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MOP®ONOIMYECKOE CTPOEHUE
OBO0JIOYKOBOWU ®OPMbI MO BbINJIABAAEMbIM MOLENAM

B. U. OauHoKOB, A. U. EBcTUTHEEB, . A. [IMUTpHEB,

J. B. YepHbIoBa, A. A. EBcTUrHEeeBa

Komcomoubckuii-Ha-Amype rocyiapcrseHnblii yauBepeutet (Poccust, 681013, Xabaposckuit kpaii, Komcomomnbck-Ha-AMype,
np. Jlenuna, 27)

AnHomayus. Ha nanpspkenHoe coctostaue (HC) mMHOroCmoiHbix 060:1049k0BbIX (opm (OD) Gosnbliioe BiausHEE OKa3bIBAIOT ee Mopdomornyeckoe
CTPOCHUE, €r0 BAPHAHTHI U CBS3M MEXJly KOHTAKTHPYIOIIUMH CIIOsIMH. L{enbto HacTosel paboThl SBIISETCS YCTAHOBICHHUE BIUSHUS CKOJIBKCHUS
0e3 TpeHHMs CJIOEB OTHOCHUTENBHO COCEIHEero KoHTakTupyomiero cios Ha HC muorocnoinoit o6onoukoBoil opmbl. Mopenupyercs mpoiece
OIpe/ieIeHUs HalpsKeHHO-teopmupoBanHoro coctosiHust (HZC) B 060110uK0BO# hopMe pH 3aIMBKE €€ CTallbio, B KOTOPOil UMEETCs TOBEPXHOCTh
MEXIy clIosiMU. B Hell ocymiecTBiseTcs MOIHOE CKOMbKeHNEe OAHOTO 105t OD 0THOCUTETPHO MPUMBIKAIOIIETO K HEMY coceqHero ciosi. CTaBuTCs
3aJa4a HalTH FeOMETPHUYECKOE MECTOIOJIOKEHUE paccMaTpuBaeMoil moBepxHocTH 1o ToimuHe O® u3 ycnoBus chOpMYIUPOBAHHON LEIEBOI
(YHKLHH C COOTBETCTBYIOIIECH CHCTeMON orpannueHuil. [loctpoeHne MateMaTn4ecKol MOJIEI OCHOBBIBACTCSI HA yPABHEHUSX JIMHEIHON TeoOpHn
YIPYTOCTH, TEIUIONPOBOAHOCTH, PELICHHE KOTOPBIX OCYILIECTBIISETCS alpOOMPOBAHHBIM YHCICHHBIM METO/IOM. B 0cecHMMETpUYHON MOCTaHOBKE
paccMaTpUBaeTCsl CI0XKHAsI TPEXKOMITOHEHTHAS CUCTeMA: JKMIKUI MeTal1, TBEPABINH METaJI, KepaMmudeckas 000s10ukoBas popma. TBepblit MeTat
1 0007104KOBast popMa CUUTAIOTCS H30TPOITHBIMHU. TPEIINHOCTONKOCTE 000JI0YKOBO (POPMBI OLIEHUBAETCS 110 BOSHUKAIOIIMM B HEH HAIIPSKCHHSM.
Ha xontaxre ¢ onopusiM Hanonuutenem (OH) Bo3moxeH ero orxox or moBepxuoctu OD B mporiecce OXJIAKICHUS KUIKOTO MeTauia. B atom
cilydae pelaercsi KOHTaKTHas 3aja4a (IepeHa3HayeHHe rPaHUYHbIX ycinoBuid). COCTaBIIEH alrOpUTM pelIeHus 3a1a4n. Pe3ynpraTbl YUCICHHOTO
MOJICITUPOBAHHS 0TOOpakeHbI rpaduuecku B Bujie dmiop. [IpoBeneH moapoOHblii aHaIN3 ONTYUYEeHHBIX pe3y/braToB. [lokasaHa HECOCTOSTELHOCTD
M3TOTOBJICHUSI TAaKOM MHOTOCIIOWHOHN (opMbl. Pesynbrarsl mcciienoBaHMid MOTyT OBITH IOJIE3HBI NMPU pacyeTax APYrux (yHKIHOHATBHBIX
MHOTOCJIOHHBIX 000JIOYKOBBIX CHCTEM.

Katouegble c/108a: nuThe 10 BBHIILTABIACMBIM MOJIEISIM, 0007I04KoBas (GopMa, HAMPSHKEHHOE COCTOSIHHE, MOICTHPOBAHUE, TPEIIMHOOOpa3oBaHIe,
KOHTAKTHPYIOIIHE CIIOU
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Original article MORPHOLOGICAL STRUCTURE
OF SHELL MOULD IN INVESTMENT CASTING

V. 1. Odinokov, A. I. Evstigneev, E. A. Dmitrieyv,
D. V. Chernyshova, A. A. Evstigneeva

Komsomolsk-on-Amur State University (27 Lenina Ave., Komsomolsk-on-Amur, Khabarovsk Territory 681013, Russian
Federation)

Abstract. The stress state (SS) of multilayer shell mould (SM) is significantly influenced by its morphological structure, its variants, and the connections
between the contacting layers. The purpose of this work is to establish the effect of sliding without friction of one of the layers of SS relative to the
neighboring contacting layer on SS of the multilayer SM. The process of determining the stress-strain state (SSS) in the SM is modeled when it is
filled with steel, in which there is a surface between the layers, where one layer of the SM is completely sliding relative to the adjacent neighboring
layer. The task is to find the geometric location of a given surface by thickness of SM from the condition of the formulated objective function with the
corresponding system of constraints. The construction of the mathematical model is based on equations of the linear theory of elasticity, the equations
of thermal conductivity, solution of which is carried out by a proven numerical method. In the axisymmetric formulation, a complex three-component
system is considered: liquid metal, solid metal, ceramic SM. Solid metal and SM are considered to be isotropic. Crack resistance of the SM is estimated
by the stresses arising in it. On contact with the support filler (SF), it is possible to move the SM surface from the SF during the liquid metal cooling.
In this case, the contact problem is solved — reassignment of the boundary conditions. An algorithm for solving the problem is compiled. The results
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of numerical modeling are displayed graphically in the form of plots. A detailed analysis of the obtained results was carried out. The inconsistency
of manufacturing such a multilayer mould is shown. The results of the research can be useful in calculations of other functional multilayer shell systems.
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) BBEAEHME

B paborax [1 —3] meranbHO Hccae0BaIl 0O0IOYKO-
Byt (popmy (OD), cocTosIIyI0 U3 HECKOIBKUX CIIOEB, T0-
TPaHUYHBIEC TIOBEPXHOCTH KOTOPHIX MOTYT CKOJIB3UTH JAPYT
OTHOCHUTEJILHO JIpyTa MpHU €€ 3aJTUBKE KUAKUM METaIJIOM.
[IpoBeneHHbI TEOPETUUECKUH aHaU3 TOKa3ad, 4To OT-
CYTCTBHE TPEHHS MEKIY CIOSMH BEIET K €€ pa3pylICHUIO,
a HajM4yue HeOOBIIOTO TPEHUS TIONIOKUTENLHO BIUSAET HA
€e TPEIINHOCTOUKOCTh. [Ipr 3TOM O4YeHBb CIOXKHO BBITIOIN-
HUTH MHOTOCIOWHYI0O O® C 3aJaHHBIM TPCHHUEM MEXKIY
CIIOSIMU.

B nacrosteit padore, o ananoruu ¢ padoroii [4], mpu-
BOJUTCSl TEOPETHUYECKOE HCCIIEIOBAHUE CTOHKOCTH 000-
JIOYKOBOM (hOPMBI ITPH €€ 3aJIMBKE CTaJIbl0, KOT/a KaKOKW-TO
U3 CIIOCB CKOJB3UT 0€3 TPEHHS OTHOCHUTEIHHO COCEIHETO
ciost. Mmeercss monokutenbHbIH 3ddexT (yBenmdeHue
croiikoctn OD K paspyuieHuio), ecnu BHyTpu OD ecTb
MOBEPXHOCTB, IO KOTOPOH TPEHHE, MPEIMSITCTBYIOMIEE Me-
PEMEIIEHUIO OHOM YacTH (JOPMBI OTHOCHUTEIBHO IIPYTOH,
PaBHO HYIIIO.

[IpoBeneHsl TeopeTHYECKHE W OIKCIIEPUMEHTAIBHBIC
UCCIICIOBAHHS HAIPSDKECHHO-1e()OPMHPOBAHHOTO COCTOSI-
HUSI 000JOYEUHBIX KOHCTPYKIHA C Pa3MUYHBIMU CTPYKTY-
pamu [5—10] 1 u3 pa3HbIX (QYHKIHMOHAIBHBIX MarepHa-
qoB [9—13], ycnoBuii Harpyxenus [8, 14— 18] u dhopm
obomnouek [19 —22].

B pabote [3] npemoxkeHa TEXHOJIOTUS U3TOTOBICHUS
MHOTOCJIOHHOM 000JIOUKOBOM (HOPMBI CO CIIOMCTOM CTPYK-
Typoi, B KOTOPOH BHYTPEHHHUE CIIOM MOTYT CKOJIB3UTh
JIpYT OTHOCHUTENBHO Jpyra 0e3 Tpenwus. Jpyroi moxxom —
CKOJIBKEHHE CIIOCB APYr OTHOCHTEIBHO Ipyra C HajH-
YHEeM TPEHHUSI.

[TocranoBka 3a1auu OyeT COOTBETCTBOBATH TOCTAHOB-
Ke, MpeacTaBlieHHON B padote [1]. IMeHHO 3TOT Bompoc
paccMmarpuBaeTcs B HacTosuie padore.

I MATEMATMYECKAA NOCTAHOBKA 3AZ1AYM

PaccmarpuBaeTcsi oceCUMMETPUYHOE TEJNO BpalllEHUs
(puc. 1, a, tne I — xuakuit metamt; /I — 3arBepAeBIINN Me-
tar; [II — MHOTOCITOMHAs: 00omoukoBas ¢opma; T — ToII-
mrHa 000JI0YKOBOM (POPMBL; H — BBICOTA HIMHAPHICCKON
4acTu CTOsIKa; R, — paauyc ChepuyecKoi 4acTH CTOsKa;
P, — ruapocratMyeckoe JaBIeHHE JKHIKOTO MeTaa),
BHYTPHU KOTOPOI'O UMEETCS IIOBEPXHOCT X, = X, [Ie Kaca-

TEJIBHBIC HANPSDKCHNUS Oy, | » = 0. Tpebyercst Haiitn MecTo-
M

TIOJIOKCHUEC paCCManHBaeMOﬁ IMOBEPXHOCTHU, TO €CTh KO-

OpauHATY xl* , IPU KOTOPOW HOPMAJIbHBIE PACTSITHBAIOIINE
HaNPsDKCHUS, BO3HUKAIOIINE ITPpH 3auBKe ctami OdD, Obitn
0bl MEHUMaTBHBIME. Kak mokazaHo B padorax [1, 2], Taku-
MU HANPSHKEHUAMH SBIISIIOTCS O, .

IeneBas ¢pyHkuus F OyaeT UMETh CASTYFOIIUN BHI:

F=minc,, (xl* ) max G,, (1, Q)

an/IO<xl*<T;0<r<50c, (1)

rae O — uccuexyemast 00JacTh; T — BpeMs OXITakIeHUs; 1 —
Tosmuaa Od.

[eneBas dynkmums (1) cBsizaHa HEMOCPEACTBEHHO C pe-
IICHHEM YPaBHEHHWH TEOPHH YNPYTOCTH M TEIUIOIPOBOI-
HOCTH 110 00yacT Q) TPY HAJIMYWU HauyalbHBIX W TpaHHUY-
HBIX YCJIOBUH.

PaccMmoTpuM ocecuMMeTpuUYHOE Teno BpamieHus. Ha
puc. 1, @ mpencraBiaeHa pacueTHas CXeMa B MEpHIUAIb-
HOM CEYCHHHU C YYETOM OCEBOH CHMMETPHH, TPEXKOMIIO-
HeHTHas cuctema (puc. 1, 6). ledopmupyemblii MaTepuan
(3arBepaeBIIMiA MeTas, (opMa) CUUTACTCS M30TPOITHBIM.
Hcnonp3yst TEOpUI0 MalbIX YHOPyromjacTHYecKux nedop-
Malyii, ypaBHEHHE TEIUIONPOBOAHOCTH U SHIEPOBY CHC-
TeMy KOOPAMHAT, 3allUILeM JUIs KaXI0i 00JIacTH CUCTEMY
YpaBHEHUIl:

— 1 obnactw /:

G =0y =033 =0=—F;

- )
B =vh; 6=0a,A6;
— st obmacreit 11, 11T
=0: 6—Gt*'*— 15.
Gijj =% Oy —00; =Up8;5 & = &; =780,
e=¢g;; & =3k,6+3a, (OH—OF); 3)

&; =0,5(U,,+U,,);
0 =a,A0; p=2,3,

IJie G, — KOMIIOHCHTBI TCH30pa HANpsLKeHH; U, — mepeme-
LEHNS; €; — KOMITOHCHTBI TCH30pa YNPYIHX nedopmanuii;
0 — TUAPOCTATUYECKOE HAIPSDKCHHUE; G; — MOAYJb CIIBU-
ra 3aKpHCTaNTM30BaBIIErocs Meramia (p =2) u 000y04-
KOBOH (hopMbI B cioe ¢ (p = 3); Sij — cumBon Kponekepa;
kp, — k03P OHUIHEHT 0OBEMHOTO CHKATHS; o, — Ko_a(bcbnuﬂeHT
JIMHEHHOTO paciMpenus B obnactu p = 2, 3; 0., — Temie-
paTypornpoBOIHOCTh B obnactu p = 1, 2, 3; ¥ — MJIOTHOCTH
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Puc. 1. PacueTHas cxema cucteMsl skuakuit Metamt (JXM) — TBepaprii
metat (TM) — obonouxoBas Gpopma (OD) — onopHslil HaOIHHU-
tenb (OH) ¢ yka3aHueM MOBepXHOCTEW K TPaHHMYHBIM YCIIOBHSM 3a/1a4n:
a — MEpUINaHHOE CEYEHHE; O — CXeMa MOJICIIMPOBaHIS o0acTel
cucremMbl KM — TM — O® — OH; §| — TOBEpXHOCTL KOHTAKTa KHUJIKOTO
¥ 3aTBEPJIEBILETO METAIIIA; S, — BHYTPEHHSS MOBEPXHOCTH KOHTAK-
Ta 3aTBEP/IEBLIETO METAIIA U 000J104KOBOH (hOpMBIL; S, — BHEILHSS
TIOBEPXHOCTH 000JI0YKOBOH (OPMBIL; S, — CBOOO/IHAS TOBEPXHOCT
TOpIIa JIMTHUKOBOIT Yarm 00605109K0BOM (GopMbI; [ — [ — 0Ch CUMMETpPHH;
1 — 3 — ocu koopauHat; 7' — TOIIINHA 000JI09KOBOH (OpMBI; H — BBICOTA
LUIMHIPUYECKON YacTH cTosika 000710uKk0BOi hopMbl; R, — pamuyc cde-
pHUUecKoif yacTh cTosika (3ymida); » — pacCTOSHHUE OT OCH CHMMETPHHU
110 BHenIHel nosepxHoctu OD

Fig. 1. Design scheme of the system liquid metal (LM) — solid
metal — shell mold (SM) — support filler (SF) indicating the surfaces
to the problem boundary conditions:

a — meridian cross-section; 6 — modeling scheme of the areas of the
LM — SM - solid metal — SF system; S, — contact surface of liquid and
solidified metal; S, — inner surface of the contact of the solidified metal
and SM; §; — SM outer surface; S, — free surface of the end face of SM
gating bowl; / — / — axis of symmetry; / — 3 — coordinate axes;

T — SM thickness; H — height of cylindrical part of the shell-shaped
riser; R, — radius of spherical part of the riser (well); 7 — distance from
the axis of symmetry to SM outer surface
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pasnuBaemMoro Meramia; 6 — TeKylias TeMneparypa; 9; -
HayaJbHas TeMIeparypa B 001acTH p.

B cucreme ypaBHenwuit (3) ucmonb3yercs CyMMHUPOBa-
HHE TI0 TIOBTOPSIOIINMCS HHICKCAM.

TIpyMeM, 4TO BHYTPEHHSIS TOBEPXHOCTh X; = X, HE BIIIs-
eT Ha TemoBoe nojue BHyTpu O®D. B npouecce oxnaxaeHus
METaJUl KPUCTAJUIN3yeTCs. BenndnHa 3akpHCTaIH30BaB-
IIEHCS KOPOUKH A Ha BPEMEHHOM HIare AT ONpenesseTcs
13 ypaBHEHHS Mek(ha30Boro mnepexozaa [4]:

“4)

3nech AQ, — mepenaj Temneparyp B TBEpHoH (ase BOMHM-
31 (PpOHTA KpUCTAIIM3AIMH; L — CKpBITas TEIJIoTa IJIaB-
JIEHUs; P — IJIOTHOCTh; A, — KOO(P(HUIMEHT TEIIONPOBOJI-
HOCTH B TBEpIOH (asze.

HauanbHble ycnoBus 3amauu: A|T=o =0 — orcyrcTBHE
TBepHoit (asbr MeTamia (D — TONIIMHA 3aTBEPACBIIETO Me-
Tajna); 0, |T: 0= 6, — TeMnepaTypa pa3JIMBaeMOro KHIAKOTIO
MeTaa; 9;,[‘ .= 0;.

=
I'pannunsie ycnoBus 3anaun (puc. 1, a):
—Ha ocu cummerpun U, =0; 6, =0; g, =0;
— Ha oBepXHOCTH S, (i =2 + 4)

011|S1 =-F; cf12|Sl =0; cs21|S4 =0 c522|s4 =0

U
Oy, = —we, T cos(n x); (%)

0, =0, e|S3 =20 °C;

*
— Ha I'paHUIIC ITIOBEPXHOCTH X| = X,

O,y = 0,
e y* — ko3 (OUIMEHT TPEHUS Ha OBEPXHOCTH KOHTAKTa
mexy OD u OH; UCK — ckoibxenue OD oTHOCUTEIBLHO
onopuoro HanosuuTenst (OH) Brons koopauHatel x,; U™ —
HOPMUPYIOIIast BEININHA.

[Ipu »TOM penraeTcss KOHTaKTHas 3ajada: Ha MOBEPX-
Hoctu S, (puc. 1, @) npumem yciosue

eciu 611|S3k >0:>G“|S§ =0

(6)

ecin U,

st 0= Uy =0;

rJe k — HOMep TpaHM DJIEMEHTa Ha KOHTAKTHOW TOBEpX-
HOCTH.

Pertenne ypauenuit (2), (3) npu HadaubHBIX M Tpa-
HUYHBIX YCJIOBHSX OCYIIECTBISIIOCH YHCICHHBIM METO-
JIoM [23], o YMCIeHHBIM CXeMaM U TIporpaMmam [24].

[Ipouecc ontumuzamuu ueneBoit ¢yHkuuu (1) ocy-
MIECTBISICTCSI TTO CIISTYIOMEMY aJITOPHTMY.
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[ ANrOPUTM PELLEHUA 3AAAYM

1. Uccnemyemast o06macTh pa3douBaeTcss OpTOTOHAIIBHEI-
MU CEMENCTBaMHU MTOBEPXHOCTEHN Ha KOHEYHOE YNCIIO OPTO-
TOHAJBHBIX JIEMEHTOB.

2. BpUucasioTes UIMHBL YT 3JIEMEHTOB B COOTBETCT-
BUU C METOAMKOM, onrucaHHO# B paboTte [23].

3. Bpewms OXJIAKIEHUS oot pa30uBaeTcs Ha KOHEUHOE
YMCJIO IIAaroB T = ZAIH.

4. 3anaercs 4uciIo 71" BOZMOMXKHBIX BapHaHTOB HaXOXJe-

HUSI TIOBEPXHOCTH X, = (xl* )k B tonmuae O® (k=1). D10

YHCIIO0 Koppenupyercsi ¢ pa3ouBkoir OD Ha 37€MEHTHI 10
TonuuHe 7.

5. 3agatoTcst HaYaNbHbIE YCIOBUS 3a/1a4i U TPAHUIHBIE
YCIJIOBHS 10 dJIeMEHTaM, 00Pa3yIoIIUM PaccMaTpUBAEMYIO
00IacTs.

6. OnpeznenseTcs moJie TeMIeparyp Ha BpeMEHHOM I1are
AT YMCIIEHHBIM PENIEHUEM yPABHEHMS TETIONPOBOJIHOCTH
[0 METOAMKE M aIrOpuTMy [23] mpu HAIWYMK HAYaJIbHBIX
U TPaHWYHBIX YCIIOBHH Ha PaccMaTpUBacMOM BPEMCHHOM
miare.

7. Eciiu remnieparypsl B oonact / (puc. 1, a) y moBepx-
HOCTH S, 6| 5 <0, (rme 0, — Temmeparypa KpUCTaIU3aIUN

CTaJN), TO BBIYUCIICTCS TONIIMHA 3aKPUCTATU30BABIICH-
s Kopouku A 1o opmyite (4).

8. Ilpu HaiineHHOM MOJIe TEeMIepaTyp YUCICHHO pellia-
eTcsi cucteMa ypaBHeHHH (2), (3) ¢ y4eToM pa3sHOCTHBIX

AHAJIOTOB M METOAMKH [3], a TakyKe HauyalbHbIX M TPaHHUY-
HBIX ycloBui (5).

9. Ompenensiercss mone Hanpsokenuit o, (i =1,2,3)
v nepementennid U, (i = 1, 2) B COOTBETCTBUH C yKa3aHHBbI-
MH BBIIIEC METOJaMU. OTI)ICKI/IBaeTCSI " 3alIOMUHACTCA MaK-
CHMAJIbHOE HAIIPSIKEHHUE G,, (MaX G,, = 622).

10. TIpoBoauTCS OIICHKA BBINIOJHEHHS YCIOBUH (6):
ecim ycnoBus (6) 10 MOBEPXHOCTHU S; HE BBITIOJHSIOTCS, TO
CJIEeAYCT NEPCHA3HAYCHUEC I'PAHNYHBIX YCJIOBHUU U BBITIOJIHA-
eTCs IepeXo K MYHKTY 9; €CIIN HeT W3MEHEHHI TPaHIYHBIX
yCIIOBUH — cnieayeT onepanus /1.

11. TIpoBomuTcs mar MO BPEMEHU W BBIMOIHSICTCS

* *
onepanus 6, eciu (022) > (022) » HITH OTIepartust 12, ecnu
n n—
* *
(6%) <(c%) .
n n-1 .
12. Ilpunumaercsa k=k+ 1. Ecnu kK <n” — BbInonuser-

cs omepanus 6, eciu k > n” — onepanys /3.
13. BrpiOupaercss pelieHue ¢ TmapameTpoM k =k,

:
(%), = (xl) , COOTBETCTBYIOIIEE HAMUMEHBLIEMY 3HAUE-
ky K

HUIO 1ieneBoi GpyHknnu (1).

[ PEWIEHKE 3A0AYM

l'eomerpuueckue mapamerpsl: 7= 10 mm; H =40 mvm;
R, =20 mm. Bpemennbie untepsains At , c: 0,015 0,02;
0,03; 0,04; 0,05; 0,1; 0,2; 0,3; 0,4, 0,5; 2; 5, 10; 8; 3; 3; 5;
10; 15; 20.
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Fig. 2. Change in temperature (a) and voltage field o,, (6, 6) atn, =2,7= 18,3 s
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Fig. 3. Change in temperature (@) and voltage field 6,, (6, 6) atn, =4,7=18,3 s

PazOuenue obmactu: N,N, = 10-30; nz =5.
[punsTe cnenyromnye Gu3ndeckre mapamMmeTpbl pasim-
Baemoi cranu nipu 6 > 1000 °C (0 = 1500 °C):
G = 1000 kr/mm?%; 0. = 12-10° rpax';
A=0,0298 Br/(Mmm-°C);
L =270-103 Ixx/xr (ckpbiTas Terora miasnenns); (7)
C = 444 JIx/(xr-°C); y = 7,8-107° xr/mm3;
0,= 1450 °C.

duzndeckue CBOWCTBa POPMBI:
G =2960 xr/mm?%; 0.=0,51-10° rpag;

%= 0,000812 Br/(mm-°C); C = 840 Jlxc/(kr-°C); (8)
v =2,0-10"° xr/mm?>.

Pemenue neneBoit pyHKIHM

F =232 Mlla; n, = 1 (mosepxuocts C);
=183 c. )

DIIOpeL G, 0 HAWJEHHOMY pelIEHHIO (9) TIPUBEIEHBI
Ha puc. 2, 6. J{ist Oosee TIyOOKOrO OCMBICICHHUS Xapak-
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Tepa SMIOPhI G,, NPUBOIATCS 10 ceyernto OD mpu n, =2
(puc. 2, 0), n, =3 (puc. 3, 6), n, =4 (puc. 3, 6). Ilpocne-
KMBaeTcs ueTkas kapTuHa. [ToepxHocThio C 0005109KOBas
¢dopma paznmemnsieTcs Ha aBe YacTh. Kaxnas gacts OD nme-
eT ciiou Oosiee Terbie (TopsvYre) U MeHee Teruble. [opsaune
CJIOM, PACUIMPSACH, UCHBITHIBAIOT CKUMAIOILIME HaIlpshKe-
HUSL G,,, XOJNOJHBIE, MPENATCTBYIONIME PACIIMPEHHIO TO-
PAYMX CIIOEB, UCHBITHIBAIOT PACTATUBAIOIINE HANPSHKEHUS
G,,. Haumenbumii rpaguent remneparyp Gyner npu n, = 1.
Oto u ecthb pesynbrar (9). Ha moBepxunoctu C Habmr0qaeM
CKa4OK HANpsHKEHHS G,, N0 KoopauHare x,. Ilomyuennoe
Mopdomoruueckoe crpoerrne OD 3HAUNTETHHO YCTYyIaeT
[0 TPEIUHOCTOMKOCTH MOopdororndeckoit OD, momyueH-
HOIi B pabote [4], riie BTOPO#i CIIoi CO CTOPOHBI HAPYKHOM
MIOBEPXHOCTH MHOrociaoiHoi O® U3roToBIEH U3 KBaple-
BOTO TIeCKa C HU3KAM K03(h(HUITHMEHTOM JTHHEHHOTO pacIIi-
penns. [Ipu cocTaBaeHNH IPOTPaMM HCIOIB30BAJICS MPOT-
pamMHBIi KomIuteke «Onuccein» [24].

1. OpunokoB B.U., Escrurnees A.W., Imurpues 3.A., Uepnsimo-
Ba JI.B., EBcturneeBa A.A. BiusiHue BHyTpeHHero Qakropa Ha
TPEIIHHOCTONKOCTE 000J0YKOBOW (OPMBI TIO BBHITUIABISIEMBIM MO-
nensiv // VisBectust By3oB. Uepnast meramtyprus. 2022. T. 65. Ne 2.
C. 137-144.
https://doi.org/10.17073/0368-0797-2022-2-137-144

2.  OnunokoB B.M., Escturnees A.U., Imutpues 3.A., UepHsiiio-
Ba JI.B., EBcturneeBa A.A. BnusHHEe OMOPHOTO HAMOIHHUTEIS
U CTPYKTYpPbI 0007104KOBOH (POPMBI Ha €€ TPEIMHOCTOHKOCTD // 13-
BecTHsA By30B. UepHas metammyprus. 2022. T. 65. Ne 4. C. 285-293.
https://doi.org/10.17073/0368-0797-2022-4-285-293

3. Pemsax C.U. TexHomorndeckne OCHOBBI JIUThSI MO BBIILIABISEMbBIM
mozeisiM. [Iaenponerposck: Jlupa, 2006. 1056 c.

4. OpunoxoB B.M., [lmmtpmes D.A., Ecrurmees A.U., Csupm-
noB A.B., sankosa E.I1. MoxgenupoBaHue 1 ONTHMH3aLHUsI BEIOOpa
CBOICTB MaTepHaioB U MOP(OIOTHIECKOTO CTPOCHUS CTPYKTYPHI
000J104KOBBIX (DOPM T10 BHIMIIABIsIEMbIM MozensMm // U3Bectus By-
30B. YepHas metamnyprus. 2020. T. 63. Ne 9. C. 742-754.
https://doi.org/10.17073/0368-0797-2020-9-742-754

5. Kulikov G.M. Influence of anisotropy on the stress state of multi-
layer reinforced shells // Soviet Applied Mechanics. 1987. Vol. 22.
No. 12. P. 1166—-1170. https://doi.org/10.1007/BF01375815

6. Zveryaev E.M., Berlinov M.V., Berlinova M.N. The integral method
of definition of basic tension condition anisotropic shell // Inter-
national Journal of Applied Engineering Research. 2016. Vol. 11.
No. 8. P. 5811-5816.

7. Maximyuk V.A., Storozhuk E.A., Chernyshenko I.S. Stress state of
flexible composite shells with reinforced holes // International App-
lied Mechanics. 2014. Vol. 50. No. 5. P. 558-565.
https://doi.org/10.1007/s10778-014-0654-6

8.  Vetrov O.S., Shevchenko V.P. Study of the stress-strain state of or-
thotropic shells under the action of dynamical impulse loads // Jour-
nal of Mathematical Sciences. 2012. Vol. 183. No. 2. P. 231-240.
https://10.1007/s10958-012-0809-0

9. Vasilenko A.T., Urusova G.P. The stress state of anisotropic conic
shells with thickness varying in two directions // International App-
lied Mechanics. 2000. Vol. 35. No. 5. P. 631-638.
https://doi.org/10.1007/BF02682077

10. Tovstik P.E., Tovstik T.P. Two-dimensional linear model of elastic
shell accounting for general anisotropy of material // Acta Mecha-
nica. 2014. Vol. 225. No. 3. P. 647-661.
https://doi.org/10.1007/s00707-013-0986-z

Ha puc. 4 npuBeaeHs! pacnpeaeeHue TeMIepaTypsl (a)
¥ DIIIOPBI HATIPSKEHUH G,, (0) (INTPHXOBBIE IMHUHK) Y€pE3
18 ¢ nocne 3anuBku. i cpaBHEHUs CIJIOUIHBIMU JIMHUSA-
MU TOKa3aHbl 3M0pbl G,, O®, umeromen (usndeckue
cBoiicTBa (8) 10 BCeM CIIOSIM.

W3 pe3ynsraToB IMpPOBEICHHBIX TEOPETUUECKUX HCCIIe-
JIOBaHUH ciieayeT, uto usrotosienne O ¢ mopdomoruuec-
KHM CTPOCHHEM, ITPEIIOKEHHBIM B aTteHTe [3], Heremneco-
o0pasHo.

[ BbiBOADI

OTCyTCTBUE TPEHHUS MEXKIY BHYTPECHHUMH CIIOSIMH
000JI0YKOBOM (POPMBI BeJIET K 00pa30BaHUIO B HEH CKBO3-
HBIX TpPEIIMH W TapaHTUPOBAHHOMY €€ pa3pyIICHHUIO
B TIPOIIECCE OXJIAXKIAEHUS CTajdbHON oTimBKU. C yBennde-
HUEM TPECHHSI MKy BHYTPEHHUMH CIIOSIMH 000JI0YKOBas
(hopma Oosiee ycToWUMBA K TPEIIMHOOOPA30BAHHMIO.

1. Odinokov V.I., Evstigneev A.l., Dmitriev E.A., Chernyshova D.V.,
Evstigneeva A.A. Influence of internal factor on crack resistance
of shell mold by investment models. [zvestiya. Ferrous Metal-
lurgy. 2022, vol. 65, no. 2, pp. 137-144. (In Russ.). https:/doi.
0rg/10.17073/0368-0797-2022-2-137-144

2. Odinokov V.I., Evstigneev A.IL., Dmitriev E.A., Chernyshova D.V.,
Evstigneeva A.A. Influence of support filler and structure of shell
mold on its crack resistance. [zvestiya. Ferrous Metallurgy. 2022,
vol. 65, no. 4, pp. 285-293. (In Russ.)
https://doi.org/10.17073/0368-0797-2022-4-285-293

3. Repyakh S.I. Technological Basics of Casting by Investment Mo-
dels. Dnepropetrovsk: Lira, 2006, 1056 p. (In Russ.).

4. Odinokov V.., Dmitriev E.A., Evstigneev A.L, Sviridov A.V.,
Ivankova E.P. Choice of materials properties and structure of shell
molds by investment models. Izvestiya. Ferrous Metallurgy. 2020,
vol. 63, no. 9, pp. 742-754. (In Russ.).
https://doi.org/10.17073/0368-0797-2020-9-742-754

5. Kulikov G.M. Influence of anisotropy on the stress state of mul-
tilayer reinforced shells. Soviet Applied Mechanics. 1987, vol. 22,
no. 12, pp. 1166-1170. https://doi.org/10.1007/BF01375815

6. Zveryaev E.M., Berlinov M.V,, Berlinova M.N. The integral method
of definition of basic tension condition anisotropic shell. /nterna-
tional Journal of Applied Engineering Research. 2016, vol. 11,
no. 8, pp. 5811-5816.

7. Maximyuk V.A., Storozhuk E.A., Chernyshenko I.S. Stress state of
flexible composite shells with reinforced holes. International App-
lied Mechanics. 2014, vol. 50, no. 5, pp. 558-565.
https://doi.org/10.1007/s10778-014-0654-6

8.  Vetrov O.S., Shevchenko V.P. Study of the stress-strain state of or-
thotropic shells under the action of dynamical impulse loads. Jour-
nal of Mathematical Sciences. 2012, vol. 183, no. 2, pp. 231-240.
https://10.1007/s10958-012-0809-0

9. Vasilenko A.T., Urusova G.P. The stress state of anisotropic conic
shells with thickness varying in two directions. International App-
lied Mechanics. 2000, vol. 35, no. 5, pp. 631-638.
https://doi.org/10.1007/BF02682077

10. Tovstik P.E., Tovstik T.P. Two-dimensional linear model of elastic
shell accounting for general anisotropy of material. Acta Mecha-
nica. 2014, vol. 225, no. 3, pp. 647—661.
https://doi.org/10.1007/s00707-013-0986-z

745


https://fermet.misis.ru/index.php/jour/search?authors=%D0%92.%20AND%20%D0%98.%20AND%20%D0%9E%D0%B4%D0%B8%D0%BD%D0%BE%D0%BA%D0%BE%D0%B2
https://fermet.misis.ru/index.php/jour/search?authors=%D0%90.%20AND%20%D0%98.%20AND%20%D0%95%D0%B2%D1%81%D1%82%D0%B8%D0%B3%D0%BD%D0%B5%D0%B5%D0%B2
https://fermet.misis.ru/index.php/jour/search?authors=%D0%AD.%20AND%20%D0%90.%20AND%20%D0%94%D0%BC%D0%B8%D1%82%D1%80%D0%B8%D0%B5%D0%B2
https://fermet.misis.ru/index.php/jour/search?authors=%D0%94.%20AND%20%D0%92.%20AND%20%D0%A7%D0%B5%D1%80%D0%BD%D1%8B%D1%88%D0%BE%D0%B2%D0%B0
https://fermet.misis.ru/index.php/jour/search?authors=%D0%90.%20AND%20%D0%90.%20AND%20%D0%95%D0%B2%D1%81%D1%82%D0%B8%D0%B3%D0%BD%D0%B5%D0%B5%D0%B2%D0%B0
https://doi.org/10.17073/0368-0797-2022-2-137-144
https://doi.org/10.17073/0368-0797-2022-4-285-293
https://doi.org/10.17073/0368-0797-2020-9-742-754
https://doi.org/10.1007/BF01375815
https://doi.org/10.1007/s10778-014-0654-6
https://10.1007/s10958-012-0809-0
https://doi.org/10.1007/BF02682077
https://doi.org/10.1007/s00707-013-0986-z
https://doi.org/10.17073/0368-0797-2022-2-137-144
https://doi.org/10.17073/0368-0797-2022-2-137-144
https://doi.org/10.17073/0368-0797-2022-4-285-293
https://doi.org/10.17073/0368-0797-2020-9-742-754
https://doi.org/10.1007/BF01375815
https://doi.org/10.1007/s10778-014-0654-6
https://10.1007/s10958-012-0809-0
https://doi.org/10.1007/BF02682077
https://doi.org/10.1007/s00707-013-0986-z

N3BECTHUA BY30B. YEPHAA METAJLIYPTHA. 2022, Tom 65. Ne 10. C. 740-747.
Odunokoe B.H., EescmuzHees A.U., [lmumpues 3.A., Yepuviwosa /].B., Escmueneesa A.A. Mopdosiornieckoe cTpoeHre 06071049KOBON GOPMEI ...

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Grigorenko Ya.M., Vasilenko A.T, Pankratova N.D. Stress state and
deformability of composite shells in the three-dimensional state-
ment // Mechanics of Composite Materials. 1985. Vol. 20. No. 4.
P. 468-474. https://doi.org/10.1007/BF00609648

Vasilenko A.T., Sudavtsova G.K. The stress state of stiffened shal-
low orthotropic shells // International Applied Mechanics. 2001.
Vol. 37. No. 2. P. 251-262. https://doi.org/10.1023/A:1011393724113
Nemish Yu.N., Zirka A.I., Chernopiskii D.I. Theoretical and experi-
mental investigations of the stress-strain state of nonthin cylindrical
shells with rectangular holes // International Applied Mechanics.
2000. Vol. 36. No. 12. P. 1620-1625.

Rogacheva N.N. The effect of surface stresses on the stress-strain
state of shells // Journal of Applied Mathematics and Mechanics.
2016. Vol. 80. No. 2. P. 173-181.

https.//doi.org/10.1016/j. jappmathmech.2016.06.011

Banichuk N.V., Ivanova S.Yu., Makeev E.V. On the stress state of
shells penetrating into a deformable solid // Mechanics of Solids.
2015. Vol. 50. No. 6. P. 698-703.
https://doi.org/10.3103/S0025654415060102

Krasovsky V.L., Lykhachova O.V., Bessmertnyi Ya.O. Deformation
and stability of thin-walled shallow shells in the case of periodi-
cally non-uniform stress-strain state. In: Proceedings of the 11" Int.
Conf. “Shell Structures: Theory and Applications”. 2018. Vol. 4.
P. 251-254. https://doi.org/10.1201/9781315166605-55

Storozhuk E.A., Chernyshenko I.S., Kharenko S.B. Elastoplastic
deformation of conical shells with two circular holes // International
Applied Mechanics. 2012. Vol. 48. No. 3. P. 343-348.
https://doi/org/10.1007/s10778-012-0525-y

Ivanov V.N., Imomnazarov T.S., Farhan .T.F., Tiekolo D. Analysis
of stress-strain state of multi-wave shell on parabolic trapezoidal
plan // Advanced Structured Materials. 2020. Vol. 113. P. 257-262.
https://doi.org/10.1007/978-3-030-20801-1_19

Gerasimenko P.V., Khodakovskiy V.A. Numerical algorithm for
investigating the stress-strain state of cylindrical shells of railway
tanks // Vestnik of the St. Petersburg University. Mathematics. 2019.
Vol. 52. No. 2. P. 207-213.
https://doi.org/10.1134/S1063454119020067

Meish V.F., Maiborodina N.V. Stress state of discretely stiffened
ellipsoidal shells under a nonstationary normal load // International
Applied Mechanics. 2018. Vol. 54. No. 6. P. 675-686.
https://doi.org/10.1007/s10778-018-0922-y

Marchuk A.V., Gnidash S.V. Analysis of the effect of local loads on
thick-walled cylindrical shells with different boundary conditions //
International Applied Mechanics. 2016. Vol. 52. No. 4. P. 368-377.
https://doi.org/10.1007/s10778-016-0761-7

Grigorenko Ya.M., Grigorenko A.Ya., Zakhariichenko L.I. Analy-
sis of influence of the geometrical parameters of elliptic cylindrical
shells with variable thickness on their stress-strain state // Interna-
tional Applied Mechanics. 2018. Vol. 54. No. 2. P. 155-162.
https://doi.org/10.1007/s10778-018-0867-1

Maremarndeckoe  MOJCIHMPOBAHHE  CIOXKHBIX — TEXHOJIOTHYEC-
kux mpoueccoB / B.M. Oaunokos, B.I. Karynos, A.B. Ileckos,
A.B. bakos. M.: Hayxka, 2008, 176 c.

CBHACTENBCTBO O TOCYHAPCTBCHHOM PEruCTpalMi HPOrpaMMBbI
a1 DBM Ne 2012661389. OJIUCCEM // Omumoxos B.H., ITpoky-
muH AH., Cepreera A.M., CeBactbsiHoB I.M. 3aperucTpupoBaHo
B Peectpe mporpamm amst O9BM 13.12.2012.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Grigorenko Ya.M., Vasilenko A.T, Pankratova N.D. Stress state and
deformability of composite shells in the three-dimensional state-
ment. Mechanics of Composite Materials. 1985, vol. 20, no. 4,
pp. 468-474. https://doi.org/10.1007/BF00609648

Vasilenko A.T., Sudavtsova G.K. The stress state of stiffened shal-
low ortho-tropic shells. International Applied Mechanics. 2001,
vol. 37, no. 2, pp. 251-262. https://doi.org/10.1023/A:1011393724113
Nemish Yu.N., Zirka A.I., Chernopiskii D.I. Theoretical and experi-
mental investigations of the stress-strain state of nonthin cylindri-
cal shells with rectangular holes. International Applied Mechanics.
2000, vol. 36, no. 12, pp. 1620-1625.

Rogacheva N.N. The effect of surface stresses on the stress-strain
state of shells. Journal of Applied Mathematics and Mechanics.
2016, vol. 80, no. 2, pp. 173-181.
https://doi.org/10.1016/j.jappmathmech.2016.06.011

Banichuk N.V., Ivanova S.Yu., Makeev E.V. On the stress state of
shells penetrating into a deformable solid. Mechanics of Solids.
2015, vol. 50, no. 6, pp. 698-703.
https://doi.org/10.3103/S0025654415060102

Krasovsky V.L., Lykhachova O.V., Bessmertnyi Ya.O. Deformation
and stability of thin-walled shallow shells in the case of periodi-
cally non-uniform stress-strain state. In: Proceedings of the 11™ Int.
Conf. “Shell Structures: Theory and Applications”. 2018, vol. 4,
pp- 251-254. https://doi.org/10.1201/9781315166605-55

Storozhuk E.A., Chernyshenko I.S., Kharenko S.B. Elastoplastic
deformation of conical shells with two circular holes. International
Applied Mechanics. 2012, vol. 48, no. 3, pp. 343-348.
https://doi/org/10.1007/s10778-012-0525-y

Ivanov V.N., Imomnazarov T.S., Farhan .T.F., Tiekolo D. Analysis
of stress-strain state of multi-wave shell on parabolic trapezoidal
plan. Advanced Structured Materials. 2020, vol. 113, pp. 257-262.
https://doi.org/10.1007/978-3-030-20801-1_19

Gerasimenko P.V., Khodakovskiy V.A. Numerical algorithm for
investigating the stress-strain state of cylindrical shells of railway
tanks. Vestnik of the St. Petersburg University. Mathematics. 2019,
vol. 52, no. 2, pp. 207-213.
https://doi.org/10.1134/S1063454119020067

Meish V.F., Maiborodina N.V. Stress state of discretely stiffened
ellipsoidal shells under a nonstationary normal load. International
Applied Mechanics. 2018, vol. 54, no. 6, pp. 675-686.
https://doi.org/10.1007/s10778-018-0922-y

Marchuk A.V., Gnidash S.V. Analysis of the effect of local loads on
thick-walled cylindrical shells with different boundary conditions.
International Applied Mechanics. 2016, vol. 52, no. 4, pp. 368-377.
https://doi.org/10.1007/s10778-016-0761-7

Grigorenko Ya.M., Grigorenko A.Ya., Zakhariichenko L.I. Analy-
sis of influence of the geometrical parameters of elliptic cylindrical
shells with variable thickness on their stress-strain state. /nterna-
tional Applied Mechanics. 2018, vol. 54, no. 2, pp. 155-162.
https://doi.org/10.1007/s10778-018-0867-1

Odinokov V.I., Kaplunov B.G., Peskov A.V., Bakov A.V. Mathema-
tic Modeling of Complex Technological Processes. Moscow: Nauka,
2008, 176 p. (In Russ.).

Odinokov V.I., Prokudin A.N., Sergeeva A.M., Sevast’yanov G.M.
Certificate of state registration of the computer program
no. 2012661389. ODYSSEI Registered in the Computer Software
Registry 13.12.2012. (In Russ.).

LU/ INFORMATION ABOUT THE AUTHORS

Basepuii Heanosuy O0uHOKO08, 0.m.H., npogeccop, 2/1a8Hblll HaAyY-
Hblll compyOHUK YnpasieHusi Hay4Ho-ucca1edogamensckoll desimesib-
Hocmbro, KoMcoMoibcKU-Ha-AMype rocyAapCTBEeHHbIN YHUBEPCUTET
ORCID: 0000-0003-0200-1675

E-mail: 79122718858@yandex.ru

746

Valerii I. Odinokov, Dr. Sci. (Eng.), Prof., Chief Researcher of the Depart-
ment of Research Activities, Komsomolsk-on-Amur State University
ORCID: 0000-0003-0200-1675

E-mail: 79122718858@yandex.ru


https://doi.org/10.1007/BF00609648
https://doi.org/10.1023/A:1011393724113
https://doi.org/10.1016/j.jappmathmech.2016.06.011
https://doi.org/10.3103/S0025654415060102
https://doi.org/10.1201/9781315166605-55
https://doi/org/10.1007/s10778-012-0525-y
https://doi.org/10.1007/978-3-030-20801-1_19
https://doi.org/10.1134/S1063454119020067
https://doi.org/10.1007/s10778-018-0922-y
https://doi.org/10.1007/s10778-016-0761-7
https://doi.org/10.1007/s10778-018-0867-1
https://doi.org/10.1007/BF00609648
https://doi.org/10.1023/A:1011393724113
https://doi.org/10.1016/j.jappmathmech.2016.06.011
https://doi.org/10.3103/S0025654415060102
https://doi.org/10.1201/9781315166605-55
https://doi/org/10.1007/s10778-012-0525-y
https://doi.org/10.1007/978-3-030-20801-1_19
https://doi.org/10.1134/S1063454119020067
https://doi.org/10.1007/s10778-018-0922-y
https://doi.org/10.1007/s10778-016-0761-7
https://doi.org/10.1007/s10778-018-0867-1
http://orcid.org/0000-0003-0200-1675
mailto:79122718858@yandex.ru
http://orcid.org/0000-0003-0200-1675
mailto:79122718858@yandex.ru

IZVESTIYA. FERROUS METALLURGY. 2022, vol. 65, no. 10, pp. 740-747.
Odinokov V.1, Evstigneev A.L, Dmitriev E.A., Chernyshova D.V, Evstigneeva A.A. Morphological structure of shell mould in investment casting

Anekceil Heanosuy EescmuzHees, 0.m.H., npogeccop, eAasHbll HAYY-
HbLll compydHUK Ynpas/ieHusi Hay4yHo-uccaedogamensckol dessmens-
Hocmbto, KoMcoMoJibCKui-Ha-AMype rocyjapCTBeHHbIH YHUBEPCUTET
ORCID: 0000-0002-9594-4068

E-mail: diss@knastu.ru

Jdyapd Anamoavesuu Jmumpues, d.m.H., doyeHm, pekmop, Komco-
MOJIbCKUH-Ha-AMYype rocyZapCTBeHHbIH YHUBEPCUTET

ORCID: 0000-0001-8023-316X

E-mail: rector@knastu.ru

Aapesa Bumaavesena YepHoruiosa, acnupanm kagedpel «Aguacmpoe-
Hue», KoMcoMoJibcKuii-Ha-AMype rocylapCTBeHHbIH YHUBEPCUTET
ORCID: 0000-0001-5142-2455

E-mail: daracernysova744@gmail.com

AHHa AnekceesHa EecmuzHeeea, cmydenm kagedpbel «[IpukaadHas
Mamemamuka», KoMcoMoJibCKUH-Ha-AMype ToCyAapCTBEHHBIH YHU-
BEpCUTET

ORCID: 0000-0003-0667-2468

E-mail: annka.ewstic@mail.ru

L.l CONTRIBUTION OF THE AUTHORS

B. H. 00uHOK08 - Hay4YHOE PYKOBO/CTBO, aHAJIU3 Pe3yJIbTaTOB
UCC/IeJ0BaHUM, peJaKTUPOBAaHUE U KOPPEKTUPOBKA GHUHAIBHON
BEpPCHUHU CTATbU.

A. H. EecmuzHees - GopMUpOBaHKe KOHIENIUY CTAThH, ONpe/erie-
HUe LeJIU ¥ 3a/1a44 UCCIe/JOBaHUS, aHaIM3 Pe3y/IbTaToB HCClej0Ba-
HUH, TOJArOTOBKA TEKCTA.

3. A. Imumpues - npoBeJieHHe PACUETOB, UX AaHAJIM3, IOATOTOBKA U
KOPPEKTHUPOBKA TEKCTA.

/. B. YepHblwio8a - npoBe/ieHUE pacueToB, 0TPaboTKa 61UbIHorpa-
¢dudeckoro crrcka, 06paboTkKa rpapuyeckoro MaTepuasa.

A. A. EescmuzHeesa - ipoBe/ieHre PacyeToB, OATOTOBKA U 0pOpM-
JIeHVe TeKCTOBOTO U rpadruiecKoro MaTepuaia.

Aleksei I. Evstigneev, Dr. Sci. (Eng.), Prof,, Chief Researcher of the De-
partment of Research Activities, Komsomolsk-on-Amur State University
ORCID: 0000-0002-9594-4068

E-mail: diss@knastu.ru

Eduard A. Dmitriev, Dr. Sci. (Eng.), Assist. Prof,, Rector, Komsomolsk-
on-Amur State University

ORCID: 0000-0001-8023-316X

E-mail: rector@knastu.ru

Dar’ya V. Chernyshova, Postgraduate of the Chair of Aircraft Engineer-
ing, Komsomolsk-on-Amur State University

ORCID: 0000-0001-5142-2455

E-mail: daracernysova744@gmail.com

Anna A. Evstigneeva, Student of the Chair Applied Mathematics’, Kom-
somolsk-on-Amur State University

ORCID: 0000-0003-0667-2468

E-mail: annka.ewstic@mail.ru

V. L. Odinokov - scientific guidance, analysis of the research results,
editing and correction of the article final version.

A. . Evstigneev - formation of the main concept, the purpose and
objectives of the study, analysis of the research results, preparation of
the text.

E. A. Dmitriev - calculations, their analysis, preparation and correc-
tion of the text.

D. V. Chernyshova - calculations, preparation of the references,
graphic material processing.

A. A. Evstigneeva - calculations, preparation and design of the text
and graphic material.

IMocrynuna B penakmmio 10.06.2021
IMocne nopadorku 20.09.2021
Ipunsta x myonukauu 01.10.2021

Received 10.06.2021
Revised 20.09.2021
Accepted 01.10.2021

747


http://orcid.org/0000-0002-9594-4068
mailto:diss@knastu.ru
http://orcid.org/0000-0001-8023-316X
mailto:rector@knastu.ru
http://orcid.org/0000-0001-5142-2455
mailto:daracernysova744@gmail.com
http://orcid.org/0000-0003-0667-2468
mailto:annka.ewstic@mail.ru
http://orcid.org/0000-0002-9594-4068
mailto:diss@knastu.ru
http://orcid.org/0000-0001-8023-316X
mailto:rector@knastu.ru
http://orcid.org/0000-0001-5142-2455
mailto:daracernysova744@gmail.com
http://orcid.org/0000-0003-0667-2468
mailto:annka.ewstic@mail.ru

