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IFEOMETPUYHI O3HAKHA HNEP®OPALIMHOI'O MAPKEPA
TA IX CTIMKICTb JO HEPEHIKO/I

Jlorynos O.M.

GEOMETRIC SIGNS OF PUNCHED MARKER
AND THEIR RESISTANCE TO OBSTRUCTION

Logunov O.M.

IHokaszana  cgepa  3acmocysanusi  nepopayiinux

Mapkepie —cucmemu YAPAGIIHHA AKICMIO NPOOYKYil

8UPOOHUYMS, wWo  6UKOPUCHOBYIOMb  CUPOGUHY
0i0102141H020 NOXOOIICEHHA MA MEXAHIYHY, MEPMIUHY ma
XimiyHy 00pobKy 6upobis, ni0 uac sAKOi Modice
BUOANIAIMUCS  308HIWHIN  wap Mamepiany pazom 3
MApKy6aHHAM, 4 MAKOIIC 3HAYHO 3MIHIOBAMUCA ONMUYHI

xXapakmepucmuxku — noeepxui  eupobis.  Posensnymo
cneyughiunoeo suensiody mapkep, AKU
BUKOPUCOBYEMbC Y WIKIPAHOMY — SUPOOHUYMEI.

Poszensnymo cnocib6 eusnauenHs opienmayii nio uac
PO3NI3ZHABANHA 34 OONOMO20I0 2eOMEMPUUHUX O3HAK.
Ompumano upaszu Oasi GUIHAYEHHSI 2COMEMPUYHUX |
MOMEHMHUX O3HAK, AKI SUKOPUCMOBYIOMbCA Ni0 Hac
posnizHasanusi  300padicenHs  mapkepa, a  came
KOOpOuHam yeHmpa 6acu ma 3HAYEeHHS OCbOBUX
momenmie  iHepyii.  Ilposedeno  komn tomepruil
eKCnepumeHm, 8 pe3yibmami AK020 OMmpuUMano epagixu
PO3ROOINY KYma nogopomy 20JI08HOI YeHMPAIbHOL OCI 3
MIHIMATOHUM MOMEHMOM iHepyii 8IOHOCHO 0a308020
psady mapkepa cneyugpiuHoeo euensidy ma epagixu
PO3N00ITYy  MOMEHmMI8 Mpemvo20 NopsioKy  Wooo
20/I0BHUX YEHMPANbHUX ocell inepyii. Ananiz oopanux
2eOMEMPUYHUX | MOMEHMHUX O3HAK NOKA3A8, WO 6NIUE
OKpeMuUx MnoxuboK GU3HAYEeHHS KOOPOUHAM YeHmpis
OMBOpI8 HIGENOEMbCA Ui He CHPUHUHAEC [CHOMHO20
enauey Ha ixui 3uauennsn. QOIpyHmMosano GuoOip
2e0OMempUUHUX | MOMEHMHUX O3HAK O GU3HAYEHHS.
opicumayii mapxepa. 1 nepesipku 6nauey Ha
MOMEHMHI  O3HAKU NOXUOOK HAHECEeHHs Omeopie ma
depopmayii maprepnoi mampuyi npu obpodyi eupobie
6Y10 BUKOHAHO eKCnepumeHm 3 6uKopucmanusim 958
300pasicerb MAPKY8AHHA, OMPUMAHUX HA NPOMOMUNI 8
peanvhux — ymogax  eupobnuymea.  IIpoeodunocs
PO3NI3ZHABAHHA MA 0eKOOYB8AHHIA MAPKeEPI8, BUSHAYUANUCS
KOOpOuHamu yenmpig 6Cix omeopie ma

PO3PAX0BYBANUCT MOMEHMHI O3HAKU OISl 300PAANCEHO20
mapkepa i 015 mozo e maprepa, aie H6e3 CHomeopeHs
cimKu — po3mauty8amHs omeopis. Ilobyoosano
2icmoapamu po3nooiny eiocmanett Misic psoamu Omeopis
ma HOPMOBAHO20 BIOXUJICHHS YeHMPIE OMBOPIE 6i0 8Y31i6
cimku. Ilobyoosano mabauyio poskudy 2eomempudnux
Xapakmepucmux — Mapkepie  3a  pe3yIbmamamu
eKcnepumMeHmanvHoi  00podKu  mecmosoi  napmii.
THokazarno, wo po3nodin 6ioxunenHss Omeopis 6i0 8y3iie
KOOPOUHAMHOT CIMKU MAE HOPMATbHUL XAPAKmep.

Knrouosi cnosa: nepopayitinuii mapkep, eeomempuyini
MoMeHmu, po3nizHABanHs, i0eHmugixayisi, o3Haxa.

Beryn. [HauBinyanbHa ineHTH)IKALS BUPOOIB
Ha BCIX CTajisx OOpOOKM BBAKAETHCS OJHHUM 3
Croco0iB  BKJIIOYCHHS MEXaHI3MIB EKOHOMIYHOT
3aIIKaBJIECHOCT], TEXHOJIOTIYHOI BiAMIOB1ZAIBLHOCTI
Ta 30UTBIIEHHS JOCTOBIPHOCTI iHQOpMaIii, M0
BUKOPHCTOBYETHCS B aBTOMATH30BaHIi CHCTEMI
ynpaBimiHHg — mignpuemctBoM  (ACVYII), 1o
3pEMITOI0  Ja€ 3HAYHE TMOKPAIICHHS SIKOCTI
npoaykmii. Cucremu ineHTH]IKAIii BUPOOIB €
HEBITEMHUM €JICMEHTOM CHCTEMH KEpYBaHHS
AKICTIO.

Haii6inpImmoro mommpeHHs IJIs MapKyBaHHS
oTpuManu  mTpux-kogu  OcTaHHIM  Yacom
MONIHUPIOETHCS 3aCTOCYBAHHS TBOBUMIPHHX KOJIB,
abo 2-D komiB, MIUIBHICTE 3amucy iHGOpMAaIii B
SKUX 3HAYHO BHIII. TEXHOJIOTiS iX 3aCTOCYBaHHS
BimmparsoBano. Koanm crammaptuzoBaHi. Pazom 3
TUM, TPAIUISIOTHCS BUMAAKH, KOJIW 3aCTOCYBaHHS
MITPUX-KOMIB Ta JBOBUMIPHUX MAaTPUYHHUX KOJiB
HEMOXJIMBO YH HEBUTITHO, 1 HaWKpallUMU €
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MapKepH, IO CKJIAAAIOThCS 3 TICBHUM YHHOM
PO3TalIOBaHUX OTBOPIB, Tak 3BaHi mepdopariiigi.
Mapkepu. Bonu akTyanbHi A7 BUpOOHHITB, IO
BUKOPHCTOBYIOTh CHUPOBUHY 010J10TiYHOTO
MOXOJPKEHHSI Ta MEXaHIYHy, TEPMIYHY Ta XiIMi4HY
00poOKy BHPOOIB, T Yac sIKO1 MOXKE€ BHIAIATUCS
30BHINIHIN Iap Marepiady pa3oM 3 MapKyBaHHSM,
a TakoX 3HAYHO  3MIHIOBATUCS  ONTHYHI
XapaKTEPUCTUKH MTOBEPXHI BUPOOIB.

Haii0inbm sxopcTKi yMOBH MalOTh MicLe Hpu
MapKyBaHHS IIKIp y IIKIPSHOMY BHPOOHHIITBI.
[IpoTsrom 00poOku wIKipu HEOOXiHO, 1100 MapKep
30epircs mi yac Oyab-sK0i TeXHOJIOTIYHOT Oreparii.
Ilepdopamist rapantye, oo 3HaK KOAYyBaHHA He
3HUKHE HABITH NPH ABOTHHI (TIOMiI MIKipW HA OBI
MTOJIOBUHHM 0 TOBIIWHI), BUAAJICHHI TOBEPXHEBOTO
mapy Martepiary Ta iHmux crmocodax oopookw [1].

Meto0 cTaTTi € pO3MNIAN TEOMETPHUYHHUX
03HaK riephopaIiiftHoro Mapkepa, SIK1
BUKOPUCTOBYIOTHCSI  aBTOMaTHYHOIO ~ CHUCTEMOIO
3UATYBaHHS, Ta BU3HAYCHHA IX CTIHKOCTI [0
MEPEIIKO.

3aco0u faocaigxKeHHs] — MaTeMaTH4YHE Ta
KOMIT IOTepHE MOJICIIOBaHHs MapKepa.

Onuc mapkepa. Ha ocHoOBI
JIOCHiKeHb  [2]  pO3MIsSHYTO
BHUKOPHUCTAHHAM KOOy «2 i3 5»
Opi€HTAIIfHUM psAaMHU.

I'eomeTpnyni MoOMeHTH Mapkepa Ta ix
BHKOPUCTAHHSA  JJs  BH3HAYeHHs  ioro
opieHramii. 3pyyHOIO Ta HAIIHHOIO CHCTEMOIO
O3HaK, IO 3aCTOCOBYETHCSI TPH PO3Mi3HABaHHI
pI3HUX 300pakeHb, € TCOMETPUIHI MOMEHTH PI3HUX
NopsiAKiB, OOYMCIEHI B NPSAMOKYTHIH CHCTEMi

TIOTIEPETHIX
Mapkep 3
3 0a3zoBUM 1

Mapkepa  BIIHOCATHCS  KOOPAMHATH  IICHTPY
TSOKIHHS, MTOJIOKEHHS TOJIOBHHUX IIEHTPATLHUX Ocel
IHEepITii Ta 3HAYCHHSI OCLOBUX MOMEHTIB iHepIlii [3].
3aranpHUN BUpa3 JUIsI OOYUCIICHHS MOMCHTIB
Mapkepa 3a YMOBH, IO OTBOPH BBAXKAIOTHCS
TOYKOBUMHU €IIEMEHTAMH, MA€ BUTIIS;

k n
M, = Dz M)

=0 j=0

Ie a, b - mopsIOK MOMEHTY; Z - O3HaKa HasBHOCTI
OTBODY B 1,j mo3wuiii MaTpwuili (puiiMae 3aadeHHs ()
abo 1); xj, yj — KOOpAMHATH BY3JIB CITKH, B AKiH
HAHOCSTHCS OTBOPH MapKepa.

BiamnpaBHOI0 TOYKOIO ISt TOOYAOBH MAaTPHUIT
MIPH PO3TMi3HABaHHI MapKepa MOXKe OYTH IIEHTp Baru
€JIeMEHTIB MapKyBaHHA. (DopMmyna BU3HAYCHHS
KOOpPJIMHAT IIEHTPY Baru Mae Burisia [90]:

X, :ﬁ, y, = ﬂ (2)
MOO MOO

SIKII0 BBECTH KOOPIUHATHY CUCTEMY MapKepa,
sSKa Ma€ BiCh X, MOETHAHY 3 IICHTPAMH OTBOPIB
OpieHTaliifHOTO psAxy, a Bick y — 0a3oBoro, Ta
MPUHHATH BIACTaHR MDK CTOBIIAMH /iy 1 MK
psnkamMu h, TO 3HAYEHHS X, A OYIb-SIKOTO
MapKepa 0JTHAKOBO, i BU3HAYAETHCS SIK.

k(D)
© 2fk(m+1)+n+1]

3)

IHpopMaLiiHmWA pa g

KoopAauHaT. TakoXX N0 TEOMETPUYHUX O3HAK
OTEOpIE

Bazopdt pan
OTBOPIB g 6 3

N

—@@

T~—

OpieHTaULiHWA DA A OTBODIE

Puc. 1. Cxema nepdopaniiiHoro Mapkepa pu BUKOPUCTaHHI Koy «2 i3 5»
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Koopnunara x. 3aleXHO BiJl 3aKOJOBaHOTO
3HAYCHHS MOXE OYTH B IHTEPBAII BI X¢ min 1O Xe max

[n(n+1)+km(1+m)|h,
emin = 2[k(m+1)+n+1]
B [n(n + 1)+ km(1+2n —m)]hy
w2k +n+l]

HactymHumMu oOmopHHMH O3HaKamM#  II[OJI0
MOJIOJKEHHS 0a30BOI0 Py OTBOPIB MOXKYTh OyTH
OCHOBHI MOMEHTH I1HEpIIii Mapkepa i IOJOKCHHS
OCHOBHUX IeHTpampHUX ocedl [4]. ['omoBHi
IIEHTPaJIbHI OCi TPOXONATh HYepe3 IICHTP Barm Ta
MTOBEpPHEHI Ha KYT O IIOAO OPIEHTAIIMHOTO PSIY
Mapkepa

1g2a =—Men
c20 Mcoz
M1
a b
MCab = Z (xi _xc) (yz _yc)
i=0

Po3pi3HUTH TOJIOBHI IEHTPaJIbHI OCi IS
JOBUILHOTO IOJIOKEHHS MapKepa MO)XXHa 3a
3HAYCHHSIMH TOJIOBHUX MOMCHTIB, SIKi Ha0yBalOTh
EKCTpEeMaJIbHUX 3HAYCHB!

Jlns BU3HAYEHHS 3HAYYNIOCTI TEOMETPHYHHUX
O3HAaK Ta iX PO3KUAY B 3aJIC)KHOCTI BiJl 3HAYCHHS
Mapkepa OyB MPOBEICHUH aHAJI3 yCiX MOXKIUBUX
KOH(]irypani Mapkepa i k=8, m=5, n=2. bynu
3HalIEeH] BCI BUILIEHA3BaHI1 TEOMETPHUYHI
mapamMeTpu IS BCIX KOJOBHX KOMOiHaIlii,
BU3HAYCHO MEXI MOXKJIMBOTO 3HAXO/KEHHS ICHTPY
Bard, MoOyJ0BaHO TiCTOrpamMy pO3MOALTY KyTa
MOBOPOTY TOJIOBHOT LEHTPATBHOI OCi iHEpLil 100
opieHTaIiiHOTO psay OTBOPIB (puc. 1) i ricrorpama
pO3MOMITy OCHOBHX MOMEHTIB IHEpIli TPETHOTO
HOPSIZIKY.

i TpaHUYHI 3HAYCHHS MOXYTb
BHKOPHCTOBYBATHUCS 5K JTOJATKOBI TIEPEBipOYHI
napaMeTpH MPH PO3Ii3HABaHHI MapKepa.

l'onmoBHI TIEHTpambHI OCI BUKOPHUCTOBYIOTHCS
JUISs  BU3HAYCHHS  OpIi€HTAmii  Mapkepa, IMIo
PO3II3HAETHCS, TAaK K TOJIOBHA IIEHTPAJIbHA BiCh 3
MiHIMATGHAM  3HAY€HHSAM  MOMEHTY  iHepIii
npubIu3HO  30iraeTbcst y — HAmpAMKYy 3
OpIEHTAIIMHUM PSIOM OTBOPIB (pHC. 2).

PosrnsHeMo BenmuuMHM Xc3 1 Y3, AK€
paziycaMu iHEpIHii TPEThOTO TOPSAAKY IIOIIO
TOJIOBHUX OCed, 1 MOXYyTb OyTH 3HaWmeHi i3
CIIBBigHOIIEHB [2]:

3
(M30) Gumax =00 (xq)

b

M — 27 c2 co2 4 My —M

3
(Mo3)Gmin =M (yqj
2

G max/G min 2 2

+(MC11)2

M

Mczo _Mcoz

2

Gmax/Gmin 7 7

+(MC11)2

0.06

0.04

- 0.1 0 0.1 0.2 o

Puc. 2. Posmoain xyTta moBopoTy (y pamiaHax) TOJOBHOI IIEHTPAIBHOT 0Ci 3 MOMEHTOM M Gmin
010 OPiEHTAIITHOTO PsAY OTBOPIB MepdopaiiiftHOTo Mapkepa
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=80 =40 0 40 80 120

Puc. 3. Po3noaint MOMEHTIB TPETHOTO MOPSAAKY 100 TOJIOBHUX HMEHTPAIBHIUX OCei

10 T | T I
Gmm £

T © " -
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o
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_2 i Gmax o
= 1 ! | !
5 8 11 14 17 20

Puc. 4. PosramyBanns 1ieHTpy Baru (Touka C) Ta TOJIOBHUX HEHTPATBHUX 0CEH Gumin 1 Gmax TIPU TOBUTEHOMY
MOJIOXKCHHI TIepdopariifHOro Mapkepa (KOoJo MPOBEICHO PaliyCoM X, i BU3HAYAE TOUKY TOPKAHHS
6a30Boro psijiy OTBOpIB)
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Y cwucreMi koopauHaT, MmO 30iraeTbcs 3i
MOJIOKEHHSAM  TOJIOBHMX  ILICHTPAJIbHUX  OCEH,
obupaerbcss  Touka C3;  KOOpAMHATH  SIKOi
BU3HAYAIOTHCH SK:

Bincranp Big neHTpy Baru g0 0a30BOro psmy
MOXHa OIlIHATH BUpa3oM (3). 3 ricrorpamu (puc. 3)
BUIHO, MmO M3y 3aBXaW TO3UTHBHHUH, OTXKE,
MO3UTUBHUM OYyJe i 3HAYCHHS Xc3. TaKUM YUHOM
0a3oBuil psiA OTBOPIB Mapkepa Ta Touka C; 3aBKIu
pO3TaIioBaHi B Pi3HUX HAIIBILIOMIMHAX, MPHIOMY
OTBip, HAWOUThII BigmaneHuil Bix TOUKU C3, €
OOHMM 13 KpalHix y 06a3oBomy pangy. Lle
TBEPUKEHHS OyJI0O TIEPEeBIpEHO IS BCiX KOJOBHX
KOMOIHAIH 3a CXEMOIO MapKepa 3 KOJIoM «2 3 5»
(puc. 5).

Y 1ol ke "ac KOJO pamiycy Xc 3 IIEHTPOM,
po3TamioBaHMM |y IIGHTpPi Baru Mapkepa, €
JOTHUYHHUM [0 JIiHii HeHTpiB 6a30Boro psaay. Takum
YHHOM, 3HAIOUH MTOJIOKEHHS OJIHI€T 3 KpaliHiX TOUOK
(w abo z) 0a30BOro psmy, MOXHA IPOBECTH
JOTHUYHY Ta OTPUMATH JiHIIO LEHTPiB 06a30BOTo
psany otBopiB (puc.4). OtBopu 06a30BOrO psmy
PO3IMIYKYIOTBCSA Ha IiM JIiHII, MOYWHAIOYN Bif
paHimie 3HalAeHOT0 KPalHBOTO Z 3 BUKOPUCTAHHIM
BiJOMOT0 KPOKY PO3TalllyBaHHS OTBOPIB.

PiBHSIHHS TIpsIME, 1110 MPOXOIUTH Yepe3 3aJaHy
TOYKY Z 3 KOOPAWHATAMH X;, V> 1 TOTHYHOI 10 KOJa
B TOYIl A 3 KOOPAWHATAMU X4, V4 (puc. 4):

V=Y. =k(x,—x.) )

Koopnunatu Touku 4 MOXHa BUPa3HTH depe3
paniyc kona R:

X, =R-cosa,y,=R-sma ()
IlincraBum Bupaszu (4) no piBHsHHS (3) Ta

T
Bpaxyemo, W0 k=tgfh, a ﬂZE—OC.

OTpumaemo

R=y -sina—x_ -cosa ()

G e
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o] 00
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Gmax
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© o ° Gmin
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& O
w

B

Puc. 5. BiiuB K0JJ0BOTO TIOBiIOMIIEHHS MapKkepa
Ha pPO3TallyBaHHS LIEHTPY Baru Ta TOJOBHUX
neHTpaipHux ocell. [Tokaszani ekctpeManbHi (a, 0)
Ta HaOUIBII IMOBIPHMH (B) KyTH TIOBOPOTY Ocei
I10/10 OPIEHTALIHHOTO PsIly OTBOPIB
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Baminmmo B (6) siha = 2 l‘gg/ ,
l+tg7y
1-tg°
COSO(=—gz}/, Ta y = /2, OTPUMAEMO:
I+tgy

(R—xz)-tg27—2-yz-tg;/+(R+xZ)=O
(7

Pimenns piBusiHHEA (7) Ia€ ABa KOpeHi:

y, 2\x2+y} R

187, = R—x ’
Y. kXl + Yy - R
a,,=2-arctg 2 _x

IcnyBanHst nBOX KopeHiB piBHsSHHA (3.20)
00YMOBIICHO THM, IIIO0 3 TOYKH z MOXKHA TPOBECTH
JBl IOTHMYHHX JO Koja. TakuM YHHOM, 13 JIBOX
3HaYeHb (@ BHUOWPAETHCS TE, MO0 MOTPAIUIIE B
Jiara3oH 3HAaYCHb, HABSACHHH Ha PUC. 2, 1110 MOXKHA
BUCJIOBUTH YMOBOIO Oliin<0=Olmax.

OcTaTo4HO, PIBHSHHS TPSAMOi, B3JIOBX SKOI
MaroTh OyTH pO3TalllOBaHi OTBOpU 0A30BOTO PSITY,

T
Ma€  BUIIS] y:(x—xz)-tg 3_0[ +y,.

Sxmo 1na  noOydoBM TOTHYHOI 1O  KoJja
BUKOPUCTOBYBAaTH KOOPJAWHATA TOYKH W, TO
OTPHMAEMO Ty CaMy TIPSAMY.

CriiikicTh 10 mnepemKkox reoMeTPHYHUX
03HAK MapKepa.

Amnamizytoun  dopmymu (1) - (3) nmua
OTPUMaHHsI MOMEHTHHMX O3HAK, Ma€MO BHCHOBOK,
II0 BOHM  BHKOPHUCTOBYIOTH  YyCEpEOHEHHS
XapakTepUCTUK, TPH SKOMY BIUIMB OKPEMHX
NOXHOOK BH3HAYEHHS KOOPAWHAT LEHTPIB OTBOPIB
(4epe3 TPHUCYTHICTh TMEpEIIKOJ Ha 300pa)KeHHI,
CIIOTBOPEHHsI ()OPMU OTBOPIB, HEPIBHOMIPHOCTI
OCBITJICHHS Ta iHITIE) HIBEIIOETHCS 1 HE MAE 1ICTOTHO
BIUIMBAaTH HA 3HAYEHHS MOMEHTIB iHEepuil pi3HUX
TTOPSIKIB.

JList TIepeBipKy BIUTMBY Ha MOMEHTHI O3HAKH
noxuOOK HaHeCeHHs OTBOpiB Ta Aedopmarii
MapKepHoi Marpulli npu o0poOui BupoOiB OyIo
BHUKOHAHO EKCIICPUMEHT 3 BHUKOPHUCTaHHAM 958
300pakeHb MApKyBaHHs, OTPUMAaHHUX HA IPOTOTHUII
B peaJbHUX yMOBax BuUpoOHHUUTBa. [IpoBommmocs
poO3Mi3HaBaHHSA Ta  JEKOAYBaHHSI  MapKepiBs,
BH3HAYAJINCS KOOPAWHATH IIEHTPIB BCIX OTBOPIB Ta
pO3paxoByBajMCs ~ MOMEHTHI ~ O3HaKW  JUis
300pa)keHOr0 MapKepa i JJIsl TOro X Mapkepa, aie
0e3 CIIOTBOPEHb CITKH pPO3TAIlyBaHHS OTBOPIB
(tabn. 1). IloOynmoBaHO TicTOrpaMu pPO3MOILITY
BicTaHel MiK psgamMu OTBOpiB (puc. 7) Ta
HOPMOBAHOTO BIIXWJICHHS IICHTPIB OTBOPIB Bif
BY3JIIB CITKH (pHC. 8).

Puc. 6. Jlotnuna 10 Koa, MpoBeeHa i3 3aaH0i TOYKH Z
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Puc. 7. T'icrorpamu BifcTaHe# Mi>k OTBOpaMHU MapKepa B OpieHTALIHHOMY /i, Ta y 0a30BOMY /i, psiiaX y MiKcenax
(IIyHKTHPOM IOKa3aHO KPUBY HOPMAJIBHOTO PO3IOILTY 3 XapaKTepucTUKaMu: 31iBa 4,=16,78, 0,=1,83;
cmpasa 4,=20,64, 0,=2,37)
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0 0
0.4 -0.2 0 02 P/, ~0.4

=02 0 0.2 p /h

Puc. 8. Po3noain HOpMOBaHOTO BiAXWICHHS [IEHTPIB OTBOPIB Bi BY3IiB CITKH,
3amaHoi 0a30BUM Ta OpiEHTALIHHUM psiiaMu

Tabmurs
Po3kna reoMeTpUYHNX XapaKTEPHCTHK MapKepiB 3a pe3yJbTaTaMH
eKCMepPUMEHTAIBLHOI 00pPOOKHU TecTOBOI mapTii
HaiimenyBamis o3Haxu Cepenne CepenH.Lo-KBaupaanHe
3HAYCHHS BIJIXWJICHHS
BignocHa noxu0ka koopauHat X IEHTPY Baru 0,024 0,029
BignocHa noxuOka koopauHat Y LEHTPY Baru 0,035 0,054
BignocHa nmoxuOka BiJICTaHI MiXK OTBOPaMH 38 KOOPMHATOI0 X 0,0004 0,107
BinHocHa moxuOKa BiJICTaHI MiXK OTBOPAaMH 32 KOOPJMHATOW Y 0,0055 0,11
HopmoBane BiIXniIeHHs LIGHTPIB OTBOPIB BiJ BY3JiB CITKH 32 232:10° 0.1
KOOpAMHATO0 X i ’
HopMoBaHe BiIXHIeHHS LIEHTPIB OTBOPIB Bij BY3IiB CITKH 32 0.00026 0,09
KoopauHaTow Y
BigrocHa moxubka MOMEHTY iHEpIIii IPyroro MopsIky momao oci X 0,19 0,062
BigrocHa moxubka MOMEHTY iHEpIIii IPYyroro Mopsaky momao oci Y -0,08 0,064

Pesynpratt cratucTudHOI 00pOOKH JaHHX
MOKAa3yI0Th, IO PO3IMOJALT BIAXWUICHHS OTBOPIB BiJl
BY3JIiB KOOPIWHATHOI CITKM Ma€ HOpMaJIbHUI
Xapakrep.

BucHoBku. BuzHaueHo jiana3oH MOXIUBOTO
MOJIOXEHHS [ICHTPY Baru, rpaHUYHI 3HAYCHHS KyTa
ITOBOPOTY TOJIOBHOI IIEHTPAILHOI OCi 1HEPIT M010
Opi€HTAIIfHOTO psAAy OTBOpiB, IO JO3BOJISIE
BU3HAYUTH OpPIEHTAIII0 MapKepa 1 IIOJI0XKEHHS
0a30BOr0 Ta OPIEHTALIIIHOTO PSAIIB.
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Logunov O.M. Geometric signs of punched
marker and their resistance to obstruction.

The field of application of perforation markers is
shown - product quality management systems of
industries that use raw materials of biological origin and
mechanical, thermal and chemical processing of
products, during which the outer layer of the material
can be removed along with the marking, as well as the
optical characteristics of the surface of the products can
change significantly. A specific type of marker used in
leather production is considered. The method of
determining the orientation during recognition using
geometric features is considered. Expressions for
determining the geometric and moment features used
during marker image recognition, namely the
coordinates of the center of gravity and the value of the
axial moments of inertia, were obtained. A computer
experiment was conducted, as a result of which graphs of
the distribution of the angle of rotation of the main
central axis with the minimum moment of inertia relative
to the base row of a marker of a specific appearance and
graphs of the distribution of moments of the third order
with respect to the main central axes of inertia were
obtained. The analysis of the selected geometric and
moment features showed that the influence of individual

errors in determining the coordinates of the hole centers
is leveled out and does not cause a significant impact on
their values. The choice of geometric and moment
features for determining the orientation of the marker is
substantiated. In order to check the effect on the
momentary signs of the errors of applying holes and the
deformation of the marker matrix during the processing
of the products, an experiment was performed using 958
marking images obtained on the prototype in real
production conditions. Recognition and decoding of the
markers was carried out, the coordinates of the centers
of all holes were determined, and momentary
characteristics were calculated for the displayed marker
and for the same marker, but without distortions of the
hole location grid. Histograms of the distribution of the
distances between rows of holes and the normalized
deviation of the centers of the holes from the grid nodes
were constructed. A scatter table of the geometric
characteristics of the markers was constructed based on
the results of the experimental processing of the test
batch. It is shown that the distribution of the deviation of
holes from the nodes of the coordinate grid has a normal
character.

Keywords: perforation marker, geometric moment,
recognition, Sign.
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BILIMB ®I3BUKO-MEXAHIYHUX XAPAKTEPUCTHUK MATEPIAJTY BUPOBIB
MAIMHOBYYBAHHS HA IX 3HOCOCTIUKICTD

Hixoaaenko A.IlL., Illymakosa T.O.

THE INFLUENCE OF THE PHYSICAL AND MECHANICAL CHARACTERISTICS
OF THE MATERIAL OF MACHINE-BUILDING PRODUCTS
ON THEIR WEAR RESISTANCE

Nikolaienko A.P., Shumakova T.O.

YV cmammi o6rpynmosano HeobOxioumicmv nioguuyeHHs
006208iUHOCII Oemaiell MAWUH Mma MexXHIYHUX upoois,
3 Memow  3abe3neueHHs  KOHKYPEHMO30aMHOCHI
BIMYUZHAHO20 2AN1Y3€6020 MAWUHO0YOy8anna. Kiouosy
PONb Y NOKPAWeHH] eKCHAYAMAYIHUX XapaKmepucmux
gidiepae AKiCmMb NOBEPXHEB020 ulapy oemanell ma 8y3iie.
Jo ocnosuux xapakmepucmux No8epXHE8020 ULapy
demarneil 8IOHOCAMbCST MBEPOICMb MA 3HOCOCMIUKICMb
mamepiany, 3 K020 6oHU guzomosneni. Ilpeocmasneno
AHAT3 NOWUPEHUX MEXHONOSIYHUX MEMO0I6 Ni0GULYEHHSL
3HOCOCMIUKOCMI 0emanet MauuH Wisixom niaCMu4HO20
OeopMysarHs NOGePXHI Ma iX NOPIGHAHHS 3 MEMOOOM
8ibpoabpaszuenoi  00PoOKU, WO NPOBOOUMBCSL HA
sepcmamax 3 U - nodibnoio @opmoio Konmeiinepa.
ITioxpecaeno, wo ynieepcanvhicms 0bnaouanms ons BioO
3abe3neuye ModHCIUBOCHI 30iUCHeHH 3 1T 00NoMO2010
yinoeo  psdy  onepayiu, maKux SAK  3AYUCHI,
030007108anbHI, ¥ mMomy uucii 3miyniowyi. OcCKintbKu
@izuuna npupoda 3miyHeHHs NOBHICMIO He 3 CO8aHa, a
maxodc Ha  npoyec  6ibpoabpazusHoi  06pPOOKU
enaugaroms noHao 50 ¢axmopis, wo 1020 YCKIAOHIOE
AHATIMUYHULL ONUC, eKCNEPUMEHMATbHL 00CTIONCEHH S €
aAKMyanbHUM 3a60AHHSM.

B cmammi nagedeno pesynbmamu psoy 00CriodlceHb
npoyecy hopmysanHsa 8ibpoHaxieny ma napamempu, uwo
BNIUBATOMb HA 3MIHY MIKDOMEEPOOCMI NOBEPXHEBO2O
wapy  npu  gibpayiuniii  00pobyi.  Ilposedeno
docnidoicenss makux napamempie, SAK amMniimyoa,
ygcmoma KoIueauwv, poboue cepedoguuje. Ananiz
pe3yromamié  OOCHIONCEeHHS  GNAUBY  AMAAIMYOU i
yacmomu  KOIUBAHb NOKA3A8, WO 3i 30L1bUeHHAM
amnaimyou ma 4acmomu KOJIUSAHL GIOZHAYACTNBCS
30L1bUIEHHS MIKDOMEEPOOCMI NOGePXHe8020 wapy. /lawni
pe3yibmamu  NOSACHIOIOMbCA  30IIbWEHHAM — CUT
MIKpOyoOapie —epamyi  pobouo2o  cepedosuyd,  sKI
8NIUBAIOMb HA 00pobII08aHy nogepxuio 3paskie. Ha
npeocmasienux y cmammi epaghikax
NPOOEMOHCMPOBAHO Pe3YAbMAmMu 00CII0NCEHb BNAUBY

poboy0o2o cepedoguwya HA 3MIHY MIKPOMEepooCmi
nogepxneso2o wapy 3paskig. Y saxocmi pobouoeo
cepedosuya, siKe nionseano NOPIGHSIHHIO,
BUKOPUCTNOBYBANUCL ~ CMANesl  3a2apmoeani Ky,
dapghoposi kyni ma abpazusHi epanyau.

Ilpedcmaeneni  pesyromamu  eKCHEPUMEHMATbHUX
odocniodceny  gnaugy  siopayiinoi  00pobKku  Ha
3HOCOCMIUKICMb 8UP0DI6 MAUWUHOOYOYBAHHS 8 YMOBAX
mepmsi NOBEPXOHb.

Knrouosi cnosa: siopayiiina 06pooka, 3Hococmitikicme,
mepmsi, GIOPOHAKIEN, MIKpOmMEepoicmb, NOGePXHeSUll
wap, amnaimyoa, yacmoma KOJIuGaHs.

Beryn. Buxin 3 nmangy geraneit ta poOoumx
OpraHiB MallMH 32 HOPMAJIBLHUX YMOB €KCILTyaTarlii
€ HachiIKoM (I3UYHOTO 3HOCY PI3HHX BHUIIIB:
BTOMHHUX pyHHYyBaHb, IIOB3y4OCTi MaTepiajis,
MEXaHIYHOTO 3HOCYy, KOpo3ii, eposii, Kapiraii,
cTapiHHs MaTepiany Ta iH. [1, 2]

Binpmricte MammuH (85 — 90 %) BUXOIATH 3
Jaxy caMe uepe3 3Hoc ix jertaned. Butpatu Ha
PEMOHT Ta TeXHIYHE OOCIYroBYBaHHS MAIIMHU Y
KUJTbKa Pa3iB MEPEBULIYIOTh i1 BAPTiCTh: HAPUKJIA,
JUIST aBTOMOOWIIB Y 6 pasiB, IS JIITAKiB 0 5 pasiBs,
JUISL BEpPCTaTiB 110 8 pasis [3, 4].

AHaniz pociaigkenp i
OCHOBHHX TEXHOJIOTTYHHUX 3aX0/iB, 10
MiIBUITYIOTh  JTOBTOBIYHICTH MAIMH, MOXKHA
BIJTHECTH Taki: po3poOKa BHCOKO3HOCOCTIMKUX
MatepialiiB Ui pi3HUX YMOB €KCIUTyaTallii MaliH
Ta OTPHUMAaHHS 3 HUX 3arOTOBOK BHUCOKOi SIKOCTI,
0JM3pKUX 32 (JOPMOIO Ta PO3MipaMU JO TOTOBHX
JieTallell; CTBOPCHHS TEXHOJIOTIYHUX TIPUAOMIB, IO
320€3MeIyIOTh BHUTOTOBIICHHS JCTaJICH 3amaHol

nyouaikanii. o
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TOYHOCTI Ta CTaOUILHOCTI, SK 32 PO3MipaMu, TaK i 3a
(hi3uK0-MeXaHIYHUMHA BIIACTUBOCTSIMU;
3aCTOCYBaHHS  METOJIB  KOHTPOJIO  SIKOCTI
MaTepiajiB, 3aroTOBOK Ta TOTOBUX BHPOOIB 3a
BIJITOBIAHUMU MOKa3HUKaMH HaAIHAHOCTI,
BHKOPHUCTAHHS TPOIIECIB 3MITHIOBAJILHOT 00pOOKH
JUIS  OTPUMAaHHA HEOOXiTHOI SKOCTI POOOYMX
MOBEPXOHb JleTalell MallMH 3 BHCOKHM OIOPOM
3HOIIYBAaHHS Ta TMOJOMOK Y PI3HHX YMOBax
excruryaTarii [1, 3, 5].

Haii0inpm mommpeHi HaCTYNHI TEXHOJOTIYHI
METOJW TIJBHINEHHS 3HOCOCTIMKOCTI JeTaneit
MalllMH: TepMiuyHa 0OpoOKa, XiMmiuHa 0OpoOKa,
XiMiKO-TepMiuHa 00poOKa, TOBEPXHEBE IIACTUYHE
neGopMyBaHHS, anMasHe BUTJIQJKYBaHHS,
3MIITHEHHS ~ KapOyBaHHSM,  TiApOIOJIipyBaHHS,
00poOKka TOBEpXHI BHOYXOBHM HaBaHTaKCHHSIM
AHTH(PUKIIHHUX BIIACTUBOCTEH, HAIUIABICHHS Ta
iH. [5, 6]

Cepen meTofiB miuacTu4HOTO AedopMyBaHHS
BEJIMKHH 1HTEpeC CTAaHOBUTH BiOpoaOpazuBHA
3MinHIOIYa 00pooka. OOpoOKka MPOBOAUTHCS Ha
BiOpariuux BepcTraTax (BiO-BepcraTax),
Haivacrime, 3 U-moaiOHor0 (popMoro KoHTEHHEpa.
KonTeitHepy BUTOTOBISAIOTH 3 Pi3HUM PO3MIpHUM
pagoMm o6’emom Bim 3 mo 1000 xv® i Ginmbmre.
Bepcratu 3a0e3mneuyioTb MOXKIUBICTE pOOOTH Ha
pi3HuX pexumax (amrutitygax Big 0,5 go 7...10 MM
ta gacrotax 33...80 I'm). Ilpu oMy B KOHTEHHEP
OJTHOYACHO 3aBaHTAXKYIOTh 3HAYHY KIJBKICTh
netaneii. Came yHiBepCaIBHICTh OOJIaHAHHS IS
BiO 3abe3neduye MOXIHMBOCTI 3aiACHEHHS 3 il
JOTIOMOT'OI0  ITIJIOTO  PSITy OMEpaIiif, TakuxX 5K
3a4MCHi, O3400MIOBaJIBHI, y TOMYy  4YHCIHI
3MilHIOYH [2, 7-9].

Meta pociimxkenb. J[o nmporo vacy ¢isuuna
NpUpoAa 3MILHEHHA MOBHICTIO He 3’sicoBaHa [6].
Opnak Bci mporecu OOpPOOKM METajiB THUCKOM
3aCHOBaHI Ha BUKOPUCTaHHI IUTACTHYHOCTI METAITY,
M  SKOK  PO3YMIIOTh  3IATHICTh  METally
nedopmyBatucs 0e3 pyHHYBaHHS MiJ BIUIMBOM
30BHIIIHIX CHJI Ta 30epiraT OoTpuMaHy (opmy
TTiCIIST IPUITMHCHHS i IIUX CHIL.

[TnactuuHicTh pu 00pOOLI THCKOM 3aJIEKHUTh
BiJl IPUPOAM METAIy YH CIUIaBy, HOTO XiMiYHOTO
CKJIaNy, CTPYKTYpH, MEXaHIYHUX BIIACTHBOCTEH,
TeMIIepaTypd HarpiBy, IIBHUAKOCTI Ta CTyICHS
nedopmarii, a TakoX BiJ CXEMH HaNpPYXCHOTO
ctany. HasBHiCTP y MeTam TOp, Ta30BUX
Oynp0amok, TBEPAMX 1 KPUXKUX HEMETaJCBUX
BKIIFOUEHB, MIKpO- Ta MaKpOTPIIIMH 3HIKYE HOTO
TUTACTUYHICTb.

Ha mpomec  BiOpoabpa3mBHOI  00pOOKH
BIMBarOTh moHax S0 dakrtopis [4, 7, 8]
AHaJIITUYHO OMKCATH LIeH MpoIleC TOCUTh CKIIaIHO,

i TOMy  BelHKe 3HAYCHHS
EKCTIEPUMEHTAIBHUM JOCIIHDKECHHSM.

MikpoTtBepaicth Hp € agyke BaKIMBOIO
CKJIaJJOBOI0 XapaKTEPUCTUKH (Di3MKO-MEXaHIYHUX
BJIACTUBOCTEH TOBEPXHEBOTO Tmapy 1 i coifg
pO3rsIIaTH  SIK  HACHINOK  NPY>KHOIUTACTHYHHX

Haga€TbCA

nepopmManiii,  BHUKIMKaHUX  JI€I0  yJapHO-
XBHJIBOBHX  IPOLECiB, IO  CYNPOBOIXKYIOTH
BiOpartiiny TTiT0 [3, 5]. Meroro

EKCIIEpPUMEHTABHUX JOCIIIKEHb OyJI0 BUBUCHHS
npouecy aedopMmaniid Ta aHaii3 mapaMeTpiB, IO
BILTUBAIOTh Ha 3MiHYy MIKPOTBEPAOCTI
MMOBEPXHEBOI'O IIapy IpH BiOpallikiHiii 00poOIi.

PesyabTaTn eKCIePUMEHTATbHUX
JIocJinxKenb.. [Ipu mpoBemeHi eKCIIepuMEHTATBHIX
JOCITIKEHb BUKOPHUCTOBYBAJIUCS 3Pa3KH 3 PI3HUX
BUAIB CTaji Ta IIUPOKO IMOIIMPEHI METOOU Ta
npuiIagd, a caMe BHMIPIOBaHHS 32 JOIIOMOTOIO
MIKpOTBEPAOMIpiB HAa KOCOMY Ta MPSMOMY 3pi3ax, a
B OKpEeMHX  BHIAAKax 3  [OMAPOBUM
CTpaBIIIOBaHHSIM.

Pe3ynmbraTi OCTIHKEHHS BIDIUBY aMILTITYIH 1
YaCTOTH KOJIMBaHb IpH BiOpoaOpasuBHIil 00poOIIi
3paskiB 3i ctani 45 (BiamaneHoi Ta 3arapToBaHoi) Ha

(hopmyBaHHS BiOpoHaKJemy MOBEPXHI
MpeACTaBIcHI Ha puc. 1. AHam3 oTpUMaHHUX
pe3ynbTaTiB  MOKa3zye, M0 31 30UIBIICHHAM

aMIUTITYIM KOJIMBAaHb BIJI3HAYAETHCS 30UTBIICHHS
MIKpOTBEPAOCTI MMOBEPXHEBOr'O IMapy, IO MOYKHA
MOSICHUTH 301MBIIEHHAM CHJI MIKPOYAApiB TpaHysl
pobodoro cepemoBuina (B JaHOMY BHIIAAKY
CTaJIeBHX 3arapToOBaHUX KYJBOK), IO BILUIUBAIOTH
Ha OOpoOJIOBaHY TOBEpPXHIO 3paskiB. Ilpu
HaMOMBIIIA I OpUHHATHX YMOB  0OpOOKH
aMIliTyal  konuBaHb (1,5 MM)  MIKpOTBEpHICTB
3araptoBaHoi cTami 45 3pocma Ha 15...22% i
ctaHoBuTh 388 H/mMm?. TlomiOHiI  JOCHiIKEHHS
npoBoauiucs y poboti [2]. Ilpum mnopiBHSHHI
OTPUMAaHHX PE3YJbTaTIB 30ircs XapakTep KPUBUX,
aje TOYaTKOBI TapaMeTpu OyJH pPI3HUMH, IO
BinoOpakeHO Ha rpadikax (kpusa 3) puc. 1.

Skmo s 3arapToBaHWX  3pasKiB  IpHU
aMITTITy Ii A=1,5Mm 3pOCTaHHS Hp
MPUIMHAETHCA, TO JUIA BiJNAJICHUX 3pa3KiB €
MiJICTaBH OYIKYBAaTH MOAAIBIIOTO 30inbimeHHs Hy
mpu  30IIBIICHHI AaMIUNTYOd KOJHWBaHL (JIHB.
puc. 1). Haiibinpma MiKpOTBEpAiCTh, BUMIpsSHA Ha
raubuni 20 MM, ctaHoBHaa — 185 H/mm?,

JloCHi/pKEeHHS TaKOX TOKaszaid, IO SK IS
BIMTaJIeHWX, TaK 1 JUIS 3arapTOBaHUX 3pa3KiB
30UTBIICHHST YaCTOTH KOJIMBaHb MPHU3BOIUTH J0
30UTBIIICHHS MIKPOTBEPMOCTI, IO MOSICHIOETHCS
30UIBIIEHHSM YHCIJIa MIKpOY1apiB.

Pesynbratu mociimkeHb MOKa3yoTh, IO MiCsI
BiOpawiitHoi 06poOku mpoTsirom 60 XB CTPYKTypa B
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CEepLEBHHI METally HE 3MIHIOEThCS, B IIOBEPXHEBUX
apax CroCcTepiraeThCs AesAKe MOAPIOHEHHS 3ePEH,
30LJIBIIEHHS JUISHOK 3 COPOITHOIO CTPYKTYpOIO 1
MICIISIMH PO3PHB LIEMEHTHOI CiTki. MiKpOTBEpIiCTh
MMOBEPXHEBUX IIapiB, IOPIBHIHO 3 BHXITHOIO,
migBuiieHa Ha 15...22 %.

[licns oOpobku mpotsirom 240 Ta 480 xB
CTPYKTypa CEpLEBHHHM TaKOX CyTTEBO HE
3MIHIOETBCA. Y TIOBEPXHI K CIIOCTEPIraloThCs
LIUTBHI apu copOiTHOI Ta HaBITh TPOCTOCOPOITHOT
CTPYKTYpH, IIEMEHTHUTHA CiTKa Maiike MOBHICTIO
posipBaHa. MIKpOTBEpIICT, TMOBEPXHEBHUX IIAPIiB,
MOPIBHAHO 3 BUXITHOO, TiaBHIeHa Ha 21 — 28 %.
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Puc. 1. BB aMIutiTyin Ta 9acTOTH KOJIMBAaHb Ha
MIKpPOTBEPIICTh IIOBEPXHEBOTO IIapy cTaii 45:
1 — 3araproBaHa cTajb; 2 — BijlaneHa cTajib

JocnimpkeHo BIUIMB poO0YOTo cepeloBHIIa Ha
3MiHy MIKpPOTBEPAOCTI IIOBEPXHEBOTO IIapy 3pa3KiB
y CEpelIOBHII CTaleBUX 3arapTOBaHUX KyJb
d= (3-4) mm (1), papdoposux kynas d = (20-25) mm
(2) Ta abpazuBHuX rpanyn (AH-2) (3).

Pexxum ta TpuBanicts 00poOku: A-1,5 mm, f -
63T, t =120xB. OO6poOdIOBaHi 3pa3sKd MajH
npaMokyTHy ¢opmy 10x20x5 wmm 1 Oymm
BHTOTOBJICHI i3 3arapTOBaHOi Ta BimmaieHoi craji
45. MIKpOTBEepIICT, BUMIPIOBAIIM HA TIWOWHI
10 MKM 7151 3arapTOBaHMX 3pa3KiB Ta Ha TIHOMHI
20 MKM JUTS BIIITAJICHUX. PesynbraTu
€KCTICpUMEHTIB ITOJaHO Ha pucC. 2.

s nocnimpkeHb BILTUBY BiOpaniitHoi 00poOku
Ha 3HOCOCTIHKICTH BHUPOOIB MaIIMHOOYIyBaHHS

Oyno OynuM BUTOTOBIIEHI JBA KOMILICKTH 3pa3KiB
(puc. 3) i3 TPpOX BHIIIB MaTepiairy: craji 3, crami 45
Ta MBUAKOpi3anmpHOI cram P9. Ilepma rtpyna
3pa3KiB  Mmicisl TOKapHOi YMCTOBOI  0OpOOKH
(Ra=6,3 MmxM) mimmaBajacs —moripyBaHHSA — HA
Bepctati mozemi ITIICM-2 (Ra=3,2 mxMm), apyra —
micis TokapHOi 4ucToBOl 00poOku (Ra=6,3 Mkm)
oOpobmsmacst Ha Bepcrati BMI-1003 mpotsirom
180 XB y cTaJeBUX 3arapTOBaHHMX KyJbkax d=5MM
(Ra=3,2 Mkm).
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Puc. 2. BB Buty pobouoro cepeaoBHIia Ha 3MiHy
MIKpPOTBEPJOCTI: a — BiiNaJeHi; O — 3arapToBaHi:
1 — cranesi 3araproBati Kysisku d = (3-4) mm,
2 — apoposi kyibku d = (20-25) mm,
3 — abpasusHi rpanymu (AH-2)

Puc. 3. 3pasku st BUMiproBaHHS
3HOCOCTIMKOCTI jieTanen
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Jani 3pazku OyJi BAKOHAHI Y BUTJISIAI POJIUKIB
1 TpaJiit pOJTh JUCKA B TMapi, M0 TPYTHCA, «KOJOIKA
— nuck». SIK KOJOJKH OyJIM BUTOTOBIICHI 3pa3Ku 3
ryma migBumeHoi TBepaocti (mo  Iopy -
A=65-80y.0.).

ExcnepuMeHT MpoBOaMBCS y KiJIbKa €TalliB:

I. TlpuroroBneHi 3pa3ku 3BaXyBaJUCS Ha
AHAJITHYHHX Tepe3ax.

II. 3pa3ku 0OpOONAIMCS Ha MaIlIWHI TEPTS
(nuB. puc. 4) mocyxy, 6€3 0XO0JIOMKEHHS, IPOTITOM
78 cexyH[ (10 MOMEHTY HIOYaTKy TUIaBJICHHS TYMH)
1o 20 miaXomiB I KOXKHOTO 3pa3Ka.

III. ITicns 3akiHgeHHST 0OPOOKH TPOBOAMIOCS
MOBTOPHE 3BayKyBaHHS.

Y mpormeci  eKCIIEpEUMEHTY  TakoX Oyio
BH3HAYCHO TBEPIIICTH 3pa3KiB bpiHem o 10 1 micst

00poOKku. PesynbraTé MOCHIIKEHb 3BEACHI Yy

TaOJINLIO.

Puc. 4. 3akpimieHHs neTajeil Ha MaIlliHI TePTS

Tabmuisa

IlopiBHAIbHUI aHANI3 pe3yJbTaTiB

Crannb 3 |

Cramb 45 | P9

XiMIYHHH CKIaz,

0,14-0,22%C, ue 6impme 0,3-
0,6%Mn, 0,07%Si, 0,04%P, 0,05%S,
0,3%Cr, 0,3%Ni, 0,3%Cu, 0,08%As

0,42-0,5 % C,

0,85-0,95%C, 3,8-4,4%Cr, 8,5-
9,5%W, 2,3-2,7%V, ue oOinbure 1%
Mo, 0,4%Ni, 0,03%S, 0,03%P,
0,5%Co, 0,5%Si, 0,5%Mn

MiKpOCTpYKTypa MeTaly

[IBunkopizanbHi cTami BiZHOCATHCS
1o KapOigHOTO (J1e1e0ypUTHOTO)
knacy. Ix pasoswmii ckan y
BiNaJICHOMY CTaHi € JIETOBAHUM
dbepurom i kapbigamu.

CDeppiﬂ-Hepnﬁ
®Deppit+HIepmirt
TBepuicTb Martepiany B crani noctasku, HB
187,170,170 | 131,131,124 | 187,187,179
HauasipHa 1mopcTKicTh, MKM
6,3
Hopcrkicte micas BiO, MkmM | [HopcTkicTp micis nutidyBaHHI, MKM
3,2

Tepmiuna 06poOka

He nigysrae Tepmivnid 00poOi

3araprysanHs + [lokpamieHss

3arapTyBaHHS + 4-X KpaTHUI

HB 270-320 Binmyck HRC 63-66
3Hoc MaTepiany 10 00poOKH, TP.
~0,0135 | 0,015 | He BusiBneHo
3Hoc matepiany micias BiO, rp.
~0,0135 0.0061 BinOyBaeTbest 301IbIIEHHS MacH
3pa3Ka 3a paxyHOK HAIHWIAHHI TYMH
Pesynpratn
3HOC MaTepianxy BiIHOCHO MOCTiHHMI | 3HOC MaTepiady 3MeHIIUBCS B 2,46 .
. 3HOC MaTepianxy He BUSIBICHO
y gaci pasu
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BucHOBKH. AHaii3 OTpUMaHUX pE3yJbTaTiB
EKCTICPUMEHTAITbHHX JIOCITIJKEHb BIUIHBY
mapaMeTpiB mporecy BiOpariiinoi 00poxku Ha
(hopMyBaHHA MIKpPOTBEPIOCTI MOBEPXHEBOTO LIAPY
3pa3KiB JI03BOJISIOTH 3pOOUTH HACTYITHI BUCHOBKH.

1. 3i 3pocTaHHSAM MacH Ta TBEPAOCTI TpaHysl
poboYOro cepeoBHUINA, MPU HE3MIHHUX PEKUMAax
00poOKH, CIIOCTEpIraeTbes TUTACTHYHE
neopMyBaHHS Ta IMIIBHIICHHS MIKPOTBEPIOCTI
MOBEPXHEBOT'0 IIApy JAeTaleH.

2. CtpykTypa CTalmi € OJHMM i3 OCHOBHHX
rmapamMeTpiB, IO  BIUIMBalOTh HAa  SKICTh
MMOBEPXHEBOTO IMapy, y TOMY HYHCIi 1 HOro
3HOCOCTIHKICTb.

Crans 3. Crpykrypa manoi cram: depur +
MepiT, 3 TEepeBaKaHHIM came (epuTy, IyXKa,
M’siKa, HE TWiAJaeTbcsl TepMidHid 00podui Ta
3MILHEHHIO, 10 ¥ IOKa3add pe3yiabTaThd (3HOC
Marepianxy BIZHOCHO TocTiiHmiA). CrocTepiracTbes
CTiliKe 3HIKEHHS IOPCTKOCTI MoBepXHi, Tomy BiO
PEKOMEHITy€ThCS JIsl OOPOOKH JeTaneii 3 mi€ei craii,
SIK Ha 3aYMCHUX OIEPAIisaX, TaK 1 Ha (iHIITHUX.

Cranp 45. CrpykTypa naHoi cram: ¢epur +
MEPJIiT, IO JIETKO IiJIa€ThCS 3MII[HCHHIO 3a
nmoromororo BiO (puc. 5), 10 miaTBEp/DKYETHCS Ta
€KCTICpUMEHTAJILHO. TBepmicTh Marepianry
migsumnyerbes  micns  BIO  wa  15-22%, a
3HOILYBaHHS Martepiaidy 3MEHIIyeThes B 2,46 pasu.
Orxe, sk imimmEI omepamii I  OTPUMAHHSI
HH3BKO1 MMOPCTKOCTI Ta 3MIIIHEHOTO TIOBEPXHEBOTO
mrapy MoxHa pekomeHayBath BiO meroaw, i ciifg
MPOJIOBXUTH  JOCHIKEHHS  IIOA0  BUOOpY
ONTUMAJIBHUX PEKUMIB OOPOOKH, B MEPIIY YECPry,
aMILTITY /I, YaCTOTHU Ta Yacy OOpOOKH.

Puc. 5. Ilpukopnonnuii (3minHeHui) map nicist BiO

Crame  P9. Ilg craame Mae  BHCOKY
TEIUIOCTIMKICT, TOOTO. 3HATHICTIO 30epiraTu
MapTEeHCUTHY CTPYKTYpY 1, BIANOBIIHO, BUCOKY
TBEPIICTh, MIIHICTE 1 3HOCOCTIMKICTH TIpPH
MiIBUIEHUX  TeMIleparypax. Boma 30epirae
MapTEeHCUTHY CTPYKTYpY Npu HarpiBanHi 10 600-

620°C. Tomy B 30HI KOHTaKTy (30Hi CyXOT0 TEpT:)
MpU  BENUKI IIBUAKOCTI oOepTaHHSA meTajei
TeMITepaTypa ITiIBUIYETHCS 1 YTPUMYETHCS caMe B
MMOBEPXHEBOMY IIapi (HE MOLIMPIOIOYHCH BIIHO).
Ilicms BiO  mopcTkicTh  MOBEpPXHI  3paska
3MEHIIY€EThCS, HACTAE MIKPOHAKJeN, IUIOIa
KOHTaKTy pOJIMKa 3 TyMOIO 30ibLIyeTbCs Ha 26-
34 %, oTxe, BiIOYBAEThCS B3aEMHE CXOILTIOBAHHS
MOBEPXOHB, TOOTO. HAIMIAHHSI TYMH Ha CTaJeBUN
pomuk. OcCh TOMY CHOCTEpIrayjiocs 30UIBIICHHS
Macu 3pa3ka. 3HOIIyBaHHSA JAeTalli NpPH LbOMY
BUSBJICHO He OyJ0. BpaxoByrouu TBepIicTh cTaji i
3HIDKCHHS ~ MiKpomopcTtkocTi  mpu BiO, mo
MPOCTEXKYETHCSA, CNiJ TPOBECTH AOCTIIKEHHA 3
BHOOpPY ONTHUMAIBHOI (PopMHU 1 po3MIpiB TpaHys
po6odoro cepenoBHIIA.

3. 3HOCOCTIHKICTh MOBEpPXHI 3pa3KiB I
KOHCTPYKUIHHHUX cTaledl MiABHIIYeTbCs A0 15-
20 %, Ha 3HOCOCTIMKICTHP TOBEPXHEBOTO MIAPY
BIUIMBAIOTh SIK BEJIMYWHA MIOPCTKOCTI IMOBEPXHI, i
rIMOWHA HAKJIETIaHHOTO 1Iapy.

4, IMonepeani BHITPOOYBaHHs Ha
3HOCOCTIHKICTh TTOKa3aJId TIO3UTHBHI pPe3yIbTaTH
3acTocyBaHHS BiOpaliliHOro MeTtogy OOpoOKHU
Jgetaneld, sk (QiHImHOI omepamii, KOMIUIEKCHO
MOJIIMIITYE TIOBEPXHIO, 3000B’S3y€ MPOIOBKUTH
JOCHiTHULBKI pOOOTH B IIbOMY HAIIPSIMKY.

BpaxoBytoun yHiBepcalbHICTh BiOpaLiiiHOTO
oOnmamHaHHS, 1[ed  MeTol  PEKOMEHIYEThCS
BUKOPHCTOBYBATH TUTST T IBUIIEHHS
eKCIUTyaTallifHuX BJIACTUBOCTEH BUpPOOy, y TOMY
YHUCITI 3HOCOCTIHKOCTI.
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Nikolaienko A.P., Shumakova T.O. The
influence of the physical and mechanical
characteristics of the material of machine-building
products on their wear resistance

The article substantiates the need to increase the
durability of machine parts and technical products, in
order to ensure the competitiveness of the domestic
engineering industry. The key role in improving
operational characteristics is played by the quality of the
surface layer of parts and assemblies. The main
characteristics of the surface layer of parts include the
hardness and wear resistance of the material from which
they are made. An analysis of common technological
methods of increasing the wear resistance of machine
parts by means of plastic deformation of the surface and
their comparison with the method of vibroabrasive
processing performed on machines with a U-shaped
container is presented. It is emphasized that the
versatility of the equipment for maintenance and repair
provides the possibility of carrying out with its help a
number of operations, such as cleaning, finishing,
including strengthening. Since the physical nature of
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strengthening is not fully understood, and more than 50
factors affect the process of vibroabrasive processing,
which  complicates its  analytical  description,
experimental research is an urgent task. The article
presents the results of a number of studies of the process
of forming vibro rivets and the parameters affecting the
change in the microhardness of the surface layer during
vibration processing. The study of such parameters as
amplitude,  frequency of oscillations, working
environment was carried out. Analysis of the results of
the study of the influence of the amplitude and frequency
of oscillations showed that with an increase in the
amplitude and frequency of oscillations, an increase in
the microhardness of the surface layer is noted. These
results are explained by the increase in microimpact
forces of the granules of the working medium, which
affect the treated surface of the samples. The graphs
presented in the article show the results of studies of the
influence of the working environment on the change in
the microhardness of the surface layer of the samples.
Hardened steel balls, porcelain balls, and abrasive
pellets were used as the working media to be compared.
The results of experimental studies of the influence of

vibration processing on the wear resistance of
mechanical engineering products in the conditions of
surface friction are presented.

Key words: vibration treatment, wear resistance,
friction, vibronail, microhardness, surface layer,
amplitude, frequency of oscillations.
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PO3POBKA METOJUKHA HEPYMHIBHOI'O KOHTPO.IIO IIPYKUH
3 BUKOPUCTAHHAM MATHITHOI'O CTPYKTYPHOI'O AHAJII3Y

IleBuenko O.B.

DEVELOPMENT OF A METHOD OF NON-DESTRUCTIVE TESTING
OF SPRINGS USING MAGNETIC STRUCTURAL ANALYSIS

Shevchenko O.V.

B cmammi  oocnidoceno  83a€m038’A30K  Midc
meepoicmio, 3ANUMKOB0IO deghopmayicio nio
HABAHMAICEHHAM MA KOEPYUMUBHOIO CUNOI0 HPYIHCUH
RIOGICKU PYXOMO20 CKAAOY 3ANI3HUYHO2O0 MPAHCHOPINY.
3a pesyremamamu 6unpoOY8aHs NPYHCUH HA 3ATULUKOBY
depopmayiio nio HABAHMAICEHHAM BCMAHOBAEHO, WO
ONMUMATLHOIO CHPYKMYPOIO APYHCUH € MPOOCMUM
gionycky. Came cmpykmypa mpoocmumy 6iOnycKy
3abe3neuye  ONMUMATIbHI  NPYICHI  GIACMUBOCMI
NPYICUHHUX ~— cmanell 8  YMO8AX  3HAKO3MIHHUX
Haganmagicens. J06edeHo, wjo Oasi KOHMPONIo SAKOCMI
NPYICUH 3aMiCmb NPoyedyp GUMIPIOBAHHSA MEepOOCHi
ma 3aaUmK080i deghopmayii MOJCHA BUKOPUCTOBY8AMU
npoyeoypy GUMIPIOBAHHI KOEPYUMUBHOL CUNU NPYIUCUH.
Koepyumusna cuna, maxooic sx i meepdicmo, €
CMPYKMYPHO YYMAUSUM napamempom. Bnposaoowcenns y
BUPOOHUYUL NPOYEC MAZHIMHO20 CHPYKMYPHO20 AHALI3Y
3amicmb  GUMIPIOGAHHS MBepOOoCmi ma GunpoOysans
npyJIcur  Ha - 3aIUWKO8y  depopmayilo  003605€
CYMmEBUM YUHOM CHPOCMUMU NPOYeoypy KOHMPOIO
AKocmi  npyxcuH. Bcmawnoeneno, w0 HAAGHICMb HaA
NOBEPXHI NPYHCUH 3HEBY21eYbOBAHO20 WAPY NPAKMUYHO
HIAK He 6NIUBAE HA KOEPYUMUGHY CUNY NPYICUH, 3d
YMOBU, AKWO MOBUWUHA 3HEBY2NeYybO8AHO20 Wapy He
nepesuwye  3HAUEHb,  PeIAMEHMOBAHUX  Olo4UM
cmanoapmom. Omoice, negue, ane me Oyjce cymmege
SMEHUIeHHA ~ KOEPpYUMUSHOI  CUlU  NPYHCUH 1O
BIOHOWEHHIO 00 PEKOMEHOOBAHUX 3HAYEHb  MOJiCe
cei0yuUmu  Npo  HAAGHICMb HA NOBEPXHI  NPYICUH
3HEBY21eYbOBAHO20 UWAPY HOHAOHOPMOBOI MOBUUHIL.
Hassenicme Ha nosepxwi npyxcun mpiyuH HIAK He
6NIUBAE HA IXHIO KOEPYUMUBHY CUNLY, HE3ANeHCHO 8i0
npupoou mpiwun ma Mexaumizmie iXubo2co YmeopeHHs.
Koepyumuesna cuna npyscun 3anexcums GUKIIOYHO 8i0
IXHbOI cmpYKmypu, KA BU3HAYAEMbCA PEHCUMOM
mepmiunoi  06pobKu. Jlogedeno, wo oOnMUMAaIbHA
meepoicmes  NPYJICUH Ma  KOepYumueHa Cuid, o
8ionogioae yiu meepoocmi, Mox’Cymv 6ymu 6CMAHOBIEHL
auwe 30 pe3yrbmamamit  NOnepeoHix eunpobyeans
NPYIHCUH Ha 3ATUUKO8Y depopmayiro nio

Hasaumadicennsam. Came 3anuuikosa Oegopmayis nio

HABAHMANCEHHAM € OCHOBHONW eKanzyamauiﬁHmo
xXapakmepucmuKkoro NPYIHCUH, KUl susHadae
MOIHCIUBICIND abo HeMOHCIUBICINb ixHb020

BUKOPUCMAHHS 8 MUX a0 Hwux ymogax. Takum uunom,
pe3yrbmamu  00CHiodNceHb 00360MAI0Mb  6CMAHOBUMU
63A€EM038 ‘130K Midic EKCNLyamayiiHumMu
Xapaxmepucmuxkamu ma CmpyKmypol npyjucur i came
HA OCHOBI Yb020 83AEMO38 SI3KY PO3POOUMU ONMUMATLHY
MEMOOUKy — HEpYUHI6HO20 — KOHMPONIO — CIMpPYKmMypu
NPYIUCUH 8 YMOBAX CePIliHO20 BUPOOHUYMEA.

Knrouosi cnosa: npyscunna cmanv, meepoicmo,
mpoocmum, 3AMUMKO8A Ooeghopmayis nio
HABAHMAICEHHAM, KOEPYUMUBHA CUNA.

Beryn. MarHiTHUE CTPYKTypHHH aHami3 €
OJIHAM 3 TPOTPECHBHHUX METOMIB HEPYHHIBHOTO
KOHTPOJIIO CTPYKTYPH KOHCTPYKLIHHHUX MaTepiaiiB
y cydacHOMY MammHOOymyBaHHI [1, 2]. 30kpema,
MarHiTHUH CTPYKTypHHH aHaji3 MoXxe OyTH
HAJA3BUYAWHO €(PEKTHBHUM IIPH KOHTPOJI SKOCTI

CTpykTypu mpyxuH. CraHOM Ha CBhOTOJHI
HAMOIBII ~ THIIOBHM  METOJIOM  KOHTPOJIIO
CTPYKTYpH TIPY’)KHH € BUMIPIOBAaHHS IXHBOI

TBEPIOCTi. AJle B yMOBaX CEpitHOTO BUPOOHUIITBA,
3 ypaxyBaHHSM TeOMETpil BHTKIB MpPYXHH,
BUMIPIOBAaHHS  TBEPIAOCTI  BHUKJIWKAE  IICBHI
yexnamuaenHs [3]. i yckmagHeHHS MOXHA JOBOJI
JETKO  TONOJIATH, 3aMIHUBIIA  BHMIipIOBaHHS
TBEPJOCTI BHMIpPIOBAaHHSM KOCPIIMTUBHOI CHIIH.
Bigomo, 1o I OUTBIIIOCTI  KOHCTPYKITIAHUX
cTaJyiell iCHy€e OJJHO3HAYHA 3aJICKHICTh MiXK TXHBOIO
TBEPIICTIO Ta KOEPIUTHBHOIO cmioro [4]. Came Ha
bOMY 0a3ye€TbCs BUKOPUCTAHHS MAarHITHOTO
CTPYKTYPHOTO aHANi3y JUISI KOHTPOIIIO SIKOCTI
TepMidHOI 00poOKH [5]. BaximBoio oOcTaBHHOIO
TYyT € Te, W0 [UId BH3HAYEHHS [iala3oHy
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ONTUMATBHUX  3HA4YeHb KOEPUUTHUBHOI  CHIH
HEOOXITHO 3a3aJIeT1 b 3HATH niama3o”
ONITUMAIPHUX 3HAUYEHBb TBEPAOCTI.

Bumorn nm0 TBepHOCTI TPYXHH 3HAYHOIO
MipOI0 3aJIe)KaTh BiJl YMOB iXHBOI eKcIuryaTartii [6].
Hagite mpyxuHH, BUTOTOBIIEHI 3 OnHiel 1 Tiei x
caMoi KOHCTPYKIIIHHOI CTasli, ajie Mpu3HaYeH] IS
pi3HUX YMOB eKCIuTyaTawii, MOXYTb
XapaKTepHU3yBaTUCh a0COJTIOTHO pi3HEIMH
BUMOTaMH 10 TBepAOCTi. [Ipu 1bOMy BaXKJIMBHM €
Te, IO pi3Ha TBEPAICTH Oyae 00yMOBIICHA Pi3HUMHU
peXUMaMH TepMiuHOi 0OpoOKH, a, OTKe, 1 PI3HOI0
CTPYKTyporo. 3rimHo [6], OCHOBHHUM METOIOM
MEXaHIYHUX BUIIPOOYBaHb MIPYKUH €
BUIPOOYBAaHHA Ha 3AJHINKOBY JehOpMAIIiio IIif
HAaBaHTAXKCHHSAM. YCi TpPYXHHH, 10 MAalTh
HagIMIpHO BHCOKY a00  HaIMIpHO  HHU3BKY
3QJUIIKOBY NehOpMAIlif0 MMiJl HABAHTAXKCHHSIM,
B1I0OpaKOBYIOThCS. BUX0ASI4H 3 IOTO, AOILIBHUM €
BCTAQHOBIICHHS B3a€MO3B’SI3Ky MDK TBEPJHICTIO
MPYKHUH Ta iIXHBOIO 3AJIMIIKOBOIO Ae(opMaliiero i
HaBaHTaXEHHsM. lle 703BONHMTHE  OJHO3HAYHO
BU3HAYUTH Jiama3oH ONITUMATBHUX abo
JOITyCTUMUX 3HAYCHb TBEPIOCTI mpyxuH. [licms
[FOTO EKCIIEPUMEHTAIBHUM HUIIXOM MOXXKHa Oyrne
BU3HAYUTH Jliana3oH ONTUMAITBHUX abo
JOITyCTUMHUX 3HaYeHb KOSPIUTUBHOI CHITH TIPY>KHH.
HasBHICTH TakMx IOaHUX NaCTh 3MOTY 3aMIiHHUTH
MPOIIEIYPY BUMIPIOBAHHS TBEPIOCTI TMPYKHH Ta
MPOLEAYPY BUIPOOYBAHHS MPYKUH HA 3AIIUIIKOBY
nedopmariiro 3Ha4HO OUTBII MPOCTOIO Ta 3PYIHOIO
MPOIIEAYPOI0 BUMIPIOBAHHS KOSPIIUTUBHOT CHITH.

MeTow podoTH € po3pobka TPOIEAYpPH
KOHTPOJIFO SKOCTI CTPYKTYpH TPYXHH ILISXOM
BUMIPIOBaHHS IXHBOI KOSPIIUTUBHOI CHIIH, SIKA MA€E
3aMiHUTH TIpOLEAYpY BHUMIpPIOBaHHS TBEPAOCTI
MPYXHUH Ta MPOUEAYPY BUIPOOYBaHHS MPYKUH Ha
3aJIMIIKOBY Je(OpMaLiio i/l HABaHTaKEHHSM.

3aBaaHHA 10CTiKEeHHS:

1. BcraHOBUTH B32€MO3B’SI30K MiXK TBEPIICTIO
MPYKHUH Ta iIXHBOIO 3AJIMIIKOBOIO Ae(opMalii€ero i
HaBaHTaKCHHSIM. Busznauntu Jliana3oH
ONTUMATBHHUX 3HAYEHBb TBEPAOCTI MPYKHH.

2. BcTaHOBUTH B3a€MO3B’SI30K MiXkK TBEPIICTIO
MPYXUH Ta iXHBOIO CTPYKTYpPOIO 3 METOIO
BHU3HAUYCHHSI ONITHMAJILHOI CTPYKTYPH TIPYKUH.

3. BcTaHOBUTH B3aEMO3B’ 130K MiX TBEPHICTIO
MPYXUH Ta IXHBOK KOCPIUTUBHOK CHIIOKO.
BuzHaunti mgiamazoH  ONTHMAajbHUX  3HAYEHb
KOEPIIUTUBHOI CHJIH TIPYKHH.

Metoauka NPOBeCHHS TOCHTiIKEHb.
BamuiikoBa  gedopmarlliss  BH3HAYajgach  Ha
npyxxuHax 8TH 281.319 miaBicku enekTpoBo3a
2EJIS srigao JACTY 1452-96 (puc. 1). Hiamerp
BUTKIB TpYyXuH — 42 MM, Mmarepian — cCTajb
60C2XDA (LACTY 14959-99).

P=100xH
P3:68V
P=0
 H,=30lum
. H,=378mm B
H, =382MmMm
842
O‘
= .Y (N AN ) =
2
y

Puc. 1. Cxema BunpoOyBanns npysxua 8TH 281.319
HA 3QJIMIIKOBY Ie(pOPMAIIiFO il HABAHTAXKCHHAM

BunpoOyBanas Ha 3aJMIIKOBY JehOpMaIliio
MPOBOMWINCH Ha TiapaBimigHoMmy mpeci I1-125.
CriovaTky TpYXHHY CTHCKAlOTh JBa pa3H IIiJ
HaBaHTaxeHHsM 100 xH. Ilicns moBHOTO 3HATTS
HABAaHTAXKCHHS BHUMIPIOIOTh BHCOTY MPY)KHHU.
Bucora nmpyxuwHH ~TNCHA  TEPHIOTO  ITUKITY
BHIPOOYBaHb 3MIHIOBAaTHCh HE IMOBHHHA. [loTiMm
NpPYKUHY CTHCKAIOTh ITiJi HaBaHTaxkeHHAM 68,7 kH
1 BUMIPIOIOTH 1i BUCOTY B HABAHTA)KCHOMY CTaHi.

Hust BUMIpIOBaHHS TBEPIOCTI
BUKOPHCTOBYBaBcs TBepAoMip Tumy TK, ams
BU3HAYEHHS  MIKPOCTPYKTYpH  —  ONTHYHHN
MiKpOCKOII MIM-8, JUIS BUMIpIOBaHHS
KOCPIMTUBHOIO CHutH — Koepruutumetp KIMO-1.

Pe3syabTaTn €KCIEPUMEHTAIBLHUX
IOCTiTKeHb Ta ixHili aHaxi3. BunpoOyBaHHIM Ha
3aIUIIKOBY  aedopmariiro  Oyiao migmano 20
MPYXUH. Y Ci IPYXUHU TiIJaBATUCh TAPTYBAHHIO Y
Macii Big Temmeparypu 860°C 3 HacTymHHM
BigmyckoM  mpu  Temmeparypi  350-450°C.
AOcomoTHe BiAXWICHHS (aKTHYHOI 3aJHIIKOBOT
nedopMaliii  IpyKHH BIJHOCHO HOMIHAJBLHOTO
3HavyeHHs wiei aedopmanii (77 MM) He MOBHHHE
nepesuilyBatu + 7 MM Ta -5 MM. IIpu npomy He
JIOTIYCKAEThCS HASBHICTH OyAb-IKOi 3aJIUIITKOBOT
nedopMmarlii  TPYXKUH TICJIS TIOBHOTO  3HATTS
HaBaHTAKCHHA. 3amuIIKoBa nedopmariis mpyKuH
NeNe 1, 6, 12, 15, 19 He BiamoBigae HOPMATHUBHUM
MOKa3HUKaM (Ta0i.). 3alie’XHO BIJ] BEITUIHHH
3QJIMIIKOBOI AedopMartii mix HaBaHTAKEHHAM, YCi
MPYXUHH, KOTpI HE TNPOWIUIM BHUIPOOYBAHHS,
MO>KHA PO3AUIATH Ha MBI OKpeMmi rpymu. Jlo meprmoi
TPYOH  BIiTHOCATHCS  TPYKWHHU,  3aJIUIIKOBa
nedopMalris KOTPHX ITiJ] HABaHTa)KEHHSAM MEHIIa 3a
HIDKHIO MEXY, IO JOPiBHIOE 72 MM (TipyKuHU NoNe
6, 19). lo nmpyroi rpynu BiZHOCATBCS TPYXKHHH,
3QJIMIITKOBA nedopmarris KOTPHUX T T
HABaHTAXKCHHSM € OUTBIIOI0 32 BEPXHIO MEXKY y 85
MM (TipyxkuHA NeNe 1, 12, 15).
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Tabmuus
Pe3yabTaTn excnepuMeHTAIbHUX JOCTiIKeHb
3amnikoBa TBel:IﬂaICTB TBepmicts y Crpykrypa Koeprurusna cumna, A/cMm
Ne pyxuH nedopMartis . CEepIICBHHI, (TemmepaTypa (mo/micst 3HATTS
MTOBEPXHi, .
(), mm HRC HRC BiJIIYCKY) 3HEBYTJICIHOBAHOTO IIApy)
TpoocTo-copbit 50 -52/
1,12,15 86 - 88 36 - 38 35-37 (450°C) 50 - 50
Tpoocro-
6,19 68-71 48 - 50 47-49 MapreHcHT o
(350°C)
o 58 - 60/
Perra npyxun 74 -83 42 - 44 41-43 Tpooctut (400°C) 58 - 60
Ilpy>kuHE 3 TIABUINCHOIO  3aJMINKOBOIO  BHIAAKaX IICJS 3HATTS 3HEBYTJIEIILOBAHOTO ITApy

nedopMalli€ero  miJi CTAaTUYHHM HaBaHTAXCHHIM

MalTh BiTHOCHO HEBEIUKY TBEPIICTh, IO
BiJIOBi1a€e TPOOCTO-COPOITHIN CTPYKTYPI.
[pyxuan i3 3HIKEHOIO 3aJTMIITKOBOIO

nedopMalliero  miJi CTaTUYHHM HaBaHTAKCHHIM
BIIPI3HAIOTHECS — TIABHINCHOIO  TBEPIICTIO, IO
MpUTaMaHHa TPOOCTO-MAPTCHCUTHIN CTPYKTYpi.
[pyxwuHr i3  HOpPMaJdbHMMH  3HAYCHHSMU
3aJUIIKOBOI  nehopMallii MarTh TBEPHICTh, IO
BIJINTOBI/Ia€ TPOOCTUTHIHN CTPYKTypi. TakuM YUHOM,
ONTUMAJBHOI CTPYKTYpPOIO TPYKWH, TMPHU SKid
JOCSITAIOTHCS.  HEOOXiJHI 3HAYCHHS 3aJIUIIKOBOI
nedopmarrii MIPYKAH b CTAaTUIHUM
HaBaHTAXKCHHSM, € TPOOCTHUT BIAMYCKY 3 TBEPHICTIO
41-43 HRC. Takiii cTpyKTypi BiAmoBizae
KoepHuTHBHA cuiia 58 - 60 A/cMm.

Ha nmpyromy erami JocihipkeHb — Oyio
MPOAHATI30BaHO BIUIUB 3HEBYIJICILOBAHOTO INAPY
Ha BEITUYUHY KOCPIIUTUBHOI CHUIH.
3HEBYIJICILOBAHUI  IMIap  YTBOPIOETHCS  TPH
HarpiBaHHi IPYXKHH ITiJ] rapTyBaHHs. Voro ran6uxa
3aJeKUTh BiJ ckiagy atmocdepu, B - SIKiH
BiI0OYBa€ThCS HArPIBaHHA. Y JTaHOMY JOCIIHKCHHI
BUKOPUCTOBYBAJIMCh MPYXWUHH, IO HArpiBAIUCH
i TapTyBaHHS B MOBITpi, 03 BUKOPUCTAHHS Oy 1b-
SIKOTO 3aXUCHOTO Ta30BOTO CEPEIOBUINA. 3a TaKUX
YMOB HarpiBaHHs, 3a3BHYai, CIIOCTEPITa€ThCS
MaKCHMabHA TIHOWMHA 3HEBYTJICIILOBAHOTO APy,
sKa, TAM HE MEHII, HE TICPEBUIIYE 3HAUYCHD,
periilaMeHToBaHuX fitounM crangaproMm (ACTY
1763 - 98). 3rigHO WHOTO CTAaHAAPTY TIUOWHA
3HEBYTJICI[LOBAHOT O mapy HE MTOBUHHA
nepesuntyBatu 2,5 % Bix miamerpy mpokaty. B
MIPY’KUHAX 13 TPOOCTO-COPOITHOIO CTPYKTYPOIO, B
SKUX  CIIOCTEPIraeThCs HaIMipHA  3aJIUIIKOBA
nedopMartiss i CTaTUYHUM HaBaHTAXKEHHSM,
MICTUTBCS 3HEBYIJICIILOBAHUH 11ap riubuHo 0,4 -
0,5 MM (puc. 1). 3HeBYyTrIeNbOBAHUN AP TAKOI XK
camoi TTIMOMHH MICTHTHCS B MIPYKHHAX 13 TPOOCTO-
MapTEeHCUTHOIO (puc. 2) Ta  TPOOCTUTHOIO
CTPYKTyporo. XapakTepHUM € Te, M0 Y BCiX

nutipyBaHHSIM KOEPIMTUBHA CHJIa Maibke He
3MiHOETBCA (Tabm. 1). Omxke, MOXHaA 3poOHUTH
OOTpYHTOBAHHMI BHUCHOBOK IIPO T€, IO HASBHICTH
3HEBYIJICILOBAHOTO IApy Ha IMOBEPXHI MPYXUH
HISIK HE BIUTUBAE HA iXHIO KOCPIUTUBHY CHITY 3a
YMOBH, SKIO TITUOWHA 3HEBYIJICILOBAHOTO MIAPY
HE MePEBUIIY€ 3HAYCHD, PETJIAMEHTOBAHUX JIIFOUUM
crannaptoM. ToOTO, BUMIpIOBaHHS KOSPIIUTUBHOIO
CWJIM MOXHA TPOBOAUTH OJpa3y IMICIS BiITyCKY
NPYKUH, 710 IXHBOTO NUTiQyBaHHS.

Puc. 2. 3neByrnensoBanuii map B mpy>KUHaX
i3 TPOOCTO-COPOITHOO CTPYKTYPOIO, X 300

Puc. 3. 3HeByrnenpoBaHui map B MpyXKHHAX
i3 TPOOCTO-MaPTEHCUTHOIO CTPYKTYpoIo, x 300

BucnoBku. 1. OntumanbHOIO CTPYKTYPOIO
MIPYXUH, TIPU SKil JOCATAIOThCS 3aj[aHi 3HAYCHHS
iXHBOI 3aNMIIKOBOI JedopMarllii ImiJg CTaTHYHHM
HaBaHTa)XCHHSM, € TPOOCTUT TBepaicTio 41 - 43
HRC.
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2. BcraHoBiieHO — B3a€EMO3B’SI30K  MiXK
TBEPAICTIO Ta KOEPIMTUBHOIO CHIIOIO0 TPYXKHUH.
OnTuManpHI TBEPAOCTI TPYXUH  BIIIOBITAE
KoepuuTrBHa cuia 58 - 60 A/cm.

3. HasBHICTH 3HEBYIJICIHOBAHOTO IMapy HE
BIUIMBAE Ha KOEPIUTHBHY CHIY MPYXHUH, SKIIO
HOro TIMOMHA MEPEBUIY€E 3HAUYCHB, BCTAHOBIICHUX
JUIOYUM CTaHAAPTOM.
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Shevchenko O.V. Development of a method of
non-destructive testing of springs using magnetic
structural analysis.

The article examines the relationship between
hardness, residual deformation under load and coercive
force of springs of rolling railway transport. According
to the results of spring tests for residual deformation
under load, it was established that the optimal structure
of springs is tempering troostite. It is the structure of the
tempering troostite that ensures optimal elastic
properties of spring steels under conditions of
alternating loads. It has been proven that instead of
hardness and residual deformation measurement
procedures, the coercive force measurement procedure
of springs can be used to control the quality of springs.
Coercive force, like hardness, is a structurally sensitive
parameter. The introduction of magnetic structural
analysis into the production process instead of hardness
measurement and spring tests for residual deformation
allows to significantly simplify the spring quality control
procedure. It was established that the presence of a
decarburized layer on the surface of the springs
practically does not affect the coercive force of the
springs, provided that the thickness of the decarburized
layer does not exceed the values regulated by the current
standard. Therefore, a certain, but not very significant
decrease in the coercive force of the springs in relation
to the recommended values may indicate the presence of
a decarburized layer of excessive thickness on the surface
of the springs. The presence of cracks on the spring
surface does not affect their coercive force, regardless of
the nature of the cracks and the mechanisms of their
formation. The coercive force of the springs depends
exclusively on their structure, which is determined by the
heat treatment regime. It has been proven that the
optimal hardness of springs and the coercive force
corresponding to this hardness can be established only
based on the results of preliminary tests of springs for
residual deformation under load. It is the residual
deformation under load that is the main operational
characteristic of springs, which determines the
possibility or impossibility of their use in certain
conditions. Thus, the results of the research make it
possible to establish the relationship between the
operational characteristics and the structure of the
springs and to develop, on the basis of this relationship,
a method of non-destructive control of the structure of the
springs in the conditions of mass production.

Key words: spring steel, hardness, troostite,
residual deformation under load, coercive force.
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JOCIIJKEHHSA BIUIUBY 3MIIHIOBAJILHOI EJJEKTPOHHO-ITPOMEHEBOI OBPOBKH
HA CTPYKTYPY BUCOKOJIEI'OBAHUX IHCTPYMEHTAJIBHUX CTAJIEU

IleBuenko O.B.

STUDY OF THE INFLUENCE OF STRENGTHENING ELECTRON-BEAM
PROCESSING ON THE STRUCTURE OF HIGH-ALLOYED TOOL STEELS

Shevchenko O.V.

Y pobomi 6yno oocniodceno enaug 3miyHEANLHOL

€1eKMPOHHO-NPOMEHEB0T 0OPOOKU HA MIKPOCMPYKMYPY
ma MIKpomeepoicmb nogepxmHesux wapie
WBUOKOPI3AIbHUX ma WmMamnoeux cmanei.
Excnepumenmansno 6cmanoeneno cpanudmi pexjcumu
00pobKU, npu  AKUX  O0CALAEMBCA  MAKCUMANbHA
MIKpomeepoicms  NOBEPXHE8020 wapy, i 600HOUAC
nonepeoxcacmvcsa nosepxHese onnasneHua. B axocmi
KOMNAEKCHO20 napamempy pexcumy o0pobKu, wo
BUBHAYAE XAapaKkmep HASPIBAHHA MA OXOA00NHCEHHS
iHcmpymenmy — npu 1020  00pobyi  ereKmpoHHUM
npomeHrem, 3anponoHo6aHo BUKOPUCIOBYBAMU
WINbHICMb  NOMYIICHOCMI  e1eKMPOHHO20  NPOMEHSL.
UinoHicms  nomysxcHocmi  e1eKMPOHHO20  NPOMEHS.
BKII0UAC 8 cebe 6Ci OCHOBHI THWL Napamempu pexscumy
eNeKMPOHHO-NPOMeHe8oi 00pobKu, a came diamemp,
nomysicHicms ma weuoKicms nepemiujenms
eleKMpPOHHO20 ~ NPOMEHs  BIOHOCHO — 8Upoby,  wo
niooacmucsi 06podyi. Bemanosneno, wo maxcumanvha
MIKpOmMEepoicmy 3MIYHEHO20 Wapy 00CA2AEMbCA Y PA3i
BUCOKOMEMNEPAMYpPHO20 2apMy8aHHs 6e3 ONJaABNeHHS.
Ilpu yvomy marxooc 3a6e3nevycmovcs MaKCUMATbHA
OUCHEPCHICMb CIPYKMYpU RPAKMUYHO NO 6CIU 2NUOUHI
3MiYHEH020 wapy. Ilosepxuese ONJIAGNICHHS
IHCMpYMeHmy npu eleKmpoHHO-NPOMeHesitl 0bpobyi €
ekpail  HebaxcaHum. 3a makux ymoe 006pOOKU
6i00y8acmvcs  piske  3MEHUWIEHHS.  MIKpOmMeepoocmi
N0BEPXHeB020 Wapy, AKUU MICMUmMb 3HAYHY KIIbKICMb
3aMUWK08020 aycmenimy. I apmyeanns i3 YmeopeHHAM
3HAYHOT KinbKocmi 3aMUUKOBO20 aycmeHnimy
npu3600ums 00 Pi3Ko20 3MEHUWeHHs eMmicmy KapoOiolis.
Heoocmamuiti emicm xap06ioie ma HAOMIpHUN émicm
3AMUUKOB020 AYCTNEHIMY NPpUu3800ums 00 3MeHUleHHs

3HOCOCMIUKOCHI IHCMPYMEHmY. Boounouac
Nno2IPULYEMbCSL  NPYYAHHS  THCIPYMEHmMY  NAACTMUYHIL
depopmayii  npu  nioGUWEeHUX — mMemMnepamypax.

Bcmanoeneno, wo na enubumy smiynenoco wiapy, wo
VMBOPIOEMbC NPpU  eAeKMPOHHO-NPOMEHEEItl 00podYyi
WBUOKOPI3AIbHUX ™A WMAMNOBUX CManel, CYmmesum

YUHOM GNAUBAE BUXIOHA MIKPOCMPYKMYPA Yux cmaiel.
3a0ns ompumanus MaKCUMAanrbHoi enUOUHU 3MiYHEHO020
wapy npu e1eKMPOHHO-NPOMEHESIL 06pobyi
WBUOKOPI3ALHUX A WMAMNOBUX cmanel, Yi Cmai cio
niooagamu nonepeonii mepmiuniti. 0opoodyi y euensidi
00’emH020  eapmyeannss ma  6iOnycky. Busnaueno
ONMUMATLHI 3HAYEHHS Koepiyienma nepekpumms npu
eleKMpPOHHO-NpoMeHnesitl  06podyi, npu  AKOMY
3abe3neuyemv s MIHIMATbHA WUPUHA 30H 8IONYCKY.
Kniwouoei cnoea: WBUOKOPI3ATbHI cmaii,
MIKpOmM@epoicmb, MAPMEHCUM, 3ATUUKOSUT AYCMEHIM,
el1eKmpOHHO-NPOMEHEEa 06pobKa, Koegiyicum
nepexpumms.

Beryn. B ocranHI necaTh-11 ITHAAISTH POKIB
JOCUTH IIUPOKOTO 3aCTOCYBAaHHS Y IPOMHUCIOBOCTI
HaOyna 3MIIHIOBAJIbHA EJIEKTPOHHO-TIPOMEHEBA
00poOKa IHCTpyMeHTaIbHHUX cTajei [1]. 3 ogHOro
0OKy 11e¢ OOYMOBJIEHO THUM, IO IHTCHCHUBHICTh
€JIEKTPOHHO-IIPOMEHEBOTO HArpiBy, Ha BIAMIHY Bix
HarpiBy Ja3epHUM IPOMEHEM, HE 3aJICKUTH Bif
CTaHy TIIOBEpPXHi, IO TiamaeTbcs oOpoOmi, a 3
iHIIOro OOKY 3HAYHMMHU JAOCSITHEHHSAMH B cdepi
pO3pOOKH Ta BHUTOTOBJICHHA OOJIAMHAHHS IS
€JICKTPOHHO-TIpOMEHEBOI  00poOku.  30Kpema,
CTaHOM Ha CBOTOIHI CEpiliHO BHIYCKAIOTHCS
YCTaHOBKH JUIsl  3MII[HIOBAIBHOI ~ CJIEKTPOHHO-
MIPOMEHEBOT 00pOOKH 0e3 3aCTOCYBAaHHS BHCOKOI'O
BakyyMy. lle m03BoJsie BHKOPHUCTOBYBATH TaKi

YCTaHOBKH VIS 3MIIIHCHHS pizaabHOTO
IHCTpyMEHTa HaBiTh B  YMOBax MacOBOTO
BHpOOHMIITBA. 3 iHIIOr0 OOKy, 3aJHIIAIOTHCS

HEBHUPILIEHUMH YHUCEJbHI MPOOJIEMH, IMOB’s3aHi 3
PO3p0O0KOI0 TEXHOJIOTIIHUX MpoIIeCiB
MmoBepXxHeBoro 3MimHeHHd. CydacHe MporpamHe
3a0e3neueHHss  JO3BOJIIE  JOCTaTHHO  TOYHO
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PO3paxoByBaTH TEMIIEPATYPHi OISl Y BUPOOaX, 110
MiIIAI0TECS  CIEKTPOHHO-IPOMEHEBIH 00poOITi, 3
ypaxyBaHHSM IXHbOT KOH(Irypariii Ta TeIIo00MiHy
i3 HaBKOJUWINHIM cepenoumeM. OpHak Tpu
MOJICITIOBAaHHI CTPYKTYpPHO-(DA30BHUX TEPETBOPEHB
BHHHKAIOTH CYTTEBI MTPOOIEMH BHACIIIOK TOTO, III0
Ili TEPETBOPEHHS BiJOYBAIOTHCS 13 HAJABUCOKUMU
IIBUIKOCTSMU HArpiBy Ta 0X0Jo/DKkeHHs [2]. OTxke,
CTaHOM Ha CBOTOJHI OCHOBHHM  METOAOM
JOCTI/DKEHHS  BIUTUBY PEXKUMIB  CJIICKTPOHHO-
MpoMeHeBoi 00pOOKH Ha CTPYKTYPY Ta BIaCTUBOCTI

MaTepiaiiB, 0 OOpOONAIOTHCS, 3aAJIMIIAETHCS
€KCIIEPUMEHTAIIbHUI METO/I.
OmHuM 3 HAWrONOBHIIMX  KPHUTEPIiB

OTTHMI3allii TapamMeTpiB PEKUMY EJICKTPOHHO-
MIPOMEHEBOI 3MIITHIOBAJILHOI 0OpOOKH Pi3aabHOTO
THCTPYMEHTY € MIKPOTBEPIICTh 3MIIJHEHOTO ILapy.
3HMKEHa MIKPOTBEPAICTE TOBEPXHEBOTO ILApy
IHCTPYMEHTY CBIT4HMTh ab0 IPO HEAOIpiB, ad0 PO
MeperpiB  IbOro mapy mnpu o0poOmi, 1o
YTOUHIOETbCA aHAI30M MIKPOCTPYKTYpH. Pexxum
€JIEKTPOHHO-TIPOMEHEBOT 00poOKHu
XapaKTePHU3y€e€TbCS TOCHTh 3HAYHOIO KITBKICTIO
napametpiB. Aje anaii3 po0Oit [3 - 5] mokasye, 1m0
OCHOBHE ONTHMIi3alliiiHe 3aBAaHHS HpU PO3poOLi
TEXHOJIOT1i  €JIEKTPOHHO-TIPOMEHEBOI  0OpOOKH
Pi3aNbHOrO IHCTPYMEHTY 3BOAUTHCS 10 BU3HAYCHHS
TaKoi [IUIBHOCTI  TOTYXKHOCTI  €IEKTPOHHOTO
MPOMEHS, TPH SKiH JOCSATAEThCS MaKCHMallbHA
MIKpOTBEPAICTh Ta  MaKCHMallbHa  IJIHOMHA
3MILHEHOTO LIapy.

3rimHO [6, 71, BHCOKOJICTOBaHi
IHCTPYMEHTAIbHI CTali, 30KpeMa IIBUAKOPI3aIbHI
Ta INTAMIIOBI CTali, BiAPI3HAIOTHCS HU3BKOIO
I y3iHHOI0 PYXJIMBICTIO aTOMIB Byriemo. Tomy
MIPU HEJOCTATHIA MHUTOMINA E€Heprii eIeKTPOHHOTO
MPOMEHsT TOMOTEHI3alisl ayCTeHITy Moxe OyTu
HETIOBHOIO. 3a TAKMX YMOB 3arapTOBaHHM map Oyne
MICTHTH HU3BKOJICTOBAaHWN MAapTEHCHUT, SKUH
BIIPI3HIETHCS BITHOCHO HEBEIINKOIO
MIKpPOTBEPAICTIO Ta 3HOCOCTiMKicTIO. Y pasi
3aHaJITO BHCOKOI1 MATOMOT MTOTY>KHOCTI
CJIIEKTPOHHOTO  TIPOMEHS,  OCOOJIMBO,  SIKIIO
BiJOyBa€THCS OIUIABJICHHS MOBEPXHEBOTO ILIApy, B
MPOIIECi OXOJOMKEHHS Y IbOMY LIapi YTBOPIOETHCS
BenMKa KUTBKICTH (70 80 06. %) 3amumkoBoro
ayCTEHITY, SKUHA Ma€ HEBUCOKY MIKPOTBEPIICThH Ta
MOTaHO NPYYa€THCS IIIACTUYHUM AedopMaismM, 10
BHHHKAIOTH ITi]T 9ac eKCIUTyaTallii iHcCTpyMeHTy [7].

TakyM 4YHHOM, 3MIIHIOBAIbHA EJICKTPOHHO-

mpoMeHeBa  O0OpoOKa  IIBHUIKOpI3albHUX  Ta
BHCOKOJIETOBAaHUX  INTAMIOBHX  CTaJed  Mae
3a0e3neunTd (POPMYBAHHS 3arapTOBaHO IMIapy, IO
MICTUTh ~ BHCOKOJITOBAaHMM  MapTeHCUT  Ta

BUCOKoaMcHiepcHI KapOigHi ¢daszu. Ilpum wnpomy

HAJ3BUYAMHO BaXKIUBO IONCPEIUTH HAIMipHE
po3unHEHHS KapOimHmx ¢a3 Ta, SK HACIHIIOK,
YTBOPECHHSI B 3arapToBaHOMY Imapi HaaMipHOI
KUTBKOCTI 3aJIUIIKOBOTO ayCTCHITY.

MeTta po0oTH TONATaE Yy BHU3HAYCHHI
ONTHUMAIBHHIX peXUMIB 3MIITHIOBAJIEHOT
€JICKTPOHHO-TIPOMEHEBOT 00poOKHn
MIBUAKOPI3AIBHUX ~ Ta  INTAMIOBHUX  CTaJieH;
KpUTEpIIMH ~ ONTHUMI3aIlii €  MaKCUMaJbHa
MIKpOTBEpAICTh Ta MaKCHMallbHa TNIHOWHA IIapy,
3arapTOBaHOTO 3 TBEPJIOTO CTaHYy.

3aBaaHHA 10CTiIUKeHHS:

1. DBwu3HaumTH ONTHUMANBHY  OIUTHHICTH
MOTY>KHOCTI €JICKTPOHHOTO IIPOMEHS, KA JI03BOJISIE
OTpUMAaTH 3MIIHEHWH Mmap 3 MaKCHMaIbHOIO
MIMOMHOIO Ta MIKPOTBEPIICTIO.

2. OuiHMUTH BIUIMB BHXIAHOI CTPYKTYypH
IHCTPYMEHTAJIBHUX IIBUAKOPI3aNbHUX CTalleld Ha
MIMOMHY Ta MIKPOTBEPIICTh 3MIIIHEHOIO IIapy,
OTPUMAHOT'0 EJIEKTPOHHO-IIPOMEHEBOIO 00POOKOIO.

Metoguka TIpOBeJeHHSI [JOCTiKeHb. Y
JMOCHIDKEHHSAX  OyJaM  BHKOPHUCTaHI  HACTYITHI
iHCTpyMeHTanbHI ctami: P18, P6MS, P6MSKS,
X12M. [Tepen €JIEKTPOHHO-ITPOMEHEBOIO
00pOoOKOI0 CcTami MiAAaBAUCh HACTYITHUM BHUIIAM
MOMEPEAHbOT TEPMIYHOI OOPOOKH: 130TepMIYHUI
Bifnau [7]; rapTyBaHHS Ta BUCOKHIA BilTycK [7].

EnexrpoHHO-IpOMEHEBa 00pobka
mpoBommiach Ha ycraHoBIi  «EJIA - 15».
IToTyxHIiCTh enekTpoHHOro mpomeHs: 1,2 kBT,
giamerp  mpoMmeHs: 2,5 MM,  LIBHIKICTb
MepeMIIeHHs eIeKTpoHHOro npomens (V): 4 - 12
MM/c. TakuM YMHOM, 3MiHA HIITBHOCTI IOTYKHOCTI
EJICKTPOHHOTO TMPOMEHS 3MIHIOBAJIACh MUITXOM
3MIHM IIBUIKOCTI TEPEMIIICHHS EICKTPOHHOTO
MIPOMEHSI. ExcriepumenTanpHi JTOCITIJIKEHHS
MIPOBOAMJINCH HA IJIAaCTUHYACTHX 3pa3kax 50 x 50 x
10 Mm.

MikpocTpyKTypa 3MIITHEHOTO mapy
BU3HAYanmach  3a  JIOIOMOTOK  ONTHYHOTO
MiKpPOCKOITY MIM-8M, MIKpPOTBEPAICTh
3arapToBaHOTO nlapy  BHUMIpIOBAIach Ha
MikpoTBepaomipi [IMT-3.

PesyabTaTn eKCIEPUMEHTAILHUX
aocuHimkens Ta ixHii amami3. IlinepHICTE

MOTY)KHOCTI €JIEKTPOHHOTO MPOMEHS BapiroBaiach
Big 0,45-10% 1o 1,35-10* Br/cm? 3a paxyHOK 3MiHH
BIIHOCHOI IIBHUAKOCTI Horo mepemimenns. Ha puc.
1 mpencraBIeHO — 3aJEKHICTH  MaKCHUMAaIbHOL
MIKpOTBEpAOCTI ~ 3arapTOBaHOTO  IIapy  Bix
IIUTBHOCTI TOTY>KHOCTI €JICKTPOHHOTO ITPOMEHS.
MixkpoTBepaicTs BuMiproBaiach Ha Biactani 0,1 Mm
Bil TOBEpXHI 3pa3kiB, MmO Oe3nocepeaHbO
KOHTAKTyBajJa 3 EJIEKTPOHHUM TIpomeHeM. Ha
MEPIIOMY eTari €KCIIEPUMEHTAIBHUX TOCIIHKEHB
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BH3HAYalIach ONTHUMajbHA LIIBHICTH MOTY>KHOCTI
CNIEKTPOHHOTO  TIPOMEHs,  sKka  3a0e3nedye
(dhopMyBaHHsI 3MIIIHEHOTO IIapy 3 MaKCHMAaJIbHOIO
MiKpPOTBEPIICTIO.

Y pasi  eJIeKTpOHHO-IPOMEHEBOT O00pOOKH
MIBUJKOpi3anbHOi  ctanmi  P6MS  makcumanbHa
MikpoTBepAicTs (9200 MIla) BignoBiaae UIinsHOCTI
MOTYKHOCTI  €JIleKTpoHHOro mpomens (q) 1,0-10*
Br/cm?. TIpH IIEHOCTI MOTYKHOCTI €IEKTPOHHOTO
npomens  0,45-10*  Br/cM®  MakcumaibHa
MikpoTBepAicTe craHoBuUTh 7800 MIla, mpu q =
0,75-10* Br/cm* — 8500 MIla. Ilpu 36inbuieHHi
NIUTEHOCTI TIOTY>KHOCTI €JIEKTPOHHOTO TIPOMEHSI JI0
1,35-10* Br/cm? makcuManbHa MiKpOTBEPIICTH
3menmyetscsi g0 8000 Mlla (puc. 1). Ilpm
nojanemioMy — 30UIbIIEHHI (  BigOyBaeThCs
OIJIABJICHHA TOBEPXHI 3pa3KiB, a MaKCHMaJlbHa
MIKpPOTBEPICTh MIOBEPXHEBOTO MIAPY 3MEHIIYETHCS
10 6900 MlTa.

MikpoTeepaicTs, MMa
10000
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Puc. 1. BB miineHOCTI MOTYXHOCTI €IEKTPOHHOTO
MIPOMEHS Ha MaKCUMaJIbHy MiKPOTBEPIICTh
3arapTOBAHOTO IIAPY: BUXITHUNA CTaH 3pa3KiB —
rapTyBaHHsI Ta BUCOKHI1 BIIITyCK 3TTHO THIIOBUX
pexumis [7]

[pu nazepniii 06podui crameii POMSKS Tta
P18 makcuManbHi 3Ha4eHHS MikpoTBepaocTi (9650
- 9820 MIla) pocsratoThCss TPU  MIITBHOCTI
MOTYKHOCTI JIa3epHOro BumnpoMintoBauus 1,3-10*
Br/em?. IIpu HIUTBHOCTI MOTYKHOCTI
sunpominioBanus 0,4-10* Br/cm? mikporBepaicTh
ckiamae 8050 MIla, mpu MIiIBHOCTI MOTYKHOCTI
sunpominioBanus 0,9-10* Br/em? — 8500 MlTa, npu
IIBHOCTI MOTYKHOCTI BunpomintoBanus 1,1-10*
Br/cm®> — 8850 MIla (puc. 1). 36inbmeHns
NIUTBHOCTI TOTY>KHOCTI BHIIPOMIHIOBAHHS BHIIC
1,4-10* Br/cm? € HeGakaHUM, OCKIIBKU MIPH LIbOMY
YTBOPIOETBCS ~ OIUIABJICHWH Imap 13 3HAYHUM
BMICTOM 3aJIMIIKOBOTO AayCTEHITY Ta BiAHOCHO
HEBEIMKOI0 MiKpoTBepicTio (1o 7200 MI1a).

MakcumMaiabHa MIKPOTBEPJIICTh 3arapTOBAHOTO
mapy mTammoBoi crami X12M (8900 MIla)
BIJITIOBIZIa€ TIIIBHOCTI TIOTYXKHOCTI €JIEKTPOHHOTO
npomens ua pisai 0,810 Br/em?. YV pasi

301IBLICHHS MIUTBHOCTI MOTYKHOCTI €JIE€KTPOHHOTO
npomens go 1,0-10* Br/cm?  BimOyBaerncs
3MEHIIIEHHSI MaKCHMAJIBHOI MIiKpOTBEPJOCTI JIO
8000 - 8150 MIla (puc. 1). ¥V pasi nmojgamsioro
30iIBLICHHST  (  CIIOCTEPIra€TbCsi  CTPIMKE
3MCHIICHHS ~ MaKCHMAJIbHOI  MIKpPOTBEPIOCTI
3araproBaHoro mapy mo 6600 MIla BHacmimok
OTIJIaBJICHHS TIOBEPXHI.

30Ha  OIUIaBIEHHA B  ycCiX  3pasKax
XapaKTepU3YETHCS THIIOBOIO JCHAPUTHOIO
CTPYKTYPOIO. HesBaxkaroun Ha BUCOKY

JIUCTICPCHICTD IIi€i CTPYKTYpH, i MIKpOTBEpAiCThH
cxragae 6700 - 7200 Mlla, 3anexxHo Bim Mapku
iHCTpyMeHTanbHOi  cranmi.  OrmiaBneHHd — mmiap
BIJIOKPEMJICHUH BiJi OCHOBHOTO METaly BY3bKOIO
MepexigHO0 30HOM (puc. 2, 3).

Puc. 2. MikpocTpyKTypa MOBEPXHEBOTO IIapy CTaji
P6MS5KS micinst eneKkTpOHHO-IIPOMEHEBOT 00pOOKH 3
omnasnennam: q = 1,35-10* Br/em? (V = 11 mm/c); x600

‘

Puc. 3. MikpocTpyKTypa OBEPXHEBOTO IIapy
ctani P18 micns enekrpoHHO-TIpOMEHEBOi 00pPOOKH 3
omtasieHnam: q = 1,35-10* Br/em? (V = 11 mm/c);
x600

Y  pasi, SKOIO0  eJNEeKTPOHHO-TIPOMEHEBA
00poOKa MPOBOAMTECS O€3 OIUIABJICHHS MOBEPXHI,
OCHOBHUMU CTPYKTYPHUMHU CKJIaJIOBUMHU
3MIIIHEHOTO MIapy € MapTEeHCUT Ta HaJJTHIIKOBI
KapOiu; BMICT 3aJMIIKOBOTO  ayCTEHITY €
MiHIMaITEHUM (pHC. 4).
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100.00pm

Puc. 4. MikpocTpyKTypa OBEpXHEBOTO LIApy cTasi
P6MS5KS micinst eneKkTpoOHHO-IIPOMEHEBOT 00pOOKU:

q=1,2:10* Br/cm? (V = 11 mm/c); x600
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Puc. 5. BiuB nonepegHpoi TepMiuHOi 00poOKH Ha
MIKpOTBEPIICTh 3arapToBaHoro mapy craini P6MS:
q=1,0-10* Br/cm?: 1 - rapTyBaHHs Ta Biamyck 3a

TUTIOBUMU pexxuMamu, V =9 MM / ¢; 2 - TapTyBaHHS
Ta BIJIIYCK 32 THIIOBUMH pexumami, V =11 MM / c;
3 — i3oTepMiunmii Bignai, V=9 MM/ ¢;

4 - i3orepmiunmi Bignan, V=11 mm/c
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Puc. 6. Bomie nmonepenHpoi TepMidHOT 00p0oOKH Ha
MIKpOTBEPIICTh 3arapToBaHoro mapy ctaini POMSKS:
q=1,2-10* Br/cmM%: 1 - rapTyBaHHs Ta Bimmyck 3a
THUIIOBUMH pexuMamu, V=9 MM / ¢; 2 - rapTyBaHHs Ta
BIAINTYCK 32 THHOBUMHM pexxumamu, V=11 mMm/¢c; 3 -
i3oTepMivnmii Bianai, V =9 MM / ¢; 4 - i30TepMiuHUN
Bignam, V=11 mm/c

Mera apyroro erarmy JOCITIDKEHb TOJIsTana y
BCTAHOBJICHHI BIUIMBY MOMEPEAHBOT TEPMiUHOT
00poOKM cTaneil Ha TMHOWHY 3MIIHEHOTO IIapy.
EnexTpoHHO-TIpOMEeHeBa 00poOKa MPOBOMIACH HA

peKMMax, sKi  3a0e3Me4yroTh  YTBOPCHHS Yy
3arapTOBaHOMY mapi BHCOKOJIETOBAHOT'O
MapTEHCUTY Ta YHEMOXKIUBIIOIOTH OIIABICHHST
noBepxHi. ['padiku po3noainy MiKpOTBEpIOCTI MO
rIUONHI 3arapTOBaHOTO MIApy IPEICTABIEHO Ha
puc. 5 - 8. Halibinbma ToBIIMHA 3MIIIHEHOTO MIAPY
(0,55 - 0,65 MM) nOcsTaETbCS Yy TOMY BHIIQJIKY,
SKIIO TIepe]l eICKTPOHHO-IPOMEHEBOIO 0OPOOKOIO
CTaJTi MPOMUIILTM 00’ €MHE TapTyBaHHS Ta BiIITycK [7].
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Puc. 7. BB monepetapoi TepMidHOT 00pOOKH Ha
MiIKpOTBEPIICTh 3arapTOBAHOTO MIapy HIBHIKOPi3aIbHOT
crami P18: q = 1,2-10* Br/cm?: 1 - rapTyBaHHs Ta
BIJIITyCK 33 TUIIOBUMH pexumMamu, V =9 MM / c;

2 - TapTyBaHHSA Ta BiJIyCK 32 THITIOBIMH PEKIMaMHU,
V=11wmm/c; 3 - i3orepmivnmuii Bigman, V=9 mm / c;
4 - i3oTepmiunmi Bignan, V=11 mm/c
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Puc. 8. BB monepeapoi TepMigHOT 00pOOKH Ha
MIKpPOTBEPIICTh 3arapTOBAHOTO LIAPY MIBHIKOPI3aIbHOT
crani X12M: q = 0,8-10% Br/cm?: 1 - rapryBaHnHs Ta
BIJIITyCK 32 TUIIOBUMH pexumamu, V =9 MM / c;

2 - rapTyBaHHS Ta BIIIYCK 3a TUIIOBUMH PEXUMaMH,
V=11wmm/c; 3 - i3orepmivnmii Bigman, V=9 mm / c;
4 - i3otepmiunmi Bignan, V=11 mm/c

BimHocHO Benvka TOBIIMHA 3MIIIHEHOTO MIapy, II0
YTBOPIOETBCS ~ NPU  €ICKTPOHHO-TIPOMEHEBIH
00po01i cranieli, KOoTpi OyIu MOMEePEAHBO MiaHi
00’€eMHOMY TapTyBaHHIO Ta BiJITyCKy, 3yMOBJICHA
IXHBOIO HU3BKOIO TEIIONPOBIAHICTIO Micsl TaKoi
nonepeaHbpoi 00poOKku. [ MrOMHa 3MilTHEHOTO apy
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Ha 3pa3kax 31 CTajel, MO0 Mepe]] CJICKTPOHHO-
MIPOMEHEBOIO O0OPOOKOI0 MPOUTIUIA 130TepMITHUI
BiJImaj, Maike BABIYI MEHITA, HDK HA 3pa3Kax, 1o
MOTIePEIHBO TPOUIITM 00’€MHE TrapTyBaHHS Ta
Biamyck (puc. 5 - 8).

BucHoBku

1. 3MinHIOBaJIbHY EJIEKTPOHHO-IPOMCHEBY
00poOKy IHCTPYMEHTy, III0 BHTOTOBJIICHHUH 13
IIBHUJIKOPIi3aTbHUX Ta BUCOKOJICTOBAaHHUX
MITAMIIOBUX CTajei, HEOOXiAHO TPOBOAHMTU Y
TBEPAOMY CTaHi TaKUM YMHOM, IIO0 OTpPUMATH Y
3MIITHEHOMY IIapi CTPYKTYpy, IO CKIANAETHCS 3
BHCOKOJIETOBAHOTO MapTEHCHUTY Ta HaTUITKOBHX
KapOi/iB, OIUIABJICHHS IIOBEPXHI iHCTPYMEHTYy €
HETPUITYCTHMHUM, OCKUIBKH Y I[bOMY BHUIAJIKy
3arapToBaHHUI IMap MICTUTh HAIBEIUKY KIUTBKICTh
3aJTUIIKOBOTO ayCTCHITY.

2. 3ajy1st JOCSATHEHHS MaKCHUMaJIbHOI TITHOUHI
3arapToBaHOrO MIapy Ha IIBUAKOPI3albHUX Ta
BHCOKOJIETOBAaHUX IITAMIOBUX CTaJsAX, MEpeN
CJICKTPOHHO-TIPOMEHEBOIO 00pPOOKOI0 IMHX CTayel
iX ciim mgmaBaTH 00 ’€MHOMY TapTyBaHHIO Ta
BiJIITYCKY 32 THITOBUMH PEXKUMaMHU.
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Shevchenko O.V. Study of the influence of
hardening electron beam treatment on the
microstructure and microhardness of high-speed and
stamping steels.

The work investigated the effect of hardening
electron beam treatment on the microstructure and
microhardness of the surface layers of high-speed and
stamping steels. The limit modes of processing were
established experimentally, at which the maximum
microhardness of the surface layer is achieved, and at the
same time, surface melting is prevented. It is proposed to
use the power density of the electron beam as a complex
parameter of the processing mode, which determines the
nature of heating and cooling of the tool during its
processing with an electron beam. The power density of
the electron beam includes all the other main parameters
of the electron beam treatment mode, namely the
diameter, power, and speed of the electron beam moving
relative to the product to be treated. It was established
that the maximum microhardness of the hardened layer
is achieved in the case of high-temperature quenching
without remelting. At the same time, the maximum
dispersion of the structure is ensured almost throughout
the depth of the reinforced layer. Surface melting of the
tool during electron beam processing is extremely
undesirable. Under such processing conditions, there is
a sharp decrease in the microhardness of the surface
layer, which contains a significant amount of residual
austenite. Hardening with the formation of a significant
amount of residual austenite leads to a sharp decrease in
the content of carbides. An insufficient content of
carbides and an excessive content of residual austenite
leads to a decrease in the wear resistance of the tool. At
the same time, the tool's resistance to plastic deformation
worsens at elevated temperatures. It was established that
the depth of the hardened layer formed during electron
beam treatment of high-speed cutting and stamping steels
is significantly affected by the initial microstructure of
these steels. In order to obtain the maximum depth of the
hardened layer during electron-beam processing of high-
speed cutting and stamping steels, these steels should be
subjected to preliminary heat treatment in the form of
volume hardening and tempering. The optimal values of
the overlap coefficient during electron beam processing,
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which ensures the minimum width of the tempering zones, leBuenko OJgexcanap BoaoaumMupoBHMY — K.T.H.,

have been determined. JOLCHT, JOUEHT Kadenpu MaMHOOYIyBaHHS Ta

Key words: high-speed steels, microhardness, = TnpuKIagHOI MEXaHIKH, CxiIHOYKpaTHCHKHI
martensite, retained austenite, electron beam treatment, HalllOHaIbHUH yHiBepcuTeT iMeHi Bonomumupa dans (M.
overlap ratio. KuiB), shev.cmw(@ukr.net.
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BILIUB LIOPCTKOCTI POBOYOI IOBEPXHI COILIA JIABAJIA
HA TAPAMETPU I'A30BOI'O IIOTOKY

Muxaiimiok B.B., JIax M.M., Pawel Gara,
BurBunbkuii B.C., Jleiinera P.O., Ilpoutox I'.51.

THE INFLUENCE OF THE WORKING SURFACE ROUGHNESS
OF THE LAVAL NOZZLE ON THE GAS FLOW PARAMETERS

Mykhailiuk V.V., Liakh M. M., Pawel Gara,
Vytvytskyi V.S., Deineha R.O., Protsiuk H.Y.

YK 622
Oxon00dtcenns 2a308ux cymiwerl WUPOKO
BUKOPUCIOBYEMbCA Y PISHOMAHIMHUX — MEXHONO02IUHUX

npoyecax 6 XiMiuHit, HAMO2a3086il, YemeHmHill ma iHWUx
eanyszax. Icnye 0oeoni b6azamo pizHux cnocobig 0Xon00MHCeHH A,
npome  60HU €  eHEP2O3AMPAMHUMU,  BUMALAIOMDb
senuxo2abapumno2o ma ckiaono2o 06aaoHanus mowjo. Oonum
i3 HaUMeHW eHepeo3ampamuux € — Cnocio 0XON00NCEHHS 2a3y
3a Oonomozoio conna Jlaeana. Y cmammi po3pobreno
mpusumipny Mmodenb conaa Jlasana ma 3a 00nomo20io
iMimayitino2o MOOeno8ants 00CTIOHCEHO GNIUE WOPCTNKOCTI
BHYMPIWHIX N08epXoHb Ha tio2o pobomy. llpu yvomy 6yi0
8PAXOBAHO CKIAO OUMOBUX 2A3i8, IX memnepamypy, muck ma
sumpamy Ha 6xo0i y CONo I MUCK ma memnepamypy Ha 6uxooi
3 Hvo2o. [lna OocniddcenHs 3AcmMocosano napamempuuite
docnidoicenns, a came "amaniz moxciusux eapianmis”, o
peanizyemoca 'y npoepami FlowSimulation, wo € modyrem
npocpamu  SolidWorks. 3acmocyeanna napamempuunozo
docniddcenHs 00360aUN0 3MIHIO8AMU OeKINbKA Napamempis
(00’ emny sumpamy 2azy Ha 6x00i y CONi0 ma woOpCcmKicms
GHYMPIWHBLOI  NOGEpXHI  cOonaa) OaA  auanisy GUOPAHUX
napamempie nOMoxy, 3a0aHux AK yini (memnepamypy 2azo6oi
cymiwi, uucio Maxa). 3 memoro niosuwenns mounocmi
OMpuUMYBaHUx —pe3ynbmamis  IMImayiiHoco MoOeno8aHHs
nposedeHo onmuMizayilo Cimku CKIHYeHHUX eneMeHmie max,
wo HauopiOHiwi enemMeHmu po3smaulo8aui Haubaudxcue 00
N0BEPXOHL CONNA, 3 AKUMU KOHMAKMYE 2a308uti nomik. ¥
pe3ynvmami iMimayitinoco MOOeno8anHA BCMAHOBNIEHO, WO

Haubinbwle  3HUMICEHHA — memnepamypu  2a3080i  cymiuii
docsieaemvcs 3a yucia Maxa oauzvkomy 3. Ilpu nodanvuiomy
30inbwenni  gumpamu  2a3080i  cymiwi il MminimanvHa

memnepamypa 3a1uuacmsvcs maidice Heaminnoio. 30invuienns
wopcmkocmi 6HYMpIwHIX NOBEPXOHb CONAA NPU3B0OUMb 00
He3HauHo20  niosuwenHs memnepamypu. Bukxopucmanmua
po3pobnenoi koncmpyxyii conna Jlagans 0na 0Xon00cenHs
OUMOBUX 2a31i6 BUPOOHUYME MOICIUGe MmaKodic i 3a uucen Maxa,
wo € sHayno Hudxcuumu 3. Ilpu yvomy Oewjo nioguwumscs
memnepamypa Ha 8uxooi 3 Hb02O, alie 3MEHWUMbC MUCK HA
tioeo 6x00i. Lle € OoyinbHUM BUKOPUCMAHHAM COMAA 13
8PAXYBAHHAM 0COOAUBOCEN MEXHONOIYHUX Npoyecie Ha
BUPOOHUYMBI, OCKITbKU MOJCHA BUKOPUCIOBYBAMU MEH
eéapmicne 001a0HaHHA OnA nodaui 2a3080i cymiwi (e
BUKOpUCTO8Y8amu CKIAOHI Ma 00poei Komnpecopu), abo

83aeani 3a MOMCIUBOCMI 8i0bUpamu  2a308y
mpy6onposooy esxce i3 HeoOXiOHUM MUCKOM.

Knrouosi cnosa: cazoea cymiwi, nagpmozazosa eanyss,
yemenmua 2any3b, 0xo0n00xcenns, conno Jlasans, wucio Maxa,
memnepamypa 2azy.

cymiwi 13

Beryn. OxonmomkeHHS rapsyMx TasiB  y
XiMigHIH, HaAPTOra30Bil, IEMEHTHIH Ta IHIIUX
rajmy3fax BHUKOPHUCTOBYEThCS MJIsi 3a0e3ledeHHs
PI3HOMaHITHUX TEXHOJIOTTYHUX MIPOIIECIB.
OCHOBHMMHU CHOCOOaMHU OXOJOIKEHHS Ta30BOTO
MOTOKY € po30aBleHHs TMOTOKY IOBITPSM,
BIIPUCKYBaHHS BOAM Yy TIOTIK; BUKOPHCTaHHS
oOyagHaHHs (TEIUIOOOMIHHHKIB) TOIIO. 3a3BHYai
JUTST  TOCSITHEHHS Kpamloro OXOJOMKCHHA I
crocobn koMOiHyroThCA. [IpoTe 111 cmocobu
3a3BUYail €  JIOPOTOBAapTICHUMH, Yy  HHX
BUKOPUCTOBYETBCS ~ CKIIJHE OOJIaJHAHHSI, SKE
nmoTpedye 0OCITYyroByBaHHS Ta PEMOHTY, TaKOXK IIi
CrocoOu € eHepro3aTpaTHUMH.

Apropamu  [1]  TpOMOHYETBbCS  CHOCIO
BIIIJICHHS PITUHA 1 MEXaHIYHHX YacTHHOK 3
ra3oBOr0 TOTOKY 3a BHUCOKOi Temmeparypu +120
°C...+160 °C. HeoOxigHO 3a3HAYMTH, IO 34
BUKOPUCTAHHS I[HOTO CIIOCOOY E€HEepPTrOTBUTPATH €
MiHiMatbErMHA.  CyTh  cmocoOy — Tonsrae  y
MOTNIEPEAHFOMY OXOJIOJDKEHHI Ta30BOTO MOTOKY 3a
JIOTIOMOTOI0 ~ 0araTocoIuIOBOTO  MPHUCTPOIO  Ta
MOJATBIIIOMY TIEPETBOPEHHI OXOJOMKEHOI MapH y
IpiOHOMUCIIEpPCHI KpaIUIMHU pinuHu y OydepHii
kamepi. ani ra3opiinHHHMN MOTIK MOAA€TbCS Ha
ceraparopy, B KX KpalUIMHHA PiauHa 1 MeXaHITHi
YACTHHKH YIIOBIIOKOTHCS. Ha BUXOMi OTpUMy€eThCs
KOHJICHCAT Mapy JUMOBUX ra3iB, 10 MICTHTb ITHJI Ta
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MexaHiuHi goMimkd. KoHaeHcaT 3 JOMIMIKaMH
MO)KHA YTHITI3yBaTH ab0 32 MOYKJIMBOCTI IIOBTOPHO
BHKOPHCTAaTH Yy  TEXHOJOTIYHOMY  IIPOIIECI.
[IpormoHoBaHMit croci® MOXHAa 3aCTOCOBYBAaTH,
HalpuKkiaag, Ha I[EMEHTHOMY  BHUPOOHWIITRI,
OCKUTBKH V 1X JMMOBHX ra3ax MICTATHCS IIKiIIHABI
PCUOBMHM, SKI  HETaTHBHO  BIUIMBAlOThH  Ha
HAaBKOJIMIIIHE CEPeIOBUIIE Ta 3A0POB’s Joaeit [2].
HeoOximHO  3a3HauMTH, 110 JO OCHOBHHX
MapHUKOBUX Ta3iB B arMocdepi 3eMiti BiTHOCATHCS
napu Boau (H20), Byrnekucnuii raz (CO2), 3akuc
azory (N20), wmeran (CH4), o30m (0O3),
rekcadropun cipku (SF6), riapodTopBymnienesi
cnonyku (I'@B) 1 mepdropBymienesi CHoiyku
(TI®B).

Po3pobnenns, AOCTIHKEHHS Ta ONTHUMI3aIlis
oOyajHaHHS U OXOJIO/PKEHHS TUMOBHX Ta3iB Ta
OYMINEHHS iX BiJl OKPEMHUX IIKIUIMBUX YacCTUH €
ChOTOJIHI aKTyaJlbHUM 3aBIaHHAM. Lle 103BONUTH
MiBUIIATH €()EKTUBHICTh HOTO pPOOOTH, MmO, Y
CBOIO YEpTy, 3MCHIIINTH CHEPTOBUTPATH Ha OKpeMi
TEXHOJIOTIYHI TPOMECH, 1 K HACTIJIOK 3MCHIIUTH
NIKITMBHY BIUTUB Ha HABKOJHIITHE CEPEIOBHIIC.

AHaJi3 3aKOpPAOHHHUX |  BITYHM3HAHHX
gochaizkeHb Ta myOaikaudii. Y poOoti [3]
pO3MISAAIOThesl  (OPCYHKH BEIMKHX 1  MalliX
PO3MIpiB, sIKi LIMPOKO BUKOPUCTOBYIOTHCS Y PI3HUX
ragy3six MPOMHUCIOBOCTI. Y poOOTi TpoBeIcHO
TMOCITIDKEHHST BIUIUBY PO3MIPIB 1 MIOPCTKOCTI
MOBEPXHI HA eKCIUTyaTalliifHi XapaKTEePUCTHKH
comma  Jlamaus. [IpencraBieno  Bapiaiiro
MIPOAYKTUBHOCTI poOOTH (hOPCYHOK BiJl 3BUMAKHOTO
Makpo- 10 Mikpomacmraldy. BcraHoBieHO, M0
rabapuTHUN PO3MIp COIUIA YNHUTH 3HAYHUHN BILTUB
Ha TEpTS ra30BOTO MOTOKY JI0 MOBEPXHi coruia. 3i
3MCHIIICHHSAM PO3MIpPYy COIUIa IIBHAKICTH 1 TATA
MOTIpITYIOThCsI.  MIKpOcomio  Mae  MEHILy
YyTJIUBICTD 10 3MIHM LIOPCTKOCTI MOBEPXHi, HIX
COIUIO BEIUKOTO po3Mipy. Y poOOTi Takox
3apPOTIOHOBAHO TEXHOJIOTIl ITOKpAIEHHS SKOCTI
MOBEPXHI COIUIa Ta CHOCOOM i 3amoOiraHHs
3aqUpiB s 3MCHIICHHS BIUTUBY TEpTsS Ha
MIPOYKTHUBHICTH MIKpOHACaJIOK. Takox
pO3pO0JEHO HOBWI mpolec Ais KOHTPONIO Ta
3MEHILIEHHS YTBOPEHHS 3aJUpiB MiA 4ac oOpoOKH
MIKpPOHACaJIOK. 3alpONOHOBAHO MaTepiall, SKui
HEOOX1HO HAHOCHUTH SK ITOKPUTTS Ha IOPCTKY
o0poONieHy TIOBEpXHIO Tepe]; 1 OCTAaTOYHOKO
MEXaHIYHOI 00poOKot0. PesynbsraTy BUNpoOyBaHb
Ha TATYy TIOKa3alH, IO BHKOPUCTAHHS TaKOTO
mporecy  OOpoOKM — cOpusie  MOKpAIIEHHIO
EKCIUTyaTalliiHUX XapaKTePUCTUK MiKpOHACA KU,

Y pobGori [4] mTpoBemeHO TEOPETHUHE
OITUMI3aliiiHe MOCIIMHKEHHS ania0aTHYHUX TeYil
CTUCIUBUX Ta3iB i1 KOHIYHUX COmen i3

BHYTPILIHBOIO HIOPCTKOIO IOBEpxHEI0. Po3pobieno
MaTeMaTHYHy MOJIeNlb, IO J03BOJIIE BU3HAYUTH
TATY 3 ypaxyBaHHSIM TEpTs COIUIa Ta BTpPAaT Ha
pO30iKHICTh. Y TepHIi YacTUHI JOCHIKCHHS
MOKAa3aHo, 10 B COIUIaX i3 MIOPCTKOI MOBEPXHEIO
ICHYIOTh KPHWTHYHI 3HAYCHHS ITBKYTa PO3KPHUTTS

comia, 3a SKHX JIOJaTKOBOTO  30UIBIICHHS
IMIBUAKOCTI Ta3y HE  JIOCATAEThCA.  TakKok
CIIOCTEPITAEThCSA, M0 MiHIMAIbHE  3HAYCHHS

HAMBKyTa BIAKPHUTTS comia 30iJbIIyeTbca  3i
301IBLICHHSAM IIBHIKOCTI MOTOKY Ta HIOPCTKOCTI
BHYTPIIIHBOI MOBEPXHI corwia. Y ApyTidl 9acTHHI
JOCJTIKEHHS TI0Ka3aHo, IO iCHYIOTh ONTHMATbHI
3HAYCHHS MOJIOBUHHOTO KyTa PO3KPUTTSI COILIA AJIS
MiHIMQJIBHHX T1IPaBIIYHUX BTPAT Y€pe3 COILIO IS
KOXXHOI ~ KOMOiHAIli  TiApaBIIYHOTO  OIOpY,
BUKJIMKAHOTO IIOPCTKICTIO BHYTPILIHBbOI MOBEPXHI
Ta IJIOMII OTIEPEYHOT0 MEePEPi3y BUXIAHOTO OTBOPY
cormia.

TpaexTopis piXydyoro iHCTPYMEHTY 3HAYHO
BIUIMBAE HA TMPOAYKTHBHICTH MiKpOHAcaIok [5].
PizHi TpaekTopii pyxy IHCTpYMEHTIB IIiJI dYac
BUTOTOBJICHHS  HACaIKW  yTBOPIOIOTH  Pi3HI
HaNpPSIMKH IOPCTKOCTI TOBEPXHi. TOMY BUPOOHHUKH
HAacaJOK IIOBHHHI 3aCTOCOBYBATH OITHMAaJbHY
TPAEKTOPIIO PIPKYIOT0 IHCTPYMEHTY Ta TMapaMeTpH
MpoIIeCy pi3aHHA. Y IIill CTATTi MOJAHO ONITUMAITBHI
napamMeTpu  OOpOOKM  Ansl ~ BUTOTOBJICHHS
MikpoHacankn JlaBaiss i3 1gBOMA  pi3HUMH
TPAEKTOPISIMU pyXy TopIiieBoi ¢pe3u. Ilo-mepe,
3aMpOIOHOBAHO MOJIENI MOPCTKOCTI TIOBEPXHI IS
PI3HHX THIIIB TPAEKTOPii PiXKYydOro IHCTPYMEHTY.
ITo-npyre, po3po0ieHI TEOPETHYHI TeoMeTpil
npodiMto IS BUTOTOBIIOBaHOTO coruta JlaBams.
[To-TpeTe, BINIMB IIOPCTKOCTI MOBEPXHI HA poOoui
napaMeTpy COIUIa, JOCHI/PKYEThCS 32 JTOIMTOMOTOFO
00YHCITIOBAILHOTO  TiIPOAMHAMIYHOTO — aHaJi3Yy.
3MoenbpoBaHi napaMeTpu MPOAYKTHUBHOCTI
MOPIBHSAHI 3 iX TEOPETHIYHUMHU 3HAYCHHSIMH.
Bussneno, mo i3 30UIBIICHHSIM ITOPCTKOCTI
MOBEPXHi, TATa SIBHO 3MEHIIYEThCS. Takox OyIo
BUTOTOBJICHO HAcaZKy 3 OCBHOBOIO TPAEKTOPIEO
pyXy IHCTpYMEHTY Ta TIPOBEICHO ONTHMI3aIliI0
napameTpiB pi3aHHs.

[osiBa TexHOMOTil agUTUBHOTO BHUPOOHHILITBA
MOJICTIIMIA  TIPOEKTYBAHHS Ta  BUTOTOBJICHHS
JeTanei i Momenel K I HayKOBHX JOCIIHKCHB
TaKk 1 y aepokocMiuHii mpoMucioBocTi [6]. Pyx
MOTOKY Y COTIaX HE € HOBOIO TEMOIO JIOCIIJXKCHHS,
npoTe COIUTa, BUTOTOBIICHI 32  JIONMIOMOTOIO
aJUTUBHOTO BUPOOHUIITBA HE OyJIHM JOCIIIKEHI.
lopcTKicT MOBEPXHi Ta MILHICTh HAJAPYKOBAHUX
Ha  3D-npuHTEepax comen €  OCHOBHUMH
npoOjeMaMy, KOJIM Ii COIUIa 3aCTOCOBYIOTHCS JI0
CTHUCIIUBUX  TOTOKIB. Y  po0OOTI TOKa3aHO
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po3pobiieHe Ta BUMPOOyBaHE KOHBEPIEHTHE COILIO
Ta corio JlaBais, sike BUTOTOBJIEHE 3a JOMOMOT'OO
aIUTHBHOTO BHUPOOHWITBA 3 BUKOPHUCTAHHAM
miactuky ABS. IllopcTkicTh moOBepXxHI BcepenuHi

30KHOTO COIUIa KUIBKICHO BH3HAYAETHCA 34
JIOTIOMOTOI0  HePYWHIBHOTO METOAY. 3arajom
EKCIIEPUMCHTAITBHI pe3yibTaTi nmo0pe

MOPIBHIOKOTHCSI 3 AHAIITUYHUMHU PIMICHHSIMH IS
301’KHOTO COIUIa Ta YHUCEIHHOTO MOJICITIOBAHHS,
mpoBeneHoro B ANASYS Fluent mns coma
JlaBans. Comna, HagpykoBaHi 3a pomomorom 3D-
MPUHTEpa MOXXHA BHKOPHCTOBYBATH JUISI IIBHIKOT
JIEMOHCTpalii Ta TEepeBipKM HOBUX imed i
KOHIIENINIM y mMemarorimi Ta IOCHiPKEHHSIX 3a
BEJIMKUX 4Kcel PeliHonbaca.

Meta poGoTu Ta
HeOoOXiHOCTI il BUKOHAHHS

Metoro pobOTH € [OCHIIKEHHS BIUIUBY
BUTpaTH, THUCKYy Ta MIOPCTKOCTI HAa 3MIHHU
TEPMOJMHAMIYHUX TMapaMmeTpiB coria JlaBans 3
BpaxyBaHHIM CKIIafy Tazy.

Jns qocsrHeHHS MeTH HE0OX1THO:

— moOyayBaTH TPUBHMIPHY MOJEIH COILIA
JlaBasids Ta BCTAHOBUTHM BXIAHI Ta BUXIIHI
napameTpH AJ1s iMITalliifHOro MOJICIIIOBaHHS;

— MPOBECTH IMITAIIIHE MOJICTIOBAHHS POOOTH
comna JlaBans, mpoaHami3yBaTH pe3yJabTaTH Ta
BCTAHOBHTH 3QJICKHOCTI 3MIHM TEPMOIMHAMIYHHIX
rapameTpiB.

BukiageHHs 0CHOBHOT0 MaTepiay

OmHuM i3 CIOCOOIB OXOJOJDKEHHS Ta3y €
3actocyBaHHs cornia Jlapans. Coruio CKIaiaeThes 3
nBoX yacTuH: nudy3opa Ta koHdyszopa. ITig gac
MIPOXOJDKEHHS Ta3y Kpi3b COIUIO JIOCATAETHCS HOTO
HIBUIKICTb, fKa € OUIBIIOI IIBUAKOCTI 3BYKY
(umcmo Maxa crae OumemuMm 1). Ilpm 1meomy
BiIOYBa€ThCSl 3HIDKEHHS TUCKY Ta TEMIICpaTypu
ra3y IiCJsl COTLIa.

3acToCyBaHHS TaKOTO COIDIA Y BHPOOHHYMX
mporiecax, 3a3BU4ai, OOMEXEHE IapameTpaMu
o0JaiHaHHS, 3 SIKUM BOHO 3aCTOCOBYEThCS. Takox
3 METOK 3MEHINCHHsS 3arpar CHeprii  Ha
OXOJIO/DKEHHS Ta3y 3a BHUKOPHUCTaHHA COIDIA
JOLJTLHO BCTAHOBUTH HOT0 TapamMeTpu Npu
3aCTOCYBaHHI Yy KOHKPETHOMY TEXHOJIOTIUHOMY
Tporieci.

Omxe, comio JlaBans, TNPONOHYETHCS
BUKOPUCTOBYBAaTH Yy TEXHOJOTIYHOMY MpOIECi
OXOJIO/DKEHHS ~ JIMMOBHUX  Ta3iB  I[EMEHTHOTO
BUPOOHHIITBA. P03po0iieHnii crmocid BimmineHHs
PIIMHM Ta MEXaHIYHUX JOMIIIOK i3 Ta30BOTO
MOTOKY BHCBITIEHO y poboti [1]. 'eomerpuuni
napameTpu coruia Jlaasi, 110 BUKPUCTOBYETLCS Y
0araTocomIoBOMy NPHUCTPOi, OynM AOCHiIXKeHi Y
pobori [7].

OOIPYHTYBAHHA

s mocmiypkeHHS  BIUIMBY — HIOPCTKOCTI
pobodoi moBepxHi cormia JlaBais Ha mapaMeTpu
ra30BOTO MOTOKY IMOOYI0BAaHO TPUBUMIPHY MOJIETH
coruta JlaBans (puc. 1).

Puc. 1. TpuBumipHa mozens coruia JlaBans

Jlns mpoBeAeHHS IMITAITITHOTO MOCITIOBAHHS
3actocoBano mnporpamy FlowSimulation, mo e
momyieM nporpamu SolidWorks, y skiii Oyio
pO3po0JICHO TPUBUMIPHY MOJENb cormia. [lix gac
IMITaIifHOTO MOJICITIOBaHHS 3aCTOCOBAHO MOJYJIh
"[TapameTpuune JOCIHIHKEeHHS ", SIKUH
MpU3HAYCHUH I BUKOHAHHS cepii po3paxyHKiB y
OJTHOMY 3 MOXIIUBHUX peXUMiB [8]:

— aHaJi3 MOXKJIMBHX BapiaHTiB, SIKUH 103BOJISIE
3MIHIOBaTH JCKiIbKa MMapaMeTpiB (po3Mipy MOJAEII,
mapaMeTpu ~ TPaHMYHHUX  yMOB,  TapaMeTpu
MOYaTKOBOI CITKM TOLIO) Ul aHaji3y BUOpaHUX
napaMeTpiB MOTOKY (3aaHMX K LiJi);

— onTuMi3allis Il JO3BOJSE 3MIHIOBATH
TITBKW OJTUH BUOpAHWI mMapameTp IS OTPUMAaHHS
HOro BU3HAUCHOTO 3HAYCHHS, 33 SKOTO BHUOpaHa
1Iijb Oyae piBHA 3alaHOMY I[IIbOBOMY Y I[LIbOBIH
(dyHKIIIT 200 3HAYEHHI);

— TUIaHYBaHHS CKCIICPUMEHTIB Ta ONTUMI3allis
JTO3BOJISIOTH MIpaIfioBaTh i3 HabopaMu
eKCTICpUMEHTIB (PO3paxXyHKOBHUX TOYOK CIIEHAPII0),
y AKUX BHOpaHi BXiZHI mapaMeTpu OyIyTh
3MIHIOBATUCh ¥ MEkKaX 3aJJaHOT0 MiHIMAJBHOTO Ta
MaKCHMAaJIbHOTO 3HAYEHb.

e mo3Boisie 3HAWTH PINICHHS Ta MPOBECTH
OIITHMI3ALII0 JOCIIHKEHHS I JEKIIBKOX BXIIHUX
3MIHHUX 32 BUKOPUCTaHHS BHYTPIITHBOI TEXHOJIOT11
ONTHUMI3aIIii).

l"azoBa cymin, 0 BUKOPUCTOBYETHCS TIiT Yac
MOCT/DKEHHSI  COIUIa, CKJIAJa€eThesl 3 TaKHX
KOMITOHEHTIB, MacoBa KOHIIEHTpAIis SKuX (a30T —
28 %; Boma — 11 %; Byrmekucnuii raz — 22 %;
kuceHb — 9 %; mositpst — 30 %) [2]. Temneparypa
razoBoi CyMmiImmi Ha BXOIi y COINIO 3TiIHO
BUpOOHMYMX naHux craHouth 120 °C. Ha Buxomi
razoBa CyMilll BHXOJIUTh Yy CEPEIOBHIIE 3
temriepatyporo 20 °C ta tuckom 121325 Ila.

Ilim 9ac  iMiTalifHOTO  MOJETIOBAaHHSI
OpuiHATO pexuMm  Moxyns  "[lapamerpuune
nociioKeHHs"” "aHami3 MOXIWBUX BapiaHTiB".
BximHuM#E 3MIHHAMH TIapaMeTpaMyd TPUHHATO:
00’eMHy BuTpaTy Ha Bxoxi y comio (0,02; 0,04;
0,06 Ta 0,08 M*/c) Ta WOPCTKICTH MOBEPXOHB COILIA,
3 SIKUMHU KOHTakTye razoBa cymimr (0; 40; 80; 120;
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160 ta 200 mMkMm). Crin 3a3HAYMTH, IO BEITUIHHH
mopceTkocTi ¢y 3aszHadatm 'y Rz [8]. Ilomo
HaIpsMy pyXy ra30BOi CyMillli Ta TPAHAYHUX YMOB,
TO BOHAa pyXaeTbca 3JiBa MpaBopyd (3TigHO
pucyHky 1). Buxigaumu mapaMerpamMu MpUAHATO
TeMIlepaTypy Ta30BOI cymimi Ta wucio Maxa
(KOHTPOIIOIOTBCS Y BCbOMY BHYTPIIIHBOMY 00’ €Mi
coIUIa) i TeMueparypy ra3oBoi CyMilli Ha BUXOII 3
comra (KOHTPOIIOETHCS HA BHXITHIA TOBEpXHI
00MeXXyBallbHOT KpUIIKK). BUXOIsM4n 3 KiNbKOCTI
3MIHHHX TapaMeTpiB, OTPUMYEMO 24 po3paxyHKOBI
TOYKH.

JUtst  TABUINICHHS TOYHOCTI OTPUMYBAaHHX
pe3yabTaTiB OyJI0 ONTUMI30BAaHO CITKY CKIHYEHHHX
elIeMeHTIB (puc. 2) Tak, IO HaHApiOHIM il
€JIEMEHTH PO3MIITYIOTHCS HAWOIKYE 10 TIOBEPXHI
COIIa, 3 SIKUM KOHTaKTy€ Ta30BHid MOTIK.

Puc. 2. OnrumizoBaHa ciTKa CKIHYEHHHMX €JIEMEHTIB

VY Tabmuii HaBeJCHO Pe3yNbTaTH MPOBEICHOTO
IMITALIAHOTO MOIETIOBAHHS.

Tabmmrs
Pe3yabTaTu imiTaniiiHoro MoaeroBaHHsA
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1 0,02 0 93,72 0,65 119,70
2 0,02 40 95,67 0,61 119,72
3 0,02 80 96,76 0,61 119,81
4 0,02 120 96,70 0,61 119,81
5 0,02 160 96,80 0,61 119,81
6 0,02 200 96,88 0,61 119,82
7 0,04 0 -119,45 2,95 25,33
8 0,04 40 -123,65 2,99 25,40
9 0,04 80 -123,42 2,99 25,79
10 0,04 120 -125,99 3,00 26,54
11 0,04 160 -125,86 3,00 26,82
12 0,04 200 -121,41 2,97 26,35
13 0,06 0 -113,00 2,89 17,74
14 0,06 40 -106,32 2,79 19,10
15 0,06 80 -98,32 2,68 19,31
16 0,06 120 -93,69 2,61 19,78
17 0,06 160 -98,13 2,67 19,87
18 0,06 200 -97,21 2,66 20,10
19 0,08 0 -99,38 2,73 24,73
20 0,08 40 -104,68 2,80 25,37
21 0,08 80 -94,98 2,67 25,73
22 0,08 120 -97,32 2,70 25,92
23 0,08 160 -101,50 2,76 26,10
24 0,08 200 -99.,43 2,73 26,24

Hdns  3pydHocTi  aHamily — OTPUMaHHUX
pe3yIbTaTIB IMITAIITHOTO MOJICTTIOBAHHS 1X TIOJIAHO
y BULJISA1 TpadiuHUX 3aJ1€KHOCTEH.

Ha pucynky 3 1oOka3aHO  3aJIeXKHICTbh
MaKCUMaJIBHOTO dYHCIa Maxa Bim IapaMeTpiB,
3a/laHuX y PO3PaXyHKOBUX TOUKAX.
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Puc. 3. 3ayexxHicTh MaKCHUMAaJIBHOTO uKciia Maxa Bif
MapaMeTpiB, 3aJaHUX y PO3PaXyHKOBUX TOYKAX:
1-0,02 M%/c; 2 — 0,04 m*/c;

3 -0,06 M%/c; 40,08 M/c

Ha mpoMy puCYHKY TakoX 3rpyrnoBaHO
pPO3paxyHKOBI TOUKH, y SKHX BUTpATa ra3y Ha BXOJ1
y COILIO € OTHAKOBOIO.

Ha pucynky 4 300paxkeHO 3aleXHICTh
MiHIMAQJIBHOI TeMITepaTypy Ta30BOi CYMIIIl Y COTLTI
(y BHyTpilIHBOMY 00’ €Mi) BiJ MapaMeTpiB, 3aJaHUX
Y PO3paxyHKOBUX TOUKAX.
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1
2
3
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-
B
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]

173,15

Puc. 4. 3anexxHicTh MiHIMaJIbHOI TEMIIEpaTypH Ia30BOi
cyMii y comti (y BHYTpilIHbOMY 00’€Mi) Bif
rapameTpiB, 3aJaHUX Y PO3PaXyHKOBHX TOUYKaX
1-0,02 M%/c; 2 — 0,04 m*/c;

3-0,06 m¥/c; 4—0,08 m*/c
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Ha pucyaky 5 300pakeHO 3aleXKHICTb
CEpeIHbOI TeMITepaTypHy ra30BO1 CyMiIlli Ha BHXOI
3 COIUTA BiJl TApaMETPiB, 3aJaHNX Y PO3PAXYHKOBUX
TOYKaX.

126,85

-
I;]
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106,85

86,85

LI I S

66,85

+
@

46,85 - 17

Cpean Temnepatypa rasosol cymiuwi Ha suxoa] 3 conna, °C
+
<]

26,85

44 04
~
1

6,85

Puc. 5. 3anexxHicTh cepelHbOT TeMITepaTypa razoBoi
CyMiIlI Ha BUXOJIi 3 COTIIa Bij| MapaMeTpiB, 3aITaHUX
Y PO3paxyHKOBHX TOYKAX:

1 -0,02 M%/c; 2 — 0,04 M’/c;

3-0,06 M*/c; 4 —0,08 M/c

3riTHO OTPUMAaHHUX PE3yJIBTATIB IMITAIlIHHOTO
MOJICJIIOBAHHSI ~ BUIUIMBAE, IO  MNpPOrpaMHe
3abe3neuenHs FlowSimulation dyTnuBe no 3MiHH
BXITHUX ITapaMeTpiB MOIETIOBaHHS. 3HIKCHHS
TeMIIEpaTypH Ta30BOI CYMII 3TiTHO pHUCYHKa 3
MOYMHAETbCA TPU TEpeBUIICHHI uyuciaa Maxa
BenmnmuuHU 1. MiHiMalbHa TeMIlepaTypa Ta30BOi
cymimn y corni (puc. 4) AOCATAEThCSA TPU UUCII
Maxa 6nm3bkomy 3. Ipu nonansmomy 30imbIIeHHI
BUTpaTH  Ta3oBoi cymimi il  MiHiManbHa
TeMIIeparypa 3alUIIAEThCs Malke HE3MIHHOKO.

3a pi3HHX BHUTpar ra3oBoi cymimi (puc. 4 ta
pHuC. 5) cCHOCTepiraeThCs HE3HAYHE ITiJ[BUIICHHS
TEeMIIEPaTypH IpH 301IbIIeHHI mopcTKoCTi. [TpoTe,
IIKaBOIO € 30HA TEPEXO0Iy BiJ 3TPYIMOBAHUX TOYOK
1 mo 3rpynoBaHMX TOYOK 2, OCKIIBKH CaMme TYyT
BifOyBa€eThCs 301IBIIEHHS IBUIKOCTI PyXYy ra3oBoi
CyMimm 3 J03BYKOBOI y HaI3BYKOBY. Tomy
JOLTBHO PO3IJSIHYTH IO 30HY AeTanbHime. Jms
IIOIO OOMEXEHO Ta 3MIHEHO AesKl BXIAHI JaHI:
3aMIiCTh 00’€MHOT BUTpaTH Ha BXOJI TMPHUHHATO
aminy tHcky (Bim 50325 ITa mo 1001325 Ila),
LIOPCTKICTh MOBEPXHI COIMIIA, 3 SIKOIO KOHTAKTYE
razoBa CyMiIl, IPUHHATO piBHOIO Rz 25 (BigmoBinae
YUCTOBOMY TOYIHHIO). 33 TaKUX BXITHHX TaHUX
orpuMaHo 10 po3paxyHKOBUX TOUOK.

OTxe, 3rigHO pe3ynbTarTiB, MiHiMalbHA
TeMriepatypa Tra3oBoi cymimi (minyc 172 °C) y
coruti Oyze 3a yncina Maxa piBHOTO 3 Ta TUCKY Ha
Bxozi y comio 578658 Ila. Cepenns Temmneparypa

ra3oBoi CyMill Ha BUXOi 3 comia cknanae 28 °C.
IIpote, HEOOXiTHO 3ayBaXWUTH, IO CEPEAHS
TeMITepaTypa Ta30BOi CyMillIl Ha BUXO/I 3 COIUIA ¥
peanbHUX yMOBax Oy/ie SN0 BUIIOK, OCKUITBKH MiJT
gac IMITamiifHOr0o MONIETIOBaHHSI HE  OyJio
BpPaxoOBaHO TEIUIONEepeayy CTIHOK cornia. Takoxk
CIiJ 3a3HAYWTH, MO 3AJEKHO B MapaMeTpiB
TEXHOJIOTIYHOTO  TPOIECY, Y SAKOMY MOXe
3aCTOCOBYBATHCh OXOJIOJPKEHHSI Ta30BOTO MOTOKY
3a gomoMoror corta JlaBang, WOro MoxHa
BUKOPHCTOBYBATH 3a 3HAYHO MCHIUX uncen Maxa,
TUM CaMHM 3MEHIIYIOYH THCK Ha BXOJll Y Hhoro. Ha
BHPOOHMIITBI THCK Ta30BOi Cymimn Moxe OyTH
OOMEXCHHI TEXHOJOTIYHUMH  OCOOJIMBOCTSMH,
HasBHUM OOJIaHAHHAM (HANpHUKIad, IS Toaadi
raps4oi  Ta3oBOi  CyMimni  HEOOXiMHO  MaTH
CreIlialIbHI BEHTHIISITOPH, JJIsl CTBOPSHHS BUCOKOTO
TUCKY — BHUKOPUCTOBYBATH JOPOTOBapTiCHE
KOMITpecopHe 00J1aHaHHSI TOITIO).

BucHoBkHn

Hns OXOJIO/IKEHHS JTUMOBHX rasiB
pPI3HOMAaHITHHX  BHPOOHHITB  3aIpOIIOHOBAHO
BUKOPUCTOBYBATH CIOCIO, 3a SIKOTO AMMOBHH Ta3
OpOXOIUTh uepe3 coruio JlaBans 3 Hag3BYKOBOIO
mBUAKiCcTIO. [IpoTe, Mg 9ac BUTOTOBIICHHS TaKUX
COIeNI, MOXJIUBO OTPHMATH Pi3HI IIOPCTKOCTI
BHYTPILIHIX MOBEPXOHb coma. s JocmiKeHHS
BILTUBY IIOPCTKOCTI MOBEPXHI COIIA IMOOYIOBAHO
HOTO TPUBHMIPHY MOJECIb Ta BCTAHOBJICHO BXIiTHI
napameTpu: 00’eMHY BUTpATy Ha BXOZ1 Y COILIO Ta
HIOPCTKICTh TIOBEPXOHB COIUIA, 3 SIKUMU KOHTAKTYy€
razoBa cyMimi. BuxigHuMu nmapamMeTpamMu IpUHHITO
TeMmIreparypy ra3oBoi cymimi Ta uucio Maxa
(KOHTPOIIOIOTBECS Y BCbOMY BHYTPIIIHBOMY 00’ €Mi
COIUTa) 1 TeMITepaTypy Ta30BOi CyMilI Ha BUXOi 3
comta (KOHTPONIOEThCSI Ha BHXIIHIM TOBEpxHi
oOMexyBanmbHOT  Kpumiku). OTpumano  Uis
JOCITIKEHHS 24 pPO3paxyHKOBI TOUKH.

IIpoBeneHo iMiTamiifHe MOJETIOBaHHSI Y
nporpami  FlowSimulation, mo € wMomynem
TporpamMu SolidWorks. [TepeBipeno, 110
BUKOPHCTOBYBaHE TMpOrpaMHE 3a0e3ledYeHHs €
JOBOJII YyTJIMBMM 10 3MIiHHHX @apameTpiB
MoJeNmoBaHHA. BcraHOBiIeHO, 1m0 HaHOLIbLIE
3HIDKCHHS ~TeMIepaTypu Ta3oBoi cymimi (i3
BpaxyBaHHIM CKJIaay ii KOMIIOHCHTIB) TOCATAETHCS
3a yucna Maxa Ommspkomy 3. [lpu moganmbimomy
30UIBIIIEHH] BUTPATH Ta30BO1 CyMimi i MiHIMaIbHA
TEeMIepaTypa 3aJHIIAETECI Maibke HEe3MIHHOIO.
30iMbLICHHS] MOPCTKOCTI BHYTPILIHIX TOBEPXOHb
COIUIa TPU3BOIUTH A0 HE3HAYHOTO IiIBUILEHHS
TeMIepaTypu. Bukopucranns po3po0IIeHOT
KOHCTpYKUil comra JlaBanmsi Ui OXOJOMKEHHS
JIUMOBHX Ta3iB BUPOOHMIITB MOXJIMBE TaKOX 1 3a
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gyrcen Maxa, o € 3HayHo HwkunumH 3. [Ipu npomy
JIEO TMIiIBUITUTECSA TEMIIEpaTypa Ha BHXOMI 3
HBOT0, alle 3MEHIINTLCS TUCK Ha Koro Bxoxi. Lle €
JOLLTFHUM BHKOPUCTAHHSM COITIA 13 BpaxyBaHHSAM
OCOOJIMBOCTEM  TEXHOJOTIYHUX  IMPOIECIB  Ha
BHUPOOHHIITBI, OCKITBKH MOJKHa BHKOPHUCTOBYBATH
MEHIII BapTiCHE OOJaJHaHHS Uil MOJAaYi Ta30BOl
cyMimn (He BHUKOPHCTOBYBATH CKJIagHI Ta JOPOTi
KoMIipecopu), abo B3arajgi 3a MOKIMBOCTI
BiOMpaTH razoBy CyMilll i3 TpyOOIpOBOIY BXKeE i3
HEOOXiTHUM THCKOM.
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Vytvytskyi V. S., Deineha R. O., Protsiuk H. Y. The
influence of the working surface roughness of the
Laval nozzle on the gas flow parameters

Cooling of gas mixtures is widely used in various
technological processes in the chemical, oil and gas,
cement and other industries. There are quite a few
different ways of cooling, but they are energy-consuming,
require bulky and complex equipment, etc. One of the
least energy-consuming methods is the method of gas
cooling using a Laval nozzle. In the article, a three-
dimensional model of the Laval nozzle was developed
and the influence of the roughness of the internal
surfaces on its operation was investigated using
simulation modeling. At the same time, the composition
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of flue gases, their temperature, pressure and flow at the
entrance to the nozzle and pressure and temperature at
the exit from it were taken into account. For the study, a
parametric study was applied, namely "analysis of
possible options", which is implemented in the
FlowSimulation program, which is a module of the
SolidWorks program. The application of a parametric
study made it possible to change several parameters (gas
flow rate at the nozzle inlet and the roughness of the inner
surface of the nozzle) for the analysis of selected flow
parameters set as targets (gas mixture temperature,
Mach number). In order to increase the accuracy of the
simulation results obtained, the mesh of finite elements
was optimized so that the smallest elements are located
closest to the surfaces of the nozzle with which the gas
flow is in contact. As a result of simulation modeling, it
was established that the greatest decrease in the
temperature of the gas mixture is achieved at a Mach
number close to 3. With further increase in the flow rate
of the gas mixture, its minimum temperature remains
almost unchanged. An increase in the roughness of the
internal surfaces of the nozzle leads to a slight increase
in temperature. The use of the developed Laval nozzle
design for cooling industrial flue gases is also possible at
Mach numbers that are much lower than 3. In this case,
the temperature at its exit will rise slightly, but the
pressure at its entrance will decrease. This is an
appropriate use of the nozzle, taking into account the
peculiarities of technological processes in production,
since it is possible to use less expensive equipment for
supplying the gas mixture (do not use complex and
expensive compressors), or, if possible, to take the gas

mixture from the pipeline already at the required
pressure.

Key words: gas mixture, oil and gas industry,
cement industry, cooling, Laval nozzle, Mach number,
gas temperature.
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ELECTRIC DRIVE WITH FREQUENCY-REGULATED SYNCHRONOUS MOTOR
WITH HIGH PRECISION DIGITAL SENSORS

Rudniev Y.S., Romanchenko J.A., Brozhko R.M.

EJIEKTPOIIPUBO/ 3 YACTOTHO-PEI'YJIBOBAHUM CUHXPOHHUM JIBUT'YHOM
3 BUCOKOTOYHUMU IUPPOBUMU JATUUKAMMU

Pynnes €.C., Pomanuenko 10.A., bpoxko P.M.

The article studies an electric drive with a frequency-
regulated synchronous motor. The main advantages of
synchronous motors in comparison with asynchronous
ones are listed. The current state and the growth trends
in the production of AC electric drives are considered. It
is shown that two-link frequency converters have
received the greatest application for wide-range
regulation of rotation frequency of synchronous motors.
They convert the electricity from supply network into
electricity with the required voltage, current and
frequency in two stages. This transformation is carried
out by special devices — autonomous inverters. It has
been established that the efficiency of a two-link
frequency converter is quite high and about 96,5-98,5%,
which is due to the efficiency of the power semiconductor
devices used in the key operating mode. Modern trends
in the use of voltage and current inverters are
considered. It is shown that the use of new semiconductor
devices made it possible to fundamentally change the
topology of the power circuit and the principles of
inverter control. The approach of most manufacturers to
the topology of autonomous inverters in frequency
converters is considered. The most advanced structures
(matrix and hybrid) of AC converters, which are
produced by modern industry, are considered. Based on
the analysis, it is set that high-precision, reliable and
noise-resistant digital sensors are widely used in DC and
AC electric drive systems — absolute and incremental
encoders, as well as optoelectric attached sensors for
registering distances, angles of rotation or the number of
turns — resolvers. They are used together with numerical
control systems, drives and position determination
devices. The power supply circuit for synchronous
electric motors of the main drive of the rolling stand of a
thick plate mill 3000 based on ALPSA VDM 7000
converters from ALSTOM (Converteam) is considered.
The main task of control system of the converter network
part is to regulate the voltage of the DC link. The block

diagram of the control system for the rectifier and
inverter parts of the VD 7000 converters is given.
Keywords: synchronous motor, electric drive, frequency

converter, autonomous inverter, Sensor, current
regulator, voltage regulator.
Introduction.  Three-phase  synchronous

electric motors, due to their design features and high
technical and economic performance, are
increasingly used in industry. Synchronous motors
(SM) are used in electric drives of a variety of
mechanisms with a variable load, namely, cone and
hammer crushers, ball and rod mills of mining
enterprises, pumping units, shears and saws for
metal, continuous and reversing rolling mills,
compressors, mine hoists, powerful excavators and
many other mechanisms [1, 2].

The main advantages of SM in comparison
with asynchronous (AM):

— SM, regardless of the load, is able to supply
reactive power to the network, which is the simplest
and most effective way to increase the power
coefficient of the power system;

—the static overload capacity of the SM
depends linearly on the supply voltage; when the
voltage decreases, the operation of the loaded SM is
stable, since in the SM the voltage drop in the
network has less effect on the magnitude of the
electromagnetic torque;

—SM has a high multiplicity of maximum
torque, which allows to use SM both at a constant
or smoothly changing load, and at a sharply
changing load;

— a large air gap, due to which the reliability of
SM is higher and heat removal is better;
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— SM has a higher efficiency than AM;

Thus, SM has very valuable properties.
However, they are still not widely used, since it is
believed that the SM is more expensive and more
difficult to operate.

The objective. The current state of frequency-
regulated electric drives, both in terms of the
implementation of their power base — power
frequency converters (FC), and control and
regulation tools allow to replace unregulated drives
of a large range of mechanisms (for example,
centrifugal and piston pumps, compressors, etc.),
and also makes it technically feasible to replace the
variable DC drive. In addition, it became possible to
increase unit power and overload capacity, which is
unattainable during the use of DC motors due to the
limitation on switching conditions. This makes it
possible to develop units of increased productivity.

Research results. Almost all leading electrical
companies increase the annual output of AC drives.
The production of these electric drives is predicted
to grow by 20-30%. The growth of their production
and the validity of the forecast are mainly due to two
stable trends:

—automation of production processes using
automated process control system, which involves
the use of adjustable electric drives;

—the use of energy-saving technologies in
various areas of production, which provide a
significant economic effect.

An electric drive with a frequency-regulated
synchronous motor is the most versatile and
promising regulated AC electric drive in a wide
range of power (from tens of watts to several tens of
thousands of kilowatts) and rotation speeds (from
units to 12 thousand min™' and higher). They are
performed both with synchronous motors (SM) of
traditional design (turbo and hydraulic machines)
and special design (with permanent magnets,
halopolar, etc.).

Two-link frequency converter (FC) (Fig. 1)
(the so-called systems with double energy
conversion) have received the greatest application
for wide-range regulation of the rotation frequency
of synchronous motors. Such devices convert the
electricity of the mains into electricity with the
required values of voltage, current and frequency in
two stages. At the first, with the help of a rectifier,
the current and voltage of the network with a
frequency of 50 Hz are converted into direct current
and voltage. At the second stage, direct current and
voltage are converted into alternating current, but
with new values of current, voltage and frequency
necessary to ensure the desired mode of operation
of the electric motor.
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Fig. 1. Single-line power supply circuit
of SM from a two-link FC

This transformation is carried out by special
devices — autonomous inverters. The inverter is
named autonomous because its operation is not
directly connected to the power supply network. An
autonomous inverter can work, for example, from a
battery, and not only from a mains rectifier. Despite
the imaginary cumbersomeness of such a
conversion method, the efficiency of a two-link FC
turns out to be quite high — 96,5-98,5%. This is due
to the efficiency of the applied power
semiconductor devices in the key operating mode.

The type of power semiconductor device
affects the topology of the power circuit of an
autonomous inverter and FC as a whole. Current
inverters based on capacitor-switched
SCR - thyristors are being replaced by voltage and
current inverters based on fully controlled (turned
on and off by control signals) GTO, IGCT and
SGCT - thyristors, as well as on power insulated
gate bipolar transistors — IGBT.

The use of new semiconductor devices made it
possible to fundamentally change not only the
topology of the power circuit of the inverter,
primarily ASI, but also the principles of inverter
control. For autonomous voltage inverter (AVI) and
autonomous current inverter (ACI) on fully
controlled «high-voltage switches», different pulse-
width modulation (PWM) technologies are used:
PWM with a «detector» (relay type), software PWM
with selectable suppression of higher harmonics,
multi-level PWM, PWM in combination with pulse-
amplitude modulation, etc.

The approach of most manufacturers to the
topology of autonomous inverters in FC can be
reduced to the following fundamental decisions:

— implementation of ACI on a bridge circuit on
SCR-thyristors (which are switched on by control
signals and switched off with the help of
capacitors);

— performance of ACI on fully controlled
(turned on and off by control) symmetrical
thyristors (GTO, SGCT);

— implementation of AVI with three voltage
levels (3-level) and switching to a « star » (with a
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fixed zero point or a fixed neutral (Neutral-Point
Clamped - NPC));

— implementation of AVI with four voltage
levels (4-level);

— implementation of multi-level AVI (Multi-
level).

In recent years, due to significant progress in
the creation of high-speed power semiconductor
devices, there has been a trend towards the creation
of more advanced topologies of AC converters.
These topologies primarily include matrix and
hybrid structures.

The  matrix  structure  provides  the
transformation of the AC source parameters
(amplitude and frequency) into the voltage required
to power the load, without energy accumulation in
the intermediate DC link. Such converters belong to
direct power transmission systems. The absence of
large DC link capacitors, which occupy from 30 to
50% of the inverter’s volume, allows to create
small-sized converters. Also, they can operate over
a wider temperature range and have a longer life
because there are no electrolytic capacitors that are
sensitive to high temperatures.

Speed sensors are widely used in DC and AC
drive systems. The analog tachogenerators used in
the past are now replacing more accurate, reliable
and noise-resistant digital sensors — absolute and
incremental encoders, as well as optoelectric
attached sensors for recording distances, angles of
rotation or speed — resolvers. These sensors are
produced by foreign companies such as Heidenhine,
Leine&Linde, Siemens, Hubner, Omron, Schneider
Electric, Avtron, etc. They are used together with
numerical control systems (CNC), drives and
position detection devices [3].

Let’s consider the power supply circuit for
synchronous electric motors of the main drive of the
rolling stand of a thick plate mill 3000 based on
ALPSA VDM 7000 converters from ALSTOM
(Converteam) [4, 5]. Rolls are rotated by DMMYZ
3058-16V synchronous motors from VEM motors
Gmbh with a capacity of 4600 kW each.

The inverter part of the VDM 7000 converter
is built on the basis of a three-level AVI. In the
considered example, each converter is equipped
with a rectifier / network part with the possibility of
recuperating the kinetic energy of the rotating
masses back to the network, the so-called Active
Front-End system (AFE). In other words, the
converter consists of the same modules on water-
cooled GTO — thyristors for both the inverter and
rectifier parts.

The main task of the network part control
system of converter is to regulate the voltage of the
DC link. The DC link controller calculates the task
for the active component of the consumed current,
fig. 2.

Slave internal current controller operates in
orthogonal rotating coordinate system d/q, which is
determined by the linear voltage vector. In the
context of network part control, q axis means line
voltage direction, d axis is orthogonal to it. The
power coefficient controller controls the reactive
component of the consumed current. To improve the
quality of voltage vector tracking the phase-locked
loop device is used (PLL). Some elements of the
network part control system, such as the current
consumption regulator, the PWM device and the DC
link voltage regulator are similar in nature or even
identical to those of the inverter part of the
converter, which will be described below.

SR Y-
LR ™
ut =
4 oy Yis sy 7 b
) O e 7 1 i
o Powertacior ¥ ; —H
' ower factor L N
controller @ ] =
g o
I < bt At . s = L
iy, 1 i | bess 7' — Torqueand —=—{ ; - }—-— PWAM 12
t : i % T |power facror o=l Y
. 3] ¢ ow = controller 0ok o A
P -

o
- 1

DC link

=~ controller

i [

; VWt “h'x < 12
Current s , ] 3

E‘ controller hoz L PWM s

iie

a

de Yika Uggsr
j Z‘ @
observer [ = =
W

and current| "¢

Yy foge—n | 1

g il 5 -

Wy | predicor |_.. .." e E A o o

‘ g L2 L2 L
U T @

I ¢ Va
0~ g

‘r

Flux
-~ Coniroller [F
M $i:

Excit. curr. L
controller

Fig. 2. Structural diagram of the control system of rectifier (a)
and inverter (b) parts of converters VD 7000
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Torque and power coefficient controller.
Depending on the amount of torque 7* required for
process, the controller calculates the task for current
ir* using the general expression of the machine

torque and the calculated flux value ¥ I

3 . 3 .
T=EZ (\Ps’dlq—TS’qld)=EZp‘PMl,, )

P

where z, —is the number of pairs of SM poles; ¥,

— is the machine flux linkage vector associated with
the third orthogonal coordinate system m/l, which is
used in the construction of the control system (the
angle o between the d and m axes is the SM load
angle).

The value i, is used to correct the power
coefficient of the inverter. In addition, the
appropriate flux linkage task value W, is

calculated depending on velocity, required torque
and power factor.

Flux and excitation current controller. The
flow of the machine is controlled in a system with

feedback according to the calculated value ‘i’M.

PWM modulation control is also included in this
block to avoid voltage saturation. The regulator
generates the task for the excitation current ig,
which is processed by the slave excitation current
regulator (excit. curr. controller). The auxiliary
control signal i, is used by the flow controller to

instantly change the machine's flow when fast
acceleration is required. In static mode, this
additional signal is equals to zero, so the power
coefficient is not degraded.

Stator current controller of SM. The stator
current controller of SM is synthesized in a rotating
orthogonal system d/q. Since the task signals from
the machine torque and flux controller are
connected to the m/l coordinate system m/l, an
intermediate  coordinate converter is used,
controlled by the restored angle value § between
the d and m axes.

Flux observer and current predictor. The flux
observer is designed to restore coordinates that are
inaccessible to direct measurement, namely the
magnetic fluxes of the machine. The Kalman filter
is used as an observer. The observer restores the flux

value ‘i’M , the flux vector of the damper winding
Wy Dy, > and also restores the load angle 5 , which is

used in other modules of the control system.

All control algorithms in the converter are
implemented in software using the C language in
specialized controller boards equipped with

TMS 320C44-60 signal processors from Texas
Instruments, which implement 32-bit floating point
arithmetic. If necessary, complex computational
algorithms can be distributed among several
controller boards. The control part and the so-called
power interface boards (unlocking / locking pulse
generators, thyristor status monitoring, etc.) are
connected using an optical fiber, which ensures
maximum data transmission speed, ideal noise
immunity, as well as safety, since this makes it
possible to completely galvanically isolate the
controller from the converter.

Conclusions. The study of an electric drive
with a frequency-regulated synchronous motor
showed that two-link frequency converters were
most widely used for wide-range control of the
rotation frequency of synchronous motors. At
present the Converteam company offers frequency
converters of the MV7000 series based on IGBT
clamping transistors with 3-level NPC topology in
the power range from 4 MW to 32 MW with a
voltage of 3,3 kV and 6.6 kV.
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Pynues €. C., Pomanuenko FO. A.,
bpoxko P. M.  EaexkTponpuBox 3  4acTOTHO-
peryJiboBaHuM CHHXPOHHUM ABUTYHOM 3
BHCOKOTOYHMMHU HM(PPOBUMHU JaTYHKAMH

\% cmammi npoeeoeHo docnidoicenns
eneKmponpusooy i3 4aCmMomHoO-pecynbo8aHUM
cunxponnum osueyrnom. Ilepepaxosani ocnogui nepesazu
CUHXDOHHUX ~OBUSYHIE NOPIGHAHO 3 ACUHXPOHHUMU.
Posenanymo cyyacnuii cman ma menoenyii 3pocmanus
BUPOOHUYMBA  eNeKMPONPUBOOIE  3MIHHO20 — CIPYMY.
Toxaszano, wo Haubinbue 3aCmocy8amts
WUPOKOOIana3oHHO20 pezynosans yacmomu
00epMaHHs CUHXPOHHUX 08USYHI8 OMPUMATU 0BOLAHKOBI
nepemeopiogaui  uacmomu. Bouu nepemsoproioms
eleKMpOoeHepilo MepediCi HCUBNICHHS 8 eNleKMmpOoeHepito
3 HeOOXIOHUMU 3HAUEHHAMU HANPY2U, CIPYMY i Yacmomu
6 0ea emanu. Ile nepemeopenns 30ilCHIOEMbCS
cneyianbHUMu npucmposamu ABMOHOMHUMU
ineepmopamu. Bcmanoenerno, wo KKJ] 0eonanxogoeo
nepemegopiogaua uacmomu Oocums eucoxkuu — 96,5-
98,5%, wo 006YMOGNEHO epeKMUBHICIIO  CUTOBUX
HanienpogiOHUKOBUX NPunadie, sKi 3aCMOCOBYIOMbCI 6
KA04080MY  pedcumi pobomu. Pozensinymo  cyyacHi
menoenyii BUKOPUCMAHHS IHGEpMOpI6 Hanpyeu ma
cmpymy.  Ilokasano, w0  BUKODUCMAHHA  HOBUX
HanienpoGiOHUKOBUX NPUIadie 003601UN0 NPUHYUNOBO
SMIHUMU MONOJNIOZII0 CUNOBOI cXeMu mMad NPUHYUNU
Kepysanms ingepmopom. Pozenauymo nioxio dinbuiocmi

BUPOOHUKIE 00 MONON02II ABMOHOMHUX THBEPMOPIE y
nepemeopiogayax uacmomu. Posensinymo Hatibinbu
O00CKOHAN cmpykmypu (mampuyna ma 2ibpuoxa)
nepemeopiosayie 3MIHHO20 CIMPYMY, SKI 8UPOOIAIOMbCS
cyuacHoio  npomucnogicmio. Ha niocmasi  ananizy
BCTNANHOBNIEHO, WO 6 CUCMEMAx eleKmponpueoois
nocmiuHo20  ma  3MIHHO20 — CMpYMY  WUPOKO
3acmoco8yomuvcs B8UCOKOMOUHI, HaOitiHi ma
3aeadocmitiki  yugposi damuuku — abcomomui ma
IHKpeMenmanvhi eHKooepu, a MmaKodic ONmoeNeKmpuyHi
oamuuxku 01 peecmpayii 6iOpi3Kie WIAXY, Kymie
nosopomy abo uucia 060pomie — pe30abeepu.
3acmocoeyroms ix pazom i3 cucmemamu YUCIO08020
NPOSPAMHO20 YNPAGHIHHA, NPUSOOAMU MA NPUCTPOIMU
BUSHAUEHHSl NONOJICEeHHS. Po3ananymo cxemy dcugneHHs
CUHXDOHHUX — eleKMPOOBUSYHIB  20JI08HO20  NPUBOOY
npoxkamuoi knimi mogcmonucmosozo cmany 3000 ua
bazi nepemeoprosauiec ALPSA VDM 7000 ¢ipmu
ALSTOM (Converteam). Ocho8HUM 3A80AHHAM CUCTHEMU
VNPABNIHHA Mepedcesoi 4acmuHu nepemeoposaid €
Pe2yNoBanHa  HAnpy2u JAHKU NOCMIUHO20 CMpyMYy.
Hasedeno cmpyxkmypny cxemy cucmemu ynpasninHs
BUNPAMHOI Ma IHBEPMOPHOI YACMUHU NepemBopro8ayis
VD 7000.

Kniouosi cnoea: CUHXPOHHUI 08U2YH,
e1eKmponpueoo, nepemeoproeay yacmomu,
ABMOHOMHULL THBEPMOp, OAMUUK, De2YIAMOp CMPYMY,
peaynsamop Hanpyau.
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CYUYACHI CUCTEMHU KOMITEHCAIIIl PEAKTUBHOI NOTYKHOCTI
B MICBKUX EJIEKTPUYHUX MEPEXAX

®disgimonenko H.M., ®inimonenko K.B.

MODERN REACTIVE POWER COMPENSATION SYSTEMS
IN MUNICIPAL ELECTRICAL NETWORKS

Filimonenko N.M., Filimonenko K.V.

Cmammsa  npuceéauena  HaubinbWl  payioHATLHUM,

e@eKmusHUM Ma aKxmyaibHUM NPUCPOAM KOMNEHCAYii

PEeaxKmuHoi NOMYMHCHOCMI 6 MICbKUX eleKmpUUHUX
Mepedicax 3 ypaxyeanusam ix ocobaueocmeil. 3nauny poiw

gidiepae micye yCmaHo8Ku NPucmpoio 0/l KOMneHcayii

ma onmumizayii tioco pedcumie poboomu 8 iCHYIOUil
cucmemi eNeKmponoCmadanis. Komnencayis
PeakmueHoi NOMYICHOCMI 8 Mepedci Gupiuye pso
npoobiem, 30Kkpema, sSMeHUeHHs 8Mpam NOMY*HCHOCI ma
elekmpoenepeii; NOKpawjeHHs  NOKA3HUKI8  AKOCMI
enexmpoenepeii;  30iIbwumy  NPONycKHy 30amHIiCMb
mepedxci.  Icnye  6acamo  memoolis
peakmugHoi  nomydjcHocmi, — are  ys  npobiema
3ANUMUAEMbCS AKMYATLHOIO0. 3 PO3GUMKOM MEXHON02I i,

SK HACTIOOK, 30INbUEHHAM CROJCUBAHHS eleKmpOoeHep2ii

cmae 00YLbHUM
nomyoicuicms  y

KOMneHcygamu
nooymoagux

peaxmushy
cnoorcusayie.  Huwi

cnocmepizaemucs 30i1bUIeHHS CHONCUBAHHSA PeaKMUSHOT

NOMYHCHOCTI (PII) cnoocusavamu MiCbKUX

enexmpuunux mepesc. OCHOBHUMU RPUYUHAMU MAKOL

cumyayii €. 3POCMAaHHA GeIUYUHU MA IMOBIPHICHO20
xapaxmepy CNOMCUSAHHA PEaKMueHOi NOMYAHCHOCHI
CROJICUBAYAMY;  8IOCYMHICMb  MEXHIKO-MemoOU4HO20

3abesneventss 3ax00i6 3 KOMHEHCAyili peakmusHOl

HOMYACHOCHI 8 eNeKMPUHHUX POZNOOLTbHUX MepPedNcax,
nuzekuii  KKJI  rocumycnux  Kkowoencamopie — O
Komnencayii peaxmuenoi nomyscnocmi 6 IIK uepes
BIOMIHHICMb  3AKOHI8  pecyNl08aAHHs  Hanpyau ma
peaxmuenoi nomyoicnocmi. 3abesneyenns Haditnocmi
eNeKmponoCmaianHs enepeocucmenm, Mmepedic
NPOMUCTIOBUX NIONPUEMCMG, THpacmpykmypu micm i
cenuwy € YeHmpaibHuM 5K 6 eKchayamayii, max i npu
naany8anti npoexkmuux piuienv. OOHIEI0 3 BANCIUBUX
CKNa006uUx  3abesnevenns HaAOdUHOCMi ma  AKOCMmi
enekmponocmauanus € komnencayis PII y nodymogux
cnooicusavie. Bpaxoeyrouu uagimv  pospaxosani 8
HOPMAMUBHO-NPABOBUX AKMAX 3HAYEHHsI Koeqhiyicnmig
NOMYHCHOCMI, KOMNEHCAYis peaKmueHOoi NOMyICHOCMI
HA HeNpoOMUCTIOBUX 00 ’€Kmax Cb020OHI He NpPOCHmO

Komnencayii

@DIHAHCO60 MA MEXHIUHO MOJNCIUBA, A 6KPAll HeOOXIOHA.
Bubip cnocoby 36invuenns koepiyicuma nomyosicnocmi
cos¢ nosunen Oymu npoghecitinum i 30IUCHIOBAMUCA
cneyianizoeanoro Komnauicro. bByov-siki  3axoou no
KOMNEeHCcayii peakmusHoi nomyscHoCmi ciio npoeooumu
MITbKU NICTSL NPOBedeH s eHepaoayoumy 06’ ekma (abo
ceaMeHma mepedci), AKUU  00380IUMb  BUSHAYUMU
Gdaxmuuni xoegpiyicumu nomyxcnocmi 061a0HAHHA MA
sUOpAMU ONMUMATILHY YCMAHOGKY.

Kniouosi cnosa: KoMnencayis peaxkmueHoi
NOMYJICHOCMI, cucmema eneKmponoCmadants, MiCbKi
eeKmpoMepedici, [HOYKMUBHA PeaKkmueHa
NOMYMHCHIC®Y, Haoitinicmy cucmem
eneKmpoOnOCmMAayanHsi.

Beryn. Ha BiaMiHy Big akTUBHOI eHeprii
(IOTYXHOCTI) peakTUBHA iHIYKTHBHA CHEPris He
BUKOHY€E KOPHCHOI po0OOTH, TOMY IO OJHA H Ta
caMa KIJTBKICTh €HEepTii ImepeTikae MixK JDKEPEJIOM i
eJIEKTPOTNpUIIMadeM Ta BHKOPHCTOBYETHCS JIMIIE
JUIS. CTBOPEHHSI MarHiTHOTO MOJIA B iHAYKTHBHOMY
€JIEMEHTI.

OctanHiM yacoM B YKpaiHi, a TAKOX JepKaBax
OMMKHBOT'O Ta JANEKOTo 3apyOikIKsl 3HAYHO 3pic
IHTepeC M0 THTaHh KOMIICHCAIi peaKTHBHOL
MOTY)KHOCTI, fKa € HaWBaXUMBIIHEM (DakTopom
eHepro3oepexenHs. Timbku Mo YKpaiHi yCyHEHHS
MepeTiKaHb PEaKTUBHOI IOTYXXKHOCTI B MeEpekax
MOXKE 3a0€3MECYNTH IMOPIYHYy EKOHOMIIO OJHM3BKO
150 mnu. kBt-ron enextpuunoi eneprii. Bemmka
OPOTSKHICT ~ EJIEKTPUYHUX MEPEX  3YMOBIIOE
3HAYHI BTPATH HAIIPYTH Ta MOTYXXHOCTI y Mepexax
Opy TPOMYLICHHI HAaBiThb HE3HAYHOI KiIBKOCTI
peakTHBHOI MOTYKHOCTI. ToMy B pO3MOTIIBYUX
eNeKTpUIHNX Mepekax (PM) MicT moriibHa TIOBHA
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KOMIICHCAIlISI PEaKTUBHOI MOTYKHOCTi, MPHIOMY
6mu3pko 50 % 3a HU3BKOI HATIPYTH.

IloctanoBka mpodjemu. Hapasi icHye
3pOCTaHHSl BEIUYMHU CIOXWUBAaHHS PEAKTHBHOI
motykHocTi  (PII)  cmokmBawamMmi ~ MIiCBKHX
enexktpuaanx  Mepex  (MEM).  OcHoBHHMH
MPUYUHAME TAKOI CUTYaIlii €: 3pOCTaHHS BEIIMYMHU
Ta  IMOBIpHICHMH  XapakTep  CIIOKHUBaHHS
peaKkTHBHOI TOTY)XHOCTI croxuBadamu MEM;
BIJICYTHICTh TEXHIYHOTO Ta METOJOJIOTIYHOTO
3a0e3leyeHHs  3aXOJiB  MIOJO0  KOMIICHCAIIil
pPEaKTHBHOI  TOTYXHOCTI Y  PO3MOALTHUUX
CIICKTPUYHAX Mepekax; HHU3bKa e(PEKTHBHICTD
3aCTOCYBaHHS KOCHHYCHHX KOHJCHCATOPIB st
KOMIICHCAIIi peakTUBHOI moTyXHOCTI B PC 'y
3B’S3Ky 3 BIIMIHHICTIO 3aKOHIB pETyJIIOBaHHS
HaIpPYTH Ta PEaKTUBHOI MOTYKHOCTI.

3abe3neueHHS HaAiHHOCTI
eJICKTPOIIOCTAYaHHS EIEKTPOSHEPTETUIHIX CHCTEM
(EEC), Mepex NpPOMHUCIOBUX  MigIPHEMCTB,

1HPPACTPYKTYpH MICT i CeNuIl 3aiiMa€e LEHTpaJIbHE
MicIle SIK TIPU €KCIUTyaTallii, Tak i pH IIaHyBaHHI
MPOEKTHUX  pimeHb. OmHIEID 3  BAKIMBUX
CKJIAIOBUX 3a0e3leueHHs HaIIHOCTI Ta SIKOCTI
eJIeKTporocTayanHsi € KommeHcauis PII y
MOOYTOBUX CTIOKUBAUIB.

Meto0 poGoTH € aHami3 Cy4yacHOTO CTaHy
KOMIICHCAIli PEaKTUBHOI MOTYXHOCTI B MiCBHKHX
CJIIEKTPUYHAX MEpPEekax Ta 3acoOU BIPOBAKCHHS
SIKICHOI KoMITeHcarlii. 3a0e3neucHHs eeKTUBHOTO
NPURAHATTS PpillIeHb MO0 cTparterii eeKTHBHOI
eKCIUTyaTarlii eHeprOCHCTEMH.

Pe3yabTaTn JMOCJTiTKEeHHS.
EnexrponpuiiMaui KUTIOBUX OyIWHKIB MOXKHA
MOJINMKATH HA JIBI TPYIIH:

a) eNeKTpompuiiMadi JKATIOBUX KBapTHP:
OCBITMIOBaJIbHI (3 JlaMIlaMH  PO3KaplOBaHHS,
JIOMIHECUEHTHUMH ¥ JiogHMMH) 1 1OOYTOBI
npwiaau (KOHIUIIOHEPH, IS OTAJICHHS KBapTHP,
HarpiBajbHi, KyJbTYpPHO-TIOOYTOBi, CaHITapHO-
TiTi€HIYHI, TPaTbHI MAITUHA TOIIO);

0) eJICKTpOoIIpuitMaYi 3arajbrHOTO
MIPU3HAYCHHS: OCBITIIIOBAIbHI TIPHJIATH IPUMIIIICHB
JOMOYTIpaBIiHHS,  HOABIP’S,  MDKIOBEPXOBHX
CXOIiB 1 MaWJaHYMKIB, TOPUI, XOJIiB, Ji(TOBUX
YCTaHOBOK;  JIBUTYHH  HACOCHUX  CTaHIIIMH,
BCHTWIALIMHAX 1 TPOTHIOXKEKHUX  CHCTEM,
i AHOMHO-TPaHCTIOPTHUX MAIIHMH TOIIO.

3a XapaKkTepoM HaBaHTaKCHHS
CJIEKTPOYCTAHOBKH CHCTEMH EJICKTPOIIOCTAYAHHS i
CJIEKTPONpUIiMayi MOXKHA BiJHECTH 10 TaKuX
Kateropii: I — 3 aKTHBHUM XapaKTepom
HaBaHTaXXCHHS, 1[0 YUHATH MPOXOJKCHHIO CTPYMY
JIMIe aKTUBHUH omip. X Ha cxeMax 1Mo3HaYaroTh K
pe3ucTuBHM eneMeHT r llpukinagamm Takux

CJIEKTPONpUIMaYiB  MOXYTh OyTH HarpiBajbHi
€JIeMEHTH, JIaMIIl  pOPKAPIOBAHHS, ITYCKOBI
peoctatr Tomo. Il — i3 peakTHBHUM 1HAYKTHBHUM
XapakTepoM  HaBaHTAXEHHs,  LI0  YHUHATH
MPOXO/DKEHHIO CTPYMY PEAaKTUBHHMA 1HIYKTHBHHUI
OTIip X

Ha Bigminy Biz akTUBHOT eHeprii (TIOTYKHOCTI)
peakTHBHA IHAYKTHBHA €HEPris HE BHKOHYE
KOpUCHOI po0OOTH, TOMy IO OfHA ¥ Ta cama
KUTBKICTh €HEeprii mepeTikae MiX JKeperoM i
eJIEKTPOTNpUIIMadeM Ta BHKOPHCTOBYETHCS JIMIIE
JUTSL CTBOPEHHSI MarHiTHOTO TOJISl B iIHAYKTHUBHOMY
enemenTi. [1]

OctanHiM yacoM B YKpaiHi, a TAKOX JepKaBax
OMIDKHBOTO Ta NAJCKOTO 3apyOikoKs 3HAYHO 3pic
IHTepeC M0 THTaHh KOMIICHCAIi peaKTHBHOL
MOTYKHOCTi, sSIKa € HaWBaXKIHMBIILIUM (aKTOpPOM
eHepro3oepexenHs. TiTbKu Mo YKpaiHi yCyHEHHS
MepeTiKaHb PEaKTUBHOI TMOTYXXHOCTI B MeEpekax
MOXKE 3a0€3IMCUUTH IIOPIYHY CKOHOMIIO OJIU3BKO
150 mnu. kBt-ron enextpuunoi eneprii. Bemmka
MPOTSHKHICTD  €TIEKTPUYHUX MEPEX 3YMOBIIOE
3HAYHI BTPATH HAIIPYTH Ta MOTYXKHOCTI y MEpexax
Opy TPOMYLICHHI HAaBiThb HE3HAYHOI KiIBKOCTI
peakTHBHOI MOTYKHOCTI. ToMy B pO3MOTIIBYUX
eNeKTpUIHNX Mepekax (PM) MicT moriibHa TIOBHA
KOMIICHCAllisl PEaKTUBHOI MOTY)KHOCTi, MPHYOMY
omu3pko 50% 3a HU3BKOT HANIPYTH.

HeyxwuinbHe 3poCTaHHS YHCETHLHOCTI MiCHKOTO
HaCEeJIeHHS, HACHYEHHS MO0y TY eNeKTPOIpHUIa aMu
Ta PO3MIMPEHHS OOCITy IMOCIYT, IO HAAIOTHCS
HACEJIEHHIO, 3YMOBHWJIO IIOpiYHE 3pOCTaHHS
€JIEKTPOCTIOKMBAHHS MICT TIPY BHIIEPEHKATEHOMY
3pOCTaHHI CHOXHBAHHS PEaKTHBHOI MOTY)KHOCTI,
BUKJIMKAHOMY  3pOCTaHHSIM  JpiOHO-IBUTYHOTO
HaBaHTaxkeHHs MicT. Illupoke 3acrocyBaHHS
BUCOKOC()EKTHBHUX Ta30pO3PSIHUX JIAMIl  JUIs
OCBITJICHHS TPOMAJICHKUX OyHiBeb 1 KOMyHaJIbHO-
moOyTOBUX YCTAHOB y 3HAYHIM Mipi 301JIbIINIO
MEepPETIKaHHA PEaKTUBHOI MOTY)KHOCTI B MEpEKax.
Hapasi 'y  ByaM4HOMYy  OCBITJICHHI  MiCT
BUKOPHUCTOBYETHCS 10 80 Y% ra3opo3paaHux Jamil,
JUTSL OCBITJIGHHS TPOMaJIChKUX OyaiBensb — 10 70 %,
KUTIOBUX NpuMimeHs — 10 40 %.

3a TEBHUMH JaHUMH CEpPEIHBO3BAKEHOTO
3HaYCHHS KOCQIIEHTY MOTYXHOCTI COS$ Y
po3noaibuux Mepekax 6-10 kB Mict Ha manuit yac
3HaxomuThcs Ha piBHi 0,75 - 0,85, a B roamHuM
JIEHHOTO Ta HIYHOT'O MPOBANiB HABaHTaXEHb CTa€
1€ HUKYe.

BinOyBaetncst 3pOCTaHHS BEJIMYMHU
CIIOKMBaHHS pEeaKTUBHOI MOTY>KHOCTI
crioxkuBagaMu MEM micT. OCHOBHUMH IPUIHHAMH
TaKOTO TIOJIOKEHHSI €: 3POCTAaHHS BEIUYMHH Ta
IMOBIpHICHUH XapakTep CHOXHBAHHS PEaKTHBHOL
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MOTY>KHOCTI criokuBauamu MEM MicT; BiicyTHICTb
TEXHIYHOTO Ta METOJOJIOTIYHOTO 3a0e3meyeHHS

3aXO0iB 010 KOMITCHCAITi{ peaKTHBHOL
MOTY)KHOCTI Yy  PO3MOJUIBYUX  CICKTPUIHHUX
Mepexax; HH3bKa e(QEeKTHBHICTh 3aCTOCYBAHHS

KOCHHYCHHUX KOHJICHCATOPIB JJII KOMIICHCAI{
peaktnBHOI moTyxkHocTi B PC y 3B’s3ky 3
BIIMIHHICTIO 3aKOHIB PpEryJIOBaHHS Hamlpyrd Ta
PEaKTHBHOI ITOTY>KHOCTI.

BpaxoByroun Ty 0OCTaBHHY, IO OUIBIIICTH
MICT OTPUMYIOTh JKHMBJICHHS BiJl BiJIaJCHHX
JDKEpeNl 4epe3 Kilbka CTYMEHIB TpaHcdopmallii,
MPOMYCKaHHS PEaKTHUBHOI TOTYKHOCTI MEpex
CYNPOBOKYETHCS 3HAYHUM  TIEPEBaHTAXKCHHAM
MepeX, BTPATOI0 HAMIPYTH 1 MOTYKHOCTI B HUX. J[71s1
TaKuX BUTIAAKIB [2] Moke OyTH BU3HAHA TOIIIHLHOIO
MMOBHA KOMIICHCAIIiS PEaKTHBHOI MOTYx)HOCTi. Came
TaKUM [UISIXOM IMIUTA OLTBIIICTH IepKaB 3aXigHoi
€Bponu, Amepuka i Smonis. CriBBiTHOIICHHS MiX
BCTAHOBJICHOIO  TIOTYXKHICTIO  JDKEpend, IO
TCHEPYIOTh Ta KOMIICHCYIOTh, Y HUX 3HAXOJUTHCS B
JAaHWH Jac y cuiBBimHOMICHH] 1:1.

Uepes 11e B OCTaHHI POKH BCE OUIBINE yBarw
MPUTIISETHCS KOMIIEHCAITi1 peaKkTUBHOI
MOTY)KHOCTI B PO3MOAUILYMX  CICKTPUIHHX
Mepexkax cepeHbOo1 Ta HU3bK01 Hanpyru. Ha nanuii
yac KOMIIGHcallis peakTuBHOI noTyx)HocTi B [1K €
OCHOBHHUM HaIIPSIMKOM eHeprosoepexeHdst B MEM
MICT.

HaiiGinpin parioHanbHUMHU, €)EKTUBHUMH Ta
aKTyaJIbHUMH TpUIalaMyd KOMIICHCAIlii B MiCHKHX

Mepexax, BBaXKAOYH 1X  OCOONMBOCTI, €:
KOHJIEHCATOpHI  OaTapei, cTaTWYHI CHUHXPOHHI
KOMIICHCAaTOpU  Ta CTaTH4YHI  THPUCTOPHI

KOMIIeHcaTopu. Takok 3HauHy poJib BiJirpae Mice
BCTaHOBJICHHSI KOMIICHCYIOUOTO TPUCTPOIO  Ta
ONTUMi3alis HOro peXuMiB pPoOOTH B icCHYIOUiH
CHCTEMI €JIeKTPONOCTaYaHHSI.

KommeHncariss peakTUBHOI TOTYXXHOCTI B
MepexXi BHUpINIye JCKiabKa 3a7ad: 3MCHIICHHS
BTpAT MMOTY>KHOCTI Ta €IEKTPOCHEPTi1; MOKpAIICHHS
MTOKa3HUKIB SIKOCTI €JIEKTPOCHEPTil; IIiABUIIICHHS
MIPOITYCKHOI CITPOMOXKHOCTI MEPEXKi.

IIpu ICHYIOUMX JEKUIBKOX  CrIocobax
KOMIIEHCallii peakTUBHOI MOTY>KHOCTI 11 podiemMa
3QIAIIAETHCS aKTYaJbHOI. 3 PO3BUTKOM TEXHIKH
Ta, SK HACHIJOK, 30UIbIIEHHSIM CIIO)KHBaHHS
CJICKTPOCHEPrii CTa€ JIOIIBHAUM KOMIICHCAIlis
PEaKTHBHOI MMOTY>KHOCTI Y TOOYTOBUX CTIOXKHUBAUiB.
Ile Bumarae po3poOKKM HOBUX TIAXOIIB 10
BHPIIICHHS [[LOTO MHUTAHHS MPUAMAIOYH JI0 yBaru
yCi 0COOTMBOCTI X CHOXHUBAYiB.[3]

BucHoBku. TakuM YWHOM, 3 ypaxyBaHHSAM
HaBiTh PO3PaxXyHKOBHX 3HAYCHb KOE(]ILi€HTIB
MOTY>KHOCTI Y  HOPMAaTHBHO-TIPAaBOBHX  aKTax

KOMIICHCAIliI ~ PEaKTHBHOI  TOTYXKHOCTI  Ha
HEMIPOMHCIIOBUX 00’€KTax CHOTOIHI € HE IPOCTO
(hiHAHCOBO Ta TEXHIYHO IOMIUJILHOI, a KPUTUIHO
HEOOXiTHOIO.

Bubip cmocoby migBumieHHS KoedimieHTa
MOTY)KHOCTI cos¢ Mae Oytu mnpodeciiiHuM Ta
3I1HCHIOBATUCS MTPOQIIEHOI0 KOMITAHIEIO.

Bynp-sxi  3axomm 100  KOMIIGHCAITl
pEaKTHBHOI TOTYXXKHOCTI HEOOXITHO IIPOBOIUTH
JIMIIE MICHs eHeproayauTy o6 ’exta (abo cermeHTa
MEpexki), [0 JO3BOJHWTH BHU3HAYUTH pEalbHI
KoeQIIIEHTH MOTYKHOCTI 00JIaIHAHHS Ta MiAiopaTu
ONTUMAJIbHY YCTaHOBKY.
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Filimonenko N.M., Filimonenko K.V. Modern
reactive power compensation systems in municipal
electrical networks

The article is devoted to the most rational, effective
and relevant devices for reactive power (RP)
compensation in urban electrical networks, considering
their features. The place of installation of the device for
compensation and optimization of its operating modes in
the existing power supply system plays a significant role.
Reactive power compensation in the network solves
several problems, in particular, reducing power and
electricity  losses;  improving  electricity  quality
indicators; increase network bandwidth. There are many
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methods of reactive power compensation, but this
problem remains relevant. With the development of
technology and, as a consequence, the increase in
electricity consumption, it becomes appropriate to
compensate for reactive power in household consumers.
Currently, there is an increase in the consumption of
reactive power by consumers of urban electricity
networks. The main reasons for this situation are: the
growing magnitude and probabilistic nature of reactive
power consumption by urban electricity networks
consumers, lack of technical and methodological support
for measures to compensate for reactive power in
electrical distribution networks; low efficiency of cosine
capacitors for reactive power compensation in PC due to
the difference between the laws of voltage regulation and
reactive power. Ensuring the reliability of electricity
supply to power systems, networks of industrial
enterprises, infrastructure of cities and towns is central
both in operation and in planning design decisions. One
of the important components of ensuring the reliability
and quality of electricity supply is the compensation of
RP in household consumers. Taking into account even
the calculated values of power coefficients in regulations,
compensation of reactive power at non-industrial

facilities today is not just financially and technically
feasible, but critically necessary. The choice of how to
increase the power factor cos¢ should be professional
and carried out by a specialized company. Any measures
to compensate for reactive power should be carried out
only after the energy audit of the facility (or network
segment), which will determine the actual power factors
of the equipment and select the optimal installation.
Keywords: reactive power compensation, power
supply system, municipal electrical networks, inductive
reactive power, reliability of power supply systems.
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CUCTEMU KEPYBAHHS TPBOXIIOJIOYHUM I'A3OBUM PEAKTOPOM
Y BUPOBHUIITBI AMIAKY 3 MOJEJLJIIO. PO3POBKA AJITOPUTMY

I'ypin O. M.

CONTROL SYSTEMS FOR A THREE-SHELF GAS REACTOR
IN AMMONIA PRODUCTION WITH A MODEL. ALGORITHM DEVELOPMENT

Gurin O. M.

B yitu pobomi npedcmasnenuil nioxio 0o po3pobKu
cucmemu Kepyeawus 3 MOOELNI0 2d308020 PeaKmopy
cunmesy amiaxy. Kombinosana gopma mooeni dozsonse
BUKOPUCTNOBYBAMU Nepesaz AK eKCnepuMeHmalbHO-
CIMamucmu4Ho2o, max i 0emepmino8an020 nioxoois, ujo
3abesneuye BUCOKY aoeKkeamHicmo, Je2Ky
aoanmosauicmv i WUPOKULL CNeKmp 3AcCmocy8anb —
KIIOYO0BI acnekmu npu onmumizayii ma KepyeaHHi
CKAAOHUMU MEexXHON0STYHUMU 00 ’ekmamu. 3
BUKOPUCMAHHAM  Yb020 NIOX00Yy CMBOPEeHa MOOeib
MPUNOTUYHO20 2A308020 peakmopy cunmesy amiaxy. Ha
OCHOBI  OMPUMANHUX  Pe3yIbmamie  po3poOasIOMbCsL
npoepamu 01 peanizayii 3anponoHOBaAHUX AN2OPUMMIB 8
AGMOMaMuU308aHitl CUCMEMI KepyBaHHs BUPOOHUYMEOM
amiaxky, a makodc 30MUCHIOEMbCA X adanmayis 0
BUPOOHUYUX YMOB. Bnpoesaodsicennss Oamoi cucmemu
0o3601UMb 38y3UmMu dianasou napamempis
MEXHONO2IYHO20  Npoyecy HABKONO — ONMUMATILHOZ0
3HAUeHHA, wo npugede 00 3HAYHO20 EKOHOMIYHO20
epexmy. byno pospobneno ymouwneny ingopmayiiino-
JIO2IUHY CXeMy 2a308020 peakmopy Cunmesy amiaxy, aKd
003601UNA  0eMANLHO  ONUCAMU  BHYMPIWHI 36 A3KU
00’ekma Kepy8aHHs ma OYiHUMU IX GNIUE HA BUXIOHI
Koopounamu peaxmopy. Cmeopeno ancopumm podoomu
cucmemu Kepyeawus 3 MOOELNI0 2d308020 PeaKmopy
Cunmesy — amiaky, —OMPUMAHO  3A2albHUU U0
Mamemamuynoi Mooeni  peakmopy 3  60Yy008aHUM
GHYMPIWHIM — MENTO0OMIHHUKOM, WO OQl0  3MO2y
8U3HAUUMU  PIBHAHHA  Kpumepiio  ONMmuMaibHOCHI
pobomu peaxmopy. 3anpononosanuii nioxio 00360JE,
SUPTWUGIU ONMUMI3AYIUHY 3a0aly, BUSHAYUMU TNAKI
3HauenHs eumpam "xonoonux" Oaunacie, npu sKux
peakmop npayiosamume 8 YMO8aX, OMULKUX OO0
onmumanvuux. ILle 3abesneuye wieuoxkuu  nepexio
cucmemu 0o obnacmi, bauzekoi 00 onmumanvroi. Iicis
Yb020 ONMUMAIbHE 3HAYEHHS KOHYEeHMpayii MemaHony
Ha 8UX00I peaKmopy CUHMmMe3y GUHAYAEMbC MENMOOoM
Xyxa-Iicusca. modeni 0as Hacmynnoi onmumizayii i

KepyBamHsi  CKAAOHUM — MEXHONO2IYHUM 00 €KMOM.
Buxonano amaniz mexwnonoziunozo npoyecy cumnmesy
amiaky sk 00’ekma  Kepysanus.  Pospobnena
MamemamuyHa MoOenb NOJKU 2d308020 PpeaKmopy
cunmesy amiaxy. Pospobnena mamemamuuna mooens
BHYMPIUHBLO20 Men1000MiHHUKA. Pospobneno
MamemMamuyHa Mooenb 2a308020 pPeaxmopa CuHmesy
amiaxy. [ eusHaueHHs HeGIOOMUX NaApamempis
MamemamuyHoi  MOOeni  3anponoHO8AHO  cucmemy
mecmosux 8niusie Ha MpPbOXHOAOYHUL 2A308ULL PeAKmOop
WIISIXOM 3MIH GUMPAM CUHME3-2a3y NO XONOOHUM 6ai
nacam Ha eidomy @ikcoeany eenuuury. Ompumano
AHANO02IUHE PIBHAHHA YemEepmo20 CIMYNeHs, Wo Noes3ye
KOHYEHmpayilo amiaky Ha 6uxodi MmpbOXNOI0YHO20
peaxmopa 3 MexXHON02TUHUMU napamempamu.
3anpononosane pienAnHA Modce OYMU BUKOPUCTAHO OISl
Pp0o38’a3yeanus onmumizayitinoi 3adaui. Ha niocmagi
OMPUMAHUX Pe3YTbmamie po3poONAMbCas NPOSPaAMU
ons peanizayii 3anpononosanux aneopummie 8 ACY TIT
BUPOOHUYMBA AMIAKY.

Knwuoei cnosa: mamemamuyuna  mooenn, CKNAOHI
mexHono2iuni 06 ekmu, iHopmayilino-1o2iuna cxema, 06 'exm
KepyB8aHHsi.

Beryn. IlinTpumka onTUMaIbHUX MMapaMeTpiB
poboTtu 0araToTOHHAKHUX Oe3mepepBHUX
BUPOOHUIITB € aKTyaJIbHUM 3aBJIAaHHSM
3a0e3neueHHs X npuOyTKOBOCTI. J{1s1 BUpilIeHHs
i€l 3a7a4i CiiJi po3pOoOUTH MAaTEeMaTHYHY MOJCIh
nporecy. Lls Monens Mae OyTH 3pydHOIO B
BUKOPHUCTaHHi, MaTH TOPSIOK HE OUIBII YOTUPHOX,
Ta OyTH MaKCHMaJbHO aJICKBATHOI MPOIIECY.

Y  XIMIYHIH  TPOMHCIIOBOCTI  IITHPOKO
3aCTOCOBYIOTHCS ~ 0araToIOJIOUHI  PEeakTopu
BUPOOHUIITBAX, JI¢ IS 3a0e3MeueHHs] HEOOXiTHIX
mapamMeTpiB  Tporecy B 3aJaHUX  00JacTAX
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peakmiifHoro o0csry HeoOXiTHO YHpPaBisITH XOJ0M
xiMmiuHoi peakmii. Hampukman, 3a0esmedyBaTi
MaKCUMAIBHUKM CTYIIHb ITEPETBOPCHHS BHXITHUX
KOMIIOHEHTiB Yy LiIbOBI MPOAYKTH 3BOPOTHHOI
peakmii NUIIXOM  MATPUMKHA — ONTHMAaJILHOTO
npodiar0  TeMmmepaTyp IO BHCOTI peakTopa.
CkJnagHICTh 3aBIAHHA MOJISATA€ B TOMY, 1[0 TPOLIEC
Yy peakTopi HaOJMKAETHCS IO MOAECII i7eaTbHOrO
BUTHUCHEHHS, fKa MAa€ BpPaxOBYBaTH TPaJi€HT
napameTpiB y340BXK IPOCTOPOBOi KoopauHatu. [1]
[Mpukmamom Takux BHPOOHWIITB € BUPOOHHUIITBA
METaHONy, amiaky Ta iH. [2] CxeMaTHIHO
0araTomnoJIOYHNI Ta30BUN PEakTop i3 BOYIOBaHUM
TEINIOOOMIHHUKOM (A1  3pYYHOCTI PO3YMiHHS
TTOKa3aHuil OKpEeMO), HaBEICHHU Ha pucC. 1.

Meta pobGoTH - pO3pOOUTH MaTeMaTUYHY
MOJIEJIb TPHOXIIOJIOYHOTO T'a30BOTO PEaKTOpa, siKa
JIO3BOJIUTH MPOBECTH ONTHUMI3aIliI0 POOOTH JAHOTO
amapara.

Lmpkynauiiitni
ra3 A3 Ha AXO

Y

>

Puc.1. CxeMa TphOXIIOJIOYHOTO Ta30BOTO pEaKTopa
i3 BOy/IOBaHUM TETUTIOOOMiHHUKOM:

TO — terutooominnuk; I11, 112, TI3 — nepa, apyra i
TPETS MOJKH 3 Katanizatopom; OX - MOTiKk OCHOBHOTO
xony cunres-razy; Xbl, Xb2, Xb3 — noToku X0JIOAHUX
OaifacoB CHHTE3-ra3y Ha BIJIIOBIIHI IOJIKK PEaKTOpPa;
AXO — amiauHO-XOJIOAWILHE BiiICHHS,
TIRA 1-6 — mpunaau KOHTPOJIIO TEMIIEPATYPH;
FIR - 7 — npunaa KOHTPOJIIO BUTPATU CUHTE3-Ta3y;
HIC 8-10 — maneni qUCTaHIIHOTO KepyBaHHS
CJICKTPUYHUMH 3aCyBKaMH

Pe3yabTatu gocaimkeHHsl. 3 TOYKH 30Dy
KepyBaHHS, JIaHI pPEaKkTOpu €  CKIQJHUMHU
0o0’exkTamMm, SKI XapaKTEepPU3YIOTHCS  BEIHUKOIO
KUTBKICTIO 30yPIOIOUMX HapaMeTpiB i MHOKUHHUMHU
BHYTPIITHIMH 3B’ si3KaMu. PeakTop mpairtoe B Takuit
cnoci6. llupkynsmiifiHU# Ta3 i3 TEeMIEpaTyporo
nopsaky 333°C Ha BXozi KOJIOHH PO3JIIAEThCS HA
nBa TMOTOKHW (mimbHUK J[1): OCHOBHWH Xim, sSKuit
yepe3 BOymoBaHmii TermooOMiHauk TO, ne BiH
HarpiBa€ThCsl TEIUIOM Ta3iB, IO BIIXOIATH, IO
temneparypu nopsaky 430 °C, momaetscs Ha
rieprry mouitto peakropa Il 1; 1 xomoaawmii Gafimnac,

KU, Y CBOIO Yepry, MOJUIAETHCS HA TPU MOTOKU
(minpHuK J12) 1 mpu3HAYeHWH IS MiATPUMKH
TeMIlepaTypu Ha Tomkax peaktopa II1 - TI3
miamasoni 510 — 530°C. Ha mosnkax peakTopa
MPOTIKAE €K30TepMiUHA PEAKIlisI CHHTE3y amiaky. 3
BUXOJy TpPEThOi TOJMIN Ta3 TMOJAEThCT Y
BOymoBaHmii Terrooominauk TO, ne Bigmae cBoe
TEIUIO Ta3y, M0 HAJXOAUTh Y KOJIOHY. [3]

IadopmariiitHo-oriuda cxeMa TpPbOXIIOJIOY-
HOT'O Ta30BOI'0 PEaKTOPa HaBEACHA HA PHUC.2.

YMmoBuMocs Ha3WBaTH BHX1THUMU
napaMeTpaMu napaMeTpu CUCTEMH, SIK1
XapaKkTePHU3yIOTh i CTaH 1 MiATPUMKA 3HAYCHB SIKUX
€ METOI0 CHCTEMH peryioBaHHS. Perymoroui
nmapaMeTpu — TMapaMeTpH, 3a JOMOMOTOI0 SKHX
BEAETHCS PEryJIOBaHHS (BUTPAaTH MaTepialbHHUX 1
SHEePTeTUYHUX TIOTOKIB). 30YPIOIOYH IMapaMeTpu —
e TapaMeTpd, IO BIUIMBAIOTH HA BUXIJHI
nmapaMeTpH, ajieé He MOXYTh OyTH PETYIIOI0YHMHU.
[4]

AHaji3  TEXHOJIOTIYHOTO  TIpolecy, IO
BiOYBa€ThCI B  TPHOXIIOJOYHOMY Ta30BOMY
peakTopi, K OO0’€KTy KepyBaHHS IIOKa3ye, IO
TEXHOJIOTIYHHH  00’€KT Mae€ 1Bl  BHXIOHI
KOOPJIWHATH: KOHIIEHTPAINIO I[LTHOBOTO MPOIYKTY
(s Ha BUXO[Ii 3 peakTopa i Temreparypy 73’ ra3y Ha
BHXOJII peaktopa micis temooominanka TO. s
JTAHOTO 00’€KTa TeMIIEPaTypHUH PEKHUM TI0 BUCOTI
ra3oBOro  peakTopa OJHO3HAYHO  BHU3HAYAE
KOHIICHTpAI[iI0 I[JIOBOTO KOMIIOHCHTa Ha HOro
BHXOJIl, a, OTXe, 1 TeMrepaTypy 13, sSika BU3HAYAE
temneparypu 1o i 73’. Buxomsum 3 TOro, mo 3
JIOCTATHIM CTYIIEHEM TOYHOCTI O0’€KT MOXKHA
po3rasgaTh K 3aMKHEHY — TePMOJUHAMIUHY
CHCTEMY, BEIMYMHA KOHIICHTpAIlii (J3 OMHO3HAYHO
BU3HAUae Temreparypy 73, i, Bignosigno, To i 73°.
Tomy perymroBaHHs a00 cTadimi3aIlisa TeMIIepaTypu
T3’ He Mae B IbOMY BHUMAJKy OCOOJIMBOTO CEHCY.
OcoOnMBICTIO HaHOr0 O0’€KTa € Te, L0 A
peryJIoBaHHS OJHOTO TMapameTpa — KOHIICHTpAIlii
IITHOBOTO KOMITOHEHTa (J3, BUKOPHCTOBYIOTHCS
TPH PETYIIOI0YI TAPaMETPH — BUTPATH CUHTE3-Ta3y
M0 XOJOMHUM OaiimacamM Ha TOJKH peaktopa. Jlo
30ypIOIOYHX TapaMeTPiB BiTHOCATHCS: BHUTpATa
MAPKYISIIIHHOTO 2a3y Fyr., ioro Temmeparypa 1;...
1 KOHIICHTpaIlisl UThOBOTO KOMIIOHEHTa Ha BXOJII
peakropa Qo. THCK IUPKYIAIHHOTO Ta3y P MOXHa
TaKOX BIJHECTH JO 30YPIOIOYHMX KOOPIMHAT TOMY
o, ToOo-TiepIre, IeW mapaMeTp CTadimi3yeThCs
KOMIIPECOPOM ~ CHHTE3-rasy, a Mo-Apyre, IpH
CTYTICHI TIEPETBOPEHHS CHHTE3-ra3y B TOTOBHH
npoaykt mopsaky 10% 3MeHIIeHHS THCKY 3a
PaxyHOK peakiii cTaHOBUTh puoOIu3HO 5%. OTKe,
TIpH 3MiHI CTyTIeHS IEPEeTBOPEHHS B Mexax &...12%
TUCK 3MIHUTHCS B Mexkax 4...6%, Mo yKiagaeTbes
B ITOTPINITHICTH BUMIPIOBAIEHOTO KaHATy THCKY. [5]
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Puc. 2. [ndopmariifiHo-I0TiTHa cXeMa TPEXIOIOTHOTO Ta30BOI0 PeaKTopa i3 BOYJOBaHUM TEIIIO0OMIHHHKOM:
1, 12 — MaTeMaTU9Hi OTIEPaTOPH PO3IOILUTY ITOTOKY

Line onTHMambHOTO KEPyBaHHS Ta30BUM
TPHOXIOJIOYHUM PEAKTOPOM IIOJISITAE ¥ TOMY, 11100
MIePEPO3MOAUINTH THUPKYJIAIIMHIN CHHTE3-Ta3 3a
(I3MYHUMHM  KaHaJlaMH Ta30BOTO peakTopa s
JOCSTHCHHS MaKCHMaJIbHOTO CTYTICHS
TIEPETBOPCHHS CHHTE3-Ta3y B IIJILOBUH MPOIYKT, 1,
BIJIITOBIJTHO, MaKCUMAaJIbHOT KOHIICHTpaIlii
IITHOBOTO KOMIIOHEHTa Ha BHXOJli Ta30BOTO
peakTopa.

Jist po3B’si3aHHS 3a7adi ONTHMI3AIil TepI
3a Bce Tpeba po3poOUTH MaTeMAaTUYHY MOJICIb
TPHOXIIOJIOYHOTO Ta30BOr0 peakTopa. Po3poOka
MaTeMaTHYHOi MOIeNi BKIIOYae naBa eramu. Ha
NepuioMy eTami Ha OCHOBI MaTepiayIbHUX 1
TEIUIOBUX  OalaHCiB  KOXHOI  MOJUII  TPhOX
MOJIOYHOTO Ta30BOTO PEAKTOpa PO3pOOISETHCS
JIeTepMiHOBaHA Mojenb. He3Bakaroum Ha il
HEBUCOKY TOUYHICTh, BOHA J]a€ MOXKJIMBICTD OIIIHUTH
BH/J] KpiTepiajabHOI (DYHKIIT B IIUPOKOMY Jiara3oHi
3MIHM apryMeHTIB 3 BpaxyBaHHAM ii 0arato
EKCTPEMaIbHOCTI, 1 BUALUTUTH 00JIACTh TII00ATBHOTO
ekctpemymMy. Ha npyroMmy erarmi BHKOHYETHCS
azanTaris MoJeN Ha OCHOBI €KCTIEpUMEHTaThHUX
JaHWX, 10 OJICPKYIOThCS 3 00’ €KTa KepYBaHHs, Ha

OCHOBI iMOBipHiCHUX MeToaiB. lle mo3Boisie
3a0e3neYnTH TOYHICTh apameTpiB, 110
MOJICTIIOIOTBCS, 3@ PaxyHOK BpaxyBaHHS BCIX

30ypIOI0YHX BIUIMBIB. [5]

CTBOpEHHS aJieKBaTHOI MOJIEIi Ma€e Ha yBasi
BpaxyBaHHSI HEMHIMHUX 3aJIGKHOCTEH BUXIITHUX
napameTpiB MpoLecy BiA BXiAHUX, HaIPHKIAL,
IIBUJIKOCTI PeakIlii BiJ THCKY Ta Temreparypu. Lle
HEMHHYYE TPU3BOIUTL N0 30UTBIICHHS CTYIICHS
PIBHSIHb, SIKHMH OIHCYETbCSI 00 €KT KepyBaHHS.
BuxopucTanHs piBHIHb BUCOKHX MTOPSIKIB CYTTEBO
YCKIJIATHIOE TIPOIIEC ONTHMI3allii, a caMme TOIIyK
ONITUMAJTLHUX 3Ha4YCHb napameTpiB

TEXHOJIOTIYHOTO TpOolecy. Y OiIbIIOCTI BUMAAKIB
JIOBOJIUTHCS TPHOIraTH 0 HAOIMKEHUX PO3B’SA3KIiB,
110 3HIKYE TOYHICTH pO3pPO0ITIOBaILHOI MoAeTL. [6]
AnTOpUTM  BHU3HAYCHHS  MaTEMaTUYHOI
MOJENli KOJOHM CHHTE3Yy amiaky CXOXHH 3i
ckiaganasaM MM komoHu cuHTe3y amiaky [3]. s
BU3HaueHHS MM KOJIOHM MOTPiOHO CKJIACTH IBI
YaCTKOBI MOJIEIi: 32 KOHIEHTpaIliero ( IiTbOBOTO
KOMITOHEHTA (aMiaKy) Ta 3a TeMIepaTyporo 7.
PiBHsHHS  MaTepiasibHOTO  OaylaHcy
I[IJTbOBUM KOMIIOHEHTOM MA€ BHTJISII:

3a

(M

ne dm; — Maca amiaKy, sika MOTPaIUIsI€ B PEaKTop 3
HEPIINM TTOTOKOM;

dm, — Maca aMiaky, sSika TIOTpaIuIsie B peakTop 3
JIPYTHM TIOTOKOM;

dm, — Maca amiaky, sika yTBOPIOETHCS B PEAKIIii;

dm, — Maca amiaky, SKa HaKOIMIYETHCS B
peaktopi 06’emoM V;

dm — Maca amiaky, siKka BiIBOJUTHCS 3 peaKTopa.

3amumemo piBHAHHS (1) B TEXHOJOTIYHHX

3MIHHHX:

am, +dm, +dm, =dm, +dm,

am = FQ, o, @
ne Fi1 — BuTpara a30TOBOJHEBOI CYMIII TIO
«OCHOBHOMY» X0y Ha BXOJII TOJIHMIIL, K&/C;
01 — KOHIEHTpallis amiaky B IIOTOII
«OCHOBHOT'0» XOAY, MAC.4ACMKAQ,
dt — ipupicT 4acy, c.
dmz = FzQz dt, (3)
ne F, — BuUTpara a30TOBOAHEBOI CYMIII II0

«XOIIOTHOMY» Oalinacy Ha BXO/Ii TOJHII, Ke/C;
(> — KOHIICHTpAIlisl aMiaKy B «XOJOJHOMY»
Oaiinaci, mac.vacmka,
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dmp = pVK(Q - Qn)dt' (4)

Jie p— TYCTHHA a30TOBOJHEBOI CYMIIIl B peaKTopi
(Bu3HayaeTsCst 3 piBHSAHHA ~ MeHIeneeBa—
Knanetipona), ke/m>;

V — peakuiifHuii 06’ €M ra30Boro peakropa, m>;

K — mBunkicte XimMivHoi peakii, 1/c;

Q1 On — KOHLIEHTpALlisl aMiaKy Ha BUXOJi Ta Ha
BXO/Ii TTOJIKY PEAKTOPa BiIITOBITHO.

Y BHIamKy TepHIoi ITOJNKH, KOHIIEHTpaIii
amiaKky B TIOTOLI «OCHOBHOT'O» XOAY 1 «XOJIOZHOTOY
Oaiimaca () i (> piBHI 1 B PO3paxyHKy iX MOXKHa
MIPUPIBHATH 10 BeTUIHHU (n. Y BHIIAAKY APYTOi i
TPETHOI MOJIKK, KOHIICHTPAIlis aMiaky On BUXOAHUTH
B pe3ynbTaTi 3MIlIyBaHHS JBOX IOTOKIB 1,
BIATIOBITHO, Oyzie BU3HAYATHCS 32 (OPMYJIOLO:

_F 01+tF Q; 5
Q, =0l )
112
3aiexKHICTh MBUIKOCTI XiMivHOT peakiii K Bif
TEMIICPATypy TPOILIECY BHU3HAYAETHCS DIBHIHHIM
Apeniyca

K =Kyexp (— %) , (6)

ne Ko — KOHCTaHTa MIBUIIKOCTI peakiiii, 1/c;

E — enepris aktuBaliii peakiii, Joic/monv;

R — yHiBepcaybHa ra3opa MocTiitHa, Jowc/(mob
K);

T — Temmiepatypa peakiii, K.

dmy = pVdQ, (7

Jie p —TYCTUHA Ta30BOi CYMIllll peaKTopi, ke/m’;

V' — Binbuii 06’em peakropa, v’
dQ — 3MiHa KOHIICHTpaIlii amiaky B peakTopi,
mac. yacmka.

dm = FQ dt, (8)

ne F' — Burpara ra3oBoi cyMilii Ha BUXOJi MOJIKH
peakTopa, Ke/c;
Q — KOHIIEHTpAaLlisl aMiaKy Ha BUXOJi peakTopa,
mac. vacmxa.
B TexHomoTiYHUX 3MIHHUX PIBHSIHHS HaOyBae
BUTIISTY:

F,Qq dt + F,Q, dt + pVKyexp (— :—T) (Q _

F1Qq+F,
BGR%) at = pvdQ + (Fy + F)Qdt, (9)

Fy+F,
ITicinsa HEOOX1THUX MaTeMaTHYHUX
MEPETBOPIOBAHD (MeTouka OTpUMAaHHS
MaTeMaTUYHUX Monelieli BuKiIameHa B [4]),

OTpUMAEMO YaCTKOBY MOJCIbL IIOJIKKM KOJIOHHU

CHHTE3y amiaky y BHUPOOHHUIITBI amiaky (6e3
ypaxyBaHHs 4Yacy 3amli3HEHHS) Y KaHOHIYHOMY
BUTJIAII.

7y % +y1 = KXy + Kipzy + K323 +
Ki424 + Ki525 + Ki6Y32. (10)
B piBasnHi (10) mo3HaueHHs Oe3pO3MipHHX
KOOpJIMHAT BIZINIOBiaI0Th MO3HAYCHHSIM
npuiiHaTUM Ha puc. 2. Ky, ..., Kis — 6e3po3mipHi
koedillieHTH, a T; — IOCTiHHA dYacy, IO
BHUMIPIOETHCS B CEKyHIAX.
st Toro, w00 pO3pPOOMTH  YaCTKOBY
MaTeMaTHYHy MOJENb TOJNHII KOJOHH CHHTE3Y
amiaky 1O TeMIepaTypi, HEOOXiZHO CKJIacTH
PIBHSIHHS TEIIOBOTO OanaHCy Tonuil (peakropa).
Temo B peakTop HaIXOAWUTHh 3 JBOMA IMOTOKAMH
BXITHUX PEarcHTIB Ta BHIUISETHCA B IPOIIECi
cuHTe3y amiaky. Ile Temmo HakomIy€eThes B 00’ eMi
noiuui  (TEIUI0  HAKOMMYYeThCsl B 00 eMmi
KaTaJsizaTopa i B 00’eMi a30TOBOJHEBOI CyMilli Ha
MOJIUIN) 1 BHUXOIUTh 3 TIOJHIIl BHUTPATOO, IO
JIOPIBHIOE CyMi BXIJHHUX BHTpaT. 3arajibHe
PIBHSIHHS TEIUIOBOTO OaaHCy Ma€e BUTJISI;

dq, +dqg, + dqp =dqy +dq, (11)
Iie dqi — KUTBKICTh TeIlIa, IKe HaIXOIUTh 3 TIePIITIM
ITOTOKOM,;

dg> — KITBKICTh TeIIa, SKe HAJIXOAUTh 3 APYTUM
ITIOTOKOM;

dg, — XITBKICTH Temja, K€ BHUIUIAETHCT B
pe3yabTaTi peakiii;

dgy — KUTBKICTh TeIlIa, SKe HAKOIUIYETHCS B
00’ €M1 MOJIKH;

dgq — KUTBKICTh TeIlIa, IKe BUXOJIUTh 3 BUX1THUM
ITOTOKOM.

3anumiemMo pPIiBHSAHHSA TEIUIOBOTO OallaHCy B

TEXHOJIOTTYHHX 3MIHHUX.

dql - F]_ClTldt, (12)

ne F) — BuUTpara a30TOBOAHEBOI CYMIII II0
OCHOBHOMY X011y, K2/C;

€1 — TEIJIOEMHICTh a30TOBOJHEBOI cyMilli B
MOTOIll OCHOBHOT'O X0ay, oic/(xe K);

T\ — TemmepaTypa MOTOKY OCHOBHOTO XOJly Ha
BXO1 MONKH, K.

qu - FzCZTzdt, (13)

ne F, — BuUTpara a30TOBOAHEBOI CYMIII II0
«XOJIOZHOMYY Oaimacy, ke/c;
¢ — TEIUIOEMHICTh MOTOKY, IO MOJAETHCS IO
«xononHOMY» Oaitniacy, [owc/(xe K);
T, — Temmeparypa TMOTOKY
Oaiinaca, K.

«XOJOOTHOTIO»
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dq, = rpVK(Q — Qy) dt, (14)

Iie I — mIToMa TeTuToTa peakitii, /jic/xe;

P - rYCTHHA Ta30BOi cyMilmi B peakTopi
(Bu3HauaeTncss 3 piBHAHHA ~ MeHmeneeBa—
Knanetipona), xe/m>;

v — BUIbHHMIT 00’ €M Ta30BOr0O peaKTopa, m>;

K — mBHIKICT XIMIYHOT peaKIlii, ;;

Q1 O — KOHLEHTpALis aMiaKy Ha BUXOJl U Ha
BXO/Ii JI0 peaKkTopa BiAMOBITHO, MAC. YACMKA.

dqy = pVcdT, (15)
ne £ — ryctuHa Ta3oBoi cymimi B peakTopi
(BM3HAuaeThCss 3 piBHAHHA  MeHaeneeBa—
Knaneiipona), xe/m>;
V — BinbHUIt 06’ €M peakTopa, m>;
¢ — TEIUIOEMHICTh Ta30BOi
3HAaXOIUThCS B peakTopi, [owc/(ke K);
dT — 3miHa Temneparypu B peaktopi, K.

CyMillli, 110

dq = FcT dt, (16)

ne F — Butpara rasy 3 peakropa (BU3HAYa€ThCS
cyMmoto Butpat F 1 F»), ke/c;

¢ — TETUIOEMHICTh Ta30BO1 CYMIIIIi, K8 BUXOIUTh
13 peaktopa, Jowc/(ke K);

T — Temmniepatypa B peaktopi, K.

3 ypaxyBaHHAM 3a3HAUCHOTO, PIBHIHHI

TEIJIOBOTO OalaHCy B TEXHOJOTIYHUX 3MIHHUX
HaOyJ1e BUTTISTY

FoTdt + FT,dt +
+ﬂKOexp _£ Q_M at = (17)
RT RT F+F,
:%dTﬂE +F,)cT dt.
RT

[licna Bcix mepeTBOpeHb MoJens Halyne
BUTIIAY:

dy,
20 + v, = Kp1%1 + K221 + K32, + (18)

+K;423 + Ky524 + Ky6Zs + Kp726 + Kpgyy,

ne T, — cranma 4acy, c¢; Ky, K — xoedirieHTn
MOJEMI.

Takum YNHOM, Ma€EMO CUCTEMY:

dyi

T1—, t Y1 = KXy + K221 + Ki323 + K142 + K525 + Ki6Y2

dy,

Pimenns cucremm piBHAHR 1m0A0 Yl €
OUHAMIYHOIO MAaTEMAaTHYHOIO MOJEII0 IIOJIUII
KOJIOHH CHHTE3y II0 KOHIIEHTpamii, a 1mo y2 —

JUHAMIYHOIO ~ MAaTeMAaTUYHOK  MOJCIUTI0  TIO0
TeMIeparypi.

BucHoBku.

Y pobGoTi 3ampomoHOBaHO KOMOIHOBaHY

MaTeMaTHYHy MOJENb TPHOXIIOJIMYHOTO Ta30BOr0
peakTopa y BHpOOHHMUTBI amiaky. OTpumana
MaTeMaTH4YHa MOJIeNTb Ma€ YETBEPTUH MOPSIOK, 1110

IIO3BOJISIE JIOCTATHBO IIPOCTO OTpUMaTH
(OYHKIIOHAJIBHY — 3aJICKHICTh  KOHIeHTpamii (O3
LUILOBOIO KOMITOHEHTY Ha BUXOM1

TPHOXIIOIMYHOTO Ta30BOT0 PEAKTOpa BiJ BXITHUX
perymorounx 1 30yprorounx mapametrpiB. lLle
piBHSHHA MoOXe OyTH BHKOPHCTAaHO B SIKOCTI

KPUTEpiaJbHOTO  DPIBHSHHS TPH  PO3B’3aHHI
OITHMI3AIIHOL 3a1aui. Po3B’s13x0M
ONTHUMI3AIMHOI 3a/a4i € 3HA4YCHHA BUTPAT

XOJIOTHUX OalmaciB, MpU SKUX y JAHUX YMOBax
KOHIICHTpalliss (J3 IITLOBOTO KOMITOHCHTY Ha
BHXOJII peaTkopa 0y/1e MaKCUMaJIBHOIO.

MarteMaTiyHa MOZAETb, 0 PO3po0IeHa MOXKE
OyTH BUKOpUCTAaHa [Jisi TMOOYIOBH CHCTEMH
YIPaBIiHHS TPHOXTIOJHIHAM I'a30BUM PEAKTOPOM Y
BUPOOHUIITBI aMiaKy 3 MOAEILIIO.
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Gurin O. M. Control systems for a three-shelf gas
reactor in ammonia production with a model. algorithm
development

This paper presents an approach to the development of a
control system with a model of a gas ammonia synthesis
reactor. The combined form of the model allows to use the
advantages of both experimental-statistical and deterministic
approaches, which provides high adequacy, easy adaptability,
and a wide range of applications - key aspects in the
optimization and control of complex technological objects.
Using this approach, a model of a three-polymer gas reactor

for ammonia synthesis was created. Based on the results

obtained, programs are being developed to implement the
proposed algorithms in an automated ammonia production
control system, and they are being adapted to production
conditions. The implementation of this system will narrow the
range of process parameters towards the optimal value, which
will lead to a significant economic effect. A refined information-
logic diagram of the gas ammonia synthesis reactor was
developed, which allowed us to describe in detail the internal
connections of the control object and assess their impact on the
output coordinates of the reactor. An algorithm for the control
system operation with a model of a gas ammonia synthesis
reactor was created, and a general view of the mathematical
model of the reactor with an integrated internal heat exchanger
was obtained, which made it possible to determine the equation

for the criterion of the reactor's optimal operation. The

proposed approach makes it possible, by solving the
optimization problem, to determine such values of the "cold"
bypass flow rates at which the reactor will operate under
conditions close to optimal. This ensures a rapid transition of
the system to a region close to the optimum. After that, the
optimum value of the methanol concentration at the outlet of the
synthesis reactor is determined by the Hooke-Jeeves method.
models for the subsequent optimization and control of a
complex technological facility. The technological process of
ammonia synthesis as a control object is analyzed. A
mathematical model of a gas reactor shelf for ammonia
synthesis was developed. A mathematical model of the internal
heat exchanger was developed. A mathematical model of a gas
reactor for the synthesis of ammonia was developed. To
determine the unknown parameters of the mathematical model,
a system of test effects on a three-shelf gas reactor by changing
the flow rate of synthesis gas through cold bypasses by a known

fixed value is proposed. A similar fourth-degree equation was

obtained that relates the ammonia concentration at the outlet
of the three-shelf reactor to the process parameters. The
proposed equation can be used to solve an optimization
problem. Based on the results obtained, programs are being
developed to implement the proposed algorithms in the
ammonia production process control system.

Keywords: mathematical model, complex technological
objects, information-logic scheme, control object.
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AOCJUKEHHA BIVIMBY TMHAMIYHUX HABAHTA’KEHbB
Y KOHTAKTI KOJIECA 3 PEUKOIO HA MAKCUMAJIBHUU KOE®ILIEHT 3YEIIJIEHHSA

KoBTaneusr M.B., Ceprienko O.B.,Moruia B.I., Kopraneus T.M.

STUDY OF THE DYNAMIC LOADS INFLUENCE IN WHEEL TO RAIL CONTACT
ON THE MAXIMUM COUPLING COEFFICIENT

Kovtanets M.V, Serhiienko O.V., Mogyla V1., Kovtanets T.M.

Ilpu  Oocnioocennsx  mseosux — skocmell  Ha
MAMEMAMUYHUX ~ MOOENsX, MOOeIOYU  OOKCYBAHHS.
JIOKOMOMUBA 880051Mb PO NPUNYUEHb, I, K HACTIOOK,
iCHyIOUl MoOelli He 6paxo8ylomb pDeasbHi YMOBU DYXY
JIOKOMOMUBA, WO CYNPOBOONCYIOMbCA  OUHAMIUHOIO
83AEMOO0IEI0 KOMICHUX NAp 3 peuKamu, KO 8UHUKAE PO
Gaxkmopis, AKI 3HAYHO SHUNCYIOMb MAKCUMATLHUL
Koeghiyicum 34enieHHs 10KOMOMUBA No 8iOHOULEHHIO 00
Qpizuunoco, 8 HACTIOOK Y020 BUHUKAE HeOOXIOHICMb
007iKy AK NpU  eKCNepUMEeHMAanbHux, maxk 1 npu
MeopemuiHUx OOCAIONCEHHAX PENCUMIE PYXY eKInaicy,
wo He ecmanosuauCA. Y cmammi 3anponoHO8aHO
HAYKOBO-00IPYHMOBAHY — MEMOOUKY — OYIHKU — 6NAUBY
OUHAMIYHUX — HABAHMAICEHb, WO  BUHUKAIOMbL Y
KOHMAKMAX Koiecd 3 pelikoio nio 4ac pyxy 10KOMOmuad,
KA HAUOIILW MOYHO ONUCYE 0COOAUBOCMI NOBEOTHKU
peanvHozo exinaicy, ma 6ionogioae iCHYIOUUM HOPMAaM

3a Kpumepiamu 6epmuKkaibHOi ma 20pU30HMANIbHOL

OUHAMIKU, @ MAKOIC NOKASHUKAMU CIMIUKOCMI pyXy i npu
YbOMY 30 PAXYHOK KOPEKMHO20 CHPOUjeHHs A 66€0eHHs.
00IPYHMOBAHUX NPUNYWEHb € 00CUMb NPOCMOI0 074
npogedenHnss  docniddcenb  Ha IIK.  Ompumarno
3aneHcHocmi, Wo 00380JAI0Mb NPOLIIOCMPYBAMU GNIUG
Koegiyicuma 6epmuxaibHoi OuHaMiKu i GiOHOCHO2O
20PU3OHMANBHO20 — KOG3AMHS  HA  MA208i  AKOCMI
Jokomomuea.  Awaniz  OmMpuMaHux — 3anedcHocmeti
noKasae, wjo 3i 30IbUWEHHAM UWEUOKOCMI PYXY KOJICHO-

momoprozo 610Ky (KMB) xoeghiyiecum eepmukanvroi

OUHAMIKU | BIOHOCHT 20PU30HMANbHI KOB3AHHS POCHYMb.
Ipu yvomy, yum Oinvue dHcopcmricms 38 3Ky Ky308d 3
8I3KOM JIOKOMOMUGA, MUM MeHue 20PU30OHMANbHE
nonepeune KOG3aHHA KOIICHOI napu 8 peuKosiil Koii.
Koegiyienm 3anacy no 3uennemuro 3i 3pOCMAHHAM
WBUOKOCMI  PYXYy — 3MEHWYEMbCA, WO  GUKIUKAHO
30IIbWEHHAM KOIUBAHL BEPMUKATLHOZO OUHAMIYHOZ0
HABAHMAICEHHs | BIOHOCHO20 — 20PU3OHMANLHOO
Koe3anms. Ilpu yvomy 3i 30inbUWEHHAM MOMEHMY, WO
nosepmae, 6nIU8 WEUOKOCMI HA Koepiyiecum 3anacy no
3UenieHHio Cmae MeHwl 3Hauywum. Taxum yunom, 3i

30inbwenusam weuokocmi pyxy KMb, a snauumo i 3i
30iMbWEHHAM KOIUBAHL BEPMUKAILHO2O OUHAMIYHO2O
HagaHmagicenus i BIOHOCHO20 — 20PU3OHMATLHOO
KOB3AHHA KOMICHOI napu no peuxax xoegiyicum zanacy
no  3uenjieHnio  3HauHo  smeHuyemuvcs.  Ilooami
3ANeAHCHOCIE 3MIHU KOe@iyicHma 3anacy no 34enjieHHio 8
3anexrcHocmi 8i0 Koeghiyichma 6epmuKaIbHOI OUHAMIKU,
a  makodc  6i0  BIOHOCHO20 — 20PU3OHMATLHOO
HONepeuH020 KOG3AHHS NOKA3YIOMb, WO 31 30i1bUeHHIM
xoeghiyicuma  Oumamixu  Koegiyienm  3anacy no
3yennenHio 3menuyemocsi Ha 4,5%, a 30 30inbuleHHAM
BIOHOCHO20 NONEPEUH020 KOB3aHHs 3meHuyemocs 3 0,97
00 0,92.

Knrouosi cnosa: xonicno-momopruil 610K, KoeQiyicnm
3ueniienHsl, Koegiyicum OuxHamiku, Koegiyichm 3zanacy
N0 3YenjieHHIo, KOG3aHHS.

Beryn. OCHOBHUM TpPIOPHTETOM PO3BUTKY
3QII3HUYHOTO  TPAHCHOPTY €  TiABUIICHHS
HIBHJKOCTI  PyXy  pYXOMOTO  CKIamy, IO
00TpYHTOBAHO 301IBIICHHSM O0CSTIB TACAKUPO- Ta

TOBapPOIOTOKIB. [Ipu LIBOMY OCHOBHHUMH
HampssMKamM#  JOCHI[DKEHh ~ MOXKHa  BBaXKaTH
MIABUILEHHS TArOBO-3YIMHUX Ta JUHAMIYHHAX

SKOCTEU pyXOMOTO CKJIaJy 32 YMOBH 3a0e3MeveHHs
oesmeku pyxy [1].

3a3Buyaii OIlIHKa  TATOBHUX AKOCTEH
JIOKOMOTHBIB, 30KpeMa i MTOPiBHSIIbHA,
MPOBOJUTLCA 33 3HAYCHHSIMH MAaKCHUMAaJbHUX
koediiieHTiB 3uetuieHHss. OHaK JJIs1 OTPUMaHHS 1X
3Ha4eHb Yy TMpoleci BHUNPOOYyBaHb HEOOXimHA
peaiizaiis OykCyBaHHS Ha OAHIM a00 IEKIIbKOX
KOJICHUX  Tapax, 10  3JiHCHIOETBCA 3
BUKOPHUCTAaHHSAM pi3HHX MeToauk. OnHI 3 HHX
nepenbavgaroTh 3pUB Y OYKCYBaHHSI B PEKHMI
pYyLIaHHS, iHIII - IPHU PYCi JIOKOMOTHBA B PEXHUMI
MOCTIHHOT MOTY>KHOCTI 31 3MEHIIIEHHSAM IIBUIKOCTI
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INUIAXOM TaJbMyBaHHS cCKiIafoM. Sk Bimomo,
MomiOHI eKCIIEpUMEHTH TI0B’s13aHI 3 BEITUKHMH
BUTpaTaMd dYacy Ta KOIITIB Ha MPOBEICHHS
BHUITPOOYBaHb, a TAKOXK HEOE3TEKOIO TOITKOKCHHS
pyxomoro cknany [2].

I[Ipu nochimkeHHSIX TATOBHX SKOCTEH Ha
MaTeMaTHYHUX MOJIENSIX, MOJIETIOI0YN OyKCYBaHHS
JIOKOMOTHBA  BBOASTH  pSANl  NPUNYIICHb, Y
pe3yabTaTi d4Yoro sAK KOeIIieHT 34YerIeHHS
po3rsaaeThCss Pi3UUHUNE KOC(DIIEHT 3YETUICHHS.
Ile, sk mpaBwio, MOB’s3aHE 3 BEIUKUM O00OCSTOM
MaTeMaTHYHUX OOYHCIeHh Ta BUTpaT dacy. Y
peaNlbHUX  YMOBaX pyXy JIOKOMOTHBA, IO
CYNIpPOBOKYETHCS  JHUHAMIYHOIO  B3a€EMOJIIEI0
KOJIICHHMX Tap 3 peiikaMu, BUHHKA€E sl (HaKTopiB,
SK1 3HAYHO 3HWKYIOTh MaKCHUMaJbHUH Koe(illieHT
3YEIUICHHS JIOKOMOTHMBA 10 BIJHOIICHHIO 1O
¢iznunoro. ToMy NPUYMHOIO HEIOJIKIB BiTOMHUX
METOAMK € HeOoOXimHICTh OONIKy SK IpH
EKCIIePUMEHTAIbHNX, TaK 1 TpPH TEOPETUIHHUX
JOCHTIDKEHHSIX PEXHUMIB PyXy eKilmaxy, Mo He
BCcTaHOBHIIHUCS [3].

VY 3B’SI3Ky 3 BUIICBHUKIAICHUM, CTBOPCHHS
METOJIUKH OIIIHKHU BILIUBY JTIUHAMIYHUX
HaBaHTa)XEHb, 0 BUHUKAIOTh Y KOHTAKTaX Kojeca
3 peHKOI0 Mif Yac pyxy JOKOMOTHBA Ha iX 34ilHi
SIKOCTI, SIKa HaWOIBII TOYHO OIHUCYE OCOOIUBOCTI
MOBEIIHKK PEAThbHOTO EKiMmaxky, Ta BiIIOBITaE
ICHYFOUMM HOpMaM 3a KPUTEPisSIMU BEPTUKAIBHOI Ta
TOPU30HTAIBHOI IUHAMIKH, a TAKOXK MOKa3HUKAMHU
CTIMKOCTI PyXy € aKTyaJIbHUM 3aBIaHHSIM.

AHai3 momepegHix aocCaiIKeHb. AHamI3
JOCITI/HKEHB, TPHUCBIYCHUX MpoOaeMi B3aeMOmii
KoJIeca Ta pelKH, JIOBOJUTh, 1[0 CaMe BiJI IPOIIECIB,
0 BimOyBalOTECS B KOHTAKTI «KOJECO-peHKay,
TOJIOBHHM YWHOM 3alie)KaTh TATOBI Ta IWHAMIYHI
XapaKTePUCTUKHA PYXy EKiMaxiB, CHIIM OIMOpYy Ta
Oesreka pyxy Ha TpaHcmopti [1-3].

Binomo Benuky KiJIbKicTh poOiT, IPUCBIUECHUX
TOCII/DKEHHIO  BIUIMBY — IIBHAKOCTI pyXy Ha
MaKCUMaTbHHIA KoeQIlieHT 3YCTIICHHS
JIOKOMOTHBa, 10 pearnizyerbes [1-5]. 3HmKeHHS
TSTOBUX MOXIJIMBOCTEN KOHTAKTY KoJjieca 3 PEHKOI0
31 30LIBIICHHSM IIBUIKOCTI KOYEHHS TMOSCHIOIOTH
IBOMAa OCHOBHMMH mpuunHamu. llo-mepue,
30UIBIIEHHSIM IHTEHCHUBHOCTI TUHAMIYHAX
MpOIIECiB y cUCTeMi «Koseco-peiikay. Ilo-mpyre,
SIBUTIIAMH, OB’ I3aHAMH i3 TPUBATICTIO
KOHTaKTyBaHHS, TUIACTHYHICTIO MaTepialliB Koyeca
ta peiiku. Illogo ocTaHHKOI TPUYMHH, TO
MOXJIMBOCTI 11 YCYHEHHS BHUIAIOTHCS BEJIBMH
oOMeXEeHUMHU, TOMAI SK Teplia, TIOB’s3aHa 3
TUHAMIYHAMH XapaKTEPUCTUKAMH EKITTaXKYy, IIIJTKOM
M ITAETHCS YIIPABIIHHIO.

Bce gacrimie 3’ SIBISIFOTHCSA
MIPUCBSYCHI KOMIUIEKCHIM  TpoOiemi

pobotu,
TATOBO-

JIUHAMIYHUX  SIKOCTEH JIOKOMOTHBIB, B SKHX
MpoIleCH B KOHTAKTaxX KOJIC 3 peHKkaMu TICHO
OB’ SI3YIOTHCS 3 JUHAMIYHUMH XapaKTEPUCTUKAMU
eKinaXxy 1, KOJTUBAHHS €JICMEHTIB PyXOMOTO CKIIaTy
PO3TISAAOTHCS 3 ypaxyBaHHSIM 3aKOHOMIPHOCTEH
3uerieHHs [1, 3-5].

[TpoBomsaun MOCITIHKEHHS Ha MOJIEI KOJIICHOT
napu B 1:5 HarypanbHOI BEIMYHHH, BU3HAYCHO
XapaKTePUCTUKH 3YEIUICHHS TMpPU TOCTIHHOMY Ta
3MIHHOMY HaBaHTa)KCHHI BiJl Kojeca Ha pEHKy.
3a3HaueHo, 10 3 3MIHHOMY HaBaHTaKCHHI
KoeilieHT 3UeTIeHHs 3HIKY€eThes Ha 40 % [4].

BunpoOyBannsi, mposeieHi B poboti [5]
MOKa3aJy, 0 MaKCHUMallbHa CHJIA 3YCIUICHHS, II0
peasizyeTbcsl JIOKOMOTHBOM, HIDKYE TPaHUIHOI
yepe3 JUHAMIYHI BIUIMBU, TPUYOMY, 3MCHIICHHS
KoedillieHTa 3YCIJICHHS Ha CTHUKOBOMY IILIAXY
CTaHOBHTS § ... 27 %, a Ha GE3CTUKOBOMY LUIAXY —
4...17 % 3anexxHo Bix mMBHAKOCTI pyxy. CTHKH
pEHOK SIK OCHOBHI HEPIBHOCTI PEHKOBOTO MULIXY
HAJAF0Th 3HAYHUI BIUTUB HA TUHAMIUYHY KapTHHY
HAaBaHTAXXEHb y KOHTakTi. J[pyrum 3a 3HaA4YEHHSIM
(akTopom BBAKaTUMETHCS XBHJICTIOA10OHHI
XapakTep TIIOBEpXHI KaTaHHS peHok. 3rigHo 3
nmannMu, orpumanumu y HAI3T npu BunpoOyBaHH1
teroBo3a 2TEIOB  wa nmuaxy, mo  Mae
XBUJICTIOAIOHU# 3HOC, KOSOIIIEHT 3YCTICHHS MOXKE
3MEeHITyBaThucs Ha BennauHy 110 20 % [4].

AHani3 HasBHUX JOCITIJKCHb, IOB’SI3aHUX 3
OITIHKOIO BIUTUBY JWHAMIYHUX HaBaHTaXCHB, IO
BUHUKAIOTh y KOHTaKTaXx Kojieca 3 pPEHKol Ha
MaKCUMAaJIbHUN KOC(DIlliEHT 3YETUIeHHS, MOKa3ye,
o BHpIMeEHHS 1€l TpobieMu  HEOOXiTHO
3MIIMCHIOBATH HAa OCHOBI KOMILIEKCHOTO MiAXOIY,

SKHM HaWOLIBII TOYHO OIKCYE OCOOJHUBOCTI
MOBEIHKH PEaJbHOTO EKiMaxy.
Buninenns HeBHpilIeHol npoodaemMu.

3uemieHHs Mae CKIagHy (i3udHy TNpUpPOIy
KOHTaKTHOI MOJIEKYJISIPHO-MEXaHIYHO1 B3a€MOI1
KOJIC 13 peWkamMu. bimeine TOro, JOKOMOTHB €
CKJIaTHOIO TMHAMIYHOIO HEJIIHIHHOIO KOIMBAJIbHOO
CHUCTEMOIO, CXHWJIBHOIO [0 OOYpJMBHX BIUIMBIB
BUIIAJIKOBOI'O XapaKTepy, 110 YCKIAaJHIOE YUCEIIbHE
BU3HAYEHHS CHJI, 1[0 3YMOBJIOIOThH 34eIUIeHHS [1,
6].

Ha criiikicTh 3ueTIeHHs BIUIMBAOTh YHUCIICHHI
YUHHUKH, 30KpeMa. creundivni 11 pisHUX JOPIr:
TUIM Ta MapaMeTpu JIOKOMOTHBIB Ta IIIAXH, iX
TEXHIYHUH CTaH; PeXUMH POOOTH Ta MIBHIKOCTI
PYXy JIOKOMOTHBIB Ta TMOI3ZiB; KJIIMaTH4HiI Ta
IOrOJiHI yMOBM ToLIO. Po3paxyHOK TAroBHX
SKOCTEH €  TakoX  TEeXHIKO-€KOHOMiYHOIO
mpo0JIieMOr0, Ky  BHPINIYIOTh 3  MO3UIIH
CyNEepewINBUX BUMOI: 3 OJIHOrO OOKy, IpH
TiIBUIIICHHI HABaHTa)KCHHS BiJl KOJICHOI Mapu Ha
pelKkH 3pOCTalOTh BaroBi HOPMH Ta TPOBI3HA
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3aTHICTh JOPIT, IO MiABUIIYE SKOHOMIUHICTH Ta
MPOMYKTUBHICTh TATH, a 3 IHIIOTO — 3pPOCTAIOTh
pylHYBaHHs peiiok, 3HOC OaHOaXiB Ta peHOK, IO
3HIKY€E ePEKTHUBHICTb PyXOMOro ckiany [2, 6-8].
Bimomo, mo 98% BumagkiB 3maMy  peHok
BiIOYBa€ThCS 3a KOHTAKTHOK HANPYIrow, a
KOB3aHHA Kojic Ha 90% BU3HA4ae 3HOC 1 TEPMiH
cy:xOu  OaHTaXiB ~ KOJICHUX  map. 3a
CTaTHCTUYHHIMHU CIIOCTEPEKEHHSIMH Y €JIEKTPOBO3iB
koxkHI 10 THC. KM TpoOIry TOBIIMHA OaHAAXKIB
3meHmyetses Bif 0,5 mo 1.5 mm [2, 9]. Bee e B
CYKyHmHOCTI  TOpPOPKYE€  HEBHU3HAYCHICTh 1
YCKIIaJHIOE TOOY0BY PO3PaxyHKOBOI MOJEII CHIIN
TATH 31 34CTUICHHs, ska Oyna O JOCTOBIPHOIO Ta
YHIBEPCAIBHOIO 3 00JIIKY (hakTOpiB, IO IiIOTH HA
BCii Mepexi nopir, i, HapemTi, 3aJ0BOJIBHSE
TEXHIKO-€KOHOMIYHIUM BHMOTaM.

Taxkum YUHOM METOI0 JOCTiIKeHb,
MPENCTaBICHUX Yy 1[Il CTaTTi, € CTBOPEHHS
METOIUKHU OL[IHKH BIUTHBY JTUHAMIYHAX

HaBaHTaXXCHb, 1110 BUHUKAIOTh Y KOHTAKTaX KOJIIC Ta
peHoK mix 4yac pyxy JIOKOMOTHBA, SIKa HaiOIIbII
TOYHO OITUCY€E OCOOJIMBOCTI MOBEIIHKU PEaTbHOTO
eKiMaxy.

OcHoBHa YyacTHHA. [Ipu BHOODI
PO3paxyHKOBOI CXEMH MaTeMaTH4YHa MOJIENb Mae
HaWTOYHIIIE OMHCYBAaTH OCOOJMBOCTI TMOBEIIHKH
peajpbHOro eKilmaxy 1 3a paxyHOK KOPEKTHOTO
CIpOIICHHS 1 3alpOBaJKCHHS OOTPYHTOBAHMX
NpUNynieHb  OyTH  JIOCUTh  MPOCTOI0  IIOJIO
nociimkens Ha EOM.

CrpolieHHs: MaTeMaTHYHOI MOJIETi MOXKITUBE,
SKIIO 3aMICTh O0’€MHOI CXeMH IIEeCTHBICHOTO
eKinaxy, ska mana 0 monaxa 120 ctymeHiB cBo0oH,
pO3MIISIIAaTH  peai3amiio CHIH TITH OKPEMUM
KOJICHO-MOTOpHUM  OmokoM.  Jlns  oOmiky
BEPTHKAIBHUX KOJHMBAaHb HAJPECOPHOI Oya0BU
KOJIICHO-MOTOPHAM OJIOK TIOBHHEH BKJIIOYATH
YacTHMHY MacH Ky30Ba Ta Bi3ka. JlocimimkeHHs
TOPU30HTAIBHOI MUHAMIKK EKIlMaXy Ha TOMiOHIH
MOJENI MOXIJIHMBE TIPH BIANOBIIHOMY BHOOpI
XapaKTEPUCTUK CHII, II[0 MTOBEPTAIOTh, SKi JTIFOTh Ha
paMmy Bi3ka B IuiaHi. Kpurepiem aaexBaTHOCTI
MPUHHATOI MOJENi € BIAMOBIAHICTE 11 JTOBXKHHU
XBHIT BUJISTHHS JIaHHM, OTpUMaHUM
EKCTICPUMEHTAIILHO JUTS PEATBHOTO SKIMaxKy.

Sk po3paxyHKOBY CXeMy MPUKHATO KOJIiCHO-
MotopHuit 610k (KMB) 3 HamOyKkcoBUM pecoOpHUM
i ABIIIYBaHHIM, Ha SIKOMY BCTAaHOBJIEHA paMa Bi3Ka
Macolo, 1o AopiBHIOE 1/6 Macu ky3oBa mmtoc 1/3
Macu pamu Bizka TerioBoza 2TE116. Ilpu meomy
MPUAHATI Taki NPUITYILEHHS:

- XapaKTEePUCTUKH MPYKHUX Ta JTUCUIIATHBHUX
€JIEMEHTIB y TIOETHAHHAX KOJICHOI mapu 3 pamoro
Bi3Ka MPUUHATI JIHIHHUMH;

- BCl €JEMEHTH, IO BXOIATh JIO CHCTEMH,
PO3TIIAIAIOTHCS SIK A0COTIOTHO TBEP/II Tija,;

- TaJIOMyBaHHSIM PaMH Bi3Ka HEXTYEMO, a 3MiHa
BEPTUKAILHOTO HABAaHTA)KEHHSI HA BiCh, BUKIIMKaHA

TaJIONYBaHHSIM B  pEajJbHOMY  JIOKOMOTHBI,
BPaXOBYEThCS pu po3rsi KOJIIBaHb
MiACTpUOYBaHHS;

- KyTOBa OPCTKICTb OYKCOBUX TMOBIALIB Yy
MO37I0BXHHO-BEPTUKAILHIN IO HI
BpPaxOBYETHCA TPU BHOOPI JKOPCTKOCTI TPYKUH
MEPIIOTO CTYIICHS pecopa IMiABIIyBaHHS;

- nmeMrdyrodi XapakTEPUCTHKH CJIEMCHTIB
PECOpPHOTO MiABINIYBaHHSA TMPHUHATI JTIHIHHUMHA
IOJT0 MIBHIKOCTI JedhopMaliii;

- 3a30pH B MOTOPHO-OCHOBUX MIAIMIAITHAKAX Y
pazialbHOMY Ta MOTIEPEYHOMY HANPSIMKY BiJICYTHI,

- TiABIITyBaHHS HOCHKA TSATOBOTO JBHUTYHA
MIPUUMAETHCS KOPCTKUM;

- HasBHICTIO 3a30pY MiX TOPLIEM OCi Ta OYKCOI0
HEXTYEMO;

- TependadaEeTbCsl BiJICYTHICTH 3a30piB Y
3a4eIUICHH] TATOBOI Iepeaadi;

- 30BHINIHSA  XapaKTEPUCTUKA  TATOBOTO
JIBUTYHA HA OKOJIUIISX pOO0OYOT TOUKU PUIMAETHCS
JIHIHHOIO;

- YXWJI IOBEPXHI KaTaHHS OaHaXy TPUHHSATHIA
3MIHHHM Ta BPaxXOBYETHCS BEITMYHNHOIO
SKBIBAJICHTHOTO YXWIY 3aJICKHO BiJ TOJIOKCHHS
TOYKH KOHTAKTY;

- Mar"iTHa B3a€EMOJIiS MIXK SIKOPEM 1 CTATOPOM
TEJl, 1m0 € OpUYMHOI0 BUHUKHEHHS TSATOBOTO
MOMEHTY, MOJICITFOETHCS JTOJIATKOM JBOX 30BHIIITHIX
MPOTHIIEKHO CIPSIMOBAHMX KPYTHHX MOMEHTIB,
ONIVH 3 SKUX TPUKIAJACHUN 10 SKOps, HIIUH 10
CTaTopa;

- omip pyXy BiI CKIaay MOJICITIOETHCS
JIOJTATKOM JI0 paMU Bi3Ka CHJIM, CIIPSIMOBAHOI MPOTH
PYXy EKiImaxy;

- 3srigHo 3 pocmimkeHHsmu  [10]  Ta
BpaxoBYIOUH, MO0 JOCHIKYETbCS  PyX [0
mBUAKOCTEH 50 KM/roa, NUIAX NPUAHATHA Yy
BUTIISAI JBOX JIUISTHOK PEHWOK, IO JieXaTh Ha
OCHOBI, PIBHOIIPY’)KHHUM y BEpPTHKAILHOMY Ta
MIOTIEPEYHOMY HATPSIMKAX;

- OCHOBa 3[aTHa YWHUTH OIIp CHJIaM, IO
JIIOTH SIK BHU3, TaK 1 BTOPY;

- negopManii  OCHOBH  JIOpPiBHIOIOTbH
BIITOBITHAM TIEPEMIIIEHHSAM pEHOK Yy TOYKax
KOHTAaKTIB KOJIiC;

- Maca KOJii MiJl KOXXKHUM KOJIECOM NpUHHATA
3rigHo [11] piBHOT Maci peKu TOBKUHOIO 4 M.

Po3paxyHkoBa cxema BKITIOYAE MIICTh TBEPAUX
TII: paMy Bi3Ka, KONICHY mapy 3 3y04acTum
KojecoMm 1 Oykcamu, crarop, skip TEJl 1 peiiku.
BpaxoByroun mnpuUHAHATI TPUNYIICHHS, BBEICMO
MO3HAYEHHS 1X mepeMimieHs (Tadm. 1, puc. 1).
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Tabmuus 1
Ilo3naueHHst nepeMileHb B PO3PaxyHKOBIiii cxemi
[To3HaYeHHsI TIepEeMillIeHb
Pamu TBi3Ka KomicHoi mapu Crartopa TE/] Sxopst TEJT Peiiok

X Xo X4 Xa -
Yo Yo Y4 Y. Yp;
Zb Zo Zd Za ZPJ

- Y Dd Pa -

Oy 0o 04 0. -

Ab Ao Ad Aa -

Puc. 1. Po3zpaxynkoBa cxema KMb

Y  3araibHOMY  BHIIAIKy  KOH(Iryparis
JTOCITI/PKYBAHOL CUCTEMU OMHUCY€ETHCS 33
KoopAauHaTtaMu. J[IsS OmuCcy KOHCTPYKTHBHHX

ocobnuBocTeit KMB 3 ypaxyBaHHSM HpUHAHATHX
MPUIYIICHh HAKIAIeMO Ha CHUCTEMY BiIIOBiTHI
3B’S3KM Yy BWIVISII PIBHSAHB, M0 OMUCYIOTh

3QIOKHICTE MDK — TEPEMIIICHHIAMHA  OKPEMHUX
€JIEMEHTIB.
Kouctpyknis KMB 3  onopHO-0ChOBUM

MiABIIIYBaHHSIM TSTOBOTO JABHI'YHa OOYMOBIIOE
HaCTyIIHE!

1) piBHICTH mepeMillleHb KONICHOI Mapw,
craropa 1 skops TEJ/l y HampsMKy KOOpIMHAT
X;0;:

Xy=X,=X,;
Jy =Ry =2,

2) 3B’SI30K OIYHUX TIEPEMIIICHb ITUX KE
CJIEMEHTIB 32 QOpMyJIaMH:

Y,

a

=Yy Ayl Yy =Yy =Ry L. (2)

3) 3B’S30K BEPTUKAIBHUX MEPEMilieHb 3
nepemimenusimu TEJL, sikopst Ta Bici koneca:

/ Z,+Z /
Z, =(1-te) ZutZio L g 3
d ( fb) ) gb b ()
gomtey ZutZu f L
Ly 2 ly
0 i 1
Zy=—T g, —— Ay ——(Z+Zs2); (5)
1+i 1+ 2
1
(od:ﬁ'(zkl'i'zkz_zb)' (6)
b

BpaxoByroum, 1o peaxinii B KOHTaKTaX KOJicC 3
pefikaMy OMHCYIOTHCS TEPEMIIIEHHIMH KOIIC Yy
TOYKAX KOHTaKTy, 3pydHimie Oyle BUpPa3HTH
MEepeMIIeHHsT BICI dYepe3 TMepeMIMmeHHS KOJIiC
TaKUMHU BUPa3aMHu:

x Xt X, ZutZi .
0 5 > £yg > ’
Zi+Zis . X+ X,
6, - k12A k25 Q= kzZA k2 (7)
ne Xy Zy MEPEeMIIIEHHST KOJIC  Y3JIOBXK

BIJIMTOBITHAX KOOPAMHAT.

KoHTakT Koyieca 3 peiikor y BEPTUKAILHOMY
HampsIMKy  TPUHHATHA ~ HEPO3PHBHHUM, IPOTE
B3a€EMHE TIOJIOKCHHS  KOJiC 1  pellok  3a
KOOPJUHATOIO Z 3MIiHIOEThCS 3 JBOX MPHYUH: TO-
mepuie, Yepe3 HepiBHOCTI Komii, Mo-Ipyre,
BHACIIIJTOK KOHYCHOCTI ITOBEpPXHI KaTaHHS KoJjieca,
110 TIPU3BOUTH 10 HACTYITHUX 3B’ A3KiB:

Z,=Zy+h—4R;, (®)

ze hj —
HEPIBHOCTI KOJTii;
AR; — 3MiHa pajiyca Kolla KaTaHHs KOJIeca.

IIOTOYHC 3HAYCHHIA BepTI/IKaJ'IBHO'l'

BBaskaeMo Takoxk, IO MTPY MATUX IIIBHIKOCTSIX
pyXy peWiku B  TOMNEPEYHOMY  HAIPIMKY
MEPEMITITYIOTHCS CITUTBHO:
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Y, pl = Y, p2- (9)

PosrnsHyTa cuctemMa KiHEMAaTHYHUX 3B’SI3KiB
CKOpPOYYE KUIBKICTh CTyIIEHIB cBoOOM 3 27 10 12.

JIist mocmimKeHHS JUHAMIYHHX IIPOIECiB 3a
JOTIOMOTOI0  MaTeMaTH4HOI Mozen HeoOXiTHO
NpUAHATH 30ypeHHs, IO BiIUTYHHAM Ha SIKi MOXKHA
CYOUTH TPO  BJIACTHBOCTI  CHUCTEMH, IO
MOZCMOEThCs. HalOiIpI TOCTOBIPHI pe3yiabTaTH
OTPUMYIOTH NIPU BBEAEHHI KiHEMaTHYHHUX 30ypeHb
Yy BUTISAAI TEOMETPUYHUX HEPIBHOCTEH MUISIXY.
HepiBHocTi peiiok, Oyay4r OCHOBHOI IPHYHUHOIO
KOJIMBaHb JIOKOMOTHBA, HOCSTh BHUIAJKOBUH
xapaktep [10]. ¥ maniii 3ajgadi po3TISIAIOTHCS
3aKOHOMIpHI HEpiBHOCTI, 3yMOBIICHI KiHIICBOIO
TOBXKMHOIO PEHKOBUX HHUTOK, TaK 3BaHI CTHKOBI
HEPIBHOCTI, AKi J0Ope apoKCUMYIOTHCS BUPA30M:

(10)

ht) = hsin=Y A,
LP

ne h — cepelnHe 3HAUYCHHS TTIMOMHM HEPIBHOCTEH 3a
JaHUMH EKCIIEpUMEHTIB [8]; V— MBHUAKICTH PyXy
ekinaxy; L, — 10BkKHHA PEHKOBOT JIaHKH.

Ha CTHKOBI HEPiBHOCTI HakJIaaeHi
HE3aKOHOMIpHI HEpiBHOCTI, 3YMOBJICHI
XBWJICMIONIOHMM  3HOCOM  peiiok.  HaitOiabin

MOMMMPEHUMH JUTSI 3ai3HUIL YKpaiHd € JIOBTI
HepiBHOCTI 3 nmomkuHoro xBwii 0,2...3,0 M, mo
ANPOKCUMYIOTBCS 3aJICKHICTIO!

2z -v

-1

*
h(t)=7~‘1—cos , (11)

ne h* — rnuOuHa XBUICMOMIOHOT HEPIBHOCTI; [ —
TOBKMHA HEPIBHOCTI.

Cepen y3araJipHEHHX CHWI, IO [iIOTh Ha
CUCTEMY, MO’XHa BWIUTUTH 30BHIIIHI CHJIH, IO
BILTUBAIOTh OJHOCTOPOHHBLO HA EJIEMEHTHU CUCTEMH,
1 BHYTpiIIHI, 3aBXAu TapHi. Jlo 30BHINTHIX CHII
BIIHOCSATHCS OTIOPH T10i3/1a i MOMEHT, 1110 TIOBEPTAE,
MPUKJIAJCH] 10 paMu Bi3Ka, 1 TO3OBXKHI CHIIH
3YEIUICHHS, MI0 [iIOTh B KOHTakTax KoOJiC 3
perikamu.

3asiexHO Bil JOCTIKYBAHOTO PEXUMY PyXy
(po3rin, pyx i3 TOCTIHHOIO  HIBHIKICTIO,
rabMyBaHHS) CHIII OIOpPY IMOi3Ia MOXYTh OyTH
Ha/JaHi 3HAYeHHs, MeEHMI, piBHI YW OuTBIWI Yy
MOPIBHAHHI 3 Cwior Tiaru. Cuna TSru, y CBOIO
gepry,  3allekuTh  BiI  peali3oBaHOi  Ha
MOZYJHLOBAHOMY PEKHMIi PyXY HOTYKHOCTI:

- Nt (12)
Ry -3940,
MOTYXKHICTh, IO peam3yerbes TE]]

Fr

ne Ny
BiJITIOBI/THO IO MTO3UIIil KOHTPOJIEpa-MaIUHICTa;

i — TepeJaTHe BiIHOLICHHS PEAYKTOPa;

R, — cepenHiii pagiyc KaTaHHA KoJieca;

4, -
XapaKTepUCTUKY;

¢, — KyToBa WBUAKicTh 00epTanus sikops TE/L.

KOC(QIIIEHT  JKOPCTKOCTI  TATOBOI

B omopHOMy yCTpoi Ky30Ba Ha Bi30K i€
MOMEHT, II[0 MTOBEPTAE, BEIMUNHA SIKOTO 3aJIC)KUTh
BiJl KyTa MOBOPOTY Bi3Ka 1 BiJ 3HaKa HIBUIKOCTI
3a3HAYEHOT0 MOBOPOTY. LI 3anexxHicTh MOKe OyTH
OIIMCAHA TAKUM YHHOM:

My =Rye, Ay =M -sing -4y, (13)

oe Ry, rpaBiTaliifHa >KOPCTKICTh OMOPHO-
TIOBEPTAIOYOro NPUCTPOI0; M, — MOMEHT TepTs B
OTIOPHO-TIOBEPTAIOUOMY MPHUCTPOi; A, — KyTOBe

TIEPEMIIIICHHSI Ta KyTOBa IIBU/IKICTh Bi3Ka B IJIaHI.

ITo3moBkHI peakilii peHKOBOTO NULIIXY B
TOYKAaX KOHTAKTy KOJIC 3 pelkamu, TOOTO
MO3/I0BXKHI  CWJIM 3UYCIUICHHS  3aJeXaTh  BiJl

HOPMAJIbHOT'O HABAHTAXKCHHA 130]' Ta pCaHiBOBaHOFO

koeoimienTa 3uerieHHsA. OcraHHIA Moxe OyTH
BH3HAUYCHHUHA 5K N0OyTOK (izmuHoro koedirieHTa
3UCTUICHHA 1, Ha KOEQIi€eHT BHKOPUCTAHHS

3uemenns K :

Fy=8;-wy=h-w- K. (14)
Bupaz s xoedimieHTa BHKOPUCTAaHHS
3UCTUICHHS, OTPUMAaHMH EKCIEePUMEHTAJIbHO B

po6ori [8], mae BUTIIAA;

£ ]
‘//xj =Yy = 2 . 2 4 (15)
ag’y +b8xj +cdey+1

Ji¢ g, TO3J0BXKHE Ta MOTICPEIHE KOB3AHHSL.
9-R;—x; ykj_ypj_/l()'x() 16
Eyj = > &y = . 5 ( )

9 R j (27 ‘R j

ne R; — paxiycu NOBEPXOHb KaTaHHS KOJIC;

o, X, j/kj, j/pj — KYTOBa, TIO3I0BXKHS Ta IONIEPEYHA

MIBUJIKOCTI PyXy KOJIC Ta pewok; a, b, ¢, d —
KOHCTAaHTH.
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Panmiycu moBepxoHb KaTaHHA JIIBOTO Ta
MpaBoro  KONIC  BU3HAYAIOTHCS  B3aEMHUM
TTOJIOKEHHSAM KOJICHOI IMapu Ta PEeUKOBOi KOJii y
MOTIEPEYHOMY HATIPSIMKY:

R, =R, +4R;, (17)

ze ARj

3BHBHUCTOTO PyXy KOJICHOI apu:

3MiHa pajiyca Kojieca B THpoueci

AR; =(1)j-(yk,—yp,—h,,[)~/1€_,, (18)

€ Vi — Y, — NONEPEYHE 3MILIEHHs OaHIAKIB KOJIIC

Ta PEHOK y TOYKAaX KOHTAaKTy BiJHOCHO IOYAaTKY

KOOP/IMHAT CUCTEMH; A,; — eeKTHBHA KOHYCHICTb

OaHnaxiB y TOYKaX KOHTAKTY; /1, — TOPM30HTaJIbHA

HEPIBHICTb PEUKH.

Psn y3arampHEHHWX CHJ, SKI MOXYTb OyTH
BpaxoBaHi MJ] 4ac CKJQJaHHS PIBHSAHb METOAOM
Jlarpamxka, mpencTaBieHi K BHYTPILIHI CHIIH.

Takumu  BHYTpIIHIMA ~ CHJIaMHA  OyIeMo
BBa)XaTH KpyTHUH 1 peaktuBHHA MomeHTH TE]] i
MOTIEPEYHI CHJIM 3YCIUICHHS B KOHTAKTax KOJIIC 3
perikamu, MpUKIIaACHI 10 peHOK 1 OaHTaXiB.

Kpyrauit momenr TEJl 3a 30BHINIHBOIO
XapaKTEPUCTUKOI TEIUIOBO3Y 3MIHIOEThCS — 3a
3aKOHOM:

(19)

3asiexHO Bil JOCTIKYBAHOTO PEXUMY PyXy
(pymmanHs, po3TiH, pyX 13 MOCTIHOIO MBUAKICTIO B
Ta31 1 Ha BUOIry) BHOMpAETHCA TEBHE 3HAYCHHS
notyxkHocTi TEJ] (N,).

[TonepeuHi cwiu 34eIICHHS B KOHTAKTaX, sK 1
MO3/IOBXKHI, BU3HAYAIOTHCS CKCIIEPUMEHTAIbHUMU
3aJICKHOCTSIMH:

ij:Phj'l/IO'Kyj_(_])j'Phj’ (20)

ne K, — no3noBkHiH KOe]ilieHT BUKOPUCTAHHS

3YCTUICHHS;
By -
CKJIaJIOBA BEPTHKAILHOTO HABAHTAXKEHHS KOJIeca Ha

penky:

ropu3oHTanbHa abo rpaBiTariiiHa

& 1
K,=—2X .~ | (21)
YofE+g h"ng

e & - BiI[HOCHC MOmepeyYHC KOB3aHHA B

X

KOHTaKTaX KOJIiC 3 peiikaMu; [, ¢, i — KOHCTaHTH.

YpaxyBaHHsI TpaBiTAIifHOTO O1YHOTO 3YCHILISA
Ma€ CEHC Yy 3B’S3Ky 31 3MIHHOK KOHYCHICTIO
TIOBEPXOHb KaTaHHsA KOJIC A4, :

Py=P; . (22)

BeprukangpHe HaBaHTaXEHHS B KOHTAKTax
KOJTIC 3 peikaMH MOXe OyTH OMTUCAHE B 3aJICIKHOCTI
BiJ] mapaMeTpiB peiiok:
Pi=Fy-m.-Z,—Pp-Z;~br-Z,. (23)

PiBHSHHS pyXy CKJIagaeMO, BUKOPHCTOBYIOUH
piBHsAHHS Jlarpamka Apyroro poay:

d dT do dIl
—(——)+—+ =0k,
dr dqy dqy dqg

24)

o€ gy, g — Yy3araibHeHi KOOpJIWUHATH Ta
MIBUJKOCTI PyXy €JEMEHTIB cucremu; (@, —
y3araigpHeHi cwim; 1, [, @ - XiHeTHYHA,

NOTEHLIHA Ta €HEepris PO3CiloBaHHA MEXaHi4HOL
CUCTEMH.

Kinetnuyna eHepris exinmaxky IOpiBHIOE CyMi
KIHeTUYHHUX CHEPTiil CUCTEMH TiJl, 0 BXOIATH IO

Hel, 10 pYyXaloTbhcsd B3HAOBK  HE3AJIECHKHUX
KOOpJIMHAT.
BBememo Taki TO3HauYeHHA:m, — Maca

HazpecopHoi OynoBHM, LI0 MpHUNAAa€ Ha OAHY
KOJIICHY Tapy; m, —Maca KOJIiCHOI mapu; m, —Maca
peliku; m, — macu skops Ta cratopa TE/; 1., 1,
— MOMEHTH iHepIii HaxpecopHOi OyIOBU BiTHOCHO
Biceirt OX Ta OZ, mo mpoxoaaTh yepe3 HOoTro EHTP

TKiHESA; 1,y 1, [,, — MOMEHTH iHepIii KOMCHOT

napu BimHOCHO Bicelr OX, OY, OZ, mo npoxoasiTh
yepes 1i reoOMEeTpUYHUN LIEHT;
Ly Ly, 14 14y, 1y, 1, — MOMEHTH iHEpLIT cTaTOpa

1 poropa TEJl BimHOCHO Biceit OX, OY, OZ, mo
OpOXOIATh Yepe3 ILEHTPU TOKIHHA cTaTtopa i
poTopa.

Kinetnuna eHeprisi ekinmaxxy BU3HAYAETHCS
HACTYITHUM YUHOM (popmyia 25).

IToTentifina eHepris CUCTEMHU AOPIBHIOE CyMi

NOTEHUIHHUX  eHepridi  gedopmamii  MmpyKHUX
€JIEMEHTIB  EKIaXy  B3MOBX  HE3aJIEXKHUX
KOOpJIMHAT.

IToznaunmo:

2K - )OpCTKICTh pECOPHOTO ITiABITITYBaHHS, III0
npunanae Ha onHy Oykcy; Knx - TO30OBXKHS
JKOPCTKICTh OykcoBoro moBimis; XK - cymapHa
JKOPCTKICTh OCBOBOTO YIOPY Ta OYKCOBHX MOBI/IIIB
y TmomepedHoMy HampsMKy; XKp, - JKOPCTKICTh
pPEUKOBOI HUTKH.
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my (55 + D 425 )+ Dy O + 1 25+ - +
2
. . . 1, I1+i 1 . . .
m (55 + 95 + 25 ) ++1oy —.'¢——.'—'(Zk1+Zk2 221;) +
i i 27,
qu -2
(Zkl ZkZ) +_2'(Xk1 sz) +2m, -y, +
44
1 . .N\2
+7'([0x+1dx+Iax).(zk1_zk2) +
. . 2
_2'(102+Idz+1az)'(Xk1_Xk2) +
44
+m—"2-[Zk1~(A+B)+Z'k2(A—B)]2+
44
r== +%-[Zk1~(A—B)+Z'k2(A+B)T+
+—4nj;2-[ij-(A+B)+Xk2(A—B)J2+
m . . 2
+—4j2 [ X4 -(A4=B)+ X, (A4+B)]| +(m, +m, )-
/ 2 () gin, las |
by —— (X, =Xy | +my| (1-=L jixtie L Zd g |y
{yo ZA( kI k2:| d[( ’ )2 7, b
’ LT 1
a dy . . . 2
(1-2a furtte 4 Lo Zb} +—L (2,42, -22, ) + (25)
{ /b ly 40;
m +m . . .
+———u(x,, +X,d) +m, z (Zyj+h; - AR, )
j=1
;C-4 j ’
Bl Zyy—=Zr—(-1) (Zy—Zp )+ (—1)C-0r | +
12 ;C—4 ; ?
HZEZ +Pux | Xy —Xr —(—1) Xy =X2)+(=1D)C-2p | + (26)
j=1
By (Yo =Yp )} +6,, Yy +6,.(Z;+h, — AR, )’
. . 2
ﬂ]|:ij Zr—=(= 1) (Zkl ZT)+(_1)1C'6T:| +
12 . C—-4 . P
(DZEZ +Bnx XIg_XT_(_I)T(‘)(kI_XT)+(_1) Cyr| + (27)
j=I
+ﬁHY()}01_YT)2+Iprszy+ﬁpz(Z'lg'+hj_ARj)z
ne B — KoedillleHT B’A3KOrO OMOpY MEpIIOTO  €Heprii eKimaxy Moxke OyTH BHU3HAueHa 3a

CTYTICHS PECOPHOTO MiABINTYBaHHS, IO TPHUIIATAE
Ha OZlHYy OYKCY; .y - KOe(ilieHT B’S3KOTO OMOpYy
FYMOBUX €JIEMCHTIB OYKCOBOrO TOBIOIA B
MO3IOBKHBOMY  HAaIpsIMKY; ,Bny CyMapHHUA

KOeQIIIEHT B’SI3KOTO OIOPY OCHOBOI'O YIOPY Ta
OYKCOBHX IOBIJILIB Y MOICPEYHOMY HAIIPSIMKY.

3 ypaxyBaHHSIM KOHCTPYKTHBHHX
0COOJTMBOCTEH  KOJIICHO-MOTOPHOTO OJIOKY, IIIO
ONHUCYIOTHCS PIBHIHHSAMHU 3B’S3KiB, ITOTCHIIIMHA

hopmyiioro 26.

Bupasu mis QyHKIT po3cifoBaHHS €HEprii
oTpuMyemMo 3 (24) 3amiHOIO TEpEeMIIeHb iX
MOXITHUMH, a JKOPCTKOCTeH — KoedirmieHTaMu
onopy( popmyia 27).

BuzHauuBImym npuBaTHI MOXigHI BUpasiB (25,
26, 27) 1 WiACTaBUBIIM iX Yy plBH}IHH}I (24),
OTPHMAEMO CHCTEMY JudepeHIlialbHuX PiBHSHB,
110 onucyroTh pyx KMb:
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ap Xy +by X+ X +bygXyy + ¢ pXp +Cpp Xy +C9Xp = —F

AV + by yr + by Yo+ Cosyr + 2639 =0

as3@y + azgZyy +azp9Z0 + s Py +b33do + 392k + 319250 +C338) +
+C39Z)y +C319Zk2 = g0 + byyOp +bygZiy +by10Zp + C1aOr +ChoZpy + 419z =0
assAp +bss Ay +bs; Xy + CssAp + 57X +CsgXp = My

g6V + g7 Xy + AssXpo +bss Vg +bsa Vr + Co5 Y9 + ¥y = F 1 Fpp

7734y + ArgXso + 76 Vg + by7 X4y +brgXys + by Xp + bys Ay + €%y + CrgXpp + CopXp + o5 A = Fy

AgsXps + g7 Xy +ags Vg +bg Xy +bgs Ay + b7 Xy +bggXyp + CoyXp + CysAp + CorXpy ++Cgsxy, = F

AggZy +dgjgZks + o3Py + AgroPpy + o3P +bggZy ) +bgjZs5 +boyOr +Co38) +

FCo9Zy; +1C919Z 2 +mp(l:l._Ak])+ﬁpz(}.l] _AR])+6pz(h1 —A4R;) = Y

ap P +4112Z5 T a1110%0 T a5 320 =My

a2V p + b2V, ¥ €12y, =—F, = F);

Pesynbrati po3paxyHKiB IMOJI0O BH3HAYCHHS
TATOBUX SIKOCTEH  KOJIICHO-MOTOPHOTO  OJIOKY
mpencraBieHi  Ha  puc.  2-6.  OCKIJIBbKH
JOCIIJDKYETHCSI BIUIMB KOJHMBAaHb BEPTHKAJIBHOTO
JUHAMIYHOTO  HABaHTAXEHHSA 1  BITHOCHHUX
TOPH30HTAJbHAX KOB3aHb y KOHTAKTaX KOJICHOI
mapu 3 peiKkoro Ha ii TATOBI SKOCTI, HAa MEPIIOMY
eTari J0CIiKEHb BUSBIECHO 3aleKHICTE K, 1 &,

B IWBKHAKOCTI pyxy (puc. 2, 3). Ilpu mpomy &,

BU3HAYAETHCSA A TPHOX 3HAUEHb MOMEHTY, IO
nopeprac M, =S,,-4,, ne A, —KyT HOBOPOTY Bi3Ka

(1- S,, =64 xH/mm; 2- S, =96 kH/mm; 3- S, =148
kH/Mm).

0,15

0,1 /

0,05

b

0 10 20 30 40 V.kmh

Puc. 2. 3anexHicTh koedimieHTa BEPTUKAIBLHOT
TUHAMIKH BiJ] IIBUAKOCTI PYXY

Ha npyromy etami nocmimpkeHb OTpUMaHi
3aJIeKHOCTI KOe(ili€HTa 3a1acy 31 34EIUICHHA 7, ; ,

IIpH HOPMOBAHOMY 3HAauUeHHI Koe(imieHTa TATH
K,=07, Big mBHIKOCTI pyxy (puc. 4), a Takox

3alIeXKHOCTI 7, Bil KOe(]ili€HTa BEPTUKAILHOIL

OUHAMIKH Ta  BiIHOCHOTO TOPH30HTAJILHOTO
KoB3aHHSA (puc. 5, 6). Y mpomeci oOUYHCICHB

1
Md;
d

NpOBOAMIIACS POLIEAYpa iIHTErpyBaHHs, OUCaHa y
cTarTi, a rpadiku OyayBamucs 3a 3HAYCHHSIMH
MaTEMaTHYHOrO OYiKyBaHHS BEJIUYUHH 7, .

Zd

_
Z

€, %

0,25

0 10 20 30 40 V, km/h

Puc. 3. 3ayexHICTh BiIHOCHOTO MOTIEPEIHOTO
KOB3aHHS KOJIICHOI IMapy BiJI MIBUAKOCTI PYXY

Tor

0.9

08:

10 20 30 40 50 V.kmh
Puc. 4. 3anexHicTh KoedimieHTa 3amacy
TI0 3YETICHHIO BiJl IIBUAKOCTI PYXY
Toz
0,95 \\
0.9
0 0,1 0,2 k.

Puc. 5. 3anexHicts KoedinieHTa 3amacy 1o
3YEIUICHHIO Bifl KoedillieHTa BEpTUKAIBHOT JUHAMIKH
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Puc. 6. 3anexHicTh KoedilieHTa 3amacy Mo 34eryieHHIO
BiJl BITHOCHOTO TOTIEPEYHOTO KOB3aHHS

BucHoBku Ta
AOCJTiIKeHb.

1. 3anponoHOBaHO METOAWKY OIIHKH BILTUBY
TUHAMIYHUX HaBaHTAXKEHb, 110 BUHHUKAIOTH ¥
KOHTaKTaX KoJieca 3 peMKOIO MPH PyCi JOKOMOTHBA,
sIKa HaWOUIBII TOYHO ONHCYE  OCOOIUBOCTI
MOBEIIHKM pEealbHOTO eKiMaKy 1 MpH LbOMY 3a
PaxyHOK KOPEKTHOTO CHPOIICHHS Ta BBEICHHS
OOTpYHTOBaHUX HPHUITYIIIEHb € JOCUTH MPOCTOIO /IS
TIPOBEACHHS ToCiKeHb Ha [1K.

2. B pe3ynbTati MaTEeMaTUYHOT' O
mojenmoBanHa pyxy KMB 3 BuUKopucTaHHSM AJid
OIIIHKH HOT'0 TATOBHX SIKOCTEH TaKOT'O KPUTEPIFO, SIK
3amac 110 34€IUIEHHIO (7, ; ), OTPUMaHI 3aJI€XkKHOCTI,

NEepPCNeKTUBH  PO3BUTKY

0  J03BOJISIIOTH  TPOITIOCTPYBAaTH  BIUIHB
KoedirieHTa BepTUKAIHHOI TUHAMIKH 1 BITHOCHOTO
TOPU30HTAJHHOTO KOB3aHHS Ha TATOBI SIKOCTI
JIOKOMOTHBA.

3. 3 anHamzy OTpUMaHUX 3aJICKHOCTEH
BUIUTABAE, IO 31 30UIBINICHHSAM IIBHIKOCTI PYXy
KOJIICHO-MOTOPHOTO OmoKy Koe]imieHT
BEPTUKAIBHOI AWHAMIKH 1 BiAHOCHI TOPU30HTAIBHI
KOB3aHHS POCTYTh. Y Jiana3oHi MBUAKOCTEH 5...50
km/ron K, 30inemyerses 3 0,075 mo 0,18, a ¢,

30umbinyerbes 3 0,08...0,152 mo 0,225...0,25. Tlpu
BOMY, UMM OiJIbIIE JKOPCTKICTh 3B’A3KYy Ky30Ba 3
BI3KOM JIOKOMOTHBA, TUM MEHIIE TOPH30HTAIbHE
ToTIepeyHe KOB3aHHS KOJIICHOI Tapu B pPEHUKOBIiH
xomii. Tak 3a mBHAKOCTI 5 KM/TON &, Wit M,; Ha

48% wmeH1e, uiM 11 M, (BLIOOBiAHO KpuBi 3 Ta

1 Ha puc. 3), a gs mBUAKOCTI 50 KM/TO 11 Pi3HUTSA
3MeHImyeThses Ha 12%.

Koedimient 3amacy 3i 34emieHHs 31
3pOCTaHHSM IMIBUAKOCTI PyXy 3MEHIIYETHCS, PUC. 4,
o BUKJIMKAaHO 30UIBIICHHSIM ~ KOJIMBaHb
BEPTHKAIBHOTO JWHAMIYHOTO HABaHTaXEHHS 1
BiJTHOCHOTO TOPH30HTAIBHOTO KOB3aHHs (puc. 2, 3).
[Tpu oMy 31 301TBIICHASIM MIBUIKOCTI Big 5 110 25
KM/TOJl 3MEHIIEHHSA 7,, BiIOYBAa€ThCs MEHMI

IHTEHCHUBHO HIXK 31 30UIbIIEHHSIM IIBUAKOCTI Bijg 25
1o 50 km/ron. Tak y miama3oHi 3MiHU MIBUAKOCTI
5..25 km/ropx 7,, 3miHoersea 3 0,97..0,9 no

0,947...0,886, a B miamazoni 25..50 xm/rom 10
0,853...0,81.

3i 30LIBIICHHSIM MOMEHTY, IO ITOBEPTaE,
BIUIMB IIBUAKOCTI Ha Koe(ilieHT 3amacy TIo
3YETUIEHHIO CTA€ MEHII 3HAYYIUM., & 7, , TIPU M,

Ha 6...7% Oinbme, HiX pu M,; (My; >M,,;).

TakuM YMHOM, 31 30UIBIIEHHSIM MIBHAKOCTI
pyxy KMB, a 3HauuTs i 31 301/bIICHHSIM KOJIHBaHb
BEPTHKAJIIFHOTO JWHAMIYHOTO HAaBaHTaKEHHS 1
BiTHOCHOTO TOPH30HTAJIEHOTO KOB3aHHS KOJiCHOT
napy 1o pelkax KoegilieHT 3amacy 1no 34erieHHIO
3HAYHO 3MeHINyeThes. [Ipu mBHIKOCTI 25 KM/TOI
3MEHIIIEHHS CTaHOBUTS 5...12%, mpu mBuaK0CTI 50
km/rox — 15...19%.

3MmiHa KoedillieHTa 3amacy IO 3YCIVICHHIO B
3IEKHOCTI  Bil  KoedillieHTa  BEPTUKAILHOT

JMUHAMIKU TIPEICTaBICHO Ha puc. 5, a BiX
BiTHOCHOTO  TOPHU3OHTAJBHOTO  IOMEPESYHOTO
KoB3aHHA - Ha puc. 6. llomaHi 3aleKHOCTI
MOKa3yTh, 10 31 30UIbIICHHIM KoedilieHTa

muHamiku Big 0,05 mo 0,2 xoedimieHT 3amacy 1o
34UeIUICHH!O 3MeHInyeTbes 3 0,97 1o 0,925, T06TO Ha
4,5%, 31 301UIBIICHHAM BIJHOCHOI'O IIOIEPEYHOIO
koB3anHs 3 0,075 mo 0,25% 3MeHmIyeTbes 3
0,97...0,92.
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Kovtanets M.V., Serhiienko O.V., Mogyla V.I,
Kovtanets T.M. Study of the dynamic loads influence
in wheel to rail contact on the maximum coupling
coefficient

When researching traction qualities using
mathematical models, a number of assumptions are made
when simulating locomotive skidding, and as a result,
existing models do not take into account the real
conditions of locomotive movement, which are
accompanied by the dynamic interaction of wheel pairs
with rails, when a number of factors appear that
significantly reduce the maximum of traction coefficient
of the locomotive in relation to the physical, as a result
of which there is a need to account for both experimental
and theoretical studies of crew movement modes that
have not been established. The article proposes a
scientifically based methodology for assessing the impact
of dynamic loads that occur in the contact of the wheel
with the rail during locomotive movement, which most
accurately describes the behavior of the real crew, and
corresponds to the existing norms according to the
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criteria of vertical and horizontal dynamics, as well as
indicators of movement stability and at the same time,
due to the correct simplification and the introduction of
reasonable assumptions, it is quite simple to conduct
research on a PC. Dependencies were obtained that
allow to illustrate the influence of the vertical dynamics
coefficient and relative horizontal sliding on the traction
qualities of the locomotive. The analysis of the obtained
dependencies showed that with an increase in the speed
of the wheel-motor unit movement (WMU), the coefficient
of vertical dynamics and relative horizontal slips grow.
At the same time, the greater the rigidity of the
connection between the body and the locomotive
carriage, the smaller the horizontal transverse sliding of
the wheel pair in the rail track. The coefficient of reserve
for coupling decreases with increasing speed of
movement, which is caused by an increase in the
Sfluctuations of the vertical dynamic load and relative
horizontal sliding. At the same time, with an increase in
the turning moment, the influence of speed on the clutch
margin ratio becomes less significant. Thus, with an
increase in the speed of the WMU movement, and
therefore with an increase in the fluctuations of the
vertical dynamic load and the relative horizontal sliding
of the wheel pair on the rails, the coefficient of reserve
for coupling decreases significantly. The presented
dependences of changes in the coefficient of reserve for
coupling depending on the vertical dynamics coefficient,
as well as on the relative horizontal transverse sliding

show that with an increase in the dynamics coefficient,
the coefficient of reserve for coupling decreases by
4.5 %, and with an increase in the relative lateral sliding
it decreases from 0.97 to 0.92.

Key words: wheel-motor unit, coupling coefficient,
dynamics coefficient, coefficient of reserve for coupling,
sliding.
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