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CTBOpEeHHS MATEMAaTHYHOI MO/IeJIi CTAHIIITHOTO PeiiKOBOI0 K0JIa Y BUTJISAXI
CKiHYE€HHOI0 IMCKPETHOI0 aBTOMATA

Mera. [apantyBaHHs O€3leKH pyxy MOI3MIB € OOOB’SI3KOBHM 3aBAaHHSAM I 4Yac PO3BUTKY TEXHIYHOT
OCHAIIICHOCTI 3aTiI3HUYHOTO TPAHCIIOPTY B YKpaiHi. J[J1s1 AiarHOCTYBaHHsI Ta IEPEBIPKHU MPAIE3AaTHOCTI TAKUX CUCTEM
BUKOPHCTOBYIOTH IMITaIliifHI MO/l HAIIILHUX MPUCTPOIB, 30KpeMa peHKoBOro Koja. Halbiapn po3nmoBClopKeHUMH
€ MOJIeNi y BUTIIAAL AU epeHIialbHIX PiBHSIHB Ta B OllepaTOpHii ¢popmi. Ha xaib, BOHH HE IOBHICTIO MiAXOIATH IS
pO3B’si3aHHS BKa3aHOI 3afadi. Y 3B’A3Ky 3 MM BHUHHMKA€ HEOOXiJHICTH CTBOPEHHS MaTEeMaTHYHOI MOAENi, sKa
MIPOCTIIIE IHTETPYETHCS AJIS TIEPEBIPKH SIK PelIeHHUX eJICKTPUYHUX LEHTpallizaliif, TaK 1 CHCTEM MIiKpOIpPOIECOPHOI
neHTpamzamnii. Meroguka. /Iy JOCSATHEHHS MOCTAaBICHOI METH aBTOPH 3aIIPONIOHYBAJIM CTBOPUTH MaTEMaTHUIHY
MOJIeNb Y BUTIIAAI CKIHYEHHOTO TUCKPETHOTO aBTOMaTa. Y Iiif poOOTi po3TIsSHYTO CTBOPEHHS MOJEIi CTaHIIHHOTO
peKOBOTO KOJIa SIK HampsiMiieHOTo rpada. [1ix gac cTBOpeHHS MOIeNi BU3HAYCHO BXIi/IHI Ta BUX1THI BETHYNHHA MOZICTL
Ta cranu. [1o6ynoBaHo TabuuI BXO/IB Ta BUXOIB aBTOMaTa, CTBOPEHO CEKBEHIIIHI BUpa3u st abCTPaKkTHOT MoJieli
aBTOMaTa Ta BHKOHAHO iX MiHIMIi3allif0. 3aKOJI0BAHO CTaHH aBTOMAaTa 3a JOIMOMOIOK0 TPUIEPHUX CXEM.
PesyabraT. Y X0Ai MPOBEJCHUX JOCIIIKEHb OYJIO CTBOPEHO MaTeMaTH4YHY MOJIENb PEHKOBOrO KOJa y BHIJISI
CKIHUEHHOT0 aBTOMara MoJielli Mypa, a Tako» IPOBEAEHO MepeBipKy ii nmpaie3aaTHOCTI B IPOrpaMHOMY CEepeIOBHII
Proteus. Po3po0iiena Mozens A03BOJISAE IMITYBaTH pOOOTY CTAHI[IHOTO PEHKOBOrO KOJia Ha PiBHI abCTpakiiii, 1m0
oriepye 3 IBIHKOBUMHM cuUTHaIaMH. Lle 103BoIIsie CIPOCTUTH y3TO/DKEHHST pOOOTH MOJIET 3 IPOTrpaMHUMHE 3aco0amu
MIKPOIIPOIIECOPHOT IIeHTpati3amii. ¥ mioMy 3’SBHIaCh MOXKJIHBICTE OUTBIN €EKTHBHO MEPEBIPATH MpaIe3qaTHICTh
CHCTEM MIKpOIIPOILIECOPHOT IEHTpali3alii Ha eramax NPOEKTYBaHHA 1 i 9Yac YBEACHHS B EKCIUTyaTallilo.
HaykoBa HoBu3Ha. Po3pobOieHa MaTemaTnyHa MOJIENb JIO3BOJISIE BHU3HAYMTH PEAKIII0 IPOTPaMHOi YacCTHHH
MIKpOIPOIIECOPHOT IEHTpaJIi3amnii Ha MOBEAIHKY PEHKOBOTO KOJIa B Pi3HHX, 30KpeMa HETHIIOBUX PeXHUMax poOOTH, a
TaKOX BU3HAYWTH PEAKINIO CHCTEMHU CTAHIIIHOI eNeKTPUYHOI IEeHTpati3amii Ha OKpeMi BiIMOBH 1 HA BUHHKHEHHS
JIeKUIbKOX  BiMOB onHOouacHO. [lpakTW4yHe 3HaveHHsl. 3alpoNOHOBaHY MaTeMaTH4YHY MOJENIb MOXHA
BUKOPHCTOBYBATH SIK JUIsl IEPEBIPKH POOOTH CHCTEM MIKpPOIPOLIECOPHOI IIeHTpai3amii Ha cTajii MpoeKTYBaHHS Ta
BIIPOBAJKEHHS, TaK 1 JJIsl peJIHUX CUCTEM LIEHTpajIi3awii mij] 4ac po3poOKH AiarHOCTUYHUX KOMILIEKCIB KOHTPOJIIO
X mpane3iaTHOCTI.

Knrouosi cnoea: perikoBe KoJlo; MaTeMaTHYHA MO, TUCKPETHHH aBTOMAT; MiKpPOIPOIECOpHA LIEHTpai3allis;
JiarHOCTyBaHHS; Tpad

Beryn aBTOMAaTHKM € TIPIOPUTETHUM 3aBAaHHsIM [4].
V 3abe3neueni epeKTUBHOT POOOTH TPAHCTIOPTHUX
Marictpayiell KJIF040BY POJIb BIIIMPAIOTh 3aTI3HUYHI
CTaHIIi, sKi 00JIaJHaHI CHCTEeMaMM LEHTpai3arii
pesiefiHOro Ta MIKpONpoLecopHoro Tumy [6].

BignoBigHo [0 HaumioOHAJIBHOI TPAHCIOPTHOI
crparerii YkpaiHu, MiJBUINEHHS DIBHS Oe3MeKH
nepeBe3eHh Ta POOOTH MPHCTPOIB 3aNIi3HUYHOL
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ABTOMATH30BAHI TA TEJJEMATUYHI CUCTEMHI HA TPAHCIIOPTI

Mixkponpouecopsi cuctemu nentpanizanii (MIIL])
€ OUTpII CyYacHWMH Ta TEPCHEKTUBHUMH IS
BIPOBAKCHHS ~ TOPIBHAHO 3 pEJCHHUMH
cucremamu. [lonpu 1ie B pa3i oOnagHaHHS CTAHINT
cuctemamu MIIL] Takox BHHHKaE psia mpooOieM,
OCKIJTBKH porpamMHe 3a0e3neYeHHS Ta
MIiKpOIpOILIeCOpHa YaCTUHA CUCTEMH HE MPOXOIATh
MMOBHY TEpEeBIPKYy HAa MOXIIMBI BiIMOBH Ha CTafil
i’ €THAHHS IO HAMJIBHUX O0’€KTiB. Y mporieci
3aIlyCKy CTaHIIi1 1 BKIIOYEHHS ii JI0 Moi3HOi podoTH
JUTBHHII HEMAa€ MOXKIMBOCTI TEPEBIPUTH BCi
HETHUITOBI pEeXXUMH POOOTH HAIIHFHUX 00’ EKTIB 1 X
BIUTMB Ha pOOOTY CHCTEMH LIEHTpallizalii 3arajiom,
OCKUIbKM 1€ TOoTpedye 3HAaYHHUX 3aTpar dacy
1 TOBHOTO BUKJIFOUEHHS CTaHIIIi 3 MOI3HOI poOOTH.
Taky mepeBipKy 3a3BUYaii BHKOHY€E IIiJ] 4ac
PO3pOOKH CHCTEMH BHPOOHHK, aje NpH IHOMY
HEMa€e MOXJIMBOCTI TNPUETHATHCH 10 peabHUX
HaIbHUX O0’€KTiB CTaHIii. Y 3B’S3Ky 3 UM
po3poOKa MaTeMaTHYHHX MOJAEJCH HaIIbHUX
00’€KTIB, sIKi J03BOJISATH BHKOHYBATH IMiTalliliHE
MOJIETIIOBaHHS iX poOOTH Ha cTafil MPOEKTYBaHHS
CHCTEM MIKpPOIPOLIECOPHOTO THITY, € aKTyaJbHOIO.
ABTOPH  pO3pOOMIIM  MaTeMaTH4yHi  MOJei
CTpioyHOTO TepeBony [2] Ta CTaHIIHHUX
ceiTmogopiB [1]. Ilo6 oxomutm BCi craHIiitHI
HaTMiJIBHI 00’ €KTH, 1151 poO0Ta MPUCBIYCHA PO3POOII
MaTeMaTHUYHOiI MOJENI perKoBOro Kona, sKa
JO3BOJIUTH PO3B’SI3yBaTH 3ajadi  IMiTAIiifHOTO
MOJICTIOBaHHS Mija Yac mnepeBipku cuctem MIIL]
nepe] CTalier0 BIIPOBA/KEHHSI.

Meta

OcHoBHOIO MeTOO IIi€i poboTH € Po3podKa
MaTeMaTHYHOI MOJEIl CTaHI[IHHOIO PEMKOBOIO
Kojla y BUIVIALI, 3pyYyHOMY JUIsi TI€PEBipKH

Mpane3aaTHOCTI CHCTEM MIiKPOIPOIIECOPHOT
LeHTpaii3amii Ha cramii  iX  yNpOBaJKCHHI.
CTBOpeHHsT MaTeMaTHMYHOI MOJENi y BUIJIAIL

CKIHYEHHOTO JIMCKPETHOTO aBTOMaTa JI03BOJIUTH
iMiTYBaTH pOOOTY pEHKOBOTO Kolia B OiHapHOMY
KOJIi, 1110 CIIPOIILY€ Y3rOPKeHHs POOOTH IMITaIiHOT
MOJIeTIi Ta MPOrpaMHUX 3aC001B MIKPOIIPOIIECOPHOT
neHTpaiizanii. MonemoBaHHs pEeHKOBOro Koja y
BUTJISII TUCKPETHOTO aBTOMATa TAKOX CIPOCTUTh
npouenypy HOOYZOBH €NeKTPUYHOI CXEMH Ha
JIOTIYHUX €JeMEHTaX, fKa JO3BOJHUTH CTBOPHUTH
Gi3nuHy MOZEIb JUIS TPUETHAHHS 1O MOIYIIB
MIIILI. Takoxx MOAETIOBaHHS CIIPUSIE ITiIBUIIICHHIO
HaAiHHOCTI POOOTH ENIeKTPUYHOI ULeHTpaji3amii

[UISXOM TEPEBIpKM 11 TOBEIIHKA B HETUIIOBUX
pexxumMax podoTu. BukoprucTaHHS MOJIEN Y BUTIISII
OUCKPETHOTO  aBTOMary  Ja€  MOJKJIUBICTD
3aCTOCOBYBaTH 1l Mix Yac NOOYHOBH CHCTEM
MIarHOCTYBaHHS ~ €JEKTPUYHOI  [EeHTpami3arii
3 peJIeHOIO0 eJIeMEHTHOIO 623010, OCKLUITBKH B IBOMY
BUIIAJKy BUXiJHI curHanu monem 0 ta 1 3py4Ho
BHKOPHCTOBYBAaTH 3a OiHapHOi JOTikKH poOOoTH
pENEeHHUX CXEM.

MeTtoauka

[lin wac aHamizy HasBHUX MaTeMaTHYHHX
MOJENeH  PEeMKOBMX  KUI ~ BH3HAYECHO, IO
B OCHOBHOMY BCi MOJIEJIi CTBOPIOIOTH 200 Y BUTIISAI
nudepeHLialbHuX PiBHAHB, ab0 B oOmepaTopHiii
thopwi [3, 8]. Take mpeacTaBIeHHS PEKOBOTO KOJa
JOBOJII 3py4HE ISl HOTO JOCIIIKEHHS STK OKPEMOTO
00’exTa. [TpoTe 1 IepeBipkH B3aEMO3B’ I3KIB MiXK
MIOCTOBOIO JaCTHHOIO MIKpPOIIPOIIECOPHOT
LeHTpai3anii Ta HANUTBHUMH OO0 €KTaMH Taki
MaTeMaTH4YHI MOJeJi HE3pyUHi TOMY, 10 BHIAIOThH
BUXI1JIHI 3HAUCHHS HE Y BUIJISJII HYJIIB Ta OJMHUIIb,
a y BHUNIAI aHAJOrOBHX BEIWYMH. ABTOpHU
NPOMOHYIOTh CTBOPHUTH MAaTeMaTHYHYy MOJENb

pefikoBOro  Koma |y  BUIJSAI  CKIHYEHHOTO
TUCKpPETHOTO aBToMara wmomemi Mypa. Take
MpeACTaBICHHS] 00’€KTa JO3BOJIIE  OTPUMATH

BUXiJHI BeMWMUMHH f caMe y BHIUIAAI OiHapHUX
curHaini. CiijJy BpaxoByBaTH, 10 PEHKOBI Ko, Ha
BiIMiHY BiJI TAKMX HAIUIBHUX 00’ €KTIB, SIK CTPiJKa
Ta CBITIOGOp, JIMIIE KOHTPOJIOITh CTaH KOJIil
1 epealoTh 110 iH(GOpMaIlilo B MOCTOBY YaCTUHY
eNeKTpUYHOi 1eHTpaizanii. KepyBaHHs peiikoBrM

KOJIOM BiJI TOCTOBOT YACTHHU EIIEKTPUYHOL
LEHTpaji3alii Ta 4YeproBoro IO CTaHIii He
BiOyBaeThCs [S], ToMy mel 00’€KT ayxke 3pydHO
BioOpakaTH camMe y BUTISAII JAUCKPETHOTO
aBTOMATA.

HuckpertHi aBTOMATH JIOBOJTi 4acTo

BUKOPHUCTOBYIOTh JUIS TOOYIOBH PIi3HHUX CHCTEM
JiarHOCTYBaHHS MPHUCTPOiB aBToMaruku [10], ame
JUISE MOJICJTIOBaHHS POOOTH CTaHI[IMHUX PEHKOBHX
Kin iX paHimle He BUKOpUcTOBYyBand. Jlmst
KOJIyBaHHS JUCKPETHOTO aBTOMAaTra BH3HAYUMO
BXIJHI BEJIMYMHH 4 1 b, SKi € 3MIHHUMH B iil
MaTeMaTH4Hii Moxenmi. Sk BXiIHY BeIHYMHY
a Bi3pMEMO CTaH PEWKOBOIO Kojia, MOB’S3aHHH
3 HasBHICTIO a00 BIJICYTHICTIO PYyXOMOI'O CKJIaay
B Hioro Mexax. J{jist boro 3a BEJIHYKHY d Bi3bMEMO
BIJICYTHICTh 00’ €KTIB y MEXaX JIUISTHKHA KOHTPOITIO,
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a 11 iHBepCHE 3HAYCHHS @ — TO3HAYATHUME HASBHICTh
PYXOMOTO CKJIaay B 30HI KOHTPOIIO. 32 BEIHMUHUHY
b BisbMemo: b — pelikoBa minis mina; b — peiikosa
JiHis 00ipBaHa, TOOTO MOIIKOPKEHI caMi peiiku abo
3’e¢aHyBavl peHKOBOTO Kojia. SIk BHYTpIIIHI CTaHU
JTUCKPETHOTO aBTOMAaTa Bi3bMEMO OCHOBHI PEKHUMHU
po0OOTH PEHKOBOTO KOJIA: — IIIYHTOBUH pexum; Qi —
HOPMaJIbHAH pexXuM; Q2 — KOHTPOJIBHUN PEKIM.
JloTIOMI>KHI peXUMH pOOOTH PEHKOBOTO KOJIa, TaKi
AK  pEKHM  aBTOMAaTHYHOI  JIOKOMOTHBHOI
curHasizamii Ta KOPOTKOTO 3aMUKaHHSA,
y 3ampoIlOHOBaHI MaTeMaTWYHIH MoJeni He
peaizyoThCs, OCKITIBKH 0€3M0CepeTHBOTO BILIHBY
Ha po0OTYy TIOCTOBOI 4YaCTUHU EJCKTPUYHOI
[EHTpati3amii BOHM HE MArOTh 1 BUXIJHUH CTaH
PEHKOBOTO KOJIa B IUX PeKUMax Oy/ie aHAIOTiYHAN
ctany Q.

HlyntoBuil pexum poboTH oOpaHO SIK
BHUXITHUH CTaH AUCKPETHOTO aBTOMATa, OCKUITBKHU
B IIbOMY PEKHMI Ha peHKOBE KOJIO TIOKJIaJA€ETHCS
HalO1NbIIA BiANOBIAANBHICTE 3a OE3MEKy pyXy B
MeXax cTaHmii. SIKk BUXIOHWII CUTHAN IS i€l
MaTeMaTUIHOI MOJEeNi Bi3bMEMO 1HAMKAIIIO MPO
CTaH AUISHKA KOHTPOJIIO HA MYJbTi YeProBOro M0
CTaHIIii, IKa y CBOIO UEPry 3alleXUTh BiJ] CTaHY
pelie KOHTPOITIO peifkoBoro komna, Tooto: f — pere,
IO KOHTPOJIOE PEHKOBE KOJO, OTPUMYE

XKUBJICHHS; f — pene BuUMKHeHe. I3

BUKOPUCTAHHSIM BXiJTHUX BEJIUYHMH, BHYTPIIIHIX
CTaHIB Ta  BHXIOJHAX  3HAYEHb G yHKIiT
nobynoBano  rpad  poOOTH  CTaHIIIHOTO
peiikoBoro komua (puc. 1).

Puc. 1. I'pad poboTu craHwiiiHOrO peiKoBOro Koja

Fig. 1. Schedule of the station rail circle operation

Ha 6as3i crBopeHoro rpada, 1o onucye pooorty
peiikoBoro kojia, Oyayemo Tabmuui ¢GyHKUil
MEPEeXoJiB  CTaHy JUCKPETHOIO aBToMara Ta
¢yHkuii Buxomnis (tabdm. 1, 2).

Tabnuns 1
®dyHkuii nepexoain
Table 1

Transition functions

BxiaHi curHanu

00 | 01 | 10 | 11
Qo Q | G | @ | &
0 Q | G | Q@ | &
Q2 Q | Q | Q2 | &

Cranu

Tabnums 2
Dyukuii BUX01iB
Table 2
Functions of the outputs
Cranu Qo 4,1 &
Buxinni curHanu f f f

Hdnsa mepexomy Bim Tpada A0 aHATITUIHAX
BUpa3iB IPEACTABICHHA MaTEeMaTUYHOI MOei

OyJIyeMO CEKBEHI[IHHI pIBHAHHI Ha OCHOBI
HaBeIeHUX TaOJINIIb:
a—-tlQo _>Qo; 3_-12Q1_>Q03 a—-lez _>Qo;
abQ, »Q);  abQ, —>Q,; abQ, > Q;
abQ, »Q);  abQ, —>Q,;  abQ, - Q;
abQ, >Q; abQ —>Q; abQ, »>Q;
Q —f; Q—~f; Q,—~f.

OTtpumaHi eJIeMeHTapHI CEKBEHLIMHI PiBHAHHS,
SIKI HampsIMJICHI 710 OfHiel ¥ Ti€l K BeIMYUHH,
3aIHICy€EMO Yepe3 Olepallito JOTIYHOTO J0/IaBaHHS.
Sk pesynmbTaT CEKBEHIIWHI PIBHSHHS HA OCHOBI
rpada HaO0yBarOTh TAKOT'O BUIJISAY:

abQ, v abQ, vabQ, v abQ, vabQ, vabQ, — Q,;
abQ, v abQ, vabQ, — Q;;
abQ, vabQ, vabQ, —» Q,;
Q—->f;
Q,vQ, — f.
KOpI/ICTyIO‘lI/ICL aHaJ'IiTI/I‘{HI/IMI/I CHOCO6aMI/I

MiHimi3amii QyHKOil anredpu JOTIKH, OTPUMYEMO
CKOpOYEHI PiBHSHHSI, SIKi MAOTh BUTJISIII
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aQ, vQ,vQ,) = Qy;
aQ(QOVQIVQZ)_)QI;
ab(Q, vQ, vQ,) = Qy;
Q1 - f; _
Q,VvQ, —» f.

HaBeneni cekBeHINHHI pIBHIHHSA  SIBISIIOTH
co0OK0 aOCTpaKkTHUM JTUCKPETHWUH aBTOMAT, IO
iMiTye poOoTy cTaHmiiHOTrO perikoBoro kona. 11106
BHKOPHCTATH IMITaIllifHy MOJENb TSI BU3HAYCHHS
noBeninku MIIL mixg yac TectyBaHHS, HEOOXITHO
Ha 6a31 abCTPaKTHOTO aBTOMAaTa CTBOPUTH CXEMY Ha
JIOTIYHHUX eJIeMeHTaX, ska Oyne iMiTyBaTH poOoTy
petikoBoro koja. J{is 30epeskerns inpopmarii mpo
MOTIePE/IHI CTAaHM aBTOMAara, BUKOPUCTOBYEMO
2 JK-tpurepu.

Jnis  KOKHOTO 3 TpbOX CTaHIB aBTOMAara
BIJIMTOBITHO BCTAHOBJIIOIOTh CTaH TPUIEPHUX CXEM,
110 HaBEICHO B TaOJI. 3.

Tabmuns 3
CraHu 4yapyHOK mam’sITi
Table 3
States of memory cells
Crast asrosara CraH TpUTEepPHUX CXEM

Fi F2

Qo 0 0

Qi 0 1

Q: 1 0
Jus  peamizariii 3aJeXHOCTI MDK CTaHAMHU

MOJIeTIi Ta TIO3UIIIE€I0 TPUTEPIB CKIIATAEMO TAOIHUITIO
¢GyHKIIH 30y/PKEHHS U TPUTEPIB BIAMOBIAHO 10
JIOTiKH iX pobotu (Tad. 4).

Tabnuus 4

KoanyBaHnHsi cTaHiB TPUTepHUX cXeM

Table 4
Coding of triggered circuit states
CraHu aBTOMaTa OyHKILIT 30y1KEHHS TPUTepiB
Q2 Qi Qo N Ki Ja Kz
0 0 0 - - - -
0 0 1 0 1 0 1
0 1 0 0 1 1 0
0 1 1 - - - -

I[MIponoBxeuus tabdn. 4

Continuation of Table 4

Cranu aBTOMaTa OyHkii 30yKEeHHS TPUTepiB

| o | Q| u Ki i Ka
1|10 ] o 1 0 0 1
1] 0 1 - - - -
1|1 0 - - - -
1 1 1 - - - -

OCKUTBKH AUCKPETHUHM aBTOMAT Ma€ JIHMIIE TPH
BU3HAUCHUX CTaHW, TO, BIAMOBIAHO, TPHUTEPHI
CXEMH TaKOX OJIHO3HAYHO MPAIIOTh JIMIIEC Ha
TPHOX TO3MIMIsAX Tadmuii. s BCixX iHIMMX PSAAKiIB
CTaH TpurepiB € HeBU3HaueHWM. s moOymoBu
CXeMH 3 MIHIMAJbHO MOJXKIHNBOI KIIBKICTIO
€JIEMEHTIB CKOPHCTAEMOCH METOIOM MiHiMi3aIii 3a
nmoromororo kapt Kapro (muB. puc. 2).

201 Q20
Q o0 o1 |11|10]| Qp 00|01 11|10
OXO[XI] 0|X1|X0
Mo X XX
11 =0; K1=62
2Qy Q-Qy
Qo 00|01 |11|10] Q 00|01|11]10
0| X (I x] 0 0 ?| 0| X F
1o [IxX[x]x L] x ] x[[x
J2 =0, K2:@1

Puc. 2. Minimizarist QyHKIIH 30yKeHHS
TpHUrepiB 3a ormoMororo kapT Kapuo

Fig. 2. Minimization of trigger excitation
functions using Carnot maps

PesyabTatn

3a pesynbraraMu MiHIMI3allli CEKBEHIIIMHUX
PIBHSIHB Ta TPUTEPHUX CXEM CTBOPEHO CTPYKTYPHY
CXeMy JHCKPETHOTO aBTOMara CTaHI[HHOTO
peiikoBoro kona. J{is nepeBipku poOOTH CTBOPEHOT
MaTeMaTHYHOI MOl BHMKOHAHO ii peasi3allito
B cepenosumii Proteus (puc. 3) [7]. Hus
MIATBEP/UKCHHS aJIEKBaTHOCTI pOOOTH CTBOPEHOT
MOJETIl 3a JOMOMOIOI  HAaBEAEGHOI  CXEMHOI
peamizamii  Oysio  mepeBipeHO  MPaBHIIBHICTH
repexoiiB rpada 3 KOXKHOTO CTaHy y BiJIlIOBiJIHE
TOJIOXKEHHS B pa3i 1o/1ayi BCiX MOXKIIUBUX BXITHUX
KOMOiHarii. Y pe3ysbTari BUSBICHO BiIMIOBIAHICTh
po0OOTH HaBeNEHOI CXeMH TaONHISIM BXOJIB Ta
BHUX0/1iB Mojiemi (Tadi. 1, 2).
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Puc. 3. Cxema OECKpPETHOTO aBTOMAaTa CTAHIIIHHOTO PEHKOBOTO KOJIa

Fig. 3. Scheme of the discrete automaton of the stationary rail circuit

HaykoBa HOBH3HA Ta IPAKTHYHA

3HAYUMICTh
Y  Xomi  mpoBEeOEHWX  OCHKEHb 5K
MaTeMaTH4Hy MOJeNb, 10 iMiTye poOoTty

CTaHIIHOTO PEUKOBOTO KOja, BHOpPaHO MOZEIb
y BHUIVIAAI CKIHYEHHOTO AMCKPETHOTO aBTOMAaTa
3 TphOMa CTIMKUMH cTaHamMH. BukopuctaHHS
PO3p00JIeHOT MOJIEI T03BOJISE:

— CKOPOTHTH Yac Ha TMEpeBipKy MPaBUILHOCTI
pobOTH cHCTEM MIKpOIIPOIIECOPHOI IEeHTpaTizarii
B pa3l iX BIPOBaUKEHHS HA 3aTI3HUYHOMY
TPaHCHOPTI;

— BU3HAYUTH PEAKLiI0 INPOrpaMHOI YacCTHHU
MIKpOTIPOIIECOPHOI IIEHTpati3alii Ha HETHUIIOBY
MOBE/IIHKY HAIIJIBHUX 00’ €KTiB, 30KpeMa peHKOBHX
Ki,

— Ha cCTajii CTBOPEHHS MiKpPOIPOLECOPHHUX
CHCTEM TPOBOIUTH OUIBII TNTMOOKY MEPEeBipKy iX

MTOBEMIHKY TN/ 9ac BCTAHOBIICHHS MAapIIpyTiB Ta
BUHHUKHEHHS PI3HUX BiJ]MOB IMPUCTPOIB, a TaKOX
KoMOIHaIll TaKUX HOIIN;

— imMiTyBaTH POOOTY pEHKOBOrO KOJa Tija dac
PO3pOOKH CHCTEM JiarHOCTYBaHHS Ta KOHTPOJIIIO

CNCKTPUYHOI  IEHTpaii3alii  Ha  pelehHii
eJeMeHTHi 6a3i [9].
BucHoBKkH
BukopucranHss po3poOiieHOi  MaTeMaTHYHOl

Moeni y (hopMi AUCKPETHOT'O aBTOMAaTa J03BOJIHTH
3HAYHO MiABUIIATH (GYHKIIH HaIilHICTE poOOTH
MIKpPOIPOIIECOPHOT IEHTpai3alii Ta CHPOCTUTH
MPOLIECH TMOOYZOBH iarHOCTUYHHUX KOMILIEKCIiB
JUTS CUCTEM IIeHTpallizallii Ha peeiHii eneMeHTHIN
6as3i.
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Creation of a Mathematical Model of a Stationary Rail Circuit in the Form
of a Finite Discrete Automaton

Purpose. Ensuring the safety of train traffic is a mandatory task in the development of technical equipment of
railway transport in Ukraine. To diagnose and verify the performance of such systems, simulation models of overhead
devices, in particular, the rail circle, are used. The most commonly used models are in the form of differential equations
and in operator form. Unfortunately, they are not fully suitable for solving this problem. In this regard, there is a need
to create a mathematical model that is easier to integrate for checking both relay electrical interlocking and
microprocessor-based interlocking systems. Methodology. To achieve this goal, the authors proposed to create
a mathematical model in the form of a finite discrete automaton. This paper considers the creation of a model of
a station rail circuit as a directed graph. During the creation of the model, the input and output values of the model
and the states are determined. The tables of inputs and outputs of the automaton are constructed, sequential expressions
for the abstract model of the automaton are created, and their minimization is performed. The states of the automaton
are coded using trigger circuits. Findings. In the course of the research, a mathematical model of the rail circle in the
form of a Moore model finite automaton was created, and its performance was tested in the Proteus software
environment. The developed model allows to simulate the operation of a stationary rail circuit at the level
of abstraction, which operates with binary signals. This makes it possible to simplify the coordination of the model
with microprocessor-based centralization software. In general, it is now possible to more effectively check the
performance of microprocessor-based interlocking systems at the design and commissioning stages. Originality. The
developed mathematical model makes it possible to determine the response of the microprocessor-based centralization
software to the behavior of the rail circuit in various, in particular atypical, operating modes, as well as to determine
the response of the station electrical centralization system to individual failures and to the occurrence of several
failures simultaneously. Practical value. The proposed mathematical model can be used both to check the operation
of microprocessor-based centralization systems at the design and implementation stages and for relay centralization
systems when developing diagnostic complexes for monitoring their performance.

Keywords: rail circuit; mathematical model; discrete automaton; microprocessor-based centralization; diagnostics;
graph
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Buxopucranus radioHiB 11l 3aXMCTY BiJl ypaskeHHs HAQTOCXOBHIIA

Mera. Ilig vyac BuOyXy ApoHa YTBOPIOIOTH yJaMKH, IO CIPHYMHSAIOTH PU3UK YPa)KEHHS SK JIIOJUHHU, TaK
i 00’€eKTIB Ha IPOMHUCIOBOMY MaiilaHYMKy. TOMy OCHOBHOIO METOIO POOOTH € OL[IHIOBaHHS €()eKTUBHOCTI BUKOPHC-
TaHHs rabioHIB i3 pI3HMMHU HAIOBHIOBAYaMH JJIsl 3MEHIIICHHS PU3UKY YPa)K€HHs CTIHKM Ha()TOCXOBHUINA yJaMKaMH,
110 3’SIBJIAIOTHCA ITij 4ac BUOYXY JpOHA Ha IIPOMHUCIIOBOMY Mai/IaHUUKY, a TAKOX aHaJli3 BETMUYMHH I103aIIePEeIIKO/I-
HOI IIBUIKOCTI pyXy yiiamkiB. Meromuka. [[jist aHanizy e()eKTHBHOCTI BUKOPHCTAaHHS rabioOHIB SIK 3aXUCHUX CIIOPY/]
Ha(TOCXOBHIIA ITiJl YaC PO3JIITAHHS YJIAMKIB JJPOHA BUKOPUCTAHO YUCEIbHY MOJIEIb, 110 0a3yeThCs HA IHTETpyBaHHI
PIBHSIHHS pyXy MaTepiajbHOl TOuku. PiBHSHHS pyXy ynamka 0a3yroThcsi Ha Apyromy 3akoHi HetoToHa. Takuii mif-
XiJl 03BOJIsIE BU3HAYUTH TO3ANCPEIIKOHY MIBUAKICTh yJIaMKa ITiCJIs MPOXOKEHHS TiJla 3aXHUCHOI MEpeKoan —
rabiony. IToOynoBaHa unceabHa MOJIENb BPAXOBYE MOYATKOBY IIBHIKICTh yJaMKa, HOro po3Mip, HampsM pyxy, BH-
COTYy BHKHIY, a TaKOXX Marepiasl, SKAM HAllOBHEHO Tijio rabioHy. Ha 0a3i miei 9umcenpHOI MOZIENi CTBOPEHO
KOMIT FOTEpHY Hporpamy Ul NpOBEAEHHs 004MCIIIOBAILHOTO ekcnepruMeHTy. PedyabraTn. Po3pobneno epextus-
HUH 1HCTPYMEHT aHAN3y PH3HWKY ypakeHHS Ha(TOCXOBHWIIA BiJi METANBHOI Iil yJIaMKiB, IO yTBOPIOIOTECS B pasi
BHOYXY JpOHA, Ta aHANi3y e()eKTUBHOCTI BUKOPUCTAaHHs rabioHiB. [logaHo pe3ynbTaTe OOYHCITIOBaIbHUX EKCICpPH-
MmeHTiB. HaykoBa HoBM3Ha. [100ynoBaHO HIBHIAKOPO3PaXyHKOBY YHCEIbHY MOJENb Ul ONEPATHBHOTO aHaTi3y
e()eKTUBHOCTI BUKOPHUCTAHHSI rabioHIB, sIKI MAIOTh Pi3HE HAIIOBHEHHS Ta SKi BUKOPUCTOBYIOTH JJIsl 3aXHUCTy Hadroc-
XOBHIIA Ha MPOMHUCIOBOMY MaiJaH4YMKy BiJi METaJbHOI Aii yJaMKiB, 11O YTBOPIOIOTBCS MiJx yac BUOYXY JpOHA.
IpakTuuna 3HaYuMicTh. Po3po6ieHo KOMIT'IOTEpHY MporpaMy Ui pO3paxyHKY IMHAMIKH PyXY YJIaMKiB y IOBIT-
pi Ta B Tl raGiony. BukopucTaHHs 1i€l IporpaMu J03BOJISE MiI0OpaTH palioHalbHi PO3MIpH 3aXUCHOT MEPEIIKOAN
— 1abioHy Ha MPOMHUCIOBOMY MaWIaHYUKY IS 3aXUCTY HA(DTOCXOBHIIA BiJ YPaXKCHHSI.

Kniouosi cnosa: rabioH; pO3MiTaHHA YJIaMKiB; PHU3HK YpaKeHHS; IUHaMiKa pyXy YyJaMKa; 4YHCEIbHe
MO/ICTIFOBAHHS

Beryn tomo [1, 7-10]. Jnis oriHFOBaHHS HACIIKIB TAKHX
EKCTpEMalIbHAX CHUTYyalliii BUKOPHCTOBYIOTHh Pi3Hi
MaTeMaTHuHi Mojeni [2—4, 8, 9]. V Bumajaky BuOy-
XiB Ha IPOMHUCIIOBOMY MaiIaHYMKy Ma€ Micle po-
3J7iTaHHS YJIAMKiB, SIKi CTBOPIOIOTH PU3UK YpakKeH-
Hs IepcoHany Ta 00’€KTIB yepe3 IX pyx 31 3Hay-

Creative Commons Attribution 4.0 International © M. M. Binses, 1. B. Kanammnikos, O. B. bepinos,
doi: https://doi.org/10.15802/stp2024/305713 B. A. Kozaunna, B. M. Ilonropaupka, 2024

VY pa3i ekcTpeMaJbHUX CHUTYyallill Ha TPOMHC-
JIOBUX MalJaHYMKaX MOXKJIMBa TMOSBa Pi3HHX Bpa-
XKarouux (axkTopiB, HANPUKIAJ, MOsSBAa B MOBITPI
TOKCHYHHMX PEYOBHH, CTBOPEHHS BOTHIHOT KyJi
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HOIO MIBUAKICTIO. SIKIIIO B TAaKWX MICIIIX PO3TAIIO-
BaHI cxOBHIIAa HAa(TOMPOAYKTIB, TO yJIaMKH, IO
YTBOPIOIOTHCS Mijl 4ac BUOYXY, MOXKYTb MOIIKOAHU-
TH Kopmyc HadTocxoBuina. Lle mpu3sene 10 BUIHBY
MIPOAYKTIB, TIOKEXKi HA MPOMHUCIOBOMY MaWIaHIH-
Ky, BUKHAAY B aTMoc(epHe MOBITps NPOAYKTIB MO-
KEXi Ta TOSBH TEIJIOBOTO 3a0pyIHEHHS JTOBKIULIS.
Takum 9uHOM, ITy’Ke BAXKIMBO PO3pOOIATH 3aco0n
3aXMCTy Ha)TOCXOBUIL y pa3i po3JiTaHHA YJIaMKiB
i yac BUOyXiB apoHiB. lle mae migcraBu ams mpo-
BEJICHHSI HAYKOBHX JOCII/DKCHb 3 METOI0 BIOCKO-
HaJICHHS CHCTEM 3aXHCTy Ha()TOCXOBHUII Ha TPOMH-
CIIOBUX MaiIaHUMKax y pasi pO3JiTaHHA yIaMKiB.

Meta

OCHOBHOIO METOIO POOOTH € OILIHIOBaHHS edek-
TUBHOCTI BHKOPHCTaHHS Tra0iOHY 3 Pi3HUM HAaroB-
HEHHSIM JUISl 3HIKEHHsI PU3UKY YpaKeHHs HagToC-
XOBHIIA yIaMKaMH, 10 YTBOPIOIOTHCS ITICIIST BUOYXY.

MeTtoauka

Posrnsmaemo 3anmady posiliTaHHS yJIaMKIB Bif
BHOYXy ZpOHa Ha MMPOMHUCIOBOMY MalIaHUHUKY, 1€
po3tamoBani HadTOocxoBHMIIA. 7S 3aXHCTy KOp-
mycy HadTOCXOBHINA BiJi METAJIBHOI [ii yJIaMKiB
MPOTIOHYEMO BUKOPHCTATH Ta0ioOH 3 Pi3HUM Harmo-
BHEHHsM. [[1s1 po3B’si3aHHS mi€i 3a/adi BUKOPHC-
TOBYEMO MOOYIOBaHy YHCENBbHY MOJIEIb.

VYiamMku, 10 yTBOPIOIOTBCS TijJ 4Yac BUOYXY
JpOHa, MAIOTh Pi3HY TeoMeTpuuHy (opmy, macy,
HIBHJIKICTD PYXY.

Puc. 1. Po3ramyBanHs rabioHy Ha IPOMHUCIOBOMY
MalJJaHYuKY:
1 — npon; 2 — micue BuOyxy; 3 — rabioH;
4 — nadrocxosuuie; 5 — ynamox

Fig. 1. Location of the gabion on the industrial site:
1 — drone; 2 — place of explosion; 3 — gabion;
4 - oil storage; 5 — fragment
Kpim nporo, ynaMmku MOXKyTb yTBOPIOBATHCS Ha
pi3Hill BUCOTI Ta pyxaTucs MiA Pi3HUM KYTOM JI0
00’ekTa, SIKMA TOTPIOHO 3aXUCTHTH (Hayi —

00’exT). s mobymoBr MareMaTHIHOI MOAETI py-
Xy yJaMKa Ta B3a€MOJIi HOTO 3 KOPITyCOM 3aXHUCHOT
nepemkoau (rabdioH) poOUMO TaKi MPUITYIICHHS:

1) ymamok mae ¢popMy KOHyca;

2) Maca yiaMKa — Bijoma;

3) IWBUAKICTH Ta HAMIPAM PYXY yJaMKa BiJl TOY-
KH BUOYXY — BiJIOMi;

4) BiomMa JOBXKMHA BiJl MICIIsI PO3JIITAaHHS yIa-
MKIB JI0 Ta0ioHy Ta 00’ €KTa;

5) KyT o BWJIITaHHS yJaMKa BiIHOCHO HOBEpPX-
Hi 3¢MITi — BIJJOMHIA;

6) BitoMa LIIIBHICTH p., Martepiady 3aXHUCHOI
nepenrkoan (rabiony).

TpaekTopito pyxy ynamka BiJ miclisi BUOYXY 10
00’€eKTa po30MBAEMO HA TPH YACTUHH :

— 30Ha Ne 1 — Big micus BUOYXyY A0 Ta0ioHY;

— 30Ha Ne 2 — pyx ynamka BcepennHi rabioHy
3 IMCKOM;

—30Ha Ne 3 — pyx ymamka Bixg rabioHy a0
00’€exTa (KO0 yIaMoK Tpoiiae 30Hy Ne 2).

JduHamiky pyxy ylamKa B KOXHii 30Hi OyaeMo
OINMCYBaTH 32 JOIOMOTOIO APYroro 3akoHy Hbro-
TOHA:

m—=-— R_Fg’ (1)

Je M — Maca ynamka; V — BEKTOp IIBUAKOCTI PyXy

ylamKa B cepenosuii; F, =mg — cuina TSOKIHHS,
AN

F, =C,—~—-S — cuna onopy ynamka; C, — ko-

eillieHT onopy ylaMmKa; p, — IIUIBHICTh CEPeo-

BHII[A; S — IUIONIA MiJEILOBOTO Tepepi3y yilaMKa;

t —uac.

Cria Bif3HAYMTH, IO 3HAYCHHS KoegilieHTa
onopy C, ms npyroi 30HH (pyX y/laMKa B IICKY)
BIJIPI3HAETHCS BiJl 3HAYEHHS I[BOTO KoedillieHTa
JUIsL TIepIIoi Ta TPeThol 30H (PyX yJiamKa B TIOBIT-
pi).

JJist mpakTHYHOTrO BUKOPUCTAaHHS piBHSAHHA (1)

3aMUIIeMO HOTro B MPOEKIIT HA OCI KOOPAWUHAT JJIst
KO>HOT 30HH :

2
md_uz_Cx&.S.u; )
dt 2
dv p.V?
m—=-C, —-——.-S-v—-mg, 3
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ne U, V — TIPOEKIiT BEKTOpa MIBUAKOCTI PyXy yiIaM-
Ka Ha oci koopauHat. BigzHauumo, 1m0 Bick Y Ha-
npsMJIeHa BEPTHKAJIBLHO Bropy, a Bich X — y Ha-
MPsIMi TOPU30HTAIBFHOTO PYXY YIaMKa.

Hani 3milicHIOEMO dYHCeNlbHE IHTerpyBaHHS piB-
HsHB (2) 1 (3) s BU3HAYCHHS MIBUKOCTI PyXy yJia-
MKa B KoxHil 30H1. Koediuient onopy C, s nep-
ol Ta TpeThoi 30HM Gepemo 0,5, mis 1pyroi 30HA —
0,85 (C.L I'epacimos, B.I. €podeeB Ta inmi).

st po3B’si3aHHST MOJACTIOBAJILHUX PiBHSHB (2)
1 (3) BukopuctoByemo meton FEitnmepa [5]. Pospa-
XYHOK 3Ha4€Hb KOMIIOHEHT IIBUAKOCTI pyXy yia-
MKa U, V Ha HOBOMY YacoBOMY BiJpi3Ky «n+I1»
3MIACHIOEMO Ha 0a3i TaKWX 3aJIe)KHOCTEH :

2
u”*lzu”—dt*CszL-S-u; 9)
m

2
VMV —dt*Cx%-S-v—dt*g . (10)

Juis mpoBenmeHHST po3paxyHKy Ha 0a3i 3ajex-
Hocter (9) 1 (10) moTpiOHO 3amaTw KyT O BHII-
TaHHS yJIaMKa.

JlanbHIiCTh X(t) BIJUTITAHHS yJIaMKa BiJl MiCIIs

BHOYXY BH3HAYaEMO 3 BHpa3y:
X(t)=x, —dt-V,

1€ X, — KOOpAMHATA MICLsl BIIUTITAHHS yJIaMKa.

3nilicHeHO MporpamMyBaHHS YHCENIbHOI MOAei
Ta crBOopeHo Kkona «Drone—2N». MoBa mporpamy-
BanHi — FORTRAN. Kox nae indopmaiiiro mpo
HIBHJIKICTh PYXy yJamMKa 10 TabioHy, ycepenuHi
rabioHy Ta 3a rabionom. bepemo, 1o sKmo 3a ra-
6ioHOM (TOOTO yJIaMOK MPOIIHB TLIO TabioHy) TO-
3alepenikoHa MIBHIKICTh ynamka Vy, He mepeBu-
mye 0,2 M/c, To TabioH mpaitoe epeKTUBHO. Alre
el KpUTepiil € JOCTATHHO YMOBHHM.

PesyabTaTtn

Ha 6a3i moOymoBaHOi YHCEIbHOI MOAETl Ta
CTBOPEHOTO KOJYy MPOBEJCHO MapaMeTpUdHi JOC-
mipkeHHs. Bu3HaueHo e()eKTHBHICT BUKOPHCTAH-
Hs Ta0IOHY JIJIS IBOX CIICHAPIiB:

— MEepLINH CIeHapiii: Tio rabioHy — MOKpHI
HicOK, IinbHiCTE p = 1 920 kr/M>;

— NPYTHU# clieHapiid: Tij0 rabioHy MICTHTh pi3-
Hi HallOBHIOBa4Yi — THpCa JEPEBHA, MaKyXa, 3eMJIs
cyxa.

SIk mepie HAGMKEHHS PO3IIISIHYTO BHIIAIOK,
KOJIM YJIaMOK IiCJIsi BUOYXY PYXa€eThCs TOPH30HTA-
JBHO B HanpsIMKY 00°ekta (o = 0).

Tabnuns 1

3HayeHHS M03anepemKoIHOl IBUIKOCTI
ynamka (cuenapiii 1, maca ynamia 0,03 kr)

Table 1

The value of the debris velocity beyond the obstacle
(scenario 1, the mass of the fragment is 0.03 kg)

[TouatkoBa [lozanepemxkogHa ToBuuHa
MIBHUIKICTh MBUAKICTB, Vb, M/C rabioHy, M
yJlamKa, M/c
200 0,08 0,96
500 0,08 1,05
800 0,08 1,10

Po3paxyHok [uisl mepIioro Bapianrta 3iHCHEHO
3a TaKWX JaHWX: BUOYX Ma€ MicCIle Ha BiJCTaHi
25 M Big HaTOCXOBHINA, 3aXHCHA TIEPEIIKOa PO-
3TallloBaHa Ha BijcraHi 12 M Bijg HadTOCXOBHIIA.
Bucota Bukuny ynamka 2 M, maca yiamka 0,03 ta
0,07 xr. IloyaTkoBa MIBUAKICTH ylIaMKa BapirO€Th-
csi. PesynpTatn po3paxyHKy Uil OUX HapameTpiB
nmokasai B Ta0u. 11 2.

Tabnuus 2

3HayeHHS N03anepemKoIHOI IBUIKOCTI
ynamka (cuenapiii 1, maca ynamrka 0,07 kr)

Table 2

The value of the debris velocity beyond the obstacle
(Scenario 1, the mass of the fragment is 0.07 kg)

ITouarkoBa mBHA- ITozanepenikogHa ToBuuHa

KICTB yIamKa, M/c HIBUAKICTB, Vb, M/C rabioHy, M
200 0,18 2,01
500 0,19 2,25
800 0,19 2,37

Amnami3 maHux i3 tabm. 1 1 2 mokasye, mo s
ynamka Macoro 0,03 kr ToBiMHA rabioHy TOPSIIKY
1,1 M, i3 MM HamOBHIOBaYEeM, MOXe OyTH edheKTh-
BHOW0. s ynmamka macoro 0,07 kr eeKTHBHOIO
€ TOBII[MHA Ta0i0HYy TOPSIKY 2,4 M.

s apyroro cueHapito 3ajadvi MUTBHICTh Ha-
MOBHIOBaYa rabioHy Oyna Taka:

— tupca gepesHa p = 400 kr/m>;

— Makyxa p = 590 kr/m;

—3emust cyxa p = 1 100 kr/m’.
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Po3paxyHOK assi Ipyroro cleHapito 3miiiCHEHO
3a Takux gaHux: maca ynamka 0,02 xr. [TouatkoBa
IIBUJIKICTh yJIaMKa BapiroeThes. PesynbraTti pospa-
XYHKY JJISl IX TTapaMeTpiB moka3aHo B Tabi. 3 — 5.

Tabmums 3

3HavyeHHS Mo3anepenKoAHOl IBUAKOCTI
yiaamka (cueHapiii 2, Tupca JepeBHa)

Table 3

The value of the debris velocity beyond the
obstacle (scenario 2, wood sawdust)

IlouaTtkoBa
. [TozanepenikogHa ToBmuHa
HIBHKICT y1a- MBUAKICTB, Vb, M/C rabioHy, M
MKa, M/C

200 0,16 2,65

500 0,25 2,98

800 0,25 3,15

Tabnuus 4

3HauyeHHS M03aNepelKOIHOI IBUIKOCTI
yiaamka (cueHapiii 2, Mmakyxa)

Table 4

The value of the debris velocity beyond the
obstacle (scenario 2, oilcake)

TlouaTkoBa
. [TozanepemkogHa Tosmuna
[IBHKICTE y1a- HMIBUAKICTB, Vb, M/C rabioHy, M
MKY, M/C

200 0,17 1,89

500 0,17 2,11

800 0,17 2,22

Tabnuus 5

3HaYeHHS M03aMePeniKOIHOI IIBHIKOCTI
yaamka (cueHapii 2, 3emuist cyxa)

Table 5

The value of the debris velocity beyond the
obstacle (scenario 2, the ground is dry)

[ToyarkoBa
ot yaa- Hosaqepemxouﬂa TO]?H.[I/IHa
HHIBHIK MIBUIKICTB, Vb, M/C rabioHy, M
MKy, M/C
200 0,09 1,09
500 0,09 1,21
800 0,09 1,26

Sk 6aummo 3 Tabim. 3 — 5, Ha epeKTUBHICTH 3a-
TPUMaHHA YJlaMKa CYTTEBO BIUTUBAE IIiTBHICTD
MaTepiany B Timi rabiony. Tak, sIKII0O BUKOPUCTAHO
THPCY JEPEBHY, TO JJISI PO3TISIHYTHX IAapaMeTpiB
TOBINWHA rabioHy mopsnky 3 M HeedekTuBHA. Jis
CyXOi 3eMJIi K HalOBHIOBa4a MO>KHA BUKOPHUCTO-
ByBaTH rabioH TOBIIUHOIO MOPAAKY 1,3 M.

BimzHaunMo, 110 9ac po3paxyHKy CKIIaaae
2c.

HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYUMICTh

3anpornoHOBaHO YMCENBHY MOJCIb JIJISl OIIHIO-
BaHHS e(DEeKTHBHOCTI BUKOPUCTaHHS Ta0ioHY, KU
Mae pi3He HamoBHEHHs. ['abioH BHKOPHCTOBYIOTH
Ha MPOMUCIOBOMY MalIaHYMKY JUIS 3aXHCTy KOp-
mycy HapTOCXOBHUIA Bil ypaKeHHA ylaMKaMu
JpoHa.

MaremaTnyHa Mojens 0a3yeTbcsi HA YUCEIb-
HOMY IHTErpyBaHHI piBHSHHS HECTalliOHAPHOTO
PyXy MaTepialnbHOI TOYKH B TOBITPSHOMY MPOCTO-
pi Ta B Tini rabioHy AJsl BU3HAYCHHS MO3aIleper-
KOJTHOT IIBUJIKOCTI yJIaMKa.

Po3pobnena umcenbHa MOAENb JO3BOJSE BH-
3HAYaTH PalioOHAIbHI po3Mipu TaliOHY ISl 3HH-
KEHHSl PU3HMKY IOIIKO/DKEHHS CTiHKH HadTOCXO-
BUIIA.

BucHoBku

1. CtBOopeHo OaraTomapaMeTpuyHy MaTeMaTu-
YHY MOJIENIb PyXy yJaMKa B TIOBITPSHOMY CEepeo-
BUILE Ta B «TUI» radioHa.

2. Ha 6a3i noOyaoBaHOi MaTeMaTHYHOT MOZEI
CTBOPEHO KOMIT FOTEPHUH KOI Uil IMPOBEACHHS
00YHCITIOBATIBHOTO EKCIIEPUMEHTY 3 METOI0 BHU3HA-
YeHHS e(EeKTUBHOCTI BUKOPHUCTAHHS 3aXUCHHX IIe-
pemkon (rabioHIB) Ha TEPUTOPii MPOMHUCIOBOTO
MalJaH4uKa.

3. IlpoBeieHO OOUYUCITIOBATTLHUM €KCIIEPUMEHT,
1[0 JIaB MOXKJIMBICTh BU3HAYUTH PalliOHAIBHY TO-
BIIMHY ra0ioHy, JUIsl 3alIOBHEHHS SIKOTO BHKOPHC-
TaHO MICOK, TUPCY ACPEBHY, MAKyXy Ta 3eMIIIO CY-

Xy.
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Using Gabions to Protect Oil Storage Facilities from Damage

Purpose. During a drone explosion, debris is generated that poses a risk of damage to both humans and objects
at an industrial site. Therefore, the main purpose of this study is to evaluate the effectiveness of using gabions with
different fillers to reduce the risk of damage to the wall of an oil storage facility by debris generated during a drone
explosion at an industrial site, as well as to analyze the value of the out-of-band velocity of the debris.
Methodology. A numerical model based on the integration of the equation of motion of a material point was used to
analyze the effectiveness of using gabions as protective structures of an oil storage facility during the flying of drone
debris. The equations of motion of the debris are based on Newton's second law. This approach makes it possible to
determine the unobstructed velocity of the fragment after passing the body of the protective barrier - the gabion. The
developed numerical model takes into account the initial velocity of the fragment, its size, direction of movement,
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ejection height, and the material that fills the gabion body. On the basis of this numerical model, a computer pro-
gram was created to conduct a computational experiment. Findings. An effective tool has been developed to analyze
the risk of damage to the oil storage facility from the metallic impact of debris generated in the event of a drone ex-
plosion and to analyze the effectiveness of gabions. The results of computational experiments are presented.
Originality. A fast-calculating numerical model has been built for the operational analysis of the efficiency of using
gabions with different contents, which are used to protect an oil storage facility at an industrial site from the missile
impact of debris generated by a drone explosion. Practical value. A computer program has been developed to cal-
culate the dynamics of debris movement in the air and in the body of the gabion. The use of this program makes it
possible to select the rational dimensions of a protective barrier - gabion at an industrial site to protect an oil storage
facility from damage.
Keywords: gabion; debris scattering; risk of damage; dynamics of debris movement; numerical modeling
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MoaearoBaHHA HeCTaHiOHapHOI‘O nmpouecy MacomnepeHocy B mi3eMHUX BOJAaX

Mera. [H}inpTpamis 3a0pyTHEHUX BOI, aBapiifHi PO3IHMBU XiMIYHO HEOE3MEYHNX PEUOBHH Y IPYHTOBI BOJIN IPU3BO-
JITH 10 GOpMyBaHHS y BOJZOHOCHHX IlIapax 3HAUYHMX 32 PO3MipaMH 30H TEXHOTCHHOTO 3a0pyIHeHHs. ToMy Ba)XIMBOIO
€ po3po0Ka CUCTEM 3aXHUCTY BiJl 3a0pyAHCHHS MiI3eMHUX BOJ. J{71s aHAIi3y e(heKTHBHOCTI pOOOTH TAKUX CHCTEM 3aXHUCTY
Ha eTarli MPOEKTYBaHHs MOTPIOHO MaTH HAYKOBO OOIPYHTOBaHY iH(OpMALiIO PO AWHAMIKY 3MIHU 30H 3a0pyIHEHHS
y mig3eMHUX Bojax. Taka iHpopmarist Moxe OyTH OTpUMaHa 3a JOIOMOIOI0 METOLy MaTeMaTHYHOTO MOJICITIOBAHHSL.
PoGoTa cripsMoBaHa Ha CTBOPEHHSI YHCEIILHOT MOJIEII ISl pPO3PaxyHKY HECTalliOHAPHOTO MPOLECY reoMirpaliii 3a yMoBH
3aCTOCYBaHHS XIMIYHOTO 3aXHCTY IiJI3EMHUX BOJ Bia 3a0pynHeHHs. Meroauka. /[yt onucy AMHaMIKH Mi3EMHHX T10-
TOKIB PO3TIITHYTO JIBA PIBHSHHS (PUIBTPALil, IO TO3BOJIOTH MPOBOIUTH MaTeMATHIHE MOJICITIOBAHHSI MPOIIECY (PiIbT-
parii sk i yac po3B’sI3aHHSA IDIAHOBHX 33149, TaK 1 JUTA po3B’s3aHHA 3a1a4 npodieHOI (inbrparii. st ananizy 3Minu
SIKOCTI ITiI3eMHIX BOJ] BAKOPHUCTAaHO JTBOBUMIipHE PiBHAHHS reomirpaitii. Lle piBHSIHHS BpaxOBy€e KOHBEKTHBHHUH IIEPEHOC
JIOMIIIKA y (DUTBTpAIlifHOMY TTOTOLI, JUCIICPCif0, IHTEHCUBHICTD iH(IIBTPALii JOMIIIKH B MiA3eMHHUHA MOTIK. Takox 11e
PIBHSIHHSI BHKOPUCTAHO VTS PO3paxyHKY pyXy HeifTpanizaTopa y IpyHTOBHX Bojax. UncenbHe iHTerpyBaHHS PIBHSHHS
¢uTBTpamii mpoBeAEHO 32 JOIOMOTOI0 CKIHUCHHOPI3HALIEBIUX METO/IB. [l 9iCeNbHOTO IHTeTpyBaHHs PiBHSIHHS I'eOMi-
rpauii BUKOPUCTAHO HEsIBHY CXeMy poslieruieHHs. PesyabTarn. [1o0ynoBaHO MIBUAKO3aCTOCOBHY YHCEIBHY MOJEIH
PO3paxyHKy JAMHAMIKU IPYHTOBUX BOJA. MOJENb € TakoX IUIaT(hOPMOIO JJIs PO3B’SI3aHHS 1HIIOT BAXKIIUBOI 3a7adi —
PO3paxyHKY IIPOLECiB reoMirparii. 3anpornoHOBaHO YHCEIbHY MOJAEIb PO3PaXyHKY HECTalliOHAPHOTO MPOLIECY TeOMi-
rpatii, 110 J1Ja€ MOXKJIUBICTh OLIIHIOBATH HE TUIBKH Mpolec (GJopMyBaHHs 30H 3a0pYAHEHHS B MOTOLI I'PYHTOBHX BOJI,
aje 1 BU3HauaTH e()eKTUBHICTh METOY HEHTpatizamii JOMIIIKY B mia3eMHoMy noTolli. HaykoBa HoBu3HA. [100y10-
BaHO e()eKTUBHI YUCETIbHI MOJEN I eKCIPEC-OLIHIOBAaHHS 3MiHH TUHAMIKHM IPYHTOBHX BOJ Ta 1X SIKOCTI MiJ| Ai€l0
TEeXHOTeHHOTO JpKepeda. Lli Moeri BpaxoBYIOTh KOMITIEKC BaXKIMBUX (i3HYHUX (HaKTOPIB, 110 BIUTMBAIOTH HA IIPOLIEC
reoMmirpamii Ta mporec HeWTpamizamii JoMimkw B mig3emMHOoMy mortomi. IlpakTuuHa 3naymmicTb. Po3pobieHo
KOMII'IOTEpHY MPOrpamy, IIO J03BOJISIE METOJIOM OOUYHCIIOBAIEHOTO SKCIIEPUMEHTY BH3HAYaTH eEeKTHBHICTH MPO-
Hecy Heifrpanisaiii arpeCHBHOI JOMIIIKH B IDYHTOBHUX BOJAX 3 METOIO iX 3aXHCTY BiJl TEXHOT€HHOTO 3a0pyIHECHHS.

Knrwouogi cnosa: nuHaMika Ni3eMHHUX BOJ; IPYHTOBI BOJH; MacOIIEPEHOC; MATEMAaTHYHE MOJCIIOBAHHS; TEXHO-
reHHe 3a0pyAHeHHs

Beryn

Cepen cyuacHuX 1po0JieM Oy 1iBHUIITBA HA ITiJI-
TOTUIEHUX TEPHUTOPIIX MOXHA BHUIUINTU JBI BaXK-
JIUBI 3a/1a4i: aHAITI3 TMHAMIKH ITiI3eMHUX BOJI (y TIe-
plly 4epry — migTOIUICHHs); 3a0pyIHEHHS IPYHTO-
BHUX BOJ (MIEPIIOTO BiJl TIOBEPXHI 3eMJIi BOAOHOC-
Horo mapy) [1-6]. OcobauBo ciijx BiA3HAYUTH, IO
MIJBUIICHHS PiBHSI I'PYHTOBHUX BOJ BiJI0OyBa€ThCs
B palioHax, Jie Ma€ MicCIle 3MiHa TiAPOreoOriYHOrO

PeXKHMY BHACHIJIOK OYy/IBHUIITBA CTaBKiB-HAKOIIH- Puc. 1. CTaBok-BincTiiHUK

qyBauiB CTIYHMX BOA Big pisaux mianpuemcts  (https://www.pseau.org/outils/ouvrages/irc_university o
(pI/IC. 1) BB Takux TEXHOTE€HHUX JUKepell po3- fileedsﬁwasteistabilization Dond572004.pdf)
MTOBCIO/KY€ETHCS HA 3HAYHY BiJICTaHb. Fig. 1. Settling pond

(https://www.pseau.org/outils/ouvrages/irc_university o
f leeds_waste_stabilization _ponds_2004.pdf)
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3a0pyqHEHHS TPYHTOBUX BOJI BUHHKAE TIEPEIy-
ciM yHacmifoK iHGiIbTparii 3a0pyIHEHIX CTIYHIX
BOJ 31 CTaBKiB. TakuM YHHOM, HAsBHICTH CTaBKIB
MPU3BOJIUTH HE TUTBKH JI0 3pOCTaHHS PiBHS IPYHTO-
BHX BOJ (MIOYMHAETHCS MPOIIEC MIATOIICHHS TePH-
TOpii), aJie i 0 CyTTEBOTO 3HIKEHHS SIKOCTI Ti/I3e-
MHUX Boj. CUTyallito MOXKe IMOTipIIyBaTH I i TOU
(hakT, Mo, KpiM 3HMKEHHS SKOCTI MII3eMHHUX BOJ,
CTIYHI BOJIH, IIO MOTPAIUISAIOTH y TA3EMHHIHI MOTIK
31 CXOBHIII, MOKYTh OyTH arpeCUBHUMU Ta 3 YaCOM
BILTUBATH HA CTIUKICTh QYHIAMEHTY CIIOPY/, IMiJ13€-
MHI KoMyHiKatii Tomro [7]. KpiMm nporo, iHTeHCHBHE
3a0pyHCHHS TPYHTOBUX BOJ Ma€ MicIle B pa3i iH-
¢inpTpalii pi3HOr0 poay IOMILIOK Y IPYHTOBI BOAH
BiJI POMHUCIIOBUX MaiTaHYMKIB a00 y BUTI/IKY aBa-
pIfHMX BWTOKIB Ha TPAHCIOPTi, MiATPHUEMCTBAX.
BaxnmBo mimkpeciauTH, IO PO3B’S3aHHSA 3a/ad
reoMirpaiiii 3a0pyJHIOBaIbHUX PEUOBHUH Y ITi/I3eM-
HUX BOJax 0a3yeTbCsi Ha  MOMEPEIHHOMY
PO3B’sI3aHHI 3a1a4i AMHAMIKH Mig3eMHuX Boa. Ta-
KHM YHUHOM, TIOCTA€ aKTyaJbHE MTUTAHHS POTHO3Y-
BaHHS SKOCTI MiA3€MHUX BOJ MiJ Mi€I0 TEXHOTEH-
HUX JDKepes 3a0pyAHEeHHSI.

VY Ham yac 171 po3B’sI3aHHS 33124 LBOTO KJacy
BUKOPHCTOBYIOTh EMITIPUYHI Ta aHAIITHYHI MOJIENTI,
M0 Tal0Th MOXKIIMBICTh BU3HAYATH JUHAMIKY ITiJ13€-
MHUX BOJI T BIUTUB JPEHAKHUX CHCTEM Ha 11 3MiHYy
[2, 6 ]. Taki Mozeni € eeKTUBHUMH B iH)KEHEPHiH
MPAKTHIIi, alle 3 iX JOMOMOTOI0 MOXHAa OTPUMATH
MIPOTHO3HI JIaH1 JIMIIIE JUIs «CHPOIICHUX) CIICHAPIiB.
VY 3B’513Ky 3 MiIBULIICHHSM PiBHSI BUMOT JIO IIPOTHO-
3HHX Pe3yJbTATiB yce OiJIbIle TOCTa€ MOTpeda y BH-
KOPHCTaHHI YHCENbHUX MOJENEH s pOo3B’sI3aHHS
aKTyaJIbHUX 3aJlad JMHAMIKM IJI3€MHHUX BOJ Ta
reoMirparii [10, 11]. BinkpuTum nutaHHsAM 3a71H-
IIA€THCSA CTBOPEHHSI MAaTEMATHYHUX MOJENEH st
PO3B’si3aHH 33/1a4 TeoMirpariii y KOHTeKCTi 3aCTo-
CYBaHHS X J10 IPOOJIEM 3aXUCTY MiA3EMHUX BOJI BiJ|
3a0pyJHEHHS BHACTIJIOK Pi3HUX TEXHOJIOTiH, Ha-
MPUKJIA]], BCTAHOBJICHHS MiA3€MHUX 3aXUCHUX CTiH,
BUKOPHUCTaHHS PI3HOTO POAY JAPCHAXY, BUKOPHC-
TaHHS XIMIYHUX 3aCO0IB 3aXWCTy IiJ3€MHHUX BOJI
BiJl arpECUBHHUX JIOMIIIOK TOIIO.

Meta

ABTopu TiependavaroTh CTBOPEHHS YHCEIBHOI
MOJIeTi JUIS PO3paxyHKy HECTalliOHAPHOTO MPOIECY
reoMirpaiiii B pasi 3aCTOCYBaHHs XIMIYHOI'O 3aXH-
CTY HiJI3EMHMX BOJ Bifl 3a0pYAHEHHSI.

Metoauka

Posrismaemo 3amady ximiuHO1 HeliTpamizarii ar-
pecuBHOI NOMIIIKH (KHUCJIOTH) B TPYHTOBOMY IIO-
toui. Jns He#Tpamizamii NpOMOHYEMO CTBOPUTH
B MiJ3€MHOMY TIOTOIII CIEIiaibHy 30Hy Ha 3pa30K
mypdy (mam — HelTpamizyBambHUA eneMeHT). [lo
i€l 30HM MONAIOTh HewTpaiizarop. OcoOIMBICTIO
CTBOPEHOI 30HHU € Te, IO BOHA HE IMEPEIIKOKAE
pyxy migzemHoro motoky. Lle moxke OyTm ciTka
B TIOTOIIi, KPi3b MPO30PHU SKOI PyXa€ThCs 3a0py-
HEHa ITiJ[3¢MHA BOJIA 1 B I1ill 30HI «3yCTPidae HEMUT-
pamizatop. Jani BimOyBaeThes mpoliec HelTpaisza-
1ii arpecUBHOI TOMIIIKH. [HIIMM BapiaHTOM MOKe
OyTtu nepdopoBaHa TpyoOa.

Jlns mmaHoBOT 3amadi AMHAMIKY MiA3EMHHUX BOJ
rpottec GimbTpaiii MOAETIOEMO TAKUM PiBHSIHHSM:

2 2
ua—hzkhm %+% +W, (1)
ot ox~ oy
ne h— rmubuna migzeMHoro moToky; K — koedimient
(dinpTparii; | — HecTaya HacCHYeHHS (BOJIOBIIIa4a);
«+W» — iIHTEeHCUBHICTB 1HIMBTpAIIii; AKII0 «—W)» —
IHTCHCHBHICTb BiJIKa4yBaHHS BOJYU 3 BOJOHOCHOT'O
mapy; hm — cepeHs raMOuHa MiI3eMHOTO MOTOKY.
[lix wac Bukopuctanus piBHAHHSA (1) BomoTpuB
BB)KAEMO TOPU3OHTAIBHUM.
KoMIOHEHTH BEKTOpa IIBUIKOCTI IMiJ36MHOIO
MIOTOKY BH3HauaeMo Ha 0asi 3akony Jlapci:

u=—k@;v=—k@. 2)
X oy

[ToctaHoBKy KpailoBUX yMOB st piBHSAHHSA (1)
po3risiHyTO B [3].

Sxmo posrsgatu npodinbHy GingbTparito, 3a
YMOBH, 1110 KoeilieHT QinbTpallii — He3MiHHA Be-
JWYHMHA, PYyX CTallMid, TO AMHAMIKY PyXy MiJ3eM-
HOTO TIOTOKY MO>KHA OIMCATH TAaKUM PIBHSIHHSIM:

o°h N o°h
ox* oy’
I'panuyHi yMOBH Auist piBHAHHSA (3) pO3TIISTHYTO

B [6,9].
Yucenvri moodeni Ounamixu niozemuux 600. Jns
YHCENBHOTO PO3B’SI3aHHS MOJIENIIOBAIBHOTO PiB-

HsHHS (1) 37ilCHIOEMO HOTO PO3IIEIICHHS TaKUM
YUHOM:

=0. 3)

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2024/305701

© M. M. binses, B. B. Kozauuna, 2024

19


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.15802/stp2023/292720

EKOJIOI'I TA ITIPOMUCIJIOBA BE3IIEKA

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka ta nporpec tpancnopty, 2024, Ne 2 (106)

oh oh*  oh?
ua:khm (y'i-y], “4)
oh
—=W. 5
h ()

Juia gucenpHOTO iHTErpyBaHHS pIiBHSHHS (5)
BUKOpUCTOBYeMO MeTo[ Elinepa. Po3paxyHkosa 3a-
JISKHICTh M€ BUTJISI;

n+l n, al
h"™ =h" +—W. (6)
n

Jnst urcenbHOrO iHTETpYBaHHS PiBHAHHS (4)
BUKOPUCTOBYEMO MPSIMOKYTHY Pi3HHUIIEBY CITKY [8].
JIBOKpOKOBa cxeMa po3LIeIyIeHHs (METOI CyMapHO1
arnpoKcHMallii) Mae BUTIIS;

— IepUIUHI KPOK:

1
n+—

h 2 —h" KT
1,] 1] — a 1] - I*l,j +
At AX
h +% hn+;
—N .<4+N .
+a—! 5 L]l 3 (7
Ay
— JIpYTui KpOK:
1
n+—
htl _h .2 hntl _ p
| 1] =la 1+1, ] 2|,J +
At AX
Rt _ pn
+l a 1, j+1 2|,] , (8)
Ay
kh
ne a=—m=",
n

CTBOpEHO KOMII IOTEPHY IIPOrpaMy JJIsl YUCEIb-
HOTO iHTerpyBaHHs piBHsAHHSA (1), MOBa mporpamy-
BaHHs: FORTRAN. Ilporpama noOynoBaHa Ha Mo-
JyJTBHOMY TPWHIIMITI, OCHOBHI MiJIPOTPaMu THITY
SUBROUTINE Taki:

1)WaA.DAT — daiin noyaTKoBUX JaHUX;

2)WaAll.for — uucenpHe IHTETpyBaHHS piB-
HaHHA (5);

3)WaA2l.for — uucenbHe IHTETpyBaHHS PiB-
HsiHHS (4) Ha 0a3i 3anexHocTei (7) Ta (8);

4)Wa2.for — po3paxyHOK KOMIIOHEHT BEKTOpa
IIBUIKOCTI ITiI3€MHOTO MTOTOKY Ha 0asi 3ajeskHOC-
Teit (2).

st yrcenbHOro 1HTErpyBaHHS PiBHSHHA (ilib-
Tpamii (3) 3mIMCHIOEMO TIOMIEpedHiil 3amuc Horo
Y BUTJISA1 HECTAI[IOHAPHOTO PiBHAHHS:

oh _&°h  &h
Ao o

Jaumi 3aiicHI0eEMO HOTO po3ITeTuieH s [§] Ha 1Ba
PIBHSHHS (T€OMETPHUIHE PO3IICIIICHHS):

oh  a°h
Ha=k§; )
2
uZt_k:k%?' (10)

Ha nactynHoMy eTami BUKOPHCTOBYEMO TaKi pi-
3HMIICBI 3aJICKHOCTI (JIOKAJIbHO-OTHOBUMIpHA Pi3-
HHIIEBA CXEMa):

— IEepUIUHI KPOK:
n n n n
hf}'l = hir:j +at Mo zh"J +at n; +2 tL
AX AX

— IpYTui KPOK:

W —hY D
W =Y et g LT
’ ’ Ay Ay

Po3paxyHok 3akiH4yeEMO,
YMOBY:

KOJIM BHUKOHYEMO

n+l n
hl,] _hl,j SS,

ne e=0,01.

CTBOpEHO KOMIT IOTEPHY IPOrpaMy sl YUCeITb-
HOTO IHTeTrpyBaHHS piBHAHHSA (3), MOBa Mporpamy-
BaHHi FORTRAN. Ilporpama nmoOynoBaHa Ha Mo-
JyJTbHOMY TPWHIIMITI, OCHOBHI ITiIIPOTPaMHu THITY
SUBROUTINE Taki:

1)Wa37.DAT — ¢aiin noyaTKOBHUX JIaHUX;

2)Wal2.for — yncenbHe iHTErpyBaHHS PiBHSIHHS
(3), nepmnii KPOK PO3LIECTIICHHS;

3)Wal3.for — uncenpHe iHTErpyBaHHS PiBHSIHHS
(3), Ipyruii KPOK PO3IIETUICHHS;

4)Wa2.for — po3paxyHOK KOMIIOHEHT BEKTOpa
IIBUIKOCTI ITiI3€MHOTO MOTOKY Ha 0asi 3aJIeKHOC-
Teit (2).
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Mooenv eeomicpayii. JIns MporHO3yBaHHS 3a-
OpyIHEHHS TiA3€MHHUX BOJ BHKOPHCTOBYEMO TaKe
oC ouC ovC 6( 8CJ 0

—_ + —_— + —_—— HX —_ —_

ot ox oy oX OX

PIBHSHHS T€OMIrparii:
oy oy

YR (03(-%)3(y =), (1)

ne U, V — KOMIIOHEHTH IIBHIIKOCTI MiI3EMHOTO MO-
ToKy; C — KOHLIEHTpaLlisl JOMILIKH B ITiI3¢MHOMY I10-
tomi; Q — IHTEHCHBHICTH €MICii JOMIIIKH B IIiA3eM-
HOMY HOTOLI; Ly, Ly — KoedilienT aucmepcii; t —yac.

[NonoxenHns mKepena emicii MOJIEIIOEMO 3a J0-
oMoroto enbTa — QyHkii ipaka S(X—Xi)(Y-Vi), ne
Xi, ¥i — JeKapToOBi KoopaAWHATH xepena eMicii. [1o-
CTaHOBKY KpalOBUX YMOB Jyisl piBHSHHS (3) po3ris-
HyTo B [6]. Cmig 3a3HauuTH, MO SK ITOYAaTKOBI
YMOBH MOJKHA 33/1aBaTi (popMy 30HU 3a0pyTHEHHS,
IO YTBOPHJIACS, HANPHUKIAA, y MiJ3eMHHX BOAAX
i TPOMHUCIIOBUM MaiiIaHIMKOM, ii po3MipH, KOH-
LEHTPAIIF0 JOMIIIKH B Iii 30Hi.

PiBusiHHst (11) Takok BUKOPUCTOBYEMO ISl PO-
3paxyHKy pyXy HeWTpaiizaropa B MOTOII ITiJ3eM-
HUX BOJ.

Juis po3paxyHKy Tmporiecy HeWTpaiizarii JoMi-
IIKK BUKOPHUCTOBYEMO CTEXiOMETPHYHI CITiBBiJHO-
LIEHHS, II0 ONMHCYIOTh B3a€MOAII0 «arpecHBHA J0-
MilIKa + HeUTpaizaTopy.

J11st aucenbHOTO PO3B’SI3KY PiBHSHHS T'eoMirpa-
1ii 3M1HCHI0EMO Hioro (hi3MYHE PO3IIEIUICHHS !

© 2, L) 2y, L)
oC ouC ovC
—+—+—=0.
ot OX oy

J1a arcenpbHOTO IHTErpyBaHHS PiBHIHHS AUQY-
3ii BUKOPHUCTOBYEMO JIBOETAITHY PI3HHUIIEBY CXEMY:
— NEepUIUH eTaIr:

Nt n s s

Cii*-Ci -G ;2 +C3
: SR ; ;
At X AX?

s n+t
_Ci,j 2 + Ci,j 2

|

— Ipyrui eram:

1
n+—
Cinj+1 -G j2 Ci”f]l,- _Cinj+1
, d , . "
At H AX?
n+1 n+l
G _Ci,j

i,j+l

Jia drcenpHOTO IHTErpyBaHHSA TEPIIOTO PiB-
HSHHS 3 11i€1 cucTeMu (KOHBEKTUBHUHN TTEPEHOC J10-
MIIIKH) BUKOPUCTOBYEMO 3MIHHO-TPUKYTHY Pi3HU-
neBy cxemy. [lepepaxyHOK KOHIIGHTpAIii IOMIIIKK
B KOXKHIH pi3HHIIEBiH KOMIPITi TPOBOIUMO Ha KOXK-
HOMY YaCOBOMY KpOIIi Ha 0a3i piBHSIHb KIHCTHKHU.

3nificHeHO TporpaMHy peai3allifo YHCeITbHOTO
IHTeTpyBaHHS PiBHSHHS TeoMirparlii Ha 0a3i cxem
PO3IICIIICHHS, PO3POOJICHO KOMIT IOTEPHY TIPO-
rpamy Wa3A.FOR.

Pe3yabTaTtu

Jam HaBeZeHO pe3ynbTaTH PO3B’S3KY 3ajadi
Ha 0a3i po3po0JICHUX YMCEITBHUX MOJEICH TreoMir-
pauii. IToctanoBka 3amadvi: y IpYHTOBHUX BOAAX
YTBOPHIIACh 30HA 3a0pyAHEHHS, 10 MiCTUTh H2SOa.
Hns weirpanizanii BukopuctoByemo 10-BigcoTko-
Bui po3uuH NapCOs. Peakitis B3aemomii «goMinika
+ HeHTpaiizaTop» Ma€ BUTIIA;

H,SO, + Na,CO, —> Na,SO, +H,0 + CO,.

HeiitpanizaTop mojaeTbcst B €IEMEHT, po3Ta-
[IOBaHUW Yy MiJ36MHOMY BOJOHOCHOMY IIapi, o
[TOKa3aHO YMOBHO CTPiJIKO¥O Ha puc. 2—4. Posris-
HYTO TaKi ClieHapii:

1. Cuenapiit Ne 1: pyx 30HM 3a0pyaHEHHS
y mia3eMHOMY TOTOI (HeMae rmojadi HeiTpaiza-
TOpA).

2. Cuenapiii Ne 2: pyx 30HM 3a0pyTHEHHS
B Ii/I3¢MHOMY TIOTOIIi 32 HASIBHOCT1 KOPOTKOTO HEH-
TPaJli3yBaJIBHOTO €JIEMEHTA.

3. Cuenapiii Ne 3: pyx 30HM 3a0pyJHEHHS
B TiI3¢MHOMY TIOTOIIi 32 HasIBHOCTI JJOBrOTO HEWT-
paNi3yBabHOTO €JIeMEHTa.

Konnenrpaiiiss 1oOMiliku B 30HI 3a0pyAHEHHS
st gacy t = 0 cranoButh 10 onuHUIs (y 6€3p0o3mi-
pHOMY BUTJISI), Yac, 110 BKa3aHUI HAa PUCYHKAX, —
6e3po3MipHHIA.
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0 X

Puc. 2. Cxema po3paxyHKOBOi 30HH (crieHapii Ne 1,
HEMa€ 3aXUCTY IMiA3EMHHUX BOJ)

Fig. 2. Scheme of the calculation area (scenario No. 1,
no groundwater protection)

0 X

Puc. 3. Cxema po3paxyHKOBOI 30HH (crieHapiii Ne 2,
KOPOTKHI HEHTpai3yBaIbHUH €JIeMEHT)

Fig. 3. Scheme of the design zone (scenario No. 2,
short neutralizing element)

0 X

Puc. 4. Cxema po3paxyHKoBoi 30HU (crieHapiit Ne 3,
JOBTHI HEHTpai3yBabHUI €JICMEHT)

Fig. 4. Scheme of the design zone (scenario No. 3,
long neutralizing element)
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Puc. 5. 3oHa 3a0pyanenns, t= 1 (cuenapiit Ne 1):
1-C=098;2-C=2,29

Fig. 5. Pollution zone, t = 1 (scenario 1):

1-C=098;2-C=2.29
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Puc. 6. 3ona 3a0pyauenns, t = 14 (cuenapiit Ne 1):
1-C=0,552-C=1,30

Fig. 6. Contamination zone, t = 14 (scenario 1):
1-C=0.552-C=1.30

o

8.124E+81 X
8.18BE+01 Coordinate x 8.490E62

Puc. 7. 3oHa 3a0pynnenHs, t= 1 (cuenapiit Ne 2):
1-C=098;2-C=2,29;
3 — HelTpai3yBaIbHUIA €IIEMEHT

Fig. 7. Contamination zone, t = 1 (scenario 2):
1-C=0.98;2-C=2.29; 3 - neutralizing element
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Puc. 8. 3ona 3a0pyauenHs, t = 14 (cuenapiit Ne 2):
1-C=1,96;2— C=4,57; 3 — ueiirpanizyBanbHHil €ITEMEHT

Fig. 8. Contamination zone, t = 14 (scenario 2):
1-C=1.96; 2— C=4.57; 3 — neutralizing element
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Puc. 9. 3ona 3a0pynnenHs, t = 1 (cuenapiit Ne 3):
1-C=0,96;2 - C=2,24; 3 — HeliTpaTi3yBaJbHUIN €JICMCHT

Fig. 9. Contamination zone, t = 1 (scenario 3):
1-C=0.96; 2 - C=2.24; 3 — neutralizing element
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Puc. 10. 3ona 3a0bpynHenns, t = 14 (cuenapiit Ne 3):
1-C=1,60;2—- C=3,73; 3 — HeliTpaTi3yBaJbHUHN €JIEMEHT

Fig. 10. Contamination zone, t = 14 (scenario 3):
1-C=1.60; 2 - C=3.73; 3 — neutralizing element

PesynbTatn 0OYMCIIOBAILHOTO EKCIIEPUMEHTY
MOKa3yroTh Take. [lo-mepiie, npu BiJICYTHOCTI cHc-
TEMH 3aXUCTY 30Ha 3a0pyAHEHHSI B TiI36MHOMY I10-
TOI 3 YaCOM 301IBIIY€THCS B PO3MIpax Ta OXOILTIOE
Bce OUIBIIy YacTHHY BOJOHOCHOrO mapy. [lo-
Jpyre, HasBHICTb HEUTpalli3yBaJlbHOTO eJIeMEHTa

CYTTEBO BIUIMBA€E Ha 3MiHY PO3MipiB 30HU 3a0py/I-
HEHHS — BOHA 3MEHIIIy€eThes 3 9acoM. Kpim mporo,
i3 HaBEeJICHUX PUCYHKIB MOXKHA 0auuTH, 110 B pasi
KOPOTKOTO HEHTpalli3yBaJbHOTO €JI€MEHTa YaCTHHA
30HU 3a0pyTHEHHS «HE MOTPAIUIIE» 10 30HU XiMid-
HOT B3a€MO/Ii, 1 115 30HA 3a0pyAHEHHS Ma€ TeHICH-
LiI0 IO TPOCYBaHHS B3I0BXK [TOTOKY HM)KUYE HEUTpa-
mizatopa. OTxe, s opraHi3allii Takoi CHCTEMH 3a-
XHUCTY BOJOHOCHOTO MIapy BiJ 3a0pyIHEHHS Ba-
JUBO  pamioHaJbHO  BHU3HAYaTH  JOBXKHUHY
HEeHTpanizyBaJIbHOTO €JIEMEHTA.

Bingsnaunmo, mo ac po3paxyHKy KOKHOTO Ba-
pianTty 3angaudi cknagae 3 ¢. Takum unHOM, 10Oy 10-
BaHIl YHCEJIbHI MOJEII JO3BOJISIOTE IIBUAKO aHaIi-
3yBaTH 3MiHY T1POTE0IIOTITHOTO PEXXUMY Ta 3a0py-
JTHEHHS Ti1I3eMHUX BoJI. Lle xyske KOpHCHO 11s 1po-
BEJICHHS CEpIHNUX PO3pPaxyHKiB Ha MPAKTHUIII.

HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYMMICTh

3anpornoHoBaHO €(EeKTHBHI YUCEIbHI MOJIENI
JUTSL €KCIIPEC-OLIIHIOBaHHSI 3MIHM TUHAMIKYU IPYHTO-
BHX BOJI Ta 1X SIKOCTI MiJ] AI€I0 TEXHOTEHHOTO JHKE-
pena.

[lobymoBani wumcenpHI MOHETI BpPaxOBYIOTh
KOMIUIEKC BaXJIMBUX (I3UUHUX (QaKTOPiB, IO
BIUTMBAIOTH Ha MPOIEC reoMirparii ta mpouec Hel-
Tpalizamnii ToMimkn y migzemMmHoMy norori. Lle mxae
MOJKJIUBICTh OTPUMYBATH aJICKBAaTHY OIIIHKY e(ek-
TUBHOCTI METOJy HeHTpamizalii arpecUBHOI OMi-
LKW Y BOJOHOCHOMY IHapi.

CTBOpPEHO KOMIT IOTEpHUIN KO, IO JO3BOJISE Ha
MIPAKTHUIlI BUKOPUCTOBYBATH MOOYJOBaHI YHCEINbHI
MOJIEJI.

BucnoBku

1. IToOymoBaHO IIBMIKO3aCTOCOBHY YHCEIBbHY
MOJIeJIb PO3PaxyHKY TWHAMIKH IPYHTOBHX BOJl. Mo-
JeTIb TAKOXK € TIaT(OPMOIO JUTS pO3B’I3aHHS 1HIIOT
BaYKJIMBOI 331341 — pO3PaxyHKY MPOIIECiB reoMirpa-
mii.

2. 3anpornoHOBAHO YMCENIbHY MOJEIh PO3pPaxy-
HKY HECTAIllOHApHOTO Mpollecy reomirpariii. Mo-
JeJTb Ja€ MOKJIMBICTh OLIHIOBATH HE T1IBKH IPOLIEC
(dhopMyBaHHsI 30H 3a0pyTHEHHS B [TOTOI[I IPYHTOBUX
BOJI, aJie i BU3HAYATH €EKTHUBHICTh METOJy HEHT-
paizaliii JOMIIIKH y MiJ3eMHOMY ITOTOIT.

3. [oOynoBaHi 4mcenbHI MOJENi BPaxOBYIOTh
HANOLIBII BaXKITUBI MMapaMeTpH, 110 BIUIMBAIOTH HA
(hopMyBaHHS 30H 3a0pyAHEHHS Y IPYHTOBHUX BO/IAX.
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4. Pe3ynbTaTu MpoBEIEHOTO OOYHCIIIOBATIBHOTO
eKCIIEPUMEHTY MOKa3yIoTh, IO MOOYyHIOBaHI Mare-
MaTHYHI MOJIeJNi Aal0Th MOXKIIMBICTh IIBUAKO OTPHU-
MaTH IPOTHO3HI IaHi JUIs aHaNi3y TuHaMiKu 3a0py-
JTHEHHS TPYHTOBHX BOJI.
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Modeling of Non-Stationary Mass Transfer Process In Groundwater

Purpose. Infiltration of contaminated water and accidental spills of chemically hazardous substances into ground-
water lead to the formation of large zones of man-made pollution in aquifers. Therefore, it is important to develop
protection systems against groundwater pollution. To analyze the effectiveness of such protection systems at the de-
sign stage, it is necessary to have scientifically based information on the dynamics of changes in groundwater con-
tamination zones. Such information can be obtained using the method of mathematical modeling. The study aims to
create a numerical model for calculating the non-stationary process of geomigration when using chemical protection
of groundwater from pollution. Methodology. To describe the dynamics of groundwater flows, two filtration equa-
tions are considered, which allow mathematical modeling of the filtration process both for solving planned problems
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and for solving problems of specialized filtration. A two-dimensional geomigration equation was used to analyze
changes in groundwater quality. This equation takes into account the convective transfer of impurities in the filtration
flow, dispersion, and the intensity of impurity infiltration into the groundwater flow. This equation is also used to
calculate the movement of the neutralizer in groundwater. The numerical integration of the filtration equation was
performed using finite difference methods. An implicit splitting scheme was used to numerically integrate the geomi-
gration equation. Findings. A fast-applicable numerical model for calculating groundwater dynamics has been built.
The model is also a platform for solving another important task — the calculation of geomigration processes. A nu-
merical model for calculating the unsteady-state geomigration process is proposed, which makes it possible to assess
not only the process of formation of contamination zones in the groundwater flow, but also to determine the effective-
ness of the method of neutralizing the impurities in the groundwater flow. Originality. Effective numerical models
for rapid assessment of changes in groundwater dynamics and quality under the influence of anthropogenic sources
have been developed. These models take into account a set of important physical factors that affect the process of
geomigration and the process of neutralizing the impurity in the groundwater flow. Practical value. A computer
program has been developed that allows determining the effectiveness of the process of neutralizing an aggressive
impurity in groundwater by a computational experiment to protect it from anthropogenic pollution.

Keywords: groundwater dynamics; groundwater; mass transfer; mathematical modeling; anthropogenic pollution

REFERENCES

1. Guritskiy, D. S. (2013). Analysis of regional development of flooded lands and their impact on the natural
resources of Ukraine. Geoinformatyka, 1(45), 85-89. (in Ukrainian)

2. Nastanova shchodo inzhenernoho zakhystu terytorii, budivel i sporud vid pidtoplennia ta zatoplennia, 135
DSTU-N B V.1.1-38:2016. (2016). (in Ukrainian)

3. Kovalchuk, P. I., & Shevchuk, S. A. (2010). Metodyka otsinky ta pryiniattia rishen dlia zakhystu terytorii vid
pidtoplennia ta zatoplennia. Kyiv. (in Ukrainian)

4. Kremez, V. S., Buts, Y. V., & Tsymbal, V. A. (2012). The modelling of process of flooding by subsoil waters is
in the affected of reservoirs zone. Man and environment. Issues of neoecology, 1-2, 128-130. (in Ukrainian)

5. Mytrokhin, S. O. (2011). Modeli ta metody optymalnoho keruvannia zapobihannia protsesu pidtoplennia
terytorii. Taras Shevchenko Kyiv National University. Kyiv, Ukraine. (in Ukrainian)

6. Rudakov, D. V. (2012). Matematychni metody v okhoroni pidzemnykh vod. Dnipropetrovs'k: National Mining
University. (in Ukrainian)

7. Shcherbak, O. V., Yakovlev, Ye. O., & Dolin, V. V. (2018). Modeling of hydrogeofiltration groundwater field in
the influence zone of metallurgical production. Mineral Resources of Ukraine, 3, 19-25.

DOI: https://doi.org/10.31996/mru.2018.3.19-25 (in Ukrainian)

8. Biliaiev, M., Biliaieva, V., Rusakova, T., Kozachyna, V., Berlov, O., Semenenko, P., ... & Tatarko, L. (2022).
Development of a method for assessing air dustiness in the main fairing of the launch vehicle. Eastern-
European Journal of Enterprise Technologies, 5(1(119)), 17-25.

DOI: https://doi.org/10.15587/1729-4061.2022.266013 (in English)

9. Cashman, P. M., & Preene, M. (2020). Groundwater Lowering in Construction. A Practical Guide to
Dewatering. CRC Press. DOI: https://doi.org/10.1201/9781003050025 (in English)

10. Guangwei, Wu, Yulong, Dong, Lei, Liu, Yinggiang, Yao, Yubai, Bi, Jian, Guo, & Sha, Gu (2023). In Study on
Groundwater Environmental Impact Assessment in Datang Binzhou Combined Heat and Power Generation
Project Based on MODFLOW (Vol. 43: Hydraulic and Civil Engineering Technology VIII, pp. 766774).
DOI: https://doi.org/10.3233/atde230795 (in English)

11. Harbaugh, A. W. (2005). MODFLOW-2005 : the U.S. Geological Survey modular ground-water model--the
ground-water flow process. In Techniques and Methods 6-A16. DOI: https://doi.org/10.3133/tm6al6
(in English)

Hapiitina no penxosnerii: 20.02.24
[Iputiasara no apyky: 24.06.2024

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2024/305701 © M. M. binses, B. B. Kozaunna, 2024

25


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.31996/mru.2018.3.19-25
https://doi.org/10.15587/1729-4061.2022.266013
https://doi.org/10.1201/9781003050025
https://doi.org/10.3233/atde230795
https://doi.org/10.3133/tm6a16

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tparcnopty, 2024, Ne 2 (106)

EKOJIOI'A TA ITIPOMUCJIOBA BE3IIEKA

YK 504.5:551.577.13

M. M. BUIIEB!, B. I. IETPEHKO?, B. B. BUISIEBA3, O. B. BEPJIOB*,
0. B. 3BBOHAPLOBA®

'Ka¢. «Iimpasiika, BoAONOCTa4aHHs Ta Pizukay, YKpaiHCHKUH AepkaBHUN yHIBEPCUTET HAYKH 1 TEXHOJIOTIH, By, JlazapsHa, 2,
Juinpo, Ykpaina, , 49010, ten. +38 (056) 373 15 09, en. nowra biliaiev.m@gmail.com, ORCID 0000-0002-1531-7882

2Kad. «TpancroptHa iHpacTpyKTypa», YKpaiHChKUil IepKaBHUI YHIBEPCUTET HAYKHU i TEXHONOTIH, Byil. Jlasapsina, 2, JIuinpo,
Vxpaina, 49010, ten. +38 (056) 373 15 53, exn. momrra petrenko.diit@gmail.com, ORCID 0000-0003-2201-3593

3Kad. eHEpreTHYHUX CUCTEM Ta EHEPrOMEHEDKMEHTY, Y KpaiHCHKH JIepKaBHUMN YHIBEPCHTET HAYKH 1 TexHOJIOTIH, np. Haykwu, 4,
Juinpo, Ykpaina, 49600 Ten. +38 (056) 374 98 22, en. momrta water.supply.treatment@gmail.com,

ORCID 0000-0003-2399-3124

#Kad. «OX0poHH npalli, IMBiIEHOI Ta TEXHOTEHHOT Oe3MeKn», YKPaiHChKMil IEpKaBHUI YHIBEPCHTET HAYKHU 1 TEXHOJOTIH,

ByN. Apxitekropa Omnera IlerpoBa, 24a, [lninpo, Ykpaina, 49005, ten. +38 (056) 247 16 01,

en. morura berlov.oleksandr@pdaba.edu.ua, ORCID 0000-0002-7442-0548

SKa. «Buila MaTeMaTuKa», YKpaiHCHKH IepKaBHUI YHIBEpCUTET HAYKHM 1 TEXHOJOTIH, Byl Jlazapsna, 2, [{uinpo, Ykpaina,
49010, Ten. +38 (067) 647 96 54, en. momTa zvonareva.olyga@gmail.com, ORCID 0009-0001-9545-6996

MarteMaTH4He MOJEJTIOBAHHA NPouecy (POpMyBaHHS KHUCJIOTHUX JOUIIB Yy pasi
BukuaiB iz TEC

Merta. Binomo, o KMCIOTHI JOIIi HEraTHBHO BIUIMBAIOTH HAa HABKOJMIIHE cepenoBuiie. PopMyBaHHS KHCIIOT-
HUX OIadiB B aTMocdepi BiiOyBaeThCcs BHACHITOK XIMIYHOI B3a€MOJIl MPOAYKTIB TOPIiHHS IMajnBa Ta aTMOChepHOl
BosioroctTi. KHCIOTHI IOmIi TPW3BOIATH O BTPaTH BPOXKAO, MOTIPIICHHS IUIOJIOYOCTI 3eMII, 3aKHUCICHHS BOIU
y BogolMax. AKTyanbHOIO IPOOIEMOI0 3aTUIIAETHCS PO3POOKa HAYKOBO OOIPYHTOBAHHUX METOIIB IOCII[DKCHHS 1HTEH-
CHBHOCTI TaKOTO KHCIIOTHOTO 3a0pyIHEHHS aTMOC(HEpPHOTo MOBITPS Ta MOBEPXHI IPYHTY B pPETiOHAX, JIe MAlOTh MicIe
3nayHi Bukuay Big TEC. lnst po3B’s3aHHs i€l 3a1a4i BXKIMBO BUKOPHCTOBYBATH MaTeMaTHYHE MOJIEIIFOBAHHS, OCKi-
JIbKY BU3HAYUTH €KCTIEPUMEHTAJIbHUM IIUISIXOM BILIMB BUKUIB Biy TEC Ha opMyBaHHS KUCIOTHHUX JOIIIB HEMOKIIU-
BO. TOMy OCHOBHOIO METOI0 POOOTH € CTBOPEHHSI MAaTeMaTHYHOI MOJEN ISl MPOrHO3YBaHHSI YTBOPEHHS KUCJIOTHUX
nowiB y pasi Bukugis 3 TEC. Meroauxka. [{ns npornosyBanHs mpouecy GpopMyBaHHS KHCIOTHOTO JIOLLY BUKOpPHC-
TaHO TPUBUMIpPHE PIBHSHHS KOHBEKTUBHO-IH(]y31i{HOrO nepeHocy 3a0pyJHIOBaYa, 1110 BPaxoBYe MPOQisib MBUIKOC-
Ti BiTpy, aTMoc(hepHy cTparudikallito, IHTEHCUBHICTb eMicii JOMILIKH, HanpsM BiTpy. Lle piBHSIHHS TakoX BUKOPH-
CTaHO JUIs OIKCY HPOLECY NMEPEHECeHHs BOAHOI mapu B arMochepHoMy moBiTpi. 11lo6 omucaty npouec yTBOpeHHs
KHCIIOTH B aTMOC(EpHOMY TOBITPi, BUKOPUCTAHO CTEXiOMETPUYHE CITiBBiIHOMICHHS. YnCenbHE 1HTETpYBaHHSI MOJe-
JIFOBAJIBHOTO PIBHSHHS MEPEHOCY 3IHCHEHO 32 JIOMOMOTOK0 MeTOAy po3ierieHHs. Pesyasrarn. [Todynosano Gara-
TO(aKTOPHY YHCETBbHY MOJEIb, 0 T03BOJISIE BU3HAYATH 30HH, J1¢ GOPMYIOThCS KHCIOTHI Jomii. Po3risHyTo 3anaqy
MPOTHO3yBaHHS (pOpMYBaHHS KHUCIOTHOTO Aomry B pasi BukuniB Bim TEC Ha 0a3i moOyqoBaHOi YHCETEHOI MOJIEI.
HaykoBa HOBHM3HA. 3arpOINIOHOBAHO YHCENLHY MOZAEJb Ul IPOTHO3YBaHHS BUHMKHEHHS KHCIJIOTHOTO JIOLLYy BHa-
cinigok BukuniB i3 TEC. Mogens € 6araroakTOpHOIO Ta BpaXxOBY€e KOHBEKII0, aTMOC(epHy TUdYy3it0, HEPIBHOMIp-
HU podinb BiTpy. CTBOPEHO KOMII'IOTEPHUI KOJI, L0 J03BOJISE ONEPATUBHO OLIHIOBATH 30HH KHCIOTHOTO 3a0py-
nHenHs. [IpakTuyna 3HaYuMicTh. Po3po0JeHuiT KOMIT FOTEPHHI KO AJIsl aHalli3y 30H KHCJIOTHOTO 3a0py/AHEHHS
JIOBKIJUISL B pa3i MPOMUCIOBUX BUKHUJIIB JIa€ MOXIIMBICTh MPOTHO3yBaTH IHTEHCHBHICTh TaKoOro 3a0pyAHEHHS B Pi3-
HHUX METEOYMOBaXx.

Knrouosi cnosa: xucnotauid now; TEC; 3a0pynHeHHs aTMocdepn; MaTeMaTUYHe MOJICTIOBaHHS; IPOMHUCIIOBI
BUKHIH

Beryn Ta HaBKOJMIIHBOMY cepenoBully. KucnotHuil mog
YTBOPIOETBCSA B pe3yNbTaTi peakiii Mixk arMocde-
PHOIO BOJIOIO 1 TAKUMH 320pyIHIOBAYaMHU, SIK JIIOK-
cun cipku (SO2) i1 pizHi okcuau azory (NOx). Hami
YTBOPIOIOTHCS PO3YUHM KHUCIIOT: Cip4aHOi, Cip4uc-
TOi, a30TUCTOI M a3oTHOI. J[>kepenamu KHCIIOTO-
YTBOPIOBAJIbHUX BHKHJIIB € TEIUIOBI €JICKTPOCTaH-
ii, aBTOTPAHCIIOPT, METANYPriiiHi 1 XiMiuHi miam-
pHEMCTBA, aBiallis, TBApMHHHULITBO, CHAJIIOBAHHS

Bin cepemunan XX CT. IOMITHE 3HAYHE BHIIA-
JIaHHA KHUCJIOTHUX IOIIIB Ta B3araji IiJBUILEHHS
iX KHCJIOTHOCTI, IO CYTTEBO BIUIMHYJIO Ha HAYKO-
BUH iHTEpec /10 AaHoi mpodiemu [3, 7-10, 13, 14].
B VYkpaiHi KMCIOTHI JOIi BUIAAAIOTh 4acTo, IO
00yMOBJICHO 3HAYHMM TEXHOI'CHHMM HaBaHTa)KCH-
HsM perioHiB. Lle Hece 3arpo3y 370pOB’ 10 JTIOAUHU
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BYTULISA 1 fepeBUHU Ta iH. Takok BOeHHI 1ii B YK-
paiHi MOXXYTh CIPUYMHHUTH TEHEPALI0 KUCIOTHUX
JIOWIIB, SIKIIO CTaHEThCS BIyYaHHs IPOHIB 4YM pa-
KET B 00’ €KTH NaJMBHO-EHEPr€TUYHOTO KOMILIEK-
cy 49U iH(PACTPYKTYpy XiMI4HOT MPOMHUCIOBOCTI.
[otim pazom 3 aTMOchEpHUMHU ONAAaMU PO3UMHH
KHCJIOT BHIIQJAIOTh Ha 3€MIII0, YAM CHPUYUHSIOTH
3HAYHI YIIKO/DKEHHS TEPUTOPiH, CITBroCHyTiab Ta
0c00JIMBO MOXKYTh CHPUYMHHUTH TpoOiIeMu 31 3710-
pOB’siM Jrozeil. 3a0pyIHEHHS MOBITPS TIOKCHIOM
CIpKH Ta OKCHIAMH a30Ty MO>KE€ BUKIIUKATH PECITi-
paTOpHi 3aXBOpIOBaHHS (acTMa, OPOHXIT, THEBMO-
Hisl Ta 1H.) YM 3arOCTPUTH iX.

KucnorHi onagu 3aBAaroTh IIKOIM JicaM, OCKI-
JBKHA PO3YHMHSIOTH IMOKWBHI PEYOBHHH, TaKi K Ma-
THIM 1 KaJubLid, HEOOXIigHI JJIs 370pOB’S JEpeB.
KpiM TOro, KMCIOTHI AOII CHPUYMHSIOTH BHJIi-
JICHHS MIOMIHIIO B TPYHT, IO YCKIIAJHIOE TTOTIIH-
HaHHA BOAU JepeBamu. JlepeBa, IO POCTYTh Y Tip-
CBKUX paliOHaX Ha BEJHUKIA BHUCOTI, HANPHUKIA/I,
SUTMHKH, CTAlOTh OUTBII BPa3IMBUME Yepe3 BILIUB
KHCIIOTHUX XMap 1 TyMmaHy, sKi MICTATh OijbIme
KHCIIOTH, HDK joui abo cHir. KucmoTHi xmapu
1 TyMaH mo30aBIsIOTh BRKIUBUX MOXHUBHUX PeUO-
BHUH JIUCTS Ta XBOIO, IO NMPU3BOJHUTH 10 PO3BHUTKY
iH(eKIIiNd, KOMax Ta TOIIKOJKSHHS BiJl XOJIOJHOT
MOTO/IU ACPER 1 JICIB.

Hacminkm BIIMBY KMCIOTHHX OTAJiB HAa POC-
JUHHICTh BKJIIOYAIOTH: IOIIKO/DKEHHS JIUCTA Ta
TOJIOK XBOT; MOPYIIEHHsI MpOIECiB (OTOCUHTE3Y;
3HIDKEHHS CTIHKOCTiI JI0 MAaTOT€HHUX OPraHi3MiB;
0CJTabJIeHHS Ta MOPYIISHHS POCTY POCIIUH Ta iH.

KucnoTHi onagy momkomKyTh 03epa 1 cTpy-
MkH. 1o 3a0pyqHEHHS Ta KMCJIOTHUX JIOIIIB Oljib-
IIiCTh BOOIM Maina piBerb PH 6mu3bko 6,5. [Ipo-
T€ KHCJIOTHI JOIIi MPHU3BEIU O TOTO, 10 0araro
03ep 1 CTPYMKIB MarOTh 3HAYHO HIKYUH pPiBEHb
pH. Kpim Toro, amroMmiHiid, SKHA TOTpAILISLE
B IPYHT, BPEIITI HAIXOIUTh JI0 BOJOWMMII i MOXKeE
CIPUYMHHUTH IIKOTY MICIEBil dayHi.

Bimomi Haciinku BIUTMBY KHUCIIOTHHX JIOIIiB Ha
TPYHT: 301NBIIEHHS] KUCIIOTHOCTI TPYHTY; TOIIKO-
JDKEHHSI KOPEHEBOI CHCTEMH POCIIHH; TOPYIICHHS
MPOIIECiB YCMOKTYBaHHSI BOJIH Ta MMOKUBHUX Peyo-
BUH; BUMHBAHHS MiKpOEJIEMEHTIB Ta MOXHBHUX
PEUYOBHH; MPUTHIYEHHS Ta 3arudeib a3oTgikcyBa-
npHHEX OakTepiit Ta iH. (puc. 1). Kucnorni momri
3aBJAIOTh LIKOJH JKUTIOBUM i IPOMHCIOBUM OyIi-
BISIM Ta 00’€KTaMm, mam’ SITHUKaM, apXiTeKTYpHUM
nam’sTKam, aBTOMOOUTSIM Ta iH. XiMiuHI CIOJYKH,
SK1 MICTSTBCSI B KUCJIOTHHX JIOIIaX, MOXKYTb IIPHU3-

BECTH JI0 BimrapoByBaHHs (apbu, a kaM’siHI CTpy-
KTYpU MOXYTh 3JaTHCS CTapUMH Ta IOIIKODKE-
HUMU, [0 3HWXKYE IXHIO I[IHHICTh i €CTCTUYHHI
BursAa. OCHOBHOIO PEAKIN€l0, M0 BUKIUKAE PYyH-
HyBaHHS MapMypy Ta IHIINX MarepialiB, € yTBO-
peHHs cynb(daTiB Ha IXHIH TOBEPXHi.

Puc. 1. Hacmigku KUCTOTHUX JOIIIB MICIIS XiMBUKHITY
(https://24tv.ua/pislya_himvikidu v _krimu proydut ne
bezpechni_kislotni_doshhi n1027257)

Fig. 1. Consequences of acid rain after a chemical spill
(https://24tv.ua/pislya_himvikidu v_krimu proydut ne
bezpechni_kislotni_doshhi n1027257)

Crij 3a3HaYMTH, IO IO YUCJIA MOTY)XHUX TEX-
HOTEHHUX JDKEpell, AKi CIpHSIOTh (OpMyBaHHIO
KHCIIOTHUX JomliB, Hanexarh TEC. Ximiuni nepe-
TBOPEHHS MPOJYKTIB TOPIHHS OPraHiYHOTO MaJINBa
IiCHs TIOTPAIUITHHSA B aTMOC(EpHE TOBITPSI BCTY-
MAI0Th y PEaKIIito 3 BOJSHOIO Mapor0 Ta (POPMYIOTh
KHCJIOTH, IO OCIJIAI0Th Ha TMOBEPXHIO 3eMJi abo
BUTHHY MTOBEPXHIO BOJIOWM. [HTEHCHBHICTH BUKUIIB
i3 TEC Bimoma, ane /uis OIliHIOBaHHS iX BIUIMBY Ha
(opMyBaHHSI KUCJIOTHHMX JOIIIB, BU3HAUYCHHS Ma-
citaby caMe Takoro 3a0pyAHEHHS JOBKIUIS TOT-
piOHO MaTH HayKOBO OOTPYHTOBaHI METOAM JOCIHi-
JOKCHHS. Y 3B’SI3Ky 3 IIMM BKJIMBOIO € PO3pOo0Ka
METO/IiB OILIIHFOBaHHSI BILUIUBY BUKHIIB BiJl TIPOMH-
CIOBUX 00’€KTiB Ha (OPMYBaHHS KUCIOTHHX JIO-
[[iB Ta BU3HAYEHHsS MacHITa0y Takoro crenudid-
HOTO 3a0pyAHEHHS JOBKULIL. 3pO3yMiJ0, M0 s
PO3B’sI3aHHS I1i€1 BXKIMBOI 3aja4i MOTPIOHO MaTh
MaTeMaTH4HI Mozelni, 00 eKCIIepHMEHTAIbHUM
[UISXOM BU3HAYMTH BIUIMB HiANPHEMCTB Ha (Hop-
MYBaHHsI KUCJIOTHHUX JIOIIIB HEMOXJHUBO. Jlis pi-
IICHHS JTaHOI MPOOJIEMU MAa€ CEHC BUKOPUCTAHHS
Mozeni ['ayca, aHamiTHIHUX Mozeleil abo Jncenb-
HEUX Monenei [1, 4, 6, 11, 12]:

Meta

Pobota crpsiMoBaHa Ha CTBOPEHHS MaTeMaTu-
YHOT MOJIeNi JUIsi MPOTHO3YBaHHS IPOIECY YTBO-
PEHHSI KHUCJIOTHUX JONIiB y pa3i BukuaiB i3 TEC
(puc.2).
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Puc. 2. Buxunu Bin [puaninposcskoi TEC
(https://cutt.ly/eJMj7Ag)

Fig. 2. Emissions from Prydniprovska TPP
(https://cutt.ly/eJMj7Ag)

MeToanka

Posrnsiremo mpouec GpopMyBaHHsSI KUCIOTHOTO
JIOIy B pasi BUKUAY NPOAYKTIB TOPiHHSA Bif TpyO
[punninposcekoi TEC (puc. 2).

s ominroBanHs BBy BUkuAIB i3 TEC Ha
(opMyBaHHS KHCIOTHUX JIOIIIB IMOTPIOHO MAaTH
iH(popMarriro:

1) mpo mpocTopoBHil PO3NOIN KOHLIEHTpAii
JOMIIIKH B aTMOC(EPHOMY TIOBITPI, SIKA € «SAPOM»
NPOLIECY YTBOPEHHS KUCIIOT;

2) Ipo PO3MOLT BOJOTH B aTMOC(hEepHOMY TIO-
BITpI;

3) mpo MexaHi3M XiMigHOTo (hOpMYBAaHHSA KHC-
JIOTY BHACHIJOK B3a€MOJII «IOMIIIKa — BOJIOTa.

Jns  MonemoBaHHS TOMIMPEHHS JOMIIIKH
(NO,) B atmocdepHomy moBitpi (Bukuza i3 TEC)
BUKOPHCTOBYEMO  3D-piBHSIHHS ~ MacomNepeHoCy
[1,2,4,5]:

oC ouC 8VC+8WC_

—+

a x|y a

20, )2, B2, ),
o )Ty My T\ M

+2.Q8(x=%)3(y ~¥)8(z~2)-(1)

ne C — xonmentpamnis NO, B moBiTpi; U,V,W —
KOMITOHEHTH BEKTOpa IIBHAKOCTI BiTpy; Q -—
inrecusHicTs Bukuay NO: Big TEC; p,u ,p, —

KoedimieHTH aTMocepHOi TypOyneHTHOT nudys3ii;
t —ygac.

[Nomoxxenns mxepena emicii (Tpyoun TEC) mo-
JICITFOEMO 3a JIOTIOMOror AenbTa—(pyHkIii [Jipaka:

3(X—%),0(y—¥;),0(z— z;) ,

e X,Yi,Z; — JAEKapTOBlI KOOPAMHATH JXKepesa
BUKUAY (TpyOm).

[ToctanoBky kpaitoBHUX yMOB aisi piBHAHHSA (1)
po3rasiHyTO B [2, 5]. BimzHaummo, 1o Ha MeXi, e
MOTIK BXOIUTH 10 PO3PAXyHKOBOI 30HH, CTaBIAThH
rpaanaHy ymoBy C = 0. J[;s moyaTkoBOro MOMeH-
Ty t =0 6epemo C = 0.

st MozientoBaHHs IEpeHECEHHS BOASHOT Mapu
B aTMOC(EpHOMY TMOBITPI TAKOK BUKOPHCTOBYEMO
PIBHSHHS MacOIIEpeHoCy, IO MAa€ TAKUH BUIIIAL

[2]:

0S oOuS ovS owS

—t—F—+—>=
ot ox oy oz

o\ )Ty My e\ M )

e S — KOHIEHTpaIlsl BOASHOI mapu B aTMocdep-
HOMY TIOBITpi; 3HAYEHHS IHIINX MapaMeTpiB Taki
cami, mo i aus piBHsAHHA (1). Ha Mexi, ne motik
BXOJIMTH JI0 PO3PaxXyHKOBOI 30HHM, CTABUMO TPaHU-
9Hy YMOBY S = Sp ne So — (hoHOBa KOHIIEHTpAILis
BOJsIHOI mapu B atMocdepHoMy moBiTpi. s mo-
MeHTy t = 0 6epemo S = (. PiBusiHus (2) 30iraeTscs
3a BUTIAOM i3 piBHSHHM (1), ane B piBHSIHHI (2)
HEMae JiKeperna eMicii BOJISHOT mapH.

VY pa3i NpakTUYHOTO BUKOPHCTAaHHS PiBHSHB
MacorepeHocy (1) Ta (2) BpaxoBylOTb HEpPiBHOMi-
pHUI Tpodisak MIBUAKOCTI BITPY, a caMe: Ha BXOII
JI0 PO3paxyHKOBOI 30HU TPOQLITb HIBUIKOCTI BITPY
BU3HA4a0Th 3a Mogeto [Isens —tOxiHa :

ae U, — IIBUIKICTh BITPY Ha BUCOTI Z;; Z, — LIOp-
CTKICTB.
Koedinieatnn armocdeproi mudysii BuzHagae-

MO Tax :
m
Z
u, = I(l (_} 5
Zl

Hy =Ko U py =Ky -V,

ne k,=0,1; k; =0,2.
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[Iportec dopmyBaHHS KHCIOTHHX OMAIiB BH-
3Ha4aeMOo Ha 0a3i HACTYIHOTO PiBHSHHS :

4NO, +2H,0+0, =4HNO; . 3)

OTxe, aITOpUTM PO3B’SI3aHHS 3a7adi TOJISATAE B
TAKOMY :

1. YucenbHo po3B’si3yemo piBHAHHS (1) Ta Bu-
3HagaeMo KoHIeHTpamito NO; B arMocdepHOMy
MOBITPI [uist yacy 1.

2. YucenbHO PO3B’sI3yEMO PiBHAHHS (2) Ta BU-
3HA4a€MO KOHIICHTpALI0 BOJSHOI Mapu B aTMOC-
(hepHOMY TOBITPI AJIs Hacy L.

3. 3aiiicHIOEMO PO3paXxyHOK KOHIIEHTpaii azo-
THOT KUCIIOTH Ha 0a3i piBHAHHA (3).

4. Buznauaemo 3miny konmeHTtpamii NO2, Bo-
JISTHOI TIapy B PO3PaxyHKOBIN 30HI TSI HOBOTO Ya-
cy.

Hucenvrna Mooerb. Jlst YHUCEIBLHOTO
pO3B’s13yBaHHA PiBHSAHB Macorepenocy (1) Ta (2)
BUKOPUCTOBYEMO CKIHUCHHOPI3HUIIEBI cXeMH. J{ist
YHCENBHOTO 1HTerpyBaHHs piBHsAHHSA (1) 3aiiicHIO-
€MO TakKe Horo reoMeTpuyHe PO3LICTIIICHHS:

oC ouC o0 oC
vl I -l B
ot X 8X( BXJ

aC 8VC GL 8CJ

o oy oyl Moy
ac B(W—Wg)C 9 ( acj
ot oz “a\M Ty

—+GC > Qi(t) ( i(t))B(y_yi (t)) )

[Tig yac moOy/I0OBK YUCEIIBHOT MOJIEI TYT 1 Jaajii
Oy/Z1eMO BUKOPHUCTOBYBATH IMO3HAYKY W =W — W -

BuxoHaemo Taki nepeTBOpeHHS:
ouC _au'C L ouC,
ox X ox

ovC 8V+C av C
oy oy oy
owWC _ow'C _awC.
oz oz oz

7

owC ow'C N ow C
0z 0z 0z

b

€ BUKOPUCTAHO TaKi ITO3HAYCHHS:

O )
2 2
oV vl
2 2
S wow
o2 0 2

3MiiiCHIMO amnpOKCUMAIlI0 MOXiTHUX 3a (op-
MYJIaMH :

0 (u achu Clinix —Ciljic
ox\ " ox X AX?
1 1
. ClnIrkA_Cz:lnj; JAS — M Cn+1 + M CI’H—I
X
i i @ ~u Cln;:l-] k Clnjﬂk
8y y ay y AyZ
1 1
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0z oz ‘ AZ?
Cn+1 C'n'ﬂ
—u, L1, kAzzlalykfl — MZ—ZCnH 4 M;ZCHH;
ouC ~ ui:'I B kCH-JIJ kclnj—lk L7Cn+1.
OX AX 7
aVJrC | J+l kclnjrlk | N kclnjrll k _ L+Cn+1
oy Ay
6\/_C ~ VI NERN kclnjrj—l k rJ,kCirj}r,lk _ L7Cn+1
oy Ay o

Jnst mepiioro piBHSAHHS MacOIIEPEHOCY CKiH-
YEHHOPI3HUIIEBY CXEMY 3aITUCYEMO TaK :

— Kpok 1:
ck..—-cn
—“”"At LK L CR =M CH + M CY
— KpOK 2:
1
C|nIrkA_tC| Cn+1 — M CI’] +M CI’H—l
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CKiHYEHHOPI3HUIEBY CXEeMy JUIA APYroro piB-  mpsMi M. JHinpo. [HTEHCHBHICTH BUKHUIY JOMIIIKH

HAHHA MAaCOIICPCHOCY 3alIUCYEMO TaAKUM YMHOM! Ha TEC B34to0 3 BiL[KpI/ITI/IX JDKCpEJIL.
— Kpok 1: Jlayii Ha pUCyHKaX MMOKa3aHO 30HY KUCIIOTHOTO
ck _cn 3a0pyIHEHHS TOBITPS ISl PO3TIITHYTHX CLIEHAPIiB.
i,j.k i,jk +~k _ np+ K — N,
+L, C =M C*+M C";
— KpOoK 2:
k
chl _ck
i,j.k i,j.k - _
—t e =M CM+ M, CM
At

CKiHYEHHOPI3HUIIEBY CXEMY JUIA TPETHOTO PiB-
HSTHHS MacOTIEPEHOCY 3alHIIeMO TaK:

— Kpok 1: Puc. 3. Po3paxyHKoBa 30Ha
Cikj - Cinj k " . N (Google Image 2024)
o A —+LC"=M_,C"+M_,C"; Fig. 3. Computational area
(Google Image 2024)
— KpOK 2: TN
n+l k
—C"‘*kMC"j’k +L,C™ =M},C" + M,C"

Juig inTerpyBaHHS OCTAaHHBOTO PiBHAHHA i3 (3)
BUKOpUCTOBYeMO MeTon Eiinepa. Po3paxyHkoBa
3aJI€)KHICTH Ma€ BUTILAL :

C™' =C" —dt-oC+

Puc. 4. I30miHi1 KOHIIEHTpaLii a30THOI KUCIOTH,

+dt - ZQ, (t)S(X —X; (t))8(y -V (t))S(Z -z (t)) piBeHp Z =25 M:
1-C=0,82mr/M?;2 —C=0,61 mr/a3,
AHanorivHo OymyeMoO pIi3HHIIEBY CXeMy IS 3-C=0,22 mr/™?
YHCENBHOTO IHTErPYBAHHs PIBHAHHS (2). Fig. 4. Isolines of nitric acid concentration,
Po3pobieno koM’ 0TepHy mporpamy, 1o pe- level =25 m:
ai3ye pO3TIISIHYTI IUCKPETHI PIBHSIHHSL. 1-C=0.82mg/m’;2-C=0,61 mg/m’,

3-C=0,22 mg/m’

PesyabTaTtn

Jlani HaBeIeHO pe3ysbTaTH MaTEMaTHYHOTO MO-
JETIOBAHHS 30HU KUCJIOTHOTO 3a0py/JHEHHS TOBIT-
p# B pasi emicii NO; Ha [Tpuaninposcbkiii TEC.

PozpaxynkoBa 30Ha mokaszaHa Ha puc. 3. s
MPOBEACHHS PO3PAXYHKIB B3STO : MIBHIKICTH BITPY
Ha Bucoti 10 M — 3 M/c (puc. 4) Ta 7 m/c (puc. 5);
IIBUJKICTh TPABITAIIMHOTO OCAKEHHS Kparelb
KHCIIOTH, IO YTBOPIOIOTHCS B aTMOC(HEpHOMY I10-
BiTpi, — 0,003 M/c; KOHIEHTpaliss BOASHOI HapH

Puc. 5. I30miHiT KOHIIEHTpAIlii a30THOT KHCJIOTH,
piBerp Z =10 m:

: 3.0

B atMoctepi 11 Mr/m° ; m=1. 1-C=0,54mr/™ ;2 —C=0,28 Mr/v®,
PosrnsiHyTO pi3HME HampsiM BITPY: CXigHHMH Ta 3-C=0,11 mr/™?

SaXI',uHHﬁ' Y pasi 3%X1HHOFO BITPY Ma€ MICIIE pyX Fig. 5. Isolines of nitric acid concentration,

JIOMIIIKK B HAIpsIMi KHUTIOBOro MacuBy I[lepemo- level z= 10 m:

ra, y pasi CXiZIHOr0 BITPY — B IPHUMICBKOMY Ha- 1-C=0,54 mg/m*; 2 — C = 0,28 mg/m’,

3-C=0,11 mg/m?
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Sk Mokemo 6aduTH 3 pHC. 4, 30Ha KHCIOTHOTO
3a0pynHeHHsT Mae GopMy nuieiida, 1o Hampsmiie-
HUH y HampsiMi pyXy MOBITpstHUX Mac. DopmyBaH-
HSl Takoro nuiek(y NpU3BOJAUTH JO 3aKHCICHHS
ITOBEPXHi 3eMJIi Ha TPUCATUOHNX AUISTHKAX. AHa-
J1i3 30HM KUCIIOTHOTO 3a0pyJHEHHS, 10 HaBEeJCHUI
Ha pHC. 5, MOKa3ye, MO 3HAYHOMY KHCIOTHOMY
3a0pyOHEHHIO MIIa€ThCs akBaTopis p. HHimpo,
YHACIIZIOK YOTO CIIiJ] OYiKyBaTH JIOJAaTKOBOTO TEX-
HOTEHHOT0 3a0pyTHEHHS BOAHOTO CEPEAOBUILA.

BinzHaunmo, o 4ac po3paxyHKy KOXHOTO Ba-
pianTy 3amadi ckianae 4 c. Takum umHOM, MOOY-
JI0BaHa MaTeMaTW4YHa MOJENb JA03BOJISIE B PaMKax
OJTHOTO KOMIT YOTEPHOTO KOy IIBUIKO PO3PaxXOBY-
BaTH (QOpMy Ta IHTEHCHBHICTH 30H KHCJIOTHOTO
3a0pyAHEHHS, O (OPMYIOTECA B aTMOC(HEPHOMY
MOBITPI JUIS Pi3HUX METEOYMOB.

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYMMICTB

3anpoNnoOHOBAaHO YHCENIBHY MOJENb A Ipo-
THO3YBaHHS BHHUKHEHHS KHCIIOTHOTO [OIIy BHa-
cmimok BukuaiB i3 TEC. Moxens € 6aratodakrop-

HOIO Ta BPaxoOBY€ KOHBEKIiI0, aTMochepHy mudy-
3110, HEPIBHOMipHHUN TPOQiNb BITPY, XiMiUHE MEpe-
TBOpeHHs1 AOMIlIKA. CTBOPEHO KOMIT IOTEPHUI
KOJI, IIIO JIO3BOJISIE OMNEPATHBHO OIIHIOBATH 30HU
KHCIIOTHOTO 3a0pyIHEHHS.

BucHoBku

1. IloOynoBano GaraToakTOpHYy YHCENbHY
MOJIeTIb, IIO0 JO3BOJISIE BU3HA4YaTH 30HU, A€ (op-
MYIOThCSl KHCIIOTHI JOIIl BHACTIJIOK BUKHUIIB i3
TEC.
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THEHHSI JOBKUIIS, aje i 30HH KUCIOTHOTO 3a0pya-
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JeTi, K1 BUKOPUCTOBYIOThH Ha TPAKTHIIL.
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Mathematical Modeling of the Process of Acid Rain Formation in Case
of Emissions from Thermal Power Plants

Purpose. It is known that acid rain has a negative impact on the environment. The formation of acid precipita-
tion in the atmosphere occurs as a result of the chemical interaction of fuel combustion products and atmospheric
humidity. Acid rain leads to crop losses, deterioration of soil fertility, and acidification of water in reservoirs. The
development of scientifically based methods for studying the intensity of such acidic pollution of the air and soil
surface in regions with significant emissions from thermal power plants remains an urgent problem. To solve this
problem, it is important to use mathematical modeling, since it is impossible to determine the impact of emissions
from thermal power plants on the formation of acid rain experimentally. Therefore, the main goal of the work is to
create a mathematical model for predicting the formation of acid rain in the event of emissions from thermal power
plants. Methodology. To predict the process of acid rain formation, a three-dimensional equation of convective dif-
fusion transport of a pollutant is used, which takes into account the wind speed profile, atmospheric stratification,
emission intensity of an impurity, and wind direction. This equation is also used to describe the process of water
vapor transport in atmospheric air. To describe the process of acid formation in atmospheric air, a stoichiometric
relationship is used. The numerical integration of the modeling equation of transfer was carried out using the split-
ting method. Findings. A multifactorial numerical model was built that allows determining the zones where acid
rain is formed. The problem of predicting the formation of acid rain in the case of emissions from thermal power
plants on the basis of the constructed numerical model is considered. Originality. A numerical model is proposed to
predict the occurrence of acid rain due to emissions from thermal power plants. The model is multifactorial and
takes into account convection, atmospheric diffusion, and an uneven wind profile. A computer code has been creat-
ed that allows for rapid assessment of acid pollution zones. Practical value. The developed computer code for ana-
lyzing the zones of acidic pollution of the environment in the case of industrial emissions makes it possible to pre-
dict the intensity of such pollution in various meteorological conditions.

Keywords: acid rain; thermal power plants; air pollution; mathematical modeling; industrial emissions
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ITHOOPMALIMHO-KOMYHIKAIIMHI TEXHOJIOI'Il TA
MATEMATHUYHE MOJIEJIOBAHHS

YK 629.3:004.415.3

S. 1. OCTAIIELIL!”

"Ka¢. «EnekTpoHHi 00UHCITIOBATBHI MAIIHHKY, YKPAiHCHKHIL IepKaBHUI YHIBEPCUTET HAYKH i TexHONOTIH, By. JlasapsHa, 2,
Juinpo, Ykpaina, 49010, Ten. +38 (056) 373 15 89, en. nomra oyar@i.ua, ORCID 0000-0003-1976-5188

ExcnepuMeHTa/IbHA OLIHKA ¢eKTHBHOCTI BUKOPUCTAHHS Bi3yaJbHUX MITOK
JJISl KepyBaHHA 0e3MiJIOTHUMHU TPAHCIIOPTHUMH 32c00aMu

Merta. JlocnipkeHHST CIPSIMOBAHO Ha EKCIIEPUMEHTANIbHY OLIHKY €(pEeKTHBHOCTI BUKOPUCTAHHS Bi3yaJIbHUX Mi-
TOK, a came MapkepiB ARToolKitPlus, ArUco i aBoBumipraux koai Tuny QR (quick response code) y 3amadax goka-
mizamii 6e3minoTHUX TpancnopTHUX 3aco0iB (BT3) Beepemuni npumimens. Meroauka. s MOXIIMBOCTI pearizarii
MIPOIIECIB JIOKAMi3aMii Ta CIPUIHATTS OC3MIIOTHUX TPAHCIIOPTHHUX 3ac00iB HA OCHOBI Bi3yalIbHUX MIiTOK (MapKepiB)
PO3pOOJICHO CTPYKTYpy MiICUCTEMH OOpPOOKH Bi3yaJlbHHX MITOK. 3aIpOIIOHOBAHO aJTOPUTM CYMiCHOTO BHKOPHC-
TaHHS Bi3yalbHUX MIiTOK TphoX THMIB — MapkepiB ARToolKitPlus, ArUco i koxiB QR — ms mokanizarii 6e3miToTHIX
TPAHCMOPTHUX 3acO0iB Ta ineHTH(IKALIl BAHTAXXY Ha MPHUKIALl CIICHApit0 poOOTH CKiIany iHTepHeT-Marasusy. s
NPOBENICHHSI eKCIICPUMEHTIB HaJl MapKepaMu 00paHO TaKUil aapaTHO-IPOTPaMHUI 3aci0, sIK «po3yMHa» KaMepa Ma-
muHHOTO 30py JeVois—A33 3 mporpamuum moxaynem JeVois Markers Combo ta rpadiunum intepdeiicom JeVois
Inventor. Pe3yabTaTn. [IpoBeneHo ekcriepiMeHTaNbHE JOCTIIPKEHHS! MOKIMBOCTI KOPEKTHOTO PO3Ii3HABAHHS Bi3y-
aIBHUX MITOK /IS yMOB poOOTH B IPUMILIEHHSX. Y Pe3yJbTaTi cepii eKCIIepUMEHTIB BU3HAYEHO MOXKIIMBOCTI KOPEK-
THOTO pO3Mi3HaBaHHS Bi3yalbHUX MiTok Tumy MapkepiB  ArUco, ARToolKitPlus Tta komie QR
Il Yac CKaHyBaHHS IIiJi TNPSMHM KyTOM BiJJHOCHO KaMmepu Ha BiacTtaHi B niamaszoni Big 0,3 mo 2 merpis.
HaykoBa HOBHM3HA. Y JOCHI/DKEHHI OTPHMMAaHO 3HA4YEeHHs WMOBIPHOCTEH KOPEKTHOTO pPO3Ii3HAaBaHHS MapKepiB
ArUco, ARToolKitPlus ta qeoBuMipauX kKoniB QR B ymMoBax mokaiizarii Oe3MiIOTHUX TPaHCIIOPTHHUX 3acO0IB yce-
peauHi npuminieHs. [IpakTuyna 3HaYUMicTh. OTpUMaHi pe3ynbTaTh JOCHIIKEHHS MOXKHA 3aCTOCOBYBATH ITijl Yac
CTBOPCHHS, IMITAIiITHOr0 MOJICTFIOBAHHS Ta aHAJI3y e()eKTUBHOCTI aITOPUTMIB JIOKATi3aMii Ta CIPUHHSTTS O€3MI0T-
HUX TPAHCIIOPTHHUX 3aCO0IB ycepeuHi MPUMIIIECHb i3 BUKOPUCTAHHSIM BiIIOBITHHUX Bi3yaJbHHUX MITOK (MapKepiB).
3anporoHoBaHa y3arajibHEHA CTPYKTypa IMiJICHCTEMH OOpOOKM Bi3yallbHUX MITOK CHCTEMH JIOKAi3allii Ta CIpHii-
HSTTS MOKE OYTH BUKOPHCTAHA IIiJ] Yac PO3POOKH CUCTEM KEPYBaHHs OE3MiIJIOTHUMH TPAHCIIOPTHUMH 32CO0aMH.

Kniouosi crosa: 6e3ninotauii Tpancnoptauii 3aci6 (BT3); nokamizamis; ¢ixymiapauii Mapkep; Bi3yaabHa MITKa;
ArUco; ARToolKitPlus; QR—ko; kamepa MamuHHOTOo 30py JeVois—A33

Beryn piB, xoxiB Tomo [7, 8]. Cucrema Ha 6a3i digymiap-
HUX MapKepiB MOBHHHA MPAIIOBATH HA Pi3HUX BijI-
CTaHsIX, MITKy Ma€e OyTH J00pe BHIHO SIK i3 OIU3b-
Kol BiJICTaHi, TaK 1 3 JAJIEKOI, TOK BUCOKHUI IOKa3-
HUK MaciTa0yBaHHs € TOJIOBHOIO BUMOTOIO 10 Mi-
TKkU. TakoX Mapkepu MaroThb OyTH CTIHKUMH 110
BIUIMBIB 30BHINIHIX (DakTOpiB, TakUX sIK 3a0py/-
HEHHs, 3MiHa OCBITVIEHHsA a0o0 (i3uuHe MOIIKO-
JKEHHS Mapkepa. IIponec JoKaJtizarii
3 BUKOpUCTaHHIM (iayliapHUX MapKepiB nependa-
4yae 3UOMKY 300paskeHHs 30BHIIIHBOI 0OCTaHOBKU

OnHuM 13 HOMYJISIPHUX 1 AOCTaTHHO €hEeKTUBHUX
y IEBHUX YMOBAaX METO/IiB JIOKaJTi3aIlii Oe3MiI0THUX
TpancnoptHux 3acobiB (bT3) Ta inenTudikarii Ba-
HT&XIB € BUKOPHCTaHHSA (QiIyliapHUX MapKepiB
(fiducial marker). KoxHomy Mapkepy BiIacTUBHi
VHIKaJIbHUHA HAa01p XapaKTEePUCTHK, SIKi IO3BOJISIOThH
OJTHO3HAYHO iJIeHTU(IKYBATH HOTO B MPOCTOPI ce-
pen iHmmx 00’ekTiB 1 moAiOHUX Mapkepis [1]. Ox-
HO3HAYHICTh BHU3Ha4Yae KOMOiHaIis ¢GopM, KOIbO-
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Ha Kamepy, po3Mi3HaBaHHS HasBHUX MapKepiB 3a
JOTIOMOTOI0 KOMIT IOTEPHOTO 30py U OO0YMCIEeHHS
TOYHOTO TIOJIOKEHHS 3ac00y B IMTPOCTOPI 32 TOTIOMO-
rOI0 MaTeMaTHYHHUX anroputMiB [1, 6]. MapkepHa
JIOKaJTi3aiis 0co0IuBO e()eKTUBHA B CIICHAPIAX 3a-
crocyBaaas bT3 mns ckiamcekux poOit, me Tod-
HICTP JIOKami3amii BiJirpa€ BaXJIHBY pOIb
B YCIIIIHOMY BUKOHaHHi 3aB/IaHb.

VY poboti [4] npencraBnena cucrema ¢igymiap-
Hux MapkepiB ArUco i3 MOXNIHBICTIO HajamTy-
BaHHsI CJIOBHUKIB MapkepiB. IIpoBeneni ekcrepu-
MeHTU Haj Mapkepamu ArUco moka3yroTh OiibIny
CTIMKICTB 10 XMOHUX PE3yJIbTATIB MOPIBHAHO 3 iH-
LIIMMH CHCTeMaMH, 110 3a0e3neueHo e(peKTHBHUM
BUPIIICHHAM TIpo0sieMu okito3ii [4]. YV [5] 3ampo-
MOHOBAHO METOAM TeHEPYBaHHS CIOBHUKIB (imy1li-
apHHAX MapKepiB, 3aCHOBaHI Ha 3MiMIaHO-I[1JIOYHC-
JIOBOMY JiHiHHOMY miporpamyBanHi (MILP). 3a pe-
3yJbTaTaMU EKCIIEPUMEHTIB, 3ICHEPOBaHI CJIOB-
HUKH MIePEBEPIIYIOTH 3a MOKa3HUKOM
MixmapkepHoi Bifictani cnoBHUKA ARToolKitPlus
i AprilTags.

VY crarri [3] momaHo OWiHKY e(peKTUBHOCTI Map-
KepiB y MiJBOJHOMY CEPEIOBHIIII I CUCTEM Map-
kepiB ARToolKit, AprilTags ta ArUco 3a mrictema
KPUTEPISIMU: TPOJYKTUBHICTH 3a PI3HOTO OCBIT-
JIEHHS Ta PiBHS KallaMyTHOCTi, MiHIMaJbHO HEOO-
XIIHUA TIOKa3HUK pO3MIpY Ul  BUSBICHHS
(y mikcensix), MaKCUMallbHa BiICTAHb MiXK KaMEepOIO
Ta MapkepoM (y MeTpax), MaKCUMaJIbHUH KyT JJIS
YCHIIIHOTO BUSBJICHHS Ta HEOOXITHWI 4Yac oOpo-
Oxu. Y [9] nociimkeHo epeKTUBHICTD PIIICHHS JIIs
BUSBIIEHHS edopMartiii y chepi reonesii Ha OCHOBI
300pakeHpb i3 kamep ta mapkepiB ArUco. ¥V [10]
MPOBENIECHO TOPIBHSHHS  CTIMKOCTI  MapKepiB
AprilTag ta ArUco 110/10 onopy o0epTaHHIO 3a Ha-
SIBHOCTI CHHTETHYHOT'O IITyMY ONTHYHOTO JaTYHKA.
[Ipu npoMy BUKIIOUEHI YMOBH 30BHIITHBOTO Cepe-
JIOBUIIIA, IO BIUIMBAIOTH HA MPOAYKTHBHICTH aJITO-
PUTMIB.

Cuctema mapkepiB STag, 3anponoHoBaHa B [4],
CIPOEKTOBAHA TaK, 100 OyTH CTIIKOIO 10 (haKTOpiB
TPEMTiHHsI, TOMYy 30epirac craOUIBHICTh IOJIO-
JKEHHsI Kpalle 3a aHanoriysi pimenns. Lle gocsra-
€TBCS 32 PAaxXyHOK BHKOPHUCTAHHS T€OMETPUYHUX
0coOIMBOCTEH, SIKIi MOXHA JIOKaJi3yBaTH 3 Oilib-
IIIOK0 TTOBTOPIOBaHICTIO. Y po0oTi [2] mpoBeneHO
nopiBHsiHHA cucteM MapkepiB  ARToolKitPlus,
ArUco i RUNE-Tag.

O1iHKy CHJIBHUX Ta CIa0KHUX CTOPiIH Bi3yaib-
HOTO BIACTEXXEHHSI 3a CHUCTEMaMH MapKepiB
ARToolKit, HOM, IGD i SCR mpoBenero B [11].
KpurepismMu OIIHKA BHCTYHIUIN: 3PYYHICTH BHKO-
puctaHus, edeKkTUBHICTh (Yac poOOTH IJisi BUSB-
JIGHHS Ta pO3Ii3HABAaHHSI MapKepiB), TOUHICTH (TI0-
MHJIKa BU3HAYCHHS ITOJIOKCHHS Mapkepa), Hamii-
HICTh (IIMPOKiI KyTH, BEJUKAa KiIBbKICTh MapKepis,
BiJIajieHi MapKepH, rmorane (POKyCyBaHHS).

Y po6oTi [1] po3rasHYTO MOKIIHBICTh BUKOPHC-
TaHHA Bi3yaJIbHUX MITOK JUIsl YIIpaBIliHHS HEBEJIU-
kuM BT3 BcepeauwHi mpumilieHHs IS TMepeMi-
IEeHHS BaHTaXiB. 3aBaaHHsaM Takoro bT3 e mepemi-
IIEHHS 33aHOTO BaHTAXy HA CKJIaMi 3 OIHOTO CTe-
Jlaka Ha iHIWH a0 3 TOJNHIII CTeaxa 0 KIITi JJist
MOIAJIBIIOTO BijanpaBiieHHs. ONKUCAaHO TPH TUIIH Bi-
3yalbHUX MITOK, SIKi BUKOPHCTOBYIOTh y 3aJladax
nokamizamii BT3 # imenTudikaii BanTaxis: ¢ixy-
miapai  mapkepu ArUco Ta ARToolKitPlus,
a Takox QR—xomm (quick response code).

o6 peamizyBaTH JTOKANi3alif0 Ta CIIPUAHATTS
BT3, HeoOXiqHO BH3HAYUTH MOXKIWBICTH KOPEKT-
HOTO PpO3IMi3HAaBaHHS I BKa3aHUX THUIIB MITOK
y pi3HUX yMOBax (OCBITJIEHHS, KyT pO3TaIlyBaHHS,
BIJICTaHb JIO KAMEPH 1 T. 1H.).

Merta

OCHOBHOIO METOO JOCII/KEHHS € OIliHKa ede-
KTUBHOCTI BUKOPUCTAHHS Bi3yaJIbHHUX MITOK THITY
ARToolKitPlus, ArUco i QR—koay B 3a1ayax joka-
mizamii 0e3MUIOTHUX TPaHCIOPTHUX 3aco0iB. Bin-
MOBITHO IO METH TIOCTABJICHO TaKi 3aBJlaHHS: aHa-
JIi3 Ta po3polKa CleHapio (AJIrOPUTMY) BHKOPHC-
taHHA BizyanbHUX MiTOK ARToolKitPlus, ArUco i
QR—xoniB mia nokamizanii bT3 Ta inenTrdikarmii
BaHTaXYy; PO3pOOKa CTPYKTYpHU MifcucTeMu o0po-
OKM Bi3yaJbHUX MIiTOK; BHOIp amapaTHO-Iporpam-
HUX 3aCO0iB ISl IPOBEIEHHS €KCIIEPUMEHTIB; €KC-
MEPUMEHTAJIbHE JOCIIKCHHS MOXJIMBOCTI KOPEK-
THOTO PO3Mi3HABaHHS Bi3yaIbHUX MITOK.

MeTtoauka

s craTTs BimoOpaxkae XiJ JOCTIKEHHS Ta pe-
3yJNbTaTH TUIUIOMHOI poOoTH aBTOpa [1]. 3a ocHOBY
B35TO ClieHapii poOOTH CKJIaay IHTepHET-Mara-
3WHY, Jic TOBapH YIIaKOBaHi B KOPOOKU ISl 110181 b~
IIOTO BIANIPABIeHHS KiIi€eHTaM. SIk OyJI0 OIMCaHo B
[1], mapkepu ArUco 3acTOCOBYIOTH JIJIst JIOKaJIi3arii
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BT3 y mpoctopi; mapkepu ARToolKitPlus inentu-
(iKyIOTb KOJ BaHTaXYy, SIKHH nepeBo3aTh; QR—koau
HAJar0Th JI0JaTKOBY iH(OpMAIIif0 TPO BaHTaX, PO-
3muprooun 0azoBi gaHi. QR—Kkox, mpuKpirieHmi
70 KOXKHOI KOPOOKH, MIiCTHTh JeTaibHy iH(popMa-
IIifO0 TIPO i1 BMICT, IO T03BOJIsAE €(DEKTUBHO BiICTeE-
JKyBaTH KOXXEH TOBAp Ha CKIIafi, MiHIMI3yBaTH MO-
MUJIKY B TIITOTOBII 3aMOBJICHB Ta CIIPOCTUTH iHBE-
HTapHU3allio.

QR—Kox MOXe MICTUTH BiINOBiIHI 1HCTPYKIIii
Ta MOTEPEPKEHHS 3 YpaXyBaHHSIM OCOOJIMBHX YMOB
noctaBku. Lle 3a0e3neuye npaBuiIbHE TOBOKEHHS
3 BaHT@)KEM BIAMOBIAHO /IO HOTO XapaKTePUCTHK Y
pasi IOCTaBKHM YyTIUBUX KPUXKHAX TOBapiB abo I10-
TPUMaHHS TEMIIEPaTypHUX BUMOT JJISl IEBHUX TO-
BapiB (HAPUKIA], TPOIYKTH XapuyBaHHs Y1 MeIHU-
YHi penapaTH).

Bara Banrtaxy, Bkazana y QR—koji, kopucHa
Il OMTUMI3alii pO3MOAUTY TOBAapiB MiXK Pi3HUMH
BT3 3 ormsiny Ha BaroBi oOMekeHHSI.

Llimp mocTaBkH, 3a3HaueHa B QR—K01, MOYXKe Mi-
CTHUTH HE TUTBKH iHQOPMAIIiIO PO KiHLEBUH MYHKT,
a 1 TepMiHOBICTB BiampasneHHs. [apopmarris 3 QR—
KOy TIPO CTaTyC TOTOBHOCTI KOPOOKH JIO BiIIpaB-
JICHHSI TIOBIIOMIISIE, IO TOBAP YIIaKOBaHMH, ITEpeBi-
peHuit Ta roToBuit 10 AocTaBku. L1i gaHi mosermry-
I0Th TUTAHYBaHHS MapIIPYTiB Ta YIIPABIIHHAS TEPMi-
HaMH JOCTaBKH.

TakuM YUHOM, BUKOPUCTAHHS KOMOIHAIT Map-
kepiB ArUco, ARToolKitPlus i QR—koxiB mae mo-
KITMBICTh CHCTEMI KEpYBaHHS OTPHUMATH JICTAJbHY
iHpopmarito npo nojoxkenHs BT3 B ckiaacbkomMy
MpUMIIeHH], iMeHTr(iKamifo BaHTaXy Ta JOAAT-
KOBI TIapaMeTpH, [0 B CYKYITHOCTI JO3BOJISIE YCITi-
mIHO BUKOopucToByBaTH bT3 s mepemiteHHs Ba-
HTaXIB.

Take pilnleHHS MOXe 3HAWTH 3aCTOCYBAaHHS
B pi3HUX cdepax, 0coONMBO HA CKIIaJaxX TPaHCIIOp-
THUX KOMIIaHIH, OITOBHUX CIYX0 Ta iHTepHET-Ma-
rasuHiB. 1li mianprueMcTBa CTHKAIOTHCS 3 HEOOXia-
HICTIO IIBHKOTO MEPEMIIIeHHs] BaHTaXiB 1 TOYHOI
ineHTugikaimii TOBapiB A iX COPTYBaHHS, IO
BKpail HEOOXiZIHO /sl peHTa0eNBHOTO YIPaBIiHHS
JIOTICTHKOIO.

Jliis peatizaiii nmpoieciB Jokaji3allii Ta Crpui-
HaTTS BT3 Ha OCHOBI Bi3yalbHUX MITOK (MapKepiB)
PO3pOOIIEHO CTPYKTYPY, 10 300paxkeHa Ha puc. 1.
[TyHKTHpHOIO JIiHIEIO Ha CXeMi BiAiIEHO BHYTpI-
I1HI OJIOKM CHCTEMH BiJI 30BHIIIHIX PKEPEST HaIX0-

oKkeHHs iHdopMarii, a Takox O6J10ka 0OpoOKH pe-
3ynbTariB. [lependadeno, mo BHyTpilIHI OJIOKH —
1€ TIPOTpaMHi OJIOKH KOy 3 OKpeMHuX 010Ti0TeK.

IIpormiec po3mizHaBaHHS KBaApaTHUX MapKepiB
MOKHa PO30MTH Ha JBa OCHOBHI eramu. Crepiry
MIPOBOSTH MOITYK KaHIWAATIB, IO Iependadae Bu-
SIBJICHHS Ha 300paKeHHI KaMepH BCiX KBaApaTHUX
¢dopm, siki Mornu O MOTEHLINHHO OyTH MapKepamHu.
KanaunariB, cX0kuxX Ha MapKepH, JAOMYCKAIOTh 10
JPYToro eTamy.

Ha gpyromy erani BinOyBaeTbcs ineHTUDIKALIS:
aHaji3 6iTOBOTO KOAYBaHHS BCEpEIWHI BUSBICHUX
KaH/U/IaTiB, YCTAHOBJICHHS, YU € KaHIUIATH Map-
KepaMH, a TaKOX MepeBipKa, Y1 HAJICKATh BOHH JI0
3aJJaHOTO CIIOBHHKA.

[Ticns po3nizHaHHs MapKepa A7 KOJTyBaHHS HO-
mepa BanTaxy (ARToolKitPlus) orpumannii inen-
TUQiKalIfHKII HOMEp MapKepa moTparuisie 6e3mnoce-
PeAHBO 10 0JI0Ka 0OPOOKH JaHHX, a MApKEPH JIOKa-
mizamii (ArUco) moTpeOyroTh JOJaTKOBOI IPOTpam-
HOT 00pOOKH.

3a3HaunMMo, IO B MPOIIeC] JoKai3alii, oo 3a-
0e3nmednTH TOYHY BiAMIOBIAHICTD MiXK ITOJIOKEHHSIM
MapKepa B peaJbHOMY CBITI Ta BiZOOpaKeHHSM ITi-
KCeJiB I[bOTO Mapkepa, HEeOOXiTHO KOPHIYBaTH
OTpHMaHe KaMeporo 300paKeHHS MUIIXOM Katiopy-
BaHHs. Came KaniOpyBaHHS KaMepHy € KPUTHYIHO Ba-
YIJIMBUM JUTsL TOYHOT'O IEPETBOPEHHSI IBOBUMIPHHX
300pakeHb y TPUBUMIPHUI MIPOCTIp.

KaniOpyBaHHs kamepu — 11e BU3HAYSHHS 11 BHY-
TPIIIHIX TApaMETPiB, SIKi ONMUCYIOTh BHYTPIIIHIO Te-
OMETPIIO MPOILIECY 3aXOIUICHHS 300pakeHHs. Jlo Ta-
KHX MapaMeTpiB HalekaTh: (OKYCHA BiJICTaHb, KO-
e(illieHT CIIOTBOPEHHS JIiH3H, ITapaMeTpH IepPeTBO-
penHs mikceniB Tomo. Lli mapamerpu 3aiexarp Bif
MoJiesi kamepu. HanmamtyBaHHs kamMepu 37iHCHIO-
I0Th OJIMH pa3 3a JOMOMOT'OFO CTIeIiaJIbHUX JIOTIOMi-
KHHUX THCTPYMEHTIB, a MapaMeTpy HaJlallTyBaHHsI
30epiraroTh y CreliaTbHOMY daitmi
3 KOHQITYpamiifHUMU JaHUMH, IO TIPOJAEMOHCTPO-
BaHO Ha cxemi (auB. puc. 1).

[Ticns Toro sik Mapkep ineHTH(IKOBaHO, Y 01011
00poOKH MITKH BiIOYBA€ThCS aHAIII3 (OPMH OTpPH-
MaHOTO KOHTYpY Mapkepa. AJTOPHTMH IIbOTO
0JI0Ka BUJIYy4arOTh 3HA4YIIl TOYKH 3 (hopMHU 300pa-
KeHHs1 Mapkepa. [1i1 3HaUyIUMU TOYKAMH MaroTh
Ha yBa3l Taki mapaMmeTpu MapKepa, sk KOOpIHUHATH
KYTiB, KOOpAWHATH LEHTPA, JOBXHHY CTOPiH TOILIO

[1].
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Puc. 1. Ctpykrypa mincucteMu o0poOKu
Bi3yaJIbHUX MITOK

Fig. 1. The structure of the visual
tag processing subsystem

Ha ocHOBi 3Hauymmx TOYOK Ta KOHQiryparii
Mapkepa 00K 00YHCIIeHHS TOJI0KEHHSI MaTeMaTH-
YHO BHPAXOBYE OPIEHTAINIO Ta TOJOXKEHHS MITKU
BITHOCHO KaMepu y TPUBHMipHOMY mpoctopi. [i-
CJIs 3aBEPIICHHSI IIbOTO MPOIIECY OTPUMYEMO FOTOBI
10 00poOKy maHi.

JIns mpoBeIeHHS eKCIIEPUMEHTIB HaJl Mapke-
pamu Oyi0 00paHo «PO3yMHY» KaMepy MalllmHHOTO
30py JeVois—A33 3 nporpamuum moxyiem JeVois
Markers Combo Ta rpadiunum iHTepdeiicom
JeVois Inventor, ocKiTbKH BOHA 3a10BOJILHSIE OCHO-
BHI MOTpeOU st poOOTH 3 (imyiiapHUMH MapKe-
pamu. IInardopma JeVois Hamae mupoxuil BUOIp
MPOrPaMHUX MOJYJIIB KOMIT IOTEPHOTO 30Dy, CEPel
SKHUX 1 MOIYJI JUIs PO3Mi3HABAaHHS Bi3yalbHUX Mi-
Tok. KpiM TOroO, mocTynHe cepenoBHile po3poOKU
JUTS. HATIMCAaHHS MOAYJiB MOBorO Python Ha ocHOBI
6i0miorexn OpenCV. Kamepa niarpumye pisHi pe-
JKUMH poOOTH Ta BimeodopmaTH, 10 3ade3neuye
THYYKICTh Mi Yac HaJallTyBaHHS Ta MPOBEICHHS
eKcrepuMeHTIB [1].

PesyabTaru

BusHaunMo ekcrepruMEeHTAIBHUM [UIIXOM MO-
JKITMBICTH KOPEKTHOTO PO3ITi3HABAHHS IS 00paHuX
paHiIlle THIIIB MITOK 3a JTOTIOMOTOI0 KaMepH 3alie-
JKHO BiJI OCBITJICHHSI, KyTa pO3TallyBaHH, BiAcTaHi
JIO KaMepH Ta 1HITHUX IMapaMeTpiB.

s ekciepuMeHTIB 00paHO CIIOBHHKH MapKe-
piB i3 MiHIMaJIFHO MOKJIUBUMH PO3MipHOCTSIMH,
a came 4 x 4 g1 ArUco 1a 3 x 3 nna
ARToolKitPlus. Take pimreHHs OB’ sI3aHO 31 CKJIa-
IHICTIO BUSIBICHHS Ta PO3Mi3HABaHHS MapKepiB
B YMOBax MaJIuX ra0apyuTiB BaHTaXKYy, ¢ HEOOXi/IHi,
BIAMOBITHO, MaJli PO3MIpH MapKepiB I ITO3HA-
YeHHS [UX BaHTaXiB. UM OLJIbIIIE €IEMEHTIB MicC-
TUTHCS HA MapKepi, THM BUMOTJIUBIIIA CHCTEMa JI0
30BHIIIHIX YMOB, y TEpIIy Yepry 1€ CTOCYEThCS
PO3ALTBEHOT 31aTHOCTI KaMepH.

Hiana3on 3Hauenpb cioBHuka ArUco 4 x 4 cra-
HOBUTH Bim 0 mo 49 (50 mTyk), a Ajs CIIOBHHKA
ARToolKitPlus 3 x 3 — Bixg 0 mo 31 (32 mtykn).

[Ipuxman pe3ynpTary po3mi3HaBaHHS MapKepa
ArUco 4 x 4 xameporo HaBeZieHO Ha puc. 2 [1].

Puc. 2. [Ipuknan excnepumeHTy 3 MiTKOI0 ArUco

Fig. 2. The ArUco tag experiment example

Juis mokasmizarii BiqHOCHO MiTOK ArUco Moy
Markers Combo BiHOBIIIOE TTIOBHE TPUBUMIPHE PO-
3TallyBaHHS BIAMOBIAHO 110 BiAOMOTro (hi3MYHOTO
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PO3MIipy IUX MapKepiB, 38 YMOBU BCTaHOBIECHHS PO-
3MIPHOCTI Mapkepa B MiTiMETpax ycepeauHi BKIa-
JIKU HAJTaIITyBaHHS TapaMeTpiB.

[Ticst 00poOKH KOKHOTO BiZIEOKaIpy B KOHCOIb
HAAXOJSThH IMOBIIOMIJICHHS PO MiCLE3HAXOKESHHSI
BCiX iMeHTH(IKOBAHUX MITOK.

Bynemo BBaxkaTu, 110 1aHi MO3UIIIOHYBaHHS Ma-
pkepiB ArUco HaaXoJsTh 10 CHCTEMH KepyBaHHS
BT3 mpaBunbHO B ycix BUMaJKax 3a YMOBU IpaBU-
JBHOI iAeHTH(IKAIIT THX MapKepiB.

[Ipuknan pe3ynbraTy po3mi3HaBaHHS Mapkepa
ARToolKitPlus 3 x 3 HaBezeHO Ha puc. 3.

Det.
Found

Puc. 3. [Ipuknan ekCiepuMeHTy
3 MiTkoI0 ARTo00IKitPlus

Fig. 3. The ARToolKitPlus tag experiment example

Hns mitok ARToolKitPlus nepenbauena mMox-
JUBICTh HAJANITYBaHHS IapaMeTpa MiHiMaJbHOTO
MOpOry JOCTOBIpHOCTI ineHTH(iKaLil Mapkepa,
SIKUH TaKOXX BIUIMBAE HA MBUJIKICTh PO3II3HABAHHS
Ta piBEHb CIIO)KUBAHHS O0YHCITIOBATBHUX PECYPCIB.
[TapameTp ycTaHOBIOIOTH y Jiama3oHi IIHCHOTO
gucia Bix 0 10 1, 3a 3aMOBUYYBAaHHSM MapameTp
yCTaHOBJIEHO y 3HaueHHi (,7.

VY BUMajgKy BCTAHOBJIEHOTO 332 3aMOBUYYBaHHSIM
TPAaHUYHOTO 3HAYEHHS JOCTOBIPHOCTI MapKepiB
ARToolKitPlus wacTo BuHUKaMw cuTyamii TOMMI-
KOBOT'0 PO3Ii3HABAHHS MITOK, HaBITh 13 MiTKaMH pi-
3HO1 pO3MipHOCTI. BusiBuiocs, mo Mapkepu
B IIUX CUTYAIlisIX OYyJIH CXO0Xi OZFH Ha OAHOTO. [MoO-
BipHO, QJITOPUTM IIPOTPaMH BBAKAB IIOMHJIKOBO BU-
3HAa4eHi  MapKepu [JiHCHO  MOIIKOIKECHHMH,
a MicIs BiTHOBJICHHS 300pa)keHHS 3HAXO/IUB BiJIIO-
BIJTHOCTI 31 CXOXKMM MapKepoM y cIOBHHKY. llpu-
YoMy 1HOJIi OJIMH MapKep OyB PO3IMi3HAHMIA Ofpa3y
SIK IBA MapKepH 3 Pi3HUX CIOBHHKIB, MPUKJIa] Ta-
KHX MapKepiB HaBemeHo Ha puc. 4 [1].

Puc. 4. Cxoxi Mixx co00r0 Mapkepu

y CIIOBHUKaX Pi3HUX CHCTEM:
a— ArUco 4 x 4 31d=14; 6 — ARToolKitPlus 3 x 3 31d=17

Fig. 4. Similar markers in the dictionaries
of different systems:
a— ArUco 4 x 4 31d=14; b — ARToolKitPlus 3 x 3 3id=17

VY pasi BCTaHOBIIEHHS TPaHUYHOT JIOCTOBIPHOCTI
31 3HaYeHHsIM | cUTYyaIlis 3 po3mmi3HaBaHHIM 3HAYHO
TIOJIIITIITMIIACS, BHUIIAAKIB 3 OJHOYACHHM PO3ITi3HA-
BaHHSM OJTHOTO MapKepa sIK TBOX HE BUHHUKAJIO.

[Nopanpmn excriepuMeHTH MPOBEACHO IJIST MaK-
CHUMAIIEHOTO TOPOTY JIOCTOBIPHOCTI, IO JTOPiBHIOE
1, ockinbku ajst i€l poOOTH MpiOpUTETHA HaMdiM-
HICTB 1IeHTU(IKAIlIT MapKepiB.

Sk BugHO 3 puc. 5, 3akogoBane B QR—komi Tek-
CTOBE HOBITOMJICHHS «Experimental test
message 1» oJpa3y BUBOJIUTHCS Ha €KpaH cepesio-
BHIIIA.

KpiM TOro, mpoBeneHo eKCIiepruMeHTH 3 PO3ITi-
3HABaHHS KOMOIHAIIIH 13 Pi3HUX THUIIB MITOK Yy pasi
X 0/IHOYACHOTO NOTPAIUISHHS B MOJIE 30py KaMepH,
MPUKJIIAJ IPOJIEMOHCTPOBAHO Ha puc. 6.

Tako TPOBEJCHO EKCHEPUMEHTH 3 BEIHKOIO
KUIBKICTIO MITOK y TOJII 30pYy KaMepH, IO MOXKE
BIUIMHYTH Ha TNPOLYKTUBHICTH OOpOOKH MITOK,
OIMH 13 TaKWUX EKCIEPUMEHTIB 300pakeHO Ha
puc. 7.
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3a ngaHMMH, HaBeJECHHMMH Ha 3HIMKY €KpaHa
(nuB. puc. 7), MOkKHA TOOAYNTH, 1110 HABAHTAKEHHS
nponecopa kamepu (CPU) ckmano 262 %. Takuit
pe3ynbTaT OTPUMAaHO, OCKIJIBKY MPOIIECOpP MICTHTH
4 anpa, Ha KOXKHOMY 3 SIKUX BiAOYBa€eThCs MiApaxy-
BaHHS OKPEMOTO CTYIICHS 3aBaHTaKEHOCTI B MEXax
100 %, TakUM YUHOM, MAaKCUMAJIbHO MOXKITHBUM
CTYIIiHb 3aBaHTaXeHOCTI ckiaaae 400 % [1].

Jebois Hakers Combo

6 fps, 202,28 CPU,

Puc. 5. IIpuxiag ekcriepuMerTy 3 MiTkoro QR

Fig. 5. The QR tag experiment example

Puc. 6. IIpukinan ekcepiMeHTy 3 KOMOiHaIli€10
TPHOX PI3HOBHUJIIB MiTOK

Fig. 6. Combination of 3 tag types experiment example

Puc. 7. OnnouacHe ckanyBaHHA 35 mapkepiB ArUco
Fig. 7. Simultaneous scanning of 35 of ArUco markers

[Toka3HUKH IPOBEAEHUX EKCIIEPUMEHTIB JIOCTa-
THBO OJM3BKI A0 OTPUMAaHUX JaHUX Y PO3TIISIHYTIH
miTeparypi  Npo  JOCHIDKEHHS  MapKepiB.
VY pesynbrati cepii eKCiepruMeHTiB BU3HAYEHO HMO-
BIPHOCTI NPABWJIBHOTO PO3IMi3HABaHHS MITOK Iif
Yyac CKaHyBaHHsI ITiJ] MPSIMUM KyTOM BiJIHOCHO Ka-
MepH Ha BijicTaHi B aiama3oHi Bix 0,3 10 2 MeTpiB.

Y Mexax 3a3Hau€HOTO JTiara3oHy BiJICTaHEH IS
KOX)KHOTO MOKJIMBOTO 3HaueHHs MapkepiB ArUco
Oyno mposegeno 100 excnepumeHTIB (110
2 eKCIIEpUMEHTH Ha KOKEH Mapkep), Yy 99 i3 sxkux
PO3Mi3HAaBaHHs CIPaLbOBYE NPaBHIBHO, a OTXKE,
iMoBipHicTh po3nizHaBanHs P(AU) = 0,99.

AHaNoriyHo NpoBeAeHO 96 eKCIIepUMEHTIB IS
mapkepiB ARToolKitPlus (o 3 excnepumeHTH Ha
KOXKEH MapKep) y TOMy caMOMYy Jiara3oHi Bijcra-
Hel. 3a pe3yibTaTamMu, MIiTKH 3 HoMepamu 5, 11 Ta
13 MOMHIIKOBO PO3MI3HAIOTHCS, K MITKU 3 iHIIUMH
HOMEpaMH IbOTO K CJIOBHHKA, ab0 SIK MITKH 3i
cnoBuuka ArUco. ¥V 90 Bumaakax i3 96 posmi3Ha-
BaHHsI IPOBEICHO HOPMAJIBLHO, & OTKE, IMOBIPHICTh
posmizaaBanus P(ATK) = 0,9375.
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PosmisnaBanHs QR—komiB BiOyBaeThCs Ha-
Kpallle Ha MaJluX BIJICTaHIX. Y CEPeIHbOMY YCITilI-
HAM MOJXKHAa BBa)XaTH pO3IMi3HABaHHS KOIIB
y 9 Bumazakax i3 10, To00TO HMOBIpHICTH pO3Mi3Ha-
BauHs P(QR) =0,9 [1].

HaykoBa HOBH3HA Ta IPAKTHYHA
3HAYHMMICTh

VY pesynpTaTi eKCIEpUMEHTAIBLHOTO  JOCHi-
JUKEHHS OTPUMAHO 3HAYSHHSI HMOBIPHOCTEH MTpaBH-
JFHOTO PO3MI3HABaHHS Bi3yallbHUX MITOK, a caMe
mapkepiB ArUco, ARToolKitPlus ta QR—koxis.
OtprMaHi pe3ynbTaTé MOXHA 3aCTOCOBYBATH ITi[l
Yac CTBOPCHHS, IMITaIlifHOIO MOJCIIOBAHHS Ta
aHaizy ©(EeKTUBHOCTI aJTOPUTMIB JIOKami3amii i
cnpuiinaTTs bT3 BcepennHi mpuMIIeHb i3 BUKOPH-
CTaHHSIM BiJIIOBIJTHUX Bi3yaJIbHUX MITOK.

3anponoHoBaHa y3arajbHeHa CTPYKTypa MiAcu-
CTeMHU 0OpOOKH Bi3yaJIbHUX MITOK CHCTEMH JIOKAaJIi-
3amii Ta cripuiHATTS bT3 Moxe OyTr BUKOpHICTaHA
i yac po3podku cucteM kepyBanHs BT3.

BucHoBku

IIpoBeneHo mocmimkeHHs] epeKTHBHOCTI 3aCTO-
CYBaHHS Bi3yaJbHUX MITOK JJIs 3a/1a4 JIOKami3arlii
bT3 BcepenuHi MpUMIIIICHB, 13 BHKOPUCTAHHIM Ka-
MepH MalImHHOTO 30pYy JeVois—A33 3 mporpaMHUM
MOJIyJieM Ui PoOOTH 3 PI3HUMHU THUIIAMH Bi3yallb-
Hux MapkepiB JeVois Markers Combo i rpagiunum
inTepeticom JeVois Inventor. Y pe3ynbrarti mpose-
JCHUX eKCIIEPUMEHTIB BU3HAYEHO HMOBIPHOCTI KO-
PEKTHOTO PO3Mi3HABAHHSI JJIsi KOKHOTO 3 THIIIB Bi-
3yanpHHX MiTOK (MapkepiB ArUco, ARToolKitPlus
ta QR—K0miB). 3ampoIOHOBAaHO CTPYKTYPY MiAcCHC-
TeMH 00pOOKH Bi3yalbHUX MIiTOK.
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Experimental Evaluation of The Effectiveness of Using Visual Cues
for Controlling Unmanned Vehicles

Purpose. The study aims to experimentally evaluate the effectiveness of using visual cues, namely ARToolKit-
Plus, ArUco markers and two-dimensional QR (quick response code) codes in the tasks of localizing unmanned vehi-
cles (UVs) indoors. Methodology. To enable the implementation of the processes of localization and perception of
unmanned vehicles based on visual marks (markers), the structure of the visual marks processing subsystem has been
developed. An algorithm for the combined use of three types of visual markers — ARToolKitPlus, ArUco markers and
QR codes — for localizing unmanned vehicles and identifying cargo is proposed using the example of an online store
warehouse scenario. To conduct experiments on the markers, we chose a hardware and software tool such as the
JeVois-A33 smart machine vision camera with the JeVois Markers Combo software module and the JeVois Inventor
graphical interface. Findings. An experimental study of the possibility of correct recognition of visual marks for
indoor working conditions was carried out. As a result of a series of experiments, the possibilities of correct recogni-
tion of visual marks such as ArUco, ARToolKitPlus markers and QR codes during scanning at right angles to the
camera at a distance ranging from 0.3 to 2 meters were determined. Originality. The study obtained the probabilities
of correct recognition of ArUco, ARToolKitPlus markers and two-dimensional QR codes in the conditions of locali-
zation of unmanned vehicles indoors. Practical value. The obtained results of the study can be used to create, simu-
late, and analyze the effectiveness of algorithms for localizing and perceiving unmanned vehicles indoors using ap-
propriate visual markers. The proposed generalized structure of the visual marker processing subsystem of the local-
ization and perception system can be used in the development of unmanned vehicle control systems.

Keywords: unmanned vehicle (UV); localization; fiduciary marker; visual marker; ArUco; ARToolKitPlus;
QR code; JeVois-A33 machine vision camera
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Influence of the Isothermal Transformation Temperature on the Structure
and Properties of Low-Carbon Steel

Purpose. The study is aimed at evaluating the effect of the isothermal transformation temperature on the struc-
ture and properties of low-carbon steel. Methodology. The material for the study was a 3 mm diameter wire made
of mild steel with the following chemical composition: 0.21% C, 0.47% Mn, 1.2% Si, 0.1% Cr, 0.03% S, 0.012% P.
The 0.3 m long wire samples were subjected to austenitizing at 920 °C for 8...9 min, after which they were held iso-
thermally for 11 min at temperatures of 650...200 °C, followed by cooling in air. The strength, plastic properties,
and strain hardening coefficient were determined from the analysis of tensile curves. Findings. It was found that
a decrease in the temperature of isothermal transformation, starting from 450...400 °C, increases the amount of
Widmannstitten ferrite due to the disappearance of polyhedral ferrite grains. At the same time, the number of areas
with locally located dispersed cementite particles similar to pearlite colonies increases, and bainite crystals appear.
Against the background of a sharp decrease in the strain hardening coefficient in the range of 450...400 °C, the abil-
ity of the bainite phase to undergo plastic deformation should be considered one of the reasons for the delay in den-
sity reduction. Originality. The effect of steel hardening with a decrease in the pearlite transformation temperature
is based on the grinding of ferrite grains, an increase in the amount of Widmannstitten ferrite, and the dispersion of
pearlite colonies. The strengthening effect of steel with a bainite structure is based on an increase in the degree of
supersaturation of the solid solution with carbon atoms and dispersion hardening by particles of the carbide phase.
Practical value. The optimal structural state of steel intended for the manufacture of such critical elements as a sup-
port beam, railroad car bogie, etc. is a mixture of phase components with different dispersion and morphology, and
their quantitative ratio is determined by the operating conditions of a particular product.

Keywords: low-carbon steel; austenite; ferrite; temperature; isothermal transformation; dislocation; recrystalliza-
tion; yield strength

Introduction from low-carbon steels [1]. It is believed that use
of rolled products with increased strength proper-
ties is a key to increasing reliability at operation of
the railway cars for various purposes.

For the manufacture of certain supporting ele-
ments of railway cars, such as a center beam, car-
riage bogie, etc. they use shaped rolled products
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Compared to the structure of low-carbon steel
after hot plastic deformation, use of thermal
strengthening in flow of a rolling mill is accompa-
nied by qualitative changes at structural state and
the corresponding set of properties.

Proportional to cross-section of the rolled prod-
uct, the difficulty achieving a critical cooling rate
causes to formation gradient of structures, starting
from the surface of intensive heat removal [3].
Considering process formation of a thermally
strengthened surface layer in rolled steel, several
mutually dependent factors are discovered that de-
termine mechanism of austenite transformation
during steel cooling [13].

One of them is ability of ferrite to inherit chem-
ical elements that are dissolved in austenite. This
phenomenon can have a certain influence on the
mechanism of austenite transformation [14]. For
low-carbon steel, a fairly narrow temperature range
transition from the shear mechanism of austenite
transformation to intermediate one is sensitive to
minor changes in cooling conditions [4]. Thus, low
stability of low-carbon steel austenite during cool-
ing [3, 5] and change in the activity of carbon at-
oms at inter phase during transformation process
[14] can affect the transformation rate.

At same time, diffusion of carbon atoms in
phase components of the steel should also change
[13]. Based on this, a continuous decrease at cool-
ing rate, as volumes of metal move away from sur-
face of the rolled product, in its effect on the struc-
ture and properties, can be represented as an in-
crease in the temperature at end of forced cooling.
In this case, continuous change at dispersion and
morphology phase components of the steel will
correspond to gradient of temperature by forced
cooling of the rolled product [7, 11].

Purpose

The purpose of the work was to assess influ-
ence temperature isothermal transformation on the
structure and properties of low-carbon steel.

Methodology

The material for study was a wire with a diame-
ter of 3 mm, made of low-carbon steel, with a con-
centration of chemical elements: 0.21% C, 0.47%
Mn, 1,2% Si, 0.1% Cr, 0.03% S, 0.012% P. Differ-

ent structural states of steel were obtained after cer-
tain processing.

Wire samples 0.3 m long were subjected to aus-
tenitization at a temperature of 920 °C for 8...9
minutes. This was followed by isothermal holding
for 11 minutes at temperatures of 650...200 °C and
cooling on air. Heating of the samples to the austen-
itization temperature, isothermal holding of the met-
al was carried out in molten mixtures of various
salts.

The preparation of objects and study of the mi-
crostructure were carried out using light and elec-
tron microscopy techniques [2]. Strength, plastic
properties and strain hardening coefficient (n) were
determined from the analysis of tensile curves [10,
12].

Findings

The process forming structure of the thermally
strengthened steel after completion of hot defor-
mation can be represented at form of an isothermal
transformation of austenite at temperature of the
end accelerated cooling.

At temperature range until the minimum stabil-
ity of austenite is achieved, the diffusion transfor-
mation mechanism will determine morphology and
dispersity structural components of the steel under
study. Thus, at transformation temperature range
starting from 650 °C, the formed structure consists
of sections similar to Widmanstatten ferrite
(Fig. 1, &), polyhedral ferrite grains and pearlite
colonies of certain dispersion.

It should be expected that at temperatures iso-
thermal transformation of the austenite by the dif-
fusion mechanism, formation of the structure is
determined by a quantitative relationship of the
structural components and their dispersity, without
qualitative changes in the phase composition of the
steel. Indeed, with a decrease at isothermal trans-
formation temperature to 600 °C, against the back-
ground dispersion of structural components, a pro-
gressive decrease at number of polyhedral ferrite
grains is observed (Fig. 1, Db). At the same time,
proportion of the Widmanstitten ferrite and pearl-
ite colonies of increased dispersion increases
(Fig. 1, ¢).
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Fig. 1. Structure of the low-carbon steel after isothermal
transformation at temperatures of 650 °C (a) and 600 °C
(b, ¢). Magnification:

a—1000; b — 6000; ¢ — 10000

The absence of qualitative changes in the struc-
ture of steel when the transformation temperature
is reduced to 600 °C is explained by the insuffi-

cient stability of the austenite during cooling
[3, 12], which is similar to the effect of reducing
the carbon concentration in steel. A further de-
crease at temperature isothermal transformation of
the austenite to range of 500...400 °C, against the
background of continued dispersion of the struc-
tural components, the first qualitative changes in
the phase components of the steel are already ob-
served (Fig. 2, a).

With a decrease at average grain size of the
polyhedral ferrite and its volume fraction, there is
a simultaneous increase at amount of Widmanstét-
ten ferrite with a beginning of a change in its mor-
phology (Fig. 2, b). This situation is more clearly
illustrated structure of the steel after isothermal
transformation of the austenite at 400 °C
(Fig. 2, ¢).

Thus, number individual plates of the Wid-
manstitten ferrite that are formed at a temperature
of 500 °C (Fig. 2, a) become significantly smaller
at 400 °C. In proportion to decrease at transfor-
mation temperature, dispersion of compactly locat-
ed cementite particles also increases (Fig. 2, d).

Moreover, Widmanstétten ferrite begins to
form at form of two varieties: branched formations
and in the form of a package of plates (Fig. 2, ).
These changes at structure should be considered as
an approach to the temperatures of a possible
change at mechanism of the austenite transfor-
mation [3, 11]. Thus, when the isothermal trans-
formation temperature decreases below 400 °C,
qualitative changes at structural state of the steel
should be expected.

The formed structure after isothermal transfor-
mation at temperatures of 300 and 200 °C confirms
these expectations. Considering that even a slight
decrease at isothermal transformation temperature,
starting from 350 °C, leads to a rapid decrease at
number of the polyhedral ferrite grains [3, 12], at
300°C it is quite difficult to detect them
(Fig. 3, a).

At the same time, areas resembling highly dis-
persed pearlite colonies are found (Fig. 3, b), and
the appearance volumes of metal with a bainite
structure (Fig. 3, ¢) should be considered as evi-
dence of its qualitative changes.

After reducing isothermal transformation tem-
perature to 200 °C, no signs of austenite transfor-
mation by a shear mechanism were found in the
steel structure (Fig. 4).
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Fig. 2. The structure of low-carbon steel after isothermal transformation
at temperatures of 500 °C (a, b) and 400 °C (c, d). Magnification:
a, ¢ — 1000; b — 6000; d — 14000
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Fig. 3. Structure of the low-carbon steel after isothermal transformation
at temperature of 300 °C. Magnification:
a—1000; b, c— 18000
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Fig. 4. Structure of low-carbon steel after isothermal
transformation at a temperature of 200 °C.
Magnification:

a—1000; b, c — 18000

The structure consists of bainite crystals
(Fig. 4,a,b) and fine cementite particles with a
local arrangement, similar to the eutectoid colony
(Fig. 4, €). One of the reasons for the absence of
martensite may be a low stability of the austenite
in low-carbon steel due to the high temperature of

the onset martensite transformation (Ms). Ms can
be estimated using A. Popov’s relation:

Ms=520 — 320 (% C) — 50 (% Mn) — 30 (% Cr) —
—20 (% Ni+ % Mo) — 5 (% Si + % Cu), (1)

where % C — is designation concentration of the
carbon and other chemical elements, showed a val-
ue of 423 °C, which coincides with a known exper-
imental data (420...400 °C) [3, 11].

Based on this, preventing intermediate decom-
position of austenite during cooling and isothermal
holding at 200 °C is a rather difficult task. As
a result of partial decomposition of austenite, in
proportion to degree of its super cooling, starting
from temperatures order of 400 °C, a gradual in-
crease at volume fraction of the bainite phase in
the steel structure occurs. In general, it can be as-
sumed that at process of isothermal cooling low-
carbon steel to temperatures order Ms, qualitatively
similar structures are formed, differing only in the
ratio of structural components and their dispersion.

When the temperature decreases below Ms, a
gradual replacement products of austenite trans-
formation by the diffusion mechanism with an in-
termediate one occurs [8]. The observed transfor-
mation of the steel structure depending on the tem-
perature isothermal transformation of austenite
corresponds to a very definite nature change in
mechanical properties (Fig. 5).

In view of the fact that range changes in the
relative narrowing is 73...75%, uniform elongation
(dp) was used as a characteristic plasticity of the
steel.

From analysis of the presented dependences it
follows that an increase at transformation tempera-
ture is accompanied by a quite expected decrease
in strength characteristics and increase ductility. At
the same time, ability of the metal to strain harden-
ing changes according to a more complex depend-
ence (Fig. 5, C).

In general, the observed violations monotonic
nature of changes in properties indicate to need for
conditionally dividing curves into separate sec-
tions: | (650...500 °C), 1l (450...350 °C), Il
(300...200 °C), with qualitatively others character
behavior.
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Fig. 5. Influence temperature isothermal transformation
of the austenite on yield strength (#), strength (m) — (@), uniform elongation — (b), strain hardening coefficient (¢)
and the mutual change in n - dp (for sections of temperature:
= 11— A; 1l —m)(d)

For section | (Fig. 5), starting from 650 °C, a
gradual decrease at isothermal transformation tem-
perature to 500...450 °C is accompanied by a
monotonic decrease in Jp, an increase in strength
characteristics (yield stress — oy and strength stress
— os) and ability of the metal to strain hardening
(n).

The given nature change in mechanical proper-
ties is explained by the evolution of the structure
and phase composition of steel. Indeed, as follows
from analysis of the microstructure (Fig. 1), when
isothermal transformation temperature decreases
from 650...600 °C (Fig. 1) to 500 °C (Fig. 2, a, b),
there are practically no qualitative changes struc-
ture. The phase composition remains largely con-
stant and only quantitative ratio and dispersion of
the structural components changes.

In general, increase in strength properties is due
to increase in the amount of Widmanstitten ferrite,
a decrease grain size of polyhedral ferrite (dp) and
thickness ferrite gap of the pearlite colony (4)
[3, 12]. If we take into account that according to
stoichiometry for the steel under study, the amount
of pearlite component does not exceed 30%, for
temperatures of 650...600 °C, dp should be taken
as the main structural element, although presence
of Widmanstétten ferrite may distort its effect.

On other hand, when assessing the role of dp, it
should be taken into account that only at absence
substructural components and super saturation of
the ferrite with carbon atoms, the main structural
element of low-carbon steel is a ferrite grain size.

In this case, strain hardening coefficient and
plasticity of steel are directly proportional to each
other [9]. For a pearlite colony, a qualitatively dif-
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ferent relationship is observed: decrease in A pro-
motes an increase ductility of eutectoid steel with a
decrease in n [12]. Thus, when the austenite trans-
formation temperature changes from 650 to
500 °C, ferrite grain refinement, an increase in the
amount of Widmanstétten ferrite and its super satu-
ration with carbon atoms are the main factors re-
ducing Jp. Dispersing pearlite colonies, on the con-
trary, should increase Jp.

However, the amount of perlite is not enough to
have an effective effect and the end result is a de-
crease in Jp. In this case, the strain hardening coef-
ficient and dp are inversely proportional to each
other (Fig. 5, d). A decrease at temperature of the
isothermal transformation austenite in section (Il)
is accompanied, similarly to (1), by an increase in
strength and a decrease in plastic characteristics.
The exception is n.

The observed nature of the n dependence indi-
cates the appearance of changes in the steel struc-
ture that can influence development of strain hard-
ening processes (Fig. 5, ¢). Indeed, as follows from
analysis of the microstructure (Fig. 2, ¢), decrease
at isothermal transformation temperature starting
from 450...400 °C increases amount of Wid-
manstétten ferrite due to the disappearance of pol-
yhedral ferrite grains. At the same time, the num-
ber of areas with locally located dispersed cement-
ite particles, similar to pearlite colonies, increases.

Moreover, as follows from results of study
[7, 11], for steel of a similar composition after iso-
thermal  transformation  of  austenite  at
450...400 °C, volumes are found in the structure
that are similar in appearance to bainite crystals.
Based on this, it can be assumed that appearance of
the bainite phase is one of reasons for qualitative
changes in the dependencies of steel properties.
Against the background of a sharp decrease at
strain hardening coefficient in the range of
450...400 °C, the ability of the bainite phase to
undergo plastic deformation [3, 13] should be con-
sidered as one of the reasons for delay in reducing
Op.

On other hand, at a temperature of 350 °C, the
almost complete disappearance of Widmanstitten
ferrite and increase at amount of bainite phase,
dispersion particles of cementite (Fig. 3, ¢) and
decrease at number of pearlite colonies (Fig. 3, b),
together lead to a sharp decrease at ductility of
steel. As an additional source of reduction in steel

ductility, differences in the ability to strain harden-
ing of bainite and pearlite should be considered,
which is confirmed by the n — dp ratio (Fig. 5, d,
designation A).

In section Ill, a decrease in temperature from
300 to 200 °C is accompanied by the formation
bainite structure (Fig. 3, 4). In this case, the strain
hardening coefficient remains practically un-
changed (Fig. 5, d), which is confirmed by the
equidistant arrangement of the curves oy and os
versus transformation temperature (Fig. 5, a).

The sharp decrease in steel ductility is due to
the combined effect super saturation of the solid
solution with carbon atoms during formation of
bainite crystals [13, 14] (Fig. 3,c and 4,b) and
dispersion strengthening from carbide phase parti-
cles (Fig. 4, ¢) [2, 6].

According results of the studies [2,5, 7], it is
determined that steels with perlite structures after
thermal strengthening, compared to martensite and
beinite structures, have increased resistance against
heating and cyclic loads.

On a basis of this, one of the directions deter-
mining optimal structural state of steel for manu-
facture of a particular product, should be mixture
with a various ratio of phase components, taking
into account the conditions of its operation.

Originality and practical value

The effect of steel strengthening with a de-
crease at pearlite transformation temperature is
based on the refinement of the ferrite grains, an
increase at amount of Widmanstétten ferrite, and
dispersion of pearlite colonies. The strengthening
effect at steel with bainite structure based on an
increase degree of super saturation of the solid so-
lution with carbon atoms and dispersion strength-
ening by carbide phase particles.

The directions determining optimal structural
state of steel for manufacture backbone beam,
wagon trolley, etc., should be mixture with various
ratio of phase components, taking into account the
conditions of its operation.

Conclusions

1. A change at mechanism of austenite trans-
formation during isothermal cooling of the steel is
accompanied by qualitative changes in structure
and properties.
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2. The effect of steel strengthening with a de-
crease at pearlite transformation temperature is
based on the refinement of the ferrite grains, an
increase at amount of Widmanstitten ferrite, and
dispersion of pearlite colonies.

3. The transition from the diffusion mechanism
of austenite transformation to the intermediate one

leads to the gradual replacement of Widmanstétten
ferrite and pearlite colonies with bainite crystals.
The strengthening effect in steel is based on an
increase in the degree of super saturation of the
solid solution with carbon atoms during the for-
mation of bainite and dispersion strengthening by
carbide phase particles.
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BruiuB TemnepaTypu i30TepMidHOIro nepeTBOPEHHs HA CTPYKTYPY
1 BJIACTHBOCTi HU3bKOBYIJIELEBOI CTAJII

Merta. [locnipkeHHs CIPsSIMOBAHO Ha OLIHKY BIUIMBY TEMIICPATypH 130TEPMIYHOTO NMEPETBOPEHHS HAa CTPYKTYPY
Ta BIIACTHBOCTI HHU3BKOBYTJeENeBoi ctami. Meroaumka. MaTepianmoMm A JOCTIKEHHS OyB IpIT AiaMeTpoM 3 MM,
BHTOTOBJICHHH 13 HU3BKOBYTIIEIEBOI cTami 3 TakuM XimigauM ckmagom: 0,21 % C, 0,47 % Mn, 1,2 % Si, 0,1 % Cr,
0,03% S, 0,012 % P. 3pa3ku npoty noexkunowo 0,3 M migmaBainu aycreHizauii 3a Temneparypu 920 °C npoTsrom
8...9 XB, micys 4Oro BUKOHYBANIM 130TEPMiYHy BUTPUMKY mpotsiroM 11 xB 3a Temneparyp 650...200 °C 3 nopans-
LIMM OXOJIO/DKEHHSM Ha TIOBITPI. 3 aHaIli3y KPUBHX PO3TATY BU3HAYAIH MIl[HICTh, IUIACTUYHI BIACTUBOCTI Ta Koedi-
ieHT aedopMalliiiHoro 3MiiHeHHs. Pe3yJabTaTH. Y CTaHOBIICHO, IO 3HIKCHHS TEMIIEPATypHu 130TePMIUHOTO MepeT-
BopeHHs, nounHatouu 3 450...400 °C, 30inpl1ye KiNbKicTh (eputy BigMaHmTeTTeHa 3a paXyHOK 3HHUKHEHHS I10JIi-
enpuyHuX (epuroBux 3epeH. [Ipu oMy 30UIBIIYETHCS KUTBKICT JUISHOK i3 JIOKaJbHO PO3TAIIOBAHUMHU JHCIIEpC-
HUMH YaCTHHKaMU [IEMEHTUTY, CXOKAMH Ha KOJIOHII MEpIIiTy, Ta 3’ IBISIOTHCS KpucTanu Oeitrity. Ha ¢oni piskoro
3HIKEHHS KoedimieHTa aedopmarniitnoro 3MmirHeHHs B pianma3oni 450...400 °C onHi€ro 3 MPUYNH 3aTPUMKH 3HU-
JKCHHS IIUTFHOCTI CJIiJl BBaXKaTH 3[AaTHICTh OCWHITHOI (hazu 1o mmactuaHoi gedopmarii. HaykoBa HoBu3Ha. Edexr
3MIIHEHHS CTalli 31 3HWKCHHAM TeMIepaTypH MEPEeTBOPCHHS MEPIIiTy 3aCHOBAaHWN Ha MOAPIOHEHHI 3epeH (epury,
30LTBIICHHI KUTBKOCTI (heputy BinmaHmrerTeHa Ta aucnepcii KOJOHIM mepiity. 3MinHIOBANEHUN edekT crami 3i
CTPYKTYpOIO OCHHITY I'PYHTY€ThCS Ha IIJBHIICHHI CTYIEHS NMEPEHACHYCHHS TBEPJOr0 PO3YMHY aTOMaMH BYTJIEIIIO
Ta TUCTIEPCIHOTO 3MIlIHEHHS YacTHHKaMu KapOinHol ¢asu. IlpakTuyHa 3HauuMicTh. ONTUMAIBHUI CTPYKTYpPHUI
CTaH CTaJI, MPU3HAYCHOI /I BUTOTOBJICHHS TAKHUX BIIIOBIJAILHUX CJIEMEHTIB, SIK OMOPHA 0ajka, Bi30K BaroHa Ta
iH., CTAHOBUTH CyMilll (pa30BHX CKJIaJOBUX i3 PI3HOIO AMCIEPCHICTIO Ta MOP(OJIOTi€r0, a iX KUIbKICHE CITiBBiJHO-
LICHHS BU3HAYAIOTh 32 YMOBAaMH EKCILTyaTallil KOHKPETHOTO BUPOOY.

Kniouosi crnoea: HU3BbKOBYTJICIIEBA CTajlb, ayCTEHIT; (EpUT; TEMIIEpaTypa; 130TepMiYHE MEePETBOPEHHS; JTUCIIO-
Kallist; peKpUCTaTI3aIlisT;, MeXa INTMHHOCTI
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PYXOMMH CKJAJ I TAT A NOI3/IB

YK 629.4.027.3-272.82

A. . KY3UIINHY, B. B. KOBAJIBUVK?

"Kad. «3anisnuunuii Tparcopt», Hanionansnuii yriBepeuter «JIbBiBChbKa monitexnikay, Byi. C. bannepu, 12, JIbeis, Ykpaina,
79000, Teit. +38 (032) 267 99 74, en. nowra andrii.y.kuzyshyn@lpnu.ua, ORCID 0000-0002-3012-5395
ZKa. «3anizauunmii Tpancnopt», Hanionansauii yHisepcuteT «JIbBiBcbKa ontiTexHikay, By C. Banuepu, 12, JIbBiB, Ykpaina,
79000, Ten. +38 (032) 267 99 74, en. nomra kovalchuk.diit@gmail.com, ORCID 0000-0003-4350-1756

ExcnepuMeHTANIbHI T0C/IIKEHHA 3aKOHOMIPHOCTEH 1e()OpMyBaHHS I'YMOKO-
PAHOI 000JI0HKH THEBMATHYHOI PeCOPU HIBUAKICHOT0 PYXOMOI'0 CKJIAXY

Merta. Y po0orti nepeabadeHO BCTAaHOBUTH 3aKOHOMIPHOCTI Je(OpMyBaHHS TYMOKOPIHOI OOOJIOHKH Y BEPTHKA-
JHHOMY T4 TOPH30HTAIBHOMY HAlpsIMKax B pa3i 3MiHM BEMYMHM BHYTPIIIHHOTO THCKY B ITHEBMAaTHYHIN pecopi Me-
TOJIOM CTaTWYHHX €KCIIEPUMEHTAIBHNX AOCIikKeHb. MeToauka. [y BCTAaHOBICHHS 3aKOHOMIpHOCTEH nedopmy-
BaHHSI T'YMOKOP/IHOT 00OJIOHKHM THEBMaTUYHOI PECOPH BUKOPUCTAHO CTATHYHUI BUITPOOHMIA CTeHA. 3MiHH BHYTPIIII-
HBOTO THCKY B IIHEBMATHYHIH pecopi JOCSATHYTO 3a JOMOMOTOI0 KOMIIpecopa, a 0e3nocepeHbo aedopmaiii r'yMoKo-
pAHOI OOOJOHKM BHMMIPSHO BHCOKOYACTOTHHMH IIOTEHIIIOMETPUYHHMHU JIHIHHUMHM JaT4YMKaMU ITIepeMillleHb.
Jocnimkeno neopMyBaHHs TyMOKOPIHOT 00OJIOHKH TTHEBMATUYHOI PECOPH SIK Y BEPTUKAJIBHIH, TaK i B TOPU30OHTA-
JIbHIN TUIOMIMHI 32 YMOBH 3MiHU BEJIMYMHU BHYTPIIIHBOTO TUCKY B pecopi B Mexkax Bix 0 1o 5 atm. PesyabraTn. 3a
JTIOTIOMOT'OI0 CITPOEKTOBAHOI'O BHIIPOOHOI'O CTEHIa PO3POOJICHO METOIUKY SKCICPUMEHTAIBHUX JOCHIHKEHb aehop-
MYBaHHsI TyMOKOPIHO{ 0OOJIOHKH 32 MiJBHUIIEHHS BHYTPILIHBOTO TUCKY Y THEBMAaTHUHII pecopi. OTpuMaHO 3aJIeKHOCTI
BEJIMYMHM JepopMyBaHHSA I'YMOKOPAHOI OOOJIOHKH ITHEBMATHYHOT PECOPH B pa3i 3MiHH BHYTPIIIHBOTO THCKY B Iia-
ma3oni 0+5,0 atM. YcraHOBJIeHO, MO AeOPMYBaHHS TyMOKOPIHOI OOOJIIOHKH 3a 301IBIICHHS BHYTPIIIHBOTO THCKY
B ITHEBMATHYHIN pecopi B TOPU3OHTAJIBHIH IUIOMIKHI BiIOYBAa€ThCS IHTEHCHUBHIIIE MTOPIBHSIHO 3 BEPTUKAIBHOIO TUTOIITH-
HOI0. 3’5ICOBaHO, IIJ0 MaKCHMaJIbHI 3HaYeHHS Ae(OpMyBaHHSI T'yMOKOPJHOI 0OOJIOHKM ITHEBMAaTUYHOI PECOPH Y BEPTH-
KaJIbHOMY Ta TOPHU30HTAIbHOMY HaIpsIMKaX CHOCTEPIrafoThcsl Ha IOYaTKOBOMY €Talli 3aKauyBaHHS MOBITPS B Aiaa3oHi
3MiHu THCKY Bij 0 10 0,5 atM. OTprMaHO MOJIiHOMIaJIbHI PiBHSHHS, SIKi OIIMCYIOTh 3AJIEKHOCTI 1e()OPMYBaHHS I'YMOKO-
paHOT 000JIOHKH THEBMATHYHOI pecopr. HaykoBa HOBH3HA. Y CTAaHOBJICHO 3aKOHOMIPHOCTI 1e(hOpMYyBaHHS I'YMOKO-
P/IHOT OOOJIOHKH Y BEPTHKAJIbHIN Ta TOPHU30HTANIBHIH IUIONIMHAX 33 PI3HUX 3HAYEHb BHYTPILIHBOTO TUCKY B ITHEBMa-
TUYHIA pecopi METOJIOM eKCIIEPUMEHTAIbHUX CTATUYHUX JOCHipKkeHb. [IpakTHuHa 3HaunmicTh. JlociimkeHHs 3a-
KOHOMIpHOCTEH 1e(OpMyBaHHs TyMOKOPIHOT 0OOJIOHKH CIIPHATHME OUIBII TOYHOMY MOJICIIOBAHHIO POOOTH ITHEB-
MaTH4HOi pPEecopu Ta JOCTOBIPHOMY BH3HAYEHHIO ii JMHAMIYHUX IOKa3HWKIB. Lle M03BONMMTH 3acTOCOBYBATH
JMHAMIYHI TTOKa3HUKH ITHEBMAaTHYHOI PECOpHU y MPOCTOPOBIH MaTeMaTHyYHiil MO/eN PyXOMOTo CKJlaay Ie Ha eTari
HOTO NMPOEKTYBAHHSI, @ TAKOX MPOBOANTH OLIIHKY HOTO IMHAMIYHMX MOKa3HUKIB Ta MOKA3HUKIB OE3IEKN PyXy.

Kniouosi crosa: mHeBMaTHdHa pecopa; TyMOKOpPAHA 000JIOHKA; AedopMallist; TUCK; MTOTEHIIIOMETPUIHUH JaTINK
JMHIHHAX TTepeMillIeHb

Beryn Sk apyruii cTymiHb PECOPHOrO MiABIIIYBAHHS HA
CYYaCHHUX INBHIKICHUX EJICKTPO- Ta M3ENIb-110i31aX
BCTaHOBJIIOIOTH [THEBMATUYHY CHCTEMY PECOPHOTO Ti-
ngitryBanss (puc. 1). OCHOBHUMH KOHCTPYKTHBHUMH
eJIeMEHTaMH CUCTEMH € TTHEBMAaTHYHA Pecopa, JI0/IaT-
KOBHUH pe3epByap Ta 3’ €JHyBaIbHUI TPYOOITPOBIJI.
[IHeBMaTuHa pecopa KOHCTPYKTUBHO SIBIISIE
c000I0 TYMOKOpIHY OOOJIOHKY, sIKa 3arlOBHEHA

VY mporieci MPOEKTYBaHHS IIBUIKICHOTO PyXO-
MOT'O CKJIa[y OAHI€I0 3 OCHOBHHX 33734 € Mia0ip ma-
paMeTpiB CHCTeMH pecOopHOro miapimryBanHs. Lle
crpusie 00’€KTMBHOMY MOJICIIOBAHHIO JTUHAMIYHOT
MOBEIIHKK PYXOMOI'O CKJIaAy IIiJl 4Yac B3aeMOIii
3 PEHKOBOIO KOJIIEI0 Ta BU3HAYCHHIO HOTO TUHAMIY-
HUX TIOKa3HUKIB Ta IIOKa3HUKIB OC3MEKH PYyXY.
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B poOodOMy CTaHi CTUCHEHHM TMOBITpsM. BoHa Oy-
Bae: 0aJOHHOTO THITY (TIPALIOE TUIBKU Y BEPTHKAIIb-
HOMY HAampsMKy); TOAYIIKOBOTO THIY (IpPAIoe
Yy BEPTHUKAJIHHOMY Ta ITO3JI0BXKHBOMY HaIpsMKax);
niadhparMoBOTo TUITY (TIPAITIOE Y BEPTUKATHHOMY Ta
TOPU30HTAJIBHOMY HaNpsIMKax); KOMOiHOBaHOTO
TUTy (IOMycKae 301MbIIeHI BEPTUKAJIBHI MepeMi-
IIEHHS TTOPIBHIHO 3 Nia)parMoBoOI0).

Haiibinpmoro nmomwupeHHs HaOyna MHEBMATH-
YHa pecopa IiadparMoBOro THITY, SIKA CKIaIa€ThCs
3: KPIMHJIBHUX OONTIB YIIUTFHIOBAIHHOTO KITTBI 1,
3aTHCKaYa IUIMTH KOB3aHHI 2, OONTIB KOB3HOI
IUIUTH 3, KPIMWIBHOI TUIUTH 4, YIIIIbHIOBaJIHHOTO
KUTBIIS 5, KOB3HOT IITUTH 6, TyMOKOPIHOT 000JIOHKH
7, HIOKHBOI TUIUTH 8, 00JITIB HMKHBOI IIJIUTH 9, aBa-
piitroi npyxwunu 10 (puc. 1).

VY mporeci MoaerOBaHHS POOOTH MHEBMAaTHY-
HOI pecopH Ba)KIMBO BPAaxXOBYBATH BCl YMHHHKU
BIUTMBY Ha ii JUHAMi4HI XapaKTEPUCTUKU (KOPCT-
KiCTh Ta Koe(ilieHT aeMiyBaHHs).

Puc. 1. llIBuaxicuuii enexrponoizng EKp—1 «Tapnany
3 MHEBMATHUYHOIO PECOPOIo JiadparMoBoro Tuiy

Fig. 1. High-speed electric train EKr—1 «Tarpan»
with diaphragm-type pneumatic spring

VY OLIBLIOCTI MaTeMaTHYHUX MOjeied poloTy
ITHEBMATUYHOI PECOPH OIMCAHO Ha OCHOBI 3aKOHIB
TEPMOJIMHAMIKH Ta TipoauHaMiki. OIHAK BaXKiIH-
BUM (haKTOpOM € poboTa camoi TYMOKOPAHOI 000-
JIOHKH, 30KpeMa Te, SK BIUTB 3MiHH BHYTPIITHHOTO
THUCKY B pecopi MPHU3BOAUTH JI0 11 1eOopMyBaHHS.
Taki TeopeTHYHI TOCIIPKEHHS € CKJIQJIHUMU Ta T10-
TpeOyIOTh CKJIQJHOTO MAaTeMaTHYHOTO arapary.
ToMy moCTiDKEHHSI TAKOTO POAY CIiJ MPOBOIUTH
EKCTICpUMEHTAIILHO, BHKOPHUCTOBYIOUH BHIIPOOHI
CTeHIH Ta BUMIPIOBAJIBHY anaparypy.

HeBpaxyBanHst po60TH TYMOKOPIHOT 000JIOHKH
MOJKE TIPU3BECTH JIO OTPUMAaHHS HEJIOCTOBIpHHX pe-
3yJIbTATiB Ta HEMPABWILHOTO BU3HAYCHHS JHHAMI-
YHHUX XapaKTePUCTUK MTHEBMAaTHYHOI PECOPH.

OTxe, TOCTIHKSHHS 3aKOHOMIpHOCTEH aedop-
MyBaHHSI TYMOKOPJHOI OOOJIOHKHM MHEBMAaTUYHOI
pecopy MIBUIKICHOTO PYXOMOTO CKJIaay 3ali3HUIb
€ akTyanbHuM. Lle 103BONMTh TOCTOBIpHIIIle BU3HA-
YaTH JWHAMIYHI XapaKTePUCTHKH ITHEBMATHIHOT
pecopu.

Meta

OCHOBHOIO METOIO pOOOTH € BCTAHOBJICHHS 3a-
KOHOMipHOCTEH AedopMyBaHHI T'YMOKOPIHOI 000-
JIOHKM MTHEBMATHUYHOI PECOpH IIBUAKICHOTO PYyXO-
MOT0O CKJIaJy 3aJIi3HULb Y BEPTUKAILHOMY Ta TOpU-
30HTAJILHOMY HampsIMKax, y pasi 3MiHH BHYTpIiII-
HBOTO TUCKY B ITHEBMATHUYHIN PeCopi.

Jns mocsrHeHHST 3a3HAYEHOI METH HEOOXigHO
BUKOHATH TaKi 3aBJaHHS:

1. Po3poOuTi METOTMKY CTATHYHHX EKCTIEpHMe-
HTaJIBHUX JOCIIKEHb JIehOPMYBaHHS T'YMOKOP/I-
HOT 000JIOHKH ITHEBMATHYHOI PECOPH.

2. Jocmigutn 3akoHOMipHOCTI AedopMyBaHHS
TYMOKOPJHOI OOOJIOHKM MHEBMaTHYHOI pPecopH
Y BEPTUKAIBHOMY Ta TOPU30HTAIBHOMY HampsiMKax
3a 3MiHE THUCKY Bix 0 1o 5 aTtm.

Metoauka

VY mportieci TeOpeTHYHOTO MOCTiKEHHS POOOTH
ITHEBMATUYHOI PECOPH IIHPOKO BHUKOPUCTOBYIOTH
eKBIBaJICHTHI MEXaHiuHi Ta TEPMOJUHAMIYHI MO-
nem [2, 11].

OnHaK OCHOBHHM METOJIOM, SIKHH JTO3BOJISIE Ki-
JBKICHO BU3HAYHUTH JUHAMIYHY )KOPCTKICTb 1 JIEMIT-
(dyBajbHE BIACTHBOCTI THEBMOCHUCTEMH, IO CKJIa-
JA€ThCSL 3 TYMOKOPJHOT OOOJOHKH, TOAATKOBOTO
pe3epByapa Ta 3’€IHYBaJILHOTO €JIEMEHTa, € eKCIIe-
PUMEHTaIbHUI.

VY pobori [1] aBTOpH pO3TISIHYIN KOHCTPYKTH-
BHI OCOOJIMBOCTI TYMOKOPJIHUX TPY>KHUX €JIEMEH-
TiB. O0’€KTOM JOCIIKCHHS OyJia THEBMATHYHA Pe-
copa Oanonnoro Ty mozaeni I-15. 3a pesynbra-
TaMU CTEHJIOBUX BUIPOOYBaHb BCTAHOBJICHO, IO
HaWKpailli BiOpO3aXxHCHI BIACTUBOCTI MarOTh 000-
JIOHKU 3 MEHIITUM KyTOM 3aKpoto. BinzHadeHo, o
KOHCTPYKTHBHI ITapaMeTPH T'YMOKOPAHOT 000JIOHKH
CYTTEBO BIUIMBAIOTH Ha ii BIOpO3axUCHI BIAaCTHBO-
CTI mijg yac poOOTH B Jiana3oHi HU3BKUX 4YacTOT.
HaiteexktupHime rymokopaHa 00OJOHKA IMPAIIOE
y CHEKTPi BUCOKUX YaCTOT.

VY poborax [13, 17] aBTopu po3pobuim Hei-
HIAHY MOJICJIb THEBMATHYHOI CUCTEMH PECOPHOIO
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MiABINITYBaHHS Ta MPOBETH eKCIIEPUMEHTAJIBHI JT0C-
JmimKeHHs 11 poOOTH B pasi BiIMOBHU 3pPiBHIOBANIb-
HOTO KJIamaHa MiJl 4ac pyXy pyXOMOro CKJamy IO
KpHBI# DUISHIN 3aJTi3HUYIHOI KOJiI.

VY pobotax [4—6] HaBemeHO HeNMiHIHHY MaTeMa-
TUYHY MOZEb TYMOKOPJHOI 00O0JIOHKH TTHEBMaTH-
9HOI pecopHu. Y MOJEN B3a€EMO3B’ SI30K MK CHIIOO
Ta neopmartiiero BinOyBaeThCS HA OCHOBI CyIIEpITO-
3ULIT CHJI IPYKHOCTI, TEPTS Ta B’ SI3KOCTI.

VY po6orTi [19] aBTOpH 3anponoOHyBaly JUHAMI-
YHY MOJIEJTh ITHEBMATUIHOI PECOPH 3 YpaxyBaHHIM
TEPMOJMHAMIKH ITHEBMATHYHOI CHCTEMH, a TaKOX
e(eKTHBHOTO TEPTSI Ta B’ SI3KO-NPY>KHOTO JeMIpy-
BaHHS TYMOKODPJIHOI OOOJIOHKHM ITHEBMATHYHOI pe-
copu. Takox mMpoBenu MBI TPyHmH E€KCIEPUMEHTIB
y BHUMNAJKY KBa3iCTATUYHOTO Ta JAWHAMIYHOTO 30Y-
moxeHHs1. KBazicraTuuHi BUpoOyBaHHsI HarpaBieHi
Ha JIOCIi/PKEHHS TicTepe3nucy cuia—uaedopmartis
MHEeBMaTU4YHOI pecopu. [1if yac nux BUNpoOyBaHHb
yacrora 30ymkeHHs csrana He Oinpire 0,02 'y 3a
amIutiTynax 30ymkenns 1, 2, 4 ra 8 mm. [lig gac nu-
HaMiYHHUX BUIIPOOYBaHb YacTOTa 30YIKEHHS Tepe-
OyBaia B Mmexax Big 0 g0 20 ' 3a amrmuiityqu 30y-
ke 0,5, 1 Ta 2 mm.

VY po6ori [16] mogaHo pe3ynbTaTH eKCIIepruMeH-
TaNbHUX JTOCTIKeHb THEBMATHYHOI PECOPH 3aJIi3-
HUYHOTO PyXOMOT0 cKiany. BunpoOyBaHHs npose-
neHo BignosigHO 10 EN13597 3a BepTukambHOTO
HaBaHnTaxkeHHs 109,8 kH, ammiityau 10 MM Ta yac-
totu Big 0,5 no 10 'u. Ha ocHoBI MeTo 1y, 3armiporio-
HoBaHoro J[ok’e [8], mpoBeaeHO MOCIiKEHHS Bep-
THUKAJFHOI TWHAMIYHOI )KOPCTKOCTI ITHEBMATUYHO1
pecopmu.

VY npai [ 18] aBTopH po3po0miy JTUHAMIYHY MO-
JIeNTb BEPTHUKAIBHOT )KOPCTKOCTI Ha OCHOBI TEpMO-
JUHAMIKHU Ta rigpoauHaMiku. Habmmwkenum aHami-
TUYHUM METOJIOM OTPUMAHO aHATITHYHI PO3B’SI3KU
e(eKTUBHOI TUIOIII, EeKBIBAJIGHTHOTO 00’eMy Ta iX
HOX1/THi.

VY mpami [15] aBTopu mpoBEaU MOJCIHOBAHHS
poOOTH MTHEBMAaTHYHOT PECOPH Y BEPTHUKAITBHOMY Ta
TOPU30HTAJIBHOMY HalpsAMKax. Y BEPTUKAIbHOMY
HATpsIMKY CHJIYy peakuii MHeBMAaTUYHOI pecopu
OTPHMAaHO IUISIXOM BBEJICHHS PIBHSIHb THEBMATHKH,
a B TOPU30OHTAJILHOMY HaIllPSAMKY BUKOPUCTAHO KBa-
npaTyHy (QyHKIIFO, pO3paxoBaHy METOJOM CKiH-
4yeHHHX ejieMeHTiB. I1in yac BunpoOyBaHb Ha Bep-
THUKAJIbHY KOPCTKICTh 4acTOTa 30YyIKEHHS 3MiHFO-
Banach Big 0,5 mo 5,0 'y 3a amrorityau 2,5, 5,0 i
7,5 Mm.

ABTOopu pobotm [3] eKcIIepuMEHTAIBHO IIPO-
aHaJi3yBajlll XapaKTePUCTHUKH MHEBMATHYHOI CHC-
TEMH PECOPHOrO MiABIIIYBaHHS i3 BpaxyBaHHIM
BIUTMBY PIi3HUX MapaMeTpiB 00’€MiB JOJATKOBOTO
pe3epByapa, THEBMOPECOPH, JOBXHHU TPYO Ta aM-
writTyau. KpiM Toro, mociipKeHO BILTUB IUX €le-
MEHTIB Ha KoM{opTadenpHicTs pyxy. OIHAK TOCITi-
JOKeHHS KOM(OpPTY TMPOBENEHO IUISIXOM OIlIHKA
MPUCKOPEHb Y Pi3HUX MICISIX Ky30Ba, IO CBiAYUTH
PO TPYAHOILI BUOOPY ONTUMATIBLHOTO KoedilieHTa
nemndyBaHHS BTOPUHHOI miaBicku. Takox 3ampo-
[TIOHOBAHO BUPIIIEHHS Ii€i MpoOiIeMu 3a pPaxyHOK
BUKOPHUCTAHHS KialaHa 3 peryjibOBaHUM IMPOXil-
HUM TIEpepi3oM y 3’€IHaHHI MK ITHEBMAaTHYHOIO
PECcoporo Ta 10JATKOBUM PE3EPBYaPOM.

Y poGoTi [14] HaBelIeHO aHATITUYHY MOICIH
MTHEBMATUYHOI CHCTEMH PECOPHOTO ITiIBIIIyBaHHS,
sika 0a3yeThCsl HA €KCIIEPUMEHTAIBHIX XapaKTepH-
cTHKax eeKTUBHOI TuIonli Ta 00’€My MHEBMaTHY-
HOi pecopu. YCTaHOBJIEHO, IO eeKTHBHA IUIOIIA
Ta 00’€M IMHEBMAaTUYHOI PEecopu Maibke He 3aie-
JKaTh BiJl THCKY, i BAKJIMBO Te, 0 00MABI QyHKITT
€ OJIM3BKUMHU JI0 JiHiIHKUX. 3’COBaHO, IO PO3MIpH
ITHEBMAaTUYHOI pECOpH, JOAATKOBOTO pe3epByapa Ta
3’€IHYBAIBHOTO TpPYOONPOBOMY € HaWBaXIIMBi-
IIMMH KOHCTPYKTHBHUMH TapaMeTpamMH y BH3Ha-
YCHHI TIOBEIIHKA ITHEBMATUYHOI CHCTEMHU PECOp-
HOTO IiIBIlITyBaHHSI.

VY pob6ori [12] aBTOpH pO3TISHYIU IIICTH MaTe-
MAaTHYHUX MOJIENIEH, SIKi ONUCYIOTh TUHAMIYHY T10-
BEJ[IHKY ITHEBMAaTUYHOI CHCTEMH PECOPHOTO ITiJBi-
LIyBaHHS, Ta IPOBEJH X MOPiBHIHHSA 3 eKCIIEpHMe-
HTaJIbHUMHU JaHuMH. [lijg dac BUMIiprOBaHb 3aja-
Bajii yactotu a0 20 ' 1 aMIutiTy 1M 3MIIIEHHS 10
4 mMM. Takox po3risgany nuTaHHs KoM(popTadens-
HOCTI pyXy.

VY pobori [7] mpoBeneHO BUNPOOYBAaHHS JBOX
PI3HUX THIIIB THEBMAaTHYHHUX pecop. AJITOPUTM JH-
HaMIYHOTO aHaJli3y MHEBMAaTHYHOI PECOpH CKJIajia-
€TBCS 3 JIBOX YaCTHH: PO3PAXYHOK T'€OMETPUYHUX
napameTpiB IMHEBMAaTHYHOI PECOPH Ta MOJIEIIO-
BaHHS TpOIECY 3MiHM TEPMOIMHAMIKH MOBITPAL.
BunpoOyBaHHSs POBECHO, 1100 AOCTIIUTH XapaK-
TEPUCTHKH ITHEBMATUYHOI PECOPH JUIS PI3HUX THUITIB
i amrmmiTyn 30ymkeHHs. Bim3HaueHO, 1m0 OCHOB-
HUMH (aKTOPaMHU, SKi BILTUBAIOTH HA TOYHICTH PO3-
paxyHKy, € MapaMeTpu KOPCTKOCTI TYMOKOPJIHOT
000JI0HKH Ta Koe(illieHTH Teruonepeaayi.

VY nmpausx [9-10] HaBegeHO TEOPETUYHI PE3yib-
TaTH JAMHAMIYHOI POOOTH MHEBMATHYHOI pecopu
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MIBUJIKICHOTO PYXOMOTO CKJIaay 3alli3HHIb 3aie-
KHO BiJl TECOMETPUYHUX MapaMeTpiB 3’ €IHYBalb-
HOTO TpyOOIIPOBOJy, a camMe CHiBBIIHOILICHHS Jia-
MeTpa 1 IOBXHHU. Y CTAaHOBJICHO, 110 JOBXKHHA HE
3HAYHO BIUIMBAE€ HA JWHAMIYHI XapaKTEPUCTHKHU
MTHEBMATHUYHOI pecopy. 3HA4YHO OiNbLINN BIUIMB Ma€e
BEeIMYMHA JiaMeTpa 3 €IHYBAIBHOTO TpPyOOIpo-
BOZY.

Bigrak anami3 mitepaTypHHUX JXKepel MOKasye,
IO TOJOBHHM YUHOM EKCIEepHUMEHTAIbHI JOCHi-
JDKEHHSI IPOBEICHO 3 METO0 BU3HAUCHHS AWHAMIY-
HUX XapaKTePUCTUK THEBMATUYHOI CHCTEMH pecop-
HOro miABinryBaHHs. Hepo3s’szaHoro 3amummnacs
3ajada BCTAHOBJIIEHHS 3aKOHOMipHOCTEH nedopmy-
BaHHs TYMOKOPAHOI OOO0JIOHKH SIK OKPEMOTr'0 KOHC-
TPYKTHBHOTO €JIEMEHTa ITHEBMATUYHOI pecopu
B pa3i 3MiHU BHYTPIIHBOTO THCKY, 1[0 CIIPHATUME
BiJITBOPEHHIO T€OMETPHUYHOT TIOBEIIHKY THEBMATH-
YHOT pecopy /sl 3SMiHHUX eKCIUTyaTaliiHIX YMOB.

CraTu4Hi eKCIepHMEHTalbHI BHIIPOOYBaHHS
ITHEBMAaTUYHOI PECOpH ILUBUAKICHOTO PYyXOMOTO
CKJIa[ly 3aJi3HUII 32 YMOBH ITiIBUINIEHHS BHYTPiIlI-
HBOTO THCKY BHKOHAHO Ha BHUMPOOHOMY CTEHII.
CTeHIl CKIANAETbCS 13 HABAaHTAXYBAJIBHOTO IPH-
CTpOIO, ITHEBMAaTHYHOI PECOpH, JOAATKOBOTO pe3e-
pByapa, KoMIipecopa, JaT4iKa CUJIH KOHTPOJIO Ha-
BaHTA)XCHHS, MOTCHIIOMETPUYHUX ATYHUKIB JTiHIH-
HUX TIepEMIIIeHb, aHAIOTOBO-II(PPOBOTO TIEPETBO-
proBayda Ta NepCOHALHOTO KOMIT I0TEpa.

Burmsin ekcriepuMeHTanbHOI YCTaHOBKY JJISL BU-
MiproBaHHS Je(opMyBaHHS TYMO-KOPIHOiI 000I0-
HKH [THEBMATUYHOI PECOPH MiJl Yac 3aKadyBaHHs HO-
BITps (30UIbIIEHHST BHYTPIIIHBOTO TUCKY B pecopi)
HaBeJICHO Ha puC. 2.

[lepen mouaTkoMm BHUMIipIOBaHHS nedopMarliit
TYMOKOPJIHOT OOOJIOHKH ITHEBMATUYHOI PECOpH 3a
JIOTIOMOTOI0 TiZIPaBIiYHOTO JOMKpaTa 3aJaHo Ipu-
BAHTAXKEHHA Ha pecopy BenuuuHotwo 0,12 xH 3 me-
TOIO 11 JKOPCTKOTO (PIKCYBaHHSA y BEPTHKAILHOMY
Hanpsimi. [IpoTsIromMm ychoro eKCrepuMeHTY BellH-
YHMHA BiJl BEPXHBOI IUIACTHHHU PECOPU 10 yIOpy Tifl-
PaBIIiYHOrO JOMKpATy cTaHOBUTH Np =214 MM i mo-
BUHHA OYTH CTaJIOIO.

[porpama nociikeHs qeGopMyBaHHS TYMOKO-
pAHOT 000JI0HKH Tepeadaydana BUMipIOBaHHS 1edo-
pMariiii pecop 3a IiJBUILNEHHS TUCKY B Hill cTyIie-
Hsmu. [Ipy IbOMy 3MiHU BEIWYHHU BHYTPIITHBOTO
TUCKY IOCATHYTO 3a JONOMOT'0I0 KOMIIPECOPa BUCO-
KOTO TUCKY.

Puc. 2. ExciepuMeHTaNbHA YCTAHOBKA JIJIS TOCHi-
JUKEeHHS 1e(opMyBaHHSI TyMOKOPAHOI 0O0IOHKH ITHEB-
MAaTH4YHOI PECOPHU:

1 — HecHa KOHCTPYKIIisi CTeH/a; 2 — MTHEBMATHYHA pecopa;
3 — rigpaBIiYHUI JOMKpPAT; 4 — TEH30METPUYHHN TaTINK
cuny;, 5 — nUQpOBHIA 3UNTYBaY BEJIUYHHH CUIIH;

6 — HOTEeHNIOMEeTPHUYHI JaTIYNKH JIIHIHHUX HepeMilleHb;

7 — aHANOroBO-LIU(POBHIl IEPETBOPIOBAY;

8 — mepconanbHUI KOMIT'10Tep; 9 — TOAATKOBHIA pe3epByap;
10 — xoMIpecop BUCOKOTO TUCKY
Fig. 2. Experimental setup for studying the deformation
of the rubber-cord shell of a pneumatic spring:

1 — supporting structure of the stand; 2 — pneumatic spring;
3 — hydraulic jack; 4 — tensometric force sensor;

5 — digital force magnitude reader; 6 — potentiometric sensors
of linear movements; 7 — analog-digital converter;

8 — personal computer; 9 — additional tank;

10 — high pressure compressor

Tuck migBumryBamu Big 0 1o 5,0 at™. i3 Kpokom
0,5 atm. Ha xo)xHOMY piBHI TIi/IBUIIIEHHS] TUCKY Ha
0,5 atm. BiOyBaBcs 3amuc qedopMyBaHHS T'yMO-KO-
PIIHOT 0OOJIOHKH y BEPTUKAIBHOMY Ta TOPH3OHTANb-
HOMY HampsiMax i3 BUKOPHCTAHHSIM BHCOKOYACTOT-
HUX JIATYMKIB JIIHIHHUX niepeMiliieHb. Bumipsii qaHi
MiCNsl 3YMTYBaHHS 3aporpaMOBaHMM aHAJIOTOBO-
IU(pPOBUM MEPETBOPIOBAUEM 30epiraiucs B rmam’[ti
MIEPCOHAIBHOTO KOMIT I0Tepa.

BumiproBanns nedopmartiii ryMOKOpJHOT 06010~
HKM THEBMAaTHUYHOI PECOPH MPOBEIECHO TPhOMa JaT-
YHKaMH JIIHIHHUX niepeMitnens [11—11; (puc. 3).
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Puc. 3. Cxema po3TanryBaHHs JTiHIHHIX TaTIAKIB
nepeMilieHb

Fig. 3. Location diagram of linear movement sensors

Hatuuk //; BUKOPUCTAHO AJi1 KOHTPOJIIO BEIU-
YHHU TIEpEMIllICHHs] THEBMATUYHOI pEcopu y Bep-
TAKAJFHOMY HampsAMi. 3a MiABUINEHHS THUCKY Bif-
OyBasocsi He3HAYHE TIEpEMIIIICHHS PecOpH Y BEPTHU-
KaJbHOMY HampsiMi 4epe3 KOHCTPYKTHUBHI 0coOJIu-
BOCTI HECHOI KOHCTPYKUil BHUIPOOHOTO CTEHJO,
OJTHAK JUTS ITiIBUIIEHHS TOYHOCT] €KCIICPUMEHTY 11e
HEOOXI1THO BpaxyBaTH IiJ Yac aHaIi3y TaHUX, OCKi-
JbKH BenrurHa Ny Mae OyTH MOCTIiiHOIO B mporieci
eKCIIEPUMEHTY.

JliniiftHnil matunk mepemimieHs /1, BUMipIOBaB
BEPTHKAJIbHI MepeMillIeHHsI TYMOKOPAHOI 0OOJIOHKH
MTHEBMATUYHOI PECOPH BHU3, NaT4UK //3 — TOPU30H-
TaJbHI TIEPEMIIIIEHHS] TYMOKOPIHO1 00OJIOHKH.

VY pesynbTari OTpUMalld 3HAYEHHs BEPTHKAIIb-
HUX Ta TOPU3OHTAIBHHUX MEPEMINEHb TYyMO-KOp/I-
HO1 000JIOHKH 32 ITiIBUIIIEHHS BHYTPIITHHOTO TUCKY
y MMHEBMATUYHIN pecopi, 110 HABEICHO HIDKYE.

PesyabTaTtn

3a ZONOMOrOI0 BHILEHABEICHOI METOAUKU CTa-
TUYHUX EKCIIEPUMEHTAIbHUX JOCHTIKEHb OTpPHU-
MaHO 3aJISKHOCTI BEPTHUKAIBHHUX Ta TOPU3OHTAIIb-
HUX IepeMillieHb TYMOKOPAHOT 000JOHKH ITHEBMa-
TAYHOI PECOpH B pa3i 3MiHM BHYTPIIIHBOTO THCKY
(puc. 4-8).

3 aHamizy OTPUMaHHX 3aJISKHOCTEH YCTaHOB-
JIeHO, 110 Ae(hOpMYyBaHHSI T'yMOKOPAHOI 000JIOHKH 3a
YMOBH 301JIbILICHHS! BHYTPILLIHBOTO THCKY B ITHEBMa-
TUYHIA Pecopi B TOPU3OHTANBHIN TUIONIHHI BiIOYBa-
€THCSI IHTEHCUBHIIIE TOPIBHSAHO 3 BEPTHKAIBHOIO.

MaxkcuManbHi 3Ha4eHHS Ae(opMyBaHHS T'yMO-
KOpIHOI 000JIOHKY THEBMATUYHOI PECOPH Y BEPTH-
KaJIbHIA Ta TOPU30HTAJIbHIN IUIOIIMHAX, 3AJIEKHO

Bil BENIWYMHH BHYTPIIIHBOTO THCKY HAaBEIECHO
B Tabu. 1.

YcTaHOBICHO, 0 MaKCUMallbHI 3HAYCHHS Jie-
(hopMyBaHHS TYMOKOPIHOI OOOJIOHKH ITHEBMATHY-
HOI pecopy y BEpPTHKAIBHIN Ta TOPHU3OHTAIBHIN
IUIONIMHAX JOpiBHIOWTE 4,478 Ta 6,830 MM Birmo-
BIJIHO, III0 CIIOCTEPITa€ThCA HAa TIOYATKOBOMY €Talli
3aKadyBaHHs TOBITPS B Jllarla30Hi 3MiHN THUCKY Bif
0 mo 0,5 arm. Ilig yac mMOJANBLIIOrO 30IILIICHHS
BHYTPIIIHBOTO THCKY B IHEBMAaTU4HIH pecopi
3 kpokoM 0,5 aTM. 10 MaKCHMaJbHOTO 3HAYEHHS
5,0 atM. medopMyBaHHA TYMOKOPIHOI OOOJIOHKH
BiJI0YBA€THCS 3 MEHIIIOK IHTCHCUBHICTIO, SIKA Y BeE-
PTHKaNBHIA TUIOMMHI TepedyBae B miama3oHi
7,35+19,4 % Bix MakcUMaIbHOI BETHYUHU Aeop-
MyBaHHS, & B TOPU3OHTANBHIH — Yy JiamazoHi

13,25+24,71 %.
Tabonums 1

MaxkcuMaJibHi 3HaYeHHs JeopMyBaHHS T'yMO-KOP.I-
HOI 000JI0HKH 32J1€:KHO Bi/l BeJIMMMHHM BHYTPill-
HbOI'0 THCKY Y THeBMATHYHIli pecopi

Table 1

Maximum deformation values of the rubber cord
shell depending on the internal pressure
in the pneumatic spring

THCK, aTM. BeprukanbHa [OpH30HTANbHA
IJIOIIMHA, MM IJIOIIMHA, MM
0,5 4,478 6,830
1,0 0,399 1,025
1,5 0,815 1224
2,0 0,869 1,266
25 0,650 1,188
3.0 0,723 1342
3,5 0,564 1,309
4,0 0,621 1,688
4,5 0,329 0,912
5,0 0,334 1,115

Caii miAKPECIUTH, 10 3aJIEXKHOCTI MalOTh HEJIi-
HiHUN XapakTep 3MiHA. ToMy 1151 KOXKHOTO Aiamna-
30HY 3MiHM BHYTPIIIHBOTO THCKY B ITHEBMATHYHIH
pecopi OTPUMAaHO MOJTIHOMIaJIbHE PIBHSHHSA, 31 CTY-
MeHeM MOJiHOMa, 10 AOpiBHIOE 6. Takuil cTymiHb
JIO3BOJINTH HaWOUMBII HAOJIMKEHO OMMCATH PiB-
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HSHHS JeOpMYyBaHHS TYMOKOPIHOI OOOJOHKH
y BEpTHUKAJILHOMY Ta TOPU30HTAILHOMY HaMPAMKax
3a Pi3HUX 3Ha4YeHb THCKY B THEBMATHYHIN pecopi.
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Puc. 4. 3anexHOCTI BEpTHKAIBHUX Ta TOPU30HTAIBHUX
nepeMilieHb TyMOKOPIHOT 000JIOHKH B pa3i 3MiHH
BHYTPIIIHBOTO THCKY B ITHEBMATHYHIHA pecopi

Big 0,5 mo 1,0 atm.

Fig. 4. Dependences of vertical and horizontal displace-
ments of the rubber cord shell in the case of changing
the internal pressure in the pneumatic spring from 0.5 to
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Puc. 5. 3anexHoCTi BEpTUKAJIBHUX Ta TOPHU30HTAIBHUX
nepeMilieHb TyMOKOPAHOT 000JIOHKH B pa3i 3MiHH
BHYTPIIIHFOT'O TUCKY B THEBMATHUYHINA pecopi
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Fig. 5. Dependences of vertical and horizontal displace-
ments of the rubber cord shell in the case of changing
the internal pressure in the pneumatic spring from 1.5

to 2.0 atm.
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BHYTPIIIHFOTO TUCKY B THEBMATHYHIN pecopi
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Fig. 6. Dependence of vertical and horizontal displace-
ments of the rubber cord shell on changes in internal
pressure in the pneumatic spring from 2.5 to 3.0 atm.
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Puc. 7. 3aneHoCTI BEpTUKAIBHUX Ta TOPH30HTAJIBHUX

MEePEMIIICHb TYMOKOPAHOT 000JIOHKH B 3MIiHU
BHYTPIIIIHFOTO TUCKY B THEBMATHYHIN pecopi

Bix 3,5 1o 4,0 atm.

Fig. 7. Dependence of vertical and horizontal displace-
ments of the rubber cord shell on changes in the internal
pressure in the pneumatic spring from 3.5 to 4.0 atm.
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Puc. 8. 3anexHoCTi BEpTUKAJIBHUX Ta TOPU3OHTAIBHUX NEPEMILIEHb I'YMOKOPAHOT 000JIOHKH
B 3MiHH BHYTpIIIHBOTO TUCKY B ITHEBMATH4Hi# pecopi Bix 4,5 1o 5,0 atm.

Fig. 8. Dependence of vertical and horizontal displacements of the rubber cord shell on changes
in internal pressure in a pneumatic spring from 4.5 to 5.0 atm.

V pa3zi 3MiHH BHYTPIIIHBOTO TUCKY B THeBMaTH4Hii pecopi Big 0,5 10 1,0 aT™. moniHOMianbHi PiBHSIHHS
TSI BEPTUKAIBHOT TUTOIIMHHA MAIOTh BUTIIS:

z=5-10"-x°=3-10"-x’ +7-10® . x* =6-10° - X’ + 0,0003 - x> =0,0036- x+ 0,007, (1)
a U1 TOPU30HTANIBHOI TJIOLIMHHU:
y=9-10""-x°=3-10"2-x° =2-10* - x* +4-107° - x* =0,0003 - x> +0,0052-x—0,014.  (2)

3a 3MiHM BHYTPIIIHBOTO THCKY B MHEBMATH4HIN pecopi Bif 1,5 n0 2,0 atM. noimiHOMialbHI PiBHSHHS JUIs
BEPTUKAIBHOI IUTOIMHI MAIOTh BHTJIST:

2=3-10"-x°-4-10"-x* —6-107 - x* +2-10° - x> —0,0001- x* +0,0025-x—0,0061,  (3)
a U1 TOPU30HTANIBHOI TJIOLIUHHU:
y=2-10"-x°=8-10"- X’ +9-107 - x* +6-107 - X’ =0,0001- x> +0,0027 - x—0,0108.  (4)

VY BuIajaKy 3MiHH BHYTPILTHBOTO THCKY B MHEBMAaTHYHIN pecopi Big 2,5 mo 3,0 aTM. noixiHOMiallbHi piB-
HSIHHSI JUTSL BEPTHKAIBHOT TUIOIIMHN MAFOTh BUTJISIL

2=-2-10"-x*+1-107" - x> =3-107* - x* +4-107° - x> —0,0002 - x* +0,0041-x—0,0111,  (5)
a U1 TOPU30HTANIBHOI TJIOLIUHU:
y=-8-10"-x°+8-10"". x> =3-10% - x* +5-10° - x> —0,0004 - x> +0,0077 - x—0,0285.  (6)

3a 3MiHM BHYTPIIIHBOTO THCKY B ITHEBMATHYHIN pecopi Bif 3,5 10 4,0 aT™. NomiHOMIallbHI PiBHSHHS JUIs
BEPTHKAJIBHOI IUTOLIMHI MarOTh BUTJISIL

2=-9-10"-x°+8-10"" x> =3-10* - x* +4-107° - x> —0,0002 - x* +0,0046- x—0,0125,  (7)

a JIJI1 TOPU30HTAJIBHOI TIOLIUHU:
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y=-2-10"-x*+1-10"-x° =5-10% - x* +7-10° - x> —0,0005 - x> +0,013-x—0,0295.  (8)

VY BumaaKy 3MiHH BHYTPIIIHBOTO THCKY B THEBMATHU4YHIN pecopi Bix 4,5 mo 5,0 aTM. momiHOMiaNbHI piB-

HAHHS JJIs1 BCpTI/IKaJ'II)HO'l' IUIONIMHHU MatOTh BUIJIAL:

z=-8-10" - x*+7-10" - x> =2-10* - x* +3-10° - x> —0,0001- x> +0,0025-x— 0,008,  (9)

a I FOpHSOHTa.HI;HOi TJIOIIWHMU:

y=—1-10"-x*+7-10" - x* =2:10® - x* +2:10° - x> =6-107° - x* —0,0006 - Xx+0,0026 . (10)

OTxe, mociimkeHHsT poOOTH TYMOKOPAHOI 000-
JIOHKH B Pa3i 3MiHU BHYTPIIIHBOTO THCKY B TTHEBMa-
TUYHIH pecopi Ha alli TO3BOJIUTH MEPEUTH JI0 eTary
eKCIIePUMEHTAIBHAX JJOCII/DKEHb, IO MOJISATaTh-
MyTh y BCTAHOBJICHHI 3aKOHOMIipHOCTeH 3MiHU (ho-
PMH TYMOKOPIHOI OOOJIOHKM BiJl BIUIMBY 30BHIIII-
HBOTO HAaBaHTAKEHHS, JOJIATKOBOTO pe3epByapa Ta
3MiHH BHYTPIIIHROTO THCKY. OTpHMaHi 3Ha4YeHHS
HEOOXIJIHI JJIs1 IEPEBIPKHU aJICKBATHOCTI MaTeMaThy-
HOI MOJieNi POOOTH IMHEBMATUYHOI CUCTEMHU PEcop-
HOTO MiABINIyBaHHS, a TAKOX ISl aHAJI3y TUHAMIY-
HUX [TOKa3HHKIB Ta IIOKa3HUKIB OE3MEKH PyXy Cydac-
HOTO IIBUKICHOTO PYXOMOT'O CKIIAy.

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYUMICTh

ExcnepuMeHTansHAM CIIOCOOOM YCTAHOBJICHO
3aKOHOMIpPHOCTI Jie)opMyBaHHS TYMOKOPAHOT 000-
JIOHKA TTHEBMAaTHYHOI PEecoOpH y BEpTHKAIBHIN Ta
TOPHU30HTAJIbHIN IUIOIIMHAX 32 PI3HUX 3HAYCHD BHY-
TPIIIHBOTO THUCKY B IMTHEBMAaTW4HIN pecopi. Lle mo-
3BOJIUTH MOJIENIOBATH POOOTY MHEBMATHYHOI pe-
COpH 13 BpaxyBaHHSAM 3aKOHOMipHOCTEH Aedopmy-
BaHHsI TYMOKOPAHOI 00OJIOHKH Ta CHPUSITHME JI0C-
TOBipHIIIOMY BHU3HAYEHHIO TUHAMIYHUX
MOKAa3HHUKIB PECOPH B EKCIUTyaTalliiHUX YMOBaX.
Kpim n1poro, Bi3Ha4YeHI MOKa3HUKH MOXKHA 3aCTOCO-
BYBaTH i Yac TOCIiPKEHHS TUHAMIYHUX MOKa3-
HUKIB IMTHEBMATUYHOI PECOPH METOJIOM IPOCTOPO-
BOTO MAaTEeMAaTHYHOTO MOJIETIOBAHHSI PYyXOMOTO
CKJIaJy ILl€ Ha eTalrli HOoro MpOEKTYBaHHS.

BucHoBku

1. Po3po0neHo METOANKY CTaTHYHHUX EKCIIepH-
MEHTaJIbHUX JOCTIKEHb Ie)OpMYyBaHHS T'YMO-KOp-
TTHOT OOOJIOHKH Y BEPTHUKAIbHIN Ta TOPU3OHTAIBHIN
IUIOIMMHAX Y pa3i MiBUIIEHHS BHYTPIITHHOTO THCKY
B THEBMATHYHIH pecopi.

2. OTprMaHO 3aJISKHOCTI Ta MOJIIHOMIaJIbHI PiB-
HAHHS JAeopMyBaHHS TYMOKOPAHOI OOOJOHKH
MMHEBMATUYHOI PECOPH IIBUAKICHOTO PYyXOMOTO
CKJIaJy 3aJII3HUIb Y BEPTHKAJIBHOMY Ta TOPU30HTA-
JFHOMY HampsiMKax 3a pi3HUX 3HAYEHb BHYTPIII-
HBOTO THUCKY. BusiBneno, mo nedopMyBaHHS ryMo-
KOpAHOI OOOJOHKH B pa3i 301LIbIICHHISBHYTpIIL-
HBOTO TUCKY B ITHEBMATUYHIH PeCcOpi B TOPU3OHTAITb-
HOMY HampsMKy BigOyBaeTbCcs 1HTEHCHBHIIIIC
MOPIBHSHO 3 BEPTHUKAIHHUM.

3. YcraHoBaeHo, 1110 MaKCUMAJILHI 3HAYCHHS Je-
(hopMyBaHHsSI TYMOKOPAHOI OOOJIOHKH IHEBMATHY-
HOI pecopH y BEPTHKaJIbHOMY Ta TOPU30HTAILHOMY
HarpsIMKaXx CIIOCTEPIratoThCsl Ha MOYaTKOBOMY €Tari
3aKauyyBaHHsI TIOBITPsI B /ialla30Hi 3MiHH THCKY Bix 0
10 0,5 at™. Ta ctaHoBIATh 4,478 Ta 6,830 MM BiIIO-
BiZiHO. Bif3Ha4eHO, 110 MOCTYIOBE 301JIbIIICHHS BHY-
TPIITHBOTO THCKY B MTHEBMATUYHIN pecopi MpU3BO-
IWTH 10 MEHIL IHTEHCUBHOT'O 1e()OpMyBaHHS I'yMO-
KOPAHO1 0OOJIOHKH, SIKE Y BEPTHKAIBHOMY HAMPSIMKY
niepeOyBae B maiamnaszoni 7,35+19,4 % Bijg Makcumalib-
HOi BENMYMHHU Je(OpPMYyBaHHS, a B TOPU30HTAJIb-
HOMY — y niamasoHi 13,25+24,71 %.
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Experimental Study of the Regularities of Deformation of the Rubber Cord
Shell of a Pneumatic Spring of High-Speed Rolling Stock

Purpose. The aim of this work is to establish the regularities of deformation of the rubber cord shell in the vertical
and horizontal directions in the case of changes in the internal pressure in the pneumatic spring by static experimental
studies. Methodology. A static test bench was used to establish the regularities of deformation of the rubber cord shell
of a pneumatic spring. Changes in the internal pressure in the pneumatic spring were achieved using a compressor,
and the deformation of the rubber cord shell was measured directly by high-frequency potentiometric linear displace-
ment sensors. The deformation of the rubber cord shell of a pneumatic spring in both the vertical and horizontal planes
was studied under the condition of changing the internal pressure in the spring in the range from 0 to 5 atm.
Findings. Using the designed test bench, a methodology for experimental studies of the deformation of a rubber cord
shell with increasing internal pressure in a pneumatic spring was developed. The dependences of the deformation
value of the rubber cord casing of a pneumatic spring when the internal pressure changes in the range of 0+5.0 atm
were obtained. It is established that the deformation of the rubber cord casing with an increase in the internal pressure
in the pneumatic spring in the horizontal plane is more intense compared to the vertical plane. It is found that the
maximum values of deformation of the rubber cord shell of a pneumatic spring in the vertical and horizontal directions
are observed at the initial stage of air injection in the range of pressure changes from 0 to 0.5 atm. The polynomial
equations describing the deformation dependences of the rubber cord shell of a pneumatic spring were obtained.
Originality. The regularities of deformation of the rubber cord casing in the vertical and horizontal planes at different
values of the internal pressure in the pneumatic spring were determined by experimental static studies.
Practical value. The study of the regularities of deformation of the rubber cord shell will contribute to a more accurate
modeling of the operation of the pneumatic spring and a reliable determination of its dynamic performance. This will
make it possible to use the dynamic performance of the air spring in the spatial mathematical model of the rolling
stock at the design stage, as well as to evaluate its dynamic performance and traffic safety indicators.

Keywords: air spring; rubber cord shell; deformation; pressure; potentiometric linear displacement sensor
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IigBuieHHs NaJaUBHOI e)eKTHUBHOCTI MAriCTPAJbHOI0 TEIJIOB0O3a
3 PO3AiJIbHMM HABAHTAXKEHHSAM CEeKIIil

Mera. ¥V crarTi mependa4eHo MOCTITUTH MiJBHIICHHS IMadWBHOI €(EeKTHBHOCTI MariCTpaJbHOTO BaHTAKHOTO
TEIUIOBO3a TPH  3aCTOCYBaHHI  PO3IOUILHOTO  HAaBAaHTAXKCHHA  [IU3CNb-TEHEPAaTOpIiB  OKPEMHUX  CEKIiH.
Metoauka. JlocikeHHs MPOBEICHO [UIsl HeeleKTpU(iKOBaHOT AUISHKY MK cTaHLissMU XapkiB—CopTyBaJbHUIl Ta
CyMu mix 4ac pyxy BaHT@KHOTO Moi3na i3 45 HaBaHTaKEHUMH Ta MOPOXKHIMH BaHTaXHUMH BaroHamu B 000X
HampsAMKax. Po3risHyTO pyX Mmoi3ga 3 BaHTAKHHM MariCTpaJbHHUM JABOCEKIiHHHM TeruioBozom 2TE116. [lns
BU3HAYCHHS NIapaMeTpiB pPyXy pPO3pOOJEHO MaTeMaTHYHY MOJENb, 33 JOMOMOIOK0 SIKOi BHPILIEHO CEPil0 TATOBHX
3a7a4. BUKOHAHO PO3paxyHKW IJIsl BHIQJKIB PYXy I0i37a 13 CEepiilHMM TEIUIOBO30M Ta TEIUIOBO30M, Ha SKOMY
3aCTOCOBAHO PO3IiIFHE HABAHTAKEHHSI TU3EIb-TCHEPATOPIB HOT0 OKPEeMHX CEKIii. J{Jis mpoBeIeHHs] MOACTIOBaHHS
3alPOMOHOBAHO CIOCIO0 HABaHTa)KEHHs CEKIN Ta MOOYIOBAaHO TATOBI XapaKTEPUCTHKH TEIJIOBO3a BiIIOBIIHO 10
nporo croco0y. Pe3yabTaTn. BeraHoBieHO, MO 3aCTOCYBaHHS PO3IUTEHOTO HaBAaHTaXCHHS JH3EIIb-TEHEPATOPIB
OKpEeMHUX CEeKIIii TeryIoBo3a ITiJ Yac pyXy Ioi3[a 3 HABaHTa)KCHHUMH BaroHaMu 3a0e3Iedye 3HIKSHHS CIIOKUBAHHS
nansHoro Ha 18,7...19,6 % MOpiBHIHO 3 pyXOM i3 cepiiiHuM TeruroBo3oM. Jliist BUNaAKy pyxy moi3za 3 IMOpOKHIMHU
BaroHaMH 3HW)KEHHS CIIO)KMBaHHS NajbHOro ckmanae 8,1...10,3 % mopiBHAHO 3 PyXOM i3 CEpiHNM TEIIOBO30M.
3’sicoBaHoO, IO PyX Moi3la 3 HOPOXXKHIMU BaroHaMH MOXKE 3/IMCHIOBATHCS 3 TATOK OJIHIEIO CEKIIEI0 TEIrUIOBO3a.
Y 1poMy BHUIAIKy 3HIKCHHS CIOXHBaHHS majbHOro ckmamae 29,5...31,0 %. Y BCix MOCTIIKYBaHHUX BHUIIAIKAX
TPUBAJIICTh PYXY € MPAaKTUYHO OJHaKoBOK. HaykoBa HOBM3HA. ABTOpH Iii€i poOOTH PO3B’si3aiM TATOBI 3a1a4i ISt
peanbHOi JUISHKKA KONl miJg 9ac pyxy IMoi3[a 3 BaHTAXHUM TEIIOBO30M, Ha SKOMY 3aCTOCOBAHO PO3/iIbHE
HABaHTAXKCHHS JIN3eJIb-TeHEPATOPIB MOro CeKIiid. 3anpornoHOBaHO CIOCIO (OPMYyBaHHS TATOBHX XapaKTEPHCTHK
TEIJIOBO3a 32 PO3/LJIbHOTO HaBAaHTAXKEHHs Tu3elib-reHeparopis. [IpakTuyna 3HaunMicTb. Po3pobieHi maremarnyHi
MOJIeINi pyXy MOi31y, Y TOMY YHCII JJIS BHIIAJKY PO3AUIHFHOTO HABAaHTAXXCHHS IN3EIb-TCHEPATOPIB CEKIIii TEII0BO3a,
MOJKHA 3aCTOCYBATH IIiJ] YaC MOJCPHi3allii TETIOBO3iB UM CTBOPEHHI JU3EIHHOTO PYXOMOTO CKIIAy i3 3aCTOCYBaHHS
6araToaM3eNbHOI CHIIOBOI €eHEPreTHYHOT YCTAHOBKH.

Kniouosi crosa: pyxomuii ckiajj; JOKOMOTHUB; NTAJIMBHA €PEKTUBHICTH; €HEPro30epeKeHHs
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Beryn

OcnoBHi Marictpanbhi muaxu AT «Ykp3amiz-
HUIS» € enekTpudikoBaHuMu JiHisiMu. Lle 3a6e3me-
qy€e HU3BKY BapTICTh IIEPEBE3CHb Ta MOTEHITIA AJIs
MTOIAJIBIIIOTO PO3BUTKY TPAH3UTHHX ITEPEBE3EHB [0,
18]. BogHo4ac Ha 3HaYHIH YaCTHHI 3aTi3HHYHUX i~
JISTHOK, SIKI TIJIXOJATh 10 WX TPAHCHOPTHHX KOPH-
IIOPiB, MOPTIB, JOTICTHYHUX TEPMiHAIIB TOIIO, TIe-
pendadeHo TeroBo3Hy TATY. HeBenuki oOcsru me-
pEeBE3eHb 10 IUX AUISHKAX POOJISITh HEAOIIITBHOIO
ix enexTpu@ikamiro HaBITh 32 YMOB IOCTIHHOTO
3pOCTaHHS BapTOCTI MATUBHO-MACTHIILHAX MaTepi-
aniB. ToMy nanst Takux JiHIA HEoOXimHE 3acTocy-
BaHHS Cy4acHHX a00 MOJEPHI30BaHHUX TEIUIOBO3IB,
BHACJIIOK 9OTO OyJe JOCSATHYTO 3MEHIICHHS eKC-
TUTyaTalifHAX BUTpPAT Ta 3HIKEHHSI HETaTHBHOTO
BILIMBY Ha JOBKLULISL.

JI71st OHOBIIGHHS TAPKY MariCTpaJbHUX BaHTAX-
HuX TemnoBo3iB AT »Ykp3anizuuiiay Oyio 3xaiiic-
HEHO 3aKyiBiio TernoBo3iB TE33A «Tpusyoy, siki
€ amanToBaHO0 JuIA Kouii 1 520 MM Bepcieto Termno-
Bo3a Evolution ES44ACi [14] (puc. 1, a). [lepesa-
raMyd HOBOTO TEIUIOBO3a € 3MEHILIECHE CIIOXKUBaHHS

MMaJLHOTO, MAcTHIA, 30UTBIICHI TEPMiHM MiX 00-
CIIyTOBYBaHHSIMH, HYOKY1 IIKiJUINBI BUKUIH, TTOJIII-
LICHHS! YMOB TIpalli JOKOMOTHBHOI Opurajy TOLIO.
Takox HOBHIA TEIUIOBO3 MAa€ CYTTEBO BUIIII TATOBI
XapaKTePUCTUKH TIOPIBHSIHO 3 HAsIBHUMH TETIOBO-
3aMH, 1110 JTIO3BOJISE MiABUIUTH €()EKTUBHICTH MPO-
LIecy MepeBe3eHb.

[HmIIIIM BapiaHTOM OHOBJICHHS, SIKHH IITMPOKO 3a-
CTOCOBYIOTb IS TIOJIMIIEHHS TapKy JIOKOMOTHBIB,
€ MOJICpHI3allisl TEIJIOBO3iB. Ii repeBara IMoJisirae
B HIDKYIM BapTOCTI MOPIBHSHO 3 NPHIOAHHSAM HO-
BHX JIOKOMOTHBIB. IIlimsixoM MopepHizallii OHOB-
JICHO TEIUIOBO3HUH MapK Jep)KaBHUX 3aJIi3HUIb Ta
MIPUBATHHX MIEPEBI3HUKIB y KpaiHax bainrii Ta Cxin-
HO1 €Bpor. AT »Yxp3amizuaurs» y 2011 porti mo-
JIepHi3yBaja TeroBo3u M62 (puc. 1, 6) i3 3acTocy-
BaHH:;IM 0OnagHaHHg BupoOHUITBa General Motors.
[IpAT «llonTaBchbKuil TEIIOBO3OPEMOHTHHNA 3a-
BOA» MojiepHizyBaB TemioBo3u 2TE10M (puc. 1, 6)
3 BUKOPHCTaHHS CHJIOBOTO Monyis SuperSkid Bifg
GE [9]. MogepHi3artiis 3abe3medria 3HIKEHHS CTIO-
JKUBaHHS MMaJbHOTO, 3MEHIIMIAa BUTPATy MacTHIIa
toio. OaHak yepe3 30epeKCHHS OPUTIHATBHUX TsI-
TOBHX €JIEKTPO/IBUTYHIB TATOBI BIIACTUBOCTI TETLIO-
BO3iB Maii)Ke He TOJIIIIHIHACA.

Puc. 1. MaricTpaiibHi BaHTa)XHI TEIJIOBO3H:
a —temnoBo3 TE33A «Tpuzy6»; 6 — MoaepHi3oBaHMiA TeTI0BO3 M62; 6 — MonepHizoBaHuii TerioBo3 2TE10

Fig. 1. Main freight diesel locomotives:
a— TE33A “Trizub” diesel locomotive; b — modernized M62 diesel locomotive; ¢ — modernized 2TE10 diesel locomotive

BaxjBUM HaInpsIMOM OHOBJICHHS TSTOBOTO PY-
XOMOTO CKJIQJy € BIPOBAKEHHS TEXHOJIOTIH, SIKi
JIO3BOJISIFOTH 3HU3UTU CIIOKUBAHHS MATUBHO-CHEP-
reTHYHUX pecypciB. KilloyoBUM TyT € 3aCTOCYBaH-
HSIM €HEProONTUMAJILHOTO PYXY IMOI3/iB, SKE Y BU-
MajKy TEIJIOBO3HOI TSTW Nepedayae onTHUMi3allio
KEepYBaHHS 3 METOK) 3HIKCHHSI CTIOKUBaHHS MaJlb-
Horo [1,4,8]. JloraTKkoBO 3HU3NUTH CIIOKUBAHHS Ta-
JILHOTO MOXHa 3a JIOTIOMOT'OI0 3aCTOCYBaHHs Oara-
TOIM3eNbHOI a00 riOpuAHOI CHIIOBOI €HEPreTHYHOT

ycTaHOBKH [ 1 7], ympoBa/KeHHs KepyBaHHs OaraTo-
JBUTYHHUM TSATOBUM €JIEKTPOIPHUBOJIOM  BiJIIIO-
BiJIHO IO MIOTOYHOTO PiBHS HaBaHTakeHHs [16], 3a-
CTOCYBaHHS €HEProe(heKTUBHOIO KEPyBaHHS JIOTIO-
MDKHUMH CHCTEMaMH JIOKOMOTHBA. Bapro Bim3Ha-
YUTH, 10 BKa3aHE MOXKHA Peajli3yBaTH y BHUITAJKY
JIOKOpIHHOI MoJiepHi3amii TeruoBo3iB. Ha Hass-
HOMY TSATOBOMY PYXOMOMY CKJIaJli Y4 HE €IUHO MO-
JKJIIMBHM CIIOCOOOM € OIITUMI3allisl KepyBaHHS CHIIO-
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BHMH €HEPTeTUYHIMH YCTAHOBKAMH 0araToCeKIIii-
HUX TETJIOBO3iB.

Cxoxuii cnocib kepyBaHHsI 3aCTOCOBAHO Ha Te-
mIoBo3ax i JokoMotuBax ALP—45DP (puc. 2, a) Bu-
poormnTBa Bombardier Transportation [11],
EURO9000 (puc. 2, 6) Bupoduunrea Stadler [19],
Ha terioBo3i DF200 (puc. 2, g), sikuii ekciryaTtye
kommanist JR Freight [15]. Lli mokomoTiBH 06maa-
HaHO ABOAM3EIHHUMHU CHJIOBUMH €HEPreTHYHUMH
ycTaHOBKaMHu. Po3jibHe HaBaHTa)KEHHS JU3€Ib-
TEHEPAaTOPiB TaKOX 3aCTOCOBAHO Ha TEIIOBO31
Traxx DE ME (puc. 2, 2) (Bupobuuk — Bombardier
Transportation), sKiii Ma€ YOTUPUANU3EIBHY CHIIOBY
€HepreTHYHy yCTaHOBKY [12].

a—a

EdexTuBHuii miaxing — po3aiapHe HaBaHTAXEHHS
J3eNb-TeHePaTopiB JABOCEKIIHHOTO TEmIoBO3a —
Oyno 3acTocoBaHo Ha TeruioBo3i 2TE116 Ne 1360,
3a pe3ynbTaTaMu eKCIUTyaTallifHUX BUIMPOOYBaHb
SIKOTO 3a(hiKCOBAHO 3HIKEHHS CITOKMBAaHHS Iajlb-
Horo Ha 10,6 %. BoueBunup, 1mo nependaucHe y [5]
3aCTOCYBAaHHSI TIOCEKLIHHOTO PETYITIOBAHHS PEKH-
MiB eKCIUTyaTamii JUii OHOBIIEHHS TEIUIOBO3iB
2TE116, sixi excrutyatytoTh Ha diHiaX AT «Ykp3a-
J3HULIS», COUPAaEThCs Ha nel nocBin. OxHak BOa-
9aeMo 3a IOIUIBHE JOCHiTUTH €(hEeKTUBHICTH PO3-
IUTHPHOTO HaBaHTKEHHS CEKIi B yMOBaX peaibHOT
JIIUISHKY BITYA3HSIHOT 3aI13HAL.

6-b

Puc. 2. JlokomoTHBH 3 OaraTou3eIbHUMH CHIIOBIMH CHEPTETHYHIMH yCTaHOBKAMU:
a — nokomotuB ALP—45DP; 6 — nokomoruB EUR09000; ¢ — termoBo3 DF200; 2 — teruioBo3 Traxx DE ME

Fig. 2. Locomotives with multi-diesel power plants:
a — locomotive ALP—45DP; b — locomotive EURO9000; ¢ — diesel locomotive DF200; d — diesel locomotive Traxx DE ME

Meta

OCHOBHOIO METOIO CTaTTi € JOCTIHKEHHS e]eK-
TUBHOCTI 3aCTOCYBaHHS pO3AUILHOTO HaBaHTa-
JKECHHSI TU3eIb-TeHepaToPiB MaricTpaibHOTO JIBOCE-
KI[IHHOrO TEIUIOBO3a AJIsI 3MCHIICHHS CHOKHBAHHS
MMaJILHOTO.

i MOCATHEHHS METH mepeadadeHo Taki 3a-
naui;

— BH3HA4YMTH NapaMeTpH pyxy moi3da i3 cepiii-
HHM TEIUIOBO30M;

— BU3HAYUTH MMAapaMeTPH PyxXy I0i3/1a 3 TEIIo-
BO30M, Ha SIKOMY 3aCTOCOBAHO PO3/iJIbHEC HABAHTA-
JKEHHS CEKIIN.

Metoauka

Mamemamuuna modens. HaitbGinpi excrtyaro-
BaHMMH Ha YKPaTHCHKHUX 3aI13HULSIX € BAHTAXKHI Ma-
ricrpaibHi aBocekiiini Teropo3u 2TE116, Bupo6-
neHi ITAT «JlyrancekrennoBos» (Jlyrancek, Ykpa-
ina) (puc. 3). Konctpykuis TemioBo3a onucana y [2,
5]
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Puc. 3. 3aranpnuii Buriag temioso3a 2TE116

Fig. 3. General appearance of the 2TE116 diesel locomotive

Juis nocmimxeras 6araThoX MPOIECIB Y CHCTe-
Max 3aJli3HHYHOTO TPAHCIOPTY HOIIBHO 3aCTOCO-
ByBaTul MaTeMaTtudyHe mojemoBanus [10, 13]. Ma-
TeMaTU9YHE MOAECTIOBAHHS PyXY M0i3ay mependadae
BH3HAYEHHSI ITapaMeTpiB pyXy — TPUBAIOCTI PYXY,
HIBHJKOCTi, BUTPaTH CHEPreTHUYHUX PECYpCiB
tomo. s JOCHiPKyBaHOTO BHUIAIKYy B35TO, IO
01371 MOJISITIOIOTh y BUTIISI JIAHITIOTA TBEPANX TLI,
3’€IHAHUX JKOPCTKUM 3B’si3k0oM [ 16]. Lle migBuirye
TOYHICTH PO3PaxyHKY CHJI OLIOPY.

MaremaTuyHy MOJENb PyXy MOi3[a OMUCYIOTH
TaKOI0 CUCTEMOIO PiBHSHS [1, 7]:

d—Dzé(fL -w-h);

da p (0
d_S:

at

ne ¢ — koe(ilieHT, KU BpaXOBY€E OJUHUII BUMi-
PIOBaHHS; L — MIBHJKICTh;  — yac; S — nponaeHui
HUISIX; p — KoedimieHT obepToBux Mac; fi— nutoma
JIOTHYHA CWJIA TATH TEIUIOBO3a; W — MTUTOMHUM OTip
pPyX0Bi; b — muTOME TOTHYHE 3YCHILIS ITHEBMATHY-
HHUX TaJIbM.

[TuToMy MOTHYHY CHJTY TSTH TEIJIOBO3a BH3HA-
4aeMO 32 BUPA30M:

_ R
L™ s n ’
2 Myc+ D My,
k=1 i=1

ne FL — mortmuna cwita Tsaru Temiososa; Mk — maca
CeKIIii TEII0B03a, 0 CTAHOBUTL 138 T; S — Kib-
KICTh CEKIIii, 0 cTaHOBUTh 2; Mwj— Maca ogHOrO

f (@)

BaroHa, 10 CTAHOBUTH 84 T AJI1 HABAHTAKEHOI'O Ba-
roHa Ta 23 T AJIs MOPOXKHBOTO BaroHa; N — KUTbKICTh
BaroHiB.

OCHOBHHI TUTOMUH OITip PyXOBI MMOi3/1a BU3HA-
4aBcs 332 BUPA30M:

W=W, +W, +W, +W,, (3)

1€ W, — OCHOBHUII MUTOMHUI1 OIip PyXOBI MOI31Y;
W, — 1O0JAaTKOBUI MUTOMUII OIip PyXOBI Bix
yXUIy; W, — J0JaTKOBHUA MUTOMUIA Omip Mij yac
pyXy y KpHBI IUISHII KOJIii; W, — JOAaTKOBUIi
MMATOMUU OIIp TIiJT 4aC PYIIAHHS.

3MiHy onopy B pa3si 3MiHH aTMOC(EepHUX YMOB
HE BPaxOBaHoO.

OcCHOBHHI THTOMUH OMIp PyXOBi MOi3/ly BU3HA-
gaeThes 3a [ 10] 3 BUKOpHUCTAHHAM 3aJ7I€KHOCTEH JTst
PO3paxyHKy THTOMOTO OIOPY PYXOBI TEIIOBO3Y
1 BaroHis.

VY [2] HaBeieHO eMITipHUHI BUpa3u JJis pO3paxy-
HKY OCHOBHOT'O IIUTOMOT'O OTIOPY TIi/T 9ac pyXy JIBO-
CEKI[IHHOTO TEeIUIoBO3a. 3 ypaxXyBaHHSM JIOCIi-
JDKEHHSI peXXKUMIB pOOOTH, KOJIM OJTHA CEKIIis mepe-
OyBae B peXUMI TSTH, a iHIIa — 03 HaABaHTAXKEHHS,
BHpa3 JUIsi OCHOBHOTO TTUTOMOTO OIIOpPY PYXOBI Te-
TJIOBO3a Ma€ BUTJISIL

w, =%(17,2 +0,044V +0,0026V ) +
N 2
+(1—§J(20,5 +0,18V +0,0034V ), (4)
ne N — KiIbKICTh CEKIIiH, sSIKi MPalfo0Th 111l HaBaH-

TaXEHHsIM;, V — IIBUJAKICTE pPyXy, BHpakeHa
y KM/TO/I.
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OCHOBHUH MMUTOMHH OTIip YOTHPHUBICHUX ITiBBa-
TOHIB Ha 0e3JIaHKOBi# KoJIii Bu3Hayaemo 3a [10]:

340,09V +0,002V?>
0,7+ g,

do

Wy = )

A€ (, — HaBaHTaXCHHs HA BIChb, BUPA)KEHE Y TOH-
Hax; J — IPUCKOPEHHS BUIBHOTO TTAiHHA, 10 J0Pi-
BHIOE 9,81 m/c?.

VY pasi po3paxyHKOBOT MacH HABaHTaKCHOTO Ba-
roHa 84 T 0OcChOBE HABAaHTAXXEHHS CTAHOBHUTH 21 T.

Y Bumagky pyxy MOpOXXHBOTO BaroHa (abo
3 OCbOBMM HAaBaHTA)XEHHSIM MEHIIE HiX 6 T, OCHOB-
HUI TUTOMHH OTip po3paxoByeMo 3a Bupaszom [10]:

(6)

JomaTkoBwii omip mif 9ac pyxy B yXWIy BH-
3HAYa€EMO TaK:

Wy, =3+0,1V +0,0025V >

w =ig,

(7

JI€ | — yXWJI JUISTHKY, BUPAXKCHUH Y THCIYHUX.
Omip Bix pyxXy IO KpHBil AiJSHI KOJiI BU3HA-
yaemo 3a Bupazom [10]:

(8)

ne R — paniyc xpuBoi.
JonaTkoBuii omip y BUNAJKY pyIIaHHS BHU3HA-
gaemo 3a Bupazom [10]:

28
Ws:_ga (9)
q+7

Jie (| — HaBaHTa)XEHHS HA BiCh OJUHHII PYXOMOTO
CKJIAJTy, BUPAXKECHE Y TOHAX.

120 ~
110 A
100 -
90
80 -
70
60 -
50 -
40 -
30 4
20 -
10
0 T T T

Pisnuus BHCOT, M

dTapiis NapKia-CdpTyBAIBHH

KepyBaHHA CHIIOIO TSTH TEIIOBO3a 3MIHCHIO-
€THCS IIUIAXOM 3MiHM TO3UIi1 KOHTpOJepa MalInHi-
cra. Cuctema KepyBaHHS, KA 3aJa€ CHIY TATH Ta
raJIbMyBaHHS, QYHKIIIOHY€ TAKIM YHHOM, 100 TIij1-
TPUMYBATH IOITyCTUMY IIBUAKICTh PYXy Ha HiNIf-
HIli. 3yNUHHE TaJIbMyBaHHS 3IIMCHIOETHCS B KiHIII
pyxy Ha minsHIl KoBxkuHOK0 1 500 M.

Po3paxyHOK BHTpaTH MajlbHOTO BHKOHAHO 32
BHpa3zoM [2]:

K
G:Zgiri +90To> (10)

i=1

e i— HOMep TO3HIIii KOHTpoJiepa MalIuHicTa y Ts-
FOBUX PEXKUMAX; Ji— IUTOMA BUTpaTa MAJIbHOIO HA
i-if mo3uIIT KOHTpoJiepa MAIIMHICTA; Tj — 3arajbHa
TPUBATIICTh POOOTH JU3eIs Ha i-if TO3MIIii KOHTPO-
Jiepa MaIIUHICTa; Jo— NMUTOMAa BHUTpaTa MaJbHOIO
B PEXHMi XOJIOCTOTO XOHy; To — 3arajibHa TpHBa-
JCTh poOOTH AM3ENS B PEXHMI XOJOCTOTO XOIY;
K- 3aranmpHa KiTbKiCTh TIO3HIII KOHTPOJIEpa MAaIllu-
HiCTa.

Bupasu (1) — (10) cxiragatoTh MaTeMaTHIHY MO-
JIeNb PyXy noi3aa.

PesyabTatn

BusHaueHHs mapamerpiB pyxy moi3zna npose-
JIEHO ISl TUISTHKY MDK cTaHIisMu XapkiB—Copry-
BanbHUU Ta Cymm Perionanbnoi ¢inmii «IliBgenHa
samizaulsy AT «Ykp3amizauisy. JlosxuHa -
HkH — 201 kM. [Ipodine nokazano Ha puc. 4. loci-
JDKEHO PyX B 000X HampsiMKax.

¢ramms Cynu

-10

<
[
=
Fa
=]
=)
<

80

100 120 140 160 180 200

Bincrase, km

Puc. 4. IIpodins xomii (CTBOpeHO aBTOpaMMm)

Fig. 4. Track profile (created by the authors)
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Mooenioganns pyxy i3 cepiinum meniogo30M.
«bazoBuM» BapiaHTOM € pyX MOi37a i3 cepiiHUM Te-
mwioBo3oM 2TE116. Ha puc. 5 mokazaHo TATOBi Xa-
PaKTepUCTHKH ABOCEKIIHHOTO TerutoBo3a [10].
VY Tabi. 1 HaBeeHO BUTPATH MABHOTO Ha Tirmep0o-

e00

800 -

700

600

Cumna e, kH
— [ L = L
(= (= (=1 (=1 (=1
L= L= =1 =1 =1

JIYHUX TIISHKAX TATOBHUX XapakTepucTuk [2]. Ke-
pYBaHHsI TEMJIOBO30M BiJMOBiJa€ IITaTHIA POOOTI
i 3a0e3meuye iICHTHYHE HABAHTAXKCHHS JU3CITb-Te-
HepaTopiB 000X CEKITiH.

b 1130151
e [TEIV3
e [ IRV
e [IEIWE T
L 113001 )
TIEMMIL
TIEMMIS
IEM15

120

lIeMmricTs, EMATON

Puc. 5. TsATOBI XapakTepuCTHKH IBOceKLiiHOTO TerwioBo3a 2TE116
Ha HETIAPHUX MO3HIIAX KOHTPOJIepa MaIIuHicTa

Fig. 5. Traction characteristics of a two-section diesel locomotive 2TE116
at odd positions of the driver's controller

Tabaums 1
XapakTepucTuKa BUTPATH NaJTUBa IBoceKUiiiHuM TenioBo3om 2TE116
Table 1
Characteristics of fuel consumption by two-section diesel locomotive 2TE116
Tosuuis kouTposepa 0 1 3 5 7 9 1 13 15
MaIIruHICTa
[oTyXHICTh TU3EIIB,
kBT 2x33 | 2x180 | 2x415 | 2x670 | 2x990 | 2x1320 | 2x1 660 | 2x2 000 | 2x2 250
Butpara
MaJTBHOTO JBOMA 0,66 1,6 33 4,8 6,8 9,0 10,9 13,5 17,0
JU3ETISIMH, KI/XB

Po3paxyHku mpoBeeHO ISt AOMYCTUMOT IIIBUI-
KocTi pyxy 60 Km/rop, IO BigIOBiA€ peasbHUM
HIBUIKOCTSM PYyXy BaHTQ)KHHUX TOI3/1B HA JIiISHI.
st po3paxyHKy B3sITO 1101371 Macoro 4 056 1 3 45
HaBaHTOKCHHMHM BaroHaMmu (II¢ BiJIIOBia€ BaroBii

HopMi jiyst rerutoBo3a 2TE116) ta 1 311 T 3 45 mo-
pOXHIMH BaroHamu. Maca TemaoBO3a CKIIaAae
276 T. MozaemoBaHHs MTPOBEICHO YIS pyXy B 000X
HampsiMKax. Pe3ynbraTh po3paxyHKiB HaBEICHO
B Tab1. 2. Ha puc. 6 1 8 moka3aHo 4acoBi 3aJIe3KHOCTI
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IIBUIKOCTI Ta JOTHYHOI MOTY>KHOCTI IS PyXy BiJl
cranuii XapkiB—CopryBanbauii 10 ctanuii Cymu.
I3 puc. 6 i 7 BunnuBae, Mo pyX 3MiACHIOETHCS
3 JIOIMyCTUMOIO IIBHUIKICTIO. [ BUMAnKy pyxy
3 HaBaHT)KCHUMH BaroHaAMH Ma€ MICIle 3HIKEHHS
HIBHIKOCTI Ha mifgiiomax. [{ng pyxy 3 HaBaHTaxe-
HUMHU BaroHaMH JOTHYHA MOTYKHICTh HEPEBaKHO

BIJIMTOBiTa€ HOMIHAJIBHIA IMOTY)KHOCTI TETJIOBO3a.
[Tig yac pyxy 3 MOpOKHIMH BaroHaMHu JTOTUYHA TIO-
TY>KHICTh Ha0YBa€ MPOMIXKHHUX 3HAYEHb BiAOBIHO
710 TATOBHX XapaKTEPUCTHUK TeIoBo3a. J{is 3Bopo-
THOTO HarpsiMy — Bix ctanmii Cymu g0 cranmii Xa-
pkiB—CopTyBaJIbHMI — 3aJI€KHOCTI MIBHIKOCTI
1 CHJIHM TSTH TIOi0HI 0 300pa’keHUX Ha puc. 61 7.

Tabnuus 2

Pe3yabTaTH po3paxyHKy mapamMerpiB pyxy Ha AiasHUi
XapkiB—CopryBanbHuii — Cymu i3 cepiiinum Temsiosozom 2TE116

Table 2

The results of the calculation of traffic parameters on the
Kharkiv=Sortuvalny — Sumy section with the 2TE116 serial diesel locomotive

Hanpsmoxk pyxy Xapkis—CoptyBanbauit — Cymu Cymu — XapkiB—CopTyBaibHUI
Tun moizna HaanTaxennit moizy | [Mopoxwiii moizn | HaBantaxennit moizn | IlopoxkHiit moizg
Tpusanicts pyxy, ¢ 13 264 12 483 13 163 12 448
Butpara nansHOrO, K1 1726 837 1611 780
a—a
= 70
£ 60
= 50
% 40
5 30
'z 20
F 10
2 0
5 T T T T T
0 2500 5000 7500 10000 12500
Yac, ¢
6—-b

5 4000

= 3000
[ -
; § 2000
['% E‘ 1000

) 0

= 0 2500 5000 7500 10000 12500

Yac, ¢

Puc. 6. YacoBa 3aeKHICTh IMIBUAKOCTI (@) Ta JOTUYHOT MOTYKHOCTI TEIJI0B03a (0)
i 9ac pyxXy moi3fa 3 HaBaHTAXXEHUMH BaroHaMH BiJ ctaHIii XapkiB—CopTyBanbHuii 1o crannii Cymu

Fig. 6. Time dependence of the speed (a) and tangential power of the diesel locomotive (b) during
the movement of a train with loaded wagons from the Kharkiv—Sortuvanny station to the Sumy station
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Puc. 7. YacoBa 3a1e)KHICTh IIBUIKOCTI (@) Ta TOTUYHOT MOTY>KHOCTI TEIJI0BO3a (6) Mij Yac pyXy moisaa
3 HOPOXKHIMHU BaroHamu Bix craHuii XapkiB—CopTyBanbHui 1o cranuii Cymu

Fig. 7. Time dependence of the speed (a) and the tangential power of the diesel locomotive (b) during
the movement of the train with empty wagons from the Kharkiv—Sortuvanny station to the Sumy station

MogenoBaHHS pyXy 3a PO3AUTFHOTO HaBaHTa-
JKEHHSI CeKIiH TerutoBo3a. [{iis 1ociipKkyBaHOTO BH-
MajKy KepyBaHHS IH3eTb-TeHEPaTOpaMU BHKOPHC-
TaHO TAaKWH aNTOPUTM HaBaHTaKeHHS cekmiil. Ilinx
Yac pyLIaHHS i pO3TOHY HaBaHTaKCHHS TU3EIb-Te-
HEpaTOpiB CEKIN 3MIMCHIOEThCS SIK Yy CepiiHOMY
TEIIOBO31 — IM3eNb-TeHepaTOPH HABAHTAXKYIOTHCS
0JIHaKOBO. TATOBI XapaKTEPUCTUKHU Ta XapaKTepHC-
THKH BUTPATH MAJILHOTO BIIMOBIAAIOTH CEPIHHOMY
TerI0BO3y. [licis MoCcATHEHHS BCTAHOBIICHOI IIIBH-
JIKOCTi pyXy MOYMHAE JiSITH aJTOPUTM PO3ALIILHOTO
HaBaHTaXeHHs cekiiil. [lepexim Moxke 3ailicHIOBa-
THCS aBTOMAaTUYHO 200 B pydHOMY pexkumi. J{is mo-
3WIIIA KOHTpOJIepa MamiuHicTa 3 1 Mo 8 HaBaHTaxKy-
€ThCS Beyda CEKIIisl, a BeJleHa CEKIlis Mpairoe Ha
X0J0CTOMY XOfi. DaKTUYHO TATOBO-CHEPreTHUYHI
XapaKTEePUCTUKH TEIUIOBO3a BIAMOBIIAIOTH Xapak-
TEPUCTUKAM OJIHI€T ceKIlii. Y BUMAAKy MOCTAHOBKU
KOHTpoJIepa MaIllMHICTa Ha 9 MO3UILIO0 1 BHUILE JH-
3eNb-TeHEPaTOpH 000X CEKIiii HaBaHTaXYIOTHCS
0IHaKOBO. TAroBO-€HEPreTHYHI XapaKTEPUCTHKH
BIJITIOBIZIAl0TH CEpiitHOMY TeruIoBO3y. [1OTYXHICTH
Bey4oi Ta BEACHOI CeKIlii BCTAHOBJICHA BiAIOBITHO
1o Tabi. 3. Y miid e TaOIuI HaBEJCHO BUTPATY I1a-
TBHOTO. TSATOBI XapaKTEPUCTHKH TEIIOBO3a 32 PO3-
MIJIBHOTO HAaBaHTaKEHHS IOKa3aHO Ha puc. 8. Ba-

PTO 3a3HAYMTH, 110 B [IBOMY JTOCIIPKEHHI BUKOPH-
CTaHO JICI0 OOMEXeHi JaHi M0I0 CepidiHOro Ter-
nmoBo3a. OmHaK a7 OIIHHUX PO3paxyHKIB BBaXKa-
€MO II€ JIOTTYCTHMUM.

Amnati3 3anexxHocTel Ha puc. 9 1 10 mokasye, 1o
pyX moi3/ia 3MiHCHIOETHCS 3 JOMYCTHMOK IIBH/IKI-
ctio. [lopiBHSIHHSA 9acoBUX 3aJIeKHOCTEH i3 BiAIO-
BiTHMH 3aJI©KHOCTSIMU Ha puc. 6 1 7 mokasye ix
BHCOKHUH 30ir. BojgHouac 3a JIOCIIPKYBaHOTO CIIO-
co0y KepyBaHHS BUTpATa MajJbHOTO 3MEHIIYEThCS.
Hesnauny 3MmiHy TpHBajOCTi pyXy MOXKHa MOsC-
HUTH NTOXUOKO MOJEIFOBAHHS.

Tsiea oomicio cexyicio. BapiaHToM KepyBaHHS
TEIUIOBO30M 13 PO3/ILIEHAM HABAHTOKEHHSIM CEKIil
€ TATa OJHI€I0 ceKIier. Jlu3enb-reneparop iHIoi
CeKIIii MOXe MpaIfoBaTH Ha XOJOCTOMY Xoji abo
Oytu 3ynuHenuM. [lomepenHi po3paxyHKH TMOKa-
3aJy, 110 IS JOCJIDKYBaHOT JTUISHKH MOMIIMBUN
PYX OJIHIEIO CEKIII€I0 3 MOPOKHIMH BaroHamu. Pe-
3yJITATH PO3PaxXyHKY JUIsS [bOTO BHIMAJKy HaBe-
JIeHO B Ta0I. 5, IpH IbOMY B34TO, IO AU3EIb-T€HE-
patop apyroi cekuii 3ynuHeHo. Ha puc. 11 moka-
3aHO 3aJIC)KHOCTI LIBHJKOCTI Ta AOTHYHOI MOTYX-
HOCTI mix dYac pyxy Big craHuii XapkiB—
CopryBanbhuii 10 craniiii Cymu. AHai3 3aJI€KHO-
ctelt Ha puc. 11 mokasye, mo moi3a pyxaeTbes 3 110-

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2024/306145

© €. C. Ps60B, b. X. €piusn, 1. M. Konogiii,
C. B. Ianos, O. A. Cuu, A. B. I'anny, 2024

71


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.15802/stp2023/292720

PYXOMMI CKJIAJL I TATA TIOI3/11B

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka ta nporpec tpancnopty, 2024, Ne 2 (106)

mycTUMOT0 mBHUAKICTIO. [1i 9ac pyxy Ha mimiiom Bi-
n0yBa€eThCs 3HIDKEHHS IIBUAKOCTI. BogHouac 3me-
HIIYETHCS CIIOKUBAHHS MAIbHOTO SIK TOPIBHSHO 3
BHIIAJIKOM PYXY 13 CEpIfHUM TEITOBO30M, TaK i T0-
PIBHSIHO 3 BHITAJKOM PYXY i3 TEIIOBO30M 3 PO3.IiJTh-

HUM HaBaHTKEHHSIM ceKiii. Y tabm. 6 i 7 HaBe-
JICHO pe3yJIbTaTH OPIBHAHHS apaMeTPiB pyXy AJIs
PI3HUX CHOCOOIB KEpyBaHHS HAaBaHTA)KCHHSIM CEK-
Iii TeTT0B03a. 3a 0a30B1 MOKA3HUKH B3ATO ITapamMe-
TPH PyXy i3 CepiiiHUM TEMJIOBO30M 3 1IEHTHIHUM
KEepyBaHHIM 000Ma CEKIIisIMH.

Tabauns 3
HoTyxkHicTh TenJ10B03a 32 PO31I/ILHOI0 HABAHTAKEHHS CeKIii
Table 3
Locomotive power at separate section loading
Tosuuis koutponepa | ) 1 2 3 4 5 6 7 9 11 13 15
MalIuHiCTa
HotyHicTs M3CIA |33 | g | 415 | 670 | 990 | 1320 | 1660 | 2000 | 1320 | 1660 | 2000 | 2250
Beny4oi cexuli, KBt
Horyauicte mens | 33 | | g | o | g 0 0 0 | 132016602000 |2250
BeJIeHO1 ceklii, KBt
BI/ITpaTa IIaJIbHOT'O
Bexydoro cekmiero, | 0,33 | 0,8 1,7 2,4 34 4,5 5.9 6,8 4,5 5,9 6,8 8.5
KI/XB
BI/ITpaTa IIaJIbHOT'O
BegeHoro cexmiero, | 0,33 | 0,33 | 0,33 | 0,33 | 0,33 | 0,33 0,33 0,33 4,5 5,9 6,8 8.5
KI/XB
Burpata maneHoro | o 0o\ 43503 1273 (373 | 483 | 623 | 7,13 | 9,0 | 11,8 | 13,6 | 17,0
TEIJIOBO30M, KI/XB
900 -
800
700 — KM
KM 2
:600 e [THM 3
:”500 e [TH 4
E e [T M 5
%400 e [TK M 6
0300 KM 7
NKM15
200 —RM13
100 K011
NEMS
0 : ‘

0 20 40

60 80 100

IlenagrcTs, ma/Tom

Puc. 8. TAroBi xapakTepUCTHKU TEIJIOBO3a 32 PO3/ILHOTO HABAHTAXKEHHS CEKITil
(ITKM — mo3uiist KOHTpoJepa MaIIHHICTA)

Fig. 8. Traction characteristics of a diesel locomotive with separate loading of sections
(ITKM - position of the driver’s controller)
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Tabonuus 4

Pe3yabTaTH po3paxyHky nmapamerpiB pyxy Ha ainaHui XapkiB—CopryBaasuuii — Cymun

Table 4
The results of the calculation of traffic parameters on the Kharkiv-Sortuvalnyi — Sumy section
Hampsimok pyxy Xapxkis—CoptyBanshuii — Cymu Cymu — XapkiB—CopTyBanbHUA
Tun noizmy HasanTaxenuii noizn | ITopoxuiii moisn | Hasantaxkenuit noisn | ITopoxHiii moisn
TpuBaiicts pyxy, C 13202 12 268 13 104 12 289
Burpara nansHOTO, KT 1387 751 1309 717
a-—a
70
= 60
£ 50
40
230
=20
E 10
0
0 2000 4000 6000 8000 10000 12000
Yac, ¢
6-b
4000
2 3500 B 1
£ 3000
-2 2500
2. 2000
= 1500
= 1000
£ 500
=0
0 2500 5000 7500 10000 12500
Yac, ¢

Puc. 9. Yacosa 3anexxHicTh NIBUAKOCTI (a)
Ta JOTHYHOT MOTYXHOCTI TEII0BO3a (6) MiJ Yac pyxy
Noi3/1a 3 HABaHTA)KCHUMH BaroHaMu Bif ctanuil XapkiB—CopryBaibHuii 10 cranuii CymMmu
3a PO3JIIBHOTO HABaHTAXXEHHS CEKLiil TeIuIoBO3a

Fig. 9. Time dependence of speed (@) and tangential power
of a diesel locomotive (b) during
the movement of a train with loaded cars from Kharkiv—Sorting to Sumy station with separate loading
of diesel locomotive sections
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Puc. 10. YacoBa 3aeXHICTh MBUAKOCTI (@) Ta JOTHYHOI MOTYKHOCTI TEIUIOBO3a () il Yac pyxy moizna
3 NOPOXKHIMHU BaroHamu Bix craHuii XapkiB—CopTyBanbHuil 1o cranuii Cymu 3a po3aiIbHOTO
HABAHTAXKCHHS CEKI[iH TeII0B0O3a

Fig. 10. Time dependence of speed (a) and tangential power of a diesel locomotive (b) during the movement of
a train with empty wagons from Kharkiv—Sorting to Sumy station with separate loading of diesel locomotive sections

Amnaniz ganux Tabn. 6 i 7 mokasye, mo Mopis-
HSIHO 13 CEPIMHUM TEIUIOBO30M IIiJl Yac PyXy 3 Po3-
IITBHAM HABAaHTAXKCHHSM CEKII CIOKMBAHHS I1a-
JIBHOTO 3HWXKY€eThes Ha 18,7...19,6 % 3 HaBaHTaxe-
HUMHU BaroHamu Ta Ha 8,1...10,3 % 3 mopoXHIMHU
BaroHaMu. Y BHWIIQJKy TATH OJHIEIO CEKIER i
gac pyxy 3 MOPOXKHIMH BarOHaMH 3MEHIICHHS CIIO-
JKUBaHHS maibHOro ckianae 29,5...31,0 % mopis-
HSTHI 3 PyXOM 13 CepiiHUM TeIrI0B0o30M. TpuBalicTh
PYXy IPaKTHYHO HE 3MIHIOETHCS.

TakuM YUHOM, 3aCTOCYBaHHS PO3IIJIHHOIO Ha-

BAHTAXKEHHS CEKIIi 3a0€e3I1eUniIo 3MEHIIIEHHS CIIO-
YKUBaHHS MMaJTbHOTO TEIUIOBO30M. BennynHa ekoHo-
Mii 3aJIKUTH BiJ] CIOCOOY HABAHTAXKEHHS, IS BH-
3HAYEHHS SIKOTO HEOOXIHO BPaxoBYBaTH Iapame-
TPH T0i3/1a Ta AOMYCTHMI pEKUMH pyXy. st 1iboro
HeoOXiJHa Po3po0Ka €HEeprooNTUMATBHHUX PEXKH-
MiB pyxy. JlonaTkoBe 3HMKEHHS CIIOKUBAHHS MaJIb-
HOTO BOAYa€eThCs B pa3i 3aCTOCYBaHHS aKyMYJIO-
BaHHs B OOPTOBHX HAKOMUYyBauax €HEprii B peKu-
Max eJIeKTPOJANHAMIYHOTO TaTlbMyBaHHS Ta i1 BUKO-

pUCTaHHS B pEKUMAX TSTH.
Tabmuus 5

PesyabTaTH po3paxyHky napaMerpiB pyxy Ha ainaHui XapkiB—CopryBaabuuii — Cymn
JJIS1 TI0i3/1a 3 MOPOKHIMM BATOHAMM y BUIIAJKY TSAT'M OJHI€I0 CEKLi€I0 TeNJI0B03a

Table 5

Results of calculation of traffic parameters on the Kharkiv—Sorting section — Sumy for a train
with empty cars in case of traction by one section of a diesel locomotive

Cymu — XapkiB—CopTyBaiabHUA

Hampamox pyxy Xapkis—CopryBanbauii — Cymu
TpuBamicts pyxy, C 12 315
Burpara nansHOro, KT 577

12 381
550
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Puc. 11. YacoBa 3a/eXHICTh MIBUAKOCTI (@) Ta JOTHYHOI OTYKHOCTI TEILIOBO3a ()
ITi/1 9ac pyxy noizja 3 NOpoKHIMK BaroHamu Bin craunii XapkiB—CopTyBainbHui 10 craHuii CyMH y BUNIAIKy TSITH
OJTHIEIO CEKIIIEI0 TEIUIOBO3a

Fig. 11. Time dependence of speed (@) and tangential power of a diesel locomotive (b) during the movement
of a train with empty wagons from Kharkiv-Sorting to Sumy station with one section of the locomotive pulling

Tabomnuus 6
Po3ainbHe HAaBaAHTaKEHHH CEeKIii
Table 6
Separate load of sections
Hanpsmoxk pyxy XapxkiB—CoptyBansaniit — Cymu Cymu — XapxkiB—CopTyBaabHIH
Tun noiza HaBanTtaxeHui noizg [opoxHiit moi3x HaanTaxxenwnii noizy | I[lopoxHil moiz
3Mngnyy“’B;)”°CTi 0,5 1,7 0,01 1,28
Tpi“;;‘*faizigr‘z“% 19,6 10,3 18,7 8,1
Tabnuus 7
Pyx onHi€lo cexni€ero 3 moposkHiM nmoisaom
Table 7
Movement in one section with an empty train
Hanpsmoxk pyxy XapxkiB—CoptyBansanit — Cymun Cymu — XapxkiB—CopTyBaabHUH
3MiH; };I)‘E)}I;I’B(fl/‘)HOCTi 13 0.01
S 31.0 295
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HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYUMICTh

ABTOpaMu BHPIIIEHO CEPif0 TATOBUX 3amad IS
TUTSTHKY KOITii MK cTaHIisMu XapkiB—CopTyBab-
Huit Ta Cymu i yac pyxy HOi3iB i3 BAaHTQXKHUM
terioBo3oMm 2TE116, Ha siIkoMy 3aCTOCOBaHO poO3-
JibHE HABaHTa)XEHHS JTU3eJIb-TeHepaTOpPiB CEKIii
TEIUIOBO3a. 3alpoNoHOBaHO croci® dopmyBaHHS
TSATOBHUX XapaKTEPHUCTHK TEIUIOBO3a I 4ac po3-
JUIBHOTO  HAaBaHTKEHHS  JHU3ENb-TeHEPaTOPiB.
[IpakTHyHa 3HAYUMICTH TIOJSATAE B PO3POOIICHUX
MaTeMaTHYHHUX MOJIENISIX PyXY MOi31y, 30KpeMa JUIst
BUMAJIKY PO3JITBHOTO HABAaHTaKEHHS AU3EIb-TeHe-
paTopiB cekmiil TeruioBo3a. OTpuMaHi pe3yiabTaTu
MOXYTh OYTH BIPOBa/DKEHI MiJ 4ac MojepHi3alii
TEIUIOBO3iB UM CTBOPEHHI MU3EIHHOTO PyXOMOTO
CKJIaJy i3 3aCTOCYBaHHSIM 0araTogu3eNIbHOI CHIIO-
BOI EHEPreTUYHOI YCTaHOBKHU.

BucHoBku

Bu3HaueHO BIUTUB PO3IiIBHOTO HaBaHTAKCHHS
CEeKIi JBOCEKIIHHOTO MAariCTpajibHOTO BaHTaX-
Horo teroBo3a 2TE116 na Butpaty nansHoro. [o-
CIIIJUKEHHS TIPOBEJeHO Ha MurstHI XapkiB—CopTy-
BanbHUM — CyMHu JIJIsl BUIIQAKY pyXy TOi3/iB i3 Ha-
BAaHTKCHUMH 1 TOPOKHIMHU BarOHAMH.

3acTocyBaHHS PO3IUTHPHOTO HABAHTAXKEHHS CEK-
Li{ MiJ 9ac pyxy Moi3/la 3 HABaHTAXXCHUMH Baro-
HaMU 3YMOBHIJIO 3HIKCHHSI CITOKHMBaHHS MAJIbHOTO
Ha 18,7...19,6 % MOPIBHSIHO 31 CIIOKMBAHHSM ITaJTh-
HOTO CEpilTHIM TETIOBO30M, Y SIKOTO OOH/IBI CeKITil
HaBaHTaXXEHI 11€HTHYHO.

[lixg gac pyxy moizga 3 MOpOXKHIMH BaroHaMHu
3MEHIIICHHSI CTMIOKMBaHHS MALHOTO 3aJICKUTh BiJ
TOr'0, OJHIEI0 YH IBOMA CEKIUSIMH 3IiHCHIOETHCS
TAra. Y nepuioMy BUNAJKY 3HUKEHHS CIIOKMBAHHS
nanpHoro ckiamae 29,5...31,0 %, y mpyromy —
8,1...10,3 %.

s mocsArHeHHsT HAaHOUTBINOT e()eKTUBHOCTI Bij
3aCTOCYBaHHS PO3AUTFHOTO HAaBAaHTAXKEHHS CEKIiN
He0OX1THO BpaxOBYBaTH IMapaMeTpH T0i3/1a Ta PO3-
POOJISATH EHEProOoIaHI PEKUMHU HOTO PYXY.
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Increasing the Fuel Efficiency of a Mainline Diesel Locomotive with Separate
Section Loading

Purpose. The paper aims to investigate the increase of fuel efficiency of a mainline freight locomotive in the case
of separate loading of diesel generators of its individual sections. Methodology. The study was carried out for the
non-electrified section between Kharkiv-Sorting and Sumy stations during the movement of a freight train with
45 loaded and empty freight cars in both directions. The movement of a train with a freight mainline two-section diesel
locomotive 2TE116 was taken. To determine the parameters of the movement, a mathematical model was developed,
which was used to solve a series of traction problems. The traction problems are calculated for the cases of train
movement with a series diesel locomotive and a diesel locomotive with separate loading of diesel generators of its
individual sections. A method of loading sections is proposed for modeling and the traction characteristics of the
locomotive are constructed in accordance with this method. Findings. It has been established that the use of separate
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loading of diesel generators of individual sections of a diesel locomotive when running a train with loaded cars reduces
fuel consumption by 18.7...19.6 % compared to running a serial diesel locomotive. For the case of a train with empty
cars, the reduction in fuel consumption is 8.1...10.3 % compared to a train with a serial diesel locomotive. It has been
found that the movement of a train with empty cars can be carried out with traction by one section of a diesel
locomotive. In this case, the reduction in fuel consumption is 29.5...31.0 %. In all the studied cases, the duration of
the movement is practically the same. Originality. The authors of this paper have solved traction problems for a real
track section when a train with a freight diesel locomotive is moving, where separate loading of diesel generators of
its sections is used. A method for forming the traction characteristics of a locomotive with separate loading of diesel
generators is proposed. Practical value. The developed mathematical models of train movement, including for the
case of separate loading of diesel generators of diesel locomotive sections, can be used in the modernization of diesel
locomotives or the creation of diesel rolling stock using a multi-diesel power plant.
Keywords: rolling stock; locomotive; fuel efficiency; energy saving
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JI. 1. KJIOYKO!

"®ak. «ByiBHUITBO, apXiTEKTypa Ta iHPPacTPYKTypay», YKpaiHCHKUI NepKaBHUN yHIBEPCHTET HAYKHU i TEXHONOTIH,
Byi. Jla3apsina, 2, /lninpo, Ykpaina, 49010, Ter. +38 (066) 558 44 16, en. nomra leoniddzmk@gmail.com,
ORCID 0009-0009-3478-6076

HecHi cTaJieBi KOHCTPYKIUII VISl BCTAHOBJICHHSA 3aJi3HUYHUX TEH30MeTPUYHUX
Bar

Meta. OCHOBHOI METOO MyOImiKailii € 3iCTaBICHHS 32 OCHOBHHMH TE€XHIKO-CKOHOMIYHHMH IMOKa3HUKAMH JBOX
3aIPONIOHOBAHNX KOHCTPYKTHBHUX BapiaHTIB ONMOPHOI CUCTEMH [UIS 3aJII3HUYHUX TEH30METPHYHMX Bar MiJ YOTHPH-
BiCcHI BaroHW mupokoi komii. [le 00ymMoBIeHO HEOOXiTHICTIO MPOBEICHH PEKOHCTPYKIIi i MOAEpHi3amii OCHOBHAX
(OHIIB MPOMHUCIIOBOTO MiAIPHEMCTBA, 30KpeMa KamiTadbHOI IMepe0yqOBH Ta 3aMiHHM CTApHX 3aJli3HWYHHAX Bar Ha
CyJacHi eJIeKTPOHHI TEH30METPHYHI Bard. Takox MeTa poOOTH OB’ s13aHa 3 HEOOXIHICTIO pO3IIUPEHHS HOMEHKIIA-
TypH 3ali3HUYHHUX BaroHiB, JJI SIKMX IepeadadeHa MOXKIMBICTD 3BaKyBaHHS, BKIIOUAIOUH i TPAHCIIOPTHI OJMHUII
3aKOpJOHHOI'0 BaroHHOro napky. Meroamka. it TOCSATHEHHsS 3a3Ha4€HOI METH MPOAaHAII30BaHO CYYacHi BUIU
3aJI3HUYHUX BAaroHIB Uil BAHTAXXHUX IIEpEBE3eHb, BU3HAYCHO OCHOBHI CKJIAJIOBI TEH30METPUYHUX Bar IUIs 3BaXKy-
BaHHS OCHOBHHX BHJIB BaroHiB Ta po3pOO0JICHO CIEIlialbHy OMOPHY CHCTEMY JUIs MiATPUMaHHS miat(opMu Bar.
OmnopHa cuctema rnependadeHa y JTBOX KOHCTPYKTHBHUX BapiaHTaxX — 3 OJHIEI0 IPOCTOPOBOIO HECHOKO PaMoIo Ta
3 JIBOX OKPEMHX IUIOCKMX HECHHX paM. 3a JONOMOI'OI0 BITYM3HSHOTO MPOEKTHO-OOUHCIIOBAILHOTO KOMILIEKCY
SCAD no0ysoBaHO CKiHUEHHOEIEMEHTHI MOJEIi JUIsi 000X 3alPOINIOHOBAHUX KOHCTPYKTHUBHUX BapiaHTiB. Ha ocHo-
Bi aHaNi3y IX HampyXeHO-Ie(GOpPMOBAHOTO CTaHy MiAiOpaHO paliOHANBHI Mepepi3n I KOKHOTO KOHCTPYKTHBHOTO
€JIEMEHTAa, a TAKOXX BU3HAUCHO 3arajibHy Macy. PesyabTarn. [IpoBenennii mopiBHsUIBHNIN aHali3 ABOX PO3POOIICHUX
KOHCTPYKTUBHHX DIillIeHb JJIS1 OTIOPHOI CUCTEMH TIiJI CydJacHi 3alli3HUYHI TEH30METPHYHI Baru JJ03BOJIMB YCTAHOBH-
TH, IIO0 BapiaHT i3 JBOX OKPEMUX HECHHX pPaM Ma€ MeHIly Macy npubmmsHo Ha 40 % BiZHOCHO BapiaHTa 3 OJHIEIO
IIPOCTOPOBOIO HECHOIO paMoro. IIpoTe TeXHOJIOTIYHICTh HOTO BUTOTOBJIEHHS € JIEII0 HIXKYO00, OCKIIBKH IIPU [[bOMY
3amissHO 10 KOHCTPYKTHBHHX eleMeHTiB mpoTu 7 BapiaHTa Ne 1. HaykoBa HoBu3HA. [IpoBeneHn YUCENbHIA aHa-
JIi3 JO3BOJIMB TEOPETUYHO OOTPYHTYBATH OLblI palioHajbHE Ta e(EeKTUBHE KOHCTPYKTHBHE PILLIEHHS ISl OMIOPHOT
CUCTEMH TIiJI CydacHi 3aJli3HUYHI TeH3oMeTpuuHi Bard. [IpakTuyna 3HauyuMicTh. Po3pobrieHo Ta 3anmponoHoBaHO
JUIsl TIPAKTHYHOT peanizaiii KOHCTPYKTUBHMH BapiaHT CTaJIeBOi OIOPHOI CHUCTEMHM, SKHH 3a CBOIMH TEXHIKO-
€KOHOMIYHMMH MOKa3HUKaMHU € Haie()eKTHBHIIUM JUIsS HAasBHUX YMOB JIIF04Or0 MPOMHCIIOBOTO Hianpuemcrsa. Ta-
KOX pO3pO0JIeHNIT KOHCTPYKTUBHHUI BapiaHT y3TrOJDKEHO 3 IMPOEKTOM KaliTalbHOI PEKOHCTPYKIIT OyAiBIi JUIsl 3Ba-
JKYBaHHS 3aJ1I3HUYHUX BaroHis.

Kniouosi cnoea: BaHTa)XHUI BaroH; cTajneBa OMOPHA CHCTEMa; 3ali3HUYHI TEH30METPUYHI Bark; METOJ CKiHYeH-
HUX CIIEMEHTIB; MIPOEKTHO-00UUCTIOBaTbHIH KoMIuteke SCAD

Beryn Jla€ JIBAaHAJIIATE MICIIe Ccepell 3alli3HUIb IUBLITI30-
BaHMX KpaiH cBiTy (Tadm. 1).

OCKiJTbKM 3aJTI3HUYHI TIEPEeBE3E€HHS € HaA3BH-
YailHO pPI3HOMAHITHUMH, TO ¥ BAaroHHUH MapkK
€ TaKoX JOBOJI PI3HOTHUITHUM SIK 3a MpHU3HAYEH-
HsIM, Tak i 3a BaHTaxomiaidomHuicTio (puc. 1). s
MepeBe3eHHs] Pi3HUX THUIIB BaHTAXiB BHKOPUCTO-
BYIOTh HU3KY THIIOPO3MIpiB BaroHiB — miaTgopmu,
KpUTI BaroHW, MiBBaroHW, IUCTEPHH, XOMEpH, pe-

CydacHuil 3aMi3HUYHUN TPAHCIIOPT CTAHOBUTH
JIOBOJII MOTYXXHY CHCTEMY, sika 3a 00csSraMu Iepe-
BE3€Hb 1 pIBHEM 3aCTOCYBAaHHSI TEXHIYHHX 3ac00iB
€ OJIHIEI0 3 NPOBIIHUX Tany3eil OaraThbox KpaiH
cBiTy. 30KpeMa, yKpaiHChbKa 3ai3HUIIS 32 CBOIMHU
pO3MipaMH Ta HPOIMYCKHOI CIIPOMOXKHICTIO TOCi-
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BaroHW JUIsl TBAPWH 1 TIEpEBE3CHHSI HEBOJIOTOCTIH- JIoB:AHMHA 30TI3HHHOT Mepeski KpaiH cBiTY
KHX BaHTaxiB Tomo (puc. 1). BimnosigHo, Takuit

IIMPOKKMI CIIEKTP BArOHHOTO IapKy BMMArae Io- Table 1
TY’KHUX MOXJIHBOCTEH MIOJO TOYHOTO KOHTPOIIIO Length of the railway network in the world
Barv BaHTaXIB, sIKi IEPEBO3SITh.

Jnst 3BaKyBaHHA BaroHiB BHKOPHCTOBYIOTbH 3}/{3 Kpaina JloBHHA 31li3HUIb, KM
CreriaipHI MPUCTPOi — 3aMi3HIYHI Baru. Boru Oy- -
BAIOTh PI3HOMAHITHI, X KIaCH(piKylOTh 32 TAKAUMH Becr cair 1122 650
O3HAaKaMH: 3a MPHUHLUIOM [ii, 32 MPU3HAYCHHSM, 1 CIOA 194 731
3a TUIIOM 3Ba)KyBaHHS, 32 TUIIOM KOHCTPYKTHBHO- 2 Kurait 71 600
ro pimeHHs, 32 TUIIOM EIIeKTPOHHOTO o0yamHaHHSA 3 Tiuis 63 518
(I1s1 eMeKTPOHHUX BariB), 3a THIIOM 3Ba)KyBaHOTO
BAaroHa, 3a THIOM KoJii Tomo. OcHOBHY Kiaacu(i- 4 Kanaza 49422
KalliifHy cXeMy HaBeJCHO Ha pucC. 2. 5 Himeuunna 45514
Haii6i1bI1 MOMMpeHUM TUIIOM € CTaTHU4HI ele- 6 ABcrpaiis 41 588
KTpO}.IHi TeH3OMeTpI/I‘-IHiVBaFI/I, AKI PO3TAIIOBYIOTH 7 Aprenima 34 463
Ha MIANPUEMCTBAX NPHUMMAaHHS Ta BiANpPaBICHHS
BaHTaXiB (Ha puC. 2 TX BHIUIEHO YKOBTHM KOJbO- 8 Dparuis 32682
poM). KOHCTpYKTMBHO Taki Barm BJIAIITOBYIOTh 9 Bpazuis 31543
y cnenianbHUX (QYHIAMEHTHUX NPHMIIIEHHAX, BO- 10 Tombia 23 420
HU HE l'I.OTpe6YIOTI> ZI0/IaTKOBHX 060nyropyBanL— 1 Sronis 23 168
HUX OyniBenb. 3a3BU4ail IX HAKPUBAIOTH BiJTHOCHO
JIETKOI0 KOHCTPYKI€I0 TMiAJaIika, sKa BHKOHYE 12 Vkpaina 22473
(YHKIIIIO 3axXUCTy BiJ HeOE3NMeYHWX MPHUPOTHO- 13 TTAP 22298
KIIMaTHYHUX YMOB 1 CTBOPIOE MPUUHSATHI YMOBH 14 MeKcHka 19510
17151 poboTH o6cny.r013t101.“0 HepCOHAaIy. 15 Irazis 19 493
3arajpHe TeXHIYHE PIlIeHHS TaKHX Bar JUId 4o-
TUPUBICHUX BaroHiB LIMPOKOI KOJIii, XapakTepHOl 16 AHIITIsS 16 893
JUIS  BITYM3HSHOI 3ajIi3HUIN, TNPEACTABICHO Ha 17 Icnanis 14 189
puc. 3. 18 | Kasaxcran 13 601

a—a

2886 0800

Bor
—

Puc. 1. OcHOBHI THII BaHT@XXHUX BAaroHIB YKPaiHCHKOI 3aJIi3HMILI:
a — iatopma; 6 — KpUTHH BaroH; ¢ — MiBBAaroH; ¢ — IUCTEPHA; 0 — XOIep; e — pedprkepaTop
Fig. 1. The main types of freight cars of the Ukrainian railway:
a — platform; b — covered wagon; ¢ — semi-wagon; d — tank; e — hopper; f — refrigerator
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Baronui Baru

3a npuHIHIOM Iii 3a npH3HaTeHHAM 3a THIIOM 3BaXyBaHHSI 3a THIIOM KOHCTPYKI [

MexamiuHi Jns mianpreMcTB CTaTmaHi DyHIaAMEHTHI
TIPH IPHIIMaHHI Ta
EnexrpoHHi

BiOIpaBIeHH]
BaHTAXIB CrarmgaHo- Baru Ha 36ipHOMY
MIHAMIYHL 3ami300eToH]

Jlnst 3amizEHgHOT — -
o p—
|

3a THnoM 3a THIIOM 3BaXKy- 3a Gazorwo 3a THIIOM Kojel
eJIeKTPOHIKH BaJILHOTO BaTrOHY (OBKIHOIO BaroHIB

s Uinpose
— | TEH30MCTPH4YHA
CIICTEMa

——| IlectusicHi

ITudpora
| TeH30MeTpIiHA

CIICTEMa

BocsMuBICHI

Puc. 2. Knacudikamis 3ami3HIYHIX BarOHHAX Bar

Fig. 2. Classification of railway wagon scales

4 [lixisoga
wiatGopMa

2 BamTaxoniiionsa
mat@opMa

3 [Tpomixaa
miaTdopMa

4 BoKOE! EOPOHKH

s Korseepni cTpiusu

6 Bucora saris

7 TemsoMeTpuuni
DATYHKH

8 IloeHa
KOMIUTEKTHICTD

Puc. 3. 3aranpHe TexHiuHE PilIeHHS 3ali3HUYHUX BarOHHHUX Bar

Fig. 3. General technical solution for railroad wagon scales
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Bigmosigao mo [12], mist cydacHHX TEMITiB PO-
3BUTKY TIPOMUCIIOBOCTI XapaKTEepHA JOBOJI IIBU-
Ka 3MiHa BHUIB MPOIYKIi, BUIYCK SIKOI 3aJICKUTh
BiJl BUpOOHWYHX MOTYXHOCTEM. Lle BuMarae 3miHn
oOyamHaHHS, SIKa B MAIIMHOOYIIBHIN rairy3i Bin-
OyBaeTbCsl 3 TMEPIOAMYHICTIO pa3 Ha 15 pokiB,
y OyniBenbHIN — pa3 Ha 8 POKIB, a B €JICKTPOHHIH —
pa3 Ha 5 pokis. [Ipu mpomy ¢i3rmdHa TOBTOBIYHICT
MpoMHCIOBUX OyZiBenb mepeOyBae B mexax 100
pokiB [3]. Takum 4MHOM, 32 KUTTEBHU UK OYi-
BIIi TO/[i0HA 3MiHA TEXHOJIOTIH BiAOyBa€eThCS B ce-
pexapomy 1o 10 pasiB. Tomy moctae HEOOXiqHICTD
npoBeneHHsT e(QEeKTUBHOI PEKOHCTPYKIIi TaKUX
OyaiBenb 1 MPOMHCIOBUX MiJIPUEMCTB y IIOMY,
MIPUCTOCYBaHHS iX 70 HOBITHIX BHKIIMKIB PHHKY Ta
HOBHX BUPOOHUYHX MOTY>KHOCTEH.

CaMe Taka cuTyallis BCE 4acTillle BUHUKA€E Ha
MIANPAEMCTBAX — 3aMi3HUYHOI Tamy3i  YKpaiHu
1 CIIOHyKa€ BIIACHUKIB IMX MiANPHEMCTB TIEPEXO0-
OUTH Ha HOBi, OUIBII CydYacHI MPOEKTHO-
KOHCTPYKTOPCHKI PIIIEHHS MO0 KaIliTalbHUX (Ho-
HAiB. [t miAmpueMcTB, TOB’A3aHUX 13 3aJli3HWY-
HUMH TIEPEBE3CHHIMH, NIPU [[bLOMY HEPiJKO BHHH-
Ka€ HeOOX1IHICTh NIEPEOCHAIIICHHS 200 JI01aTKOBO-
rO BCTAHOBJICHHS Bar JUIS 3BaKyBaHHS BaHTAKHUX
BaroHiB. CamMe Taka cuTyallist — norpeda MoJepHi-
3alii 3acTapiiioi KOHCTPYKIIi MiJ 3ali3HHYHI Baru
— IrocTaja Ha OJHOMY 3 MianpueMctB JlHimpomner-
POBCBKOT 00JIaCTi.

Meta

OCHOBHOIO METOIO IIOTO AOCIHIIKEHHS € PO3-
poOka eeKTHBHOI ONOPHOI KOHCTPYKITii JIst BCTa-
HOBJICHHSI CYYaCHHUX 3aJII3HHYHUX TEH30METpHY-
HUX Bar.

MeToanka

Jiist po3TalryBaHHsI Cyd9acHHUX 3ai3HUYHUX Te-
H30METPUYHUX Bar HEOOXiJIHO OyJI0 BHKOHATH pe-
KOHCTPYKLiI0 HasBHOI BUPOOHHYOI OJHOIOBEPXO-
Boi OyniBii (puc. 4). Byaisns cinyrysana st pos-
MIIIEHHS 3acTapiiuX MEXaHIYHUX 3aTi3HHYHHX
Bar, 10 TOTO K IIE€ # JOBOJI 3HONIEHMX I 4ac
TPHUBAJIOl eKCIUTyaTaii.

3 apxiTeKTypHOI TOYKH 30py OymiBIs Mala
NpSMOKYTHY B IDlaHi (opMy 3 po3mipaMu
18,0 x 16,8 M Ta BuCcOTOIO 7,4 M IO BEpPXy MOKpIiB-
ni. @yHOaMeHTH CTPIUKOBi Mij 30BHIIIHI CTiHH 13
rIMOMHOO 3aKiIafgaHHs 4,3 M.

I3 KOHCTPYKTHUBHOI TOYKH 30py OyIiBIISI BHKO-
HaHa 3a KapKacHOIO CHCTEMOIO 3i 30ipHHMX KOHC-
Tpykuiii. Ha 3amizo0eToHHI KOHCONBHI KOJIOHU YK-
JTafcHI TOPW3OHTAIBHI PHUTENBbHI Oanmkh, sKi
€ HeCHUMHU €JIeMEHTaMU KOHCTPYKLIi HOKPHUTTS.

[linBanpHa wacTuHA OYIiBII Mae CreliaibHe
3arimOeH s 3 po3Mipamu B miaHi 7,3 x 16,8 M 3a
MaKCHMaJbHOI TIHONHA 6,56 M. BHyTpimHI# npo-
CTip 3arnuOieHHs MOAIJICHWH Ha OKpeMi OJIOKH
CHeUialbHUMH 32113006 TOHHUMH BEPTUKATbHUMH
ctinkamu. [lo 30BHIIHBOMY TIEpUMETpY MiABaIbHA
YacTHHA BIATOPO/KEHA BiJl HABKOIWIIHHOTO IPYH-
Ty 3a1i300€TOHHUMH CTiHOBHMH KOHCTPYKLiSIMH
ToBIIUHOIO 400 MM. I3 Takoi >k KOHCTPYKIIi BJIAIII-
TOBaHA i HIDKHS YaCTHHA ITiBATBHOTO MPHUMIIICH-
HS, SIKa YTBOPIOE 3aMKHEHY MPOCTOPOBY KopoOua-
CTY CHUCTEMY.

[lix wac monepHizamii nepexdadeHo, MO s KO-
poOuacTta mizBanbHa YacTWHA OYIiBII B KOHCTPYK-
TUBHOMY IUTaHi Oyzae 3aiuieHa 0e3 3MiH, MpOTe
OyIyTh BUKOHaHI JIesiKi pEMOHTHI po0OTH 3 1i OHO-
BrneHHs. [llogo BepxHBOI 3a1i300€TOHHOI Kapkac-
HOI KOHCTPYKIii OyAiBIi Oyl0o MPUAHSITO pillleHHS
il HOBHOTO JEMOHTaXXY 1 3aMiHU Ha JIETKY HaBICHY
KOHCTPYKIIifO 31 crajeBoro kapkacy. CaMm Kapkac
CIIPOEKTOBAHO OKPEMO BIiJIIOBIHO J0 YWHHHUX
cTaHuapris [4, 5].

3amada 3aMiHM CTapMX Bar Ha CydacHi TEH30-
MEeTpHUYHi TMOTpedyBaia pPO3POOKH CHemiaabHOl
OMopHOi KOHCTPYKIIii. Bona Oyna HeoOXimHa st
MiATpUMaHHS TaTQOpPMH 3aTi3HUYHHUX Bar. bymo
PO3MIISIHYTO 2 BapiaHTH KOHCTPYKLII OMOPHOI cHc-
TEMH:

— BapiadT Ne 1 — 3 OJIHIEIO TIPOCTOPOBOIO HEC-
HOIO PaMoIo;

— BapiadT Ne 2 — 3 JBOX OKpPEMHUX HE3B’s3aHUX
HECHUX PaM.

OOuaBa KOHCTPYKTHBHI BapiaHTH BHKOHAHO 3i
CTalleBUX MPOKATHUX TPOQLTB BiINOBIIHO HO
YMHHUX B YKpaiHi cTaHIapTiB Ha METalloNpo-
Kar [6—11].

Hns ananizy poO6OTH KOHCTPYKTUBHHMX BapiaH-
TIB y34TO METOJ CKIHYEHHUX ejieMeHTiB [13, 15,
16, 19, 20]. [Ipu mbOMy 3aCTOCOBAHO BITUM3HIHUI
MPOEKTHO-00UMCIIOBaTIbHUN ~ KoMmIiekc  SCAD
[17]. Ilix 9yac CKiHUEHHOEIEMEHTHOTO MOJEIIO-
BaHHSI BUKOPHCTAHO aBTOPCHKI pO3poOKH i1 Hampa-
LIOBaHHS, TIPEJICTaBIeH] B poboTtax [1, 2, 14, 18].
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Fig. 4. Structural solution of the building for reconstruction for railway scales
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Fig. 5. Constructive solution of the support system for railway scales:
a — variant No. 1; b — variant No. 2
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Pe3yabTarn

[lobymoBani  CKiHYEHHOENEMEHTHI MOl
B MPOEKTHO-00UHCTIOBaNIbHOMY Kommiekci SCAD
IUIT 000X PO3TIIATYBAaHUX KOHCTPYKTHBHHX Bapia-
HTIB OTIOPHOi CHUCTEMH IIij] 3aJli3HUYHI Barvm HaBe-
JIeHO Ha puc. 6. Mojeni SBIISIOTh COOO0 TUIACTHH-
4aCcTO-CTPYIKHEBI CHCTEMU, Y SIKUX IS ITiIBUIICH-
HS JOCTOBIPHOCTI OTPUMaHHUX PE3YNbTaTiB BUKO-
pHUcCTaHO creriaibHi CKIHYEHHI eJIEMEHTU
3 OAHOCTOpPOHHIMH 3B’si3kamu. lLle mo03BONMIIO
OLTBII KOPEKTHO BiOOpa3suTH Tepenady 30BHIII-
HIX HaBaHTWKEHb BiJl BJIACHOI Barm IuIaTGopmu

a—a

3aJi3HMYHMUX Bar 1 BJIACHOI BarW BaroHa JUIs 3Ba-
KYBaHHSL.

Ha puc. 6 Takox mpeacTtaBieHo OTpUMaHi 30-
OpaxeHHs nedopmariiii Big 3amaHOTO HaBaHTa-
JKeHHs, a B Tabn. 1 1 2 HaBeneHO pe3yibTaTh Mif-
0opy moIepevyHux mepepiziB IIsi 000X KOHCTPYK-
TUBHHX BapiaHTiB pa3oM i3 po3paxoBaHHMHU TOKa-
3aMKaMu MacH. OCKiTbKHA poOOTH OYJI0 BHKOHAHO
y 20202021 pp., TO po3paxoBaHi TOAI LIHOBI MO-
Ka3HHUKH CHOTO/IHI HE € aKTyaJbHIUMH, & TOMY B LIl
myOJTiKarii 3 eTHYHUX 1 eKOHOMIYHUX MIPKYBaHb iX
HE HaBEJCHO.

S5 S
e
7S =5

Puc. 6. Monens 1 nedhopMoBaHa cxema OMOPHOT CHCTEMH TTij 3aUTi3HUYHI Baru:
a —BapiaaT Ne 1; 6 — BapianT Ne 2

Fig. 6. Model and deformed diagram of the support system for railway scales:
a — variant No. 1; b — variant No. 2
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Tabmnums 1

Miniopani monepeyHi mepepizu A1 KOHCTPYKTHBHOT0 Bapianta Ne 1

Table 1

Selected cross-sections for design option No. 1

Enement LA Tlepepi3 Bara kr/m.m.(m?) Sty vacd

IIT. KOHCTPYKIIlL, T
Crosik 4 o180 x 12 61,36
S 2 - 604 270
R — 2 - 1409 1941

Konctpykuis mig HacTHI 2 L 60 x4 2,70 2,1
Hactun 2 t6 47,10
(nonepigilrggl;impﬂM) 2 L5 4,84
(n03z[011;>0i?}1;ill‘§1;11np;{M) 2 [14 12,30
Tabnums 2
IiniopaHi monepey4Hi nmepepizu A1 KOHCTPYKTHBHOIO BapianTa Ne 2
Table 2
Selected cross-sections for design option No. 2

Enemenr LSSz, Tlepepiz Bara kr/m.m.(m?) S vaca

IIT. KOHCTPYKIIlL, T
Crosik 4 0180 x 12 61,36
BepruxansHa B 5136 2 L 60 x4 3,68
KoHcTpykKuist miji HacTUI 2 L 60 x4 3,68
Hactun 2 to6 47,10
Posmnipka (piBessb 1) 2 [5 4,84

KonconbHa yactuna (piBeHsb 1) 4 [5 4,84 b3

Posnipka (piBeHb 2) 2 L 40x%x3 1,85
Posmnipka (piBeHb 3) 2 L 25x%x3 1,12
Posmipka (piBeHs 4) 2 L 25x%x3 1,12
KonconpHa yactrHa (piBeHsb 4) 4 L 25x%x3 1,12

Y uinoMy HampyxeHo-neh)OpMOBaHHA CTaH
111 000X PO3TISIHYTUX KOHCTPYKTUBHHX BapiaHTIB
OIOPHOT CHCTEMU JIOBOJI Onu3bkuid. BimmiHHOCTI
MOJISITAI0Th Y CHOCO01 B3a€EMOil BEPTHKAIBHHX
HECHHX EJIEMEHTIB 13 TOPH30HTAIbHUMH HECHUMH
CJIEMEHTaMHU.

3HayeHHS OTPUMAaHUX MaKCUMAalbHUX BEpTH-
KaJbHUX JedopMariil 17 KOHCTPYKTUBHOIO Bapi-
anta Ne 1 craHoBuTh 2,51 MM, a 111 KOHCTPYKTH-
BHOTO BapianTa No 2 — 2,36 Mm.

Sk BuznHO 3 Tabn. 1, 3aranomM KOHCTPYKTUBHHM
BapianT Ne | MiCTUTh MEHIIY KiJIbKICTh €J1€MEHTIB
HiDK BapianT Ne 2, T0OTO TEXHOJOIIYHICTH HOTO
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BUTOTOBJICHHSI B TPAKTUYHUX YMOBaxX € BHUIIOIO.
[Ipote 3aranpaa Maca BapianTa Ne 1 € maibke BOBi-
4i BUIIOIO HiXK BapiaHTa Ne 2. Uepes 1e sk octaTo-
YHe pIIIeHHS CNiJl peKOMeHAyBaTH BapiaHT Ne 2
JUTSL HOTO TIPaKTHYHOI peanizatii.

HaykoBa HOBU3HA Ta NPAKTUYHA
3HAYNMICThH

TakuMm unHOM, y Wi MyOIiKamii MpoBeIeHo Te-
OpEeTHYHE 3ICTAaBICHHS ABOX PO3pPOOIEHUX KOHC-
TPYKTHUBHHUX BapiaHTiB AJSl OHNOPHOI CHUCTEMH [
Cy4JacHi 3ajJi3HWYHI TeH3oMeTpuuHi Baru. llpm
IbOMY 3 HAayKOBOi TOYKH 30py OOIPYHTOBAaHO
KOHCTPYKTHBHI Ta MacoBi TMOKa3HHUKH KOXHOTO
3 BapiaHTIB 3a JIOTIOMOTOI0 CY4aCcHOTO YHCEIHHOTO
METOJTy CKIHUEHHHX €JIEMEHTIB.

OctaToyHo oOpaHHl KOHCTPYKTHBHHUI BapiaHT
JIOONPAIlbOBAHO ITiJlT KOHKPETHI MICIIEBI YMOBH BHU-
pobHuvoro miampuemcrBa. lle mo3Bomse ioro
MPaKTUYHY pealizaiilo HaBiTh 32 YMOB MiI0YOTO
BUPOOHUIITBA.

BucnoBku

[IpoBeneHMT MOPIBHSUTBHUNA aHa3 JBOX PO3-
poOJIeHNX KOHCTPYKTHBHUX pillleHb AJsl OMOPHOT
CHUCTeMH IIiJ] CYYacHI 3aJi3HWUYHI TEH30METPHYHI
Barv JI03BOJINB YCTaHOBUTH, IO BapiaHT i3 JBOX
OKpEMHUX HE3B’S3aHMX HECHHX paM Ma€ MEHIIY
Macy mnpubau3zHo Ha 40 % BiIHOCHO BapiaHTa
3 OJIHIEI0 NPOCTOPOBOIO HECHOIO pamoro. [Ipote
TEXHOJIOTIUHICTh Or0 BUTOTOBJICHHS € IO HHU-
JKYO0I0, OCKLIBKU MPU LBOMY 3aisHO 10 KOHCTpYyK-
THUBHUX €JIEMEHTIB MPOTH 7 KOHCTPYKTUBHUX €lie-
MeHTiB BapianTa No 1.

OctaTroyHOo 00paHMii KOHCTPYKTHUBHUN BapiaHT
MOJKHa PEKOMEHIYBAaTH 10 MPaKTUYHOI peaiizarii
B YMOBax JiF0YOTO MPOMHUCIOBOTO TiAMPUEMCTBA.
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Bearing Steel Structures for Installation of Railway Strain Gauge Scales

Purpose. The main purpose of the publication is to compare the main technical and economic indicators of the
two proposed structural variants of the support system for railway strain gauge scales for four-axle wide gauge rail-
cars. This is due to the need to reconstruct and modernize the fixed assets of an industrial enterprise, in particular, to
overhaul and replace old railway scales with modern electronic strain gauge scales. Also, the purpose of the work is
related to the need to expand the range of railway cars for which the possibility of weighing is provided, including
transport units of the foreign car fleet. Methodology. To achieve this goal, we analyzed the modern types of railroad
cars for freight transportation, determined the main components of strain gauge scales for weighing the main types
of cars, and developed a special support system to support the scale platform. The support system is provided in two
design variants - with one spatial support frame and two separate flat support frames. Using the domestic design and
computing complex SCAD, we built finite element models for both proposed design options. Based on the analysis
of their stress-strain state, rational cross-sections were selected for each structural element, and the total mass was
determined. Findings. A comparative analysis of the two developed structural solutions for the support system for
modern railway strain gauges has revealed that the variant with two separate bearing frames has a lower weight by
about 40 % compared to the variant with one spatial bearing frame. However, the manufacturability of its produc-
tion is somewhat lower, since it involves 10 structural elements compared to 7 for variant No. 1. Originality. The
numerical analysis made it possible to theoretically substantiate a more rational and efficient design solution for the
support system for modern railway strain gauge scales. Practical value. A constructive variant of the steel support
system has been developed and proposed for practical implementation, which is the most effective in terms of its
technical and economic indicators for the existing conditions of an existing industrial enterprise. The developed de-
sign option was also coordinated with the project of major reconstruction of the building for weighing railroad cars.

Keywords: freight car; steel support system; railway strain gauge scales; finite element method; SCAD design
and computer complex
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ORCID 0009-0003-1909-4588

BusHaueHHs1 e(peKTUBHOCTI CTAJIeBUX KOHCTPYKIIH MOKPUTTS CKJIAACHKOL
OyniBJIi

Meta. OCHOBHOIO METOIO IIi€l CTATTi € 3ICTABJICHHS 32 OCHOBHUMH TE€XHIKO-€KOHOMIYHUMH MMOKa3HUKAMH JIBOX
3alpONOHOBAHMX KOHCTPYKTHBHHX BapiaHTIB CTaJ€BOTO MOKPHUTTS IS CKiIaachkoi OyaiBii kiaacy B+ y wicri
JlHinpo. AKTyaJbHICTh pOOOTH NOB’s3aHA 3 MOCTIHHUM 301JIBIICHHSAM OOCSTIB 1 TEMITIIB BAaHTAKHUX TPAHCIIOPTHUX
MepeBe3eHb K B YChOMY CBITI, Tak 1 B YKpaiHi, 0co0aMBO ocTaHHIM 4yacoM. Lle moTpeOye CTBOpEHHsS HOBHX Ta
PO3LIMPEHHs HASBHUX CKJIAJCHKUX IUIOLI Pi3HUX BUIB. Y CBOIO Yepry, e MPHU3BOJUTD IO HEOOXiJHOCTI CTBOPEHHS
TaKAX HECHUX KOHCTPYKILIN IS CKIAICHKUX IUIONI, sKi O OyJH 3[aTHI MepEeKpPUBATH 3HAYHI MPOTOHH i IPH HEOMY
3abe3nedyBaiy O MiHIMaJIbHI BUTPATH Ha iX OyMiBHUITBO Ta eKcIutyaramito. MeTomuka. [y TOCSITHEHHS 1€l MeTH
MPOAHATI30BaHO CYyYacHiI KiIacH]ikarmii cKIaJChKUX Oy[iBeNb 3a BITYM3HAHUMH CTaHIApTAMH Ta MDKHAPOIHUMHU
miIXoJaMH, BH3HAYEHO KJIac pO3MIsAyBaHOl OyniBii 3a LUMH JBOMa METOAMKAMH Ta pO3poOJICHO [Ba
KOHCTPYKTHBHI BapiaHTH CTaJIEBOTO MOKPUTTS — HA OCHOBI HECHOTO PHUTEIIS Y BUTIIAAI KPOKBSIHOT (pepMH 1 Ha OCHOBI
0ankoBo-paMHO{ CcXeMH. 3a JOIOMOTOI BITYM3HSHOTO THpoekTHOro komriuiekcy Jlipa—CAIIP moOynoBano
CKIHUCHHOGJIEMEHTHI MoJeni Juisi 000X 3alpolOHOBaHMX KOHCTPYKTHBHMX BapiaHTiB. Ha ocHOBI aHamizy ix
Harnpy>XeHO-e()OPMOBAaHOI0 CTaHy Mifi0paHo palioHaJbHI Mepepi3u Uil KOXKHOTO KOHCTPYKTHBHOTO BapiaHTa,
a TakoXX pO3paxoBaHO 3arajlbHy Macy Ta BapTicTe. PesyabraTn. [IpoBeneHuii NOpPIBHSUIBHMH aHaNi3 JBOX
PO3pOOJIEHNX KOHCTPYKTUBHHX DIillleHb JAJIsI CTAJIEBOTO MOKPHUTTS CKIAJAChKOI Oy[iBIi JO3BOJHMB 3’5ICYBaTH, IO
BapiaHT 13 3aCTOCYBaHHSIM OaJKOBO-paMHOI cucTeMHu Mae mpubiau3Ho Ha 10 % MeHmy macy Ta BapTicTb. Takox
TEXHOJIOTIYHICTh HOTO BUTOTOBJICHHS € OUIBII BHUCOKOI HDX BapiaHTa i3 3aCTOCYBaHHSAM KPOKBSHOI (epMu.
HaykoBa HOBH3HA. Y pe3yNbTarti MPOBEACHHS YHCEILHOTO aHAI3Y TEOPETUYHO OOTPYHTOBAHO OLTBIN parlioHAIBEHE
Ta e(eKTHBHE KOHCTPYKTHBHE pIIIGHHS JUIS CTaleBOTO MOKPHUTTA CKJIAACBhKOi OyxmiBmi B Micti JHINpo.
IMpakTHyHa 3HAYUMicTh. P03p0o06ieHO Ta 3ampoONOHOBAHO JUIS MPAaKTHYHOI peai3auii KOHCTPYKTHBHHII BapiaHT
CTaJICBOTO TOKPHTTS, SIKMHA 32 CBOIMH TEXHIKO-CKOHOMIYHHMH MNOKa3HUKaMH € Haile()eKTUBHIIIMM ISl YMOB
CY4acHOTO ITPOMHMCIIOBOTO MiANMpPUEMCTBA. TakoX po3pOoOIeHHII KOHCTPYKTHBHHMH BapiaHT CKJIaACHKOI OymiBii
Kiacu(iKOBaHO BIAMOBIIHO 10 BITYM3HIHUX 1 MDKHAPOIHUX Cy4aCHUX IMIAXOIIB.

Knrouosi crosa: cxnajiceka OyniBis; cTajaeBe MOKPUTTS; KPOKBsIHA (epMa; OaIKOBO-paMHa CHCTEMa; METOJ CKi-
HYEHHHUX eJIeMEeHTiB; npoekTHui komruiekc Jlipa—CAIIP

Beryn 3eHb Ha piK y 4-5 pa3iB BHIIMI HiX JUI1 6arathox
PO3BHHEHHX KpaiH €BPONEHCHKOro Periony.

Jo Toro >x BaXJIMBUM YMHHHUKOM € TOH (axT,
110 1O TepuTopii YKpaiHu NpoJsTaTh HAHOUIBII
MOTY>KHI TpaHC’ €BponencrKi nurixu: 3axin (€Bpo-
ma) — Cxin (Aszis), IliBuiu (bantuka) — IliBgeHs
(Yopue mope). Takox 3ami3HUI YKpaiHH TiCHO
OB’ s13aHi1 13 3aJI3HUISIMU MPUKOPJOHHUX KpaiH —
[Monbmmi, Pymynii, Monnosu, CnoBauunnau, Yrop-
mmHu. Lle mo3Bonsie (akTuuHO 3abe3meuyBaTH
TPaHCIOPTHO-CKJIAJICLKUMH  OTepaIlisiMH OCHOBHI
nopti YopHOMOPCHKO-A30BCHKOTO Oaceiiny.

Takoxx cinijg BIA3HAYMTH, IO IO 3ajIi3HHYHIN
Mepexi YKpalHH MpOXOJIsATh TPH OCHOBHI TpaHC-
nopTHi Kopunopu Ne 3. 5, 9, a yepe3 mopt y MicTi
I3main BinOyBaeThCsl TOBapoOOIr i3 TPaHCIOPTHUM

CporozHi 3ai3HUYHI MEPEeBE3eHH € OJHUM i3
Hale()eKTUBHIIINX BUJIB TPAaHCIOPTHUX IEpeBe-
3€Hb 5K B Ykpaini [1, 13, 14], Tak i y cBiTi [10, 18].
[Ipu mpoMy B Mipy pPO3IIMPEHHS CITBIpAIl MiX
OKPEMHUMH KpaiHaMu O0CATH M TOTY)KHICTh TaKUX
nepeBe3eHb TITbKKM Habupae o0epTiB.

B Vkpaini 3ami3HUYHUI TpaHCIOPT Yy3araii
BBaXKalOTh MPOBIJHOIO Tajly3310 B CHCTEMI IepeBe-
3€Hb, aJ[Ke, 32 JAaHUMU JeKUX (axiBIiB, HOro 00-
csru oxoIutroroTh 10 80 % BaHTaxkHUX 1 10 40 %
MACaKUPCHKUX MEPEeBE3eHb BIIHOCHO 3arajbHUX
o0CsriB mepeBe3eHb yciMa BHIAMU TPAHCIOPTY.
3aranpHa JTOBXKHHA 3ai3HUYHOT Mepexi YKpaiHH
csirae 22 tuc. kM, i npubmusHo 50 % 1iei Mepexi
IPaLIOE HA €JIEKTPHYHOMY cTpyMi. Ob6car mepese-
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kopuzopom Ne 7. KpiMm 11boro, akTHBHO HAOMPAIOTh
00epTiB TPaHCHOPTHI CHOJYYEHHA 1O KOPHUAODPY
TPACEKA (€Bpoma — KaBka3 — A3zis). Taka mo-
TyXXHa i PO3BHHEHA CHCTEMa MOTPeOye IMOTYKHOTO
Ta PO3BHHEHOTO CKJIAJCHKOTO TOCHOAAPCTBA, 3aT-
HOTO 33/I0BOJILHUTH OOCSTH W TEpPMiHU TOBapooOi-
ry.

HasBHiCTP TPOMIKHOT  CKIAACBKOI  JIAHKU
y cepi BaHTaXXHUX MIepeBe3eHb OB’ sI3aHa 3 HE0O0-
XIIHICTIO KOMIIEHCallii KOJIMBaHb 00CATY TOBApiB,
iX mocTauaHHS 1 CTIOKMBaHHSA. SIK 3a3HAYEHO B PO-
6ori [11], ckmamceke TroCmomapcTBO Mae OBOJI
CKJIaJHy Ta PO3rajyXeHy CTPYKTypy, fka MOTpe-
Oye CKJIQJIHOTO amapaty YIpaBlliHHs, TO0YI0BaHO-
ro Ha Cy4acHMX TEOPETHYHHX 3acajax JIOTICTH-
K [5].

Uitka macudikamis CKIaJACbKHX OyiBelb
Y BITUM3HSHIN MpakTHIi BigcyTHs. YacTimie 3a Bce

a—a

BUJIM CKJIQJIIB PO3PI3HSIOTH 3aJIEKHO BiI iX PyHK-
[IOHAIBHOTO TpPHU3HAYEHHS (OCHOBHA Kiacuika-
1ist), GopMU BIIACHOCTI, CIEIlialli3aiii acOpTUMEH-
Ty TOBapiB, pexkuMy 30epiranus, BUIy TPAHCIIOPT-
HUX CIIOJIyY€Hb, CTYIEHS MeXaHi3amii CKIaJIChKIX
omepauiid Ta Micls po3ramryBaHHsA. Hanpukian,
CKJIQJICBKI MiJIPUEMCTBA 3a X (PYHKIIOHATBHUM
MIPU3HAYEHHSAM TOAUIAIOTh Ha IMOCTaYalIbHUIBKI
CKJIaIM, BUPOOHMYI CKJIaJH, CKIaau 30yTy i CKIa-
J1 00CITyrOBYBaHHSI.

Y MiKHApOAHIN MPaKTHUIl JOMIHAHTHOIO € KJa-
cudikalis cKIaJchKuX OyiBeNb 32 HU3KOI0 y3ara-
JTpHEHUX KputepiiB. [Ipyn oMy BUAIISAIOTH LIICTh
knacie: A+, A, B+, B, C, D. Ilpuknaau peaabHUX
OyziBenb TakUX CKJIAiB MONAHO Ha puc. 1, a ix
3araJbHHUN OIMHKC Ta 0COOIMBOCTI — y Tab. 1.

Puc. 1. OcHOBHI THIIH CKJIAJCHKUX OyiBEIb 33 MIXXHAPOIHOIO KITaCU(IiKaI€:
a — knac A+; 6 — xknac A; ¢ — kiac B+; 2 — kiac B; 0 — knac C; e — kimac D

Fig. 1. The main types of storage buildings according to the international classification:
a — class A+; b —class A; ¢ — class B+; d — class B; e —class C; f— class D
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Tabmnums 1

Onuc ck1agcsKux OyaiBe/ib 32 MiXKHAPOAHOIO Ki1acudikamieo

Table 1

Description of storage buildings according to the international classification

A+

A

Buma kareropist Ha 3pa30K CBOEPITHUX «IPE3UACHTCH-
KHX alapTaMeHTiB» cepen OyniBens mporo tumy. Le ox-
HOIIOBEPXOBi OY/iBIIi 3 TOBHICTIO BUTFHIM BHYTPIITHIM
MIPOCTOPOM, SIK IPABUIIO, IPSIMOKYTHOI B TUIaHI POPMH.
Bucora noBepxy He MeHIe 13 M Ui cKiIagyBaHHS B 6—7
ApYCIB, BIICTAHb MIX PsIIaMU KOJIOH He MeHIIe 24 M.
HecHi KOHCTpYKIIIT — BUCOKOSIKICHI Cy4acHi cTaseBi Jer-
ki. Bopota sokoBoro tumy Ha 500 m? i3 30BHiIHIMU
BaHT)XHUMHU MaiilaHYMKaMH 3 PErybOBaHOIO BUCOTOIO
migiomy. Po3raryBaHHs opyd i3 TPaHCIIOPTHOIO
MaricTpajuio, TOBKHHA MM i34y He Oibie 4 KM.
OO00B’s13K0Ba HASBHICT OKPEMOT 3aJIi3HUYHOI BITKH 31
CIICLIANTBHOO 3AI3HHYHOIO PaMIIOK0.

e ogrOMOBEpXOBi OyiBIIi, SIKi MAIOTH TIOBHICTIO
BUTHHHI BHYTpIimIHIH mpoctip. [ToOynosani micis
1994 poky. Bucota noBepxy He meHme 10 M s
CKJIaIyBaHHS B 5 spYyCiB, BiICTaHh MIX pAIaMHU KO-
noH He MeHie 24 M. HecHi KoHCTpyKIii — cTanesi
3Buuaiini. Bopora sokosoro tumy Ha 700 M? i3
30BHILIHIMU BaHT2XXHUMH Maiaanunkamu. Po3ramry-
BaHHs MOPYY 13 TPAHCIIOPTHOIO MaricTpajIio, Ha-
SIBHICTB i1’ 131y JIJIsl BAHTAXKHOTO aBTOTPAHCIIOPTY.
BaxxaHa HasIBHICTh OKpEMOT 3aJ1i3HUYHOT BITKH.

B+

B

ByniBns crienianbHO ciopypkeHa abo nepeoOiagHaHa 3
OyaiBIIi IPOMHUCIOBOTO PU3HAYCHHS, OTHOTIOBEPXOBA,
13 BUCOTOIO MTOBEPXY HE MEHIIIE § M, BIICTaHh MIX psia-
MU KOJIOH He MeH1e 12 M. BopoTa nokoBoro tumy Ha
1 000 M2. TTepebaueHuii MaHaycC IS MAIIMH BAHTaXHO-
ro Tumy. Po3TamyBaHHs mo0Ju3y 3 TPAaHCIIOPTHOO
MaricTpasuIo, I’ i3 NOBUHEH MaTH XOPOLIMH CTaH Mo-
KpUTTsA. HaOnmKeHICTh 10 3aTi3HUYHOT BAHTAXKHOT
craHuii.

ByniBns crenianbHO criopypkeHa abo peKOHCTPYHo-
BaHa, 0araTomoBepXoBa, i3 BUCOTOO MMOBEPXY Bix 4
10 8 M. HasiBHICTb BaHTa)XHHX MIKIIOBEPXOBHX
ni¢ris He Merme 3 T Ha 2 000 M. [ToKpUTTA migmorn
Moxe OyTu acdanbroBe. [lepenbauennit manmyc s
MaIllH BaHTa)KHOTO THUIy. Po3ramyBaHHs mo0am3y 3
TPaHCIIOPTHOIO MaricTpairo, i i3] MOBUHEH MaTh
XOpOLIHMH cTaH NOKPUTTS. HabmikeHicTh 10 3ai3-
HUYHOI BaHTAXXHOI CTAHII].

Cc

D

Ie yremenuii anrap abo KamiTajbHa IPOMHUCIOBA
OymiBJIsA 3 BUCOTOIO MOBEPXY HE MEHIIe 4 M. 3arajabHa
MTOBEPXOBICTH OYiBIII HE 00MEKEHA, MPOTE 000B’SI3KOBA
HasBHICTH BaHTAXXHUX Ji(TiB. [ToKpHUTTS MmiuTor Bi-
cyTHE. BopoTta 060B’13k0BO PO3TAILOBaHi HAa HYJIEOBOMY
piBHI, ependaveHa MOXKIUBICTD MIPSIMOTO 3ai3/1y BaH-
Ta)XHOTO TPAHCIOPTY BcepenuHy OyaiBii. Bymisis
o0JaiHaHa CUCTEMOIO BOJIONIOCTaYaHHsI Ta KaHasi3arlii.
Po3ramryBanns Ha Biacrasi 10 30 KM JI0 TpaHCTIOPTHOT
Marictpai.

3ayBa)KUMO, 110 BIAMOBIIHO 10 HAI[IOHAIBHOIO
knacudikaropa Ykpainu [9], sskuit OyB YMHHUM 1€
JI0 HEaBHBOTO Yacy, CKJIaJChKi OyIiBil CTaHOBU-
U OJHY TPYIy 3 MPOMHCIOBUMH OYyIiBISIMA —
125, a cami ckmajchki OymiBIi Maau 3a UM KJa-
cudikaropom migkmacu — 1252.8 1 1252.9. Ilpmu
ILOMY Taki OY/IiBJIi HE TIOB’sI3aHi 3 00 €KTaMH Tpa-
HCTIOPTY B3araji i TPaHCIIOPTHUMU OYIIBIISIMU Ta
criopyJamu 30Kkpema [2], 1m0 BUKIUKAE MEBHI MMH-
TaHHsA. BiamoBigHo 10 HOBOro kiacudikaropa

Ile HaiO1bII HeBHOATTUBI Oy IiBJIi 3 TOUKHU 30y
BUMOT 110 00aqHaHHsA. J[J1st 11i€l KaTeropii MOXKJIMBE
BHKOPHCTAHHS Mi/IBaJbHAX NMPUMIIICHb, aHTapiB,
MIPOMUCIIOBUX i BUPOOHUYHX MPHUMIIICHB, & TAKOK
OyIb-SIKMX HEKUTIIOBHUX NPHUMileHb. Bumorn 1o
BHYTPIIIHBOTO YCTATKyBaHHS MiHIMaJbHi: HAsBHICTH
OCBITJICHHS 1 KOHJIMIIIFOBaHHS. By/IiBIIs MOBHHHA Ma-
TH i’ 1371 U151 BAHTXXHOTO aBTOTpPaHCIOpTy. Po3ra-
LIyBaHHs OyaiBJi HE 0OMEKEHO.

[12], sxwuii HeloIaBHO HAOyB YMHHOCTI, CKIIQJICHKI
OyxiBni sIK OKpeMuil pi3HOBUA OyAiBenb y3aralmi
BiJICYTHi, HATOMICTb A0 Kyacy 1252 pa3om i3 xo-
JIOAMJIbHUKAMHY BBEJECHI 1 CIIeliaibHl CKIIaIH.
[Ipore OymiBmi ckmajiB — Iie TOBHOIIIHHUH ca-
MOCTIHHMI Pi3HOBUZ OyaiBeJb, IKUH Ma€ CBOI 3a-
KOHOMIPHOCTI  pO3paxyHKy Ta TIPOEKTYBaHHS.
Oco0MHMBO BaXIJIMBOIO MPH IBOMY € KOHCTPYKIIiS
nokpisimi [4, 16, 19], amxke came BoHa Mae 3a0e3-
MEYUTH SIK TEPEKPHUTTS HEOOXIJHOTO MPOTOHY
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(cTBOpEeHHS HaJIE)KHOTO BUTFHOTO TIPOCTOPY B Oy-
IiBJi), TaK 1 IPUHAHATHY Bary (MOKJIHBICTH CTBO-
PEHHSI HECHOTO KapKacy OyZiBIli B IOAATBLIOMY).

MeTa

3Ba)Kar0yu Ha BHUIIEBHUKIAJEHE, OCHOBHOIO Me-
TOI JOCHIUKCHHS € BHU3HAYCHHS C(PEKTUBHOIO
KOHCTPYKTHUBHOTO PIllICHHS TOKPUTTS IS CKJIAJ-
ChKOT OymiBIIi.

MeToauka

3a 00’€KT JOCHIKCHHS B3SITO OKpPEMY CKJaj-
ChKy OymiBimo, po3ramoBany B Micti JHinpo. by-
B TpU3HAdYeHa JUIa 30epiraHHs HEBEIHKOTO
MITYYHOTO BaHTaXy HEMPOAOBOIBUOTO THITY, TOMY
He ToTpeOye XOJOMWIbHUX Kamep. s 31midcHeH-
Hs OTlepamiii CKiIayBaHHA B OyiBIli MOXIIUBE Tie-
pEMIIlIeHHsT HaBaHTaXyBada. 3a MiDKHAPOJIHOIO
KJacu(iKallie po3risayBaHa CKIAJIChbKa OymiBIs
HaJeXUTh 10 TUILy B+.

3 00’eMHO-TIIIaHYBAFHOI TOYKH 30py OyIiBISA
Mae mpoxit 18 M Ta 3aranbHy AoBkuHY 42 M. By-
TIBIISL OIHOIIOBEPXOBA 3 BHCOTOIO IIOBEPXY 8 M.
OropoKyBaibHI KOHCTPYKIi MOKPHUTTS SIBISIOTH
co0O0I0 CeHIBIY-TTaHeNi TI0 CTANEBUX PHTEIISX.

VY xoai mociipKkeHHsT OyJIo 3iCTaBJICHO 2 KOHC-
TPYKTHBHI BapiaHTU:

— BapiadT Ne 1 — IOKPHUTTS BUKOHAHO Y BUTJISII
craneBoi pepmu (puc. 2, a);

— BapiaHT Ne 2 — MOKPHUTTSI BUKOHAHO Y BUTJIISI
MPOKATHOI OANKOBO-paMHOi cuctemu (puc. 2, 6).

Jnst mpoBeAeHHS JOCHIDKeHb BHKOPHCTAHO
YHCEeNFHUI MeTON OyIiBENbHOT MEXaHIKH — METOT
CKiHYEHHHX EJIEMEHTIB, KW HAaOyB MOIIUPEHHS
B aHali3l CKJIAIHMX IHXKEHEpHUX cucteM [15, 17,
20]. s aHamizy BUKOPUCTAHO BITYM3HSHHUM MPO-
rpamunit komiuieke Jlipa—CAIIP [3].

SIx HaBaHTa)KEHHS B3SITO BIACHY Bary ejeMeH-
TiB KOHCTPYKIIii, CHITOBE I BITpOBE HaBaHTAXKCHHS
BIIMOBIIHO 110 4YWMHHOTO ctaHmaprty [6]. Ilimoip
MOTIEPEYHUX Tepepi3iB BUKOHAHO Ha OCHOBI YMH-
HUX craHaapTis [7, 8].

PesyabTaTn

[loOymoBaHi  CKiHYCHHOENIEMEHTHI MO
B niporpamHomy komruiekci Jlipa—CATIP mnst 060x
PO3IJIsiAYyBaHUX KOHCTPYKTUBHHUX BapiaHTIB CKJIaJ-
chKOI OyniBni HaBeneHO Ha puc. 3. Moxeni sBs-
I0Th COOOI0 CTPUIKHEBI CHCTEMH.

[ KOpeKTHOTO BigOoOpaskeHHS POOOTH KapKa-
ciB B 000X KOHCTPYKTHBHHUX BUIAJKaxX 3MOZAEIBO-
BaHO HE TIJIBKH OKpEMY MOIEPEYHy HECHY pamy,
a ¥ TIOBHICTIO BECh CTAJICBHI KapKac pa3oM 3 eje-
MEHTaMH B’si3€H.

Ha puc. 4 npezacraBieHo orpuMaHi 300paxeH-
Hs pedopmaniii Bij 3a/JaHOTO HABAHTAXXCHHS, a Ha
puc. 2 — migiOpaHi MOMEepPedHi Mepepi3h OCHOBHUX
KOHCTPYKTHUBHHX €JIEMEHTIB TOMEPEYHOi HEecHOl
pamu.

Y uinoMy HampyxeHO-nehopMOBaHUA CTaH
IUTSE 000X PO3TIITHYTUX KOHCTPYKTHBHUX BapiaHTIiB
MOTIEPEYHOTO TMepepi3y CKIaAChKoi OyAiBIi € mo-
BOJIi PiBHOMipHMA. 3HAYeHHS OTPUMAHHUX MAaKCH-
MaJbHUX BEPTUKATBHHUX [edopMariiii s KOHC-
TpyKTHBHOTO Bapianta Ne 1 craHOBUTH 46,3 MM,
a JIJIsl KOHCTPYKTUBHOTO BapianTa Ne 2 — 57,2 Mm.

OtpumaHa 3arajbHa Maca MONEPEYHOI HECHOI
pamu IS po3TIsiAyBaHUX BapiaHTiB CTAHOBHTH:

— Bapiant Ne 1 — 57,29 T;

— BapiaHT Ne 2 — 52,47 T.

Tomy mepeBary mae BapianT No 2.

I3 TexHonoriyHoi TOuKM 30py BapianT Ne 2 Ta-
KO € OUIBII palliOHaJIbHUM, OCKIJIbKH MIiCTHUTh
CIPOILIEHE KOHCTPYKTHBHE DILLICHHS HECHOTO PH-
relis MOKPHUTTA y BUIJSAAL Oanku. baraTtominpHiCTh
KpOKBSIHOT (epmu ist Bapianta Ne 1 migBumrye ii
BapTICTh TA YCKJIAJIHIOE IIPOLIEC BUTOTOBJICHHSI.

OuiHuMO TUHAMIKYy 3MIiHH BapTOCTi 000X KOHC-
TPYKTHBHUX BapiaHTiB ympoaorx 2018-2024 pp.,
ajpke camy pobory BukoHaHo mie y 2018 pori.
Ockinbkn B 000X KOHCTPYKTMBHHMX BapiaHTax BU-
KOPUCTaHO 30BCIM pi3Hi cTaneBi npodisi K 3a BU-
JlaMH, TaK i 3a TUIIOPO3MipamHu, TO Bi3bMEMO cepe-
JHIO BapTiCTh. Y3arajbHEHI BapTiCHI MOKAa3HUKHU
HaBeJIeHO B Ta0I. 2.

Tabnums 2
BapTicTh KOHCTPYKTHBHMX BapiaHTiB
Table 2

Cost of structure variants

. Bapricts (THC. TpH)
Pix ina KOHCTPYKTHBHOTO BapiaHTa
rpH/1 T
Ne 1 Ne 2

2018 23 000 1318 1207
2022 47 000 2 693 2 466
2023 54 000 3094 2833
2024 60 000 3437 3148
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Puc. 2. KOHCTpYKTHBHE PillICHHS CKJIaJICbKOT Oy iBIi:
a — Bapiant Ne 1; 6 — Bapiant Ne 2

Fig. 2. Structural solution of storage building:
a — variant No. 1; b — variant No. 2
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a — BapiaHT Ne 1; 6 — BapianT Ne 2

Fig. 3. Calculation model of storage building:
a — variant No. 1; b — variant No. 2
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Puc. 4. ledpopmoBaHi cxeMu CKIAACHKOI OymiBIIi:
a — BapiaHT Ne 1; 6 — BapianT Ne 2
Fig. 4. Deformed schemes of storage building:
a — variant No. 1; b — variant No. 2

CKJIQJICBKHX OymiBenb. Takox BU3HAUEHO KIIacC L€l

HayxoBa HOBU3HA Ta MPAKTUYHA OynaiBii 3a BITYM3HAHMMHM HallioHaJIbHUMU KjlacH-
3HAYUMICTh ¢ikaTopamu 2000 i 2023 pokis. IIpoBeneno Teope-

TUYHE 3ICTaBJICHHS JBOX PO3POOJICHUX KOHCTPYK-
TUBHUX BapiaHTIB IS HOKPUTTS PO3TJISAyBaHOI
ckiaacekoi Oyaimi. [Ipu nbomy 3 HayKOBOI TOUKH

VY uidd myOmikarii Briepiie BU3HAYEHO THIT BiT-
YM3HAHOI CKJAaJIChKOi OyaiBii, pO3TAIIOBaHOI
B MicTi JIHinpo, 3a MKHApOHOI KiIacU(iKaIlier
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30py OOTpYHTOBaHO KOHCTPYKTHBHI Ta MacoBi MO-
Ka3HUKH KOXKHOTO 3 BapiaHTIB 3a JOTIOMOTOI0 Cy-
YaCHOTO YHCEIBHOr0 METOAY CKIHYCHHUX eJIeMEeH-
TiB.

VY mpakTUYHOMY acreKTi OCTaTOYHO OOpaHuit
KOHCTPYKTUBHHH BapiaHT JJOONpPalbOBAHO TIiJ
KOHKpPETHI MiclieBi YMOBM BHUPOOHHYOTO MiAIpU-
emctBa. OTpuMaHi pe3ynbTaTd MOXYTh OYyTH
BIIPOBA/IXKECHI B TIPAKTHKY MPOEKTYBAHHS.

BucHoBxu

[IpoBeneHMI TOPIBHSUTBHUMA aHaI3 TBOX PO3-
pOOJIeHNX KOHCTPYKTUBHUX PIIIEHB ISl CTaJIeBOTO
MOKPUTTS CKJIaJChKoi OyaiBni B MmicTi JHinpo go-
3BOJIMB 3’SICYBaTH:

1. KoHCTpYyKTHBHUIT BapiaHT 13 BUKOPHCTAHHIM
SIK HECHOT'O PHTENIS CTaJeBOI 0aIKOBO-paMHOI CHC-
TeMu Mae npubau3Ho Ha 10 % Hrbk4Yy mMacy Ta Ba-
PTICTh TOPIBHSIHO 3 KOHCTPYKTUBHUM BapiaHTOM i3
BUKOPHCTAaHHSIM SK HECHOTO PHUTENs CTaneBoi (de-
pmu.

2. BapTicTh TakOro KOHCTPYKTUBHOTO BapiaHTa
3a miHamMu 2018 poKy CTaHOBHTH MPHOIH3HO
1,5 MiTH TpH 3a OJHY TIONIEPEUYHY pamy. 3a IiHAMU
2024 poky 1 BapTiCTh CTaHOBUTH OJIM3BKO
3,5 MITH TpH.

3.Ocraroyno oOpaHWil KOHCTPYKTUBHHUM Bapi-
aHT MOXE OyTH PEKOMCHIOBAHUU JIO MPAKTUYHOI
peaiizaiii B yMOBax Cyd4acHOTO IPOMHCIOBOTO
MiIPUEMCTBA.
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Determination of the Efficiency of Steel Structures of a Warehouse Building
Roof

Purpose. The main purpose of this article is to compare the main technical and economic indicators of two pro-
posed structural variants of steel coverings for a class B+ warehouse building in the city of Dnipro. The relevance of
the work is related to the constant increase in the volume and pace of freight transportation both globally and
in Ukraine, especially in recent years. This requires the creation of new and expansion of existing warchouses of
various types. In turn, this leads to the need to create such load-bearing structures for storage areas that would be
able to cover significant spans and at the same time ensure minimal costs for their construction and operation.
Methodology. To achieve this goal, we analyzed modern classifications of warehouse buildings according to na-
tional standards and international approaches, determined the class of the building in question according to these
two methods, and developed two structural options for steel roofing - based on a load-bearing beam in the form of
a truss truss and based on a beam-frame scheme. Finite element models for both proposed structural options were
built using the domestic design complex Lira-CAD. Based on the analysis of their stress-strain state, rational cross-
sections were selected for each design option, and the total weight and cost were calculated. Findings. A compara-
tive analysis of the two developed structural solutions for the steel roof of a warehouse building revealed that the
variant with the use of a beam-frame system has about 10% less weight and cost. Also, its manufacturability is high-
er than that of the truss system. Originality. As a result of the numerical analysis, a more rational and efficient de-
sign solution for the steel roof of a warehouse building in the city of Dnipro was theoretically substantiated.
Practical value. A constructive variant of the steel coating has been developed and proposed for practical imple-
mentation, which, in terms of its technical and economic indicators, is the most effective for the conditions of
a modern industrial enterprise. Also, the developed constructive variant of the warehouse building is classified in
accordance with domestic and international modern approaches.

Keywords: warehouse building; steel coating; truss truss; beam-frame system; finite element method; Lira-CAD
design complex
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Orasig TeHAeHIii BHHUKHEHHS 3CYBiB y CBiTI Ta B YKpaiHi

MeTta. OCHOBHOIO METOIO POOOTH € cHCTeMaTH3allisl Ta MOTIMOJISHUH aHali3 CydacHUX TeHAeHLiH y cdepi 3ano-
OiraHHs BUHIUKHEHHIO Ta PO3BUTKY 3CYBIiB Ha TEPUTOPIi Pi3HUX KpaiH CBITY Ta 0COONMBO B YKpaiHi, a TAKOX PO3TILSLA
Ta BHCBITJIICHHS OCHOBHHX (DaKTOpiB, SIKi CIIPHYMHAIOTH 3CYBH, Ta JEeTajlbHE BHBUCHHA METONIB iX mepeabavyeHHS
i MiHIMI3aIil BiqNOBiqHUX pH3UKiB. MeToanka. 3CyBH € cepiio3HO0 TeooridHor0 Hebesnekoro. HuHi croctepira-
€ThCS TCHCHIIIS 10 30UTBIIICHHAS YaCTOTH IPOSIBY 3CYBIB YHACHIJOK TEXHOTCHHOTO BIUIUBY y BChOMY CBITi. [IpupoaHi
MPOLIECH TEOJIOTIYHOTO CEPENOBHUINA Pa30M i3 pO3pOOKOI0 POJOBHIL KOPHCHHX KOMAJIMH, MACOBOKO Ta MAacCIITaOHOIO
3a0yZOBOIO 3eMENFHUX TEPUTOPIH MPU3BOIATH IO aKTHUBI3alii poIieciB 3cyBiB. [I[pHUNHOI0 YTBOPEHHS 3CYBIB € I10-
PYILICHHS PIBHOBaru Mi>k 3CyBHOIO CHJIOIO TSDKIHHS Ta YTPUMYBaJIbHUMU cwiiami. PesynsraTu. [IpoananizoBaHo Ki-
JIbKICTh BUHMKHEHHS 3CYBIB 32 OCTaHHI POKH Ta JAETajJbHO PO3MIISHYTO X PO3MOILI 3a PI3HUMH KOHTHHEHTaMu. Bu-
3HAYEHO Ta CHCTEMAaTH30BaHO IIPUYMHU YTBOPECHHS 3CYBIB K B YKpaiHi, Tak i B iHIIKX KpaiHax cBiTy. Po3risHyTO
aKTyaJIbHICTh POOJIEMH 3CYBHHX SIBUILl B YKpaiHi, a TAKOK HAroJIOMIEHO Ha HEOOX1AHOCTI TPOrPECHBHOTO BUBYCHHS
MPOIIECiB 3CYBOYTBOPCHHS 3 METOIO 1X 3aro0irants. [1iIKpecieHO BaXXIUBICTh MOCTIHHOTO MOHITOPHHTY 3a CTIHKICTIO
YKOCIB Ta CXWIIB [UTS 3HIDKCHHS PHU3HKIB 1 minBumeHHs O6e3nekn. HaykoBa HoBu3HA. [IpoBeieHO KOMIUIEKCHE T0C-
JMDKEHHS CYyYacHUX TEHACHIIH y BUHUKHEHHI Ta PO3BUTKY 3CYBIiB Ha TEPUTOPIii pi3HHX KpaiH CBITY Ta 30KpeMa
VYkpaiHu 3 ypaxyBaHHSIM OCTaHHIX JOCATHEHB B rally3i reoJorii, reoMexaHiku Ta OyaiBHUIITBA. Ha migcrasi aHamizy
3po0JIEHO BHCHOBKH PO HEOOXiTHICTH MPOTPECHBHOTO BUBYEHHS 3CYBHHX IIPOIECIB i3 METOI IX 3amoOiraHHs.
IIpakTHyHa 3HaYMMicTh. Pe3ynbTaTi mpoBeaeHOro OrJLsIy TEHICHLIH 00 3amo0iraHHs 3cyBaM MOXYTh OyTH
e(eKTHBHO BHKOPHCTaHIi JJIS HOJIIIICHHS CTPATeriil ynpaBliHHSA NPUPOJHUMHU PH3UKAMH, a TAKOXK UL PO3POOKH
HOBHUX Ta BJIOCKOHAJICHHS HAsSBHHUX 1H)XCHEPHHX 3aXO/IiB, CIPSIMOBaHHMX Ha 3anobiranHs 3cyBam. Lle, y cBoto uepry,
COPUATHME TIABHUIICHHIO PiBHS OC3MEKH K HACCJICHHS, TaK 1| KPUTUYHO BaXKIMBOI 1HPPACTPYKTYpH.

Kiouosi cnosa: 3cyB; MOHITOPHHT; TPYHT; MOPOJIA; TCHACHIIISI 10 3aM00iraHHs BUHUKHEHHIO 3CYBIB; 3MiHa KJTi-
Mary

BJIACTUBOCTEH TOPIJI, 1[0 CKIIAJIAal0Th CXHJI, 33 Paxy-
HOK TIPOIIECIB BUBITPIOBaHHSI, 3BOJIOKEHHSI TTi/136M-
HUMH, JOIIOBHUMH, TATHUMHU 1 TOCIIOJAPCHKUMHU BO-
JlaMH, 32 PaXyHOK MEXaHIYHOI'0 BUHECEHHS 4aCTOK
IUTMHHOIO BOJIOIO 1 BUHUKHEHHS B TIOPOJi MOPOXK-
HUH (cydo3isn);

— JI0JaTKOBHUU THUCK HA TMOPOJH, SKi CKIIAJAI0Th
CXWJI, 33 PaxyHOK: TiJpOJMHAMIYHOIO THUCKY IIiJ
yac (impTpallii Boau y 0iK CXHITY, TiPOCTATUIHOTO
TUCKY BOJIM B TPIIIMHAX 1 MTOPaX MOPOJIH, INTYIHOTO
CTaTHYHOTO W JUHAMIYHOIO HAaBaHTAXXEHHS Ha
CXHJI, 2 TAKOX CyYaCHHUX TEKTOHIYHUX 1 CEHCMIYHIX
SIBUIIL.

Beryn

3cyB — 3MillIeHHs Mac TiPChKUX MOPiA MO CXUITY
ITiJ] BIUTMBOM BJIACHOI Barl Ta JI0JIaTKOBOTO HAaBaH-
TaXCHHsI BHACJIJIOK MiJMUBY CXWIIy, MEPE3BOJIO-
JKEHHsI, CEICMIYHUX TOIMITOBXiB Ta IHIINX IPOIIe-
CiB.

3cyBH MOXXYTh BUHMKATH Ha Oynab-sKid Miciie-
BOCTI, 3aBJIaTH 3HAYHUX 30UTKIB SIK Y BUTJISII JFO/I-
CBKHX JKEPTB, TakK i B MaTepialbHOMY IIJIaHi.

3cyBH 3a3BUYail BUHUKAIOTh HAa CXUJIAX, CKJIajie-
HUX BOJOTPUMKHUMHU (TJIMHUCTUMH) 1 BOJOHOCHUMU
moponaMu. 3MilIeHHs OJOKIB mopoan o0csAroM
y JIeCSITKH KyOi4HHX MeETpiB 1 OifiplIe Ha KPyTHX
CXHJIax BiJI0yBa€ThCS BHACIIOK 3MOYYBaHHS ITOBE-

. . Merta
PXOHB BIIPWBY MII3EMHUMH BOAAMMU.

l'onoBHMMHU TpUYMHAMHK 3CYBIB CIIiJi BBa)KaTH
TpH rpynu (axTopis [5]:

— 3MiHa 30BHIITHBOT QOPMU 1 BUCOTH CXHUITY;

— 3MiHa CTPYKTYpH 1 HocnabieHHs (i3uuaHUX

Y poboti mepenbavyeHo: cucTeMaTH3yBaTH Ta
MpoaHai3yBaTH CydacHi TEHICHLIl y BUHUKHEHHI
Ta PO3BUTKY 3CYBIB Ha TEpUTOpIii PI3HUX KpaiH
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CBITY; BUCBITJIUTH OCHOBHI (DaKTOpH, IO CIPUYH-
HSIOTH 3CYBH, METOJIU X Tepen0adeHHs Ta MiHiMi-
3alii pU3HKIB.

Metoauka

3CyBH € CEpHO3HOI0 TEOJIOTIYHOI0 HEOE3ITEKOIO.
Huni ciocrepiraerbest TeHASHITIS 301TBIIEHHS Yac-
TOTH TPOSABY 3CYBIB YHACHIIOK TEXHOTEHHOTO
BIUTMBY y BCbOMY CBITI.

[IpupoHi mpolecH reoIoTiYHOTO CePeIOBHIINA
pa3oM i3 po3poOKO0 POJOBHUII KOPUCHHUX KOTIAJIVH,
MacoOBOI0 Ta MacIITaOHOIO 3a0yIOBOI0 3€MEIBLHHUX
TEpUTOPIA TPHU3BOAATH IO aKTHBI3amii IMPOIECiB
3CYBIB.

[TprunHOIO YTBOPEHHS 3CYBIB € MOPYIICHHS Pi-
BHOBAard MiX 3CyBHOIO CHJIOIO TSDKIHHS Ta yTPUMY-
BIBHAMH CHJIAMH.

Lle nopyIieHHs BUKJIMKAIOTh TaKi TPUYHHH:

— 30UIBIICHAS KPYTOCTI CXWITy BHACTIAOK IIiJI-
MUBaHHS BOJIOIO;

— ocnabJeHHsT MITHOCTI TTOPif] YHACTiOK BHUBI-
TPIOBaHHS 200 MEePe3BOIOKEHHS OIaIaMu Ta Iiji3e-
MHHMH BOJaMU;

— BIUIMB CEMCMIYHHMX MOIITOBXIB;

— OyiBesibHA Ta TOCHOAAPChKA JisUTbHICTb.

KinbkicTs 3adikcoBaHux 3cyBiB

1 11

3
2
1 I

111111

Takox MOXHa BiJJ3HAYUTH 3POCTAHHS KUTBKOCTI
Ta IHTEHCUBHOCTI 3CYBIB Yy 3B’5I3KY 3 TJI00aTbHUMUA
3MiHAMH KIIiMaTy.

301bIIeHHST TEMIIEpaTyp, TAHEHHS JIbOJIOBHUKIB
Ta 3MiHH BOJHOTO PEKHUMY MPH3BOJSATH JIO 3HU-
JKEHHSI CTIMKOCTI CXMJIIB Ta BAHUKHEHHS HOBHUX TO-
YOK MOTEHUIHHOTO pyHHYBaHHSI.

OudikyeThCs, 0 TOJabINa pi3ka 3MiHa KITIMaTy
Ta MiJBUIICHHS TEMIIEPATypy CIPHUUHATH IIe Oi-
JIBILE 3CYBiB, 0COONMBO B TpChKUX paliOHaX 31 CHi-
T'OM Ta JIbOJIOM.

[I{o6 omiHWTH CTyMmiHP AaKTHUBi3allii 3CYBHHUX
MIPOLIECIB Y CBITI, OYJIO IPOaHaJi30BaHO CTATUCTUKY
LUX SBUIL IPOTATOM OCTaHHIX 50 pOKiB.

Pe3yabTaTtu

I3 kiamsg XX cTOMITTS i 7O HAIIMX JHIB IPOCTe-
JKY€EThCSl TCHJICHIIISI 301IbIICHHS KiJBKOCTI 3CYBIB
YHACIiJOK MTPOTPECyBAHHA I SUTPHOCT1 JIFOAMHH (BH-
pyOyBaHHA JiciB, TOPYIICHHA AEPKaBHUX HOPM
MPOBENCHHSI BIIKPUTUX TiPHUYUX Ta OYAiBEIHHHX
po0iT), a TakoX Tpoliecy ypOaHizarlii, o aKTUBHO
po3BUBaETHCA 3apa3 (puc. 1).

1 11

4 44
2
1 1|

1970 1971 1972 1974 1975 1977 1978 1979 1980 1982 1983 1985 1987 1993 1995 1997 1998 1999 2000 2001 2004 2005 2006 2007 2008 2009 2010 2011 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Pix

Puc. 1. KinpkicTs 3adikcoBaHUX 3CyBiB
3a octaHHi 50 pOKiB y CBiTi

Fig. 1. Number of recorded landslides
over the past 50 years in the world
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Takox MPOBEIECHO aHaNi3 PO3MOJLIY 3CYBIB 3a
KOHTHHEHTaMHU CBITY (puc. 2).

) 22 [

oA
B [TiBniuHa AMepuKa
€Bpona
B [TiBgeHHa AMepHuKa

B Adpuxa

ABcTpatis

Puc. 2. Po3nozin 3cyBiB M0 KOHTHHEHTAX
3a octaHHi 50 pokiB

Fig. 2. Distribution of landslides by continent
over the past 50 years

I3 puc. 2 MokHa 3pOOHUTH BUCHOBKH, IO OCHO-
BHI MiCIIsl 3CyBiB po3ramoBaHi B A3ii Ta [liBHiuHIH
Awmepuri, TOOTO Ha KOHTHHEHTAX 13 BEITUKOIO KiTb-
KICTIO BYJIKaHIYHOI Ta CEHCMi4HOI aKTUBHOCTI, i3
MiABUIICHAM OOCSITOM PIYHHX OMaiB Ta TOPHCTHM
penbedom [1, 2].

[IposiBu HeOe3meyHNX 3CYBHHX IMpOIECciB OyBa-
tote y Kanagi, ycix mratax CLHA, oco6muBo
B3JIOBK THXOOKEaHCBHKOro y30epexxs, y Ckesc-
THX TOpax Ta Ammnajayax, a TAKOXK BOHH NOIIUPEHi
Ha aMEPUKaHCHKUX OCTPIBHUX TEPHUTOPIsX [6].

Benwuki 3cyBH, BUKITUKaHI 3eMIIeTpycamMu B A3ii,
MaroTh OCOOJIMBOCTI, TOBSI3aHi 3 THM, IO 30HU 3 BU-
COKOIO CEHCMIYHOIO aKTUBHICTIO 30iraroThes 13 30-
HOIO TOIIMPEHHS JIECOBHX MOpiA. Y NPHPOIHHX
YMOBAax JIECOBI TOPOAW MalOTh 3HAYHY CTiHKICTb.
Ane B pa3i 301IbIIEHHS TPUPOTHOT BOJIOTOCTI HECHI
BJIACTUBOCTI WX BiJKJIAIB Pi3KO 3HWKYIOTHCS.

3rilHO 3 OI[IHKOI WMOBIPHOCTI BHHUKHEHHS
3CYBIB i J1aBuH y BchoMy cBiTi [11, 13], Ha ocHOBI
MOP(}OJIOTiUHUX, TEOJIOTIYHHX, METEOPOJIOTIYHUX
1 CEMCMOJIOTIYHMX JIAHUX BU3HAYCHO, IO «rapsdi
TOYKM» YTBOPEHHS 3CYBIB PO3TalllOBaHi B cecMmi-
YHO aKTUBHHX TipChbKUX MacuBax. HebGe3neky yTBo-
PEHHs 3CYBIB JJisl TepuTOpii A3il OI[iHEHO BiJ| cepe-
JHBOI 10 Ay»€e BUCOKOI.

3rigHo 3 maHuMU BcecBiTHBOT opranizarii 310-
poB’s y, niepiox i3 1998 o 2017 poku 3cyBu Bpa-
3WH puoOIN3HO 4,8 MINBHOHU IOAEH 1 CIpUYu-
Huu noHan 18 000 cmeprei.

B Vkpaini 3cyBH mOCifaloTh HaHiBHE CTaHO-
BHIIIE YHACIIIIOK 3HAYHOTO IIOIIMPEHHS €K30T€HHUX
TCONIOTIYHMX TPOLECIB Maike y BCiX 0ONacTsIX.
BoHu BUHUKAIOTH Ha MOPIBHSIHO HE3HAYHIN TLIOMI],
mpoTe iX aKTHWBi3allis Ma€ 3HAYHI HETaTHUBHI Hac-
JKA depe3 MIBUIKOIUTHHHICTh PO3BUTKY, CYTTEBI
nedopmanii Ta pyiHyBaHHS iH)K€HEPHO-TOCHoap-
CHKUX 00’ €KTIB.

PisHOMaHITHICTH IH)KEHEPHO-TEOJIOTIYHIUX YMOB
VYkpainu 00yMoBIieHa OCOOIMBOCTSIMU CTPYKTY-
PHO-TEOJIOTiuHOI  OyIOBH, 30HAIBHO-KIIMaTH4-
HUMH, T€OMOP(]OJOTIYHUMH, TiAPOTEOTOTITHIMHI
Ta CEUCMIYHUMHM XapaKTepUCTHKaMHU. Pa3om i3 Tex-
HOTEHHUMH YMHHUKAMH [I¢ BU3HAYAE IIOLII PO3IO-
BCIO/DKEHHSI €K30I'€HHHMX TEOJIOIiYHHMX IPOLECiB
1 SBHIL, a TaKO)X IIOB’SA3aHHUX 13 HMUMHU 3MIH JO-
BKIJUIAL.

Hebe3neka 3Ha9HO 3pOCTa€ y MiCIISIX PO3TaIIIy-
BaHHS 00’ €KTiB, IO CTBOPIOIOTH CIPHUSATIMBI YMOBU
JUTSL aKTUBI3aIlii MTPOIECIB Ta BUHUKHEHHS HAaJ[3BH-
YalHUX CUTYyaIlll TeXHOTEHHOTO moxokeHHs. Lle
TipHAY000YBHI Ta TepepoOHi MiIPUEMCTBA, Me-
JOpaTHUBHI CUCTEMH, IPOMHUCIOBO-MICBKi ariiome-
partii, aBTOMOO1UIBHI IOPOTH, 3aJli3HUYHI KOIii, Ha-
(hro- Ta razompoBo M TOMIO [7].

CydacHa aKTHBi3allisl 3CyBiB, IO PO3BUBAIOTHCS
Ha CXWJaX pIi3HOTO TEHE3HCy, JOCHTh 4YacTo
OB’ s13aHa 3 MPOSIBOM CYITyTHIX MPOIIECIB — epO3ili-
HOTO Ta abpa3iifHOT0, M0 € YHHHUKAMH ITi/ICUIICHHS
OCHOBHOTO TIpoliecy. AKTHBI3allisl 3CYBiB Ha TepH-
TOpil HaceleHUX MYHKTIB TOB’si3aHa 3 aKTHBHOIO
TOCITOJIAPCHKOI0 IISTBHICTIO 0€3 ypaxyBaHHS IuIa-
HyBaJIbHUX OOMEXEHb, BIJICYTHICTIO HAJICKHUX iH-
JKEHEPHHUX Ta EKOJIOTTYHHUX 3aXO0/IiB 100 OCBOEHHS
teputopiid. HalbimbI101 ko011 pO3BUTOK Ta aKTH-
Bi3allisl 3CyBiB 3aBJa€ MiCHKUM TEPUTOPISIM 31 IIiITb-
HOIO 3a0YJIOBOIO Ta 3HAYHOIO YMCENBHICTIO Hace-
JICHHS.

Tak, 3a manumm HarioHanpHOT mOMOBIiAI TpO
CTaH TEXHOT€HHOI Ta MPUpPOIHOi Oe3rneku B YKpa-
ini, y 2020 poui ruroma JISHOK i3 PO3BUTKOM 3CY-
BiB y MeXax MICBKHX TEpUTOPiH CKIIaJae IMOHAl
44,0 kM’ 3cyBH MarTh PO3BMTOK HAa TEPHTOPIi
405 HaceJIeHUX MYHKTIB, cepen sikux Kuis, /IHinpo,
Kawm’suceke, Opeca, Jlucuuancek, Kyn’sHebk, Ye-
pHiBLi Ta iami [10].

3a octanHimu nanumu (Ha 2020 pik), Ha TepHUTO-
pii Ykpainu 3adikcoBano 22 968 3cygiB. [TopiBHsIIb-
HUi rpadik KiabkocTi 3¢yBiB 3a 2019 Ta 2020 poku
10 Bciid TepuTopii YKpaiHu NpeacTaBlieHo Ha puc. 3.
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Puc. 3. T'icrorpama nopiBHsIHHS KiTbKOCTI 3¢yBiB 3a 2019 ta 2020 poku
3a BCiMa aaMiHICTPaTUBHIMH OJWHUIISIMA Y KpaiHU

Fig. 3. Histogram comparing the number of landslides for 2019 and 2020 for all administrative units of Ukraine

KinbKicTb 3CyBiB piK y pik HEYXUIBHO 3POCTAE.
[ommpenHns 3cyBiB Ha TepuTOpii YKpainu npeacra-
BJICHO Ha puc. 4.

Puc. 4. TTommpeHHs 3cyBiB Ha TepuTopil YKpainu
Fig. 4. Distribution of landslides in Ukraine

Ocob6nuBy yBary HEOOXiIHO HPHUAUIUTH IPO-
OnemMaM 3MEHIICHHS PU3UKY MPHPOTHO-TEXHOTEH-
HUX 3CYBIB Ha 3a0yJOBaHUX TEPUTOPIAX. Pu3mk
pyHHIBHEX (aBapiifHUX) MpPOSBIB 3CYBIB Ha CXMJIax
ypOaHi30BaHUX TEPUTOPIM ICHYe uepe3 HEIOBHE
BpaxyBaHHsS BCIX OCOONMBOCTEW OyIOBH CXUIY,
BJIACTUBOCTEH MOPiJl, HAIBHOCTI a00 BHHUKHEHHS
B IPUCXWIOBHX MAacHBaxX OCIa0JIEHHX MOBEPXOHb
1 30H, BIUIMBY Ha CXVJIU Ba)KKOIIPOTHO30BaHUX CTH-
XIMHUX MPOLECiB Ta SBULI (3EMJIETPYCIB, yparaHis,
MOBEHEH, ITOpMiB). 3HAYHY POJIb y ILOMY Biairpa-

I0Th TEXHOT'CHHI BIUTMBH, BUXOJIH 3 JIaly abo Hemnpa-
BWJIbHA EKCIUTyaTallisi CUCTEM iHKCHEPHOTO 3aXu-
cTy. MOXIHBI TakoXX MPOPAaXyHKH, TOMYIICHI ITiJT
Yyac TIPOEKTYBaHHS 1 3[iHCHEHHS 3a0y0BH, ITPOBE-
JICHHSI 3aXO/IIB 13 MiArOTOBKH 1H)KEHEPHOT'0 3aXUCTY
Ta foro 3xiticuenHs 3, 9, 12].

BuxopucTtaHHs 3CyBHHX CXWIIB IS 3a0y/TOBH
TEpUTOPIH y Mexkax y3oepexoks YopHoro i A3oB-
CBKOT'O MOpIB, JIOJIMH PIBHUHHHX PiK, TIPCHKUX CXU-
niB Kaprat i Kpumy 00yMOBITFOE 3pOCTaHHS PU3HKY
aBapiii Ta katactpod. Lle cnoctepiranocs y 3akap-
naTchkiid, YepHiBelpbKiii 006macTsx Ta B ABTOHOM-
Hilt PecnyOuini Kpum.

Po3BHTOK 3CYBiB CTBOPIOE aBapiiiHi i KaTacTpo-
¢iuni curyanii B YepniBisx, Cosatuni, Kocosi,
BepxoBuHi, a TakoX y 30HaX HaTO- Ta ra30MPOBO-
niB Kapnarcekoro periony. /[leTambHO BHBUEHI
YMOBH PpO3BUTKY JaBHIX 3CyBiB Yy Oaceiini
p- Kam’suka (Crpuiicekuii paiion JIbBiBcbkoi 00a-
CTi) BKa3ylOTh Ha MOXJIHBICTH iX KaTacTpodidHoi
aKkTuBi3amii 3 pyliHyBaHHAM HadTompoBoay «/Ipy-
x0a» Ta MOMEHTAJILHUM BUKHJIOM Y PiYKOBY CHC-
temy JlHicTpa OMU3BKO TPHOX THUCSY KyOOMETpiB
Ha(TH i, K HACTINOK, TOBHAM €KOJIOTIYHUM 3HH-
mieHHsM p. JlHicTep, sika € TOJIOBHUM JIKEPEIIOM BO-
noroctavands YepHisernpkoi Ta Oznecbkoi o0Jac-
Teit 1 PecrryOniku Monnosa. Lle Moxke mpu3BecTH 10
eKoJIOriuHOi KaTacTpodu B €Bporri, 3a MaciTadaMu
65m3bK0i1 10 YOpHOOMITBCHKOT.
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Puc. 3 i 4 neMOHCTpPYIOTH aKTyalbHICTh MPO-
OyleMu 3CYBHUX SIBHII B YKpaiHi Ta HEOOXiTHICTH
MPOTPECUBHOTO BUBYCHHS MTPOIIECIB 13 METOIO iX 3a-
noOiraHHsl, MOCTIHHOTO MOHITOPHHTY 3a CTIHKICTIO
YKOCIB Ta CXWIIIB, PETYIIOBAaHHS TTPOMHUCIIOBOI Misl-
JLHOCTI JIfonuaH [4, §].

HaykoBa HOBH3Ha Ta MPpAKTHYHA
3HAYUMICTD

[TpoBeneHO KOMITIEKCHE JOCITIDKEHHS Cydac-
HUX TEHJCHIIH Yy BUHUKHEHHI Ta PO3BUTKY 3CYBiB
Ha TepUTOpii pi3HUX KpaiH CBITYy Ta 30KpeMa YKpa-
ifHM 3 ypaxyBaHHSAM OCTaHHIX JOCATHEHb
B raty3i reoJiorii, reoMexaHiku ta OyiBHUITBA. Pe-
3yJIBTaTd OTJIALY TEHJCHIIIi 3CYyBIB MOXYTb OyTH
BUKOPHCTaHI IS TOJNIIMIIEHHS CTPaTerii ympas-

JHHS TPUPOAHUMHE PU3HKAMH, PO3POOKH iHKEHEP-
HUX 3aXO[iB IJIsl 3armoOiraHHs 3CyBaM Ta ITiJIBH-
IICHHsI Oe3IeKN HaceNIeHH 1 iH(hPacTPYKTYpH.

BucHoBku

3arajgoM JOCTI/KEHHS CBITOBUX TEHIEHITiI
MIPOSIBIB 3CYBIB IIJKPECIIOE HEOOXITHICTh TIIHOO0-
KOT'0 pO3YMiHHS IPUPOJTHUX Ta aHTPOIIOTCHHUX (a-
KTOpIB, 1110 BIUIMBAIOTh Ha I Mpoliec, VI Po3po-
Oku e(peKTHBHHX CTpaTeriil ynmpaBiIiHHS PH3UKaAMHU
Ta 3a0e3MeUeHHS CTIUNKOCTI IeOJIOTIYHO aKTUBHUX
perioniB y macmTabax ycboro cBity. HeoOxigHo
MIOCTIHHO 3MIACHIOBATH peTeNbHe TUTAHYBaHHS 3a-
Oy/J0BH, YHHKAIO4W OYIIBHUIITBA B HEOC3MEUHUX
30HaX 1 3a0€3MeUyr0YN CTiHKE YIIPaBIiHHS 3€MeITb-
HUMH PECypCaMHu.
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Overview of Landslide Trends in the World and in Ukraine

Purpose. The main purpose of the study is to systematize and analyse in-depth current trends in the field of land-
slide prevention and development in different countries of the world, especially in Ukraine, as well as to consider and
highlight the main factors that cause landslides, and to study in detail the methods of their prediction and minimization
of relevant risks. Methodology. Landslides are a serious geological hazard. Currently, there is a tendency to increase
the frequency of landslides due to anthropogenic impact worldwide. The natural processes of the geological environ-
ment, together with the development of mineral deposits, massive and large-scale land development, lead to the in-
tensification of landslide processes. The cause of landslide formation is an imbalance between the shear force of
gravity and the retaining forces. Findings. The number of landslides in recent years has been analysed and their
distribution on different continents has been considered in detail. The causes of landslides in Ukraine and other coun-
tries of the world are identified and systematized. The urgency of the problem of landslide phenomena in Ukraine is
considered, and the need for progressive study of landslide formation processes in order to prevent them is empha-
sized. The importance of continuous monitoring of slope stability is emphasized to reduce risks and improve safety.
Originality. A comprehensive study of current trends in the occurrence and development of landslides in different
countries of the world and Ukraine in particular was carried out, taking into account the latest advances in the field of
geology, geomechanics and construction. Based on the analysis, conclusions were drawn about the need for progres-
sive study of landslide processes in order to prevent them. Practical value. The results of the review of landslide
prevention trends can be effectively used to improve natural risk management strategies, as well as to develop new
and improve existing engineering measures aimed at preventing landslides. This, in turn, will help to improve the
safety of both the population and critical infrastructure.

Keywords: landslide; monitoring; soil; rock; tendency to prevent landslides; climate change
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