€HEPHPOBAHUS BHICOKOUYACTOT-
HBIX TPAaBUTALIMOHHBIX BOJIH paccMaTpuBaeTcs OOIydeHHE BeEIIeCTBa
KOPOTKMMHU HMMITYJIbCAMH MOLIHOTO JIA3€PHOT0 M3IY4YEHHs], YTO IOJpas3y-
MEBaeT YBEIMYECHHE XAPAKTEPUCTUK TPABUTALIMOHHO-BOJIHOBOTO H3IIy4Ye-
HUS C POCTOM MOIIIHOCTH COBPEMEHHBIX J1a3epoB [3].

AJNBbTEpHATUBHBIM MEXaHH3MOM SIBIIIOTCS MMapaMETPUUYECKUE MPOIeC-
CBhI B3aMMOJICHCTBHSI JJIEKTPOMATHUTHBIX M T'PABUTAIIMOHHBIX BOJH B IO-
CTOSSHHOM MAarHUTHOM IIOJI€ WM B KOHJCHCUPOBAHHOW JHAIIEKTPUUYECKON
cpeze B pe3ysbTare OOJBIION ONTUYECKOW HEMHEWHOCTH KOH/IEHCHPOBAH-
HOTO JIMAJIEKTPUKA M PE3KOTO 3aMeJIJIeHUs] TPYIIIOBOM CKOPOCTH CBETa MpHU
B3aMMO/ICHICTBMM MHTEHCHUBHOTO JIA3EPHOTO U3JTy4YEHHUs C BEIIECTBOM [4].
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B nacrosimiem Aokiiane AaHHBIE METOJIbI COIMOCTABIISIOTCS MO 3HAYe-
HUSIM XapaKTePUCTUK MHIYLIMPOBAHHBIX TPABUTALMOHHBIX BOJIH, YTO Tpe-
CTaBIISIETCSI HEOOXOMUMBIM JUIsl ONpEeNICHHs TEePCIEKTUBHBIX HaIpaBie-
HUI uccnenoBaHuii B 00JacTH F€HEPUPOBAHUS TPABUTAIIOHHO-BOJIHOBBIX
CUTHAJIOB U UX MOCJIEIYIOIIET0 TIETEKTUPOBAHUS.
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Pa3Butne MeTOo10B pemicHud 3a1a4
MEXaHUKH TBEPAOTO TEJIa C IPUMEHCHUEM
MaTEMaAaTHY€CKOI0 MporpaMmMHOro o0ecneyeHHUs!

B.E. Xpomatos, O.B. Hosukosa, T.H. Komuccapona, B.2. Lloi

HUY «M3W», Mocksa, Poccus
E-mail: khromatovvy@mpei.ru

PaccmarpuBaroTcsi BOmpocChl U3JI0KEHUS KYpPCOB MEXaHUKH MaTepHua-
JIOB U KOHCTPYKIIMI B BUJE CTPYKTYPHO-JIOTHYECKUX CXEM, MPEICTaBIs-
IOIMHUX COOOM €aWHBIM METOJ| BBIBOJA BCEX YpPaBHEHHH, OMUCHIBAIOIINX
HaMpsiKeHHO-1e(hOPMUPOBAHHOE COCTOSIHUE CTEp>KHEH, MIACTUH, LUJIUH-
JIPUYECKUX O0O0JIOYEK, OCECHMMETPUYHOM 3aJaddl TEOPUU YIPYTOCTH
B BHJIe TaOmuil U cxeMm. [l perieHus mpakTUYecKuX 3aJad pacueToB Ha
MPOYHOCTh U KECTKOCTh JIEMEHTOB MAIlIMHOCTPOUTEIBHBIX KOHCTPYKIUMA
NPUMEHSETCS TMPOTrpaMMHOE OOECTeueHue MaTeMaTHYeCKHX IaKeTOB
Mathcad, MATLAB, Mathematika 1 MeTOJ KOHEUHBIX AJIEMEHTOB IPHU
W3YUYEHUU CTYyACHTaMU JOTMOIHUTEIbHBIX METOJOB PEUICHUS 3a/1ad MeXa-
HUKH TBEPJOTO Tejla B IIEHTpe oOpa3oBaHus «MexaHHWKa, JSHEPreTHKa
n mammHocTpoerue» B HUUY «MOW». IIpencraBnensl Bonpocs! BKIIOYE-
HUSI B KypChl JUCHMIUIMH MEXAaHUKO-MATEMAaTUYE€CKOTO IIUKJIA UCTOPUKO-
Oounorpaduyeckux cBelIeHUH 00 YUEHBIX — OCHOBOIIOJIOXKHHUKAX HAYYHBIX
HaIpaBJICHUN U U3y4Ya€MbIX TUCIUILINH.

Knrwouegvie cnoea: mexanuxka mamepuanos u KOHCMPYKYUL, Memoobl
peutenus 3a0a4 Mexanuku meepoo2o meid, Mamemamuyeckoe npocpam-
MHOe obecnevenue, UCMOPUKO-OUOSPAPUUECKUX CBeOeHUII.

Huoxcenepnutii ycypnan: nayka u unnoeayuu #2-2020 239



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

Development of problem solving methods of solid mechanics
using mathematical software

V.E. Khromatov, O.V. Novikova, T.N. Komissarova, V.E. Tsoi

National research university «MPEI», Moscow, Russia
E-mail: khromatovvy@mpei.ru

Questions of presenting courses of mechanics of materials and struc-
tures in the form of structural logic diagrams, which are a single method
for deriving all equations describing the stress-strain state of rods, plates,
cylindrical shells, and the axisymmetric problem of elasticity theory in the
form of tables and diagrams, are considered. To solve the practical prob-
lems of calculating the strength and stiffness of elements of engineering
structures, the software of mathematical packages Mathcad, MATLAB,
Mathematika, the finite element method when students study additional
methods for solving problems of solid mechanics at the education center
"Mechanics, Energy and Engineering" at NRU "MPEI" are used. The
questions of the inclusion in the courses of disciplines of the mechanical
and mathematical cycle of historical and biographical information about
scientists-founders of scientific fields and the studied disciplines are pre-
sented.

Keywords: mechanics of materials and structures, methods for solving
problems of solid mechanics, mathematical sofiware, historical and bio-
graphical information.

3agaum 0 MATKOM BCTPeYe ABYX TOYEK HA opOuTe
C HCIOJIL30BAHHUEM JJLJINIICA OKUIAHUSA

C.b. Xycaunos, K.b. O6nocos, I1.M. IlIkanos

MI'TY um. H.O. baymana, Mocksa, Poccus
E-mail: saparboy.xusainov@mail.ru

B nanno# paboTe paccCMOTpPEHBI 3aJJa4l O MATKOWM BCTpEUE ABYX TOUEK
Ha KPYroBOil OpOUTE C HUCHOIB30BAHUEM OHIUIUIICA OXUAAHUS. MArkas
BCTpeua JIByX TOYEK B HEKOTOPOW MOMEHT BPEMEHU — 3TO COBIAJCHUE
B 3TOT MOMEHT UX KOOpPAUHAT U cKopocTel. [loydyeHsl aHanuTuueckue u
rpaduyeckrue 3aBUCUMOCTH OT HA4aJIbHOTO YIJIa PacCOIJIaCOBAaHUSI TaKUX
BEJIMYMH, KAK JUIUTEIbHOCTh AKTUBHBIX YYaCTKOB, UX YTJIOBBIE MPOTSIKEH-
HOCTH, TMapaMeTphl MPOMEKYTOYHON 3IUIUNTHYECKOW OpOUTHI U BpeMs
BCET0 MaHEBpa.
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Problems of soft meeting of two points
in orbit using the expectation ellipse

S.B. Khusainov, K.B. Obnosov, P.M. Shkapov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: saparboy.xusainov@mail.ru

The report considers the problems of a soft meeting of two points in
a circular orbit using an expectation ellipse. A soft meeting of two points
at some point in time is a coincidence at that moment of their coordinates
and velocities. Analytical and graphical dependences are obtained on the
initial mismatch angle of such quantities as the duration of active sites,
their angular lengths, parameters of the intermediate elliptical orbit, and
the time of the entire maneuver.

HoocpepHo-nukianyeckass MeTo10/10rusl CHHTE3a
U AHAJIU3A CUCTEM

O.H. IlyxanoB

Poccuiickas akanemusi ecTeCTBEHHbIX Hayk, Mocksa, Poccust
E-mail: tsonzz@mail.ru

AKTHBHOCTh HOOC(EpHOTO CO3HAHMSI, PACHIMPSAIOUIEIOcs 10 KOCMO-
IUTAHETApHOI0 MaciTaba U crnocoOHOTr0 BOCHPUHUMATH LEIOCTHYIO Kap-
TUHY MUPO3JaHus, OTIMYAET JIFoJIel ¢ HOOC(EPHBIM MBILIUIEHUEM OT JII0-
Jieil ¢ OOBIYHBIM MBINUIEHHEM. A TOCKOJbKY YEJIOBEK TBOPHUT B CHUCTEME
KOCMUYECKUX IUKJIOB, TO HOOC(HEpPHOE MBIIUIEHUE SIBJISIETCS OCHOBOM
HOOC(hEPHO-IIUKINYECKOTO0 MUPOBO33PEHHS B IIPOLIECCE TBOPEHUS ITUKIIOB
Kak OyIylIeTBOPEHUS.

Hoocdeproe MbinuieHre 00beKTHBHO HANPABICHO M HA TOHUMAaHUE
TOTO, 4TO B Mpoliecce OyayIeTBOPEHHs Ha TIEPBOM MECTE JIOJIKHBI CTOSITh
CBOICTBA M KaYECTBO CHHTE3MPYEMBIX CUCTEM, a Mpouecc (OpMHUPOBAHUS
00pa3yronmx HX OOBEKTOB KaK SHEProMH(POPMAIMOHHBIX cdep (IHUH-
docdep) u BBIOOP TapameTpoB GHOpMUPYIOMUX SHUHGPOCHEp TOIKHBI
o0ecrieuynBaTh STH CBOMCTBA M KAYECTBO.

[lonumas 370, aBTOp OKJIA/Ia, B YACTHOCTH, pa3paboTall TEOPUIO CHH-
TE€3a HEABOJIbBEHTHBIX 3yOUaThIX 3alleTUICHUI B 0000IIAIOMINX MMapaMeTpax.
Ee nmpumeHeHne Mo3BOJIMIIO, B YaCTHOCTH, ONTHMHU3UPOBATH T€OMETpPHYE-
CKHE M KHHEMaTHYEeCKHE IOKa3aTely KayecTBa LIMJIMHIPOKOHUYECKUX 3a-
LEMJICHUH IJIaHEeTapHBIX PEAYKTOPOB B 3JIEKTPOMEXAaHMYECKUX IMPHUBOJAX
KOCMUYECKHUX allapaToB HOBOTO MOKOJeHUs. [IpuBobI ¢ TakuMu 3atieruie-
HUSIMA OOJIaZIal0T HHU3KOW SHEProeMKOCTbI0 M HMEIOT pecypc paloThl
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B 5 pa3 OoJblile, YeM CYIIECTBYIOIINE MPUBO/IbI, UCIIOIb3YEMbIE, B YACTHO-
CTH, JJIS1 BBICOKOTOYHOTO IBIKEHHSI OOBEKTOB KOCMHUUECKOM TEXHUKH.

W nanee, uas oT 4yacTHOrO K 00IIEMY, aBTOp c(HOpMYIHPOBAI CIEIy-
I0IIKMe OOIIMe ATambl CHHTE3a PAa3IUYHBIX CHUCTEM (TBOPEHHUS IIMKIIOB):
1) ompenenenue 00600mIEHHON (TIpenenbHONH) 00JIACTH CYIIECTBOBAHUS
[IUKJIa B3aUMOJCHCTBYIOMNX SHUH(OCPEp CHCTEMBI W3 YCIOBHH IIpe-
JENbHBIX OrpaHUYCHUN (POPMBI UX DIIEMEHTOB BHE 3aBUCHMOCTH OT Mac-
mTaba; 2) MOUCK OMpEesIoNneld TOUKH JOKAIbHOW 00JAaCTH CYIIECTBO-
BaHUS [MKJIA C ONTHMAJIbHBIMH KAaYeCTBEHHBIMU TIOKA3aTEIISIMU JIJIs
3aJJaHHBIX YCIIOBHU (CKU3HW» CHCTEMBI ITyTeM W3MEHEHHs 3HAYCHH ee
00o00Mmaronmx napaMeTpoB, Gopmbl deMeHTOB dHUH(Oochep u 06obmIa-
IONMX KOOPJMHAT TOYKH BXOAAa B IHMKJI W (WJIM) BBIXOJA W3 IUKIIA;
3) ompeneneHue napameTpoB Ipolecca GpopmupoBanus 3HUHpOChep cu-
cTeMBbI B popMHUpPYIOITUX UX YHUH(DOCDEp.

[{uknuyeckoe MUPOBO33PEHUE BKIIOYAET TOHMMAHUE 3aKOHA ITUK-
TUYHOCTH (KoJiebaTenbHOCTH) SHUH(OCPHEp M 3aKOHA MX HUKIHYECKOTO
B3aMMOJICHCTBYSI BHYTPH CHUCTEM, a UMEHHO TOTO ¢akTa, uTo Jr00oe B3a-
UMOJICHCTBHE MTPOUCXOIUT KBAHTAMH, CTPYKTYpPa KOTOPBIX SIBISCTCS ITHK-
nudeckor. [lomykBaHT B3aMMOJEWCTBUSL OMMCHIBAETCS PAaBEHCTBOM HM-
MyJibCa CHJIBl W KOJHMYECTBA JIBIKCHHS OOBEKTa MO OKPYKHOCTH Kak
MPOEKIIMK CHHpaId ABMKCHHUS Ha IJIOCKOCTh. B COOTBETCTBUU C 3TUM
aHaJIM3 CHUCTEM JIOJDKEH BKIIIOYATH CIIEAYIONIME ATAIbl: 1) ycTaHOBICHHE
B3aMMOOOYCIIOBJICHHBIX MOJIOCOB IHMKIA; 2) BBISBICHHUE MPOTHBOIMOIOXK-
HBIX CHJI B JaHHOM B3aMMOJICHCTBHHM; 3) HaXOKIACHUE IMapaMeTpa, OIpe-
JIeTISAIOUIET0 Maccy B3aMMOJAEUCTBYIONMX 3HUHGpOChHEp U CKOPOCTh HpO-
1ecca U3MEHEHUs CHIT; 4) MCCieIOBaHNe BIHMSIHHUS Ha paccMaTpHUBaEeMBbIN
UK APYTUX ITUKIIOB.

Y4YuTHIBasA, 9TO Pa3BUTHE HAYKW CBS3aHO C MOCTOSTHHBIM TOBBITIICHU-
€M CIIO)KHOCTH M YBeJIHYeHHeM oObemMa HHGOpMAIK, NPUMEHCHHE
HOOC(EPHO-IIMKINYECKOH METONOJIOTUM CHHTEe3a M aHalu3a CHUCTEM
B Pa3IMYHBIX 00JIACTSX HAYKH SIBISETCS OOBEKTUBHON HEOOXOIMMOCTBIO.
OTta METOJOJOrHsi, KpPOME BCEr0 NpOuYero, BhIpabaThIBae€T y 4eJIOBEKa
YMEHHE BBIJICISATH M3 MHOTrooOpasus (hakTopoB Te (HaKTOpBI, KOTOPHIC
O00BEKTHBHO ONPEACTSAIOT XapaKTepHble TOUKHU OyayIlero nukjia, ¥ BHO-
CUTh KOPPEKTUPOBKH, CITIOCOOCTBYIOINE TAPMOHU3AIUKN CHCTEMBI C yde-
TOM €€ «T€HETHYECKUX» OCOOCHHOCTEH.

Knwoueevte cnosa: HnoocgepHo-yuxkiuyeckas Mmemooono2us, CuHmes u
aMau3 CuCmeM.
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Noosphere-cyclical methodology of synthesis
and analysis of systems

O.N. Tsukanov

Russian Academy of Natural Sciences, Moscow, Russia
E-mail: tsonzz@mail.ru

The activity of noospheric consciousness, expanding to a cosmoplane-
tary scale and capable of perceiving an integral picture of the world, dis-
tinguishes people with noospheric thinking from people with ordinary
thinking. And since a person creates in the system of cosmic cycles,
then noospheric thinking is the basis of the noosphere-cyclical worldview
in the process of creating cycles as creation of future.

Noospheric thinking is objectively aimed and at understanding, that in
the process creation of future, the properties and quality of the synthesized
systems should be in the first place, and process of forming them objects
as energy information spheres (eninfospheres) and choice of parameters of
forming eninfospheres should ensure these properties and quality.

Understanding this, the author of the report, in particular, developed
the theory synthesis of non-involute gearings in generalizing parameters.
Her application allowed, in particular, to optimize geometrical and kine-
matical indicators of quality of cylinderconical gearings of planetary gear-
boxes in the new generation electromechanical drives of spacecraft. Drives
with such gearings have low energy consumption and a life of 5 times
longer than existing drives ones, used, in particular, for high-precision
movement of space technology objects.

And further, going from particular to general, the author of report
formulated following general stages of synthesis of various systems (crea-
tion of cycles): 1) determination of the generalized (limiting) existence
area of the cycle of interacting eninfospheres of the system from the con-
ditions of limiting restrictions on the shape of their elements regardless of
scale; 2) search for the defining point of the local area of existence of the
cycle with optimal quality indicators for given conditions of "life" of the
system by changing the values of its generalizing parameters, the shape of
elements of eninfospheres and the generalizing coordinates of the entry
point into the cycle and (or) exit from the cycle; 3) determination of pa-
rameters of the process of formation of eninfospheres of the system and
forming them eninfospheres.

A cyclic worldview includes an understanding of the law of cyclicality
(oscillation) of eninfospheres and the law of their cyclic interaction within
systems, namely the fact that any interaction occurs quantay whose struc-
ture is cyclic. The interaction semi-quantum is described by the equality of
a momentum of a force and a quantity of movement of an object by a cir-
cle as a projection of a spiral of movement onto a plane. In accordance
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with this, the analysis of systems should include the following steps:
1) the establishment of interdependent poles of the cycle; 2) the identifica-
tion of opposing forces in this interaction; 3) finding a parameter that de-
termines the mass of interacting eninfospheres and the speed of the pro-
cess of changing forces; 4) study of the influence of other cycles on
the cycle under consideration.

Given that the development of science is associated with a constant
increase in complexity and an increase in the amount of information, use
noosphere-cyclical methodology of synthesis and analysis of systems in
various fields of science is an objective necessity. This methodology,
among other things, develops a person’s ability to distinguish from a va-
riety of factors those factors that objectively determine the characteristic
points of the future cycle, and make adjustments that contribute to the
harmonization of the system taking into account its ‘genetic’ features.
Keywords: noosphere-cyclical methodology, synthesis and analysis of sys-
tems.

I'mapoaMHamMuKa, aKyCTHKA M JHEPreTHKA UMIIAKTA KAIIH

0. /1. Yameukun

WuctutyTt npobiem mexannku uM. A.JO. Mnumuckoro PAH, Mocksa, Poccust
E-mail: yulidch@gmail.com

WHuTepec Kk M3yUeHUIO TUHAMHUKU U YHEPTeTHKU TEUEHUH, BO3HUKAIO-
[IMX TIPU CTOJIKHOBEHUHU Karelb U MaJeHUH B KUJIKOCTb, COMYTCTBYIOIINX
IPaBUTALIMOHHBIX, KAWIISIPHBIX U 3BYKOBBIX BOJIH, 00YCJIOBIEH HAYYHOM
COJIEP’KATEIbHOCTHIO TEMbI U YCTOWYHMBBIM POCTOM YHCIIA MPAKTUYECKUX
NPUJIOKEHUH B PA3NUYHBIX paslielaX MEXaHHKH, B TOM YUCJE B adpOiu-
HAMUKe U pakerocTpoeHnH. CoriiacoBaHHOE TEOpeTHUecKoe M Jabopa-
TOPHOE MOJIEJIMPOBAHUE MPOLIECCOB OCYIIECTBISAETCS HA OCHOBE CHCTEMBI
(dbyHIaMEHTaIbHBIX YpaBHEHUI NEpeHoca TUIOTHOCTH, KOHIEHTPAIlUU Be-
HIECTB, UMITYJIbCA U MOJHOW SHEPIUH, BKIIOUYAIOIIECH 3aMbIKAOIINE ypaB-
HEHUS COCTOSTHUS i nmoTeHnuana ['mdoca u ero mponu3BOAHBIX — TPau-
IIUOHHBIX TEPMOJAMHAMUYECKUX BEJIUYUH, ¢ (U3UYECKU O0OOCHOBAHHBIMU
TPAaHUYHBIMU U HaYaJIbHBIMU ycoBusiMu [1]. Cucrema ypaBHeHUI aHau-
3UPYETCSI C YYETOM YCIIOBHSI COBMECTHOCTH, KOTOPOE OIPENEISAET €€ PaHT,
CTENEHb JIMHEApU30BAaHHON BEpCHUM U TOPSAJOK XapaKTEPUCTUUECKOIrO
(mucniepcuonHoro) ypaBaenus. [IpuBeaena kinaccudukanusi CTpyKTYPHBIX
KOMIIOHEHTOB T€UEHUW, BKIIOUAOIIASl JTUTAMEHTbl — TOHKHUE MOBEPXHO-
CTHU pa3fesia Uiu HUTH, BOJHBI U BUXPU. DKCIEPUMEHTAIbHBIE METOJUKH
U pacueTHBIE KOABl OBLIM pa3paboTaHbl C yUETOM COOCTBEHHBIX MAcCIITa-
OOB TPOIIECCOB. DKCIIEPUMEHTHI IPOBOJAUIUCH HA CTEHIAX THAPOPHU3NIC-
CKOTO KOMIUIEKCa NIl U3Y4YCHHsS] TUHAMHUKHA U TOHKOW CTPYKTYpPBI OBICT-
pBIX Tporeccos [2].
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[IpuBeneHbl pe3ynbTaThl CPaBHEHHS PacyeTOB U JTAOOPATOPHBIX HC-
CJIeIOBaHUI TMHAMUKH M T€OMETPUU TEUEHHUS MPHU OTPHIBE KaIUIM, KOJje-
OaHMii OTOpBABIICHCS KaIljl, TEOMETPUHM KaBEpHBI, BEHI]A U BCIUIECKA,
pasziera OpbI3T, B TOM YHCIIE MaJalolMX Ha TMOBEPXHOCTh MOTPY KaroLIeii-
cs karud. BusyanusupoBaHa KapTHHA NEpeHOCa BelecTBa Karlid, CKOH-
LHEHTPUPOBAHHOTO B TOHKHUX BOJIOKHAX, 00pa3ymoIIUX JUCKPETHYIO CTPYK-
Typy Ha MOBEPXHOCTH KaBepHbl U BeHNaA [3]. Kamnm, nagaroniye B Bony,
BBI3bIBAIOT F€HEPALIMIO 3BYKOBBIX [MAKETOB, BHICOKOYACTOTHBIX HA Hayajlb-
HOM KOHTAKTE€ M B aKyCTHMYECKOM [Uala3OHE YacTOT IOCIEAYIOLIUX
OCIWJUTALIMK y3bIPHKOB Ta3a [4]. PekyppeHIus CBEpXTOHKONU CTPYKTYPhI
MOBEPXHOCTH JKUJIKOCTH B 00JIACTH MMIIAKTa KATUTH MOKA3bIBAET BAKHYIO
POJIb TOHKOTO JIBOMHOTO CJIOSl, COCTOSAIIETO U3 CIMBIIMXCS MOBEPXHOCTEH
KUJKOCTEH KaK HEeCMEIIMBAIOIIMXCS, TaK U HECMEIIUBAIOIIUXCS B JUHA-
MHUKE Te4YeHUs B (PopMUpOBaHWUM KapTUHBI TeueHHil [5]. OOcykmarorcs
TEXHUYECKUE MPUIIOKEHUS PE3YIbTaTOB.

Paboma evinonnena npu gunancosoii nooodepsicke PHD (epanm

Ne 19-19-00598).
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JAu¢ppepeHunaibHag MEXAHUKA JKUAKOCTEH —
HOBOE IIOKOJIEHHE CAMOCOIJIACOBAHHBIX
U pa3peliuMbIX MOJIeJIed TeUYeHu

10 1. Yameukna

WuctutyTt npobiem mexannku uM. A.JO. Mnumuckoro PAH, Mocksa, Poccust
E-mail: yulidch@gmail.com

AKTUBHOE Pa3BUTHE BBIYUCIUTEIBHBIX TEXHOJIOTMI MO3BOJSET MPO-
BOJIUTH COTJIACOBAHHBIE TEOPETHUECKHUE (AaHATUTHUUYECKHE U YUCIICHHBIC)
U DKCIIEPUMEHTANILHBIC (JTA00OpaTOPHBIE) UCCIICOBAHMS TEYCHUN HA OCHO-
BE CUCTEMbl (PyHAAMEHTAJIbHBIX YpPaBHEHHI HEpa3phIBHOCTH, MEepeHOca
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UMITYJIbCA, KOMIIOHEHTOB BEIIIECTBA, MOJIHON SHEPTUU C YYETOM ypaBHe-
HUN COCTOSIHUSA ISl TEPMOAMHAMHYECKUX MOTEHIIMAJIOB M UX MPOU3BOA-
HBIX — TPAIUIIMOHHBIX (PU3NYECKUX MapaMeTpoB (IIOTHOCTH, TEMIIepa-
TypBl, JaBJICHUS) U3y4aeMOM Cpelbl, a Takxke (PU3NIECKH 0OOCHOBAHHBIX
rpaHUYHBIX yclioBui [1]. MacmtabHo- U mapaMeTpu4ecku WHBapHUaHTHAS
KJ1accuuKalys CTpPYKTYpPHBIX KOMIIOHEHTOB, OCHOBaHHAs Ha pe3yJbTarax
aHaJIM3a CBOWCTB IMOJIHBIX PEIICHUN TUHEApU30BAHHOW CHCTEMBI C YY4ETOM
YCIIOBUSI COBMECTHOCTH, OIPENEISIONIEr0 PaHr HETUHEHHOW CHCTEMBI,
MOPSIOK TUHEHHOW BEPCUM U CTETICHU XapaKTEPUCTUYECKOTO (AHCIepCH-
OHHOI'0) YpPaBHEHHS, BKIIOYAET TOHKOCTPYKTYPHbBIE JUTAMEHTBI, BHYT-
pEHHUE BOJHBI U BUXpHU. TpeOoBaHUS K aIrOpUTMaM pacyeToB U METO -
KaM JKCIEPHUMEHTa, KOTOpble (OPMYIHPYIOTCS C Y4ETOM COOCTBEHHBIX
MPOCTPAHCTBEHHO-BPEMEHHBIX MACIITA00B M3yd4aeMbIX KOMIIOHEHTOB, pe-
aJIM30BaHbl B IpOrpaMMax YHMCIEHHOTO MOJEIMPOBAHUS TEUEHUU, UHIY-
UpPOBaHHBIX MU (dy3rell Ha HEMOJIBUKHOM MPEMSTCTBUU B HEMPEPHIBHO
CTpaTH(GHUIMPOBAHHON JKUAKOCTH, a TaKkKe OOpa3yOUIMXCS MPH BBIHYX-
JEHHOM JIBMKECHHH TEN Pa3IUYHOM (POpPMBI, KaAK CHMMETPUYHBIX, TaK H
HECUMMETPUYHBIX, YCTAHOBJIEHHBIX IO/ MPOU3BOJIBHBIM YIJIOM K TOpH-
30HTY [2, 3]. Pacdersl mpoBeneHsl B KOMIbIOTEpHbIX LieHTpax HHMBII
MI'Y u HAL «KypyaTOBCKHA HHCTUTYT.

Bricokopaspemaomuil  SKCIIepUMEHT, TO3BOJISIONIUN BHU3YaTU3UPO-
BaTh BCE KOMITOHEHTHI KApTUHBI OOTCKAHUS MPEISITCTBHA — OIEepeKaro-
IIMe BO3MYIICHUS, TUTAMEHTHl — TOHKHE TPOCIIONKHA W BOJIOKHA, BHYT-
pEHHUE BOJIHBI, BUXPH CJIE]l, TPOCIEIUTh 3aBUCUMOCTH UX IMapaMETPOB OT
yCJIOBHH 3a7auH, BbINoNHEH Ha cTreHaax YUY «I'OK UlIMex PAH» [4].

[lonxon nomyckaer pacHIMpeHHs, MO3BOJIAIOIIME YYECTh BIIMSHUE
KapTUHBI TEYCHU HA PACHpEeIeHUs XUMUYECKIX KOMIIOHEHTOB B MOD-
CKHX W PEUHBIX T€UEHHUsX [S] m oOpaTHOE BIMSHUE XUMHUYECKUX MPOIIEC-
COB Ha JAMHAMUKY M CTPYKTYpPY cpeibl, chOpMyIUpoBaTh TpeOOBAHUS
aJIeKBaTHOCTU M TMOJHOTHI METOAUKH pacueToB. OAHUM U3 MyTeH MOBBI-
HIEHUST TOYHOCTH MOPCKUX H3MEpPEHUH CIy)KUT pealu3alvs MPUHIIUIA
M30BITOYHOCTH, OCHOBAHHOTO Ha HMCMOJIb30BAaHUM (PU3NYECKU U HHCTPY-
MEHTAJILHO HE3aBHCHUMBIX METOJIOB U3MEPEHHs 0a30BBIX BEIMYWH, B YACT-
HOCTHU IUIOTHOCTHU CpElbl, TEMIIEPATYPhl, JIEKTPOIIPOBOJHOCTH, CKOPOCTHU
3ByKa.
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OO0 oxHOM HEeJUHEHHOH 32/1a4e ONITUMAJIBHOM BCTPEYH

0O.1O. Yepkacos, 3.11. MakueBa

MI'Y umenu M.B. JlomoHocoBa, Mockga, Poccust
E-mail: oyuche@yandex.ru; elinamakieva@live.com

B pabore paccmarpuBaeTcs HeIMHEHHAs MOCTAaHOBKA 3a/Ja4d OIITH-
MaJbHON BCTPEYM JBYX HMIPOKOB, MPEJCTABICHHBIX B KAa4€CTBE MaTepH-
aJbHBIX TOYEK. /[BH)KEHHE TOYEK MPOUCXOJUT B TOPU3OHTAIBHOM IJIOCKO-
CTHU C MOCTOSAHHBIMU 1O MOAYJIIO ckopocTsamu. Llensro Urpoka 1 siBigercs
MUHHUMM3ALMs KOHEYHOTIO paccTosiHus 10 rpoka 2, KOTOpbIil UCIIONIb3YET
METOJ MPONOPLUOHATBHOTO HaBeleHUs. BpeMs mporecca GpUKCHUpPOBaHO.
HauanpHoe paccTostHMe MEXIy TOUKaMu (7p) U yroid MEXIY BEKTOPOM
ckopoctu Mrpoka 2 u nuHUEW BU3UPOBAHUS 3a/1aHbl, KOHEYHBIC YCIOBUS
cBoOOAHBI. B KauecTBe ympaBlieHUs] MPUHAT YIOJd MEXIY BEKTOPOM CKO-
poctu Urpoxka 1 u nuHUENH BU3UPOBAHUSI.

C nomompto npuHIMna mMakcumyma [loHTpsAruHa 3amaya onTUMaib-
HOT'O YIpaBJIEHUSl CBOJIUTCA K KPaeBOM 3ajaue JJIsi CUCTEMbl TPEX HEJU-
HelHbIX AuddepeHnranbiplx ypaBHeHui. CedyeHuem (a3zoBoro mpo-
CTPAaHCTBA IUIOCKOCTBIO 7 = const IOJy4eHHas CHCTEMa CBOAMTCA
K CHCTEME JIBYyX HEIMHEWHBIX NuddepeHnanbHbIX YpaBHEHUH I YTIIIOB
MEXy BEKTOPaMHU CKOPOCTU UTPOKOB U JTUHUEN BU3UPOBAHUS.

[IpoBoasTCS KaueCTBEHHBIN aHAIU3 KPAaeBOM 3aa4yM, a TAKXKE €€ YHC-
JIEHHOE PEIICHHE IIPHU PA3TUMYHBIX 3HAYCHHUSIX KOHCTAaHThI METOJIA IPOIIOP-
LMOHAJIBHOIO HABEJICHUS M PA3JIMYHBIX COOTHOLICHHUSIX CKOPOCTEU UIpO-
koB. lccienoBaHbl XapakTEpHbBIE CBOWCTBAa TPAaE€KTOPHU, IPOBEIEHO
CpaBHEHUE PE3YyJbTAaTOB NMPUMEHEHHsI ONTUMAJIbHOIN CTpaTeruu ¢ ajbTep-
HAaTUBHOW — METOJOM IOTOHH.

[IpencraBnenHas 3amada MOXKET OBITh aKTyalbHa, HAMpUMEpP, MpU
TUTAHUPOBAHUH TPACKTOPHIA COJMMKCHHSI CaMoJieTa-3alpaBIIuKa ¢ OecCTu-
JIOTHBIM JIETATEJIbHBIM aIllapaToM, a TAK)KE B CIydae IepexBaTa aTaKyro-
ero OECHIIOTHOTO JIETATENILHOTO alapara pakeToH-uMHTATOPOM LIeTH,
3aIyILEHHOHN C HACTOSIIEH LIEIIH.

Knroueswie cnosa: memoo nponopyuoHaibHO20 HABEOeHUs, NPUHYUN MAK-
cumyma [lonmpszuna.
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On a nonlinear optimal rendezvous problem

O. Cherkasov, E. Makieva

Lomonosow Moscow State University, Moscow, Russia
E-mail: oyuche@yandex.ru; elinamakieva@live.com;

The optimal rendezvous problem of two players represented as mate-
rial points moving in the horizontal plane is considered. The velocities of
both players have a constant modulus. The goal of Player 1 is to minimize
the final distance to Player 2, which uses the proportional navigation
method. Process time is fixed. The initial distance between the points (7))
and the angle between the velocity vector of Player 2 and the line of sight
are given, the final conditions are free. The angle between the velocity
vector of Player 1 and the line of sight is considered as a control variable.

Using the Pontryagin maximum principle, the optimal control problem
is reduced to a boundary value problem for a system of three nonlinear
differential equations. Considering a section of the phase space of a dy-
namical system by plane » = const, the system reduces to a system of two
nonlinear differential equations for the angles between velocity vectors of
the players and the line of sight.

A qualitative analysis of the boundary value problem is carried out, as
well as its numerical solution for various values of the constant of the pro-
portional navigation method and various ratios of players' speeds.
The characteristic properties of the trajectories are investigated, and
the results of applying the optimal strategy and the alternative strategy —
the chase method— are compared.

Presented problem may be relevant when planning the approach
trajectories of a tanker aircraft with an unmanned aerial vehicle and also in
case of interception of the attacking unmanned aerial vehicle by the simu-
lator of the target launched from the real target.

Keywords: proportional navigation method, Pontryagin maximum principle.

O cTpyKType ONTUMAJIBLHOM TATH
JJIA KIPOMEKYTOYHOW» MOAEJIU JIETATEJIbLHOI0 anmnapara

0O.10. Yepkacos, H.B. CmupHoBa

MI'Y umenn M.B. JlomonocoBa, Mocksa, Poccus
E-mail: oyuche@yandex.ru, nina.smirnova247@yandex.ru

PaccmarpuBaercs 3ajaua ONTUMU3ALNN TPACKTOPUN JIBUKEHUS 00b-
€KTa, IIPEJCTABISAEMOr0 MaTepHaIbHON TOYKOH, B OJJHOPOJHOM II0JIE€ CHII
TSOKECTH MPU HAJTMYUU COMPOTUBIIAIOIEHCS CPEbl U CUIIbI TATH. Mcrnonb-
3yeTcsi «IPOMEXYTOYHAas» MOJEJb JIETaTelIbHOIO ammnapara, B KOTOpPOM

248 Huorcenepuuiit scypuan: nayka u unnosayuu #2-2020



DOI: 10.18698/2308-6033-2020-2-1960

IIPEII0JIaracTcs, YT0 N3MEHEHHE IOJBEMHON CHIIBI HE NIPUBOJIUT K U3MeE-
HEHMIO CHJIBI COINPOTHBIIEHUS, YTO (PAaKTUUYECKH O3HAYAET BO3MOXKHOCTh
YIPaBJIEHUS yIJIOM HAKJIOHA TPAGKTOpPHM. B KadecTBe ynpaBiIeHUsS yroi
HAKJIOHA TPACKTOPHUH U CUJIA TATH.

CylecTBEeHHbIM OTJIMYUEM OT JPYrHX paldoT MO JaHHOM TemaTuke
ABJsieTCs (PUKCUPOBAHHOE 3HAUEHHE KOHEUHOU BBICOTBHI.

ANroput™M pemieHus 3aAad 3aKIHyvalcs B NPUMEHEHUM NPHUHLUIA
Makcumyma [IoHTpsAruHa JUis NMOMCKA HKCTPEMAalbHBIX YIIPABICHUMU, CBeE-
JICHUU 33/1a4M K KpaeBOM ISl IEPEMEHHBIX UCXOIHOM CHCTeMBI (T. €. 6e3
COMPSKEHHBIX NEPEMEHHBIX) AJIS AAJIBHEHIIEr0 aHAIUTUYECKOTO U YHC-
JIEHHOT'O UCCJIE0OBAHMUSL.

[IpoBeneHO KaueCTBEHHOE UCCIIEAOBAHUE PELICHUN KPAeBOM 3aJayu.
Haiineno pasOueHue miIOCKOCTH Ha YYacTKH JJISi MAaKCUMaJlbHOW, MUHU-
MaJIbHOW M MPOMEXYTOUYHON TATH, MOCTPOEHBI (ha30BbIC MOPTPETHI CUCTE-
MBI YPaBHEHUI KPacBOU 3a7auH.

1. Jloka3aHo, 4TO B Cilly4ae JIMHEHHOTO CONPOTHUBIICHUS ONTUMAasIbHAs
OporpaMMa HW3MEHEHHsI TATH MOXET COCTOSTh JIMOO U3 TPeX YYacTKOB:
NPOMEXYTOUHAs — MaKCHUMaJbHas — MPOMEXYTOUYHasi, TM00 W3 JBYX:
MaKCHUMaJlbHasi — MPOMEKYTOUHas, MO0 TOJNBKO M3 OJHOIO, COOTBET-
CTBYIOLLIETO IIPOMEXKYTOYHOM, a B ClIydae OTCYTCTBUS COIPOTUBIICHUS —
U3 JIByX YY4aCTKOB: MAKCHUMAJIbHON U IIPOMEKYTOUYHOM.

2. Haiinena 3aBUCMMOCTh MapameTpa (3HaueHue CONpPsHKEHHOU rmepe-
MEHHOW, COOTBETCTBYIOLIEH BHICOTE B KOHEUHBII MOMEHT BPEMEHH) OT
KOHEYHOM BBICOTHI.

3. Bce pe3ynbraThl NpPOWLIIIOCTPUPOBAHBI C IOMOILIBIO IAaKeTa
MATLAB.

B nepcrniekTriBe BO3MOKEH CIEIYIOIIMI ITyTh M3y4EHUs 3a7adu: UCCIe-
JIOBaHWE 3a7a4d TPH PA3IMYHBIX BECOBBIX KOI((HUIMEHTaxX B LEJICBOH
(YHKIMY 1 MaKCUMU3AIMS TOPU30HTATBHOM JaTbHOCTH JIIS TBEPOTO Tea.
Knwoueswie cnosa: bpaxucmoxpona, maxcumuzayus 0a1bHOCMU, NPUHYUN
Makcumyma, Kpaesas 3a0aud, ONmuManbHas mseq.

On the structure of the optimal thrust
for the ‘intermediate’ model of aircraft

O.Yu. Cherkasov, N.V. Smirnova

Lomonosov Moscow State University, Moscow, Russia
E-mail: oyuche@yandex.ru, nina.smirnova247@yandex.ru

The problem of optimizing the trajectories of the object represented by
a material point in a uniform field of gravity in the presence of a resisting
medium and traction is considered. An “intermediate” model of the air-
craft is used, in which it is assumed that a change in the lifting force does
not lead to a change in the drag force, which in fact means the possibility
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of controlling the angle of inclination of the path. As a control, the angle
of inclination of the trajectory and traction force.

A significant difference from other works on this subject is a fixed
value of the final height.

The algorithm for solving problems consisted in applying the
Pontryagin maximum principle to search for extreme controls, reducing
the problem to a boundary value for the variables of the original system
(that is, without conjugate variables) for further analytical and numerical
studies.

A qualitative study of the solutions of the boundary value problem is
carried out. The division of the plane into sections for maximum, mini-
mum and intermediate thrust is found, phase portraits of the system of
equations of the boundary value problem are constructed.

(1) It is proved that in the case of linear resistance, the optimal pro-
gram for changing traction can consist of either three sections: intermedi-
ate-maximum-intermediate, or two: maximum-intermediate, or only one
corresponding to the intermediate, and in the absence of resistance from
two sections — maximum and intermediate.

(2) The dependence of the parameter a (the value of the conjugate var-
iable corresponding to the height at a finite point in time) on the final
height is found.

(3) All results are illustrated using the MATLAB.

In future, the following way of studying the problem is possible:
investigation of the problem at various weight coefficients in the objective
function and maximization of the horizontal range for a solid.

Keywords: brachistochron, range maximization, maximum principle,
boundary value problem, optimal traction.

badTuHr 3J1IeMEeHTOB aBHALIMOHHBIX, 2APOKOCMUYECKHUX
U PAKETHBIX KOHCTPYKI UM

C.JL I—IepHHmeBl, U.W. JTunaros', B.H. BaKyJII/IH2

1IlAl“ U, XKyxosckuii, Poccus
*UuctutyT npuknaaHoii mexanukn PAH, Mocksa, Poccus
E-mail: vbak@yandex.ru

BriepBble TOCTpOEHBI (PU3MUECKHE M MaTeMaTUYeCKHe MOJICNH
6adTrHTa 27€MEHTOB KOHCTPYKIMH JieTaTenbHbIX annapaTtoB (JIA), aBu-
KYIUXCSI CO CBEPX3BYKOBOH CKOpocThiO. IIpoBeneHo maremarnyeckoe
MOJICIMPOBAaHNE OOTEKAHUS BBHICOKOCKOPOCTHBIM IMOTOKOM BSI3KOTO Tasa
U YHUCIIEHHOE MOJEJIMPOBAHNE IPOLECCOB BO3HUKHOBEHHs OadTHHTra.
Ha yncneHHbIX mpuMepax BIIepBbIE MOJIYYEHbI U NPEICTABICHbI 3aBUCH-
MOCTHU U MCCIIEZI0BAHO BIMSHUE BUJA U BEJIMUYMH HArpy30K, a TaKkKe mnapa-
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MeTpOB KOHCTpyKumii JIA Ha rpanunsl obnactu HeycroiunBocT. [loka-
3aHO, YTO UCHOJIb30BAHNE YNPOLIEHHBIX MOJIEJIel MOKET MPUBECTU B pac-
yeTrax 00JacTH HEYCTOMYMBOCTU K OOJBIIMM, B TOM 4YHCJIE HEIOIyC-
TUMBIM MOTPEUIHOCTSIM, YTO MOXKET NoBieub paspyuienue JIA. Pazpabo-
TaHHbIE MOJIEIM 3HAYUTEIBHO PACIIMPSIOT KPYT PEIIaeMbIX 3a1a4 U M03-
BOJISIFOT NMPOBECTU pacueT TMHAMUYECKONW YCTOWYMBOCTH JIEMEHTOB KOH-
crpykuuii  JIA pasnuuHoro HaszHaueHus. [lomydeHHblE peE3yJIbTaThI
MO3BOJISIT OOOCHOBAHHO MOAONTH K PEIICHHIO MPOOJeMbl BECOBOTO CO-
BEpPIICHCTBA KOHCTPYKIMK JIA, 4TO TOBOPUT 00 aKTyalbHOCTH PaccMOT-
PEHHBIX 3a7ad.

Knwoueswie cnosa: 6agpmunz, nemamenvhvie annapamaol, d1eMeHmMbl A8UA-
YUOHHDBIX, AIPOKOCMUYECKUX U PAKEMHBIX KOHCMPYKYULL.

Buffeting of elements of aviation, aerospace
and rocket structures

S.L.Chernyshev ', LI Lipatov. ', V.N. Bakulin >

'TsAGI, Zhukovsky town, Russia
’Institute of Applied Mechanics, Russian Academy of Sciences, Moscow, Russia,
E-mail: vbak@yandex.ru

For the first time, physical and mathematical models of the buffing of
structural elements of aircraft (LA) moving at supersonic speeds were
built. Mathematical modeling of the flow around a high-speed viscous gas
stream and numerical simulation of the occurrence of buffering were
carried out.

Using numerical examples, dependences were first obtained and
presented, and the influence of the type and magnitude of the loads, as
well as the parameters of the aircraft structures on the boundaries of the
instability region, was investigated. It is shown that the use of simplified
models can lead to large instabilities in the calculations of the instability
region, including unacceptable errors, which may lead to the destruction of
the aircraft. The developed models significantly expand the range of tasks
and allow the calculation of the dynamic stability of structural elements of
aircraft for various purposes. The results obtained will allow us to
reasonably approach the solution of the problem of weighted perfection of
aircraft structures, which indicates the relevance of the problems
considered.

Keywords: buffeting, aircraft, elements of aviation, aerospace and rocket
structures.
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Cepreit AnexkceeBud Yanjabiruu
B MOCKOBCKOM YHUBEpPCUTETE

B.H. Yunenosa

MI'Y umenn M.B. JlomonocoBa, Mocksa, Poccus
E-mail: v.chinenova@yandex.ru

B pabote paccMoTpeHbl HEKOTOpBIe (PaKThl CTYACHUYECKON U Tpenoaa-
Batenbckoi ku3Hu C.A. Yareiruaa (1869—1942) B MOCKOBCKOM yHH-
BEpCHUTETE, €T0 PYKOBOACTBO Kadenpoi mexanuku. [lokasana pons Hayd-
HeIX paboT C.A. YamneiruHa Ha (GOpMHUpPOBaHHE HOBOM BETBH MEXAaHUKU
HENPEPBIBHON cpenbl (ra30Boi MEXaHWKW) W Ha JajbHEilllee pa3BUTHE
O0TeueCTBEHHOM HaykH. VIcoab30BaHbl apXUBHBIE IOKYMEHTHI.

Knroueswvie cnosa: Mocxosckuii ynusepcumem, C.A. Yannvieun, evicuiee
obpazosanue 6 Poccuu, 2azoeasn mexanuka.

Sergey Alexeyevich Chaplygin at Moscow University
V.N. Chinenova

Lomonosow Moscow State University, Moscow, Russia
E-mail: v.chinenova@yandex.ru

The paper provides the biographical details of Sergey Alexeyevich
Chaplygin (1869-1942). The student years of Sergei Chaplygin and be-
ginning of his teaching activity, his leadership of the Department of me-
chanics are described. Chaplygin is the founder of a new branch of contin-
uous medium mechanics; he also devised the general methods for gas
mechanics. The role of scientific works of S.A. Chaplygin on the further
development of domestic science is shown.

Keywords: Moscow University, S. A. Chaplygin, higher education in Rus-
sia, gas mechanics.

Oco0eHHOCTH OPraHM3aALUM MEKIYHAPOAHBIX OJTMMITHA/L
10 TEOPeTHYECKOH MeXaHUuKe

A.O. lumanosckuit, M.I'. Ky3nenona, 1.E. Kpakora

benl'YT, I'omens, benapyce
E-mail: tm.belsut@gmail.com

Teopernueckass MexaHuka — OAHA W3 (PYHIAMEHTAJIBHBIX JTUCIIH-
IUIMH, 3HAHWE KOTOPOW ONpenenseT KOMIETEHTHOCTh CIEIUaIUCTOB,
3aHUMAIOIIUXCS POCKTUPOBAHUEM M DKCIUTyaTallMEeH Pa3INIHBIX TEXHH-
YECKHX OOBEKTOB, a TAKKE HAYUHOH JESITEIBHOCTHIO, CBI3AHHOM C MeXa-
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HUKON. OnuMnuaasl 00ECeurnBaOT Pa3BUTHE CIOCOOHOCTEH CTYIEHTOB,
MPEIOCTABIISAIOT BO3MOKHOCTH 10 O0Jiee TIyOOKOMY YCBOCHHIO MaTepHa-
Ja, yyaT IPUMEHEHUIO0 HECTaHIaPTHBIX METOI0B PELICHUS 3a/1a4.

MexnyHapoaHble OMMMIUAAbI 110 TEOPETHUUYECKOW MEXaHHUKE IPOBO-
aatca B benopycckoM TrocyIapCTBEHHOM YHUBEPCUTETE TpPAaHCHOPTa
HauyuHas ¢ 2005 roga. OHU cTanu JOrMYecKuM pa3BuTHEM benopycckux
peciyOIMKaHCKUX OJIMMITMAJ], OPraHU3aToOpoOM KOTOPBIX JO 3TOro ObuLIa
benopycckas rocygapcTBeHHas MOJIMTEXHUYECKasl akaaemus (ceiuac —
BHTY). B yxe coctosBIIMXCS 15 MeXTyHApOTHBIX OJIMMIIHAIAX TPUHSIH
ydacTue OKOJIO 2 ThIC. CTYJIEHTOB U mpenojasareneil u3 benapycu, Uzpa-
uns, Kazaxcrana, Kuras, Poccun, Typkmenucrana, Ykpaunsl, [lonbim,
HIBeruu u apyrux rocynapets. B 2018 r. benl'YTom 6buto moamnucaHo
COIIAllIEHUE O Ieperadye IpaB Ha IPOBEJIEeHUE A3MATCKOIO 3Tana OJIMM-
nuael Xoxaiickomy yHuBepcutety (r. Hankun, Kurait). Bnepsbie npose-
neHHblid B siHBape 2019 1. Takoil koHKypc coOpan 308 cTyaeHTOB u3
48 By30B, KOTOpBIE MPEACTABIIAIN MAaTEPUKOBYIO 4acTb Kurtas u ocTtpos
TaiiBanb. Ilo ee pe3yiabTaram ObUTH OTOOPaHBl YUYACTHUKU 3aKIIOYUTENb-
HOT'O Typa OJMMIIMAJIbl, KOTOPBIN YK€ TPaJULMOHHO IIpOBOAMICS B I. ['o-
Mmedne (Pecrybnuka benapycs).

OnuMmnuaza BKJIIOYAeT JBa KOHKYpca: TEOPETUUYECKUU (JIMYHO-
KoMaHIHbBIN) U «bpeitH-puHr» (komaHaHbIH). Ha TeopeTrHueckoM KOHKYp-
C€ yYacTHUKaM IpEAJIaraloT BOCEMb 3ajau (IBe M0 CTATUKE, JIBE 110 KHHE-
MaTHKE U YEThIpEe M0 TMHAMUKE), Ha PEIIEHUE KOTOPBIX OTBOAUTCS 4 Jaca.
Wrorn noaBoasT B TMYHOM M KOMaHIHOM 3a4ere (10 cymMme 0ajioB Tpex
Jy4IIMX IpeJacTaBuTenel By3a). B koHkypce «bpelH-puHI» KoMaHaam,
COCTOSIIIIMM M3 TPeX CTYAEHTOB, Ha 60 MUHYT IpeanararTcs TPUALATH
CPABHUTEIBHO HECIIOKHBIX MUHM-3a/1a4 — I10 JIE€CSATh COOTBETCTBEHHO IO
CTaTHKe, KUHEMaTuke W auHamuke. lIpu mpoBepke paboT Kakaplid Ipa-
BUWJIbHBIA OTBET OIEHUBAETCS OAHUM OayioM (pelIeHusi He paccMaTpHhBa-
1orcs). Komanna-nobeaurens onpenensercs no KOJIUYECTBY MPaBHIIbHBIX
OTBETOB.

Bce xomIuieKThl 3a/1a4, IPeUI0KEHHBIX ISl PELICHHUs, TIOATOTOBIEHBI
opranuzatopamu. Jlyis teopernueckux KoHKypcoB A.O. lllumanoBckuii
COCTaBJISIET HOBBIE OPUIMHAJIbHBIE 3aJaud. YUMTHIBAs pa3ivyusi B IPO-
rpaMMax KypcoB TEOPETHUECKON MEXaHUKH JIJISl pa3HbIX CHELMAIbHOCTEN
B Pa3JIMYHBIX TOCYJIapCTBAX, YCIOBUS MPEAINOIArald BO3MOKHOCTh pelle-
HUSl C IPUMEHEHHUEM THUIIOBBIX METOJOB MEXAaHMKH, IPUUYEM IMpEANoUTe-
HUE€ OT/aBAJIOCh KOMIUIEKCHBIM 3aJ1ayaM, B KOTOPBIX Hapsay ¢ THUIOBOU
YacTbl0 HMENHCh 3JIEMEHTHI, TPeOyIOUIHe AOMOJHUTEIBHOIO aHaIu3a.
B kauectBe mpumepa MOTYT CIIyXXHUTh 3a/ladyd JIMHAMUKH MaTepHaIbHOU
CUCTEMBI, B KOTOPBIX CJIEIOBAJIO Y4YECTh BO3MOXKHOCTh Kau€HHs Tejla IO
MTOBEPXHOCTHU C MPOCKAIb3bIBAHUEM U O€3 HETO.

®opmar koHKypca «bpelH-puHT», 3agaHus KOTOPOTro pa3padaThiBa-
JUCh aBTOPAaMU BMECTE C MHBIMHU COTPYJHUKaMU Kadeapbl TEXHUYECKOU
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¢u3uku u Teoperndeckoil Mexanuku benl'YTa, oOycnoBun HeoOXxomu-
MOCTb TOT'O, YTOOBI /7151 HauboJiee palOHAIIBHOTO PEIIEeHUs KaXJI0H 3a-
Jlaud JTOCTaTOYHO OBLIO BBINOJIHUTH HEOOJBILIOE YMCIIO omepauuid. B To
xKe BpeMs Onarojapsi OOJbIIOMY KOJIMYECTBY 3ajjad MOSIBHIIACH BO3MOXK-
HOCTb BKJIFOUEHHMS B 3a/I1aHUSI BOIIPOCOB U3 OOJBIIMHCTBA Pa3/iesioB Kypca
TEOpeTUYeCKOM MexaHMKHU. Hapsiay ¢ mpoCTbIMM THUIOBBIMM 3aJauyaMi,
KOTOPBIX JOJKHO OBITH HE MEHEE YETBEPTH OT OOIIero 4yucia, morpedona-
JOCh BKJIIOYATh M JIOCTATOYHO CJIOXHBIE, 4TOOBI MOXKHO OBLIO oOcCyIle-
CTBUTH pacIpeeleHe KOMaH/ 110 3aJJaHHbIM MECTaM.

B pamkax omummuaja mpouUId HAYYHO-METOJUYECKHE CEMUHAphl, Ha
KOTOPBIX COCTOSIJICSI OOMEH OMBITOM OpraHU3alMy y4eOHO-METOAMYECKON
¥ Hay4YHOI paboThl Ha Kadeapax TEOPETUIECKON MEXaHUKH BY30B Pa3HBIX
roCyAapcCTB, a TAK)KE€ HAMEUEHBI ITyTH JaJIbHEUILIEr0 COTPYIHUUECTBA.
Kniwoueswie cnosa: meopemuueckas mexamuxa, MelcOyYHApOOHAS ONUM-
nuaoa, opeanu3ayusi KOHKypcos, ycio6us 3a0ady.

Features of the international Engineering Mechanics
contests organization

A.O. Shimanovsky, M.G. Kuzniatsova, I.E. Krakava

Belarusian State University of Transport, Gomel, Belarus
E-mail: tm.belsut@gmail.com

Engineering Mechanics is one of the fundamental disciplines; its
knowledge determines the competence of specialists involved in the de-
sign and operation of various technical objects, as well as scientific activi-
ties related to mechanics. Contests provide the development of students'
abilities, provide opportunities for deeper learning of the material and
teach the use of non-standard methods for solving problems.

International Engineering Mechanics contests have been held at the
Belarusian State University of Transport since 2005. They became the log-
ical development of the Belarusian Republican Contests, which had been
previously organized by the Belarusian State Polytechnic Academy (now
BNTU). The already held 15 International contests were attended by about
two thousand students and teachers from Belarus, Isracl, Kazakhstan, Chi-
na, Russia, Turkmenistan, Ukraine, Poland, Sweden and other countries.
In 2018, BelSUT signed an agreement on the transfer of rights to host the
Asian stage of the Contest to Hohai University (Nanjing, China). The first
such competition was held in January 2019 and brought together 308 stu-
dents from 48 universities representing mainland China and the island
Taiwan. According to its results, there were selected the participants for
the final stage of the Contest, which has been traditionally held in Gomel
(Belarus).

254 Huorcenepuuiit scypuan: nayka u unnosayuu #2-2020



DOI: 10.18698/2308-6033-2020-2-1960

The Contest includes two competitions: the theoretical (personal-
team) one and the “Brain Ring” (the team competition). At the theoretical
competition the participants are offered eight problems (two in statics, two
in kinematics and four in dynamics), 4 hours are allotted for their solution.
The results are summarized in the individual and team (by the sum of the
points of the three best representatives of the university) classifications. In
the “Brain Ring” competition, teams of three students are offered thirty
relatively simple mini-problems for 60 minutes — ten in statics, kinemat-
ics and dynamics, respectively. At checking the work, each correct answer
is evaluated by one point (the solutions are not considered). The winning
team is determined by the number of correct answers.

All sets of proposed for solution problems were prepared by the or-
ganizers. Shimanovsky A.O. compiles new original problems for theoreti-
cal competition. Considering the differences in the programs of the engi-
neering mechanics courses for different specialties in different countries,
the problems suggested the possibility of solving them by standard meth-
ods of engineering mechanics, and the preference was given to the com-
plex problems, in which, along with the standard part, there were elements
requiring additional analysis. For example, the problems of the material
system dynamics, in which one should take into account the possibility of
rolling the body over the surface with and without slipping.

The format of the “Brain Ring” competition necessitated that for the
most rational solution of each problem it was enough to perform a small
number of operations, the problems were developed by the authors togeth-
er with other employees of the Technical Physics and Engineering Me-
chanic Department of the BelSUT. At the same time, due to the large
number of problems, it was possible to include tasks from the most parts
of the engineering mechanics course. Along with simple typical tasks,
which should be no less than a quarter of the total number, it was neces-
sary to include complex ones so that it was possible to carry out the distri-
bution of teams in the given result places.

In the framework of the contests, the scientific and methodological
seminars were held, at which the exchange of experience in organizing
educational, methodological and scientific work at the engineering me-
chanics departments of different countries’ universities took place, and
ways of further cooperation were outlined.

Keywords: engineering mechanics, international contest, organization of
contests, problem tasks.
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KoMmnbioTepHoe Moe/iupoBaHue JTMHAMUKHA BATOHOB
B cpene MSC.ADAMS

A.O. IlIumanosckuii', IT.A. Caxapos', .M. MapquKol’2

'Benl'YT, Tomens, Benapychs
2AO «HM3», HoBo3bi6K0B, Poccust
E-mail: tm.belsut@gmail.com

OO1111e BONpOoChl, CBA3aHHBIE C AaHATM30M JIBHXKEHHSI BATOHOB B COCTaBE
noe3Jia, JOCTaTOYHO IIHUPOKO HccieoBaHbl. OJHAKO MOCTOSHHO MPOUCXO-
Jsilee COBEPIICHCTBOBAHNE KOHCTPYKIIMIA JKEIE€3HOA0POKHOTO TOIBUKHO-
ro cocraBa TpeOyeT BBIIOJHEHHS pPacueToB, MOJTBEPXAAIOLINX Oe3ormac-
HOCTh MEPEBO30K C HOBBIMU WIJIM MOJEPHU3UPOBAHHBIMU KOMIIOHEHTaMH.
[Ipu aHanu3ze AMHAMUKU BarOHOB OHU MOJICIUPYIOTCSI CUCTEMaMU TBEPIBIX
Tes ¢ OONBIIMM YUCIIOM CTENeHeil CBOOOJbl U HETOJJOHOMHBIMH CBSI3SIMHU.
[IpuMeHeHne crenuanibHOTO MPOrPAMMHOTO OOECTICYeHHUS, OCYIIECTBIISIO-
HIET0 pacyeTbl JWHAMHKH CHCTEM TeJ, K YHCIy KOTOPOrO OTHOCHTCS
MSC.ADAMS, mno3BoisieT B pe3yibTaTe BUPTYaIbHOIO MOZICIUPOBAHMS
MONTYYUTh MTPAKTUYECKH BaYKHBIE PE3YJIbTATHI.

Lens mpencraBneHHONW pabOThHl — aHANM3 BIWSHUS YNPABISIOMINX
BO3/ICICTBUI 1 OCOOCHHOCTEH HEeMMHEHHOCTEN CBA3EH MEXIy dJIeMeHTa-
MU KOHCTPYKIUHU Ha TUHAMUKY BaroHOB U MOE€3/1a B LIEJIOM.

B cpene nporpammuoro komriekca MSC.ADAMS 6b11a co3iana Mo-
Jienb mojyBaroHa Ha tenexkkax 18—100, yuuTsiBaromas OOKOBYIO KECT-
KOCTh MPY>KHUH MOJBECKH U KOHTAKTHBIE B3aUMOJECHUCTBUS KaK MEXIY Je-
TaIsIMH TEJNEKKH, TaK U C J1e(OPMUPYEMBIM 3KEIE3HOIOPOKHBIM ITyTEM.
Jlna obecrieyeHus aIeKBaTHOCTH MOJTyYaeMbIX PE3yJIbTaTOB OCYIIECTBIIe-
HBI 1TOA0OP U Bepu(DUKAIUS 3aBUCUMOCTEH KO3(PPHUIIMEHTOB KECTKOCTH,
neMnupoBaHus, CHJI TPEHHSI CKOJBKCHHSI M TMOKOS OT OTHOCHUTENBHBIX
CKOPOCTEM M NEPEMELIEHUM 3JIEMEHTOB CHCTEMBI. BBINOIHEHAa OlleHKa
3¢ (GEeKTUBHOCTH BHEAPEHUsT OYKCOBOTO MOABEIIUBAHMS JJISI CHMXKCHHS
yAApHBIX HArpy30K MPH MPOXOXKIACHUU CThIKA PEIbCOB HA OCHOBE yCTa-
HOBJICHUSI 3aBHCUMOCTEM MaKCHUMaJbHBIX CHJI OT BEJIUYHHBI CTBIKOBOTO
3a30pa, CKOPOCTH JIBUKEHUS M HArpys3ku Ha kozeco. IIpennoxena HoBas
KOHCTPYKIIMS YIPYTUX CBsA3el OyKC ¢ OOKOBBIMU paMaMH TENEKKH, M03-
Bossiromiast Ha 15...20 % CHU3UTH 3HA4YeHUS CHJI, OOYCIIOBJICHHBIX IPO-
XOXIECHUEM PEIICOBOIO CTHIKA.

Coznana Taxke BHpTyalbHas MOJEIb IPY30BOrO IIOE3/1a, BarOHBI
B KOTOPOM CBSI3aHbl aBTOCLIETIKAMHU C MOTJIOIIAIONIMMU aIapaTaMu pas-
HBIX BUJOB. B X0/J1€ BHIYUCIUTENBHBIX HKCIIEPUMEHTOB MPOBE/ICHA OLIEHKA
BIIMSIHUSL ’KECTKOCTU U JIeMI(UPYIOIIEH CIIOCOOHOCTH aMOPTU3aTOPOB Ha
BEJIMYMHY MPOJOJBHBIX CHUJI M UX PACIpEAENICHUE O JJIMHE MOoe3Aa IpHU
NEKTPOJAMHAMUYECKOM TOPMOKEHUU. Pe3ynbTarhl pacueToB NOKazaiw,
YTO aMIUIMTYyJa KOJeOaHW MPOJOJIbHBIX CHJI B TO€3/E MPH AIIEKTpHUYe-
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CKOM TOPMO>KEHHH OJHOPOJHOTO COCTaBa Ha MPSIMOM Y4acTKe ITyTH 3aBH-
CHUT HE CTOJIbKO OT CHJIOBOW XapaKTEPUCTUKH TOTJIOMIAIONINX aIllapaToB,
CKOJIbKO OT CKOPOCTH HM3MEHEHHUS TOPMO3HOW CHIIbl. MHHHMMAIBHO BO3-
MOYKHBIE CHJIBI BO3HHKAIOT B TOM Cllydyae, KOTJia JUTUTEIbHOCTh yBEJINYEe-
HUSI TOPMO3HOM CHJIBI paBHA TEPUOJY COOCTBEHHBIX KOJeOaHWil moe3mia
KaK yIpyroi CHUCTeMbI (IIPH JMHEWHBIX CHJIOBBIX XapaKTEPUCTHKAX IO-
TIIOMIAIIKX ammapaToB). [loaTBepkaeHO, YTO TpU AIEKTPOAMHAMUYE-
CKOM TOPMOKEHUH MOCTAHOBKA MIOPOKHUX BarOHOB B TOJIOBY HEOJIHOPO/I-
HOTO MO€3/1a MOXET MPUBOJIUTH K UX CXOTY.

[Toy4yeHHbIE pe3ynbTaThl MOTYT OBITH HCIIOJIB30BaHBI KaK ISl YCO-
BEPIICHCTBOBAHMS KOHCTPYKIIMU TEJIEKEK BaroHOB, TaK U TIpU (HOPMHPO-
BaHUU TI0€3/I0B ¥ YCTAHOBIICHUH PAIMOHAIBLHBIX PEKUMOB HX BEIACHHS.
Knrwueevie cnosa: sicene3Ho00poIiCHbII 8A20H, MENENHCKA, KOMNbIOMEPHOe
mooenuposarnue, MSC.ADAMS, nenunetinvle konebanus, OUHAMuKa noe3od.

Computer simulation of the railway cars dynamics
in the MSC.ADAMS software

A.O. Shimanovsky 1, P.A. Sakharau 1, D.M. Marchenko '

! Belarusian State University of Transport, Gomel, Belarus
? JSC Novozybkov Machine-Building Plant, Novozybkov, Russia
E-mail: tm.belsut@gmail.com

General issues related to the analysis of the movement of cars in
a train are widely investigated. However, the ongoing improvement of the
railway rolling stock designs requires calculations that confirm the trans-
portation safety using new or modernized components. At the analysis of
the cars dynamics, they are modeled by systems of solids with a large
number of degrees of freedom and nonholonomic constraints. The use of
special software that calculates the body systems dynamics, including
MSC.ADAMS, allows to obtain practically important virtual results.

The purpose of the present work is to analyze the influence of control
actions and especially non-linearities of the relationships between the
structural elements on the dynamics of cars and the train as a whole.

In the MSC.ADAMS software package environment, a model of
a open wagon car mounted on the 18-100 bogies was created, taking into
account the lateral stiffness of the suspension springs and contact interac-
tions both between the bogie parts and the deformable railway. To ensure
the adequacy of the obtained results, the selection and verification of the
dependences of the stiffness, damping, sliding friction and rest forces on
the relative velocities and displacements of the system elements were car-
ried out. The effectiveness axle box suspension usage for reducing the
shock loads at passing through the rails’ joint is estimated on the basis of
establishing the dependences of the maximal forces on the size of the joint

Huoxcenepnutii ycypnan: nayka u unnoeayuu #2-2020 257



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

gap, motion velocity and the wheel load. A new design of the elastic con-
nectors of the axle boxes with the bogie side frames is proposed, and it al-
lows to reduce the forces caused by passing through the rail joint by
15...20%.

A virtual model of a freight train is also created, the cars in it are con-
nected by auto-couplers with damping devices of various types. During
computational experiments, the influence of the stiffness and damping
ability of shock absorbers on the longitudinal forces and their distribution
along the length of the train at its electrodynamic braking was evaluated.
The computational results showed that the longitudinal forces oscillations
amplitude for the homogeneous train at its electrical dynamic braking on a
straight track section not significantly depends on the power characteris-
tics of the absorbing devices but mostly depends on the braking force
change rate. The minimal possible forces arise in the case when the brak-
ing force increase duration is equal to the period of natural oscillations of
the train as an elastic system (with linear power characteristics of absorb-
ing devices). It was confirmed that at the electrodynamic braking, placing
empty cars in the inhomogeneous train head can lead to their descent.

The results can be used both to improve the design of wagon bogies,
and at forming trains and establishing rational modes of their driving.
Keywords: railway carriage, bogie, computer simulation, MSC.ADAMS,
nonlinear vibrations, train dynamics.

IIpumMepsl TEOPHIA CO CTAPIIUMHU NMPOU3BOAHBIMHA

A.O. umauun

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: shishandr@rambler.ru

B XIX B. 'amunbToH 1 OcTporpaackuii Hayajau U3y4daTb MEXaHUYe-
CKHE€ CHUCTEMBI CO CTAPUIMMM BPEMEHHBIMH IPOU3BOMHBIMHU. XOPOLIO W3-
BECTHO, YTO B TaKMX MOJEIAX MMEIOTCS CI0KHOCTH. Hampumep, B kBaH-
TOBO-MeXaHu4eckoMm ocimuiarope [laiica — VYnenbeka ¢ KpaTHBIMH
4acTOTaMU CIEKTP HEOTPAaHUYEH CHU3Y M KaXJI0€ COCTOSHUE OECKOHEUHO
BBIPOXk/I€HO. TakKe MHTEpEeCHBIMH CBOMCTBaMHU OOJIaJar0T MOJAEIH TEO-
pun nosig. Mel 00CyAMM HEKOTOpbIE HPUMEpPHI MOJENEH CO CTapLIUMHU
IIPOU3BOAHBIMM B KJIACCUYECKOM M KBAHTOBOM MEXAaHMKAX, a TAKKE B TEO-
pHUH MOJISL.

Knroueswie cnosa: camunomonuan, nazpaudxcuar, ocyunnamop llaica —
Vnenbexa.
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Examples of theories with higher derivatives
A.O. Shishanin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: shishandr@rambler.ru

In the 19th century, Hamilton and Ostrogradsky began to study mechani-
cal systems with higher time derivatives. It is well-known that such models
have some problems. For instance in quantum mechanics the Pais — Uhlen-
beck oscillator with multiple frequencies has the unbounded spectrum but
each level is infinitely degenerate. Field theory models also have interesting
properties. We will discuss some examples of models with higher derivatives
in classical mechanics, quantum mechanics and field theory.

Keywords: the Hamiltonian, the Lagrangian, Pais — Uhlenbeck oscillator.

DpPOHTOBUK M AKAJAEMHUK
(k 100-1€THIO CO THS POKIACHUS AKATEMHKA
K.C. KojiechnkoBa)

I1.M. lIIxanoB

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: spm@bmstu.ru

B noknane mpuBoauTcs kpatkas uHGOpMalus 00 OCHOBHBIX JdTamax
KU3HHU U JearenbHOoCTH akagemuka Koncrantuna Cepreesuva KomecHu-
KOBa M CO3aHHON UM HAy4YHO-TIEAArOrHYeCcKOM KOl B 00JIACTH HUCCIIe-
JIOBAaHWSA ITUHAMUKH W TPOYHOCTH MAIIWH, TPEMOJaBaHUs MEXaHUKHU
B MBTYVY um. H.O. baymana [1, 2].

Kniouegvie cnosa: Konecnukos Koncmanmun Cepeeeeuu, MBTY
um. H.D. baymana, ounamuka u npouHoCcms MAuwluH, meopemuyeckas me-
XAHUKA, pAKeMHO-KOCMUYECKas MmexXHUKd, Hay4Ho-neoazo2uiecKkas wKoJd.

JIureparypa

1. Ilkanos II.M. ®pontoBuK 1 akaaemuk (k 100-neruro akanemuka K.C. Konecauko-
Ba) // MammHOCTpOoeHHEe U KOMIIbIOTepHBIe TexHoiorund. 2019; (7):13-25.
https://www.technomagelpub.ru/jour/article/view/1508;
https://doi.org/10.24108/0719.0001508

2. ®pontoBuk u akagemuk. Bocmomunanust o K.C. Konecuukose / coct. A.B. Emernbs-
HoB, E.W. EMenbsinoBa. Mocksa: UznatensctBo MI'TY um. H.D. baymana, 2019.
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War veteran and academician
(the centenary of academician K.S. Kolesnikov)

P.M. Shkapov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: spm@bmstu.ru

The article presents brief information on the main stages of the life
and work of academician Konstantin Sergeyevich Kolesnikov, and his sci-
entific and educational school created at Bauman Moscow Higher Tech-
nical School (BMHTYS) to study dynamics and strength of machines and
teach mechanics [1].

Keywords: Konstantin Sergeyevich Kolesnikov, BMSTU, dynamics and
strength of machines, theoretical mechanics, rocket and space technology,
scientific and educational school.
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O nocraHoBKe M pelIeHUH 32124 r'UAPOANHAMUKHU
B Tpyaax akajgemuka K.C. KojieCHUKOBA U €r0 y4eHUKOB

I1.M. lIIxkanoB

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: spm@bmstu.ru

Hauunas ¢ 1960-x ronoB 8 MBTY um. H.D. baymana ¢ nmpuxogom Ha
kadenpy teopernueckord Mexanuku K.C. KosecHukoBa 3HauMTETbHAS
YacTh MCCIIEJIOBaHMI ero (popMHpyroIIeiics HAyYHOW IIKOJBI CTajla CBs-
3aHa C MOTPEOHOCTAMU OypHO pPAa3BUBAIOLIEHCS PaKETHO-KOCMUYECKOM
texuuku. Ctanu pa3pabaTeiBaThCs TaKUe HAy4YHBIC HAMPABICHUS, KaK JH-
HaMHKa PaKeT C KUJAKOCTHBIMU PAKETHBIMH JBUTATEJIbHBIMU YCTaHOBKa-
Mu (OKP/1Y) 60mb1110#1 MOIIHOCTH, BKIIIOYAs 33a1a4 IPOAOIBHBIX U IMOIe-
PEUYHBIX KOoJe0aHusl KOHCTPYKLUHU C YIETOM AMHAMUKH JKUKOCTH B OaKax.
UccnenoBanuch yCTOWYUMBOCTH M aBTOKOJEOAHUS CHUCTEM YIIPABICHUS
JBIJKEHHEM, a TaKXXE€ CHCTEM TOIUIMBOINOJAYH, B TOM YHUCIE C YYETOM
IBYX(a3HOCTH MOTOKA B TUAPOJIMHUSAX U KABUTAIIMH B ITHEKOIICHTPOOESK-
HBIX Hacocax [1-3].
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OTtmpaBHON TOYKOW MPOBOJIMMBIX HMCCIIEOBAHUN MO JTUHAMHKE CHUC-
TeM ympasiieHus U TorumBonogadn JKPJY Obuta mpuBsizka K peaqbHBIM
W3/IeNIMAM, @ TaKXK€ HKCIIEPUMEHTAIbHOE BBISIBJICHUE MEXAHU3MOB JUHA-
MHUYECKUX IPOLIECCOB, OMUPAIOIIEEcs Ha BCKPBITUE CTPYKTYpPhl TEUEHHI
B COCTaBHBIX DJIEMEHTaX THAPOCHCTEM. DTO MO3BOJIUJIO pa3paboTaTh Mma-
TeMaTU4YeCKHe MOJENTU OOBEKTOB HCCIIEJOBAHMS, BBISBISTH U MPOTHO3U-
pOBaTh UX MOBEJICHUE B IIMPOKOM JIUAMA30HE U3MEHEHUS PEKUMHBIX Ia-
paMeTpoB palOThl, ONTHUMH3UPOBATH JHHAMUYECCKHAE XapaKTECPUCTHKHU
U3JIENHIA 10 MHOTHM KPHUTEPHUSIM KadecTBa. B nanpHeiieM a3t HapaboTKu
OBLTM MPUMEHEHBI K M3EIHUSIM B CUCTEMaM U3 JIPYTHX 00J1acTell TEXHUKH
Y TIPOMBIIIUIEHHOCTH.

Knrouesvie cnosa: pakemuo-kOcMUuecKas mexHUKa, 2UOPOOUHAMUKA,
08yxghazuvie meyeHus, KaBUMayus, mamemamuieckoe Mooeiuposanie,
KONeOanust, OnMmumMu3ayus 2100a1bHa.
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On the formulation and solution of problems
of the gidrodynamics in the works of academician
Konstantin Sergeyevich Kolesnikov and his associates

P.M. Shkapov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: spm@bmstu.ru

Since the 1960s with the arrival of K.S. Kolesnikov to the Department
of Theoretical Mechanics at Bauman Moscow Higher Technical School,
a significant part of the research of his emerging scientific school had be-
come associated with the needs of rapidly developing rocket and space
technology. Such scientific directions as dynamics of rockets with liquid
rocket propulsion systems (Ireds) of high power, including problems of
longitudinal and transverse oscillations of a design taking into account dy-
namics of a liquid in tanks began to be developed. We studied the stability
and self-oscillations of motion control systems, as well as fuel supply sys-
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tems, including taking into account the two-phase flow in hydraulic lines
and cavitation in screw centrifugal pumps [1-3].

The starting point of the ongoing research on the dynamics of control
systems and fuel supply of liquid propellant rocket engines was binding to
real products, as well as experimental identification of the mechanisms of
dynamic processes, based on opening the structure of flows in the constit-
uent elements of hydraulic systems. This allowed us to develop mathemat-
ical models of the objects of study, to identify and predict their behavior in
a wide range of operating regime parameters, to optimize the dynamic
characteristics of products according to many quality criteria. Subsequent-
ly, these developments were applied to products and systems from other
areas of technology and industry.

Keywords: space rocket technology, hydrodynamics, two-phase flows,
cavitation, mathematical modeling, oscillations, global optimization.
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HpOCBeTI/ITeJ'leKaﬂ AEATECJIbHOCTD
KaKk HCOThEMJINMAs YaCThb NIpenoaaBaTe/JIbCKOro mpoiecca

II.M. lIIxanoB

MI'TY um. H.O. baymana, Mocksa, Poccus
E-mail: spm@bmstu.ru

B noxnane Ha npumepe kadenpsl «Teopernueckas MEXaHUKa» UMEHU
npodeccopa H.E. JKykoBckoro moka3aHo, YTO HPOCBETUTENIbCKAs IeEs-
TEJIBHOCTB SIBJIIETCS B 1IEJIOM HEOTHEMIIEMOM 4aCThIO MPENOAaBaTEeNbCKO-
ro mpolecca 1 UMeeT MHororpasHoe BorouieHue. Kagenpa reoperuue-
cKoi MexaHuku Vmmneparopckoro MocKOBCKOIO TEXHUYECKOIO YUMIIUINA
obuta co3mana H.E. XKykoBckum B 1878 1. Benukuil pycckuii y4yeHbIH
ABJISUICS OCHOBATEJIEM IIEJIOTO psa HAayYHBIX M HAYYHO-NIEAArOTMYECKUX
IIKOJ B BBICIIMX Y4eOHBIX 3aBeficHusAX Poccun, npexe Bcero B Briciem
TEXHUYECKOM YYMIHUILE ¥ MOCKOBCKOM yHuBepcutere. OTINYUTEIbHON
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O0COOCHHOCTBIO UX SBIISAJIACH HAMPABICHHOCTh HA BOBJICYCHHE B COBMECT-
HYI0 Hay49HyI0 pabOTy MO camMoi aKkTyallbHOM TeMaTHKe MperoaaBaTenei,
WHXXCHEPOB U CTyAeHTOB. DopMHUpOBaHUE TaKUX KOJUIEKTHBOB, Kadenp,
pa3BUTHE HOBBIX yUYEOHBIX AUCIUIUIMH M YUEOHBIX TJIAHOB UMEJIO CaMoe
MOJIOKUTENhHOE BIMSHUE HA Pa3BUTHE BBICIIET0 0Opa3oBaHUS BO Bcei
Poccun. XykoBckuit pykoBoaua kKadeapoi TEOpPeTHYECKOH MeXaHHKH,
COCTaBIIsLI y4eOHbIE IUIAHBI, YUTAJ JICKIIMA U BEJ MPAKTUYECKUE 3aHSATHUS
B TeueHue 43 ner cBoel u3HM a0 1921 r. Ha xadenpe B pasHoe BpeMms
paboTtanin MHOrMe wu3BecTHble ydeHble W mnemaroru: C.A. Yarubrus,
A.N. Hekpacos, A.Il. Korenpnukos, B.I1. Betunnkun, A.A. KocMoaems-
aackui, B.H. Becenosckuii, K.C. KonecuukoB u MHorue apyrue. Cama
UCTOPHUSI CTAHOBJICHUE U PA3BUTHE HAYYHO-TNEJArOrMyecKOil IIKOJbI Ka-
deapsl cocTaBisIeT OCHOBY ISl BEICHHUS MPOCBETUTEIBCKOU AESITENbHO-
CTH Kak B cpeJie 00ydJaromuxcsl, Tak U KOJIJIET-MEXaHUKOB U3 YHUBEPCUTE-
TOB M aKaJIeMUYECKUX UHCTUTYTOB.

B pamkax »Toit pa®oThl IpH MOAEPKKE PYKOBOJACTBA YHUBEPCUTETA
u HayuHo-meToaMueckoro coBera IO TEOPETUUYECKOW MEXaHUKE IIpU
Munobpnaykn PO kadenpa mox pyKoBOACTBOM 3aBEIYIOLIEr0 aKTUBHO
YYacTBYET B Pa3IMYHBIX MEPOIPHUSATHUSIX: HAyIHBIX KOH(EPCHIHIX, HAy4-
HO-METOJIMYECKUX CEMHHapaX, COBEIIAaHUSAX 3aBEAYIOIUX KadeapaMu
U BEyIUX IpPEroaaBareeil TEOpeTUUEeCKON MEXaHUKH, ChE31aX MEXaHU-
KoB. [lyOnukyercs 3HAYMTENbHOE KOJIMUYECTBO CTAaTEH B MEPUOIUYECKON
MevyaTd U LEeJeBBIX HAYYHO-METOJWYECKUX COOpHUKAX. 3HaYyUTeNlbHas
4yacThb MAaTEpUajOB BbIBEIIMBAETCA /JIsi CBOOOJHOTO JOCTyla B CETH
Hutepner.

Ha manHOoM 3Ttame pedopMmupoBaHms BBICIIEr0 oOpa3zoBaHusi Poccun
BCE 3TO IpuobpeTaeT ocoboe 3HaueHue, Tak kak MI'TY um. H.3. baymana
aBiseTcss (JarMaHoM BBICHIETO TEXHUYECKOrOo 0Opa3oBaHUSl CTpaHbI,
a TeopeTHyecKas MEXaHHUKa SBJISETCS OJHON u3 0a30BbIX (hyHIaMEHTalb-
HBIX OCHOB 3TOTO 0Opa3oBaHMs. DTO HAKIIAJIbIBAET OCOOYI0 OTBETCTBEH-
HOCTb Ha Kadeapy TeOopeTHYeCKOW MeXaHWKh UMeHH mpodeccopa
H.E. XyKkoBcKkoro, KoTopasi 1OCTOMHO BBIITOJHSET CBOKO MUCCHIO MO KOH-
CONMIAIMH TPOPECCHOHATIBHOIO COOOIIECTBAa MpenoaBaTeeil BhICIIeH
IIKOJIBI U JIOBEJIEHUS €r0 MHEHHMsI 10 oO1ecTBeHHOCcTH Poccuu.
Knrwoueevie cnosa: Huxonaii Ezcoposuu Kykoeckuti, HMwmnepamopckoe
Mockoeckoe mexnuueckoe yuunuuwje, MBTY um. H.O. baymana, MI'TY
um. H.D. baymana, Mockoéckuil 2o0cy0apcmeeHublll YHU8epCcumem, HayyHo-
neoazo2uyecKkads WKoud, meopemuyeckas MexaHuxda, OUHAMUKA U Npoy-
HOCMb  MAWUH, PAKEMHO-KOCMUYECKAsl MeXHUKd, NpoCceemumensCeKas
oesmenbHOCMb.

Huoscenepnutii scypnan: nayka u unnoeayuu #2-2020 263



Dynoamenmanvhvie u npukiIaonvle 3a0aqu mexanuku. Tezucvl 00k1a006

Educational activity as an integral part
of the teaching process

P.M. Shkapov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: spm@bmstu.ru

On the example of the Department of Theoretical Mechanics named

after Professor N.E. Zhukovsky the report shows that enlightenment as
a whole is an integral part of the teaching process and has a multifaceted
embodiment.
Keywords: Nikolai Egorovich Zhukovsky, Imperial Moscow Technical
School, MHTS n.a. N.E. Bauman, Bauman Moscow State Technical Uni-
versity, Moscow State University, scientific and pedagogical school, theo-
retical mechanics, dynamics and strength of machines, rocket and space
technology, educational activities.
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