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Co3nan B Lensix MH(GOPMHUPOBAHMS YHTATEIBCKOH ayAWTOPUH O HOBEUIINX MOCTH)KEHHSX W IEPCHEeKTHBaX B
00J1acTH MEXaHWKH, MalIMHOCTPOEHHS, HHPOPMATHKH U BBHIYUCIUTENILHON TeXHUKH. V3nanue sBisiercss popymMom
JUISL COTPYAHUYECTBA POCCUICKUX U MHOCTPAHHBIX YUYEHBIX, CIOCOOCTBYET COJIMIKEHUIO POCCHHCKOTO M MHUPOBOTO
Hay4HO-MH(}OPMAIIIOHHOTO IIPOCTPAHCTBA.

KypHaa BKkJIIOYeH B MepedyeHb peneH3HpyeMbIX HAYYHBIX HW3JaHWH, B KOTOPOM [OJKHBI OBITh
Ony0JHMKOBAHbI OCHOBHbIE HAY4YHbIe Pe3yJbTAThl JUCCEPTALUNA HA COMCKAHHE YYeHOIl CTemeHH KaHIWAATa
HAyK, Ha coucKaHue Yy4YeHoil cremeHu JoktTopa Hayk (Ilepeuenr BAK) mno cieayommuM Hay4YHbIM
CHeHaJbHOCTAM:

1.1.7 — TeopeTnyeckasi MeXaHHKa, AMHAMUAKA MAIINH (TEXHAYECKHE HAYKH)

1.1.8 — Mexanuka neopmMupyeMoro TBepIoro Teia (TeXHu4eckne, GU3NKO-MaTeMaTHIeCKHe HayKH)

1.1.9 — MexaHuKa XHJKOCTH, Ta3a U IUIa3Mbl (TEXHHYECKUE HAyKN)

1.2.2 — MaremaTn4eckoe MOJICIMPOBAHUE, YUCIEHHbBIE METOIBI M KOMITIEKCHI TPOrpaMM (TEXHUYECKUE HAYKH)

2.3.1 — CucteMmHBIi aHAIN3, YIIPaBIeHHE U 00paboTKa MHPOPMALNH, CTATHCTHKA (TEXHIYECKUE HAYKH)

2.3.3 — ABTOMAaTH3aIMs U yIIPABICHUE TEXHOIOTHYESCKMMH ITPOLECCAMHU U TPOU3BOICTBAMH (TEXHUYECKUE HAYKN)

2.3.5 — Maremarudeckoe ¥ PpOrpaMMHOE 00ECTICYeHIE BBIUHCIUTENBHBIX CHCTEM, KOMIUIEKCOB U KOMITBIOTEPHBIX CeTel (TeXHUYECKUe
HayKH)

2.3.7 — KomnproTepHOE MOCTUPOBAHUE U aBTOMATH3ALUS IPOSKTHPOBAHMS (TEXHUUECKHE, (PH3NKO-MaTeMaTHIECKUE HAYKH)
2.3.8 — ndopmarrka 1 MHGOPMALMOHHBIE ITPOLECCH! (TEXHUUECKUE HAYKH)

2.5.2 — MammHoBeieHne (TEeXHUYECKHEe HAyKH)

2.5.3 — TpeHue n U3HOC B MalINHaX (TEXHUUECKHUE HAYKH)

2.5.5 — Texnonorust 1 060pyIOBaHNE MEXAaHUUECKOW U (PH3MKO-TEXHUUECKOH 00pabOTKH (TEXHUUECKUE HAYKH)

2.5.6 — TexHONOTHS MAIIHHOCTPOCHUS (TEXHUYECKUE HAYKH)

2.5.8 — CBapka, poICTBEHHBIE MTPOIIECCH i TEXHOIOTHH (TEXHUIECKUE HAYKH)

2.5.9 — Metoapl u npuOOPBI KOHTPOJS W ITUATHOCTHKKA MAaTepHaliOB, M3JENN, BEIIECTB M NMPHUPOIHON Cpeabl (TEXHUYECKHe
HaYKH)

2.5.10 — 'uopaBnuyeckye MalIMHbI, BAKYYMHasl, KOMIIPECCOPHAsi TEXHHUKA, THAPO- U THEBMOCHCTEMBI (TEXHHYECKHE HayKH)
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PepakunoHHas Koju1erus

Tnaenwiii pedaxmop, Becxonvlivnvlii Anexceii Huxonaesuu, 0okmop mexnuueckux Hayk, npogeccop, HJoHCKol 2ocyoapcmeentblil meXHudecKutl
yhusepcumem (Pocmos-na-/ony, Poccuiickas ®edepayus);

3amecmumens 2nasnozo pedaxkmopa, Cyxunos Anexcandp Heanoeuu, unen-xoppecnondenm PAH, 0okmop Qusuxo-mamemamuyeckux Hayx,
npogheccop, [onckoii 2ocyoapcmeennnlii mexnuueckuti ynusepcumem (Pocmos-na-ZJony, Poccutickas @edepayus);

omeemcmeennulii peoakmop, Komaxuose Manana I'uguegna, kanouoam xumu4eckux Hayk, JJOHCKOU 20Cy0apcmeen bl mexHu4eckull yHugepcumem
(Pocmos-na-/ony, Poccuiickas ®edepayus);

omeemcmeennvlii cekpemapy, Illesuenko Haoeowcoa Anamonvesna, [onckoi eocyoapcmeennuiil mexuuveckuti ynusepcumem (Pocmoes-na-/ony,
Poccuiickas @edepayus);

AiisnkoBuy Cepreii MuxaiiaoBu4, 10KTOp (U3HKO-MAaTEMAaTHIECKUX HayK, mpodeccop, JJOHCKOW rOCyAapCTBEHHBII TEXHUYECKHH YHUBEPCHTET
(PocroB-Ha-Llony, Poccuiickas ®enepans);

Antutac Umaa Puszakaiia, KaHauaT TEXHUYECKHUX HayK, JIOHCKO#H rocyIapCTBEeHHBIH TexHI4eckuid yHuBepeuteT (Pocto-Ha-/loHy, Poccuiickas denepariis);
AXWiaH Annartypaii, MiIaaui HayqHbli COTpyIHUK, UHkeHepHO-TexHOomorndeckuit koiwiemk PSN, Yuausepcurer Anubl Uennau (Uuaus);
Axpepaunes Kammuia Camen Oribl, JOKTOp TeXHHYECKHX Hayk, mpodeccop, POCTOBCKHII rocyqapCTBEHHBIH YHHUBEPCHTET IIyTeil COOOIICHUS
(PoctoB-na-Jlony, Poccuiickas @enepars);

BapaBka Banepmii HukomaeBH4, [OKTOp TEXHHYECKHMX Hayk, mpodeccop, JIOHCKOH TrocyqapCTBEHHbIH TEXHHYECKUH YHHBEPCUTET
(PoctoB-na-Jlony, Poccuiickast @eneparst);

Bepuep Urops MuxaiisioBH4, 10KTOp TEXHHYECKHX HayK, Ipodeccop, TexHomornueckuii mHcTHTYT B U3panne (V3pans);

Boponos Cepreii AsexcanIpoBH, J0KTOp TEXHHYECKHX HayK, TOLeHT, Poccuiickuii oHm hyHmaMeHTanbHbIX nccienoBanmii (Mocksa, Poccriickas Oeneparms);
Tanymkun Hukxonaii EpumoBHY, TOKTOp TeXHHMYECKUX Hayk, mpodeccop, MHCTUTYT cdepsl 0OCIyKUBaHUSA U NPEANPHHIMATEILCTBA, (UITHAI
JACTY (Ulaxtel, Poccuiickas @enepars);

Jlapy I'miutecnu, J0KTOp TEXHUYECKUX HAyK, podeccop, Ipesuaent O0mecTBa mammuoctpoutesei (CIIA);

Awnpim I'yéepT, TOKTOp HayK, TOLEHT, Bapmasckuii TexHonorndeckuii yausepeuret (Ilonbnra);

Bacmaun I'osnbTexuH, TOKTOp Hayk, npodeccop, YHuBepcureT bypaypa Mexmera Axuda Opcost (Typrms);

JBopuukoB OJier BiagmMupoBuy, TOKTOp TEXHHYECKHUX HAYK, Ipodeccop, bemopycckuit rocynapersennsiii yausepeutet (benapycs);

Jemexun EBrennii AdanacbeBud, JOKTOp (U3NKO-MaTeMaTHIECKUX HayK, npodeccop, KpacHomapckuii ¢unman OHHAHCOBOrO YHHBEPCHUTETA IIPH
IMpasutensctBe PO (KpacHonap, Poccuiickas eneparus);

Xamun Adoayaia [Jxanad, nokrop Hayk (uHdopmaruka u UT), yausepcurer Manaiis (Manaiizus);

Ernazapsin Kapen OHHKOBHY, JOKTOP TEXHHMYECKHX HayK, Ipodeccop, TexHnonornueckuit yausepcuter Tamnepe (OurstHams);

EpemeeB BukTop AHaTo/1IbeBHY, JIOKTOP (PH3MKO-MaTeMaTHYECKHX HAYK, podeccop, KOskHbIi HayuHbii tieHTp PAH (PoctoB-Ha-/loHy, Poccuiickas Deneparms);
3axoBopoTHblii Buiop JlaBpeHTbeBHY, OKTOp TEXHHYECKHX HaykK, mpodeccop, JOHCKOW TroCyIapCTBEHHBIH TEXHHYECKUH YHHBEPCHUTET
(PoctoB-na-Jlony, Poccuiickas @enepars);

Kagrapanse PeBa3 3ypadoBud, TOKTOp TEXHHYECKUX Hayk, mpodeccop, MacTHTYT Mexannku MamuH uM. P. Jiamu (I'pysus);

Ko3y6au SInym Burtaiuc, 10KTop TeXHHYECKHX HayK, mpodeccop, BpoiaBckuii Texuudeckuii yuusepcutet (ITospima);

Xoce Kapaoc Kyagpano, 1oktop Hayk (31€KTPOTEXHHKA M KOMITbIoTephl), [lomntexanuecknii mactuTyT [lopTy (IlopTyramus);

Kynum Uabs UcunopoBud, 10KTOp GH3MKO-MaTeMaTHYeCKUX Hayk, YHuBepcuteT Kerrepunra (CILIA);

Ky3nenos I'ennii BnagumMupoBuy, T0KTop HH3HKO-MATEMATHYECKUX HAyK, poteccop, Tomckuii moymmexandeckuii yausepeuret (Tomck, Poccuiickas Denepatiis);
Kypeiiunk Bukrop MuxaiiioBud, JOKTOp TEXHHUECKUX HayK, Tipodeccop, IOxHbIii (enepatbhbiii yausepeuteT (Pocto-Ha-/loHy, Poccuiickas denepariis);
JIpicak Baagmmup Mnbud, TOKTOp TeXHHYECKHX Hayk, mpodeccop, Boxrorpanckuii rocyrapcTBeHHBI TexHUUeckuil yHUBepcuteT (Bosrorparn,
Poccuiickas @enepans);

Mapuyk Bnagumup MBaHOBMY, JOKTOp TEXHHYECKHX Hayk, mpodeccop, MHCTHTYT cdepsl 0OCIyXUBaHHS M HPeIPUHAMATENIBCTBA, (QriIHa
JAT'TY (laxts1, Poccuiickas deneparms);

Baagumup MiajieHoBHY, JOKTOp TEXHHYECKUX HayK, npodeccop, Kparyesaukuii yausepcuret (Cepoust);

MykyTtagze MypmaH AjeKCAaHIPOBHY, IOKTOP TEXHHYECKHX HAyK, NOLEHT, POCTOBCKMII TOCY[apCTBEHHBIH YHHBEpPCHUTET IyTeH COOOIIEHHs
(PocroB-na-L{ony, Poccuiickas ®enepars);

Hacenxun Annpeii BukropoBuy, 10KT0p (H31KO-MaTeMaTiieckux Hayk, podeccop, KOskubIii denepambHbii yHiBepeuTeT (Pocros-Ha-ZloHy, Poceniickas deneparps);
Harpuamsuim Tama3z MamueBud, akageMuk, MHCTUTYT Mexannku MamuH uM. P. [{Bamu (I'py3us);

Hryen Jlonr AHb, TOKTOp (PM3MKO-MaTEMaTHYECKNX HAyK, Tpodeccop, MHCTUTYT MeXxaHnKM AKageMHN HayK U TexHonoruit BretHama (BretHam);
Hryen Cyan TbeM, TOKTOp TEXHUYECKHX HayK, BreTHaMCKUIA rocyJapcTBeHHbIH TexHnueckuil yausepceuret uM. Jle Kyit Jlona (BreTHam);
Hapumn Cepreii I'eoprueBuy, TOKTOp TEXHUYECKHX HayK, noueHT, CaHkT-IlerepOyprekuid nonutexunueckuit ynusepcuret (Cankt-IletepOypr,
Poccuiickas @eneparys);

Moamactepben Koncrantun BajneHTHHOBMY, JIOKTOD TEeXHUYECKHX HayK, npodeccop, OprnoBckuit roCyIapCTBEHHBII
yuusepcuteT uM. U. C. Typrenesa (Open, Poccuiickas ®enepanys);

Tonsikos Poman HukonaeBnd, J0KTOp TEXHHYECKHX HayK, orieHT, OprioBekuii rocyrapersernbii yansepcurer uM. U. C. Typrenesa (Opert, Poccriickas Deneparmsi);
Honos BajenTnn JleoHna0BUY, AOKTOp (U3MKO-MAaTEeMaTHUECKUX HayK, npodeccop, MHCTUTYT MexaHMKH BepiauHCKOro TEeXHHYECKOro
yauBepcurera (I'epmanus);

Ipokonenko Huxomnaii HukonaeBny, mOKTOp TEeXHWYECKHX Hayk, mnpodeccop, JloHCKOI TrocynapcTBEHHBIH TEXHWYECKHH YHHBEPCHTET
(Pocros-na-I{ony, Poccuiickas ®enepaius);

Poidak  Aunexcanap TumodeeBnu, JOKTOp TEXHHMYECKHMX HayK, mpodeccop, JIOHCKOW TOCyNapcTBEHHBI TEXHUYECKHH YHHBEPCHTET
(PoctoB-na-Jlony, Poccuiickas ®@enepars);

My3sadep CapaueBuy, 10KTOp Hayk, npodeccop, YHuBepcuter Hou-Ilazapa (Cepous);

CapyxaHsiH ApecTaKk ApaMaucoBIY, IOKTOP TEXHUYECKHX HayK, npodeccop, HarmoHabHbII yHHBEPCUTET apXUTEKTYPbI M CTPOUTENBCTBA ApMEHHH (ApPMEHHS);
Cunopos Braauvunp HuxonaeBud, 10KTOp TeXHHYECKHX HayK, Poccuiickuit yausepcuret tpancnopra (Mocksa, Poccuiickas ®enepanus);
CouoBbéB Apkanuii HukosaeBu4, 10KTop (HU3HKO-MaTeMaTHYECKUX HayK, npodeccop, JJOHCKOH rocyaapCcTBEHHBIH TEXHHYECKUI YHHUBEPCUTET
(PoctoB-na-Jlony, Poccuiickast @enepars);

Cymbarsin Mexiaym Anb6epToBuY, JJOKTOp QH3MKO-MaTeMaTHUECKHX Hayk, npodeccop, IOxusIi denepanbueiii yausepcurer (Poctos-Ha-/loHy,
Poccwuiickas @eneparys);

Tamapkun Muxaui ApkajJbeBUY, JOKTOp TEXHHYECKHX HaykK, npodeccop, JIOHCKOW TroOCYAapCTBEHHbIH TEXHHYECKUH YHHBEPCHTET
(PocToB-na-Jlony, Poccuiickas ®enepanus);

Mypar Te3sep, npodeccop, bamxueBoctounsiii yausepeuret (Typuust);

Beprpam TopcTeH, JOKTOp TEXHUYECKUX HAYK, mpodeccop, Texunueckuid yausepcuret JoprmyHnna (I'epmanus);

Typauaanes Ymua MyxTapaaueBud, JOKTOP TEXHHYECKHX HAyK, Ipodeccop, AHIMKAHCKHI MAIIHHOCTPOUTENBHEIN HHCTUTYT (Y30EKHCTaH);
Axmer Yioma3, IOKTOp TEXHHYECKHX HayK, mpodeccop, yauBepcutet bypaypa Mexmera Axuda Ipcost (Typrgus);

Aau Makua Xacan AJBadjig, TOKTOP HayK (KOMIBIOTEpHAs MH)KEHEPUs), TOLUEHT, YHuBepcuteT Anb-Haxpeiin (Mpak);

Huéynun Bsivecnas I'eoprmeBmy, mokTOp (U3MKO-MAaTEMAaTHYECKMX HayK, JOLEHT, IOxHbIid ¢enepanbhbli yruBepcuter (Pocros-Ha-/lony,
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Construction of Forming Limit Diagram for Sheet Blanks from Aviation
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Abstract
Introduction. The modern development of stamping aircraft manufacturing is inextricably linked with the assessment of

the limiting capabilities of sheet blanks. However, the issue of defect-free forming of blanks made of aviation aluminum
alloys is understudied. The importance of this issue is due to the fact that aluminum alloys are often used in the
manufacture of thin-walled products for aviation purposes. During the implementation of shaping processes, various
defects may appear, specifically, corrugation or unacceptable thinning. In this regard, the objective of the work was to
construct a diagram of the limit deformations of the base aviation alloys and to conduct a comparative analysis of the
limit deformation curves for these materials.

Materials and Methods. Logarithmic deformations with the property of additivity were used to account for large
deformations. The construction of the diagram of the limit deformations was carried out in the formulation of the
deformation theory of plasticity. The issue of constructing a diagram of limit deformations was considered on the basis
of the positivity criterion of the loading force derivative. In the area of negative values of the smallest major
deformations, the Hill criterion was used to construct the limit deformation curve, and in the area of positive values of
the smallest major logarithmic deformations, the Swift criterion was used. When constructing the limit deformation
diagram, a power approximation of the hardening rule was used.

Results. The curves of limiting deformations for the following aviation alloys were obtained: AMg6, D16AT, AMg2M,
1201-T, AMcM. According to the comparative analysis of the areas of safe forming, the values of deformations of the
beginning of necking and their influence on the change in the position of the curve of the limiting deformation of blanks
were compared: the greater the deformation of the neck formation, the higher the position of the curve of the limiting
deformations. The concept of the Keeler's limit deformation diagram was described. Approaches to the construction of
the Hill-Swift criteria used on the basis of the results of tensile testing of sheet specimens were presented.

Discussion and Conclusions. Based on the constructed curves of limiting deformations for aviation alloys, AMg-6,
D16AT, AMg2M, 1201-T, AMcM, the following has been found. AMg2M alloy has the largest area of safe forming,
1201-T alloy has the smallest one. That is explained by the difference in relative deformations of the beginning of neck
formation. The conducted research made it possible to evaluate the possibilities of defect-free forming of thin-walled
blanks made of basic aviation aluminum alloys. The use of the constructed diagrams of limiting deformation will

provide predicting the appearance of breaks in the process of forming sheet blanks.
Keywords: sheet stamping, forming limit diagram, logarithmic strains, Hill-Swift diagram.
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ITocTpoenune nmarpamMmbl npeaeabHbIX AeopMannii GopMon3MeHeHus!
JINCTOBBIX 3ar0TOBOK M3 ABMAIIMOHHBIX AJJIOMHMHHEBBIX CIIJIABOB

C.U. ®eoxrucros ', LK. Augpuanos = D<
Komcomonbckuii-Ha-AMype rocy1apCcTBEHHBIN YHUBepcUTeT, Poccuiickas ®enepanus, r. Komcomonsck-Ha-AmMype, np. Jlenuna, 27
D4 ivan_andrianov_90@mail.ru

AHHOTAUUA
Beeoenue. CoBpeMEHHOE pPa3BUTHE IITaMIIOBOYHOTO aBUACTPOUTEIHLHOTO MPOU3BOJICTBA HEPA3phIBHO CBSI3aHO C

OIICHKOH TpemeNbHBIX BO3MOXKHOCTEH JIHCTOBEIX 3aroToBoK. OJHAKO MAaJIOM3YYCHHBIM SIBIIICTCS  BOIIPOC
6e3neeKTHOro (hOPMOU3MEHECHHUS 3arOTOBOK M3 aBHAIIMOHHBIX aJIFOMUHHMEBBIX CIUIAaBOB. Ba)KHOCTH MAHHOTO BOIpOCa
CBs3aHA C TEM, YTO ANIOMHHHEBHIC CIUIABBI JOCTATOYHO YaCTO HCIOJNB3YIOTCS TPH HM3TOTOBICHHUH TOHKOCTEHHBIX
U3JCNIUi  aBHAIIMOHHOTO HasHayeHus. [lpu peanmuzamuu mporeccoB (HopMooOpa3oBaHUS BO3MOXHO MOSBICHUE
pa3IHIHBIX Ae(peKToB — roppoodpa3oBaHMs WA HEAOIMYCTHMOTO YTOHCHHA. B CBS3H ¢ 3THM Lenbi0 paboTHl SBISIOCH
MMOCTPOCHKE TUArPAMMBI TPEACIBHBIX Ne(OpPMAaIUii OCHOBHBIX aBHAI[HOHHBIX CILIABOB M MPOBEACHUC CPABHUTEIHHOIO
aHaIN3a KPUBBIX IPEAeTbHOTO 1e(hOPMHUPOBAHHUS ISl JAHHBIX MaTEPHAIIOB.

Mamepuansl u memoost. J1ns ydera Oonbmux aedopmanuii ObLIM HCHOJB30BaHbI Jiorapudmuueckue nedopmann,
o0Jamarolue CBOWCTBOM aJMTUBHOCTH. [loCTpoeHHe aMarpaMmbl MpeleibHbIX jaedopMaiuii (hopMOU3MEHEHUS
MIPOBOJIMIIOCH B TTOCTAaHOBKE Je(POpPMAIMOHHON TEOPUH ILIACTUYHOCTH. BOIpOC MoCTpoeHus TuarpaMMbl MpeaeTbHBIX
nedhopmanuii pacCMOTPEH Ha OCHOBAaHUM KPUTEPHS TMOJOKUTEIHHOCTH MPOU3BOJHOMN CHUJIBI HarpyxeHus. B obmactu
OTPHUIIATEIFHBIX 3HAUCHWA HAUMCHBIIMX TJAaBHBIX JOedopMamuii s TOCTPOCHUS KPHUBOH MpEAeThbHOTO
ne(OPMHUPOBAHUS HCIIOIB30BANICS KpuTepuil XWiula, a B 30HE IMOJIOKUTCIbHBIX 3HAYCHUN TJIABHBIX HAUMEHBIIUX
norapudmmdeckux nepopmanuit — xpurepuit Cpudra. [Ipu mocTpoeHUn AHarpaMMBl MPEaSIEHOTO 1e(hOPMUPOBAHUS
HCTIOJIb30Bajach CTETIEHHAS allPOKCUMAITUS 3aKOHA YIIPOUYHEHUSI.

Pesynomamut uccnedosanusn. IlorydeHbl KpUBBIC TPENENBHBIX IehOpMannil UIs aBHAMOHHBIX CIUIaBOB: AMr-6,
H16AT, AMr2M, 1201-T, AMuM. CorjacHO NpPOBEICHHOMY CpPaBHHUTEIBHOMY aHanu3y objacteil 0e30macHOro
(hopMOM3MEHEeHHs, COTIOCTABIICHBI 3HaYCHHS JaedopMaluii Havyaia MIeHKooOpa30BaHWs W WX BIHSHHE Ha M3MCHEHUC
MOJIOKCHUST KPUBOHM MpeaesbHOro ae)OpMUPOBAHUS 3ar0OTOBOK: 4eM Oouibliie jaedopMmalius IeHKo0Opa3oBaHUs, TEM
BEIIIIE TIOJIO)KEHUE KPUBOW MpeneNbHBIX nedopmanuid. OmrcaHa KOHIENNUSA AWarpaMMbl IpeAelbHBIX IedopManuii
Kunepa. IlpencraBieHbl MOAXOAbI K MOCTpOcHHIO KpuTepueB Xwwia ¥ CBu]Ta, HCMOIB3YEeMbIX IO Pe3yjbTaTam
WCTBITAHUS JINCTOBBIX 00Pa3IOB HA Pa3phIB.

Oobcysrycoenue u 3axniovenus. Ha oCHOBaHMM MOCTPOEHHBIX KPHUBBIX MpPENENbHBIX JeGopMalivii I aBUAIlMOHHBIX
cuiaBoB AMr-6, [J16AT, AMr2M, 1201-T, AMuM BBISICHWIM, YTO HaWOOJBIIYHO OONACTh OE30MacHOTO
(dhopmonsmeneHus umeet ciaB AMr2M, HanMmenbiyro — crutaB 1201-T, 9To 00BbsSCHAETCS OTINYIUEM OTHOCUTEIBHBIX
nedopMmanuii Havanma mIeikooOpasoBaHus. [IpOBEEHHOE WCCICAOBAaHWE IO3BOJIMJIO OICHHUTH BO3MOXHOCTH
6e3nedexTHOr0 (POpMOM3MEHEHHSI TOHKOCTEHHBIX 3arOTOBOK M3 OCHOBHBIX aBHAIIMOHHBIX AFOMHUHUCBBIX CILIABOB.
[IpuMeHeHHE TOCTPOCHHBIX THArpaMM IPEACIbHOr0 Ae(GOPMUPOBAHKS IO3BOJMT MPOTHO3MPOBATH IIOSBICHUE

Pa3pbIBOB B IIpOIIECCe (1)0pM006pa30BaH1/m JIMCTOBBIX 3aroTOBOK.
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KaioueBble cioBa: nuCTOBas IITAaMIIOBKA, JUarpamMMa INpeelbHbIX nedopmanuii, iorapudmuueckue neopmanuy,

nuarpamma Xwa-Ceudra.

Baaronapuoctu. ABTopsl BelpaxkaroT OsarogapHocts «CoBety 1o rpanram Ilpesunenrta Poccuiickoit @enepannu amst
rOCyJapCTBEHHOH IOIAEPKKHA MOJIOABIX POCCHHUCKHX YYEHBIX M II0 TOCYHAPCTBEHHOH MOANEPIKKE BEIYIIUX HAYYHBIX
ko Poccuiickoit @enepannny» 3a GUHAHCOBYIO MOJICPKKY JUISI IPOBEACHUS HCCIICIOBAHUS B paMKaxX CTUICHIUHU IO
mpoekty CI1-2200.2022.5 «Pa3paboTka Mopeneii W alnropuTMOB pacuéra IUIacTHIecKoro (opMooOpa3oBaHUs

3aroTOBOK IITAMIIOBOYHOI'O ITPOU3BOACTBAY.

Jna unurtupoBanusi: Peoktictor C.H., AnmpmanoB W.K. Tloctpoerme nmarpamMMbl TpenenbHBIX —JedopMarimit
(opMOM3MEHEHHS JIMCTOBBIX 3ar0TOBOK M3 aBUALIMOHHbBIX ATFOMUHKEBBIX criaBoB. Advanced Engineering Research (Rostov-
on-Don). 2023;23(1):7-16. https://doi.org/10.23947/2687-1653-2023-23-1-7-16

Introduction. Modern development of the aviation production is inextricably linked with the study of sheet
stamping processes. One of the key problems in the task of shaping is the defect prediction, in particular, thinning,
ruptures, corrugation. These issues are related to the assessment of the limits of the blank. By forming limit of a sheet
blank, we will mean the ability of the material to deform to the required geometry without necking or destruction.

To date, the problem of predicting defects of sheet blanks in the stamping process is solved using the following
methods:

— empirical, based on mechanical tests for simple stretching of metal samples, thin sheets and tapes, bending tests,
as well as pipe testing methods for flaring and broaching;

— theoretical and empirical, which are based on the use and dissemination of the test results of samples for uniaxial
tension to other schemes of deformation of blanks;

— theoretical, which are based on the use of criteria for limit deformation, specifically, in the manufacture of thin-
walled products. The founders of these methods were J. Sachs, R. Hill, A. D. Tomlenov, V. D. Golovlev, G. D. Del,
Z. Marciniak, A. D. Matveev, J. D. Lubahn [1-20].

It should be noted that the disadvantage of empirical and theoretical-empirical methods is the limited use of the
results.

The most important step in solving the problem of predicting defects of thin-walled products was the development
of the concept of the forming limit diagram (FLD) proposed by S. P. Keeler [16—20], which today is generally accepted
in solving sheet stamping problems. FLD diagrams are widely used in AUTOFORM and PAM-STAMP 2G CAE
software systems.

Experimental methods for constructing deformation diagrams are based on the test methodology presented in the
works of Marciniak and Nakazima. It should also be noted that the issues of plastic destruction of sheet blanks were
considered in [17-19]. In the last decade, interest in the construction of FLD diagrams has grown significantly. Most
foreign studies are aimed at experimental construction of diagrams for specific materials, as well as numerical modeling
of shape-changing processes using finite element methods [20-30]. Theoretical aspects of the construction of DFD
diagrams and deformation diagrams of the third kind are presented in [31, 32].

It is important to note that the diagram of limit deformations provides estimating the beginning of neck formation,
which ends with the destruction of the sample in the process of deformation. The FLD diagram binds the values of the
main logarithmic deformations acting in the plane of the sheet. Forming limit diagrams enable not only to predict the
destruction of the blank, but also to assess the presence of other defects, in particular, wrinkling, thinning, which, in
turn, reduce the quality of the stamped part. The main zones of the FLD diagram are the zones of destruction, possible

ruptures, safe forming, probable formation of folds, and wrinkling (Fig. 1) [31].

Mechanics
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Fig. 1. Forming limit diagram: 1 — zone of destruction; 2 — zone of possible ruptures; 3 — zone of safe forming;

4 — zone of probable formation of folds; 5 — zone of wrinkling [31]

Materials and Methods. When describing the processes of forming thin-walled blanks, the moment of transition to

the plasticity stage is determined in accordance with the Huber-von Mises criterion [33]:

0; =\ 0% + o} — 0,0, = or,

where o, g, — primary true stresses, at o; = 0 due to the light gauge of the blank; o; — intensity of true stresses;

or — Yield strength.
According to the deformation theory of plasticity, the relationship between the intensity of stresses and the intensity
of logarithmic deformations is defined as:
er=_Y(o1-30,),
s or-) .
i
where ey, e,, — principal deformations.

Since in sheet stamping tasks, the shaping processes can occur in several transitions, therefore, large deformations
are considered. The use of relative deformations is unacceptable. In this regard, the deformed state in (1) is presented in
true logarithmic deformations.

Intensity of the principal deformations:

2
e = NG /elz +eZ +eje,.

The ratio of the principal deformations and the primary true stresses:

a=2p=2, @

e ’ g1
Based on ratio (1) and (2), the relationship between « and g is determined by:

B = 2a+1 (3)

2+a’

According to expression (2), the Huber-von Mises criterion has the form:

0y =011 —-B+B%=o0r,

and the intensity of deformations:
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ei=%81v1+a+a2. 4)

To assess the onset of necking, the criterion of positivity of the derivative of the loading force is currently used, the
founders of which were G. Sachs and J. D. Lubahn [17]. According to the described criterion, the deformation of the
sample is stable with a positive increment of the tensile force. The moment of unstable deformation with subsequent

stretching starts at AP = 0 and continues at AP < 0 (Fig. 2).

P
‘ AP =0

Pmax

~

AP >0 AP <0

- Al

Fig. 2. Indicator diagram of uniaxial tension of the sample [33]

The deformation diagram of aluminum alloys obtained by the results of the uniaxial tensile test is approximated by a
power function in the theoretical analysis of the diagrams of the limit deformations of the shape change [18, 19, 31, 32]:

gs = Ae™ uiu g; = Ae',
where gg = P/F — true stress; P — tensile force; F— current cross-sectional area of the sample; e =In(1 +
Al/l,), while A and n — coefficients of the power approximation.

Using the criterion of positivity of the derivative of the loading force and the power approximation of the
deformation diagram of the third kind, it is possible to obtain a relationship between the limit deformation of the sample
at the time of the occurrence of the diffuse neck and the power approximation coefficient n under condition
AP = 0 (Fig. 3) [32]:

ey = €y = N. (5)

It is significant that relation (1) is performed using logarithmic deformations. In case of using relative deformations,

only approximate equality is possible.

Pmax

(%1 *del
[

3

de,

P

+ de‘3 *

a) b) c)
Fig. 3. Occurrence of a diffuse neck under uniaxial tension of a flat sample:

a — sample; b — stress state; ¢ — deformed state [33]

Consider the stress state of a plate to which two tensile forces are applied at the edges, i.e., the blank experiences
biaxial tension (Fig. 4).

Mechanics

11



http://vestnik-donstu.ru

=
N

Advanced Engineering Research (Rostov-on-Don). 2023;23(1):7-16. eISSN 2687—1653

de3
4
— . e . d€1
01 2/
dez /
c)

Fig. 4. Stress-strain state of the plate under biaxial tension: a — plate; b — stress state; ¢ — deformed state [33]

Using the criterion of positivity of the derivative of the loading force, we determine the deformation limit value e;,
at the moment when forces P, or P, are maximum. For the case when F,/F; = const, P, /P, = const, at the moment of
maximum tensile forces dP; = dP, = 0. H. W. Swift [19] proposed the relation for the limit deformation:

(1- B+

4 — 3B —3B% + 4p%
According to expressions (2)—(4), the relation for describing the curve of limit deformations at various exponents of

eim = 4n

power approximation in the hardening zone has the form:
4(e; —n)(ey + 2e1)% —3(e; — 2n)(ey + 2e,)(e; + 2€4)% —
—3(e; + 2n)(e, + 2e;)(e; + 2e,)% + 2(2e; + n)(e; + 2e,)3 = 0. (6)

It is known from the experimental and theoretical studies that after the occurrence of a diffuse neck, plastic
deformation of the sample continues. Thereafter, a localized neck may occur, which differs from the diffuse one not
only in size, but also in that its occurrence and development are carried out under conditions of flat deformation with
intensive thinning of the sample.

According to R. Hill [20], the limit deformation criterion is determined by the moment of formation of the local
neck, at which the increment of the total force is zero. In this case, the relation for the limit deformation is determined
by the expression:

2)1/2

1-B+B
el-m =2n (T

()

Taking into account expressions (2), (4), expression (7) for constructing a limit deformation diagram according to
the Hill criterion has the form:

e;+e,—n=0. (8)

It should also be noted that the described approach is consistent with the finite element method, which has been

widely used to construct FLD diagrams of various materials in recent years [21-29].

Research Results. In practice, we will construct the FLD diagram using two criteria [31], namely: the Hill criterion,
which is used for e, < 0 according to (8); the Swift criterion, which is used for e, > 0 according to (6). Let us consider
the application of these relations to construct the curve of the limit deformations of aluminum alloys widely used in the
aviation industry at known values of deformation of necking: &, = 0.18 (AMg6), ¢, = 0.16 (D16AT), ¢, = 0.2
(AMg2M), &, = 0.06 (1201-T), &, = 0.1 (AMcM) [34].

Determining e,, from formula e, = In(1 + ¢,,) and using expression (5), we obtain the value of the strain-hardening
indices: n = 0.17 (AMg6), n = 0.15 (D16AT),n = 0.18 (AMg2M), n = 0.06 (1201-T), n = 0.09 (AMcM). Then, the

Hill-Swift diagram, according to (6), (8), will take the form shown in Figure 5.
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Fig. 5. FLD-Hill-Swift diagrams for various aviation alloys: 1 — AMg6 alloy; 2 — D16AT alloy;
3 — AMg2M alloy; 4 — 1201-T alloy; 5 — AMcM alloy

Discussion and Conclusions. According to the constructed curves of limit deformations, AMg2M alloy has the
largest area of safe forming of the five alloys studied, 1201-T alloy has the smallest one. That is due to differences in
the deformation properties of materials, specifically, the difference in the deformations of the necking onset. In AMg2M
alloy, the relative deformation of the beginning of neck formation is 20 %, and in 1201-T alloy — 6 %.

Thus, on the basis of data on the hardening curves, power approximation and deformation of necking for aviation
aluminum alloys AMg6, D16AT, AMg2M, 1201-T, AMcM, curves of limit deformations of forming have been
constructed, providing for the determination of the zone of safe deformation of sheet blanks. The study results are of
practical importance in solving sheet stamping problems for these materials to predict unacceptable thinning, raptures,
and wrinkling of thin-walled blanks.
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Abstract
Introduction. The paper considers the issues of constructing mathematical models of the momentless equilibrium stress

state of elastic convex shells using methods of the complex analysis. At the same time, shells with a piecewise
smooth (ribbed) lateral surface were considered for the first time. The work objective was to find classes of shells for
which it is possible to build meaningful mathematical models.

Materials and Methods. Using the methods of the theory of the discontinuous Riemann-Hilbert problem for generalized
analytic functions, a criterion for the unconditional solvability of the corresponding static problem for the equilibrium
equation of a convex shell with a ribbed lateral surface has been obtained. This criterion, combined with the methods of
the theory of generalized analytical functions, is a tool for constructing mathematical models of the state of momentless
stress equilibrium of elastic convex shells.

Results. A method has been developed for constructing mathematical models of the momentless equilibrium stress state
of a convex shell under the action of a variable external load and the condition of stress concentration at the corner
points of the median surface. The introduction of a vector parameter, as well as the concepts of “order of quasi-
correctness” and “quasi-stability”, into the boundary condition provided both quantitative and qualitative comparison of
mathematical models. Classes of shells have been found for which the description of mathematical models is given in
terms of the geometry of the boundary in the vicinity of the corner points of the median surface. The obtained result,
when applied to shallow convex shells, provides a geometric criterion of quasi-stability. It is established that for a
shallow shell, which is not quasi-stable, the only adequate mathematical model is a probabilistic one.

Discussion and Conclusions. The proposed method for constructing a two-parameter family of problems with a
modified boundary condition makes it possible to simulate the momentless equilibrium stress state for fairly wide
classes of convex shells with a piecewise-smooth lateral surface under a sleeve connection. At the same time, the
developed algorithm for calculating the boundary condition index allowed us to answer the question of the existence of
an adequate mathematical model for a shell with a side surface of an arbitrary configuration, and for shells of a special
type (specifically, shallow or shells of revolution), to formulate a geometric criterion for the existence of a mathematical
model.

Keywords: thin elastic shell, generalized analytic function, Riemann-Hilbert problem, index of boundary value
condition, mathematical model.
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K Bonpocy o nmocrpoennu MaTteMaTH4eCKHX MojieJiei
MeMOpaHHOI TeOPUH BBIMYKJIbIX 000/1049€eK

E.B. Topuxos
JloHCKOM TOCYyAapCTBEHHBIN TEXHHIECKUH YHUBEpPCHTET, T. PocTto-Ha-/lony, Poccuiickas ®eneparms, . ['arapuna, 1
< etyurikov@hotmail.com

AHHOTAIIMA
Beeoenue. B pabore paccMOTpEHBI BOMIPOCHI IOCTPOCHHUS MaTeMaTHYECKHX Mojeneii 0e3MOMEHTHOTO COCTOSIHUS

HaMpsKEHHOTO PABHOBECHS YNPYIUX BBIMYKIBIX 000JIOUEK C UCIONBb30BaHHEM METOAOB KOMIUIEKCHOro aHanu3sa. [Ipu
5TOM BIIEPBBIE PAacCCMOTPEHBI OOOJIOYKH C KYyCOYHO-TJIaAKOH (peOpucroil) OOKOBOH mMoBepXHOCTHIO. llenblo paGoTh
SIBISIIOCH OTBHICKAHME KJIACCOB O0OJIOYEK, IUIST KOTOPBIX BO3MOXKHO MOCTPOEHHE COAEPKATENBHBIX MaTeMaTHYECKHX
MoJIeNnen.

Mamepuanvt u memoost. C TIOMOIIbIO METOJIOB TEOPHM pa3phIBHON 3amaun Pumana-lI'unsbepra /s 0000MIEHHBIX
aHATUTHYCCKUX (DYHKIUH HOIydeH KPHTEpHH Oe3yClIOBHOHM pa3pelIMMOCTH COOTBETCTBYIOIIEH CTaTHUECKOH 3amadu
JUIsl ypaBHEHUS paBHOBECHSI BBIITYKIIOH 000JI0YKH ¢ peOpUCTOi OOKOBOI MOBEPXHOCTHIO. DTOT KPUTEPUI B COYETAHUH C
METOaMH TEOpUM OOOOINEHHBIX AHAIUTUYECKUX (GYHKLUUHA IpeAcTaBisieT Cco00H HMHCTPYMEHT IIOCTPOCHUS
MaTeMaTHYECKUX MOJIENIEH COCTOSIHUS O€3MOMEHTHOTO HAIIPSHKEHHOTO PABHOBECHS YIIPYTUX BBITYKIIBIX 000JI0YEK.
Peszynomamut uccnedoganusn. PazpaboTaH MeTO] MOCTPOCHUS MaTEMaTHUECKHX MOjeneil 0€3MOMEHTHOTO COCTOSHHUS
HanpsOKEHHOTO PAaBHOBECHS BBIMYKJIOW OOOJOYKM MpU JAEHCTBUM IIEPEeMEHHOHM BHEIIHEH HAarpy3ku M YCIOBHUHU
KOHIIEHTPallil HAIPSDKEHUI B YIIIOBBIX TOUYKAaX CPEAMHHON MOBEPXHOCTH. BBeZieHNE B IPaHUYHOE YCIOBHE BEKTOPHOTO
mapamMeTpa, a TakXkKe MOHATHH «HOPSNOK KBa3HKOPPEKTHOCTH» M «KBAa3HMyCTOHUMBOCTB» MO3BOJSIOT MPOBECTH Kak
KOJIMYECTBEHHOE, TaK M KaueCTBEHHOE CpaBHCHHME MaTeMaTHdeckux Mojeined. Haiimensl kmaccel 00onodek, At
KOTOPBIX ONKCaHHE MAaTEMAaTUYECKUX MOJIENEH NaeTCsl B TEPMUHAX T€OMETPUH I'PAaHHIBI B OKPECTHOCTH YTIIOBBIX TOYEK
CpeAnHHOM MoBepXHOCTH. [loaydeHHBIH pe3ynbTaT B IPUMEHEHNH K ITOJIOTHM BBIITYKJIBIM 000JI0YKaM ITO3BOJISICT 1aTh
TE€OMETPUUECKUI KPUTEPHH KBAa3WyCTOMYMBOCTH. YCTAaHOBJIEHO, YTO [UI IIOJNOTOM OOOJOYKHM, HE SBISIOIIEHCS
KBa3MyCTONYMBOI, €EINHCTBEHHON aIeKBaTHON MaTeMaTHYECKON MOJEIBIO SIBIISIETCS BEPOSTHOCTHASL.

Oobcysycoenue u 3axniouenus. llpennaraeMplii METOJ TMOCTPOEHHS JBYXIIapaMETPUUECKOTO CEMEHCTBa 3ajay ¢
MOJU(UIMPOBAHHBIM TPAHUYHBIM YCJIOBHEM MO3BOJISIET MOJIEIUPOBATH COCTOSIHHE OE3MOMEHTHOTO HAMpSHKEHHOTO
PaBHOBECHSI IS IOCTATOYHO IIUPOKUX KIIACCOB BBIMYKJIBIX 000JIOUEK C KYCOYHO-TJIaJKO1 OOKOBOW MOBEPXHOCTHIO MPHU
YCIIOBUM BTYJIOYHOHW CBsi3u. IIpu 3TOM pa3paOOTaHHBIN aNrOpUTM BBIYMCICHHS WHJEKCA TPAHUYHOTO YCIIOBHUS
MTO3BOJISIET OTBETHTh HA BOIIPOC O CYIIECTBOBAaHMM a/IeKBAaTHOW MaTeMaTH4YeCKON Mojenu I 000J0YKH ¢ GOKOBOM
MOBEPXHOCTBIO IMPOM3BOJILHONW KOH(QUTYpaluu, a Ajisi 00O0JOYEeK CIelHalbHOrO BHIAa (HAalpuMep, MOJIOTHX HIIH

00oJ1049eK BpameHus) — chopMyJIMpOBaTh TEOMETPUUECKIH KPUTEPHH CYIIECTBOBAHHS MaTeMaTHYECKOH MOEIIH.

Kniouegvle cnosa: ToHkas ympyras oOonouka, o0oOiieHHas aHanuThyeckas (QyHKUus, 3a1ada Pumana-I'mib0epra,

WHACKC TPaHUYHOTO YCIIOBUA, MATEMATHYCCKass MOJCIIb.

BaarogapuocTH. ABTOp BEIpaXkaeT MPHU3HATEIBHOCTh KOJUIEKTUBY Kadenpbl «Teopermueckass W TpUKIaTHAS
MeXaHHKa» JIOHCKOTro rocyapCTBEHHOrO TEXHMYECKOTO YHHBEPCHUTETa 3a OOCYXKJCHHE Pe3yJbTaTOB pabOThl, TAKKe
0JIaroJapHOCTh JOKTOPY TeXHUYECKHX Hayk, mpodeccopy A. H. CosoBeéBY 3a mpodeccHOHANBbHYIO TOACPKKY TPH

HalmMCaHuuu pa6OTI)I.

Juis murupoBanus. Tropukos E.B. K Bonpocy o mocrpoeHny MateMaTideckux Mojieiell MeMOpPaHHOH TEOpHH BBITYKIIBIX
obomouek. Advanced Engineering Research (Rostov-on-Don). 2023;23(1):17-25. https://doi.org/10.23947/2687-1653-
2023-23-1-17-25
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Introduction. The issues considered in the paper were studied and described in the works of I. N. Vekua [1, 2] and
A. L. Goldenveizer [3, 4], who initiated the application of methods of the theory of generalized analytical functions to
the momentless (membrane) theory of thin elastic shells and the theory of surface bending. To date, the final results in
this direction have been obtained for convex shells with a smooth edge (i.e., with a smooth boundary of its median
surface). The most significant of them — the correctness and quasi-correctness of the key problem with a static
boundary condition with simply connected and multiply connected median surfaces — are consequences of the fact that
the index of the corresponding Riemann-Hilbert problem is an invariant of the connectivity of the surface. The author's
application of I. N. Vekua's methods to the problems of the theory of convex shells with a piecewise smooth edge?[5, 6]
recognized a connection between the “geometry” of the median surface in the vicinity of its angular point and the
picture of the solvability of the corresponding Riemann-Hilbert problems with a discontinuous coefficient of the
boundary condition. The use of these methods in [7-9] allowed us to obtain an effective formula for the index under
some additional geometric conditions on the angular points of the surface, and, as a consequence, the geometric
criterion of quasi-correctness of the main boundary problem.

The purpose of this work is to construct mathematical models of the momentless equilibrium stress state of convex
shells with ribbed side surfaces based on the geometric criterion of quasi-correctness of the main boundary problem.

Materials and Methods. Let S be a simply connected surface of a given class of regularity [7] with a piecewise

smooth edge L =ULl L; and angulat points p; (i =L...,n). Let us define on S along L, piecewise continuous vector
field r={a(s).B(s)}, which admits discontinuities of the first kind at points p;, where a(s), B(s) (a’+p* =1,
B>0) — tangential and normal components, s — a natural parameter, and we denote by J the homeomorphism of
surface S, to complex plane z=x+iy given in [9]. Let area D=J (S) be the image of the surface when mapped to

plane z with boundary I'" and angular points ¢, =J ( pi). Consider the following problem (task R ): to find in domain

D, complex-valued solution w(z) of the equation:

w(2)-B(2)W(z)=F (2), zeD, )
satisfying the Riemann—Hilbert condition

Re{2.(¢).w(Q)}=7(c). Cel, @
where

1(€)=s(Q)[B(e)t(e)-a(&)s(E)]. ©)

s(§)=5,(¢)+is,(€), t(C)=t(&)+it,(¢), i*=-1, s, t (i=12) — real-valued functions, complex-
valued functionsy() , () Holder functions on each of the arcs T'; =J (Lj ) , Wo= %(Wx + iWy) .B(2), F(z2) —
functions of class L, (D) r>2. Here, it is assumed that the solutions of class W*" at the points of discontinuity g,

admit “integrable infinity”, i.e., they admit an estimate |W(Z)| <const:|z—q,| ™, 0<a; <1. Following [10], the class

of such solutions is denoted by H".
As is known [11], the static boundary value problem of the momentless theory for an elastic convex shell with a

ribbed side surface in the mathematical formulation is problem R, where W(z) — a complex stress function, F (z) —

a complex-valued function of the external load. In this case, the condition we H” is equivalent to the stress
concentration condition at the corner points of the median surface. We will construct a mathematical model of the
equilibrium state of the shell based on the results on the solvability of problem R for a surface of a special type
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(canonical dome [9]). To simplify the presentation, we assume that at each corner point, the direction of one of the arcs
coincides with one of the main directions k, (k,) and call the dome 2-canonical (1-canonical). Problem R for

canonical dome K is called canonical if the direction of field r at each corner point p is the direction of the
generalized tangent [7, p. 46]. Let us introduce the notation: 57 — ratio of the corresponding principal curvatures k, ,
k, at point p  (0<8, <1), p(v;) — corner point p with internal angle v;, T(v,) — the set (sector) of directions
of the generalized tangent at this point, T — the set of continuous on L vector fields r, defining the direction of the
generalized tangent at each corner point p(vi ) As established in [7], canonical problem R is quasi-correct for any

field reT, if n>2. Problem R is family R" of problems (1)—(3), each of which is given by the selection of vector

field r. Following I. N. Vekua [1], we will call problem R" s-quasi-correct in class H", if it is unconditionally
solvable in this class, and its solution depends on s real arbitrary constants (s — the order of quasi-correctness).
Definition 1. Canonical problem R is called quasi-stable with respect to the field of directions of a generalized

tangent if problem R'is s-quasi-correct for any field reT .
Remark 1. Owing to the theorem on the solvability of the Riemann—Hilbert problem for generalized analytic
functions [11], problem R is quasi-stable if and only if index « of problem R is an invariant of field r T . Here, the

index of the corresponding conjugation problem with coefficient A(Q):X(g)k‘l(c) is called the index of the

problem. In the case of k>—1, the order of quasi-correctness is s=«x+1.
The technique [6, 8] of calculating the index of a boundary condition of form (2) is used below, as well as the

concept [10] of special node p, of problem (1), (2) or special point q :J(pi) of discontinuity of the boundary

condition (2). Following [6], the direction of the generalized tangent at a corner point is called special if the
corresponding point of the discontinuity of boundary condition (2), (3) is a special node of problem R.

Definition 2. Corner point p(v) is called an instability point of problem R, if sector T(v) contains a special

direction.
We introduce the notation: v, ¢ — one-sided limits at corner point p(v) of the unit vector tangent to L, where

vector ¢ sets main direction k, on the surface at point p, and inside corner v is given by pair (—v,o).

Statement 1. If the direction of vector r at point p(v) coincides with the direction of vector v, then point

qg=1J ( p) is a special node of boundary condition (2) if and only if:

V= arccosﬁ. 4
If vector v is replaced by vector o, then:
v = arcctgvt, ®)
Where t — the only positive root of the equation:
, L8t 148t E 1 ©)

8P4t 84+t K(1+t2)+4Et:t

2
Here E = (ki ; i j , K=kk, [12, p.164]. At that, arccos# <arcctgv/t .
We denote

1
0 =arccos——, p=arcctgy/t . @
1+98
The consequence of statement 1 is statement 2.
Statement 2. Corner point p(v) is a point of instability of problem R if and only if:

0<v<p. (8)
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Corner point p(v) is a 1-type (2-type) point if condition O <v <6 [H <v< g) is met. As established in [8], k -type

(k=1,2) point is a point of stability. If p(v) — is the point of instability, then the only special direction r, of the
generalized tangent divides sector T (v) into two connected sets T*(v) and T?(v).
Statement 3. The index of problem R inclass H” is calculated from the formula:
k=-4+Y (4-x;), ©)
i=1
where n — number of corner points of the boundary, x, =m for point of stability p(v)of m-type (m=12), and
K, =s incase reT"¥ (v) (s=12) for the point of instability p(v).
Remark 2. Formula (9) for the index of problem R in class H, of bounded solutions, according to [10], takes the form:
K=—4+Z(3—Ki). (10)
i=1

The condition that the solution to problem R belongs to class H” is the boundedness condition of the integral of
the shell stretching energy [13, p. 83] in the vicinity of the corner point.
From formulas (9), (10), statement 4 follows.

Statement 4. If boundary L contains a single 1-type corner point, then problem R is for sure solvable in class H”
and has a unique solution vreT ;if n>2, n=n, +n,, where n_— the number of corner points of k -type (k =1,2),

then, problem R is quasi-stable with respect to r e T with the order of quasi-correctness s=2n,+n, —3.

If boundary L contains instability points, then according to (9), problem R in class H" is not quasi-stable with
respect to field r e T . However, it is possible to distinguish such classes of fields with respect to which problem R is
quasi-stable with different orders of quasi-correctness. Classes of such fields can be set by choosing the direction of the

generalized tangent in only one of the sectors T% (v), T (v) at each point of instability p(v).
Remark 3. As it is easy to see, formulas (9), (10) together with statement 4 are valid in the case:

u<v£g+®2, (12)
where o — a sufficiently small value given by surface S . At this, the condition of smallness ® is not mandatory. For
example, for umbilical (k, =k,) point p(v), itis enough to put o’ = %

Let us now consider 1-canonical dome K. In this case, the description of the special nodes of boundary
condition (2) is also given by statement 2, with the only difference that in equality (4) and equation (6), value

5? :%<1 must be replaced by & :kﬁ>1. Here, for corner point p(v) of instability of problem R, inequality (8)

2
takes the form:

1
<v<arccos—. 12
u 175 (12)
Based on the obvious graphical analysis of equation (6), we conclude:

1° value p=arcctg+/t is a function of two parameters, namely: p=p(8,k,), k e(0;+0), if &’ :%<1, and
1

n=pn(dk,), k, €(0;+wx), if 8° ::((_1>1;

2

o i T T i . k, .
2 Jim u(5k) =7 imu(3k) =3 vk e (0r0), if 6 =2

o 1 T ) . k, .
3 alimop(S,kz)=§, lim p(8,k,) =0 vk, €(0;+0), if 52=é,
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4° for any fixed & from the right (left) semineighborhood of the unit, function p as a function of argument Kk, (kl)

is a slowly changing function [14] in the sense that p(SO, k; ) € (Og) for any fixed §=3,, k; €(0;+0) (j=12).

Research Results. We submit for consideration a family of surfaces S_, t<[0,&), where © — a small parameter,
each of which is the median surface of a thin elastic shell V. from some family {V_}, where V, and S, coincide with
shell V and surface S, respectively. We assume that for Vvt e [O,s) , the following conditions are met:

1) surface S_ is a canonical dome of the regularity class W*", r > 2, with internal angles of magnitude v; at

corner points p, (i=L...,n) of boundary L_, where surface S, is a 2-canonical (1-canonical) dome S with
boundary L;

2) ratios of principal curvatures k", k{” of surface S, at corner points, coincide with values &> at the corner
points of surface S ;

3) k{” =k, +¢, (), where lime, (t)=0, k, =k{” (j=12).

Let J be the mapping of surface S, onto complex plane z=x+iy, given above, D, :J(ST) — a family of
simply connected regions with corresponding T, = J(L,) and corner points g, = J(p, ), bounded in plane z. Consider

a family of problems R_, t€[0,¢),

w.(z)-B,(z)w(z)=F.(z), zeD

T

Re{r. (C)w(C)}=7.(¢), Cel,, (14)
where functions B_(z), A (&), v, (&) are defined by the middle surface S, of shell V_ according to [8], and A_()

has form (3).
It is assumed that the lateral surfaces of shells V_ have common edges containing points p; (i =L...,n). Note that

(13)

T

problem (13), (14) VTE[O,S) can be considered as a family of problems RE’) , each of which is given by selecting a

vector fieldon S_ along L, .
Consider 1-canonical dome S. Statement 4 is true.
Statement 4. If in each of the corner points p(v) of dome S, the following condition is met:

1
v < arccos—-—, (15)
1+6

then VTE[O,S) problem R_ is quasi-stable in class H™ with respect to the field of directions of a generalized tangent

with the order of quasi-correctness s =3n-3. If at each point p(v) , the following condition is met:

arcctg \/t + o <v<g+m2, (16)

where ©° is determined by remark 3, value , =, (¢) is given by family S_, te[0,&), then problem R, is quasi-

stable in class H™ with the order of quasi-correctness s =2n-3.
For proof, it is enough to use statement 3, conditions 1-3 and the known properties [1, p. 97] of mapping J .
Statement 4 remains valid for 2-canonical dome S, if conditions (15), (16) are replaced by the conditions:

v <arcetg/t —a?, (17)
1
arccos ——— < v < = 4 @ (18)
1+98 2

respectively.
Now let us refine the concept of a corner point of k-type (k =1,2) of surface S. We say that point p(v) of

boundary I' is a 1-type (2-type) point relative to family S_, ‘ce[O,s), if conditions (15) and (17) are met for

1-canonical and 2-canonical points, respectively, (conditions (16) and (18) for 1-canonical and 2-canonical points,
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respectively). Consider canonical dome S, each corner point of which is a point of 1-type or 2-type relative to the

specified family S_. Then, the consequence of statement 4 is:

Statement 5. If p and g — the number of points of 1-type and 2-type, respectively (p+g=n), then vre[0,¢)
problem R_ is for sure solvable in class H™ and quasi-stable with respect to directions r of the generalized tangent
with the order of quasi-correctness s =3p+2q—3. Specifically, if p=0, then q> 2.

The statement remains valid if class H” is replaced by class H, of bounded in D, solutions, and order
s=3p+2q—3 by order s=2p+q—3 provided 2p+q>3. Thus, problem R_ is not unconditionally solvable in the
following cases: p=0, q<2and p=1, q=1.

The case of an umbilical (8§=1) corner point p(v), in which any direction is the main one, requires special
consideration. In this case, according to? p=0 =g, any direction of the generalized tangent is a special direction of
problem R . However, even in this case, statement 4 remains valid if, for family {S} , we consider t = 0, and values v,

p are replaced by value g .

Discussion and Conclusions. The results obtained can be used to construct mathematical models of thin and
shallow shells of the positive Gaussian curvature with ribbed side surfaces. The most complete and advanced results of
both linear and nonlinear elastic shell theory are obtained for thin shallow shells. A detailed discussion of the concept of
“shallow shell”, as well as a description of various versions of the theory is given in [15, p. 29]. The linear theory of flat
convex curves was developed by I.N. Vekua [2, 16]. Within the framework of this theory, the issue of the realization of
the equilibrium stress state of a shallow shell with a ribbed side surface, when a static boundary condition of a general
form is met, is reduced to problem R discussed above.

Let P be a shallow shell [2, p. 164] with a ribbed side surface, S — its median surface with a piecewise
smooth edge. We assume that at each corner point of surface S, the condition of strong shallowness k, =k, is
satisfied, which is equivalent to the following:

5~1 (19)

where 8 — any of the ratios ﬁ t—z Condition (19) means that any corner point p(v) should be considered both a 1-
2 1

canonical and a 2-canonical point. Consider corner point p(v), at which Vzg, and a family of surfaces S_,
e[O,s), given by conditions (1)—(3). According to properties 1°-4° of values 6, p and statement 2, the
corresponding problem R Vrte(0,&) is not quasi-stable in class H”, i.e., point p(v) at Vzg — the point of

instability of problem R_. In this case, the natural presumption is that in the right part of formula (10), value «;

(13 i< n) corresponding to point p(v) is a discrete random variable with possible values 1 and 2. Thus, if at each

corner point p(v) of the median surface, the condition v zg is met, then, owing to formula (9), the order of quasi-

correctness of problem R is a discrete random variable taking values m, m+1,..., m+n, where n — the number of
corner points, m=2n-3 for class of solutions H", and m=n-3 for class H,.
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The method proposed above can be used to construct mathematical models of the theory of thin shallow shells with

ribbed side surfaces of any configuration. To do this, it is enough to use the results® on the solvability of problem R for
spherical domes with a piecewise smooth edge. Let us consider for definiteness, the median surface S under the

assumption that all the corner points p(y) of the boundary are “outgoing”, that is, y < =. In this case, a corner point on

a spherical surface is a special node of the boundary condition if and only if y :n—; (k =],...,5). It follows that the
“outgoing” corner point of the median surface of the shallow shell is an instability point if one of the following

conditions is met:yzn—; (k=1,2). Thus, formula (9) for the index can serve as validation for the following

hypothesis:

if problem R for a shallow convex shell is unconditionally solvable in a given class of solutions, then its quasi-
correctness order is a discrete random variable taking integer values K, K +1,..., K+ N, where N — the number of
instability points, K — the number given by a set of corner points and a selection of continuous vector parameter r .

In conclusion, we note that the same reasoning can serve as validation for this hypothesis, but carried out for regular
convex surfaces satisfying the condition of local symmetry [17] at corner points.
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Abstract

Introduction. The article studies the problem of validating the specified levels of reliability during experimental
development of a complex technical series system. Such tasks arise when it is required to make a decision on testing the
system as part of a larger one or on the completion of experimental development and the start of series production. The
study is aimed at validating the reduction of the experimental development time. The task is to determine whether the
hypothesis H, is accepted or rejected.

Materials and Methods. To implement the research objective and task, a critical area described by the inequality was
constructed based on the test results. The formulation of the requirements validation task was based on well-known
approaches to testing statistical hypotheses. The conceptual apparatus of information theory, probability, and statistics
was involved. The theoretical and applied literature on mathematical methods in reliability theory was studied. The
particular tasks of the work were solved by known ways. Thus, the probability of obtaining the exact number of
successful outcomes in a certain number of experiments was determined by the Bernoulli scheme. The exact confidence
interval based on the binomial distribution was derived from the Clopper-Pearson relation. The theorem of
A.D. Solovyov and R. A. Mirny made it possible to assess the system reliability based on the test results of its
components.

Results. Control rules adequate to the stage of experimental development (with insufficient data on the technical
system) and the stage of series production were mathematically defined. The probability of a successful outcome when
testing technical systems was represented by:

— the probability of event for a system element;

— confidence value;

— required scope of tests

In these terms, the null and alternative hypotheses and the corresponding reliability control procedures were
investigated. Two provisions were considered. The first one provided using the null confidence

hypothesis #, ={P>P,} and an alternative # ={P<P,} to confirm the requirements (P,, y) for the reliability
indicator of one parameter for any (P;, v). In this case, one trouble-free test was enough. The second provision

considered a sequential technical system with independent elements that were tested separately from the system
according to the Bernoulli scheme for one parameter. We considered the requirements for the system in the form of a
set of values (P, y) and the requirements for any of its elements (P, y) . They coincided when the planned outcome

of the tests corresponded to the cases when the ratio P= lli_rrgj :P, =P, was fulfilled, and the null alternative
<i<

hypothesis was selected from the theory of statistical hypothesis testing.
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Discussion and Conclusions. The experimental development strategy should be implemented in two stages: the search
and validation of the reliability of the elements through a series of fail-safe tests. In this case, the planned scope of tests
of each element is determined taking into account the confidence probability, the lower limit of the confidence interval,
and the requirements for reliability indices of one parameter of the technical system. If the use of the null confidence
hypothesis is acceptable, one fail-safe test is sufficient to confirm the requirements for the reliability index.

Keywords: experimental development, testing of statistical hypotheses, reliability of a technical system, null
hypothesis, alternative hypothesis, hypothesis of distrust, confidence hypothesis, confidence probability, scope of fail-
safe tests, binomial type test model, Bernoulli scheme, Clopper-Pearson equation, theorem of A. D. Solovyov and
R. A. Mirny.
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IMoaTBep:kIeHNe MOKAa3aTe/Ieil HATEKHOCTH NMPH IKCIIEPUMEHTATbHOM
0TPadOTKe CJI0KHOI TEXHUYECKOH CUCTEeMBbI € MOC/Ie10BATEIbHbIM
COCIMHCHUEM 3JICMCHTOB
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AHHOTANUA

Beeoenue. CtaTbs TOCBSIIIEHA TPOOIEME TTOATBEPKACHHUS 3aJaHHBIX YPOBHEH HAIEKHOCTH NPH SKCIICPUMEHTAIBHON
OTpabOTKE CIIOKHOW TEXHHYECKOW CHCTEMBI C IIOCICIOBATEIbHBIM COCAMHCHHEM OJJIEMEHTOB. Takue 3amadu
BO3HHKAIOT, KOT/1a TpeOyeTCsl NPUHATH pelieHre 00 UCIBITAHUH CHCTEMBI B COCTaBe 0oJiee KPYITHOH MM 00 OKOHYaHUH
SKCTIEPUMEHTAIbHOM OTpPadOTKM M 3alycKe cepuiiHOro mnpomsBojacTsa. lLlemb wnccienoBanuss — 00OCHOBATh
COKpalIeHHEe CPOKOB SKCIIEPUMEHTAILHON OTpaboTKM. 3ajaya — ONpeAeNnTb, NPUHUMAETCS WM OTKJIOHSETCS
runoresa H,.

Mamepuansl u memoosl. J111s1 peanusanuy LeJIU U 3a7ja4l paboThI 10 pe3yIbTaTaM HCHBITAHUM CTPOUTCS KpUTHUECKas
obmnacth, onuchiBaeMasi HepaBeHCTBOM. MDOpMyJNMpOBKa 3ajauyd TOATBEPXKICHUS TpeOOBaHMN Oasupyercs Ha
M3BECTHBIX IIOAXOJaX K TIPOBEPKE CTATUCTHYECKUX THIOTE3. 3aAeHCTBYeTCs TMOHATHHHBIA ammapar Teopuu
nH(popManuy, BEpOITHOCTH M CTaTUCTUKH. V3ydeHa TeopeTHueckas M NPUKIAIHAS JINTEPATypa O MaTeMaTHYECKHX
METO/laX B TEOPUHM HAACXKHOCTH. YacTHple 3amaun pabOTHl pelIeHbl M3BECTHBIMHM crocobamu. Tak, BEpOATHOCTh
MOJTYYSHHs] TOYHOTO YHCIIa YCIEITHBIX UCXOA0B B ONPENEICHHOM KOJIMYECTBE HKCIIEPUMEHTOB OIPEAEseHa 10 CXeMe
Bbeprynmu. TouHbI JOBEpUTENBHBIM HHTEpBaJl, OCHOBAaHHBIH Ha OMHOMHAILHOM PpACIpElENICHUH, IIONy4YeH W3
cootHowenust Knonnepa — IMupcona. Teopema A. 1. ConoBbeBa u P. A. MupHOro mno3posiuia OLEHUTh HAJEKHOCTb
CHCTEMBI 110 pe3yiIbTaTaM UCIBITAHUN €€ KOMIIOHEHT.

Pe3ynomamer  uccnedosanus.  MateMaTH4eCKHM — ONpENENICHbl  NpaBWiIa  KOHTPOJSI,  aJEKBaTHBIE  3Tally
9KCHEPUMEHTAIBHOW OTPabOTKH (IpM HEJOCTATOYHOCTH MAHHBIX O TEXHWYECKOW CHCTEME) W JTally CepUIHOTO
IIPOU3BOJICTBA. BEpOATHOCTH yCIIEIIHOTO MCX0/1a IPH HCIBITAHUH TEXHIHYECKUX CHCTEM TIPEICTaBlIeHa Yepes:

— BEPOSITHOCTH COOBITHS JUI DJIEMEHTA CHCTEMBI;

— 3Hau€HME JOBEPUTEIILHON BEPOSITHOCTH;

— TpeOyeMblil 00beM UCTIBITaHHH.

C 3THUX NO3ULMI HCCIIEJOBAaHbl HyJ€Bas U albTEPHATHBHAS TUIOTE3bl U COOTBETCTBYIOIIME UM MPOLENYpPhl KOHTPOISL

HaJIC)KHOCTH. PaCCMOTpeHBI JABa IIO0JIOKCHUA. HCpBOC JAOITYCKAeT HUCIIOJIb30BAHUC HyﬂeBOﬁ TUHOTE3bl JOBEPUL
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H,={P>P,}c amsrepuatupoii H ={P<P,} mia noxrsepxknenns TtpebGoBanmii (P, y) K IOKa3aTeo

HaJIKHOCTH OTHOTO mapaMeTpa mpu Jo0bix (P, v) . Ilpy 3TOM IOCTATOYHO OAHOTO OE30TKA3HOTO HCIBITAHHSL.

Bropoe monoxeHne paccMaTpUBaeT IMOCIEIOBATENbHYI0 TEXHHYECKYI0 cucteMy ¢ N He3aBHCHMBIMHU 3J€MEHTaMH,
KOTOpBIE MCHBITHIBAIOTCS OTIEIFHO OT CHCTEMBI 10 cxeMme bepHyin 1 ogHoro nmapamerpa. PaccmoTpuM TpeboBaHus

K CHCTeMe B BHIIC COBOKYIHOCTH BenuunH (P, v) u TpeboBaHus K robomy ee anementy (P, v) . OHE coBIanaroT,

€CIIM IUIAHUPYEMbId HCXOJ HCIBITAHUH COOTBETCTBYET CIIy4asM BBIIOJHEHUS COOTHOIeHWs P= lim:P, =P,
- I<isN T -

a HyJIeBasl albTEPHATHBHAsI THIIOTE3a BEIOMPAETCS U3 TEOPHUHU MPOBEPKU CTATUCTUYECKHUX THITOTES.

Oécyancoenue u 3axniovenus. CTpaTerHio 3KCIEPUMEHTAIBHON OTPAOOTKH CIELyeT PEealn30BaTh B 1BA JTAll: IOUCK U
MTOJITBEPKICHIE HAIE)KHOCTH SJIEMEHTOB Cepheil 0e30TKa3HBIX WCHBITAaHWHA. B 3TOM ciydae mmanupyemslii oObeM
UCTIBITAaHWH KaXAOTO 3JIEMEHTa OIPENeNseTCs C y4YeTOM JOBEPUTEIbHOM BEPOSATHOCTH, HIDKHEH T'paHMIBI
JIOBEPUTEIHHOTO MHTEpBala M TPeOOBaHMI K IOKa3aTelsIM HAAEKHOCTH OJHOTO HapaMeTpa TEXHHIECKOH CHCTEMBI.
Ecnu nmomycTHMO HCIONIB30BaHME HYJIEBOM THIIOTE3bl JIOBEPUS, Ul IMOATBEPXKICHHS TPEOOBaHMH K IIOKa3aTelio

HAaACKHOCTH AOCTATOYHO OJHOI'O 0€30TKA3HOI'0 UCIILITAHHUS.

Kniouegvle cnosa: skcniepiMeHTaNbHas OTpabOTKa, MPOBEPKA CTaTHCTHYECKUX THIIOTE3, HAJEKHOCTh TEXHHYECKOM
CHUCTEMBI, HyJIeBas TUIIOTE3a, ajlbTEpPHATHBHAS T'MIOTE3a, TMIIOTE3a HEJOBEpHs, TMIIOTE3a JOBEpHS, JOBEpUTEIbHAA
BEPOSATHOCTh, 00BEM OE30TKAa3HBIX HCHBITAHUN, MOJCIb HCIBITAHUN OWHOMHAILHOTO THIA, CXeMa bepHyIw,

ypaBHenue Knonnepa — Ilupcona, reopema A. /1. ConosreBa u P. A. MupHoro.

Enarouapﬂocnl. ABTOpBI BBIPAXKAIOT 6Har0£[apHOCTL PCUCH3CHTAM, Ybsl KPUTHYCCKAs OLICHKA IPCACTABJICHHBIX MATC-
puajioB W BBICKA3aHHBIC MNPCAJIOKCHHUA 1O UX YCOBCPUHICHCTBOBAHUIO CII0COOCTBOBAIH 3HAYUTCIIbHOMY ITOBBIIICHUIO

KadecTBa HACTOAIICH CTAaThH.

Jaa nurupoBanusa: Ilapes O.10., Ilaper 10.A. IloaTBepikaeHne nokasareneil HaJEKHOCTU MPH IKCIIEPUMEHTATBHOM
0TpaboTKe CIIOKHOW TEXHHMYECKOH CHCTEMBbI C IMOCJEIOBATENBHBIM coequHenneM snementoB. Advanced Engineering
Research (Rostov-on-Don). 2023;23(1):26-33. https://doi.org/10.23947/2687-1653-2023-23-1-26-33

Introduction. Rational methods of validating the specified reliability levels are of current concern for experimental
testing of a complex technical system when a decision is made on the possibility of testing it as part of a larger structure
or on the completion of experimental development and the start of series production. The same tasks arise during series
production, if it is required:

— to assess the readiness of the enterprise to produce series products based on the test data of the pilot batch;

— to make a conclusion about the compliance of the products with the requirements of technical documentation,
taking into account the operating data.

The study objective was to obtain an acceptable solution for planning and reducing the scope of tests using methods
of interval estimation of reliability indices of sequential technical systems. To achieve the stated goal, it was required to
determine whether hypothesis H, was accepted or rejected.

Materials and Methods. It is reasonable to formulate the task of validating the requirements in terms of the theory
of statistical hypothesis testing [1-4]. Let P be the reliability of the technical system, Pr — some fixed (required) level

for P. Prior to testing about P, three initial assumptions can be made: P = P., P < P,, P > P,.
Each of them is called a null hypothesis if it is written as:
H ={P =P} H ={P <P} H={P>P}

o o

Set H,= {P = P.} contains only one element, therefore, hypothesis H,= {P = P,} is called simple.

Hypotheses of the form H = {P < P,} and H = {P > P,} are called complex. Along with the null hypothesis
expressing a pre-formulated point of view, an alternative hypothesis H is specified expressing the opposite statement
Ho(Hom H:Q). We use the conceptual apparatus of the theory of information [1], probability and statistics,
applicable to solving such problems. Consider two aggregates of sets H, and H:

H={P<P,),H={P>P,]}, M)
H = {P 2P}, H ={P <P} )

o
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Hypothesis H, in (1) will be called rigid, or the distrust hypothesis. Indeed, in case (1), initially (before the test), we
proceed from a position of distrust of the quality level of the system. Reliability index P is assumed to be no higher than
a certain fixed level P’,. Hypothesis H, in (2) will be called the confidence hypothesis, since in this case, it is initially
assumed that reliability index P is not less than some fixed value Pr.

The meaning of values P’ and Pris different. In (1), P’, — such a rejected value that at P < P’,, the system is
considered unacceptable. In (2), Pr — such a value that at P > P,, the system is considered acceptable for use.
Obviously, P, > P’,.

Research Results. Thus, it is required to determine whether hypothesis H, is accepted or rejected. In the theory of
statistical hypotheses, a critical area is constructed for this purpose based on the test results. It is described by some
inequality. Moreover, the null hypothesis (due to the initial confidence in it) is adhered to as long as it is reasonable

from the point of view of the accepted level of significance a. Therefore, as is already clear that the reliability control
procedure in case (1) will be significantly different compared to case (2).

Indeed, we will further make sure that to reject hypothesis H, in (1) and accept hypothesis /# = {P > P’.} of
meeting the requirement for reliability indices, a critical area (or condition) should be used
P>r, ®)
where P — the lower bound of the confidence interval for P at the value of the confidence probability vy =1 — o ;
P, — the lower bound of the rejected interval for P at the value of confidence probability y = 1 — a..

In case (2), the condition should be used to accept hypothesis H, about the compliance of the value of parameter P
to the requirement

P>P,, (4

where P — the upper bound of the confidence interval for P at the value of the confidence probability y = 1 — a.

In (3) and (4), the requirement for the reliability index of one parameter P is understood as a set of values (#’,, v)
or (P, v), given before testing.

Let one successful test be carried out under the conditions of the Bernoulli scheme. Then, using the Clopper-Pearson
relations, we find the lower and upper bounds of one parameter with the value, for example, y = 0.95:

P=(1-y)"=1-y=005 P=1.
Here, even for very moderate values P, € [0.05; 0.95] , condition (3) is not fulfilled, while (4) is fulfilled at any Pr.

Let us show the validity of the accepted position.
First position. If it is permissible to use the null confidence hypothesis H, = {P > P,} with alternative

H = {P < PT}, then one fail-safe test is sufficient to confirm the requirements (2., y) for the reliability index of

one parameter for any (P, v) .

If the initial hypothesis H, is the hypothesis of distrust from (1), then a significantly larger number of tests are
needed. Thus, for m = 0, we get n>log (1 - y)/ logP, >>1. This is quite fair, because, when testing hypotheses, they
initially proceed from the validity of the null hypothesis H,.

At the stage of experimental development, there are no sufficiently complete data, therefore, it is reasonable to use
control rule (3). At the stage of series production, one can proceed from the confidence hypothesis and use a
significantly easier control rule (4). This is acceptable if, according to the experimental testing, condition (3) was
fulfilled.

Consider a system consisting of N independent elements connected in series, which can be tested separately. Then,
the probability of a successful outcome when testing technical systems:

p:ﬁpi, (5)
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Here, P; — probability of the same event for the i-th element. The requirements for value P are specified in the form of
a set of values (P,,y). It is required to plan a procedure for monitoring the reliability of one parameter for each

element of the system, i.e., to specify Vi e[1,n] apair (P, v) .
N
Due to the multiplication of P;j in formula (5), ratio HPT, =P must be fulfilled. Besides, y, = vy .

As a result, the required scope of tests n; of each element increases dramatically, and even with fail-safe results of all
tests, it becomes unacceptable. At Pr=0.9and y=0.95,N=100and m=0, Vi= L, N:

P, ~ P =099, n,=log(1 - y)/logP,, ~ 3000.
This method of planning is logically contradicted by inequality n, >n,, following from P,, > P, when m; =0. It
is clear that with fail-safe outcomes, the required scope of tests n,i of i-th element, conducted separately from the

system, should be equal to the required scope of tests of system n,. To avoid this contradiction, the theorems of
A.D. Solovyov and R.A. Mirny should be used [5-7]. Thus, whenm =0, VYi= L N:

P=min:P,=f (n,0y) = (1-y)" (6)

- 1<i<N
Here, P — the lower bound of the confidence interval for the reliability index of a technical system by one parameter, at
value vy of the confidence probability; P; — the value of the lower bound of the confidence interval for the reliability
index of the i-th element of the system with the same confidence probability; n — minimum number of tests of system
elements; f(n,0,y) — the root of the Clopper-Pearson equation:

—y=Y" (") P"q" = B(n, P, m). @)
k=0

According to [8-12]:

f(n.ng,y) < P< f(n, [ngl.y). ®
- N - - -
Here, q =1-P; P H (I -m/n) = Lﬂlﬂ n,; [ng] — integral part of the product nqg; f(n,nq,y) — root
i=1 <i<
of equation Jp(n,P,nq+1) =1-v.

From (8), it follows:

P=min:P, = Pm, 9)
I<i<N

where P m — minimum of P; at the value of confidence probability y.
P, =min:P, > P, (P,> P,)N(P,> P,)...n(Py, > P,).

1<i<N
This is true not only for case (1), when m=0, Vi= 1N, but also for case (2), i.e., for the outcome

n= (n,n,, ...,ny), m=(m, 0, O, ..., 0) of the tests, where n and m — the vector of tests and the vector of failures,
if n=n.
At this, only one element that has been tested a minimum number of times fails. Indeed, in this case, nq = m, —an

integer. Calculations allowed us to establish that (9) is also approximately performed at the outcome of tests n, m, i.e.,
in case (3), if for pair (n,, m,), Lnirg 1P, =P, ispossible.

In all the cases mentioned (9), the lower bounds are not multiplied, and the system degenerates into one weakest
element. This provides validating the following position.

Second position. Consider a sequential system with N independent elements that are tested separately from the
system according to the Bernoulli scheme for one parameter. The requirements specified for the system in the form of a
set of values (P,, y), and the requirements for any of its elements (P,,, y,) coincide if the planned outcome of the
tests corresponds to the mentioned cases of fulfillment of ratio (9), and the null alternative hypothesis is selected based
on (1) and (2).

Conseguence. In case of (3), execution of (9) — the planned scope of fail-safe tests (N —1) of elements, it is
determined from:
n=n,=log (1 —y) / logP,. (10)



OYu Tsarev, et al. Validation of Reliability Indices during Experimental Development of a Complex Technical Series System

The volume of failures of the conditionally first element at m; is from the ratio:
Py = f(n,m,y) =P;. (11)
Proof (11) is based on the fact that the condition P = P, > P, is fulfilled if P, =P, = P, and P, <Vie[2,N].
The latter relation is satisfied if (10) is satisfied, because:
n=n, <P = (1-y)"=pP,.

In all the cases considered, it was assumed that there was no information about P before the tests, except for the

obvious fact P €[0, 1]. However, it may be known that P > P, , where P, =0. Hence, P = P<[ P,, 1]. Value Py

can be found from test data or calculations at the time of planning reliability tests. There is no method for determining
Py yet, and its development is the task of future research. But if value Py is known, according to the full probability
formula, you can find:

P =P+ (_]1_3.

From here:
P =(P-P,)/Q-P,), P= (P-P,)/(1 -P,). (12)

The latter relation is fulfilled due to monotonicity of dependence P = (E -P,) inP:
Taking into account (12), ratio (2) will take the form:

P,+@ +P,)f(nngy) <P<P,+ (1 -P,)f(n[nql,y). (13)

Let the condition for making a decision on the compliance of the technical system with the requirements (P;, v)

still be (3), where the lower bound of the confidence interval is determined from (13), taking into account

P= Pe[ P, 1]. Then, from the ratio:

P>P, (14)

we find the planned scope of trouble-free tests by one parameter for each of N elements:
n>=m, =log(l — y) log(P,—P,) I 1L -P,). (15)
Value n’y decreases in Py. It means, no (10) at Py =0and n’o =0 at Py = Py.

N
Example. The requirements for the reliability indices P = []P, of the system are specified for one parameter in the

form of a set of values (Pr=0.90; y =0.95). Number of elements of the technical system is N =100. According to
available data, Pr> Py =0.70. It is required to find the planned scope of tests for each of N elements, if the fulfillment
of reliability requirements is checked by condition (14). From (15), we find:

ni>n’ = log (0.05) / log (0.90 — 0.70) / (1 - 0.70) = 7.

Note that at P =0 ni >n’o = 29.

Ratios (10) and (15) make it possible to plan the required scope of testing of the i-th element of the technical system
with a certain sequence of experimental development of the system. The whole process of experimental development is
divided conditionally into two periods: the search and validation of reliability requirements for a decision on the
transition to the next stage of testing or on the acceptance of a technical system for series production. In the first period,
improvements are possible, and it is reasonable to use models with a variable probability P of a successful outcome of
the system test.

The data obtained in the first period can be used to calculate value P.

In the second period, we deal with an established version of the design of the technical system and technological
process. This makes it possible to use the binomial type test models discussed above with constant probability P.

Let the first period of developing N elements of the technical system be completed, then, the question is raised about
validating the requirements for the reliability index of the system by one parameter. It is reasonable to validate
reliability if a positive decision is made only in case of a fail-safe outcome of the last series of tests for each of N
elements. This strategy is convenient because it is based on the minimum possible number of tests of elements of the
technical system and provides simple analytical solutions (10) and (15).
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In general, it makes sense to investigate a strategy that allows for failures of elements during testing and is based on
optimization of some objective function. But here, we restrict ourselves to considering only the mentioned strategy with
fail-safe final series.

Discussion and Conclusions. The results of scientific research allowed us to formulate the following conclusions.

1. Even with a large number of N elements of the system, it is possible to plan the scope of their tests. In this case,
the methods of interval estimation of reliability indices of sequential technical systems provide obtaining an acceptable
solution, but only for one parameter.

2. The strategy of experimental development of technical systems is closely related to the method of validating the
reliability of elements. The rational strategy of experimental development provides for confirmation of the reliability of
the elements after the search period through a final series of fail-safe tests. In this case, the planned scope of tests of
each of N elements does not depend on N and is determined by ratio (15), which includes the requirements (Pr, y) for
the reliability indices of one parameter of the technical system as a whole and Py. The scope of tests obtained by (15)
for each element of the technical system, for any number of them, is small if moderate requirements (Pr=0.80 ...0.95;
v=0.90 ... 0.95) are specified for a system of N elements, but only for one parameter. At the same time, the scope
decreases with increasing value Pp.

3. In series production, when testing upgraded technical systems, it is possible to use a control method with null and
alternative hypothesis change. If the use of the null confidence hypothesis is acceptable, then one fail-safe test is
sufficient to validate the requirements for the reliability index.
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Abstract

Introduction. The development of the polar regions of the World Ocean contributed to an increased interest in studying
wave processes in water bodies with ice cover caused by the action of a mobile load. In most papers of domestic and
foreign scientists, the ice sheet was considered as an elastic or viscoelastic plate loaded with a rectilinearly moving
vertical force. However, when modeling the impact of vehicles on the ice cover, it is of interest to investigate problems
in which the force moves along a more complex trajectory. Therefore, this study aims at developing a method for
studying the behavior of the ice cover under the action of a force moving along a trajectory of a complex shape, obeying
an arbitrary law of motion.

Materials and Methods. A method for solving problems of the action of an arbitrarily moving force on the ice cover of
a reservoir of finite depth filled with an inviscid incompressible fluid is proposed. The ice cover was considered as a
viscoelastic plate lying on the surface of a liquid in a state of potential flow. A concentrated force moving along an
arbitrary closed trajectory and being periodic in time was applied to the upper surface of the plate. Hydrodynamic
pressure acted on the lower surface of the plate from the liquid side. Due to the periodicity of the load applied to the
plate, an integral time transformation was used to solve differential equations describing the behavior of this system.
Further, using traditional methods, formulas were obtained for calculating stresses and displacements in the plate and
components of the velocity vector of liquid particles. These formulas were presented in the form of an iterated integral.
Numerical methods were used to calculate integrals.

Results. Calculations showed that the deflection of the ice cover increased markedly with the growth of speed and
tangential acceleration of the load movement. An increase in the relaxation time of ice and a decrease in the radius of
the trajectory of the load also caused an increase in deflection. The distribution of the fluid particle velocity vector over
the depth of the reservoir was calculated.

Discussion and Conclusions. The proposed method has shown its efficiency in solving problems about the impact of a
moving load on the ice cover of a reservoir. With its help, the influence of the curvature of the trajectory of motion and
the mechanical properties of ice, the kinematic characteristics of the movement of the load on the deflection of the ice
cover was investigated. The method simulates the impact of vehicles on the ice cover of a reservoir. The results of its
application can be used under the construction of ice roads or airdromes on ice.

Keywords: infinite ice cover, moving load, arbitrary closed trajectory, variable speed.
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Mertoa pelieHus 32/1a4M O IBHKEHUH HATPY3KH 10 JIeSIHOMY OKPOBY
B0O/J0€MAa 110 CJIOKHOH TPaeKTOPUH

A.B. T'ana0ypaun
JloHCKoOl rocyapCTBEHHBII TeXHUUECKHH yHUBepcuTeT, Poccuiickas deneparus, T. PoctoB-Ha-/{ony, mi. ['arapuna, 1

< galaburdin@mail.ru

AHHOTAIIMA

Beeoenue. OcBocHUE TOJSIPHBIX pailoHOB MHUPOBOrO OKeaHa CIOCOOCTBOBAIO TOBBINICHHIO WHTEPECa K H3YYCHUIO
BOJIHOBBIX MPOIIECCOB B BOJOEMaxX C JICASHBIM ITIOKPOBOM, OOYCJIOBJICHHBIX IEHCTBHEM MOIBIDKHOW Harpy3ku. B
OONBIIMHCTBE PabOT OTCYECTBEHHBIX M 3apyOEKHBIX YUYCHBIX JICASHON MOKPOB pacCMAaTpPHUBAJCS KaK YIpyTas HIIH
BSI3KOYMpyrasi IUIaCTUHA, HArpy>KeHHas MpsIMOJMHENHO JBUXKYIIEHcsS BepTUKaNbHOM cuioil. OpHako mpu
MOJICTPOBAHIH BO3ACUCTBHS TPAHCHOPTHBIX CPEACTB HA JIEASHON IOKPOB IPEIACTABISET WHTEPEC PACCMOTPECHHE
3a7a4, B KOTOPBIX CHJIAa JIBHXKETCS IO 0ojee CIOKHON TpaeKTopuu. [103ToMy enpio JaHHOTO MCCIICIOBAHUS SBIISICTCS
pa3paboTka MeTo/la UCCIICIOBAHUS MTOBEACHUS JICTHOTO MOKPOBA MO JCHCTBUEM CHJIBI, JBIDKYIICHCS 10 TPACKTOPUH
CIIOKHOM (hOPMBI, TIOAUUHSSICH TPOU3BOJIHHOMY 3aKOHY JBHKCHUS.

Mamepuanst u memoost. IIpeyioxkeH METO PeIICHUS 3a1a4 O JICHCTBUU ABIDKYIIEHCS TIPOM3BOIBHBIM 00pa3oM CHIIBI TIO
JICSTHOMY TIOKPOBY BOZOEMa KOHEYHOH TITyOHMHBI, 3aITOJTHEHHOTO HEBS3KOH HEC)KMMAaeMOH JKHUAKOCTHIO. JIemsIHOW TOKpOB
paccMaTpuBaicsi Kak BS3KOYNpYyrash IUIACTHHA, JieXKallas Ha TOBEPXHOCTH IKUIKOCTH, HaXOMAAIIECHCS B COCTOSHHUU
MOTECHIMAIFHOTO TeueHWs 1. Ha BEpXHIOI MOBEPXHOCTh IDIACTHHBEI MPHIIOKEHA COCPENOTOYCHHAS CHIIA, ABWIKYIIASACS IO
MIPOW3BOJIFHOM 3aMKHYTOH TPaeKTOPHH U SBITIONIASCS TEPHOIMICCKOM 10 BpeMeHH. Ha HIDKHIOIO TTOBEPXHOCTD IUIACTHHEI
CO CTOPOHBI KHUIKOCTH JIEHCTBYET THAPOJAWHAMUYECKOE JaBlieHHe. B cuily MepHOAWYHOCTH MPHIOKEHHOW K IIacTHHE
HArpy3Kd TpU penicHur TuddepeHIanbHbIX YPaBHEHHM, OMMCHIBAIONIMX MOBEACHUE JaHHOW CHCTEMbI, HCIIOJb30BAIH
HHTETpAIbHOE TpeoOpazoBaHWe 1O BpeMeHH. J[lanee, NMpUMEHsSS TPAAWIMOHHBIE METOJBI, MOXYyYIH (DOPMYIBI I
BBIYMCIICHUS HANPSDKCHUI M MIEPEMEICHUI B ITACTUHE W KOMIIOHECHT BEKTOpPA CKOPOCTH YACTHIL KHUIKOCTH. DTH (OPMYIIBI
MIPECTABUIIM B BHJIE IOBTOPHOTO MHTeTpasia. J{Jisi BEIMUCICHUS HHTETPAJIOB HCIIOJIb30BATN YHCICHHBIE METOTBI.
Pe3ynomamut uccnedosanusn. Pacdersl moxa3anm, 94To MPOTHUO JICASHOTO IMOKPOBA 3aMETHO YBEIIMYHUBACTCS C POCTOM
CKOpPOCTH ¥ KacaTeNIFHOTO YCKOPEHUs IBWKEHHUS Harpy3ku. K pocty mpornba Takke MPHUBOAAT YBEIHMYCHHE BPEMEHHU
penakcainyu JbJa U YMEHBIICHHE pajuyca TPACKTOPUHM IBWKEHHS HArpy3ku. PaccyuTaHO pacrmpeneneHue BeKTopa
CKOPOCTH YaCTHII )KUJKOCTH IO TTTyOUHE BOJOEMA.

Oocyscoenue u 3arxnouenusn. 1IpeUtoXXKeHHBI METO]] TTOKa3all CBOIO 3()()EeKTHBHOCTh MPH PEUICHUN 33134 O ACHCTBUU
MIOJIBUKHON HArpy3KH Ha JIeTHOW MOKpOB BojoeMa. C €ro TMOMOINbI0 HMCCIIE0BAaHO BIMSHUE HA MPOTHO JIEASHOTO
MIOKPOBa KPUBU3HBI TPACKTOPHUU JBHKCHHS U MEXaHUYECKUX CBOWMCTB JIbJd, KHHEMATHUECKUX XapaKTEPUCTUK JBIKEHHUSI
Harpy3kd. MeToa MoIenmpyeT BO3ICHCTBHE TPAHCIIOPTHBIX CPEACTB Ha JICASHOW IMOKPOB BogoeMa. Pe3yisTaThl ero

NPUMCHCHU MOTYT OBITH UCIIOJIE30BAHBI IIpA CTPOUTEIILCTBEC JICAOBBIX JOPOT UJIK a3POAPOMOB HaA JIbAY.

KaioueBble ciioBa: OeCKOHEUHbII JIeASHOW MOKPOB, NBIDKYINASCS HArpy3Ka, MPOM3BOJIbHAS 3aMKHYTasl TPAaeKTOPHS,

NIEpEMEHHAsA CKOPOCTh.

E.]IaFOIIapHOCTI/l. ABTOp BbIpaXacT 6Har0,£lapHOCTB PCUCH3CHTAM 34 YKAa3aHHBIC 3aMCYaHUs, KOTOPBLIC IMO3BOJINIA

TIOBBICUTH KQUCCTBO CTAThH.

Jdna nurupoBanus. [amaOypama A.B. Meron pemieHus 3amadd O JBHKEHHH HArpy3KH IO JIEASHOMY IOKPOBY
BojoeMa 10 cJokHOW Tpaekrtopuu. Advanced Engineering Research (Rostov-on-Don). 2023;23(1):34—40.

https://doi.org/10.23947/2687-1653-2023-23-1-34-40

Introduction. Recently, in connection with the development of the northern territories and areas of the World
Ocean, great attention has been paid to the studying the behavior of the ice cover under the action of external load. A
large number of works by domestic and foreign scientists are devoted to these issues. The impact of a pulsed moving
load on a viscoelastic floating plate was considered in [1]. The effect of a moving load on the ice cover frozen to the
channel walls was presented in [2, 3]. The fluctuations of the ice cover caused by a load moving at a constant speed
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were considered in [4]. The behavior of a semi-infinite ice sheet under the action of a uniformly moving load on it was
studied in [5]. The propagation of waves excited along a channel with an ice cover was discussed in [6]. In [7],
nonlinear models were used in simulation. The monograph [8] presented the results of studies of surface waves in a sea
with a floating broken and solid ice cover. The ice failure under the action of a moving load was considered in [9]. In
the above works, the rectilinear load movement was mainly considered. The objective of this study was to develop a
method for solving the problem of the impact of a force moving across the ice cover in an arbitrary way. Achieving this
goal makes it possible to more accurately simulate the impact on the ice cover of vehicles, whose movement often
occurs along rather complex trajectories and according to a complex law.

Problem Statement. The oscillations of an infinite ice cover lying on the surface of a reservoir of finite depth under
the action of a force moving arbitrarily along a closed trajectory were considered. The ice cover was modeled by a thin
viscoelastic plate, whose mechanical properties were described by the Kelvin-Voigt model. The reservoir was filled
with an incompressible liquid.

Materials and Methods. The ice cover bending was described by the differential equation [7]:

(1+7,0)0°W + ¢ 20FW + KW + b3, @[,y = 2222, 1)
where W(x,y,t) — ice cover deflection; D=Eh%(12(1-u?)); E — Young's modulus; u — Poisson's ratio; h — thickness
of the ice cover; 1, — relaxation time of deformations; A?=8,4+26, 6,2+06y*; p.— ice density; p, — water density; ¢?=
p:h/D, k=p.g/D, b= p./D; P(x,y,t) — load acting on the ice surface; ®(x,y,z,t) — potential of fluid movement. The fluid

behavior was subject to the equation:

AD=0.

Boundary conditions at the ice-water interface at z=0 and at the bottom of the reservoir z=—H (H — reservoir depth)
had the form:

OW=0,®|;=0, ;D|=-1 =0.

It was supposed that force P (x, y, t) moved along an arbitrary closed trajectory vy in an arbitrary way. It was assumed
that P=P(s(t)), where s — arc coordinate measured from some fixed point of the curve y. If function s(t) was periodic
with period T, then it was quite obvious that value P(s(t)), would also be periodic, and also with period T. The
parametric assignment of the trajectory was taken as:

x = x,(t)
t=n®’
where t — time.

Considering the steady-state process and applying the integral transformation with respect to variables x and y as
well as the final integral transformation with respect to t on the interval [0; T], we obtained:

(1— i(DnTo) p4Wo— C'Z(Dn2 Wo+ kWo+bi(0k<Do|z=o=Po/D,
azszo - p2 (Do=0,
where Wy, @y — images of unknown functions W and @, p>=A>+ o?; A; o — parameters of integral transformations,
respectively, by variables x and y; o,=27n/T, n=0, 1, 2, 3, ... . Solving the second equation allowing for the boundary
conditions, we obtained:
Do=-iwnWoch(p(z+H))/psh(pH).

Then, the first equation followed:

Wo=Po/((c>+bcth(pH)/p) mn2-p*-k+i ontop?).
The moving concentrated force was approximated by the function:

P(x,y,t)=eexp(~£*((xXo(t))*+(y-Yo(1))?))/m,
where ¢ — parameter.
Further, by performing quite obvious transformations, we got:

— _”|: - Lo Z:{I'lnCOS( (t— T)) N r2nSin(00n (t _T))]Jo ( pR)e7p2/4F,2 }drdp

r

n

W =

rin=(c?+bcth (pH)/p) wn?-p*-k , rn=wntop?, R?=3%+p?,
3=Xo(T)—X, B= Yo(1)-Y.
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Knowing W, it was possible to determine formulas for calculating the components of the displacement vector and
the stress tensor at any point of the ice cover using available ratios.

In the numerical implementation of the proposed method, a problem arose related to the need to calculate integrals.
One of them as a subintegral function had a strongly oscillating function for sufficiently large n, and the second was
improper with an infinite upper limit.

To calculate integrals from strongly oscillating functions, a quadrature formula was used, obtained by the cubic
spline method [11]:

b N-1 pioXja _ Liox;
Ie‘“’xf (x)dx ~ I €
a j=1 j
where h; — lengths of elementary segments into which the interval was divided [a; b]; S(x) — approximation of f(x) by
cubic spline, M; = S"(x;).
When calculating the improper integral, approximate ratio fooof(p)dp ~ fOAf(p)dp was used for a sufficiently

large A. Value A was chosen so that the estimate of the allowable error |fA°° f(p)dp| was small enough.

Using traditional methods, it was possible to obtain the required estimates for the calculated quantities. For example,
for deflection value of the ice cover, this estimate had the form:

(c?+beth(AH)/ A)w? + A’ (1+ w1, ) +k

[(c*2 +beth(AH)/ A)o} - A’ - k]z +[wnfoA“]2

w=['wp)dp + [;” w(p)dp.
When calculating the sum of a series, the Lanczos sigma multiplier method was used to accelerate its convergence.
Research Results. The calculations were carried out for the case of the action of a single concentrated force that
moved along a closed curve, shown in Figure 1:

sin(a(t-T
s(t):M L a:TE,te[o:T]_

+—,
2sin(@T) 2
It was assumed that the thickness of the ice cover was h=0.25 m, Young's modulus of the plate material
E=500,000,000 N/m?, Poisson's ratio p=1/3, ice density p=900kg/m?, water density p=1,000 kg/m3, reservoir
depth H=5 m, €=2.5. The radii determining the shape of the force trajectory were assumed to be R1=15 m, R,=9 m,
Rs=3 m (Fig. 1).

©

Jw(p)dp

A

24,2
< 482€—A 14¢

Y, m
6
5 o F e el
N
3| . 2 ‘
0 I l\ \H". Ra

4 3 -2 -1 0 1 2 3 4 Xm
Fig. 1. Trajectory of the concentrated force
Figure 2 shows the change in the deflection of the ice cover (a), as well as the maximum values of normal stresses
(at z=th) Sx and Sy (b and c) and at the movement speed of single concentrated force v =7.4022 m/s and tangential

acceleration w=0.
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Fig. 2. Change in deflection and stresses of the ice cover: a — change in deflection;
b — change in stress Sx; ¢ — change in stress Sy

On these graphs, the red dot indicates the place of application of force, and the blue color indicates the trajectory of
movement.

Figure 3 shows the dependence of the change in the maximum value of the deflection of the ice cover on the force
speed rate (a) at the moment t=T/2. The position of the force on the trajectory at the moment is marked by a red
dot (Fig. 1), while the tangential acceleration w;=0. Two graphs are given, one of which corresponds to the radius of the
trajectory R1=15 m (solid line), and the second — to radius R;=5 m (dotted line). Graph b in Figure 3 shows the
dependence of the maximum value of the ice cover deflection on the tangential acceleration rate at moment t=T at the

point of the trajectory (2; 0) in Figure 1 at speed v=0. The graph in Figure 3 shows the dependence of the maximum

deflection value on the value of the strain relaxation time.

W, mx 104 W, mx 10% W, mx10
P B e
kd /
/
i -1.0
I
-05 -1.2
i /
i 1.0 1.4
i
-1.0 : -1.6
i 45 /
: -1.8 |
i
i
5 10 V, m/s 2 4 W, m/s? 4 6 8 To, S
a) b) )

Fig. 3. Dependences of the ice cover deflection on: a — speed,;
b — tangential acceleration; ¢ — relaxation time

The liquid behavior is shown in Figure 4. It illustrates the distribution of the speed vector of liquid particles over the

depth of the reservoir at t=T/2, force speed v=3.7011 m/s and acceleration w=0.
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X,m
Fig. 4. Distribution of the speed vector of liquid particles over the reservoir depth

Discussion and Conclusions. The influence of the movement trajectory curvature and the mechanical properties of
ice on the ice cover deflection, speed and acceleration of the load movement was investigated. Calculations have shown
that the deflection of the ice cover depends significantly on the movement speed of the force and acceleration of
movement.

However, the nature of qualitative changes in displacements and stresses in the ice cover caused by the action of a
moving force with a change in speed and acceleration of movement changed slightly.

Mechanical properties of ice, specifically, the relaxation time, had a noticeable effect on the deflection of the ice
cover.

The results obtained and the proposed method for solving such problems can be used in the construction of ice roads
or airfields on ice. Moreover, the proposed solution method has shown its effectiveness and can be used to solve other

similar problems.
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Abstract
Introduction. Data on the occurrence of initial failures obtained through testing on standard samples cannot always be

extrapolated to real welded joints and structures. This is due to the difference between the concentrators in the joints,
because after welding there is a significant structural and mechanical heterogeneity of the heat-affected and stress
concentrator zone. Extended, deep concentrators are considered as crack-like defects, at whose vertices a volumetric,
multiaxial stress state is formed. The paper addresses the issue of constructing critical diagrams of the onset of the
limiting state at the concentrator vertex, which depends on the level of external load and the theoretical concentration
coefficient.

Materials and Methods. Analytical methods were used to study the stress state. The literature on the topic was
analyzed. The features of proven physical models and patterns of behavior of materials were taken into account. The
characteristics of steel alloys were taken from open sources and summarized in a tabulated form. Nonlinear equations
were solved in MATLAB applications. The diagrams constructed by the authors enable to track the correlation of the
dangerous level of the theoretical stress concentration factor and the level of external load. Curve Fitting Toolbox
MATLAB was used to design the graphic part of the work.

Results. The characteristic of damage from stress concentrators in welded joints was given. The crack propagation in
the fusion zone was shown. The conditions stimulating and inhibiting destruction were indicated. The theoretical stress
concentration factor o was specified. It was shown how this indicator depended on the width, the height of the seam
and the thickness of the welded part. Acute stress concentrators with theoretical concentration factor a, = 5...14 and
more were studied. For this case, an approximating formula was given that took into account the maximum stress in the
concentrator in the first half cycle, the initial deformation, and the load ratio. Through those elements, an indicator of an
increase in maximum stresses was set depending on the number of loading cycles. The flow condition, the stress state,
and the overvoltage factor, which took into account the increase in the first principal voltage for a combined stress state,
were analytically shown. A model of the critical state at the apex of an acute stress macro concentrator was described. It
was presented as the dependence of the relative stresses of the initiation of destruction ¢2¢/o,, on the concentrator.
Possible variations of this model were analyzed. The dependences of relative values o%¢/c,, on the theoretical
concentration factor o€ = o, were presented. To check the physical adequacy of this model, graphs were constructed
that reflected changes in the relative stress of the external load at a critical state at the stress concentrator apex. The
inevitability of bifurcation as a result of the studied processes was validated. Two directions of further development of events
were indicated: brittle destruction and loss of stability of the stressed state with the transition to an increase in plastic
deformations. The moment of bifurcation was defined as a critical state in the focus of the concentrator.
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Discussion and Conclusion. The analysis and calculations performed within the framework of the presented scientific work
enabled, in particular, to draw conclusions about the role of key factors of the processes under study. It was established, for
example, that the operation of a steel alloy at a high theoretical stress concentration factor depended on the characteristics of
the stress state. In a rigid state, it was possible to inhibit shear deformation and the onset of the limiting state at a lower value
of the theoretical stress concentration factor. With the usual strength of steel (in comparison to high), a greater impact of the
volume of the stress state on the value of the theoretical stress concentration factor was recorded. The probability of failure
depended on the resistance of the material to the growth of a macrocrack. In future research, it is possible to refine analytical
models and results, evaluate effective stress concentration factors.

Keywords: welded joint, theoretical concentration factor, defects of welded joints, volumetric stress state, stress
concentration, yield strength, macrocrack.
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AHHOTALUA

Beedenue. [lannble O BO3HUKHOBEHMH HAyalbHBIX pPa3pyLICHUH, MOJyYEHHbIE HCHBITAHUSIMU Ha CTaHAAPTHBIX
00pasIax, He BCeraa MOKHO SKCTPAIoJINPOBATh Ha peallbHBIC CBAPHBIC COCTUHEHUS ¥ KOHCTPYKIIHA. JTO 00yCIOBICHO
OTJINYMSIMU KOHLIEHTPATOPOB B COEAUHEHHUAX, T. K. TIOCJIE CBAPKU BO3HUKAET 3HAUUTEIbHAS CTPYKTYPHO-MEXaHUYECKas
HEOJHOPOJHOCTh 30HBI TEPMHYECKOTO BIIMSIHMASL W KOHLEHTPAaTOpOB HampspkeHuid. [IpoTsokeHHble, TiryOokue
KOHIIGHTPATOPHl PACCMATPHBAIOTCS KaK TPEIIMHOMOJOOHBIE Ne(eKThl, B BEpIIMHAX KOTOPBIX 00pasyercs oObeMHOE,
CJI0’KHOE HamNpsKEHHOE cocTosiHue. PemaeTrcst BOpOC MOCTPOEHUS] KPUTHMYECKUX AuUarpaMM Hauyaida BO3HHUKHOBEHUS
IIPENEIbHOIO COCTOSIHMSI B BEPIUMHE KOHLEHTPAaTOpa, KOTOPOE 3aBUCUT OT YPOBHS BHEUIHEM HAarpy3sku H
TEOPETHIECKOTO KOA((HUIIIEHTa KOHIICHTPAIINH.

Mamepuanvt u memoowvl. Jlns MccleIOBaHUs HANPSHKEHHOTO COCTOSIHHUSA 3aleHCTBOBAIM AHAIUTUYECKUE METOMBI.
[Ipoananu3upoBaHa JjuTeparypa IO TeMe. YUTeHbl OCOOEHHOCTH TIPOBEPEHHBIX (PHU3MUECKHX MoOJIelIe u
3aKOHOMEPHOCTH IOBEACHUS MaTepHanoB. XapaKTEPUCTUKU CIUIABOB CTAJIU B3ATbl M3 OTKPBITBIX HCTOYHUKOB U
000011eHsl B BUie Tabnuibl. HennHeliHble ypaBHEHUs peniainch B NMPHUKIAIHBIX IporpamMax Matlab. [loctpoenHsle
aBTOpaMM JHarpaMMBbl MO3BOJSIIOT OTCICIUTh KOPPEJIIHIO OTACHOTO YPOBHS TeOpeTHdecKoro Koddduimenrta
KOHIIGHTPAIllMM HAmNpsDKeHWH W ypoBHS BHEIIHeH Harpy3ku. J[lms odopmienns rpadudeckoit wgactu paboTHI
ucnons3oBanu Curve Fitting Toolbox Matlab.

Pezynomamut uccnedoseanus. Jlana XapakTepHCTHUKA pa3pylICHUH OT KOHLEHTPATOPOB HAMpPSKEHHH B CBapHBIX
coenuHeHusAX. HarnsapaHo nmoka3aHo pa3BUTHE TPELUH B 30HE CIUIABJICHMA. YKa3aHbl YCJIOBUS, CTUMYJIUPYIOLIUE U
TopMO3simue pazpymenne. OnpeneneH TeopeTHUeckuid Kod(h(HUIIMEHT KOHIEHTpaIuu HampspkeHwid op. IlokazaHo,
KakuM 00pa3oM JaHHBIM IOKa3aTelb 3aBHCUT OT IIMPHHBI, BBICOTHI IIBA M OT TOJIIMHBI CBApHBaeMOM JeTaiu.
PaccMoTpeHbl OCTpble KOHIIEHTPATOPHI HAPSDKEHUH € TEOPETHUECKUM KOA(PPHUIUSHTOM KOHIIEHTpauu o, = 5...14 u

Ooee. I[J'IH 9TOro cjiy4das HOPUBOJAUTCA aNIIPOKCUMHDPYrOLIasd (I)opMyna, KOTOpast Y4YUTBIBACT MaAKCHUMaAJIbHOC


https://doi.org/10.23947/2687-1653-2023-23-1-41-54
https://doi.org/10.23947/2687-1653-2023-23-1-41-54
mailto:Spektrum011277@gmail.com
https://orcid.org/0000-0002-9764-9329
https://orcid.org/0000-0001-5892-815X
https://orcid.org/0000-0002-1048-7102

KA Molokov, et al. Evaluation of the Occurrence of Initial Failures from Stress Concentrators in Welded Joints and Structural Elements

HalnpspKeHHEe B KOHLEHTPATOpE B NIEPBOM IOJYLHKIE, UCXOAHYIO JeOopManyio U Kod(Q(GUIUEHT aCUMMETPHUHN IMKIIa
HarpyeHus. Uepes 5T DIIEMEHTHI 33Ja€TCs MOKa3aTeb MOBBIIIEHN MaKCUMAJIbHBIX HANPSKEHUH B 3aBUCHMOCTH OT
YHCJIA UKJIOB HArpy>KeHUS. AHAINTHYECKU TTOKA3aHbl YCIOBUE TEKYYECTH, HANPSDKEHHOE COCTOSHUE W KO (PHUIIUEHT
MEepeHaNpPsKeHUs, YUYMTHIBAIONIIMM TOBBIIIEHHE IEPBOTO TJIABHOTO HANPSDIKEHUS JUISL CIOXHOTO HANpsDKEHHOTO
coctostHAsA. OnMcaHa MOJENb KPUTHIECKOTO COCTOSHHS B BEPIIMHE OCTPOTO MaKpOKOHIEHTPATOpa HampshKeHHH. OHa
TIPECTABIEHA KAK 3aBHCHMOCTh OTHOCHTENBHBIX HATIPSUKEHNH 3apOIKAECHUS Pa3pyLICHHs. O4° /0o, OT KOHLEHTPATOpa.
[Ipoananu3upoBaHbl BO3MOXKHBIE Bapualuu 3TOW Monenu. IIpencraBiieHbl 3aBUCUMOCTH OTHOCUTENIBHBIX 3HAYCHMM
0% /00,2 OT TeopetHueckoro kodhQuLMeHTa KOHUEHTpauMn o = ap. J{1s POBEPKN (DU3MUECKOH a/IeKBATHOCTH
JTAHHOW MOJENW TIOCTPOCHBI T'pa(uKh, KOTOPHIE OTPa)Kal0T HM3MEHEHUS OTHOCHTEIBHOIO HAMPSDKEHUS BHEIIHEH
Harpy3kd TP KPUTHYECKOM COCTOSIHUM B BEpIIMHE KOHICHTpaTopa HampsokeHui. OOOcHOBaHa HEM30€XKHOCTH
Ondypkauum KaKk pe3yabTaTa HCCIeIyeMbIX ITPOIECCOB. YKa3aHbl JiBa HANPABIICHUs IajbHEHINEr0 pa3BUTHsI COOBITHIA:
XpYyNKOe pa3pylleHHe U TOTeps yCTOWYMBOCTH HAIMPSXKEHHOTO COCTOSHUS C MEPeXOAOM K POCTy MIACTUYECKUX
nedopmanuii. MoMmeHT 6 ypKannu onpeaeneH Kak KpUTHIECKOE COCTOSIHUE B 04are KOHIIEHTpaTopa.

Oécyscoenue u 3axkniouenus. AHaIU3 M pacyeThl, BHINOJHEHHbIE B paMKax IPEJCTaBICHHOW HAy4YHOH paboThI,
HO3BOJIMIIM, B YacTHOCTH, CIETaTh BBIBOABI O POJIM KIIOYEBBIX (HAKTOPOB UCCIEAYEMBIX IIPOLECCOB. YCTAaHOBIEHO,
HampuMmep, 4To paboTa cIulaBa CTadd HPH BBICOKOM TEOPETHYECKOM KO3((HUIMEHTE KOHIEHTPAIWU HaNpsUKCHUN
3aBHCUT OT XapaKTEPUCTUK HAMPSIKEHHOTO COCTOSIHUSA. [IpH XKEeCTKOM COCTOSHUHM BO3MOXKHO CAEPXKHBAHUE CIABHUTOBON
):Le(bopMauym U HACTYIJICHHUEC MPCACIbHOTO COCTOSHHUA IPHU MCHBIIEM 3HAYCHUH TCOPETHUYCCKOTO KOS(b(bI/IHI/IeHTa
KOHLEHTpaluuu HanpspkeHud. [Tpn oObI4HONM TpOYHOCTH cTanu (B CPaBHEHHWH C BBICOKOHM) (HKCHpyeTcst Ooiibluee
BIMSHHE OOBEMHOCTH HAIIPSDKCHHOTO COCTOSHMS Ha 3HAYCHHE TEOPETHYECKOro Kod(pQHIMEeHTa KOHIEHTpauuu
HalpsDKEHUH. BeposTHOCTh paspyllleHus 3aBUCUT OT COIPOTUBIIIEMOCTH Marepuala pOCTy MakpoTpeuuHbl. B
OyIylmMX M3bICKaHUSX BO3MOXKHO YTOYHEHHE aHaJMTHYECKUX MOJeNell M pe3yinbTaToB, oOleHKa 3(deKTHBHBIX

K03(h(pUIMEHTOB KOHLEHTPALMH HAPSKEHHUH.

KnaioueBble ci10Ba: cBapHOE COCIMHEHHE, TEOPETHYECKHH KO3(P(UIMEHT KOHIEHTpanuu, Ne(eKTsl CBapHBIX

COCIMHEHUI, 00bEMHOE HAIPSHKEHHOE COCTOSHUE, KOHLIEHTPALUS HANPSDKEHUH, TIpeJieNl TeKy4eCcTH, MaKpOTpEeIInHA.

BaarogapHocTH. ABTOPHI BBIPaXXalOT MPU3HATENFHOCTh COTPYAHUKAM JenapTaMeHTa MOPCKOW TEXHHUKH U TpaHCIopTa
JIBOVY 3a KOHCY/IBTaTUBHYIO IIOMOIIb B pa3pabOTKe TEMBI, a TAK)Ke PELEH3EHTaM 3a [ICHHBIC 3aMEUaHHs 110 CTPYKType

PYKOIIHCH.

Jdas uutupoBanusi. MonokoB K.A., HoukoB B.B., [labane3 M. OueHka NoOsIBICHUS HadaldbHBIX Pa3pyHICHUHA OT

KOHIIEHTPATOPOB HAMPSDKEHUH B CBAPHBIX COCUHEHHSIX M 3eMeHTax koHcTpykuuid. Advanced Engineering Research
(Rostov-on-Don). 2023;23(1):41-54. https://doi.org/10.23947/2687-1653-2023-23-1-41-54

Introduction. Static and fatigue strength is reduced due to defects in welded joints. These can be:
— cracks formed during or after welding;

— stress concentrators (undercuts, incomplete fusion, pores, welding craters, high rippling, abrupt change in the
shape of the weld, rolls, etc.)

In the latter case, the determining factors will be:

— shape, size of the concentrator and the position in the welded joint;

— stress state indicator at the top [1].

Under cyclic loads, cracks often occur and develop in welded joints, provoked by stress concentrators [2]. The risk
also depends on how close the stress state of the welded joint with the concentrator is to the occurrence of a macrocrack
and its spread at operating o and cyclic loads o_,. Obviously, the latter depends significantly on the size, shape of the
macrodefect and the stress state at its top. For example, an oblong and narrow macro stress concentrator is more
dangerous than a rounded one. Probably, a crack is immediately formed at its top, and together with it, the initial

concentrator will represent one long macrocrack [3]. The size of such a “total” macrocrack may be critical, which will
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reduce the static strength [4]. It depends on its length and mechanical characteristics of the material at the top of the
initial concentrator.

The study objective is to develop an analytical model for assessing the dangerous level of stress concentration. The
case in hand is about the formation of a crack in the top of the concentrator, a sharp decrease in the bearing capacity of
welded joints and structural parts.

Materials and Methods. Scientific research within the framework of the stated topic was based on known physical
models and patterns of behavior of materials. The theoretical and applied literature was analyzed. Illustrative and
reference materials were extracted from the sources.

The stress state was studied by analytical methods. The relationship between the rigidity of the stress state and the
value of the theoretical stress concentration factor was established. The results were presented in the form of diagrams.
This visualization method made it possible to track the correlation of the dangerous level of external load and the
theoretical stress concentration factor.

To check the results of calculations based on the physical adequacy of the authors’ model, dependency graphs for
the critical state were constructed. The paper used information about widespread structural steels of ferrite-perlite class
in the state of delivery (steel 10, 22K, 50, St3sp, 37KHN3A, 30KHGSA, etc.). Their mechanical characteristics were
obtained from open sources® and summarized in Table 1. The data was visualized in the Curve Fitting Toolbox

MATLAB.
Table 1

Characteristics of steels

Steel grade os, MPa or, MPa m o
10 320 190 0.17 0.73
15G 410 245 0.148 0.55
St3sp 450 270 0.16 0.71
22K 540 310 0.16 0.69
50 680 350 0.16 0.62
10KHSND 540 390 0.132 0.71
37KHN3A 1014 743 0.12 0.6
30KHGSA 1750 1360 0.09 0.44

Mathematical apparatus was applied to derive formulas. When solving nonlinear equations, the MATLAB

application software package was used.

Research Results
Characteristics of damage from stress concentrators in welded joints. Since early 2000s, stress concentrations in
welded joints and structures have been studied in relation to industrial tasks [2-3, 5-9].
Figure 1 shows examples of destruction of welded joints due to stress concentration.

¥y

a) b)

 Sergeev NN, Sergeev AN. Mechanical Properties and Internal Friction of High-Strength Steels in Corrosive Media. Vologda: Infra-Inzheneriya;
2020. 431 p. (In Russ.)
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e) f)
Fig. 1. Destruction of cross and butt joints? from stress concentrators:
a, f— from the incomplete fusion zone, square butt joint; b — from undercutting, V-weld; ¢ — from a sharp transition in the fusion

zone; d — undercut; e — from the concentrator formed by a step transition at the edge junction [10]

The destruction of cross joints with large non-fusion of the edges (indicated by arrows in Fig. 1a) is possible under
the following loads:

— static (as a result of embrittlement of the fusion zone);

— cyclic (cause cracking at the tops of the concentrator).

In [5], the stress distribution for butt, corner, cross joints and intermittent connections of ship structures is analyzed.
In butt and cross welded joints, the area of the base metal adjacent to the weld is of particular importance. This is the
weakest cross-section that determines the strength of the joint at variable stresses. It should be noted that the welds are
always quite long compared to the thickness of the metal and the stress concentrator (undercut in the butt or cross joint).
This prevents a shift in the area of the concentrator and creates a biaxial, and more often a multiaxial stress
state [11, 12]. When considering the destruction of welds with concentrators (see Fig. 1 a, e, f), we take into account the
concept of the occurrence of plastic deformation in the top region [5, 7]. In addition, it should be noted that the
concentrators are adjacent to the fusion zone, which, after welding, experiences longitudinal residual tensile stresses.
They affect the degree of rigidity of the stress state in the concentrator focus [1, 13-14]. All this prevents the passage
of shear in the concentrator focus and can contribute to the occurrence of a minimal brittle macrocrack with a high
theoretical stress concentration factor o, even from static load .

In [9], indicative failures from welded defects in large-diameter pipelines are described. It is established that with
long-term operation (more than 20 years), fatigue cracks appear in the undercuts of longitudinal welded pipe joints.
Cracks in undercuts in the fusion zone, as a rule, branch out and spread in two directions (fig. 2): one moves away from

the fusion zone, the other develops along the fusion zone (along the weld). This indicates a strong impact of the

2 Molokov KA, Novikov VV, Turmov GP. Fundamentals of Computational Design of Welded Structures. Vladivostok, 2019. T. 1. 204 p. (In Russ.)
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mechanical, structural characteristics of the material®and mechanochemical heterogeneity on the propagation of initial
destruction [13, 14]. On the other hand, the crack branching can complicate the process of further destruction and the

transition of the crack into the main one.

Fig. 2. Destruction in the pipe welded joint from the stress concentration in the fusion zone. Steel 14HGS. Single arrow shows
fatigue cracks; double arrow — pipe burst edge; strokes — weld outlines. Here, b — weld width; # — weld height;

6 — weldment thickness; Yy — angle of transition from base metal to weld [9]

The theoretical stress concentration factor in the fusion zone can be determined from the formula that takes into
account the concentration effect of a non-melting transition in this zone [5]:

& = 1+ 110 22 R 7In(90°/y), )
where y = A[90 exp(—p/po) + B] — angle of transition from base metal to weld; p — radius of transition from base
metal to weld; po = 1 mm; A = 0.94..0.17; B = 0.8; b — weld width; h — weld height; § — weldment thickness
(fig. 2).

However, this dependence does not take into account the changed mechanical characteristics of the material. In
these zones, hardening structures are usually present, whose mechanical characteristics can differ significantly (up to 30
%) from the characteristics of the weld and the base metal.

It is possible to indirectly control crack formation and the stress state in the region of the top of the stress
concentrator through the concentration factor of their intensity. Accordingly, when a sample fails due to fatigue, one

macrocrack is formed at the concentrator top, and in a corrosive medium — a group (fig. 3).

) b)

a

Fig. 3. Fatigue failure of steel 45 from a V-shaped stress concentrator: ¢ — in air;
b — in water — in a corrosive environment. An increase of 134 times*

After the formation of a group of macrocracks (fig. 3 b), the role of the macro-concentrator decreases, and further

development of destruction can be suspended or inhibited. This was validated by experiments that indicated an increase

3 Molokov KA. Assessment of the Damage of Ferrite-Pearlite Steels under Low-Cycle Loading Conditions. In: Proc. Conf. “Science. Innovations.
Engineering and Technology: Problems, Achievements and Prospects”. URL: https://elibrary.ru/item.asp?id=23752241&selid=46181945 (accessed:

31.10.2022). (In Russ.)
4 Molokov KA. Assessment of the Damage of Ferrite-Pearlite Steels under Low-Cycle Loading Conditions.
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in fatigue strength in samples with stress concentration in a corrosive environment®. Such a group of cracks loosens the
material, changes the stress state above and below the surface at the top of the macro-concentrator, which prevents the
formation of a leading crack that can develop further at a lower level of cyclic loads.

Consider the situation on the surface or in the thickness of metal in massive bodies under stresses oy at infinity in a
plane-stressed state. In this case, it is reasonable to use the Kolosov and Inglis’s solution for an elliptical shape
concentrator:

ap =M% — 1 42 /a/p, 2)
OH
where p u 6,4, — radius of curvature and maximum component of stresses on the surface, respectively, at the top of
the notch; a — semi-major axis, or half of the longest area perpendicular to the direction of the external load field.

Dependence (2) is well consistent with engineering practice. In accordance with the accepted concept, the
theoretical stress concentration factor at the notch is determined by the depth of the notch and the contour curvature
radius at its top, but does not depend on the shape of the contour.

Due to the development of information technologies, the evaluation of the theoretical stress concentration factor
presents no great difficulty. The results of calculations of stress and strain concentrations in elastic and elastoplastic
formulation of the problem can be obtained through the CAE finite element analysis [16-18, 12].

The experiments showed that at a certain stress concentration, external static load, and elastic-plastic stage of the
material, an initial fracture crack appeared at the concentrator top at a certain distance from the surface. It rapidly
propagated to an axis perpendicular to the direction of tension of the notched plates. The propagation is visible in the
pictures (fig. 4). The process was fixed in the plates under a plane stress state and under a plane deformation. In the
latter case, the appearance of a crack in the thickness of the metal under the surface was detected using an ultrasonic

flaw detector.

a) b) c) d)

Fig. 4. Initiation of a subsurface crack at the top of the concentrator under static tension: @ — macrocrack initiation; b, ¢ — size

increase in depth and towards the surface; d — crack exit to the surface [19]

Thus, under the given conditions and a sufficiently acute stress concentrator, a zone of a multiaxial stress state was
formed, in which the continuity violation was possible. There would be a higher level of the onset of fluidity, and the
tensile strength in a weakened place due to the concentrator could increase to 20-60 % (it depends on the material) [11].

Stress concentration and stress state conditions. Consider rather sharp stress concentrators with theoretical
concentration factor o, = 5...14 and more. As a rule, the defects mentioned above act as such concentrators. At the
top of the concentrator, the stress state can be considered the same as in plane deformation. In [18], the results of the
analytical solution and experimental data for sharp concentrators under plane deformation were presented, the region of
admissible values [ar] and the radius at the top [p] for steel 09G2S were established. However, the impact of its
mechanical characteristics was not described. Moreover, it is not clear whether the analytical solutions are based on
such initial parameters of 09G2S as the hardening coefficient m, yield strength o, ,, ultimate strength o, critical
fracture narrowing oy, etc. It is known that ductility and strength affect significantly the level of allowable stress
concentration and the occurrence of brittle fracture at the top.

For hardening materials, cyclic stresses at the top of an acute concentrator aggravate the possibility of brittle

5 Sergeev NN, Sergeev AN. Mechanical Properties and Internal Friction of High-Strength Steels in Corrosive Media. Vologda: Infra-Inzheneriya;
2020. 432 p. (In Russ.)
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fracture, therefore, we will take such o as a hazard criterion, at which brittle fracture is likely to occur under static load
conditions. The increase in maximum stresses depending on the number of loading cycles N is given by the
approximating formula:

Omax = Omax T 4 1g8(N), (3)
where op,.x — maximum stress in the concentrator in the first half cycle; A —coefficient depending on the level of

initial deformation and the asymmetry coefficient of the loading cycle at the top of the concentrator.

We accept the obvious assumption that the appearance of brittle fracture may be due to the following reasons:

—an increase in the intensity of three-dimensional stretching in close proximity to the top of the concentrator;

—an increase in the resistance to plastic deformation of the material near the top as a consequence of shear resistance
in acute stress concentrators.

The latter circumstance turns out to be the stronger the higher the loading speed and the sharper the stress
concentrator.

Consider the elastic-plastic plane stress at the top of the concentrator and the elastic state in the gross section:
Omax = A0y > Oz, Oy = 0y, and oy < 0,,. Here, oy, — conditional yield strength of the material under uniaxial
tension. At o, = 7.3, stiffness of the stressed state is close to the state for a crack. Safety coefficient mg,, for a crack-
like defect with a plane deformation differs slightly (within 10 %) from my,, for a crack, i.e., for a state where there is
an approximate equality mpsp = Mpap:

[1-(00/01)?/03[1=(002/n7/50)% _ [T-(ea/nrioa? @

[i-onr/ort rooatant | -oalo?
Here, n; — vyield strength margin coefficient, o, — local strength of the material at the top of the crack or sharp

concentrator.

In [11], the term “local yield strength” is applied to acute stress concentrators when the area of the concentrator
adjacent to the top, experiences a complex stress state (CSS). Obviously, this term denotes the material flow stress on
the concentrator circuit. There is plane stress state on the surface at its top, and a triaxial CSS appears under the surface.
There, stiffness of the stress state increases sharply, therefore, the initial destruction of continuity is formed at some
distance from the surface (fig. 4). It is established that the onset of local fluidity in the stress concentrator zone does not
coincide with the level determined by the calculations based on strength criteria, particularly, according to von Mises—
Huber—Hencky. As the stress concentration increases, the difference increases between:

—yield strength o, ,, theoretically calculated according to this criterion;

— experimentally determined stress value of the local flow of material oj, in the region adjacent to the top of the
concentrator.

The results of experiments on plane samples of various steels and alloys [11, 16] show that ratio o} /0, is well
approximated by linear dependence on ay. Then, the yield condition can be written as:

0; = 09,(0.9 + 0.1a,), 5)
where o; — von Mises stress intensity.

The authors limited their experimental studies to values a; = 10, and the tests were carried out only on plane
samples with centrally located concentrators. In case of plane deformation, stiffness of the stressed state turns out to be
slightly higher. Therefore, it is logical to assume that fluidity at some values o would occur no earlier than at the
plane stressed state. And it is likely that the slope of the straight line according to equation (5) could be somewhat
different [11]. However, we focus on this dependence .

For the moment of the beginning of yield, assume that with the transition from elastic deformations to elastoplastic,

the ratio of the second and third main stresses to the first o, = 0, does not change. This has been proven
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experimentally.

We equate to (5), the intensity of the stresses of the beginning of von Mises yield according to the fourth (energy)
theory of strength, and introduce the coefficients of the relationship between the main stresses under plane deformation:
o0, = 0;/D; 6, = qoy; 05 = pur(1 + q)o; [15]. Here, ur = 0.5 — Poisson's ratio in the plastic region, and D —
overvoltage coefficient, which takes into account the increase in the first main voltage in the case of CSS. The equation
obtained with respect to g has two solutions. The first is for tensile o, component, the second — for the compressive
one. Tensile component o, increases stiffness of the stress state in the case of CSS. After transformations and

compressions, we can express it like this:

q=1—%(1+%). ©)

For the limiting case o, = 0., it is possible to neglect the change in the radius at the top of the concentrator and
the onset of some initial global fluidity for the net cross section. Then, the only value ay, satisfying the stiffness of the
stress state equivalent to the crack is 7.33. This validates approximate equality (4) obtained earlier. For other values, as
can be seen from (6), proportionality g will vary depending on value a; and o.

For a crack, coefficient D is determined from the equilibrium condition in the elastoplastic region and is calculated
for plane deformation from the formula:

p = Qemu-zo ©
where m — power hardening coefficient; u — Poisson's ratio in the elastic region.

For ferritic-pearlitic steels, this coefficient takes values from 0.22 to 0.26.

Multiplier before D in formula ¢ = 1 — 2D /+/3 for a crack is 1.156, and q for ferrite-pearlite steels is 0.73. Indeed,
when substituting o = 7.3 (6) for o = 045, We get g = 0.73. Next, we find o, if 6y,/0y4 > 1, at which the same
stress state is realized as at o = 7.3 and 6y, /0y — 1.

In [20], the impact of a; on the effective stress concentration coefficient K, is investigated, and for a typical
aluminum alloy, it is shown that, in the range o from 7 to 13, global extremum of the value K, is observed. It is quite
probable that such a significant maximum value may indicate brittle fracture at the initial stages of cyclic loading or
discontinuity at the top of the concentrator. In this case, the resource will depend only on the further ability of the
material to prevent the propagation of macrocracks.

Model of critical state at the top of an acute macro-stress concentrator. Almost all defects in the welded
connection of pipelines, hull ship structures, etc., create a stress concentration. An analytical model developed on the
basis of the concept of “local stress concentration factor” is presented in [9]. In addition, a simple dependence was
obtained based on the Neuber formula linking the theoretical generalized concentration factor and the concentration
factors of the intensity of elastic stresses and deformations. As a result, for the critical value of plasticity in the
concentrator focus, the following dependence was obtained:

0_Baé/(1+7n)

g =% (®)

E
where o, — critical value of the theoretical stress concentration factor; o — modulus of rupture; E — modulus of

elasticity; m — exponent of power hardening.

Dependence (8) gives such high values that are rarely found in practice. For example, with critical logarithmic
deformation for steel 50, the critical concentration factor is 26, and for high-strength steel 37KHN3A with
op = 1.014 MPa — more than 18. It can be concluded that such plasticity is unattainable until continuity is broken in
the first loading cycles. This is not surprising, since it is known that the maximum plasticity value for samples with
stress concentrators is significantly lower than for samples without stress concentration. In addition, &, should be

determined not only by the properties of the material, but also by the conditions for the development of plastic
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deformation before destruction. Similar results are given by the dependence used in [9]:

+ E€pasp Opazp )
OH
S.A. Kurkin used it for a comparative assessment of the material sensitivity to stress concentration. Here, ar

(XT=

characterizes the concentrator in which the crack occurs at specific load o;. Next, we will use the concept of “the most
probable initiation of a macrocrack in the concentrator” (born crack) o< for this case. The true deformation and stress
at the moment of occurrence of the discontinuity at the top of the concentrator are denoted respectively by
and o

€ They can be determined from the generally accepted formulas e,,,, = &, = In[1/(1 — ¢@,)] and

pasp pasp*
Opasp = Sorp = 05(1 + 1.4¢,). Here, S,,,, — true stresses of destruction at uniaxial stress state. Note that the fluidity in
the concentrator occurs according to (5). Replace oy = 0y, and o, with o ,. As a result, we obtain for the critical
states (ar = ab€) relative stresses of the nucleation of destruction 6% /o, , from the concentrator:

off _ JEEpaspOpasp (10)

602 ab(0.9+0.1a2)00 5"

Note that for a very small radius of the concentrator top (p < 10d,, where d, — average grain diameter), crack
propagation is limited at constant a;. As shown in [6], it depends on d, of steel. Formulas (8) and (9) are attractive to
an engineer because they provide comparing the material sensitivity to stress concentration and using the initial data of
the mechanical characteristics of steel.

We can get a slightly different model that takes into account the CSS in the area of the top of the macro-
concentrator. The author [12] uses the strength criterion of brittle fracture in the structural material o; > S,,,, where
Sorp — stress of normal fracture in the approximation to a uniaxial stress state. Significantly, this characteristic of the
material does not depend on the temperature of its test. We use this criterion in a slightly different way — for the
moment of occurrence of a discontinuity in the area of the top of the stress concentrator. Suppose that S, is achievable
in the case of constant energy equality at CSS and uniaxial stress state, i.e., with loss of plastic stability and transition
from a volumetric stress state (when o; is small) to a uniaxial stress state with an inevitable increase in deformations.

We use power approximation of the deformation diagram within the framework of the deformation theory of

plasticity. We equate true stresses o; of the deformation diagram in the elastic solution function of the problem m ¢; =

F(67) t0 S, As a result, we get:

ey
m -1 2
O'l- = GZ)’T’Z (O'Ey)) = SOTp = 03(1 + 14(\01()’ (11)
where 05” — uniaxial stresses in the elastic solution to the problem.

Writing (11) with respect to o ), we obtain an expression for the elastic solution to the stress concentration problem

i
on the other hand: 6% = a7 - o, Thus:

ENS)
A Oy = M_ (12)
m

Go.2

Here, o; — nominal workload on the welded joint. In hard points of welded structures, joints or under overloads, it
can reach the value of the yield strength of the material. Let us imagine a special case under conditions of cyclic loading
with hardening of the material for the moment of formation of the born crack discontinuity — failure initiation. After

transformations (12), we write down a simplified formula:
1+m
(XIT{C — [GB(1+1.4LpK) Zm' (13)

"
00.2

where a2¢ — value of the theoretical stress concentration factor at which the nucleation of destruction occurs in the
region of the top of the macro-concentrator; o, — yield strength of the material at the top of the concentrator, which

can be increased according to (5) in the case of CSS.
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At the moment of equality a; = ok, the nominal stresses must be equivalent to the nucleation (destruction)
stresses o¢. For this situation (13), we can write in relative values o%¢/c,, and construct the dependences of the

relative values of the stresses of fracture formation on the theoretical concentration factor a2¢ = ay-:

-2m

be _ 2-(a%’~5)m+1-03-(7<p1(+5)
Oy = bc
ar +9

Unfortunately, it is not possible to write (14) with respect to o2 at 6%¢/0,, = 1. However, o2¢ can be found

(14)

numerically for specific load o%¢, or diagrams of the danger of discontinuities in the form of a macrocrack in the focus
of the concentrator can be constructed.

Dependences are analytically obtained for calculating critical theoretical stress concentration factors related to the
mechanical characteristics of the material and a given external static load under the condition of a volumetric stress
state for concentrators in welded joints. It is shown that the volume of the stress state in the concentrator focus affects
significantly the value of the critical theoretical stress concentration factor. It is established that the complex stress state
in the concentrator focus can be controlled by the geometric characteristics of the concentrator itself and its location
relative to the external stress field.

Experimental data of steels (see Table 1) are obtained from literary sources. These are ferrite-perlite materials for
which formula (14) has shown good agreement. Dependence (14) is attractive because standard mechanical
characteristics are used as initial data. It can also be used to assess the risk of defects in the fusion zone (fig. 1,fig. 2),
where hardening structures are formed, whose properties differ significantly from the initial characteristics of the
welded steel.

Solutions for (9) and (14) are used more often for the most brittle steels at low a2. However, in the area of high
stress concentration, critical ratios o%¢/o,, for different steels will be very close in values. This can be explained by
the fact that with the CSS, a stress state similar to a dangerous case is created for all steels in the top region. In the
region of small stress concentrations, solutions to model (9) show higher critical stress values o%¢. Note that the
average value o2 at o%° ~ o, , is ~8.5. For steels with different mechanical characteristics, it does not change as much
as according to the calculated results of model (9).

Figure 5 is constructed to validate the calculation results based on the physical adequacy of model (14). These are

graphs of critical state dependences 62 /6, , from ob¢

ZC/GT 1 ] 1 ] 1 T
St3
— 37KHN3A
10¢ — Steel 50
Steel 10
0.8[ — 22k
— 30KHGSA
—— Steel 50
0.6 L —— 37 KHN3A
St3
Steel 10
04L ook
—— 30KHGSA
0.2L
0 1 1 1 L 1 1
5 10 15 20 25 30 35 obe '

Fig. 5. Dependences of changes in the relative voltage of the external load 6%¢ /6, from a2€ for the critical state at the top of the
stress concentrator. Solid curves — formula (14); dotted curves — formula (10)

Model (9), which does not take into account the volume and increase in yield stresses at the top of the concentrator,
gives a2 =91 at stresses o2° = 0.50,, for steel 10, which is unlikely. If we take into account the volume in this

Machine Building and Machine Science

a1
iy



http://vestnik-donstu.ru

Advanced Engineering Research (Rostov-on-Don). 2023;23(1):41—54. eISSN 2687-1653

model, then a2¢ = 33, which is significantly less. Taking into account the volume of the stressed state, the critical
plastic deformation is reduced to the occurrence of destruction during static tensile of the samples. This was validated
by experiments with various steels and alloys®. Moreover, the researchers obtained less ductility of the steels on
corroded samples. Here, it was shown that a volumetric stress state was created at the tops, and the volume prevented
the free flow of plasticity. The plasticity before the destruction of these samples was 40 %, and the yield strength
increased to 27 % [21]. It can be concluded that deeper concentrators cause a greater increase in the yield strength. The
results of indirect experiments allowed us to assert that under hydrostatic load, the fluidity is not fixed, in this case the
material only embrittles. However, in the focus of the concentrator, with an increase in the external load, the volumetric
stress state cannot remain stable enough for the development of a higher volume level. Therefore, bifurcation is
inevitable. Further, the development can go in two directions:

— fragile destruction or its beginnings in the focus;

— loss of stability of the stress state and, as a consequence, the transition to a sharp increase in plastic deformations.

Probably, the moment of bifurcation should be considered a critical state in the focus of the concentrator. Perhaps,
this moment depends significantly on the depth of the concentrator, its relative length and depth to the thickness of the
part, orientation to the external stress field, as well as on the mechanical characteristics and extent of the concentrator
focus. All this requires additional research and more precise solutions.

Discussion and Conclusions. Defects and design features of welded joints (weld groove geometry, incomplete
penetration, undercuts, pores, hardening structures, etc.) reduce static and fatigue strength. Stress concentrators are
typical for welded joints, having a long and shallow shape relative to the thickness of the parts being connected
(undercuts) or long and deep (incomplete penetration, etc.). All of them reduce fatigue strength. The analytical models
obtained in the presented work allowed us to draw a number of conclusions.

1. The operation of the material at high values of the theoretical stress concentration factor depends on the stress
state and its rigidity, as well as on mechanical and structural characteristics. The latter may differ from the parameters
of the source material, since the tops of the concentrators may be located in the fusion zones of welded joints.

2. A rigid stress state in the stress concentrator focus can cause an increase in the yield strength. In this case, the
passage of shear deformation is restrained, and the onset of the limiting state is achieved at a lower value of the
theoretical stress concentration factor and is characterized by discontinuity at a constant value of the external load.

3. Comparison of high-strength steels with ductile and ordinary strength steels at the same level 6% /o, , . In the
second case, the formation of the volume of the stress state will have a more significant effect on the change in the
critical value of the theoretical stress concentration factor, at which the nucleation of destruction occurs in the region of
the top of the macro-concentrator o€ (fig. 5).

4. Comparison of models (14) and (10) allows us to draw a certain conclusion. Taking into account the rigidity of

the stress state and the increase in the yield strength at o%¢/c,, — 1 from below, (10) gives estimate o2 with a

margin of safety, if we are talking about 6%°/c,, = 0.8 (30KHGSA). For less durable steel (14), the margin of strength
at o%¢/0,, = 0.5 (37KHN3A), etc. Thus, it is preferable to take into account the volume and use model (14).

5. The dependences on the diagram of the theoretical stress factors are more densely grouped in (14), than in (10)
due to very similar stress states in the region of the tops of acute stress concentrators. Therefore, the mechanical
characteristics of steels have a secondary effect on o2<.

6. With an increase in the theoretical stress concentration factor and a decrease in o€ at the same level o%¢ /o, , of
the external load, the influence of the structural factor in steel on the occurrence of initial destruction (formation of
discontinuity) reduces. However, for further destruction, the resistance of the material to macrocrack growth is
essential. After its occurrence, other criteria of mechanics and kinetics of destruction are triggered.

The presented study can serve as a prerequisite for the development of analytical models to assess the residual life of
welded joints and structures exposed to cyclic loads. Further research will presumably refine the analytical models. The
authors will check and test the results through CAE modeling and proceed to the evaluation of effective stress
concentration factors.

6 Krokha VA. Metal Hardening under Cold Plastic Deformation. Moscow: Mashinostroenie: 1980. 157 p. (In Russ.)
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Abstract

Introduction. Polyethylene is the most widely used material in various fields of the national economy, and products
made of it have essential advantages, such as lightness, insolubility in organic solutions with quite satisfactory strength.
However, the mechanism of its destruction is quite complex and depends on the working conditions and substances,
which are in contact with it. The research purpose was to study the polyethylene resistance to oil and associated water
under the static and dynamic conditions and at room temperature.

Methods and Materials. The research was carried out on a laboratory device for passing various liquids (oil, associated
and distilled water) in polyethylene pipes, assembled by the author of the article. While working, methods of statistical
and dynamic data processing were applied.

Results. Based on the results of previous experiments, graphs were plotted for the change in the weight and volume of
immersed granules over time. They have shown that polyethylene has a quadratic dependence, and diffusion for the
three liquids studied in this work (distilled water, accompanying water and oil) is described by Fick's law. This indicates
the fact that the rate of liquid diffusion through polyethylene is the key factor.

Discussion and Conclusions. The obtained results have shown that the rate of liquid diffusion through polyethylene is
the key factor. Immersion in oil has a greater impact than immersion in associated or distilled water due to the presence
of salts. It has been found out that the relative change in the weight and thickness of the polyethylene pipe walls through
which oil passes is greater than those through which the associated water passes. Moreover, the microscopic cross
sections images in the samples before and after the tests have confirmed the obtained results.

Keywords: Polyethylene, associated water, solid materials, salts, distilled water.
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AHHOTAIINA
Beseoenue. TlonmusTriieH sSBiIsSeTCs HanOoIee MUPOKO MPUMEHSIEMBIM MAaTEPHUATIOM B PA3IMYHBIX OOJIACTSIX HAPOIHOTO

X03$H‘/'ICTB3, a U3J1CJIUA U3 HETrO O6Ha}13}OT CYIECTBEHHBIMH JTOCTOMHCTBAMH, TAKUMH KaK HéFKOCTB, HEPACTBOPUMOCTH B
OpPraHNYCeCKUX PpAaCTBOpPAX IPU BIIOJIHE yﬂOBHCTBOpHTGHBHOﬁ MMPOYHOCTH. O,Z[HaKO MEXaHU3M €ro pa3pynieHusd

JOCTAaTOYHO CJIOKEH M 3aBUCHUT OT YCJIOBI/Iﬁ pa6OTLI U KOHTAKTUPYHOHNIUX C HHUM BCHICCTB. ].[CJ'IL PICCHe,Z[OBaHI/Iﬁ
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3aKiIioyanach B H3YyYEHWH YCTOWYMBOCTH TOJMATWIICHA K HE(TH M CONMYTCTBYIOLIEH BOAE INPH CTaTHYECKOM U
JMHAMHYECKOM PEXKHUME U KOMHATHOHM TeMIlepaType.

Mamepuanst u memoodwt. ViccrenoBaHus MpoBOIMINCH HA JJAOOPATOPHOM YCTPOMCTBE JUIsl IMPOIYCKAHHS Pa3IHIHBIX
XKuIKocTed (HedTh, COMyTCTBYOMAs M AUCTHIDIMPOBAHHAS BOJA) B MOJMATHICHOBEIX TpyOax, cOOpaHHOM aBTOpaMH
cratbu. [Ipu paboTe OB NPUMEHEHBI METO/IBI CTATUCTHYECKOM U TUHAMHYECKOH 00pabOTKN TaHHBIX.

Pesynomamur uccnedosanusn. I'padukn n3MEeHEeHU Beca U 00bEMa MOTPYKEHHBIX I'PaHyJ BO BPEMEHH, IIOCTPOCHHBIE
[0 pe3ysibTaTaM IPOBEACHHBIX JKCIEPHMEHTOB, MOKa3alM, YTO Ul IOJHMATWIICHA XapaKTepHa KBaJpaTHYHAs
3aBUCHMOCTh W JU((Dy3us AI8 TpexX HCCIeNyeMbIX B JaHHOW paboTe KHUAKOCTeH (AMCTWIIMPOBaHHAs BOJa,
CONYTCTBYIOMIAs Boxa U He(Th) OMUCHIBacTCs 3aKk0HOM Duka. DTO yKasblBaeT Ha TOT (PaKT, 4TO CKOPOCTH MU Py3un
KUAKOCTH Yepe3 MONUITHIICH SBISCTCS Hanbolee BaKHBIM (haKTOPOM.

Oécyscoenue u 3aknioueHus. DKCIEPUMEHTHI U TOJYYEHHBIE pe3yJbTaThl IOKA3aJld, YTO CKOPOCTh IU(dy3un
KHUJIKOCTH 4epe3 IOJMATIIICH sIBIAeTCsS Hamboiiee BaXKHBIM QakrtopoM. [lorpykeHne B He(dTh OKa3pIBaeT OoJbIlee
BIMSIHUE, YeM MOTPY)KCHHE B COIyTCTBYIOIIYIO WM AWCTHLUIMPOBAHHYIO BOXNY H3-3a INPUCYTCTBUS coieil. Bwuio
00HapyXEHO, YTO OTHOCHUTEIILHOE U3MEHEHUE Beca M TOJIIMHBI CTEHOK MOJMATHICHOBBIX TPYO, O KOTOPBIM IPOXOIUT
He(pTh, OOJBIIE TEX, MO KOTOPHIM MPOXOJMUT COMYTCTBYIONIAS BOJA, @ MHKPOCKOIHYECKHE H300PaKCHHS CPE30B B

06pa3uax J0 U II0CJIC HCTIBITAaHUN NOATBEPAWIN IMMOJTYYCHHBIC PE3YyJIbTAThI.

KiaroueBrbie ciioBa: TOJIMDTUWICH, COMYTCTBYIOIIAA BOJA, TBEPAbIC MaTCPUaAJIbl, COJIM, JUCTUIITIMPOBAHHAs BOAA.
Bnarouapﬂocnl. ABTOp BbIPAXKACT MPU3HATCIIBHOCTD PECIICH3CHTAM U PEAAKINU )KypHaJjia 3a ICHHbIC 3aMCYaHUs.

s murupoBanus. Autubac .P. Vcnonp3oBaHnue MeTOAa KOHEYHBIX 3JICMEHTOB JJIi MOJCIMPOBAaHUS pe3epByapa
BBICOKOT'O JIaBJICHHS M3 TMOJIMMEpa, apMUPOBAHHOTO yriiepoaHbiM BojokHoM. Advanced Engineering Research (Rostov-
on-Don). 2023;23(1):55-65. https://doi.org/10.23947/2687-1653-2023-23-1-55-65

Introduction. Polyethylene is one of the main elements of the olefin family, which is usually characterized by a
waxy appearance, chemical inertia and physical properties deterioration at high temperatures. Since polyethylene is a
partially crystallized material and does not go into secondary chemical reactions with any liquids, it has no solvents, and
its water absorption at ambient temperature is relatively low.

Polyethylene does not dissolve in organic solutions, but it expands at a temperature of more than 70 °C and
dissolves in granular aromatic hydrocarbons, it is not affected by oil, fats, kerosene and other hydrocarbons. It is also
resistant to aqueous solutions of acids, salts and alkalis [1-5].

Polyethylene is oxidized by nitric acid, which causes a deterioration in the characteristics of the products obtained
from it. Oxidation occurs in the presence of ultraviolet rays at ambient temperature, causing final brittleness and
deterioration of the mechanical and thermal insulation properties [6—8]. The scientific interest is focused at the practical
interaction study of polyethylene and oil, which is a mixture of hydrocarbon materials consisting mainly of compounds
containing carbon and hydrogen as well as some elements mixed with hydrocarbons, such as sulfur, nitrogen and
oxygen, in addition to metal elements in simple proportions, such as iron, nickel, arsenic and vanadium. Along with
them, chlorides salts of land-based minerals as well as their sulfates are present in oil. Moreover, oil contains water in
certain percentages, depending on its type and production conditions, and this percentage can increase up to 30 %
relative to the total volume of oil, since it is in the form of saturated solutions of sodium chloride, magnesium sulfate
and calcium. Carbon dioxide and hydrogen sulfide gases dissolving in water increase its volume. Acid and oxygen,
reacting with iron and manganese dissolved in the associated water, form insoluble products. The associated water
contains a small percentage of organic chloride salts, not exceeding 50 parts per million [9, 10].

The impurities contained in crude oil (solid materials — salts — water — chemical additives) cause serious risks to the
oil refining equipment, its operating time and efficiency. Polymer materials are known to be destroyed in a completely
different way than metal materials; therefore, when producing various products from them, it is necessary to take into
account their physico-chemical properties and electrochemical reactions.
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Plastics cannot dissolve like metals, but they are damaged or destroyed due to swelling, that is, the so-called
embrittlement occurs, in which they soften, harden and change colour, which leads to their mechanical properties
deterioration.

There are several mechanisms of polymer materials destruction:

— structure swelling;

— dissolution;

— bonds are destroyed under heat, chemical reactions or free radical reactions. The surface layer embrittlement can
occur by any one mechanism or by a combination of mechanisms [11-13].

Dissolution and swelling without breaking chemical bonds are the main causes of embrittlement upon contact with
impurities, and this process is complex, since small amounts of polymer solution penetrate inside [14], forming a
seeping layer with altered physical properties (Fig. 1).

Solvent

Liquid layer

Gel layer

Solvent

Solid expanded layer

Polymer

Permeable layer

Polymer

Fig. 1. Layer-structure of embrittlement process

The research objective is to study the polyethylene resistance to oil and associated water at room temperature, both

at rest and in motion.

Materials and research methods. Table 1 shows the substances dissolved in oil after its extraction.

Table 1
Substances soluble and insoluble in oil after its extraction
Soluble substances Insoluble substances

solid substances gases metal substances organic substances

positive electrolytes: plants and 02, HsS, Fe(OH)s, Compounds obtained
Mg™*, Fe*, K*, Na*, Mn* animals N2,CO; FeS,, as a result of the
negative electrolytes: SCO; addition of

Br, Cl, F, COs? sand with clay substance, demulsifiers, bacteria,
SO42, HCOs~ sulfate compounds, aquatic plants as well

carbonates, alkaline land- as plant and animal

based minerals. residues.

Table 2 shows the composition of the associated water used in the experiments.
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Table 2

Composition of associated water used in experiments

Analysis Measured value Measurement units
Density 1.015 gricm?
Cl- 10,100
Na* 2,427
Mg, 370
Ca** 1,270
Total stiffness 4,243 ppm
CaCOs
Alkalinity 530
(CaCO3)n
SO472 1,093
NO3" 100
NH4~ 13
H.S 130
PH 8.5

Petroleum alcohol was used as a cleaning agent. The experiments were carried out using granules and pipes made of

high-pressure polyethylene HDPE of low density (Table 3).

Table 3

Technical characteristics of polyethylene granules and pipes used in the experiments

Granules Pipes
Type Low-density high-pressure polyethylene
Density 0.914 0.917
Shore hardness 44.6 46.7
Elongation-to-cut ratio absent 4.42
The degree of softening onset 109-122 110-112

Laboratory instruments. Oil and associated water passed through polyethylene pipes in a laboratory device
assembled by the author (Fig. 2). The complex of equipment included:
— sealed glass containers;
— scale with a sensitivity of £ 0.1 g, %;
— electronic micrometer with an accuracy of 1 micrometer;

electronic microscope connected to a computer

http://vestnik-donstu.ru

— An electron microscope connected to a computer.



IR Antypas. Polyethylene Resistance to Oil and Associated Water

Polyethylene pipe

il Polyethylene
ety PVC
Qil with
associated water
: Pump 'X Volve
Capacity

Fig. 2. Laboratory device for passing oil and associated water in polyethylene pipes

Experiments. In calm mode (immersion method), the sequence of actions when setting up the experiment was as
follows:

—weight W1 and volume V1 were determined for several polyethylene granules samples, the characteristics of which
are given in Table 3;

— the samples were completely immersed in oil, associated and distilled water in the sealed containers for certain
periods of time;

— the taken samples were cleaned;

— the sample weight was determined as W and its volume as V2 during the experiment;

— the weight change was calculated as AW=W, — W and the volume change — as AV =V, —Vj,

. . AW . AV
—the relative weight change as -100 and the relative volume change as V—-lOO were calculated after each
1 1

sample testing.

In dynamic mode:

— oil and associated water flowed in the polyethylene pipes at a constant speed at the ambient temperature, their
weight as W1 and the wall thickness were determined for specific periods of time;

— the pipes were cleaned after each experiment;

— their weight as W, was determined after the experiment W», and the wall thickness — after the experiment as X»;

— the weight change was determined as AW = W, — W1, the volume change was as AV = V;, — V1, the relative weight

AW
change was as
1

-100 and thickness change was as AX after the experiment.

Results and discussion
The weight and volume changes test results of particles immersed in oil, associated and distilled water were
summarized in Tables (4-9). A graphical dependence was found for the relative weight and size changes of oil granules

immersed in water, associated and distilled water (Fig. 3 and 4).
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Table 4
Weight change of granules immersed in oil
No. 1 2 3
Immersion Wi, W, AW, Wi, W, AW, Wi, W, AW,
time, days or or % ar or % or or %
10 27.022 27.673 2.240 26.9611 | 27.5542 | 2.200 25.384 | 25.921 | 2.261
30 26.652 | 28.6376 | 7.450 26.4489 | 28.4589 | 7.600 26.577 | 28.613 | 7.661
60 25.839 | 28.2497 | 9.330 23.486 25.7346 | 9.574 25.266 | 25.266 | 9.396
90 26.863 | 29.6979 | 10.55 27.3432 | 30.1732 | 10.350 | 25.683 | 25.683 | 10.28
Table 5
Volume change of oil granules
No. 1 2 3
Immersion time, Vi, Va, AV, Vi, Va, AV, Vi, Va, AV,
days cm’ om % em’ em’ % om em’ %
10 50.0 51.0 2.0 50.0 51.0 2.0 50.0 51.0 2.0
30 50.0 52.1 4.2 50.0 52.4 4.8 50.0 52.3 4.6
60 50.0 53.0 6.0 50.0 53.0 6.0 50.0 53.0 6.0
90 50.0 53.7 7.4 50.0 53.7 7.4 50.0 53.9 7.8
Table 6
Weight change of granules immersed in the associated water
No. 1 2 3
Immersion Wy, Wo, AW, Wi, W, AW, Wi, W, AW,
time, days gr gr % gr gr % g g %
10 55.045 | 55.430 0.70 58.765 58.765 0.70 28.514 28.695 0.63
30 55.333 | 55.948 1.11 26.400 26.400 1.10 26.962 27.25 1.07
60 45.831 | 55.629 1.45 27.332 27.332 1.60 26.614 26.99 1.44
90 26.226 | 26.6452 | 1.595 27.0853 | 27.0853 | 1.650 | 26.8433 27.254 | 1.530
Table 7
Volume change of particles immersed in the associated water
No. 1 2 3
Immersion \¥ Vo, AV, Vi, Vo, AV, Vi, Va, AV,
tlme, dayS cm3 cm3 % cm3 cm3 % cm3 cm3 %
10 50.0 50.0 0.0 50.0 50.0 0.0 50.0 50.0 0.0
30 50.0 50.5 1.0 50.0 50.5 1.0 50.0 50.5 1.0
60 50.0 51.0 2.0 50.0 51.0 2.0 50.0 51.0 2.0
90 50.0 51.52 2.5 50.0 51.1 2.2 50.0 51.1 2.2
Table 8
Weight change of granules immersed in distilled water
No. 1 2 3
Immersion Wi, W, AW, Wy, Wo, AW, Wi, W, AW,
time, days gr gr % g ar % or or %
10 56.003 | 56.003 | 0.000 26.761 26.762 0.00 26.723 26.723 0.00
30 54.40 54.40 0.000 27.058 27.058 0.12 26.599 26.599 0.00
60 55.48 55.489 | 0.000 26.303 26.303 0.00 26.084 26.084 0.00
90 55.37 55.37 0.000 26.8300 | 26.8300 | 0.000 | 27.1665 | 27.1665 | 0.000
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Table 9
Volume change of granules immersed in distilled water
No. 1 2 3
Immersion time, Vi, Vo, AV, Vi, Vo, AV, Vi, Va, AV,
dayS cm3 cm3 % cm3 cm3 % cm3 cm3 %
10 50.0 50.0 0.0 50.0 50.0 0.0 50.0 50.0 0.0
30 50.0 50.1 0.2 50.0 50.1 0.2 50.0 50.1 0.2
60 50.0 50.0 0.0 50.0 50.0 0.0 50.0 50.0 0.0
90 50.0 50.0 0.0 50.0 50.0 0.0 50.0 50.0 0.0
12
= 10
E /"‘*_‘ —e— Distilled water
% 8 // == Associated water
'% 6 —A— Qil
s /
(]
T4
2 /
0
0 20 40 60 80 100
Time, day
Fig. 3. Relative weight change of the immersed granules by time
8
7 A
= 6
%; : / g Distilled water
S i
g 4 / —0— Associated water
s 3
(5] .
o« 2 / N —A= Oil
L
1
0 :,4:4— ¢ * ¢
0 20 40 60 80 100
Time, day

Fig. 4. Relative volume change of immersed granules by time

Figures 3 and 4 show that the time dependence of the relative weight and size changes of polyethylene granules has
the character of a quadratic dependence and follows Fick's law in diffusion in the cases of three studied liquids (distilled
water, associated water and oil), which indicates that the diffusion speed of liquid through polyethylene is the most
important factor.

The relative weight change of granules immersed in the distilled water is not mentioned, but it is rarely noticeable in
the associated water and increases more in the oil, as shown in Figure 4. This is due to the fact that salt diffusion
significantly effects on the relative weight and volume between the granules immersed in the distilled water, on the one
hand, and the granules immersed in the oil and related water, on the other hand.

The test results of the pipe weight and thickness changes, in which oil and associated water flow, are systematized in
Tables 10 and 11. A graphical dependence of the pipe relative weight and thickness changes, through which the oil
passes with the associated water flow shown in Figure 5 and 6, was obtained.

The sample cross section micrographs were taken before and after the tests with a 510-time increase and shown in
Figure (7).
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Table 10
Pipe weight and thickness changes through which oil flows
Immersion time, days 30 60 90
Pipe Wy X1, W, AX AW, AX W, AX
number (@) mm % % %
1 18.019 2.483 0.60 0.024 1.07 0.05 3.02 0.17
2 18.6440 2.485 0.90 0.032 1.12 0.07 3.01 0.19
3 18.6009 2.490 0.58 0.022 1.14 0.07 3.12 0.21
4 18.6441 2.483 0.91 0.032 1.12 0.096 3.00 0.19
5 18.5999 2.487 0.37 0.022 1.13 0.08 3.11 0.22
Table 11
Pipe weight and thickness changes through which the associated water flows
Immersion time, days 30 60 90
Pipe Wy X1, W, AX W, AX W, AX
number (a0 mm % % %

1 15.22 2.483 0.399 0.012 0.521 0.025 1.35 0.087
2 19.134 2.484 0.404 0.015 0.478 0.029 1.42 0.086
3 15.905 2.483 0.409 0.011 0.459 0.028 1.38 0.075
4 18.6009 2.400 0.39 0.013 0.469 0.027 1.40 0.080
5 18.019 2.483 0.38 0.012 0.498 0.027 1.39 0.079

S 30 y SR

%_) 2.5 {

B 20 A

i 15 .—/ —o— Associated water

8 10 O—{ ——F,

& 05 - Oil

' —<
0.0
0 20 40 60 80 100
Time, day

Fig. 5. Pipe relative weight change through which oil and associated water flow, over time

0.25
X
= 020
=2
[<5]
s
> 015
2
£ 010
o
0.05
0.00

0 20 40 60 80
Time, day

100

—o— Associated water

-0 Oil

Fig. 6. Pipe relative thickness change in which oil and associated water flow, depending on time period

Due to Figures (6) and Table (12), it is noted that the relative change in the weight and thickness of the polyethylene

pipe walls through which oil passes is greater than those through which the associated water passes, which indicates that

polyethylene is more affected by oil.
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9
Fig. 7. Sample cross section micrographs before and after tests with a 510-time increase: a — cross section of a clean granule;

b — cross section of an oil granule; ¢ — cross section of a pipe with associated water in oil; d — cross section of a pipe immersed in
oil; e — inner surface of the pipe with associated water; g — cross section of the pipe immersed in oil after 200 hours;
h — inner surface of the pipe immersed in oil

Figure 7 shows cuts of pipe and granules samples before and after the tests, reflecting the surface colour and
smoothness of the cross sections subjected to the tests, compared to the clean cross sections, which confirms the

previous results obtained due to the basis of the graphs.

Conclusions

The experiments and the results obtained have shown that the liquid diffusion speed through polyethylene is the
most significant factor. Immersion in oil has a greater impact than immersion in associated water and distilled water
according to the presence of salts.

It has been found out that the relative change in the weight and thickness of the polyethylene pipe walls through
which oil passes is greater than those through which the associated water passes, and the microscopic cross sections

images in the samples before and after the tests have confirmed the obtained results.
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Abstract

Introduction. Electronic devices capable of collecting individual telemetry data have opened up prospects for
preclinical detection of COVID-19 signs. Known solutions involve the analysis of information that is difficult to obtain
at the moment. We are talking, specifically, about the blood condition or a PCR test. This significantly limits the
possibility of integrating algorithms with wrist gadgets. At the same time, the cardiovascular system as an object of
observation is quite informative, the data collection is well developed. The article describes the problem of detecting
covid anomalies in rhythm strips. The work aims at creating a mathematical model based on machine learning
algorithms to automate the process of detecting covid abnormalities in the heart rhythm. The possibility of integrating
the results obtained with fitness bracelets and smart watches is shown.

Materials and Methods. The work involved an open technology stack: Python, Scikit-learn, Lightgbm. When assessing
the quality of models for binary classification, metric F1 was used. 229 cardiac rthythm strips (cardiointervalographies)
of patients with COVID-19 were studied. The presence or absence of signs of an anomaly was determined taking into
account the time of the rhythm strip and the intervals between heartbeats. Deviations that could indicate infection were
shown graphically. Based on the exploratory analysis results, a list of signs indicating an anomaly was made.

Results. As a result of the work done, a mathematical model was obtained that detected heart rate abnormalities specific
to COVID-19 with an accuracy of 83 %. The basic features determining the predictive ability of the model were
identified and ranked. They included the current value of the interval between heartbeats, the derivatives at the
subsequent and previous points of measuring the duration of the heartbeat, the first derivative at the current point, and
the deviation of the current value of the duration of the RR-interval from the median. The first indicator in this list was
recognized as the most significant, the last — the least. For machine learning purposes, the potential of five algorithms
was evaluated: IsolationForest, LGBMCIassifier, RandomForestClassifier, ExtraTreesClassifier, SGDOneClassSVM.
The normal and abnormal results of observations in isolation trees were visualized. A parameter was set that
corresponded to the probability of regular observation outside the norm, and its value was selected — 0.11. Taking into
account this indicator, a graph was constructed for the SGDOneClassSVM model. Based on the data set, using the
cross-validation technique, the quality metric was calculated. The case in hand was a rhythm strip with a time series of
observations taken in one continuous time interval from one person. A step-by-step process of obtaining averaged
metric values for each model was described. In comparison, the highest indicator was recorded for the LGBMClassifier
model, the lowest — for SGDOneClassSVM and IsolationForest.

Discussion and Conclusions. The resulting mathematical model takes up little space in the memory of a mobile device,
i.e., it does not impose significant requirements on computing resources. The solution has an acceptable detection
quality for pre clinical screening of COVID-19-related cardiovascular disorders. The algorithm detects anomalies in
83 % of cases. Four minutes is enough to record a rhythm strip. The proposed scenario for using an integrated solution
is concise and easy to implement. Widespread use of the development can contribute to the detection of COVID-19 at
an early stage.
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HA paHHeil CTaUM 0 AHOMAJIUSM B PUTMe cepana
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AHHOTAUUA

Beeoenue. DneKTpOHHBIC YCTPOWCTBA, CIIOCOOHBIE COOHMpaTh MAaHHBIC IO TEJIEMETPHUM HHIUBHIYyYyMa, OTKPBUIM
MEpPCIEKTHBBl JOKJIMHUYECKOTO BbIABICHUs mnpu3zHakoB COVID-19. M3BecTHble pelIeHUs] NpEAIOJaraloT aHau3
nH(popManny, KOTOPYIO CI0XKHO MOIYyYUTh B MOMeHTe. Peus uzer, Harpumep, o coctostHnu kposu win [11IP-tecte. Oto
CYIIECTBEHHO OTPAHMYMBAET BO3MOXKHOCTH MHTETPAIMN aJITOPUTMOB C HAPYYHBIMH TaipkeTaMu. [Ipu 3ToM cepaedHo-
COCyIMCTas CHCTeMa KaK OOBEKT HaONIOJEHWs! NOCTaTOYHO MH(POPMATHBHA, ChEM JAHHBIX XOpoIIo mpopaboraH. B
CTaThE ONMCAHA 3a/1a4a ACTCKINHY KOBUIHBIX aHOMaJINi B puTMorpammax. Llens paboTel — co3aHue MaTeMaTn4ecKon
MOJenH Ha 06a3ze arOpUTMOB MAIIMHHOTO OOY4YEeHHUS ATl aBTOMAaTH3AIMH MPOIIecca BRIABICHHUS KOBUAHBIX aHOMAlU B
purMme cepaua. [lokazaHa BO3MOXHOCTh MHTETpPAlMU IOJYYEHHBIX PE3yJbTaToB ¢ (uTHecc-OpacieramMu U yMHBIMH
JacaMu.

Mamepuanst u memoost. B pabote 3aneiicTBoBai OTKPBITHIN cTek TexHosoruit: Python, Scikit-learn, Lightgbm. ITpu
OLIEHKE Ka4yecTBa MoJieliei /il OMHAapHOH KiaccH(HUKAlUK HCIIONIb30Bajach MeTpuka Fi. M3yuensr 229 purmorpamm
cepaia (kapauounreppanorpaduit) mamumenroB ¢ COVID-19. Hanuuue wuiaM OTCYTCTBHE NPHU3HAKOB aHOMAIIUU
OTIPEJIETSIOCh C YyYeTOM BPEMEHHM PUTMOTPaMMBbl M MHTEPBAIOB MEXIy cepauneOueHusmu. I'paduuecky moxasaHsl
OTKJIOHEHUsI, KOTOPbIE MOTYT CBHJIETEIbCTBOBATH O 3apakeHHH. [0 mToram pa3BeOYHOIrO aHallk3a coOpaH NepeueHb
MIPU3HAKOB, YKa3bIBAIOLINX Ha aHOMAJIHIO.

Pezynemamut uccnedoganus. B pesynbraTe NpoaenaHHON paOOTHl IMOJTydeHa MaTeMaTHdecKash MOJENb, KOTopas
nerexktupyer crenupuunsie st COVID-19 anomanmm ceppeuHoro putma ¢ TOYHOCTBIO 83 %. BruiBieHBl H
PaHKHUPOBAHBI OCHOBHBIE MTPU3HAKH, OMPEACIIIONNE TPOTHOCTHYECKYIO CIIOCOOHOCTh MOJIENIN. DTO TeKyIllee 3HaUCHHE
HHTEpBAJA MEXIYy YyJapaMd cepAla, MpPOM3BOAHBIE B IMOCIEAYIOUEH M MpeAblAyIiell TodKax HW3MEpeHus
MIPOAOJDKUTEIBHOCTH CepALeOneHus], epBasi MPOU3BOAHAS B TEKyIIell TOYKe M OTKJIOHEHHE OT MeIUaHbl TEKYIIETO
3HayeHus uTenbHOCTH RR-mHTepBama. IlepBblif mokaszaresns B 3TOM IepeyHe MNpH3HAH Hamboyiee 3HAYUMBIM,
nocineHUii — Haumenee. Jlns neneldl MamIMHHOTO OOY4YeHMs OLGHUBAJICS MOTEHIHANT ISITH aJITOPUTMOB!
IsolationForest, LGBMClassifier, RandomForestClassifier, ExtraTreesClassifier, SGDOneClassSVM.
BuzyanuznpoBaHsl HOpMaJbHBIE W aHOMAJBHBIE PE3YNbTaThl HAOIOACHUH B M30JIMPYIONIUX JEPEBbSX. Y CTAHOBIICH
rapaMeTp, KOTOPBI COOTBETCTBYET BEPOSITHOCTH PEryJISIPHOTO HAONIOJEHHUS 3a TpejellaMd HOPMBI, U BBIOPAHO €ro
3Hauenne — 0,11. C yuetom maHHOTO mnokasateinst nocrpoed rpaduk anst moaenn SGDOneClassSVM. Ilo naGopy
JITAaHHBIX C IPUMEHEHNEM TEXHHKH IIEPEKPECTHON IPOBEPKU PAcCUMTAaHA METPHKA KauecTBa. Peub HeT 0 puTMorpamme
C BPEMEHHEBIM DPSJIOM HAOJIOACHUH, CHATHIX 32 OIWH HEIPEPHIBHBIN MHTEPBAJ BPEMEHH Yy OZHOTO dYeioBeka. OmmcaH
MOIIArOBBI NPOLIECC TMOJIYYEHHUSI YCPEIHEHHBIX 3HAUYEHHM METpUKH Ui Kaxaou mozenu. [Ipu cpaBHeHUM camblii
BBICOKMH TOKa3aTenb 3adukcupoBaH y wmoaenu LGBMClassifier, mammensmme — y SGDOneClassSVM u
IsolationForest.

Oébcyscoenue u 3axniouenun. IlomydeHHas MaTeMaTndecKkas MOJENb 3aHMMAeT Mal0 MECTa B MaMITH MOOWIBHOTO
YCTpOMCTBa, TO €CTh HE IpPEABSABISCT 3HAYMMBIX TPEOOBaHMH K BBIUMCIHMTEIBHBIM pecypcaM. Pemenue obnagaer
IIPUEMJIEMBIM Ka4eCTBOM JETEKIMH JUIs JOKIMHUYECKOro ckpuHuHra cBsizaHHbIX ¢ COVID-19 cepaeuno-cocyancTsix
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HapymeHuH. ANTOpUT™M OOHapyXHBaeT aHoMainu B 83 % cmydaeB. Jls 3ammcu puTMOTpaMMBI TOCTaTOYHO 4 MUHYT.
[pemnaraeMpiii ClEHAPHUI HMCIOIH30BAHUS WHTEIPUPOBAHHOTO DPEIICHHUS JIAKOHWYCH M Jierko peanmsyem. lllupokoe
HCTIOJIb30BaHUE Pa3pabOTKU MOXKET crmocoOcTBoBaTh BhisBiicHIHI0 COVID-19 Ha panHel cragum.

KawueBbie ciaoBa: COVID-19, npuuuHBI CMEPTH KOBH[I-TIOJIOKUTEIBHBIX TMAIIMCHTOB, OCIOXHEHHSA B pPadoTe
cepaeuyHo-cocynuctoi cuctemsl, [I1[P-TecT, nOKIMHUYECKUH KOHTPOJIb CEPAECUYHO-COCYAUCTON CHCTEMBI, BCTPOEHHBIE
MATYUKHA YaCTOTHl IMyjbca, pUTMOrpamMma, RR-umHTEepBam, 3neKTpokapauorpaMma Cepjid, aHOMAJBHOE IO
MIPOJOIDKUTEIBHOCTH CepAleOneHne, cepaneOneHne ¢ aHOMadbHBIM PHUTMOM, MAIIMHHOE OOy4YeHHE, aJTOpUTM
LGBMClassifier.

BaaropapHocTH. ABTOPHI BBIpaXalOT ONAroJapHOCTb PYKOBOACTBY M MOJIEPAaTOpaM OTKPBITOTO BCEPOCCHICKOTO
copeBHOBaHU npodeccroHanoB B chepe nudpponoit s3xoHOoMuKH «[{HdpoBOI MPOPHIB» 3a MpeaoCTaBICHHBIE TaHHBIC
IUISL ACCITETOBaHMSI.

Jas murupoBanusa. Mexor M.C., Kosumua B.O., Kanep FO.JI. Monens MamuHHOTO 00OyuYeHHs )i OOHAPYKCHUS
COVID-19 Ha panHeit craguu mo aHoManmusM B putme cepana. Advanced Engineering Research (Rostov-on-Don).
2023;23(1):66-75. https://doi.org/10.23947/2687-1653-2023-23-1-66-75

Introduction. Investigation of the impact of COVID-19 on humans remains a challenge. Thus, in 2021-2022, more
than 16,000 scientific papers were published on this topic. One of the main causes of death of covid-positive patients
was complications in the cardiovascular system (hereinafter referred to as CVS) caused by exposure to coronavirus [1].
Two methods are mainly used for preclinical diagnosis of COVID-19: biochemical method based on polymerase chain
reaction (PCR test) and blood analysis. Contacts with medical staff needed in this case (including visits to medical
institutions) complicate regular operational control and increase the burden on the healthcare system. Thus, it seems
relevant to use modern technologies of preclinical control of CVS for early detection of COVID-19 signs.

Wearable electronic devices can provide regular monitoring. The most common of them are fitness bracelets and
smart watches with built-in heart rate sensors and the ability to perform measurements with high discreteness [2]. This
approach opens up opportunities for analyzing data flows based on machine learning? [3].

The presented study aims at creating a trainable model capable of detecting covid anomalies based only on data on
heart rhythm. A number of papers [4-6] consider similar problems, but the solutions are based on additional
information about the state of the blood and other characteristics?. This significantly limits the possibilities of their
integration with wearable devices, because at the moment, it is impossible to enter the results of a blood test or a smear
for a PCR test into the model. The novelty of the proposed solution is in the fact that only heart rate data is used, which
can be taken with a high frequency in a way convenient for a person and interpret the indicators in real time.

Materials and Methods

Data characteristics. 229 impersonal rhythm strips (cardiointervalographies) of patients with COVID-19 were used
in the research. The information was obtained in 2021 as part of the open All-Russian competition “Digital
Breakthrough” for professionals in the digital economy. A data fragment is presented in Table 1.

Table 1
A fragment of the data set
Number of Time RR interval between heartbeats Sign of covid
rhythm strip in milliseconds in milliseconds anomaly*
81 0 576 0
81 568 568 0
81 1,140 572 0
176 44,332 568 0
176 44,968 636 1
176 45,596 628 0
*0 — no anomaly, 1 - there is an anomaly.

Figure 1 shows the relationship of the rhythm strip (RR interval) and the electrocardiogram of the heart (ECG).

! Permyakov SA, et al Endogenous Cardiac Arrhythmias. In: Proc. VII All-Russian Conf. “Nonlinear Dynamics in Cognitive Research — 2021”.
Nizhny Novgorod: Institute of Applied Physics of RAS; 2021. P. 109-110. (In Russ.)

2 Diagnosis of COVID-19 and Its Clinical Spectrum. Kaggle Inc. URL: https://www.kaggle.com/datasets/einsteindata4u/covid19 (accessed:
10.09.2022).
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Fig. 1. Comparison of electrocardiogram and heart rhythm strip: horizontal axis shows the time in seconds,
vertical axis for the ECG — microvolts

In all rhythm strips from this set, there are marked abnormal areas. In Figure 2, abnormal areas are highlighted with
a red dotted line. The x-axis shows the duration of one measurement of the rhythm strip in milliseconds, the y-axis —
the interval between adjacent heartbeats in milliseconds.
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Fig. 2. Chart of rhythm strip No. 69: abnormal areas are highlighted with red dotted lines,
abnormal points — with black bullet points

Each rhythm strip is presented by its own identifier. The duration of rhythm strips in the studied data set is different:
4 minutes on average, 31 minutes maximum. Each measurement inside one rhythm strip has a timestamp in
milliseconds from the start of recording. The duration of the RR interval is also presented in milliseconds. Each specific
value in the rhythm strip allows us to talk about the signs of an anomaly (0 — no, 1 — there is). 2.53 % of observations
are marked with number 1. Thus, the data set has a strong class imbalance, which is typical for anomaly detection tasks.

In the data markup, there are various approaches to the allocation of abnormal areas. Groups of points in the vicinity
of a characteristic peak and fall in the duration of the heart rhythm were distinguished as abnormal: 3rd, 4th, 6th
measurements (Fig. 2). Not always the number of points in the neighborhood is marked the same — there may be a
different number of abnormal points to the left and right of the peak. Moreover, rhythm strips with noisy indications
were detected. This was the case when the connection with the gadget was lost, and measurements were taken when
installing or removing the device. Sixteen rhythm strips with incorrect data had to be excluded from consideration, and
the markup was redone:

—only one point stands out in the anomalous section, characterizing the anomalous fragment;

— abnormal points are indicated by black bullets (Fig. 2).

Feature extraction. In its pure form, only one signal was presented — the value of intervals between heartbeats.
Therefore, to refine the model, additional features were prepared based on the available signal: deviation from the
median value and derivatives in neighboring rhythm measurements. This list of features was selected after an
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http://vestnik-donstu.ru

Advanced Engineering Research (Rostov-on-Don). 2023;23(1):66—75. eISSN 2687—1653

exploratory data analysis and visual identification of the pattern in places corresponding to abnormal areas. In Figure 2,
they were marked with a red dotted line.

Research Results

Metric for evaluating the quality of anomaly detection. To assess the quality of the model in the binary
classification problem, due to the imbalance of classes, metric F; [7] (1) was used. It provided evaluating how well a
constructed model detected a rare class. In that context, a rare class referred to abnormal heartbeats in duration —

heartbeats with an abnormal rhythm:
accuracyx completeness
F = 1)

(accuracy+ completeness)’
Here:

— accuracy — the proportion of abnormal heartbeats correctly detected by the model from the total number of
heartbeats that the model identified as abnormal;

— completeness (or in other words, sensitivity) — the proportion of heartbeats that the model correctly detected as
abnormal from the total number of abnormal heartbeats in the entire data set.

Machine learning algorithms. As part of the study, five machine learning algorithms described below were
applied.

1. IsolationForest — an algorithm with uncontrolled self-learning based on extremely randomized decision trees [8].

2. Light Gradient Boosting Machine Classifier (LGBMClassifier) — an algorithm for gradient boosting over
decision trees [9]. To increase the operation speed, two techniques were used: Gradient-based One-Side Sampling and
Exclusive Feature Bundling®.

3. RandomForestClassifier is based on decision trees and implements multiple selection of a random subset of
features. They are used to build simpler estimators — decision trees. The results are aggregated to obtain a final
prediction [10].

4. ExtraTreesClassifier is similar to RandomForestClassifier, however, it additionally implements a random
selection of the boundary along which nodes branch in decision trees [11].

5. SGDOneClassSVM* — a linear version of One-Class Support Vector Machine using Stochastic Gradient
Descent.

IsolationForest and SGDOneClassSVM were chosen due to their wide use in anomaly detection tasks [12, 13].
LGBMClassifier, RandomForestClassifier and ExtraTreesClassifier perform well enough in different tasks, therefore,
they were also used to compare the results [12, 13].

The specific feature of the IsolationForest and SGDOnNeClassSVM algorithms is that they do not require a clear
marking of anomalous observations at the input, while it is mandatory for the rest of the algorithms used in the study.

IsolationForest is based on the assumption that when constructing isolating trees, abnormal observations can be
isolated (separated) in fewer operations than normal observation instances. For each observation, the algorithm

calculates the anomaly score by the formula:
_E(h(x))
s(x,n) =2 cm | 2
where h(x) — number of edges up to instance x in each isolating decision tree; E(h(x)) — average value h(x) on the
entire set of isolating trees; c(n) — normalizing constant for a data set of size n (3).

c(n) =2H(n - 1) - 22, ®3)
H(k) =1In(k) +7y. (4)
In equation (4) y — Euler’s constant equal to 0.57721...
If observation x has an anomaly estimation value s, close to 1, then it is considered anomalous. If s is close to 0.5,
then the observation has no obvious signs of an anomaly. If s is close to 0, then the observation can be considered

normal (Fig. 3).

% LightGBM: A Highly Efficient Gradient Boosting Decision Tree. www.microsoft.com URL: https://www.microsoft.com/en-us/research/wp-
content/uploads/2017/11/lightgbm.pdf (accessed: 10.09.2022).
4 Online One-Class SVM. Scikit-learn developers (BSD License). scikit-learn.org URL: https://scikit-learn.org/stable/modules/sgd.html#online-one-

class-svm (accessed: 10.09.2022).
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Fig. 3. Normal and anomalous observations in isolating trees (the authors’ figure)

SGDOneClassSVM is based on the opposite approach to IsolationForest. The algorithm determines the boundaries
of normal observations and compares all new observations to the boundaries of this norm to identify an anomaly.

Feature Significance. An assessment of the degree of impact of features on the predictive ability of the model is
shown in Figure 4.

X —]
next_diff —

prev_diff

Feature name

diff -

median_deviation —

0 200 400 600 800 1,000
Feature significance, ea

Fig. 4. Feature significance diagram: x — current value of the interval; next_diff — derivative at the next point of measuring the
heartbeat duration; prev_diff — derivative at the previous point of measuring the heartbeat duration; diff — the first derivative at the
current point; median_deviation — deviation of the current value of the RR interval duration from the median

To calculate the numerical significance estimate, a mechanism built into LGBMClassifier was used, which returns
an array of numerical estimates for each feature via the feature_importances_ property of the trained model.
Significance in models based on gradient boosting over decision trees is usually calculated on the Gini-impurity
Index® [14], used in the process of determining the branching points when training the model:

Gini(d) =1-3,pf . ®)
Here, d — a set of observations that match the conditions at the considered branching point, d € D; k — number of
classes presented in the entire training dataset D; p; — probability of observations belonging to class i at the considered
branching point of the decision tree.

The following features were the most significant: the current value of interval (x), the derivative at the next
(next_diff) and previous (prev_diff) points of measuring the heartbeat duration (Fig. 4). A complete list of the features
used is given in Table 2.

> Karabiber F. Gini Impurity. learndatasci.com URL: https://www.learndatasci.com/glossary/gini-impurity/ (accessed: 10.09.2022).
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Table 2
List of features used
No. Feature Description
1 X RR interval at the current measuring point
2 next_diff First derivative at the next point
3 prev_diff First derivative at the previous point
4 diff First derivative at the current point
. ... | Deviation of the current value of the RR interval duration from

5 | median_deviation . o .

- the median within one rhythm strip

Comparison of models. For effectiveness of SGDOneClassSVMmodel, it is important to select parameter nu,
which corresponds to the probability of detecting regular observation outside the norm. In other words, nu determines
the upper bound of the error rate when training the model, and the lower bound of the support vector fraction®. To

select nu taking into account the available data nature, the quality metric was additionally assessed at different values of
the specified parameter (Fig. 5). As a result, nu equal to 0.11 was selected.

F4, units
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Fig. 5. Estimate of parameter nu (on the horizontal axis) for SGDOneClassSVM model.
On the vertical axis — values of metric F1

To calculate the quality metric on various models, the entire data set was used through the cross-validation
technique. Within one rhythm strip, we had a time series of observations taken in one continuous period of time from
one person, therefore, they should be considered as dependent [15]. The following strategy was used to divide the data
into training and test sets. The selected data set consisted of 213 rhythm strips marked with a unique identifier (id). This
made it possible to allocate rhythm strips for training and testing models. A set of rhythm strips for the test could be
randomly selected by identifiers. The approach used in the presented work is described below.

I. Five actions were performed in the data partitioning cycle.

1. The initial number for generating pseudo-random numbers was fixed (seed) —np.random.seed(fold), where fold
— number of the current data partition.

2. 42 random integer values were generated in the range from 1 to 213. This was how we got random numbers of
rhythm strip identifiers for the test data set.

3. The numbers of rhythm strip identifiers that remained after the selection of identifiers for the test were entered in
a separate list. They were used for a training set.

4. Models were trained on rhythm strips from the training set, and prediction quality metrics were evaluated on
rhythm strips from the test set.

5. The quality metric value was recorded for each model calculated on the test set of rhythm strips at the current data
split.

& SGDOnNeClassSVM documentation. Scikit-learn developers (BSD License). scikit-learn.org URL:

: https://scikit-
learn.org/stable/modules/generated/sklearn.linear_model.SGDOneClassSVM.html#sklearn.linear model.SGDOneClassSVM (accessed: 10.09.2022).
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I1. Steps 1-5 were repeated for each data split number.
I11. The obtained values of the quality metric were averaged for each of the models.
A comparative assessment of the average prediction quality metric for each model is given in Table 3.

Table 3
Evaluation of quality metric F
Model Metric F*
LGBMClassifier 0.8328
RandomForestClassifier 0.7638
ExtraTreesClassifier 0.7369
SGDOneClassSVM 0.0169
IsolationForest <le-4
* Average value for the selected cross-validation
strategy on five partitions.

Discussion and Conclusions. A mathematical model for detecting anomalies in the heart rhythm with an accuracy
of 83 % has been developed. According to quality metric F1, the model based on LGBMClassifier algorithm turned out
to be the best. IsolationForest and SGDOneClassSVM showed weak results on current data.

The proposed model can be implemented as a component of the software part of wearable personal smart devices.
The proposed scenario for using the solution is as follows:

— the recording of the rhythm strip is activated on a personal wearable device through the user interface;

— upon completion, the record is submitted to the developed model for analysis;

— based on the results of data analysis, the mathematical model issues a notification about the presence or absence of
anomalies on the screen of the wearable device.

Note that an average of 4 minutes is probably enough to record one rhythm strip. During this time, it is possible to
detect covid anomalies in the heart rhythm.

The model occupies 493 kilobytes in the memory of the wearable device, which is quite suitable for practical use.
The solution relies only on information about the heart rate and does not involve factors inaccessible to mobile personal
gadgets.

Improving the accuracy of anomaly detection involves additional research. They should focus on the development of
unique features that are detected by the initial heart rate signal. However, the current solution already makes it possible
to quickly and easily assess the probability of COVID-19 at an early stage. This, along with the implementation of
medical recommendations, can further contribute to reducing the risk of mortality from the negative impact of
coronavirus infection on the cardiovascular system.
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Abstract
Introduction. The banking sector assigns high priority to data storage, as it is a critical aspect of business operations.

The volume of data in this area is steadily growing. With the increasing volume of data that needs to be stored,
processed and analyzed, it is critically important to select a suitable data storage solution and develop the required
architecture. The presented research is aimed at filling the gap in the existing knowledge of the data base management
system (DBMS) suitable for the banking sector, as well as to suggest ways for a fault-tolerant data storage cluster. The
purpose of the work is to analyze the key DBMS for analytical queries, determine the priorities of the DBMS for the
banking sector, and develop a fault-tolerant data storage cluster. To meet the performance and scalability requirements,
a data storage solution with a fault-tolerant architecture that meets the requirements of the banking sector has been
proposed.

Materials and Methods. Domain analysis allowed us to create a set of characteristics that a DBMS for analytical
queries (OnLine Analytical processing — OLAP) should correspond to, compare some popular DBMS OLAP, and
offer a fault-tolerant cluster configuration written in xml, supported by the ClickHouse DBMS. Automation was done
using Ansible Playbook. It was integrated with the Gitlab version control system and Jinja templates. Thus, rapid
deployment of the configuration on all nodes of the cluster was achieved.

Results. For OLAP databases, criteria were developed and several popular systems were compared. As a result, a
reliable cluster configuration that met the requirements of analytical queries has been proposed for the banking industry.
To increase the reliability and scalability of the DBMS, the deployment process was automated. Detailed diagrams of
the cluster configuration were also provided.

Discussion and Conclusions. The compiled criteria for the DBMS OLAP allowed us to determine the need for this
solution in the organization. Comparison of popular DBMS can be used by organizations to minimize costs when
selecting a solution. The proposed configuration of the data warehouse cluster for analytical queries in the banking
sector will improve the reliability of the DBMS and meet the requirements for subsequent scalability. Automation of
cluster deployment by the mechanism of templating configuration files in Ansible Playbook provides configuring a
ready-made cluster on new servers in minutes.

Keywords: DBMS, OLAP, data warehouse, ClickHouse, failover cluster.
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OTKa30yCTOHYUBBIN KJIACTEP XPAHUIHMINA JAHHBIX VISl AHAJUTHYECKHUX 3aNIPOCOB
B 0aHKOBCKOIi cepe

B.B. CuBoB ' D<, B.A. BorarbipeB

Cankr-IleTepOyprekuii HAMOHANBHBIA HCCICIOBATEIbCKUI YHUBEPCUTET MH(POPMANUOHHBIX TEXHOJIOTHH, MEXaHUKH U ONTHKH,
Poccutickas @eneparys, r. Cankr-IlerepOypr, Kponsepkckuii np., 1. 49

P4 v.sivov777@gmail.com

AHHOTAIIMA

Beeoenue. baHKOBCKMIA CEKTOpP MPHUAACT OONBIIOE 3HAYCHUE XPAHEHHUIO JaHHBIX, TIOCKOJIBKY 3TO KPUTHUCCKH Ba>KHBIN
acnekT Om3Hec-orepanuii. O0beM MaHHBIX B NaHHOH cdepe HeykioHHO pacteTr. C yBenmueHHEM OOBEMOB INaHHBIX,
KOTOpBIE HEOOXOIUMO XPaHUTh, 00padaThIBaTh M aHAIN3WPOBATh, KpaifHe BaXKHO BHEIOPATh MOAXOJSINEE PEIICHHUE IS
XpaHEHHs JaHHBIX U pa3paboTaTh HEOOXOOMMYIO apXUTEKTypy. IIpeacTaBieHHOE HCCIEIOBaHHE HANPAaBICHO Ha TO,
4yTOoOBI 3alOJNHUTH Mpoben B cymecTByromux 3HaHusax CYBJ], momxomsmux i OAaHKOBCKOTO CEKTOpa, a TaKKe
NPEAJIOKUTh CIIOCOOBI Ul OTKa30yCTOMYMBOTO KilacTepa XpaHEHHs JIaHHBIX. Llenb paboThl — aHamM3 KIIIOYEBBIX
CYB/l nns aHaqUTHYECKHUX 3ampocoB, ompenecncHue mpuoputetoB CYBJl mis GaHKOBCKOTO CEKTOpa M pa3paboTka
OTKa30yCTOMYMBOIO KJacTepa XpaHEHHWA JaHHBIX. J[1s BBINOJIHEHUS TpeOoBaHMH K TPOM3BOAUTEIHHOCTH U
MacITabupyeMOoCTH NPEITI0KEHO PEIICHUE ISl XpaHEH!UsI JaHHBIX C OTKA30yCTOWYHMBOW apXWTEKTYpOH, OTBEUaromee
TpeboBaHMAM OAHKOBCKOTO CEKTOpA.

Mamepuanst u memoodst. AHaNN3 NpeIMETHON 00JIACTH MO3BOJIMII CO3AaTh HAOOp XapaKTEPHCTHK, KOTOPHIM JIOJDKHA
cootBercTBoBaTh CYBJ| mis ananutuyeckux 3anpocoB (OLAP), BBHIMOIHWUTH CpaBHEHHUE HEKOTODPBIX MOMYJISPHBIX
OLAP CYBJl u TpeaIoXHTh OTKAa30yCTOMYHMBYIO KIACTEPHYIO KOH(MHUIYpallMio, HAMMCAHHYIO Ha s3bike Xml,
noxnepxuBaemyo CYBJ] ClickHouse. ABromaTtu3zaius BeimoHeHa ¢ momoIbio Ansible Playbooks. O unterpuposan
¢ cucremoii ynpasienus: Bepcusimu Gitlab u mabnonamu Jinja. Takum oOpazom jpoctrraercst ObICTpOe pa3BepThIBaHHE
KOH(UTypanuy Ha BceX HOZAX KiacTepa.

Pesynomamut uccnedosanun. [ni 6a3 manaeix OLAP Opumm pa3paboTaHbl KpUTEPHUH, MPOBEICH CPaBHHUTEIBHBIN
aHaJIM3 HECKOJBKHX IIONYJISIPHBIX cUCTeM. B pesynprare Obula mpeioskeHa Ha/e)KHasl KiIacTepHasi KOHQUIyparus B
0aHKOBCKOW HMHIYCTPHH, KOTOpas YAOBIETBOpSET TpPeOOBaHMAM aHAINTHYECKUX 3ampocoB. Jlms yBennueHws
HagexHocTn W Macimrtabupyemoctd CYBJl mporecc pa3BepThiBaHHsS ObLI aBTOMATH3UPOBaH. Takke MPHUBEICHBI
JleTaJbHbIE CXEMbI KOH(HUTypaIiy KiIacTepa.

Obcyncoenue u 3akmouenus. Cocrasnennsie kpurepuu 1t OLAP CYB]] mo3BosOT OMPeaeinTh HE0OX0AUMOCTh
JTAaHHOTO perleHus B opranusaimu. CpaBHenue nomymapHeIXx CYBJ] MoeT OBITh HCIIOJIB30BAaHO OPTaHMU3ALUSAMH UL
MHUHAMM3ALUK 3aTpaT NpU BeIOOpe pemeHus.  [Ipemraraemast koHQUrypanusi KiacTepa XpaHWIMIIA JaHHBIX JUISA
AQHAJTMTHYECKHX 3aIIPOCOB B OAHKOBCKOH chepe Mo3BOIUT NOBBICUTH HajexkHOCTE CYB/] 1 ynoBneTBopuTh TpeOOBaHUS
K TOCIenyonel MacTabupyeMocTH. ABTOMAaTH3alus pa3BepThIBAHUS KJacTepa IyTeM MeXaHH3Ma IIalloHW3aHn
KoH(urypannoHHbIX (¢aitmoB B Ansible Playbooks mo3BonsieT HaCTpOWTH TOTOBBIM KJacTep Ha HOBBIX CepBEpax 3a

MHHYTBI.
Karouesnie ciioBa: CYBJI, OLAP, xpanunumie nanaeix, ClickHouse, otkaszoycroitunBeiii Kiacrep.

Bnarogapuoctu. ABTOp BbIpakaeT OnaromapHocTh B.A. boratbipeBy, NMOKTOpPY TEXHHUYECKHX HayK, Tpodeccopy
Kagenpbl BBIYMCIUTENBEHONH TexHWKH YHuBepcurera WTMO, mnodetHOMy paOOTHMKY HAyKM W TeXHMKH PO,

MMPOBOAMBLIEMY 3KCIICPTHBIC UHTEPBbIO COBMECTHO C aBTOPOM CTAaTbhH.
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Introduction. Data storage in the banking sector is one of the key business factors. To ensure the security of
customer information and transactions, it is required to take measures of protection, distribution and creation of
backups. For operational analysis, employees should be able to make operational analytical requests to the data
warehouse, while not interfering with the work of other processes within the organization and without causing a heavy
load on the storage itself. Databases and Data Warehouse are information systems in which data is stored, but they are
also used to solve various tasks. The article describes what such systems do, what the main differences between them
are, and why their effective use is essential for business development.

Many organizations make mistakes in designing the architecture of databases and data warehouses, losing sight of
aspects of information security, scalability and fault tolerance. The urgency of this problem is due to the intensive
development of systems in banks, the expansion of their fields of application and the increase in the amount of data in
need of constant analysis. For operational analysis of a large amount of data, a storage is needed that must meet all
reliability and security requirements.

Effective decision-making processes in business depend on high-quality information. In today's competitive
business environment, flexible access to a data warehouse is required, organized in such a way as to increase business
productivity, provide fast, accurate and up-to-date data understanding. The data warehouse architecture is designed to
meet such requirements and is the basis of these processes [1-5].

The objective of the work is to determine the priority DBMS for performing analytical queries in the banking sector
and design a fault-tolerant data warehouse cluster. This solution will significantly increase the speed of execution of
analytical queries, solve problems with scalability and reliability of the data warehouse.

Materials and Methods. The database stores real-time information about one specific part of the business. Its main
task is to process daily transactions. Databases use Online Transaction Processing (OLTP) to quickly delete, insert,
replace and update a large number of short online transactions.

Data warehouse is a system that collects data from lots of different sources within an organization for reporting and
analysis, using operational analytical processing (OLAP) to quickly analyze large amounts of data. This system focuses
on reading, rather than changing historical data from lots of different sources, therefore, compliance with ACID
(Atomic, Consistent, Isolated and Durable) requirements is less strict. Data warehouses perform complex functions of
aggregation, analysis and comparison of data to support management decision-making in companies.

A warehouse in the banking sector may contain:

— user account information (personal data, addresses, phone numbers);

— information about banking products and services (loans, deposits, plastic cards, mobile banking, etc.);

— data on transactions (including card transactions) in minimal detail for the last three years;

— information about accounts, balances on them, etc.

To meet the needs for OLAP, there are separate types of database management systems (DBMS) [3-6]. Each of the
systems has its own characteristics in the construction of architecture.

To perform an effective analysis of compliance with these requirements, warehouses must:

— have a high capacity capable of accommodating huge amounts of data (billions or trillions of rows);

— be organized as wide tables with multiple columns;

— perform queries with a small number of columns;
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— have a high query execution speed (in milliseconds or seconds);

— provide for most of the read-only requests;

— support fast bulk data loading when updating (more than 1,000 rows at a time) and adding, but without changing
them;

— have high throughput to process a single request (up to billions of rows);

— have high reliability;

— ensure data security and consistency.

For the OLAP scenario of work in the banking sector, it is preferable to use column-based analytical databases,
since they can store a lot of columns in a table, which will not affect the speed of reading data. Column-based DBMS
provide strong compression of data in columns, since data in one column of the table is usually of the same type, which
cannot be said about a row. They also enable to get a tenfold increase in query execution speed on lower-power
equipment. At the same time, thanks to compression, the data will occupy 5-10 times less space on the disk than in the
case of traditional DBMS [7-11].

During the requirements analysis, the following column DBMS were selected: ClickHouse, Vertica, Amazon
Redshift.

ClickHouse is the preferred solution due to the following advantages: open source; it is possible to define some or
all structures that will be stored only in memory; high speed; good data compression; http and command line interface;
cluster can be scaled horizontally; high availability; ease of installation and configuration. Installation is carried out on
the organization's servers in an isolated segment, which meets the security requirements for sensitive data in the
banking sector. The DBMS s also included in the register of domestic software; therefore, it provides implementing
this software product in state-owned companies.

Amazon Redshift solution is provided only as a cloud service. For organizations from the banking sector that cannot
place their data in the clouds for a number of security-related reasons, this product loses its appeal.

Vertica is an alternative version of ClickHouse with a paid license for large clusters and the installability on the
company's local servers.

The implementation of the distributed data warehouse architecture is presented below. To increase fault tolerance
and performance, the implementation of a distributed ClickHouse failover cluster with three shards and two replicas is
proposed.

Sharding (horizontal scaling) makes it possible to write and store parts of data in a distributed cluster, process and
read them in parallel on all nodes of the cluster, increasing data throughput.

Replication is copying data to multiple servers; thus, each bit of data can be found on multiple nodes.

Scalability is determined by sharding or segmentation of data. The reliability of the data warehouse is determined by
data replication [12-16].

Sharding and replication are completely independent, different processes are responsible for them. It is required to
localize small data sets on one shard and ensure a fairly even distribution across different shards in the cluster. To do
this, it is recommended to take the hash function value from a field in the table as a sharding key.

Sharding and replication are completely independent, different processes are responsible for them. It is required to
localize small data sets on one shard and ensure a fairly even distribution across different shards in the cluster. To do
this, it is recommended to take the hash function value from a field in the table as a sharding key.

Depending on the number of available resources and servers, it is proposed to implement this configuration on 3 or 6

nodes. For a production environment, it is recommended to use a cluster of 6 nodes. It should be noted that replication
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does not depend on sharding mechanisms and works at the level of individual tables, and also, since the replication
coefficient is 2, each shard is represented in 2 nodes [17-19]. Configuration options are described below.

The logical topology diagram is as follows:

3(Shard) x 2(Replicas) = Clickhouse Cluster of 6 nodes.
The probability of trouble-free operation of a system with 2 replicas and 3 shards on 6 nodes is equal to:
P=[1-1-p)?*P

The probability of trouble-free operation is an objective possibility that the system will work for time t without
restorations [7, 13].

Thus, a table containing 30 million rows will be distributed evenly across 3 nodes of the cluster. The remaining
3 nodes will store replicas of the data. When one of the cluster nodes is disabled, data will be taken from another

available node that contains its replica, thereby achieving reliability [20]. A cluster of 6 nodes is shown in Figure 1.

node 01 node 02 node 03
shard 01 shard 02 ]A f shard 02
replica 01 replica 01 J replica 02

k

node 04 node 05 \q node 06
shard 03 shard 03 shard 01
replica 01 J‘ 1 replica 02 replica 02

Fig. 1. Fault-tolerant cluster of 6 nodes (the authors’ figure)
To replicate data and execute distributed DDL queries, we need to use +1 node with ZooKeeper installed. You can
also use ClickHouse Keeper, compatible with ZooKeeper, which does not require installation on a separate server.
An example of a fragment of the configuration file is shown in Figure 2, from which it can be seen that the shard has
replication configured for the 1st and 6th nodes.
<yandex>

<remote_servers>
<cluster_1>

<shard>
<weight>1</weight>
<internal_replication>true</internal_replication>
<replica>

<host>{{ nodel }}</host>
<port>9000</port>
</replica>
<replica>
<host>{{ node6 }}</host>
<port>9000</port>
</replica>
</shard>

Fig. 2. Fragment of the configuration file for 6 nodes (the authors’ figure)
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An option of the cluster configuration of 3 nodes with cyclic replication is shown in Figure 3.

node 01 node 02 node 03
shard 01 hard 02 shard 03
replica 01 L replica 01

replica 01

shard 03 shard 01 shard 02

replica 02 replica 02 replica 02
\\

Fig. 3. Fault-tolerant cluster of 3 nodes (the authors’ figure)

This implementation requires two different segments located on each node. The main problem arises due to the fact
that each shard has the same table name, ClickHouse cannot distinguish one shard/replica from another when they are
located on the same server.

To solve this problem, it is needed:

—to place each shard in a separate database (schema);

— to set default_database for each shard;

—to set internal_replication parameter of each shard to true;

—to use an empty database parameter in a distributed table DDL script.

For this topology in an industrial environment, 6 server nodes are required, where each server stores data from only
one segment, a security trapdoor for a separate database is not required. To save resources in the development or testing
area, a configuration with 3 nodes can be used.

Automation is performed using Ansible Playbooks and integrated with Gitlab version control system. Thus, rapid
deployment of the configuration on all nodes of the cluster is provided. When changing the configuration, it can be
applied to all nodes with a single command or deploy a new DBMS cluster in a few minutes [21].

Research Results. The fault-tolerant cluster of the analytical DBMS provides redundancy for important system
components, which allows for continuous operation even in case of errors in individual cluster nodes. This is done
through load balancing, data replication between cluster nodes, and high reliability of the components used in the
cluster. The result is an increase in the availability and reliability of the analytical DBMS, which is business-critical
when analytical queries play a key role. The fault-tolerant cluster configuration of the data warehouse for analytical
queries in the banking sector, taking into account the automation of the deployment process, enables to increase the
reliability of the analytical data warehouse and meet the requirements for scalability. The developed task of automating
cluster deployment using the mechanism of templating configuration files in Ansible Playbooks provides for the
configuration of a ready-made cluster on new servers in a few minutes. The tasks of the template include operations to
install the required packages, create the needed configuration and launch the cluster.

An example of configuration files for automatic deployment of a DBMS cluster is shown in Figure 4. The j2
extension says that they are created using the Jinja template engine. Purpose-built placeholders in the template provide
writing code similar to Python syntax. Parameters are passed to the template for automatic insertion into the final
document, thereby achieving automatic assembly into development, testing and industrial operation zones, which does
not require manual modification of configuration files.
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v templates

clickhouse_config.xml.j2
clickhouse_keeper.xml.j2
clickhouse_ldap_auth.xml.j2
clickhouse_ldap_user_directory.xml.j2
clickhouse_macro_n1.xml.j2
clickhouse_macro_n2.xml.j2
clickhouse_macro_n3.xml.j2

clickhouse_macro_n4.xml.j2

clickhouse_macro_n5.xml.j2

clickhouse_macro_n6.xml.j2
clickhouse_users.xml.j2

cluster.xml.j2

Fig. 4. Configuration files

Description of configuration files:

clickhouse_config.xml.j2 — general cluster configuration;

clickhouse_keeper.xml.j2 — zookeeper configuration, which is responsible for node synchronization and
replication;

clickhouse_Idap_auth.xml.j2 — LDAP connection configuration for data security;

clickhouse_Idap_user_directory.xml.j2 — role-based configuration by access groups to ensure data security;

clickhouse_macro_n1(6).xml.j2 — macro files (each node has its own);

clickhouse_users.xml.j2 — configuration file for creating local users needed for administration;

cluster.xml.j2 — cluster configuration file.

To test the reliability of this configuration, an experiment was conducted during which data was loaded into a
DBMS cluster with a replication factor equal to 2. The dwh schemas and cluster_test_data tables were created on each
of the nodes of the DBMS cluster, and a distributed table was created on the dwh cluster.cluster_test data_distributed.
The rows of the dwh.test data_distributed table distributed across the cluster were 27,547,855. The rows of the
dwh.cluster_test_data table with each of the cluster nodes are listed below:

9,186,544 rows — 1st node;

9,182,959 rows — 2nd node;

9,182,959 rows — 3rd node;

9,178,352 rows — 4th node;

9,178,352 rows — 5th node;

9,186,544 rows — 6th node.

Conspicuously, the table was distributed over the entire cluster. According to the configuration shown in Figure 1,
the replication factor was 2, which means that each data block would be presented on 2 nodes. This can be seen from
the number of rows on the nodes: the sixth node stored a copy of the first, the third — a copy of the second, the fifth —
a copy of the fourth.

The fault tolerance of this configuration can be checked by alternately disabling nodes in the cluster. To do this, you
can turn off the node or stop services on one of the nodes with the systemctl stop clickhouse-server command. During
the experiment, DBMS services were stopped on cluster nodes.

With simultaneous disconnection of the 3rd, 4th, 6th or 1st, 2nd, 5th nodes that contained replicas, users continued
to receive data from the dwh.cluster test data_ distributed table, and the number of rows was equal to 27,547,855.
When one of the nodes was disabled, the data continued to be displayed, and the number of rows was equal to
27,547,855. When the nodes containing the replica and the original data were disconnected at the same time, data loss
occurred. This configuration can be scaled to 12 nodes, then the replication coefficient will be 3, and the sharding
coefficient will be 6.

Discussion and Conclusions. The proposed solution can increase the speed of execution of analytical queries, solve
problems with the scalability and reliability of data storage in banking organizations. The authors have automated
cluster deployment by using templates in Ansible Playbooks, which provides setting up a ready-made cluster on new
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servers in minutes. This configuration can be scaled by increasing the number of nodes and adding them to the
configuration files.

A set of characteristics that DBMS OLAP should correspond to was indicated, DBMS comparison was performed, a
fault-tolerant cluster configuration of a data warehouse for analytical queries in the banking sector was proposed,
automation of the configuration deployment process was performed. A similar solution is applicable for deployment on
FreeBSD, Linux, macOS. The cluster configuration diagrams are given. This configuration can solve the problem of
reliability and scalability, which is often found in organizations.
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Abstract
Introduction. At present, the concepts of fog and edge computing are used in a wide range of applications of various

kinds. One of the key problems in the organization of computing in groups of mobile devices that make up the edge/fog
layer is the mission assurance based on battery power availability. In this context, a lot of developments aimed at energy
saving of device systems have been presented to date. However, one important aspect remains beyond the consideration
of the problem of resource saving, namely, the issue of saving the residual resource of a computing device. The aim of
this research is to formalize the workload distribution problem as two-criteria optimization problem, and to develop the
basic solution technique.

Materials and Methods. Within the framework of this article, an approach to resource saving is proposed. It is based on
the evaluation of two device criteria: battery life and residual resource of a computing device. The residual resource of a
computing device can be estimated using the probability of failure-free operation of the device, or as the reciprocal of
the failure rate, taking into account that the exponential law of failure distribution is used in the simulation. From this, a
model of the problem of two-criteria optimization is formulated, taking into account the dynamics of the network
topology in the process of performing a user mission. The topology dynamics is reflected in the model as a sequence of
topologies, each of which corresponds to a certain period of time of the system operation.

Results. Based on the proposed model of the two-criteria optimization problem, a method was proposed for resource
saving in the edge and foggy layers of the network. It reflected the specifics of the dynamic layers of the network, and
also took into account the importance of the criteria for estimating the consumption of device resources. An experiment
was conducted to evaluate the impact of the method of distributing tasks over a network cluster on the probability of
failure-free operation of devices and on the average residual resource.

Discussion and Conclusions. The conducted experiment has demonstrated the feasibility of using the developed
method, since the distribution of tasks among executing devices had a significant impact (up to 25 % according to the
results of the experimen t) on the average residual resource of a computing device.

Keywords: resource saving, calculation planning, fog computing, edge computing, optimization.
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AHHOTALUA

Beeoenue. B HacTosimiee BpeMsi KOHIENIMHM TYMAaHHBIX M KPAaEBBIX BBIUYMCICHUH HCIOJIB3YIOTCS IIHPOKUM KPYTOM
MPWIOKECHUH caMOW pa3MUYHOW HampaBieHHOCTH. OIHOW M3 KIIOYEBBIX MPOOJIEM OpraHW3aIlil BBIYUCICHHHA B
TpyNIax MOOWIBHBIX YCTPOHCTB, COCTABISIONIMX KPaeBOW/TYMAaHHBIM CIIOH, SIBISETCS OOCCIICUCHHE BBHINOIHEHUS
MHCCHUHM Ha OCHOBE HalW4usl 3apsaa Oaraper. B CBs3M C 3TMM K HAcTOsIIEMY BPEMEHH IIPEJICTAaBICHO HEMalo
pa3paboToK, HaNpaBJICHHBIX Ha dHEprocOepexeHHe cUcTeM ycTpoicTB. OIHAKO OYeHb Ba)KHBIM acCIEKT OCTAaeTcs 3a
paMKaMU paccMOTpeHUs MpoOJieMbl pecypcocOepexeHus, a UIMEHHO — BOIIPOC cOepexeHHs OCTaTOUHOIO pecypca
BBIYHMCIIUTEIBHOr0 ycTpoiicTBa. llenblo naHHOrO wHccienoBaHus sBisieTcs (opManu3anus 3aJaddl paclpeeseHUs
Harpy3KkH Kak ABYXKPHTEPHAIbHON 3a/1a4i ONTUMH3AINH M BEIOOP 6a30BOr0 METO/IA €€ PeIICHUSI.

Mamepuanst u memoowvi. B pamkax NaHHOH CTAaThM NpemIaraeTcs IMOIXON K PEecypcocOepeKeHHIO Ha OCHOBE
OLICHMBAHMA JABYX KPHUTEPHEB YCTPOMCTB: pecypca OaTapen M OCTaTOYHOTO pecypca BBIYHMCIUTEIBHOTO YCTPOMCTBA.
OcCTaTo4HBI pecypc BBIUYUCIMTENBFHOIO YCTPOWCTBa MOXET OBITh OLEHEH NpPU MOMOIIM 3HAYEHHH BEPOSTHOCTH
0e30TKa3HOW PaboThl YCTPOMCTBA MM KaK BEJIMYMHA, 00paTHas WHTEHCHBHOCTH OTKa30B C YY€TOM TOTO, YTO HpHU
MOJEIMPOBAHUU  HUCIHOIb3yeTCs OKCIOHECHIMANbHBI 3aKOH paclpeieieHuss oTkazoB. Ha ocHoBe 3TOrO
chopMyaHpOBaHa MOAENb 33/1a41 ABYXKPUTEPHAIbHONW ONTUMH3ALUH C YI€TOM JTMHAMHUKH TOTIOJIOTHH CETH B Ipolecce
BBIITOJTHEHHS MOJB30BATENLCKOW MHCCHU. JIMHAMHMKa TOIOJIOTHH OTpa)kK€Ha B MOJAEIHM KakK IIOCIEeJOBAaTEIbHOCTh
TOTIOJIOTHH, KaXKJast U3 KOTOPBIX COOTBETCTBYET OIPEICIICHHOMY OTPE3KY BPEMEHH (hYHKIIMOHHPOBAHUS CUCTEMBI.
Peszynomamur uccnedosanus. Ha OCHOBaHMM TIPEICTaBICHHOW MOJENH 3a/addl ABYXKPHTEPHAIbHONH ONTHMHU3AINU
NIPEAJIOKEH METo]] 00ecleueHnsT pecypcocOepekeHnsl B KpaeéBOM M TYMaHHOM CJIO€ CETH, OTpaXalomui crenuduky
JIMHAMHUYECKHUX CJIOEB CETH, a TAK)KE YUMTHIBAIOIINN BaXKHOCTh KPUTEPHUEB OLICHUBAHUS pacxoja pecypcoB YCTPOWCTB.
ITpoBeneH 3KCIEPUMEHT, MO3BOJIIOINI OLCHUTD BIMSAHHE CIIOCO0a paclpesiesieHus 3a/1ad 10 CeTeBOMY KJIacTepy Ha
BEPOATHOCTH O€30TKa3HOM PabOTHI yCTPOICTB U HA CPEAHUN OCTATOUHBIH pecypc.

Oébcyscoenue u 3axkniouenusn. lIpoBeNEeHHBI AKCHEPUMEHT JEMOHCTPHPYET IE€IeCO00pa3sHOCTh INPHUMEHEHHS
pa3paboTaHHOTO METO/1a, TOCKOJIbKY Paclpe/ielieHHe 3a1a4 110 UCTIOJIHSIONIMM yCTPOWCTBAM OKa3bIBAET CYIIECTBEHHOE

BAMsIHKE (710 25 % 110 NTOTraM SKCIEPUMEHTa) Ha CPEHUI OCTaTOYHBIH PECYpC BHIYMCIUTENBEHOTO YCTPOICTRa.

KiaroueBble ciioBa: pecypcoc6epe>1<eHI/Ie, IJIaHUPOBAaHUC BBI‘II/ICJ'ICHI/II\/'I, TYMaHHbIC BbIYHCJICHUA, KPACBbIC BbIYHCIICHUA,

OIITUMMH3aIH.

BaaronapuocTu. ABTOp BhIpaKaeT NMPU3HATEIBHOCTh PYKOBOACTBY MHCTHTYTa MH(GOPMAIIMOHHBIX HAYK ¥ TEXHOJIOTHii
6e3omacHOCTH PoccHIICKOrO TOCYIapCTBEHHOTO TYMaHHTAapHOTO YHHBEPCHTETa 3a IOMOIIb, OKa3aHHYIO B IIPOIECCE

TIOATOTOBKHU ITPOCKTA.

Josi uutupoBanns. Kiumenko A.b. J[ByxkpuTepHanbHBIIE MeTOA oOeclieueHHsl pecypcocOepexeHust B KpaeBoM U
TyMaHHoM  cjosx  cern.  Advanced Engineering Research (Rostov-on-Don). 2023;23(1):85-94.
https://doi.org/10.23947/2687-1653-2023-23-1-85-94

Introduction. Currently, applications using edge and fog network segments are widely used [1-5]. Distributed

computing performed on the nodes of these segments has significant difference from distributed computing performed
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in cloud structures, namely, relatively high topology dynamics and, in addition, the presence of certain distances
between the nodes used. This results in the need to take this parameter into account when modeling the time of
information exchanges between executable tasks. The existence of topology dynamics is explained by the fact that
network edge devices are, as a rule, user devices (including all kinds of sensors, smartphones, laptops, etc.) that belong
to certain people and can be moved, turned off, access to data/resources may be prohibited. At the same time, all of
them depend on the presence of a battery charge (power source) [6, 7]. The fog layer of the network is less dynamic.
However, it is also characterized by all of the above to one degree or another: the occurrence of a certain distance
between nodes with the presence of transit sections of the network, the possible mobility of the nodes themselves, e.g.,
in case of data processing by groups of mobile devices. An interesting example in this sense are groups of low-orbit
satellites that are currently used for data processing, but the nodes are displaced relative to the Earth's surface at a fairly
high speed (access time is on the order of several minutes) and, therefore, the question arises about the routing and
transmission of processing results to ground stations [8].

As part of the issues of resource saving of devices used in the dynamic layers of the network, a number of works
have been published [9-11], in which attention is focused on energy saving. As a rule, the model assumes the
dependence of the consumed energy of the device on its workload [12]. At the same time, such an important factor as
saving the residual computing resource of the device remained outside the focus of research [13].

The residual computing resource of a device is a value that is closely related to such reliability characteristics as the
probability of failure-free operation and gamma-percentage time to failure. Also, the average residual life, taking into

account the use of the exponential law of failure rate distribution, is characterized by the following expression:
1 o0
R(t) = —— | P(x)dx, 1
®=55 j (%) (1)

where P(X) — probability of faultless operation (PFO) of the object during time X .
For the exponential resource distribution law, the PFO is defined as:
P(x)=¢e™, )

where A — hazard rate, A >0.

Then, according to formula (1), the average residual life is determined from the following formula:

R(t)=R= L 3
A

At the same time, there are works devoted to the relationship between the values of PFO, gamma-percentage time to
failure, and the average residual resource on the temperature of the computing element of the device, which, in turn, is
described as a function of the device load [14-16]. The problem of device resource saving can also be posed as the
problem of maximizing the average residual resource of the device.

Thus, the problem of resource saving is considered in recent works either as a task of minimizing the power
consumption of devices, or as a task of saving the residual computing resource.

However, under present-day conditions, it is reasonable to talk about two-criteria optimization of resource
consumption of devices for the following reasons:

— electricity is a renewable but critical resource for the mission of the device, whether it is a sensor of an
information and control system or a controlled mobile device;

— residual computing resource determines the duration of the device's expedient operation, and the operation time,

respectively, is the sum of the missions performed by the device.
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Therefore, the objective of this study was to develop a resource saving method for devices of dynamic network
layers, within which the assessment would be carried out on the basis of two criteria — power consumption and
computing resource consumption of the device.

Materials and Methods. Let us define the concept of “mission of a group of devices” as a predetermined sequence
of solving by a group of devices a complex of computational tasks related to information exchanges. The mission of a
group of devices can be described by an acyclic graph, whose vertices will be weighted by the complexity of the tasks,
and the arcs, respectively, will determine the limits of the sequence and the amount of data transmitted by the tasks. Let
the mission be described by graph W = {w, z, | }, where w; — complexity of the task, z; — proportion of the task
completed by the time of the topology change, | — matrix of data volumes transferred between tasks. A group of
devices in a dynamic network layer is described by a set of graphs, each of which defines the topology of the network at
time ti. We assume that the mission execution time includes a certain time interval with discrete instants of time [to, t1,
...t], each of which corresponds to the topology graph Gi={<pjj, e, Rij>, H}, j=I...m, pij — performance of the j-th
node of the i-th topology, ej; — energy resource of the j-th node of the i-th topology, Rij— average residual computing
resource of the j-th node of the i-th topology, m — number of devices in a group, H — matrix of network connections
between nodes. We also assume that at each subsequent time ti+1, for graphs Gi+1 and G;, the following is true: at least
one of the vertices belonging to Gi, will be contained in Gi+1, which is required to continue the mission.

We also assume that if the topology graph changes at time ti+4, it is possible to reassign tasks that were performed in
the i- th topology on the nodes that ceased to exist at i+1 time, to any of the available topology nodes i+1. At the same
time, we make the assumption that the tasks transferred to new nodes start to be executed at the same place where their
execution was interrupted.

Estimation of the residual computational resource will be implemented as follows: to estimate the PFO of the device

of the fog layer, we will use the expressions proposed in [17, 18]:

kD

A=0h,-20, 4)
where D — calculator load (in fractions).

[ J ®)

pj ' tconstra int

where W, — complexity of the work performed.

Accordingly, PFO (t) can be estimated, as well as the average residual resource:

g t-2K010 o t.2KWI0 Pteonstraint

Pt)=e™ =¢ =e , (6)
where teonstraint — time limit for which the task must be completed by the node to meet the mission time limit ty.
When estimating the residual energy resource, we also assume that the energy consumption is proportional to the
workload of the computing node, and there are no more energy costs:
Ej,=E,—¢D, @

where EjO — initial level of energy available, Ejm — residual level, & — coefficient expressing the relationship

between the load of the computing element and its energy consumption.
The result of the operation of the two-criteria method for ensuring resource saving will be a sequence of
distributions of still unsolved mission tasks over time [to, ti.1] by topology G; taking into account the fact that some of

the tasks that are in the process of being solved on the nodes inherited from topology Gi.1, remain at their places and are

not transferred: A={A};
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A=t . ®)

Matrix A4 describes the distribution of unsolved problems for which z<1. At the same time, the number of nodes
corresponds to new topology Gi. Nodes inherited from Gi.1, are renumbered and occupy indices starting from 1.

Since the mission may involve more than one topology, we will decompose the problem as follows: we will use the
“greedy” policy and assume that a satisfying solution (minimization of resource consumption, estimated by two chosen
criteria) can be obtained, if for each topology, we choose the best solution.

That is, the task model will have the following form: Vg,,z <1t >0 to get such A; that R(tm)
R;(t,) — max,e,(t,) —> max, mpu max(A; )<t .

Consider the possible priority of the formulated objective functions. For each individual topology, it is required to
minimize both the power consumption and the consumption of computing resources. In some special cases, the
coincidence of optimization goals for two criteria can be achieved. Specifically, the task is distributed to the node in
such a way that it will provide it with the minimum workload of the computational element and at the same time the
minimum power consumption.

However, this situation is not always possible. For example, there is a node loaded less than other calculations, but
at the same time its energy resource is almost exhausted. By assigning a task to it, we jeopardize the mission (or it is
necessary to change topologies as the supply of electricity runs out), and by assigning a task to a more loaded node, we
worsen the value of the residual computing resource criterion. The opposite situation can also occur: a node with a large
residual power resource may have a low residual computing resource as a result of participating in previous device
missions.

Therefore, it is advisable to rank the objective function (OF) in terms of importance, on the basis of which to select a
further solution method.

For critical missions, the battery life of the device plays a leading role [19-21]. Accordingly, the OF that determines
the residual computing resource can be reduced to an additional constraint. Uncompleted mission tasks will be
redistributed depending on the remaining battery charge.

It should be noted that the above is also true for missions that do not have critical execution. In the event that the
device loses battery power without completing the mission, it may be lost. Then the optimization of the computing
resource will become meaningless.

On the other hand, by reducing the residual computational resource to a limitation, the solution may not be obtained
at all due to the lack of available nodes whose characteristics would satisfy it.

Research Results. Multicriteria optimization problems, as a rule, are reduced to solving one or more single-criteria
problems. In this case, it is more expedient to leave one OF, and present the second one as a constraint.

For the system under consideration, the fulfillment of the mission is critical for each node; therefore, we transform
the OF for energy consumption into a restriction, the implementation of which will cut off unacceptable options for
distributing tasks among the nodes. Further, within the framework of the resulting set of nodes, the distribution will
occur with minimization of the consumption of the residual computing resource.

Let us describe the main stages of the two-criteria method for ensuring resource saving as the basic result of the
study:

— on the existing Gi-topology, select nodes that have sufficient energy resources to complete the mission without

changing the topology;
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— distribute mission tasks among selected nodes in such a way as to minimize the consumption of computing
resources for idle nodes, to which unsolved tasks will be attached.

It is possible to rank the nodes obtained at the first step of the method in descending order of the availability of an
energy resource. But then, by distributing tasks primarily among nodes with the maximum amount of energy resource,
there may be a deterioration in the values of the residual computing resource criterion.

Let us illustrate the dependence of the PFO values of devices on the selection of a node for solving the problem (in
this experiment, we compare the states of the nodes under the transmission of incoming data and during their
processing).

The topology is shown in Figure 1.

Fog node
100

Edge device
100 Fog Layer Cloud
Broker 1,000
500
Fog node
300

Fig. 1. Experimental fragment of network topology

The experiment was carried out for 10-time intervals, each of which was 100 hours with the following parameter
values: Wreceive (amount of data received by the task) — 500 units, Wsend (amount of data sent by the task) —
100 units, Wprocess (data processing complexity) — 150 units, Tdecl (time allotted for solving the task) — 50 units.

The following are graphs of PFO nodes depending on whether the node processes data or only transmits it (Fig. 2-5).
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Fig. 2. Comparison of PFO values for node 1 under data processing (Ppl)
and when transferring data (Ptrl)
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Fig. 3. Comparison of PFO values for node 2 under data processing (Pp2) and when transferring data (Ptr2)
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Fig. 4. Comparison of PFO values for node 3 under data processing (Pp3) and when transferring data (Ptr3)
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Fig. 5. Comparison of PFO values for node 4 under data processing (Pp4) and when transferring data (Ptr4)

Further, Figure 6 shows comparison of differences in the values of the average residual computing resource.
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Fig. 6. Comparison of average residual resource values for nodes 1-4 during data transit
(Remain_transit) and under data processing (Remain_perform)

Discussion and Conclusions. The article proposes a two-criteria method for ensuring resource saving in the edge
and fog layers of the network. It differs from those previously presented in the subject area of organizing distributed
computing in the dynamic layers of the network in the following. The proposed method takes into account both the state
of the battery of the device (which is critical for the mission) and the residual resource of the computing device (what
affects the duration of the appropriate use of the device outside the mission).

The developed method is based on the formulated problem of two-criteria optimization, which is then proposed to
be reduced to a single-criteria one through converting the objective function of the energy resource balance into a
constraint.

The nodes that are not suitable for the battery level are cut off in advance. Then there is a distribution of tasks
according to the criterion of the residual computing resource.

The conducted experiment makes it possible to compare the results of task distribution over nodes in the presence of
information interactions between tasks. It is clearly shown that the method of task distribution affects significantly the
value of the residual resource of a computing device (up to 25 %). Thus, it is possible to improve the resource

consumption indicators of devices involved in calculations in the edge and fog layers of the network.
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Abstract

Introduction. Essential nonlinearity of the chemical reactions of acids and bases determines the control algorithms in
the mode of acidification or alkalization, that is, periodic dosing of a minimum volume of acid or alkali. Such regulation
may be ineffective, specifically, it allows insufficient or excessive concentration of the controlled substance. The article
discusses the problem of precise regulation of the hydrogen index in mini-bioreactors. It is proposed to use a digital
model of the acidity control system to select the concentrations of topped-up solutions, determine the regulation
methodology, and improve accuracy. The objective of the work is the assurance of required accuracy of pH regulation
in an in vitro mini-model of the gastrointestinal tract of a static type.

Materials and Methods. The initial block diagram of the model included accumulators and flows. It was the base for
the main differential equations characterizing the change in volume and acidity. To correct the acidity readings of the
resulting solution by temperature, a static model based on the polynomial approximation of experimental data using the
least squares method was created. The structural elements of the mathematical model were investigated in the Matlab
Simulink application package. To validate the adequacy of the mathematical model, transient characteristics were
determined on a real system of in vitro modeling of the artificial gastrointestinal tract of poultry.

Results. Within the framework of this work, the authors created and analyzed a nonlinear mathematical model of pH
changes in a bioreactor taking into account external control actions. The flows of hydrochloric acid solution, alkali
solution and drain from the reactor were presented as elements of a differential equation describing the accumulation of
liquid in the reactor. To improve the accuracy, the solution was modified taking into account the temperature
dependence of the hydrogen index. A dosing mathematical model based on a regulator with alkali and acid channels
was proposed. The data obtained made it possible to generate a combined model of the pH regulation process in the
bioreactor. The adequacy of the solution was confirmed empirically. The models of pH regulator, regulation of the
volume of contents in the reactor and chemical reactions were shown in the form of structural diagrams. The transients
of a mathematical model and a real control system were compared. It was established that the transient characteristics of
the mathematical model and the real system were identical in terms of regulation time. The relative error of regulation
of the real system was 0.35 %, and the mathematical model — 0.1 %, which corresponded to the required accuracy of
regulation + 0.1 pH. The influence of the studied flows on the neutralization reaction was shown in the form of graphs.
Discussion and Conclusions. The proposed mathematical model will provide selecting optimal methods and algorithms
for regulating acidity, which will accelerate the creation of a regulator for the nonlinear process of regulating the
hydrogen index. In the future, these developments can be integrated into a comprehensive digital model of the entire
artificial gastrointestinal tract of poultry to optimize control algorithms (dosing, mixing, periodicity, etc.), as well as
approximation to objects in vivo.

Keywords: mathematical modeling, acidity, pH, in vitro modeling, in vivo modeling, control system, acidity regulation
algorithm, digital model.
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AHHOTaLUA

Beeoenue. CymuiecTBeHHas HEIMHEHHOCTh XWMHYECKHUX PEAKIMi KHCIOT W OCHOBAHUH OIPENENSIeT alTOPUTMBI
YIpaBICHUS B PEXKAME TTOIKUCICHUS WIH TOIIENAYNBaHNSA, TO €CTh IEPHOIUUECKOH 103 MUHUMAIBHOTO 00BbeMa
KHCJIOTHI MU MIeI0Y. Takoe peryanpoBaHHEe MOKET ObITh Maaod((EKTHUBHBIM, T. €. JOMYCKAeT HEAOCTATOYHYIO HIIH
N30BITOYHYIO KOHIIEHTpALMIO KOHTpOJHpyeMoro BeilecTBa. CTaThs MOCBSIIEHA MPOOJIEME TOYHOTO PErYJINPOBAaHUS
BOJIOPOJIHOTO TIOKa3arellsi B MHUHHU-OMoOpeakTopax. Ilpemmaraercs wuCHoONb30BaTh LUPPOBYIO MOJENb CUCTEMBI
yIpaBieHUsT KUCIOTHOCTBIO JUIsi M0A0Opa KOHIEHTpPAlMi JOJNMBAaGMBIX pPAacTBOPOB, OIPEICICHUS METOIUKH
peryJIMpoBaHus U TOBBILICHUsT TOYHOCTU. Llenb paboTel — obecrieueHne TpedyemMoil TOUHOCTH peryiupoBanus pH
B iN Vitro MUHH-MOJIEJHN JKETYAOYHO-KHIIEYHOTO TPAKTA CTATHYESCKOTO THIIA.

Mamepuanst u memoosl. VicxonHast CTpyKTypHasl CXeMa MOJIENH BKJIIOYACT HAKOIUTENN U MOTOKH. OHa MpeACTaBIsIeT
co0oit 6a3y At OCHOBHBIX TU(QepeHINaNbHBIX yPaBHEHUH, XapaKTepPH3YIONNX H3MEHEHHE 00beMa M KHUCIOTHOCTH.
JIJI1 KOPPEeKTHPOBKM TOKa3aHWH KUCIOTHOCTH PE3yJbTHUPYIOLIETO PAacTBOpa MO TEMIIEpaType CO3[aHa CTAaTHIECKast
MOJIeTIb, OCHOBaHHAs HAa IOJMHOMHAIBHON AaNMpOKCHMAalUH SKCIIEPHMEHTAIBHBIX JAHHBIX METOJOM HaWMEHBIINX
kBagpatoB. B mpuknamnom makere MATLAB Simulink wcciiezioBaHbl CTPYKTYPHBIC 3JIEMEHTBI MaTEeMaTH4YECKOM
Mojenu. Ha peanbHO# cucteme in vitro MOJeTUpOBaHHsl UCKYCCTBEHHOTO JKEJIYI0YHO-KHIIEYHOTO TPaKTa JOMAIIHeH
NTULBI OTIPEACIICHBI IEPEXOHBIC XapaKTCPUCTUKHN AT IOATBCPKACHUA aJ€KBATHOCTHU MaTeMaTHYeCKOM MOACIIN.
Pe3ynomamul uccnedosanusn. B pamkax maHHON pabOTBHl aBTOPHI CO3JAld W MPOAHAIM3UPOBAIN HETMHEHHYIO
MaTeMaTHYeCcKyl0 MoJiesb n3MeHeHus pH B OMOpeakTope ¢ yueTOM BHEUIHHMX YHPaBIISIOIIMX BO3aedcTBuil. [loToku
pacTBOpa COJITHOH KHCIIOTBI, pacTBOpa INEJNOYM M CIMBAa PacTBOpa W3 PEAaKTOpa MPEACTABICHBI KakK 3JIEMEHTHI
muddepeHIanIbHOr0 ypaBHEHNS, ONMCBHIBAIOIIETO HAKOIUICHHE >KUIKOCTH B peakrope. i MOBBIIEHHS TOYHOCTH
pemieHne  A0paboTanmM ¢ y4eTOM TEMIIEpPaTypHOW 3aBHCHMOCTH  BOJOPOIHOTO ToOKaszarens. Ilpemioskena
MareMaTudecKasi MOJIENb JIO3MPOBAHUS Ha OCHOBE PEryJIITOpa ¢ KaHAIAMHM IIEJI0YH M KUCIOTHI. [loydeHHble gaHHbIe
MIO3BOJIMIIM T€HEPHPOBaTh OOBEIMHEHHYIO MOJENb Tpolecca perynuposanus pH B Ouopeaxrope. AINEKBaTHOCTb
pelleHHs NOATBEPAMIM OIBITHBIM IyTeM. B BuAEe CIPYKTYpHBIX CXEM IIOKa3aHbl MoJenu: peryistopa pH,
perynupoBaHus 00beMa CONEPKUMOTO B PEAKTOpe M XMMHUYECKHX peakuuil. CpaBHUBAIOTCS TEPEXOTHBIE MPOIECCHI
MaTeMaTHYECKOMU MOACIIN U peanLHoﬁ CUCTEMbBI YIIPABJICHUA. YCTaHOBHeHO, YTO NEPEXOAHBIC XapaKTCPUCTHUKHU
MaTeMaTHYECKOMN MOACIM H peanLHoﬁ CUCTEMblI HJCHTHUYHBI 110 BPEMCHU PETYJIUPOBAHUA. OTHOCHUTEIbHAS
MOTPENIHOCTh PEeryJMpOBaHus peayibHOi cucrtembl cocraBuia 0,35 %, a marematmdeckoit mogenn — 0,1 %, uro
COOTBETCTBYET TpebyeMoil TouHocTH perynuposanus +0,1 pH. B Buae rpa¢nkoB nokazaHo BIMSHHE HCCIIEIOBAHHBIX
MIOTOKOB Ha PEAKIUIO HEHTpann3auy.

Oécyacoenue u 3axkniovenusn. [lpeanaraemas MaTeMaTHyeckas MOJIENb MO3BOJIUT 110JI00PaTh ONTUMAJIBHBIE METO/BI U
aNTrOPUTMBI PEryJINPOBaHUS KUCIOTHOCTH, YTO YCKOPHUT CO3JAHUE PETYISITOPa HEIMHEHHOTO Npolecca PeryIupoBaHus
BOJIOPOHOTO TOKa3zarens. B Oymaymiem 3TH HapaOOTKM MOXXHO MHTETPUPOBATH B KOMIUIEKCHYIO LIU(POBYIO MOJEIb
BCEro MCKYCCTBECHHOI'O XKEITYJOYHO-KUIICYHOI'O TPaKTa JIOMaHIHeﬁ NTULBI )T ONTUMHU3AIUN AJITOPUTMOB YIIPABJICHUA
(mo3anmu, mepeMeIrBaHus, MEPUOIUIHOCTH U T. I1.), @ TAK)KE alllIPOKCUMANIMN K 00BEKTaM in vivo.

KiroueBble c10Ba: MaTeMaTHIECKOE MOJICINPOBaHNUE, KHCIOTHOCTh, pH, MofenupoBanue in vitro, MOJeTUpOBaHKE in
Vivo, CHCTeMa YIPaBICHUS, AITOPUTM PETYITHPOBAHUS KHUCIOTHOCTH, ITU(PPOBAst MOJIEIb.
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BaaronapHocTn. ABTOpBI BBIpXAIOT 0JarofapHOCTh 32 (PMHAHCOBYIO MOAJEPIKKY MCCIEIOBaHMN B paMKax I'paHTa
MunucrepcTBa Haykd | Bbicuiero oOpasoBanusi Poccuiickoit ®enpeparun  Ne 075-15-2022-285 or 9 wrons

2022 r. «BeTtepuHapHbIE TPOOHOTHIECCKIE PENapaThl HAIPABICHHOTO MOAYINPOBAHMS 3{OPOBHS KUBOTHBIXY.

s uutupoBanus. Jorckoit [1.10., JIykesaoB A.Jl., ®unmmnosmy B. MaremaTtndeckass MOIETh CHCTEMBI YIIPaBICHUS
pH B in vitro MozenH xenyI0YHO-KUIIIEYHOro TpakTa AoMaunneit nrumsl. Advanced Engineering Research (Rostov-on-
Don). 2023;23(1):95-106. https://doi.org/10.23947/2687-1653-2023-23-1-95-106

Introduction. Since the early 1980s, the scientific community studying the physiology and functional features of
human internal organs has come to understand that in the near future, the focus of experimental techniques will shift
from “in vivo” practices to “in vitro” systems [1]. The development of systems for hardware simulation of physiological
processes will be of primary relevance, including for the following reasons: reduction of costs and time for conducting
research; possibility of simultaneous conducting of the same type of experiments; and, what is not unimportant —
increasing the ethics of research, reducing the need for experiments on living beings. By the beginning of the XXI
century, a whole scientific direction was formed, engaged in the development of techniques and equipment for “in
vitro” modeling and research [1].

Currently, in vitro models of the gastrointestinal tract are divided into two classes: static and dynamic. Static
installations allow you to simulate the processes of digestion when using liquid nutrient media [2]. Dynamic models,
unlike static ones, allow modeling peristaltic movements in the gastrointestinal tract, and are used when working with
content nutrient media.

From the point of view of the simulated volume, the gastrointestinal tract models (regardless of the previous
classification) are divided into micro- (up to 50 ml), mini- (from 50 to 400 ml) and macro-systems (over 400 ml) [3].
Microfluidic systems should be mentioned separately [4], but they go far beyond the scope of this work.

Patent analysis makes it possible to determine that the first is a patent for an invention “In vitro model of an in vivo
digestive tract”l. This system is dynamic and precedes the market entry of the first TIM-2-type systems [5]. The
development of this approach occurred in the models DGM [6], TIM-2 [5], HGS [7], etc. Static models, such as: DIDGI
[8], SIMGI [9], SHIME [10], ARCOL [11], etc., moved away from complex modeling of peristalsis, and focused on
more accurate modeling of the actual digestive processes. One of the reasons for this is the technical complexity and
high cost of implementing systems with dynamic content compression. Another reason was the development of
mathematical modeling methods and microcontroller control systems, which made it possible to control the medium in
a test tube (reactor) with high accuracy and stability [4].

In this paper, we consider the solution to a particular problem of mathematical modeling of the pH regulation
process for an in vitro mini-model of the gastrointestinal tract (gastrointestinal tract) of a static type [12]. The
importance of precise control of the acidity of the chyme is determined by rather strict requirements for the conditions
of in vitro experiments. Ensuring plausible conditions for the course of digestive processes, as well as the requirements
for repeatability of experiments, require automatic pH control in the bioreactor with an accuracy not worse than +0.1
units.? At the same time, the pH range can be from slightly alkaline (7.9 pH, oral cavity) up to strongly acidic (1.3 pH,
stomach).

The objective of this work is to ensure the required accuracy of pH adjustment in an in vitro mini-model of the
gastrointestinal tract (gastrointestinal tract) of a static type.

To achieve this goal, the following tasks will be solved in the work:

— development of mathematical model of nonlinear pH change in a bioreactor taking into account external control
actions;

— study of a mathematical model by simulation methods;

1 Minekus M., Havenaar R. In Vitro Model of an in Vivo Digestive Tract. Patent US5525305A: BO1F31/55. Date of application 01.11.94, date of
publ. 11.06.96)

URL: https://patents.google.com/patent/US5525305A/en

2 Chikindas M.L. Veterinary Probiotic Drugs for Targeted Animal Health Modeling. No. 075-15-2019-1880 URL:

https://megagrant.ru/labs/lab_rus 74331/ (accessed 28.02.2023) (In Russ.)
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— refinement of the mathematical model in order to increase its accuracy by taking into account the temperature

dependence of the hydrogen index;

— development of a mathematical model of the dosing process based on a two-channel competitive regulator (via
alkali and acid channels);

— development of a unified mathematical model of the pH regulation process in a bioreactor;

— conducting experimental studies to confirm the adequacy of the combined mathematical model and determine the

achieved accuracy of regulation.

Materials and Methods. To simulate the neutralization reaction, we will use the method of accumulators and
flows [13]. The method is based on the use of fundamental or local conservation laws (accumulators) and mathematical
description of patterns that change the amount of accumulated feature (flows).

The block diagram of the model is described in the figure, and contains two drives:

/)
(1) Volume
acid o
> o :
Container (3) Drain
alkali

Y

(3) Volume >
Substance
(4) Flow N
NaOH ” Q: (6) Digestive
) Flow .| Substance s processes

HC1 \ )

Fig. 1. Block diagram of the model

The reactor as a physical object simultaneously acts as a storage of the amount of liquid (Q1) and a storage of the
amount of hydrogen ions (Q2). This is a container in which a controlled digestion process takes place, accompanied by
a change in pH and a change in fluid volume.

There are three threads acting on the first drive:

— the first stream is the volume of acid topped up;

— the second stream is the volume of added alkali;

— the third stream is the volume poured out of the reactor.

The second drive is also affected by three threads:

— the fourth flow is the supply of sodium hydroxide by a pump [2];

— the fifth stream is the intake of hydrochloric acid. [2];

— the sixth stream is a potential change in pH during digestion. However, from a methodological point of view, it is
a disturbing effect, and is not discussed in this paper.

Now, let us consider the mathematical implementation of the model for describing physico-chemical processes.

The volume of liquid in the reactor is described by the following equation:

V=S:-h. 1)
Therefore, the change in the volume of liquid in the reactor:
dv =S-dh. (2

For convenience, let us call the streams:

— the hydrochloric acid solution flow: q1=G1;

— the flow of the alkali solution (sodium hydroxide): 2= G2;
— the discharge flow of the solution from the reactor: g2 = G3.
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Thus, the differential equation describing the accumulation of liquid in the reactor:
dh 1
EZE(Gl'FGZ—G?’)- (3)
To determine the dynamics of changes in the concentration of the solution in the reactor, it is required to find the
differential of the amount of substance according to the following formula:
v=V.C, 4)
where V is the volume of the substance, I; C is the molar concentration, mol/I.

From (4) and (1), we obtain:
dv d dh dc
—=—(S5-h-C)=S:|C-—+h-—2|. 5
dt dt( ) ( dt dtj ©)

The change in the concentration of the solution is influenced by the flows of alkali and acid with a certain
concentration, then:

dh dC
S'(C'aJrh'Ej:(Gl'CNaOH—Gz'Cch)- (6)
From equality (6), we express the change in concentration and simplify the expression:
dc 1
Ezﬁ(el(CNaOH _C)+G2(C_CHCI))' (7

Thus, the system of differential equations describing the dynamics of changes in the volume and concentration of

the solution in the bioreactor is presented in formula 8:

@21(614'62_63)'

dt S ®)
dC 1

dt = S.h(Gl(CNaOH _C)+G2(C_CHCI))'

To obtain the concentration of H ([H+]) cations from the solution of the system of equations (8), let us recall the
basics of chemistry. The concentrations of hydrogen ions ([H+]) and hydroxide ions ([OH-]) in distilled water at 25 °C
are equal and amount to 10-7 mol/l, this directly follows from the definition of the ionic product of water, which is
presented below [11]:

K = [H"] x [OH"] =10"mol*/I? (at 25 °C). 9)

It is also worth considering that:

T =[OH ]-[H*"]=[Na‘']-[CI]. (10)

Now we find [H+] (denoted as Cu) through the square root of the previous expressions, taking into account the

concentration of the solution according to equation (4) of our mathematical model [14]:

Co =L /1+¥—1 T >0,
2T

C, =K, T =0, (11)

C=—1 /1+#+1 T <0,
2 T
Where ions i = 4.

To create a control system with feedback on acidity in the form of a hydrogen index (pH), it is necessary to calculate

a negative decimal logarithm from the concentration calculated according to equations (7). Thus, we get the acidity of

the solution under normal conditions, that is, at 25 °C.
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But the contents of the bioreactor are not always in normal conditions. For example, to create an artificial
environment characteristic of the in vivo environment of the gastrointestinal tract of poultry, a temperature of 42°C is
maintained in the reactor®. Therefore, experimentally and on the basis of available research* a matrix of changes in the
pH of buffer solutions depending on temperature was obtained on high-precision pH meters, and the readings were
obtained using a measuring system with thermal compensation for the electrode used® [13].

Based on these data, a static model was constructed, it was obtained by polynomial approximation by the least
squares method. A visual representation of the pH dependence on temperature is shown in Figure 2: [14-16].

Real pH
14

12

N \
Y \\ =
\\\\\\%\\““\?\‘\“ \‘
S

\\\ \\\\\\ «\v«:\
? .\

10

2
pH 25 °C

Fig. 2. A surface describing the dependence of pH on temperature (12)

F(x) = p00+ p10-x+ p0l-y+ p20-x*+ pll-x-y+ p02-y* +

+p30-x3 + p21-x2 -y + p12-x-y°. (12)
The coefficients of the equation are presented in Table 1.
Table 1
Coefficients of the equation (11)
Coefficient Value
p00 0.154
pl0 -0.00511
p01 0.899
p20 -2.998 - 10°®
pll 0.00333
p02 0.0130
p30 -3.226 - 107
p21 1.588 - 10°
pl2 -4.98- 104

To determine the transients in the system, we will build a mathematical model in the MATLAB Simulink
application package (Fig. 3):

3 Automatic Temperature Compensation in pH Measurement. https://www.horiba.com/esp/water-quality/support/technical-tips/bench-
meters/automatic-temperature-compensation-in-ph-measurement/?utm_source=uhw&utm_medium=301&utm_campaign=uhw-redirect

4 Ibid.

5 Gnaiger E. pH measurement and temperature dependence of pH. URL:
https://www.bioblast.at/images/archive/b/be/20190329092613!MiPNet08.16_pH-Calibration.pdf
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Real pH

OH
OH » OH
L Real pH V |V pH(25C) —plpH
H » H
Model of the dosing Volume H
control system change model

Neutralization
reaction model

Static model pf pH
adjustment from
solution temperature

pH

Fig. 3. General structure of the mathematical model in MATLAB Simulink

Let us consider the created system by blocks. The first block is a block of a two-channel acidity regulator with
feedback. Noise has been introduced into the feedback circuit to simulate random events of a real system for measuring

acidity and measuring instrument errors

P PID(z)

R s D

OH

Discrete Control

ler OH

SUM p
pH_z —DE_\ ==
JH ——o
Set pH 2 Switch OH
> -1
4 | pli=0
Gain4
) Switch H
Gain3

»| PID(z)

B D

H

Discrete Controller H

Regulation error

Real pH

Real pH

b

il

Fig. 4. Structure of the pH regulator, block “Model of the dosing control system”

The second unit is a system for monitoring the volume of solution in the reactor. The “Drain volume controller”
function simulates the activation of pumping. If the volume of the solution approaches the maximum volume of the
reactor, the function gradually resets the solution to the required volume.

CO

OH
{ 2. ) P+ g
H
H
> -
Set. V. 0 P Xo

VO

| =

Drain volume controller

4

fcn

v_out 4

Vo

g

x 1/S (reactor)

)

Volumeto h

Trends

(1)

\Y

Fig. 5. Structure of the reactor content volume control model, block “Volume change model”
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The third block is the main one. It implements the calculation of the chemical reaction of acid and alkali when added
to the reactor and calculates the pH of the final solution under normal conditions. The function called ‘“Neutralization”
calculates the concentration of hydrogen ions in a solution [12]. And the “Concentration in pH” block implements the

conversion of concentration into a hydrogen pH indicator.

Cl1 —
— a0 B
o~ bl i fcn
- Neutralization
C_HcClI > - S
L 0
C2
sqrt(Kw)
-K
T v ol ol /(D)
fen pH (25 C)
Concentration in pH
- v 4oy —
fen

-( Neutralization)

Fig. 6. Structure of the model describing the neutralization reaction

The fourth block enables to take into account the temperature changes of the solution with the function of the

statistical model in the “Temperature correction” block.

o
pH 25C F -

Temp_ 0 ——Pp temp Real pH

Temperature correction

Fig. 7. Structure of the model describing the change in acidity from temperature, block “Static model of pH adjustment from solution
temperature”

To determine the adequacy of the transient characteristics of the resulting mathematical model, experiments were

conducted on a simulation model. The real model is represented by an automated control system for the artificial

gastrointestinal tract of poultry with one control unit and a bioreactor. Figure 8 shows the experimental equipment and

its description.

http://vestnik-donstu.ru
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Fig. 8. Research equipment and its description:
a — bioreactor environment control units; b — elements of bioreactor. 1 — controlled agitators; 2 — heaters;
3 — ports with sensors and a system for topping/draining solutions

The methodology of the experiment is as follows. The mathematical model takes into account the characteristics of a
real system, such as:

— set acidity;

— reactor parameters (base area and height of the bioreactor);

— concentrations of added substances (acids and alkalis);

— initial concentration of the solution;

— initial volume of the solution;

— the temperature of the solution throughout the experiment;

— discreteness of the control process [14].

The mathematical model is an ideal system in which mixing of solutions in the reactor occurs instantly and
uniformly. In real conditions, this is impossible, therefore, forced mixing is needed for the uniform dissolution of the
added acid or alkali. In the simulation model, this problem is solved by a magnetic stirrer controlled via a SCADA
system.

Unfortunately, this type of mixing device induces electromagnetic interference on the pH electrode. To eliminate
interference, the mixing device was switched off for a short time, and the discreteness of measurements and the
operation of the regulator was 20 seconds, which is due to the experimentally established time of normalization of the
pH readings of the electrode in the reactor (according to the documentation of the electrode, sampling can reach 1-2
minutes).5” The regulator of the real system is limited in the maximum volume of the dosed acid or alkali in order to
ensure safety, which was taken into account in the model regulator.

Experimental Results. Figure 10 shows a comparison of the transition process of a mathematical model and a real
control system. The pH electrode is a sensitive element that is susceptible to receiving external electromagnetic
interference.

One of the experiments was carried out at a given acidity of the solution in the range of 2.15 = 0.05 pH. The acidity
of the initial solution was 6.2 pH. The temperature of the solution in the reactor: 22.25 °C. Solutions of 0.1 mol/liter
NaOH and 0.1 mol/liter HCI were used to change the acidity. The dosing algorithm consisted in discrete proportional
regulation.

6 ph-4502c pH meter calibration notes. URL.: https://tlfong01.blog/2019/04/26/ph-4502c-ph-meter-calibration-notes/ (accessed: 30.11.2022).
" BEZO™ pH Circuit Datasheet. URL:https:/files.atlas-scientific.com/pH_EZO_Datasheet.pdf (accessed: 30.11.2022).
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Fig. 8. Transient characteristics of a mathematical model and a real system when regulating from 6.2 to 2.15 pH

Figure 11 shows the flow integrals from differential equation (7).

6-108 7 T T T T T T T T f Gl[OH]
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Fig. 9. The effect of each flow on the neutralization reaction during experiments

Discussion and Conclusions. Analysis of the simulation results have shown that flows with a solution
concentration in the reactor do not make a significant contribution to the regulation of the entire system, therefore, they
can be neglected for simplification. Then the system of differential equations of the digital model (8) will take the

following form:

Ih_1G+6,-6,),
dt s\t 2 3
(13)
dC 1
E:S_h(Gl'CNaOH _GZ'CHCI)'

According to the results of the experiments, taking into account the concentration of the solution in the reactor, the
relative error of the steady-state acidity of the solution for the mathematical model was 0.1 %, and for a real system
with the same algorithm 0.35 %.

Thus, taking into account the error of the electrode readings and the neglect of the mixing process of solutions in the
mathematical model, the absolute error of the control results is within acceptable limits and does not exceed = 0.1 pH of
the set value. This means that the developed mathematical model adequately describes the neutralization reaction curve,
and in the future, it will allow choosing optimal control algorithms, which would be a laborious process on a real

system.
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The developed model solves the problem and is a mathematical tool for the development of methods and algorithms
for pH regulation, taking into account the temperature of the contents of the mini-reactor, the initial concentration of the
main solution and the concentrations of top-up solutions, which will improve existing control algorithms.
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