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Ceknusa «AcnupaHTBI M MCCJIeOBaTeIn».
Tpek 1

Section «Ph.D. Students and Researchers».
Track No.1

HccnenoBanne BIUSTHHSA CTeleHU Nepdopaluy CTEHOK padoyeli YacTH HA TOYHOCTH
sxcrnepuMenTa Ha 6aze 2D CFD monesn a’poauHaMuyecKkoil TpyosI
BynroB M.1O., Makees I1.B., Urnatkun F0.M.
MAMU, r. Mocksa, Poccust

B Hacrosimee Bpemsi passutue meronoB CFD (computational fluid dynamics) mo3Bomser
JOIONHATH  DKCIEPHUMEHTANbHBIE  HCCIENOBAHUS  3aJad  a’dpPOJMHAMHUKH  YHCICHHBIM
MOJICIIIPOBAHUEM C MPUMEHEHMEM MaTeMaTHYeCKMX Mojeined aspoauHamudeckux tpy6o (AJT).
CFD Meroznpl YyCHEIIHO TNPUMEHSIOTCS M MOJEIMPOBAaHUS TEUEHHs B JI03BYKOBBIX H
cBepx3BykoBeIX AJIT. DT0 HampaBieHHe HAaXOAUT IIMPOKOE MPUMEHEHHE IIPU CO3JaHUH
aBHAIIMOHHOHN TEXHUKH, B 33/1a4axX MPOMBILIIJICHHON adpOAMHAMUKH, a TAKKe IIPU CO3JaHUU CaAMHX
ANT.

Pa3meps! paboueit yactu 6ompmmHcTBa A/IT cymecTBeHHO orpanumdeHbl. C pOCTOM CKOPOCTEH
(OT J03BYKOBBIX K CBEpPX3BYKOBBIM) ceucHHe paboueii yactn AJIT 3HAUMTENBHO YMEHBIIACTCS.
OnHoOl M3 paclpoCTpaHEHHBIX IMPOOJIEeM IpH IpoBeleHHH dKcnepumeHToB B AJIT sABnsercs
a¢dexT «3anupanus), HAOIIONAIOMMNCS IPH 3HAYUTEIBHOM IepeKpeIThH padodeil wactu AJIT
ucciexyeMoil Monensio. B wactHocTH, 3(eKT «3amupaHus)» MOXKET 3HAUUTENBHO 3aTPYIHATH
UCCIICZIOBAHNE a3POAMHAMUYECKHUX XapakTepucTuk (AX) mpoduiel, KOTopble 00BIYHO MOIy4aroT
Ha OCHOBE IIPOIYBOK MOJIEIH OTCEKa KPbUIA. DTO CBA3aHO C TEM, YTO IPH OOJIBIINX YIJIaX aTaKd o
MozienH 00IacTh MOBBINIEHHOTO JABICHUS IepeKphIBacT ceueHue padodeil wactu AT, mckaxas
ycioBus o0TekaHus. [l yCTpaHEeHHs! «3alMpaHus» OOBIYHO NMPUMEHseTCsl nepdopauus CTeHOK
padoueii yactu AJIT. Ilpu 3TOM aKTyaJabHBIM W TMPAKTHYECKH 3HAYMMBIM BOIPOCOM SIBIISIETCS
HCCIIeJOBaHNE BIMSHUS cTeneHu (mpouenTa) nepdopanuu cteHok A/IT Ha TOYHOCTH PE3yIbTATOB
9KCIIEPHMEHTA.

B mpencraBnennoit padore Ha 0ase cmenuansHO paspadorannHod CFD momemn AT B 2D-
nocraHoBke, Ha Oaze meroga URANS, mccuemyrorcst cranmonapusie AX mpodumst SC1095 B
LIMPOKOM JiMarna3oHe yrioB ataku o = 0..28°. PaspaboranHas 2D CFD mozenps oTiiMuaercst HU3Kon
PECYPCOEMKOCTBIO M TIO3BOISIET MOAEIHPOBATH KAK CTAIMOHAPHBIC, TAK M HecTauoHapHble AX
npo¢uas B IpuCyTCTBHM pabodero Tpakta ATJI. B mccienoBaHHM pacCMOTpEHBI TPH BapHaHTa
nepdoparmu  crenok AIT: 0% (6e3 mepdopaunn), 7.5% u 15%. IlonydueHHble HaHHbBIC
CONOCTAaBILIOTCS ¢ AX IPOQUIIL MOTyYeHHBIMU B CBOOOZHOM HOTOKE. B pe3ynbraTe mpoBegeHHBIX
HCCIIeIOBAaHUI C/IeNaHbl BBIBOABI O BIHAHHU cTerneHu nepdopanuu creHok AT na AX mpodus
Ha pa3iIMyHbIX yriiax araku ot 0 10 28 rpaaycoB. YcTaHOBIIEHO, 4To npH o < 15° mozens AT (0%
nepdopaiys) He OKa3bIBacT BIHMSHUS Ha moiaydaemble AX mpoduis. [pu o > 15° Habmopatotes
uckakeHuss AX mnpoduis, yBemMYHMBAIOIIKECs ¢ pocToM yraa o. Ilpm 15° < o < 20° mus
nckirouenns BsiHus AJ[T Tpedyercs nepdoparmst 7.5%, a npu 20° < a < 28° nepdopauust 15%.

Taxum o6pasom, paspaborannas 2D CFD Mozmens mo3BOISeT ONPERENATh ONTHMAIbHBIC IS
Pa3IMYHBIX PEXUMOB HCIBITAaHUH COOTHONIEHHs cTeneHHu mnepdopamuu cteHok AJIT, pasmepos
ceueHus paboueit vactu AT u pazmMepoB MOJEIH.

Jluteparypa:

1. Oleg E. Kirillov, Ruslan M. Mirgazov, Mikhail Yu. Buntov, Yuri M. Ignatkin, Sergey G.
Konstantinov. Development of the Wind Tunnel CFD Model for Clarifying Rotor Blade Airfoil
Unsteady Aerodynamic Researches. TEM Journal, 10(2), 554-562. DOI: 10.18421/TEM102-10



Numerical modeling of the walls perforation influence on the accuracy of wind tunnel
experiments using 2D CFD model
Buntov M.Y., Makeev P.V., Ignatkin Yu.M.
MAI, Moscow, Russia

Currently, the development of CFD (computational fluid dynamics) methods makes it possible to
supplement experimental studies of various problems of aerodynamics with numerical modeling
using mathematical models of Wind Tunnels (WT). The CFD methods are successfully used to
model the flow in subsonic, transonic and supersonic WTs. This branch of science is involved in
the development of aircraft, in the problems of industrial aerodynamics, as well as in the designing
of the WTs itself.

The size of the working section of most WTs is significantly limited. With increasing speeds
(from subsonic to supersonic), the cross section of the working section of the WT significantly
decreases. One of the typical problems when conducting experiments in WT is the "locking" effect,
which is observed when the working section of the WT is significantly overlapped by the model
under study. In particular, the "locking" effect can significantly complicate the study of the
aerodynamic characteristics of the airfoils, which are usually obtained through experiments on the
wing section model. This is due to the fact that at large pitch angles a, the area of increased
pressure overlaps the cross-section of the WT working section, distorting the flow conditions. To
avoid the "locking" effect, the WT walls are usually perforated. Thus, the study of the influence of
the WT walls perforation percentage on the accuracy of the experimental results is really actual.

In the present work, the steady aerodynamic characteristics of the SC1095 helicopter profile in a
wide range of pitch angles o = 0..28° are investigated on the basis of a specially developed CFD
model of WT. The model developed in a 2D formulation on the URANS method with k-@ SST
turbulence model. The developed 2D CFD model is characterized by low computational resources
costs and allows simulating both steady and unsteady airfoil aecrodynamics taking into account the
wind tunnel environment. The study considered three variants of WT walls perforation: 0%
(without perforation), 7.5% and 15%. The obtained data have been compared with the results of
modeling of airfoil in the free stream. As a result of the conducted studies, there have been made
the conclusions about the influence of the WT walls perforation percentage on the flow around the
airfoil at various pitch angles from 0 to 28 degrees. It has been found that at a < 15°, the WT model
(0% perforation) does not affect the obtained airfoil aerodynamic characteristics. At a > 15°,
distortions of the airfoil aecrodynamic characteristics are observed, which increase with increasing
angle o. At 15 ° < a <20°, a perforation of 7.5% is required to avoid the WT influence, and at 20 °
< <28° a perforation of 15% is required.

Thus, 2D CFD model allows determining the optimal ratio of the WT walls perforation
percentage, the WT cross-section size and the size of the wing section model for different test
modes.

Bepudukanus TepMoIuHAMHYECKHX APAMETPOB CMECH FeHePATOPHOIo ra3a Ha KHCJI0POJ

— BOJIOPO/IHOM TOILTHBE IPH BBHICOKOM H HU3KOM H30BITKE 0/IHOTO U3 KOMIOHEHTOB TOIJINBA
Bacunesckuii /1.0.
MAMU, r. Mocksa, Poccust

B OonbIIMHCTBE COBPEMEHHBIX [BHTATEIbHBIX YCTAHOBKAX DaKeT M KOCMHYECKHX KopaOmeH
*KUIKOCTHBIN razorenepatop (KIT) sBinsiercst HeoOxoaumom arperartom. XXI'T mpexacrasiser u3
cebs1 kaMepy BO MHOTOM IOXOXKYIO Ha KaMmepy CrOpPaHHUs JKMJIKOCTHOTO PaKETHOTO JBHTaTess
(OKP/l), B KOTOPOM Ha OCHOBE OK30TCPMHYECKHX IPOLECCOB PA3IOXKCHHUS WM TOPCHUS
COOTBETCTBYIOIINX BEIIECTB (TOILIMBA) MPOMCXOIUT BHIPAOOTKA (TeHepalys) TeHepaTOpPHOro ras3a
€O CpaBHUTENBHO HU3KOW TemrepaTypoit nopsiaka 500 — 1300 K.

Ocobennoctsio pabouero mponecca XKI'T sBusgercs mporekanue pabodero mpouecca ¢ MaibM
TIOJ[BOJIOM TETUIOBOH SHEPTHH K TOIUIMBY. 3a CUET 3TOr0 peakuus NpoTekaeT Oonee MeJICHHO, YeM
B kamepe JKPJI. B ciencTBuu 3TOro BO3SMOXKHBI IOSIBICHHS BBICOKOTEMIICPATYPHBIX HKIyTOB,
KOTOpBIE XapaKTEPHU3YIOTCS YBEIMYCHHBIMH TEMIEPaTypaMH C HEYIOPSIOYCHHBIM COCTaBOM
KOMITOHCHTOB TOIUIMBA, HAJIMYME KOTOPHIX OKA3bIBACT HEraTHBHOE BO3JACHCTBHE HA JIOMATKH
TypOUHBIL.



IpenmymiecTBoM BOCCTaHOBUTENBHBIX M okuciuTenbHbIX JKI'T Ha KHCIOPOA-BOAOPOAHBIX
KOMIIOHEHTaX TOIUIMBA SBJISCTCS XHMHYECKas KHHETHKAa CaMOro TOIUIMBA, MO3BOJISIONIAs
[PHBOAUTH TypPOUHBI IIPH JOCTATOYHO HM3KOM HJIM BBICOKOM KOA(DPUIHEHTE N30BITKA OKHCIUTEIS,
BMECTE C 3THM IIPOAYKTHl CTOPAHMs NAIOT NPHOIMKEHHBIC TEPMOAMHAMHUYECKHE MAapaMeTphl U
BBICOKYIO PabOTOCIIOCOOHOCTb, a TAKKE JOCTATOUHYIO CXOIMMOCTb SKCIIEPUMEHTAJBHBIX JaHHBIX C
TEPMOIMHAMUYECKUM PACYETOM.

BakHeHIIMM TepMOIMHAMUYECKUM NapaMeTpPOM TEHEPaTOPHOTO Trasa sBISIETCS IPOU3BE/ICHUCE
ra3oBOd IIOCTOSIHHOM Ha Temmeparypy (paboTocrocoOHOCTh Tasza), 3a cdyeT He€ BOIOPOX
obecrieunBaeT BLICOKHE 3HAUCHHUS aJuabaTHOW pabOThI ra30BOM TypOUHBL.

B pamkax uccnenoBaHus B Ipolecce BepU(UKALNKM TEPMOJMHAMUYECKUX IapaMeTpoB Oyzmer
omnpezeneHa Haubosee MOAXOJsIas HporpaMMa Ul MU BBINOJNHEHHS MHXKCHEPHBIX PacueToB M
MOJIEITMPOBAHHUS TEPMOJUHAMUKH [P HU3KOM U BbIcOKoM KHO.

Jlureparypa:

1. I'a3oreHepaTopbl KUAKOCTHBIX pakeTHbIX apurareneii / bepesanckas E.JI., Kypnarenkos B. /L.,
LIyros H.B. // Yuebnoe nocobue MAI.

2. IlpoeKTHBIC M TOBEPOYHBIC PAcUeThl KaMephl M TIa30reHepaTopa >KMAKOCTHOTO PaKETHOTO
neuratens / bypkansues B.A., lopodeeB A.A., HoBuxos A.B. // MI'TY um. H.D. Baymana, 2007.

Verification of thermodynamic parameters of a mixture of generator gas on oxygen-
hydrogen fuel at high and low excesses of one of the fuel components
Vasilevskiy D.O.
MAI, Moscow, Russia

In most modern propulsion systems of rockets and spacecraft, a liquid gas generator (LGG) is a
necessary unit. The Gorenje gas turbine is a chamber much like the combustion chamber of a liquid
rocket engine (LPRE), in which, on the basis of exothermic processes of decomposition or
combustion of the corresponding substances (fuel), the generation of generator gas with a relatively
low temperature of the order of 500-1300 K.

A feature of the working process of the LGG is the flow of the working process with a small
supply of thermal energy to the fuel. Due to this, the reaction proceeds more slowly than in the
LPRE chamber. As a result, high-temperature bundles may appear which are characterized by
increased temperatures with an unordered composition of fuel components, the presence of which
has a negative impact on the turbine blades.

The advantage of reducing and oxidizing LGG on oxygen-hydrogen fuel components is the
chemical kinetics of the fuel itself, which allows the turbines to be driven at a sufficiently low or
high coefficient of excess of the oxidizer, along with this, the combustion products give
approximate thermodynamic parameters and high efficiency, as well as sufficient convergence of
experimental data with thermodynamic calculation.

The most important thermodynamic parameter of the generator gas is the product of the gas
constant by the temperature (gas operability), due to it, hydrogen provides high values of the
adiabatic operation of the gas turbine.

As part of the study, the most suitable program for performing engineering calculations and
modeling thermodynamics at low and high CIO will be determined during the verification of
thermodynamic parameters.

MoseaupoBaHue MPOLECca B3aUMO/IeCTBHS HOHH3MPYOIIEr0 U3JIyYeHHs! C BElleCTBOM
14151 pa3paGoTKH AHTPONIOMOP(BHOr0 103UMETPUYECKOT0 haHTOMA
T'puropbesa A.A., *Munoituukosa U.A., 'Bynasckas A.A., 'Ctyue6pos C.I'.
'TITY, *Tomckuit HUMII PAH, r. Tomck, Poccust
JosumeTpudeckne  (aHTOMbI — TPUMEHSIOTCS  JUI  WCCIENOBaHMS  B3aUMOJEHCTBHS
MOHU3UPYIOLIETO U3JTyYEHHUs C TKAHSAMHU WM OpraHamu 4esoseka [ 1-3]. Takue ycTpoiicTBa HAXOMST
CBOE NPUMEHEHHE BE3/e, Ile HEOOXOAMMO IPOBOJAMTH OLEHKY BO3JEHCTBHSI W3JIydeHUs Ha
OMOJIOTHYECKHE OOBEKTbl, B TOM YHCIE [PM JMArHOCTMKE M TEPANUH  3JI0KAYECTBEHHBIX
HOBOOOpa3oBaHuii, mpu pa3paboTKe METOAMK OLEHKM PHCKOB JUIsl 3[0pPOBbS MEPCOHANA HA
PaJMAlMOHHO-ONIACHBIX OOBEKTAX, & TAKKE JUIs OLEHKH PAJMAMOHHON HArPY3KM HA OPTaHU3M
YelIoBeKa B YCJIOBHSX KOCMHYECKOro wusiaydeHus [4]. Jlozumerpuueckue (aHTOMBI MOTYT
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pasnu4aThCs TEOMETpUEH M COCTaBOM MAaTEpHANIOB, M3 KOTOPBIX OHM M3TOTOBNICHBI. Takue
YCTpOICTBA MOTYT MPEACTABIATH COOOH, KaK MPOCTBIC MPSMOYTOIBHBIE COCY/IbI C BOJIOH HIIH HA0OD
TBEPAOTEIBHBIX TKAHEIKBHUBAICHTHBIX OJHOPOAHBIX IUIACTHH, TaK M CIOXKHBIC TI'€TCPOTCHHBIC
antporomopdusie dantomsl [1, 2]. ABTopamu paOoOThl NpPEMLIOKEHO pa3padoTaTh METON,
HO3BOJIAIOIINKA  M3rOTABIMBATh TI'CTEPOreHHbIC J03UMETPHYECKHE (DAHTOMBI C  MOMOIIBIO
TEXHOJIOTHIl TPEeXMEpHOH medat. Matepuasbl OTACIbHBIX JIEMEHTOB TaKUX (DAHTOMOB JOJDKHEI
MMHUTHPOBAaTh KOHKPETHBIC TKAHN Y€JIOBEKA B OTHOIICHWH MX B3aHMOACHCTBHS C MOHU3HMPYIOMIUM
U3ITy4ECHUEM.

B pamkax QaHHOTO HCCIEIOBAaHMS IPOBEICH BHIOOP MAaTEPUAOB, NPUTOJHBIX IS YCTPOMCTB
TPEeXMEPHOH Ie4aTH M MMHTHUPYIOIIMX TKaHH YEJIOBCKA B OTHOIICHHMM HX B3aUMOJCHCTBHS C
MOHHU3UPYIOIINM HU3JIy4eHHeM. BBIBOJBI O COOTBETCTBMM MAaTEPHUAJIOB TEM WIM WMHBIM TKaHIM
CHETaHBl HA OCHOBE pE3y/IbTAaTOB YHMCICHHOTO MOJCIHPOBAHUS B3aHMOJCHCTBHS TaKHUX
MaTepHalloB C MOHU3UPYIOUM H3IydeHHeM. MoaenupoBaHue MPOBOAMIOCH C HCHOIb30BAHUEM
meroqoB Monrte-Kapino u uHctpymentapus Geant4 [5]. B kauectBe OCHOBHOro Marepuaia
paccmotper IIJTA  mnacTuk (NONMIIAKTHI), C MCIOJNB30BAaHHEM KOTOPOTO CO3/JaH Habop
MOIM(UIMPOBAHHBIX MOJIMMEPHBIX MAaTEPHUAJIOB, IONYYCHHBIX IyTeM J00aBJICHHS METAINYECKUX
[pUMeceii B pa3HbIX KOHIICHTPALIUSIX.

Takum oOpasoM, C wucrnons3oBaHMeM HHcTpymeHtapust Geantd, ObUIM  paccYHTaHBI
pacrpefieneHust 10361 (DOTOHHOrO ITyyKa BHYTPH OWOJIOTMYECKHX TKAHEH W IIONMMEPHBIX
MOIM(UIMPOBAHHBIX MaTepuanoB. IlyTeM cpaBHEHHMS IIONYYCHHBIX PACUETHBIX JAHHBIX, OBLIN
BBIOpaHBI MaTEPHAIbL, TO3BOJSIONINE HIMUTHPOBATH KOHKPETHBIC TKAHK YEIOBEKA B OTHOLICHUH HX
B3aMMOJICHCTBHS C HOHHM3HPYIOIIMM H3IIydeHHeM. Pe3ynbTaThl JaHHOTO HCCIEIOBAHUS OyIyT
UCHOJIb30BaHbI NP Pa3pabOTKE aHTPOIOMOP(MHOTO JO3MMETPUUYECKOro (haHTOMA JUIS IIPOBEACHHS
9KCIIEPHMEHTAIBHOI OLICHKH BO3CHCTBHS HOHH3UPYIOIIETO M3IyUCHHs Ha YEIOBeKa.

Pabora mommepkaHa rpaHToM MHUHHCTEpCTBAa HayKd M BbIcLIero obOpaszoBanusi Poccuiickoii
®Denepanun B pamkax cornamenus 075-15-2021-271, npoext Ne MK-3481.2021 4.

Jlureparypa:

1. Phantoms for Absolute Dosimetry: https://www.iba-dosimetry.com/fileadmin/user upload/rt-
br-e-phantoms-for-ad_rev2_0813.pdf

2. Electron Density Phantom Model 62 http://www.cirsinc.com/products/all/24/electron-density-
phantom/

3. Radiology Support Devices (RSD) Alderson Phantoms:
http://www.rsdphantoms.com/images/demo/gallery/rsdbrochure.pdf

4. Badhwar G. D. et al. Space radiation absorbed dose distribution in a human phantom
//Radiation research. — 2002. — T. 157. — Ne. 1. — C. 76-91 doi: 10.1667/0033-
7587(2002)157[0076:SRADDI]2.0.CO;2

5. Agostinelli S. et al. GEANT4—a simulation toolkit //Nuclear instruments and methods in
physics research section A: Accelerators, Spectrometers, Detectors and Associated Equipment. —
2003. - T. 506. — Ne. 3. — C. 250-303 doi: 10.1016/S0168-9002(03)01368-8.

Simulation of ionizing radiation interaction with matter for development of anthropomorphic
dosimetry phantom
!Grigorieva A.A., *Miloichikova I.A., 'Bulavskaya A.A., 'Stuchebrov S.G.
'TPU, 2Cancer Research Institute of Tomsk NRMC, Tomsk, Russia

Dosimetry phantoms is used for investigations of ionizing radiation interaction with human tissue
and organs [1-3]. These phantoms are used in any area where an assessment of the radiation effect
on biological tissues is required, e.g. in radiation diagnostics and therapy of malignant tumors, in
the development of methods for assessing risks to the health of personnel at radiation facilities, or
to assess the radiation exposure on the human body under cosmic radiation [4]. Dosimetry
phantoms can differ in geometry and composition of materials used for production. They can be
made in a form of simple rectangular vessels with water filling or a set of solid tissue-equivalent
homogeneous plates. Ones that are more complex are designed as heterogeneous anthropomorphic
phantoms [1, 2]. The authors of the work proposed to develop a method to produce heterogeneous
dosimetry phantoms using 3D printing techniques. The materials of the particular parts of such
phantoms should imitate particular human tissues in terms of interaction with ionizing radiation.
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In a frame of this study, the materials suitable for 3D printing devices and imitating human tissue
in terms of interaction with ionizing radiation were selected. Conclusions about the correspondence
of materials to particular tissues were made using results of numerical simulation of their
interaction with ionizing radiation. Simulation was performed using Monte Carlo methods and
Geant4 toolkit [5]. PLA plastic (polylactide) is considered as the main material, used to produce a
set of modified polymer materials by adding metallic admixtures with different concentrations.

In the study, we simulated photon beam dose distribution in biological tissues and modified
polymer materials using Geant4 toolkit. Based on comparison of the obtained data, materials
allowing imitation of particular human tissues in terms of interaction with ionizing radiation were
selected. The results of this study will be used in the development of an anthropomorphic dosimetry
phantom for experimental assessment of the impact of ionizing radiation on humans.

The work is supported by the Ministry of Science and Higher Education of the Russian
Federation within agreement 075-15-2021-271, project No. MK-3481.2021.4.
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AHaIM3 LeJIeBbIX N0Ka3aTeeil H pa3padoTKka KOHUENUMH Pa3BUTHS KOCMHYECKHX CHCTEM
133 Ha ocHOBe MaTEeMATHY€eCKOI'0 MOJeTMPOBAHUS
Epewko M.B., bopucos A.B., EmenbsinoB A.A., XKykosckas K.W., I'puinannesa JILA.
AO «PKC»y», r. Mocksa, Poccust

B cuiry MHOrOYHCIEHHOCTH 3JEMEHTOB KOCMHMYECKOTO U HA3€MHOIO CErMEHTOB KOCMHYECKOMH
cuctembl (KC) /133 HEoQHOPOOHON CTPYKTYpbl C OOJBIIMM YHCIOM BO3MOXKHBIX IPOCKTHBIX
peanu3anuii HEOOXOAUM MeXaHu3M pas3pabotku ee koHuenuuu [1]. KoHuenrtyansHbli moaxon
omnpenensercs  HEOOXOAMMOCTBIO  INPEJBAPHTENIBHOM  pa3pabOTKM  KOMIUIEKCA  KIIFOUEBBIX
HOJIOKEHUH, KOTOpbIE  YCTaHABIMBAOT ~OOLIyI0 HANpPaBICHHOCTh U  HPEEMCTBEHHOCThH
uccienoBaHus B cucTeMHOM mnpoektupoBanmn KC JI33. VkazaHHbIE IONOMKCHHS SBIISIOTCS
HCXOJHBIMH JaHHBIMU JUIsl CJIEAYIOIIUX 3TAallOB MOJAEIMPOBAHMS U, B KOHEUHOM UTOre, peaan3aluy
000CHOBaHHBIX TEXHMYECKHX pemienuii no pasutiio KC J[33 ¥ TEXHOIOTHMYECKOro KOHTYpa
Oneparopa kocmMu4eckux cpeacts 133.

OcHoBoil MaTemaruueckoro MozenaupoBanuss OI' KA sBistoTcs mporpaMMHbIE CpecTBa
OaumcTHyeckoro obecriedeHus, pa3paOOTaHHbIe Ha 0a3e alIrOPUTMOB YHCICHHOTO IIPOTHO3a
memxennss KA /133, ucnomb3yromue MeTOJ YHCICHHOTO HHTETPUPOBAHUS C aBTOMATHYECKHM
BEIOOPOM 11ara, 00eCIeurBaloIIUM BBICOKYIO TOYHOCTh M CKOPOCTh PELIEHHsI CUCTEMBI ypaBHEHUH
JBHXKEHHUs. Peraemble 3a1aun:

« [Ipoextusnii anamu3 u cuate3 OI' KA ompeneneHHOH CTPYKTYpHI ¢ OLEHKOW ITOTEHIMAIBHBIX
BO3MO)KHOCTEH MPOEKTOB MHOTOCITyTHUKOBBIX CHCTEM.

* [IpoBeneHNe CTAaTHCTUYECKUX PACUETOB BEPOATHOCTHO-BPEeMEHHBIX Xapaktepuctuk OI' KA, B
YAaCTHOCTH, OIpEIECNICHHE BEPOSTHOCTH OJHOBPEMEHHOIO IOmaJaHus HecKombkux KA B 3omy
PaaMOBUIMMOCTH ITyHKTa IpUEeMa HHPOPMALHH.

* OueHKa KOJMYECTBA NPUEMHBIX KOMIUIEKCOB, TpeOyeMbIx msi obcmyxuBanus OI' KA Ges
MOTep5h LeNeBoil HHOPMAIHN.

» OneHKa J0IX HOKPHITUS 33JaHHOH TEPPUTOPHU 3eMIIU IIOJIOCOH 3aXBaTa IEIEBOH alapaTypsl
KA ¢ yyeToM orpaHu4eHuii 1o ee BKIIOYEHHUIO B 33JaHHOM HHTEPBAJIe BDEMEHH.
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OmneIT paboThl HA MoJENUpyromeM crenae OnepaTopa kocMudeckux cpencts J[33 [2] mo3Bonmn
(hopManM30BaTh KOMILIEKC LIEJICBBIX MOKa3aTeleH B PA3IMYHBIX MHTEPIPETAlMAX B 3aBUCHMOCTH
0T nocTaHoBKH 3a1a4 110 pa3sutuio KC /133 B cucremHoM MacmTade.

Jlureparypa:
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2. Epemxo M.B., bopucos A.B., EmensstnoB A.A., Cunmun B.I'. Pemenue 3agadn HOCTpOCHUS
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Analysis of target indicators and elaboration of a concept for the development of remote
sensing space systems based on mathematical modeling
Ereshko M.V., Borisov A.V., Emelyanov A.A., Jukovskaya K.I., Grishantseva L.A.
JSC “RSS”, Moscow, Russia

Due to the large number of elements of the space and ground segments of the ERS system of an
inhomogeneous structure with a large number of possible design implementations, a mechanism for
developing its concept is required [1]. The conceptual approach is determined by the need for
preliminary development of a set of key provisions that establish the general direction and
continuity of research in the system design of the ERS system. These provisions are the initial data
for the next stages of modeling and, ultimately, the implementation of reasonable technical
solutions for the development of the ERS system.

The basis of the mathematical modeling of the SOC is software for ballistic support, developed
on the basis of algorithms for numerical prediction of the motion of ERS satellites, using the
method of numerical integration with automatic step selection, which ensures high accuracy and
speed of solving the system of equations of motion. Tasks to be solved:

* Design analysis and synthesis of the SOC of a particular structure with an assessment of the
potential capabilities of projects of multi-satellite systems.

» Conducting statistical calculations of the probabilistic and temporal characteristics SOC, in
particular, determining the probability of simultaneous falling of several satellites into the radio
visibility zone of the data receiving station.

* Assessment of the number of receiving systems required for servicing the SOC without loss of
target data.

 Assessment of the portion covering a given area of the Earth swath target satellite device
subject to restrictions on its turning in a given time interval.

The experience of working at the modeling stand [2] allowed formalizing a set of target
indicators in various interpretations, depending on the formulation of tasks for the development of
ERS system on a system scale.

References:
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2. Ereshko M.V., Borisov A.V., Emelyanov A.A., Silin B.G. Solving the task of creating the
appearance and modeling of a perspective ERS orbital constellation in achieving the target
parameters for the revisit and operational of observation in order to fully cover the territory of
Russia // System analysis, control and navigation. — Yevpatoria: Publisher MAI-Print, 2019. — P.
193-194.
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Oco0eHHOCTH HCIOIb30BAHUS 00PATHON HHTErpaibHOll GyHKIMHU pacnpe/eIeHus B
MO/1eJIMPOBAHMH IBYXCJIOHHOMN CHCTEMbI
Kasopoukos 10.A., 2Kyssmun B.JI., 'Yaesaaos C.B., 'Banskos A.IO.
ICII6I'Y, 2CII6ITY, r. Cankt-Tletepbypr, Poccus

Metox MonTte-Kapio mmpoko uCmomb3yercst JUisi MOACIMPOBAHMS PAaCIpPOCTPAHEHHS |
paccesHusl CBeTa B MHOTOCIOIMHBIX CIy4ailHO HEOJHOPOIHBIX CPElax, B OCHOBHOM B paMKax
u3BectHoro amroputMa MCML (Monte Carlo Multi-Layer) [1]. Hamm O6bu10 mpoBemeHo
MOJICIIIPOBAaHNE MHOTOKPATHOTO pAcCesiHUsl CBETa C Y4ETOM aHU30TPOIMH pacceuBaTeiei
CJTy4aiilHO HEOJHOPOHO JABYXCIOHHOW Cpeloii ¢ mapamMeTpaMu, THIHYHBIME JUTS OMOJIIOTHYEeCKON
CHCTEMBI Yeper-MO3T U JUI ApYrux Ouomojeneid n 6norkaneid. DOTOHBI, U3ITy4EHHbIE JTa3ePHBIM
MCTOYHHKOM, PAaCHPOCTPAHAIOTCS B JABYXCIIOHHOW Cpeze CO CilydaiHbIMU HEOJHOPOIHOCTAMU WIIH
(IIYKTyalussMi IHAJICKTPHYCECKOM MPOHUIIAEMOCTH; 4acTh (J)OTOHOB B PE3yJIbTATE MHOTOKPATHBIX
paccesHUii Ha HEOJHOPOIHOCTSIX BO3BpAIAETCs B JCTEKTOpP, PACHOJIOKCHHBIH Ha HEKOTOPOM
paccTosHHM OT MecTa BXoAa (OTOHOB B cucteMy. llomaBmme B aeTeKTop (OTOHBI HECyT
HHPOPMALIMIO O KOPPENSIMOHHBIX CBOWCTBAX CIOMCTOM CIIy4alHO HEOAHOPOAHOM CpPEBI.
3HAYNMOCTh INOJOOHBIX HCCIICIOBAaHUHM OOYCIOBJICHA IIHPOKHM CHEKTPOM  BO3MOXKHOTO
NIPUMCHEHUsI YCTPOWCTB, CO3MAaHHBIX Ha OCHOBE TAaKOIO IIOJXOJa, B TOM YHCIE YCTPOMCTB IS
JIMAarHOCTHKH TPABM, TEMAaTOM U HOBOOOPA30BaHHUH.

Hamu Obi1  paspaboTan MOIEPHH3MPOBAaHHBIA —anroput™ Monre-Kapio, cymectBeHHO
cokpalaromuid 00bEM 1 Bpems BeruucieHuil. B pamkax MCML ucnonb3yercst TOT (akT, 4To B
JICTeKTUPYEMBIil CHUTHAJI BHOCAT BKIaX (DOTOHBI, BBIXOMSIIME M3 PACCEHBAIOIICH CPEABI. DTOT
X0 TpebyeT JOBOJIBHO OONBIION BBIOOPKH HM3-3a TOTO, YTO OOHapy)KCHHbIE (POTOHBI MOTYT
COCTABIIAITH OYCHb MAJyI0 JOJIO Majarollero cBera. B mcmonb3oBaHHON B HacTosuieil pabore
MoauuKaIMy KaXablil ()OTOH BHOCUT CBOI BKJIAJ B CUTHAJ [IPH KAXXIOM aKT€ PACCESHUS, [IOKA OH
He IOKUHET cpey. TakuMm 00pa3oM, KOIMYECTBO (JOTOHOB MOXKET ObITh CYLIECTBEHHO YMEHBIIICHO,
YTO 3HAUUTEJILHO COKpAIAET BPEMsl BEIYMCIIEHUH. [2]

Msl paccMaTpuBacM HEOJHOPOAHYIO CpELy, B KOTOPOM IMapaMeTphl PAcCEesHUsS 3aBUCSAT OT
riIyOMHBI TIPOHMKHOBEHHMS [2], T.e. OT JEKapTOBOM KOOpJMHATBI Z, HOPMaJIbHOW K IpaHHLAM, B
YaCTHOCTH OT KOOPJHMHATBI Z 3aBHCUT KOX(D(PUIHEHT 3aTyxaHWs u3IydeHus. Mbl pazpaboramn
cxeMy OOpaTHOro mpeoOpa3OBaHMS HMHTCTPANBHON (YHKUMH PACIPEACACHHS BEPOSTHOCTH
paccTOsHHUs, TPOHAEHHOro JO aKTa paccesHus, s (OTOHA, JBHXKYIIErOCS BHYTPU CPEHBI.
KymynaTuBHas (yHKIUS pacnlpeielleHHs BBIYMCIAETCS Ha KaXAOM IIare pacHpoCTPaHEHHs
¢dorona. Bun mHTErpanbHOM (GyHKIMH pacrpeencHHsi 3aBHCHUT OT MPEABIAYIIErO ITOJOXCHHS
(OTOHAa OTHOCHTENIBHO TpPaHMIBI MEXAY CIOSMH, a TaKKe OT HAalpaBlICHHs JBIKCHUS.
Paccmotpenne ko3(¢uumeHTa 3aTyXaHMs B KadyeCTBE (YHKIMM TIIyOWHBI IPOHHKHOBEHHS
MPUBOJMT, B CBOIO OYepelb, K IMOSBJICHHIO MOMpaBo4HOro (mo cpaBHeHutro ¢ MCML [3])
K03 dUINEeHTa HOPMUPOBKH UIsl MHTErpaibHON (GyHKINH pacrpeneneHus. [10go0HBIN moaxon
TIO3BOJIMJI CYIECTBEHHO COKOHOMHTH BPEMs! BEIYHCIICHHI U OJIYIUTh Pe3yJIbTaThl, YTOYHEHHBIE 110
CPaBHEHUIO C pe3yJIbTaTaMH, NOIYyYEHHBIMHU TIPH TIOMOIIH CTaHAapTHOro Metona MCML.
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Features of using an inverse transform function in the modelling of a two-layer system
'Zhavoronkov Y.A., ?Kuzmin V.L., 'Ul'yanov S.V., 'Valkov A.Y.
'SPbU, 2SPbPU, Saint-Petersburg, Russia
The Monte Carlo method is widely used to simulate the propagation and scattering of light in
multilayered randomly inhomogeneous media, mainly within the well-known Monte Carlo Multi-
Layer (MCML) algorithm [1]. We have performed a simulation of multiple light scattering
including scatterer anisotropy in a randomly inhomogeneous bilayer medium with parameters
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typical of the skull-brain biological system and other biomodels and biotissues. Photons emitted by
a laser source propagate in a bilayer medium with random inhomogeneities or fluctuations in
dielectric constant; some of the photons, as a result of multiple scattering on inhomogeneities,
return to the detector located some distance from the photons' entry point. The photons entering the
detector carry information about the correlation properties of the layered randomly inhomogeneous
medium. The significance of such research is due to the wide range of possible applications of
devices based on this approach, including devices for diagnosing injuries, hematomas and
neoplasms

We have developed an improved Monte Carlo algorithm that significantly reduces the amount
and time of computation. MCML takes advantage of the fact that photons leaving the scattering
medium contribute to the detected signal. This approach requires a rather large sample due to the
fact that the detected photons can constitute a very small fraction of the incident light. In the
modification used in the present work each photon contributes to the signal at each act of scattering
until it leaves the medium. In this way the number of photons can be significantly reduced, which
greatly reduces the computation time. [2]

We consider an inhomogeneous medium in which the scattering parameters depend on the
penetration depth [2], i.e. on the Cartesian coordinate z normal to the boundaries, in particular the
emission attenuation factor depends on the z coordinate. We have developed a scheme for inverse
transformation of the integral probability distribution function of the distance traveled to the
scattering act for a photon moving inside the medium. The cumulative distribution function is
computed at each photon propagation step. The form of the integral distribution function depends
on the previous position of the photon relative to the boundary between the layers as well as on the
direction of motion. Considering the attenuation coefficient as a function of the penetration depth
leads, in turn, to a correction factor (compared to MCML [3]) for the integral distribution function.
Such an approach has significantly saved computational time and yielded results that are refined
compared to those obtained using the standard MCML method.
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HccnenoBanne u pa3padoTKa aJropuTMOB CO3AAHHS CPeJICTB Ye10BeKO-MALIHHHOIO
uHTepdeiica cucrem YITY ¢ npumenenueM web-TexHosorui
Ksamnun J1.1O., Hexxmernunos P.A., KoBanes . A.
CTAHKUWH, r. Mockga, Poccust

Ha texymem otame pas3BUTHS TEpMHUHAIBHBIX MNpuHioxeHud misi cucteM UYIIY BHumanwue
yaensieTcss MOOWIbHOW TexHHKe. Takue ycTpoiicTBa CIOCOOHBI OTOOpaXkaTh OONBIIOH 00BEM
TEXHOJOTHYECKOH, JUarHOCTHYeCKOW W Ipyroil mHdopmammu o padore UIIY, a Takke MOryr
OIIOBENIATh O PA3INYHbIX HEIITATHBIX CUTYallUsIX.

MuHycOM JaHHOTO 3Tana Pa3BUTHUS SBIACTCA OTCYTCTBHE CHOCO0A MPEIOCTaBICHHUs OOJBIIOTO
Habopa MH(OpMAIMK, €e CHCTEeMAaTH3alHs, BHIBOJ TOJIBKO HEOOXOAMMBIX IAaHHBIX B TEKYIIUH
MOMEHT BPEMEHH H 3a4acTyl0 HX H30BITOYHOCTh. B paboTe mcciemyioTes mpoOieMsl pealn3alni
MOZIX0/1a, 3aKJII0YaloNIMecs B OTCYTCTBHHU B3auMocBsseil mexay HMI u HeoOXoxaumeiM HabopoM
JTAHHBIX, CIIOCOOHBIM M3MEHATBCS B pealbHOM BpeMeHu B cucTeMax UIIY, a Takke OTCyTCTBHEM
ApPXUTEKTYpHOH MOJENM TMOKOro M HACTPauBaeMOro B3aHMMOJEWUCTBUS KommoHeHToB UIIY ¢
MIPUKJIAHBIMU KJIMEHTCKUMH HPHIIOKEHUSAMH.

B kauecTBe mpemoctaBieHus HMHpopManuu ObLT BhIOpaH criocod web-3kpanoB. s mepenaun
nHbopMayu U1 0TOOpaXKEHUS B CTOPOHHME TepMHUHAIBI Hcronb3oBamuck API cucrem UITY. B
pabote npexcrasiena padora ¢ UITY «AxcuOMA KonTtpomy, HO 60IbIHHCTBO HOMysipHEIX YITY
Taoke noyuepkuBator cBoit API. [lannele o paGore momb3oBatens ¢ HMI cucremsr UITY
mepefaBalach BO BHEMIHHMM MoAyldb. Use-case CIEHapHH BKIIOYAIOT —HCIIOIb30BaHUE
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IOJIb30BATENBCKON BBIOOPKH, B KOTOPOH YYHTHIBAICA PEXHUM pPaOOTBI, IIEPEXOABI MEKIY
TexHojorudeckuMu dkpanamu UITY, Bpems naelicTBuii Ha KOHKpETHOM »3KpaHe W T.hA. Jlus
[OCTPOCHUSI HOBBIX WEb-9KpaHOB OBLI HCIOJB30BAH AlIApPaTHBIX HEHPOHHBIX CETeH st
onpezeneHnst HeoOX0IUMBIX KOMIIOHEHTOB JUIsi KOHKPETHOH POJIN MOJIb30BATENS.

Jnst nocTryKeHUs MOCTaBICHHON 1eny Obuta BeIOpana ceTb Long short-term memory (LSTM),
OTHOCSIIASACS K PEKYPPEHTHBIM HEHPOHHBIM ceTsiM. LSTM - yHuBepcanbHas HEHpOHHAsS CETh, IPH
JIOCTATOYHOM Habope CIOEB M HEHPOHOB OHAa MOXET OBITh MCIOJB30BaHA U JIOOBIX 3ajad,
TPeOYIOIMX BBIYMCICHUS, HO JUI 3ajad Kiaccu(ukanum, oOpaOGOTKM M IIPOTHO3UPOBAHUS
BPEMEHHBIX pPsIOB (Kak pa3 IMOAXOSIIMX IIO0Jl CO3JaBacMoOe peEIIeHHE) MOoKa3ala Haubosee
ONTHMAJIbHBIC PE3YIIbTATHI.

B kauectBe frontend mpunokenue ucnoibssyercs JavaScript ¢peiivBopk Vue.JS. B kauectse
cepBepa BBICTYIACT NEINX, T.K. 0KUIACTCS UTCPATUBHBIC IPABKU U OTAa4a MHOXECTBO CTATHYHBIX
taiinos.

beut paspabotaH TecTOBBIH BapuaHT MoAyins. TecTHpoBaHHE MPOBOJMIIOCH C NPHMECHEHHEM
nmaboparopHoro crenaa ¢peseproro cranka ¢ cucremoil UITY «AxcuOMA Kontpom». OnepaTtop
ucnone3zoBan HMI ms pa6orer UITY, a Ha BHelIHeM IUIaHIIETE OTOOpakanach web-CTpaHuULa,
KOMIIOHEHTBI KOTOPOH TOJIy4aJIMCh Ha OCHOBE I10JIb30BaTeNIbCKON BBIOOPKH U paboTel LSTM ceru.
OrobpaskeHne Ha IUIAHIIETE HPOUCXOAMWIO HE B PEaJbHOM BPEMEHH, a MOCJIE TOT0, KaK ONepaTtop
3aKOHYMI paboTy. B TecroBoM BapuaHTe Oblla «CBEpCTaHa» Web-CTpaHHIA, HA KOTOPOH ObLIM
HIPECTABJICHBI TOIBKO T€ KOMIIOHEHTHI (M B TOH MOCIIEIOBATEIbHOCTH), KOTOPBIMU I10JIB30BAJICS
KOHKPETHBIN omepaTop.
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Research and development of algorithms for creating human-machine interface tools for
CNC systems using web technologies
Kvashnin D.Y ., Nezhmetdinov R.A., Kovalev LA.
STANKIN, Moscow, Russia

At the current stage of development of terminal applications for CNC systems, attention is paid
to tablet computers and mobile phones. These devices, although they do not meet the safety
requirements for direct control of machine tool units, are capable of displaying a large amount of
technological, diagnostic, statistical and other information about the operation of the control
system, and can also notify technical personnel about various emergency situations.

The disadvantage of this stage of development is the lack of a way to provide such a large set of
information, its systematization, the output of only the necessary data at the current time, in other
words, the inconvenience of working with the received data in terminal clients and often their
redundancy. The paper investigates the problems of implementing such an approach, which consist
in the absence of interconnections between the HMI subsystem and a certain necessary set (capable
of changing in real time) of technological information in control systems of CNC systems, as well
as the absence of an architectural model of flexible and customizable interaction of the core
components of an automated process control system. with applied client applications.

The method of web-screens was chosen as the provision of information. To transfer information
for display in third-party terminals, an approach was proposed using the API of CNC systems. The
work considered the work with CNC "AxiOMA Control", but most of the popular CNCs also
support APL. Data on the user's work with the HMI of the CNC system was transferred to the
external module. Use-case scenarios include the use of a custom selection, which took into account
the operating mode, transitions between CNC technological screens, pressed buttons, time of
actions on a specific screen, etc. To build new web screens, hardware neural networks were used to
determine the necessary components for a specific user role.
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An analysis was carried out of the capabilities of various architectural solutions of neural
networks, as a subclass of machine learning to achieve this goal, and Long short-term memory
(LSTM) was chosen, referring to recurrent neural networks. LSTM is a universal neural network,
with a sufficient set of layers and neurons, it can be used for any tasks requiring computation, but
for tasks of classification, processing and forecasting of time series (just suitable for the solution
being created), it shows the most optimal results.

JavaScript framework Vue.JS is used as a frontend application. Vue.JS allows you to create an
interactive and lightweight application. The popular nginx acts as a server, since iterative edits are
expected and many static files are served. To improve performance and reduce the load from the
application server.

A test version of the module was developed. Testing was carried out using a laboratory bench of
a milling machine with a CNC system "AxiOMA Control". The operator used the HMI to operate
the CNC, and a web page was displayed on an external tablet, the components of which were
obtained based on the user selection and the operation of the LSTM network. The display on the
tablet did not take place in real time, but after the operator had finished work. In the test version, a
web page was “typeset”, on which only those components (and in the order) that were used by a
particular operator were presented.

Kaacrepusanusi pykonucHbIX nugp HeiipoHHoli ceThbi0 KoxoHeHa ¢ ucnoJib30BaHHEM
CUDA
Jlareimosa /1.C., Tymakos JI.H.
K@YV, r. Kazans, Poccus

IIpoBenena kiacTepu3alys PyKONMUCHBIX mbp u3 6a3sl manHbix MNIST ¢ ucnonb3oBaHHeM
Heliponnoii cetn Koxonena. [Ins kaxaod HHOpBl ONPEAENCHO ONTUMAIBHOE KOJIHYECTBO
kiactepoB. KommaecTBo KimacTepoB it Kaxaoi mudpsl pasHoe, Ho He npesbiuaer 50. EBkianmosa
HOpMa MCIIOJIb30BaHA [ OLIEHKH PACCTOSHHUSA MEXIY M300pakeHUsMH LU(p, XOTS JUIS OLEHKH
PacCTOSHMI MOTYT HCHOJB30BAaThCsl M Jpyrue MeTpuku. M300pakeHHS M3 TECTOBOH BBIOOPKH
MIPUHAUIKAT IPABHILHOMY KIACTepy C BepOSTHOCThIO Oonee 90% mmst xaxgod mudpel. OTo
CBHICTENBCTBYET O TOM, YTO KJIACTEPH3ALMI0 MOXKHO HCIIONB30BaTh I PACIO3HABAaHUA 00pa30B
mudp. Hamnyumas knacrepusaims Osuta nonydena it muép 0 u 1 (F-mepa pasna 0,97), B TO
BpeMs Kak 1udpa 9 Obuta Hauxyauiei kiacrepu3oBanHoi — F-mepa paBna 0,903.

Anroput™ o0yueHus HeiipoHHo# cetn Koxonena ObL1 pacmapajiienieH Ha IpadHIecKOM
nporeccope ¢ ucrnospzoBanueM texnonoru CUDA. [IpuBeneHo cpaBHEHHE BpeMEHH 00y4eHHUs Ha
mpoueccope © rpaduueckoM mporeccope. s OLEHKHM TOYHOCTH ITOCTPOCHHMS KiacTepa
HCIIONB30BaHa TecToBask BbIOopka 6a3sl MNIST. Anropur™ KiacTepu3alyy ObUI YCKOPEH MOYTH B
17 pa3 (#a oObryHOM HOyTOyKe). IIpernaraeMelii MOAXOX MOXKET OBITH HCIOJIB30BAaH IS
KJIaCTEPH3aLiy OOJIBIINX JAHHBIX Pa3INIHOM CII0XKHOCTH.

Heiiponnyto cetb KoXoHeHa MOXHO MCIIONIB30BaTh [T PACIIO3HABAHUS ITATTEPHOB PYKOIHCHOTO
BBOJIa, MOCKOJIBKY OOJIBINOHA MPOLEHT M300paxkeHHil LU(pP U3 TECTOBOH BHIOOPKH MONajacT B
TpeOyemslil kimacTep. OOpaTuM BHHMAHHE, YTO A IUIOXO PAcIO3HAaBaeMBIX HU(MD, TakuX Kak 9,
BO3MOXHO YBEJIMUYCHNE YHCIIAa KIIACTEPOB.

Taroke 11 penieHus 3a1a4 pacro3HaBaHUs H300paKEHHUI MOTYT ObITh MCIOJIB30BaHbI M ApyTHe
HE[pOHHBIC CeTH. B 3TOM ciydae KiacTepusamysi MOXKET OBITH BHIOpaHAa B KAa4eCTBE OJHOTO U3
3TanoB pacro3HaBaHus. Hampumep, KilacTepH3alMio MOKHO HCIIONB30BaTh B KaUeCTBE OIHOW M3
COCTABJISIOLIMX B MEPAPXUUECKOI HEHPOHHOM ceTu.
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Clustering of handwritten digits by the Kohonen neural network using CUDA
Latypova D.S., Tumakov D.N.
KFU, Kazan, Russia

The clustering of handwritten digits from the MNIST database using the Kohonen neural network
was carried out. For each digit, the optimal number of clusters was determined. The number of
clusters for each digit is different, but does not exceed 50; a choice of the number of clusters is
proposed. The Euclidean norm is used to estimate the distance between the images of the digits,
although other metrics can be used to estimate the distances. Images from the test sample belong to
the correct cluster with a probability of more than 90% for each digit. This suggests that clustering
can be used to recognize patterns of digits. The best clustering was derived for the digits 0 and 1 (F-
measure is 0.97), while the digit 9 was the worst clustered — F-measure is 0.903.

The Kohonen neural network training algorithm was parallelized on the GPU using the CUDA
technology. The comparison of training time on the CPU and the GPU is provided. A test sample is
used to evaluate the accuracy of cluster construction. The algorithm was accelerated approximately
17 times. The proposed approach can be used for clustering large data of varying complexity.

Kohonen's neural network can be used to recognize patterns of handwritten dig-its, because a
great percentage of images of digits from the test sample fall into the required cluster. Note that for
poorly recognized digits, such as 9, it is possible to increase the number of clusters.

Other neural networks can also be used to solve recognition problems. Clustering of data can be
selected as one of the stages of image recognition. For example, clustering can be used as a stage in
a hierarchical neural network.
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HNHuKpeMeHTa/IbHOE IBPHCTHYECKOE THHAMHAYECKOe POrpaMMHpPOBaHHe
Maszaes A.C.
MAM, r. Mocksa, Poccust

Bo Bpems monera ¢ geTaTensHEIM anmapatoM (JIA) MOryT IpoH30HTH Pa3IMYHOTO POZia OTKA3bl,
KaK BHYTpPEHHHE (OTKa3 MPHUBOJA PYJIs HANPABICHUS), TaK ¥ BHEIIHUE (IIOJIOMKA JIBUraTeIls M3-3a
nonajgaHus nTuuel). CTaHAApTHBIE METOJbI YIPABICHUS, KOTOPbIC NPUMEHSIOTCS HAa TEKyIIHH
MoMeHT B JIA, HE MOryT CaMOCTOSTEIbHO AaJaNTHPOBATBCS K HM3MEHHUBIIEMYCS OOBEKTY
YHPABIICHHUS, BCIEACTBHE YEro MIIIOTY MPUXOANTCS Opath yrpasieHue Ha cebs. C 1enbro

aJanTalMd M aBTOMATH3al[MM 3aKOHA YIPABJICHHs IIpe/UlaracTcsi METOJ, OCHOBAHHBIA Ha
HMHKPEMEHTAIbHOM 3BPUCTHYECKOM AMHaMHueckoM mnporpammupoBanuu (IHDP). Ins pemenus
MOCTABJICHHOH 3aiaun cOpMUpOBaHA MaTEMAaTHUYECKash MOAEIb IOJHOTO YIJIOBOTO IBHIKEHUS,
KOTOpast ~IIPEJCTAaBIsIET COOOH CcHCTeMy HENMHEHHbIX Ju(depeHIMaabHbIX  ypaBHEHHMIA,
TPaJULHUOHHYIO [T JMHAMHUKH [OJIETa CaMoJIeToB. B nanHoii padoTe

paccMaTpHBAIOTCS ABE 3a]1a4H, OJIHA — TOJIBKO B MPOJIOJIBHOM KaHalle, BTOpast — M B IPOJIOIbHOM,
u OOKOBOM KaHane. J[JIsi MOJENMPOBaHHMS CHCTEMBI YIPABICHUS HCHOJB30BAINCH JBE MOAEIH:
JIMHeapu30BaHHAs MOJCNIb W HEJIHMHCHHas MOAenb. B kadecTBe NmpuMepa KOHKPETHOTO OOBEKTa
MOJICJIMPOBAHUS paccMaTpuBaeTcsi MaHEBpeHHbIH camosier F-16. TpeGyemble MCXOJHbIE JaHHbIE
JUIsl Hero OBUIH B3ThI U3 paboTsl [4]. [l cHHTe3a 3aKOHa yIpaBJIEHUs UCIOJB3YETCs allrOpUTM
Incremental Model-Based Heuristic Dynamic Programming IHDP, ocHOBaHHBI Ha aiaroputme
Heuristic Dynamic Programming HDP.

HDP — 310 Haubosnee mmpoko ucnons3yemsiii Meron Adaptive Critic Design (ACD), xoTopsrii
OLICHMBAET KauecTBO paboThl Beeil cuctemsl. [HDP Bkitouaer B ce0s Tpu rI1aBHBIX OJIOKa:

1. lHKkpeMeHTanbHast MOZIEIb — IPEAHA3HAYCHA IS ONPEACICHUS AMHAMUKY CHCTEMBI.

2. VicionHuTeNb — NpeJHa3HaueH JUlsl CO3/IaHMs YIPABIISIONIEro CHIHATA.

3. Kputuk — npeiHa3sHa4yeH JUist OLICHKH JACHCTBUH HCIIOIHHUTENS.
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Vcnionp30BaHMEe NaHHOTO METOZA MOKA3aJlo BBICOKYIO CTENCHb aJJANTHBHOCTH K BHYTPEHHUM H
BHEIIIHMM BO3MYILICHUSM IPH PA3IHYHBIX HAYaJIbHBIX YCIOBUSIX.
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Incremental heuristic dynamic programming
Mazaew A.S.
MAI, Moscow, Russia

During a flight with an aircraft, various kinds of failures can occur, both internal (rudder drive
failure) and external (engine breakdown due to a bird hit). The standard control methods that are
currently used in the aircraft cannot independently adapt to the changed control object, as a result of
which the pilot has to take control. With the aim of adaptation and automation of the control law, a
method based on incremental heuristic dynamic programming (IHDP) is proposed. To solve this
problem, a mathematical model of total angular motion was formed, which is a system of nonlinear
differential equations, traditional for the dynamics of aircraft flight. In that work two problems are
considered, one — only in the longitudinal canal, the second — in both the longitudinal and lateral
canals. To simulate the control system, two models were used: a linearized model and a nonlinear
model. As an example of a specific object of modeling, the maneuverable F-16 aircraft is
considered. The required initial data for it were taken from [4]. To synthesize the control law, the
Incremental Model-Based Heuristic Dynamic Programming IHDP algorithm is used, based on the
Heuristic Dynamic Programming HDP algorithm.

HDP is the most widely used Adaptive Critic Design (ACD) method, which measures the
performance of an entire system. IHDP comprises three main blocks:

1. Incremental model — designed to determine the dynamics of the system.

2. Executor — designed to create a control signal.

3. Critic — designed to assess the actions of the performer.

The use of this method has shown a high degree of adaptability to internal and external
disturbances under various initial conditions.
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O BO3MOKHOCTH IPHMEHEHHs AITOPUTMOB KOMINbIOTEPHOI0 3PeHHs ISl PACIIO3HABAHHS
00bEKTOB B TEXHOJIOTHH CeJIeKTHBHOIO J1a3€PHOTO CILIABJICHUS
'Monorkos A.A., *Tperbskosa O.H.
'MAW, 2HIILI «JIazeps! u anmapaTypay, T. Mocksa, Poccus

Pabora mocBsmieHa BO3MOXHOCTH IIPUMEHEHMS AITOPUTMOB KOMIIBIOTEPHOTO 3pCHHUS JUIs
pacro3HaBaHuss OOBEKTOB B TEXHOJIOTHH CEIEKTHBHOIO JasepHOro ciuasiaenus (SLM). B cratesx
[1-3] omucaHbl TpoBeJCHHBIE HAMH YHCICHHOE MOJACIMPOBAHME M  BKCIICPUMEHTAIBHOE
uccnenosanue nponecca SLM. Co3naBaemast HaMM MaciuTaOupyeMasi IporpaMMHasi IIaTopMbl
JUIS pealH3alliy HOBOH amguTuBHOM SLM TexHOIOrMH HMMeeT OIOYHYyI0 CTpYKTypy. OmHuM u3
0JIOKOB sIBJIsieTCS pa3pabaThiBacMasi HAMH TIporpamMma Ha si3bike C# JeTeKTHPOBAaHUST OOBEKTOB C
UCHOJIb30BaHMS Pa3INYHBIX METONOB pacrnosHaBanus «CV Multitool», mo3Bosstomas onpenesiTs
BBICTYIIBI, IIPOBAJIBI M KOHTYP JeTaNeii Ha H300pakeHn . VICIoap30BaHNe KOMIBIOTEPHOTO 3PECHMS,
METO/IOB U aJrOPUTMOB, C TIOMOIIBIO KOTOPBIX KOMIIBIOTEp MOXKET 00pabaThiBaTh M300pa)KeHus,
MO3BOJISIET ONPEENTh, YTO H300paKeHO, KIacCH(HIMPOBATh U aHAIM3UPOBATH H300paXKEHUSL.
DT0 aKTyasJbHO I KOHTPOJIS Ka4ecTBa JETAlIM HEMOCPEACTBEHHO B Ipoliecce u3rotosieHus. [Ipu
pa3paboTke nporpamMMbl MbI nerons3oBamu EmguCV-kpoce-muiatdpopmernoe .Net 10onoNHEHHE IS
onbmorekn Open CV o6paboTku m3o0paxeHnii, Aforge-On6IMOTEKy KOMITBIOTEPHOTO 3pEHHS U
HCKYCCTBCHHOTO HHTEJUICKTa, U COOCTBEHHBIC aJrOPUTMbI JETEKTHPOBaHHs rpaHull. [IpoBencH
CPaBHUTEIBHBIA aHAINM3 Pa3IMYHBIX METOJIOB PACIO3HABAaHMS, TaKMX KaK YIJOBBIE JETEKTOPHI
Mopaseka, Xappuca, FAST, Ilu-Tomacu, MSER, nerextop Ui oOnpeneneHus TIpaHUIL
nzobpaxkenuss Kouuu. Co3naHHBIE MOMIPOrPAMMBI IOJIYHAOT OT HMCTOYHHKA H300paKEHUS
¢dopmara jpeg wiam bitmap, paboTalOT Ha OCHOBE HCIIOJIb30BAHUS OTACNIBHBIX U3 IEPEUHUCICHHBIX
JeTekTopoB. B wmrore, mporpammHoe obecnedenne «CV  Multitooly, oObexuHsIOmEe 3TH
HONPOrPaMMbl, [O3BOJIUT BBIOMPATh ONTHMANBHBIH METOJ pPACHO3HABAHMS I  KasKJOro
KOHKPETHOI'O TEXHOJOTHIECKOr0 PeXKnMa padoThI JIa3epHOH YCTaHOBKH.
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On the possibility of using computer vision algorithms for object recognition in the
technology of selective laser melting
"Molotkov A.A., *Tretiyakova O.N.
'MAL, 2SPC “Lasers and equipment”, Moscow, Russia

The paper is devoted to the possibility of using computer vision algorithms for object recognition
in selective laser melting (SLM) technology. The articles [1-3] describe the numerical modeling
and experimental study of the SLM process carried out by us. The scalable software platform we
are creating for the implementation of a new additive SLM technology has a block structure. One of
the blocks is a program we are developing in the C# language for detecting objects using various
recognition methods "CV Multitool", which allows us to determine protrusions, dips and the
contour of details in the image. The use of computer vision-methods and algorithms with which a
computer can process images, allows you to determine what is depicted, classify and analyze
images. This is important for quality control of the part directly during the manufacturing process.
When developing the program, we used EmguCV-cross-platform .Net is an add-on for the Open
CV library of image processing, Aforge is a library of computer vision and artificial intelligence
and its own algorithms for detecting borders. A comparative analysis of various recognition
methods, such as Moravec, Harris angle detectors, FAST, Shi-Tomasi, MSER, a detector for
determining the boundaries of the Canny image, is carried out. The created routines receive jpeg or
bitmap images from the source, work on the basis of using individual of the listed detectors. As a
result, the “CV Multitool” software, which combines these routines, will allow you to choose the
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optimal recognition method for each specific technological mode of operation of the laser
installation.
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Ontumuzauus ko3pduunentos k-0 SST mMoaenn TypOyJeHTHOCTH B 3aj1a4e
MO/IeJTHPOBAHHUS CKJIOHOBOIO MOTOKA ¢ IIOMOINbIO AJITOPHTMOB MAIIMHHOIO 00y4YeHHUsI
Pomanosa JI.1., Ctpuxak C.B.
HCII PAH, r. Mocksa, Poccust

V3ydeHne cxoia CHEXHBIX JIaBHH, T'PA3CKAMEHHBIX Celed M APYrMX OMACHBIX MOTOKOB Ha
CKJIOHAX TOp SBIAETCA aKTyaJlbHOW 3aJadyell ¢ TOYKM 3peHHs oOecredyeHHst Oe30MacHOCTH
JKU3HEICTeIbHOCTH JII0JICH B TOPHBIX paifoHax Pd.

Jlns MopenMpoBaHUs CXOJA CKJIOHOBOTO IOTOKAa HCIIOJNB3YETCsl MaTeMaTH4ecKas MOJENb
MHOro(ha3HOro OJHOCKOpocTHoro moxaxozxa. OnHa u3 (a3 — Bo3myx, Apyras (asza — Marepualn
moroka (CHer WM TpsA3ckaMeHHas cMech). (asa MaTepuana I[IOTOKA  IIPECTABICHA
PEOJIOTHYECKMMH COOTHOLIEHUsIMU Xepiuensd-bankmu. s 3ambikaHus ypaBHeHHi PeliHonbica
ucnone3yercs k-o SST wmozxens TypOyneHTHOCTH. st OTCIEKHMBAHUS TPaHUIBI CBOOOIHOM
MOBEPXHOCTU HCIONb3yeTcss Meron o0wvéMa xuakoctu (VOF), mpemnokeHHblld XupToM H
Huxkoncom [1]. /IBe HecxxnmaeMble M HE cMemMBaeMble (ha3bl NPEJCTABICHBl B BBIYMCINTEIBHON
00J1aCTH HEKOTOPOH CMEChIO C (PU3HMIECKHMH XapaKTEPHCTHKAMH, MOCYMTAHHBIMH MO HPHHIUITY
BECOBOTrO cpezHero. JlaHHas MaTeMaTHYecKas MOJIE/b pean3oBaHa B peruarene interFoam makera
OpenFOAM.

Hcnone3yemas aByxmapameTrpudeckas Mojenb TypOyineHTHocTH k- SST He obecneumBaer
YIIOBJICTBOPUTEIHHON TOYHOCTH BO MHOTHX THIIaX TEUCHHUH, BKIIOUast IPOCTHIE CABUTOBBIC IOTOKH,
K KOTOPBIM MOKHO OTHECTHU IOTOKH Ha CKJIOHAX [2].

B pa6ote mpoBomutcs kamuOpoBka k-o SST mopmenu TypOyJIEHTHOCTH C HCIHOJIB30BAHHEM
anroput™a ontuMu3anuu Hemnnepa-Muga ¢ neibio yBelIHYeHHs] TOYHOCTH PacdéTa.

C mnoMoIIBIO TONYYCHHON MOJAEIM MHPOM3BEAEH pacuér 22-0ro JIABHHHOTO OdYara Ha rope
Okcnop, XubuHel.

HccenenoBanue BEIMONHEHO HPH (UHAHCOBOI MHOIAepskke MHHHCTEPCTBA HAYKH U BBICIIETO
obpasoBanus PO (Homep cormamenus Ne 075-15-2020-808).
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K-o SST turbulence model coefficients optimization for slope flows modeling using
machine learning techniques
Romanova D.I., Strijhak S.V.
ISP RAS, Moscow, Russia

Mathematical modeling of snow avalanches, mudflows and other dangerous slope flows is an
urgent task to ensure the life safety in the mountainous regions of Russian Federation.

A mathematical model of the multiphase single velocity approach is used to simulate the slope
flow. One of the phases is air, the other phase is the flow material (snow or mud-stone mixture).
The material phase of the flow is represented by the Herschel-Bulkley rheological ratios. The k-®
SST turbulence model is used to close the Reynolds equations. The volume of liquid (VOF) method
proposed by Hirt and Nichols [1] is used to determine the free surface. Two incompressible and
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immiscible phases are represented in the computational domain by a mixture with physical
characteristics calculated according to the principle of the weighted average. This mathematical
model is implemented in the interFoam solver of the OpenFOAM package.

The used two-parameter k- SST turbulence model does not provide satisfactory accuracy in
many types of flows, including simple shear flows, which include flows on the slopes [2].

In this work, the k- SST turbulence model is calibrated using the Nelder-Mead optimization
algorithm in order to increase the calculation accuracy.

The calibrated turbulence model was used to calculate the snow avalanche on Mount Yukspor
(Khibiny).

This research was supported by the Ministry of Science and Higher Education of the Russian
Federation, agreement No 075-15-2020-808.
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HcciienoBanne Me:KIPOIECCHOT0 B3aHMO/IelCTBUSI KOMIBIOTEPHOI Mo/ie/IH U
rpaguyeckoro noJb30BaTeJIbCKOro HHTEp(eiica
Tumenko J1.YO., ITpaBumno M.H., buprokos I1.A., Mauepa M.C.
AO «I'ocMKBb «Bsimnien» um. .. Toponosa», r. Mocksa, Poccus

KoMnbloTepHOE MOAEIUPOBAHNE IIHPOKO HUCHONIB3YETCs B HAYYHO-TCXHUUECKOH IeATeNbHOCTH,
SBISSICH  yNOOHBIM ~ MHCTPYMEHTOM — HcciefoBaHmil. OpnHako, BompocaM —cepBuca  JUIs
MOJICIUpPYIOLIEil TPOrpaMMbl, a UMEHHO: CO3aHHs M TOJICPKKU CHCTEMbI HCXOJHBIX JaHHBIX,
YIPaBJICHHS CTATHCTHYECKUM MOZICIMPOBAHKEM, KCIIPECC-aHAIN3a M BU3yalIM3alli PE3y/IbTaToB,
YAEISeTCs HeJOCTaTOYHOEe BHUMAHKE. 3a4acTylo MOJb30BaTeIbCKHil HHTEp(eiic paspabaTbiBaeTCs
0] KOHKPETHYIO 33/1a4y M TPYAHO MOJAU(PUIUPYETCs JUIsl HOBBIX Pa3paboToK.

Konnennus momyneHO# cucteMbl MopenupoBanus (MCM), ucmonb3yemast B pa3pabOTaHHOM
rpacduyeckoM monp3oBarensckoM uHTepdeiice (I'TIM) mo3Bomser obecrneuuts 3(HEKTHBHYIO
paboTy ¢ CyIIECTBYIOIMMH M BHOBb CO3/]aBaeMbIMHU KoMIbioTepHbIMI MojensiMu (KM). TTpu sTom
I'TIN siBisieTcst yHUBEPCAIBHBIM MHCTPYMEHTOM, He BcTpamBaercst B KM u He 3aBHCHT OT si3bIKa
nporpammupoanus KM, obecrieunsast Bech cepsuc 3amycka KM, mouiepKKi UCXOJHBIX JaHHBIX
1 3KCIpecc-00paboTKH pe3yIIbTaToB.

B pamkxax paccmarpuBaemoii komnenmuu KM sBisfercs aBTOHOMHBIM — KOHCOIBHBIM
TPHIOKEHUEM, PEaTU3YIOIIMM BECh PAacUETHBIN aJTOPUTM MAaTEMAaTHYECKOH MOZENH. 3alycK u
yIpaBieHue pexxumoM padotel KM npoussoautes us I'TIN.

I'TIN sBistercst rpadHIecKUM HPHIOKEHHEM C DPa3BHTHIM II0OIB30BATENbCKUM HHTEpdeiicom,
pabotatomum B cpene Windows u mocTpoeHHBIM Ha 0Oase Texnoiormn Windows Presentation
Foundation.

B mamnoif pabore paccMOTpeH BOIpOC opraHm3amuu 3amycka KM m akcmpecc-aHammsa
pe3yNbTaTOB MOACIMPOBAHMS «HA JIETY» C IIOMOIIBIO MEXKIPOIECCHOro B3ammozercTeuss KM u
I'TIN.

O6mee ympasinenne KM u3 I'TIM nocturaercs depe3 cTaHAApTHBIA MOTOK KOHCOIBHOTO BBOJA-
BBIBOJIA.

O6men pabounmu qaHHeMH Mexxay KM u ['TIH MoxkeT oCcylecTBIATECS pa3HbIMU CIIOCOOAMH:

1. gepe3 daiinoByro cucremy, npu 3toM ['TIM 1 KM moCTOSHHO 3alUCHIBAIOT M YHTAIOT JaHHEIC
u3 aiinos, renepupyemsix KM. dopmat Takux daiinos gomken ObITh eauabM 1t KM u T'TIN;

2. yepe3 OnepaTUBHYIO MaMATh KOMIIBIOTEPA MOCPEICTBOM Pa3IHYHBIX MEXaHH3MOB.

Jlnst oToOpakeHHsI Pe3yIbTaTOB BRIYUCICHHII B pealbHOM BPEMEHH, BTOPOU criocod obmagaer
HPEUMYIIECTBOM B IPOM3BOAUTEIBHOCTH, OJHAKO MOZpasyMeBaeT Oonee riryO0OKyr WHTErPaLHio
nporpamm KM u I'TIN.

B manHOif cTaThe pPacCMOTPEHO CpaBHEHUE IPOM3BOIAUTEIHHOCTH MOAEIUPYIOMICH CHCTEMSBI C
OoOMEHOM [aHHBIMH d4epe3 (ailibl ¥ C HCIONB30BAHHEM TEXHOJOTMH HMCHOBAHHBIX KaHAIOB
«Named pipe».
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Research of interprocess communication of a computer model and a graphical user
interface
Tishchenko D.Y., Pravidlo M.N., Biryukov P.A., Matsera M.S.
JSC “SMBDB “Vympel” of 1.I. Toropov”, Moscow, Russia

Computer modeling is widely used in scientific and technical activities, being a convenient
research tool. However, insufficient attention is paid to the service issues for the modeling program,
namely: creating and maintaining a initial data system, managing statistical modeling, express
analysis and visualization of results. Often, the user interface is developed for a specific task and is
difficult to modify for new developments.

The concept of a modular modeling system (MSM) used in the developed graphical user interface
(GUI) allows for effective work with existing and newly created computer models (CM). At the
same time, the GPI is a universal tool, it is not embedded in the CM and does not depend on the
CM programming language, providing the entire service for launching CM, supporting initial data
and express processing of results.

In this concept CM is an autonomous console application that implements the entire calculation
algorithm of a mathematical model. The CM is started and controlled from the GPI.

GPl is a graphical application with a developed user interface running in a Windows environment
and built on the basis of Windows Presentation Foundation technology.

In this paper, the issue of organizing the launch of CM and express analysis of the simulation
results "on the fly" using the interprocess communication of CM and GPI is considered.

The general management of CM from the GPI is achieved through a standard console I / O
stream.

The exchange of working data between the CM and the GPI can be carried out in different ways:

1. through the file system, while the GPI and CM constantly write and read data from files
generated by the CM. The format of such files should be the same for KM and GPI;

2. through the computer's RAM through various mechanisms.

To display the results of calculations in real time, the second method has an advantage in
performance, but it implies a deeper integration of CM and GPI programs.

This article discusses the comparison of the performance of the modeling system with data
exchange via files and using the Named pipe technology.

MopennpoBaHue NPoLecCOB TENJI0MACCO00MeHa B X0/le CHHTe3a CTAHHH/IOB Kejle3a B
PeaKuMOHHBIX THIJISX
'®omun B.E., 'Hootensnoa A.B., 'Tykmakosa A.C., >Boukanos @.10., *Kapnenkos JI.1O.
"MTMO, r. Canxr-Tletep6ypr, Poccus
MMCuC, r. Mockaa, Poccus
CHHTE3 METOJOM TCIUIOBBIACICHHUS BHYTPH PEAKIMOHHOM 30HBI HCIIONB3YETCsl IS MOWCKa
HOBBIX COCTaBOB M (ha3 (D)YHKIMOHAJBHBIX MATEPHAJIOB MOCTOSHHBIX MarHUTOB. B xozme cuHTe3a
4yepe3 YCTaHOBKY M o0Opasel] (B JKHIKOM arperaTHOM COCTOSIHHHM) IPOXOAUT TOK BBICOKOH
IUIOTHOCTH, BBI3bIBas AuGQy3HI0 MEXIy Marepuanamu oOpasua u Turis. B pesynbrare, BOIM3u
KOHTaKTa o0pa3sua W THIJIA 00pa3yloTcs oONacTH C pas3iMYHON KOHLEHTpalHed HCXOMHBIX
KOMIIOHEHTOB, ()OpPMHUPYIOIIHE HOBBIE (pa3bl.
IMone TemmepaTypsl B yCTAaHOBKE U 00pasLe SIBISETCS OJHUM N3 BaXXHEHIINX TEXHOIOTHYCCKHX
[1apaMeTPOB CHHTE3a. AHAIMTUYECCKUI PAacUeT TeMIIEpaTypbl HEBO3MOXKEH BBHIY OOJIBIIOrO YKCiIa
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B3aMMOCBS3aHHBIX TporieccoB [1,2]: TpoxoxaeHHe TOKa W BbIACIECHUE TEIIOTHl Jxoyis,
TEPMOMEXaHUUYECKHE TPOLECCHI, JIEKTPOMUTpaL|s MOHOB M nddy3noHHbIe mpouecchl. Jls
PpelLIeHHs JaHHOH 3a/1a4H 11e/IeCO000pa3HO IMPUMEHSTh YHCICHHOE MOZCINPOBAHNUE.

C uenbio M3ydYeHHMs MOJISL TEMIEpaTypsl ObUIa co3laHa MoJenb B mporpammHoil cpene Comsol
Multiphysics. IlpuHuManich BO BHUMaHUE pa3inyHble (U3MYECKHE MOMYIH Il MaKCHMAaJIbHO
TOYHOrO pacyera. IIpy CO3MaHMM MOAEIM HCHOIB30BAIUCH CICAYIOLIHE MOMYIH: TEIUIOOOMEH B
TBepabIX W okuakux Tenax (“Heat transfer in solids”, “Heat transfer in fluids”), muddy3us
(“Transport of concentrated species”), wmexanuka T1Bepporo Ttena (“Solid Mechanics”),
anexktpudectBo (“Electric currents”). C menplo yMeHbHOIEHHS HOTPEOICHUS BBIMUCIUTENBHBIX
pecypcoB MojieNb Oblila CO31aHa ABYXMEPHOH 0CECUMMETPHYHOM.

HccnenoBanue ObUIO TNPOBEACHO Ha TNpUMepe oOpasua KHIAKOrO OJIOBA, HAXOAALIETrocs B
XKEIe3HOM THIJIe. bblla mccienoBaHa 3aBHCHMOCT OIS KOHIGHTPALIMH OJIOBA B JKENE3E OT
Pa3IUYHBIX TEMIICPATYPHBIX PEXKHMOB. TeMrepaTypHble PEKHMMBI ONPEACIIINCh BEIHMYHHOM
HPHUKJIAbIBAEMOIl K KpasM YCTaHOBKM Pa3HOCTH HOTCHLHMAJIOB M PE3y/IbTUPYIOIIEH IIOTHOCTH
TOKa.

JUIMTeIbHOCT  MOJICIMPYEMOro Ipoliecca COCTaBIsIa 6 4YacoB, YTO COOTBETCTBOBAJIO
SKCIIEPUMEHTAIBHBIM ycioBHsAM. ITocie MozieMpoBaHust OLIEHUBAIACh TONIIMHA AU(HY3HOHHOTO
ciost, ¢ KoHueHTpauuei omoBa 40 %. IlomaBaemasi pa3sHOCTh MOTCHIMATIOB H3MCHSUIACH B
nuanasoHe or 1.4 B no 1.8 B, B pe3ynbrare yero Temmeparypa obpasua M TUIJIS NPUHUMAJA
3nayenus ot 1000 K no 1300 K. IIpu sToM, mociie yCTaHOBJICHHUS! CTALIMOHAPHOTO pexnuMa, oopaserl
U TATENb HMEINM OAMHAKOBYIO TemmepaTypy. llocie miecTHdacoBOro mporecca TOJNIIHHA
HCCIIEyeMOrO0 CJIOS IOCTHTalla 3HAYEHUH OT 3 10 6 MKM.
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Modeling of heat and mass exchange processes during synthesis of iron standides in
reactive crucibles
"Fomin V.E., 'Novotelnova A.V., 'Tukmajova A.S., 2Bochkanov F.Y., ?Karpenov D.Y.
'ITTMO, Saint-Petersburg, Russia
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The synthesis process with a heat release inside the reaction zone is used to search for new
compositions and phases of functional materials of permanent magnets. During synthesis, a high-
density current passes through the apparatus and the sample (in the liquid state of aggregation),
causing diffusion between the materials of the sample and the crucible. As a result, regions with
different concentrations of the initial components are formed near the contact between the sample
and the crucible.

The temperature field in the setup and the sample is one of the most important technological
parameters of the synthesis. An analytical calculation of temperature is impossible due to a large
number of interrelated processes [1,2]: the passage of current and the release of Joule heat,
thermomechanical processes, electromigration of ions and diffusion processes. It is advisable to use
numerical modeling to solve this problem

In order to study the temperature field, a model was created in the Comsol Multiphysics software
environment. Various physical modules were taken into account for the most accurate calculation.
When creating the model, the following modules were used: “Heat transfer in solids”, “Heat
transfer in fluids”, “Transport of concentrated species”, “Solid Mechanics”, “Electric currents”. In
order to reduce the consumption of computational resources, the model was created as a two-
dimensional axisymmetric one.

The study was carried out on the example of a sample of liquid tin in an iron crucible. The
dependence of the field of tin concentration in iron on various temperature regimes was
investigated. Temperature conditions were determined by the value of the potential difference
applied to the edges of the installation and the resulting current density.
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The duration of the simulated process was 6 hours, which corresponded to the experimental
conditions. After modeling, the thickness of the diffusion layer was estimated, with a tin
concentration of 40%. The applied potential difference varied in the range from 1.4 Vto 1.8 V, as a
result, the temperature of the sample and the crucible reached values from 1000 K to 1300 K. In
this case, after the steady state was established, the sample and the crucible had the same
temperature. After a six-hour process, the thickness of the studied layer reached values from 3 to 6
um.
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ApPXHTEKTYpa CeTeBOil KOHTeiHePHOii BBIYUCIUTEILHOI Cpebl 1151 TPYIIIOBOIo
MO/IeJTHPOBAHHS JIeTATEJbHBIX aNlIaPATOB H 0TPA0OTKH MHTEUIEKTYATM3HPOBAHHBIX CHCTEM
IleBamponoB A.C., babuuenko A.B.
AO «PIIKBb», r. Pamenckoe, Poccus

B nmanHO#f paboTe paccMOTpeHBI NMPOOIEMBI IOCTPOCHHS MOJENCH ¢ y4eTOM IPOOIeMaTHKH
CHHXPOHM3allMH MOJielel B pacrpe/ieIeHHOH BBIYUCIMTENBHON CETH, MPEIJIOKEHO HCIOIb30BaTh
LICHTPaJIN30BaHHYl0 0a3y [aHHBIX I 3ajad COIJIACOBAHMs IIOTOKOB JAHHBIX Mojelneil B
KnOephU3MIecKoM HPOCTpaHCTBE. IIpemnaraercss HCIIONB30BaTh APXUTEKTYPY C TEXHOIOTHAMHU
BUPTYyaJIM3allMd Ul MaclITaOMpOBaHUs M MHHUMH3ALMU B3aMMOBIMSAHUS Ppa3sHBIX Mojelel
JIeTaTeIIbHBIX almapaTtoB. PaccMOTPEHbI CyIIeCTBYIOMHUE MOJEIH LU(PPOBBIX ABOIHUKOB Ha 0ase
creaga MCKBO B pamkax coBmectHoro mpoekta AO «PIIKB» u MI'TY um. H.D. baymana.
IMpennoxensl crocodbl 3GdEKTHBHON KOMaHJIHOH pabOThl TpU HEOOXOAMMOCTH paboTaTh
JIUCTaHIMOHHO. PaccmorpeH ombiT padotel co cryaentamu MI'TY um H.D. Baymana B pamkax
obpazoBarenbHoro npoekra MHOL] «aBHOHKMKa» ¢ UCHONIB30BaHUEM BBINICYKa3aHHBIX TEXHOJIOTHH.
JlomoHUTENBHO, TakXkKe ONMCaHbl Oynaymme mepcrekTuBbl pasButHsa cteHna MCKBO  kax
Knbep(hU3NIecKoit CHCTEMBI.
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Architecture of a network computing environment for group modeling of aircraft and
testing of intelligent systems
Shevadronov A.S., Babichenko A.V.
JSC “RPKB”, Ramenskoe, Russia

In this abstracts of the report, the problems of model construction are considered taking into
account the problems of model synchronization in a distributed computer network, it is proposed to
use a centralized database for the tasks of coordinating the data flows of models in the cyber-
physical space. It is proposed to use architecture with virtualization technologies to scale and
minimize the interaction of different models of aircraft. The existing models of digital twins based
on the MSKBO testing bench are considered within the framework of a joint project of JSC
"RPKB" and Bauman Moscow State Technical University. The methods of effective teamwork are
proposed, if necessary, to work remotely. The experience of working with Bauman Moscow State
Technical University students in the framework of the educational project INOC "Avionics" using
the above technologies is considered. In addition, the prospects for the development of the MSKBO
testing bench as a cyber-physical system are also described.
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3apaua 1udpaKkuuy JIeKTPOMATHUTHON BOJHBI HA CTEHKE Pe30HATOPA ¢ 0TBEPCTHEM
Aorapsu I'.B.
K@V, r. Kazans, Poccus

PaccMoTpuM 10ITyOECKOHEUHBIH HJeaqbHO HPOBOJAIIMI BOJHOBOA C OECKOHEYHO TOHKOM
METaJUIMYeCKOW  IuadparMoil, pacrmojoKeHHOW mepen 3ariymkoil. O61acTe BONHOBOJA,
pacIONIOKEeHHAss MEXIy 3ariaylikoil M aumadparMol, MOXHO paccMaTpHBaTh KaK PE30OHATOP C
OTBEPCTHEM B CTEHKE, COOTBETCTBYIOIMM OTBEPCTHIO uadparmpl.

ITycTe Ha OTBepcTHE B CTEHKE pe3oHAaToOpa ciieBa Haberaer COOCTBEHHAs BOJHA BOJHOBOAA.
Tpebyercst HallTi mporeauIyro (B 001acTh PE30HATOPA) M OTPAKCHHYIO BOJHBI, BOSHHKAOIINC B
pesynbrate audpakuuu Haberaromeil BonHbl. [Ipy pemieHnu 3aaqdl npUMeM psijl YIPOIIAFOIIUX
HPEATIONIOKEHUH: CBOOOIHBIC 3apsiibl M TOKM OTCYTCTBYIOT, Cpela JIMHEHHas, OJHOPOIHAs U
M30TPOIIHAS, a IT0JIC TADMOHNYECKHU 3aBUCHUT OT BPEMEHH.

Pemienue 1 yiccnenoBaHye JAaHHOM 3aaud METoAOM ciuuBanus [1] npuBoautes B pabote [2]. B
HacTosiel padoTe 3aa4a nUQpaKIMu CBOAUTCS K KpaeBOil 3ajaue Juis ypaBHeHHs | enbMrosbia
OTHOCHTEIBHO MOTCHUMATBHON (YHKIMM MO B 00MAacTH pe3oHaropa. Jlist pemieHus KpaeBoi
3aJa4d MCIOJIb3yeM METOJOM KOHEYHBIX JJIeMEHTOB (MK3). B kadectBe OasucHbIX (yHKIHI
UCHOJIb3YIOTCS CTaHAAPTHBIE TIOJIUHOMEI 1epBoii crenenu [3]. ITomydeHHoe pelnieHne cpaBHUBAETCS
C pelleHHeM, MONMyYCHHBIM, paHee, METOJOM CLIMBaHHMs. [l0KazaHa Xopoluas COINIACOBAaHHOCTH
9THX METOOB.
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The problem of diffraction of an electromagnetic wave on the wall of a resonator with a
hole
Abgaryan G.V.
KFU, Kazan, Russia

Consider a semi-infinite ideally conducting waveguide with an infinitely thin metal diaphragm in
front of a plug. The region of the waveguide located between the plug and the diaphragm can be
considered as a resonator with a hole in the wall corresponding to the aperture of the diaphragm.

Let the natural wave of the waveguide run on the hole in the wall of the resonator from the left. It
is required to find the transmitted (into the resonator region) and reflected waves arising from the
diffraction of the incident wave. When solving the problem, we will accept a number of simplifying
assumptions: there are no free charges and currents, the medium is linear, homogeneous and
isotropic, and the field harmoniously depends on time.

The solution and study of this problem by the stitching method [1] is given in [2]. In this paper,
the diffraction problem is reduced to a boundary value problem for the Helmholtz equation for the
potential field function in the resonator region. To solve the boundary value problem, we use the
finite element method (FEM). Standard polynomials of the first degree [3] are used as basis
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functions. The solution obtained is compared with the solution obtained earlier using the stitching
method. Good consistency of these methods has been shown.
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AHaIH3 TEeNJ10BOr0 COCTOSIHHS C MCNOJb30BAHHEM METOIUKH MO/eIHPOBAHMS

CONPSIZKEHHOT'0 TeMI000MEeHAa B CHCTeMe BTOPHYHOI0 BO3/IyXa ra30TypOMHHOTO JBHTaTe st

"Benenxo K.A., 'Ilunynos B.B., 2Bunorpaos A.C.
'TIAO «OJ1K-Ky3Henos», *Camapckuii yausepcurer, r. Camapa, Poccus

B coBpeMeHHBIX ra30TypOMHHBIX JBHUrAaTENIsAX CHCTEMA BTOPUYHBIX [IOTOKOB SIBISICTCS OHON H3
Haubosiee BaKHBIX CHCTEM, OKa3bIBAIOMIMX OOJNBIIOE BIMAHUE HA S(POEKTUBHOCTH LHKIA.
Bo3zzmymHble cucTeMbl JBHTaTeNs B3aHMMOCBSI3aHBI M OOpa3yrOT €IMHYIO CHUCTEMY BHYTPEHHHX
Bo3aymHBIX H0ToKOB (CBBII), KoTOpas obecreunBaer (HyHKIHOHHPOBAHUE CHUCTEM, arperaTtoB U
YCTPOHCTB He Tosbko camoro I'T/I, Ho u camornera B 1ienom [1]. HauGonee BaxHBIMU CHCTEMaMHu,
UCHOJIB3YIOIINE BTOPHYHBIA BO3YyX, SIBIAIOTCS: CHCTEMa OXJIAXKACHHs TypOWH, CHCTEMa HaJlyBa
VIUIOTHEHHH MACISIHBIX IOJIOCTEH, CHCTeMa pasrpy3KH IOAIIMIHUKOBBIX OIOp, CHCTEMa
MIPOTHBOOOJICANHEHHSL.

I'eomerpryeckass CIOXKHOCTH KOHCTPYKIMM ¥ HAIMYHE LEHTPOOSKHBIX 3(PGHEKTOB OT
BpALIAIOLIUXCS AeTaneil potopa aenarot 3agady CFD MozmennpoBaHus TeYeHUs M TEILIOOOMEHA B
MOJIOCTSIX TPYHA03aTPaTHOM U pecypcoéMkoil. YToOsI mpeoxoneTs orpanndenus TpexmepHoro CFD-
aHaJIM3a CHCTEMbl BTOPHYHOIO BO3YIIHOIO MOTOKA, I ONTUMHU3ALNK IPOSKTHPOBAHHS CUCTEMBI
HCHOIB3YIOTCS KOMMEPYECKHE TOTOBBIC W/WIM COOCTBEHHBIC HHCTPYMEHTHI MOJCIHPOBAHHS
cucTeM Ha ocHoBe Mojeneit 1D [2].

B pabore paccmartpuBancs TpEXBaNIbHBI Ta30TypOWHHBI ABYXKOHTYPHBIH JIBUTATElNb,
[THEBMOCHCTEMa KOTOPOTO BKIIOYAeT B Ce0s CHUCTEMBI OXJIAXICHUS TypOHMHBI, HaIIyBa
YIUIOTHEHUH  MAacJIONOJIOCTeH, pPasrpy3KH paJuaibHO-YINOPHBIX —IIOAIIMITHUKOB, a TaKkKe
HPOTHUBOOOJIC/ICHUTENBHYIO CHCTEMY. BBINONHEH TEIUIOrHAPaBIMYECKHil pacy€T IBUraTelNs IO
9KCILTyaTalIOHHOMY LIUKITY.

Jlns pacyera rUApPaBIMYECKHX M TEIUIOBBIX XapaKTEPUCTHK BO3/yXa BO BHYTPEHHHMX KaHallax
HCIIONB30BAIaCh IPOrpaMMa, OCHOBaHHast Ha Metoze npexacrasineHus CBBII B Buze rpada [3]. Jis
pacdeTa  pachpeleNeHHsl  PacXomoB  Bo3ayxoB 1o  kaHamam CBBII  wucmomssyrorcs
HOJISMIMPUYECKUE 3aBUCHMOCTH, OCHOBAHHbBIE Ha IEPBOM M BTOPOM 3akoHe Kupxroda, a Taxxe
Ha 3aMBIKAIOLIEM YPaBHCHMM, CBS3bIBAIONIEM MOTEPU JaBICHHA C  THAPABIMYECKUM
comporuBieHneM. [l ONpeneneHnsl TEIIOBOrO COCTOSHHS AETaleil JBHUraTesis MPUMEHSUICS
YUCJICHHBI aHAIM3, TPAaHUYHBIMH YCIOBUSMM JUIi KOTOPOTO HCIIOJNB30BAJIMCh JAHHBIC,
MOJy4YEHHBIE M3 TUAPABIHYECKOro pacyera. OCOOEHHOCTBIO JAHHOIO pacyéra sBISETCS TO, YTO
OpH 3aJaHAM TPAHUYHBIX YCIOBUH Ui OJHOMEPHOrO AHAIM3a YYUTHIBAIHCH PE3yJIbTAThI
COIPSDKEHHOTO TEIUIOTHIPABIMYECKOro pacuéra B TPEeXMEpHOH IocTaHOBKe. B pamkax aHamm3a
Pe3yJIbTaToB pacyéTa ONPEEICHO TEIUIOBOS COCTOSHHUE AeTayleld, KOTopoe B IalbHeHIeM OyxyT
YUHUTBIBATHCS IPU TEPMOMEXAHUUCCKOM aHAIM3E KOHCTPYKIIUH.
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3. Tucapes A.IO. Metonuka pacyera CUCTEMBbl OXJIAXJIEHUS ONOpPbI TYpOMHBI aBHAL[MOHHOTO
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Thermal state analysis using the technique of modeling conjugate heat transfer in the
secondary air system of a gas turbine engine
'Bedenko K.A., 'Shipunov V.V, *Vinogradov A.S.
'PJSC “UEC-Kuznetsov”, 2Samara University, Samara, Russia

In modern gas turbine engines, the secondary flow system is one of the most important systems
that have a great impact on the efficiency of the cycle. The engine's air systems are interconnected
and form a single system of internal air flows, which ensures the functioning of systems, aggregates
and devices not only of the gas turbine engine itself, but also of the aircraft as a whole [1]. The
most important systems that use secondary air are: the turbine cooling system, the pressurization
system for oil cavity seals, the bearing support unloading system, and the anti-ice system.

The geometric complexity of the design and the presence of centrifugal effects from rotating
rotor parts make the task of CFD modeling of flow and heat exchange in cavities labor-intensive
and resource-intensive. To overcome the limitations of the 3D CFD analysis of secondary air flow
system, commercial off-the-shelf and/or inhouse 1D model-based system simulation tools are
deployed to optimize the system design [2].

The paper considers a three-shaft gas turbine two-circuit engine, the pneumatic system of which
includes turbine cooling systems, pressurization of oil cavity seals, unloading of angular contact
bearings, as well as an anti-icing system. The thermohydraulic calculation of the engine according
to the operating cycle is performed.

To calculate the hydraulic and thermal characteristics of the air in the internal channels, a
program based on the method of representing the system of internal air flows in the form of a graph
was used [3]. To calculate the distribution of air flow rates through the channels of the internal air
flow system, semi-empirical dependencies are used based on the first and second Kirchhoff's law,
as well as on the closing equation linking pressure losses with hydraulic resistance. To determine
the thermal state of the engine parts, numerical analysis was used, the boundary conditions for
which were used data obtained from hydraulic calculation. The peculiarity of this calculation is that
when setting the boundary conditions for one-dimensional analysis, the results of the coupled
thermal-hydraulic calculation in a three-dimensional formulation were taken into account. As part
of the analysis of the calculation results, the thermal state of the parts is determined, which will be
taken into account in the thermomechanical analysis of the structure in the future.

YucjieHHOe MO/Ie/THPOBaHHE J03BYKOBOI0 00TeKaHHs IIHIHHAPHYECKOro o6pa3ua
XHMHYeCKH HepaBHOBECHOI M1a3Moii
Bprizranos A.1., Sxym C.E., Konecaukos A.®., BacunbeBckuit C.A.
WIIMex PAH, r. Mocksa, Poccust

OnHolt U3 KIIIOYEBHIX 3a7a4 MPHU pa3paboTKke KOCMHUYECKHX JIETATENbHBIX allapaToB SBISETCS
IIPOEKTUPOBAHKE TEIUIO3AIIUTHOIO MOKPBITHS IS 3aIl[UTH KOPAaOIs OT MeperpeBa M pa3pyIICHHs
IpH BXOJE B IUIOTHBIE CIOM aTMocdepsl 3eMan M ApYrux riaHeT. OCHOBHBIM HHCTPYMEHTOM
HCCIIEJOBaHUS B JaHHOI Teme siBisiercst skcriepument. B MIIMex PAH umeercs YHY miazmorpon
BI'V-4. OH no3BonsieT KaueCTBEHHO BBIICHUTH DPO3HOHHYIO M TEIUIOBYIO CTOMKOCTH 0oOpasla H
KOJMYECTBEHHO ONpPEIEIUTh TEIUIOBBIE IIOTOKM C IOBEPXHOCTH. XUMHYECKHH COCTaB Ha
MOBEPXHOCTU BHOCHT CYILIECTBEHHBIH BKJIaJ B SPO3HOHHBIN IIPOLECC MaTepuala, U OH HaXOIUTCs
TOJIBKO PacYETHBIM MyTEM MpU y4€Te XMMUYECKO HepaBHOBECHOCTU. B HacTosimiee Bpemst pacuér
TEYCHHs] MPOU3BOMUTCS B INPEANOJIOKEHHH O PAaBHOBECHOCTH IUIa3Mbl [1], a HepaBHOBECHOCTH
YUYHUTHIBACTCSI TOJIBKO B IIOIPAHMYHOM CJIO€ Y TOBEPXHOCTH.

B npamnoif paboTe oOmMCaHO MOJEIMPOBAHUE [BYMEPHOTO XHMHYECKH HEPAaBHOBECHOTO
oOTekaHHs BO3MYIIHON IUIA3MOH LHJIMHAPUYECKOrO 00pasla C OHPEACICHHEM XHMHYECKOro
COCTaBa M TEIUIOBBIX IOTOKOB BJIOJb BCEH MOBEPXHOCTH. PacyéT mpoBOAMTCS HAa NPSMOYTOIbHOM
HEepaBHOMEPHOU CeTKe C alpPOKCHMAIel HEeBs3KHUX IOTOKOB Ha IpaHUIax sueek 1mo cxeme SLAU
[2]. Bo3mymnas miasma cocToMT M3 11 KOMIOHEHT ¢ y4€TOM OJHOKPAaTHOW HOHM3AIHH.
V3MeHeHHe XHMMHYECKOIO COCTaBa NPOMCXOJIMT HEPABHOBECHO B 32 XMMMYECKHMX PpEaKLUsX.
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PacuérHblii KMHETHMYECKHMH MOJIyJb MCIIONB30BAJCS M paHee Ul MOJICIMPOBAHHS TCUCHHS
JIarpaH>KeBON YaCTHIIBI 3@ YapHOi BONHOM [3], MCTOYHHKOBEIE YIE€HBl B YPABHEHHAX COXPAaHEHHUS
KOMIIOHGHT W JSHEPIHM CUMTAIOTCS OTACIBHBIM MOIyIIAroM Kak dxecTkas cuctema OJ1Y ¢
YHCJICHHBIM pacyeToM sKoOMaHa 1o cxeme cemeiictBa Anamca. Jluddy3noHHble mOTOKM
OIpEeNeNIAI0OTCsT Ha OCHOBe cooTHoweHnd Credana-MakcBemwta [4], xoddduIMEHTbI mepeHoca
PACCUHTHIBAIOTCS Cpa3y I BCEH CMECH MO MOIyIMIMPHYECKHM (DOpMysaM, BBIBEICHHBIM UL
XMMHYECKU HEPAaBHOBECHOM BO3AyHIHOI miasMel [5]. B kauecTBe rpaHMYHBIX YCIOBUH 3a7aBalcCh
XHMHYECKUH COCTaB, JaBJICHUE, TEMIIEpaTypa U CKOPOCTH Ha Cpe3e COILIa, ONyYeHHbIC U3 pacuéra
TEUEHHs1 B pa3psAHOM KaHaje IuasmMorpona. OOpasern mmeer Bojooxiaxkaaemyro ao T=300K
CTEHKY, XMMHYECKHIl COCTaB Ha ITOBEPXHOCTH HAXOAUTCS U3 cooTHomeHuid Credana-Makceiuia,
rae  Auddy3uOHHBIE CKOPOCTH PEKOMOMHHPYIOIIMX KOMIIOHEHT 3aBHUCAT OT  CTEHEHH
KaTaIMTUYHOCTH, AN(GY3HOHHBIC CKOPOCTH HOHOB, 2yekTpoHa u NO HyneBble. I'pagueHTHI
TeMIepaTypbl M KOHIEHTpAlWi Ha MOBEPXHOCTH AalNPOKCHMHPYIOTCS C TIEPBBIM IOPSIKOM
TOYHOCTH.

Pabora BbImonHeHa npH (uHAHCOBOH mHommepkke rpanta POOU 19-31-90114 u B pamxax
roc3aganus NeAAAA-A20-120011690135-5
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Numerical simulation of a subsonic flow of a chemically nonequilibrium plasma around a
cylindrical sample
Bryzgalov A.L, Yakush S.E., Kolesnikov A.F., Vasilevski S.A.
IPMech RAS, Moscow, Russia

One of crucial problems in space ships design is development of TPM for proofing from overheat
of vechicle and from breaking down by enter in Earth and other planets atmosphere. Experiment is
a main tool for investigation. [IPMech RAS has a experimental facility IPG-4. It permits to define
erosion and thermal resistence of material and to calculate thermal fluxes from surface. Chemical
composition onto surface has a big influence in erosion process of the matter and it can be defined
only by means of calculations allowing for chemical nonequilibrium. Currently flow is predicted as
chemicaly equilibrium plasma [1], but nonequilibrium is introduced in laminar boundary layer.

This paper describes 2D chemically nonequilibrium flow of air-plasma about cylindrical bluff-
body with chemical mixture and heat flux onto all surface defining. Simulation does on cartesian
unstructured grid with SLAU-form fluxes onto cell faces [2]. Air plasma consists from 11
components with with first-order ionization. 32 chemical reactions describe mixture. Kinetic
simulation-block was later used in lagrange particle after shock wave prediction [3], source terms in
conservation equations for mass fractions and energy are evaluated as separate halfstep for stiff
ODE with numerical calculation of jacobian by means of Adams-family scheme. Diffusion fluxes
are defined from Stefan-Maxwell relations [4], transport coefficients are calculated for all mixture
by semiempirical expressions for chemical nonequilibrium air plasma [5]. Boundary conditions are
chemical components, pressure, temperature and velocity in nozzle exit section, that was obtained
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in inductively torch simulations. Test article has a water cooled surface with T=300K, chemical
composition is calculated from Steffan-Maxwell relations and diffusion velocities of recombinated
components depend from catalytic constant. Diffusion velocities for ions, electron and NO are zero.
Temperature and chemical concentrations are approximated with first-order.

Work is supported with RFBR grant # 19-31-90114 and state assignment AAAA-A20-
120011690135-5
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YuciieHHOe MO/Ie THPOBAaHHE BHYTPHKAMEPHBIX npoueccoB B 6eccomosom PATT npu
BBIXO0/I€ HA PEKUM PadoThI
Taiinapos I.11., Coukos 1.A.
MAMU, r. Mocksa, Poccust

YucneHHOE HCCIICIOBAaHNE BHYTPHKAMEPHBIX IPOLECCOB (BHYTPEHHEH OalIMCTHKH) SBISETCS
OJHOU W3 ITABHBIX 3aad NpU pa3pabOTKe U MPOEKTHPOBAHUH PAKETHOIO JBHUTATENsl TBEPIOTO
toruBa (PATT), B Tom uucne u GeccoruoBoro PATT. B pamkax 3Tol 3afaud ONpeneisTiOTCs
OCHOBHBIE paboyMe NapaMeTpbl PAaKETHOIO ABUTATels — TSAra PakeTHOIO JBUraTess, MacCOBBIH
CeKyH/HBIH pacxoj IPOAYKTOB CTOPaHUs, MOCTOSHHAS BPEMEHH (BpeMs pelIaKCaIlid) KaMepsl
CrOpaHMs, CUJIOBOE U TEIUIOBOE HAarpyKeHHE KaMephl CrOPaHUs U 3apsjia TBEPAOro TOIJIMBA U Jp.

Cospemennblii PITT — cioxHas TeXHUYECKas CUCTEMa, B KOTOPOH OJHOBPEMEHHO MpPOTEKAaeT
psI  B3aHMOCBS3aHHBIX HECTAIMOHAPHBIX (H3UKO-XMMUYECKHX MPOIECCOB, TAKUX Kak: -
cpabaThIBaHKME BOCIUIAMEHHTEIBHOIO YCTPOMCTBA; - IPOIPEB, 3a)KUIaHHUE U TOCNIENYIONIEE FOPEHHE
3apsiia TBEPJOro TOIUIMBA; - Ta30IMHAMHYECKOE TEUEHHE B KAMEPE CTOPAHMS; - pasrepMeTu3aLus
KaMepbl CTOpaHUs U BBUIET 3aIilyIIKU; - HAIPsDKEHHO-Ie()OPMHPOBAHHOE U TEIJIOBOE COCTOSHUE
3apsizia TBEPJOro TOIUIMBA U KOPITYCa PAKETHOI'O JIBUIaTes.

YucneHHOE HCCIeoBaHNE BHYTPHKaMEpHBIX mporeccoB B OeccoruoBom PJITT umeer cBom
ocobenHocTy. Ha mepBbIif B3 OecCOIIOBOH paKeTHBIN JBUTATelNb ABISETCS Oojaee MPOCTOH ¢
TEXHOJIOTHYECKOI TOYKM 3PEHHs KOHCTPYKIMEH (KaKk TaKOBOTO COILIOBOrO 0OJI0oKa 371ech HET).
OJIHaKO IPOBECTH BHYTPUOAUIUCTUYEKOE MPOESKTUPOBAHUE C TPEOYeMOH TOYHOCTBIO JUIS TAKOTO
THUIIA JBHUTATEN O CYIMIECTBYIOIIUM B OTPAacid METOAMKAM IPAKTHYECKH HEBO3MOXKHO. JTO, B
HEePBYIO O4Yepe/lb, CBS3aHO C OTCYTCTBHEM (DMKCHPOBAHHOTO B IPOCTPAHCTBE KPHUTHYECKOTO
ceyeHHsT B NPOTOYHOM 4YacTH Kamepsl cropanus OeccomoBoro PJITT. Kak TakoBoro
KIIACCHYECKOTO COILIA PAKETHOTO ABUTATENs 3[ECh HET, a, 3HAYUT, i HET BOZMOXKHOCTU KOPPEKTHO
paccuMTaTh IapaMeTphl IIOTOKa MNPOAYKTOB CrOpaHUsl 10 W3BECTHBIM AHAIHUTHYCCKHM
3aBHCHMOCTSIM ¥ IQXKE PSI/Ty YHCICHHBIX METOIHK.

B mpemnaraemoii paborte mpeNpUHATA MONBITKA YHCIEHHOTO HCCIENOBAHUS BHYTPUKAMEPHBIX
npoueccoB B 6eccoruioBoM PIATT ¢ yuérom ocoOEHHOCTEH 3TOro TUMa PAaKETHBIX JBUraTesed.
byner paccMatpuBaTthcs CONpsDKEHHas 3ajjada, BKIIOYaromas B cebs: - OIMCAaHME Mpolecca
cpabaThIBaHHs BOCIUIAMEHUTENIBHOIO YCTPOICTBA; - IPOIPeB, BOCIUIAMEHEHHE M IMOCIEAYIOIIee
HECTAI[HOHAPHOE U TypOyIeHTHOE TOpEHHE 3apsia TBEPAOrO TOIUIMBA; - HECTAIlMOHApHOE
TOMOTI'€HHO-T€TEPOTEHHOE TEUYEHUE BO3MyXa M IPOIYKTOB CrOpaHHMs B KaMepe CropaHus; -
OIIMCaHUE IBIDKCHUS 3arilylIKd KaMepsl cropanms. Kaxgas U3 monsajad paccMaTpHBAaeTICs BO
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B3aMMOCBS3M M Pa3peIlaeTcsi OJHOBPEMEHHO — Ha OJHOM IIare MHTETPUPOBAHMS IO BPEMEHH.
Taxke OyayT yIUTHIBATHCS APyrue 0COOSHHOCTH Mpolecca cpadaTbiBanus Oeccomiooro PTT.
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Numerical modeling of intrachamber processes in a nozzleless solid propellant rocket when
entering the operating mode
Gaydarov D.D., Sotskov LA.
MAI, Moscow, Russia

Numerical investigation of intra-chamber processes (internal ballistics) is one of the main tasks in
the development and design of a solid propellant rocket engine (solid propellant rocket engine),
including a nozzleless solid propellant rocket motor. Within the framework of this task, the main
operating parameters of the rocket engine are determined - the thrust of the rocket engine, the mass
flow rate of combustion products per second, the time constant (relaxation time) of the combustion
chamber, the force and thermal loading of the combustion chamber and the charge of solid fuel, etc.

A modern solid propellant rocket motor is a complex technical system in which a number of
interconnected non-stationary physical and chemical processes take place simultaneously, such as: -
triggering of an ignition device; - heating, ignition and subsequent combustion of a solid fuel
charge; - gas-dynamic flow in the combustion chamber; - depressurization of the combustion
chamber and the departure of the plug; - stress-strain and thermal state of the solid fuel charge and
the rocket engine body.

The numerical study of intrachamber processes in a nozzleless solid propellant rocket has its own
peculiarities. At first glance, a nozzleless rocket engine is a simpler design from a technological
point of view (as such, there is no nozzle block here). However, it is practically impossible to carry
out intra-ballistic design with the required accuracy for this type of engine using the existing
methods in the industry.This is, first of all, due to the absence of a critical section fixed in space in
the flow path of the combustion chamber of a nozzleless solid propellant rocket. As such, there is
no classical rocket engine nozzle here, which means that it is not possible to correctly calculate the
parameters of the flow of combustion products using known analytical relationships and even a
number of numerical methods.

In the proposed work, an attempt is made to numerically study the intrachamber processes in a
nozzleless solid propellant rocket engine, taking into account the features of this type of rocket
engines. An associated task will be considered, including: - a description of the process of
triggering the ignition device; - heating, ignition and subsequent unsteady and turbulent combustion
of a solid fuel charge; - unsteady homogeneous-heterogeneous flow of air and combustion products
in the combustion chamber; - a description of the movement of the combustion chamber plug.Each
of the subproblems is considered in interrelation and is solved simultaneously - at one step of
integration over time. Also, other features of the nozzleless solid propellant rocket motor actuation
process will be taken into account.

Boi6op 3aKoHa pery/1MpoBaHus JonacTeil TYpOOBUHTOBOIO ABAPHITHOT0 BeTPOreHepaTopa
T'apunos U.P., Xepebuos A.A., Casxos 1.®., XKapkos E.O.
YTATY, r. Ya, Poccust
TBAI ycranaBnuBaeTcst B caMoOJIeT [l 00ECIICYEHHUs! HIICKTPUUECKON SHEPTHH, B CIydae 0TKa3a
OCHOBHBIX HCTOYHHMKOB ITHTAaHWS BHEProcHCTeMbl camolyieta. Haberarommii moTok Bo3myxa
HCTIONB3YeTCs IS BPAIeHus JIonacTel TypOHHBI, KOTOpasi, B CBOIO O4epe/lb, IPUBOIUT B ACHCTBUE
JNIEKTPOMEXaHNYeCKuil reHepaTtop. Bosmymnas TypOuHa mMeeT ABe JIOIMACTU M3MEHSIEMOTro Ilara
(npodpmis IJAI'M-831) U BCTPOCHHYIO CHCTEMY PEryJIMPOBAHUS YaCTOTHI BPAILCHHUS POTOpPA, YTO
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M03BOJIACT OOECIEYMBATh MOCTOSHHYIO YacTOTY BpAIEHHs POTOpa HPH Pa3IMYHBIX CKOPOCTSAX
Haberatomiero notoka. OcHoBHbIe mapamerpbl TBAI' Ha HOMHHAIBPHOM peXUME pabOTHI: YaCTOTA
ppaumenus n=8000 o006/mun; wmommocts NH=15000 Br; wmexanmueckmii KIIJI nmex=0,9,
anextpuueckuit KITJ nan=0,8.

Jnst nonactu TBAT, B nuanaszone BeicoT ot 0 10 7620 MeTpoB u ckopocteit ot 230 mo 830 km/y,
IPOBEJICH pacdyeT ONTHMAIbHOIO YIJIa YCTAHOBKH JIONACTeH, C IPHMEHCHHEM IIPOrPaMMHOIO
xomiiekca ANSYS u MmomHocTeil BblumcnutenbHoro kiacrepa YIATY. Meronuka BbiGopa
ONTUMAJBHOIO yIJIa yCTaHOBKM Oa3MpoBajach Ha OINpEJEIECHHH KPYTSLIEro MOMEHTa,
JIEHCTBYIOILIEr0 Ha JIONACTH OTHOCHTENBbHO ocH Z. Paccuer mpoBoauics B MCEBIO-CTAOHAPHON
[IOCTAaHOBKE, Ha CeKTope ¢ yriaoM passopora 180°. MopenupoBanue Haberaromero MnoToKa
OCYILECTBIIETCS IIOCPEACTBAM 3a1aHHsl TIOJHBIX [TAPAMETPOB Ha BXOJIE M CTATHYECKUX Ha BHIXOJE
n3 pacyeTHOH obnacty. [lapameTps! s pa3IHYHBIX BBICOT M CKOPOCTEHl IOIeTa ONpeAesuIiCh 110
I'OCT 4401-81 u n3BECTHBIM COOTHOLIEHUSIM TEPMOJMHAMHKH.

PacuetHas Mozenb cOCTOsIA U3 ABYX OOJIACTEH: CTAlIMOHAPHOM C YCIIOBUEM aiMabaTHOM CTEHKH
Ha BHENIHUX TIPaHUNAX M OONACTH C MOABIDKHOM CHCTEMOH KOOpAMHAT, BOKPYT JIOMACTH.
IToBepXHOCTH JIONATKH M KOPIIyCa MOJEIMPOBAINCH KaK HENPOHHLAEMblE CTEHKU C YCIOBHEM
MPUIMIAHKSA, IIEPOXOBATOCTBIO IIOBEPXHOCTH 6,2 MKM.

B xozme pacueToB MO OHPENENCHHIO ONTUMAIBHOTO YIJIa YCTAHOBKH, U3MEHEHUIO IOJBEPrasCs
yrojl yCTaHOBKM JIONATKH @, B AuanasoHe or 22,67° no 56,45°. OueHka MOrpemHocTel, ceTku
KOHEYHBIX 00BbEMOB, TIPOBOAIMIIACK HAa CETKaX pa3MepHOCThIO oT 1 10 3,5 mMuH siueek. [lorpemHocTs
MEXIy peIICHHAMH COCTaBHIa MeHee 3%. B KkadecTBe pacueTHOH MHCIOIB30BAaCh CETKA
pa3MepHOCTbIO 3,5 MIIH siueek, obecreynBaroniee 3HauyeHue Y+~1, npu mMojenu TypOyIeHTHOCTH
"k-w SST".

Iomydennsie 3aBucuMOCcTH M=f(¢) aNmpPOKCHMHUPOBANHCH MHOIHHOMOM 4-ff cTemeHH c
BEIIMYHMHON JocToBepHOCTH Gostee 0,98. AHamM3 MOMYYECHHBIX 3aBHCHMOCTEH BBISIBUJI CIIEIYOIIHE
3aKOHOMEPHOCTH: C POCTOM YIJIa YCTAHOBKM ¢ BO3PAcTaeT CHJa, C KOTOPOH BO3TYLIHBIH MOTOK
JISUCTBYET Ha JIOIACTh; MAKCHMAlbHOE 3HAUCHHE KPYTSAIIETO MOMEHTA JOCTHUTaeTcsl IpH YIie
YCTaHOBKH B (=56,45°. MOIIHOCTb, NPOM3BOANMAs JIONACTBIO NPU IOCTOSHHOM YIJIE YCTaHOBKH,
MaJIaeT C POCTOM BBHICOTHI IIOJIETA.

IIpoBeneHHOE pacueTHOE HCCIEAOBAHUE IIO3BOIMIO BHIOpATh 3aKOH PETYIHPOBAHHS UL yIa
YCTaHOBKHM JonactH. B ueinsix obecrieueHus pabOThl BETPOTYPOMHBI B HOMHHAIIBHOM PEXHME, C
pocToM cKopocTH Toiera Ha 150 M/c HEOOXOAMMO yBENIMYEHHE YIJIa YCTAHOBKU JIONMACTH
npumepHo Ha 13°. M3menenue BbicoThI osieta oT 0 10 7620 M Be#eT K TPeOOBAHUIO YBEIMUCHUS
yIJa yCTAaHOBKH JiomacTu Ha 5° J[JIsi HUM3KHMX CKOpOCTeil IojeTa, ¢ pOCTOM BBICOTBI Tpedyercs
Oobllee yBENMYEHUE YA YCTAHOBKH JIONACTH. VI3BECTHBIH 3aKOH PErylMpoOBaHUs IO3BOJMII
OCYIIECTBUTD IIPOEKTUPOBAHUE IIEHTPOOSIKHOTO PETyIIATOpa YIIa YCTAHOBKH.

1. MeTonsl NPOEKTUPOBAHMS MEPCHEKTHBHBIX HEPTOCUCTEM CHJIOBOIO MPUBOJA JIETATENbHBIX
anmapatoB / ITox pen. A.M. Matseenko. M.: U3narenscteo MAU-TTPUHT, 2010.

2. Kammu M., Kamun A.f., Ilaykos [1.B. ObocHoBaHme u pa3paboTKa MEpCHEKTUBHBIX
KOHCTPYKIIMIT TeHepaTOPHBIX YCTAHOBOK JUISl CHCTEM aBTOHOMHOTO 3JIeKTpocHa0xeHus // M3sectus
BY30B. Dnektpomexanuka. 2012. Ne C. 46-53.

Choice of the regulation law of ram air turbine
Garipov LR., Zherebtsov A.A., Sayahov LF., Zharkov E.O.
USATU, Ufa, Russia

The RAT is installed in the aircraft to provide electrical and hydraulic power if the primary
sources of aircraft power are lost. The incoming airflow is used to rotate the ram turbine blades,
which in turn operates electrical generator. Wind turbine has two variables pitch blades (airfoil
TSAGI-831) and integrated regulation system of rotation speed, that allows the rotor to provide
constant angular velocity in variable speed of incoming airflow. Technical parameters of RAT in
main mode: angular velocity n=8000 rpm; power Nm=15000 Vt; mechanical efficiently nm=0,9;
electrical efficienty ne=0,8.

Investigation was carried out for blades of RAT, in the range of altitude from 0 to 7620 km and
speeds from 230 kmph to 830 kmph, with using the software package ANSYS and the power of the
USATU's computing cluster. The method of choosing of optimal setting angle ¢ was based on
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determining of the torque acting on blades relative to the Z axis. The simulation was cared out
pseudo-transient setting, in the sector with 180 ° turn angle. Incoming airflow is calculation by
specify total parameters at the inlet boundary and static parameters at outlet boundary. Parameters
for different altitudes and fly speeds was determined according to GOST 4401-81 and known
expression of thermodynamics.

Calculation model consisted of two domains: stationary with the condition of adiabatic on the
outside walls and domain around the blade with moving coordinate system. The surface of blade
and hub where modeled as impermeable walls with a condition of sleeping, roughness of surface
6,2 mkm.

During simulation to determining the optimal setting angle ¢, the setting angle of blade was
change from 22,67° to 56,45°. The estimat of the calculation error of mesh was carried out on
meshes with dimensions of 1 to 3,5 million cells. The error between solution was less then 3%. As
design model was used mesh with sizing 3,5 million elements, which provides a value Y+~1 on
blade surface, in the turbulence model "k-w SST".

The resulting dependencies M=f(¢) were approximated by polynom, of the 4th degree, with a
reliability more than 0.98. The analysis of the obtained dependencies has identified the following
patterns: with the growth of setting angle the force which operate on blades was increase. The
maximum torque is reached at setting value is ¢=56,45°. The power produced by the blade at a
constant setting angle was decreases with increasing flight altitude.

The performed computational study made possible to choose the control law for the blade setting
angle. In order to ensure the operation of the wind turbine in the nominal mode: with an increase in
flight speed by 150 m /s, it is necessary to increase the blade setting angle by about 13°, the change
in flight altitude from 0 to 7620 m leads to the requirement to increase the blade angle by 5°. For
low flight speeds, with increasing altitude, a greater increase in the blade angle is required. The
well-known regulation law made it possible to design a centrifugal angle regulator.

MartemaTH4ecKoe MO/Ie THPOBaHHe Padoyero mpouecca B NPIMOTOYHOM JBHIraTeie
THIIOTETHYECKOT0 KOCMHYECKOTI0 JIETATEeILHOT0 aNNapaTa, NpeJHA3HAYeHHOT0 /15l padoThl B
atMmocdepe FOnurtepa
I'pubunenxo /1.B., Mskouun A.C., MomuanoB A.M., Subimes J.C.
MAMWU, r. Mocksa, Poccust

B mocnentnee BpeMs B CBSI3U € MPOJODKAIOIIMMCS OCBOGHUEM KOCMOCA, U B YaCTHOCTH APYTHX
IUIAHET COJIHEYHON CHCTEMBI, AKTyaJlbHOW CTaHOBMTCS 3ajada HCIIOJIb30BAaHUS MAaTEpHAJIOB,
HAaXOMSIIMXCS Ha JTHX IUIAHETaX B Ka4deCTBE TOIUIMBA /Ul CHJIOBOH YCTAQHOBKH amrapara
IPEHA3HAUYCHHOTO Ul TIepe/BIDKEHHs B arMoctepe IuiaHeThl. lcronb3oBaHHE COIHEYHON
SHEPIMH HE BCErjia IPeJCTaBIsICTCS BO3MOXKHBIM, HAINpuUMep, NMPH HAXOXKJICHWH armapara IoJ
ciosiMu aTMoc(hepsl, He IPOITYCKAMOIMMA COTHEYHBIN CBET.

B nanHOIl paboTe paccMaTpHBAeTCs BO3SMOXKHOCTh  (DyHKIMOHMPOBAHHS —IPSAMOTOYHOTO
BO3/IYIIHO-pEaKTUBHOTrO jpurarens B armocdepe IOmurepa. Ilpenmonaraercs, 4to B KadyecTBe
roprodero OyJeT HCIONb30BaThCA BOXOpoJ u3 atMocdeps! IOmurepa, a B kauecTBe OKHUCIHTENS -
3anacéHHBIH B anmapaTe KUCIOPOJ.

B pabore mnpencrapieHa MaTeMaTHuecKas MOJENb M YHCICHHBIA MeToj —pacuéra
BBICOKOCKOPOCTHBIX TYpOYJICHTHBIX TEUCHHH ¢ y4ETOM HEPaBHOBECHOCTH XHMHYECKUX PEaKIUH
[1] B MopudHKauy 11 HECTPYKTYpPUPOBAHHOM CETKH. B aHHOM MeTozie MCHOIb3yeTcs MONHAs
cucrema ypaBHenuil HaBbe-Ctokca (Peiinonbaca-®aspa), SBHO-HEsBHASI CXEMa, C IPEACTaBICHHEM
HCTOYHHKOB XMMHYECKHX KOMIIOHCHTOB B HESIBHOWH (DOpMeE, M PEIIaeTcs MOJHOCTHIO CBS3aHHAS
cHCTeMa, BKJIIOYas BCE ypaBHEHMs HepeHoca. J[ns mpencTaBieHHs KOHBEKTHBHBIX ITOTOKOB
UCHOJIb3yeTcs: MoAM(pUIMpPOBaHHOE paciueruieHne Crerepa-Y opMuUHTa.

IIpoBenena BepuduKaIys METOa C IIOMOIIBIO CPABHEHUS C Pe3yNIbTaTaMU dKCIePUMEHTAIbHOH
paboter 3abaiikuHa B.A. [2], BeImonHeHHOH B VIHCTUTYTE TEOPETUUECKON U MPUKIIATHON MEXaHUKH
CO PAH, nocsIméHHONW CBEpX3BYKOBOH IoJade BOJOPOJA B KaMepy CropaHusi MPSMOTOYHOIO
BO3/YIIHO-PEAKTUBHOTO JBUrATeNs, a TAKXE JKCIEPHMEHTalIbHON pabotel Beppoysa n Kypkosa
[3], mOCBSIMIEHHON SKCIEPUMEHTAIBHOMY HCCIICIOBAaHHUIO CBEPX3BYKOBOTO TEYCHHS BO3IyXa, B
KOTOPBII OCYIIECTBIIAETCS NapaJuIeNIbHBIA BIPBICK BOJOPOJA.
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C mnomompio paspaboranHoro B MAW mporpammuoro komruiekca «Universe CFDy,
peanM3yoIero NaHHbI METoJ, NMpOoBeAEH pacuér padodero mpouecca B TPaKTe MPSIMOTOYHOTO
BO3/YIIHO-PEAKTUBHOIO ABUrartessi B atMmochepe Omutepa.
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Mathematical modeling of a hypothetical spacecraft ramjet operation in Jovian atmosphere
Gribinenko D.V., Myakochin A.S., Molchanov A.M., Yanyshev D.S.
MAI, Moscow, Russia

In recent years, due to the continued exploration of space and especially other planets of the Solar
system, it is becoming important to investigate the problem of utilization of natural resources on
these planets as a fuel for power plants of planetary spacecraft. Utilization of solar energy in this
case is not always applicable as a hypothetical spacecraft could be isolated from the solar light.

This paper considers the possibility of operation of a ramjet in Jovian atmosphere. In this case
hydrogen from the Jovian atmosphere could be taken as a fuel, and an oxidizer could be carried
aboard a spacecraft.

The paper presents a mathematical model and a numerical method for simulation of high speed
turbulent flows with non-equilibrium chemical reactions on unstructured grids. The method uses
fully coupled Reynolds-Favre averaged Navier-Stokes system of equations [1], semi-explicit
numerical scheme with implicit chemical source term. Convective fluxes are resolved via modified
Steger-Warming splitting.

The model and the method were verified using experimental data by Zabaikin [2] (Khristianovich
Institute of Theoretical and Applied Mechanics SB RAS) for supersonic hydrogen flow in
combustion chamber of a jet engine and Burrows and Kurkov [3] data for supersonic airflow with
parallel streamwise hydrogen injection.

The described simulation method was implemented via Universe CFD CFD code developed in
MALI to perform simulation of operation process of a ramjet in Jovian atmosphere.
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YucjieHHOEe MOJIe/THPOBaHHe a3POYNPYIrOCTH KPbLIA ¢ HCIO0JIb30BAHHEM JBYCTOPOHHET0
CBSI3BIBAHMS METO0B KOHEYHBIX JIEMEHTOB H KOHTPOJILHBIX 00bEMOB
T'ynunn B.K., ®eBpanbckux A.B., Bonbmunx A.A., Konmnakos A.M.
MAMU, r. Mocksa, Poccust
OnpeneneHne Harpy3ok, JCHCTBYIOIIMX Ha CaMOJIET, SBISETCS OJHOM M3 OCHOBHBIX 3ajad
[IPOCKTHPOBAHNS OOBEKTOB ABHALMOHHOW TexXHHKH. OcCOOBIi HMHTEpEC HAa HAdYaJIbHBIX JTalax
HPOCKTUPOBAHUS TIPEJICTABIISICT PAcyeT ad3pOIMHAMUYECKUX HArPy30K, ACHCTBYIOMNX HAa CAaMOJIET B
noyere. 3ajada OCJIOXKHSCTCS, KOrAa pedb HIET O MpolleccaX, NPOTEKAINNX HEeIMHEHHO,
poreccax, MOJCIMPOBAHIE KOTOPHIX BO3MOXKHO TOJIBKO B AMHAMMYECKOH mocraHoBke. K Takum
poleccaM OTHOCSTCS siBieHHs (uiattepa v 6aTHHTa, OlpeselsseMble CBOHCTBAMU a3pOyIPYroCTH
KOHCTPYKIMH. J{JIsi 4MCIIEHHOTO MOJIEIMPOBAHHUS a3pOYIPYroro B3aUMOCHCTBUS Kpblla (CpeaHsis
aspoauHaMuueckas xopaa - 0.3445 m, yanunenue kpwiia — 4.21) ¢ HaOerarolM MOTOKOM Trasa
Obuta peann3oBaHa JIBYCTOPOHHsS cBs3b pemareneit Siemens Star CCM+ u Dassault Systemes
Simulia Abaqus. Hcmomp3oBamack MNOCTaHOBKAa 3ajadd, TIPEUIOKEHHAs B SKCIICPUMEHTE
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HIRRENASD. YucneHHOe MOJEIMPOBAaHUE Aa3POAWHAMHUKH OCYILECTBIISIIOCH C HCIOIb30BAHHEM
RANS-nonxozna, Mozenn TypOyJICHTHOCTH K-€ U MOZENH MPUCTEHOYHOro TeueHus tumna Low Y+.
IMapameTpbl MOJEITHPOBAHUS COOTBETCTBOBAIN TaKOBBIM B dkcrepumeHTe Ne271 (uncino Maxa —
0.8, wumcno PeitHompaca — 23.5E6). KoamuecTBO 3JE€MEHTOB  KOHTPOJIBbHO-OOBEMHOM
TeKCa3/IPUYECKOll yCeueHHOM ceTku 4,9 MIIH eIMHMI; CeTOYHAas MOJENb I peaM3ali MeToaa
KOHEYHBIX DJIEMEHTOB COIEPKUT 191 ThIC. TETpasApUYECKUX IJIEMEHTOB (IIOTHOCTh MaTepHaia —
7.93E-009 t/m3, moxynp ynpyroctu — 181300 MPa, koadduuuent ITyaccona — 0.264). Koneuno-
JJIEMEHTHas MOZENb CO3JaHa C y4eTOM KOHCTPYKTHBHBIX OCOOEHHOCTEH 3KCIepUMEHTAIbHON
ycraHoBkH. Jledopmanms pacueTHOW KOHTPOJIbHO-OOBEMHON CETKH OCYHIECTBIIUIACH HA KaXKIOM
BPEMEHHOM Iare Bciex 3a Jedopmaryell  KOHEYHO-3JIEMEHTHOW Mogem. IlomydeHs
XapaKTepUCTUKM KoJeOaHWi KOHEYHO-3JIEMEHTHOH MOJIENH, KOTOphIE 3aTe€M CPaBHUBAIKCH C
9KCHEPUMEHTAIbHBIMU JTaHHBIMH. YCTaHOBJCHBI a3pOJMHAMHYECKHE XapaKTEPUCTUKH MOJCTH B
a0COJTIOTHO JKECTKOM M  HaNpsHKEHHO-Ie(pOPMHUPOBAHHOM COCTOSIHMH. AHanu3 pe3yibTaToB
YHCIICHHOTO MOJEIMPOBAHHs ITOKa3bIBACT, YTO HMCIIONB30BAaHUE CBA3KH pemratencii Siemens Star
CCM+ Dassault Systemes Simulia Abaqus N03BOJSET MONYYUTh PE3YJIbTATHI, KOTOPHIE XOPOLIO
COIVIACYIOTCSI C OIOPHBIMH DKCIEPUMCHTANBHBIMYI JaHHBIMH, KaK 10 BeIWYMHE KodduimenTta
MOABEMHOM CHJIBL, TaK W IO YacTOTaM IIEPBBIX OBYX MOA Konebanuwid. B manpHelmmx pabGorax
IUIAHUPYETCsl TPUMEHSTh M3JIOKECHHBIH MOIX0J I MOJEIHPOBAHHS a’dPOYNPYroro COCTOSHHS
KPBUIbEB POSKTHPYEMBIX JICTATEIIbHBIX aIlllapaToB.
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Numerical simulation of aeroelasticity of wing using the two-way coupling of finite volume
method and finite elements methods
Gunchin V.K., Fevralskikh A.V., Bolshikh A.A., Kolpakov A.M.
MAI, Moscow, Russia

The determination of loads acting on an aircraft in flight is one of the main problems of aviation
technic design. This problem is sufficiently non-linear because the wing is the elastic structure that
interacts with turbulent air flow. The aeroelasticity of the wing shows itself in such phenomena as
flutter and buffet. The coupled using of finite volume method (FVM) and finite elements method
(FEM) is one of the effective approach to determination the aerodynamics characteristics of wing
with taking in account the non-linear deformation of wing construction.

In present study the two-way coupling of Siemens Star CCM+ and Dassault Systemes Simulia
Abaqus software is used for the numerical simulation of aeroelastic wing-flow interaction (mean
aerodynamic chord — 0.3445 m, wing span — 1.28571 m). The statement of HIRRENASD
experiment is applied as the conditions of simulation (Mach number — 0.8, Reynolds number —
23.5e6). The numerical simulation of aerodynamics is carried out using URANS approach with k-
epsilon turbulence model and Low y+ wall functions. The number of cells of the finite volume
hexahedral cut-cell mesh is around 4.9 mln; number of cells of the finite elements tetrahedral mesh
is around 191 thousand (density of wing material — 7.93E-009 t/m3, modulus of elasticity — 181300
MPa, the Poisson ratio 0.264). The finite element mesh model replicates the mane constructive
elements of experiment object. The deformation of finite volume mesh model is completed on
every time-step after solving the stress-strain state using finite element method.

The aerodynamic characteristics and the characteristics of wing vibration determinate by results
of numerical simulation is in a good agreement with the experimental data. The results of numerical
simulation of wing aeroelasticity obtained in present study show that the two-way coupling of
Siemens Star CCM+ and Dassault Systemes Simulia Abaqus software is the effective method of
determination of non-linear aerodynamic loads acting on the elements of construction of aircraft.
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MartemaTH4ecKoe MO/IeTHPOBAHUE BIMSIHHS FePMeTHKA Ha COOPKY aBUAIHOHHbBIX
KOHCTPYKUMIi
Emucees A.A., Jlymynsk C.B., I'puropses b.C., llunnep 10.K.
CIIGITY, r. Cankt-IlerepOypr, Poccus

HaHecenune repMernka Mexay cOOMpaeMbIMU JACTAIAMH SBIISICTCS HEOTHEMIEMOI MpOLETypoit
npu cOOpKe COBPEMCHHBIX aBHALIMOHHBIX KOHCTPYKUIHMiA. B mepByro odepens, TepMETHK MPH3BaH
3aIOJHATh IYCTOTBHI MEXJY JACTAIAMH U TEM CaMbIM yOepeub COCIMHEHHE OT MEXaHHYECKOro,
a0pa3uBHOI0, KOPPO3HOHHOIO U WHBIX Bo3xelcTBuid [1]. Takike HanMuue repMeTHKa IO3BOJISCT
YIAIUTh U3 COCAMHEHHS CTPY)KKY, KOTOpas 00pa3yercst B pe3ysbTaTte CBEPJICHHS OTBEPCTHH UL
KPETEeXHBIX 3JIEMEHTOB (00JITOB, 3aKJICHIOK) M IIPUCYTCTBHE KOTOPOI MOXET IIPUBECTH K PA3BUTHIO
TPEIINH N3-32 KOHIEHTPALMH MEXaHUIECKUX HaTIPSOKCHUH.

OnuuM 13 HanbosIee COBPEMEHHBIX OX00B K MOZCINPOBAHUIO BIMSHUS FEPMETHKA Ha COOPKY
SIBJIICTCSI TOJXOJ, TPEAOoKEeHHBI B pabore [2]. B Hem BmepBble B 3amauax cOOpkH Oblia
UCHOJIb30BaHA TaK Ha3blBacMas JIBYCTOPOHHSS IIOCTAHOBKA 3ajaud [3], B pamKax KOTOpOW
YUYHUTBIBACTCS B3aUMHOE BIIMsiHHE AedopMarinii Aetajeil 1 Te4eHus TepMeTuKa Apyr Ha apyra. Ilpu
HOMOIIM J]AHHOTO II0AXOJa B paboTe MPOJEMOHCTPUPOBAHO, KaK pa3lIMYHbIC I1apamMeTpsl
cOOpOYHOro Ipolecca BIMSIOT Ha XapaKTep INPOTEKaHHs IpPOLEcca M Ha KOHEYHbBIH pe3yibTar
cOopku. B wactHOCTH, OBUIO PACCMOTPEHO BIMSHHE HAYaJIbHOTO 3a30pa MEXIY ACTASIMH, THIIA
YCTaHABJIMBAEMBIX KPEIIEKHBIX JIEMEHTOB, a TAK)Ke HapaMeTPOB HAHECCHHS TePMETHKA.

HccnenoBanue BBIMOIHEHO MpH (HHAHCOBOH moepixkke PODU B pamkax HayyHOro mpoekra Ne
20-38-90023.
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Mathematical modeling of sealant influence on the assembly process
Eliseev A.A., Lupuleac S.V., Grigor'ev B.S., Shinder J.K.
SPbPU, Saint-Petersburg, Russia

Application of sealant is an essential procedure in aircraft assembly nowadays. First, the presence
of sealant helps to protect the aircraft from several destructive factors such as abrasion, corrosion
and others [1]. Also the presence of sealant allows to remove cutting chips from the junction, which
appear after holes reaming and presence of which may lead to development of cracks caused by
concentration of mechanical stresses.

An approach introduced in paper [2] may be considered as one of the most modern approaches to
modeling influence of sealant on the assembly process. So called two-way formulation [3] was
applied there, first-ever in context of assembly modeling, when mutual influence of parts
deformations and sealant flow is considered. In this paper this approach is used to demonstrate how
different parameters of the assembly process influence the process itself and the assembly results.
In particular, influence of initial gap between parts, type of fasteners and parameters of sealant
application was investigated.

Acknowledgments: The reported study was funded by RFBR, project number 20-38-90023.
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IIpumMeHeHNe KOHEYHO-3JIEMEHTHOT0 MO/eJIHPOBAHMUS K 3a/1a4e OIpe/e/1eHHsI
THAPOAMHAMHYECKOT0 IIyMa, TeHEPHPYeMOro JIOKAIbHOW HEOTHOPOAHOCTHIO
Epemees B.O., CyBopos A.C., lllanomuukos B.A., banakupesa H.B.
WII® PAH, r. Huwxuuii Hosropon, Poccus

BBumy 3HaUHTENPHOTO pPAa3NUUMS IPOCTPAHCTBEHHO-BPEMEHHBIX MACIITA00B 3BYKOBBIX H
TUPOAMHAMUYECKHX BOJIH, 33/1a4y OINpEENICHNs THAPOANHAMUYECKOrO IIIyMa MPHHATO Pa3zieisiTh
Ha 3aja4y OMNpEJENICHHUS aKyCTHYECKMX HCTOYHHMKOB IIyMa (THIPOJMHAMHYECKYIO) U 3aJady
OIPEACICHUS MEPEH3TyICHHsI ITHX HCTOYHHKOB IOBEPXHOCTBIO OOTEKAEMOro YIPYroro Tejia
(akycrudeckyro). Haubornee pacnpocTpaHeHbl HMHTErpallbHble METOJbI PEIICHHS aKyCTHYECKOH
3amaun — Kupxropa m FW-H [1,2]. OnHako OHHM HMMEIOT DS HEAOCTATKOB, CPEIM KOTOPBIX
Hauboynee KPUTHYHBIC 3TO OrpaHMYeHHE Ha TeoMmeTpuro (QyHkuuio ['puHA) U HEBO3MOXHOCTH
Y4YECTh PE30HAHCHOE YCHIICHHE M'HAPOJMHAMHYIECKOro ryMa (YIpyrocTb Tena).

Paspaboranneiit B  UII® PAH  Merog  KOHEYHO-3JIEMEHTHOTO  MOJCTHUPOBAHUS
THAPOJHHAMHYECKOro mryMa [3,4] mo3BoiseT CHATh AaHHBIe orpaHmdeHus. OH OCHOBaH Ha
COBMECTHOM pCLICHHU ypaBHEHUs ['elbMroibla M ypaBHEHHUH TEOPHH YIPYrOCTH, B KOTOPOM
aKyCTHYECKOE M3IIy4eHHE ONpPEJIENAeTCs KaK Pe3yIbTaT paccessHUs TypOyICHTHOTO IICEB03ByKa Ha
[OBEPXHOCTH Tena. B KkadecTBe THAPOIMHAMHYECKHX HCTOYHHKOB METOJ MCIOJIB3YeT TEH30p
Hanpsbkenuit Jlalitxumia, 4To 1O3BOJISIET NMOJABUTH HE(U3MUYHBIC IYJIbCALMH HA BXOJAHOH M
BBIXOJ[HOM I'PAHHUIIE 32 CUET UCIIOIb30BAHMS IIPOCTPAHCTBEHHON (QHIIBTPaLIHY.

B nacrosmeit paboTe mpecTaBIeHb! pe3yIbTaThl aIPOOAlK METOAA IPUMEHUTEIBHO K 331a4e O
IIyMOU3ITy4CHUH 00yBaeMOil BO3yXOM KaBepHbI. BbironHeHa BepuuKalys pelieHns Ha OCHOBE
CpaBHEHUs Pe3yJIbTAaTOB PACUCTOB C SKCIICPUMEHTAIbHBIMU JAHHBIMU U PEIICHHEM MHTEIPAIbHBIM
meronom FW-H [5]. [IpeacraBieHsl mpeumyniecTBa pa3paOOTAHHOTO METOAA Mepen APYTHMHU
METO/IaMH BBIYHMCIIUTEIBHON a3pOaKyCTUKH.
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Application of finite element modeling to the problem of determining hydrodynamic noise
generated by local inhomogeneity
Eremeev V.O., Suvorov A.S., Shaposhnikov V.A., Balakireva N.V.
IAP RAS, Nizhny Novgorod, Russia
In the problems of determining hydrodynamic noise, the space-time scales of sound and
hydrodynamic waves differ significantly. Therefore, this problem is usually divided into the
problem of determining acoustic noise sources (hydrodynamic) and the problem of determining the
re-emission of these sources by the surface of a streamlined elastic body (acoustic). The most
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common integral methods for solving the acoustic problem are Kirchhoff and FW-H [1,2].
However, they have a number of disadvantages, among which the most critical are the restriction
on the geometry (Green's function) and the inability to take into account the resonant amplification
of hydrodynamic noise (the elasticity of the body).

The method of finite element modeling of hydrodynamic noise developed at the IAP RAS [3,4]
allows us to remove these restrictions. It is based on the joint solution of the Helmholtz equation
and the equations of elasticity theory. In this method, acoustic radiation is defined as the result of
scattering of turbulent pseudo-sound on the surface of the body. The method uses the Lighthill
stress tensor as hydrodynamic sources. This makes it possible to suppress non-physical ripples at
the input and output boundaries by using spatial filtering.

This paper presents the results of testing the method in relation to the problem of noise emission
of an air-blown cavity. The solution was verified by comparing the calculation results with
experimental data and the solution by the integral FW-H method [S]. The advantages of the
developed method over other methods of computational aeroacoustics are presented.
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YucjieHHOE MO/IeTHPOBAHUE KOJIBLIEBOT0 IBUIaTe sl ¢ Bpalaloueiicsi 1eTOHAIMOHHOI
BOJIHOI
"Muxanbuenko E.B., 'Pei6axun B.I1., 2Huxutun B.®., 'Cramos JIL.U., *Topsues B.JI.
!®T'Y OHI] HUMCH PAH, *MI'Y, r. Mocksa, Poccust
STeI'TY, r. Teeps, Poccus

JleToHanmoHHOE ropeHne uMmeet Oonee BhIcOKMiA TepMonuHamudeckuii KI1/I, uem TpamumuonHoe
nedraarpalliOHHOE TOpEeHHE. BO3MOXXHOCTH yIyYIICHHs TEPMOJMHAMUYECKOTO IIMKJIAa 3a CUeT
MPUMCHEHUsI JACTOHALMOHHOIO TOpeHusi BMecTo jAeduiarpaimu Obuia BrepBble mpemioxkena S1.B.
3enpaoBuueM [1]. EcTh Heckoibko JBHUrarelieli Ha OCHOBE JIETOHALMHM, CPEeIH KOTOPbIX
HMITYJbCHBIN ETOHALIMOHHBIN JIBUTaTEllb, KOTOPBI ObLT HanboJIee MIMPOKO HCCIETOBAH, IEPBbIN
HMITYJIbCHBIN JI€TOHALMOHHBII JIBUraTenb npeioxui 1 nocrpout J.A. Hukoncom [2], B KoTOpoM
JUIS CO3/laHMsl TATM HUCIOJb30Bajlach JIETOHALMS BOJOPOJHO-BO3MYIIHONW cMmecu. BTopoil Tun
JIETOHAIIMOHHOTO JIBUTATENsl - JIBUTATENb C Bpallaroleiicss NETOHAIMOHHON BOJHOM, KOTOPBIN
IpUBJIeKaeT Bce Ooublie M OOJblle BHUMAHMS B JBUraTeIbHOM coobruectse [3-4]. DTo cBs3aHO C
€ro BBICOKOH 3(()eKTHBHOCTHIO CrOpaHUsI TOIUIMBA, OTCYTCTBHEM HEOOXOJIHMOCTH B PEryJIsIpHOM
32)KMT'aHUH, ¥ €r0 KOMITAKTHBIX Pa3MepoB. BOMBIIMHCTBO HCCIEIOBAaHUN KaMephl C BpallaoIIeics
JICTOHAIIMOHHOW BOJHOH COCPEJOTOYEHO Ha €ro pakeTHOM pexume. JleToHanMoHHas Kamepa
NpenCcTaBiIsieT M3 cebs KOJNBIEBOH 3a30p MEXIy KOAKCHAIBHBIMH IWJIMHAPAMH; IOCIe
WHULMHMPOBAHUS JICTOHAIIMOHHAS BOJIHA BPAIIACTCSA MO OKPYXHOCTH BJOJb KOJBLEBOTO 3a30pa
BOJIM3HU TOpIIA, C KOTOPOTO aKCHAIBEHO B KaMepy CrOpaHMs OT TOIUIMBHBIX KOJUIEKTOPOB MOAAETCS
cBexast cMech. llocie M3pacxXomoOBaHWS TOIUIMBA HA JCTOHALMIO IPOAYKTHl CTrOpaHUs
pacuMpsIOTCA ¥ HOKUIAIOT KaMepy CrOPaHUsl, BHI3bIBAS TATY.

B nanHO# paboTe BBHIMOJHEHO TPEXMEPHOE YHUCICHHOE MOJCIUPOBAaHHE KaMepbl CrOPAHUS
JIBUTATENs C BPALIAOIICHCS JETOHALMOHHONW BOJHOW LMJIMHIAPHUYECKOTO THIA C BHYTPEHHHM
TEJIOM, TUTAEMBIM YTJICBOJIOPOIHBIM TOILIMBOM, AllCTHICHOM. MaTeMaTuueckas MoJieib OCHOBaHa
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Ha MOJIEJIM MHOTOKOMITOHEHTHOH Ta30BOif AMHAMHUKH C XHMHYECKHMU MPEBPAILCHHAMHI U MOJIEIIBIO
TypOynenTHocTH THna RANS. Tlpu MonenMpoBaHMU HCIOJB30BAJICS aBTOPCKUI KOMIIbIOTEPHBIN
KOJI, OCHOBaHHBIIl Ha 9TOH MaTeMaTH4ecKoil Moaenu. Kox ObuT pOTeCTHPOBAH IyTeM CPABHEHHUS C
SKCIIEPUMEHTAMHU U aHATMTUYECKUMH PELICHUMH [T IPOCTHIX cirydaeB. s onmucaHns KHHETUKH
TOPEHHs alleTHIICHA KCIIONb30BaNIach YIPOIIEHHAs cXeMa B3auMojeiicTBus 10 KOMIOHEHTOB, 6e3
«TSDKENBIX» paJuKalbHBIX pazHoBuaHocted: [C2H2, CO, CO2, H2, 02, H20, OH, O, H, N2]. [Ins
JICTAJIbHOM  BU3yallM3allMi IOJIyYCHHBIX pPE3YJIbTATOB HCIOJb30BAlach aBTOPCKas CHCTEMa
BU3yallM3alH, IpeHa3HaYeHHast JUIst rpadnueckoil 00paboTKK BBIYMCIICHHI GOJIBILINX JaHHBIX.
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Simulation of an annular rotating detonation engine
'Mikhalchenko E.V., 'Rybakin B.P., >Nikitin V.F., 'Stamov L.1., *Goryachev V.D.
ISRISA RAS, 2MSU, Moscow, Russia
STvSTU, Tver, Russia

Detonation combustion has a higher thermodynamic efficiency than the traditional deflagration
burning. The possibility of improving the thermodynamic cycle using detonation instead of
deflagration was first proposed by Y. B. Zeldovich [1]. There are several engines based on
detonation, among them the pulse detonation engine, which was the most widely studied, the first
pulse detonation engine was proposed and built by D. A. Nichols [2], in which the detonation of a
hydrogen-air mixture was used to create thrust. The second type of detonation engine is a rotating
detonation wave engine, which is attracting more and more attention in the motor community [3-4].
This is due to its high fuel combustion efficiency, the absence of the need for periodic ignition, and
its compact size. Most studies of the rotating detonation wave chamber are focused on its rocket
mode. The detonation chamber is an annular gap between the coaxial cylinders; after initiation, the
detonation wave rotates in a circle along the gap near the end at which the fresh mixture is
introduced axially into the combustion chamber from the fuel collectors. After the fuel is used up
for detonation, the combustion products expand and leave the combustion chamber, producing
thrust.

In this paper, a three-dimensional numerical simulation of the combustion chamber of an engine
with a rotating detonation wave of a cylindrical type with an internal body fed by a hydrocarbon
fuel, acetylene, is performed. The mathematical model is based on the model of multicomponent
gas dynamics with chemical transformations, considering a RANS turbulent modeling. The author's
computer code based on the mathematical model was used in the simulation. The code was tested
by comparing it with experiments and analytical solutions for simple cases. To describe the kinetics
of combustion acetylene, a simplified chemical scheme of interaction of 10 components was used,
without "heavy" radical species: [C2H2, CO, CO2, H2, 02, H20, OH, O, H, N2]. For detailed
visualization of the obtained results, the author's visualization system was used, designed for
graphical processing of big data calculations.
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MeTonnKa YHCIEHHOT0 MO/ICTHPOBAHNUS 00/1e/IeHEHHSI JIEMEHTOB JIeTaTeIbHOT0 annapara
Hryen Hrok Illaunr, Muxaiinos C.B.
M®TH, r. Jonronpyauslii, Poccust

B pabore mpeiCTaBICHO ONHCAHHE PCATM30BAHHON aBTOPAMH METOAMKH YHCIICHHOTO
MOJICITPOBAHUs 00JIC/ICHEHHS 3JIEMEHTOB JIETaTEeIbHOTO anmnapara. J{jist BBITOJTHEHUs 3TOM 3aia4un
TpeOyeT MOJACIMPOBAaTH TEUYEHHE BO3JyXa, JBIDKCHHE IIEPCOXJNAXKIECHHBIX Kalelnb |
TEPMOIMHAMUYECKHIT IPOLIECC HAPACTAHNUS JIb/IA.

JU1s KaskJI0ro U3 TpeX BbIIICTICPEYHCICHHBIX 3TAMOB CYLIECTBYIOT CBOM OCOOCHHOCTH M Pa3HbIC
HOAXObI K MX pemreHuto. [Ipn MojeanpoBaHuM 1ONs BO3AyXa HEOOXOAMMO YYHMTHIBATh BIIHSHUC
IICPOXOBATOCTH  JICMSIHOM [OBEPXHOCTH Ha yBeianmdeHHe Kod(uumeHTa KOHBEKTHBHON
TeIuIonepeiadn, KOTOPhIil CUIIBHO BIIMSET Ha CKOPOCTh 00pa30oBaHMs JbAa U Ha (GOpMy JIEASTHOTO
ciost. JIns M3ydeHHs JBUJKCHHUS Kallellb, MOXKHO HCIIOJIB30BaTh mojaxox Jlarpamxka WM Mmoaxon
Diinepa, MpH KOTOPOM HYKHO pelIaTh NapabOIMYEcKyl0 CHCTEMY BOZHOCTH. A Ul ONHCAHHS
TEPMOJMHAMUYECKOrO Ipolecca 00pa3oBaHHs JibJa Hauboliee HONMYNISAPHBIMU SBIAIOTCA JIBE
Mozenu: moaens Meccunrepa u MenkoBoxHas Mozaenb SWIM (Shallow Water Icing Model).
Pa3HOOOpa3ue MoAX00B K PEIICHHIO KaXKI0r0 3Tara 3aTPYAHSICT BBIOOP MOIXO/SIINX METOIOB.

H3y4as 3T 0cOOEHHOCTH, aBTOPBI BHIOpAIN MOAN(UKALINIO MOziean TypOyneHTHocTH Crianapra-
Annmapaca ¢ y4€ToM IIepoXOBaTOCTH JUIS IIEPBOTO 3Tala, CUCTEMY BOJHOCTH I BTOPOTO 3Tara 1
MenKoBOIHYIO Moaenb SWIM i Tpetbero stama. Takoil BEIOOP MO3BOJSIET UCIONB30BATh OJMH
METOJl KOHEYHOro o0€Ma Ui peanuszanum TpEX Mojeliell M OOJISrduTh MpoLece pa3paboTKh
BBIYMCIIMTENIBHOH porpaMMbl. EIMHUYHBIN 1TOC/Ie0BaTENbHBIA pacyeT HapacTaHHs JIbJa O TPeM
MozensiM OyaeM HasbiBaTh HUKJIOM. IIporecc pacuera HapacTaHUS JIbJA SBISIETCS. HTEPALIMOHHBIM.
IMocne KakJIOro LUK, TONOJIOTHS PACUETHOH 00JAaCTH MOXET CYIIECTBEHHO W3MEHSATHCS IpU
HApaCTaHWHM JbJa U TpeOyeTcs MEepecTpOeHWEe pACYETHOH CEeTKH MO0 MOBTOPEHHS LKA
BblunciaeHud. [lo3TOMy MeToJ KOHEYHOro oObeMa pealn30BaH Ha HECTPYKTyPHUPOBAHHOM
pacueTHOl ceTke.

B pabore mnpexncTaBieHbl pe3yNnbTaThl YHCICHHOTO MOJCIMPOBAHHSA HApacTaHHs JbJa Ha
npopune NACAQOI2 u Ha HOBEpXHOCTH JaTduka obnexeHeHus. IlomydeHHBIE pe3ylIbTAThI
TIOKa3bIBAIOT PAabOTOCIIOCOOHOCTh Pa3pabOTaHHON METOAMKM M BBIYMCIUTEIBHON MPOTPaMMBbI, U
TaKXKe OTKPBIBAIOT OOJNbBIIME BO3MOXKHOCTH K TIIYOOKOMY HCCIIEIOBAHUIO OOJIeCHEHUs
BO3ZYIIHOTO Cy/HA [IPH IOJIETE.
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The CFD methodology of the ice accretion simulation on aircraft components
Nguyen Ngoc Sang, Mikhailov S.V.
MIPT, Dolgoprudny, Russia

The report describes the CFD in-flight icing simulation methodology for aircraft components
implemented by authors. To perform this task, it is necessary to accurately compute the
aerodynamic flow field, the supercooled droplet trajectories, and the thermodynamic ice accretion
process.

Each of the three stages listed above has its own difficulties and different approaches to solving
them. In the airflow simulation it must take into account the effects of the ice surface roughness on
the increase of the skin friction, the convective heat transfer coefficient, which strongly influence
the growth rate, shape and type of ice accretion. For droplet impingement calculations two main
approaches can be used: Lagrangian particle tracking techniques and Eulerian model, which is
based on the parabolic system of liquid water content. And to describe the thermodynamic ice
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accretion process, there are two models: the Messinger Model and the Shallow Water Icing Model.
The variety of approaches to solutions makes it difficult to choose a suitable methodology.

After studying these features, authors chose a modification of the Spalart-Allmaras turbulence
model with rough wall extension for the first stage, the liquid water content system for the second
stage, and the SWIM for the third stage. This choice allows us to use the finite volume method to
solve three models and make the process of developing computational program easier. The process
of ice accretion calculation is iterative. After each iteration, the geometry due to ice growth can
change significantly, and the computational grid must be rebuilt before new cycle. Therefore, the
finite volume method is implemented on unstructured meshes.

The results of Ice Accretion Simulation on the NACA0012 profile and on the ice detector are
presented. The obtained numerical results already show the efficiency of the developed
methodology, computational program, and offer major opportunities for in-depth study of in-flight
icing.

PacuéT TeueHHUii B MeIKIONATOYHBIX KAHAJIAX PeIETOK TYPOMHHBIX Npoduei ¢
HCNOJIb30BAHNEM METO/1a THOPHAHBIX CETOK
Hurmaryniun B.O., MakcumoB ®.A.
HAII PAH, r. Mocksa, Poccust

IIpomemMoHCTpHpOBaHAa BO3MOXXHOCTH MOZACIMPOBAHMS NPH MOMOIIM METOJA THOPHAHBIX CETOK
BCEX BUJIOB OE30TPHIBHBIX TCUCHHI B MEXKJIONATOUHBIX KaHanax TypOuH. B noknane npencrapieHs
pe3ynbTaThl pacyéra J03BYKOBOTO, TPAHC3BYKOBOTO M CBEPX3BYKOBOIO OOTEKAaHMS OSCKOHEUHBIX
pemérok TypOMHHBIX Npoduiieii B JBYMEpPHOW HEBS3KOil mocTaHoBKe. [IpoBeneHO cpaBHEHHE
TOJIyYEHHOTO PacYETHOIO pacHpesieleHus INPUBEICHHOH CKOPOCTH A 1o 00BogaM mHpoduis c
JKCIepUMEHTaIbHBIM [ 1][2].

B [3] mpemnoxen Merox pacuéra 3aad BHEIIHETO OOTEKAHUS CHCTEMBI Tel Ha THOPHIHBIX
CeTKax, NPEACTABIISAIOIMX COO0H OJJHY BHEIIHIOIO PacUETHYIO 001acTh C IPSIMOYTOIbHOM CETKOH 1
CHCTEMbI HAJIOKCHHBIX Ha HE€ CETOK, NOCTPOCHHBIX OKOJIO ITOBEPXHOCTH OOTEKaeMbIX (opM.
I'paHuYHbBIC YCIOBHS Ha BHEIIHEH I'DAHHIE M CETOK OKOJIO OOTEKaeMBIX TN OMpPEACISIOTCS B
pe3ynbTaTe pelIeHUs Ha BHEIIHel cerke. Ilapamerpsl B y31ax BHEHIHEil NMPsIMOYTOJIbHOW CETKH,
KOTOpbIe IIONAJAIOT BO BHYTPEHHIOI 00JacTh CETOK OKOJO Ted, MOCie KaKAOro Iiara
MHTETPHPOBAHMUS 10 BPEMCHHM TAKXKE IEPECUMTHIBAIOTCS M3 PEIICHHS HA CETKax OKOJO Tell.
OrmnycaHHBIii METOJ| PELICHHUs 3a1ay CBEPX3BYKOBOIM BHELIHEH ra30[MHAMHUKH ObLI aJalTUpOBaH
JUISL PELLIEHHSI JI0- ¥ TPAHC- ¥ CBEPX3BYKOBBIX 3aj1ay BHYTPEHHEH ra30JUHAMUKU B [IEPUOIMIECKOI
[OCTaHOBKe. B uacTHOCTH, METOA GBI MPHMEHEH K PELICHHIO 3a]a4 ra30JuHaMUKN TypOOMAIINH,
TAaKHX Kak oOOTeKaHHe OECKOHEYHOW pelérku TypOWHHBIX mpodmreid. st IaHHOM 3aauu
aKTyaJbHa JJByMEpHas [I0CTAHOBKa U 0E30TPHIBHOE YCTaHOBHBILICECS TCUCHHE ra3a.

B kadecTBe IpuMepa MPUBEACHB! PE3yIbTAThl pacyéTa OCCKOHEYHOH PEIIETKH CACAYIOIINX IBYX
npodueii:

IIpoduns paboueii nonatku T106A B1=37.7° A2u3 = 0.625.

IIpoduns comnosoii nomatku P226 B1= 0.0° A2u3 = 1.00, 1.20.

PaccuntanHoe mo mozxenu Diiliepa TeUEHHE MACAITBHOTO HEBA3KOTO Tas3a, XOPOIIO COBIMAJIACT C
HaOJII0/aBILIEHCs B SKCIIEPUMEHTE KapTHHOH TeYEHUsI PealIbHOTO BO3/yXa.

Ilo pesympraTam aHaan3a pe3y/lbTaTOB YHCICHHOIO MOJCITHPOBAHHS MOXEM 3aKIHOYUTh, YTO
TIPMMEHEHHBII METO/ pacyéTa Ha THOPUIHOI CHCTEME CETOK MO3BOJIIET MOJICTMPOBATE JO- TPAHC U
CBEPX3BYKOBBIC PEXUMBI TCUCHHS B MEXKJIONIATOYHBIX KaHAIaX peméTok mpoduiei TypOoMaImH.
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Calculation of flows in vane channels of turbine profile cascades using the hybrid mesh
method
Nigmatullin V.O., Maksimov F.A.
ICAD RAS, Moscow, Russia

The possibility of modeling using the method of hybrid meshes all types of continuous flows in
turbine blade channels has been demonstrated. The report presents the results of a two-dimensional
calculation of subsonic, transonic and supersonic non-viscous flow around infinite cascades of
turbine airfoils. Comparison of the obtained calculated distribution of the reduced velocity A along
the contours of the profile with the experimental one [1] [2] is carried out.

In [3], a method is proposed for calculating the problems of external flow around a system of
bodies on hybrid meshes, which are one external computational domain with a rectangular mesh
and a system of meshes superimposed on it, built around the surface of streamlined shapes. The
boundary conditions at the outer boundary for meshes near streamlined bodies are determined as a
result of the solution on the outer mesh. The parameters at the nodes of the outer rectangular mesh,
which are inside the mesh area near the bodies, after each time integration step are also recalculated
from the solution on the meshes near the bodies. The described method for solving problems of
supersonic external gas dynamics was adapted to solve sub- and trans- and supersonic problems of
internal gas dynamics in a periodic setting. In particular, the method was applied to solving
problems of gas dynamics of turbomachines, such as the flow around an infinite cascade of turbine
airfoils. For this problem, a two-dimensional formulation and a continuous steady-state gas flow are
relevant.

As an example, the results of calculating an infinite cascade of the following two profiles are
represented:

T106A rotor blade profile Bl =37.7" A2is = 0.625.

The profile of the nozzle blade R226 1 = 0.0° A2is = 1.00, 1.20.

The flow of an ideal non-viscous gas calculated by the Euler model agrees well with the
experimentally observed picture of the flow of real air.

By analyzing the results of numerical simulation, we can conclude that the applied method of
calculation on a hybrid meshes system makes it possible to simulate sub- trans- and supersonic flow
regimes in the inter-blade channels of the turbomachine airfoil cascades.

Mopeaunposanue F ciios HoHocheps! 3emian
'Ocranun I1.A., *Kynamun JI.B., *Ipivankos B.I1.
'M®TH, r. Jonronpyaustii, Poccus
’IBM PAH, r. Mocksa, Poccus

Pabora mocesinieHa pa3paboTke AuHAMUYecKod Moxenn F cios moHocdepsl 3emii B paMkax
HanpasieHus nestenbHoctd UIBM PAH mo co3maHuio Mozeneit 3eMHOW CHCTEMBI, B KOTOPBIX
BKJIIOUCHBI HOHOc(hepa U TepMmocdepa. AKTyalbHOCTh 3aJadd OOYCJIOBJIEGHAa HHTEPECOM K
HCCIIEJOBAaHUI0 KOCMUYECKOH IOrojpl, UIparolledl Ba’kKHYIO pPOJIb Ul CIYTHHUKOBBIX CHCTEM,
CHUCTEM PaJUOCBS3H, a TAKKe I KOCMHUYECKOH orpaciu B 1enoM. CocrosiHHe HOHOC(HEpH U
TepMoc(hepbl BXKHO IS YCIOBUH PaclpOCTPaHEHHs PaJAUOCUTHAIOB JUIsl HABUTALIMOHHBIX CHCTEM
U CUCTEM PAJMOCBSA3H, a TAK)KE XapaKTEPUCTHK JBHKEHUS KOCMUYECKUX aNlapaToB.

B pa3zpabareiBacMON MOJENM pEIIACTCS YPABHCHHWE HEPa3phIBHOCTU Ui KOHLICHTPAIMU
aNIeKTpoHOB. Mcmonmb3yeTcsi psii NPUONMKCHHN: OJHOWOHHAs IIOCTAHOBKA 3amaud (B CHILY
npeoOyalaHis MOHHM3ALMH M PEKOMOMHALMM aTOMAapHOrO KHCIOPOAa M €ro HOHa), JIOKaJbHas
KBa3WHEUTPaIbHOCTh HOHOC(EPHOI IIa3Mbl, npeoOnagaHue B €€ AMHAMUKE aMOWIOISIPHON
muddy3un BHOJIb TEOMAarHUTHBIX CHJIOBBIX JIMHHH, a Takke mpeobiiaJaHue MOIEPeYHOro
9JIEKTPOMArHUTHOrO Jpeiida. B onHOI M3 HMMEIOIMXCS BEpCHil MOJIENM HE MpeIoaraercs
COBIIAJICHHE TeorpaMyecKuX M MArHUTHBIX I[OJIOCOB — HWMEETCS BO3MOXKHOCTH 3a/IaHMS
TIOJIO)KEHUS] MaTHUTHOTO II0JII0ca B reorpaduueckoil cucteme. [Ipy 3TOM [UIsi MAarHUTHOTO IOJIS
3eMIIH HCIIOJIBb3YeTCsl UIOIBHOE NPHOIIKEHHE.

B OCHOBY YHCICHHOrO MOJCIMPOBAHUS TIOJIOKEH METOJA pAaCIICIUICHHUS. YpaBHEHHE
3amuchiBaeTcsl B cepuueckoil cucteme (MCIONb3yeTcsi NPHONMKEHHE TOHKOTO CHEpHYEcKOro
CJI0s1), TIOCJIC YEero MEpBbIH IIar paclielyIeHUs] OTBEYACT IIa3MOXUMHU-IU(dY3UH, a BTOPOH miar
COOTBETCTBYET TPEXMEpPHOMY mepeHocy. ['eomerpuueckue ocobeHHocTH (auddys3us BIOIb
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MAarHUTHBIX JIMHWI) TPUBOIAT K HEOOXOJMMOCTH HCIIONB30BAHUS CXEM, Ha Pa3HOCTHOM ypOBHE
OTPaXKAOIUX 3TH FeOMETPUYECKUE CBOMCTBA. J{JIs MCHONB3yeMOl CXeMbl HaJIUYME 3THX CBOICTB
[I0OKAa3aHO C IIOMOIUBI0 HHTErPaJbHOrO TOXKACCTBA, KOTOPBIM obmamaer auddepeHipansHoe
ypaBHeHue muddysun. B yacTHOCTH, OHO OOecreynBaeT yCTOHYMBOCTh cXeMbl. Jlist ypaBHEHHs
nepeHoca ucnosib3oBaHa cxema KABAPE. JleranbHoe pacCMOTPEHHE UYHMCIEHHBIX METOAOJIOrUit
MpUBENICHO B padorax [2, 3].

B pamkax WCIONB30BAaHUA TPEIUIOKEHHONH MOAENM TPOBEACHA CEpUsl  pAacuEéroB IO
MO/ICITMPOBAHHUIO SKBATOPHAIBHOH aHOMAJIMU M TJIaBHOTO HOHOc(epHoro mposaia. [Ipu stom s
9KBATOPUAIBHOM AHOMAIMK PAc4€Thl MPOBOAMINCH IO COBMECTHOH MoZemu TepMmocdepsl-
noHOCHEPHI C MOIYYEHUEM JAaHHBIX 00 SBOJIOLUH TEMIIEPATYpP M CKOPOCTEil HEHTPaIbHOTO BETpa, a
TaKXKe ¢ aHATMTUYECKUMHU 100aBKaMH K CKOPOCTSIM Ha 3KBAaTOpE, a I IJJABHOIO HMOHOC(EPHOro
[poOBajia HCIONB30BAHA AMIIMPUUYECKAsT MOJIECIb Ul HMapaMETPHU3ALMH JJICKTPHYECKOro Moisi B
aBPOPAJIBHOIT 30HE.
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Modelling of the Earth ionosphere F layer
!Ostanin P.A., *Kulyamin D.V., 2Dymnikov V.P.
'MIPT, Dolgoprudny, Russia
2INM RAS, Moscow, Russia

This work is devoted to the development of a dynamical model of the Earth ionosphere F layer
within the framework of constructing the Earth system models, which include ionosphere and
thermosphere. The applicability of the problem is determined by the interest in the study of space
weather, which plays essential role for satellite systems, radio communication and the space
industry as a whole. The state of the ionosphere and thermosphere is important for the conditions of
radio signals propagation, navigation systems and radio communication, as well as the conditions
of the space vehicles movement.

In the developed model, the continuity equation is solved for the electron concentration. A
number of approximations is taken into account: single-ion formulation of the problem (according
to the dominance of ionization and recombination of the oxygen atom and its ion respectively),
local quasineutrality of the ionosphere plasma, predominance of the ambipolar diffusion along
geomagnetic field lines as the main dynamical process and prevalence of the transverse
electromagnetic drift. In one of the available versions of the model the coincidence of geographic
and magnetic poles is not assumed - it is possible to set the coordinates of the magnetic pole in the
geographical spherical coordinate system. Still, for the geomagnetic field the dipole approximation
is used.

Numerical modelling is based on the splitting method. The equation is written in spherical
coordinate system (in the approximation of a thin spherical layer), after that the first splitting step
corresponds to the plasma chemistry and diffusion processes, and the second step corresponds to
the three-dimensional advection. Geometric aspects (diffusion along the magnetic field lines) lead
to the necessity to use schemes that reproduce these geometric properties at the finite-difference
level. For the used scheme these properties are derived as a corollary from the integral identity,
which is a property of the differential diffusion equation. In particular, this identity provides the
stability of the scheme. For the numerical solving of the transport equation the CABARET scheme
is used. A detailed discussion of the used numerical methodologies is given in [2, 3].
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Within using the proposed model, a series of calculations was carried out to model the equatorial
anomaly and the main ionospheric through. For the equatorial anomaly calculations were carried
out by a coupled thermosphere-ionosphere model with obtaining data on the evolution of
temperatures and velocities of the neutral wind and with analytical additions to the velocities at the
equator, and for the main ionospheric through an empirical model for the electric field
parametrization in the auroral zone was used.

MartemaTH4ecKoe MO/IeTMPOBAHNE PACIIPOCTPAHEHHS] KOTePEeHTHOT0 U3/ Ty4eHHUs B
MHKPOOTBEPCTHSAX MEYATHBIX IJIAT
ITarasa JI.JI., Morunbnas T.1O., I'peGenrok E.U., Anexcanapos A.C., [Terenun H.A.
MAM, r. Mocksa, Poccust

JndppaKOHHBIA METOJl HAXOAUT CBOC MPUMEHEHHE NP KOHTPOJIE Ka4eCTBAa MUKPOOTBEPCTHH B
[IPOM3BOACTBEHHBIX  YCIOBHSX. MHMKpPOOTBEpCTHS — MEYAaTHBIX IUIAT,  BBINOJHCHHBIX W3
(OB MPOBAHHOTO CTEKJIOTEKCTONHNTA, OTIMYAFOTCS HE TOJNBKO ACIEKTHBIM OTHOLICHHEM CBBIIIE
€IIMHMIIBI, HO U CIIOKHOM CTPYKTYpoil oOpasyrolieii 3a cuer HuTell TekcTonura. Pacmymenue stux
HUTEH [PH CBEPJICHHWH - ONAcHbBIC Ie(EKTh, KOTOpPHIC B AAJIbHEHIIEM NPUBOAAT K CHIKCHHUIO
aJIT€3UOHHBIX CBOIMCTB BHYTPEHHEH ITOBEPXHOCTH MHKPOOTBEPCTHI IIPH METaLIN3ALMH.

Lenp HacTosmEeil padOTHI — ¢ MOMOIIBI0 MAaTEMaTHYECKOTO MOACIMPOBAHUS PACIIPOCTPAHCHUS
KOTCPEHTHOr0  HM3Iy4CHHss B  MHKPOOTBEPCTHSAX IEYATHBIX IUIaT  BBISBHTH  CTPYKTYPY
nudpakunonHoi kapTussl (JK) THIHYHBIX De(EKTOB I HX JAbHEHIIEro BBISBICHHS B POLIECCe
J(PAKIMOHHOTO KOHTPOJIS C HCIIOJIb30BaHUEM HCKYCCTBEHHBIX HeliponHbx cereit (MHC).

MozpenupoBaHue 3aKII0YAIOCh B pacyeTe HAIPSLKCHHOCTH HOJIS MOTTIONICHHON BOIHEI M BOJHBI,
paccesHHO# Ha Je(eKTe, KoTopasi aeT BKJIAJ B OCHOBHOE H3JTy4eHHE, ITOCTYIAOIICe Ha IPUEMHHK
u, kak cuencreue, uckaxaer JIK. ITockonbKy J1a3epHbIH HCTOYHHK YJAlCH OT HCCICHLYeMOro
00BEKTa, TO MPEANOIAragoch, 4TO HA OTBEPCTHEC MAafall MAapAJUICIBHBIA ITy4OK KOTEPEHTHOTO
n3nydeHus. IIpu 3TOM CTPyKTypa BHYTPEHHEH IOBEPXHOCTH MHKPOOTBEPCTHSI MOJEIHPOBAJACh
KaK MMHTATOpP MOBEPXHOCTH C OTBEPCTHAMH, 00JIaJal0MINMH pa3HOH (HOPMOii, IpH 3TOM JIe(eKThI
YYUTBHIBAINCH M3MEHCHHEM yIJIa IaJeHHs Ha MOBEPXHOCTb. MOeb BBIUMCISCT KOA(DPUIHEHTHI
MPOIYCKaHMUS OTPAXKESHHUSI, OTPAXKEHUSI IIPETIOMIICHHS M AU(PPAKIIUH TIEPBOTO TOPSIIKA.

Pe3ynbTaThl MOIETMPOBAHNS TTOKA3bIBAIOT, YTO PACCMATPHBAEMBIH METO/] ITO3BOJIAECT ONPEACIAT
1m0 Iu(pPaKIHOHHON KapTHHE THI Ae()eKTa MHKPOOTBEPCTHIl C aCIEKTHBIM OTHOLICHHEM Golee
€IIMHMIIBI B CTCKJIOTEKCTOIUTOBBIX MEYaTHBIX IIATAX.
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Mathematical modeling of coherent radiation propagation in micro-holes of printed circuit
boards
Pagava L.L., Mogilnaya T.Yu., Grebenyuk E.I., Alexandrov N.A., Petelin N.A.
MAI, Moscow, Russia

The diffraction method finds its application in the quality control of micro-holes in production
conditions. Micro-holes of printed circuit boards made of foiled fiberglass differ not only in the
aspect ratio of more than one, but also in the complex structure of the forming due to the threads of
the textolite. The fluff of these threads during drilling is dangerous defects that further lead to a
decrease in the adhesive properties of the inner surface of the micro-holes during metallization.

In this paper, using mathematical modeling of the propagation of coherent radiation in the micro-
holes of printed circuit boards, the structure of the diffraction pattern (DC) of typical defects was
revealed for their further detection in the process of diffraction control using artificial neural
networks (INS).
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The simulation consisted in calculating the field strength of the absorbed wave and the wave
scattered on the defect, which contributes to the main radiation coming to the receiver and, as a
result, distorts the DC. Since the laser source is removed from the object under study, it was
assumed that a parallel beam of coherent radiation fell on the hole. At the same time, the structure
of the inner surface of the micro-hole was modeled as a simulator of a surface with holes having
different shapes, while defects were taken into account by changing the angle of incidence on the
surface. The model calculates the transmission coefficients of reflection, refraction reflection and
diffraction of the first order.

The simulation results show that the method under consideration makes it possible to determine
the type of micro-hole defect with an aspect ratio of more than one in fiberglass printed circuit
boards from the diffraction pattern.

IIpumeHeHne 0IHOMEPHBIX YHC/ICHHBIX PACYETHBIX METONOB /151 MOJCTHPOBAHHS
paauajibHBbIX NepeMeLleHnii geraneii poropa I'T/l ¢ MajbIMu 3aTPAaTAMU BBIYHCIMTEIbHBIX
pecypcoB
Cawmoitnenko H.A., Kammu H.H.

AO «OJIK-ABuayurarensy, r. Ilepms, Poccust

OpnuM u3 nyteit pa3sutus cyuiectByromux CAYP3 sBisercs co3anue NpeAUKTUBHBIX CUCTEM
¢ IMHAMHYECKHM yIPaBIeHHEM, OCHOBAHHBIX HA MATEMAaTHIECKUX MOMEIIIX.

Jlis MaremaTHdeckux Mojesel, uHTerpupoBaHHbIX B CAY, nmomuMo TpedyeMoro ypoBHS
TOYHOCTH, TIJIABHBIM SBJISIETCA CKOPOCTh BbluMclIeHHH. Tak, Hanpumep, I CO3JaHHUS
nuHamudeckoil CAYP3 Heobxoanma Mozelb, KOTOpast ¢ BEICOKOH CKOPOCTBIO M HCIIONb30BaHUEM
MHHHMAJIbHBIX BBIYMCIUTENIBHBIX PECYPCOB DPACCUUTBHIBAET TEKYLIEE TEIUIOBOE COCTOSIHUE H
NepeMeIleHns JeTanei, a Takke NPOM3BOAUT IPOTHO3 «BIEPEN» Ha HEKOTOPHIH BPEMEHHOM
OTpE30K.

B nanHo#t paboTe paccMOTpeHa BO3MOMKHOCTh NPUMEHEHHS OJHOMEPHBIX UHCIEHHBIX METOIMK
JUISL ONPEIENICHNS] HECTAHOHAPHOIO TEIUIOBOTO M HANPSKCHHO-IE(OPMHUPOBAHHOTO COCTOSHHUS
JIICKOB U JIONATOK TypOMH HATypHBIX ABHraTenedl mo pexumam TIII[ ¢ ydeToMm mepeMeHHBIX
IapaMeTPOB  OXJIXKACHHS, IapaMEeTPaMM TEIUIOOTAAuH, 3aBHCAIINMH OT pEXHMa paboThl M
3aBUCAIMMH OT TEMIIEPATYPhl TEINIOPU3HIECKIMH CBOACTBAMU.

Jnst muckoB u nomatok THJI omHOMEpHBIE METOIMKH, OCHOBAHHBIC HA METOAE KOHTPOJIBHBIX
00BEMOB (JUIs1 TEMJIOBOTO COCTOSIHHS JJUCKA), INIOCKOM OCECHMMETPHYHOM pacyeTe ¢ IOCTOSHHBIMU
0 TOJIIMHE HANPSHKCHUSAMH (IUTs NepeMEIeHUH JIUCKA) M CTEP)KHEBBIX MOJEIAX (UL 3aMKOBOM
9YacTU U JIONATKU) 0OECHEedYMBAIOT BBICOKYIO TOYHOCTh, TAK KaK B CEUCHHAX HET 3HAYUTENIBHBIX
OCEBBIX I'PAJIMEHTOB TeMIIEPATyp. MakcuMallbHasi OTHOCHTENbHAS IOIPEIIHOCTh TEMIIEPATYP JHCKA
(OTHOCHTEIIBHO CpEIHEH MO CEYEHUIO TEMIepaTyphl, MHOIYy4eHHOW II0 BepH(pUIMPOBAHHON
ocecummerpuyHoi Metonuke) mo TIILI cocraBuma 0,9% (A=3,5°), MakcHManbHas MOTPEIIHOCT
nepemelenuii aucka 4,5% (A=0,018 mm) nepemerenuii stonatku -1,9% (A=-0,012 mm). B TBJ{
3HAYHUTEIBHBIE OCEBBIC I'PAJUEHTBHI TEMIIEPAaTyp B CEUCHHUSX JeTaleil 00yCIaBIMBAIOT OOJBLIYIO
MOTPeIIHOCTh. MaKcHMallbHas MOTPENIHOCTh OHpEIeNeHUs TeMmieparyp aucka 5,1% (A=19,4°),
nepeMelenuii ucka 6,2% (0,12 mMm), nepemenienuit onatku -7,1% (-0,09 mm). MakcumaibHble
MIOTPEIIHOCTH JOCTHUTAIOTCS Ha B3JICTHOM DPEXHME W INIPH BBIXOJE HA CTAlIOHAPHBIA PEXUM
3HAYUTENHHO CHIDKAIOTCS.

B xoze paboThl Oblia IpoaHAIM3HPOBaHA IPUMEHUMOCTb OJJHOMEPHBIX MOJIEINCH K HHTEIPALUY B
nuHamudeckyto CAYP3 typOunbl. IlorpenmiHocts Moaeneil ajis HaumOonee CIOXKHBIX YCIOBHI
OTHOCUTEIBHO BepH(UIUPOBAHHBIX IO JKCHEPUMEHTAIbHBIM [JAHHBIM PAacdeTOB HAXOIHUTCA B
pamkax 10%. CkopocTb BBIYHMCICHHs HecTauMoHapHbIX mnporeccoB (3000 cexynzm u Goiee)
HAaXOAUTCA B paMKax | CEKyHJbl NP HCHOIb30BaHWM MeHee 10MO BBIYMCINTEIBHOW NaMSTH.
[TpuBeneHHBIE BBINIE KPUTEPUH MO3BOISIOT MPUMEHATH JAHHBIC MOAEIH B OBICTPONCHCTBYIONIMX
nuHaMudeckux CAYP3 ¢ 10cTaTOYHOM TOUYHOCTBIO.
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2. Integrated turbine tip clearance and gas turbine engine simulation / J.W. Chapman, J.L. Kratz,
T.H. Guo, J. Litt / NASA/TM—2016-219146, presented at the 52nd AIAA/ASME/SAE/ASEE
conference, July. — Cleveland, OH. —2016. DOI: 10.2514/6.2016-5047.

3. Active turbine tip clearance control trade space analysis of an advanced geared turbofan engine
/ J.L. Kratz // 2018 joint propulsion conference, 11 July. —2018. DOI: 10.2514/6.2018-4822.

Application of one-dimensional numerical computational methods to modeling radial
displacements of GTE rotor parts with low consumption of computational resources
Samoylenko N.A., Kashin N.N.
JSC “UEC-Aviadvigatel”, Perm, Russia

One of the ways of development of existing ACC is the creation of predictive systems with
dynamic control based on mathematical models, integrated into ACS.

For mathematical models integrated into ACS, in addition to the required level of accuracy, the
main thing is the speed of calculations. So, for example, to create a dynamic ACC, a model is
needed that, at high speed and using minimal computing resources, calculates the current thermal
state and movement of parts, and also makes forecast "forward" for a certain time interval.

In this paper, we consider the possibility of using one-dimensional numerical techniques to
determine the unsteady thermal and stress-strain state of disks and blades of turbines of real engines
according to the modes of a TFM. The variable parameters of cooling, parameters of heat transfer,
depending on the operating mode and thermophysical properties, depending on temperature, are
taken into account.

For disks and blades of a LPT, one-dimensional techniques based on the control volume method
(for the thermal state of the disk), plane axisymmetric calculation with stresses constant over the
thickness (for disk displacements) and rod models (for the fir-tree root part and blade) provide high
accuracy. The maximum relative error of the temperature disk (relative to the cross-section average
temperature obtained by the verified axisymmetric method) according to the TFM was 0.9% (A =
3.5 °), the maximum error of the disk displacements was 4.5% (A = 0.018 mm) of the blade
displacements -1.9% (A = -0.012 mm). In a HPT, significant axial temperature gradients in the
sections of parts cause a large error. The maximum error in determining the temperature of the disk
is 5.1% (A = 19.4 °), the displacement of the disk is 6.2% (0.12 mm), and the displacement of the
blade is -7.1% (-0.09 mm). The maximum errors are achieved in takeoff mode and when entering
the stationary mode, they are significantly reduced.

In the course of the work, the applicability of one-dimensional models to the integration of a
turbine into a dynamic ACC was analyzed. The error of the models for the most difficult conditions
relative to the calculations verified by the experimental data is within 10%. The speed of
calculating non-stationary processes (3000 seconds or more) is within 1 second when using less
than 10MB of computing memory. The above criteria make it possible to apply these models in
high-speed dynamic ACC with sufficient accuracy.
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O HOBOM cnocofe OlleHKH JIOKAJIbHOI MOrPelIHOCTH MeTo1a JBepxapra
Oykun U.U., Ky3znenos A.A., 3aBbsiioBa H.A., Heronsies C.C.
M®TH, r. Jonronpyauslii, Poccust
B pabote ObLI MpENIOkKEH M MPOTECTUPOBAH HOBBIN MOAXOJ K OLICHKE JOKAJIBHOW OIIMOKH
HHTETPUPOBAHMS METOOM DBepxXapra — OIHOHM M3 Pa3sHOBHAHOCTEH HESBHBIX METOIOB PyHre-

Kyrra.
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B mocnennue roapl HabMIOMACTCS yBEIMYEHHE YMCIA UCKYCCTBEHHBIX CITyTHHKOB, BO MHOTOM
00yCIIOBIICHHBII POCTOM MHTEpeca K 3a/ladaM JMCTAHIMOHHOTO 30HMPOBAHMS 3EMIIH, HABHTALUK
U CBsI3U. BriociencTBum 9T0 MOXET MPUBECTH K OOJIBIIOMY KOJIMYECTBY OOBEKTOB Ha OKOJIO3EMHOMN
opbute. i TOYHOTO NPOTHO3UPOBAHMS MBIKEHHS M OOHOBJICHHS KaTaJlorOB HEOOXOAMMO
onpezeneHne 6aIICTUYECKUX TPAEKTOPHI C MO TTOTPELIHOCTHIO.

Merton DBepxapTa SBISCTCS YaCTO UCIONB3YEMBIM MOAXOAOM B PEIICHHH TAKOTO PoAa 3ajad.
OjHako, He PEIICHHOHM 10 KOHLA 3ajadueil ocTaercs BOHMPOC 00 OLCHKE JIOKAJIbHON OIIMOKH.
CornacHo OOIICIPUHATOMY METOJY OLEHKH, IIOTPEIIHOCTh MOXET ObITh BBIYHMCICHA IO
HalJeHHBIM ~ KOO((UIMEHTaM  pa3lOXEeHHs [PaBOi  YaCTH  CHUCTEMbI  OOBIKHOBCHHBIX
b depeHuanbHEIX ypaBHEH!H, 1 HOpMa 3TOH OIIMOKH MOXET OBITh OIPE/eIICHa I10 TIOCICAHEMY
cnaraeMoMy 3Toro pasioxenus [1], [2]. ABropamu ObUT HPEIJIOKEH HHOH CHOCOO OLCHKH
oInOKN, CyTh KOTOPOTO B MCKJIIOYCHHH IIOCJICAHEl TOYKM KOJUIOKALMH (HAmpuMep, pa3OHeHHs
l'aycca-Pano) u HoOBOM mepecuere KOI((ULIMEHTOB pPA3IOKEHHS HAa OCHOBE BBIYHMCIICHHBIX
3HAYCHUSX Pa3/eNeHHBbIX pasHocTeil. Jlanee, HOpMa OMIMOKM OmpeaelsieTcs Kak HopMa Pa3HOCTH
pelIeHHil: HCXOAHOTO M IIONYyYCHHOrO MpPH YOAICHHH KOJUIOKAIMOHHOH TOYKM, a Imar
HHTETPUPOBAHMS Ha CIIEAYIOIIEM CIIOe [0 BpEMEHH — 10 aHaJIory npasuia Pyrre.

AHam3 TpeUIOKEHHOH METOJIMKH MPOBOJMICS MPH MOMOIIM PEaHM30BaHHOTO Ha s3bike C++
Merozia OBepxapTa. B xome cpaBHEHHUs OLCHKH MOTPEIIHOCTU IO IPOH3BOIHBIM U IO aBTOPCKOH
METOMKe, OBUIO TOKa3aHO, YTO MOCJIEAHHH CIOCO0 Jydlle NMPHOIMKAeT 3HAuCHHE OMIMOKM K
peanbHOW. DTO O03HAYaeT, YTO MHPH IIOMOLIM IIPEJIOKEHHOrO aJrOpUTMa BO3MOXKHA Oolee
KOPPEKTHas OLICHKA II1ara, He IPUBOAIIAS K €r0 YPe3MEPHOMY YMEHBIICHHUIO.
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On a new method for estimating the local error of the Evehart method
Fukin LI, Kuznetsov A.A., Zavialova N.A, Negodiaev S.S.
MIPT, Dolgoprudnyy, Russia

In this paper, a new approach to estimating the local integration error by the Everhart method,
one of the varieties of implicit Runge — Kutta methods, was proposed, implemented and tested.

In recent years, there has been an increase in the number of satellites, largely due to interest in the
fields of remote sensing and navigation, and in the provision of the Internet. Subsequently, this may
lead to a large number of objects in low-Earth orbit. To accurately predict the movement and
update catalogs, it is necessary to solve the problem of determining ballistic trajectories with a
small error.

The Everhart method is a frequently used approach to solving such problems due to its
recognition in the fields of ballistics. However, the question of its error assessment remains
completely unexplored. According to the previously proposed and used method of estimating
derivatives, the error can be calculated from the found coefficients of the expansion of the right part
of the system of ordinary differential equations, and the norm of this error can be determined from
the last term of this decomposition. However, in addition, another method of error estimation was
proposed, the essence of which is to exclude the last collocation point (for example, in the Gauss-
Rado quadrature) and a new recalculation of the above-mentioned expansion coefficients based on
the calculated values of the divided differences. Further, the norm of the error is defined as the
norm of the difference between the solutions: the original and the obtained one when the
collocation point is removed, and the integration step on the next layer in time is defined due to the
Runge rule.

The analysis of the proposed technique was conducted using the Everhart method. During the
comparison of the error estimate by derivatives and by the one of the proposed by the author's
method, it was shown that the second one approximates better the error value to the real one. This
means that with the help of the author's methodology, a more correct estimation of the step is
possible.
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CpaBHeHHe Pa3/IHYHBIX CIIOCO00B Pa3/1aul COeIHHUTEIbHOI My(ThI U3 CIIIaBa ¢ NAMATHIO
(opMBbI ¢ yueToM BiIMSIHHE HA MOBeJleHHe MATePHAJIA BH/IA HANIPSKEHHOT'0 COCTOSIHHUS
[apynos A.B.
MAMU, r. Mocksa, Poccust

CmnaBel ¢ mamsatblo  Qopmel  (CIID) — KOHCTPYKUMOHHBIE MaTepUajbl, OOJagaromye
YHUKATbHBIMH TEPMOMEXaHHYECKUMHU CBOMCTBaMH [l], OJHHUM U3 KOTOPBIX SBISIETCS CBOHCTBO
«Pa3HOCOINPOTHBIAEMOCTH». DTO CBOMCTBO 3aKJIIOYAETCsl B 3HAYUTEILHOM HECOBIAJAECHUH KPHBBIX
neopMUpOBaHUS O00pa3sLOB M3 3THX MATEPHAIOB IIPH PA3IMYHBIX BHJIAX HANPSKEHHOTO
cocrosiaus [1].

Jnst aktuBHoro npumeHenus CIID B TexHuke TpeOyeTcsi HAIMYHME NOCTOBEPHBIX PELICHUMH
KpaeBbIX 3a/1a4 MEXaHUKH 3THX CIUIaBoB. OIHAKO, OITYYCHHE TIOJOOHBIX PELICHUH, HapUMep, JUTs
TOJICTOCTEHHOTO LMJIHHApPA, 3aTPyJHEHHO B BHAY OOBCKTHBHOII CIIOXKHOCTH OIPEICIISIONIIX
coorHomleHnit CIID, a1 KOTOPBIX 3a4acTyl0 HEBO3MOXKHO IIOJYYHTh AHAIUTUYECKOE PEIIEHUE
paccMaTpuBaeMoil KpaeBoii 3aJaud BCIIEJCTBHE KAuECTBEHHOM M KOJMYECTBEHHOW 3aBHCHMOCTU
HANpPsDKCHHO-1e(OPMUPOBAHHOTO COCTOSHHS NMIMHApA OT IapaMeTpa BHIA HANPSHKEHHOTO
COCTOSIHHMS, 3HaU€HHE KOTOPOIo 3aBUCHUT OT paJHaJIbHON KOOPIHHATHI.

Jlns monydeHHs YMCICHHOTO pELICHWs JaHHON KpaeBOoW 3ajaunm pa3paboTaH HPOrpaMMHBIH
MOy b B paMKaX KOHEYHO — 3JIEMEHTHOro Komiuiekca Simulia Abaqus. Moxgynbs cogepkuT B cede
COOTHOUIeHUs, onuchBaomue mnosefaeHue CIID [2], ¢ yueroM pPa3HOCONPOTHBIIEMOCTH.
KoppekTHOCTh  paboThl MOXyNs MOATBEPXKIEHA IIyTeM €ro BalWJalMH 10 pe3ylbTaTaM
AQHATUTUYECKOTO PEIICHUS PSa KPaeBbIX 331aud U BepH(HKAIUK C UCIOIb30BaHHEM HMEIOMINXCS
SKCIIEPHUMEHTAIBHBIX JAHHBIX JUISl OJTHOOCHOTO PACTSKEHUS M CXKATHs 00pa3LOB U3 3THX CIIIABOB.

C ucnonp30BaHHEM JAHHOTO IPOrPaMMHOIO MOAYJIS OIMHMCAaH IPOIECC Pa3Jayl COEAUHUTEIbHON
MydTsI 13 CII® B perxuMe MapTCHCHTHOIN HEYIIPYTOCTH ABYMsI METOJaMU: JOPHUPOBAHUEM, U MO
BO3/CHiCTBEM MOHOTOHHO BO3PAacTalOIIEr0 M PABHOMEPHO PACHPENEIEHHOIO IO IOBEPXHOCTH
naBieHus. Takke paccMOTpeHa IIpOLEAypa, CBs3aHHAs C HPSIMBIM TEPMOYNpPYruM (a3oBbIM
IIPEeBpAIICHAEM II0]] AHCTBUEM HMOCTOSIHHOTO AaBieHus. [Ipon3BeieHo cpaBHEHHE ITUX CIOCOO0B
paznaun My¢ts! u3 CI1D.

BriBogpr:

Pa3paboTaHHBI MOIB30BATENBCKUI MPOrPaMMHBEI MOTYIb IO3BOISET MONYYUTH UHCICHHOE
pelieHne KpaeBoi 3a1auu O pa3aade coequHuTenbHoi My Tsl u3 CIIO.

B mporecce uMCIeHHOro pelleHMs 3ajadM O paszjade My(pT B BHIE TOJCTOCTEHHBIX
IMHIpHYIecKHX obonouek u3 CIID ycTaHOBIEHO, YTO MapaMeTp BHAA JCBHATOPA HATPSKECHUH
3aBHCHT OT PafuajbHOH KOOPIHHATHI, a TAKKE HEIMHEHHO MEHseTCs NPU M3MEHEHHMH JaBJICHUS.
OC00EHHO CyIIECTBEHHA 3Ta 3aBUCHMOCTb IIPU PEIIEHHU 3a/1auyd B NPEANOJIOKEHUH U IIOCKOM
HAIPSDKCHHOM COCTOSHHU.

Pa3znaua MydThI MyTEeM JOPHUPOBaHUS SABJIACTCS HAnOOJIEE TEXHOJNOTHYHBIM IIPOLIECCOM, OJJHAKO
CYILIECTBYET BEPOSTHOCTh MEXaHMYECKOTO MOBPEKICHHUS BHYTPEHHEH ITOBEPXHOCTH MYy(TBI.
HamporuB, MeTox pa3gadyd MOHOTOHHO BO3PACTAalOIIUM IABICHHEM, MM C IIOMOIIBIO IPSIMOTO
MPEBPAILEHNs] M0/ JeHCTBUEM IIOCTOSIHHOIO JaBJIEHHs HE MOBPEXKIAET BHYTPEHHIOIO ITOBEPXHOCTD
MydTel. OJJHAKO TpaKTHYecKas pean3alus AaHHBIX BapHaHTOB SBILIETCS TEXHOJIOTHYECKH Oolee
CJIOKHOM 3aJauei.

HaubGonbluas BenM4nHa pa3faud NpH (UKCHPOBAHHOM MAKCUMAaJbHOM JAABICHUM IONyd4aeTcs
P UCHOJIb30BAHUHU TEXHOJIIOTUH NPSIMOTO NpEBpalleHHU.

Pabota Brmonnena npu gunancosoM coxetictsuu PODU npoext Ne 20-01-00240.
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Comparison of various methods of distributing a coupling made of shape memory alloy,
taking into account the influence of the type of stress state on the behavior of the material
Sharunov A.V.
MAI, Moscow, Russia

Shape memory alloys (SMA) — structural materials with unique thermomechanical properties [1],
one of which is the property of material tension-compression asymmetry. This property consists in
significant differences of the deformation curves of samples from these materials under different
types of stress state [1].

For the active application of SMA in engineering, it is necessary to have reliable solutions to the
boundary value problems of the mechanics of SMA. However, obtaining such solutions, for
example, for a thick-walled cylinder, is difficult due to the objective complexity of the determining
relations of the SMA, for which it is often impossible to obtain an analytical solution to the
boundary value problem under consideration due to the qualitative and quantitative dependence of
the cylinder's stress — strain state on the parameter of stress state type, the value of which depends
on the radial coordinate.

To obtain a numerical solution of this boundary value problem, a software module in the Simulia
Abaqus finite element complex has been developed. The module contains relations describing the
behavior of the SMA [2], taking into account the tension-compression asymmetry. The correctness
of the module operation was confirmed by its validation based on the results of several analytical
boundary problem solutions and verification using available experimental data for uniaxial
stretching and compression of SMA samples.

Using this software module, the process of distributing a coupling from SMA in the mode of
martensitic inelasticity is described by two methods: by dorning, and under the influence of
monotonically increasing and evenly distributed pressure over the surface. A procedure related to
direct thermoelastic phase transformation under constant pressure is also considered. A comparison
of these methods of distributing the SMA coupling.

Conclusions:

The developed custom software module allows us to obtain a numerical solution to the boundary
value problem of distributing the SMA coupling.

In the process of numerical solution of the distributing problem couplings in the form of thick-
walled cylindrical shells from SMA, it was found that the parameter of the type of stress deviator
depends on the radial coordinate, and changes non-linearly with pressure changes. This dependence
is especially significant when solving the problem in the assumption and in the plane stress state.

Distribution of the coupling by dorning is the most technological process, however, there is a
possibility of mechanical damage to the inner surface of the coupling. On the contrary, the method
of distribution by monotonically increasing pressure, or by direct transformation under the action of
constant pressure, does not damage the inner surface of the coupling. However, the practical
implementation of these options is a technologically more complex task.

The largest distribution value at a fixed maximum pressure is obtained by using the direct
conversion technology.

The work was carried out with the financial assistance of the RFFI project No. 20-01-00240.
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Ceknua Nel. «kMaTemaTuyecKkoe Moae/IMpOBaHUE
U BuppoBbIe ABOMHUKHN»

Section No. 1. Mathematical Modelling and Digital
Doubles

YnpoumenHas BepupukannonHas moaean PJIC
Bbanakun JI.A., Kepckuii E.B.
OAO «HITIK «<HUUOAP», r. Mocksa, Poccust

B noxnane usnararoTcs o0IIMe TPUHIMIIBI TOCTPOCHUS YIIPOIICHHOH Bepr()HKAIOHHOIN Moaenu
(YBM) [1], a Takxke yaencHO BHUMaHME OCHOBHBIM aclEKTaM €€ apXUTEeKTypbl. B wacTHOCTH,
apxuTekTypa YBM peammsoBana B yrmwimTe Simulink, BxoAsfmuii B CTaHZApTHBIA IaKkeT
nporpammbel MATLAB [2]. 3a cuyer MOJeIbHO-OPUEHTUPOBAHHOIO IpoeKkTupoBanus YBM Ha
Simulink rmo3Boiser otpa3uTk odliee MOHMMaHUE PHHIHUIIOB PAOOTHI H3/IENNs, @ TAKXKE BBIICIUTH
OCHOBHBIE ITapaMeTpPhI YIPABICHUS PealbHOH almapaTypsl H IPOrPAMMHOIO 00ecIIedeHu .

OcHOBHOE BHMMaHME JOKJaJa CKOHLIEHTPHPOBAaHO Ha peanu3aluu anmnapaTHoil yactu PJIC.
AnmapartHas 4acTh COCTOMT M3 aHAJIOrOBOrO M IM(POBOrO MPHEMO-TIEPEHAIOIETO TPAKTa.
AHANOroBBI NPUEMO-NIEPENAIONIUI TPaKT BBHIIONHACT CleAyomue (GYHKIHU: (HIBTPAIHIO,
aTTEHIOALMIO, TIPE/IBAPUTENILHOE YCHIEHUE, TAKXKE B HEM YYUTBHIBAIOTCS HENUHEHHBIE JJIEMEHTEI,
mymoBsie 3¢dextsl. Hndpooil npuemo-nepenarommii TpakT odecnednBaeT LU(PO-aHAIOTOBOE
npeoOpa3oBaHue, aHaIoro-uuppoBoe Mnpeodpa3oBaHUe, ATTECHIOAIMIO, NpeoOpa3oBaHHE YacToOT,
(unpTpanuio curHasia, MHOTOCKOPOCTHYIO OOpalOTKY, 3allepKKy CUTHana. AHTEHHO-(GUAEpHBIH
TpakT, Cpeaa paclpoCTPAaHEHMs] M Lelb peajn3oBaH cTaHiapramu Oubmmorekamu MATLAB wu
onokamu Simulink [3].

B mpemmaraemoit YBM, npopaboTaHBl anrOpUTMBI KaIHOPOBKH U (ha3sHPOBKH IPHEMO-
Nepefaloliero TPakTa Kak II0 BHEIIHEMY HCTOYHHMKY, TaK M II0 KOHTPOJBHOMY CHIHATy.
AnropuTMbl  0a3upyIOTCS Ha CHCAYIOIIUX MPUHIWIAX: KOPPEISIIHOHHOH M  CIEKTPAIbHOI
o0Opabotke [4], a Takke Ha OCHOBE npeoOpa3oBanus [ uiabpbepTa u cBoiictBax JIYM curHana.

Ipemnaraemast B nokiaane YBM cozeiictByer rpy6oii onenku xapaxrepuctuk PJIC, a Taxke
crocoOcTByeT (OPMUPOBAHUIO MCXOAHBIX JAHHBIX JUIS Pa3pabOTKH JaldbHeHImuX 6onee CIOMKHBIX
MOJIeNnelt, a TaKXKe UX BepU(pUKaIIN.
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A simplified verification model for radar system
Balakin D.A., Kersky E.V.
NIIDAR, Moscow, Russia
The report describes the general principles of building a simplified verification model (SVM),
and also focuses on the main aspects of its architecture. In particular, the SVM architecture is
implemented in the Simulink utility, which is included in the standard MATLAB program package.
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Due to model-based design, the SVM on Simulink allows us to reflect a general understanding of
the principles of product operation, as well as highlight the main control parameters of real
hardware and software.

The main focus of the report is focused on the implementation of the hardware part of the radar.
The hardware part consists of an analog and digital transmit-receive path. The analog transceiver
path performs the following functions: filtering, attenuation, preliminary amplification, it also takes
into account nonlinear elements, noise effects. The digital receiving and transmitting path provides
digital-to-analog conversion, analog-to-digital conversion, attenuation, frequency conversion,
signal filtering, multi-rate processing, signal delay. Antenna feeder path, distribution medium and
target are implemented by MATLAB standards and Simulink blocks.

The algorithms for the calibration and phasing of the receiving-transmitting path both by an
external source and by a control signal have been worked out in the proposed SVM. The algorithms
are based on the following principles: correlation and spectral processing, as well as on the basis of
the Hilbert transform and the properties of the chirp signal.

The SVM proposed in the report contributes to a rough estimate of the characteristics of the
radar, and also contributes to the formation of initial data for the development of further more
complex models, as well as their verification.

O0ocHOBaHHE HEOOXOAMMOCTH CO31AHMS HU(POBLIX ABOIHMKOB NPU pa3padoTke
KPYNHOradapHUTHBIX TPaHCHOPMHUPYEMBbIX ped)IeKTOPOB KOCMHYEeCKHX ANNAapaToB
I'onpo6un H.H.
Cubl'Y, r. Kpacunospck, Poccust

Jlns peanusanyu CIlyTHUKOBOHM CBSI3M INOJTYYMJIM INMPOKOE PACHPOCTPAHEHHE MHOIOJIydeBbIe
AQHTCHHBI C MapabOoIMYECKUMU M KOHTYpHBIMH peduiekTopamu. TpeboBaHus K paboulM 4acToTaM U
TOYHOCTH (HOPMBI OTPAXKAIOMIEH IMOBEPXHOCTH KOCMHYECKHX PE(IIEKTOPOB IOCTOSHHO PAcTyT, B
CBOIO OYepe/lb, TAKXKE BO3PACTAET BKJAJ HEraTUBHOIO BJIMSHUS Ha3eMHBIX UM KOCMHYECKHX
(hakTOpOB, BOSHUKAIOLIMX B POLIECCE BCET0 XKU3HEHHOTO LUKJIIA U3JIEIIHS.

C 1enpi0 MOBBIIIGHHS OKCIUTyaTaIMOHHBIX XapaKTEPUCTHK KOCMHYECKHX pPe(IeKTOpoB
9JIEMEHTHl MX KOHCTPYKIHMH H3rOTABIMBAIOT U3 IOIMMEPHBIX KOMIIO3UIIMOHHBIX MAaTEpHasIoB,
00J1aJJaloIMX BBICOKUMH Y/EIbHBIMU HPOYHOCTHBIMM XapakTepucTukamu M Huskum KIJITP.
HenocTaTkoM TakuX MaTepHANIOB SBISIETCS OOMBIION Ppa3dpoc BBIXOAHBIX MapaMeTPOB TOTOBBIX
KOHCTPYKIIMIA, CBA3aHHBII C HECOBEPIICHCTBOM TEXHOJOTMM HM3TOTOBJICHHs, OTPAOOTKA KOTOPOH
TpebyeT BepudHUKaLUN FeOMETPHYECKH U (pu3HdecKy cI0XHbIX KOM 0TaenbHBIX KOHCTPYKTHBHBIX
9JIEMEHTOB U3 KOMIIO3UIIMOHHBIX MATEPHAIIOB U BCETO U3/IEIHS B IIEIOM.

BakHas ponb NpH CO3MaHUM KOCMHYECKHX DEIICKTOPOB OTBOAMTCSA JOPOTOCTOSIIMM U
JUIITENbHBIM HA3eMHBIM JKCIEPUMEHTANBHBIM HCCIENOBAHUAM, [JIs MPOBEICHHUS KOTOPBIX
HEOOXOAMMa CIIOKHAS HMUTAIUs YCIOBHH OpOMTaNbHOM OKCIUTyaTamuu peduiekrtopa. ITo
NPUBOJUT K HEOOXOJMMOCTH MCIOJb30BaHHUS METONOB MAaTEMAaTHYECKOrO MOJIEIMPOBAHUS,
KOTOpbIE ~ CIY)KaT ~ MHCTPyMEHTaMU  IIPOTHO3UPOBAHMS  COCTOSIHMS ~ KOHCTPYKLMH M
PaJHOTEXHHUYECKHX XapaKTePUCTUK pedIeKkTopa, HAXOMAIIETOCS B Ipolecce OpOUTaIbHOMN
SKCIUTyaTalldd, C Y4YeTOM BIMSHHMSA (DAKTOPOB, HAKOIUICHHBIX B PpeE3y/lbTaTe HAa3eMHOMN
SKCILTyaTalHH.

VYder Bcex TEXHHYECKHUX TpPeOOBaHHM, MHPEABSIBISIEMBIX K KOHCTPYKIMSIM KOCMHYECKHX
pedIIeKTOpOB, U BIUSHUS BHEIIHMX (PAKTOPOB, BOBHUKAIOMINX M JCHCTBYIOIIMX Ha MPOTSKCHUH
BCEro ’KM3HEHHOTO IMKJIA U3JeNus, TpeOyeT pa3paboTKM KOMIUIEKCHOTO CHCTEMHOTrO IOAXO0Aa K
MIPOEKTUPOBAHHUIO. DTO IO3BOIMT PEalH30BaTh HEOOXONUMYIO M JOCTaTOYHYIO TOYHOCTb HPH
pa3paboTKe KOMIUIEKCHOH MaTeMaTHYecKOW MoJeNH peduieKTopa B COOTBETCTBHUM C BBIOPAHHBIM
YPOBHEM JleTaluM3aluH. Peannsanus CI0KHOrO MaTeMAaTHYECKOIO ammapara B COBOKYIHOCTH CO
CpPeICTBAMH IIOCTPOCHHS CUCTEMHO-CTPYKTYPHBIX MOJIeNeil, a TaKXkKe ¢ BO3MOXKHOCTBIO IOCTPOCHUS
JIBYXCTOPDOHHEH CBSI3M MEXIy MOJCISIMH U peajbHbIM OOBEKTOM cTaja BO3MOXKHA Onaromapsi
HMHHOBALMOHHOH KOHIEHIUH ITOCTPOCHUSI LIM(POBBIX ABOWHUKOB, COCTOSIIMX B OOILIEM Cliyyae 13
mudpoBoro ABOMHUKA H3/enHs, HU(POBOro ABOIHHKA MPOM3BOJACTBA U IHU(POBBIX IBOIHHKOB
obopynosanus. [1, 2]

Takum obOpasoM, peamuszanus LIU(POBOTO IBOMHMKA KOCMHYECKOTO KPYHMHOrabapUTHOTO
pediexTopa, MPEeACTaBIIOMETO CO0O0H CIOXKHYIO TEXHHYECKylo cHcTeMy [3], mompasymeBaeT
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MIPOBEJICHNE WHIKEHEPHBIX U HAay4YHBIX pabOT C HCIIOIb30BAHUEM METOJOB KOHEUHO-3JIEMEHTHOIO
MO/ICTIMPOBAHUS, MHOrONapaMeTpuyeckod ONTUMH3AaLMKM U MoOJeNel MOHMKEHHOro MNopsiKa ¢
LIEJIBIO MTOJTOTOBKHU K MHTETPaAIMy HU(GPOBOro JBOMHHUKA B €IMHOE LIU(POBOE IPOCTPAHCTBO.

Hcnonp3oBanue KOHIENIMH HH(POBBIX ABOHHUKOB ISl KOCMUYECKUX CHCTEM CBSI3H, HABUTALIUH
U PETPAHCISILMH B KOHTEKCTE CO3/aHUSI METOJOJOTHMH LM(POBU3AIMU HPOCKTHPOBAHMS,
MPOM3BOJICTBA W OKCIUIyaTallud BBICOKOYACTOTHBIX MHOTOJIyYEBBIX AHTEHHBIX CHCTEM M HX
KOHCTPYKTHBHBIX 3JIEMEHTOB M3 MOJMMEPHBIX KOMIIO3MLIMOHHBIX MaTEPHAJIOB IO3BOJIAT IepeiTu
Ha HOBBIH 3Tal Pa3BUTHUS CJIOXKHBIX TEXHUYECKHX CHCTEM, CIHOCOOHBIX aBTOHOMHO IPOBOJHUTH
MOHHUTOPHHT UX pabOTOCIIOCOOHOCTH U KOPPEKTHPOBKY TEXHHUECKHUX XapPaKTEPUCTHK.

Justification of need to create digital twins in development of large deployable reflectors for
a spacecraft
Goldobin N.N.
Reshetnev University, Krasnoyarsk, Russia

For the implementation of satellite communications, multi-beam antennas with parabolic and
contour reflectors are widely used. Requirements for operating frequencies and shape accuracy of
the reflecting surface of space reflectors are constantly growing, in turn, the contribution of the
negative influence of ground and space factors that arise during the entire life cycle of the product
also increases.

In order to improve the operational characteristics of space reflectors, their structural elements
are made of polymer composite materials with high specific strength characteristics and low
thermal expansion coefficient. The disadvantage of such materials is a large scatter of the output
parameters of finished structures associated with the imperfection of manufacturing technology, the
development of which requires verification of geometrically and physically complex FEM of
individual structural elements made of composite materials and the entire product as a whole.

An important role in the creation of space reflectors is assigned to expensive and lengthy ground-
based experimental studies, for which a complex imitation of the conditions of the orbital operation
of the reflector is required. This leads to the need to use mathematical modeling methods, which
serve as tools for predicting the state of the structure and the radio technical characteristics of a
reflector in the process of orbital operation, taking into account the influence of factors
accumulated as a result of ground operation.

Taking into account all the technical requirements for the structures of space reflectors, and the
influence of external factors that arise and act throughout the entire life cycle of the product,
requires the development of an integrated systematic approach to design. This will allow realizing
the necessary and sufficient accuracy when developing a complex mathematical model of the
reflector in accordance with the selected level of detail. The implementation of a complex
mathematical apparatus in conjunction with the means of building system-structural models, as well
as with the possibility of building a two-way connection between models and a real object, became
possible thanks to the innovative concept of building digital twins, consisting in the general case of
a digital twin of a product, a digital twin of production and digital twins equipment. [1, 2]

Thus, the implementation of a digital twin of a large-sized space reflector, which is a complex
technical system [3], implies the implementation of engineering and scientific work using finite
element modeling methods, multi-parameter optimization and reduced-order models in order to
prepare for the integration of the digital twin into a single digital space.

Using the concept of digital twins for space communication, navigation and relaying systems in
the context of creating a digitalization methodology for the design, production and operation of
high-frequency multibeam antenna systems and their structural elements made of polymer
composite materials will make it possible to move to a new stage in the development of complex
technical systems capable of autonomously monitoring their performance and adjustments to
technical specifications.
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Amnajorosble kuGepdu3nueckue ceTH B3aHMO/IeiiCTBYIOIUX IPOLIECCOB B TEXHUYECKHX
cucreMax
Jemourkuit H.JIL.
MAM, r. Mocksa, Poccust

CoBepIICHCTBOBAHHE MHUKPOKOHTPOILIEpoB [1, 2] co3mano ycinoBUs miis pa3BUTHS BCTPOCHHBIX
cucteM [3, 4] B HampaBICHWH MHTCIPALNK BBIYHCICHUH M (QH3MYECKUX IpoleccoB. B mokmane
paccMaTpUBaeTCsl MOZEIb TEXHHYECKOH CHCTeMbl B Buie ceTH (usmyeckux mnporeccopos (PII),
KOTOpbIE PACCMATPHBAIOTCS HE KAK YCKOPHTENH BBIYMCICHUH [S5], a KaK KOMIIOHEHTBI JIOTHYECKN
CBSI3aHHBIX ~[POLECCOB MpeoOpa3oBaHHs SHEPrUM arperatoB. I[lepCreKTHBHOH 06JaCTBIO
HPUMEHEHHS TAKUX CETeH SBIISIOTCS MUKPOIJIEKTPOMEXaHHYECKHEe CHCTeMBI [6, 7], 00beuHsoImIe
B cebe MHKPOAJIEKTPOHHBIE U MUKPOMEXaHUUECKHE KOMIIOHEHTHI.

Ipemnoxken mepexon oT THOpHAHBIX KuOepdm3mueckux cucteM [8, 9] Kk aHaIOroBoH
(DYHKIMOHAIIBHO-JIOTHYECKOH 00pabOTKE COCTOSHUH 3HEPreTHYECKHX IOTOKOB, IEpeIaBaeMbIX
mexnay @I Pabora ananoroBoit kubeppusuueckoir cetn (AKDC) ompenensiercs: moBencHHEM
KOMITOHEHTOB B OTBET Ha BO3HHKAIOIIUE BHEIIHKUE U BHyTpeHHHE coObiTus [10]. Tlepexon cerun u3
OJIHOTO COCTOSIHHSA B JPYroe OOYyCIIaBIMBAeTCS OTPAHMYCHMSMH Ha IapaMeTphbl BXOIIIUX H
UCXOMAIIMX PAa3sHOPOIHBIX BHEPreTHYecKux IotokoB. Beenenne B ®II normueckux onepaTopos
[03BOJISIET CTPOUTH HELM(DPOBBIE KOHEYHBIE ABTOMATHI C COOBITHIHBIM aIapaTHBIM yHIPaBICHHEM
AITOPUTMaMH PELICHHs 3a/1a4.

OnementHast 6aza AK®C- xoHTHHYyadbHble mpoueccopsl [11], obbemuusiomue 00pabOTKy
QHAJIOTOBBIX CUTHAJIOB M JIOTHYECKHIl aHAIN3 JaHHBIX.

Ilpumeps cosmanus Ha 06aze AK®DC aBTOMaTMYeCcKHX YCTPOMCTB, JIEMOHCTPUPYIOT
HPEUMYIIECTBA NEPEXo/ia OT LUMPOBBIX CUCTEM K aHAJIOTOBBIM METOJAM.
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Analog cyber-physical networks of interacting processes in technical systems
Dembitsky N.L.
MAI, Moscow, Russia

Improvement of microcontrollers [1, 2] has created conditions for the development of embedded
systems [3, 4] in the direction of integrating computations and physical processes. The report
examines a model of a technical system in the form of a network of physical processors (PP), which
are considered not as accelerators of computations [5], but as components of logically connected
processes of energy conversion of aggregates. A promising area of application of such networks is
microelectromechanical systems [6, 7], combining microelectronic and micromechanical
components

The transition from hybrid cyberphysical systems [8, 9] to analog functional-logical processing
of the states of energy flows transmitted between PPs is proposed. The operation of an analogue
cyber-physical network (ACPN) is determined by the behavior of components in response to
emerging external and internal events [10]. The transition of the network from one state to another
is conditioned by restrictions on the parameters of incoming and outgoing heterogeneous energy
flows. The introduction of logical operators into PP makes it possible to create non-digital finite
state machines with hardware event control.

The element base of the ACPN is continuous processors that combine analog signal processing
and logical data analysis.

Examples of creating automatic devices on the basis of ACPN demonstrate the advantages of
switching from digital systems to analog methods.
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B Hacrosiiee BpeMsi B MPOU3BOACTBE OCCIHMIIOTHBIX JieTaTeNbHbIX ammaparoB (BIIJIA) naxomut
MIMPOKOE PACIPOCTpaHEHHE aJAUTHBHBIC TEXHOJOIHH, KOTOPHIC IO3BOJIOT IOTy4aTh ACTalH H
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y3/Ibl TpaKTHYECKHM M000i reomerpun. Hambonee pacnpocTpaHeHHOH —Pa3HOBUIHOCTBIO
anIMTUBHBEIX TexHonoruil sisercss FDM 3D-meuats. FDM (Fused Deposition Modeling) 3D-
IIeYaTh — TO TEXHOJIOTUS MOTyIEHHS TPEXMEPHBIX AeTallel IyTeM MOCIOHHOr0 HAILIABICHUS HUTH
13 NOJMMEPHBIX MaTepuaios (duaamentos) [1].

B npoussoactee BIIJIA FDM 3D-neuars riiaBHbIM 00pa3oM HCHONB3YIOT Ul M3TOTOBIICHHS
miaHepa. B kadecTBe MaTepHaoB OOBIMHO CIIyXaT IOIMMEPHBIE KOMIO3HIHOHHBIE MaTepHAbL.
Ho HeoOxoanmMo OTMETHTB, YTO BO BpeMs 3D-neyaTn Bo3HHKAIOT pasnuuHoro pona aedexrsl. Kak
TI0Ka3aJia NPaKTHKA, 1e(eKThl BOSHUKAIOT U3-32 HEKOPPEKTHBIX BBEJICHHBIX 3HAYEHUI ITapaMeTpoB
FDM o0opynoBaHusi M TEXHOJOTMYECKMX pPEXUMOB 3D-medard, Takux Kak TeMmIeparypa
SKCTpyZepa, TeMIeparypa pabouero crona, CKopocTs 3D-meyaT, CKOPOCTh HaJULyBa BEHTHIATOPA
B 00/1acTh T1€YaTH, IUAMETP COILIA, TONIHHA ci1os U T.A. Kpome Toro, HE06X0MMO OTMETHTB, YTO
KOMOMHANUs yKa3aHHBIX MapamMeTpoB Uit 3D-medaTtH MOryT BBLAATh aOCONIOTHO Pa3HOTO poja
KAuecTBAa HAIEYaTaHHBIX JIETaJeld M Y3JIOB, YTO 3HAYUTENBHO 3aTPYAHSAECT PabOTy HHIKEHEpPOB-
TEXHOJIOTOB M OIIEPaTOPOB aYIUTUBHOTO 000PYIOBaHHS.

VYuutsiBas BBINICYKA3aHHOE, BO3HUKIA HEOOXOAMMOCTH CO3JaTh MOJENb IIPOTHO3UPOBAHUS
(IPEeAUKTUBHYIO MOJENb) KayecTBa HameyaTaHHBIX neTaneidd u y3nmoB BIUVIA B ycnoBusix
aJUINTHBHOTO TIPOU3BOJICTBA HA OCHOBE MammMHHOro oOydenus (Machine learning). B kauectse
Habopa naHHeIX (Data set) mmsi MamMHHOTO OOy4eHHS HCIIOIb30BAaHBI OKCIEPUMEHTAIbHBIC
JIaHHBIE, TOJYYCHHBIC HAMM B pe3yJbTaTe MHOTOKPATHBIX OINBITOB Ha pobacTHocTs FDM 3D-
nevaty wianepa BITJIA u3 nonumepHoro xommosutHoro mMarepuana — Carbon Fiber (PLA + 25%
Carbon) va FDM 3D-npunrepe ¢ KapTe3MaHCKON KuUHeMaTukoil. [lymst pa3paboTku Mopenu
ucnonb3oBaH s3blk Python 3.6 ¢ wucnonb3oBaHmem Moxynst Linear regression (uHeitHas
perpeccusi). SI3pik  Python sBisiercss  BBICOKOYPOBHEBBIM  SI3BIKOM — IPOrPaMMHPOBaHHS  C
JIMHAMHYECKOW CTPOTOM THIM3aIMel U IUPOKO HcIoib3yeTcs B obnactsix Data Science (Hayka o
naHHBIX) 1 Machine learning. JInHeiiHas perpeccust — perpeccHOHHask MOJIENb 3aBHCHMOCTH OJIHOH
(3aBUCHMOM) TIEPEMEHHOW Yy OT APYroil WIM HECKOJIbKUX IPYTHX IEePEeMEHHBIX (HE3aBUCHMBIX
MEPEMEHHBIX) X C JIMHEHHOH (QYHKIMEH 3aBUCUMOCTH.

Pa3paboranHas Mozenb NpOILUIA anmpoOalio MO MPOTHO3UPOBAHUIO CIEIYIOIIUX MapaMeTpoB
kadyectBa maHepa BIIJIA: mepoxoBaTocTh M TOYHOCTH PACCTOSIHHA MEXKAY OTBEPCTUSMHU.
JlanpHeiiye HCCIEAOBAHUS HAIPABICHB! HAa IIPOBCACHHE JOMOIHUTENBHBIX YKCIIEPHMEHTOB UL
BBIABJIEHHS 3aBUCHMOCTM BXOJHBIX IIEPEMEHHBIX M JIONOJHHUTEIbHBIX IIPOTHO3UPYEMBIX

IIapaMeTpoB  KauecTBa (BOJHUCTOCTh — BOJHOOOpDAa3HOE OTKIOHEHHE IIOBEPXHOCTH) C
[OCITEAYIOIIMM HX BBOJOM B MOJIEJIb IPOTHO3HPOBAHUS.
Jlureparypa:

1. R. S. Zagidullin, N. 1. Zezin and N. V. Rodionov Improving the quality of FDM 3D printing of
UAV and aircraft parts and assemblies by parametric software changes // IOP Conf. Ser.: Mater.
Sci. Eng. 1027 (2021) 012031. DOI:10.1088/1757-899X/1027/1/012031.

Application of machine learning to predict the quality parameters of UAV parts and
assemblies in additive manufacturing
Zagidullin R.S., Rodionov N.V.
Samara University, Samara, Russia

Currently, additive technologies are widely used in the production of unmanned aerial vehicles
(UAVs), which make it possible to obtain parts and assemblies of almost any geometry. The most
common type of additive technology is FDM 3D printing. FDM (Fused Deposition Modeling) 3D
printing is a technology for producing three-dimensional parts by layer-by-layer fusing of a
filament from polymer materials (filaments) [1].

In the production of UAVs, FDM 3D printing is mainly used to make airframes. The materials
are usually polymer composites. But it should be noted that during 3D printing, various kinds of
defects occur. As practice has shown, defects arise due to incorrect entered values of the FDM
printer parameters and 3D printing technological modes, such as extruder temperature, desktop
temperature, 3D printing speed, fan blowing speed into the printing area, nozzle diameter, layer
thickness, and etc. In addition, it should be noted that the combination of these parameters for 3D
printing can produce completely different kinds of quality of printed parts and assemblies, which
significantly complicates the work of process engineers and operators of additive equipment.
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Considering the above, it became necessary to create a model for predicting the quality of printed
parts and units of UAVs in conditions of additive manufacturing based on machine learning. As a
dataset for machine learning, we used the experimental data obtained by us as a result of multiple
experiments on the robustness of the FDM 3D printing of the UAV airframe from a polymer
composite material - Carbon Fiber (PLA + 25% Carbon) on an FDM 3D printer with Cartesian
kinematics. To develop the model, the programming language Python 3.6 was used using the
Linear regression module. The Python programming language Python is a dynamically strongly
typed high-level programming language that is widely used in the fields of Data Science and
Machine learning. Linear regression is a regression model of the dependence of one variable y on
another or several other variables x with a linear dependence function.

The developed model has been tested to predict the following parameters of the quality of the
UAV airframe: roughness and accuracy of the distance between the holes. Further studies are aimed
at conducting additional experiments to identify the dependence of the input variables and
additional predicted quality parameters (waviness — undulating surface deviation) with their
subsequent input into the forecasting model.

References:

1. R. S. Zagidullin, N. 1. Zezin and N. V. Rodionov Improving the quality of FDM 3D printing of
UAV and aircraft parts and assemblies by parametric software changes // IOP Conf. Ser.: Mater.
Sci. Eng. 1027 (2021) 012031. DOI:10.1088/1757-899X/1027/1/012031.

Hcnonb30BaHne ¢BEPTOYHBIX HEHPOHHBIX CeTell 11 PacO3HABAHUA PYKONMCHBIX
CHMBOJIOB
MBanora H.A., Ky6anckux O.B., bennax B.A.
BI'Y, r. Bpsuck, Poccus

Ilpobnema pacrno3HaBaHWS PYKONMCHBIX CHMBOJIOB BCEria OyIeT OCTaBaThCsl OIHOH U3
aKTyalnbHBIX 3a7ad. OCOOEHHO JTO aKTyalbHO IPH OOYYCHHH IHCHMY JAETEH MOMIKOIBHOTO
BO3pacTa M MIAJIIEr0 MIKOJBHOIO BO3pPAacTa, a TakKe NPHU KOPPEKLUHM IOYepKa y pasHbIX
BO3PACTHBIX IPYIIIL.

ANTOPUTM CBEPTOUYHBIX HEHPOHHBIX CeTel HA CTaAUH OOydYECHHS HA BXOJHOU CIOU IOTydaeT
Habop M300paXECHHIA, HA KOTOPBIX aBTOMATHYECKH OMPECIAIOTCA OTIHYUTEIbHBIC OCOOCHHOCTH,
HCIIONB3YEMBIE B IIOCIIEAYIOIIEM ULl ONIpeie]IeHHs] HAIMCAaHHBIX CHMBOJIOB.

Hammcanneli monb3oBaTelieM CHMBOJN MOJAaeTCs Ha BXOA HEHpOceTH UL PacIIO3HABAHUSL.
KaxnoMy cuUMBOIy B HEHpPOCETH COOTBETCTBYET YHUKAIBHBIA HWHJAEKC, Hampumep, Iudpam
COOTBETCTBYIOT MHAEKChl oT 0 10 9, 3arigaBHBIM OyKBaM pyCCKOro andaBHTa COOTBETCTBYIOT
unzpekcs! ot 10 1o 42. [Ipu HEOOXOAUMOCTH PacIO3HATh CHUMBOJ, PUCYHOK C OOJIACTH PUCOBaHHUS
coxpaHsiercs B (aiin, KOTopslil nepenaercs B nporpammy. daiin npeobpazoBbIBacTCs B MacCHB
naHHbIX: 0 — mycToit niy Oenblii MUKcenb, a 1 — MHKCeNb, UMEIOIIUI LIBET.

Ilocne nmaHHOH omepanuy MAacCHB MepefacTcs Ha BXOA HEHPOHHOW CeTH, KOTopas IpH
HPOXOJKJICHUH AAHHBIX 110 CJIOSM PacCUHUTBIBACT CPEHHUI BEC M ONPEACIACT HHAEKC H300paKeHHUs.
CpaBHMBas HHEKC PACHO3HAHHOTO CHMBOJIA C UMEIOIMMUCS B 6a3e 3HAHUH, BBIIAETCS COOOLICHHE
0 IPaBUILHOCTH HAMCAHHOTO CHMBOJIA.

Ilpu yBenuueHun oOyvaromiedl  BBHIOOPKH — 3HAUUTEIBHO PAcTET MPOLEHT TOYHOCTH
pacro3HaBaHMs, NIPH YEM BpPEMs BBINOJHEHHs IOBBIIIAETCS HE3HAUMTENBHO, YTO IOKa3bIBAeT
9(p(EKTUBHOCT, CO3MAaHHOM HEHPOHHOH ceTH. TodHOCTH KiaccuuKaTopa Ha OCHOBE
pa3paboTaHHOi cBEPTOUHOI HepoHHOI ceTn coctaBuia 93% npu obyuaromeid Beiobopke B 10000
JJIEMEHTOB.

Pa3paboTaHHBI aNrOpUTM CIIOCOOCH YCIICNIHO PAclO3HABATh CUMBOJNBI M MOXET, HCIOIb3Ys
OIMCAHHBIN BBIIIE MPOLIECC 00YUCHHs HOCTOSHHO COBEPIICHCTBOBATHCS.

Jlureparypa:
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3. Jle Manp Xa. CBéprouHas HEHpOHHAst CeTh IS PEIICHUs 3a7aud KiaccHUKauuu. Tpymsl
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4. Asapos U.C., Ilpoxomens A.C. CBepTouHble HEHPOHHBIC CETH I PACIIO3HABAHUS
n3oOpaxenuii. [llecras MexayHaponHas HaydHo-npakTHdeckas koHdpepenius «BIG DATA and
Advanced Analytics. BIG DATA u aHanu3 BBICOKOro ypoBHs», MuHCK, Pecybinka Benapycs,
¢.270-280.

Using convolutional neural networks to recognize handwritten characters
Ivanova N.A., Kubanskikh O.V., Bednazh V.A.
BSU, Bryansk, Russia

The problem of recognizing handwritten characters will always remain one of the most urgent
tasks. This is especially true when teaching writing to children of preschool age and primary school
age, as well as when correcting handwriting in different age groups.

The algorithm of convolutional neural networks at the training stage receives a set of images for
the input layer, on which distinctive features are automatically determined, which are subsequently
used to determine the written characters.

The character written by the user is fed to the input of the neural network for recognition. Each
character in the neural network corresponds to a unique index, for example, numbers correspond to
indexes from 0 to 9, capital letters of the Russian alphabet correspond to indexes from 10 to 42. If it
is necessary to recognize the symbol, the drawing from the drawing area is saved to a file that is
passed to the program. The file is converted to an array of data: 0 is an empty or white pixel, and 1
is a pixel that has a color.

After this operation, the array is passed to the input of the neural network, which, when passing
data through the layers, calculates the average weight and determines the index of the image.
Comparing the index of the recognized symbol with those available in the knowledge base, a
message is issued about the correctness of the written symbol.

As the training sample increases, the percentage of recognition accuracy increases significantly,
while the execution time increases slightly, which proves the effectiveness of the created neural
network. The accuracy of the classifier based on the developed convolutional neural network was
93% with a training sample of 10,000 elements.

The developed algorithm is able to successfully recognize characters and can be constantly
improved using the learning process described above.

HpenTuduxanus ¢ nOMOLILIO CIIEKI-H300paxkeHu i, MOJTy4eHHbIX HA 0CHOBEe KBAHTOBBIX
CBOWCTB KOT€PEHTHOT'0 H3JTy4eHHs!
"Mmommenko B.B., *Kykun H.C., *Hukutun A K.
'MAWU, r. Mockaa, Poccust
MOV «MU®», r. Cepryxos, Poccus

OCHOBHOI TIPOOIEMOi CHCTEM MACHTU()UKALNY SBIACTCS BO3MOXKHOCTh KOITHPOBAHHS KIIHOYa-
ujaeHTH(GHUKATOpa I TONYYCHHUS HECAHKIMOHMPOBAHHOro nocTyna. [IpuMeHeHHe B KadecTBe
KIII04a HOCHTENS ONTHYCCKHX (PU3MYCCKM HEKIOHMPYEMBIX (YHKLIHMH MO3BOJISACT HCKIIOYHUTH
BO3MOXHOCTh €r0 KOIMPOBAHMS LEHOW YCIOKHEHMS KaK alllapaTHOM, TaK M IIPOrPaMMHO
MaTEeMaTHYECKOi YaCTH CHCTEMbI HIACHTH(QUKALINH.

Ontuyeckne (U3MYECKH HEKIOHHpYeMble (YHKUUM SBISIOTCS CIICKI-M300pQKCHUSIMH U, B
cllyyae TOJNYYCHHS ITyTeM HPOXOXKJICHUS KOTEPEHTHOrO M3IIYYCHHS dYepe3 MHOIyNpO3payHbIi
00BEKT, MPEICTABIAT COOOH HAaJIOKEHNE NPOCTPAHCTBEHHBIX MOJ KOTEPEHTHOTO M3IIYYCHHS C
CBETOTCHEBBIM OTIIEYaTKOM MAaKpO- M HHTEP(EpPEHIMOHHON KAapTHHON Ha MHKPOCTPYKTypax
HOJIYIIPO3payHoro o0bekta. TakuM 00pa3oM, CHEKI-H300paKeHHs SBISIIOTCS CIICACTBHEM Kak
KJIACCHYECKHMX, TaK ¥ KBAaHTOBBIX IIPOLECCOB B3aMMOACHCTBUS KOTEPEHTHOIO H3IIy4eHHs C
[OJIYIIPO3PAYHbIM BEIIECTBOM, YTO IO3BOJSCT TAPAHTHPOBATH IPAKTHYECKYIO HEBO3MOXXHOCTH
co3aHus ero pu3ndecknx Konwuit. YacTo CHex-n300pakeHns pacCMaTPUBAIOTCS B KAYECTBE IIyMa
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[1]. LlymomomoOHBIi  XapakTep IO3BOJSET  pPAacCMaTPHBATh  ONTHYECKUE  (HH3UUCCKU
HEKJIOHUpYeMble (YHKIUH KaK XOPOIIYIO OCHOBY JUISl CO3JaHUsI CUCTEM MAeHTUdHKaumH [2].

ANropuT™M H3BICYCHHS HACHTH()HKALMOHHON HHGOPMALMK M3 CIEKI-H300paKCHHUs KIIF0Ya-
naeHTHOHUKATOpa MOXET OBITh IMOCTPOEH O3 NPHUMEHEHHs MpOLEIYpPbl CPABHEHHs JAHHOTO
n300paeHHs C 3TAJIOHAMU, 3apaHee 3aIMCaHHBIMU B 6a3y JaHHBIX [3]. DTO M0O3BOIAET OTKA3aThCA
OT XpaHEHWs] OTAJOHHBIX H300PKEHMI, WCKIIOYas TaKUM OOpa3oM BO3SMOXKHOCTH —HX
HECAHKI[MOHUPOBAHHOTO KOIMPOBAHHS M MCIOJIB30BAHMS JUIS MOJyYEHHS! HECAHKLIMOHUPOBAHHOTO
JIoCTyma.

Cuctempl UACHTUGHKALMK, TOCTPOCHHBIE Ha O00pa0OTKe CHEKI-M300paKEHHH KII0Ya-
UJICHTH(HHUKATOPA, TTO3BONISAIOT HCKIIOUHTh BO3MOXHOCTD MOJICIKU HIIM KOITMPOBAHHS KIIFOYa, YTO
MHOT'OKPATHO IOBBILIACT 3aIIUTY OT HECAHKIIMOHUPOBAHHOTO JIOCTYIIA.
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WncTuTyTa nmxeHepHoi ¢usuku, 2019. Ne 3 (53). — C. 52-55.
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Identification based on speckle images obtained using the quantum properties of coherent
radiation
Tlyushchenko V.V., 2Kukin N.S., 2Nikitin A.K.
'MAI Moscow, Russia
’Institute of Engineering Physics, Serpukhov, Russia

The main problem of identification systems is the ability to copy the identification key to obtain
unauthorized access. The use of optical physical unclonable functions (PUF) as an identification
key excludes the possibility of copying the key but it leads to increasing the complexity both the
hardware and software of the identification system.

Optical PUF are speckle images and if obtained by passing coherent radiation through a
translucent object they represent the superposition of spatial modes of coherent radiation with a
light-shadow imprint of a macro- and interference pattern of the micro-structures of a translucent
object. Thus, speckle images are a consequence of both classical and quantum processes of
interaction of coherent radiation with a translucent substance. This fact guarantees the practical
impossibility of creating its physical copies. Speckle images are often regarded as noise [1]. The
noise-like nature allows us to consider optical PUF as a good basis for creating identification
systems [2].

An algorithm for extracting identification information from the speckle image of the
identification key can be constructed without using the procedure for comparing this image with the
standards previously recorded in the database [3]. This makes it possible to abandon the storage of
reference images and to exclude the possibility of their unauthorized copying and use to obtain
unauthorized access.

Identification systems based on the processing of speckle images of the identification key allow
to exclude the possibility of copying the key, which greatly increases the protection against
unauthorized access.
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HcnoJp30BaHue CBEPTOYHBIX HEHPOHHBIX ceTeil 111 00pa30B 00LEKTOB Ha CITyTHHKOBBIX
CHHMKAaX
'Kacarukos H.H., Bpexos O.M., 'Kenaunos C.A., 'Tomozos O.A., 'Ilu6un A.B.
'"HUU TII, 2MAU, T. Mocksa, Poccus

Jlns pacrno3HaBaHUs 0OBCKTOB MECTHOCTH Ha CITYTHUKOBBIX H300pa)KEHHSIX OBLIO HCIIOIB30BAHO
HECKONbKO MeTofoB. Ilo pesymbTaTaM MHOIMX MCCJIEIOBaHU B TOM 4HCIEe M HallHX,
OIyOJINKOBAaHHBIX HA KOH(pepeHIIMH ABHaLus 1 KOcMOHAaBTHKA 2019 ObUIM MOy4EeHbI pe3yIbTaThl,
MOKa3bIBaIOLIME ONPABJAHHOCTL BEIOOPA METO/Ia CBEPTOUYHBIX HEHPOHHBIX ceTel.

B paGote, npoTecTHpOBaHbI YEThIPE TEXHOIOIMH PAclO3HAaBaHUs 00pa3oB: alroput™ Buoisl-
Jxonca, SURF-kackan, anroputm PICO u cBepTouHBIC HelipoHHBIE ceTH. Ha ceroqHsmHuii 1eHb
CBEPTOYHBIE HEHPOHHBIE CETH MOIYYHIM JOCTATOYHO INMPOKOE PACIPOCTPAHEHHUE U MOKA3bIBAIOT
JIOCTATOYHO ~yOemuTenbHble pe3yabTaTl. HeMHOro pasMbiThie H300pakeHHs, a TaKKe
n300paXKeHUs] B HU3KOM KadecTBE HE SIBIAIOTCS IPErpafoil A CBEpTOYHBIX HEHPOHHBIX ceTeil.
Hcnonp30BaHue HEHPOHHBIX CETEH MO3BOJIAET YCKOPHUTH MPOLIECC U Ka4eCTBO OYJET BBILIE.

Co3naB 0a3y JaHHBIX W3 3aJaHHBIX OOBEKTOB, MBI MOTy4aeM OBICTPHIC U TOYHBIC PE3YJIBTATHI,
TOYHOCTH KOTOPBIX MOXKET JOXOIUTh 10 90%, BCe 3aBUCHUT OT IOIHOTHI Oa3bl.

Msl B Hamel paboTe MCmonb3oBany A3blkH Python u3-3a ero OBICTPOTHI M HOMYISIPHOCTH Ha
JlaHHBI# MOMEHT. Tak jxe ObUIM NpOBEIEHbI TECTOBbIE PaboThl Ha s3bike C#. bubmmuorexw,
ucnons3yemsie B padote Keras u TanserFlow.

Ilpu pacrosHaBaHMm 00pa3oB OOBEKTOB MOXET IPHUMEHSTHCS  HECKOIBKO  BHJIOB.
Knaccudurauus no Qopme, MONOKEHUIO WIM 1O LBETy. B Hamell pabore Mbl 3aHHMaeMcs
knaccudukanueii o0bekToB 1m0 (Qopme, IOTOMy YTO cUuTaeM Oojee MOAXOMAIIUM IS
AHTPOIOTEHHBIX COOPYKEHHUI.

IlpaBunbHO W OBICTPO pACIO3HAHHBIE 3[AaHHSA, B TOM 4YHUCIE OOBEKTHI 3IPaBOOXPAHCHHS,
CIIOPTUBHBIC COOPYXKCHHS, OOBEKTHI DHEPIeTHKH, THIAPOIIEKTPOCTAHIUHM MOTYT IOMOYb KaK
MOJKHO OBICTpEE BBINOIHUTH MOCTABICHHbBIC 33a1a4l, KOTOPbIE MOTYT YIIYHYIIHTh Ka4eCTBO JKH3HU
nmoael.

Ilpu pacmosHaBaHuM 00pa30oB  OOBEKTOB MOXET HPHMCHSATHCS HECKOIBKO  BHJIOB.
Knaccndurauus no Qopme, MONOKEHUIO WIM 1O LBETy. B Hamell pabore Mbl 3aHHMaeMcs
Kinaccudukameil o0bEKTOB 10 (GopMe, MOTOMY YTO CUHMTAacM Oojee IOAXOMAIIMM IS
AHTPOIOTCHHBIX COOPY KEHHUH.
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Using convolutional neural networks for object images in satellite images
'Kasatikov N.N., 2Brekhov O.M., Jelannov S.A., !Gomozov O.A., Cibin A.V.
INII TP, Moscow, Russia
MAI, Moscow, Russia

Several methods have been used to recognize terrain objects in satellite images. According to the
results of many studies, including ours, published at the conference Aviation and Cosmonautics
2019, results were obtained showing the justification for choosing the method of convolutional
neural networks.

In the work, four image recognition technologies were tested: Viola-Jones algorithm, SURF-
cascade, PICO algorithm and convolutional neural networks. Today, convolutional neural networks
are widely used and show quite convincing results. Slightly blurry images, as well as images in low
quality, are not an obstacle for convolutional neural networks. The use of neural networks allows
you to speed up the process and the quality will be higher.
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Having created a database from the given objects, we get fast and accurate results, the accuracy
of which can reach up to 90%, it all depends on the completeness of the database.

We used Python languages in our work because of its speed and popularity at the moment. Test
work was also carried out in the C # language. Libraries used by Keras and TanserFlow.

When recognizing object patterns, several types can be used. Classification by shape, position or
color. In our work, we are engaged in the classification of objects by shape, because we consider it
more suitable for anthropogenic structures.

Correctly and quickly recognized buildings, including healthcare facilities, sports facilities,
energy facilities, hydroelectric power plants, can help to complete tasks as quickly as possible,
which can improve the quality of life of people.

When recognizing object patterns, several types can be used. Classification by shape, position or
color. In our work, we are engaged in the classification of objects by shape, because we consider it
more suitable for anthropogenic structures.

MaTeMaTH4ecKoe MO/eJTHPOBAHHE AJTOPUTMOB alalITHBHOT0 KOH(UIypUpOBaHHSs
0opTOBOIi CHCTEMBI BHIEOKOHTPOJIsS
Kmumos 1.1, I'y6aiinymun U.P., Bupscosa A.1O., Mamenos T.T.
AO «PKC», r. MockBa, Poccust

B HacTosimiee BpeMs aKTHBHO PA3BUBAKOTCS CHCTEMBI BHACOKOHTPOJS, KOTOPBIC MTO3BOJISIIOT
OCYIIECTBIATh BUJCOHAOIIONCHNE TEXHOJIOTHYECKUX MPOLECCOB MPOMCXOMAIUX Ha OopTy
KOCMHYECKHX alllapaToB M pakeT-Hocurtened. OIHMMM M3 BaKHEHIINMX XapaKTEPHCTHK TaKOW
CHCTEMBI SIBJIIOTCS. HHOPMATHBHOCTD M BEPOSITHOCTH OUTOBOW OLIMOKH.

O6nazaHue CBOMCTBOM  aJaNTUBHOCTH  CHCTEMbl  BHJCOKOHTPOIS ~ MOXKET  YIYYIIHTh
BBIIICYKa3aHHbIe XapakTepucTuku. C 3TOH Henbio B mporecce (QYHKIHOHHPOBAHHUSA CHUCTEMBI
HE0OXOAMMO 00ECTICYNTh HEPEPHIBHOE H3BICYCHNE TEKYIIeH HH(OPMALHN O COCTOSHUH CHCTEMBI
U WUCIOJB30BaHME €€ I INEepeKOH(PUIypHpOBAaHMS MapaMeTpoB (OPMHUPOBAHMS M IIepenadu
JIAHHBIX.

TakuM 00pa3oM, CYLIECTBYET HEOOXOAMMOCTH pa3pabOTKH alrOpUTMOB, KOTOpbIE OyayT
ONpeneNnaTh crnocod (pOpMHUPOBAHUS JaHHBIX, U3MEHATH MapaMeTphl BHICOKaMepHI (pa3pelieHue,
4acToTa KaApOB) M IIEPENAOIIEr0 YCTpOHCTBA (THII MOAYISIMH M HOMEXO3AIMIICHHOTO
KOAMPOBAHMsI) B 3aBHCHMOCTH OT IIapaMETPOB IIEPEHAIOIIET0 YCTPOHCTBA H H3MEHCHHNH
HN300paKeHHUSI.

Jlns o6paboTKH M aHaIM3a M300paXKEHUH MPUMEHSETCS aIrOPUTM, LIEIbI0 KOTOPOTO SBIISETCS
pearupoBaHHE Ha H3MCHEHHE LIBETOBOro OamaHca, (OKyCHPOBKH, HampaBicHHs o0030pa H
Maciitaba n300pakeHHs.

Anroput™ 00pabOTKH M aHAIM3a M300pa)xKeHUs paboTacT CIEAYIOIMM 00pa3oM: HEOOXOINMO
4TOOBI HM3HAYAJIBHO IOCTYNAAM JTaJOHHBIC M300paXKCHHs, Ha KOTOPBIX Oymer o0ydaTbcs
HelfpoHHast ceTb. 3aTeM TIIpM BO3HUKHOBCHMHM W3MCHEHWH M300pakeHUs CeTb Oyner
MH(POPMHUPOBATH OJIOK NPUHATHA PEIICHHI JUIs M3MEHEHHs ITapaMeTPOB BHJICOKAMEpBI, C KOTOPOH
MOCTYIUIIO U300paKeHUE.

CucreMa BHCOKOHTDONISI HPUMEHSS aIrOPUTMbl ANANTUBHOCTH, AHAIM3UPYET COAEPIKHMOE
n300paxeHus, ero 00beM M paspelieHHe, M 00najgas NaHHBIMHM O COCTOSHMM KaHalla Iepefayuu
JAHHBIX, pEIIAeT 3a[ady MHOrOMAPaMETPHYCCKOI aJanTaluy Ui DOCTIDKCHHUS HAMIIYdIIero
YPOBHS CBfi3M 3a cYeT BbIOOpa crocoba KOAMPOBAHUS, MOXYJSILMH, MOIIHOCTH CHTHaa,
paspelieHns H300paKeH!s BUACOKaMep, YaCTOThI KaJpoB, 00ECIeUHBAONINX HAMITYUIlIee Ka4eCTBO
[epeJaHHOTO BU/ICOIIOTOKA.
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Mathematical modeling of alghoritms of adaptive configuration on board videocontrol
system
Klimov D.I., Gubaidullin LR., Viryasova A.U., Mamedov T.T.
JSC “RSS”, Moscow, Russia

Currently, video monitoring systems are actively developing, which allow for video surveillance
of technological processes occurring on board spacecraft and launch vehicles. One of the most
important characteristics of such a system is the information content and the probability of a bit
error.

Having the adaptability property of a video monitoring system can improve the above
characteristics. For this purpose, during the operation of the system, it is necessary to ensure the
continuous extraction of current information about the state of the system and use it for
reconfiguring the parameters of data generation and transmission.

Thus, there is a need to develop algorithms that will determine the method of data generation,
change the parameters of the video camera (resolution, frame rate) and the transmitting device (type
of modulation and noise-proof coding) depending on the parameters of the transmitting device and
image changes.

For image processing and analysis, an algorithm is used to respond to changes in color balance,
focus, viewing direction, and image scale.

The algorithm is used for image processing and analysis works as follows: it is necessary that the
reference images are initially received, on which the neural network will be trained. Then, when the
image changes occur, the network will inform the decision-making unit to change the parameters of
the video camera from which the image was received.

The video monitoring system, using adaptive algorithms, analyzes the image content, its volume
and resolution, and having data on the state of the data transmission channel, solves the problem of
multiparametric adaptation to achieve the best level of communication by choosing the encoding
method, modulation, signal power, image resolution of video cameras, frame rate providing the best
quality of the transmitted video stream.

JIuneapu3anusi neaesoii GyHKIMH B PerpecCHOHHBIX 32/1a4aX MeTOA0M CHHIYJISIPHBIX
Pa3/10KeHHi
Mocun B.I'.
CamI'TV, r. Camapa, Poccus

B 3amayax mporHO3MpOBaHHS LIMPOKO HCIONB3YIOTCS METOABI JHHEiHON perpeccun (cMm [1]),
KOTOpbIE MO3BOJIAIOT Ha OCHOBAHHHU MMEIOIIEiics 00ydarolell BIOOPKHU MPOrHO3HPOBATh 3HAYCHHUE
1[e7eBOi (yHKIMHU B 3aBUCUMOCTHU OT 3HAUCHUI HaOIIogaeMbIX mpu3HaKkoB. Ho meneBast ¢yHkmus,
KaK IIpaBMJIO, HE SBIIETCS JIMHEHHOW (yHKuueid mnpusHakoB. HaoOopoT, kak mpaBWio, OHa
HenuHeiiHa. OJMH W3 CHOCOOOB TNPEOJOJIeTh HENMHEHHOCTh 1eJeBOH (YHKIHHM COCTOUT B
pa3OueHnn TNPOCTpaHCTBA OOBEKTOB Ha (parMEHTHl M IOCTPOSHMM Ha KaXIOM (parMeHTe
OT/IEbHOM MOJIENH, IIOC/I€ YEro BO3HUKAET CEpHsl JIMHEHHBIX MOJENeH, COBOKYIHOCTh KOTOPBIX
XOPOILO MPUOIIIDKALT LENEBYI0 QYHKIIHUIO.

OpnHako CIenuaaucTaM MO MAMIMHHOMY OOYYCHHIO XOPOIIO H3BECTHO, YTO TAKOE IIPOKIIATHE
pasmepHOCTHY». JlomycTuMm, 1eneBas (GyHKIHUs 3aBUCHT OT 10 MPU3HAKOB, KaXKABIH HX KOTOPHIX MBI
pasbuBaeM Ha 10 yuactkoB. Torma B mpocTpaHcTBe 00beKTOB Bo3HHKaeT lelQ ¢parmeHToB, uTo
MPUBOJMT HeoOXoaumMocTu o0yuuth lel0 moneneit. JJomycTuM Takke, 4TO Kaskaask MOJEIb YUUTCS
1 cexynny. Torga Bcst coBokynHOCTh Oyner yuutbes 1el0 cexynn. Ho sto 317 ner, u To, uro
TEOPETHYECKH JOJUKHO J1aBaTh HaM XOPOIUMH IIPOTHO3, JAET €ro B aOCONIOTHO HENpPUEMIIEMBIE
CPOKHU.

YroObl MpeojosieTh 3TO SBJIEHHE, Mbl BBINOJIHAEM CHHIYISpHOE pasnoxeHue (cm. [2], [3])
MaTpHULBl JaHHBIX (MCKIIOYas caMy LielieBylo (yHKuuio, Tonpko mpusHaku) X = UXV-1, mocne
9ero B KauecTBE HOBBIX NMpU3HAKOB BbIOHpaeM X’ = UX. 3xech CTONONBI IPU3HAKOB yHOPSAOICHEI
[0 CTapIIMHCTBY CHUHTYISAPHBIX 3HaueHuH. I109ToMy I KaueCTBEHHOTO IPOTHO3a C BBICOKUM
K03 (UIMEHTOM JIeTEPMUHALMN HaM JOCTATOYHO Pa3OMTh HA y4aCTKHM JIMIIb IIEPBBIC HECKOIBKO
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HpHU3HaKoB. Pa30Kenye 0{HOro WM JIBYX CTapIIMX NPU3HAKOB, KaK MPAaBHUIIO, JaeT CYIIECTBEHHYIO
pHOaBKy TOYHOCTH MPOTHO3a.
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Linearization of the target function in regression problems by the SVD method
Mosin V.G.
SamGTU, Samara, Russia

In forecasting problems, linear regression methods are widely used, which make it possible to
predict the value of the target function depending on the values of the observed features based on
the available training sample. But the target function is usually not a linear feature function. On the
contrary, as a rule, it is nonlinear. One way to overcome the nonlinearity of the target function is to
divide the object space into fragments and build a separate model on each fragment, after which a
series of linear models arises, the combination of which approximates the target function well.

However, machine learning experts are well aware of what the "curse of dimensionality” is. Let's
say that the target function depends on 10 features, each of which we divide into 10 sections. Then
lel0 fragments appear in the object space, which leads to the need to train 1el10 models. Let's also
assume that each model learns for 1 second. Then the whole population will learn 1e10 seconds.
But this is 317 years, and what should theoretically give us a good forecast, gives it in an absolutely
unacceptable time frame.

To overcome this phenomenon, we perform a singular value decomposition of the data matrix
(excluding the target function itself, only the features) X = UXV, after which we choose X’ = UX'
as the new features. Here, the feature columns are ordered by the seniority of the singular values.
Therefore, for a high-quality forecast with a high coefficient of determination, it is enough to divide
only the first few features into sections. Splitting one or two features, it gives a significant increase
in the accuracy of the forecast.

O noBbIIIEHHH HA/IEKHOCTH CAMOMAPUIPY TH3HPYIOLIErocsi aHAI0ro-uu(poBoro
npeodpa3oBaTesisi HA OCHOBE HEHPOHHOIT ceTn
HabopumkoB A.A., FOxkakoB A A.
TTHUITY, r. [Tepms, Poccust

PabGora mocBsimeHa pa3paboOTKe MeTOAa, MOBBIIAET KadeCTBO M HAJECKHOCTh PabOThI
camomapmpytusupyromerocss ALl na ocuoe meiiponnoit cetn (CAILIlI HC) [1]. CALII HC
no3possier peanusoBark ALl morokoBoit nuHamuyeckod apxutektypsl (ITJA), 4ro mosBosser
U3MEHSTh Pa3psAHOCTh MPOBOIMMOTO Pe0Opa30BaHus, PEryIUpyst CKOPOCTh 00pabOTKH BXOJHOTO
curHana [2].

Crpykrypa CALII HC onucana B [3], npuHIUITEI caMOMapIIpyTU3alMy onucansl B [1], a MeTox
«IX0-JIoKaum» B [4].

B paborte [5] npennoxkeH MeTos Houcka, otkasasmiero OMH, Ha ocHOBe aHanM3a 3ampemIeHHBIX
coctosHMil. B HacToslee BpeMs JOCTaTOYHO MOIYJSPHBI HMPHHIMIBI KaITHOPOBKH 3JIEMEHTOB
AIIII, T.K. OHM TO3BOJIAIOT OLIEHMBATh UX COCTOSHHME U KOPPEKTHPOBATH COOTBETCTBYIOLIME BECA.
Apxurextypa CAIIl HC ¢ peann3oBaHHBIM METOJOM «IXO-JIOKAIUH» II03BOISIET OPraHU30BATH
MaXOPHUTapHYyI0 cucTeMy IyreM QopmupoBanus tpex WALl B pamkax 00pabOTKH OZHOrO
curHana. CpaBHEHHME B TakoM MaXXOpUTApHOW cucreme Ipous3Boxurcss Ha ypoBHe OMH,
OTBEYAIOIMX 332 OJHHM U Te XK€ Pas3psabl, a He Ha ypoBHe N-OHTHBIX IHGPOBBIX YuCel. OTO
MO3BOJISIET ONEPATHBHO KOPPEKTUpPOBaTh Bec BhyeneHHoro OMH Ha 3amaHHYIO BeNHYMHY, IPH
BBIIBJICHHH PAcCOTJIaCOBAHMS B MPOLECCE AMArHOCTHKH. Ecin MHTEerpaibHasi BEIMYNUHA HONPABKH
MIPEBBIIIACT IOPOrOBOE 3HaUeHHMs, TO NanHblii OUH dopmupyer daar HencnpaBHOCTH.

Takum 06pa3oMm, MomydaeM CUCTEMY C MOBBIIICHHBIM YPOBHEM HAJCKHOCTH, KOTOpAs MO3BOJISIET
JIMarHOCTHPOBAaTh OTKAa3 M aJaNTHPYeTCs K HEMY IOCPEACTBAM KAIHOPOBKH HIIM OTKIIFOYCHUS
meucnpaBasix OMH. HemoctaTkoM cHCTeMBI SBISIeTCS HEOOXOAMMOCTb HMETh Ooibliee
xomuaectBo OMH mis Bo3amMoxHOCTH (hopMupoBaHUs MaxkopuTapHbIX MATIIL.
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On increasing the reliability of a self-routing analog-to-digital converter based on a neural
network
Naborshchikov A.A., Yuzhakov A.A.
PNRPU, Perm, Russia

The work is devoted to the development of a method that improves the quality and reliability of a
self-routing ADC based on a neural network (SRADC NN) [1]. SRADC NN allows to implement
the ADC of the streaming dynamic architecture (SDA), which allows you to change the bit depth of
the conversion, adjusting the processing speed of the input signal [2].

The structure of the SRADC NN is described in [3] (Figure 1), the principles of self-routing are
described in [1], and the “echo-location” method is described in [4].

In [5], a method of searching for a failed BMN is proposed, based on the analysis of forbidden
states. At the present, the principles of calibration of ADC elements are quite popular, since they
allow assessing their condition and adjusting the corresponding weights. The architecture of the NN
SADC with the implemented "echo-location" method allows to organize a majority system by
forming three IADCs within the framework of processing one signal. Comparison in such a
majority system is performed at the level of the BMN, which are responsible for the same bits, but
not at the level of N-bit digital numbers. This allows to quickly adjust the weight of the selected
SPE by a given value, when a mismatch is detected in the diagnostic process. If the integral value
of the correction exceeds the threshold value, then this BMN generates a fault flag.

Thus, a system with an increased level of reliability is obtained, which allows not only
identifying a failure, but also adapting to it by means of calibration or disconnection of faulty
BMNs. The disadvantage is the need to have a larger number of BMNs to be able to form majority
IADCs.

Iosbimenue oTka3oycroifunBocT CAY ¢ NOMOLIBIO IPUMEHEHHUs AITOPUTMOB
HCKYCCTBEHHOI'0 HHTEJLIEKTA
'Ocranenxo C.B., 2JOxakos A.A.
'OJIK-CTAP, 2ITHUILY, r. ITepmb, Poccus
Pa3paboTunky aBHALMOHHBIX JBHMTaTeleH IIOCTOSHHO YCIOXHSIOT YCIOBHS SKCIUTyaTallHH,
MOBBIIAIOT TpeOoBaHus K CAY 1O ypOBHSIM CTOMKOCTH BO3ACHCTBHUS BHEHIHHX BO3MYIIAIONINX
tdaktopoB. Ilpu 3TOM Tpebyemble IIOKa3aTeNH HAASKHOCTH TOJIBKO YBEIMYHBAIOTCS.
CrnesioBaTesibHO, O'POMHYIO Ba)KHOCTb IOJIydaeT crocoOHocts CAY rapaHTHpOBaHHO 00eCHeunTh
[IPO/IOJDKEHUE BBIIONHEHNUS 3a1a4u Oe3 motepy (DyHKINH, ONPEENsTh OTKA3 B KaHAJIE H3MEPEHHS
(OTKa3 KOHKPETHOT'O SK3EMILLIPA JATINKA), IPOBOJUTH PEKOH(PUTYPALHIO CTPYKTYPBI CUCTEMBI.
Heo0xoanMbIM yCIIOBHEM OTKa30yCTONYMBOCTH CHCTEMBI SIBISICTCS] HAMYNE B HEH CTPYKTYPHOH
n30pITouHOCTH [1]. VBenmueHWe ypoBHSA HM30BITOYHOCTH HPHBOAUT K POCTY KOIMYECTBA
TEXHUYECKHX KOMIIOHEHTOB, KOTOpbIC I'€HEPHPYIOT YBCIMYEHHBIH MOTOK OTKA30B, CHM)KAOLIMH
HapabOTKy Ha OTKa3 CHCTeMBbI B IiesioM. Tlociie oOHapyxeHHs O0TKa3a B KaHaJle U3MEPEHHs NODKHA
OBITH pelICHA 3aJadya TapaHTHPOBAHHOM JIOKAIM3aMM OTKa3a KOHKPETHOrO [aTdvka W
HocIenyomeil pekoHpurypanuu cucremsl. OOBIMHO Takas 3a/ada pemaercs ¢ HUCHOIb30BaHHEM
MaxoputapHod Jsorukn. Ho 3Tm Meroxmsl 00NajaloT CTaTMYECKMMM XapaKTEPUCTHKAMH B
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aHAJIM3MPYEMbIX KaHallaX, OCHOBBIBAIOTCS HA KCHEPTHBIX 3HAHUSX U HE yYUTHIBAIOT M3MCHEHHS
XapaKkTEPUCTUK OOBEKTa YNpaBICHUS M M3MEHEHMs ycioBuil skcrutyataumu CAY. OxuuM u3
BO3MOXHBIX CIIOCOOOB OOHapyKeHHsl OTKa3za, 0€3 yBEJM4CHHS H30BITOYHOCTH TEXHHYCCKHX
KOMIIOHEHTOB, SBIISICTCS NOCTPOCHUE B «peallbHOM» BPEMEHH Mojenu jpurarens [2]. JlaHHbIi
crnocob TpeOyeT Haiauuus Ka4deCTBEHHBIX 3HAHUH 00 OOBEKTE YIpPaBIEHHs, KOTOPBIE MOXHO
[OJIy4HUTh TOJBKO IIPH YCTOSIBIIEMCS] CEPHIHOM IIPON3BOACTBE M GOJIBIIOM OIBITE IKCILTyaTal[HH.
Ilpy WCMONB30BaHUM BCTPOEGHHOW MAaTEeMaTH4eCKOH MOJENHM IOTPEHIHOCTh pacyeTa BEKTOpa
COCTOSIHMSI JIBHTATeNsl HaxoiumTcss B mpenmenax 2..5%. A Takas TOYHOCTb KPUTHUKYETCS
pa3paboT4yuKamMy IBUTaTeNeh.

B Hacrosmuii MOMEHT BemyTCst pabOTBI MO TOWCKY ONTHMAJBHOTO alrOPUTMa OOHAPYKEHHS
aHomamuii B CAY nBurarenst ¢ MUHUMAJIbHON CTPYKTYPHOM HM30BITOUHOCTBIO M MaKCUMAaJbHOMN
rapaHTHEil JIOKaNM3aluK OTKaza. MaTeMaTH4ecKHe MOIEIM CO3JAl0TCs He Ha Oase 3apaHee
U3BECTHBIX CHCTEM YPaBHEHHMi, ONMCHIBAIONIIMX OOBEKT YIPABIEHHs, a C MOMOIIBIO Pa3IMYHBIX
METOJIOB MalIMHHOro 00ydeHus. Takoil moaxoJ mpencTapisercss 6ojee NepCIeKTHBHbBIM, TaK KakK
Mozenb (OPMHUPYETCS Ha OCHOBE PEAIBHO CYIIECTBYIOIIMX CBS3eil MEXIy BXOJOM M BBIXOJOM BO
BCEX JMaINa30HaX U3MEHEHUS PEXXUMOB U yCIOBUH QYHKIIMOHUPOBAHUS.

B pabote paccMOTpeHBI OCHOBHBIE DEIPECCHOHHBIC METOABI KJIACCHMYECKOTO MAIIMHHOTO
oOyuenus. JlocTurHyTsl pesympTaTl R2 B ammamaszone [0.95; 0.999], cpemmss abcomoTHas
MOrPEeLIHOCTh MPOrHO3UpoBaHus B auanazoHe [0.5; 4]% o pa3nuuHbIM HapaMerpaMm BeKTOpa
cocTosHMS 00beKTa ympasieHus. [Ipemnararorcs MeTo[pl ¢ NPUMEHEHHEM AlFOPUTMOB TIIyOOKO
o0y4eHus, Ha 0a3e HEWPOHHBIX CETel, YTO 00eCeYnBaET TPEOYEMYIO TOUHOCTh IIPOTHO3UPOBAHUSL.

KoHeuHbIi mnaHUpyeMblii pe3yibTaT HCCICAOBAHHUSA — CO3JAaHHEC METOMOIOTHM MOCTPOCHUS
MaTeMaTH4YeCKON MOJEIH C MaKCHMAJIbHO BBICOKMM YPOBHEM TapaHTHPOBAHHOH JIOKaIH3aluu
OTKa30B 0€3 yBEIMYCHHUS CTPYKTYPHON N30BITOYHOCTH JUTS PA3INYHBIX OOBEKTOB YIIPABICHHS.
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Improving the fault tolerance of ACS using artificial intelligence algorithms
!Ostapenko S.V., 2Yuzhakov A.A.
'ODK-STAR, 2PNRPU, Perm, Russia

Developers of aircraft engines are constantly complicating the operating conditions, increasing
the requirements for ACS in terms of the levels of resistance to external disturbing factors. At the
same time, the required reliability indicators only increase. Therefore, the ability of the ACS to
guarantee the continuation of the task without loss of function, to determine a failure in the
measurement channel (failure of a specific sensor instance), to reconfigure the system structure is
of great importance.

A necessary condition for the fault tolerance of the system is the presence of structural
redundancy in it [1]. An increase in the level of redundancy leads to an increase in the number of
technical components that generate an increased flow of failures, which reduces the time to failure
of the system as a whole. After detecting a failure in the measurement channel, the problem of
guaranteed localization of the failure of a specific sensor and subsequent reconfiguration of the
system should be solved. Usually such a problem is solved using majority logic. But these methods
have static characteristics in the analyzed channels, are based on expert knowledge and do not take
into account changes in the characteristics of the control object and changes in the operating
conditions of the ACS. One of the possible ways to detect a failure, without increasing the
redundancy of technical components, is to build an engine model in "real" time [2]. This method
requires high-quality knowledge about the control object, which can be obtained only with
established serial production and extensive operational experience. When using the built-in
mathematical model, the error in calculating the engine state vector is within 2...5%. And this
accuracy is criticized by engine developers.
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At the moment, work is underway to find the optimal algorithm for detecting anomalies in the
engine ACS with minimal structural redundancy and maximum guarantee of failure localization.
Mathematical models are created not on the basis of previously known systems of equations
describing the control object, but using various machine learning methods. This approach seems to
be more promising, since the model is formed on the basis of real-world connections between input
and output in all ranges of changes in modes and operating conditions.

The paper considers the main regression methods of classical machine learning. R2 results were
achieved in the range [0.95; 0.999], the average absolute error of forecasting in the range [0.5; 4]%
for various parameters of the state vector of the control object. Methods are proposed using deep
learning algorithms based on neural networks, which provides the required prediction accuracy.

The final planned result of the research is the creation of a methodology for constructing a
mathematical model with the highest possible level of guaranteed localization of failures without
increasing structural redundancy for various control objects.
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Pemenue 3a1a4n 0 KOMaH/IHOI HABHTALMH € IOMOIIBI0 MHHHIIAKETHOIO 21aNITHBHOTO
MeT0Ja ONTHMM3ALHH, IPHMEHAEMOr0 B MALIHHHOM 00yYeHHH
ITanTeneeB A.B., Jlobanos A.B.
MAMU, r. Mocksa, Poccust

PaccmarpuBaeTcs NPHUMEHEHHME METOJOB TIJOOANBHON ONTHMH3AaLMM, WCIOIb3YEMBIX B
MAIIMHHOM OOYYCHHH, IJIs HAaXOXKACHHS ONTHMAIBHOTO YIPABICHHS C HEMONHOW 0OpaTHOMN
CBSI3pI0 C TIOMOIUBIO PA3JIOXKEHUs CHTHANOB YIPAaBJICHHS IO OPTOHOPMHUPOBAHHOH CHCTEMe
0a3uCHBIX (DYHKIIHIL, 3aJaHHBIX Ha MHOXECTBE BO3MOXHBIX COCTOSHMII ITMHAMHYECKON CHCTEMBI.
3agady MOXHO (hOpMaIIH30BaTh, KaK 3a[ady HapaMeTPHIeCKOl ONTHMH3AIUH, KOTOPask peaeTcs ¢
HOMOII[BIO Pa3pabOTAHHOTO ABTOPAMH METOZA YCIIOBHOH TINIOOAIbHOW ONTHMH3ALMU HYJIEBOTO
HOPsIJKa — KMHHUIIAKETHOTO aIallTUBHOTO METOJIA CIIy4aifHOro moucka» [1].

3amaya KOMAHAHOW HABUTALMH 3aKJIFOYACTCS B CHHXPOHHOM INPHBEICHHUM TPYIIbI OOBEKTOB B
(uKCHpOBaHHOE KOHEYHOE cocTosHue [2]. B HayanbHBIE MOMEHT BPEMEHHM 3aJlaHO MHOXECTBO
Ha4aJbHBIX COCTOSHMN. MOMEHT OKOHUYaHMs (DYHKIMOHHPOBAHHS CHCTEMBI He 3ajaH. OnpesencH
(YHKIMOHANT Ka4yecTBa YIPABICHHUS OTIACIbHOH Tpaexropueil. CTaBuTCS 3afada MUHHMH3ALUK
CPEIHEr0 3HAueHHWs (DYHKIMOHAla HAa MHOXECTBE BO3MOXHBIX HAYallbHBIX COCTOSIHMIL.
OnTuManbHOE YNpaBieHHE HWINETCSs B BHUJAC (YHKIMM HACBIIICHHs, MO3BOJAIOMIEH YYecTh
OrpaHMYCHUS] HA YIpaBieHHE. APryMeHTbl (YHKUMM HACHIIICHUS MIPEUIaracTcsi UCKaTh B BHUJC
JIMHEHHOW KOMOMHAIMY 3aJJaHHBIX 6a3HCHBIX (QyHKIMI. B kauecTBe 6a3ucHBIX QyHKIMI BRIOPAHEI
KOCHHYCOHIBI.

Jlnst pemeHus 3ajadd IpeularaeTcsl UCIONB30BaTh XOPOLIO 3apEKOMEHIOBABIINK ceOs MeTox
I100aJIbHOM ONTHMM3AILMU HYJIEBOTO MOPSAKA — KMUHUIIAKETHBINA aIalTUBHBIA METOA CIy4aifHOro
novicka» [3,4], KOTOpBIil HCIOIB3YeT UACH METO/Ia CTOXACTHYECKOro IpagueHTHoro ciycka (SGD)
1 MHUHHUIIAKETHOTO IPAJUEHTHOrO cIrycka [5]. OcHOBHAs ujiest JaHHOTO METO/a 3aKII0YaeTCsl B TOM,
4TOOBI BMECTO BCEX TPACKTOPHIi, HCXOAIINX M3 3aJaHHOTO MHOXKECTBA HAYaJbHBIX COCTOSHMIA,
UCHOJIb30BaTh TOJBKO MX YacTh, KOTOpas 00pa3yeT MUHHIAKeT (00y4aromntyto BeIOOpKY). [Ipu stom
noxbupaercsi 00beM MHHHIIAKETa W TCHEPHPYETCS MHOXKECTBO M3 MONApPHO HECOBIIAAAOLINX
Ha4aJbHBIX COCTOSHMH. JIaHHBIA MeTOZ MO3BOJNAET COKPaTHTh BPEMsl pAcyeTOB, IONydas
HPHEMIIEMBIIl Pe3yIIbTaT.

B pabGore paspabGoTaHa cTpaterus, IOIIArOBBI aIrOPUTM U COOTBETCTBYIOIIEE MPOrPaMMHOE
obecrieueHHe  NPHOIMKEHHOTO — PEIIEHWs  3aJadd  IOMCKa  ONTHMAJIBHOTO  YIpaBIICHHs
HEJTMHEHHBIMHI HETIPEPBIBHBIMH JIETEPMUHUPOBAHHBIMU JUHAMUYECKHMU CHCTEMaMH COBMECTHOTO
OLICHUBAHMSI W YNPABICHUS B YCIOBUSX HCONPEACICHHOCTH 3a[aHUS HAaYalbHBIX YCIIOBHIA.
[lpuBeaCHHBI alrOPUTM M MpOrpamMma anpoOHUpPOBAaHBl Ha 3ajade KOMAaHAHOW HaBHTal[UH.
HccnenoBaHo BiMsHME pa3Mepa MUHHUIIAKETa Ha KaueCTBO IIONYYEHHOTO pe3ynbrara. JlaHsl
PEKOMEHAALIH [0 BEIOOPY MapaMeTpoB alropUTMA.
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Solving the command navigation problem using a mini-batch adaptive optimization method
used in machine learning
Panteleev A.V., Lobanov A.V.
MAI, Moscow, Russia

We consider the application of global optimization methods used in machine learning to find the
optimal control with incomplete feedback using the expansion of control signals in terms of an
orthonormal system of basis functions given on the set of possible states of a dynamical system.
The problem can be formalized as a parametric optimization problem, which is solved using the
method of zero-order conditional global optimization algorithm developed by the authors - “mini-
batch adaptive random search method” [1].

The task of command navigation is to synchronously bring a group of objects to a fixed final
state [2]. At the initial moment of time, a set of initial states is given. The terminal time of the
system operation is not specified. The functional of the quality of control of a separate trajectory is
determined. The problem is posed of minimizing the average value of the functional on the set of
possible initial states. The optimal control is sought in the form of a saturation function that allows
one to take into account the constraints on control. It is proposed to search for the arguments of the
saturation function in the form of a linear combination of the given basis functions. Cosine waves
are chosen as basic functions.

To solve the problem, it is proposed to use the well-proven method of zero-order global
optimization — "mini-batch adaptive random search method" [3,4], which uses the ideas of the
method of stochastic gradient descent (SGD) and mini-batch gradient descent [5]. The main idea of
this method is to use only a part of them, which forms a mini-batch (training sample), instead of all
trajectories emanating from a given set of initial states. In this case, the size of the mini-batch is
selected and a set of pairwise non-coinciding initial states is generated. This method allows you to
reduce the calculation time, while obtaining an acceptable result.

The paper developed a strategy, a step-by-step algorithm and the corresponding software for an
approximate solution to the problem of finding optimal control for nonlinear continuous
deterministic dynamical systems of joint estimation and control under uncertainty in setting the
initial conditions. The presented algorithm and program have been tested on the task of command
navigation. The influence of the mini-batch size on the quality of the result is investigated.
Recommendations on the choice of the algorithm parameters are given.
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DJ1eMeHThI KOHIeNIH HH(POBOro IBOIHHKA rHIPONPUBOIA
ITy3zaHoB A.B.
KI'TA, r. KoBpos, Poccus

Co3paHue THAPOIPHBOAOB M TMApPOIEpPeaad MOOMIBHON TEXHMKH HOBOTO ITOKOJIEHHs Tpedyer
TIOBBIIICHHUST HAYYHO-TEXHHYECKOTO YPOBHS MPOEKTHPOBAHMA M IPOM3BOACTBA. [loBbINICHHE
TEXHUYECKUX M IKCILUIYaTALMOHHBIX XapaKTEPUCTHK THAPOIPUBOIOB OMpECisieT He0OX0AMMOCTh
peanM3aliyl HOBBIX IIPUHLHUIOB Pa3paboOTKH ¢ Oojee ITyOOKMM TEOPETHYECKUM aHAIN30M
HPHHIUIIOB PabOTHI THIPONPHBOJIOB.

Ilepexon oOT TpagWIMOHHBIX CXEM MPOCKTHPOBAHHA (IOBOAKA IPOXYKTOB/H3ACIUH 1O
TpeOyeMbIX XapaKTEPHCTHK HAa OCHOBE HATYPHBIX MCIBITAHMI, 5 UTEpalWil B CpeaHEM) K HOBOI
mapagurmMe IUQpPOBOrO INPOSKTHPOBAHMS W MOACIMPOBAHUS — TEXHOJOTHUM pa3pabOTKU
npumeHeHus: LudpoBbix aBoriHMKOB (Digital Twin), oOecreynBaromeii NPU AKCIEPTHOM
CONPOBOXICHHH, KaK IPaBWIO, INPOXOXACHHE C IEpBOro pa3a (U3MYECKMX M HATYPHBIX
ucnbitanui (1 WrTepamus), onpeneleHne KPUTHYECKMX 30H M KPUTUYECKUX XapaKTePHCTUK IS
MOHHTOPHHIA Ha BCEX TAIlaX KU3HEHHOTO UK/ IPOAYKTA / M3ICIHs.

IlpumennTenpHO K pa3pabOTKe THAPOCHCTEM, THIpONEpenad M THAPOIPHBOIOB KOHICIIIUS
IUGPOBBIX ~ NBOMHHMKOB  IOApa3syMEBAaeT  PEaNM3alMI0  JABYX  OCHOBHBIX  IOAXOJOB
MyJIbTHMACIIA0HOCTD ¥ MYIbTH(U3NIHOCTS (MOACIUPOBAHNE HA MAKPO- H MHKPOYPOBHSIX).

Ha makpomopensx OOBIYHO MPOBOAMTCS CXEMHAs ONTUMH3ALMA PabOThl CHCTEMbI B LEIOM,
OTCJICKUBACTCS B3aHMOBIIHSHAC KOMIIOHEHTOB THIPOIEpe/iay.

MynptudusuaHocTs  DHGPOBOrO  OBOMHMKA  THAPONPHBOAA  OOECHEUMBAIOT — MOJEIH
MHKPOYPOBHS. VICXOZHBIMM JaHHBIMM [UIS HHUX SBIISIIOTCS PE3yNbTaThl MOJICIMPOBAHMS Ha
MakpoypoBHe. CHEKTp pelIaeMbIX 3ajad: KHHEMAaTHKa, IIPOYHOCTb, JMHAMHUKA KUJIKOCTH,
9JIEKTPOMATHETU3M, TEIIOMACCOOOMEH H T.A., @ TAK)KE NX KOMOWHALHS.

KoHuernmuus nudpoBbIX ABOWHUKOB II0O3BOJISIET Ooliee CKPYMYNE3HO HCCIEAOBAaTh CBOMCTBA
LIENIeBOr0 00BEKTA, a TAKXKE MPOAHAIN3UPOBATh B3AUMOBIIMSIHHE CHCTEMHBIX, KOHCTPYKTHBHBIX U
TEXHOJIOTMYECKHUX TapaMeTPOB M3/EINsI i TapaMETPOB BHEIIHEH CPEIBL.

IpennoxenHslii MoAX0A K pa3paboTKe T'MAPONPUBOJOB IMO3BOJACT YBEIHYHUTH aJICKBATHOCTh
MoJIeNIeH, TIOBBICUTh UX TOYHOCTb 33 CUET CHIDKEHUS JIOMYIICHUH.
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Elements of the digital twin concept of hydraulic drive
Puzanov A.V.
KSTA, Kovrov, Russia

The creation of hydraulic drives and hydraulic transmissions for new generation mobile
equipment requires an increase in the scientific and technical level of design and production.
Improving the technical and operational characteristics of hydraulic drives determines the need to
implement new development principles with a deeper theoretical analysis of the principles of
hydraulic drives.

The transition from traditional design schemes (fine-tuning products / products to the required
characteristics based on field tests, 5 iterations on average) to a new paradigm of digital design and
modeling - technology for the development and use of digital twins (Digital Twin), which, as a rule,
provides, with expert support, passing the first time physical and full-scale tests (1 iteration),
determination of critical areas and critical characteristics for monitoring at all stages of the
product/product life cycle.

With regard to the development of hydraulic systems, hydraulic transmissions and hydraulic
drives, the concept of digital twins implies the implementation of two main approaches, multiscale
and multiphysics (modeling at the macro and micro levels).

On macromodels, circuit optimization of the system as a whole is usually carried out, the mutual
influence of hydraulic transmission components is monitored.

The multiphysics of the digital twin of the hydraulic drive is provided by micro-level models.
The initial data for them are the results of modeling at the macro level. The range of tasks to be
solved: kinematics, strength, fluid dynamics, electromagnetism, heat and mass transfer, etc., as well
as their combination.

The concept of digital twins allows a more scrupulous study of the properties of the target object,
as well as the analysis of the mutual influence of the system, design and technological parameters
of the product and the parameters of the external environment.

The proposed approach to the development of hydraulic drives makes it possible to increase the
adequacy of the models, to increase their accuracy by reducing the assumptions.

Pa3zpa6orka gemoncTpaTopa nugposoro asoiinuka I'T/]
CanpuukoB A.B.
IIUAM, r. MockBsa, Poccust

B mpouecce paspaborku I'T/] cozmaercst 60JbIIOE KONMYECTBO PA3IMYHBIX MaTEMaTHYECKHX
MoJieJied Pa3HOro YpPOBHS CIIOXKHOCTM B pPa3HbIX JAuCUMIUIMHAX aHaimmza [1]. Ilpu 3Tom
HCTIONB3YEeTCS MHOXKECTBO METOAUK, OMHCHIBAIONIMX IIpoIecc (pOPMUPOBAHHS M KOHKPETH3AIUH
KOHCTPYKIMH JIBUTaTels M €ro y3JIO0B C y4eTOM IpeIbsABIseMbIX TpeOoBaHmil. Takum oGpasom
npouecc npoextupoBanus I'TIL sBisercs ClOXKHON, KOMIUIEKCHOHM, BeCbMa TPYJOEMKOH M ILUIOXO
dopmanuzyemoii 3amaueit. OqHOM U3 1enell UCIOIB30BAaHUS TEXHOJIOTMH LU(PPOBBIX JABOMHHKOB
(I11) Ha srane npoextupoBanus I'TJ] sBasercst Gpopman3anus npouecca NPOSKTHPOBAHUS, BCEX
HCIIONB3YeMBIX MOJICNEl U METOAMK, YBSI3BIBAHHE MX MEXAY CO00H M 0ObEeAMHEHHE B ESIMHOM
nHPOPMALMOHHOM TmpocTpancTBe [2, 3]. DrTo mno3Boaut cxaenats paszpabdorky [T Oonee
«IPO3pavHOil», CTPYKTYPHPOBAHHOW, CHU3HT TPYyHO3aTpaThl M YMEHBLIMT BpeMs CO3IaHUS
JIBHTATEIs.

Jlannast paboTa mocBsimieHa pa3paboTke HeMoHCTpaTopa mudposoro asoitnuka ['T/l B obnuxe
masiopazmepHoro TPJI ynpoméHHol KoHCTpyKuMu ¢ Tsaroi 20 krc. Vcnosnab3oBaHuE KOMIIOHOBKU
TP/l B COBOKYINHOCTH C JAONYCTHMBIM YHPOLIEHHMEM KOHCTPYKIMH Y3JIOB M JeTayei (mpu
COXpaHEeHHH PabOTOCIOCOOHOCTH) MO3BOJIIET PEHINTH JTy AKTyalbHYIO 3a7ady B IIpHEMIIEMbIC
CPOKM ¢ MHHMMAaJIbHBIMU Tpyzo3arpatamu. 1|J] 6asupyercs Ha ynpouéHHoi nudposoii miatdopme
(LIIT), coznannoii B LIMAM, ¢ cobcTBEeHHBIM HHTEPHEHCOM.

Jemonctpatop LIJI Biimouaer B ceds (OpMaaM30BaHHYIO JIOTHKY HpoekTupoBaHus TPJ]
BEIOpaHHOM cxeMmbl (BKrovass texHomoruro MJIO), BCIO COBOKYIMHOCTb HCIIOJB3yeMBIX
MaTeMaTHYECKUX MOJIEINICH U CTPYKTYPy MX B3aMMOJICHCTBHS (ITOPSJIOK 3aIycka, OOMEH JaHHBIMH U
1.1.). Kaxkmast pacdeTHas MoJenb CBf3aHA ¢ MAaTpulledl TpeOOBaHMIL, YTO MO3BOIISIET OTCICIKUBATH
UX BBHIIIOTHEHHE Ha BCEX JTAIaX MPOCKTHPOBAHU.
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Bee momemu (CAD u CAE) ¢opmann3oBaHbl, NapaMeTpH30BaHbl M aBTOMATH3HUPOBAHBL.
IMTosTomy B mporiecce NPOSKTHPOBAHUS KOHEUHBIH mojb3oBatenb He Moauduuupyer CAD u CAE
MOJIeIH, 2 H3MEHsIeT OJIOKM BXOTHBIX AAHHBIX U 3aIlyCKaeT Pacuér.

Qopmanu3anus M aBTOMaTH3alus Jenaer cTpykTypy LIJI MoxmyneHOM M TO3BOJseT Ipu
HEOOXOAMMOCTH JIETKO 3aMEHSTh pacueTHble Mojenu u nepeHocuts LIJ] Ha apyrue uudposbie
1aTGOPMBIL.

PaspaboTannslit semoHcTparop L/l miaHupyeTcst IpUMEHSTh:

« Jlns pa3paboTku TpeboBanuii k crpykrype LI, LIIT.

e lns pa3paboTku ydeOHO-MeTogWdeckux MarepuanoB 1t BY3oB um mentpoB IO mo
6e3uepTé&xHOMy 3D npoektuposanuto, MO u LIJT I'TA.

* B xauecTBe 6a3bl pH co31aHUK HU(POBBIX ABOHHUKOB peanbHbIX TPJ] mogoOHoM cxeMsl.
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Development of a GTE digital twin demonstrator
Salnikov A.V.
CIAM, Mockow, Russia

In the process of developing a gas turbine engine, a large number of different mathematical
models of different levels of complexity are created in different disciplines of analysis. At the same
time, many methodologies are used, that describe the process of forming and concretizing the
design of the engine and its units, taking into account the requirements. Thus, the process of
designing a gas turbine engine is a complex, complex, very laborious and poorly formalized task.
One of the goals of using digital twins (DT) technology at the design stage of a gas turbine engine
is to formalize the design process, all used models and techniques, link them together and combine
them in a single information space. This will make the development of GTE more "clear",
structured, reduce labor costs and reduce engine development time.

This work is devoted to the development of a digital twin of a gas turbine engine in the guise of a
small-sized turbojet engine of a simplified design with a thrust of 20 kgf. The use of the turbojet
engine layout in conjunction with an acceptable simplification of the design of assemblies and parts
(while maintaining operability) allows you to solve this urgent problem in an acceptable time frame
with minimal labor costs. The DT is based on a simplified digital platform (DP) created at CIAM
with its own interface.

The DT demonstrator includes the formalized logic of the design of the turbojet engine of the
selected circuit (including the MDO technology), the entire set of mathematical models used and
the structure of their interaction (launch order, data exchange, etc.). Each calculation model is
associated with a matrix of requirements, which allows you to track their implementation at all
design stages.

All models (CAD and CAE) are formalized, parameterized and automated. Therefore, during the
design process, the end user does not modify the CAD and CAE models, but changes the input data
blocks and starts the calculation.

Formalization and automation makes the structure of the DT modular and allows, if necessary, to
easily replace the calculation models and transfer the DT to other digital platforms.

The developed DT demonstrator is planned to be used:

« For the development of requirements for the structure of DT and DP.

e For the development of educational and methodological materials for universities on
drawingless 3D design, MDO and DT GTE.

* As a basis for creating digital twins of real turbojet engines of a similar scheme.
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Konuenuus uudposbix asoiinnkos I'TJ{
CanbuukoB A.B.
IIUAM, r. MockBsa, Poccust

Pa3BuTHE MaTeMaTHYECKOTrO MOJEIHPOBAHHSA M POCT BBIYMCIHTENBHBIX MOIHOCTEH NPUBOAUT K
BcE OOIBIIEMY BHEJPECHHIO HA BCEX 3TalaX JXKU3HEHHOrO LKA ABUALMOHHBIX JBHTaTeied M
CHJIOBBIX YCTaHOBOK IH(DPOBBIX TEXHOJOTMH M CBA3aHHBIX ¢ HUMHU moaxonos [1]. Ludpossie
TEXHOJIOTHH YCJIOBHO MOXKHO Pa3JIeNIUTh Ha JIBE TIPYINIBI: MaTeMaTHYeCKOe MOACIMPOBAHHE M
aBTOMaTH3auus npoueccoB. Ha kakmoM wu3 srtanoB sku3HeHHoro uukina I'TJl 3tu rpynmst
TEXHOJIOTHIl aKTHBHO HCIIOJIb3YIOTCS M B3aMMOICHCTBYIOT APYT C IPYTOM.

B pabore cdopmynupoBano onpexneneHue IubppoBoro aBoitnuka [T/, mpuBeneHa ero
(YHKIMOHAIIbHASL CXEMa C YYETOM OCHOBHBIX 3TAallOB €r0 XMU3HEHHOTO IMKIJA (IIPOCKTHPOBAHHUE,
UCHBITAHMS, CEPUITHOE IPONU3BOCTBO, IKCILTyaTally U YTHIN3ALMS) U JAHO IIOAPOOHOE OMMCAHIE
Ka’KJI0TO €€ 3JIeMEHTa.

udposoii nBoiiHMK Oasupyercst Ha UUPPOBOH miIaTdopme, KoTopas oObequHsIeT B cebe Bce
koMmmoHeHThl I1J], oOpraHmsyer B3aHMMOCBSI3b MEXITy HUMH, (OPMHPYET HX HEpapXHIo,
obecrieunBacT XpaHEHUE UCTOPHU U3MCHEHUH M B3aMMOACHCTBHE C Pa3IMYHBIMHU 0a3aMH JaHHBIX
(BHYTPEHHHUX Ha NMPEANPHUATHN M BHELIHUX OTPACJIEBBIX), CTOPOHHUMH LU(PPOBBIMHU IIAT(HOPMAMU
U CepBHCAaMHU, MCIOIb3yEMbIMU Ha BCEX Talax )KU3HEHHOTO LUKJIA C YUYETOM MX crenuduku [2].

Takum 00pa3om, Hu(poBEIC ABOWHUKH MOTYT CTATh TOil IPOPBIBHON TexHONOrUeH [3], koTopast
O0OBCAMHHUT B PaMKaxX €JMHOr0 LHU(pPOBOr0 MPOCTPAHCTBA BCIO COBOKYITHOCTh MAaTEMAaTHYECKHX
MOJENeH, Pa3IMYHbIX [H(POBBIX CEPBUCOB 1 MHOI00Opa3He JaHHBIX CO3aBACMbIX, MOIY4aEeMbIX U
UCHOJIb3yEMbIX B TEYEHHE BCErO >KM3HCHHOTO LHKJIA JBUraTels. DTO OOBEIMHEHHE IIOBBICUT
IPO3PaYHOCTh M MOHUMAHHME TOTO, YTO IPOUCXOAUT C JIBUTATEIEM HAa PA3NMYHBIX 3Tarax ero
JKM3HEHHOTO LIMKJIA, TTOBBICHT XapaKTEPUCTHKH, COKPATHT BPEeMs pa3paboTKH U CepTU(HKALHH, a
TaKkKe CHU3UT ce0ECTOMMOCTb €r0 MPOU3BOJICTBA U SKCILTyaTaluH.
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GTE digital twins concept
Salnikov A.V.
CIAM, Moscow, Russia

The development of mathematical modeling and the growth of computing power leads to the
increasing introduction of digital technologies and related approaches at all stages of the life cycle
of aircraft engines and power plants. Digital technologies can be conditionally divided into two
groups: mathematical modeling and process automation. At each stage of the GTE life cycle, these
groups of technologies are actively used and interact with each other.

The paper formulates the definition of the digital twin of a gas turbine engine, presents its
functional diagram, taking into account the main stages of its life cycle (design, testing, serial
production, operation and disposal) and gives a detailed description of each of its elements.

The digital twin is based on a digital platform that unites all the components of the DC, organizes
the relationship between them, forms their hierarchy, provides storage of the history of changes and
interaction with various databases (internal at the enterprise and external industry), third-party
digital platforms and services used at all stages of the life cycle, taking into account their specifics.

Thus, digital twins can become that breakthrough technology that will unite within a single
digital space the entire set of mathematical models, various digital services and the variety of data
created, received and used throughout the entire life cycle of the engine. This combination will
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increase transparency and understanding of what happens to the engine at different stages of its life
cycle, increase performance, reduce development and certification times, and also reduce the cost
of production and operation.

Pa3pa6oTka pekoMeHaTeJbHOI CHCTEMBI AJs cerMenTa b2b
Corory6 I'.b., Tumodeena A.A.
MAMWU, r. Mocksa, Poccust

B HacTosiee BpeMs B 3JI€KTPOHHOH KOMMEpIMH HAaOMI0aeTcsl aKTUBHBIH pocT cermMeHTa b2b, B
KOTOPOM YCJTyT!l TIPEIOCTABIISIOTCS IOPUANYECKUM JHiaM [4]. PexoMeHaTenbHas cucteMa MOXeT
[IOMOYb MEHEMKEPYy MO MpOAaXkaM aBTOMATHYCCKH II0AOMpAaTh DEJICBAHTHBIC TOBApbl IS
KJIMEHTOB, YTOOBI IPOJIaBaTh OBICTPEE H YCIIEITHEE.

B crareax [1,2,3,5] paccMaTpuBaroTCsl pa3MyuHbIE MOAXOIbI IMOCTPOCHHS PEKOMEHIALMH Juis
chepbl dIEKTPOHHOH KoMMepuun u b2b. B HHX TNpeacTaBIeHbI METOABI Ha OCHOBE
KOJ1ab0paTHBHOM (PMIIBTPALIMK M IPUMEHEHHE IITyOOKUX HEHPOHHBIX CeTeH Ha OCHOBE SHKO/CPOB.

C mMareMaTH4YEeCKOH TOYKM 3pEHHs MOCTPOEHUE pEKOMEeHAaluil siBisercs 3agadeil OumHapHOM
KIaccU(pUKALHU, KOrJa HEOOXOIUMO OIpENeNuTs Kiacc oobekra 1 u 0 (KymHuT 1M ToBap KIMCHT
wm Her). Jlanee mocie IONY4eHHs IPOTHO30B, TOBAphl HEOOXOAMMO OTCOPTUPOBATH IO
YMEHBILICHHUIO MX TIPOrHO30B. Tak, Ul KaXJI0ro KIMEeHTa TOBaphl C HAMOOJIBIIINM ITPOTHO30M OyayT
SIBIISITBCS €70 PEKOMEHJALNSIMH.

B xoxme paOoTel OBLIM paccUUTaHbl NPU3HAKKM HA OCHOBE KOJIAOOPATMBHOHM (HIbTpanuy.
OCOOCHHOCTh MX IIOCTPOCHHS B TOM, YTO B KAaueCTBE KJIMCHTA PACCMATPUBAICS HE KOHCUYHBIN
[OKYIIaTeNb, a LejIast KOMIaHUs ¢ y4EToM e nHTepecoB U menei. C MOMOIIbI0 9TOro MOAX0aa IS
KIMEHTa M TOBAaPOB PACCUMTHIBACTCS MeEpa CXOXKECTH Ha JPYTHe TOBAapbl, KOTOPHIE CMOTpPEIH
MIOXOXKHE Ha Hero KiueHThl. [Tociie IONOIHEeHNs JaHHBIX HOBBIMH NPH3HAaKaMK OblIa pa3paboTaHa
MOJIE/b Ha OCHOBE IIOJHOCBSI3HOM HEHPOHHOH CETH, C 4 CKPBITBIMU CIIOSIMH M 4HCIIOM BBIXOJOB,
PaBHBIX KOJMYECTBY PEKOMEHIyeMbIX ToBapoB. CeTh co3/aBajiack ¢ NpUMeHeHHeM (peliMBOpKa
Keras. [Jliust ynydieHdst ka4ecTBa NPEACKa3aHWil M YCKOPEHHs Ipolecca oOydeHHs K KaKIOMy
CJIOK pUMEHsIach HopManu3zanus o nakeram (BatchNomalization) u npopexusanue (Dropout).

Jlns BeIBOJa Hamboliee PEIEeBAHTHBIX TOBAPOB, PACCUMTHIBAJICS IIOPOT, MPH KOTOPOM HPOTHO3
MOJICIH SIBIISIETCS KOPPEKTHBIM. [/l pekoMeHAanuii OTOMparoTCsi BCe TOBAphI, MPOTHO3 KOTOPBIX
BBIIIC MIIH PABCH PACCYMTAHHOMY PaHEE OPOrOBOMY 3HAYCHHUIO.

B xoze TectupoBaHus ceTn Oblia MOJCUYUTaHa Mepa, HopMupoBaHHas Gini, KOTOpasi MOKA3bIBACT,
HACKOJBKO XOpPOIIO MOJENb OINPENEeNseT METKy Kiacca OTHOCHUTEIBHO WJCAIBHOW MOJCIH.
Ionyueno 3Hauenue (.82, yTo O3Hayaer, 4TO pa3paboTaHHas CETh JOCTAaTOYHO ONH3Ka K
UJIeaIbHOM MOJIEITN U A€HCTBUTEIIBHO BBIJACT PEJICBAHTHBIC PEKOMEH IAIINH.

B urore Obla pa3paboTaHa ceTh Ha OCHOBE HEHPOHHOIT CeTH, a ee KauecTBO OBbUIO MPOBEPEHO HA
peanbHbIX faHHBIX KommaHuu SoftwareONE, mokasaB mpHpoCT Yrciia Mpojax.
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Development of a recommendation system for the b2b segment
Sologub G.B., Timofeeva A.A.
MAI, Moscow, Russia

Currently in e-commerce there is an active growth of the b2b segment, in which services are
provided to legal entities [4]. A recommendation system can help a sales manager automatically
match relevant products to customers in order to sell faster and more successfully.

In articles [1,2,3,5], various approaches to building recommendations for e-commerce and b2b
are considered. They present methods based on collaborative filtering and the use of deep neural
networks based on encoders.

From a mathematical point of view, building recommendations is a binary classification task,
when it is necessary to determine the class of objects 1 and 0 (whether the customer will buy the
product or not). Further, after receiving forecasts, the goods must be sorted by decreasing their
forecasts. So, for each client, the products with the highest forecast will be his recommendations.

In the course of the work, features were calculated based on collaborative filtering. The
peculiarity of their construction is that not the end customer was considered as a client, but the
whole company, taking into account its interests and goals. Using this approach, a measure of
similarity to other products viewed by similar customers is calculated for the customer and
products. After adding new features to the data, a model was developed based on a fully connected
neural network, with 4 hidden layers and the number of outputs equal to the number of
recommended products. The network was created using the Keras framework. To improve the
quality of predictions and speed up the learning process, batch normalization and dropout
techniques were applied to each layer.

To display the most relevant products, the threshold was calculated at which the forecast of the
model is correct. For recommendations, all products are selected, the forecast of which is higher or
equal to the previously calculated threshold value.

During network testing, the normalized Gini measure was calculated, which shows how well the
model determines the class label relative to the ideal model. The obtained value is 0.82, which
means that the developed network is close enough to the ideal model and really gives relevant
recommendations.

As a result, a network based on a neural network was developed, and its quality was tested on
real data from SoftwareONE, showing an increase in the number of sales.

IIpornozupoBanue CyMMbI HOKYNOK KJIMEHTA HHTEPHET-MAra3uHa MPH HOMOLIY METO/10B
MAaIIMHHOI0 00y4YeHHs
Corory6 I'.b., ®unorenos H.A.
MAM, r. Mocksa, Poccust

B HacTosmee BpeMs PBIHOK JJICKTPOHHOH KOMMEpIMH HEepeXHBaeT OYpHBIH POCT, HHTEPHET-
MarasyHbl NOCTEIICHHO BBITECHSIOT odiaiH-koMMepuuio. UToObl yBEIMYNTh NPUOBLIb, HHTEPHET-
MarasuHbl MOI'YT ONITHUMU3HPOBATh 3aTPaThl HA MAPKETUHIOBbIE aKTUBHOCTHU, TAaKHE KaK CKHIKH M
JIpyrue peKIaMHbIe aKI[HH, IpeJyiaras uX TOIbKO TeM KIUeHTaM, IIPOTHO3UpyeMast CyMMa IOKYIIOK
KOTOPBIX HPEBBILAET COOTBETCTBYIOIIUE 3aTpaThl. 3ajaya HPOTHO3HPOBAHMS CYMMBI IIOKYIOK
SIBJISICTCS 3a[jauell PEerpecCH M OTHOCUTCA K Kiaccy 3ajady oOydeHus ¢ yuurtenaeM. B kauectBe
oOydarommeil BBIOOPKH HCIIOIb30BANICS OTKPBHITHIN HA0Op DaHHBIX, COAEP KAl TpaH3aKIHOHHBIE
JIaHHBIE, ONMCAHHsA TOBAapOB M TPYMNIl TOBAapOB, a TAKXKE JAHHBIC MOJb30BATENECH HHTEPHET-
MarasuHa KyIOHOB ponpare.jp. Tak Kak KIMEHTBI IIOKYIAOT TOBaphl PAa3MYHBIX KaTErOpHi, TO
BO3HHKAeT Mpo0OieMa TPYINNHUPOBKH [JaHHBIX II0 COOTBETCTBYIOIIMM TpYNIAM TOBApOB, IS
peIIeHHs] KOTOPOH HCIIONB30BaJICs alrOPUTM IIEPEKPECTHOW MPOBEPKM Ha OCHOBe rpymi. Jlms
peIIeHNs 3aa9H TPOTHO3UPOBAHUS OBLIN TTIOCTPOECHBI M 00y4YEHBI CIICAYIONINE JIMHEHHbIE MOAEIH
MAaIIMHHOTO OOY4YeHHs: TUHEeHHas, TpeOHeBas U 1acCO PErpecCHu, dNIACTHIHAs CeTh, TPAIUCHTHBIHA
CIyCcK C KBaJpaTW4HOH (yHKnueid moreps W 11 perymsapusamuei. Taxoke Oblna mocTpoeHa u
obydyeHa aHcamOieBas MOJENb HA OCHOBE JIEPEBHEB pelIeHWH. [l OleHMBaHHSA Pe3yJbTaTOB
HCTIONB30BAIIMCH CIETYIOIINe METPUKH KadecTBa: KodduiuentT R2, KoTophlii HHTEpIpeTupyercs
Kak g0as MHGOpPMAalMU B JAaHHBIX, KOTOPYH MOIelNb MOXeT o0bsicHuth; RMSE, kortopas
MHTEPIPETHPYETCs KaK CPelHEe PacCTOSHNUE MEXIy HaONI0JaeMbIMH 3HAUYCHHUSAMH M MPOTHO3aMU
MoJenu. J{is HTOroBoi MOZIENH MOy4eHbl 3HaYCHHUsI METPUK KadyecTBa: kKoddduiment R2 — 0.251,

77



RMSE — 1586 iien. Ananoru4HeIM HaOOpPOM IaHHBIX 00JafaeT MPAKTHYECKH JIOO0OH MHTEPHET-
MarasuH, MO3TOMY IOJIy4eHHas MOJCIb MOXET OBbITh HCIIONB30BAaHA M I APYrUX HHTCPHET-
MarasuHOB.
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Forecasting the amount of purchases of an online store customer using machine learning
methods
Sologub G.B., Finogenov N.A.
MAI, Moscow, Russia

Currently, the e-commerce market is experiencing rapid growth, online stores are gradually
replacing offline commerce. To maximize profits, online retailers can optimize the costs of
marketing activities such as discounts and other promotions by only offering those to customers
who are expected to purchase more than the corresponding costs. The problem of predicting the
amount of purchases is a regression problem and belongs to the class of supervised learning
problems. An open dataset containing transactional data, descriptions of products and product
groups, as well as data from users of the online coupon store ponpare.jp was used as a training
sample. Since customers buy products of different categories, there is a problem of grouping the
data by the corresponding groups of products, which was solved using a cross-validation algorithm
based on the groups. To solve the forecasting problem, the following linear machine learning
models were built and trained: linear, ridge and lasso regression, elastic network, gradient descent
with a quadratic loss function and 11 regularization. An ensemble model based on decision trees
was also built and trained. The following quality metrics were used to evaluate the results:
coefficient R2, which is interpreted as the proportion of information in the data that the model can
explain; RMSE, which is interpreted as the average distance between observed values and model
predictions. For the final model, the values of quality metrics were obtained: coefficient R2 —
0.251, RMSE — 1586 yen. Almost any online store has a similar set of data, so the resulting model
can be used for other online stores as well.

Hcnojb30BaHue METOJ0B MAIIUHHOIO 00y4eHHs /151 NpeAcKa3aHUs CIPOCca HA HOBbIe
TOBapbl B HHTepHeT-MarasuHe
Conory6 I'.B., Ocun A.A.
MAMU, r. Mocksa, Poccust

B Hacrosimiee Bpemsi Onarojapsi pa3sBHTHIO TEXHOJOTHH 00paOOTKM OONBIINX JaHHBIX H
MAaIIMHHOTO 00y4eHUs! HHTEPHET-Mara3uHbl MOI'YT aBTOMATHU3HPOBATH IIPOLECC 3aKYIKH TOBApOB,
ONTHMH3HPOBATh COOTBETCTBYIOIINE YOBITKHM H IOTYYUTh JOMOJIHUTEIbHYIO NpUOBLIE. B cBs3M ¢
3THM OCOOEHHO aKTyaJlbHa 3ajiaya NpEACKa3aHHs CIPOca Ha HOBBIC TOBAPBI, YTOOBI N30eKaTh KaK
YOBITKOB OT NPOCTOSI M3IMIIKOB TOBAPOB HA CKJIAJE, TAK M IOTEPU HMPUOBUIM H3-32 OTCYTCTBHUS
TOBapa B HaJM4MHU. 3ajaya NpeiCKa3aHus CIpoca Ha ToBap sBJsETCs 3ajaued perpeccuu. Jls
o0y4yeHus Mogpened ObUIM HCIOJB30BAaHBl JaHHbBIE, IIpeJOCTaBlICHHbIe KommaHued Ozon, o
IpoAakaX TOBApOB, O IMIOCTAaBKAaX TOBapa, OMHCAHHS TOBApOB M KaTeropwii ToBapoB. Kpome Toro,
IpH HoMoIM MeTozioB data mining ObUTH COOpaHBI JONONHUTEIBHbIC JAHHBIE C JPYTHX CaiTOB,
TaKHe KaK XapaKTepHUCTHKU TOBapa, OpeH, MPOU3BOIHUTENb, PETHOH MPOAAKH, PEHTHHT U OT3BIBBI
o ToBape. B pesynbrare Ha nmpenoOpabOTAHHBIX JAHHBIX ObUIM OOY4YEHBI KaK JMHEWHBIE MOJCIH,
TaK U aHcaMOJIeBbIE MOJIEINIM, OCHOBAaHHBIC HAa alTOPHTME I'PaJUEHTHOro OYCTHMHTa, B YaCTHOCTH,
LightGBM n XGBoost, 11t KOTOpHIX monydeHsl MeTpuky kadectBa MSE — 38.48, R2 — 0.2251 n
MSE — 32.05, R2 — 0.2393, cootBeTcTBeHHO. [lomyueHHBIE MOIEIM MOTYT NMPUMEHSTHCS HE
TOJIBKO KaK CaMOCTOSTEIbHBIC MOJICIH I MPOTHO3MPOBAHMS CIpoca Ha CTapTe MPOJax TOBapa,
HO ¥ JUIsl OOBEMHEHUS C MOJIENSAMH, MPEACKa3bIBAIOIIMMU CIIPOC Ha Oonee MpOIoIDKUTENbHBINA
MEPUOT.
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Using machine learning techniques to predict the demand for new products in an online
store
Sologub G.B., Osin A.A.
MAI, Moscow, Russia

Nowadays, thanks to the development of technologies for processing big data and machine
learning, online stores can automate the process of purchasing goods, optimize the corresponding
losses and generate additional profits. In this regard, the task of predicting the demand for new
goods is especially relevant in order to avoid both losses from the idle time of surplus goods in the
warehouse, and loss of profit due to the lack of goods in stock. The problem of predicting the
demand for a product is a regression problem. To train the models, we used data provided by Ozon
on product sales, product deliveries, product descriptions and product categories. In addition, using
data mining methods, additional data from other sites were collected, such as product
characteristics, brand, manufacturer, region of sale, rating and reviews of the product. As a result,
both linear models and ensemble models based on the gradient boosting algorithm were trained on
the preprocessed data, in particular, LightGBM and XGBoost, for which quality metrics MSE -
38.48, R2 - 0.2251 and MSE - 32.05, R2 - 0.2393 were obtained, respectively. The resulting models
can be used not only as independent models for predicting demand at the start of sales of a product,
but also for combining with models that predict demand for a longer period.

Pa3zpa6oTka 3¢ppeKkTHBHOrO AIropuTMa NAPALIeNbHBIX BEIYHCICHHUI J/I51 MO/IeTHPOBAHHS
npouecca o0JieleHeHHsl CTPEJIOBHAHOIO KPbLIA ¢ HCIO0JIb30BaHHeM pemaTtes iceFoam
Crpuxak Cepreit
WCII PAH, r. Mocksa, Poccus

B UCII PAH pa3paborans! 3 Bepcun pematens iceFoam Ha ocHOBe DiiepoBoro moaxona ams
ra3oBOro noroka u JlarpamkeBoro noaxoja Jis MOAENHPOBAHMS Kalelb M IUIEHKM BOJBI Ha
HOBEPXHOCTH NPOQMIS KPblIa C y4eTOM clIost JibJa. Bo Bcex Tpex BepcHsX pemiatesnei Mojenb
IUICHKY BOABI H CIIOS JIbJIa, OCHOBAaHA HAa TEOPHH MEIKOH Boxsl [1].

IlepBas Bepcust pemartens iceFoam mnpenHasHauyeHa JUIs NPEABApPUTEIBHONW OLIGHKH MECT
obneneHeHnst mpousBonbHOro 3D mpodmis. JlaHHBIN pelnartens IOITHOCTBIO HCIONB3YeT BCE
BO3MOXKHOCTH TexHoiorud MPI s mpoBeneHust 3(GEKTHBHBIX Hapa/UIeIbHBIX BBHIYHCICHUH
cpenctBaMu OTKpbIToro nakera OpenFOAM. ['aBHBIM OrpaHHYEHHEM 3TOTO PELIaTeNsl SBJIAETCS
HPEATIONIOKEHUE, YTO TOJIIMHA CJIOA JIbJ]a JOCTATOYHO Majla M M3MEHEHHE IIOBEPXHOCTH MPOdHIIs
npu obneeHeHny npenedpexxumo mano. [poduiis kpeiia ¢ yuerom u 6e3 yueTa Jipaa MojiaraTcs
OIMHAKOBBIMU. JIIsi TpOBENCHMS  JIEKOMIIO3HLMU HPOCTPAHCTBEHHOH 00NAcTH  IUICHKH
ucnone3yercs  paspaborannas  yrwiura  extrudeToFilmCellDist. C  nenbio  OLEHKH
MacITaOMpOBaHMs pelaTeNs BBIMOIHIINCH pacueT Ha 12-48 sapax.

Bropas Bepcust pemarens iceDyMFoam2 pa3pabotana 1uisi MOICIUPOBAHHS OOJCACHEHUS Kak
PBIXJIBIM JIBJIOM, TaK M TJIAJKMM JIBJOM JUI KOTOPOrO 3a4acTyl0 MOBEPXHOCTh JbJa NMPUHUMAET
cnoxHble ®M  mpudymmuBble  QGopmbl.  JlaHHEI  pematens  TpeOyeT — HCIIONB30BAHUS
CTPYKTYpPUPOBAHHOH CETKM B 0O0JAaCTH MOBEPXHOCTH KpbUIa M HAIU4YHA TOJBKO OJHOIO
HPOCTPAHCTBEHHOrO JOMEHa JUis IUIeHKH. ONBIT BBIYMCICHMII MOKa3al, YToO 3TO TpeOoBaHHE
OrpaHUYECHHO MaKCHMAalbHBIM 4HCIOM sijep, He Oonee 12. Ilpu nampHeiimeMm ke yBeIUYCHUH
KOJIMYECTBA HCIONB3YEeMBIX sep 3((PEeKTHBHOCTh NapajuiebHbIX BBIYHUCICHHUH pacteT cnabo u
nagaer npu 24 spgpax. J{ms ynpolleHWs JAEKOMIIO3HLHMH IPOCTPAHCTBEHHOH 00iacTH rasa
paspaborana yrunura addTwoLayersTo0. [lanHast yTuiMTa MO3BOJISET 3a1aTh PACUETHBIN JOMEH
Ha HysieBoM CPU 1 IIIEHKH U AJ1s1 ABYX NMPWJIETAIONIHX CII0EB 3HIEPOBOM CETKU.

Tpetbst Bepcust pemarenst iceDyMFoam3 Ttakke 1O3BONISIET y4UTBIBATh BIIMSHHE H3MCHEHUS
MOBEPXHOCTU Npoduiist mpu obefeHeHHH Ha caM Imporecc obneneHeHus. Kak u mepsast Bepcus,
9TOT pemiaTelb HOIHOCTHIO HCIIONb3yeT BCEe BO3MOXKHOCTH TEXHOJIOTHH IapalIeIbHOH OnOIHOTeKH
MPI s npoenenust 3(QeKTHBHBIX NMapauICIbHBIX BblUMCIeHUH. [lapamnenbHas peanusarnus
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TPAaHUIBl JBIKEHHSA JIbJJa MOTpeOOBalla MCHOJB30BAHWH HHU3KOYPOBHEBBIX (DYHKLHH ITaKeTa
OpenFOAM. B stom cityyae OyayT y3ibl, KOTOpbIE MONALYT Ha IPAHUILy HECKOJIBKHX JOMEHOB.

B cmywsae wucmonp3oBaHHMS IOAXOAA C JUHAMHYECKOH CETKOH IIOTpeOGOBanoch COOHpATh
nHpopMaIHIo 00 y371aX, KOTOPhIE XPAHATCS B HECKOJNBKMX JIOMEHAX WM Ha pasHbIX supax. s
TaKMX y3JIOB IOCJIE JIOKAJIBbHBIX BBIYUCIICHUH BHYTPH OJHOTO JIOMEHA BBINOJHSIIACH ONEPALUs 110
OIPEACICHNIO HOBOTO IIOJIOXKEHHS y37a. Jlenasoch OCpeJHEHHE 110 BCEM JOMEHaM, Y4aCTBYOLIUX
B pacuerax JaHHOro ysia. OcpeIHEeHHbIC 3HAYEHHs TONIOXKEHHE y3JIOB, KOTOPBIC 3aITMCAHbl ObLIN
Oonplie YeM B OJHOM JOMEHE, OOpaTHO pacHpeielsUINCh IO BCEM  HEOOXOAMMBIX
BBIYHCIIUTEIIBHBIM SAPaM.

Bruta BeimonHena cepus pacueroB Ha knactepe HULL KU mns 5 pasmuunsix npodmuieit u 3D
CTPENIOBUIHOTO KpbUIAa JUIS PA3IMYHBIX 3HAUCHHWIl AMaMeTpa Karlelb, TEeMIIEpaTypbl, CKOPOCTH
Ha0erarlero IMOTOKa, BOZHOCTH Ha pa3HBIX CeTKax. IIpOBEJEHO CpaBHEHHE pacdera C
pe3yabTaTaMi SKCIHEPUMEHTA 110 ToaurHe 1 Gpopme spaa [2]. Omubka He npebinana 6onee 10%.

HccnenoBanue BbINoIHEHO NpH (rHaHCOBOW monnepikke PODU B pamkax mpoekra Ne 19-29-
13016.
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Development of an efficient parallel computing algorithm for modeling swept wing icing
using a solver iceFoam
Strijhak S.V.
ISP RAS, Moscow, Russia

ISP RAS has developed 3 versions of the iceFoam solver based on the Euler approach for gas
flow and the Lagrangian approach for modeling water droplets and a film on the surface of the
wing airfoil, taking into account the ice layer. In all three versions of the solvers, the water film and
ice layer model is based on the shallow water theory [1,2].

The first version of the iceFoam solver is intended for preliminary estimation of icing areas of an
arbitrary 3D profile. This solver fully uses all the capabilities of the MPI technology to carry out
efficient parallel computations using the OpenFOAM open package. The main limitation of this
solver is the assumption that the thickness of the ice layer is sufficiently small. The
extrudeToFilmCellDist utility is used to decompose the spatial region of the film. In order to
evaluate the scaling of the solver, calculations were performed on 12-48 cores.

The second version of the iceDyMFoam?2 solver is designed to simulate both rime ice and glaze
ice for which the ice surface often takes complex and bizarre shapes. This solver requires the use of
a structured mesh in the area of the wing surface and the presence of only one spatial domain for
the film. Computational experience has shown that this requirement is limited by the maximum
number of cores, no more than 12. With a further increase in the number of cores used, the
efficiency of parallel computations grows weakly and decreases with 24 cores. To simplify the
decomposition of the spatial gas domain, the addTwoLayersToO utility has been developed. This
utility allows you to set the computational domain on the zero CPU for the film and for two
adjacent layers of the Eulerian grid.

The third version of the iceDyMFoam3 solver also allows you to take into account the effect of
changes in the profile surface during icing on the icing process itself. Like the first version, this
solver fully uses all the capabilities of the MPI parallel library technology to perform efficient
parallel computations. Parallel implementation of the ice boundary required the use of low-level
functions of the OpenFOAM package. In this case, there will necessarily be nodes that fall on the
border of several domains.

In the case of using the dynamic grid approach, it was necessary to collect information about
nodes that are stored in several domains or on different cores. For such nodes, after local
calculations within one domain, an operation was performed to determine the new position of the
node. Next, we performed averaging over all domains. For the case of icing with smooth ice, the
third version of the iceDyMFoam3 solver is inferior in terms of capabilities to the second version.
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A series of calculations was performed on Kurchatov HPC for 5 airfoils and a 3D swept wing for
variations in droplet diameter, temperature, velocity, water content on different grids. Comparison
of the calculation with the results of the experiment on the thickness and shape of ice [2]. The error
did not exceed 10%.

The study was carried out with the financial support of the Russian Foundation for Basic
Research within the framework of scientific project No. 19-29-13016.
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My /IbTHAreHTHOE MO/IeJTMPOBAaHNe HAa §a3e HEUETKHUX CYKACHHI IKCIepToB
NPHMEHUTEILHO K 001acTH G0pbOBI ¢ MaHAeMHel
!Cynaxos B.A., 2Cusakosa T.B.
'MAM, *MITIM um. M.B. Kenmsima PAH, r. MockBa, Poccust

MeTozbl MOJEITHPOBAHHS MOBEJCHUS B COLIMYME, KaK MPaBHIIO, 0a3UPYIOTCSA Ha BEPOSTHOCTHBIX
HOJX0JaX, OJHAKO, IIONYYCHHE COOTBETCTBYIOIINX BEPOSTHOCTHBIX OLEHOK Ha HPAKTHKE
3aTPyAHHATENBHO. DTO OCOOCHHO 3aMETHO B CIIydae HOBBIX JIHICMHH, TaKHX KaK ITAHICMHS
COVID-19. OrcyrcTBHE HOCTOBEPHBIX CTATHCTHUYECKUMX [AaHHBIX HE I103BOJIIET HPOBOJIUTH
MO/ICITIPOBAHNE SIHIEMUH ¢ HEOOXOAUMOI TOYHOCTBIO IIPOrHO3a.

B ocHOBe OONBIIMHCTBA COBPEMEHHBIX IIOJXOAOB <(QIUACMHOIOTHYECKAas YacTh» MOICINH,
OCHOBaHa Ha kJylaccuueckoi nonyisunoHHod SEIR-monenn Kepmaka-Makkenapuka. C oMol
CHCTEMbI MHTErpo-Au(pepeHIHabHBIX  YPAaBHCHUH ONKMCHIBACTCS IpOLECC JWHAMUKA B
HOMYJSIUK TPYII WHIAMBHUAOB. DTOT IMOAXOMA COIPOBOXKAACTCS 3aJaHHEM HEKOTOPOro Habopa
Ha4aJIbHBIX YCJIOBHMII M OOJBIIOrO 4YuWcia MapamMeTpoB, KOTOpbIE, KaK IPAaBHIO, ONPEAEISIOTCS
BecbMa CyOBEKTHBHO. VMMEHHO 53TO NpPHUBOJMT K CYIIECTBEHHOMY pPa30pocy MOJIydaeMbIX
Pa3IMYHBIME HCCICIOBATE/SIME PE3yJIbTAaTOB, YTO CYIIECTBEHHO CHIXKAET IIPOTHOCTHYECKYIO
LIEHHOCTh TaKMX MOJICIIEH.

Jlns BIpaOOTKM YHPABICHYECKUX DEIICHUH B YCIOBUSX NaHACMMIl NPUXOAUTCS IPUMCHSTH
9KCIIEPTHBIC CYKICHHS, KOTOPBIC 3a4acTyH0 HOCSAT HEUYCTKHid, PACIUIBIBYATBHIA XapakTep M HX
MO/ICITPOBAHNE HEYETKIMH YHCIaMH, 00ECTICYNBACT Y4eT 3TOH HEONPEAeNEHHOCTH TIPH IPUHATUN
BaKHBIX CTpPAaTErMYecKuX pemieHuil. I[Ipemnaraercs wMcronb30BaTh MaTeMaTHYECKMi ammapat
(YHKIHMH IPUHAUIOKHOCTH HEYETKUX MHOXKeCTB. OCOOEHHOCTh MOX0/a 3aKIFYACTCs B TOM, YTO
paspabatbiBaeMble MOJIENHN Ga3HPYIOTCS HA OPUTHHAIBHBIX KOMOMHUPOBAHHBIX HEYETKUX METOJAX
TEOPUH NPUHATHS PEIICHUH M MyJIbTHAreHTHOTO MOJENUpoBaHus. Pa3pabarTbiBacMasi TEXHOIOTHS
MOXET CTaTh OAHMM U3 0a3ucoB Uit co3maHust J(G(EKTHBHBIX HHCTPYMEHTOB ITOAACPIKKH
MIPUHATHUS PELICHHI B CIIOXKHO AMUIEMHUOIOTHYECKOH CUTYalH.

BeigemnM  crepyromme MOJENH: HACEICHHBIX IYHKTOB, SKOHOMUYECKMX CYOBEKTOB M HX
OTHOLICHMH, KOHTAKTHBIX KOMMYHHKAaIWi, UHQOHIUPOBAaHHS B  YCIOBHAX  HEYETKOH
nH(pOopMaLMOHHOMH cpenbl. [ToBeieHHE areHTOB B HUX OCHOBAHO Ha CHCTEME LIEHHOCTEH, 3a1aHHOM
Ha HEYeTKHMX oOJacTsAX mnpeanoureHuil. Jlus peanusaluy BBINICNPUBENCHHBIX Mojenel Oyner
pa3paboTaHo MporpaMMHOE 00eCHeYCHUE AUCKPETHO-COOBITHIHOTO MOACIUPOBAHUS.

T.x. pe3yiabTaTbl MOAEIMPOBAHHS XapaKTEPH3YIOTCS OONBIIMM KOJIMYECTBOM KDPHTEPHEB, TO
HPEAJIaraeTcs yMEHBIIUTh MPOCTPAHCTBO AHAIU3MPYEMBIX KPUTEPHUEB C IOMOLIBIO IMPOLELYP
arpernpoBaHUs © MCTOIOB BBIYMCIICHHS OOIINX OLICHOK.

Ipuknagnas 3Ha4MMOCTH pa3pabaThIBAEMBIX IMOJXOJOB IIO3BOJSIET pEIIaTh MHOXECTBO
HPOTHOCTHYECKHUX 3a/1a4, BKII0Yas B TOM YHCIIE:

* [IporHo3 AUHAMUKH PacIpOCTPaHEHHs 3a00JIeBaeMOCTH, BKIIIOYAst HCCIICIOBAHIE 3aBUCHMOCTH
OT XapaKTePUCTHK BO30YauTeNs HHYEKIMHU (4TO MOXKET ChIrpaTh POJb TAKXKE I CBOCBPEMEHHON
BBIPAOOTKH aJ€KBaTHBIX MEPOIPHSATHIA B Cllydae APYTUX SMTHACMHN).

* OneHKy JOMOIHHUTENFHON HArpy3Ku Ha HHQPACTPYKTYpy OPTaHOB 3IPaBOOXPAHCHUS IO Mepe
PacrpOCTpaHEHHUS SUACMHUH.

» CpaBHUTEIIBHYIO OLICHKY OXHIAaeMOH S((MEKTUBHOCTH pa3IMYHBIX NPODHIAKTHYECKUX MU
[POTHBOATHICMHUYECKUX MEPOIIPHUSTHIA.
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* BosmMo)xHOE BIMAHME OSNUAEMHM M TIPUHUMAEMBIX MeEp Ha H3MEHEHHE XapakTepa
KU3HEAEATEIbHOCTH U OBEACHHUS TIOfIEH.

* KOMIITEKCHYIO OLICHKY COL[HAIbHO-?KOHOMUYECKUX MOCICICTBUIH.

*B ouenke 3((GEKTUBHOCTH YNpPaBIEHYECKHX PEIICHHH MO PAlMOHAJIBHOMY YIPaBICHHUIO
MEANLMHCKOI MHPACTPYKTYpOH, BKIIOUask POTHO3 COLMATbHO-IKOHOMUYECKUX MOCIICICTBIH.

HccnenoBanue BeIIOMHEHO npu ¢uHancoBoil moanepxke POOU u CNPq (bpasumus), ®onga
conerictBus naHOBauusM (Poccus), DBT, DST (Muaus), MOST, NSFC (Kuraii), SAMRC (FOAP)
B pamkax npoekra Ne 20-51-80002.
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Multiagent modeling based on fuzzy judgments of experts as applied to the field of
combating a pandemic
'Sudakov V.A., *Sivakova T.V.
'MAL, *Keldysh Institute of Applied Mathematics, Moscow, Russia

Today, methods of modeling behavior in society are usually based on probabilistic approaches,
however, it is difficult to obtain appropriate probabilistic estimates in practice. This is especially
noticeable in the case of new epidemics such as the COVID-19 pandemic. The lack of reliable
statistical data does not allow modeling epidemics with the required forecast accuracy.

At the heart of most modern approaches, the "epidemiological part" of the model is based on the
classical population-based SEIR Kermak-Mackendrick model. With the help of a system of integro-
differential equations, the process of dynamics in a population of groups of individuals is described.
This approach is accompanied by the setting of a certain set of initial conditions and a large number
of parameters, which, as a rule, are determined very subjectively. This is what leads to a significant
scatter of the results obtained by various researchers, which significantly reduces the predictive
value of such models.

To develop management decisions in a pandemic, one has to use expert judgments, which are
often fuzzy, vague, and their modeling with fuzzy numbers ensures that this uncertainty is taken
into account when making important strategic decisions. It is proposed to use the mathematical
apparatus of the membership functions of fuzzy sets. The peculiarity of the approach is that the
developed models are based on the original combined fuzzy methods of decision theory and multi-
agent modeling. The technology being developed can become one of the bases for creating
effective decision support tools in a difficult epidemiological situation.

Models will be created: settlements, economic entities and their relations, contact
communications, infection in a fuzzy information environment. The behavior of agents in them is
based on a value system defined on fuzzy areas of preference. To implement the above models,
discrete-event simulation software will be developed.

Since the simulation results are characterized by a large number of criteria, it is proposed to
reduce the space of the analyzed criteria using aggregation procedures and methods for calculating
general estimates

The applied significance of the developed approaches makes it possible to solve many predictive
problems, including, but not limited to:

« Forecasting the dynamics of the spread of morbidity, including a study of the dependence on the
characteristics of the causative agent of the infection (which can also play a role for the timely
development of adequate measures in the event of other epidemics).

* Assessing the additional burden on health infrastructure as the epidemic spreads.

» Comparative assessment of the expected effectiveness of various preventive and anti-epidemic
measures.

* The possible impact of the epidemic and the measures taken on the change in the nature of life
and behavior of people.

» Comprehensive assessment of socio-economic consequences.

« In assessing the effectiveness of management decisions on the rational management of medical
infrastructure, including the forecast of socio-economic consequences.
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Ipumenenue merona TOPSIS nuist Moie/IMpoBaHUs INHAEMHOIOTHYECKOIl 00CTAHOBKHU HA
OCHOBE HEYeTKHUX CYKIeHUIH
CynakoB B.A.
MAMWU, r. Mocksa, Poccust

MupoBoe cooOILIECTBO yKe HE BIEPBbIE B COBPEMEHHOH HCTOPHM CTOJIKHYJIOCH C ITaHAEMHEH
BUpyca. Permenus B obnactu pecypcHoro obecriedeHust OOpbObI C MaHIEMUSMH 3a4acTylo He
OJHO3HAYHBI U CIIOPHBL. DTO OOYCJIOBIEHO, C OIHOH CTOPOHBI, HEXBATKOH PECypcoB, KOTOpas
BEpOSATHA B Cilyyae OBICTPOrO pacIpOCTPaHEHMs] 3apaKeHMst H, C JPYroil CTOPOHBI,
MIPOTHBOPEYHBOCTBIO M PAa3HOPOJHOCTBIO KPUTEPHEB OLEHKHM IIOCIEICTBHH NPUHUMAEMBIX
pewenuii. [loaTOMy aKkTyanabHOU sIBIsIeTCS pa3pabOTKa METOJOB MHOTOKPHUTEPUAIBHOIO aHAIM3a
abTEPHATUB, HANpPaBIEHHBIX HA pELIeHME 3aJad IOJJIEPKKM MPHUHATUS pElIeHuH 1o
paLOHAILHOMY MCIOJIb30BAHHIO PECYPCOB B HEYETKOH HH(OPMALIMOHHOI cpeze.

PesympTaThl MOIETMPOBAHUS XapaKTEPH3YIOTCS MACCATKAMH KPUTEPHEB, YTOOBI 00ECHEUHTH
3((EKTUBHYIO OLCHKY NMapaMeTPUYECKUX M CTPYKTYPHBIX M3MEHEHHH, HECOOXOANMO yMEHBIIHUTh
MIPOCTPAaHCTBO aHATU3HPYEMBIX KPHUTEPUEB, I 9TOro OyAyT CO3/1aHbl MPOLEAYPHl arperupOBaHus
KPHUTEPUEB M METOIb! BEIMUCICHHS OOOOIEHHBIX OLEHOK. HeoOXOmMMO yYHTHIBATH MHOMKECTBO
PasHOPOJHBIX  (PaKTOPOB,  XapaKTEPU3YIONMX  MAaHAEMUIO, 3TO KaK  SKOHOMHYECKHE
(KOJIMYECTBEHHBIE), TAaK M OTHOILEHHE HaceNeHNs (KaueCTBEHHbIE U HeueTKue) kpurepuu. IToatomy
OyZyT WCIONBb30BaHbl OpUTHMHANBHBIE KOMOMHHUpPOBAaHHBIE NOAXOABI Ha 0Oasze obnacreid
NpeINOYTEHUH.

Hannune 3Ha4NTENBHOTO KOJMYECTBA MOKa3aTesel (MPU3HAKOB, aTpHOYTOB), XapaKTEPU3YIOIIHX
¢ mporecca; pa3sHOPOJHOCTh IMIKAN, B KOTOPBIX (DOPMHPYIOTCS OLEHKH; HEOOXOAUMOCTH ydeTa
BO3MOXKHBIX ~ CBSI3el MEXIy IOKa3aTelqsAMM; HEONPENENEHHOCTh B  BBIOOpE  CTpaTeruu
arpernpoBaHUs — BOT OCHOBHBIC MPOOJIEMBI, KOTOPBIE JOKHBI OBITh PElIeHBI IPH GOPMUPOBAHUN
OLICHOYHOH CHCTeMBI, TZié OCHOBHYIO POIb B KOTOPOH HIpaeT BHIOOp METOJa arperHpoOBaHHS,
HO3BOJIAIONIEH IOCTPOUTh OOOOIIECHHYIO (MHTErpajibHYy0, KOMIUIEKCHYIO) OLEHKY COCTOSHHS
CJI0KHOTO TIPOLIECCA.

Ipemnaraercs ucnoms3oBaTh MeTon upeansHoro pemenus TOPSIS (technique for order
preference by similarity to an ideal solution - MeToa HaMMEHBLIETO yAAICHUS OT ONTHMAJILHOIO
pEIICHHMS ), OCHOBAHHOTO Ha HEYETKHX 4Mciax. B HacTosImMi MOMEHT aBTOpaMu pa3pabaThIBaeTCst
IIPOrpaMMHBIA KoMIuleke Ha ocHoBe Fuzzy TOPSIS, B KOTOPOM y4YHTHIBAIOTCS MHIMBHUIyalIbHBIC
9KCIEPTHBIX MHEHUsI ¥ CTENEHHU UX COITIACOBAHHOCTH.

HccnenoBanue BbimonHeHo mpu ¢unancoBoit nmognepikke PODU u CNPq(bpasumus), donna
copetictust naHoBanuaM(Poceus), DBT, DST (Muaus), MOST, NSFC(Kurait), SAMRC(IOAP) B
pamkax HayyHoro npoekta Ne 20-51-80002.
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Application of the TOPSIS method for modeling the epidemiological situation based on
fuzzy judgments
Sudakov V.A.
MAI, Moscow, Russia
This is not the first time in modern history that the world community has faced a virus pandemic.
Resource decisions for dealing with pandemics are often ambiguous and controversial. This is due,
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on the one hand, to a lack of resources, which is likely in the event of a rapid spread of infection,
and, on the other hand, to the inconsistency and heterogeneity of the criteria for assessing the
consequences of decisions made. Therefore, it is urgent to develop methods for multicriteria
analysis of alternatives aimed at solving the problems of decision support for the rational use of
resources in a fuzzy information environment.

The simulation results are characterized by dozens of criteria, in order to provide an effective
assessment of parametric and structural changes, it is necessary to reduce the space of the analyzed
criteria; for this, procedures for aggregating criteria and methods for calculating generalized
estimates will be created. It is necessary to take into account many different factors characterizing
the pandemic, these are both economic (quantitative) and the attitude of the population (qualitative
and fuzzy) criteria. Therefore, original combined approaches based on preference domains will be
used.

The presence of a significant number of indicators (signs, attributes) characterizing the process;
the heterogeneity of the scales in which the assessments are formed; the need to take into account
possible links between indicators; uncertainty in the choice of an aggregation strategy - these are
the main problems that must be solved in the formation of an evaluation system, where the main
role is played by the choice of an aggregation method, which makes it possible to build a
generalized (integral, complex) assessment of the state of a complex process.

It is proposed to use the TOPSIS method of ideal solution (technique for order preference by
similarity to an ideal solution), based on fuzzy numbers. At the moment, the authors are developing
a software package based on Fuzzy TOPSIS, which takes into account individual expert opinions
and the degree of their consistency.

Acknowledgments: The reported study was funded by RFBR and CNPq, FASIE, DBT, DST,
MOST, NSFC, SAMRC according to the research project Ne 20-51-80002.
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00 ajaropur™Me AyajJabHOro YNpaBjeHHsI MHOTOMEePHBIMH Oe3bIHePIHOHHBIMH IIPOLECCAMH ¢
3ana3/ibIBaHHeM B YCJIOBHSAX HeMapaMeTPU4ecKoi HeonpeaeTeHHOCTH
UYxan E.A.
CdVY, r. KpacHosipck, Poccus

PaboTa nmocBsIeHa BOpOcaM CHHTE3a CUCTEM YIPABJICHUS] MHOTOMEPHBIMH O€3bIHEPIIHOHHBIMH
IpoleccaMi € 3ala3fblBAHAEM, XapaKTEPUCTUKM KOTOPBIX JMHAMHUYECKH W3MEHSAIOTCS CO
BPEMEHEM, HO H3-3a OOJIBLION BEIMYMHBI IUCKPETHOCTH KOHTPOJIS, NPEBBIIIAONICH ITOCTOSHHYIO
00BEKTa, HET BO3MOXKHOCTH HOJIYy4HTh MEPEXOAHYI0 XapakTEepHCTHKY mpouecca [1]. B ycmoBmsix
HeJoCTaTKa AaNpUOPHON HMH(OPMALUK 1eIeco00pa3sHO HCIOJIb30BaTh AJTOPUTMBI yallbHOTO
yIpaBjeHus, npejuloxkeHHble BriepBole A.A. @enpadaymoM [2], KOTOpbIE MO3BOJISIOT COBMEIIATh
J1Be KOHKYPUPYIOIIHE LEIH: N3Y4CHUE XapaKTEPUCTHK O0BEKTa M JOCTHXCHUE LEIN yIPABICHHS.
B cuTyanuu HemapaMeTpHYecKOH HEONpeieNeHHOCTH, KOrja MaTeMaTHIECKOe ONMCAaHNHE 00BEKTa
HEN3BECTHO, JyaJIbHOCTh PEaM30BaHa 3a CYET ABYX COCTABIIIIOLIMX AIrOpUTMa (hOPMUPOBAHUS
YIPaBJISIOIIEro BO3ACHCTBHS. IIOMCKOBEI IIar OTBEYaeT 3a U3ydeHHe 00BEKTa U BKIIOYAeT B ceOst
BEIYMCIICHHE HEBS3KM BBHIXOJAa OOBCKTA W LENHM YIPABICHWS W HeEMapaMeTpuyeckas OLCHKa
00paTHOro orepaTopa, Iie Ha OCHOBE 00y4Jaromnieil BEIOOPKH BEIMUCISICTCS OLCHKA YIPABIIIOLIETO
BoszeiictBus [3, 4]. Ocoboe BHUMaHUE YAENACTCS KA4eCTBY MCXOIHBIX IAaHHBIX, T.€. NMOJHOTE U
PEIPe3eHTaTUBHOCTH 00y4Jaromux BbIOOpoK. Ilpemmaraercs anropuTM IO aHAIW3y MaHHBIX,
TIO3BOJITIONINI HCKIIFOYUTE BBIOPOCH! M MOJIYYUTh HOBBIE O0ydJaroliye BEIOOPKH, YTO NMPUBEACT K
MOBBIIICHHUIO TOYHOCTH PELICHNUS 3a/1a4K YIIPaBICHHS.

Ha mnpaxTuke 4acTo HMeeT MECTO CHTYyallls, KOIJa 3aJaiollee BO3JCHCTBHE MM LElb
YHPABIICHHS MPEACTaBICHO B BHJEC HEYCTKOW WM WMHTEpBalbHON mHepemeHHoW. Ilpemmaraercs
QITOPUTM II0 BBIYHCICHUIO YHPABISIOIIEr0 BO3ACHCTBHS B OTOM Ciy4ae. YuncieHHOe
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UCCIICZIOBAHNE TPEJCTABICHHBIX AJTOPUTMOB OBUIO TIPOBEIEHO MPH CICAYIONINX HCXOMHBIX
napameTpax: ypoBeHb mryma ot 5 1o 10%; o6bem obydaromux BeIOOpok ot 50 10 500 s5eMeHTOB;
4rcI1o BEIOpocoB oT 1 10 10% Be160pku. [lokazana 3hekTHBHOCTD aNropuT™Ma yIpaBIeHH.

HccnenoBanue BBHIONHEHO HpH (UHAHCOBOM momuepkke rpanta Ilpesuaenta Poccuiickoit
Denepanuu A1t rocyJapcTBEHHON MOJEPKKU MOJIOAbIX yueHblx MK-763.2020.9.
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An algorithm for dual control of multidimensional inertialess processes with delay under
nonparametric uncertainty
Chzhan E.A.
SibFU, Krasnoyarsk, Russia

The work is devoted to the synthesis of control systems for multidimensional inertialess
processes with delay, which characteristics dynamically change with time, but due to the large
value of the discreteness of control exceeding the constant of the object, it is not possible to obtain
the transient characteristic of the process. In conditions of a lack of a priori information, it is
advisable to use the dual control algorithms proposed for the first time by A.A. Feldbaum, which
allow combining two competing goals: the study of the characteristics of the object and the
achievement of the control goal. In a situation of nonparametric uncertainty, when the mathematical
description of an object is unknown, duality is realized due to two components of the algorithm for
a control action generating. The search step is responsible for studying the object and includes
calculating the residual of the object's output and the control goal and a nonparametric estimate of
the inverse operator, which is calculated based on the training sample. Particular attention is paid to
the quality of the input data, i.e. completeness and representativeness of training samples. An
algorithm is proposed for analyzing data, which makes it possible to eliminate outliers and obtain
new training samples, which will lead to an increase in the accuracy of solving the control problem.

In practice, a situation often occurs when the setting action or control goal has the form of a
fuzzy or interval variable. An algorithm is proposed for calculating the control action in this case. A
numerical study of the presented algorithms was carried out with the following initial parameters:
noise level from 5 to 10%; training samples size is from 50 to 500 elements; number of outliers
from 1 to 10% of the sample size. The efficiency of the control algorithm is shown.

The study was supported by a grant from the President of the Russian Federation for state support
of young scientists MK-763.2020.9.
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Ceknua Ne2. «kMaTemaTu4yecKoe Moae/TMpOBaHUE
¢uU3nYeCKUX NpPoLeccoB U SIBJICHUN»

Section No.2. Mathematical Modelling of Physical
Processes and Phenomena

Pacyer cTaMOHAPHBIX PE:KUMOB PAGOTHI 60PTOBBIX HCTOYHHKOB NMUTAHUS
Bbnunos FO.U., baunos K.1O., Kauanos b.41., Komenes I1.A.

CIII'DTY «JIOTWy, r. Canxkr-Iletepbypr, Poccus

Pa3nuyaloT HecTalMOHAPHBIC ¥ CTALOHAPHBIC PEKUMBI paboThl HcTounukoB muTanus (UI1). U
T€, U Apyrue O4YeHb BAXKHBI JUIS MOHMMAHHUA MX HAAEKHOH padoTel. HecrarmoHapHble peXHMBI
paboThI ONpEeeNsIOTCs B pe3yibTaTe YHCICHHOTO PEIICHUs 3agadd Komm — pemeHus CHCTeMbI
mudpepennnansueix ypasuenuit (CHAY), koropas omuceiBaer npoueccsl B WII. CranuoHapHbIit
PEXHM MOXET OBITh MOJy4eH B pe3yJbTaTe AIUTEIbHOro pemenus 3anaun Komm. OnHako 31ech
BO3HHKAET BOIPOC — a JOCTHIHYT JH CTAllHOHAPHBIN PEXUM, C KaKOH TOYHOCTBIO JOCTUTHYT H T.J.
Bornee crporas mOCTaHOBKA ONpe/EeNeHHsI CTAllHOHAPHOTO PEXHMa COCTOUT B PEHICHUH KPAaeBOH
3a/1a4y, TA€ Cpasy JKe MONTyJaeTcs BECh BEKTOP HEM3BECTHBIX Ha MEPUOAE CTALMOHAPHOTO PEXHMA.
CyTb penreHnst cBoguTcs K cienyiomemy: 1) quckpermsupyercst C/IY u 3anHCHIBAaeTCS HA KaXIOM
mare uHTerpupoBanus; II) Tak moBTOpsieTcs IS KaXIOTO MHTEpBala AUCKPETH3AHU N0 KOHIA
nepuona; III) 3amuceiBaeTcss cucTeMa ypaBHEHWH IS NOCIEIHErO Iara WHTETPHPOBAHHMS, IIE
HOBBIC HCKOMBIC 3HAUCHHUS PAaBHBI 3HAUCHHSAM HEHM3BECTHBIX B Hauaje Iepuopa. B pesymprate
MOJy4aeTcsi cucTteMa anreOpaudyecKux YypaBHEHHH C OJIOYHO-AMAroHANbHOM —pa3peKeHHON
CTPYKTYpOH M OTJEIEHBIM OJIOKOM B BEPXHEM IIPaBOM YTy MaTpUIbL. JIJIs peIeH s TaKHX CHCTEM
Ppa3paboTaHbl CHEHAIBHBIC AITOPUTMbI PEIICHHS.

Takasi mocTaHOBKa 3alauu JAeiicTBUTENbHA Ui ynuHeHHoro ciydas C/AY, rae umeeM TOJBKO
RLC-anementsl. Eciu e umerorcs HenuHeifnsie aneMenTsl B MIT — quonsl M TpaH3UCTOPHI, TO
3ajada ycuoxkHseTcs. [Ipu 3ToM BO3HHKAeT BONIPOC — a KAaKyl0 MOAENIb HEIHHEHHOTO JJIeMEHTa
MIPUMEHATH KIIIOUEBYIO WX MOJHYIO. B ciTydae momHOH Mozeny MOXKHO OCTaBHTb TY XK€ CTPYKTYpY
MaTpULlbl Ha IIare IUCKPETU3alMd, HO HPHM 3TOM YBEIUYUBAETCS CIOXKHOCTh BBIYHCIICHUS
JJIEMEHTOB MaTpulbl SIKOOM CHCTEMBI HENMHEHHBIX —anreOpandeckux ypaBHeHud. [lpum
HCTIONB30BAaHUM KIIIOUEBOM MOJENM BEHTHIBHBIX OJIEMEHTOB CIpyKTypa SlkoOmama Oyzer
H3MEHSATHCS TONBKO HAa MHTEpBaJaX JIMHEHHOCTH. B 1000M citydae ClI0XHOCTb ITOCTAaHOBKH 33/1aUH
YBEIUUUBACTCS U TIPU ydYeTe IOJAa4d HMITyJIbCOB YIPABICHUS Ha TPAH3UCTOPHI B 3apaHee
HeoIpesieIeHHble MOMEHTBl BPEMEHH C IIeNbI0 CTAOWIM3alMU BBIXOJHBIX mapamerpoB MIT —
MOIIHOCTb, HANPSDKEHHE, TOK.

Jluteparypa:

1. Rinzel J., Miller R. Numerical calculation of stable and unstable periodic solution to the
Hogkin-Hukely equations// Mathematical biosciences, 1980, Ne 49, p.27-59.

2. Alan G., Liu J. W-H. Computer Solution of Large Sparse Positive Definite Systems — 1981,
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Calculation of steady-state modes of on-board power supplies
Blinov Yu.L, Blinov K.Yu., Kachanov B.Ya., Koshelev P.A.
ETU “LETI”, Saint-Petersburg, Russia
There are transient and steady-state operation modes of power supplies (PS). Both are very
important for understanding their reliable operation. Transient modes are determined as a result of
the numerical solution of the Cauchy problem — the solution of a system of differential equations
(SDE), which describes the processes in the PS. The steady-state mode can be obtained as a result
of a long-term solution of the Cauchy problem. However, here the question arises — and whether
the stationary mode is reached, with what accuracy it is reached, etc. A more exact formulation of
the steady-state mode definition consists in solving the boundary value problem, where the entire
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vector of unknowns on the steady-state period is immediately obtained. The algorithm of the
solution is the following: I) the SDE is wrote at each step of integration; II) it is repeated for each
time interval until the end of the period; III) a system of equations is written for the last step of
integration, where the new desired values are equal to the values of the irrelevant ones at the
beginning of the period. The result is a system of algebraic equations with a block-diagonal sparse
structure and a separate block in the upper-right corner of the matrix. Special solution algorithms
have been developed to solving such systems.

This description of the problem is valid for the linear case of SDE, where we have only RLC-
elements. If there are non-linear elements in the PS — diodes and transistors, then the problem is
become more complicated. At the same time, the question arises — which model of the nonlinear
element should be used: the valve-model or complete one. In the case of a complete-model, you can
leave the same matrix structure at the discretesation step, but the complexity of calculation of the
elements of the Jacobi matrix of a system of nonlinear algebraic equations is increased. When using
the valve-model of valves elements, the structure of the Jacobian will be change only at intervals of
linearity. In any case, the complexity of the problem description is also increased when taking into
account the impulses of control system of transistors at pre-view undefined times in order to
stabilize the output parameters of the PS — power, voltage, current.

®opma HeOeCHBIX BSI3BKOYNPYIHX TeJl B OJHOI MaTeMaTH4YecKoi Moaean
3neHko A.A.
MAJU, r. Mocksa, Poccust

Bausaue Bs3kocTH Ha (OpMy BS3KOYHNPYTHX HEOSCHBIX TeI — HOBBIH U HEM3y4EHHBIH BOIPOC.
Bo-nepBbIX, 3TO NMPEACTaBIACT TEOPETHYECKUH MHTEPEC, BO-BTOPHIX, YTOUHsACT GOpMy HEOECHBIX
TeJ W, B-TPEThHX, 3HAHHE (POPMBI TEJl BAXKHO JUIS BEIYMCICHHS X IPABUTALIMOHHOIO IOTEHIMAIIA,
MOMEHTOB HHEPIUH, MOMEHTOB CHJI M BCEX XapaKTePHUCTHK IBIDKEHHS. MBI HCCIeIyeM 3Ty
npobieMy Ha NpUMepe ABMXKEHHs IUIAHETHI M €€ CIyTHHKAa BOKPYI IIPUTATUBAIOIIETO ILIEHTpA.
Macca nepBoro Tena (IUIAHETBI) 3HAYMTENBHO HPEBOCXOAUT MAaccy BTOPOro Teia (CIYTHHKA),
CyMMa HX MacC BO MHOTO pa3 MEHBIIE MAacChl NPUTATUBAIONIETO HEHTpa. B peampHOCTH — 3TO
Mozenb cucteMsl 3emisi-Jlyna-Conuue. Pemienue aToif 3azaun, BBUIY COOTHOLIGHHS MaccC Tedl,
OCHOBAaHO Ha aCHMIITOTHYECKOM METOJe TEOPUH BO3MYILIEHHH C UCIOJIb30BAHHEM TEOPUH MaJIbIX
nedopmanmii u mozenu Kenpuna-®olixta. B HEBO3MyLIEHHOM cilydae Tena — IIaphbl, JBHKCHHE
OapuIleHTpa TeNl BOKPYI NPUTATHBAIONIEr0 LEHTPa W CIYTHUKA BOKPYT IUIAHETHI SIBJISETCS
KPYTOBBIM, a TeJa BPAIaloTCsl BOKPYT MX LEHTPOB MAacc ¢ MOCTOSHHBIMU YITIOBBIMH CKOPOCTSIMH.
Bo3mymaromumM (hakTopoM SBISIETCS BSI3KOYNPYTOCTh T€Nl U, KaK CICACTBHE, U3MEHEHHE HX
(hopMBI BiIeUeT 3a cO00i N3MEHEHNE UX TPaBUTAIIMOHHOTO HOoTeHIHana. Telna HauMHAIOT JBHTATHCS
10 KBa3HKPYroBBIM OpOWTaM, WX YIJIOBBIE CKOPOCTH MEHSIOTCS CO BPEMEHEM. ODBOJIOLMS B
JIBIDKCHUH Tell 00yCIIOBICHA HMEHHO HX BA3KOCTBIO. PaHee Hamu OBLIM HOIyYCHBI NIEPEMEIICHUS
TOYEK TeJl, IUIAHETHl U CITyTHUKA, BBI3BAHHBIC BSI3KOYNPYroil nedopmarmeid. B cury nuHeHHOCTH
TEOPHH OHH HPEJCTABICHBI B BHJEC CyMMBI JIBYX CJIaraeMblX: IIEpBOE BBI3BAHO JEHCTBHEM TOJBKO
YIPYTHX CHJ, @ BTOPOE — JUCCHNATUBHBIX CHJI M COACPKHT KOX(D(PUIUEHT BHYTPEHHETO BS3KOTO
TpeHusl. DTH IepeMeleHHs OOpaTHO NPONOPHUOHANBHEI Moxymo IOHra M Tperbell CTeneHu
paccTOSHHUS 1O IPUTATHBAIOLIETO Tela (IIeHTpa). Bsi3kue nepeMenieHns 1o BeIMYUHE B HECKOJIBKO
pa3 MeHbllle yNpyrux nepemenieHuidl. Bce mnepemenieHus naHbsl BO BpalIaloOUIeHCs CUCTEMeE
KOOpJMHAT, XKECTKO CBSI3aHHOW ¢ TeJIoM. MBI HaXOIWM TaKHe CHCTEMBI KOOPIHMHAT, B KOTOPBIX
YpaBHEHHS IIOBEPXHOCTEH TeJl MMEIOT KaHOHWYeCKHd BHA. [l yHOpyrux IepeMenieHnit
MOBEPXHOCTH Tella IPEACTABIIET COOOM IIIUICON]] BPALlIeHHs], BBITIHYTHII BAOJIb OCH CHMMETPHH,
HaInpaBJIeHHON Ha MpHTArHBaomiee Teno (meHTp). s BI3KUX IepeMelIeHHil ITOBEepXHOCTh Tela
TIPEZICTABIIAET COOOM TPEXOCHBII IUIMIICOH, €ro OOJIbIIas MOTYock 00pa3yeT ¢ HalpaBJIeHHEM Ha
MPUTATHBAIOIIEEe Teao yroa B 45 rpamgycoB. [Ipu COBMECTHOM IEHCTBHM 3THX INEPEMEICHUI
TIOBEPXHOCTBIO TENa SBIACTCA TPEXOCHBIM DIUIMIICOMA, ero Oonbluas MOmyoch oOpasyer c
HampaBJiecHHeM Ha IpUTsATHBaiomee Teno (LEHTP) Yroj, BeNUYMHA KOTOPOTO 3aBHCHT OT
kod(punneHTa BHYTPEHHEro BS3KOrO TPEHHs M YIVIOBOH CKOPOCTH BpaIllGHHs 3TOro Tela,
OpOUTAJIBHOM YIVIOBOH CKOpPOCTH NpuTsAruBarouiero tena (Oapuuentpa). Ecnu obOpatutbes x
KIIACCHYECKOM JHTEpaType, TO TaM pPacCMaTpPHBAaeTCs HECKUMAEMOEe TeNO0 C CIUHCTBEHHBIM
[IapaMeTpoM — MOJIYJIEM C/BHIA, IOBEPXHOCTh KOTOPOIO aNIpPOKCHUMUPYETCsl BTOPOH 30HAIBbHOMH

87



rapMOHMKOIl. bepercs Kakoe-TO SMIMpUYECKOe 3HAYCHHE YIvla 3amas[blBaHMs WIM OH
OIpe/eNIeTCs U3 HaOIIOICHHMIA.
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The shape of celestial viscoelastic bodies in a mathematical model
Zlenko A.A.
MADI, Moscow, Russia

The effect of viscosity on the shape of celestial bodies is a new and unexplored question. We
investigated this problem by the example of the motion of the planet and its satellite about the
center of attraction. The mass of the first body (planet) significantly exceeds the mass of the second
body (satellite). The sum of their masses is many times less than the mass of the attracting center.
In reality, it is a model of the Earth — Moon — Sun system. The solution of this problem, in view of
the ratio of the masses of the bodies, is based on the asymptotic method of perturbation theory
using the theory of small deformation and the Kelvin — Voigt model. In the unperturbed motion the
bodies are balls, the motion of the barycenter of the bodies about the attracting center and the
satellite about the planet is circular, and the bodies rotate around their centers of mass with constant
angular velocities. The disturbing reason is the viscoelasticity of the bodies and, as a consequence,
a change in their shape entails a change in their gravitational potential. The bodies begin to move in
quasi-circular orbits, their angular velocities change with time. Evolution in the motion of the
bodies is due precisely to their viscosity. Earlier we obtained displacements of points of bodies,
planet and satellite, caused by viscoelastic strains. Due to the linearity of the theory, they are
presented as a sum of two terms: the first is caused only by the action of elastic forces, and the
second is caused by dissipative forces and contains the coefficient of internal viscous friction.
These displacements are inversely proportional to Young’s modulus and the third power of the
distance to the attracting body (center). Viscous displacements in magnitude are several times less
than elastic displacements. All displacements are given in a rotating coordinate frame rigidly
connected to the body. We find such coordinate frames in which the equations of the surfaces of the
bodies have the canonical form. For elastic displacements, the body surface is an ellipsoid of
rotation elongated along the symmetry axis directed to the attracting body (center). For viscous
displacements the body surface is a tri-axial ellipsoid, its semi-major axis forms an angle of 45
degrees with the direction to the attracting body (center). Under the combined action of these
displacements the body surface is a tri-axial ellipsoid, its semi-major axis forms an angle with the
direction to the attracting body (center), the value of which depends on the coefficient of internal
viscous friction and of angular velocity of rotation of ellipsoid, orbital angular velocity of the
attracting body (barycenter). If we turn to the classical literature, then there is considered an
incompressible body with a single parameter — rigidity, the surface of which is approximated by the
second zonal harmonic. Some empirical value of lag angle is taken or it is determined from
observations.
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MartemaTH4ecKoe MO/Ie THPOBAHHE A3POJAHHAMHYECKOI0 THCTepe3nca
Anuesa J[.A.
LATU, r. Kykosckuii, Poccus

B pabore mnpencTaBieH MNOAXOM K MOACIMPOBAHMIO TUCTEpE3UCa  A3POAMHAMHYECKHX
xapakTepucTUK. CTaTHYECKUH THCTEPE3HC CBs3aH C CYIIECTBOBAHUEM HEEAMHCTBEHHBIX CTPYKTYp
OTPBIBHOTO OOTEKaHMS M HX NEPECTPOHKON NpU H3MEHEHHH yIia aTaKd, KOTOpas 3aBHCHUT OT
npeasicTopur  ABWkeHus. B [1] mma  MonenupoBaHusl HEMMHEHHBIX — a3pOJHMHAMHYECKHX
XapaKkTEepUCTUK OBUI MPEMIOKEH MOJAXOA C BBEIACHHUEM JIONOJHUTENBHBIX BHYTPEHHHX
MepEMEHHBIX, ONHUCHIBAIOIUX OTPBIBHOE OOTekaHMe. VX nUHaMHYecKoe M3MEHEHHE ONUCHIBACTCS
JIOTOJNHUTENBHBIM ~ IU((depeHInaNbHBIM  YPaBHEHHUEM, IIpaBas dYacThb KOTOPOTO  COMAEPXKHUT
CTaTHYECKYIO 3aBHCHMOCTb CO CIBHIOM apryMenTa. [ nmpoduis B Ka4ecTBE TaKOH NEepeMEHHOM
BBIOMpAETCs TMOJIOKEHWE TOYKM OTphIBa MOTOKa Xs(at). ['mcrepesucHbie 3(GQEKTs Mpu 3TOM HE
YYUTHIBAINCE. JIJIsI OMMCaHUS CTATHYECKOrO I'MCTepe3nca Ha Npoduiie B KauyecTBEe BHYTPEHHEH
TIePEMEHHOH TaKk)Ke MOXKET OBITh BEIOPAHO ITOJIOJKEHHE TOUKU OTphIBa Ha npodmite xs. OqHaKo, Tak
KaK Teleph 3aBUCHMOCTb IOJIOXKCHHS JTOH TOUKH OT YIVIa aTaKd HEOAHO3HAYHA, YIOMSIHYTHIH
BBEIIIE NOAXOA HeoOxoaumo Momuduuuposats. Ilpemraraercss paccMOTpeTh OOpaTHYIO IO
OTHOLIEHHIO K xs(0) ¢yHKIHio os(x). OHa OXHO3HAYHA M MOXKET OBITh NMPUONMKEHAa KyCOYHO-
nuHeiiHOW (yHkuuen. [[ns omucaHus NTMHAMMYECKOTO MOJIOKEHHS TOYKM OTpPhIBA Ha Mpoduie
MOXKHO HCIIOJIBE30BaTh OOBIKHOBEHHOE au(depeHnnanbHoe ypaBHEHHE MEpBOrO  IMOpsKa,
BKJIIOYAIONIEe XapaKTepHOE BpeMs pa3BUTHS OTpbIBa IOTOKAa T. [IpM MaybIX 3HAYEHHSIX T
YpaBHEHHE IIEPEeXOAUT B CTATHUECKYIO 3aBUCUMOCTb. CpaBHEHHE Pe3ylbTaTOB MOJIEIHPOBAHUA C
SKCIIEpHUMEHTANBHBIMI JaHHBIME Uit Tipoduist NACA 0018 [2] moka3piBaeT KaueCTBEHHOE M
KOJIMYECTBEHHOE COOTBETCTBUE THCTepe3nca MoabEMHON cuibl Cya NIpH KBa3HCTALIMOHAPHOM
U3MEHEHUH yria ataku. MogenupoBanue Cya Ipu TrapMOHHYECKHX KOIEOAHMSIX C aMIUIUTYIOU
A0=5° W pa3HbIMM 4YaCTOTaMHM TAKKE I10Ka3bIBAaCT YJOBIETBOPUTEIBHOE COBHAJEHUE C
OKCIIEPHUMEHTAIHBIMUA ~ JTaHHBIMA ~ TIPH  JIOTNIOJIHUTENBHOM  yd4ére JIMHEHHOTro  BKJaja,
00YCIOBIEHHOTO YIJIOBOM CKOPOCTBIO, IPOHNOPIUOHANBHOIO KOMIUIEKCY BpaIlaTelbHOH |
HECTAI[MOHAPHOI Npon3BOAHOM. [ MccienoBaHus BIMSHUS THCTEpE3Nca B a3pOJUHAMHIECKHX
XapaKTepUCTHKaX Ha JIUHAMHKY OBUIO IPOBEICHO MOJEIMPOBAHUE IPOM3BOJIBLHOTO IBHKCHUS
CHCTEMBI BTOPOTO MOPSAKA.
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Mathematical modelling of aerodynamic hysteresis
Alieva D.A.
TsAGI, Zhukovsky, Russia

The paper presents an approach to modeling the hysteresis of aerodynamic characteristics. Static
hysteresis is associated with the existence of non-unique separated flow structures and their
rearrangement with a change of the angle of attack, which depends on the motion prehistory. In [1],
for modeling nonlinear aerodynamic characteristics, an approach was proposed with the
introduction of additional internal variables describing the separated flow. Their dynamic change is
described by an additional differential equation, the right side of which contains a static dependence
with a shift in the argument. For the airfoil, the position of the flow separation point xs (a) is
chosen as such a variable. Hysteresis effects were not taken into account. To describe the static
hysteresis on the airfoil, the flow separation point position can also be selected as an internal
variable. However, since the dependence of the position of this point on the angle of attack is now
ambiguous, the above approach must be modified. It is proposed to consider the inverse function as
(x) with respect to xs (o). It is unambiguous and can be approximated by a piecewise linear
function. To describe the dynamic position of the separation point on the airfoil, one can use an
ordinary differential equation of the first order, including the characteristic time of the development
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of flow separation 7. At small values of 1, the equation turns into a static dependence. Comparison
of the simulation results with experimental data for the NACA 0018 profile [2] shows the
qualitative and quantitative correspondence of the lift hysteresis Cya with a quasisteady change in
the angle of attack. Simulation of Cya for harmonic oscillations with an amplitude of Aa =5 ° and
different frequencies also shows satisfactory agreement with the experimental data with additional
allowance for the linear contribution due to the angular velocity, which is proportional to the
complex of the rotational and unsteady derivative. To study the influence of hysteresis in static
aerodynamic characteristics on dynamics, the arbitrary motion of a second-order system was
simulated.

References:

1. Goman M.G. Mathematical description of aecrodynamic forces and moments in unsteady flow
regimes with a non-unique structure. / Proceedings of TsAGI, vol. 2195.1983.

2. Zhuk AN., Kolinko K.A., Miatov O.L., Khrabrov A.N. Experimental studies of unsteady
aerodynamic characteristics of isolated wings under flow stall conditions. / TSAGI Preprint No. 86,
1997, pp. 1-56.

MeTox MaTeMATHYECKOI'0 MOl THPOBAHHUS CTATHYECKOT0 HATPY KeHUsI MHOTOCJIOHHOI0
nakera u3 [IKM ¢ yuyeTom BbIGOpa KpuTepus IPOYHOCTH
'Bamapos E.A., >Epkos A.I1.
'MAMU, A0 «["paxnanckue camonétbl Cyxoro», r. Mocksa, Poccus

B paGoTe omucaHo NpUMEHEHHE MaTeMaTHYecKux anroputMoB MS.Excel mpu paspabotke
pacyeTHOH MPOrpaMMbl MPOYHOCTHOTO aHANINM3a KOMITO3HIMOHHOTO MHOTOCJIOMHOro makera. Ha
6aze BCTpOGHHOrO s3blka mporpammupoBanusi Visual Basic for Applications (VBA) Obun
pa3paboTaH aJTOPUTM pacueTa Ha MPOYHOCTh. [I0Ka3aHa MPUMEHHMOCTh CPEJICTB, BCTPOCHHBIX B
MS.Excel a1 aBToMarusanmuy mpomecca pacdera H3ACIUHA U3 MOIMMEPHBIX KOMIIO3UIIMOHHBIX
marepuasioB (IIKM) cnouctoii ctpykrypbl. I[lpousBeneHo 000CHOBaHHME BBIOOpPa KpPHTEPUEB
MPOYHOCTH B 3aBHCHMOCTH OT THIIOB YKJIAJIOK MaTepHajioB M KOHCTPYKUMid. [IpoaHanu3upoBaHsl
IPAaHMIBI NPHUMEHUMOCTH KPHUTEPUEB NPOYHOCTH Uit pasianudbix TumoB [TKM. PaspaGorka
METO/IOB aBTOMATH3allM pacueTa Ha IPOYHOCTH KOMIIO3HMIMOHHBIX MAaTEepUaoB SsBISIETCS B
HacTOsIIee BpeMsl YpE3BBIYAHO BaXKHOM COCTABILIONIEH Ipolecca IIMPOKOMAcmTabHOrO H
9 (eKTHBHOrO MX BHEAPCHMS B KOHCTPYKIMIO JICTATENBHOTO ammapara. PenieHue JaHHOTO
BOIIPOCA MO3BOJISIET MOBBICHTH KayeCTBO M KOHKYPEHTOCHOCOOHOCTh HMPOAYKIMH, MOCKOJBKY HPH
aBTOMATH3al[MM pacyera CYIIECTBEHHO YMEHBIIACTCS BpeMsl pacuera Ha INPOYHOCTb, W Kak
CJICACTBHE, MOBHIIACTCS d(P(HEKTUBHOCTE PabOTHI HHXKEHEpa. METOJ KOHEYHBIX JIEMEHTOB B CBOC
BpeMsl IIPOM3BEN MEPEBOPOT B 00JACTH PEIICHHUs 3a]ad MPOYHOCTH JICTATENbHBIX aIlllapaToB, HO
€ro npuMeHeHHe TpeOyeT OONIBIIMX 3aTpaT BPEMEHH, YeM NPUMEHEHHE aHAJMTHYECKUX pEIICHUH
peanu30BaHHBIX B BHJC IPOrPAaMMHBIX KOMIUIGKCOB Y3KOW HampaBieHHOCTH. BsiBomsl 1)
PaspaboTana mporpaMma  aBTOMATH3MPOBAaHHOIO  pacyera Ha  HPOYHOCTH  CIIOMCTOTO
KOMIIO3HIIMOHHOIO MaTtepHaia IoJ neiictBHeM 6 cHIOBBIX (akTopos. [Iporpamma 3HaYHTENBHO
YBEJIMYUBACT POM3BOAUTEILHOCTh HIKCHEPA 3aHMMAIOIIETOCs MPOCKTUPOBAHUEM/PAacueTOM
CJIONCTBIX KOMIIO3UTHBIX KOHCTPYKIHIf; 2) TOYHOCTB pacuera 3aBHCHT OT BHIOPAHHOTO KPUTEPHS H
CHMMETPHYHOCTH HakeTa. [IpH BBICOKOI HECHMMETPHYIHOCTH OIIMOKA paciyeTa yBEINIHBAETCS, UYTO
CBSI3aHO C OCOOCHHOCTAMHM TEOPHM CIOMCTBHIX IUiacTuH; 3) [lpuBeneHo KpaTkKoe oOIMcaHue
peaNu30BaHHBIX B IIPOrpaMMe KpPHTEPHEB IPOYHOCTH C KPATKUMH DPEKOMEHIAIVSMH IO
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Method of mathematical modeling of static loading of a multilayer package made of PCM,
taking into account the choice of the strength criterion
'Basharov E.A., Erkov A.P.
'MALI, 2Sukhoi Civil Aircraft JSC, Moscow, Russia

The paper describes the use mathematical algorithms of MS.Excel in the development of the
calculation program strength analysis composite multilayer package. On the basis of the built-in
programming language Visual Basic for Applications (VBA) was developed algorithm for
calculating the strength. Shown the applicability of the tools embedded in MS.Excel for automation
of process of calculation of products from polymeric composite materials (PCM) layered structure.
Produced justification of the choice of strength criteria depending on the types of styles materials
and designs. Analyzes the limits of applicability of strength criteria for different types of PCM. The
development of methods for automating the calculation of the strength of composite materials is
currently an extremely important component of the process of large-scale and effective
implementation of them in the design of an aircraft. The solution of this issue makes it possible to
improve the quality and competitiveness of products, since the calculation automation significantly
reduces the calculation time for strength, and as a result, the efficiency of the engineer's work
increases. The finite element method at one time made a revolution in the field of solving problems
of the strength of aircraft, but its application requires more time than the use of analytical solutions
implemented in the form of software complexes of a narrow orientation. Conclusions: 1) A
program for automated calculation of the strength of a layered composite material under the
influence of 6 force factors has been developed. The program significantly increases the
productivity of an engineer engaged in the design/calculation of layered composite structures; 2)
The accuracy of the calculation depends on the selected criterion and the symmetry of the package.
With high asymmetry, the calculation error increases, which is due to the peculiarities of the theory
of layered plates; 3) A brief description of the strength criteria implemented in the program with
brief recommendations for use is given.

MeToauka MOJe/IMPOBAHHS YCTPOHCTB PAKETHOI0 BOOPY KeHHUsI HA IpHMepe
NepCreKTHBHOTO AIaITHBHOTO ABHALMOHHOTO KaTaMyJIbTHOTO YCTpoiicTBa
Bbexnemumies @.C.
MAMU, r. Mocksa, Poccust
IIpu npoekTupoBaHUK U Pa3pabOTKe CIOXKHBIX TEXHHYECKUX CHUCTEM, K KOTOPBIM OTHOCATCS U
ycTpoiicTBa  paketHoro  Boopyxenus (YPB), mHMpOKO NPHMEHSIOTCS  MHCTPYMEHTBI
MaTEMaTHYeCKOro MOJIEIUPOBaHUsi. IIHTeHCHBHOE pa3BUTHE HH()OPMALMOHHBIX TEXHOIOTHI
CIOCOOCTBYET MOBCEMECTHOMY HCIIOIB30BAHUIO METOIOJIOTHH MaTEMaTHIECKOIO0 MOCNPOBAHHSL.
CymiecTByloNye IOAX0Ibl K pa3padOTKe MAaTeMaTHYECKUX MOJEINEH CIOXKHBIX TEXHHYECKUX
CHCTEM IOZIPa3yMEBAIOT HCIIOIb30BAHUC BBICOKOIPOU3BOAUTEIBHBIX BBIYUCIUTEIBHBIX CPEJICTB.
IIpsiMOii HATYPHBIH SKCIEPHMEHT CBSI3aH C OOJBIIMMU MaTePHAILHBIMU U BPEMEHHBIMU 3aTPATAMH.
Jlns cucTeM, XapakTepH3yHOMXCs OBICTPOJACHCTBHEM M CIOKHOCTBIO (DM3HYECKHX IIPOLECCOB,
3aBUCAIIMX OT OONbLIOro 4ucia (akTopoB, CAMHCTBEHHBIM IOAXOIOM HCCIEOBAHUS SBIACTCS
HCIIOJIb30BAaHKE METOJa UMUTALIMOHHOTO MOJenupoBanus [1].
Ilpu co3gammu mepcrnekTHBHBIX YPB  HeoOXxogmmo — pemraTb  KOMIDIEKC — CIIOXKHBIX
KOHCTPYKTOPCKHX 3aJ[a4, B TOM 4YHCJIEC 33724 MOACINPOBAHUS PAabOThI TAKUX CHCTEM B YCIOBHAX
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OoeBoro npuMeHeHus. PelieHme 3THX 3azay BBINOJHSETCS 17 OOOCHOBAHMS PALMOHAIBHBIX
XapaKkTEepUCTUK W IapaMEeTPOB CHCTEM, a TaKXKe JUIi CHIDKCHHS CTOMMOCTH pa3pabOTKu H
[IPOHM3BOJCTBA.

CIO’XKHOCTh M MHOTO0Opa3ue ycIoBUH 0OEBOro NMPUMEHEHHs HE IO3BOJISIOT ONMHCATh PEKHUMBI
¢ynkunonnpoBanus YPB  oxHOH  yHHBepcaJbHOH MOZENbIO, OTBEYAIOLICH TpPeOOBaHHAM
JIOCTOBEPHOCTH U OIIEPATHBHOCTH [2].

B nanHOil paboTe paccmaTpuBaeTCs METOAMKAa MojenupoBaHus YPB Ha mpumepe
MEPCIEKTUBHOIO aJaNTUBHOIO aBMALIMOHHOIO KaTamysbTHOro ycrpoictea (AAKY). Jloruka
paboThI METOAMKH OIPEACIACTCS B3aMMOACHCTBHEM TPEX GJIOKOB.

B Guoke Nel dopmupyrorcs tBepaorenbhsie CAD-momenn YPB 1 aBHAUMOHHBIX CPEACTB
nopaxenus (ACII), noctpoennsie B mporpamme SolidWorks. [lanHbple Momenu comepxar B cebe
nHdopManuio 00 HHEPIMOHHO-MAcCOBBIX XapakTepucTukax YPB m ACII, a Takxke JJIEMEHTHI
«CIIPAaBOYHOH TEOMETPUM», MpEIHA3HAUCHHBIC JUIS JaJIbHEHIIEro ONpe/eNieHus IIapHUPOB
(CompsDKEHUIT) MEXTy 3JIEMEHTaMH CHCTEMBI B Oyioke Ne2.

B 6moxe Ne2 cospmarorcs munHammdeckue Mopenu nepcrektuBHOH AAKY m ACII, a taxke
MOZIeNM MX KoMIUleKTanuu, Ha ocHoBe CAD-mozenelt n3 610ka Nel. Mopenb KOMILIEKTaluM
SIBJISICTCSl MOJIEITBIO BEPXHETO YPOBHSI B CTPYKTYpE MOJIE/b JAHHOTO OJIOKA M NMPHHUMAET U3 OoKa
Ne3 3HaueHHS YIPaBSIONMX BO3ACHCTBHU (JAaBleHMS, CHIBI HAa IITOKaxX IMINHIPOB
JIByXKaHAJIbHOW cHCTeMBbl). B KauecTBe NONOIHHUTENBHBIX MOJEICH B JaHHOM OJIOKE MOTYT OBITh
UCHOJIb30BaHbI MOZIEIN aTMOC(EPHI, U3MEPEHHUS TapaMeTPOB, a3POANHAMHUKH.

B 6moxe Ne3 B cucreme SimInTech dopmupyercs MaTeMaTHueckass MOJENb HCIIOTHUTEILHOH
yacTu nepcnektuBHOM AAKY. JlaHHasg Mozenb ONMCBIBAET MPOLECCHl, IPOTEKAIONIUE B
TUJIPABIMYECKUX Y3IaX ABYX KaHAl CHCTEMBI, a TaKkke (OpPMUPYET yHpaBIIsrOIINe CUTHAJbI IS
cucteMbl ympasieHus YPB, mosBoimsiomue oOeCIeUnTsh JKelaeMble W Oe30macHble IapaMeTphl
KaTaryJIbTHPOBAaHMS OT Hayaja IBIKeHHs u Jo otaeneHus ACIL

B pesynbrare mnpUMEHEHHWs TpeUlaracMoOdl  METOAMKH ObLIM  ONMpEAENCHbl IapaMeTphl
HCTIONHHUTENbHOH 4acTu mepcmekTuBHOro AAKY, a Taioke moarBepskieHa paboTOCIIOCOOHOCTH
ITOPUTMOB ~ CHCTEMbl ~ YNPABICHHUS  KaTamyldbTHPOBaHMEM.  IloiydeHHBIE — pe3yibTaThl
MOJICIIPOBaHUs ObUIM BepH(UIMPOBAHBI C PE3YJIbTATAMU OTPAOOTKM Ha SKCIICPUMEHTAIBHOM
CTEH/IE H TIOKA3aJIH XOPOIIIYI0 CXOJHMOCTb.
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A technique for modeling rocket armament systems on the example of a promising adaptive
aviation catapult system
Beklemishchev F.S.
MAI, Moscow, Russia

In the design and development of complex technical systems, which include rocket armament
systems (RAS), mathematical modeling tools are widely used. The intensive development of
information technologies contributes to the widespread use of the methodology of mathematical
modeling.

The existing approaches to the development of mathematical models of complex technical
systems imply the use of high-performance computing facilities. A direct field experiment is
associated with large material and time costs. For systems characterized by the speed and
complexity of physical processes that depend on a large number of factors, the only research
approach is to use the simulation method.

When creating promising RAS, it is necessary to solve a complex of complex design tasks,
including the tasks of modeling the operation of such systems in conditions of combat use. The
solution of these problems is carried out to justify the rational characteristics and parameters of
systems, as well as to reduce the cost of development and production.
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The complexity and variety of conditions for combat use do not allow describing the modes of
operation of RAS with a single universal model that meets the requirements of reliability and
efficiency.

This paper discusses the methodology for modeling the RAS using the example of a promising
adaptive aircraft catapult system (AACS). The logic of the methodology is determined by the
interaction of three blocks.

In block 1, solid-state CAD models of RAS and airborne weapons (AW) devices are generated,
built in the SolidWorks software. These models contain information about the inertial-mass
characteristics of the RAS and AW, as well as elements of the "reference geometry" intended for
further definition of the hinges (mates) between the system elements in block 2.

In block 2, dynamic models of promising AACS and AW are created, as well as models of their
configuration, based on CAD-models from block 1. The configuration model is the top-level model
in the structure of the model of this block and takes from block 3 the values of control actions
(pressure, forces on the cylinder rods of the two-channel system). As additional models in this
block, models of the atmosphere, measurements of parameters, and aerodynamics can be used.

In block 3 in the SimInTech system, a mathematical model of the executive part of the promising
AACS is being formed. This model describes the processes occurring in the hydraulic units of the
two channels of the system, and also generates control signals for the control system of the RAS,
allowing to provide the desired and safe parameters of ejection from the start of movement to the
separation of the AW.

As a result of the application of the proposed technique, the parameters of the executive part of
the promising AACS were determined, and the efficiency of the algorithms of the ejection control
system was confirmed. The obtained simulation results were verified with the results of testing on
the experimental bench and showed good convergence.

MHuoronapamerpuyecKkoe YHCJIeHHOE MO/eIHPOBAHNE TeUeHHIi I1a3Mbl B MOILHOM
uHAYKIHOHHOM BU-n1azmorpone BI'Y-3 UIIMex PAH
Bacunbesckuii C.A., bpesranos A.U., Konecuuko A.®., SIkym C.E.
WIIMex PAH, r. Mocksa, Poccust

IIpoBeneHO MHOronapaMeTpu4eckoe MCCIel0BaHHE 3aBUCUMOCTU TE€YEHHH BO3IYLIHOM ILIa3MBbl
B paspsaHoM Kkanane BY-mmasmorpona BI'Y-3 mommuoctsio 1 MBT 0T OCHOBHBIX IapaMeTpoB
PEXUMOB €ro paboThl — AaBlieHHs P n MoIHOCTH N0 aHOHOMY nuTaHuio Nap. PacueTsl TeueHus B
paspsaHoM kanane BI'Y-3 mpoBoamnmuck mo MoauduimpoBanHoi mnporpamme Alpha Ha ocHOBe
YHCIICHHOTO pemeHus ypaBHeHnil HaBbe-CTokca. MICTOYHUKOBEIE UWIEHBI, BXOAAIINE B YPAaBHCHUS
u BbIpaxkaromue paeiictBue cuibl JlopeHna u J)oysaeBo TEIIOBBIIENEHUE, BBIYUCISIIOTCS 4Yepes3
KOMIUIEKCHYIO ~ aMIUIMTYJy YCPEJHEHHOIO JJIEKTPHYECKOrO IO, TOYHEE uepe3 ee
TaHreHIMaJbHYI0 KOMIOHeHTy Eteta [1]. BuxpeBoe sIeKTpOMarHUTHOE TIOJE, MOPOKACHHOE
BBICOKOYACTOTHBIM TOKOM B BUTKaX MHAyKTOpa (4actora Toka f=0.44 MI'11) 1 BUXPEBBIMH TOKaMH
B IUIa3Me, ONUCHIBAETCS JBYMEPHBIMH ypaBHeHMsMH MaxkcBema mius Eteta [2]. I'panudnble
yCIOBHS U1l 3THX YpaBHEHHH — paBeHCTBO Eteta Hymro Ha OECKOHEYHOCTH, NMPAKTHYECKH — HA
JIOCTATOYHO OOJBIIOM yIAJICHUH OT HHAYKTOpA IO Z ¥ I. PeleHue 3THX ypaBHEHUH TPOBOJUTCS Ha
JIOTIOJTHUTENIBHON Pa3HOCTHOW CeTKe, BBIXOMIICH 3a Mpenensl obllacTH TeYeHHs IUIa3Mbl, U
TpeOyeT OONBIIOro JOMONHUTENIBHOIO BPEMEHH pacuera. B pesynpTaTe NpOBENCHHBIX PacyeToOB
st P=50, 100, 200, 300 m6ap 1 Nap=50, 100, 200, 300 kBT nosydeHs! H30MMHAHN QYHKIUU TOKA U
H30TEPMBI B pa3psIHOM KaHaie, nx 3aBHCHMOCTH oT P m Nap. IlomydeHbl Takke 3aBHCHMOCTH
paauanbHbIX npoduneit ckopoctr Uc u sHTanenuu he Ha cpese kanana ot P u Nap. DHranbnus
3aBHCHT OT MOIMHOCTH Nap M maBieHHss P nmoBompHO mpocto: he(r) mpu (QUKCHPOBaHHOM I
yBeNuuuBaeTcs ¢ poctoM Nap u ymeHsmaercst ¢ poctoM P (kpome cirydas Nap=50 xBrt), npudem
3aBHCHMOCTh OT JaBleHMS cnabas NIpu Maloli MOIIHOCTH M 3HAYUTEIbHAs IOPH OONBIIOH
momHoctH (300 kBT). 3aBucumocth ckopoct Ha ocu ctpyn UcO or Nap n P umeer oObr4HbIMi
xapakrep: UcO Goplue Juist O0nbInel MOIIHOCTH, MEHBIIE s OOJBIIEro AaBJIeHNs. 3aBHCHMOCTD
ot pamuyca Uc(r) anst Oonpmmx momrHocteid (300 u 200 xBT) nmeer OOBIYHBI MOHOTOHHBIN
xapakrep. [{ns manoit momocti 50 kBt 3aBucumocts Uc(r) CTaHOBHTCS HEMOHOTOHHOM, T.€.
CKOPOCTBH JOCTaTOYHO Majla Ha OCH CTPYH, 3aTeM PacTeT IPH yIAICHUH OT OCH U YMEHBIIAeTcs 10
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HyJIs TOJIBKO BOJIM3M cTeHKH KaHana. J{ns momHoctn 100 kBT ckopocts Uc moutn mocrosHHas B
SApEe CTPYH M YMECHBIIACTCS 0 HYIIS TOJIbKO BOIN3M CTCHKH.
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Multiparameter CFD simulation of plasma flows in a powerful HF induction plasmatron
VGU-3 IPMech RAS
Vasilievskii S.A., Bryzgalov A.L, Kolesnikov A.F., Yakush S.E.
IPMech RAS, Moscow, Russia

A multiparameter study of the dependence of air plasma flows in the discharge channel of VGU-
3 HF plasmatron with a power of | MW on the main parameters of its operation modes — pressure P
and anode supply power Nap — was carried out. The calculations of the flow in the VSU-3
discharge channel were carried out using the modified Alpha program based on the numerical
solution of the Navier-Stokes equations. The source terms included in the equations and expressing
the action of the Lorentz force and Joule heat release are calculated through the complex amplitude
of the averaged electric field, more precisely through its tangential component Eteta [1]. The
vortical electromagnetic field generated by the high-frequency current in the turns of the inductor
(current frequency f = 0.44 MHz) and vortical currents in the plasma is described by the two-
dimensional Maxwell equations for Eteta [2]. Boundary conditions for these equations are the
equality of Eteta to zero at infinity, in practice, at a sufficiently large distance from the inductor in z
and r. Solution of these equations is carried out on an additional finite difference grid that goes
beyond the plasma flow region and requires a large additional computation time. As a result of the
calculations performed for P = 50, 100, 200, 300 mbar and Nap = 50, 100, 200, 300 kW, isolines of
the stream function and isotherms in the discharge channel, their dependences on P and Nap, were
obtained. The dependences of the radial profiles of the velocity Uc and enthalpy hc at the channel
exit section on P and Nap were also obtained. The enthalpy depends on the power Nap and pressure
P quite simply: he(r) for a fixed r increases with increasing Nap and decreases with increasing P
(except for the case Nap = 50 kW), and the dependence on pressure is weak at low power and
significant at high power (300 kW). The dependence of velocity at the jet axis UcO on Nap and P
has a usual character: UcO is larger for higher power, less for higher pressure. The dependence on
the radius Uc(r) for high powers (300 and 200 kW) has the usual monotonic character. For a low
power of 50 kW, the dependence Uc(r) becomes nonmonotonic, i.e. the velocity is rather small on
the jet axis, then increases with distance from the axis and decreases to zero only near the channel
wall. For a power of 100 kW, the velocity Uc is almost constant in the jet core and decreases to
zero only near the wall.
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MoaeanpoBanue TEIVIOBOIO IPoLecca NepHOINYeCKOro BEICOKOTEMIIePATYPHOI0
HaHeceHUs1 PYHKIMOHAILHOTO MOKPbITHS
Tapu6su B.A., ®opmanes B.d., [lertsapenko P.A.
MAMU, r. MockBsa, Poccust
Ipoueccel  TemomacconepeHoca B 00JNACTAX MOJABEPKECHHBIX (PA30BBIM  IMPEBPAIICHHUAM
BCTPEYAIOTCS B PAa3HBIX 00NACTSAX TEXHUKH: TEXHOJIOTMYECKHX IIPOM3BOACTBAX, MAIIMHOCTPOCHUH
[1], a Taxxe HpM SKCIUTyaTallMd JICTATENbHBIX alIapaToB B YCJIOBUSX BBICOKOCKOPOCTHOTO
aTMocdepHoro monera [2, 3]. Bo MHOrux 3ajayax ¢ MOABMKHBIMHM TPaHHLAMH, Ha KOTOPBIX
IpOHCXOaiT (pa3oBbIC MPEBPAIICHHS, CaMa IPaHMIA JBIKETCS BIIyOb Telma, a €e KOOPJMHATHI
YCTaHABIMBAIOTCS OTHOCUTEIILHO H3BECTHBIX IIEPBOHAYANBHEIX IpaHull [4, 5]. CuTyanus MeHsieTcs,
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Koraa obbeM Tela yBEIMYMBACTCS HAHECCHHEM BBICOKOTEMIIEPATYpPHOIl (ha3bl, TO €CTh KOTIa
TpaHMLA JBUKETCS HapyXy OTHOCHUTEIBHO NepBOHadaibHoro tena [1]. B sToMm ciydae ¢asosblie
MIPEBPAICHUS] CONPOBOXKIAIOTCS BBIICICHHEM TEIUIOBOI DJHEPTHHM 3a CUYET KOHJCHCAIUH U
TEIUIONPOBOIXHOCTH IPUCOSIMHEHHON (a3bl, a TAKKe JTy4UCTOro TEII000MEHa.

B pabote mocraBieHa 3ajadya TEIIIONEPEHOCA IPU TEPUOAMYECKOM HAHECEHHHM HA IUIOCKYIO
MOMIOKKY Ta3000pa3sHON (ha3bl BBICOKOM TEMIIEpaTyphl, TIe B KaXXJOM BPEMEHHOM IIEpHOJC
CHavana MPOHMCXOJUT KPaTKOBPEMEHHOE HamblIeHHe (a3bl, a 3aTeM MIUTEIbHOE KOHJYKTHBHO-
KOHBEKTHBHOE H JIy4HCTOE OXJaxeHHe Tena. [1ogo6Hble TenaoBble NPOLECChl ra30TEPMUYECKOTO
HANBUICHUS HMEIOT MeCTO Hpu (opMHpOBaHUH (YHKIHOHAIBHBIX IOKPHITHH, B TOM 4YHCIE
TEII03allUT TMIEP3BYKOBBIX JIETATENbHBIX alllapaToB.

Jlns pemieHus 3ajaud IIpoBe/ieHAa JIMHEapH3allMsl JIyYHCTOH COCTaBJAIOIIEH IepeHoca ¢
MOMOIIBI0 PABHOBECHOH TEMIIEPATypHl, IONyYCHHOW KaK TOYHOC peIIeHHe ypaBHeHHS 4-#
CTEMEHH, CJEAYIONEro M3 rpaHuyHoro ycnosus [2]. C mnomowmblo chenuanbHOW 3aMeHbl
HPOCTPAHCTBEHHON KOODAMHATHI, MO3BOJNMBIICH IEepedTH K oOyacTH ¢  (UKCHPOBAHHBIMU
TpaHMIAMH ¥ TPUMEHEHHsS HHTErpalbHOro mnpeoOpasoBanus Oypee [1, 2], momyueHo
aHaIUTUYECKOE pelieHue 3anaud. IIpoBeleHO KOMIIBIOTEPHOE MOJEIUPOBAHUE TEILIOBOIO
COCTOSIHMS MOJIOKKH C IIMKJIMYECKH HECTALHOHAPHON MOABMKHON rPaHHIIEH — yBEIMYNBAIOIEHCs
TONIIUHON MOATOKKH. 1o pacdeTHBIM JaHHBIM HNPHOIMKEHHBIM K PEalbHBIM, B KaXKIOM IIHKIIC
HarpeB Temneparypoi 3000K u nponoimxutensHocTbio 0.2¢ CMEHsUICS CHATHEM HarpeBa u
€CTECTBEHHBIM OXJaXIECHHEM C TemIepaTypoil okpyxaromei cpexst 300K, nmmsmemcs 1.2c, a
obImee KOIMYECTBO LHKIOB COCTABISLIO OT €JHHHI[ JO HECKONbKHX IEcATKOB. McciemoBanue
TEIUIoNepeHoca MPOBOAWIOCE B Pa3HBIX TOYKAX IOMIOKKH, B TOM 4YHCIE B KpaiHeH Toduke
TIOABYDKHON TPAHHUIBI, M IOKAa3ajJ0 €ro CYIIECTBEHHO HECTAalMOHAPHBIH XapaKkTep C ITHKOBBIMH
MaKCHMyMaMH UM MHUHHMyMaMH TeMIeEpaTyp Ha TpaHHUIle, HAIMIHEM HHEPIUOHHBIX KoJeOaHUMH
TeMIepaTypbl BO BHYTPEHHHX TOYKaX. YHCIIeHHas peaan3anys aHATUTHYECKOTO PEIIeHNs 3a1a4n,
aHanu3, BepHUKAUUs W 0OCYXKICHHE pe3yJIbTaTOB MOJACIHPOBAHMS ITOKA3add aJeKBaTHOCTH
IPEeUI0KEHHOH B paboTe (pHU3HKO-MaTeMaTHIECKOH MOIEIH U METO/a PEIICHHS.
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Simulation of the thermal process of periodic high-temperature deposition of a functional
coating
Garibyan B.A., Formalev V.F., Degtyarenko R.A.
MAI, Moscow, Russia
Heat and mass transfer processes in areas subject to phase transformations are found in various
fields of technology: technological production, mechanical engineering, as well as during the
operation of aircraft in high-speed atmospheric flight. In many problems with moving boundaries,
on which phase transformations occur, the boundary itself moves deep into the body, and its
coordinates are established relative to the known initial boundaries. The situation changes when the
volume of the body is increased by the application of the high-temperature phase, that is, when the
boundary moves outward relative to the original body. In this case, phase transformations are
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accompanied by the release of thermal energy due to condensation and thermal conductivity of the
attached phase, as well as radiant heat transfer.

The paper posed the problem of heat transfer during periodic deposition of a gaseous phase of
high temperature (hot aerosol) on a flat substrate, where in each time period, first there is a short-
term deposition of the phase, and then a long-term conductive-convective and radiant cooling of the
body. Similar thermal processes of thermal spraying take place during the formation of functional
coatings, including thermal protection of hypersonic aircraft.

To solve the problem, the radiative transfer component was linearized using the equilibrium
temperature, obtained as an exact solution to the 4th degree equation following from the boundary
condition. With the help of a special replacement of the spatial coordinate, which made it possible
to pass to a region with fixed boundaries and the use of the integral Fourier transform, an analytical
solution of the problem was obtained. Computer simulation of the thermal state of a substrate with
a cyclically unsteady moving boundary — an increasing substrate thickness has been carried out.
According to the calculated data close to real, in each cycle, heating with a temperature of 3000 K
and a duration of 0.2 sec was replaced by the removal of heating and natural cooling with an
ambient temperature of 300 K, which lasted 1.2 sec, and the total number of cycles ranged from a
few to several tens. The study of heat transfer was carried out at different points of the substrate,
including at the extreme point of the moving boundary, and showed its essentially unsteady
character with peak maximums and minimums of temperatures at the boundary, the presence of
inertial temperature fluctuations at internal points. The numerical implementation of the analytical
solution of the problem, analysis, verification and discussion of the simulation results showed the
adequacy of the physical and mathematical model and solution method proposed in the work.

MaTeMaTH4ecKoe MO/eJTHPOBAHHE TEXHOJOIHYEeCKOr0 NPoIecca HayYHo-
HCCJIe0BATeIbCKIX HCMBITAHNUI ra3oreHepaTopa ABYXKOHTYPHOIO TYpOOpeaKTHBHOIO
JABUTATE/Is1 B yCJIOBHSX MOTOPOCTPOHTEILHOTO NPEANPHATHS
I'pudkos 1.H.

AO «OJIK-ABuaznpurarenby, T. [lepmb, Poccus

TexHonornueckuii  mporecc  Hay4yHO-MCCIICJOBATEIbCKUX  HCIBITAHMH — rasoreHeparopa
JIByXKOHTYPHOTO TypOOPEaKTUBHOTO JBHTaTels B YCIOBUSIX MOTOPOCTPOHMTEIBHOTO HPEAPUSTHS,
npennoxkeHHslit B [3] mpencraBisier co0Oi  CIOXHBIE M TPYAOEMKHE oOmepanud. Ilostomy
obecrieueHHe BBICOKOTO YPOBHsA TpeOOBaHWI K KayecTBy M HAJEKHOCTH, M HEOOXOIMMOCTh
3HAYUTEIFHOTO COKPAICHUS TPYJOEMKOCTH U CTOMMOCTH HCIIBITATEIbHBIX Pa0OT HEBO3MOXKHO Oe3
HCTIOJIb30BAHUSI MATEMAaTHUECKOTO MOCIUPOBaHUS [2].

Matemartnyeckas MOJIENb PACCMaTPHBAEMOTO MPOLIECCa, MPEACTABIACT COO0H MHOTOYPOBHEBYIO
UEPapXUYECKYI0 CTPYKTYpy, COCTOSIIYI0 M3 (YHKIHOHAIBHBIX MOZYJEH  OTPaKaroIuX
(YHKILMOHAIBHYIO CTPYKTYpY MpOIEcCa, KOTOpble B CBOK OYepelb IMPEACTABISIOT COOOM
B3aMMOCBSI3aHHBIE COBOKYITHOCTH 0a30BBIX MOJyJICi, NOCTPOEHHBIE 0 HPHHIMITY JIOCTATOYHO
TOYHOTO OIMCAHMS NMPOMCXOMAIINX B HUX (pM3M4ecKuX mnpoueccoB. Onucanne 0a30BOro MoyJs
OCHOBBIBACTCS Ha €r0 MPEACTABICHNUH, KaK O HEKOTOPOM (U3MIECKOM 00BEME C BXOZOM, BBIXOJIOM
U PACXOJIHOH XapaKTePHUCTHKOH BXOJa C OZHOMEPHBIM TedeHHeM pabouero Tena. B sTom ciryuae
NOTOK  paboyero Tejla B  pacuyeTHOM CEYCHHWHM  MOJNHOCTBIO  ONpEAeNsieTcs  Tpems
TEPMOJMHAMUYECKUMH TapaMETPaMH: [aBJICHHEM, TEMIEPaTypoOil, H CKOPOCTBIO WM, IPH
H3BECTHOI! IO TPOXOJHOTO CEUSHHs, pacXoJoM padodero tena. CBs3b MEXAy HapaMeTpaMu
Ha BXOJC ¥ BBEIXOJC OIMCHIBAETCS B BHJE YPaBHEHHH COXPAaHEHHs MAcChl M DHEPTHH, a B Cllydac
HaJIMYMS] MEXaHUYCCKOH SHEPTHH JOTONHICTCS YPABHCHHEM [IBHKCHHUSL.

DyHKIMOHAIBHBIA MOJYJIb aKTHBHBIX JIEMEHTOB IIPOLIECCA OMMCHIBACT U3MEHEHHE MApaMeTpoB
pabodero mpolecca Ha YCTAaHOBHBIUMXCS M HEYCTAaHOBHBIUMXCA pPEXHMMax paboThl, Kak
ra3oreHeparopa JABYXKOHTYPHOTO TypOOpPEakTHBHOTO [BHrateisi, TaK M TEXHOJIOTHYECKOro
JIByXKOHTYPHOTO TypOOPEaKTHBHOTO IBHUIATElNsl, T€ HMCXOJHBIMH JaHHBIMH, B 3HAYHTEIBHOI
CTEICHH OIpPEJIENAIOIMMH TOYHOCTb MOJyYEHHBIX MOJYJICH SABIAIOTCS TEOMETPUYECCKUE PasMephl
[POTOYHON YaCTH, Fa30JUHAMIYECKUE XapaKTEPUCTUKHU y3JI0B, XapaKTePUCTHKH ToIumBa [1].

@OYHKIMOHAIBHBIA MO/Y/Ib TACCHBHBIX JIEMEHTOB IIPOLECCa OMMCHIBACT H3MCHEHUE TapaMETPOB
pabouero mporecca B CHCTEME MOBOJIa pabOYero Tejia Ha YyCTAaHOBHBIIMXCSA M HEYCTaHOBHBILHXCS
pexuMax paboThl aKTHBHBIX JJIEMEHTOB. PaccMarpuBaeMblii MOIYIb MOJKET OBITH MPEICTABICH
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ITHEBMATHYECKOW EMKOCTBIO, 3allOJIHCHHON pabouMM TeNoM, ABIDKYIIMMCSA MOJ JeHCTBHEM
nepenazaa aBjieHuil, co3aaBaeMoro paboToil akTUBHBIX JIEMEHTOB mporecca [2].

Jloxa3aHa afgeKBaTHOCTb IOTyYEHHON MaTEeMaTHYECKOH MOJEIN PEalbHOMY TEXHOIOTHMIECKOMY
HPOLIECCY HA OCHOBAHMM COINOCTABIICHUS PACUCTHBIX M KCHEPHMEHTAIbHBIX NAHHBIX, IPH 3TOM
MakcuMallbHasi ommbka He mnpeBbimmaer 2 %. Takum o0pa3soM, MaremaTH4YecKas MOJEb
[PEOCTABIIACT BO3MOXKHOCTD [UI JETAIBHOTO H3y4eHHs OCOOCHHOCTEH ()YHKIIMOHHUPOBAHUS
TEXHOJIOTHYECKOT'0 MPOLIECCa UCTIBITAHUI.
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Mathematical simulation of the technological process of research tests of the bypass
turbojet engine core in the conditions of the engine OEM’s facility
Gribkov LN.
JSC “UEC-Aviadvigatel”, Perm, Russia

The technological process of research tests of the bypass turbojet engine core in the conditions of
the engine OEM facility, proposed in [3], involves complex and time-consuming operations.
Therefore, it is impossible to ensure a high level of quality and reliability requirements and the
necessary significant reduction of manpower and cost of testing work without using mathematical
simulation [2].

The mathematical model of the process under consideration is a multi-level hierarchical structure
consisting of functional modules reflecting the functional structure of the process, which in turn are
interconnected sets of basic modules built on the principle of a fairly accurate description of the
physical processes occurring in them. The description of the basic module is based on its
representation as a certain physical volume with an input, output and flow characteristics of the
inlet with a one-dimensional flow of the working fluid. In this case, the flow of the working fluid in
the design section is completely determined by three thermodynamic parameters: pressure,
temperature, and velocity, or, for a known area of the flow section, the flow rate of the working
fluid. The relationship between the input and output parameters is described in the form of
equations of conservation of mass and energy, and in case of mechanical energy, it is supplemented
by the equation of motion.

The functional module of the active elements of the process describes the change in the
parameters of the working process at steady-state and transient operating modes, both of the bypass
turbojet engine core and of a technological bypass turbojet engine, where the initial data that largely
determines the accuracy of the resultant modules are the geometric dimensions of the flowpath, gas
dynamic characteristics of modules, fuel characteristics [1].

The functional module of passive process elements describes the change in the parameters of the
working process in the working fluid supply system at steady-state and transient operating modes
of active elements. The module under consideration can be represented by a pneumatic container
filled with a working fluid moving under the influence of a pressure drop created by the operation
of the active elements of the process [2].

The adequacy of the resultant mathematical model to the real technological process is proved on
the basis of a comparison of design and experimental data, while the maximum error does not
exceed 2 %. Thus, the mathematical model provides an opportunity for a detailed study of the
specific features of functioning of the technological testing process.
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MopennpoBaHue npouecca HHAMBUAYAJILHOIO M1000pa AeTajieil npu coopke
3anopuna H.A., Henomuiyes B.B.
PI'ATY umenn I1.A. ConoBbeBa, r. Peiounck, Poccust

3aKTIOUUTENBHBIM JTAallOM MpoIlecca HM3TOTOBICHUS M3NENHSA SsBISeTCs Mpolece cOOpKH,
KOTOPHIi B 3HAYMTENBHONM CTENEHM ONpeeseT NapaMeTphl KadecTBa usjenus. OCHOBHOM
MOKa3aTeib KadyecTBa COOPKM WM3/elMs — TOYHOCTh, OLIEHHMBAaeMas BEIMYMHON IIOrPEIIHOCTH
pa3Mepa 3aMBIKAIOIIETO 3BEHA.

WsBectHo [1], dYTO mnpW HCHIONB30BAHMM TPAAUIMOHHBIX METONOB COOpPKM mporecc
CYMMHUPOBAHUS TIOTPEIIHOCTEHl ieTanell HeynpasiisieM U TpeOyeMoe KauecTBO obecriednBaeTcs Ha
OCHOBE IIOCTIPOIECCHOTO KOHTPOJISA. MeTox HHAMBHAYaIbHOrO IOA0Opa JeTaneil IO3BOISIET
YHOpPaBIATh 3TUM IIPOLECCOM IIyTEM IIPEIBAPUTENHHOTO KOMIBIOTEPHOIO MOJEIUPOBAHUS
Pa3IMYHBIX BAPUAHTOB (POPMHUPYEMOI pa3MEpPHOI LIeNH 1 BEIOOPA JTy4Ilero 13 HUX.

Kak moka3pIBaloT pe3ynbTaThl HCCIEIOBAHHS, MOTPENIHOCTh pa3Mepa 3aMBIKAIONIEro 3BEeHa
MOXeT ObITh cHIDKeHa B 10-15 pa3 Ge3 moBblmIeHHUs TpeOOBAaHUH K Ka4ecTBY JeTaleil, mpuueM, B
OTJIMYME OT JPYTHX METOAOB, 3Ta IMOTPEIIHOCTh YMEHBIIAETCS NPH yBEIHYEHHH KOIMYECTBA
COCTaBILIOIINX 3BEHBEB.

OJIHO# M3 OCHOBHBIX IPOOJIEM NPH OCYIIECTBICHUM 3TOr0 METOJA SABIISETCS MOMCK HAMIYUIIHX
BapHaHTOB COYETAHHs JeTallel, MOCKOJIbKY AaXke JUlsl HEOONBIIMX 3allacoB COOMpaeMbIX AeTanel
BO3MOXKHO aCTPOHOMUYECKOE KOIMIECTBO BAPHAHTOB, KOTOPBIC HEOOXOJHMO PACCMOTPETh.

3amady WMHAMBHIYaJbHOTO IOAOOpa MOXHO TPAKTOBaTh, KaK 3aJady KOMOHHATOPHOI
onTUMM3anuK. Eciam M37ende COCTOMT M3 HECKONbKHMX JeTajlell pa3saMyHOro BHJA, BEKTOpa
(m3menust), chOpPMHPOBaHHBIE K3 HCTHHHBIX pa3MepoB Jeraneif, o00pa3yloT KOHEUHbIE
MyJIbTUMHOXKeCTBa [2]. HeoOXoaumMo HaWTH Takyr0 KOMOWHAIMIO BEKTOPOB, YTOOBI HEKOTOPBIH
3a/IaHHBIA (YHKIMOHAJI KaYeCTBA Ha JJaHHOM COBOKYITHOCTH JJOCTUTaJl 3KCTPEMyMa.

B [3] nomt ummTanmu cOOPKHM C HCIONB30BAaHHEM MHIMBHIYalbHOTO HOAOOpa meTanei
MPEUIOKEH aJITOPUTM 4YacTHYHOTO ClIydaiHOro mepebopa, B OCHOBY KOTOPOIO IOJIOKEHBI
TeHETHYECKUE AJITOPUTMBI, KOTOPBIE HE Jal0T TOUHOIO alrOPUTMA PEIIEHUs 3a/1auH, a OPEEIIAIOT
TOJNBKO 00IIyIo cxeMmy. [loaToMy At penreHHs KOHKPETHOU 3aaudl HEOOXOAMMO aJalTHPOBATH
AJITOPUTM C Y4ETOM BCeX OCOOEHHOCTell nmpeaMeTHol obnactu. Tak, B KIIACCHYECKOM BapUaHTE C
HIOMOII[BIO TEHETHYECKOT0 aJIFOPUTMA OCYILIECTBIIIETCS TIOUCK «IydIlei» ocoOu, B ciydae 1oaoopa
Jietaneil HeoOX0AMMO HAMTH «Iy4IIyO» HOMYISIHI0 0COOSH MM MOMYJIALHUIO <«ITY4YIINX» 0COOCH.
Kaxnmast 0codb — 3TO BapHaHT COOPOYHOrO KOMIUIEKTa, TeH — Jeraib. HauanbHas MOMyJIsLus
MPEJICTaBIISET COOON JOMYCTHMOE PEelICHNE 3aa4i, KOTOpoe OyAeT yIydIIaThCsl Ha KaXIOM Iuare
anroput™a. OTOOp 0CO0EH IS CKpEeMBaHU MOXKET TPOBOJMUTHCS JFOOBIM CIOCOOOM. MyTanuu B
CHJIy OTpaHWYEHHH NPEAMETHOH 00JIacTH He BBINOIHSIOTCA. [l CO3MaHMs HOBOTO IOKOJICHHS
TIPUMEHSIETCS IPUHIHI JJIUTAPHOCTH.

Hcnonp3oBaHue Takoro MOAXOAa MO3BOJIET IMOA0OpaTh coOHpaeMble AETald Iepe] cOOpKoH
TaKuM 00pa3oM, 4TOOBI OHH B MAaKCHMAJIbHO BO3MOXKHOMN CTEIEHH KOMIICHCUPOBAIIM MOTPEITHOCTH
H3TOTOBJIEHHS JIPYT JIpyTra.
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MexyHapoaHon MOJIOJIEKHOM HaY4HO-TIPAKTHYECKOH KOH(epeHIIHN KAYECTBO
IMPOAYKIHNHN: KOHTPOJIb, YIIPABJIEHUE, ITOBBIIHEHUE, TNTAHUPOBAHUE. T.1, IOro-
3am. roc. yH-T., Kypck: U3-Bo 3A0 «YHuBepcuTeTckas kHura», 2018. C. 213-217.

Modeling of the process of parts individual selection during assembly
Zadorina N.A., Nepomiluyev V.V.
P.A. Solovyov RSATU, Rybinsk, Russia

The final stage of the product manufacturing process is the assembly process, which largely
determines the quality parameters of the product. The main indicator of the product assembly
quality is accuracy, estimated by the size error of the closing link.

It is known [1] that when using traditional assembly methods, the process of summing up the
errors of parts is uncontrollable and the required quality is provided on the basis of post-process
control. The method of individual selection of parts allows you to control this process by
preliminary computer modeling of various variants of the formed dimensional chain and choosing
the best of them.

As the results of the study show, the error in the size of the closing link can be reduced by 10-15
times without increasing the requirements for the quality of parts, and, unlike other methods, this
error decreases with an increase in the number of constituent links.

One of the main problems when implementing this method is to find the best options for
combining parts, since even for small stocks of assembled parts, an astronomical number of options
that need to be considered is possible.

The problem of individual selection can be interpreted as a combinatorial optimization problem.
If the product consists of several parts of different types, the vectors (products) formed from the
true dimensions of the parts form finite multisets [2]. It is necessary to find such a combination of
vectors that some given quality functional on a given set reaches an extremum.

In [3], to simulate an assembly using individual selection of parts, a partial random search
algorithm is proposed, which is based on genetic algorithms that do not give an exact algorithm for
solving the problem, but only determine the general scheme. Therefore, to solve a specific problem,
it is necessary to adapt the algorithm taking into account all the features of the subject area. So, in
the classical version, a search for the "best" individual is carried out using a genetic algorithm, in
the case of selecting details, it is necessary to find the "best" population of individuals or a
population of "best" individuals. Each individual is a variant of the assembly kit, a gene is a part.
The initial population is a valid solution to the problem, which will improve at each step of the
algorithm. The selection of individuals for crossing can be carried out in any way. Mutations due to
the limitations of the subject area are not performed. To create a new generation, the principle of
elitism is applied.

Using this approach allows you to select the assembled parts before assembly in such a way that
they compensate for each other's manufacturing errors to the maximum extent possible.
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Bepudukanusa MaTeMaTHYeCKHX MO/ eJ1ell ¢ TOMOLIbIO IKCIIEPUMEHTAILHOI0 MOJAAIBbHOI0
AHA/IN32 U MX HCHOIbL30BAHHE /151 OLIeHKH H3MEeHEeHHsI TeXHHYeCKOro COCTOSIHUSI POTOPOB
ra3oTypOMHHBIX ABUTAaTEel
3y6ko A.W., 3Bonapes C.JL., 3yoko A.A.
MAMU, r. Mocksa, Poccust

Ompenenenre COOCTBEHHBIX YAacTOT KOIECOAHUIl JJIEMEHTOB KOHCTPYKIHH HEOOXOAMMO JUISL
BBIPAOOTKH MEPONPHATHH C IENbI0 UCKITIOUCHHS MITH CHI)KCHHS PE30HAHCHBIX SABJICHUH B paboueM
JlMania3oHe 4acToT BpalleHus usjenus. Ilpouecc aHanM3a XapakTepUCTHKH POTOpPAa HAYMHAETCS C
CO3MaHMS €ro MaTeMaTUYeCKOM MOJENM M IIPOBEACHUS C €€ IOMOIIbI0 aHAIUTHIECKOTO
MOZIAJILHOTO ~ aHAllM3a, pe3yJbTaTOM KOTOPOIro SIBIAETCS IIOJyYEHHE pPAcUETHBIM IIyTeM
COOCTBEHHBIX YacTOT ¥ (POPM KOJIEOAHNUI.

Ilpu mocTpoeHMH MaTeMaTHYeCKOH MOJEIM M MPOBEJCHHU pACUeTOB, KaK IIPaBHIIO,
MIPUHUMAETCS, YTO BCE JMHAMMYECKUE MPOLIECCHl UMEIOT JIMHEHHYI0 3aBUcUMocTh. Ha camom nene
3TO He Bceraa Tak. Jist pemeHnst OONBIIMHCTBA MPAKTUYECKUX 3aJ[a4 CBOMCTBAMHU HEJMHEIHOCTH
MOXXHO IIpeHeOpeub M pe3ydbTaT OyAeT HMeTh HEeCYyIIeCTBEHHYI0 IorpemHocts. Ho Taxske
CYILECTBYIOT 3a/layd HE YYeT HEJIMHEHHOCTH, B DEIIEHHU KOTOPBIX, MOXET IIPUBOAUTH K
3aMETHOMY HCKa)KEHHUIO MOJIy4aeMbIX pe3yibTaToB. IMEHHO KO BTOpOMY KJaccy B OOJBIIMHCTBE
CITy4aeB OTHOCSTCS 3a7a4d MOJAIBHOIO aHAIHW3a POTOPHBIX CHCTEM ra30TYpOMHHBIX JBHTraTeleH
T

Jlns  mpoBeseHMs aHaIM3a C  LENbIO  ONpeJelieHMst TexHHdyeckoro cocrosHus I'TJ
JIMAarHOCTHYECKHMH IIPU3HAKAMHU PA3BHBAIOMIETOCS Ae(eKTa HIM IOBPEXKICHUS MOTYT SBIATHCS
HeOObIINE OTKJIOHEHMS B paboTe cucteMsl. IIpy He ydeTe MX BIUSHHUSA Ha CUCTEMY IIPOBE/ICHHE
BCEX JpPYrMX paboT MOXET OKa3aThCsi Oecroyie3sHbIM. B pesynbrate yBENMYeHHS TOYHOCTH
pacueToB, MOBBIIIAIONIMX UYYBCTBHTEINPHOCTH MATEMAaTHUYECKOM MOJIENH, pacTeT H YHCIO
BO3MOXKHBIX HEBEPHBIX PEIIEHUH H3-3a HEKOPPEKTHOIo BBIOOpA HAyajbHBIX YCJIOBUH WM He
COBCEM IIOJIHOTO Y4YeTa BIIMSHUS CYIIECTBEHHBIX BO3JEHCTBYIOIIMX (DAKTOPOB, YTO BHOCUT
3HAYUTENBHYIO HOTPEIHOCTh. [l03ToMy mocie co3manus Moaenu Heodxoauma ee Bepuduxanus. B
psize ciaydaeB, ULl 3TOH LIENH MCIIOIb3yeTCsl SKCIIEPUMEHTAIBHbBIH MOaNIbHBIH aHanu3. B cebe oH
COYETAeT JKCIICPUMEHTANIBHBII M PAcYeTHBIH IOJXOJ, OCHOBAHHBIN Ha OIIEHKE INepeaaTOYHBIX
dyHKIMI MexIy ToukamMu BXonxa (BO3ACHCTBHS MOJAIBHOTO MOJIOTKA) M BBIXOJA (IaTYMKa
BUOpaIn).

Hannaune pezonancHbIx npoueccos I'T/I B paboyem nuana3oHe 4yacToOT HE JOMYCTHMBI, O3TOMY,
KaK IIpaBHJIO, B IIpOIecce pa3pabOTKH ABUraTeseil BRIIOMHACTCS HX OTCTPOIKA B JHAIIA30H 9acToT,
HaXOMAIIMIICS BBIIIE MM HIKE pabodero. OTO MPUBOAUT K MX BO3SMOXHOMY IPOSIBICHHIO MPH
YBEJIMYEHHHU YACTOTHI BPALIEHUs] pOTOpa OT HyJIs 10 MaJIoro rasa B Ipolecce 3anycka. M3smenenue
TEXHUYECKOTO COCTOSHHMS TAKKe MOXKET IPHUBECTH K BO3HUKHOBEHHIO PE30HAHCHBIX IIPOLECCOB
OTJIENBHBIX JieTanel poTopoB. TakuM 006pa3oM, NpH NEPUOIMYECKOM KOHTPOJIE, 10 pe3yibTaTaM
CHATUA aMIUIUTYIHO-4aCTOTHOH Xapakrtepuctukun I'TJ[ B mporecce ero paboThl MOXKHO
OTCIIeKUBATh HW3MEHEHHE 3HAUCHHH YacTOT OTACNbHBIX PE30HAHCHBIX HPOIECCOB U YBS3BIBAs
MOJyYEHHBIC 3HAYEHUsI C M3MCHEHHEM JKECTKOCTH U JAeMI(pUPOBAHUS — ONpPENEIATh U3MEHCHUs
TEXHUYECKOTO COCTOSTHUSI CHCTEMBI.

B pesympTaTe, KOMILIEKCHOE COYETaHHE NPHUMEHEHHS PACUCTHOTO H OKCIEPUMEHTAIBHOTO
MOJZIAJIBHOTO aHajM3a IO3BOJISAET BBINOJIHUTH IOCTPOCHHME TPEHJAa IMHAMUYECKUX IapaMeTpOB
KOHCTPYKIMHU, HMEIOIIUX NPSIMYIO CBSI3b C U3MEHEHHEM €€ TEXHUUECKOIO COCTOSTHUSL.
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Verification of mathematical models using experimental modal analysis and their use to
assess changes in the technical condition of gas turbine engine rotors
Zubko A.l., Zvonarev S.L., Zubko A.A.
MAI, Moscow, Russia

The determination of the natural vibration frequencies of structural elements is necessary for the
development of measures to eliminate or reduce resonant phenomena in the operating range of
product rotation frequencies. The process of analyzing the characteristics of the rotor begins with
the creation of its mathematical model and using it to conduct an analytical modal analysis, the
result of which is to obtain the calculated natural frequencies and vibration forms.

When constructing a mathematical model and performing calculations, it is usually assumed that
all dynamic processes have a linear relationship. In fact, this is not always the case. To solve most
practical problems, the properties of non-linearity can be neglected and the result will have an
insignificant error. But there are also problems that do not take into account non-linearity, in the
solution of which, it can lead to a noticeable distortion of the results obtained. In most cases, the
tasks of modal analysis of rotary systems of gas turbine engines (GTE) belong to the second class.

For the analysis to determine the technical condition of the gas turbine engine, the diagnostic
signs of a developing defect or damage may be small deviations in the operation of the system. If
you do not take into account their impact on the system, all other work may be useless. As a result
of an increase in the accuracy of calculations that increase the sensitivity of the mathematical
model, the number of possible incorrect solutions also increases due to an incorrect choice of initial
conditions or not completely taking into account the influence of significant influencing factors,
which introduces a significant error. Therefore, after creating the model, its verification is
necessary. In some cases, experimental modal analysis is used for this purpose. It combines an
experimental and computational approach based on the evaluation of the transfer functions between
the points of entry (modal hammer impact) and exit (vibration sensor).

The presence of resonant GTD processes in the operating frequency range is not allowed, so, as a
rule, during the development of engines, they are tuned to a frequency range that is higher or lower
than the working one. This leads to their possible manifestation when the rotor speed increases
from zero to low gas during the start-up process. Changes in the technical condition can also lead to
the occurrence of resonant processes of individual parts of the rotors. Thus, with periodic
monitoring, based on the results of removing the amplitude-frequency characteristic of the gas
turbine engine during its operation, it is possible to track changes in the frequency values of
individual resonant processes and linking the obtained values with changes in stiffness and
damping — to determine changes in the technical condition of the system.

As a result, a complex combination of the application of computational and experimental modal
analysis allows us to build a trend of dynamic parameters of the structure that have a direct
relationship with the change in its technical condition.

HWHaynupoBaHHOe LIyMOM NoJaBJieHue aBTOKo1e0anuii (dpaaTrepa) B mogenn Kenabima
'Komees B.II., *[lItanos 10.H.
'MAWU, r. Mockaa, Poccust
>TUY, r. Cypryr, Poccus
Bonee cemmpmecaTH ner ToMy Ha3an OBUIM IIOCTPOCHBI HENHHEHHBIE AuddepeHnuanbHbIe
ypaBHeHHs (Mozenb Kenppliia ¢ ogHOW M JIByMs cTeneHsaMu cBoOoasl [1]), aBTokoneOaTenbHbIe
peLIeHns] KOTOPBIX MO3BOJIMIN 00BSCHUTH pupoxay duarrepa. Moxens Kenapima [1] nponomkaer
IpUBIEKaTh K cebe BHUMaHHe HccaenoBareneii [2]. OTKPBITEIM BCe 3TH TOJBI OCTaBaJICs BOIIPOC O
BJIMSHUM ITyMa Ha Mozenb Kenapima. ITonoOHas 3a1a4a o BAMSHUM IIyMa Ha ocLuiuIsATop Ban nep
ITosnst GbuTa pemeHa Brepssie B [3], Ha yTo ObLIO 0Oparieno BHuManue B [4]. B [3] 6bu10 oka3aHo,
9TO €CJIM HHTEHCUBHOCTD IIIyMa MPEBHIIIAeT HEKOTOPOe KPUTHIECKOE 3HAYCHUE, TO aBTOKOIeOaHus
HCYE3al0T. AHAIOIWYHBIA Pe3yJbTaT ObLI MONyYeH B [5] ¢ HOMOIIBIO CTOXaCTHYECKOrO YPaBHEHUSI
9BOJIIOLMH SHEPIHH JUHAMUYECKOH CHCTEMBI C OJHOW cTeneHblo cBoOonbl [6]. B HacTosmieit
paboTe CTOXAaCTUUECKOe YPAaBHEHUE OSBOMIOINHMH DHEPTHU [JUHAMHYECKOH CHCTEMBI C OIHOM
CTEIEeHbI0 cBOOOABI [6] mpuMeHeHo K Mojenu Kenmplma ¢ oHO# cTeneHpto cBOOObI, B KOTOPYIO
BKJIIOUCH AJJUTHBHBIH HCTOYHMK Oenoro mryma. IlokazaHo, d4to aBrokonebGanus (¢uarrep)
MOABIIIOTCS, €CIU HHTCHCUBHOCTD OEI0r0 ITyMa NPEBBIMIAeT KPUTUIECKOE 3HAUCHHE.

101



Jlureparypa:

1. M.B. Kengpim. O mpemndepax ¢ HenuHelHo# xapakrepuctukoit / Tp. AU, 1944, Ne557,
c.26-37.

2. T'.A. JleonoB, H.B. Ky3nenos. O nonaeienuu ¢uarrepa B mogenu Kemaeima // JIAH, 2018,
T.482, Nel, ¢.33-37. DOI: 10.31857/S086956520003130-6

3. I1.1. Kyzuenos, P.JI. CtparonoBuy, B.J1. Tuxonos. Bo3zne#icTBue 211eKTPOHHBIX (DIIyKTyarui
Ha JamIoBbli reneparop // JKKOT®, 1955, 1. 28, ¢.509-523.

4. B. Xopcrxemke, P. Jlederp. MHayupoBaHHbIe IIyMOM Nepexonsl: Teopus U mpHMEeHEHHE B
¢usuke, xumuu u 6uonoruu. — M.: Mup, 1987, 400 c.

5. B.II. KomeeB. MHAynMpOBaHHBIA LIYMOM IEpeXoJ] MEXJy CTALMOHAPHBIMU COCTOSHUSAMH
ocwwitopa Ban  pmep Ilons // Tlueema B JKT®, 2014, T1.40, Bbm. 3, c.64-69.
https:/journals.ioffe.ru/articles/27307

6. B.I1. Komees. CToxacTHYecKOe YpaBHEHHE IBOJIIOLHN KaHATHMPOBAaHHBIX yacTul // [Tucema B
KT, 2001, 1. 27, BoIm. 18, ¢.61-64. https://journals.ioffe.ru/articles/39235

Noise-induced self-oscillation (flutter) suppression in the Keldysh model
'Koshcheev V.P., Shtanov Yu.N.
'MAI Moscow, Russia
’Industrial University of Tyumen, Surgut, Russia

More than seventy years ago, nonlinear differential equations were constructed (the Keldysh
model with one and two degrees of freedom [1]), the self-oscillating solutions of which made it
possible to explain the nature of flutter. The Keldysh model [1] continues to attract the attention of
researchers [2]. The question of the influence of noise on the Keldysh model remained open all
these years. A similar problem of the effect of noise on the van der Pol oscillator was solved for the
first time in [3], to which attention was drawn in [4]. It was shown in [3] that if the noise intensity
exceeds a certain critical value, then the self-oscillations disappear. A similar result was obtained in
[5] using the stochastic equation for the evolution of the energy of a dynamical system with one
degree of freedom [6]. In this paper, the stochastic equation of energy evolution of a dynamical
system with one degree of freedom [6] is applied to the Keldysh model with one degree of freedom,
which includes an additive source of white noise. It is shown that self-oscillations (flutter) are
suppressed if the intensity of white noise exceeds a critical value.
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[ay6oKue MOIyIMIHPHIECKHE CETH B MOIJHPOBAHMH TOJI3y4eCTH METAJLIOB
!JTeonos C.C., 'Kysuenos E.b., >Bacunses A.H., *Tapxos JI.A.
'MAWU, r. Mocksa, Poccust
CII6I1Y, r. Cankr-Iletep6ypr, Poccus
Bo MHOrMX MpPUKIAHBIX 3a7a4aX MAIIMHOCTPOCHHUS, CTPOMTENLHOW U  ABHAIMOHHO-
KOCMHYECKOM OTpaciiell utsi pacyera AeopMalMOHHO-IPOYHOCTHBIX XAPAKTEPHCTHK KOHCTPYKLIHI
TpeGyeTcsl y4MTBIBATH HE TOJNBKO YIPYTHe, HO W Heymnpyrue AedopMaluu, T. €. Y4UTBIBATb
[IACTUYHOCTb, TION3Y4eCTh U BA3KOCTb MaTepuana. J{jis MOJENMpOBaHUS MOAOGHBIX 3a1ad
HCTIONB3YIOTCS HAYAIbHBIE M KPaeBble 3ajaud s cucTeM Ju(QepeHIMaNbHbIX YPABHEHMUIA,
BKJIIOYAIOLIMX HAGOp MATEPHAIBHBIX KOHCTAHT, MOMIEKAUMX ONPEEIEHHIO. BOJBIIMHCTBO
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MaTepHANIbHBIX KOHCTAHT CYIIECTBEHHO 3aBHCAT KaK OT TEMIIEPATYphl, PeKHMa HarpyKCHHS U
YPOBHS HANPSDKEHUS, TaK U OT COCTOSHUS MaTepuana. Onpe/eneHue BceX MaTepHaIbHbIX KOHCTaHT
SIBJISICTCSI OUEHb CI0XKHOM 3amaueii.

TpaguLIMOHHO MaTepHallbHble KOHCTAHTBI OMPEACIAIOTCA HCXOAS M3 MX (PU3MYECKOro I
TeOMETPHYECKOoro cmbicia. Ho MHOrMe MarepuanbHble KOHCTAHTBI IIOKA HE HMMEIOT SICHOTO
(u3rYecKoro MIM TeoMEeTPHYEeCKOro cmbicia. OCHOBHOW 3amadell HpH IMOCTPOCHUH MOJIENeH
Heynpyroro Jie)OpMUpPOBaHUs SABISIETCS Pa3pabOTKa METOANKHU ONpEJIEICHHs BCEX MaTepUaIbHbIX
KOHCTAHT OINPEAEIAIONINX COOTHONIEHNH. B Teopuu momnsydecTn 1mogoOHbIe METOJMKH COCTOAT B
OIPEACICHNY MATEPHAIBHBIX KOHCTAHT KaK CMEIICHHH M KOA(D(QULIHEHTOB HAKIOHA IPSMBIX
JeopMalU-HANPSDKEHUS. B JIOTapU(MUYECKHX HIIM HOJyJI0orapu()MUIECKNX KOOPAMHATAX. DTO
CYILECTBEHHO CYXXaeT KJIACC HMCIIOIb3yeMBIX ONMpPENEISIOIINX YPAaBHEHUH, YTO CHIIKAeT KauyeCTBO
MO/ICITHPOBAHUSL.

B nanHO# paboTe aBTOpaMu NpeUIOKEH Ooliee YHUBEPCAbHBIH MOAXOJ K HICHTH(UKALMH
MoJICNIel CIIOXKHBIX TEXHOJOTMYECKMX IIPOLIECCOB —— IIOTy3MITMpHUYECKHE HeiipoHHble cetn [1].
Pa3pabatpiBacMblil METOJ KOMOMHHPYET TPAAWLOHHBIC SBHBIC U HESBHBIC YHCICHHBIC CXEMBI
peleHNs] Ha4YaJlbHBIX M KPaeBbIX 3aJa4 Julsl cucTeM JuddepeHIuaibHbIX YpaBHEHUH B 001acTsX
HEPEeMEHHOr0 pa3Mepa M INIyOOKHME HEHpOHHbIe ceTH. B pesymbraTe momydeHsl IiryOOKHE
[OJIY9MIMPUYECKUE PEKYPPECHTHBIC HEHPOHHBIE ceTH. B HmX couerarotcs rmOKOCTb TIyOOKHX
cereil ¢ HAKOIUICHHBIMH De3yJbTaTaMH II0 OLEHKH TOYHOCTH U 3()(HEKTHBHOMY HPHMEHEHHIO
TPaJANLUOHHBIX SBHBIX ¥ HESIBHBIX YHCJICHHBIX CXEM.

Jlnst 3amauy uAeHTHOHUKAIUE MOAENEH MOTyIMINPHIECKHAEC CETH MO3BOJSIOT B HE3aBUCHMOCTH
OT BHZA ONpEJCIAIONMX COOTHOLICHHH II0JTy4aTh 3HAYCHUS MaTePHANIbHBIX KOHCTAHT, T. €. BUJ
Mojenmn B Qopme cucreMbl AUdEpEHINANBHBIX YPABHEHHH, a TaKkKe HAXOJUTh pELICHUE
HMEIOIIEIiCsl CHCTEMBl YPAaBHEHHH C HAaYaubHBIMH WJIH KPacBBIMH YCIOBHIMH B (opme
HelpoCeTeBOro pasoKeHHs.

B kadecTBe AEMOHCTpAalMM BO3MOXHOCTEH MONYIMIMPHYECKUX ceTell paccMOTpeHa 3ajada
MOCTPOEHUSI MOJENH IOJN3Yy4eCTH U PaspyICHUs IUINHAPHIECKHX 00pasmoB u3 craau 45 mpu
OZIHOOCHOM DACTSDKCHHH C IIOCTOSHHON TeMIlepaTypoll M HampspkeHHeM. IloiryueHHble 3HaueHHs
MaTepHaNIbHBIX KOHCTAHT MOKA3bIBAIOT XOPOILEE COrIACOBAHUE C yXKE€ M3BECTHBIMH PE3yJIbTaTaMU
pelIeHHs pacCMaTpUBAaEMOil 3a1a4i APYyTMMH aBTOpaMu. B psiie ciiyuaeB HOIyIMINPHYECKHE CETH
HO3BOJIAIOT TOJY4UTh OOJiee TOYHOE COIIACOBAHUME MEXJIY SKCIIEPUMEHTOM H pe3ylbTaTaMu
MOJICIIMPOBaHUsA. B IeloM ke MOXHO OTMETHTb, YTO MOJYSMIMPUYECKHE CETH IOKA3bIBAIOT
YHHBEPCATLHOCTH, OBICTPO/ICHCTBHIE ¥ TOYHOCTD NPH PEIICHHUH 33144 NICHTH()HKALIHH.

Pabora BrimonHeHa npu punancooit nogaepxke PODU (mpoekt 19-08-00718A).
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Deep semi-empirical networks in the simulation of metal creep
Leonov S.S., 'Kuznetsov E.B., *Vasilyev A.N., *Tarkhov D.A.
'MAI Moscow, Russia
2SPbPU, Saint-Petersburg, Russia

In many applied problems of mechanical engineering, civil engineering, and aerospace industry,
to calculate the deformation and strength characteristics of structures, it is necessary to take into
account not only elastic but also inelastic deformations, i.e., to take into account the plasticity,
creep and viscosity of the material. For modeling such problems, we use initial and boundary value
problems for systems of differential equations. As a rule, considered constitutive equations
including a set of material constants to be determined. However, most material constants depend
significantly on the temperature, the state of the material, the stress level, and the loading mode.
Therefore, determining all material constants is a complicated task.

Traditionally, material constants are determined based on their physical or geometric meaning.
However, many material constants do not yet have a clear physical or geometric meaning.

103



Therefore, the main task in constructing models of inelastic deformation is to develop a
methodology for determining all constitutive equation material constants. For example, in creep
theory, such techniques determine material constants as displacements and angular coefficients of
strain-stress lines in logarithmic or semi-logarithmic coordinates. Unfortunately, this methodology
significantly narrows the class of defining equations used, which reduces the quality of modeling.

In this paper, the authors propose a universal approach to identifying models of complex
technological processes — semi-empirical neural networks. The developed method combines
traditional explicit and implicit numerical schemes for solving initial and boundary value problems
for systems of differential equations in regions of variable size and deep neural networks. Semi-
empirical networks combine the flexibility of deep networks with accumulated results on
evaluating the accuracy and practical application of traditional explicit and implicit numerical
schemes.

For identifying models, semi-empirical networks allow, regardless of the constitutive relations, to
obtain the values of material constants, i.e., the type of model in the form of a system of differential
equations. The method also allows finding a solution to the existing system of equations with initial
or boundary conditions in the form of a neural network decomposition.

We demonstrate the capabilities of semi-empirical networks to construct a model of creep and
fracture of cylindrical samples made of St.45 steel under uniaxial tension with constant temperature
and stress. The obtained values of the material constants show a good agreement with the already
known results of solving the considered problem by other researchers. In some cases with semi-
empirical networks, it is possible to obtain a more accurate agreement between the experiment and
the simulation results. In general, we can note that semi-empirical networks show universality,
quickness, and high accuracy in solving identification problems.

The work was carried out with the financial support of the RFBR (project 19-08-00718A).
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Omnpejesienne TpaeKTOPHH HAHUCKOPeiiliero nepeMeeHus J1eTaTeILHOI0 ANNAPATAa MEKAY
JBYMsI TOUKAMHU B aTMoc(epe nepeMeHHO NJIOTHOCTH 1OA AeiicTBHEM IrPaBUTALUH
Manamkus A.B.
MAMU, r. Mocksa, Poccust

B noknane peub MAET 00 ONMpEIENCHUH TPACKTOPUH JICTATENBHOIO anmapara ¢ HaMMEHbIINM
BPEMCHEM [EPEMCLICHHS MEXAy Ha4YalbHOM M KOHEYHOH TOYKAMHM C YYETOM CHIIBI
a3pPOJMHAMHYECKOTO COMPOTHBIICHHS M 3aBUCHMOCTH IIOTHOCTH aTMOC(ephl OT BBICOTHI. Taxike
BBIUHMCIIIIOTCS  CKOPOCTh M CyMMa KHHETHYECKOW M IOTCHIMAJbHOW SHEPTrHM ammapara.
JletaTenbHEIN ammapatr MOXKET HMETh HE HYJIEBYI0 HA4YaIbHYIO CKOPOCThb. [l MHHHMU3ALAH
(yYHKIMOHAIA BPEMEHH JIBUKEHHUS BIOJIb TPACKTOPUM HCIIONB30BAJICS METOJ ITOCIIEA0BATEIbHBIX
Kojutokanui. Ecin He yunThIBaTh M3MEHEHHE IUIOTHOCTH aTMOC(EpHI O BBICOTE, TO PE3yJbTaThl
moJo0HsI [1].

BiusHue nepeMeHHOM MIOTHOCTH aTMOChephl Ha a3pOMHAMHYECKOE CONIPOTUBIICHNE TIPUBOJUT
K CYIICCTBCHHBIM W3MEHCHUSM (OPMBI TPAaCKTOPUH Ha pasHbIX BbicoTaX. Takxke H3MEHSIOTCS
BpeMsi ABIKCHMS M rpauKM CKOPOCTH ammapaTa. VICHoiab3yeMmblil METO MO3BOJSCT yYHTHIBATH
Ppa3HOOOpa3Hble OrpaHMYEHHS Ha XapaKTEPUCTHKH alIapaTa ¥ ero TPacKTOPUH.

PaccMoTpens! 3aBHCHMOCTH (DOPMBI TPAaCKTOPUM, TPa(HKOB CKOPOCTH, MOJHOH SHEPTHU H
BPEMCHH [IBIDKCHHMs ammapata OT €ro MacChl, a’dpOAMHAMUYECKOTO CONPOTHBICHHS, BBICOT
Ha4aJIbHOW N KOHEYHOMN TOYKU U PACCTOSHUS MEX/LY HUMU.

IIporpamma Obl1a peanu3oBana B cpene QtS. Menonb3oBacs s3bik C++17.

Jlureparypa:
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2015, 06-07 May 2015, Bucharest, Romania, 21.10.03. [Dnektponnsiii pecypc] URL:
https://bulletin.incas.ro/files/craifaleanu___ petre vol 7 iss 2.pdf (mata obparmenus: 30.06.2021).

Determination of the shortest time trajectory of the aircraft between two points in the
atmosphere of variable density under the action of gravity
Malashkin A.V.
MAI, Moscow, Russia

The report deals with the determination of the trajectory of the aircraft with the shortest travel
time between the initial and final points, taking into account the force of aecrodynamic drag and the
dependence of the density of the atmosphere on the height. The speed and the sum of the kinetic
and potential energy of the apparatus are also calculated. The aircraft may have a non-zero initial
speed. To minimize the functional of the time of movement along the trajectory, the method of
successive collocations was used. If we do not take into account the change in the density of the
atmosphere with respect to altitude, the results are similar [1].

The effect of variable atmospheric density on acrodynamic drag leads to significant changes in
the shape of the trajectories at different altitudes. The movement time and speed graphs of the
vehicle also change. The method used makes it possible to take into account various restrictions on
the characteristics of the vehicle and its trajectory.

The dependencies of the shape of the trajectory, graphs of speed, total energy and time of
movement of the vehicle on its mass, acrodynamic drag, altitude of the starting and ending points
and the distance between them are considered.

To implement this idea, a program code was generated in the Qt5 programming environment. At
the same time, the C++17 programming language was used.
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1. A. Craifaleanu, R. A. Petre Influence of drag force upon the shortest time trajectory of an
aircraft / 3rd International Workshop on Numerical Modelling in Aerospace Sciences, NMAS
2015, 06-07 May 2015, Bucharest, Romania, 21.10.03. [Electronic resource] URL:
https://bulletin.incas.ro/files/craifaleanu _ petre  vol 7 iss 2.pdf (date of treatment: 30.06.2021).

IIpuMeHeHne MPOrpeccUBHBIX METOA0B MATEMATHYECKOT0 MO/ TMPOBAHHS ISl AaHAIH32
(opmoodpazoBanusi rHYTHIX npoduiei
Mapxkosa E.B.
Camapckuit yauBepcurer, r. Camapa, Poccus

K mnpuMeHsieMbIM B HPOW3BOJCTBE JICTATCIBHBIX aNNapaToB HPO(QUIAM W3 aTIOMHHHEBBIX
CIJIABOB C IUIAKHUPYIONIMM CJIOEM MHPEIBSBISIIOTCS IIOBBIIICHHBIE TPEeOOBAaHUS B OTHOIICHUH
COXPaHHOCTH IUIAKMPYIOILETO CJIOS U YTOHEHHs OCHOBHOro Marepuana. OJHaKO NpPOM3BOACTBO
npoduiieil ¢ TONIIMHOW CTEHOK Ooliee 2 MM BBI3BIBACT HAPYIICHWE IUIAKMPYIOIIETO CIIOS H3-3a
OONBIINX KOHTAKTHBIX JAaBICHUII IIPH OCajKe 3aTOTOBKH, YTO XapaKTEPHO UL CTECHEHHUs H3rH0a.
ITpy naHHBIX OOCTOATENBCTBAX LIEJIECOOOPA3HBIM SIBIISIETCS NPUMEHEHHE METOa MHTEHCHBHOIO
neopMUpOBaHKs, B KOTOPoM (hopMooOpa3oBaHHe MPOQUIS OCYIIECTBIAETCS C MOCTOSHHBIMH
paamycaMu u3rnba Ha BCEX TEXHOJIOTHYECKHX Tepexonax. Cxema ¢popmooOpa3zoBaHus MPOGHIiIs
npu ucnonb3oBanun MMUJ] sBisercss Takke OCTATOYHO <GKECTKOM» M3-3a OOJNBIINX YIJIOB
TOJATMOKM Ha TIEpPBHIX MEPeXoJax M TaKkKe MPHBOANT K YTOHEHHIO 3arOTOBKHM M CPaBHHTEIBHO
OONBIIMM KOHTAKTHBIM HANPsDKEHHSAM. [ MIIOTETHYECKH, YMEHbIICHHE YITI0B MOATUOKU B MEPBBIX
KJIeTSIX CTaHKa M IEpexoJ K IUIaBHO HW3MEHSIONIEMYCs pajuycy W3ruba yIIoBBIX 30H MpH
topmooOpasoBanun  Moram  Obl  YMEHBIINTh  YPOBEHb  KOHTAKTHBIX  HANPSKCHHH U
JeOpPMALOHHBIX XapaKTePUCTHK 3arOTOBKH. JIJI1 CONOCTaBIEHMS AHATUTUYECKOH MOJENH C
pe3ynbTaTaMi KOHEYHO-3JIEMEHTHOTO MOJIEIMPOBAHUSA M SKCIIEPUMEHTAIBHBIX PabOT, TPOBEICHO
IPOEKTUPOBAHUE M OTPAOOTKA TEXHOJOTHM IMPOM3BOACTBA KOphITHOTO mpodms 30,5x8,5x2 Mm.
OskugaeMslil pe3yIbTaT MPU BapbHPOBAHUH MPOMEKYTOUHBIX PaJHyCOB 3arOTOBKH (PamHMyCcoB Ha
TIPEABAPUTEIBHBIX T1EPEX0/aX) COCTOMT B BO3MOXHOM YMEHBIICHWH YTOHEHHS W CHIDKCHHH
YPOBHsI KOHTaKTHBIX HaNpsHKEHHH B YIJIOBBIX 30HAaX. B cBsA3M ¢ 3TUM, W3ydaercs BIMSHHE Ha
napameTpsl npoduiist cxemsl GpopmoodpazoBanus, THIM4HON a1t MUJ] u Gosiee MSTKOH CXEMBI.
JIns KOHEYHO-3JIEMEHTHOTO MOJEIMPOBAHUS UCTOIb30Ba MOnyilb LS-DYNA unTerpupoBanus
nmakera ANSYS, ¢ moMOIIbIO KOTOPOro MOeIMpoBanu obe cXeMmbl (OpMOOOpa3oBaHUS IS
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BBISIBJICHHS] YTOHCHHS B 30HaX M3rnba npoduis M BEIMYUH KOHTAKTHBIX HaNpsuKeHUH. Pe3ymnbraThl
MO/ICITPOBAHUS NTOKA3bIBAIOT, YTO B 30HE U3rH0a OTINYHE yTOHEHHE NPOMHIEH COCTaBIAIOT OKOJIO
20%.

Jlureparypa:

1. B.. ®unumonoB. dopmMooOpa3oBanue THYTHIX mpoduieil: Teopus u npakthka: COOpHUK
Hay4HBIX TPYZOB / IO Hayd. pel. I-pa TeXH. HayK, npodeccopa B. V. dumrmonoBa. — YIIbIHOBCK
:Val'TY, 2011. - 166 c.

2. B. 1. ®unumonos, O.B. Muienko. [Ipon3BoacTBo rHyTHIX mpoduiell ¢ oTO00pTOBKaMU B
pONHKax MeToJoM HHTeHcuBHOro nedopmupoBanus / O.B. Mumenko, B. M. ®umumonos. —
Vabsuosck : Yal'TY, 2011. - 122 c.

The Application of Progressive Methods of Mathematical Modeling for the Analysis of the
Shaping of Roll-formed Profiles
Markova E.V.
Samara University, Samara, Russia

The profiles of aluminum alloys with a cladding layer used in the production of aircraft,
increased requirements are imposed with respect to the safety of the cladding layer and the thinning
of the base material. However, the production of profiles with a wall thickness of more than 2 mm
causes a violation of the cladding layer due to high contact pressures during upsetting of the
workpiece, which is typical for bending constraint. Under these circumstances, it is advisable to use
the method of intense deformation, in which the shaping of the profile is carried out with constant
bending radii at all technological transitions. The profile shaping scheme when using the MID is
also quite "rigid" due to the large bending angles at the first transitions and also leads to a thinning
of the workpiece and relatively high contact stresses. Hypothetically, a decrease in the bending
angles in the first stands of the machine and the transition to a smoothly varying bending radius of
the corner zones during shaping could reduce the level of contact stresses and deformation
characteristics of the workpiece. To compare the analytical model with the results of finite element
modeling and experimental work, the design and development of the technology for the production
of a trough profile 30.5x8.5x2 mm was carried out. The expected result when varying the
intermediate radii of the workpiece (radii at preliminary transitions) is a possible decrease in
thinning and a decrease in the level of contact stresses in the corner zones. In this regard, the
influence on the parameters of the profile of the shaping scheme, typical for MFA and a softer
scheme, is being studied. For finite element modeling, the LS-DYNA integration module of the
ANSYS package was used, with the help of which both shaping schemes were simulated to reveal
thinning in the profile bending zones and the values of contact stresses. The simulation results show
that in the bend zone, the difference in the thinning of the profiles is about 20%.
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MaTtemaTH4ecKoe MO/IeTUPOBAHHE AIPOAMHAMHYECKOI0 HATPeBa ANNAPATYPHBIX 0TCEKOB
0eCHUJIOTHBIX JIETATEIbHBIX ANNAPATOB
Martkosckuit H.O.
AO «I'ocMKBb «Bsimnien» um. .. Toponosa», r. Mocksa, Poccus
CoBpeMeHHbIE  IPOTPAMMHBIC  MAKEThl, MpPEJHA3HAYCHHBIC JUI  PCELICHUS  Pa3iIMYHBIX
MHXKCHEPHBIX 3aJa4, Pa3sHOOOpa3HBl M BKIIOYAOT B ce0s KAk CHCTEMBI JUISl TBEPAOTEIBHOIO
MOJICIIPOBAHNs, TaK M HPOJIYKTHI, NO3BOJSIONIME PACUCTHBIMH METOAAMH OLICHHTh MOAEIN
U3JIeNUi B peallbHbIX YCIIOBUSX SKCIUTyaTalud. B pabore mpoaHalM3HpoBaH a’poJHMHaMUYECKUH
HArpeB almapaTypHOTrO OTCEKa OECIMIOTHOTO JIETATENBHOrO ammapaTa Ha THIOTETHYECKOH
TpaekTopun mnonera. JIIs  OLEHKH a’pPOJMHAMHYECKOr0 HarpeBa HCIIOJB3YeTICsl —cpena
xomibloTepHoro umkuHUpHHra «SOLIDWORKS Flow Simulation». IlpenMyiiecTBoM AaHHOTO
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MPOAYKTa SBJISETCS MUHUMAJIBHOE BpeMs Ha IIOATOTOBKY HCXOJHBIX IaHHBIX M HPOCMOTpa
pe3yJIbTaToB.

MaremaTHdecKue MOJAETH MPEACTAaBIAIOT COOO0H CHCTEMy OTPaXKAIOIUX 3aKOHBI (DH3UKH
JddepeHuanbHbIX U/UIH HHTETPAIbHBIX YPABHEHHI ¢ TPAaHMYHBIMU U HA4YaJIbHBIMU YCIIOBHSAMM,
HPHBS3BIBAIONIMMI JIAHHYIO MAaTEeMaTHYeCKY0 MOJEIb K IIOCTaBJICHHOW (HM3MYEcKol 3ajade.
Hcnons3yemble B MATEMaTHYECKON MOJIETN CUCTEMBI YPaBHEHHI NPUBOITCS K JUCKPETHOMY BULY
U PEIaloTCs B HEKOTOPOM pacueTHOM ceTke. PelneHne 3ajauu NpOBOAUTCS METOJOM KOHEUHBIX
3JIEMEHTOB B HECTAI[MOHAPHOH IocTaHOBKE. PaboTa mpoBOAMTCS B ABa 3Tala: pellieHHe BHEIIHEeH
3a7a4d [0 ONpPENENCHHIO TPAaHMWYHBIX YCJIOBHH HA IIOBEPXHOCTH H BHYTPEHHEH 3aaud IIo
paclpeeNeHiio Telula BHYTPUM KOHCTPYKIMH. J[IBI)KEHHE M TeIUIOOOMEH TeKydeil cpenpl
Mozenupyercss npu romomu ypaBHeHHH HaBbe-CTOKca, ONMCHIBAIOIIMX B HECTALMOHAPHOM
IIOCTAHOBKE 3aKOHBI COXPAHEHHsS MAcChl, HMITylIbCa H OJHEPIHH TeKyded Cpembpl, a TakkKe
SMIIMPUYECKUE 3aBHCHMOCTH BS3KOCTH M TEIUIONPOBOAHOCTH 3TUX KOMIIOHEHTOB CpeIbl OT
TemnepaTypsl. [1]

B pabore moka3aHO, YTO HUCHONB30BAHHE COBPEMEHHBIX CHCTEM KOMIIBIOTEPHOI'O
MOJICIIPOBAHUS I PEIICHHS 337ad MaTeMaTHYECKOrO MOJCIHPOBAHUS (PU3MYECKHX MPOLECCOB
CYLIECTBEHHO yIpomaeT paboTy TPaKTHKYIOMUX WHXeHepoB. CyIecTBYIOMHNE CHCTEMBI
aBTOMATH3UPOBAHHOTO IMPOSKTUPOBAHHS IO3BOJIIOT IMPOBOAUTH MOJCPHHU3AIMIO HMEPCIEKTUBHBIX
JIETaTebHBIX alllapaToB, HX JIETHbIE XapaKTEPUCTHKH, OLICHUBATh Pa3JIMYHbIE BO3AEHCTBYIOINE HA
KOHCTPYKIMIO (haKTOPbI 6€3 NCIOIIb30BAHMS OPOTOCTOSIINX HATYPHBIX HCIIBITAHHH.

PesynpraToM pemeHus 3aadl MATEMaTHYECKOTO MOACTHPOBAHHS adPOIUHAMUIECKOIO HAarpeBa
annapaTypHOro oTceka GECIUIOTHOIO JIETATEIbHOIO annapara sBJsIeTCs KapTHHA paclpee/eH s
nosiei TemrepaTyp Ha BCEM Y4YacTKe IOJIETa, YTO MO3BOJISET NPOBOAUTH JAJIbHEHINNNA aHAIU3 U
MOZICpPHU3ALUIO HCCIEAYyeMOro 00BEKTa.
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Mathematical simulation of aerodynamic heating in unmanned aerial vehicles hardware
compartments
Matkovskiy N.O.
JSC “SMBDB “Vympel” of 1.I. Toropov”, Moscow, Russia

Modern software packages designed to solve various engineering problems are diverse and
include both systems for solid-state modeling and products that allow calculating methods to
evaluate product models in real operating conditions. The paper analyzes the aerodynamic heating
of the instrument compartment of an unmanned aerial vehicle on a hypothetical flight trajectory.
The computer engineering environment "SOLIDWORKS Flow Simulation"is used to evaluate the
aerodynamic heating. The advantage of this product is the minimum time to prepare the source data
and view the results.

Mathematical models are a system of differential and/or integral equations reflecting the laws of
physics with boundary and initial conditions that bind this mathematical model to the given
physical problem. The systems of equations used in the mathematical model are reduced to a
discrete form and solved in a certain computational grid. The solution of the problem is carried out
by the finite element method in a non-stationary formulation. The work is carried out in two stages:
the solution of the external problem of determining the boundary conditions on the surface and the
internal problem of heat distribution inside the structure. The motion and heat transfer of the fluid is
simulated using the Navier-Stokes equations, which describe the laws of conservation of mass,
momentum, and energy of the fluid in a nonstationary setting, as well as the empirical dependences
of the viscosity and thermal conductivity of these components of the medium on temperature.

The research shows that the using of modern computer simulation systems for solving problems
of mathematical simulation of physical processes significantly simplifies the work of practicing
engineers. Existing computer-aided design systems make it possible to modernize promising
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aircraft, their flight characteristics, and evaluate various factors affecting the design without the use
of expensive field tests.

The result of solving the problem of mathematical simulation of the aerodynamic heating of the
instrument compartment of an unmanned aerial vehicle is a picture of the distribution of
temperature fields over the entire flight section, which allows for further analysis and
modernization of the object under study.

HccnenoBanne pacnbLia TOIUIMBA B THEBMATHYeCKOil popcyHke MeToJ0M 00beMa
SKHIKOCTH
Mumnranes C.B., Xynskos [1.C.
AO «OJIK-ABuanBuratensy, r. [lepms, Poccust

HccnenoBanue MOCBAIICHO MOJCIMPOBAHUIO METOJOM 00BbEMa >KHIKOCTH PAacIiblla TOILIMBA B
ITHeBMaTH4ecKol (opcyHke u3 narenta PO 2615618. Brauane sta 3aaua OblTa peneHa B MOITHOH
MIOCTAHOBKE Ha CETKAaX C HEJOCTATOYHO BBICOKOI pa3pelIaroiell CIOCOOHOCTBIO JUISl OMUCAHHSA
MEJIKMX Karelb. 3aTeM HECHMMETPHYHAas 4acTh (OPCYHKH OblIa 3aMEHEHa IUIOCKOCTBIO, Ha
KOTOPO# 3a7aBaIach MOIYYCHHAs U3 IPEIbIAYILEro pacyera yCpeAHEHHAs [0 a3UMyTaIbHOMY YTy
CKOpOCTb Ta3a M TOIUIMBA. B paMkax Takoro mojxoja 3ajada peranack 1) B KBa3sUIBYXMEpHOMH
OCECHMMETPUYHON IOCTAHOBKE, B KOTOPOH BCE BEIMYHHBI CUMTAIOTCS HE3aBUCAIIMMHU OT
a3UMYTAJIBHOTO yIUIa, 2) B S-TpagycHOM cektope (hopcyHku. [lyis moimydeHust pa3MepoB Karelb, Ha
KOTOpBIE OBl 3TH CI'yCTKU PACHaIMCh IPH PACCMOTPEHHH 3aJa4i B TPEXMEPHOI MOCTaHOBKE, ObL1a
ucrone3oBaHa Qopmyna Bobepa, mnpuMeHsBIIascs B pa3pabOTaHHOH JUISI LEHTPOOESKHBIX
dopcyHok Monenn pacmaza torumBHOH mieHkH LISA [1]. CpaBHeHHE NONYyYEHHOTO TaKHM
o0pa3oM W3 KBa3WJIBYXMEPHOTO pacueTa pacHpesieleHUs Kamenb 10 pasMepaM ¢ TeM, KOTOpoe
OBIIO HalJIEHO TIpU pacyeTe B S5-TPaJyCHOM CEKTOpe, MOKa3ajgo, YTO €CIM Pa3Mephl sueeK
pacyeTHOH CETKH AOCTaTOYHO Majbl, TO 3TH JBa PACIpPECICHHs OKa3bIBAIOTCS OJM3KH JIPYr K
apyry [2]. Drtor pesynprarT 0OOCHOBal BO3MOXKHOCTH HCCIICIOBAHMS pa3MepoB Kallelb B
KBa3HIBYXMEPHOH OCECHMMETPHYHOI TOcTaHOBKe. Takoil momxox TpedyeT CyIIecTBEHHO
MEHBIIHNX BBIYMCINTEIBHBIX PECYPCOB 110 CPABHCHHIO C TPEXMEPHBIM, YTO MO3BOJIMIIO HAa CETKAX C
pa3perieHreM JOCTaTOYHBIM UL OIMCAHUS CaMBIX MEJKHX Kallellb MCCIIENOBAaTh BIMSHHE Ha MX
pa3Mepbl IapaMeTPOB TOILIMBA: BSI3KOCTH, IOBEPXHOCTHOTO HATSHKEHHUS, INIOTHOCTH M €r0 pacxoja.
CpaBHEHHE C IMCIOIIMMHUCS B JIATEPATYpe SMIUPUYCCKUME (pOPMYIaMHU [OKA3aJIo0, YTO HaliJCHHbIC
3aBHCHMOCTH OT BSI3KOCTH, IUIOTHOCTH M Pacxoja HAWIydIIINM 00pa3oM OIHCHIBAIOTCS (OpMyIIon
Aigner [3]. B ciygae 3aBUCHMOCTH OT IIOBEPXHOCTHOTO HaTsDKEeHHs popMyla Aigner 1aeT HEMHOTO
Gosee OBICTPBIII POCT CPEJHErO 3ayTEPOBCKOrO JUAMETPa, 4YeM IIOTY4CHHBI HAa OCHOBAaHUM
pacdeTos.

Jlureparypa:

1. Schmidt D. et al. Pressure-Swirl Atomization in the Near Field / SAE Technical Paper 1999-
01-0496. 1999. DOI: 10.4271/1999-01-0496.

2. Mingalev S. et al. Simulation of Primary Film Atomization in Prefilming Air-assisted
Atomizer Using Volume-of-Fluid Method // Microgravity Science and Technology. 2020. V. 32,
pp. 465 —476. DOI: 10.1007/512217-020-09782-3

3. Aigner M.M. Charakterisierung der bestimmenden einflussgrossen bei der luftgestiitzten
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Simulation of fuel atomization in air-assisted atomizer by VOF method
Mingalev S.V., Khudyakov D.S.
JSC “UEC-Aviadvigatel”, Perm, Russia
The research is devoted to the simulation of fuel atomization in the air-assisted atomizer
RU2615618 by the volume of fluid method. First, the problem was solved in case of the original
geometry with fuel channels and swirlers, albeit with mesh which wasn’t fine enough to describe
tiny droplets. Then, the asymmetrical part of air-assisted atomizer was substituted by a flat surface
which became a new boundary condition for velocity received by azimuth averaging of velocity in
the previous calculation. In frame of this approach we simulated the fuel atomization, first, in
axisymmetric swirl problem statement and, second, in 5-degree sector. The former leads to the
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simulation of toroidal ligaments instead of droplets. In order to get the droplet diameter from the
sizes of ligaments, we used the Weber’s formula (1931) which was used for the same purposes in
pressure-swirl atomizer model LISA [1]. The droplet size distributions obtained in the
axisymmetric swirl problem statement and 5-degree sector are very close if the smallest cell sizes
of mesh are small enough [2]. This result substantiates the study of the influence of fuel properties
on the droplet-size distribution in axisymmetric swirl approximation, which showed that the
dependences of Sauter mean diameter on viscosity, density and flow rate of fuel in the air-assisted
atomizer are well described by Aigner’s formula [3]. Though the increase of Sauter mean diameter
with increase of coefficient of surface tension is lower in the simulation than that predicted by
Aigner’s formula.
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Pa3pa6oTka yncIeHHOH MOJe/IH MeHIIHHCKOI0 3JIeKTPOHHOI0 MyYKa JJIsl MO/JeJIHPOBAHHSI
B3aNMO/IeiCTBHS 3JIEKTPOHOB ¢ BeliecTBOM MeToom MoHnTe-Kapiio
Hryen Tyan Ans, ['puropeeBa A.A., Yepenennukos F0.M., Ctyue6pos C.I'.
TITY, r. Tomck, Poccus

OCHOBHOW IIENBIO JTy4eBOM TEpAalMH SIBISCTCS YHHUYTOXXCHHC 3JI0KAaYCCTBCHHBIX KJIETOK
MOHHU3UPYIOIINM U3JTy4eHUEM TPU MUHUMH3ALlUN HETaTHBHOTO BIIMSAHUSA Ha 30pOBbIC TKaHH [1, 2].
CyIecTByeT psiJi MCCIICAOBaHUIA, HANPABICHHBIX Ha Pa3pabOTKy MEPCOHATM3UPOBAHHBIX METOAOB
oOmyyenust manueHtoB [3]. Jlnsg oueHkH 3(QEKTUBHOCTH HOBBIX MPEIIAraeMbIX IOAXOIOB K
UCHOJIb30BAHUIO MEJMIMHCKUX 3JICKTPOHHBIX IY4YKOB, HEOOXOJHMO IIPOBOAUTH UHCICHHOE
MO/ICITHPOBAHHE MPOLIECCOB B3aMMO/ICHCTBHS HOHH3UPYIOILET0 U3IIYyYEeHHUS C BEIECTBOM [4].

B nmannoii pabore ¢ ucmons3oBaHHEeM HHCTpyMeHTapus Geant4 Oblna pa3spaboTaHa YHCICHHAs
MOJICNb CHCTEMBI (JOPMHUPOBAHKS BBIBEICHHOTO SJICKTPOHHOTO MyYKa MEAULMHCKOTO YCKOPHUTEIIS.
Geant4 sBisieTcs OJHUM U3 HauOosee HaJIOKHBIX HHCTPYMEHTAPHEB, TO3BOJIAIONIMX MOJICINPOBAThH
MPOLIECCHI IEPEHOCAa MOHU3UPYIOLIETO U3TydeHus B cpene MeroqoM MonTte-Kapio [4].

CxeMa YHCIICHHOTO O3KCIIEpUMEHTa Oblla BbIOpaHa B COOTBETCTBMH CO CTAaHIAPTHBIMU
HapaMeTpaMM MEIHUIMHCKOro oOimydeHus. TOYeuHbII MCTOYHMK 3JICKTPOHOB HAaXOJWICA B
BaKyyMHOi1 kamepe Ha paccrosHuu 100 cM 0T moBepxHOCTH BOAHOrO (parTOMa. ITy4OK 371€KTPOHOB
HPOXOJIUT Yepe3 THIMYHYI0 cXeMy (OpMHpOBAaHMS M IONAjaeT Ha BOAHBIA (aHTOM. Cxema
(hopMHpOBaHUS KIMHUYECKOrO 3JIEKTPOHHOIO My4Ka BKJIIOYaeT B CeOs: BBIXOJAHOE OKHO W3
BaKyyMHO# KaMepBl, PaCcCEeHBAONIyI0 (HOIBry, IEPBHYHBINH KOIMMATOP, BEIPABHUBAIOMNK QHIBTD,
MOHHTOPHYIO HOHHM3ALOHHYIO KaMepy MpOXOAHOrO THINA, BTOPHYHBIH KOUIUMATOp C
HE3aBHCHUMBIMU CTBOPKaMH. J{ONMOIHUTENBHO ObLI 00AaBIIEH aluIMKATOP, IPEACTABILIIONN cO00iH
cOOpHOE YCTPOMCTBO Ha KPENEXHOW IUIACTHHE, MO3BOJsIomUi (opmuposath moie 10x10 cm” 2.
ITapameTpsl KaXIOro SJIEMEHTa IPU pa3pabOTKe TeOMETPHH MOJASIMPOBAaHMS OBUIH IOIOOpAHBI
IIyTeM CPAaBHEHWs PE3yJIbTaTOB MOJEIMPOBAHMS PACIIPECNCHUIT J103bI 3JIEKTPOHHOTO ITydKa B
BOZHOM (DAaHTOME C OSKCICPUMCHTAJIbHBIMU [AaHHBIMM, MOIYy4CHHBIMH JUISL MEAHIMHCKOTO
yckopurens ONCOR  Impression Plus (Siemens). Ilpn co3ganmu Mojenu HCIONb30BaNach
BCTpOeHHas (yHKIusA HHCTpyMeHTapus Geant4, mo3Bounsomas 3a1aBath ['ayccoBo pacmpesieneHue
9HCPrHH, 4Yepe3 TaKhe MapaMeTpbl Kak, CPEJHss JHEPrusi Mydka U CPeJHEKBAJPATHYECKOEe
OTKJIOHEHHE. BBIOOp JaHHBIX NapaMeTpoB TaKkKe OCYIIECTBIICA HAa OCHOBAHHM CPAaBHEHHS
PacYeTHBIX U IKCIEPUMEHTAIBHBIX 3aBHCHMOCTEN.

B pesynbraTte paboTHl ObLIa CO37aHA YHCICHHAS MOJETH MEAUIUHCKOTO 3IEKTPOHHOTO ITydKa,
pazpaboTaHHass C y4E€TOM THIMYHOH CHCTEMBbI (OPMHUPOBAHMS W CTaHZAPTHHIX [apaMeTPOB
MEIMIMHCKOTO O0JIy4eHHUs, KOTOpas IO3BOJACT IIPOBOAUTH OLEHKY pAcIpeieiIeHHH 03bI
9JIEKTPOHHOrO IyYKa MEJULIMHCKOIO YCKOPUTEIS TKAHEAKBIBAJICHTHBIX CPE/Iax.
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Pabora momnmepkaHa rpaHToM MUHHCTEpCTBAa HAayKd M BbICHIEro oOpa3zoBaHusi Poccuiickoii
®denepanun B pamkax cornamenus 075-15-2021-273, npoekt Ne MK-4867.2021.1.2.
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Numerical model of therapeutic electron beam for Monte Carlo simulation of electrons
interaction with matter
Nguyen Tuan Anh, Grigorieva A.A., Cherepennikov Y.M., Stuchebrov S.G.
TPU, Tomsk, Russia

Main goal of radiation therapy is to destroy malignant cells with ionizing radiations, with
minimal negative impact on healthy tissues [1, 2]. Currently, a number of studies aims to
development of patient-specific approaches for medical radiation exposure [3]. To evaluate the
efficiency of new approaches for medical electron beam applications, it is necessary to perform
numerical simulations of ionizing radiation interaction with matter [4].

In this study Geant4 toolkit was used to develop numerical model of ejected electron beam
forming system of clinical accelerator. Geant4 is the one of the most reliable toolkits, providing
Monte Carlo simulations of radiation transfer in different media [4].

The scheme of the numerical experiment was chosen in accordance with the standard parameters
of medical radiation exposure. A point source of electrons was located in a vacuum chamber at a
distance of 100 cm from the surface of the water phantom. The electron beam passed through a
typical forming system and felt on the water phantom. Clinical electron beam forming system
included: a vacuum chamber output window, a scattering foil, a primary collimator, a flattening
filter, a transparent monitor ionization chamber, and a secondary collimator with independent jaws.
Additionally, an applicator, which is a device mounted on the assembly plate providing shaping of
the 10x10 cm”2 dose field, was included in the model. The parameters of each unit of the designed
simulation geometry were selected by comparing the results of simulated dose distributions of the
electron beam in the water phantom with the experimental data obtained for the medical accelerator
ONCOR Impression Plus (Siemens). Geant4 built-in function for setting the Gaussian beam energy
distribution through an average beam energy and standard deviation values was used in the model.
Selection of these values was also done based on comparison of calculated and experimental
dependences.

As a result of the study, we developed numerical model of therapeutic electron beam, taking into
account a typical beam forming system and medical exposure parameters. This model can be used
to evaluate dose distributions of medical accelerator electron beam in tissue-equivalent media.

The work is supported by the Ministry of Science and Higher Education of the Russian
Federation within agreement 075-15-2021-273, project No. MK-4867.2021.1.2.
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HccaenoBanue GoToraibBaHu4ecKoro 3pdexra 115 pacyera CTaliMOHAPHOIO
3JIEKTPHYECKOr0 TOKA MPH 00/1y4eHuH (POTOIIEKTPHUECKOro Npeodpa3oBaTeisi epeMeHHbIM
3JIEKTPOMATHATHBIM 10JIeM
TToropenos A.B., Yepnsiios H.H., benoycos A.B.
BI'TY um. B.I'. lllyxoBa, r. bearopoxn, Poccus

@ororanpBaHNYECKUH AQPEKT 3aKIF0UACTCS B BOSHUKHOBEHHH (DOTOralbBAaHHYECKOTO TOKA MPH
00JTy4eHNM MOJIYIPOBOJHUKOBOIO p-N  IEpexoja, BKIIOYEHHOTO B 3aMKHyTylo wenb. OH
ucHoib3yercss B (OTONIEKTPUUECKHUX Npeobpa3oBareisaX. Bce M3BeCTHbIE MEXaHU3MBI BIMSHHS
CBETa Ha BEIECTBO CBOITCS K W3MEHEHHIO IPOBOANMOCTH MJIN KOHIICHTPALMN HOCUTEIICH 3apsija.
JIBwkymed cuioil uis mosiBieHHs (oToranbBaHMYecKoro 3¢dexrTa sBiseTcs OO0 BHEIIHEE
3JIEKTPUYECKOE IoNIe, JMOO TIpajMeHT KOHLEHTpaluM Hocutened 3apsma. [lud ompeneneHus
(ororanpBaHMYecKOro TOKa ObUIa IOCTPOCHA MaTeMaTH4YecKas MOJEib Ipeodpa3oBarels
COJIHEYHOH 3Hepruu Ha ocHoBaHUM GaAs.

Leny HayuHOH paboTHI 3aKiIIOYaeTCs B HCCIEAOBaHMH (HOTOraabBaHMUECKOro 3ddekTa Juis
MOJyYCHUSI 3HAYCHHS] CTALMOHAPHOIO DJJIEKTPUYECKOTO TOKA IOX MACHCTBHEM IEPEMEHHOIO
3JIEKTPOMATHUTHOTO TOJS JUIA YJYYIICHWS BBIXOAHBIX XapaKTEPUCTHK (POTOINIEKTPHIECKOTO
npeoOpa3oBaTes.

IIpu mpoBenennu uccnemoBaHuii ¢ mpuMmeHeHrneM nporpaMmel COMSOL Multiphysics 6buta
PpEILICHBI CIIEIYFOIIHE 3a/[a4u:

1. MccnenoBaHo BO3zeiCTBUE NMEPEMEHHOTO HAINPSDKCHUS HA OJHOPOAHYIO cpemy 6e3 LeHTpa
HMHBEPCHH, KOTOPOE COMPOBOKIACTCS CTALMOHAPHBIM (POTOraIbBAHNYECKUM TOKOM, 3aBHCSIIIM OT
ACUMMETPHH PACCESHU JIEKTPOHOB HA MPUMeECAX U (POHOHAX;

2. W3y4eHbl OnTHYECKHE MEPEXOJbl MEKIY CIMHOBBIMH YPOBHSMH B KBaHTOBOM MAarHUTHOM
ojie, KOTOPBIC NPUBOIAT K BO3HHKHOBCHHIO DPE30HAHCHOrO (HOTOranpBaHHUECKOro 3(dexra,
00yCIJIOBICHHOTO HHTEP(EPEHIINEH Pa3IMYHBIX aMIUTUTY]] IEPeXo/1a;

3. MccnenoBaHa BEICOKOYACTOTHAS AMAIIEKTPUUYECKast IIPOHUIIAEMOCTD Pa3yIOpsA04YCHHON Cpeibl
[IPH BO3HUKHOBEHHUH XaOTHYCCKHX PE30HAHCHO-MOTIIONIAIOIINX 00IacTeH.

IlpakTnueckoe 3HAa4YeHWE TONYYEHHBIX PE3YJNbTATOB  3aK/IIOYAeTCs B HCCIEIOBAHUH
(otoraneBanudeckoro s¢dekra s mpeobpazoBarenell CONHEYHOH BHEPruM. 3HAUYMMOCTh
pe3y/ibTaToOB  OHpEAENseTcs  HEOOXOOMMOCTBIO  ACTaJbHOrO  HCCICHOBAHMS  MHOTHX
(oTorabBaHMYECKHX SBJICHUIT, KOTOPBIE K HACTOSIIEMY BPEMEHH HEJOCTaTOYHO M3ydeHbl. K HUM
OTHOCATCS — (hOoTOranbBaHUUECKHIl 3PPEeKT B KyOMUECKHX KpUCTauiax Oe3 IeHTpa WHBEPCHH,
IUICHOUHBI  (poToranbBaHuyeckuii APQexT pu MEK30HHBIX Mepexonax, PpPe30HAHCHBIN
(otoranpBaHndecknit 3GPEKT B KBAHTOBO-pa3MEpHOH cucrteme. VccrnenoBaHus HampaBieHbI Ha
yiyduieHde  Kod(@uuMeHTa  TONe3HOro  JEWCTBHS W BBIXOJHBIX  XapakTEPHCTHK
(dorosnexTpuyeckux npeodpazoBaTeneii.
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International seminar on electron devieces design and production (SED). Proceedings. Prague
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Investigation of the photovoltaic effect for calculating a stationary electric current when a
photoelectric converter is irradiated with an alternating electromagnetic field
Pogorelov A.V., Chernyshov N.N., Belousov A.V.
BSTU, Belgorod, Russia
The photovoltaic effect consists in the generation of a photovoltaic current upon irradiation of a
semiconductor p-n junction included in a closed circuit. The effect is used in photovoltaic
converters. All known mechanisms of the influence of light on a substance are reduced to a change
in the conductivity or concentration of charge carriers. The driving force for the appearance of the
photovoltaic effect is either an external electric field or a concentration gradient of charge carriers.
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A mathematical model of a solar energy converter based on GaAs was built to determine the
photovoltaic current.

The purpose of the scientific study is to research the photoelectric effect for obtaining the value
of a stationary electric current when exposed to an alternating electromagnetic field to improve the
output characteristics of the photoelectric converter.

The following tasks were solved when researching using the COMSOL Multiphysics software:

1. The effect of an alternating voltage on a homogeneous medium without an inversion center,
which is accompanied by a stationary photovoltaic current, which depends on the asymmetry of
electron scattering by impurities and phonons, has been investigated;

2. Optical transitions between spin levels in a quantum magnetic field, which bring to the
appearance of a resonant photovoltaic effect caused by the interference of different transition
amplitudes, have been studied;

3. The high-frequency dielectric constant of a disordered medium with the appearance of chaotic
resonant-absorbing regions is investigated.

The practical significance of the results consist in the research of the photovoltaic effect for solar
energy converters. The importance of the results is determined by insufficient research of many
photovoltaic phenomena at the present time. These are the photovoltaic effect in cubic crystals
without an inversion center, the film photovoltaic effect at interband transitions, and the resonant
photovoltaic effect in a quantum-dimensional system. The research is aimed at improving the
efficiency and output characteristics of photovoltaic converters.References:
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MopenupoBaHne pa6oynx MPOLHeccOB HAPOMAIINH CHIOBBIX IPHBOAOB 0eCIHIOTHOM
TeXHUKH
ITy3zanoB A.B., Japw S.A.
KI'TA, r. KoBpos, Poccus

CUIIOBOH DJIEKTPOTHIPONPHUBOA M €ro KOMIIOHEHTHI NPH MHHUMAIBHBIX MaccorabapHTHBIX
XapaKTepUCTHKaX IOJDKHBI 00ECHevYnBAaTh HAAEKHOCTH M YCTOHYMBOCTH K MEXaHHYECKUM
BO3JEHCTBHAM (BHOpAIMAM, TPUOOMEXaHHYECKAM B3aMMOJICHCTBUAM, yAapaM, HHEPIHOHHBIM
HarpysKkam H T.J.), TEMIIEpaTypHBIM H KIIMMAaTHIECKHE BO3ACHCTBUS U T. 1.

IlockonmbKy — MOZENMPOBAHHE XapPAKTEPUCTHK  AJIKTPOTHAPONPUBOAOB, THIAPOMAIIMH H
THPOANIAPaTyphl JOIDKHO OXBaThIBATH MOJACIUPOBAHHE CHUIIOBBIX, THUHAMUYECKHX U CTATHYECKUX
XapaKTEePUCTHK, HEOOXOIMMO MPOBEACHUE KOMIUIEKCHOTO MOJCIHPOBAHUS HX DHEPreTHYECKHX,
CHJIOBBIX, TEMIIEPATYPHBIX M T.II. XapaKTepUCTHK. IIpy 3TOM pernaeTcsi LIMPOKUH Kpyr 3aj1ad: OT
00OCHOBAHHUSI CXEMHBIX DEIICHWH W KOMIIOHOBKH CHJIOBOTO MPHBOIA 10 Pa3pabOTKU CHCTEMBI
yHpaBJICHHS.

Ilpu ¢dopcupoBaHuM CYIIECTBYIOIINX KOHCTPYKLUHMH TI'MAPONPUBOIOB IO CYIIECTBYIOLIMM
METOJMKaM, HaOJI0JaJoCh PE3KOEe CHIDKCHHE pecypca BIUIOTh JO pPa3pYIICHUS SJIEMEHTOB
KOHCTPYKILIHH.

B wuccnenyemoil Monenu HCIOJB30BaH TE3HC O CHIOBOM THIPONPHBOAE KAaK COBOKYIHOCTH
YOPYrUX TeJd, B3aMMOICHCTBYIOIIMX MEXIY COOOI MOCPEACTBOM CBSI3EH, XapaKTepPH3YHOLIUXCS
HEJIMHEIHOCTSAMU PasIu4HON MpUPOns! ((HH3UYECKUMH, T'€OMETPUYCCKUMH, KHHEMATHYCCKUMH,
TpuOO- ¥ FHAPOMEXaHHMYESCKUMH U JIp.). IIpy paccMOTpeHNH yYHUTHIBAIKCH (GaKTOpHI AedopManuH,
YIOPYroro ¥  yIOPYroOIIACTHYECKOTO B3aWMOICHCTBHS, TEPMOMEXAHHKH, THIPOMEXAHUKH,
TpUOOKOHTAKTA JIETaJIeH C yIETOM 3a30POB, MIIEPOXOBATOCTH, PA3TUYHBIX MOJIENECH TPEHHS U 1.
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CpaBHUTEIBHBIN aHATU3 PE3y/IbTATOB MOJEIHPOBAHHSA U SKCIICPUMCHTAIBHBIX JAHHBIX ITOKa3all
ux xopourylo cxomuMocth (ot 1% nmo 3%) M nexuT B AnanasoHe pa3dpoca 3HAUYCHUH NpH
HATYPHBIX U3MEPCHUSX.

HccnenoBanus ¢ MCIONBb30BaHHEM MHOTOHNPO(HMIEHOIO MAaTEMAaTHYECKOTO allapara MO3BOJINIIH
QHAJIMTUYECKN TIOTYYUTh ONTUMAIBHOEC COOTHOIICHHE KOHCTPYKTHBHO-TEXHOJNIOTHYECKUX MU
TEXHUYECKHUX M SKCIUTYaTAllMOHHBIX [1APAMETPOB IHPABIMYCCKOI MAIIHHBIL.

IMomy4eHHble pe3ysabTaThl IO3BONMIN TIEPEHTH HAa Ka4eCTBEHHBIH YPOBEHb MOJCIHPOBAHUS
pabo4nx INpOLECCOB T'MAPABIMYECKON MaIlMHBI, COKPAaTHTh Ha MOPSIOK (32 CYET yMEHBIICHUS
KOJIMYECTBA JIOXKHBIX HTEPAlMil) CPOKM [POCKTHPOBAHMS HOBBIX M3ACIWH, HPOBECTH
MOJICPHM3AIMIO B YaCTH IOBBINICHHE PECYPCHON HAJEKHOCTH U PACHIMPEHUE CYIIECTBYIOIIETO
aCCOPTHMEHTA MPOJYKIUH ISl TTOBBIIICHHS HAJIE)KHOCTH M IOJITOBEYHOCTH BBIITYCKaeMOH CEpHItHO
[POYKIIHH.
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Modeling of working processes of hydraulic machines of power drives of unmanned
vehicles
Puzanov A.V., Darsht Ya.A.
KSTA, Kovrov, Russia

Power electrohydraulic drive and its components with minimum weight and size characteristics
must ensure reliability and resistance to mechanical influences (vibrations, tribomechanical
interactions, shocks, inertial loads, etc.), temperature and climatic influences, etc.

Since the modeling of the characteristics of electric hydraulic drives, hydraulic machines and
hydraulic equipment should cover the modeling of power, dynamic and static characteristics, it is
necessary to carry out a comprehensive modeling of their energy, power, temperature, etc.
characteristics. At the same time, a wide range of tasks is solved: from substantiating circuit
solutions and the layout of a power drive to developing a control system.

When forcing the existing designs of hydraulic drives according to the existing methods, a sharp
decrease in the resource was observed up to the destruction of structural elements.

In the model under study, the thesis about a hydraulic power drive as a set of elastic bodies
interacting with each other through links characterized by nonlinearities of various nature (physical,
geometric, kinematic, tribo- and hydromechanical, etc.) is used. The consideration took into
account the factors of deformation, elastic and elastoplastic interaction, thermomechanics,
hydromechanics, tribocontact of parts, taking into account clearances, roughness, various models of
friction, etc.

A comparative analysis of the simulation results and experimental data showed their good
convergence (from 1% to 3%) and lies in the range of scatter of values during field measurements.
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Research with the use of a multidisciplinary mathematical apparatus made it possible to
analytically obtain the optimal ratio of the design-technological, technical and operational
parameters of the hydraulic machine.

The results obtained made it possible to move to a high-quality level of modeling the working
processes of a hydraulic machine, to reduce by an order of magnitude (by reducing the number of
false iterations) the design time for new products, to carry out modernization in terms of increasing
resource reliability and expanding the existing range of products to increase the reliability and
durability of mass-produced products.

HccnenoBanne MHOrO(YHKIMOHAILHOTO IPHEMHHKA BO3IYIIHbIX JaBJICHUI
'Pri6axos C.B., *Copokun M.IO.
'AO «YKBII», 2Yal'TV, r. YabsHoBck, Poccus

MHorodyHKIIMOHANBHEI NPHEMHHK IIO3BOISET M3MEPHTh TaKHe MapaMeTphl Kak: MOJIHOE U
CTAaTHYECKOE JABJICHUS, YIIIbl aTAKK U CKOJIBKEHHS BO3/LYIIHOTO Cy/IHA.

Panee 6butn npennoxensl Moaudukaruu MIIB/] 6e3 HeHTpanbHOro OTBEPCTHS TPpHEMa MOIHOTO
JIABJICHUS, Ul MPOBEACHHS MCCICAOBaHHUs ObUI BbIOpaH BapuaHT moiycdepuueckoro MIIBJL
MeHbIIero guamerpa (18 MM) co CKBO3HBIMU OTBEPCTHSAMH.

HccnenoBanue nMpoBOAMIOCH MPH MOMOIIM MaTEMaTHYECKOTO MOJIEIMPOBAHUs B pabouei cpeze
Ansys, 3a/1aua YIJIOB aTaKd M CKOJBXKEHUS IIPOU3BOAMIACH IIyTEM PA3JIOKEHUS BEKTOpa CKOPOCTH
10 OPTOHOPMUPOBAHHOMY 0a3HCy.

Bbutn poBezieHbI MCClIEA0BaHKS MOACIH PUEMHHKA Ha MANa30HEe YIIIOB aTAKH U CKOJNBKCHUS
0...25 rpaxycoB ¢ maroM B 5 rpagycoB Ha ckopocTsax 0,084 ex.u.Maxa (100 km/9), 0,25 en.1w.Maxa
(300 km/9) 1 0,42 ex.u.Maxa (500 km/q).

Mo pesynbraTam mccie0BaHUs OBLTA COCTABIICHBI MOJMHOMBI TPETHETO M YETBEPTOTO MOpPAIKA
JUIL pacdeTa CKOPOCTH BO3IYLIHOTO IIOTOKA U adpOAMHAMHUYECKHX YITIOB COOTBETCTBCHHO C
UCHOJIb30BAHUEM YETBIPEX MECTHBIX H3MEPSEMBIX JaBICHUH.

MakcuManbHass a0COMIOTHAs MOTPENIHOCTh II0 BBIYMCIEHMIO cKopocTH cocrtasisier 00,0095
en.u.Maxa. MakcumanbHas aOCOMIOTHAS IIOTPEHIHOCTh IO BBIYUCICHUIO YITIa aTaKd COCTAaBISIET
0,687 rpanyca na 0,084 ex.u.Maxa, 0,584 rpaxyca Ha 0,25 en.u.Maxa u 0,292 rpanyca Ha 0,42
en.y.Maxa. MakcumanbHasi a0CONIOTHAS MOTPEIIHOCTh [0 BBIYHCICHHUIO yIJIA CKOJIBXKEHHs
coctaBisier 0,545 rpamyca Ha 0,084 emu.Maxa, 0,537 rpamyca na 0,25 emu.Maxa u 0,458
rpanycoB Ha 0,42 ex.u.Maxa. Pe3ynbraThl npeacTaBieHbl Al MICAIBHOH MOJENM HNPUEMHMKA,
UCHBITAHWA Ha BIMSHME TEXHOJOTMYECKHX IIOTPEIIHOCTEH IPOM3BOJCTBA IIPHEMHHMKA Ha
BBIYHCIICHHE CKOPOCTH M a3PONHAMHYECKHUX YIJIOB HE MPOBOJHIOCE.

B Ommxaiimmx mimaHax cosfgaHue Martemaruuecko monenu MBIIJ] ¢ xamepoil cTaTtuku u
000rpeBOM, NPOBEJCHUE a’POJMHAMHYECKUX M TEPMOAMHAMMYECKHX HCCIICAOBAHUIl ITOJIHOTO
o6pasa MIIB/l Ha pa3HBIX CKOPOCTSIX MOTOKA BO3/AyXa M HPH Pa3HBIX adpOJUHAMIYCCKUX YIIIax.
ITo pe3ynbraTam mccieoBaHUI OyneT ONpeseieHa ONTHMallbHas KOHCTPYKIUs oborpesa u Oyzer
YTOYHEH pacyeT a’pOJMHAMUYECKUX YIVIOB IpPH IIOMOIIM YETBIPEX M3MEPEHHBIX MECTHBIX
JIaBJICHUI B OOKOBBIX KaHAJIaX M3MEPEHHS JABICHUS U JABJICHHS, H3MEPEHHOIO B KAHAJIC CTATHKH.
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Research of a multifunctional air pressure probe
'Rybakov S.V., 2Sorokin M.Yu.
'UIMDB, 2UISTU, Ulyanovsk, Russia
Multifunctional probes allow to measure such parameters as: total and static pressure, angles of
attack and sideslip of the aircraft.
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Previously, modifications of a multifunctional air pressure probe without a central hole for
sensing total pressure were proposed, and a version of a hemispherical multifunctional air pressure
probe of a smaller diameter (18 mm) with through holes was chosen for the research.

The research was carried out using mathematical modeling in the Ansys working environment,
the problem of angles of attack and sideslip was performed by decomposing the velocity vector on
an orthonormal basis, which allowed not to rearrange the grid for each experiment.

Preliminary researches of the probe model were carried out on the range of angles of attack and
sideslip of 0...25 degrees with a step of 5 degrees at speeds of 0.084 Mach (100 km/h), 0.25 Mach
(300 km/h) and 0.42 Mach (500 km/h).

Based on the results of the research, third-and fourth-order polynomials were compiled to
calculate the air flow velocity and aerodynamic angles using four local measured pressures.

The maximum absolute inaccuracy in calculating the speed is 0.0095 Mach. The maximum
absolute inaccuracy in calculating the angle of attack is 0.687 degrees per 0.084 Mach units, 0.584
degrees per 0.25 Mach, and 0.292 degrees per 0.42 Mach. The maximum absolute inaccuracy in
calculating the sideslip angle is 0.545 degrees by 0.084 Mach, 0.537 degrees by 0.25 Mach, and
0.458 degrees by 0.42 Mach. The results are presented for an idealized model of the probe, tests for
the influence of technological inaccuracy in the production of the probe on the calculation of speed
and aerodynamic angles were not carried out.

In the near future, we plan to create a full-fledged mathematical model of the multifunctional air
pressure probe with a static chamber and heating, to conduct aerodynamic and thermodynamic
studies of a complete sample of the multifunctional air pressure probe at different air flow speeds
and at different aecrodynamic angles. Based on the results of the researches, the optimal design of
the heating element to prevent icing will be determined and the calculation of aerodynamic angles
will be refined using four measured local pressures in the four side pressure measurement ports and
the pressure measured in the static port.
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MoaeanpoBaHue TEPMOIJIEKTPUYECKOr0 AATYHKA TeParepuoBoro H3JIydeHust
Cenunun A.Jl., Tykmakoa A.C., Txopxkesckuii 1.J1., Makaposa E.C., HoBorenbroBa A.B.
HUTMO, r. Cankr-IletepOypr, Poccust

Ha npwmanexTpuueckylo MOMNIOKKY HAHOCHTCA TOHKMH CIIOM TepMOINEKTpUKA METOJO0M
BaKyyMHOT'O TEPMHUYECKOT0 HAaIbUICHHSA. JIJIs yIydIIeHHs 3JIeKTPOMAarHUTHOTO OTKJIMKA IIEHKH Ha
Hell MepHOJMYECKU BBIPE3AETCs Y30p M3 MOBTOPSIOIIUXCS IPeYecKUX KpecToB. I'eomerpuueckue
pa3Mepbl CTPYKTYphI I0JOOpaHbl TAKUM 00pa3oM, 4TOOBI 00eCIIeUnBaTh MAKCUMAIbHbIN OTKIUMK Ha
gactotax 0.1 m 0.14 TI'm. CtpykTypa HOpMalbHO OOIydaeTcsi TapMOHHYECKHM TepareplOBBIM
curaanom, MouHocTeio 30 MBT. ITon melicTBHEM 00IIydeHHUs CTPYKTYpe COOOIIAeTCsl SHEPTHsl, YTO
HPUBOJHT K €€ HarpeBy U BOSHUKHOBEHHUIO B pe3ynbTate 3¢ddexra 3eedeka Tepmod/IC.

IocTaBneHHyI0 3aady CI0XKHO PEMINTH aHATUTHIECKUMU MeToAaMH. [1oaToMy Ui mpoBeneHNUs
MO/ICITPOBAHUs HEOOXOAUMO UCIOJIB30BaTh YHCICHHbIE METO/Ibl. B TaHHO# paGoThl ObLT BEIOpaH
METOJl KOHEUHBIX 3JIEMEHTOB, pealn3yeMsblil B mporpammHuoii cpene Comsol.

MeTon KOHEYHBIX DIEMEHTOB 00IamaeT PsAoM HMPEHMYIIECTB, TAKHMH KaK: YHUBEPCAIbHOCTS,
npoctota (U3MYECKOH HMHTEpHperanuu M anroputMuyHocth [1] HempepbiBHas —BennuuHa
aNmnpoKCUMUPYETCS Ha KaXIOM 3JIEMEHTE IOJMHOMOM MM KyCOYHO-33/laHHON (yHKIHMEH,
KOTOpBIE ONpPEAENSIOTCS C IIOMOIIBIO Y3TOBBIX 3HadeHHH. [loMMHOMBI MOAZOHPAIOTCS TAKUM
00pa3oM, 4ToObI HEPEPHIBHOCTh BEIUYHHBI BJI0JIb IPAHULIBI KOHEUHOTO 3JIEMEHTA COXPAHSIACh.

I'panudHBIE YCIOBHS IS JEKTPOMAaTHUTHBIX TIPOLECCOB B pPaMKax JAHHOM 3a/auyM 3aJaBajich
IIPH HOMOIIU HOPTOB, KOTOPhIE ONPEIENIAIOT BXOAHBIC M BHIXOJHBIC TOYKH OOTydYCHHS MOMEIH.
IlopTel  ONUCHIBAIMCH  MOLIHOCTBIO  OONydeHHs, 4YacToTod u  Qopmoil  u3IyyaeMmoit
9JIEKTPOMArHUTHOM BOJIHBI.
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CBoiicTBa MaTepHasoB, OMHUCHIBAIOIIMX MOAEIb, ObUIM ITONYYEHBI NPH MOMOIIH HMITYJIbCHON
TepareploBOi CIIEKTPOCKONHH [2]

T'eomeTpruyeckn CBOMCTBa (pUIBTpA XapaKTEPU3YIOTCS IMEPHOAOM CTPYKTypsl (P), mupuHO#
kpecta (W), u aiusoit kpecra (L). st oneHkn 3¢ GpeKTHBHOCTH CTPYKTYpHI B KA4ECTBE IETEKTOpa
3JIEKTPOMATHUTHOTO U3JTy4EHHUs HCTIONb30BAJICS OAUH U3 IapaMeTPOB MaTpPHIbI paccestHust S21.

Mopenupys u3MeHeHue dToro mapamerpa B guamasoHe 0.01 — 0.3 TI'm Opum momoOpaHsl
reOMeTpHYECKUe pa3Mepbl (UIbTpa, AEMOHCTPHPYIONIME MaKCHMalbHOoe 3HaueHMe S 21 Ha
3asBiIeHHBIX yacToTax 0.1 1 0.14 TI'm.

B pesymbrare MomenupoBaHus oO0mydeHHs Tl m3mydeHHeM OBUIM IOMYYCHBI 3HAUCHHS
MaKCHMAaJIbHOH TeMIIepaTypbl B 00beMe IUICHKH.

Ha pucyHke 0T4€TIIMBO BHJHO, YTO HArpeB MPOMCXOJUT B 00JAaCTH BEPXHEH M HIDKHEH rpaHei
KpecTa U COCTaBIsIeT Ooiee 5 TpagycoB, YTO AOCTaTOUHO A momydeHus TepmModC 100mMkB.
IMony4enHas BemmunHa TepMoDJIC nocTaTouHa Ul JETEKTHPOBAHHS TEPareplioBOro M3IIy4eHHs.
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Modelling of thermoelectric terahertz detector
Sedinin A.D., Tukmakova A.S., Tkhorzhevskiy I.L., Makarova E.S., Novotelnova A.V.
ITMO University, Saint-Petersburg, Russia

A thin thermoelectric layer is deposited on a dielectric substrate by vacuum thermal spraying. To
improve the electromagnetic response of the film, a pattern of repeating Greek crosses is
periodically cut on it. The geometrical dimensions of the structure were selected in such a way as to
provide the maximum response at frequencies of 0.1 and 0.14 THz. The structure is normally
irradiated with a harmonic terahertz signal with a power of 30 mW. Under the action of irradiation,
energy is imparted to the structure, which leads to its heating and the appearance of thermoEMF as
a result of the Seebeck effect.

This task is dificulut to solve within the framework of analytical methods. Therefore, to carry out
modeling, it is necessary to use numerical methods. In this work, the finite element method
implemented in the Comsol software environment was chosen.

The finite element method has a number of advantages, such as: versatility, simplicity of physical
interpretation and algorithmicity [1] A continuous value is approximated at each element by a
polynomial or piecewise given function, which are determined using nodal values. The polynomials
are selected in such a way that the continuity of the quantity along the boundary of the finite
element is preserved.

The boundary conditions for electromagnetic processes within the framework of this problem
were set using ports that determine the input and output points of irradiation of the model. The
ports were described by the irradiation power, frequency and shape of the emitted electromagnetic
wave.

The properties of the materials describing the model were obtained using pulsed terahertz
spectroscopy [2]

The geometric properties of the filter are characterized by the period of the structure (P), the
width of the cross (W), and the length of the cross (L). To evaluate the efficiency of the structure,
one of the parameters of the scattering matrix S21 was used as an electromagnetic radiation
detector.

By simulating the change in this parameter in the range of 0.01 - 0.3 THz, the geometric
dimensions of the filter were selected, demonstrating the maximum value of S21 at the declared
frequencies of 0.1 and 0.14 THz.

As a result of simulating the exposure to THz radiation, the values of the maximum temperature
in the volume of the film were obtained.

The figure clearly shows that heating occurs in the area of the upper and lower edges of the cross
and is more than 5 degrees, which is enough to obtain a thermoEMF of 100 uV. The obtained value
of thermoEMEF is sufficient to detect terahertz radiation.

116



MeTopn nepex/04eHUs peryasaTopoB KoHTypoB CAY I'T/J]
Cropoxes C.A., FOxakoB A.A.
ITHUILY, r. Ilepms, Poccust

PaccmaTtpuBaeTcs NpPUMEHEHHE PEryjiTopa COCTOSHMS INPUMEHUTENBHO K aBHALIOHHOMY
razorypounnomy apuraremo (I'TH) [1-3]. I'T/ xapakrepusyercs Tpemsi MEPEeMEHHBIMH: 4acTOTa
BpAIlCHUsI CBOOOAHON TypOHHBI (BEHTHJIATOP WIIH KOMIIPECCOp HH3KOIO JAaBICHHS), YacTOTa
BpallleHHss KOMIIPECCOPA BBICOKOIO JaBJI€HUs M TEMIIEpaTypa FOpEHHs ra3a 3a KaMepoi CropaHus.
Bce nepeMeHHbIE 3aBHCAT OT pacxojia TOILUIMBA. B HacTosIee BpeMsl epevncIeHHbIE TapaMeTphl
PEryIHpyIOTCsl C MOMOIIBIO OTENbHBIX HE3aBHCHMBIX KOHTYPOB U BBIOHPAIOTCS CENEKTOPOM B
3aBUCHMOCTH OT PEXHMA, IIPH 3TOM BO3MOXKEH jpebOesr. IIpeisiaraercst aganTHBHBIA PEryisTop
COCTOSIHMS, @ TaK)Ke OPUTHMHAIBHBIA METOJ NEPEeKIIOYEHHMS LITATHOTO CEJIEKTOpa M PEeryisiTopa
COCTOSIHMS C LIENIBIO MOBBINIEeHNs KauecTBa ynpasienus [ T/I.

B perymnsaTope cocTosHUS [T KaXI0T0 BXOJA MCIIONBb3YEeTCs TONBKO OfHA TPEYroibHast (DyHKIHS
HPHHAUIEKHOCTH (T€PM), TTapaMeTpbl KOTOPOI 3a/al0TCs HACTPOHKAMHU PEryJsiTOpa COCTOSHHS C
Y4eTOM HOpEIBIIYIIUX COCTOSHMI CHCTEMBl aBTOMATHYECKOIO YIPAaBICHHS KOHTYpaMH
ra3oTypOuHHOro apuratess. OyHKIMH HPHUHAUIGKHOCTU PEryIsTopa COCTOSHHUS CMEIIAITCS
BCJIE]] 32 BXOIHBIMH IEPEMEHHBIMH.

IltaTHbli ceneKTOp BHIOMpaeT KOHTYp [ DEryIHpPOBaHUA II0 MHUHHMAIBHOMY HWIIH
MaKCHMAaJIbHOMY BXOJy B OJIOK NEpEKIIOUEHHUS PETYIATOPOB.

IlepexmioueHne  peryasTopoB — OCYIIECTBISAETCS C  IOMOIIBIO — aIlrOPUTMa  MHIMKALUH
YyCTaHOBHBIIETrocs pekuMa. Ha BXox maHHOro Onoka IIOAIOTCS CTEHEHHM IPHHANIEKHOCTH C
BhIXOZa  (haszsudukaropa  perynsrtopa cocTosHua.  Jlamee, TNPOMCXOAMT  ONpEEICHHE
YCTaHOBMBILETOCS PEXHMAa II0 HECKOJNBKMM IIOCIEIHHM BXOAHBIM 3HadeHHs M. Bo Bpems
MepPEeXOIHBIX IPOIECcCOoB, mpoTekaromux B KoHTypax CAY I'T/], paboTaeT peryasTop COCTOSHUS, a
B YCTAHOBHBLIEMCS PEKHME BCTYNAET B PAOOTY IITATHBIN CENEKTOP.

Briogpl. Ilpennoxen MeTos ajanTalMy IpU NPOEKTUPOBAHUM PETYISATOPA COCTOSIHUS MOIAuM
ToIutMBa B Kamepy cropanus I'T/]. Perymsatop cocTOSHUS TOMOMHSAET TEOPHUIO HEUETKUX CHCTEM, a
AJITOPUTM IMEPEKITIOUEHHUs PETYIIATOPOB MO3BOJAET CYIIECTBEHHO MOBBICUTH KAUECTBO YIPABICHUs
I'TA.
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The method of switching the circuit regulators of the automatic control system of the gas
turbine engine
Storozhev S.A., Yuzhakov A.A.
PNRPU, Perm, Russia

The application of the state regulator in relation to the aircraft gas turbine engine (GTE) is
considered. The state of the GTE is characterized by three variables: the rotational speed of the free
turbine (fan or low-pressure compressor), the rotational speed of the high-pressure compressor, and
the temperature of gas combustion behind the combustion chamber. All variables are dependent on
fuel consumption. Currently, the listed parameters are regulated using separate independent circuits
and are selected by the selector depending on the mode, which is a disadvantage, since bounce is
possible and there is no adaptation to changes in the external environment and object parameters.
The paper proposes an adaptive state regulator, as well as an original method for switching the
standard selector and state regulator in order to improve the quality of GTE control.

The design concept of the state regulator is such that, if there are several state regulator inputs,
then only one triangular membership function (term) is used for each input, the parameters of which
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are set by the state regulator settings taking into account the previous states of the automatic control
system of the gas turbine engine circuits. The membership functions of the state controller are
shifted following the input variables.

The standard selector selects the circuit for regulation at the minimum or maximum input to the
controller switching unit.

The controllers are switched using the steady state indication algorithm. The degrees of
membership from the output of the fuzzifier of the state regulator are fed to the input of this block.
Further, there is a determination of the steady state according to the last several (the amount is set
by the requirements for the accuracy of regulation) input values. During the transient processes
occurring in the circuits of the automatic control system of the gas turbine engine, the state
regulator works, and in the steady state, the standard selector comes into operation.

Conclusions. A new adaptation method is proposed when designing a regulator for the state of
fuel supply to the combustion chamber of a gas-turbine engine. The state regulator complements
the theory of fuzzy systems, and the regulator switching algorithm can significantly improve the
quality of GTE control.

IpoextnpoBanue CAY aBHAIIMOHHBIX IBHIaTe/Ieil HA OCHOBe MO/IEILHO-
OPHEHTHPOBAHHOIO MOAX0/1A
CymumoBa JI.A., Ocranenxo C.B.
AO «OJK-CTAP», r. Ilepms, Poccus

OCHOBHBIMH OCOOEHHOCTSIMM HpoLEeccoB TNpoekTupoBaHuss CAY aBHAllMOHHBIX JBUratenei
SIBIISIETCSI CJIOKHOCTh OOBEKTOB YIIpaBJIeHHs, oOecriedeHre TpeOOBaHUi K CHCTeMaM, KPUTHYECKIM
110 6Ee30MacHOCTH, a TAK)KEe CTOMMOCTB Pa3pabOTKH.

CoBpeMeHHOI KOHLENIMEeH MPOSKTUPOBAHUS CIOKHBIX CHUCTEM sBIsieTcs pa3paboTka Ha Gase
MoJIebHO-OpueHTHpoBanHOoro noaxoaa (MOII). Peannzauus MOII mo3BoiseT NOBBICHTH KA4ECTBO
pa3paboTKu, CHU3UTh 3aTPaThl HA MCIBITAHUSA U BHEIPEHUE CUCTEM, CIeIaTh KAUEeCTBEHHBIH 11ar B
CTOPOHY LIM(POBH3ALUH pa3pabOTKH U nocTpoeHuro L{ndpoBoro qBOMHUKA CHCTEMBL.

MozenbHO-OpUEHTHPOBAHHBIN MOIXO0] JODKEH COMpoBOXKAaTh Bce craauu JKLI[: MonenbHO-
OPHEHTHPOBAHHOE POEKTUPOBAHUE, YIIPABICHHE M IKCILUTyaTallUsl.

MoenbHO-OpUeHTHPOBaHHOE TpoekTHpoBaHue CAY OCHOBAaHO Ha CO3JAaHUU U MOCTOSIHHOM
YTOUHEHUH MaTeMatuueckoii monmemu (MM) cuctembl, BKIIOHamoLield OOBEKT YIpaBICHUS,
THAPOMEXaHHYECKHUE M JJIEKTPOHHBIC arperathbl, a Takke BcTpamBaeMoe OopToBoe, 110. 3anaueii
MOII sBisieTcsi BBINOJHEHHWE PACYeTOB M HMMHTALIMOHHOIO MOJCIHPOBAHMS PabOTBI CHUCTEMBI,
MOJTBEPKJAIOUIMX BBINOIHEHNUE MNPENbSIBICHHBIX TAaKTHKO-TEXHUYECKHX TpPeOOBaHMI, CHUHTE3
PeryisaTopoB U OTpabOTKy aJrOpUTMOB YIPABJIECHHS B 3aMKHYTOM KOHTYpPE C MOJEIbI 00bEKTa
yIpaBJIEHUS.

KnroueBsiM  TpeOoBanumeM Kk MM arperaToB CHCTEMBl SBISICTCS HMX  HCIIOJNHCHHE,
HEIMOCPEICTBEHHO YYacTBYIOIEE B MPOU3BOACTBE. JIJIi IMIPOMEXaHMUYECKHUX arperaTtoB 3TO He
npocro CAD-Mozenb, a ajeKkBaTHasi pacueTHasi MOJEIb, COOTBETCTBYIOLIAs PEalbHOMY OOBEKTY,
obecrieunBaoIias ¢ 3aJaHHOW TOYHOCTHEO COOTBETCTBUE DE3YJbTATOB pacdeTa (HU3MYECKOMY
rporeccy.

st mporpammHOro obecriedenus crpoutcss mMonens [10 — ucmonnsemas crnenudukanus, U3
KOTOpOH HEMOCPEICTBEHHO TeHEpUpyeTCs UCXOAHBII Ko 6opToBoro I10.

AJleKBaTHBIC MOJICNIH JOJDKHBI MHTEIPUPOBAThCsl HA 6a3e eAnHOW MmIaTdOpMBbI Ul pealu3aluu
CUCTEMHOI'0 MHOTOJIMCLUILIMHApHOro 1D MozenpoBaHus, YTo ABJIsSE€TCS HEOOXOAUMBIM YCIOBHEM
Ut obecriedeHus IpuMeHeHus TexHonoruu LnppoBoii ABOWHUK.

MHOroJMCUMIUIMHAPHBIE HCHOJHAEMBIC, WHTETPUPOBAHHBIE B EIUHYIO CHCTEMY, MOJENIU
MPEICTABIAIOT COOOH Pe3yIbTaT CKBO3HOTO MPOCKTUPOBAHUS M MO3BOJISIIOT BBIIOIHATH HE TOJIBKO
JIOBOJIKY ¥ ONITHMH3ALUIO OyAyLIeH CUCTEMBI, HO M IPOBOJUTH UCIIBITAHMUS, B T.4. B HCHOPMAJIbHBIX
YCIIOBUSX.

CyTh MOJIEIBHO-OPUEHTUPOBAHHOIO YIPABJICHUS - MPUMEHEHUE B aJrOPUTMAX YIpPaBJICHUS
BHUPTYaJIbHBIX JAaTYMKOB U BCTpOoeHHOH MM nBuratens, npeaHa3HAYCHHOW Ul YIIPABJICHHS IO
HEM3MEpSeMBbIM, 10 MOJICTBHBIM IIapaMeTpaM B YCJIOBHSX OTKa3aBIIMX JATYMKOB, a TaKkKe C
y4eTOM M3MEHEHHS SKCILTyaTallHOHHBIX CBOHCTB 00BEKTA YIIPABICHHUS BO BPEMEHH.
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VYnpasneHue ¢ IPUMEHEHUEM BCTPOSHHBIX MM MOBBILIAET Ka4eCTBO yHPABICHHS U KUBYYECTD
JIBHTATENs B M3MEHSIOLIUXCS YCIOBHUSIX.

IIpumeHeHne GOPTOBBIX MaTEMAaTHYECKHX MOAENIEH HE0OXOMUMO Al oOecrieueHus: TpeOoBaHU
10 DKOJIOTHH (IMHCCUH, TeHEPaLHHU IIYMOB), 9KOHOMHUKE (TOIUTMBHO 9()EKTUBHOCTH, CTOMMOCTH
XKLI), HanexHOCTH, GE30IIACHOCTH, YIPABICHUIO C OTJIOKCHHBIMH OTKa3aMH M JUIS TTOBBILICHUS
nérHou rogHocty JIA.

MopenbHO-OpHEHTHPOBAHHAs JKCIUTyaTallWsi — TIOAXOJA, OCHOBAHHBI Ha NPUMCHEHUH
LudpoBoro nBOWHHKA KOHKPETHOTO OOBEKTa, IMOCTOSHHO HACHTHOHIMPYEMOrO C IOMOILIBIO
3apErHCTPUPOBAHHBIX JAHHBIX C TATYAKOB U HHH)OPMAIMOHHBIX KAHAIOB HATYPAIbHOTO OOBEKTA.

Takast Moziesnb, IMEIOIIAsi HICTOPUIO CBOEr0 M3MEHEHHS BO BPEMEHHU, MOXKET ObITh IPUMEHEHA IS
MPEIUKTHBHOM aHAIMTHKU M ONpeieIeHns OyAyInero CoCTOsIHUS 00bEKTa B Pa3InYHbIX YCIOBHUSIX.
Llenbl0  MOJIETBHO-OPHEHTHPOBAHHON OKCIUTYaTallUH SIBJIETCS  OMPEICICHHE MPEI0TKa3HOTO
COCTOSIHHSI CHCTEMBI, COPOBOXK/ICHUE IKCIUTyaTAllMH CUCTEMBI B CHTYAL[MU OTJIOXKEHHOI'O OTKa3a.

Model-based designing aviation engine's control systems
Sulimova D.A., Ostapenko S.V.
JSC “UEC-STAR”, Perm, Russia

The main features of the design processes for ACS of aircraft engines are the complexity of
control objects, the provision of requirements for systems critical to safety, as well as the cost of
development.

The modern concept for the design of complex systems is development based on a Model-Based
Design (MBD). The implementation of the MBD allows to improve the quality of development,
reduce the costs of testing and implementation of systems, make a qualitative step towards the
digitalization of development and build a Digital Twin of the system.

A model-based approach should accompany all stages of the life cycle: model-based design,
management and operation.

Model-based design of ACS is based on the creation and constant refinement of the mathematical
model (MM) of the system, including the control object, hydromechanical and electronic units, as
well as embedded on-board software. The task of the MBD is to perform calculations and
simulation of the system operation, confirming the fulfillment of the presented tactical and
technical requirements, the synthesis of controllers and the development of control algorithms in a
closed loop with a model of the control object.

The key requirement for MM system units is their execution, which is directly involved in
production. For hydromechanical units, this is not just a CAD model, but an adequate
computational model corresponding to a real object, which ensures the correspondence of the
calculation results to the physical process with a given accuracy.

For software, a software model is built — an executable specification, from which the source code
of the onboard software is directly generated.

Adequate models should be integrated on the basis of a single platform for the implementation of
systemic multidisciplinary 1D modeling, which is a prerequisite for ensuring the use of the Digital
Twin technology.

Multidisciplinary executable models integrated into a single system are the result of end-to-end
design and allow not only fine-tuning and optimization of the future system, but also testing, incl.
in abnormal conditions.

The essence of model-based control is the use of virtual sensors and built-in MM of the engine in
control algorithms, intended for control by unmeasured, by model parameters in conditions of
failed sensors, as well as taking into account the change in the operational properties of the control
object over time.

Management with the use of built-in MM improves the quality of control and survivability of the
engine in changing conditions.

The use of onboard mathematical models is necessary to meet the requirements for ecology
(emissions, noise generation), economics (fuel efficiency, life cycle cost), reliability, safety,
management with delayed failures and to improve the airworthiness of aircraft.

Model-based exploitation is an approach based on the use of a digital twin of a specific object,
constantly identified using recorded data from sensors and information channels of a natural object.
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Such a model, which has a history of its change in time, can be used for predictive analytics and
determining the future state of an object in various conditions. The purpose of model-based
operation is to determine the pre-failure state of the system, to support the operation of the system
in a situation of delayed failure.

Biusinne KOHCTPYKIMH JTA0HPHHTHOIO YIIOTHEHHUsI HA MapaMeTpbl 3P (eKTHBHOCTH
0CeBOro KOMIpeccopa U TypOMHBI
Iunynos B.B., Bunorpanos A.C., benenko K.A.
Camapckuit yauepcurer, r. Camapa, Poccus

Bricokast 3((eKTHBHOCTh aBHAIMOHHOTO JBHTrATeNs OCOOCHHO BaKHAa IS OOCCIICUCHUS
KOHKYpeHTOCIIocoOHOCTH. [ToBbieHne 00mmei 3(EeKTHBHOCTH MOKET OBITh JOCTUTHYTO 33 CHET
TOBBIIICHHUS YPOBHA 3((EKTHBHOCTH OTJCIbHBIX KOMIIOHCHTOB IBHUTaTelsi M OTIACIBHBIX
anemMeHToB. K TakuM 31eMeHTaM MOXKHO OTHECTH YIUIOTHEHHs HPOTOYHOH dacTd. B GompmmHCTBE
myONMKaluil, MOCBSINEHHBIX HCCIEIOBAHUSAM YIUIOTHCHHH B aBHALMOHHBIX JIBUTATEIIX,
YIUIOTHEHUs PAacCMaTPUBAIOTCS KaK OTACIbHBIA O00BEKT. B kadecTBe BXOAHBIX JMaHHBIX IS
Iporecca NPOSKTUPOBAHMS YKA3bIBAIOTCS TONBKO (usuueckue mapamerpsl. OfHAKO CyIIECTBYET
oIpeJiesieHHas: B3aHMOCBS3b MEXAy KOHCTPYKIMEH YIUIOTHEHHs W mapamerpaMu cryneHu. Jlis
Oosiee eTaIbHOM M TOYHOW KOHCTPYKLHMH YIUIOTHEHHE HEOOXOIMMO IPOSKTHPOBATh KaK OTIEIBHO,
TaK X B COCTaBe JIOMATOYHOH MammHel. CTOMT OTMETHTh, YTO YIUIOTHGHHE HE CYHTAeTCS
TPaJAUIHOHHBIM cIOCO00M. OOBIMHO HCCIEIYIOTCS TONBKO KIIACCHYECKHE THIBI YIUIOTHEHUH. JTO
JTaOMPUHTHEBIE, IETOYHBIC, TOPIEBbIC YIUIOTHEHUS U pyrue. OHAKO B aBHAIIMOHHBIX JBHUTATEISIX
IPUMEpBI MCIOIb30BAHMS TOJIBKO OHOIO CIMHCTBCHHOrO YIUIOTHCHHs peiku. B mpopemanHON
pabote wHcciemyercs CHUCTEMa YIUIOTHEHHsA. OTa CHCTEMa COCTOMT U3 JBYX KOJBIIEBBIX
VIUIOTHEHHI, IBYX MOJIOCTEH MEXIy YIUIOTHCHHSMH ¥ JIAOMPHHTHOIO YIUIOTHEHHS KaK JUIs
KOMITpeccopa, Tak M Juisi TypOuHbl. JInsi peuieHust 3Toil mpoOiembl ObUia CO3AaHa TpeXMepHas
pacueTHas Mozenb. Takxke ObUIM HMCCIICIOBAHBI BapHaHTBI C OIHOM, IBYMS U TPeMs CTYICHIMH
KOMIIpEccopa, a TakKe JUlsl TypOMHBI HU3KOTO JaBJEHUS. DTO HCCIEIOBAHHE HEOOXOIUMO s
00BSICHEHHS! BIMSIHHS OJJHOTO YIUIOTHEHHs HE TOJIBKO Ha OJHY CTYIEHb, HO M Ha BECh KOMIIPECCOp
wi TypOuHy. B pesynpraTte mccienoBaHus ObUIO ONPEAENCHO BIMSHHE BEIHMYMHBI YTEUKH Yepe3
ytotHeHne Ha ypoBeHb KIIJ[ xommpeccopoB U TypOuH. IIpH 9TOM yYHTHIBAINCH TaKXKe PacyeThl
MoTeph Ha BUXPEOOpa30BaHHE M HArpeB BO3lyXa OT BpaieHus. Kpome Toro, ObLIO MCCIIEIOBAaHO
BJIMSIHUE JAPYIHX KOHCTPYKTHBHBIX I1apaMeTPOB YIUIOTHEHHs. OTHMH IapaMeTpaMy SBIISTIOTCS
pasMmep 3a30pa, pacroNOKEHHE YIUIOTHEHHs, MPOM3BOCTBEHHBIE JIOIyCKH, KOIMYECTBO 3yObEB H
ux (hopMa, peXKHMBI IIOTOKA U TEOMETPHYECKHUE ITAPaMETPhI IPUTPAKTOBBIX MOJIOCTEHL.

IIpaBHIBHOCTH BBIBOJIOB MOATBEPIKJICHA CPABHEHHEM C SKCHEPHUMEHTAIbHBIMU NaHHBIMH. Jlist
CO3JIaHMsl PACYETHBIX MOJENCH MCIONb30BAINCh pealbHble mnpoduian Jonatok. CpaBHeHHE
[POBOJMIIOCE C aKTyaJIbHBIMH XapaKTCPUCTHKAMH KOMIIPECCOpa, MOIYyYCHHBIMH B XOAEC €ro
o(HIMaTbHBIX HCTIBITaHMIL. B pe3ynbrate cpaBHEHHs OblIa IOJTyYeHa IpUeMiIeMas PasHHIIA MEX/Ly
PacCUYETHBIMH M SKCIIEPHMEHTAIBHBIMH PE3y/IbTaTaMH.

Labyrinth seal construction influence on effectiveness of axial compressor and turbine
Shipunov V.V., Vinogradov A.S., Bedenko K.A.
Samara University, Samara, Russia

This High efficiency of an aircraft engine is particularly important for ensuring competitiveness.
Improving overall efficiency can be achieved by increasing the level of efficiency of individual
engine components and individual elements. Flow path seals can be considered as such elements. In
the article, the effect of tightness of the flow path seal in the stage on the efficiency is considered.
Most publications on research devoted by the seals in aircraft engines study the seals as a separate
object. Only physical parameters are specified as input data for the design process. However, the
certain relationship exists between the seal design and the stage parameters. For a more detailed and
precise design, the seal must be designed both as separately and as part of the blade machine. The
second point is that sealing is not considered in the traditional way. Usually, only classical types of
seals are investigated. These are labyrinth, brush, face contact seals and others. However, in aircraft
engines, the examples of using only one singular seal are rare. In this article, the sealing system is
investigated. This system consists of two rim seals, two inter-seal cavities, and a labyrinth seal.
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To solve this problem, a three-dimensional calculation model together with a three-dimensional
stage model were created. The variants with one, two, and three stages that are working together
were also investigated. This study is necessary to explain the impact of a single seal not only on one
stage but also on the entire compressor. This study was based on the design of an axial compressor
with relatively low parameters. In modern compressors with high values of the total compression
ratio, this effect will be much higher. It means that the results of the investigation can be used in the
overall range of modern gas turbine machines. As a result of the study, the influence of the leakage
value through the seal on the level of efficiency of one stage and a group of stages was determined.
Whereas the calculating of the losses due to the vortex formation and air heating from rotation were
also taken into account. In addition, the influence of other design parameters of the seal has been
investigated. These parameters are the size of the gap, the radius of the seal position, the
manufacturing tolerances, the number of pins, and their shape, the flow modes, and the geometric
parameters of the interstitial cavities.

The correctness of the conclusions was confirmed by comparison with the experimental data. The
actual profiles of the compressor blades were used for the creating of the calculation models. The
comparison was performed with the actual outflow characteristics of the compressor, which was
obtained during its official tests. As a result of the comparison, an acceptable difference was
obtained between the calculated and experimental results.
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