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Kputepuin oueHkn HempoceTeBon moaenm
reTepoCTPYKTYPHbIX HAHO3/IEKTPOHHbIX YCTPOMUCTB
AJ19 NPOrHO3NPOBaHUSA NX NIEKTPUYECKUX NapamMeTpoB

H.A. BerpoBa®"”, A.A. ®unsep™ oS

MOCKOBCKHIA TOCY1apCTBCHHBIN TexHUYecKuil yHuBepcureT umenu H.O. baymana
(HanMOHABHBIN NCCIIENOBATENbCKUH YHUBEpCHUTET), Mockea, Poccuiickas @edepayus
YPoccuiickuil yHUBEpCHTET APYKOBI HapoaoB, Mockea, Poccuiickas Dedepayus
‘HanuoHanbHbI UCCIeq0BaTeIbCKU TexHOMOrnueckuil yauepceuter «MUCuCy», Mockea, Poccuiickas ®edepayus
B alex.filyaev.98@gmail.com

HcTtopus cratbn AnHoTauus. PaboTa nocesiieHa HeHpoCceTeBOMY MMOIX0AY, KOTOPbIH Mpea-
Iocrymuna B penakimto: 22 deppais 2022 . JIaraeTcsl UCIONb30BaTh I NPOTHO3UPOBAHNUS SKCILTYaTallMOHHBIX IapaMeTPOB
Hopaborana: 15 ampens 2022 r. TeTePOCTPYKTYPHBIX HAaHOPA3MEPHBIX YCTPOMHCTB Pa3IUYHOTO Ha3HAYEHUSI.
Ipunsra k my6nuxanuu: 29 anpens 2022 r. Ero npeumyiectBoM sBisieTcs: 3(Q(HeKTUBHAS METONUKA OLEHKU BECOBBIX

KO3 QHIIMEHTOB B COCTaBE 00y4aeMOW HMCKYCCTBEHHOM HEHpPOHHOH CeTH,
KuroueBble cioBa: YTO MO3BOJIIET PEIIATh 3aady U yCTPONCTB € MPOU3BOJIBHON CTPYKTYPOM.
HaHODJICKTPOHHUKA, KPUTEPHH, OO0ydveHne Tpe/ICTaBIseT COO0H CIOXKHBIA MTEPAILIMOHHBIN MPOLIECC, IO OKOH-
HCKYCCTBEHHBIC HEHPOHHBIC CETH, YaHUM KOTOPOTrO Ba)KHO MPOU3BOAUTH OLEHKY PabOThI HEMPOCETEBOM Mojie-
TeTEPOCTPYKTYPHEIE yCTPOHCTBA n. [ToaTOoMy mocie mocTpoeHHs TaKOW MOJENN HEOOXOIUMO OINpPECeITUTh

JOCTUraeMyl0 TOYHOCTb, a TAK)K€ BBIABUTh HEraTUBHBIE 3P (PEKThI, KOTOpbIE
MOTYT BO3HHKHYTH B Ipolecce o0y4eHHs, B YaCTHOCTH NepeoOydeHue u
HenooOyueHue ceru. IIpencTaBieH KpuTepuil OLeHKH KayecTBa 0OydyeHHs
HEHPOCETEeBOW MOJAENH T€TePOCTPYKTYPHBIX HAHOIIEKTPOHHBIX YCTPOHCTB
JUIS IPOTHO3UPOBAHUS UX IEKTPUUYECKUX rapaMmeTpoB. OCHOBHOE IpEeHMY-
IIECTBO JAHHOTO KPHUTEPHS — €r0 UyBCTBHTENIBHOCTH K HETaTHBHBIM d(ddeKTam,
BO3HHMKAIOILIMM B Mpolecce 00ydeHHsl, YTO ObLIO MPOJEMOHCTPHPOBAHHO
Ha IpuMepe C AByMs BXOJIHBIMH OOY4YarOLIMMHU ITapaMeTpaMu U HOATBEp-
JKIEHO BHU3yaJbHBIM KOHTpoJieM 3D-noBepxHocTel. JlokazaHa MpUMEHNMOCTh
pa3paboTaHHOTO KPUTEPHUS IIPU BHIOOpE HEWPOHHBIX CEeTell ¢ MPOU3BOIBHON
APXUTEKTYPOI IJIsl pelIeHHs KOHCTPYKTOPCKHMX 3aJa4 NP MPOCKTUPOBAHUU
MTOJTYIPOBOJHUKOBEIX ITPUOOPOB.
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Abstract. The paper is devoted to the neural network approach, which is
proposed to be used to predict the operational parameters of heterostructural
nanoscale devices. The advantage of this approach is a clear methodology
for evaluating the weighting coefficients as part of a trained artificial neural
network, which makes it possible to solve the problem for devices with
an arbitrary structure. Learning is a complex iterative process, at the end of which
it is important to evaluate the functioning of the neural network model. Therefore,
it is necessary to determine the achieved accuracy and to identify negative
effects that may occur during the learning process, when such a model is being
developed. The project presents a criterion for evaluation the training quality
of the neural network model of heterostructural nanoelectronic devices for
predicting their electrical parameters. The main advantage of this criterion
is its sensitivity to negative effects arising in the learning process, which was
demonstrated by an example with two input training parameters and confirmed
by visual control of 3D surfaces. The applicability of the developed criterion
in the selection of neural networks with arbitrary architecture for solving design
problems in the development of semi-conductor devices has been proved.
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BeeneHune BaxnelmiuM 3TanoM npu MOCTPOCHUU MOIETU

Ha OCHOBE UCKYCCTBEHHBIX HEUPOHHBIX CETEMN SIBIIS-
eTcs OlleHKa PaboThl HEHPOHHOM CETH C IIENbI0 Ompe-
JIEJIEHUs] IOCTHTaeMOM TOYHOCTH Y BBISIBIICHUS HETa-
THBHBIX 3(PPEKTOB HEAOOOYUEHHUS U TIEPeOOyIEHHUS
HeiiponHoii cetu [11-13]. [Ipu ucnons3oBannu 60~
IIIOTO YKCIIa BXOJHBIX TTAPaMETPOB 0OyUdeHHUsT HEHpo-
CETEeBOM MOJIeNId MPOBEJICHUE TAKOH OIEHKH YCIIOXK-
HSIETCS, YTO CTaBHUT Hepel pa3paboTUHKaMu 3a/aqy
(hopMUpPOBaHUS YHUBEPCATBHOTO KpUTEPHUS BhIOOpA
HEUPOHHOU CETH.

Mmuoroo06pasre MmepcrneKTHBHBIX cep mpuMeHe-
HUS CTABUT Iepe]] pa3padoTYMKaMH 3a/1ady MpOeK-
TUPOBAHUS IIMPOKOTO Kilacca HaHOPA3MEPHBIX Te-
TEPOCTPYKTYPHBIX YCTPOMCTB C Pa3IMYHOM CIIOKHO-
CTBIO HM3KOpa3MEPHOT0 KaHana B UX cocTase [1-6].
[Ipu NpPOCKTUPOBAHHHM TETEPOCTPYKTYPHBIX HAHO-
prOOPOB OUYEBUAHA HEOOXOIUMOCTh MOJICIHPOBA-
HUS UX DIIEKTPUUECKHX mapameTpos. [Ipumensembie
B MHUPOBOW NMPAKTUKE MOJETH HOCAT IMOIY3IMITUPH-
YEeCKUI XapakTep ¢ pPsAAoM AOMyIeHH 1 Habopom
TTONIPABOYHBIX KOA(D(GUIIMEHTOB 0€3 YeTKOH METO-

UKW WX OLEHKH, YTO HE MO3BOJISAET PEUINTh 33734y
JUI TIPOM3BOJIBHON CTpYKTyphl [7-8]. B kauectse
petieHus po0aeMbl MOJCIUPOBAHUS HEKTPUUCCKUX
napamMeTpoB Pa3HOOOPa3HBIX FEeTEPOCTPYKTYPHBIX
YCTPOWCTB INpeiaraeTcsl UCIONb30BaTh HEHpoceTe-
Boit monxoa [9-10].

1. Mpouecc o0y4yeHUs HeMPOHHOI ceTun

DopMHUpPOBaHUE KPUTEPUS OLICHKU HEHPOHHOMI
CeTH HEBO3MOXHO 0€3 OJHO3HAYHOTO MOHMMAHHS
IpoLEeayphl €€ O0y4eHUs] U IPUPOBl BOSHUKHOBE-
HUS HETATHBHBIX Y (QEKTOB MPH AaHHOM Ipoliecce.
Paccmotpum ero monpobHee.
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[epen HavanoM o0y4eHUs1 HOPMHUPYETCS apXUTEK-
Typa HEHPOHHOH CeTH, KOTOpas METOANYECKY TTOI0U-
paercst Juisl pelieHus] KOHKPETHO!W 3a/iaui. 3aTeM Ha-
YUHACTCS HETTOCPEICTBEHHO Tporiece o0ydenus. Cy-
IIECTBYET JIBa MOAX0Za K O0YUYCHHIO HEMPOHHBIX Ce-
Te — HEKOHTPOJIMPYEMBII 1 KOHTpOIUpYyeMbIii [14].

[Ipu HeKOHTpOIUPYEeMOM OOYyUIeHHH pa3padoT-
YUK IPEIOCTABISACT JIMIIL BXOJHBIC IAHHBIC IS
o0yueHus1, 0€3 KeaeMbIX BBIXOJHBIX MMapaMeTPOB.
3areM HelipoceTeBas cHUCTeMa [OJDKHA CaMOCTOSI-
TEJBHO BBISIBUTH 3aBUCHMOCTH (IIpoIlecc camoopra-
HU3allMU), KOTOpbIe OHA OyAeT B JAJbHEHIIEM HC-
TIOJIL30BaTh JJIsi 00pabOTKH STOTO HAO0Opa JaHHBIX.

Takas cucrema NMPUMCHACTCA OJIsA aHaliu3a U rpyIi-
MUPOBKH HAOOPOB JIAHHBIX B paMKaX PEIICHUS TPEX
OCHOBHBIX 3a/1a4: KJIACTePHU3aIH, ACCOIHAIIMN U CHH-
KEHHS Pa3MEPHOCTH.

Kontponupyemoe oOydeHHe mojpazymeBaeT npe-
JOoCTaBlieHHE Pa3pabOTYMKOM HaOOpa KaKk BXOJHBIX,
TaK W BBIXOJHBIX MaHHBIX W1 oOyueHwst. Jlaee Heiipo-
cereBasi cucreMa oOpabaThIBaeT BEKTOPHI BXOAHBIX
MapaMeTpOB U COIMOCTABISET UX C BBIXOJAHBIMH Ia-
pameTpamH, TOCTETIEHHO OOHOBIISISI BECOBBIE KO-
(UIIMEHTH U 3HAYCHUE CMeIeHus. MTepannoHHbIif
MPOLIeCC KOHTPOJIUPYEMOT0 O0y4eHHsI IPEACTaBICH
Ha puc. 1.

2. PacyeT BBIXOTHBIX
rapaMeTpoB HeHpOHHOMI
CeTH IPH 3a/laHHBIX

3. BoruuciieHune ommuoOKH MEXKIY
00yJaroIIUMH BBIXOTHBIMU
mapaMeTpaMH U pe3ylIbTaToM

BECOBBIX KOd(uunenrax

6. Heliponnas
ceTb o0yueHa

5. KoppekrnpoBka
BECOBBIX KOA(PPUIIHEHTOB
¥ [IapaMeTPOB CMEIICHHU

B COOTBETCTBHH C

(yHKIMEH 00yYeHHUS

1. Cnyuaiinas i paboThl HelpoHHOI ceTH (2) B
MHHIHAJIN3ALHAS] _ 1 CMCIICHII TI0 COOTBETCTBHH ¢ (pyHKIHEH
BOCOBEIX 00y4aroMuM BXOJHBIM e
KO3 PUIIICHTOB U ffapaMeTpam
apamMeTpoB A
CMeIeHH s
HelpoHHOIT ceTH [TpoBepka ITposepka

HE IpoiicHa

TpoiiicHa
4. Onenka

paccyuTaHHOM
OIINOKH

Puc. 1. VITepaumoHHbIi NpoLecC KOHTPOINPYEMOrO 0OyYeHNst HEMPOHHOM CETU

2. Calculation of the
output parameters of the
neural network with

| parameters and the result of the
Ll

3. Calculation of the error
between the training output

specified weights and

1. Random
initialization of the
weights and biases

neural network (2) in

of the network

5. Adjustment of weights
and biases in accordance
with the training function

biases based on input accordance with the
training parameters performance function 6. The neural
> network is
K trained

Verification
failed

Verification
passed

4. Estimation of the
calculated error

Figure 1. Iterative process of supervised learning of a neural network
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Takoil moaxoa MO3BOJISIET pelliaTh 3aAady Mpo-
THO3UPOBAHMUSI, YTO MPUMEHUMO JJIs IOCTPOCHUS TIpe-
JUKTOPOB 3JEKTPUUYECKUX MapaMETPOB yCTPOUCTB
HaHORJIEKTPOHUKH.

B pesynbrate HEyHadyHOTO BEIOOpA apXUTEKTY-
pBl HEHPOHHOU CeTH (KOIMYECTBO CKPBITHIX CIIOEB,
YHUCII0O HEHPOHOB B KAXKJAOM CKPBITOM CIIO€) MOYKHO
CTOJIKHYTBCSI C HEraTUBHBIMU 3 (EKTaMu, POSBIIS-
IOLIMMHUCS TIOCIIE ee 00YUeHHS: HeloOOyUIeHHs U Tiepe-
oOyuenus. [Ipu HemooOy4ueHUn HelpoceTeBast MOJIENb
HE CIIOCOOHA TOYHO OTPa3WUTh B3aMMOCBS3b MEXKIY
BXOJHBIMU U BBIXOJHBIMH MIEPEMEHHBIMH, UTO MPU-
BOJMT K BBICOKOM YacTOTe OIMIMOOK MeXIy oOydaro-
LMMHU BBIXOJHBIMU [TApaMETpaM U pe3yibTaTOM pa-
00TBI HEMPOHHOM CETH. DTO MPOUCXOIHT, KOTIa MOJIENb
o0JalaeT CIUIIKOM TPOCTOH apxutektypoil. [lepe-
o0ydJeHue MpeICTaBIsIeT COO0H MPOTUBOIOIOKHBIN
3(deKT, BO3HUKAIONMUN MPU HCIOJI30BAHUU H3-
JIMIIHE YCJIOKHEHHOW HEMPOCETEBON apXUTEKTYPHI.
B Takom ciydae moznens He mpuoOpeTaeT crocoo-
HOCTH K OOOOIICHUIO — BO3MOYKHOCTH PacIpOCTpa-
HATH OOHApYKEHHBIE Ha 00yyaloIeM MHO)KECTBE 3a-
BHCHMOCTHU U 3aKOHOMEPHOCTU Ha HOBBIE JaHHBIE.

2. Kputepwuii OL,eHKU HEeMPOCeTeBON Moaenm

Jl1 OlleHKH TOYHOCTH HEHPOHHOM CeTH, a TaKkKe
BBISIBJICHUS HETaTUBHBIX 3(PdekToB mpu ee o0yde-
HUW TIpeJyIaraeTcs BBEIEHHE PAacYeTHOTO MapameT-
pa o, KOTOPBIA BBIYUCIIAETCS KaK

Z?zl(xi—yi)z

G(X,Y) =T(Y)100, (1)

rae X — MacCcHB JaHHBIX, TIOMYYSHHBIX B PE3yJIbTaTe
paboTHl 00yYeHHOW HEHPOHHOH CETH, C dJICMEHTa-
MU X; B CBOEM COCTaBe; Y — MacCHB BBIXOJHBIX JaH-
HBIX, TIpeHa3HAuYEHHBIX 1 00ydeHUs (KOHTPOJIS)
HEUPOHHOM CeTH, C AJIEMEHTAaMHU ); B CBOEM COCTaBE;
7 — KOJIMYECTBO JJIEMEHTOB B MaccuBax X, Y.

Jlist BBISIBJICHUS TPOLIECCOB HENO00yuYeHUS,
HCXOZs U3 MPHUPOABI JaHHOTO 3¢ eKTa, 1ernecooo-
Pa3HO MPOBOJUTH CPAaBHEHHE PE3YJIbTATOB PaOOTHI
HelpoceTeBOi Moaenu ¢ 00yJaloUMH BBIXOIHBI-
MU TapameTrpamu. B TakoM cirydae 3HaueHue mapa-
MeTpa ¢ Oonee 1 % OymeT WHAMKATOPOM BBISBIIE-
HUS JTaHHOTO HEraTUBHOTO 3 dekTa.

Jliis BBISIBJICHUS MPOIIECCOB MepeoOyucHus Clie-
IyeT 3apaHee c(HOpPMHUPOBATH OTACITHLHYIO BHEIOOPKY
KOHTPOJIBHBIX BBIXOIHBIX 3HAYCHUN (HATIpUMeEp, Ipo-
MEXKYTOYHbIC TOYKH OTHOCUTEIBHO 00yJaroIei BbI-

10

XOJTHOW BBIOOPKH), TaK KaK OYCBHUIHO, YTO 3HAUYCHUE
napamMerpa G OTHOCUTEIILHO 00yYaroIeil BBIXOIHOU
BBIOOPKH TIPH NepeoO0yISHUH MTPUMET MUHUMAIBHOE
3Ha4eHHUe, a 3TO HE TO3BOJIUT BBISIBUTH JAHHBIA (-
¢exT. B TakoMm ciydae 3HaueHHE MapaMeTpa G OTHO-
CUTEJIbHO KOHTPOJBHOIN BBHIOOPKU BBIXOIHBIX 3HAUC-
Huit 6omee 1 % OyneT MHANKATOPOM BBISBIICHUS TI€-
peoOyueHuss HeUPOCETEBOM MOJICITH.

3. PesynbTaTtbl M 06CyXAeHUue

Jns MopenupoBaHUsl PE30HAHCHO-TYHHEIIBHOTO
muoma (PTII) B cocraBe yMHOXWTENS CHTHaIA TPEI-
JIOXKEHBI TPU HEMPOCETEBbIE MOJENN PA3IUIHON ap-
XUTEKTYpHI (Tabmuua). C mpruMeHeHneM yIpOILeHHON
KBaHTOBO-MexaHn4ueckoi mozaenu (KMM) Ha ocHOBe
MeTo/ila HepaBHOBeCHBIX (yHkuui ['puna [15-16]
TIOJTy4eHBbI 00yUaroIHe BEIOOPKH, BKIIOYAIOLINE B ce0s1
MaTpHIy BXOAHBIX 3HAUCHHH, I7Ie B KAYECTBE BXOJ-
HBIX [IAPaMETPOB BBICTYIAIOT IIMPHUHA TOTEHINAIBHON
SIMBI M BEJTMYMHA MPUKIAABIBAEMOI0 HAIPKEHHUS,
a B KAQueCTBE BBIXOJHOTO IapaMeTpa BBICTYMAET pac-
CUHTaHHOE 3HAYEHHUE IUIOTHOCTH TOKa. /luanas3oH 3Ha-
YEHUI BXOJHOTO OOY4YarOIIero BEKTOpa HAIpsDKCHHS
00YyCIIOBIIEH HHTEPECOM K HaUaJIbHOMY Y4ACTKY BOJIBT-
amnepHoi xapaktepuctuku PTJ] mpu maneHenineit
unrerpanuu PTJ[ B cocTaB yMHOXKHUTENS CHUTHaja.
Jlnama3oH 3HaYeHWH BXOJHOTO OOYYaroLIero BEKTOpa
IIMPHHBI SIMBI BBIOMpAJICS ULl THIIMYHBIX KOHCTPYK-
i PT/], mrar oOyclloBiIeH IMHUPHUHOW MOHOCIOSI.
®DopMHpOBaHKE KOHTPOJIBHBIX BXOIHBIX BEKTOPOB IPO-
W3BOAWJIOCH HA MPOMEXKYTOUHBIX TOYKAaX MO Hamps-
KEHUIO U MIMPHUHE TOTEHINATIBHOH MBI

g oneHku 00ydeHHBIX HEMPOCETEBBIX MoOJIe-
Jell IpUMEHNUM KPHUTEpHii, OMHCaHHBIN B pazaene 2
(puc. 2-3). Y ueiiponHoii cetu Ne 2 BbIsiBIIeH S peKT
HemooOy4eHus BBUAY HpeBbImaromero 1 % 3HadeHus
mapamMeTpa G OTHOCHTENLHO OOyYaroIel BBIXOIHOU
BBIOOPKH, YTO MOKHO HAONIOAATh Ha MOBEPXHOCTH,
MIpeaCTaBIeHHOW Ha puc. 2, 6. JlelcTBHUTEBEHO, 3Ta
HEeWpOHHasi ceTh 00JIaJaeT CIMIIKOM IMPOCTON apXu-
TEKTYpOH, YTO TpPearoyaraeT NpOsBIECHHE IaHHOTO
HeraTuBHOTO 3 dekTa mpu 00yUEeHUH.

V HeliponHoii cetu Ne 3, HanpoTHB, MapameTp G
OTHOCHTEFHO KOHTPOJIBHOM BBIXOJJHOM BBIOOPKH IIpe-
BeIIaeT 1 %, 4To MHIULUPYET Mpouecc nepeodyye-
HUSA (pHUC. 3, 6), KOTOPBI TaKKe TOATBEPKITACTCS
YpE3MEPHON CIIOKHOCTBEO APXUTEKTYPhI ATOM HEHpo-
CETeBOM MOJENU JUIsl JaHHOM PErpecCUOHHON 3ana-
qu. Heiipornas cetb Ne 1 obnamaeT mpreMIIeMbIMA
(menee 1 %) 3HaYEHUSAMH NAPAMETPOB G, YTO TOBO-
pHT 0 ee ycremrHoM o0y4enud (puc. 2, a u 3, a).
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ApxuTeKkTypa paccMmaTpuBaeMbiX HeMpoceTeBbiX Moaenen

QYHKLIMH aKTusauumn

Yucno HelipoOHOB

Homep HelipoHHOI ceTun Yucno ckpbITbIX CrlOEB B KaXKAOM CKPbITOM C/10€ B KaXAOM CKPbITOM C/I0€
1 2 Mnep6onnyeckunii TaHreHe [10,5]
2 2 Mnep6onnyecknii TaHreHe [1,3]
3 2 Mnep6onnyeckunii TaHreHe [100,25]

Architecture of the considered neural network models

No. of neural network Number

Activation function

of hidden layers in each hidden layer

Number of neurons
in each hidden layer

2 Hyperbolic tangent
2 Hyperbolic tangent
2 Hyperbolic tangent

[10,5]

[1,3]

[100,25]

6=0,61776 %

| |HeipoceTesas Mogens
I K\VIM: oByyalowyas BeiBopka

x10°
15

U,B 0 2
LLnprHa noTeHUMansHOW AMbl, HM

a

6=11,0662 %

[ HeiipoceTeras mogens
I KMM: oByqatowan BelGopka

x10°
15

J, A/M2

U,B 0
LLnpmvHa noTeHUMansHOW aMbl, HM

6

2

Puc. 2. BuiseneHue adpdekta HefoobyvyeHnst HeMpPoCceTeBON MOAENN:

a — HelipoHHas ceTb Ne 1; 6 — HelipoHHas ceTb Ne 2
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x10°
15

J, Al/m?

x10°
15

12

6=0.61776%

[ INeural network model
I QMM: training sample

o =11.0662%

[ INeural network model
I QMM: training sample

x10°
15

J, A/m?

The width of the potential well, nm The width of the potential well, nm
a b

Figure 2. The underfitting detection of the neural network model:
a — neural network No. 1; b — neural network No. 2

6 =0,67202 %

6=4,5763 %

[ |HenpoceTtesaa mogenb

I KMM: koHTponbHas BbIGOpKa

[ |HelipoceTesas Mogenb
I KMM: koHTponbHas BeIBOpKa

x10°
15

LLlnpvHa noTeHUMansHoOn AmMbl, HM LLlnpvHa noTeHUMansHoM AMel, HM

a

6

Puc. 3. BuisiBneHune acddekTa nepeobyyeHnsi HEMPOCETEBON MOAEN:

a — HelipoHHas ceTb Ne 1; 6 — HelipoHHasi ceTb Ne 3
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6=0.67202%

[ INeural network model
I QMM: control sample

x10°
15

The width of the potential well, nm

a

6 =4.5763%

[ INeural network model
I QMM: control sample

x10°
15

u,v 0o 2
The width of the potential well, nm
b

Figure 3. The overfitting detection of the neural network model:
a - neural network No. 1; b — neural network No. 3

Ha npencraBneHHbIX HEMPOCETEBBIX MOJETISIX IIPO-
JIEMOHCTPUPOBaHA KOPPEKTHOCTH pabOThI KPUTEPHS UX
OLIEHKH, YTO B paCCMOTPEHHOM IIPUMEPE C IBYMS BXOJI-
HBIMH 00YYarOIIMMH [TapamMeTpamMu BO3MOKHO TTOATBEp-
JTH BU3YATBHBIM KOHTpOJIeM 3 D-ToBEepXHOCTEH.

3akno4yeHue

Pa3paboran kputepuii OlleHKH KauecTBa 00yJYCHUS
HEeWpOCETEBBIX MOJIENeH TeTepOCTPYKTYPHBIX HAHODJIECK-
TPOHHBIX YCTPOWCTB U TPOTHOZUPOBAHUS HX JJIEK-
TPUYECKUX NapaMeTpoB. JlaHHBIIA KPUTEPUIl 1103BOJIS-
€T He TOJIFKO OIPEeTUTh TOYHOCTh TAKHX MOJIEINEH,
HO Y BBIIBUTH HETATHUBHBIC A(PQEKTHI, IPOSBIIIONIACCS
B mpotiecce ux o0yuenust. [IpoBeieHHBII aHaNH3 yTIpo-
LIEHHBIX HEWPOCETEBBIX MOJIENe, 00yYEHHBIX Ha IBYX
BXOIHBIX TIapaMeTpax, MOKa3bIBaeT NMPUMEHHMOCTH
KpUTEpHs IJisi OLCHKH HEHPOHHBIX ceTeil ¢ Ooisee
CJIO’KHOM apXUTEKTYpOH, KOTOpHIE MO3BOJIAT PEIINTh
3a71aui MPOEKTHPOBAHNS IOJIYIPOBOJHUKOBBIX HAHO-
3JIEKTPOHHBIX YCTPOUCTB MPOU3BOJILHON CIIOKHOCTH.
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AHHOTAanuA. AHAIU3UPYyeTCs TPAJULMOHHAS U NEPCHEKTUBHAS 3IEKTPO-
JMUTHYECKAs TEXHOJIOTHS MOTyYSHHS METAIIMIEeCKOTO aJfOMHHUS C TOUYKH
3peHMs HKOJOIMYHOCTH IMPOM3BOACTBA. JlaeTcsa KpaTkas XapaKTepHCTUKa
HCTIONB30BAHUS AEKTPoIr3epoB ¢ aHogoM Conepbepra U mpeiBapuTeTbHO
000XKEHHBIX aHOJOB, 00bENIUHAEMBIX OOLIMM YIIIEPOJHbIM AaHOJHBIM Ma-
TepHalIoM, OKHCIISEMBIM B Ta3000pa3HbIil OKCHI M IUOKCHI YTIepoaa Ipu
BOCCTaHOBJICHUH aItOMUHHA. C LENbI0 CHUKEHUS (MCKIIIOYEHUS) YIIIepOo/I-
HOTO CIlefia IpeJIaraeTcsl KOHIETINS HHEPTHOTO aHOMa, MaTepHall KOTOPOTO
HE BCTYNAaeT B PEAKIMIO BOCCTAHOBJICHUS aTIOMUHUS, a 3HAUUT, HE PACXo-
ayeTcs (II0YTH), TIPH 3TOM JIOITyCKaeTCs BRICBOOOXKICHIE KHCTIOPOa B CTaTyce
KOHEYHOT0 Ta3000pa3Horo «orxona». basoii s pa3paboTku NpUHUMAETCS
aneKTponm3ep ¢ camooOxuraromumMcs anogoM Copaep6Oepra tuma C-8BM,
XapaKTepU3YIOIMil HauboJiee CTapylo TEXHOJIOTHIO U IIMPOKO NpeICTaBIeH-
HEIH B Poccun. B pesymberaTe comocTaBieHHs yCIOBH 3KCILTyaTHPOBAHHS
1 TEXHOJOTHYECKUX BO3MOXKHOCTEH MOIyuYeHUs] aHOAOB MOJOOHBIX pa3zMme-
POB U3 KOMITO3UTHBIX U K€paMHYECKHX MaTepuanoB (KEpMETOB) IIPH 3aMe-
LIEHUH YITIEPOIHOTO AaHOHOTO MacCHBa PELICHO UCIIONB30BaTh KIACCHYECKUH
MenHo-HuKeneBbld crrae MHMn43-0,5, nMeronnii MUHIMAabHOE cofep-
JKaHHUe jxele3a (CHIDKAIollee COPTHOCTh alIOMUHMS) U XapaKTepH3yeMbli
TepMHUUYECKOH CTaOMIBHOCTBIO IIPH TeMIIepaType dIekTponn3a. Ha ocHoBa-
HHUHM SIIEKTPUYECKUX XapaKTePHCTHK 6a30BOTO MPOIEcca U C yIeTOM PEeKo-
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Abstract. An analysis is made of the traditional and advanced electrolytic
technology for producing metallic aluminum from the point of view of en-
vironmental friendliness of production. A brief description is given of the use
of Soderberg anode cells and pre-baked anodes combined by a common
carbon anode material oxidized into gaseous oxide and carbon dioxide during
aluminum reduction. In order to reduce (eliminate) the carbon footprint,
the concept of an inert anode is proposed, the material of which does not
enter into the aluminum reduction reaction, and therefore is not consumed
(almost), while the release of oxygen in the status of the final gaseous
“waste” is allowed. The basis for the development is an electrolytic cell
with a self-baking Soderberg anode of the S-8BM type, which characterizes
the oldest technology and has a large geography of representation in Russia.
As a result of comparing the operating conditions and technological possi-
bilities for obtaining anodes of similar sizes from composite and ceramic
materials (cermets) when replacing the carbon anode array, it was decided
to use the classic copper-nickel alloy CuNi44Mnl, which has a minimum
iron content (reducing the grade of aluminum) and characterized by thermal
stability at electrolysis temperature. Based on the electrical characteristics
of the basic process and taking into account the recommendations of “RUSAL
Laboratory” specialists, the dimensions of the metal inert anode are deter-
mined and recommendations are given for the reconstruction of the above-
mentioned electrolyzer when switching to a new aluminum production
technology.

Morozov YuA, Yalunin VS. Inert anode technology in the concept of green aluminum metallurgy. RUDN Journal of En-
gineering Research. 2022;23(1):15-22. (In Russ.) http://doi.org/10.22363/2312-8143-2022-23-1-15-22

BBeneHue

AmroMyuHuR CCTrOJHA HEC3aMCHHUM BBHUAY COYC-

YTO CBS3aHO C BBICOKOM OHEProeMKOCTBIO IMPOLECC-
ca, TpeGYIOH_IGFO MOIIIHBIX N ACHICBBIX HCTOYHHUKOB

TaHUS JIETKOCTH, MPOYHOCTH M, YTO HEMAJIOBAXKHO,
CTOMMOCTH OTHOCHUTENBHO allbTepPHATHUBHBIX METall-
70B (HampuMmep, MarHusl WIW TUTAHA B aBHUAIINH).
Kpymnnretinre MupoBbie TPOU3BOAUTENH ATFOMIHHS
(oxom0 63 % Bcero mupoBoro mponsBoacTea) — CLLA,
Poccus, Kanana, Kutaii, Asctpanus u bpazumus [1].
B Poccun KpyITHBIM MOCTABIIMKOM METAJUTHYECKOTO
AMOMUHMS ABJSIETCSl OOBeMHEeHHass KoMmanust «Pyc-
ckuit amomunuiny (OK «PYCAIJD»), mpousBozsmas
Oonee 2,42 MIH T NEPBUYHOTO ATIOMHHHUSI U KO-
HEYHOH MPOAYKIUU U3 Hero. [IpoduiapHbIe 3aBOBI
OK «PYCAJI» no Gomnbliield 4aCTH pacroyioKeHbI Ha
tepputopun Ypana (borocnoBckuii, Ypaibckuit) wim
Cubupn (borywanckwii, bparckuii, Upkytckuii, Kpac-
Hosipckuit, CassHoropckuid, TaimreTckuit, Xakacckuii),
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AEKTPOIHEPTHH, U OOYCIIOBIIEHO TEXHOJIOTHEW ero
ANEKTPOTIUTHYECKOTO MOTyUEHHSI.

1. Uenb

B Hacrosiiiee BpeMsi BBISBUIICS CYIIECTBEHHBIH
HEJOCTAaTOK KJIACCUYECKOM IEKTPOJIUZHON TEXHOJIO-
THH, TIPOSIBUBIIHUICS C TOUYKH 3PSHHS SKOJIOTHYHOCTH
W MHPOBOTO KBOTHPOBaHHs KapOOHOBBIX BHIOPOCOB
(yrnepoamnsrit ciren). [Ipu 5TOM OCHOBHBIM TOKOTIO-
BOJSIIUM JJIEMEHTOM SBIIIETCA YTIIEPOIX B pa3iand-
HOM HCIIOTHEHUH COOTBETCTBYIOIIETO aHOJHOTO y3Ia.

C magana 30-x rr. XX B. B 3JEKTPOMETAILIYP-
THMM Hayalld BHEJPATHCS HEMPEPBIBHBIE CAMOOOKH-
rarommecs ekTpoasl mo marenty ConepbOepra,
MPECTABIISIONIIE COOON aHOMHBIA MacCHB M3 KOKCO-
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MEKOBOM KOMITO3UIIMHU, OTPAHUYEHHOM aItOMUHUE-
BOH pyOamkoi, B BUJE KPYIHBIX OpuKeToB HedTs-
HOTO TIPOKaJIEHHOTO Kokca (67—69 %), T/1e CBsI3yronmm
3IIEMEHTOM BBICTYTIAeT KAMEHHOYTOJIbHAS CMOJIa — TIeK

(puc. 1, a) [2; 3].

Heckonpko MOJIEpHU3UPOBAHHON TEXHOJIOTHEH
(B mnane ynoOcTBa) SBIsETCS HCIOJB30BAHHE
MpeIBAPUTEIHHO 000K KEHHBIX YTOJNBHBIX OJIOKOB,
MOCTIEIOBATENIFHO YCTAaHABINBAEMBIX B DIIEKTPOJIIH-
3ep B TpeOyeMoM Kosimdectse (puc. 1, 6).

Puc. 1. Onektponusep ¢ aHogom Coaepbepra (a) u npeasapuTesisHo 060X KEeHHbIe aHoabI (6)
Figure 1. Soderberg anode electrolyzer (a) and pre-baked anodes (6)

Carbon anode

cMonucTble /
resinous

YrnepoaHbin aHop /

AlL0, +2C > 2Al + CO,+CO

TpaauuMoHHas TexHonorus / PaspabaTtbiBaeMas TexHonorus /
Traditional technology Emerging technology

WHepTHLIN aHop /
’ Inert anode

ALO; > 2Al + 3120,

1 anektponyse
70 Faniecas

1 electrolyzer =

70 hectares of forest

Puc. 2. CpaBHeHME TEXHONOMMIA SN1EKTPONN3A C YrofibHbIM U MIHEPTHBLIM @HO40M
Figure 2. Comparison of electrolysis technologies with coal and inert anode

MOHO CKa3aTh, YTO BCE MPOU3BOJICTBO ATIOMHU-
HUs B Poccuy OCHOBAaHO Ha peaiH3aliy dTHX JIBYX
TEXHOJIOTUH B Pa3HbIX BapHAIMAX (MMEIOTCS TIOTIBITKU
BHeapeHus 3konornynoro Copaepbepra (OxoComep-
oepr) Ha KpA3e, KIIFOYEBBIM OTIMYHAEM KOTOPOTO
ABJIACTCA MOBBINICHHAA T'a30049YMCTKA U YMCHBIICHUC
colepKaHusl KAMEHHOYTOJIBHOM CMOJIBI — CYXOH aHOJ)
[4-6].

Hcmonp3oBanue yriepoaa B Ka4eCTBE TOKOIIOABO-
JUIIIIETO aHOIA SBJISETCS DKOHOMMYECKH BBLITOIHBIM
BBUJIY JICIICBU3HBI, OJTHAKO IMPOLIECC BOCCTAHOBJICHHSI
TIOMUHUS TIPUBOJUT K MOHOOOMEHHOW PeaKIMu CO-
€IMHEHUS YIiIepoa ¢ BhICBOOOXKIAEMBbIM KHCIOPO-
JIOM ¥ BBIJICJICHUIO HA MOJOIIBE YTOJBHOTO aHOa —
aHOITHBIX Ta30B (OKCHJ U JHMOKCHI yTriiepoia — yrap-
HBII U YTJIGKHCIIBIN Ta3bl), yAaIsIeMbIX B aTMochepy
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ALO, +2C=2A+CO T +CO, T;

AlL,0,+3C =2A1+3COT.

OOBeM yTIIEpOIHBIX BHIOPOCOB MOXKHO OICHUTH
OBICTPOTOM PacXOMOBAHUSI YIJICPOIAHBIX aHOMOB (IIPO-
n3BozcTBO 1 T amomunus Tpedyer S00—700 kr aHOn-
Hoit Maccel ConepOepra). Koneuno, He Bech yriiepoa
MePEXOaUT B Tra3000pa3HOE COCTOSHHUE, YaCTUIHO
IIPOUCXOUT €Tr0 OCBHITaHHWE C HAyTJIEepPOKUBAHHUEM
AIEKTPOIIUTA, HO 00BbEMBI BHIOPOCOB BCE PABHO BIIE-
qaTnsoT. He mpuHMMas B pacdeT BBIOPOCHI yTiie-
KHCJIOTO Ta3a MpH BhIPabOTKE MIEKTPOIHEPTHH, Ha BOC-
CTaHOBJICHHE TOHHBI aJIIOMUHUS BeIgensiercs 10 11 T
CO + CO,. IlosToMy aKkTyalbHO CO3JaHUE UHEPHHO20
anoda, MaTepruaj KOTOPOro He BCTYIAaeT B HOHOO0-
MEHHYIO PEaKIHIO0 BOCCTAaHOBIICHHS aJIFOMHHHS, a 3Ha-
YHT, TTOYTH HE PACXOIYETCs, IPU ITOM JIOITyCKAeTCS
BBICBOOOJKIICHHE KHCIIOpPOJa B CTaTyce KOHEYHOTO
ra3000pa3HOro «OTX0/a», 3kBUBaeHTHOro 0,9 T Kiic-
gopoma O Ha 1 T amoMuHus (OHA BaHHA MOXET
MIPOM3BOANTH KHUCIOpoa dkBuBajieHTHO 70 ["a neca),
puc. 2 [7-15].

2AL,0, =4A1+30, T.

HccrnenoBanns qaHHOTO HaNpaBICHHUS BEILyTCA
¢ 80-x rr. XX B., HO B CUJIy CHEIU(PHUIHOCTH TPpeOO-
BaHUI M yCIOBUI AKCILTyaTHPOBAHMUS 10 CHX IOP HET
KaKOTO0-JIN0O TIMPOKOTO MPHMEHEHUS TTOJI00HOM KO-
JIOTHIHOM TEXHOJIOTHH. 3HAYUTEIBHBINA pa3orpeB BaH-
HBI TpeOyeT TepMuyeckoi cradmipHocTH 10 1000 °C,
JIOJDKHBI 00€CIIeunBaThC HEPACTBOPUMOCTb, JI0CTa-
TOYHO BBICOKAs MEXaHWYeCKasl MPOYHOCTh, Majas
CTOUMOCTD U JIETKOCTh B M3TOTOBJIEHUH M Mp. Bax-
HBIM YCJIOBHEM SIBISIETCS HEIOIyCTUMOCTH COMEp-
JKaHMS JKelle3a B COCTaBe aHOJa, TaK KaK MOHMXKa-
€TCsl COPTHOCTD AIOMHUHUS.

2. MaTepuanbl u MeTOAbI

B pamkax mpoekTHO#H paboThI, OpraHN30BaHHOMN
naboparopueii PYCAJla, 6bu1a mpemioskeHa KOHIIETI-
LIUST 3€JICHOTO aHOZa Ha 0ase 3JIeKTpOoJ3epa ¢ caMo-
obxwrarommmcs anogoM Comepbepra tura C-8bM.

JlaHHBIA BBIOOp OOYCIIOBJICH TEM, YTO IMOJOOHBIC
ANIEKTPOJIN3EPhl XapaKTepU3yIOT Hauboyiee CTapyro
TEXHOJIOTHI0, 3HAYUTEIFHO pacipocTpaHeHsl B Poc-
CUMU U UX MOACPHH3AIHA IIYTEM 3aMCIICHUA YTJIC-
POIHOTO aHOAHOTO MaccHBa MHEPTHBIM aHOAOM JKO-
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HOMMYECKH IiesiecooOpa3Hell B CpaBHEHUU C pa3pa-
00TKOI HOBOTO OKOJICHHS 000PYIOBAHHS.

[Ipw 3amMernieHun yriiepogHOro aHOTHOTO MaccHBa
PeIIeHO UCIOIh30BaTh KIIACCHYECKHE JTNTEHHBIE Me-
TaJUTMYECKHUE CIJIaBbI C TIPOBEICHIEM aHATUTHYECKOTO
WCCIIEZIOBAHUS DJIEKTPHUECKUX XapaKTEPUCTUK Ma-
TEpPHUAJIOB B YCIIOBUSX, MPHUOIIKEHHBIX K JIEKTPO-
JU3HOMY TIPOHU3BOJICTBY.

HUccnenoBanne mokazano OONBIIYIO0 HEOJHO3HAY-
HOCTh JJIEKTPHUYECKOTO COTPOTUBIICHUS, OIIPEIEsi-
€MOT0 COBOKYITHOCTBIO MCTIOJIB3yEMBIX MAapOK YTIIS,
00BEMHOM JIOJTM X CMEIMBAHMs, CTETICHH TOTOBHOCTH
Y KPYITHOCTH, TaK KaK 00Pa30BaBIIHUICS U3 YTIIS IOy~
KOKC HAaYWHAET CYIIECTBEHHO MEHATH CBOE DIIEKTPO-
COIPOTHUBIICHHE (TIPOBOAUTH EKTPHUUECKUI TOK) IIPH
MIPSIMOM BIIMSIHUU Temrepatypsl (puc. 3) [16].

Br16op MeTanmmndeckoro aHoia B MEPBYIO OUe-
penpb orpeenseTcs ero 3apaHee 3arIaHMPOBaHHBIMU
cBoiicTBaMU. Tak, ¢ TOUYKU 3pEHHS KAPOCTOUKOCTH
WCIIOTb3YyeTCS HUKENNh, 2 OCHOBHBIM MAaTEpHUAIOM
ANEKTPOTEXHUYECKUX W3JCTHHA SBISIeTCS Mellb, 00-
pasyromue TBepAo(dazHble pacTBOPHI HEOTPaHUYECH-
HOW pacTBOpUMOCTH (puC. 4).

PaccmaTpuBas cTanmapTHBIE MEAHO-HUKEIEBbIE
CIUTaBBI, MO)KHO PEKOMEHI0BaTh K HCIIOJIb30BAHUIO
cmtas MHMu43-0,5, uMeromuii MUHIMaJIbHOE CO-
nepxkanue xenes3a (no 0,15 %) u xapakrepu3yeMslid
TEPMUYECKOM CTaOWIIBHOCTHIO MPU TEeMITepaType IiIaB-
nenus ~ 1290 °C, 4to OyAer IOCTaTOYHBIM B yCIIO-
BUAX dIeKTposm3a ~ 950 °C',

OcuoBubiM ycioBueM OK «PYCAJD» sBisercs
OTpaHWYECHUE CHIDKCHUS CHJIBI TOKa — He Hike 140 kA
WHpIMU crioBaMHM, 3IEKTPUUYECKHE XapaKTEPUCTUKU
MPOEKTHOTO METAUTMIECKOTO aHO/A YHCIEHHO JOJDK-
HBI COOTBETCTBOBATH 0A30BOMY YIJIEPOTHOMY aHOIY.

[pu paboyem Toke [ = 185 KA Hanbonee pacmpo-
CTpaHeHHOTO Ha 3aBonax Poccum anexrpommsepa Co-
nepbepra ¢ anomoM trmia C-8bM cornmacHo 3akoHy Oma
paccuuThIBaETCA 3JIEKTPOCONPOTHUBIEHHE B 33/IaHHOM
WHTEpBaJe CHIbI TOKA C YYETOM PAaCYeTHOTO ITaJICHUSI
HarpsbkeHus Ha anoge AU, =593 mMB (puc. 5)

R" = RM™ = AU“ _ 593X10_3 N
©TC 1 (140-185)10°

~(4,236-3,205)10"° Owm.

I Menno-HuKeneBblii cruias // MapouHHK CTanu U CIJIaBOB.
URL: http://splav-kharkov.com/choose_mat.php?class_id=61 (mara
obparuenust: 20.04.2022).
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[IponenanHble JIEKTPUUECKHE PacueThl Oazupy-
I0TCS Ha Ta0apUTHBIX pa3Mepax METAIMYECKOro aHo-
Ia, U ¢ yderoM ero Oosprreit B 100 kpat anekTporpo-
BOJIHOCTH JUTSl HCKJIIOYEHHUSI KOPOTKOTO 3aMbIKAaHUSI Ha
MaJIOM 3JIEKTPOCOTIPOTUBIICHHH JIEKTPOINTA (KPHOIH-
TOTJIMHO3EMHBIN PACIUIAB) B IIEMb aHOJHBIX CTEPXKHEH
BKJIFOYAIOTCSL IOIOJIHUTEIIbHBIE PE3UCTUBHBIE 3JIEMEH-
ThI, YCTAHABJIMBAIOIINE 3JIEKTPUUIECKUN OaraHC OTHO-
CHUTENBHO 0a30BOT0 YITIEPOAHOTO AHOJHOTO MACCHBA.

[Tpu pa3zpaboTke KOHLENIUN HHEPTHOTO aHOAA
IIPUHATO €r0 FOPU30HTAIBHOE IIOJIOKEHHUE U3 CO00-
paKeHHII MaKCUMaJlbHOM MOBEPXHOCTH KOHTAKTa C
3JIEKTPOJIUTOM.

CaM aHOI IpUHUMAETCS HAOOPHBIM, COCTOSIITM
W3 YeThIpeX IUIACTHH, 3aIlOJHSIOUIMX CYIIECTBYIO-
LIYIO TUIOIIAAb METAJUIMYECKOH aHOAHOW pyOamiku
anextponusepa Conepbepra, KOTOPYIO B CBOIO Oue-
penb JomycKaeTcsi AeMOHTHPOBATh, TaK KaK C WC-

KIIFOUEHHUEM YTIEPOTHOr0 aHOJa OHA yTpaduBaeT
cBOIO (DYHKIMIO (DOPMUPOBAHUS aHOIHOW MacChl U3
KOKCO-IIEKOBOI KOMITO3HIINH.

BwmecTo Hee Ha BaHHE yCTaHABIMBACTCS Oanka-
KOJUIEKTOP DJEKTPOMEXAaHUYECKOTO TPUBOAA BeEp-
THUKAJIBHOTO MEPEMEIICHUS OMOPHBIX CTEPKHEH TO-
KOBOJIa KaXKJIOM aHOJIHOW TUIACTUHBI 110 YEThIPEXTO-
YEUHON CXeMe TSI UCKITIOUEHUS MTONIEPEUHBIX Iepe-
KOCOB (puc. 6).

BBuay paboThl METAIIIHYECKOTO aHOa B YCIIO-
BHSIX 3HAYUTEIHLHOU TEMIIEPATYPhI AIEKTPOIIN3a TIpe-
JlyCMaTPUBAETCS €r0 OXJAKICHUE, KOTOPOE MOKHO
pean30BaTh 10 IBYM CXEMaM.

B mepBoM ciydae OCYIIECTBISICTCS TPUHYIHU-
TETFHOE BOJSHOE OXJIAXKACHHE TPyOUaTBIMH XOJIO-
JIWIBHUKAMUY, HAllassHHBIMYM Ha BHEIIHIOK MOBEPX-
HOCTb, C ITOJa4eH OXJIa)KIaroIIeH >KUIKOCTH THOKOM
MTOABOJIKOM CO CTOPOHBI O0aTKU-KOJIEKTOPA.

crenkoke «XMW»
(HeCIIeKAIOIIHIACS YToIb) /
special coke "HMI"

(non-caking coal)

P> A
OM-cMm/
Ohm - cm
81 JIpeBecHEIi yroib / wood coal
6+ PpeKcuI (HOBBIH BUJI CHIEIIKOKCa) /
rexil (a new type of special coke)
HeTIHOMU KOKC /
4 -
petcoke
2 s
JIOMEHHBIN KOKC /
blast coke =8
| | 5
600 800 1000 1200 1400 1600

T, °€

Puc. 3. 3aB1MCUMOCTb 31€KTPOCONPOTMBIIEHMS Yrnen oT TemnepaTypbl [17]
Figure 3. The dependence of the electrical resistance of coals on temperature

t.°C
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Figure 4. Diagram of the state of the system “copper — nickel” (Cu-Ni)
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Figure 5. Permissible spread of resistance of the design metal anode
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Puc. 6. KoHuenumsa MetTanimyeckoro MHEPTHOMO aHoAa (Pa3MeLLLEHME 3NEeKTPONPUBOAA MO TOpuaM KOJIeKTopa):
1 — 6anka-KonnekTop; 2 — aHoAHas OLMHOBKA; 3 — aHoAbl; 4 — BUHTOBbIE JOMKPAThI;

5 — BUHT pomMKpaTa; 6 — KapAaHHblli Ban; 7 — anekTpoaBuraTesb; 8 — peayKTop YEPBSAYHbIN; 9 — peayKTOP KOHNYECKNA
Figure 6. The concept of a metal inert anode (placement of the electric drive at the ends of the collector):

1 - beam-collector; 2 — anode busbar; 3 — anodes; 4 — screw jacks;
5 — screw of the jack; 6 — cardan shaft; 7 — electric motor; 8 - worm gearbox; 9 — bevel gearbox
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BropbiM BapuaHTOM MOET OBITh NAaCCUBHOE
OXJIAXIICHUE PEOPUCTBIMU PAJMaTOpaMHU, HalasHHBI-
MU Ha BHEIITHIOK TIOBEPXHOCTh aHOTHOW TJIACTHHEI,
YTO ABISETCS 0OJee MPEANOYTHUTENBHBIM TI0 TPH-
YHHE CJIOXHOCTH OpraHU3alluil NPUHYIUTEIHHOTO
BOJSIHOTO OXJAXKIECHHA, a TAaKXKE BEPOSTHOCTH aBa-
PpUMHBIX CUTyalMil MpU MOMaJaHUuW OXJaxJarolen
XKHUJIKOCTH (BOJIA, SMYJIbCHSI) B HATPETHIH 3JIEKTPOIIHUT.

3. Pe3ynbTtatbl

Pazpaborannasi ¢ yueToM peKOMeHAAIMiA TPOhIITb-
HBIX crieruamcToB «Jlabopatopun PYCAJIA» (2021)
KOHIICMIIHSI METAJUTNYECKOr0 HHEPTHOTO aHO/a JIOIyC-
KaeT MUHHUMAJBHBIC 3aTpaThl MPU IMepexojae K Ooee
MIPOTPECCUBHON TEXHOJIOTUU MOTyUEHUS aTFOMHHUS
Ha 0a3e uMmeromuxcs MekTponuzepoB Coaepoepra,
MOJICPHU3UPYEMBIX TIYTEM 3aMEIIEHUS yTISPOIHO-
ro aHOJHOTO MacCHBa HAaOOPHBIMHU TOPHU3OHTAIb-
HBIMH MEIHO-HUKEJIeBBIMU IJIACTHHAMHU W3 CIUIaBa
MHMu43-0,5 aHaTOorH9HBIX Pa3MEpOB.

3aknio4yeHue

[pemmoykeHHBIIT MaTepral M KOHIETIHS HHEPT-
HOTO aHOZ[a COOTBETCTBYIOT TpeOyeMBIM TeMIlepaTyp-
HBIM U 3JICKTPUUECKUM TapaMeTpaM HCCIEAyEeMOTO
npouecca. MOHOMETAIIMYECKUH MEIHO-HUKEJIEBbIN
craB MHMu43-0,5 uMmeeT J0cTaTOuHYIO0 TEpMUYe-
CKYIO0 CTaOMIIEHOCTH B YCIIOBHUSX DJIEKTPOJIN3A AJTIO-
muHus (950 °C), a MUHUMAJIbHOE COJICPKAHHUE HKe-
ne3a B crase (o 0,15 %) mo3Bosser mponu3BOIUTh
METAJUIMYECKUM aJIFOMUHUI BBICOKOM COPTHOCTH,
TO €CTh BBICOKOW KOHKypeHTHocnocoOHocTH. Kpome
TOT0, UCTIOIH30BAHNE KIIACCHYECKUX JINTEHHBIX Me-
TaJUTMYECKHUX CIDIABOB 00JIETIaeT TEXHOJIOTHIO (popMo-
00pa30oBaHMsI TUTACTUHBI aHOJIA C IPUMEHEHHEM TMPO-
1eccoB 00pabOTKM TaBIeHHEM, HAIPUMeED MPOKaTKa
IUTATHI TpeOyeMOl IUPUHBI U TOJIIHHEI.

Cnucok nuteparypbl

1. Munyuc M A., lonaxos I1.B., Cupazymounog I".A.
Onexrpomeraiuryprus axromunus. HoBocubupcek: Hayxka,
2001. 176 c.

2. Munyuc M. A., Cupasymounos I A., I'anesckuii I'B.
Onexrpommsepsl ¢ aHomoM ComepOepra u BOSMOKHOCTH HX
mMozepHm3anyy // Liperrpie metammst. 2010. Ne 12. C. 49-52.

3. Bezynos A.U., becynos A.A. MonepHHU3aus 3J€K-
TPOJIM3HBIX MTPOU3BOJICTB C UCIOIb30BaHHEM aHo0B Co-
nepoepra // Lipetusie metamisl. 2011, Ne 7. C. 45-49.

4. Bunoepaoos A.M., [Tunaee A.A., Bunoepados /. A.,
Ilysun A.B., lllaopun B.I", 3opvko H.B., Comos B.B. IToBbI-
meHre 3(QPEeKTUBHOCTU YKpbITHs 3rekTposnzepoB Cozep-

Oepra // U3Bectus By30B. L{BerHas metamtyprus. 2017. Ne 1.
C. 19-30. https://doi.org/10.17073/0021-3438-2017-1-19-30

5. Buzunov V., Mann V., Chichuk E., Pitercev N., Chers-
kikh I, Frizorger V. Vertical stud Soderberg technology
development by UC Rusal in 20042010 (Part 1) // Light
Metals. 2012. Pp 743-748. https://doi.org/10.1007/978-3-
319-48179-1 128

6. Frizorger V., Mann V., Chuchuk E., Buzunov V.,
Marakushina E., Pitercev N., Cherskikh 1., Gildebrandt E.
Vertical stud Soderberg technology development by UC
Rusal in 20042010 (Part 2. EcoSoderberg Technology) //
Light Metals. 2012. Pp. 749-753. https://doi.org/10.1007/978-
3-319-48179-1 129

7. Xianxi W. Aluminum electrolytic inert anode //
Inert Anodes for Aluminum Electrolysis. 2021. Pp. 23—120.
https://doi.org/10.1007/978-3-030-28913-3 3

8. Maoamama C.K., Acunckuii A.C., Ilonsxos I1.B.
WHepTHBIC aHOIBI B AFOMHHHCBOM MPOMBIIITICHHOCTH: 0030 //
Kypnan Cubupckoro QenepainbHOr0 yHUBEpCHTETa. XUMUSL.
2018. Ne 11 (1). C. 18-30. https://doi.org/10.17516/1998-2836-
0055

9.DuJ., Wang B., Liu Y., Yao G.C., Fang Zh., Hu P.
Study on the bubble behaviour and anodic overvoltage of
NiFe,04 ceramic based inert anode // Light Metals. 2015.
Pp. 1193-1197. https://doi.org/10.1007/978-3-319-48248-
4 200

10. Weiping P., Ying L., Jie G., Ruilong Z., Jian-
hong Y., Wangxing L. Effect of La on the electrolysis
performance of 46Cu-25Ni-19Fe-10Al metal anode // Light
Metals. 2014. Pp. 1301-1304. https://doi.org/10.1007/978-3-
319-48144-9 217

11. Wang Z., Xue J., Feng L., Dai F. Investigating
the corrosion behaviors of Fe-Ni-Cr anode material for
aluminum electrolysis // Light Metals. 2014. Pp. 1315-1319.
https://doi.org/10.1007/978-3-319-48144-9 220

12. He H. The metal phase selection of 10NiO-NiFe204-
based cermet anodes for aluminium electrolysis // Light
Metals. 2014. Pp. 1321-1325. https://doi.org/10.1007/978-
3-319-48144-9 221

13. Liu J.-Y., Li Zh.-Y,, Tao Y.-Q., Zhang D., Zhou K.-Ch.
Phase evolution of 17(Cu-10Ni)-(NiFe;O4-10NiO) cerment
inert anode during aluminum electrolysis // Transactions
of Nonferrous Metals Society of China. 2011. Vol. 21.
No 3. Pp. 566-572. https://doi.org/10.1016/S1003-
6326(11)60752-8

14. Lu J., Xia Z. The corrosion performance of a binary
Cu-Ni alloy used as an anode for aluminum electrolysis //
Applied Mechanics and Materials. 2011. Vol. 55-57. Pp. 7-10.
https://doi.org/10.4028/www.scientific.net/ AMM.55-57.7

15. Glucina M., Hyland M. Laboratory scale testing
of aluminium bronze as an inert anode for aluminium
electrolysis // Light Metals. 2005. Pp. 523-528.

16. Capanuyx B.U., Owoseckuii B.B., Jlaspenxo A.T.,
Kowxapes .M. Meton onpeaeneHus: BETUYUHBI DIIEKTPH-
YEeCKOTO COIPOTHBIICHHUS YISl B 3aBUCUMOCTH OT TEMIIe-
patypsl // Hayarsie Tpynsl JJOHEIIKOTO HAIMOHAIBHOTO

21



Morozov Yu.A., Yalunin V.S. RUDN Journal of Engineering Research. 2022;23(1):15-22

TexHu4Yeckoro yHuBepcutera. Cepust: XuMHsI 1 XUMHYE-
ckas TexHojorus. onenk: JouHTY, 2008. C. 138—-143.
17. Vavesa I'.A. UccnenoBanne GH3MKO-XMMHUYECKHX
CBOMCTB CIICMAJIbHBIX BUJIOB KOKCa U €0 NPUMCHCHHUE
A BBIITJIABKHW BBICOKOKPEMHHMCTBLIX CILUIaBOB! aBTope(b.
JIAC. ... KaHI. TeXH. HayK. EkarepunOypr, 2013. 23 c.

References

1. Mincis MYa, Polyakov PV, Sirazutdinov GA. Aluminum
electrometallurgy. Novosibirsk: Nauka Publ.; 2001. (In Russ.)

2. Mincis MYa, Sirazutdinov GA, Galevskij GV. Elec-
trolysers with Soderberg anode and possibilities of their mo-
dernization. Tsvetnye Metally. 2010;(12):49-52. (In Russ.)

3. Begunov Al, Begunov AA. Modernization of
electrolysis production with Soderberg anodes. Tsvetnye
Metally. 2011;(7):45—49. (In Russ.)

4. Vinogradov AM, Pinaev AA, Vinogradov DA,
Puzin AV, Shadrin VG, Zorko NV, Somov VV. Improving
the efficiency of sheltering soderberg electrolyzers. Izvestiya.
Non-Ferrous Metallurgy. 2017;(1):19-30. (In Russ.)
https://doi.org/10.17073/0021-3438-2017-1-19-30

5. Buzunov V, Mann V, Chichuk E, Pitercev N, Cher-
skikh I, Frizorger V. Vertical stud Soderberg technology
development by UC Rusal in 2004-2010 (Part 1). Light
Metals. 2012:743—748. https://doi.org/10.1007/978-3-319-
48179-1 128

6. Frizorger V, Mann V, Chuchuk E, Buzunov V,
Marakushina E, Pitercev N, Cherskikh I, Gildebrandt E.
Vertical stud Soderberg technology development by UC
Rusal in 2004-2010 (Part 2. EcoSoderberg Technology).
Light Metals. 2012:749-753. https://doi.org/10.1007/978-3-
319-48179-1 129

7. Xianxi W. Aluminum electrolytic inert anode.
Inert Anodes for Aluminum Electrolysis. 2021:23-120.
https://doi.org/10.1007/978-3-030-28913-3 3

8. Padamata SK, Yasinskiy AS, Polyakov PV. Progress
of inert anodes in aluminium industry: review. Journal of
Siberian Federal University. Chemistry. 2018;11(1):18-30.
(In Russ.) https://doi.org/10.17516/1998-2836-0055

Caenenus 00 aBTopax

9. Du J, Wang B, Liu Y, Yao GC, Fang Zh, Hu P.
Study on the bubble behaviour and anodic overvoltage of
NiFe,04 ceramic based inert anode. Light Metals. 2015:
1193-1197. https://doi.org/10.1007/978-3-319-48248-4 200

10. Weiping P, Ying L, Jie G, Ruilong Z, Jianhong Y,
Wangxing L. Effect of La on the electrolysis performance
of 46Cu-25Ni-19Fe-10Al metal anode. Light Metals. 2014:
1301-1304. https://doi.org/10.1007/978-3-319-48144-9 217

11. Wang Z, Xue J, Feng L, Dai F. Investigating
the corrosion behaviors of Fe-Ni-Cr anode material for
aluminum electrolysis. Light Metals. 2014:1315-1319.
https://doi.org/10.1007/978-3-319-48144-9 220

12. He H. The metal phase selection of 10NiO-NiFe204-
based cermet anodes for aluminum electrolysis. Light
Metals. 2014:1321-1325. https://doi.org/10.1007/978-3-
319-48144-9 221

13. Liu J-Y, Li Zh-Y, Tao Y-Q, Zhang D, Zhou K-Ch.
Phase evolution of 17(Cu-10Ni)-(NiFe,O4-10NiO) cerment
inert anode during aluminium electrolysis. Transactions of
Nonferrous Metals Society of China. 2011;21(3):566-572.
https://doi.org/10.1016/S1003-6326(11)60752-8

14. Lu J, Xia Z. The corrosion performance of a bi-
nary Cu-Ni alloy used as an anode for aluminum electro-
lysis. Applied Mechanics and Materials. 2011;55-57:7-10.
https://doi.org/10.4028/www.scientific.net/ AMM.55-57.7

15. Glucina M, Hyland M. Laboratory scale testing
of aluminium bronze as an inert anode for aluminium
electrolysis. Light Metals. 2005:523-528.

16. Saranchuk VI, Oshovskij VV, Lavrenko AT, Kosh-
karev YaM. Method for determining the magnitude of
the electrical resistance of coal depending on temperature.
Scientific Works of the Donetsk National Technical Uni-
versity. Series: Chemistry and Chemical Technology.
Donetsk: Donetsk National Technical University; 2008.
p. 138-143. (In Russ.)

17. Uleva GA. Study of the physicochemical proper-
ties of special types of coke and its application for the
smelting of high-silicon alloys (Abstract of the disserta-
tion for the degree of Candidate of Technical Sciences).
Ekaterinburg; 2013. (In Russ.)

Mopo3zoe FOpuii Anamonveguu, KaHAUAAT TEXHUUECKUX Hayk, foueHT Kadenpel MT-13 «Texnonorun o6paboTku MaTepua-
70B», MOCKOBCKHIT TOCyJapCTBEHHBIH TeXHIYecKHil yHuBepcuTeT nMeHn H.O. baymana (HarmoHambHBII HCClle[0BaTebCKIH
yHuBepcutet), Poccuiickas ®enepauus, 105005, Mocksa, 2-1 baymanckas yi., a. 5, ctp. 1. ORCID: 0000-0001-9229-7398,
Scopus Author ID: 24475032700, eLIBRARY SPIN-xox: 3189-5426. E-mail: akafest@mail.ru

Anynun Braoumup Cepzeesuu, maructpant, kadenpa «Merautyprusi», MockoBckuil nmonurexHudeckuii yausepeurer (Moc-
xoBckuii [Tonurex), Poccuiickas @enepanust, 111250, Mockga, yin. bonbinas CemeHoBckas, a. 38. ORCID: 0000-0002-1994-
7531. E-mail: molnir9@yandex.ru

About the authors

Yury A. Morozov, Cand. Sci. (Eng.), Associate Professor of the Department MT-13 “Materials Processing Technologies,”
Bauman Moscow State Technical University, 5 2-ya Baumanskaya St, bldg 1, Moscow, 105005, Russian Federation. ORCID: 0000-
0001-9229-7398, Scopus Author ID: 24475032700, eLIBRARY SPIN-code: 3189-5426. E-mail: akafest@mail.ru

Vladimir S. Yalunin, master’s student, Department “Metallurgy,” Moscow Polytechnic University, 38 Bolshaya Semenov-
skaya St, Moscow, 111250, Russian Federation. ORCID: 0000-0002-1994-7531. E-mail: molnir9@yandex.ru

22



BecTHuk PYQH. Cepus: UHXeHepHble nccnenoBaHus
RUDN Journal of Engineering Research

2022;23(1):23-29

ISSN 2312-8143 (Print); ISSN 2312-8151 (Online) N esEancn

journals.rudn.ru/engineering-researches '_

DOI 10.22363/2312-8143-2022-23-1-23-29
YK 631.171

Hay4yHas ctatbs / Research article

Co3paHue n npuMeHeHne MoOUJIbHbIX MHOrO(YHKLIMOHAJIbHbIX
3HEepProTexHoJI0rM4eCcknx KOMMJeKCcoB

10.®. Jlauyra?, 3.A. I'omkaes” ™, U.51. Penpko® =&

20T1heneHne cenbCKoXo3sicTBeHHbIX Hayk PAH, Mockea, Poccutickas ®edepayus
"DenepanbHbIi HaydHBIH arpoMHEXeHepHbIH tentp BUM, Mockea, Poccuiickas @edepayust
°FOxHO-Y pasibCKHi TOCYIapCTBEHHBIN YHUBEPCUTET, Yennbunck, Poccuiickas @edepayus

B redko_iya@mail.ru

Hcropus crarbn

Tocrymmna B penakuuto: 28 HosiOpst 2021 T
Hopaborana: 15 saBapst 2022 r.
Tlpunsta k myOnvkanuuy: 25 saBapst 2022 T

KiroueBble ciioBa:
MHOTO(YHKIIMOHAJIEHbIE SHEPTOTEXHOIOT Y-
YeCcKHe KOMILIEKCBI, SHepro3(hpeKTHBHOCTS,
KOHLIETIUH Pa3BUTHS, UHHOBAL[IOHHBIE
TEXHOJIOTHH, arpOIPOMBIILIEHHbIA KOM-
ILIeKC, MHOTO(YHKI[HOHAIBHOCT, TATOBO-
SHEpreTHYecKasi KOHIEHIIHU

HJ’lﬂ HUTHPOBAHUA

AHHoTauus. B Hacrosmee BpeMs: B MUpe HIyT NPOLECCH TpaHCHOPMAIH
SHEPreTUUECKUX CUCTEM, B PE3YJIbTATE KOTOPBIX CO3/a€TCsl UX HOBAs apXu-
TekTypa. OCHOBHBIMHU (haKTOpaMu, 00yCIaBIMBAIOIIMMHI TPaHCHOPMALIUIO
SHEPreTUUECKUX CHUCTEM, SIBIISIOTCS 3HAYUTENILHOE YMEHbBLIEHHE CTOMMOCTH
TeHepaluy PHEPTUU U YBEIMYEHUE MOTPEOICHUS JICKTPOIHEPTHH, BKITIOYAs
pacrpeseseHHyI0 TeHEPALHIO, SIEKTPOTPAHCIIOPT, MEKTPUBHUKALIIO MOOHITb-
HBIX 9HEPIrOCPE/ICTB B arpONPOMBIIIJICHHOM KOMIUIEKCE, CUCTEMY YIIpaBJie-
HUSI HAKOIUICHHEM DHEPrHel, YJHEproodecnedeH!s U HHTEUIEKTyan3aun
pou3BOACTBA. DaKTOpaMU Pa3sBUTUSL 3HEPrOTEXHOIOTHMUYECKUX KOMILICKCOB
BBICTYNAIOT TaKK€ BO3MOXKHOCTH CO3JaHMS HKOJOTHMUYECKU UYHUCTBIX (epM
Ha BO300HOBIISIEMbIX UCTOUHHMKAX SHEPTUM B pailoHaX ¢ TPYIAHOJOCTYIHON
JIOTUCTUKON 3HEPreTMYECKUX PECypCoB, TAKUX KaK OEH3MH U JU3EIbHOE
TOIKBO. YMeHblIeHue BbIOpocoB CO2 B aTMochepy U yaydlleHUe SKON0-
THM OTHIO/Ib HE EJMHCTBEHHBIH (yHJAaMEHTaJbHBIH pe3ylbTaT pa3BUTHA
SHEProTEeXHOJOTMYECKHX KOMIUIEKCOB. IIpoHam3upoBaHbl OCHOBHbBIE MPUH-
LUITBI CO3/IaHMSI MOOHMJIBHBIX JHEPreTHYECKUX KOMIUIEKCOB. MHOTOKpHTE-
pUaibHasi TOCTAHOBKA 3a/1au¥l JJIsI OLEHKU 3(Q(OEKTHBHOCTH MO3BOJISIET BBI-
SBUTH Hambosee MOAXOIMIINE KPUTEPHN KauecTBa U (yHKLIMOHATIbHBIC
OrpaHUYEHMUS.
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Abstract. Currently, there are processes of transformation of energy sys-
tems in the world, as a result of which a new architecture is being created.
The main factors driving the transformation of energy systems are a signifi-
cant reduction in the cost of energy generation and an increase in electricity
consumption, including distributed generation, electric transport, electrifi-
cation of mobile energy facilities in the agro-industrial complex, energy
storage management system, energy supply and intellectualization of pro-
duction. Factors in the development of energy technology complexes are
also the possibility of creating environmentally friendly farms using renew-
able energy sources in areas with difficult-to-access logistics of energy
resources, such as gasoline and diesel fuel. Reducing emissions of COz into
the atmosphere and improving the environment is by no means the only
fundamental result of the development of energy technology complexes.
This paper reviews the basic principles of creating mobile energy complex-
es, based on the analysis. Multi-criteria formulation of the task for evalua-
ting the effectiveness, allows you to identify the most appropriate quality
criteria and functional limitations.
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BBepeHune

B nacrosimiee Bpems HanOonee akTUBHO pa3BU-
BalOTCS MHHOBAIIMOHHBIE TEXHOJOTHH B 00ONacTh
AIIEKTPOIHEPTETHKH U ICKTPpUDUKAITMA MOOMITEHBIX
MIPOLIECCOB B OTPACIISX, B TOM YHCJIE B arpONpOMBIIII-
nenHoM komruiekce (AITK) [1-3]:

— Ha 0a3e CONHEYHBIX adPOKOCMHUYECKUX JHEP-
TFeTUYECKUX KOMIUIEKCOB CO CBEPXBBICOKOW YacTo-
toit (CBY) 1 na3epHBIMH MarucTpalisiMu mepegadu
SHEPTrHH, KOTOPhIE MOTYT OOECIIEeUNTh dHEpreTude-
CKYI0 0€30ITaCHOCTh U HAJICKHOE YHEPTOCHAOKCHIE
Ha OTAAJCHHBIX U TPYAHOJOCTYIHBIX TEPPUTOPHSIX
Cubupwu, Cesepa u JlanpHero Bocroka, He oxBadeH-
HBIX IIEHTPAIM30BaHHBIM YHEPTOCHAOKEHHEM;

— Ha 6a3e MHOTO(YHKIIMOHABHBIX YHEPTOTEXHO-
Jormyeckux komruiekcoB (MOK) rubpuaHoii renepa-
LUK, KOTOPBIE SIBIISFOTCS OCHOBOW ABTOHOMHBIX CH-
CTE€M PHEProCHa0KEeHUS U UCTIONB3YIOT BCE MHOT000-
pasuie MECTHBIX SHEPIeTHUECKHUX PECYPCOB;

— Ha 0a3e MOOWJIBHBIX MHOTO(Q)YHKIIMOHAIBHBIX
9HEPrOTEXHOJIIOTHYECKNX KOMITIEKCOB, HA OCHOBE WH-
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HOBAaITMOHHBIX THFOBO-SHepFeTI/I‘IeCKOﬁ " DHEPreTu-
YECKOM KOHIICNIMN Pa3BUTHS MOOWJIBHOM TEXHHKH,
KOTOpBIE TMO3BOJST MPUHIMITHAILHO HOBBIM CITOCO-
ooMm TMOJIYUUTb OQHEPIUiO U NPOAYKThI ITMTaHUA, B TOM
YHCJIE C UCTIOIBb30BaHUEM (DUTOTPOHHBIX TEXHOJIOTHH.

MDOK rubpunHoit reHepaliu U MOOWIIbHBIC
KOMIUIEKCHI SIBIITIOTCS HanboJiee MOITHBIMU TIOTpPE-
outenssmu 3HEpropecypcoB B otpacisix TOK u ATIK
COOTBETCTBEHHO. OTHAKO UX SHEPreTUYECKAs U KO-
sorudeckas 3((HEeKTUBHOCTD UCIIOB30BAHUS SHEPTO-
pecypcoB HegocTaTtoyHo u3ydeHa. [lockomsky MOK
THOPUIHOM TeHepaluy, MOOUIBHBIC H a9POKOCMHYE-
CKHE HampapJIeHbl Ha MPOU3BOJICTBO JIIEKTPOIHEPTHH,
TeIJia U CEeJIbCKOXO03IUCTBEHHON MPOYKLIMHU, UX SHEP-
TeTUYECKUE W TEXHOJIOTUYECKUE CXEMBI MOTYT OBITh
OIMCaHbl HA OCHOBE TaKMX aHAIUTHYECKHX 3aBHCH-
MOCTEH, KOTOphIe TTO3BOJIAT pa3padoTaTh MaTeMaTH-
YyecKylo Mojenb obobmenHoro MOK. Orta monens
B 3aBUCHMOCTH OT BHEUIHHMX YCIIOBHH OyneT ompe-
nenath Tun MOK: MOOUIBHBIN, THOPUIHON TeHepa-
LMK WM a3poKOCcMHUYecKuil. B maHHOM uccrienoBa-
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HUM paCCMOTPUM TATOBO-DHEPICTUYCCKYIO KOHIICII-
LU0 CO3aHUsT MOOMIILHBIX MHOTO(YHKIIMOHATBHBIX
9HEPrOTEXHOJNIOTHICCKIX KOMIUIEKCOB M pa3paboT-
Ky OOIMMX TEXHUYECKUX TPEOOBAHMH K MOOHWIIB-
HBIM MOK.

1. AHanu3 " BbiIBNIeHNE NepPBUYHbIX
TpeboBaHUii K MOOUJIbHBIM KOMMJIeKCaM

AHanu3 CyIIECTBYIOIUX KOHCTPYKTUBHO-KOM-
TIOHOBOYHBIX CXEM MOOWJIBHBIX TEXHOJOTHYECKHX ar-
peratoB (MTA) nmokasan, 4To OHU MPAaKTHYECKH HC-
Yyeprnaid BO3MOKHOCTU AANbHEHUIIEr0 CyIIECTBEHHOTO
MIOBBIIICHUS TEXHUKO-9KOHOMHUYECKHUX TOKa3zaTeNei.
[TosTomy moBbImieHne 3GPEKTUBHOCTH HCIOJIB30Ba-
HUS TOIUTMBHO-3HEPreTH4ecKux pecypcoB MTA mytem
YIIy4IIEHUS] UCIOIb30BaHUSI CTPYKTYPhI U COBEPILIECH-
CTBOBAHUSI NTPOM3BOJCTBEHHOTO 000PYOBaHUS CTa-
HOBHTCS Bce Oojiee 3aTpyAHHUTENbHBIM. JleficTBUTENb-
HO, OCHOBOIl CTPYKTYpPBI HPOHU3BOJCTBEHHOTO 000-
pynoBanuss MTA B Hacrosiiiee BpeMs SIBISIETCS JBU-
rarenb BHyTpeHHero cropanus (JIBC). CienoBarensHo,
niokazarenu pabotel MTA B 3HauMTENHHON Mepe Oy IyT
3aBUCETH, IPEKIE BCETrO, OT d3(H(PEKTUBHOCTH ITOTO
3BeHa (Moxynsi). Ecnu npoananu3upoBaTe OCHOBHBIE
HarpanieHus: coBeplueHcTBoBanus JIBC: moBsiie-
HHE HAJEXHOCTH, YJIYUIICHUE 3KOJOTUYECKUX IO-
Ka3zaTeJei U TOMJIMBHON SKOHOMHUYHOCTH, CHIKEHHE
JKCIITyaTallMOHHBIX PACXO/0B, YBEIMUECHUE yIETBHON
MOILHOCTH, pacIlUpeHHe MHOTOTOIUIMBHBIX CBOMCTB
U IPUMEHEHUS JIEKTPOHUKH, TO MOYKHO 3aKJIIOUHUTh,
YTO BO3MOYKHOCTH €TO COBEPIICHCTBOBAHUS YK€ HC-
yeprnanbl. [loaTromy pemieHne mpoOieM B OTpacisax
ATIK Hafo nepeHOCUTh ¢ TPATUITMOHHON KOMITOHOB-
KA MOOWMJIBHOTO arperara ¢ TSITOBBIM HPHUHIIUIIOM
Mepelauy 3HePTUU K pabouuM MalinHaM (TE€XHOJIO-
THYECKUM MOJYJISIM) Ha TATOBO-3HEPTeTHUECKYHO KOH-
HEMIUI0 CO3/IaHUs TaKUX arperatoB (KOMILJIEKCOB).
B camom o0mem Buze 3TOH KOHLEMIMH COOTBET-
CTBYeT MOOMITBHBIN MHOTO(YHKIIHOHAIEHBIN SHEPTO-
TEXHOJIOTMYECKUH KOMIUIEKC, HCIONb3YIOUIU Bce
MHOT000pa3re MECTHBIX SHEPreTUYECKHX PECypCOB,
HanpaBJICHHBIX Ha YAOBIECTBOPEHUE HY>K] HACENICHUA
1 IPOU3BOJICTBA B 3JIEKTPUUYECKOM 3HEPruu, TeIie
U pa3IMYHBIX BUAAX MOTOPHBIX TOmUmB. K Hanbonee
BBICOKOMY YPOBHIO Pa3BUTHUS TAKUX CUCTEM MOKHO
OTHECTH MHOTO()YHKITMOHATBHBII 3HEPTOTEXHOJIO-
TUYECKUI KOMIUIEKC MoyJibHOro tuma. Ilox mHoro-
(YHKIMOHAILHOCTBIO ClIelyeT IIOHUMATh BO3MOKHOCTh
takoro mMoomimpHOro MOK paboTaTe Ha MECTHBIX
TOIUIMBHO-PHEPreTUYECKUX Pecypcax, B TOM YHCIIE
Ha TeHepaTOPHOM ra3e ¥ OMOTOIUIMBAaX, U BbIpada-

THIBaTh pa3jWYHbIE BUIBI dHepruu. Betep, rumpo-
SHEPreTUKa U COHEUHASI DHEPTHS SBISIOTCS UCTOY-
HUKAMH «YUCTOW» AIEKTPOAHEPTUHU, KOTOpas BIIO-
CIIEICTBUHM MOXET XPaHUTHCS B Pa3IMIHBIX opmax
IUISL KPATKOBPEMEHHOTO M JIITUTEIIBHOTO HCIOB30-
BaHus. buomacca, comHeuHas SHepPrus U BETEp —
IIMPOKOIOCTYTIHBIE abTePHATUBHBIE BO300HOBIIA-
eMble uctouHuku 3ueprun (BUD), koTopeie moy-
YaloT C HCIOJb30BAHUEM COBPEMEHHBIX HCTOYHU-
KOB 3Hepruu. buoansens, 6mosTanon, OnomeraH —
SHEPreTUYEeCKUe PECYpChl, MPOU3BEIECHHBIE U3 3KO-
JIOTUYECKH YHCTOTO0 M MHOTOOOEIIAOIIEro HUCTOY-
HUKa YHEPTUH — OMOMACCHI.

MDOK mpencraBiser co0oi CHCTEMY, COCTOSIITYIO
U3 OTIENBHBIX MOIYJICH, KOHCTPYKTUBHO M (hyHK-
IMOHAJILHO COBMECTHMBIX Mexay coboit. KomOuHa-
UM Pa3IUIHBIX (YHKIMOHAIHFHO M KOHCTPYKTHBHO
COTJIACyeMBIX MOJAYJEW IMO3BOJISAIOT MOJMy4YaTh pas-
JIMYHBIE TI0O COCTaBY W MOIIHOCTH MOOWJIBHEIE KOM-
TUIEKCHI B 3aBUCHMOCTH OT Pa3MepoB Mol U Tpedy-
€MOM TTPOU3BOJUTEIHLHOCTH. TaKkas KOHLIENIUs pa3-
BUTHS MOOMJIBHBIX CPEACTB MO3BOJISIET THOKO M3Me-
HATh KOHCTPYKTUBHO-KOMIIOHOBOUYHBIE pereHust MOK
B 3aBHCHUMOCTH OT BHEIIHUX YCJIOBUI €r0 3KCIUTya-
TaIuH.

DTOT KOMIUIEKC (CUCTEMAa) MOXKET COCTOSAThH U3
CIEYIOLNX 3BEHBbEB: «MECTHBIE SHEPreTUUECKUE pe-
CypCBl — MOAYJb JUISl TIPOM3BOJICTBA MOTOPHOTO TOTI-
JMBa — MHOTOTOIUTUBHEIN JIBC — 351eMeHTHI cuCcTEMBI
TeHEepalry JIEKTPOIHEPTUHU U TEIJla — TUIl TPaHC-
MUCCHH — Pe00pa30BaTeIbh 9aCTOThI — HAKOITUTEIb
SHEPTrUU — MHOTOKaHaJbHas Iepenaya dJIeKTpude-
CKOH M TEIUIOBOW IHEPTUU — MOTPEOUTENIb IHEPTUU
PasTUIHON (DU3UIECKON MPUPOIBI.

Ananmmn3 001X KOHCTPYKTHBHO-KOMIIOHOBOYHBIX
peurenuii u kiaccudukanus MoouabHeIXx MOK yka-
3BIBAIOT HA UX OIPOMHOE pazHooOpasue. OHaKo mpe-
MMYLIECTBEHHOE PACIHPOCTPAHEHHUE MOIYYUIU MO-
OwibpHBIE KOMILIEKCH Ha Oa3e JIBC, paboTtaromimx
Ha AU3€JIbHOM TOILIMBE.

2. OcHOBHbIe HanpasneHns pa3sutua MIOK

Jiist JoCTHKEHUS BBICOKOTO KayecTBa M HAIeK-
HOCTH (YHKIMOHMpPOBaHUI MOOMIBHBIX MOK Heo0-
XOJIMMO PEILHTH MPOOJIEMBI, CBSI3aHHBIE, IPEXKJIE BCETO,
C TIPOM3BOJIUTENEHOCTBIO, MHOTO(YHKIMOHAIBHOCTEIO,
SHEPrOHACBHIIICHHOCTHIO, METAJNIOEMKOCThIO, MHOTO-
TOIJIMBHOCTBIO, SKOJIOTHYECKOH O€e30MacHOCTHIO, CHU-
’KEHHEM SKCIUTyaTalMOHHBIX PacXOIOB, ONITUMH3AIMEH
BEIOOpA cocTaBa OOOPYIOBaHMS Ha CTaIUU MPOCKTH-
POBaHMsI MOOMIIEHOM TEXHUKH, COBEPILICHCTBOBAaHUEM

25



Lachuga Yu.F., Godzhaev Z.A., Redko l.Ya. RUDN Journal of Engineering Research. 2022;23(1):23-29

PEXKHUMOB pabOTHI U KOHCTPYKTHBHO-KOMITOHOBOYHBIX
pemeHnii MOOMIBHOM TEXHUKH 110 KPUTEPHAM dHEP-
TeTHYECKOW, (PYHKIIMOHAITLHOW W SKOHOMHUYECKOH 3(h-
(heKTUBHOCTH.

IToaTomMy BaXKHEWIIMMU HAIPaBJICHUSIMU pPa3BU-
TSI MOOMITBHBIX CPEACTB SIBJISIOTCS:

1) coBepIIEHCTBOBaHNE TEXHOIOTUH IPOU3BOICTBA
Pa3NHYHBIX BHIOB MOTOPHBIX TOIUIHB, JJICKTPUUECKON
U TETUIOBOH SHEPTHH;

2) pacumpeHre MHOTOTOIUTMBHEIX cBOWCTB J[BC
B coctaBe MOK;

3) yiydlIeHHe HCHOIB30BaHUS CTPYKTYPbI MO-
omnpHOTO TIapka B oTpacisx AlIK;

4) COBEpIICHCTBOBAHKE OTACIHLHBIX MOIYJICH (3Be-
HbeB) MOK;;

5) onTHUMHU3ALMS TAPaMETPOB U PEXKUMOB pabo-
TBhI MOOMJIBHBIX KOMIUIEKCOB;

6) onTHUMH3AINS PACTIPEICICHHS] MOIITHOCTHBIX
MOTOKOB Mekay nmoTpedutensimu MOK.

HoBast TsiroBo-sHepreTHyeckas KOHLECIIUS pas-
BUTHSI MOOWJIBHOW TEXHHMKH IIO3BOJIMT ITOJHOCTBIO
peann3oBaTh OOIIME TeXHHUYECKHE TpeOOBaHUA B
MobupHOM MOK pemuth nmpobnemy pa3pabOTKu
BHeIpeHUsT MOOMITHEHEIX MOK.

Ha ocnoBe ananuza npoOiem, CTOSIIIUX Tepen
MoOubHOM TexHukoi B otpacisax AIIK, chopmynu-
POBaHBI OCHOBHBIE TEXHUYECKHE TPEOOBaHMSA K MO-
omipHEIM MOK:

1) MHOTOYHKIIHOHATILHOCTB;

2) MoxyJyibHasi KOMIIOHOBKA Ha OCHOBE THUIIHM3a-
LU1 U KOHCTPYKTUBHOW YHU(HKALNY;

3) MHOTOTOIIMBHOCTD, dHEPro3(pPpeKTHBHOCTD;

4) 3HEpProHachIIEHHOCTE MOOUIIBHOTO YHEPTeTH-
geckoro cpenctpa Boimie 20 kB1/T;

5) yrunuzanus cOpocoBOTo TEIUIA;

6) aBTOHOMHAsI paboTa SHEPreTUIECKUX MOTYJIEH;

7) cOrnacoBaHHOCTh XapaKTEPUCTUK MOOUIIEHOTO
SHEPTETHICCKOTO CPEACTBa (FHEPTETHUECKOTO MOTYJIS),
TEXHOJOTMYECKUX MOJYJIEH U TATOBBIX MOMYJICH;

8) BbICOKHMIT KO3(D(DUITMEHT UCIIONB30BaHUS Bpe-
MEHH CMEHBI;

9) BO3MOKHOCTD MapauiebEHON PabOThl MOOMITE-
Horo MOK c sHeprocuctemMoi;

10) Bo3MOXKHOCTH TIpEMEHeHHsT MOOHITEHOr0 MOK
B Ka4eCTBE PE3EPBHOTO MCTOUHUKA IHEPTUH;

11) obecnieueHre BBHICOKOTO KayecTBa IONyda-
€MOM 3JIEKTPUYECKON U TEIIIOBOM SHEPTUU;

12) HanexHOCTD, pecypc U 3DGHEKTUBHOCTH (DyHK-
IUOHUPOBaHUS MOOWIHHBIX MOK;

13) Tumm3anust 1 yHUQHUKAOAS MOOWIBLHOTO
mapka st otpacieir AIIK, sHepreTndaeckoro 00o-
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PYIOBaHHUS W KOMIUICKTYIOIIUX, TOIUIMB U MOTOP-
HBIX Macel;

14) TonnMBHAs 3KOHOMHUYHOCTb, 3aTPaThl HA TEX-
HUYECKOE 00CITy’)KUBaHUE U PEMOHT;

15) onTuManpHOE YIJIOTHEHHE ABUKHUTEISIMHU
MOYBBI;

16) ycroitunBocTh nmBmKeHus MOK;

17) 3ammuTa OKpyXaromieil Cpebl IpU UCIIONb-
30BaHMH SHEPIETUUECKOTO 000PYAOBAHHUS;

18) peMOHTOTIPUTOAHOCTb;

19) TparCcTIOpTaOETHLHOCTD;

20) BBICOKMH YpPOBEHb MHTEIIEKTyaIU3aluu U
poboTHzanuu;

21) nemripupoBanue KojeOaHwA B KOHCTPYKITHH.

B cBsi3u ¢ 3TUM oneHKa dQPEKTUBHOCTH TPH-
menenus: MOK nomkHa pemaTtbcss B MHOTOKpHTE-
PHATIBHOM OCTAHOBKE.

3. MocTaHoBKa 3apaun
MHOroKpuTepuasibHOW ONTUMN3aLumn

s pelieHns 3ajaun yCTaHOBJIEHUS! BECOMOCTH
KpuTepueB kadectBa MOK-KOHCTPYKTUBHBIX U (PYHK-
IMHOHATBHEIX CBOHCTB MOK TpebyeTcs onmpeneanTh
MaTeMaTH4YecKHe MOJENN 3TUX Kputepues. B psne
CllydaeB OHM HE TIOAIAIOTCS (popMalii3allim, TO €CTh
HAWTH MaTeMaTnyecKre 3aBUCHMOCTH KPUTEPUEB Ka-
YecTBa OT BapbUPYEMBIX MapaMeTPOB HEBO3MOKHO.
Torna HeoOXOAMMO MPOBEACHUE SKCIEPTHOTO aHa-
TU3a KPUTEPHUEB KauecTBa

[IporpamMma sKCTIEpTHOTO aHaM3a 3aKIIH0Yaaach B
TOM, YTOOBI C TIOMOIIIBIO TPYTIIBI 3KCIIEpPTOB 13 18 KpuTe-
pueB kavecTBa v 7 (pyHKIMOHAIBHBIX OTPaHIYCHUH BbI-
Oparh HanboJIee 3HAYMMBIE JTSI OTICHKH 3(D(HEKTHBHOCTH
POOOTH3AIMH C MO3UIINI KpuTepreB kauecTBa MOK.

B ocHOByY 3KcTiepTHOTO aHanM3a MOJIOKEHa Me-
ToAWKa pacuera KodQGhHUIIMEHTa KOHKOPAAIIUH 110
KaxJ0i Tpynre (HakTopoB Kak Mephl COTJIacOBaHHO-
CTH TPYIIIBI 3KCIEPTOB. B KauecTBe 3KCIEPTOB BBI-
OpaHsbI Bemymye crieruanuctel PO ¢ HaydHBIME CTe-
MEHSAMH OT KaHAMIATOB 0 JTOKTOPOB TEXHUYECKUX
HayK, B TOM YHUCJIE B 3BaHUU aKaJEMHUKOB B 00J1aCTH
pobotorexHukn DenepaabHOT0 HAYYHOTO arporHKe-
HepHoro 1eHTpa BIM, a Takxke crieluaucTbl APYrux
HUN u Kb. B 3kcnepruse y4yaCTBOBaJIM HE3aBUCH-
Mo Jpyr oT apyra 30 uenoBek.

CreneHb COTJIACOBAHHOCTH MHEHHWH TPYIIIBI
9KCTIEPTOB IO BAKHOCTH (PAKTOPOB B COOTBETCTBUH
C TOCTaBIIEHHOH 3amadeil ompezaessieT KodpQuuu-
eHT KoHKopaaruu. OH BEIYUCIIAETCS TI0 hopMyJie
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rre S — cymMMa KBaJIpaToB PAa3HOCTH MEXIY CyMMOM
PaHroB, IPUCBOEHHBIX BCEMHU IKCIIEPTAMHU KaXKAOMY
(bakTopy, 1 CpeIHUM 3HaYEHHEM CyMM PaHI'OB BCEX
(baxTopoB; N — 4uCIO (PAKTOPOB; M — YUCIO IKC-
MEPTOB B TPYyIIIE.

2 (X7t Rij)2
= ?:1(2:71:1 Rij) _#’

n
rie R;j — psAn B IPyNIe MOCIe PAHKUPOBAHHSA MO
3HAYUMOCTH.

Kpowme toro, koadduruent konkopaanuu Ken-
Janmia, Wi Ko3QGUIINEHT MHOKECTBEHHON paHTO-
BOI KOPpPEJISALINH, HY)KEH IS TOTO, YTOOBI BBISIBUTH
COTJIACOBAaHHOCTh MHEHHUH 3KCIIEPTOB MO HECKOJb-
KUM (paKTOpaM.

UToObI ONpenenuTh 3HAYUMOCTh K03 duiireH-
Ta KOHKOPJAINK, HalJeM KPUTEPHA COTJIACOBAHHO-
ctu [lupcona.

X2 = #jﬂ) = n(m - D)W,
W =0,13;
X? = 66,4;
X2 6n = 27,5.

AHanu3 MONy4YeHHBIX AAHHBIX MO3BOJIMII OIpe-
JIEJIUTH CTENEHb COTJIACOBAHHOCTH MHEHUH 3KCIEPTOB,
KOTOpas okazajiach cnaboil. OJHaKO BBIYMCICHHBIH
X? mocie cpaBHEHHs C TAONMYHBIM 3HAUEHHEM JJIs
ymcia creneneil cBob6oasl K = 17 u mpu 3aiaHHOM
ypoBHe 3Haunmoctu o = 0,05 mokasain, 4To paccuu-
TaHHBIM W — Benu4uHa HE ciydyaiiHas, a MOTOMY
MOJTy4YeHHBIE PE3yNIbTaThl UMEIOT CMBICII, 00J1a/1at0T
Hay4YHOH HOBHM3HOW M MOTYT HCIIOJIb30BaThCS B aJlb-
HEHIIHNX UCCIIeIOBAHUAX.

AHanm3 pe3ysibTaToB AKCIEPTHOM OIEHKH yCTa-
HOBHJI, UTO HauboJee 3HAYNMBI TPH KPUTEPUSL:

1) coBOKyITHBIE 3aTpaThl Ha AKcIuTyararyo MOK;

2) cyMMapHBIEe 3aTpaThl HA TEXHUIESCKANH OCMOTP
Y PEMOHT;

3) 3HEproaPpPeKTUBHOCTS.

OdeHb ONH3KU K 3TOU rpynme GakTopoB OKaza-
JIUCH TIPOM3BOJUTENEHOCTD U JABIICHUE TBIKUTEIEH
Ha TOYBY.

Bce BeiOpanHbIe KpuTepur KadecTBa U (yHK-
[MOHAJIFHBIE OTPAHWYCHHUS UTPAIOT OOJBIIYIO PO
npu oneHke 3¢ dexruBHocTn MOK ¢ npuMeHeHneM
MHOTOKPUTEPHATIBLHON OCTAaHOBKH 3a/1a4H.

ITpumenenue MoOmIbHEIX MOK mact BO3MOXK-
HOCTh HE TOJIBKO ONTHUMAIIBHO PACHpeeuTh €ro CIem-
HYIO MacCy M TATOBOE YCHIIUE IO TIOJN0, HO U CHATH
OTpaHWYCHHE HAa MOITHOCTh W MacCy KOMIUICKCA,
KOTOpBIC OYAYT 3aBUCETh OT INIAHUPYEMOU €ro Mpo-
M3BOJUTENLHOCTH U Pa3MepoB MO bombliryio polb
OyIayT WrpaTh aKTUBHBIC pabOYNe OpraHbI, HMEIOIITHE
AIEKTPOIPUBOA. ITO TMO3BOJIUT MaKCHUMAJIBHO II0-
BBICUTH SHEPTOHACKHIIIEHHOCTh KOMILIEKCA, KOTOpas
HamnpsSMYyIO CBsi3aHa C €ro IPOHU3BOIUTEIEHOCTHIO,
TSTOBO-CIECITHBIMU CBOMCTBAMHM, METAJZIOEMKOCTBIO
Y IOTEPSIMU MOIIIHOCTH Ha CaMOIlepEABMKECHHUE.

Takum o0pa3zoM, mMpokoMacmTabHOEe BHEIPE-
HAE¢ MOOMIIBLHBIX MHOTO(YHKIMOHAIBHBIX HEPro-
TEXHOJIOTHYECKNX KoMmruiekcoB s Hyxa AITK nHa
OCHOBE TSATOBO-3HEPreTHYECKON KOHIICIIUU 00eC-
MIEYNUT HAJIKHOCTD, SKOJIOTHIECKYIO, SHEPTeTUIECKYTO
U DKOHOMUYECKYIO 3Q(PEKTUBHOCTh, KOHKYPEHTO-
CIOCOOHOCTh Ha MHPOBOM ypOBHE. B paswl yBenu-
yuTCsl Ipou3BoauTenbHOCTh Tpyaa B AIIK, moBbI-
CUTCS TIOJOPOINE MOYBBI, COKPATUTHCSI HETATUBHOE
BO3JICHCTBHE HA OKPYKAIOIIYIO CPEy, 3HAUUTEIHEHO
YMEHBIIINTCS METAINIOEMKOCTh MOOWJIBHBIX KOMITIEK-
COB, CHU3UTCS CEOECTOMMOCTD CETbX03IPONU3BOJICTBA,
MOBBICUTCS. TOIUIMBHAS 3KOHOMHMYHOCTh, YTO CO3J1aCT
pabourie MecTa B CEIbCKOM XO3SIICTBE M 00CCIICUHT
HACEJICHHE Ka4yeCTBECHHOH W Oe30IMacHOW MUINEBOI
MPOIYKIHEH. DTO TO3BOJIUT COBEPIIUTH MPOPHIB B
skoHoMuKe AIIK u 3amoXuth OpeanoChUIKA s
ocBoenus 0oiiee 30,0 MJIH ra MaxoTHOM 3€MJIH.

3aknioyeHue

[ToBcemecTHOE BHEIpPEHHE WHTEILICKTYaIbHBIX
MDOK B pacTeHHEBOACTBE AACT BO3MOXHOCTD B Kpart-
YalIIMe CPOKHU OCBOHUTH M BBECTH B CEBOOOOPOT Je-
CATKA MWJUTHOHOB TIAIlIEH B CEIHCKOM XO3SICTBE C
MHUHHMAaJTGHBIMH HEPreTUYECKIME M SKOJIOTHIECKUMHU
3arpatamu. Pa3zpabotka 3(h(eKTHBHBIX TPHUHIUIIOB
1 croco0oB mHTEerpanu MOK MOBBICHT TIPOHU3BOIIH-
TEJBHOCTh M HAJIe)KHOCTh MHTETPHPOBAHHBIX 3HEP-
TeTUYEeCKUX CHUCTEM M W30JMPOBAaHHBIX 3HEPropano-
HOB, a TaKXKe TI0CTIOCOOCTBYET peallu3aiyi B ITOJTHOM
00beMe (PyHKIIMOHATIA AKTUBHOTO MOTPEOUTEIIS.
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Abstract. This paper investigates the construction of hydrodynamic surfaces,
which are defined by algebraic equations and describe the theoretical hull
of a vessel. A technique for automation of generating hydrodynamic surfaces
is proposed. This technique allows to create a vast variety of hull shapes,
for which Lame curves with variable exponents are used as surface genera-
tor lines. The surface is constructed by a family of curves in one of the three
mutually perpendicular planes, which permits to obtain three algebraically
different, but geometrically identical surfaces. This paper introduces para-
metric equations for each of the three surfaces, generated by families of
sections, buttocks and waterlines in the form of Lame curves. The algo-
rithm of modelling a submarine hull with different fore and aft bodies and
a parallel middle body by a closed surface is demonstrated and the model-
ling results are illustrated. The presented technique may be effectively ap-
plied at the early stages of ship design when choosing the optimal hull
shape, for which a number of surfaces need to be considered.
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KOTOpBIE ONMHUCHIBAIOTCS aHATUTHIECKUMH YPaBHEHUAMH M (GOPMUPYIOT TEO-
petuyeckuidl xKopmyc cynaHa. IIpemnaraercss MeToaMka aBTOMAaTU3alMK T10-
CTPOEHUS TMIPOJANHAMUYECKUX MOBEPXHOCTEH C BO3MOKHOCTBIO CO3AaHUS
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MIMPOKOTO Pa3sHooOpasms (GOpM KOPITyCOB, JUIS YEeTO HCIIONB3YIOTCS KPHUBBIE
Jlame ¢ mpOM3BOJIBHBIMU CTENEHSIMU Kak 00pa3yloIlue KapKac IOBEPXHO-
cru. [ToBepxHOCTE 00pa3yeTcs KapKacoM CEUCHHUH B OIHOI M3 TPEX B3aNM-
HO MEePHEHIMKYISPHBIX MIOCKOCTEl, 4TO MO3BOJISET HONYYUTh TPU aired-
pandecKyl OTIHYAOIINECs, HO TeOMETPHUCCKH HICHTHYHBIC TOBEPXHOCTH.
BriepBble BBIBOJATCS MapaMeTPUUECKUE YPAaBHEHUS KaXKA0H U3 TaKUX TPeX
MOBEPXHOCTEH, 00pa30BaHHBIX KapKacaMH TEOPETHUECKUX IMIMTaHTOyTOB,
6aTtokcoB u BarepauHuil B popme kpuBbix Jlame. IIponeMoHcTpUpOBaH
aJITOPUTM MOJEIMPOBAHUS KOpIyca IOABONHOH JIOAKM 3aMKHYTOH HO-
BEPXHOCTBIO C OTIMYAFOMIMMUCA HOCOBOH M XBOCTOBOM HACTSIMH, @ TaKKe
C HapajIeIbHON LEHTPaIbHOI BCTABKOM M IPOMLIIOCTPUPOBAHBL PE3YIIb-
TaThl MomenupoBanus. [IpencTaBaeHHas MeToauKa MOXeT d(PHEKTUBHO MpH-
MEHATbCA Ha PaHHUX 3Talax [IPOCKTUPOBAHMS CyJIHA IPHU BBIOOpPE ONTU-
MaibHOH (QOPMBI TIOBEPXHOCTH KOPITyca, AT 9er0 HEOOXOAMMO PaccMOT-
PETh psill pa3IuUHbIX (OpPM.

KiaroueBble cjioBa:
TUAPOTMHAMHUYIECKAS TOBEPXHOCTH,
anreOpanyeckasi IOBEPXHOCTh, CyOMapHHa,
TIOABOIHAS JIOAKA, CYTHO, MUZIEIIBIIITAHTOYT,
kpusble Jlame

J1s1 LMTHPOBaHUSA

Kapnesuu B.B. IlocTpoenue ruipoJMHaMHUYECKUX [TOBEPXHOCTEH KapKkacaMM U3 KpUBBIX Jlame Ha mpuMepe Kopryca moj-
BojnHOU nonku // BectHuk Poccuiickoro yHuBepcurera ApyxObl HaponoB. Cepusi: MHxkeHepHble uccnenoanus. 2022.
T. 23. Ne 1. C. 30-37. http://doi.org/10.22363/2312-8143-2022-23-1-30-37

Introduction

The hull form of a vessel determines the key hydro-
dynamic properties: maneuverability and water resis-
tance [1]. Therefore, hull shape optimization is one of
the primary tasks of naval architects. The pioneer in-
vestigations in this field may be attributed to William
Froude, who by order of the Royal Institution of Naval
Architects worked on identifying the most efficient
ship hull form. He was able to confirm the applicabi-
lity of his theoretical findings by testing physical mo-
dels of ships in model basins, which were constructed
for the first time ever specifically for this purpose.
He derived a formula for extrapolation of small-scale
test results onto the real conditions and validated its
efficiency by full-scale experiments [2]. However,
building and testing ship models even at the present
day is substantially expensive and time-consuming,
not to mention full-scale tests [3]. For this reason,
today, in studying and designing ships precedence is
given to computer analysis, CFD (Computational Fluid
Dynamics) in particular. Authors of [4] evaluate
the accuracy of the CFD method in simulating model
basin tests using various cases of geometric shapes of
ship hulls.

The initial step in computer analysis is creating
a geometric model. The most widespread practice in
geometric modelling of ship hulls is the construc-
tion of hull wireframe by a set of contours in mutu-
ally perpendicular planes: by cross-section, buttock
and waterline curves. Article [5] indicates that by
defining a discrete wireframe, the hull surface may
be constructed only approximately, since the points

that do not belong to the wireframe may not be unique-
ly determined. A finer wireframe increases the accu-
racy of the generated surface, but at the same time
increases the amount of computational labor required
for the analysis of the model. The authors of [6]
studied hull geometry optimization with the use of
Al (artificial intelligence) and concluded that the non-
parametric surface model (defined by an array of point
coordinates) is prone to a local optimization trap,
and that the optimization direction in the parametric
model (algebraic surface with a finite number of
parameters) is largely affected by the first calcula-
tion iteration, so a combined model was processed
by Al Article [7] also draws attention to the disad-
vantages of discrete surfaces, in dynamic problems
in particular, and proposes a number of structurally
complex, but effective techniques of transforming
hull model from a set of contours to a whole sur-
face. Nonetheless, a parametric model is exception-
ally convenient at the preliminary design stage, when
it is necessary to consider a vast variety of hull
forms and to use a minimal number of variables for
this purpose.

This paper considers a method of modelling
a ship hull with the help of algebraic surfaces, which
are defined by a skeleton of three plane curves. These
three curves coincide with midsection (in yOz plane),
main buttock (in xOz plane) and waterline (in xOy
plane), as demonstrated in Figure 1. Articles [8; 9]
refer to such surfaces as hydrodynamic and point out
that given the same three curves it is possible to ge-
nerate three different algebraic surfaces. Article [10]
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presents a technique for producing hydrodynamic
surfaces, which are constructed by midsection line
in the form of Lame curve and parabolas in the other
two perpendicular planes and which model a hull of
a symmetric surface vessel. This paper proposes a more
general model, where all three curves are Lame

waterline

X =-L \

midsection

curves, and the algorithm of constructing a multi-
piece surface of a vessel with different fore and aft
bodies and a parallel middle body. Such surfaces may
be applied in submarine hull design; an example of
geometric modelling of which is given further below
in this paper.

main buttock

Figure 1. Hydrodynamic surface skeleton of three plane curves

Hydrodynamic surfaces
generated by Lame curves

Let us assume the three lines, which form the hull
skeleton, to be in the form of Lame curves in the cor-

responding planes:
— midsection:
wem(i B0
— main buttock:
|z|P = TP <1 - lJLCLa); 2)
— waterline:
[yl = w* (1 - "Z#) 3

T, W, L are the geometric parameters of the hull
(Figure 1), which are specified and which represent
the height, width and length of the ship respectively.

Positive variable exponents n, m, b, a, k, j of
three principal curves (1-3) allow to obtain a huge
number of surface shapes. Lame curves, also known
as superellipses, with different values of these expo-
nents are shown in Figure 2. For example, the mid-
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section line at n = m between 0 and 1 is concave in
the form of a four-armed star; at n = m = 1 it repre-
sents a rhombus; at » = m > 1 it is convex and rep-
resents a circle in particular case of n = m = 2. With
increasing values of n = m, Lame curve approaches
a rectangular shape.

1.0 1

0.5 1

0.0 4 — D

-1.0 -0.5 0.0 0.5 1.0

Figure 2. Shape of midsection line in the form of Lame curve
at different values of parametersn=m=20.5; 1; 2; 4; ©

Since the hull surface may be generated by
families of sections in three different planes, and all
the three resulting surfaces will be different algebra-
ically, let us consider the construction of each indi-
vidual surface below.
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Hydrodynamic surface generated
by a family of sections in yOz plane

Let us take midsection equation (1), which de-
fines the contour of the vessel section in yOz plane,
as the surface generator:

0 n ly|™
|z|* =T (x) (1 - W(x)m>' 4)

Midsection width W and height T vary depen-
ding on the particular section in yOz plane, i.e. de-
pending on the x-coordinate, and they trace the water-
line and main buttock respectively. Thus, variable
width W(x) can be obtained using equation (3):

MY
W) =w <1 - L—]> ) ()

and variable height 7(x) can be obtained using equa-
tion (2):

1
T(x) =T (1 - l’;'f)”. 6)

By substituting expressions (5) and (6) into
equation (4), we obtain:

a\ /b m
|Z|n=Tn<1—|)£(|1> [1_ |Y|| ; m/kl' (7

Equation (7) is the algebraic equation of the first
hydrodynamic surface. This equation may be repre-
sented in parametric form:

x =x(u) =ulL,
y=yv) =ow (1 - ), (8
z=2z(wv) = +T(1 — [u|HVP(1 - [vy|™)¥/",

where -1 <u<1-1<v<1.

Hydrodynamic surface generated
by a family of sections in xOz plane

The contour of the vessel section in xOz plane
is the buttock line, so we take equation (2) as the ge-
nerator:

. o4 le“>
lz|P = T(y) (1 10y ) 9

where height 7 and length L vary with y and trace
the midsection and waterline respectively.
Then, 7(p) is derived from equation (1):

[y ™\ "
T(y)=T (1 - W) ) (10)
and L(y) is derived from equation (3):
1<y
Liy) =1L (1 - W) : (11)

The complete equation of the surface is ob-
tained by substituting expressions (10) and (11) into
equation (9):

}. (12)

wm [ La(l_lvjl,/_lk)a/jj

m\b/mn a
X
|z|P = TP (1— b ) [1——k

Parametric equations of the second hydrodyna-
mic surface are:

y =y =uW,
\1/J
x=x(u,v) = vL(l — |ul ) , (13)
z=z(,v) = £T(1 — [u|™Y"1 - |[v|)?,

where -1<u<1-1<v<1l
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Hydrodynamic surface generated
by a family of sections in xOy plane

The contour of the vessel section in xOy plane is
the waterline, so we take equation (3) as the generator:

J
vk = W)k (1 - L'fZ')J> (14)

where length L and width W vary with z and trace
the main buttock and midsection respectively.
Therefore, L(z) is derived from equation (2):

L(z) =1L <1 - W) : (15)
and W(z) is y from equation (1), so
|Z|n 1/m

By substituting expressions (15) and (16) into
equation (14)

k/m i
|z|™ x|’
k _ k _ -
=W (1 ) | e 7
L (1——Tb)

we obtain the complete equation of the surface. This
equation in the parametric form is

z=z(u) = uT,

x =x(u,v) =vL(1- |u|b)1/a, (18)

y=ywv) =1W(1 - [uMH¥Y™(1 - |v|j)1/k'

where —1<u<1,-1<v<1.
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Algorithm of constructing submarine hull surface
with different fore and aft bodies

Let us define variables Ly and L., which repre-
sent the lengths of fore and aft bodies of the vessel
respectively. Height 7 and width W of both parts of
the hull are the same for the purpose of joining
the parts smoothly at x = 0 (Figure 3). The values of
exponents m and n, which determine the surface
shape in yOz plane, are also identical for both parts.
The values of exponents a, b, j, k are specified for
fore and aft parts separately.

The overall variation interval of the normalized
independent variables is defined as 0 < u, v < 1.
Then, the complete surface consists of 8 fragments
and is constructed by equations (8), (13) or (18)
using Table 1.

La

Figure 3. Surface fragments of submarine hull
with different fore and aft bodies

Table 1

Signs of expressions for surface fragments of submarine
with different fore and aft body shapes

Vessel part Fore body (L = Ly) Aft body (L = La)
Fragment 1 2 3 4 5 6 7
x + + + + - - -
Expr_ession y + + B B + + B _
sign
z + - + - + - -

The visualization of the three hydrodynamic
surfaces generated by families of sections in diffe-
rent planes is performed taking m = n = 2, so that
the section perpendicular to the x-axis (midsection)
is in the shape of a circle. The values of the re-
maining parameters are chosen such that they re-
flect the general shape of a submarine hull without
a parallel middle body [11]. The three hydrodyna-
mic surfaces are shown in Figure 4.

In order to increase usable space, submarine
hulls are often designed with a cylindrical insert
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(parallel middle body) between the fore and aft bo-

dies. Let us define the length of the parallel body as

L,, and position it such that its middle point is loca-

Generated using equation (8)

Generated using equation (13)

ted at x = 0. Then, the fore and aft bodies are dis-
placed to locations x = +L,/2 and x = —L,/2 respec-
tively (Figure 5).

Generated using equation (18)

Figure 4. Three hydrodynamic surfaces with Li=40m, La=20m, W=T=5m;
m=n=2;a=b=j=k=2.5 (for fore body); a=b=j=k=1.5 (for aft body)

Figure 5. Surface fragments of submarine hull
with a parallel middle body between fore and aft bodies

In the parametric equations of the fore and aft
body fragments a term of +L,/2 needs to be added
to the expressions for x. Variation interval of pa-
rameters u and v remains to be from 0 to 1. Then,
a fragment of the parallel middle body can be de-
fined by the following parametric equations:

x =x(u) = uL,,,
y=yw) =vW, (19)
z=zwv) =T - |v|™)/",

where the expression for z is obtained from equation
(1), which specifies the shape of the midsection.

In other words, equations (19) may characterize
not only cylindrical (m = n = 2) parallel middle bodies,
but also any other arbitrary cross-section shape, which
is allowed by the Lame curve exponents. With that, all
the surface fragments of a submarine need to connect

continuously and smoothly, so parameters m and n
must be equal for all parts of the hull. The parallel
middle body also consists of 8 fragments, the signs of
expressions for which are taken according to Table 2.

Table 2
Signs of expressions for fragments
of submarine parallel middle body
Vessel part 0<x<Lm/2 —Lm/2<x<0
Fragment 1 2 3 4 5 6 7
. X + + + + - - -
Expression vyl + + - |+ + -
sign
V4 + - - + - -

As an example, the visualization of a submarine
hull with a parallel middle body is performed with
the algorithm described above using equations (8) and
(19) — family of sections in yOz plane. The geometric
parameters are identical to the previously constructed
surface (Figure 4), and parallel middle body length
L, =40 m. The generated surface is shown in Figure 6.

Fore and aft bodies are generated by equations (8)

Figure 6. Surface of submarine hull with a parallel middle body
andwithLm=40m, Lr=40m, La=20m, W=T=5m;
m=n=2;a=b=j=k=2.5 (for fore body);
a=b=j=k=1.5(for aft body)
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Results

The hydrodynamic surfaces were visualized using
Python programming language. Arrays containing the
coordinates of points of the surfaces were computed ac-
cording to the algorithms described above with the help
of NumPy library. The surfaces were constructed using
the arrays of points and visualized with the help of Mat-
plotlib plotting library. This programming environment
allows to achieve a high level of automation by leaving
the geometric parameters, Lame curve exponents and
3D plotting format arguments as the only variables.

Figure 7. Submarine hull manufacturing
using segments of developable skin
(Crown Copyright 2013, by Andrew Linnett,
www.defenceimages.mod.uk, photo 45155780.jpg)

Some studies consider individual cases of hydro-
dynamic surfaces: encyclopedia [12] presents hydro-
dynamic surfaces with buttock and waterline curves
as the 4th order parabolas and midsection in the form
of Lame curve with m =4, n =1, and also with n =2,
m = 1/3. Article [8] introduces explicit and paramet-
ric equations for two sets of three hydrodynamic sur-
faces with buttock and waterline in the form of
the 2nd order parabola and midsection in the form of
Lame curve with m = n = 2, and also with m = 4,
n = 1. Several particular surfaces are considered in [13;
14]. Article [10] presents the expressions for hydro-
dynamic surfaces with variable values of the expo-
nents of the parabola, which defines the shape of the
main buttock and waterline, and the Lame curve ex-
ponents, which defines the shape of the midsection.

Hydrodynamic surfaces generated by families
of plane algebraic curves cannot be developable
surfaces, apart from the parallel middle body [10].
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When manufacturing the hull, the theoretical sur-
face must be approximated by segments of develop-
able skin (Figure 7). If the hull is manufactured using
composite material, approximation with developa-
ble segments may not be necessary.

Conclusion

The hull shape of real vessels is very complex
and it must satisfy a number of design criteria.
However, the presented equations for hydrodynamic
surfaces and the algorithms of their construction may
be considerably useful at the early stages of select-
ing the optimal hull shape.

It is worth to mention in regards to the versatili-
ty of the proposed model that in geometric model-
ling of submarines, the upper and lower sections may
have different geometric form by specifying diffe-
rent heights 7" and different Lame curve exponents
of the corresponding surface fragments.

The analytical method of describing the hull
shape allows extensive use of computer modelling,
as was demonstrated by the case of constructing and
visualizing submarine hull surfaces.
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Tpunsta k myOnukanuu: 25 saBapst 2022 T JUISL OYHCTKH U TECTHPOBaHMs (OPCYHOK. Mcronb30BaHa MO3TAIHAS OYUCTKA

(OpCYHOK OT 3arpsi3HeHHit, To ecTh B J1Be cTaauu. Ha nepBoM 3tane npuMeHeH
Kmouesbie ciioBa: pexum extra flushing (6e3 ymnprpazByka). MOIOIIMM CpPECTBOM IIPU TaKOM
JNIEKTPOMArHUTHBIE (HOPCYHKH, CPETHHUE crocobe OUYMCTKU Cityuiia 0e3BoiHas Moroias xuiakocts BG-210, cocros-
abCOIIOTHBIE OTKJIOHEHUS, 00BEM TECTOBOM 1iasi U3 TUAPOOUMILIEHHON TSOKENON U JIerkoii Hedth, pactBopurens Cronnap-
JKUJIKOCTH, IpyOBIi IpoMax, MeToJ1 extra na, 2-0yTOKCHITaHOJIa, U30IPOITMIIOBOTO CUpTa, Keuona. Ha BTopom stane
flushing, yapTpa3sByK, H3MEpHUTEIbHEIE (dopcyHKH ouninanuch B TeueHue 10 MUH B yIbTpa3ByKOBOW BaHHE, HAIIOJI-
OWIMHAPHI, PEXKUM, MPOIeIypa HeHHOW Moromei kunkocTeio LAVR Ln 2003. [TokaszaHo, 9TO paccuuTaHHEBIE

cpenHue abCOMIOTHBIC OTKIOHEHUSI 00beMa TECTOBOM KUIKOCTH OTPAXKAIOT HE
TOJIBKO HPUCYTCTBUE B (DOPCYHKAX 3arps3HEHUH, HO U WILTFOCTPHPYET TEUCHHUE
npouecca ouncTku. CpenHue aOCONIOTHBIE OTKJIOHEHHMs 00beMa TECTOBOU
JKUJIKOCTH TIOCIIe XUMHIECKOH 00pabOTKU 1 BO3IEHCTBHS yIBTPA3ByKOM HIDKE
B 2-9 pa3 aHAIOTMYHBIX [IAPAMETPOB, IOTYIEHHBIX B HEOUHIICHHBIX XHMHIIe-
CKMMH peareHTaMH U yJIbTPa3ByKoM (OPCYHKaX.
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BBeneHue

H3BecTHO, yTo TexHudyeckoe cocrosuue (TC)
AIIEKTPOMAarHUTHBIX (hopcyHOK (OMD) OKka3bIBacT BIH-
stHEE Ha paboTty O6ensuHoBoro asurarens [1-10]. IIpo-
sBiaeHuaAMHu HapyweHuit TC ycTpolicTBa BIpBICKa
TOTITNBA SIBIIIOTCA HEYCTOHUYMBas paboTa JABHUTaTe-
7 (PBIBKH M TIPOBAJIBI MPU YBEIMYEHUH HATPy3KH
Ha CHJIOBOM arperar), CHWKEHHE €ro MOIIHOCTH, yBe-
JIUYEeHHE pacxojla TOIINBA, IOBBIIMIEHHAs TOKCHY-
HOCTB oTpaboTaBmux razos [1-3].

Ouuctky ¢GOpPCYHOK OT 3arpsi3HEHUH MPOBOASAT
C TTOMOMIBI0 JT00ABIIEMBIX B HAXOJSIIWICA B TOII-
JTUBHOM Oake OSH3WH XMMHYECKHX PEareHTOB WIIH
HETIOCPEACTBEHHOMN NoJjauell CrieluanbHON KUAKOCTH
Ha BXOJ TOIUTUBHOW pamiibl. CHSTBIE C IBUTATEINS
(hOpCYHKH OYHMINAIOT OT 3arpsI3HEHHI, UCTIONB3YS Me-
top extra flushing (xummdeckast oOpaboTka 6e3 ynbTpa-
3ByKa), U B YJBTPa3BYKOBBIX BaHHaX, B BOIHBIX
pacTBopax, CollepKaluX MOBEPXHOCTHO-aKTHBHBIC
BemectBa [4; 10].

Texuuueckoe cocrostHue DM@ OLEHUBAIOT IO
OTKJIOHEHHMSIM TIPOITYCKHOHM CIIOCOOHOCTH (CTATUYECKOM
Y TUTHAMHYECKOW TIPOU3BOIUTENFHOCTH) OT STAJIOH-
HOTO 3Ha4YeHUs (HOBBbIE (POPCYHKH) HIIH IO OTKJIOHE-
HUIO OT CpeHero pacxoja tectoBoi xuiakoctu (TXK)
IIPY UCIIBITAHUH CHATHIX C JBHUTareneil popcyHOK Ha
creaaax [1; 2; 5; 6; 8; 11-14]. Ilpu 3TOM IpOITyCK-
Hasi CLIOCOOHOCTB, PACX0/1 TECTOBOW KHUIKOCTH, BbI-
paXKEHHBIE B OTHOCUTEJHHBIX STUHHIIAX, MOTYT OBITH
KaK CO 3HaKOM IDTIOC (YBEJIMYEHHAs TIPOITyCKHAs CIIO-
COOHOCTh, YBEIIMYCHHBIN PacxXoj), Tak U CO 3HAKOM
MUHYC (YMEHBIIIEHHAas TPOMYCKHasi CIIOCOOHOCTD,
YMEHBIIICHHBIA pacxomx). Takoe yCIOBHOE JelieHHE
HE T03BOJIAET MPOBECTH I'PAJalMIO 3arPA3HEHHOCTH
¢dopcyHok. [loaToMy 1ebpt0 JaHHOHW PabOTHI CTAIH

CTEHJIOBBIC UCTIBITAHUS CHATBHIX C JBUTATeei (op-
CYHOK ¥ OIIeHKa 10 PacCYMTAHHBIM CpemxHuUM abco-
JIOTHBIM OTKJIOHEHUSIM 00beMa TECTOBOU JKUIKOCTH
TEXHUYECKOTO COCTOSIHUSA YCTPOMCTB, NPUCYTCTBUS
B HUX 3arps3HEHH.

1. dkcnepumeHTanbHas 4acTb

OOBEKTHI UCCIIEAOBAaHUS — DIICKTPOMATHUTHBIC
dbopcyHkn OCH3WHOBBIX JBHTATECH ¢ Hemocpen-
CTBEHHBIM BITPBICKOM TOIUINBA. DOPCYHKHU 3KCILTY-
aTUPOBAIIMCh B CHIIOBBIX arperarax aBTOMOOWIICH
BMW F10, Skoda Fabia, KIA Optima, KIA Sorento.
HcnbiTanust TpoBOAMIN Ha YETBIPEX KOMILIEKTaxX
(GOopCcyHOK (B Ka)IIOM KOMIUIEKTE YeThIpe (HOopCcyH-
KH), CHATBIX C JIBUTATeJel aBTOMOOWIIeH ¢ mpoode-
roMm oT 120 mo 190 teIic. kM. HctibiThIBamu hopcyH-
ku Siemens Bosch 0261 500 109 (a/m BMW F10),
VAG 04E 906 036 AF (a/m Skoda Fabia), Conti-
nental 35310-2G710 (a/m KIA Optima) u Continen-
tal 35310-2G710 (a/m KIA Sorento).

Texunueckoe coctogare DM orneHnBaIH, HC-
MOJIB3YSl CTEH[ ISl OYUCTKH M TECTHpPOBaHUS (Hop-
CYHOK C yIbTpa3BYKOBOI BaHHOH W (DyHKIMEH extra
flushing. B xadyecTBe TeCTOBOM MCIOJIB30BAIIN JKHUJI-
kocTb LAVR Ln 2004. ITposepky ¢opcyHOK Ha rep-
METHYHOCTH OCYIIECTBIISUIA C TOMOIIBI0 (DYHKIIHH
«Tect Ha yTeukn» npH faBieHud 8 6ap. ONBITH Mpo-
BOJMUJIM, IPUHUMAsE BO BHUMaHHE HE TOJBKO YpPO-
BEHb TECTOBOW J>XHUIKOCTH B HM3MEPUTEIHHOM IIH-
JTUHIpE, HO U (OPMHUPOBAHHE MEHHCKOB Ha COTLIAX
(hopCyHOK.

PaborocriocoorOoCTF IM® TIpOBEpSIIM B aBTOMa-
THaeckoM pexume (AP). [lapameTpoM, CBA3aHHBIM C
MIPOM3BOUTEIILHOCTEIO (POPCYHOK, OBUT 00BEM (g, MIT)
TECTOBOM JKUJIKOCTH, TIOCTYIAIOIICH B MEpHBIC IIU-
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JIMHAPBI Ty ucnbitanun OM® Ha crenne. Oobem TXK
OLICHUBAJIH T10 €€ YPOBHIO B mmimHapax. [lapamerp g
TIOJTHOCTBIO OTKPBITOM (POPCYHKU OTIPENENsuTH 10 JIaH-
HBIM, TIOJyYeHHBIM Ha pexume «I[IpommB» (AP-1).
OneHnBany TakXke ¢ B PeKUME UMHUTALUU PabOTHI
JBUTATENS Ha X0I0cToM X0y (800 o6-mun'; AP-2).
O0beM TecTOBOW KMIKOCTH H3MEPSUIA B PEKUME
MMHTAIMU 9aCTOTHl BpalleHUsI KOJIEHYATOTO Balla
n =3500 06-mu ' (AP-3), n = 5200 06-Mun ' (AP-4),
a Takke UMHTHUPYS pexum (AP-5) mumammde-
ckux pasroHoB (800-5200 06-MuH ') M TopMoOKe-
Huii (5200-800 06-MuH ).

MuHMMaIBEHOE YHUCIIO U3MEPEHUN ¢, OpeIesis-
eMbIM 10 00semMy TOXK B MEpHBIX IWIMHIpax, pac-
CUMTHIBANU 110 opmye [15]:

A (1)

e t, — KO3(QOUIMEHT, 3aBUCIIIUN OT JOBEPHTENb-
HOU BEpOSITHOCTH Y (QHAJOTUYHBIN KO3 (UIIMESHT
CThI0JIeHTa TOJIBKO MIPHU N = 0); 0 — KOIPDUITUCHT
BapHalH{; € — OTHOCUTENbHAS TOTPEIIHOCTh BHI-
YUCIIEHUS CIy4allHOW BENWYHMHEI (TpeOyemasi TOd-
HOCTH pe3yibTaTta € = +2 %).

B pesynbrate mpoBEICHHBIX PacueTOB YCTAHOB-
JICHO, YTO YHCJIO MOBTOPHBIX HCHBITAHUN HOJSL Tpe-
OyeMoii TOUHOCTH COCTaBUJIO ~ | M3MepeHHe.

®opmy (hakena pacrbuia GOPCYHOK OTICHUBAIH
npu nasieHun TXK 4-6 Oap. dns dydmieid BU3yanu-
3anuu (POPMBI, MPUHAMAEMON TTOPIHEH BBIXOIAIICH
W3 COIUIa XUAKOCTH, UCMOIH30BAIN CIENUATBHOE
YCTPONCTBO, MO3BOJIsIONIEe NogaBate B OM® mon
JABJIICHUEM BO3/yX.

OuncTky (HOPCYHOK OT 3arpsI3HCHUH TPOBOTHITH
MIOATAITHO, B JIBE cTaauu. Ha mepBom sTamne ucmoib-
3oBanu pexuM extra flushing (6e3 ynsrpassyka). Moto-
ITAM CPEJICTBOM IIPH TaKOM CITOCOOE OYHMCTKHU ObLIa
BbIOpaHa Oe3BoJHAs Moromias kuakocth BG-210,
cOCTOsIIAas U3 TUAPOOUMILIEHHOM TSKEIOU U JIETKOU
HedTH, pactBoputens Ctoanapaa, 2-0yToKCHITaHoIa,

M30TMPOITUIIOBOTO CIIMpTa, Kerouia. [Iporenypa extra
flashing siBnsieTcs aHANIOrOM MPOTOYHOTO METOJA
OYHCTKH (POPCYHOK, HO OTIIMYAETCS OT HEro TeM, 4TO
JUTSL TIOBBIIIIEHNS] CTETICHN OYMCTKH B TIOTOK MOFOIIEH
JKUJIKOCTH 4e€pe3 CHEUHUANIbHBIA KJIalmaH MOAAaeTCs
BO3/yX TOJ] AaBJIiCHHEM Ha 2 Oapa HUXKE JaBJICHUS
MOIOIIIEeH )KMAKOCTH B pamie. Hacklienue Moronieit
KHUIAKOCTH BO3AYIIHBIMH ITY3bIpbKaMU YCHIIUMBACT
oumIIarolee AeCTBIE CpeAcTBa 3a cyeT 3dpdekros
«KUTICHHUS» W THUAPOCTATHYECKOTO ylapa, BO3HUKA-
FOIIETO B MOMEHT 3aIMpaHusl PacTIbUIATENS POPCYHKH.
Bce 310 moBbIIaeT TMHAMIYECKOE JaBJICHUE BHYTPH
(OpPCYHKHU Y MIPUBOJHT K Pa3phIBY IMY3bIPHKOB BO3Y-
Xa, 9YTO MOXXHO CUHTATh CXOXKHUM C TPOIECCOM KaBH-
TalKU TIPU BO3JEUCTBUU HA KUJIKOCTh YIbTpPa3ByKa.

Ha BTopoMm 3tame B Teuenue 10 MUH TIpOBOJIH-
JM yIBTPa3ByKOBYIO OYUCTKY (POPCYHOK OT 3arpss-
HeHMl. B kauecTBe MOIOIIEH XKUJAKOCTH MCIOJIB30-
Basit LAVR Ln 2003.

[Tocme kaxgoro 3Tama OYMCTKU TPOBEPSUIHA C
MTOMOIIBI0 TECTOBOH JKHIKOCTH PabOTOCIIOCOOHOCTh

(hopCyHOK.
2. O6cyxaeHne pe3ynbTaToB

B pesysbrare mpoBeeHHBIX MCCIICIOBAHUHN TTOTY-
YeHBI JaHHBIE, TT03BOJIIOINE TTOCIE CTATUCTHKO-MaTe-
MaTH4YeCKOH 00pabOTKH Pe3ybTaTOB OIBITOB CYIUTH O
paboTtocrniocobHOCTH (hopcyHOK. CTaTHCTHKO-MaTeMa-
THYECKYIO0 00paOOTKY JaHHBIX MPOBOIVIIH, HCTIONB3YS
TabnmuHbIA potieccop Microsoft Office Excel [16].

TexHHYeCcKOe COCTOSTHIE KOMIUIEKTa (OPCYHOK
OLIEHUBAIIN O CpeIHEMY aOCONIOTHOMY OTKJIOHE-
HUIO (cpe/Hee JIMHEHHOe OTKJIOHEHHUE):

7 _ 2lgi—al
d==—"— 2

=d @)
rae q; — 00beM TeCTOBOM KHIKOCTH, MOCTYITAIOMICH
B MEpHBIE HWIMHIAPHl MpH ucnbiTaHun DM Ha
crerne (i ot 1 mo 4), Mi1; ¢ — cpenHee 3HaUCHHE
00BbEeMa TeCTOBOM KUIKOCTH, MIL.

Tabnuua 1

3HauyeHus o6bema TXK B U3MepUTENbHBIX LWINHAPAX Gap.; TPY UCNbITaHUM (pexum «Mponue») dpopcyHok
A0 npoueayp Bo3A4eiCcTBUA Ha yCTpoiicTBa Xuakoctu BG-210 n ynbTpasByka, cpegHee 3Ha4eHue 00bemMa Gup.1,
BeJINYUHBI OTKJIOHEHU 06beMa OT cpeaHero (q; — 4) .1, CPeAHee abCoNIOTHOE OTKIOHeHue d

9Mo Qap-1; MI Gap-1; M (g; — Q) ap-1; MA d, mn
Bosch 0 261 500 109 (a/m BMW F10) 67 46 58 66 59 +8 -13 -1 +7 7,3
VAG 04E 906 036 AF (a/m Skoda Fabia) 31 32 32 23 30 +2 +3 +3 -7 3,8
Continental 35310-2G710 (a/m KIA Sorento) 69 69 67 67 68 +1 +1 -1 -1 1,0
Continental 35310-2G710 (a/m KIA Optima) 70 70 70 70 70 0 0 0 0 0,0
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Values of the volume of test fluid in measuring cylinders g.., during testing (“Spill” mode) of injectors

Table 1

before the procedures for exposing devices to BG-210 liquid and ultrasound, the average value of the volume guu..,
the volume deviations from the average (q; — q) ..., mean absolute deviation d

EMI Qam.1s Ml Qam-1, Ml (i — Q) am-1, Ml d, ml
Bosch 0 261 500 109 (vehicle BMW F10) 67 46 58 66 59 +8 -13 -1 +7 7.3
VAG 04E 906 036 AF (vehicle Skoda Fabia) 31 32 32 23 30 +2 +3 +3 -7 3.8
Continental 35310-2G710 (vehicle KIA Sorento) | 69 69 67 67 68 +1 +1 -1 -1 1.0
Continental 35310-2G710 (vehicle KIA Optima) 70 70 70 70 70 0 0 0 0 0.0
Tabnuua 2

3HauveHuns o6bema TXK B M3MepuTeNnbHbIX LUIMHAPAX g NPpU ucnbiTaium (B pexxume AP-1-5)

dopcyHok Continental 35310-2G710 (a/m KIA Optima) po npoueanyp Bo3aencTeBus Ha yCTPOMCTBO

xuakoctu BG-210 n ynbTpa3Byka, cpegHee 3Ha4yeHue q (q), Benn4nHbl OTKJIOHEeHU i o6bema ot cpepHero (q; — q)
n cpepHee abCcoNOTHOE OTKIIOHEeHue d

Pexum ucnbitaHns q, Mn q, Mmn (q; —q); mn d,mn
AP-1 70 70 70 70 70 0 0 0 0 0,0
AP-2 33 30 33 34 33 0 -3 0 +1 1,0
AP-3 36 35 37 37 36 0 -1 +1 +1 0,8
AP-4 32 30 32 28 31 +1 -1 +1 -3 1,5
AP-5 30 29 31 31 30 0 -1 +1 +1 0,8
Table 2

Values of the volume of test fluid in the measuring cylinders q during testing (in the AM-1-5 mode)

of Continental 35310-2G710 injectors (KIA Optima vehicles) before the procedures for exposing the device
to BG-210 fluid and ultrasound, the average value of q (g), the magnitude of the deviations of the volume
from the mean (q; — ) and the mean absolute deviation d

Test mode q, ml g, ml (q; — @), ml d, ml
AM-1 70 70 70 70 70 0 0 0 0 0.0
AM-2 33 30 33 34 33 0 -3 0 +1 1.0
AM-3 36 35 37 37 36 0 -1 +1 +1 0.8
AM-4 32 30 32 28 31 +1 -1 +1 -3 1.5
AM-5 30 29 31 31 30 0 -1 +1 +1 0.8

Tabnuua 3

3HauyeHus o6bema TXK B uaMepuTenbHbIX LUIIMHAPAaX g Npu ucnbiTaHum (B pexume AP-1-5)

¢dopcyHok Continental 35310-2G710 (a/m KIA Optima) nocne xumMuiyeckoii 06paboTkun yCTpoucTB,

cpenHee 3HaueHue g (g), BenuumHbl OTKIIOHEHM 06bema oT cpeaHero (q; — q) n cpeaHee aGCoNIOTHOE OTK/IOHEeHne d

PeXxum ucnbitaHns q, Mn q,mn (qi—q), mn d, mn
AP-1 70 70 70 70 70 0 0 0 0 0,0
AP-2 33 30 33 34 34 0 -3 0 +1 1,0
AP-3 35 35 37 37 36 -1 -1 +1 +1 1,0
AP-4 32 30 32 28 31 +1 -1 +1 -3 1,5
AP-5 30 29 31 31 30 0 -1 +1 +1 0,8

Table 3
Values of the volume of test fluid in measuring cylinders q during testing (in AM-1-5 mode)
of Continental 35310-2G710 injectors (KIA Optima vehicles) after chemical treatment of device§,
average value q (g), deviations volume from the mean (q; — g) and the mean absolute deviation d
Test mode q, ml q, ml (qi —q), ml d, ml

AM-1 70 70 70 70 70 0 0 0 0 0.0
AM-2 33 30 33 34 34 0 -3 0 +1 1.0
AM-3 35 35 37 37 36 -1 -1 +1 +1 1.0
AM-4 32 30 32 28 31 +1 -1 +1 -3 1.5
AM-5 30 29 31 31 30 0 -1 +1 +1 0.8
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Tabnuua 4

3HauyeHnsa oobema TXX B uaMepuTesnibHbIX LUMHAPAaX g NPy ucnbiTaHum (B pexxume AP-1-5)
¢dopcyHok Continental 35310-2G710 (a/m KIA Optima) nocne Bo3neicTeus ynbTpa3eyka, cpeaHee 3HaueHue q (7),
BeJINYMHBI OTKJIOHEHUII 06beMa OT cpeaHero (q; — §) U cpeaHee aGCoNOTHOE OTKIIOHeHue d

PeXxum ucnbitaHus q, Mn q, Mmn (q; —q); mn d, mn
AP-1 70 70 70 70 70 0 0 0 0 0,0
AP-2 33 30 33 34 34 0 -3 0 +1 1,0
AP-3 36 35 37 37 36 -1 -1 +1 +1 1,0
Ap-4 32 31 32 28 31 +1 -1 +1 -3 1,5
AP-5 30 29 31 31 30 0 -1 +1 +1 0,8
Table 4

Values of test fluid volume in measuring cylinders q during testing (in AM-1-5 mode)
of Continental 35310-2G710 injectors (KIA Optima vehicles) after exposure to ultrasound,
average value q (g), volume deviations from the mean (q; — g) and the mean absolute deviation d

Test mode q, ml q, ml (q; — ), ml d, ml
AP-1 70 70 70 70 70 0 0 0 0 0.0
AP-2 33 30 33 34 34 0 -3 0 +1 1.0
AP-3 36 35 37 37 36 -1 -1 +1 +1 1.0
Ap-4 32 31 32 28 31 +1 -1 +1 -3 1.5
AP-5 30 29 31 31 30 0 -1 +1 +1 0.8

B tabn. 1 npuBeneHB! BeTMUYMHBI 00bEMa TeCTO-
BOM KHIKOCTH B M3MEPUTENBHBIX LWIMHAPAX MPU
WCTIBITAaHUHU (POPCYHOK J0 MPOIEAYpP BO3ACHCTBHS Ha
ycrpoiictBa xxunkoct BG-210 u ynpTpa3Byka.

U3 comocraBneHust JaHHBIX (Tabn. 1) cienyer,
yro mapameTp (q; — §)ar-1 B pexkuMe, Koraa GOpCyHKH
OTKPBITHI MTOJIHOCTBIO, U3MEHsAeTcs oT —13 70 +8 M,
ad or 0 10 7. AHanornuHelif 3pdexT HabMIoRaeTCs
W Ha JPYTUX PEKUMAaxX UCIBITAHUS, NaXKe H U TeX
YCTpO#CTB, y KoTophix d = 0 (tabn. 1). Tak, B Tabm. 2
MIPUBEICHBI pe3yIbTaThl HCHIBITaHUH (hopcyHOK Con-
tinental 35310-2G710 (a/m KIA Optima) ¢ d = 0.

W3 conocrapnenust naHHbIX (Tabn. 2—4) cnexyer,
YTO M3MEHEHHE OTKIOHEHHUH OT CpeIHEro W Bapbu-
poBanue mapameTpa d HMASHTHYHO sl (POPCYHOK
Continental 35310-2G710 (a/m KIA Optima) kax g0
WX OYHCTKH, TaK W TOCIE XUMHUUYECKOH 00paboTKH
WM BO3JICUCTBUS YJIBTpa3ByKoM. [1oaToMy TonydeH-
HBIE 3/1€Ch OTKJIOHEHHS, OTIMYAIOLINecs OT 3Hade-
uuit (q; — q) u d (tabn. 1), ABAAIOTCA MOTPENIHO-
CTSMH H3MEpeHHsI 00beMa TEeCTOBOHM JKUAKOCTH Ha
CTeH]Ie.

W3 ananmu3a mpeAcTaBIEHHBIX NAHHBIX CIIEAY-
€T cIeNaTh BBIBOJ, YTO TEXHUUECKOE COCTOSHUE HC-
MIBITAHHBIX HA CTEHJE KOMIUIEKTOB (DOPCYHOK pa3-
mnaHo. Ecim ¢opeynkm Continental 35310-2G710
(a/m KIA Optima) MO>XHO OTHECTH K paspsly 4u-
CTBIX YCTPOHCTB, TO (pOpcyHKH (32 HCKIIOYCHHEM
komriekta Bosch 0 261 500 109 (a/m BMW F10);
d=17,3) c mapamerpom d ot 1 no 3,8 (Tabmn. 1) ox-
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HO3HAYHO OXapaKTePU30BaTh KaK TPSI3HBIC HEJb3S.
[NosToMy OBLIO IPHHATO PELICHHUE OICHUBATH ITPUCYT-
cTBHE B (POPCYHKAX 3arpsi3HEHUI C MOMOMIBIO TIPO-
BEpKH JTaHHEIX d Ha TPyObIii IpoMaXx.

IIpoBeneHHBIN MO ypaBHEHHIO (2) pacder Imo-
Ka3an, uTo B 3Ha4yeHmsX d 11 dopcynok Continen-
tal 35310-2G710 (a/m KIA Optima) rpyOsIii mpo-
Max OTCYTCTBYECT. HOBTOMY CUUTAJIOCh, YTO HAJIMYHEC
B 3HAYEHHAX CPEIHUX a0COIFOTHBIX OTKIIOHEHUH TPY-
0oro mpomaxa SIBISIETCS CBUAETEIHCTBOM IMPHUCYT-
CTBHS B (POPCYHKAX 3arpsi3HEHUH.

Hanuuue B maHHBIX TpyOOTo mpomaxa IMpOBO-
JIATA TIO0 BETMYMHE MaKCHUMAaJILHOTO OTHOCHTEIHHO-
ro oTKJIoOHeHwus [15]:

prHT_x_

TMaKC = Sn

, 3)

TJIE Xypyr — MAKCHMAILHOE 3HAYEHHE d; X — cpej-
Hee 3HaueHue d; Sy, — CTAHIAPTHOE OTKJIOHEHHE.

Jlnst BBIABIEHHS d, COOTBETCTBYIOIMX TIpy6o-
My IPOMaxy, PaCCYUTAHHOE 3HAUCHUE Tygac COMO-
CTaBISUIM C €ro TaOJIMYHBIM AHAIOTOM Tiug,. 1IpH
Tyaxe > Tragn CUUTAIH, YTO B (DOPCYHKAX MPHCYT-
CTBYIOT 3arpsi3HEHUS, TIPH Tyaxe < Trasn — POPCYH-
KM YUCTBIC WJIM 3arpA3HCHBI HE3HAYUTEIIBHO, TO €CTh
U3MEHEHUS 00beMa TeCTOBOH JKUIKOCTH, CBS3aHHbIC C
HPUCYTCTBUEM B (DOPCYHKAX 3arps3HEHHM, MEepeKpbI-
BArOTCS MOTPEIIHOCTHIO U3MEPEHUS (; .



Xodsikoe A.A., Xnonkoe C.B., bacoea B.B. BectHuk PYIH. Cepusi: MiHxeHepHble nccnenosanuns. 2022. T. 23. Ne 1. C. 38-46

Tabnuua 5
CpepnHue a6CoNIOTHbIE OTK/IOHEHNS, cpeaHee 3HavyeHue d (X), cCTaHaapTHOe OTK/IOHEHMe S,,,
MaKCUMaslbHOE OTHOCUTESIbHOE OTKJIOHEHUE T,.., TAGIMYHOE 3HAYEHNE OTKIIOHEHUS Ty s,
3AIMD
Npoueaypa Pexum  |Bosch 0261 500 109| VAG 04E 906 036 AF 3‘5:3?:‘3";2‘731' o 3‘5:3?'1‘3";2‘731' o
ncnbiTaHnsa (a/m BMW F10) (a/m Skoda Fabia) .
(a/m KIA Sorento) (a/m KIA Optima)
d, mn
AP-1 7,3 3,0 1,0 0,0
AP-2 3,5 1,3 1,0 1,0
Boowerns | e
AP-4 2,8 1,3 0,5 1,5
AP-5 1,8 1,3 0,3 0,8
AP-1 3,0 2,3 0,8 0,0
Hocne AP-2 2,8 0,5 0,8 1,0
XUMUYECKOM AP-3 1,5 1,3 0,3 1,0
06paboTku AP-4 1,8 0,5 0,3 1,5
AP-5 1,5 1,3 0,3 0,8
AP-1 0,8 1,0 0,5 0,0
Nocne AP-2 1,8 0,5 0,3 1,0
BO34EeNcTBUsA AP-3 1,8 0,8 0,0 1,0
ynbTpassyka AP-4 1,8 0,5 0,3 1,5
AP-5 1,8 0,8 0,3 0,8
X 2,49 1,13 0,47 0,85
Sn 1,53 0,72 0,30 0,50
Tyaxe 3,14 2,61 1,80 1,30
Tragn 2,46
Table 5
Average absolute deviations, mean value d(x), standard deviation S,,,
maximum relative deviation t,.,, tabular deviation value t..,.
EMI
Continental Continental
Procedure Test mode B°?:7N?323:N5I?1°0; 09 V&‘jg‘éﬁfgfﬁaﬁ a‘;F 35310-2G710 35310-2G710
(a/m KIA Sorento) (a/m KIA Optima)
d, ml
AM-1 7.3 3.0 1.0 0.0
Before cleanin AM-2 35 1.8 1.0 1.0
the nosatog AM-3 3.3 0.5 0.3 0.8
AM-4 2.8 1.3 0.5 1.5
AM-5 1.8 1.3 0.3 0.8
AM-1 3.0 2.3 0.8 0.0
After chemical AM-2 2.8 05 0.8 1.0
treatment AM-3 1.5 1.3 0.3 1.0
AM-4 1.8 0.5 0.3 1.5
AM-5 1.5 1.3 0.3 0.8
AM-1 0.8 1.0 0.5 0.0
After exoosure AM-2 1.8 0.5 0.3 1.0
o ultragound AM-3 1.8 0.8 0.0 1.0
AM-4 1.8 0.5 0.3 1.5
AM-5 1.8 0.8 0.3 0.8
X 2.49 1.13 0.47 0.85
Sn 1.53 0.72 0.30 0.50
T 3.14 2.61 1.80 1.30
Teable 2.46
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Tabnuua 6
CpepHue abCONIOTHbIE OTKJIOHEHUS, MOJTy4YEHHbIE NP UCNbITaHMn GOPCYHOK B pexum «Mponue»
amMo
Bosch 0261 500 109 | VAG 04E 906 036 AF Continental Continental

Mpouenypa

(a/m BMW F10)

(a/m Skoda Fabia)

35310-2G710
(a/m KIA Sorento)

35310-2G710
(a/m KIA Optima)

d, mn
J1o ouncTkm GopCcyHOK 7,3 3,0 1,0 0,0
MNocne xmummnyeckonm
06paboTkn 3,0 2,3 0,8 0,0
Mocne Bo3pencTeusa 0.8 1.0 0,5 0.0
yNbTpasByka
Table 6
Average absolute deviations obtained when testing injectors in the “Spill” mode
EMI
Continental Continental
Procedure Bosch 0261 500 109 | VAG 04E 906 036 AF 35310-2G710 35310-2G710

(a/m BMW F10)

(a/m Skoda Fabia)

(a/m KIA Sorento)

(a/m KIA Optima)

d, ml
Before cleaning 7.3 3.0 1.0 0.0
the nozzles ) ] ' .
After chemical 30 23 0.8 0.0
treatmen ) ] ' .
After exposure 0.8 1.0 0.5 0.0

to ultrasound

W3 conocraBnenus maHHbIX (Taba. 5) ciemy-
er, uro misa ¢dopcynok Bosch 0 261 500 109
(a/m BMW F10) u VAG 04E 906 036 AF (a/m Skoda
Fabia) Tyaxc > Tragn, TO €CTh COOIIOIACTCS YCIO-
BHE, NPU KOTOpoM 3HaueHus 7,3 u 3,0 sABIsOTCS
CBHUJIIETENILCTBOM 3arpsizHeHus: popcyHok. st dop-
cynok Continental 35310-2G710 (a/m KIA Sorento)
n Continental 35310-2G710 (a/m KIA Optima)
Tyaxe < Tragn. CIEHOBaTENBbHO, (OPCYHKH YHCTHIC
WM 3arps3HEHbI He3HauuTenbHO. Komrmeke ¢op-
cynok Continental 35310-2G710 (a/m KIA Optima),
KaK 3TO MOKa3aHO paHee, MOKHO OTHECTH K Pa3psAmLy
YUCTBIX (JOPCYHOK.

B tabi1. 6 npencraBieHsl cpeiHAE a0COIOTHEIC
OTKJIOHEHWUSI, TIOJTy9I€HHBIE B PEKUME UCTIBITaHUS (op-
cyHOK «IIposmuB». I3 conocraBileHHs aHHBIX Cle-
JIyeT, 4To BeaMumHa d IS BceX (POPCYHOK, KpoMme
Continental 35310-2G710 (a/m KIA Optima), 3axo-
HOMepHO m3MensierTcs. J[o ounctku GopcyHOK d Mak-
CUMaJICH, TOCJIe BO3/ICHCTBYS YIbTPa3ByKa — MUHH-
maneH. ITocne xumudeckoit o6paboTku mapameTp d
3aHUMaET MPOMEKYTOYHOE MOJIOKEeHUE. Takoe n3Me-
HeHne d, oOyCIOBIECHHOE BO3IEHCTBHEM XHMHYE-
CKUX PEarcHTOB U yJIbTPa3ByKa Ha COIUIOBYIO 4acTh
pacnputATeNs (KOPITyC, WIITy PACIBUIMTENS ), CBH/IE-
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TENBCTBYET, YTO CPeiHEEe a0CONIOTHOE OTKIOHCHUE
OTpakaeT HE TOJBKO TPHUCYTCTBHE B (POPCYHKAX
3arpsi3HCHUI, HO U WLTIOCTPUPYET TSUCHHE MpoIiecca
ounctky. Tak, d mociae XUMHUYECKOH 06paboOTKH U
BO3JICHCTBHS YIbTPa3ByKa HIbKe B 2-9 pa3 aHalo-
THYHOTO MapameTpa, MOMyYSHHOrO MPU UCTIBITAHUH
(hOpPCYHOK 70 UX OUUCTKH.

3aknioyeHue

Ha ocHOBe mOyYeHHBIX HAa CTCHIE PE3yJbTaTOB
UCTIBITAHUM, aHANM3a W OOCYKICHUS NAHHBIX MPO-
BEJICHA OILIEHKA TEXHHYECKOTO COCTOSHHS 3JICKTPO-
MarHUTHBIX (JOPCYHOK OCH3MHOBBIX JIBUTATEINCH C He-
MOCPEICTBEHHBIM BIPHICKOM TOIJIMBA. TexXHHYECKOE
COCTOSIHHC HICTIBITAHHBIX HA CTEHJIC KOMIUIEKTOB (op-
CYHOK pa3nu4Ho. [loka3zaHo, YTO pacCUMTaHHBIC
cpenHue aOCOMIOTHBIC OTKIIOHCHUS 00bheMa TECTOBOM
KUJKOCTH OTPAXKAIOT HE TOJIBKO MPHUCYTCTBHE B (Op-
CYHKax 3arpsi3HEHUM, HO U WIIIOCTPUPYIOT TEUEHUE
nporiecca ouncTku. CpenHue aOCOMIOTHBIC OTKIOHE-
HUSI 00bEMa TECTOBOM MKHUAKOCTH TOCTEe XUMHUYESCKON
00pabOTKN W BO3IEUCTBHSI yIBTPa3BYKOM HIDKE B
2-9 pa3 aHAJIOTUYHBIX MAPAMETPOB, MOJIYYCHHBIX B
HEOUHINCHHBIX XMMUUSCKUMH PEareHTaMH U yIbTpa-
3BYKOM (POpPCYHKaX.
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KiroueBble ciioBa:
KPHUBOLLMITHBII Mpecc, MON3YH, YCTAIO0CTh
MeTaJuia, TPEUIHHBI, pedpa KeCTKOCTH

JluIst I THPOBAHMUSA

AHHOTauus. M3BeCTHO, YTO MPHU JUTMTENIBHOM SKCIUTyaTalid KPUBOLIMITHBIX
MaIIuH JJIS XOJIOJHOW JIMCTOBOW INTAMITIOBKH, 3aKJIIOYAIOIICHCS B IIUKIIH-
YECKOM HArpy>KeHHU KOHCTPYKIHMH MEXaHWYECKHMH HAIPSHKEHUSMH, MPO-
HCXOJIUT YCTANOCTHAs ACrpajallisi MeTaiia, IPUBOIAILIAS K BOSHUKHOBEHHIO
U pOCTy TpeluH. TeM He MeHee OCHOBHOM TeH/IEHIIME COBPEMEHHBIX POC-
CHICKHX TOAXO0J0B K MOJCPHHU3ALUH TapKa Ky3HEUHO-NPECCOBBIX MAIIUH
SBJIAETCS CTPEMJICHHE COXPAHUTh KPYIHOraOapUTHBIE METAIIIOEMKHUE Jie-
TaJIM IITAMIIOBOYHBIX MPECCOB MPH 3aMEHE CUCTEMbI YIPABIICHHUS U Y3JIOB
FI/ILLpaBJ]I/IKI/I I/I/I/IJ'II/I ITHCBMATHUKU OOIIOJHUTCIIbHBIX UCIIOJIHUTCIIBHBIX MEXa-
Hu3MoB. Kak moka3ana mpakTHka, TaKOW MOIXO0J] SKOHOMHYECKH M TEXHO-
JIOTUYECCKHU onpaBaaH. CTpaHI)I, y KOTOpI)IX HET MO]_U,HOCTE)ﬁ JUISI U3TOTOBJICHUA
IITAMIOBOYHBIX MAIIMH COOCTBEHHBIX MapOK, IMOKYIAIT 000pyI0BaHKE 32
py6exoMm (B ToM uucie B Poccun), kak npaBuiio, u3 3KOHOMHYECKUX COO00-
paKEHH Ha PBIHKE BTOPHUYHBIX MPOJAXK MOCIE JJIUTEIBHOTO MEePHO/Ia IKC-
tyarauuu. B atom ciyuae TpeOyercs rpaMoTHas MPEANpOJakKHast MOJro-
TOBKa, 4TOOBI M30€XaTh aBapUHHBIX CUTYAIHMi U OTKA30B 00OPYIOBaHHS
TI0CJIE €r0 MOHTaXKa Ha MpeanpuATHU-NIoKynaTene. ObecreyeHre 10IroBeYHO-
CTH KPHBOILIUITHBIX IITAMIIOBOYHBIX MAIIWH TOCIE TEPHOAA JUTUTEILHON
9KCIUTyaTallMy — aKTyaJlbHas 3aja4ya Kak JJIsl IPOMBIIUICHHOCTH pa3BUBa-
FOLIMXCS CTPaH, TaK U JJs poccuiickoil. Ha nmprMepe MOIHOTO KPHBOIIHUII-
HOTO JIMCTOIITAMIIOBOYHOTO Tpecca, B MPOILECCe MPEANPOAAKHON MOAro-
TOBKM KOTOPOTO BBISIBJIEHBI TPEIIMHBI B IMOJI3yHE, NIOKa3aH CIOCO0 ycTpa-
HEHHSI IPUYHH TPEIIUHOOOPA30BAHUS TIPH €0 JaNbHEHIICH SKCIUTyaTaluu.

Kopnunosa A.B., Yoo 3asap. YcrpaHeHne NPUUUH TPEUIMHOOOPA30BaHHS B MOJI3YHE MOIIHOTO KPHBOIIMITHOTO INTAMIIO-
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Abstract. It is known that during long-term operation of crank machines
for cold sheet stamping, which consists in cyclic loading of the structure
with mechanical stresses, fatigue degradation of the metal occurs, leading
to the occurrence and growth of cracks. Nevertheless, the main trend of
modern Russian approaches to modernizing the park of forging and pressing
machines is the desire to preserve large metal-consuming parts of stamping
presses when replacing the control system and hydraulic and/or pneumatic
components of additional actuators. Practice has shown that such approach
is economically and technologically justified. For countries that do not have
the capacity to manufacture stamping machines of their own brands,
there is a need to purchase equipment abroad (including Russia), usually for
economic reasons in the secondary market after a long period of operation.
In this case, competent pre-sale preparation is required in order to avoid
emergencies and equipment failures after its installation at the purchasing
enterprise. Ensuring the durability of crank stamping machines after a period
of long-term operation is an urgent task, both for the industry of developing
countries and for the Russian one. Using the example of a powerful crank
stamping press, during the pre-sale preparation of which cracks in the slider
were revealed, a way to eliminate the causes of cracking during its further
operation is shown.

Kornilova AV, Kyaw Zaya. Elimination of causes of crack formation in the slider of a powerful crank forming press.
RUDN Journal of Engineering Research. 2022;23(1):47-56. (In Russ.) http://doi.org/10.22363/2312-8143-2022-23-1-47-56

BBeaeHue

[IpoGnema obecrniedeHust HaEKHOM PabOTHl 000-

MAaTEMaTUICCKOrO arrapara K Or1CaHurO ﬂBHCHHﬁ, Ipo-
HUCXOAINUX IIPHU HUKIWYCCKOM IPHUIIOKECHHUU MEXa-

PYIOBaHUS MAITIMHOCTPOUTEILHBIX TPOM3BOICTB B Ha-
CTOsIIIEEe BPEMsI CTAHOBHUTCS BCE 00Jiee aKTyallbHOMM,
TaK Kak cTapeHue o00pyIoBaHMs BO MHOTHX OTpac-
JISTX TIPOMBIIIICHHOCTH 3HAYUTEIILHO OTICPEKACT TEMIThI
TEeXHHYECKOTO MepeBoopyxkenus' . KocHymacs oHa u
OTpAcIii IPOU3BOJICTBA Ky3HEYHO-IIPECCOBOTO 000PY-
noBauus [1]. OcHOBHOHM TIPUYMHON BBIXOAA W3 CTPOS
CTapEIOIIEro 000PY/I0BaAHMS MTPAKTUIECKH JTFO00ro Ha-
3HAUCHUS SBJISIOTCA YCTaJIOCTHBIE TPEIIUHB [2—4].
CyIIecTBYIOT pa3MYHbIe MOAXOAI K H3YUSHHIO 3TOTO
BOITpOCa, Kacaromieecss Kak pa3BUTHS JTa00OPaTOPHBIX
HCCIEAOBAHUM [5], TaKk U IPUBICUEHUS CIIOKHOTO

! Bospact 060pyq0BaHKs MAIIMHOCTPOUTEIBHOIO KOM-
IUIeKCa Ha MpHMepe OTACIbHBIX Ipeanpuatuil orpacau. URL:
https://aftershock.news/?q=node/361989&full (nara obparmenus:
25.12.2021).

48

HUYECKHMX HAMpPSOKEHUH K JeTalssM 000pYIOBaHUs
MIPU BBIMIOJHEHUU TEXHOJOTHYECKUX orepanuit [6].
Ho pemrenus nmoka Her.

J1J11 MOIIIHBIX TEXHOJOTHYECKUX MAIllMH Pa3BH-
THE W POCT YCTAJOCTHBIX TPCIIUH HAPSIMYIO CBS-
3aH C IPOMBIIIEHHON Oe30macHOCTRO [7]. M3BecT-
HO, 9TO TIPH TIPOM3BOJICTBE OOJBIIMHCTBA W3JIEIHAN
BOCHHOTO HAa3HAYCHUS M HAPOJTHOTO MOTPEOICHUS
UCIIOJTB3YIOTCS OTIEpPAIIUH IITAMITIOBKH, KOTOPBIC TPO-
M3BOSATCS HA KPUBOIIHUITHBIX IITAMITIOBOYHBIX TTPEC-
cax [8]. TexHomOTUM MITAMIIOBKY HEMPEPLIBHO pas3-
BuBatotcs [9]. s BHeApEHUsS HOBBIX TEXHOJIOTHH
HEOOXOJUMBI HOBBIE TEXHOJOTHYECKHE MAIITUHBI.
OpHako B CHJIy HU3KHAX TEMITOB TEXHUYECKOTO TIepe-
BOOPYKCHUS TJIABHOW TEHACHITUCH SIBJISETCS MOJIEP-
HU3aIUs CYIIECTBYOIIEro o0opyaoBanus. [Ipu mo-
JIEPHU3ALNN TTapKa Ky3HEYHO-TIPECCOBBIX MAIlHH,
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B YaCTHOCTU KPUBOIIMITHBIX IITAMIIOBOYHBIX, CTpe-
MSATCSl COXPAHHUTh KPYITHOTa0APUTHBIC METAJUIOCMKHUE
JeTaNy NPy 3aMEHE CHUCTEMBbl YNpaBICHUS U Y3JIOB
THPABITAKH W/VJIH THEBMATHKH JOTIOTHUTEFHBIX HC-
NOJHUTENLHBIX MeXaHn3MOB. Takol moaxon B Poc-
CHUU YKOHOMHYECKH U TEXHOJOTUYECKU OMPaB/IaH.
JIns cTpaH, y KOTOPBIX HET MOITHOCTEH IS 13-
TOTOBJICHUS IITAMIIOBOYHBIX MAIIMH COOCTBEHHBIX
MapoK, CYIIECTBYET HEOOXOIMMOCTh TOKYIIKH 000-
pyZloBaHHS 32 pyOek)OoM, KaK MPaBUIIO, U3 SKOHOMHU-
YeCKMX COOOpakeHUI Ha PHIHKE BTOPUYIHBIX MPOIAXK
TIOCJIe JUTUTENIBHOTO TIEPUOA IKCIUTyaTalii. JTO MpHU-
BeJIO K 00pa30BaHUIO OOJBIIOTO PHIHKA BTOPHUYHOM
MPOJIaXKu IPECCOB, B TOM 4yucie B IHaMI0 U cTpaHbl
IOro-BoctouHnoii A3uu. briBaeT, 4To K MOMEHTY
MIPOAXH MAIlIMHA MEHSET TPEThEro U 00Jiee XO035CB.
B atom ciydae TpeOyeTcs rpaMOTHAST TPEIITPOIaXK-
Has MOATOTOBKA, YTOOBI M30EKATh aBAPUIHBIX CH-
Tyalruii U 0TKa30B 000PYA0BaHU MOCIIE €0 MOHTaXKa
Ha TpenpusATHH-TIOKymartene. OdecredeHne 10iro-
BEYHOCTU KPUBOLIMITHBIX IITAMIIOBOYHBIX MAIINH
IOCJIe TEepUoaa UIUTEIBLHON JKCIUIyaTallud aKTy-
albHO Kak ISl IPOMBIIIJIEHHOCTH Pa3BUBAIOLIUXCS
CTpaH, TaK ¥ ISl pOCCUIICKON. DTO TpeOyeT MOIX0/0B,
OCHOBaHHBIX HAa MaTEMaTHYECKOM MOJIECIMPOBAHUM,
METOJ]axX Hepa3pyIIAIOIIero KOHTPOJS U SKCIIEPUMEH-
TaIBHBIX MCCIe0BaHMsIX. PaccMoTpuM criocoOs yc-
TpaHEHUs MPUYUH TPEIIMHOOOPA30BaHUS B IETAIISIX

TEXHOJIOTUUECKOTO 000PYIOBaHHS HA TIPEMEPE MOIII-
HOT'0 KPHBOILIHUITHOTO JMCTOIITAMIOBOYHOTO Ipecca,
B Ipoliecce MpeanpoJaKHON MTOATOTOBKH KOTOPOTO
BEISIBIICHBI TPEIIUHBI B TIOJI3YHE.

OOBEeKTOM HCCIEeOBaHUS CTaj MPEcC HOMH-
HanpHOU cmioit 800 tc (8 MH), maccoit 150 T,
MpeHa3HAaYeHHBIHN JUIs oniepauii X0JI0JHON JTUCTO-
BOW IITaMIIOBKH — BBIPYOKH/TIPOOUBKH, pa3pesKy,
MPOKOJIKH, HAZIPE3KU, 00pE3KU, THOKH, CKPYUHBaHHS.
[[ITamMnoBKa MOXET MPOU3BOAUTHCA HA ABYX IO3H-
musx. [Ipecc (puc. 1) Haxomuics B WHTECHCHUBHOM
skcrutyararmu ¢ 1989 r. Marepuan moisyHa — cTaib
Mapku 1.1181 HeMenkoro nmpou3BoACTBa, KOTOpas
SIBJISIETCSl aHAJIOTOM poccuiickoi cramm 35 [10].
Tak kak mpu oOCJIeIOBaHMH MOJI3yHa Ipecca He
MPEACTaBISIIOCH BOBMOKHBIM OCYLIECTBUTH BBHIpE3-
Ky 0OpasIoB Ui OIpENEeIeHNs] MEXaHHYEeCKUX Xa-
paKTepuCTUK MeTauia, TO coryacHo [11] mpuHuMa-
Jach BeMMYMHA Mpejena MPOYHOCTH (BPEMEHHOTO
compoTuBieHust paspeiBy) 530 Mlla. B mpouecce
MPEINPOAAKHOW TOATOTOBKH BBISBICHBI TPEIIUHBI
B MOJI3YHC U MPHUHATO PCIICHUEC, YTO BCC BLIABJICH-
HbIe 1e(heKTHl OYyT HCIIPAaBIEHBI B MIPOLIECCE MOH-
Taka Ha TPOU3BOJICTBEHHOW IUIOMIA/IKE MOKYIIaTe-
ns. Ha ocHOBe MaTeMaTHYECKOTO MOJEITUPOBAHUS
U DKCIEPUMEHTAIBHBIX UCCIEAOBaHUI yCTaHOBIIE-
HBI IPUYMHBI TPEIIUHOOOPA30BaHUS, YACTHUYHO I10-
Ka3aHHBIE B [12].

Puc. 1. Paboyas 3oHa nccnenyemoro npecca (poto Yxo 3asp)
Figure 1. Working area of the studied press (photo by Kyaw Zaya)
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Puc. 2. TpewmHbl B NON3yHE, BbIIBNIEHHbIE B Npouecce obcnenoBarus (doTo Yxo 3asap)
Figure 2. Cracks in the slider revealed during the examination (photo by Kyaw Zaya)

1. MogenupoBaHue HanpsaXXeHHOo-
AedOopPMMPOBAHHOIO COCTOSIHUS MONI3YHA
AJ1S1 BbISIBJIEHUS NMPU4YUH TPeLWMHOoo0pa3oBaHus

Jis ompeneneHusl NpUYMH TPEInHOOOpa3oBa-
HUS ¥ pa3pabOTKU MEPONPHUITHH MO UX YCTPaHEHUIO
MIPOBE/ICH BBIYHUCIUTENBHBIN dKcriepuMenT. Co3nana
TpexMepHas MOZENb MOJI3yHa HCCIEAyeMOro Ipecca
TI0 HaTypHBIM 3aMepaM Ha OOBEKTE CO BCEMU N3MEHEHH-
sIMH, BHECEHHBIMH TIPH SKCILTyaTaImy npecca (puc. 3),
TO €CTh C TapaMeTpamMH, OTIHYAIOIMINMHA OT 3aJaH-
HBIX YepTEIKAMHU.

BrimonHeHs! 1Ba BapuaHTa pacdeTa: 1) CHIIBI
Ha pabodell MOBEPXHOCTH IOJI3yHA PaBHBI 110 BEJH-
YUHE U TPHIOKEHB CUMMETPUYHO OTHOCHUTEIHHO
IUIOCKOCTH CUMMETPHH TIOJI3yHA, NEPIEHIUKYIISIPHON
(bpoHTY mpecca; 2) MpUIIOKEHNE CUII Ha OJIHY TIO3H-

U0 Ha paboueill TOBEPXHOCTH IMOJI3yHa B 2 paza
OOJTBITIE CHITBI, IPIJIOKEHHOH KO BTOpoi. Pe3ymbTa-
ThI pacueTa CBeJIeHbI B Ta0M. 1.

OrneHka HanpsHKeHHO-e(hOPMHPOBAHHOTO CO-
CTOSIHUS TIOJI3yHA MPOU3BOAMIACE METOIOM KOHEY-
HBIX 3JICMEHTOB C INMOMOMIBIO MaKETa MPHUKIIAAHBIX
nporpamm SolidWorks ¢ KOHEYHO-31E€MEHTHBIM
anaim3oM (MKO-FEA) [13; 14]. Pacuer umc-
JICHHBIM MECTOJOM BBISIBUJI, YTO HCOAHMHAKOBOCTH
MPWIOKEHUS HArpy3KH Ha JBYX paboduMx MO3U-
UAX TpHUBeia K 0o0pa3oBaHHWIO TPEUIMH B CBap-
HOM COCJIMHCHHU pabodveil MOBEPXHOCTH MOJ3yHA
3a CUCT YBCJIMYCHUA MaKCHUMAJIbHBIX HaHpH)KeHI/Iﬁ
Y CMEIIeHUs 30HBI UX JEHCTBHS K CBAPHOMY IIBY,
rae u chOopMUPOBAllaCh YCTANIOCTHAs TpelmruHa
(puc. 3-5).

Puc. 3. Mogenb non3yHa (CyLeCTBYIOLLNIA BapUaHT)
Figure 3. Slider model (existing version)
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Tabnuya 1
Pe3ynbTaTtbl pacyeTa nonsyHa (NpeanpoaaXKHbivi BapyuaHT)
BenuunHbl B Mecte popMMPOBaHNA YCTaNOCTHOro aedekrta
OKBMBaJIEHTHbIE Ocestie MepemelieHns No NMHUM JencTBus
HanpsbkeHus, MMNa H;np“x(i""ﬂ’ MZI1a TexHonornyeckomn cunsl (ocb Y), MM Aedopmaums
150 34 12 78 1,4 8x10™
200 67 20 95 2,1 1,5x107°
Table 1

Slider calculation results (pre-sale option)

Calculation

The values are indicated at the place of formation of the fatigue defect

Equivalent Axial stresses, MPa  Displacement along the line of action Deformation
stresses, MPa X Y z of technological force (axis Y), mm
150 34 12 78 1.4 8x10™
200 67 20 95 2.1 1.5x107°

Model name: Moazyn npecca EPOYPT 800.STEP

Study name: Yxo3aapl-Default-)

Plot type: Static nodal stress Stress1 von Mises (N/mm*2 (MPa))
Deformation scale: 100

1.50e+02

l 134e+02
_ 118e+02

_ 1.02e+02
8.60e+01
7.00e+01
5400401
| 3.80e+01
2.20e+01
6.002+00

-1.00e+01

Puc. 4. OkBuBaneHTHble HanpsxeHus no IV Teopun npoyHocty (Mybepa, Museca, MeHku).
MpunoxeHne paBHbIX TEXHONOMMYECKNX CU HA ABYX MNO3MUMSX (pacnpeneneHHas Harpyaka 15 MMMa)
Figure 4. Equivalent stresses according to IV theory of strength (Huber, Mises, Genki).
Application of equal technological forces in two positions (distributed load 15 MPa)

Model name: Noasayn npecca EPOYPT 800.STEP
Study name: Yxo3aap(-Default-) von Mises (N/mmA2 (MPa))
Plot type: Static nodal stress Stress1

Deformation scale: 100 2.00e+02
1.34e+02

. 1.18e+02
. 1.02e+02
8.60e+01
7.00e+01

5.40e+01

L 3.80e+01

2.20e+01

6.00e+00

-1.00e+01

Puc. 5. OkBuBaneHTHble Hanpsxenus no IV Teopun npoyHoctn (Mybepa, Museca, MeHku).

Figure 5. Equivalent stresses according to IV theory of strength (Huber, Mises, Genki).

MpunoxeHmne TEXHONOIMYECKMNX CUMT HA ABYX MO3MLMAX PA3NIMYHOE MO BENMYMHE (pacnpeneneHHble Harpy3km 10 n 20 MMMa)

The application of technological forces in the two positions is different (distributed loads 10 and 20 MPa)
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2. MopenupoBaHue Hanps>KeHHO-
Ae(POopPMMUPOBAHHOrO0 COCTOSIHNSA NON3YHa
C peGpamMmn XXecTKOCTHU

Bonpocam BO3HUKHOBEHUSI M POCTa Ae(EKTOB MPH
LUKIIMIECKOM IPHUIOKEHNH MEXaHMUYECKUX HampspKe-
HUH B IETANSIX KOHCTPYKLMH PA3IMYHOIO HA3HAYCHUS
nocBsieHs! padotsl [15-17]. [TokazaHo, uto Haubonee
3¢ QeKTUBHO CKa3bIBaeTCS HA 3aMEIUICHHUH IIpoliecca
(hopMHPOBaHMSA M POCTA YCTAJIOCTHBIX NEPEKTOB CHH-
JKEeHHUe ypoBHs HanpsbkeHni. B [18] nmpoBeaen moapoo6-
HBII aHAJIN3 BO3MOXHBIX Je()eKTOB B 0a30BBIX JETAISX
Ky3HEYHO-TIPECCOBBIX MAIllMH, OITUCAaHbl BO3MO)KHBIE
CIICHApUHX PA3BUTHUA SJINIUNITHICCKHUX, IMOJTYSJIJIUIITH-
YEeCKHX M CKBO3HBIX JeexToB. Tam e npuBeaeH pas-
paboTaHHEIN aBTOPaMHU CIIOCO0 TOPMOKEHHS TPETIHH
IMYTEM CHUIKCHHSA TCXHOJIOTUUCCKUX CHUJT MAallIMHBI.

Ho B paccmaTpuBaemoii 3aaue TaHHBIA TOAXO/
okazaicsi He npuMeHuM. [lokynarento BaxXHO OBUIO
COXPaHUTh HOMUHAJIBHYIO CHJIYy IIpecca M BO3MOX-
HOCTB O)lHOBpeMeHHOﬁ IITAaMIIOBKM Ha JABYX I1IO3H-

Model name: Moasyw npecca EPOYPT 800.STEP
Study name: Yxo 3(-Default-)

Plot type: Static nodal stress Stress1
Deformation scale: 100

musx. [ToaroMy ObLIO NPUHATO pelLIeHUe MocCie pas-
JIEJTKU ¥ 3aBapKH 00pa30BaBIINXCsl YCTAIOCTHBIX Tpe-
IIMH MOBBICUTh MECTHYIO JKECTKOCTh IIyTEM yCTa-
HOBKH pe0ep >KeCTKOCTH BHYTPHU IOJI3YHA HUCXOAS
13 KOHCTPYKTHUBHBIX BO3MOKHOCTeH. O4eBHIHO, UYTO
MOJIHOCTBIO YCTPAaHUTh CaMy BO3MOXHOCTh MPHJIIO-
JKEHHsl HEOAMHAKOBBIX IO BEIMYMHE CHJ Ha JIBYX
MO3UIMSIX JBYXIIO3UIIMOHHOTO Ipecca HEBO3MOXHO
JaKe MpU COOTIONEHUH BCEX TEXHOIOTUYECKUX HH-
cTpykuuii. OHa MOKET BO3HMKHYTH H3-3a pa3HO-
TOJIIMHHOCTH MaTepuaia (B TOM 4YHCie B Ipeaenax
JIOIyCKa), Pa3HBIX MEXaHHMYECKHX CBOWMCTB 3aroTo-
BOK Ha JBYX MO3HMLMSAX U T. 1. B cBsI3u ¢ 3TUM ObLI
IIPOBEJICH PacyeT HaNpsDKEHHO-e(OPMUPOBAHHOTO
COCTOSIHHSI TIOJI3yHa C YCTaHOBJIEHHBIMH peOpaMu
JKECTKOCTH IO JBYM BapuUaHTaM — CHJBI Ha JIBYX
MO3HULUSX OIMHAKOBEIC (BapuaHT 3, puc. 6) u ¢ pas-
HBIMU CHUJIAMH, aHAJOTHMYHO BapHaHTy 2 B pacyere
BBILIETIPUBEICHHOTO MPEANPOAAXKHOTO BapHaHTa (Ba-
puanT 4). JlaHHbIe pacdyera cBeJeHbI B Ta0I. 2.

von Mises (N/mmA22 (MPa))
9.000e+01
6.600e+01
4.200e+01
1.800e+01
-6.000e+00
-3.000e+01
-5.400e+01
-7.800e+01
-1.020e+02
-1.260e+02

-1.500e+02

Puc. 6. OkBrBaneHTHble HanpsixeHus no |V Teopun npodHocTu (M'y6epa, Museca, leHkn). BapmnaHT pacyeTta ¢ yCTaHOBEHHbIMUA
pebpamu xecTkocTu. MNpunoxeHne paBHbIX TEXHONOMMYECKMX CUI Ha ABYX NO3NUUSIX (pacnpeaeneHHas Harpyska 15 MlMa)
Figure 6. Equivalent stresses according to IV theory of strength (Huber, Mises, Genki). Calculation option with stiffeners installed.
Application of equal technological forces in two positions (distributed load 15 MPa)

Tabnuya 2
Pe3ynbTaThbl pacuyeTa rnos3yHa C YyCTaHOBJIEHHbIMU peGpamu XeCTKOCTH
BenuuuHbl B MecTe pOpMUPOBAHNSA YCTANOCTHOrO AedekTa
BapwmaHTt 3 OceBble n .
pacuera KBMBaJIEHTHbIE Hanpskenus, MMa epemeLLieHusl M0 IMHUM AerCTBus Aedopmaums
HanpsbkeHus, MMa X Y Z TexHosnorn4yeckom cunsi (ocb Y), MM
3 90 6 18 42 1,14 5x10™
4 110 12 30 51 1,72 9,4x10™
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Table 2

Results of calculating a slider with stiffeners installed

The values are indicated at the place of formation of the fatigue defect

Ca:;:;lizt:on Equivalent Axial stresses, MPa Displacement along the line of action Deformation
stresses, MPa X Y z of technological force (axis Y), mm
3 90 6 18 42 1.14 5x10™
4 110 12 30 51 1.72 9.4x10™*

3. LUuknuueckasa AoNroBe4HOCTb NON3yHa
Npu pasfiIMyHbIX BapuaHTax Harpy>eHusi

Jlanee ObUIa paccunTaHa MUKIMYECKas IPOYHOCTh
(TonroBEYHOCTH) MONM3YHA UccieayeMoro pecca. [Ipu-
MEM, YTO HATPSHKCHHUSI MEHSIOTCS M0 CHHYCOUIATBHO-
My 3akoHy [20] mpu kodddunmrente acummerpun 0
(myneCUpyIOIMKE MUKIIBI) C YCIOBUEM COOJIOICHIS
BCEX IMPABUI OOCTYKMBaHUS M SKCILTyaTal[id Mallld-
Hbl. 3HavyeHue Ko3(dHUIMEeHTa YyBCTBUTEIBHOCTH
MaTepHuaja K aCHMMETPHHU IUKIIA \, COTJIACHO JIeH-
ctByromemy F'OCTy 25.504-827,

v =0,02+2x10"%,. (1)

B paccmaTpuBaeMoM ciyyae I CTald Map-
ku 1.1181 mo (1) y = 0,13. IIpuBeneHHbBIC K CHM-
METPUYHBIM IUKJIaM HanpspkeHus (¢ KodddunmneH-
TOM acCHMMETPUU —1) OMpeAemnstoTcs CIeayIOonuM
oOpa3zom:

Oy = 722 (14 W) @

PacueTHbIC TaHHBIC Oy, JUTSL YCTHIPEX BAPUAHTOB
pacyera HanpsHKEHHO-IE(OPMHUPOBAHHOTO COCTOSIHUS
MOJI3yHA TMpHBeAeHBI B Tadn. 3. [Ipunumaem cornac-
HO ['OCT 25.504-82 must xodduimeHTa acuiMMeT-
puu nMkna —! BeNWYMHY Ipejaena BBIHOCIUBOCTH
MaTepuana Mmoj3yHa:

o_1 = (0,55-10"0,)0,. 3)

ITo (3) 0_1 =263 Mlla. /lanee onpenensieM Ko-
3¢ PUIUCHTHI, MATEMATUYCCKH OTHMCHIBAIOIINE CHU-
JKCHHUE MpeJieNia BHIHOCINBOCTH:

— MacmTaOHBINA K03 umueHT (hakTop) MpUHA-
maetcs o 'OCT 25.504-82 — gy = 0,5;

2TOCT 25.504—82. PacueTsl ¥ UCTILITAHUS HA TIPOY-
HOCTb. MeTo/bl pacyera XapaKTepHUCTHK CONPOTUBIICHHS
ycranoctd. M.: U3garenscTBo cTangapTos, 1982. 55 c.

— K03(hpHIMEHT, 3aBHCAIINI OT KauecTBa oOpa-
0o0TKHM moBepxHOCTH 110 [19],

O
g =1-0,22logR. | log—=—1]. “4)
ST (R

[Mapamerp kadecTBa 00paOOTKH IMOBEPXHOCTH
npuauMaceTcs R; = 100. ITo (4) monygaem 0,81:

— KOO GHUITUEHT, 3aBUCSIIINI OT BIUSHUSI CBap-
ku, cornacHo 'OCT 25.504-82, — g = 0,6;

— MPUHUMAETCS JIOMYIIEHUE, YTO MaTepuan ad-
COITFOTHO YYBCTBUTEJICH K HA/IpE3aM.

[Ipenesn BBIHOCIMBOCTH IOJI3YHA O_iy C YYETOM
BCEX CHIKArOIMX (hakTopoB coctaBut 64 MIla. Yuco
LIUKJIOB 0 pa3pylieHus 1mo kpuBoit A. Bennepa, mo-
CTPOSHHOW B TOJYJIOTapU(PMUIECKIX KOOPIHMHATAX,
onpezaenseTcs coraacHo [19] cneayronium oopa3zom:

Oy ~Canp

N=N,10 * %)

rie No— 6a30Boe uncio nukiaoB (mpuaIMaetcs 107);
k — mapaMerp, paBHBI TaHTEHCY HaKJIOHA BETBU
MHOTOLIMKJIOBOM ycTanocTu KpuBoi A. Bemnepa B
norynorapudmudeckux koopauHara (53 Mlla).
[lorydeHHbIe 3HAYEHUS JONTOBEYHOCTH IIPH-
BeZieHb! B TaOn. 3. Takxke pacCYMTaHO YHCIO LHK-
JI0B (POPMHUPOBAHHS YCTAIOCTHOTO nedekra. Pacuer
BEJICSI TI0 THIOTe3€ HAKOIUIEHHUS yCTaJOCTHOH ITO-
BpexaaeMocTd MaHcoHa [19]. MdHCOH mpenrnosno-
JKHJI, YTO YCTAJIOCTHBIN Mpolecc HYKHO HOoApasze-
JUTHh HAa OCHOBHBIE (ha3bl — 3apPOXKICHUS TPEIIUHBI
W pa3BUTHS TPEIIMHBI 10 KPUTHYECKON BEIMUYMHEI
(coOTBETCTBYIOIIEH MOMEHTY pa3pyILleHHs). ITO MO3BO-
JSIeT OLIEHUTH JUTUTENBHOCTh KaxI0i (as3bl OTHeb-
HO. B pabote Mancona [20] s omeHku (as3sl pas-
BUTHS TPEIIMHBI IPUMEHEHBI CIIETYIOIINE BHIPAKCHHUS:

N,=PN", (©)

rae N, — 4HCIIO IMKJIOB PACIPOCTPAHEHUS TPEILMHBI
nocje ee 00pa3oBaHMs (YKCIIO LUKIOB pocTa Aedexra);
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N — MoJTHOE YHMCII0 IHMKIIOB JI0 pa3pymenus; P u p —
AKCHEPUMEHTAIILHO ONPECTICHHBIC KO (DUITHCHTHI.

Yucnao mukIIoB 3apoxacHus (GOpMUPOBAHMS)
TPEIINHBL:

N’ = N — NP. (7)

[To MHOrOUYHMCIEHHBIM SKCTIEpUMEHTaM MBAHCOHOM
ycTaHoBiieHo, 4to p = 0,6, P = 14 3a Bcex THIIOB

cranu. CrnenoBarenbHO, coraacHo (6) u (7), MOXKHO
3aIucaTh:

N’ = N —14N°6. (8)

AHanmu3 pacyeTHBIX NaHHBIX U3 TaON. 3 TOKa-
3all, 9YTO HEOJMHAKOBOE MPUIOXKEHUE HATPY3KH Ha
pabounx mo3unusax B 3,5 pasza yckopser GopMupo-
BaHHE YCTAIOCTHBIX J1e(PEKTOB.

Tabnuua 3
Pac4yeTHble A0JITOBEYHOCTHU (YMCJIO LIUKJIOB Harpy>XeHus)
1 MakcumMarsnbHble 9KBMBANIEHTHbIE 150 90 110
HanpsxxeHus umkna (pacyet MK3), MMa BapwaHT 1 BapwuaHT 3 BapwuaHT 4
2 HanpsixeHusi, npuBeoeHHbIE 85 51 62
K CUMMETPUYHbIM LmKnam no (2), MMa
0 o0
3 Yuncno umnknoB Ao paspyLueHns no (5) 4x10° Tak Kak Tak Kak
O-1n > Oanp O-1n > Oanp
4 Yucno yuknos popmMmnpoBaHusa pedexrta 5 s
no GunuHenHomy npasuy MaHcoHa o (8) 3,9x10 1,1x10 © ©
Table 3
Design life (number of loading cycles)
1 Maximum equivalent cycle stresses 150 200 90 110
(calculation of FEM), MPa Option 1 Option 2 Option 3 Option 4
2  Stresses reduced to symmetrical cycles
according to (2), MPa 85 113 51 62
Number of cycles before failure * *
6 6
3 according to (5) 4x10 1.2x10 because because
O-1sl > Oared O-1n > Oared
4 The number of defect formation cycles
according to the Manson bilinear rule 3.9x10° 1.1x10° 0 0

according to (8)

3aknouyeHne

Ha ocHOBaHMM IIPOBEAEHHOTO UHKEHEPHOI'O HC-
CJIEZIOBAHMS MOXHO 3aKJIIOYHTh CIIEyIOIIee:

— OCHOBHOHM TPHUYMHON TPEIIMHOOOPAa30BaHUS
B TIOJI3yHE MOIIIHOTO KPUBOLIMITHOTO IITAMIIOBOYHOTO
mpecca sBJISETCS HECUMMETPHUYHOE OTHOCUTENIBHO
IUIOCKOCTH CUMMETPHHM TIOJI3yHA, NEPIEHIUKYISIPHON
(poHTy npecca, MPUIOKEHUE TEXHOIOTHYECKON CHIIBI
(pa3Hble TEXHOJOTHUYECKHE CHJIBI Ha JBYX LITAMIIO-
BOYHBIX MO3MNMAX). HepaBHOMEpHOE NpHiIoKeHne
Harpy3KH Ha pabouMx Mo3uiusax B 3,5 pasa yckopsi-
eT OpMHPOBAaHUE YCTAIOCTHBIX Ne(EKTOB;

— yCTaHOBKa pebep »KECTKOCTH BHYTPH ITOJI3yHA
MO3BOJISIET BBIBECTH MOJI3YH M3 30HBI TPEIIMHOOOPA-
30BaHMA JaXe MPU HECUMMETPUYHOM NPHIIOKECHUU
Harpy3kH Ha IITaMIIOBOYHBIX MO3MLUAX, YTO JOKa-
3bIBaeT APPEKTUBHOCTh METOJIA TIOBBILICHUSI MECT-
HOM ’KECTKOCTH KOHCTPYKLHMH C TPELIHHOM;
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— MPEAJTIOKEHHOE KOHCTPYKTUBHOE PEIICHHE T10-
3BOJIIET MUHUMHU3HUPOBATh N3rMOHbBIC HAIIPSKEHUS B
30HE CBAapKH Yy BHOBb pa3pabaThIBa€MbIX Ky3HEUHO-
MIPECCOBBIX MAIIMH 3TOrO Kiacca.
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Kuawuesble ci1oBa:

OpOH3BI, yIBTPAJAUCIICPCHBIC MOPOIIKH,
Y II, mexaHu4eckre CBOMCTBA, MOIH-
(unpoBanue, CTpyKTypa

JluIst I THPOBAHMUSA

AnHoTanus. MoauduiupoBaHue METAUTMYECKUX PACIUIaBOB MEXaHOXHMUIE-
CKH aKTHBHPOBAaHHBIMHU YyJbTpaaucnepcHbiMu nopomkamu (Y IT) mo3Bonsier
NIOJTy4aTh CIUIaBbl YEPHBIX M LIBETHBIX METAJIOB C IPUHIMIINAIBHO HOBBIMU
9KCIUTyaTallMOHHBIMHU CBOIMCTBAaMH 3a CYET M3MEHEHHUS CTPYKTYpPbl MeTa-
JYecKkuX cruiaBoB. Llenmn mccnenoBaHus — MpOAHATU3UPOBATh d(PPEKTHUB-
HOCTP TpoIecca MOAU(PHUIMPOBAHUS MEIHBIX CIUIABOB YIIBTPAAUCIICPCHBIMU
HOPOLIKAaMK U pa3paboTaTh CHELUAIbHOE YCTPOUCTBO A BBEAECHHS MOMAU-
¢uxaropa B pacmias. [Iporecc MoaupUIMPOBaHNS PACILIABOB AJTIOMHHUEBOM,
KPEMHHUEBOW U OJIOBSIHHOW OpPOH3 MEXaHOXMMHYECKH aKTUBHPOBAHHBIMU
YII npupoanoro rpaduta, OKCHIOB KPEMHHS M aJIOMHHUS (pakuueir —
100+0 mxm B konuentpauuu 0,2-0,25 % wn3ydeH SKCHEPUMEHTAIbHBIM
IyTeM. Hoxa3aH0, qTO MOZ[I/I(l)I/ILlI/lpOBaHI/IC BbIIICHA3BaHHBIMU TMOPOLIKaAMHU
paciulaBoB OpOH3 OTpa)kaeTcs HA MHKPOCTPYKTYpPE CIUIaBOB, MHTEHCHBHO
HU3MenbYasi €e M0 CPAaBHEHHIO C MCXOMHOM CTPYKTYpOH. Y CTaHOBIIEHO, YTO
YMEHBIIIEHUE Pa3MepoB JEHIPUTHON SYEHKU MO0 CPaBHEHUIO C MCXOAHBIM
craBoM jpocturaer 25 %, a mukposzepHa — 230 %. M3menbuenue 3epHa
MIPUBO/IUT K MOBBILICHUIO MEXaHMYECKUX CBOMCTB ME/IHBIX CIIaBOB, TAKUX
Kak TBepnrocth no bpunemnro HB, npexen npoynoctu Ha pactsikeHue OB,
OTHOCUTENbHOE yanuHeHue O. st Oonee 3pPeKTUBHOIO OCYILIECTBICHUS
rporecca MOAU(GUIMPOBAHUS METAIMYECKUX PACIUIABOB YJIBTPaJUCIIEpC-
HBIMHU ITOPOLIKaMH pa3paboTaHa OpUTHHAJbHAs KOHCTPYKLUS yCTpoiicTBa
JUIS BBOZIa MOAUGUKATOPOB B PACILIAB, OTJIMYAIONIAACS MPOCTOTON U KO-
HOMHWYHOCTBIO UCIIOJTHCHU .

Manvrosa M.IO., 3aoupanos A.H., I'epacumosa U.H., pywesa T.I MoauduiupoBaHue MEIHBIX CIUIABOB YJIBTPAIHC-
nepcHbIME Topotikamu // BectHuk Poccuiickoro yHuBepcureTa ApyxObl HaponoB. Cepusi: IHKeHEpHbIE HUCCIIeIOBAHUS.
2022. T.23. Ne 1. C. 57-64. http://doi.org/10.22363/2312-8143-2022-23-1-57-64

© Manskosa M.1O., 3agupanos A.H., I'epacumona N.H.,

I'pymwesa T.I'., 2022

This work is licensed under a Creative Commons Attribution 4.0 International License

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

57


https://orcid.org/0000-0002-6939-1658
https://orcid.org/0000-0001-7787-8290
https://orcid.org/0000-0001-7829-9610
https://orcid.org/0000-0003-0515-4167

Malkova M.Yu., Zadiranov A.N., Gerasimova I.N., Grusheva T.G. RUDN Journal of Engineering Research. 2022;23(1):57-64

Modification of copper alloys with ultrafine powders

Marianna Yu. Malkova?®

= Alexander N. Zadiranov"'”, Irina N. Gerasimova®'”, Tatiana G. Grusheva®

2Peoples’ Friendship University of Russia (RUDN University), Moscow, Russian Federation
bState Fire Academy of EMERCOM of Russia, Moscow, Russian Federation

X malkova-myu@rudn.ru

Article history

Received: November 27,2021
Revised: February 14, 2022
Accepted: February 22, 2022

Keywords:

copper bronzes, ultrafine powders, UDP,
mechanical properties, modification,
structure

For citation

Abstract. Modification of metal melts by mechanochemically activated ultrafine
powders (UDP) makes it possible to obtain ferrous and non-ferrous metal alloys
with fundamentally new performance properties due to changes in the structure of
metal alloys. The purposes of this work were to analyse the efficiency of the pro-
cess of modifying copper alloys with ultrafine powders and to develop a special
device for introducing a modifier into the melt. Experimental studies of the pro-
cess of modifying melts of aluminum, silicon and tin bronze with mechanochemi-
cally activated UDP of natural graphite, as well as silicon and aluminum oxides
with a fraction of —100+0 microns in a concentration of 0.2-0.25 % were carried
out. It is shown that the modification of bronze melts by the above-mentioned
powders affects the microstructure of alloys, intensively grinding it in comparison
with the initial structure. It was found that the reduction in the size of the dendritic
cell in comparison with the initial alloy reaches 25%, and the micrograin — 230%.
Grain grinding leads to an increase in the mechanical properties of copper alloys,
such as Brinell hardness HB, tensile strength ob, elongation 6. For more efficient
implementation of the process of modifying metal melts with ultrafine powders,
an original design of a device for introducing modifiers into the melt has been
developed, characterized by simplicity and cost-effectiveness of execution.

Malkova MYu, Zadiranov AN, Gerasimova IN, Grusheva TG. Modification of copper alloys with ultrafine powders.
RUDN Journal of Engineering Research. 2022;23(1):57-64. (In Russ.) http://doi.org/10.22363/2312-8143-2022-23-1-57-64

BBeaeHue

tabn. 1 u 2!, u ux momudukarops! (Y I npupox-

Cpeny pa3nu4HBIX COCOOOB, HAIIPABICHHBIX HA
yiIydiieHne GU3NKO-MEXaHMYECKHUX U SKCIUTyaTalllOH-
HBIX CBOMCTB METAJUIMYECKHX CILIaBOB, BCE OOJblIee
3Ha4YeHHue NpHoOpeTacT MOAUGHIMPOBAHUE METAILIH-
YECKUX PACILIaBOB MEXaHOXMMHUYECKH aKTHBUPOBAH-
HBIMH ynbTpagucrepcHbiMu nopomkamu (Y IT) [1-4].
MoauduuupoBaHHble TAKUM 00pa3oM cTaib [5—6]
u uyryH [7-10], amromunuessie [11-15] u meanabie
craBsl [16] mpuoOpeTaloT yHHKalbHBIE, paHee HU-
KOT1a He MPOSIBIISIBIINECS CBOMCTBA.

Lenw paboTel — m3ydeHHe 3PPEKTHBHOCTH TIPO-
necca MOIU(GUIMPOBAHUS YIbTPALUCIIEPCHBIMU IIO-
pOIIKaMH CIIaBOB Ha ocHOBe Menu (6pon3a bpA7,
BbpK3Mul u BpOSI5CS) u pa3paboTka crenmuaib-
HOTO YCTpPOWCTBa JUIsl BBEACHUS MoauduKaTopa B
pacruias.

MeToauka npoeepeHnd 3KCNnepnMmeHToB

OO0beKTaMHu HCCIIEOBaHUS CTalu PacIljaBbl
ATIOMUHHACBOH, KPEMHHUEBON M OJIOBIHHOU OpoH-
3bI, XUMHYECKHUIN COCTaB KOTOPBIX NPEACTABJICH B
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HOTO TpadwuTa, a TAKKEe OKCHAOB ATIOMUHHS M KPEM-
Hus dpaknueir —100+0 Mkwm). PacnnaBel rotoBu-
JIMCh TEperIaBOM CTPYXKKH Ha JIaOOpaTOPHOM Iuia-
BUJILHOH YCTaHOBKE C TPaUTOBBIM THUTIIEM E€MKO-
ctei0 400 e,

BBoa ynpTpagucriepcHbIX MOPOIIKOB B MeTaj-
JUYECKUN paciijiaB OCYIIECTBIAIOT Pa3INYHBIMU Me-
Togamu. CBsI3aHO 3TO C TEM, UTO IPH KUAKODAZHOM
MeTo/ie MOJUPHUINPOBaHUs NpsiMoe BBenenue Y JI1
B PacIuiaB NPUBOANT K KOMIAKTHPOBAHUIO YACTHUII,
WX TIBUIEBBIHOCY W WHTEHCUBHOMY OKHCIIEHHUIO TIPH
BCIUTBIBAHUY HA TOBEPXHOCTH pacruiasa [17]. Ilo-
3TOMY TMepell BBEACHHEM B pacillaB MPOBOASAT
CIIOXHYIO W JOPOTOCTOSIIYI0 TOATOTOBKY MOPOII-
koB. [lopomku mpenBapuTeabHO TpPEccyloT B OpH-
KeThl OO MOKPHIBAIOT MX MOBEPXHOCTH METalIU-
YeCKHUMH IIJIeHKaMu (TUTaKUpOBaHWE, HAIbIIECHUE,
HariaBka) [18].

I TOCT 18175-78. BpoH3sl Ge30I0BAHHBIE, 0OpabaThIBAEMBIE
nasnenueM. M.: M3narenscrBo cranaapros, 1978; TOCT 613-79.
Bpown3b! onoBsHHBIE UTelHbIe. M.: W3natenscTBo crannapros, 1979.
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B.B. CeHKyc 1 KO’ MPeIararoT crocod MOJIu-
(urpoBaHus METAIUIOB U CIUIaBOB cMechio Y /I,
conepxkarmeid okcun amomuausa Al,Os, kapougoro-
nobouyio a3y FeAlC, u THAPOOKCHT aTIOMHHUS
Al(OH)s. Ilpu 3TOM HM3Menb4YeHHE CMECH MPOHU3BO-

JIAT B MOCTOSHHOM MAarHUTHOM TIOJI€ HampsKCHHO-
cteio 0,1-0,5 Tc, pasmep uvactun YII cocraBusier
10°-10° uM. HegocTtaTkoM criocoba sBIISETCs arma-
paTypHas CIIOXKHOCTh €r0 peaqn3aluy U BBICOKAs
SHEPTrOEMKOCTb.

Tabnuya 1
Xumuueckuii coctaB 6poH3 BpA7 n BpK3Mu1, %
Mapka Al Sn Zn Fe Si Pb Cu Mn Mpumecu
BpA7 6-8 0,1 0,5 0,5 0,1 0,03 90,9-94 0,5 1,6
Bp3K3Mw, - 0,25 0.5 0,3 2,75-3,5 0,03 94-96,3 1-1,5 1,1
Table 1
Chemical composition of bronzes BrA7 and BrK3Mc1, %
Grade Al Sn Zn Fe Si Pb Cu Mn Impurities
BrA7 6-8 0.1 0.5 0.5 0.1 0.03 90.9-94 0.5 1.6
Brk3Mc1 - 0.25 0.5 0.3 2.75-3.5 0.03 94-96.3 1-1.5 1.1
Tabnuua 2
XumMmunueckuit coctaB 6poH3bl BpO5L5C5, %
Mapka Al Sn Zn Fe Si Pb Cu P Mpumecn
BpO5L5C5 0,05 4-6 4-6 0,4 0,05 4-6 80,7-88 0,1 1,3
Table 2
Chemical composition of bronze BrO5C5C5, %
Grade Al Sn Zn Fe Si Pb Cu P Impurities
BrO5C5C5 0.05 4-6 4-6 0.4 0.05 4-6 80.7-88 0.1 1.3

B 310i1 cBSI3M OBLTO pa3paboTaHo yCTPOMCTBO IS
MOIU(HUIUPOBAHUS METAJUTMYECKUX PACIDIABOB ITyTEM
BBoAa Y /II HenocpencTBeHHO B paciuiaB. KoHiieHTpa-
st Y II cocrasmsna 0,2-0,25 % ot Beca pacmiaBa.
YerpoiictBo (puc. 1) mpeacrapiseT coboit rpaduto-
BEI pa30opHbIii KoHTelHep (1) TImo0ysipHOi (HOpMBI
muametpoM 12—15 MM, TommmHa CTeHKH 2-3 MM,
[Ipu moaroroBke KoHTelHepa K paboTe ero paszou-
paroT, pa3aensisi Ha nBe paBHbIC damm (2). Yamm
KOHTEHHepa U3roTOBJICHBI B JopMe ABYX moiychep,
CKpETICHHBIX MEXAY cO0O0H MpH MOMOLIH Pe3bO0BO-
ro coemuHeHus (3). Yamm BBITONHSIOTCA C mepdo-
PUPOBAHHON IMMOBEPXHOCTHIO (4) THaMETPOM 2—3 MM.
[epen 3arpy3koii B ycTpoWCTBO MOAM(HKATOpa OT-
BepcTHs (4) epdOpUPOBAHHOMN MTOBEPXHOCTH Yarll (2)
IDIOTHO 3aTHIKAIOT Oymaroit mim Batoil. Momnduka-
TOp 3arpy’kaercsi B KOHTeHHep B BHJE MOPOIIKA JIU-
00 B BHJE NpeccoBaHHBIX TabneTok. [Tocne 3arpy3ku

2 TTarent PO Ne 2439166. Crioco6 MOAM(pHUIMPOBAHKS YyTyHA
u cunymusa / Cenkyc B.B., Censann N.®., I'etman A A., lopo-
o A.B. u nip.; omy6i. 10.01.2012 B BI.

3 B BapuaHTe yCTPOKCTBA KOHTEHHEPBI MOTYT OBITH JHOGOM
(opMBI (IUTUIICOBUTHOM, KyOUUECKOH, TPSIMOYTOJIBHOM U T. I1.).

MOJU(HUKATOPA Yallld COSAUHSIOT, MMOTyYasl SIHHbIH
kouTeiHep (1).

Puc. 1. Yctpowncteo gns seoga YA
B METa/INYECKUI pacnnas:
1 — pa3BbopPHbI KOHTEHEP (CUIMLMPOBAHHLIN rpaduT);
2 — COCTaBHbIe Yalum KOHTeHepa; 3 — peab0a;
4 — nepdopmpoBaHHas NOBEPXHOCTb;
5 — Tyrenb (NN Pa3NMBOYHLIV KOBLU);

6 — meTannuyeckunin pacnnas; 7 — rpadputoBas cetka
Figure 1. Device for entering ultrafine powders (UFP)
into a metal melt:

1 - collapsible container (silicified graphite);

2 - composite container bowls; 3 - thread; 4 — perforated surface;
5 - crucible (or ladle); 6 — metal melt; 7 — graphite mesh
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3ateM KOHTeHHepHI (10 3—4 1IT.) OMyCKAIOT Ha THO
turis (5). YToObl KOHTEHHEpPHI HE BCILTBLUIM Cpasy
TIOCITE 3ATMBKH KHUAKOTO MeTaia (6) B TUTelb, CBEpXY
HaJl HUMH yCTaHABIWUBAIOT TpaduToByio ceTky (7).
[ocne 3anuBKM MeTayla B THTeIb POU3BOIUTCS €r0
BBIJIEPKKA, HEoOXoauMas JJIS MMPOXOKACHUS TIPO-
mecca MOIUQUIMPOBAHAA, & 3aT€M — I0Ja4a B H3-
nokHUIBI (hopmbl). [To okoHUaHMHM TIpoIIecca JIUThS
TUTENIb YCTAaHABIMBAIOT HAa IUIOMIAAKY IS OXJIaXK-
JISHWSI, TIOCTIE YeT0 M3 HETO BEIHUMAIOT IpaUTOBYIO
cetky' u KoHTeitHeps!. IIpu 3aMOTHEHNN TUTTIS Me-
TaJUIMYECKUM PACIJIABOM 3arpyKeHHBIA Ha €ro JHO
KOHTeHHep ¢ MOAU(PHUKATOPOM HEKOTOPOE BpeMst OyaeT
yAepKABaThCS TPaUTOBOM ceTkoil. B Tedwenue aToro
BpPEMEHH B OTBEPCTHUSX Monycdep Nporoput dymara
(wm Bata) U CKBO3b MEPHOPUPOBAHHYIO IIOBEPXHOCTh
MIPOJBETCS KUIKAA METaJlI, 3aIloNIHAS KOHTEWHep.

3aronHuB KOHTEWHEp, )KUAKUI pacIuiaB 3aXBaThIBa-
€T JUCIIEPCHBII MOPOILIOK M YHOCHUT €ro B 00BEM pac-
TU1aBa, IPOU3BOAS MOAN(HULPOBAHHUE ITOCIIEIHETO.

PesynbTaTtbl 00CcyXaeHue

MomuduinpoBadre OpOH3BI MPOU3BOAMIN AITFO-
MHUHHR- B KpeMHuiconepxamumu Y AIT dpakinun
—100+0 mxMm B xonnentpanuu 0,2-0,25 % (puc. 2).
Pesynprarel mcciemoBaHUS COCTaBa W CTPYKTYPHI
MouduimpoBanHbix Y T antoMUHUEBOH ¥ KPEMHU-
croit O6ponsbl (BpK3Miil u BpA7 cooTBeTcTBEHHO,
Tabn. 1) mpencraBiaeHsl B Tabm. 3. YCTaHOBJICHO,
YTO BCIEACTBHE MOAM(DHINPOBAHUS TPOUCXOIUT
MHTEHCUBHOE H3MEIBUYCHHE CTPYKTYpPHBIX COCTaB-
JSIONIMX CIUIaBa MPU OJHOBPEMEHHOM ITOBBIIICHUH
€ro MeXaHUIECKUX CBOWCTB (Tadu. 3, puc. 3).

Puc. 2. Y1 okcnaoB antoMUHUSA U KPEMHUS NPU PA3NIUYHOM YBETMYEHUN:
a-x7500; 6 — x38 300
Figure 2. Ultrafine powders (UFP) of aluminum and silicon oxides at different magnification:
a - x7500; 6 - x38,300

Puc. 3. MukpocTpykTypa 6poH3bl BpA7 (yBennyeHume x100):
a - HemoguduUMpoBaHHas; 6 — nocne moavduumposarHns MXA nopoLLKOM okcuaa antoMuHus ppakumen —100+0 Mkm
Figure 3. Microstructure of bronze BrA7 (magnification x100):
a - unmodified; 6 — after modification of MOSS with aluminum oxide powder fraction —100+0 microns

‘B BapUaHTC yCTpOfICTBa CCTKY BBIIIOJHAIOT U3 CIJIaBa Tpe6yeM0r0 cocCTasa. BpeM;[ pacijiaBJICHUS CETKU obecrieunBaeT JJIn-

TEJIbHOCTD BBIACPIKKU JKHUJIKOI'O paciijiaBa B THUIJIC.
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Tabnuua 3
MexaHu4yeckue ceBoiicTea MoauduLUpoBaHHbIX 6poH3 BpA7 n BpK3Mu1, MMa,
OKCUA0B aNiioOMUHUSA U KpeMHua ¢pakumein —100+0 Mkm
Pasmep
Cnnas Moaudukartop, % ¢, MlNa 8, % HB, MMa — —
3epHa, MM AeHApUTHOM A4eAKn, MKM

BpA7 0 1000 4 70 1,238 27,42

BpA7 Al,O; (0,25 %) 1040 5 74 0,533 27,15
BpK3Mu1 0 350 25 95 1,141 20,45
BpK3Mu1 SiO, (0,25 %) 390 27,7 97 0,655 20,16

Table 3
Mechanical properties of modified bronzes BrA7 and BRK3MTS1, MPa,
of aluminum and silicon oxides with a fraction of —100+0 microns
. Size
Alloy Modifier, % o., MPa 8, % HB, MPa - —
Grain, mm Dendritic cell, pm

BrA7 0 1000 4 70 1.238 27.42

BrA7 Al,0; (0.25%) 1040 5 74 0.533 27.15
Brk3Mc1 0 350 25 95 1.141 20.45
Brk3Mc1 SiO, (0.25%) 390 27.7 97 0.655 20.16

1pm  JEOL
10.0kv SEI  SEM

Puc. 4. Paamep 1 dopma yactuy, npupogHoro rpacduta mapku MN1-1 (FOCT 5279-74°) npu pasnnyHoOM yBesinyeHun:
a-x15000; 6 - x30 000
Figure 4. Size and shape of natural graphite grade GL-1 (GOST 5279-74°) particles at various magnifications:
a-x15,000; 6 — x30,000

Tabnuya 4
MexaHuyeckue ceoiicTBa MoauduupoBaHHoi 6poH3bl BpO5LI5C5
MOpOoLIKOM npupopgHoro rpadurta ppakuuein —100+0 Mkm
MexaHunyeckue cBoOMCTBa Paamep
CnnaB Moaudukartop, % — —
o,, MlNa 8, % HB, MTla 3epHa, MM [1eHOPUTHOW AYENKN, MKM
0 176 4 60 1,32 28,75
BpO5L5C5
pOSLL Mpadut F1-1(0,2) 180 6.5 64 0,94 21,56
Table 4
Mechanical properties of modified bronze BrO5C5C5
with natural graphite powder fraction —100+0 microns
. Mechanical properties Size
Alloy Modifier, % - —
o, MPa 8, % HB, MPa Grain, mm Dendritic cell, um
0 176 4 60 1.32 28.75
BrO5C5C5 .
Graphite GL-1 (0.2) 180 6.5 64 0.94 21.56

STOCT 5279-74 I'padur kpucrawndyeckuii murelinbii. Texuudaeckue ycnosus. M., 2003.
6 GOST 5279-74. Crystal graphite for foundry purposes. Specifications. Moscow; 2003. (In Russ.)
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Taxum obpazom, MmomuduipoBanue 6porssr Y L1
OKCHJIOB QJIFOMHHHUS U KpeMHUs (hpakiuei ¢ pazme-
pamu —100+0 MKM TO3BOJIIET MOJy4YaTh CIUIABBI C
VITydIIeHHBIMH XapaKTepUCTHKAMH BHYTPEHHEH CTpyK-
TYPBl I MEXaHUYIECKUX CBOMCTB.

OpHako mpu MOTUGUIIMPOBAHUHA KPEMHUCTON
Y aIFOMHHHEBOI OpOH3BI MOPOIIKaMH OKCHIOB aJlfo-
MUHUSL U KPEMHHUs (pakiued HaHOpa3MEpPOB BO3-
MOJXKHO CJIEyIOIIee B3aUMOJICHCTBIEC MOIU(HKATOPA
C pacIuiaBoMm:

ALO; + [Al] — 3[Al] + 3[O0], (1)
Si0, + [Si] — 2[Si] + 2[0]. )

[To sToil mpuuKHE AaNbHEUIINE SKCIIEPUMEHTHI
mpoBenu ¢ Opon30it Mapku bpOSI[SC5 (tabdn. 2),
Monuduuupys cmiaB Y Il nmopomkom yriaepona
mapku ['JI-1 ¢pakupmeit —100+0 MxM Kak aOcomoT-
HO HHIU(GEPESHTHBIM K METAIIHYECKOMY PACILIaBy
u ero komroHeHTaM (puc. 4). [loxyueHHBIE pe3yiTb-
TaThI IPEJICTABIICHBI B Ta0M. 4.

Momuduruposanue 6ponssl bpOSISCS Y AIT
npupoaHoro rpadurta Mapku 'JI-1 compoBoxnaiocsk
WHTEHCHUBHBIM M3MEIBUCHUEM MHUKPO3EpHA U JICHII-
PUTHOH SYEHKH, TIPH ATOM 3HAYUTENHHO YITyUYIININCH
[TOKA3aTeNI MEXaHWIECKIX CBOWCTB CILIaBa.

3akno4yeHue

[IpoBeneHbl SKCIEpUMEHTANbHBIE HCCIEeI0Ba-
HHS TIpolecca MOAUGUIHPOBaHHUS OpoH3BI BpA7,
bpK3Mul, bpOSLSCS YAII okcunoB KpeMHUS U
ATIOMHHUS, a TAKXKE MMPUPOIHOTO Tpaduta Ppakiiu-
eit —100+0 mxMm B koHueHTpauuu 0,2-0,25 %. Ilo-
Ka3aHo, YTO MOIU(HUITNPOBAHHE YIbTPAAUCIIEPCHBI-
MH MEXOHOXMMHYECKH aKTUBHPOBAHHBIMU TOPOIII-
KaMH pacIUIaBOB OpPOH3BI OTPaXkaeTCsi Ha MHKPO-
CTPYKTYpE CIUIABOB, HHTEHCHUBHO M3MEJb4asl €€ IO
CpPaBHEHUIO C WCXOJIHON CTPYKTYpOH. Y CTaHOBJIECHO,
YTO YMEHBIIECHUE Pa3MEpPOB NEHIPUTHOM sUEHKU
MOIU(HUITIPOBAHHBIX CILIABOB cocTaBiseT 1-25 %,
3epHa — 175-230 %; mpu 3TOM MOBBIMIAIOTCS MeXa-
Hu4yeckue cBoiictBa metamwia (%): oy — 3,84-10,25;
HB —2-5,04; 6 — 9,74-20.

Pa3paboTtano ycTpoHcTBO A MOIUGBUIIPOBaA-
HUS KUJIKOTO METAITHIECKOTO PacIljiaBa TOPOIIIKO-
BBIMH MOAH(PHUKATOPAMH.
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MOPCKOH MO/IBOIHBIN TPYOOIPOBO/I,
YCTOHYMBOCTH TPYyOONPOBO/A,
9KCIIEPUMEHTAJIBHBIE HCCIIEIOBAHNS

HJ’lﬂ HUTHPOBAHUSA

AnHoTanus. [IpencTaBneHs! pe3yabTaThl HKCIEPUMEHTATIBHBIX HCCIIEI0BaA-
HUIA 110 BO3/ICWCTBHIO BOJIHOBOM HArPy3KH Ha 3ariyOJIeHHBII TPyOOIpOBO.
B HacTosiiiee BpeMs IPOUCXOUT aKTUBHOE OCBOCHHE OOJIBIIMX MECTOPOXK-
JICHUH, pacIioJIOKEHHBIX Ha IeNb(e U CeBEPHBIX pekax (Takux kak OOckas
ry0a, Enuceii), oTKyza 1O/mKHA NPOU3BOIUTECS IOCTaBKa K MecTaM noTpediie-
Hus. HanbGonee y00HBIM BUIOM TPaHCIIOPTHPOBKU XKUAKUX BEILECTB SBIISCT-
cst TpyoonpoBos. Yare Bcero ero tpacca nepecekaeT BOAHbIE TEPPUTOPHH,
pa3Mepbl KOTOPBIX MOTYT JOCTHTaTh ISITH KWIOMETPOB H Ooinee. [lonoOHbIe
rabapuThl JOIMYCKAlOT BO3HUKHOBEHHE BOJHOBON HAarpy3Kd, BO3IEHCTBY-
oliei Ha TpyOomnpoBo. Bompoc ero ycToHYHMBOCTH OCOOCHHO aKTyalleH
IUISL TIPOEKTUPOBIIUKOB, YTOOBI M30€KaTh BOSHUKHOBEHUS aBapHUHBIX CH-
Tyanuid B Xoje dKcIuryaTanuu. Ha cerogusmmuii 1eHp HOpMaTUBHAS JOKY-
MEHTAIUs] HE pacCMaTPHUBAET 3TOT BOMNPOC. YUUTHIBAETCS TOJIBKO cuia Ap-
xuMezia 0e3 BOJHOBOTO BO3ACHCTBHA. [IpUYMHBI U mpolece NnepeMenieHus
TpyOBl B TPyHTE BBEpX C OOIBLIMM TPYAOM MOJIJAIOTCS TEOPETUUECKOMY
aHAIU3Y, [I03TOMY B OCHOBHOM M3Yy4arOTCsl SMIIMPUYIECKUMH MeToaMu. B nan-
HOI paboTe SKCIepUMEHTATIBHBIM ITyTEM YCTaHABIMBAETCS 3aBUCHMOCTD MEXITY
BOJIHOBOM Harpy3koil M BbITaJIKHBaoled cuioi. IIpoBoaurcs cepust skc-
MIEPUMEHTOB ¢ MEHSIOIIMMUCS TTapaMeTpaMH BOJHBI M 3ariyOJeHus Tpy0o-
mpoBosa. Marepuaibl HCCIeqOBaHMs OyIyT MOJE3HBI MPOSKTHPOBIIMKAM
II0JIBOJTHBIX MOPCKHUX TPYOOIIPOBOIOB.
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Abstract. This work is devoted to the results of experimental studies on the im-
pact of wave loading on a buried pipeline. Currently, there is an active develop-
ment of large deposits located on the shelf and the northern rivers (Ob Bay,
Yenisei), from where delivery to the places of consumption should be made.
The most convenient type of transportation is the pipeline. Its route often crosses
water areas, the size of which can reach five kilometres or more. Such dimen-
sions allow the occurrence of a wave load acting on the pipeline. The issue of
pipeline stability is especially relevant for designers in order to avoid accidents
during operation. Nowadays, the regulatory documentation does not address
this issue. Only the force of Archimedes is considered, without taking into
account the wave action. The causes and process of moving the pipe up in
the ground are difficult to theoretically analyze, therefore, it is mainly studied
by empirical methods. In this work, the dependence between the wave load
and the buoyancy force is established experimentally. The series of experi-
ments was conducted with changing wave parameters and pipeline depth.

This article will be useful for submarine pipeline designers.
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BBeneHune

B Hacrosimee Bpems HanOojee pacipocTpaHEH-
HBIM CIOCOOOM TPaHCIIOPTHPOBKH TOOBIBAEMBIX ITO-
JIe3HBIX UCKOMAeMBIX, TAKMX KaK He(Thb U a3, sIBJseTCs
TpyOonpoBoxa. [lpu mpoknaake modoro TpyooIpoBoIa
HEOOXOIMO PEIlIeHHE JOCTATOYHO OOJBIIIOTO KOJIHYe-
CTBa TEXHUYECKHX 33/1au. YUUTHIBAsI TeorpaduuecKyro
criennuKy pacronoxeHust MectopoxaeHuii B Poccun,
TIpY TPOKITATKE TPYOOIPOBOIOB HEOOXOFIMO TIPEOIO0-
JieBaTh OOJIBIIOE KOIMMYECTBO BOJHBIX TpErpaj u Mpo-
KJIa/IpIBaTh UX IO THY MOpel. B aToMm ciry4yae BakHbIM
SIBJISICTCS. BOIPOC OOECIIeUeHHsT YCTOMIUBOCTH TPYOO-
MPOBO/IA OT BCIUTBITHUS TIPH €T0 KCILTyaTaIrH.

Jli1st pereHust JaHHOH NPoOJIeMbl aKTUBHO UCTIONb-
3yercs MeToJ] OAJIaCTUPOBKH TPYOOIIPOBOIA, OJHAKO
OIIBIT JKCIUTyaTalliM MOKa3aJl, YTO B YCJIOBHUSIX IPO-
KJIaJKH TPyOONpOBOAa 10 MOPCKOMY IHY (MOpPCKHE
TpyOOIPOBO/IBI), 3ITOTO MOXKET OBITH HEOCTATOYHO.

MHOrouuCIIeHHbIE SKCIEPUMEHTHI, IIPOBOIUB-
mmecs kak B Poccun, Tak u 3a py6exom’ [1-5], mmo-
Ka3ajH, 4TO Ha YCTOWYMBOCTH TPyOOIpoBOJa, MO-

1 CII 107-34-96. Bauiactuposka, 06ecrieYeHne yCTORIMBO-
CTH TIOJIOXKEHHS T'a301IPOBOIOB Ha IPOEKTHBIX oTMeTKax / PAO
«[A3ITPOM». M., 1996. 47 c.
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IPYKEHHOTO B I'PYHT Ha MOPCKOM IHE, OKa3bIBACT
BJIMAHUE 0OJIBIIOE KOJMYECTBO BHEIIHUX CHIL.

HccnenoBanye BAMSHUSA BOJIHBI IIyHAMHU Ha yCTOM-
YHBOCTH TpyOOMpoBoa [3], yCTaHOBMIIO, YTO CyIIIe-
CTBYET 3aBUCHUMOCTb THAPOANHAMHUYECKOI CHUJIBI B
MOABOJIHBIX TPYOONpPOBOIAX OT BHICOTHI BOJHBI H
TITyOUHEI.

M3yueHue BIUSHUA CEHCMUYECKOM HAarpy3Kd Ha
TpyOOMIPOBOJ ITOKA3aJIO0, YTO €€ BO3ACHCTBIE MMPUBOANT
K pa3KWKeHuto rpyHra [6]. [IpuauHoii 3TOro ABIsIOCH
M30bITOYHOE TIOPOBOE JABJICHHE, BO3HHUKAIOIIEE BO
BpeMs BUOparwn. [ pyHT BOKpyT TpyOOIpoBo/Ia ImocTe-
MIEHHO pacTeKaeTcs, YTO BBI3bIBAET M3MEHEHHE Beca
MIEPEKPBIBAIOIIETO IPYHTA, B PE3yJbTATE Yero Hapylla-
€TCsI paBHOBECHE TPYOOTIPOBOIa M TPyOa BCIIIHIBACT.

IToMuMoO 3TOro, U3y4asloCh BIUSIHUE BOJIHOBOM
Harpy3ku [7]. beulo usmMepeHo n3MeHEHUe MOpOBO-
rO JIaBJICHUS OKOJO TPYOBl BO BpEeMsl BOJHOBOTO
BO3/ICHCTBHS, KOTOPOE HOCUT KoJieOaTeNbHBIN Xa-
paktep. MccnenoBanus nokasaiu, 4To uyeM OoJiblie
BpeMs AEHCTBUA U aMIUIUTYa THIPOANHAMUYIECKOM
BEPTUKAIBHON CHJIBI, TEM KOPOYE BPEMS BCILIBITHS
TpyOoIpoBoAa.

OKclepUMeHTalbHBIM IyTeM [8] ompereneHo,
YTO MO/ BO3JIEICTBUEM BOJHOBOM HAarpy3Ku MEHSAET-
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Csl CTPYKTypa I'pyHTa Y OCHOBaHUI MOPCKHUX TUApO-
TEXHUYECKUX COOPY)KEeHUH. /laHHas Harpyska yBe-
JUYHUBACT MOPUCTOCTh FPYHTOB, YTO MOKET BIUSTH
Ha o0ecredeHne YCTOWIMBOCTH THAPOTEXHHYECKUX
COOPYXKEHUM.

Ha ceronnsamHuil 1eHb HOpMaTUBHAsA JOKYMEH-
Tays 1O pacdyeTy YCTOWYMBOCTH MOPCKHX TpyOo-
HpOBOI{OBZ YYUTBIBA€T TOJBKO CHUIYy Apxumena,
HE IpUHUMAas BO BHUMaHUE BOJIHOBOE BO3JEHCTBHE.
[IpuuauHE! U Ipolecc mepeMenieHns TpyObl B IpyH-
T€ BBEPX TPYIHO MOANAIOTCS TEOPETUUECKOMY aHa-
T3y, MO3TOMY B OCHOBHOM HM3YYarOTCsl AMIIUpUYE-
CKHMH METOIaMHU.

Bo MHOrux vccieoBaHusIX YTBEPKAACTCS, UTO
B CIIy4ae pacloyIoKeHUsI TpPyOOIpoBO/ia B yCIOBHSIX
MEJIKOM BOJIbI BOJTHEHHE BIIMSIET HA €T0 YCTOMYMBOCTD
KaK 32 CUET B3BELIMBAIOIIECTO BOJIHOBOIO BO3/ICHCTBYS,
TaK M 3a CUET Pa3KUKEHUS TPYHTOB.

B nmanHO# paboTe mpUBOAATCS PE3yibTaThI Ja-
0OpaTOPHOTO HCCIeNOBaHUs BIUSHUS BOJTHEHHS Ha
YCTOWYHBOCTH TPYOOTIPOBOIOB.

OCHOBHble TeopeTnyeckue noJyioXkeHunsa

Ha puc. 1 u3o0pakeH momnepeuHbld paszpes 3a-
IyOIeHHOTO TpyOOIpoBoIa.

MNoBepxHocmb Bogwl/

Water surface

/‘ ? o /l//‘/f i
4 N g \
— \\\\-77)///‘ o

MNoBepxHocms gHg
—_— — DBottom surface |—

Mpusma Bunopa
The bottom
heave prism

Fno,u,

Puc. 1. Cxema npunoxeHuns Harpysok
Figure 1. Load application diagram

2 CII 33.13330.2012. Pacuer Ha NPOYHOCTB CTANIBHBIX TPYOO-
npoBoaos. M., 2013. I1. 9.

[IpeamonoxumM, 4To Ha TPyOOIIPOBOA AEUCTBYIOT
JIB€ Harpy3Kd: CHJIa TSXKECTH Fr M MOJHUMAIOIIAs
cuia Fy. B 3HaueHue Harpys3ku Fr BXOIST CHIA Ts-
JKECTH TPYHTA MPU3MBI BRITOpA Frr U COOCTBEHHBII
Bec TpyOompoBona Fi.. B 3Hauenue Harpysku Fy
BXOJAT cuiia Apxumena F, 1 NoAbEMHas CUia Fnoa,
NpUPOAY KOTOPOH MBI MOMBITAEMCS YCTaHOBUT.
Takum 00pa3oM, MOXKHO COCTaBUTH CIIEIyIONINE
BBIPAXKEHUS:

s |

= E + Fyop

PaccMoTtpuM yuacTok TpyOOIpoBoaa JIHHON 1 M.
3HaueHue BEMYUHEI F, . onpenensercs 1o GopMye

nd?
F.r = mg + = p, re m — Macca NOroHHOro MeTpa

TpyOBl, g — YCKOpEHHE CBOOOJHOTO MajeHus, d — Iua-
MeTp TpyOOmpoBoa, P — IUIOTHOCTh 3aIlOTHHUTEISL.
Macca BHYTpPEHHET0 3aIOHHUTENS HECOM3MEPHUMO Majia
B CpPaBHEHWH C Maccoi TpyOompoBoja, MOITOMY Ha
JIaHHOU CTaJIMM MBI €€ OIyCKaeM.

[Ipenmonaraercsi, 9To TPYHT HaXOIUTCS B pas-
KWKCHHOM COCTOSTHHH [9].

[IpuunHO# pamxmkeHUs MOTYT OBITH celicMHYe-
ckue Bo3neicTBus [10] 1 MHTEHCUBHO MOBTOPSIOIICECS
THIPOAXHAMUYECKOE BO3[eHCcTBUE Ha IpyHT [11-13].

3HaveHue BeNMYUHEL F. . omnpenensiercss 1o ¢op-
myie Fr. = Spp.rp, TAC S — IUIOIIA/H NPU3MBI BBIIIO-
Pa, Pprp — UIOTHOCTH Pa3XKMKEHHOIO TPYHTA, BbI-
ancisiemas mo Gopmyne Py, = —pCK'rp'pB'(Hm), rIe

: Perp @+1
Pcx.rp — IWIOTHOCTh CKENETA TPYHTA, Py — IVIOTHOCTh
BOJIBI, W — MPUPOAHAS BIKHOCTH TPYHTA.
3HadeHUe BEMTUYMHBI CHIIBI ApXHUMea ompee-
JISIETCSI CAeMyomuM oopazom [14]:

E, = pggW,

re p, — INIOTHOCTh BOJBL, W — 00beM TpyOompo-
BOJIa, BEIYUCIIIEMBIi 10 (popmyiie

w="E) =18
4 4
TpebyeTcst MOOWUTHCSA COONIONCHUS YCIOBUS
F.. = E,, 1pu KOTOPOM TEJIO HE TOHET, & HAXOAUTCS
BO B3BCIICHHOM COCTOSIHUHU.
Ecnu non Bo3zeicTBMEM BOJHOBOM Harpysku
TpyOOIPOBO HAUMHACT TEPSTh YCTOUYHUBOCTh, MOYKHO
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3aKJII0YHTh, YTO BEJIMYMHA Fj,, OTIMYHA OT HYJIA.
Torma MOXXHO COCTaBUTH CIIEIYIOIIEE BRIPAKCHIE:

Fno >E1‘_F;1-

o =

[loxcTaBuM BBIIIEYTTOMSIHYTHIE BBIPA)KEHUS:

Pexrp'Pe (11 w) d?
Fron 2 mg + S ("—) — 09 (%5)-

Perrp ®+1 4

TaxuM 00pa3oM, MOIyYrM MHHUMAIBHOE 3HAYe-
HUE NOABEMHOU CUJIBL.

IIpencraBuM BbIpask€HUE IOABEMHOW CHIIBI B BUJIE
napamerpudeckoit Gynkimn Fy,, = f(h, A, d, t), roe
h — BBICOTa BOJIHBI, A — JNIMHA BONHEL, D — riryOuHa
BOABI, t — TIyOMHA TOTPY)XEHUS TPYOBI B TPYHT.
[Ipennonaraercs, 4To B JAHHOW CUTYallMU OKa3bIBAIOT
BIIUSTHUE BSI3KOCTb KHUIKOCTH ¥ KO3(D(UIIMEHT COMPO-
TUBIEHUA rpyHTa. HO Ha naHHOM cTanuu nposene-
HUS DKCTIEPUMEHTOB 3TH MTOKA3aTeNN OITyCKAOTCS.

Uto0Obl ypOCTHTH 3aBICUMOCTb, BBEIIEM TTapaMeT-
pel ny = h/A u ny, = D/h, ny = t. Torga ¢pyHxuus
HpHOOpeTaeT CheayroImid BUL: [y, = f(ng,ny,n3)

JJist yCTaHOBIICHHSI TOYHBIX (OPMYII, TO3BOJIS-
IOLIMX ONpEACINTh KOHKPETHOE 3HAauYeHHE NaHHOM
CHJIBI B KOHKPETHYIO (ha3y BOJHBI, TpeOyeTcs mpo-
BEJICHUE CEPUI IKCTIEPUMEHTOB.

Pe3ynbTaTtbl 3KCNEepUMEHTasIbHbIX UCCIeA0BaHUIN

JlabopaTopHble HCCIEIOBaHUS MPOBOIWINCH B
naGoparopun ruapasiuku Poccuiickoro yHuBepcu-
TeTa IpyxO0bl HapoaoB (puc. 2).

OKclepUMeHTalbHas YCTaHOBKa pa3Melanach
B BOIHOBOM J10TKe Armfield, mo3BomsromieM co3aa-
BaTh PETryJIPHOE BOJIHEHHUE, /i€ HaXOIWJICS TPyH-
TOBBIN JIOTOK JUTMHOM 95 c¢M u rinyOuHo# 16,5 cMm.
B skcnepumenTe MCHOIB30BAJICA MENKHUI MECOK CO
cpenHel KpynHocThio 0,2 MM.

Ha puc. 3 nokasana nmpuHIMIHANbHAs CXeMa Ja-
OopartopHoii ycraHoBkH. Mozens TpyOomnpoBoma u3-
TOTaBJMBaIACh U3 TPYOOK AuameTpoM 25 MM. J{nuHa
TpyOOK OblIa ITOAO0OpaHA MO MIUPHHE SKCICPUMEH-
TaJbHOTO JIOTKA M paBHAIACh 295 MM. 3a cueTr BHYT-
PEHHETO 3amojHeHus1 TPyOOK WX Bec MomOHupancs
PaBHBIM BBITAJIKUBAIOIIEH CHIIE, TO €CTh MOJICIBbHBIE
TPYOKH UMENHU «HYJIEBYIO» MIaBY4YeCTb.

wiin W W

Puc. 2. 9kcnepumeHTanbHas yctaHoska (doto E. KopHeesolt)
Figure 2. Experimental setup (photo by E. Korneeva)
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JduHaMoMemp
Dynamometer

fugpabauueckut nomok Armfield

Hydraulic tray Armfield

¥p. 2/level 2

'Mml—

Tpyba Hynebol nnabyyecmu/ - - 4 -
The buoyant equilibrium pipex\ = dz =

The bottom
heave prism

" Mepezopogka u3 opzcmekaa
Plexiglass partition

-
O

0.2 mm

Puc. 3. Cxema BbINOJIHEHUS 3KCrepuMeHTa
Figure 3. Experimental scheme

MopensHble TPyOKH MOTPYKaIHCh HA TPU pas-
JIUYHBIE TIOyOWHBI, paBHBIC: 1 — muameTpy TpyOKH;
2 — IByM auameTpam TpyOku; 3 — 4eThIpeM JTuaMeT-
paM TpyOKH, YTO TIO3BOJSIO YCTAHOBUTH 3aBUCUMOCTD
BIIMSIHUSL BOTHOBOW HAarpy3Kd B 3aBUCHMOCTH OT TITy-
OWHBI TOTPY>KEHUS B TPYHT.

VY CTOWYMBOCTH MOACIBHBIX TPYOOK B TPYHTE
M3MepsUTach ¢ TIOMOIIBI0 TUHAMOMETPA TIPU UX H3-
BieueHur. Ha mepBoM aTare omnpenensnach yCTon-
YUBOCTh TPYOOK MpPHU OTCYTCTBHM BONHEHUs. Cpas-
HEHHUE TaHHOTO 3HAYEHHsS YCHIINS C YCHIHSIMH MPH
BOJTHOBOM BO3JICHICTBHHM TIO3BOJISIET ONPENEIUTH BIIH-
SIHUE BOJHEHHS Ha YCTONYMBOCTH 3ariyOJIEHHOTO
TpybonpoBoza.

BrnmsiHUE BOMTH Ha yCTONYMBOCTD MOJIENTBHBIX TPY-
00K BBIMOJHSIOCH B CEPUM SKCIIEPUMEHTOB, B KOTOPBIX
BBICOTa BOJIHEI MeHsnachk ot 0,1 g0 0,2 M ¢ marom
0,05 m. Inuna BomHbl BapeupoBanack oT 0,40 nmo
0,75 M. TonmuHa BOJHOTO CIOSI HAJl TOBEPXHOCTHIO
rpyHTa MeHsnack ot 16,5 1o 7,5 cm.

B pesynbraTe NpOBEAEHHBIX SKCIEPUMEHTOB
MTOJTyYeHbI JAaHHBIE, TIO3BOJISIOIINE OIEHHUTH BIHSHHIE
BOJIHCHHUSI HA YCTOWYMBOCTH TPYOBI, 3ariayOJIeHHOM

B TPYHT.

Ha puc. 4 nponemMoHCTpUpOBaHa 3aBUCHMOCTb
YIEPKUBAIOIIEH CHITBI OT BBIIIENIEKAIIETO CIIOS TPYHTa
OT KpyTH3HBI BOJHBL Ha 3TOM rpaduke oT4eTIIHMBO
BUJTHO, YTO MPHU Pa3IUYHBIX XapaKTEPUCTUKAX BOJI-
HBl BEJIMYWHA BBIJCPTHBAIOIICH CHIBI MOXET Kak
YBEIUYHMBATHCS, TAK U YMEHBIIATHCS 10 CPABHEHUIO
C BENIMYMHAMH, CHATHIMU 0€3 BOJIHOBOTO BO3/ICHCTBUSL.
Taxxke 3TOT TpaduK MMOKA3BIBAET, YTO MPHU 3ariryo-
JIEHUH TPYOBl B TPYHT, PAaBHOM AWAMETPY TPYOBI,
TPYHT HPaKTHYECKH HE BIUSCT HA YCTONYMBOCTD.

J1s olleHKW BIUSHYS TPYHTA HA yCTOHYHNBOCTH
TpyOBI IO ACWCTBHEM BOJH BBEIEM MapaMeTp, Io-
Ka3bIBAIOUIMH MTPUPAIIEHUE BbIAEPTUBAIOIIEH CUIIBIL:

A _ FAHH_FCTaT

b
FCTaT

1 (S .
BOJIHOBOM BO3JEUCTBUM; F. ., — BEIMYMHA BbIAEP-
TUBAIOIICH CHIIBI 0€3 BOJHOBOI'O BO3JICHCTBHS.

Ha puc. 5 nmoka3an rpaguk, Ha KOTOPOM 3Haue-
Hue 0 sBISETCS YCJIOBHO CTAaTHYECKUM. Y CIOBHO
CTaTUYECKUM Mbl Ha3bIBa€M M3MEPEHHOE 3HAUECHUE
BBIJICPTUBAIOLIEHN CUIIBI B CIOKOMHOM BOAE.

— BCJIMYMHA BLIZ[epFI/IBaIOH.[eﬁ CUJIBL TIpH
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The wave steepness h/A

Figure 4. Dependence of the amount of the pulling force on the wave steepness
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Figure 6. Dependence of the amount of the pulling force on the ratio of water depth to wave height, d/h

Ilo manHBIM Tpadyka MOXKHO CIENaTh BBIBOI,
YTO HA MaJbIX INIyOWHAX 3HaYCHWE BBIIEPTrUBAIONICH
CHJIbI C POCTOM KPYTHU3HBI BOJIHBI YBCIINYHUBACTCA,
a Ha OOJBIIMX TIIyOMHAX YMEHbBIIAeTCs. JTO CBSA3aHO
C BIMSHHUEM paspyLICHHs BOJIH IPU MajblX IIyoOu-
Hax. CreoBaTenbHO, BIMSHIE BOJTHOBOTO Harpyske-
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HUS B HAHOOJBIIIEH CTETIEHH 3aBUCHT OT Pa3KIKEHHS
TPYHTOB TpW TIyOWHAX, OOJBININX, YeM KpPHUTHYE-
CKHe, TIPH KOTOPBIX HaOJIr0JaeTcsi OOpyIICHHE BOJIH.

JaHHOoe yTBEep:KICHUE XOPOILIO BHIHO IO 3aBH-
CHUMOCTH YJIEP)KUBAIOIIECH CHJIBI OT OTHOIICHUS TITy-
OMHEBI BOALI K BEICOTE BOJIH.
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I'paduk Ha puc. 6 MOKA3bIBACT, YTO MPH YBEIH-
YEHWU OTHOLICHUS TTyOMHBI BOJBI K BBICOTE 3HAUe-
HHE yJePKUBAIONICH CHJIbI 3HAYUTEIHHO CHIDKACTCS,
a 3HA4YMT, B HAHOOJIBINICH CTETICHN BIMSHNE BOJH Ha
YCTOHYMBOCTH TPYOONPOBO/IA CKA3BIBACTCS TPH TITy-
OuHax, OONBIINX, YeM ITyOMHBI OOpYILICHHUS BOJIH.

3aknoueHne

[IpoBeneHHas cepuis AKCIIEPUMEHTOB ITO3BOJISET
ClIeNaTh BBIBOJ, YTO BOJTHOBOE HArpy>KeHHE B MENKO-
BOJIHOW 30HE OKa3bIBACT BIHMSHUE HA YCTOWYMBOCTD
TPYOOIIPOBOIOB. YBEIWYEHHE BBHICOTHI BOJHBI U €€
KPYTH3HBI TIPUBOANT K MOBBIIICHUIO B3BEIIHBAIOIINX
CHJI, ICHCTBYIONMX Ha TpyOompoBo. Tarke ycTaHOB-
JICHO, YTO 3TO BIMSHUE NPAKTUIECKH HE CKA3bIBACTCS
Ha TPyOONPOBOJaX HU3KOTO 3aJI0KEHHS, HO yBEITNYH-
BaeTcs I Oojiee 3ariIyOJICHHBIX TPyOOIPOBOJIOB,
YTO TOBOPHUT O BO3MOXKHOM pa3KMKEHUHU TPYHTOB,
pacnonoXeHHBIX BhIIIe TpyOonpoBoza. JlaHHoe BIHs-
HUE B HamOOJBIIEH CTENeHW CKa3bIBaeTCs Ha TITy-
O6uHax OOJBIINX, YeM IITyOHHBI OOpyIIEHUS.
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® ['pak1aHCKOE, MPOMBIIINIEHHOE U THIPOTEXHUYECKOE CTPOUTEIHCTBO.
® ApPXUTEKTypa ¥ MPOMBIILJICHHBIA TU3aKH.

¢ /IHHOBAIIMOHHEIN MCHC/PKMCHT B IIPOMBIIIIJICHHOCTH.
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