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BJIOCKOHAJIEHHA METO/JIB IMHEFIHTPII;IFY
HA OCHOBI 'EHEPATUBHUX MOJEJIEN

CemanbkiB M.B., Llixyn O.B.

IMPROVEMENT OF IMAGE INPAINTING METHODS BASED
ON GENERATIVE MODELS

Semankiv M.V., Tsikhub O.V.

0bcse sizyanvhoi inghopmayii, wo Hac omouye, noOCMitHoO
3pocmae, i ye 3YMOGNIOE nompedy 6 IHMYIMuUeHo
3po3yMinux — iHcmpymenmax ~— Ons il 0OpoOKu.
Jocniooicenns, saKi  CpAMO6aHi HA  YOOCKOHATEHHS.
aneopummig 0111 000a8anHs abo 6udaieHHs 00'€kmis i3
epaghiunoco KOHmMeHmy, € AKMyalbHUMUu ma Maioms
sucokuul npaxmuunui nomenyian. Cucmemu, AKi
BUKOPUCTOBYIOMb MAKI ANCOPUMMU, MOXCYMb 3HAUMU
3ACMOCYBAHHA 6 PIHUX 2aNy3aX — 6I0 Kinemamoepaga
ma ¢omoepagii 0o pecmaspayii MucmeybKux meopie i
Hasimb  meouyunu. Texnonocin Image inpainting
0036011€  ABMOMAMUYHO — BIOHOGIOBAMU  BIOCYMHI
YACMUHU 300PACEHHS, eKOHOMIAYU Yac mda 3YCULIA
xopucmyeaya. Ilonpu Haaeuicmb 6elukoi KinbKocmi
piwenv 01 3a0a4 peKOHCMpYKyii 6éce we Opaxye
cucmem, AKI 6  KOMNJIEKCHO  GUKOPUCMOBY8AU
2eHepamusHi Mooeni 01 OOCACHEHHS BUCOKOI SKOCMi
8iOHO6GIeHHs. Koumenmy. Lle niokpecnoe 3nauyuwjicme

docnioxceHs  y  Oawill  chepi,  CHPAMOSAHUX  HA
B600CKOHANICHHSl  ICHYIOUUX — QNI2OPUMMIG. Oyinka
cyuacHoeo cmany 06'exkma 00CIONHCEHHS

Xapakxmepu3yemvcs 3HAYHUM NPOZPecomM ) PpO3GUMK)
2eHepamusHux mooenei. Boonouac ichye nompeba 6
nooarbuiomy 600CKOHANEHHI 07 niosuwenHs
VHI6epCanbHOCmi, ONMUMI3AYLi BUKOPUCTAHHS pecypCis
ma 3MeHweHHs O00YUCTIO8ANbHUX eumpam. B pobomi
00CNI0NCEHO MEMOOU  2eHePAMUBHUX — KOHKYDEHMHUX
mepec (GAN) onsa 3a0au 3apapbosysanis 300pasicets,
OYiHEeHO epexmugnicmo HasI6HUX nioxoois.
Yoockonaneno  memoo  cemepayii  xommemmy i3
3ACMOCYBAHHAM YHIKANbHOI (QyHKyil empam, sKa 3a
NOKA3HUKAMU MOYHOCI MA YACY BUKOHAHHS Hepesuuyye
posenanymi  KOHKypewmui — peanizayii.  Pozpobneno
npoepamue 3abe3neuents O GUPIUWEHH NPAKIMUYHUX
3a0ay. [Iposedeno pobomy Had cucmemoro 8i0HOBIEHHS
epaghiunoco xoumenmy na ochogi GAN, 30ilicneno ii
800CKOHAIHHSA 3a PAXYHOK MamemamuyHux
incmpymenmie. Pezynemamu, wo ompumani 6 pamkax

00CNI0JNCEHHS, OEMOHCMPYIOMb NOKPAWEHHS  SKOCMI
BIOHOGNIEHHS 300padiceHb 3d OONOMO20I0 PO3POONEHOT
cucmemu Ha ocnosi GAN, xopouty sKicmb euoaneHus
CIMpyKmyp i3 300pasicens 3 MIHIMAALHUMU
apmegaxmamu  HABIMb  NPU  HULKIUL  PO30LIbHIL
30amuocmi 3a kopomkuti yac. OOHAK, Cio 3ay8axncumu,
MOYHICMb  GIOHOBIEHHS  MOJCE  3HUNCYBAMUCA  NPU
pobomi i3 CKIGOHUMU — 4U  Oemani308aHUMU
300pasicenusamu. Tpaxmuuna 3sHauywicms 00CAIOHNCEHHS
NOWUPIOEMbCL HA 6CI 2any3i, 0e 0OpobKa Gi3ValbHUX
OaHUX Mae Kao4oge 3HaueHns. Bouwa nonseae y
supiwenti npobremu HesIKiCHo20 8UOALeHHS 00 €Kmig i3
300padicenb,  pO3GUMKY — AN2OpUMMIE  3aMiHU — md
BUOANIEHHSI KOHKPEMHUX OLIAHOK HA 300pAdCeHHsAX 3a
00NOMO2010 2€HEPAMUBHUX KOHKYDEHIHUX MEPEC.
Kniouogi cnosa: inpainting, GAN-mepeoici.

Beryn. [HmedaTHHT (image inpainting) €
NEePCIICKTUBHUM HAIPsIMOM KOMIT FOTEPHOT
rpagiku, mo 3abe3neyye BiJHOBICHHS, BUAAICHHS
abo0 reHepalliro BiICYTHIX GparMeHTIB 300pakeHHs
3 BUCOKHMM pIBHEM pealliCTUIHOCTI. PO3BUTOK Iiel
TEXHOJOrii  TOB’S3aHMK 13 3aCTOCYBaHHSIM
DIMOMHHUX ~ HEWpPOHHHX  MEpexX,  30KpeMa
mudy31MHUX MOJENeH, K 3[aTHI BpaxOBYBaTU SIK
JIOKaJIbHI TEKCTYpHI 0COONMBOCTI, TaK i I100aIbHUI
CEMaHTUYHUH  KOHTEKCT.  3aBOSKH  LOMY
IHITEWHTUHT Ma€ IIMHPOKI TEPCIEKTHBH y cdepi
¢ poBoi pecTaBpallii, MeAUYHOI Bi3yaizamii Ta
ABTOMAaTH30BaHOTO peJaryBaHHs MYJIbTUMEIIMHUX
JMaHuX, (OPMYIOYM OCHOBY IUISl IHTEJEKTyaJIbHUX
CHCTEM HOBOTO TIOKOJIIHHS.

OmHuM 13 aKTyaJlbHUX  HampsAMKiB Y
JOCTIKEHHSIX IMIIEHHTHHTY € BUAAJICHHS OOpaHUX
00’€ekTiB 13 300pakeHb Ta 3allOBHEHHS ITYCTHX
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OUISHOK ~ pealiCTUYHUM KOHTeHToM. Lle Mae
Ba)KJIMBE NPAKTUYHE 3HAUCHHSA, OCKUIBKU JJO3BOJISE
aBTOMAaTH3yBaTH penaryBanas dhotorpadiiti Ta Bizeo
U MeAiaiHAycCTpii, pekiaaMu, KiHemarorpady Ta
CHUCTEM BIJIEOCIIOCTEPEKEHH, a TaKOXK CIpUSE
3aXUCTy KOH(MIIEHIIHHOCTI Ta MEPCOHATBHHMX
naHux. BogHouac 1eil HanpsMOK € NepCHeKTHBHUM
3aBASIKM ~ MOMKJIMBOCTSAM ~ Cy4acHHX  METOHIB
MOOKOTO  HABYAHHS, 30KpeMa TECHEPaTUBHO-
3MarajbHAX Mepek 1 Audy3iMHuX Mojenel, sKi
JI03BOJISIIOTH CTBOPIOBAaTH BHCOKOSIKICHUH KOHTEHT,
a/lalTOBAHUI 1O KOHKPETHOIO KOHTEKCTY CLIEHH, Ta
CTUMYJIIOIOTh PO3BUTOK CYMDKHHUX Iajly3ei, Takux
SK TeHepaTUBHUI JH3aiiH, JOTIOBHEHA PEaIbHICTB 1
pecTaBpallisi iICTOpUYHHX 300pakeHb [IpoTe BiH
3aJMIIAE€ThCSl  HAA3BUYAMHO  CKJIAJHUM  4Yepe3
HEOOXiIHICTD BpaxyBaHHS CKJIaIHUX
B3a€MO3B’SI3KIB MIXK TEKCTYpaMH, OCBITICHHSM,
HEPCHEKTUBOI0 Ta CTPYKTYPOIO CLEHU, OCOOJINBO
NpY BUJAIECHH] BEJMKUX a00 KPUTUYHO BAXKIHBHX
00’€KTiB, Jic BaXKJIMBO JIOT1YHO 1HTErpyBaTu HOBHUM
KOHTCHT Y KOMIIO3UIIIIO0 300paskKeHHS, 3MCHIITYIOTH
pu3WK  TOsSBH  apredakTiB abo  TeHeparril
Hemnpapaononionnx netaneid. Bce me pobOutk
00’€KTHO-KOHTEKCTHUH IMIIEHHTUHT HayKOBO Ta
IH)KEHEpHO BUMOIJIMBUM 3aBIAHHSIM.
HocnimzkeHHss HanpsiMKy. Po3BUTOK naHOrO
HaNpsIMKY BKJIIOYAa€ PO3POOKY HOBUX apXiTEKTyp
HEHPOHHUX MEpPEX, ONTUMI3alio (YHKI#H BTpar,
BHKOPHUCTAHHSI HOPMaTi3aIlifHUX ITOTOKIB 1 METO/IB
TpancopMepiB AN MiABHIIEHHS  TOYHOCTI,
IIBUAKOCTI Ta  ©(EKTUBHOCTI  aJITOPUTMIB.
Pesynbrati nociimpkeHb 1eMOHCTPYIOTh IIPOTpec y

PO3BUTKY TeHEePaTUBHUX Moenen Ta
MiTBEP/KYIOTh  MEPCIEKTUBHICTh  MOJANBIIOTO
BIIOCKOHAJICHHS  METOMIB  IMIICWHTUHTY U

JOCATHEHHS BUCOKOI SIKOCTi BiTHOBJICHHS KOHTCHTY.
B crarti [1] 3amponoHOBaHO METO[ iMIEHHTHHTY,
SIKU I03BOJISIE€ BUAAIATH 00’ €KTH 13 300paKeHb Ha
OCHOBI TEKCTOBMX IHCTpyKIi. B [2] moka3zamo
kackaany Mmoaudikanito GAN 11 iIMOCHHTHHTY,
1[0 BPaXOBY€E CTPYKTYpY 00’ €KTiB Ha 300pakeHHi. B
[3] aBTOp OmMHMCYy€E METOM, IO 03BOJISIE OE3MIOBHO
BUAANSATH 00 €KTH Pa3oM i3 iXHIMH Bi3yaJbHUMH
epexramu. Lli cTarTi OXOMTIOIOTH Pi3HI acmeKTH
3amadi BUJAJICHHS O0'€KTiB 3 300pakeHb, Bl
BUKOPHUCTaHHS TEKCTOBUX IHCTPYKIIH 1O CKIAaIHUX
HEHPOHHUX MEpEeX 3 ypaxyBaHHSAM O0'€KTiB. Ale
OTFICaHI METOIW MArOTh PsA HEJOJIKIB, a caMme: y
Iy’Ke CKIIaJHHUX CIIEHax abo MpH BEJIUKIH KiTbKOCTI
OHOYACHO BHUJAJCHUX OO0 €KTIB MOIENb MOXKE
reHepyBat apreakTd abo CIOTBOPEHI JeTali;
BHKOPHUCTAHHS BEJIUKUX MOZECIICH 1 HaOOpIB TaHUX
poOHUTh HaB4aHHS Ta iHpEpEeHC PEeCypCOMiICTKHMU
[4-5].

MocranoBka 3amaui. CydacHi Meromu
IHITEWHTHUHTY 3a3BU4ail 0a3yloThCAd Ha TIMOOKHUX
HEMPOHHUX Mepekax, 30KpemMa:

- GAN (Generative Adversarial Networks) —
CTBOPIOIOTH PEATICTHYHI ACTaNi ISl 3allOBHCHHS
MTOPOXKHIX JTSTHOK.

- Transformers 1 Diffusion-momem —
3a0e3MeYyIOTh OB Y3ro[KeHE 1 KOHTEKCTYaIbHO
TOYHE 3aIIOBHCHHSI.

- MackyBaHHS 3 KOHTCKCTHHM YBaroro
(contextual attention) — BpaxoBye HaOmMKUi
MIKCENIl Ta CTPYKTYpy 300pakeHHS I Kparioi
IHTerpaIii 3al0BHEHOTO (hparMeHTa.

Hdna  peamizauwii cucreMu  “po3ymMHOr0”
BUJAJICHHS 00 €KTIB 13 300pakeHb, sika 0a3yeThCs
Ha BUKOPUCTAHHI TECHEPATHMBHUX KOHKYPEHTHHX
MEpexX 13 YHIKaIbHOIO (YHKII€I0 BTPAT, HEOOXiAHO
BUKOHATH KiTbKa KpOKIB: BH3HAYUTH JDKEpela
JaHUX, TIPOAHAI3yBaTH iX MPHUIATHICTH, OI[IHUTH
XapaKTEePUCTUKU o0OpaHoro jJaracery — Ta
o0rpyHTyBaTy BUOip METOLY MAIIMHHOTO HABYAHHSI
[5]

GAN mMeperka moOyzoBaHa Ha JBOX OCHOBHHX
KOMITOHEHTaX: TeHeparopi Ta JUCKPUMIHATOPI.
[eneparop ckinagaeThest 3 JBOX MiAMEPEK:

- SINet (Semantic Inferring Network):
ExcTparye cemMaHTH4YHI O3HaKM 3  BXIiJIHOTO
300pakeHHS, BPAaxOBYIOUM 3aMacKOBaHi 00JacTi.
JI1s IbOTO BUKOPHCTOBYIOTHCS 3TOPTKOBI IIapH 3i
[MOCJIIJOBHUM 301JIBIIEHHIM KUJIBKOCTI KaHAJIB.

- GPNet (Global Perceiving Network):
3axommoe TIOOATbHANA KOHTEKCT 300paKeHHS,
ToMy 00poOIs€e SK TPUXOBaHI, TaK 1 BITKPHUTI
ninsHKW.  Po3mupeni  3ropTku  30epirarmth
npocTopoBy iHdopmanito. Cxoxa Oymoa Ha SINet,
TUTEKH 0€3 IEKOHBOJIIOMIMHAX IIIapiB.

[Ticns 0O0poOKM BXiAHMX NaHUX y 3TajJaHUX
Mepekax, BHXiTHI 3Ha4eHHS KOMOIHYIOTBCS:
opWriHajgbHE 300paKCHHA pPa3oM 3  MAacKOIo
o0'emHyeTbes 3 BimHOBICHUM SINet pe3ymbTarom,
¢opMyioun TOBHE MpEACTaBICHHA 300paXKeHHS.
Hani Bono mepemaerses B GPNet aiis mogansmoro
BIOCKOHAJICHHs. Taka MeTonuKa 3a0e3nedye sSKiCTh

MITYYHUX  JIaHUX, POONSYM  JUCKPUMIHATOPY
CKJIQTHOIIII y BU3HAuCHHI MTOXOJIKCHHS
300pakenHs. Tomy BiH Mae OyTH JOCTaTHBO

e(eKTUBHUM, 11100 0OPOOIATH CKIIAIHI TAaTePHH.
Hduckpuminatop ¢QyHKIiOHYe sK OiHapHHI

kimacudikatop,  apXiTeKTypHO  MOXe  OyTH
MPEACTAaBICHUNA  SK  TpamuIlliiHa  3TOPTKOBA
HeiiponHa ~ mepexka  (CNNs). [IpaBunbHO

migiopanuii Au3aiiH HeHpoMepexki, € ICTOTHHM,
OCKUIBKHM MOTO 37IaTHICTH IO PO3MEKYBaHHS O3HAK
OpsMO BIUIMBAE Ha KOPEKTHY pPOOOTY CHCTEMH
(3amobirae 3aTyxaHHIO TpalieHTa) [6].
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JucKkpuMiHaTOp MiHIMi3y€e BiJ'€MHY
JIOTICTHYHY MMOBIPHICTH IPaBIIBLHOI Kiacudikartii
SIK peaIbHUX, TaK 1 3T€HEPOBaHUX 3pasKiB, IO
MOYKHA BUPA3UTH depe3 GopMyiy:

Ved%Z[logD(x(i)) +log (1 — D(G(Z(i)))],
i=1

e D(x(i)) — WUMOBIPHOCTI TOT0, IO TUCKPUMIHATOP

D xnacudixye opurinanshe 300paxenns x @

SK peallbHe;

log(1-D(G (Z(i))) — sorapuM HMOBipHOCTI

Toro, mo auckpuMmiHarop D kimacudikye

3TeHEepOBaHE 300pakeHHT G (z(i)) SK HE

peaibHe.

Ha ocHOBI pe3ynpTaTy IUCKPUMIHATOPA,
(GyHKLIS BTpaT reHepaTopa OLHIOE CBOIO poOOTYy
1U1s1 HEUPOHHOT Mepexi.

BukopucTaHHSI TeHEpaTUBHUX KOHKYPEHTHHX
Mepex (GAN) ang 3amad BumaneHHA 00’€KTiB i3
300pakeHb CYNPOBOIKYETHCA HHU3KOIO MpOOieM,
10 0OMEXYIOTh SKICTh BITHOBJICHHS KOHTEHTY. /{0
OCHOBHHX TPYIHOIIIB HaJeKaTh MOSBa apTe(aKTiB

Ta PO3MHUITA y 3TEHEpOBaHUX  00NacTIX,
HETIOCTIIOBHICTh  KOJIBOPOBHUX Ta TEKCTYPHUX
XapaKTEPUCTUK  TIOPIBHSHO 3  HABKOJIMIITHIM
CepeIOBHILEM, a TaKOXK CeMaHTHYHa
HEBiAMOBIIHICTD BiTHOBJIEHUX (parmMeHTiB
KOHTEKCTYy  CLEHH. 3HAYHUM  BHKIHKOM €
3aJIeKHICTh BiJl SKOCTI Ta Pi3HOMaHITHOCTI

HAaBYAILHUX JIAHUX, 10 OOYMOBIIIOE HHU3BKY
3MaTHICTh MOJENI A0 y3araldbHEHHS y BHUIAAKY
HECTaHNAPTHUX BXiAHWX JaHux. [lomaTkoBo
MPOOJIEMHUMU 3aJTUIIAIOTHCS BHCOKA
0o0UHnCITIOBaIbHA CKIIAMHICT, MOTpPeda y BEIMKHUX
obcsrax JaHWX Ta HECTAOUTBHICTH IIPOIECy
HaBYaHHSA, 110 MOXE TMPHU3BOJUTH JI0 KOJAICy
Mozeni. Y CyKymHOCTi i (aKTOpH BKa3yloTh Ha
HEOOXITHICTh MOIAJIBIIIOTO BJIOCKOHAJICHHS
apxitektyp 1 ™eromiB ontmmizamii GAN  mist
MiABUIICHHS SKOCTI Ta HAaAIHOCTI PEeKOHCTPYKIIi
300paxeHb [7-8].

MeTo10 po00TH € BIOCKOHAJIEHHS METOAY Ha
ocHoBi GAN gua reHepamii  300pakeHb,
BUKOPHUCTOBYIOUX (PYHKIIIi BTPAT 3 ONTUMATBHUMU
BaraMu. Ha OCHOBI TIPOBEIECHHUX ITOCIIHKCHB
BIOCKOHaeHO MeToh Ha ocHoBI GAN, skuii
BUpILIyBaTUME BHUIIE OOrOBOpEHi HpoOIeMu
IUISIXOM BUKOPHUCTAHHS HOBOI (PYHKIII BTpart, IIo
koMmOinye anaBepcapui L1 Tta L2 BTpatm 3
ONTUMAJbHUMH Baramu. Takui miaxig HigBHUIIUTD
SIKICTh BIZIHOBJICHHS YaCTHH 300paKeHb, 10 TOTO 3K
3a0e3mevynTh CTabiIbHICTh HABYAHHS MO/IEINI.

Hns GAN wmogmeni po3poOieHo HacTyIHi
(bopMyH, SIKi KOHTPOITIOIOTh HABYAHHS T'eHepaTopa
Ta JUCKPUMIHATOpA:

Lgen =—E[DIGON]+AL2+ AL,

Lgen = Ex[Lyeai(D(G(x)))] +
Ez [Lfake(D(G(x)))] + AlLZ + Ale,

Ie Lge— QYHKITIS HOMUJIKY TEHEPATOPA;
Lyea — QyHKIIA BTpAT A peajbHUX 300paKeHb;
Ex — me ouikyBaHHS, IO 300paKeHHS €
peanbHIM;
D(G(x)) — Buxin nuckpuminaropa D, skuii
npuiiMae 3reHepoBaHe 300paxkeHHs G(x) sK
BXif;
E. — ouikyBaHHA 32 JJATEHTHUMU 3MiIHHAMH Z;

ALy, oL~  perynspusamiiiHi  wieHH i3
KoeQiIliEHTaMHU.

3aBasgKH crcTeMi IHTEJIEKTyalTbHOTO
BUJAJICHHS, PO3pOOJIEHOT y MeXax JaHoTO
JOCHI[DKEHHS,  KOPHUCTyBadi  MaioTb  3MOTY
MOIU(IKOBYBaTH pizHi 300paskeHHS i3

MiHIMaJIbHUMHU apTe(aKkTaMy, aJanToBYIOUU iX IO
BIIACHHX MOTPEO.

Averaged Generator and Discriminator Losses Per Epoch Over 50 Runs

11 —— Generator Loss
Discriminator Loss
Gen Loss Std

Disc Loss Std

Loss
=
o

Epoch

Puc. 1. I'padik 6a30B01 QyHKIIIT BTpAT mig gac
HaBYAHHS

Averaged Generator and Discriminator Losses Per Epoch Over 50 Runs

08 —— Generator Loss
Discriminator Loss
Gen Loss Std

Disc Loss Std

Loss

0.6

04
44 e = s e e e e e e e ]

0.0

Epoch

Puc. 2. I'padik kactomHoi PyHKIIIi BTpaT, po3podiieHol
B IIbOMY JIOCTiDKEHHI
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[IpoBoamnocs mocmigkeHHs Ha Tardopmi
Google Colab, BoHa Hama€ MOXKIUBICTh
BHKOPHCTOBYBATH Pi3HI Ipadidi MpOLECOpH, IO
MiAXOIATh AJIsl TPeHYBaHHA 0a30BOi rE€HEPaTHBHOI
Momeni Ha Habopi mannx MNIST (ckmamaeTbes i3
300paxkeHp pykomnucHux 1ubp Bix 0 mo 9.
HesBakaroun Ha CBOIO MPOCTOTY, AO3BOJISIE IIBUAKO
MEPEBIPUTH EKCIIEPUMEHTAIbH1 KOHLIEIIIIT).

I[Ippy TOMy, MmO apxiTekTypa Momemi
3aJIMIIAETHCS HE3MIHHOIO MPOTSIOM HaBYaHHA,
(yHKIIiS BTpaT BU3HAYAE, SIK ONTHMI3aTOP KOPUTYE
Baru Ta MapaMeTpu aiaroputMmy. BoHa BUMTHCS Ha
OCHOBI pe3YJIBTaTIB, SKi OTPUMYE 3 (PYHKITI€IO BTpaT
(4mm Oisble 3HAYEHHS BTPAT, TUM CHIIBHILI OyayTh
3MIiHHM B TIapaMeTpax) YUM TOUYHIIIA MOICIh — THM
MeHmii  BTpatd.  OHOBIIOIOTECS — TapaMeTpH,
3MEHINYIOYM BTPAaTH B HACTYINHHX iTepauisfx i
MOKPAIIYIOYH AJITOPUTM B L1TIOMY.

Po3pobOka momae elmeMeHTH KacToMi3allii,
MOEJHYE PpIi3HI THUOM BTpar 3 MOXKIUBICTIO
HaJalITyBaHHS Bar IS KOXHOI 3 HHUX. Taka
KOMOIHAIlisI BIPOBAKY€E HOBU3HY JUIS peatizallii,
x04a OCHOBHI KOMITOHCHTH HIHPOKO
BUKOPHCTOBYIOTBCSL.

CrtBopeHa yHikaibHa (YHKLIsSE BTpar, MOXe
OyTH BUKOpPHCTaHa JJjIs 3a7a4i image inpainting, 60
aJBepcajibHa BTpard JONOMAara€ TeHepaTropy
CTBOPIOBATH OLIBIN peanicTHyHi 300pakenHs. A L1
i L2 BTpaTy MOXYTh TOTIOMOTTH IOCATATH BUCOKOL
SIKOCTI BINHOBJICHHS, 3MCHIIYIOYH PIZHHUITIO MiX
OpUTIHAJIILHUMU Ta BiTHOBJICHUMH J1ISTHKAMU.

Pe3ynpraTy, oTprMaHi B paMKax JI0CIiIKCHHS,

JEMOHCTPYIOTh ~ 3HAa4HE IIOKPALCHHS  SIKOCTI
BIJHOBJIECHHS  300pa)keHb  3a  JIOTIOMOIOIO
po3pobnenoi cuctemu Ha ocHOBi GAN. VY

MOPIBHAHHI 3 0a30BUMU KPHUTEPIAMH BTpar s
3a/lad BiJIHOBJICHHS. 30KpeMa, CHCTeMa IoKa3ala
MOKpaIIeHHs B cepelHboMy Ha 65% y 3HauCHHSIX
dbyHKIIi BTpaT IS TeHepaTopa, MOPIBHIOIOYH 13
6azoBoro Momeiio (3 0.9 mo 0.3). ITopiBHIOHOYH 3
METOZIOM IMKIIIYHOI BTPATH, TOKPAIICHHS 3pOCIIH B
Mexax 2-3%. IIpu mpoMy BoHa 30eperiia BUCOKY
¢(heKTUBHICTH 32 YaCOM OOYHCJICHb Ta CTAOLIbHICTh
poboTH  AWCKpUMiHATOpa.  3arajJbHUH  4Yac
BHUKOHAHHS OJTHI€T iTEpallii B CEpeIHHOMY 3piC JIUIIIC
Ha 0.94% (3 635 mo 641 cexynam) mist Ga3oBOi
peamizariii Ta Ha 2% 151 METOAY IUKJIIYHOI BTPATH.

Ilpuknan, HaBegeHuil Ha puc.l aAeMoHCTpye
pe3ysbTaT BUIACHHS 00’€KTa 13 300paXKCHHS.
BapTto 3a3HaunTH, 10 KOJIpP COOAaKH CXOXKHUH i3
3amHiM  (OHOM, 1[0 YACTKOBO  TMOCHPHUSIO
SIKICHIIIIOMY 3altOBHEHHIO. BogHOYac He3Baxarouu
Ha JOCUTH BEIHWKY MAacKy, CHCTeMa Bropajacs i3
3aBJJaHHSAM Ha HaJIS)KHOMY PiBHI.

Puc. 3. Pe3ynbpTar yCyHEHHS BEIUKOI YACTUHH
300paKeHHS:
a — [oYaTKoBe 300pakeHHS,
0 — 300pa)XeHHS 3 MacKOIO; B — pe3yJIbTaT BHIAICHHS

BucnoBku. IIpoanamizoBaHo METOIH, SKI €
OCHOBOIO I pO3POOKH cucTeMu 3adhapOOByBaHHS
300paxeHb. JochmimpKkeHo akTyanabHI MiAXOMU IS
BUJAJICHHS Ta CTBOPCHHS TEKCTYPH 3 METOIO
3aMOBHEHHS TOTPIOHMX 4YacTWH. Y JAOCKOHAJICHO
METOJl TeHepallii KOHTEHTY 13 3aCTOCYBaHHSIM
yHIKaJIbHOI (YHKIII BTpaTt, sika 3a MOKa3HUKAMHU
TOYHOCTI Ta 4Yacy BHKOHAHHSA IICPEBHIIYE
PO3rJISHYTI KOHKYPEHTHI peaiisarii. Po3po0iaeHo
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CHUCTEMYy BHUJAJNCHHS OO0’€KTiB 13 HU(POBHUX
300paxkeHb, 1110 BUKOpUCTOBYE aaroputM GAN Ha
0a3i Python Tta toro 0i0miorek. Cucrema
OpIEHTOBaHA Ha IIUPOKHN CIIEKTP KOPUCTYBadiB:
BiJ Ol3HEC-KOMIAHIM A0 KIHIIEBUX CIIOKHBAYIB, SKI
NParHyTh MOKPAIIUTH OOpPOOKY Bi3yalbHHUX NaHHUX
3a JOIOMOTOI0 IHCTPYMEHTIB peAaryBaHHsL.

Pe3ynbrat AEMOHCTPYIOTH 3aI0BUTEHY SIKiCTh
BUJANICHHS  CTPYKTYp 13  300paxkeHb 3
MiHIMQIBHAMH apTedakTaMu, HaBiTh PH HU3BKIi
PO3AUIEHIN 3MaTHOCTI 3a KOpOTKWH 4wac. OpHaK,
TOYHICTh BIJTHOBJICHHS MOXXE 3HIDKYBATHCS TPH
poboTi i3 CKIagHUMH YW  JETadi30BaHUMH
300paskeHHAMHU. Y JOCHIKeHHI Oyna po3poliieHa
METOJIMKa BHUJAJCHHS OO €KTIB 3a JOMOMOTOI0
iHTerpalii CyJacHHX THIIIB apXiTEKTyp HEHPOHHUX
MEPEXK 3 YHIKAJIbHOK (PYHKIII€I0 BTpPAT.

Pozpobiiene pilIeHHS JTO3BOJISIE
aBTOMATHU3yBAaTH MpOLIeCH penaryBaHHs
300pakeHb, MO0 3MCHIINYE BUTpaTH Yacy Ta

pecypciB, HEOOXiTHMX [UIi BUKOHAHHS TaKUX
3aBaaHb BpyuHy. CucTema 3abe3mnedye TOCTYII 0
IHHOBAIIIMHAX TEXHOJIOTIM IS MIMPOKOTO KOoJja
KOPUCTYBa4iB  Ta  3HWXKYE  BHUTpaTd  Ha
creriaizoBaHe IporpamMHe 3a0e3rneucHHs. 3aBIsSKU
OBOMY pO3poOKa Mae He JHIIEe HayKoBe, a U
COLiQIbHO-eKOHOMIYHE  3HAYCHHS,  CIPHUSIOUYH
JOCTYIHOCTI 0OpoOKHM Bi3yanbHOi iH(opmarii.
3aificHeHO AOCTITHUITBKY pOOOTY ISl ONTHUMI3aIii
Mertony GAN Ta 1oOymoBaHO IPOTrpPamMHy
pearizamifo CUCTeMH, SKa I03BOJSIE Y KOPOTKHUI
TEpMiH YycyBaTH HeOakaHi KOMIIOHEHTH i3
300pakeHb. Pesynbratu JOCITiDKEHHS
HiATBEPIUKYIOTh  €(EKTHBHICTH  PO3pPOOIEHOrO
pimenns. TakuM cmoco6OM KOPHUCTYBadi MOXKYTh
eheKkTUBHO pemaryBaTd rpadiuyHHii  KOHTEHT
BIJIMTOBIIHO 10 MEPCOHAIBHUX BIIOA00AHb.
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The volume of visual information surrounding us is
constantly growing, which creates the need for intuitive
tools for its processing. Research aimed at improving
algorithms for adding or removing objects from
graphical content is highly relevant and has significant
practical potential. Systems employing such algorithms
can be applied across various domains—from
cinematography and photography to the restoration of
artworks —and even medicine. Image inpainting
technology enables the automatic reconstruction of
missing parts of an image, saving users time and effort.
Despite the abundance of existing solutions for
reconstruction tasks, there is still a lack of systems that
comprehensively leverage generative models to achieve
high-quality content restoration. This highlights the
importance of research in this field, focusing on
improving current algorithms. The assessment of the
current state of the field shows considerable progress in
the development of generative models. At the same time,

further refinement is needed to enhance universality,

optimize resource usage, and reduce computational
costs. This work investigates methods of Generative
Adversarial Networks (GANs) for image inpainting tasks
and evaluates the effectiveness of existing approaches. A
content generation method has been improved by
introducing a unique loss function, which surpasses the
considered competitive implementations in terms of both
accuracy and execution time. Sofiware has been
developed to address practical tasks. Work has been
carried out on a GAN-based system for graphical content
restoration, with improvements achieved through
mathematical tools. The results obtained in the course of
the research demonstrate enhanced image restoration
quality with the proposed GAN-based system, including
high-quality object removal with minimal artifacts, even
at low resolution and within a short processing time.
However, it should be noted that restoration accuracy
may decrease when dealing with complex or highly
detailed images. The practical significance of this
research extends to all fields where visual data
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processing is crucial. It lies in addressing the problem of

low-quality object removal from images and advancing

algorithms for replacing and removing specific regions

in images using Generative Adversarial Networks.
Keywords: inpainting, GAN-network.
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HOBI BIOCYMICHI TUTAHOBI CIIVTABH 3 MIHIMAJIBHUM JIEI'YBAHHAM
(Ti—-O-Fe—-C-Si—Au / Ti-Mo-In) AK AJIbTEPHATHUBA Ti-6Al-4V

Kupnaaxa C.B.

NEW BIOCOMPATIBLE TITANIUM ALLOYS WITH MINIMAL ALLOYING
(Ti—~O-Fe—-C-Si—Au / Ti-Mo-In) AS AN ALTERNATIVE TO Ti-6Al-4V

Kyrylakha S.V.

Y pobomi posensinymo cyuacui nioxoou 0o cmeopeHHs.
HOBUX — MUMAHOBUX  CHAABIE  Onsl  OIOMeOUYHUX
3acmocysanb i3 aKyenHmom Ha KOHMPOJb
MIKpOCMPYKmMypu, @azoeoco ckaaoy ma
EeKCHYamayitiHux — 81acmugocmeli  ULIAXOM
Je2y8aNbHUX  elleMeHmie [ napamempie  00poOKu.
Hokaszano, wo knacuunuti cnnas Ti-6A1-4V, nonpu
nowiupere GUKOPUCHAHHS, MAE HU3KY 0OMediceHy,
30Kpema  HegiOnoGiOHicmb  MOOYI — NPYICHOCMI
OIOMEXAHIYHUM XAPAKMEPUCUKAM KICMKO80I MKAHUHU
ma MOXMCIUBI PU3UKU, NOG A3AHI 3 BUBLTbHEHHAM
mokcuynux xomnounenmie Al i V. ¥V yvomy xoumexcmi
akmyanvHuMu € 06i cmpameeii: 06a2amoKoMnoHeHmue
Ae2Y6AHHA — MUMAHOBOI Mampuyi  elemenmamu 3
nioguuienoio 6iocymicHicmio, 30Kpema cucmemu muny
Ti—-O-Fe—C-Si—Au, ma yinecnpsamosana fp-cmabinizayis
Ha npuknadi cnaagsie P-Ti—-Mo—In. [lepuwa cmpameeis
3abesneuye  opmysanus  OpibHo3epHUCmoi  o/f-
CMPYKMypu 3 NiOBUWEHOI0 OUCIOKAYIUHOW WINbHICHIO
ma NoOKpawjeHoio KOpO3iUHOI0 CMIUKicmio, wo €
8ANCIUBUM Ol MPUBALOT eKCHIyamayii y CKIAOHUX
cepedosuyax. Hpyea cmpamezis 0o360715€
cmabinisyeamu  f-pasy 30 3HUNCEHUM — MOOYieM
NPYACHOCIE MA NIOBUWEHOTO NAACTNUYHICIIO, WO CRPUSE
onmumizayii CnieBIOHOULEHHS Miynocmi u
oegopmayitinoi 30amHOCM. Ananiz
EeKCNepUMEHMANbHUX — QOCTIOJCEHb  OCMAHHIX — POKi
C8IOUUMb, WO KOHMPOALOBAHE Je2y8aHHA KUCHeM md
3a1i30M CNpUSE NIOBUWEHHIO MeJCI NJIUHHOCTMI NOHAO
900 MlIla npu 36epedicerni 8iIOHOCHO20 NOOOBICEHHS 00
15 %, mooi sk Jne2ysanHs 3010MOM  NIOGUWYYE
biocymicuicmeb 63 3HUIICEHH NAACMUYHOCHI. Y 8010
uepey, f-cnaasu  Ti—-Mo—In  xapaxmepusyiomscsi
cmadinbHoI0 ha3ot0 ma Mooyiem NPYICHOCHI, OIUNCHUM
0o énacmugocmeii Kicmkogoi mxarHuHu. Bcmanognero,
WO  NOEOHAHHA  MIHIMANBHO20  JIe2y8aHHA  md
ONMUMI308AHOT MEPMOMEXAHIUHOT 0OPOOKU 003601€

eapiayii

00HOYACHO docsazmu BUCOKUX MeXaHiyHux
Xapakmepucmux, KOpOo3itinoi cmitikocmi ma
biocymicnocmi. J{o0amko8o 6I03HAHUEHO, WO 68COCHHS.
Mo cnpusic ymeopennio cmabinenoi f-pasu 3 ecpexkmom
SHUDICEHHSL eNACMUYHO020 MOOYS, MO0l AK domiwku In
NOKpAWYIOMb ONip KOPO3IUHO-8MOMHOMY DYUHYEAHHIO.
s cucmemu Ti—O—-Fe—C-Si—Au ecmanosneno, wo
Hagimv Mani KOHYeHmpayii OOMIWOK 00360/5H0Mb
Kepysamu (hazosumu nepemsopesHIMU Ma 3MEHULY8amu
CXUTbHICMb 00  KPUXKO20 — PYUHYBAHHSA  3A805KU
MBEPOOPOIUUHHOMY 3MIYHEHHIO md  OUCHepCIUHOMY
po3nodiny ¢gas. Ilpaxmuuna yinnicms 3anponoHO8aAHUX
cucmem  noafeae y  MOJCAUGOCHI — OMPUMAHHS
mamepianié i3 NPOSHO3068AHUM PeCypcoM pobomu &
azpecusromy 6ionociunomy cepedosuwyi ma Oinbu
MOYHOIO 8ionosionicmio MeXaHIUHUM
Xapaxkmepucmukam Kicmkogoi mKauunu. 3pobaeHo
BUCHOBOK npo nepcneKmueHicms noOanbUUX
00CniOdNCeHb Yy HANPAMKY — Keposawux — ¢azoeux
nepemeopeHy, MeKCmypoymeopeHHs, Mexauizmie
SMIYHEHHA ma OonmuMizayii mexHoI02IYHUX napamempis,
wo GIOKpUBAE HOGI MONCAUBOCMI OISl PO3POONEHHS
mamepianié HACMYNHO20 NOKOMIHHA 3 HNOKPAWEHUM
KOMNIEKCOM eKCNIyamayitiHux 61acmugocmeil.
Knwouosi cnosa: mumanosi cniasu;, Mikpocmpykmypa,
aezysanms, P-cmabinizayis, OiocymicHicmb, MeXaniuHi
61aCMUE0CMi; IMRIAHMOJIO2IA.

Beryn. Turan Ta #oro crjaBu BiAirparoTh
KIIIOYOBY POJb Yy CyYacHOMY MaTepiajlo3HaBCTBI
3aBISIKM TOEJHAHHIO BHCOKOI MUTOMOI MIIHOCTI,
KOpO3iiiHO1 cTilikocTi Ta 6iocymicHocTi. HaiiGinbrm
nomupeHuM € civiaB Ti-6Al-4V, skuil akTHBHO
3aCTOCOBYEThCS B aBIaKOCMIYHIM Ta MEIUYHIN
npomucioBocti. Ilpore #ioro  BUKOpUCTaHHS
oOMexeHe vepe3 HasBHICTh y CKJIAJIi alFOMIHIIO Ta
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BaHAMil0, M0 NOTEHLUIHHO MOXYTb MPOSBISATH
TOKCHYHICTh T2 HETATHBHHUI BIUIMB Ha O10JOTI4HI
tkaanan [Long, Rack, 1998] [1]. HomarkoBum
(akTopoM € edeKT HEeBiIIOBIIHOCTI MOy
MPYXHOCTI ~ KICTKOBI  TKaHWHI, IO MOXe
NPU3BOAUTH O  3HWKEHHS  JIOBTOBIYHOCTI
immnanTiB [Geetha et al., 2009] [2].

Y 3B’3ky 3 OUM  aKTHBI3yBaJIUCh
TOCITIKEHHS, CTIPSMOBaHI Ha PO3POOJICHHS] HOBUX
TUTAHOBHX CILUIABIB 13 IMiIBUIIICHOIO 010CYyMiCHICTIO
Ta 3HIKCHUM MOAYJIEM MPYXXHOCTI. 3HAUHY yBary
npumaiieno B-cradimizaropam (Nb, Mo, Ta, Zr), ski
TI03BOJISIIOTH ¢dopmyBaTH CTPYKTYpH 3
MOKpAIIEHNMHU EKCIUTyaTalliiHUMH BIACTUBOCTSIMH
[Geetha et al., 2009] [2]. IIpore Taki migxomm
CYTIPOBOIKYIOTBCSL  CKJIATHICTIO  TEXHOJOTIYHOT
peamizamii Ta BHCOKOIO BapTICTIO JIETYIOUHX
CJIEMEHTIB.

BaxiauBuM BHECKOM Yy IO TPOOIEeMaTHKY
ctanu pocmipkenHs Haase Ta cmiBaBt. (2022) [3],
nie OyJI0 3amporoHOBaHO KOHIICTIIIIF0 MiHIMAIbHOTO
JIETYBaHHS TUTAHOBUX CIUaBiB enemeHTamu O, Fe,
C, Si, Au Tta Mo. ABTOpHM TOKa3aid, IIO
KOHTPOJIbOBaHE MiKpOJIer'yBaHHS JIO3BOJISIE
30eperTd MIlHICTh MaTepialy Ta 3a0e3NednTH
CTabImBHICTh MIKPOCTPYKTYpPH 0€3 BUKOPHCTAHHS
TOKCHYHHUX eleMenTiB [Haase et al., 2022] [3].

HdonaTtkoBo  BapTO  BifI3BHAYHTH  pOOOTY
Romero-Reséndiz ta in. (2023), y sixiii po3pobieHO
HOoBUH B-ctuiae  Ti—15Mo—-5In. Buxopucranus
1H/Ti10 SIK O10CYMICHOTO JIeTyBaJIbHHKA y TTO€THAHHI
3 MOJIIOJCHOM JO3BONHMJIO 3HU3UTH  MOJIYJb
MIPY>KHOCTI Ta MiABUIUTH KOPO3iiHY CTIHKICTB, IO
PO3IIUPIOE  TIEPCIIEKTUBU  3aCTOCYBaHHS —TaKHX
MaTepiagiB Y BHCOKOTEXHOJOTIYHHUX Taly3sx
[Romero-Reséndiz et al., 2023] [4].

Takum 4uHOM, TPOOIEMH TOKCHYHOCTI Ta
HaJMIpHOTO MOAaylsi mpyxHocti Ti-6Al-4V
€()eKTUBHO BUPIMIYIOTHCS IIIAXOM MiHIMAIBHOTO
abo anbTEPHATUBHOTO JIETYBaHHS THUTaHy, IO
JI03BOJISIE 30€perTH BUCOKY MIIHICTh, CTalOiIbHY
MIKPOCTPYKTYpPY Ta MOKpaieHy 6iocyMicHIcTh [1-
8].

Axmyanvricmo [ HosusHa. Bigomo, 1110 0uH 13
HANMOIIMPEHIINX MEAUYHUX THTAHOBUX CIUIABiB
Ti-6Al-4V Mae cyTTeBi OOMEXEHHS, 3YMOBJIEHI
TOKCHYHICTIO enemeHTiB Al 1 V, a Takox
MiJBUIICHAM MOXYyJIEM TpPYXHOCTI, M0 HE
BIJIMIOBiIa€  BIACTHBOCTSAM KICTKOBOI TKaHHWHU
[Sarraf et al., 2021]. V 3B’s13Ky 3 IIUM YHPOJIOBK
OCTaHHIX  POKIB  aKTHMBHO  JIOCIIIDKYIOThCS
JIbTEepHATHBHI CUCTEMH, 30KpeMa B-cruiaBu Ti-Nb,
Ti-Zr, Ti-Mo Tta ix xoMmOiHaIlii, sKi 3a0e31e4yoTh
3HW)KEHHS MOJIyJSl TPYXKHOCTI Ta MiJBHIICHY
Oiocymicuicte [J. Alloys & Compounds, 2020;

Scientific Reports, 2023]. IIpore OUIBIICTh TAKUX
MarepianiB XapaKTepU3yIOThCA CKITaTHUM
JEeTYBaHHSAM Ta  HEOJHO3HAUYHMM  OaraHCOM
MIIIHOCTI ¥ Tu1acTuyHoCTi [3-9].

Ha mpomy 111 0COONMHMBY HOBH3HY CTaHOBHTH
MiIXig, 3ampornoHoBaHWi y pobOoti Haase Ta
crniBaBT. [Haase et al., 2021], mo mnomnsrae y
KOHIIEIIT MIHIMAJILHOTO JIETyBaHH4.
Bukopucranus HEBEJIMKHUX KOHIICHTpaITiit
oiocymicaux enementiB (O, Fe, Si, Au, Mo)
JIO3BOJIIE JIOCATAaTH BUCOKOTO DIiBHS MEXaHiYHHX
BJIACTUBOCTEH TpH 30epekKeHHI IUTACTHYHOCTI Ta
OJTHOYACHO MiHiMi3yBaTu (a3oBy ckianHicTb. Lle
BIIKpUBa€ MEPCHEKTHBU [ CTBOPEHHS HOBUX
OloMenUYHMX THUTAHOBHX MarepialiB, 3IaTHUX
3amiauTy Tpagumiiani Ti-6Al-4V.

Cepen HOBITHIX HampsiMiB OCOOJHMBY yBary
NPUBEPTAIOTh THTAHOBI CIUIABH 3 KOHIICIIIIEHO
«MIHIMAJIBHOTO JIETYBaHHS», KOJIW BHKOPUCTAHHS
HEBEJMKUX KIUTbKOCTEH Oi0CyMiCHUX €JIEeMEHTIB
JIO3BOJIIE  JIOCSITTH  ONTHMAIBHOTO — TTOEJHAHHS
MIIIHOCTI, TIACTHYHOCTI Ta KOPO3iHHOI CTIHKOCTI.
Mo miei rpynu Hamexuts crmia Ti-0.440-0.5Fe—
0.08C—-0.4Si—0.1Au, 3anpononoBanwmii Haase [3], B
AKOMY TIOETHAHHS KHCHIO 1 3aii3a 3abe3mnevye
TBEPJOPO3YMHHE 3MII[HEHHS, KPEMHil 1 Byrienb

COpUSIIOTH CTa0imizamii CTPYKTYpH, a 30IJI0TO
migBuIlye  010CYMiCHICTB 0e3  3HIKEHHS
TUTACTUYHOCTI.

Pesynbratn MOKa3aJIn (bopmyBaHHS

JPiOGHO3EPHUCTOT O+B-MIKPOCTPYKTYPH 3 MEKEFO
mwiHHOoCTI ToHany 900 MIla Ta BiZHOCHHAM
MOIOBXKEHHSM O1r3bko 15 %, 1mo poOuTh cucremy
MEPCIICKTUBHOKO JIII MEIUYHOTO 3aCTOCYBaHHSI.
[mmmM  npuknagom € P-cmmaB Ti—15Mo—5ln,
nmocmimkenuit  Romero-Resendiz [4], y skomy
MOJIi0JIeH BUKOHYE PoJib B-cTabinizaropa i 3HHKYE
MOJyJb TPYKHOCTI, a iHAIM 3a0e3neuye BHCOKY
OiocymicHicTe. Y  pesynpTari  (popMmyeThCs
piBHOBakHA 3-(a3za 3 MOIyIeM MPYKHOCTI OJIM3BKO
65-75 TTla, mo HaOMMWKEHWHA [0 ITOKA3HUKIB
KICTKOBOT TKaHUHH, NP MiHOCTI oHax 750 Mlla
Ta m1actuyHocti Buie 20 %. Takum unHOM, 00K IB1
CUCTEeMHM JEMOHCTPYIOTh CYYacCHMH Miaxim o0
CTBOpeHHsT  anbTepHatuB  Ti-6Al1-4V s
IMIIJIAHTOJIOT].

Meto10 po60TH € aHai3 CydacHUX ITiJIXOIIB
JI0 CTBOPEHHS O10CYMiCHHUX THUTAaHOBHX CILIAaBIB 3
MiHIMaTbHUM a00 alTbTEPHATUBHHUM JICTYBaHHSIM Ta

OLIHKAa iXHBOI TEPCIEKTUBHOCTI Yy KOHTEKCTI
3aMiHM TpaauiiiHoro crmaby Ti-6Al1-4V.
Buxkaan OCHOBHOI'0 marepiary

pociimkennsi. Y poboti F. Haase Ta cmiBaBTOpiB
(2021) [3] mochipKeHO BIUIMB MaIHX KOHIICHTpALiH
KHCHIO, 3a11i3a, KPEMHiI0 Ta 30J10Ta Ha ()OpMyBaHHS
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MIKpOCTPYKTYpH Ta  MeXaHi4Hi  BJIaCTHUBOCTI
criaBiB - THTaHy. [lokasaHo, 1O  BBEICHHSA
oOMexeHoi KimpkocTi kmcHIO (~0,44 mac. %) y
noemqHanHi 3 Fe Ta Si 3abe3neuye cytTeBe
3MIIIHEHHS TBEPAOrO PO3UYMHY TpU 30epekeHHI
JOCTaTHBOI MmacTUYHOCTI. Oco0nKBO BiA3HAYEHO
POJIb 30JI0Ta K 0iIOCYMICHOTO JIeryBajbHHKA, IO
cTalimi3ye CTPYKTypy Ta MIiJBHINYE KOPO3iHHY
CTIMKICTB, 10 BaXKJIMBO JJIi IMIUIAHTALIHHUX
3aCTOCYBaHb. Pe3yibpTaTH  MiKpOCTPYKTYPHOTO
aHamizy (puc.l) [EMOHCTPYIOTh PpI3HUIIO Y
pO3MOiT 3epeH 3aJie)KHO BiJ TOBIIMHU IIACTHH
MICHS PEeKPUCTANI3AMIMHOTO BigNaNy: y TOHKHX
3pa3kax  CIIOCTEpIraeThCs  OUTBII  OJHOPIIHA
NpiOHO3EpHUCTA CTPYKTypa, TOAI SIK Y TOBCTHX
(hopMyeTbcss KOMOiHaISI APIOHUX Ta BUTATHYTHX
3epeH. Lle cBiguWTh TPO HEOAHAKOBI yMOBH
nedopmarrii Ta pexpucTamizanmii npu
TePMOMEXaHITHOMY OOpOOIIeHHI.

AHani3 MexaHIYHUX BUIPOOYBaHb IIOKa3aB,
o koMmOiHaIlis JieryBanHs kucHeM i Fe y crasi
Ti-0.440-0.5Fe—0.08C-0.4S1-0.1Au 3abe3neuye
CYTT€BE MiABUILCHHA MILHOCTI: MeXKa IUIMHHOCTI
nepesuirye 950 MIlla, a mexa MIiHOCTI csirae
monan 1050 MlIla. Ilpu 1BOMYy BiTHOCHE
MOJOBXKEHHA 30epiraeThcs Ha piBHI 12—-15 %, mo
CBIIYUTH po 30epeKeHHs 3aJ10BUIBHOL
IUTACTUYHOCTI. BBeneHHsa HeBenuKol KUIbKOCTI Au
Crpusie MiABHUIIEHHIO OiocymicHOCTI 0e3 icToTHOI
BTpaTH AeopMariiiHoi 31aTHOCTI.

Hus nopiBHstHAS, B-Ti—15Mo—5In nemoHcTpye
HIDKY1 ITOKa3HUKH MIITHOCTI (Gg.2 = 750—800 MI1a),
ayie 3HaYHO BUINY IIacTHYHICTH (& = 20-25 %), 1o

AACHRERNTR
2

s
LAY

v

o0ymoBiieHO crabinizamiero B-dasu. Otpumani

pe3ynbTaTH MiATBEPKYIOTh e(EKTHBHICTh
KOHIEeNMii ‘“‘MiHIMaJbHOTO JIETYBaHHSA , KOIHU
JTOJIaBaHHS HEBEJIMKUX KOHIICHTpAIlii 010CyMiCHUX
€JIEMEHTIB JTO3BOJISIE ONITUMI3YyBaTH

MIKpOCTPYKTYpY Ta 3a0e3nmednTd 30amaHCcOBaHi
MEXaHiYHI XapaKTepUCTHKH (puc. 2).

Jis  OWiHKM MeXaHIYHUX XapaKTePHCTHK
TUTaHOBHX ciaBiB cuctem Ti—O-Fe-Si—Au Tta f3-
Ti-Mo—In mpoBogwin craHaapTHi BUIPOOYBaHHS
Ha po3TAr mpu KimMHatHil Temmeparypi (DIN EN
ISO 6892-1:2017-02). 3pa3ku BUTOTOBISUIH Y
¢opMi TUIOCKMX TIIACTMH TICHA  OCTaTOYHOI
MPOKaTKM Ta pPEeKpHCTali3aliifHOTO BiAmany, IO
3a0e31e4uyBajio Penpe3eHTaTUBHICTD JOCIIIKEHHS.
BumnpoOyBanHa NoKa3aau CyTTE€BI BIAMIHHOCTI y
noBemiHml aBox cucreM: mist 11-O-Fe-Si—Au
3a(pikCOBaHO MIJBUIICHHS MEXI IUIMHHOCTI 3a
paxyHOK Moaugikaii KUCHEM 1 3a1i30M, TOMI SIK -
Ti-Mo—In BusSBUB BHINYy IUIACTHYHICTH 1
CTaOlNBHICTh CTPYKTYpU Y TOPIiBHAHHI 3 o+f-
craBamu [10].

s Bepudikawii CTpyKTYPHHX CHOCTEPEKEHb
OyJio TpOBENEHO CTaHAApPTHI BUIPOOYBaHHS Ha
postsair (DIN EN ISO 6892-1:2017-02; DIN
50125:2016-12) [10, 11]. 3pa3ku 000X cucTEM
BUTOTOBJSIM Y BUIJIAJI TUIOCKMX IUTACTHH MiCHS
MPOKaTKH Ta pPEeKpHCTali3alliifHOTO BiAmany, IO
3a0e3meuyBajo  OJHOPIAHICTH MIKPOCTPYKTYPH.
Pesynbratn cBimyaTh OpO CYTTEBY PI3HUIIO Yy
[MOEAHAHHI MIIHOCTI Ta IUIACTUYHOCTI  JUIA
PO3MIIIHYTHX CIIaBiB (Talm.).

Puc. 1. [lopiBusHHS MikpocTpyKkTypH cruiaBy Ti—0,440-0,5Fe—0,08C—0,4Si—0,1 Au y mo3goBXHBOMY TIepepisi
Ha KpAio Ta B IICHTPi TOHKOI ¥ TOBCTOI IIACTHUHM TiCIIs (hiHATBHOT IIPOKATKY Ta PEeKpUCTAi3aIliiiHOro Bignanry [3]



14 BICHWK CXIOHOYKPATHCbKOIO HALIOHAMBHOIO YHIBEPCUTETY imeni Bonoaumupa Jans Ne 8 (294) 2025

edge of the plate

thinner plate

thicker plate

Puc. 2. Mikpoctpykrypa cmiaBy Ti—0.440—0.5Fe—0.08C—-0.4Si—0.1 Au micis mpokaTku
Ta peKPHCTaNI3aNiHHOTO Bifnany (MOPiBHAHHS KAk i CepeIMHU TUIACTHHU Pi3HOT TOBIIUHHM) [3]

MexaHniuHi BJaCTHBOCTI J0CTII)KyBAHMX THTAHOBHX CILIABIB

Tabmums

SIk BugHO 3 Ta0a. 1, crnaB cucremu Ti—O—Fe—
Si—Au 3a0esrnedye 3HAYHE MiJIBUIICHHS MIIIHOCTI
3aBISKM KOMIUIEKCHOMY JIETYBaHHIO, MIpOTE 3
JIESIKUM 3HIKEGHHSAM IU1actuyHocTi. Haromicts B-
Ti-Mo—In xapakTepu3yeTbcsi MEHIIOK MEXEI0
MIITHOCTI, TIpoTe 30epirac BHCOKY IUIACTHYHICTH i
cTaOLIBHICTD PB-(a3u, M0 KPUTUYHO Ba>KIMBO JUIS
IOBTOTPUBAJIOi  eKcIuTyaTamii y OloMeaumyHuX
3aCTOCYBaHHSIX.

Y poboti L. Romero-Reséndiz Ta cmiBasr.
(2023) [4] Oymo po3poOieHO MepeBaKHO [-CIiiaB
Ti-15Mo—5In  nmnst  GlOMEIWYHUX 3aCTOCYBAaHb.
BBenennst iHIiI0 K 0iOCYMICHOTO JIeryBaJIbHHUKA
3a0e3MeunII0 3HAYHE 3HIKSHHS MOJIYJIS TPY>KHOCTI
(mo 60-70 ITla), mo HabGiwKae HWOro 1O pPiBHA
KICTKOBOi TKAaHMHH Ta MiHIMI3ye eQeKT «stress

Crunas Mexa MIMHHOCTI, Mexa MinHOCTI, Bignocue XapakTepHa 0COOJIMBICTh
c0.2, MIla o8, MIla MOJIOBXEHHS, O, %
Ti—0.440-0.5Fe-0.08C— ~950-1000 ~1050-1100 12-15 [ligBuieHa MilHICTH 3a
0.4Si-0.1Au paxysok O Ta Fe
B-Ti—15Mo-5In ~750-800 ~850-900 20-25 Bucoka mimacTu4HICT,
cTabiIbHICTD -(ha3u
shielding». ~ MIKpOCTpYKTYpHI  AOCIHiIKEHHS

BUSIBWIN TIepeBakaHHA [-(a3u 3 JIOKaJbHUMHU
BKJIIIOYEHHAMH « Ta @, TPUYOMYy 3€peH f-
CTPYKTYpPH  TIEPEBaKHO  HAHOMETPOBOTO  Ta
cyOMikporHOTO miamazoHy. lLle 3a0e3meunio
CIPUSTIUBY KOMOIHAIF0 HU3BKOTO MOJYJIS Ta
JOCTaTHBOI MilTHOCTI (puc.3).

Heranbuauii anamiz ¢pakuiii ¢a3 nokasas, 110
noHag 70 % CTpyKTypH CTaHOBHUTH cTaOuIbHA [3-
(aza, Toni sk 0" Ta 0 YTBOPIOIOTH JIMIIIE JIOKAIBHI
ninsaku. Came takwii (pa3oBuii OamaHC BU3HAYAE
HU3BKUH MOJyJb TIPYKHOCTI y TIOEJAHAHHI 3
3aJ0BUTbHOIO0  MinHicTIO. Kpim  Toro, cmas
XapaKTepU3yEThCS BHCOKOIO KOPO3iHHOFO
CTiiKicTIO y (i3i0J0TiYHOMY CepeloBHIIi, IO
MiATBEPDKYE HOTro MOTEHIIiaN JJisl 3aCTOCYBaHHS B
opToreuYHil iMIutanTosorii [12].
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Puc. 3. Posnopain noBxuau 3¢peH y cmmiasi Ti—15Mo—51n 3 suginenssaM ¢as o, o ta f [4]
3icTaBlieHHsT ~ pe3yNbTaTiB  JBOX  poOOIT  CTIMKOCTI Ta OIOCYMICHOCTI, 30KpeMa 3aBIsSKH
JNEMOHCTPYE Pi3HI WiAXOMW A0 PpO3B’sA3aHHSA  BBEIEHHIO Au sk 6ioiHepTHOTO enementa [13-15].
aktyampHOi mpoOnemm: Haase Ta cmiBaBTOpH Ha Bigminy Bix mporo, L. Romero-Reséndiz Ta
BUKOPUCTOBYIOTh ~ KOHIICTIIIFO MIKpOJICTYBaHHS  CIIBaBT. [4] 3anponoHyBajld IHIIWH  MiIXig,
kucHeM, Fe, Si Ta Au ans miIBUIICHHS MIITHOCTI  3aCHOBAaHMW Ha MEPEBAXHO [-cTadiyli30BaHOMY
mpu 30epekeHH] TIacTUYHOCTI, ToAi K Romero-  crumaBi  Ti—15Mo-5In.  BBemenns MomiOaeHy

Reséndiz Ta cmiBaBT. KOHIIGHTPYIOTBCS Ha
3HW)KEHHI MOAYNS TPYXKHOCTI 332  PaxyHOK
neryBaHHs P-ctabimizatopamu (Mo) Ta iHIiEM.
TakuM 4YMHOM, Yy NEpIIOMY BUIAAKY AaKIEHT
3po0JIEHO Ha MEXaHIYHOMY 3MIlIHEHHI, y Jpyromy
— Ha OioMexaHIYHIi CyMiCHOCTI 3 KiCTKOBOIO
TKaHUHOIO.

OtpumaHi pe3ysbTaTd CBiI4YaTh, MO Pi3HI
MIIXOAM JI0 JIETYBaHHSA THUTAHOBUX CILIABIiB
J03BOJISIIOTH  IIUJIECTIPSIMOBAHO 3MIHIOBAaTH iXHIO
MIKPOCTPYKTYPY Ta eKCIUTyaTalliitxi
XapaKTepUCTUKY JUIs1 O10MEAMYHHUX 3aCTOCYBaHb. Y
poboti F. Haase Ta cmiBaBT. [3] 3acTocoBaHO
KOMIUJIEKCHE JIeTyBaHHSI cucteMu Ti i3 3aii3om,
KpEMHIEM, BYIJICIIEM, KHCHEM 1 HEBEIMKUM
BMICTOM 30JI10Ta, IO CHPHUIO (POPMYBaHHIO
NpiOHO3EPHUCTOI CTPYKTYpH MiClIsi NPOKATKH Ta
PEKpUCTATI3AI[IIHOTO BiJIrany. Amnaris
MIKpOCTPYKTYp (puic. 4-5) TOKa3aB HAasBHICTb
OTHOPITHMX 3€peH y LEHTpajJbHIH 4YacTuHI
IUIACTHHU Ta JIENIO BiAMIHHUI PO3MoAil (a3zoBux
CKIaoBUX  Olmg  KpaiB, 1O  3YMOBJIEHO
oco0iuBoCcTAMHU eopManifHO-TEPMIUHOI iCTOPii
MaTepiany. BaxnuBo, mo Taka KomOiHamis
JIST'yBaJIbHUKIB 3a0€3Meunia He JIuIie cTablIbHICTh
CTPYKTYpH, aje ¥ TOJIMNIIEHHS KOPO3iiHOT

3a0e3neuye yTBOpeHHs cTabinbHOI B-dasu, Tomi K
IHAIM BiAIrpa€e poyib IOJATKOBOTO €IIEMEHTa, IO
3HW)KYE MOIYJIb TPYXHOCTI Ta  IiJBHIILYE
CYMICHICTh i3 KiCTKOBOO TKaHHUHO¥O.
[MpencraBnenuit po3moOAT  PO3MIpiB  3epeH i
¢dazoBux ckIagoBUX (puc. 6) CBITUUTH TIPO
YTBOPEHHS PIBHOMIpHO{ CTPYKTYpHU 3
JOMiHyBaHHSIM [-da3u Ta MiHIMaJbHHM BMICTOM
a"-azu. Le miaTBepKy€e MOXKIIUBICT KEPOBAHOTO

PETYIIOBaHHS chiBBigHOMEeHHs a3 s
JIOCSITHEHHS 0a)kKaHWX MEXaHIYHUX MapaMeTpiB.
[lopiBHSIBHUE  aHAN3 [HMX  JOCIIKEHb

MOKa3ye, Mo X04a 0OWIBa MiJXO/IU CIPSMOBaHI Ha
MiBUIIEHHST 010CYMICHOCTI Ta 3HWKECHHS MOJYJIS
NPYKHOCTI y TOpIBHSHHI 3 TpaauiiiiauM Ti-6Al-
4V, BOHH peami3ylTbCsl DPI3HUMHU IUISIXaMH. Y
Bunaaky Haase Ta cmiBaBt. [3] akiieHT 3p00IieHO Ha
KOMIUIEKCHOMY  JIETYBaHHI 3  ypaxyBaHHIM
OlOiHEpTHHX  €JEeMEHTIB 1  KOHTPOJbOBaHIH
TepMOMeXaHiuHii 00poOui, Tomi sk Romero-
Reséndiz ta cniBaBTOpH [4] poONsATH CTaBKy Ha
¢dbopmyBaHHs CcTalOiIbHOI P-hasum 3a PpaxyHOK
LiJIeCIPSAMOBAHOTO BBeAeHH Mo Ta In.

OO0umBa MiAXOMU MiATBEPIKYIOTh, 110 HOBI
TUTAHOBI CUCTEMH 37aTHI HE JIMIIE 3HU3UTH PiBEHb
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TOKCHUYHHUX JOMIIIOK, aje ¥ 3a0e3meyuTd OLIbII

CHPUSATINBY BIIIIOBITHICTH MEXaHIYHUX
XapaKTepUCTUK  Mmarepiary 3 OloJOTiYHHMHA
TKaHMHAMU. 3 OISy Ha HaBEJCHI pe3yJIbTaTH,
aKTyaJTbHUMH 3aJTHIIAKTHCS TOJIAITBIIT
JTOCITI JKEHHS JIOBTOTPHBAIION CTa0TBHOCTI
(azoBoro ckmamy B ymoBax OiocepemoBuina, a
TaKOXK BUTIPOOYBaHHS Ha pearbHIX
IMITIaHTOJIOTIYHUX ~ Moxmensax. [3, 4, 16-18].
[Hoennanus BHUCOKO{ 0iocyMicHOCTI,
KOHTPOJIBOBAHOT MiKPOCTPYKTYPH Ta ONITUMATIBHHUX
MEXaHITHUX BIIACTUBOCTEH BiJIKpHBAE
MEPCIEKTUBH  CTBOPCHHS  HOBOTO  TTOKOJIHHS

TUTAHOBHUX CIUIABIB I MEIUIMHH,
edexTuBHO 3aMiHHUTH cruiaB Ti-6Al-4V.

BucnoBku. 1. IToka3aHo, 110 HOBI CHCTEMH
TUTAHOBHX cIUIaBiB, 30kpema Ti—0.440-0.5Fe—
0.08C-0.4Si-0.1Au Ta B-Ti—15Mo—5In,
JI03BOJISIIOTh [IJIECTIPSIMOBAHO peryoBaTH
MIKPOCTPYKTYPY Ta (ha30BH CKJIad, 3a0€3MeUy0un
Kpally BiJMIOBIIHICTh OlOMEXaHIYHUM BHUMOTaM Yy
MOpiBHAHHI 3 TpagutitauM Ti-6Al-4V.

2. Mnsa cinaBy Ti—0.440-0.5Fe—0.08C—-0.4Si—
0.1Au BCTaHOBJEHO, 1[0 KOMIUIEKCHE JIETYBaHHS 3
BBEJICHHSAM Oi0IHEPTHHUX €JIEMEHTIB Y TOEJIHAHHI 3
MPOKATKOI0 Ta pEKpHCTANI3aIlifHIM BiAmmasoM
¢dbopMye pIBHOMIpHY OPiOHO3EPHUCTY CTPYKTYDPY.
Le crpusie miIBUIICHHIO KOPO3iHHOI CTIMKOCTI Ta
3a0e3redye JOCTaTHIA piBeHb MIIHOCTI U
TJIACTUIHOCTI.

3. Amnanmiz f-Ti-15Mo-5In mnokazap, 110
crabimizamiss B-pasu 3a paxyHOK MOmiOIeHY Ta
PETYIIOIYHN BIUIMB 1HAIIO 3a0€3Mevy0Th 3HAYHE
3HWYKEHHS MOJIYJISl TIPYXKHOCTI i Kpally CyMiCHICTb
3 OlOMEXaHIYHUMH BJIACTHMBOCTSMH  KICTKOBOI
TKaHWHHU. CrpykTypHi CIIOCTEePEIKCHHS
MiATBEPIMIIA  PIBHOMIpHHH PO3MOJIT 3€peH i3
MiHIMaJIEHOIO 9acTKOI @' -(pasu.

4. VY3araapHeHHS [JaHUX CBIAYHUTH, IO
OararokommoneHTHHH miaxin (Ti—-O-Fe—C—-Si—Au)
3abe3neuye CTPYKTYPHY CTaOUIBHICTD i
OiocymicHicTb, Toni sik B-opieHToBanuit (Ti—-Mo—
In) nmo3Bonsie perymoBaTH HPY>KHI BIACTHUBOCTI.

3MaTHUX

OOuaBa HampsMU  BiAKPUBAIOTH IEPCIICKTUBH
CTBOPEHHS HOBOTO  IOKONIHHS ~ 0i0CYMICHHX
TUTAHOBHX  MaTepialiB i3  KOHTPOJbOBAHUM
MOEAHAHHSAM  MIIHOCTi,  IUIACTUYHOCTI  Ta
JIOBI'OBIYHOCTI.

5. Tlomampmii fgocHipKEHHS MarOTh OyTH
CHpsIMOBaHi Ha OLIIHKY JIOBTOTPUBAIIOT
crabutbHOCTI  (a3oBOro  CKiagy B yMOBax
Ol0JIOTIYHOTO ~ CepelloBHINIA  Ta  IEPEBIpKY
e(eKTHBHOCTI HOBHUX CIUIaBiB Yy pealbHUX

IMIUTAHTOJIOTIYHUX 3acTocyBaHHsX. Lle BU3HAYMTH

MOXJIUBICTE  IX

IMPAKTUYHOI'0  BHPOBAIKCHHSA

3amicTh cruraBy Ti-6Al-4V.
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Kyrylakha S.V. New Biocompatible Titanium
Alloys with Minimal Alloying (Ti—-O-Fe—C-Si—Au /
Ti—-Mo—In) as an Alternative to Ti-6Al-4V

The paper examines contemporary approaches to
the design and development of advanced titanium alloys
for biomedical applications, with a focus on
microstructural engineering, phase composition control,
and functional property optimisation through variation

of alloying additions and thermomechanical treatments.
1t is demonstrated that the conventional Ti-6A1-4V alloy,
despite its widespread utilisation, exhibits several
intrinsic drawbacks, such as a significant mismatch in
elastic modulus compared to natural bone tissue and the
risk of releasing cytotoxic alloying components,
particularly aluminium and vanadium. In this context,
two innovative alloying strategies are considered. The
first involves multicomponent alloying of the titanium
matrix with biocompatible elements, exemplified by Ti—
O-Fe—C-Si—Au  systems, which provide grain
refinement, increased dislocation density, enhanced
strength, and corrosion resistance under long-term
exposure to aggressive physiological environments. The
second strategy focuses on targeted p-stabilisation, as
realised in [-Ti—-Mo—In alloys, which promote the
formation of a stable p-phase with reduced elastic
modulus and improved ductility, ensuring superior
compatibility ~ with  biomechanical  requirements.
Experimental investigations in recent years confirm that
controlled oxygen and iron alloying increases yield
strength above 900 MPa while maintaining elongation of
around 15 %, whereas minor additions of gold
significantly  improve  biocompatibility — without
compromising plasticity. At the same time, 5-Ti—Mo—In
alloys demonstrate stable phase configurations and
elastic moduli close to those of bone tissue, reducing the
risk of stress shielding and ensuring long-term implant
reliability. It is established that the combination of
minimal  alloying  strategies  with  optimised
thermomechanical processing enables the simultaneous
achievement of high mechanical strength, corrosion
resistance, and biocompatibility. These findings
underline the prospects of further research into
controlled phase transformations, texture evolution, and
strengthening mechanisms, opening up opportunities for
the design of next-generation titanium-based materials
with improved clinical efficiency and engineering
applicability.

Keywords:  titanium  alloys;  microstructure;
alloying; p-stabilisation; biocompatibility, mechanical
properties; implantology.
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JOCJIIKEHHA PO3ITIOALTY TEMIIEPATYPH
Y 3AMKOBOMY PI3bBOBOMY 3’€/IHAHHI bYPUJIbHUX TPYb

Aptum B.1., HoBoceanschknii B.A.

STUDY OF TEMPERATURE DISTRIBUTION
IN THE LOCKED THREADED CONNECTION OF DRILL PIPES

Artym V.I., Novoselskyi B.A.

Bnaue memnepamypu na pizp6086i 3’ €OHaHHA € OOHUM 3
B8AICIUBUX UYUHHUKIB, KU BNAUBAE HA IX MIYHICMb,
2epmemudHicms i Ooeeosiunicmv 8  npoyeci
excnayamayii.  Ilpu  nioguwenux  memnepamypax
Mamepianu pizvOU 3A3HAIOMb MENI08020 POIUUPEHHS,
Wo 3MIHIOE 2eoMempuyHi napamempu ma ROCAOKU,
BNIUBAE HA 3VCUNIA 3AMALYBAHHA MA 2epMemuyHicCmb
3’€OHanHs. Bucoxi memnepamypu CHpUsIIOMb
nracmuuniil degpopmayii nogepxHegux wapié pizvou,
NPUWBUOWEHHIO 3HOCY U YMBOpeHHio ogmie, wo
BHUJICYE HAOiliHicmb 3 '€OHanHs. 3amkose pizbboge
3’eonanns (3P3), sxe suxopucmosyemvcsa y OypuibHUX
KOJIOHAX, SIKI 3ACMOCOBYIOMbCSL IO 4AC CHOPYOIHCEHMHS.
Hagmosux ma 2a308ux ceepoloGuH, MAc GiONogioamu
8UMO2aM MiyHocmi, BMOMHOI 00820814HOCMII,
eepmemuunocmi. /g  0ocniodcenHs — noOyoosamo
mpueumipuy mooenv 3P3 3 pizv6oio NC50 6i0nosiono 0o
MeXHIYHUX YMO8 ma nposedeno il imimayiline
MOOEN0BAHHL MemoOoM ckinueHnux enremenmie (MCE)
01 BUBHAYEHHSI PO3NOOLILY memMnepamypu 6 miii mpyou
ma 3P3 npu ymoei memnepamypu 6ypogozo posuuny 20
°C ecepeouni mpyou i 30eui mpyou — 100 °C.
Bcmanoeneno, wo posnooin memnepamypu 3 mini mpyou
ma 3P3 € mnepienomipnum. Poszensoarouu po3noodin
memnepamypu vy 3P3 cnocmepicaembcs  3HUICEHHS
memnepamypu i3 cmopoHU YHOPHO20 Mopys Hineis 00
mina mygpmu 3 70 °C oo 47 °C. Ompumanui
memnepamypuutl  epadiecum y  mpy6i ma 3P3
BUKOPUCAHULL K 6XIOHI 0aHi 0151 NOOATLULO20 AHANIZY
Hanpyaceno-oegpopmosanoco cmany 3P3. Bcmanoeneno
po3nodin  Hanpyxcenv y 3P3 nio Oiero  momenmy
326UHYYBAHHS MA MOMEHNTY 326UHYYEAHHSL 8 NOCOHAHHI I3
memnepamypHum enaueom. Pezynomamu imimayitinoeo
MOOeNo8aHHs NOKA3AMU, WO MeMNepamypa 3HUNCYE
BCIUUUHU  EKGIBAICHMHUX HANPYICEHb NO  6NAOUHAX
sumxie ninena Ha 15—19%, ocobnuso y enadunax nepuiux
080x 6umkie Hinens. Lle 3HUdCEHHA HANPYI*CEHb MOodice
NO3UMUGHO BNAUHYMU HA GMOMHY MIYHICMb | pecypc

3’eonanna.  Omoice, 8paxy8amHsi MeMnepamypHo2o
BNIUBY €  BANCIUBUM  NIO  YAC  NPOEKMYBAHHA,
BUCOMOGNIEHHA MA  OYIHKU  HAOIUHOCMI  pi3bbOBUX
3’€OHanb, 0COOIUBO 8 YMOBAX eKCHaAyamayii OypuibHux
KOMOH — V  3MIHHUX — MeMNepamypHux  pexiCumax.
Tlooanvuium Kpoxom € 00CHiOHCen s 6MOMHOT MIYHOCMI
3P3 3 ypaxysawuam meMnepamypHoz20 6naugy ma
KOPEKMYBAaHHsL PO3PAXYHKOB020 MOMEHNTY 326UNHYY GANHS.
Knwouosi cnosa: Oypunvna xonoma, 3amxose pizvboge
3’ €OHaHHA, HanpysceHo-0edopmosanuli cma,
Hanpyscentsi, memnepamypd.

Beryn. BrumB Temmeparypu Ha pi3b0OBi
3’€JIHAHHS Ma€ BAKIIUBE 3HAUCHHS JUIS iX MIITHOCTI
Ta Hamgi#HOCTI mix dYac ekcruryaramii. Ilpum
MIABUILCHUX TeMIIepaTypax B MarepiajiaX pisbOu
BiZOYBalOTbCSA TEIUIOBI PO3IIUPEHHS, SIKI MOXYTb
3MIHIOBaTH PO3MIpU €JIEMEHTIB 3 €IHAHHA, IO
BIUTMBAaE€ Ha Tocaaku (3azopm abo Harsarm). lle
NPHU3BOAWTH 70 3MIiHU CHJ 3aTATHCHHA, SKi
HeoOXifmHI 11 3a0e3MeUYeHHs TePMETHYHOCTI Ta
MIITHOCTI 3’ €JHAHHSI.

Takok  BHCOKa  TemIeparypa  CHpUSE
IACTHYHIM  Aedopmanii MOBEpXHEBUX ILIAPiB
pi3p0H, 0COOIMBO B MICIIX JIOKAIHHOTO KOHTAKTY,
0 MOXXE€ BHKJIMKATH YTBOPEHHsA JOdTIB abo
nocnabneHHst 3’€MHaHH]. BHacHmigok TemioBoi
Jlerpajianii  3HOIIYIOTHCS TIOBEPXHI  Pi3bOOBHUX
€JIEMEHTIB, IO 3HIKYE iX 3HOCOCTIHKICTH Ta
JIOBFOBIYHICTb.

Hns  xommeHcamii TEIUNIOBHX BIUIMBIB Y
BIJIITOBITaTEHUX pi3pO0BHX 3’ €THAHHAX
3aCTOCOBYIOTH PO3IIUPEHi JIOMYyCKH Ta MOCAIKH 3
3a30pOM, a TaKOX MiJCHIICHI CIIOCOOU 3aTATyBaHHS
6ox1TiB a60 rBUHTIB. OCOOMMBO 1€ BaXKITUBO JIS
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pi3bOOBUX 3'€HAHBL 3 HATATOM, Ji¢ 3a0E3MCUCHHS
rapaHTOBaHUX  BEJIMYMH KPYTHUX  MOMECHTIB
BUTBHHYYBAHHS € KPUTHYHUM.

[Tpu poOorTi 3 KapoMiTHUMH i HEP>KaBiIIOUUMH
MaTepialaMu  JiaMeTpW OTBOPIB TiA  pi3p0y
30LIBINYIOTh, 1100 BpaxyBaTH TEIUIOBi medopmarrii
Ta 3a0e3MeunTH SKICHE Hapi3aHHSA pPi3bOH, MIO
BIUTMBA€E HA IOBTOBIYHICTH 3’ €THAHHS.

BcraHoBiieHo, mo TeMrmeparypa BIUIMBaE Ha

TEOMETPit0, MIIHICTh, TOYHICTh MOCAJKH Ta
eKCIUTyaTalliiHi ~ XapaKTepUCTUKA  Pi3bOOBUX
3’eqHanb. lle BuMarae BpaxyBaHHA BIUIMBY

TeMIIepaTypH TIpH MPOCKTyBaHHI, BUTOTOBJICHHI Ta
MOHTaXi pi3b00BHX 3’ €AHAHb..

Ananiz  3aKkopooHHuUX i GIMUUBHAHUX
oocnioxycenv ma nyonixkayii. 3aMKoBe pPi3bOOBE
3’ennanns (3P3) 3actocoByeTbes ans 30upaHHS
OypWJIBHOI KOJIOHU 3 TAKHX CJIEMEHTIB K OypHIIbHI
TpyOH, IEPEBIIHUKH, TOJIOTO, KaJiOpaTopH TOIIIO.

[Tix gac excrtyaranii 3P3 mae 3abe3neuyBati
HACTYINHI BUMOTH, a came: BOJOXITH HEOOXiJHOIO
CTATUYHOIO MIITHICTIO; YMHHUTH OIIip BTOMI MPH il
pPO3TATYIOUMX,  CTUCKAIOYMX  Ta  3TUHAIOYUX
HaBaHTXEHb Ta KPYTHUX MOMEHTIB; IIBUIKO
po3Ouparuce Ta 30upaTHCh; OYTH TEPMETUYHUM;
MaTH BUCOKY 3HOCOCTIHKICTB TOIIO.

HaiineOe3neunimmMu mepepizamMu, MO SKHX
BinOyBaeTbcss pydHyBanHs 3P3, € mepmmit
CIPSDKCHHM  BHTOK — pi3pOM  HIimens,  sSKWi
3HAXOIUTKLCS Ha BiACTaHi 24 MM BiJ HOTO YIIOPHOTO
Ttopust [1], Ta Hebesmeunuii mepepiz MydTu, MmO
3HAXOMUTKLCS Ha BiAcTaHi 10 MM BiJl MEHIIIOTO TOPIISA
HITIeIs.

VY poboti [2] ans BU3HAYCHHS HAmpy>KeHO-
ne(OpMOBAHOTO CTaHy Pi3bOOBOTO 3’€THAHHS, Y
SIKOMY € BIOXHJICHHS OIHOTO 3 HAWBaKIIMBIIIUX
napameTpiB pi3pOu, a came, OCHOBHOI IUIOLIMHH,
noOynoBaHo TpuMipHy Monens 3’egHanHs NCS50
JUTS TOCIIIKEHHST METOJIOM CKIHUEHHHX €JIeMEHTIB
(MCE). VY pe3ynbTari IpOBEACHOTO IMITAIlIHOTO
MOZCTIOBaHHS Pi3b00BOr0 3’€qHAHHS, OCHOBHA
IJIOMIMHA SIKOTO PO3MIIIECHA BiAMOBIAHO 10 BUMOT
HOPMAaTHBHUX JOKYMCHTIB, BCTAHOBJICHO PO3ITOJILI
Hanpy)XeHb 1O BNAAWHAX Pi3bOW Himens, 3rigHo 3
SIKUM MaKCHMaJlbHI HAaNpyXCHHS BUHUKAIOTH Y
BMaJMHAX BHTKIB, PO3MIIICHUX OJNMKYE [0
OTIOPHOTO TOPII, a 3 BIANAJCHHAM BiX HHUX
MOCTYIIOBO  3HWXKYIOTbCA.  Takuiéi  po3monin
HaTpy>KeHb, OTpUMaHUH 32 JIOTIOMOTOIO
iMiTalifHOTO ~ MOZAEMIOBaHHS  30iraeTbcst i3
BimoMuMu  TeopismMu. [IpoBemeni  imitamiiiHi
MOZCTIIOBaHHSA, 32 SKUX PO3MIIIEHHS OCHOBHOI
IJIOIIMHU 3MIIIIEHO Ha 2 MM B OiK OTIOPHOTO TOPIISA
Hinens, MOKa3ajl 3MiHy pO3MOIiTY Ta 3pOCTaHHS
BEJINYMHU HaNpy)KeHb MO BIAJHHAX Pi3b0M Himmems

Ta 3MiHY BEJIMYUHU KOHTAKTHOTO TUCKY Ha OMTOPHUX
TopixX Hines i Mydtu. HeoOXigHo 3ayBakMTH, 110
Taki 3MIHM HETaTUBHO BIUIMHYTH Ha pPoOOTYy
pizpOoBorO 3’emHaHHsA. JlocmimkeHHs Pi3pOOBOTO
3’€THAHHSA, Y SKOMY OCHOBHA ILTOIIMHA 3MiIlleHA Ha
2 MM y OiK BiJl OTTOPHOTO TOPIIS HIIEJs, TTOKa3aIn
3pOCTaHHsI HANPYXXCHb MO0 BIaJAWHAX BUTKIB Pi3b0H
HileNs Ta pi3Ke 3HWKCHHS BEJIMYMH KOHTAKTHOTO
THCKY Ha OINMOPHUX TOPILIX Hinens ta mydtu. 3a
TaKUX YMOB Di3bOOBe 3’€JHaHHS 3pyHHYyeThCS 3a
MaJIoi KiJIbKOCTI ITUKJTiB pOOOTH.

Y poboti [3] HaBemeHO MOICTIOBAHHS Ta
PO3paxyHKH 00JITOBOTO (hIaHIIEBOro 3'€IHAHHS, 110
3HAXOMUTHCSA B YMOBAax MiJIBHIEHOI TEMIIEPATypPH.
Bukonano anamiz 3yCwib, IO AiIOTH HAa OONT Ta
3'eNHyBaHI €IEMEHTH, Ha OCHOBI aHATITHIYHUX
dbopmyn Tta 3 BukopucranHsm MCE. Ilpu
TEOPETHIHUX pO3paxyHKax 3aCTOCOBaHO
peKkoMeHallli, HaBeJACHI B Marepiasiax i3 OCHOB
MpOeKTyBaHHs MammH. [lig dYac 4YuHCIOBUX
PO3paxyHKiB BUKOPHCTOBY€ETHCSI CIIPOIIEHA MOJIENb
bonra. OTpumaHi  pe3ylbTaTH  PO3PaXyHKIB
MEPEBIPSIOTHCS Ha  TpeaMeT BUKOHAHHS
OPUHHATOTO KPHUTEPil0 MIIHOCTI, IMOB'SI3aHOTO 3
JOMYCTUMHUM TEPMIUYHUM HANpyKEHHSIM y OOJTI.
HaBemeno BuOpaHi pe3ynbTaTHl  IMIiTAIliiHAX
nmociimkenb MCE wmopeni 3'emHaHHS y BUDISIII
posmoniny Ttemneparypu B Mozmeni. Ha ocHoBi
MOPIBHSAHHSA ~ PE3YJIBTaTiB  TCOPETUYHOTO  Ta
YUCJIOBOTO  aHAaJi3y  BHU3HAYCHO  KOPHUCHICTH
crpoieHol Mozaeni OonTa A PO3PaxyHKIB CHI Yy
OonTax ¢QaHIEeBHUX 3'€HAHL B yMOBAX ITiABUIIICHOL

TeMIIepaTypu.
ABropu [4] 3a3HayaroTh, IO BiOpamis Ta
HABAHTAKEHHS MOXYTb CIOPUYMHUTH BTOMHE

pyHHYBaHHS OOJTOBUX 3’€QHAaHb, OCOOJHBO THX,
SKi TIPAlIOIOTh TIPH  BHCOKUX TeMIepaTypax.
JlocmimKy€eThbcsl MaJIONMKIIOBA BTOMA MOTEPETHBO
3aTACHYTHUX OOJITIB, IO MPALfOIOTh MPH BHCOKIH
temmeparypi. Po3po06ieHo HOBHIA BUITPOOYBaIbHUN
MPUCTPIH IS TOCHTIKCHD 3’€lHAHh HA BTOMY Ha
SKOMY TIPOBEICHO MAJIOIUKIIOBI BHITPOOYBaHHS
MOTIEPETHLO  3aTATHYTUX  OonTiB  mpw  mii
temneparyp 550 °C Tta 650 °C. Kpim Toro,
3aMporOHOBaHO HOBY MOJCNh  MAaJIOIUKIIOBOI
BTOMH, 5IKa 0a3y€ThCS Ha KpUTEPil €KBIBAIICHTHOTO
HanpyxeHas/nedpopmarii  don  Miszeca, sika
BUKOPUCTOBYEThCS JUTST MIPOTHO3YBAHHS
BUCOKOTEMIIEPATypPHOI ~ MAaJIOIMKIOBOI ~ BTOMHU
MOTIEPETHLO 3aTATHYTHUX OOJNTIB BIAMOBITHO IO
pe3ynbTaTiB HanpykeHHs/aedopmarii, OTpUMaHUX
MCE. BcTanosieno BIAITOBIAHICTE MIX
eKCTIepUMEHTATLHUMU pe3ysibTatamMu Ta
TEOPETUYHUMHU PpPE3yJabTaTaMH, IO MiATBEPIKYE
TOYHICTH  3allPOMOHOBAHOiI  MOJENII  BTOMH.
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Pesynbrartu nocnigkeHHs 3a0e3ne4aTb TEOPETUIHY
OCHOBY JIJIsl IPOTHO3YBAaHHS MaJIOIIMKIOBOI BTOMH
TTOTIEPETHBO 3aTATHYTHX OOJITIB.

VY po0ori [5] 3a3Ha4eHo, 1110 CTUPaHHS Pi3bOU
€ OIHI€I0 3 OCHOBHUX (opM pyHHYBaHHS 3'€THAHB
HadTOorazoBUX TpyoO. [IpoBeneno cepito
MOBHOMACIITAOHUX BUIPOOYBaHb Ha 3pasKax
HEOCaPKEHUX pi3p00BUX 3'emHaHb TPyO 31 crami
APl J55. Posmomin Temmeparypu Ta IIONIB
HanpyXeHb pizpboBOTO 3'eTHaHHSA TpyO
BUMIpPIOBABCSl TUHAMIYHO ITif] Ji€I0 Pi3HUX KPYTHHUX
MOMEHTIB Ta INBUAKOCTEH 3TBHHYYBAaHHS Ta
pPO3TBUHYYBAaHHS  Pi3b0OBHX 3’€qHAHb. bymm
BUBUEHI OCHOBHi (akTOpH, $Ki BIUIMBAIOTH Ha
pO3IOMINT  TEMIIEpaTyp Ta TIOJIB  HANPYXEHBb
pi3pOOBHX 3'eqHaHh TPyO, a iX BIUIMB Ha
pyiHyBaHHS BHACIIJIOK CTHpaHHS y3arajbHEHO 3a
JIOTIOMOTOI0 TeOpii TepTs Ta 3HOUIYBaHHA. Mozeni
CKIHUEHHHMX EJIEMEHTIB pi3bOOBHX 3'€HaHb TPYO
MEPEeBIpeHO  LUIAXOM  TOPIBHAHHS ~ YMCIIOBHX
pe3ynbTaTiB 3 pe3yasTaTaMu HATYPHHUX
BunpoOyBanb.  IlepeBipeHi  momeni  3romom
BUKOPHCTOBYIOTHCS JUTSt MIPOBEJICHHS
napaMeTpUYHUX JOCTIIKEeHb MOBEAIHKH 3'€ THAHHSI.

IIpore y pobotax, ne AOCHIIKYIOTHCS
HampyxeHo-nedopmoBannii cran 3P3 mim wac
MPUKIaJaHHS TPaHUYHHUX YMOB 3a3BHYail He
BpaxoByeTbcsl Temmeparypa. OcKilbku OypuiibHa
KOJIOHA EKCIUTYaTYEThCS y Pi3HI MOPH POKY, Ha il
pecypc 3P3 Oyae BIumBaTH — TeMIIEparypa.
Temneparypa MOBITPS B3UMKY MOXE CSTaTh [0
Mminayc 40 °C, a TeMrieparypa y CBepAJIOBHHI — TUTFOC
100°C Ta 6inpmre. Tomy B maHiii poOOTI OCHOBHA
yBary OyJie IpuaijicHa BIUIMBY 3MiHM TeMIIEpaTypu

Ha  HampyxeHo-megopmoBanuii  cran  3P3
OypUIbHHX TPYO.
Meta poéoTu Ta OOIpPYHTYBaHHS

HeoOXiZHOCTI il BUKOHAHHSA

Metoro poOOTH € JIOCHI/PKEHHS BILIHBY
TEeMIIepaTypy Ha HanpyXeHO-IeQOpPMOBaHUIN CTaH
3P3 3 BpaxyBaHHIM il MOMEHTY 3TBUHYYBaHHSI.

Jlst mocSArHeHHST METH HEeOOXiTHO:

— BCTAaHOBHTH PO3IOALI Temrepatyp y 3P3 npu
Temneparypi OypoBoro pozumny 20°C BcepeauHi
3P3 Ta 100°C 3308BHI.

— BU3HAYUTH HANPYKEHO-7ePOPMOBaHUI CTaH
3P3 npu 1ii MOMEHTY 3rBUHYYBaHHS;

— JIOCHIJUTH HampyKeHO-1e(OPMOBaHUHN CTaH

3P3 mnpm gii MOMEHTY 3TBHHUYYBaHHSI Ta
TeMIIepaTypH;

— MOPIBHATH OTpHUMaHi pe3yasTaTi
JOCTIIKCHHS, 3pOOHTH BHCHOBKH, OKPECIHTH

HaIPSIMHU TOJAIBIINAX JOCIiKCHD.

BukJianeHHsI 0CHOBHOIO MaTepiaJry

Ilix gac moOymoBu TpuBHUMipHOI Mozem 3P3
Bukopuctano TY 26-12-775-90 [6] Ha 3amKoOBi
3’ennanns g Tpyou OBT HW I 13 pize6oro NC50

(puc. 1).

Puc. 1. ®parment mozemni Tpyou OBT HW 1
i3 pizpboro NC50

Ha pucynky 2 noka3aHo po3paxyHKOBY CXeMY
JUTSL TOCTDKEHHS PO3MoIiTy Temnepatyp y 3P3.

Rperem—| |
(R

030" e

e gsEa]
[EDESS)

Puc. 2. Po3paxyHkoBa cxema AJIs TOCTiKEHHS
posnoxiny Temmeparyp y 3P3

I'pannunnMu yMOBaMH MIPUHHATO
Temreparypy piauau eepenuni 3P3 pisaoro 20 °C,
330BHI 3P3 — 100 °C. Burpara piguHN CTaHOBUTH
0,001 m3/c.

Y pesynpTaTi IMITAIIHHOTO MOMCITIOBAHHS
OTPUMAHO PO3IOJIIN TeMIepaTtypu y Tpyoi ta 3P3

(puc. 3).

Puc. 3. Po3noain temmeparypu y tpy6i ta 3P3

OTxe, 3rigHO PHUCYHKY 3,  PO3MHOILT
Temmeparypu |y Timi  Tpyom Ta 3P3 €
HEpIBHOMIpHUM. 3HIKEHHA Temmeparypu y 3P3
BiIOYBAETHCS 13 CTOPOHU YIOPHOTO TOPIIS HIiTIeIs
1o Tina mydTu 3 70 °C no 47 °C.

st 3py4HOCTI pO3yMiHHS OTPUMYBaHHUX
pe3ybTaTiB IMITaIifHOT O MOJICITIOBAHHS
HEOOXIJIHO 3a3HAYUTH HANPSIMOK Ta TIOYAaTOK
BiJUTIKY BITaJUH pi3k0 Himens (puc. 4).
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Puc. 4. HanpsiMky Ta NOYaTOK BATIKY BIAJIUH Pi3b0
Hinens Ta MyQpTH

3 MeToro moOynoBH TpadivyHUX 3aJeKHOCTEH
posnominy Temmneparypu y Tpy6i ta 3P3 Ha HuHX
BHKOHAHO JIiHi{ (pHc. 5).

1 2 345 6789 10 i1

Puc. 5. Jlinii 1uis noOynoBu rpadigHMX 3aIeKHOCTEH:
1 — 1ino TpyOH; 2 — Ha TOPILIX HIMEJIS Ta MyPTH;

3 — BaJWHA MEPIIOTO BUTKA HiNels; 4 — BaguHa
TPETHOTO BUTKA HIIeNIs; 5 — BIAJWHA 11’ SITOTO BUTKA
Hinesst, 6 — BaguHa CbOMOT'O BUTKA HIITEJIs;

7 — BHaauHa JIeB’ATOr0 BUTKA HIMels; 8§ — BOaJguHa
OJMHALATOr0 BUTKA Himest; 9 — BriaguHa
TPUHALSTOrO BUTKA Himesst; 10 — cepeniil giameTp
pi3som; 11 — Tinno mydru

Ha pucynky 6 mokazaHo 3MiHYy TeMIepaTypH
Mo TO3I0BXHIX mepepizax Tpyou ta 3P3 3rimno
PHUCYHKY 5, a Ha PUCYHKY 7 — 3MiHYy TeMIepaTypu
10 CepeIHbOMY JiaMeTpi pi3nou 3P3.

(o]

MmaepaTtypa,o

w

© Q—Tino tpy6iP:02 WBéxmHa, m
—e—Ha Topusx Hinens Ta mydTy

Puc. 6. 3mina Temneparypu 10 IO3I0BXKHIX Iepepizax
Tpyou ta 3P3 (3rizHO pUCYHKY 5)

OTxe, BUXOISIYN 3 PE3yJbTaTiB TMOJAHUX Ha
PHUCYHKY 6, y IO3I0OBXKHIX nepepizax Tpyou ta 3P3
CIOCTEPIraeThes MPONOPLIHHUIN craz TEMIIEPaTypH
13 Makcumymy 75°C go 38°C.

Ilo crocyerses 3Mminu Temmeparypu 3P3 mo
CcepeHbOMY AiaMeTpy pi3bOM, TO BOHA crajae 3
70°C mo 45°C (puc. 7).

75
70
65
60
55
50
45
40

Temneparypu, C

0 0,02 0,04 0,06 0,08 0,1

[oBXuHa, m

Puc. 7. 3mina TemmepaTypu 1o ceperHpoMy
niametpi pizpou 3P3

PosrnsHemMo Ta  TIOPIBHSEMO  PO3IMOJLT
€KBIBaJICHTHHX HAIPY)KEHb TI0 BIAJIMHAX BUTKIB
Himenss npm i Ha 3P3  TIIBKM  MOMEHTY
3TBHHYYBaHHS Ta MOMEHTY 3TBUHYYBaHHS pa3oM i3
Temmeparyporo. Poznozin temneparypu y TpyOi Ta
3P3 Oyne BUKOPUCTAHUH K BXiJHE HaBaHTA)KCHHS
y Moayab Simulation i3 moayns FlowSimulation.

OckinbKH pi3b00BE 3’€JHAHHS MOOYOBaHE HE
IO TBUHTOBIM JIiHI{, & K IPOTOYKH, TO JJIS IMITaIlii
MOMEHTY 3TBUHUYYBAHHS 3aCTOCOBAHO TIEPEKPUTTS
TOpLIB Himenss Ta My()TH Ha BETUYMHY HATATY
0,1 MM (anasorivno 5K y mparsx [2, 7]). Buxonsau
3 TOTO, MO KOEMIIiEHT 3amacy MIIHOCTI IS
pi3bOOBUX 3’€nHaHb CTaHOBUTH 1,5 1 TpaHHLA
MIIHOCTI IS MaTepiany 3 SIKHX BUTOTOBIISIOTH
Tpyou (45XI'MA) piera 758 Mlla, mo Takoro
3’€THAHHSA Mae TIPUKJIAIATHCS MOMCHT
3TBHHYYBaHHS, 32 SKOTO HANpy>KEHHS B HHOMY HE
nepesumyBatiMyTh 505  MIla. Ilig  dac
MOJICIFOBAaHHS BPaxOBYEThCS KOC(DII[iEHT TepTsS y
BCiX eneMeHTax pizsou — 0,1.

Ha pucyaky 8 moka3zaHo  pO3IOILT

€KBIBAJICHTHUX HANPYXCEHb Y IO3J0BKHBOMY
(Timekm  Bim il

nmepepizi  3P3
3TBUHYYBAHHS).

MOMCHTY

von ises (N/mm*2 (MPa))
484534
436,081

_ 387,627

_ 339174

L 290,721
H 242,267
| 193814

| 145360
95,307

48453

3,675e-06

Puc. 8. Po3nozin ekBiBaJIeHTHUX HaNPYXEHb Y
Mo310BXKHEOMY Tiepepisi 3P3 (Bin mii MoMeHTY
3rBUHYYBaHHS)

Jlns TIOpIBHSHHS PO3MOMITY EKBIBAICHTHHX
Hanpy>keHb 10 BHaJWHAX BUTKIB Himens mpu il
HaBaHTa)XCHHS, a caMe MpuKiIaganas 10 3P3 Tinpku
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MOMCHTY 3rBUHYYBAHHS Ta MOMEHTY 3TBUHYYBaHHS
1 TemrepaTypu 1moOymaoBaHO rpadidHi 3a1eKHOCTI,
SIK1 HaBeJIeHI Ha PUCYHKY 9.

500
400

300

. \‘_Q
100 —t—
2 4 6

=~

0
0 8 10 12 14

BnaauHm BuTKiE pi3nbu Hinena

ExsisaneHTHi HanpyxeHHa, MlMa

—&— MOMEHT 3rBMHYYBaHHA —%— MOMEHT 3rBUHYYBaHHA i Temnepartypa

Puc. 9. Po3nozin exBiBaJICHTHUX HANPYXEHb I10
BIIAJWHAX BUTKIB Hileis

Buxonmsum 3  oTpuUMaHMX ~ pe3yNbTaTiB,
CTHIOCTEPIra€eThes BILUIMB TEMIIEPATYPH HA PO3MOALT
EKBIBAJIEHTHUX HAIpPYyKE€Hb IO BHAJAWHAX BHUTKIB
HINENS, a caMe 3HWKCHHS 1X BeaTnduHu Ha 15-19%.
Haii0inbme 3HWKEHHS! €KBIBATCHTHUX HAIPY>KEHb
CIIOCTEPIraeThCs y MEPIINX JBOX BUTKAX HIMEIIS.

3HIKEHHS BEJIMYNH eKBIBAJIEHTHUX
Hanpy>KeHb BIUIMHE Ha BTOMHY MinHicTh 3P3,
BU3HAUCHHs s5Koi Oyne MpeaMeToM MONAIBIINX
JOCTI/IKEHb.

BucHoBku. BceraHnosnenuii PO3ITOIT
TEeMIIepaTyp y 3aMKOBOMY pi3b0OBOMY 3'€THaHHI
mpu  Temmeparypi Oypooro posumny 20 °C
Bcepenuni Ta 100 °C 30BHI 103BOHB Bi3yani3yBaTH
TeMIepaTypHUil rpajaieHT y Tini Tpyou ta 3P3.

[IpoBenenmit aHai3 HANpPYyXEHO-
nedopmoBanoro crany 3P3 mpm mii MOMeHTy
3TBUHYYBaHHS 3  ypaxyBaHHSIM  (hi3UIHHX
XapakTepUCTUK MaTepiany Ta KoedillieHTa TepTs
MIDXK eJIEeMEHTaMH 3’ €THAHHS JT03BOJINB BCTAHOBHUTHU
O30T €KBIBAJICHTHUX HAIIPY)KEHB 110 BIIAJIHHAX
ButkiB 3P3. Otpumanuii po3mnonin Hampy>KeHb
no0pe y3roKYEThCS 13 BIIOMUMH TEOPISIMH, Ta
3TiIHO HbOTO HAWO1NIbIIIC HABAHTAXCHHS CIIPHUIiMae
JEKIJIbKa BHUTKIB HINEIA, a Ha IHIIAX BHTKAaX
HaIpPYKCHHS 3aJUIIAI0THCS MaiKe OTHAKOBUMH.

Bu3naueHo HampyskeHO-AepOpMOBaHUI CTaH
3P3 mpu il Ha HHOTO MOMEHTY 3TBHHYYBAHHS Ta
TEMIIEPATypH, SKa BHXOJSYM 3 TONEPEIHIX
JOCITIHKEHD PO3MOAUIIETHCS HEPIBHOMIPHO.

[TopiBHAHHA  pO3MOAUTY  E€KBIBAJICHTHHX
HaIpyXeHb npu BpaxyBaHHI rpajgienTy
TEMIIEPATypH Ta MOMEHTY 3rBUHUYBAHHS [TOKA3aJI0
3HIKEHHsS iX BenmnumH Ha 15-19% mopiBHSHO i3
npuknagaHasM o 3P3 Timekm  MoMeHTy
3TBUHYYBaHHS, 110 CBIYUThH MPO CYTTEBHU BIUIUB
TEMIIEpaTypHOTO TOJS Ha HanpykeHui cran 3P3.
3HWKEHHS HAPY>KCHD CIIOCTEPIra€ThCs y TEPIIUX

IBOX BHTKaxX HINEId, IO MOXE MO3UTHBHO
BINTMHYTH Ha JOBTOBIYHICTH 1 BTOMHY MIITHICTh

3’€IHAHHSA, TPOTE  MOXE  HOr0  3HU3UTH
TePMETUYHICTb.

Otpumani pe3yiabTaTH i IKPECITIOI0Th
HEOOXIiTHICTH BpaxyBaHHSI  TEMIIEPATypPHOTO

BIUIMBY MpH owuiHmi MinHocTi 3P3, a Bu3HaueHHS
BTOMHOI MiITHOCTI # 11 momanpmuii aHamiz OyIoyTh
MpeIMETOM MaiOYTHIX HOCIIIKCHb.

Jitepatypa

1. Komeii b.B., JIsx M.M. HadTtorazose o0nagHaHHS:
y 11 7./ 3a 3ar. pen. b.B. Komnest. T. 2 Po3paxyHok,
KOHCTPYIOBAaHHS, MOHTaX Ta €KCIUTyaTaIlisi MalluH
Ta OONMafHAHHS Ui CIOPYIDKCHHS CBEPAJIOBHH:
nigpy4yauk. IBaHo-®pankisesk: IOHTYHI, 2021.
612 c.

2. ®adueit O. ., Muxainok B. B., Jlefinera P. O.,
Menbuuk B. O., Illatran M. B., Ilpuroposcekuii O.
B. HociipkeHHsT BIUIMBY PO3MIIICHHS OCHOBHOL
IUIOLIMHU Pi3bOM Ha HaIpyKeHO-Ie()OpMOBaHUI
CTaH 3aMKOBOTO Pi3bOOBOT0 3’€THAHHS CICMCHTIB
OypwibHOT KoNoHW. Hayxosuit eichux leano-
Dpankiecvkoco HAYIOHAILHO20 MexXHiuHo20
yuigepcumemy nagmu i eazy. 2021. Ne 2(51). C.
66-72. DOI: https://doi.org/10.31471/1993-9965-
2021-2(51)-66-72

3. P. Towarnicki & R. Grzejda (2018) Analysis of the
impact of temperature load on the state of stress in
a Dbolted flange connection. [International
Interdisciplinary PhD  Workshop  (IIPhDW),
Swinouscie, Poland. 2018. pp. 96-98. DOI:
https://doi.org/10.1109/ITPHDW.2018.8388333

4. Yu,Q.,Zhou, H, Yu, X., & Yang, X. (2018). High-
Temperature Low Cycle Fatigue Life Prediction
and Experimental Research of Pre-Tightened Bolts.
Metals, 8(10), 828. DOI:
https://doi.org/10.3390/met8100828

5. GQGuangjie, Y., Zhenqgiang, Y., Qinghua, W., &
Zhentong, T. Numerical and experimental
distribution of temperature and stress fields in API
round threaded connection. Engineering Failure
Analysis, 2006, 13, p. 1275-1284. DOI:
https://doi.org/10.1016/j.engfailanal.2005.11.006

6. API-7G-2. Recommended Practice for Drill Stem
Design and Operating Limits. Washington: API
Publishing Services, 2003. 30 p.

7. Aprtum B.I, ®admeri O. 4., Jetinera P.O.,

Muxaitmok B,  B.  JlochmimkeHHS — BIUTUBY
KOHCTPYKTUBHHUX CIIEMEHTIB JBOOTIOPHHX
3aMKOBUX 3'€qHaHb OypWIBHUX TpyO Ha ix

Hanpy)eHo-aeGopMoBanuii ctaH. Pozeioka ma
po3pobka Hapmosux i eazoeux podosuwy. 2017. Ne
4.C.77-87.



BICHUK CXIOHOYKPAIHCBKOIO HALIOHAMBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 8 (294) 2025 23

References

1.  Kopei B.V., Liakh M.M. Naftohazove obladnannia:
u 11 t. / Za zah. red. B.V. Kopeia. T. 2

Rozrakhunok, konstruiuvannia, montazh ta
ekspluatatsiia mashyn ta obladnannia dlia
sporudzhennia sverdlovyn: pidruchnyk. Ivano-

Frankivsk: IFNTUNG, 2021. 612 p.

2. Faflei O. Ya., Mykhailiuk V. V., Deincha R. O,
Melnyk V. O., Shatan M. V., Pryhorovskyi O. V.
Doslidzhennia vplyvu rozmishchennia osnovnoi
ploshchyny rizby na napruzheno-deformovanyi
stan zamkovoho rizbovoho ziednannia elementiv
burylnoi  kolony. Naukovyi visnyk Ivano-
Frankivskoho natsionalnoho tekhnichnoho
universytetu nafty i hazu. 2021. Ne 2(51). P. 66-72.
DOI:  https://doi.org/10.31471/1993-9965-2021-
2(51)-66-72.

3. P. Towarnicki & R. Grzejda (2018) Analysis of the
impact of temperature load on the state of stress in
a Dbolted flange connection. [International
Interdisciplinary PhD  Workshop  (IIPhDW),
Swinouscie, Poland. 2018. pp. 96-98. DOI:
https://doi.org/10.1109/ITPHDW.2018.8388333.

4.  Yu,Q., Zhou, H, Yu, X., & Yang, X. (2018). High-
Temperature Low Cycle Fatigue Life Prediction
and Experimental Research of Pre-Tightened Bolts.
Metals, 8(10), 828. DOI:
https://doi.org/10.3390/met8100828

5.  Guangjie, Y., Zhengiang, Y., Qinghua, W., &
Zhentong, T. Numerical and experimental
distribution of temperature and stress fields in API
round threaded connection. Engineering Failure
Analysis, 2006, 13, p. 1275-1284. DOI:
https://doi.org/10.1016/j.engfailanal.2005.11.006

6. API-7G-2. Recommended Practice for Drill Stem
Design and Operating Limits. Washington: API
Publishing Services, 2003. 30 p.

7. Artym V.., Faflei O. Ya., Deinecha R.O.,
Mykhailiuk V. V. Doslidzhennia vplyvu
konstruktyvnykh elementiv dvoopornykh
zamkovykh ziednan burylnykh trub na yikh
napruzheno-deformovanyi stan. Rozvidka ta
rozrobka naftovykh i hazovykh rodovyshch. 2017.
Ne 4.P. 77-87.

Artym V.I., Novoselskyi B. A. Study of
temperature distribution in the locked threaded
connection of drill pipes

The effect of temperature on threaded connections
is one of the important factors affecting their strength,
tightness, and durability during operation. At elevated

temperatures, thread materials undergo thermal
expansion, which changes their geometric parameters
and fits, affecting the tightening force and tightness of the
connection. High temperatures contribute to plastic
deformation of the surface layers of the thread,
accelerated wear, and the formation of backlash, which
reduces the reliability of the connection. The lock
threaded connection (LTC) used in drill strings for oil
and gas well construction must meet the requirements for
strength, fatigue life, and tightness. For the study, a
three-dimensional model of an SC with NC50 thread was
constructed in accordance with the technical conditions,
and its simulation modeling was performed using the
finite element method (FEM) to determine the
temperature distribution in the pipe body and SC at a
drilling fluid temperature of 20 °C inside the pipe and
100 °C outside the pipe. It was found that the temperature
distribution in the pipe body and the ZRZ is uneven.
Considering the temperature distribution in the ZRZ,
there is a decrease in temperature from the thrust end of
the nipple to the coupling body from 70 °C to 47 °C. The
obtained temperature gradient in the pipe and the ZRZ
was used as input data for further analysis of the stress-
strain state of the ZRZ. The distribution of stresses in the
ZRZ under the action of the screw-in torque and the
screw-in torque in combination with the temperature
effect was established. The results of simulation modeling
showed that temperature reduces the equivalent stresses
in the recesses of the nipple threads by 15-19%,
especially in the recesses of the first two nipple threads.
This reduction in stress can have a positive effect on the
fatigue strength and service life of the connection.
Therefore, it is important to take temperature effects into
account when designing, manufacturing, and evaluating
the reliability of threaded connections, especially when
drilling pipes are operated in variable temperature
conditions. The next step is to study the fatigue strength
of threaded connections, taking into account temperature
effects and adjusting the calculated tightening torque.

Key words: drill string, lock threaded connection,
stress-strain state, stress, temperature.
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JOCIILIKEHHS HAITPYXXEHO-ZE®@OPMOBAHOI'O CTAHY
®JIAHIEBOI'O 3’€EHAHHA

JIsx M.M., Mauskis I.P., Bprokajo B.B., Auunsk L.1I,
Cemenuyk A.B., IIpomtok I'.51.

STUDY OF THE STRESS-STRAIN STATE OF FLANGE CONNECTIONS

Liakh M.M., Matskiv L.R., Vriukalo V.V, Yatsyniak LI.,
Semenchuk A.V., Protsiuk H.Y.

Tpybonposiona apmamypa € 8aNCIUBOIO CKIAO0B0IO BCIX
mMpyOOnpOGIOHUX cUCmeM, WO OXONTIOIOMb HCUMILOB0-
KOMYHAIbHEe — 20Cno0apcmeo, HAQmoeudoOysHy ma
Hagpmonepepobuy NnpoMucio8icma, XimiuHe
BUPOOHUYMEBO, 6000NOCMAYAHHS NENTOBUX MA ATNOMHUX
enexkmpocmanyiu.  Ocobaugy — yeazy — npuoinsioms
MiyHocmi ma HaoiuHocmi ¢ranyesux [ pizvO06uUx
3’€Onamb, ocKinbku pranyi 3abe3neuyiomo MiyHi, winohi
ma po3bipui 3’eonanns mpybonposodie. Icmopuuno
PO3PAXYHOK HANpydiceHb Yy  aanyesux 3 €OHAHHAX
nouascs we 6 1927 poyi, a 6 cywachux 00CHiONCeHHsX
3acmocogyioms mMemoo cKinuennux eiemenmie (MKE),
WO 00360/5€ 0EMAIbHO MOOEN8AMU IX HANPYICEHO-
OdehopmogaHuil cmaw, NPOSHO3YEAMU O0B20BIUHICb,
snoc  mowo. bBonmoei  Quanyesi  3’eonanna 3
NPOKAAOKAMU  WUPOKO — BUKOPUCMOBYIOMbCA,  OOHAK
npobnema 2epmemutHoOCmi 3aIUUAEMbC AKMYANbHOIO
uepe3 GNAUE KOMOIHOBAHUX HABAHMAICEHb, MAMEPIANIG
ma ymoe ekcnayamayii. Y 6acamvox pobomax
BUCBIMIIOIOMbCSL NPOOLEMHI NUMAHHS, SKI CIOCYIOMbCS
nanyesux 3’cOHaHb, 30KpeMa NPoGeOeHUll HeNTHItHUL
ananiz 3 oonomoeorw MKE sxuil epaxosye mosujumy
nanys, pizui cnocobu Kpinienns 60amie, ix KilbKicmo
ma nonepeowiil Hamse, WO O00360JAE ONMUMIZY8AMU
KOHCmMpYKyYito pranyesozo 3’conanus. € po3pobaeHutl
AneOpUMM BUSHAUEHHS MAKCUMATLHO20 TNONEPEeOHbO20
HAanpysicenHs 60amis, AKUL MOJNCHA 3ACMOCY8amu Ol
pisHux munie @ranyesux 3’eOHamv. Bin epaxosye
naacmMuYHiCmy Mamepianié ma KOHMAKmMu Qianeysb-
npoknaoka. Y yitt pobomi ocobausuti akyenm pooumucs
Ha pranyesi 3’cOHaHMA, AKI 3ACMOCOBYIOMbCA Y
Hagmoezazoeill eanysi 011 3 €OHAHHA DPI3ZHOMAHIMHO20
0071A0HAHHA  pO3MiIWeHo20 AK Yy IPYyHmi, max i Ha
nogepxui. Ilpu yvomy ce30HHI 3MIHU memMnepamypu

6y0ymb  6naueamu Ha GIACMUBOCMI IPYHMY, [ 5K
HACAIOOK,  HA  HANPYI’CEHO-0epOpMOBAHULl  CMAH
0ocnioxcysanux 3'€OHamb. sl OYIHKU HANPYHCEHO-
degpopmosarnoco  cmawny  ranyesoeo 3 €OHAHHA
PO3DOONIEHO MPUBUMIDHY MOO€b, 5IKA CKIA0AEMbCI 3
@nanyesozo  3’€OHamHA,  00HA  uacmuHa — mpyou
po3Miwena 8 Ipyumi, a inuia — Ha nogepxui. Pesynomamu
MOOeNO8anHsL  NOKA3AAY, WO  NPpU  OCbOBOMY
Hasaumasicenui Ha  ranyege 3’ €OHAHHA — BUHUKAE
MAKCUMATbHE eKGIBANCHMHE HANPYICEHHS SEIUYUHOIO
141 Mlla, a xonmaxkmuuil Muck Ha NPOKIAOYi OOPIGHIOE
9,3 Mlla. Ilpu ypaxysamni osicopcmrocmi IpyHmy,
aHano2iunitl 3UMOBUM — YMOBAM, HANpyslIceHHs
spocmaroms 0o 241 Mlla, 600HOYAC KOHMAKMHUL MUCK
Ha NpoKAadyi ma @IAHYSX CMAc HePIGHOMIDHUM, WO
npu3eo0ums 00 GMPAMU 2ePMEMUYHOCMI 3 €OHAHHS.
Bpaxosyiouu nowupenicmo maxux ymo8, nooaibiui
00CNIONCEHHSI PEKOMEHOO0BAHO 30Cepeoumu Ha GNIusi
eracmugocmeti IpyHmy, Koeghiyicumie mepms MidC
Ipynmom i mpyboilo, a maxodc 6nausi eiopayil,
BUKIUKAHUX NYIbCAYIEI0 MUCKY 8 mpyoax, Ha MiyHiCmb
ma cepmemuynicms Qranyesux 3’ conans. Lle 0o3601umo
nioguwumu  HaOitiHicms  MpyOOnpPoGIOHUX Ccucmem y
CKIIAOHUX eKCNILyamAayitiHux yMOo8ax.

Knrouosi  cnoea:  mpybonposio,  ¢hranyese
3’€OHanHA, IMimayilHe MOOENO8AHHS, HANPY’CEHHS,
nepemiujerHsl, KOHMAaKMHUL MUCK.

Beryn.  TpyOompoBigna  apmarypa €
HEBII'€MHOI0O YAaCTHHOIO BCIX TPYOOIPOBITHUX
CUCTEM, MOYUHAIOYH BiJl )KHTIOBO-KOMYHAJIHHOTO
roCriolapcTBa Ta 3aKiHYYIOYM CUCTEMaMd 3
[MIBUAIICHUMH BAMOIaMH 10 TEXHIYHOI O€3IeKH.
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Jlo cucTeM 3 MiBUIIIEHUMU BUMOTaMHU JI0 TEXHIYHOT
0e3MeKy HalleXKaTh: CUCTEMH Ha(hTOBHIOOYBHUX Ta

HadTomepepoOHIX T IITPUEMCTB; CHCTEMHU
BOJIONIOCTAYaHHS  TEIUIOBUX  CJICKTPOCTAHIIIH;
OCHOBHI  KOHTYPH AaTOMHOI  €JICKTPOCTaHIIIi;

CHUCTEMHU Y XIMIYHOMY BHPOOHHIITBI Ta TIepepooiri
[1, 2]. Y mux ramxy3sx MDPOMHCIOBOCTI CTaBISITHCS
MABHILIEH] BUMOTH JO MIIIHOCTI Ta HAAIMHOCTI BCIX
€JIEMEHTIB apMaTypH, a OCOOIMBO (IAHIICBHUX Ta
pi3b00BUX 3'€nHAHb. [CHY€ aHANMITHYHUI METOA AJIS
pO3paxyHKy HamNpyXeHb 1 TEpeMillleHb Y
(bmaHIEeBUX 3'€THAHHSIX, a PE3YNBTATH PO3PAXYHKY
32 UM METOJIOM JIoOpe  Y3rojKyBajuch 3
pesynbraTamMu ekcriepuMeHTiB. [Ipore, Ha aaHui
gac ISl TOCIIDKEHHS poOoTH (IaHICBUX 3 € THAHD
3aCTOCOBYIOTh CYYacHI METOAM, TakKi SK METO
CKIHYCHHHX €JIEMEHTIB. J1JIs I[bOT0 3aCTOCOBY€ETHCS
CrerializoBaHe MporpaMHe 3a0e3leyeHHs, SKe
OKpIM PO3paxyHKy HamnpyX eHO-IeQOPMOBAHOTO
CTaHy Ja€e MOXJTUBICTb MIPOTHO3YBaTH
JIOBTOBIYHICTh 3’€JHaHb, 3HOC BiJ JIii a0pa3sUBHOTO
CepeOBHIIA TOIIO.

AHami3 3aKOpAOHHHUX |1  BITYM3HSIHHX
AocJizKeHb Ta myOaikamiii. bonTosi (MUIBKOBI)
(nanmeBi 3'€qHAHHA 3 TIPOKIAJKAMH IHAPOKO
3aCTOCOBYIOTHCSA B PI3HUX TaIy3SX IS 3'€ THAHHS
TpyO. ANTOpUTMH TPOCKTYBAaHHS, SIKI OIHKCaHi B

JiTepaTypi, NEPEBAXHO 30CEPEIKYIOThCS  Ha
BU3HAYCHHI MIITHOCTI, TOAI SK IOPYIICHHS
TepMETUYHOCTI 3aJTHIIAETHCS CepiO3HOI0

npobaemoro. KpiMm Toro, mig yac aHamizy IKeper
iH(popMaIlii BHSBICHO Mally KiUJIbKICTh POOIT, IO
CTOCYIOTBCSI TaKUX 3’ €QHAHb, K1 TPAIIOIOTEH I
JI€F0  KOMOIHOBAHOTO  HaBaHTa)KeHHS. i
BUBYEHHS MIIIHOCTI Ta T€PMETUYHOCTI (hIaHIEBUX
3’€¢qHAaHb 3 YOIUTbHEHHSAMH v poboti  [4]
MPOBOAMUTHCS X JETaTbHUA HENiHIHHUN aHai3 3
JIOTIOMOTOI0  METOAY KIiHIEBUX E€JEMEHTIB 3
BpaxyBaHHAM PI3HHUX CITOCOOIB KPIiTUICHHS OOJNTIB.
[Mposeneno napamMeTpuIHe JIOCITIJPKESHHS
MOBEIIHKY (DIaHLIB A BU3HAYCHHS HAIPY>KECHHS
B Oonrax. Ilpy mpoMy 3MIHHUMH € TOBIIHHA
(bman1, oepeAHiN HATIAT 00NTa Ta iX KITBKICTD,
IO OHOYACHO KPIIUIATH (iiaHenb

MerToro nocmipKeHHsI, BUCBITICHOTO y Tpari
[5] € po3poOieHHsST adrOpUTMy Il BH3HAUCHHS

MaKCHMaJbHOI'O  IOMEPEIHLOTO0  HAIPY)KCHHS
0onra, HEOOXiMHOTO JJI HAJIGKHOI podOTH
TIPOKJIAIKH (hmaHTIeBUX 3’€THAaHHSX.

3anpoITOHOBaHUI AJITOPUTM IMIXOMUTH IS BCIX
TuniB QuaHuiB. Takox NpPOBEACHO TOCIIIKECHHS
TPUBHMIpPHOI MOJeNi 3a [OMOMOIOI0 METOAY
CKIHYCHHHX €JICMEHTIB 13 BpaXyBaHHSAM TIACTHIHOL
MOBEiHKK  MaTepiany  ¢uiaHns,  HemiHiiHOI
MOBEJIHKM MaTepially MpOKJIaAKH Ta HENiHIHHOro

KOHTaKTy (hiaHenb-poknanka. Kpim toro, B naHii
poboTi O3S IAETHCS BILJIUB TIOBXKUHU
MPSMOJTIHIMHOT YaCTUHU BTYJIKH (DIIAHIT B MicIi il
3BapHOTo 3’€AHaHH 3 TPyOOIO 1 pajiyca ranTemi Ha
nepexo/i BTyJka-(hjaaHelb Ha PO3I0Ii HAIPyKEeHb
1 neopmarii.

Meta podoTH Ta OOTpPYHTYBAHHS
HeoOXiHocTi ii BUKOHaHHA. OCHOBHa yBary B
JaHii poOOTI 3BepHEHA Ha (IIaHIIEBI 3’ €THAHHS, SKi
BUKOPUCTOBYIOTBCSI Y  Ha@TOra3oBid  raysi.
BpaxoBytoun Te, 110 TpyOONpoBoaAN 3HAXOIATHCS B
IPYHTI TiA BIAKPUTHM HEOOM J¢ Ha HUX IIIOTh
3MiHHI Y IIUPOKOMY Aiama3oHi KJIIMaTUIHI YMOBH
(TemmepaTypa, BOJOTICTH TOLIO), a (IIAHIEBI
3’€THAaHHS CIOJyYeHI 3 TPYOOIIPOBOIOM Ta 1HIITMM
0o0JaJHAHHAM 1 KOHTAKTYIOTh 3 aTMOC(HEPHUM
MOBITPSIM, BIACTUBOCTI IPYHTY CYTTEBO BIUIUBAIOTh
Ha X HampyKeHo-1e(OpPMOBaHMI CTaH.

MeTtoto poboTH € OIliHKa HAIMpPYXEHO-
ne(hOpMOBAHOTO CTaHy EJIEMEHTIB (bIaHIIeBOTO
3’¢fHAaHHA Tpd Ail HAa HBOTO  OCHOBOTO
HAaBAaHTAKEHHS Ta 3 BpaxyBaHHSIM BIIaCTUBOCTEH
IPYHTY, B SIKOMY PO3MIIIY€EThCS TpPHUEAHAHA O

¢nang Tpyoda.

Jnst nOCSTHEHHSI METH HEOOX1THO:

— o0y yBaTu MOJIelTb ¢naHEeBOrO
3’€mMHaHHs, TpPyOM Ta TIPYHTY 1 3amaTh ix
XapaKTePUCTUKH;

— IIPOBECTH IMITallifHEe MOJICTIOBAHHS POOOTH
(haHIeBOTO 3’ € THAHHS i3 BpaxyBaHHIM
BIIACTHBOCTEH IPYHTY, B SIKOMY PO3MIIIy€EThCS
npueaHana 10 GaHs Tpyoa;

— IIpOaHAJi3yBaTH  OTpPUMAaHI  PE3yIbTaTH
MOJICTFOBAaHHS, 3pOOWTH BHCHOBKM 1 HaJaTh
pexoMeHaanii moA0 MOKpalleHHs YMOB poboTu
(haHIIeBOro 3’€THAHHS.

BukinaneHHsi OCHOBHOro wmarepiaay. 3
MOMEHTY eKCIUTyaTamii OoNTOBHX (aHIEBHX
3'¢lHaHh BUHUKAIOTH MOPYIICHHS TEPMETHIHOCTI,
SIK1 TIPU3BOSATH IO BUTIKAHHS PiIWHU 4H Ta3y. Lle €
CEepHO3HOK  TPOOJIEMOI0,  OCOOJNIMBO  KOJIK
BiIOYBAETHCSI BHUTIK Yy HABKOJHUIITHE CEPEIOBHUIIC
MPOIYKITii HAQTOBHUX Ta Ta30BUX CBEPIJIOBHH.

Ha repmernunicTh (uaHIeBUX 3’€IHAHBb
BIUIMBAIOTh KOHCTPYKTHBHE HOr0 BUKOHAHHS,
Matepialii 3 SKUX BUTOTOBIICHO WOTO EIIEMEHTH,
MOMEHTH 3TBHHYYBAaHHA pi3b00BUX 3’ €IHAHB.
[Ipore, oxpiM BUIIE3TaJaHUX YWUHHHKIB Ha
TEePMETUYHICTh TAKHUX 3 €HaHb TAKOX BITUBAIOTH 1
YMOBH HaBKOJIMIIIHEOTO CEPEIOBUINA, a camMe 3MiHa
TEMIIepaTypu TOBITpPs, MpOMep3aHHS Ta (i3uuHi
BJIACTHUBOCTI IPYHTIB, Yy fKi NPOKIAAAIOTHCS
TpyOOIIpOBOaM, BiOpaIii CIpUYHUHEH] ITyIHCAIIEI0
TUCKY PIITUHH YU Ta3y TOIIO.
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3 METOI0 BHU3HAYEHHS HampyXeHo-
nepOopMOBaHOTO CTaHy (DIAHIEBOTO 3’ €HAHHS
po3po0iieH0 HOro TPUBHUMIpDHY MOJEb, SKY
MOKa3aHO Ha PUCYHKY 1. VYV il Mojeni OKpiMm
(raHIeBOTO 3’ €AHAHHS € PparMeHT TPyOOIIPOBOTY
YacTUHA SKOTO PO3MIllICHa Ha MOBEPXHI IPYHTY, a
yacTMHAa — B IpyHTi. Ha pucyHky 2 mnokazaHO
MoOJienb (hIaHIEeBOro 3’€AHaHHS (IIUI-TAa3) SKe
o0y 10BaHO BiAMOBLIHO [5]. OcoOMUBICTIO MMij] Yac
MOJICJIIOBAHHSI LOTO 3’ €JHAHHS € Te, MO Pi3b0OBI
3’€¢[JHAHHS 3aMiHCHI Ha [WIIHAPH, N0 SKUX B
nojaneioMy  Oyne — NPUKIAAaTHCh — OCHOBE
HaBaHTa)KEHHS JUTS imiTanii 0OCHOBOTO
HaBaHTAXEHHS (IJ1s1 CTUCKAHHS MPOKJIAAKH).

Puc. 1. Mogaens aist JOCTiKeHHS (IIaHIICBOTO
3’eqHanus: | — duannese 3’ eaHaHH; 2 — TpyOa;
3 —IpyHT

Puc. 2. ®nannese 3’€1HaHHA:
1 — ¢manenp 3 KigbIeBUM IIUTIOM; 2 — IIITAIBKOBE
(6onrtoBe) 3’eqHaHHS; 3 — (hIaHEIb 3 KUIBIIEBUM I1a30M;
4 — Tpyba

BrnactuBocTi MartepiaiiB, AKi BAKOPHUCTaHI Mij
Yyac IMITaliifHOrO MOJICIIIOBAHHS HABEICHO ¥
Tabmuui 1.

[lepen nmpoBeaeHHIM pO3paxyHKYy MOJEIb AT
TOCII/PKEHHST PO30MTO Ha CITKY CKIHYEHHUX
€JIEMEHTIB, SIKy ITOKa3aHO Ha PUCYHKY 3.

Tabmuus 1
BuaacruBocri marepianis
Ne Marepian Mopnyns Onra, Koedinient
3/ I1a Ilyaccona
1 Cranp 200000000000 0,26
2 ®droporutact-4 833565250 0,2
3 Ipynr 2900000 0.4

Bci HaBeneHi nudpoBi 3HaYCHHS € YMOBHHUMH,
ajie 3HaXOJAThCS Y MEXaX pealbHUX, OTPUMAHUX i3
NPaKTUIHUX CTIOCTEPEIKECHb.

Puc. 3. CiTka CKiIHUEHHUX €JIEMEHTIB

o ///'
i

Puc. 4. PozpaxyHkoBa cxema:
1 — pi3p0oBe (utanneBe 3’ €HAHHS, 2 — TpyOa; 3 — IPYHT

3rigHo po3paxyHK0301 CXeMHU (pHc 4) Ha
¢ianneBe  3’€mHAHHS  Ji€ nepeMuueHH;{ B
TOPU30HTAJILHOMY HANPSMKY IO 0Ci TPYOOIPOBOAY
Ha BEJIMYMHY 8 MM (HampsMOK [il IIOKa3aHo
cTpinkoro). KoHTakT Mix netansMu (IaHIIEBOTO
3’e¢AHaHHA TpUitHATO 3 Koediuientom tepta 0,2.
Hlomo BHU3HAYEHHS KOHTAaKTHOTO THCKYy Ha
HOBEPXHAX KOHTAaKTy (IaHIIB Ta TPOKIAAKA
3acTOCOBaHO  HacTymHud  miaxig.  Crovatky
(naHmeBe 3’€MHAHHSA JOCHTIKYETHCSI OKPEMO
TUIBKY 3a i 0CBOBOTO 3yCHIUIA Ha MPOKIIAJIKY, SIKE
oOyMOBJIEHE  HaBaHT@KCHHAM Ha  OonrToBe
(mmmmnbkoBe) 3’emHaHHSA.  OCKUTBKH  (hIaHIIEBE
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3’¢HaHHA po3paxoBaHe Ha Tuck 6,3 Mlla, Ha
KOHTaKTHUX MOBEPXHAX (IAHIIB Ta MPOKIAIKH.
KonTakTHmit THUCK JUIs 3a0e3MeueHHS
TEepPMETUYHOCTI TOBHHEH OyTH OiIbIIMM  3a
pobounit y 1,5 pasu. Ilicms BuU3HAYEHHS CHJI Ha
MIMWIBKAX TPH AKIA JOCATAETHCSA HEOOX1THUI
KOHTAKTHUHM THUCK Ha MPOKIAALI, TPOJOBKYIOTHCS
JOCIiKEHHSI 1ol Moaeni. ByayTs BpaxoByBaTuch
SIK 3yCHJUIS Ha (QUIaHIAX, TaK 1 TepeMIIeHHS
(maHIEeBOro 3’ € HAHHSL.

Ha pucynky 5 Tmoka3aHo  po3moAin
CKBIBAJIGHTHUX HANpYXEHb Yy IMO30BXHHOMY
riepepisi uranmeBoro 3’ exHanHs. KOHTaKTHHH THCK

Ha MpoKiIafl Ta (IaHIX MOKa3aHUH Ha PUCYHKY
6.

A: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 15
26.03.2025 10:56

141,07 Max
1254

109,72
94,049
78,374

62,7

47,025

31,35

15,675

0 Min

Puc. 5. Po3noain exBiBaJICHTHUX HANPYXEHb Y
MO3/I0BXKHBOMY TIepepi3i (hIaHIEBOrO 3’ €THAHHS

A: Static Structural
Pressure

Type: Pressure 92867

Unit: MPa Node 8456

Time: 13

26.03.2025 10:56 83663

Naode 8469

28,278 Max ;
25,136
21,99 93811
18,852 |Node 8491
15,71
12,568 Tt
23;2: Node 8431

3142 32001
0 Min Node 8443

Puc. 6. Po3nozin KOHTaKTHOTO THCKY Ha IOBEPXHI
KOHTaKTy «(JIaHeb-POKIIaIKa»

Otxe, npu aii Ha ¢raHueBe 3’€AHAHHS
TIJIBKM OCbOBOI'O HABAHTAKEHHS BiA IINWIBOK Y
HbOMY BHHHMKA€ MAaKCUM@JIbHE €KBIBaJICHTHE
HampyXeHHd  BenuuunHoro 141 Mlla, ske

KOHIICHTPYEThCS y IIMWIBKOBOMY 3’ €qHanHi. [llomxo
pO3MOMAIly KOHTAKTHOTO THCKY Ha TIOBEpXHIi
KOHTaKTy «(JIaHeIb-TIPOKIIA/IKa», TO HA PUCYHKY 6
MOKa3aHO WOT0 BEJIMYMHU Yy KOHKPETHHX TOYKAaX.
BennumHa KOHTAaKTHOTO THCKY Ha TOBEpXHI
KOHTakKTy ckianae 9,3 Mlla.

Ha HaCTyITHOMY erarn JIOCHIDKEHHS
MIPOBEJICHO iMiTalliiHE MOJICITIOBAHHS BCi€i MO
3 BpaxyBaHHAM TOrO, IIO IPYHT € aOCOIIOTHO
JKOPCTKHM Ta B3a€MOJI€ 3 TpyOoro, sIka po3MilieHa
B HhOMY sIK onHe Iriyie. ToOTO IpyHT Ta TpyOa B
HbOMY € HETOJaTIMBUMHU. Kopcrtkuii-
HETIO/IaTJINBUI IPYHT B OCHOBHOMY OY/I€ Y 3MMOBHUX
YMOBax 3a HHU3BKHX Temreparyp. llepemirieHHs
TopIsl (bNaHIs y TOPH3OHTAIBHOMY HAIPSIMKY 32
JIOCITIKYBAaHUX YMOB CKJIQIAal0Th 4 MM.

OTtpumani pe3yNbTaTH iMiTaLifHOTO
MOJICNIIOBAHHs, HaBEICHI Ha pHCyHKax 7 Ta §
B1I0OpakaroTh PO3ITOILT EKBIBaJICHTHUX
HampyXeHb  Ta  MEpeMilllcHHS  €JICMEHTIB

JOCITIDKYBaHOI Mozelni BiamoBigHo. PucyHok 7
JNIEMOHCTPYE  KOHIICHTpaAIlii  HampyXeHb Y
KPUTHYHUX 30HAX, a PUCYHOK 8 — medopmarrii ta
HANPSIMKH 3MiIIEHb.

A: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 15
26.03,2025 12:09

241,1 Max
21431
187,52
160,74
133,95
107,16
80,368
53,579
26,789
0 Min

Puc. 7. Po3nozin ekBiBaJICeHTHUX HANPYXXEHb Y
JIOCTIKYBaHiil Mojei

A: Static Structural
Total Deforrmation
Type: Total Deformation
Unit: rarm

Time: 15
26.03.2025 12:08

9,3635 Max
83231
7,2827
6,242
5,2019
41616
31212
2,0808
1,0404
0 Min

Puc. 8. IlepemiieHHs eJIeMEHTIB 1OCIIKyBaHOT
Mojeni
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A: Static Structural
Pressure

Type: Pressure

Unit: MPa

Time: 13

26.03.2025 1210

107,52 Max
95,574
83,628
71,681
59,734
47,787

35,84

23,89
11,847

0 Min

Puc. 9. Po3nozin KOHTaKTHOTO THCKY Ha IOBEPXHI
KOHTaKTy «(JIaHeb-POKIIaIKa

OTxke, 3a Takoi CXEMU HaBaHTAXKEHHS
MaKCUMaJIbHi €KBIBaJICHTHI HANPYXECHHS Y MOAENI
ctaHoByITH 241 Mlla, a nepemiments 9,3 mm. [lpu
IEOMY BiZIOYBAETHCS MEPEPO3IMOAIT KOHTAKTHOTO
TACKYy Ha TIOBEPXHI KOHTaKTy  «(JIaHEIlb-
MIPOKJIaIKay, 3 OMHI€T CTOPOHM BIH 3pocTae a0 22
MllIa, a 3 iamoi 3amKyeTbes no 0 Mlla. Ie Bkazye
Ha BTPaTy TEPMETHYHOCTI TAKOTO 3’ € THAHHS.

Ockinbkr 32  BHILIEHABEACHOI  CXEMOIO
mpaifoe  JoBOoM  Oaratro  TpyOOmpoBOAiB  Ta
(hnaHIeBUX 3’€HAHB, TO JOIIBHO B MOJATBIIOMY
MPOBECTU JTOCII/PKEHHSI BIUIMBY BIJIACTUBOCTEH
IPYHTy Ha HampykeHo-l1ehOpMOBaHHMHA  CcTaH
(dbmanTIeBOTO 3’€MHAHHSA, a TaKOX KOCQIIiE€HTIB
TEepTss MK IpyHTOM Ta TpyOoto. IIpore, oxpim
BHIIE3raJJaHNX YNHHUKIB HA TEPMETUYHICTh TaKHX
3’€IHAHb TaKOX BINIMBAIOTH  BiOpamii, 110
CIPUYMHEHI MyJIbCALI€0 TUCKY PIIUHM YU ra3y, [Ki
B MOAANBIIOMY  JIOIUIBHO  JOCHIAWTA  Ta
BpaxoBYBaTH TiJI Yac TPOCKTYBaHHS (IIAHIICBHX
3’€HAHb.

BucHoBku. s JOCHiKEHHST HAMpyKEHO-
nedopMoOBaHOTO CTaHy (UIAHIIEBOTO 3’ €THAHHS
mo0OyI0BaHO HOro TPUBHMIPHY MOJEINb, TpyOy Ta
IpyHT. JJis IMX €JNIEeMEHTIB 3aaHO BiJIMOBIIHI
MeXaHi4Hi XapaKTePUCTHKH.

JlocmimKeHHsT TMOKa3aIy, M0 TPH [Iii JIAIIe
OChOBOTO  HABaHTAXXCHHS  BiJl  IIMWILOK Y
(naHIeBOMy 3’€IHaHHI BHUHUKA€ MaKCHUMAallbHE
ekBiBajieHTHe Hampyxenus 141 Mlla, ske
KOHIICHTPYEThCS y INMIJIBKOBOMY 3'€IHAaHHI, a
KOHTaKTHHUM THUCK Ha TMOBEpXHI «(IaHeIb-
npoknankay ckiaagae 9,3 MIla. ITpu moxemtoBaHH1
3 ypaxyBaHHSAM J>KOPCTKOCTI TPYHTy, IO i€ 5K
HETIOAATINBE CEpeloBHUILE  (XapakTepHe s
3MMOBUX YMOB), MAaKCHUMaJIbHI  HaIpPYKCHHS
3poctaioTh 10 241 MIla, a KOHTaKTHUH THUCK Ha
MPOKIAJl HEPIBHOMIPHO MEPEPO3NOMIISIETHCS — 3
onmHiel cTopoHu 3poctae mo 22 Mlla, 3 ixmoi
3HImKyeThes 10 0 Mlla, mo cBiq9HMTh PO BTpaTy

TepMETUYHOCTI  3’€AHaHHSI. 3  OrsAy  Ha
MOMMPEHICT,  TaKWX  YMOB  EKCIUTyaTarii,
PEKOMEH/IY€ThCS TOJAbIIe BHUBUCHHS BIUIUBY
BJIACTHUBOCTEH IPYHTY Ta KOEQIII€HTIB TEPTS MiXK
IPYHTOM 1 TpyOOI Ha HampyKeHO-IehOpMOBaHUI
cTaH 3’€gHaHHA. TakoX BaXKJINBO BPAXOBYBaTH
BIUIMB BiOpaliif, CHpUUMHEHUX MYJIbCALIEI0 TUCKY
poOouurx cepeaoBHII, IS MiABUIEHHS HATIHHOCTI
Ta TepPMETUYHOCTI (hJIaHIIEBUX 3’ €HAHb I Yac iX
MPOCKTYBaHHI Ta EKCILTyaTallii.
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Liakh M.M., Matskiv LR., Vriukalo V.V,
Yatsyniak L.I., Semenchuk A.V., Protsiuk H.Y. Study
of the stress-strain state of flange connections

Pipe fittings are an important component of all
piping systems covering housing and communal services,
oil production and refining, chemical production, water
supply to thermal and nuclear power plants. Particular
attention is paid to the strength and reliability of flanged
and threaded connections, as flanges provide strong,
tight, and detachable pipe connections. Historically, the
calculation of stresses in flange connections began as
early as 1927, and modern research uses the finite
element method (FEM), which allows detailed modeling
of their stress-strain state, predicting durability, wear,
etc. Bolted flange connections with gaskets are widely
used, but the problem of tightness remains relevant due
to the influence of combined loads, materials, and
operating  conditions.  Many  studies  highlight
problematic issues related to flange connections, in
particular, a nonlinear analysis using FEM that takes
into account the thickness of the flange, various methods
of fastening bolts, their number and preload, which
allows optimizing the design of the flange connection. An
algorithm has been developed to determine the maximum
preliminary bolt tension that can be applied to various
types of flange connections. It takes into account the
plasticity of materials and flange-gasket contacts. This
work focuses on flange connections used in the oil and
gas industry to connect various equipment located both
in the ground and on the surface. Seasonal temperature
changes will affect the properties of the soil and, as a
result, the stress-strain state of the connections under
study. To assess the stress-strain state of a flange
connection, a three-dimensional model was developed,
consisting of a flange connection with one part of the pipe
located in the ground and the other on the surface. The

simulation results showed that under axial loading, the
flange connection experiences a maximum equivalent
stress of 141 MPa, and the contact pressure on the gasket
is 9.3 MPa. When taking into account soil stiffness
similar to winter conditions, stresses increase to 241
MPa, while contact pressure on the gasket and flanges
becomes uneven, leading to a loss of joint tightness.
Given the prevalence of such conditions, further research
should focus on the influence of soil properties, friction
coefficients between the soil and the pipe, and the
influence of vibrations caused by pressure pulsations in
pipes on the strength and tightness of flange connections.
This will improve the reliability of pipeline systems in
difficult operating conditions.

Key words: pipeline, flange connection, simulation
modeling, stress, displacement, contact pressure.
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IMPROVING THE RELIABILITY OF LOCOMOTIVE ELECTRICAL
POWER DEVICES BY ENHANCING CONTACT JOINTS

Spivak O.M., Ivanchenko S.S., Melkonova 1.V. Melkonov H.L.

NIJIBUINEHHA HAIIMHOCTI CHWJIOBUX ITPUCTPOIB EJTEKTPOBO3IB
IIJIAXOM YAOCKOHAJIEHHA KOHTAKTHHUX 3'€1HAHDb

CuniBak O.M., IBanuenko C.C., Meakonona I.B., Meakonosn I'.J1.

In modern railway transport, the reliability of electrical
power devices is a key factor in ensuring the safety and
efficiency of locomotive operation.. The uninterrupted
performance of systems such as traction motors,
converters, and protection relays directly influences the
stability of train movement and passenger safety.
Among the critical components of these systems are
electrical contact joints, which are commonly used in
switching devices such as contactors and circuit
breakers. These joints are regularly subjected to
significant electrical and mechanical stresses, including
high current switching, thermal cycling, and vibration,
all of which contribute to contact wear and eventual
failure.

The degradation of contact surfaces leads to increased
contact resistance, reduced conductivity, and a higher
likelihood of arc formation, ultimately compromising the
overall functionality of the power system. Therefore,
improving the durability and electrical performance of
contact joints is an essential objective in the development
of more reliable locomotive power systems.

This study focuses on identifying effective strategies to
improve contact joint reliability by analyzing contact
materials, modeling key operational parameters such as
contact resistance and failure probability and evaluating
modern material technologies. Particular attention is
given to the use of composite and nanostructured
materials, which offer enhanced mechanical strength,
erosion resistance, and compliance with international
environmental standards.

To overcome the limitations associated with large-scale
experimental testing, the research relies primarily on
analytical methods supported by data from existing
literature. This approach allows for the theoretical
assessment of material performance and the
identification of optimal solutions for practical
implementation in railway systems.

Contact components used in the switching of electrical

circuits have a significant impact on the performance and
reliability of this equipment. This paper presents a study
aimed at improving the operational reliability and mean
time between failures of locomotive traction
electromagnetic contactors by enhancing the stability of
their contact characteristics. Due to the high cost and
complexity of conducting large-scale experimental
research, the emphasis is placed on analytical methods
and the study of the properties of the materials used,
proposing potential improvements based on available

technologies and materials in accordance with
international  standards and current widespread
innovations.

Keywords: reliability, electrical power devices,

locomotives, contact joints, electromagnetic contactors,
contact resistance, international standards, innovative
materials,  composite  materials,  nanostructured
materials.

Introduction. In modern railway transport, the
reliability of electrical power devices is a key factor
in ensuring the safety and efficiency of locomotive
operation [1]. The uninterrupted performance of
systems such as traction motors, converters, and
protection relays directly influences the stability of
train movement and passenger safety.

Among the critical components of these
systems are electrical contact joints, which are
commonly used in switching devices such as
contactors and circuit breakers. These joints are
regularly subjected to significant electrical and
mechanical stresses, including high current
switching, thermal cycling, and vibration, all of
which contribute to contact wear and eventual
failure [2].
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The degradation of contact surfaces leads to
increased contact resistance, reduced conductivity,
and a higher likelihood of arc formation, ultimately
compromising the overall functionality of the power
system. Therefore, improving the durability and
electrical performance of contact joints is an
essential objective in the development of more
reliable locomotive power systems.

This study focuses on identifying effective
strategies to improve contact joint reliability by
analyzing contact materials, modeling key
operational parameters such as contact resistance
and failure probability and evaluating modern
material technologies. Particular attention is given
to the use of composite and nanostructured
materials, which offer enhanced mechanical
strength, erosion resistance, and compliance with
international environmental standards.

To overcome the limitations associated with
large-scale experimental testing, the research relies
primarily on analytical methods supported by data
from existing literature. This approach allows for
the theoretical assessment of material performance
and the identification of optimal solutions for
practical implementation in railway systems.

Research results. Analysis of Contact Node
Failure Causes. The operational reliability of
electrical contacts in locomotive switching devices
is significantly influenced by a variety of
degradation mechanisms that act individually or in
combination during the service life of the
equipment. Understanding these failure causes is
essential for the development of more durable and
efficient contact materials.

The main causes of contact node failures
include the following:

- Contact erosion: During switching
operations, the contact surfaces are exposed to high-
temperature electric arcs that lead to localized
melting, pitting, and material loss. Repeated arc
exposure degrades the surface integrity and reduces
the effective contact area [3].

- Oxidation: Environmental exposure and
elevated temperatures promote the formation of
oxide layers on the contact surface. These non-
conductive films increase the contact resistance and
reduce current-carrying efficiency [4].

- Mechanical wear: Frequent switching
cycles and mechanical vibrations lead to frictional
wear of the contact surfaces. This results in surface
roughness, reduced alignment, and uneven pressure
distribution, ultimately degrading performance [4].

- Thermal overheating: High current
densities and poor heat dissipation can cause
localized overheating. This thermal stress not only

accelerates oxidation and softens the contact
material but may also cause microstructural
degradation and deformation [5].

- Improper contact force: Both insufficient
and excessive contact pressure negatively impact
reliability. Low force results in unstable electrical
contact and arcing, while excessive force causes
mechanical deformation and accelerates wear of the
contact surfaces.

Table 1 presents the key factors affecting the
reliability of contact nodes.

Table 1
Main Factors Contributing to Contact Node Failures
. Impact on
Factor Description Reliability
Contact Destruction of Decrease in
erosion the contact contact integrity
surface due to and lifespan
electric arcs
Oxidation Formation of Increased contact
oxides on the resistance
contact surface
Mechanical | Material loss Surface
wear due to friction degradation and
and vibration reduced durability
Thermal Localized Microstructural
overheating | heating from damage, increased
resistive losses | failure risk
Improper Insufficient or Instability, arcing,
contact force | excessive mechanical
contact pressure | damage
Limitations of  Experimental  Studies.

Experimental research on electrical contact joints in
locomotive power systems poses significant
challenges, both from technical and economic
perspectives. While laboratory testing provides
valuable data, it is often impractical as the primary
method of investigation at early design stages.
Several key limitations hinder the widespread
implementation of large-scale experimental studies.

First, the cost of conducting controlled tests is
considerably high. This includes the procurement of
specialized contact materials, high-current
switching equipment, thermal monitoring tools, and
arc simulation platforms. Additionally, high-power
test benches with accurate force control and real-
time diagnostics are required to replicate realistic
switching conditions.

Second, replicating real-world operating
environments such as variable mechanical loads,
high humidity, contamination, and long-term
thermal cycling requires the development of
sophisticated and often custom-built test rigs. These
setups must account for both electrical and
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mechanical stressors that occur simultaneously
during actual locomotive operation.

Third, achieving statistically —meaningful
results necessitates a high number of repetitive test
cycles. Since contact degradation is a stochastic
process influenced by multiple variables (e.g., force,
temperature, material inhomogeneity), a large
sample size is required to draw reliable conclusions.
This further increases time, labor, and cost.

Given these constraints, this study focuses on
analytical methods as a feasible alternative during
the preliminary stages of material selection and
contact design. By utilizing validated theoretical
models and performance data from existing
literature, it becomes possible to estimate contact
behavior, predict failure modes, and evaluate the
long-term reliability of different material systems
without the need for extensive physical testing.

This approach enables cost-effective decision-
making and supports the identification of optimal
solutions for improving contact joint performance
using accessible and environmentally compliant
materials and technologies.

Modern  International ~ Standards  and
Technologies. According to international standards
such as IEC 60947 and IEEE C37.016, it is essential
to use materials and technologies that ensure high
reliability and durability of contact joints [6], [7].

Modern Materials for Contact Joints. Silver—
cadmium oxide (AgCdO) and silver-tin oxide
(AgSn0») are composite materials consisting of a
silver matrix with dispersed cadmium or tin oxide
particles [8], [9]. These materials combine the high
electrical conductivity of silver with enhanced
mechanical properties and erosion resistance
provided by the oxide particles.

Silver—nickel alloy (AgNi) is typically
considered an alloy, but wunder certain
manufacturing conditions, it may exhibit a structure
similar to a composite, where nickel forms
dispersed phases within the silver matrix [10].

Composite and Nanostructured Materials. The
use of composite materials with nanostructured
fillers allows for enhanced contact properties [11].

Nanostructuring of AgSnO. and AgNi is a
modern approach to improving their mechanical and
electrical characteristics.

AgSn0O: with nano-sized tin oxide particles
demonstrates increased resistance to erosion and

welding, along with improved electrical
conductivity [9], [11].
Nanostructured AgNi exhibits improved

hardness and wear resistance, contributing to the
longevity of contact joints [10], [11].

Recommendations for Improving Contact
Joints. Transitioning to environmentally friendly
and nanostructured materials such as AgSnO. and
AgNi will contribute to enhanced reliability and
durability of contact joints, as well as compliance
with international standards and environmental
regulations [13].

Multilayer contact materials represent a
promising direction for improving electrical
contacts. These materials consist of multiple layers
of different substances, combining their best
properties [ 14].

The structure of multilayer contacts may
include:

- Base layer: high electrical conductivity
(e.g., silver or copper);

- Intermediate layers: materials that provide
mechanical strength and erosion resistance (e.g.,
nickel or molybdenum);

- Surface layer: wear-resistant and corrosion-
resistant materials (e.g., silver-based
nanocomposites with metal oxides).

Nanocomposite contact materials contain
nanoscale particles uniformly distributed within the
matrix of the base material. This enables achieving
unique properties not found in traditional materials

[11].

Table 2
Comparative Characteristics of Contact Materials
Material Electrical Conductivity, Hardness, HV Erosion Resistance Eneronrpental
6, S/m Friendliness
AgCdO 6.3x107 80 High Low
AgSn0O: 6.1x107 85 High High
AgNi 6.2x107 90 Medium High
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Advantages of nanocomposites include:

- Increased hardness and wear resistance due
to nanoscale particles reinforcing the matrix;

- Improved electrical conductivity owing to a
more uniform structure and reduced defects;

- Enhanced resistance to erosion and contact
welding due to altered surface properties.

Practical Application:

AgSnO: nanocomposites  involve  the
incorporation of nanosized SnO: particles into the
silver matrix. This improves the distribution of
oxide phases, which enhances erosion resistance
and reduces contact welding [9], [11].

Applications include contactors and circuit
breakers where high switching capacity and long
service life are essential.

AgNi nanocomposites benefit from nano
structuring that improves mechanical properties
such as hardness and strength without significantly
compromising electrical conductivity [10], [11].

Applications include high-frequency and high-
load contacts where fast response and wear
resistance are critical.

Multilayer nanocomposite contacts combine
different nanocomposite layers to optimize contact
properties for specific operating conditions [14].

Example structure:

- Base layer: high-conductivity material
(Ag);

- Intermediate layer: AgNi nanocomposite
for reinforcement;

- Surface layer: AgSnO: nanocomposite to
increase erosion resistance.

Physical Vapor Deposition (PVD) enables the
application of thin multilayer coatings with precise
control over layer thickness and composition [15].

Advantages include high purity of coatings and
the ability to form nanostructures.

Electrolytic Deposition is used for applying
nanocomposite layers with controlled composition
[15].

Its advantages are relative simplicity of the
process and scalability for industrial production.

Mechanical Alloying is a method for producing
nanocomposite materials through mechanical
mixing and deformation of powder components
[12].

It enables the creation of uniform
nanocomposites with high particle dispersion.

Application Prospects:

- Improved reliability and durability of
contact joints in locomotive electrical power
devices;

- Reduced maintenance and replacement
costs due to enhanced wear and erosion resistance;

- Compliance with environmental standards
through the use of cadmium-free materials.

Section Conclusion:

Multilayer and nanocomposite  contact
materials provide a technologically advanced
solution for enhancing the reliability, conductivity,
and environmental safety of locomotive power

contacts. Their structure allows targeted
performance  improvements, while modern
production  technologies  ensure  industrial
scalability.

Modern environmental regulations demand
that electrical equipment meet not only technical but
also chemical safety standards. One of the most
important is Directive 2011/65/EU (RoHS 2), which
restricts the use of ten hazardous substances,
including cadmium (Cd), limiting its presence to
0.01% by weight in any homogeneous material.

Silver-cadmium oxide (AgCdO), long used in
electrical contact components due to its excellent
arc resistance, contains cadmium and therefore falls
under the restrictions of RoHS. Its use is only
permitted under specific exemptions, such as
exemption 8(b) listed in Annex III, which allows
cadmium use in electrical contacts when no viable
alternative exists.

In the context of railway applications:

- Locomotives may partially fall outside the
RoHS scope if considered large-scale stationary
industrial tools, as outlined in Article 2(4).

- However, electrical components marketed
separately or serviceable as spare parts are generally
subject to RoHS, including cadmium content
limitations.

Therefore, manufacturers of
electrical contacts must:

- Verify whether exemption 8(b) applies, and
document its justification;

- If not applicable, ensure compliance with
the cadmium threshold (<0.01%) or switch to
cadmium-free materials such as AgSnO: or AgNi.

- Additionally, adopting environmentally
compliant materials:

- Simplifies certification for EU markets;

- Reduces legal and regulatory risks;

Table 3 presents a comparison of the RoHS
compliance status for AgCdO, AgSnO2, and AgNi,
summarizing their cadmium content, regulatory
restrictions, and environmental acceptability under
Directive 2011/65/EU.

Strengthens the manufacturer’s image as an
environmentally  responsible  supplier.  The
application of multilayer and nanocomposite
contact materials opens new opportunities for
improving the characteristics of electrical contacts.

locomotive
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Table 3
Material Compliance Under RoHS Directive 2011/65/EU
Material Contains Cadmium RoHS Restricted Allowed. via Env1rqnmentally
Exemption Friendly
AgCdO Yes Yes Yes (8b) No
AgSn0O: No Yes Not needed Yes
AgNi No Yes Not needed Yes
Table 4
Calculated Contact Resistance Values for Different Materials
Contact Force F (N) AgCdO: R ¢ (Q) AgSn0:2: R ¢ (QQ) AgNi: R ¢ (Q)
10 0,002 0,001 0,0005
20 0,001 0,0005 0,00025
30 0,000666667 0,000333333 0,000166667
40 0,0005 0,00025 0,000125
50 0,0004 0,0002 0,0001
60 0,000333333 0,000166667 8,33333E-05
70 0,000285714 0,000142857 7,14286E-05
80 0,00025 0,000125 0,0000625
90 0,000222222 0,000111111 5,55556E-05
100 0,0002 0,0001 0,00005
This approach simultaneously increases the Justification for k Selection
reliability,  efficiency, and  environmental AgCdO has the highest k value due to its
sustainability of locomotive power devices, greater hardness and lower plasticity, which results

representing a significant step forward in the
development of modern railway transport.
Mathematical Modeling and Analysis:
Modeling of Contact Resistance. Contact
resistance R _c is a critical parameter that affects the
efficiency and reliability of electrical contacts. It
depends on the material properties, contact force,
and contact geometry. For modeling contact
resistance, the following formula is used [16]:

R c=k/F

where:R ¢ — contact resistance (Q);

F — contact force (N);

k — proportionality coefficient, which
depends on the material and geometric features of
the contact (Q2-N).

Selection of k Coefficients for Different
Materials. For the three considered contact
materials, the following k coefficients were selected
based on their physical properties and literature data
[4], [16]:

AgCdO: k=0,02 Q-N;

AgSn0:2: k=0,01 Q-N;

AgNi: k=0,005 Q-N.

in a smaller real contact area under a given contact
force.

AgSnO: has an intermediate k value, as its
properties allow for the formation of a larger contact
area.

AgN:i is characterized by the lowest k value due
to its high plasticity and electrical conductivity,
which provide the lowest contact resistance.

The contact resistance calculations were
performed for contact forces F ranging from 10 N to
100 N, in increments of 10 N.

Example calculation for F=10N:

For AgCdO:
_k_002_ 0,002 1
CTF 10 '
e For AgSnO::
R. = 001 _ 0,001 1
€10 '
e For AgNi:
R, = 2% = 0,0005 0.
10

The results of the calculations are summarized
in table 4.
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Graph Construction. Based on the obtained
data, a graph was constructed showing the
dependence of contact resistance on contact force
for different materials (Figure 1).

Dependence of Contact Resistance on Contact Force

0.00200 — AgCdO: R_c (0)
AgSn0: R_c (0)
AgNi: R_c (0)

0.00175

0.00150

0.00125

0.00100

Contact Resistance (Rs)

0.00075

0.00050

0.00025

0.00000

20 40 60 80 100
Contact Force F (N)

Fig. 1. Dependence of Contact Resistance on Contact
Force for Different Material

Analysis of Results. The graph shows that as
the contact force F increases, the contact resistance
Rc decreases for all materials. This is explained by
the fact that greater contact force ensures better
contact between surfaces, increasing the real contact
area [16].

When comparing the materials, it is evident
that:

- AgNi exhibits the lowest contact resistance
at any contact force, indicating its advantages for
use in electrical contacts to reduce losses and
increase efficiency;

- AgSnO: holds an intermediate position,
demonstrating better characteristics than AgCdO;

- AgCdO shows the highest contact
resistance, making it a less efficient and less
environmentally friendly choice.

Reliability of Contact Joints. The reliability
R(t) of a component is defined as the probability of
failure-free operation over time t.

To model reliability, the
distribution law is used [18]:

exponential

R(t) = e,
where:R(t) — reliability at time t (hours);
A — failure rate for the specific material
(1/hour);

t — operating time (hours).
Selection of Failure Rates A for Different
Materials. Based on literature data [4], [18], the
following failure rates were adopted:

AgCdO:1=1x10"°h71;
AgSn0*:1=5x10"°h71;
AgNi: A =2x10"%h71,
Reliability Calculation. The reliability was
calculated for an operating time range from 0 to
100,000 hours with a step of 10,000 hours.

Example calculation for t=10,000 hours:
e For AgCdO:

R(10000) = e~1X107°%X10000 — ¢=0.1 5 (9048,
e For AgSnOx::
R(10000) = ¢~5%107°x10000 — 5005 5 () 9512,
e For AgNi:
R(10000) = e~2X107°x10000 — =002 (9802,
The results of the reliability calculations are
summarized in Table 5.

Based on the obtained data, a reliability graph
was plotted for contact materials (Figure 2).

Table 5
Calculated Reliability Values for Different Materials
Time t (hours) AgCdO: R(t) AgSn0:: R(1) AgNi: R(t)
0 1 1 1
10000 0,904837418 0,951229425 0,980198673
20000 0,818730753 0,904837418 0,960789439
30000 0,740818221 0,860707976 0,941764534
40000 0,670320046 0,818730753 0,923116346
50000 0,60653066 0,778800783 0,904837418
60000 0,548811636 0,740818221 0,886920437
70000 0,496585304 0,70468809 0,869358235
80000 0,449328964 0,670320046 0,852143789
90000 0,40656966 0,637628152 0,835270211
100000 0,367879441 0,60653066 0,818730753
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Contact Reliability Graph

0.8

Reliability R(t)
°
3

0 20000 40000 60000 80000 100000
Time t (hours)

Fig. 2. Reliability of Contacts Made from Different
Materials

The graph shows that:

- AgNi exhibits the highest reliability
throughout the entire operational period due to its
lowest failure rate A;

- AgSnO: demonstrates better reliability
than AgCdO, but is still outperformed by AgNi;

- AgCdO shows the lowest reliability
because of its higher failure rate.

These results confirm the rationale for using
AgNi and AgSnO: to improve the reliability of
contact joints.

Practical Implementation and Prospects. Based
on the conducted analysis, the following is
proposed:

- Implementation of AgSnO- and AgNi as the
primary contact materials in locomotive power
devices to improve reliability and environmental
safety;

- Application of nanostructured composites
to enhance wear resistance and electrical
performance of contacts;

- Utilization of modern nanostructuring
technologies, such as PVD and mechanical
alloying, to obtain materials with improved
properties;

- Adaptation of international standards to
ensure compatibility and competitiveness of the
equipment in the global market.

Conclusions. The conducted study
confirms that the improvement of electrical contact
joints in locomotive power devices is both a
technically and economically feasible approach to
increasing overall system reliability. By integrating
modern composite and nanostructured materials, it
is possible to significantly extend the operational
life of contact elements and reduce maintenance
frequency, particularly under high mechanical and
thermal loads typical for railway applications.

An analytical approach was effectively
applied to model and compare the performance of
different contact materials. This method allowed the

evaluation of key parameters, such as contact
resistance and long-term reliability, without the
need for extensive experimental infrastructure. The
calculated results show clear advantages of AgNi
and AgSnO: over traditional materials like AgCdO,
both in terms of lower electrical resistance and
higher durability over time.

Moreover, the environmental safety of
materials plays a crucial role in modern engineering.
The use of cadmium-free alternatives, such as
AgSnO:> and AgNi, aligns with the latest
international standards (e.g., IEC 60947, RoHS
Directive) and supports global sustainability efforts.
Their implementation reduces ecological risks and
improves compatibility with future green
certifications.

From a technological standpoint, multilayer
nanocomposites and advanced deposition methods
(e.g., PVD, mechanical alloying) provide engineers
with powerful tools for tailoring contact surface
properties to specific operating environments.
These innovations enable the creation of high-
performance contacts with optimized mechanical
strength, thermal resistance, and conductivity.

In summary, the transition to innovative
materials and manufacturing methods for contact
joints:

* Increases reliability and service life of
locomotive electrical systems;

* Reduces operational costs by minimizing
failures and replacements;

* Ensures compliance with environmental
and technical regulations;

Enhances the overall efficiency and
competitiveness of railway transport technologies.

The proposed materials and design strategies
represent a strategic step forward in the
modernization of railway equipment and open new
avenues for future research and industrial adoption.
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CniBak O.M, Ipanuenko C.C., Meakonona 1.B,
MeaxonoB I'.JI. IlinBumieHHsi HagilHOCTI CHJI0BUX
NMPHCTPOIB €1eKTPOBO3iB NUIAXOM YA0CKOHAJCHHSA
KOHTAKTHHX 3'€IHAHb

Y cyuacnomy  3anismuunomy — mpamcnopmi
HAOIIHICMb  eIeKMPUYHUX — CULOBUX — NPUCMPOi8 €
KAIOU08UM  hakmopom  3abe3neyenuss Oesnexu ma
eghexmugnocmi excnayamayii JIOKOMOMUBIS.
besnepebitina poboma maxux cucmem, AK mMA20GI
08ucyHU,  nepemeoplo8avi  ma  3aXUcHi  pere,
0e3nocepeonbo GNIUBAE HA CMADITLHICMb PYXY NOi30i6
ma 6esnexy nacaxcupis.

Ceped KpumuuHO BaXNCIUBUX KOMNOHEHMIB YUx
cucmem € eNeKmMpuyHi KOHMAKMHI 3'€OHaHHA, SKI
3a36uyat  GUKOPUCMOBYIOMbCA 8  KOMYMAYIHUX
npuUCmposAx, Maxkux AK KOHMAKmopu ma aemomMamuyti
eumuxaui. Lli 3'€Onamns pecyniapHo  niodaromvcs
SHAYHUM eNeKMPUYHUM MA MEeXAHIYHUM HANPYHCEHHAM,
BKAIOYAIOUU Komymayiio BUCOK020 cmpymy,
MepMOYUKIY8AHHA Ma 8ibpayito, wo Ccnpuse 3HOCY
KOHMAKmMie ma ix nooanvbuomy suxooy 3 1aoy.

Jlecpaoayis KOHMAKMHUX NOBEPXOHb NPU3BOOUND
00 30ibUleHHA KOHMAKMHO20 ONOpYy, 3HUNCEHHS
nposioHoCmi ma nio8uUeHol UMOGIPHOCMI YMBOPEHHS
oyeu, wo 3pewtmoio Cmagums nio 3az2po3y 3a2aNbHY
@yHkyionanvricms eHepeocucmemu. Tomy nioguweHHs.
008208IUHOCMI  MA  €LEKMPUYHUX — XAPAKMEPUCTIUK
KOHMAKMHUX 3'€OHAHb €  BANCTUBUM  3AB0AHHAM Y
PO3poOYI Oinbl HAOIUHUX eHepeoCUCmeM T0KOMOMUGIS.

Lle Oocnidoicennss 30cepeddiceHo HA BUHAYEHHI
eghexmugnux  cmpameeiii  NIOBUWEHHSA — HAOTUHOCMI
KOHMAKMHUX 3'€OHAHb WIIAXOM AHANIZY KOHMAKMHUX
mamepianie, MoOOen0BAHHS KIIOYOBUX eKCNIYAMAYIUHUX
napamempis, maxkux AK KOHMAKMHUU Onip ma
UIMOGIpHICMb  6UX00Y 3 J1ady, mMda OYIHKU CYYACHUX
mexnonozit mamepianig. Ocobnusa yeaza npuoiisiEmobCs
BUKOPUCAHHIO KOMNO3UMHUX ma
HAHOCMPYKMYPOBAHUX MAmepiania, sKi 3a6e3neyyioms
niosuweHy Mexamiuny MiyHicmo, cmilukicms 00 eposil

ma  8i0nogioarms  MIJCHAPOOHUM  €KOJO2IYHUM
cmanoapmanm.
Haoiinicme  enekmpuunozo  0braonanwns  Ha

3AMIBHUYHOMY MPAHCNOPMI € KPUMUYHO 8ANCIUBOIO OIS
3abe3nevennss 1020 npayesdamHocmi ma Oe3nexu
excniayamauyii. Koumaxmmui elemenmu, wo
BUKOPUCMOBYIOMbCSL Ol KOMymayii  eieKmpuiHux
JIAHYI0ZI8, MAlOMb CYMMESUL  GNIAUE HA  3A2AJbHY
epexmugHicmb ma HaditiHicmes pobomu yux npunadis. ¥
OaHitl cmammi  npeoCmAagieHO 00CIOMHCEHHS,
cnpamoeane  Ha  NIOBUWEHHA — eKCHIyamayitHoi
HAaOIHOCMI Ma cepedHbO20 4acy 8i0MO8 TOKOMOMUGHUX
MA20BUX  eNeKMPOMASHIMHUX ~KOHMAKMOPIE  UWISIXOM
NOKpawjenuss ~ cmabiitbHocmi  iXHIX ~ KOHMAKMHUX
Xapaxmepucmuk. Y 36’3Ky 3 6UCoKoio gapmicmio ma
CKAAOHICMIO nposeoens UWUPOKOMACUUMAOHUX
EKCNEPUMEHMANbHUX — QOCHIONCEHb  OCHOBHA — y8aed
30cepeddcena Ha AHATIMUYHUX Memooax ma 6UBYEHHI
enacmusocmeti BUKOPUCMOBYBAHUX — Mamepiais.
3anpononosano modcusi wiAXU YOOCKOHANEHHS. HA
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OCHOBI OOCMYNHUX MEXHOA02IU i Mamepianieé 8i0n0GiOHO
00 MIHCHAPOOHUX CIAHOAPMI6 Ma CYYACHUX IHHOBAYILL.

Knrwuosi cnosa: naoditinicmo, eirekmpuyti cunogi
npuaaou,  JIOKOMOMUBU, — KOHMAKMHI  3'€OHaAHMS,
eNeKMPOMACHIMHI  KOHMAKMOPY, KOHMAKMHULU Onip,
MIJICHAPOOHI  cmanoapmu, IHHOGAYINHI Mmamepianu,
KOMRO3UyYini mamepianu, HAHOCMPYKMYPOBAHI
mamepianu.
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HAPUCHA TEOMETPIA IK OCHOBA IHXKEHEPHOI T'PA®IYHOI OCBITH

Kapmok JI.B., laBinenko H.O., Axkumennr O.M., Tutapenko O.B.

DESCRIPTIVE GEOMETRY AS THE BASIS
OF ENGINEERING GRAPHIC EDUCATION

Karpiuk L.V., Davidenko N.O., Yakymets O.M., Titarenko O.V.

B oOaniti cmammi poszensimyma 6adiciusicmov 6UHeHHs.
HapucHoi  eeomempii y  ceimni  iHGpopmamuszayii
iHowcenepHol epagiunoi ocsimu. I pagiuna oceima — ye
npoyec, YHACHIOOK 5K020 JNHOOUHA HAOYBAE GMIHHSL
cnputivamu, cmeopiogamu, 30epicamu ma nepeoasamu
pizHy epaghiuny iHgopmayio npo npeomemu, npoyecu
ma sasuwa. Y cmammi mMaxkoxc RNPOAHANI308AHO
nocniooguicmes  OpMy6anHs  HAGUHOK  pobomu 3
epaghiunumu modensimu 00'ckmis y npoyeci nidcomosku
00 iHdICeHepHOi JisbHOCME HA emani wKoaa — euwd. Y
3a2a1bHOOCBIMHI WKOI 8i0N08IOAILHUMU 3a
opmysanns HABUYOK poOOMU 3 epapiuHUMU MOOEAMU
00'€Kmis MOJNCHA 86AMCAMU MAKI HABYALbHI OUCUUNIIIHU,
SAK  Manlo8aHHs, ceomempis, KpecleHHA. Busuenms
KOJICHOI Qucyuniinu nepecuioye neeui yini. Mantoganms
OLIbWOI0 MIPOIO CHpAMOBAHE HA HAOYMMS HABUHOK
peanicmuunoeo 306pavicenns 06'ekmig. Ilnanimempis i
cmepeomempis, AK po30iu  2eomempii, NPUSHAYEHI
8I0N0BIOHO 011 (POPMYBAHH GMIHHS NpaAy08amu i3

300pazCeHHAMU NIOCKUX 2e0MempUYHUX i
HAUnpoCmMiux npocmoposux o00'ckmie 3a  ixwimu
O0BINbHUMU ~ NAPANENbHUMY — MAd — YEHMPATbHUMU

npoexyiamu. Memoio usuenns Kpecienhs € HaGymmsi
HABUYOK YUMAHHS MAd OQOPMIEHHS KpecleHuKa —
naocKoi OPMO2OHANLHOT npoexyiuHoi  mooeni
npoOCmMopogoco 00'ekma Ha 83AEMHO NEPREHOUKYIAPHI
nrowunu. Ilodarvwiy epagiuny oceimy 3006yeaiomo y
npogecitiHomy HA8UANLHOMY 3aKAA0Ll. Y mexHiuHOMY
BUWLL 30 THICEHEPHO-2PAPIYHY 0C8ImY, MaK camo sK i 8
wiKoni, 8ionosioaromes 6a2amo HAGUANILHUX OUCYUNILIIH,
ane it 0CHO8U PopMYyIOMbC NIO YAC BUBHEHHS HAPUCHOT
eeomempii  (HI) ma inocenepnoi  epagixu  (II).
Tpaouyitino eugueHHs: Yux OUCYUNIIH CHPAMOBAHE HA
opmysants HABUHOK CHPULHAMMS MA CMEOPEHHs.
KOHCMPYKMOPCbKO20 OOKYMEHMA — KpPeCIeHUKd, SIK
00HO20 3 6udi6 I[HJCeHepHO-epadiunol  iHpopmayil.
Inocenepna  epaiuna  océima  cnpsamosana  Ha
Gopmysanns HagUUOK poOOMU 3 HAUCKIAOHIWUM, 3
noensoy CRPUHAMMsL IOOUHOK, 300padiCeHHsIM 00'ekma

— NPOEKYIUHUM KPECAeHHAM, W0 MICmums YUCIeHHT
ymogHocmi  ma  cnpowenHs.  Texuiuni  mpyoHowyi
CMBOPEHHSI MAKO20 300PANCEHHST CRPUAIU PO3BUMKY
3acobie agmomamusayii NPOEKMHO-KOHCMPYKIMOPCOKUX

pobim, i eepuuHO Yb02O Npoyecy cmana NnoAsa
CYHACHUX epaghiunux nakemis. Esontoyia
IHCPYMEHMATLHUX Modcnusocmett cucmem

a8mMoOMamu308aHo020  NPOEKMYBAHHA  8i00y6anacsa 6
HANpMKYy, 360POMHOMY 00 emanieé epagiunoi oceimu:
8i0 BUKOpUCMAHHA KoMn'tomepa AK IHCMPYMeHmy
no6yoosu 0808UMIPHO20 KpPeCIeHUKA 6upody uepes
MPUBUMIDHY 2eoMempUyHy Modelb 00 iHpopmayiinoi
8ipmyanbHoi MoOei.

Knrouosi  cnoea:  epagiuna  oceima,  mooeinw,
MOOENIOBAHHS, ABMOMAMU3AYIS, KpecleHUuK, zpadiunui
naxem, AutoCAD.

Beryn. Po3BuTok amapaTHUX Ta NPOTpaMHHUX
3aco0iB  pobotu 3 TpadiuHOO iH(OpMAaIIi€ro
IPHU3BEIO A0 TOTO, IO OCHOBHHM iHCTPYMEHTOM
CTBOpEHHS, 30epiraHHs Ta OOpOOKH 300pa’keHHS
CTaB KOMI'IOTep. SIKII0 mpoaHaizyBaTh BHUOH
rpadigdoi iH(opmarrii, sSKi BUKOPHUCTOBYIOTHCS B
IHXCEHEpHIH IISUIBHOCTI IS peanmizarii
iHpOpMaLiHHOT MIATPUMKH SKUTTEBOTO  IHKIY
BHpOOY BiA 3ayMy 10 yTHJIi3aiii, TO Ha KOXKHOMY
eTami  aKTyaJbHUMH  OyAyTb  pi3HI  BHOH
eJNIEKTPOHHUX JOKyMeHTiB. Cepel HHX MOXKHA
BHIITUTH  Taki, SK TpaguIlifHa TMPOEKTHA
JOKyMeHTallis, iHpopMauiliHa BipTyaibHa MOJETb
BUpOOy Ta mpe3eHTaliiiHa iHpopmais. Y 3B'I3KY 3
M TpadivyHa OCBITA B TEXHIYHOMY YHIBEPCHTETI
NOBHHHAa OyTH cHpsiMOBaHa Ha (HOPMyBaHHS
¢daxiBus, SKUM BOJOAIE CYYacCHUMH 3aco0amu
nojaHHs iHopmariii.
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OcHoBHI apryMEHTH Ha 3aXHUCT
BUKOPHUCTAHHS OJiBIIEBO-TIAIIEPOBOI TEXHOJIOTIi B
iKeHepHi rpagiuHid OCBITI, Taki SK HH3bKa
KOMITIOTEpHA TPAaMOTHICTb CTYACHTIB Ta TEXHIYHA
OCHAIIICHICTD, BTpaTHIIH aKTyaJIbHICTb.
Komm'totepHa rpaMOTHICTB a0ITypiEHTIB 3 KOKHUM
pokoM ctae nmemam Buimioro. CIix 3a3HAYUTH TOMN
¢dakT, O BXE CHOTOJHI 1O BY3IB BCTYMAIOThH
abiTypieHTH, sIKi MalOTh HaBUYKA pPoOOOTH 3
rpadiyHUMY [TaKeTaMu.

Hapucna reometpiss — 1€ 3arajipHO-
npodeciiHa JUCIUILIIHA, 3 SAKOI TMOYHUHAETHCS
imKeHepHa  rpadidyHa  OCBiTa Y  BHIIOMY
HaBYaIbHOMY 3akiai. [y ii ycmimHoro BUBUEHHS
CTYJICHT TIOBUHEH MaTH HaBHYKA BHKOHAHHS
HAHIPOCTIIINX TEOMETPHUUHUX MOOYI0B Ta MIEBHUM
piBEeHb PO3BHUTKY HpocTopoBoi ysBu. [Ipm mpomy
MOKHa BIJI3HAYWTH, IO 3HAYHY YaCTKy MPOOJIEM,
[0 BUHUKAIOTH TPH BUPIMICHHI 3aa4 HAPHUCHOI
TeOMETpii, CTAHOBUTH CaMe BiJCYTHICTh HaBHYOK
poboTH 3 TpPaIULIMHUMH  KpPECIIPCHKHMU
IHCTpyMEHTaMu 1 rpadidyHuMu nakeTamu. HaBuuku
POOOTH 3 KpeCIAPCHKUMHU iHCTPYMEHTAMH MTOBHHH1
OyTH puAdaHi A0 BCTYITY A0 BHLIOTO HABYAJIHHOTO
3aKJIaay, a OCHOBHM KOMII'TOTEpHOI rpadikud Ta
ABTOMATU30BAaHOT'O0 TMPOEKTYBaHHS, SK JUCIUILTIH
BY3y, MPU3HAYCHUX JIJII HABYAHHS KOMII'TOTEPHUM
3aco0aM CTBOPEHHS Ta OOpOOKH 300pa)kKeHb,
BHMBYAIOTHCS HA CTapuInX Kypcax [1,4].

Hespaxxatoun Ha Te, 1m0 B mporpami
HaBYaJIbHOI JTUCHMILIIHK «lHXeHepHa rpadikay
nepeadadeHo OyXKe Majo 4Yacy Ha HaBYaHHSI
CTyZAEHTa KOPHUCTYBaHHS KPECISIPCHKAM
IHCTPYMEHTOM, OO'€KTHBHAa pEaNTbHICTh BHUMArae
pO3BUBATH HABUYKH BUKOHAHHS HANUMPOCTIIINX
rpadiyaux 1MOoOymOB Yy  IpOIECi  BHUBYCHHS
TeoMeTpii, 1[0 HE € METOI BHBYEHHS IpPEaMeTa.
CreorozHi Jiermie i MIBUIAIIE HABYUTH CTYACHTA
BHKOHYBAaTH Tpadidai MOOYIOBH 3a TOIIOMOTOIO
KOMIT FOTEPHHUX mporpam, HIXK SIKICHOMY
BHUKOHAHHIO KpECIICHUKA TpaULliHHUMHI
IHCTpYMEHTaMHu KpecieHHs. [Ipu 110My MOTHBAITIS
IO  BHBYEHHS  BAXKKOTO  UISI  CIPHUHHSITTA
CTYACHTaMH MpeIMeTa 3pocTae, TOMY IO B MPOLeCi
BHBUYEHHS Ha0yBarOThCSI HABUYKH BHKOPHUCTAHHS

cydacHHX  iH(oOpMaIifiHuX  TEXHOJNOTIH B
IHKeHepHil JisUIbHOCTI.
BukiageHHss  OCHOBHOro  Marepiadny.

Hapucna reomeTpist — po3min reoMerTpii, B SKOMY
MPOCTOPOBi (irypu, a TAKOK METOAM BUPIIICHHS Ta
TOCIIUKEHHS TPOCTOPOBUX 3aBJaHb BHBYAIOTHCS
3a JIOMOMOTOI0 iX 300pakeHb Ha TUTOIIHHI. J[1s

BUKOHAHHSI rpadiuHuX MMoOyA0B Ha IUIOIIMHI
MOKHa  3aCTOCOBYBaTH Tpadiuamii pemakTop
AutoCAD, mo € cHcTeEMOIO I aBTOMaTH3alil
KpeCISIPCHKUX PpOOIT y IXHBOMY TpaIUIliHHOMY
po3yminni [2,5]. Ilamip 3amiHIOE ABOBUMIpPHHI
poGoumii mpocTip, a 3aMiCThb KPECISPCHKUX
IHCTPYMEHTIB BHUKOPHUCTOBYEThCS Halip KOMaHI,
NPU3HAYEHUX JJIs1 BAKOHAHHS TpadiyHuX MoOyH0B.
3acTocyBaHHS ONiBLEBO-MANEPOBOi TEXHOJOTT ISt
FEOMETPUYHUX MOOYJOB B YMOBaX, KOJH TaKW’
KpecISIpChKU IpUIIaj, K KyJIbMaH, Y By3aX MOKHa
3YCTPITH TIUIBKH SIK MYy3€HHHMH €KCHOHAT, a ;s
NPOBEJICHHS TMapalelbHUX 1 TMePIeHAUKYISIPHUX
JHIH 3aCTOCOBYETHCS B KpaloMy pasi peiicinHa, a
HaifyacTinie Hadip TPUKYTHHUKIB, IO HPU3BOIUTH
JIO PI3KOr0 MaAiHHSA TOYHOCTI rpadivHUX MOOYI0B.

Y  pesymbraTi pO3yMiHHA Ta  AOTPUMAHHS
CTYACHTaMH ANTOPUTMIB PO3B'sI3yBaHHS
MO3UIIIMHUX 1 METPUYHHUX 3a]ad  HapUCHOL

reomeTpii nepectae OyTH BU3HAYATBHUM YHHHHKOM
NpaBUIBHOCTI BUKOHAHHS 3aBIaHHS, a HAaBIIAKH,
MO’KE CTaTH IPUINHOIO HEBIIEBHEHOCTI B PO3YMiHHI
npeaMera. BunpaBneHHsS MOMWIOK, AOMYIICHUX Y
nporeci BHUKOHaHHS pPOOOTH, NPU3BOIUTH IO
MOMapoK 1 6araTopa3oBoOro MEPEKPECIIOBAHHS, 110
3HAYHO MiABUIIYE TPYIOMICTKICTh HaBYaJIBLHOTO

nporecy 1 3HHXKYE KUIBKICTh PO3B'SI3yBaHUX
HAaBYAJBHUX  3aBJaHb.  3aCTOCYBaHHA  JUIf
opopMmieHHS  3aJady  HApUCHOI  reoMeTpii

KpeCISIpChKMX 1HCTPYMEHTIB TpadivyHOro makera
3HIMa€e OMNHUCaHI BWINE MPOOIEMH 1 Ja€ 3MOTY,
00'eTHABIIN TOYHICTH aireOpaiyHuX OOYMCIICHD i
HAOYHICTh TEOMETPUYHUX MOOYHOB, 3pOOUTH
PO3YyMIHHS TPEIMETHOTO 3MICTy BiIITOBITATHHIM
3a MpaBWIBHICTH po3B'a3aHHs. HaBuuku pobotu 3
rpadiYHIM TaKETOM CTYIACHTH HaOyBalOTh ITOCUTH
HMIBUJIKO, @ Yac, BUTPAYECHUUA HA O3HAMOMIICHHS 3
OpOrpaMor0, MOBHICTIO KOMIIEHCYETHCS THM, IO
JTOOTIPAITIOBAHHS 1 BUIIPABJICHHS rpadidHuX poOiT,

BUKOHAaHUX B  CJICKTPOHHOMY BHUTIISII,  HE
BHMAraroTh MTOBHOTO nepeodopMIICHHS
KpECIICHHKA.

OCHOBHOIO YMOBOIO 3aCTOCYBaHHS

rpa¢iqHOro nakeTa B NpoLeci HaBuaHHA rpadivHUM
OUCIUIDIIHAM €  HOoro  JAOCTYHHICTH  JUIS
IHIUBITyaIbHOTO BHUKOPUCTAHHS CTYACHTOM Y
Mo3aayUTOPHIA  caMocTiiHIlE  poOoTi. Bona
3a0€3MeTy€eThCS HagBHICTIO HAaBYAIBHOI BEpCii, SIKy
0e3 TOpYIICHHS aBTOPCHKAX TpaB  MOXKHA
BCTaHOBHUTHU Ha Oyab-sikoMy KoMmm'totepi. HuHi Bci
KOMITaHii, Mo po3po0isaioTs TpadidHi IMmaKeTH,
MalOTh Pi3HI OCBITHI IpOrpamu, IO JAIOTh 3MOTY
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HaBYAIbHUM  3aKjafiaM KyIyBaTH  BIAHOCHO
HEJIOpOT1 YHIBEPCUTETCHKI JIIEH3il, a CTyAcHTaM
BUKOPUCTOBYBAaTH JJsl CaMOCTiHOI poboTu ixHi
npoayktu. KpiM Toro, 3HaYeHHS Ma€ BiMOBITHICTh
IHCTPYMEHTATBLHUX  MOXJIHMBOCTEH  TrpadidHOro
nakeTa BAMOTaM MPEeIMETHOI MATOTOBKU. Y LOMY
CEHCI 11 BUBYCHHS HAPHUCHOT T€OMETPIi i IXOIUTh
OyAb-sIKUil TpeICTaBICHUH Ha PUHKY TpadiuHui
makeT. Y Takux cucremax, sk SolidWorks i
AutoCAD, 1miocke KpecieHHS 1 TBEpIOTLIHHA
neTanb — pi3Hi rpadiyHi JOKYMEHTH, Ki MOXYTb
OyTH moB's3aHi acomiaTuBHO. ToMy iH(popMamiiiHe
CEpelOBHINE IMX CHUCTEM [yKe 3pydHe s
peaizanii HaBYaHHS HAPHUCHIHM reomeTpii.

[IpoTsiromM ocTaHHIX POKIB MU HPOTOHYBAIN
CTyIOeHTaM SK KpECHsPChKHA 1HCTPYMEHT s
oopmireHHs eMIop  HApPHUCHOI  TeoMeTpii
BuKkopuctoByBatn AutoCAD. B ymoBax, komu
ay T TOPHUH qac HaBYaHHS MpeIMeTy
3MEHILY€ETHCS, HE BUAAETHCS MOKIMBUM BiIBOAUTH
Horo Ha BUBYEHHS rpadiqyHOTO MakeTa JOCTAaTHHLO,
TOMY HEOAMIHHOIO BHMOTOIO0 OyJIO TakoX i
camocriiine BuBYeHHs AutoCAD. 3HaiioMcTBO 3
iHTepdeiicoM mporpaMd WA Yac  MEpHIOTO
ayIUTOPHOTO  3aHATTS Ta BUKOHAHHA  BCIX
TC€OMETPUYHHX no0yaoB BUKJIaJlaueM 3
BUKOpHUCTaHHAM AutoCAD Ha 3aHATTAX [A0A
MOSICHEHHS ~ TEOPETHYHOTO  Marepiary  Ta
pO3B'si3aHHS 3a7ad, SK [OKa3ajla MpakKkTUKa, €
JOCTaTHBOI0 YMOBOIO JUIsl YCIIIIHOTO OCBOEHHS
rmakera  OUTBIIICTIO  CTYAEHTIB.  ABTOPCBHKI
HaBYaJIbHI NOCIOHMKM Ta BOyZOBaHa B MAaKET
«/loBinKay BUKOPUCTOBYBAIIH SIK JUIsI Ay TUTOPHOTO,
Tak 1 JA7I9  CcaMOCTIHHOTO  3HAaOMCTBa 3
IHCTPyMCHTAJIbHAMH MOXJIMBOCTSIMU TIaKeTa, a
pO3B'sI3aHHS MHTaHb, 0 BUHUKAJH, 3AIHCHIOBAITN
M 49ac KOHCYJbTaIlil, SK ayIUTOPHHUX, TakK i 3
BUKOPUCTAHHSIM €JIEKTPOHHOT ITOIITH.

Crin 3a3HaYUTH, IO i 9ac 3aCTOCYBaHHS
OyIb-KOTO TpadidHOTO IMaKeTa I PO3B'SI3aHHS
3aJady HApUCHOI TeoMeTpii BHHUKAIOTH MOEsKi
HE3PYYHOCTI, MOB'sI3aH1 3 HEBIMMOBITHICTIO CHCTEM
koopauHat (puc. 1). Pobounit mpocTip rpadigaoro
nakeTa — 1€ IUIOMIMHA, TOJOKEHHS OyIb-Kol
TOYKH B SAKIH 3aJa€ThCs KOOpAWHATaAMHU X 1 ). 3a
3aMOBUYBaHHAM  KOOpPJIWHATHI  OCi  MaroTh
HaIpSMKH, TPUHHATI B MaTematuili. GopMyBaHHS
KOMITJIEKCHOTO KPECJICHUKA B HApPUCHINA TreoMeTpil
BiIOYBA€ThCSl  TMOETHAHHSIM  JBOX  B3aEMHO
MIEPIICHIUKY ITPHUX TUTOILIH MPOEKIIH,
o0epTaHHSAM TOPHU30HTATLHOI TUTOITMHH IPOEKIIIH
HaBKOJIO OCi X 10 TOoemHaHHS 3 (POHTAIHLHOIO

mIonHOI0. Ha oTpuMaHiif TAKMM YWHOM TUTOIIIHHI
MH BHKOPHUCTOBYEMO JUIsI TOOYIOBU IPOEKIIii
00'eKTa TpU KOOPAMHATH (X, ), 2).

4
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v | 22\

Puc. 1. Cucremu koopaunat AutoCAD
1 HapuUCHOT reomeTpii

KpiMm Toro, HampsMKH oOCeil KOOpIUHAT
HapuUCHOi TeoMeTpii Ta CBITOBOI  CHCTEMH,
BCTAHOBJICHOI 33 3aMOBYYBaHHSIM Y OyIb-SKOMY
rpadiqyHOMY MaKeTi, Pi3HATHCS. SIKIIO HaIpsIMOK
ocelf x 1 y MOXHA TPUBECTH Y BIANOBIAHICTD
BBEJICHHSIM KOPHUCTYBAIlbKOI CHCTEMU KOOPAMHAT, TO
3aCTOCYBaHHSI KOODAWHATH Z BHMArae JOJaTKOBUX
YMOBHOCTEH. BBemeHHs KOOpAWMHATHA z Ha IaHEeNl
BJACTUBOCTEH y [iaJloroBe BIKHO 3HAYCHHS
KOOPJAWHATH ) 31 3HAKOM «MIHYC», SIK TIOKa3ajia
MpaKTHKa, 3HAaYHO  YCKIAAHIOE  PO3YMIHHS
CTyZICHTaMH TIpoIlecy (GOopMyBaHHS MTPOEKITIHHIX
300pakeHb 00'ekTiB. 1[pOrO MOXKHA YHUKHYTH,
SKII0 TT0OYIOoBH B TpaiuHOMY MaKkeTi BUKOHYBaTH
Tak caMo, SK Il BiJIOYBaeTbCcs Ha TMamepi: s
moOYIOBH MPOEKIIIH TOUKH 3 KOOPAUHATAMH (X, V, Z)
Bl OCi OpAMHAT 3 TOYKH 3 KoopauHaramu (x, 0)
BiZTHOBIIIOIOTh MEPHCHANKYISPHI BiAPI3KH — JiHil
MIPOEKIIIHOTO 3B'SI3KYy, HA SAKUX HE 3a JOITOMOTOIO
JMHIWKY, a BBEACHHSIM IOBKHHH B J1aJIOTOBOMY
BIKHI ITaHEJl BJIACTUBOCTEN BIJIKJIANAIOTh BiACTaHI
BIOpY, 110 JJOPIBHIOIOTH KOOPIMHATI z, @ BHU3 — ).

Oprani3zallis HaBYaHHS HAPUCHIN TeoMeTpii B
cepenoBuili AutoCAD mae 3Mory OmZHOYacHO 3
BUBYCHHSM TIPEAMETHOTO 3MICTy 3HAaHOMHTH
CTYJICHTIB 3 IHCTPYMCHTAJILHUMHU MOXIHBOCTSIMH
cucremu. Tak, Mg Yac BHBYEHHS CIIOCOOIB
rpa¢idHOTO 3aBHAaHHA TOYKH, JIiHI{, IUIOITUHHU
HaOyBalOTHCSl HABUYKH CTBOPEHHS KOPUCTYBAIBKOT

CHUCTEMH KOOpPAMHAT 1 METOHiB MOOyHOBH
HaWTIPOCTINIUX ~ TEOMETPHYHUX  OO'€KTIB Yy
KOMITIOTEPHOMY  CEpelOBHILIi, a B MpOIeci

PO3B'I3yBaHHS MO3HIIMHUX 1 METPUYHHUX 3a7ad —
HaBUYKH pOOOTH 3 MPHUB'A3KAMH Ta IHCTPYMEHTaAMHU
penaryBaHHS 300paKCHHS, MIPOBEICHHS
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MapajenbHUX 1 MepIeHANKYIApHUX TiHil. Ha puc.
2 HaBEJICHO NPHKIIA] BUKOHAHHS 1HIMBIAYaIbHOTO
rpagiunoro 3aBmanHs «[Ipsma 1 mIomMHAY,
odopmirenoro 3a monomororo AutoCAD. Ilig gac
pO3B's3yBaHHS 3aaadi OyJI0 BHUBYCHO aJTOPUTMH
HapHCHOT reomerpii, MpU3HAYEH] 106
pPO3B'SI3yBaHHS IO3MINMHOI 3amadi (3HAXOHKEHHS
TOYKH MEPETUHY MPSAMO] Ta IMJIOMIMHH) 1 METPUYHHUX
3ajad  (BM3HAUEHHA pO3MIpiB  Bigpi3ka Ta

TPUKYTHHUKA) [6].
I€Z, Z11h

(1-2)= ABCnZ
K=1n(1-2)

11=(34)
~C
2q
h=I;
B, .

Puc. 2. [Ipuknanx po3B's3aHHS iHIWBIAyaIbHOTO
rpadignoro 3aBmaHHs «[Ipsma i monuHa»

HaBuuku  IBOBUMIpHHX  T€OMETPUYHUX
mooynoB B AutoCAD, cdopmoBani B mporeci
oQopMIIeHHS emop (KPeCcIeHUKiB), AalOTh 3MOTY
NepedTH [0 TPUBUMIPHOIO MOJEIIOBAaHHA B
crucTeMi AutoCAD-3D. Buxopucranas
iHcTpyMeHTiB MoxemtoBaHHS AutoCAD-3D  mist
JeMOHCTpamii  anroputMmiB  (QOPMOYTBOPEHHS
MOBEPXOHb, 110 BUBYAIOTHCS B HAPUCHIN TeOMeTpii,
CIIpUsiE  KpalloMy  CHOPUMHATTIO  HaBYaJIbHOL
iHpopMmanii Ta HaOyTTIO HABHYOK CTBOPEHHS
CJICKTPOHHUX MOJIENICH 00'€KTIB.

i momeni (puc. 3) CpHUAIOTH YCBiIOMIICHII
MOOYTIOBI MPOEKITIHHOTO KPECIIECHHS, a TIOPiBHIHHSI
emtopu, orpumanoi B AutoCAD, 3 acomiaTuBHUM
KpPECJICHHKOM [Ia€ 3MOTY CTYJIEHTY CaMOCTIIHO
MIePEBIPUTH MTPABUIIHHICTH BUKOHAHHS POOOTH (pHC.
4).

Puc. 3. Monens mininapa i KoHyca

G

Puc. 4. Ilpuxiag BUKOHAHHS iHANWBITyaIbHOTO
rpadigroro 3aBmaHHs «llepeTHH mTiHApa 1 KOHyCa»

BucHoBkm. J[o KiHLS ceMecTpy CTYIEHTH, SKi
BHUBYAIOTh HApHUCHY TE€OMETPIl0 3 BHKOPHCTaHHIM
AutoCAD, HaOyBalOTb HaBHYOK TE€OMETPHYHOTO
MOJIEIIIOBAHHS — SIK IJIOCKOT0, TaK 1 TPMBUMIPHOTO, 11O,
CBOEIO YEProl0, CTBOPIOE ILIATGOPMy Ul OpraHizamii
BUBUCHHS IHXKEHEpHOI rpadiki B  CEpeIOBHIII
AutoCAD-3D, sike mae 3MOTY pO3IOYHHATH IiATOTOBKY
KOHCTPYKTOPCBKOI JOKyMeHTalii 3 moOyToBH MOAEmi
BHPOOY 3 TOAANBIINM OGOPMIICHHSIM acCOLiaTHBHHUX
rpaiYHIX KOHCTPYKTOPCHKUX JOKYMEHTIB BIATIOBITHO
1o sumor €CKJI.

IIpaktuka BukopuctanHs AutoCAD-3D vy
Ipolleci HaBYaHHS HApHUCHIM reoMeTpii 3acBiquuia, 110
3aCTOCYBaHHS rpadiyHMX MAKETIB y paMKax M0YaTKOBOT
rpagivyHOT MiIrOTOBKH B YHIBEPCUTETI € JOLUUILHUM 1 HE
3aBJae LIKOAM 3MICTOBHIM wYacTuHI mnpeamera. Ilpu
LOMY CJIiJ] 32a3HaYHTH, 10 BAKOPUCTAHHSA KPECIIPCHKUX
rpadiYHAX TAKeTiB Ui PO3B'SI3yBaHHSA HaBYAJHHHUX
3aBIaHh HA II0YAaTKOBOMY eTami BHINOI MpodeciiHol
ocBiTM cmpuse (HOPMYBAHHIO CTIHKMX  HAaBHYOK
3aCTOCYBaHHA CY4YacHHX IH(QOPMALifHIX TEXHOJOTiH
IUI PO3B'A3yBaHHSI BHPOOHWYMX 3aBIaHb i B TaKWil
crocid CTBOPIOE YMOBH ISl MIATOTOBKM cydacHoro IT-
criewiaicra Juis pi3HUX rary3el IPOMHICIOBOCTI.
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Karpiuk L. V., Davidenko N. O., Yakymets O.
M. Descriptive geometry as the basis of engineering
graphic education

This article discusses the importance of studying
descriptive geometry in light of the computerization of
engineering graphic education. Graphic education is a
process through which a person acquires the ability to
perceive, create, store, and transmit various graphic
information about objects, processes, and phenomena.
The article also analyzes the sequence of developing
skills in working with graphic models of objects in the
process of preparing for engineering activities at the
school-university stage. In general education schools,
subjects such as drawing, geometry, and drafting can be
considered responsible for developing skills in working
with graphic models of objects. The study of each
discipline pursues specific goals. Drawing is largely
aimed at acquiring the skills of realistic representation of
objects. Planimetry and stereometry, as branches of
geometry, are designed to develop the ability to work
with images of flat geometric and simple spatial objects
using their arbitrary parallel and central projections.
The purpose of studying drawing is to acquire the skills
of reading and drawing a drawing — a flat orthogonal
projection model of a spatial object onto mutually
perpendicular planes. Further graphic education is
obtained at a professional educational institution. In
technical universities, engineering and graphic
education, just like in school, covers many academic
disciplines, but its foundations are formed during the
study of descriptive geometry (DG) and engineering
graphics (EG). Traditionally, the study of these
disciplines is aimed at developing skills in perceiving and
creating design documents — drawings as a type of
engineering and graphic information. Engineering
graphic education is aimed at developing skills for
working with the most complex, from the point of view of
human perception, image of an object —a projection
drawing  containing numerous conventions and
simplifications. The technical difficulties involved in
creating such images contributed to the development of
automation tools for design and engineering work,
culminating in the emergence of modern graphics
packages. The evolution of the instrumental capabilities
of computer-aided design systems has proceeded in the
opposite direction to the stages of graphic education:

from the use of a computer as a tool for constructing a

two-dimensional drawing of a product, through a three-
dimensional geometric model, to an informational virtual
model.

Keywords: graphic education, model, modeling,
automation, drafting, graphics package, AutoCAD.
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MODELING THE MECHANISM OF INTERACTION BETWEEN
A DRILL BIT AND ROCK

Morkun V.S., Morkun N.V., Bobrov E.Y., Hryshchenko Y.O.

V' Oocnioocenni euxonano Mmooen06amHs OCHOGHUX
CKA008UX 83AEMO0IL OYypo6oco 0doaoma 3 2ipcbKoio
nopoooo npu OYPIHHI C6epPON0BUH 8 npoyeci po3pobKU
PYOHUX NOKNA0I8 051 popmysanus iHgopmayiinoi b6asu
ABMOMAMU308AHO20 KEPYBAHHSL OYPOBOIO YCMAHOBKOIO.
Ilpu obepmanvuomy cnocobi Oypinns mae Mmicye
peanizayis n'smu mexamizmie 63aemodii  pobou02o
opeany YCMAaHo8KU 3 2IPCbKOI0 NOPOOOK: GMUCKAHHSL
iHCmpymenmy; 3piz wapy nopoou; yoapHe CKOMOBAHHS
nopoou; mepms iHCIMpymenmy 06 CmiHKu c6epONoGUHU;
sudanennss 6ypogoco wgamy i3 eubor. Haeedeni
MexXanizmu  83aemo0ii  pobouoeo
YCMAHOBKU 3 2IPCbKOI0  NOPOO00I0 Npu3eoosms 00
CKAAOHOT OUHAMIKU PYXi6 iT OCHOBHUX (DYHKYIOHATLHUX

O710Ki8, WO BKIIOUAEC 00epMANbHi Mma  NOCMYNATbHI
cknaoosi. I Ounmamiyvna  molenb  Modice  Oymu
npedcmagiena Yy uenadi  cykynwocmi  3'€omamux

eneMeHmaphux — 6a308ux  KOAUBAIbHUX OIOKIE, U0
CKAA0aomsbCsi 3 NpPyducuHu (3acoby 0ns  36epieanHs
nomeHyiiHoI eHepeii), macu abo iHepyii (3acoby Ons
30epicants KiHemuuHoi enepeii) ma demngepa (3acoby,
3a 0ONOMO20I0 SIKO20 eHepeis NOCmynogo 2youmucs).
Mamemamuuny moodenv 6yposoi YCMAHOBKU MOAICHA
npeocmasumu pi6HAHHAM PyXy NpUoOHOi cucmemu 8
HAO03eMHill — 4acmumi, PIBHAHHAM  pyXy  0OYpo6o2o
iHCmpymenmy 6 c8epONOGUHHIL YACTMUHT MA PIBHAHHAM
83aemo0ii donoma 3 2ipcvkolo nopodoio. Mexanizm
PYUHYSaHHA  2IPCbKOI nopoou 6 npoyeci OypinHs
C8ePONOBGUH HOCUMD SCKPABO GUPANCEHUN OUHAMIYHUL
xapakmep — eHepeOEMHOI  KOHMAKmHOI  83a€MO0Ii,
BIPO00BIUC SKOL KOJNCEH eNeMeHm O00JIOMA € 0HCepPesiom
BUCOKOAMNIIMYOHUX GIOPOAKYCMUYHUX KOIUBAHb, K 8
cyKynHocmi Xapaxmepuszyioms — yel  npoyec.
3anpononosano modeni sk obepmanvHoi, max i
nocmynanvhoi  cknadogux — 63aemodii.  Cynymuim
eghekmom  0bepmanvHoi  CKIA0080I €  «npuxeam-
NPOCIUZAHHSY 6yposozo iHCmpymenmy, siKe
8100y8aAEMbCsl, KOMU MEXAHI3M  3auenieHus 0ypoeozo

opeany  6ypoeoi

oonoma 3 naAcmMoM Mae Henimiunuil xapaxmep. Lle
3MYULYE 6CI0 OYPOBY KOIOHY KOB3amu a60 3YNUHAMUCSL.
Oouax, AKWO HAKONUYEHA KPYMUTbHA eHepeis 00cscHe
neeHo20 pieHs, 00I0MO PANMOBO BGIONYCKACMbCA |
noyunac  obepmamucs 3 GUCOKOI  WGUOKICHIO.
Pesynomyroua mopcionna 6ixcyua xeus nepedacmocst y
eepxuio  wacmumy cucmemu obepmanns. Taxoow
3MO0€NbOBAHO AKCIANLHULL PYX OCHOBHUX CIMPYKIMYPHUX
CKIa008ux OYposoi YCMAHOGKU 6 3ANeHCHOCMI 6i0
OUHAMIKU BYPOBO2O IHCMPYMEHNY.

Knrwowuoei cnosa: xepysanns, asmomamusayis, Oypinus,
C8epONI0BUHA, sibpayis, MOOeN08anHs,
Xapaxmepucmuxu.

Beryn. s moOynoBu epEeKTHBHOI MOJIEIi
npouecy  OypiHHS  CBEpIUIOBHH  HEOOXiJHO
BUKOHATH aHANITUYHUHA ONUC TWHAMIKH CKJIaJOBUX
YacTUH OYPOBOI YCTAHOBKH, 8 TAKOK MOJICITIOBAHHS
GyHKIIHA, 1m0 Baxko  (OpMai3ylOThCA — Ta
aHAJITHYHO HE BHU3HAYAIOTHCS 32 JOMOMOIOIO SIKHX

3a1aF0THCS XapaKTEPUCTUKH B32€MO3B'SI3KIB
«OypoBe JTOJIOTO - TipChKa IMOPOIa.
Jonoto - OCHOBHHMH iHCTPYMEHT, SIKUH

BUKOPUCTOBYETbCS TpU OypiHHI; BOHO BUKOHYE
PYWHYBAJIIBHY [if0 TIOMO TiPCHKOI TMOPOIH TIPH
npoxo.ui ceepanaoBuH. Bubip Halikpaimoro noiota
Ta YMOB HOTO eKCIUTyaTalii € OJHI€l0 3 mpo0iiem, 3
SKOI0 CTHKAIOTHCA 1HKCHEpU Mg dYac OypiHHA.
Icaye mmmpokmit BuOiIp OypoBHX JOJOT, SKi
BUKOPHCTOBYIOTHCS BiJIMTOBIHO 10 YMOB OypiHHSI.
[Ipote nmsa oGepranpHOrO OypiHHS IX B OCHOBHOMY
MOIUISTFIOTH Ha Bl KaTETopii: MIapoImIeyHi 10JI0Ta Ta
JojoTa 3 (pikcoBaHUMH pi3isiMu [ 1-3].

Honota 3 pikcoBaHNMH (pe3aMu MiCTATS Jie3a,
BOymoOBaHI B Kopmyc ponora. JlomoTto Ta Jesa
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obOepratoThes sk eaune 1ine. Lle € mepesaroro,
OCKITBKM HEMa€ HEOOXiTHOCTI TypOyBaTHCS PO
BHIXiJl 3 Jaay YacTHH, IO pyXarwThcs. Kpim Toro,
4yepe3 3CyB Aii pi3wiB, I JojoTa MOTPEOYIOTH
MCHIIIOTO HaBaHTAXCHHS Ha poOOYl TOBEpxXHi i
MOYTh BUKOPHCTOBYBATHUCS JIJIsl OLIBII ITUPOKOTO
niamazo”y rwiactiB. Jlonota 3 MOJIKPUCTAaIIYHUM
anvazom PDC (Polycrystalline Diamond Compact)
€ TIOLITUPEHUM THIIOM JI0JI0T 3 (hiKCOBAHOIO (hpe30i0.

[apomiedHi 1070Ta MalOTh OJHY a00 KiJibKa
MIapOIIOK 3  PDKYYUMH  €JIEMEHTaMH,  SKi
obepTaroThes B30BXK OCI KOHyca MPH Pyci J0JI0Ta
npoTH IlacTa. 3yOM IMAPOINKH  TEPiIOANMYHO
CTHKAIOTHCS 3 MOPOJOIO 1 MMiJ] BILIMBOM OCHOBOTO
3ycHIUTS £ 1To1adi KOXKEH 13 HUX 3ariHOIOETHCS Ha
MEBHY TIHOUHY.

BHaacnigok  kocoro ymapy |y  mopoi
YTBOPIOETHCS HECHMMETPHYHA JTyHKA, BUTATHYTA Y
HampsiMi  ymapy. Y HAacTymHHH  MOMEHT,
3aBEPIIIYIOYN CKOJIOBAHHS MTOPOU MPOCTH3AHHSIM,
3y0 BIABIIOETBCS B JIYHKY, IO YTBOpPHWIACS,
3aBEPIIYIOYN TPOIeC PYHHYBAaHHS B JaHIA TOYII
BIKE i €10 CTATUYHOTO BABITIOBAHHS.

ExkcniepumeHTanbHi IOCIIIKEHHS Ta
TEOPETUYHI MOJIEITi JIOBEJIH, 10 00’ €M JIYHKH IS
3y0a y popMi 10J10Ta BU3HAYAETHCS SK [4]

Vo= (L) (1)

ne V, - 00’eM JIyHKH Ha OJUHHUIIIO IIUPUHU Pisiis; F
— CHWJIa IPHUKJIaJICHa 10 OJHOTO 3y0a; S — MIIHICTh
ripchbkoi mopoay; L - moBxuHA TpeOeHs 3y0a.

SIKI0 KOXKeH yaap 3y0a BBaXKAETHCS OHAKOBO
e(eKTUBHUM, TO IIBUAKICTE MPoxoaku ROP MokHa
BHU3HAYHTH SIK [4]

_AwLV,
ROP = e (2)
Ie W — IIBUIAKICTH oOepTaHHS pojorta; L, —

3arajpHa JIOBKMHA rpebeHst 3yba nonota; d, —
TiaMeTp JI0JI0Ta.

PiBHsiHHS (2) HE € peaiCTUYHUM BHPa30M AJIs
ROP, ockinbkn BOHO O3HaYae, M0 BEPXHBOI MEXi
ROP Hemae 3i 30UIbIICHHSM HaBaHTKEHHS Ha
nonoro. O6mexxenHss Ha ROP HakmamaroTees sk
yepe3 MeXaHiuHy KOHCTPYKILilo, Tak 1 uepes
MIpKyBaHHs [IOJ0 BUAaleHHs nuiamy. OCKUTbKA
3yOlLll IPUHUKAIOTH [IMOIIIE B IJIACT, HABAHTA)KCHHS
PO3MOIISIETHCS HA OLTBITY KiIbKICTh 3yOI1iB. SKIIO
MPUITYCTHTH, 1[0 YaCTKa Baru, sKa MiJTPUMYEThCS
CyCiTHIMH 3yOIsIMH, TIPOTIOPIIiifHA 3araJIbHIii
mOWHI  TIPOHMKHEHHS 3yOmiB 1 HEPO3PHUBHO
npornopitifiHa ix qoexuHi, To ROP Bu3HavaeThes 3a
dhopmyioro [4]

ad}s?
ww?

2c

3)

roP = - CZ'ROZP)_l
wdp  w2dj
Ie a,c - 6e3po3MipHi KOHCTAHTH.

3araqoM MOXKHa BiJ3HAYWTH yHIBEPCAIbHICTh
MOPOJAOPYHHIBHOI [Iii MIapomIeyHuX JOJIT, a came
NO€AHAHHS JUHAMIYHUX Ta CTATHYHHUX BIUIMBIB Ha
NOPOAY Ta pealizalilo MOpOAOPYHHIBHUX 3yCHIIb
AK Yy HampsAMKy TEpHeHIUKYISIPHO A0 3a00i0
(po3maBmoBaHHS), Tak 1 B IUIONIAHI BHOOIO
(cxomoBaHHs). MokHA  J0aTH, IO  TpHU
MPOCIIM3aHHI MAPOIIOK Ha BHOOI BiIOYBAEThCS IIIe
i pi3aHHSA-CKOIIOBaHHA TMopoau. B pesymnbTati
BOTO TpoIeCy (HOPMYIOTHCS KOJUBAHHS pPi3HOT
aMIUTITYM 1 YacTOTH SIK y CaMOMY JOJIOTI, TaK 1 y
TipChKOMY MAacCHBI.

[pu O6ypinni gonorom PDC mpornec B3aemoii
MOPOJHM 3 I0JIOTOM BKJIIOYA€E Pi3aHHS/3CYB MOPOH,
10 BUKJIMKAE TEPTSI MK Pi3IIMU Ta mopoaoro. [1pu
IIbOMY KOXEH OKpPEeMHH pi3elb BiTdyBa€ pi3Hy
BEIMYMHY Ta HAMpPSMOK CHIIH, 3aJIEKHO BiJ HOTo
po3rairyBaHHs Ha npodim gojora [5].

DeHOMEHOJIOTiYHa MOJIENb, 3aIPOTIOHOBAaHA Y
poborti [6], BpaxoBye, 10 pixky4a Aid GPUKLIHHOTO
JI0JI0Ta CKJIAAAETHCA SIK 3 MPOLIECY pi3aHHsA, TakK i 3
mporecy TepTs. BBaxaerscs, MO0 KOMIIOHEHTH
kpyTHoro mMomeHty TOB Ta HaBaHTa)XEeHHS Ha
noioto WOB nitoTs Ha KOKeH pizenb gonoTa. [Ipu
OypiHHI TIpCBKUX TOPiN cepemus pixkyda cuna 1; i
cepemHs Bara, IO TEPEHOCUTHCS PIKYUOIO
noBepxHero, W, € pixyunmu komnoHeHtamu TOB i
WOB BignosigHo, a cunma tepta Ir i MOBEPXHS
KOHTakTy Wr € BIONOBITHUMH KOMITOHCHTaMH
TepTs. Y MoJelNi B3aeMOIl MOpoIu 3 AO0JOTOM SIK
BXimHI JaHi BHKOpUCTOBYIOTEC WOB 1 kyToBa
IIBUJIKICTH JI0JIOTa Wy, @ MOMEHT, III0 KPyTUTh, Ha
noJtoTi Ty ; KpyTHHA MOMEHT, TOB'SI3aHUHN 3 TEPTIM
Tf; Bara, mos's3ana 3 TepTsaM Wy, KpYyTHUI MOMEHT,
MOB'si3aHW 3 pizaHHsM T,; Bara, TOB'S3aHa 3
pizanssim W, € Buxomgamu.

PiBHSIHHSI 17151 KPyTHOTO MOMEHTY Ha 10J10Ti T},
(BimoOpakae ~ MOMEHT  HENIHIHHOTO  TepTH,
00yMOBJICHHUI B3a€MOIII€I0 TIOPOAM 1 JOJO0TA), IO
3a3Ha€ MEePEepUBYACTOrO NMPOCIU3aHHS [5]

Ty = DpWi[1er Wp) + (usp — tep)eMWol] (4)

Ie Uep TA Ugp - CTATHYHI KOSQIIIEHTH CYXOro Ta
KYJIOHIBCBKOTO TepTs, A - Koe]illieHT 3aracaHHs,
piBamii 0,9, wj, - KyTOBa MBHIKICTH TOJIOTA.

e sBume, BigoMe K  «IIPHUXBAT-
MPOCIIM3aHHS», BiJIOYBA€ThCS, KOMU MEXaHI3M
3UCIUICHHS OYypOBOrO J0JOTa 3 IUTACTOM Mae
HeiHiHHN] xapakTep [7]. Lle 3My1rye Bcio OypoBy
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KOJIOHY KOB3aTh a0o 3ymmHATUCSA. OIHAK, SKIIO
HaKOMWYeHa KPYTHJIbHA SHEPTis OCSATHE TIEBHOTO
PIBHSI, TOJIOTO PANTOBO BIMITyCKAETHCS 1 MTOYMHAE
obepTaTncst 3 BUCOKOIO HIBHAKICTIO. Pe3ynbpTyioua
TOpCiOHHa OKyda XBWJIS NIEPENAETHCS Y BEPXHIO
JacTUHY cucTeMHu oOepraHHA. OmHAK, OCKUIBKH
CWJIOBA TOJIOBKA Ma€ CIJIbHY 1HEPIIiF0, BOHA MOXKE
yTpUMyBaTH OYpOBY KOJIOHY, TakK III0 TOPCIOHHA
XBHWJISL TIOBEPTAETHCS JIO JIONOTA. TakuM YHHOM,
JIOJIOTO 3HOBY 3YIUHSAETHCS 1 XBHJIS KPYTHOTO
MOMEHTY TIOBTOPIOETBCS, IO CIPUYHMHSE TyXKe
BEIIMKY Ta IIKIIUIMBY BiOparito OypoBOi KOJOHH.
SIKIO BTPAaTUTH KOHTPOJb 32 IIMM TIPOIIECOM,
OypoBa KOJIOHA Ta JIOJIOTO OYIyTh IOIIKOKEHI
pazom [8].

MeTo10 poOOTH € MOJCITIOBAaHHA MEXaHI3MY
B3aeMOJii OypOBOTo A0JI0Ta 3 TIPCHKOIO MOPOIOI0
npu OypiHHI CBEPIJIOBMH B MpOILECi PO3POOKH
PYIHUX TOKIJIAIIB st hopMyBaHHS iH(GOPMALiHHOT
0a3u aBTOMAaTH30BaHOTO KepyBaHHSI OypOBOIO
YCTaHOBKOIO.

BuknaganHss oCHOBHOro marepiaiy. Jlms
MOJICJIIOBAHHSI  00EpPTaJbHOTO pYyXy JOJOTa B
mporeci ¥oro B3aeMOJii 3 TIPCHKOK TOPOIOI0
BUKOpUCTaHO OJIOK TepTsi oOepranHs Rotational
Friction i3 6i0miorekn Simscape® mis Simulink®
/MATLAB®[9]. Bin BiaTBOproe ¢yHKIit0 TepTs
IpU KOHTaKTi Mix oOeproBumu Tinamu. KpytHuii
MOMEHT TE€PTS MOJAECIIOETHCS K (YHKIIIS BITHOCHOT
IIBUAKOCTI Ta BBAXAE€THCA CYMOIO KOMIIOHEHTIB
teptst [ITpideka (Stribeck), Kymnona ta B’s13k0CT,
SIK TIOKa3aHo Ha puc. 1 [10].

T4

A A
TS %

Thork 4 '

Te
\ A\ >
0 \WY
v

Puc. 1. KommonenTr tepts o6epTaHHs

Teptss Wlrpibeka  (Stribeck) Ts - me
XapaKTEPUCTHUKH 3 BiJl’ EMHUM HAXUJIOM, III0 MAIOTh
Mictie pu HU3BKUX mBUIKOCTAX [11].
KynoniBcbke tepts T IpU3BOANTH A0 MOCTIHOTO
KPYTHOTO MOMEHTY MNpH OyAb-sKid IIBHIKOCTI.

B’szke Teptsa Ty, mnpotumie pyxy 3 KpPYTHUM
MOMEHTOM, TMPSIMO TPOTOPIIHHUM BiTHOCHIN
IITBUKOCTI. CymMma KYJIOHIBCBKOT'O i
CTpUOEKIBCBKOTO TEPTS B OKOJHLSAX HYJIHOBOI
MIBUIKOCTI BU3HAYAE TEPTS BiAPUBY Ty . 3aTasioMm
TepTs O0epTaHHS  ampOKCHUMYETbCA  TaKUMU
piBHsiHHSMU [9,11]

T =2e (Tyri — Tc)exp (‘ (WL)2> 4 T

tanh( WSt) + f:VvSt %)

Wcoul

1e Wse = WpricV2 5 Weow = Wbrk/ 10 > W = Wr —
We¢; T - MoMeHT TepTs; T — KyJIOHIBCBKUH MOMEHT
TepTst; Tprp— MOMEHT TEepTS BIAPHBY; Wpyk —
MIBUIKICTh TEPTS BIAPHUBY; Wg,— HOPIT MBUAKOCTI
Tpidexka; Weoul — nopir KYJIOHIBCBKOT
MIBUIKOCTI; Wp TaWy— aOCOJIOTHI  KyTOBi
mBuakocTi moptiB R 1 C 6510Ky TepTss o0epTaHHS;
@ — BITHOCHA MIBUJKICTB; f— KOEQILIEHT B’A3KOTO
TePTSL.

ExcnonenmiansHa (dyHKIII, sKa
BUKOPUCTOBYETbCS B YAacCTWUHI PIBHSIHHSA CHIIH
Ttpibexka, € HeMmepepBHOIO 1 CHAJa€ MpH
BEJIMYMHAX IIBUIKOCTI, OLIBIIMX 3a IIBUIKICTH
BigpuBHOro TeptTsa. DyHkuis rinepOoaivHOrO
TaHreHca, sIKka BUKOPUCTOBYETHCS B KYJIOHIBCBHKil
YaCTHHI PIBHSHHS CWJIH, TAPAHTYE, O PIBHAHHSA €
TJTaJKUM 1 HemepepBHUM 4epe3 @ = () , aje MBUIKO
JIOCSATa€ CBOTO MTOBHOTO 3HAYCHHSI IPH HEHYJIHOBHX
HIBUIKOCTSIX.

Ha puc. 2 HaBemena Moaenb MeEXaHITHOI
cucteMu oOepTaHHS OypoBOro I1HCTPYMEHTY 3
e(eKTOM TNPHUXBAT-NPOCIM3aHHSA Y PO3IIUPEHHI
Simscape® mis Simulink® /MATLAB® [9,12].

Subsystem 1

Puc. 2. Monens MeXaHI9HOT CHCTEMH 00epTaHHS
JIOJIOTA Y CBEPJIOBHHI 3 BpaxyBaHHIM e(heKTy
MPUXBAT-TIPOCIH3AHHS

Y wMogmemi, MO MNpeACTaBIeHa Ha pHC. 2,

BUKOPWCTaHI HACcTymHI eneMeHTH: | — OJOK
Simulink-PS Converter i3 6i0mioTekn Simscape /
Utilities; 2 — ©Omok Solver Configuration i3

oiomiorexu Simscape / Utilities; 3 — 6110k Rotational
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Friction i3 6i0mioTekn Simscape / Foundation
Library / Mechanical / Rotational Elements; 4 —
osok Inertia i3 6i0mioreku Simscape / Foundation
Library / Mechanical / Rotational Elements; 5 —
6nok Ideal Rotational Motion Sensor i3 6i0i0oTeKH
Simscape / Foundation Library / Mechanical /
Mechanical Sensors; 6 — ©Onok Ideal Angular
Velocity Source i3 6i0miotekn Simscape /
Foundation Library / Mechanical / Mechanical
Sources; 7, 8, 9, 10 — 6mox Mechanical Rotational
Reference i3 6i0miotekn Simscape / Foundation
Library / Mechanical / Rotational Elements; 11,12 —
omoku PS Terminator i3 0iGmioTeku Simscape /
Foundation Library / Physical Signals / Sinks; 13 —
6nok Ideal Rotational Motion Sensor i3 6i0i0TeKH
Simscape / Foundation Library / Mechanical /
Mechanical Sensors; 14 - 6ok Rotational Spring i3
6i0morekn Simscape / Foundation Library /
Mechanical / Rotational Elements; 15 — 6ok
Rotational Damper i3 6i06miorekn Simscape /
Foundation Library / Mechanical / Rotational
Elements; 16, 17 — 6moku PS-Simulink Converter i3
6i0miorexu Simscape / Utilities; 18 — 610k Gain i3
6i6motekn Simulink / Math Operations; 19 — 6710k
Mux i3 6i6miorekn Simulink / Signal Routing; 20 —
010k Scope i3 6i0mioTeku Simulink / Sinks.

Mojens BKIIOYAE ENEKTPUUHY MiICHCTEMY
dbopMyBaHHS ~ CHUTHaJy JpKepelda  oOepTaHHS
(Subsystem 1), migcucTeMy — IEpETBOPEHHS
CJIIEKTPUYHOTO CUTHAIy y MEXaHIYHUHA pyX Ha
ocHOBi Omoka 6 Ideal Angular Velocity Source i
i ICHCTEMY BpaxyBaHHSI MEXaHITHUX
BJIACTUBOCTEH KOHTAaKTHOI B3aeMomil OypoBOTo
J0JI0Ta 13 CepeJOBUILEM i3 3acTOCYBaHHsAM Oioka 3
Rotational Friction, 6moka 4 Inertia, G6moka 14
Rotational Spring ta 6;ioka 15 Rotational Damper.
Inepuitinuit 670K 3'eTHAHUIA 3 HEPYXOMOIO TOYKOIO
3a JIOMIOMOTOI0 TPYXHMHH Ta aeMndepa. [Hepiis
MIPUBOAMTHCS B IO DKEPEIIOM IIBHUIKOCTI 3a
JOTIOMOTOI0  (DPUKITIHHOTO elleMeHTa KOB3aHHS.
OpUKLIHUN eleMEeHT Ma€ Pi3HULI0 MK TepTSIM
BijpuBYy Ta TepTaM KysoHa, 1Mo MPU3BOJIUTH JIO
CTpUOKOTIOAIOHOTO PYXY 3a IHEPIIEKO.

Ha puc. 3 HaBeieHO pe3yJIbTaTH MOJICITIOBAHHS
PeKUMY  MPHUXBAT-TIPOCIAHM3aHHSA  J0NO0Ta Y
CBEPJIOBHHI.

Sk cBiguaTh HaBenmeHiI Ha puc. 3 rpadiku, B
pe3ynabTaTi  BUHUKHEHHS  PEXHMY  MPHUXBAT-
MIPOCIIN3aHHS JIOJIOTa ¥ CBEPIJIOBHHI Y YaCTOTHIHN
KapTHHI KYTOBOI IIBHAKOCTI JTOJIOTa 3’ SIBISIOTHCS
HOBI CKJIQJIOBi, IO O3HA4Ya€ BIiAMOBIAHI 3MIiHU Y
CHEKTPi I[LOTO MPOIIECY.

Jltst  MopmenmoBaHHS — aKClabHHX  PYXiB
(YHKLIOHATBHUX CKIaJOBUX OYpOBOi YCTaHOBKH,
SK peakiii Ha B3aEMOJII0 JIOJIOTA 3 TiPCHKOIO

nopozAoio, cGopMOBaHO MOJENb Y PO3IMIUPEHHI
Simscape® mis Simulink® /MATLAB® [9], sika
HaBeJlleHa Ha pucC. 4.

Puc. 3. Pe3ynpTaTt MOIETIIOBAaHHS PEXKUMY IPUXBAT-
HPOCIIM3aHHSA 00T Y CBEPUIOBHHI:
a — KyToBa IIBUJIKICTb jkepena, rad/s (-5 0 5);
b — kyroBa mo3uuis, rad (-4 0 4); ¢ - KyToBa BUIKICTH
JI0JIOTa 32 pe3yJibTaTaMK KOHTaKTHOI B3a€EMOJI1,
rad/s (-150 0 150) =/0.05

14 29
‘ b 31
o | 33
W 28
19 -
13 s 27
o
Vv =
18
12 25
7 D
L
v 1 S
d 24 -
17 >
1 23 »
oy
v s

16
20 10”4 21 9
15 s

Puc. 4. Monenb akcianbHUX pyXiB (QYHKITIOHATEHAX
CKJIQJIOBUX OypOBO1 YCTAHOBKH Yepe3 B3AEMOJIII0
JI0JI0TA 3 TIPCHKOIO OPOJIOI0

VY HaBezneHill Ha puc. 4 Momedl BUKOPUCTaHI
HacTymHi enementu: 1,2,3 - Omok Mass i3
oiomiorekn Simscape / Foundation Library /
Mechanical / Translational Elements; 4,5,6 -
Translational Damper i3 0i0iorexku Simscape /
Mechanical Translational Elements; 7,8,9 - 6ok
Translational Spring i3 6i6mioTexn Simscape /
Mechanical Translational Elements; 10 - 6mox Ideal
Translational Velocity Source i3 0i0aioTeku
Simscape / Foundation Library / Mechanical /
Mechanical Sources; 11,12,13,14 - 6mnok Ideal
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Translational Motion Sensor i3 6i0moTexn
Simscape / Foundation Library / Mechanical /
Mechanical Sensors; 15,16,17,18,19 — 6ok
Mechanical Translational Reference i3 6i6mioTexu
Simscape / Foundation Library / Mechanical /
Translational Elements; 20 - 6510k Uniform Random
Number i3 6i6mioreku Simulink / Sources; 21 —
6nok Solver Configuration i3 6i0miorekn Simscape
/ Utilities; 22,23,24,25,26,27,28,29 — 6nok PS-
Simulink Converter i3 06i0mioTekn Simscape /
Utilities; 30,31 - 610k Mux i3 6i6miotek Simulink /
Commonly Used Blocks, Simulink / Signal
Routing; 32,33 - 010k Scope i3 6i0aioTek Scope
Simulink / Commonly Used Blocks, Simulink /
Sinks;

Brmox Translational Damper sBisie co0oro
iIeaNbHUN MeXaHIYHUH MOCTYNAaJIbHUN B’SI3KUM
nemndep. bimok Mass sBise coOoro imeanbpHY
MEXaHIYHy Macy, II0 BUKOPUCTOBYETHCS IPH
nocrynansHoMy pyci. brnok Translational Spring
aBisie  co0OI0  igealbHy MEXaHiuHy JiHIAHY
MPYXUHY.

Brmox Ideal Translational Velocity Source
sIBIIsi€ COOO0 i7icalTbHE JKEPEIO MIBUAKOCTI, SKE
reHepye audepeHLian IIBUAKOCTI Ha CBOIX
TepMiHallaxX, MPOIOPLIHHUN BXiTHOMY (Bi3UUHOMY
curHany. JHkepeno € iieaJlbHUM y TOMY CEHCi, 110
BOHO BBXKAETHCS JIOCTATHHO TMOTYKHUM, 00
MiITPUMYBATH 3aJaHy IIBHIKICTh HE3aJEKHO Bif
cuiy, 1110 aie Ha cucteMy. biiok Ideal Translational
Motion Sensor sBIsie coOOI0 MpPUCTPiH, SKUit
MIEPETBOPIOE  3MIHHY, BHMIpSHY MDK JBOMa
MEXaHIYHUMH  TPAHCIAIIMHUMH  BY3JIaMH, Y
KepYIOUHid CHUTHAJ, MPONOPUiHHUI TPUCKOPEHHIO,
MIBUIKOCTI 200 IMOJIOKEHHIO. JlaTuwK imeaabHUM,
OCKIJTBKM HE BPAaXOBYE 1HEPIIIIO0, TEPTS, 3aTPUMKH,
CIOXKUBAHHS €HEPrii TOoIIO.

Brmox Uniform Random Number renepye
PIBHOMIPDHO  pO3MOMIIICHI  BWITANKOBI  dHCIA
MIPOTSATOM 3a7aHOTO iHTepBaTY. biiok Mux moenHye
BXiZIHI JJaHi 3 OJHAKOBHM THIIOM 1 CKJIAJHICTIO Y
BipTyalbHHH BEKTOp. biok Scope BimoOpaxae
CUTHAJIM y 9aCOBOi 001acCTi.

Ha puc. 5 HaBeieHO pe3yinbTaTi MOICTIOBAHHS
3MiH IIBHJKOCTI PYXiB OCHOBHUX CTPYKTYPHHX
CKJIaIOBUX OYpOBOi YCTAaHOBKH B 3aJICKHOCTI Bi[
IUHAMIKH pPyxXiB OypoBOTO 1HCTPYMEHTY: a -
MIPUBOJTHUI OJIOK; b - CBEp/UIOBUHHA YacTUHA; C -
0JI0K OypOBOTO J0JI0TA; d - BXiTHUI CUTHAJ.

Sk cBimuaTe HaBeIEHI 3aJeKHOCTI, Y
4acTOTHIM 00yiacTi MexaHiyHi CKIafoBi OypoBoi
YCTaHOBKH TIOCTalOTh MPUPOJHUM  (Pi3UIHHM
(biTETpOM ~ BHCOKHX  YacTOT  COPMOBAHUX

KOJIMBaHb. TakuM YHHOM, TP BHUKOPHUCTaHHI
nmapamMeTpiB JUHAMIKH PYXiB J0JI0TA B IIPOIIECi Horo
B3a€EMOJIi 3 TIPCBKOIO TOPOJOI0 B  SIKOCTI
XapaKTePUCTUYHUX O3HaK, CEHCOp Mae OyTu
MaKCUMAaIBHO HAOJIMKEHUH JI0 JDKepelia KOJMUBaHb
qn BUKOpHUCTaHA nporeaypa BUJIIJICHHS
BiJITIOBITHOT CKJIAJIOBOT 3 IHTETPOBAHOTO CUTHAIY.
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tc x 1072

Puc. 5. Pe3ynprat MOIEIOBaHHS 3MiH ITBUIKOCTI
PYXiB OCHOBHHX (PYHKITIOHAJTHHUX CKIQJIOBHUX OypOBOT
YCTaHOBKH B 3QJICKHOCTI BiJl JUHAMIKH PYXiB JI0JIOTA
(HOpMasTi30BaHi 3HAYEHHS): @ - PUBOJIHUN OJIOK; b -
CBEP/JIOBUHHA YaCTHHA; ¢ - OJI0K OypoBoOro nonota; d -
BXIIHUI CHUTHAJI

BucHoBKH. BaxxmBum €JIEMEHTOM
11010} (1370} (dbopMyBaHHs aBTOMAaTH30BaHOTO
KepyBaHHS OYPOBOIO YCTAHOBKOIO € MOJICIIOBAHHS

OUHAMIKA pyXy (YHKIIOHaJBbHUX  CKIaJ0BHX
OypoBoi YCTaHOBKH Ta BU3HAYCHHS
XapaKTEPUCTHYHUX O3HaK B3aEMOIIi OypoBOTO

IHCTPYMEHTY 3 TipChKOIO Topojoro. PyliHyBaHHS
TiPChbKOI MOpOAX B Mpoleci OypiHHSA CBEPIIOBHH
HOCHTB SICKPaBO BUPAKCHUI TUHAMIYHUH XapaKkTep
E€HEProeMHOI KOHTAKTHOI B3a€MOJIi, BIIPOJOBK
SIKOI KOXEH eJeMEHT J0J0Ta € JDKEepPeJIoM
BHCOKOAMITIITyTHUX BiOPOAKyCTHUYHHUX KOJMBAaHb,
SIKI B CyKYITHOCTI XapaKTepu3yloTh Lel npouec. B
CHJTy 3HAYHOI HEBM3HAUEHOCTI mepediry ¢i3nyHux
SIBMII, IO BiZOYBAIOThCA B IOMY IIpoOIECi 3
ypaxyBaHHAM MPYXHHX zAeopmaiiii mopoau i
3y0iB  JmoyioTa 3OiHCHUTH HOTrO  aJeKBaTHUN
AHATITHIHWA MaTeMaTHYHANW OINKC TMPAKTHIHO
HeMOxJBO. OTKe NI BUPIMICHHS OB’ SI3aHUX 3
UM IpoOJeM JOLINBHO BUKOPUCTATH TiOpUIHUIMA
MiOXi, M0 3HAaXOAWTHCA MK CTaHIAPTHUM
(hi3MYHUM MOJEIIIOBAHHAM, SKICHUMH METOIaMH Ta
HEJiHIMHOIO 1eHTH(IKALIEI0 32 METOIOM «IOPHOI
CKPUHBKW». 3aCTOCYBaHHS TaKOTO IMiAXOMY s
dhopMyBaHHS ~ €(PEKTHBHOI'O aBTOMATH30BaHOI'O
KEepPYBaHHS TIPOLIECOM OYpiHHS CBEPIUIOBHH €
HACTYITHUM €TarioM JOCHIKCHb.
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Morkun V.S., Morkun N.V., Bobrov E.Y.
Hryshchenko Y.O. Modeling of the drill bit
interaction mechanism with rock

The study modeled the main components of the
interaction between the drill bit and rock during well
drilling in the process of ore deposit development to form
an information base for automated drilling rig control.
In rotary drilling, there are five mechanisms of
interaction between the working body of the rig and the
rock: tool penetration; cutting of the rock layer, impact
chipping of the rock; friction of the tool against the
borehole wall; removal of drilling mud from the bottom
of the hole. These mechanisms of interaction between the
working body of the drilling rig and the rock lead to
complex dynamics of the movements of its main
functional blocks, which include rotational and
translational components. Its dynamic model can be
represented as a set of comnected elementary basic
oscillatory blocks consisting of a spring (a means of
storing potential energy), mass or inertia (a means of
storing kinetic energy), and a damper (a means by which
energy is gradually lost) . The mathematical model of a
drilling rig can be represented by the equation of motion
of the drive system in the above-ground part, the equation
of motion of the drilling tool in the well part, and the
equation of interaction of the bit with the rock. The
mechanism of rock destruction during well drilling is
characterized by a pronounced dynamic nature of
energy-intensive contact interaction, during which each
element of the drill bit is a source of high-amplitude
vibroacoustic vibrations, which together characterize
this process. Models of both the rotational and
translational components of the interaction are
proposed. A concomitant effect of the rotational
component is the “grabbing-slipping” of the drilling

tool, which occurs when the mechanism of engagement
of the drill bit with the formation is nonlinear. This
causes the entire drill string to slip or stop. However, if
the accumulated torsional energy reaches a certain level,
the bit is suddenly released and begins to rotate at high
speed. The resulting torsional traveling wave is
transmitted to the upper part of the rotation system. The
axial movement of the main structural components of the
drilling rig depending on the dynamics of the drilling tool
is also modeled.

Keywords: control, automation, drilling, well,
vibration, modeling, characteristics.
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PO3POBKA JIABOPATOPHOI YCTAHOBKH A MOAEJBHO-ITPOT'HO3HOTI'O
KEPYBAHHSA INIABEAEHHAM EHEPT'IL Y I'IbPUJIHUX PEM-PV
CUCTEMAX CHUHTE3Y 3EJIEHOI'O AMIAKY

b3oscbkuii I.K., Ceprienxo J1.B., Heaimes O.b.,
Kynpsisues C.O., Jlopis M.I'.

DEVELOPMENT OF A LABORATORY INSTALLATION FOR MODEL-BASED
CONTROL OF ENERGY SUPPLY IN HYBRID PEM-PV SYSTEMS FOR GREEN
AMMONIA SYNTHESIS

Bzovsky I.K., Serhiienko D.V., Tselishchev O.B.,
Kudryavtsev S.0., Loriia M.G.

Cmamms npucesiuena po3pooaeHHI0 1a00pamopHoi

YCMAHOBKU 01 O0CTIONCEHHsT Memodi8  MOOenbHO-
NPOSHO3HO20 — KepyBamHsi Ni08eOeHHAM  eHepeii 8
2IOPUOHUX eHeP2OMEXHON0IYHUX CUCMEMAX CUHmMe3Y
3eneno2o0 amiaky Ha ochosi PEM-enexmponizy ma
gomoenexmpuunoi eenepayii. Axmyanvnicmo podoomu
3YMO6eHa  2N0OANTbHUM — NepexooomM 00  8yeieyeso
HeUmpanbHoi eHepeemuKky ma 3pOCHmaryor0 poJIio
3e1eH020  600HIO [ amiaky AK ~ CMpameciyHux
enepeonociie. Ha 6iominy 6i0 nioxooie, opicHmoeanux Ha
onmumizayilo OKpemMux niocucmem, y 00CHONCEeHHI
Ppeanizoeano iHmMezsposaHull Memoo Kepy8aHHsi NOGHUM
mexnonociuHuM  aanyiocom  Power-to-Ammonia i3
VPaXy8aHHAM OUHAMIKU €eHepeemUYHUX NOMOKIE, 3MiH
NO200HO-KIIMAMUYHUX YMO8 MA KOIUSAHbL Mapudie Ha
esleKkmpoenepeiio.

3anpononosana ycmanoska exniouae 2iOpuony cucmemy
enepeonocmavanmus (PV, axymyasmopna 6amapes,
mepedica, 2ibpuonuil  ingepmop), PEM-enrexmponizep
npooykmuenicmio 300 mn Hz/xe, modyas 6ygepnoco
30epieanna ma Komnpecii 600HIO, peakmop cuumesy
amiaky 3a npoyecom Tabepa—bowa ma
aA8MOMAmMU308aHy cucmemy MOHIMOPUH2Yy napamempis y
peanvHomy yaci. Ha OCHO8I 3ibpanux
eKCnepUMeHmMAaIbHUX oanux 30TUCHIOEMbCA
Kaniopyeamus mamemMamuuuux mooenetl, nepesipka
cmitikocmi ma moynocmi aneopummie MPC, a maxoorc

Gopmysanns emnipuyHux 3aaedxcHocment 0 NOOAILULOT

onmumizayii pesxcumie pobomu.

Jooamkoeo moOoenvbHO-npocHo3He KepySaHHs 0036075€
eépaxogyeamu  iHepyiunicmv — eleMeHmie  cucmemu,
deepadayitini npoyecu enekmpoizepa ma
Hnecmabinvnicmo eenepayii B/JE, wo 3abe3neyye enyuky

adanmayilo pesicumie curmesy 00 308HIUHIX 30ypeHb.
Ompumani pesyromamu niomeepoNiCcyoms MONCIUBICHL
3MEHWIeHHsT  NUMOMOI  eHepeOEMHOCMI  cuHmesy,
NOKpawents cmabilbHOCMi MeXHOI02IUHO20 Npoyecy
ma 3abe3nevenHs HaoiliHO20 eHEP2ONOCMAYAHMNS 3A YMOB

8apiamueHoi  COHAYHOI  2eHepayii. Pospobnena
eKCNepUMEHMANbHA OCHO8A €  IHCMPYMEHMANbHOKO
naam@opmoro  0nA  ROOANLUUX — OOCHIONCEeHbL |

Macumaby8antsa mexHou02ii 00 NPOMUCTIOB8020 DIGHSL.
Kniouosi cnoea: senenuii amiax;, PEM-enexmponis;
Gomoenekmpuuna  2eHepayis;  MOOeNbHO-NPOSHO3HE
xepysanna  (MPC);  cibpuona  enepzocucmema,
yugposuil 08itinuk,; enepeoepexmuenicmn, Power-to-
Ammonia.

Beryn. CBiToBa  eHepreTdyHa  CHCTEMaA
nepebyBae B CTaHi TJHOMHHOI CTPYKTYPHOL
TpaHchopMalii, KIIOYOBOIO METOK SKOi €

JIOCSTHEHHS TIOBHOI BYTJICIIEBOI HEHTPAIBLHOCTI 10
2050 poky (Net Zero 2050). Taki opieHTHpH
3aKpiluleHi Yy  CTpaTeriuHux  JOKyMEHTax
MixnaponHoro eHepreThdHoro areHTctBa (IEA,
Net Zero by 2050: A Roadmap for the Global
Energy Sector, 2021) Ta ininiatusi OOH UNFCCC
Net Zero Coalition, mo mependadaroTh CUCTEMHY
JiekapOOoHi3allif0 €KOHOMIYHHUX CEKTOPIB IILIIXOM
CKOPOYEHHS CIIO’KWBAaHHS BUKOITHUX €HEPTrOHOCIIB,
MOJICpHi3aIlii  MPOMHUCIOBUX  TEXHOJOTIH 1
MacmTaOHOTO PO3BUTKY BiIHOBIIOBAHHX JKEpEi
eneprii (BJE).
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€pporeticeknii  Coro3,  BIAMOBITHO IO
MOJIOXEHb  €BPOMNENCHKOT0  3€JICHOTO  Kypey
(European Green Deal, 2019) Ta Crpaterii €C 3
BoaHio (EU Hydrogen Strategy, 2020), Bu3Hauae
PO3BHTOK «3€JICHOTO» BOJHIO Ta HOTO MOXIiJIHUX,
30KpeMa 3eJICHOTO0 aMiaky, sK CTpaTeridHuit
THCTpYMEHT TIHOO0KO1 JeKapOOHi3alii eHepreTHKH,
TPaHCHOPTY i €HEProEMHHX ramysei
MIPOMHUCIIOBOCTI. Takwif miaxix 6a3yeThcs Ha OMIHIT
BOJIHIO SIK YHIBEPCAIBHOTO HOCiSl €Heprii, 31aTHOTO
3a0€e3MeUUTH THYYKICTh €HEePTrOCHUCTEMH,
IHTEerpaIio BJIE Ta dhopmyBaHHS
HU3BKOBYTJICIIEBUX BUPOOHUIHX JTAHITIOTIB.
YkpaiHa Takoxk 3a/ieKIapyBajia HaMip IepenTH
JI0 BYTJICIIEBO HEHTPAILHOT MOJAEIN €KOHOMIYHOTO
PO3BHTKY, IO BimoOpaxkeHo y HarionampHOMY
TUTaHi 31 CKOPOUYCHHSI BUKHIiB TAPHUKOBUX Ta3iB 10
2050 poky Ta Konuenmii po3BUTKY BOIHEBOI
CHEPTreTUKH. Y T1bOMY KOHTEKCTI OCOOIHMBOTO
3HAUYeHHS HAOyBalOTh TEXHOJOTii BHUPOOHHUIITBA,
HAaKONMYCHHS, TPAHCIOPTYBaHHI Ta KOHBepCil
3€JICHOTO BOJIHIO, BKJIFOUHO i3 CHHTE30M 3€JICHOTO
aMiaKy SIK €HEpPrOEMHOTO TPAHCIIOPTOBAHOTO HOCIS.
Boanowac, momnpu iHTEHCHBHE HapOIIyBaHHSI
HAayKOBUX 1  TEXHOJIOTIYHMX  pe3yJbTaTiB,
aKTyaJbHOIO 3aJUIIA€ThCA MpobieMa MmoOyaoBHU
e()EeKTUBHUX CHCTEM YIPABIIHHS CHEPTCTUYHUMU
MMOTOKaMU B TiOPUIHUX CHEPTETUYHUX KOMILIEKCAaxX
Ha ocHoBi BJIE. Came Big ONTUMAIBHOCTI
QITOPUTMIB KEpPyBaHHS 3aJIGKUTh COOIBapTICThH
BHUPOOJICHOTO 3€JIEHOT0 BOJHIO Ta aMiaKy, PiBeHb iX
CHEPreTHYHOi e()EeKTHBHOCTI Ta CTaOLIbHICTh
(yHKIIOHYBaHHS CHCTEMH B YMOBaX 3MIHHUX
30BHIIIHIX ¢dakTopis (nmoronwu, PUHKY
SJIEKTPOCHEPTii, ierpajaii 00JaHaHHS TOIIIO).
CydJacHi TEHIECHIII CHEPTETHYHOTO MEPEXOTy
no Net Zero 2050 oxpeciroe a8 HayKoOBOI
CHUTBHOTH TOJBIWHUI BHKIWK: OJHOYACHO 3
HapomyBaHHsM dYacTku BJIE 3abe3neuntn ixHIO
TEXHIKO-CKOHOMIYHY IHTErpamifo B €HEProeMHi
TEXHOJIOTIYHI JIAHITFOTH 3 KEPOBAHOIO JTUHAMIKOIO.
Crpareris IEA BH3Hawae BOIEHb 1 WOTO IOXimHI
(macammepen amiak) sK KIIOYOBI HOCIT JyIs
MIKCE30HHOTO 30epiraHHs €Heprii, THYYKOIro
OanaHcyBaHHS cHCTEM 1 JekapOoHi3amii Ba)KKOI
npomuciioBocTi [1], a «Ammonia Technology
Roadmap» KoHKpeTH3yE TpaekTOpii 3HIKCHHS
MUTOMOI €HEPrOEMHOCTI Ta BYIJICLIEBOTO CIiIy IO
BCHOMY JKHUTTEBOMY IHKIY [5]. €Bporeicbkuit
senmeanii kypc Ta Crpareris €C 3  BOAHIO
i ICHITIOIOT ITF0 PaMKY, aKIEHTYIO4YH Ha pori PtX-
nanmtoriB  (Power-to-Hydrogen/Ammonia) y
MIPOMHUCIIOBOCTI Ta TpaHCTOPTi [2, 3]; HamioHATBHI
JOKYMEHTH YKpaiHH Y3TO/UKYIOTh HampsIMu 3
ro0aIbHUMU IJISIMH, IO CTBOPIOE HOPMAaTHBHE

MiAIPYHTS IS €KCIICPUMEHTATBHUX 1 MPUKIIATHIX
JOCITIKEHB [4].

YV TexHiuHIN JiTepaTypi chopMoBaHO AEKiIbKa
MaricTpaJlbHUX JIiHIA JMociimkens. [lepma — me
KepyBaHHS TIOpUIHUMH MiKpoMepexkamu 3 PV Ta
AKyMYJIATODHHMH CHCTEMaMH B  MPUCYTHOCTI
enekTpomizepa. Guo Ta iH. [6] TOKazaM
e(eKTHBHICTh i€papxiuHoi exoHomiyHoi MPC-
ctparerii (HEMPC) nns PV—Electrolyzer—Battery,
JOCSTAIOYM  3TNIQ/DKYBaHHS —~ HaBaHTaXeEHb 1
MoKpamieHHst  crabinmpHocTi. Li Ta iH.  [7]
mpoieMOHCTpyBanu kombinoBanuit DP-MPC, sixuit
MOENHYE  TIIOOATBHUMA  TOIIYK  JUHAMIYHOTO
porpaMyBaHHs 3 JOKaIBbHOO aganTuBHicTioO MPC,
o 3MEHIIye€ eKCIUTyaTamiiiHi  BHTpaTH Yy
peanibHomy yaci. Syed i Khalid [8] inTerpyBaiu
HelpoMepexeBl anpokcuMmarii auHamiku B MPC
i komiiekcy PV—-Wind-Battery—Electrolyzer—
Fuel Cell, miaBHIUBIIKM TOYHICT MPOTHO3YBAaHHS
Ta poOACTHICTH 110 30ypEHb.

Hpyra minis — Oe3mocepenHe KepyBaHHS
npollecaMyl CHHTE3Yy aMiaky B «3€JICHHX» CXeMax.
Syed 1 Kazerani [9] 3actocyBamm NNMPC o
€JIEKTPOXIMIYHOTO CHHTE3Y aMiaky, (OKyCyIOUHUCh
Ha cTablmizalii MPOAYKTHUBHOCTI W OOMEKEHHSX
MpoIIecy; poooTa IEMOHCTPYE TIOTCHITIAT «M’ TKHX)
MOJEJIEN Ui BUCOKOHEMHINHNX 00’ekTiB. Shihui
ta iH. [10] 3anpomonyBanu nBopiBHeBy MPC-
apxiTeKTypy Ui 3B’s3aHoro kommiekcy Hydro—
PV-Electrolyzer—Ammonia Synthesis, 110
KOOPJIUHYE pO3moAin MTOTYHOCTI MiX
MiICHCTEMaMH Ta PETYJIOE PEKUMU CHHTE3Y.

Ilonpu CyTTEBUNA TOCTYI, OKPECITIOIOTHCA
CITiTBHI OOMEXEHHS HassBHUX miaxoiB. [lo-mepie,
OlmpIIICTE POOIT OpPIEHTOBAHO Ha JIOKAIbHY
ONTHMI3aIi0 (PArMEHTIB CHCTEMHU (€HEPreTUIHOT
MiKpoMepexi abo OKPEMOTO
PEaKTOPHOTO/ENEKTPOII3EPHOTO  BYy37a), 110
3HIDKYE TII00AbHY ONTHMAJBHICTE y TIOBHOMY
PtA-manmtory. Ilo-mpyre, y 3HauHiii YacTuHI
MOJIeJIe BUKOPHUCTAHO CTaTUYHI 00 KBa3iCTaTHYHI
MIPEICTABIICHHA KIIOUYOBUX OJIOKIB (HAIpUKIIAT,
PEM-enexTporizepa), o 0OMEXye aneKBaTHICTh
JI0 IIBUIKOIUIMHHUX PEXKUMIB 1 TepeXiTHuX
nporecis [6—8,10]. [To-tpete, cnabko BinoOpaxeHO
30BHIIIHI CTOXaCTUYHI (PaKTOPH — YaCOBO-3aJICHKHI
Tapu(u, TPOTHO3 IMMOT0JH, OOMEKEHHS PHUHKY Ta
JlerpafialliiHi  MEXaHI3MH  eNeKTPOXIMIYHUX 1
HaKOMMYyBAIBHUX ITIJCUCTEM; BiITaK €KOHOMIUHI
KPI (LCOA, MTATOMI SHEPTOBUTPATH)
ONTUMI3YI0ThCS pparmenrtapro [5-7,10].

JloaTKOBUM METOJIOJIOTIYHUM PO3PHUBOM €
HEJIOCTATHS IHTETpaIlisi IHCTPYMEHTIB «ITU()POBOTO
neiriaukay (Digital Twin) mist Hackpi3HOT Bajiparii
MPC-crpareriii y OB’ I3aHUX JIOMEHAaX:
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CJICKTPOCHEPreTHKA — EJCKTPOXiMis — TeIIo- 1
MacooOMiH. XO0d4 OKpeMmi TIpalli TOPKarOThCs
acmeKTiB ~ MONETIOBaHHI ¥ igeHTHiKamii,
MOBHO(YHKIIOHAIBHI ABIHUKY, 5IKi BIATBOPIOIOTH
TePMOJMHAMIKY CHHTE3y amiaky pa3oM i3
nerpanariieto PEM Ta kepyBaHHAM OydepHHM
30epiranHsaM  Ha., y mitepaTypi mnpeacTaBieHi
obmexeno [6—10].

TakuM urHOM, y3arajJbHEHHS JKepell TIOKa3ye
notpedy y: interpoBanux MPC-cxemax, 110
OXOIUTIOIOTh MOBHUHM PtA-maHmtor 3 ypaxyBaHHAM
MIDKCHCTEMHHX 3B’ SI3KiB; EKCILTIITUTHOMY
BKJIOUEHHI TIporHo3iB [IB-renepartii, tapudis i
nerpajanii B KputepianbHi QpyHKIIT Ta 0OMexeHHS;
BHKOPHCTaHHI nudpoBux NBIITHUKIB TUTS
MIPUCKOPEHOTO0 TECTyBaHHS IOJITHK KEepyBaHHS 1
TpaHcdepy ix Ha ¢biznuni CTEH]IH;
eKCIepUMEHTaNbHIM BepHudikauii 3 MOCIiZOBHIM
kamOpyBanHsM Mojenei. Came Il MpoTamuHU
aJipecye 3anpoIoOHOBaHa B poOOTi METOJMKA: €TUHA
mupposa  MPC-apxitextypa ansi  Power-to-
Ammonia, migkpimieHa Digital Twin y DWSIM i
nabopatopuuM creHnoMm PEM-PV i3 momynem
Oydepnoro Hz ta peakropom ['abepa—bormra. Taka
KOMOiHaIlisl JT03BOJIIE TIEPEUTH BiJ JIOKAIBHOI
onTuMizarii MiFCHCTEM bi (4] €KOHOMIYHO
Opi€eHTOBaHOI KOOpAMHALIT BCAOT'O TEXHOIOTIYHOTO

KOHTYpY, IO Y3TO/DKEHO 31 CTpaTrerivHuMU
opieatupamu IEA ta €C [1-5].

CyuacHi JTOCITI JKEHHS 3aCBITIYIOTH
MEPCIICKTHBHICTh 3aCTOCYBaHHS METO/IiB

MOZEIBHO-TIpOrHo3HOT0 KepyBaHHsa (MPC) y Takux
eHepreTHYHuX cucreMax. Hampuknan, y npami Guo
ta iH. (2025) 3anpomoHOBaHO i€papxiuHy
exkonomiuHy MPC-ctpaterito (HEMPC) nns
KOMIIIEKCY PV-Electrolyzer—Battery, sIKa
3a0e3revye 3HMKCHHS KOJIMBaHb HABAHTAXKCHHS Ta
MiABUILICHHS CTIHKOCTI €HEeprocucteMu. Y poOoTi
Li et al. (2024) npencraBiieHo FiOpUAHUN aJITOPUTM
DP-MPC s kxepyBaHHS MIKpPOMEPEKEI0, IO
MOETHY€E TIOOATBHY ONTHUMI3AIli0 JAMHAMIYHOTO
MpOTpaMyBaHHsI 3 aJalTUBHUMHU BIACTHBOCTSIMHU
MPC, nemoHCTpyioun edeKTHUBHE OamaHCyBaHHS
CHEPreTHYHUX MTOTOKIB Ta CKOPOYCHHS
excrutyataniiinux ButpaT. Syed 1 Khalid (2023)
3actocyBaad MPC 3 BUKOPHCTaHHSIM HEHpPOHHOL
MepeXi I MOJICTIOBAaHHS JUHAMIKH CHUCTeMU PV—
Wind-Battery—Electrolyzer—Fuel Cell, 10
JIO3BOJIVJIO TIiJBUIIATH TOYHICTH MPOTHO3YBaHHSI
TTOBEIIHKA MiKPOMEPEXKi.

Onnak OUIBIIICTG  3a3HAYEHHX  MHIAXOMIB
OpPIEHTOBAHO HAa JIOKAJIBHY ONTHUMI3allil0 Ta HE
OXOIUTIOE TIOBHOI IHTETparlii eTariB BHPOOHHIITBA,
OyhepHOoro 30epiraHHs BOJHIO Ta CHHTE3Y aMiaKy B
yMOBax 3MIHHHX I[IHOBUX Ta  MPHUPOJIHO-

KIIIMaTUYHUX IapaMeTpiB. 30KpeMa, Y JOCTiKEeHH]
Syed 1 Kazerani (2024) Oyj0 3amporoHOBaHO
HeripomepexeBy MPC-cxemy (NNMPC) mis
PETYIIOBAaHHA MPOLECIB ENEKTPOXiMIYHOTO CHHTE3Y
aMiaKy, OJHaK MOJENb HE BPaXOBYE JETpaaalliifHi
ImpolecH B OOJIaJHAHHI Ta 3MIiHH TapudiB Ha
enekTpoeneprito. Y podoti Y. Shihui ta in. (2025)
peanizoBano aBopiBHeBy MPC-ctpaterito s
KOMITIIEKCY Hydro—PV-Electrolyzer—Ammonia
Synthesis, mpoTe il OCHOBOIO € CIIpOIIeHa CTaTHYHA
monenb PEM-emektpomizepa, 1o oOMexye
3MaTHICTh CHCTEMH 1O ajanTallii B pealbHUuX
MUHAMIYHAX YMOBax.

Tomy po3poOka 1a60paTOpHOT YCTaHOBKH LIS
MOJIENTLHO-TIPOTHO3HOTO KEpPYBaHHSI ITiJ[BEJACHHIM
eHeprii y TIOPUIHHX pem—pv CHCTEMax CHHTE3Y
3€JICHOTO aMiaKy € akTyaJbHOIO 3a]1auelo.

OcHoBHa yacTuHa. Ha BiMiHYy BijJ] HaSBHHX
MiIXOMIB, SKI 3Me0LTBIIOTO 30CEPEIKYIOThCS Ha
onTuMmizauii poOOTH OKpEMHX MiJCHCTEM T10pHUAHOT
eHepreTHYHoI iHppacTpyKTypH (POoTOCIEKTPUIHNX
MOAYJiB, CHCTeM aKyMyJsmii eHeprii abo
€JICKTPOJII3EpHUX YCTAaHOBOK), 3alpOTIOHOBAaHA B
ILOMY IPOEKTI METOJOJIOrIS Ma€ KOMIUIEKCHUH Ta
inTerposanmii xapaktep. i cyTHicTh monsrae y
dhopMyBaHHI €IMHOT KEepOBaHOI
EHEPrOTEXHOJIOTIYHOI cucTeMu THIy Power-to-
Ammonia, 10 3abe3nedye y3TO/IKEHE
(OYHKIIOHYBaHHS ~ yCiX  KJIIOYOBHUX  €TalliB
BHPOOHHYOTO TIPOIIECY — B TEPETBOPCHHS
COHSTYHOI €Heprii 10 CHHTE3y 3eJleHOro amiaky. Y
MeXax JaHOTo IMiIX0Ay MmepeadavaeThCs peasisaliisa
TaKUX MPUHIMIIOBHUX MOJIOKECHB:

- IdaTerpamis MOBHOTO  TEXHOJOTIYHOTO
nanmiora Power-to-Ammonia B e€auHy mudpoBy
MOJICNILHO-TIPOTHO3HY ~ apXiTeKTypy  KepyBaHHS
(MPC), mo mo3BoJsie BpaxOBYBaTH MIKCHCTEMHI
B3a€MO3B’SI3KH, 3aJIC)KHOCTI IMOTOKIB eHeprii Ta
pEUYOBHH, a TaKOX 3a0e3medye ONTHUMI3aIliio
(OYHKI[IOHYBaHHS CHUCTEMU B I[JIoMy, a He 1i
OKpEMHX EJIEMEHTIB.

- BukopuctaHHs ONEpaTHBHUX MPOTHO3IB
MOTOJHO-KJIIMAaTHYHUX YMOB Ta TapudiB Ha
€JIEKTPOCHEPTII0 B PEXKHUMi PEaIbHOTO Yacy, 10 Ja€
3MOTYy  peami3yBaTH  aJalTHBHI cTparterii
KEpYBaHHS, BPaXOBYBAaTH CTOXaCTUYHUH XapaKTep
reneparii BJIE Ta wMiHIMI3yBaTH BHUTpaTH Ha
eHeprozabesnedeHHs] MpoLecy eNeKTPoNIizy Ta
CHHTE3Y aMiaKy.

- Po3po0nenns nudposoro apiitauka (Digital
Twin) y cepenoBumi DWSIM, sikuit BiaTBOpIOE
¢izuko-ximiuny, TEPMOJUHAMIYHY Ta
€JIEKTPOCHEPTETHYHY MTOBE[IHKY CUCTEMH.
HudpoBnii IBIHHUK CIyrye IHCTPYMEHTOM MJIst
TECTyBaHHs, MOPIBHIHHSA Ta ONTUMI3alii BapiaHTIB
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CTpaTeriii KepyBaHHs 0€3 BTpY4YaHHS y pealbHUN
TEXHOJIOTTUHUH npoiiec, o 3HUKYE
EKCTICPUMEHTAITbHI PU3UKH T2 BUTPATH.

- 3HIKEHHS THUTOMOI CHEProEMHOCTI Ta
co0IBapTOCTI BUPOOHUIITBA 3EJICHOTO  aMiaKy
NUISXOM ONTUMAILHOTO PO3IMOJITY aKTHBHOI Ta
PEaKTHBHOI MOTYKHOCTI, pamioHaji3amii pexumiB
poOOTH eneKTpoiizepa Ta TEIJIOSHEPTeTHYHOIO
0JIOKa CHHTE3y, a TaKOXK MiHIMi3aIlii IIPOCTOIB Ta
HeedekTuBHUX (pa3 poOoTH 00N THAHHS.

- ExcnepumeHTanbHa Bepudikawis
MaTeMaTHYHOI MOJIeTl Ta CHCTEMH KEpPyBaHHS Ha
(hizuaHOMY CTEHII, 10 3a0e3Meuye M ATBEePIKCHHS
aJIeKBaTHOCTI, HaIMHOCTI Ta MPaKTUIHOL
peaizoBaHOCTI  3alpOIIOHOBAHOTO TIAXOAY B
YMOBaX peaibHOT0 TEXHOJIOTIYHOTO IUKITY.

TakuM 4YMHOM, CTBOPEHHS YCTAHOBKH CHHTE3Y

3eJICHOr0  aMiaky JlabopaTOpHOro  macmrady
OpI€EHTOBAaHWH HE JIMIIE Ha  JOCIIIKCHHS
i IBUIICHHS e(eKTUBHOCTI OKPEMHX

SHEepPreTHYHNX KOMIIOHEHTIB, ajie i Ha opMyBaHHS
ITiCHOT IHTEIEKTyaIbHO-KEPOBAHOT
iHGPACTPYKTypH BHPOOHHIITBA 3€JICHOTO aMiaky,
30aTHOI (PYHKI[IOHYBAaTH B YMOBax BapiaTUBHOCTI
30BHIIIHIX BIUIMBIB Ta PUHKOBHX MapaMeTpiB, IO €
KPUTHYHO BaXIMBUM JUTS BIIPOBAKCHHS BOJHEBOT
CHEPTeTHKH y MTPOMHCIOBUI MacITal.

Metoro € po3poOka e(EeKTHBHOI CHCTEMHU
CEJICKTUBHOTO TIiJABEACHHS €HEprii IO YCTaHOBKH
CHUHTE3Y3eJICHOTO aMiaKy Ha OCHOBI IIPOIIECY
I'abepa—boma ra PEM-enexTpomisy.

Jns  mporo HEOOXimHO  po3poOUTH  Ta
noOyoyBaTH  €KCIEPUMEHTAJIbHY  yCTaHOBKY
nabopatopHoro Macmtady st Bepugikamii
MaTeMaTHYHOI MOZENi, aJlfOpPUTMIB KepyBaHHs Ta
TeCTyBaHHA  pPOOOTH  KJIIOYOBHX  IJICHCTEM,
BKJIFOUHO 3riOpUIHOI0 CHUCTEMOIO
€HEePronoCTAYaHHs, PEM-enektpounizepom,

Oy(dhepHuM 30epiraHHsAIM 1 KOMIIPECIEID BOJIHIO,
IMoJadero a3oTy Ta INATOTOBKOIO PEarcHTIB,
MOJyJIeM CUHTE3Y amiaky, CHCTEMOIO
BiIOKpeMJICHHSI Ta 300py MPOAYKTY, a TaKOX
aBTOMAaTHU30BaHOK CUCTEMOIO MOHITOPHHTY.

Hns MiATBEPHKEHHS KOPEKTHOCTI
pO3po0JIeHOI MaTeMaTUYHOI MOJENI Ta OIIHKH
e()EeKTUBHOCTI aJrOPUTMIB MOJICIIBHO-IIPOrHO3HOTO
KepyBaHHs OyJI0 CTBOPEHO EKCIIEPUMEHTAIbHY
nabopatopHy YCTaHOBKY, AKa peaiizye
TEXHOJIOTIYHUH JAHIIOT BHPOOHUIITBA 3EJICHOTO
BOJHIO Ta CHHTE3y aMiaKy B MajJoMy MaciuTaoi.
OCHOBHUM €neMeHToM YycTaHOBKH € PEM-
EJIEKTPOJTi3ep i3 MPOAYKTUBHICTIO O1m3bpk0 300 M
H2/xB, 110 3a0e3neuye noteHuiinuii Buxin 1o 0,18
kr NHs; ©Ha 7100y 3amexHo BiIl mNapameTpiB
PELMPKYJISALIT Ta PEKUMIB CHHTE3Y.

EkcniepriMeHTanbHa yCTAHOBKA MA€ MOAYJIBHY
CTPYKTYPY Ta BKJIFOYAE TaKi OCHOBHI MACUCTEMH:

- I'ibpuara cucTemMa €HEeproroCTavYaHHs, sSKa
00’eHy€e (OTOCNEKTPUYHI MAHEeNi, aKyMyJISITOPHY
Oatapero, MepekeBe pe3epBHE JKUBJICHHA Ta
riopunHuid iHBepTOp sl OajaHCYBaHHS TOTOKIB
eJIEKTpOeHePrii Ta cTabinizamii HaBaHTaKCHHSI.

- PEM-enextpomnizep, 110 BHUKOHYE
€JICKTPOXIMIUHE PO3KIIaJaHHSI BOIU 3 OTPUMAHHIM
BOJIHIO BUCOKOI YHCTOTH.

- Cucrema OydepHoro 30epiraHHs Ta
KOMIIpecii BOJHIO, sKa 3a0e3medye 3rIIapKyBaHHI
KOJMBaHb y WOTr0 ToOMadi Ha MOMANbII CTamii
nporecy.

- Mopyne cuHTE3y amiaky 3a TIPOIECOM
l'abGepa—bomra 3 MOXIHMBICTIO  PETYJIIOBaHHS
OCHOBHHX TEXHOJIOTIYHUX HapaMmeTpiB (THCKY,
TEeMIIepaTypH, CIIiBBiAHOIICHHS PEarecHTiB).

- ABTOMaTH30BaHa CHUCTEMa MOHITOPUHTY Ta
300py MAaHUX, IO BKJIIOYAE JAaTYUKH THCKY,
TEMIIEpaTypH, BUTPATH Ta30BUX TOTOKIB, a TaKOK
SJICKTPUYHHX TIapaMeTpiB (HAIpyra, Cuiia CTPyMYy,
CITO’KMBaHA Ta BiJ/IaHA MOTYXHICTB).

Ilim yac eKCIepUMEHTIB  3MIMCHIOETHCS
peecTparisi 4acoBUX pAIIB MapaMeTpiB poboTu
KOXKHOT T ICHCTEMU. Otpumani naHi
BUKOPUCTOBYIOTBCS JUTST KaJliOpyBaHHS
MaTeMaTH4YHOI MOJIeII, iIeHTU(IKAIii JHHAMIYHIX
XapaKTEePUCTUK E€JIEMEHTIB CHCTEMH, a TaKOX IS
OITIHIOBaHHS TOYHOCTI Ta CTIHKOCTI aJrOpHUTMiB
MOJENILHO-TIPOTHO3HOTO KepyBaHHS. Ha ocHOBi
EKCIICpUMEHTAIILHUX BHUMIPIOBaHb  (OPMYIOTHCS

perpeciiiHi Ta eMITpUYHI  3aJCKHOCTI, IO
JIO3BOJIAIOTE ~ BpaxyBaTH  peajbHI  BTpatw,
iHepUifiHicTh Ta MeXi po0OYHX  PEKUMIB
o0afHaHHS.

Mohmﬁ::; Tr:;;(:aﬂwms aken L
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Omnuc TeXHONOTIYHOT cXeMu J1abopaTopHOl
ycranoBku PEM-enexTposizy
JKvuBreHHS yYCTaHOBKHM 3IIACHIOETBHCS — BIT
riOpuaHOT €HepreTHYHOi CHUCTEMH, SIKa BKIIIOYAE
(OTOETIEKTPUYHY TaHeNb, aKyMYJIATOPHY OaTapero
Ta riOpUIHMI IHBEPTOP, IO Mpaiftoe B peskumi SBU
(Solar — Battery — Utility). ¥ npomy pexumi

3a0e3reuyeThcsl  MPIOPUTETHE  BUKOPUCTAHHS
eHeprii Big COHSAYHOI TaHenmi; y pasi il
HEJOCTAaTHOCTI ~ JKUBJICHHS  HAIXOOUTh  Bif

aKyMmyJsisiTopHOi OaTapei, a mpu ii po3pami abo
BIICYTHOCTI COHSYHOTO BHITPOMIHIOBAaHHS — BIiJ
eJIeKTpoMepexi. [HBepTOp TMomae >KWBIEHHS Ha
AC/DC-nepeTBopioBay, KUl *KHBHTH YCTaHOBKY
MOCTIHHUM CTPYMOM 3 MOJKJIUBICTIO IIJIaBHOTO
perymoBaHHs cwm ctpymy A0 20 A. Lle mae 3mory
nocmipkyBatn  pobory PEM-enextpomizepa 3a
Pi3HUX HaBaHTaXKCHb.

Jo Oaka momaeTbcs AcioHI30BaHA BOJA, IO
BiJITIOBi1a€ BUMOTaM bi (0] MaKCHUMaIbHOT
EJIEKTPOTIPOBITHOCTI HE Oinmbiie HK 2 MKCM/CM.
Boma 3a gomomororo Hacoca depe3 (iabTp
ounIeHHsT HanxomuTh 10 PEM-enekTpomizepa, y
SIKOMY BiZIOYBA€THCS EICKTPOJIITUYHE PO3KIIATaHHS
BOJIM HAa BOJICHb 1 KHCCHB.

OTpuMaHi TIPOIYKTH BITBOASATHCS OKPEMHMH
KaHaJlaMU:

®  KMCeHb BiABOAUTLCA y aTmocdepy;

e BOJEHb MPOXOAWUTb 4Yepe3 OcCylwyBay Ha

OCHOBI CMAiKaresto, nicasa 4Yoro HaaAxoamTb
[0 MacoBOro BUTPATOMIpa, AKUIA BUMIpIOE
06’emHy BUTpaTy B Aiana3oHi 0-500 mn/x8
i3 ToyHicTiO £1,5 %.

[Ticnms BUMipIOBaHHS BOJEHBL CIPSIMOBYETHCS
4yepe3 Tipo3aTBOP 1 BOTHETICPEIIKOAHUN KJIaraH,
AKi BUKOHYIOTH (YHKIIIO 3BOPOTHOTO 3aXHCTY,
3ano0iraroYM MOTPAIUITHHIO TOBITPS a00 TOIyM st
Hazax y cucreMy. Ha KiHIIeBOMYy eTammi BOJICHB
cHajroeThesl Ha (akeni, oo 3abe3neuye Oe3meyHe
BiIBEICHHSI IIPOMYKTIB PEaKIIii.

Jns migsuimeHHss Oe3NeKH BCl CHIIOBI JIiHIT
o0JaiHaHI aBTOMAaTHYHUMH BUMUKAYaMHU:

® MK iHBEPTOPOM i  aKYMYNATOPHO
batapeeto —  4ns  3axucTy  Big
nepeBaHTaXKeHHA Ta KOPOTKOTO
3aMMUKaHHA;

® MK Mepexelo Ta iHBepTOpOoM — 444

3axMUCTy Big, nepeHanpyru 3 60Ky mepexi;
® MK IHBEpPTOpPOM Ta eNeKkTponizepom —
ana onepaTMBHOTIO BiAK/OYEHHA
eNeKTponisepa y pasi HecnpPasBHOCTI.
MomniTopuHT rmapameTpiB CHUCTEMH
3MIHCHIOETHCS 3a JOMOMOI'0I0 KoHTposiepa Arduino
UNO R4 Wi-Fi ta natumkiB, sSiKi BUMipIOIOTb CHITY

CTpyMy Ta Hampyry Ha KIeMmax eJeKTpoJii3epa.
OTtpuMaHi JaHi IepeaaroThes Ha cepBep 300py Ta
00poOku iHpopmMarliii mo nporokoay UART, ne
BUKOHYIOTbCA iX 30epekeHHS 1 anami3. Jani
MOHITOPUHTY BHpPOOHHIITBA BOJHIO, a TaKOX
CIIO)KUBAHHS €HEPril Bia POTOCICKTPUYHOI MaHEeT],
AKB i Mepexi HaXoIsATh Ha CepBep MO MPOTOKOIY
RS485.

JlaGopaTopHa ycTtaHOBKa 3a0e3medye MOBHUMH
OUKJI BUPOOHHWLTBA BOJHIO BHKOPHUCTOBYIOUH
EHEpril0 COHSIYHOI TreHepauii (OKpiM  eTamy
OYMINCHHS 1 IC10HI3aIlii BOIM).

YcranoBka PEM-enekTposnizy 3MOHTOBaHA y
METaJeBOMY KOPITYCi, SIKU MiCTUTB Hacoc, 0aK JUIst
JTUCTHILOBAHOI Boau, GiseTp, cenapaTop i AC/DC-
MIEPEeTBOPIOBAY ISl KUBIEHHS EJIEeKTpolizepa
(po3paxoBanuii Ha MakcuMalbHUHA cTpyM 20 A) 3
MOYJIUBICTIO PETyJIIOBaHHS CHUIIM CTPYyMY. MiCTUTB
BHUXOJH T KACECHb 1 BOACHH (30BHINIHIN TiaMeTp
8MM, BUKOPUCTOBYIOTBCS MOJIiypeTaHoBi
3’eIHyBaJIbHI TPYOKHM), ApEHAXHUK OTBIp Ta OTBip
JUIA TIoay4l BOJIH.

BucnoBok. byno po3pobieHO Ta CTBOPEHO
YCTaHOBKY CHUHTE3Y 3€JICHOTO amiaky
naboparopHoro Mmacmtaby Ha ocHOBi PEM-
€JICKTPOJIi3y Ta TiOpHIHOI CHEPrOCHCTeMH, SKa
JO3BONIUTH peanizyBatu anroputMua MPC  mns
CEJIEKTUBHOTO MiABEJICHHS €HEpPrii 0 yCTaHOBKU.
3anpoBamkenass MPCHo3BOIUTh  ONTHMI3yBaTH
BHKOPHCTAHHS €HEPTIi 3 PiI3HUX IHKEPEIT KUBJICHHS,
3a0e3MeuyrouH iX y3ro[KeHypoOOTy Ta cTallibHe
S€HEPTOINOCTavYaHHsd 3a yMOB 3MIHHOI COHSYHOL
reHepartii.
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The article is devoted to the development of a
laboratory setup for researching methods of model-based
predictive control of energy supply in hybrid energy
technology systems for green ammonia synthesis based
on PEM electrolysis and photovoltaic generation. The
relevance of the work is due to the global transition to
carbon-neutral energy and the growing role of green
hydrogen and ammonia as strategic energy carriers.
Unlike approaches focused on optimising individual
subsystems, the study implements an integrated method
for  controlling the entire  Power-to-Ammonia
technological chain, taking into account the dynamics of
energy flows, changes in weather and climate conditions,
and fluctuations in electricity tariffs.

The proposed installation includes a hybrid
power supply system (PV, storage battery, grid, hybrid
inverter), a PEM electrolyser with a capacity of 300 ml
Hx/min, a hydrogen buffer storage and compression
module, an ammonia synthesis reactor based on the
Haber-Bosch process, and an automated real-time

parameter monitoring system. Based on the collected
experimental data, mathematical models are calibrated,
the stability and accuracy of MPC algorithms are
verified, and empirical dependencies are formed for
further optimisation of operating modes.

In addition, model predictive control allows for
the inertia of system elements, electrolyser degradation
processes, and the instability of renewable energy
generation to be taken into account, ensuring flexible
adaptation of synthesis modes to external disturbances.
The results obtained confirm the possibility of reducing
the specific energy consumption of synthesis, improving
the stability of the technological process, and ensuring a
reliable energy supply under conditions of variable solar
generation. The developed experimental basis is an
instrumental platform for further research and scaling of
the technology to an industrial level.

Keywords: green ammonia;, PEM electrolysis;
photovoltaic  generation; model predictive control
(MPC); hybrid energy system, digital twin; energy
efficiency, Power-to-Ammonia.
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KOMIO3UIIMHAN MATEPIAJI BETEPUHAPHOT' O IIPU3HAYEHHS
HA OCHOBI MOAUPIKOBAHOI'O KPOXMAJIIO

Imenko O.B., Ctrpamnunii B.B., Kyyuncbka JI.A.,
Pecuuubkuii I.B., Xapuronenko I'.1., Kyunncbka MLA.

COMPOSITE MATERIAL FOR VETERINARY PURPOSES BASED
ON MODIFIED STARCH

Ishchenko O.V., Strashnyi V.V., Kuchynska D.A.,
Resnytskyi I.V., Kharitonenko G.I., Kuchynska M.A.

YV cmammi  posenamymo  po3pobky KomMnosuyiiHux
Mamepianié 6emepuHapHo20 NPUSHAYEHHA HA OCHOBI
MOOUGDIKOBAHO20 KPOXMATIO 3 MEMOI0 CHIBOPEHHS HOBUX
AHMUMIKDOOHUX NAIBOK-HOCTI8 01 MPAHCOEPMATLHUX
mepanesmuunux cucmem. Memoodonozis 0ocrioxiceHHs
nepedbayana Ximiuny Moou@ikayio - KapmonisHo20
KPOXMANI0 JUMOHHOIO MA MOAOYHOK KUCIOMAMU 34
pi3HUX YyMO8, a nomiMm U020 KOMOIHY8AHHA 3
NONIBIHINOBUM CRUPIMOM MA KCEPOPOPMOM K AKMUSHUM

dapmayesmuunum iHepedieHmom. Peonociuni
61ACMUBOCMI  OMPUMAHUX — KOMNO3UYILl — 8UBYATU
Memodom pomayitinoi gickozumempii. Bcmanoenerno, wo
6ci po3pobieni PO3YUHU O0eMOHCmMpYIOmb
NnCceBOONIACNUYHI 61ACMUBOCMi n<l) ma
Xapakmepusylomovcsi  3HUMNCEHHAM 8 A3Kocmi  3i

30inbeHHAM weuokocmi 3cysy. Jlosedeno, wo aumMonHa
Kucioma, 3a80sKu ceoitl  bacamoyHKYioHATbHOCH,

CNpUSAE YMBOPEHHIO KOBAJIEHMHO-3UUMOI Mepexcesol

CMPYKMypu, wo npu3gooums 00 Ni0GUUEHHS 8'A3KOCI
po3suunie. Hamomicmu, monouna kucioma, maiouu auuie
O0HY  KApOOKCUTbHY — 2pyny,  GUAGUINACA — MeHW
eekmuBHoI0 011 MINCMONEKYISIPHOZO 3UWUBAHHS, A 8
OesiKUX UNAOKAX KAmMauizyeana Hacmroguul 2ioponiz
Kpoxmano. — Pesynemamu — niomeepoocyloms, o
8'S13KiCMb KOMRO3UYTU 3HAYHO 3POCMACE 3i 30iTbUEHHAM
éMicmy NONIBIHII06020 Cchupmy ma npu 000A8aAHHI
Kcepoghopmy,  0coonueo 0L cymiuteli HA  OCHOBL
KPOXMATII0, MOOUPIKOBAHO20 MOLOYHOIO  KUCIOMOIO.
Jlooamkogo Oynu  eueueni KiHemuuHni ma EMHICHI
Xapakmepucmuku aocopoyii Memuieno8020 CUHbO2O
(MC) six modenvrozo konmaminanma. Bcmanoenerno, wo
NIIBKU 3 GUCOKUM BMICTNOM MOOUGDIKOBAHOLO KPOXMAIO,
30Kkpema mi, wo Oyau  MOOUQIKOSAHI  MONOUHONO
KUCIOMOI0, ~ OEMOHCMPYIOMb — 6UCOKY  COpOYitiny
30amuicmo. Lle exazye Ha noodsiiHy yHKYIOHATbHICMb
ma NepcneKmuHICmb — BUKOPUCTIANHS  PO3POOIEHUX

mamepianig: GOHU 30AMHI He Juule  ClIyeysamu
mampuyero 015 8UBIIbHEHHS JIKAPCLKUX PeyOsUH, daie Ui
O00HOYACHO — BUKOHYS8amu  yHKYilo copbenmy 0
OUULUeHHA PAHeB020 110Jca 8i0 eKcyOoamy ma mOoKCUYHUX
CHONYK, WO € KIOY08UM (DAKMOPOM Y NPUCKOPEHOM)

3azoenni  pan. Ompumani  O0awi  0eMOHCMPYIOMb
nepcneKmueHicmy BUKOPUCMAHHSL po3pobreHux
mamepianig¢ — Oisl  CMEOPEHHA  HOB020  NOKONIHHA

epexmuerux 3acobi¢ 0N NKYBAHHSA NOUKOONCEHD
WKIPHO20 NOKPUBY Y 8emepUuHapii.
Knrouosi  cnosa:  moougirxosani
aKmMueHULl dapmayesmuunuii iHepedienm,
KOMNO3UYiuHull ~ mMamepian,  NOAIGIHIIOBUN — CRUpm,
KPOXMATIb, peonocis, kcepoghopm.

nonicaxapuou,

Beryn. 3actocyBaHHS moiMEepHHUX MaTepiajiB
y PI3HHX Taly3sX IPOMHCIOBOCTI 00yMOBJICHE
KOMIUIEKCOM  (hI3MKO-XIMIYHHUX  BJIACTUBOCTEH,
cnenuiuHUX JUIST  KOXKHOi  raimys3i  OKpeMmo,
BKJIIOUaroun (papMarieBTUUHY Ta BeTepuHapHy [1].

BbiomomimMepn pi3HOTO TOXO/KCHHS aKTHBHO
JOCITKYIOTHCSI JUIS 3aCTOCYBaHHS B O10MEIHIIMHI
3aBISKM CBOIM 010CYMICHOCTi, 0iOpO3KIagaHOCTI,

HETOKCHYIHOCTI, HU3BKIN BapTOCTI Ta
YHIBEpCaTBHOCTI. Po3pobka YUCJIICHHUX
(yHKUIOHATI30BaHUX ~ CHUCTEM  Ha  OCHOBI

OiomostiMepiB 3 MOKPAIICHUMH (PI3UKO-XIMIYHHMH,
MEXaHIYHUMHU Ta O10JIOTTYHUMU BIIACTUBOCTSAMU 1€
OinpIle po3mmpuiia ix noTeHnian y cdepi JoCcTaBKH
JKiB.

Bynb-sike ypaXeHHsI HIKipH CYTPOBOIKYETHCS
MiABUIICHUM PU3UKOM PO3BHUTKY 1H(EKIIHHOTO
mporecy B paHi, a  ONIKOBa  TpaBMa
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XapaKTePU3y€EThCI HaSBHICTIO 3HAYHOL
TTOTITKOKEHOT TTOBEPXHI. bakrepiansHe
3a0pyMHEHHS paH Ta OMIKIB CYTTEBO YCKIIAIHIOE
nepelir  3aXBOpIOBaHHSA, OCOONMBO HA T
IMyHOIE(DIUTHOTO CTaHY, SKHA PO3BUBAETHCS B
TakMX BHUManKax. [HGiKyBaHHS, IHTOKCHKAIll Ta
MPUCKOPEHHS TEPMiHiB YTBOPEHHS E€MITENII0 PAaHH €

NPIOPUTETHUMH Yy  JIKYBaHHI  HOIIKOIKEHb
IIKipHOTO TIOKPOBY [2].

Po3poOka KOMIIO3U I THUX MmatepiaiiB
BETEPUHAPHOTO  MPHU3HAYEHHS  HAa  OCHOBI

010CYMICHHX TIOJIMEPIB € OJHHUM 3 MPIOPUTETHUX
HAIpsSMKIB y PO3BUTKY Cyd4acHOi (hapMareBTUIHOT
Ta XiMi4HOT MPOMHCIOBOCTI. L{e mosICHIOEThCS THM,
0 BHKOPUCTAHHSA TAaKUX MAaTepialiB CIPHUSIE
MiIBUIIEHHI0 €(EKTUBHOCTI JIIKyBaHHS TBapHH,
3HW)KEHHIO TMOOIYHMX €(QEeKTiB Ta MOJETIIECHHIO
mporecy Jorasay 3a  HuMmH.  KommoswumidHi
Marepiady Ha OCHOBI OIOCYMICHHUX ITOJIMEpIB
BIJKPMBAIOTh HOBI MOXKIHMBOCTI y CTBOpPEHHI
BETEpUHAPHUX TUTIBOK, IMIIJIAHTIB Ta MMOKPUTTIB, AKi
3a0€3MeuyoTh  KOHTPOJLOBAaHE  BHBUIHLHCHHS
JIKapChKUX PEYOBHH, IIPUCKOPIOIOTH 3aTOEHHS PaH
Ta MIHIMI3YIOTh PH3HK 1HQEKLIHHUX YCKIaIHEHb
[3.4].

MeTo10 podOTH € OZIeP>KaHHS KOMITO3UITIHHAX
MaTepialliB BETepUHAPHOTO MPU3HAYECHHS HA OCHOBI
MOIU(IKOBAHOTO KpOXMAIIO, fKi 3a0e3MedyIoTh
PO3pOOKY HOBHX aHTHUMIKPOOHHMX TILIiBOK-HOCIIB
ULl TpaHCAEPMAJIbHUX TEPAIIEBTUYHUX CUCTEM.

OcHoBHMI MaTepiaJ. 3 TOUKH 30py OXOPOHHU
3M0poB's, OioMarepiaii MOXKHA BHU3HAYNATH SIK
MaTepiaay, WLI0 BOJOAIIOTH JESIKMMU HOBUMH
BJIACTUBOCTAMH, AKI POOJATH iX MPUOATHUMH IS
0e3mocepeTHbOr0 KOHTAKTY 3 YKHUBOIO TKAHHHOIO

0e3 BHHHMKHEHHA OyAb-SIKMX HECHPHUSITINBUX
peaxiiif iMyHHOTO BiATOPTHEHHSI.
[pupoxni noJimMepu HIMPOKO

BHKOPHUCTOBYIOTHCS B TalTy3i OXOPOHH 3I0POB'S IS
BUT'OTOBJICHHSI CHUCTEM JOCTaBKH JiKiB. OCKUTBKH
npupoaHi  Oiomarepiand  MalOTh  HEBUCOKY
MEXaHIYHy MIIHICTh, iX 3aCTOCYBAaHHS SIK HOCIiB
JiKiB oOMexxkeHe. ToMy Taki Marepiamm XiMidHO
MOIUQIKYIOTH A TOKpAIIeHHS X MEXaHiYHHX
BIIACTHBOCTEH Ta TPUB’SA3Ka (QYHKI[IOHATBHUX
010JI0T19HO aKTUBHUX TPyTI. [1i/T 9ac BUTOTOBJICHHS
nux OlomarepiaiiB  HEOOXITHO MIATPUMYBATH
Oamanc MK  QI3UYHUMH = Ta  MEXaHIYHUMH
BIIACTUBOCTSIMHU pazom 3 MiHIMaJIBHOIO
TOKCHYHICTIO JIJISl TKAHUH [5].

Opnnak GioMaTepialiv MOBUHHI OyTH OTpHUMaHi
3 JIOCTaTHBOIO Ta BiATBOPIOBAHOIO YHCTOTOIO Ta
sIKiCTIO [6]. Takok OHUM 13 BaXKITMBUX HAIIPSMIB —
€ KOMITO3MIIiiHI MaTepiaii Ha OCHOBI CHHTCTUYHHX
Ta npupoAHux nomiMepis [7]. [gporemni Ha ocHOBI

OlomoyiMepiB BHMKIMKAJIM BEJIHKHH 1HTEpeC Y
TKaHWUHHIA 1EKEeHepii Ta 3acTOCYBaHHI IS
moctaBku mikiB [8]. Hes3Baxaroun Ha Bimowmi
nepeBary Ta IUpPOKe 3aCTOCYBaHHs OioMaTepialis,
ICHYIOTh Jesiki OOMEXEHHs, Taki SK IIOTaHi
MEXaHIYHI BJIACTUBOCTI Ta HU3bKa CTAOUIBHICTH Y
BOJIHOMY  CEpENOBHII, IO OOMexXye  ix
BUKOPHCTaHHS ISl OIOMEIUYHUX 3aCTOCYBaHb [9].
Omuak rigporelmi MarOTh IMTUPOKHH  CHEKTP
(yHKUIOHATBHUX TPYI, BKIIOYAIOYH TiIPOKCUIIBHI,
aMiHO- Ta KapOOKCUIJIBbHI TPYIH, SKi MOXYTb OyTH
JI0JIaTKOBO 3IIMTI Ta KOH'IOrOBaH1 3 JIIraHgaMH, 110
HAaIJIeH] Ha KIIITUHHA. IIpupogaumu
OlomojiMepaMu €  ToOJicaxapuad, TUIOBUMH
MPUKJIaAaMH SIKUX € XiTO3aH, T1alypOHOBa KUCJIOTA,
NEeKCTpaH, IMyJUTyJIaH Ta aibriHar. MIIHICTh
Mik(]a3HOro 3B'I3Ky 3aJeKUTH BiAg OaraTbox
¢dakTopiB, TakMX SK NOpUpoIa MaTepiaiiB, IO
BHKOPHCTOBYIOTKCS, TUIOIA MIOBEPXHI po3iiy a3,
YHCTOTA MOBEPXHi, CHOCIO 3MillyBaHHS Ta YMOBHU
00poOku. I1]00 mokpamumTu anresito Mix JBOMaA
PI3HOPITHIME Marepiangamu, MO>KHA
BUKOPHCTOBYBATH Pi3HI METOJH, Taki K (izvuHa
afcopOisi, XiMmiuHa peakmiss a0o JomaBaHHS
3B's3ytouoro arenTta [10].

3acTocyBaHHs OiomoiiMepiB  y  cdepi
TpaHCAEPMaIbHOI TOCTABKH MPHU3BOIUTH O HOBOT
NapaurMH [UIIXOM MaHIMymoBaHHS (Di3MYHUMH,
XIMIYHIMH Ta OIONOTIYHUMH  BJIACTUBOCTSAMHU
MOJICKYJT JIKIB, IO JO3BOJIAE iM JOJIATH IIKipHi

Oap'epy Ta  po3wmMpioBaTH  MicueBuil  abo
CHCTEeMHUH eeKT M1 Kpamux KIIHIYHAX
pe3yIbTaTIB.

[Nonicaxapuan BimirpaioTs (GyHIaMEHTAIBHY
poib Yy BCIX OKMBUX OpraHi3Max, OCKUIBKU
OCHOBHHI MeTa001i3M 0a3yeThCs Ha TIEPETBOPCHHI
BYIJIELIO Ta eHeprii. Lle mepeTBOpeHHS € BaXKIIUBUM
SIK 7151 aBTOTPOGHOIO, TaK 1 I TeTepoTPOGHOTrO
KHUBJICHHS 1 3aJHMIIA€TBCS 30CEPeKEHHM Ha

BYIJIEBOJIAX.

3aBAsKu CBOIM (yHKUIIOHATEHAM
BJIACTHUBOCTSIM, 010pO3KIIaIaHOCTI,
BIIHOBIIOBAHOCTI Ta IIUPOKIM  JTOCTYITHOCTI,

KpOXMajb 3HAXOQUTh IIMPOKE 3aCTOCYBaHHS B
PI3HHX Tamy3sX TPOMHUCIOBOCTI. Y XapyoBii
MIPOMUCIIOBOCTI BiH BHKOHY€E KiJibKa (DYHKIIH SK
reJIeyTBOPIOBAY, 3aryCHUK, CTa01Ii3aTop eMybCil

Ta  3aMiHHMK  kupy. Kpoxmamp  Takox
BUKOPUCTOBYETHCS y (dapMarieBTUIHOMY
BHPOOHMIITBI, BHUPOOHHWIITBI Tamepy, IHU3aiHI

NaKyBaJbHUX MaTepianiB, GOpMyJIIOBaHHI KIEiB Ta
TEKCTHILHOMY BUPOOHHIITBI.

Mopaudikamiss KpoXMaaio 3a JIOIMOMOTOIO
TaKUX AareHTiB, SK aHTIAPWUAHM, OKHCIIIOBaYi Ta
OCcH3MIIK, CIIPsIMOBaHA HA BHECEHHS CIICU()IIHIX
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3MiH y #oro ximiuHi, izuuHi abo QyHKIiOHATBHI
BracTuBOCTI. 1l Momudikartiss MoXKe ITiIBUITATH
XIMIYHY pEakIliiHy 3MaTHICTh KpPOXMAaIl0, THM
caMuM CTPUSIOYN YTBOPEHHIO HOBHX
(dbyukmionansHUX Tpym. KpiM TOoro, BoHa MOXe
peryJIIOBaTH PO3YMHHICTE KPOXMATI0 B PI3HUX
PO3YMHHUKAX, IO € BUPIIAIBHUM Ui HOTo
BUKOPHUCTAHHS B PI3HUX PELENTYpax, TAKUX K KIIei,
MOKPUTTS, (papMalleBTHYHI IpermapaTd Ta Xap4oBi
NPOAYKTH. binblie Toro, BoHa MOXE JO3BOJHUTH
MomudikyBaTH  BSI3KICTH Ta  TiApoQoOHICTH
KpOXMAJII0, 5K II¢ BUIHO Y BUIAAKY MOIU(iKarii
KpOXMAaJII0 3a JOIOMOIOI OCH3UIOpOMILy, L0 €
MEPEeBaroio B TAKUX 3aCTOCYBAHHSAX, SIK 3aT'yCHHUKH,
CIIOJIYYHI PEYOBHHHU Ta TEKCTYPYIOUi areHTH, IO
BUKOPUCTOBYIOTBCSI B XapuoBHUX IPOAYKTaX,
¢dapManieBTHYHUX  Mpemapatax Ta  3acolax
ocobuctoi ririean. ToMy Ba)XJIMBO JOCIiIKYBaTH
BIJIITOBITHI METOIUKH MOAMMIKAII KPOXMAITIO IS
MOKPAIIEHHS HOT0 XapaKTEPUCTHK Ta PO3IMIUPEHHS
HOTro MOTEHIIIHHUX 3aCTOCYBaHb [9].

XiMigHi Moaudikamii BBOISITH HOBI
(yHKIIOHAJABHI Tpynu 0e3 3MiHH MopQosorii
rpadyn abo posmozainy ix posmipiB. Lli 3miHM
BIUIMBAIOTh Ha  (Pi3MKO-XiMi4HI  BIAaCTHUBOCTI
KPOXMAJTIO, BUKITUKAIOUH CTPYKTYPHI Momudikarii,
AK1 poONATH HOTO MPUAATHUM Ui PI3HOMaHITHUX
MIPOMHUCIIOBUX 3aCTOCYBaHb. i XiMivHi
KOPUT'YBaHHS BIUIMBAIOTh HA [IOBEJIHKY KPOXMAJIIO,
BJIACTUBOCTI TICTa, 3JaTHICTH IO JKeJIaTUHI3aIll Ta
cuny perporpanauii. Takum dYumHOM, mi XiMidHi
Moaudikarlii MalOTh MOTCHINA IS MTOKpAICHHS
XapaKTePUCTUK KPOXMAIIO Ta PO3IIMPEHHS HOro
BUKOPHUCTAHHS SIK Y XapyoBil, Tak i B HEXap4oBiit
npomMucioBocTi [11].

Jlist 3MiHEM MOJIEKYJISIpHOI KoHpiryparii Ta
(YHKLUIOHATBHAX  XapakTEPHUCTUK  KPOXMAJiB
3aCTOCOBYIOTbCA Pi3HI XIMi4HI 3MiHHM, TaKi SIK
3IIUBAHHS, ecTepudikaris, eTepudikaris,
OKHCJICHHS Ta KHUCIOTHHMU Tifpomi3. Lli Meromm
XimMiuHOT Moaudikamii ciaykaTb eQEKTHBHUM
3aco000M sl TIOKpAIlEHHS II€BHMX AacCIEKTiB
(YHKIIOHATBEHOCTI  KPOXMalio,  TaKhX  5IK
HaOyXaHHs, OKeNaTHHI3alisl Ta peTporpagais.
OCHOBHOIO METOIO € 3aJOBOJICHHS CHEeUU(iYHUX
BHMOT IIPOMHCJIOBHX 3aCTOCYBaHb.

Po3pobka edekTMBHHMX IUNIBOK BHMAarae
TTTUOOKHUX 3HaHb (bapmMaKoIOTiuHIX Ta
(hapMarieBTHYHUX  BJIACTHBOCTEM  JIKIB  Ta
MOJIMEPIB, a TaKOoX BIAMOBITHOTO BHOOPY
BUpOOHMYKX TporeciB [12].

Hocaimxkennsn. Jns onepkaHHS —TIUTIBOK
TpaHCAEPMAJIbHUX  CUCTEM  BUKOPHCTOBYBAJIU
MOIU(IKOBaHUI KpOXMallb, MOJIBIHUIOBHHA CHHUPT
Ta aKTUBHHA  (apMaleBTHMYHMN  IHTPEi€HT.

MoudikoBaHUH KPOXMadb OTPUMYBAIH MUITXOM
00poOku  kapromsHoro  kpoxmamo  (JICTY
4286:2004) smmonnoro (JICTY 908:2006) Ta
momounoro  (JICTY  4621:2006) kucmoramu
koHneHrparismu 0,5 mone/n ta 1,0 Mow/i, vac
00pobku (1,5; 2,0; 2,5 romuH), mpH IOCTiIHHIN
temneparypi 40°C.

omisininmosuit cnupt (IIBC) TY 2215-088-
00203766-2007 — OumiA TpaHyIHLOBAHUI
MIOPOIIIOK, BOJOPO3YMHHNN CHHTETUYHUH HE1OHHUN
mojiMep, 3  TOMIPHUMH  MYKOAATe3UBHUMHU
BIIACTUBOCTAMHU [13].

Kcepodpopm (UA/12732/01/01) — BicMyTy
Tpubpompenomsr (2,4,6-rpudpoMdeHoOAT BicMyTY
OoCHOBHHUI). Momsgpua maca — 1198,35 r/mois.
AMop(hHHUI TOPOIIIOK KOBTOI'O KOJIBOPY 31 CIIa0KUM
CrieIM(iTHAM 3aI1aXxOM 31 CTPYKTYPHOIO (DOPMYIIO0
npencrarieHor0 Ha puc.l. Bpyrro dopmyna:
ClgHéBiBr903_

Br Br

O Br Br
Br Bi3*

Br
Puc. 1. Crpykrypra hopmymna kcepohopmy

BuroToBieHHs MIiBOK 3 moyaTKy roTyBanu 10
% pozunHiB Moaudikosanoro kpoxmainio (MK) ta
nojiBinioBoro cnupty (IIBC 17-99). Bubip wiei
KOHLEHTpalii OyB 3yMOBJIICHHH MONEpeIHIMH
JOCITI/DKEHHSAMH, SIKi BKa3yBaJIM Ha OINTUMAJIbHI
TUTIBKOYTBOPIOBAIBHI XapaKTePUCTHKUA IT 000X
MTOJTIMEPIB.

loryBamu  10%-1  po3umn IIBC mnpu
temmeparypi 85-90 °C ma Bopnsmili Gami mnpu
MOCTIHOMY TIepeMinTyBaHHI npoTsrom 35-40 XB.
BukopuctoByBanu Boay 3-ro Kjacy 4YHMCTOTH Ta
JOJaBaiy TIILEpPUH B SKOCTI muactudikatopa 2
Mac.% Ilicns mpuroTyBaHHS OKpEMUX PO3YHHIB 1X
3mimryBaiu B mpornopuisix MK:IIBC 25:75, 50:50 ta
75:25 ta nmomaBamu kcepodopm 10 mac.% (Bix
KUTBKOCTI CyXUX pPEYOBHH KOMITO3HITIT).
dopMyBaHHS IUTIBOK IPOBOJWIN METOIOM IIOJIUBY
3 PO3YMHY Ha MiIJIOXKKY, 3 MOJATBLIINM CYLIIHHSIM
npu temneparypi 45-50 °C mporsarom 90-120 xB B
CYIIWIBHIN 11adi.

Jnsi BUMIpIOBaHHS B’s3KOCTI OyB oOpaHuit
Bickozumerp «Vevor NDJ-5D»  (uudposwuii
pOTAIitHUI  BICKO3UMETP) 3 TEMIIEPATYPHUM
inTepBasiom 23-25 °C.
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B’s3kicTb PO3UYMHIB Ha OCHOBI Tabnnus 2
MOAU(IKOBAHOTO KpOXMaJIO 3 IIBC 3HaveHHst KOHCTAHT K Ta n 1715 po3unHiB
i ITOPSITKOBYETRCS  CTYIICHEBOMY  3aKOHY — Ta Moaupikosanoro kpoxmamaw ta I[IBC 3
xapakTepusyeTbes piBHIHHIM (1) OctBanbiga — ae Kcepogopmom
Binna: Monudikariz 0,5 MoJIBb 1,0 Monb
KPOXMaJItO
n=K- yn—l (1) CkJiaji po34rHiB K, n K, n
(0,5 monb) IMa*c IMa*c
PesyabTatu. B KOMITO3HITISIX 31 30UTBIIICHHSAM JIumonHna kuciaora 1,5 rog
kimpkocTi  IIBC  cmoctepiraeTscsi  3HIKCHHS MEK/IIBC 25775 6.41 067 1658 0.61
KOHCTaHTHU piBH;{gH;I n, 110 BKa3y€e Ha 30UIbIICHHS MK/IIBC 50/50 6206 02 59 6239 0z66
crpykTypoBasocTi K. MEK/TIBC 75/25 578 | 0.72 | 651 | 0,67
JIumonHa kucjaora 2,0 roa
Tabmuus 1
3uauenns konctant K Ta n aus posunnis MRTIBC 2575 040 1067 1672 10.59
MoaudikoBanoro kpoxmaii ta [IBC MK/IIBC 50/50 6,21 0,68 | 6,53 0,65
— MK/TIBC 75/25 5,93 0,69 | 6,25 0,66
Mommikauis 0,5 MoJh 1 Mo JInmoHHa Kuca0Ta 2,5 rog
KpPOXMaJI0
] K, K, MK/TIBC 25/75 6,50 0,64 | 6,79 0,60
CRIAPOIMHIB | proye | M | axc | D MK/TIBC 50/50 629 [0.65 [6.62 [o0.64
JlumonHa kucjaora 1,5 rog MK/TIBC 75/25 6,00 0,67 |6,22 0,65
MK/TIBC 25/75 6,41 1061 |6,53 |0,61 Mouiouna kucaoTa 1,5 rog
MIUTIBC 50/50 602 10,69 | 621 |0.66 MK/IIBC 25/75 [ 11,55 [ 0.33 [ 7.70 ] 040
MK/IIBC 75/25 5,74 10,73 [ 6,08 0,68 MK/TIBC 50/50 781 |040 |7,76 |0,38
Jlumonna kucjaora 2,0 roa MK/TIBC 75/25 7,10 0,52 | 7,89 0,36
MK/TIBC 25/75 6,36 0,62 | 6,69 0,60 Mo.Jiouyna kuciaora 2,0 rog
MK/TIBC 50/50 6,18 ]0.68 |6.35 |0.66 MK/IIBC 25/75 8,10 [025 [7.84 [036
MKMIBC 75/25 5,89 10,69 1622 |0,69 MK/IIBC 50/50 7,77 1059 7,78 (041
JIuMOHHA KHCJI0TA 2,5 TOJ MEK/IIBC 75/25 6,89 0,60 | 7,02 0,61
MK/IBC 25/75 6,44 10,62 16,76 |0,62 MoJ104Ha KHCI0TA 2,5 To]
xgggg 32; ;2 gg; 3’2; 2"2‘3 3’2‘5‘ MK/IIBC 25/75 [ 7.82 [ 033 [ 7.72_ [ 034
VT T ——- ’FOII 2 2 2 MK/TIBC 50/50 7,71 0,37 | 6,62 0,53
T 7o To37 oo Toms MK/TIBC 75/25 714 049 [586 |o0.76
MK/TIBC 50/50 7,58 1039 | 7,65 0,34 B KOMIMO3HUIIIIX Ha OCHOBI IOJiCAXapHIiB 3
MK/MBC 75/25 6,72 [0.61 [7.61 037 kcepodopmoM, 31 30inbimieHHs Kinekocti IIBC
MoJ104Ha KHCJI0TA 2 IO/ CIIOCTEPIra€ThCsl 3HMKCHHS KOHCTAHTHU PIBHSIHHS N,
MK/TIBC 25/75 7,84 1036|771 |038 1110 BKa3y€ Ha 30LIBIIEHHS CTPYKTypoBaHOCTI K.
MK/IBC 50/50 772 10,38 |7.81 | 040 Auanis  rpadiuHMX JaHMX ~ iATBEPIKYE
MEK/TIBC 75/25 6,74 0,59 | 6,94 0,41 3HIDKEHHS TIOYaTKOBOI B'SA3KOCTI JUCHEpCiit 3i
MoJ104Ha KHCI0TA 2,5 10} 30LJIBIICHHSAM BMICTY MOAM(DIKOBAHOIO KPOXMAIIO
MEK/IIBC 25/75 780 |036 | 7.67 | 0.34 B JOCJI/KYBaHOMY Jiama3oHi KOHIIEHTpamii
MEK/TIBC 50/50 766 | 038 | 626 | 0.56 (puc.3.7-3.10). Ilpu upomy THH MoaudikaTopa
MEK/IIBC 7525 6.84 058 | 581 |0.78 (MMMOHHAa YW MOJOYHAa KHCIIOTa) Ta MOro

BcTanoBimeHo, 1m0 BCl JOCHTIIKEHI PO3YUHU
KOMITO3HINH BiZHOCATHCS IO TICEBIOIIACTHYHUX
CUCTeM (aHOMAIbHO B’SI3KHX CTPYKTYpOBaHUX
cucrem, e n<l), mpu [bOMY 3 POCTOM HIBHIKOCTI
3CYBY CIIOCTEPITAETHCS 3HUKEHHS B’ I3KOCTI.

KOHIICHTpAIlisl, BHKOpWUCTaHA I Mommdikarii
KpOXMaJlto, MalOTh CYTTEBHH BIUIMB HAa a0COIIIOTHI
3HAYEHHS B'A3KOCTI Ta JUHAMIKY i1 3MiHU. 30Kpema,
MO)XKHa CITOCTEpIiraTé BIAMIHHOCTI Y B'SI3KICHUX

XapaKTEPUCTHKAX KPOXMaio, MoaAu]ikoBaHOTO
JIMIMOHHOIO KHCJIOTOIO, MOPIBHSHO 3
MOMU(IKOBAaHUM  MOJIOYHOIO  KHCIOTOKO  3a

CKBIBaJICHTHIX YMOB.
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Y nporeci KHCIJIOTHO-KaTaIi30BaHO1
Moaudikarlii KpoXMato BigOYBaeThCS B3aEMOIS
KapOOKCWIBHUX TPyH 3 HOTr0 TOJicaxapuIHOI0
MaTpHUIel0, [I0 MPHU3BOAUTH 1O YTBOPEHHS
KOBQJICHTHUX 3B'SI3KIB MK MaKpOMOJIEKYJIaMH
KpOXMAJTIO 1, SIK HACIHIJOK, IO 3HIDKCHHS CTYTICHS
noJimMepu3anii pO34MHY. Len (heHomeH
JIETepPMIHY€ETbCSI TUM, L0 KapOOKCHJIBHI TPYIIH,
ITOYAaTKOBO MPHUCYTHI Y PEaKIiitHOMY CEpeIOBHIII,
MOCTYIIOBO  IHKOPHOPYIOTbCSI B CTPYKTYpPY
KpOXMaJio, i€ BOHM KaTajJi3yloTh MpOLECH
pO3TTYKEHHS Ta TiAPOTITHIHOTO PO3MICIIICHHS
[14]. Bmacmimok IhOr0 KOHIIEHTpAIis BUIBHUX
noJiiMepHUX (pparMeHTiB y pO34UHHI 3MEHIIYETHCS,
MO  KOpemoe 31 3HWKCHHSAM  CTYIICHS
TToJTiMEpH3aItii. Amnani3 CTIIEKTPaTHHUX
XapaKTePUCTUK PO3YMHIB, BUKOPUCTAHHUX IS
00pOoOKHM KpOXMajlo, MiATBEPAKYE 3HIKECHHS
KUTBKOCTI ~ KapOOKCWJIBHUX  TpyHn, IO €
Oe3nocepeIHiM JI0Ka30M IXHBOTO TPUETHAHHS JI0
KPOXMaJTbHUX JIAHITFOTIB.

JlumonHa KuUCIOTa, OyIy4Yd TPUIIPOTOHHOIO
KHCJIOTO!O, (DYHKIIIOHYE K 0araTo()yHKI[IOHATbHUH
Kpoc-niHkep. [i B3aeMois 3 KpoXManeM crpuse He
JUIIE TiAPONITUYHOMY PYHHYBAHHIO TIiKO3HIHUX
3B'SI3KiB, ajie i ecTepudikallii rapOKCHILHUX TPYIT
kpoxmamio. Lleii mpomec  mpu3BOAMTH IO
(¢opMyBaHHA  KOBAJCHTHO-3MIUTOI  MEPEKEBOI
CTPYKTYpH, SIKa 3YMOBIIIO€ IIIABUIIICHUN CTYITiHb
roJTiMepu3aIlii MOPiBHSAHO 3 HATHBHUM KPOXMaJeM
[15].

Ha BimmiHy Bix TUMOHHOI KHCJIOTH, MOJIOYHA
KHCJIOTA, SIK OTHOOCHOBHA KapOOHOBA KHCJIOTA, MAE
JUIe OAHY KapOOKCWIBHY TpyIly, L0 CYTTEBO
oOMexye 11 3HaTHICTP [0 MDKMOJIEKYJISPHOT
3muBKA. KpiM ToTO, IpH MiABUIICHH] TeMITepaTypH
BOHa MOJXE Karali3yBaTH 4YacTKOBHH TiIpoii3
KpOXMaJio, M0 Bele A0 Jerpaiamii mojgiMepHHX
JIAHITIOTIB 1, SIK HACIIIOK, IO 3HMKEHHS CEPeIHBOT
MOJICKYJIIPHOI MacH Ta CTYIICHS IOJIiMepHh3aIii
[16].

CopOriitHa €MHICTP METHJICHOBOTO CHHBOTO
OyJa JocCTipKeHa SIK Pelpe3eHTATHBHUN KPUTEPIiid
JUIS1 OLIIHKY MOTEHII ATy MaTepialy CeKBECTyBaTH Ta
eNiMiHYBaTH KaTiOHHI CTIOMYKH a0o iHII pO34YHHHI
KOHTaMiHaHTU 3 EKCYJIaTy pPaHOBUX MOBEPXOHb.
Metunenopuit  cuHit (MC) €  KaTiOHHHM
XpoMOQOpoM, L0 CIYTye MOAEIHHUM aHaJOroM
KOHTaMIHAaHTy B aJCOPOLIMHUX MOCITIKCHHIX, a
TaKO 3aCTOCOBYETLCS SIK OApBHUK Y MiKpoOioorii
Ta IHIWKATOp Yy TECTaX Ha JKUTTE3AATHICTh KIITHH.
Sx To3WTMBHO 3apsipkeHuidt  xpomodop, MC
e(hEeKTUBHO 3a0apBItoe €JIeKTPOHETaTUBHI
MikpoOHi kiiTuHHU. [lozutuBHI Xpomodopu MC
afcopOyIOTbCSI Ha  HETaTHBHO  3apsKCHUX

KIITHHHUX CTiHKaX, OI0 POOUTH HOro MIMPOKO
BUKOPHCTOBYBAaHUM "TIO3UTUBHUM OapBHUKOM".
EnexTpoctatudHa B3aeMOlisi BUCTYIIA€ OCHOBHHUM
pymidHuM  (aKTOpOM WOTrO TIOTJIMHAHHS —Ta
B3aemomii 3 Oaktepismm [17]. 3 wmeTomO
MPEIM3IHHOTO KiJBbKICHOTO aHalli3y KOHIICHTpAIlii
METUJICHOBOTO CHUHBOTO MC) B
EKCIICPUMEHTANIBHUX 3pa3kax Oyia po3poliieHa
KajmiOpyBaibHa  3adexHicTh. lLleit eram €
(hyHIaMEeHTATLHUM aCIEeKTOM
CIIEKTPO(OTOMETPUYHOTO aHaJi3y, OCKIIbKUA BiH
JTO3BOJISIE BCTAHOBHTH BAJIHY KOPEISIINIO MiX
BHMIPSTHOIO OTITUYHOIO MIUTBHICTIO (abcopOiriero) Ta
BiZIOMOIO KOHIIEHTpali€to aHanmity [16]. Otpumani
JlaHi, Bi3yai30BaHI Ha PUCYHKY 2, CBIIYaTh IIPO
BHCOKY COPOITIHHY 3JaTHICTh YCiX MPOTECTOBAHUX
KOMTIO3HIIIH IDTIBOK IIOJ0 METHIICHOBOTO CUHBOTO.
Byno 3adikcoBaHo, 1m0 B AMHAMII MOTJIMHAHHS
MC crocTepiraigocss 3pOoCTaHHSA 31 301TBIICHHIM
yacy KOHTaKTy JJs BCiX 3pa3KiB, JOCATAIOYU
BHUCOKHUX COPOIIMHUX IMOKA3HUKIB BXKE IMPOTATOM
60-XBUIITMHHOTO nepiomy CITOCTEPEKECHHSI.
IIpuMiTHO, 1IT0 MaKCUMAaJIBHHUM BiJICOTOK acOpOITii,
3adikcoBaHMiA cepel] MOCTiKSHUX KOMIIO3HININ 32
60 xBunuH, nepeBumuB 50 %, 110 OJHO3HAYHO
CBITYUTH MPO BHUCOKY aACOPOMiHY e(heKTUBHICTH
PpO3pO0IEeHUX KOMIO3HIIIMHUX TUTIBOK.

Copbuist (%)

Yac ekcnoauuii (xs)
© MK(1m.5k. 1,5r0n)MBC (25/75) + Kcepodopm 10 Mac.% @ MK(0,5m.nik. 1,5ron)/MBC (75/25) + Kcepochopm 10 Mac.%

MK(1M.1K. 2,508)MBC (75/25) + Kcepocpopm 10 Mac.% 4 MK(1m.mk. 2 ron)MBC (50/50) + Kcepocpoph 10 mac.%
= MK(1w.mK. 2,5100)TIBC (75/25) + Keepodpopm 10 mac.% % MK(0.5 w.mk. 2,50n)MBC (25/75) + Kcepochopmt 10 Mac.%

Puc. 2. KiHeTrka morimMHaHHS METHJIEHOBOI'O CHHBEOI'O
mriBkamMu Ha ocHOBI MK/TIBC 3 kcepodopmom

Kimetnyni Ta €MHICHI  XapaKTEPUCTHKH
ancopOIii  METHJICHOBOTO CHHBOTO Oyiu
JIETepMiHOBaHi K CITIBBIIHOIIEHHSAM

MOJIU(IKOBAHOTO KPOXMAIIO JO MOJiBiHIIOBOTO
CIIUPTY y CKJIJi KOMIIO3UITIHHOI TUTIBKH, TaK i

cneuupiyHIMH napaMeTpaMu Moudikaii
KPOXMaJio, BKIIOYAIlOYM THII Ta  MOJIPHY
KOHIICHTPAITII0O OpraHiYHOi KHCIIOTH, a TaKOoX

TPUBATICTh peakiii. 30KpemMa, KOMIO3WIIi 3i
criBBimHomenHssM MK/TIBC 25:75, monudikoBaHi
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MosouHoro kuciotoro (0,5 wmome/m, 2,0 ron),
BYSIBIUTH HAWBHUINHMHA anCcOPOIIHHAN BiICOTOK, IIIO
cranoBuB 50,91 % micns 60 XBWIMH KOHTaKTYy.
HesBaxkatoun Ha  BapiaOenbHICTh  KiHETHKH
azcopOIil MK piI3HUMH 3pa3KaMH, BCI KOMITO3HUITI{
MTOCITIIOBHO JIEMOHCTPYBaJIM BHUCOKI COpOIIiiiHI
MO>KITUBOCTI.

Bucoxka e(heKTUBHICTh azacopOrii
METHJICHOBOTO CHHBOTO IiJITBEPKYE 3HAYHUI
MOTEHITia PO3POOJICHUX ITUTIBOK OO0 COpOIIii Ta
eniMiHamii He TUTBKK PaHEBOTO EKCYaTy, a i iHIINX
IIKIITTUBAX PO3YNHHUX KOMIIOHCHTIB, IPUCYTHIX Y
paHi, a caMe CHAOTOKCHHH YU MeAiaTopu
3amajeHHs, fKi, K MPaBHJIO, € KaTIOHHUMH a0o
MOJISIPHUMHA 3a CBOEIO TPUPOJIOKO.
[IpomemoHCcTpOBaHa BHCOKa COpPOIliiiHA EMHICTB,
ocobmmBo g MC siKk MOZIETBHOTO KOHTaMiHaHTa,
migkpecioe (QyHKIIOHATBHY €(EeKTUBHICTD IHX
MaTrepianiB IJIT aKTHBHOTO MEHEIDKMEHTY paHU Ta
aKIEHTye Ha CHHEPreTHYHId poJli MOJiMEpHO]
MaTpHIli, SKa KOMIUIEMEHTYE aHTHCENTHYHY IO
KcepodopMy,  CHOPHUSIOYM  OYUINEHHIO  PaHU.
MOKIIMBICTh aIalITUBHOI OMTHUMI3aIlii COpOITIHHNX
BIIACTHBOCTEH MNUISIXOM Bapiallii CHiBBiJHOIICHHS
nojimMepiB  Ta yMOB Moau(ikamii KpOXMaio
YMOXITUBIIIOE ~ HAJNANITYBaHHS ~ XapaKTEPHCTUK
MaTepiany A cneuruiyHuX KIHIYHUX arutikamii
Ta YOpPAaBIiHHS pI3HUMH THIAMH W ob0caramu
paHeBOTO eKCyIaTy.

BucHoBku. VY  pe3ynbTari  MPOBEICHHUX
JOCITIKEHb OyIo po3pobiieHo Ta
0XapaKTepU30BaHO  KOMIIO3MITIHHI  MaTepianu
BETEPUHAPHOTO  TPU3HAYCHHA  HAa  OCHOBI
MOIU(IKOBAHOTO  KpOXMallo,  MOJiBiHIJIIOBOTO
CIHPTY Ta KCEPOPOPMY 3 METOIO CTBOPEHHSI HOBUX
AHTUMIKPOOHHX IUTIBOK-HOCIIB UL
TpaHCAEPMAJIbHUX  TEPaleBTUYHUX CHCTEM.
BcranoBneno, mo Bci  po3poOJeHi  pO3UMHH

JEMOHCTPYIOTh TICEBAOIIACTHYHI BJIACTHBOCTI, 1110
XapaKTePU3yIOThCSA  3HIDKEHHSAM B S3KOCTI 31
30iJBIIEHHSAM MIBUAKOCTI 3cyBy. [lokazano, 1o
xiMiuHa Moau(ikalis KpOXMaI0 JIMMOHHOIO
KHCJIOTOIO CIIPHSIE YTBOPEHHIO KOBAICHTHO-3ITUTOT
MEPEKEBOI CTPYKTYPH, TOJi SIK MOJIOYHA KHCIIOTa
BHSIBUJIACS MEHIII e(hEeKTUBHOIO JUTST
MIXKMOJIEKYJIIPHOTO 3IIUBaHHA. J[oBeleHO, 1o
PEOJIOTIYHI BIIACTUBOCTI KOMITO3HIIIH MOXYTh OYTH
aJanToBaHi MUISXOM BapirOBaHHS CITiBBiTHOIICHHS

mojiMepiB Ta yMOB Moaudikamii Kpoxmalo.
JlomatkoBo, JTOCITIIKEHHS azcopOIiHHIX
BIIACTHBOCTEH IMOKAa3al0 BUCOKY €(EKTUBHICTh
pO3po0OJIEHUX  TUTIBOK O[O0  IIOTJIMHAHHSA

METHJICHOBOTO CHHBOTO, IO IMIATBEPIKYE iX
MOTEHIlaN JUIS OYUIICHHS PAHEBOTO JOXa BiJl
eKCy/laTy Ta IHIMUX IIKUIUBUX PO3YUHHHX

KOMIIOHEHTiB. ~ Takum  YMHOM,  PO3poOIeHi
Martepialii € IepCIeKTUBHIMU JIJISl 3aCTOCYBaHHS Y
BETCpUHAPHINA MEOWIMHI  SK  (QYHKITIOHAIBHI
NOB'SI3KH, MIO TOEAHYIOTH y €00l BIaCTHUBOCTI
KOHTPOJIBOBAHOTO BUBUILHEHHS aHTHCENTHYHOTO
areHTa 3 BHUCOKOIO COPOIITHOIO 3JATHICTIO, IO €
KPUTHUYHO BXJIMBUM JUIS KOMIDICKCHOTO Ta
e(heKTUBHOTO JIIKyBaHHS IOIIKO/DKCHb IIKiPHOTO
MOKPUBY.
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Ishchenko O.V., Strashnyi V.V., Kuchynska
D.A., Kharytonenko G.I., Resnytskyi 1.V, Kuchynska
M.A. Composite material for veterinary purposes
based on modified starch

The article considers the development of veterinary
composite materials based on modified starch with the
aim of creating new antimicrobial film carriers for
transdermal  therapeutic  systems. The research
methodology involved the chemical modification of
potato starch with citric and lactic acids under various
conditions, followed by its combination with polyvinyl
alcohol and xeroform as an active pharmaceutical
ingredient. The rheological properties of the resulting
compositions were studied by rotational viscometry. It
was established that all developed solutions exhibit
pseudoplastic properties (n<1) and are characterized by
a decrease in viscosity with an increasing shear rate. It
was proven that citric acid, due to its multifunctionality,
promotes the formation of a covalently cross-linked
network structure, which leads to an increase in the
viscosity of the solutions. In contrast, lactic acid, having
only one carboxyl group, proved to be less effective for
intermolecular cross-linking and in some cases catalyzed
the partial hydrolysis of starch. The results confirm that
the viscosity of the compositions significantly increases
with an increase in polyvinyl alcohol content and upon
the addition of xeroform, especially for mixtures based
on lactic acid-modified starch. Additionally, the kinetic
and capacitive characteristics of the adsorption of
methylene blue (MB) as a model contaminant were
studied. It was found that films with a high content of
modified starch, in particular those modified with lactic
acid, demonstrate high sorption capacity. This indicates
the promising use of the developed materials not only for
the retention of medicinal substances, but also for the
effective cleaning of the wound bed from exudate and

toxic compounds, which is a key factor in accelerated
wound healing. The obtained data demonstrate the
prospects of using the developed materials for creating
effective agents for treating skin damage in veterinary
medicine.

Keywords:  modified polysaccharides,
pharmaceutical  ingredient,  composite
polyvinyl alcohol, starch, rheology, xeroform.
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JOCIILIKEHHA OCOBJUBOCTEM AE@OPMYBAHHS
MHEBMATHUYHOI PECOPU B YMOBAX ABAPIHMHOI POBOTH

Ky3umun A.5., Kopanbuyk B.B.

STUDY OF THE PECULIARITIES OF DEFORMATION
OF A PNEUMATIC SPRING UNDER CONDITIONS OF ITS EMERGENCY
OPERATION

Kuzyshyn A. Ya., Kovalchuk V.V.

besnexa pyxy € wxmouosoio 3adaueio excniyamayii
pyxomozo  cknady. Bpaxosyrouu — menoenyito 00
30LIbUIEHHS WBUOKOCIMEN PYXY CYYACHUL PYXOMUL CKIAO
MA€ KOHCMPYKMUBHI 3MIHU 8 MeXaHIuHill yacmuHi, a
came 3aCMOCY8AHHA NHEBMAMUYHOT CUCEMU PECOPHO20

niogiwysanns.  Cucmema  Mae — Xapakmepucmuxu
orcopcmrocmi ma  Oemngysanns. OOHak, 6 npoyeci
excnayamayii - MOXMCIUGL  GURAOKU — HECNpPAGHOCMI

nHesMamuyHoi cucmemu (8i0CYmHiCmMb CMUCHEHO20
nogimps), wo nepeobauamume nepeoavy
HABAHMADICEHHsT KY308a HA Bi3KU uepe3 asapiuHi
NpYJHCUnU, AKI MAlOMb 3HAYHO OLILULY JICOPCMKICMb Y
NOPIGHAHHI i3 NHEBMATNUYHOIO PecopOoI0 Npu ii CHPAGHill
pobomi. Bce ye npuzsede 00 30ibeHH CUL Y 8 535X
MIDIC KOHCIPYKIMUGHUMU eeMEHMAMU PYXOMO20 CKAAOY
ma cu 83aeMo0ii KOAICHOI napu 3 petikogoio KOE, d 6
nooanbUWoOMy 00 0bmedcenHs weuokocmetl pyxy. Taxum
YYUHOM ~ Memow  cmammi €  eKCHepUMEHMANbHe
odocnidoicenns ocobausocmeil Odepopmysanns
nHesMamuyHoi pecopu 6 ymosax il agapitinoi pobomu ma
BUSHAYEHHA BENUUUHU BEPMUKATILHO20 0eqhopMyBaHHS
asapiunoi npysicunu. Jna docsenenus yici memu 0yn0
po3pobieHo MemoOouKy eKCnepuMeHmMaIbHUx
docidoicenn B8EPMUKATLHO20 Odepopmysanns
NHeBMamu4HoOI pecopu 6 ymosax asapiiHoi pobomu, axka
b6aszyemocs HA  3ACMOCYBAHHI  NOMEHYIOMEMPUUHO20
damuuka JIHIHUX Nepemienb, aHanio2o-yupposoco
nepemeopiosaua ma HOymoOyka 3i Cneyianizo8aHum
npoSpamHuM 3ab6e3neventam. ¥ pe3yavmam npogeoeHux
00CIE0MHCEHD 6CMAHOBIEHO 3aKOHOMIpHOCMI
B8EPMUKANLHO20 0eQOPMYBAHHA NHEBMAMUYHOI pecopu
nio 8NIUBOM CMAMUYHO20 HABAHMANCEHHA 8i0 Macu
Ky308a hi0 uac 1020 OCIOAHH BHACTIOOK 3HUINCEHMHS
Mmucky noeimps 6 cucmemi. Ananiz ompumaHux
3aKOHOMIpHOCMEU  003807U8  B6CHIAHOBUMU  YOMUPU
OCHOBHI emanu pobomu nHeeMAMU4HOl pecopu 8
asapitinomy pexcumi:  0eqpopmy8aHHs 2yMOKOPOHOI

000JIOHKU, KOHMAKM KV308d 3 ABAPIIHOIO NPYICUHOIO,
nooanvuie 0e)opmy8anHs asapiiHoi NPYX’CUHU Ni0
HasaumasiceHHAM I 3a8epuienns i oegpopmayii. ¥V x00i
excnepumenmy  3aghikcosano, WO  MAKCUMATbHA
BEIUNUHA  BEPMUKATLHO20 0eOPMYBAHHA  ABAPIHOT
npyoicUHU  nHeemMamuynoi pecopu odocseac 7,18 mm.
Haykosa nosusna ompumanux pezynibmamie noNA2a€ y
eKCnepuMeHmMalbHOMY 8CIAHOBIEHHI 3aKOHOMIPHOCTEl
Oepopmysanns nHeemMamuyHoi pecopu 6 ymoeax ii
asapiunoi  pobomu  ma  BUBHAYEHHI  GEAUMUHU
B8EePMUKATILHO20 OeopMmysanHs asapiunoi npyacunu. Ile
00360aUMb  OibW  MOYHO  Modenosamu  pobomy
NHEBMAMUYHOL pecopu ma 8 NOOANLUOMY AHANIZYE8AMU
OUHAMIYHT NOKA3HUKU Oe3NeKu pyxy pyxomozo ckiaoy 6
YMOBAX ABAPINHO20 pedcumy pobomu NHEeBMAMUYHOL

pecopu.
Kmouosi  cnosa:  wieuokichuil  pyxomuii  CK1ao,
nHeBMAmuyHa pecopa, aesapiina npyJtcuna,
Oeghopmysannsi, sepmMuKanbHe HABAHMAICEHHS,

GHYMPIUHITI MUCK.

Beryn. 36inbIIeHHs IPOMTYCKHOI Ta MPOBi3HOT
3IATHOCTI 3aIi3HUIIl € KJIIOYOBOK 3ajayero ii
PO3BUTKY, IO € MOKITUBUM 32 PaXyHOK 301IBITICHHS
IIBUAKOCTEN pPyXy. IIpore 301IbLICHHS
HMIBUJKOCTEH pyxy mependadae HEOOXiAHICTH
3aCTOCYBaHHS ~ KOHCTPYKTHBHUX  DINIEHb Yy
MeXaHIuHiil yacTuHI pyxomoro ckiany. B mepury
Yepry ciijl BiA3HAYUTH 3aCTOCYBAaHHI MK Ky30BOM
Ta BI3KaMH ITHEBMAaTHYHOI CHCTEMH PECOPHOTO
MiIBIITYBAHHS, SIKA CKJIANA€THCS 13 MTHEBMATHIHOL
pecopu (puc. 1), HOmaTKOBOrO pe3epByapy,
3’€IHYyBaIBHOTO TPYOOIIPOBOAY Ta iH. €JICMCHTIB.
[THeBMaTnuHa cucTeMa JO3BOJNSAE HE TUIBKH
OiATPpUMYBAaTH Ha OJHOMY piBHI BHCOTY Ky30Ba
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CUCTEMaMH
3MIHIOBAaTH OPCTKICTh

(mepeBara  HaJg  BITYM3HIHUMH
MiBINIYBaHHA), ale i

IMHeBMATHYHOT  PECOPH y  3alIEKHOCTI  BIf
3aBaHTaXXCHOCTI Ky30Ba.
[THeBMaTuHa  pecopa  CKIajaeThes 13

KPIMUIBHUX OOJTIB YIIUILHIOBAIBHOIO KiJbLS 1,
3KUMY TUTUTH KOB3aHHS 2, OOJNTIB KOB3ar4oi
IUIATH 3, KPIMWIBHOI IIUTH 4, YHIUTEHIOBATBLHOTO
KiTbId 5, KOB3aro4yoi IUMMTH 6, TYMOKOPIHOL
000JIOHKM 7, HHXKHEOI IUINTH 8, OONTIB HUXKHELOI
T 9 Ta aBapiitHoi npyxunu 10.

¥ 4 ~2
1 & 3

-4

10 9 \8

Puc. 1. [ITneBMaTu4Ha pecopa pyXxoMoro CKiamy

Y 3aJIe’)KHOCTI Bil )KOPCTKOCTI ITHEBMATHIHOT
pecopu 3ayieKaTUME pPIiBE€Hb AWHAMIYHHX CHI Y
B’S35IX MEXaHIYHOI YaCTHMHU PYXOMOIO CKJIamy Ta
JUHAMIYHI TOKa3HUKH Oe3reku pyxy [1-2].

HocmimkenHus JTUHAMIYHOL IMOBEIIHKA
MHEBMAaTUYHOI  PECOpPU  CTAHOBUTh  3HAYHUU
HayKOBWI iHTepec. BoHOYAC BapTO 3a3HAYNTH, IO
repeBakHa OUTBIIICTE POOIT y Il Tamy3i MarOTh
TEOPETHUHY CIIPSIMOBAHICT, TOI SIK
CKCIIEPUMCHTAIEHUM  JTOCTIDKEHHSAM  TIPHUIIIIICHO
HEJI0CTaTHHO YBaru.

3aJIe)KHO BiJl TUIY PO3B’SI3yBaHUX pPIBHIHB
MOJIeJIi THEBMAaTHYHHUX pecop KIacH(iKylOThCs Ha
Tpu oOcHOBHI rpynu [3]: ™exaniuHi [4-6],
TepMOAMHAMIYHI [7] Ta CKIHYCHHO-EJIEMEHTHI [8—
9]. OcHOBHOIO XapaKTEPUCTHKOIO ITMX MOJEIEH €
BEPTHKAJIbHA )KOPCTKICTh THEBMATHYHOI PECOPH.

Jlami mpoBenmeMo aHali3 mpanb y SKAX €
eKCTIEpUMEHTAIbHI  JOCHIKCHHS BEPTHKAIHHOL
YKOPCTKOCTI THEBMATHYHOI PECOpPH, 110 MPOBENCHI
B JabopatopHux ymoBax. Y poOoti [10]
EKCTIEpUMEHTAIFHUM IIIITXOM OYJIO TOCIIIKEHO

po0OTYy  THEBMATHYHOI CHCTEMH  PECOPHOTO
MiBIIITYBaHHS B 4acCTOTHOMY niama3oHi Big 0 10
400 Tm. Pesympratm TIOKa3aimw  XapaKTepHi

Jiara3oHN 9acToT, J€ CIIOCTEPIratoThesl pe30HAHCHI
sSBUINA: HU3bKouacTOoTHUH (mo 30 I'm), sxwmid
TTOB’ I3aHUM 13 pyXOM TOBITPS MK TTHEBMAaTUIHOO
pecoporo Ta JIOJTATKOBUM pe3epByapomM;
mpoMixkaui  (Bix 30 T mgo 150 T'm) Ta
BrucokodacToTHUH (Oinbme 150 I'm) — 3ymoBineHi
CTPYKTYPHOIO TUHAMIKOIO THEBMATHYHOI PECOPH.

Y pobGori [11] aBTOpamMu JOCHIIKEHO
nedopmMariii r'yMOKOPAHOT 000JIOHKH ITHEBMATUIHOT
pecopu y BEPTHKAILHOMY Ta TOPH30HTaJIbHOMY
HampsIMKax 0pd 3MiHI BHYTPIIIHBOIO THCKY B
pecopi. BcranosieHo, 1110 aedopmariisi 000JI0OHKH Y

TOPU3OHTAJbHIM  IUIOIIMHI ~ 3pOCTa€  OLIbII
IHTCHCUBHO TIOPIBHSHO 3 BEPTHUKAJIBHOIO MPH
3017BLICHHI ~ BHYTPIIIHBOTO  THCKY.  Takox

aBTOpPaMH OTPHMAHO ITOJIIHOMIabHI 3aJIEKHOCTI,
SKi OnHCyIOTh aAedopMamiiHi  XapaKTepUCTHKU
TYMOKODPJIHOI OOOJIOHKH ITHEBMATUYHOI PECOPH.

v poboTi [12] 3a JIOTIOMOT 01O
BUIPOOYBaJIHLHOTO CTEH/Ia BU3HAYEHO BEPTHUKAIBHY
JMUHAMIYHY >KOPCTKICTh THEBMATHYHOI CUCTEMHU
pPECOPHOTO T IBINTYBAHHS pu pi3HUX
eKCIUTyaTaIlifHuX yMoOBaxXx. BcTaHOBIIGHO, IO
MHEBMATHYHA CHCTEMa PECOPHOTO ITiBIITyBaHHS
OpOSIBIISiE HENMiHIMHICT y Jiama3oHi CcepeaHix
gactor (Bim 6 mo 14 TI'm). Ilpm 3menHmeHHi abo
301IBLICHHI ~ YaCTOTH  JKOPCTKICTb  CHUCTEMHU
cTalimi3yeTbcss Ha  (DIKCOBaHOMY piBHI, IO
BIJIMTOBIZIa€ CTAaTUYHINA Ta TUHAMIYHINA JKOPCTKOCTI
MMHEBMATUYHOI PECOPH.

Y pobori [13] aBTOpaMu 3aCTOCOBAaHO YOTHPHU
EKCIIePUMEHTAIbHI METOJIU JJIS OIIHKK CTaTUYHOI
Ta KBa3iCTAaTHYHOI BEPTHUKAIBHOI KOPCTKOCTI
nHeBMaTHYHOI pecopu. I[lokazano, mo oTpumai
3aJIE)KHOCTI  KOPCTKICTh—HABAHTAXKEHHS  MAaloTh
HETIHIHHUN XapakTep. 3a3HA4YCHO, IO KOPCTKICTh
TYMOKOPAHOI OOOJIOHKH Bifirpa€e 3HAUYHY POJb MPH
HEBEIMKHX HAaBaHTAKCHHAX, TOMI SK ii BIUIMB
CyTTEBO 3MEHIITYETHCS pu BHCOKHUX
HaBaHTAKEHHSX.

Y nocnmimkenni [14] HaBelneHO pe3ynbTaTH
EKCIIEpUMEHTAFHUX  BHIIPOOYBaHb, SKi OyiH
MPOBENICHI BIAMOBIMHO 10 BHMOT cTaHmapty EN
13597, 3 MeTol0 yTOYHEHHS MapaMeTpiB
MHEBMAaTHYHOI Pecopd. ABTOpPH 3aCTOCYBaJH
BEepTUKAJIbHE HaBaHTaKECHHS BeamanHoro 109,8 kH
3 aMIUTITyI0I0 KOJuBaHb +10 MM y 4acTOTHOMY
mianmazoni 0,5-10 I'm. OrpumaHi pe3ynbTaTtd €
BOXUIMBUMH Ui yTOYHEHHS  JAWHAMIYHHUX
XapaKTEePUCTHK IMJBICKH B yMOBaX peajbHOI
eKCILTyaTarlii.

VY po6oti [15] BUKOHAHO EKCIIEPHMEHTAIbHE
JTOCIII [HKEHHS JTUHAMIYHOT IMOBEIIHKA
MMHEBMATHYHOT CHCTEMH PECOPHOTO ITiABIIITYBAHHSI
3a  pi3HUX KOH(Qirypamii  3’€AHAHHI  MiX
MTHEBMOPECOPOIO Ta AOJATKOBUM pesepByapom. 11ix
gyac BuUmpoOyBaHb  BapifOBAINCH  IapaMeTpH
aMIuniTyin 30ypeHHS Ta YacTOTH KOJIMBAaHb.
Pesynpraty mokazamu, mo IS €(PEKTUBHOTO
nemndyBaHHS HU3bKOYaCTOTHHUX 30ypeHb
HalKpari XapaKTePUCTUKU 3abe3neuye
KOH]Iirypamis TUILY «bellow—orifice—pipe—
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reservoiry. Y TOH 4Yac sIK AJsi BHCOKOYaCTOTHHX
30ypeHb OLIbII €PEKTHBHOIO BHUABUIACS CXeMa
«bellow—orifice—reservoir.

Y  pocmimkeHHi [16] amd  MoAeTIOBaHHS
OUHAMIYHOI TIOBEOIHKM ITHEBMATHYHOI CHCTEMHU
IMiIBIITYBAHHS 32 Pi3HUX KOHQITyparliit i pexxumin
pobotu Oyii0 po3pobIeHO BUITPOOYBALHUN CTECH].
OCHOBHY yBary 30CEpEPKEHO Ha JIOCIiKEHHI
BEPTUKAIBHOTO HAINpPSMKY, 3 OLJISIIy Ha HOro
KIIIOYOBHM BIUIMB Ha KOM(OPT MacaxxupiB, Oe3mexy
PYXy Ta AMHAMi4uHy B3a€MOJII0 KONICHUX Map i3
pPEHKOBOIO KOJi€r0. Y XOIi eKCIEePHUMEHTAIBHUX
TOCHIUKEHb ~ BUSABIICHO  CYTTEBY  3alIeKHICTh
XapaKTepUCTUK CHCTEMH BiJl aMIUTITyAH 30ypEHb,
YaCTOTH BILTMBY Ta MOMEPEIHHOI0 HABAHTAKEHHSI.

Ha migcragi anamnizy mpars [10—16] 3po6iieno
BHCHOBOK, 11(s) JMHAMiYHA MOBEIHKA
MMHEBMATUYHUX  pecop  JOCHIKYEThCS 32
JIOTIOMOT'OI0  Pi3HOMAHITHUX EKCIIEPHUMEHTAIEHUX
METOJIUK, IO JO03BOJSE ACTaTbHO BUBYATH BILIUB
OKPEMHUX IMapamMeTpiB CUCTEMHU.

Omnak y Tmporeci eKcCInIyartamii pyXoMoro
CKIIaJly  MOXJIMBI  BUTAAKA  HECIPABHOCTI
MMHEBMATUYHOI CUCTEMH PECOPHOTO TIi/IBIllTyBaHHS,
mo mnepeadayaTMe  BIJICYTHICTh  CTHCHEHOTO
MOBITPs. Y TakoMy BHIAJKy HABaHTaKEHHS, SIKE
MepelaBaTUMEThCS  BiJl Ky30Ba Ha Bi3ku Oyne
MepeaBaTUCh 4epe3 amapiiHy npyxwuny. Crmin
3a3HAYUTH, 110 JKOPCTKICTh aBapiHOI MPYXKHHH €
3HAYHO OUIBIIOI0 33 JKOPCTKICTh PECoOpH IpH
HOpPMaJIbHIH poOOTi MHEBMATUYHOI CUCTEMHU, IO Y
CBOIO UEPTy 3MIiHIOBATUME PIBEHb TMHAMIYHUX CHIT
Ta BIUTUBATUME Ha CTaH OE3MEKH PYXY.

OTxe, mpoaHaNi3yBaBIIM  BUIIICHABEICHI
HAyKOBi pOOOTH, CITi/I BII3HAYMTH, 110 HA TaHUH 4ac
MPOBECHO 3HAYHY KIUIBKICTh MOCHTIDKEHb 10
BHU3HAYCHHIO BEPTHKAILHOI JKOPCTKOCTI pPecopu
Ipyd HOPMalbHIA pOOOTI MHEBMATUYHOI CHUCTEMHU
pecopHoro miaBinryBanHsA. OpHaK, HEBHPIIICHUM
3aBJaHHAM 3aITUIINAETHCS JIOCITi JUKEHHS
ocobnmBocTell  nedopMyBaHHA  MTHEBMAaTHYHOI
pecopH B yMOBax 1i aBapiiiHOi poOOTH.

MeTtow pobGoTH €  eKCIepUMEHTAJIbHE
JOCHiDKEHHsT  ocoOnuBocTedt  aedopmyBaHHS
MHEBMAaTUYHOI pecopd B yMoBax ii aBapiiHOI
poOOTH Ta BU3HAUCHHS BEIUYWHH BEPTHKAIHLHOTO
nedhopMyBaHHS aBapiHOI MIPYKUHU.

JJis mocsIrHEHHS TIOCTaBJICHOT METH HEOOX1THO
BHKOHATH HACTYITHI 3aa4i:

1. Po3pobut METOMMKY €KCIIEPUMEHTAIbHUX
JOCTiKeHb 1e(OpMyBaHHs ITHEBMATUYHOT pecopr
B yMOBax ii aBapiiHuX poOoTH.

2. [loGynmyBatn 3ajekHOCTI nmedopmMyBaHHS
pecopu TpH CITyCKy TMOBITPSA i3 IHEBMATUYHOI
CUCTEMH PECOPHOTO IiBIIITyBaHHS Ta BCTAHOBUTH

BEJINYHMHY BEPTUKAIBLHOTO negopMyBaHHS
aBapiHOI IPYKUHH.

Buxkiaax  ocHoBHoro Marepiaay. Jlns
JOCHiDKeHHsT  ocoOnmBocTed  nedopMyBaHHS

MMHEBMATHYHOI pecopd B yMoOBaxX ii aBapiitHOi
poOOTH MM BIUTMBOM CTaTHYHOTO HaBaHTAKCHHS

Bif MacH Ky30Ba OyIo HpPOBEACHO
eKCIIepUMEHTAIBHI BHUMIPIOBaHHSI. v
BUINPOOYBAHHAX 3aCTOCOBYBABCS
NOTCHIIOMETPHYHHN JaTINK JHIHHOTO

TICPEMIIIICHHSI, aHAJIOTO-IIU(POBHIA TIEPETBOPIOBAY
Ta HOYTOYK 31 CIIemialli3oBaHUM IPOTPaMHIM
3abe3nedeHHSIM i (ikcamii manux. ExcriepumeHT
Oyno mpoBeneHo ans nusenb-moizga JAITKp-3 Ha
TepUTOpii MOTOpPBaroHHOro 1nemno  JIBBIBCHKOT
3ami3HuUIl (puc. 2).

Pyxowmmii ckian JlaTuuk mepeMinieHb I

A4
AHa0roBo-11H(ppOBHI
IIePETBOPIOBAT
Hoyt6yk 13 mporpaMHIM
3a0e31eueHHAM

Puc. 2. Cxema Ta iHQopMamiifHO-BUMipIOBaIbHE
3a0e3neueHHs Ul IPOBeIeHHS 3anciB 1eopMyBaHHS
THEBMATUYHOI PECOPU PYXOMOTO CKIIay

Ocob6auBOCTI nepopMyBaHHS pecopu
PYXOMOro CKJamy MAOCHTIDKYBaJHCS Yy JIBOX
pekuMax — poboTH. Y HEepIIOMYy — BHIAAKY

3IIHCHIOBAaBCA OJHOYACHUH CITyCK MOBITPS 3 JBOX
pecop, BCTaHOBJEHHWX Ha TeEpIIOMYy BI3Ky. Y
JIIPYTOMYy — TIPOBOJMIIOCS HArHITAHHS TIOBITPS B
pecopu 10 TUCKY 7 aTM.

Hedopmarnii ITHEBMATHYHO{ pecopu
peeECTpYBaIUCS BHCOKOYAaCTOTHHUM
MOTCHI[IOMETPUYIHUM TATIUKOM JHHIAHAX

MepeMileHb i3 yacToTor auckperusamii 1000 I
Otpumani CHTHaMW  ONU(POBYBAUCI  3a
JIOTIOMOTOI0  aHAJIOTO-II(PPOBOTO MEPETBOPIOBAYA
Ta 30epirajucs Ha KOMITIOTEpl IS TOJAIBIIOI
00poOKH i aHaM3y.

Y  pesympTaTi  CIyCKy TOBITpS  Oymwm
3aikcoBaHi  3aKOHOMIpHOCTI  JedopMyBaHHS
MHEBMATHYHOI PEecopH Tix JMi€l0 Bark Ky30Ba
PYXOMOTO CKJIay ITiJ 9ac Woro ocimanus (puc. 3).
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[lix wdac 3akauyBaHHA ™OBITPS 3a(iKCOBAHO
3BOPOTHHM TIpoIlec, a came IiaidoOM Ky30Ba Ta
BIJITTOBiTHE nedopmMyBaHHS pecopu y
NPOTHJIC)KHOMY HAampsIMKy IIiff Ji€l0 TOTO X
HaBaHTaXCHHSA (puc. 4).

36 T
32+
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£ 24 -
5204
% 16 ] o I[?.TIHHKEI Nel
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212 1 — Jluanka Ne3
g — Jlistaka Ned
4 4
0+ t t t } t t t i
0 50 100 150 200 250 300 350 400 450
Yac, cek.

Puc. 3. lebopmyBaHHs pecopH i Ji€0 Baru Ky30Ba
PYXOMOT0 CKIIQJIy TIiJT 9ac HOTO OCiIaHHS BHACIIIOK
CITyCKY TOBITpS

[N I ] —_ ]
A O O N
I | 1 I |
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232 4

236 4

-40 +——+—+—+—+—+—+—+—

0 50 100 150 200 250 300 350 400 450
Yac, cex.

Puc. 4. JlepopmyBaHHSs pecopu IpH 3aKadyBaHHI
MOBITPsI 10 7 aTM. MiJ JIif0 Bard Ky30Ba pPyXOMOTO
CKIIaIy

[IpoBeneHi eKCIIEPUMEHTAIBHI TOCIIIKEHHS
Jaad 3MOTY BH3HAYUTH BEIMYMHHU AedopMariii
MTHEBMAaTHUYHOI PEcopH il 4ac OCiJaHHs Ky30Ba Ha
aBapiiiHy TpYyXHHY, [0 € BaXKJIUBUM IIpH
OIIiHIOBAaHHI 11 MOBEIIHKH B YMOBax aBapiifHOro
PEKUMY eKCILTyaTarii.

Amnariz 3aJIeKHOCTI neopmyBaHHS
IMHeBMATHYHOT pPEecopH I Ji€l0 Barm Ky30Ba
PYXOMOT0O CKJIafy i Yac CIycKy MoBiTps (puc. 3)
CBIAYUTH MO HASBHICTh YiTKO BUPAKECHUX ETaIIiB!

—Ha TUTISTHIT Nel CITOCTEPITaETHCS
neopMyBaHHS TYMOKOPIHOI OOOJIOHKH pecopH
BHACIIIZIOK 3HIKEHHS TUCKY MOBiTps. Bennunna

nedopMarii Ha Wi JISHII cTaHOBHIA 26,7 MM.
Bapro 3a3HaunTH, 10 HA MOMEHT MOYATKy CITyCKY
MOBITpss He Oyno TouHOI iH(OpMamii 11010
MOTOYHOTO THCKY B CHCTEMi, a TakoX He OyIo
MiITBEPIKEHO, UM BIJIITOBIAE 3a30p MK BEPXHBOIO
TUTACTHHOIO Ta aBapiiHOIO MPYKHHOIO
HOMIHAJILHOMY 3HaYCHHIO.

—Ha aimaHoi Ne2 QikcyeTbess MOMEHT, KOJIU
Ky30B PYXOMOTO CKJIJy OITyCKa€ThCsS Ha aBapiiHy
npyXuHy. Sk 6aunMo pi3KOro mpocizaHHs Ky30Ba
HEe BiZIOyBA€ThCA, IO TOB’SI3aHO i3 3aJUIIKOBUM
THCKOM B ITHEBMATHYHIH pecopi.

—Ha gt Ne3 (TCis MTOBHOTO BHUXOIY
NOBITPsI) BinOyBaeTbesi OeopMyBaHHS aBapiiHOL
MPY)KWHU TIi7] HaBaHTAKEHHSM Bill MacH Ky30Ba.
Benuunna aedopmariii apapiiiHOT MPYKUHK CKJiaia
7,18 Mm.

—Ha gimaHoi Ne4 nedopmyBaHHS aBapiiHOT
NPYXXUHA TPUMAHSAETBCS, IO CBIAYUTH PO
JIOCSITHEHHSI CTaHY CTATHYHOI PIBHOBAard CUCTEMH.

IIpu 3akauyBaHHI TOBITPs B ITHEBMATHYHY
pecopy Oyna 3aikcoBaHa BEpTHUKAJIbHA
nedopmarris posmipom 38,6 mm. Taka BennduHa
JneGopMyBaHHS BiAMOBIA€ OYIKyBaHUM TEXHIYHUM
XapaKTePUCTHKAM pECOPH Ta CBIMYUTH IPO
MPaBWIBHICTE  TPOBEIACHUX  BHUMIPIOBaHb 1
KOPEKTHICTh  EKCIIEPUMEHTAILHOI  YCTAaHOBKHU.
OTpuMaHi JaHi TiATBEPIXKYIOTH aJCKBaTHICTh
METOJWKHA  BUMIPIOBaHHA  Ta  JO3BOJSIOTH
BUKOPHCTOBYBATH iX [UISI TOAANBIIOTO aHaizy
MOBEIIHKH PECOPU TTij] HABAHTAXKCHHSIM.

OTxe, OTpUMaHI CKCIEPUMEHTAIBbHI JaHi
JO3BOJISIIOTH C(HOPMYBATH KOMIUIEKCHE YSBICHHS
npo MeXaHi3Mu JeopMyBaHHS ITHEBMATUYHOI
pecopu,  BKIIOYAlOYM  TOBENIHKY  aBapiiHOl
npyxuHd. Lle cTBOpIOE OCHOBY ISl TIOHAIBIIOTO
MOJICTTFOBAHHS JTMHAMIYHUX MPOIECIB PYyXOMOTO
CKIIaJly B aBapidHUX pPEKUMaxX eKCIUTyaTaiii Ta
cripusiec  po3poOii  OLIbIT  €EeKTUBHUX METOIIB
MIPOTHO3YBAHHS HOTO HAMIMHOCTI Ta OE3MeKH.

BucHoBKH. Po3pobneno METOAUKY
eKCIIePIMEHTANBHUX JOCHIKeHb BEPTUKAIHHOTO
neopMyBaHHSI TTHEBMAaTHYHOI PECOpPH B YMOBAax
aBapilfHOi poOOTH, sika 0a3yeThCS HA 3aCTOCYBaHHI
MOTEHI[IOMETPUIHOTO JTaTYhKa JIHIAHAX
nepeMilleHb, aHATOTO-ITUPPOBOTO MEPETBOPIOBaYA
Ta HOYTOyKa 31 CHEIliali30BaHUM IPOTPAMHIM
3a0e3MeUeHHSM.

BcTanoBiIeHO 3aKOHOMIPHOCTI BEPTUKAITEHOTO
nehopMyBaHHS ITHEBMATHYHOI PECOpU IiJ JIi€r0
Barv Ky30Ba IPU OCiIaHHI, BUKITUKAHOMY CITyCKOM
MOBITPSL.

Buagineno dotupu Kio4oBi cTamii poOoTH
pecopu: aedopMyBaHHS TYMOKOPIAHOI OOOJIOHKH,
OCiJlaHHs Ky30Ba Ha  aBapiiiHy MPYKUHY,
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negopMyBaHHS

aBapiiHOi ~ TPYXWUHH  Tif

HaBaHTKCHHSAM Ta 3aBepIeHH ii meopMyBaHHS.

Bcranosieno,

o  BCJIMYHMHA  BCEPTUKAJIBHOT'O

nehopMyBaHHS aBapiifHOT MPYKUHU THEBMATUIHOT
pecopu CTaHOBUTH 7,18 MM.

Otpumani pe3ynbTaTH CIIPUSIOTH

MOJIAJIBIIOMY iX BUKOPHCTAHHIO MTPU BCTAHOBJICHHI
BEPTHKAIBHOI KOPCTKOCTI aBapifHOI MPYXHWHU Ta
JOCJIDKEHHIO JMHAMIYHUX ITOKa3HHUKIB Oe€3MeKH
PYXY PyXOMOTO CKIIaJy B YMOBaX aBapiiiHOi poOoTH
MMHEBMAaTUYHOI PECOPH.
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Kuzyshyn, A. Ya., Kovalchuk, V. V. Study of the
peculiarities of deformation of a pneumatic spring
under conditions of its emergency operation

Traffic safety is a key aspect of rolling stock
operation. Given the trend toward increasing speeds,
modern rolling stock features structural changes in its
mechanical systems, particularly the implementation of
pneumatic suspension systems. This system possesses
specific stiffness and damping characteristics. However,
during operation, malfunctions of the pneumatic system
may occur (such as the absence of compressed air),
which leads to the transfer of the vehicle body's load to
the bogies via emergency springs. These springs exhibit
significantly higher stiffness compared to a functioning
pneumatic spring. This situation results in increased

forces in the connections between the structural elements

of the rolling stock and greater interaction forces
between the wheelset and the rail track, ultimately
leading to speed restrictions. The aim of this study is to
experimentally investigate the deformation behavior of
the pmneumatic spring under emergency operating
conditions and to determine the magnitude of the vertical
deformation of the emergency spring. To achieve this
goal, a methodology for experimental research was
developed. It focuses on studying the vertical
deformation of the pneumatic spring in emergency mode
and is based on the use of a potentiometric linear
displacement sensor, an analog-to-digital converter, and
a laptop with specialized software. As a result,
regularities in the vertical deformation of the pneumatic
spring under the influence of static load from the vehicle
body mass during pressure loss in the system were
identified. Analysis of these patterns allowed for the
identification of four main stages of pneumatic spring
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operation in emergency mode: deformation of the
rubber-cord casing, contact of the vehicle body with the
emergency spring, further deformation of the emergency
spring under load, and completion of its deformation.
During the experiment, it was recorded that the
maximum vertical deformation of the emergency spring
in the pneumatic suspension system reached 7.18 mm.
The scientific novelty of the obtained results lies in the
experimental identification of the deformation behavior
of the pneumatic spring under emergency conditions and
the determination of the emergency spring’s vertical
deformation value. This will enable more accurate
modeling of pneumatic suspension performance and
support further analysis of the dynamic safety indicators
of rolling stock under emergency pneumatic system
operation.

Keywords: pneumatic spring, emergency spring,
deformation, vertical load, internal pressure
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