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I'. B. Mapkos, A.T. Bosaouxko, B.T. 3anecckuii, H. FO. Menbuuk

Qusuro-mexuuueckuil uncmumym Hayuonanonou akademuu nayx benapycu, Munck, Pecnybiuxa berapyco

KOPPEJIALUS PAITNY CA KATOJTHOT'O IISITHA BAKYYMHOM YT METAJLJIOB
U PASBMEPA TEHEPUPYEMbBIX MUKPOKAIIEJIb

AnHoTanus. [TonyueHo npocToe COOTHOIICHHE /U1 OLICHKHU pajiyca KaTOAHOrO IsTHA BaKYYMHOM JyI'M YUCTBIX Me-
TAJUIOB, M HAa €r0 OCHOBE YCTAHOBJEHA KOPPEISAIMOHHAS CBA3b MEXIY PaAMycOM KaTOAHOTO IISITHA M pa3MepaMu MHKPO-
Karesb, FTeHEPUPYEMbIX KaTOAHBIM ISTHOM, YTO MO3BOJISICT HAXOIUTh ITyTH MX YMEHBUICHHUsS B IUIa3MEHHOM MOTOKE, KO-
TOpBIH (POPMHUPYET IMOKPHITUS BaKyyMHBEIM 3JICKTPOAYTOBEIM MeTonoM. [IpencTaBieHs! pe3yabTaTsl SKCIEPUMEHTAIBLHOTO
UCCIIEZIOBAaHUS Pa3MEPOB MUKPOKAIIENb, TEHEPHUPYEMBIX KaTOJHBIM IISTHOM BaKyyMHOH JyTH, IUid CIUIaBa COCTaBa, B aT.%:
68A1-8Cr—4Nb-20Si, B 3aBUCHMOCTH OT CHJIBI TOKA BaKyyMHOI1 TyTH #;. Pa3Mep 1 KoIM4ecTBO KamneIbHO! (a3sl Ha MIIoIma-
11 B 1 MM IOBEPXHOCTH IOKPBITHS ONPEIEIEHbI C TOMOIIBIO ITporpamMMbl ImageSP. B kauecTBe MCXOAHBIX JaHHBIX HCIIOJIb-
30BaJIM MUKPOCTPYKTYPBI MMOKPBITHH ¢ yBeamueruem: X100, X200, X500, X1000, X1500. YcraHoBieHO, 4TO GOJIBIIE BCETO
TeHepUpyeTCss MUKpPOKaIenb AUaMeTpoM < 2 MKM, a MEHbIIE Bcero — auaMeTpoM > 10 mxM. KomndecTBo reHepupyemMbIx
MHUKpPOKaNenb JuamMeTpoM oT 2 1o 10 MKM HE3HaYMTENbHO 3aBUCHUT OT i;. OTMeueHo, 4TO JHaMETP MUKPOKANesb CIIaBa
MEHBIIIe, YeM JHaMeTp MUKPOKAIeIb, TeHEPHPYEMBIX KaTOAHBIM MSATHOM Ha €ro KOMIIOHEHTAaX, 3a CYeT TOTOo, YTO paamyc
KaTOJHOTI'O IISITHA Ha CIIJIaBE MEHbILE, YEM PaJuyCc KaTOAHOI'O MSTHA HA €r0 YUCThIX KOMIIOHEHTAX.

KiroueBble c10Ba: TIOKPHITHS, MEKPOKAILIN, KATOAHOE IISITHO, BAKYYMHasI IyTa, KaTOX

Jasi nutupoBanns: Koppensiuus paauyca KaTOZHOTO ISITHA BaKyyMHOW TyTrW METallJIoOB M pa3Mepa reHepupye-
MBIX MHKpoKkarnens / . B. Mapkos [u np.] / Bec. Han. akan. maByk bemapyci. Cep. ¢i3.-toxH. HaByk. — 2021. — T. 66, Ne4. —
C. 391-398. https://doi.org/10.29235/1561-8358-2021-66-4-391-398

Gennady V. Markov, Alexander T. Volochko, Vitali G. Zaleski, Natalia Yu. Melnik

Physical-Technical Institute of the National Academy of Sciences of Belarus, Minsk, Republic of Belarus

CORRELATION OF RADIUS OF CATHODE SPOT OF VACUUM ARC OF METALS AND THE SIZE
OF GENERATED DROPLETS

Abstract. The simple relation to estimate the cathode spot radius of a vacuum arc of pure metals is obtained. On its basis, is
established between the cathode spot radius and the size of droplets generated by the cathode spot a correlation. This enables to
find ways to reduce droplets in the plasma flow, which forms coatings by the vacuum electric arc method. The paper presents the
results of experimental study of the droplet sizes depending on the vacuum arc current i,. The size and amount of the droplets on
an area of 1 mm? of the coating surface are determined using the ImageSP program. As the initial data, the microstructures of
the coatings are used with an increase of: X100, X200, X500, X1000, X1500. The droplets have been generated by a cathode spot
of a vacuum arc for the alloy of the composition, at.%: 68Al-8Cr—4Nb-20Si. It is established that the number of droplets with
a diameter of <2 pum is generated most of all, and the number of droplets with a diameter > 10 um is generated least of all. The
number of generated droplets with a diameter from 2 to 10 pum slightly depends on the arc current i,. It is noted that the diameter
of the alloy droplet is smaller than the diameter of the droplets generated by the cathode spot on its components due to the fact
that the radius of the cathode spot on the alloy is smaller than the radius of the cathode spot on its pure components.

Keywords: coating, droplets, cathode spot, vacuum arc, cathode

For citation: Markov G. V., Volochko A. T., Zaleski V. G., Melnik N. Yu. Correlation of radius of cathode spot of
vacuum arc of metals on the size of generated droplets. Vestsi Natsyyanal nai akademii navuk Belarusi. Seryya fizika-tech-
nichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66,
no. 4, pp. 391-398 (in Russian). https:/doi.org/10.29235/1561-8358-2021-66-4-391-398
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Breaenue. Cpeny momyqrBIINX MIHPOKOE pacIpoCTpaHEeHUE HOHHO-TNIA3MEHHBIX METO/IOB HaHECe-
HUSI TOKPBITUN PA3IUYHOTrO (OYHKIIMOHAIBHOTO HaA3HAUCHU S BBIJICISETCS BAKYYMHBIN 3JICKTPOIy TOBOM
meron, uiu metoq Kb (koHaeHcanuu ¢ HOHHOH OOMOapAMpPOBKOIA), TO3BOJISIIOIINI HAHOCUTH MHOTO-
CJIOITHBIE KOMIIO3UITMOHHBIE MOKPBITHSA U3 HUTPHUIOB, KapOWI0B METAJUIOB M CILUIaBOB. B aTOM MeToze
MOKPBITHE (POPMUPYET B OCHOBHOM TIOTOK TIOJIOKHTEIIBHBIX MOHOB, MOCTABIIUKOM KOTOPBIX SIBJISICTCSI
KaTO/HOE MSATHO BaKyyMHOM nyTH. [lo BaKyyMHOI yre OCyIIecTBIsIeTCS MEPEHOC dIEKTPUIECKUX 3a-
PAIOB B BaKyyMe MEXIy KaToZOM M aHoaoM [1-9], korma MexXa1y HUMH UMeeTCsl HEKOTOpasi pa3HOCTh
norernuuanoB U = U+ U,, roe U, — KaTOJHOE NaJicHUE MoTeHnana, U, — aHogHOE MaJicHUE ITOTCHIU-
ana. O0bruHO 3Ha4yenus pasuel: U ~ 1030 B, U, ~ 10-30 B, a U, ~ 0,5-1,0 B [2]. BuzyanbpHO KaTogHOE
IISITHO BOCIIPHHUMAETCS KaK SIPKO CBETSMIascs Touka quaMeTpoM S0—-500 MrM, KoTopast mepeMeniaeTcst
10 MOBEPXHOCTH KaTO/A.

Kmaccnueckas xapTuHa (PU3MYECKUX MPOIECCOB, TPOUCXOMANIINX B SIMHIIHOM KaTOTHOM ITSITHE
BaKyyMHOH JYTH METAJIJIOB U CILIABOB B YCTAHOBHBILIEMCSI PEKUME, BKIIIOYACT B ce0sl MCTIapeHUe aTo-
MOB MeTaJljla C MOBEPXHOCTH KaTo/Ia, TEMIIEpaTypa KOTOpoi OJu3Ka K TeMIreparype Kurenust T, Meral-
J1a, ¥ TEPMOABTOAIEKTPOHHYIO YMUCCHIO DIIEKTPOHOB C TOW e TOBepXHOCTH. [lanee niet pas3ieT mapa
1 YCKOPEHHE AIIEKTPOHOB B JIEKTPUUYECKOM I0JIe KaToAHOro najenus norenuuana U, [1-10]. Ha nexo-
TOPOM PACCTOSIHUU OT MOBEPXHOCTH HCIAPEHUS SJCKTPOHBI, YCKOPEHHBIE B AyeKTpuueckoM mnone U,
HaunHAIOT A(h(HEKTUBHO MOHU3NPOBATH UCTIAPUBIITHECS aTOMBI, B pE3yJIbTaTe Yero HaJl MOBEPXHOCTHIO
UcrapeHus oopasyercst MIa3MEHHOE 00JIaKO M3 TIOJIOKUTENBHBIX HOHOB M 3JICKTPOHOB CO CTENCHBIO
nonm3anuu 0,50—0,95, koTopoe u HaONONAETCS KaK SPKO CBETSAMIASICS TOYKA HA TOBEPXHOCTHU KaTo-
nma. B obpasoBasmieMcsl TIa3MeHHOM o0jake OOMbIas 9acTh MOJIOKUTEIHHBIX HOHOB IO ACHCTBHEM
noist U BO3BpaIaeTcs Ha IOBEPXHOCTH KaTo/1a B KATOAHOM TATHE [6], TEM caMbIM pa30orpeBasi IOBEpX-
HOCTb JIO TEMIIEPATyp, OMU3KUX K TEMIEPaType KUIIEHUS METAJLIIOB, H MOJIEPKUBAS Pa3psi B LEIOM.
MeHnbias 4acTh TOJOKHUTEIBHBIX HOHOB MO IEHCTBHEM 3JIEKTPOHOB BBHITECHAETCA mojieM Uy OT mo-
BEPXHOCTHU KaToJla, BBITATUBACTCS M3 MJIA3MEHHOTO 00JIaka U pacripocTpaHseTcs B 00beM BaKyyMHOM
KaMephl, TproOpeTas 3a cUeT ra30lMHaMHUYECKOro yekopeHus [8] snepruu nopsaka 10—120 3B [1, 6, 9],
YTO 3HAYUTENHHO MPEBbIIaeT BeTudnny elUy, T/Ie e — 3apsi1 AIeKTPoHa.

Takum 00pa3oMm, MOTOK MOHOB, UAYIIUI U3 00Pa30BaHHOIO IJIA3MEHHOI'O 00JIaKa K TIOBEPXHOCTH
KaTo/ia B KaTOIHOM IISITHE, HE TOJBKO Pa3orpeBaeT 3Ty MOBEPXHOCTh, HO U, YCKOPSSACH B AIIEKTpUYE-
ckoM mosie Uy, CO3AaeT T0CTaTouHO OO0JIBIIOE JaBJICHNUE Ha OTY MOBEPXHOCTh. Tak Kak TemmnepaTypa Ha
[IOBEPXHOCTU B KATOJHOM IISITHE OJIM3Ka K TeMIIepaType KUIICHHUs MeTalljia, U3 KOTOPOro W3rOTOBJICH
KaToJI, TO HeM30eKHO 00pa3yeTcsl BaHHA C KHUJIKUM METaJIJIOM. BOT Ha 3Ty )XHIKYI0 BaHHYIO U BO3JICH-
CTBYET IMOTOK MOHOB C IOCTATOYHO OOJBIINM JAaBICHUEM, YTO IPUBOAUT K BHITIJICCKUBAHUIO KUIKOTO
MeTajla B BUAE MUKpOKaIeb, pa3Mep KOTOpbIX kKonebaercs ot 0,5 no 50 mxm [6]. DTH MHUKpOKaIl-
7U, TIoNaasi Ha OCHOBAHWE, Ha TIOBEPXHOCTh KOTOPOT'0 HAHOCHTCS TMOKPBITHE, HAPYIIAIOT CILIONTHOCTH
U CTPYKTYpY MOKPHITUA. [109TOMY OT MUKpOKame b CTaparoTcs M30aBUTHCS, MPUMEHSSI pa3TUIHbIC
TEXHOJIOTUYECKHUE MPUEMBI [6], KOTOPBIC 3HAYUTEIIBHO YAOPOKAIOT MPOLIECC HAHECEHUS MOKPBITUS Me-
tonom KUB.

Lenvio pabomul ABISIIOCH TPOBECTH TEOPCTHUSCKUN aHANU3 TEIJIOBBIX MPOLIECCOB B KATOJAHOM
IISITHE BaKyyMHOH JIYTH CILIABOB, MTOJIYYUTh COOTHOIICHUE, CBS3BIBAIOIIEE PAIUyC KATOIHOTO MISITHA CO
CBOMCTBAMH CILJIaBa, IKCIIEPUMEHTAITBHO MCCIENOBaTh I CIlaBa coctaBa (B atT.%) 68Al-8Cr—4Nb—
20Si 3aBUCUMOCTh pajiiyca MHKPOKAIelb, TEHEPUPYEMbIX KATOIHBIM ISTHOM BaKyyMHOH JTyTH, OT
CHJTBI TOKa JyTH ¥ BBISIBUTH B3aUMOCBSI3b MEKy TEOPETUUECKH PACCUUTAHHBIM PAJNYCOM KaTOIHOTO
IISITHA U PaILyCOM MUKPOKATICITb.

MeTtonuka uccijenoBanus. [IokpeITUs TONIUHON MopsaKa 1+2 MKM HaHOCHUIM Ha KPEMHUCBBIC
IJIACTUHBI HAa MOIU(MUIIMPOBaHHON ycTaHOBKe BY-1b mpu ciemyromux ycloBUsIX: JaBlIEHHUE aproHa
B kamepe 1-107" Tla, paccrosHue ot kartona 10 o6pasma 300 MM, 3HAYEHHs CHIIBI TOKA BaKyyMHOI
nyru: 28, 42, 58, 78 A. OnpezerneHne pa3Mepa i KOIHYECTBa KaredbHOH (a3l Ha miomaan B 1 Mm>
MTOBEPXHOCTHU MOKPBITHSI TTPOBOIUIIN C MOMOINBIO porpaMMbl ImageSP. B kauecTBe MCXOMHBIX JIaH-
HBIX UCTOJIB30BaTH MUKPOCTPYKTYPHI MOKPHITHH (puc. 1) ¢ yBeaumueruem: X100 u X200 nis momcyeTa
MHKpoKanesns pazmepoM >10 mxm, X500 — 7-10 mxm, X1000 — 5—7 MM u 2—5 MM, X1500 — < 2 MKM.
MUKpOCTPYKTYpbI 00pa3IoB MOTy4eHbI Ha MeTautorpaduyeckoM komruiekce MHUKPO-200.
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Puc. 1. Onpenencurie pa3mepa U KOJIUYECTBA KaeIbHOU (a3bl: a, ¢, ¢ — MUKPOCTPYKTYpa MOKPBITUH; b, d, f — moacUeT pas-
Mepa U KOJIMYECTBa Kamelp B mporpamme ImageSP

Fig. 1. Determination of the size and quantity of the droplet phase: a, ¢, e — microstructure of coatings; b, d, f— calculation of
the size and number of droplets in the ImageSP program

TeopeTuyeckuii aHaJu3 NPOLECCOB TEMJIONEPEeHOCA B KATOAHOM nsiTHe. OHUMH U3 TJaBHBIX
XapaKTEePUCTUK KaTOAHOTO MATHA BaKyyMHOH YW METaJUIOB SIBJISIETCS paAMyC KaTOIHOTO MSATHA R
U TeMIepaTypa MOBepXHOCTH KaToja T B KATOAHOM IsITHE. DTO OOYCIOBIEHO TEM, YTO UMEHHO JTH Xa-
PaKTEPUCTUKH ONPEACIISIOT KOTUISCTBO U pa3Mep MUKPOKAIENhb [ 1, 6], reHeprupyeMbIX KaTOJHBIM TIST-
HOM B BaKyyMHOM METOJI¢ HaHECCHUS TOKPBITHH. OOBIYHO pajlyc KaTOJHOTO MATHA Mall [0 CpaBHe-
HUIO C XapaKTepHBIMU pa3MepaMy caMoro Karoja u R, n3Mensercs B narepsaie 30-500 mxwm [2, 4—6].
PaccTosinue Mex 1y HI)KHEH 4acThIO IIJIa3MEHHOr0 00J1aKa B KATOJHOM IISITHE U MIOBEPXHOCTHIO KaToaa
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He mipeBbIaeT 10-20 MM [13]. OTcroma ciemyert, 9To pacupeeieHie TeMIIepaTyphl Kak Ha TTOBEPXHO-
CTH KaTOJHOT'O IISITHA, TAaK M B 00beMe KaTo/1a, KOI/ia Ha IIJI0Majlb IOBEPXHOCTH Pa3MepoM TR2 majaer
TEIIOBOH MOTOK ¢, B 00IIEM BUJE MOKHO ONKCATh yPAaBHEHHEM B UJIMHIPHUECKUX KOOPAUHATAX (Z, 7):
dr _ (d°T 1dT  d°T
—=a|—5+——+— |20, Q)
dt dr r dr dz
TJ€ 7, Z — PAANYC U KOOpAMHATA MO OCH, TPOXOASIIECH Yepe3 HEHTP KaTOAHOTO ISITHA COOTBETCTBEHHO, M;
t— BpeMs, ¢; @ — KOO (BHUIMEHT TeMIepaTypOIpOBOIHOCTH, M%/c; O — BHYTPEHHHE HCTOYHHKH Tera, K/c.
['paHryYHbIC U HAYAJIBHBIC YCIOBHUS TAKOBBI:

nput=0u 0 < r < R Ty — const; )
4 ,<R

mpu ¢ 0 4L 50 TSR L G)
“ o, r>R,

3nech A — k03D GUIIMEHT TEIIONPOBOHOCTH METalljia KaToa, KOTOPbIH OyJeM CUYUTATh HE 3aBUCSIIAM
oT Temmepatypsl, Bt M 'K!; T, — Temneparypa cpexsi, K.

IMpuMeM, YTO KaTOA 3aHUMACT MONYMPOCTPAHCTBO z < 0 U €ro MOBEPXHOCTh C KATOMHBIM MATHOM
pacrosoxkeHa B riockocTu z = (). Toraa rpaHuYHBIC YCIIOBUSI TIPH # — OO M z — OO MOXKHO 33J1aTh B BUJIC

T(0,2)=Ty; T -09) = T, @

Pemennie ypaBHernus (1) B SBHOM BHJIE TOJIYYUTD MPAKTUIECKH HEBO3MOXKHO. [loaTomy mis moiy-
YeHHS aHATMTHYECKOTO BBIPAXKCHHUS JIJISI OIICHKH PaBHOBECHOTO pajinyca KaTOAHOTO MsATHA Ry, KOTO-
PpBIii OMpeAeNseTcs TOIBKO MPOLECCaMU MOCTYIUJICHHS TeIlia BCIEACTBUE OOMOApIUPOBKU TIOBEPXHO-
CTH TIOTOKOM MOHOB U3 00JIaCTH MOHM3AI[MU MCIIAPCHHBIX aTOMOB U €r0 MOTEPU B PE3yJIbTATe TEILIO-
MIPOBOAHOCTH B 00BEM KaTo/1a, He0OXOAMMO YK€ pacCMaTpUBaTh CIIEAYIOIee YypaBHEHHUE:

2
d—f + 1dr =0 ®)
dr r dr
C TpPaHUYHBIMH yCIoBHAMHU (3) 1 (4).

OxmnaxkieHue Karona, 00yCIOBICHHOE TEIIJIOBBIM M3IIy4YeHHUEM M3 KaTOJHOTO ISTHA, HE OKa3bIBaCT
OOJBIIIOr0 BIMSHUS HA €T0 TEIUIOBOM OajaHC B 00JacTw MATHA [6] 1 MOXET HE IPUHUMATHCS BO BHU-
MaHHe.

Pemienne ypasuenus (5), yaoierBopstomiee yciaoBusM (3) u (4), MOXXHO IIPEACTABUTH B BHJIE pa3-

JIOKEHUs 0 coOCcTBeHHBIM (QyHKIMsIM oniepaTopa Jlammnaca [11]

T =Ty +[A(p) pJo(rp)exp(zp)dp, ©)
0

rae Jo(rp) — byukuus beccenst HyneBoro nopsiaka.

[loncTaBisisg 5TO BeIpakeHHE B TPAHUIHOE YCIOBHE (3) M UCTIONB3Ys POPMYITy I 00paTHOTO TIpe-
oOpazoBanus Xankens [11], MoxkHO HaliT ¢pyHKIHIO A(p). B pe3ynbrare ypaBHeHHe (6) ONHUCHIBAIOIIEe
pacnpeneneHue TeMIeparypsl B 00beMe Karoaa, MPUHUMAET BH]L

‘]?Jl(rp)

R
T(r,z) =T, +‘1T1< TJO (rp)exp(zp)dp, (7)

0
riae Ji(rp) — dyuknus beccens mepBoro mopsiaka.
U3 (7) cienyer, 9TO Temmeparypa MOBEpXHOCTH KaTo/a B TSATHE OMPENENseTCs] COOTHOIIEHUEM

le(rp)

R
T(r,0)=T, +qTK — (rp)dp, ®)

0

KOTOpOE TTOCIIe BBIYUCIICHUs HHTerpaa [11] MoxHO 3amucats B cienytomiei popme:
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E Ri : r<R.
2R
T(r,0)=Ty+ i =~ , ©)
| (R [ g Re >R
— —— — —_—— —— ’I/‘
R, r R, r «

R R
rae W(—K u E| —£ | — nomnble IIUNTHYECKHE HUHTCTPAJIBI IICPBOT'O U BTOPOTO poaa.
r r

N3 (9) cnexgyet, uTo TeMmeparypa B IEHTPE MATHA U HA €€ KParo OMpPEACIsIeTCS] BEIPAKCHUSIMHU:

T(0,0):To+q§“,

2aR (10)
T(R.,0)=T,+ MK :

CrnenoBatenbsHo, ipu 7 >> T 3HaueHHs TemMreparypsl 1 B mpenenax MsiTHa OTInYaeTcs B 2/ pas.
ITpu 5TOM cpesiHee 3HaUECHUE TEMNEPATYPBI T, B IATHE PABHO
8qR

s a1
3mA

Hcxonst u3 npecTaBieHHON BbIIIE KAPTUHB! (PU3NYECKUX [IPOLECCOB, IPOUCXOASIINX B KATOJHOM
MATHE BAKYyMHOW JyTH, JOCTaTOYHO OJHO3HAYHO CIEAYET, UTO TUIOTHOCTH MOTOKA TEIlIa ¢, CO3/1aBac-

MOT'0 IOTOKOM IOJIOKHUTCJIbHBIX NOHOB, BO3BPAIIAOIINXCA Ha IIOBECPXHOCTDb KaTOJld B KATOAHOM IISATHE,
MOJXHO OLCHUTH U3 BbIPAKCHUA

q =n#R$[(UK +U,)+no,mn |, (12)

rJie { — BeJIMYMHA TOKA, CO3/[aBAeMOr0 MOTOKOM HOHOB, A; U; — MOTEHI[MAT HOHU3AI[UU ATOMOB METaJla
Katojia, B; 7,V, — MIOTHOCTH MOTOKA HCTAPSIONINXCS aTOMOB MeTalna kKatona, 1/m? - ¢; m, — Macca uc-
MAPSFOIIEroCcsl aToMa, KT 1 — TEIUIoTa uenapenus, JIx/kr.

CornacHo 3akony lepria—Kuymacena [12] nis ncnapeHus METaLIoB

7,V L 13)
e /2nmak7;p,

rie P — naBneHue napa, [1a; k£ — nocrossaHas bonenmana, Jx - K- I
W3 nonyueHHBIX Mpekae NPOBEPEHHBIX JaHHBIX [1-10] MOXKHO cenaTs BEIBOJ, UTO

i 0,9Pe
—=~0,9n,0v,6 = ———, (14)
nR? . |2mm, kT,
TJIe e — 3apsiJi DICKTPOHA.
Torna u3 (11)—(14) nonydaem
P
q=—————[0,9(U, +U,;)e-m,n], (15)

T
13Ty =Ty ) 2rm kT, (16)

~ P[0,9(U, +U;)e-mn]

CJI€a10BaTCIbHO,

K

PesyasTaThl U o0cy:kaenue. @opmyna (16) mo3BoiseT ONEHUTH BEIUYMHY pajanyca KaTOIHO-
ro msTHA BaKyyMHON Ayru metaiuioB R.. [Ipu ee BbIBO/IE cielaHbl HECKOJIBKO JOMYIICHH, a BEIH-
YMHA CPEIHEN TeMIEepaTyphl MOBEPXHOCTH KaTONa B KaTOAHOM NATHE T¢, ABJIACTCA HEOAHO3HAYHOM.
st Toro yToOBI MOXKHO OBLIO B3ATh ONpEAETICHHOE 3HAYSHHE 3TON TeMIIepaTyphl, CIEAYET UCXOIUTh
3 Toro (pakTa, UTO TMOAABIAIONIEe OOMBITUHCTBO HccienaoBareneii [1-10] cxonsaTcss BO MHEHHUH, UTO
CpeIHsIsl TeMIepaTypa MOBEPXHOCTH KaTo/a B KaXKJOM KaTOJHOM MATHE BaKyyMHOW AYTH METAaJJIOB
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Pajuyc karoanoro narua R, O4YeHb ONM3Ka K TeMmIeparype KumeHus metamia. [lostomy
Radius of the cathode spot R, B NPEACTaBJIEHHBIX JaJie€ B JAHHOW CTaTbhe pPE3yJbTaTax
OIIEHKW paJuyca KaTOIHOTO IISITHA HEKOTOPBIX METAJIOB
MIPUHATO, YTO TeMIIepaTypa MOBEpPXHOCTH KaToja B KaToOA-
HOM TISITHE paBHA TEeMIlEparype KUIEHUs MeTaylla KaToja.
Jannple mo karogHoMy maaenuto U, B3saThI u3 [5, 10]. B Ta-
OnvIie IpeCTaBICHBI PE3YIIbTAThl OIIEHKH BEIMYHHBI R /TSI HEKOTOPBIX YHCTHIX METAJIJIOB.

CpaBHUBas BBIUHCJICHHBIE 3HAYEHUS R, C SKCIIEPUMEHTAJIBHO U3MEPEHHBIMHU 0 JUaMeTpaM MHU-
KpOKarieiab, TeHEPUPYEMbIX IISITHOM, W MPUBEACHHBIMU B [2—10], MOXXHO 3aMETHTbh, YTO AKCIEPUMEH-
TaJIbHBIE JTUAMETPBI Kamenb d;, MpUMepHO B 1,5-2,5 pa3a MeHbIIe paCCUNTAHHBIX 3HAUCHUH 2R,

Takoe paznuuue B pa3mepax di U 2R, MOXXHO OOBSICHUTB clenylomuM odpaszom. [Ipu nonyuernun
BBIpakeHUs (16) paccMaTpuBaeTCsl CTAIIMOHAPHBIN PEKUM TIATHA U B Pe3yJIbTaTe MOTYyICHO, YTO TEM-
reparypa B IEHTPE MATHA HECKOJIBKO BEIIIE, YeM Ha Kparo (hopmyina (10)). DTo IpUBOAUT K TOMY, YTO
B IIEHTpE MSATHA INTyOMHA BaHHBI PACIIJIABICHHOTO METAaJIa, KOTOPast BCET/ia IPUCYTCTBYET B KaTOTHOM
MATHE, HECKOJIBKO OoJiblle, YeM No ee KpasM. [I0TOK MOHOB, KOTOPBIE YCKOPSIOTCS B 3JICKTPUUCCKOM
none Uy, ynapsieTcs 0 MOBEPXHOCTD KUJKOM BaHHOM, cO3/aBasi NaBJICHUE HAa PACILJIABJICHHBIA METaJI
B HECKOJIBKO aTMOC(ep, YTO MPUBOANUT K pa3OpbI3TUBAHUIO KUAKOTO MeTaiia u3 BaHHBI. OJHAKO BECh
KUJIKUH MeTaul yAaJIUTh HE YHAaeTcCs, TaK KaK dTOMY MENIaeT IMOBEPXHOCTHOE HATSHKEHUE KUIKOTO
MeTajia, MO3TOMY yAaliseTcsa TOJBKO ero 4acTh. BenencTBie 3Toro MUKpOKAIIi, BeIJIETAIOINE U3 Ka-
TOJTHOTO TISITHA, UMEIOT MEHBIIIHHA TUAMETP, HEKEITH TUAMETP CaMOTO TISITHA.

Ha skcneprMeHTanbHbIX TUIACTHHAX C MOMABIIMMH Ha WX MOBEPXHOCTH MHUKPOKATUISIMU HaOIIIO-
JAIOTCSl UX PACIUIIOLICHHBIE KPUCTAIM30BABIINECS OCTATKU, YTO MOKET CBUIIETENbCTBOBAThH JIHUIIb
0 TOM, YTO KaTOAHOE MATHO MPAKTUYECKU HUKOT/A HE JOCTUTAET CBOEr0 CTAIMOHAPHOTO COCTOSHUSA
C PaJInyCOM KaTOJHOTO MATHA K. DTO MPOUCXOAUT U3-3a MOCTOSHHOIO MEpEMEIIEHNs KaTOAHOIO MAT-
Ha Ha MOBEPXHOCTH KaToJa BCIIEACTBHE B3aMMOACHCTBUS MOTOKOB HOHOB ¥ JJIEKTPOHOB C BHEITHUMH
U COOCTBEHHBIMM MarHUTHBIMH TOJSIMH. TakuM 00pa3oM, MOKHO CAEJaTh BBIBOJ, YTO MEKIY PajHy-
COM KaTOJIHOTO TMATHA BaKyyMHOH YT METAJIJIOB U IMAMETPOM MHUKPOKAIIEIb, TeHEPHUPYEMBIX dTUM
[ISITHOM, CYLIECTBYET OIpe/ieJIeHHAs! KOpPesMOHHAas 3aBUCUMOCTh: MAaKCHMaJIbHBIHN THaMeTp MUKPO-
Karenp MpUMepHO B 2—2,5 pa3za MeHBIIIEe AUaMeTpa KaTOMHOTO TSATHA, OIEHEHHOTo 1o dopmyie (16).
OTOT BBIBOJ CAAETIAH /I KATOIHOTO MSTHA BAKYYMHOW AyTH YUCTBIX METAJJIOB.
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Puc. 2. 3aBucHMOCTE KOJIMYECTBA U pa3Mepa KarelrbHOH (a3bl HOKPBITHH OT CHIIBI TOKA TyTH

Fig. 2. Dependence of the number and size of the droplet phase of coatings on the arc current
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Heckonbko mHas KOppensIIIuOHHAs 3aBUCUMOCTh HaOIIOAaeTCsI IS CIIJIaBOB, 0COOEHHO MHOTOKOM-
noHeHTHBIX. Ha puc. 2 mpeacTaBieHsl pe3ybTaThl SKCIEPUMEHTATBHOIO UCCIIEA0BAHUS pa3MEPOB MU-
KpOKaIlelb, TeHEPUPYEMBIX KaTOMHBIM MATHOM BaKyyMHOW JyTH, JUISL CIUIaBa CIEAYIOIIEr0 COCTaBa
(B a1.%): 68A1-8Cr—4Nb—20Si, B 3aBUCHMOCTH OT CHJIbI TOKAa BaKyyMHOW Iyru i,. 3 moaydeHHBIX
JTAHHBIX CJIETYEeT, YTO OOJBIIE BCETO0 T€HEPUPYETCs KOIMYECTBO MUKPOKAMENh THAMETPOM < 2 MKM.
Menbliie BCero reHepupyeTcsi KONMYeCTBO MUKpoKanenb auamerpom > 10 mxm. KonnyecTBo renepu-
PYEMBIX MUKPOKAIeIb 1uaMeTpoM OT 2 10 10 MKM MpakTUYECKH HE 3aBUCUT OT ij.

UroObl OOBSICHUTH MONyYEHHBIE W TPUBEICHHBIE HA PHC. 2 DKCIEPUMEHTAIBHBIC Ppe3ylbTa-
TBI, 00OpaTHMCS K TaKOW XapaKTEPHCTUKE BaKyyMHOH TyTH, KaK KO3(QQHUIIUEHT dIIEKTPOIepeHoca ).
BennuwnHa 1 ecTh Macca MeTasuIa KaTofa, 0e3BO3BpPaTHO MCHapsieMast KaTo0M M3 eIMHUYHOTO KaToI-
HOTO TSTHA B BUJIE MOJIOKUTEIBHBIX HOHOB IJIa3Mbl BAKYYMHOM JyT'M IpH NMPOXOXKACHUH 4Yepe3 Hee
anexTpudeckoro 3apsana B 1 Ku. Ilpu aTom B k03(ppunmiente | He yuuTHIBaeTCS Macca, TepsemMast KaTo-
JIOM B BUJIe MUKpoKanesb. [Io qaHHOM XapakTepUCTHUKE AJIsl YUCTHIX METAJIJIOB UMEETCS JOBOJILHO MHO-
T'0 dKCTICPUMEHTATEHO U3MEPEHHBIX U TCOPETUUCCKH pacCUNTaHHBIX HaHHBIX [1-10, 13]. Uto kacaeTcs
CILJIABOB, TO TAKWX JIAHHBIX HeAocTaTouHO [13], olHaKO UMEIOITMECs TIO3BOJISIOT ClIeaTh 3aKJIIOUYCHUE,
YTO AMAMETP KaTOJHOTO TSATHA BAaKYYMHOW JYTHU CILIABOB d.; MEHBINE, YeM JTHaMETpP KaTOAHOTO IIST-
Ha d, , €r0 KOMIIOHEHTOB, TO €CTh

dCH < dK.H‘ (17)

Otcrona u cienyer, 4To KaToJHOE MATHO Ha CIulaBe OyAeT IeHepupoBaTh MUKPOKAIIN MEHBILETO
pasMmepa, HeXeJH eciau Obl MX TeHepHUpPOBAaIHM YUCTBhIE KOMIIOHEHTHI 3TOro ciijaBa. Kpome storo, Ha
pa3Mep KaTOIHOIO ISITHA Ha CIUIABAX OKAa3bIBAe€T CYLIECTBEHHOE BIMsSHUE (DAa30BBIA COCTAB CILIABA,
pasMep pa3IMyYHbIX BKJIIOYEHUH, TEXHOJIOTHS MOIYUYCHHUsI CIUIaBa U MOP(OJIOrUsl OBEPXHOCTH KaTo-
na. Bee 310, Ha Ham B3I, IPUBOAUT K TAKOMY PaclpeiesIeHUI0 MUKPOKAIIeIb 110 pa3Mepy, KOTopoe
MIpe/ICTaBICHO Ha pHC. 2.

3akiouenue. [lonyyeHo 1OCTaTOUHO MPOCTOE COOTHOIICHHUE AJIsL OLEHKHU pajnyca KaTOAHOrO IsT-
Ha BaKyyMHOM JIyT' YMCTHIX METAJIJIOB U HA ATON OCHOBE YCTAaHOBJIEHA KOPPEJISLIMOHHAS CBSI3b MEXK Y
paznycoM KaTOAHOrO MSTHA M pa3MepaMH MHKpPOKaIleslb, TeHEPUPYEMBIX KaTOAHBIM MSTHOM. JTO TO-
3BOJISIET HAXOJAUTh ITYTH WX YMEHBIICHHS B IIA3MEHHOM IOTOKE, (OPMHUPYIOLIEM IOKPBITUSI METO-
nom KUB.

IIpuBeneHb 3KCIIEpUMEHTANBHBIE PE3yNIbTAaThl UCCICOBAHMS PACIPEEICHHS TUaMETPOB MUKPO-
Karlesb, FeHEPUPYEMBIX KaTOJHBIM IISITHOM Ha CIlIaB cocTaBa (B at.%) 68 Al-8Cr—4Nb—-20Si. OtmeueHo,
YTO AMAMETP MHUKPOKAIIeNb CIUIABA MEHbIIE, YeM JUaMETP MUKPOKAIElb, TEHEPUPYEMbIX KaTOIHBIM
MSTHOM Ha €ro KOMIOHEHTaX. JTOT (haKT CBSI3aH C TEM, YTO paAHyC KaTOIHOTO MSTHA Ha CIIJIaBe MEHb-
1I€e, YeM paJuyc KaTOAHOrO MATHA HA €r0 YUCThIX KOMIIOHEHTAX.

Pesynbrarhl vcciegoBaHUSI MOXKHO MCIIONIB30BAaTh NMpU pa3pabOTKe KOHKPETHBIX TEXHOJOTWH Ha-
HECEHUS MOKPBITHH Pa3Iu4yHOro (hyHKIMOHAIBHOIO Ha3HAYCHUSI BAKYyMHBIM 3JICKTPOAYT'OBBIM METO-
nom KHB.
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CHARACTERIZATION OF OPPORTUNITY FOR UPGRADING OF THE SYSTEM BASED
ON ARC PLASMA TORCH FOR THERMAL SPAYING OF CERAMIC MATERIALS,
BY MEANS OF USE OF FUEL VORTEX INTENSIFIER.
PART I: THERMODYNAMIC MODELING OF THE SYSTEM EFFICIENCY PARAMETERS

Abstract. One of the main trends in the field of improving the modern technologies of thermal spraying, including plas-
ma one, for functional ceramic coatings formation is the reducing the energy consumption of the process. In this regard, one
of the important directions for improving these technologies is the development of their new versions, using the principle of
adding inexpensive fuel-oxidizer mixtures based on hydrocarbons with air. This type of plasma-fuel type of spraying will be
promising for application at the present time, first of all, in order to obtain refractory functional coatings. For this purpose, we
investigated the opportunity for upgrading an industrial unit/system for plasma spraying of ceramic powder materials with
arc plasma torch of 25—40 kW power by the use of experimental variant of a fuel gas-vortex intensifier. The thermodynamic
assessment of possible parameters of the generated mixed flow after the torch with this fuel intensifier was carried out to
estimate the applicability of this system to optimize the spraying of oxide and carbide coatings (based on the examples of
Al,O3;, Cr;C, and other powders). The analysis of possible parameters of the produced flow after the torch with intensifier
was performed for the cases of main C-H-O—-N-Ar—Me (Me = Al, Cr) systems and additional C—-H—O—-Al-system to assess
the potential of this system to modify the technology of oxide and carbide ceramic coatings formation. New regimes, which
were analyzed in our research as the simulants of Al,Os spraying, surpass on calculated energy efficiency characteristics
(by 10-20 %) one of the new prospective spraying methods with (CO,+CH,)-plasma, as well as the conventional method of
powder heating during the spraying with N,-plasma. The case of our proposed fuel assisted process (FA-APS) with liquefied
petroleum gas (LPG) fuel for the heating of ceramic powders (especially, Al,03) demonstrates the advantage of the process (in
particular, on the energy efficiencies and energy consumption) in a comparison with the conventional regimes of APS of the
powders (in N; plasma of the standard torch). For the variants of the FA-APS with Al,0O53 and Cr;C, feedstock powders it was
established to be potentially possible to obtain (at the moderate values of total electric energy consumption for the torch and
auxiliary equipment, — near 1.8 and 1.0 kWh/(kg of product)) such high level of the process productivity on the final product as
approximately 17 and 28 kg/h, respectively; at the values of required power of the torch: > 28.2 and > 22.3 kW.

Keywords: electric arc torch, combustion assisted plasma spraying, oxide and carbide powders, thermodynamics, energy
efficiency, energy consumption
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ONPEJEJEHHMUE BO3MOXKXHOCTHU MOAEPHU3ALIUU CUCTEMbBI HA OCHOBE JYI'OBOI'O
INJIABMOTPOHA JJISI TABOTEPMUYECKOI'O HAIIBIVIEHU S KEPAMUYECKUX MATEPUAJIOB
C UCITIOJIB30BAHHUEM TOIIVIMBHOI'O BUXPEBOI'O UHTEHCU®UKATOPA.
YACTb I: TEPMOJAUHAMMWYECKOE MOJEJIUPOBAHHUE ITAPAMETPOB D®®EKTUBHOCTHU CUCTEMBbI

AHHOTAIUA. OZ[HO U3 MEPCHEKTUBHBIX HaHpaBJ’IeHI/Iﬁ B TCXHOJIOTUAX Ira30TEPMHUYECCKOTO, B TOM YHUCJIC IIJIa3MEHHOTI' 0,
HaIlbIJICHU A q)yHKHI/IOHaIIBHLIX KEepaMHUYICCKUX HOKpBITPIﬁ, — 3TO pa3pa60TKa HOBBIX HX BAPUAHTOB, C IPUMEHCHUEM BBO-
Jla B TEIJIOHOCUTEIb HEAOPOTUX cMmecent IIPOMBIINIJICHHBIX YTJIEBOAOPOIOB C OKHUCIUTEIIEM IJId CHUKCHUSA SHEPrOCMKOCTH
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npornecca. Takyio MIa3MEHHO-TOIUTMBHYIO PAa3HOBUAHOCTH Hanboiee MEepCHeKTHBHO UCIOIB30BAThH AJS TOMYyUEHHS TyTo-
MIaBKUX (DYHKIIHOHAJIBHBIX MOKPBITHIL. /IS 9TOH e HaMU PaccMOTpPEHa BO3MOKHOCTH MOZIEPHU3AINH TIPOMBIIUICHHON
CHCTEMBI ISl HAalIbLJICHUS] KepaMUYECKHUX ITOPOIIKOBBIX MaTepuajoB Ha OCHOBE JyrOBOro IjIa3MoTpoHa Ha 25—40 kBt my-
TeM HCIIOIb30BaHMS MPOOHOrO BapHaHTa TOILIMBHOTO ra30-BUXPEBOro mMHTeHcudukaropa. [Ipm 3ToMm ObLT mpoBeaeH Tep-
MoxuHamuaeckuit ananus cucteM C—H-O-N-Ar—-Me (Me = Al, Cr) n C-H-O—Al ¢ nenpio MogenTupoBaHNs BO3MOXHBIX
napamMeTpoB FeHePHPYEMO BHICOKOTEMIIEPATYPHOI CTPYH MOCIE MIa3MOTPOHA C JaHHBIM HHTEHCH(HUKATOPOM ISl OTIpe/ie-
JICHNS TIPUMEHUMOCTH TaKOH CHCTEMBI A5 (HOPMHUPOBAHUS OKCUAHBIX M KapOMIHBIX MOKPHITHH (HA MPUMEpPe HECKOIBKUX
TIOPOIIKOBEIX MaTepHaioB, B ToM ducie Al,Osz, Cr;C,). M3yueHHbIe HaMK HOBBIE PEKUMBI-MMHATATOPBI HANIBIJICHUST OKCUIA
QJIOMUHUS 110 PAaCUSTHBIM HapaMeTpam sHeprodppextuBHoctr Ha 10-20 % mpeBocxXoasT KaK TPaJUIIMOHHBIN ClIOco0 Ha-
rpeBa MOPOLIKOB PH HANbUIEHUH (B Nj-T1s1a3Me), Tak U COBPEMEHHBIN, pa3paboTaHHBIN B psie UCCIEIOBAHMMA CIIOCOO HAIIbI-
nenns B ycnoBusix cmeceBoit (CO,+CHy)-muma3mel. [Toka3aHo, 4TO IMpeIoxKEeHHBIH BapHaHT JUIsl MOAEPHU3AIUH IIpoliecca
HaIBbLJICHUS C UCIOJIb30BAHUEM IIPOMBILIIEHHOI'0 PONaH-0yTaHOBOr'O TOILUIMBA (CKMIKEHHOI'O ra3a) MO3BOJISAET B TEPMOAU-
HaMHYECKH PABHOBECHBIX YCIOBHSX MONYYHTh HEOOIBIIOE IPEUMYIIECTBO, IO CPABHEHUIO C TPAAUIUOHHBIM TJIa3MEHHBIM
HaTbUIEHUEM, IIPU HarpeBe M INIaBJICHUH KepaMHUYeCKHX MaTepHuaioB (B ocobeHHocTH, Al,O3) M0 TakuM mapaMeTpam, Kak
yaenbHble dHepro3arparsl U sHeprerudeckue KIIJ[ nponecca. Takke yCTaHOBJICHO, YTO JJIsl PACUETHBIX CIIy4aeB CHCTEM
C OKCHJTHOQTIOMHUHHUEBBIM U C KapOUTHOXPOMOBBIM MOPOIIKAMH (CBIPHEM) MOTEHIIMATBHO BO3MOKHAS IIPOU3BOJUTEIHHOCTD
TIporiecca o HarpeBaeMbIM JI0 IIJIaBJICHHS IIOPOIIKaM COCTABIISICT COOTBETCTBEHHO 17 M 28 KI/4 mpy 00IKX yAETbHBIX JHEp-
rozarpatax EC ue Boiue, yeM 1,8 u 1,0 kBru/(kr npoaykTa) u npu TpedyemMoil MOIHOCTH 1a3MOTpoHa = 28,2 u > 22,3 kBt
JUTSI HATPEBA 3TUX JBYX BaPUAHTOB CHIPHEBBIX MOPOIIKOB.

KunroueBbie cjioBa: 1yroBoil N1a3MOTpPOH, aCCUCTUPYEMOE TOPEHUEM IJIa3MEHHOE HAallblIICHHUE, TIOPOLIKH, OKCUABL, Kap-
Oubl, TepMoAMHaMUKa, dHepreTrudeckuii KITJ, sHeprosarparsl

Jass nutupoBanus: OmpenereHHe BO3MOXHOCTH MOJEPHHM3ALIMU CHCTEMBl HAa OCHOBE MIYTOBOTO IIIA3MO-
TpOHA I Ta30TEPMUUYCCKOrO HANBLICHHUS KEPaMUYECKUX MAaTEpUajioB, C MCHOIb30BAaHUEM TOILIUBHOIO BHXpe-
Boro wuHTeHcHuKaTopa. Yacte [: TepMmommHaMuyeckoe MOACTUPOBAHUE MapaMeTPoOB SPPEKTUBHOCTH CHUCTEMBI /
O.T. [leBoiino [u ap.] / Bec. Ham. axax. maByk bemapyci. Cep. ¢i3.-toxH. HaByk. — 2021. — T. 66, Ne4. — C. 399—-410.
https://doi.org/10.29235/1561-8358-2021-66-4-399-410

Introduction and research task. One of the most used industrial techniques for coatings formation
for various functional purposes is a method of thermal spraying, which provides enhancement of wear-,
thermal and corrosion resistance of the surfaces of machine parts and equipment. The world market for
equipment and technologies for thermal spraying reached at the end of the 2010s a level of $10 billion/
year, while in 2010 this value was no more than 4-5 billion [1-3]. At present, the main part (near 45 %)
of thermal spraying processes is plasma ones based on the use of DC arc torches. The prevalent starting
materials for thermal spraying, including plasma spray, according to the data of leading companies in
this field (Oerlikon Metco AG and Praxair Surface Technologies), are powders, of which about 10° tons
are used annually. A significant part of them are ceramic powders, including Al,O5 ones. The disadvan-
tages that restrain their industrial adoption (and other oxide coatings) are, along with moderate adhesion
to the metal substrate and the complexity of control of the properties of coating formed, also the high
energy consumption for the process (15-35 kWh per kg of sprayed material) and typically insufficient
coefficient of powder utilization under the spraying due to its instable heating and limited residence time
of particulates in a high temperature zone [1, 3, 4]. In this regard, one of the important directions for im-
provement of spraying technologies is to optimize the conditions for heat and mass transfer of powders
with plasma, in particular, by optimization of operating modes of electric arc plasma torches (EAPTSs)
for spraying in terms of temperature and velocity characteristics and the composition of used plasma
gases or their mixtures.

In the last 10 years in a number of countries (in Canada, USA, Russia, Spain, Japan) within the
scope of this important trend in coating technologies, a group of new technologies have been actively
developing [4-9] for electric arc spraying (at atmospheric pressure, APS) and for melting/spheroidizing
of ceramic (Al,O3, ZrO,, TiO,, rare earth oxides, WC) and metal (copper alloys for antibacterial coat-
ings, heat-resistant nickel alloys) powder materials, as with the use of hydrocarbon based heat-transport
gases (including CH4 + CO, mixtures) to improve velocity and thermal conductivity of plasma jets and
to intensify particle melting in them, as well as with organic solid or liquid additives injection into plas-
ma to control porosity and structure of sprayed coatings [10—14].

In connection with the aforementioned trends in thermal (including plasma) spraying, it seems
promising to develop new processes of this type using the principle of injection (into the heat-transport
medium in devices for spraying metal or oxide powders) of inexpensive fuel-oxidizer mixtures, based
on alkane hydrocarbons (natural gas (NG), etc.) with air, that are efficient in terms of thermophysical
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properties, from analogy with [7, 8]. In our opinion, it is expedient to use such plasma-fuel variety of
spraying, first of all, to obtain such functional coatings as wear-resistant coatings of machine-building
parts based on Al,O;, as well as carbides (of chromium, etc.), as the most demanded in recent years due
to combination of technical and economic parameters for a number of factories, in particular, for the
manufacturing of power plant and oil-producing equipment, including in Belarus and CIS [1, 3, 7].

Previously, we performed the analysis using thermodynamic method for processes in C—-H-O—-N-—
Me systems in the range of 300-3000 K. This problem statement allows considering them as simulators
of operating gas-particulate media for technologies of oxide and metal powder processing, including
spraying and powder spheroidizing [15]. This approach can be also efficient for the task stated in this
research: to determine (based on theoretical assessment and subsequent experiment) the possibility for
upgrading of typical for CIS systems/installations for spraying of ceramic powder materials (oxides,
carbides) based on EAPT of 25—40 kW power [1, 3] by means of use of trial variant of fuel gas-vortex
intensifier to a level that gives a prospect for application of these systems in machine industry.

Plasma torch based spraying system, intended for the upgrading by means of use of the vortex-
fuel intensifier. The experimental system was developed based on standard industrial plasma spraying
unit of UPU-3D type [1, 3] with special fuel intensifier for testing with the injection of combination of
compressed gases — nitrogen and mixture of liquefied petroleum gas (LPG) with air. A schematic diagram
of a spray system of this type is illustrated in Figure 1. In this case, the operating regimes can be used
with variation of power of the DC plasma torch (P = 25-35 kW with electric current on the arc up to 350—
400 A) as well as with variation of the composition of outlet high-temperature jets, due to the injection
of (N, + (air + LPG)) gas mixture into the apparatus used. The mixture can be injected through the spe-
cial vortex-type fuel intensifier (the body of which
made from Cu—Zn alloy L63), that was designed  plasma gas (N,)
taking into account the experience of a number of
DC torches of 50200 kW power [16—19] for plas-
ma chemical reactors for pyrolysis and oxidation
of hydrocarbons. In particular, the basic operating
regime of the upgraded system based on the UPU-
3D unit allows, as the most preferable, such flow ,

. . . . High-enthalpy
rate of nitrogen for plasma stabilization in the torch DC electric arc mixture jet
as Gy, p = (1.0-1.2)- 10 kg/s, and the flow rate  Plasmatorch
of this gas for sprayed powder transportation from Figure 1. Schematic diagram of the analyzed processing
the feeder as 10-15 % of the Gy 5 pl value. These  system with ceramic powder injection, using fuel-assisted
parameters of the proposed spraying system were  process for technology of thermal plasma spraying (APS) for
further used as the initial conditions for our ther- oxide and carbide coatings formation
modynamic calculations.

Modeling method for assessment of the parameters of high-enthalpy flow in the spraying unit
based on EAPT with the fuel intensifier to determine the applicability of this system (as applied
to oxide (Al,03) and carbide (Cr;C,) materials). The thermochemical process with the participation
of gas fuel in the reaction mixture for the basic case of C—-H-O—-N-Me systems under consideration
(Me = Al Cr; in this case, the presence of an Ar impurity as air component is also advisable to take into
account [20]) under the conditions of the spraying process at ambient pressure (p = 0.101 MPa) is quite
complicated in terms of kinetics and it can be presented by a simplified brutto-reaction (assuming that
the ceramic (solid) part of the mixture, for example, oxide one, is not subjected to chemical transforma-
tions up to its melting point):

aN, (gas) + BCX1 H, (gas) + YN, Oy2 Ar,, (gas) + 0Al,05(solid) =
=eC,H 0N, Ar, (gas) + A1, 05 (liquid).

Substrate
(Air + Fuel) + Ceramic powder

(1

HereC, H, and N, O, Ar, are elemental formulae of technical grade LPG and air; and it was accepted
that impurities of steam and CO, in air after a compressor with standard oil-moisture separator can be
neglected. Taking into account the complexity of set of redox reactions in gas phase of the system due to
the possibility of several dozen compounds participation in them at different temperatures, in a general
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case the set can be represented by quite simplified brutto-reaction, which, by analogy with [19], allows
partial as well as complete oxidation of alkane fuel molecules:

@

The composition of selected fuel (LPG) was taken for further calculation based on the experimental
data [16] for this feedstock: CH4 — 0.6; C,Hg — 5.6; C3Hg — 72.5; n-butane C4H;o — 12.2; iso-butane —
9.0 (in vol.%). Its averaged molecular weight is 0.0461 kg/mol, lower heating value (LHV) = 46.2 MJ/kg.
Taking this into account, for the reaction (1), as well as those similar to it, the values of the coefficients
in elemental formulas of the reagents were established as follows: x; = 3.144, y; = 8.288, x, = 1.561,
v, =0.420, z, = 0.0094. Wherein, in the general case, the coefficients for elemental formula of complete
heterogeneous mixture of reaction products C,H,O.N,,Ar,Me; can be expressed as follows: x = f3-x;,
v=By,z=(yyt33), w= Qaty-xy), v="72, k=25 (for systems with Al,O3); and x = (B -x;+29),
Vv=By1,z=7"y2, w=Qa+y-x3), v="y"25, k=30 (for systems with Cr3C,).

During the thermodynamic analysis, which makes it possible to predict probable products under
equilibrium and quasi-equilibrium conditions with acceptable accuracy over a wide range of tempera-
ture (up to 6000 K), without considering the mechanisms of possible reactions, we used the variant of
this method based on finding of entropy maximum (i. e. minimization of the Gibbs free energy/thermo-
dynamic potential) of reacting system. The calculations were carried out using TERRA code [19, 20].
The algorithm used in it for determining the atomic/molecular composition and properties of reacting
systems was presented in [15]. The data calculated were further used to analyze the efficiency of the
target process of heating ceramic powders in these systems, and herewith a special group of energy
and processing parameters was used, including the following ones: equivalence ratio of the mixture (on
fuel) ER [15, 21] and its adiabatic temperature; the energy efficiency of the material heating (in various
versions — with and without taking into account the contribution of fuel to the efficiency value), specific
energy consumption EC for the heating to desired (specified) temperature of the process, the degree of
autothermicity of total allothermal process (in a variant on temperature 4Dy and in a variant on enthalpy
ADp) during the combined powder heating. The informativeness of these parameters was earlier tested
during generalization of the characteristics of thermochemical and plasma processes, such as pyrolysis
(typically requiring intensive allothermal heating via electrothermal or other routes) and gasification and
combustion of a number of fuels and carbonaceous wastes, including high-ash ones [15, 21-24].

For a typical variant of heating (during spraying) of ceramic powders, in particular, oxides, the ex-
pression for such parameter as the energy efficiency E£nE; is derived taking into account the first law of
thermodynamics, and in it (in contrast to the similar efficiency for gasification of solid fuels [19, 22-24])

it is advisable to use in the numerator the enthalpy difference AH o = (H r, —Haog )M 0’ required to
€Ox

heat the oxide from temperature 7} to the desired (specified) temperature of the process 73, which ex-
ceeds the melting point of oxide 7, by an amount (characterizing the degree of overheating of the react-
ing system beyond 7> (DOH)), which schematically represents the degree of nonadiabaticity of spraying
apparatus in a zone between plasma torch nozzle (i.e. anode outlet) and the end of powder heating area
(i.e. substrate for spraying). The final expression for this efficiency is the following:

WE, = GMerAHMeOX
1= .
(GeLHV; )+ [Ppt / (nelnpt)] + [(%N(aeq)k ) / ne1:|

©)

Here Gy and Gy are mass flow rates for ceramic powder and for fuel, LHV; is lower heating value of
the fuel, Py, is electric power on an arc of the torch, N,¢q is power (or energy consumption) for each type
of auxiliary electrical equipment in the system (in our case, these are: a) the power of air compressor and
b) the consumption of electricity for cryogenic production of N, as a plasma gas for the torch), ny is ther-
mal efficiency of the torch (assumed equal to 0.80 based on aggregated data for non-transferred arc plasma
torches [25]), ne — energy efficiency of commercial-scale solid fuel power plants CPP of steam turbine
cycle (it was chosen as 0.393 according to the actual reference data from DOE/NETL) [26]). The thermo-
dynamic properties of the reagents (AH MeO, > etc.) were determined using the NIST’s database [27].
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As additional indicators of the energy efficiency of the upgraded spraying system, we used, by anal-
ogy with [15], the energy efficiency EnE, (which differs from EnE; by ignoring the real energy effi-
ciency of CPP (i.e. by using such efficiency magnitude as 1 = 1) on the efficiency value EnkE,), and the
energy efficiency of EnFE; (calculated, in a contrast with EnFE|, without taking into account the effect of
fuel enthalpy on the last efficiency, i.e. with Gy LHV;= 0). The power consumption of the compressor for
air blowing into the spraying system was calculated as in the paper [28], at the polytropic index of 1.40.
Also, for the “basic” (further labeled as “bas”) regimes (in N,, that simulates the conditions of industrial
spraying units [1, 3] without fuel in plasma flow) of powder processing, we took account of the energy
consumption for production of N, from air, and by analogy with [29] it was assumed to be at the level of
0.3 kW -h/kg (ignoring the contribution of the CPP efficiency).

The adiabatic temperature 7,4 of a mixture of given composition under equilibrium and quasi-equilib-
rium conditions can be calculated in the mass-average approximation based on the dependences derived
from the law of conservation of energy [15, 24]. Specific consumption of electric energy (in kWh (for all
types of equipment in the system) per kg of final ceramic material) in systems of the type under consider-
ation (excluding the contribution of the CPP efficiency) was calculated as EC = (P /Myt + 2Naeq)/Gmeons
and the degree of overheating (J/J) of the reacting system beyond 7, (i.e., to the desired specified tem-
perature of the process 73) as: DOH = (I,(T5) — I:(To))/(Lp(Th) — L(T0)). Here, I,(T) denotes three vari-
ants of the sum of enthalpies of the equilibrium products of interaction (taking into account their molar
fractions M; in the reacting mixture): at high temperatures 7; and 73, and at initial 7 = 298.15 K.

For most general case of the considered APS process (assuming the use of thermally dissociated
feedstock/material in it), the energy balance for the main (thermochemical) zone under the spraying
of ceramic (e.g. oxide) material, during which the target transformation takes place (including possible
chemical dissociation reaction and the phase transition, i.e. melting of oxide) can be written as:

No= Ot + O + Qox =(AH[" + AHJ' + AHY' + AHJ' + AH' ) + Oy, + Ocs. @)

Here in the considered general case of this air-plasma APS-process (in which, as an option, heating of
the powder of thermally dissociating feedstock/material is allowed), the total temperature range for the
sprayed substance (which, for the case, e.g. of obtaining a coating from Al,O; with estimated value of
melting point of 2328 K [27], ranges approximately from 298.15 to 2500 K) is divided to the regions:
1) from 75 =298.15 K to the temperature of feedstock decomposition (to final oxide), equal to 7;; 2) from
T; to melting point of oxide particles 73; 3) from 7 to the maximum temperature 73 reached by molten
particles in front of metal substrate. In the equation (4), for the process thermochemical zone (including
quasi-cylindrical section between the outlet from the torch anode and the substrate), the following unit
symbols are used: total thermal power (in W) of the feedstock and the heat-transport gas at the inlet to

the zone under consideration: Ny = Qpe + Ny = Ope + 2, (M j Hj) (where Q. is the thermal power of

the material (if it is injected as preheated one), Ny, is th]e thermal power of the heat transport gas, i.e.
plasma gas, preheated by the torch arc); Oy, — “useful” heat, transferred from hot gas in the considered
jet to the initial particulates heated to melting (which depends on the material can be exposed to disso-
ciation, as, e.g. in the techniques of special APS-, SPS-, SolPS-spraying [9, 14, 30]); O, — heat losses
from gas-powder flow in the considered zone in radial direction to surrounding air or to the walls of the
protective channel (in the case of flow inside the channel (e.g. shroud, as it was in the oxy-fuel spray-
ing [31])); O is the heat power of the gas phase of this high-enthalpy jet at the exit from the considered
zone after the end of powder melting, which decreases during the following heat transfer with substrate;

AH{" =(H % -H 20 )nm> 18 the difference between the enthalpy of the initial material (undissociated) at 7;
(e.g., for the case of AI(OH); equal to ~ 550 K [32]) and its enthalpy at Ty; AH, = AH, &298 is the heat of
dissociation reaction (endothermic) of the initial feedstock powder (e.g. with the formation of oxide) at 7i;
AH3' =(H % -H % )nm 18 the difference between the enthalpy of dissociated powder at the 7, and its en-

thalpy at 7}; AH,' = (Ale?quid ~AH L) = AH? , — is the heat (normalized to the standard conditions)

melt

of powder melting at 7»; AHS' = (H7Q3 —H% )um 1S the difference between the enthalpy of final powder
at Tz, slightly higher (usually, for technological reasons, by 150-300 K) the 75, and its enthalpy at 75.
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Footnote for the Table.

Unit symbols for the parameters:
mass fraction of fuel in the mixture — yy¢;
process productivity on final product (i.e. oxide or carbide powder material) — Gy
mass fraction of final product/material in the product mixture at 73 — ypr;
the difference between the enthalpies of final ceramic material (as (*) the case of APS-process with AI(OH);-feedstock was
marked, which differs by the taking account of energy consumption for feedstock heating up to its dissociation to oxide) at
final temperature T3 and at initial T, for the reacting mixture — (Hy, — Hyy,);
the equivalence ratio for analyzed reacting mixture ER = (Goy/G¢) /Ry (Where Go/G¢— ratio of the mass flow rates of oxidizer
and fuel for the mixture; Ry — ratio of the flow rates of these reagents in the stoichiometric mixture, which is sufficient for
complete fuel oxidation);
energy efficiency for the heating of initial material in the mixture (ignoring the contribution of CPP’ efficiency) — EnE»;
energy efficiency for the heating of initial material (ignoring the contribution of the fuel enthalpy in the heating process) — EnEs;
degree of autothermicity of the reacting system on temperature — 4Dy (K/K) and on enthalpy — 4Dy (J/);
effective hydrogen to carbon ratio for initial reacting mixtures with varied chemical composition [33] — (H/Ce¢r);
required minimal power of plasma torch (at total energy efficiency of the combination “torch + attached protective “shroud”
Npl Mes = 0.6) - Ppt72;

Symbols:
T — micro-impurity (< 1 % of total mass of condensed products), ¢ — with taking account of effect of heating value (HHV) of
fuels in these POA-APS-regimes as for complete combustion.

Results of the modeling. The calculated efficiency parameters for C—H-O—-N—Ar—Me systems
(Me = Al Cr; p = 0.101 MPa) are shown in Table as for the simulants of operating regimes of the plas-
ma spraying system (APS-process) for oxide and carbide coatings, using proposed fuel intensifier, for
two variants on injected fuel evolution: a) regimes with complete oxidation (i.e. combustion) assistance
(CA-APS), b) regimes with its partial oxidation assistance (POA-APS). Figures 2—4 represent the exa-
mples of data obtained on the compositions during heating of the reacting systems for two variants (CA-
and POA-APS) for the cases that simulate thermodynamically optimal conditions for processing regimes
with Al,O5; and Cr;3C, (the condensed phases are indicated by the symbol “c” in the graphs). For the
cases that are identical to the ones in the Table, but without metals (i.e. C-H—O—-N—Ar-system, see their
compositions in Figure 5), it was found that for the regime with ER = 1.0 (CA-APS-process) temperature
T.a = 1597 K and at ER=0.30 (POA-APS-process) the value 7,4 = 938 K. Besides, in Figure 6 the depen-
dences for total enthalpies of analyzed C—-H-O—-N-Ar—Al-, C-H-O-N-Ar—Cr- and C-H—-O-Al-systems
are presented. The regimes investigated, which simulate the spraying of oxides (on the example of Al,O5
from two kinds of feedstock), surpass (by 5—20 %) on calculated output characteristics, such as energy
efficiencies and energy consumption for heating, the conventional method of powder heating during the
spraying with N,-plasma (especially, case with Al,05; powder), as well as one of the new methods with
(CO,+CHy)-plasma [5-6, 9], — see the Table for comparison of the regimes: 2 with 3; 4 with 5; 9.

In Figure 7 the comparison of the part of the found efficiency parameters is presented for various
cases of the modeled systems as the simulants for regimes of plasma spray with the fuel assistance. It is
evidently from the Figure 7 as well as from the results of the Table, that the case of proposed FA-APS
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1 A1203¢c) 1 Al03H3 ()
Q\:
@ N2 @ s Al203¢cH
o 5000000000
0.1 0.1
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r,,f c02 on
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Figure 2. Calculated chemical compositions for equilibrium systems C—H-O-N-Ar—Al at 7= 300-3000 K (p = 0.101 MPa)

with the ratios of initial reagents corresponding to model regimes of alumina coating spraying with use of initial Al,O5

powder (@) in oxidative gas medium at the equivalence ratio ER = 1.05 (see regime 2 in the Table), and with initial AI(OH);
feedstock powder (b) in combined reducing-oxidative medium at ER =0.50 (see regime 4 in the Table)
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Figure 3. Calculated composition for quasi-equilibrium
system C—H-O-N-Ar—Cr at 7= 300-3000 K (p = 0.101 MPa)
with the ratios of initial reagents corresponding to the model
regime of carbide coating spraying with use of initial Cr;C,
powder in reducing gas medium, which is achievable at
the conditions of partial oxidation of LPG (see regime 6
in the Table) at the mixture equivalence ratio £ER = 0.30.
(In this calculation the absence of CrN and Cr,N phases was
specified for kinetic reasons of the initial carbide-contained
heterogeneous systems of this group at 7 < 1200 K [4])
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Figure 4. Calculated composition for equilibrium system
C-H-0O-Al at T = 300-3000 K (p = 0.101 MPa) with
the proportion of initial reagents, that is simulating the
experiment, which is analogue of our proposed plasma-fuel
spray process and was performed by the authors [5] with
the effect of complete melting of alumina powder in the
DC plasma torch jet in reducing medium in the mixture of
(Al,03+CO,+CHy) at the conditions of partial oxidation of
the alkane fuel (see regime 10 in the Table)
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Figure 5. Composition for equilibrium systems C—H—O—-N-Ar (without metals) for the range of 300-6000 K (p = 0.101 MPa),

with the ratios of initial components corresponding to the regimes, which are applicable for deposition of ceramic coatings: in the

oxidizing medium formed by the “N, +air + LPG fuel”-mixture (CA-APS-process) at the equivalence ratio ER = 1.00 and T,y =

1597 K (a), and in the reducing medium formed by the similar mixture (POA-APS-process) at ER = 0.30 and 7,4 = 938 K ().
For these regimes the nitrogen flow rate Gy, = 1.2+ 107 kg/s
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Figure 6. Mass averaged enthalpies of the simulated C-H-O-N—-Ar—Al-, C-H-O-N-Ar—Cr- and C-H-O-Al-systems at the
range of 7=300-3000 K (p = 0.101 MPa) for the regimes 2 (with Al,O; feedstock), 4 (with AI(OH); feedstock), 7 (with Cr;C,
feedstock) and 9 (with Al,O5 feedstock) in the Table
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with LPG fuel for the heating of ceramic powders (especially, alumina) demonstrates the advantage
of this FA-APS (in particular on the energy efficiencies and total energy consumption £C) in a compar-
ison with the “basic” regimes of APS of the powders (in pure N, plasma).

As a result for the cases of FA-APS with Al,Os-feedstock and with Cr;C, one it was found that it is
potentially possible to reach such enhanced level of the process productivity on the final products Gy, as
close to 17 and 28 kg/h, respectively (at the moderate values of electric energy consumption £C, — near
1.8 and 1.0 kWh/kg (see the Figure 7, a, d)). For these two powder heating cases the values of the re-
quired power of the torch (at n, = 0.8) are as the follows: > 28.2 and > 22.3 kW.

Energy consumption £C, kWh/(kg of ceramic product) Minimal energy consumption for plasma torch operation ECy,
kWh/(kg of ceramic product)
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Figure 7. Comparison of efficiency parameters for various cases of modeled C—-H-O—-N-Ar—Me- and C-H—O-Al-systems:
a — comparison for energy consumption EC; b — comparison for energy consumption for plasma torch operation (ignoring
the CPP’ efficiency and with taking account of effect of HHV of fuel in POA-APS-regimes as for combustion) ECy; ¢

comparison for EnEj; d — comparison for the process productivity on the product. Here the red columns correspond to
the following regimes in the Table: 1 — CA-APS with Al,O;-feedstock (regime 2), 2 — POA-APS with Al(OH);-feedstock
(regime 4), 3 — POA-APS with Cr3C,-feedstock (regime 6), 4 — FA-spray with Al,O; in (CO,+CH,)-gas (regime 9); and the
black columns correspond to the “basic” regimes of APS (with pure N, medium — 3, 5, 8) and for regime 10 for the mixture of

(A1,05+CO,+CHy)

In accordance with obtained results for the variants of this group systems, it was also found that
for the regimes simulating the heating of carbides (in particular, Cr;C,, — see regime 6 in the Table) in
(N-air-LPG)-mixtures, the parameters of the process efficiency differ slightly from those for the conven-
tional (clear-endothermal) regimes of their processing in N, (in the spraying UPU-3D units [1, 3]). For the
case of processing regimes of AI(OH); hydroxide, they are explicitly worse than the CA-APS-variant
with Al,O;-powder feedstock by the level of output efficiency parameters, but nevertheless, this variety
of APS with dissociation-able AI(OH); feedstock will be quite promising due to very low prices for this
material (only 0.6-2.0 US$/kg) [34], in a comparison with commercial Al,O; powders for spraying.
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Conclusions. 1. The opportunity for upgrading of the industrial-type unit/system of atmospheric
pressure for thermal spraying of ceramic powders with DC electric arc torch (30—40 kW power) by use
of experimental variant of fuel gas-vortex intensifier was considered.

2. Special analysis of possible parameters of the produced mixed high-enthalpy flow after the
plasma torch with this intensifier was performed based on thermodynamic calculations for the cases
of C-H-O-N-Ar—Al-, C-H-O-N-Ar—Cr-, and C-H-O-Al-systems in order to assess the potential
of this system to modify the technology of oxide and carbide ceramic coatings formation. For the
analyzed regimes, simulating spraying of alumina, they are 10-20 % superior in terms of the ther-
mochemical characteristics of process to both the conventional method of powder heating during
spraying in N,, and the new efficient variant under (CO,+CHy)-plasma conditions, proposed in re-
cent years.

3. The case of proposed FA-APS with LPG fuel for the heating of ceramic powders (especially,
alumina) demonstrates the advantage of this FA-APS (in particular on the energy efficiencies and EC)
in a comparison with the “basic” regimes of APS of the powders (in N, plasma). For the variants of
FA-APS with alumina feedstock and for Cr;C, feedstock powder it was found to be potentially possible
to reach (at the moderate values of total electric energy consumption EC for plasma torch and auxiliary
equipment, —near 1.8 and 1.0 kWh/(kg of final ceramic product)) such enhanced level of the process pro-
ductivity on the final product Gy, as approximately 17 and 28 kg/h, respectively.
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CHUJIOBOM PEXXKUM OCECUMMETPUYHOI'O CKOPOCTHOI'O
KOMBUHHUPOBAHHOI'O BBIJIABJIMBAHUSI BUMETAJIVIMYECKUX
JOPOKHbBIX PE3I1OB

Annortanus. [IpuBenena ynpormeHHas, TpexdTalrHas MOJIeJIb Iepexoia OT IUIOCKON K 0CECHMMETPUYHON aedopManuu
Y CKOPOCTHOM, KOMOMHHPOBAaHHOM BBIJIaBJIMBAHNN OMMETAJITHUECKUX JOPOKHBIX PE3loB. B 0CHOBY mepexoza MoJjoKeH
HMPUHIUI PaBEHCTBA IUIOMIAJIEH, COTIacHO KOTOPOMY IUIOMIAAs (pUTYpHI IPH IIOCKOH AedopManuy 3aMeHsIeTCsl paBHOBE-
JUKOH Tutomaasio Kpyra. [Ipu aToM cauTaercs, 9T0 KHHEMAaTHIeCKH BO3MOXKHOE TIOJIC JIMHUI CKOJNBXKEHUS! OCTACTCS HEH3-
MEHHBIM. TaKoi IT0IX0/] MO3BOJISET CHU3UTH KOJMYECTBO HEOOXOMMBIX PACUSTOB M IIPH ATOM COXPAHUTH BEICOKYIO CTETICHD
KOPPEKTHOCTH NOJTYyYCHHBIX ypaBHeHUil. [IepBrIit aTan XapakTepru3yeTcs Iepexo[oM K YaCTHOMY CIIydalo IUTOCKOH 3a1auH,
IpY KOTOPOM M3 MCXOJHOM 3aTOTOBKH KBaJPATHOTO CEUCHHUS BHIIABIMBACTCS CTYNEHUYATAsl ACTalb MPSIMOYTOIBHOTO cede-
HUSI, B KOTOPOM OJHA M3 CTOPOH paBHA CTOPOHE KBajpaTa HCXOAHOU 3aroToBkH. Ha BTOpoM 3Tame mepexoja OCyIecTBIS-
©TCsI BBIJIAaBIMBAHNE M3 MCXOAHOU 3arOTOBKM KBAaJPAaTHOTO CEUEHHs MIOCKOCTYNEHUYATOH AeTaid, NMeoel KBaapaTHbIC
cedeHus 1o Beeil qmHe. HemocpencTBeHHO Ha TpeTheM dTane GopMUpyeTCsi OKOHYATENbHBIM MEPEX0] K 0CECUMMETPUYHON
naedopmanuu pesna, Ipu KOTOPOM IIJIONAaAb KBAaApaTa 3aMEHSETCS PaBHOBEIUKON MIIOIMAABI0 KPyTa. 3aBUCHMOCTH, MOTY-
YEHHBIE B PE3yJIbTaTe PELICHUs] OCECHMMETPHYHON 3a7adH, MOT'YT OBITh PEKOMEHA0BAHBI AJIS PACYETOB MPH MPOMBIIIICH-
HOH peann3aliy TEXHOJIOTHH CKOPOCTHOT0, KOMOMHUPOBAHHOTO BBIAABINBAHMS OMMETAITHUECKUX TOPOKHBIX PE3IIOB.

KuroueBble ciioBa: ocecummerpuyHas aedpopmanus, J0pOXKHbINH pe3el,, KOMOMHUPOBAHHOE BbIIABIMBAHHE, PABEHCTBO
Iomaael, pexxum aeGopMUpPOBaHUS, HAPSKEHHO-Ie()OPMHUPOBAHHOE COCTOSTHUE
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Konstantin Yu. Bykov, Igor V. Kachanov, Igor M. Shatalov
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POWER MODE OF AXISYMMETRIC HIGH-SPEED COMBINED EXTRUSION OF BIMETALLIC ROAD
MILLING PICKS

Abstract. The article presents a simplified three-stage model of the transition from a flat to axisymmetric deformation
during high-speed, combined extrusion of bimetallic road milling picks. The transition is based on the principle of equality of
areas, according to which the area of a figure during a flat deformation is replaced by an equal area of a circle. In this case, it is
assumed that the kinematically possible field of the slip lines remains unchanged. This approach makes it possible to reduce the
number of necessary calculations and at the same time maintain a high degree of correctness of the obtained equations. The first
stage shows the transition to a special case of a flat problem, in which a stepped rectangular part is extruded from the original
square blank, in which one of the sides is equal to the square side of the original blank. At the second stage of the transition,
a flat-step part having square sections along its entire length is extruded from the original square-section blank. Directly at the
third stage, the final transition to the axisymmetric deformation of the cutter is formed, in which the area of the square is replaced
by the equal area of the circle. The dependences obtained because of solving the axisymmetric problem can be recommended
for calculations in the industrial implementation of the technology of high-speed combined extrusion of bimetallic milling picks.

Keywords: axisymmetric deformation, road-milling picks, combined extrusion, equality of areas, deformation mode,
stress-strain state
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Benenue. PazpaboTka HOBBIX TEXHOJOIHMUECKUX MPOIECCOB MPH MOTYYCHUU CTEPKHEBBIX H3JIe-
JIMA C OCEBON CUMMETpHUEN, K KOTOPBIM MOXHO OTHECTHU U JIOPOKHBIE PE3IIbI, COMPSIAKEHA C TPOBEE-
HUEM aHaJIM3a HampsKEHHO-Ie(OPMUPOBAHHOTO COCTOSIHHS 3arOTOBKH C TIOCJIEAYIOUIMM OIpe/elie-
HUEM MOIIHOCTH M YCHJIHSI, HEOOXOIMMBIX JJIsl IITAMIOBKH TOTOBOTO MpOnyKTa. B nuTeparype nme-
eTcsl JOCTaTOYHOE KOJIMYECTBO PeKOMEHJAINil JJIsl pacdeTa Kak IJIOCKUX, TaK U OCECHMMETPUYHBIX
(mpocTpaHCTBEHHBIX) 3a1a4 [1-8]. CTOUT OTMETHUTH, YTO HEKOTOPBIE U3 ATHX PEKOMEHAALMH SABISIOTCSA
BeChbMa TPYAOCMKHUMH C TOUKH 3PEHUS pealnu3alui He0OOXOIMMBIX PacueTOB.

@ ’ ORI

-
—
N

N

d=2r

d=2r

D=2R D=2R

Puc. 1. JIBa mepexona miIockoil nedopmaiviii MpH aHalU3e OCECHMMeE-
TPUYHOTO BBIIABIUBaHHUS [6, 7]: a — cXeMa «KpYT — BILTUIICY, b — cxeMa
«IJLTATIC — KPYT»

Fig. 1. Two flat strain transitions in axisymmetric extrusion analysis [6, 7]:
a —scheme “circle — ellipse”, b — scheme “ellipse — circle”

Tak, B [6, 7] aBTOpBI pacCMaTpUBAIOT OCECHUMMETPUUYHYIO e(hOpPMaLIUIO KaK CYNEPIIO3UILIUIO ABYX
nepexonoB miockoi aedpopmauuu (puc. 1). Ilpu 3ToM cunraercs, 4To Ha NEPBOM MEPEXOe LWHINHIPU-
Yeckast 3aroToBka quamMeTpoM D = 2R (R — paauyc 3aroTOBKH) BBIJIABIMBACTCS B CTEPIKEHbD DIITHIITHYC-
CKOT'O CeYEeHHUsI ¢ mapameTpamu oceid D = 2R (6onbiiast ock) U d = 2r (Manas ock) (puc. 1, a). Ha BTopom
[IEPEXOe JUIMNTUYECKAs] 3a0TOBKA Ne(POPMUPYETCS Uyepe3 KPyIjoe OTBEPCTHE B LIMJIMHAPUUICCKUM
MPYTOK ¢ AuameTpoM d = 2r (puc. 1, b).

Hapsimy ¢ atum aBTophl padot [9, 10] oTMedaroT, 9TO MPH UCCICAOBAHUN KHHEMATUKH TIaCTHIC-
CKOTO TEUEHHSI MMEeT MECTO Moa00Me O4aroB MiIacTUYECKOH edopMaluy NPy BbIIABIUBAHUY ILJIO-
CKUX U OCECUMMETPUYHBIX n3aenuil. [loaTomy 1u1si ocecHMMETPUYHOIO BbIJABIMBAHUS PACCMOTPEHHE
oyara JeopManu OCyIIECTBISETCS B AUAMETPAIEHOM CEUEHUH 3arOTOBKH U IIPosie()OPMHUPOBAHHON
CTEpPKHEBOH YacTH.

C y4eToM 3TOro 00CTOATENbCTBA BIIOJIHE TPABOMEPHO OCYILIECTBUTh, HA HAII B3TIISA], pEIICHHUE I1JI0-
CKOH 33724y ¢ MUHUMAaJIbHBIM MCKa)KEHHEM ouara Je(opMaluy Ipu MOCJIENyIOIEeM MIEpPexoae K oce-
CUMMETpPUYHOU JedopmMary. Kak mpruMep Takoro pemeHus: B JaHHOW CTaThe MPEJIaraeTcs MIOCKYI0
neopMaluio OCYIIECTBUTh Ha NMPUMEPE CTYNEHYATOro, KOMOMHMPOBAHHOTO BBIAABIMUBAHMS MOKOBOK
pe3iia U3 UCXOHOH KBaJpaTHOW 3aroTOBKH. [Ipy 2TOM OTIMYUTENLHOW OCOOCHHOCTBIO 3TOrO Mporecca
SIBIISICTCS. PABEHCTBO IJIOIIAACH KBaJApPATHBIX CEYEHUH 3arOTOBKH M CTYNEHYATHIX 3JIEMEHTOB IOKOBKH
COOTBETCTBYIOIIUM ILIOIIA/ISIM KPyTra B OCECHMMETPUIHON JieTanu. [1pu TakoM TOIX0/Ie MOy YeHHOE pe-
LIEHHUE TUTOCKOH 3a/1a4M JIJIs IOKOBKH C IUIOMIAASIMH KBaAPaTHOTO CEUYCHUSI MOJKET OBITh EPECUYUTAHO Ha
OCECHMMETPUYHYIO JeTab (MCHOJb3Ys BCE IIOJIyUYEHHbBIE PACUETHBIE 3aBUCUMOCTH, roforpadbl CKOpPO-
CTel U YCKOpEHHIi) Ha OCHOBE MPAKTUYECKONH HEM3MEHHOCTH KMHEMAaTHUYECKH BO3MOXKHBIX TIOJICH TMHHH
CKOJIBXKECHHM S (0uara 1eopMaIini) B yCIOBHIX KaK IIOCKOH, Tak 1 OCECUMMETPUIHON IedopMaIiny.

Lenv Oannotl pabomel — NpeACTaBICHUE YIPOIICHHOW, TPEXITAMHOW, MOACTH Tepexoaa OT IIOo-
CKOHM K OCECHMMETPHYHOH e(opMaLNK IIPU BBIIABIMBAHUH OMMETANINYECKUX JOPOKHBIX PE3LIOB.
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IlepBblii 3Tan nepexoga ot mIockoi aedop-
MaluM K ocecMMMeTpPU4YHOM. cnonb3ys Me-
TOJl BEpXHEH OIEHKH, HaMHu ObLia pa3padoTaHa
MaremaTuyeckas monenb [11] pacuera pexuma
Harpy>XeHHs ITyaHCOHa B TIPOIlecce CKOPOCTHO-
ro KOMOMHHPOBAHHOTO TOPSYETO BbIIABJIMBAHMS
OMMeTaITNYeCKIX JTOPOKHBIX PE3IOB B YCIOBHU-
SX TI0CKOoM nmedopManmu. B mporecce pemeHus
TUTOCKOM 3a/1auu Obliia moiydeHa auarpamMma Py =
f(hy) «ycunne Ha myaHCOHE — Ty Th AehopMUpoBa-
Hus» (puc. 2). YCIIOBHO Tporiece ObLT pa3/IeiieH Ha
JIBE CTaINH: CTaINIO pa3roHa (3oHa «P» Ha puc. 2)
Y CTaJIMI0 TOPMOXKEHUSI, COCTOSIIYIO U3 JIByX dTa-
moB (30HBI «T» 1 «TH» Ha puc. 2). OTININTETHHON
0CcOOEHHOCTBIO JTAHHOTO Ipolecca OT psila CXo-
JKUX TI0 TeMaTuke padot [12—14] siBisieTcst TO, 4TO
B TIpOIlecce€ BBIJIABIMBAHUS HA CTaIWW DPa3roHa
YacTh MeTallja 1epOPMUPYEMO 3aTOTOBKH TEUET
B HaITPaBJICHUH, TPOTUBOIOIOKHOM XOJy JIBHIKE-
HUS TTyaHCOHA, TO €CTh IMEET MECTO TaK HazbIBae-
MO€ 00paTHOE BbIJIaBJINBAHUE.

B xome peimieHus mIockod 3aiadyd 3aBUCH-
MOCTH, TIOJTyYEHHBIE Ha OCHOBE MHHHMAIBHOM
MOIITHOCTH BHYTPEHHUX CHUJI, YCTAHOBJIEHHOMU I10
ONTHMAJIBbHBIM IMapaMeTpaM OIS U MaTPUYHON
mosioctu (o, P, y), 1 XapaKTepU3YIOIIHUEe BOCIIPH-
HUMaeMo€ ITyaHCOHOM Ha KaXKJIOM 3Tare BbI-
JaBJIMBaHUS ycuiue, umerot Bun [11]:

24bM ;f{FLopt (a1, 1) + 240, M;

Pn
o
15 J
2
5
3
k\
P T, T,
¢ 6
C
h, b hy n, I

Puc. 2. Pacuernas nuarpamma P, = f{(h,;) «ycuiaue Ha IIyaH-
COHE — ITyTh Ae(OPMUPOBAHMS» IS IUIOCKOH 3amaum: P —
craans pasroHa; T; — IEpBEIA 3Tam CTaJnU TOPMOXKCHUS;
T, — BTOpOH 5Tam cTauu TOPMOKEHHS; 1y, — My Th neGopMH-
pOBaHHS Ha CTaJMH PasroHa; /i — MyTh Ae(GOpPMUpPOBAHHS
Ha TIEPBOM 3Tare CTaJAuH TOPMOXKEHUS; /iy — My Th 1eopMu-
POBaHUS HA BTOPOM 3Tame CTaauu TopMoxeHus [11]

Fig. 2. Diagram P, = f{h,;) “force on the punch — deformation

path” for a flat problem: P — acceleration phase; Ty — the first

stage of the inhibition phase; T, — the second stage of the

inhibition phase; &, — deformation path at the acceleration

phase; h; — deformation path at the first stage of the

inhibition stage; 4, — deformation path in the second stage of
the inhibition phase [11]

2

1
:| + pngZ,opt (aa}‘l)

Pn.p,min = 7\’2 / > (1)
M =24%bp| F g (0, h) + by "1 4 1Pn6
P 3,opt( 1) P A Ap
Lsar’_hl 7“% 2
24bMyk F4,opt(Ba7\'2a“)+2“ T"'hlj +pV0F5,opt(B:7\'2)
Pnl,min = 5 5 (2)
M+ 242p| Fy o0,y 2g) + 207 =My M1 InoPus o
0P A Ap A
L —h—h A2
24bM |k F4,opt(B,x2,u>+2u(afAlz+hz AZ) +PVOFS ope (B 12)
Pn2 min —
: L,.—h—h APl h
2 3ar 1~ M, fnePre  p
M+2A4bp F6,0pt(a,B,ll,k2)+7A +h, y +7Ap y 3)

A3 +1
24bMyk F7,0pt(y57‘3’u)+2“'[h2 2(2)) +pV%F;§,0pt(y’7”257\’3)

+

M+ 2A2bp(F9,opt (Y:}\G) + h2

303 +1)j
A

€ Py p min> Pritmin> Pr2,min — MUHEMaJIbHbIE BEDXHETPAHUYHBIE YCUIIHS, BOCTIPUHUMAEMbIE TyaHCOHOM
Ha MyTax nepopMHPOBaHMs hy, hi, hy COOTBETCTBEHHO; hy,, Ay, hy — MyTH 1e)OPMHUPOBAHHUS HA CTa-
AU pa3r0Ha, HepBOM n BTOpOM aTarnax cCraagnuu TOpMO)KCHI/ISl COOTBETCTBCHHO, L3ar' — JJIMHA 3aroTOB-
ku; A 1 b — reoMeTpUYEeCKIe pa3Mepbl (BBICOTA U IIUPHHA) 3arOTOBKH, MyaHCOHA M TTPOMEKYTOUHOTO
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Ooiika; M — Macca MyaHCOHA; k — TJIaCTHUYECKast TMMOCTOSHHAS, Aj, Ay, A3 — KOI(DPHUITUEHTHI BHITIIKEK;
[ — K02((UIIMEHT KOHTAKTHOTO TEPHUS; V) — HadallbHasl CKOPOCTh ITyaHCOHA; P — MIOTHOCTh 3ar0TOB-
KU; [ — JUTMHA IPOMEKYTOYHOTO OOHKA; Py — INIOTHOCTh TPOMEXKYTOYHOTO O0¥Ka; o, 3, Y — yIJIbI
MaTPUYHON TOJNOCTH; I opi—F9 opi — QYHKIMOHAJIBI YCHIINH BbIIABIMBAHMS, ONIPEAEISIEMBbIE B 3aBUCH-
MOCTH OT YCJIOBHH J1e(hOpMUPOBAHHS.

[Ipu 3TOM KO3(DHUIMEHTHI BBRITSIKEK A, A, A3 B BeIpaxkeHUAX (1)—(3) ompenenstorcst uepe3 OTHO-

. . 24b A 24b A4
IIEHHE IUIOIIA/IeN ceueHuit 10 u nocie aepopManuy o 3aBUCUMOCTAM Ay = —— =—, A, = =—,
2a.b 2a,b  q 2a,b  a,
6 <20t _a
2a;b a4

s mepexofa OT TIOCKOH 3amadn K OCECUMMETPHYHON Ha TIEPBOM dTare (OpMOU3MEHEHHS, KOT-
Jla CEYCHME 3arOTOBKH I10 JUTMHE MPEACTABIISCT COOOH MPSIMOYTOJBbHUKHU CO cTOpoHamMu 24, 2ay, 2a,,
2a3 u b (puc. 3), HEOOXOAUMO BHECTH U3MEHEHHE, CYTh KOTOPOI'O CBOAMTCS K MPUPABHUBAHUIO pa3Me-
pa b (mmpuHa 3aroTOBKH) K pazMepy 24 (BbICOTa 3arOTOBKH), TO ecTh b = 24 (puc. 4). OTcrona moiy-
4aeM, UTO IUIONIATb UCXOMHON 3aTOTOBKH fy yox = 2Ab YBEINUMBACTCS [0 3HAUCHUS [y s = 4A4°. Takum
00pa30oM, BOSHHKAET YaCTHBIN CIIydad TIIOCKOW 3a/1aq¥, KOTJa U3 UCXOJHOW 3arOTOBKH KBaJIPaTHOTO
CEYCHUS BBIAABIMBAIOTCS MPSIMOYTOIBHUKH C IMUPUHON, paBHOU 24 (puc. 4).

Puc. 3. [Tnockas 3aJjadya BblJIaBJIMBaHHU A OMMeETaTINYECKUX JOPOXKHBIX PE3110B

Fig. 3. The problem of flat extrusion of bimetallic milling picks

2A

Puc. 4. YacTHbI# ciyyall TIIOCKO# 3aauu ¢ MCXOAHOW 3aroTOBKOM B BUJIE KBaapaTa

Fig. 4. The special case of the flat problem with an initial workpiece in the form of a square
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IIpousBens 3amMmeHy HCXOMHBIX TUTomAneH B ypaBHEHUAX (1)—(3), MOITyUnM BBIpAKEHHUS IJIs pacueTa
ycunust 1e(OpMUPOBAHUS TIPU BBIJABIMBAHUH U3 UCXOHOM KBaIPaTHOW 3aTOTOBKH CTYTICHUYATOM Jie-
Taju, NIUPUHA KOTOPOM paBHsiEeTCs 2A4:

A2+
44*°M 1{}«],01,t (CRIRHESI 1/1} + PV Fy opi (0, 4)

I.p,min — )\‘2 / 0 > (4)
M 44| Fy o (a,hy) + =L 10008
p( 3,0pt( 1) P 4 Ap
2 Lsar’ _hl }\é 2
44° M\ k F4,opt (Ba}\'ZaM)+ 2“ T+h1 j +pVOF5,opt (Bax2)
Pnl,min = I L )\‘2 / h 5 (5)
3 h 1 6P _ "p
M+44 p(F6,0pt(aaBa7\'la}\'2)+3arA+hlA+HApH_AJ
Ly —h —h %
4A2M k F4,opt(B>7“2au)+2u[3aAlz+h2 Az] +pV%F5,opt(Ba7\‘2)
PII2 min — +
’ 3 Logr = —hy 7V12 ln6Pns Mo
M+44 p(FQopt(aaB,;b]a}Vz)"'SdA+h2A+Ap—A

©)
A +1
44° Mk F7,Opt(y,k3,u)+2u(h2 2(2)J + Vg Fyopt (Vs 2 h3)

2042
M+ 4A3p(F9,opt (1ha) + kz“j*”}

[Ipu 5TOM BBIpaskeHUS AJis ONpeesieHusT KOO(PGHUIIMEHTOB BBITSDKEK Ay, Ay, A3 OCTaHYTCSI HEU3MEH-
HBIMHU.

Bropoii 3Tan nepexoga or IJI0CKO# AepopManuu K ocecumMMeTpuuHoil. Ha naHHOM 3Tane He-
00X0AMMO OCYIECTBUTH (POPMOU3MEHEHHE IIIOCKOCTYTIEHYAaTOr0 pe3la KBaJpaTHOI0 CEYEHUs CO CTO-
pOHAMU CTYTCHEH ay, dy, A3 U3 UCXOTHOM 3arOTOBKH KBaJpaTHOTO CEYCHHS CO CTOPOHOM KBampaTa 24
(puc. 5). ns Toro 4To0bI MONYYUTh KBaAPATHBIC CEUCHUS MO BCEHl IITMHE, HEOOXOUMO JOMOIHUTENb-
HO 1poae)OpPMUPOBATH 3aTOTOBKY B HAIPABJICHUH, TIEPIICHINKYISIPHOM HAIPABJICHUIO JIBUKCHUS ITY-
aHCOHA ((pU3NYECKOH TIIOCKOCTH).

Puc. 5. ®opma nonepeuHsIx ceUeHUH pesla B BUJE KBaJIPaTOB

Fig. 5. The shape of the cross-sections of the road milling picks in the form of squares
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MareMaTtndecku 3TO OyAeT O3HA4YaTh, UTO YCHIIHUSI, MTOJYUYEHHBIE 10 YpaBHEHUAM (4)—(6), HEOOXO-
JIMMO YBEIUYHUTH B 2 pa3a. Torga ykazaHHbIE BBIPAXKCHUS IPUMYT BUJT:

AL +1
SAZM{k[F],Opt (0, A, 1) + 2, IA } + PV(Z)Fz,opt (o, A, )}

Pn.p,min = Xz / 0 5 (7)
3 1 n.6Mmn.6
o "(”3"’*’“"‘*”*’%/1*@}
2 L3ar’ B hl 7\% 2
BATM k| Fiy oy (Buhg )+ 20 =220 =4Iy = 1 pVoFs oy (B2
Pnl,min = 3 i 7\‘2 o 7 5 ®)
M+44%| Fo (0B hy)+ar — My M tnPus _ Tp
p( 6,0pt ( B 1 2) 4 1 y Ap 4

2 L3ar’ - hl - h2 7“% 2
8ATMA k| Fy o (B, Ap, 1) + 21 -4 7 h, il PVOES opt (BsAs)
P = +

m2,min I h—h 7\'2 / > h
3 sar’ — 1 T Mo 'nePn6 _ P
A (A3 +1
SAZM{k{FLopt (v, 5,1) + 2u[h2 2(12))} +PVo R opt (Mz,?»g)}
* 2092
1
M 0] o 1)1, 205D
2 2
B Bripaxkenusix (7)—(9) 3HaueHUs KOIPPULIUEHTOB BBITAKEK A, Ay, A3 OyAyT paBHBL: A = % = A_2 ,
? 2a3 a22’ ’ 2a§ a32.

Tperuii 3Tan nepexosaa ot MJI0ckoii fegpopmanuu k ocecummeTpudHoii. Ha sTom stane nepexona
K OCECHMMETPHYHO#H AehopMaliuy HeoOXOAMMO 3aMEHHTh TIIOMIAIb KBAIPATHOMN 3aTOTOBKH f; o = 44°
Ha PABHOBEJIMKYIO IIIOMAAb KPYTa fi, = nD*/4 (puc. 6):

D2
D foxe = fep =442 =T =>4=0,443D,  (10)
/ rac D — ,Z[I/IaMCTp paBHOBeHI/IKOFO prra OCCCI/IMMCTpI/I‘I-

HOM 3aroToBKH; 24 — CTOpOHA PaBHOBEIUKOM 10 IMJIOIAIN
KBaJ[paTHOM 3aroTOBKHU, HCIOJb3yeMas B PEHICHHH IIJI0-
CKOH 3a7aui.
/ [Tpu 3TOM OyJeM CUMTATh, YTO KHHEMATHYECKH BO3MOXK-
HOE TIOJIC JIMHUHM CKOJIbXKEHUSI C BapbUPYEMBIMU ONTHMAJIb-
HBIMH HapaMETPaMHU Olopi, Popts Yopt» BKJIIOYAS BBIPAXKEHUS
Pric. 6. Gopwa pasHoBenIKix mromazeii kpa-  A'UT PACTICTOB OTHX NIAPAMETPOB, NI0JTyICHHBIC IPU PEIICHHH
NpaTHOM M KpyIUIoii 3aroTOBOK mpH mepexone  IWIOCKOM 3a1aum [11], ocTaroTCsi HOM3MEHHBIMH.
K 0CECHMMETPHYHOIT eopMaIiu Ioxacrasnss 3aBucumocts (10) B ypaBHenus (7)—(9), mo-
Fig. 6. The shape of equal areas of square and ~ JTy4YuUM BBIPAXKEHUSI IJIsI pacueTa yCHJIHS HCOOXOTUMOTO JIJIsT
round blanks in the transition to axisymmetric  ¢xopocTHOrO BEIIABIMBAHMSA OCECHMMETPHYHOTO JOPOKHO-
deformation ro pesla ¢ JuaMeTpamMu cTyrenelt dy, d,, d; U3 UCXOMHOM 3a-
FOTOBKH JUaMeTpom D:

2A

2A

2
2 Ay +1 2
1,57D M k|:Fi,0pt ((X, 7&1,}1) + 2“hp O,All.43D:| + pVOFZ,Opt ((1,}\,1)
PR = ' (1)

I1.p.,min.oc 7\’2 Z :
M_0’348D3p(F3,opt ((1,7\,1) +h 1 + 1.6P1n.6 ]

?0,443D 0,443Dp
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Ly —h 5
1LSTD* M1 k| Fy o (B kg ) + 211 033;43131 +hy 5 4423D +PVEFs op (B 2)
Py min.oc — : : 5 (12)
’ L. —h A I op h
M +0,348D°p| Fy o (0B, Ay, h) + 20 Ly 21 nornb _ T
P 0,443D 0,443D 0,443Dp 0,443D
Ly —h —h 5
LSTD? M k| Fyope(BAg )+ 20| 2220 2 =2ty 2+ PVOFs o (Bo22)
Pn2min oc = ’ , P +
min. ok h
M +0,348D°p| Fg oo (0B, 41, 0) + Lo ==l g fuoPus
’ 0,443D 0,443D 0,443Dp 0,443D ) (13
A5 +1
1’57D2M k F7,0pt("/’7“3’l'l)"'21'l h2(§(4433D) +pV%FS,opt (’YJQ’}“?’)
* : 2002
AR +1)
M +0,348D°p| Fy o (Y, h3) + by =223 22
p 9,opt(y 3) 2 0,443D
Koaddunmentsr BeITsIKEK Aj, Ay, A3 B ypaBHeHUsX (11)—(13) OymyT onpenensiThes MO 3aBUCHMO-
D? D? d;
CTsIM: }\.12_2,7\‘2:_2, 3:_2
di 2 d;

Cpasuurensublii ananu3 ypaBaenuit (1)—(3) u (11)—(13) mokxassiBaet, 4To ycuiue, BOCIPUHUMAEMOe
MyaHCOHOM, ITPH OCECUMMETPUUHOM Aedopmaiiiu B 2 pasza Ooibliie, 4eM NpH MiIockoi. CpaBHUTEIbHAS
auarpamma 3asucumMoctedl Py = f(h,) «ycunue Ha MyaHCOHE — MyThb Ae)OPMHUPOBAHMSY ISl CIydast
0CECUMMETPUYIHOTO U IIJIOCKOI'0 CKOPOCTHOI'O KOMOMHHUPOBAHHOI'O TOPSUETO BBIAABINBAHUS OMMeETa-
JIMYECKUX JIOPOKHBIX PE3IOB Mpe/ICTaBlIeHa Ha puUcC. 7.

B ycnoBusix ocecMMMETPUYHON JeOpMaluu YCHIINE, BOCIPUHUMAEMOE IMyaHCOHOM, BO3pPAacTaeT
3a CYeT yBeJIMYMBAaIoLerocs B 2 pa3a o0beMa MaTepuana, KOTOPbIM moxseprest Aedopmanuu, U CUII
KOHTaKTHOTO TPEHHMS, TMHAMHYECKIX HANPSHKEHUI Ha TIOBEPXHOCTSIX pa3pbIBa CKOPOCTEH M IEHCTBUA
CHJI MHEpIMH Je(pOpMUPYEMOii 3arOTOBKHM Ha CTaAUSIX Pa3rOHA M TOPMOKEHHUS (pHC. 7, KpuBas 1).

[IpuBenennas aumarpamma (cM. puc. 7, KpuBas [) Ais ciydas OCECMMMETPUYHOH nedopmanuu
0 aHAJIOTUHU C TUIOCKOW medopmarueit (cM. puc. 7, KpuBas 2) IMEEeT CXOXKHE YIaCTKH, COOTBETCTBYIO-
M€ YCJIOBHBIM CTaJHsAM IpoIiecca: CTaJuu pa3roHa U CTaAWM TOpMOXeHud. Tak, Ha CTaguu pasroHa
(cMm. puc. 7, xpuBas 1, yuactok 0—l,.), Korma mpo-
HCXOJUT 3al0JIHEHUE XBOCTOBOM yacTH pesua [11], Py
yCHJIME Ha ITyaHCOHE, KaK IIOKa3aHO Ha Juarpam-

Me, BO3pacTaeT MPaKTUYECKH M0 JMHEHHOMY 3a- 24 1

KOHY. 3aTeM Ha CTaJuu TOPMOXKEHHS 3a CUeT OJl- 5,
HOMOMEHTHOT'O BBIPaBHUBAsI CKOPOCTEH IyaHCOHA
U OCTaBILEHCS 4aCTH 3arOTOBKU IPOUCXOOUT J0- T , ~~
TIOJTHUTENIFHOE BO3pacTaHHE YCHUIIUS J0 HEKOTO- 4

poro 3HA4YEHHMS, XapPAKTEPH3yeMOro TOYKOH [,
a 3areM ycuiue AehopMHpOBaHMs YOBIBAcT IO -
OKCTIOHEHITMAIBHONW KpPUBOW (y4acTOK JHarpam- P . T, LT,
Mbl 2. —3; ). B Touke 3] Ha BTOpOM 5Tame cra-
MU TOPMOXKEHHUS 3a CUET IMPOXOXKIECHUS OCTaB- h, hy hy hy
mieficss 4acTH MeTajula OJHOBPEMEHHO uepe3 /Ba

oyara aedopMalii BO3pPACTACT BOCIPHHHMAE-
Moe myancoHoMm ycunue [11]. JlocTUTHYB HEKo-
TOPOrO 3HAYCHHMSI, XapPAKTEPH3yeMOr0 TOYKOU 4.
(cm. puc. 7, kpuBas 2), yCHJIie ITyaHCOHA HAaYWHAET
yObIBaTh, MOJAOOHO TMEPBOM CTAMKM TOPMOXKEHHUS,
T0 AKCIIOHEHIIMAILHON KPUBOM (Y4acTOK JUarpam-

MbI 4., — 5., cM. puc. 7, kpuBast /).

Puc. 7. CpaBuuTenbHas auarpamma Py, = f(h,) «ycuine Ha 1my-

AHCOHE — ITyTh Je()OPMHUPOBAHHUSD IPU CKOPOCTHOM BBIIaBIIH-

BaHUH OMMETAJUTHYECKHX IOPOKHBIX PE3LOB: KpHBast / — oce-
CHUMMETpHYHas 33/1a4a, KpUBas 2 — IJIOCKast 3a/1a4a

Fig. 7. Comparison chart P, = f(h,) “force on the punch —

deformation path” at high-speed extrusion of bimetallic road

milling picks: curve / — axisymmetric problem, curve 2 —
flat problem
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Takum obpaszom, Beipaskerus (11)—(13) u nuarpamma P, = f(h,) «ycuine Ha IyaHCOHE — My Th Jie-
¢dopmupoBanus» (cM. puc. 7, Kpupast ), IOIy4YCHHBIEC B Pe3yJIbTaTe MPEAIOKEHHOTO NIepexo/ia OT IJIo-
CKOH nedopmanuy K 0CECUMMETPUYHOH, ONPEAEAIOT ONTUMAJIBHBIA PEKUM U XapaKTEpHbIE 3TaIlbl
Harpy>KeHHs! IPU CKOPOCTHOM KOMOMHUPOBAHHOM BBIJABIMBAHHHA OMMETAIIITNICCKUX JOPOKHBIX pe3-
LIOB B YCJIOBUSIX OCECUMMETPUYHON AehopMaLH.

3akJuroyenue. [lomydensl MareMaTH4YeCKue 3aBUCUMOCTH I OTpPEJeNIeHUss MUHIMAJIBHOTO yCH-
JUs MPU CKOPOCTHOM, KOMOMHUPOBAHHOM BBIJIABIMBAHUU OMMETAJIMYECKUX JOPOXKHBIX PE3LOB
B YCJIOBHUSIX OCECUMMETpHUYHOHN jaedopmanun. [1o0KEeHHBIH B OCHOBY peIIeHHS TPUHIIUI pAaBEHCTBA
IJIOLIAa/IeN MO3BOJISET TOBOPUTH O IOCTATOYHON KOPPEKTHOCTH MOJYUEHHBIX BBIPa)KEHUH, a TaK)Ke pe-
KOMEHJIOBaTh JJaHHbIE 3aBUCHUMOCTH ISl SHEPIOCHIIOBBIX PACUETOB IIPU IPOEKTUPOBAHUH U HOAOOpE
000pyZOBaHMS B paMKax IPOMBIIIJICHHON peanu3aiiy TEXHOIOTUH CKOPOCTHOTO, KOMOMHUPOBaHHOTO,
ropsiuero BbIAABINBAHNS OMMETAUINUECKUX JOPOKHBIX PE3LIOB.

Ha ocHoBaHMM mONTy4eHHBIX 3aBUCUMOCTEN NOCTpoeHa quarpamma Py, = f{(h,) «ycunue Ha myaHco-
HE — IyTh Ae(HOPMHUPOBAHUS» AJII OCECUMMETPUIHOMN nedopmanu.

3asucumoctu (11)—(13) MoryT OBITH PEKOMEHJOBAHBI ISl pacueTa SHEPrOCHIIOBBIX MapaMeTpOB
IIPY IPOMBILIICHHON peajnu3aluy TeXHOJOIMH CKOPOCTHOI0, KOMOMHHUPOBAHHOI'O BBIAABJINBAHUS OU-
METAJUTMYECKUX JOPOKHBIX PE3IOB.
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ULTIMATE STATE CRITERIA AND STRENGTH CHARACTERISTICS OF THE ROCK
MASSIFS BEING UNDERMINED REPEATEDLY

Abstract. Methodological approaches to the selection of ultimate state criteria and strength characteristics of the repeatedly
undermined rock massifs were developed. These approaches were designed to provide parametric support to the geomechanical
modelling of the massif stress-strain state and the mining systems of the Starobin potash deposit mine fields planned for the ad-
ditional mining of the mineral reserves left. It was established that a complex criterion must be used to study the massif ultimate
state. Determination of such criterion can be carried out using the developed approaches. The first approach is to select several
criteria that evaluate the massif ultimate state by certain types of the massif stress-strain state. These criteria are the following:
the criterion of the maximum normal stresses, criterion of the maximum linear strains, the criterion of the maximum shear
stresses and the Coulomb—Mohr failure criterion. The second approach is to construct an integrated failure state criterion for
materials whose ultimate tensile and compressive stresses differ significantly. In this case, parameters characterizing the type of
stress state and properties of the material are introduced. These parameters together determine the destruction character — tear or
shear. To describe the rocks behavior in the extreme strength stage of deformation, it is proposed to apply deformation theory of
strength using the developed strain failure criterion. When calculating the strength characteristics of the repeatedly undermined
rock massif, it is recommended to use a structural attenuation coefficient as the product of several factors, taking into account
various types of disturbances in the primary undermined massif and the time factor. The Coulomb—Mohr strength condition is
recommended to be used taking into account the composite structural attenuation coefficient. Dependencies have been developed
to describe the change in the strength characteristics of rocks in the undermined massif, considering the attenuation coefficient.
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KPUTEPUU MPEAEJBHOI'O COCTOAHUA U TIPOYHOCTHBIE XAPAKTEPUCTHUKHU IOBTOPHO
HOJAPABATBIBAEMBIX MACCHUBOB I'OPHBIX ITIOPO/]

AHHoTanus. Pa3paboTansl MeTOAMUECKNE TTOAXO/BI K BEIOOPY KPUTEPHEB MPEACTHHOIO COCTOSHUS U IIPOYHOCTHBIX Xa-
PaKTEPUCTHUK MOBTOPHO MOAPabaThIBAEMBIX MACCHBOB TOPHBIX MOPOA, MPEAHA3HAYEHHBIX JUISI TAPAMETPUUYECKOTO obecrede-
HUSI TEOMEXaHNYECKOTr0 MOJIEIMPOBAHNUS HANlPSKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUS MACCHBA U TOPHOTEXHUYECKUX CHCTEM
Y4aCTKOB IIAXTHBIX Mojel CTapoOUHCKOro MECTOPOXKACHHS KaJIUIHOM py/Ibl, IJIAHUPYEMBbIX IS JOU3BJICUEHUS OCTABJICHHBIX
3aI1acoB ITOJIE3HOT0 HCKOIIaeMOro. YCTaHOBIICHO, UTO JUISl M3y Y€HHS IIPE/IeTbHOr0 COCTOSTHUSI MacCHBa HEOOXOANMO MPUMEHSTh
KOMIUTEKCHBIN KpuTepuid. OlpeneieHne Takoro KpUTeP st MOXKHO BEITIOTHUTH C HCTIOIB30BaHNEM Pa3pabOTaHHBIX ITOAXOJIOB.
INepBbIii MOIXOM 3aKIIIOUACTCS B BRIOOPE HECKOIBKHX KPUTECPHEB, OLEHUBAIONINX MIPEACIBEHOE COCTOSHIE MAaCCUBA 110 OT/ACIb-
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HBIM THIIAM HAPSDKEHHO-Ie()OPMUPOBAHHOTO COCTOSHHSI MACCHUBA: KPUTEPHUsT HAMOOIBIINX HOPMAJIBHBIX HAMIPSIKEHHUH, KPHU-
Tepusi HaHOOJBIINX JTMHEHHBIX AeopMannii, KpUTEpUs: HAHOOIBIIEro KacaTeIbHOr0 HaNpsDKkeHus, Kputepust Kymona—Mopa.
Bropoii moaxo/ 3aKII049aeTCs B IOCTPOCHUH 00 BETHHEHHOTO KPUTEPHSI TIPESISTBHOIO COCTOSIHHUS IIPEIIaraeMoro BUa /st Ma-
TEPHUAJIOB, Y KOTOPBIX MPEACTbHbIC BETMYMHBI HAMPSDKCHUI HA PACTSIKEHHE M CXKATHE OTIIMYAIOTCS CYIIECTBEHHBIM 00pa3oM.
ITpu 5TOM BBOASITCS MapaMeTpPbl, XapaKTepHU3yOIHe BH/] HAIIPSHKEHHOTO COCTOSIHHS M CBOWCTBA Marepuaa, KOTOPbhIe B COBO-
KYITHOCTH ONPECISIIOT XapaKkTep pa3pylieHHs — OTPBIB MK cpe3. J{Jisl onucanus MOBEACHHs TOPHBIX MOPOJ B 3aMPEACIbHOM
[0 IPOYHOCTH CTAHH 1ehOPMUPOBAHUS PEITAraeTCs MIPUMEHSTh Ae(OPMALMOHHY IO TEOPHUIO IIPOYHOCTH C HCIIOIb30BAaHUEM
pa3paboTaHHOW 3aBUCHMMOCTH Je(h)OPMAIIMOHHOTO KPUTEepHsl pouHocTH. [Ipu pacueTe MpOYHOCTHBIX XapaKTEPUCTUK TTOBTOP-
HO 1o1pabaThiBaeMOr0 MaCCHBA FOPHBIX MOPOJ PEKOMEHTYeTCs HPUMEHTh KOIQ(PUIIHEHT CTPYKTYPHOr0 OcIabieHus B BUE
IPOU3BECHUS HECKOJIBKUX KOA(P(UIIMEHTOB, YUUTHIBAIOIINX PA3JIMYHbIC TUIIBI HAPYIICHUS IEPBUYHO MOAPAOOTAHHOTO Mac-
cHBa M BpeMeHHOW (akrop. Ycioue npounoctu Kyinona—Mopa pekoMeHIyeTcst UCIONIb30BaTh C YYETOM COCTaBHOIO KOI(-
¢unreHTa cTpyKTypHOro ociadnenus. PazpaboTaHbl 3aBUCHMOCTH, ONUCHIBAIOIINE U3MEHEHHE IIPOYHOCTHBIX XapaKTePUCTHK
HOPOJ B OIPabOTaAHHOM MacCHBE C y4eTOM KO (PHIIMEHTA pa3phIXJICHHS.

KiroueBble cjioBa: CIOUCTBHII MacCHB TOPHBIX ITOPOJ, MEXaHHUYECKHE XapaKTePUCTUKH, HANPsHKEHHO-1e()OopMHpOBaH-
HOE COCTOSIHHE

Jast uuTupoBanus: Kpurepnu npeaeabHoro COCTOSHUS U IIPOYHOCTHBIE XapaKTePUCTHKH TOBTOPHO MOipabaThIBaeMbIX
MaccuBoB TopHbIX mopon / C. A. Unxuk [u np.] / Bec. Han. akan. HaByk benapyci. Cep. ¢i3.-toxH. HaByk. — 2021. — T. 66,
Ne4. — C. 420—4209. https://doi.org/10.29235/1561-8358-2021-66-4-420-429

Introduction. At the present time, additional mining of the previously mined out panels is actual
for the Starobin potash salt deposit in order to extract the left ore reserves concentrated in the protective
and inter-chamber pillars and the underworked sylvinite layer. Study of rock massifs stability, the stress-
strain state of which was once disturbed by mining operations, must be done before the design excava-
tion technology the leftover reserves and cavities protection methods. At the same time, the choice/con-
struction of criteria, according to which the rock massif comes to the ultimate state, is one of the urgent
problems for repeatedly undermined rock massifs.

The stability and strength calculations of the surrounding rock massifs in the vicinity of under-
ground workings are largely determined by the selected ultimate (limit) criteria. In turn, the acceptance
of a certain criterion as an estimate of the ultimate (critical) rocks state must be reasonable and based on
the regularities and features of the physical process being considered. Previously, no such studies were
carried out at the Starobin deposit. The influence of structural heterogeneities on the repeatedly under-
mined potash rock massifs strength was also insufficiently studied. At the same time, many problems
were investigated conceptually in a lot of works devoted to geomechanical modeling of rock ultimate
states in a vicinity of mine cavities, laws of deformation processes and rocks fracture [1-10]. However,
the problem of selecting the ultimate state criteria and strength characteristics of the rock massifs being
undermined repeatedly was not solved as applied to the conditions of the Starobin deposit. In addition,
reliable experimental data for the considered class of problems (stability of underground structures in
repeatedly mined rock massifs) is also still insufficient.

The purpose of this study is to develop methodological approaches to the selection of ultimate state
criteria and strength characteristics of the rock massifs being undermined repeatedly, as applied to the
Starobin deposit conditions.

Results and discussion. Ultimate state criteria for the repeatedly undermined rock massifs.
Under limiting state of rock massif we mean such a state when there are zones of significant rock failure,
fracturing, displacements on sliding lines and other disturbances of continuity in the considered rock
massif area. The ultimate state criterion must have a clear physical meaning. Out of a large number of fac-
tors directly or indirectly influencing the deformation process regularities and strength values of rock for-
mations, it is very important to select those, which are determinative for the processes being considered.
Therefore, in terms of practical use, the strength and fracture criterion should be expressed by an equa-
tion with a minimum number of material constants determined, in turn, from the simplest experiments.

The limit (extreme) equilibrium equation for the principal stress components (G, G, 03) is generally
written as follows:

y(o1, 62, 63) = 0. M

The ultimate state and destruction of geomaterials and rock massifs can follow different scenarios,
depending on a large number of factors. Consequently, there is a rather wide range of explicit represen-
tations of the ultimate state equations (1).
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The feature of the underground structures behavior is the fact that the ultimate equilibrium of rock
massifs does not yet mean complete loss of the bearing capacity of an underground structure. Therefore,
to describe the strength and stability of rock massifs, only the “limit relations” between the principal
stresses are not sufficient [11, 12]. The “limit relations” must be supplemented by an indication of the
ultimate (critical) deformations (strains or displacements) at which the bearing capacity of the object will
be exhausted. The critical deformations provide information about the deformation process, especially
at the stage of the “descending deformation curve” [13]. The bearing capacity of rock massifs depends
significantly on the “extreme” deformed state. Consequently, ultimate stress state testing is insufficient
to estimate the bearing capacity of many geomechanics objects. The rock massifs deformations (includ-
ing residual deformation) depend significantly on the loading or deformation history. Therefore, for as-
sessment of rock massifs destruction, the deformed state type should be taken into account. In this case,
the critical deformations are one of the physically correct criteria for object destruction.

Thus, to describe the rocks behavior beyond the strength it is necessary to use the strength deforma-
tion theory. In accordance with this, we modify equations (1) of limit equilibrium taking into account
massif strains on “descending branch of deformation curve” as follows:

W(Gla O3, 03, €1, €2, 63) = 05 (2)

where e, e,, e3— are the principal strains.

Due to the formation of a complex stress state in the undermined rock massif, where generalized
compression, tension and shear areas exist simultaneously, it is obvious that a complex criterion must be
used to study the ultimate (critical) rock massifs state. The determining of such complex criterion can be
done using two approaches.

First approach. Selection of several criteria assessing the limit massif state by the certain types of
the massif stress-strain state. In the frame of first approach in our modeling studies, we had used the
following ultimate criteria to investigate the undermined rock massif state with underground workings.

Criterion of maximum normal stresses, which in terms of principal stresses can be written in the
following form:

©)

G5 <0

G > Olimext> O1 > O;
o5 <0.

impress

In (3) it is considered that 6, 2 6, 2 O3} Ojiy ey 1S Ultimate tensile stress (positive value); Ojip press 18
the ultimate compressive stress (negative value), where the ultimate compressive value may be the yield
stress or the allowable stress. The ultimate values in (3) can be taken as strength for uniaxial, biaxial or
volumetric stress states. The ultimate value for the uniaxial stress state is most often used.

Criterion of maximum linear strains. According to this criterion, the massif strength is effected if
the greatest absolute value of the relative linear deformation exceeds some extreme value, independent
of the type of stress state. A mathematical formulation of this criterion is as follows:

in terms of the deformed state:

— el .
_ €max = €1 Z €limext>
F(g),85)=

€

@

el

in = €3 < €lim press ®

m
where slellm ot 1S ultimate strain on tension, it corresponds to the point of the elasticity limit (positive

value); sﬁlm press 18 ultimate strain on compression, it corresponds to the point the elasticity limit (nega-
tive value);
in terms of the stress state:

el .
8maxE =61~ V(GZ +03 ) 2 Glimext >
F(61562963): E= < el (5)
E€minl =03 — V(Gl +0,; ) = Olim press

where Gleilm ot 15 the ultimate tensile stress (positive value); csfilm press 18 the ultimate compressive stress
(negative value).
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The use of the maximum linear strains criterion in the form (5) is preferable in practice. Firstly,
during the deformation processes development over time, the calculated stresses are the true stresses.
Secondly, the stress extreme values are easier to determine empirically than the strain extreme values.

The maximum shearing stress criterion. The limit state condition according to the maximum shear-
ing stress criterion, written out in terms of principal stresses, is as follows:

O} =03 2 Ofimexts

6)

61— 03 2 ‘O-lim press

It should be noted that there are quite a lot of modifications of the criterion (6) [13].
The Coulomb—Mohr criterion. The Coulomb—Mohr limit condition can be written out as follows:

max(|’cn|—(0ntg (p+C)):O, (7

where 7, and o, are respectively the tangential and normal stress at the site with the normal line #; @ is
the internal friction angle (respectively tgo is internal friction coefficient); C is bonding strength.

It is important that the Coulomb—Mohr condition can be used as a boundary condition in the areas of
significant horizontal layer dispacements. In addition, even if condition (7) is acceptable for irreversible
deformation zones, it can also be used for elastic zones if the contact displacements in them are suffi-
ciently large.

It is also possible to use the expression of equation (7) in principal stresses:

c,— (27» + 1) 03 = Opresss ®)

where o7 and o3 are the maximum and minimum principal normal stresses respectively (taking into ac-
count the sign), A = sin@/(1 — sinQ), Gy 18 the ultimate strength of rocks in uniaxial compression.

The peculiarity of strength criterion (8) is that it takes into account both shear failure and tearing
failure.

Second approach. Construction of a combined strength theory. When we were comparing the re-
sults of theoretical calculations with experimental data it was noticed that for each hypothesis there is
an area of stressed states, in which theory is in the best agreement with experience. Therefore, it seems
reasonable to construct a combined ultimate state criterion, which includes several criteria.

For materials in which the ultimate tensile and compressive stresses differ significantly, it is promis-
ing to use a combined criterion of the form [11]:

c; +0O
1 3 .
o) 2 Climext>— 5 >0;
F(01’03): c +0c c c ©
O] — 03 ~, _limext limpress O] + O3 __ PlimextVlimpress G| + 03 <0
= X .

9

2 2 2

Slimext ~ Olimpress Olimext ~ Olim press

The physical meaning of (9) can be formulated as follows: material strength breaching occurs either
when shearing stresses reach some critical value, depending on the normal stresses acting along the
same sliding planes, or when the maximum normal stress o; reaches the limit value for the material
(tensile stress).

The use of the combined Davidenkov—Friedman strength criterion seems promising [14]. This cri-
terion is based on the principle that the nature of material failure depends not only on its physical and
mechanical properties and external operating conditions, but also on the stress-strain state scheme. It is
taken into account that, depending on the nature of the stressed state, the material can fail both, from
normal stresses and from tangential stresses. Thus, the Davidenkov—Friedman strength theory combines
two classical strength theories: maximum tangential stresses and maximum relative elongations, which
are important for geomaterials.

It is easy to present this theory graphically in the form of a well-known mechanical state diagram,
in which the basic properties of the material are reflected (Figure). The flow curve, independent of the
stress state type, is placed in the right part of the diagram, and the yield and fracture ultimate states
are represented in the left part by straight lines parallel to the coordinate axes of the system Tyax — Gegy-
Here G.qy is an equivalent stress, determined according to the theory of maximum relative elongations
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(corresponding to the greatest linear positive strain). A ray starting from the coordinate origin corre-
sponds to each stress state. Depending on which limit curve this ray crosses the type of failure (by tear-
ing or by shear) and hence the strength theory is determined.

Tmax 2 3 Tmax
Tsrez Q —————————————————————————
/
/
’ 0O
/ Pid
/ Ve
/ / 1 . P
/
-’
T, / o e —————— —_——— _
‘ESTBZ
D)
T
o cseqv Ymax

otr

Material mechanical state diagram: / — beginning of yield strength, 2 — shear failure, 3 — tearing failure

The mechanical state diagram is based on the stresses limit values Gy, Tgrez> T, Which are assumed to
be constant for the material and independent of the stress-strain state schemes. The object condition can
be evaluated according to the mechanical state diagram (see Figure), representing the stress state in the
diagram as a point with coordinates (tmax = (01 — 63)/2, Geqy = G1 — V(G2 + G3)).

The mechanical meaning of the theory is well explained by the example of a simple loading. If
a line is drawn through the origin and a given point, it is possible to predict which type of failure will
correspond to the stress state being analyzed (see Figure). Thus, for line “2” there is a material failure
by shear; for line “1” — a failure by tearing, which occurs after the plastic deformations development; for
line “3” — a failure by tearing without development of plastic deformations.

According to the combined strength theory, the main characteristic of the stress state determining
the nature of the failure can be the value o, which is equal to the following ratio:

Tmax G =03

Ceq 2[01 -v(o, +03 )]
The parameter a characterizes the type of the stressed state. For example, if a = v/2, then the straight
line in the deformation diagram corresponds to the compression; if o = 1/(1 + v) — to torsion; and in case
a =1/2 — to extension. We should note that instead of the parameter a, it seems promising to take the
Nadai—Lode coefficient, which characterizes the type of the stress state.
In addition to the parameter o, we introduce a parameter [ to evaluate material properties:

B = Tsrez/Ootr- (11)

If B < 1, the material will most often fail by shearing; if f < 1, the material will generally fail by
tearing; if B = 1, the material failure nature depends largely on the type of the stress state.

According to the introduced parameters, the destruction nature is determined both by the stress state
(coefficient a) and by the nature of the material (parameter ). Namely, at o < 3 tearing takes place and
at a. > 3 we obtain shearing.

Before destruction, the behavior of the material is determined by the ratio of the coefficient o and
the parameter n = 1, /oy If 1 > 0, the material fails without developing plastic deformations, i.e. be-
comes brittle; if 1 < a, then the failure is preceded by the appearance of plastic deformations.

o=

(10)
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As noted earlier, the ultimate state of rock massifs according to the criteria including only compo-
nents of the stress state does not yet mean a complete loss of bearing capacity of the underground struc-
tures. Therefore, the “limit relations” should be supplemented by an indication of the ultimate defor-
mations values. In other words, the “deformation history” of the investigated rock massif area must be
taken into account, i.e. the complete deformation diagram must be considered. Therefore, deformation
theory of strength must be used to describe the rocks behavior beyond their extreme values.

Thus, at the stage of deformation up to the “critical point” (strength) the massif strength is consid-
ered according to a set of the described criteria. At the “beyond stage of deformation” equation (2) is
written in the form corresponding to the deformation strength criterion, e.g. [8, 9]:

oy =(2h+1)03 + 0, — E'e|. (12)

press

Here o is the value of the principal stress o, at the beyond the limit branch of the deformation diagram
(at points on the descending part of the curve (o) — e))); ¢ is the value of principal strains increment e,
at the beyond the limit stage of deformation; £" is deformation module of the descending part of the full
diagram curve; A = sing/(1 — sing).

The considered approaches are based on the assumption that the ultimate strength state is practically
independent of principal stress o,. The value of o, determines the type of volumetric (3-Dimension)
stress state. This fact can be clearly seen from the value of the Nadai—Lode parameter i, which charac-
terizes the generalized stress state in the rock massif:

u =2927017% oo
O1 — O3

Let us remind that for the principal stress components G}, 6,, and &3 the inequality 6 > ¢, > o3 is
fulfilled. Compressive stresses are taken as standard with a minus sign. The maximum compressive load
applies along the vertical axis, therefore this axis is numbered “3” and the maximum compressive stress
along this axis is indicated as o3.

The Nadai—Lode parameter varies from “—1” to “1” and characterizes the type of volumetric stress
state: if p,; € [-1; —0.5] — corresponds to a generalized tensile state; if p; € [-0.5; +0.5] — corresponds to
a generalized shift state; if p,; € [0.5; 1] — corresponds to a generalized compression state.

Today, there are quite a lot of recommendations for taking into account the value of the average
principal stress c,. Thus, according to A. Nadai, instead of the ultimate state criterion in the form of
the classical Coulomb—Mohr condition 1, = f(G,), the condition for octahedral stresses should be writ-
ten down:

Tokt :f (Gokt)- (13)

Since the expressions for octahedral stresses include the value o,, the limit condition (13) depends
on the stress c,. The expressions for the octahedral stresses are

1 1 2 2 2
okt =501 10, +03), Toe =% 1~ 02 2~ 03 3—0y) .
Ot 3(61 G, +63), To _3\/(6 6,) +(o,—03) +(o3-0))

The limit condition proposed by Professor A.I. Botkin, written out in terms of principal stresses,
is [1]:

_ 2\/Ecjpresscp \/5 (Gpress B GP )

2 2 2
\/ _ _ o P = . (14
(61-0,) +(0y-03) +(o3—0y) P + —— (0, +0, +03) (14)

Comparing the equations (14) with the classical Coulomb—Mohr condition in the form (8), one can
see that this limit condition extends the Coulomb—Mohr condition with respect to the 3D stress state.
For the 3D stress state, a generalized strength criterion can be proposed, which takes into account
the material destruction as a result of both shearing and separation/gap:
Cax_ | 2 2 2 Oou | 22
2——|:((51—62) +(0y—03) +(03-0y) }+ 1-—=- o] <o (15)

ext*
cspress cSpress



426 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 4, pp. 420-429

In the case if Gexi/Opress ~ 0 (i.€. for ideally brittle materials), expression (15) is converted into the
corresponding equation of the theory of maximum normal stresses.

Strength characteristics of the undermined repeatedly rock massifs. To estimate the rocks
strength in the massif according to the known rock samples strength taken from core, the most common
method is the use of a structural weakening coefficient ;. It should be noted that the effect of structural
heterogeneities on the massif strength is still poorly studied. Difficulties of the transition from sample
strength to massif strength arises from the fact that the structural weakening coefficient p; depends on
a number of factors. The determination of L, coefficients numerical values is carried out mainly by ex-
perimental methods, although approaches based on mathematical modelling are increasingly being used.

For the problem of the underground structures stability evaluation in an undermined repeatedly
massif, one of the most important factors affecting the massif strength is the occurrence of fractures and
slip lines due to primary excavation. Therefore, the structural weakening coefficient p; can be a func-
tion of the relation between the bonding at the contacts of the weakenings in the undermined massif
and the bonding in the undisturbed rock massif. In the absence of reliable representative experimental
data, the value of this coefficient can be assumed to be in the range of 0.01-0.02 for a wide range of rock
massifs [15]. Such value of the coefficient p; indicates that the occurrence of slip and fracture lines in an
undermined massif significantly affects the shear strength characteristics of a rock massif. Obviously,
a reliable quantitative evaluation of the influence factors requires labour-intensive multiple in-situ tests.

The change in massifs strength due to mining workings can be performed by introducing a dis-
crete series of coefficients, depending on the irregularities present in the considered volume of the rock
massif. For example, an effective way to account for the presence of low thickness clay interlayers is to
introduce attenuation coefficients into the strength characteristics of the massifs, which is actively used
in mining practice at the Starobin potash salt deposit.

An approach based on empirical dependencies of the form

U = NuNe/Ma (16)

can also be used to estimate the coefficient u,. Here n,, is the strength reduction factor which depends
on the ratio of the cavity size to the size " of the elementary block; N, and 1, take into account the rock
strength reduction due to the spatial arrangement of the weakening planes in the elements of the under-
ground structure (cavity walls and roofs).

Expression (16) can be supplemented by introduction of additional coefficients. For example, it is
possible to take into account the reduction of the massif strength over time by means of the coefficient
1, Structure of strength functional dependence on time factor can be as follows (based on the results of
laboratory tests):

N = N + (1 = Mo)exp(—ou). 17)

Here 1., is a parameter characterizing long-term strength; o is a parameter characterizing rate of strength
reduction over time. In most cases it is correct to assume o = 0.02 in the absence of experimental data (if
time ¢ is measured in days).

Taking into account the marked attenuation coefficients, the Coulomb—Mohr strength condition can
be represented, for example, as [6]:

T, — O, — sinQ[t, + c, + 2M(k,) — k; ctgp] = 0, (18)

where k; = k-m,"ns; k and ctge are respectively, as before, bonding and coefficient of internal friction;
F(k,) is a function describing the change in the bonding coefficient as a function of 1, and n,.

The ratio (18) can also be supplemented by the introducing a coefficient that takes into account the
dynamic loading of the rock massif. Let 6,y g 1S the fatigue rock strength under dynamic loading, and
G5t and o, ¢ are the compressive and tensile strengths of the rock under static loading, respectively.
The stress relation kg = Omax.a/ Oc.si(h.sy) 1S called the dynamic loading coefficient. In the article [16] it is
shown that an approximate value of the dynamic loading coefficient for rocks can be calculated using
the formulas: k4, =1.71-0.2881g N for compression and k4, =1.24 -0.2401g N for tension. Here N is
the number of load cycles.
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One of the main consequences of the rock massif technological disturbance is a change in the rocks
bonding coefficient. Therefore, the bonding coefficient can be represented as a distance function to
the area of technological disturbance. In accordance with this hypothesis, it is necessary to introduce
a strength reduction function into the strength condition, which takes into account the degree of the
rocks deformation. Studies carried out by various authors, based on the processing of experimental data,
have established that this dependence is highly nonlinear and can be assumed to be exponential [13].

At the limit of information about the extreme rock deformation, the degree of fragmentation can be
taken as a destruction measure. Then the effect of rock strata technological heterogeneity on its strength
properties can be taken into account by the degree of fragmentation K,,. The following law of change
with distance from the technological disturbance (cavity contour) can be adopted for the degree of frag-
mentation K,

H
F(Kp)zexp[—ock (Kp -k, )J
Here K;I is the initial degree of rock fragmentation at the strength (determined experimentally); oy is

a parameter which values vary between 15 and 25. The specific value of oy, is determined from the con-
dition that at K, —>KE the function is (K ,)— 0. In turn, here K? is the ultimate degree of fragmenta-

tion. The value Kg is within a rather tight range from 1.1 to 1.3, with the lower value being typical for
harder rocks. This value is also determined experimentally, but due to its small deviation from the one, it

can be assumed with a safety factor that K ;l =1
If the degree of fragmentation is taken as a measure of strength loss, then the two extremes of the
strength reduction function can be assumed to be equal:

C(p)=C-Gi/p", (19)

where C is the rocks bonding in the undisturbed massif, p = R/R, R is the radial coordinate, R is the
cavity equivalent radius, C), n are experimentally determined parameters.

Dependence (19) shows that the bonding function takes maximum value only at infinity (at p — o).

From physical aspects, it seems more correct to consider that the bonding coefficient, depending on
the current radius, increases from its minimum value Cj at the cavity contour to its maximum value C|
at the boundary separating the elastic region from the inelastic area. Due to this fact, when studying the
mechanical processes in the vicinity of underground cavity, it is convenient to represent the variable
coefficient C(p) in the form:

(C1=Cy)f(p)+Cos if 1<p<py

20
C, if p>p, @0)

C(p)= {
Here C is a bonding in the undisturbed massif, f(p) is a loss of strength function reflecting the hetero-
geneity nature of the rock massif properties when we are moving from the cavity contour deep into the
rock massif.
The function f{p) can be presented as follows:

f(p)—i(l—in} f(p){p"‘lJm; £(p)=logy, 0t ()

po—10 p po —1

In these expressions, p = /Ry is the dimensionless current radius, 7 is the dimensional radial coordinate,
Ry is the cavity radius, p = r(/R, is dimensionless external radius of the zone of non-elastic strains.

Thus, change of rock strength characteristics in the vicinity of the specific cavity when we are mov-
ing from the cavity contour can be described by dependence (20) and by a function (21). Accounting for
several cavities placed arbitrarily in the rock massif can be performed using R-functions according to
the method described in the [12].

Conclusion. Methodological approaches to the selection of ultimate state criteria and strength char-
acteristics of the repeatedly undermined rock massifs were developed. These approaches were designed
to provide parametric support to the geomechanical modelling of the massif stress-strain state and the
mining systems of the Starobin potash deposit’s mine fields planned for the additional mining of the
mineral reserves left.

P -1
Tl

, etc. 21
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It was determined that due to formation of complex stress state in the undermined rock massif,
where the areas of generalized compression, tension and shear simultaneously present, it is necessary to
use complex criterion to study the ultimate state of the massif. Determination of such criterion can be
carried out using several approaches. The first approach is to select some criteria that evaluate the massif
ultimate state by certain types of its stress-strain state: the criterion of the maximum normal stresses (3),
the criterion of the maximum linear strains (5), the criterion of the maximum shearing stress (6) and the
Coulomb—Mohr criterion (8). The second approach is to construct a combined limit state criterion (9) for
materials whose ultimate tensile and compressive stresses differ significantly. In this case, the parameter
o (10) characterizing the type of stress state and the parameter B (11) characterizing the properties of
the material are introduced, which together determine the character of failure — tear or shear. Thus, at
the stage of deformation up to the “critical point” (ultimate strength), the strength of the massif should
be considered by a set of the criteria described above, including stress-strain components. At the same
time, in order to describe the behavior of rocks beyond the limit of strength (beyond stage of deforma-
tion) it is necessary to apply deformation theory of strength using the developed equation of the defor-
mation strength criterion (12).

When calculating the strength characteristics of the repeatedly undermined rock massif, it is rec-
ommended to use a structural attenuation coefficient as the product of several factors (16), (17), taking
into account different types of disturbance of the primary undermined massif and the time factor. The
Coulomb—Mohr strength condition (with regard to the composite coefficient of structural attenuation) is
recommended to use in the proposed form (18). The change of the rock’s bonding coefficient is repre-
sented as a distance function to the area of technological disturbance as one of the main consequences of
technological disturbance of the rock massif. It is shown that, taking into account the degree of fragmen-
tation, the change in the strength characteristics of rocks in the undermined massif can be described by
the proposed dependence (20) and the function (21).
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MOIEJUPOBAHUE 3AKOHOMEPHOCTEM ®OPMOOBPA3OBAHUSA
KOHMYECKHWX MMOBEPXHOCTEN

AnnoTtanms. PaccmoTpena cxema 00pabOTKH KOHMYECKHX MMOBEPXHOCTEH MOCPEICTBOM MX NMPHUTHPAHUS K TLIOCKOMY
HHCTPYMEHTY M HPEUIOKEHO TeXHUYECKOe PEeIIeHHUEe JUIsl Pealln3aluu Takoi 00paboTku. Vcronb30BaHHE CO3JaHHOTO aB-
TOpaMH YCTPOHCTBA IO3BOJISIET pealn30BaTh IPyHIIOBON MeTOx (opMOOOpa3oBaHNsT KOHMUECKUX JIeTallel ¢ OTKJIOHEHHUEM
obpasytomieil kKoHyca oT npaMonuneitHoctu He 6onee 0,00012 mM. Pa3spaboTana MmaTemaTnyeckasi MOJeNb, yCTaHABIUBAIO-
masi 3aKOHOMEPHOCTH CheMa IIPUITYCKa ¢ KOHUYIECKOH JeTalu IUIOCKUM HHCTpyMeHToM. [lorydena gopmyna ais pacueTa
CKOPOCTH CKOJIBXKEHHS B 110001 Touke 0OpabaTbiBaeMoll KOHMUYECKOH MOBEPXHOCTH, pealn3yonasi HHKEHEPHbIE METO/IbI
ynpaieHus: GopMooOpa3oBaHHEM KOHMYECKHX M3JeTui 6e3 MPOBEACHUS MPEABAPUTEIBHBIX TPYJOEMKHX IKCIEPUMEH-
TaJbHBIX HccienoBanuil. [IpeanoxkeHa MeTonMKa ONTHMM3AaLMU HalaJ0YHBIX MAapaMEeTPOB TEXHOJIOIMYECKOro o0opymo-
BaHMs. BrisBieHsl HanOonee 3pQEeKTUBHBIE PEKUMBI 00paOOTKH aKCHKOHOB Ha CTaAMIX MPEABAPUTEIHHOTO, OCHOBHOTO
1 OKOHYATEJIBHOTO MIIH(OBAaHUS, a TAK)KE HA HTAle IOJINPOBAHHS B 3aBUCUMOCTH OT TEXHOJOTMYECKOH HAaCIEACTBEHHOCTH
3arOTOBKH C TOUKHU 3pPEHHs PACIPEIeICHHs MOUISKAIIET0 YAAJICHHIO IPUITYCKa 110 €€ MTOBEPXHOCTH. YCTAHOBIJICHO, YTO U3-
MEHEHHUS SKCICHTPUCUTETa MEXJy OCSIMH BpallCHHs WHCTPYMEHTA M IUTAHIIAWObI, a TaK)Ke aMIIUTY/bl BO3BPATHO-Bpa-
aTCJIbHBIX )IBI/I)KGHI/Iﬁ nocnezmeﬁ IMPAKTUYECKU HE BJIUAIOT KaK Ha TOYHOCTH, TaK U Ha IMPOU3BOAUTECIBHOCTb 06pa60T1<1/1,
MOATOMY Ha MPAKTHUKE 3TH MapaMeTpbl MOKHO HE ONTUMHM3HPOBATH, a HA3HAYaTh UX CpeAHHUE 3HaueHus1. OnpeseneHsl pe-
JKUMBI paboThl 6230BOT0 PHIYaXKHOTO HUIH(OBATIBHO-TIOIMPOBAJIBLHOIO CTaHKA, IIPH KOTOPBIX obecrneynBaeTcs: Tpedyemast
TOYHOCTH pabouei MOBEPXHOCTH HHCTPYMEHTA, HEMOCPEACTBEHHO BIHUSIONIAs HAa MPSIMOJIMHEHHOCTh 00pa3yoliel KoHyca.
BEImonTHEHBI HCClIeIOBaHUS 3aKOHOMEPHOCTEeH GpopMooOpa3oBaHHs OOKOBOIH MOBEPXHOCTH KOHWYECKOW JTMH3BI B YCIOBHIX
CBOOOJHOrO MPUTHPAHUS U YCTAHOBJICHBI HaJIaJ0YHbIC APAMETPBI TEXHOJIOTHUECKOr0 000pya0BaHMs, 00yCIaBINBAIOIIHE
Ka4ecTBO M IPOU3BOIUTEIBHOCTD TpoIiecca 00paboTKH.

KuroueBble cj10Ba: KOHUYECKas TIOBEPXHOCTb, MJIOCKUI HHCTPYMEHT, CBOOOIHOE IPUTHPAHKE, TTapaMeTpbl 00paboTKH,
ONTHMU3AIHUS PEKUMOB POPMOOOPa30BAHUS

Jas uuTtupoBammsi: MozaenupoBaHHe 3aKOHOMEpPHOCTEH (OopMooOpa3oBaHMS KOHHYECKUX IOBEpXHOCTEH /
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MODELING OF FORMATION REGULARITIES OF CONICAL SURFACES

Abstract. The scheme of processing conical surfaces by grinding them to a flat tool is considered and a technical solu-
tion for the implementation of such processing is proposed. Using the created device allows implementing the group method
of forming conical parts with a deviation of the generatrix of the cone from straightness of not more than + 0.00012 mm.
A mathematical model of the patterns of removal of stock from a conical part with a flat tool is developed. A formula is ob-
tained for calculating the modulus of the sliding velocity at any point on the processed conical surface, which implements
engineering methods for controlling the shaping of conical parts without conducting preliminary labor-intensive experimen-
tal studies. An optimization technique for the adjustment parameters of technological equipment was proposed. The most
effective axicon processing modes were revealed at the stages of preliminary, medium and fine grinding, as well as at the
polishing stage, depending on the technological heredity of the workpiece from the point of view of distribution of the stock
to be removed over its surface. It has been established that changes in the eccentricity between the axes of rotation of the tool
and the faceplate as well as the amplitudes of the reciprocating rotational movements of the latter practically do not affect both
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accuracy and processing productivity, therefore, in practice, these parameters can not be optimized, but their average values
can be assigned. The operating modes of the basic lever grinding and polishing machine are established, at which the required
accuracy of the working surface of the tool is provided, which directly affects the straightness of the generatrix of the cone.
Studies of the regularities of the shaping of the side surface of a conical lens in the conditions of free grinding are carried out
and the adjustment parameters of technological equipment that affect the quality and productivity of the processing process
are determined.

Keywords: conical part, flat tool, free grinding, processing parameters, optimization of shaping modes
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BBenenue. /[ns NOBBIIEHNS TOYHOCTH PabOTHI COBPEMEHHBIX ONTHKO-3JIEKTPOHHBIX MPHOOPOB,
npeJHa3HAuYeHHBIX AJI U3MEPEHHs JalbHOCTH A0 OOBEKTOB MMITYJIBCHBIM METOAOM, 3()(EKTUBHBIM
ABIISIETCSl o0ecreueHue MakCUMaJIbHONH JOOPOTHOCTH MMITYJIBCOB Ja3epHOro m3mydeHus [1], To ectsp
MaKCHMallbHOW KPYTHU3HBI UX mepeanero ¢pponta. OJHUM U3 yTeH pelieHus dTON 3a]1a4i MOXKET ObITh
MPUMEHEHHE B OIITHYECKON CXeMe JIa3epHOTro JaJIbHOMEepa KOHUYECKOH JIMH3BI — aKCUKOHA. DTOT OITH-
YECKUW 3JIEMEHT MO3BOJISIET TPeo0pa3oBarTh [ 'ayccoBo pacipeesieHre SHEPTUH B UCXOTHOM JIa3epPHOM
UMITyJIbCE, JIJIs KOTOPOTO XapakTepeH MOJIOrui nepeaHuit PpoHT, B pacupenenenue beccens ¢ xpy-
TBIM TiepenHuM (GporTOM [2]. B HacTosmee BpeMs B cTpaHaxX OMMIKHETO 3apyO0eKbsl KOHMIECKUE JTNH-
3bI U3rOTaBJIMBAIOT MOIITYYHO BPYYHYIO MOCPEACTBOM MEPEMEIICHHS TI0 00pa3yrolell Bpallaromencs
KOHHUYECKOH 3arOoTOBKH INNIOCKOTO KPYIVIOIO MHCTPYMEHTA € JIYHKOM B LIEHTpe. B nyHKy nomemaroT
[IApOBOM HAKOHEYHHK YACP)KMBAEMOT0 B pyKe MoBOoAKa. biarogaps mapoBoMy COSIMHEHHIO ITOBOKA
C MHCTPYMEHTOM IOCIICTHUIN COBEpIIAET, HAPSAY C MEPEHOCHBIM, OTHOCHTEIBHOE JABHKEHHE 110 00pa-
3yromeit koryca. O6paboTka HEMTPOU3BOAUTENBHA, TPUYEM €€ PEe3yNIBTaT MOITHOCTHIO 3aBUCHT OT OITBI-
Ta U HHTYHIIMU paboyvero.

B crpanax ganpHero 3apy0exbs (B yacTHOCTH, B Kurtae) okoHUaTeapHy0 00paboTKy (IOIHpOBa-
HUE) BBITIOJNHSAIOT B TPH 3Tamna: 1) rpy0oe moiupoBaHue ¢ UCIOIb30BAHUEM TIOJIMYPETaHOBOTO MTOJIUPO-
BaJILHOT'O JIMCKA; 2) MPElU3MOHHOE TIOJIMPOBaHUE B IIa3MeHHON aTrMocdepe; 3) ¢pparmMeHTapHoe (Jio-
KaJIbHOE) MTOJINPOBaHNE THOKUM 30HHBIM HHCTPYMEHTOM, HAIPaBICHHOE Ha YMEHbBIIIEHUE JTOKaAIbHBIX
norpemHoctelt 10 npuemiemoro yposus (Pat. 109719573B China, Int. Cl. B 24 B 1/00, B 24 B 13/00,
B 24 B 13/02, B 24 B 27/033, B 24 B 49/12, B 28 D 1/22, G 01 B 11/24, G 01 B 11/30 «Machining
method of axicony, authors — Zhang Yanchao, Dayton Love Huan, Shao Jianda, Wu Lingqi, Wu Fulin,
Xu Ke). Takass 00paboTka TpeOyeT 3HAYUTEIBHBIX TPYI03aTpatr, UTO O0YCIIaBIIMBACT BBHICOKYIO CTOH-
MOCTbH 3apyOeKHBIX aKCHKOHOB, a TaK)Ke€ TO, YTO MUCIOIh3YEMbIH Ha 3aKJIFOUATEIFHON CTaInN THOKHMA
MHCTPYMEHT He oOnagaeT TpeOyeMbIM yPOBHEM aJalTHBHOCTH M CTaOMJIBHOCTH, & 9TO OTPHIATEIBHO
CKa3bIBACTCS HA TOYHOCTH 00pabOTaHHOMN TTOBEPXHOCTH.

[losToMy pa3paboTka TEXHOJOIMH T'PYIIOBOH 0O0pabOTKM aKCMKOHOB C MPUMEHEHHEM HH>KEHEp-
HBIX METOJIOB YIIpaBJICHUS MporieccoM GopMooOpa3zoBaHUs UX TIOBEPXHOCTEH TIIOCKUM HHCTPYMEHTOM
SIBJISICTCS AKTyaIbHON HayYHO-TEXHIUYECKOH MpoOIeMOii.

YerpoiicTBo i1 00padOTKH KOHMYeCKO#H moBepxHocTH. PaszpaboTaHHOoe aBTOpaMH CTaThU
YCTPOHUCTBO (pHc. 1) COMEPKUT COCTUHEHHBIE MEXIy COOON KIMHOPEMEHHOH Iepemaucit / Bexymiuit
2 v BeoMblii 3 KUBEL. [lepBbIii M3 HUX BpallaeTCsl BMECTE C BEAYIIUM IIKHUBOM 4 B JJONOJIHUTEIBHOM
3a)KMMHOU KOJIOJIKE I, & BTOPOH YCTAHOBIICH C BO3MOXKHOCTBIO BPAIIICHUSI BOKPYT OCH Balia BEJIOMOTO
IIKHUBA 6, HETIOJIBUYKHO COEIMHEHHOTO Yepe3 KOMIICHCAIIHOHHYI0 My(PTY 7 C TUTAHIIAHO0H C XBOCTOBH-
KOM § ¥ IIAPHUPHO — C MTOBOAKOM 9, KOTOPBI B CBOIO OYepe b HEMOABMKHO 3aKperyieH B OCHOBHOM 3a-
>KUMHOU Kosoake /0. OcHoBHaA /() 1 AONOJIHUTENbHAS 5 3a’KMMHBIE KOJIOJKH YCTAHOBJIEHBI TIOJBUKHO
Ha BBIXOJIHOM 3BEHE HCIIOJIHUTEIBHOTO MEXaHU3Ma CTaHKa [/, HaXOISIIErocs B IApHUPHOM COETMHE-
HHW C €T0 TIPUBOIHBIM BajioM /2. Ha JOTMOTHUTEIRHOM KOJOAKE 5 CMOHTHPOBAH dJICKTPOABUTATEND 13,
COCAMHEHHBIN C BaJloM Beyllero mkusa 4. Ha Bezomom mkuBe 3 3aKpensieHbl HENOABHKHBIE KPOH-
MTEHHBI /4 ¢ muMbaMu /5 ¥ BEpXHHUE YaCTU THOKUX CTOCK /6, COSTMHEHHBIX C TIOMOIIBIO KOMIICHCAITHU-
OHHBIX MY(T /7 ¢ HI)KHEH 4aCThIO THOKUX CTOCK /&, HAXOMAIINXCS B TIOABHYKHOM COEIMHEHUH C ITOJIbI-
MU cTOHKaMu /9, )KeCTKO COEIMHEHHBIMHU C YCTAHOBJIEHHOM HAa MHCTPYyMEHT 2() MpaBUJIBHOM MJacTH-
HOH 2/, cHaO)KEHHOHN OTBEPCTUSAMH 1 oOpabarsiBaeMbIX metanei 22. [lomBmkHBIE KPOHIITEHHBI 23



432 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 4, pp. 430-439

13
10 11 o
N / AT, - )
-\ \J//
1 2 4 12
T ! \'\——//
~ 16
17
B 18
27 T
19
( 21 20

)

Puc. 1. Cxema yctpoiicTBa s 00paboTKu 00pa3yroliell KOHHYSCKUX JIMH3

Fig. 1. Diagram of a device for processing a generatrix of conical lenses

C yKazaTeJsiIMU 24 yCTAaHOBJICHBI C BOBMOXXHOCTBIO BPAILCHUSI BOKPYT OCced TMMOOB OTHOCHTEIIBHO He-
MOJBMKHBIX KPOHIUTEHHOB /4. C HMIKHHUM KOHIIOM IOJBHYKHBIX KPOHIITEHHOB 23 JKECTKO CBA3aHBI
y3JBl KperieHus: 00padaTbIBaeMbIX JIeTalel B BUJC BTYJIOK 25, B KOTOPHIX C BO3MOXXHOCTBIO Bpalle-
HUsI yCTaHOBIEHBI ocu 26. Ha ogHOM KOHIIE oceil 26 3akperuieHbl (hPUKIIHOHHBIE Koieca 27, HaXoms-
uecst B KHHEMaTHYeCKOW CBS3M C TUTAHIIAHO0H ¢ XBOCTOBUKOM &, a BTOPOH KOHEIl oceil 26 COeaHeH
C KOHycaMH 28, MOMEIEHHBIMU B KOHYCHBIE OTBEPCTUS LAHT 29, COEAUHEHHBIX ¢ KOHTAaKTHBIMH I1JIO-
CKOTapaJuIeIbHBIMU CTEKIIIHHBIMY IUTACTUHKAMHU 30, HeCyIlIUMU KoHnueckue aetanu 22. ConpspkeHue
KOHYCOB 28 ¢ anramu 29 3admkcupoBaHo raiikamu 3/. J1is koMreHcanuu Koinedanuii ”HCTpyMeHTa 2()
B TOPU30HTAJILHOM IJIOCKOCTH, OOYCJIOBJICHHBIX OMEHUEM IIMUHES CTaHKa, CIy>KaT KOMIICHCALIHOH-
Hble My THI 7 1 [7.

[Iporiecc 06pabOTKU BKJIIOYAET HECKOJIBKO 3TANoB IIn(poBaHUS aOpa3UBHON CYCIICH3HEH 3JIeK-
TPOKOpYHJIa 0€JI0ro C MOCTENEHHBIM YMEHbIICHNEM e€ (paKLUK, TO3BOISIOMIUX JOCTHYD IEPOXOBa-
TocTH marudoBaHHOK moBepxHOCTH Ra < 0,04 MKM, ¥ OomepaIuio MoJTMpPOBaHUS BOJIHOHN CyCIIEH3HEH
OKHCH TIepHsl, 00eCIIeYnBaIoONIe MepOXoBaTOCTh MOJMPOBaHHON MoBepXHOCTH Rz < 0,05 MKkM.

MopenupoBanue 3aKoHOMepHoOCTeil 00padoTku. [Ipemmaraercs oOpaboTka ONTHYECKUX ACTa-
Jei ¢ KOHWYECKOH MOBEPXHOCTBIO B YCIOBHIX CBOOOIHOrO MX NMPUTHPAHUS K HHCTPYMEHTY B BUJE
nnaHmaios! (mar. 17104 Pecn. benapycs, MIIK B 24B 13/00 «YcTtpoiicTBo s 00paboTKu netaneit
C KOHHYECKUMH NOBEPXHOCTAMM», aBTOpsl — A. C. Kozepyk u ap.; mat. 21163 Pecn. benapycs, MIIK
B 24B 13/02 «YcrpoiicTBo s rpynmnoBoid o0paboTKH AeTaleil ¢ KOHHYECKUMH MOBEPXHOCTIMUY,
aBTropel — A.C. Kozepyk u ap.). Cxema Takoil 00pabOTKH NpUBEACHA Ha pHC. 2, a. 31eCh BO3BpaT-
HO-BpallaTelbHOE ABMKEHHE CTOHKHM / 0a30BOro HUIMQOBaIbHO-IIOJNPOBATIBHOTO CTAHKA MOJEIH
3ILII-350 yepe3 BBIXOHOE 3BEHO MCIIOJIHUTEIBHOTO MeXaHu3Ma (pbivar) 2 U MoBOJoK 3 mpeodpasy-
eTcsl B KojeOaTeIbHOe JBHKCHHE MIAHIIAa0bl 4 BMECTEe ¢ KOHHYECKUMH JIeTalIMH 5 OTHOCUTEIIBHO
HHCTPYMEHTa 6, a BpalleHHE MTOCIEAHEro coolmmaeT, 6Jarogapsi HaTUYHIO CHJI TPEHUS, OTHOCUTEIb-
HOE BpallleHUE JIeTaJIsIM, KOTOPBIC B PE3yJIbTaTe COBEPIIAIOT CIOKHOE ABHKECHHE IO paboUeil moBepx-
HOCTH HHCTPYMEHTA.
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Puc. 2. Cxema 00paboTKH JeTasieil ¢ KOHMYECKUMU MOBEPXHOCTSAMU (@) M BEKTOPHASI cXeMa 1S ee pacyerta (b)

Fig. 2. Scheme of processing parts with conical surfaces () and a vector diagram for its calculation (b)

W3 ananu3a paccMarpuBaeMoil cxeMbl 00pabOTKU KOHMYECKUX MOBEpPXHOCTEH (puc. 2, b) cineny-
€T, 9TO CKOPOCTh CKOJIBKEHHUS LU B MIPOU3BOIBHON TOUKe M JeTalu BEIpa)kaeTcs BEKTOPHBIM COOTHO-
HICHUEM

= O, — O, — O —U,, (1)

B MPABOM YaCTU KOTOPOTrO 3aMMUCaHbl BEKTOPHI JIMHEUHBIX CKOPOCTEH BpaIlATEIbHBIX JIBUKEHUH: Ly —

WHCTPYMEHTA 0, Ly, — TUTaHIIANWOBI 4, U, — KOHYCa S U L, — BO3BPATHO-BPAIIATEIIbHOE TIEPEMEIICHHUE PhI-
yara 2 OTHOCUTEJIbHO OCH CUMMETPUM CTOMKHU /. B HallleM ciiydae 3TH CKOPOCTH UMEIOT BUJL:

UI/I (DI/I ><rI/I’ UH = O‘)H ><I/'I'I (2)
— — - .= = 7
U, = O XF; V= ' Xy

rae ©,, ®,, O, — BEKTOPbI YIJIOBBIX CKOPOCTEH MHCTPYMEHTA, IIaHIAaH0bl 1 KOHYCa COOTBETCTBEHHO;

r,=e+r, (e= \/ li + X Cz; —2Xgl, cosy — Tekyllee 3HaYEHUE PACCTOSHUSA MEKIY OCAIMU MHCTPYMEHTA
U IIJIaHIaioBl, e Xg — paccTOSHNUE MEX1y OCSIMHU BPAIICHUsI CTOMKHY / M MHCTPYyMEHTA 6, y — yTOJI 10-
BOpOTA pblyara 2 OT UCXOHOI0O MOJI0XEHU), 75, ;. — PAAUYC-BEKTOPbI paccMaTpUBaeMoi Touku M oT-
HOCHUTEJIEHO OCH CUMMETPUU MHCTPYMEHTA, IUTaHIIai0bl 1 KOHYCa COOTBETCTBEHHO; /; — PACCTOSIHUE
MEXIy OCSIMH CHMMETPHUH TIOBOJIKA 3 M CTOMKHM /; \y' — yriioBasi CKOPOCTh BO3BPAaTHO-BPAIIATEILHOTO
JIBHKEHU S pbryara 2.

3aKOH M3MEHEHHus ' ompenessieTcss TUIIOM HMCIOIHUTEIbHOIo MexaHusMa. B paccmarpuBaemom
YCTPOICTBE B KaueCTBE IMOCIEAHEr0 MPUMEHSETCS MApHUPHBIN YeThIpex3BeHHUK. [l Hero, Kak mo-
Ka3aHo B [3], Y’ = myig, TAE M) — YIJIOBAsk CKOPOCTh BXOJHOI'O 3BE€HA MCHOJIHHUTEIHHOTO MEXaHHM3Ma
CTaHKa, a iy, — KHHeMaTH4YeCcKas mepeJaToutas GyHKIIHS 3TOr0 MeXaHU3Ma.

3anuineM IpoeKIHU BEKTOPOB, BXOAAIINX B ypaBHEHHUS (2), HA OCH CUCTEMbI KOOpAUHAT X YZ, Hauaso
KOTOPOI HAXOIUTCS HA OCH BPAIICHUS TIAHIIANOKI 4, a OCh X COBMANaeT C OCEBOU JIMHUCH ppryara 2:

0 0 0 ®, COSALCOS Oy,
0,=|0 [[o,=0 |;y=]0 o,=0,cosacosq, |;
Oy ®p v O, sina
7, cos0, ecosf rysina.cosO
Py =| rysin@ |; é=| esinf |; 7, =| r;sinosinO
0 0 —7;, COs 0L

YuuThIBasi 3Ty 3alMCh U BBIIOJIHUB COOTBETCTBYIOIIME IIPEOOpa3oBaHUs, HMPOEKIUU CKOPOCTH
CKOJIBYKEHHS L Ha OCH CUCTEMBI KOOpAHHAT X YZ coriacHo cooTHoIeHuto (1) 3anuiieM B Bue

Ly = -, sine, +esinf) + (o, + ®,7,)sing,,
Ly = o, (1, sin@, +ecosP) — (w7, + @7 )sing, —yl, 3)

UZZ O,
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. 2+e® - X2
e (), — YT0Jl IOBOPOTA MJIAHIIAKOBI 4 OTHOCUTENBHO OCH X 3 = arccosT — YIoJI MEeXAYy oce-
e
I
BOIl TUHUEH phIyara 2 M MpsSMOU, IMPOXO/ISIIEH Yepe3 OCH CHMMETPHH WHCTPYMEHTA 6 1 TUTAHIIAHObI 4.
Ucnonsiys ypaBaeHus (3), MOXXHO ONIPEAETUTH CKOPOCTH CKOJIBKEHHU S B JIF000# TOUKe 0OpadaThiBae-

MOU KOHMYECKOU MOBEPXHOCTH:
U=\/U§(+U%+U%. @

MeTtoauka onpenesieHust pe;kxuMoB o0padoTku. V3noxennsii B [4] meTon hopmMooOpazoBaHus e-
TaJel ¢ KOHWYECKOW TIOBEPXHOCTHIO B YCIIOBHUSIX CBOOOTHOTO MPUTUPAHUSA [5] TpeArnonaraeT mpuTUPKY
o0Opa3yrolei Bpararomeicss KOHNIeCKOH 3aTOTOBKH K HHCTPYMEHTY C TUIOCKOW pabodei TOBEpXHOCTHIO.
[IpsamonuHeHHOCTH 00pa3yroIIei KoHyca MpH Takoi 00padOTKe 3aBHCUT B OCHOBHOM OT TOYHOCTH pabo-
Yeli TOBEPXHOCTH MHCTPYMEHTA, KOTOpast B 00CYK/ITaeMOM B IAHHOHM CTaThe METOJIE MOICP’KUBACTCS TaK
HA3bIBAEMbIM MPABHJIFHUKOM B BUJIE CTEKJISTHHOM TUTACTUHBI C OTBEPCTHAMU ISl KOHWYECKHUX JIETaJICH.
B nporiecce 00paboTKH MpaBUIBHUK COBEPIIACT MEPEMEIICHUE TI0 paboyeii MOBEPXHOCTH HHCTPYMEHTA
TI0 CJIOKHOUW TPACKTOPHH, COCTOSIICH 13 OTHOCUTEIFHOTO M TICPEHOCHOTO JIBUYKCHU.

Jnst obecrieueHust TpeOyeMoil MIOCKOCTHOCTH MHCTPYMEHTA MapaMeTPbl TAKOH TPACKTOPUU pacCuu-
TBHIBAJIH 10 CICIIMAJILHON TIporpaMMe [6] ¢ yueToM AMaMeTPOB MHCTPYMEHTA U IpaBUibHUKA. [Ipu 3TOM
JIUaMEeTP MEPBOr0 U3 HUX MPUHUMAJIHK paBHBIM 1,2 OT JraMeTpa OKPYKHOCTH, IIPOBEACHHON Yepes3 Bep-
IIUHBI TPEX KOHYCOB, PACIONIOKEHHBIX KaK U B cXeMe ycTpoiicTBa (cM. puc. 1). B xauectBe nmuamerpa
netann Opanu 5Q(OEKTUBHBIA TUaMETP MPABUIILHUKA d,g, KOTOPBIA PACCUMTBIBAIIM 110 GOpPMYIIE

S3¢)

d3(b:2 T N

rze S,y — dpdexTrBHas nIomMAanb paboyeii NOBEPXHOCTH NPABUIILHUKA, KOTOPAs MOIY4€Ha BHIYMTaHH-
€M U3 TUIOMIA/IN KpyTa, Yel TuaMeTp paBeH JuaMeTpy NpaBUIbHHUKA, TUIOIMAIN OTBEPCTHH st 0Opaba-
ThIBA€MBbIX KOHNYCCKHUX )IeTaHefI.

Hcnonp3ys BRIIEN3I0KEHHYIO MOJIEIh, IIPOBEH TEOPETHUECKHE NCCIIEAOBAHNS 3aKOHOMEPHOCTEH
(hopmMooOpa3zoBaHUs KOHHYECKOH JIMH3BI BEICOTON 25 MM B AHaMeTpoM ocHoBaHUs 12,5 MM. B kauecTBe
peryaupyeMbIX MMapamMeTpoB Ipoiecca 00padoTKU MPUHUMAU YacTOTHI BpallleHUs HHCTPYMEHTa, KO-
HycCa ¥ BXOJTHOT'O 3B€Ha MCIIOIHUTEIFHOT0 MEXaHU3Ma CTaHKa, OTHOIICHNE YaCTOT BPAIICHUsI TPaBUIIb-
HUKa ¥ MHCTPYMEHTA, a TAKXKe aMILTUTYy BO3BPAaTHO-BPALIATEIBHOIO JIBUKECHUS TIEPBOTO U3 HUX TI0
paboueil TOBEPXHOCTH BTOPOIO M UX OTHOCHUTENIBHOE CMEIICHUE. PaccunThIBa Il OTHOCHUTEIBHOE pac-
XOXKJICHHE MYTEH TpeHUsl, XapaKkTepu3yloliee KauecTBO 00paboTKH, U CpeaHee apupMeTnyeckoe 3Ha-
YCHUC OdTUX HYTCﬁ, MIPONOPIHUOHAIIBHOC ITPOU3BOAUTECIIBHOCTHU ChEMA MPUITYCKA C 3arOTOBKHU. I[aHHBIG
IMOKa3aTejin ONMpeACIsAINCh KaK IMPU UBMCHCHUHN KaXXA0TO0 U3 OTMCUCHHBIX IMapaMETpPOB B OTACIBbHOCTH,
TaK 1 IPH MOTTAPHOM MX U3MEHEHHH B 15 pa3snudHbIX KOMOMHAIIHX.

B TexHOMOTMM ONITHYECKOTO MPUOOPOCTPOCHUS MOCIEAHUHN MPHUEM MOXXHO Ha3HAa4aTh TOJIBKO HA
CTaJINH MPEIBAPUTEIHHOTO NLTH(OBAHU A, TOCKOJIBKY OJHOBPEMEHHOE PETYyJIUpOBaHNE ABYX U Ooiee
HaJlaJIOYHBIX MApaMETPOB CTAHKA MPUBOAHUT K PE3KOMY M3MEHEHHUIO0 3aKOHOMEPHOCTEH cheMa IpH-
IyCKa C 3arOTOBKHM M TEM CaMbIM BBI3BIBAaeT AepopManuio reoMmeTpudeckor Gpopmer oOpadaTeiBae-
MO OBEPXHOCTH. DTO UCKa)KEHHE (POPMBI ACTAIH MOKHO UCIIPABUTH Ha MOCIEAYIOMINX ONEPALHIX.
Ecnu ke Takasi mOrpeurHoCcTh BOSHUKHET Ha (PMHUIIHOHN Ollepaiy MOJIMPOBAHUSI, TO AJIsI HCTIpaBIe-
Hus AedekTa AeTallb HeOOXOAMMO MEePenUTU(OBLIBATE U MMOBTOPHO MOJIUPOBATH, YTO YBEIUYUBACT
ee cebecroumocTh. OHAKO M3MEHEHHUE JIBYX HAJIAJIOYHBIX MMapaMeTPOB MO3BOJISIET YCKOPUTH MPO-
[eCC CheMa MPUITycKa, TOITOMY Ha MPEeABAPUTEIBHON cTaiui 00pabOTKU TpUMEHEHHE TaKOTo pHe-
Ma OmpaBAaHo.

HawnbGonee BeITOHBIE peryanpyemMble mapaMeTpsl TeXHOIOTHYECKOTO 000OpYyIOBAHUS OMPEIeIIsIH
B CIenymomei nocienoBaredbHocTh. Mexons n3 nuama3oHa KOHCTPYKTHBHO BO3MOYKHBIX M3MEHEHHH
peryJIupyeMbIX ImapamMeTpoB Iporecca 00pabOTKH, MPUHUMAIIHA CPEIHEee UX 3HAYCHHE. YUUTHIBAS 3TH
3HAYCHMS], PACCUNTHIBAIIA TOYHOCTH M MTPOU3BOAUTEIHHOCTh 00pa0O0TKH, U3MEHSISI OIMH U3 TTapaMeTPOB
710 TOCTHUKEHU S MUHUMaJIbHOT'O PACXOKICHHSI OTHOCUTENBHBIX Iy Tel TpeHus. Vcrnonb3ys noiayueHHoe
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TakuM 00pa3oM palMoHaJbHOE 3HauYeHHEe M3MEHSEMOro TapaMeTpa, BO BTOPOM IIMKJIE pPAacYeTOB OT-
HOCHUTEIBFHBIX PACXOXKJIEHUH MyTeH TPEHWS OINpPENeisiu ONTHMAaIbHYI0 BEIWYHHY BTOPOTO PETYIH-
pyemoro mapaMmeTpa Mpy MOJTyYeHHOM 3HAYeHWH MEPBOTO M3 HUX W CPEAHUX BETWYMHAX OCTATHHBIX.
3areM, IpUHSB BBISIBJICHHBIE 3HAYCHHS TIEPBBIX JIBYX ITapaMeTPOB, ONTUMHUZHPOBAIN TPETUH TIPH CPE-
HUX 3HAYCHHUSIX OCTAJIBHBIX M TaK Jajee /0 ONpeesieHUs] palliOHAIBHBIX BEJTHYHH BCEX MAapaMeTPOB.
[lomy4yennsie TakuM 00pa3oM HanOoJee BBITOIHbBIE BETUYHHBI PETYIUPYEMBIX IMapaMeTPOB YTOUHSIIH
MTyTEM TIOCIIEeIOBATENFHBIX N3MEHEHUH Ka)K/IOTO U3 HUX ITPY HEM3MEHHBIX OCTAIBHBIX. Tak MOBTOPSIIH
JI0 T€X TIOp, TIOKA TTOCJIe ONTHMU3ALNN MOCIETHEr0 U3 pacCMaTPUBAEMBIX TTAPaMETPOB HE MOy YaH
MOCTOSIHHOM BEJIMYMHBI OTHOCUTEIbHBIX PACXOXKICHUHN MyTEH TPEHUS.

Pesynbrarhl onpeneneHus palMoHAIBHBIX PETYINPYEMBIX MapaMeTpoB Iporecca 00padoTKu Ko-
HUYECKUX JeTaled Ha paccMaTpMBAaeMOM YCTPOWCTBE IO HW3JIOKEHHOW METONWKE MpPUBEICHBI Ha
puc. 3, a, a Ha puc. 3, b TOKa3aHbI MOJYUYSCHHBIC IIPHU TOM 3aKOHOMEPHOCTH N3MEHEHHUH CpeIHUX apud-
METHYECKNX 3HAUCHUH myTel TpeHus. 3 aHanmsa 3TUX pe3yinbTaToB CIelyeT, 9TO M3MEHEHH S SKCIIeH-
TPUCHUTETA € MEKIY OCSIMHU BpaIICHUS HHCTPYMEHTA U TIAHIIAWORI (KpuBas 4 Ha puc. 3, a), a TakKKe aM-
TIJTUTYIB BO3BPATHO-BPAIIATENbHBIX JBHKCHHH MOCIeAHeN (KprBas J) MPaKTUYECKH HE BIUSIOT KakK
Ha TOYHOCTb, TaK W Ha TMPOMU3BOAUTENBHOCTh 00paboTKU. [loaTOMY Ha TpakTHKEe MOKHO MPUHUMATH
cpenHue 3HaYeHUs dTHX mapameTpoB. OcTaBmInecs mapamMeTphl 10 CTENeHH WX BIWUSHUSA Ha Ka4eCTBO
00pabOTKH PACHOIOKEHBI B CIEAYIOLIEH MOCIEI0BATEIBHOCTH: L;/Vy, Ly, Ly, Uy (KpuBble /, 2, 3, 6 Ha
puc. 3, @ COOTBETCTBEHHO).

O06paboTka ONTHYECKUX JeTaled ¢ KOHUYECKON IMOBEPXHOCTHIO MO TIPEAIaraeMoi cXxeMe CBOIIUT-
¢s K MUTUOBAHUIO UX B TPH dTara adpa3uBHON CYCHICH3MEH MHKPOTOPOIIKOB (IEKTPOKOPYHIa Oero-
ro) 3epauctoctTd M40, M20, M10 1 moTupoBaHNIO BOJHOW CyCIICH3UEH momupuTa (OKUCH mepus) [7].

90 0,60 /ey, M
80 0,55} \
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60 i \/
045}
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0,40F \
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L -—n
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Puc. 3. 3akOHOMEPHOCTH H3MEHEHH ST OTHOCUTENIBHOIO PACXOKAEHUS Aloyy, (@)  CPEHEr0 apU(PMETHIECKOTO 3HAUEHHUS [, (D)
nyTed TpeHus npu 06paboTke OOKOBON MOBEPXHOCTH KOHUYECKOW JIMH3BI B 3aBUCUMOCTH OT BEIUYHHBL Uy, /Uy MPH Uy =
50c,v,=40c!, e=0,00 M, L=0,04 M, 0,=3,0c! (xpuBas 1); v, IpH Ly, /L, = 0,7 1 IPEXKHUX Ly, e, L, v, (kpuBasg 2);
V) TIPH Vgy/Vy = 0,7, Uy = 7,8 ¢! 1 ipeskHux e, L, v, (kpuas 3); e 1pu Ug/Vy = 0,7, vy = 7,8 ¢, v, = 4,5 ¢! u npesxHnx L,
U (kpuBast 4); L pu vg/v, = 0,7, v, =78 ¢, v, =4,5 ¢!, e = 0,016 M 1 mpexHeit v, (KPUBAS I); Vg MPH Ly /Uy = 0,7, vy =
78¢ L, v=45c",e=0,016 M, L=0,041u
Fig. 3. Patterns of change in the relative discrepancy Alyy, (@) and the arithmetic mean value /., (b) of the friction paths when
processing the side surface of a conical lens depending on the magnitude vy,/v, in case of U, =5.057, Vv, =4.057,e=0.01 m,
L=10.04 m, v,=3,0s" (curve ); v, in case of vy,/v, = 0.7 and former v,, e, L, vy (curve 2); v, in case of VL, = 0.7, v, =
7.8 s and former e, L, vy (curve 3); e in case of V,,/V, = 0.7, v, =7.8 s, v, =4.5 s and former L, v, (curve 4); L in case of
Vna/Vy = 0.7, 0, = 7.8 s, v, =4.5 57!, = 0,016 m and former v, (curve 5); vy in case of v,,/v, = 0.7, v, = 7.8 shLu=45s"
e=0.016m, L=0.041 m
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CormacHO pe3yibTaTaM BBITIOJHEHHBIX HCCICAOBAHUN (CM. pHC. 3), IPH MPOBEACHUN YTIOMSHYTHIX
onepauuii 1esnecooOpa3Ho MPHAEPKUBATHCS CIACNYIOMINX YCIOBHM: Ha MEPBOM cTaguu NUIM(GOBAHUS
Ha3HA4YaTh ONTHUMAJIBHOE 3HAUCHUE L;/Vy, @ 3HAUEHUS IaPAMETPOB Uy, Ly, U, — CPEJHHE; HA BTOPOIi cTa-
UM MTH(OBAHUS — ONTUMAIBHBIE Ly/Uy U Uy, @ Uy U Uy — CPETHHE; HA TPEThel cTaAuu NUIH(OBAHUS —
OIITUMAJIbHBIE L;/Vy, Ly, Uy U CPEIHEE Ly, a Ha 3TaIle I0JUPOBAHUS UCII0JIb30BATh BCE ONTUMHU3UPOBAH-
HbIE peryJupyeMble mapaMeTpsl npouecca oopadorku. CoboaeHre 3TUX pEeKOMEeHIauil odeceyun-
BaeT MO3TANHOE YMEHBUICHNE MOTPEHIIHOCTH OTKJIOHEHHST 00pa3yIomieil KoHyca OT MPSIMOJIMHEHHOCTH
MPH 3aKOHOMEPHOM YMEHBIIEHNH MHTCHCHUBHOCTH CheMa IMPHITYCKa C 3aTOTOBKH, YTO OTOOpaKkaeTcs
KpuBBIMU [, 2, 3 1 6 Ha puc. 3, b.

[IpoBeneHHble HCCIEAOBaHUS IPOU3BOAUTEILHOCTH M KauecTBa 00paOOTKM KOHMYECKUX IOBEPX-
HOCTEH MpH MONAapHOM U3MEHEHUH NMPUHSTHIX B HALIEM ClIydae PeryJupyeMbIX NapaMeTpoB MOKa3aiu,
YTO M3 BO3MOYKHBIX Pa3MYHBIX X KOMOMHAIMK HanbOoliee BHITOJHO Ha3HAYaTh COYETAHUE «4acTOTa
BpAIIEHUs KOHYCA — SKCHEHTPUCUTET MEXK/Iy OCSIMU CHMMETPUH HHCTPYMEHTA U TUTAHIIAHOBD.

JKcnepruMeHTaIbHbIE HCcJeq0BaHus1. KauecTBO U MpON3BOAUTEIBEHOCTE 00paboTKH OOKOBOH TI0-
BEPXHOCTH KOHWYECKOW JIMH3BI ONpEnessiin Ha cTaauu ee nutudosanus. [Ipu 3ToM ncnonb3oBanuch
3arOTOBKH JETaIM C TAKUMHU e T€OMETPUUYECKIMHU MapaMeTpaMHy, Kak U B CIydae TEOPETHUUECKHUX UC-
cienoBanuii. [lepBoHaYaIbHO MOATOTABIMBAIN 3aTOTOBKY ITOCPEACTBOM €€ NUIH(OBAHMS HA HHCTPY-
MEHTE B BHJIC IIaHMANROBI quaMeTpoM 350 MMm. B xadecTBe 0OpabaThiBaroleii NCIIOIL30BaAN a0pa3uB-
HYIO CYCIICH3HIO 3JIEKTPOKOpYH/Ia 6emoro 3epauctocthio M10 koutieHTpamuei T: 2K = 1:5. Cycnensuro
B 30HY 00pa0OTKH MMOJaBaiy BPyYHYIO C TOMOLIbIO KHCTOUKH. Ll oBanne BBIMONHSIIN Ha CEPHITHOM
nutioBasbHO-NoHpoBasibHOM cTanke 31T1-320 ¢ 3akpernyieHHBIM Ha ero IIKWH/eNe HHCTPYMEHTOM,
KOTOPBIM HACTpawBajy IO CIEUaIbHONH MeToauke [8], 1oO0uBasich TOTO, YTOOBI €ro (MHCTPYMEHTA)
pabouasi MOBEPXHOCTh MMeJa BBINTYKIIYIO (JOPMY Takoro paguyca KpUBHU3HBI, Mocie NIN(GOBaHUS Ha
KOTOPOI UCIIOJIb3yeMOH 3ar0TOBKH ee 00pa3yrolasi nMesia OTKIOHEHHE OT IPSIMOJIMHEHHOCTH B BUJE
nporuba senuunnoi 0,012 MMm.

HeoOxoqumeblii pannyc KpUBH3HBI padodell MOBEPXHOCTH IIIU(POBATBHUKA OOCCIIEYHBAIN 10
cienytomei Mmetoguke. Mcnonb3yst BeIpaxXeHUe 71 CTPEIKH nporuda s cepuyueckoil MoBepXHOCTH
panuycom R

®)

rae d — quamMeTp BBIOPAHHOTO MIAPOBOI0 CErMEHTa, HA KOTOPOM M3MEPSIIM CTPENIKY mporuda /i, mo
hopmyme

R=—* ©)
2h

(B HameMm ciryvae i = 0,012 mm, d = 25,8 MM — [yiHa 00pa3yIomieii KOHMYECKOH 3ar0OTOBKH C MIPUHSITHI-
MU T€OMETPUUYECKUMU TIapaMeTpaMHu), ONPEeSINIIN, YTO NCKOMBIN pagnyc KpUBU3HBI paBeH 6934 mwm.
Jist monmydeHus mungoBajIbHUKA ¢ pabouell MOBEPXHOCTHIO TAKOTO pafnyca KPUBU3HBI R BBIOIHSIIN
€ro HalaJIKy 1Mo cepoMeTpy ¢ quameTpoMm Koibia 100 MM 1 MEKPOHHOW WHIMKATOPHON TOJIOBKOW Ya-
cosoro tuna. [Ipu aTom obecneunBanu cTpenky nporuda Bennyunoi 0,18 MM, paccuntanHyio o Gop-
myne (5) nns R = 6934 mm u d = 100 mm. Ha nonroroBienHoi TakuM 06pazom paboueil TOBEpXHOCTH
HHCTPYMEHTA UCIIOIb3yEeMYI0 KOHUYECKYIO 3arOTOBKY HIIM(OBaIN B TeueHHe 15 MuH abpa3uBHOI Cy-
cnieHsuelt Mukpornopomika M10, 4ro obecriedrBaIo OTKIOHEHHE ee 00pa3yroleii OT MPSIMOITMHEHHOCTH
BennurHOi 0,012 MM B KaX10# ceprur dKCIEPUMEHTAIBHBIX UCCIEJOBAHUNA. DTH UCXOAHBIE 3aTOTOBKH
o0pabaThiBaJii Ha YyT'YHHOM ILIM(OBAJIIBHUKE B BUJC TUIAHIIANOBI quaMeTpoM 150 MM ¢ BBITYKJIOWH
paboueii moBepxHOCThIO. Pagmyc xpuBu3Hbl paBHsuicsd 40000 MM, ero KOHTPOIHPOBAIH CHEPOMETPOM
ITOCPENICTBOM M3MEPEHHS CTPEIIKH Iporuda, koropas Ha quamerpe 100 mm cocrarmsana 0,03 mm, a Ha

JUTHHE 00pa3yIolel HCIonb3yeMoi Konndeckoi 3arotoBku — 0,002 M.
[pu mwnudoBaHUU HCCIEAOBANTH 3aKOHOMEPHOCTH U3MEHEHU S CTPEIIKH IPOruda B 3aBUCUMOCTH OT
BEJIMUMHBI PETYINPYEMBIX MMapaMeTpoB Mporecca 00padOTKH MO TaKOH Ke METOJUKE, KaK M Ha CTa-
U TEOPETUYECKUX UCCIIENOBAHUMN, TO €CTh EPBOHAYAIBLHO U3MEHSUIM OTHOIIEHHE YacTOT BPALICHUS
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TIAHITAKOB! (JIETaTn) ¥ HHCTPYMEHTA Ly/Vy, TIPH TIOCTOSHHBIX CPEIHMX 3HAUYEHHAX L, = 5,0 ¢, vy =
40c!, =001 m L=0,04mM, v, =23,0c. 3arem, Ha3HAYNB ONTHMAIBHOE 3HAUCHHE vV, = 0,7, no-
JTyYeHHOE Ha CTaJMH TEOPSTHUECKUX UCCIESIOBAHUMN, U CPEHUE Ly, €, L, Ly, U3MEHSIIN 9acTOTy Bpa-
HIEHUs THCTPYMEHTA Ly U T. 1. B Kax oM nukie miaudoBaHus MCIOIh30BAIN UCXOIHYIO 3aTOTOBKY
C OTKJIOHCHHEM e¢ 00pa3yromeii ot npsaMonuHeHoCTH BeanunHoi 0,012 MM, a TPOIOIDKUTEITFHOCTD

00paboTkm coctapsana 10 MuH.

Pe3ynbrarThl 9KCIIEPUMEHTANBHBIX HCCIIENOBAHUA 3aKOHOMEPHOCTEH W3MEHEHHUsS CTPENKH IMPOTH-
0a /i B 3aBUCHMOCTH OT 3HAUCHUH PEryJIMPyEeMBbIX IapaMEeTPOB IpoLuecca 00padOTKH L, /Vy, Ly, Ly, L U Uy
MpUBENICHBI Ha puc. 4. AHaIU3 Pe3yJIbTaTOB MOKA3bIBACT, UTO [0 MEPE HCIIOIH30BAHUSI ONTUMAILHBIX

_/7, MKM
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067 068 069 070 v /v, 072
75 76 77 78 oo 80
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0038 0039 0040 0041 Lw 0043
61 62 63 84 uv.oo 66
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Puc. 4. 3aBucuMocTh cTpeiku nporuba 7 GOKOBOW MoBEpx-
HOCTH KOHHYECKOH JIMH3bI B IpOLECCE €€ HUIM(POBAHUS OT
U3MCHAOIIUXCA 3HaquHﬁ: OTHOILICHUA YaCTOT BpallCHUA
JETald ¥ MHCTPYMEHTa L;/Uy, M MOCTOSHHBIX Ly = 5,0 ¢l
vV, =40ch L=004mV0,=30c" (xpuBas /); 4acTOTHI
BpPAIIEHUsI HHCTPYMEHTA Ly U MOCTOSTHHBIX L;/V, = 0,7, vy =
40c¢!,L=0,04m 0,=3,0c" (kpuBas 2); 4aCTOTHI Bpalie-
HUST BXOJHOTO 3BCHA HMCIOJIHUTEIFHOTO MEXaHM3Ma CTaHKa
L, B OCTOSHHBIX L,y/V, = 0,7, v, = 5,0 ¢ L=0,04M, v, =
3,0 ¢! (kpuBas 3); aMILTMTY bl BO3BPATHO-BPALIATEIBHBIX
JBH)KEHHI BBIXOJHOTO 3BE€HA HCIIOJHHUTEIHHOTO MEXaHM3-
Ma cTaHKa L ¥ MOCTOSHHBIX v /v, = 0,7, v, = 5,0 C’l, vy =
40c" v.=30 ¢! (kpuBas 4); 4acTOTHI BpALICHUS KOHIYC-
CKOH 3arOTOBKH Uy M MOCTOSIHHBIX L;/v, = 0,7, v, = 5,0 ¢,
v, =4,0c!, L =0,04 M (xpupas 5)
Fig. 4. Dependence of the arrow deflection / of the lateral
surface of a conical lens during its grinding on the changing
values of the ratio of the frequencies of rotation of the part and
tool v,/v, and former v, = 5.0 sLv,=40s",L=0,04m,v,=
3.0 57! (curve 7); tool speed v, and permanent v /v, = 0.7, Ly =
405, L =004 m, v, =3.0s" (curve 2); rotational speed of
the input link of the actuator of the machine v, and permanent
v /v, = 0.7, v, = 5.0 s L=004m, v =230s" (curve 3);
the amplitude of the reciprocating rotational movements of the
output link of the actuator of the machine tool L and constant
vV, = 0.7, v, = 5.0 s v=40s", v,=3.0s" (curve 4);
rotation speed of conical billet v, and permanent v,/v, = 0.7,
V=505, 0,=40s",L=0.04m(5)

3HAUYEHUI OTMEYEHHBIX PEeryIHpyeMBIX Iapame-
TPOB TOYHOCTH OOpPaOOTKH IOBBIMIACTCS (OTKJIIO-
HEHHe 00pa3yIoIel KOHyca OT MPSIMOTUHEHHOCTH
¢ ucxomnusix 0,012 mm ymenbmaetcs 10 0,004 mwm).
DTH dKCTIEpUMEHTAIBHBIE PE3YIBTAThl COTIACyIOT-
Csl C 3aKOHOMEPHOCTSIMH TEOPETHUECKUX HCCIIE0-
BaHWH, N3JIOKCHHBIX HA pUC 3, a (TOYKW MUHUMY-
Ma Ha KpuBBIX / U 6 ymeHbImarotcs ot A/ = 0,63 1o
Al= 0,23 COOTBETCTBEHHO).

ABTOpaMH Tak)Xe BBITTOJHEHBI SKCIEPUMEH-
TalbHBIE HWCCIEAOBAHUS IPOU3BOAUTEIHHOCTH
00pabOTKM paccMaTPUBACMBIX ONTHYCCKUX JIC-
taneii. C 9TOH 1eapi0 UCXOAHBIE KOHMYECKHE 3a-
TOTOBKH C OTKJIOHEHHEM 00pa3yromieil oT mpsmMo-
nuraeroctr 0,012 MM mutdoBaId 10 MOMEHTA

h, MKM
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Puc. 5. 3akOHOMEPHOCTH HM3MECHEHUS CTPEIKH Iporuda h
OOKOBOI ITOBEPXHOCTH KOHHYECKOW JHMH3BI B Ipolecce ee
nutndoBanus oT ucxogHoro 3HaueHu 0,012 mm 10 0,003 MM
IIPH ONTUMANBHOM L,/V, = 0,7 1 cpennux v, = 5,0 chu=
40c¢!, L=004m 0,=30c" (xkpuBast /); ONTUMAaJIBHBIX
v /v, = 0,7, v, =78 c'n CPEIHUX Ly, L, U, (kpuBas 2); on-
TUMAIBHBIX L/, = 0,7, v, = 7,8 ¢, 0, =4,5¢!, L =0,04 m,
V= 6,4 ¢! (kpusas 3)
Fig. 5. Patterns of change of the arrow deflection h of the lateral
surface of a conical lens during grinding from the initial value
0,012 mm to 0,003 MM at optimal v,/v, = 0.7 and medium v, =
505, 0,=40s", L=0.04 m, v,=3.0s" (curve 1); optimal
v, /L, =07, 0, =78 s and medium v,, L, v, (curve 2); optimal
v /v, =07, v, =78 shuvy=45s",L=004m,0,=64s"
(curve 3)



438 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 4, pp. 430-439

noctmwkerus 7 = 0,003 MM TIpHu pa3sIUIHBIX peKUMax oOpabOTKU. Pe3ynmbTaTsl 3THX HCCIICTOBAHUN
OTpa)keHBI Ha puc. 5. IX aHann3 MOKa3bIBAET, YTO €CIU Ha3HAYUThH ONTHMAaJIbHbIE 3HAYEHUS TOJIBKO
OJIHOTO U3 PETyIUPYEMBIX ITAPAMETPOB Ipolecca 00paboTKH, HAIPUMEP, OTHOMIEHHE L;/Vy a 0CTalIb-
HbIE — CPEJIHUMU (KpuBas / Ha puc. 5), TO BpeMs 00pabOTKH Zo5, cocTaBisgeT 19 mun. IIpu aByx on-
TUMAaJIbHBIX MapaMeTpax (HallpuMep, L,;/Vy; U L,) U CPEIHUX 3HAUYCHUSIX OCTAIbHBIX M3 HUX (KpH-
Bas 2 Ha puC. 5) top = 16 MUK, a B ClIy4ae ONTUMAJbHBIX 3HAYEHUH BCEX PETYIMPYEMbIX APAMETPOB
(xpuBas 3 Ha puC. 5) fy5p = 11 MUH. DTH SKCIIEPUMEHTAJIBHBIE PE3YJILTATHI TAKKE YIOBIETBOPUTEIb-
HO COTJIacyIOTCS C 3aKOHOMEPHOCTSIMU TEOPETUUYECKUX HCCIIeI0OBaHUH, MPUBEICHHBIX HA pHC 3, b.

3akaouenue. PazpaboTranHas MoAeIb MOMYUYCHUS ONTHYECKUX JAeTajel ¢ KOHMYECKOH MOBepXHO-
CTBIO B YCIIOBUSX CBOOOIHOTO WX MPUTHPAHUS K HHCTPYMEHTY B BUJIE TUIAHIIANHOBI TTO3BOJISET peau-
30BaTh WH)KEHEPHBIE METOJbI YIIpaBIeHUs IpoeccoM (popmMooOpa3oBaHUs KOHUYECKUX JeTalieil 0e3
MIPOBEJICHUS TTPEBAPUTEIBHBIX TPYJOEMKHUX SKCIIEPUMEHTAIbHBIX UCCICIOBAHUN.

[Ipennoxennast METOIMKA ONTUMHU3AINH HAJAJOYHBIX ITAPAMETPOB TEXHOJIOTHUECKOTO 000pyI0Ba-
HUS JaeT BO3MOKHOCTH BRISIBUTH HamOosee 3QheKTUBHBIC PEKUMBI 00paboTKH (MHu(OBaHUS U TIOJH-
pOBaHMs) KOHMYECKHUX JIMH3 C YYETOM 3aKOHOMEPHOCTEH pacIlpeiesieHus IO UX TOBEPXHOCTH TOJIJIe-
JKAIIero ylaJeHUIo PUITYCKa.
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KATAJIMTUYECKHUE CBOMCTBA KOMITO3UTHOI'O MATEPUAJIA HA OCHOBE
BEJIOPYCCKHUX JOJOMUTOB 11O OTHOIIEHHNIO K ITPOLECCY PA3JIOKEHUSA
MUPOJIN3HOM CMOJIBI

Annoramus. O6CyXIal0TCS pe3yJIbTaThl AKCIEPUMEHTAIBFHOIO HCCIEAOBAHHUS TEPMUYECKOTO Pa3JIOKEHHs ITHPOIIU3-
HOHM CMOJBI B TOMOTE€HHOM ITIpoLiecce U B NMPHCYTCTBUU KaTaimu3aropa. OMBITH O TEPMHUYECKOMY Pa3JIOKEHHIO ITHPOJIN3HON
CMOJTBI BBITIOJTHEHBI B N30TEPMHUECKUX YCIOBHUSIX Ha JIabopaTOpHOH ycTaHoBKe mpu temmeparypax 300, 400, 450 u 500 °C.
OmpeneneHs! CKOPOCTh TOMOTEHHOTO IPOIEcca TEPMUYECKOTO PA3JIOKeHUsI CMOJBI M IPEICNIbHBIE CTENEHH Pa3JIOKEHHSL.
DOHeprusi akTUBAIlMU FOMOTEHHOTO ITporecca Mo JaHHBIM HacTosmel paboTsl cocraBmia 320 k/k/MoiIb. YCTaHOBIEHO, YTO
CKOPOCTh TEPMHUYECKOTO PA3JIOKEHHSI CMOJIBI MOBBIIIACTCS B CIydae BHECEHHS B PEaKIMOHHYIO 30HY 00pa3IOB IPHPOTHBIX
JIOJIOMHTOB, @ TaK)Ke KOMIIO3UTHOTO MaTepualia Ha UX OCHOBE. JTO IOBBIIIEHHE O0YCIOBICHO IPOTEKAHNWEM I'eTepOreHHOM
KaTaJINTHYECKON PeaKIUH Pa3JIoKEHHs] MUPOIN3HOM cMonbl. Kaxymascss sHeprusi akTUBalMM ATOTO IIPOIECCa COCTaBHIIA
210 x/Ix/Monb (TIpy UCTIONB30BaHUY HO0IOMUTOB) U 202 kJ>k/MOIB (IIPU UCHOJIB30BAaHUH KOMIIO3UTOB). [Ipu s TOM oTMeueHo,
YTO KOMIO3UTHBIH MaTepHas o0JafaeT 3HaUNTEIbHO OoJee OJIaronpusTHBIMH MEXaHHUECKHMH CBOMCTBAMM, HEXKETH JOJIO-
MuUT. Ha OCHOBaHMHM yCTaHOBIIEHHBIX TaHHBIX C/IeNIaH BBIBOJ] O IEPCHEKTUBHOCTHU CO3JJAHUSI KOMIIO3UTHBIX KaTaJIM3aTOPOB Tep-
MHYECKOTO Pa3JI0KEHHS TSKEIBIX YTIEBOAOPOJIOB, 00pa3yIOMUXCs B Mpolieccax TEPMOXUMHUIECKOH KOHBEPCHH OMOMACCEHL.

KuroueBblie ¢J10Ba: MHPONHU3HEIE CMOJIEL, TOJTOMHT, KOMIIO3UT, KHHETHKA PA3JIOKEHUS, SHEPTHSI aKTHBAIHH, TPEIIKCIIO-
HEHIIMATBHEIH (hakTop

Jas nutupoBanus: KaraauTndyeckne CBOHCTBA KOMIIO3UTHOTO MaTepHalla Ha OCHOBE OEIOPYCCKUX JOJIOMHTOB IO
OTHOIICHHUIO K TIpoIeccy pasiiokeHuss nuponu3Hoil cmonsl / C.B. Bacunesuu [u np.] / Bec. Ham. akax. HaByk bemapyci.
Cep. ¢i3.-ToxH. HaByK. — 2021. — T. 66, Ne4. — C. 440—-448. https://doi.org/10.29235/1561-8358-2021-66-4-440-448
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CATALYTIC PROPERTIES OF A COMPOSITE MATERIAL BASED ON BELARUSIAN DOLOMITES IN
RELATION TO THE DECOMPOSITION OF PYROLYSIS TAR

Abstract. The paper discusses results of an experimental study of the thermal decomposition of pyrolysis tar in a homo-
geneous process and in the presence of a catalyst. Experiments on thermal decomposition of pyrolysis tar were carried out
under isothermal conditions in a laboratory setup at temperatures of 300, 400, 450 and 500 °C. The rate of the homogeneous
process of thermal decomposition of tar and maximal degrees of decomposition were determined. According to the data of
this work, the activation energy of the homogeneous process was 320 kJ/mol. It was found that the rate of thermal decomposi-
tion of the tar increases in the case of introducing samples of natural dolomites into the reaction zone, as well as a composite
material based on them. This increase is due to the occurrence of a heterogeneous catalytic decomposition reaction of the
pyrolysis tar. The apparent activation energy of this process was 210 kJ/mol (when using dolomites) and 202 kJ/mol (when
using composites). It was noted that the composite material has significantly more favorable mechanical properties than dolo-
mite. Based on the established data, it was concluded that the creation of composite catalysts for the thermal decomposition of
heavy hydrocarbons formed in the processes of thermochemical conversion of biomass is promising.
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Bgenenue. [Inponus v razupukanus pacTUTEIbHON OMOMACCHI TPEACTABIISIIOT COOOH HOBBIE M MHO-
roo0eIaIoIINe TEXHOJIOTUH YPPEKTUBHOTO €€ UCIOoIb30BaHus. CorylacHO JaHHbIM [1], muponus exe-
TOJTHO TIPUPACTAIOIEeH OMOMACCHI TO3BOIMII OBl TOJTHOCTHIO MOKPBITH MOTPEOHOCTH B MOTOPHOM TOTLITHU-
B€ BCEX CYIIECTBYIOIIUX Ha TUTAHETE JIBUTATENel BHYTpEeHHETo cropanus. [IpuMenenue razupukannm
MO3BOJISET MOJNIYYUTh TOTUIMBO JIJIS Ta30BBIX TypOWH, ABUTATENICH BHYTPEHHETO CTOPaHUS U APYTHUX
SHEPreTUYECKUX LENeH.

OnHako CyliecTByeT HECKOJIbKO MPUYHH, OOYCIOBUBIIMX OTCTaBAHHE B Pa3padOTKE MPOMBIIIIICH-
HBIX YCTaHOBOK TE€PMOXMMHUYECKOW KOHBepcHH Omomacchl. B cimydae mpormecca razuukamiyd OCHOB-
HBIM TIPEMSITCTBUEM SIBJISIETCS MpoOiieMa 00pa30BaHUsS CMOJIBI, TIPECTABISIONIeH co00i cMech opra-
HUYECKUX BEIIECTB. DKCIIEPUMEHTAJIBHBIC HCCIICIOBAHMS, BBIMOJIHCHHBIC B PA3JIMYHBIX CTPaHAX MUPA,
MOKa3aJH, YTO 00pa30BaHUE KOMIIOHEHTOB CMOJIBI 3aBUCUT OT THIIA Ta3U(HUKATOPHON YCTAHOBKH U TEM-
nepaTypsl mporecca razudukanuu [2, 3].

Bricokue TOYKM pOChl KOMIIOHEHTOB CMOIIBI OOYCIIOBIMBAIOT OTJIOKEHHWE 3THX KOMIIOHEHTOB Ha
¢unpTpax, Ha MOBEPXHOCTAX Ta30MPOBOJOB U APYroro 000pyJOBaHUs, YTO B CBOIO OYEepElb IPHUBOAUT
K OCTaHOBKE TIpoliecca razuukanuu.

CornacHo 1aHHBIM [4], TIpY TIOBBIIIIEHUH TeMIIepaTypbl IpoIlecca TEPMOXMMHUYECKOM KOHBEPCUU OHO-
Macchl ¢ 400 mo 800—1000 °C BkJaa cMOJIBI B CyMMapHBIe TPOMYKTHI TasuduKanuu cHkaeTcs ot 20 1o
~ 1,5 mac%. DT0 CHIKEHHE COITPOBOXKIAETCS IEPEXOIOM OT COSAMHEHHH ¢ Oosiee HU3KOW TOYKOW POCHI
K COEIMHEHUSIM C 00Jiee BEICOKOW TOYKOHM POCKI, TAKUM 00pa3oM, OCYILECTBICHHE ITpoIecca ra3uduKanim
Oromacchl B 00JacTH OoJiee BRICOKMX TEMIIEpaTyp He pemaeT npodiaeMy 00pa3oBaHusi CMOJIBL.

[IpuMeHeHne KaTaau3aTopoB MO3BOJISIET 00ECIEUNBATE MPOIIECC PA3IOKEHHS CMOJIBI TIPU TeMIlepa-
typax nopsiaka 700—800 °C, To ecTh He TpeOyeT JOMOTHUTEIHHOTO TTOIOTPEBA MPOIYKTOB ra3u(uKa-
uu Ouomaccel. M3 aToro cieayeTt, 4To KaTaJIMTUYECKOE Pa3JIOKEHUE CMOJIbI UMEET SIBHOE NMPEUMYIIe-
CTBO IO CPABHEHUIO C YUCTO TEPMUUECKUM IporieccoM [3].

B kadecTBe NEpCHEKTUBHBIX KAaTaJTU3aTOPOB Pa3lIOKEHHUsSI CMOJIBI CIICIHAUCTBl Pa3HBIX CTpaH
MHpa paccMaTpPUBAIOT MIPUPOIHBIC TOJIOMHUTHI, YTO OOYCIOBIIEHO TOCTYITHOCTHIO, ACTIEBU3HON U KaTa-
JUTUYECKOH aKTHBHOCTBHIO ATOI'0 MUHEpasa Mo OTHOIICHHIO K PEaKIUsIM TEPMHYECKOTO Pa3JI0KEHUS
KOMITOHEHTOB NMUPOJIU3HOIN cMmouibl [6—8]. benapych obnagaeT OONbIIMME 3aracaMy JI0JIOMHUTOB, U 3TO
MIO3BOJISIET UX UCTIONIb30BAaHUE ISl OUMCTKU MPOAYKTOB razu(UKaUi paCTHTEIBHON OHOMAacChl U JIpy-
TUX MaTepHalioB OPraHUYECKOTO MPOUCXOXKICHUSI.

CymiecTBEeHHBIM HEJIOCTAaTKOM MPHUPOJHBIX JIOJIOMHTOB SIBIISIETCS TOHM)KEHHAs MeXaHHW4YecKas
CTOMKOCTB, YTO IPUBOAUT K CUIILHOW 3PO3UU M K CHIDKEHUIO KaTaJIMTUYECKOW aKTUBHOCTH.

[Ipeonosnenne 1aHHOTO HEAOCTATKA TOJIOMHUTA, 3PPEKTUBHOTO B MPOLIECCAX PA3JIOKEHHSI THPOITU3-
HOH CMOJIBI, TO3BOJIMT cO3/7aTh (P (QEeKTUBHBIN U SKOHOMUYECKH OINPaBJaHHBIN CIIOCOO OYMCTKH Tra30-
BOH CMecH OT HeXKeJaTeNbHbIX KOMIIOHEHTOB, 00pa3yIoMMUXCs B MPOIECCe TEPMOXUMHUYECKON KOHBEP-
cuu OMOMacCHI U IPYyTHX MaTEPHUAJIOB OPraHUIECKOTO TTPOUCXOKICHHSI.

Lenv uccnedosanus — onpeaeaeHue KaTaTUTHIECCKOH aKTUBHOCTH KOMIIO3UTHOTO MaTepHalia Ha OC-
HOBE OEJIOPYCCKHUX JIOJIOMHUTOB B IIPOIECCE TEPMUYECKOTO Pa3iiOKEHUsI MUPOITM3HON CMOJIBI, TIOTyYae-
MO TIPH TEPMOXHUMHUYECKON KOHBEPCHH IPEBECHON OMOMACCHI.

MeTtoauka uccjenoBanus. OIBITH N0 Pa3I0KEHUIO MTUPOIU3HOW CMOJBI BBHIITONHEHHI Ha J1a0o0-
paTOpHOHN yCTaHOBKE, KOTOpas MPEACTABISET COO0H BBICOKOTEMIIEPATyPHBIH pEaKTOp, OCHAIICHHBII
ANEKTPHUYECKUM HarpeBareeM M paciojaralonieiicsi BHyTpHU KBapLEeBOH OIOKCOM.

Temneparypa B peakIIMOHHOW KaMepe PerucTpPHpOBaNIach C TOMOIIBI0 TepMONapbl U U3MEpUTE-
nsg-perynsropa temrepatyp «CocHa-002», obecrednBaronux BO3MOKHOCTE PabOTHI TIPHU U3MEPCHUH
temneparyp A0 1100 °C ¢ Tounoctsio uzmepenus 1o + 0,01 °C.

B kauecTBe KaTaTMTUYECKOTO MaTepuaia HCIOIb30BATUCHh JOJIOMUT M KOMIIO3HTHBIA MaTepu-
an, cocrosamuii u3 gonomuta u Na,K,0(SiO,), B BuIe mopoika ¢ pa3MepoM rpaHys okoso 0,7 MKM.
Ha puc. 1 npencraBnensr MukpodoTorpadpuu oopasIos.
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Puc. 1. MukpodoTtorpadpuu odpa3ios gonomuTa (@) u kommnosura (b)

Fig. 1. Micrographs of samples of dolomite (@) and composite (b)

[Iporecc TepMOXUMUYECKONH KOHBEPCUU OEpe30BOM IIEbl ¢ 00pa30BaHUEM IMUPOJIU3HON CMOJIBI
ocymecTBiscs mpu temneparype 600 °C u compoBoxkaaicst OpICTpeIM oxtakaeauem 110 200 °C.

OrnpezeneHne cocTaBa CMOJTBI TTPOBOIIIIH ITPH IIOMOIITH 00pamieHHO-()a30B0# BEICOKOA(DPEKTHBHOM
XKUIKOCTHON xpomatorpaduu (BIXKX) Ha Xxpomarorpade Beicokoro masnerus Shimadzu Prominence
LC 20 (Snonus) ¢ xpomarorpaduueckoii komonkoi Nucleodur C18 Gravity (tunt C18, pa3zmep dacrtui
5 MM, nnuHa 25 cM) pupmel Macherey-Nagel (Iepmanmus).

[InoTHOCTH cMobl Gbima paBHa 0,9 r/cm®. BS3KOCTH ONpENENsid HAa POTAIMOHHOM BHCKO3MMETPE
Brookfield DV2T (CLLA) mipu Temniepatype 17,1 °C. M3amepennoe 3Hadenue coctaBmiio 395 + 4 cCr.

TeMnepaTypa BCIBILIKK YCTAaHABIMBAIACH C IOMOILbIO aBTOMaTHueckoro annapara TB3-JIAB-11
(Poccust) u cocraBuia 190 °C. TeruioTBOpHasi CIOCOOHOCTH CMOJIBI ONpPEAeNsyiach HAa KaJopuMETpe
B-08MA«K» (Poccust) u paBHsinach 28 766,78 kJx/kr (6870,83 kKan/kr).

B ombitax 00pasipl cMOT M KaTaTUTHYECKUH MaTepHuai (JIOJOMUT MM KOMIIO3UT) BBIIEP)KUBAJIHCH
IIpY 3aIlaHHOM ITOCTOSIHHOM TeMneparype. Macca 00pa3noB U3MepsIach Yepe3 OlPEAEICHHbIE IIPOMEXKYT-
KM BpeMEHH Ha 371eKTpoHHBIX Becax PA 214 (Poccust) ¢ oTHOCHTENBbHON MOrpenHocThio 2 %.

OnBbITH! BBINOIHAIUCH B U30TEPMUUECKHUX yCIoBUAX NpH TemmnepaTtypax 300, 400, 450 u 500 °C.
O6pa3zer; cMoJIbI MOMeIaJIcs B KBapIEeBYI0 €eMKOCTh, pacliojlaraeMyto B peaktope. B ciydae katanutu-
YECKOT'0 Pa3JIOKEHHSI CMOJI B KBapLEBYIO €EMKOCTh JIOTIOTHUTENIBHO Hachlmaics oOpasell KaTajJuTude-
CKOI'0 MaTepualia B BU/Jie opolika maccon okoso 0,35 1.

CreneHb NMPOTEKAHUS PEaKLUU ONMPEASIsIach MO0 CHUKEHHUIO Macchl 00pasla, BbIACPKHBAEMOr0
[P IOCTOSTHHOM TeMIIeparype.

Pe3yabTaThl nccaenoBanus U UX o0cy:xkaenue. B tabn. 1 mpeacTaBieHsl pe3ynbTaThl onpesaesne-
HHUSI COCTaBa MUPOJIM3HON CMOJIBI, KOTOpast 00pa3oBajiach B T€YEHHE TEPMOXUMHYECKON KOHBEpCcHH Oe-
pe3oBoii merns! ipu Temmeparype 600 °C.

AHanu3 AaHHBIX 3TOW TAOIUIBI MMOKA3BIBAET, YTO KOMIOHEHTHI MUPOJU3HONW CMOJBI, 00pa3oBaB-
IIeHCs B MPOIecce TEPMOXUMUUYECKON KOHBEpCUU Oepe30Bol ipeBecuHk mpu Temmeparype 600 °C, co-
OTBETCTBYIOT KCIIEPUMEHTAIBHBIM pPe3yJIbTaTaM Apyrux uccienosanuii 3, 10—12].

3Ha4YeHMs CTETeHel pa3yIoKeHUsI CMOIBI (Tabi. 2—4), yCTaHOBIEHHBIE B OMBITAaX, KOTOPBIE TTPOBO-
JOWIINCH TIPU Pa3iINdHbIX TEMIIEpaTypax, pacCunTaHsbl 10 Gpopmyiie

x =TT , (1)
my
IJIe Mo — UCXOJHAsl Macca CMOJIbI, T 1, — Macca CMOJIbl B MOMEHT BPEMEHH 7, T.
Ha puc. 2 npencraBieHsl AuarpaMMBbl CTETIEHEH pPas3iIoKeHUsT CMOJIBI IMIPU TOMOTEHHOM ITpoIiec-
ce, TIPU HCIIOJIb30BAaHUH JOJOMHTA W KOMIIO3HWTa (IHONIOMHUT ¢ comepskanueM Na,K,O(Si0O;), oxoio

30 mac.%) npu Temneparypax 600 u 700 °C.
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Ta6bnuma 1

KoMnoHeHTBI CMOJIbI

Tabaumwma 2.

CreneHy rOMOreHHOT 0 Pa3JjioKeHus

Table 1. Tar components THPOJIM3HOI CMOJIBI
Table 2. Degreesof homogeneous decomposition
Haspanue coenu- Dopmyna Copnepxanue, of pyrolysis tar
HCHUS %
2.2 MeTHI- oH 5495 £, Mum T=300°C | T=400°C | T=450°C | T=500°C
9 3 b
JudeHnt 0 0 0 0 0
2 0,00833 | 0,00417 | 0,00719 | 0,01191
5 0,00833 | 0,00833 | 0,02158 | 0,04167
10 0,00833 | 0,00833 | 0,03597 | 0,10119
bl 25 0,00833 0,025 0,26619 | 0,78571
3
55 0,01042 0,0375 0,46043 | 0,98809
LL-ITHOKCH- 9,03
6eH307 OH-C¢H,—HO 115 0,01042 0,05 0,57554 | 0,98809
Her Her
Wmun (ocHoBa- 8,67 175 0,01042 0,0625 JAHHBIX | JaHHBIX
uue [ludda) NC.H
2-MeTHIIIH- e Her Her
N — 235 0,01042 | 0,07083 | maHHBIX | JAHHBIX
Oy TUITUMUH HaC
OenzodeHoH 7,12
Tab6nunma 3. Crenenn pa3ioiKeHus MHPOJTU3HOI
CMOJIbI B IPHCYTCTBUHU J0JIOMHTA
Table 3. Degreesofdecomposition of pyrolysis
0 resin in the presence of dolomite
S-x710p-2 ru- = 6,81 taun | T=300°C | T=400°C | T=450°C | T'=500°C
JIPOKCHOCH- 0
3aJIbACTH 0 0 0 0 0
H ol 2 0 0,0146 0,0139 0
5 0 0,0195 0,0278 0,039526
bersanbacriiz CoHy~CHO 559 10 0 00244 | 00486 | 0711462
Wwmun (ocHoBa- | (CH3);C-CH=NC(CH3); 5,53 20 0,0074 | 0,0390 | 0,1806 | 0,948617
nue ludda)
2,2-MeTHImpo- 35 0,0074 0,0439 0,4306 0,996047
MUJI-U300y TH- 50 0,0222 0,0781 0,5 0,996047
JHMHH 65 0,0222 | 0,1366 | 0,5556 | 0,996047
Benzoiinbrit Cg¢Hs—CHO 2,29 85 0,0296 0,1366 0,6181 Her
aJbICTUT JTAHHBIX

Taonumna 4. Crenenn pa3joxKeHus MMPOJU3HOI CMOJIBI B MPHCYTCTBHH KOMITIO3HTA

Table 4. Degreesof decomposition of pyrolysis resin in the presence of a composite
£, MuH T=300°C T=400°C T=450°C T=500°C
0 0 0 0 0
2 0,00699 0,0258 0 0,027586
5 0,01399 0,0568 0,0185 0,062069
10 0,02797 0,0568 0,0741 0,496552
20 0,02797 0,0620 0,1296 0,875862
35 0,02797 0,0620 0,5 0,993103
65 0,02797 0,1189 0,5988 0,993103
125 0,04196 0,3152 0,8889 Het manubix
185 0,04196 0,3463 0,9321 Het manHbIX
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Puc. 2. JlnarpamMmsl cTeneHel pas3yioKeHHs CMOJIBI IIPU TOMOTEHHOM Ipouecce (/), Mpy UCIOIb30BaHNHU T0JIOMUTA (2) U KOM-
nosuta (3): a — 600 °C, b — 700 °C
Fig. 2. Diagrams of the degrees of decomposition of the resin in a homogeneous process (/), when using dolomite (2) and
when using a composite (3): a — 600 °C, b — 700 °C

Kak cnenyer u3 1aHHBIX pUC. 2, IPUCYTCTBHE B PEAKLIMOHHON 30HE MPUPOIHOTO J0JIOMUTA U KOM-
[TO3UTa Ha €r0 OCHOBE IMOBBIIIAET CTENEHb TEPMUUYECKOTO PA3TIOKESHHS TUPOITH3IHON CMOJIBI TIPH TEMIIE-
patypax 600 u 700 °C npumepHo Ha 10 % 10 CpaBHEHHIO C ONBITAMH, BBITIOJIHEHHBIMU B TOMOT€HHBIX
YCIIOBHSX. DTO ABISIETCA JOKA3aTEIHCTBOM TOTO, YTO MPUPOIHBIN JOJIOMHUT M KOMIIO3UT Ha €r0 OCHOBE
KaTaJu3uPyIOT TEPMHUUECKOE PA3JIOKEHNUE TUPOITUZHON CMOJIBI.

Tax>e naHHBIE HAa PUC. 2 TTO3BOISIOT CIENIAaTh BBIBOA O TOM, YTO MPHUPOAHBIA JOJOMHUT W KOMIIO3HUT
Ha €ro OCHOBE UMEIOT IPAKTHUECKU OIMHAKOBYIO KaTAJIMTUYECKYIO0 aKTUBHOCTD 110 OTHOILICHHIO K TIPO-
[IECCY TEPMHUYECKOTO Pa3JIOKEHUS KOMIOHEHTOB MTUPOJIN3HON CMOJTBI.

[Ipu >TOM, Kak OBIJIO yCTAHOBJCHO B [9], MPOYHOCTH KOMIIO3UTA, COCTOSIIETO M3 JOJIOMHUTA
(70 mac.%) u Na,K,0(Si0,), (30 mac.%), B OTHOIIEHHH MUCTUPAEMOCTH IPUMEPHO Ha JBa MOPsIKa
BBIIIIE, HEXKENIW IMPOYHOCTh TPUPOIHOTO JOJOMUTA. AHAJIOIMYHBIM 00pa3oM KOMIIO3HTHI HA OCHOBE
MPUPOJHOTO JOJIOMUTA OKA3bIBAIOTCA HAMHOIO 0oJiee MPOYHBIMH 10 CPAaBHEHMIO C NMPOYHOCTHIO YH-
CTBIX 00pa3noB gosioMuta. [Iperenbl TPOYHOCTH UX Ha CXKATHE MPUMEPHO Ha TOPSJIOK MPEBBIIIAIOT
pees MPOYHOCTH YUCTOrO I0JIOMHUTA.

KuneTrnka pa3io:keHusi cMOJIbl. AHAIIN3 YCTAHOBJIEHHBIX U 00CYXIaeMbIX B HACTOAIIEH padoTe
JaHHBIX MMOKa3aJl, YTO KUHETHKA TEPMHUECKOT0 PA3JIOKEHHSI CMOJIBI MOXKET OBITh ONUCAaHa C IIpUeMJie-
MOW TOYHOCTHIO Ha OCHOBAHHWH YPaBHEHWS, MMPEAIOKEHHOTO aBTopaMu [13] nis onmucaHus KMHETHKH
peaKuuu TEPMHUYECKOTO PA3JIOKECHHUS JOIOMHUTA!

(o)™ =kt, @

rJie m — HEKOTOPBIH MapamMeTp, kK — KOHCTaHTa CKOPOCTH, ¢ — BPEMsI BBIJICPIKKH.
B morapudmudeckoii hopme ypaBHeHNE (2) MOKET OBITH 3aITUCAHO B BUIE

Ln(k)z%-Ln(t)+%-Ln(k). 3)

JanHble, TpeACTaBICHHbIE HA PUC. 3, MOKa3bIBalOT 3aBUCHUMOCTh Ln(c) ot Ln(f), mocTpoeHHyIO
HA OCHOBAHHWH DMITHPHYCCKUX 3HAYCHUUN CTENCHU PA3JIONKECHHUS JJISI TOMOT€HHOTO IpoIiecca pa3ioxe-
HUs (@), a TAaKKe B IPUCYTCTBUU fojoMuTa (b) 1 kommosuTa (c), mpu Temmneparype 450 °C.

Hcnonb3oBaHue METO/Ia HANMEHBIIIUX KBAIPATOB JIAET CIIC/YIONIUE 3aBUCUMOCTH JIJIsl pacueTa 3Ha-
YeHHI O, ONPEJNICICHHBIX B HacTosMIel padoTe npu temmneparype 450 °C s TOMOreHHOro mporecca
paznoxxeHus cModsl (4.1), B mpucyTcTBHH fAojomuTa (4.2) n xommosuta (4.3):

Ln(a) =1,374-Ln(r)— 5,99, R* =0,954; @.1)
Ln(a) =1,125-Ln(r)- 5,233, R?=0,971; “4.2)
Ln(o) =1,212-Ln(r) - 5,594, R* = 0,940. 4.3)
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Puc. 3. I'padpuku 3aBucumoctu Ln(a) ot Ln(f) mrs romoren-
HOT0 TIpoLiecca pas3okKeH s (), a TAKXKE B IIPUCYTCTBUU 10-
nomuTta (b) m kommnosura (c) mpu remmneparype 450 °C

Fig. 3. Graphs of dependence Ln(at) on Ln(?) for a homogeneous
decomposition process (@), as well as in the presence of
dolomite (b) and a composite (c) at a temperature of 450 °C

Taodonuma 5 H3MeHeHHE KOHCTAHTHI CKOPOCTH
TEePMHUYECKOTr0 Pa3JioKeH!s MUPOJU3HBIX CMOJI IPH
Pa3JIMYHBIX YCIAOBUAX

Table 5. Changein the rate constant of thermal
decomposition of pyrolysis resins under various
conditions

KOHCT&HT& CKOPOCTH TEPMHUYECKOI'0 PA3JIOKCHUS
VCIIOBHE JKCIIE- MUPOJIN3HBIX CMOIL, &, Mun"!
pumMentTa npu T= npu T = npu T= npu T=
300 °C 400 °C 500 °C 550 °C
Tomorennas |1,802-107°| 535107 | 0,008643 | 0,03127
peakius
C ucromb3o- | 7,27-107 | 6,12-107*{0,009547 | 0,05808
BAaHHUEM
JIOJIOMHTA
C ucronb3o- | 5,87-107 | 6,24-107* | 0,009897 | 0,02166
BaHUCM
KOMIIO3UTa

AHaJIOTHYHBIE PE3yNbTaThl OBUIM yCTaHOB-
JICHBI TaK)Ke JJIS OMBITHBIX JAaHHBIX, ONPEACIICH-
HBIX [IPH APYTHX TEMIepaTypax st 3HaYCHUH o,
COOTBETCTBYIOIUX MNPOTEKAHUIO TOMOTCHHOM
M KaTaJIUTUYECKON pEeaKkIMi pa3ioKeHHs ITHPO-
JU3HBIX CMOJL.

B Tabn. 5 mpeacTaBiieHbl 3HaUYCHUST KOHCTAHT
CKOPOCTH TOMOTEHHOTO TIPOIIECcCca Pa3JIOKCHHUS
CMOJI, @ TaK)Ke B TIPUCYTCTBUU JIOJIOMUTA U KOM-
MO3MTa, YCTAHOBIICHHBIC TIPU HCIOJIB30BAHUU CO-
OTHOIIEHHUS (2).

AppEeHNYCOBCKHE 3aBUCHMOCTH JIOrapu(MoB
KOHCTAaHT CKOPOCTH TOMOI'€HHOT'O M KaTaluTH-
YECKOTO Pa3JIOKEHUsI CMOJIBI, 3HAYCHUST KOTOPBIX
NpHUBEICHBI B Ta0n. 4, OoT 0OpaTHOW BEIMYUHBI
TEMIIepaTyphl MOKa3aHbl Ha PUC. 4.

0 1,2 14 16 18 2,0
) L L L L y
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Puc. 4. AppeHHYCOBCKHE 3aBHCHMOCTH JIOTapu()MOB KOH-
CTaHT CKOPOCTH TOMOTEHHOTO M KaTaJHUTHYECKOr'0 pPasiio-
KEHHsSI CMOJIBI OT OOpaTHOW BEIWYHMHBI TEMIICPATYPBI IS
TOMOTEHHOTO Ipoliecca pa3ioKeHHs (a), a TAK)KE B IPUCYT-
CTBHH J0JIOMHTA (b) M KOMIIO3MTA Ha €ro OCHOBE (¢)

Fig. 4. Arrhenius dependences of the logarithms of the rate
constants of the homogeneous and catalytic decomposition
of the resin on the reciprocal of the temperature for the
homogeneous decomposition process (a), as well as in the
presence of dolomite (b) and composite based on it (c)
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ATnmpokcuMaIs METOJIOM HaWMEHBITUX KBAJPaTOB 3HAUYCHUN KOHCTAHTHI CKOPOCTH TEPMHUUIECKO-
T'O Pa3JI0XKCHUS CMOJIBI, TIPEICTABICHHBIX B TA0J. 4, JacT CIETYIONINE 3aBUCHIMOCTH:

Ln(k)= —38,51-@ +47,33, R* =0,985, G.1)
Ln(k)= —25,33-@ +30,15, R* =0,998, (5.2)
Ln(k)= —24,31-$+ 28,37, R* =0,982. (5.3)

Koadhdumuent, crosmuii nepen oopaTHO# TemepaTypoit B BeIpakeHUAX (5.1)—(5.3), xapakTepusy-
€T yroJl HaKJIOHa 3aBHCHUMOCTH, MPEICTABIEHHON Ha prc. 4. YMHOXKeHHe 3Toro ko3dduirenrta Ha ra-
30By10 noctosiHHY10 R = 8,314 JIx/(MonyK) u daktop 1000 ycranaBnuBaeT sHEpTHIO aKTUBAINH £ pe-
akmuu: 320+ 16 xx/Monas — 11t ToMoreHHoro mporiecca, 211+ 10 xJ[>k/M0oIb — TIpH UCMIOIB30BaHUH
nonomuta, 202 + 10 kJ[>k/MOJIb — P UCIIONB30BAHIH KOMITO3UTHOTO MaTepurala.

DHeprusi akTUBAIUY KAaTaJTUTHYECKOTO Pa3JIOKEHUS CMOJIBI (C MPUMEHEHUEM JIOJIOMHTA U KOMIIO-
3uta) npuMepHo Ha 100 k[>k/Mob MEHbIIE, YeM HEPTHs aKTHBAI[UU TOMOTEHHOI'O MpoIiecca, YTo SB-
JSIeTCS CBOWCTBOM KaTajau3aTopoB. BHeceHne X B 30Hy IPOTEKaHMs peaKLii MPUBOIUT K CHHKEHHIO
Ka)KyIIeHCs SHEPrud aKTUBALMK M TI03BOJISIET OCYLIECTBISATH MPOLECC B 00IacTH Oosiee HU3KUX TEeM-
nepaTyp, 4TO, B YaCTHOCTH, SIBISIETCS HEOOXOAMMBIM YCIOBHEM OYHCTKH MPONYKTOB TEPMOXHMHYE-
CKOM KOHBEpCHUHU OMOMAcChl OT CMOJL.

Mexay Tem 3HaueHHs! KOd(PPHUIHEHTa UCTUPAEMOCTH KOMIIO3UTa JojoMuTa npumepHo B 100 pas
MEHBbIIIE, HeXKeTN KOAPPHUIIMEHT HCTUPAEMOCTH YUCTOTO IIPUPOJHOTO JOJIOMHTA. DTO CpaBHEHHE TIOKa-
3bIBACT Ha BO3MOXKHOCTH MPAKTUYECKOTO PEIICHHS MPOOJIEMBbI, CBI3aHHON C HCIOIb30BAHUEM IPUPOJI-
HBIX JIOJIOMUTOB JUIsl KATAJTUTHYECKONH OYMCTKH MUPOJIM3HBIX TPOIYKTOB.

3akiawuyenue. Pe3yabTaThl DKCIIEPUMEHTAIBHOTO UCCIIEIOBAHUS, BBITIOJHEHHOTO B H30TEPMHU-
YeCKHMX YCIOBUAX Ha JlabopaTopHO#l ycTaHoBKe npu Temmnepatypax 300, 400, 450 u 500 °C, noka-
3aJ1, YTO KOMIIO3UTHBIH MaTepuall Ha OCHOBE NMPUPOJHBIX JOJIOMHTOB bemapycu (1010oMHT ¢ co-
nepxanuem Na,K,0(Si0,), okono 30 mac.%), uMeeT MpaKTUYECKN OJUHAKOBYIO KaTaJTUTHUYECKY IO
AKTHUBHOCTH TI0 CPaBHEHHUIO ¢ 00pa3iaMu MPUPOTHOTO JOJIOMHUTA B OTHONIEHWH PEaKIMU TEPMH-
YECKOTO PAa3JIOKEHHS TSIKENBIX YTIEBOJOPOI0B, 00pa3yIINXCS B IMIPOIECCEe TePMOXUMHUUYECKOM
KOHBEpPCHU OMOMACCHI.

VYcTaHOBIIEHO, YTO MPOYHOCTHBIE XaPAKTEPUCTHKM KOMIIO3MTA HA OCHOBE IMPHUPOIAHOTO JOJIOMHUTA
CYILLIECTBEHHO BBIIIE, HEXKEIU 3T JK€ XapaKTEPUCTUKHN YUCTHIX 00Pa310B MPUPOIHOTO JOJIOMHUTA.

[lony4eHHuble pe3yabTaThl MO3BOJISIOT 3aKIIOYUTh, YTO HCIIOJIb30BAaHUE U3YUEHHBIX B HACTOSAIICH
paboTe KOMIO3UTOB Ha OCHOBE IPUPOIHBIX TOJIOMUTOB MIOMOTaeT PEUIUTh OCHOBHYIO POOIeMy UC-
MOJIb30BaHUS JOJIOMUTOB B KaueCTBE KAaTaJIM3aTOPOB PA3JIOKEHHS HEXKeJlaTeIbHBIX KOMIIOHECHTOB
MUPOJIU3HON cMOJIBL. [IpakTHYecKast BaXKHOCTh YCTAHOBICHHBIX PE3yJIBTATOB YKa3bIBaeT Ha HE00XO-
JUMOCTH JAaJIbHEHIINX UCCICAOBAHNI KOMIIO3UTHBIX 00Pa3IoB C IEJbI0 CO3/IaHUsI HEJOPOTUX U d(-
(EeKTUBHBIX KaTaIN3aTOPOB OUYUCTKHU MPOAYKTOB TEPMOXHMHUYECKONH KOHBEPCHH OMOMACCHI.
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A.U. Oabmanckuii, A. C. Mapymak

Bumebckuii eocyoapcmeennbiti mexnonocuueckuti ynusepcumem, Bumebck, Pecnyonuxa Benapyco

KMHETHUKA TEIUIOBJIATONEPEHOCA U TEMIIEPATYPA B TPOIIECCE CYIIKH
TKAHEMN

AHHoTanus. M310xeHbl crocoObl anmpoKCUMAaIlMi KPUBOW CKOPOCTH CYWIKM TkaHed mo Mmertonam A.B. JIeikoBa
n B.B. Kpacuukosa. [IpuBeneHs! pe3ynbraTsl 00pabOTKY ONBITHBIX JaHHBIX O KOHBEKTUBHOI cyllke TKaHed. JlaHbl ypas-
HEHUS JJIs ONpEeIeHNUs BpeMEHH CyIIKH TKaHeH, IJIOTHOCTH TETNIOBBIX MTIOTOKOB M TeMIIEPaTyphl TKaHEH B ITpoIiecce Cyl-
ku. [IpuBeneHs! ypaBHEHUS 11 OMpeaeaeHus KodpduIuenTa Cykyu 1 OTHOCUTENBHON CKOPOCTH CyIIKH. PaccMoTpeH aHa-
JINTUYECKUN METOJI ONPEEIIEHUs] TEMIIEPATYPBI IJIs IEPUOAA NAJAI0IIEN CKOPOCTH CYIIKHU. JJaHO COIOCTaBIEHUE 3HAYEHU I
TEMIIepaTyphl 10 pe3ysIbTaTaM aHAIUTHYECKUX PEIICHIH CO 3HAaUCHHUSIMH, IOy YCHHBIMH 110 IKCIIEpUMEHTaIBHON (opmyite.
Tlokasano, uTo ymciao bruo npu cynike Tkaneil MEHbIIE eIUHUIBI 1 OCHOBHBIM JINMUTHPYIOMUM (h)aKTOPOM SIBJISIETCS] BHEII-
HUH TEIJIOBIArOo0OMEH MOBEPXHOCTH UCIIAPEHHS BJIATH C TIOBEPXHOCTH MaTepuaja ¢ OKpykaromei cpenoil. [Ipencrasiena
MpOBEPKa JOCTOBEPHOCTH MOJyUEeHHBIX PACUETHBIX 3HAUEHHH € 3KcriepuMeHTalbHbIMU. HecoBnanenne 3HaueHU HaX0IUT-
csl B Ipeniesiax 5 % TOYHOCTH MPOBEJICHHS M 00pabOTKHU IKCIIEPUMEHTA.

KuioueBble cjioBa: Biarocojepxanue, KOOQQGUIUEHT CYyIIKH, Ko3QPHUINeHT TenIooTauu, JINTEIBHOCTh CYIIKH,
yucno buo

Jast nutuposanusi: Onpmanckui, A. M. Kunetnka tennopnaronepeHoca U TeMIepaTypa B MpOILECCe CYIIKH TKa-
Heit / A.W. Onpimanckuii, A. C. Mapymak / Bec. Har. akan. naByk benapyci. Cep. ¢i3.-toxH. HaByk. — 2021. — T. 66, Ne4, —
C. 449-457. https://doi.org/10.29235/1561-8358-2021-66-4-449-457

Anatolii I. OP’shanskii, Alexey S. Marushchak

Vitebsk State Technological University, Vitebsk, Republic of Belarus
HEAT AND MOISTURE TRANSFER KINETICS AND TEMPERATURE DURING DRYING OF FABRICS

Abstract. The methods of approximation of the curve of the drying rate of fabrics according to the methods of
A.V. Lykov and V. V. Krasnikov are described. The results of processing experimental data on convective tissue drying are
presented. Equations are given for determining the drying time of fabrics, the density of heat flows and the temperature of
fabrics during the drying process. The equations for determining the drying coefficient and the relative drying rate are given.
An analytical method for determining the temperature for the period of falling drying rate is considered. The comparison of
the temperature values according to the results of analytical solutions with the values obtained by the experimental formula is
given. It is shown that the number of Bio during drying of fabrics is less than one, and the main limiting factor is the external
heat and moisture exchange of the evaporation surface from the surface of the material with the environment. Verification of
the reliability of the calculated values obtained with experimental ones is presented. The discrepancy between the values is
within 5 % of the accuracy of the experiment and processing.

Keywords: moisture content, drying coefficient, heat transfer coefficient, drying duration, Bio number

For citation: Ol’shanskii A. I., Marushchak A.S. Heat and moisture transfer kinetics and temperature during dry-
ing of fabrics. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya fizika-technichnych navuk = Proceedings of
the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 4, pp. 449—457 (in Russian).
https://doi.org/10.29235/1561-8358-2021-66-4-449-457

BBenenne. Cymika sBISIETCS HEOOXOIUMBIM IIPOIIECCOM, B KOTOPOM TKAaHH IMPHOOPETAIOT OKOHYA-
TeJbHBIC TEXHOIOrnYeckre KauecTna. [locie MexaHHMYeCKoro oT)KMMa B Ipoliecce CYIIKH TKaHU Ipo-
XOJSAT TEJBIN PsIT TEXHOJOTHUSCKUX OTNEPaITiid, CBI3aHHBIX C OOJNBIIMMU 3aTpaTaMu dHeprud [1, 2].

Jnst pacuera mporecca CyIKH HeOOXOAMMBI MPOCThIE IKCIEPUMEHTAIbHBIC YPaBHEHUSI ¢ MUHU-
MaJIbHBIM YHCIIOM ITOCTOSTHHBIX, OTIPEJIENISIEMBIX OIBITHBIM Ty TEM.

IMocranoBka 3agaun. OCHOBHOM 3a7ja4ell KWHETUKHU POLIEcca CYIIKH SIBISIETCS ONpeieieHUe 11~
TEIBHOCTU CyIIKW. Bce HEoOXoquMbIe pacueTHbIE KHHETHYECKHE 3aBUCHMOCTH MOYKHO TIOJIYYUTDH U3
pemenns auddepeHnnanbHbBIX ypaBHeHHH TeromaccoooMeHa. OHaKo 3a/1a4a MoTydaeTesl CIIOKHON

© Omnpmranckuii A. 1., Mapymak A. C., 2021
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B AHAJIMTUYIECKOM OTHOIIIEHHUH, TTOCKOJIBKY CYIITKA — IMPOIECC HeCTaIlnOHApHEBIN. [loaToMy HE0OXOIUMBI
OIBITHBIC MCCIIEJ0BaHUs, YTOOBI pa3padboTaTh MPOCTHIC U HAJICIKHBIC YPABHEHHS JUIS pacueTa OCHOB-
HBIX KHHETHYECKUX XapaKTePUCTHK.

Kuneruka cymku Traneii. [locie Mexanmdeckoro oTkuma ¢ BIaroconepkanuem i, = 1,1-1,3 Tka-
HU nozaBepraiorcs cyuke. Cylika TKaHei, B OTVIMYKME OT MHOTHX JIPYTHX TOHKMX MaTe€pHajoB, HAuU-
HAeTCsl Cpa3y OT HAYAJIBHOTO BJIATOCOACPIKAHUS W MPOTEKACT B MEPHOC MMANAOICH CKOPOCTH CYIIIKH.
Temneparypa TKaHel MpH CYIIKe TAKKE CPa3y CTAHOBUTCS BBIIIE TEMIIEPATY Pl MOKPOTO TEPMOMETPA £y ;-

OcHoOBHOe ypaBHEHHE KHHETHUKH cymikn A. B. JIbikoBa niis mporecca Cymku TkaHei nmeeT Buf [1, 4]

4 __N".(1+Rb), (1)
qmax
TA€ ¢, §max — COOTBETCTBEHHO IMJIOTHOCTH TEIJIOBOI'O MOTOKA B MEPUO/IE MaJarolleid CKOpOCTH U MaKCH-
MaJIbHBIN TEIJIOBOM MOTOK; BT/MZ; Rb — yucno Pebunpnepa; N* — oTHOCHTENIbHAS CKOPOCTH CYIIKH, ¢l
MakcuMabHBIN TEMI0BON MOTOK ONPEACIISICTCS U3 YPaBHEHHS TEIJIOBOTO OajaHca, TP 3TOM JHC-

1o Pebunnepa npunumaetcst Rb = 0:
9max = pRVerax >

rJie p — IIOTHOCTh MaTepHaa, KI/M>; Ry — OTHOLIEHHE 00heMa Tena K IIOMAIH TOBEPXHOCTH, M; 1 —
TeIoTa napoodpazoBanusi, JHK/KT.
Hcxons n3 mpuBeIeHHBIX BBIIIE BRIPAKESHHUH MIIOTHOCTH TEIJIOBOTO TIOTOKA B TIPOIECCe MaatoIei
CKOpPOCTH CYIIKH PACCUNUTHIBAETCS CIEAYIOIUM 00pa3oM:
*
q:r'p'RV 'Nmax N
B cBot0 ouepens 0OTHOCUTENBHASL CKOPOCTh CYIIKH paBHA [3—5]

NEo_ L |du) 1 jdu
dt| N, dr

( dit j e
dT max

[Ipu cymike Takux O4eHb TOHKUX MATEPUANIOB, KaK TKAHU, PACXOJ TEIUIOTH HA HArpPEBaHUE 3HAYU-
TEJIHHO MEHbIIIE TeIJIOTHl Ha MCIIapeHue Biaru u3 Tkaned u Rb < 1, moaromy BenmmuuHoi Rb MoxHO
npeHeOpeus [4, 6].

CKopocTh CyIKH [3—6] pacCYUTHIBACTCS CICSITYIOUUM 00pPa30oM:

du

drt

rae K — xoo(pQUUMEHT CyIIKH, KOTOPbIM 3aBHCHT OT BUJIAa MaTe€puasa U pexXuMa CyIIKH; i, i, — COOT-
BETCTBEHHO TEKYII[EE U PABHOBECHOE BIAIOCOAEPKAaHUSA MaTepuaa.

Ha ocnose BBenmenHoi [.K. ®uimoHeHKO B MpPakTUKY CYIIKH OOOOIIEHHOW KPUBOH CYIIKH
B. B. KpacHukoB nomy4ui BeipaskeHue [5, 7, §]

: @

= K (7 —uy), 3)

dir|
%‘ =N"-N_,,. @)
[oacraBnsis N* B ypaBHeHHE (4), TOTyYUM BhIpaxkeHue ISl KodppuureHTa cymku K:
N'N
K =—max Q)
u-—-u

P

[lpu cymike marepwaiioB TOJNBKO B TEpHOJE MAMAIOMIEH CKOPOCTH CYIIKH KOI(PQHUIIMEHT CyIi-
ku K omnpenensetcs gepe3 Npax. OTHOCUTETbHAS CKOPOCTh CYITKH N* sBisieTcs 0000IIeHHON TepeMeH-
HO, TTIO9TOMY HE 3aBHCHUT OT PEKHMa CYIIKH U JIsl KOHKPETHOTO MaTepHalia sBIIeTCs JUIIb (PYHKIU-
eit Bnarocoaepxkanus [4, 5].

OmnpelenieHre BpEMEHH CYIIKHU T MPEJCTABIISICT OCHOBHYIO 3aJlauy KUHETUKH CyIIKU. Ee perieHue
BO3MOKHO KaK Ha OCHOBE MHTETPUPOBaHUs Au(PepeHIInaIbHOro ypaBHEeHUSI MacCOIPOBOAHOCTH, TaK
Y ONBITHBIM ITyTEM TMONYYESHHS SKCIIEPUMEHTAIbHBIX YpaBHEHUH. AHAMTHUECKUHA yTh KpaifHe CIIo-
JKeH U HE BCEer/ia BO3MOXKEH.
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3aBUCHUMOCTh CKOPOCTH CYIIKHM OT BJaroco-
Jepkanus marepuana (dit/dt) = f(t) B oOmiem ciy-
yae UMEET CIIOKHBIHN BU/I.

Ha pucynke, a nansl KpuBble cymku i = f{(t)
OpH KOHBEKTMBHOM CYIIKE MIEPCTSHBIX TKa-
Heil [7]. Pexxumbl cymiky ykasaHsl B Taom. 1.

Ha pucynke, b nzo0pakeHbl KpUBbIE CKOPO-
CTU CYUIKM TKaHeHl nis pexumoB 1, 4, 5. BunHo,
YTO KPUBBIE CKOPOCTH OOPAILEHB! BHIMYKJIOCTHIO
K ocu opAuHAT. Takue KpUBbIE CKOPOCTH HAOIIO-
JAIOTCsl IPU CYIIKE OYEHb TOHKMX MaTepHalIOB
(TkaHb, OyMara u ap.).

Pesynbratel 00pabOTKH KPUBBIX CKOPOCTH
CYIIKH TKaHEH NI 3aBUCHUMOCTH N "= S /uy)
MPHUBOJISITCS HAa PHCYHKE, ¢. Bce pesKUMBI CyIIKH
TKaHEeH yKJIaJbIBAIOTCS Ha OJJHY KPHBYIO0, KOTOpas
NPUOJIMKEHHO AlIIPOKCUMHUPYETCSl ypaBHEHHUEM

_\05

N'=| =] ©)

Uy
[Ipu pacuete AIUTENBHOCTH CYLIKH B MPO-
CTeHIIeM cilydae IO OIHO30HAJIBHOMY METOAY
A.B. JIsikoBa [3, 4, 9] npuMeHSIOT TMHEWHYIO afl-
MPOKCUMALNIO It 3aBUcUMOCTH (3). B cooTBeT-
CTBUM C YPAaBHEHHMEM 3TOW CHPSIMIISAIOIICH Mpsi-
MOH (pHCYHOK, b, pexum 1) nis kodddunumenrta

Cymku K MOXHO 3aIMcaTh

K:_Nﬂ, ¢l (7)
uo _up

Waterpupys ypaBuenue (3), Ipu TOCTOSHHOM
KOO(PPUITUCHTE CYIIKH 3aIHIIEM

u

o

du

u—up

1
gd’f——;

[y —

Hcnonw3ys naHHBIN MHTErpasl Npu MOCTOSH-
HOM K, OJTy4YUM JAJIUTEIbHOCTh CYIIKH TKaHEH:

T=—In

e )

1 uy—u,
-

Uy,

IIpu pacueTte IAUTENBHOCTH CYIIKH 1O JIBYX-
3oHanbHOMY MeToay B. B. Kpacuuxkosa [4—6] kpu-
Basi CKOPOCTH CYIIKH (PUCYHOK, b, pexum 5) 3a-
MEHSIeTCS IOMaHOM MPSIMOI U BECh NMEPHOJ CYILIKH
JIEJINTCS Ha JIBE 30HBI, B KaXKJI0H M3 KOTOPBIX CKO-
pPOCTHb CYIIKH M3MEHSAETCS OT BJIArOCO/EPIKaHUS
0 JINHEHHOMY 3akoHY. [lepexon oT nepBoii 30HbI
KO BTOPOH NMPOUCXOAUT NPU JOCTHUKEHUU KPUTH-
YECKOTO BJIATOCOAEPKAHUS Uy,

Koaddunumentsr cymku K; nu K, cooTert-
CTBEHHO JJIS MEPBOM M BTOPOW yacTeil mepuoja
YHUCJIEHHO paBHBI TAHTE€HCAaM YTJIOB HaKJIOHA 3TUX
OTPE3KOB NPSIMBIX K OCHU BJarocoaepxkanuii [4—6].

u

1,0 \
A%\

BN
NN
TN

10

@

du 0,012
d
! @ /
0,010 —
1 /
0,008 //
0,006 / |
J
0,004 d =
y /
0,002 A
0
0 02 04 06 08 10 7
N 1,0
, —
s (o) ]

04

0,2 g

0 0,2 04 0,6 0,8 1,0 u
uO

Kpusble cymik i = f{T) B mporecce CyIIKH MEepPCTSIHbIX TKa-

Hell (Tabm. 1) (a); KpuBBIE CKOPOCTHU CYIIKH IS PEKUMOB 1,

4, 5 (b) 1 3aBUCUMOCTH OTHOCHTEIBHON CKOPOCTH CYLIKH OT
OTHOIIICHUS BIIAr0COIEPKAHUA (C)

Drying curves & = f{(t) during the drying of woolen fabrics

(Table 1) (a); drying rate curves for modes 1, 4, 5 (b) and

the dependence of the relative drying rate on the moisture
content ratio (¢)
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Tadnuma 1. PeXKuMBI CyIIKH TKaAHEH
Table 1. Drying modes of fabrics

Pesxum cymrku
Tapametp
1 2 3 4 5
HauanpHoe Biaroconepxanue, i 1,1 1,1 1,1 1,1 1,1
PaBHOBECHOE BIIArOCONEPKAHUE, U 0,017 0,016 0,018 0,04 0,045
Temneparypa Bo3nyxa, t., °C 90 90 87 63 47
CKOpOCTh BO3yXa, , M/C 5,3 2,8 0,9 5,6 5,6
OTHOCHUTENIbHAS BIAXXHOCTh BO3yXa, ©, % 6 5 4 24 30
MaxkcumaibHast CKOPOCTh CYIIKH, Nyax, ¢! 0,01150 | 0,0095 | 0,0055 | 0,0065 | 0,0044

JnutensHOCTh cymiku o Metony B. B. KpacHukoBa 1715 TkaHel onpenensieTcsi ypaBHEHUEM

m m
tebplo, Ly e )

Ky up Ky ouy
rne i, i;; — COOTBETCTBEHHO TEKYLIME BJIArocoiepKaHUs B IEPBOM M BTOPOH YaCTAX IMEPHOIA.
Koaddunmentsr cymku K; u K, onpenensitorest o ypasHeHusim (5) u (6).

[Ipu nccnenoBaHny KOHBEKTHUBHOM CYLIKH PAa3IMUHBIX KallWJUISIPHOIIOPUCTHIX BIAKHBIX MaTepHa-
noB H. C. MuxeeBa mosy4usia NpocToe BhIpaKEHUE IS ONPEaesICHU JIUTEIBHOCTH CYIIKH. Tax, Jis
MaTepHaJIOB, CyIIKa KOTOPBIX MPOTEKAET TOJIBKO B MEPUOE MaAAIOIIEH CKOPOCTH, BBIpA)KEHNE UMEET
Bun [10]

rzA}’S [((ﬁo—up)—o,%ﬁo)}ln_% . (10)

max u-u,

B Tab:. 2 gaHbI pe3yabTaThl pacyera JIUTENBHOCTH CYIIKU MEPCTSIHONW TKaHH JUIsl pekuMa 1 1o
hopmymam (8)—(10).

Tab6nuuma 2. Pe3yasTarsl pacuera AINTEJbHOCTH CYIIKH IIEPCTSHONH TKAHH
AJ1s pesxuMa 1 M cpaBHeHHe PAcYeTHBIX 3HAYEHUH ¢ IKCIIEPHMEHTOM

Table 2. Theresults of calculating the drying time of woolen fabric for mode 1
and comparing the calculated values with the experiment

i 0,7 0,6 0,5 0,4 0,3 0,2 0,1

it/ug 0,64 0,54 0,46 0,37 0,27 0,18 0,091
T, ¢ (3KCIIEPHMEHT) 39 52 70 85 100 125 140
1, ¢ (8) 374 52,3 69,5 84,3 98,5 126 145
1,¢(9) 38,0 53,5 72,3 86,5 102 127 144
T, ¢ (10) 37,5 52,2 72,4 86,5 105 124,8 142

[lorpemHocTs B pacuyeTax BPEMEHH CYIIKH 110 BCEM 3KCHEPUMEHTAJIbHBIM yPAaBHEHHSIM HE NPEBbI-
maeT 5 % W HaXO[HUTCA B IIpesieNax TOYHOCTH IPOBEACHHUS SKCIIEPHMEHTA.

Ha ocHoBe ypaBHEHMS] KHHETHKH CYIIKH U YPaBHEHUH IMOTOKA TEIJIa U CKOPOCTH CYIIKH B IIEPHOJE
nagarooueid ckopoctu A. B. JIBIKOBBIM ObLIO IOJTy4€HO BBIpaKEHHE JJIs1 OTHOIIEHHUS yucen Hyccenbra
B [IEPBOM M BTOPOM Hepuonax cymku [11, 12]

o t.—1t u—u
Nu _ @ f=t _Y7% g, gy, (11)
Nu

lo—tyy Ty — Uy

kp  Oxp le ™

rze Nuyp, Nu, oy, 0 — cooTBeTCTBEeHHO KpuTepun HyccenbTa u Ko3pGUIEEHTHI TEMI00TIa4H B IEPBOM
Y BTOPOM TIEPHOJIaX CYIIKH.
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YcraHoBIIEHO, 4TO KO3()(HUITMEHTHI TETIIOOTAAYH B IEPHO ITaJAIONIel CKOPOCTH CYIIKH H3MEHSIOT-
csl 1o AMIHpUYeckoit popmyre [3, 4, 6, 12]
n

— == (12)

a u
aK

P Kp
IlocTostnHast n ans Tkaneu pasHa n = 0,42.
Jus TkaHeHW, cylika KOTOphIX MPOTEKAeT B IMEpPUOJ TMaJarolied CKOPOCTH, YYUThIBasg, 4YTO
u, = 0 n npenebperas BenuunHON yncna Pebunnepa, us ypasuenuii (11) u (12) sanumem
_ 1-n _ 0,58

t.—t u/ ug u u

=T _ S EIR N (13)
tc _tM.T (1’_’/”0)” Uy Uy

Temmieparypa marepuaa B Ipolecce CYIIKH TKaHel paBHA
_\0,58
T=t —(t —1) L (14)
c c = g ’
r1e ¢, — HadaJlbHas TemMmneparypa tkanu, °C.

AHaIUTHYEeCKUH pacyeT TeMIepaTyphbl Ui Mepuoia majaoueii cKkopocTH cylku. Pemenne
3ajay HECTAllMOHAPHOW TETUIONPOBOJHOCTH MPH MEPEMEHHBIX TEMIOPU3NYECKUX XapaKTEPUCTHKAX
TBEPIOrO TeJa CBA3aHO ¢ OOJBIIUMH TPyIHOCTAMU. 1103TOMY 1151 HCTIOIB30BAHMSI PE3yJIBTATOB pellie-
HUS TUHEWHBIX nuddepeHnaIbHbIX YpaBHEHUH HECTAlMOHAPHON TETIONPOBOAHOCTH C MOCTOSHHBI-
MU KO3 (UIIIEHTAaMU TIepeHOca UCIOIB3YIOT Pa3IUYHbIE METONBI JTUHEapU3alii, UTEPAud U Ipy-
T'Ue CIOCOObI YIPOIICHNS B PEIICHUH HETMHEWHBIX YpaBHEHHH HECTAI[MOHAPHOM TEIIONPOBOIHOCTH.
Takue npuOIMKEHHBIE METOBI U3JI0KEeHBI B [9—13, 17].

OnmHUM U3 BO3MOXKHBIX CIIOCOOOB pacueTa HEIMHEHHOTO MEepeHoca TeIula SBISETCS METOHA MTepa-
IIUU, KOTOPBIA OCHOBAaH Ha KYCOYHO-CTYIIEHUATON anmpokcuManuu koddduimenrta nepexoca [9, 16, 18].
CyIIHOCTH 3TOT0 METO/Ia COCTOMT B TOM, UTO TIPH W3BECTHOM HAYaIBHOM pacIpeelIeHIH TeEMIIePaTyphl
B TeJIe BECh MIPOIIECC CYIIKU pa30MBaeTCs Ha OOJBIIIOE YHCIIO MAJIBIX IPOMEXKYTKOB BpeMeHH At. B nud-
(hepeHIIMaTbHOM YPaBHEHUH TEILIONMPOBOHOCTH MTPOU3BOIHBIC 10 BPEMEHH Of/0OT 3aMEHSIIOTCSI OTHOIIIC-
HUSIMHU KOHEUHBIX MTpUpaleHnil A#/At s KakJ0ro 1iara BpeMeHu. 3aTeM HaxOqUTCsl TeMIIeparypa B y3-
JIOBBIX TOYKaX k MpH Tepexofiax OT OJHOT0 MHTEepBajia BPEMEHH K CIEAYIOIEMYy B MOMEHT BPEMEHH T,
T + AT 110 3HAYEHHSIM TEMIIepaTyp B Y3JIOBBIX TOUKaX k ¢ 00eux cTopoH nHTepBasioB At(k + 1) u (k— 1).

Merton cTymneH4YaTol anmpokcuManui koddduiueHToB nmepenoca (Ayy, Cyy, O) € TOCTOSHHBIMHU HX
3HAYEHHUSIMHU Ha PACUETHBIX MPOMEXKYTKaX BpeMEHHU AT MO3BOJSET YUYUTHIBATh HEMPEPHIBHOE CKAYKO-
o0pa3HOe U3MEHEHUE TEMIIePaTypbl 110 BEIOpaHHOMY Iary Bpemenu At [13, 15, 17]. DroT metox fory-
CTHUMO HCIOJIB30BaTh MIPH MAJIOMHTEHCUBHOW CYIIKE TKAaHEH, KOTAa TEMI0(PU3NIECKUE XapaKTepUCTH-
KU B IIPOIIECCe CYIIKU U3MEHSIOTCS He3HAYUTENBHO ITPH IIEPEXOe OT MHTEPBAa K HHTEPBAY H MOXHO
TIpH oTipesieTieHnH K03(hPHUIIEeHTOB TenI000MeHa O TETIIIONPOBOAHOCTH Agy, YACIBHOW TETIOEMKOCTH
Cpy IPUMEHSITH CTYIIEHYATYIO alllIPOKCUMAIIHIO dTUX KOI(D(PUITUSHTOB € MOCTOSTHHBIMU MX 3HAYCHUSIMH
Ha pacyeTHBIX BpeMEeHHBIX nHTepBanax [9, 17]. Takum obpa3om, B mpoliecce CymKu GUKCHPYyeTCs He-
IpepbIBHOE U3MEHEHUE K03()(DUIIMEHTOB MepeHoca.

AHaIUTHYECKHE METOBI pacueTa KHHETUKH CYIIKH TPEJCTABISIOT HHTEPEC B CBS3M C IMIMPOKUM
MIPUMEHEHNEM KOMIIBIOTEPHON TeXHUKH M Pa3BUTHEM YUCIEHHBIX pElIeHUN cucTeM audhepeHInaib-
HBIX YPaBHECHUI.

Jnst psija MarepuaioB ¢ M3BECTHBIMH KOX(QQHIIMEHTaAMH MEPEHOCAa BO3MOKHO HCIIONB30BaTh pe-
3yJNbTaThl YMCICHHBIX PEUICHUH ypaBHEHHI TEIIoMaccoliepeHoca. B MaloOMHTEHCHBHBIX MpoLeccax,
KOTJla TEMIIEpaTypa He MpeTepreBacT 3HAYUTEIIbHBIX H3MEHEHUH 32 MaJIble IPOMEXKYTKH BPEMEHH, JIIIS
TOHKHX MaTepHaJiOB TEIJIOMAacCOOOMEHHbBIE KpuTepnn Bi u Bi,, B pealbHBIX YCIOBUSIX CYIIKH 3aBUCIT
IPYyT OT Apyra U MPUHUMAIOT IIPUOTU3UTEIIFHO OJUHAKOBBIE 3HAYCHIS MEHBITE eMUHUITH [3, 12, 13].

[Tpu manbrx 3HaueHusx Bi u Bi, T1aBHBIM IUMUTHPYIOMIAM (DaKTOPOM SIBJISIETCS BHEITHUI TEII0-
MaccooOMEH MOBEPXHOCTH MaTepuaja ¢ oKpysxaroniel cpeqoil. Cylika TOHKHX MaTepHasioB POTeKa-
et npu Bi < 1, ManbIX rpagueHTax TeMIepaTyphl 0 CEYEHHIO Tella, U UCIIapEeHUe BIaru MPOUCXOANUT
y IOBEpXHOCTHU MaTepuana [3, 9, 17].
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Heorpanmdennas BirakHas TOHKas IIACTHHA TOJNMIWHON O = 2R ¢ HavaJlbHOHN TeMITepaTypoi ¢ To-
MEIIAETCA B CPEy C MOCTOSHHOM TeMnepaTypoi . > ¢. B HauajabHbI MOMEHT BpEMEHHU TeMIleparypa
IJITACTUHBI OJTMHAKOBA 110 BCEMY O0OBEMY M paBHA HayaJdbHOH, MEXIY OTPAaHUYUBAIONIUMHU TIOBEPXHO-
CTSMU TUTACTHUHBI M OKPYIKAIOIIEH Cpenoil MPOUCXOAUT TETI00OMEH 1o 3akoHy HeroToHA.

JuddepeniranbHoe ypaBHEHUE HECTAI[MOHAPHOM TEIIONPOBOIHOCTH IS IIJIACTUHBI (Bce Teriodu-
3u4eckue Ko3PQUIIMEHTHI B MPOIecce MOCTOSHHBI) C YYETOM MCIapeHHs U3 Hee BJIaru TOJBKO Y TIOBEpX-
HOCTH TUTACTHHBI (BHYTPEHHUE CTOKHU TEIUIOTHI U (Da30BbIe IPEBPAIICHHS OTCYTCTBYIOT) HMEET BHUJL

ot 0%t
ot ox?
HpI/I FpaHI/I‘{HLIX yCHOBI/IﬂX
0, Ao youp LGy PR A,
ot ox A A dr

rac R — noyioBuHA TOJIIUHBI IJIAaCTUHBI, M; A — KOI—)(b(pI/IHI/IGHT TEMIICPATypoOIpPoOBOAHOCTH, MZ/C.
Pemrenue ,Z[I/I(l)(l)epeH]_II/IaJ'IBHOI‘O YpaBHCHUSA C 3aJaHHBIMU T'PAHUYHBIMU YCJIOBUAMU, YUHUTBHIBAIO-
IMUMU YCJIOBUS CYHIKHU IMPU CPCAHUX MOCTOAHHBIX TCPMHUYCCKUX KOHCTAHTAX, UMCCT BU{ [18]

t —t A
O =1L H_j_
A S | KewapR

exp(—K1). (15)

v}
3necs t, — TemMnepaTypa B HEHTpe MmiIacTuHsl, °C.

[Ipu cymke ToHKHX MaTtepualioB Bi < 1 ypaBHenue (15) mpeacTaBiaeHO TOJBKO OJHUM YJICHOM psia
B OECKOHEYHON CyMME WJICHOB psia, TIPEACTABIIMIOMNX PEIICHUe JTMHEHHOW 3a0a9n HECTAIIMOHAPHOH
TEIJIONPOBONHOCTH. YpaBHeHue (15) cripaBeayinBo, eciri KOOPPUITUEHT CYyIKH K MEHBIIE mapameTpa
m=a./ c,pR (K <m).

[TapameTtp A B ypaBuenuu (15) nis neproa majaromieil CKOpOCTH BBIpakaeTcst 3aBUCUMOCTHIO [18]

e KrELTO —u, )Rp'
alt, —t,)

Temnieparypy B IEHTpE IUIACTUHBI MOKHO OIMPENEIINTh, €CITM BOCIIOIb30BaThCS ypaBHEHUAMU (3),
(15), (16) mpu ycmoum m > K [15]:

(16)

KvR
&:Q—:—lll—. (17)
o —Kcey pR
VYpasuenus (16) u (17) MOXKHO yIPOCTUTD, €CJIM BOCIIONIB30BaThHCS MapaMeTpoM m. J{is aToro 3Ha-
MeHarenb B ypaBHeHHX (16) u (17) yMHOXKHMM U pa3fenuM Ha ¢;,pR. B pesyabsraTe nomydnm

y Kr(ug —uy)Rp  Kr(uy—u,)

=— 18
M(l —t ) CBJ'[m(tC _tH)’ ( )
CBHpR C H
r7e a/cy;pR = m. Takum oO6pa3zom,
o=t - _Kr(u uy)Rp - Kr(u, up). 19
M—KC pR CBJ'I(m_K)
CBHpR BJI

Crnenyer OTMETHTD, UTO MPU CYLIKE TAaKUX TOHKHX MaTepHalloB, KaKk TKaHb, Oymara, (OTOIUIICHKA,
TeMIepaTypsl B LIEHTPE U Ha TIOBEPXHOCTHU COBIAAAIOT CO 3HAYEHUEM CPEITHEMHTET PAJIbHOM, TTOCKOIBKY
IpaJUEHT TEMIIEPATY Pl paBeH HYJII0, TEPMUYECKHH NEpeHOC OTCYTCTBYET U KpuTtepuit [locHosa Pn = 0.

B mpoueccax cymku Biarocojaep:kaHue MaTepualia yMEHbIIAeTcs, a TeMIepaTypa yBelIn4HuBa-
eTcsl, HOPTOMY KO3(GOULIUEHTHI Ay,;, & U3MeHstoTcs. Hanbonbliee n3MeHeHune npereprnenaeT Ko3¢-
(ULUEHT TETIONPOBOJHOCTH Ay, KOIQPUIMEHT TEMIEPaTypPOIPOBOAHOCTH & U3MEHAETCS HE3HAYH-
TEJBHO, MOCKOJIBKY ¢ YMEHBIICHUEM Ay, OJHOBPEMEHHO YMEHBLIACTCS IPOU3BEACHUE CyyP MPUMEP-
HO ¢ Takoil xe ckopocTbio [9, 18]. KoadduumeHt Temmooraaun o co CHUKEHUEM BIIAroCoAep>KaHus
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ymensbiaercsa. Kpurepuit Bi = aR/A,; Takxke U3MEHSETCA MaJo, TaK KaK C YMEHBIICHUEM Ol YMEHb-
maeTcs ¥ Ay [9, 18].

Jns Beramcnenuss yucna Bi = aR/A,; HEOOX0OUMO ONpEneNsaTh KOIPPHUIIUSHT TEIIOOTAaYd o.
s onpenenenust o TPUMEHSIIOCh ypaBHEHHE IS TeriaoooMenHoro yucna Hyccenbra [4]. Jns mpo-
1ecca KOHBEKTUBHOM CYIIKH TKaHEH 3TO ypaBHEHUE UMeeT BUn [4, §, 12]

2, _\042
Nu=089Re®S| Lo | [ L] (20)
T, u
rne T;, T; — COOTBETCTBEHHO abCOMIOTHBIE TEMIIEPATY P CPebl U HauallbHast TKauu, °C

Brerancnennsie 3HaueHnst KOG GUIIMEHTa O JaHBI B Ta0M. 3 I pekuMa CyIIKH 1.

Tao6nwuuna 3. 3HavyeHHs MapaMeTPOB JUISI ONIPe/ieJIeHUsI TeMIIePATyPHI 10 aHAJUTHYecKUM dopmyaam (14)
u (19) B nponecce CyIIKHU MEPCTAHON TKaAHU

Table 3. Valuesof parameters for determining the temperature according to the analytical formulas (14)
and (19) during the drying of woolen fabric

i @, Br/(m*-°C) Ao BT/(M-°C) Bi K c! N 7,.°C (e q,Br/m?
20 @D ©) © 14 19 @

0,7 32,7 0,328 0,031 0,015 0,84 36,6 36,5 3226
0,6 30,8 0,289 0,032 0,016 0,79 37,5 37,0 3024
0,5 28,4 0,252 0,033 0,016 0,70 43,5 43,0 2800
0,4 25,7 0,212 0,035 0,017 0,64 46,5 46,0 2500
0,3 22,5 0,174 0,036 0,019 0,56 53,5 53,4 2260
0,2 19,2 0,135 0,038 0,020 0,46 62,5 63,0 1920

IMpumeuanue. Ilapamerpst Tkanm: TomumHa & = 0,6+ 107 M; K03(hPHIHEHT TEMIONPOBOIHOCTH CYX0il TKAHH
Lo = 0,046 Br/(m- °C); TermoeMkocTh ¢y = 1380 Jiu/(kr - °C); mIoTHOCTS po = 240 kr/m>. Pesxum cymku Ne 1, 7, = 90 °C, ckopocTs
noToka Bosayxa & = 5,3 m/c, ¢ = 5 %, ifg = 1,12; u, = 0,017; £, = 20 °C; Nppax = 0,0115 ¢l

BrustHue TemrmiepaTyphl ¥ BIaXKHOCTH Ha A, Xoportio uzydeso [19, 20]. KoadhdunueHT TenmonpoBo-
HOCTH BJIAKHBIX TKaHEH 3aBUCHUT OT BJIAKHOCTH U TEMIEPATYPHI, IS IEPCTAHBIX TKaHEH OH pacCyu-
TBIBaeTCS CleAyromuM obpasom [19]:

Aax = Ao + 0,00467, Q1)

rne Ay — K03 HUIUCHT TEIIONPOBOJHOCTH cyXoi TKaHnu, B1/(m - °C); W — Bnarocoaepkanue Tkanu, %o.
Bnusauem Temnepatypsl Ha Ay, B ipeaenax a0 80 °C st TkaHe# MOKHO rpeHebpeds [19, 20].

B T1abin. 3 npuBe/ieHbl OCHOBHBIE pPE3yJIbTAaThl aHAJUTUYECKUX pEIIeHUH MO TeMmIrepaType TKaHH
U COIIOCTABJICHUIO MOJYYEHHBIX 3HAUEHUI TeMIepaTyp CO 3HAYCHUSIMH, BEIYUCICHHBIMU 10 3KCIIEPU-
MeHTaJIBHBIM (opmyiam (14) u (19).

3akuouenue. [IpencraBieH aHATUTUUECKUI METOJ pacueTa TEMIEPATypbl TKAHEH Ha OCHOBE YMC-
JICHHBIX pelieHui TudPepeHInanbHOr0 YPAaBHEHHSI TETUIONPOBOIHOCTH JIJIsl BIIAYKHOTO Tela.

UccnenoBanue Cymku TKaHed Ha OCHOBE YypaBHEHUs KUHETHMKM cywku A.B. JIsikoBa
¥ anmpoKCUMAIINSI KPUBBIX CKOPOCTH cymkH 1mo metonaM A. B. JIsikoBa, B. B. KpacuukoBa u popmysr
H. C. MuxeeBoil moaTBEpANIIO JOCTATOUHYIO TOUHOCTh OIPEEIEHUS JIUTEIBHOCTH CYIKH TKaHEH.

ITony4deHHBIE pe3yJIbTaThl UCCIAEAOBAHUS CYIIKHA TKAHEH MOXKHO HCIIOJIb30BaTh B IPOLIECCAX CYIIKH
Ppa3IUYHBIX TOHKUX BJIaKHBIX MaTepHalioB, TAKMX KaK TKaHb, Oymara, (DOTOIICHKa U .
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A.Bb. Men:xunckuii, A. H. Manammn, A. E. Kanena

Boennas axkademusn Pecnyonuxu Berapyco, Munck, Pecnybnuxka benapyce

METOAUKA TAPAMETPUYECKOI'O AHAJIN3A JIEKTPUYECKUX 'EHEPATOPOB
BO3BPATHO-IIOCTYHATEJIBHOI'O IBUKEHUS C IOCTOAHHBIMU MATHUTAMHU

AunHoTauusi. PazpaboTana MeToIMKa MapamMeTpPUUYECKOro aHajln3a AIEKTPUYECKHX TeHEPAaTOPOB BO3BPATHO-MOCTYIIA-
TCJIBHOI'O JBMXCHUS C ITOCTOAHHBIMH MarHuTaMu, KOTOpaﬂ IMO3BOJISCT HpI/I 3aJaHHOM 3HAYCHUU KO3(IJ(1)VILIHCHT3. IIOJIE3HOI'O
JICHCTBUS BBISIBUTH 3HAYCHHUS TAPAMETPOB MarHUTONPOBO/IA (ILIOMIA b MIONIEPEYHOr0 CEYCHHUs) U paboueit 0OMOTKH (KoJInde-
CTBO BUTKOB), 00€CIEUHBAIOIINX MUHUMYM yISIbHOW MacChl reHepaTopa. MeToauka napaMeTpUIecKoro aHajan3a JIeKTpHu-
YECKHX FeHepaTOpPOB BO3BPATHO-MIOCTYMATEIBHOTO IBHKCHHUS C HOCTOSIHHBIMUA MarHUTAMH COCTOMT M3 TPeX 3TamnoB. [lepBorii
¥ BTOPO#i 9Tl — 3TO AJICKTPOMArHUTHBIM pacyeT reHepaTropa: Ha MepBOM dTAre ONMPEACISIIOTCS OCHOBHBIC TEOMETPHUCCKUE
pa3Mepbl MArHUTHOM CHCTEMBI M TTapaMeTphl paboueit 0OMOTKH TeHepaTopa, Ha BTOPOM — IIPOBEPKA AIIEKTPOMArHUTHOT'O pac-
4yera TeHeparopa, pacuyeT HOMHHAJIBHOTO PEKUMa, pacueT Kod(hGHIHeHTa TOJIe3HOT0 ICHCTBHS U OI[EHKA TEIJIOBOTO COCTOS-
HUs reHepaTopa. Ha TpeThem dTarne ocyIecTBIsSeTCs TapaMeTPUYeCKUi aHaATN3 AIEKTPUIECKUX TeHePaTOPOB BO3BPATHO-TIO-
CTYMaTEIbHOTO BI)KSHHUS C TIOCTOSIHHBIMU MarHUTaMU C 3aJaHHBIMU OTPAHUYCHHSIMH, 8 TAK)KE YTOYHEHHE F€OMETPUICCKUX
pasMepoB ¥ KOHOUTYpalii MAarHUTHOW CHCTEMbI T€HEpaTopa MO JBYMEPHOW KOHCYHO-3JIEMEHTHOW MOJEIH MArHHUTHOTO
monisi. B pesynbrare 9Toro ans oOecreueH s TyUYIero HCIONb30BaHUS dICKTPOTEXHUYECKONW CTalld MATHUTOIPOBO/IA TeHE-
paropa ¥ yMEHBIICHHsI TEM CaMbIM €0 MACChl OIPEICIISTIOTCSI HanboJiee HACHIIICHHBIE yYACTKU U YYaCTKH, KOTOPBIE XapaKTe-
PHU3YIOTCSI HU3KMMHU 3HAUS€HUSIMU HAIIPSHKEHHOCTH MarHUTHOTO 110J1sI. OTIIHYUTENIbHBIMU 0COOCHHOCTSIMU MPEJIOKEHHOM Me-
TOIMKHY SBIISFOTCS: UCIIOIB30BAHKE B KQUECTBE 1EJICBOM (DYHKIIMH MUHUMYMa yICIBHOU MacChl JJICKTPHUECKUX TCHEPATOPOB
BO3BPATHO-TIOCTYNATEIBHOTO JBIMKEHUS C MPOJOJIEHBIM, MMOMEPEYHBIM MM KOMOMHUPOBAHHBIM W3MEHEHHUEM MAarHUTHOTO
MOTOKA, MPOXO/ISAIIEro Yepe3 padouyio 00MOTKY; KOMOHHHPOBAHHBIH MOIXOM K 3JI€KTPOMArHUTHOMY PacyeTy; yueT BIHSHUS
paboueii TeMmepaTypbl Ha TApaMeTPhI MOCTOSTHHOTO MarHKUTa, a TAKXKe MEPErPeB OTACIBbHBIX YacTel reHepaTopa.

KiroueBble cj10Ba: METOIMKA MapaMETPUUECCKOTO aHAIM3a, dJICKTPHUCCKUN TeHepaTop, ICKTPOMATHUTHBIN pacyer,
yIeIbHAsI Macca, MOCTOSTHHBIA MATHUT

Jas uurupoBanusi: Memxunckuii, A.b. MeToquka mapaMeTpu4eckoro aHain3a dJeKTPUIECKUX TeHepaTopoB BO3BPAT-
HO-TIOCTYATSIILHOT'O IBHIKSHHSI C TOCTOSTHHBIMU MarHuTaMu/ A. B. Memxunckuii, A. H. Manamun, A. E. Kanena//Bec. Hai. akan.
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Andrei B. Menzhinski, Andrei N. Malashin, Andrei E. Kaleda
Military Academy of the Republic of Belarus, Minsk, Republic of Belarus

METHOD OF PARAMETRIC ANALYSIS OF RECIPROCATING ELECTRIC GENERATORS
WITH PERMANENT MAGNETS

Abstract. A method for the parametric analysis of electric generators of reciprocating motion with permanent magnets has
been developed, which allows revealing the values of the parameters of the magnetic circuit (cross-sectional area) and the work-
ing winding (number of turns) at a given value of the efficiency, providing a minimum specific gravity of the generator. The
method of parametric analysis of electric generators of reciprocating motion with permanent magnets consists of three stages.
The first and second stages are the electromagnetic calculation of the generator: at the first stage, the main geometric dimen-
sions of the magnetic system and the parameters of the working winding of the generator are determined; at the second stage,
the verification of the electromagnetic calculation of the generator, calculation of the nominal mode, calculation of the efficien-
cy and assessment of the thermal state of the generator are fulfilled. At the third stage, a parametric analysis of electric gener-
ators of reciprocating motion with permanent magnets with specified constraints is carried out, as well as the refinement of the
geometric dimensions and configuration of the magnetic system of the generator using a two-dimensional finite element model
of the magnetic field. As a result, to ensure better use of the electrical steel of the magnetic circuit of the generator and thereby
reduce its mass, the most saturated areas and areas, which are characterized by low values of the magnetic field strength, are
determined. Distinctive features of the proposed technique are: the use of a minimum specific gravity of electric generators
of reciprocating motion with longitudinal, transverse or combined changes in the magnetic flux passing through the working
winding as an objective function; combined approach to electromagnetic calculation; taking into account the influence of the
operating temperature on the parameters of the permanent magnet, as well as overheating of individual parts of the generator.

Keywords: parametric analysis technique, electric generator, electromagnetic calculation, specific gravity, permanent
magnet
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BBenenue. B nocnennue ronsl HaOM0AaeTCS POCT HAYYHBIX Pa3padOTOK B 00JacTH AJIEKTpOME-
XaHWYeCKuX mpeoOpasoBareneit sueprun (OMIID) Bo3BpaTHO-TIOCTyMATEILHOTO IBIOKCHHUS [1-8].
DTO CBSI3aHO C HEOOXOIWMOCTBIO YIyYIIEHUS JHEPreTHYECKUX M MacCOradapUTHBIX TMOKazaTese
anektrpoarperatoB (DA), BXOMSIIMX B COCTaB aBTOHOMHOW cHCTeMbl 3neKkTpocHaOxkeHus (ACOC).
BonwsmmacTBO DA, BXOonsmux B coctaB ACOC, cTposSTCs 10 TPaJAUIIMOHHON cXeMe Ha 0a3e JBUrarels
BHyTpeHHero cropanus ([JIBC) ¢ KpUBOIMIUITHO-IIATYHHBIM MEXaHU3MOM H DJIEKTPUYECKOW MAITUHBI
BpamatenbHoro tuma [9, 10]. XapakTepHbIMH HEAOCTaTKAMH TAaKOTO THIa DA, KOTOPHIE HAIPIMYIO
onpeneasroT 3¢ppekTuBHOCTE ACOC, SBISIOTCS OONbBIIas yAeIbHAs Macca M HEIOCTATOYHO BBICOKHI
ko3 duiuent monesznoro nevicteus (KI1/1).

B xauectBe mepcrnexktuBHoro SMIID BO3BpaTHO-MIOCTYNATEIBHOIO JIBUKCHUSI pacCMaTPUBACTCS CHU-
CTeMa «CBOOOJTHOTIOPIITHEBOW JIBUTATEIIb — AJIEKTPUUYCSCKHUI TeHepaTop BO3BPATHO-IIOCTYIIATEIIBHOTO JIBU-
>keHus ¢ mocTossHHBIME MarauTamu (O BITJI ¢ IIM)» [1-4, 9, 11-14]. B [13] oTmMeueHo, 4To Ha CpeIHECPOU-
Hyto niepcniekTuBy (5—10 sret) B Peciybmike benapych HE0OXOAMMO OCYIIIECTBUTE TIEPEXO]] C TM3EITb-TeHE-
PaTOPHBIX CHIIOBBIX YCTAHOBOK BPAIATEIBHOTO JICHCTBHUS HAa CBOOOIHOIIOPIITHEBBIE AM3Eb-TeHEPATOPHEIC
YCTAHOBKY Ha allbTEPHATHBHBIX YKOJOTMYECKH YHCTBHIX BHUJAX TOILIUBA. DTO, B CBOI OYepelb, TpeOyeT
pa3BUTHUS TEOPHUH AIEKTpoMexaHuku npuMennTtenbHo kK DI BI1JI. 13 npencrasnenHoii B [15] knaccuduka-
ru O BITJ] BUHO, 9TO BO3MOXKEH IMIMPOKUH CHEKTP PA3IUYHBIX UX CTPYKTYp. OMHAKO CYIIIECTBYIONTHE
METOIUKH 3JIEKTPOMArHUTHOTO pacdera u aHanu3a takux Ol BI1J] HemocTaTOYHO TIOTHO YYUTHIBAIOT BCE
OCOOCHHOCTH MX Pa0OTHI [14—17]. DTO He MO3BOJISET B TIOTHON Mepe BEIpabOTaTh PEKOMEHTAINH TT0 JJICK-
TPOMarHUTHOMY pacyeTy TaKUX TeHEPaTOPOB, a TAKXKE OMPeNenTh 3PPEKTUBHBIC YCIOBHSI UX TIPUMEHE-
Hus. [lotrepu suepruu, Bosuukaromie B 1 BI1/I, BbIaenstoTCS B BUE TEIIOTHI, MOBBIIIAIOICH TeMIepa-
Typy MarauronpoBona (MIlp), [IM u paboueii oOMoTku. Bricokasi Temmneparypa padoueid 0OMOTKH 5IB-
JISeTCSA OTHOM M3 OCHOBHBIX NMPHYMH, BBI3BIBAIONINX cTapeHune n3onannu [18]. IloBbimenne TemMmeparypsl
IIM yxynmaeT ero xapakTepucTuku [16]. Bce 3To yMeHBITaeT CpoK CTyKOBI M yXYAIIAST YHEPT e THUSCKHE
nokaszarenu DI BII/l. B cBsizu ¢ aTuMm ydet BiustHus pabodeii Temreparypbl Ha mapamerpsl [1M, a takxe
neperpesa otaenbHbIX yacTeil D' BILJ] mpu ux 31eKTpOMarHUTHOM pacyeTe U aHAJIU3€ BECbMa BajkeH.

C yueToM CKa3aHHOTO pa3paboTka MeTOAMKU mapamerpuueckoro aHanuza DI BIIJ] ¢ [IM nus
VIIYUIICHHUS SHEPreTHYCCKUX M MAacCOra0apUTHBIX IMOKa3aTelicH, YUMTHIBAKOIIEH BIHSHHE pabodeit
TeMmneparypel Ha napameTpsl [IM, a Takke neperpeB OTAEIBHBIX YACTEH T'eHepaTopa, MPEACTaBIISET
0COOYIO aKTyaJIbHOCTb.

MeToanka napaMeTpu4ecKoro aHajau3a 3JIeKTPUYECKHX IeHepaTOPOB BO3BPATHO-NOCTYIA-
TeJbHOro ABM:KeHus1. OHUM U3 BaxKHEeHIMX maccorabaputHbix mokaszareneit DI'BIIJ] ¢ Touku 3pe-
Hus npuMmeHenus ux B ACOC, 0co0eHHO MOBMKHBIX CPENCTB, ABJIsACTCA yaenbHas Macca [9]. [loaTomy
HauboJIee MOAXOIAIINM TSI PpeIIeHU 3a/1a4M TapaMeTPUUIECKOr0 aHaTN3a TeHEPATOPOB SBISETCSA KPH-
Tepui «ymenpHas Macca» (KT/kBT).

Crpemienrne 00ecnednTh MHHHUMYM JTOTO KPHUTEpUS B OOJBIIMHCTBE CIydaeB MPUBOIUT K He-
ckonbko 3anmxkeHHomy KI1J[ rerepatopa [16]. [ToaTomy 1ienecooOpa3Ho B Ka4eCTBE OJJHOT'O U3 OTPaHU-
YEeHM MPpH MapaMeTPUUECKOM aHaJIU3€e TeHepaTopoB ucrnonb3zoBaTh ux KIIJI.

[Ipu pazpaboTke MeToquKu mapaMmerpuuyeckoro ananusa Ol BITJ] ucrmonb3oBaiuch Moaxoabl, U3-
noxxeHusle B [14, 15, 17], nomonmHEeHHBIE pacdeTOM MarHUTHEIX cucTeM ¢ [IM [16, 19-22]. MeToauka
napameTpuueckoro ananuza I BITJ[ coctout u3 Tpex atanos. [lepBbiil 1 BTOPOM 3Tambl — 3TO IJIEKTPO-
MarHuTHBIN pacder reHeparopa ((hopMupoBaHHE 00NACTH UCXOIHBIX JAHHBIX JUIS TApaMeTPHUECKOTO
aHanu3a). Ha mepBoM 3Tare onpeneisitoTcs OCHOBHBIC TEOMETPUYESCKUE pa3MepPbl MATHUTHOM CUCTEMBI
U mapaMmeTphl paboueii 0OMOTKM reHeparopa. Ha BTOpoMm 3Tame mpoBOAUTCS TPOBEpPKa AIEKTpOMAr-
HUTHOTO pacdera TeHepaTopa, pacueT HOMHUHAJIbHOTO peknma, sHepretrndeckux (KIIJ[) moxazareneit
1 OLICHKA TEIJIOBOIO COCTOSIHUSA reHeparopa. [Ipu Hey10BIEeTBOPUTENBHBIX pe3ybTaTax NPOU3BOAUTCS
KOPPEKTUPOBKA TaHHBIX HA MEPBOM 3TaIe U pacueT noBTopsieTcs. Ha TpeTbem aTamne ocymecTBasIeTcst
napametrpudeckuil ananuz O BI1/] ¢ 3anaHHBIMU OrpaHUYEHHUAMMU.
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Ilepeviii 3man. Jns mapamerpudeckoro anainmza DI BIIJI HeoOxomnmo chopMupoBaTh 00IACTH
UCXOJIHBIX JIAaHHBIX, KOTOpas BKJIouaeT cienyronine napametpsl OI'BIIJl: HOMUHanbHas akTUBHas
MOIIHOCTb, OTJaBaeMasi F€HEPATOpoM B ceTh P, BT; HOMHHanbHOE HalpsKEHHE Ha 3a)KMMax IeHe-
paropa U, B; KIIJl reneparopa n; oosem 1IM Vi, M>; MarHUTHas HHAYKIOHUSA padoueit Toukn [IM
B pexxnMe kopoTkoro 3ambikanus (K3) reneparopa Bys, Tin; MaruuTHas uHIyKnus padodeii Touku [IM
B HOMHMHAJIbHOM pexHMMe paboThl reneparopa By, Tir; napameTpsl paboueil 0OMOTKH reHeparopa w, Inr.,
 IIomaab nonepeynoro ceuenus MIIp reneparopa Syirp, M2,

Pacuem mpebyemozo o6vema NOCMOAHHbIX MA2HUMOG. B 3JIeKTPHUUECKUX MAIIMHAX BPAIIATEIbHO-
r'0 THUIA U3BECTEH PsiJ] CIOCOOO0B JIJIsl IpEeABapUTENLHOTO onpeaencHus oobema [IM [19-21]. Haubonee
IIUPOKOE MpaKTHIeCKoe MpuMeHeHue Hatren criocod A. H. JlapuoHoBa, cormacHo koTopomy [21]

0,45F, 0k, 00tk gy

Pk fH,y 13 [(0,85. ..0,95) B, 5 (1 +Ba (v - 20°))J

e Ppax — MaKCUMaJIbHASI aKTHBHAS MOIITHOCTH T'eHepaTopa (C y4eTOoM Ieperpyskun), Br; k,, — mompa-
BOYHBIA KOO()(QUIMEHT, yIUTHIBAIOIMUI Xyaiee ucnonb3osanue IIM [15, 17]; o, — kosdpuuunent pac-
CestHMSI, 3HaYeHNUEe KOTOPOro Ha HaYaJIbHOM 3Tale 3JIeKTpoMaruuTHoro pacueta s O BITJl monepeu-
HoTro THHa nmpuMeM paBHbIM 1,05...1,3 [16], a s DI'BILJL mpomonbHOTO THIIA — IPEACTABICHBI B [15];
0y — KOX(QQUIHEHT, YUYUTHIBAIONINI MaJIeHUE MAarHUTHOTO HAIPSIKCHUS B MAarHUTHOHM LemH, 3Haye-
HUE KOTOPOTO JIJIsi TEHEpaTOpoOB ¢ OAHOM mapoid 3a30poB mpuMeM paBHbIM 1,1...1,15, a nis reneparo-
poB ¢ nByMsi mapamu 3a3opoB — 1,2...1,3; k; — ko3 unreHT npuBeaeHNUs] MATHUTOABIDKYIIEH CHITBI
(M/IC) peakuun sxops no npoposibnoi ocu k MJIC IIM 0,85...0,86; ky; — koo duuuent ynaprnocru,
paBHbIil 1,1 — 15 reHepaTopoB ¢ OfHOM mapoif 3a30poB U 1,2 — 11 reHepaToOpoOB C ABYMS Mapamu
3a30pOB; p — KOJIMYECTBO Hap montocos (konuuecTBo 1IM); kg — xoodpduuuent popmsl; f — yacTora
Toka, ['1; H, k3 — HANPsHKEHHOCTH TIOJISI B MarHuTe TpH ycTtaHoBusmeMcs: K3 renepartopa, A/m [16];
[0,85...0,95]Br200(1+BB (t°—20°)) — MHAYKIUS MPH XOJIOCTOM XOJe B HelTpanbHOM cedeHun [IM
¢ yueToMm m3MmeHenust Temnepatypsl [IM, Tn [16]; Bg — TemnepaTypHbiid K03)GUIUEHT HHAYKIUH (115
matepuana [TM NdFeB, Bg = -8,9 - 107* °C™) [16]; B,,p> — ocTaTounas unaykuus [IM npu HOpMaTb-
Ho#t Temmnieparype [IM (¢ = 20 °C), Tn; ¢ — Temnepatypa [1IM, °C.

IIpeosapumenvuuili pacuem 0CHOGHLIX 2eOMEMPUUECKUX PA3MEPOE NOCHOSHHBIX MASHUMOG U Ma2-
Humonposooa eernepamopa. OcHOBHBIE TeomeTpuueckue pazmepsl Ol BILJ] ¢ mpomonbpHBIM U TIOTIE-
PEYHBIM U3MEHEHHUEM MAarHUTHOTO IOTOKA, MPOXOISIIEro 4yepe3 pabouyr OOMOTKY, TMOKa3aHbl Ha
puc. 1, a u b cOOTBETCTBEHHO.

b
r /
[ MMp /|

MTMp

; (1)

VHM =

hom

nv

MMp o |

Puc. 1. DieMeHT MarHUTHOW CHCTEMBI SJIEKTPUYCCKOr'o reHepaTopa BO3BPATHO-IIOCTYNIATEIbHOI'O
JABUIKCHUSA: a — IIPOAOJIBHOI'O THIIA, b - NonepeyYHoOro Tuna

Fig. 1. Element of the magnetic system of the electric reciprocating generator: a — longitudinal type,
b — cross type
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Tommuay [1IM Ay clienyeT 3amaBaTh, OpUSHTHPYSICH HA pa3Mephl, UMEIOIuecs B KaTajaore Gupm,
MPHUACPKUBASACH PEKOMEHAINH, 4TO B nuamna3oHe momrHocted 10...1000 Bt MoxxHO TpHHSATE Ay =
2...6 muM [16]. [lns obecrieueHus: €IMHCTBEHHOW TOYKH YCTOMYMBOCTH PaBHOBECHS MOJIBUKHOM YaCTH
OI'BII/] momepeyHOro THIA BEMYMHA W30JAIHNOHHON BCTaBKH (CM. puc. 1, b) Ab mpuHUMaeTCs paB-
Hol HyItO [16]. C yueToM 3TOTO aMIuTyaa Konebanwit moasrxkHoi yactu DI BI1J[ morepeunoro tuma
ornpezaensercs u3 yciaosus (cM. puc. 1, b) [16]

Xmax — O,SbHM. (2)

W3 ypaBHeHus (2) ciaenyet, 4To TeOMETPUUSCKHIE pa3Mephl ornepedHoro ceuenus [IM paBHBIL:
bHM = 2xmaxa (3)
It = Vim/Stims (4)

rae Siv = brvmfinv — TIOIa NG monepednoro ceuenus [IM reneparopa.

C y4eToM TOro 4To MarHUTHBIHM MOTOK B MOJIFOCHOM HAKOHEUHHUKE PABEH MAarHUTHOMY NOTOKY B MIIp
(BuwStu = Ber maxSmirip), TEOMETPUYECKHE pa3Mepsl nonepeunoro cevenus MIIp reneparopa paBHeI:

nis OI'BI1/] monepeynoro Tuna:

b= by \/k[0,85. .0,951B, 500 (14 B (t5131 —20°))[6Ber ] 5)
1= Ly KI0.85....0,9518, 0 (14 By (it —20))[0Brg ey ' 6)
nuist O BITJ] mpomonbHOTO THTIA:
b’ =bing \/k’[0,85. .0,951B,500 (14 B (¢5171 —20°))[6' By man 1 (7)
I'=Iy \/k’[0,85 ..0,951B,.500 (14 Bg (fi1n = 20))[6' By ] ®)

rae B, — MarHuTHasi MHAYKUUS B NOJOCHOM HakoHeuHuke MIlp, Tu; S, — miomaas nomnepeuHoro
CEUCHHs MOJTIOCHOr0 HAKOHEUHHKA TeHEPaTOPa, M2, Bey max — MATHHTHAS. HHAYKIINS HACHIIICHUS CTAIIN
MIlp, Tn; Sy, — numomans nonepednoro cedenus MIIp (Svmp = b, Smnp = '6" — SI'BITJL monepeunoro
¥ TIPOJIOJIBHOTO THIIA COOTBETCTBEHHO), M%; k M G — KOI((GHIIMEHTHI BHITYYNBAHUS U PACCESHHS MATHHT-
HOro notoka B MarauTHoH cucteme DI BI1/] monepeunoro tuna [16]; k' 1 6’ — ko3dduLneHTHI BEITYYH-
BaHUS U PACCESHUS MATHUTHOTO MOToKa B MaruuTHOU cucteme DI BI1] mpomonsHoro Tuma [15, 22].

B nensax noeimeHus 3(pPEeKTHBHOTO UCTOIL30BAHUS MAaTHUTHOTO TOTOKA, TEOMETPHUUICCKHE pa3-
MEPBI TOJFOCHBIX HAKOHEYHUKOB 33/IaF0TCSI HECKOJIBKO OOJIBIIE T€OMETPUUYECKUX pa3mMepoB [IM:

S (1...1,1) Su. )

Pacuem paboueti mouku nocmosannoeo maecnuma cenepamopd. C y4eToM U3MEHEHUs TeMIepaTyphbl
MarHuTHas UHAyKIus padodeid Touku [IM B HOMUHANIBEHOM peskrMe paboTh TeHepaTopa paBHa [15]

By = By (1+ By tirm —209)) /(14 G (G) ) (10)

rae Gru, Gy — YCPEHEHHBIE HA MHTEPBAJIE MOBTOPSIEMOCTH MAarHUTHAs TPoBOAMMOCTh [IM 1 cymmap-
Hasl BHEIIHSSI MarHUTHAS MPOBOAMMOCTh MarHUTHON CHCTEMBI T€HEpaTopa COOTBETCTBeHHO, [ H. [Ipn
pacuere Gy ¥ Gy yIHTBIBAIOTCSA OCHOBHBIE reoMeTpuieckue pasmepsl [IM u MIIp reneparopa [16].

Pacuem napamempos paboueii oomomku. IIpeaBaputearHoe KOTHISCTBO BUTKOB pabodeil 00OMOTKHI
reHepaTopa pasHoO [20]

w = 0,25E ¢ o(kpko®of) (11)

rae Esnco = (1,2...1,4)Uy — neiictByromee 3nauenne DJIC nBukeHns remeparopa, B; k, — oOMoT04Y-
HbI Kod(hdunmeHT; U, — 3alaHHOE HAIpsDKeHHE B Harpy3ke (Ha 3akuMax reHeparopa), B; @, — ycpen-
HEHHBIM Ha WHTEPBaJIe MOBTOPSIEMOCTH MAarHUTHBIN MMOTOK 4Yepe3 pabouyro 0OMOTKY B PEKHUME XOJIO-
CTOT0 XOJ1a, KOTOPBIH YUUTHIBAET OCOOCHHOCTH MPOJIOJBHOIO, MOMNEPEYHOr0 I KOMOMHUPOBAHHOTO
(TpOMOTBHO-TIONIEPEYHOT0) N3MEHEHHMSI MAaTHUTHOTO IMOTOKA, MPOXOIAIIETo depe3 pabodyio 0OMOTKY,
U OIpeNessieTCs Ha OCHOBAaHWM 3akoHOB Kupxroda st marHuTHbBIX nieneit, BO [15, 16].
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[Liromanh monepevyHoro CeYeHUS MTPOBOJHNKA pabodeli 0OMOTKH OIpenetsieTCs BeipaxkerreM [20]
-1
Sup = Lusan> (12)

roe I, = PH(UHkM)’l — TOK B paboueil 0OMOTKe reHepaTopa, A; Py, — 3alaHHas aKTUBHAS MOIITHOCTH B Ha-

rpy3ke (0OTaaBaeMasi TeHEpPaTOpPOM B CEThb), BT; k,, — 3ananubIil koadduunreHTt MomHoctu [23]; J,,, — 3a-

JIaHHAs IOTHOCTh TOKa B pabodell 0OMOTKe reHepaTropa, BEIOMPASTCsl B COOTBETCTBHH C MPeEJIIoara-

eMBIM THIIOM OXJaXIeHHUs TeHeparopa [19]: ¢ camoBenTuisnueii — 4...10 A/MM2, ¢ IPHHYIHTEIBHBIM

BO3IYIIHBIM oxJaxkaeHueM — 10...16 A/MMZ, C KUIAKOCTHBIM oxuaxaenneM — 20...30 A/mm>.
[Mockoneky lyhokcy = Sppw [16], TO Tiry6HHa (BBICOTa) 0OMOTOYHOTO OKHA PaBHA

ho = San(ZOkCu)ila (13)

rne kcy — K03 UIUEHT 3aMoHeHUsT OKHA TI0 Menu [16]; [, — muprHa (1mrHa) 0OMOTOYHOTO OKHA, MM,
ycnoBus BeIOOpa kotopoit mis OI'BILJ[ mpogoxsHOro Tna mpeacrasieHsl B [15, 24]. B [16] ormeue-
HO, YTO Ha Ha4aJIPHOM d3Tarie 1ekTpomarauTHoro pacuera DI BIIJ] monepednoro tuma ¢ C-00pa3HbiM
MlIlp u mumuaapuueckumu [IM, takxe ¢ xonbieBsiM MIIp u mmockumu [IM mienecoobpas3Ho 3a1ath
clenyomue pa3mMepsl ooMoTouHoro okHa: /, = (1,5...2)by, ho = 0,8brv 1 1, = 0,5/, 1o = 0,6/ co-
OTBETCTBEHHO. PazMepsl 0OMOTOYHOTO OKHA MOTYT YTOUHSITHCS B IPOIIECCe pacyeTa.

[TorHOE CompoTHBICHHE paboucii 0OMOTKH reHepaTopa paBHo [15, 16]

Zy = RZ +(2nfLy)*, (14)

e Ry = pogelepW(Spp )71 — aKTHBHOE CONPOTHUBJICHUE padoyeld 0OOMOTKHM reHepaTropa MpH HOpMaIbHOM
temnepatype (¢t = 20 °C), OM (p,e — yAEIBHOE CONPOTUBIIEHHE MEIU IIPU HOPMAJIBHON TeMIepaType,
OM - MM?/M; lep — CpenHss JUIMHA BUTKA paboyell OOMOTKM reHeparopa, M); Lo — COOCTBEHHas MHJIYK-
TUBHOCTB paboueii 0OMOTKH reHeparopa, ['H.

AKTHBHOE CONpPOTHUBIICHHUE paboyeil OOMOTKM reHeparopa C YyYeTOM H3MEHEHHs TeMIIepaTypbl
oTpezeNsieTcs CIeAyoImuM odpaszom [16]:

Ry = page (1 0y (£ = 20°) Iy w(S,) ™ (15)

IJIE Oy — TEMIIEPATY PHBIIT KOOQOUIMEHT yIeNbHOr0 COnpoTHBIeH s Ast meau, °C ! [16]; tp — Temrepa-
Typa paboueit oomMoTkH, °C.
Bmopoii sman. [Iposepka pedxcuma xopomroco 3amvikanus cenepamopa. IlpoBepka pexuma K3
IpOBOAMTCS 110 ycnosuio [15, 20, 21]
3< I3/ 1, <4, (16)

-1
rae Iz — Tok K3 [IKC% =Esnco (\/ R? +(2n/Ly)’ ) }

Ilposepka peoicuma nepeepysku (PazmacHUNUBAOWe20 OelUCmsus peakyuu aKops) ceHepamopa.
[lepexon paboueii Touku IIM u3 4y B 4, mox aeiicTBUEM HANPsKEHHOCTH MAarHUTHOTO TIOJISI PEaKIINH
sikopst H,,, ipecTaBiieH Ha puc. 2.

Bo uzbexanue pasmaranunBanus [IM B pexxnme K3 HeoOX0auMO TpoBEepUTH NiepeMeIieHne pado-
yeil Touku [IM Ha kpuBoil pazmaraunuuBanus [IM 1o BeipaxeHuto

Bys = [Br20° (1 +PBp (v — 200))/(1 + Gy (Gy) ™! )] - I:[K3WGE (6pStIm ) ] 17)
Ecnu A; BEIXOOUT 3a pe/esibl TMHUH Tiepernda KpuBoi pa3MarHn4uBaHus (CM. pHc. 2), TO HE00Xo-
JUMO JINOO U3MEHHUTH reoMeTpudeckue padmepsl [IM (YBenUYHUTh TONIHMHY), TUOO BBHIOpATh ApyTOit
matepuan [IM [16].
Ilposepka pexcuma HacvlueHUs CMai MazHUmMonposooa 2enepamopa. IIpoBepka pexuma Hachl-
menus cranu MIIp reneparopa mpoBoauTes no yciosuto [15, 20]

Bm < BCT max» (18)

e B, = Qcrp/Syrp — aMminTy1a MaruuTHOM ueayKuuu B MIIp, T; @y, — aMIIIMTYIa MATHUTHOTO
noroka 8 MIIp, B6. [Ipu HeBbINONTHEHNH IAHHOTO YCIIOBH S HEOOXOIMMO YBETHIHUTD Shrip-
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H, A/m Hc‘f

Puc. 2. KpuBasi pasmMarHn4uBaHus IOCTOSIHHOI'O MarHUTa MOJ] ACHCTBUEM PeaKLUu sKops: Ay — paboyast TOUKa IOCTOSIHHOTO

MarHuTa B HOMHHAJIEHOM peKUMe paboThl reHepaTopa; A; — pabodast TOYKa MOCTOSTHHOTO MAarHUTA TP JICHCTBUH PEaKIiH

SIKOPSI; B3 — MarHUTHAsI HHAYKIHS PaOboUeii TOUKH MOCTOSTHHOTO MarHuTa MpH JICHCTBUH PEaKIUNU SKOpsl; Hy3 — HaIpsKeH-

HOCTh MaHUTHOTO TIOJI pabodeil TOUKM MOCTOSTHHOTO MarHUTA MPH ASHCTBUM PEAKIINNU SIKOPS; B, — OCTaTOYHAS HHAYKIHS

TOCTOSHHOTO MarHuTa; By, — MarHMTHas MHAYKIHs paboyedl TOYKH MOCTOSHHOTO MarHuTa B HOMHHAJILHOM PEXHMME PabOThI

reneparopa; /1, — HampsYKEHHOCTh MATHUTHOTO T0JIA paboueit TOYKM MOCTOAHHOTO MarHUTa B HOMHHATBEHOM pexnMe pabo-
ThI TeHepaTopa; /1, — KOSPLUUTHBHAS CUIIA 110 UHAYKIUM; FH ., — GUKTHBHAS KOOPUUTHBHAS CUIIA

Fig. 2. Demagnetization curve of a permanent magnet under the action of the armature reaction: 4, — operating point of

the permanent magnet in the nominal operating mode of the generator; 4, — operating point of a permanent magnet with an

armature reaction; Bys — magnetic induction of the operating point of a permanent magnet under the action of the armature

reaction; Hys — magnetic field strength of the operating point of a permanent magnet under the action of the armature reaction;

B, —residual induction of permanent magnet; B, — magnetic induction of the operating point of the permanent magnet in the

nominal operating mode of the generator; [, — magnetic field strength of the operating point of the permanent magnet in the
nominal operating mode of the generator; H, — inductive coercive force; H.,— fictitious coercive force

Pacuem nomunanvroeo pexcuma cenepamopa. HanpspkeHue Ha 3aKMMax reHepaTopa OmnpeesieT-
cs kak [16, 17, 20]

Ur = ESILC - Uo: (19)

rae Eojc — JefCTByoNIee 3HaYEHHE PeanbHol (HecuHycouaanbHoi) kpuBoi DJIC nBukeHus resepa-
TOpa, KOTOpasA y4YuThIBaCT 0COOEHHOCTH MMpOAO0JIBHOIO, IIOIICPEYHOT'0 UJINU KOMGI/IHI/IPOBaHHOFO N3MCHC-

HMs MAarHUTHOTO TOTOKA, TPOXOJSAIIEro yepe3 padbodyro oomoTky, B [15]; U, =1 H«IRIZ + (2TCfL0)2 — na-
JIEHVe HATIPSDKEHWS Ha COMPOTHBIICHUN padbodueit oOMOTKH, B.
AKXTHUBHas MOIIIHOCTb, OT/IaBaeMas FeHEPaTopoM B ceTh [17, 23], paBHa

P, = kUl (20)

Ecnmu HOMuHaAnNbHBIE nmapaMeTpbl reHEpaTopa HE COOTBETCTBYIOT 3aJaHHBIM, TO Ha COOTBETCTBY-
IOMIMX JTanax METOAMKH SJIEKTPOMATHMTHOIO pacyeTa KOPPEKTHPYHOTCSA MapameTphbl Vim, Swirips
W 1 pacdeT IMOBTOPSIETCS.

Pacuem nomepo u KIIJ[ cenepamopa. K 0OCHOBHBIM TIOTEPSIM I'eHEPATOPa OTHOCSATCS TEIJIOBBIC IO~
Tepu B pabdoueir ooMoTke (P, ,) u moTepu B ctayu MIIp reneparopa (P ;). [lo3TOMy OCHOBHEIE CyM-
MapHBIC IOTEPU B TEHEPATOPE PaBHBI

PZH = PH.M + PH.CT‘ (21)

TerutoBbIe IOTEpH B paboueii 0OMOTKe TeHepaTopa BEIYUCIISIIOTCS 10 BhIpaxkeHuIo [16, 20]

Pass = Tapage (14 0y (1 = 20%) Loy w(Sp) . (22)

.M
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MormmHOCTE TOTEPH B cTaiau MIIp mo nepBoii rapMOHUKE OTpenemseTcs Kak [16]

P =P 10(0,02/) kyme, B, (23)
YA~

IL.CT Tcrm>
50

Taep o — YA€IbHBIE OTepU B cTanu npu uHaykuuu 1 Ta u yacrote 50 I'n, Br/kr; B = 1,5; k; — koa¢-

YA 50
(1)I/II_II/I€HT TEXHOJIOTUYHOCTH; n. — Macca CTaJlnu MHp, KT.

KII/] reneparopa pacCUUTHIBACTCS O BBIPAXKECHUIO
n=[ B /(P + Py, +F,)]100 %, (24)

rine P, — JononHUTEeNbHbIe HeyuTeHHble notepH, Py = (0,01...0,05)P..
Oyenka menniogoeco COCMOSAHUs 2eHepamopa. YpaBHEHUs TEIJIOBOrO OajlaHCa B YCTAHOBUBIIEMCS
COCTOSIHUU MOHO 3amucatrh B Bujie [16]
P =0SsAt,, 25)

rae P — cyMMapHble rperomue norepy, BT; oy — koadduienT TennooTaaun NoBepXHOCTH KopIryca

IIPH €CTECTBEHHOM OXJaxkaeHuu, Br/(m?-°C); Sy — cymMapHas ILIOIAAb IOBEPXHOCTH KOpITyca, M%;

Af;, — IPEBBILIEHUE TEMIIEPATYPBI KOPITYCa HaJl TEMIIEPATY POl OKPYIKAKOLIEl cpejibl (IIEPErPEB KOPITYCa).
CyMMapHbIe TPEroIUe OTEPHU PABHEI

Pec=P,, +P

I.ct*

(26)

st pacyeTa o B IPaKTHKE MPOSKTUPOBAHUS PETYIUPYEMBIX CHHXPOHHBIX BEHTHIIBHBIX JBUTATE-
ne#t ¢ [IM nonbe3ytores popmyoit [16]

oy~ 9+0,067At,. 27)
[loncrasmnsg Berpakenue (27) B ypaBHeHue (25), moryunm
0,067S5 (AL)? +9Ss ALl — P =0. (28)

CornacHo ypaBHeHUIO (28), meperpeB KopIryca MOXeT ObITh OIPEAEIICH KakK

AL = (\/8IS§ +0,26855 P —9S ) /0,134Sz . (29)

YrpocTtus ypaBHeHue (29), momydum

AL ~\J4511+14,9PS5" —67,2. (30)

B BbIpa)keHHH HEe YYUTBIBAETCS TEINIOOTBOA B MECTaX KpPEIUICHUS TeHepaTopa K IPUBOIHOMY JIBU-
raTelIo WM HEKOTOPOIl TOBEPXHOCTH.
3uas Af,, neperpes 06MOTKH 1 [IM MOXKHO PaccuuTaTh Mo BeIpaxeHusM [16]:

A, ~ AL +(10+20 °C), @31)
Atjn = AL, —10 °C. (32)

B tex ciryuasix korna Atg, Aty,, Aty GOJIBIIE TOMYCTHMBIX 3HAYCHHI, MOXKHO yBEIHIHUTH Sy, (IIPH
HaJM4UM B 0OOMOTOYHOM OKHE MECTa), TEM CaMbIM YMEHBLIasl INIOTHOCTH TOKa B paboueit ooMoTke (J).
Ecnn ysennants Sy, 63 nu3MeHeHUS Sy U W HENB3S, TO MOXKHO JIMOO YBETMYIHUTD Sy, TPU COXPaHE-
HMU TIPEKHEH BETMYMHBI MHAYKIUH, JIM00 yBEIHIMTh MHIYKLHUIO, COXPAHUB NIpEKHEE Syp. B 000-
UX CIy4asx Sy, MOXET ObITh YBEIMYEHO 3a CUET OCBOOOAUBLIETOCA B 0OMOTOYHOM OKHE MecTa. Eciu
At,, At,,, At{jy MEHBIIE TOMYCTUMBIX 3Ha4YeHUH HA 10—15 %, TO MOXKHO yMEHBINATh Sy, TEM CAMBIM
yBeJIMYUBaTh J, 1100 yMeHbLIaTh TeomMeTprueckue pasmepsl MIIp [25].

Tpemuit s3man. ChopmupoBaB 00J1aCTh UCXOAHBIX TAaHHBIX, JaJilee HEOOXOANMO PENINTh 3a4a4y Ma-
pametpuueckoro anaiuza Ol BIIJI. AHanu3 pe3yiasTaToB MaTEMaTHUYECKOTO MOAETHUPOBAHMS AIIEKTPO-
MarHuTHBIX mporeccoB B DI BIIJ [14, 24] moka3aj, 9TO C y4eTOM BRIOpAaHHOTO KpuTepus (yAeIbHASL
macca My, = m/P;, rae m. — macca reneparopa [15]) neneByo QpyHKIHMIO «Macca/MOLMIHOCTEY LENECO-
oOpasHel Bcero 3anucarb B BUAEC

nps

Miy(Sprip, W) — min, 33)

rae Smrp, W — HEPEMEHHBIE C IIaroM M3MEHEHHsS Ag U A,, COOTBETCTBEHHO.
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Otnnune BeIpaxkeHus (33) mis pa3asix tTuno OI'BII/] 3akmrogaeTcss B P, KOTOpas MOXKET y4H-
ThIBATh OCO6GHHOCTI/I IIPpoOA0JILHOI0, MOIIECPEYHOr0 UJIN KOM6I/IHI/Ip0BaHHOFO N3MCEHCHHS MAarHuTHOI'O
MOTOKA, TPOXOJISAIIETO Yepe3 pabouyo 0OMOTKY, a TAK:Ke B KOHCTPYKTHUBHBIX pa3Mepax reHepaTopoB.

OrpaHuYeHus mapamMeTpoB pabOThl TeHEpaTOpa MPH ATOM 3amuchiBaroTes [14] cienyrommm obpa-
30M:

1) Vit > Virssan 2) B, <B,<By,; 3)B,<B 4) Uy o <U, <U

m cT max; r.3a112;
5) Pr.3a;[1 < Pr < Pr.3az[2; 6) n > nsaz[; 7) BK31 < BK3 <BK32; 8) 3 <11(3/11-1 < 4;
9) Aty AL L,

TZIE M, MNsax — PacueTHoOE U 3aaanHoe 3HaueHus KIIJ[ reneparopa; Pr, Prjan ¥ Prianp — pacueTHOE U 3a-
JTaHHBbIE 3HAYCHHUS HOMHMHAJIBHOM aKTHBHOH MOIIHOCTH, OTJAaBaeMOW reHepaTopoM B ceTb; U, Upjan
U U, 35,0 — pacdeTHOE U 3aJJaHHbIE 3HAYEHU I HOMHHAJIBHOI'O HAIIPSKEHUS! Ha 3a)KUMax reHeparopa; B, —
pacyeTHOE 3HAYCHHE aMIUTUTY bl MArHUTHOU MHAYKIKUU B MIIp reneparopa; Vv Vim. saq — pacueTHOE
W 3aiaHHOe 3HaueHus1 oobeMma [IM; I3 — pacueTHoe 3HaueHue Toka K3; Bz, Bxz | ¥ By, — pacueTHoe
¥ 3a/IaHHBIE 3HAYEHHS MATHUTHON MHAyKIuM padbodei Touku IIM B pexxume K3 reneparopa; By, By
v By, — pacueTHOE M 3a/IaHHBIE 3HAYCHUS MATHUTHON MHAYKIMU pabouet Touku [IM B HOMHHAIBHOM
pexunMe paboTsl TeHeparopa; Af,, Az‘isau1 — pacueTHOE W 3aJJaHHOE 3HAa4YEeHHMs MeperpeBa Kopiyca re-
Heparopa. IIpu 3ToM Py 5an1, Prsan2s Ursant ¥ Ursann 331a10TCA B 3aBUCUMOCTH OT TpeOyeMOi TOYHOCTH
pacueToB P u U, a TakXkKe ¢ y4eTOM yCIIOBHS J = ]HS;; ~Jsan-

Martemarndeckas MOCTaHOBKA 3aJaul NmapaMeTpuieckoro ananusa DI BIIJ[ 3akmitodaercs B BBISIB-
JICHUY 3HAYEHHS IEPEMEHHBIX Sy U W, 00€CIEYMBAIOIINX MUHUMYM YAEIbHOR Macchl (My, = My, min)
OI'BII/] 1 yTOBICTBOPSIIONINX 3aIaHHBIM OT'paHUYeHUsIM. J{ITsT peanu3anuu pa3padoTaHHOW METOTUKHI
napameTpudeckoro ananuza D BITJ] BeiOpan Mmeton ckanupoBanus [26].

C y4eToM BBIOpaHHOM 1esIeBOi (PyHKIIMU «Macca/MOMIHOCThY (33) W 3aJJaHHBIX OpaHUYCHUN Ta-
pameTpoB paboThI reHepaTopa 1-9 TpeTuit sTanm METONUKHU B ceds BKIIFOUaeT: pacuet oorema I1M re-
neparopa (Vv = ASwmrphtim), A€ A = Stim/Smrp AN pa3IMYHBIX MAPOK SIIEKTPOTEXHUYIECKUX CTalel
MOXET MPUHHUMATh pas3Hble 3HaueHus (3.1); pacueT MarHuTHOW MHAYKIMH padoueit Touku [IM B Ho-
MUHAJIEHOM peXuMe paboThl reHeparopa (3.2); pacueT aMIUIUTYAbBl MarHUTHON uHAyKnu B MIIp re-
HepaTopa (3.3); pacueT HampsOKEHHS Ha 3akuMax TeHeparopa (3.4); pacyeT HOMHHAJIBHOW aKTUBHOM
MOIIIHOCTH, OTJaBaeMoi reHepaTopom B ceTh (3.5); pacueT KII/] reneparopa (3.6); pacuet MarHuTHOM
uHAYKIuU padoueit Touku [IM B pexxume K3 renepatopa (3.7); pacuer Toka B padoueii 0OMOTKe re-
Heparopa B pexxume K3 (3.8); pacueT meperpeBa xopiyca reaeparopa (3.9); pacyeT yAenbHOW MacChl
reneparopa (3.10); BeiOOp My, = My, min ¥ COOTBETCTBYIOIINX €d 3HAY€HMU Sy, U w (3.11); pacuer
cymmapubix norepb u KILJI ¢ yyeTom 3nauenuit Sy, 1 w (3.12); yTouHEHHE NapaMeTpOB I'€HEPATO-
pa, TeOMETPUUYECKUX Pa3MEPOB M KOHPUTYPAlUA MATHUTHOW CUCTEMBI METOJIOM KOHEUHBIX JIIEMEHTOB
(MKD) (3.13). It aTOTO CTPOUTCS IBYXMEpHAsi KOHEUHO-3JIeMeHTHast Monienb (JIKOM) marautHoro
T0JIs1 TeHepaTopa.

OcHoBHBIMU dTanamu co3nanus JJKOM siBisitores [27]: BBOI reOMETPUYECKUX 00BEKTOB; 3aJaHIE
CBOKCTB Cpel, HCTOUHHMKOB IO (3aaHue TOKa B 00MOTKaX, Ayl 1IM — KOSpIUTHUBHOM CHIIBI) U T'pa-
HUYHBIX YCJIOBUU (Ha BHYTPEHHUX M BHEIIHMX T'PaHHIAX 0OJiacTed 3aJaloTCsl TPAaHWYHBIE yCIOBUA
Heiimana u Jlupuxie); moCTpOCHUE CETKHM KOHEYHBIX 3JIEMEHTOB BO BCEX OJIOKaX, BXOJSIIMX B pac-
YETHYIO 00JIacTh. 3aTeM IMOCPEICTBOM MaTeMaTHYeCKOM MOJeNr Ha OCHOBE ypaBHeHHUU Kupxroda
u IlyaccoHa 1J1st BEKTOPHOIO MarHUTHOI'O NOTEHI[MAJIa TPOBOAUTCS YTOYHEHUE HOMUHAJIBHBIX ITapame-
TpoB reHeparopa [28]. [Tocne vero mo JIKOM ocymiecTBIIeTCS YTOYHEHNE TEOMETPHICCKUX Pa3MEpPOB
u KoH(purypanuu marauutHor cuctemsl DI BII/I. Ha nanHOM sTane BBISBISIOTCS Hanbosee HACHIIICH-
HBIC YYaCTKH M YYAaCTKH, XapaKTEPU3YIOIIHUECS HU3KUMHU 3HAUCHUSIMU HANPSIKEHHOCTH MarHUTHOTO
TIOJISA, B TIENISIX OOECTIeUeH s Ty YIIeT0 NCIOIb30BaHUS dIIEKTpoTeXHHUecKor ctanu MIIp u ymensbie-
HUSI TEM CaMbIM €ro Macchl. Vcnonb3oBaHnne KOMOMHUPOBAHHOT'O MOX0/1a, COYETAIOUIETO TEOPUH TTOJIS
Y MarHUTHBIX IIeTIeH, K 2JIeKTpoMarHuTHoMY pacueTy OI'BIIJ[ mo3BOIUT COKpaTUTh 3aTpaThl HA UX CO-
3/IaHHE 32 CYET YMEHBIIEHUS IPOIOJDKATEIFHOCTH MMPOSKTHPOBAHUS U IKCIIEPUMEHTAIBFHON 10paboT-
K. MeTonuky napamerpudeckoro ananusa DI Bl MoxHO peacTaBUTh B BU/JIE aITOPUTMA, OJIOK-CXe-
Ma KOTOPOro IpejcTaBjeHa Ha puc. 3.
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Fig. 3. Block diagram of the parametric analysis algorithm for electric generators of reciprocating motion according to the
criterion of minimum specific mass

3akaouyenue. Pazpaborannas meronuka mapamerpudeckoro aHanuza OI'BILJ ¢ IIM mo3BomsieT
npu 3agaHHoM 3HadeHnn KIIJ[ BBISIBUTH 3HAYECHUS MapaMeTPOB MArHUTOIPOBOJA (IIOLIAAb IOIepey-
HOT'O ceueHwusl) ¥ paboueii 0OMOTKH (KOJTHUYECTBO BUTKOB), 00€CIEUNBAIOIINX MUHIMYM YJeIbHON Mac-
cbl reHeparopa. OTINYUTENbHBIMUA OCOOCHHOCTAMHU pa3paboTaHHON METOIUKH SIBJISIOTCS: UCIIOJIb30Ba-
HUE B Ka4ecTBE IeJIeBOH (PYHKIIMK MUHUMYyMa yaenbHoi Macchl DI BI1/] ¢ mpomonbHBIM, TOIEpeYHbIM
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WU KOMOWHHUPOBAaHHBIM M3MEHEHHEM MarHWTHOTO MOTOKA, MPOXOMSINEro depe3 padodyio 0OMOTKY;
KOMOMHHUPOBAHHBIN IMOAXO] K JICKTPOMAarHUTHOMY pacyueTy; YUeT BIHUSHHS pabodeil TeMnepaTyphl Ha
napameTpsl [IM, a Takxe neperpeBa oTaenbHbIX yacteit DI BIT/.

HayuHnas 3Ha4uMMOCTBH MOJYYEHHBIX PE3YJILTATOB 3aKJIIOYAETCS B Pa3BUTUM TEOPUU DIEKTPOME-
XaHUKU MPUMEHUTEIBHO K JJIEKTPUUYECKMM IE€HepaTopaM BO3BPATHO-NOCTYNATEIbHOIO JBHKEHUS,
a UIMEHHO B pa3pa0OTKe METOIUKHU MX MapaMETPUYCCKOTO aHaJIM3a IS YIy4IICHUS YHEPreTHISCKUX
¥ MaccorabapuTHBIX Moka3aTenei. [IpenioxkenHas MeToIrKa UCI0JIb30BaIach B TOCYIaPCTBEHHON MH-
SKEHEPHON KOMITAHUH.
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YMEHBIIEHUE TUHAMHWYECKOI'O JTUAITA3OHA WTH®PAKPACHBIX N30BPAKEHU
HA OCHOBE AJAIITUBHOI'O BBIPABHUBAHUSA, PACTSAKEHUA U COKATUSA
I'HCTOI'PAMMBI

AnHoTanus. PaccMaTpuBaeTcs 3aada yMEHBIICHHS JHHAMUYECKOTO IHMANla30HA W YIYYIICHUS KadecTBa WHQpakpac-
HbIX (MK) n3o00paxeHuii ¢ MIMPOKUM THHAMHYCCKHM JTHATIA30HOM JJIsl KX OTOOPasKCHHSI Ha )KUIKOKPUCTAJITMYCCKOM MaTpPUIIE,
MUKCEIH KOTOPOH UMEIOT pa3psaHOCTh 8 OUT. J{Jst peleHus: JaHHOM 3a/ja4u B ONTHKO-3JIEKTPOHHBIX IPUOOPax B peasbHOM
MaciTade BpeMeHH MIHPOKO UCTIONB3YIOTCS OJI0YHBIC aATOPUTMBI HA OCHOBE JIOKAJIFHOTO BEIPABHUBAHUS THCTOTPAMMBI C y4e-
TOM HX OTHOCUTEIIFHO HU3KOW BRIYHCITHTEIIBHON CII0)KHOCTH U BO3MOKHOCTH yUETa JIOKAJIBHBIX 0COOCHHOCTEH pacipeaeICHuUs
SIpKOCTH. Ba30BbIii aarOPUTM aIalITHBHOTO BRIPABHUBAHMSI THCTOTPAMMBI 00CCIICUUBACT IOCTATOYHO BBICOKOE KAueCTBO M30-
OpakeHMi mocne npeoOpa3oBaHms, HO MOXKET IPHUBOAUTE K YPe3MEPHOI KOHTPACTHOCTH ISl HEKOTOPBIX TUIIOB H300paskeHUH.
B MomudunnpoBaHHOM alTOpPUTME aIalTHBHOTO BEIPABHUBAHKS THCTOIPAMMBI KOHTPACT OTPAHWYUBACTCS € TOMOIIIBIO TOPOTa
3a CYeT YCCUCHHUS JJOKAJThHBIX MAKCHMYMOB Ha Kpasx ructorpammbl. OHAKO 3TO MPUBOIUT K YXYALICHUIO IPYTUX ITOKa3aTe-
Jiei KauecTBa n300paxkeHus. JIaHHbII HETOCTATOK CBOWCTBEHEH MHOTHM aJrOPHUTMAaM JIOKAJIbHOTO BRIPABHHUBAHUSI THCTOIPaAM-
MBI Hapsily ¢ OTPaHUYEHHBIMU BO3MOJKHOCTSIMH YIPABJICHUS XapaKTePUCTUKAMU Ka4eCTBA BOCIIPOU3BEICHUS H300pakeHHH.
J171st IOBBIIIIEHNUST Ka4eCcTBa M PaCIIMPEHUs] HHTEpBaja yIpaBiIeHUs XapaKTepUCTHKaMu BocponsseneHus MK-m3o0paxennit
MPEIOKECH aJITOPUTM JBOWHOIO YMCHBIICHUS IMHAMUYECKOTO JHANa3oHa M300paKEHUs C MPOMEKYTOUHBIM yIIPaBICHUCM
(dopmoii ero ructorpaMmsbl. JlaHHBIA aJTOPUTM OCYIICCTBISACT MPEABAPUTEIILHOS YMEHBIICHUE TUHAMHYCCKOTO JHana3oHa
1300pakeHNs Ha OCHOBE AalTHBHOTIO BBIPABHUBAHMS THMCTOIPAMMBI, YIIpaBieHHE (POPMOI THCTOrpaMMbl Ha OCHOBE €€ JIH-
HEITHOTO WJIM HEJIMHEHHOTO C)KaTHsl, TMHCIHOTO PacTsSHKEHUS ¢ EHTPATbHOW YaCTH M JIMHEHHOTO PacTsSHKEHUs (CXKATHUs) e
OOKOBBIX YacTell, OKOHYATEIIPHOE YMEHBIIICHUE JHHAMUYECKOTO TUaNa30Ha Ha OCHOBE JIMHEITHOTO CHKATHSI BCEH THCTOrPaMMBI.
[IpoBenieHO CpaBHEHHE XapaKTEPUCTHK MPEAJIOKSHHOTO aJlTOPUTMa C XapaKTePUCTHKAMH M3BECTHBIX alrOPUTMOB yMEHbIIIe-
HUS IMHAMHUYECKOTO TUara3oHa U yJIydIleHUs KauecTBa U300paxeHuil. I[IpuBeeHbl 3aBUCHMOCTH XapaKTEPUCTHK KayecTBa
BOCIIPOU3BE/ICHNS N300paKCHUH MTOCTIe YMEHBIICHHAS X JHHAMUYECKOTO TUara30Ha OT IapaMeTPOB YIIPaBICHUS TPEII0KEH-
HOT'0 aJITOPUTMA U PEKOMEHIALINH 10 X BEIOOPY C YUETOM BBIUMUCIUTEIBHOMN CIIOMKHOCTH.

KuroueBble cj10Ba: yMeHbIICHHE TUHAMUYESCKOrO TUAla30Ha M300pakeHH, MOBBILIICHHE KaueCTBa BOCIIPOU3BE/ICHHSI
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DYNAMIC RANGE REDUCTION OF INFRARED IMAGES BASED ON ADAPTIVE EQUALIZATION,
STRETCH AND COMPRESSION OF HISTOGRAM

Abstract. The problem of reducing the dynamic range and improving the quality of infrared (IR) images with a wide dy-
namic range for their display on a liquid crystal matrix with 8-bit pixels is considered. To solve this problem in optoelectronic
devices in real time, block algorithms based on local equalization of the histogram are widely used, taking into account their
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relatively low computational complexity and the possibility of taking into account local features of the brightness distribution.
The basic adaptive histogram equalization algorithm provides reasonably high image quality after conversion, but may result
in excessive contrast for some types of images. In a modified algorithm of adaptive histogram equalization, the contrast is
limited by a threshold by truncating local maxima at the edges of the histogram. This leads, however, to a deterioration in
other indicators of image quality. This disadvantage is inherent in many algorithms of local histogram equalization, along
with limited control over the characteristics of image reproduction quality. To improve the quality and expand the control
interval for the characteristics of the reproduction of infrared images, the article proposes an algorithm for double reduction
of the dynamic range of the image with intermediate control of the shape of its histogram. This algorithm performs: prelimi-
nary reduction of the dynamic range of the image based on adaptive equalization of the histogram, control of the shape of the
histogram based on its linear or nonlinear compression, linear stretching of its central part and linear stretching (compression)
of its lateral parts, final reduction of the dynamic range based on linear compression of the entire histograms. The character-
istics of the proposed algorithm are compared with the characteristics of known algorithms for reducing the dynamic range
and improving the image quality. The dependences of the characteristics of the quality of image reproduction after a decrease
in their dynamic range on the control parameters of the proposed algorithm and recommendations for their choice taking into
account the computational complexity are given.

Keywords: reducing the dynamic range of images, improving the quality of image reproduction, infrared images, histo-
gram equalization, control of the histogram shape

For citation: Rudikov S. 1., Tsviatkou V. Yu., Shkadarevich A. P. Dynamic range reduction of infrared images based
on adaptive equalization, stretch and compression of histogram. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya
fizika-technichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021,
vol. 66, no. 4, pp. 470—482 (in Russian). https://doi.org/10.29235/1561-8358-2021-66-4-470-482

Brenenne. [ oToOpakeHuss MHOTOpa3psAHbIX HHPpakpacHbIX n3o0paxenuit (MK-u3obpa-
JKeHUH) Ha KUJIKOKPUCTAIIINYESCKONH MaTPHUIIE, TUKCETN KOTOPOH UMEIOT MEHBIIYIO Pa3psaHOCTh
(kak mpaBuio, 8§ OUT), HIMPOKO UCIOIB3YIOTCS aJITOPUTMBI IPEOOPa30BAHUS IMHAMUYECKOTO JIHa-
nmasoHa. [Ipu aToM ocymecTBiseTcs koppekius MK-n300pakeHnil ¢ mepi0 MOBBIIICHU S KauyecTBa
ux Bocmupom3BeaeHus. s pemeHns 3TOW KOMMJIEKCHOW 3aladd MPUMEHSIOTCA aJlTOPUTMBI Ha
OCHOBE JHHEWHOTO, KYCOYHO-TMHEHHOTO W HEJMHEHHOTro mpeoOpa3oBaHus sipkocTH [1, 2]; BHI-
paBHuBaHusA ructorpammel (Histogram Equalization, HE) [3—5]; npeo6pa3oBanus [6, 7]; Mmonenu
YeJI0BEYECKOTO BU3YaJIbHOTO BOCIIPHUATHS [7, 8]; dunbTpannu 1 MHOTOKaHaJIbHOU 00paboTkm [9];
a Tak)ke THOpHTHEIE.

Jns yMeHbIIEHUS JWHAMUYECKOTO auana3oHa W yiydmeHus kadectBa WK-mzoOpakeHwmit
B ONTHKO-3JIEKTPOHHBIX prOopax Hanbosee 23 (HeKTUBHBI OJI0YHBIC aITOPUTMBI HA OCHOBE JIOKAJIb-
HOTO BBIPAaBHUBAHMS TUCTOTpaMMBbI [4, 5] Mo mNpuUYMHE UX OTHOCUTEIBHO HU3KON BBIYUCIUTEIBHOMN
CJIO)KHOCTH U BO3MOXKHOCTH y4eTa JIOKaJbHBIX 0COOCHHOCTEH pacupeneneHus sipkoctu. B anroput-
Me aJlallTUBHOTO BhIpaBHMBaHMS ructorpammel (Adaptive Histogram Equalization, AHE) [4] n3zo6pa-
JKeHue paszelisieTcss Ha Osioku. J[Jis IeHTpoB OJIOKOB HA OCHOBE MHTErpabHONU (YHKIIMU pacipee-
JIEHUS SIPKOCTEN BBIUHUCIAIOTCS 3HAUYEHU s BBIPAaBHUBAHM S, IO KOTOPBIM HHTEPIOIUPYIOTCS 3HAUYCHU S
ocTanbHbIX MHKcenend. Anroputm AHE obecrieunBaeT 40CTATOYHO BEICOKOE KA4€CTBO M300paKCHHH
mocJie mpeoOpa3oBaHusl, HO HE MO3BOJISICT YIPABIATH (POPMOI HHTErpaJbHON QYHKIIMHU pacipe/eie-
HUSI, YTO TPUBOJUT K UPE3MEPHOI KOHTPACTHOCTH JIJIsI HEKOTOPBIX TUIIOB M300pakeHnii. B anroput-
M€ aJanTHBHOT'O BHIPABHUBAHMS THCTOIPAaMMBI C orpaHnyeHnemM KoHTpacTHocTH (Contrast Limited
Adaptive Histogram Equalization, CLAHE) [5] nannass 0COOCHHOCTb YUYHUTBIBACTCS 33 CUET PETy-
JUPYEMOTO OTPAaHMYECHHS THCTOTPAMMBL. DTO TO3BOJISET YNIPABIATH KOHTPACTHOCTHIO B CTOPOHY
ee ymeHbmeHus mo cpapHennio ¢ AHE. Ho mpu camkenuun koHTpacTHOCTH B anroputmMe CLAHE
YXYIIATCH U JpYTHE TOKa3aTelln KayecTBa H300pakeHus (CpeHee 3HAUeHHe, CPEAHUN TpaIueHT,
SHTPOIHS, YUCIIO AeTajeil). laHHbIi HeqoCTaTOK CBOMCTBEHEH MHOTHM MOIHU(DHKAHSAM ajIropuTMa
AHE [10—12]. [IpuuwHa 3aKkat04aeTcs B BRIpABHUBAHUH THCTOIPAMMBI, CYIIECTBEHHO OCIa0IISIONIeM
pe3yabpTaThl 11000 npenkoppeknnu n3oopaxkenus. [loaTomy s3hexTrBHOE yIIpaBlieHHE XapaKTepH-
CTUKaMH M300paKeHHUsI IPH MPeoOpa30BaHUHU IUHAMHUUYECKOTO JUana3oHa BO3MOXKHO TOJIBKO HOCTE
BBIPaBHUBAHUSI THCTOrPaMMBbI. [Ipu 3TOM 1151 KOppeKIuu HEOOX0IMMO 00€CIIeYUTh TOCTATOYHO IIH-
POKUI TUHAMUYECKHI TUaa30H H300paKeHUsI.

Llenv pabomel — OBBILIEHUE KauecTBa M PacUIMPEHUE HHTEPBaJa YIPABICHUS XapaKTePUCTUKAMU
BocriponsBenienns MK-n300paxkeHuil mpy yMEeHbIIEHUN UX JTUHAMHYECKOTO AHAna3oHa 1Mo CPaBHEHUIO
C aITOPUTMAMHM aJIJAITUBHOTO BBIPABHUBAHMS THCTOTPAMMBI.
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IMocranoBka 3amaum. Ha pwuc.1, «a mpuBemeHa rtuctorpamMmma MK-m3o0paxeHus
Inpr = ||1HDR ( y,x)”(y:m,x:m) pasmepoM ¥ X X nukcenel o BEpTUKATIU U TOPU30HTANIH, 3HAYCHUS

MUKceneH iypg (), X) KOTOPOro NprUHAAJIeKAT AMHaMUYeckoMy auanas3ony [0, Lypgr — 1], rae Lypg — Konu-
YECTBO yPOBHEH KBAHTOBAHUS H300paskeHU IypRr, Lypr = 16 384. 3HaUeHUS THCTOTpaMMBI COCPEIOTOYC-
HBI B IIeHTpe (xapaktepHo st Jannmadraeix UK-uzo0paxennii). B anropurme HE [3] BeipaBHUBaHUME

rucrorpammsl (puc. 1, b) u popmuposanue usobpaxenns Iyg (L pg ) = ||iLDR (Lipr» y,)c)”(y=m w0 )

(puc. 1, ¢) ¢ nuaamuyeckuM auamna3zoHoM [0, Ly pr — 1] (L pr — KOTHYECTBO YPOBHEH KBaHTOBAaHUS H30-
opaxenns Iyg (L pr), LLpr < Lypr) OCYIIECTBIACTCS B PE3yIbTaTe MEPEONpenecHUs 3HAYCHU N TTHKCe-

JIeil HCXOHOrO H300pakeHNs Ha OCHOBE BekTopa H (Lipr )= ||hE (Lipr»! )”( BBIPAaBHHBAHUS

1=0,Lypr 1)
C MOMOIIIBIO

i pr (LiprsY>x) = hg (LLDR iR ( y,x)) npu y=0,Y -1, x=0,X —L (1)

3HaueHus BeKTopa Hy (LLDR) BBIYMCJIAIOTCA HAa OCHOBE BEKTOpa Hpp = ||hCDF (l )”( Py —

) 3Ha-

YeHUU MHTErpaJIbHON (QYHKIMH pacipeaesieHus! SPKOCTEeH CIeqyomuM 00pa3om:

—1)(A /)—min(H -
hy (LLDR N ) = (LLDR ( Y))S' —Clr)jii () H mm)() S )) npu/=0,Lypg —1, )
CDF

rae hcpr(0) = hppr(0); Acpr(l + 1) = hgpr(l + 1) + hcpp(l) npu [ = m; hypr(/) — 2MEMEHT THCTO-
rpamMmel Hypp = ”hHDR (Z)"(

IIEJI0T0 C HEOCTATKOM.

BripaBHUBaHUE THCTOrpaMMbl Ha OCHOBE BbIpaxkeHUs (1) He Y4YHTHIBAE€T JIOKAJIbHBIE OCO-
OCHHOCTH pacmpeneneHus sipkocteil mukcene. B amroputme AHE [4] ucxomnoe wu3o0pakeHme
Iypr nenutcs Ha ByX By OJIOKOB 10 BEPTHKAIU M TOPU3OHTAIH pasMepoM Y XX 1O BepTUKa-
U W TOPU3OHTAIH, JUIS IIEHTPOB KOTOPBHIX C ITOMOIIBIO BBRIpKEHHS (2) (GOPMHUPYIOTCS BEKTOPHI
Hg ( yB,xB,LLDR)znhE ( yB,xB,LLDR,l)”( ) BBIDAaBHMBaHMs B Npejenax OJoKa, IIe Vg, Xg —

—| MCXOJIHOTO M300pakeHus [ypR; L J — orepanus OKPYTIICHHUS 70
1=0,Lpr 1)

1=0,Lyypr —1
KOOpZAMHATHI LeHTpa O1o0Ka, yg =0,8y —1, x5 =0,By —1. 3aTeM Ha OCHOBE 4eTBHIPEX, TPEX MM ABYX
(B 3aBHCHMOCTHU OT TIOJIOKCHHsSI Ha M300paKCHUU HWHTEPIOIUPYEMOTO THKCENsl) BEKTOPOB BhIPABHU-
BaHUS CMEKHBIX OJIOKOB C TIOMOIIBIO MHTEPIOISLUN ONPEACIAIOTCS OCTaJIbHbIC 3HAYCHUSI MUKCeIeH
iane(LipRr, V» X) u300paskenust Iayp(Lipr) ¢ AmHAMUYECKUM nuamazoHoM [0, Ly pr — 1], 9TO mO3BOIISIET
CHHU3HUTb BBIYMCIUTEIBHYIO CIOKHOCTH IPpeo0pa3oBanusl. B meHTpaibHON YacTh N300paKeHUs HHTEP-
TTOJISAIIHS OCYIIECTBIISIETCA HAa OCHOBE BEKTOPOB BEIPABHUBAHHUS YETHIPEX CMEKHBIX OJIOKOB C TTOMOIIIBIO
BBIPAKEHUS

i pr (Lipgr » V> X) = Coolig (yB’ Xg> Ly pg » bupr (V5 x)) + oMy (yB +1,Xg, Ly > fypg (yax)) +
+¢o (yB’xB + 1L L pgs fpr (y,x)) +ophy (yB +1Lxg +1, Ly dypp (yax)) ©)
npu y = yp¥y, (v + DYy =1, x=x, Xy, (x5 + DX — 1,

TJI€ Coo, C10> Co1> C11 — BECOBBIE KOIPPHUIIUEHTHI (Coo + C19 T o1 + €11 = 1), ompenensromue BKIaI 3HaUC-
HHs BbIpaABHUBAHUA KaXX10I'0 6J10Ka.

Paznenenne n3obpaxenus Ha O0moku B AHE mosBonisieT amanTupoBaThcs K CTPYKType u300pa-
xeHus (puc. 1, d), XoTs u He o0OecreurBaeT PaBHOMEPHOCTh INI00AJIBHOM TUCTOrpamMMebl (puc. 1, e).
J71s HEeKOTOPBIX M300paKEHUH, COAEPIKAITUX B OCHOBHOM CBETJIbIC W TEMHBIE 3JIEMEHTHI (YTO COOT-
BETCTBYET JBYM IHMKaM Ha KpasX THCTOrpaMmbl), mpumeHnenne AHE npuBoguT x uype3aMepHON KOH-
TPACTHOCTH U POCTY 3aMETHOCTH myMa. B TakoM ciydae 3 peKTHBHBIM MOXKET OKa3aThCs aJTOPUTM
CLAHE [5], B KOTOpOM MNpeaycCMOTPEHO OTPaHMYEHHE KOHTPACTA C MOMOIIBIO0 COOTBETCTBYIOIIETO
nopora. JlauHeiit anroputm ocHoBaH Ha AHE, umeer 0oree BHICOKYIO BPEMEHHYIO U COM3MEPUMYIO
MPOCTPAHCTBEHHYIO CIOHOCTh M YaCTO UCIIOJIB3YETCS JIJIS yIydIIeHUs] N300pakeHul 3a cueT yceue-
HUS JIOKAJbHBIX MAKCUMYMOB Ha Kpasix ructorpammbl. OnHako 1 MK-n3o00paxkeHuii ¢ XxapaKTepHO
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Puc. 1. TIpeo6pazoBanubie NK-u300pakeH st 1 THCTOTPAMMBI SIPKOCTEH: ¢ — THCTOrpaMMa HCXOIHOTO H300paXkeHusl, b — ru-

CTOrpaMMa H300pakeHHs MOCiIe BBIPABHUBAHUS, ¢ — H300pa)KeHHe MOCIe BBIPABHUBAHUS, d — FTHCTOrpaMMa M300pakeHU s

MOCJIE aIallTUBHOTO BRIPABHUBAHUS, € — H300pakeHHe 10CIIe aJallTHBHOTIO BEIPABHUBAHMUS, f — THCTOrpaMMa H300paskeHH s
TI0CJIe aJJalITHBHOTO BEIPAaBHUBAHMS C OTPAaHUIEHHEM KOHTpAcTa

Fig. 1. Converted IR images and brightness histograms: a — the histogram of the original image, » — histogram of the image
after equalization, ¢ — image after equalization, d — histogram of the image after adaptive equalization, ¢ — image after
adaptive equalization, f— image histogram after adaptive equalization with contrast limitation
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KOHIICHTpaIliel 3HaUeHNH B MEHTPaIbHON YacTH ructorpaMmsl (cM. puc. 1, a) anroputm CLAHE ne-
3¢ deKTrUBeH (ero UCTIONb30BAHKUE MPUBOIUT TOIHKO K HE3HAYHTEIEHOMY PACTSIKEHUIO THCTOTPAMMBI
o pasuenuio ¢ AHE, puc. 1, f).

Jns  VK-usobpaxennii I pp = ippg ( y,x)”( pasmepom 640 X480 nmkceneit

y=0,Y-1,x=0,X-1)
(cM. puc. 1), momy4eHHBIX B pe3ysibTaTe NpeoOpa3oBaHUsl JUHAMHYECKOrO IUana3oHa ¢ MOMOIIbIO ajl-
roputmoB HE, AHE, CLAHE, B Ta6:n. 1 npuBenens! rnodansHble (CpeqHue o 010KaM) 3HaYEHHUS cpell-
HEH sipKkocTu V), KOHTPACTHOCTH (CTaHIApTHOTrO OTKJIOHeHUS) Dgr, cpeqHero rpaguenta G, SHTPO-
nuu £} 1 KOTM4ecTBa JIOKAJIBHBIX 3KCTPEMYMOB V| g, BBIYHUCIISIEMBIX C TOMOIIBIO BBIPAKEHHH:

1 Y-lx-1

M zﬁygogbium (y,x), 0]
1 Y=tx-1 N
Dgr= =2 X (’LDR (yvx)_VM) > ®)
Yx y=0 x=0

1 ¥ x5 |(dippg (y,x)/dy)2 +(dirpr (y,x)/dx)z

o 6

AT yx EO)ZE) 2 | )
L-1

Ey = _E)P(iLDR (1))1og, P(irpr (1)), "

NLE = NLmax + NLmin ’ (8)

rae dippr(y, X)/dy n diypr(y, X)/dx — BepTUKAIBHBIN U TOPU3OHTAIBHBIA TPATUCHTHL, L = 28 1 - 6u-

ToBas ryonHa n3o0paskeHus; P(i pr(/)) — BEpOATHOCTH MUKCENS CO 3HAUECHUEM /; Ni . — KOTUYECTBO
JIOKAJIBHBIX MAKCUMYMOB; N| i, — KOJTHYECTBO JIOKAJTBHBIX MUHUMYMOB.

N3 Tabm. 1 caenyet, uto AHE mpeBocxogut

Ta6nuna 1. TCaodanbuble (cpegnue HE u CLAHE mno Bcem mokasaTejisiM KadecTBa,

no 0J0kam) xapakrepuctuku UK-n3o6pakenus ycrynas Tonsko CLAHE no cpemueif sipkocTH.

nmocJje npeoﬁpasoBaHnﬂ AUHAMHUYECKOIo Juama3soHa HpI/I STOM CLAHE He MMO3BOJIIET praBH}ITB Xa-

¢ MOMOUIBIO PA3JINYHBIX AJTOPHTMOB 5
Table 1. Global (block-averaged) characteristics PaKkTCpUCTHKAMH H300PAKCHUA, & TOJBKO yMCHB-

of the IR image after dynamic range conversion using MICHUCM KOHTPACTHOCTH, HYTO COIIPOBOXAACTCA
various algorithms YXYALWICHUCM U APYTUX XapaKTCPUCTHUK.

,H.H}I IMOBBINICHUA Ka4e€CTBAa M PACIIUPCHUSA

AH;;:';E’C‘T';‘;'E;;?«T W | Dst | Ga | B | M MHTEpPBAJa YIPABICHHUS XapaKTePHCTHKAMH BOC-

HE 1268 | 329 | 46 | 62 | 23991 npomsBeneHuss MK-u3o00pakeHuld Mpu yMEHb-

AHE 130,8 | 57,1 10,5 | 7,46 | 35082 MICHUHW AUHAMHWYCCKOIO Aualra3oHa HCOﬁXOL[I/IMO

CLAHE (mopor 0,7) | 129,5 | 56,6 | 10,3 | 7,45 | 35057 Hp606pa3OBaHI/Ie, napamMeTpbl KOTOPOro MOryT

CLAHE (mopor 0,5)| 123,8 | 543 | 9.8 | 7.39 | 35002 | OBITh IOZOOpaHBI C y4ETOM PACHPEICICHHUS 3HA-
CLAHE (ropor 0,3) | 109,9 | 48,6 | 8,5 | 7,23 | 34420 | YEHHMH B IMCTOrpPaAMME MCXOHOTO U300paKEHHUS,

a B ciaydae manmmadTHRX MK-m3o0paxeHuit —

KOHIICHTpAallMM 3HAYeHUW B LIEHTPaJbHOW 4YacTu
rucTorpamMmsl. Takoe mpeoOpa3zoBaHUe JOJDKHO HE TONBKO PACTATHUBATh LEHTPAIBHYIO 4acTh THCTO-
rpaMMBbI ¢ OONBIINHCTBOM 3HAYEHHUH, HO C YYETOM €€ OTHOCHTENIBHOH Y30CTH eIlle W COXPAaHAThH 3Ha-
YEeHHS ClIeBa M CIIpaBa OT Hee. DTO TO3BOJIUT YBEIWYUTh 3HAYEHUS HA KpPasxX THCTOTPAMMEBI U TOBBI-
CHUTH 32 CYET 3TOTO0 KOHTPACTHOCTH M APYTHE XapaKTePUCTUKH M300paxkenus. CienoBaTenbHO, UMEET
CMBICTI HCIIOJIb30BaTh COYETaHUE HETMHEHHOTO CHKAaTHS W JIMHEWHOTO PACTSIKEHHS THCTOTPAMMBI IS
MTOBBITIICHNS] KOHIIEHTPAINH 3HAUCHUH B €€ IEHTPAIbHON YacTH, a TAKXKE Pa3eUTh THCTOTPaAMMY TS
CXKATUSA M pacTsDKeHHS Ha Tpu dacTu. CkaTwe W pacTshKeHHe dactel (ympamieHue (Gpopmoid) TUCTO-
TpaMMBI JIOJDKHBI OCYIIECTBIISATHCS TOCIIE BHIPABHUBAHUS C IENIBIO COXPAHEHUS WX PE3yNBTaTOB, HO
B JIOCTATOYHO MIMPOKOM JHHAMHYECKOM JTMATNIa30He ISl HCKJIIOUEHU TPOPEKUBAHUS 3HAYEHUH THCTO-
rpaMMBbL. DTO TpeOyeT NBOHHOTO YMEHBIICHUS] THHAMHYECKOTO JMAara3oHa: MpeIBapuTEIbHOrO — Ha
OCHOBE aJJalITUBHOTO BEIPABHUBAHUS U OKOHYATEIIFHOTO — HA OCHOBE JINHEHHOTO CKATHS TUCTOT PAMMBI
C IPOMEKYTOUHBIM YIIpaBlieHUEM (POPMOIl THCTOTPaMMBI.
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Takum 00pa3oM, OCHOBHBIMH 3a/JadaMU SIBISIOTCS pa3paboTKa MONENTH W aJrOpHTMa JIBOHHOTO
YMEHBIIICHUs TUHAMUYecKoro nuanazoHa MK-m3o0pakeHusi Ha OCHOBE aJlalTUBHOTO BhIPAaBHUBAHWS,
PaCTSKEHHS U CXKATHS TUCTOTPAMMBI, @ TAK)Ke MCCIIeIOBAHIE 3aBUCUMOCTEH KauyecTBa BOCIPOU3BE/Ie-
Hust UK-u300paskeHuii 0T mapaMeTpoB 3TOT0 MPpeoOpa30OBaHMUsL.

IIpensnaraempie Mo/ieJIb U AJITOPUTM yMeHbIIIEHUs TMHAMIYecKkoro quana3ona UK-u3zoopa:kenuii.
J1ns TIOBBINIICHUST Ka4eCTBA M PACIIMPCHHS MHTEPBaJia YIPABJICHHS XapaKTEPUCTUKAMH BOCIPOU3-
BeneHus MK-n3o0paxeHuit mpu yMEHBIICHHH WX JAMHAMHAYECKOTO IUara3oHa IpeiaraeTcs Ipe-
obopazoBanne HECS (Histogram Equalization, Compression and Stretching) — aganTuBHOE BbIpaB-
HUBaHWE, PACTSHKEHHE W CKaTue ructorpamMmbl. CyIIHOCTHh MPeoOpa3oBaHHS COCTOMT B JIBOMHOM
YMEHBIIICHUN JUHAMHYECKOI'0 Jhara3oHa H300paKeHUs ¢ MPOMEXKYTOYHBIM YIIPaBICHUEM (OpPMOi
€ro TUCTOTPaMMEI 33 CYET €€ YaCTUYHOTO pacTshKeHus u cxkarus. [IlpeoodpazoBanne HECS ocymect-
BIISICTCSl B TPH 3Tara.

1. [IpenBapuTenbHOE yMEHbBIIEHHE JMHAMUYECKOTO quana3oHa n3oopaxenns 1o [0, Lypr; — 1] Ha
OCHOBE aJIalITUBHOI'0 BBIPABHUBAHUS TUCTOIPAMMBI 110 BhIpaxeHUO (3) — hopMuUpyeTCcsi N300paKeHHUe
Iaue(Lipr1) ¢ muHEaMuYecKuM nuamnazoHoM [0, Ly pr; — 1].

2. Ynpasnenue GOpMOil THCTOTPaMMBI.

2.1. CxxaTue THCTOrpaMMBI Ha OCHOBE ABYX ramma-QyHKITHi ¢ koapdunuenramu G u Gy, IpumMe-
HSIEMBIX K IBYM 4acTsAM IuHamuueckoro auanasona [0, 7 — 1] u [1G + 1, Ly pry — 1], KoTOpBIC pazaens-
foTcs Ha ypoBHE T = Kg(Lipr1 — 1) o xkoadumuenty Kg, — popmupyetcst mzobpaxenue Ig(Kg, G,
Gy) ¢ nuHamMuueckuM quanazoHoM [0, Ly pry — 1] (pu G = Gy = 1 cxkaTue nuHeiHOE).

2.2. JlunediHOE paCTSHKEHHE IIEHTPATBHOM YacTH THCTOIPaAMMBI, OTPAaHHMYCHHON JWHAMHYCCKAM
nmuanaszoHoM [T, Lipr; — 1 — T] mo nopory 7, ¢ koadpdunuentom (Lypri — 1)/(Lipri — 1 — 27) u nu-
HEHHOE pacTsDKeHHUE (CkaTre) OOKOBBIX YacTel TUCTOTPAMMBI, OTrpaHUYCHHBIX auanazonamu [0, 7 — 1]
u [Lipri — T, Lipri — 1] no nopory 7, ¢ koapduuuenramu 71 /T u Tr/T — popMupyeTcst n300paxeHue
Ics(T, T, Tr) ¢ muHaMuYeckuM auanazonoMm [0, Ly pr; — 1].

3. OkoHYaTeNnbHOE YMEHBIICHUE TUHAMUYECKOro auanasona ao [0, L; pro — 1] Ha OcHOBE MHEIHO-
IO CKaTHS THCTOTPaMMBI ¢ Kod(durueHToM Li pro/Lipri — Popmupyercst mzobpaxenue Iygcs(Lipro)
¢ IMHaMUYeCcKUM auarnazonom [0, Ly pro — 1].

Otan 1 nmpeobpaszoBarus HECS onmuceiBaetcs dopmynoit (3). s omucanust 2-ro u 3-TO 3TAmoB
MPEJIATatoTCs CIASNY OIS BhIPAKCHUSL:

1
|:TG (iAHE(LLDRlaJ’ax)/TG)GL } pH iy (Lypris Y, X) < T

. iapg (LipRr1»Y»X) TP izgg (L pri> Y, X) =15,
ig (K. G, Gy y.x) = [ 1 } ©)

Tg +(LLDRI _1_TG)(I_(iAHE(LLDRI’y’x)_TG)/(LLDRI _1_TG))a
pu izpg (Lypri»Y>X) > 1o,
I:(LLDRI _1)(iG (yax)_T)/LLDRl _1_2T] 1Ipn (iG (»,x) >T)/\
Aig(1,x) < Lipg; —1-T),

] T5T ’T s Vs = (10)
(I Ter )= o 7] i () <T.
Ly pri —1+[TR (iG(yax)_(LLDRl —1))/T] npu i (y,x)> Lipg; —1-T,
inpcs (Lipra»YsX) = [ics (¥:X) Lipra /LLDR1:| (1D

mpu y=0,Y -1, x=0,X -1

AnroputMm HECS nBoHiHOr0O yMEHBIICHHUS! THHAMHYECKOI0 AMANIa30Ha U300PaKEHHS ¢ IPOMEXY-
TOYHBIM YIPaBJICHUEM (POPMOK €ro rUCTOrpaMMbl, OCHOBAaHHBIN Ha BbhipakeHusX (3), (9)—(11), cocrout
U3 CIEQYIONINX OCHOBHBIX II1aroB.

Bxox: Iupr, LLpr1> Lipr2s KGs GL, Gu, T, Ti, Tr, By, By.

Onpexnenenue pasMepa n300paxenus lypr: GopMUpYIOTCS 3HaUeHHs Y, X.
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YMeHblIeHHE TUHAMUYECKOr0 AMAlla30Ha HAa OCHOBE aJalTHBHOTO BBIPABHUBAHUS THCTOIPAM-
™Mbl o anroputmy AHE (atam 1): dpopmupyercs nzobpaxenne /ayg(Lipr)) MO BeIpaxeHuto (3) mis
By X By 610KOB.

Cxatue ructorpaMmsl (JnaeiiHoe pu G = Gy = 1, Henunelnoe npu (G > 1) v (Gy > 1)) (9ran 2.1):
(hopmupyercs uzodpaxenne /g(Kg, G, Gy) o BeipakeHuo (9) B ke mo ¥ X X TUKCEIAM.

JInHeliHOe pacTsyKeHHE TIEHTPATbHON YacTH THCTOTPaMMBI B JTHHEHHOE pacTspKeHne (Ckarue) 0o-
KOBBIX 4acTel TuctorpamMmsl (3tan 2.2): dopmupyercs nzodpaxenne Ics(7, 71, Tr) o Beipaxkeruto (10)
B uKJje mo Y X X MuKcessm.

YMeHbllIeHHe JMHAMHYECKOro Juana3oHa Ha OCHOBE JIMHEHHOIro CiKaThs BCel THCTOrpaMMBI
(otan 3): popmupyetcs nzodpakenue Iygcs(Lypry) Mo Beipaxkenuio (11) B ke mo Y X X mukcemsam.

Boixon: Iyecs(Lipro2)-

Pe3ynbTaTsl H oneHka 3()GeKTUBHOCTH PadoThHI aJaropuTmMoB. 13 seipakenni (3), (9)—(11) crue-
JIyeT, 4TO MPU TMOCTOSHHBIX 3HAYCHUSAX Yg, Xg, L1 pr1, L1 pr2 PE3YAbTaTH MpeodpaszoBanust HECS 3aBu-
CAT OT IIecTH mapameTpoB: {Kg, G, Gy, T, T, Tr}. Ha puc. 2 npusenenst 3aBucumocts f = {Vy, Dsr,
Gy, E1, NLg} OT 5THX ITapaMeTpoB, 0003HAYEHHBIX depe3 nepemernyio S (S = {Kg, Gi, T, 1.}, GL = Gy,
Ty = TR) npu Lipr; = 2% Lipra = 2% s M300pakeHusi, IPUBEAICHHOTO Ha puc. 1. 3HaueHne AL =
Lipr1 — Liprz oOecrieunBaeT 3amac Mo AMHAMUYECKOMY JAMANa3oHy JIsl pacTsDKEHHST HEOOXOJUMOTo
(parmeHTa TUCTOrpaMMEI B 4 pasa.

U3 puc. 2 caenyet, uro jis anroputma HECS cymectByror Habopsl napamerpoB {Kg, Gr, Gy,
T, Tr, Tx}, obecnieumBaromue JIydnne XapakTepucTuku {Vy, Dst, Ga, Er, N g} TIO CpaBHEHHIO C ajTo-
putmamu HE, AHE nu CLAHE (ta6mn. 2, puc. 3, a, ). 3To cripaBeyTMBO KakK I TUHEIHOTO, TaK U He-
JMHEHHOTO CKaTHs TUCTOrpaMMBbl Ha 3Tarie 2 npeodpazoBanust HECS. U3 tabin. 1 u 2 cnenyer, 4To npu
TaKOM € OTKJIOHEHUH OT CpeAHero o cpaBHeHHIo ¢ anroputMoM CLAHE HenuHeliHoe cxxaTtue rucro-
rpammel B anroputmMe HECS mo3BoisieT MoBBICHTE T'PAJIUEHT, SHTPOMHUIO U ACTAIU3AIUI0 N300paxe-
HUS I0CJIE YMEHBILICHHS] JUHAMHYECKOro [uana3oHa. HenuneliHoe cxxaTue THCTOIPaMMBbI B aJITOpPUTME
HECS mo3BomnsieT Takke orpaHuduTh KOHTpAcT. [Ipuyem mpu orpannydeHny KoHTpacTta (mapametp Dgr)
Ha TakoM ke ypoBHe, kak B anroputMe CLAHE, anroputm HECS oGecnieunBaeT npuMepHO TaKyIo e
sHTponHio (mapametp E) u Goree Boicokue 3HaueHUs G U Ny g (Ipu OOJIbIIEM OTKIOHEHHH CpPEIHEH
sapkocTH ot 128) (cMm. Tabm. 2, puc. 3, ¢). 13 puc. 3 Takke cleayerT, 4To 3a CUeT U3MEHEHHS TapaMeTpPOB
anroputma HECS Bo3MOXHO ympaBiienne (popMoii THCTOrpaMMBbL: Ha PUC. 3, @ TICHTpaJibHAsS U OOKOBBIE
YaCcTHU FUCTOrPaMMbl IPUMEPHO OJMHAKOBBI I10 aMILJIUTY/E; Ha pUC. 3, b OOKOBBIC YACTH TUCTOIPAMMBI
npeobiaaaoT HaJ HEHTPaIbHOH; Ha pHC. 3, ¢ IEHTpaJIbHasl 4acTh THCTOrpaMMbl TpeobianaeT Haj 60-
KoBBIMH. IIpn 3TOM, Kak cienyer u3 puc. 2, UHTEpBaJl yIPABJIECHUS XapaKTEPUCTUKAMHU BOCIIPOU3BEIC-
Hust MUK-m300pakeHnii CymecTBeHHO pacimupseTcs no cpaBaeHuno ¢ anropurmom CLAHE.

BpemenHas cioxHOCTD C?ECS anroputma HECS omeHeHa Ha ocHOBe 4mncIa omnepanuii oopamieHus
K NaMsITH, KOTOPOE COCTaBISAET

CHECS _ CAME | 3yx, (12)
AHE AHE _
rae Cr " — BpeMeHHast ciioksocTh anroputma AHE, Cr™ = 5YX +(2Lypg + Ly pry ) By By -
BpeMeHHast CIIO)KHOCTH CTCLAHE anmroputMa CLAHE ompenensercs Ha OCHOBE C?HE c yue-

TOM YHCJIA Ofeparuil oOpalieHnus K MaMsATH JJIs OrPAaHUYCHHUS KOHTPACTA C TMOMOIIBIO BBIPAKCHHUSI
CLAHE _ ~AHE
ITpoctpancTBenHas ciaoxkHocTh Cg > (6ut) anroputma HECS onenena Ha ocHoBe o0bema Oydep-
HOW maMATH (OUT), KOTOPBIA COCTABIISIET

HECS _ ~AHE

Cs =Cg  + YX(Zlogz (LLDRI ) +log, (LLDR2 ))’ (13)

rne C ?HE — IpPOCTpPaHCTBEHHAas cioxHocTh anroput™Ma AHE, C ?HE =log, (YBX B )(LHDR (2 + By By ) +

+ Ly pr By By ) +YXlog, (LLDRI ) CLAHE AHE
ITpoctpancTBeHHas cinoxkHOCTE Cg anroputma CLAHE onpenensercs Ha ocHoBe Cy

c ydeToM oObema OydepHOil maMsATH (OMT) IJIS OrpaHWYEHHUS KOHTpAacTa C TIOMOIIBIO BBIPAKEHUS
CLAHE _ ~AHE
Cs =Cs " +2Lypg log, (Y5 Xp)-



Becui HaupisinanbHaii akagsmii HaByk benapyci. Cepbis disika-ToxHiunbIX HaByK. 2021. T. 66, Ned. C. 470-482

477

l/M133
132 F
131 F
130 |
129 |
128 |
127 T
126 |
125
o 17 £ 765
A |
16 760 T
15 | 7,55
14} 7,50 |
13} 7,45
12} 7.40 |
11 F 735 |
10" 7.30
9l 7,25
8 7.20
48X104
NLE ' -
46 6 -
|
44 -2’ 5 1
3.7,7
4.2 - , 1
s 7’
i P
40 s R -
38| wEem T
, e
R A R —
34 [
5
. (o) S
1 2 3 4 5 6 7 8 9

Puc. 2. 3aBucumoctn xapakTepucTuk nzobpaxkenus (@ — Vy, b — Dgr, ¢ — Ga, d — E|, e — N g) OT mapaMeTpoB aJropuTMa
HECS: xpuBas [ — f(Ty) npu GL = 1, T=0,1, Ty = 0..4; xkpuBas 2 — f(Ty) npu Kg = 0,5, GL =2, T=0,2, T =0..2; kpusas 3 —
A0y npu G =1, T =1, T=0..0,4; kpusas 4 — (T) npu Kg=0,5, G = 1,5, T, = 1, T=0..0,4; kpuBas 5 — f(GL) npu Kg = 0,5,
=03, T =1, GL = 1..1,84; kpusas 6 — f(Kg) npu G = 1,2, T=0,3, T = 1, Kg = 0,46..0,54; xpuBas 7 — AHE; xpuBas § —
CLAHE
Fig. 2. Dependences of the characteristics of the image (¢ — Vi, b — Dsrt, ¢ — Ga, d — Ej, e — Nig) on the parameters of the
HECS algorithm: curve I —f(Ty) at G, =1, T=0.1, T, = 0..4; curve 2 — f(Ty) at K5 =0.5, G =2, T=0.2, 7. = 0..2; curve 3 —
f(atGL=1,T.=1,T=0.04; curve 4 — f(T) at K5 =0.5, GL.= 1.5, T, = 1, T=0..0,4; curve 5 — f(GL) at K5 = 0.5, T= 0.3,
TL=1,GL=1.1,84; curve 6 — f(Kg) at GL = 1.2, T= 0.3, T = 1, K5 = 0.46..0.54; curve 7 — AHE; curve § - CLAHE

Tabanuma 2.

I'nobanbubie (cpeanue no 6joxkam) xapaktepuctuku UK-u3zodpaxenus

1nocJie Npeodpa3oBaHus IMHAMHMYECKOr0 AUANAa30Ha ¢ noMombio aaropurma HECS

Table 2.

Global (block-averaged) characteristics of the infrared image after conversion

of the dynamic range using the HECS algorithm

XapakTepucTHKU H300pakeHus
3HavyeHUs TapaMeTpoOB aJiropuTMa
m Dst Ga E Nie
GL=1,0,T=0.25T =1 128,3 73,8 15,1 7,61 44202
K=0,52;G.=1,2;T=0,3;T.=1 1277 70,4 15,5 7,63 45484
K5=0,5 GL=1,58,T=0,13; I = 1 131,5 56,5 10,7 7,46 37564
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Puc. 3. M306pakeHust 1 THCTOrpaMMBbI IIOCJIE YMEHBUICHUS JTUHAMUYecKoro auana3ona ¢ nomouisio HECS: a — G = 1,0,
T=025T=1,b-K5=052,G.=12,T=03,T,=1;c-K5=0,5G.=1,58,T=0,13, T = 1
Fig. 3. Images and histograms after dynamic range reduction using the HECS: a — G, = 1.0, T=0.25, T = 1; b — K5 = 0.52,
GL=12,T=03,T.=1;,¢c-K;=0.5,G. =158, T=0.13, 7. =1

Breruncnurensnas cinoxuaocte HECS pacrter ¢ yBenmuuenuem AL = Lipry; — Lipr, (W3-3a yBenu-
YeHHUs pa3Mepa THCTOrPaMMBbl) U YMEHbIIeHHeM Y X Xp (M3-3a yBenuueHus yucia OnokoB) (Tadu. 3).
Brerancnourenshas cinoxxaocte AHE m CLAHE Takoke pacteT ¢ yMeHbIeHHEM pa3mepa omoka. Io cpas-
venuto ¢ AHE anropurm HECS umeer B 1,1-3,4 pa3a 6osiee BEICOKYIO MPOCTPAHCTBEHHYO CIIOKHOCTh
u B 1,0-1,6 pa3za 6oiee BBICOKYIO BPEMEHHYIO CIIO)KHOCTh B 3aBHCHMOCTH OT pa3mepa Oioka u AL.
[IpoctpancTBennas cnoxknocts HECS Takske Boie o cpaBHeHuto ¢ CLAHE. CooTHomeHne Mexay
BpemerHbiME cioxHOcTsME HECS 1 CLAHE 3aBucut ot pasmepa 6moxa u AL. [1pu Yg = Xg = 128 an-
roputM HECS npourpsiaer anroputmy CLAHE no Bpemennoii cnoxknoctu B 1,11-1,22 pasa B 3aBu-
cumoctH ot AL. Ilpu Y = Xp < 64 anroputm HECS BeiurpsiBaet y CLAHE Bo BpemeHHO# clI0)XHOCTH
B 1,31 pa3za u Gonee.

C yBenuuenueMm AL mokasarenu kadecTBa pacTyT (puc. 4). Ilokazarenp peranuzanuu Npg pacTeT
3a UCKJIIOYCHHWEM ABYX ciydaeB. s Bapuanta Lipr; = 10 u Lyipry, = 8 HAOMIOmaeTcss pe3Kuil pocT
MoKa3aTesel KauecTBa 10 CPAaBHEHUIO ¢ BApHAHTOM Ly pr; = L pry = 8 IPU HE3HAUUTEIHHOM yBEINYeE-
HHUH BPEMEHHOH W MPOCTPAHCTBEHHON CIOKHOCTH (cM. Tabi. 3 mis Yp = Xg = 64). Jlydmee kagecTBO
obecnieunBaeTcs pu Ly pr; = 14, HO OHO HE3HAYNTENBHO OTIAMYAETCS OT BapuaHTa Ly pr; = 10 u compo-
BOJKJACTCS yBEJIMUYCHUEM BPEMEHHOM M IPOCTPAHCTBECHHOM CJIOKHOCTH IO CPABHEHHUIO C BAPHAHTOM
LLDRI = LLDRZ =8B 1,25 nu 1,8 pasa (CM. Tabm. 3 JIs YB :XB = 64)

Tab6numoma 3. BelunHcaHTedBHAS CI0KHOCTH AJTOPUTMOB (1151 n306pazkennii 480 X 640 mukceneii)

Table 3. Computational complexity of algorithms (for images 480 X 640 pixels)

Mapaerpst anropumaion BpemenHas cloXHOCTb aJIrOpUTMOB IIpocTpaHcTBeHHAs CIIOKHOCTD aITOPUTMOB

AHE CLAHE HECS AHE CLAHE HECS
Lipri =8, Y =X =128 2155200 2769600 3076800 7284352 7743104 14657152
Lipri =14, Yp =X =128 3379200 24420352
Lipri =8, Yp=Xp =64 4012800 6470400 4934400 17826816 18220032 25199616
Lipri =14, Yg=Xg =64 6144000 45244416
Lipr1 =8, Yp=Xg=32 11443200 | 21273600 12364800 52705280 53032960 60078080
Lipri =14, Yp = Xg =32 17203200 113991680
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C yBenmuenueMm Yg (Yp = Xp) mokazarenn KadecTBa W NETANHM3aNuH TmamaroT (puc. 5). OmHako
IpH MajbIX pazMepax OJIoKa Ha OJHOPOAHOM (POHE MOTYT MPOSIBISITHCS apTeakThl U3-32 UHTEPIIO-
nsmud B anroputMe AHE (ropm3oHTanbHBIE MOJIOCHI HA puC. 6, a, b). OHM TPaKTHIECKH HEe3aMETHBI
s Yg = 64 (puc. 6, ¢) npu JIydlIux M0 CPAaBHEHUIO ¢ BapHAaHTOM Yp = 128 kauecTBe U JAeTaIu3aIuu
(puc. 6, d).

AGA ANLE
0,12 @ ; T 250 @
0,10 6 b 200 |
0,08 1 150
5
0,06 | 100
0,04 50
0,02 04
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Puc. 4. 3aBucumocTtn pasHocTel nmokaszaTeneil kadyecTBa BocponsBeneHus (@ — AGa = GA(AL) — GA(ALy)) u petanuzanuu
nzobpaxenus (b — AN g = N g(AL) — N g(ALy)) ot AL nas cpenHuX 3Ha4eHHUH mepecTpanBaeMbix napamerpoB HECS,
AL=10,2,4,6}, AL,=0 (Lpro=8): kpuBasi ] — G =1,T=0,1, Ty =2; kpuBasi 2— K5=10,5,G.=2,T=0,2, TL. = 1; Kpl/l-
Bast 3 —GL=1,T,=1,T=0,2; xpuBas 4 — K5G=0,5,G.=1,5, T, =1, T=0,2; xpuBast 5 — K5 =0,5,7=0,3, T. = 1, G =
kpuBasg 6 — G =1,2, 7=0,3, 7. = 1, K= 0,5
Fig. 4. Dependences of the differences between the indicators of reproduction quality (@ — AGy = GA(AL) — Ga(AL)) and
detailing of image (b — AN g = NLg(AL) — N g(AL,)) on the AL for the average values of the tunable parameters of the HECS,
AL=1{0,2,4,6}, AL, =0(Lipro=8):curve I -G .=1,T=0.1, T.=2; curve 2— K5=10.5, G, =2, T=0.2, T. = 1; curve 3 —
GL=1,T.=1,T=02;curve 4 —K5=0.5G.=15T.=1,T=0.2;curve 5 —K;=0.5,T7=0.3, Ty, = 1, G = 1.4; curve 6 —
GL=12,T=03,T.=1,Kz=0.5
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Puc. 5. 3aBucumocTu pasHocTell mokasarenei kauectBa BocmpousBeaeHus (@ — AGy = Ga(Yp) — Ga(Ypo)) U neranusanuu
nzoopaxenus (b — AN g = N g(Yg) — NLg(YR2)) OT Yp [UIsl cpeiHUX 3HAYCHUN TIEpECTpanBacMbIX MapaMETPOB aJrOpuTMa
HECS, Yg = {16, 32, 64, 128}, Yg, = 16: kpuBast  — G, =1, T=0,1, Ty =2; kpuBass 2 —K5=0,5, G, =2,T7=0,2, T = 1; KpI/I-
Bat 3 - GL=1,T,=1,T=0,2; xpuBas 4 - K5=0,5,GL=1,5, T, =1, T=0,2; xpuBast 5 — K5 =0,5, 7= 0,3, I. = 1, G =
kpuBast 6 —GL =12, T7=0,3,T.=1,K5=0,5
Fig. 5. Dependences of the differences between the indicators of reproduction quality (@ — AGa = Ga(Y) — Ga(¥p2)) and
detailing of image (b — ANy g = N g(Yg) — N g(Ygy)) on the Yy for the average values of the tunable parameters of the HECS
algorithm, Y = {16, 32, 64, 128}, Yg, = 16: curve I — G =1, T=0.1, T, = 2; curve 2 — K5 = 0.5, GL =2, T = 0.2, TL— 1'
curve 3—-GL=1,T.=1,T=02;curve 4 —K5=0.5, G.,=15T.=1,T=02;curve 5 —K;=05T=03,T. =1, G. =
curve 6—- G =12,7=03,T.=1,K5=0.5
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Puc. 6. [IpeoOpazoBanubie MK-1300paXkeHUs IPU pa3ITUYHBIX pa3Mepax OJIoKoB: @ — 16 X 16,5 —32X32, ¢ — 64X 64, d—128 X128
Fig. 6. Converted infrared images at different block sizes: a — 16 X16, b —32X32, ¢ — 64 X64, d — 128 X128

st anroputma HECS no cpaBuennio c AHE u CLAHE
Table

Tadonumna 4. CpenHue BHINTPbILIU
B IN100aJ1bHBIX XapakTepucTukax UK-u3odpakenni
nocJje npeodpa3oBaHus JHHAMHYECKOI0 JUANIA30HA

4. The average gains in the global
characteristics of the IR image after converting
the dynamic range for HECS algorithm compared

rne Z = {AHE, CLAHE (mmopor 0,7)}.

B Tabn. 4 mpuBeneHb! BHIMTPHIIIHN (B TPOIICH-
tax) anropurma HECS 1o cpaBuenuro ¢ anropur-
mamu AHE u CLAHE mo konrpactaoctd Dgr,
cpenHeMy rpaaueHTy G, , SHTPONMH E; U KOIu-
YECTBY JIOKAJIBHBIX SKCTPEMYMOB ]VI;, ycpen-
HeHHBIE 110 OJIokaM 64 X 64 nukceiel u 94 mana-

with AHE CLAHE
madpTaeIM UK-n300paskennsM, mpu Yg = {32, 64},
Cpennue Bourpbiinu (%) Cpennue BoUrpbiu (%) LHDR = 14, LLDR] = 10, LLDRZ = 8
Ya B cpasnerin ¢ AHE B cpasnenni ¢ CLAHE JI71s1 BBIYMCIICHUS BRIMTPBIIIEH HCIIOIb30BaHbI
Dy | G, E, N | Ds G E | Ny CIIEAYIOLINE BbIPAKEHUS:
32| 84 | 154 28,0 | 11,2 | 11,1 | 18,8 | 37,2 | 10,5 —
, > > > > > > > _ HECS nZ 7
64| 70 [ 41,0 | 449 | 158 | 99 | 46,0 | 50,1 | 15,8 Dgr = IOO(DST Dst )/DST > (14)
o HECS Z Z
G, =100(GES —G%) /6%, (5)
= z HECS z
£y =100((8—E1 )-(8-Ef ))/(S_EI ), (16)
A HECS Z v/
Nyip =100( NJECS _ NZ ) /NE (17)

U3 Tabn. 4 CJICAYCT, 4YTO C YBCIMUUYCHUECM pa3Mepa O1oka JJIsL aJalITUBHOI'O BhIpaBHUBAHUS T'HCTO-

rpammbl BRIMTPbIU G, , Ey, N; g anroputma HECS no ornomenuro k anroputmam AHE u CLAHE
yBEIMYHMBAIOTCA, & Dgp — YMEHBIIAIOTCH.
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3akJirouenue. 1715 MOBHITIIEHNS Ka4eCTBA M pacCIINpPEHUs HHTEPBaJIa YIIpaBIeHHUS XapaKTePUCTHKA-
Mu BocrpousseaeHus: MK-n300pakeHUi npu yMEHBIIEHUH UX TUHAMHYECKOTO JMAara30Ha MPeIIoKeH
aITOPUTM Ha OCHOBE aJalITUBHOTO BHIPABHUBAHMS, PACTSHKCHUS U CKAaTHUS THCTOrpaMMbl. CyITHOCTh
aJIrOPUTMa COCTOUT B JBOMHOM YMEHBIICHUM JTUHAMUYECKOI'O JUana3oHa U300paKeHUs C MPOMEKY-
TOYHBIM YIpaBlieHueM (pPOPMOii ero rUCTOrpaMMBbl 33 CUET €€ YACTUYHOT'O PACTSIKCHUSI U CKATHSL.

ITo cpaBHEHUIO C U3BECTHBIMU AITOPUTMAMHU aJaNTUBHOIO BIPABHUBAHUS TUCTOTPAMMBI IIPEIIIO-
JKEHHBIN aJITOPUTM 0OECIIEYMBAET MOBBIIIICHHE KOHTPACTHOCTH, CPEIHEr0 I'PaJIMeHTa, SHTPOIUHU U Jie-
TaIM3aIiy 1Mocie Tpeodpa3oBaHus AHHaAMIU4Yeckoro auamna3zona NK-n3o0paxkenus. Bemmrpeimu gocTu-
TarTCs 33 CUET YBEJIMYECHUS BBIUYMCIUTENBHON CI0XKHOCTH.
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OINNPEJAEJIEHUE INNIACTUYHOCTHU METAJIJIOB YIAPHBIM BJIABJIMBAHUEM
COEPUYECKOI'O MHAEHTOPA

AHHOTanus. PaccMOTpeHB! BOIIPOCH! H3MEPEHH S ITACTUYECKUX XapaKTepHCTUK MeTasuioB. [loka3aHo, 4To XapakTepu-
CTUKHU MaTepHajoB, MCIOIb3yeMbIe ISl CPABHEHHSI X IJIACTUYHOCTH, HE SIBISIOTCS COIIOCTABUMBIMU U 3aBHCST B Pa3HOM
CTETIeHH OT BEIHYNHBI JleopMaIly, CKOPOCTH AeOopMaIni, MOy ynpyroctu. B 1o e Bpems Gonee ¢usndeckn obo-
CHOBaHA BEINYHHA IIACTHYHOCTH, KOTOPas OMpEeseTcs M0 COOTHOMICHHUIO MIacTHYecKol nedopmanuu k obmieit gedop-
manuu. ITokazaHo, YTO OJHMM U3 ONTHUMANBHBIX METOJO0B U3MEPEHUs MIACTUYHOCTU (MHAEKCA MIACTUYHOCTH) ABISAETCS
WHACHTHpOBaHHUe. [3ydyeHa BO3MOKHOCTh MPUMEHEHUS JIJIsl TOH LENH YAAPHOIO0 MHUKPOMHICHTUPOBAHUS U MPEJIOKEHEBI
BBIPA)KEHHSI, TIO3BOJISIONINE PACCUNTATD INIACTHYHOCTS 10 pe3yIbTaTaM OJHOKPATHOTO BAABINBAHHS CHEPUIECKOr0 HHICH-
topa. [Tokazansr ocobeHHOCTH pacueTa JedopManuu IpH JaHHOM BHJAE UCIBITAaHUH. YCTAaHOBIICHO, YTO 3HAYEHUS IJIACTHU-
HOCTH, TIOTy9aeMble HCXO/S U3 COOTHOIICHHWH TIyONH MIACTHYECKOTO U yIPYToro BHEAPEHNS HHACHTOPA, SKBHBAICHTHEI
3HAUEHUSM, PACCUUTBHIBAEMBIM HCXOS M3 SHEPTeTUUECKUX COOTHOIEHUHN Ipu yaape. IIpoBeeHbl SKCeprMeHTaIbHbIE UC-
CJIE/IOBAaHUsI HA METaJUIaX, MMEIONIUX pa3IHuHble TBEPAOCTb U BHUJ KPHCTAJIIMYECKON pelIeTKH. BriepBble moka3aHO BIIuSs-
HHE CKOpocTH aedopmaiuy, JeGopMalvi U SHEPruu yaapa (IpeaylapHOil CKOPOCTH) Ha PacCUUThIBAEMOE 3HAUCHUE TLIa-
CTHYHOCTH IIPH BAABIHBAHUH cepsl co ckopocTsamu nedopmanuu ~ 10° ¢!, [lokaszano, 4To mpH AOCTHIKEHHH Ae(OpMALIHH,
COOTBETCTBYIONIEH Hadaly HACTYIUICHHUS MONHON MIACTUYHOCTH NMPH WHIACHTUPOBAHHWHU, JOCTHTACTCS MaKCHMaJbHAs TyB-
CTBUTEIBHOCTH H3MEPSIEMOT0 MapaMeTpa MIACTHIHOCTH [T Pa3INIHBIX METAJIIOB.

KiroueBble ci10Ba: y1apHOe HHAGHTHPOBAHUE, INIACTUYHOCTD, CKOPOCTH Je(hOpMalui, MOAYJIb YIIPYTOCTH, chepude-
CKMI HHAECHTOP

Jas uutupoBanusi: Kpens, A.Il. Onpenenenue MIacTHYHOCTH METAJJIOB YAApHBIM BIABIMBaHHEM C(HEpUIECKOro
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Institute of Applied Physics of the National Academy of Sciences of Belarus, Minsk, Republic of Belarus

DETERMINATION OF THE PLASTICITY OF METALS BY IMPACT INDENTATION
OF A SPHERICAL INDENTER

Abstract. The problems of measuring the plastic characteristics of metals are considered. It is shown that the character-
istics of materials used to compare their plasticity are not comparable and depend in the different degrees on the values of
strain, strain rate, and modulus of elasticity. At the same time, the value of plasticity is more physically substantiated, which
is determined by the ratio of plastic strain to total strain. It is shown that one of the optimal methods for measuring plasticity
(plasticity index) is indentation. The possibility of using impact microindentation for this purpose is studied and expressions
are proposed that allow calculating the plasticity based on the results of a single indentation of a spherical indenter. The spe-
cialties of the calculation of strain for this type of testing are shown. It was found that the values of plasticity obtained from
the ratios of the depths of the plastic and elastic penetration of the indenter are equivalent to the values calculated from the en-
ergy ratios upon impact. Experimental studies have been carried out on metals with different hardness and type of crystal lat-
tice. For the first time, the effect of strain rate, deformation, and impact energy (initial impact velocity) on the calculated value
of plasticity when a sphere is impressed with strain rates of ~ 10> s™' is shown. It is shown that when the strain corresponding
to the onset of full plasticity during indentation is reached, the maximum sensitivity of the measured plasticity parameter for
various metals is achieved.

Keywords: impact indentation, plasticity, strain rate, elastic modulus, spherical indenter
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Beenenue. OnpeneneHue mIacCTUYECKUX CBOWCTB METAJUIOB UMEET OOJIBLIOE 3HAUEHUE IIPU OLCH-
Ke KauecTBa M3TOTOBJICHUS KaK MONy(paOpuKaToB, TaK M FOTOBBIX M3Aenuid. [ImacTHuHOCTD SBISETCS
BKHEHIIIEH XapaKTEPUCTUKON, IO KOTOPOHM OIICHWBACTCS CIIOCOOHOCTH MATEpPHANIOB IIPETEPIIEBATh
3HAYUTEIBHYIO IUTACTHYECKYI0 AeopMaliiio nepes pazpyiieHueM. biarogapst 3Tomy CBOWCTBY MeTall-
JIbl MOAJIAIOTCSL KOBKE, MPOKATKE, BBITATMBAHUIO, LITAMIIOBKE. DTO CBOWCTBO 00ECHEUMBAET Iepepac-
npe/esieHre JIOKAIbHBIX HANPSKEHUH 110 BceMy 00beMy Mareprala, TeM CaMbIM YMEHbBIIIAsl OMTACHOCTb
pa3pylIeHus..

Kak u3BeCTHO, CTaHIAPTHU30BAHHBIMU MEPAMH IUIACTUYHOCTHU MPHUHATO CUUTATh OTHOCUTEIBHOE
YAJMHEHUE O, U OTHOCUTEIILHOE CYXKEHHUE Y, ONPEIENAEMBIE IIPH PA3PYIICHUH BO BPEMS MCIIBITAHUN
Ha pacTsoKeHHe Ha ucnbitaTelbHbIX MammHax (ISO 6892-1:2019 «Metallic materials — Tensile testing.
Part 1: Method of test at room temperature»). OTHOCHTEIBHOE yTHHEHHUE MTPH Pa3phIBe 8p npeacTaBis-
eT co00if OTHOIIIEHNE MPUPAIIEHU JITUHBI 00pasiia Mocie ero pa3peiBa K NepBOHAYaIbHON pacueTHON
JInHE o

l.—1
5, ==L, )
P /
0
rne [, — nnvHa oOpasiia mocie pa3phiBa.
BenuunHy y pacCUMTHIBAIOT KaK OTHOIICHUE YMEHBIICHHSI MMONEPEIHOTO CEYCHUS PA30PBAHHOTO
o0pa3siia K mepBOHAYAILHOM IMJIOIIAIH TOTIEPEYHOTO ceUeHus F:
F,—F
_10 K
\ll - s (2)

rie Fy— TJI0ma b MOMepedHOro CCUCHUS B MECTE pa3phiBa.

JlaHHbBIE TIOKAa3aTeNH ONPEAEIIOTCS Pa3pyLIAOIIUM METOAOM, HE OTHOCSAIIUMCS K AKCIIPECC-METO-
JlaM, KOTOpBIe KpaifHe HeOOXOMMMBI TIPH JUATHOCTHUKE TEXHHUIECKOT'O COCTOSHUS MOTEHIIMAIBHO OIac-
HOTO MTPOMBIIIJICHHOTO 000PYI0BaHUS: TPYOOIPOBOIOB, COCYIOB, pA0OTAIOIIUX 0] U30BITOYHBIM JaB-
JIEHUEeM, HECYIIUX AJIEMEHTOB KOHCTPYKIWHA. Heap3st mogBepruyTh COMHEHHIO BaXXHOCTH TapaMeTpPOB
8p, Y U IPYTHX QHAJIOTHYHBIX UM C TEXHHUYECKOH TOUKH 3PEHHUS, ONHAKO C (PU3MIECKOH TOUKH 3PEHUS
OHHM He Beeraa 000CHOBaHBI. XOPOLIO U3BECTHO, YTO Op, Y 3aBUCAT OT BEIMYMHBI Ae(opManum g, 1yB-
CTBUTEJBHBI K CKOPOCTH JiehopManiuy U rokasareito aedopmanuonHoro ynpounenus. B [1, 2] orme-
YaeTCs, 9YTO 3TOT BHJI HCIIBITAHUN HEMPHUTOMEH ISl MAJIOTLUIACTUYHBIX M XPYyIKHX MaTepHaIOB, TAKUX
KaK KepaMHKa, KBa3UKPUCTAJIbl, HHTEPMETAJIUbI, aMOP(PHBIC METAJNIMYECKUE CILIABBI M Pa3JINYHbIC
KOMIIO3UTHL. Kpome Toro, Takoi ImyTh ONpeAeNeH s MIACTUYHOCTH SBISETCS JOBOJIBHO TPYAOEMKIM.
B cBsi3u ¢ 3TUM BOMPOCH! pa3pabOTKU Hepa3pyIIAIUX METOIOB OIEHKH (hrU3rueckr 000CHOBAHHBIX
[apaMeTpoB, XapaKTEPU3YIOIIHUX TUIACTHYHOCTb, SBJISIOTCS B HACTOSIIEE BPEMS aKTyallbHBIMHU.

Pa3paboTka onTHMAaIBHBIX METOAOB ONPEACICHHUS TUIACTUIHOCTH MIPEKC BCErO CBSI3aHA C IIPUMeE-
HEHUEM METOJIOB WHJICHTUPOBAHUSI, IOCKOJIBKY TBEPIOCTh H 10 CyTH NPEACTaBISET COO0H KOMILIEKC-
HYI0O MEXaHHYECKYIO0 XapaKTepUCTHUKY, SBIAIOMYIOCS GyHKIHEH KaK MPOYHOCTHBIX, TaK U IIACTHYe-
CKHMX CBOHCTB Marepuasa. BeimosHeH psij paboT, B KOTOPBIX JISNAKOTCS MOMBITKH HAUTH CBSI3b MEXKIY
Pa3IMYHBIMU XapaKTePUCTUKAMU: TBEPIAOCTHIO, PA0OTONH WHIACHTHPOBAHUS, BSI3KOCTBHIO Pa3pyIIeHMUS,
ITACTHYHOCTBIO, MMPEICNIOM TeKyuecTH u ap. [3, 4]. [lockonbKy B IPOMBIIIICHHOCTH MOJIB3YIOTCS B OC-
HOBHOM I1apaMETPOM Oy, TO IIPEKE BCETO OBLIM HAHIEHBI CBA3U MeXy [ u 8. Tak, B [5] nns koHTpO-
JIs TUTACTUYHOCTU HU3KOJISTMPOBAHHOW CTa U ObliIa IPEJJIOKEHA IMITUpUUecKas (hopMyia

8, =1725-H"7 (%), 3)

rae H — tBepaocts 1o bpuneniio, Kr/MM.
Hpyras hopmyna, npuseneHHas B [6], ornocutces k cranu 0912 (IT'OCT 19 282-73):

8, =-0,23HB +67,6 (%), @)

rae HB — tBeprocts 1o bpunento.

U3 npencraBnenHsix ¢opmyn (3) u (4) cneayer, 4TO MJIACTUYHOCTH BBIPa)KaeTCsd BEIUYUHOMH,
00paTHO TPOMOPIHOHAIBHON CTaTUYECKON TBEPAOCTH, BEIHYWHA KOTOPOIl OTpa)kaeT B TOM YHCIIE
1 NPOYHOCTHBIE CBOMCTBA MaTepHalla: CBsI3b TBEPIOCTU C MPEAEIIOM IPOYHOCTH XOPOLIO U3BECTHA
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(ASTM A370-14. «Standard test methods and definitions for mechanical testing of steel productsy).
IIpu aTOM pOPMYIIBI HE ABIISIOTCS YHUBEPCATBbHBIMHU, UX MOKHO HCIOJIb30BATh TOJIBKO JJI51 KOHKPET-
HBIX MeTasuioB. Kpome Toro, eciu conoctarisath Gopmyinsl (1) u (2) ¢ (3) u (4), To MOXKHO CHCNIAThH
BBIBOJ], UYTO OHH COZAEPKAT MPUHUMIINAIBHO pa3Hble NOAXOIbl K OLEHKE MJIACTUYHOCTH. B mepBom
cllydae ycuiue, IpUKJagblBaeMoe K 00pasiy, He HOPMHUPYETCsl, a yUUTHIBACTCSI TOJIBKO IIJIACTHYE-
ckas nedopMmaius B MOMEHT pa3pbiBa oOpasna. Bo BTOpOM — IpH OlleHKe TUIACTHYHOCTH 10 TBEP-
JOCTH H3MepsieTcst neopmainus (B BUAE MIIOMAAN OTIEYaTKa), CTPOro MpHUBs3aHHAs K 3aAaHHOMY
YCHJIMIO BJIABJIMBAHHUS.

B [1, 7, 8] BuepBble ObLIO BBEACHO MOHATHE U Pa3BUTHI TEOPETHUECKUE MPEIACTABICHUS O HOBOM
XapaKTePUCTHKE TUTACTUIHOCTH O, ONPEeNsieMOi MPH BAAaBIMBAHNHU B MaTeprall aTMa3HOW mupa-
muabel Bukkepca. [Tapamerp 8y paccunThIBaeTcs Kak OTHOLICHHE BEIMYMHBI TIaCTHUYECKON aedop-
Maluu K oouei nedopmManuu B OTIEeYaTKE MCIBITYEMOTO Marepuaia, oOpa30BaHHOM BJaBJIMBaHU-
€M IMUPaMUIbL:

By =2=1-2, ©)
& &
TJIE &, € M & — COOTBETCTBEHHO IJIACTHYECKas, yIpyras ¥ o0mas neopmMaluy B OTIEYATKE.
Ecnu mpumMeHsiemoe 000pyI0BaHKUE MO3BOJISIET MPOU3BOUTH 3aMUCh KPUBOM HATPYKEHHUS U Pas-
rPY3KH MaTepuaja B KOOPAUHATAX «KOHTAKTHOE YCHIHe P — nepeMelieHre HHASHTopa /», TO XapaKTe-
PUCTHKA TIACTUYHOCTU MOXET OBITh Hal/IeHa TaKKe COTJIACHO BBIPAKEHUIO [9]

w w.
&y =—2=1-——2=, 6
" W ©)

rae W,, W, m W; — coOTBETCTBEHHO IJIaCTHUECKasi, yrnpyras u oduiast padora aepopMupoBaHust MaTe-
puana.

Paccunrtannas cornacho (5) v (6) BeMUMHA IUIACTUYHOCTH HE PaBHA 3HAUYCHUSIM, TI0JIy4aeMbIM 110
dopmynam (1)—(4), omHako, Kak Toka3aHo B [1], sBisercs ¢pusmdecku 6oee obocHoBaHHOH. [Ipu aTOM
JUTSL CTATHYECKOTO BIABJIMBAHUSI YCTAHOBIICHO, UTO Oy = Oy [9] IpH yCIIOBHH SKBHUBAJICHTHOCTH YCIOBHH
Harpysxenus. Eciu paccMarpuBaTh NpeniokeHHBIH COCO0 OIEHKH MIACTHYHOCTHU Oy C TOYKH 3PCHHUS
NPAaKTUKH, TO HEOOXOJMMO OTMETHUTD, YTO CTATHUYECKOE MHICHTHPOBaHUE nupaMuioi Bukkepca Tpe-
OyeT TIaTeabHOH MOATOTOBKH IIOBEPXHOCTH M B HACTOSILEE BPEM s IPUMEHSIETCS, KaK IIPaBHUIIO, TOJIBKO
MpH UcclieoBaHnu 00pa3noB. Criocod MPakTHYECKH HE UCTIONIB3YETCs JIJIsl KOHTPOJISI METaJUIOB B IPO-
W3BOJICTBEHHBIX YCIOBHSIX.

Llenv nacmosiwyeu padbomuvl — OLIEHKA BO3MOKHOCTH UCIIOJIB30BAaHUSI XapaKTEPUCTHK Oy U Oy AJIS
OLIEHKH IVIACTUYHOCTH METAJIJIOB METOJOM JIMHAMHUYECKOr0 (MUKPOYJapHOI0) HHACHTUPOBAHU S, KOTO-
PBIi MOXET OBbITH IPUMEHEH JJIs UCCIIEAOBAHMS CBOMCTB HENOCPEICTBEHHO M3JeNnil. DTH UCCie10Ba-
HUSI BXKHBI IJIs1 HEpa3pyIAroero KOHTPOJIS MaTepHaliOB, TIOCKOIBbKY MIACTUYHOCTD SIBJISICTCS OMHUM
U3 TapaMeTPOB, KOTOPBIN UCTIONB3YETCS IPU YCTAHOBJICHUH OCTaTOYHOTO pecypca 000py10BaHuUS.

Teopernueckne noJioxkeHust. lcnonp3oBanne nupaMuabl A1 pacyeTa Oy UMEET Psi IPEUMYLIECTB:

1) mocrosiHHas BenwurHa aedopmarinu (okoio 8 %),

2) KBa3UCTATUYECKOE BJABJIIMBAHUE HCKIIOYaeT 3P (EKThl BhI3BaAHHBIC CKOPOCTHIO JIeOpMaIny,

3) BO3MOKHOCTB OLICHKH IIACTUYHOCTH JJIS XPYTKUX MaTepHaJIOB.

B To0 xe Bpems Oy U1l MeTaioB ¢ 00beMHOLIIEHTpUpoBaHHON KyOnueckoii (OLIK), rpaneueHTpu-
poBanHoit kyonueckoit (I'TIK) u rekcaronansHoi minotHoynakoBanHoi (I'LIK) kpuctannmnaecknmu pe-
meTkaMu HaxomuTcs B auanazone 0,94—-0,99. Takoit Manblil quanazoH n3MeHEHUs TPeOyeT MPOBEACHUS
BBICOKOTOYHBIX M3MEPEHHH, YTO B MPOM3BOJCTBCHHBIX YCIOBHUSX MPAKTUYECKH HE BO3MOXKHO. bonee
yIOOHBIM C 3TOH TOUKH 3PEHHUS SIBISIETCS IPUMEHEHNE JMHAMUYECKOTO HHICHTHPOBAHMSI, KOTOPOE HE
TpeOyeT co3aaHus 3aMKHYTON CUIIOBOW CHCTEMBI «00pasel — Harpyskaroliee ycTpoiicTso». B mpocreii-
LIEM Cllydae 3TOT NPUHIUI PeaJin30BaH NpH u3MepeHuu TeeppocTH 1o Llopy, a Takxke B TBepaoMe-
pax JTUHAMHYECKOTO MPUHIMIA JACHCTBHS JIIS U3MEpeHus TBepaocTH mo JInby. B mocnennee Bpems
pa3BUBaETCs METOJ AMHAMHUYECKOTO MHCTPYMEHTAJIBHOIO WHICHTUPOBAHUS Pa3iMYHbIX MaTepUAsOB
[10—12], no3Boasromuii perucTpupoBaTh BECHh POLIECC BHEAPEHUS UHACHTOPA.
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B nacrosmeii pabote npenaraeTcsi IPUMEHUTD JIs1 OLUEHKH IUIACTUYHOCTH METOI AMHAMUYECKO-
ro ungeHtupoanus (M) u chepuueckuii uageHTop. OTKA3 OT HCIOJIB30BAHMS MUPAMHUIBI B Ka-
YeCcTBE MHAEHTOPA BBI3BAH TEM, UTO, K COXAJICHHUIO, IMHAMUYECKHE HAIPY3KH MPUBOIAT K OBICTPOMY
CKaJIBIBAHUIO OCTPHUSI MUPAMUIBI U TIOTYUYEHUIO HEJOCTOBEPHBIX pe3ynsraToB. Cam MJIU 3akimiouaercs
B OTHOKPATHOM MMKPOYJApPHOM BO3AEHCTBUM HAa MaTepHall )KECTKUM WHJIECHTOPOM U perucTpaluy u3-
MEHEHUS BO BPEMEHH OCHOBHBIX ITapaMeTPOB YAapHOTO KOHTAKTa: CKOpoCTH BHeapeHus V(¢) (puc. 1, a),
KOHTaKTHOTO ycumnus P(f), rmyouns! Bueapenus A(f). Ilpu stom obopynoBanue s npumenenuss M1
(omMcaHMe MPUBEACHO B CIEAYIOMIEM paszfielie) MAaKCUMAaJIbHO YIOOHO JJIsl MCIBITAHUSI METAJIJIOB, I10-
CKOJIbKY TI03BOJISIET OCYIIECTBIIATh OBICTPYIO 3aMEHY MHAEHTOPA (BapbUPOBAaTh pagNyC HAKOHEUHUKA)
U U3MEHATH PHEPTHIO ynapa. DTO JaeT BO3MOKHOCThH MOJYYHUTh PA3IUYHBIE COOTHOIIEHUS BEJIMYUH
IJIACTUYECKOI M ynpyroil neopManuy B OTIIEYATKE AJIS OBBIILICHHUS 4yBCTBUTEIBHOCTH APaMETPOB
YIapHOTO B3aMMOJAEHCTBUA K H3MEHEHUIO MJIACTHYECKUX CBOMCTB METAJLIOB.

OCHOBHBIM HUCTOYHMKOM HMH(POpPMAallMU O CBOWCTBAX MarepHala MpH MHACHTHUPOBAHHH SIBISETCS
3aBHCUMOCTbh «KOHTAKTHOE ycuiune P — riiyOnHa BIABIMBaHUS MHICHTOPA /». TUIMYHBIN BUJ TaKoH
3aBUCHUMOCTH IIPH MCIIBITAHUH YIIPYTOIIACTHYECKOTO MaTepuaia mokasaH Ha puc. 1, b. OHa BKiIO4aeT
CTa/IMIO0 HATPY’KEHHM S, HA KOTOPOH IiTyOnHa BHEIPEHUSI yBEIINYUBACTCS, M CTAAHMIO Pa3rpy3KH, Ha KOTO-
poii MPOMCXOAUT BOCCTAHOBIICHHE YIPYTUX AeopMalnii, 3a1aceHHbIX B MaTepualie npu aehopmMupo-
Bannu. Kax BuaHO U3 puc. 1, b, Mo 3aBUCUMOCTH MOXHO HEMIOCPEICTBEHHO ONPEISIUTh 3HAUCHUS TIja-
CTUYECKOH /1y, yIIPYTOH /e U MAKCUMAIIBHOM /ey TIyOMH BJaBIMBaHMA MHIEHTOpPA. Takxe oHa JaeT
BO3MOKHOCTb paccuMTarh 3HaueHue W, W, u W, uepe3 cOOTBETCTBYIOIINE IJIOMIAIN MO KPUBOM Ha-
TPYKECHHUS.

OCOOCHHOCTBIO TUHAMHYECKOTO HATPY>KEHHSI 10 OTHOLICHHUIO K CTATUYECKOMY SIBIISIETCSI HECOBIIA-
JIEHNEe MaKCHMAaJIBHOTO YCHJIMSI 1 MAaKCHMAJIBHOTO BHEJPEHHS BO BpeMeHH. MaKkcuMalbHOE YCUITUE JI0-
CTHUIa€TCsl HECKOJIBKO paHee. DTOT (PaKT sIBJISIETCS MHTEPECHBIM JUISl aJbHEHIINX UCCIICIOBAHUS IPU-
MEHHUTEIBHO K IIACTUYHOCTH MaTepHasoB.

P
- ® P ®
owewr Pl ___ A
v | Kacanns p " 2N
max hmax v | /!
1 1 VZ > V1 l’
- V2 J"
1 — HarpyxeHue 1 !
2 — pasrpyska 1 — HarpyxeHve w, '/' |
2 - pasrpyska > s )I
2 / We |
o/ I
0 ‘ l
ta tn t ,"" h S
PaspbiB - 1
v i AN Vs KOHI;aKTa hy he [ h
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h
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Puc. 1. XapakTepHble 3aBUCUMOCTH, OIMCHIBAIOIIEE MTPOLIECC BHEAPSHUS HHICHTOPA B METAJUL: @ — 3aBUCHMOCTb M3MEHEHUS
ckopoctu V(f), b — n3MeHeHre KOHTAKTHOT'O YCHJIUS OT I1yOuHbI BaaBnuBauus P(h)

Fig. 1. Typical dependences describing the process of penetration of the indenter into the metal: @ — change of the velocity /(?),
b — change in the force from the depth of indentation P(h)

PaccMoTpuM BO3MOXKHOCTE U3MEPEHHS MapaMeTpa Oy MPU JHHAMHYECKOM WHJCHTUPOBAHUH Ce-
pudeckuM HHAeHTOpOoM. [lmacTuunocTs Oyaem ompeaensTs o Gopmynam (5) u (6). s BeIpakeHUS
nedopMauu Boconb3yeMcs pekomeHaanusiMu Teiibopa [13], B cOOTBETCTBUHU C KOTOPBIMU 001as Jie-
(dopmarnust g B orrevyarke (puc. 2) B MOMEHT TIOCTHIKCHUSI MAKCUMAJTBbHOW TITyOUHBI BAABIUBAHUS /iy
OyzeT paBHa

g, =0, 2i, (7
D
rie d. — KOHTAaKTHBIM JUaMeTp IUIacTUYEeCKOro oTrnevyarka, D — quamerp cepruvecKkoro HaKOHEUHH-
Ka WHJICHTOpA.
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Ilocnme 3aBeprieHust ymapa W BOCCTaHOBIIE- v
HUs ynpyrux aedopmanuii B OTHeYaTKe OCTa-
€TCA MIIACTHYECKMH OTNEYaTOK TIIIyOMHOM /i, Di2
JUaMeTp MPOEKIUU KOTOPOTO OCTAETCS PaBHBIM A
KOHTakTHOMY nuametpy d. [14, 15], a muametp
cepbl, KOTOPOil MOKET ObITh OIUCAH OTIEUATOK

B UCIIBITYEMOM METAJJIC, CTAHOBUTCA PAaBHbBIM Dl- ho e\ S

Huametp D; Bceraa 00sbiiie, 4eM quamMeTp chepu-
YeCKOro HaKOHEYHUKa UHJeHTOpa D (cM. puc. 2).

[Mo ananorum c¢ ¢opmynoit (7) BeipaxkeHue ‘ i
JUTS TIIaCTUYECKOH AedopMaliii MOXKHO 3aIHcaTh
CICIYIOIINM 00pa3oM:

hmax

Puc. 2. Cxemaruueckoe npeicTaBiIeHHUE MONEPEUHOr0 cede-

HUS OTIIeYaTKa NpH Ae(hOPMHUPOBAHUH MaTepuana chepude-
d CKUM HHAEHTOPOM

g, =0,2-¢. (8)
Dl

Fig. 2. Schematic representation of the cross-section of the
impression in material deformed by a spherical indenter

Haiinem BbIpakenue, cBssbiBaromiee D u Dy,
UCTIOJNIB3YSl TEOMETPHUECKOE COOTHOIICHHE MEK-
Iy d. 1 KOHTaKTHO# TiyOuHO# h.. JJis MOMEHTa, COOTBETCTBYIONIETO0 MaKCHMAJIbHOMY BHEIPCHHIO
hmax, A7 PA3BUTHIX MIIACTUYECKUX AeopMaliuii MoxkHO 3anucars [15]: d, =2,/ Dh, . Ilocne 3aBepiue-
HHS yJapa KOHTAKTHBIN TuaMeTp OyleT paBeH: d, = 2, /Dlhp . Otkyna:

h
D, =D-=<. )
hy
Ioncrasnsig Dy B popmymy (8), MOITydnM BhIpaKeHHUE JIJIS TUIACTHYECKOH nedopmarum:
d. h
g, =02-¢"L 10
p D (10)

CoBmecTHOe pemeHue BeipaxkeHuit (5), (7) u (10) maet dpopmyy 1uis pacuera JUHAMHUYECKOH Tiia-
CTUYHOCTH 6?1 MOCPEICTBOM 3HAYCHUH TITyOMH BIABJINBAHHUSL:

€ h
84 =P P (11)
g h

C

Tlonyuennas nis 6‘;, (dhopMmyiia 1o cBoelt cyTH aHamorn4dHa gopmysie (5), monydeHHOH aBTopamu [2]
TSl MUPAaMUIATBHOTO HHJICHTOpA MPH CTATHYECKOM BIABJIMBAHUH, OJJHAKO U3MEpsieMble edopManuu
OyAyT CyIIeCTBEHHO OTIMYATHCS BCIEACTBUE UCIIOIB30BAHUS C(HEPUIECKOTO HAKOHEYHUKA U BIHSHUS
CKOpPOCTH AeopMalnuy Ha MIIACTUYECKYIO COCTABIISIONICH TTyOUHBI BIaBiuBaHus. Beipaxas h, yepes
Nmax [16]: he = hyax — 0,5k, IOTYyIUM

h
8 =—T—. (12)
h.. —0,5h
max > (5]

(Dop(llvlyna (12) ymoOHa aJ1s1 ICTIOB30BAHUSI, TOCKOJIBKY BCE MTAPaMETPHI JJIsI OTPECIICHIS TIIIaCTHY-
HOCTH &7, BXozd1Ke B GopMyiry, 6epyTcsl HEMOCPEACTBEHHO U3 JUarpaMMbl JUHAMUYECKOTO BJIaBIIH-
BaHUA (cM. puc. 1, b).

Ecnu paccmarpuBats hopmyiy (6), TO il AUHAMUYECKOTO WHICHTHPOBAHUS €€ MOYKHO Ipeodpa-
30BaTh B Ooliee yIOOHBIN BHJI, TOCKOJIBKY M3BECTHA Macca WHICHTOpA /1, €ro MpelynapHas CKOpocTh
(CKOPOCTH B MOMEHT KacaHusl) Vi, ¥ CKOPOCTh OTCKOKA (B MOMEHT Pa3pblBa KOHTAKTa HHICHTOPA C 00-
pastom) Vpin.

Tak, moJTHAsE PHEPT U yJapa MOXKET ObITh paCCUUTaHA CIICAYIOIIHM 00pa3oM:

W, = —2““‘" ; (13)
SHEPrus yNpyroro 0TCKOKa MHACHTOPA:

V2
W, = 2 min . (14)

¢ 2
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SHEPrus MIACTHIECKOT0 1ehOpMHUpPOBAHUS MaTeprana;

W, =W,—W.,. (15)
Pemras (6), (13)—(15) coBMecTHO, oydaem:
Vo
63:1—;21—"1:1—&, (16)

rie e — K09(h(OUIUEHT BOCCTAHOBJICHUSI CKOPOCTH.

OCOOEHHOCTHIO TMHAMHUYECKOTO MHAECHTUPOBAHMS SIBISIETCSA TOT (aKT, YTO yJApHBIM IIPOLECCOM
CIIOKHO YIIPaBISITh. XapaKTePUCTHKU yIApPHOTO KOHTAaKTa — yCHine P, mepeMelieHue A, BpeMs yaapa
tyn (cM. puc. 1), cKOPOCTH Ae(opManny ABJISAIOTCA B3aMMO3aBUCUMBIMHU. HEBO3MOKHO H3MEHNTH KAKOM
nub0 U3 MapamMeTpoB HE M3MEHHUB OcTajbHble. OCHOBHbBIE COOTHOLICHUS MEXIY XapaKTepUCTHUKAMMU
yIapHOTO KOHTakTa u3noxeHsl B [17]. Kak ciexyer u3 BeipaxkeHus (7), MpU WHISHTUPOBAHHUH Cde-
poii BennunHa AeQopMaIy & # const, mpu 3ToM OyJeT U3MEHATHCS COOTHOIIEHUE MEKTy BEITHIMHOMN
MJIaCTUYECKO M yNpyroi aeopMaluu U, Cle0BaTENIbHO, BETHUYNHA 8‘},. Ecnu cpaBHMBaTh CO CTaTH-
YEeCKUM BJIaBIMBaHUEM c(hepsl, I/ie PUKCUPOBAHHBIM ITapaMeTPOM SBISETCS BETUYNHA YCHIIHS, C KOTO-
pPBIM Harpyskaercsi o0Opasell, To IpH yAapHOM MHKPOMHAESHTHPOBAHHH MOKHO 3a()MKCHPOBATH TOJIEKO
IpeayIapHylo SHEPruio W, HOCKOJIbKY BEIUUYUHBI P, s, € U Apyrue onpenessitoTcst ynpyruMu M Iuia-
CTUYECKMMH CBOWCTBAMH Marepuaia. [ TaBHOH XapaKTepUCTUKOM, KOTOpas OyAeT ONMpenessiTh OTKINK
MaTepHuaa Ha HPUIIOKEHHOE BO3AEHCTBHE, OyleT CKOPOCTh AedopMaiiny, U3MEHSIOLIascs B IpoLecce
yaapa. CpeHIo cKopocTh AehOpMAaIiH & MOKHO ONPENEIUTh KaK OTHOIIEHHE & K f, — ITHTEIBHOCTH
BHEJIPEHMSI HHIACHTOPA B METAJI 10 JOCTUXKCHUS /A,y (BPEMEHH aKTUBHOI'O 3TaIla yAapa):

dC
D-t,
B T0 e Bpemsi TSI COTIOCTaBJICHUS TapaMeTpa MIACTHYHOCTH ISl pa3JINYHBIX MaTepUAJIOB YIO0OHO
pasnenuTh MaTepuasl mo TBepaoctu. [Ipu arom Hanbonee prznueckn 060CHOBAHHBIM ITAPAMETPOM ITPH

KOHTaKTHOM B3aUMOJICHCTBUU OYyJIET SBJISATHCSA TBEPJAOCTh Mo Meiiepy, KOTOpasi paBHa CPEJHEMY KOH-
TaKTHOMY JaBJICHUIO B OTIIEYaTKe IIPH HATrPy’KEHUU MaTepHalia ¥ MOXeT ObITh pacCUMTaHa 1o popMyJie

Hl(li/l — Pmax — Pmax ] (18)
nDh, D (e —0,5h,)

C

£ =0,2

(17)

Jns u3ydeHus BO3MOXKHOCTH HCIOJIB30BaHUS NPEICTaBICHHBIX BBIPAKEHUN ISl OLIEHKH IJIa-
CTUYHOCTH Ha MpPAaKTHKE OBLIM MPOBEINCHBI AKCIIEPUMEHTAIbHBIE MCCIIEOBAHUS Ha pa3paboTaHHOM
B MHcTuTyTe npuknaanoit ¢puszukun HAH Benapycn o6opynoBanuu.

Oo6opynoBanue. J[J1s1 perucTparuy mpoiecca KOHTAaKTHOTO B3aMOACUCTBHUS MHISCHTOpPA C MeTall-
JIOM MCHOJIB30BAJICSI MPHOOP, CXeMa KOTOPOro TokazaHa Ha puc. 3. JlaTuuk npubopa BKIIOUaeT Mexa-
HH3M Pa3roHa MHJEHTOpA, a BXOJAINAs B COCTaB JaTYMKa BHACOKAMepa AAeT BO3ZMOKHOCTb ITPOBECTH

PasroHHoe YCTPOACTBO Jlatqmk

Bnok
06paboTku
MHOpMALUY

!

[ucnnen
T
| JlaTuvk peructpaumu
O6paseL napameTpos
NBUKEHNs! UHAEHTOpa

ANEKTPOHHbI 610K O6pasel

Puc. 3. Cxema npubopa THHAMHUYECKOTO WHICHTHPOBAHUS

Fig. 3. Design of the dynamic indentation device
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€ro TMO3WIIMOHNPOBAaHKE ISl HAHECEHUSI HHIEHTOPOM y/Iapa B 33JaHHYIO TOUKY Marepuana. [Ipu maze-
HUW MUHAEGHTOpPA BO BPEMsI KOHTaKTa C UCMBITYEMBIM MaTepuajIoM MPOU3BOJUTCS PErucTpalus cKopo-
CTH TIEpEeMeIIeHNs] MHACHTOpa (CM. pHC. 1), N3MepeHne KOTOPOH ¢ MOCIEeAYIONINM HHTEr PUPOBAHUEM
u nuddepeHInpOBaHUEM MTO3BOJISET TTONYYUTh 3HAYCHUSI IEPEMEIIEHUSI U KOHTAKTHOTO YCUJIUSI COOT-
BeTcTBeHHO. [lonpoOHOe onucaHue MpUHITNIIA PETUCTPAIIMN CKOPOCTH BHEIPEHUS HHICHTOpPA B MaTe-
puan gaso B [18].

IIpu mpoBeneHNU HCCIeIOBaHUI HCIOIB30BANIMCH JIBA WHIIEHTOPA CO CPEepUUSCKUMH HAKOHEYHU-
KaMH, BBITTOTHEHHBIMU U3 KapOuaa Bonbdpama, quamerpom D = 2,0 mm u 3,18 Mmm. Macca uHIeHTOpa
paBHsIIACh COOTBETCTBEHHO 6,3 T 1 3,2 1. Peanuzanus npudopa u M /U no3BonsieT moTHOCTHIO aBTOMA-
THU3HUPOBATH MPOIECC U3MEPEHUHN U TPOBOJUTH H3MEPEHHSI HEMIOCPEACTBEHHO Ha U3enusx 0e3 ymepoa
JUIs1 MX TTOCTIEAYIOLIEH SKCIITyaTalH.

JKcnepruMeHTaJIbHbIe HCCIeJOBAHUA M Pe3yJbTaTbl. DKCIEPUMEHTHI M0 OMPEICIECHUIO TIIa-
CTUYHOCTH TIPOBOJMIINCH Ha IIBETHBIX METAIaX M CTajsAX, MUMEIOUIUX Pa3IU4YHYIO0 TBEPAOCTH IO
Bpunenmio (tadm. 1). OOpa3ibl UMenn MIEPOXOBATOCTh MeHee Rz2 W TeoMeTpHuYecKue pasMephl He
menee 50X 50X 10 mM. Bo uzbexanne BuOpaunii, BOSHUKAIOMUX IPH yaape, 00pa3ibl IPUTHPATIUCH
Ha MacCHBHOE OCHOBaHWE (TTOJMPOBAHHYIO TIUTY Maccoi 20 KT) ¢ MOMOIIbI0 KOHCUCTEHTHOW CMa3-
ku (comumona). UHAEHTUpPOBaHUE MPOBOAMIIOCH C PA3IMYHON MPEAYAAPHON CKOPOCTHIO V., B JdHUA-
nazone 0,4—4,0 m/c, mpu 3TOM AocTUTaeMasi CKOpPOCTh JedhopMalii HaxoAmIach B Auamna3zone 500—
2500 ¢!, yBenuumBasch ¢ POCTOM TBEPIAOCTH Ma-
Tepualia u NpeayIapHOi CKOPOCTH V.. Kak yxe
0TMEUajoch, CO37]aTh CTPOTO 3aITaHHYIO OJJUHAKO-

XapakTepHUCTHKH HCIBITYeMbIX MAaTepPHAJIOB

Characteristics of the materials tested

BYIO CKOPOCTB JlepopManuu MpH yaape s Beex R Sonm | Kot

MaTepuasioB HEBO3MOXKHO, IOCKOJIBKY BpeMs y/a- Marepran Bpusenno, HB, _|ympyrocri,| yuanccczia

pa, BEIIMYMHA KOHTAKTHOI'O OTIEYaTKa U, COOT- uni Poksenny, HRC | Ey, I'la v

BE€TCTBCHHO, Et OIpEaACIAOTCA CBOWCTBaMHU MatTe- Crane 10co 105; 109 HB 200 0,28

puana, B TOM YUCIE M TUIACTHYHOCTBIO, KOTOPAS | Crams V10A 183 HB: 62 HRC | 200 0.28

MOXXET OBITh PAacCUMTaHa COIJTACHO BBIPAKEHH-  |Crans 45 27.5.457 HRC | 200 0.28

M (5) 1 (6). Crans 08XISHIOT 156 HB 200 | 028
Ha puc. 4 nokasaHa cBsI3b MEXKJY NAPAMETPA- | A novmmmessii

mu 84 1 84, KoTOpass MOCTPOEHA C HCITONB30BAHH- | crimas 1050 75 HB 70 0,35

€M 3HAUCHHH, TOJTyYSHHBIX JJIS BCETO TUANa30Ha | AmoMUHHKEBBIii

U3MEHEHHUS V.. Kak BHIHO CBA3b HOCHT Xapak- | cmias B96 142 HB 70 0,35

Tep OIU3KUM K JIMHEHHOMY, a SSV BCErJa HecKonb- | Jlaryns JI60 101; 106, 132, 115 0,35

KO Ooible 8‘},, [pUA TOM YTO JJIsi CTATHYECKOTO 136, 193 HB

WHICHTHPOBAHHS XapaKTepHa oOpatHas curya- | Mear Ml 68 HB 130 0,35

s [9]. Huxkens HIT1 143 HB 210 0,29
JlaHHBIE PACXOXK/IEHHs, BO3MOXHO, Bb3Ba- | CrUtae BTI-0 188 HB 110 0,36

HBl pa3NUYHBIMM T[PUHIMTAMH peructparuu | Cnnas BT-3 391 HB 110 0,36

nporecca WHACHTHPOBAHHS, TOYHOCTBIO OIpe-

JieNieHNs apaMeTpoB BHEAPEHHs, a Takxke nomy- 1075 .

meHussMH (0 HaXOKJICHWH Marepuajia B cocto- 09 D=2.0mum . ’f.‘

SIHUM TOJIHOM IJIaCTHYHOCTH), HPUHATBIMU mipu 0.8 < D=318mm #*

pacuere d.. MOKHO OTMETHTbh, 4TO YeM Oosbiie 0.7 my"

3HAYCHHEC 8?{, TE€M MCHBIIIE €€ PACXOKICHUE C 8‘3‘,. 0,6 el

[Ipu 5TOM MakcHMaJTbHBIC 3HAYCHUS va H 5(}{ mo- 05 v

JYYEHBI IPH MaKCHMAJBHBIX MpEaylapHbIX cko- 04 . v

pPOCTSAX JJIsl MaTepuajioB ¢ HU3KOH TBEpAOCThIO, 0.3 R

IUIL KOTOPBIX XapaKTEepHBl pa3BUTBIE ILIACTH- 02 eyt

geckue aedopmanuu. B mro0oMm ciaydae MOkHO 0,1 o 5

KOHCTAaTUPOBATh YCTOWYHMBYIO CBSI3b MEXAY JaH- 0 .

ot 02 03 04 05 06 07 08 09 10

HBIMH ITapaMeTpaMH. XOTS TOYHOCTh U3MEPEHUs
Si OyzmeT BbIlIE, TMOCKOJIBKY B HCIIOJIb3YeMOM
00OpY/IOBAaHUH PETUCTPHPYEMBIM ITapaMeTpOM

Puc. 4. Csasb napameTpos 8¢ u 8,

Fig. 4. Ratio between parameters 8’ and &,
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sBisieTcst V(f), a ocTaJbHBIC MApaMEeTPhl OMPEICISIOTCS PACUeTOM, B JalIbHEHITUX HCCIEIOBAHUIX Oy-
JIEM UCTIOIH30BaTh BETUIUHY 8?1, Kak 0oyiee 000CHOBAaHHYIO TCOPETHUCCKH.

PaccmoTpuM, Kak U3MEHSIETCS TTapaMeTp 6‘1{, TIpH BapbUPOBAHUU V., OT 0,4 10 4 M/c. DKCTIepuMEeH-
TaJIbHBIC HCCIICIOBAHMS MIOKA3BIBAIOT, UTO C YBEITUUCHUEM V), 3HAUCHUE 5‘}1 TaKXke Bo3pacrtaeT (puc. 5),
IIPU DTOM OJHOBPEMEHHO CHIKAETCS pa3sHULIA AS‘;{ MEXIY 8‘}{ JUISL pa3IMYHBIX MaTepuanoB. Tak, Ad;,
Mexay craibio 27,5 HRC u cranbto 45,7 HRC nipu Vyax = 0,4 M/c coctapsiet 0,15 (27 %), a ipu Vo =
4,0 m/c — 0,05 (6 %).

10 ;8¢

amommr n75HB
cTanb g%‘b[-/
0.9 Megp 68 HB 5 f natyHb B

cTanb 27,5HR! }AESf,
0,8 {

crane 183 HB aniomnHuii 142 HB

0,7 1 cTans 45,7 HRC

d
0,6 | ASH
cTanb 62 HRC

0,5 {

04 |

0,3 {

Vinax M/C

0,2

0 0,5 1,0 15 2,0 2,5 3,0 35 4,0 45
Puc. 5. smenenne &, MpH yBETUYEHHH Viqy JUTS PA3THIHBIX 06pasoB

Fig. 5. Change of 8%, at the increase of Vy for different samples

Od4eBHIHO, YTO TPU OJHOH M TOH Ke CKOPOCTU Vi, IS Pa3IUYHBIX MaTEpPHAIOB JIOCTHTACTCS
pasHasi BeIMYUHA € U Et, BKJIAJ] KOTOPBIX CIIOXKHO pasfnenuTh. CleayeT OTMETHTh, YTO MaTepua mpu
ne(GOpPMUPOBAHUHU MTPOXOAUT PA3IUUYHBIC CTAJUU: YIPYTYIO, YIPYTOMIACTHYCCKYIO U CTAAMIO TOJTHOM
niaacTuyHOCTH. COOTBETCTBEHHO DHEPTHs yapa OyAeT TpaTUThCS Ha CO3/aHue Kak yrpyrou aedop-
MaIi¥, TaK U TUIacTU4YecKor. [109TOMy BIIOJTHE €CTECTBEHHO, YTO HA HAYaJIbHOM JTare 3HAuYeHHe MO-
JyJisl YIIPYTOCTH OyJIET OKa3bIBaTh 3HAUUTEIHHOE BIUSHUE HA COOTHOIICHUE YIPYTON M IIACTUYCCKOM
nedopmarun. [lpn yBenmndeHnn TIIyOWHBI BHEAPECHUS A OIS YIIPYyTod nedopMauy CHUXKACTCS, TTPH
9TOM MaKCHMMAaJIbHOE 3HaueHHe JIepOopMaIii, KOTOPOE MOKET ObITh JIOCTUTHYTO, KaK CieayeT u3 Gpop-
myasl (7), pasHo 0,2. st aToro HE0OX0MUMO, 9TO0B! d, = D. OmHAKO IJIs TBEPABIX MAaTEPUAJIOB JI0-
ctuub € = 0,2 B quanazone ckopocteit 0,4—4,0 M/c HE ynaeTcs, KpoMe TOTO MPH POCTe Vi ,x, KaK TIOKa-
3aHO, MMaJaeT YyBCTBUTCIIBHOCTh IMapamMeTpa 8‘},, HOCKOJIBKY Ad;; MEXIY Pa3IUYHBIMH MaTepHaaMH
najaet. TakuM 00pa3oM, MOKHO KOHCTaTHPOBATh, YTO BHIOOP ONTUMABHON BETUYHHBI Ae)opMaIlii,
npu KOTOpOﬁ 6yIleT JOCTUTHYTA OITUMAJIbHAA YyBCTBUTCIIBHOCTD, HYXKIACTCA B OIPCACIICHUU.

EctecTBeHHO, 4TO YeM BBILIE JOJS TUIACTHYECKOW JeopManu, TeM MEHBIIE BIUSHUAE YIPYTUX
XapaKTepUCTUK marepuaia. OQHAKO €ClIU TOBOPUTH O JMHAMHUYECCKOM WHJCHTHPOBAHWUU U €r0 HC-
[I0JIb30BAHUHY JIJIsI HEPa3pYIIAOIIEro KOHTPOJS PeajbHBbIX U3JEIUH, TO CICNYyeT YUYUTHIBATh, YTO HA
pe3yabTaThl U3MEPEHHUN OyAYT OKasbIBaTh BJIMSHHE BOJHOBBIC Mpolecchl Npu yaape. [loatomy npu-
MEHCHHE CJIMIIKOM OOJIBIINX 3HEPTUH yJapa He SBISETCS MPUEMIIEMBIM C 3TON TOYKH 3peHus. B [19]

. d
YCTaHOBIICHO, YTO COCTOSHHE MOJHOW IUIACTHYHOCTH JOCTHTaeTCs MpH OTHomeHun —- =0,16+0,20
Y
(e = 0,032+0,040 (unm 3,2-4,0 %)) 11 mMaTepuasnos, y KOTopbix otHomenue — < 0,005, u mpu BC =
E

Y x
0,2-0,3 y marepuaos c E> 0,005 (Y — npenen TexydecTH, £ — MpUBEACHHBINH MOIYJIb YIIPYTOCTH;

1 _l—vf,[ +1_V12

*
E Eyq Ey
JIEHTOPY COOTBETCTBEHHO).

, tae v — koa¢p¢unuent [lyaccona, maaekcel M u 1 OTHOCATCS K MaTepually WU WH-
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Ha pwuc. 6, a mokazana 3aBUCHMOCTb 82 oT €. OOparmaer Ha ce0s BHUMaHWEC W3MCHCHHE B3aWM-
HOT'O PACIIONIOKEHUSI 3aBUCUMOCTEH 1T HEKOTOPhIX MarepuajoB. BHIIHO, Y4TO MIAaCTUYHOCTH CTa-
mu 45 (45,7 HRC) Beime, uem antoMuHueBoro criaBa B96 (142 HB), XoTs Ha mpeasinylieM rpaguke
(cM. puc. 5) Habmoanach oOpaTHast KApTHHA, KOTOPasi B CBOIO OYEpe/lb COBMAIAET C XapaKTepOM B3a-
MMHOTO PACIIOTIOKEHHS 3aBUCUMOCTEH O OT Et , JUISL 9TUX MaTepUalioB Ha puc. 6, b. 13 puc. 6, b Mo>xHO
c/IeNaTh BBIBOI, YTO IUIACTUYHOCTH aJTIOMUHHUEBOTO CIIJIaBa BHIIIE, YeM y CTaiu. Takasi )ke CHTyalus Ha-
onromaetcs st oopasuoB u3 cranu 10c (109 HB) u anromuHueBoro crasa 1050 (75 HB). Oto BbI3Ba-
HO TE€M, YTO MpPH AMHAMUYECKOM WHICHTUPOBAHUHU OIHOBPEMEHHO MPOTEKAIOT JBA KOHKYPHPYIOIIUX
nporiecca, KOTOpble OKa3bIBAIOT BIMSHHUE Ha IMMOKAa3aTellb MUIACTUYHOCTH: yBEIHUCHHE aedopMaiiu
(HapacTaHue JONH TIACTHYECKON ne(opMalii U COOTBETCTBEHHO YBEIUYCHHE 8?,) U POCT CKOPOCTH
nedopmaruu, KOTopas, Kak HW3BECTHO, COIPOBOXKIAETCS YBEIMUEHUEM TIpejesia TeKydecTH, BCIell-
CTBHE YEro MOKa3aTeNb MNIAaCTHYHOCTH NMagaeT (IpH TOM e 3HadeHuu aedopmanum). Ha 3aBucumoctsb
8% =f (Vimax ) BAMSIIOT 062 5TH IIpolecca. DTO elle pa3 NOATBEPKAACT, 4TO CPABHUBATE ILIACTUYHOCTD
METAJIJIOB TI0 TBEPIOCTH HE BCET/Ia MPABHUIIBHO.

1,04
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g mepb 68 HE anoMnHnin 75 HB
0,9
ctanb 109 HB
08 natyHs 106 HB ctanb 45,7 HRC
' cTans 183 HB
07 anomMunnin 142 HB
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Puc. 6. Bnusuue 1e(opMaIum 1 CKopocTH AehopMaIuy Ha 3HAYEHHE IIIACTUYHOCTH: ¢ — 3aBHCHMOCTb
8¢ ot €, b 3aBucumocts &Y, ot &,

Fig. 6. Influence of the strain and strain rate on plasticity: @ — dependence &9, on & , b — dependence &), on El



492 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 4, pp. 483-495

,Z[J'IH CpaBHCHUS IIACTUYHOCTHU PA3JIMYHBIX MaTCPHUAJIOB YI[O6HO BOCIIOJIB30BATHCA MPECAJIOKECHHBIM

B [9] oAXOoA0M: IMPOBOAUTL CPABHCHUEC 6?{ B 3aBUCMMOCTHU OT MapaMeTpa, YUUTbIBAOIICTO BJIUAHUC MO~
d

H
nmynst yupyroct Ey u kodddumuenta [Tyaccona E—M(l -V — 2"1%/1 ) [Ipu aTOM HEOOXOAUMO BEIOpPATH
M
ONTHMAJIbHBIC MTAPAMETPhl HHACHTUPOBAHUS JJIsI 00CCIICYCHH I MAKCUMAJIBHOW 4yBCTBUTEIBLHOCTH.

d
H
Ha pwuc. 7, @ nokazaHbsl 3aBHCHMOCTH 6?, =f E—M(l—vM —2v§4) , TIONIyYCeHHBIC TIPU Pa3JIHd-

M
HBIX Vpax. BUIHO, 4TO TIpH yBEeNWYEHUH V), 3Ta 3aBHCUMOCTH MPUONIMIKACTCS K JIMHEHHOW, OJJHAKO

IIPU 3TOM TEPSIETCSl UyBCTBUTEIBHOCTh (YIroJI HAKJIOHA NPAMON yMeHbluaetcs). IIpu ckopocTu Vyax =
1,0 M/c 3aBHCHMOCTD CTaHOBHTCSI PAKTHYECKU TUHEWHOMU. 3/1eCh HEOOXOIUMO OTMETHUTh, YTO IPH JIaH-
HOHU Viax BCe MaTepuaisl 1edopMupyroTcs Oosee ueM Ha 4 % 1 HaXOAsITCAd B COCTOSIHUU MOJTHOM Tuia-
cTUYHOCTH. [lanbHelee yBenndeHne npeayaapHoil CKOPOCTH CTAHOBUTCS C TOYKH 3pEHUST KOHTPOJIS
HEIeJIecO00pa3HbIM, IOCKONBbKY CHHKEHHE YYBCTBUTEIBHOCTH OYAET HEMOCPEACTBEHHO OKa3bIBaTh
BIIMSIHHUE Ha TMOTPEITHOCTh U3MEPEHHI.
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. H . .
Fig. 7. Dependence Bf, on E—M(l -V — 2v§4) at the different V,,,«: @ — indenter D = 2.0 mm;
M
b — comparison between the data for indenters with D =2.0 and 3.18 mm
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IIpoBeneHHbBIE SKCIEPUMEHTHI TIO3BOJISAIOT YTBEPKAATh, UTO IS MTOTYYESHHS JTMHEHHON 3aBHCHMO-
CTH HEOOXOJMMBIM YCIIOBHEM, TIO-BUJUMOMY, SIBIIIE€TCs co3ianue aAedopmanuii 6onee 4 %. Ecnu ma-
TepHabl HE SBISIOTCS TBEPIBIMH, TO 3TO COCTOSHHE HACTYMAET paHee, U €CIU COKPATHTh KPYT HC-
CJIeTyeMbIX MaTepPHAJIOB, TO MOXHO CHU3UThH MPEAYTAPHYI0 CKOPOCTh U MOJIYYHTh OOJIBIIUHN JUAa30H
W3MEHEHUS TIIACTUYHOCTH. DTO BAXHBIN (aKT sl Hepa3pyIIaroero KOHTPOJIs, TTOCKOIBKY, Kak mpa-
BUJIO, METAJIJIbl, HECYIIIME HAT'PY3KH, HE UMCIOT BBICOKOW TBEPJOCTU BO M30€KAHUE UX OXPYTUMBAHUS
Y BHE3AITHOTO pa3pyIIeHUSI.

Ecnu obparutbes K puc. 7, b, TO MOKHO OTMETHTh, YTO JUAMETP MHJCHTOpA B JaHHOM Clydae He
OKa3bIBAaeT CYIIECTBEHHOTO BIWSHUS. 3aBUCUMOCTH JUJISI Pa3HBIX MHJICHTOPOB OKAa3bIBAIOTCS OJM3KH.
DT10T (haKT OOBSICHICTCS TEM, UYTO B JAHHOM CJIydae COOTHOIICHUE D/m MO3BOISIET MONYUUTh OJU3KHUE
3HAYCHUS CKOPOCTH Aeopmaiuy (OTIIMYAIOIIUECS BO BCEM Jihana3oHe Ha He Oonee uem 10 %).

BsiBoabl. B padote rccnenoBana BO3MOXKHOCTh OMPEENICHUS TapaMeTpa MIaCTUIHOCTA METOIOM
JIMHAMUAYECKOT0 MUKPOYIApHOI0 MHACHTHPOBAHUS CPEPUUYSCKUM HHACHTOPOM. [IpemiokeHsl Bhipa-
KSHHS JJIs1 OTIPE/ICTICHHS ATOTO TTapaMeTpa, TTO3BOJISIONINE MCTIONIB30BaTh B pacueTax HEelmoCPeCTBEH-
HO JTAHHBIC KPUBOU YAAPHOTO HATPYKEHUS.

Ilokazana O6MM30CTH 3HAYEHWH TapaMeTpa IMIACTUYHOCTH, PACCUMTHIBAEMOTO HCXOIs W3 TIyOWH
BHEJIPCHUS WHJICHTOPA U UCXO/IS U3 PHEPreTUUCCKUX MapaMeTPOB MHACHTUPOBAHUS (Uepe3 KodPPHIu-
€HT BOCCTAHOBJICHHS CKOPOCTH).

W3yueHo BIUsSHUE BEIUYUHBI JeopMallii U CKOPOCTH AedopManuy Ha 3HAYEHUE TIapaMeTpa IJia-
ctuyHoCcTH. [lokazaHO M3MEHEHNE YYBCTBUTEIILHOCTH NTapaMeTpa TUIACTHYHOCTH IPYU U3MEHEHUH TIpe-
IynapHoii ckopocTu. [IpoBeneHo cpaBHeHNE TapaMeTpa MIIACTUYHOCTH ISl pa3JIMYHBIX METAJIJIOB.

ITonydeHHble JaHHBIC MO3BOJISIOT HAMETUTH BOIPOCHI, MPEACTABISIOUIME UHTEPEC AN JajbHEH-
IeTO U3YUCHUS: pa3IelicHHue BKJIaa BETNUYUHBI JeOpMaIii ¥ CKOPOCTH Aedopmariuu B 3HaUCHUE TIa-
paMeTpa MIaCTUYHOCTH, COMOCTABJICHUE NAHHBIX C NapaMeTPOM IJIACTUYHOCTHU, ONPEACICHHBIM CTa-
THYECKUM WHACHTHPOBAHWEM, YCTAHOBIIEHHE CBS3HM YKA3aHHOTO TapamMeTpa C MPeneiIoM TeKydecTH,
orpeziesieHUe YyBCTBUTEILHOCTH K Je()OPMAITHOHHOMY YIIPOYHEHHUIO U TEMIIEPaType.

BaaromapHoctu

ABTOp BBEIpa)kaeT OIaroJapHOCTH UJIEHY-KOPPECIIOH-
neHTy HauuvonanpHON akaneMuu HayK YKpawHbl, JTOKTOPY
TEeXHHUYECKHX Hayk, npodeccopy lO.B. Munbmany 3a mo-
JIe3HOE 00CYKICHHE Pe3yJIbTaTOB JaHHOW paboTEHI.

Pabora BrImonHeHa pu monaepxkke bermopycckoro pe-
crmyOnukaHcKkoro Gouaa GyHIaMEeHTaIbHBIX UCCISTOBaHUN
(rpanT Ne T20YKA-002).
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METOAUKA U AIIITAPATHBIE CPEJACTBA OLHEHKHA
KOJIMYECTBEHHBIX XAPAKTEPUCTUK NI T-U30BPAKEHUI
nPU UCCJIIEJOBAHUU JTUHAMUNYECKUX OFBEKTOB

Annortanus. [IpuBeneHo onncanue OPUTMHAJIBHON KOHCTPYKIMH (paHTOMA IS OLEHKH KOJIMYEeCTBEHHBIX XapaKTe-
puctuk I19T-u300paskeHnit IpH MCCIENOBAHUN TUHAMHYECKHX OOBEKTOB. J[BrkeHHe (haHTOMA KOHTPOIHPYETCS CHCTe-
MOW CHHXPOHHU3AINH ABIXaHUS, KOTOpas GUKCHPYET aMIUINTYTy ABIDKCHHS (PaHTOMA M JUIMTENBHOCTh IIMKJIA JIBUKEHUSI.
INomy4ena xpuBasi, IMUTHPYIONIas JbIXaHUE YEIOBEKA, MapaMeTPsl KOTOPOH (AMIITUTYAA M MEPHO), COOTBETCTBYIOT TIO-
Ka3aTemsM, TTOTydaeMbIM IIPU UCCIEOBAaHUM TPYAHON KIETKU. YCTAHOBJIEHBI 3HAUCHUS KOI(P(PUIINEHTOB BOCCTAHOBICHHUS
1 KOHTPACTa ¢ y4eTOM pa3MepoB cdep, a TakKe CTATHYECKOr0 U TMHAMMYECKOT0 THIIOB JABHKeHHs (panToMOB. [IpousBeaeHa
OIIeHKa HECOOTBETCTBUS KOA(P(UIIMEHTOB BOCCTAHOBIICHHS M 3HAYCHUI KOHTpAcTa 1uis cep, yCTaHOBICHHBIX BHYTPh (aH-
TOMa B CTATHYECKOM M IMHAMHUECKOM cOCTOsIHUIX. C yMEHBIICHHEM AHaMeTpa (COOTBETCTBEHHO, U 00beMa) chepbl HabIIo-
JlaeTcsl BO3pACTaHNE PAa3HUIBI 3HAYCHHUH (MEX/1y CTATUYECKUM U THHAMHYECKUM IOJIOKEHUSIMU (aHTOMa) Kod(hPHIreHTa
BoccTaHOBiIeHUs. OIpeenaeHsl ONTHMaIbHbIE 3HAUYSHNST KO3()(QUIIMEHTOB BOCCTAHOBIICHHS, MTOTYYaeMbIX IIPU HCIIOIH30Ba-
HUU peKOHCTPyKImoHHOro anroputMa QClear. Onncansl peKOMEH/JAIIUH 110 TPUMEHSHHIO pa3paboTaHHOTO yCTPOHCTBA MPpH
HCCIIeJOBAaHUY ANHAMHUIECKUX 00BeKTOB. IIpencTaBnennyio B JaHHOH paboTe yCTaHOBKY 11eI1ec000pa3HO UCIONb30BATh AJIS
KOHTPOJISI Ka4eCTBA KAUeCTBEHHBIX M KOITMYECTBEHHBIX XapaKTEPUCTHK ANATHOCTUIECKUX M300paKeHNH, MOTyJaeMbIX KaK
Ha [IDT/KT ckanepax, Tak u npH npoBeAeHHH uccienoBanuii ¢ ucnonb3zoBanueM ODIKT/KT (ogHOPOTOHHBIH IMUCCHOH-
HBII TOMOrpad, COBMEIIEHHBIN ¢ KOMITBIOTEPHBIM TOMOTpadom).

KuroueBble ciioBa: KoHTpacT, GaHTOM, KOIPPHUIHNEHT BOCCTAHOBIICHHUS, JbIXaTEIbHbIC ABHIKCHUS, PEKOHCTPYKIIMOH-
HBIH aJICOPUTM, KA4€CTBO H300parkeHH s

Jna untupoBanms: Ewmenssnenko, E.B. Meroquka u amnmapaTHble CpeacTBa OLEHKH KOJIHYECTBEHHBIX Xapak-
tepuctuk [IDT-m300paxennit mpu uccieqoBaHuy JuHaMudeckux oO0bekTtoB / E.B. Emenpsnenko, M.H. IleTkeBuy,
W.T. Tapytur // Bec. Ham. akax. maByk bemapyci. Cep. ¢i3.-toxH. HaByk. — 2021. — T. 66, Ned. — C.496-504.
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METHODOLOGY AND HARDWARE FOR ASSESSING THE QUANTITATIVE CHARACTERISTICS
OF PET IMAGES IN THE STUDY OF DYNAMIC OBJECTS

Abstract. The description of the original phantom design for assessing the quantitative characteristics of PET images in
the study of dynamic objects is given. The phantom movement is controlled by the breath synchronization system, which re-
cords the phantom movement amplitude and the duration of the movement cycle. A curve was obtained that simulates human
breathing, the parameters of which (amplitude and period) correspond to those obtained in the study of the chest. The values
of the ecovery coefficients and contrast are obtained taking into account the sizes of the spheres, as well as the static and
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dynamic types of movement of phantoms. An assessment of the discrepancy between the recovery coefficients and the con-
trast values for the spheres installed inside the phantom in the static and dynamic states has been made. With a decrease in
the diameter (respectively, and volume) of the sphere, an increase in the difference in values (between the static and dynamic
positions of the phantom) of the recovery coefficient is observed. The optimal values of the recovery coefficients obtained
using the QClear reconstruction algorithm have been determined. Recommendations for the use of the developed device in
the study of dynamic objects are described. It is advisable to use the installation presented in this work to control the quality
of the qualitative and quantitative characteristics of diagnostic images obtained both on PET/CT scanners and during studies
using SPECT/CT (single-photon emission tomograph combined with a computed tomograph)

Keywords: contrast, phantom, recovery factor, respiratory movements, reconstruction algorithm, image quality

For citation: Emelyanenko E. V., Piatkevich M. N., Tarutin I. G. Methodology and hardware for assessing the quantita-
tive characteristics of pet images in the study of dynamic objects. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya
fizika-technichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021,
vol. 66, no. 4, pp. 496—504 (in Russian). https://doi.org/10.29235/1561-8358-2021-66-4-496-504

Beenenue. [103UTpOHHO-9MUCCHOHHAsI TOMOT'padus, COBMEIICHHAsI ¢ KOMITBIOTEPHOH PEHTTEHOB-
CKOM ToMoTpaduelt, SBIsSeTCsS YHUKAIbHBIM HEMHBA3UBHBIM METOJIOM PaJIHOHYKIIUTHOW JUATHOCTUKH,
KOTOPBIN BKJIIOYAET B ceOs MMarHOCTHUYECKHe M300pakeHns aByX moxanbHOcTer (IIDT, KT). Ha ce-
TOAHSIIHAN J€Hb OCTAIOTCS HEUCCIICNOBAHHBIMH XapaKTEPHCTUKH JUATHOCTUYECKUX W300parkeHHH
MIPU CKAHUPOBAHUU OOBEKTOB, HAXOSIINXCS B ABHKCHHUH, UTO OCOOCHHO aKTyaJIbHO IPH MOJTYyYCHHH
KOMITBIOTEPHOH aHAaTOMHYECKOW WHpopMamwu 00 opraHax T'PYAHOHW KJIETKH M OPIONTHOW IOJOCTH.
JIBmkeHue rcciaeayeMbIX 00bEeKTOB MOKET BHECTH CYIIECTBEHHYO BEIMUNHY HEOIPEACICHHOCTH B 110~
JTy4aeMyr JUarHOCTUYECKYI0 WH(OPMAIIHIO, YTO OKAa3bIBACT BIUSHUE HA JallbHEHIINI ee aHamu3 [1].
Hcxons u3 BBICOKHX TpeOOBaHUH, TPEABIBIIEMbIX K KAY€CTBY JUATHOCTHYECKOTO U300paKeHHsl, clie-
JyeT YYUTHIBATh PsiJl YCIOBUH, BIMSIIONINX HAa KA9eCTBEHHBIE (IIIyM, KOHTPACT) U KOJTUYECTBEHHBIC Xa-
paktepuctuku (SUV — craHIapTU3WPOBAaHHBIN IMOKA3aTelb HAKOIUICHUS Paauo(apMaieBTHUYECKOrO
npenapara, MeTabonudeckuit 00vbem). K JaHHBIM yCTIOBHSIM OTHOCSTCS:

MOJIMOTOBKA TAIMEHTa K UCCIIEIOBAHUIO M (PaKTOPbI, 3aBUCSIIUE OT KOHCTPYKTHBHBIX 0COOCHHOCTEH
00opynoBaHMs (IETEKTUPYIOIIAs CUCTEMA), 8 TAK)KE KOHTPOJIb Ka4eCTBA JETEKTUPYIOILEH CUCTEMBL;

PEKOHCTPYKIIMOHHBIE aJTOPUTMBI U WX BXOJHBIC IMapaMeTphl (IIOMpaBoYHbIe KOAPDHUITUEHTHI, KO-
JUYECTBO UTEPALNN U MMOJMHOXKECTB, KaK MPaBUIIO, PEryJIupyeMble OIb30BaTEIEeM HCXOJIS U3 CYyOheK-
THUBHOT'O BOCIIPHSTHS KauyecTBa JUarHOCTUYECKOT0 n300paskeHus) [2].

Taxxe HE0OXOUMO yUHUTHIBaTh, 4TO 11D T-n300pakeHne nMeeT CpaBHUTEIBHO HU3KOE MPOCTpaH-
cTBeHHOe paspemieHne no otHomeHuo Kk KT(MPT)-n300pakeHusiM, ClieICTBHEM Yero SBISIETCS HU3-
KW ypOBEHb BOCCTaHOBJICHUsI OOBEMHOW (MJM YIENbHOH) aKTUBHOCTH B MATOJIOTMYECKHX OYarax,
pa3Mepsl KOTOPBIX MPUONMIKEHBI K MPOCTPAHCTBEHHOMY pa3pelieHHui0 ckaHepa. JlaHHBIH ¢akTop Ha-
3pIBaeTCA dPPEKTOM YacTHIHOTO 00BeMa. KommaecTBEHHBIM BBIpaKEHHUEM 3TOT0 dPdeKTa SBISCTCS
ko3 duineHT BoccranopyieHus [3]. [ToMumo yka3aHHBIX (DaKTOPOB CYIIECTBEHHOE 3HAYCHHUE MMEIOT
JIbIXaTeIbHBIC IBH)KEHUS TTAIIMEHTA, BIMSHUAE KOTOPHIX CKa3bIBaeTCs Ha (POPMUPOBAHUH 00JIaCTH HAKO-
IeHus paauodapmaneBTuaeckoro npenapara (POII), a Takke Ha cTaHIAPTU3UPOBAHHOM ITOKa3aTese
HakorieHus POIT (SUV,,, SUV,.x — cpeaHuii 1 MaKCHMaIIbHBIH ITOKa3aTelld COOTBETCTBEHHO) [4—0].

Jns aHanu3a BAUSHHS Pa3NUYHBIX (PAaKTOPOB HAa KAYECTBEHHBIE M KOJIMYECTBEHHBIE XapaKTepu-
CTHKH UCIOJIB3YIOTCS (DaHTOMBI, HanoJHsieMbie PDI1. daHTOMBI peHa3HAYEHBI JIJIST MOJICITUPOBAHU S
peasbHOr0 MCCIIEOBAHMS MAIMEHTa, YTO B CBOK OYepe/b MO3BOJISET HE TOJIBKO PEIlaTh 3aa4u CTaH-
JTAPTHOTO KOHTPOJIS KavyecTBa, HO M UCCIIE0BATh BO3MOXHOCTH 000PY/IOBaHUS B TIOJTHOM OOBEME.

CymiecTByeT psiJi METOJIOB KOHTPOJISI KQUecTBa € MCIOIb30BAHUEM BOJIOHAINIOJHEHHBIX (haHTOMOB,
HAIPaBJICHHBIX HA aHAlM3 KauYeCTBEHHBIX (KOHTPACT, IIyM, COOTHOIIEHWE CHTHAJ/IIyM) W KOJIUYe-
CTBEHHBIX XapaKTepUCTHK. K TakuM MeToqaM OTHOCHTCS CKaHMPOBAaHWE BOJIOHAIIONHEHHBIX (paHTO-
MoB Madeira 1 NEMA 2012/IEC 2008. BHyTpb niepBoro ¢anToMa WHCTAJITUPOBAHBI TIOJIbIE KOHYCHI,
a BHYTpPb BTOPOI0 — moJible cepsl (¢ auametpamu 37 mm, 28, 22, 17, 13, 10 mm) [7, 8]. OOmuit npuHIHI
paboThI ¢ JaHHBIMH (DAHTOMAMH COCTOWT B CIIEAYIOIIEM:

HanojHeHue chep/konycoB POIT B 3alaHHOM COOTHOIIICHUY;

CKaHupoBaHUe (paHTOMA;

aHaJU3 TIOJyYeHHBIX N300paKeHNH U pacueT Ka4eCTBEHHBIX U KOJIMUYECTBEHHBIX XapaKTePUCTHK.

O0paboTKy M300paKeHHUs IPOBOISIT MPHU TOMOIIHU IIPOrPAMMHOI0 00SCIICUeHHs paboUeHt CTaHIIMH,
KOTOpOe MpenHazHaueHo 1y Busyanusanuu u aHanuza [19T/KT nzobpaxennil.
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PaccmaTrpuBaembie criocoOBl HE TO3BONSIIOT BBIIIOJHHATH aHAIU3 KOA(h(UIIMEHTOB BOCCTaHOBIIE-
HUSI C YyY9ETOM JBMKEHHUs. J[BHKEHUS, COMPOBOKIAIONINECS IBIXaTeIbHBIM ITUKIIOM, MOTYT OKa3bIBaTh
3HAYUTENIBPHOE BIIMSHUE HAa KAYECTBEHHBIC M KOJIMYECTBCHHBIC XAPAKTEPHUCTHKU JHATHOCTHYECKHUX
[I9T-u300paxeHui.

L]env dannoil pabomuvl — pa3paboTKa OPUTHHAJILHOW KOHCTPYKIIMK (haHTOMA JIJIsSl OLIEHKH KOJIHYe-
CTBEHHBIX XapakTepucTuk [19T-n300parkeHnit mpu NCCACIOBAHUH THHAMHUYICCKUX 00BEKTOB U CIIoco0a
€ro IIpPUMEHEHUSI.

KoncTpykuusi panroma ajs oueHku xapaktepuctuk [ T-uzodpamenuii. [{nsa ouenku Buus-
HUSI IBIXaTeIbHBIX JIBUKCHUI Ha XapaKTEPUCTUKHU U300pakeHuit HaMu Oblila pa3paboTaHa yCTaHOBKA,
COCTOSIIAsT M3 JIBUTAIOIICICS YacTH M BOJOHATIONIHEHHOTO (h)aHTOMa C IIECThIO MHCTANIMPOBAHHBIMH
BHYTpPB cepamu quameTpamu 37 mm, 28, 22, 17, 13, 10 mm.

Ha puc. 1 nzobpaxena 1eMOHCTpAIMOHHASI BEPCHS YCTPONUCTBA /ISl MOJICIIMPOBAHUS IBIXATEIbHBIX
JIBIDKEHUH TTAI[MEHTAa C BOJIOHAMIOIHEHHBIM (haHTOMOM. C IeNhI0 MUHUMHU3AIINY PUCKA ITOSBIICHHS apTe-
(hakTOB (paHTOM MO3HIIMOHUPOBAH HA MOJBUKHOW IJIAHKE TAKUM 00pa30oM, 4TOObI METAJLIINYECKHUE JIe-
TaJ¥ KOHCTPYKIIMU HE MOMAaJalH B M0Jie CKAHMPOBAHUSI KOMIIbIOTepHOTrO ToMorpada. [Ipenycmorpena
BO3MOXKHOCTH PETyJIMPOBAHUSI CKOPOCTH JIBHIKCHUS (haHTOMA.

Puc. 1. YcraHoBKa 7151 OLIGHKH BIIMSIHHSI bIXAaTENbHBIX IBHKCHHI HA XapakTe-

PUCTHKHU THATHOCTUYCCKUX H300paKCHUI: /| — MOTOP-PEAYKTOp, 2 — PErysaTop

CKOPOCTH, 3 — Ball C KyJIJaukoM, 4 — NO/IBHKHAs 1iaardopma, 5 — BOJOHATIOTHEH-
HBI paHTOM

Fig. 1. Installation for assessing the effect of respiratory movements on the
characteristics of diagnostic images: / — geared motor, 2 — speed regulator, 3 — shaft
with cam, 4 — movable platform, 5 — water-filled phantom

Mortop-penykrop I paboTtaeT oT uctouHuka nutanus 220 B. Perynsarop ckopoctu 2 MOJKIIIOUYCH
K UCTOYHHKY MHUTAHUS U MOTOPY-penykTopy /. Bam ¢ xymagkom 3 jK€CTKO 3aKperjicH Ha BaJl MOTO-
pa-penyxkropa /. [logeuxHas mardopma 4 (mumrHa 1 M) pacnoioxkeHa B BEpTUKAIBHOMN TIOCKOCTH HaJ
MOTOpOM-penykTopoM /. @anToM 5 co chepamMu BHYTPH KECTKO 3aKPEIJICH Ha TOABIKHON TIaTdop-
Me 4. @aHToM 5 TpeacTaBiIseT co00i eMKOCTh 00beMOM 2,5 JT CO CheMHOM BEPXHEH KPBIIIKOH C Mpo-
KJIaJKOH I TepMETU3AIUH, IBYX BUHTOB-3aTTYIICK C TPOKIaKaMH, MHCTAJUIMPOBAHHBIX B €TI0 BEPX-
Hio10 Kpbimiky. Chepsl (Beero mects chep, ux quameTpbl — 10 MM, 13, 17, 22, 28 u 37 MM) HAOTHSIOT
P®II n ycranaBnuBaroT Ha WTH(THL. LLITH(TH BKpYyYnBarOT B KPHIIKY (aHTOMAa C BHYTPEHHEH CTO-
poHbl. Bee yactu paHTOMAa 5 BBITIOTHEHBI U3 MONUMETHIMETAKPUIIATA /TSI HCKJIFOUEHUST BOBMOKHOCTH
noJry4eHus apTe(akToB, KOTOPHIC BOSHUKAIOT IPH CKAHUPOBAHUHU Ha KOMITBIOTEPHOM TOMOTrpade.
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Ha puc. 2 mpencraBier 4epTex OpUTHHAIBHON KOHCTPYKIIMH C JE€TAIBbHBIM OMHCAHHEM €ro CO-
CTaBIIAIOIINX ¥ TA0APUTHBIX Pa3MEPOB B MUJUTUMETPAX.

174

DaHToM

7

MoacTaBka noa haHTOM

5

Cnm\blﬂsan
[Burarenb MydTa MoawmnHunk

>
=

s

LTSS

Z

IKCLEHTPUK

Puc. 2. qepTe)K OpI/IFI/IHaJII:Hoﬁ KOHCTPYKIUHU C ACTAJIbHBIM OIIMCAHUEM €I'0 COCTABJIAIOIINUX U Fa6apI/ITHI)IX pasmMepoB

Fig. 2. Drawing of the original design with a detailed description of its components and overall dimensions

C nenpro CHHXpOHM3ALUN YCTPOMCTBA ¢ CUCTEMON «pecnupaTopuil ['eliTuHra» npoBeneH sKcrnepu-
MEHTaJILHBIA MyCK pa3pabdoraHHOro ¢anroma B npoueaypHoM nomeuienun [I19T-KT. [lonyuena kpu-
Basi, IMUTHPYIOIIAs IbIXaHUE YesloBeka (puc. 3), mapamMeTpsl KOTOPOH (aMIUTHTY1a U TIEPHOJ) COOTBET-
CTBYIOT IIOKA3aTeNAM, MOIy4aeMbIM IIPU HCCIETOBAaHUYU IPYJHON KIIETKH.

Mpunuun geiictBust yerpoiictBa. B Teno gpantoma ycranaBinBaroTcs chepbl 1 HaNOMHs0TCsS POIT
B 33JaHHOM COOTHOIIICHUH, B TaHHOM cirydae 1/6 (akTUBHOCTH B chepax/(poHoBast akTHBHOCTH B (haHTO-
Me). PaHTOM MO3WLUOHUPYETCS Ha MOJABMXKHOU IJIAHKE W LEHTPUPYETCs IO Ja3epaM KOMIIbIOTEPHOTO
ToMorpada. BeImonHseTcs uccrenoBaHus B CTATHYECKOM PeXHUME, a 3aTeM — B JMHaMU4eckoM. MoTop-
penykrop / (cM. puc. 1) mogkirodaroT K ncTouHUKY tutanus 220 B. [Tocne 3amycka ycTpoicTBa, MOTOP-
pPENYKTOp HAaUMHAET BpallaTh BaJI C KyJAauKoM 3, KOTOPBIN IPUBOJIUT B IBU)KEHUE B BEPTUKAJIBHOM ILIIO-
CKOCTH TIOJIBHDKHYIO TIaT(GOpMY 4 U JKECTKO 3aKpPEIJICHHBIN Ha Hel (GaHToM 5 ¢ 3anonHeHHbIMU POI1
chepamu. TakuM obOpa3oM, ABMKEHHE (aHTOMA UMHUTHPYET IBIXaTEIBHBIN TPOIECC OMOIOTHISCKOM

MOJIEII, a IBIKEHHE ecTH chep, 3aKperICHHBIX
Scale _| Ha WTH(TAX, KOTOPbIE BKPYUYUBAIOT B KPBIIIKY

B 4 cm _

~ @aHTOMa, — JABHWIKCHHUC IIaTOJIOTHYCCKHX OYaroB
¥ Auto Scale

N N N S e Motion Hakorienus: POII. [lanee 3amyckaeTcsi ckaHUPO-
5.4 mm

" RN 7 ~~ L BaHUE, [I0JTYYalOT TONOrPaMMy Ha KOMITBIOTEPHOM
- tomorpade. Ilo Tomorpamme ocymecTBISETCS

MJaHUPOBaHUE OOJACTH HCCIENOBAHUS IS TI0-
CIIEYIOIEr0 CKAaHUPOBAHUS BRIOPAHHOW 00JIaCTH

T T T e Ha KOMIIBIOTEPHOM M HO3MTPOHHO-OMHUCCHOHHOM
tomorpacdax. [IBmxenne (aHTOMa KOHTPOIHPY-
Puc. 3. KpuBasi, uMuTHpyIomas JAbIXxaHue 4yejJoBeKa €TCsl CUCTEMOM CHUHXPOHU3ALMMU JIbIXaHUsA, KOTO-
Fig. 3. Respiration curve pas pUKCHpYEeT aMITUTYAy IBHWKEHUS (paHTOMA

Beam Enabled
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U JAJUTENbHOCTh LUKJIA IBHKeHus. [locie nonydeHus cepuy AMarHOCTHMYECKUX M300pa)xxeHuil (cepus
n300paKeHNH, TIOIyYeHHBIX Ha KOMITBIOTEPHOM ToMorpade, u cepus M300pakeHHi, NOIyYeHHBIX Ha
MIO3UTPOHHO-3MHUCCHOHHOM TOMOTpa(e) OCyIIEeCTBISAIOTCS KOHTYpHUPOBaHUe chep, MIMUTHPYIOLINX OYa-
ru Hakorienust POII, u pacuer ko3 dunirmenta BoccraHoBIEHNS U KOHTpacTa. MIcXos U3 Moy4eHHbIX
JTAHHBIX MPOU3BOIUTCS OLIEHKA BJIMSIHUS JBUKEHUSI, BOSHUKAIOIIETO B MPOLECCE ABIXATEIbHOTO IUK-
na, Ha Ko3(h(HUIIMEHT BOCCTAHOBICHUS U KOHTPACT. OCyIIeCTBIISIETCS] Y4eT COOTHOLICHUSI aKTUBHOCTD
B cepax/(hoHOBAsI aKTHBHOCTH B (JaHTOME M TIAPAMETPOB CKAHUPOBAHHUSL.

MeToanka npoBeaeHus dIkcnepuMenTa. C Lesbio anpodauy yCTpOUCTBa Ak MOJACTHUPOBAHUS JIbl-
XaTeJIbHBIX JBHKEHUH MAlMeHTa, a TaKXKe OLEHKH KO3(P(UIIMEHTOB BOCCTAHOBIICHUS U CHHXPOHHU3ALNH
YCTPOMCTBA C CUCTEMOM «pecnuparopuil [ eiTHHIa)» BHIIOIHEHO BOCEMb CEPU IKCTIEPUMEHTOB C UCIIOJIb-
30BaHMEM PacCMaTpPUBAEMOro YCTPOHCTBA (YETHIPE B CTATUYECKOM M YETHIPE B JUHAMUYECKOM IOJIOKeE-
rin dantoma) Ha IIIT/KT Discovery 1Q. ®antom u chepst Hamomnuerst POIT (F-dropausokcurimokosa)
COOTHOUIEHHEM 00beMHON akTUBHOCTH (20 MbK Ha MOMEHT Havajia ckanupoBaHusi) 1/6.

JBmkeHne (GaHTOMa KOHTPOJIHMPOBAJIOCH CHUCTEMOW CHHXPOHH3ALMU IbIXaHUS (pecrnupaTopuil
leiiTunra). Ha puc. 4 npencrasieHsl GaHTOM Mepe]] HaualloM CKaHUpoBaHus (puc. 4, @) U KpUBasi, 0TO-
Opaxaronias ammuTyay (2,5 cM) u nepuop aeixanus (5 ¢) (puc. 4, b). [lsmxenue pantoma co chepamu
MOZETUPYET Ipoluece Abixanus yesnoseka. KT-ucciaenoBanue B KaskJ0H U3 BOCBMH CEPHIl SKCIIEPUMEH-
TOB MPOBOJIUIIOCH B CTATUYECKOM COCTOSIHUU (daHToMa (MMHTHpYeT uccienoBanue Ha KT ¢ 3anepxk-

KO JBIXaHUS).

Scale
Mode: Acquisition @ 4 om

¥ Auto Scale

ID: testdva
Gated Motion
5.4mm

FirstName: testdva

Last Name: testdva

Rec length: 45 min

Beam Enabled

Beam Hold

Session Options Close Patient : : 0:40

Puc. 4. KoHTpOAb IBUKEHUS YCTAHOBKH C BOJOHAMOIHCHHBIM (JaHTOMOM CHCTE-
Mo peciuparopus ['eliTura: a — Mmapkep, UCIOJIb3YOUIUHN 111 KOHTPOJIS IBUKE-
HUS 00BbEKTa; b — KpUBast IbIXaHUS

Fig. 4. Control of the movement of the installation with a water-filled phantom
with a Heyting respirator system: ¢ — a marker used to control the movement of
an object; b — breathing curve

B kaxxiom, U3 paccMaTpuBaeMbIX SKCIIEPUMEHTOB BBITIONHEHBI TpU cepun pekoHcTpykmuil ([13T)
CO CJEeQYIONIMMH TapaMeTpamMu:

HeuzMeHnsemMvle napamempsl. Pa3MEpHOCTb MaTpullbl 192X 192, akcuanbHbie GUIABTPBI (MCHIONB3Y-
FOTCS JIJIs1 ONITUMHU3AINH KaueCcTBA JUATHOCTUIECKOTO N300paKeHHs B aKCHATBHOM IMPOEKIINH) OTKITFO-
yensl, cut-off Gpuaerp 6,4 MMm;

usmensemvie napamempol: QClear — peKOHCTPYKIMOHHBIA aNTOPUTM [JISl TIOAABICHHS IIyMa Ha
nuarHoctuyeckux uizobpaxenusix; VPHD + PSF — pexoncTpykimonssiii anroputm (aHaixor OSEM)
JIMAarHOCTUYCCKUX M300pakeHui coBMeCTHO ¢ PSF-yHKIMeH ¢ 1enbio yaydiieH|s NpoCTPaHCTBEH-
HOT'O pa3pelIeHus 1 yJIyqIeHHOro (GOpMUpOBaHUs KOHTYpa obnacT HakoraeHus POII.
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JnuTenbHOCTh CKAaHUPOBAHUS BOJAOHAMOJHEHHOTO (DAHTOMA C MHCTAJJIMPOBAaHHBIMU cepamMu Ha
[19T pasusinace 3 muH. Bpemennoi natepsan mexay 3amnyckom [19T u KT-yactu cocrasisii He Oonee
30 c. AmMmutyaa — 2,5 cm.

Pacuer k03(h(UIMEHTOB BOCCTAHOBJICHUS, PA3HHUIBI MEXKIY Kod(Q(UIHMEHTAMH BOCCTAHOBIICHUS
JUTSL KaKJIOW U3 cdep Npu U3MEHEHHH NapaMeTPOB PEKOHCTPYKLMHU, a TAaKKe ONPEIEICHUE CPEIHEro
3HAUEHHE JICBHAIIUU KOA(PPHUIIMEHTA BOCCTAHOBJICHUS TIPU M3MEHEHUH MapaMETPOB PEKOHCTPYKIIMH
npuBeeHbI B [9]. 3HaueHNe KOHTpacTa I KaxKJ0H U3 cep ycTaHOBJICHO Mo GpopmyIie

C, .
H,
contrast = —], 1
B,j
rae Cp; — KOHIEHTpauus paauodapManeBTHUECKOro Ipenapara u3MepenHoro B cdepe, Cpj — poHOBOE
3HaueHue KoHteHTpanuu POII B o6beMe okpyskarorieit skuaxoctu [10].
CpenHee 3HaYeHHUE IEBUALIMU KOHTPACTa COCTABUIIO

> contrast
< contrast >, = ————°M.100 %, )

n
A€ 71 — KOJIMYECTBO SKCIICPUMEHTOB.

Ha ocHoBaHuM MOJYYEHHBIX PE3YJIBTATOB BBHINIOJHEH pPAacue€T HECOOTBETCTBUS CPEIHETO 3HAYEHUS
KO3((PHUITUCHTOB BOCCTAHOBIICHUS B CTATHYECKOM M TMHAMHUYECKOM COCTOSTHHH (7151 KaXKJI0U U3 cep)
Ha cepHsiX N300paKeHN, peKOHCTPpyUpoBaHHbIX ¢ anroputMamu VPHD + PSF u QClear (Tabnuia).

C yMeHbIIIeHHEeM araMeTpa (COOTBETCTBEHHO,

1 o0beMa) chephl HaOTIOAACTCST BO3pACTAHHE Pas3-

HHIbI 3HAYCHHUIT (MEOKITY CTATHYECKHM W JHHAMH- CpenHee 3HaYeHUE HECOOTBETCTBHSA K03 (pdunneHToB
BOCCTAHOBJICHHUSA B CTATHYECCKOM U JTHHAMHYECCKOM

YECKUM TOJIOKEHUAMHU (haHToMa) Kod(hduiineHTa cocTostnuH dpanTomMa

BOCCTAaHOBJICHHS. PasHuna Koaq)q)HHHeHTOB BOC- Mean value of the discrepancy between the recovery

CTAHOBJICHUS Ha CEpUuax QClear B craTHueckoM factors in the static and dynamic states of the phantom

U TUHAMAYECKOM TIOJIOKEHUSIX (haHTOMa IIpaK-

TUYECKH HJCHTHYHA PE3yJIbTaTaM, MOJYyYCHHBIM P o —
Ha cepusix VPHD + PSF. Crnenyer otMeTdts | gopn. | V000 PSP QClear QClear

3HAYMTENBHOE MPEUMYIIECTBO CPeIHUX K0d(hDu- MM [ <RC>% | SD | <RC>% | SD |<RC>%| SD
[MCHTOB BOCCTAHOBJICHUS TIPU HCIIOIb30BAHUU 37 | 11,42 | 3,13 | 14,14 | 8,52 | 4,61 | 10,60
anroputMa QClear mis PEKOHCTPYKIIMH JHHA- 28 20,30 | 646 | 21,53 | 6,86 | 7,58 | 10,72
MHUYECKUX CEpUU MO CPABHEHHUIO C aJITOPUTMOM 22 | 3049 | 10,70 | 30,03 | 11,03 | 12,30 | 9,97
VPHD + PSF. (3nayennss <RC>)%, npuseneH- 17 | 5038 | 591 | 4891 | 6,83 | 20,03 | 11,68
Hele B ctonoine VPHD + PSF/QClear, oTobpaxa- 13 | 7090 | 7,25 | 61,44 | 16,06 | 47,59 | 13,61
10T, Ha CKOJIBKO MNPOLCHTOB B CPEAHEM 3HAUYCHU A 10 85,53 9,33 89,22 743 | 49,96 | 34,36

KO3((PHUITUCHTOB BOCCTAHOBJICHHS IOJYYCHHBIX
IIpumeuanue  <RC> — cpexnHee 3HaueHue

B JTUHAMHWYCCKOM PCIKUMC Ha I/I306pa)K€HI/IHX pe-

HECOOTBETCTBUSA (JIeBHALINK) KO PHUIIHEHTA BOCCTAaHOBJICHHS
KOHCTPYHpPOBaHHBIX ¢ anroput™MoM VPHD + PSF  ypy ysmenennn napamerpos pexoncrpykuun (nonwmkenne/
OTJIMYAIOTCA OT KOX(P(PHUIIMCHTOB BOCCTAHOBJIC-  MOBbIIIEHHE Kod(pQuumenta BoccraHoBnenns), SD -

HUS, TOJYYEHHBIX HA H300PaKEHUAX, pEKOHCTpy- ~ CTAHAAPTHOC OTKIOHCHHE.
upoBaHHBIX ¢ anroputmom QClear.)

B kauectBe mpumepa mpuBeneM pe3yJbTaThl TPEX MOCIEAOBATEIbHBIX SKCIEPUMEHTOB (pHC. 5),
B KOTOPBIX TIOJYYECHBI 3aBUCHMOCTH KOA((MHUIIMEHTOB BOCCTAHOBJICHUS OT Pa3MepoB cdep ¢ ydeToMm
JUHAMHYECKOTO M CTAaTHUYECKOT'O MOJIOKEHUH (paHTOMA.

BaxxHO OTMETHTB, 4TO KOA(PPHUITUEHTH BOCCTAHOBJICHHS B CTATUYECKOM COCTOSHHH, TIOJTyYeHHBIE
B pe3yibraTe aHanu3a nzoopaxenuii Ha cepusix QClear u VPHD + PSF, cooTBeTcTBYIOT pe3yibraTam,
MTOJIYYEHHBIM paHee ¢ ucroib3oBanueM panroma [EC.

Ha puc. 6 nokazansl npuMepbl H300paskeHni (paHTOMAa B CTATUYECKOM U JHHAMHUYECKOM COCTOSHHSIX.
Ha puc. 6, a HabmonaeTcs Hanu4uue apTeakToB ABIKEHUS, pa3MbIBaHUE chep BAOJIb OCH CMEILEHUSI.

Tax)ke HaMU BBITIOJTHEHA OLIEHKA BIMAHUS HMUTHPYIOIINX IbIXaTeIbHbIN UK IBUKEHUH Ha (op-
MHUpOBaHHe 3HaUYeHUI KoHTpacTa. Ha puc. 7 mpeacTaBieHbl pe3yabTaThl CPABHEHUSI B IPOLIEHTHOM CO-
OTHOLLICHUH U3MEHEHMsI KOHTPAcTa B CTATUYECKOM U AMHAMHUYECKOM COCTOSHHUSX (paHTOMa B KaXIA0M
U3 TIPOBEJICHHBIX AKCIIEPUMEHTOB U CpeIHUE 3HAUCHUS ICBUAIIMH KOHTpacTa JJIsl KaK0H u3 chep.
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Puc. 5. 3aBucumocTt k03¢ GUIMEHTOB BOCCTAHOBIEHUS OT Pa3MepoB chep ¢ yIeTOM ABHKEHUS (paHTOMa

Fig. 5. Graph of the dependence of the recovery coefficients on the size of the spheres, taking into account the movement of

the phantom
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Fig. 6. Image of a phantom in a dynamic (@) and a static (b) states
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Fig. 7. Average value of contrast change in static and dynamic state for each of the spheres
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3akJrouenue. [IpencraBnenHas B paboTe OpUTHHANBHAS KOHCTPYKINS (haHTOMA JIsI OIIEHKH KO-
JUYECTBEHHBIX xapakTepucTuk [1D9T-nzo0pakeHUil NMpH HCCIENOBAaHUU JTHMHAMHUYECKHX OOBEKTOB
YCIIEIHO anpoOupoBaHa U CHHXPOHU3UPOBaHA C CHCTEMOH «pecnupaTtopuii [eiituaray. [lonyuennsie
PE3YIBTaThl N3MEHEHUSI KOHTpacTa cdep, ABISIOIIUXCS MOIEIIMU o4aroB HakoruieHus: POIL, mpu nBu-
JKEHUH TIATOJIOTMYECKUX 0YaroB BCIEICTBUE bIXaTEIbHBIX IBHIKEHHUIH CBUICTEIBCTBYIOT 00 YMEHB-
[IEHUH KOJMYeCTBAa JHAarHOCTHYECKOW WH(OPMaIMHM W BEPOSTHOCTH IMOTEPU OYArOB, HAXOMAIIUXCS
Ha I'paHuIle TpocTpaHcTBeHHOro paspenienus [19T (6 mm). OnTuManbHbie 3HAYCHUST KOAPPUITUSHTOB
BOCCTAHOBJICHHM I ITOJyYEHBI IIPU MCIOIB30BAHUN PEKOHCTPYKIMOHHOr0 anroputma QClear.

[IpencraBneHHyo B JaHHOH pabOTe YCTAHOBKY IEI€CO00Pa3HO NCTIOIB30BATH ISl KOHTPOIS Kade-
CTBa KAa4E€CTBEHHBIX M KOJMYECTBEHHBIX XaPAaKTEPUCTUK NHATHOCTHYECKHX M300pakeHWH, Mmoiydae-
Mmbix kKak Ha [I9T/KT ckanepax, Tak u mpu IpoBeeHUH UcceqoBaHui ¢ ucronb3oBanueM ODIKT/KT
(0omHO(MOTOHHBIN SMUCCUOHHBIN TOMOTpad), COBMELICHHBIH ¢ KOMIBIOTEPHBIM TOMOTpadom).
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ITERATIVE TOMOGRAPHY OF PIPES DURING OPERATION

Abstract. The pipe wall thickness was estimated based on three-dimensional images of the pipe recovered from several
X-ray projections, which were made in a limited angle of view. Since the effects of scattered radiation and beam hardening
are up to 50 % of the main radiation, ignoring them leads to blur of the image and inaccuracy in determining dimensions. To
restore pipe images from projections, a volume and/or shell representation of the pipe is used, as well as iterative Bayesian
methods. Using these methods, the error in estimating the pipe wall thickness from the projection data can be equal to or less
than 300 pum. It has been shown that standard X-ray projections on the film or imaging plates used to obtain data can be used
to restore pipe wall thickness profiles in factory conditions.
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NTEPAIIUOHHA I TOMOI'PA®USA TPYDB B IPOLECCE DKCIIIYATAIIUA

AnHoTanus. [IpoBeneHa OleHKa TOJIIMHBI CTEHKH TPYObI, HCXOs M3 TPEXMEPHBIX H300paKeHH TPyObl, BOCCTAHOB-
JICHHBIX M3 HECKOJBKUX PEHTICHOBCKHX IPOEKIIMH, KOTOPBIE OBIIM BBHIIIOJIHEHBI B O'PaHUYEHHOM yTie o030pa. [TockoiabKy
3¢ PEeKTH pacCeTHHOTO M3JIyUYSHHSI U YIKECTOUCHUS JIydel cocTaBIsIoT 10 50 % OT OCHOBHOI'O M3JIY4YEHHUs, UX HTHOPHPOBA-
HUE NPUBOIUT K Pa3MBITHIO H300pa)KeHNsI U HETOYHOCTH IIPH ONPEIeNICHUN pa3MepoB. J{J1s1 BOCCTaHOBIICHUS N300pakeHHH
TpyO U3 MpOEKIUil NPUMEHSIOTCS 00BEMHOE H/HIH 000JI04eYHOe MPEeACTaBIeHHe TPYObl, a TaK)Ke HTepaTUBHBIE OaliecoB-
ckne MeToxbl. [Ipy MCIONB30BaHMM ATHX METOAOB OIIMOKA OIEHKH TOJIIWHBI CTEHKH TPYObI U3 MPOEKIIMOHHBIX JAaHHBIX
MOXeT ObITH paBHOIT un MeHbre 300 MxM. [TokazaHo, 4TO MOTyYSHHBIE PEHTTCHOBCKUM M3ITyYeHHEM CTaHJapTHBIE IPO-
eKI[UH HA INICHKE WJIM BU3YAIH3HPYIOMIMX MJIACTHHAX, IIPUMEHIEMbIX /IS TI0JIyYeHHS JAaHHBIX, MOT'YT UCIIOIb30BAThCS IS
BOCCTaHOBJICHHS TPOQUIICH TONIINH CTEHOK TPYO B 3aBOACKHUX YCIOBHSIX.

KiroueBble cj10Ba: UTEPAIL[OHHBIC METObBI, PEKOHCTPYKIHs H300pakeHuid, ToMorpadus, 06paboTka H300paxeHus,
yIydIlIeHHe H300paxeHus1, 6aleCOBCKUIT METO

Just uutupoBanus: 3omotapes, C. A. UrepanmonHas Tomorpadus Tpyo B mpouecce skcruryaranun / C. A. 3omorapes,
B.JI. Bearpunosuu, C.M. Cmarun // Bec. Ham. akax. maByk bemapyci. Cep. ¢i3.-TaxH. HaByk. — 2021. — T. 66, Ned. —
C. 505-512. https://doi.org/10.29235/1561-8358-2021-66-4-505-512

Introduction. There are a number of industrial areas, such as chemical and petrochemical, energy,
pipeline transport, where accurate estimates of the thickness of the walls of transporting pipes as well as
the detection of defects in the solidity of pipes is a problem of the viability of the design and its safety.
Often these assessments require a combination of several non-destructive control techniques, such as
vortex, ultrasound and X-ray. Note that the object of the type “pipe” belongs to the class of bite-homoge-
neous objects of control.

All the methods considered, except those based on X-rays, can be used only with sensors that are
either directly inserted into the controlled tube or there is a possibility of direct contact with the outer
surface of the pipe.

© 3omnotapes C. A., Bearpunosuu B.JI., Cmarun C. U., 2021
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X-ray radiography allows contactless examination of the outer and inner surface of the pipe, but ac-
curate estimates of corrosive and other damage to the pipe are not possible according to the radiograms
used by X-ray methods give only a flat image of the 3D pattern and therefore the estimates made with
their help are very approximate. On the X-ray, the shadows of the internal structures are superimposed
on each other and mask important fragments of the pipe, much less minor defects. In the tomographic
image, the internal structure of the pipe is reproduced without overlays, materials of different density
and composition clearly differ. The dimensions of any inaccessible cavity and walls can be measured
with high accuracy. That is, the problem could be solved by obtaining and analyzing three-dimensional
tomographic images of pipes, but classical computed tomography is not applicable with limited access to
the tube — a case that actually exists in practice.

The greatest application in the task — total thicknessometry — has ultrasound, but the laboriousness of
the method when working with large surfaces of the pipe and the need for good contact of the sensor with
the surface limit the scope of its application. Film and digital X-rays are also possible, but due to these lim-
itations and the need to use a powerful source — radiation, y for example, Ir-192 with a short half-life, have
not yet found widespread use. These restrictions apply entirely to the defectoscopy of ring welded tubes.

Iterative image reconstruction. Let us consider the problem of reconstructing a two-dimensional
tomographic image as an ill-posed inverse problem aimed at solving the following operator equation:

p=0u+n, 1)
where p = p(y) is the measured data in the time or space domain; Q is an operator that translates input
data into output, or one of the types of hardware functions; pu = u(x) is the vector of the desired distri-
bution of unknown values and m(y) is the random noise superimposed on the input data. In the linear
finite-dimensional case considered below, the operator Q is defined using an order matrix with real ele-
ments Q;; = O(y;, x;) and acts from the Euclidean space R” into the space R", i = (Ui, Ha,... Wy, p = (P1s
P2,--- Pm)- There are many different situations in which the operator equation (1) has no solution in the
classical sense. In such cases, although the classical solution to Eq. (1) does not exist, one can seek its
generalized solution, or the so-called pseudo solution, which can be obtained by solving the optimiza-
tion problem, which, in the simplest case, leads to the minimization of the quadratic functional. Let us
define a pseudo solution of problem (1) from the condition:

N 2
J(u)=mf{J(u):ueR”},J(u)=||Qu—p||Rm, ®)
where Qu are the model data obtained based on the solution of the direct problem. The pseudo-solution [i
may not be unique, however, among the solutions with the minimum norm (2), it is the only one.
For an approximate search for a pseudo-solution, the idea of optimizing the data processing by mini-
mizing some a priori functional weighted using the regularization parameter o. > 0 turned out to be useful:

Ry(W) = J(W) + aB(W). ©)

The functional B(i) imposes quality constraints on the solution. They are specified either as the sum
of squares of adjacent elements of the reconstructed object >’ ui or as a sum (maximum entropy method)
XM logn ;» which is the entropy of discretely distributed elements that have values. Entropy is used as
a priori knowledge, providing a way for the most unbiased assignment of an a priori functional. By min-
imizing the functional, a stable approximate pseudo-solution fi, can be obtained:

Ry (fig) =inf{R, (w):ne R, @
where [1, — [ at & — 0. The inclusion of the a priori expected probability distribution in the calculations
makes it possible to reduce the effect of uncertainty in the experimental data. The probabilistic rule for
probabilistic information processing is based on the Bayesian theorem for calculating the conditional
probability, which is written as:

P(p|wP)
P(p)

where P(u|p) is the posterior probability distribution, P(p|p) is the probability function, which formally
describes the response of the measuring system, taking into account noise; P(p) is the unconditional

P(ulp)= , ®)
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probability of the experimental data. Here it is considered as a global normalization constant given by
arule P(p) = ZP(p|L)P(n), and P(u) is an a priori probability distribution. Thus, in order to calculate the
most probable unknown solution, it is necessary to maximize the expression P(u|p). In the probabilistic
approach, image reconstruction begins with maximizing the Bayesian conditional probability according
to expression (5). This maximization operation is equivalent to minimizing the following functional:

min: —logP(u|p) = —logP(p[p) — alog P(w), 6)
where the Gaussian noise can be estimated as follows:
inf{—logP(p|u):ueR”}=J(ﬁ). (7)

The expression on the right can be interpreted as the root mean square variance of the entire image.
The — logP(p) term is the informational negative entropy. This qualitative characteristic can include:
homogeneity, the presence of a limited number of dissimilar phase inclusions, the property of positivity
of the numerical values of the linear attenuation coefficients in voxels, etc. The quality of the input infor-
mation can be estimated using the unconditional probability of the input data P(p). The relatively small
value of P(p) is, as a rule, the result of poor compatibility of a priori information, which does not cover
all input data. However, an extremely large value of P(p) greatly expands the configuration space and,
thus, leads to difficulties associated with poor convergence of the iterative procedure and, accordingly,
too high computational costs.

Good results are obtained by using iterative tomographic algorithms using total variation (TV) as
a regularizing functional [5]. The total variation method has provided new opportunities for iterative
tomography, which makes it possible to successfully reconstruct images by minimizing the TV semi-
norm even with a limited number of noisy projections. The use of minimizing the total variation of the
reconstructed image makes it possible to eliminate artifacts caused by noise in X-ray projections arising
from the low current of the X-ray tube. In addition, the use of total variation provides almost complete
elimination of bandpass artifacts caused by a decrease in the number of projections.

Tomography of limited number of projections at incomplete angle of view. During the tomo-
graphic reconstruction, a set of X-ray projection images is transformed into many flat sections of the
three-dimensional tomographic image, which is a laborious computational procedure. The Institute of
Applied Physics of the National Academy of Science of Belarus has developed software that allows
parallel reconstruction for spiraling, fan and conical geometry of shooting. The software is designed for
Windows XP, 64 bit, Windows 7, 64 bit and Windows 8, 64 bit.

Internal defects such as cracks, voids and foreign inclusions can have a significant impact on the re-
liability and quality of industrial products. With our state-of-the-art tomographic software, we can give
you a look inside your product and show you in three-dimensional form why they don’t meet the require-
ments.

Our experience allows us to correctly assess complex 3D digital images and correctly diagnose the
problem by identifying defects up to the micron level. Usually, the study of the internal structure of the
object cannot be achieved without the destruction of the object itself. This study is crucial for identifying
defects in substandard products, such as identifying voids and cracks. When the sample is cut into sev-
eral parts in order to find these defects. New defects can be introduced, the original sample is destroyed,
and therefore there is a risk that the defect will not be detected due to the fact that the cutting of part of
the sample was done in the wrong place.

3D imaging, applied simultaneously with the software for tomographic reconstruction, is an alter-
native to destructive control methods, as the controlled object can be investigated in its entirety, and the
result of tomographic reconstruction provides a full three-dimensional representation of the necessary
spatial area, both inside and outside the object. The software is designed to collect input projection data
at different positions of the radiation source and different scanning geometries.

Two-dimensional wrapping tomography of the longitudinal profile of the pipe.

Purpose: Reconstruct the longitudinal image of the pipe and measure the thickness of the walls with
an accuracy of 0.5 mm.

The wording of the problem: Overcoming mathematical degeneration: The prospective viewing an-
gle of the object is too small to accurately recover the image of the four surface pipes (Figure 1).
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Figure 1. Scan geometry for reconstruction longitudinal
profile pipes

The Federal Institute of Materials Science and
Diagnostics (Germany, Berlin) has developed a to-
mographic radiometry system TomoCAR, adapted
to a wide range of pipe diameters and allows auto-
matic obtaining a set of flat X-ray images of longi-
tudinal section of the pipe in the corner of the view,
limited to 40—45°. The pixel is 83 microns, with
a total length of 1,856 pixels (0.4 mm X 1.5 mm).
The mechanized radiometric system was created
to inspect the ring seams. Its main task is to detect
and assess the size of 176 mm 500 mm the cracks.
The X-ray source moves along the longitudinal
axis of the pipe. At the same time, in one pass it
produces up to 1200 pulses of radiation recorded
by the linear matrix of detectors.

The main problem is that in the planning to-
mography due to the acute lack of data due to the
small angle of view (only 35-45° instead of the
required 180°) reconstruction by filtered reverse
projections (FBP) allows only a greased image of
a pipe with a large number of artifacts.

In the Computational Diagnostics Laboratory
of the Institute of Applied Physics of the National
Academy of Science of Belarus, in cooperation
with the Federal German Institute of Materials

Science and Diagnostics, an application software package was developed, providing reconstruction
of the profile of the inner and outer surfaces of the pipes with the help of the system of mechanized
radiometry TomoCAR. The software interface provides input of the raw data and the task of param-
eters of preprocessing and reconstruction, both for scanning along the pipe axis, and for the sequen-
tial removal of a set of such scanned data while rotating the scanner around the axis of the pipe with
a given angular step, which provides reconstruction of the internal and outer surfaces of the pipe.

Figure 2. Image fusion technology

Computational resources were allocated by the
Russian side [6].

Examples of pipe profile reconstruction. The
reconstruction technology for tomoCAR’s mech-
anized X-ray projection system was designed by
Institute of Applied Physics. However, due to the
use of smoothing prior information, the resolution
may not be sufficient 0.5 mm to detect particularly
minor defects. In the upper zone of the picture, the
result of the reconstruction of the pipe by the FOP
method is shown, on the lower zone — the result of
the reconstruction of the same section of the pipe
by the method of wrapping reconstruction, and in
the middle — the image obtained by merging the
two previous images (Figure 2).

An important addition to the previously de-
scribed tomographic methods of reconstruction
based on limited data is the method of three-di-
mensional wrapping reconstruction, which allows
reconstruction of the inner and outer surface of
the pipe, which is in operation even with unilateral
access to it.
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Reconstruction of the inner surface of the pipe by five projections. The proposed technique was

tested on a sample from the German Institute of Materials Science and Diagnostics, which was a steel

pipe. To test the resolution of the algorithm, four

s S delays were attached to the inner surface of the
2 ) 31 pipe 3.6 mm, 1.8, 1.4, 1.25, 0.8 mm.

For this geometry, the source of radiation
can be considered a point, i.e. the X-ray was car-
ried out by a conical beam. The linear weaken-
ing of the pipe material was transferred to a larg-
er grid for reconstruction. The image size was
593 X299 pixels. Discretization of the inner sur-
face u! is 0.2 mm, on the corner — 1200 points,
and on the axis residents 213 points (0.3 degrees
Detector and 0.3 mm and 0.1 mm — the size of intervals
Figure 3. X-ray data collection scheme. Spatial positions of on the COI:ner t‘md coordinate) (Figures 3’.4)' The
the radiation source are depicted in the arc segment. Under ~ COMputation time on modern computers is about

them a test tube is shown underlying the X-ray film 10 to 15 minutes.

Profile 1 Profile 2 —
o
5.0 4.0
g e AR Y W TV
fa fa VU lJ
© ®©
1.0 25
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Figure 4. Reconstruction results: gray value representation of inner pipe surface together with pipe profile along the circle (),
thickness profile 1 (b) and profile 2 (c) along pipe axis

Three-dimensional tomography taking into account a priori information. In industrial X-ray
imaging, the input of the data and the limited range of the views require optimal accounting of all avail-
able a priori information. It is known that the main problems of industrial tomography are:

1) limited viewing angle,

2) low number of projections

3) translucence by a diverging conical beam.

The challenge is to use the maximum pre-found prior information about the solution you’re in. In the
process of image reconstruction, the information is numerically transformed, which involves its distor-
tion, as it involves discreteization. When a mathematical model is replaced with a discrete model, the
original information is distorted. Iterative account and rounding errors distort the information as it is
numerically converted. The more complex the task, the more distortions of information in its numerical
solution is, the less reliable is the result of the decision. Attempts to achieve the desired accuracy by re-
ducing the step of the grid lead to an increase in the number of unknowns. At the same time, the amount
of calculations increases dramatically, and, consequently, the accumulation of errors appears.
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Figure 5. X-ray projections of the test tube: a — projection for 0°, b — projection for 45°, ¢ — projection for 90°, d — projection for
135°, e — projection for 180°, f— projection for 225°

Figure 6. Cross section (a) and a promising view (b) of the reconstructed pipe image

However, additional prior information about the integral properties of the object under study can be
added to the theoretical model. The introduction of a priori information narrows the function class in
which a solution is sought, reduces computation, and creates restrictions on random misrepresentation of
information when you score. As a rule, industrial objects are bit-and-homogeneous objects consisting of
the final number of different materials. For example, industrial pipelines can be considered as three-phase
objects consisting of steel or cast iron, insulation and leaking liquid, or some gaseous phase (steam or gas).
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Figure 7. Cross section of the pipe (a) and its profile along the line (b) running through its center
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Figure 8. Cross-section of the pipe () and its profile along the line (b) running through the center of the pipe

For such objects, the quality of tomographic reconstruction can be significantly improved by using
iterative algorithms using total variation as a regulatory function. The total variation method has provid-
ed new possibilities of iterative tomography, allowing successfull reconstruction of images by minimiz-
ing TV even with a limited number of noisy projections.

Below, Figure 5 shows five X-ray projections of a pipe with a diameter 89 mm and a wall with
thickness of 10 mm, obtained at the Mozyr Oil Refinery. The lack of energy of the X-ray source caused
a strong blur on the X-ray projections due to the effects of scattering and the tightening of X-rays.

Figure 6 shows a cross section of the pipe in the weld area and a promising image of the pipe. Note
that this image is unsuitable for virtual measurements (Figure 7). The application of the method of a to-
tal variation of the [5] has provided the necessary reconstruction (Figure 8).

Conclusions. The proposed tomographic reconstruction technique can be applied to the wall thick-
ness determination for corroded pipes. For this purpose only a couple of projections within limited ob-
servation angle are sufficient to get accurate measures. The measurement error of less than 0.3 mm can
be reached. The accuracy of the technique can be improved by extracting the contribution of concomi-
tant effects like scattering and background radiation from the exposed image.

Finally, the conclusion can be drawn that standard projection techniques using X- or y-rays in com-
bination with X-ray film or imaging plates can be applied for the data acquisition to reconstruct wall
thickness profiles in an in-field environment.
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BaarogapuocTun

PabGoTa BbInosnHeHa npu (GUHAHCOBOW moanepxke De-
JepaTbHOTO MUHUCTEPCTBA SKOHOMUKH M dHepreTuku lep-
manuu 1 HaunonanpHOM akanemMun Hayk benapycu.

HccnenoBanus mpoBOOMINCH C HCIOJIB30BAHMEM pe-
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nauHblX J{ampHEBOocTOUHOTO OTAEeneHusi Poccuiickoi aka-
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