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HAYKOBO-TEXHIYHUM PO34IN

VIIK 621.039.531

OIIHKA OITOPY KPMXKOMY PYMHYBAHHIO BUTOPOJIKU
PEAKTOPA BBEP-1000 B ITPOLIECI JOBI'OTPUBAJIOI
EKCILIYATALII 3 VPAXYBAHHSIM 3AJIMIITKOBHX
TEXHOJIOI'TYHUX HAIIPYJKEHD

0O.B. Maxnenko, C.M. Kannana

IE3 im. €.0. [Tatona HAH VYkpainu. 03150, m. Kuis, Byn. Kazumupa Manesunua, 11.
E-mail: makhnenko@paton.kiev.ua, st_kan@ukr.net

V cTarTi 00IpyHTOBAaHO HEOOXIHICTh BPaXyBaHHs 3AJIMIIKOBHX TEXHOJOTIYHNX HarpyxeHb (3TH) y marepiani BUropoaxu BHY-
TpimHboKopITycHuX HpucTpois (BKII) eneprodnokis AEC tumy BBEP-1000 BHacTiIOK TEXHOIOTIYHHX MPOLIECIB 3BapIOBAHHS
Ta IiCIA3BapIOBAILHOI TEPMOOOPOOKH MPH IIPOOBKEHH] pecypcy O0e3nedHoi eKCIuTyaTallii B HaampoeKTHHH mepion. BuzHnaueHno
B 3TH Ha HanpykxeHO-neGopMOBaHMiT CTaH BUTOPOJIKH, a TAKOXK Ha Omip Kpuxkomy pyitnyBanHio (OKP) marepiany B mpo-
neci excrutyaranii. [Tokazano, o 3a paxyHok ypaxysanas 3TH crocrepiraetbest CyTTeBHI EpepOo3NOIil OCEOBHX Ta OKPYKHUX
Halpy>KeHb y BUTOPOJIIIi, & caMe 30HH BUCOKMX PO3TATYIOUHX HAIpY)KeHb, sIKi 32 HOpMaJbHUX yMOB ekciuryataunii (HYE) i3
30BHIIIHBO] ITOBEPXHI BUTOPOIKH NEPEXOAATH Y 11 BHYTPIIIHIH 00’ €M, a IuIomia ux 30H 301Ib0IyeThes. Takuil mepepo3nomiin
HaIpy)keHb CYTTEBO BIUIMBA€ Ha PiBEHb 3Ha4YeHb Koe(illieHTa IHTEHCHBHOCTI HAIIPY)kKeHb Ha KOHTYPI TPIIIMHOMONIOHUX fedek-
TiB. HaiiGinpin HeOe3neyHi QIUITHKN 3 TOYKH 30pY KPUXKOI MIITHOCTI YTBOPIOIOTHCS Y BHYTPIIIHBOMY 00’ €Mi BUTOPOJKH, a 3a
PaxyHOK PO3IIUPEHHS 30HH HAIPYXEHb PO3TATY PO3MIPH IiIIOBEPXHEBOI eNIINTUYHOI TPILHHY, KA MOCTYIIOETHCS, MOXKYTh
OyTH 301NBIIEHI, IO CIIPHSE MiJBUIIEHHIO KoHCcepBaTHBHOCTI orliHkH OKP. Takoxk ypaxysanus 3TH 103Boi1s€ 3Ha9HO 3HU3UTH
xoHcepBatuBHicTh npu oninli OKP Buropoaku 3a HYE ju1s moBepXHeBUX HamMiBENINTHYHUX TPILMH, PO3TAIOBAHNX HA 30BHIIII-
Hilf ITOBEPXHI BUTOPOAKY, JIe B IIPOLIECi BUTOTOBJICHHS YTBOPIOIOTHCS 3aJIUIIKOBI HANPY>KEHHs CTUCKAHHs. OTpHMaHi pe3yinbraTi
JI03BOJISIFOTH TOYHIIIE BU3HAYATH 30HU BUTOPOAKH, CXHJIBbHI 1O KPUXKOTO pyiHyBaHHS Marepiany 3a HYE, mo BaxiuBo mst
BIOCKOHAJIEHHsI IixoxiB Bu3Ha4eHHs pecypcy BKII peakropa Ty BBEP-1000. Biomiorp. 9, Ta6mn. 2, puc. 9.

Knrouosi cnosa: BBEP-1000, énympiwnboKopnycHi npucmpoi, 8ueopooka, 3a1uKosi mexXHoN02iuHI HANPYHCEHH S, ONip KPUXKOMY

DOI: https://doi.org/10.37434/tdnk2022.03.01

PVUHYSAHHIO, NOCMYNIbOSAHI MPIWUHU, KOe@DIYIEHM IHMEHCUBHOCI HANPYICEHb, HOPMAIbHI YMOBU eKCHLyamayii

Beryn. BayrpimnsokopnycHi npuctpoi (BKIT)
snepHux peakropiB Tuiry BBEP-1000 € mysxe Bax-
JUBUMU KOHCTPYKIIHHUMU €JIEMEHTAMH, SIKi BILIU-
BalOTh Ha PECypC ycCi€l eHepreTUYHOI YCTAHOBKH.
OmHMM 13 KJIFOUOBHUX IMIIXOMIB Y pOOOTaX MO0 MPO-
TOBXEHHS pecypcy Oe3neuHoi ekcruryatanii AEC
€ TIPOTHO3HA OIiHKa CTPYKTYPHOI HiJIICHOCTI KOH-
CTPYKIIi# 32 JOTIOMOTO0 MaTeMaTHYHOTO MOJIEIO-
BaHHA (i3WIHHUX IPOIIECIB, XapaKTEPHUX IJIT YMOB
eKCIUTyararlii eHeproOJ0KiB IpH pamialliiHOMy OTI-
pPOMiHEHHI KOHCTpYKIiiiHOr0o Marepiany. Pe3ynb-
TaTH ICHYIOYMX JOCITiIKeHb [1, 2] oOrpyHTOBYIOTh
3a0e3MeueHHs] YMOB ONOPY KPUXKOMY pyHHYBaH-
Hio Buropoaku BKII 3a HopManbHUX YMOB €KCILITY-
aranii (HYE) ta aBapiitaux curyamniit (AC), ane B
oux poboTax HEe PO3IJISHYTO BILUIMB 3aJIMIIKOBHUX
TEXHOJIOT1YHUX HaIpy>KeHb Ha CTPYKTYpHY ILimic-
HicTh enemeHTiB BKII mporsarom 1oBroctpoxoBoi
eKCIUTyaTaIlii.

MeTogamMyu MaTeMaTHYHOTO MOJEIIOBaHHS OyII0
BHU3Ha4eHO [3], mo npu BurororineHHi BKII enepro6-
noky BBEP-1000, a came B miporieci IBUAKOTO OXOJIO-
JUKCHHS Ha TTOBITPI Mij 9ac MiCII3BaprOBaIBHOL TEp-
M000poOKH 3a peskumoM aycreHizarii (7= 1100 °C),
BUHHUKAIOTh BHCOKi 3aJIHIIKOBI TEXHOJOT19HI HAIIPY-

skears (3TH). ¥V miit poGoTi IpoBeneHO PO3paxyH-
KOBHH aHaii3 CTyINeHIo BIIWBY Bu3HaueHWX 3TH
Ha HanpyxeHo-aedopmoBanuii cran (H/IC) ta omip
kpuxkomy pyinyBanHIO (OKP) Buroponku BKII y
MIPOIIEC] JOBrOCTPOKOBOI eKcIutyaraltii 0 60-u pokiB
3 Pi3HUM piBHEM HAKOIMHMYEHOI MOLIKOIKYIOUO1 J03H.
BHyTpilHs HOBEpXHs TOBCTOCTIHHOI HMITIHAPHY-
HOi 00MYaiK¥ BUTOPOJKU Ma€ rpaHOBaHy QopMy, siKa
oOMexxye akTUBHY 30HY peakTopa (puc. 1, a). Kon-
CTPYKUisl Ma€ N3epKaIbHO-IUKIIUYHY CUMETPIil0, M0
Jla€ 3MOTY PO30UTH ii MPU MOJEIIOBAHHI Ha JBaHA-
IATh aHajoriunux 30-TpagycHux cekropis (puc. 1,
0). Ilepepi3z BUTOPOIKM HEOMHOPITHUN 1 XapaKTepH-
3y€ThCS HAABHICTIO 84-X OXOJOMKYBAIbHUX KaHAJIB,
a TOBIIMHA BapilOETHCA B MEXKax Bix 67 MM 10 242
MM. Matepian — aycrenitHa ctans 08X 18H10T.
Bxinni nani. /[0 BU3HAUEGHHS CTYNEHS BIUIUBY
3TH na 3miny H/IC i OKP xoHCTpyKIIii BUTOPOAKHU B
MpOoLECi JOBrOTPUBAJIOl EKCIUTyaTallii BAKOPUCTOBYBa-
JIUCSl HACTYIHI BXifHi AaHi (puc. 2): po3noxinu 3TH
[3]; aBa pi3HMX 3a piBHEM PO3MOIUIM HAKOMUYEHOT MO~
IIKOJIKYOYOT JI031; PO3IOJLUT TEIUIOBUIIJICHb BHACITI-
JIOK Y-po3irpiBy. BukoprcTani po3noiiy NOMmKOmxKYy-
K001 JI03H 1 TEIUIOBUJILICHD B3SITI SIK XapaKTEpHi JIaHi 3
MPaKTUKWA BUKOHAHHSI BiAMIOBITHUX PO3PaxyHKiB.

Maxuenko O.B. — https://orcid.org/0000-0002-8583-0163, Kannana C.M. — https://orcid.org/0000-0002-2036-0498

© 0O.B. Maxuenxko, C.M. Kaugana, 2022
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HAYKOBO-TEXHIYHUI PO30IN

Puc. 2. BxigHi naHi Ui po3paxyHKy: pO3HOILIN OKPYKHIX
(a) Ta ocvoBux (6) 3TH; po3moninu HAKONMUIEHOI MOIIKO-
JDKYy090i 1031 — BapiaHT 1 10 95 3Ha (6) Ta BapianT 2 1o 118
3Ha (2); TeMIlepaTypHe HoJIe BHACTIJOK Y-pO3irpiBy (Temo-
BHINICHB) (0)

MopeJi pagianiiiHoro po3nyxaHHs Ta NoB3y40- )
cri. [Iporec JOBroTpHBAIIOi €KCILTyaTallii BUTOPOIKH NIy =exp(=r-(T =T, )")
BKII B ymoBax HEI\/'ITPOHHOFO OTIPOMiIHEHHS CYTPOBO- £2(6,,,6,,)=1+P-(0,85-5, +0,15-3,,),
JDKYETBCS paialliifiHIM PO3ITyXaHHSIM, SIKe MOXe OyTH
onmcane anpo6osanor B JII1 HAEK «Eneproarom»  f3(&) =exp(-n-&),
Mozieo [4-6]: C,=1,035-10"3ua ", n=1,88,
S=CD'Dn'ﬁ(T)'ﬁ(cm’Geq)'fé(Ee)a §>0, (1) F=1.825-107%. °C2. T =470 °C

max
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HAYKOBO-TEXHIYHUM PO34IN

P=8-10"MIla™', n=8,75,

ne S — posnyxanus, %; D — MOIIKOIKYIoYa /1034, 3Ha;
T — remnieparypa onpoMinenns, °C; 6, — cepenni Ha-
npyxents, MIla; o, — eKBiBaJCHTHI HalpyKCHHS,
MIla; & — napameTp OnkgicTa.

Takoxx Mojieib BpaxoBye nedopMaliii paiaiiHol
noB3y4ocTi, ki s craiai 08X 18H10T onucyrorses
3a 3aKOHOM [6]:

de” dD ds
=|By—+0— |o 2
dt ( O dr dtj “ @)
ne € — nedopmariiss pamiaiiiHOl MOB3YYOCTI,

B, =1-10"°(MIla-3na)”', ©®=2,95-10" (MIla™").
BuznaueHnsi po3nogiiiB HANpYy:KeHb MPOTATOM
excrryaranii. HJIC Buropoaku 3 ypaxyBaHHSIM IIpO-
LeciB pagialifHUX pO3IMyXaHHS 1 MOB3Y40CTi Mare-
piary Moxke OyTH BU3HAYEHHUH B PE3yJbTaTi pillIeHHS
KpaioBoi 3a7a4yi MexaHiKH CYL1UJIBHOTO CepeOBH-

6

1a METOJIOM CKiHYeHHUX €JIEMEHTIB B MPY>KHO-B’53-
KO-TLTACTUYHI# mocTanoBi [5, 7]:

e=¢’+¢e’ +¢e,

ne € — cymapHi nedopmanii; €, €, € — BIANOBIAHO
NpYy>KHi, TUIacTHYHI 1 Aedopmanii moB3y4dOCTi.

Pimenssam BignosigHoi 2D 3amadi 3 MO4aTKOBUMU
1 KpailoBUMH yMOBaMH y BUIIIsAAI posmoainie 3TH,
MOIIKOKYI0YO0T 103U 1 TEIJIOBUIIICHb BHACIIIOK
y-po3irpiBy (puc. 2), a TaKO)K YMOB TCILIOOOMIHY 3
TEIJIOHOCIEM Ha MOBEPXHIX BUTOPOAKH [5, 7] muis-
XOM TIOCJIIZIOBHOTO IIPOCTEKEHHS 332 YaCOM 3 KPOKOM
At = 0,2 poxy Oynmu OTpUMaHi pO3MOILIH HANIPYKEHB
B MOMIEPEYHOMY TIEpepi3i BUTOPOAKH B MPOIIECi TOB-
TOCTPOKOBOI eKCILTyaTarlii 3 ypaxyBaHHAIM Ta 0e3
ypaxyBanHs 3TH. Ha puc. 3, 4 nokazano ocroBi Ta
OKpY’KHI HalIpy>KEHHSI B poO0YOMY PEKUMI BUTOPOI-
k1 Ha 60-y pomi ekcrutyaranii Al IBOX PO3IVISIHYTHX
BapiaHTIB PiBHSA HAKOMMYEHOI TOITKOKYIOUOI 103U —
95 3na 1 118 3Ha BiAIOBIAHO.

Puc. 3. Po3noninu HanpyxeHb y BUropozui Ha 60-My pori ekciuiyarauii 3 MaKCHMalbHOK HaKOIMMYEHOIO 103010 95 3Ha: @ — ochoBa
komroHeHTa 6e3 ypaxysauus 3TH; 6 — ocboBa komroneHTa 3 ypaxysanusm 3TH; ¢ — okpyixxna kommnonenra 6e3 ypaxysauns 3TH; e —

OKpY’XHa KOMIIOHEHTa 3 ypaxyBanHsaMm 3TH

6

G,, MIla
104

33
-2
=37
=72
—-108
—-143

Op, Mlla
154
= 102
4
—44
-93
-142
-190
-239

2

Puc. 4. Po3noninu HampyXeHb y BUTOPOALI Ha 60-My polli eKCIuTyararii 3 MaKCUMaJIbHOK HAaKOMMYEHOO 103010 118 3Ha: @ — ockoBa
KoMIIoHeHTa 6e3 ypaxyBanust 3TH; 6 — ocroBa KommoHeHTa 3 ypaxysaHHsAM 3TH; ¢ — okpy»xHa kommonenTa 6e3 ypaxysanus 3TH; 2 —

OKpY’>KHa KOMIOHEHTa 3 ypaxyBaHHsaM 3TH
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Ha puc. 3, 4 cnocrepiraeTbcs MoOMiTHaA BiAMIH-
HICTh PO3MOJITiB HAPYKEHb B OCHOBOMY 1 OKpPYXK-
HOMY HampsiMKax 3aliexHo Bix ypaxysanas 3TH. 3
ypaxyBaHHAM 3TH 30HM BUCOKHX PO3TATyIOYMX Ha-
MpY>XEHb 13 30BHIIIHBOI CTIHKM BUTOPOAKH MEPEXO0-
ISITh y BHYTPILIHINA 00’ €M, a X 11o1ma 3011b1Iy€eThes.
Takox BapTO BiA3HAYMTH BIUIMB PiBHS MOMIKOKYIO-
40i HAKOMTMYCHOI /103U Ha PiBEHb HAIIPYXKEHb Y MPO-
Leci eKcIuTyaTanii BUTOPOJAKH.

Sx BuaHO 3 manux Ha puc. 3, 4, 3TH mano BrnBa-
I0Th Ha PO3IIOJIUT HAIIPY>KEHb Ha BHYTPIIIHIH TOBEpX-
Hi BUTOPOJKH B 00JIACTI OXOJIOKYBATEHUX KaHAIB.
Tomy nmmst aHanmizy Oyiio BUOpaHO 5 XapaKTepHUX Tie-
pepiziB OaMXKYe 10 30BHINIHBOI TTOBEPXHI, /I¢ BIIUB
3TH na H/IC Buropoaku HaiO1Ib1I CyTTEBUH. CXeMy
IXHBOTO PO3TAaLIyBaHHS [T0KAa3aHO HA PuUC. 5.

Ha puc. 6, 7 npencrasiieH0 po3paxyHKOBI pPO3IO-
IIM OCHOBUX Ta OKPY>KHUX HaNpyXeHb y Iepepizax
Ne 11 Ne 5 BignoBigHo Ha 60-y poui ekcrryaraunii B
3aJIeKHOCTI BiJj HAKOIMYEHOI MOLTKOAXKYIOUO1 J03H
Ta BpaxyBaHHs 3TH.

Bpaxysanus 3TH mMoxxe cpusiTH 3HIKEHHIO PiB-
HSA Hampy»KeHb B OCHOBOMY HANpIMKY B Ipoleci
ekcIutyaraiii (puc. 6, a), a Onrx4e 10 30BHINTHLOT
MOBEPXHI BUTOPOJIKH B niepepisi Nel HanpyxeHHs Ha-
BiTh TIEPEXOJATh y CTHCKAIOYI.

3 maHux Ha puC. 7, AKi BIMHOCATHCS IO Iepe-
pizy Ne 5, BunHo, mo BpaxyBanas 3TH He3amexHO

Puc. 5. Cxema po3TainyBaHHsI XapaKTepPHUX Iepepi3iB IS OLiH-
xu BrutuBy 3TH na HJIC Buropoxku y mpoueci J0BrocTpokoBoi
eKCILTyaTarfii

BiJI piBHS HAKOMMYEHOT MOIIKOKYIOUOT JJ03H iCTOT-
HO BIUIMBA€ Ha PO3MOALI HANPYyKEHb, a caMe, YTBO-
PIOIOTBCSI 30HU BHCOKHX HaIpy>KEHb PO3TATY (110
180 MIIa) B ocb0BOMY HampsaMKy (puc. 7, a).

Bapro 3a3HaunTy, 110 OKpY>KHI HAMIPYKEHHS (PHC.
6, 6 1 puc. 7, 6) y IOpiBHAHHI 3 OCLOBUMH BiTHOC-
HO HHM3BKI B PO3MISIHYTHX mepepizax (mo 50 MIla) i B
OinpmrocTi BUNaAKiB ypaxyBanus 3TH He Bukimkae
CYTT€BOTO BIUIUBY Ha IX PO3MOALI.

Takoxx BH3HaueHO, mo B mepepizax NeNe 2—4
OCBOB1 Hampy>keHHs y pa3i BpaxyBaHHs 3TH ictor-
HO BHILi Y BHYTPIIIHEOMY 00’€Mi BUTOPOJKH, TOA1
SK Ha BHYTPIIIHIM Ta 30BHIIIHIX MOBEPXHIX CTAIOTh
HIKYUMH TIOPIBHSHO 3 PO3PaxXyHKOBHM BHUITaJKOM, 1€
3TH He BpaxoByBajHCs.

Metonuka po3paxynky OKP. BinnorigHo 1o ic-
HYIOUHX BUMOT [4] IIpH po3paxyHKOBOMY OOIPYHTYBaH-
Hi Oe3neunoi excrutyatanii BKIT oqauM 3 HeoOXigHuX
PO3paxyHKiB Ha MIIHICT € po3paxyHok OKP, skuif Bu-
KOHY€ETBCS BIATIOBITHO JI0 BUMOT JIif040i B YKpaiHi HOp-
MaTHUBHOI JOKyMEHTAIli [8], a Takok HEOOX1aHO Bpa-
XOBYBaTy peKOMeH/IaIli1 3apyOiKHUX JOKYMEHTIB [6, 9].
Omip xpuxkomy pyiHyBanHi0 BKII 3a06e3neuyernbes,
SIKIIIO 32 BCIX YMOB €KCIUTyarallii BUKOHY€ETbCSl yMOBA!

K, =[K ], 3)
ne K, — po3paxyHKOBE 3Ha4eHHs Koe]illieHTa 1HTEH-
cuBHOcTi HanpyxeHb (KIH) Ha koHTYpi OCTYIIEOBaHOT
Tpituny;, [K | — nomycrume 3navenns KIH, sixe Bu3Ha-
YaeThCsl Ul YMOB HopMaibHOI ekcrutyaranii (HYE)
(i=1) 3 xoedinienrom Gesnexu n,= K, /[K|], =2, K, —
kputryaHe 3HadeHHs KIH marepiany.

VY AKOCTI MOCTYIHOBAHOI TPIITUHU PO3TIIANAIOTh-
csl SIK eNIINTUYHA MiAIOBEPXHEeBa TPILIMHA 3 BEIUKOIO
MMiBBICCIO ¢ Ta MEHIIOK MiBBiccr a (puc. 8, a), Tak
1 HammBeTINTUYHA TTOBEpPXHEBa TpimuHA (puc. 8, 0).
Bignoeiguo go I[THAE [8] cmiBBigHOIIIECHHS miBOCEH
al/c = 2/3, a BianosinHo 10 [4] a/c = 1/3, MakcuMaib-
Ha MOCTYJIbOBaHa TNIMONHA 2a NedeKTy He MOXKe Iie-
PEBHILYBATH YBEPTh TOBIIUHA OCHOBHOTO Marepialiy.

Bapto 3a3naunty, mo enementa BKII nparitorots
B YMOBAaX iHTEHCHBHOTO HEHTPOHHOTO OIIPOMIHEHHS.

oz, Mlla oy, Mlla

120 R o 2 120 |
= ~s = PR ...\- —_—————
-~
80 | S ~ I 80 |
- _/_
40 5 — 40 F ] 7
0F 1
—40
-80 1 1 1 -80 ] 1 1
0 10 20 30 0 10 20 30
a TosmuHa, MM 6 ToBmuHa, MM

Puc. 6. Po3nozin ochoBuX G, (@) Ta OKPYKHHX G, (6) HapyXeHb y mepepizi Nel B 3a1€XKHOCTI Bi/l HAKOTIMYEHOT TTONIKO/PKYFOUO0T 03K

Ta BpaxyBanns 3TH: I'-npu D =118 3ma, 2'—mpu D_
3 ypaxyBanasam 3TH

X

= 95 3Ha 6e3 ypaxysanns 3TH; / — mpu D

o 118303, 2—mpu D =95 3Ha
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o,, Mlla

160

2

80 | I
0k /‘d&___ =
2,/- -

_80 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 150 180 200
6 ToBmuHa, MM

Puc. 7. Posnozin ockoBHX G, (@) Ta OKPYXHHUX G, (6) HANPY)KEHb
y mepepi3i Ne 5 B 3a5e)HOCTI Bii HAKOMMUYEHOI MOIIKOIKYIO-
401 1o3u Ta Bpaxysanusa 3TH: /' —mpu D =118 3Ha, 2' — mpu
D_ =95 3na 6e3 ypaxysauns 3TH; / —npu D = 118 3Ha, 2 —

npu D =95 3ma 3 ypaxysannsm 3TH
Y Y
-
O a X
(o]
A
B
/_\/
a o

Puc. 8. I[TocTynpoBani enintu4na (a) Ta HamiBexinTuuHa (6)
TPILIVHUA

Ile B mpoueci excruryarauii npu3BOAUTH 00 Jerpa-
Janii MexaHiYHUX BJIACTHUBOCTEH OCHOBHOTO MeETa-
ny. Tomy xputnuni 3Hauenns KIH y pisHuX Toukax
(06’eMax) OCHOBHOTO METaly 3aJeKaTUMYTh 5K Bix
PIBHS MONIIKOKYIOY0i HAKOMMYEHOT JTO3U, TaK 1 Bij
TeMIepaTypy ONPOMiHEHHs, i MOXKYTh OyTH omucaHi
HACTyIHHUM 3aKOHOM [4]:

JC(D’T’T;rr) :275'10740Y(D7T=T;rr)x

x[l — Ay - exp(—0,2D)},

Jie 6, — MexKa MHHOCTI Matepiany, MIla; D — Hako-
NMUYEHA MOIIKOKyIo4a 71034, 3Ha; A 7 0,93.

Jns Bu3HaueHHs kputuuHux 3HadeHb KIH 3a no-
ITOMOTO0 3HAY€Hb J-iHTerpana BUKOPUCTOBYBAJACs
tdhopmyma nepexomy [1]:
_Ki(1=v) )

E
Pospaxynok 3nHauensp KIH nist mocTynboBaHUX

TPILMH IPOBOJMBCS 32 TPHOMa Pi3HUMH METOAHKAMH
—3rigao 3 [IHAE [8], VERLIFE [6] ta PJ] EO [9].

“

J

Merton 3rigno 3 IIHAE. BignosigHo g0 BH-
mor [THAE [8] KIH mis nuniHgpudHUX eJIeMeHTiB,
10 HABAHTAXYIOTHCSI BHYTPIIIHIM THCKOM Ta TEM-
MepaTypHUM BILTUBOM, JOMYCKAETHCSI BU3HAYATH 32
¢dhopmyrnoro:

K, =n(o,M, +c,M,) /(nléj /Q (6)

Iie 1) — Koe(IIieHT, 0 BpaXxOBY€ BIUTHB KOHIIEHTpPAIIil
HAPYXEHb; G — CK/Ia/I0Ba HAMPY)KCHb PO3TSATYBAHH,
MIla; o, — cknamoBa 3ruHaibHUX HanpykeHb, Mlla;
Mp =1+0,12(1 — a/c), Mq =1-0,64a/h; a — rmubuHa
TPIIIMHU, MM; ¢ — HalliBAOBXWHA TPIlUHHA, MM; /i —
JIOBXKHHA 30HH, Y MEXKaX SIKOT CKJIaJ|0Ba 3rHHAIBLHUX
HaIpyXeHb 30epirae MO3UTHBHE 3HAUYCHHS, MM;

0- [1 ; 4,6(a/2c)1’65}1/2 %

CkJ1aJioBy pO3TATYBaJIbHUX HampyKeHb (KiJble-
BHX 200 OCHOBHX) BHU3HAYAIOTh 32 (HOPMYJIOHO:
1
G, = ;jcjdx, ®)
)
ne j — xoopaunara 6 abo Z; o, (GyHKIIS 3MIHU Ha-
Ipy>KeHb 110 TOBIIMHI CTIHKH; § — TOBIIKMHA CTIHKH B
PO3paxyHKOBOMY Hepepisi.

3HaveHHs CKJIaJ0BOI 3TMHANBHUX HAIPYXCHb BH-

3HAYAI0Th 32 (HOPMYIIOIO:

S = O~ O (9) .
7ie 0, — SHAYCHHS (I)YH'KI_III 3MIHHU HaIlpy>KeHb 3a TOB-
LIMHOIO CTIHKH B TOYL N.

Bapro 3a3nauntn, mo y noxymenti [IHAE [8] ne
3a3HAYCHO, JIJIS SIKOTO TUIY TPIIMHOMOMIOHUX Je-
(exTiB (MAMoBepXHEBUX, ENNTHYHNX a00 IOBEpXHE-
BUX HAIiBENINTUYHNX) BUKOPUCTOBYETHCS METOUKA
Bu3HaueHHs KIH.

Merton 3rinno 3 VERLIFE. BianosiaHo mo pe-
komeranii VERLIFE [6] koedillieHT iHTEHCUBHOCTI
HarpyxeHb K| BU3HAYa€ThCs i3 CITiBBITHOIECHHS:

K, =cYa, (10)
J€ G, — HaIpYXCHHS, NPHUBEIEHI 10 PiBHOMIPHO-
ro, Mlla; Y — xoediuieHT hopmu TPIiIHK; a — Mana
MiBBICh TPIIIAHHU.

KoedgimienTt dhopmu TpimmHaN Y BU3HAYAETHCS 3a-
JISKHO BiJ TUIY TPIIIMHM Ta PO3TALIYBaHHS TOUKH Ha
ii koHTYpi. 151 mignOBepXHEBOiI eNNTUYHOT TPILIMHU
XapaKTepHi Taki BUpa3H:

B 1,79-0,66-a/c
[1-B"(1-0,4(a/c)—y")"*

B 1,79-0,66-a/c
[1-B"*(1-0.4(a/ ) - 0,8y" )"

b+ta

A

(11)

Ye

a
ne = b— vy=0,5- ; § — TOBIIIMHA OCHOBHOTO
ta

MCETally, MM.
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Jl1s1 moBepXHEBOI HaIIBETINTHYHOT TPIIUHA KO-
edimienTrn GpopMu BU3HAYAIOTHCS BiAOBIAHO A0 Ha-
CTYIHUX BUPA3iB:

2-0,82-al/c
3 3,25
{1—[0,89—0,57((1/0)1/2} (a/s)l’s}

Vo= [11+ 035 (als) | (ale)y, (12)

Y, =

JIJis miAMOBEpXHEBOT SNINTUYHOT TPIIIIMHU HAIpy-
JKCHHsI, HaBeJIeH1 0 PIBHOMIPHOTO, BU3HAYAIHCS 3
HACTYITHHX CITiBBiIHOIIECHB, SIKi OMMCYIOTh iX pO3MO-
T 32 TapaOoJIigHNM 3aKOHOM:

6stoc , a 46-36c-04
OKB = .
2 c 30
ostoc a 4oz—3cc—0y4
GKkB= +—. (13)

2 c 30
[Ipu moctynoBaHHI MOBEPXHEBOI HAMiBETINTHY-
HOI TPILIMHM B Hepepi3i 4 HanpyXeHHS 10 TOBLIMHI
CTIHKH PO3NOAUISIIOTHCS 32 JiHIHHOIO 3aJIEKHICTIO:
c,,=0,180,+0820, (14)
Bapro 3a3nauunty, mo B metoauii VERLIFE Bu-
3HaYeHHS Koe(Dili€HTIB IHTEHCHBHOCTI HAIPYXCHb
JUTS TIATIOBEPXHEBOT eTINTHYHOT TPIIMHU BiACYTHI
METOJIM 3aBJaHHS CKJIATHOTO 3aKOHY PO3IOJIiTy Ha-
MpYy>KEeHb, a B PE3yNBTaTi OMUCY JOBLILHOTO PO3MOIi-
JIy HaIpy>kKeHb 3a mapaboTiTHIM 3aKOHOM 3HAYCHHS
K, MOXyTb OyTn OTpHMaHi 3 iCTOTHEMHU OXUOKaMH.
Merton 3rigno 3 PJI EO. Meron Buznauenns KIH
srimuo 3 P11 EO 1.1.2.05.0330-2012 [9], cxoxwuit Ha
Meroanky VERLIFE [6], onnak mponoHye BUpasu
i po3paxynky KIH npu Ginpm ckiaagHoMy 3aKkoHi
posnofiny HampyskeHb. Tak, koedinienta Gopmu Tpi-
LIMHU BU3HAYAIOTHCS 32 HACTYITHUMH 3aJICKHOCTSIMHU:

0,54
a
h

Y:

a \* a
j (1—0,4——\(] X
+a c

8

0,5

) (15)

b
1+1,464(a / ¢)*®
mpua<c,a<9hh+a<s/2;

hta) hta
vA=(o,5— : ],vc=0,8[0,5— : j . (16)

Jyis po3noily HanpyXeHb, 3aJJaHUX Y TOBUIbHIN
¢dopmi (y BunIsizi anpokcuMyrodoi QyHKIiii), ooumco-
€ThCSI KOOPMHATA X, = h+ a}/lO, nej=0,1,2,...,20. Y
KOXKHIN TOUIT X, BU3HAYAIOTECA HANPYKEHHA G, = G K(xj).
3Ha4YeHHS MPUBEACHUX JI0 PIBHOMIPHOTO HAIIPYKE€Hb
6 (4) Ta 6,(C) 0OuncmorThes 3a hopmyamu:

ok (4)= i(A.i +£Bjjqj’
=0 ‘ (17)

20
ok (C)= Z(Azof‘ +EBy, }’j»
J=0 ¢
e Aj i B/_ — TabayuHi 3HAYECHHS.

3 TpHOX PO3MIAHYTHX BHUIIE METO/IB BH3HAYECH-
o KIH touHimmM € octanHii, onucanuii B P/ EO
1.1.2.05.0330-2012 [9], Tak sk BpaxoOBYy€ IJTHOUHY 3a-
JISATaHHA TPIIIMHM, 3 HAIPY>KEHHS] MOKHA OIHCYBaTH
3aKOHOM JOBLTBHOT (hopMu (Y BHIIISAII alpOKCUMYO-
yoi ¢yHKIil). Meronuky, onucany y VERLIFE [6],
JIOIIIIEHO BUKOPHCTOBYBATH ISl €KCIIPEC-OI[IHOK Ha
OITip KPUXKOMY pyHHYBaHHIO, & TAKOX JJIS TPIIUH,
SKi MOCTYIOIOTHCS B 30HaX 3 JiHIHHUM Ta mapado-
JIIYHUM PO3IIOJIIIOM HAIPY)KEHb.

Pesynsratn po3paxynkosoi oninku OKP. Sk 3a-
3Hauasocs paHile, OyJo po3MITHYTO /1B BapiaHTH PiBHS
HaKOMUYEHOT OMIKO/KY0401 103U. OTKe, 111 KOPKHOTO
3 BapIiaHTIB MEXaHIYHI BJIACTUBOCTI MaTepialy BUTOPOJI-
KU Ta BiInoBiaHi kputrdHi 3HadeHHst KIH OymyTh pisHi.
Ha puc. 9 mokaszaHo po3nomiii MexKH TUTMHHOCTI MaTepi-
aTy BUTOPOIKH Ha 60-y poIli eKCIUTyarTartii, a TAaKOX KpH-
THYHUX 3Had9eHb KIH 11t pisHuX BXiTHUX TaHUX.

Puc. 9. Posmoninm MexH IIMHHOCTI G, MaTepiamy BUTOPOJIKA TTPH HAKOTIMYEH ! TTOMIKO/DKY 04ii 1031 95 3Ha (a) i 118 3Ha (6) Ta kpu-

THYHOTO 3HaueHHs K| npu 95 3Ha (6) 1118 3Ha ()
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SIx BUmHO 3 pHC. 9, piBeHb MEXIi ITTHHHOCTI MaTepi-
ary 3aJIe)KHO BiJl HAKOITMIEHOI 031 3MIHIOEThCS. Tak,
[IPY MaKCUMaJIbHOMY 3HaY€HHI HAKOTIMYEHO] MOIIKO-
TDKYI0Y01 1037 95 3Ha MeKa TUTMHHOCTI 3HAXOAUThCS
B miamazoHi 438...837 MIla, a mpu 118 3Ha cTaHOBHUTH
673...838 Mlla (puc. 9, a, 6), 110 BiAIIOBIHO BILJIBAE
i Ha kputnuane 3HaueHHs KIH (puc. 9, 6, 2).

VY pe3ynbTari MaTeMaTHYHOTO MOJEJIOBAHHS MPO-
[IeCiB 3BapIOBaHHS, TEPMOOOPOOKHM Ta MOAANBIIO]
excruryaranii enementiB BKII npotsrom 60-u pokis
OyJ10 BU3HAYEHO, 1110 MAKCUMAaJIbHI HAIPYXEHHS PO3-
TATY YTBOPIOIOTHCSI B OCBOBOMY HaIpsIMKY. Takum
YMHOM, 3 TOYKHU 30py KOHCEpBaTU3MY IIPH BU3HAYCHHI
KIH po3rnsganvce miAmoBepXHEB] eMNTHYHI TPITH-
HU, Ki Oyli pO3TaIIOBaHi B OKPYKHOMY HAIPSIMKY.
CxeMy po3TallyBaHHS I€pePi3iB BUTOPOAKH, B SIKUX
MOCTYNIOBAJIMCA Ae()EKTH, IOKA3aHO Ha puc. 5.

Jus nepepizy Ne 5 (puc. 5), sikuii 3HaXOAUTHCA B
30Hi Haitbinemoro BrumBy 3TH rHa HIC xoHCTpYK-
i BUTOPOAKH, Pe3yJbTaTh MopiBHAHHAA 3HaueHb KIH,
OTPUMAHHMX 3T1JHO 3 TPhMa OIHCAHUMHM BHILE METOIU-
kamu [8, 9] micnst 30-u 1 60-u poKiB excruTyaramnii A
JIBOX BapiaHTIB PiBHS HAKOMHMYEHO! MOIIKOIKYIOYOT
JIO3W 1 TPILIVH 3 Pi3HUM a/c, IPEACTaBIeHO B Tadm. 1
0e3 ypaxyBanas 3TH Ta B Tabum. 2 3 ypaxyBanasm 3TH.

Haii6inbm xoncepBatnBHIMY € 3Ha4eHHs KIH, oTpu-
MaHi 3a joriomororo metoruku PII EO [9], siky moriiasHO
BuKopucToByBaty s aHanizy OKP i3 moBimbHUM po3-
TIO/TLITOM HaIpy>KeHb B 30HI pO3TaIllyBaHHS TPilIuH. Me-
tomu, o ormcadi B [IHAE [8] ra VERLIFE [6], BapTo
BukopucToByBatH yist oniHOK KIH y HaiiMeHIr HaBaH-

TaXEHUX JUITHKaX 3 JIHIHHM a00 mapabomiyHuM 3a-
KOHOM PO3MOALTY HaIpyeHb. MaKkcHMalbHi 3HaYCHHS
KIH y 6inpIiocTi BUNIaaKiB 3HAXOAATHCS B TOUII A KOH-
Typy TpituH (puc. 8), 0 MOCTYIIOIOTHCS, a X 3HaUeHHS
KOPEJIIOIOTH 3 Pe3y/bTaTaMH KOKHOT METOIMKH.

3rigHo 3 pesyasratamu BusHadeHHs KIH y mepe-
pizi Ne 5 ypaxysauus 3TH B OIHOMY nepep131 MOXeE
YUHUTH SK MO3UTHBHHUI, TaK 1 HETAaTUBHUU BIUIKB.
Hanpuknaz, ypaxysanus 3TH minBuiiye koHcepsa-
TUBHICTH po3paxyHky KIH na 30-y pori excrutyararrii
B 2,2 pasu (3 20,6 mo 44,7 MIla-m*).

Taxox Oymno posrsiHyTO Tiepepizu NeNe 1-4 Buro-
poxku (puc. 5). Pospaxynox KIH BukonyBagBcs 3rif-
Ho 3 P/] EO [9]. [lopiBHsnbpHUI aHaMi3 y epepizax
MIPOBOMUBCS IJISl TOCTYABOBAaHUX NEe(EKTIB Y BUTIIAII
MiAMTOBEPXHEBUX EMINTHYHUX TPIIIAH Y 3aJI€KHOCTI
BiJl TEpMiHY eKCIUTyaTalii, HAKOITMYEHOI TTOITKO/IKY-
04O 103U Ta BpaxyBaHHSA 3TH. I'eomeTpuyni pOSMi—
pu TplIJ_II/IH (nonyom a i ¢) BUOWpancs B 3aJI€KHOCTI
BiJl po3MipiB 30H PO3TATYIOUHMX HANPYKCHb 1 MorH
3MIHIOBaTUCS I OJHOTO 1 TOTO X MEpepi3y B 3aJIexK-
HOCTI BiJl piBHS MOIIKO/XXY4Y01 HAKOITMYEHOT T03H 1
BpaxyBanHsa 3TH. InOunHa po3ranryBaHHS AeQeKTiB
h BU3HaYayacs B 3aJIS)KHOCTI BiJl 11 TOMyCTUMHUX MEXK.

VY nepepizi Ne 1 orpumano Hk4i 3HauenHs KIH
npu BpaxyBanHi 3TH, Hix y Mozeni 6e3 ypaxyBaH-
v 3TH. [l mopiBHSHHSA PO3IIAHYTO PO3PaXyH-
KOBHH BuManok Ha 30-my pOI_Il eKcIutyaTtamii ais
BapiaHTy OiJIbIII BUCOKOTO plBHfI HAKOIHMYEHOI I0-
LIKOJUKYIOUO1 103U, 1€ CIiBBIIHOLICHHS MiX MaJlO0
1 BEJIMKOIO MIBOCSMH TOCTYJIBOBAHOI TPIIIUHU TIPH-

Taomuusa 1. KIH s TpimmH 3 pisHum a/c B nepepisi NeS 6e3 ypaxysanus 3TH

K, MITa-m% K , MIla-m%° K, MIla-m%° K, MITa-m%
alc Makc. HaKoImu4. 7034, 3Ha A c D
PAEO | VERLIFE | PIEO | VERLIFE | PIEO | VERLIFE | [HAE

30 pokiB ekcruTyararii
47,5 25 24,7 6,5 7,7 16,5 16,2 25,7
173 59 15,3 15,1 4.4 5,5 10,5 10,3 14,9
3 47,5 20,6 20,8 4,6 5,9 14,9 13,3 21,7
59 19,8 19,6 4,6 6,1 15,4 12,9 16,0

60 pokiB excruryararii
3 95 24,1 23,8 6,6 8,0 16,1 15,5 24,5
118 15,5 15,3 5.6 74 11,3 11,4 13,8
3 95 19,8 20,0 4,7 6,1 14,5 12,4 20,7
118 19,9 19,7 5,9 8,5 16,5 14,1 14,7

Taomuus 2. KIH ans Tpimms 3 pisHum a/c B nepepisi NeS 3 ypaxyBanuam 3TH
K, MITa-m% K, MITa-m"3 K., MITa-m® K, MITa-m%3
alc Makc. HaKoImu4. 1034, 3Ha 4 ¢ D
PIEO | VERLIFE | PAEO | VERLIFE | PIEO |VERLIFE| TIHAE

30 pokiB ekcruTyaraii
13 47,5 39,5 38,8 25,1 34,7 30,9 36,7 37,2
59 19,8 19,3 10,2 15,8 14,2 17,6 16,0
3 47,5 44,7 44,0 22,0 28,7 39,3 36,3 40,7
59 16,7 16,4 7,8 13,2 13,7 14,8 11,7

60 pokiB eKcInTyararii
13 95 34,6 33,9 21,3 29,7 26,7 31,6 32,4
118 11,5 11,1 5,0 8,2 7.9 9,6 11,0
/3 95 39,3 31,5 17,6 25,6 33,4 29,1 35,4
118 14,7 14,1 55 9.8 11,7 11,9 11,7
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HMaeTbes piBHUM a/c = 1/3, a ix po3mipu 3a paxy-
HOK BEJIMKOI 30HH HalpyXeHb PO3TATY BiANOBINAIOTH
MakcuManbHO fomyctumuM 3rigHo 3 [IHAE [8] 3Ha-
YeHHSM g = 9 MM; ¢ = 27 MM TIpH TOBIIUHI OCHOBHO-
ro merany S = 36 MM, TITUOHHI 3aJATaHHS TPIMIUHA
h =3 mm. Ha mmizgcraBi BCiX BHIIEBKA3aHUX BXITHUX
napaMeTpiB BU3HaYeHO, 110 Oe3 ypaxyBanag 3TH ot-
pUMaHO MakcuMmasbHe 3HaueHHs K,= 17,2 MIIa-m%3,
a 3 ypaxysauusam 3TH K,= 12,6 MIla-m"°, To6T0
BpaxyBaHHs 3TH y nanoMy BUnajky 103BOJISIE€ 3HU-
3uTH KoHCcepBaruBHicTh omiaku OKP Ha 27 %. On-
Hak HaiOinbme 3umxeHHs KIH (aa 58 %) npu Bpa-
xyBanHi 3TH Oymo BuzHaueno B mepepiszi Ned 3
K, = 41,4 MIla-m"* 0 17,5 MIla-m"’.

3a pe3yibTaraMy pPO3paxyHKy TaKOX CIIOCTE-
piraerbcs 3poctanus KIH 3i 30inpmerHsM po3mi-
py moctynboBaHoro nedexty. s nopiBHIHHS po3-
[ISTHYTO pO3paxyHKOBHI BHIAOK mepepizy Ne 2 Ha
60-my pori ekcruryaranii 3 MaKCHMaJIbHOIO HaKOIIH-
4yeHO1o no30t0 118 3Ha Ta BpaxyBaHHsAM 3TH 3 pi3-
HHUMM CHiBBigHOIICHHIMU a/c = 1/3 [4] Ta a/c = 2/3
[8]. Ix posmipu 3a paXyHOK BenIMKOi 30HM PO3TH-
IyBaJIbHUX HAIpPy)XeHb BiANOBiZalOTh MaKCUMajb-
HO momyctumum, 3rigHo 3 ITHAE [8], 3HaueH-
HaM a = 19,5 mm; ¢ = 58,5 mMm (ipu a/c = 1/3) Ta
¢ = 29,25 muM (ipu a/c = 2/3) npu TOBIIUHI OCHOB-
HOTO MeTaiy B mepepi3i S = 78 MM, ruOuHI 3ais-
raHHs TpimuHH A = 2 MM. Ha mincraBi Bcix BXil-
HUX [apaMeTpiB BU3HAYEHO, 110 Y PO3PAXyHKOBOMY
BUnanaky, ne a/c = 1/3 K, = 21,4 MlIla M, a npu
a/c =2/3 K, = 17,5 MIla-mM**, T006TO BpaXyBaHHS ic-
HYIOYUX BUMOT [4] y TaHOMY BHUIAJIKy JO3BOIISE TijI-
BHIIyBaTH KoHCcepBaTtuBHicTh omiHnku KIH y mepepi-
31 Ne 2 Ha 18 % mopiBusHO 3 BuMoramu [THAE [8].
Opnax y pasi, KOJIM TeOMeTpis Tepepizy BUTOPOIKH
00MeXy€eTbCSI PO3MIPOM BEJHMKOI MiBOCI, 301IbIIIEeH-
HS IUIOILI MOCTYJIBOBAHOTO A€(EKTY IPOBOAUTHCS
3a paxyHOK 30inbIeHHs Manoi miBoci a. Ha mpukia-
1i iepepizy Ne 5 Oynio BU3Ha4EHO, IO HAWOLIBIT KOH-
cepBaruBHa o1iHka KIH BukoHyeThCsS 32 BUMOTaMu
CHIBBiTHOIICHHS TiBOce# a/c = 2/3 3rimHo 3 [IHAE [8].

Pesynbrat po3paxyHKy MoKasaiy, 10 Ha piBEHb
3HaueHHs KIH BrummBae po3mip mocTynboBaHO1 Tpi-
IIUHU, BUOIp SAKOTO BU3HAYAETHCS PO3MipaMH 30HU
HaIpy>XeHb PO3TATY, SIKi B CBOIO YEpPry MOXYTh 3a-
nexaru Bix ypaxysanas 3TH. Takox Bummii piBeHb
OTPOMiHEHHS (HaKOMMYEHOI JI03H) Marepiany BUTO-
ponku 3HMXkye BuB 3TH Ha HanmpyxeHU# craH i,
BizmoBinHO, Ha oniHKy OKP xoHCTpyKIii.

Kpim minnmoBepxHEBoi eTINTUYHOT TPIIIIMHN TaKOK
OyNo pO3IJISTHYTO MOBEPXHEBY HAIIBEIINTHYHY TPi-
muHy. Tak sk npu BpaxyBanHi 3TH mMakcumansHUN
piBeHb HaNpyXeHb CIOCTEPIra€ThCs HE Ha MOBEPXHi
BHUTOPOJIKH, SIK Y BUNaKy 6e3 ypaxysanus 3TH, a B ii
00’emi, To 1 3HaueHHs KIH ams moBepxHeBoro nedek-
Ty OyayTh HHKYHMH. ToMy Oyia po3misiHyTa TPilllHA
TIJIBKU B OJHOMY TIepepi3i 3 HalOIIbIINM 3HAYEHHSM
OCBHOBUX Halpy>KeHb Yy 3a3HaueHil obnacTi. 3rigHo 3
JaHUMHM Ha puc. 3 HallBUILI HANpYXEeHHS B OCHOBO-
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My HanpsMmKky O0e3 ypaxyBanHs 3TH 3HaxomsaThbcs B
30Hi mepepizy Ne 4 (puc. 5), a BiATIOBIAHO 10 OTpHMa-
HuX nanux Havsunl 3HadeHHs KIH Bu3HavaroThCsa HA
30-y poli ekcruryaraimii it BapiaHTy OB HU3BKO-
ro piBHS HAKOIMMYEHOI MOIIKOIKYI0Uoi 103U. 3a Me-
Tonukoto 3rigHo 3 nokymentom VERLIFE [6] Oynu
Bu3HaueHi MakcumanbHi KIH mist Bunagky 6e3 ypa-
xysaunsa 3TH (K,= 26,6 MIla-mM*%), a 3 ypaxyBaHHAM
3TH 3nauenns smenuyetses (K, = 7,1 MIla-m*’). Ta-
KUM 4YMHOM, ypaxyBaHHa 3TH no3Bossie 3HaUHO 3HHU-
3UTH KOHCEPBATUBHICTH MpH Bu3HaYeHHI KIH ms me-
(hexTy Ha 30BHINIHIH TOBEPXHI BUTOPOIKH.

Jo HYE kpim cranioHapHOTO peknMy poOOTH Ta-
KOX BITHOCATHCS PEKUMH PO3ITPiBY 1 OXOIOIKEHHS
IiJ] 9ac BUXOAY Ha pOOOYHI PEKUM 1 OCTAaHOBHU peak-
TOpa, a TAKOXK PEXKUM TiApoBUTIPOOyBaHb. BpaxoBy-
FOYH HU3BKY IIBHJIKICTD HATPIiBY 1 OXOJOMKEHHS TPH
HYVYE nerarusrOTO BriBy nux mportieciB Ha OKP Bu-
TOPOIKY HE BU3HAYCHO. Y XOJOAHOMY CTaHi 3a paxy-
HOK BiZICYTHOCTI TEMIIEpaTypHOTO TPAJIEHTy piBEHb
HaIpy>KeHb Y BUTOPO/L CYTTEBO 3HIKYETHCS BiHOC-
HO PO3IrpiToro crany B pododomy peskumi. IlinBummen-
HS TUCKY TETIOHOCIS Ha BCI TOBEPXHI BUTOPOIKH TIiJT
Yac TiApOBUNPOOYBaHb BUKIUKAE JOATKOBE PIBHOMIP-
He cTuckaHHs (Ha — 8 MIIa) 1, BianoBiIHO, 3HIKCHHS
HaNpy»XeHb PO3TATY B 00’ €Mi BUTOPOAKH Y TIOPIBHSH-
Hi 3 yMOBaM# HaBaHTa)XKEHHS B pOO0OYOMY pekuMi, 110
TaKOX CIIPUsE BUKOHAHHIO yMOBH 3a0e3nedeHHio OKP.

TakuMm unHOM, 32 pe3yibTaTaMu PO3paxyHKiB OyB
Bu3HadeHui icrotHil i 3TH Ha oninky OKP Bu-
ropoaku BKII peakropa BBEP-1000 3a HYE. B ymo-
Bax aBapilHOI cHUTyaii piBeHb J-iHTeTpana A mo-
BEPXHEBUX HaMiBEJINTUYHUX TPILIMH MOXXE OCATATH
ONMU3BKUX IO KpUTHUYHUX 3HaueHb [1]. OgHak y po-
60oti He BpaxoByBanu 3TH, 1m0 Morno cyTTeBO BILH-
HyTH Ha pe3ynbratu oninku OKP. Tomy HacTymHOIO
aKTyaJIbHOIO 3a/1a4eio € po3paxyHkoBa orinka OKP
Buroponku peakrtopa BBEP-1000 B ymoBax aBapiii-
Hoi cutyauii 3 ypaxyBanHsam BuzHauenux 3TH [1].

BucnoBknu

1. YpaxyBauns 3TH icToTHO BILIMBa€E Ha poO3IIO-
Il HaTpyKeHb y BUTOpoLi peakropa BBEP-1000
B pobouomy pexumi 3a HYE, a came, yTBOpIOIOTE-
Csl 30HM BUCOKHMX OCBOBUX HAIpPYyXeHb PO3TATY (10
180 MITa). IIpu 110My OCHOBI HaIPy>KEHHS € ICTOTHO
BUIIIUMH y BHYTPIITHBOMY 00’€Mi BHTOPOIKH, TOMII
SIK Ha BHYTPIIIHIA Ta 30BHINIHIX MTOBEPXHSIX CTAIOThH
HIDKYUMHU HOPIBHSHO 3 PO3PaxXyHKOBHM BHUIIAJKOM, 1€
3TH ne BpaxoByBamucs. OKpyXHi HapyKEHHS Bij-
HOCHO HI3BKI (10 50 MI1a) i ypaxysanust 3TH ue Bu-
KJIMKa€ CYTTEBOTO BIIMBY Ha 1X PO3MOILII.

2. Ilpu mpoBeneHHi po3paxyHkoBoi orinku OKP Bu-
ropoaku 32 HYE B sikocTi mocTynpoBaHOTO NEedexTy 3
TOUYKH 30pY MaKCHMAaJbHOTO KOHCEPBATH3MY PO3IVIAAa-
JIUCH TiIIOBEPXHEBI ENINTHYHI TPIIIMHHU, PO3TAIIOBa-
Hi B OKPY’)KHOMY HaIlpsIMKY, ITiJ] II€F0 BUCOKHUX PO3TSI-
I'YIOUMX OCBOBUX HapyXeHb. Pe3ynbratu po3paxyHKiB
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Y pI3HHUX Tepepi3ax BUTOPOAKH MMOKa3aNH, IO 3 ypaxy-
BanHsM 3TH koncepBaruBHiCTh ortinku OKP moxe mif-
BHIIyBaTHCh, ane 3HaueHHst KIH K| st moctynboBannx
TPIIMH HE NEPEBULIYIOTh KPUTHYHOIO 3HaYeHHsA K| 3
ypaxyBaHHAM Koe(iuienTa Ge3neku 1, = 2, To0TO yMo-
Ba 3a0e3neueHHs] OKP BHKOHY€EThCS, a IPOTATOM J0BIO-
CTPOKOBOI eKCILTyaTalil 3Ha4eHHs KoeiLlieHTy 3anacy
OKPn =K /K], 36iJ.IBIIIy.€TLE$[ 3a paxXyHOK pgnaKcaui'i
HaIpy>XeHb y IPOLEC] paaialiifiHOl OB3Y4OCTI.

3. HaiineOe3neunimum 3 touku 30py OKP
3a HYE € mepepi3z Ne5 Buropoaku (B 30HI Benu-
KOT'0 OXOJIOJXXYIOYOTO KaHaly), J€ MaKCHMallb-
Hi 3HadeHHs KIH nns okpykHoi mimmoBepxHeBoi
SNMNTUYHOT TPIMMHA HOCATaTh Ha 30-mMy porri
excruryaranii K, = 45 MIla-m%°, a ma 60-my poui —
K, =39 MIla-M"* npu jnomyctumux 3HadenHsax KIH
[K,], = 58 MIla-m*® i [K|], = 53 MIla BignosizHo,
TOOTO MPOTATOM eKcILTyaTalii MiHiMaabHe 3HaYeHHS
koedimienty 3anacy OKP 36inmpmryetrses mo n = 1,36.

4. Bummii piBeHbh HAKOIIMYEHOT ITOIITKOKYIOUOT T031
Marepiay BUTOPOAKH B MPOLIEC] eKCITyaTalii cripuse
3HI)KEHHIO PiBHS MAaKCUMaJIbHUX HAaIlpy>KECHb y BHUIO-
PO 3a paxyHOK BIUTMBY pafialiiiHoi moB3y4docTi. Bix-
MOBiTHO 3MeHInyeThes BIuB 3TH Ha HanpyskeHwii cTaH
i orinka OKP KOHCTpPYKIIii cTae MEHII KOHCEPBATUBHOIO.

5. YpaxyBauus 3TH nmo3Bonisie 3Ha4HO 3HU3UTH
KoHcepBaTuBHICTH npH oIlinmi OKP Buropomku 3a
HYE nanst moBepxHEeBUX HaMiBETINTUYHUX TPILIUH,
pO3TaIIOBaHHUX HA 30BHILIHIN MOBEPXHI BUTOPOJIKH,
Zie B IIPOLIECI BUTOTOBJICHHS YTBOPIOIOTHCS 3aIUILKO-
Bi HANPY>KEHHSI CTUCKAHHS.
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EVALUATION OF BRITTLE FRACTURE RESISTANCE OF WWER-1000 REACTOR

ENCLOSURE DURING LONG-TERM SERVICE, TAKING INTO ACCOUNT THE RESIDUAL

TECHNOLOGICAL STRESSES

0.V. Makhnenko, S.M. Kandala
E.O. Paton Electric Welding Institute of NASU, 11 Kazymyr Malevych str., 03150, Kyiv, Ukraine.
E-mail: makhnenko@paton.kiev.ua, st_kan@ukr.net

The need to take into account the residual technological stresses (RTS) in the material of the enclosure of reactor internals (RI) of NPP
power units of WWER-1000 type, resulting from technological processes of welding and postweld heat treatment at extension of safe
service period beyond the design life is substantiated. The influence of RTS on the stress-strain state of the enclosure, as well as brittle
fracture resistance (BFR) of the material in service was determined. It is shown that an essential redistribution of axial and hoop stresses
in the enclosure is observed due to allowing for RTS, namely of the zone of high tensile stresses, which under normal operation conditions
(NOC) move into the internal volume of the enclosure from its outer surface, while the area of these zone becomes larger. Such a
redistribution of stresses has an essential influence on the level of stress intensity coefficient on the contour of the cracklike defects. The
most critical areas, in terms of brittle strength, form in the inner volume of the enclosure, whereas the dimensions of subsurface elliptical
crack, which is postulated, can be increased due to widening of the tensile stress zone, thus promoting greater conservatism of BFR
assessment. Moreover, taking RTS into account allows a significant lowering of conservatism at assessment of enclosure BFR under
NOC for surface semielliptic cracks, located on the enclosure outer surface, where residual compressive stresses arise during manufacture.
Obtained results allow more precise determination of enclosure zones, prone to brittle fracture of the material under NOC that is important
for improvement of the approaches to determination of RI of WWER-1000 type reactor. Ref. 9, Tabl. 2, Fig. 9.

Keywords: WWER-1000, reactor internals, enclosure, residual technological stresses, brittle fracture resistance, postulated
cracks, stress intensity coefficient, normal operating conditions
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KOHCTPYKUIN METOJOM EJIEKTPOHHOI IIINPOT PA®IT
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Po3po0iieHO METOVNKY BHSBIICHHS Ae(DEKTHHX TUITHOK B €JI€MEHTaxX aBiallifHIX KOHCTPYKIIH METOZOM eIeKTPOHHOI MNPO-
rpac¢ii. BukonaHo HepyHHIBHHI KOHTPOJIB SIKOCTI HATYpHHX €JIEMEHTIB aBiallifHNX KOHCTpYyKLii JII1 « AHTOHOBY»: YacTHH JIomari
IBHHTOKPHJIA Ta TPUMEPIB Py BUCOTH JiTaka AH-74. Bibmiorp. 14, puc. 8.

Knrouogi crosa: nepyiinignui Kowmpons akocmi, wiupozpaghis, asiayivini KOHCmpyKyii

lapanTyBanHs TexHOJOTiyHOI Oe3meku B OcC-
HOBHUX Taly3siX MPOMHUCIOBOCTI, 3aM00iraHHs BU-
HUKHCHHIO aBapili i HaJ3BUYalHUX CUTyalliil TeX-
HOTEHHOTO XapaKTepy € CKJIaJ0BOI YaCTHHOIO
0e3MeYHNX YMOB JKUTTEASUILHOCTI cycIiibeTBa. Ye-
pe3 BUCOKY BapTiCTh i TPYIOMICTKICTh 3aMiHH OC-
HOBHUX (DOHJIIB 3pOCTAE CHPALbOBAHICTh KOHCTPYK-
Lid, TABHUITY€THCS WMOBIPHICTS BUHUKHEHHS aBapin
1 HaA3BUYAWHUX CUTyaIliil TEXHOTEHHOTO XapaKTe-
py. ToMy ocobmuBO1 akTyaabHOCTI HaOyBae MUTaH-
HS YTIPaBIiHHA €KCIUTyaTaliifHUM 4acoM HaJiifHOTO
Ta 0E3MEYHOr0 BUKOPUCTAHHS KOHCTPYKLIH IUIIXOM
BHU3HAYCHHS 3aJHMILKOBOTO PECYPCY 1 BCTAHOBJICHHS
HOBHX TEPMIiHIB €KCIUTyarallii, 10 TePEBUIYIOTH I1e-
pendadeHi MPOSKTHO Ta EKCILTyaTalliiHO JOKY-
MEHTALI€I0, & TAKOXK 000B’SI3KOBUX YMOB 3[iHICHEHHS
KOHTPOJTIO Ta A1arHOCTHKH B LIeH Nepiof.

VY mpoBiTHUX rany3six Cy4acHOi MPOMHUCIOBOCTI,
0COOJIMBO B aBTOMOOIJIe- Ta CyqHOOY/IyBaHHI, CHEP-
FeTUYHOMY Ta aBial[iiHO-KOCMIYHOMY MaIIHHOOYIY-
BaHHI MIPH BUTOTOBJICHHI TOHKOJIUCTOBHX KOHCTPYK-
LIl IIMPOKO BUKOPUCTOBYIOTHCS HOBI KOHCTPYKIIHHI
Marepianu. 31e0iIbI10TO BOHH MPAIIOIOTh Y CKIIaI-
HHAX MEXaHIYHUX 1 TEMIEpaTypHUX YMOBaX, TOMY Ha-
BiTh He3HAYHA KOHIICHTPAIliS HAPY>KCHB, 0 BUHU-
Kae gepe3 neeKTH y 3BapHHUX IIBaxX abo eleMeHTax
KOHCTPYKUIiH, IPU3BOAUTH 110 iX PyHHYBaHHS.

OnHi€0 3 TOTOBHUX NMPHUYHUH, IO 3HUXKYIOTH
SIKICTh BUPOOIB aBialliifHOI MPOMUCIIOBOCTI, € TIPUXO-
BaHi nedextn, To6TO AedeKTH, AKI HE BUABICHO Ha
MiIPUEMCTBI TiJI YaC BUKOHAHHS JiarHOCTUKH. 3Ha-
YHA YaCTHHA BiJIMOB BHPOOIB Ha MOYATKOBOMY €Ta-
i iX BUKOPUCTAHHA [IOB’s3aHA 3 MPOSIBJICHHSAM CaMe
npuxoBaHux AedexriB. Humu sx 00yMmoBieHi B OiJib-
IIOCTI BUIMAJKIB ¥ pyHHYBaHHS JITAIbHUX amaparis
npH X mojanbllii ekcryaramii. Y 3B’ 43Ky 3 UM
JUTSL BUPILICHHSI TPOOIEMH ITiABUIIICHHS SKOCTI Ta Ha-
IiTHOCTI aBialiifHUX BHPOOIB BAXKIIUBUM € HEPYIHIB-
HHAW KOHTPOJIb IKOCTI — medexTockoris [1-8].

3ale3neyeHHs HAJIEKHOI AKOCTI, MPare3aaTHoCTi
Ta HaAIMHOCTI BUPOOIB aBia- Ta MAIIMHOOYyBaHHS,
MABUINECHHS X KOHKYPEHTO3/IaTHOCTI Ha CBiTOBO-
My PUHKY BHUMAara€ HIMPOKOTO BUKOPUCTaHHS METO-
IiB 1 3ac00iB HEPYHHIBHOTO KOHTpOI0. Hepimko Taki
00’ekTH MOTPeOyIOTh CTOBiIJICOTKOBOTO KOHTPOIIO
sikocTi. [Ipu mboMy citiJT 32a3HaYHTH, IO JKOJEH 3 BisTO-
MHX METOJIiB HEPYHHIBHOTO KOHTPOIIO HE MOXKE 3310~
BOJILHATH BCIM BUMOTaM IPaKTHKH. ToMy HarajabHOIO
mpo0IeMor0 € po3po0Ka Ta BIPOBAIKECHHS KOMILIEK-
CHHX CHCTEM 1 METOIiB HEPYHHIBHOT'O KOHTPOJIIO.

Meton muporpadii 119 HepylHHIBHOI0 KOHTP-
0110 sikocTi. HoBUM MeTOoM HepyiHIBHOTO KOHTp-
OJII0, SIKUH IHTEHCHBHO PO3BUBAETHCS, € JIA3EPHA IIHU-
porpadis, sika 31 cTajil 1abopaTOPHOTO 3aCTOCYBAHHS
nepeiIia Ha eTar NPakTHYHOTO BUKOPUCTAHHS 1 3a-
WHsIa HaliHE MICIIe HE TIIBKU B AOCIITHIUX J1abopa-
TOPIisIX, aje 1 B psAi Tairy3el mpoMuciaoBocti [9—11].

Merton 3cyBHOI crieki-iHTepdepomerpii, abo Mme-
tox muporpadii, He moTpedye 0COOTUBOTO 3aXUCTY
BiJI BiOpaIliif, OCKITBKH B IbOMY METOII Oe3mocepe-
HBO PEECTPYIOTHCS TOXIiTHI BiJ] IepeMilieHb, TOOTO
nedopmarii. Meton mmporpadii He Iy TITUBUI TaKoK
70 TiepeMileHHs 00’ €XTY SK LJIOT0, OCKUIBKH TaKe
nepeMillleHHs He BUKIMKAe Aedopmartii.

BaxxnuBoro xapakTepHOIO 0COOJIHMBICTIO METOLY
enekTpoHHoi muporpadii [9] € Te, mo BiH 103BOISE
OTpUMATH OTUHAMIYHY KapTHUHY iHTep(epeHIiHHuX
CMYT, a TaKOX iHTepdepeHIiiiny a3y cMYT, sIKi Bif-
MOBIIalOTh PiBHAM Je(OpMyBaHHS JTOCIIIKYBAHOTO
00’ekTa, Ha ekpaHi auciuieto [12]. BimHocHa mpocto-
Ta IIbOTO METOAY JIO3BOIISIE 3aCTOCYBATH HOTO JIJIsI BU-
pIIIeHHsI CKJIAMHIMIMX 3aJ1a4, 10 OB’ I3aHi 3 aHali-
30M JedopMaliiii Ta KOHTPOJIEM SIKOCTI KOHCTPYKITIH
y IPOMHCIIOBUX YMOBaX.

Meron enexTpoHHOI mmporpadii mossrae y mopis-
HSIHHI 300pa)XeHb MTOBEPXHI JOCIIIKYBaHOTO 00’ €KTa
B IBOX MOro cTaHax — II0YaTKOBOMY Ta HaBaHTaXKe-
Homy [13]. Ilpu upoMy moBEpXHs HOCIHIiIKYBaHOTO

Jlo6anos JI.M. — https://orcid.org/0000-0001-9296-2335, IllytkeBuu O.I1. —https://orcid.org/0000-0001-5758-2396,
Kusnens 1.B. — https://orcid.org/0000-0002-2559-8200, Cauipkuii B.B. — https://orcid.org/0000-0002-2615-1793
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00’€KTa OCBITIIFOETHCS KOTEPEHTHHUM JIa3epPHUM BH-
npoMiHIOBaHHSAM. Po3cisHe ardy3HOI0 TOBEPXHEIO
00’€eKTa CBITJIO, 10 YTBOPIOE CHEKI-CTPYKTYPY, MO-
TpaIUIs€ Ha 3CyBHUH €IEMEHT Ta (JOKYyCy€eThCS Ha Ma-
TpuLi Hu(ppoBOi Kamepu, e GOpPMy€eThCS Tapa 3CyHY-
TUX y TIONIEPEYHOMY HAaNPSMKY 300pakeHb NOBEPXHi
00’exra. Lli n1Ba 300paxeHHs iHTepEpyIOTh OTHE 3
OJTHUM Ta CTBOPIOIOTHh XaOTHYHY iHTepdepeHIiiHy
KapTHHY, SKa 32 JONOMOTO0 NU(POBOT KaMepH BBO-
JUTHCS 10 KOoMIT 10Tepa. Taki iHTepdepeHIiliti Kap-
THHU OTPUMYIOTH JJIS1 IOYaTKOBOTO CTaHy 00’ €KTa Ta
micysl HOro HABaHTAXKEHHsI HA MEBHY BEIHYUHY, IO
3aJIe)KHTh BiJl caMOro 00’€KTa 1 TUITYy O4iKyBaHHX Je-
(hexriB. Jlami BBemeHI 10 KOMII FOTepa iHTEpQEepeHITiHi-
Hi KQpTHHU U TBOX CTaHIB 00’ €KTa OMPaIlbOBYIOTh-
Csl B HhOMY IO OZIEPKaHHS IIMPOrPaMHU.

VY BUMAIKYy, SKIIO OCBITJIICHHS CHPSMOBAHO Iep-
NEeHAUKYJISIPHO MOBEPXHI A0 00’€KTa, BEIUYUHH
Ow/0x 1 Ow/ Oy, O CIPUYMHSIOTHCS HABAHTAXKCH-
HSIM JTOCHIDKyBaHUX 00’ €KTIB, PO3PaXOBYIOTh 3a 3a-
nexHocTsiMu [13]:

4n ow
Ap =——3 1
P A ox M
41t ow
A(py=7—6y )

ne Ap taAg — BiZIHOCHA pi3HHULS (a3 MK IPOMEHSI-
MH, 110 IHTEP(EPYIOTh Y BUIAJIKY, KOJIM HAIPSIMOK IIIH-
po3cyBy 30iraerhes 3 Hanpsimamu OX 1 OY BiAMOBIIHO;
0 _Tad — BEIMYMHH INUPO3CYBY Y310BXK HanpsaMis OX 1
OY BinnosigHo; Ow/0x i OW/0y — 4acTKOBI MOXinHI Bix
nepeMileHb TOYOK JAOCHTIPKYBAHOI MMOBEPXHI Y3IOBK
HanpsAMKiB IHPo3CcyBy BignosinHo OX 1 OY.

HInpo3cyB BU3HAYAE HAIPSMOK ONTUYHOTO Aude-
PEHIIiIIOBaHHS BEIMYWH MEPEMIIICHb T0CTiKyBaHOI
MTOBEPXHI Ta A€ MOXKJIMBICTh OTPUMATH MTApaMeTpH ii
nehopMyBaHHS, 110 BUHUKITU i/ Ti€I0 MPUKIAEHO-
T0 HaBaHTAXXECHHSI.

BuwmiproBanus metonom mwuporpadii 3HaYCHb
dasu Ag_abo Ao,y KOXKHI¥ TOYIl 300pakeHb J103-
BoJIsie 0OUHMCIUTH NepopMyBaHHS MOBEPXHi JOCIi-
JOUKYBaHUX 00’ €KTIB BHACTIJOK MPUKIAJACHOTO Ha-
BaHTAXXCHHS Ta BU3HAYUTHU MICLS PO3TallyBaHHS
BHYTPIIIHIX A€(EKTiB.

s IpoBeIeHHST €KCIIEPUMEHTIB 3 HEPYHHIBHOTO
KOHTPOJTIO SIKOCTI aBiaIlifHUX €JIEMEHTIB 3aCTOCOBYBa-
yach mmporpadivHa cucrema, mo 6a3yeThes Ha IHTep-
(hepomeTpi MalikenbCcoHa Ta Iy TIIHBA 10 JeOpMaIlii,
SIKi € OPTOTOHAIBHUMH JTO TUIOIIMHE 00’ eKTy (pHuc. 1).
[uporpadiyaa cucTema BKIIIOYA€E TaKi OCHOBHI KOM-
MOHEHTHU: Ja3epHy OCBITNIIOBaJIbHY cucteMy (I, 2),
00’extuB (3), inTeppepomerp (4), unppoBy Kamepy
(12), HoyTOyK 2060 koM toTep 3 MoHiTOpoM (13), da-
303cyBHY cuctemy (7, 8, 11). 30BHIIIHIN BUIISAL K-
porpadivHoro iHTepdepoMeTpa HaBeACHO Ha puC. 2.

[Iporpamue 3abe3neyeHHs, BCTAaHOBJIEHE Ha
KOMIIT'10Tepi, BUKOPUCTOBYETHCS T 0OpOOKH 30-
OpaxxeHb. BoHo mo3Boisie oTpumMaTtu iHTEepde-
pPEeHIIiIHI KapTUHHU CMYT, fKi BUHUKAIOTh MPH Ha-
BaHTaXXEHHI JOCIIHKyBaHUX 00’ €KTiB KOHTPOIIIO,
dbineTpyBaTH 300pakeHHs, OyayBatu moje ¢a3 Tta
TpUBHUMIipHE 300pakeHHs neopMyBaHHS MOBEPXHI
00’ €KTY, 3aIMCyBaTH OTpUMaHi pe3yabTaTh B (haii.

HluporpadigyHuii KOHTPOJIb IPOBOAUBCS 3 BH-
KOPUCTaHHSIM CHCTEMH, sika oOymoBaHa 3a OMuUca-
HOIO BHIIE OJIOK-CXEMOIO Ta MPAIIOE 38 HACTYITHUM
anroputMoM. KorepeHTHe ja3epHe BUIPOMIHIOBaH-

Puc. 1. bnok-cxema muporpadivHoi cuctemMu: / — JHKEPETIo KOTepEeHTHOTO BUIIPOMIHIOBAHHS; 2 — PO3IIUPIOBAY JIa3€pHOTO MMPOMEHIO;
3 — 00’exTHB; 4 — mmporpadiuHuii iHTepdepoMeTp, KU BKIIOYae B cede JIH3M J; CBITIONONUIEHIN KYOUK 6; I3€pKajio 7, 3aKpiluieHe
Ha IT’€30eNIeMEeHTi §; A3epKaiio 9, ke CTBOPIOE 3CYB 300payKeHHS 3a JOTIOMOTOI0 TBUHTIB (); 1/ — KOHTpOJIEp Ui KEpyBaHHS I’ €30€T1e-
MeHTOM §; 12 — mudpoa kamepa; /3 — HOYyTOYK; /4 — HOCHimKyBaHHH 00’ €KT
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Puc. 2. 30BHiIHIN BUIISA mUporpadiuHoro iHTephepomerpa

HsI, IO OCBITIIOE TOCIIHKYBaHUH 00’ €KT, CTBOPIOE
CIEKJI-KapTHHY, KA PEECTPYETHCS 3a JOIOMOIOI0
uudporoi kamepu. [lotim 00’€KT HaBaHTaXKYIOTh 1
3HOBY 3alMCYIOTh CHEKJ-KapTUHY. 3a 1OMOMOTOI0
nporpamu, 1o po3pobiena B IE3 im. €.0. Ilarona
HAH VYkpainu, oTpuMyioTs muporpamy abo ¢a3oBy
KapTHHY Ha OCHOBI ONpaLOBaHHS cepii 300pakeHb,
SIKI 3aITMCaHl JI0 Ta MiCs HABAHTAXKEHHS JI0CJIIJIKY-
BaHOro 00’ekTy. Taka muporpama BiJoOpaxxye co-
0010 300pakeHHS 31 3MIHHUMH YOPHUMH Ta OiTUMH
CMYTaMH, siKa MOTpedye J0AaTKOBOTO OMPAIIOBAHHS.
B onpairroBanHs 300paskeHHS BXOASTH JSSIKI OCHOBHI
orepartii, Taki SK: 3HWKEHHS PiBHA CHEKI-IITyMY, TiI-
BUIIICHHS KOHTPACTy KapTHHU cMyT Toto. [TonepenHi
ekcriepuMenTH [1, 13] moka3zamu, o aJis mMpoBeIcH-
HSl HEpYHHIBHOTO KOHTPOJIO ONTUMAaJIbHOIO BEINYU-
HOIO IIMPO3CYBY € 3HaueHHs 5...15 mMm. Byno takox
BH3HAUEHO ONTHMAIIbHI apaMeTpu (piIbTpiB Ta mo-
CITIIOBHOCTI OOPOOKH IJIsl 3MEHIIIEHHS CIIEKJI-IITyMY
B iHTepdeporpami.

HepyiiHiBHMI KOHTPOJIb SIKOCTi eJleMeHTIB
KOHCTPYKUil aBiakocMiuHol TexHiku. [Ipu BupoO-
HUITBI Cy4yaCHUX KOHCTPYKLil aBiakoCMi4HOi TeXHi-
KH IIHPOKO 3aCTOCOBYIOTH METaJIeBi Ta KOMIIO3UTHI
CTIABHUKOBI MMaHEN, 10 J03BOJISI€ 3HAYHO 3MEHIIIHU-
TH Bary Bupo6iB. KommosuiiHi Marepiain mupoko
BHUKOPHCTOBYIOTHCS B aBial[ifHUX KOHCTPYKIIISIX 3aB-
ISIKY 1X JOCHUTH BHCOKIM MIIIHOCTI T4 HEBEIUKIN ITH-
TOMIH Ba3l, a TAKOXK 3aBISKH OUIBIIUM MOKJIMBOCTIM
MIPOEKTYBAaHHS, ITOB’SI3aHUM 3 JIETKICTIO HaAaHHS M
ckagHoi popmu.

VY ToOi *Xe "ac Ii MaTepiadu CXUIbHI J0 MOSBH B
HUX CKJIaJHUX ISl BUSBJIEHHS HOIIKOKEHb, 1110 BU-
HUKAIOTh BHACIIAOK yAapiB Ta MOXYTh 3HAYHO 3MEH-
LIUTH iX MiOHICTb. Lle mpu3BOAUTH A0 BUHUKHEHHS
pi3HOMaHITHUX Ae(EKTiB, TAKUX SK pO3LIapyBaHHSI
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a00 po3puB BOJOKOH. Ha BiqMiHY BiJ MeTalleBUX Ma-
TepiaJIiB I[i TMOMIKOKECHHS HEIIOMITHI Ha MOBEPXHI
KOMITO3HIIIHHHUX €JIEMEHTIB, 1[0 MOXE TPU3BECTH 0
3HA4YHOTO MOCIA0JICHHSI KOHCTPYKIIi Ta B pe3yabTaTi
MOJKE CIIPUYMHHUTH aBapito. ToMy BaXKIUBUM € MPO-
BEJICHHS MEPIOJUIHOTO KOHTPOIIO Ta OOCTEKECHHS
KOMTIO3UIIHHNUX KOHCTPYKIii. CyyacHi METOAHN He-
pPyHHIBHOTO KOHTPOIIO SIKOCTi, TaKi K €JICKTPOHHA
muporpadis, 1ar0Th MOKIUBICTD 3MIMCHIOBATH MOHI-
TOPHUHT TEXHIYHOTO CTaHy KOMITO3UIIHHAX €JIeMEHTIB
[1,7,8, 12-14].

CTUTPHUKOBI KOHCTPYKIi, IKI HAMU JIOCIIIKY-
BaJICh, BITHOCATHCS A0 KJIacy KOMIIO3UTHUX Mare-
piamis. Lli MaTepianu MarOTh JOCUTH BUCOKY TPilLU-
HOCTIHMKICTB, SIKa 3aJICKUTH Bijl TPAHUII MII[HOCTI Ha
PO3pHUB BOJIOKHA, TPAHMIII MILIHOCTI MaTPUIIi Ta Mill-
HOCTI 3’ €JHaHb NPH 3cyBi. MilHICTb 3B’ 3Ky MK Ma-
TPUIICIO Ta BOJIOKHOM BH3HAYa€ CTIUKICTh Marepiary
710 BUHUKHEHHs TpimuHy. Li Ta iHmi yHikanbHi Bia-
CTHBOCTI KOMITO3UTIB 320€3MeUyI0ThCS TPABHILHIM
BHOOPOM BOJIOKHA, KUTBKICTIO BOJIOKOH, OPiEHTAITIEI0
mapiB TOI0. BUKOpHCTaHHS KOMIO3UTHUX MaTepia-
JIiB 3MEHIITY€ Bary, HalpHWKIad, TaCaXUPCHKUX JIiTa-
kiB Ha 20...40 %, a Takok 3MEHIITy€e BapTiCTh Oara-
THOX 1H)KEHEPHUX KOHCTPYKIIIH.

JlocuTts po3noBCIOIKEHI KOMITO3UTHI MaTepiai, sKi
OTPUMYIOTh LIUIIXOM CKJIetoBaHHS. [Ipu Takomy crioco-
01 3’€THAaHHS CYCiIHI Kpal 3 HAHECEHUM IIapOM KIS0
MOXXYTb 3HAXOOUTHUChH y CTaHi «IIPUIMNAaHH» (HEmpo-
KJICIOBaHHs). B yMOoBax crarnyHux abo JMHAMIYHHUX
HaBaHTaXCHb HA JUISHII TaKoro Ae(eKTy CrocTepira-
€TBCSL PO3KPUTTS KPaloK, II0 B TAKUX MaTrepiaax MOxe
MPU3BECTH 10 PyHHYBaHHS BY3JIiB 1 KOHCTPYKIiil B po-
neci ix ekcruryarariii. [IpoTe KOHTPOJIb SKOCTI TAKUX
KOHCTPYKIIIH BUKITUKAE PsiJl yCKIaHEHb MIPU 3aCTOCY-
BaHHI TPAIWIIIHHIX METO/IIB KOHTPOJIO.

CTiTbHUKOBI KOMIO3WUTH CKJIAAAIOTHCS 3 TBOX 30B-
HIIIHIX OOIIMBOK, MK SIKUMH 3HAXOAUTHCS CTLIHLHUKO-
BHMI HAlOBHIOBAY, SIKHH 3’€IHAHO 3 30BHIIIHIMH JINCTa-
MH 32 JJOTIOMOTOO 3BapIOBaHHs, TAHKHN a00 CKIICIOBaHH.
30BHIIIIHI JINCTH OOIIIMBOK MOXKYTh OyTH BUTOTOBJIEH] SIK
3 METAJIB, TaK 1 3 IUIACTUKIB a00 KOMITO3UTIB.

CTinpHMKOBAa KOHCTPYKIIisI Ma€ BHCOKY OP-
CTKICTb IPY BUTHHI Ta BUCOKY MilHicTh. Jlo nedex-
TiB CTIJILHUKOBOI KOHCTPYKIi, AKi 3MEHIIYIOTH Mill-
HICTh MPU BUTHHI Ta MPH CTUCKAHHI, BIAHOCATH:
YIIKOKEHHS HallOBHIOBaua, Ie()eKTH MOBEPXHi, BiJl-
CYTHICTb CYLIBHOCTI, HEBIpHO cpopMOBaHe 3’ € JHAH-
H$l, TEOMETPHUYHI KOHIICHTPATOPU HAIPy>KECHb.

[Huporpadiuna MeTonnka HEpyHHIBHOTO KOHTp-
OJTI0 3aCTOCOBYBAACh JUISI KUTBKOX THIIB HATypHUX
€JIEMEHTIB CTUTBHUKOBUX KOHCTPYKIIiH 3 pI3HUMU Te-
OMETPUIHMMH PO3MipaMH, SKi BUTOTOBJICHO 3 Pi3HUX
MatepiaiiB. Pe3ynsrati 3acTOCYBaHHS METOTY IIIHAPO-
rpadii 11t HepyHHIBHOTO KOHTPOJIO SKOCTI CTiTHHH-
KOBUX €JIEMEHTIB 3 BYIJICLIEBOTO KOMIIO3UTY, 1110 OyJIH
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BHTOTOBJICHI METOIOM CKJICIOBAHHS Ta Majd PO3MipH
300%250x10 MM 3 TONIepeHBO 3aKIaIeHUMHE Tedek-
TaMHU Y BUIVISIAL JIOKAJBHOTO HENPOKJICIOBaHHS Jlia-
MeTpoM 5...15 MM, HaBeseHO Ha puc. 3. Y sKOCTi Ha-
BaHTA)KEHHS 3aCTOCOBYBAJIM OOYB rapsuuM MOBITPSM
Temmeparypoto onuzbko 100 °C Bopomosx 4...8 c. 3a-
IIC IIUPOTpaM 3A1HCHIOBABCS 3 MIBTOPAKPaTHUM 30111b-
LICHHSM SIK Ha CTaJil HarpiBy, Tak i Ha cTafil 0XoJo-
JUKEHHS. BenmmumHa muypo3cyBy y3A0BXK HarpaMky OX
nopiBHIOBana 5 mMM. [leopMyBaHHS TIOBEPXHI CTillb-
HUKOBOI MMaHelli BHACIIJOK TEPMiYHOTO HaBaHTaXKEH-
HS MIATBEPIKYE HASBHICTH Je(DeKTIiB, BHECEHUX IOCTI-
JUKyBaHUX 3paskiB (puc. 3). Posmomin moxigHoi ow/Ox
Y3I0BX 00paHOTO TIepepi3y BimoOpakae nedopmyBaH-
HS BiJl TUTOIIIMHY TIOBEPXHI B KOHTPOJILOBaHiH 30Hi IT0-
BepxHi 3pa3ka. JlokanpHa pi3Ka 3MiHA BEITHMYHHH Ta
3HAKy HOXIJHOT XapaKTepu3ye HasBHICTh Ae()EKTHUX
30H (TI03Ha4eHi cTpijiKaMu). HasBHICTH HEBENMKUX Tie-
plonMYHUX MiHIMYMiB i MAKCUMYMIiB BiANOBiZa€ 1IOP-
CTKOMY CTaHy JOCIHiXKyBaHOI TOBEPXHi eJIeMEHTa.
ExcrniepiMeHTH 3 HEpYHHIBHOTO KOHTPOIIO METO-
noM tmporpadii y moeHaHHI 3 TEpMIYHHM HaBaHTa-
KEeHHSM OyJI0 BUKOHAHO /ISl HATYPHOTO TPHUMEpa PyJIst
Bucotu (PB) nitaka An-74. Tpumep aB1gB cob010 Me-
TaJeBy CTUIBHUKOBY KOHCTPYKIIIO KIMHOBUIHOT Op-
Mu posmipamu 800%180x60 MM (HalmMpIIa YacTH-
Ha). JlocmipkeHHst OyJ10 MPOBEICHO 3 BUKOPUCTAHHIM
TEPMIYHOTO HaBaHTAXXEHHS 3a JIOTIOMOTOI0 001yBYy
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rapsiauM TOBITPSM 3 Temneparypoto omussko 100 °C
BIIPOMIOBX 3...15 ¢. 3anuc muporpam 37iHCHIOBABCS Ha
cTajii HarpiBy Ta OXOJIO/KeHHs. BennunHa mmpo3cy-
By y3noBx HanpsaMmKy OX ckmanana 1 mm. Pesymeraru,
10 XapaKTepHU3yIoTh HasBHICTh BHYTPIIIHIX Ae(ek-
TiB Y JOCHTIIKYBaHOMY €JIEMEHTI, HaBEICHO Ha pHC. 4.
Po3noain noxigHoi Ow/Ox y3moBK 00paHOTO TIepepi3y
BimoOpaxae nedopMyBaHHS 3 IJIOMWHU ITOBEPXHI B
KOHTPOJILOBaHi{ 30HI TOBEpXHi enemMenTa. JlokanpHa
pi3ka 3MiHa BEJIMUMHH Ta 3HAKY HMOXiAHOI XapaKTepH-
3y€ HasIBHICTh JIE(PEKTHUX 30H (ITO3HAYEHI CTPIJIKAMU).

Ockinbku Ha OinsHUI 2 (puc. 4) Oyno BUABIECHO
BEJIMKY KUIBKICTh A€(EKTiB, CTPIJIKAMH MO3HAYEHI
nmie AedekTH, o po3TalloBaHi y3J0BX NPOBEIECHO-
ro nepepizy. Busieneni gedextu Oynu cipuirHeHi je-
(dhopMyBaHHSIM 1 pyHHYBaHHSM BHYTPIIIHBOTO CTib-
HUKOBOT'O HAIIOBHIOBaYa Ta MaJId PO3MIpPH Bijl OHOTO
IO IT’SITH CTUIBHUKOBHUX E€JIEMEHTIB.

OnHuUM 3 BIMIOBITANBPHUX €JIEMEHTIB aBiaTpaH-
CIIOPTY € JoTmaTi TBUHTIB. BHACIiZOK MEXaHITHOTO
MOLIKO/KEHHSI TIOBEPXHI JIONAaTel MOXKJIMBE 3HUKEH-
HA iX XapaKTepHUCTHK MIIHOCTi. TOMy BaXJIMBHM €
HEpPYWHIBHAN KOHTPOIIb SKOCTI JIOMATEH MicCIIs TeB-
HOTO mepiony ix excruryarauii. Ha puc. 5 HaBeneno
300paskeHHs po3pobieHoi mmporpadiyHOil cucTeMu
[IpY HEPYHHIBHOMY KOHTPOII SIKOCTI JIOIaTei TBUHTIB
y MIPOMHCIIOBUX YMOBaX.
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Puc. 3. Hluporpadiunnii KOHTPOIb eIeMEHTa KOMIIO3UTHOT CTUTFHIKOBOT MaHemi (TisHKH 1 1 2) mif Ji€ro TepMigHOTO HaBaHTaKEHHS
rapsauM moBiTpsaM temreparyporo 100 °C BIpomoBxk 5 ¢, BeW4YrHA IUPO3CYBY 5 MM y310BXk oci OX: @ — 3araibHHUIA B €IEMEHTA;
6 — IUpPOrpaMy KOHTPOJIBOBAHUX AUISHOK; @ — MOBEPXHI PO3MOALTY OXiTHOI Ow/Ox Ha TOCTIKYBaHIH DUISHIII 3 HAHECEHHM JIOCIi-
JKYBaHHM TIepepi3oM; & — KpUBi 3MiHH MOXiTHOT Ow/Ox y3I0BK 00paHoro nepepizy A-A (Micie aedekTy mo3Ha49eHO CTPLIKOI0)
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Puc. 4. llluporpaciuamii koHTpoas TpuMepa PB mitaka AH-74 (ninstaky 1 1 2) mig gi€ro TepMIYHOTO HAaBaHTa)KSHHS TapsIIiM MOBITPSIM
temmeparyporo 100 °C Brponosx 5 ¢, BennunHa MUpo3cyBy 1 MM y310Bxk oci OX: a — 3araipHUI BUNIISA eIeMEeHTa; 6 — MIHporpama

KOHTPOJILOBAHOT IUISTHKH; 6 — TIOBEPXHS PO3MOLTY MOXiTHOT Ow/Ox Ha HOCHI/KYBaHIH JAUISHIN 3 HAHECEHUM JTOCIIIKYBaHUM Mepepi-

30M; 2 — KpUBa 3MiHH OXiIHOT Ow/Ox y3IOBX 00paHOro mepepisy Ha AUIAHLI 3 nedexToM A-A (Mmiciyt Ae(eKTiB Mo3HAYEHI CTPIIKAMH)

Puc. 5. HepyiiHiBHHII KOHTPOJb SKOCTI Jiomarell aBiamifHUX
TBHHTIB

UyTnusicTs MeTOy muporpadii 3anexuTh Bil Be-
muarHA mrpo3cyBy (1), (2). dedexrn, y 3anexHOCTI
BiJl BUJIy Ta PO3TalIyBaHHS, I10 PI3HOMY HPOSIBIIS-
I0ThCSI TIPY HaJIAITyBaHHI muporpagidHoro iHTep-
(depomeTpa 3 pi3HUM HAMPSIMKOM MIHPO3CYBY. Tomy
JIOLUTLHO TPOBOJMTH KOHTPOJb SKOCTI OJTHI€T JIISTH-
KM JOCTiIPKyBaHOTO 00’ €KTa MPpH BUKOPUCTAHHI U~
PO3CYBY Y TOPH30OHTAJIBHOMY Ta Y BEPTHKAIHLHOMY
HampsMKax (puc. 6).

Ha puc. 6 300pakeHO pe3yJbTaTd KOHTPOJIHO SIKOCTI
MeToIoM muporpadii okpeMoi aiisHkH Jionati. OCKiib-
KM TOBIIMHA JIOMAT] 3MIHIOETHCS Y BEPTUKAIGHOMY Ha-
MPSIMKY Ta MPAKTHIHO € TIOCTIHHOIO Y TOPH30HTATLHOMY
HAaIpSIMKY, PE3YJIBTaTH KOHTPOJIO AKOCTI, III0 OTPUMaHi
3a Pi3HUX HAMPSAMKIB MIUPO3CYBY, BiAPi3HsIOTECS. [Ipn
3aCTOCYBAaHHI BEPTUKAIBLHOTO LIMPO3CYBY YiTKilllEe MPo-

a

16

0

Puc. 6. [lone nedopmarniii BHACTIJOK TEPMIYHOTO HaBaHTKEHHS TUITHKY Jonareit 200X200 MM IIpH BUKOPHCTaHHI MIAPO3CYBY B TO-
PHU30HTAIEHOMY (@) Ta BEPTHKAIBHOMY (0) HAIpsIMKax
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0

Puc. 7. TpuBuMipHi noBepxHi AeOpMyBaHHS AUISHKH JIONATi BHACTIJOK i TEpPMIYHOTO HABAHTAXXEHHS IIPU BUKOPUCTAHHI MIPO3CYBY

Y BePTHKAIBHOMY (@) Ta TOPU3OHTANBEHOMY (6) HaIpsIMKax

SIBTSIETHCS CTINBHUKOBHI HAIIOBHIOBAY, MPOTE B 000X
BUMNA/IKaX Ha (POHI PiIBHOMIPHOTO JiepopMyBaHHS MOXKHA
BUJIUTHTH 30HH, Y SIKUX Je()OpMYBaHHS TOUOK ITOBEPXHi
€ cyTTeBUM. HaltuiTkile nposiBistoThCs Ba Ae(EKTH,
sIKi pO3TAIIOBAHI B JIiBIM YaCTHHI JLISTHKH.

Harnsaauime nedexkru Bi3yani3yloThCs MpHU mo0y-
JIOBI TiJl PiI3HUMH KyTaMH CIIOCTEPEKECHHS TPUBUMIp-
HOI moBepxHi nedopmyBanHs nonari (puc. 7). [Ipote,
SIK 1 Ha puc. 6, HAOBHIOBAY MPOSBISETHCS TIPH 3aCTO-
CYBaHHI IIMPO3CYBY Y BEPTHUKAIHLHOMY HAMPSMKY, TOI1
sIK 1ehopMyBaHHS TIOBEPXHi B AIKHUX Te(DEKTHUX Ii-

Hinsauka /

JISIHKaX Maibke He BiApi3HAETHCS Bil nedopMyBaHHS B
oe3nedexTaux. [Ipu BUKOpUCTaHHI IIMPO3CYBY Y TO-
PHU30OHTAIILHOMY HANpPSIMKY BUSBISIOTHCSI YOTHUPH Je-
(dexTHI TUISTHKH. AHAIOTI4HI pe3ynbraTi Oyllo oTpu-
MaHO TPH JOCIII/PKEHHI 1HIIMX JTIISTHOK JIOTIATI.
Metonom eekTpoHHOI muporpadii Oyiio nmposese-
HO EKCIIEPUMEHTAJIbHI TOCIIIKCHHS (hparMeHTa Jo-
naTti rBUHTOKpuiIa po3mipamu 500%x250x10 MM, 1110
SIBJISIE COOOK0 KOMIIO3HUIIIMHY KOHCTPYKIIIIO, 3 BUKOPHUC-
TaHHAM TEPMIYHOTO HAaBaHTAXXEHHS IUIIXOM OOIyBY
raps9uM TOBITPSM 3 Temneparyporo 6mu3pko 150 °C

6 2 o 6 2
(dwldx)10* (dwldx)10*
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Puc. 8. luporpadivyamii KOHTPOIHb GparMeHTa JOMaTi TBUHTOKPIIIA (IUTTHKH 1 1 2) mif Ai€l0 TepMiYHOTO HaBAaHTAKEHHS TapsIuM
noBiTpsiM Temrteparyporo 150 °C Bupomosx 10 ¢, BenmmunHa IHPO3CyBy 5 MM y310BXk oci OX: g — 3aranpHuil BUITIAL €1eMEHTa; 6 —
MHporpamMa KOHTPOJIBOBAHOI AUISHKH; 6 — HOBEPXHs PO3MOILTY MOXiAHOI Ow/Ox Ha ZOCIHILKYBaHIH TIISHII 3 HAHECEHUM JIOCTIKY-
BaHMM TiepepizoM; ¢ — 3D 300paxkeHHsT pO3MOAITy IMOXiTHOT Ow/OX Ha TOCTiKyBaHil IUISHIN MOBEpXHI eTeMEeHTa Ha CTajil OXONIOA-
KEHHST; 0 — KPHBa 3MiHHM TOXigHOT Ow/Ox y310BX 00paHOro mepepizy Ha AunsHIi 3 nedextoM A-A i b-b ta 6e3nedextniit ninsamni B-B

(micrs nedexTiB Mo3HAYEHi CTPLITKAMHE)
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BIIPOIOBXK 3...15 ¢. 3ammc mmuporpam 3IiHCHIOBAaBCS 3
MBTOPaKpaTHUM 301JBIICHHSM SIK Ha CTafil HATpiBy,
TakK 1 Ha CTalii OXOJNOMKeHHs. BennunHa mupo3cyBy
y310Bxk HanpsMky OX cxiagana 5 MMm. Pesynerarn,
10 XapaKTepU3yIOTh HasIBHICTb BHYTPIIIHIX Ae(eKTiB
y AOCHiKyBaHOMY (hparMeHTi, HaBeIeHO Ha pHcC. 8.
Po3noain noxinHoi Ow/0x y3moBx oOpaHOTO mepepi-
3y BijgoOpaxkae aeopMyBaHHS 3 IUIOMUHHU TTOBEPXHI
B KOHTPOJIbOBaHiH 30H1 MOBEpXHi enemMeHTa. JlokaiapHa
pi3ka 3MiHa BEJIMYMHH Ta 3HAKY TOXiAHOI XapaKTepu-
3y€ HasIBHICTH JAe(DEKTHUX 30H (TIO3HAYEHI CTPIIIKAMH).

Ha puc. 8 (ningaka 1) moMixk mo3Ha4YeHUMHU Jie-
(hekTamMu Ha MOBEPXHI JOCHIIKyBaHOTO (hparMeHTy
3HaXOJMJIacsi KOHCTPYKIiKHA BCTaBKa, 10 HE IOTpe-
OyBaita KOHTPOJIO 1 ToMy Oyiia BUAaJeHa 3 MPOIECy
OTIpaIlfOBaHHS MHUporpadidHOi KapTHHHU, adK HE «3a-
LIYMJIFOBAJID il.

BucHoBku

1. Po3po6ieHo MeTONUKY B3HaYEHHS METOJO0M
mporpadii 30H KoHIEHTpallil aedopMallii, 1110 mpo-
SIBIIIIOTBCSA Yy BUTJISAL e(EKTiB, B eleMeHTax aBia-
HIHHUX KOHCTPYKIIH, BATOTOBJICHHUX 3 METAJICBHX 1
KOMTIIO3HITITHUX MaTepiaiB.

2. loBeneHo e(peKTUBHICTh METOIA CIIEKTPOHHOL
muporpadii IS BUSBJICHHS B KJICEHUX €JIEMEHTaxX
BYIIIEIIEBUX CTITHHIUKOBUX aBiallifHUX MaHeNel BHY-
TpimHIX Me(eKTiB 3 MiHIMATBHAM PO3MIPOM 5 MM.

3. BukoHaHO HEpYHHIBHUN KOHTPOJIb AKOCTi Ha-
TYpHHX €JIeMeHTIB aBianiiiHux koHcTpykmin AI1
«AHTOHOBY, a camMe: YaCTHHH JIONaTi TBUHTOKpPUIIA Ta
Tpumepa PB nitaka AH-74.
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VISUALIZATION OF DEFECTS IN AIRCRAFT STRUCTURE ELEMENTS BY ELECTRON
SHEAROGRAPHY METHOD
L.M. Lobanov!, V.Ya. Znova?, V.V. Savytskyi!, I.V. Kyianets', O.P. Shutkevych!
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A procedure was developed to detect defective areas in aircraft structure elements by electron shearography method.
Nondestructive testing of the quality of full-scale elements of SC «Antonov» aircraft structures was performed: parts of

helicopter blade and AN-74 aircraft elevator trimmer. Ref. 14, Fig. 8.

Keywords: nondestructive testing, shearography, aircraft structures
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CITOCIB TEPMOI'PA®YBAHHS 30BHIIIHBOI TOBEPXHI
JIUMOBUX TPYB JIMCTAHLIIHUM TTACUBHUM
TEIUIOBI3IIHUM METOJIOM

O.I. Bonpapenko, B.1O. I'nyxoBcbkmii

1IE3 im. €.0. ITatora HAH VYkpaiau. 03150, m. Kuis, Byn. Kazumupa Manesuua, 11. E-mail: glukhovskyy@gmail.com

V po6oTi po3mIsIHYTO MPHHIMIT pealtizaliii cnoco0y TepMorpadyBaHHs 30BHIIIHBOT IIOBEPXHI JUMOBHX TPyO ITUCTaHLIHHUM
MAaCUBHUM TEIIOBI31HHUM METOJIOM i3 3aCTOCYBaHHSIM J1a3epHO-TepMorpadidHoro npuctporo. HaBeneHo anroputM po3paxyHKy
reOMETPUYHHX MapaMeTpiB BHYTPIIIHBOT HECYLIIBHOCTI, sIKa BUSBISAETHCS Y BUINISII IIOBEPXHEBOT aHOMaJii TeMIIepaTypHOTo
noss. HaBeneHuit anroputM € 0CHOBOIO MPH BHUpillIeHHI 00epHeHoi 3a1a4i macuBHOI TepMorpadii, o gae 3MOry MiABUIIUTH
JOCTOBIPHICTh OLIIHKU TEXHIYHOTO CTaHYy TUMOBHX TPYO Ta iHIIMX BOXKKOAOCTYITHHUX MIPOMHCIIOBHX 00’ ekTiB. bibmiorp. 1, puc. 3.

Knrouosi cnosa: oumosi npomucnosi mpyou, 0iaeHOCMy8anHs MexXHIYHO20 CIAHY, THpauepeoHa mexuika, meniosisop, nasep-
HULl 0aneKomMip, nacueHull menniogiziliHuil Memoo, mepmocpaqhis, deghexmomempis, 2eoMempuyHi napamempu HecyyiibHOCmi

MOXXIHUBOCTI JUCTAHLIIAHOrO 0OCTEXKEHHS Ta Jla-
THOCTYBaHHSI TEXHIYHOTO CTaHy JUMOBHUX TPYO 3HAYHO
PO3LIMPHIINCS 3 BUKOPUCTAHHAM iH(ppauepBOHOT TeX-
HiKH, cepe]] sIKOI HalOibIe PO3MOBCIOKEHHS OTPH-
MaJiu pi3Hi TUNX TertoBizopis. Ll mpunaau mo3Boss-
I0Th OTlepaTHBHO (PiKCYBaTH aHOMAJii TEMITEpaTypHOTO
TOJISL Ha 30BHIIIHIN TOBEPXHI JMMOBOI TPYyOH Y BUITISII
TtepMorpaM. Taki aHomanii popMyroThCs mif Jgi€to mo-
TEHIIialy TeMIIepaTypH ra3iB MPH HasBHOCTI HECYIILJIb-
HocTel abo 3MiHi TeII0(Qi3HYHUX XapaKTEPUCTHK B
elleMeHTaX KOHCTPYKIii TpyOu. Ajie BCTAHOBHTH 3B’ S~
30K MIX 3apEECTPOBAHUMH TEILIOBI30pOM aHOMAJTIsIMU
TEMIIEpaTypPHOTO TIOJIsl HA TIOBEPXHi TPyOH Ta mapame-
TpamH ii BHYTPIIIHBOT CTPYKTYPH 0 CHOTOJHIIITHBOTO
Yacy Ie HE BIABAJIOCS y 3B’ 3Ky 3 BIJICYTHICTIO YHIBEp-
caipHOI 00po0OKM Tepmorpam. Lle mor’s3ano B mepiry
4epry 3 THM, 1110 KOXKEH THII TpyOu Mae cBOi ocoOu-
BOCTI aHOMaJILHOTO PO3MOAIJICHHS TeMIeparypH Ha il
MOBEPXHi, SIKi 3aJIe)KAaTh BiJl KOHCTPYKIIT TPyOH, Teruio-
(hi3MYHMX BIACTHBOCTEW MaTepialliB, YMOB TeIIonepe-
Jlavi Ta TETUIOOOMIHY Ha 30BHIIIHIX MEXaX TOIIIO.

Hns orpumManHs iHQopmamii mpo TemmepaTypHi
aHoMaJlii Ha 30BHIIIHINA OBEPXHi JUMOBOI TpyOH Ta
BH3HAUEHHSI 32 IX JOITOMOTOI0 TEOMETPUYHUX PO3Mi-
piB, TOBIIMHY Ta TTHOWHY 3aJIATaHHS HECYLIIBHOCTI
IUITXOM 3aCTOCYBaHHS 00€pHEHOT 3a1a4i 0yI10 po3po-
O1eHo crioci® TepMorpadyBaHHs 30BHIIIHBOT TOBEPX-
HI JIUMOBOI TPYOH TUCTAHIIHHUM MACUBHUM TETLIOBI-
3ifiaum meTomoMm [1].

CyTb criocoOy ToJsTae B TOMY, L0 TPOLEC TEPMO-
rpadyBaHHS 30BHILIHKOI TIOBEPXHi AUMOBOI TPyOH 10~
MOBHEHO MPUCTPOEM JJIS TUCTAHI[IMHOTO BUMIPHOBaHHS
BiJICTaHi, 32 JJOTIOMOTOIO SIKOTO (PiKCY€eThCs 3HAUCHHS
JMCTaHIil TepMorpadyBaHHs Ta KyT Bi3yBaHHS JIOKaJIb-
HOI TemneparypHoi aHomatii. OHOYacHO (PiKCYIOThCS
KyTH TIOJIS 30pY TEIUIOBI30Pa, SIKUM 3IIHCHIOETHCS TIPO-
Heaypa TepMorpadyBaHHs 3a3Ha4CHOT TeMIIEpaTypHOI
AQHOMAJTiT Ha TIOBEPXHi TPYOU. Y SIKOCTI IIPUCTPOIO JIJISK
BHUMIPIOBaHHS BiZICTaHI BUKOPHCTOBYETHCS JIA3EPHUMA

nanexomip. [IpuHIUI 3acTocyBaHHs criocoOy 3 HaBe-
JICHHSIM TEIIOBI30pa Ta JajeKoMipa Ha 30HY TepMO-
rpadyBaHHS Ha MMOBEPXHi TUMOBOI TpyOH HaBEJICHO HA
puc. 1, ne: I — cToBOYp IUMOBOI TPyOH; 2 — HAIIPSMOK
BHCOKOTEMITEPAaTYPHOTO TOTOKY Ta3iB, IO PyXaeThCs
KaHaJIOM JTMMOBOI TpyOH; 3 — HApsIMOK BHCOKOTEM-
MEepaTypHOTO MOTOKY ra3iB, IO B3aEMOJIE 3 MOBEPX-
HEro CTOBOYpY JIMMOBOI TpyOH; 4 — BHYTPILIHIH Te(eKT
CTIHKH CTOBOypa TUMOBOi TPpyOH (3MEHIIIEHHS TOBIIH-
HY CTIHKM TPYOH BHACIIJIOK BILUTUBY arpecMBHOTO ce-
peloBuINa); 5 — TEIUIOBE BUIPOMIHIOBAaHHS; 6 — 30HA
(hopMyBaHHS JIOKAIbHUX TEMIIEPaTypHUX aHOMAJI Ha
30BHIIIHII TOBEpXHI TPyOH; 7 — nanexomip; 8 — doro-
rpadiuHuii mraTus; 9 — TemuoBizop; L — BiACTaHb JI0
JIOKaJIbHOT TeMITEpaTypHOi aHOMAJTii; 0 — KyT Bi3yBaH-
HS1; 0 — KyT mMoJist 30py TEIUIOBI30pa 3a KOOPAMHATOIO V.

Bbrnok-cxemy mazepHo-TepMorpadiqyHOro Mpu-
CTPOIO Ta OJHOOIUHOT peecTparlii JOKaJIbHUX TEMIIC-
paTypHHX aHOMAJIiii Ha 30BHINIHINA TOBEPXHI JUMOBOT
TpyOu HaBeZeHO Ha puc. 2, ne: / — CTIHKa JUMOBOL
TpyOu; 2 — HECYUIJIbHICTH CTIHKH; 3 — TeMIeparyp-
Ha aHOMaJIis HaJ HEeCYLIIbHICTIO; 4 — Ta3epHUN na-
JIGKOMIp; 5 — TEIUIOBi30p; 6 — )KOPCTKAa OCHOBA; /7 —

Puc. 1. [IpuHimmn 3actocyBaHHs crioco0y 3 HaBEICHHSIM TEIUIOBi30pa
Ta JJaJIekoMipa Ha 30Hy TepMorpadyBaHHs Ha TOBEPXHi JMMOBOI TpYOH

Bonnapenko O.I". — https://orcid.org/0000-0001-7319-1096, I'myxoBcwkuii B.YO. — https://orcid.org/0000-0002-1969-495X
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KaHaJ nepenadi indopMariii 3 Termoizopa; § — OI0K
00poOKH TeruIoBi3iitHOI iH(pOpMarii; 9 — mepcoHaTb-
HUH KoMIT 10Tep; /() — kaHai epenadi iHGopmarii Bif
JIA3epHOTO AaliekoMipa; B — KyT oIS 30py TeIIoBi30-
pa 3a KoopauHaToIO X. J[J1s1 BUKOHAaHHS POLECy Tep-
MorpadyBaHHS KOKHOI TeMIIepaTypHOi aHOMaJIii 6 1u-
MOBOi TPyOH TEIJIOBi30p 5 Ta Ja3epHUi JaekoMip 4
3aKpITUTIOIOTh Ha XKOPCTKii ocHOBI (Tardopmi) 6. [H-
(hopmaitist mpo JIOKAIBHY TeMIIEparypHy aHOMaTiro 3 3
TEIUIOBI30pa 5 KaHajoM 7 mepenadi iHpopmariii Kpi3zb
0110k § 00pOOKH TEIUIOBI3iiHOT iHpOpMAITi] ToTparuIsie
II0 TIepcoHanpHOro KoMmir torepa 9. lndopmanis mpo
BiJICTaHb 0 IUMOBOI TPYOH 3 Jajexomipa 4 morpa-
IUISE 70 TIEPCOHATIBHOTO KOMIT 10Tepa 9 Harpsimy.

Jist 3py4HOCTI HaBeIeHHsI TEIUIOBI30pa Ta Jla3ep-
HOTO JajeKoMipa Ha KOHTPOJbOBaHY HMOBEPXHIO Ta
HafiitHOI Qikcarnii HeoOXximHoI iHpopMarii ardop-
Ma 3 TEIJIOBI30pOM Ta JIa3epHUM JaJeKOMipoM 3a-
KPITUTFOETHCS Ha BY3JTi TPOCTOPOBOI OpieHTallii poTo-
rpadivyaoro mraruBy (AuB. puc. 1), SKHii 1a€e 3MOTyY
pyXaTHch y pi3HHX POCTOPOBUX HANpsIMKax BiTHOC-
HO LIEHTpaNbHOI, HEpPyXoMoi TOUKH. Y mpoueci Tep-
MorpadyBaHHS JIOKaJbHOT TeMITepaTypHOi aHOMaITii
indopmMaris mpo Kyt 0 Ta  mons 30py TerIoBi3opa
BHU3HAYAETHCA NapaMeTPaMu HOro ONTUYHOTO OJIOKY,
a BiJICTaHb L 0 HEl Ta KyT BiIXWJICHHS O BiJ HOP-
MaJi, BiATIOBITHO, BUMipaMH JIa3epHOTO JaJeKoMipa.
I3 3adpikcoBanOTO TETUIOBI30pOM TepMOTpadiaHOTO

Puc. 2. brok-cxema nazepHO-TepMOTpadiqHOTO IPUCTPOIO TA OA-
HOOIYHOT peecTparlii JIOKaTbHUX TeMIIEpaTypHUX aHOMAaJiil Ha
30BHIIIHIH ITOBEPXHi AUMOBOI TPyOH

KonrponsoBana

TMOBEPXHA

TennosisiliHo-
BUMIpIOBAJIbHUI
6ok

300paKeHHS TeMIIepaTypHOi aHOMaJlii Ha 30BHIIIHIN
MIOBEPXH1 AUMOBOI TPYOH MEPCOHAIEHUI KOMIT FOTEP
3a JOMOMOI0I0 CIeNiali30BaHOro MPOrpamMHoOro 3a-
Oe3nedeHHs HOpMye TepMOTpaMy TEMIEPaTypHOTo
TIOJIsl aHOMAUTii HaJl HECYIUTBHICTIO TUMOBOI TPYOH.

[Tig wac TepmorpadyBaHHs aHOMAITIi TeMIepaTyp-
HOTO TIOJISE Ha/T HECYIUTBHICTIO Ha 30BHIIITHIN MTOBEpX-
Hi IUMOBOI TPyOU TEIUIOBI30p Ta AJIEKOMIip BCTaHOB-
JIIOKOTHCS Y BUOpaHiil TOUII.

Cxemy oTpuMaHHS HaBeneHoi iHQopmamii Ta
MPEeACTABICHHS aHOMAaJIii TEeMIEpaTypHOro Mois y
BUITIALI Kapy TEPMOTpaMu NPsIMOKYTHOI popmu Ha-
BeleHo Ha puc. 3 [1].

Hageneni Ha puc. 3 3B’SI3KH TO3BOJISIOTH OOTPYHTY-
BaTy aJITOPUTM BUPIIIEHHs] 00epHEHO1 3a/1a4i MacUBHOI
TepMorpadii MIIIXOM PO3paxyHKy IUIOIIi S aHOMaii
TEMIIEPaTyPHOTO IOJIS HaJl HECYIIUIBHICTIO, 10 Oyme
BiOBiAaTH ii po3mipam (a, b) BIIMOBITHO 32 KOOPIIH-
Hatamu (x, y). s pearnizaiii anropuTMy 3aCTOCOBY-
€THCS CIeliali30BaHe MporpaMHe 3a0e3NeUeHHS, SKe
BXOIMTH J0 CKJIay NEPCOHATIBHOIO KOMIT I0TEpa.

AJTOPUTM PO3PaxyHKYy T€OMETPHUUHUX Mapame-
TpiB (a, b) HECYHINBHOCTI BUKIIAIEMO B HACTYITHIH
HOCHIiTOBHOCTI.

[Ipuiimemo:

a=DE; b=AC; L=BP; AB=BC=5/2 @)

Toni BifcTaHp BiJ MiCLsi BCTAHOBJIEHHS TEILIOBI-
30pa Ta JajeKoMipa 1o MOBEpXHi JUMOBOI TpyOu 3a
KOOPAMHATOIO X BU3HAYAETHCS 32 BUPA30OM:

OP =BP-cos o= L-cos a )

Bupas s po3paxyHKy mapamerpa a Kaapy Tep-
MOTpPaMHU 32 KOOPIMWHATOIO X MOXHa 3alucaTu Ha-
CTYIIHUM YHHOM:

a=DE =2PB-tg /2 3)

OcTaTouHO 3Ha4YeHHs NapameTrpa a Oyne

JIOPIBHIOBAaTH:
a=2Ltgp/2 @)
Bupas n1g Bu3HaueHHs napamerpa b Kaapy TepMo-
rpaMy 3a KOOPAWHATOIO Y MOXKHA 3aIIMCaTh Y BUIVIALI:
b=AC=CO-AO 5)
3anumemo 3Ha4eHHd CO Ta CA 3 BUKOPUCTAHHAM
TPUTOHOMETPUYHHX (PyHKIIH:

Ob6nactp a
y4 KOHTpOIIO y? a
C C
5
D C
_______ (e <
B I'p
1 / 4
S
B
> PO
0 z X

Puc. 3. Cxema otpumaHHs iH(popMalii B porieci TepmorpadyBaHHs Ta HPEICTABICHHS aHOMAJIi] TEMIEPaTypHOTO MOJIS y BHITIAIL
KaJpy TepMOrpaMu NPSAMOKYTHOI popMu: P — TOUKa BCTAHOBJICHHS TEIUIOBI30pa Ta JaJlekoMipa; S — mioma KOHTPOIbOBAHOI A1ISH-
KM aHOMaJlii; @, b — TeOMETPHYHi NIapaMeTpH Kajipy TepMOTPaMH; a,, b, — TeOMETPUYHI apaMeTPU OMHUYHOTO MIiKCENIs TEPMOTPaMu
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CO=OP‘tg((l-i-g)ZBP'COSOL-tg((X-i-g)

AO=OP‘tg(a—g)=BP‘cosoc-tg(oc—g) (6)

[Mincrasupmm 3nauenas CO ta AO Bupasis (6) 10
BHpasy (5), OTpEMaEMO O0CTaToOuHY (HOPMYITy IS PO3-
paxyHKy napaMmeTpy b kaapy TepMorpamu:

b=L- coso{tg(a +g) —tg(a —g)}

3a 3Ha4eHHSAMM JIHIHHUX apaMeTpiB a Ta b Kaapy
TEPMOTpaMH Ta 3a KUIBKICTIO MIKCENiB 0aJoMeTpuy-
HOI MaTpHLi TEIIOBi30pa BiANOBIAHO 3a TOPU3OHTAII-
JI10 (ka) Ta BEPTUKAJLIO (k,) po3MipH MiKCeliB OymyTh
JIOpiBHIOBATH:

(7

. a ) b
3a TOPHU30HTAJLUIIO: a, = k—, 3a BEPTUKAJIIIO: bl =— (8)

a b
Toni ntoma ogHOTO MiKCeNs A KOKHOI TeMIiepa-
TypHOI aHOMaii Oyle BU3HAYATHCH 338 BUPA3OM:
a-b ©)
k a’ kb

Y 3a1eXHOCTI BiJl 3HAYEHb TEMIEPaTypPHHUX Jliamna-
30HIB At , A, At, 115 BIINOBIIHUX TEMIIEPATYPHUX
npodinip Oyae po3paxoBaHa BiANOBIIHA KiJIbKICTh
nikcenis: N, N,, N,.

Toni IO KOXXKHOTO TeMIIEpaTypHOTO IPOodiTio
OynyTh BU3HAYaTUCh 332 BUPA3aMHU:

S, =a, b=

Y oa-b & a-b
,Z[HHAtli S, =Z ,zm;[AtZ: Szzz R
1 ka' b 1 ka.kb
N
N a-b
mit At S, = 10
’ ’ 1 ka'kb ( )

OOrpyHTYBaHHS Ta pO3pOOKa AIrOPUTMY O0OepHE-
HOT 3a/1ad4i NUISTXOM BU3HAYEHHS T€OMETPUYHUX Ia-
pameTpiB HECYITBHOCTEH JUMOBOI TPyOU BUpIIIYyE
3aJia4y TerIoBoi JeeKToMeTpil B TaCHBHINA TepMo-
rpadii. 301IbLICHHS PO3MIpIB HECYHIUTLHOCTEH Yy 3B’513-
Ky 31 3pOCTaHHSIM aMILTITYH PO3MOJIIICHHST aHOMAJIii
TEMIIEPaTyPHOTO II0JIsl B TTACUBHIH Tepmorpadii m103-
BOJISIE TTIIBUIIIUTH TOCTOBIPHICTH AUCTAHIIIAHOI OIiH-
KH TEXHIYHOTO CTaHy JUMOBHX TPYO, IHIINX BayKKO-
JMOCTYIHUX Ta MOTCHIIIWHO HeOe3MmedHnx 00’ €KTiB

HACUBHUM TEIUIOBI31IHUM METOAOM O€3 BUBEICHHS iX
3 eKCIDTyaTarii.

VY 3B’S13Ky 3 THM, 1110 HECYLIJIBHOCTI JUMOBOI TPY-
0w B 1i IIIapax MOYMHAIOTH PO3BUBATHCH 3 BHYTPIIIHBOI
MTOBEPXHI TPYOH, aMILTITYIN aHOMAJIii PO3IOIIICHHS
TEMIIEpaTyPHOTO MOJISI HaJl HUMH JO3BOJISIIOTH POOUTH
BHUCHOBOK PO X po3MipH 3a TOBIIMHOIO Ta PO3Mi3Ha-
BaTH KOHTYPH HECYLIJIBHOCTEH Y Pi3HHUX LIapax AUMO-
BOI TpyOH, 110 MOXKE X04a O OMOCEePEAKOBAHO CBITUUTH
IIPO BUPIIIEHHS 3a/1a4i TeryIoBoi ToMorpadii B macuB-
Hill TepMorpadii. 3arporIOHOBAHUN aNTOPUTM BHPIi-
IIeHHs1 00epHEeHo1 3aa4i macuBHOI TepMorpadii BcTa-
HOBJIIOE 3B’S130K MK 3apPEECTPOBAHUMH aHOMAJIISIMU
TEMIIEPaTYPHOTO ITOJIsl Ha 30BHIMIHINM MOBEpXHi 00’ €K-
Ta JiarHOCTYBaHHA Ta IIapaMeTpaMH HOro BHYTpil-
HBOI CTPYKTYPH 3 BUKOPUCTAHHSM ITACUBHOTO JUCTaH-
LIHOTO TETUIOBI31HHOTO METOIY KOHTPOITIO.

BucHoBknu

Po3pobneno cmocid TepMmorpadyBaHHS 30BHIII-
HBO1 TTOBEPXHi JUMOBOI TPYOH TUCTAHIIIHHAM TTaCUB-
HUM TEIJIOBI31{HUM METOMIOM, CYTh SKOTO TIOJISTAE B
TOMY, III0 MPOIEC TepMorpadyBaHHs 30BHINIHBOT MO~
BEPXHi AMMOBOI TPyOU JOMOBHEHO MPOLECAYPOIO BH-
3HAYEHHS IUCTAHIIIi KOHTPOIIO Ta KyTy Bi3yBaHHS Te-
IJIOBI31THOTO MPUCTPOIO.

HaBeneHno anroputm po3paxyHKy F€OMETPUUHHUX
napameTpiB (a, b) HECYLIIBHOCTI, SIKa BUSBISETHCS Y
BUIIISAII aHOMaJTii TeMIIepaTypHOTO MO Ha MOBEPXHi
KOHTPOJILOBAHOTO 00’ EKTY.

Po3po0ieHi HayKOBO-METOJUYHI aCIEKTH IUC-
TaHI[IHOTO /1arHOCTYBaHHS TEXHIYHOTO CTaHy TPH-
MIAPOBUX METISTHUX JHUMOBHX TPYO TaKOK MOXKYTh
OyTH 3aCTOCOBaHI JUIsI OIMIHKHA TEXHIYHOTO CTaHy 0a-
raTomapoBUX OCTOHHUX AMUMOBHUX TPYO (HAIpUKIIA
JOTHUPHUIIAPOBUX ), 1HIIHUX BAXKKOJOCTYITHUX Ta I0-
TEHIIHO HeOe3NmeyHuX 00’ €KTiB 3 BUKOPUCTaHHIM
MACHBHOTO TEIIOBI3iIHHOTO METOTY KOHTPOITIO.
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od of passive thermal diagnostics of difficult-to-access and
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METHOD OF THERMOGRAPHY OF THE OUTER SURFACE OF CHIMNEYS BY
REMOTE PASSIVE THERMAL VISION TECHNIQUE

0.G. Bondarenko, V.Yu. Glukhovskyi

E.O. Paton Electric Welding Institute of NASU, 11 Kazymyr Malevych str., 03150, Kyiv, Ukraine. E-mail: glukhovskyy@gmail.com

The work deals with the principles of realization of the method of thermographing of the outer surface of chimneys by remote passive
thermal vision method with application of a laser-thermographic device. An algorithm for calculation of the geometrical parameters of
inner discontinuity is given. It is manifested in the form of surface anomaly of the temperature field. The given algorithm is the base
for solving the inverse problem of passive thermography, allowing an improvement of the reliability of assessment of the technical
condition of chimneys, and other difficult-of-access industrial facilities. Ref. 1, Fig. 3.

Keywords: industrial chimneys, diagnosing of the technical condition, infrared technology, thermal imager, laser distance meter,
passive thermal vision technique, thermography, defectometry, geometrical parameters of discontinuity
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VIIK 620.179.14

ABTOI'EHEPATOPHI BUXPOCTPYMOBI JJE®OEKTOCKOITU
JIUTS EKCIUIYATALIIMHOI'O KOHTPOJIIO ABIALIIMHUX
KOHCTPYKIIU

B.M. Yuanin!, C.A. Buukon?, O.1. Cemenenn?, B.S1. [epeua?, C.A. Anekcanapos’

®isuko-mexaniunnii inctutyt im. I'B. Kapneaka HAH Vkpainu. 79060, m. JIbBiB, Byn. Haykosa, 5. E-mail: vuchanin@gmail.com
2T «AnTonoBy. 03062, M. Kuis, Byin. Akamemika Tymonesa, 1. E-mail: derecha@antonov.com
3T «Iuenko-TIporpecy. 69068, m. 3amopizxoks, Byi1. IBanoBa, 2

OnHi€ro 3 MPUYUH TOPYIIEHb JIHOTHOI MPUIATHOCTI Ta aBapiiHUX pyHHYBaHb JITaKiB B €KCIUTyaTallii € 3apOKEHHs Ta PO3BUTOK
nedeKTiB BTOMHOTO 1 KOPO3iHOTO OXOKeHHS. [lepionumunuii HepyHHIBHUI KOHTPOJb BiAIOBIIANEHIX BY3JIiB Ha BCIiX eTamnax
JKUTTEBOTO LUKITY JITAKIB € HAA3BUYalfHO BasKIMBUM (PaKTOpPOM 3abe3nedeHHs ix Oe3neyHoi exciutyaramii. BuxpoctpymoBuit
METOJl Ma€ HU3KY IepeBar MOPiBHSAHO 3 IHIIMMHI METOaMH KOHTPOIIIO aBiallifHUX KOHCTPYKLIH Yepe3 BUCOKY Yy TIHUBICTh JI0
nedeKTiB pi3HOrO MOXOMKEHHS, MPOAYKTHBHICTH Ta MOXJIUBICTh BUABICHHS AedekTiB 6e3 Oe3mocepeHhOro KOHTAKTy 3 MO-
BepxHeto 00’ exTa KoHTponto (OK) abo HaBiTh uepe3 pi3Hi HOKPUTTS Oe3 iX BHIaneHHI. MeToq BUKOPUCTOBYIOTh JUIs BHSBICHHS
eKCIUTyaTaliiHuX Ae()eKTiB eNEeMEHTIB aBiallifHUX KOHCTPYKIiH, 30KpeMa TakuX, K (030K, KpUila, KOJIICHI AUCKH, JIOTIATKU
Ta TypOiHM aBialifHUX IBUTYHIB, KPOHIITEHHH TOUI0. BUXpoCTpyMOBY Ae(heKTOCKOMiI0 3 BAKOPHUCTAHHIM BUCOKUX POOOUHX
YaCTOT 3aCTOCOBYIOTH ISl OE3KOHTAKTHOTO BUSIBJICHHS HEINIMOOKUX MOBEPXHEBHX TPIIIMH, 30KPEeMa TaKUX, 110 BUHUKAIOTh
BHACIIIJOK BTOMH. MeToJ] He Ma€ alnbTepHATUBH 32 HEOOXiTHOCTI BUSABUTH TPIIIMHH Y BaKKOAOCTYITHHAX MICISX, 30KpeMa Ha
01YHUX CTIHKax 3aKJICTKOBHX OTBOPIB. Y CTATTi MPEACTABICHO BITYM3HIHI aBTOT€HEPATOPHI BUXPOCTPYMOBI Je(EKTOCKOIH
cimeiictBa JIEOTECT 3 IBOKOHTYPHOIO KOJIHMBAJIFHOIO CHCTEMOIO, SIKi MIPALIIOIOTh y PEeXXUMI IepepuBdacToi reHeparii. Jledex-
TOCKOIH MPOHIILTN JIep>KaBHI BUIPOOYBaHHS Ta BKIIFOYEH] B PEMNIAMEHT 3 TEXHIYHOTO 00cIyroByBaHH: JiTakiB JI1 «AHTOHOBY i
aBianiitaux aeuryHiB JI1 «IBuenko-IIporpecy i ITIAT «Motop-Ciu». HaBeneHo 3aranbHi METOAWYHI peKOMEHAALIT Ta IPUKITAIH
3aCTOCYBaHHS Ae(hEKTOCKOIIIB [Tl KOHTPOJIIO BY3JiB JIITAKiB 1 IeTajell aBiaifHUX ABUTYHIB B YMOBaX iX ekciutyaraii. [loqano
MPOIO3HIIi II[0JJ0 MOJAJIBIIOT0 BIOCKOHAICHHS aBTOI€HEPaTOPHUX Ae(EKTOCKOIIIB 3 METOO 3MEHILICHHS BIUTMBY Ha JOCTOBIp-
HICTh KOHTPOJIO Cy0’ €KTHBHUX (aKTOPiB, MOB’sI3aHMX 3 KBami(ikariero oneparopa-aedexrockomicta. bidmorp. 15, puc. 11.

Kniouosi cnosa: suxpocmpymosguii deghekmockon, asmozenepamop, agiayitina KOHCMpYKyis, 08USYH, YYMAUBICMb, 00CMOBIp-

DOI: https://doi.org/10.37434/tdnk2022.03.04

HiCMb KOHMPOIO, ANOMIHIEGUL CNIIA8, MUMAHOBUL CNIAG

Beryn. Excrutyarartifiai geeKTi BTOMHOTO 1 KO-
PO3IIHOTO TTOXOMKEHHS € OHIEI0 3 PUIHH TOPYIICH
JLOTHOI MPUAATHOCTI Ta aBapiiiHUX pyHHYBaHb JiTa-
kiB [1-3]. [Ipukpum npukiragom Moxe OyTH po3repme-
TH3allisg Ta aBapiliHa rmocajka jitaka bounr 737-300
aBiakomnanii Southwest Airlines uepes pyiiHyBaHHS
¢rozemsoKy. AHani3 mokasas, 0 OOIIMBKA 3pyHHYBa-
JIaCh Y MICIli 3’€THAHHS 3aKJICTIKAMH JTBOX 30BHIIIHIX
MaHene, Ae nepea TUM yTBOPHJIKCS BTOMHI TPIiILIUHU.
ABiakoMIaHisl CTBEpIKYBaJIa, 1110 JiTaK MPOXOIUB YCi
HEeoOXiJHI mepeBipky Ta npodinakrudni podoru. Lei
Ta 6araTo HIIMX MPHUKIIAAIB MiAKPECTIOIOTh aKTyallb-
HICTh MOCTIMHOTO MOKPAIIIEHHS YyTJIMBOCTI Ta JOCTO-
BIpHOCTI NIPY BUSIBJICHHI EKCIUTyaTaliiHUX Je(PeKTiB
aBiamiiHuX KOHCTPYKLiH (AK) 3acobamu HepyitHIBHO-
ro xouTpoio (HK) Ta BaxMBICTh onrTHMI3altii porie-
IIyp TiATPUMAaHHS JIbOTHOI IIPHAATHOCTI B ITioMy. Ha-
nitanit nepiognunuit HK Ha BCix eTamax >KHTTEBOTO
LUKITY JITaKiB € BAXXIUBUM (AKTOPOM ix Oe3medHol
ekcrryaranii. PisHi ¢isuuni meroqu HK, mo Buko-
PHUCTOBYIOTh I TEXHIYHOTO OOCIIyrOByBaHHS JIiTa-
KiB, MaIOTh CBOI IIepeBaru Ta 0OMeXeHHS, TI0B’s13aHi 3
YyTIMBICTIO A0 Je(EKTIB Pi3HOTO THUILY, HPOCTOTOIO Ta

MPOAYKTHBHICTIO MPOLEAYP KOHTPOIIIO, BApTICTIO ara-
partypu Ta BUTpaTHUX Marepiaiis Tomo [4-7].
Buxpoctpymosuit meton HK mmpoxo Bukopucro-
BYETHCS JIJIsl BUSIBIICHHS JICPEKTIB €IEKTPOIIPOBI/I-
HUX MarepiamiB me 3 50-X poKiB MHHYJIOTO CTOJITTS
[8—13]. MeTon rpyHTYEThCA Ha B3a€EMOJII €IEKTPO-
MAarHiTHOTO I10JI1 BUXPOCTPYMOBOTO II€PETBOPIOBaYa
(BCIT) 3 marepianom 06’exra kouTposio (OK), sxa
MIPU3BOIUTH 10 YTBOPEHHS BUXPOBUX cTpyMiB. [lopy-
IIeHHS CYIUTFHOCTI MaTepiany (nedexr) npu3BoanuTh
JI0 TIepepO3MO/IiTY BUXPOBUX CTPYMIB 1 BiAMOBITHOT
3minu curHany BCII. Meton mae HU3Ky mepesar mo-
piBHsHO 3 iHmIMMEU Metogamu HK aBiamiitHux koH-
CTPYKLiH 4epe3 BUCOKY UYTIMBICTb KOHTPOJIO 10
ne(eKTiB pi3HOrO MOXOAKEHHS, MPOJYKTUBHICTD i
MOXKIIMBICTh BUSIBIICHHS Ac(eKTiB Oe3 Oe3nocepe-
HBOTO KOHTAKTy 3 moBepxHero OK abo HaBiTh uepes
pi3Hi TOKpHUTTS Oe3 ix BumaneHHs. BuxpoctpymoBuit
METOJl 3a3BHYail BHKOPUCTOBYIOTh JIJISl BUSBIICHHS
BTOMHHX TPIIIHH Ta KOPO3IHHUX MOIIKOIKEHD ele-
MeHTiB AK, 30kpema Takux, sk (rO3emsIK, Kpriia, Ko-
JICHI TUCKH, JIOTIATKU Ta TYpOIHM aBialliiHUX IBU-
ryHiB (A/l), kpormreitau Tomo [9, 11]. Ilpu mpomy
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BUXPOCTPYMOBa Ae()EKTOCKOMIS 3 BUKOPHUCTAHHSIM
BHCOKHUX po00oYmx gacToT moHaa 1 MI'1 3acTocoBy-
€THCSI UIs1 OC3KOHTAKTHOTO BHSBIICHHS HEITTHOOKUX
MOBEPXHEBUX TPIIIMH (HANPHUKIA] THUX, 10 BUHUKA-
10T BHACIIIOK BTOMH) Y KOHCTPYKLISX JiTaka (y TOMYy
yucii uepes akopapOooBe mokputts). Lleit meton He
Ma€ aJbBTePHATHBH 32 HEOOXiTHOCTI BUSBUTH TPILlIHA
y BOKKOAOCTYITHHUX MICISIX, 30KpeMa PO3TAIIOBAHUX
Ha OIYHUX CTiHKaX 3aKJICNKOBUX OTBOpIB [12, 13].

VY 90-x pokax MHUHYJIOTO CTOJIITTS BUHUKJIA HE0O-
XIJHICTh PO3POOKH BITYU3HSIHOTO BHXPOCTPYMOBO-
ro nedexrockoma (B/]) 3 mokpameHuMI METPOIIOTid-
HUMH Ta eKCIUTyaTalliiHUMH XapaKTePUCTUKAMHU TS
3aMiHU 3aCTapiInX MPHUIAIiB POCIHCHKOTO BUPOOHHU-
1TBa. ['0JIOBHOIO BUMOTOIO TIPH IIHOMY OYyJI0 TiABH-
IIEHHS YyTIUBOCTI 0 KOPOTKUX 1 MPiOHUX BTOMHHX
TPIIWH y He()epOMArHiTHUX Marepianax 3 pi3HOI ITH-
tomoro enekrpornposigHocTio (ITEIT) i y pepomarnit-
HHX CTAJISIX, a TAKOX JOCSITHEHHS BUCOKOI JIOKAJIbHOCTI
KOHTPOJIIO, HEOOX1JHOT [UIsl KOHTPOJIIO AeTajel 3 Kpu-
BOJIIHIHHOIO MTOBEPXHEIO, 30KpEMa B 30HI TalTEIBHUX
MepEXO/IiB Ta 3aKJICNOK a00 Ha BHYTPILIHIH MOBEPXHI
otBopiB. CyuacHi Bumoru 10 BJI st koutpoiro AK me-
peadadaroTh BUPILICHHS! KOMIUICKCY HACTYITHHX 3a]1a4:

* pealtizyBaTH MOXKIIMBICTh €()eKTHUBHOTO BiICTPO-
1oBaHHS BiJ 3MiH 3a30py Mixk BCII Ta moBepxHer
OK, Tak sk KOHTPOJb B €KCILTyaTaIlii 9acTo MpoBO-
JUTHCS Yepe3 MIap 3aXMUCHOTO TIOKPHTTS,

* 320€3MEYUTH MOKIIUBICTh POOOTH B IMOILOBUX 1
aepoAPOMHHX YMOBaX;

* 320€3MeYNTH HEBEJIUKY Bary i po3Mipu, 3aXu-
LICHICTh Bi MUY Ta BOJIOTH, aBTOHOMHE JKHMBJICHHS,
MIPOCTY IHJUKAIIIF0 HASSBHOCTI A€(EKTiB;

* B/l nosunen npautosaru 3 BCII pizHoro tumy
(omiBuesi, [-moniOHi, 1)1 KOHTPOJIIO OTBOPIB, Ma3iB,
pi3p0 TOMIO).

JonaTkoBoro BUMOTO00 Oyn0 MOJOJMaHHS HEA0-
JiKiB BiloMHX aBTOreHepaTtopHux BJl, cepen sikux
— HEJIOCTATHS YYTIUBICTh 1 HECTabUIbHA poOoTa Mij
yac e()eKTOCKOIIT IeTael i3 THTAaHOBUX CIUIABIB.

[Mocrapneni 3aBnaHHs 3aBEPIIMINCS CTBOPEHHSIM
arorereparopuux B/l tumy B/l 3.03H, B/l 3.01H,
B 3.02H, B/ 4.01H, BJI 4.02H, BT 4.03H (JIEO-
TECT B/I), 0CHOBHHUM 3aBIaHHSM SKHUX € BHUSBJICH-
HsI TOBEPXHEBUX AC(EKTIB y Pi3HUX KOHCTPYKITiH-
HUX EJEKTPOIPOBIMHUX cIutaBaX. JledekTockonu
MIPOUIILIN JIep>KaBHI BUIPOOYBaHHS 1 BHECEHI B Jep-
JKaBHUHN peecTp 3aco0iB BUMipIOBAIBHOT TEXHIKU. Y
uux B/l Bukopucrano napamerpuuni BCII, nutanuas
onTuMi3alii KOHCTPYKUIi AKKX HaBeaeHo B [13, 14].
Hns mobynosu BJ] Bukopucrano asroreneparop (Al)
3 IBOKOHTYPHOIO KOJMBaJIbHOIO CUCTEMOIO, 110 Tpa-
LIOE B peKUMI niepeprBuacToi reHepauii. [1ix gac pos-
poOku B/l 3amaTeHTOBaHO HWU3KY HOBHX TEXHIYHHX
pimeHs, cepen skux: cxema A" Ha MOIBOBOMY TpaH-
3HCTOPi 3 130JIbOBAHUM 3aTBOPOM; CXeMa KEepyBaHHS
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YacTOTOIO TEeHepallii i cxema pereHeparlii KOJIUBaHb
asroreHeparopa (CPKA). JocnimxeHHst ocodnuBoc-
Tel HuX cXeM HaBeJleHO B [15], ne Takoxk mokaszaHo ix
nepeBark MOPiBHSHO 3 TPAIULIHHIMU CXEMaMH.

V wiit cTarTi po3mISHYTO 0COOIMBOCTI MOOYIOBU
Ta OCHOBHI TEXHIYHI XapaKTEPUCTUKH PO3POOICHUX
aBrore"eparopHux B/, a Takox pe3ysbTaTd iX BUKO-
pHUCTaHHS JJIsl BUXPOCTPYMOBOI Jle(heKTOCKOITii aBia-
LifiHOT TEXHIKH.

1. BuCOK0OYACTOTHI AaBTOreHepPaTOPHi BUXPOCTPY-
MmoBi aedextockonu Tuny JIEOTECT B/, ®ynxitio-
HaneHy cxemy B/l tummy JIEOTECT B/l 3 enemenTa-
MH KOMYTaIlii, KepyBaHHs Ta IHIUKAIlii IPEICTaBICHO
Ha puc. 1, Ha SAKilf KOHTYPOM BHILIEHO (DyHKITIOHAB-
Hi OJIOKH, III0 PO3MIIIEHO Ha TUTaTi. 32 MeKaMu KOH-
TYpHOI JiHIi MMOKa3aHO €JIEeMEHTH KOMYTaIii, Kepy-
BaHHS Ta IHAMKAIlii, 1[0 PO3TAIIOBAaHO MEPEBAXKHO
Ha nepenHii i 3anHiil manensx BJI. lns Hactpoto-
BaHHs B/l msixom 3MiHM pe3oHaHcHOi yactotu Al
nepexnbadeno aBa 3MiHHUX pesuctopu «HACTPO-
IOBAHHS»: VR1 «TOYHO» i VR2 «I'PYBO» [15].
I'pybOe HacTporoBaHHS BUKOHYIOTH 3MiHOI OCTIHHOT
Halpyrd Ha BapHKami, SKHH BXOIUTH Yy KOJUBAJb-
Hy cucteMy Al. TouHe HaCTpOIOBaHHS JOCATAETH-
Csl HE3HAYHOIO 3MIHOIO TOOPOTHOCTI pOOOYOTO KOH-
Typy IUISIXOM PETYIIOBAaHHS OMOpPY UIYHTYBAJIBHOTO
3MiHHOTO pesuctopa VR1. Bubip pobouoi gacToTu
JUTSI KOHTPOJTIO MarepiamiB 3 BUcokonpoBimaux (BII),
Hm3bpKotnpoBiaauX (HIT) i pepomarniTHUX MarepiamiB
(®M) mpoBOAATE 32 AOMOMOTOIO ITepeMHUKaua PEKH-
My S2 «BII»—«HII»—«DPM» masxoM migkiIiodeHHs
10 pobovoro KOHTypy KoHneHcatopa C. Jlpyra rpy-
11a KOHTAKTiB epeMuKada S2 KOMYTy€ KOHAEHCATO-
pu 3BopoTHOTO 3B’513Ky Al (Ha puc. 1 He OKa3aHo).
PoGounii koHTYp ckinamaerbes 3 oomotku L BCIT i
PO3MOINICHOT EMHOCTI Ka0Oemto, SKUH MiKII0YaeTh-
cs 3a gonomororo 3’eanyBada X1 « JATUUK» [14].
st nepeBipku uyTnuBocti B/ 3a qomomMoroto nepe-
mukada S1 «IMITATOP» no pobouoro kKoHTYpy mi-
KJIFOYAETHCS JIOAATKOBHI PE3UCTOP iMiTallii moporo-
Boro nedexrty. ABToreneparop 3B’sa3anuii 3 CPKA
JBOMA JIHISIMH, CTPLIKH Ha SKUX IMOKAa3yIOTh HAIIPsI-
MoK BILTuBY. [1o omniit minii Ha CPKA xonmBans Ham-
xonuth curtan 3 Al Ilo inmiit ninii Ha Al Hapxo-
IUTH HAIIPYTa JKUBJICHHS, [II0 BUKOPUCTOBYETHCS IS
MTOHOBJIEHHS HOTO KOJIMBaHB IMicIIs iX 3pUBY MUISIXOM
30inbpIeHHs HanpyTu xuBieHHs [15]. Kpim Toro,
CPKA ¢opmye i3 curHainiB, mo Haaxonars i3 Al
CUTHAJH KEpyBaHHS CBITJIOBOIO 1 3ByKOBOIO iHIHMKA-
uissmu [15]. CeiiioBa inaukariis nedexry 3aiiicHIo-
€ThCS 3a JOMOMOIOK YEepPBOHOTO cBiToAiona VD1
«IED®EKT», Ha sIKMil HAAXOIUTH CUTHAT 3 PO3IIH-
proBada iMIyJIbCY, SKUH 301JbIIYyE TPUBAIICTD 1M-
nyascy Bix aedexry no 60 mc (y 25 pasis), mo po-
OUTh WOro MOMITHUM Ui oneparopa. OIHOYACHO
po aAedeKT CUrHaji3ye CTPIIoYHU iHauKarop PV,
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CTpIJIKA SIKOTO MEPEXOANTH i3 3eJIEHOT 30HU IIKAIH B
yepBoHy. CHUTHAJI KepyBaHHS 3ByKOBHM 1HIUKATOPOM
3 CPKA HaaxoouThb Ha MiCHIIOBAY CTPYMY 3BYKOBO-
ro iHIMKaTopa, 3 BUXOAY SIKOTO 3BYKOBHI CHT'HAJ de-
pe3 peryasTop rydyHocti VR3 HagxXxoAuTh yepe3 3MiH-
Huii pesuctop X2 «3BYK» Ha ronoBHi TenedoHuH.
Hedexrockonu BKIIOYAIOTh 3a JOIMOMOTOI0 TyMOJIepa
S3 «BKJI». XKuenenns B/l 3nilicHIO€ThCS BiJl BOYI0-
BaHOTo akymynaropa GB Hampyroiwo 9 B depes cra-
Oinizarop, sIKMil CTBOPIOE CTA01MI30BaHEe YKUBJICHHS
Harpyroro 6 B. JI7s KOHTpOIIO 3apsiay aKkyMyssiTopa
GB Bukopuctrano kommaparop. [licis sxiroueHns BJ]
3a HAMpyTH XUBJICHHS Outhiie 7 B cBiTnomion VD2
«BKJD» cBiTHTBCS 3eeHnM cBiTiIOM. [Ipy 3MeHIIeHH]
HanpyTu HWk4Ye 7 B kommaparop crparpoBye i CBiT-
nonion VD2 «BKJI» CBITHTHCS 4epBOHUM CBITIIOM,
[0 CUTHANI3Y€E PO HEOOXIMHICTh 3apAny aKyMyJsi-
topa. ns 3apsany akymynaropa GB BiJ 30BHIIIHBOT
Mepexi 220 B BuKkopucTOBY€ThCS 30BHIILIHIN 3a-
pAOHUN TPHUCTPill 3 BUXiOHOIO MOCTIHHOIO HANpY-
roto 12 B, skuii miakmodaeTbes yepes 3’ eaAnyBad X2

«3II». Ins crabimizamii 3apsIHOTO CTPYMY B CXeMi
nependadeHo cradinizarop. Yac Oe3nepeprHOi pobo-
1 B]] Big BOymoBaHOTO akymymsTopa eMHICTIO 220
MA TOJ 32 CTPyMY CIIO)KHBAaHHA 5 MA 0e3 miazapsi-
KH cKitagae 44 rog.

Po3pobneno Hu3ky aBTOreHepaTopHUX BJ|
(puc. 2). Hedexrockon Tuny BJl 3.03 (puc. 2, a) €
YHiBEpCAIbHUM, TaK SK IPU3HAYSHHUH TSI KOHTPOITIO
BUPOOIB 13 aJIOMiHIEBUX, THTAHOBUX CIIaBiB i epo-
MarHiTHEX cranei. Jedpexrockonu tumy JIEOTECT
B/ 3.01H i B/ 3.02H npu3HaveHi 11l KOHTPOIIO
TUTBKH aJIOMiHI€EBHX CIUIaBiB Ta HU3BKOMPOBIAHHUX
CIUIaBiB 1 (JEPOMATHITHUX CTAJICH BIAMOBIAHO. Y IUX
B/l BincyTHiM nepemukay pexxumy S2 (nuB. puc. 1).
Po3pobneno cnpomieni Bapiantu Bl tuny JIEOTECT
B 4.01H, JJEOTECT B 4.02H i JIEOTECT BJ
4.03H 111 KOHTPOJIIO OKPEMO TUJIBKH aJIOMIHIEBHX,
THTAaHOBUX CIUIaBiB 1 pepoMarHiTHUX cTajiei BiAmo-
BiHO, y SKWX BIJCyTHI CTpinouHi iHauKaropu PV,
nepemMukadi S2 KOHTPOJIIBOBAHOTO MaTepially Ta iMi-
tatopu nedekry Sl (puc. 2, 6).

|
L Tc | 1
T 5 X3(I)3l'l
S2
HIT\ - AT B
JATUHK X1 q,Mﬁ ’]Bn 1 I
I GB
S1 | b 1t
1
6
I_] ! 3
BKJI
7 e
m[] : 11 <4
¢ 3 4
| TOYHO TPYBO | |
HACTPOIOBAHHS <1 = I
il
PV@ VDI)}/./\, VR3 9‘,%—;2010

JE®EKT

3BYK

Puc. 1. ®ynkiionansra cxema Bl tuny IEOTECT B/I 3 enementamu komyTaitii, kepyBanas Ta inaukaiyi: 1 — Al'; 2 — CPKA; 3 — po3mimpro-
BaY iMITYJIbCY; 4 — MiICHITFOBAY 3ByKOBOTO iHIMKATOPA; S — CTaOLITi3arop 3apstHOro CTpyMy; 6 — crabdiiizarop Harpyru 6 B; 7 — koMriaparop KoH-
TPOJIEO po3psity akymyisiTopa; L — nmapamerpuunnii BCIT; S1 — xHorka imitatopa nedekry; S2 — nepemrikad BHOOpy Marepiaiis; S3 — TymOnep
BKJIFOUEHHST; R1 — pesucrop imitauii nedekry; VR1 — 3minamii pesucrop HacrporoBanss « TOUHO»; VR2 — 3MiHHMIA pe3UCTOp HACTPOIOBAHHS
«'PYBO»; VR3 — 3miHHMI pe3ucTop peryisitopa ryqsocti; X1, X2, X3 —3’exnyBadi mionodenss: BCII, ronoBHuX TenedoHiB i 3apsyiHOTO IpH-
crporo BimoBiiHo; VD1 — ceitnonion inmukari «[JE®EKT»; VD2 — ceimionion Brmodents «BKJI» 1 po3psiy akymyssitopa; GB — akyMyisitop

@]

|

Puc. 2. 3osuimniit Bursax B/l tuny JIEOTECT B/] 3.03H 3 migximouernm «omniBiesum» BCII i I'-moxi6aum BCII (a) i B[] tumy

JIEOTECT B/] 4.01H 3 BCII «omniBueBoro» tumy ()
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OCHOBHI TEeXHIYHI XapaKTePUCTHUKH e(PEeKTOCKO-
miB tuny JIEOTECT B/

1. Mopir uytnuBocti B/l 3a0e3neuye BUSBICHHS
MMOBEPXHEBUX Ne(EKTiB, EKBIBAaJICHTHUX 32 MOXKIIU-
BiCTIO BUSIBJICHHS LITYYHOMY IIOBEPXHEBOMY Ae(eK-
Ty THILY IPOPi3y 3 HACTYIHUMH PO3MIpaMu:

1.1 dedexrockomu tumy BJ] 3.01H 1 B/] 4.01H —y
BHCOKONPOBITHUX HeepOoMarHiTHUX Marepiaiax (Ha-
MIPUKIIA]], ATFOMIiHINM Ta HOTO CILIAaBU) — 3 PO3MIipaMH:;
noBxuHa 2 MM; mupuHa 0,1 MM; rubuna 0,2 MM.

1.2 Jedexrockon B/l 3.02H i B/] 4.02H — y Hu3b-
KOTIPOBiIHMX He(epOMarHiTHUX Marepianax (Harpu-
KJ1aJl, CTUTaBH THUTaHy Ta ayCTEHITHI CTali) — 3 po3Mipa-
MU: foBkuHa 2 MM; mapuHa 0,1 MM; TroOuHa 0,5 MM.

1.3 ledexrockom B/] 3.03H:

— y BUCOKOTIPOBITHHX He(hepOMarHiTHUX Marepianax
(HampuKITaj, adrOMiHIN Ta HOTO CIUIaBH) — 3 PO3MIpaMU:
JoBkrHA — 2 MM; tiimpuHa — 0,1 MM; mouaa — 0,2 MM;

— Y HU3BKOIPOBIAHUX He(EepOMAarHiTHUX MaTepi-
anax (HampuKJIaj, CIUIaBU TUTaHy Ta ayCTEHITHI cTa-
1) — 3 po3mipaMu: JoBxuHA 2 MM; mupuHa 0,1 Mm;
ruouHa 0,5 MM;

— y ()epOMarHiTHUX cluIaBax (HAIpPHUKIAJ, KOH-
cTpykuiiiHi crani Tunmy Cr45):10BKrHa 2 MM; IIUPH-
ma 0,1 mm; ubuna 0,5 M.

2. Curnamizamisi TpH BUSBJIEHHI JIeeKTy
3MIACHIOECTRCS:

— 3ByKOBHUM CIIOCOOOM TOJIOBHUMH TelePOoHaAMHU;

— CBITHIOBHM I1HIUKATOPOM (YEPBOHUM
CBITJIIOHIOAOM);

— CTPIJIKOBUM 1HIUKATOPOM.

3. Koncrpykuis B/l moBuHHa 3a6e3neuyBaru Bu-
KOHAHHS HACTYITHHUX J0JaTKOBUX (YHKIIIH:

— JICKTPOHHY iMiTalil0 HasIBHOCTI Ae(EKTy;

— KOHTPOJIb CTYIIEHS PO3PAAY aKyMyJsTopa.

4. Enexrpuune xuBiieHHs B/l 37ificHIO€TBCS BiJl
BMOHTOBaHOTO aKyMYJISITOpa 3 HOMiHAJIBHOIO HaIpy-
roro 9 B.

5. TabapuTHi po3MipH €JIEKTPOHHOTO OJIOKY HE
oinbie Hixk 90%200%200 MM.

6. Maca BJl He OinbInie Hixk 2,5 KT

7. edexTockonu 3a0e3Meuyr0Th BiICTPOIOBAHHS
BiJ 3MiH 3a30py Mixk BCII ta noBepxueto OK mig uac
CKaHyBaHH;I.

2. MeToau4Hi pexoMeHaauii Ta 10CBi1 BUKO-
pucranis Bucokodactoruux B/l tuny IEOTECT
B/l 11 kouTpoJio By3aiB jgiTtakiB J{II «AHTOHOB».
YcmimHaoMy BIPOBAIKCHHIO aBTOTeHEepaTopHUX B/
HepenyBaiy 3aX011 100 3a0e3MedeHHs KOHTpoJle-
npungatHocTi AK, peamizamis sskux nepenxbdadeHa Ha
eTari KOHCTPYIOBaHHs KoxHoro 3 mitakiB Il «AH-
TOHOB». lIpu ILOMY peTEIbHO BPAaXOBYIOTh MOMKIIN-
BOCTI Ta oOMexxeHHs kKoxHoro 3 MetoiB HK, y Tomy
YHCIIi peani3oBaHuX 3a JOTOMOTOI0 MPEICTaBICHUX
BA. dedexrockoru tTury JIEOTECT B/ Bukopucto-
BYIOTB JJIs1 KOHTPOJIO JITAKIB B €KCILTyaTalii, 30Kpe-
Ma mijJ 9ac poOiT Mo NponoBKeHHIO pecypcy. Humu
KOHTPOJIOIOTH OOIIMBKY (I03EISDKY 1 KpHila, CHIIOBI
maHesl Kpuiia 1 eHTpoIIaHa, 0apabaHu KoJjic, Kpo-
HTeHu Tomo (puc. 3). [liaTBepakeHo iX BHCOKY
YyTIMBICTH 1 MOXKIIMBICTD peaizaiii Ha iX OCHOBI TH-
TTOBHX METOMHMK KOHTPoto By3:1iB AT. Ile mo3Bomu-
710 BBeCTH Il B/ B permaMeHT 3 TeXHIYHOTO 00Cy-
ropyBanHHs JitakiB [I1 «ArTOoHOB». Ha BiqMiHYy Bif
iHmIX TprTaaiB i B/l e ekTHBHI T 9ac KOHTPOIIO
BY3JiB 13 TUTAaHOBUX CIUIABIB, IO JAJI0 MOXKJIUBICTh
BIIEpIIIe KOHTPOIFOBATH 30KpeMa JIeTati maci (KpoH-
IITeHHHU, BayKeli, TpaBepcH Toio) Jitakie AH-72.

MeTtoauku BuxpocTpyMoBoro koutpomato AK me-
peabauatoth po3aineHHs nmoBepxHi OK Ha oxpemi
30HHM KOHTPOMO. B okpeMi 30HH 30KkpeMa BUAUISIOTH
[8]: Top1i pedep KOPCTKOCTI, JIAIIOK, MOJUIh; PaIiy-
CHI (TaJITeNbHI) IEPEXO/U; JTHO MPOTOYOK, KOJOI3IB,
1a3iB; CTIHKYU KOJIOJS31B, 11a3iB; CTIHKM HACKPI3HHUX Ta
DIIyXUX OTBOPIB; KPaoBi JIISTHKH; JIISTHKH 3 OJJHAKO-
BOKO KPUBH3HOIO; JIUISTHKH, IO MPHUJISITAIOTH 10 (epo-
MarHiTHUX €JIEMEHTIB; MIJISHKH 3 Pi3HOI0 TOBITUHOIO
nakoapOOBOTO ITOKPUTTSL.

3a1eXHO BiJ TEOMETPUYHUX XapaKTECPUCTUK 30H
KOHTPOJIIO Ta JOCTYITY IO HAX BHOMPAIOTH BiAIMOBIJ-

cxorna JIEOTECT B/] 3.01H
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Puc. 3. BuxpocTpyMoBHii KOHTPOJIb OOIIMBKH (hro3essi-
Ky B 30Hi BinkuaHoi pammnu nitaka AH-12 (a) Ta xpo-
HiuTelHiB nitaka AH-124 (6) 3a monomororo nedexro-
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auii Tun BCII. HactporoBatu B/l HeoOXimHO, BCTaHO-
BuBmn BCII va OK 1o HOpMaIti 10 moBepXHi KOXKHOT
30HHM Tepe]] ii KOHTPOIIEM; ITi/T 9ac Mepexomy J0 KOHTP-
OIT0 JIeTalsiel, BUTOTOBJICHUX 13 Marepiary 3 iHIIOIO
€IIEKTPOTIPOBIAHICTIO Ta 31 3MiHO0 TUIy BCII. Haxmn
oci BCII BimHOCHO HOpMaITi IO TOBEPXHi HE MOBHHEH
nepesumnyBaru = 10°. Ilicnsa HactporoBanHs B/ me-
peBipsIOTh Ha Oe3MePeKTHIH AUISHIN, TePEeMIilTyIOYH
BCII y Mexxax 30HH KOHTPOITIO TI0 JJOBLTEHOMY TPHKYT-
HUKY 31 CTOpOHaMH B KiJTbKa MUTIMETpiB. SKIIo mokas-
HUKH 1HANKATOpa MPAKTUYHO HE BiAXWISIOTHCS, BBAXKa-
€THCS, 1110 HACTPOIOBAaHHSI TIPOBEICHO Ha Oe3medeKTHii
ninsHII. [lepen koHTpoTeM paiiyCHOTO Mepexomy mpo-
BOJITH HacTporoBaHHsI, BcraHoBUBIIM BCII Ha BimcTa-
Hi 1,0...1,5 MM Bix oci nepexony. [lepen koHTpoIEM
CTIHKH OTBOPY TaKy IepeBipKy BUKOHYIOTh, 00epTaro-
yn BCIT maBkoino oci Ha 20...30° B 00uaBa 00ku. SKio
MOKa3HUKH 1HAMKAaTOpa HE 3MIHUJIMCh, TO HACTPOIO-
BaHHs TpoBeneHe Ha Oe3nedextHid minsgHii. Hamami
MIPOBOJIATH KOHTPOJIb, epeMimnytoun BCII (ckanyto-
4H) 10 BCiit 30H1 KoHTpOoro. [1ig yac ckaHyBaHHS Bich
oomotku BCII noBuHHA OyTH MIEpIIEHINKYISIPHOIO 10
noBepxHi OK y KokHIH TOUIl TpaeKkTOpii CKaHyBaHHS.
[Buaxicte nepemimenas BCII He moBuHHA TIepeBH-

Bun 4
(NMOBEPHYTO)
b A o fm o m i m e m e
7" -;‘\ l‘\h = K_' VRN
- [ O L O
A A A A 4
Yo IR
Rk N itk SR e P e EEE R
1
AU PR VA
! [T i \ \
! u W \
LA S D A A,
2 MM
6

Puc. 4. Cxemu ckaHyBaHHS IUITHOK TUIOCKHUX MTOBEPXOHB () 1 pa-
niycHux nepexomis (6): 1 — BCIL; 2 — OK

uryBaru 50 mm/c. [1ig yac KOHTPOIIO TIOCKHX TOBEP-
XOHb MPOBOJIATH CKaHyBaHHsI, nepeMimrytoun BCII y
JIBOX B3a€EMHO IMEPIEHINKY/IAPHUX HANPAMAax 3 KPOKOM
2 MM (puc. 4, a). JInst KOHTPOITIO PajiyCHUX MEPEXoiB
BCII 3ur3arononioHo nepeMiliytoTh y HalpsMKy, ep-
MIEHIUKYISIPHOMY Oci riepexony (puc. 4, 0).

[lix yac KOHTPOIIO KPaloBUX 30H (CTHUKU OOIIH-
BOK, 30HU OTBOPIB, Ma3iB, 3akienok tomo) BCII me-
PEMIIIYIOTH B3JI0BXK Kparo Ha BiicTaHi 2 MM BiJl HbO-
ro o oci BCII, sk e mogano Ha puc. 5.

XapakTepHUM MPUKIAI0M peallizaiii TeXHOIOTiN
KoHTpoto 3a fonomororo B/l Tuny JIEOTECT B/ €
KOHTPOJTh KPOHIITEHHIB KPIIDIEHHS T1IPOIUTIHIPIB Ke-
PYBaHHS MEPEIHIM TPAOM i T€pMOTPAIIOM MPEJHBOTO
rpy3omoka nitakiB AH-124 ta AH-124-100, siki Buro-
TOBJISIFOTH 3 amtoMiHieBoro cruaBy BAJI-10, B93muT1
abo B164T (puc. 6). TyT KOHTPOIIOIOTH 30HH HABKOJIO
OonroBoro 3enHanHs, nepenryrodn BCII Ha BigcTani
3...4 MM Bij Kpato maiiou, Ta TOpIli MPOBYIIINH, ITepe-
minrytoun BCII B310BX KyTOBUX KPOMOK Ha BiJICTaHI
2 MM Bij kpato (puc. 6, a). AHaJIOTiYHO KOHTPOIIOKOThH
30HU HABKOJIO 00NTa OCHOBH KpoHIITelHa. KpiM Toro,
30HY OCHOBH KPOHIUTEHHA KOHTPOMIOIOTH HIJISIXOM TIe-
peminierHs BCII B31oBx KpaeBUX KPOMOK Ha BiJICTaHi
2 MM BiJI KPOMKH 200 110 LeHTpY (pHc. 6, 6).

Buie 3a3na4yanocs, 1o BigiomMi aBroreneparopHi BJ]
MaJId HETOCTATHIO YYTIUBICT JI0 Je(EeKTiB i cTabiib-
HICTB ITi/1 9ac Ae()eKTOCKOITii By3JIB i3 THTAHOBHX CILIa-
BiB. Lle MO)XKHA MOSCHUTH 1X HU3BKOIO IIUTOMOIO €JIEK-
TPOIPOBIHICTIO, IKa Il OCHOBHUX TUTAHOBHX CILJIaBIB
JISKUTH Y AiarazoHi mpuomizHo Big 0,5 no 1,5 MCw/m,
o npubu3Ho y 40 paziB MEHILE eNeKTPOIPOBIAHOCTI
anmoMiHieBuX crutaBiB. [Ipeacrasneni B/l moka3zanu kpa-
LIy Yy TIMBICTb, 10 I03BOJIMIIO PO3IIMPUTH MEPEITK BY3-
JIB, SIKI KOHTPOJIFOIOTh BUXPOCTPYMOBUM METOIOM. Xa-
PaKTEpHUM TMIPUKIIAJOM € KOHTPOJIb Ka4alKy KEPyBaHHS
CTYJIKaMH epeIHboi ornopu 1maci jitaka AH-72 3 tura-
HoBorO craBy BT-22. CxeMy ckaHyBaHHS KpUTHYHUX
30H KavaJKy Mif] Yac KOHTpomo napamerpuaaum BCII
nozxaHo Ha puc. 7. Ilepionnunomy exciutyarauiiiHoMy
KOHTPOITIO ITiUIATAI0Th 30KpeMa 30HK 0TBOPIB (A, B i)
i kpatiosi 30nu (b i 1) (puc. 7).

3

S S

) E S
T

i 2 MM i

a i o i

2 MM 2 MM

2 MM

[

Puc. 5. TumoBi cxemu ckaHyBaHHSI KpaifOBOi 30HH OTBOPIB (a); 30HM 3aKJIETOK (0) Ta cTUKY 00mmBoK (6): 1 — BCII; 2 — OK; 3 — 3akmenka
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N

2 MM

Puc. 6. 30HU KOHTPOITIO KPOHIITEIHIB KpimieHHs gitakiB AH-124 Ta AH-124-100

3 tutanoBoro ButaBy BT-22 BurotoBieHi Takox
HaBICKH 3aKiHIIIBKYM KPHJIa MO MEPIIOMY 1 Ipyromy
nmomkepoHax mitakie AH-124 i1 AH-124-100, 3081 BH-

2 MM
hi2
h

o 6
Puc. 7. Cxema BUXpOCTPYMOBOTO KOHTPOJIO KayaJKH KepyBaH-
HSI CTYJIKaAMU IepetHboi onopu miaci jiitaka AH-72 (a) Ta cxemu
ckaHyBaHHs 30HU b (0) 1 3081 B 1 [ (8)

XPOCTPYMOBOTO KOHTPOJIO SIKUX ITOKa3aHO Ha PHC. 8.
TyT nepen KoHTpoOJIEM HEOOXiTHO IEMOHTYBATH 3aKiH-
LIBKH KPHUJIA, OYUCTHTH TIOBEPXHIO BiJ 3a0pyIHEHb Ta
BHJIAJINTH MEXaHIUHI TIOIIKOKCHHS (PUCKH, 3a001HH).

3. BukopuctanHs BucokoyactoTHux B/l Tumy
JEOTECT B/l 3.01H aast koHTpoJI0 aBiamiii-
HHX ABUTIYHIB. [ledeKTOCKOmN BUKOPUCTOBYIOTh IS
BHSIBIICHHS TpimuH y aeransx neuryHiB [IAT «Mo-
top-Ciu» 1 JIIT «IBuenko-IIporpecy» (puc. 9). Ilix gac
TPUBAJIOI eKCIuTyararii abo Micisi HEMTATHUX CUTY-
amii (HampuKiIaz, MonagaHas CTOPOHHBOTO TIPeaMe-
Ta) Ha XBOCTOBUKY (puc. 10, a) i aHTHBiIOpaiifHuX
romuIx (puc. 10, 6) pobounx jJomareil BEeHTHIIATO-
pa MOXJIMBa TOsBa i po3BUTOK TpimuH. KoHTpOIh
3IIACHIOITH 0e3 femMoHTaxy A/l 1 momarkoBoi miaro-
TOBKH TMOBepxHi. JlaHWI1 KOHTpOJB JomaTei 3acToco-
BYIOTb 1 ImiJT 4ac KamitanbHuX peMoHTiB AJl. Karminsp-
HUW METOJ| HE 3aBXKIH J03BOJISIE€ BUABUTH TPIIIUHA
Ha TaK¥X JIOMATAX. B oJHOMY 3 BHITaJKiB Karriyisp-
HUW MeToJl (BUKOHAHHI HEOJHOPA30BO) HE MiATBEP-
ITUB HASIBHICTh A€(EKTY, KU BIIEBHEHO BUSBIIUIN 32
noromororo B/l tumry JIEOTECT BJI 3.03H. Hocmi-
TDKEHHS TTOKa3ajH, M0 TpinfiuHa Oyina «3aTHCHYTOI)
1 IPaKTUYHO HE Maja PO3KPHUTTSL.

Puc. 8. 30HH BUXPOCTPYMOBOTO KOHTPOJTIO (3aIITPUXOBAHO) HABICKM 3aKiHIiBKU Kpuia JitakiB AH-124 i AH-124-100: 3aransuuii BU-
st (@) 1 B 110 A (6), a TAaKOXK cXeMH ckaHyBaHHS B 30Hax b (8), B (2), I' (0) 1 [ (e)
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Puc. 11. Kopmyc xamepu 3ropstHHS (@) 1 cXeMa KOHTPOJIIO 3BapHUX IIBIB (6): 1 — KopItyc KamepH; 2 — 3BapHHIi 1I0B; 3 — 30Ha 3a4UCTKU

1 KOHTPOIIO; 4 — cXeMa CKaHyBaHHS

[lix gac excrmyaramii Ta peMoHTy A/l BUHHKae
HEOOX1THICTh BUSABJISITH BTOMHI TPIIIUHU, IIIO YTBO-
PIOIOTBCS B 30HI 3BapHOTO 3’ €THAHHS JIUTOI apMaTy-
pu (Ha puc. 11, a moka3zaHo CTpiIkKaMH) 3 OCHOBHUM
MaTepianioM KOopnycy KaMepH 3ropsiHHs. 3BaproBa-
Hi JeTai BUKOHaHi 3i crasiB tunmy BX. Tpimunn,
AK 1 B TIOTIEpEIHBOMY TPHUKIIAJi, TPAKTUIHO HE MaJln
PO3KPUTTS, TaK SK micisa 3ynuHku A/l kopryc xame-
PH OXOJIOJKYETHCS 1 CTUCKAETHCS. 3aBJaHHs yCKIal-
HIOETHCS TAKOXK MaJIOI0 TOBIITMHOIO KOPITYCY (OIHM3BKO
2 MM), BEJIUKOIO MOPCTKICTIO TIOBEPXHi, HAABHICTIO
Harapy i CKJIaJTHOIO TE€OMETPIE€I0 30HU 3BapHOTO 3’ €]I-
HaHHA. i pakTopu MOBHICTIO BUKIIIOUAIOTh MOXKITH-
BICTB 3aCTOCYBAaHHS KAITUISIPHOTO 1 YIIBTPa3ByKOBOTO
rxoHTpomo. Hedekrockon tuny JIEOTECT B/ 3.03H
JO3BOJIMB BUPIMUTH 3a1a4qy. [Ipu mpoMy Ut BHKITIO-
YeHHS IHIIUX YMHHHKIB, 0 3aBa)KalOTh MPOBOIUTH
SIKICHHI KOHTPOJIb, BAKOHYETHCSI MEXaHI9HA 3a9NCTKA
BaJIMKa MiCHJICHHS 3BapHOTO 1IBa (puc. 11, 6).

JIi1st KOHTPOJTIO BHYTPIIHIX TopokHuH A/l 3a mo-
TTOMOTO0 CIeIiaJbHIX MAHIMTYJISITOPIB BUKOPHUCTA-
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Ho MiHiatopamnii BCII. KpiM Toro, ocTaHHIMH poKa-
MM BHHMKJIA HEOOX1IHICTh BHUSBIICHHS B JIoNaTsax AJ|
eKCIUTyaTaIliiHuX TPIMUH 3aBIOBKKH Oinbire 1 M.
Jlns BupimeHHs i€l 3amadi po3po0aeHo JToKaTbHAN
BCII napameTpudHOTO THITY 3 00MOTKaMu Ha hepu-
TOBUX ocepisax miamerpom 0,75 mm [14].

BucHoBKHM i HANPSIMKH NMOAAJBIIOT0 BI0CKO-
HaJienHs aBToreHeparopuux BJl. IIpencrasieno
aBroreneparopui B/l cimeiictea JIEOTECT 3 mBo-
KOHTYPHOIO KOJIMBAJBHOIO CHCTEMOIO, IO MPAITo-
IOTh Yy PEXHUMI TTepepUBYACTO] TeHEpaIlii, y SKuX €
HOBI TEXHIYHI PIIICHHS, 30KpeMa: cxemMa JBOKOHTYP-
Horo Al Ha MOTHLOBOMY TPAaH3UCTOPI 3 130JIOBAHUM
3aTBOPOM, cXeMa KepyBaHHS poOodoro yacToToro Al
i CPKA. JledexTockonu MpoOUILIN aepkaBHI BH-
npoOyBaHHA 1 BKITIOYEHI B peTNIAMEHT 3 TEXHIYHOTO
obciyroByBanHs siitakiB Il «AHTOHOB» Ta aBia-
unitnux neuryHiB Il «Isuenko-IIporpec» i IIAT
«Motop-Ciuy». [lomano 3araiabHi METOOWYHI pEeKO-
Menpanii i3 3acrocyBands Bl nns nmedexrockomii
AK, a Takox XapaKTepHiI METOJUKH KOHTPOJIIO BY3-
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niB mitakiB J{II «AHTOHOB» Ta neraneir AJl B ymo-
Bax IX eKCILTyaraiii.

Hocein Bukopucranus Bl tumy JIEOTECT mns
koHTpoMto AT miaTBepAWB €PEeKTUBHICTh TEXHIU-
HUX pillleHb, 3aKJIAJCHUX B X OCHOBY. Y TOH e Jac
3 METOIO 3MEHIIIEHHS BIUIMBY Cy0 €KTHBHUX (DaKTOPIB,
TIOB’I3aHUX 3 KBaITi(DiKaIliEr0 Oneparopa, akKTyaaTbHUM
€ iHTenekTyamizanisa B/l muisxom aBTOMaTHIHOTO Ha-
namrtyBaHHsM B/l Ha 3amanuit onmeparopom (abo me-
TOAMKOIO KOHTPOJIIO) piBeHb Uy TnBOCTi. Lle Oyme pe-
aJi30BaHO 3a JONOMOTOI0 MPOLECOPHOTO KEPYyBaHHS
pexxumom pobotu Al" nedexrockona. BiacyTHicTh Ta-
KHX MOXKIIMBOCTEHi y npesicTaBieHuX Buiie BJI 3men-
rye ,Z[OCTOBIleCTB 1 IOBTOPIOBAHICTH pCSyJ'IBTaTlB
BK, ocobnuBo 3a iioro TPOBEICHHS OMEPATOpaMU pis-
Hoi kBani¢ikamii. ¥ pGSyHLTaTl 3aIPOIIOHOBAHO 1 pe-
aJIi30BaHO B MAKeTi KOHLEIMLi0 NOoOyI0BU aBTOIeHe-
paropHoro B/l 3 aBTOMaru4HuUM HalalITyBaHHSM Ha
3aJJaHnH PIBeHb YyTIIMBOCTI 1 JOMATKOBOIO 1HINKAIIIEI0
gyTuBocTi. [IpoBeaeni BunpoOyBaHHS MakeTa BJO-
ckoHasieHoro BJI minTBepannu ioro eheKTHBHICTb.
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SELF-GENERATOR EDDY CURRENT FLAW DETECTORS FOR OPERATIONAL
CONTROL OF AIRCRAFT STRUCTURES
V.M. Uchanin!, S.A. Bychkov?, O.I. Semenets?, V.Ya. Derecha?, S.A. Aleksandrov?

!G.V. Karpenko Physico-Mechanical Institute of NASU. 5 Naukova str., 79060, Lviv, Ukraine. E-mail: vuchanin@gmail.com
2SC «Antonovy. 1 Acad. Tupolev str., 03062, Kyiv, Ukraine. E-mail: derecha@antonov.com
3SC «Ivchenko-Progressy. 2 Ivanova str., 69068, Zaporizhzhia, Ukraine

Initiation and propagation of defects of fatigue and corrosion origin is one of the causes for violation of airworthiness and emer-
gency damage of aircraft in service. Periodical nondestructive testing of critical components at all the stages of aircraft life cycle
is an extremely important factor to ensure their safe service. The eddy current technique has a number of advantages, compared
to other methods of aircraft structure testing, owing to high sensitivity to defects of different origin, productivity and ability to
detect defects without direct contact with the surface of the tested object (TO) or even through different coatings without remov-
ing them. The method is used to detect service defects in aircraft structure elements, in particular such as fuselage, wings, wheel
discs, blades and turbines of aircraft engines, brackets, etc. Eddy current flaw detection using high operational frequencies is
applied for contactless detection of shallow surface cracks, in particular those, arising as a result of fatigue. The method has no
alternative, when it is necessary to detect cracks in difficult-of-access places, in particular on side walls of rivet holes. The paper
presents local self-generator eddy current flaw detectors of LEOTEST family with double-circuit oscillatory system, operating
in the mode of intermittent generation. The flaw detectors have passed state trials and have been included into the maintenance
regulations for aircraft of SC «Antonov» and aircraft engines of SP «Ivchenko-Progressy and PJISC «Motor-Sichy». The paper gives
general procedural recommendations and examples of application of flaw detectors for in-service testing of aircraft components
and aircraft engine parts. Proposals were submitted as to further improvement of self-generator flaw detectors in order to lower the
influence of subjective factors related to the qualifications of flaw detector operator on the reliability of control. Ref. 15, Fig. 11.

Keywords: eddy current flaw detector, self-generator, aircraft structure, engine, sensitivity, conrol reliability, aluminium alloy,

titanium alloy
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TIGHTNESS TESTING OF AVIATION SYSTEMS (Review)

M.L. Kazakevych!, V.M. Kazakevych!, She Xiangyu?

'State Enterprise «<KOLORAN» L.V. Pisarzhevsky Institute of Physical Chemistry of NASU. 31, Nauky Ave., 03028, Kyiv,
Ukraine. E-mail: m_kazakevich@ukr.net
“National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute». 37 Peremohy Ave., 03056, Kyiv, Ukraine.
E-mail: 398118509@qq.com

The proposed publication includes a review of contemporary methods in the field of detection of leaks of test and working
media, which are intended for the functioning of systems responsible for the trouble-free operation of aircraft. A new approach
to preserving the viability of modern aviation structures allows for a progressive technological cycle of leak detection and
protection of aircraft from damage. Currently there are elaborated number of methods for leak detection of aircraft. Each of this
approach has own peculiarities and can detect defects with different sensitivity. In this paper we compare possibilities of leak
testing technologies and describe their usage for control of aviation systems. Ref. 13, Tabl. 1, Fig. 5.

Keywords: methods of leak testing, defect, nondestructive testing

Introduction. Ensuring the requirements of tight-
ness is a necessary condition for the functioning of
assemblies and systems, responsible for safety of
aviation flights. These include fuel tanks and pipes,
hydraulic systems, the fuselage and other elements of
the aircraft [1].

All major aircraft systems are monitored for leaks
during production and operation. An example is the
fuel system leak testing. The design of contemporary
plane tanks has large volume. As a result the place of
leakage («exit» of leak) may be located at a consider-
able distance from the «entrance» of a leak. Therefore
to determine the topology and repair the defect special-
ists have to remove sealant and dismantle part of the
structure [2].

The process of leak testing in fuel tanks-caissons
make it possible to ensure the operability of aircraft
and are highly sensitive. The requirements for them
are due to the flammability of the fuel components,
their high penetrating ability and the need to store
large reserves of fuel for flight. And ensuring of their
tightness is a complex technical task [3].

The kerosene-chalk method (KCM) is traditional-
ly used to test the tightness of aviation fuel systems.
It consists in determining the locations of leaks by
spots of kerosene on a chalk coating. For example,
the kerosene-chalk method is defined as the stage of
testing in the Directive technology for monitoring
the tightness of fuel tanks-caissons of the plane AN-
124 («Ruslany). The effectiveness of the application
of this method is determined by the high penetrating
ability of kerosene. The kerosene-chalk method is a
variant of the penetrant testing (PT) [4], but unfor-
tunately this material is flammable. Therefore, other
materials are being developed, such as colored and
luminescent penetrants to replace kerosene [5].

Then ultrasonic testing is used before carrying
out the KC control to detect large leaks. The acous-
tic method is simple and reliable in operation, do not
violate technological processes and it is safe for the
health of the personal [6].

A few main leak detection techniques are known
[7]. A description of the leak detection thresholds of
different methods is presented in the Table.

Leak detection thresholds of different

methods (mbarl/s) 10

10t | 102 | 10°

104 | 10° | 10° | 107 | 10® | 10° | 10 | 10" | 102

Bubble test (soap painting)

-—--)

Bubble test (air, water) -—-->

Bubble test (He, alcohol)

-——-)

He sniffer

-

Halogen sniffer

— — — —)

Pressure decay —

Acoustical

-

Vacuum decay

-0

Spark tester

-

Thermal conductivity

-

Radioisotope

—— —— —— —— —— —— —— ————)

Halogen detector

-

Mass spectrometer

-

Dye penetrant

-—-)
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Overpressure methods can be performed by fluid
or gas with which the tested element must be filled. As
a fluid usually the water is used. Observing the out-
side surface the wetted areas show us great leaks and
smaller. We observe small flows with a rate greater
than 1 mbarl/s. Testing with gas, the vessel is subject-
ed to overpressure of some bars (depending on mate-
rial and wall thickness) and immerged into the water.
At leaks the gas bubbles begin to escape. In this man-
ner the leaks up to 1-10~* mbarl/s can be detected. If the
vessel is too great for immersion, the suspected points
should be painted by soap solution and again we can
see the bubbles escaping, if there is a leak. This meth-
od is usable also for very large systems.

Halogen leak detectors are used in the detec-
tor-probe mode, requiring that the system be pressur-
ized with a gas containing an organic halide, such as
one of the freons. The exterior of the system is then
scanned with a sniffer probe sensitive to traces of the
halogen — bearing gas. The principle is based on the
increased positive ions (K or Na) emission because of
sudden halide composition presence. The ion current is
the measure for a leak size. Halogen detectors can be
used also in turned mode: evacuated vessel is connect-
ed to detecting instrument and is sprayed by freon.

Mass spectrometers as leak detectors are used as
most sensitive instruments for stating leak existence
and presence in vacuum systems. They are adjusted
on the atom respectively molecular weight of tracer
gas. It is usually helium because of its small mass and
atom volume assures good supply of gas through a
leak, relative great mass distance from neighbor mass
enables greater sensitivity and its partial pressure in
air is low. The next suitable gas for leak detection
purposes would be H,, but it is dangerous and resid-
ual atmosphere in vacuum systems always contains
this gas. There are also spectrometers adjustable to
other gases e.g. argon.

Ensuring the tightness of the aircraft structure is
inextricably linked with the control of the integrity of
critical parts. To check the performance of aviation
equipment, other methods of nondestructive testing
are also used. As an example of the search for sur-
face and subsurface defects or microdefects, one can
cite a technology that can lead to damage to fasteners
(bolts for fastening propeller blades). Destruction of
these elements can lead to a decrease in engine lift,
which is equivalent to loss of tightness of the aircraft.
In rapidly rotating and vibrating highly loaded en-
gine parts, destruction, loss of structural integrity and
safety can occur. Therefore, flight stability mainly de-
pends on regular checks of critical aircraft construc-
tions. For this purpose, magnetic luminescent particle
testing (MPI) is used (Fig. 1) [8].

Review of authors’ researches on methods of leak
control. As an implementation option in aircraft in-
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Fig. 1. Schematic indication of cracks on a propeller mounting bolt
Puc. 1. Inaukanist (cnigu) TpilyH HA GONTI KPIIUICHHS TOBITPSIHO-
0 rBUHTA.

dustry of the «PT» method the so-called «bubble»
method is also wide used. In the places of through
defects they form the foam in the emulsion, based on
surfactants. It is available for use and therefore has
been long time applied for the control of tightness.
Foam indicators are widely used in aviation (Fig. 2).

The sensitivity of the bubbles control is compara-
ble to the tightness test with kerosene in the absence
of a fire hazard. The use of vacuum appliance makes
it possible to test the unclosed objects too. There-
fore, the standard aviation fuel system test consists
of a leak testing, using a foam emulsion, followed by
the kerosene testing. Reserves of air are practically
unlimited and available. If the defect is new or well
cleaned, it contains an air only. And the operation of
filling leaks by penetrants is excluded from the tech-
nology cycle. As a result the air is one of the most
widely used testing substances, which is completely
harmless. These benefits are the reason of traditional
usage an air for implementation of «bubble» method
for leak detection. This method is the oldest and most
widely used for technical object’s control.

Another example (Fig. 3) of the penetrant control
is luminescent testing (LT) [9], in which a solution of
phosphors in liquids with high penetrating ability (for
example, environmentally neutral ethanol) are used.
LT control differs from another leak testing methods
by super high sensitivity.

Fig. 2. Leakage detection by means air foam. In the center of
vacuum appliance there is a place of defect (bubble)

Puc. 2. BusiBieHHs BUTOKY 3a JOIIOMOTOIO HOBITPSHOT MiHK. Y
LIEHTPi BaKyyMHOTO MpHIany € Micrie aedekry (Oysapbarika)
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Fig. 3. Luminescent penetrant testing of aircraft constructions
with vacuum appliance

Puc. 3. JlromiHecueHTHUI KaninspHUNA KOHTPOJIb KOHCTPYKIIiH
JITaNbHUX aapariB BaKyyMHOIO YCTaHOBKOIO

Unique features of luminescent capillary con-
trol (Fig. 3) allow to detect defects with the open-
ing width less, than a micron. It is one of an evolving
nondestructive methods through the use of new test
materials, which improve the characteristics of pene-
trant control and allow diagnosing damage to aircraft
skin, searching for initial centers of corrosion under
paint coatings.

Today, the capabilities of penetrant testing are not
exhausted. The further development of penetrant test-
ing may be possible by new approaches. For instance,
when checking the tightness of fuel tanks-caissons,
it is important to determine the topology of the leak.
because the inlet and outlet of the leak may not coin-
cide due to the leakage of the working medium un-
der the sealed internal lining of the caisson. And only
fluorescent flaw detection can identify fuel leaks and
simplify the technology to local repair by replacing
certain fastening connections of tank parts [3].

As one of these approaches can be pointed colored
penetrant «IPC-KOLOR» [10, 11], synthesized from
medical raw material. It prevent corrosion, is fully
un-dangerous and can be solved in water and ethanol.
Many years it is produced in Ukraine.

Among the options for testing the tightness of avi-
ation fuel systems the chemical method should too be
mentioned. During its implementation the controlled
volume is filled with a test medium, for example, air
under excess pressure. During testing the air or liquid
inside of controlled objects are enriched with chem-
ically active additives, for example, 1 % ammonia
admixture. And the outer surface is examined by us-
ing chemical indicators, that react with additives and
form brightly colored or luminescent products (Fig.
4). The development of the chemical control method
is the catalymetric method of leak testing. It is based
on the use of micro-additives of catalytic substanc-
es in the composition of the penetrant. This approach
dramatically expands the possibilities of the chemi-
cal method, since the catalyst is not consumed during
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the reaction. The number of elementary acts of the in-
dicator reaction, initiated by the catalyst particle, is
called the «circulation number».

Theoretically it plays the role of an amplifica-
tion factor and determines the sensitivity limit of the
method. The «kinetic methods» of chemical analysis
are based on this principle. The use of kinetic meth-
ods makes it possible to increase the sensitivity of
the analysis of substances by many times and to ex-
pand the list of penetrants. The reliability of the anal-
ysis also increases. Thus, at the locations of through
defects, indicator «traces» are formed and visually
determined.

Chemical control is among the most sensitive
methods of nondestructive testing. It is connected
with unique features of luminescent and color materi-
als (LT, CT) and the properties of the eye, as univer-
sal tool for visual control.

These factors were contributed to the wide dissem-
ination of the chemical luminescent and dye materials.
The use of the chemical method opens up the possibil-
ity of directed synthesis and introduction of new ma-
terials including for testing such important parts as fu-
selage fasteners, turbine blades in engines, etc.

In contrast to the conventional luminescent meth-
od of leak control we proposed the use of chemical
luminescent indicators that glow at the location of
the defect as a result of the oxidation of the sub-
strate with atmospheric oxygen without illuminat-
ing the structure. Liquid penetrants are widely used
in industry for nondestructive testing. Currently, in
order to increase efficiency (quantum yield) of lumi-
nescence we apply cascading composition of different
phosphors. Despite the visible simplicity fluorescent
flaw detection sensitivity has a record data that is not
available by other NDT methods. It can detect surface
defects, which have opening width, less than 1 pm.

As one of the most promising areas of the NDT
penetrant method we studied the use of ultrasonic
capillary effect (USCE) [9].

Fig. 4. Indication traces of leaks after chemical testing
Puc. 4. Ciniay iHaukanii BUTOKIB ITiC/IA XIMIYHUX JOCIIKEHD

. TexH. aiarHocTUKa Ta HepyMHIBHUM KOHTPOnb, 2022, Ne3



BUMPOBHWYIM PO30IN

Fig. 5. Visualization of the defect: a — using a magnetic liquid; b —using a magnetic luminescent composition
Puc. 5. Bizyanizauist nedekry: @ — 3a JOIOMOTrOI0 MarHiTHOI PiAMHH, b — 32 TOMOMOTOI0 MAarHiTOIIOMiHECLIEHTHOT KOMITO3HUIIIT.

USCE consists in an abnormal increase in the
lifting height of the liquid in capillaries by the di-
rect effects of ultrasound. Due to the energy of the
ultrasound field (22 kHz), we received the rising of
substances (colored penetrant «IPC-KOLOR» for in-
stance) in capillaries by 10...20 times of magnitude
according to capillary diameter. The dependence of
USCE on the nature of the penetrant and other condi-
tions of the experiment was investigated.

It was experimentally proved, that in this case the
liquid is pushed up not only by capillary forces, but
by standing ultrasonic waves. The main initiator of
the physical and chemical processes occurring in the
liquid under the influence of ultrasound is the forma-
tion of pulsing bubbles in the liquid, which after dra-
matically slam form the front of high pressure field.
Due to the energy of the ultrasound field efficiency
of penetration of liquid substances into the capillaries
increases. This gives additional prospects for the de-
velopment of capillary control.

Another promising integrated method for improv-
ing the tightness control is the way of using magnet-
ic fluid in magnetic diagnostics of aircraft structures.
It is shown that the use of magnetic-luminescent lig-
uids in the magnetic method of nondestructive testing
is characterized by high sensitivity. Magnetic fluids
are sedimentation-stable colloidal solutions of mag-
netic particles with nano dimensions, the distinguish-
ing feature of which is that the entire volume of the
solution is drawn into the applied magnetic field [12,
13]. The combination of fluidity and a high value of
magnetization allows the use of magnetization in var-
ious fields of modern technology. Due to the use of
CoFe O, nanoparticles with sizes from 5 to 30 nm,
the complex method makes it possible to detect small-
er defects and reveal the fine structure of indicator
«traces» in products made of ferromagnetic materi-
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als. Varying the magnetization conditions and con-
trol technology makes it possible to obtain different
configurations of the fine structure of the indicator
«trace» of the same defect, which contains informa-
tion about the behavior of the penetrant in the pres-
ence of a magnetic field.

The combined use of capillary and magnet lumi-
nescent methods makes it possible to control defects
in nonmagnetic materials with using of the magnetic
fluids and increases the sensitivity of the simple cap-
illary method. It is known that the magnetic particle
inspection method is used for nondestructive testing
in aviation only for ferromagnetic parts. And the ap-
plicator of the proposed method expands the possibil-
ities of testing nonmagnetic structures with high sen-
sitivity. Invention of these technologies in aviation is
developed.

Conclusions. The article contains an overview
of existing methods in the field of detecting leaks of
test and working environments, intended for the func-
tioning of systems, responsible for the safe of air-
craft. Traditional and new approaches to maintaining
the operability of modern aircraft structures allow the
implementation of technological cycles of detecting
leaks and defects of individual responsible parts and
systems. Currently, technologies for increasing the ef-
ficiency and sensitivity of leak detection methods are
developed. The work confirms not only the possibility
of using new and different test and working environ-
ments, but also complex leak detection methods. Al-
gorithms for improving capillary, chemical, and mag-
netic powder control are proposed, which increase the
effectiveness of these methods and allow identifica-
tion of flow topology, detection of submicron-sized
defects, expansion of the list of control objects, for ex-
ample, diagnosis of damage to aircraft skin, search for
initial corrosion under paint coatings, etc. The issue of
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testing aircraft for tightness is relevant for use in avi-
ation technology and requires further development of
nondestructive testing technologies.
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[IpomoHoBaHa myOITiKalis MiCTUTB OS] CyYacHUX METOJIB Y TaTy3l BUSBICHHS BUTOKIB TECTOBHX 1 POOOYHX CEpETOBHII, SKi
MpHU3HAYEHI A1 PYHKI[IOHYBaHHS CHCTEM, 110 BiAMOBiIaI0TH 3a Oe3aBapiliHy poOOTy JiTanbHUX anmapariB. HoBuii minxin g0
30epeskeHHS MPale31aTHOCTI CYYaCHUX aBlallifHIX KOHCTPYKIIH JO3BOJISE peali3yBaTi NPOTrPECUBHIN TEXHOIOTIYHUI UK
BHSIBIIGHHS T€Ui Ta 3aXUCTY JITAJbHHUX allapariB BiJl MOIIKOMKEHb. Y TaHUI yac po3poOIeHO psii METOIB BUSBICHHS Tedl
nitakiB. KokeH i3 1ux miixoziB Mae cBOi 0COONMBOCTI Ta MOXe BHSIBISITU Ae()EKTH 3 Pi3HOIO YyTIHUBICTIO. Y IMiif CTaTTi MU
MOPIBHIOEMO MOXKJIMBOCTI TEXHOJIOTi TECTyBaHHs HA FEPMETUYHICTh Ta OIUCY€EMO X BUKOPUCTAHHS [UIsl YIPaBIiHHS aBiatiii-

HUMH cucTeMamu. bibmiorp. 13, tabm. 1, puc. 5.
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HOBA KHUTA
Bopuc €BreHoBun4 MatoH. Cnoragn Kuis: «opobeup», 2022. — 236 c., in. ISBM 978-966-2377-69-9

KHura npucesveHa BugaTHoMy ydeHomy XX-XXI ctonitta — akagemiky bopucy
€BreHoBnYy NaTtoHy. XKuTTsa LbOro reHianbHOro y4eHoro i Yy4oBoi, HENEPECiy-
HOT NIOANHY BMICTUNO BENUKI HAYKOBI BIAKPUTTSA B ranysi Marepiano3HaBCcTBa,
METanyprii, 3BaploBaHHS Ta CNOpigHEHUX TEXHOMOTIN, iX Brinckyvy peanisadito
B iHTEpecax eKOHOMIKM i 06OPOHM KpaiHW, HOBAaTOPCbKi 3BEPLUEHHHA B ranysi
opraHisauji Hayku i OCBITMH.
OcHoBY KHUIM cknagatoTb pykonucu akagemika b.€. MNMaToHa: 3anuckn, nucTu,
MaTepianu 4o KHUT Npo BUAATHUX YY4EHUX — NOro Korer i Apy3iB. Opyruin po3ain
KHUrM MIiCTUTb crnoragu CniBpOBITHUKIB IHCTUTYTY enekTpo3BaproBaHHSA, SKi
Manu BenuKy YecTb NpautoBaTy pa3oM 3 Lieto BugaTHoto JliognHoro.

KHuey moxHa 3amosumu 8 pedaKuii xXypHariy.
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MMPOBEJIEHHS TJIPABJITYHUX BUITPOBYBAHD
TPYBOIIPOBOJIB TEIIJIOBUX MEPEX 3 METOIO
JIOCSTHEHHS 3AJIAHOT HAJIIMHOCTI iX EKCIUTYATALIIT

B.M. Topon
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[IpoananizoBano (pakTopH, M0 BITUBAIOTH HA HAIHHICT €KCIUTyaTallil TEIUIOBHX MEPEX MiA Yac MPOBEICHHS MEPiOTUIHUX
riipaBIivHUX BUNIPOOYBaHb (OMpeCcyBaHHA) IiIBUIIEHUM THCKOM. BUKOHAHO aHaJIi3 NOMIKOKEHb TPYOOIPOBOIIB TETIIOBUX
Mepex M. Kuesa 3a 2002-2017 pp. Ta 3a3Ha4€HO HEAOMIKH HOPMATHBHUX TOKYMEHTIB MO0 MPOLEAYPHU MPOBEICHHS Nepioany-
HUX TiIpaBTiYHAX BUMPOOYBaHb MMiJBUIIEHUM THCKOM. PO3IIsIHYTO BIUTHB Ae()EKTiB Ta 3alPONOHOBAHO MiIXiJ 0 MPU3HAYEHHS
BHIPOOYBAIEHOTO TUCKY ONPECYBAaHHS 3 METOIO JOCSITHEHHS 33/1aHOi HAIIHHOCTI eKCIUTyaTamii TpyOOnpoBoIiB 3 AedeKTamu.

Bi6miorp. 14, puc. 4.

Krouoei crnosa: mennosi mepeoici, mpyoonpoeoou, iopasiiuni 6UnpoOy8aHHs, pyUHYS8anHs, Koposis, 0eghekmu, HAOIHICb

I'paMoTHA TexHIYHA MMOJITHKA IIOJ0 3a0e3meucH-
HS HaAIHHOT eKCcIuTyaTallii TpyOOoIpoBiTHOI CHCTEMHU
TEIUIOBUX MEPEX IOJISTaE B TOMY, 1100 MiHIMi3yBaTh
KOIIITH, IO BHUJINSIOTHCS HA MiITPUMKY HaIIHHOCTI
TEXHIYHOI CHCTeMH Ha 3aJjaHoMy piBHI. O4eBUIHO,
10 KOIITH, BUTPAaYeHi Ha MATPUMKY HaIiIHHOCTI,
HEe MOBHHHI MEpPEeBUILYBaTH BUTPATH, OB’ A3aHi 3
JKBialLi€l0 HACHIAKIB pyiHYyBaHHS (aBapii, BigMo-
BU, TTOLIKOKEHHS).

TpyOomnpoBigHa cucremMa TENIOBUX MEPEK, 5K
1 Oyap-sika TEXHIYHA CHCTEMa, CXHJIbHA 10 PyHHY-
BanHs. CepeJl MOXKIMBUX MOPYIIEHb HOPMAJTbHUX
YMOB eKCIITyaTallil BeJrKa yBara NpHIiIsSeTbes 1mo-
PYUICHHIO ITICHOCTI TPYOH, OCKIIBKH HACHTIIKH MO-
KYTh MPU3BECTH 10 CYTTEBUX EKOHOMIYHUX BUTPAT.
Sk moxazanu mpoBeneHi gocaimkennas [1-4], mpu-
YUHOIO HAWIOIIUPEHIINX BUMAAKIB BTPaTH IILTiC-
HOCTI € IPOPOCTAHHSI 110 TOBITUHI CTiHKH 30BHIIIHBOT
KOpO3ii.

CToCOBHO TPYOOTIPOBITHUX MEPEXK MOXKIHBI TPU
OCHOBHI CcTparerii MATPUMKHU XHBOT HamiitHOT eKc-
IuTyaranii, siKi B pi3HUX MOE€JHAHHAX MOXYTh peallb-
HO 3aCTOCOBYBATHCS Ha MPAKTHIII:

1. YcyHnenns pyHHyBaHb (aBapiii, BiAMOB,
MOIIKOKEHB) Y Mipy iX BUHHUKHEHHA. He3Baxkaro-
Y Ha MPUHLUIIOBY BiACYTHICTh MPOQIIAKTUKH PYH-
HYBaHb, II€ €, MOXJIMBO, Hale(DEKTUBHIIIIO B €KO-
HOMIYHOMY ILJIaHI CTPATETi€l0 ) BiIHOCHO HOBHX
JISTHOK TETUIOBHX MEPEX, M0 XapaKTepU3ylThCs
BHCOKOIO HaJIHHICTIO, pyHHYBaHHS SKHX HE TMPU3BO-
IUTH 0 HAJAMIPHUX €KOHOMIYHUX HaCTiAKiB. JaHoto
CTpaTeri€lo, He3BaXKAI0UU Ha TPUBAJIMH 4ac EKCILTY-
arauii TemJI0BUX MEpPEXK, KOPUCTYETHCS NepeBaKHA
OILBITICTh KOMYyHAITFHUX MIAMPUEMCTB YKpaiHH.

2. [IpoBeeHHSI MOHITOPUHIOBUX AiarHOCTUYHUX
pOOIT 3 BUSBIIEHHS Pi3HUX JOKPUTHYHUX JNEPEKTIB Ta

Topomr B.M. — https://orcid.org/0000-0002-8807-9811
© B.M. Topom, 2022
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BXKHTTS 3aXO/IiB M0N0 iX ycyHeHHs. Lls ctpareris Bia-
HOCHUTBCS JIO TaK 3BAaHUX MPEBEHTUBHUX CTPATETiM.
Bona € HalIporpecuBHIIIO0, TUM OiJIbIIE 1[0 METO-
¥ MOHITOPHUHTY, J1arHOCTUKH, OLIHKH TEXHIYHOTO
CTaHy Ta PEMOHTY OCTaHHIM YacOM JOCSTIIN CyTTEBO-
ro nporpecy. OnHak 0e3 peTeIbHOTO SKOHOMIYHO-
ro aHaji3y Ta omTuMi3allii 00csaTy, TOCIIOBHOCTI,
MEPIOINIHOCTI, OOTPYHTYBaHHS Ta MPOBEICHHS POOIT
BOHA MOK€ BHSIBUTHCS HalzarparHimo. KpiM toro,
criertuika MpoKIagaHHs TPyOOIIPOBIIHUX MEPEK, iX
pO3TaNTyBaHHs Ta KOHCTPYKTHBHI 0COOIMBOCTI BUKO-
HaHHsI, BAKOPUCTAHHS Pi3HUX MaTepiajiB, MiaMeTpiB
1 TOBIIMH TPyO, HAABHICTh TEIUIOI30JAMII, TIITHOK
i TOTUICHHS, OyKarOUUX CTPYMIB BiJl TOBKOJNHITHIX
EIeKTPOKa0ETiB TOIIO YacTO YCKIAIHIOE MTPOBEICH-
Hs JIarHOCTHYHUX POOIT, a OTKe I OTpUMaHi JAaHi He
BiJIMOBIIal0Th KPUTEPIsIM MIOBHOTH Ta JOCTOBIPHOCTI.

3. [IpoBenenHs nepioquuHUX BUMIPOOYBaHb MiIBU-
LICHAM THUCKOM 3 METOI0 OJIHOPa30BOTI0 BHUSIBJICHHS
Ta peMOHTY Je(DeKTiB, ki MOTIIM O Yy HAWOIMKIOMY
MaiOyTHROMY MPHU3BECTH JI0 pyHHYBaHb. Lls cTpa-
TErisl € Halle)eKTUBHIIIOIO JIJIsl TIOPIBHAHO CTapHUX
TpyOOIIPOBOIIB, JIe KOPO3iitHI AeQEeKTH MPU3BOISAT
710 BiTHOCHO YaCTUX MOPYIIEHb IiJIicHOCTi. BoHa Ta-
KO’K BUKOPUCTOBYETHCS IS IEMOHCTPAIIi1 MIITHOCTI
Ta Mpare3aaTHOCTi KOHCTPYKIIiH, 1[0 HaBaHTaXYIOTh-
Csl BHYTPIIIHIM THCKOM, OCOOJIMBO IIPH ITOYATKOBOMY
MMyCKy B €KCIUTyaramiro abo Micis TPUBAJIOl IepepBr
(mpocroro).

Sk 3a3Havanocs BUIE, HEMAaE HAMONTUMAIbHI-
1101, €ETUHOT Ha BC1 BUIAJKHU KUTTS cTparerii ynpas-
JIHHS HAJIRHICTIO TEIUIOBUX Mepex. BuoOip KOHKpeT-
HOT CTpaTerii MOXKJIMBHI JIUIIE HA OOMEXEHUH mepion
1 BUXOJISTYM SIK 3 PETEILHOTO aHaJi3y MOTOYHOTO TEX-
HIYHOTO CTaHy, TaK i 3 EKOHOMIYHOI JOIIIBHOCTI.

Mera 11i€i cTaTTi NOJISrae B 0OrOBOPEHHI IepeBar
Ta HEJOMIKIB TPETHOI CTpaTerii Ta MOIIYKY HiAX0Ly
JUISl IPU3HAYCHHS BUMPOOYBAJIbHOIO THCKY OIpe-
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CyBaHHS 3 METOIO JOCSTHEHHS 3a/J1aHO0i HaIliiHHOCTI
ekcIryaranii TpyOonpoBoay 3 ypaxyBaHHSM €KO-
HOMIYHOI JONUTEHOCTI TPOBEJEHHS T1IPOCTATUYHUX
BUNIPOOYBaHb (ONMpPECyBaHHS) MiIBUIIEHAM THCKOM
Ha MIIHICTh Ta TePMETHYHICTh (IIITBHICTB).

BunpoOyBaHHS MiJBUIIEHUM TUCKOM MAlOTh JBa
BaXXJIMBUX 3HAYCHHS: TIeplIe — MiATBEpAKCHHsI Tpa-
LEe3aTHOCTI KOHCTPYKIii, Ipyre — BUSABJICHHS Ta pe-
MOHT Je(eKTiB, sIKi MOXKYTh Y MepioJl MiX BHIIPOOY-
BaHHSIMHU MPU3BECTH JIO aBapiil.

[Ipore icHyIOTH IeBHI 0OMEXEHHS IS BUIIPOO-
YBaHb MIBUIIEHUM THCKOM 3 METOIO ITiATBEPIKEH-
HS HUTICHOCTI TPyOOTIPOBOY, SIKi MOJIATAIOTH Y TOMY,
10 TP MPUHHATOMY PiBHI THCKY OIIPECYBaHHS MOXKE
CTaTHCS CTUTBKH PyHHYBaHb Ta M0 30MTKH Bix iX pe-
MOHTY IIE€PEBUILYBAaTUMYTh BUTOAY BiZ O€3pEeMOHT-
HOT eKcIlTyaranii IpoTAroM AEsKOTO BU3HAYEHOTO
nepioxy 4acy. 3 iHIIOro OOKY, BIICYTHICTh PYHHY-
BaHb JUISTHOK TPyOOIIPOBOAY B Mpolieci BUIPOOyBaHb
CBIUUTH MPO BEIUKY MOYATKOBY (10 BUIIPOOYBaHb)
HaJiiHICTh TpyOOIpoBOay. ¥ LbOMY BUNAAKY BH-
npoOyBaHHs HE TPU3BOAATH A0 MOJIMIICHHS HaTii-
HOCTi, @ MOXKYTbh CIIY>KUTH JIUILE JUJISl J€MOHCTpamii
isicHOCTi TpyOomnpoBoay. SIKIIO Mpu bOMY iCHY-
I0Th JUISHKH, /i€ MBHIKICTh PO3BUTKY MOYATKOBUX
HEBEIUKUX Je(EKTiB € CyTTEBOIO, MMPOBEACHHS JIOPO-
ruX BUNPOOYBaHb HE € TAPAHTIEIO BiICYTHOCTI aBapiit
(TTOMIKO/KEHb) Y HAHOMIKIOMY MailOy THEOMY.

AHAJIi3 NOIIKOIKEeHHsI TPYOOIPOBOIIB TEMJIOBUX
Mmepesk M. KueBa. 3a naammu T1AT «KuiBenepro» Ha
2016 p. excruryaryBanocst 2121,2 kM MaricTpaibHUX
(1237,5 x¥m) Ta posnoxaineuux (883,7 kM) TpyOOIpO-
BOJIiB, BUKOHAHUX Yy JABOTPYOHOMY BHKOHAHHI (TIpsi-
MUH Ta 3BOpoTHUN). [IpH 1IbOMY TEpMiH eKcIiTyaraiii
6mm3bko 70 % TpyO nepesurysas 30 pokis [1-3].

[Nopsiza i3 WKUPOKO BUKOPUCTOBYBAaHUMH MOKA3HU-
KaM{ HaJidHOCTiI TpyOONPOBOAIB TEIIOBUX MEPEX,
TaKUX SIK IHTCHCUBHICTh BiIMOB (ITOIIKOYKCHB) Ta
napaMeTp MOTOKY BiIMOB [4], pH 3icTaBieHHi cTa-
THCTHYHUX JaHHUX MPO MOIIKOIKEHHS, BUSBICHHUX

Ha Pi3HHUX TEIJIOBUX MEPEXax Yy Pi3HUH yac, BaXJIu-
BOIO KUTBKICHOIO XapaKTEPUCTHKOIO MOXE CTaTH KO-
e(inieHT eeKTUBHOCTI NIPOBEACHHS TiApaBIiyHUX
BHNPOOYBaHb, 10 BU3HAYAETHCA NIJICHHIM YHCIIa
MOLIKO/PKEHb, BUSBJICHUX TIPH MTPOBECHHI IipaBiid-
HUX BUIPOOYBaHb, HA YMCIIO TIONIKOJKCHb, BHIBIIC-
HUX TMIPH €KCIUTyaTallii 3a OnaJioBaTbHAN CE30H.

Hnst cuctemu TpyOONpPOBOMIB, AKi HE MAalOTh
TIOTITKOKEeHE (i/IeaJIbHII BapiaHT), el KoedIIlieHT,
SIK 1 cami TizpaBiiyHi BUIpoOyBaHHA, HE MAIOTh CEH-
cy. K110 MOLIKOMKEHHS BUSBISIOTHCA JIULIE TPH
TiIpaBIiYHUX BUNPOOYBaHHSX, BiH JOPIBHIOE HECKiH-
4geHHOCTI. [IpupoaHo, SIKIIO0 MOMIKOHKEHHS 3 TUX YH
IHIINX PUYUH HEMUHYYe, Kpallle, 1100 BOHO CTaJo-
cs i yac MpOBEICHHs TiApaBIiuHUuX BUNPOOYBaHb,
OCKINIbKH HACTIIKU I CIIOKHUBAYIB 1 TPYAOBUTPATH
Ha PEMOHTHI poOoTH OyayTh MiHIMaTBHUMH. SIKIIO
MOIIKO/PKEHHS BiOYBarOThCs SIK MIPH T1IpaBIivHUX
BHIPOOYBaHHAX, TaK 1 MpH eKcIulyaTanii, e Ko-
e(ilieHT XapakTepu3ye eeKTUBHICTh MPOBEACHHS
riipaBniuHuX BUNIPOOyBaHb. ToMy it epeKTUBHOI 3
TOYKH 30pY MIPOBEAEHHS TiIpaBliyHUX BUIPOOYBaHb
CHUCTEeMH el KoedilieHT TOBUHEH OyTH 3HAYHO BH-
ITUM 32 OJUHUITIO 1 IPSIMYBATH 10 HECKIHICHHOCTI.

3 puc. 1 BumnBae, mo koedimieHT eeKTUBHOCTI
MPOBEIEHHS TiAPaBIiYHIX BUMPOOYBaHb, IO AOPiB-
HIO€ BIIHOIICHHIO KUTHKOCTI MOIIKO/KEHb P IIPO-
BEJICHHI TiIpaBliYHUX BUMPOOYBaHb A0 KITBKOCTI
MOILKO/KEHb, BUSBICHUX NMPH EKCILTyaTawii, HuxX-
ye 3a 1 i Mae TenaeHiw, npuHaiimMHi 10 2013 p., 10
3HMKEHHS. CTaTUCTUYHHUN aHAalli3 MOIIKOIKEHb TPY-
OONPOBOAIB TEMJIOBUX MEPEXK CBITUUTH PO CYTTEBY
3HOWICHICTh TPYOOIPOBOIIB Ta 3HIKEHHS €()EKTHB-
HOCTI TIEPIOANYHUX T1IPaBIIYHIX BUIIPOOYBaHb.

Jiis migBUIeHHS €PEKTUBHOCTI eKCILTyarailii Te-
wiomepex [TAT «KuiBremoenepro» 3a pesynpraraMmu
npoeaeHux poOit [1-3] IE3 im. €.0. Ilatona HAH
YKpaiHu IponoHy€e BUKOHATH HACTYITHI POOOTH:

— pO3pOOHUTH Ta BIPOBAAUTH SKCIIEPTHY I'€OiH-
(dhopmartiiiny cucreMy «MIIHICTD TETIJIOBHX MEPEX)»

1,0

0,81

s

I'/E

04|

s

0,21

0 | | | |

2000 2002 2004 2006 2008

2010 2012 2014 2016 2018

Puc. 1. BigHOmIEHHS KiJTBKOCTI MONIKOKEHB, BUABJICHUX IIPH TiIpaBiaiuHuX BUIPoOyBaHHAX (I') 10 KiNBKOCTI MOMIKOKEHb TIPH €K-
cruryaranii (E) mms maricrpansaux (M) Ta posnoxinsunx (P) TpybompoBoniB TermoBux Mepex M. Kuesa 3a nepion Big 2002 p. no

2017 p.: 1 —M; 2-P; 3-M+P
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3 MeToro (pikcamii Ta 300py AudepeHmiiiopaHNX aa-
HUX I0JI0 MOHITOPHHTY TTONIKOKEHHSI 1 CTapiHHA,
OLIIHKU TEXHIYHOTO CTaHy, IPOrHO3Y 3aJHUIIKOBOTO
pecypcy, IJIaHyBaHHS YeproBOCTi Ta 00’ €MiB MpoBe-
JEHHS. PEMOHTHO-B1THOBIIOBAaJIbLHUX POOIT AJIS TPY-
OONPOBOIIB TEIUIOBUX MEPEK;

— po3p0oOUTH HOBY a00 MEPErsSHYTH iICHYIOUY
HOpMaTUBHO-TeXHIUHY nokymenTanito (HT/I) [5-9],
IO perNIaMeHTYy€E iICHYIOYi MPOIeAypH MPOBEACHHS
rifpaBliyHUX BUIPOOYBaHb i MpaBHia MPU3HAYCHHS
BUTNIPOOYBAIBEHOTO TUCKY;

— ONTHUMI3yBaTH pO3pOOKY MpOTpaM TiIpaBiid-
HUX BUNMPOOYBaHb 13 BUKOPUCTAHHSAM pallioHAIBHO-
ro cekmionysanus [10], 3 ypaxyBaHHSIM HaHUX TIPO
aBapiifHiCTh, peallbHi XapaKTEPUCTUKH MIIHOCTI Ta
TEOMETPUYHI ITapaMeTPH 1 BapTiCTh PEMOHTHO-BII-
HOBJIIOBAJLHUX POOIT HA OCHOBI BIIPOBAKCHHS CY-
YacHO1 TreoiH(OopMaIlifHOl CHCTEMH TEILUIOBOI MEpexki
[TAT «KuiBTemnoeHeproy;

— OLIHWUTHU BIUIUB TiApaBIiyHUX BUNPOOYBaHb Ha
BJIACTUBOCTI Marepiany TpyOONpPOBOAIB TEIJIOBUX
MEpeK;

— EKCIEPHUMEHTaJIbHO AOCIIJUTH HaIpyXe-
HO-JIe(OPMOBAHUI CTaH MiJl Yac eKcIuryararii Ta
rigpaBniyHUX BUNPOOYBaHb JUIsl IPUUHATTS OLIbII
OOTpyHTOBaHMX PIlIEHb BiIHOCHO MPHU3HAYCHHS BU-
poOyBaTbHOTO THUCKY ONpecyBaHHS Ta Bepudikarii
pe3yIIbTaTiB KOMIT IOTEPHOTO MOJICTIOBAHHS.

Y pob6ori [3] Mu BUKOpHUCTaIH Koe]iIlieHT edek-
THBHOCTI TTPOBEACHHS TiApaBIidHUX BHIPOOYyBaHbL
SIK BIJHOIIEHHS KUILKOCTI ITOMIKOKEHD, BUSBIEHUX
pu rigpaBiaivauX BUnpoOysanHsx (I7), mo 3arampHOT
KUJIBKOCTI BUSIBJIICHHUX MOLIKOKEHb ITPH EKCILTyaTarii
ta onpecyBanHi (E+I"), mo qo3BonmIio 3icTaBUTH CTa-

TUCTUYHI JaHi MPOBEACHHS T1IpaBliyHUX BUIPOOY-
BaHb TEIJIOMepex y M. Pura Ta iH.

TakuMm YUHOM, IPaKTHYHA KOPUCTH BiJ] MPOBEICH-
HsI OIIPECYBaHHS 3aJICKUTh BiJ] TOYATKOBOTO TEXHIU-
HOTO cTaHy (HaAIMHOCTI), 10 XapaKTepU3y€eThCs 30-
KpeMma KUIBKICTIO Ta po3MipaMH HasiBHUX JIe(eKTiB,
XapaKTepUCTHKAMK METally, a TAKOX BiJ IBUJIKOCTI
nepe0iry MmoIKoIKYYHX IpoteciB (s TpyOorpo-
BOJIIB TEIJIOBUX MEPEK XapaKTEPUCTHKH METAIy IO~
TipIIyIOTHCS TOPIBHIHO MOBITBHO, OiBIN aKTyallb-
HUM € 3pOCTaHHS KUTHKOCTI HOBOYTBOPCHHX JAC(PEKTIB
1 IIBUJKOCTI PO3BUTKY HAsIBHUX KOPO3iHHUX JedeK-
TiB y MiCIAX JIOKaIbHUX aedopmariit). Ciinx 3a3Ha-
YUTH BiJICYTHICT y JIiTEpaTypi K KUTbKICHUX, TaK 1

SIKICHUX TIiJXOJiB 3 METOIO OI[IHKU TEXHIYHHX Iepe-
Bar mij 4ac MpOBEACHHS ONPECYBAHHS 3aJI€KHO Bix
MepeniyeHnx napaMeTpis. Y Lill CTaTTi BrepIe mpo-
MOHYETHCS MAXiJ, 110 3aCHOBAaHUN Ha pO3POOJIeHi
HMOBIpHIiCHI# MeTooOTii pu3nk-anamsy [11, 12] o
OLIIHKH HJIICHOCTI TPyOONIPOBOIIB TEIIOBUX MEPEK.

OpHak croyaTky po3TISIHEMO KiNbKIiCHI JeTep-
MIiHICTHYHI T1IXO/IH, 1[0 ONUCYIOTh PYHHYBaHHS TPY-
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OorpoBoay 3 nedexrom. Lle BaxKIMBO IS PO3yMiH-
HS TOTO, SIKi A€(EKTH MOXYTh 3aNHIIUTUCS TiCIIS
MIPOBEICHHS ONPECYBaHHS Ta SIKUM € 4ac iX PO3BUT-
Ky /10 KpUTHYHUX PO3MIpiB 32 BiJOMOI LIBHUIKOCTI iX
MiAPOCTaHHS.

Bnaus nedexris. [IpuitMemo, mo aedextu ma-
I0Th NIMOUHY a, TOBXHHY /[ (B OCBOBOMY MO3JOBXK-
HBOMY HamNpsIMKYy) Ta IUAPUHY b (B OKPYKHOMY
HampsaMKy). TeopeTHUHHIA aHaJi3 MOKa3ye, mo Oc-
naleHHsl HETTO-TIepeTUHY JieeKTy (Miclie KOHIIeH-
Tpamii Hanmpy>XeHb) MpH Ail KiNbIEBUX HAIMpPYKEHb
TIpOTIOpITiHHE TIIMOWHI He(PEKTY 1 3aICKUTH BiJl HOTO

6e3po3miproi noxuEN A =+/[*/ Rt , ne R i t — 30B-
HIITHIA pajiyc i ToBIIMHA cTiHkK Tpyou. [Ipu aii mo-
30BKHBOTO HaIpy>KEHHS 0CJIa0lIeHHs HeTTO-Tepe-
THHY 3QJIKUATh TAKOXK BiJl ITTHOMHHU Ta 0e3p03MipHOT
mpuHA nedekty | = b/(2nR). BpaxoByrouwn, o npu
piBHEX [ 1 b 6e3po3mipHa OBKMHA Habararo OinbIna
3a 0e3p0o3MipHy HMIMPUHY, a OKPYKHI Halpy>KCHHS B
TpyOOIpOBOAi 3a3BHYail 3HAYHO MEPEBHUILYIOTh 1103~
JOBXHI, JaJli MU o3I Aa€MO pyHHYBaHHS Bij BIUIU-
BY OKPY>XHOTO Halpy»eHHs, 10 BUHUKAE i BILIU-
BOM BHYTPILlTHBOTO THCKY.

Ha pinsHKax J0KanbHUX KOPO3IHHHUX YHIKOIKEHB
OIliHKA CTaTUYHOI MIITHOCTI MOXe OyTH 3/iliCHEHA 3
BHUKOpPHUCTaHHIM pekoMmenpariiii [13]. Ha puc. 2 npen-
CTaBJICHO pe3yJbTaTH PO3PaxXyHKy THCKY pPyHHYBaH-
Hs TpyOompoBoay 630x8 mm 3i crani 171'1C 3a HasB-
HOCTI KOPO31iMHOTO TOKOMMKeHHS (nedexTy). Koxna
3 KPUBHUX BiJITOBiTa€ TOMIKOMKECHHIO IEBHOT TITHOH-
HU, BKa3aHoi Ha Tpadiky.

Ak BUIUTMBaE 3 pUC. 2, MOMIKOKEHHS 3 TIIHOH-
HOIO MEHIIE 3a 7,6 MM, HE3aJeXHO BiJl IXHBOI Ipo-
TSDKHOCTI, HE BUKJIMKAIOTh PyHHYBaHHS 3BOPOTHOTO
TPyOOIPOBOIY TP POOOIOMY THCKY PP = 0,6 MlIla.
HedexT Ha 3BOpOTHOMY TpyOONpPOBO/1, MapaMeTpu
SIKOTO TIEPEBUIIATh KPUTHIHI 3Ha4eHHS 7,8%X300 MM,
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Zl()B)KI/IHa I(()p()SlﬁH()F() MMOMIKO/KCHHA, MM
Puc. 2. 3anexHicTh pyHHIBHOTO THCKY BiJl TOBXHHH Ta TIIH-
OMHHU KOpO3iifHOTO MOmKOMKeHHs TpyOu 630%8 MM 3i crami
17T'1C. I'mnbuna momkomkenus a: 1 — 0,8 mm; 2 — 2,4 mm; 3 —
4,0 mm; 4 — 5,6 Mm; 5 — 7.2 mm; 6 — 7,6 mm; 7 — 7,8 MMm; 8 —
PP =1,6 MIla; 9 — Pp =0,6 MIla
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€ HeNPUIIyCTUMHUM, TOOTO CIPUYUHUTH PyHHYBaH-
Ha. J{ns mpssMoro TpyOompoBoay 3 BHYTPIIIHIM po-
OOYNM THCKOM Pp = 1,6 MIla mmomkokeHHS 3 TIIH-
OuHOO 7,2 MM HE BUKJIMKAE PyHHYBaHHS HE3aJEKHO
BiJl HOTO MPOTSKHOCTI. Y IbOMY BHMAJIKy HalO1b-
ma JOBXKHMHA MPUITYCTUMOTO Ae(eKTy 3 TTHOUHOI0
7,6 MM oOMeskeHa 3HaueHHIM 200 MM, a 3 NIHOUHOIO
7,8 MM — goxuHOKO 120 MM. Sk OGaunmo, aedek-
TH, PO3MIPH SIKUX € MPHUITYCTUMHUMH JJIsi 3BOPOTHO-
ro TpyOOTIpOBOY, € HENPUITYCTUMHUMH IJISI TIPSIMO-
ro. [Ipu npoBeeHHI TipaBIiYHUX BUIIPOOYBaHb MPH
PrB = 2,0 MIla KxpUTHYHUMHU 3HAYECHHSIMH JTIOBKUHU
MIpU TTHOWHAX TTOMIKOMKEHb 7,2, 7,6 Ta 7,8 MM Oy-
nyTh 3HadeHHs 600, 160 Ta 100 MM BignosimHo. Ta-
KUM YMHOM, IPOBEACHHS TiApaBIiYHUX BUIPOOYBaHb
CTBOPIOE MEBHUH «3alac MIIHOCTI», IPHYOMY BHUILHHA
y pasi 3BOpOTHOrO TPyOOIPOBOY.

Puc. 3 inmtoctpye rpaHu4HI KpUBi CTOCOBHO Tpi-
MUHOMOAIOHNX NedeKTiB as pisHUX (QiKCOBaHUX
3HaueHb iX 0E3pO3MipHHUX TMUOUH IJIsi TECTOBOTO
TpyOonpoBoay (HOpMAaTHBHI 3HaYEHHS 30BHIIIHBO-
ro aiamerpa 355,6 MM 1 TOBIIMHHU CTiHKH 7,92 MM 3i
crani X46). [lpu 3meHIIeHH] JOBKUHU nedekty 2/
a0o0 ¥oro NIMOWHYU a 10 HyJsl TPAaHUYHHN TUCK Ha-
OMKaeThCA 0 3HAUYEHHS pYyHHIBHOTO THCKY IS 0€3-
nedektHol TpyOu. Ha 1iboMy >k pHCYHKY HaBEICHO
TpaHWYHY KPUBY IJIS HACKPI3HOTO TPIITUHOITOiI0-
HOTO nedekty (CBHI), MO PO3ALILE AiarpamMmy Ha IBi
o0iacTi, B OJHIH 3 SIKUX pealli3yeThCsl CUTYAIlid Tedi
nepea pyHHYBaHHSM, a iHIIA BiJIOBiae KaTacTpoO-
¢iunomy pyiiHyBaHHIO. Lle o3Hauae, Mo MOoBepxHe-
BUI neeKT, o Mpopic HACKpi3b, MOXKE NEPENUTH B
HecTallnbHUH cTaH (pyHHYBaHHS), SKIIO TOYKa Ha
Jiarpami, o XapaKkTepu3ye HOro JOBXKHUHY Ta MpH-
KJIQJICHUH THUCK, JIEKUTh BUILE TPAHUYHOI KPUBOI [
HackpizHoro nedekty. | HaBmaku, Horo TOBKUHA HE
301IBIIUTHCS Ta Oy/e rapaHTOBAaHO BUKOHAHHS yMO-
BU KOHIIETIIIIT «Te€4a nepel pyHHyBaHHIMY, SIKIIIO Bij-
MOB1JTHA TOYKA JIGKHUThH HIKYE 32 3raJlaHy KPUBY.

ImoBipHicHuii anani3 BBy onpecyBanns. He-
Xal i-MiITHKa TPyOOTIPOBOIY XapaKTEPU3Y€EThCS MesI-

P, MIla X
14 — .
_—-\.L\'\-
10 . VAl
PN 3
LN D~ F O
e
3 ’ ]
2
0 0.05 0.10 0,15 21, M

Puc 3. 3anexHoCTi TpaHHYHOTO BHYTPIIIHBOTO THUCKY Bif Ipa-
HUYHOI TOBXUHH Je(QEKTy IS TPIIUHOMOAIOHUX MTOBEPXHEBUX
HaiBENINTHYHUX Ae(eKTiB (3 pi3sHUMH O€3pO3MiIpHIMH TITHOU-
HaMH) Ta HackpizHoro aedexry (cBum): I — a/t = 0,2; 2 —0,3;
3-04;,4-0,5,5-0,6;6-0,7, 7-0,8;, 8—0,9; 9 — cBuIg
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KMM PiBHEM HaJIIHHOCTI 77, JUISl MAKCUMAIIBHO MOJKIIH-
BOTO BHYTPIITHHOTO THCKY Ha Wil minsHIi. Sk Oyno
Moka3aHo B [14], HagiHHICTh K[ Maiike OJHO3HAYHO
3aJIeKUTh BiJl KUTBKOCTI AeeKTiB Ha Iill AinsaHI (32
YMOBH, III0 BIUIUB PO3KUAY MEXaHIYHHX BJIACTHUBO-
CTEeH MeTally Ta TeOMETPUYHUX PO3MIipiB TPyOH He-
3HAYHI) 1 BiJl HASBHOTO CTATUCTUYHOTO PO3IOALILY
po3MmipiB gedeKTiB. Y pOMY BUIMAAKY HMOBIpHICTD
py¥iHyBaHHs MUIHKY f, = (1 — 7)), a KIIbKiCTh 04iKy-
BaHUX pyWHYBaHb N Ha BCiX i-X AUISHKaX TpyOoImpo-
BOAy € 100yTKOM /1 K, TOOTO:

N=f-K, (1)

3 gacoM 30UTBITYETHCS SK KUTBKICTh Ae(EKTiB,
Tak i X po3mipu. it BIZHOCHO MaJoro MpOMiXKKY
qacy Jne(eKTH, 1110 3HOBY YTBOPWIHCS, yepe3 oOMe-
XKEHY IIBHUIKICTH iX PO3BUTKY HE OynyTh BILIUBATH
Ha HagiiHicTh TpyOOonpoBoay. ToMy, 3aar0un MIBHUI-
KICTh PO3BUTKY A€(EKTIB, Y NEPIIOMY HaOJIMKEH-
Hi MO’)KHA BU3HAYMTH 3MiHYy HaAiifHOCTI B yaci. by-
JIeMO BBa)KaTH, IO CEpeIHs MIBUAKICTH PO3BUTKY B
MUOUHY HasBHHUX AedekTiB nopiBHioe 0,17 MM 3a
piK 1 0 aucepcis mBUAKOCTI AopiBHIOE 0,1 MM 3a
pik (1Ie o3Havae, M0 MBUAKICTH Kopo3ii 0,27 3a pik
€ J0CTaTHLO WMOBIPHOIO), a IIBUJKOCTI Ta AHUCIIEP-
cii MBHIKOCTI PO3BUTKY KOPO3iiHUX Ne]eKTiB 3a
JOBKMHOIO Ta mupuHOIO B 10 paziB Bumi. Y 1npomy
BHUIAAKYy MOKHA BU3HAYUTH HAMIHHICTE K (QYHKITIIO
yacy Ta MakcuMmasibHoro Tucky. Ha puc. 4, a HaBene-
HO Tpadiku 3aJIe)KHOCTI HATIWHOCTI AJISI TECTOBOTO
TpyOOTIpoBOLy (HOPMAaTUBHI 3HAYEHHS 30BHIITHHOTO
niamerpa 355,6 MM Ta TOBIIMHH CTiHKH 7,92 MM 3i
ctaisi X46) 3 nporpecyounM KOpO3iiHHUM AepeKTOM
BiJ] yacy eKcCIUTyarawii 1Jisl pi3HUX piBHIB MAKCHMaJlb-
HOTO pOOOYOTO THCKY.

[IpoBenenns BUpoOyBaHb MiABUIIEHUM THCKOM
MPU3BOJIUTH JIO TOTO, IO YacTHUHA JedeKTiB Moxke
3pylHyBaTuCcsi. BBaxkaroun BiZpeMOHTOBaHI Mic-
111 a0COJIIOTHO HAJAIMHUMH, TUM CaAMHM 301JIbIIYEMO
MOJIAJIBIY PO3PaxXyHKOBY HaJiHHICTH TPpyOOTIPOBO-
ny. IIpupiBHSIEMO BeTUYUHY HAIIMHOCTI MPHU iABU-
IIEHOMY THUCKY B JaHWU 4yac (0e3 ypaxyBaHHS Miapo-
cTaHHSA AePEeKTiB) MO BEIWYMHH HANIWHOCTI IMPHU
MaKCHMaJILHOMY pPOOOYOMY THUCKY (3 YpaxyBaHHIM
PO3BHUTKY KOpO3ilHUX nedekTiB y daci). Takum um-
HOM MO’KHA BU3HAUYWUTH 3aJICKHICTh IIPOMIXKKY 4acy,
MPOTATOM SIKOTo OyAe pealli3oBaHO «IOKpaLlyBajlb-
HUI 4acy — y pe3ylbTaTi onpecyBaHHs Oyae BHUsBIIE-
HO Ta YCYHYTO Ti Ae(EKTH, SIKi MOXKYTb IIPU3BECTHU JI0
pyliHyBaHHs y BKasaHuii yac. I'padiku Ha puc. 4, a
Ta 4, 6 UIIOCTPYIOTH CYTh 3alPONOHOBAHOIO ITiIXO0-
ny. Tak, BUKOHaHHS ONpECyBaHHs Ha PiBHI THCKY B
12 MlIla, o Bigmosimae magiaocti 0,9974, i mo-
JATBIIHIA PEMOHT JAS(EKTIB, 110 «BUSBUIN» ceOe, 10-
3BOJISIE 3a0€3MICUNTH BUXIIHY HaAIHHICTh, 10 JOPIiB-
Hioe 1. 3 iHmoro 60Ky, TOCTYIIOBE MOTIPIICHHS CTaHy
KOHCTPYKIII1 32 paxyHOK KOPO31HHOTO TIOIIKOKEHHS
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TIpU3BEIE 10 TaKo1 )k HamiitHOCTI 0,9974 TiTBbKY MmicTs
3aKiHYEHHS eKCIUIyaTalliifHOTO MepPiofy B TPU POKHU
IIPU PiBHI MaKkCUMaIbHOTO pobodoro Tucky 6 Mlla.
Lle o3Hauae, mo nedektu, aKi Manu O MPU3BECTH 10
pyWHYBaHHS 3a IIi TpU POKHU, OyAyTh 3pyHHOBaHI B
MPOIIeCi ONPECYBAHHS 1 TAKUM YHHOM MPOTATOM IO~
rO TEpPMiHY OyJIe JOCATHYTO 301IbIICHHS HAMIMHOCTI
TpyOOIIPOBOLY.

Crij 3a3HaYUTH, 1110 METOOJIOTIS PU3UK-aHAIIZY
3acHOBaHa Ha iMoBipHiCHUX MeToaax [11, 12], 1 Tomy
MPOBENICHHSI ONPECYBaHHs HE rapaHTy€e BHKIIOUCHHS
JIOKaIIbHUX PYHHYBaHb MPOTITOM 32/IaHOTO TEPMiHY
ekcruryararii. Tak, IJIsi TOYaTKOBUX IyXKe TITH00-
KUX, aje KOPOTKUX Ae(EKTiB MPOBEICHHS OMPECY-
BaHHS MOXK€ HE IPU3BECTH IO BHUSBICHHA AE(EKTY,
OCKIJTBKH, SIK I1¢ BHIUIMBAE 3 PUC. 2 1 3, 3aJIMIIKOBa
MILHICTh 1X AOCUTH BEJUKA, Y TOW Yac sK IpU Ha-
SIBHIH IIBUJIKOCTI POCTY IOBEPXHEBUX A€(PEKTiB BOHH
MOXYTb CTAaTH HACKPI3HUMH BXKE Uepe3 HEBEJIUKHUH
yac (TOpIBHSHO 3 «IOKPAILYIOYHM YacOM») IiCIs
MpoBeAeHHA ompecyBaHHSA. OfHAK TYT MO3UTHBHUM
MOMEHTOM € Te€, 1[0 KOPOTKi Ae(heKTH MPHU3BOAATH 10
BiIMOB THUIIY JIOKaJbHOI Te€4i, a HE THILYy TOBHOMAC-
mTabHOTO (TITBHOTUHHOTO) pyHHYBaHHS.

Hagezaenuii mijxif, CyTh KOO CKJIaaI0Th CyMIIIIeHI
niarpamu Ha puc. 4, a 1 4, 6, po3paxoBaHi JijIsi TECTOBO-
ro TpyOorpoBoay (HOpMaTuBHI 3HaUYE€HHS 30BHIIIHBO-
ro miamerpa 355,6 MM Ta TOBIIWHU CTIHKH 7,92 MM 3i
cTaii X46), mo3BOJIsIE€ BUPINITYBATH JB1 331a4i:

— mepiua, po3MISHyTa HaMH BHINE, MOJSAraE y
BH3Ha4YeHHI TepMiHy Oe3aBapiifHOiI eKCIuTyaramii mic-
JIS1 IPOBENICHHSI ONIPECYBAHHS, SKIIO BiJOMO 3HAYCH-
HS MaKCHUMaJlbHOTO poO04Y0Oro TUCKY TPyOOHpoOBO-
ny. 3a IpUWHATHM THCKOM ONpPECYBaHHA 3 rpadika
Ha puc. 4, 6 BU3HaYa€ThCs HAAIHHICTh. 3a BiJOMOIO
HaJiHHICTIO Ta MAaKCUMAJIbHUM POOOYHM THCKOM 3
rpadika Ha puc. 4, @ BU3HaYa€ThCS TEPMiH Oe3aBapiii-
HO{ eKcIuTyaralii, 1o 3abe3neuyeTbesi IPOBeIeHHIM
JaHOTO TiJPOBHUIIPOOYBaHHS;

— JIpyra ToJjsrac y BU3HAUCHHI piBHS BUIPOOY-
BaJIBHOTO THCKY ONPECYBaHHsI [ TapaHTyBaHHs He-

00XigHOTO TepMiHy 0e3BiAMOBHOI poOOTH NpH 3a1a-
HOMY MaKCHUMallbHOMY pobodoMy THCKY. [ nporo
Ha puc. 4, @ BUOUPAETHCS HEOOX1THUH TepMiH 0€3BijI-
MOBHOI eKcIutyarauii Tpydonposony. st BHOpaHOTO
TEpPMiHYy MPOBOJUMO BEPTHKAIBHY JIHIIO 0 TIEPETH-
HY 3 KpHUBOIO HaJIITHOCTI 33JJaHOTO POOOYOTO THUCKY.
Touka mepeTuHy BEpTHKaJi Ta KPUBOI HATIHHOCTI
BH3Ha4Ya€ HeOOXiMHY HamiiHICTE. 1o Hilt 3 Tpadika Ha
puc. 4, 6 TeTKO BU3HAYUTH IITYKaHUN BUTIPOOYBaIb-
HUM THCK ONpPECyBaHHs.

Po3pobnenuit miaxig Moxe OyTH METOIOJIOTId-
HOIO OCHOBOIO IIPU3HAYEHHS BUIPOOYBaJIBHOTO THU-
cKy ompecyBaHHs. [Ipu npomy ciix matu Ha yBasi,
10 peaibHe IMiABUIICHHS HAIIHHOCTI TpyOOmpoBO-
Iy MOX€ JIOCSITaTHCS TiINBKH Y BUMAAKAX JOKAIbHUX
pyliHyBaHb Je(EeKTHUX Miclb. |Hakme BUnpoOyBaH-
HS MiIBUIIICHUM THCKOM OYIyTh JIHIIE TOPOTOIO Jie-
MOHCTpALi€r0 UTICHOCTI TPyOONpOBOAY. 3 1HIIOTO
00Ky, 3aIIpONIOHOBaHMM MiAXia € iiMoBipHicHUM. Lle
O3Hauae, 110 pyHHYBaHHS B MpoIeci BUMTPOOYBaHb
MOXYTb CTAaTUCH, SKIIO iXHSI UMOBIPHICTh IOCUTh BU-
coka. [Ipu npoMy KITFOYOBHM TapaMeTpoM, IO BU3HA-
Yae JOMUTBHICTh TIPOBEICHHS ONPECyBaHHS, € OUIKY-
BaHE YHCIIO PYHHYBaHb y MPOIECi BUTPOOYBAHb, 110
BU3HaYaeThes 3a popmynoro (1). Axmo 1e aucimo
IyXe Majie, TO BUTPAaTH Ha IPOBEIEHHs ONpeCcyBaH-
HS 3HaYHO MEPEBUILYBaTUMYTh CKOHOMIYHY BUTOLY
BiJl 3MEHIIIEHHS KiTHKOCTI pyHHYBaHb y TMpOIeci eK-
crutyaranii. MaremMaTn4Ho BUMOTra €KOHOMIYHOI J10-
LIBHOCTI MPOBENICHHS ONPECYBaHHS 3alUCYETHCS SK:

) 3on+H‘Nl<3pl‘Nl’ 2
ne 3, — iHTerpajbHi BUTPaTH Ha TPOBEJICHHS Onpe-
CYBaHH$, L0 BKJIIOYAIOTh HE TLIBKH NpsiMi, ajie 1 He-
OpsMi BUTPaTH, TIOB’5I3aH1 3 TPOCTOEM 1 BTPaYCHOIO
BiJl IOTO BUIO/0K0; N, — KUIBKICTh PylHYyBaHb Ha
1-ii minsgHOi TpyOompoBoay; 11 — BapTicTh peMoHTY
OfIHOTO Je(eKTy; 3 | — TmpsiMi Ta OOCEPEAKOBaHI BH-
Tpary, OB’ sI3aHi 3 JOKAJIbHUM PYHHYBaHHAM Ta HOTO
pemonTtoM 11, 110 BKIIOYAIOTH SIK MOpaJbHI BUTPAaTH
(Hanpukian, HeraTMBHI MyOiikamii B mpeci, 3MeH-
IIEHHS CYCHIIBHOI TOBIPH CIIOKUBAdIB /10 EKCILTyaTy-

Haniitnicts

)

T
[ PR S g S

5 6 7 8 9 1011 12 13 14 P,Mlla

Puc. 4. I'padiku 3MiHM piBHSA HaIiHHOCTI TPyOOIIPOBOAY 3aJIEKHO BiJf Hacy €KCIUTyaTalii 3a HassBHOCTI KOpo3iitHoOTO nedexty (a) Ta
3MiHU PiBHSI HAIIHHOCTI TPpyOOIIPOBOIY 3aJI€KHO Bil THCKY onpecyBaHHs (0): [ —P=5;2-6;3-7;4—8 Mlla
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FO40i opraHi3aiiii), TaK i BUTpaTH, TIOB’sI3aHi 3 BiTHOB-
JICHHSIM €KOJIOT1YHOi cuTyauii. Po3pobka metomomnorii
OL[IHKHA BEJIMYUH 3, 3101 € HEeOoOXIJIHUM 3aBIAaHHSIM
U pO3pOOKH €KOHOMIYHO €(EeKTHBHOI METOMOIOTI]
MPOBE/ICHHS ompecyBaHHsA. Sk BUILTMBAE 3 (2), Taka
JIOLIBHICTh MOJKE€ MaTH MICIE, SKIIO YKCIIO N, no-
CHUTH BEJIMKE, 10 BinmoBigHo 10 (1) Mae MicIie, SAKIIO
AMOBIpHICTh pyHHYBaHHs NE€PEKTHOI NUIAHKM f 1
KUTBKICTh HasIBHUX JC(EKTIB K. nocursb BEJIHKI.

st BUOOpyY MpoLeaypH ONPECyBaHHS MOXE BHU-
SIBUTHCSI KOPUCHHUM TIOHSATTS IUTOMHUX BUTPAT e(heK-
THBHOCTI, IIIO JOPIBHIOE €KOHOMIi KOIITIB Bif IMPO-
BEICHHS TiApaBIIIYHUX BUIIPOOYBaHb, MOAIJICHOT Ha
KUTBKICTh "acy 7, IO «ITiIBHIY€ HATIHHICTBY MicIs
MIPOBEICHHS OTPECYBaHHS:
(3p1 - H) : Nl - 3011 (3)

T

OueBuaHO, MO (GopmManbHO 301BIICHHS TH-
CKy ONpPECYBaHHs IPHU3BOJMTH 10 30inblIeHHI N,
aje MpU bOMY 30UIbIIyeThCs Yac 7, MO «ITiABU-
I[y€ HATIHHICTh». 3ayBaXKUMO, 1110, SIK BUILIMBAE 3
puc. 4, a i 4, 6, N 36i1bmyeTbcs Habararo MIBUJI-
me, HiX 7, Tomy ¢opmanbsHO 3 (3) BHUIIIMBAE, 110
YUM BUIIAHA THUCK, TUM €(QEeKTHUBHIIIE ONMpecyBaH-
Ha. HacmipaBnai BenmnumHa THCKY 0OMeEXeHa «PO3yM-
HUM» HaMpyXeHHSIM Y MeTalli TpyOOmnpoBOIy, IO HE
MPU3BOAUTE J0 MOMIKO/PKEHHS METaly, HampUKIa
BEJTMYMNHOI0, OTM3BKO0 10 MeXi TMHHOCTI. [lo-apy-
re, MakCUMaJIbHUN 4ac T TakoX Mae OOMEKEHHS,
OB’ s3aHi 3 3apOJKCHHSAM Ta PO3BUTKOM HOBHX JIC-
(hbekTiB, sIKi HE BKJIIOUEHI 0 BUXIJHOT CTATUCTUKHU Ta
BpaxyBaHHs SIKUX MOKE€ B MallOyTHBOMY iCTOTHO 3Mi-
HUTH IPOTHO30BaHI apaMeTpy HaiHOCTI.

E:
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PERFORMANCE OF HYDRAULIC TESTING OF PIPING OF HEAT NETWORKS TO
ACHIEVE THE SPECIFIED RELIABILITY OF THEIR OPERATION

V.M. Torop

E.O. Paton Electric Welding Institute of NASU, 11 Kazymyr Malevych str., 03150, Kyiv, Ukraine. E-mail: v.torop@gmail.com

Factors affecting the operational reliability of heat networks during periodical hydraulic testing (pressure testing) by higher
pressure. Analysis of damage of Kiev heat network piping during 2002 — 2017 has been performed and deficiencies of normative
documents have been noted as regards the procedure of performance of periodical hydraulic testing by higher pressure. Influence
of defects has been considered and an approach has been proposed for determination of testing pressure, in order to achieve the
specified reliability of operation of pipelines with defects. Ref. 14, Fig. 4.

Keywords: heat networks, piping, hydraulic testing, fracture, corrosion, defects, reliability
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ULTRASONIC TESTING IN NUCLEAR PLANTS
VIIETPA3BYKOBUI KOHTPOJIb HA ATOMHMX CTAHLIIAX

by Anmol Birring and James Williams

The approach for nondestructive testing inspections in nuclear power plants differs significantly from nonnuclear industries. In
most industries, inspections are planned and specified by owners or insurance companies. Nuclear plant inspections are, how-
ever, regulated and must follow certain processes, regulatory requirements, and required codes. Codes classify components and
specify inspection methods, coverage, and inspection intervals. With regard to ultrasonic testing (UT), there is a broad range
of applications for nuclear plant components. Applications vary from simple corrosion/erosion scanning to more complex
techniques that require UT of difficult-to-inspect materials. These include dissimilar metal welds of materials such as stainless
steel, nickel alloy, and cast stainless steels. In addition, UT inspection can include tests of complex geometries such as nozzles
and turbines. Furthermore, due to the nature of the nuclear plant operation, the inspection processes must be demonstrated
to validate reliability and qualify equipment and personnel. Finally, this article highlights the importance of using notches as
calibration reflectors when using refracted longitudinal waves and large aperture phased array probes to improve resolution.

[Migxix 1o HepyHHIBHOrO KOHTPOJIO Ha aTOMHHX €JIEKTPOCTAHI[ISIX CYTTEBO BiIPI3HAETHCS BiJ HEAaTOMHHUX raiys3eil. ¥
OITBIIOCTI TATy3€el TPOMHUCIOBOCTI OOCTEKEHHSI IUIAHYIOThCS Ta PH3HAYAIOTHCS BIACHUKAMH a00 CTPaXxOBUMHU KOMIIAHIsIMU.
[Ipore oOcTexkeHHs (KOHTPOJIb) Ha aTOMHHX CTAHIISAX PETyITIOIOTECSI HOPMATHBHUMH BUMOT'aMH, TIOJIOXKEHHSIMH 000B’I3KOBUX
CTaHAApPTIB Ta MAIOTh BiJIIOBiaTH BCTAHOBJIEHHUM IIponeaypaM. CTaHIapTH BCTAHOBIIOIOTH KIacH(]iKalliio eleMeHTiB, BUAH,
00CsITH Ta NepioanIHICTs KOHTporo. 110 cTocyeThest ybpTpa3ByKoBOro KOHTpOITo (Y3), icHy€e IIMPOKUH CIIEKTp 3aCTOCYBaHb IS
€JIEMEHTIB aTOMHHUX CTaHI[IH. 3aCTOCYBaHHS BapilOIOTHCS BiJ IIPOCTOTO BUSIBIEHHS KOPO3ii/epo3ii K0 CKIaIHINIMX METOIIB, SIKi
MoTpeOyroTh Y3 MaTepialliB, 0 BAXKO MUIAIOTHCS KOHTPOITIO. J[0 HUX HaJle)KaTh KOMIIO3UTHI 3BapHI IIIBH 3 TAKUX MaTepiaiB, K
HeprKaBilo4ya cTallb, HiKeJIEBHH CIUIaB i JIMTa HeprkaBitoda ctaib. KpiM Toro, ¥3 KOHTpOIb MOXKeE 3aCTOCOBYBATHUCH JI0 €IEMEHTIB
31 CKJIaHOIO TeOMETPI€I0, TAKUX K coruia Ta TypOinn. Kpim Toro, uepe3 0coOnMMBOCTI eKcIuTyaranii aTOMHOI CTaHIii HeoOXiTHO
TIPOIEMOHCTPYBATH TIPOLIEYPH ITEPEBIPKY JUTS i ATBEPPKEHHS HaNiitHOCTI Ta KBamiQikamii o0iasxHaHHA Ta mepconaiy. Hapermri,
y Ii#f CTaTTi MiAKPECIIOETECS BXKINBICT BUKOPHUCTAHHS BUPI3IB SIK KaJiOpyBaIbHIX BiOWBAUiB IIPH BUKOPHCTAHHI 3aJIOMIICHUX

TIO3MOBXKHIX XBIIIB 1 ()a30BaHUX PELIITOK 3 BEJMKOIO allepTypOIO IS IIOKPAIEHHs PO3IUIBHOT 31aTHOCT.

Introduction

As of March 2022, there were 56 nuclear plants
in the US with 93 operating reactors. Of these, 62 are
pressurized water reactors (PWRs) and 31 are boiling
water reactors (BWRs) (NRC 2022). Safe operation of
nuclear plants requires application of reliable nonde-
structive testing (NDT) inspections. Operation, inspec-
tion, and maintenance of nuclear plants is regulated by
the US Nuclear Regulatory Commission (NRC) and
therefore inspections must meet NRC requirements.

Application of NDT has reduced forced outages
and extended plant lives. In addition, improved tech-
nologies have reduced planned outage periods, there-
by increasing the availability factor. The intent of this
article is a general introduction of the UT techniques
applied in nuclear plants.

Components of Nuclear Power Plants

There are two basic types of nuclear power plants
in the US: PWR and BWR. The major difference be-
tween them is the means of steam generation. In a
PWR, steam is generated in a two-step process. In the
first step, heat produced by fission of the nuclear fuel is
transferred to reactor coolant (pressurized water) in the
reactor pressure vessel and circulated to the steam gen-
erators to produce steam. The steam generator is a large
heat exchanger that transfers heat from the reactor cool-
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ant to the water in the secondary circuit. The main dif-
ference between the PWR and BWR is that there is no
separate steam generator and the steam from the boiling
water reactor goes straight to the turbines.

Major components of the PWR are described in
the Reactor Concepts Manual available on the US-
NRC website (NRC 2020). They include the reactor
vessel, primary piping, reactor coolant pump, pres-
surizer, steam generator, secondary piping, turbines,
and generators. In the US, the three basic designs of
the PWR are the Westinghouse, Combustion Engi-
neering, and the Babcock and Wilcox. A typical PWR

Pressurizer

! 1

Turbines

il

— O

Condenser Lake

4—04__

Pump

-
Pump

Reactor Steam

generator

Figure 1. Pressurized water reactor circuit. Primary circuit is
between the reactor and steam generator. Secondary circuit
includes the steam generator, turbines, and condenser.

Puc. 1. Cxema peaktopa 3 BOAOIO Iiji THCKOM. [ 0JI0BHUIT IUPKY-
JSIIHHUA KOHTYp MIXK PeakTopoM i maporeHeparopoM. pyruit
KOHTYP BKJIIOUA€ MaporeHeparop, TypOiHu i KOHISHCATOP
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circuit is shown in Figure 1. A BWR plant does not
include a steam generator and secondary piping.
Components in a nuclear plant are classified as
per the International Atomic Energy Agency (IAEA)
safety classification (STUK 2000). They are Class 1,
Class 2, and Class 3, with Class 1 being the most crit-
ical. Inspection requirements depend on the compo-
nent class. Inspection frequency and NDT methods
for each class are given in ASME XI as subsections
IWB, IWC, and IWD, respectively (ASME 2019b).

Reactor

A reactor is a large heavy-wall vessel that contains
the reactor core with nuclear fuel. The nuclear fuel
by the process of controlled fission produces heat,
which is transferred to the coolant. This cylindrical
vessel has a hemispherical bottom and a removable
top head. The top head is removed for refueling and
makes access available for inspections, including
NDT. The reactor vessel is constructed from manga-
nese molybdenum steel, and all surfaces that come in
contact with the coolant are clad with stainless steel.
The typical PWR temperature range for outlet and in-
let leg is 326 °C (619 °F) to 292 °C (558 °F), respec-
tively, and at a pressure of 15.6 MPa (2263 psi).

A BWR operates at a steam temperature of about
287.8 °C (550 °F) and a pressure of 8.62 MPa (1250 psi).

A reactor is a Class 1 component. UT is applied
extensively to the reactor pressure vessel shell welds
and the nozzle welds connecting the reactor vessel to
the primary piping.

Primary Piping

Primary piping in the PWR carries the coolant from
the reactor to the steam generator and back to the reac-
tor via the reactor coolant pump. In the case of BWR,
the primary piping carries the steam directly from the
reactor to the turbines. Primary piping materials are
mostly cast stainless steel and wrought stainless steel.
For PWRs, primary piping legs between the reactor are
short and can be single-spool spun-cast stainless steel
pipes. Primary piping is a Class 1 component.

BWR Recirculation and Residual Heat Remov-
al Piping
BWR piping is mostly 304 and 316 stainless steel.

Steam Generator — PWR

A steam generator in a PWR plant is a heat ex-
changer that transfers heat from the reactor coolant
and converts water to steam for the turbines. The pri-
mary piping nozzles and tubing of steam generators
are Class 1 components.

Secondary Piping — PWR

Secondary piping in a PWR carries the steam
from the steam generator to the turbines. Secondary
piping material is normally carbon steel. Secondary
piping is mostly Class 2.
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Emergency Core Cooling Water Piping

Emergency cooling water piping circulates cool-
ing water for emergency systems. This piping can
be carbon steel or aluminum bronze. This piping is
a Class 3 component. Some plants have experienced
leaching in aluminum bronze piping.

Turbines

Turbines convert the energy in the steam to a rota-
ry motion for power generation. Damage mechanisms
can include stress corrosion cracking, corrosion fa-
tigue, and stress fatigue. UT is performed on the steam
turbine rotors and blade attachment areas. Common
materials for turbines are steels with various amounts
of nickel, chromium, molybdenum, and vanadium.

Condensers

Before the steam is sent back to the steam genera-
tor, it must be condensed. This operation is performed
in a condenser, which is basically a large heat ex-
changer. Water from a lake, sea, river, or canal pass-
es through the condenser tubes. Steam passes around
the tubes and is condensed. Various tube materials are
used in condenser tubes: these include copper nickel
alloys, brass, and titanium. Tube inspection is done
by eddy current testing. Almost no UT is performed
in the condensers.

Regulations and Codes

Operation of nuclear plants is regulated by the
NRC. The NRC publishes the code of federal regu-
lations. Some of the most important regulations per-
taining to nuclear plants are in 10 CFR, Part 50 (NRC
2006a). Furthermore, 10 CFR, § 50.55 is another
publication that provides codes and standards appli-
cable to nuclear plants (NRC 2006b). The code ap-
plicable to NDT is Section XI of the ASME Boiler
and Pressure Vessel Code (BPVC). This code provides
the information on in-service inspections for various
classes of components. Required inspection and in-
spection intervals for the Class 1 components can be
found in section IWB-2000 of ASME, Section XI.
The inspections listed in ASME, Section XI are cate-
gorized as visual, surface, or volumetric. UT is a vol-
umetric examination. The inspection interval depends
on the type of component.

Specific nondestructive examination methods
are described in ASME BPVC, Section V (ASME
2019a). Specific NDT procedures to meet the ASME
codes are written by the inspecting organizations.

Application of Phased Array Technology in the
NDT Industry

A major upgrade in UT beginning in 2005 has
been the introduction of portable phased array ultra-
sonic testing (PAUT) systems. Previously, all weld
inspections were done using single or multiple sin-
gle-element probes. Phased array systems that exist-
ed (if any) were quite bulky and not commonly used.
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Mechanized scanning with a single-element probe
was done by raster scans and the data reconstructed
into B- and C-scans. Single-element probes would in-
clude refracted angles such as 45°, 60°, and 70°. In-
stead of three separate probe angles, phased arrays
use a single probe that sweeps the beam over a range
of angles and displays the image as a sectorial scan.
In addition, phased array data is taken in a line scan
instead of a raster scan, thus simplifying the scan-
ning process. The phased array sectorial presentation
provides a cross-sectional view that is much easier to
evaluate and interpret as compared to reconstructed B-
and C-scans from conventional single-element probes.
Phased array technology is now routinely used for
inspection of reactor vessel welds, steam line welds,
steam turbines, and other components such as bolts.

In-Service Inspections

This section covers the in-service inspection of the
various components of nuclear systems.

Pressurized Water Reactors

UT is performed on nuclear plant components for
volumetric inspections. A PWR shell is generally 100
to 150 mm thick carbon steel with stainless steel clad.
Phased array ultrasonic inspection is done from in-
side the PWR. The carbon steel shell welds are in-
spected using shear waves. Required inspection in-
tervals can be found in section IWB-2000 of ASME
BPVC, Section XI.

All shell, head, shell-to-flange, head-to-flange, and
repair welds are subjected to a 100% volumetric ex-
amination during the first interval. Ensuing test inter-

Alloy 182
Alloy 82/182
Stainless stee 1

Figure 2. Nozzle-to-safe end dissimilar metal weld. Buttering
(shown in yellow) is nickel alloy 182. Weld material (shown in red)
is nickel alloy 82/182 weld electrode. Inspection of these welds
is done from the inside of the nozzle using phased arrays in the
refracted L-wave mode.

Puc. 2. Komno3uTHuil 3BapHUil OB BiJ Hacaaku a0 Oe3med-
Horo KiHI. CTHK — 11e HikeneBui cruras 182. 3BaproBalbHUMT
MaTrepial — 3BaprOBaJbHUN EJEKTPOJ 13 HIKEJIEBOTO CILIABY
82/182. KoHTpons X 3BapHUX IIBiB BUKOHYETHCS 3 BHYTPIl-
HBO1 CTOPOHU MAaTpPyOKiB 3a TOTIOMOTOI0 (pa30BaHUX PELIITOK Y
pexuMi 3anomienoi L-xBuiri
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vals require fewer beltline region, head, and repair
weld tests. All nozzle-to-safe and butt welds with dis-
similar metals (such as ferritic steel nozzle to stain-
less steel or to heat-resistant nickel chromium alloy)
are subjected to volumetric and surface tests at each
interval. Inspection volume coverage of each weld is
given in Section XI. For similar and dissimilar weld
metal welds, NPS 4 (DN100) or larger nozzles, and
piping, the examination volume is limited to one-
third of thickness from the inner diameter (ID) sur-
face. A typical nozzle-to-safe end dissimilar metal
carbon steel alloy 182 stainless steel weld configura-
tion is shown in Figure 2. Alloy 182 is a nickel alloy
weld material. This material is anisotropic, and shear
waves are ineffective for such welds. Dissimilar met-
al nickel alloy welds are inspected by refracted longi-
tudinal wave (L-wave) mode. Inspection is done from
the inside surface or the outside surface depending
on access (Figure 3). Refracted L-wave can penetrate
such materials, but the inspection is limited to one-
half the vee path of the beam due to mode conversion
upon reflection. Another important aspect of PAUT
is probe frequency and active aperture, which define
resolution and play an important role in inspection
quality. A good inspection requires high-resolution
images with good flaw definition. Higher frequencies
and a large active aperture reduce beam spread, focus
the beam, improve resolution, and result in high-defi-
nition images (Birring 2021).

One of the issues related to PWR is primary wa-
ter stress corrosion cracking (PWSCC). This is dis-
cussed in detail in NUREG/CR-7187 (NRC 2014). Al-
loy 82/182/600 exposed to reactor coolant water (or
steam) is susceptible to PWSCC. Cracking initiates
from the inside surface of such welds. Inspection of
such internal cracks initiating from the inner surface is
typically done from the outside surface using phased
arrays. However, due to limitations in some configura-
tions, the inspection is done from the ID surface.

All studs and threaded stud holes in the closure
head studs undergo surface and volumetric tests at
specified inspection intervals. Any integrally welded
attachments are required to have surface (or volumet-
ric) tests of welds at specified test intervals. UT of the
pressurized water reactor is performed after removing
the head and internals and using a remotely operat-
ed vehicle (ROV) or by placing a tripod-type device
with extended arms on top of the reactor. The reactor
is filled with water during the examination. The front
end of these systems includes the cameras, phased ar-
ray probe, and other sensors. This system is used for
inspection of vessel seam welds, flange-to-shell welds,
nozzle-to-shell welds, nozzle-to-piping welds, merid-
ional (lower head) welds, shell-to-lower head welds,
and nozzle inner radius. ROV systems are neutrally
buoyant and are controlled remotely. One such system
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@ Butter Alloy 182
weld SS

WaVe\\ Aaves

/ PAUT PAUT
SS clad
Alloy 182
PAUT PAUT
L-waves
L-waves
£ \ \
SS clad SS

Figure 3. PAUT of dissimilar metal welds using refracted
longitudinal waves: (a) from ID surface; (b) from OD surface.
Puc. 3. Y3OP (ynbrpa3ByKoBHil KOHTPOJIb 32 JIOIOMOTO0 (ha3oBa-
HHX PEIIiTOK) 3BApHUX IIBIB 13 PI3HOPITHIX METAaNIB 3 BUKOPHCTAH-
HSIM 3aJIOMJIEHIX MO3JIOBXHIX XBIIb: (@) 3cepequHy; (b) 330BHI

is shown Figure 4. Prior to inspections, the systems are
qualified on actual mock-ups of pressurized water re-
actors to ensure detection of the discontinuities.

Boiling Water Reactors

BWR vessels consist of a cylindrical shell and a
hemispherical bottom head containing both the control
rod penetrations and the in-core instrumentation pen-
etrations. The top head is hemispherical and includes
nozzles with bolting flanges attached. BWRs by design
have limited access for internal in-service inspection.

A main issue with BWRs (and especially the old-
er reactors) is the limited access for internal in-ser-
vice inspection. Typically, a large percentage of the
vessel’s weld lengths were exempted as inaccessible.

Figure 4. Nuclear reactor nozzle scanner.
Puc. 4. Ckanep narpyOKiB sJepHOTO peakTopa
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The main difficulty in the inspection of boiling water
reactors is access to the welds below the top of the
core elevation in the boiling water reactor. The inac-
cessibility results from the narrow clearance between
the vessel sidewall and shroud surrounding the core
barrel. Increased coverage of the reactor interior re-
quires the use of maneuverable robotic devices (Bir-
ring et al. 1990).

The internal clearance is typically in the 150 to 300
mm (6 to 12 in.) range at the top and can be less at
the bottom of the vessel. Clearance varies from the top
(inlet) to the bottom (outlet) of the jet pumps. For this
reason, BWR inspections have always been limited to
elevations above the top core level. The limited exam-
ination is, however, not enough for the evaluation of
aging plants and for license renewal. For this reason,
there is always a need to increase the test coverage of
welds in BWRs. To increase ultrasonic inspection cov-
erage, several companies in the nuclear industry have
designed robotic tooling to access these welds from
the inside surface. Several inspection agencies funded
programs to conduct additional inspections to increase
coverage. These systems combine mechanical scan-
ners with advanced UT data acquisition and analysis
systems. Software tools are integrated into these sys-
tems for acquisition, real-time data processing, and test
tracking. The tracking tool provides a real-time display
of the surface location of the scan module by using a
drawing of the reactor or examination area.

During a test, the scan module’s surface location
is recorded on the selected test area drawing. When
the inspection is complete, the user can check cover-
age, display, evaluate, and create reports.

Primary System Piping

The design of coolant piping differs according to
reactor design. This can include wrought stainless
steel, ferritic steel with stainless weld overlay, and fer-
ritic steel with metallurgically bonded and cast stain-
less steel. Manual UT is the method applied for in-
spection of welds in stainless steel pipes. Welds are
inspected with both shear and longitudinal waves.
Shear waves work well for base metal defects such as
inner surface diameter toe cracks. Refracted longitudi-
nal waves are applied to detect discontinuities inside
the weld volume that are difficult to penetrate with
shear waves. Cast stainless steel is by far the most
difficult piping material to inspect. Preferential grain
structure in cast stainless steel makes shear waves in-
effective. Longitudinal waves are affected less than
shear waves. Angle-beam longitudinal waves are
therefore used for the testing of cast stainless pipes in-
stead of shear waves. Typically, dual-element low-fte-
quency refracted L-wave transducers or phased arrays
in the refracted L-wave mode are applicable.

A significant issue of BWR piping has been the oc-
currence of intergranular stress corrosion cracking (IG-
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SCC). The piping is mostly 304 and 316 stainless steel.
A combination of material, environment, and stress can
lead to IGSCC. The first noted incidence of IGSCC was
in December 1965, and since then cracking has been
found in several plants (NUREG 2000). IGSCC is
found in the heat-affected zone of the welds. Cracking
has been found in small-diameter piping, large-diam-
eter piping, and in Inconel-safe ends welded to auste-
nitic stainless steel. Detection of IGSCC is difficult be-
cause of its undefined shape, which follows the grains.
Substantial efforts in research and development have
led to the development of test procedures and inspec-
tor training for detection and sizing of such cracking.
These programs are conducted on samples with actu-
al IGSCC. Inspectors are first trained in UT techniques
and then tested on samples with actual discontinuities.
Carbon steel pipes with stainless steel weld overlay
clad can also be difficult to inspect. Unless the weld
overlay is machined, the clad results in random reflec-
tions from the weld overlay at the ID surface, making
inspection in the second leg practically impossible.

Steam Generators

Steam generators are heat exchangers that are part
of the PWR loop. High-temperature, high-pressure
water from the reactor enters the steam generator.
Hot water flows through the steam-generator tubes to
produce steam for the turbines. Steam flows from the
secondary loop to the turbines.

Inspections conducted in steam generators focus
on the inlet/outlet nozzles, which are located at the
bottom of the steam generator. Inspection is done by
inserting an inspection device through the nozzle.
These devices have special tooling that first pass-
es through the nozzles and once inside, expand to
inspect the nozzle. The front end of this tooling in-
cludes cameras, phased array probes, and eddy cur-
rent probes. As always, the tooling must be demon-
strated and qualified on mock-ups.

Secondary Piping

A degradation mechanism found in PWR and BWR
carbon and low-alloy steel piping is flow-accelerat-
ed corrosion (FAC). This corrosion mechanism oc-
curs when the protective oxide layer dissolves by the
fast-flowing water. FAC occurs when three conditions
are met: temperature, pH level, and steel composition.

Two common methods applied for this inspection
are ultrasonic thickness testing and radiographic test-
ing (RT). The main advantage of RT is that the inspec-
tion can be done without the removal of insulation.

Emergency Core Cooling Water Piping

An example of material degradation in piping is
shown in Figure 5. Material degradation can result in
loss of strength and toughness. In some cases, materi-
al degradation can result in a reduction in ultrasonic
velocity and an increase in ultrasonic backscatter. In
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addition, material degradation may or may not include
corrosion. Detection of such damage when associated
with corrosion can be challenging. A form of material
degradation is selective leaching in aluminum bronze.
Leaching occurs in cast aluminum bronze components
in water service, whereby aluminum leaches out and
forms aluminum hydride, leaving a copper-rich vol-
ume. Advanced UT techniques have been used with
some success for the detection of selective leaching.
These include measuring velocity drop using time of
flight diffraction software and full matrix capture.

Turbines — Solid Rotor

The common rotor for steam turbines is the solid
(or boreless) rotor. Bored rotors were previously used
as they ensured removal of defective material from
the center, which was left during the steel making and
forging process. With improvements in steel making,
the bored rotors have been phased out and replaced by
solid rotors (Viswanathan 1989). The main advantage
of a solid rotor is its lower level of stress compared to
the bored rotor. The lower stress level makes the bore-
less rotor more tolerant of larger discontinuities.

A solid rotor is tested by using a combination of
L-wave and transverse wave transducers. Inspection
of solid rotors requires that the selected angles cover
the maximum possible material volume. Specific scan
plans are developed to ensure coverage. As an alterna-
tive, phased arrays that sweep a range of angles can be
used. Transverse cracking in low-pressure rotors initi-
ates from corrosion pits and can grow during service
by fatigue corrosion. Transverse cracking is detected by
magnetic particle testing on the outside rotor surface.

Turbines — Blade Attachment

The mechanism of crack initiation and growth in the
attachment of turbine disk to blade (steeples) depends
on three variables: operating temperature, stresses, and
environment. Stress corrosion cracking, combined with
fatigue, is the primary mechanism. Initially, cracking

Figure 5. Example of material degradation. Material degradation
can result in a decrease of ultrasonic velocity and an increase in
backscattering.

Puc. 5. llpukman nerpanamii marepiany. Jlerpananis marepia-
Iy MOYKE IPH3BECTH J0 3MEHIICHHS IBHIKOCTI YIBTPa3ByKy Ta
301TBIIEHHS 3BOPOTHOTO PO3CIIOBAaHHS
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Notch —-

112 mm

Figure 6. Phased array inspection of turbine disk blade attachment area: (a) PAUT probe setup on the calibration block with notches;
(b) phased array image showing detection of 1.5 mm notch. Inspection requires high-resolution PAUT probes to resolve between the
notch and geometries B and C. The probe is 5 MHz, 32x1.0 mm.
Puc. 6. TlepeBipka 30HM KpiIIEHHsI JIOIIATKH JUCKA TypOiHK (pa30BaHOIO penriTKoo: (a) ycraHoBKa 30012 Y3®P Ha kaniOpyBaibHuiA OJI0K 3
Haciukamu; (b) 300pakeHHs 3 (pa30BaHOIO PEIIITKOLO, IO JICMOHCTPYE BUSBICHHS BUIMKH 1,5 MM. J[51s1 KoHTpOITIO OTpiOHI 30H11 Y3DP 3
BHCOKOIO PO3/IUTEHOO 3aTHICTIO, 00 BU3HAYUTH MEXKi MiXK BUIMKOIO Ta reomeTpisimu B 1 C. 3oua mae gactoty 5 MI'1y, 32x1.0 Mm

in a low-pressure rotor grows slowly by stress corro-
sion. When the stress intensity KI exceeds the thresh-
old stress intensity Kh, crack growth is predominantly
due to fatigue. Crack growth rates in this mode are sig-
nificantly high because of vibratory loads. Generally,
failure can be imminent when the threshold for fatigue
crack growth Kth is reached. Therefore, it is important
that nondestructive tests detect cracks before their stress
intensity reaches Kth. The test method applied to de-
tect steeple cracking depends on the geometry. Dove-
tail-shaped turbine blades are inspected by UT only.
Phased array or multiple single-element transducers are
used for inspection. Side-entry steeples allow access for
surface inspection.

Figure 6 shows UT inspection of blade attachment
areas using phased array. The PAUT probe is placed
at a specific location so that the area of interest is illu-
minated. The presence of a crack will show as a dis-
crete signal. For the inspection, the PAUT probe is
placed on a stationary arm. Data is acquired while the
turbine rotates on turning rolls.

NDT Reliability and Performance Demonstra-
tion Initiative

Two industries that mandate NDT reliability are aer-
ospace and nuclear, but both apply it differently. The
aerospace industry uses tests on a large number of
flawed and unflawed samples to validate a 90/95 relia-
bility (that is, 90% probability of detection with a 95%
confidence level). The nuclear industry uses perfor-
mance demonstration. NRC 10 CFR, § 50.55a provides
quality assurance and reliability requirements when
NDT is performed in nuclear power plants and require-
ments for performance demonstration initiative (PDI).
Details of the performance demonstration are given
in Mandatory Appendix VIII of ASME XI. Appendix
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VIII, «Performance Demonstration for Ultrasonic Ex-
amination», was incorporated into ASME XI in the
1989 edition. Specifically, PDI requires procedures,
equipment, and personnel to demonstrate reliability and
be qualified by performance demonstration on pres-
sure-retaining components. To simulate real-life inspec-
tions, performance demonstration is done on mock-up
samples. Mock-ups can include piping, nozzles, reactor
vessel welds, and so forth with embedded flaws. Per-
sonnel for detection and sizing are qualified for detec-
tion if the results of the performance demonstration sat-
isfy the detection requirements of ASME XI, Appendix
VIII. As an example, in one case, personnel are quali-
fied if no surface-connected flaw greater than 0.25 in.
(6.35 mm) in height is missed and no embedded flaw
greater than 0.50 in. (12.7 mm) is missed. Through-wall
depths must be sized to 0.15 in. (3.81 mm) root mean
square (RMS) and length sized to 0.75 in. (19.05 mm)
RMS. Details for performance demonstration are also
provided for dissimilar metal welds and welds where
examination from both sides is not possible. PDI re-
quires that NDT personnel must be recertified on a
three-year interval. Performance demonstration and
qualification is conducted at the Electric Power Re-
search Institute in Charlotte, North Carolina.

Nuclear Plant Aging

Nuclear plants were built with a design life of 40
years. However, with high costs of plant retirement
and replacement, a need arises for extending plant
life past 40 years (NRC 2021). This requires quan-
titative assessment of aging as related to component
integrity. Major categories of aging mechanisms are
radiation embrittlement, fatigue, intergranular and
irradiation-assisted stress corrosion cracking, corro-
sion, and corrosion erosion (IAEA 2003, 2005; Shah
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and Liu 2002). These mechanisms result in degrada-
tion of material, cracking, and loss of material.

Material degradation is caused by embrittlement
and resulting loss of toughness. Toughness can be
assessed by a surveillance program, where samples
placed in the reactor are removed at specified time in-
tervals for conducting tensile and charpy tests. Ultra-
sonic methodology such as velocity changes and scat-
tering can be applicable on a case-by-case basis. The
primary volumetric NDT method for cracking is UT.
This can include conventional manual UT, tip diffrac-
tion, and PAUT. The main issue with inspection is not
just testing, but reliability. Manual UT is highly op-
erator dependent and should be used carefully after
assessing technician skill. Techniques based on crack
tip signals are not applicable for austenitic steels and
cast stainless steel. Creeping wave method is anoth-
er approach used sometimes for surface inspections.
Outer diameter (OD) creep wave probes are high-an-
gle refracted L-wave probes. Inner surface ID creep
is shear wave mode converted to high-angle L-wave.
There are no creeping waves in elastic media, and
the term «creeping wavey is nothing but a misinter-
pretation of high-angle refracted longitudinal signals
(Achenbach 1999; Blanshan and Ginzel 2008). Obso-
lete and incorrect methods result in loss of inspection
reliability and confidence and should be discarded.

PAUT is the primary methodology for ultrasonic
inspections. Even with PAUT, there can be quality is-
sues if proper probes are not selected. Small-aperture
PAUT probes, such as 10 mm to inspect 25 mm thick-
ness, will result in large beam spread and poor reso-
lution. For high-resolution and high-quality PAUT, a
probe active aperture of at least 0.8X the thickness for
shear waves and 1X the thickness for refracted longi-
tudinal waves is recommended (Birring 2021).

To achieve the highest resolution, high frequencies
such as 5 MHz should be used for both carbon steel
and nickel alloy steels. Therefore, when inspecting
a 30 mm thick alloy 182 weld, inspection should be
done using a 5 MHz, 32x1 mm probe with a 32:128
phased array machine. A 64:128 phased array instru-
ment should be used when using a 64-element probe
on heavy-wall vessel thickness. Lower frequencies
should be used only when sound penetration can be a
problem in materials, such as cast stainless steel.

Another issue with refracted L-wave is the choice
of calibration reflectors. Codes allow both side-drilled
holes or notches as calibration reflectors for piping.
They work well for shear waves as they produce almost
equivalent sensitivity. This is not the case with refract-
ed longitudinal waves, where L-wave mode converts
on inner surface notches and results in a significantly
reduced signal as compared to side-drilled holes. The
sensitivity difference between notches and side-drilled
holes can be as high as 16 dB at a refracted angle of
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45° (Birring 2016). Therefore, when using refracted
L-wave, notches should be used for surface sensitivity
and side-drilled holes for volumetric sensitivity.

Advanced and reliable NDT technologies are
therefore required for the assessment of aging and
plant life extension.

Conclusions

Unlike the nonnuclear industry, where selection
and application of inspection methods are made by
owners and insurance companies, nuclear plant com-
ponent inspections are regulated. The regulations
apply to inspection method, coverage, and inspec-
tion intervals. The regulations and code require that
methods, equipment, and personnel prove reliability
of the test on mock-ups and samples with flaws. Fur-
ther, inspectors must requalify periodically. The main
challenge with nuclear plant inspection is aging and
plant life extension past 40 years of design life. NDT
methods play an integral and important role in this
license-renewal exercise. Specifically, application of
PAUT is gaining wider usage and replacing conven-
tional ultrasonic single-element probes.

With regard to effective application of phased ar-
rays, two important points are highlighted. First is the
selection of phased array probes with a large aperture
and higher frequency to achieve high resolution. The
second pertains to selection of calibration reflectors
when using refracted L-wave.

Notches and side-drilled holes should be used sep-
arately to establish sensitivity — notches for ID sur-
face sensitivity and side-drilled holes for volumetric
sensitivity.
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JOCBIJI IHCTUTYTY TPYBHOI ITPOMUCJIOBOCTI
im. 1.€. OCAJIU 3 HEPYHMHIBHOI'O KOHTPOJIIO TPYE

[Ipu ynpTpa3BykOBOMY KOHTPOJIi SIKOCTI ITHJIiH-
JIPUYHAX BUPOOIB (TPYO 1 MPYTKiB) BUHUKAIOTH TPYI-
HOIII 3 BBEACHHIM IIy4Ka IIPOMEHIB YIbTPa3BYKOBUX
XBWJIb Y 33aHOMY HaIpsIMKY. 11 ynpTpa3ByKoBUX
[IEPETBOPIOBAYiB IPOMHCIIOBICTh BUTOTOBIISE IEpe-
Ba)XKHO TIIOCKY T1"€30KepaMiKy. A y 3raJlaHuX 00’ €KTiB
KOHTPOJIIO TIOBEPXHS € IUIIHIAPUIHOI0. ToMy 3 yChO-
ro My4Ka MPOMEHIB Takoro NepeTBoproBada Ha Io-
BEPXHIO KOHTPOJIIOEMOTO BHpOOYy MpOMEHi MagatoTh
iJ MOTPiOHUM KyTOM TIUIBKH B3JIOBXK BY3bKOi CMY-
KKH. A OibIlla YaCTHHA MPOMEHIB Ha Pe3yJIbTaT HE
MPaIIoe, CTBOPIOIOYH IIPH IIbOMY CUTHAIIHN TTEPELIKO].

[Ipu xkoHTpOMNI TPYO 1 MPYTKIB AiaMeTPOM MEHIIE
100 MM mepeBakHO BUKOPHUCTOBYIOTH iMepCiitHUI
BapiaHT aKyCTHYHOTO KOHTAKTy. 3rajaHy mpooieMy
BUPILIYIOTh (POKYCYBaHHSIM ITyYKa YJIBTPa3BYKOBUX
XBHJIb y JIiHIIO, sIKa TapaieibHa 1o oci Tpyown. [1pu
BOMY BiJICTaHB MiX TPy0OIO Ta MEpPETBOPIOBaYEM
BHOWPAIOTH TaKy, MPH SKii POKyC IMydKa YIBTPa3By-
KOBUX XBWJIb 3HAXOIUTHCS OMU3BKO 10 oci TpyOu (3a
YMOBH, 0 TpyOa 3aItoBHEHA BOJIOIO Ta ii CTiHKA BiJlb-
HO MIPOITYCKA€ 3BYK).

3a3Buuail 11 PoKycyBaHHS IIy4Ka [IPOMEHIB, 1110
BUIPOMIHIOIOTHCS IEPETBOPIOBaYEM, BUKOPHCTOBYIOTh
TOHKI TJIOCKO-YBITHYTI JIIH3M 3 OpraHiuHoro ckia. Ha
JKaJlb, el croci0 He mo30aBieHuii Hepoikis. [To-niep-
111e, JIIH3W PaHo YH Mi3HO BimapoBytoThes. [To-npyre,
y nin3i 3anumaerbes 40 % (3a aMIDTITyI0r0) 3ByKOBOT
eHeprii, uepes3 Mo B JIiH31 BUHUKAE peBepOepaninHuil
IIyM i3 HerepeadadyBaHUM HOTO BILUTMBOM Ha aMII-
JTYTy €X0-CHUTHAITY, IO PEECTPYETHCS Bia medexTy.
KpiM 116010, TIpH BETMKOMY COpTaMEHTi TPyO, 10 KOH-
TPOJIOIOTHCS, Tpeba MaTh W BEIMKHK Habip MepeTBo-
proBadiB 3 pi3HUMHU (HOKYCHUMH BiJCTaHSIMH Ta 4Yac-
toramu. CriBpoOitHukn JI1 «HaykoBo-gocmigauii i
ITPOEKTHO-TEXHOJIOTIYHUAN 1HCTUTYT TPYOHOI TPOMIC-
noBocrti im. S.€. Ocaan» (M. AHinpo) y cepeauni 90-x
POKIB MUHYJIOTO CTOJIITTS Y CBOIX pO3pOOKax mo30yiu-
csl IepepaxoBaHUX HENOJIKIB (POKYCYIOUHX TEpETBO-
proBauiB. JIJis bOTO JIiH3Y 3aMiHUIU HA PeIICKTOD.
Ha puc. 1 y 1BOX mpoekuisix HaBeJeHO CXeMy TaKo-
o TepeTBOpIOBayYa, fie: / — KOpITyC MepeTBOpIoBaya 3
I’ €30€NIEKTPUYHOIO TUIACTHHOO 2. Y IIbOMY KOPIyCl
€ nemndep 1’ €30IIACTHHH, SIKUH 3p0o0IeHO 13 cymimri
€MOKCHTHOI CMOJH 3 (hepOBOIBGPAMOBHM TTOPOIITKOM.
3 — HaCKpi3HI OTBOPH Y ITbOMY KOPITYCi TSI KPITUTCHHS
JIBOMa TBUHTaMH 5 10 KOHyCHOTO pediekropa 4. Ha
puc. 1 m’e3oenexrpuanunii mepersoprosad (I1EIT) 3Ha-
XOOUTHCA Y BUX1THOMY TOJIOKEHHI, KOJIM aKyCTHYHA
BiCh 6 MIEPETHHAETHCS 3 BICCIO KOHTPOJIBOBAHOI TPyOH
7.Y takomy nonoxensi [1EII-a ammutiTyna exo-curaa-
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JIy BiJ] TIOBEpXHi TpyOu € HaiiOinpmIo. 3a Ii€ro 03Ha-
KOO JIETKO 3HAWTH 1 TOYHO HAJAIITYBaTH (BUCTABUTH)
[EII y BuXimHE OJIOKEHHS.

Ha puc. 1 no3HaueHo cnpoiieHui (MpsMOKyTHHIA)
I1’€30€JIEMEHT 3 CITIBBIIHOIIEHHSIM CTODiH Bix 1/4 1o
1/6. PeanbHO BepTUKAIBHI Kpai IIbOTO €JIeMEHTa TOBHH-
Hi MaTy TaKy * KPUBU3HY, SIK Y KOHYCHOTO peduieKTopa.
Ale B yMOBax BUPOOHHUITBA TPYO BUTOTOBHUTH I’ €30-
eNIeMEHT Takoi opMH He BAaeThes. [IpakTrka nmokasa-
J71a, Mo 1 IPSIMOKYTHHH 11’ €30€IEMEHT 3 MOCTaBICHUM
3aBJIAHHSAM YCIIIITHO CIIPABJISETHCS.

[otpiGHy dopmy MOBEpXHI JKepena, 10 BHIIPO-
MIHIOE, MO)KHA OTPUMATH 3a JOIIOMOT'OI0 MACKH, Ha-
KJIaJICHOT TTOBEPX I €30IIacTHHM. Lle Moxke OyTH Mi-
KPOTIOPUCTHH THOILIACT 3aBTOBIIKH 1...2 MMm. [Tmoma
I’ €30IUIACTHHH, 1110 EKPAHYETHCS, € IaPa3UTHOIO €M-
HICTIO, SIKa 3MEHIIIY€ aMILTITYly eX0-CUTHAIY BiJ Je-
¢exry. Tomy ii mioma mMae OyTH sIKOMOTa MEHILIOIO
BenuuuHOK (He Oinbme 40 % Bix 3aranbHOI MIIOMII
1’ e30eneMenTa). PedexTop Tpeba BUTOTOBIATH 3 Li-
JIICHOTO KPyIJisika 200 TOBCTOCTIHHOT TPyOH, JiaMeTp
Kol y 2,5...4,0 pasu 6inpmuii 3a AiaMeTp KOHTPOJIbO-
BaHuX TpyO. Kpamuii marepian as peduiekropa — ja-
TyHb. BpoH3a He MigX0aUTh, 11 KPYITHO3EPHUCTICTh
CTBOpIO€ TIeBHUI (OH (MIPU YaCTOTI YNBTPa3BYKy 5
MI'11 i Ginbire). Ha xanb, BUTOTOBIIEHHS peIIeKTopiB
He € peHTa0eIbHUM, BUKOPUCTOBYIOTHCSI JIUIIIE OJTUH
a0o /1Ba HEBENMKI (PparMeHTH 3 ONHIET 3aTOTOBKH. AJie
Ha CIIeIialbHAX BEPCTaTax BUTOTOBIICHHS PedIeKTO-
piB MOXKE KOIIITYBATH JemieBiie. Po3ninpHe BUTOTOB-
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Puc 1. Cxema aKyCTHYHOTO By3Jia 3 KOHYCHUM pe(ieKTopoM,
SIKAH 3HAXOIUTHCS Yy BUXITHOMY IOJIOKEHHI OO TPYOH, 10
KOHTPOITIOETHCS

3
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JIEHHS pedUICKTOPIB Ta IEPETBOPIOBAUIB T03BOJISIE 3a-
CTOCOBYBAaTH Pi3HI KOMOiHaMii OHOTO peduiekTopa 3
[IEPETBOPIOBAYAMH Pi3HUX YACTOT TA HABIAKH.

[Ipu xoHTpOI MOBEpXHS I’ €30esIeMeHTa nepely-
Ba€ y KOHTaKTi 3 BOAOIO. SIKIIO Ha KOHTPOJIb MOJa-
IOTHCS] IOTAHO BUMUTI TpyOH micist XiMiuHOi 06po0-
KM, Ha I’ €30KepamiKy CIiJl HaKJIeiTH CKOTY, 100U
30epertu cpiOHe MOKpUTTS. [Ipu boMy CKOTY 301Jb-
IIy€ 1 KOe(ilieHT MPOXOKEHHS YAbTPA3BYKY uepe3
IO MEXKY.

OnHuM pedaeKTopoM MOKHA KOHTPOITIOBATH TPY-
0wu, 10 BiAPIZHAIOTECSA 32 HiameTpoM y 2,0...2,5 pazmu.
[Ipu xoHTpOMN TPyOH MaKCHUMAaJILHOTO AiaMeTpa Bij-
cTaHb A (MiX KpaeMm pediekTopa Ta IOBEPXHEIO TPY-
6u) Mae Oytr He MeHme 10 MM. A BiICTaHb BiJ ITHOTO
XK Kparo pedrexTopa y 3BOpOTHOMY HampsiMky W (1o
1’ e30e1eMeHTa) Mae OyTH Takoro, NPH SKil HE pee-
CTPYETBCS €X0-CUI'HAJ BiJl TOCTPOTO Kparo peduieKTo-
pa. IIpu gacroti ynbrpasByky 10 MI'm s BigcTaHb
Mae OyTH ImoHaimeHmie 3 MmM. JlIst iHIIUX 9acToT
IO BiJICTaHb Tpeba BU3HAYATH NPAKTUYHO. A B3ara-
J1i 1eii CHTHAI KOHTPOIIO He 3aBakae. Moro MoxHa
BUKOPHCTOBYBATH JUIsl BUOOPY MOYATKY PO3TOPTKH Ha
eKpaHi 1eeKTocKorna.

PeduexTop Qoxycye mydyok mMpoMeHIB JuLIIE Y
TJIONIMHI MOTIEPEYHOTo nepepi3y Tpyou. Hamamry-
BaHHS MexaHOaKycTHyHOro By3na (MAB) ycranoBku
JUTS KOHTPOJIO TPYO MOYHMHAIOTH 13 IONTYKY BUXiTHO-
TO TIOJIOKEHHS, TIPH SIKOMY BiCh KOHYCHOTO peduiek-
TOpa MEPETUHAETHCS 3 BICCIO KOHTPOJIHLOBAHOT TPYOH
(Bepxwst mpoekiist Ha puc. 1). [Ipu nbomy nonoxxeHH1
BiJI TOBEPXHI TPyOH BUXOIUTH €XO-CHTHAJT HAHO1Ib-
oi aMmiiTyau. 3 Horo TOMOMOTO0 HaJlaIlTyBaHHS
MAB-a BUKOHYETBCSI JIETKO Ta 3 BEIMKOK TOYHICTIO.
Jis uporo crnovarky Tpeba BizyaJbHO 30pi€HTYBaTH
MepeTBOPIOBaY TakK, 100K MOBEPXHS I’ €30IUTACTHHH
A Oyna cnpsiMOBaHa MEPIEHAUKYISPHO A0 OCi TPy-
Ou (HWKHS npoekuis Ha puc. 1). [ToTim nmepemimen-
HSIM TIEpETBOPIOBayYa Bropy/BHU3 Tpeba 3HAUTH HOMY
TaKe MOJIOKEHHsI, TIPU SIKOMY €XO-CHI'HaJI BiJl IIOBEpX-
Hi TpyOH BUXOAUTH HAWOLIbIUM. [Ticis 1OT0 y 1160~
My IOJIOKEHHI Tpeba yTOUYHHUTH TOTEpPEeTHE Haja-
TyBaHHS (sSIKe poOMIIOCS Ha OKO), TEX JOMaralo4nch
MaKCHMAaJIbHOI aMILTITYI! €X0-CUTHAITy Bill TpyOH. A
3aKiHYYETHCS TIOTIepeaHe HamamTyBaHHI MAB-a cy-
MieHHsIM (HoKycy peduieKTopa 3 BicCI0 KOHTPOIbO-
BaHOi TpyOu. 1o onepauiro Haiikpaiie BUKOHYBaTH
3a JIONOMOTO010 HA0Oopy MIAOJIOHIB IOTPIOHOT TOBKH-
HU 200 TBOX-TPHOX IIAOIOHIB PETYIHOBAHOI TOBXKHU-
HU. [1[aGmoH MOXKe MaTH BHIVISIL PEUKH YU CTPHIKHSI.
V34BIIM B pyKy Takuil 1a0I0H, MPUTHCKAEMO OJUH
Kpaii 10 TpyOH, a 10 1HIIOTro Kparo mabaoHy HaOIu-
XKaEMO TOCTpHH Kpail pediexTopa 10 ynopy 3 HUM.
[Micas uporo nmonoxenns [1EI-a dikcyemo.

BukopucranHs 3apornoHOBaHHUX MIA0JIOHIB HE
€ 000B’s13KOBHM. BOHM MOXXYTh JJOTIOMOTTH TiILKH
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MpariBHUKaM, SKi HE MalOTh JIOCBiy HaJaIlITyBaH-
H1 MAB-a. CnpaBa B ToMy, 110 IIpY NEpeMillleHH]
[1EIl-a 3niBa HampaBo BiJ moBepxHi TpyOu Qopmy-
BAaTHUMETHCS €XO-CUTHAJ 3 JBOMa MaKCUMyMaMH.
[lepmmii 3 HUX BUHUKHE TOAI, KOJIU (POKYC MydKa
yABTPA3BYKOBUX XBHIIb Oyle Ha MOBEPXHI TpyoOH, a
JpYTHi — B i€ )k TOBEPXHI, ajie TOA1, KOJH ySIBHUHA
(oKyC Mmy4Ka 3ByKOBHX XBHJIb ITOEAHAETHCS 3 YIBHOIO
BicCIO TPyOHU. A y MPOMIKKY MK IUMH TTOJIOKCHHSI-
MU aMILIITy/la €X0-CUTHAY 3MiHIOEThCS cnado, de-
pe3 10 He 3aBX/IH BIAETHCS BUKOHATU TOYHE Halla-
mTyBaHHA. | TUTBKY TOMI, KOJTU (DOKYC YSBHOTO ITy9Ka
TIPOMEHIB OITUHAETHCS 32 BiCCIO TPYOH, TOUNHAETHCS
pi3Ke 3HMKCHHS aMIUTITYIH BiTOUTOTO CHTHAITY.
Menmuii paniyc KpuBU3HU pedeKkTopa € BU-
X1ZAHMM mapaMeTpoM Ul MOAAJIBLIMX PO3PAXYHKIB.
Tomy #ioro 3HaueHHs 0a)xaHO IHCTPYMEHTOM IJIs
KpECIJIEHHs], a [Ie Kpallle IITaMIIOM HAHECTH Ha BiJib-
HY Ta JOCTYIHY OKY IIOBEPXHIO CAMOT0O pedIeKTopa.
A iioro HempaloUi «Pi>KKW», [0 BUCTYHAIOTH 110~
nepeny, onmmk4ae 10 Tpyou, 6akaHO BUIAIHTH.
OpienTanito GpoHTY XBHIII a66, BUPOMiHIOBA-
Hoi I1EII-oM, 111010 KOHTPOIKOBAHO! TPYOH MOKa3aHO
Ha puc. 2. I[o6 BusBUTH B TpYOi NeEKTH MO3TOBK-
HBOI opienTanii (Tpimuan), [TEIT pazom i3 peduekro-
poM Tpeba 3MICTHTH Bi BUXiIHOTO TIOJOKEHHS BrOpY
B HaIPSAMKY NEPIEHAUKYIIpa 10 aKyCTUYHOI Oci Ie-
peTBOpPIOBaYa 1 KOHTPOIHLOBAHOT TPYOH HA BETUIHHY
Y (puc. 2). lum 3MimmeHHsM 3a0e31euy€eThbest oTpio-
HUH KyT HaiHHS YJIBTPa3BYKOBHX XBUJIb HA TOBEPXHIO
TpyOu. IIpy KOHTpPOJII HONEepeYHUMH XBUIISIMU LIEH KyT
nopiBHIoe B = 16...17°. 3rigno 3 puc. 2 Y= R-sin p.
Ha mpaktuii Benn4uHy 1b0ro 3cyBy 0OUMCITIOIOTH
3a crpoineHor Gopmymnorw Y = D/7, ne D — niametp
KOHTpOJIbOBaHOI TpyOu. Ha puc. 2 nitrepamu abs no-
3HaYeHU QPOHT OJHI€T 3 XBHUIIb, IO POPMYIOTHCS
KoHycHUM pedekropom. KpuBuzHa GpoHTy € nuiiH-
npuuHoro. Lleit GpoHT XBUIII € ieadbHUM TUTBKH Y
TOMY BHIIAJIKY, KOJIH B 00’ €KT KOHTPOJIIO Tpeda BBO-
IIATH 3BYK 32 HOPMAJUTIO. A SKIIO B IMIIHIAPUIHUN
00’€KT KOHTPOJIO TpeOa BBOMUTH 3BYK IIiJl ICBHUM
KyTOM, (DpOHT MMaTafounX Ha 00’ €KT XBUJIb MTOBUHEH
MAaTH BUIVISLA €BOJBBEHTH KOJIA, IEHTP AKOro 30ira-
€TBCA 3 IEHTPOM 00’ €KTa KOHTPOIIIO, a HOTo pajniyc

Puc. 2. Opienranis ¢poHTy XBUII aO6, BUunpominroBanoi [1EII-
OM, II[0/I0 KOHTPOJIBOBAHOT TPYOH
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7 MEHIIUH 3a pagiyc KOHTPOIbOBAaHOTO 00’ekTa R
(puc. 3, a). CnpaBe/UIMBICTh BOTO SBUIIA BUILINBAE
3 CyTi caMoi €BOJBBEHTH — II€ JIiHis, IKY M€ Ki-
HEIllb PO3Pi3aHOTO KOJIA MUISIXOM ITOCTYIIOBOTO CIIPSi-
MyBaHHs JIiHi1 HOTO X Koja (a00 pO3MOTYBaHHS 3
HATSrOM TOHKOI HUTKH, HAMOTaHOI Ha TpyOy). OTxe,
JIHIS, 1[0 MAITIOETHCS, € 32BN MEPIICHIUKYISIPHOIO
JI0 PaiyCcy BXKe CIPSIMIICHOI YaCTUHHM I[LOTO KOJIa, SKa
€ JOTUYHOIO JI0 CBOTO Kosa. Tomy, SIKIO TTOBEPXHS
BHUIIPOMIHIOBaYa XBUJIb MAaTUME BUIJISA]] €BOJIbBEHTH,
HOTO TIPOMEHI KOB3aTUMYTh IOBEPXHEI0 CBOTO KOJIA,
T0OTO MafaTUMyTh i KyToM 90°. A Ha MOBEpPXHIO
KOHIIEHTPUIHOTO KOjIa OUIBIIOrO JiaMeTpa BOHH Ta-
JMATAMYTh BXKe€ ITiJT TOCTPUM KyTOM. 3TiIHO 3 puc. 3, a
3aJICKHICTh MK paziiycoM 00’ €KTa KOHTPOJIO R, pa-
ZiyCOM KOJIa €BOJIBBEHTH 7 1 KyToM mafiHas B GppoHTY
XBUJII HA MTOBEPXHIO KOHTPOJIBOBAHOI TPYOH BHpaxkKa-
etbes hopmynoro [3aropyibko B.C. ABt. ceug. CCCP
Ne201752, bromn. uzo0p., 1967, Ne 18]:
sin B =7/R @)
Li imeanbHi YMOBH JJII KOHTPOIIO TPYO CKIAJTHO
peanizyBaru. [IpoGiieMoro € eBOJIbBEHTHA KPUBU3HA,
SIKy BUTOTOBUTH HE TaK MPOCTO. AJie MO3UTUBHUM
MOMEHTOM € T€, 1110 JIOBKUHA aKyCTHYHUX XBHIIb, SKi
BHKOPHCTOBYIOTBCSI, YChOTO JIMIIIE HA OJIUH MOPSIOK
MEHIIa 332 PO3MipH BUKOPHUCTOBYBaHUX 00’ €KTIB —
TpyO, pedIeKTOpiB, I’ €30IIACTHH Ta IHIIHNX eJeMEH-
TiB. [le mo3Boisiec Ha OOMEXKEHIH, aje I HaC TPH-
WHATHIN JUISHIU JOBXWHU €BOJILBEHTH 3aMIHUTH il
IIJIIHIPUIHOO MToBepxHero. Ha puc. 3, 6 mokazaHo,
K HeBenuke 3MmimeHaas Touku O' (Ha 0,1 moBxuHA
3BYKOBO{i XBmJIi) Bix kona O mo3Bosisie BUBECTH (Hop-
MYJy JUIS PO3PaxXyHKY IOIYCTUMOTO KyTa PO3KPHUTTS
y [IEII-a, mo BUKOpHCTOBY€ETHCS. 3 pHC. 3, 6 Ha0U-
HO BUHO, IO JIiHis KoJia, mpoBeieHa 3 entpy O', y
MeXax BEJIUKOI JYTH PO3MipoM 2y TIPAKTUYHO CITiBII-
ajia€e 3 eBOJIbBEHTOO. [IpUiTHABIIN NOMyCTUMY HOP-
MY 3a3HAUCHOTO BiJIXWJICHHS IMIIIHIPUYHOTO (HPOH-
Ty XBWJII Bijl €BOIbBEHTHOT He Oinbine 0,1 yacTuHU
JOBXWHH XBHJIb y PITUHI HABKOJIO TPYOH, CKIIAJIN Ma-
TEMaTHYHE PIBHSAHHS 1)1 00YMCIICHHS KyTa . BoHO
BUUIIIO TPAHCIICHACHTHHUM, SIKe Y pajJiiKajiaxX He 00-
YUCIIOETHCA. AJie PO3KJIABIIA TPUTOHOMETPUUHY
(hyHKIIO y CTynIeHeBUH pAJl 1 0OOMEXHUBIINCH TIEPIIIH-
MU JJBOMa WICHAMH I[LOTO PSAY, OTpUMaI HOpMYITy
IUIST OOYMCITICHHS TIPUOIN3HOTO 3HAYCHHS TPaHUTHO-
T0 KyTa CXOKEHHS [T HAPUIHOTO (PPOHTY XBUIII,
10 Ta/ia€ Ha TIOBEPXHIO KOHTPOIBOBAHOI TPYOH ITiJT
OJTHUM 1 THUM K€ KyToM [3:

2
\) < T
3 Df sinf3
Jie po3Mip KyTa  BHPaXEHUH y paj, JiaMeTp TPY-
6u D — y MM, yactora yneTpasByky f—y MI'L, a Kyt
naainas f akycruyuHoi oci [1ETT-a Ha moBepxHIO TpY-
Ou — y rpamycax.

)
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0
Puc. 3. EBonbBeHTa KOJIa pagnycoM 7 (), 30ir 1€l )k €BOIBEBEHTH
3 YaCTHHOIO KoJIa 3 IIeHTpoM y Touti O' (6)

Haii HeoOXigHO BpaxyBaTH e W 1HIIMHA pO3Mip
HENPUITYCTUMOTO Je(PEKTY — HOro JOBKHHY B3JOBXK
TpyOu. I TyT BuHHKae iHmIa npobiema. Hopmu Ha
JNOBXHHY Ta MIHOWHY KOHTPOJBHOTO BijOuBaya y
crangaptHoMy 3pasky (C3) yci (sSIKk BUpOOHHUKH, TaKk
1 cmouBadi TpyO) BBAXKAIOTh HOPMOIO 1 Ha JJOBXKH-
HY HETPHUITyCTUMOTO AedekTy (Xoda mpo Ie Hine i
HIYOTO HEe cKa3aHo). Uepes 1e y 4uCI0BOMY BHMi-
pl IOBXHWHA Ta TTHOWHA HETPUITYCTUMOTO NeeKTy
BIIPI3HAIOTECS Y NECSATKHU pa3iB. ToMmy mpu KOHTPO-
i TpyO BU3HAYHUTH TIIMOWHY, JOBXKHUHY Ta OPIEHTAIIII0
nedeKTy, Maro4H JIMIIEe OIUH apryMEHT — aMILTITyLy
€X0-CUTHAITY, HEMOKJIMBO.

J1s HAaOYHOCTI Ta MPAaKTUYHOI'O 3aCTOCYBaH-
Hs Jalli ATUMETHCS PO KOHKpETHY 3anady. Pospa-
Xy€EMO MapaMeTpu MEXaHOAKyCTUYHOTO BY3Ja IS
KOHTPOJIO NUTI(POBAaHUX TPYO AiaMeTpoM > 6 MM i
TOBIIMHOIO CTiHKK > 1 MM. Y KataHuX TpyOax Haii-
HeOe3neuHimuM nedekrom € Tpimmuna. [lepeBaxHa
KIJTBKICTh X Opi€HTOBaHA B3IOBXK TPyOW 3 HEBEIHU-
KUM BiIXWIeHHsIM Ha 1...2°. Ha macts, TpirmuHu BU-
SIBIISTIOTHCS HAIMHIIIE 32 1HIT Te(EKTH, ajie TUTBKH Y
TOMY BHIAJAKY, SKIIO iX TTHOWHA > 1/3 NOBKWHHU I10-
MEPeYHOi XBUJI, 110 BUKOPHCTOBY€ETHCSL:

h/A, > 0,33, 3)
ne h — mmbuHa TPIUHY; Xt— JIOBKWHA TTOMEPEYHOL
XBHJII.

®opmyiny (3) oTpUMaHO €KCIEPUMEHTAJIbHUM
nursixoM. [lpu rmuOuHI TpilUH MEHIIe 3a3Ha4yeHol
KpHBa 3aJI€KHOCTI aMILIiTyi1 exo-curnany 4 = f(h/).)
LIBUJIKO 3HMXKYETHCS, HAOMMKYIOUUCH 10 CTPYKTYp-
HUX IIYMiB (AUB. pHc. 6).

Buxopasuu 3 ekcriepuMeHTaIBHOT 3a1eKHOCTI (3),
BH3HAYA€MO YACTOTY YJIBTPa3BYKOBUX XBHJIb KOHTP-
oJ0 BUOpaHUX TpyO. Y HOPMaTUBHUX AOKYMEHTaX
KOHTPOJIIO TPYO yJIbTpa3ByKOM BKa3aHO PO3Mipu
MITYYHUX AePEKTIiB, 32 IKUMHU Tpeba HalalTOByBa-
TH MEXaHIYHY YaCTUHY YCTAHOBKH KOHTPOIIO TPYO 1
Yy TJIUBICTH AE(PEKTOCKOIIA sl BUSBICHHS HETIPUILY-
ctumux Aedexrti. LTyqani nedextn € mo3g0BKHIMI
KaHaBKaMH MEBHOI NIMOWHM, JOBXHUHM 1 IIUPUHHU.
VY mepeBaxHii KITBKOCTI HOPMAaTUBHUX JOKYMEH-
TiB THOWHA TTO3I0BXHBKOI KaHAaBKU MopiBHIOE 10 %
TOBIIWHU CTiHKW TPyOH, ane He Oiybiie 3a 00yMOB-
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neny BennuuHy. Ilpu npomMy Hemae npsMuX BKasi-
BOK Ha Te, 110 PO3MipH 3a3HAUYEHUX KaHABOK € 1€ i
HOPMOIO JIUIS pO3MipiB Je(EKTiB, 1[0 BUABISIOTHCS.
Ane Bci (SIK BUPOOHUKH, TaK i CioXkuBadi TpyO) po-
3YMIIOTH Ii PO3MipH came Tak. A nedeKToCKOM i
4ac KOHTPOJIIO TeHEpY€ JHIIe OJHWH TOJOBHUH ma-
pameTp — amIuliTyay exo-curaany. [lo Hill me Mox-
Ha CyIUTH NpPO IITMOMHY MITYYHO! KaHaBKH Ta pe-
aJbHOT TPIIMHKU. AJie U1 BUMIPIOBAHHS JOBKUHU
KaHAaBKM Ta BUSBJICHHS KOCUX TPIlIUH TpebOa 3Ha-
XOIIUTH iHUI pimeHHs. Yepes 1e ayke 4acTo BUHU-
KarTh KOHQIIKTH MK CIIO)KHBaYeM 1 BUPOOHUKOM
Tpy6. s BUpimeHHS nuX mMpoOieM MH BHOpaiu
HACTYIHUH BapiaHT KOHTPOII0. OCKITbKH TITHOWHA
1 TOBKMHA TPIIUH BUMIPIOIOTHCS 32 B3AEMHO TIEp-
NEHAUKYISIPHUMHU HalpsSMaMHU, 3’ SIBISE€THCS MOXKIIU-
BICTh iX IHAMBITyalbHO PO3Mi3HABATH Ta BU3HAYATH
po3Mipu. [muOuHa TpimuH y NeCSITKU pa3iB MEHIIa
3a ix noBxuHy. 11006 oTpumMaru Bij HUX MOTPiOHY
aMILTITYy, Tpeba 3a HalpsIMKOM BepTHKaJli 10 oci
TpyOu 301NbIINTH pO3MIp I1’€30€JIeMEHTA, a MMyYOK
yABTPa3BYKOBUX XBUJIb, LII0 TEHEPYETHCS pedIeKTo-
poM, choKycyBaTH Ha TPIlUHI. A 100U BUSBISIIHCS
1ie i Koci TPIlWHY, el e MyYOK YIbTPa3ByKOBUX
XBWJIb B iIHIIOMY HampsiMKy (B370BX TpyOu) Tpeda
3MEHIIUTH 1 IIAM PO3IIUPHTH HOTO JliarpaMmy crpsi-
MOBAHOCTI XBWJIb, III0 BUIIPOMIHIOIOTHCS B TN TUIO-
muHl. MareMaTndHa 3aJ1eXHICTh MK ImapaMeTpa-
MM Takoro nmpuctpoio Mae Bunsig [Epmonos U.H.
(1992) KoHTpOas yIBTpa3BYKOM (KpaTKUi CIpaBod-
HUK). MockBa, [IHUUTMAIII]:

® = arcsin[nA/a], 4
rae ® — KyT PO3KPHUTTSI OCHOBHOI MENIOCTKH Jiarpa-
MU CHPSIMOBAaHOCTI BHITPOMIiHIOBaua B3JIOBXK TPyOH
(2°); n — xoediIlieHT, 3HAYEHHS SKOTO 3aJIEKUTH BiJ
(hopMH BUIIPOMiHIOBaYa Ta HOTO AiarpaMu CIpsIMOBa-
HOCTI (y peXxumi exo-curHany Ha piBHi 0,5 foro 3Ha-
yeHHs jgopiBHIOE 0,26); A — MOBKWHA XBUIIL Y BOIL;
a — pajaiyc BUIPOMiHIOBaYa, IKMi Y HAIlIOMy BUTIaJIKy
€KBIBAJICHTHHI TIOJIOBUHI IIIMPHUHU TIEPETBOPIOBada b
y TOPU30HTAJBHIH IJIONTIHI:

b=2a=2n)\sin2° =2-0,26-0,15/0,035 = 2,2 mm.

A 1m00 exo-CUTHAJ BiJi TPIMIUHYU MiTHATH HaJ
piBHEM IIyMiB, po3Mip I’ €30€JIeMEeHTa 10 BepTHKA-
ni (momnepek Tpyou) Tpeba 30inmpmuTH y 3...6 pasis
3a TOPU30HTAIBHUN pO3Mip. 3amponoHOBaHUH Ii-
ana3oH 3Ha4YeHb KOC(DII[i€eHTa MOCUJICHHS €XO-CHUT-
HaIy ch o0yMOBIeHUH TakuMH oOcTaBuHaMu. [Ipu
3HaYeHHI I[FOTO KoedilieHTa MeHIIe 2-X Maixke He
MTOMITHO KOPHCTI Bix peduiexTopa, a mpu HWOTo 3Ha-
4YeHHI OinblIe 6-TH yepe3 OOBTaHHS TPYOMW mij yac
KOHTPOJIIO MOXYTbH 3 SIBJIITHCS HEBUABJICHHS He-
npunycTuMux nedextiB. OnTumanbHe 3HAYCHHS
K, =4+1 OO0YHCTI0EMO TOBXKHHY I’ €30TJIACTHHU
o BepTuKaii @ = 2,2 -+ 4 =9 MmM. OcKinbKu POKyCy-
BaTH MyYOK 3BYKOBUX XBHJIb MOXKHA JIUIIE Y OJHXK-
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Hi#l 30HI BUIpOMiHIOBaua (y HAIIOMY BHITAAKY Bill-
OmBaua), 00YNCINMO MEXY ONMKHBOT 30HH HAIIIOTO
[1EIT-a. ITo BepTukaii OIMKHIO 30HY Tpeba BUPaxo-
ByBaru 3a (hopmynoro [Epmornos U.H. (1981) Teopus
U MpaKkTHKa YJIbTPa3ByKOBOTO KOHTPOJA. MOCKBa,
MammmHocTpoeHue]:

N, =a*/20=9%/(2:0,15) = 270 Mm.

Pesynprar nporo po3paxyHKy mokasye, 1o BiH y
JIECATKH pa3iB OiNbIIUIN 3a 00paHuii. A 1l 0O3HAYaE,
110 (POKyCyBaHHs Oyjie BUKOHaHE 0e3/10TaHHO.

AHAJIOTIYHUM YMHOM MOYKHA OOYMCIIIOBATH PO3-
MipH aKyCTHYHOTO By3Ja 1 IS HACTYIHOTO Jiamna-
30HY KOHTPOJIbOBAaHHUX TPyO miameTpamu Bix 14 mo
32...34 MM Towio.

BupimmBmm mpobiieMy BUSBICHHS KOCHX Tpi-
[IMH, MU [1030aBUIN cebe MOKIIMBOCTI aBTOMaTHYHO
BHM3HAYATH TOBKUHY AedeKTiB. IXHI0 10BX)HHY i pa-
Hillle BU3HAYaJIM CYMHIBHO, a Terep TuM Oubire. 1o
npoOneMy MOKHA BUPILIMTH JIULIE 32 AOMOMOTOI0
CJNIEKTPOHHUX JIUMIIBHUKIB, 31aTHUX IpH o0epTaH-
Hi TpyOH BecTH 00MiK Ae(eKTiB, BUSBICHUX MiAPSIA
(6e3 mpomyckiB) B3IOBXK ONHIET 1 Ti€l %K YTBOPIOIOYOT
KOHTPOJIbOBAHOI TPYOH (3 BIAXWICHHAM OJU3BKO +
20°). [Ipu upoMy Kpok momadi TpyOH 3a OquH 00epT
MOBHHEH OyTH B 2 pa3y MEHIINH BiJl HACTYITHOI BEJIH-
YUHU — JOBKHMHM KaHaBku y C3 MiHyC 2 MM, TOOTO
IIUPHUHH T’ €30€JIeMEeHTa B3IOBX TpyOu. JledekT BBa-
KAETbCSA HENPUILYCTUMHM, SIKIIO BiJ HHOI'O JI4MIIb-
HHUKOM Oyze 3a¢piKCOBAaHO 1Ba i OLIBIIIE €XO-CUTHA-
U, 0 PEECTPYIOTHCS MOCHLTb 0€3 MPOITycKiB. SIKIo
MiCJIsI TIEPIIOTO CUTHAITY 4epe3 oauH o0epT Tpyou
IOpYTUH €X0-CUTHAaJl HE 3 SIBUBCS, 3HAYUTh, NE(EKT
KOPOTIIIE 32 JOMYCTUMUH, 1 TIYUIBHUK OOHYIHUTHCS.
Sxmo B ogHOMY Tmiepepisi TpyOou MoxXyThb OyTH 1Bi i
OlbILe TPIIUHM, 3MILLEHI IO TEPUMETPY, TO CTLTBKH
X Mae OyTH 1 TIYMJIBHUKIB, SKi MPalIOOTh MO Yep-
31. Anipiopi BBaxkaeMo, 10 JIBOX JIIYHIILHUKIB JJOCTAT-
HBO. SIKIIO0 MPOTIOHOBAHUX JIIYMIILHUKIB HEMAE, TOII
MicJIs KOXKHOI 3yNUHKH TPyOONPOTSHIKHOTO MEXaHi3-
My (uepe3 BusBieHui nedekr) TpyOy Tpeba momatu
Ha3a/1 Ha YBEPTh METpa, MOBEPHYTH ii BpyUHY Ha ITiB
obepTa (monaroum TepTsA TPYyOOIPOTSKHOTO MEXaHi3-
MY) 1 3HOBY IIPOKOHTPOIOBATH. SIKITO MePeKT 3HO-
By Oyae BHSBICHHWH, TO, IIBUIIE 3a BCE, BiH MPO-
TSOKHAMW, 1 Yy IbOMY Tpeba mepeKoHaTHUCs Bi3yalbHO
Ha eKkpaHi Jedekrockomna. Y iHIIOMY BHUIAIKY -
(hexT ToImyCTHMOT TOBKUHHY 1 KOHTPOIIb TPyOH MOXKHA
MIPOJIOBXKYBATH.

Hoci #inocs npo KOHTPOIb TpyO MonepedHuMu
XBWISIMU. AJie TpyOH 3 TOBIIMHOIO CTIHKM MEHILIE Ofi-
HOTO MiTiMeTpa, 1 0cobnmBo MeHtre 0,5 MM, TOBOAUTh-
cst KoHTposroBaty xBuisimu JlemOa. Lli xBuii — pesyinb-
TaT Jii pe30HaHCy, & TOBIIMHA CTIHOK y TPyOax MOXe
OyTH He CTaOULIBHOIO SIK TIO TOBXHHI TPYOH, TaK i Mo
nepuMeTpy. Y pe3yibTaTi Tak caMoO He CTaOlIbHUM
BUiizIe 1 pe3ynbTaT KOHTpOosio. PafukansHe BUPIIEHHS
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i€l mpoOremu — 30LTBIIIEHHS YaCTOTH YABTPa3BYKy 110
15...20 MI'mi. A 3a BinCyTHOCTI TakuX Je(eKTOCKOITiB
JOBOIUTHLCS KOPUCTYBATUCS TUMH, 1110 €. [Tpu koHTpoIi
TpyO xBusiMu JlemOa HaalITOBYBaTH aKyCTUYHHIN By-
30I1 IOBOJMTHLCS HA Ha JOTHUK, 3Mmitnyroun [1EIT Bropy/
BHU3 Ta Omxye/naii BiJ TpyOH, 10 OTPUMaHHS MpHU-
HHATHOTO pe3ynsrary. [Ipu npoMy Aiana3oH 3MilIeH-
us [1EI-a Bropy 30iibL1yeThCS 1O TIOJIOBUHH pajiiyca
KOHTPOJIBOBAHOI TpyOHU (3amicthb D/7).

Jist KpiTUIeHHS Ta HaJAIITyBaHHS [IEpPEeTBOpIOBaYa
3 KOHyCHHM pe]IeKTOPOM po3poOIeHO MPOCTHH Ta
3py4yHHil MexaHoaKycTuaHuA puctpiid (MAII), sxuit
Yy/I0BO TPAIIOE BXKE APYTUid necaTok pokiB Ha TOB
«JIHIMPOBCHKMI 3aBOA mpenu3itaux Tpyo» (HITpo-
meTpoBchka 00:1.). Eckiz MAII-a nmpencrasieHo Ha
puc. 4. 3a 1OMTOMOTO0 CTPYOUMHH 2 BECh MEXaHi3M
300py HaBillyeThCs Ha OOPT aKyCTUYHOI BaHHH [
a6o Ha pamky (/ Ha puc. 5). ®ikcyerbes MAIL y mo-
TpiOHOMY Miclli 1BOoMa rBUHTamMu 3. Take KpiruieHHs
JIO3BOJISIE JIETKO Ta MIBUIKO 3HSATH 3 BAHHU BECh Me-
XaHi3M JUIsl CIIIIbHOT 200 PO3AiNIbHOT 3aMiHK pedliek-
Topa Ta nmeperBoproBaya. J{o 1i€l >k cTpyOLUHH TBUH-
TaMU NPUKPITUIEHO KPOHILITEHH 4, a 10 HbOTO KyTOK
11. O6uaBa BoHM npu3HaueHi st dikcanii oci J. Mi-
aMeTp BEPXHbOI YaCTHHH IIi€l 0C1 AOPiBHIOE 6 MM, a
HW)KYE 3HAXOMUThCS pizbooBa wactuHa M 10x1, mic-
JIA SIKOT MJIe TJaJKa YacTHHA OCi giaMeTpoM 7,5 MM,
a Ha caMOMYy KiHIII — KOPOTKa YacTHHA JiaMeTpoM 4
MM. TounTH 1m0 Bich TpeOa Ha TOKAPHOMY BEpCTari 3
OITHOTO BCTaHOBIEHHS (KpituieHHs). [Topymenns miel
BUMoOTH npussene 10 «BwisiHHD» [1EIT-a npu Hanaii-
TYBaHHI aKyCTHYHOI'O BYy3J1a.

KpoHnmreiin 4 i kyrouok // BUKOHaHi Tak, 100
Bich J Bech 4ac Oylia y IpUTHCHYTOMY cTaHi (6e3
mo¢Ta y BepTUKAJILHOMY HalpsAMKY). Y BEpXHiH ua-
CTHHI oci € oTBip D1 MM 7S IINMHUIBKH, SIKA BCTAB-
JSIETHCS MICIs CKIAJaHHs BChOTO MEXaHi3My 1 371er-
Ka IPUTHHAETHCA, 00 He Bumaaana. s mmunbka
npu3HaueHa A o0epTaHHs ocl 5 3a AOMOMOTOI0
3HOMHOTO KOJIOBOpOTa Ipu HanamryBanHi MAII-a.
o ckiagy MexaHi3My BXOJHUTH III¢ OJJHA BaXKJINBa
neTanb — miatdopMma 6. Y BepxHil ii 4acTHHI € pi3b-
6oBuit oTBip 115 oci. Kpok mporo pi3p0OneHHs 00y-

12// o o
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~_ Eia/
1 N
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MOBJIIOE TOBUIMHY miaTdopmu (He meHlIe 1,5 Mm).
[upuHa naarGopmMu Mo ropu3oHTaNl Mae OyTH He
MeHmre 50 MM, a JoBkHHA pi3bOOBOI YaCTHHU OCi 5
3aJIEKUTH BiJI COPTAMEHTY KOHTPOJIBOBAHUX TPYO.
Pi3p0OneHHs Ha OCi 5 MpU3HAYCHE IS TIEPEeMIileH-
Hs TUIATQOpPMHU, a 3 HEIO 1 MepeTBOpIoBaya, Ha Io-
TpiOHy BennuuHy. JJoBkuHa pi3p00BOT YaCTHHU OCi
nopiBHIOE 1/7 yacTuHM JiamMeTpa HaOUIBIIOT TPY-
6u tutroc 20 % 3amacy. A skmo Tpebda Oyzme KOHTPO-
JIOBaTH TPyOH XBHIAMH JlemOa, TO 3MIIIeHHS TIepe-
TBOpIOBada 30UIBITUTECS M0 1/4 9acTHHH mdiamMeTpa
KOHTpOIbOBaHOI TpyOu. Kpok pi3nOeHHs Benmndn-
HOIO | MM Ha HanmamTyBalbHIN oci 5 oOpaHuUii He-
BUMaaAKoBO. OCKibKM BHUMipIOBAHHS BEJIMYUHHU
3MiIIeHHs aKyCTHYHOI OCi mepeTBOpIoBaya BiJl BU-
XiTHOTO MOJIOKEHHS 10 pOOOYOro BEAETHCS Y MM,
TO MEPEMICTUTH IepEeTBOPIOBaY Ha HEOOXiAHY Belu-
YHHY 32 JIOTIOMOTOI0 Pi3b00BOTO TBHHTA 3 KPOKOM 1
MM MOKHa 0e3 Oyab-IKUX LKA 1 3 BETUKOIO TOYHi-
ctio. J{ns nporo Tpeda HaAITH HA TBHHT KOJIOBOPOT
3 MPOPI30M ISl IITHIIBKH 1 00epTaTH HOTo, BiIpaxo-
BYIOUH MOTPiOHY KUJIBKICTH OOEPTiB, y TOMY YHCIHI 1
Horo gecsari yacTku. [licis HamamTyBaHHS KOJIOBO-
pOT 3 oci Tpeba 3HATH, MOOH BUITAIKOBO HOTO HIXTO
He 3adenuB. [Inardopma 6 y 3arporioHOBAaHOMY Me-
XaHI3Mi 3MIiHIOE Opi€HTAIlIf0 TIepeTBOPIOBaYa Iie i y
TOPU30HTANBHIN MTomuHi. [ nporo y miardopmi
€ TmiAnpyXWHeHu! mToK /2 i omopuwmii rBuHT 7. [lo-
BEepTAIOYH 1€l TBUHT B OJIMH YH 1HIIHNHI OiK, MU J0-
CSATaEMO MAaKCHMAJIbHOT aMIUTITyAH €XO-CUTHAIY Bix
noBepxHi C3 abo KOHTPOIbOBaHOI TPyOH. Y BUXil-
HOMY TOJIOKEHHI TIepeTBOPIOBaya UM TBUHTOM MU
BHCTABJIIEMO HOTO aKyCTUYHY BiCh IIEPIEHIUKYIISP-
HO JI0 ocCi TpyOwu.

VY 3anponoHOBaHOMY MeXaHi3Mi MpyKWHA PO3Mi-
IeHa SIKHAWai Bl arpeCUBHOI BOIU. AJie HaJiii-
HO BpATYBaTH ii MM He BIaeThca. ToMy mepioand-
HO NIPYXHUHY Tpeba 3ManryBaTu comigonoM. bes miel
MIPOTIEAYPH MI>KBUTKOBHHA IIPOCTIP 3aCMIdy€ETHCS ip-
XKelo 1 NMpyKuHa nepecrae npamoosard. Ilogosxy-
Bad § Ha puc. 4, @ TIOKa3aHWH TITBKH KOHTYPOM, a Ha
puc. 4, 6 mokazaHi 11e ¥ TPUKPITUIEH] 0 TTOIOBXKYBa-
4a peduiektop 9 i mepeTBoproBad /().

y 5

o

6 L

Puc. 4. Cxema MexaHi3My JUIS KpIiIUIEHHS Ta OpieHTaNil pedIeKTOpHOTro epeTBOpIoBada: a — BUL 3BEpXY; 6 — BUJ 300Ky
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Ha puc. 5 HaBeeHO cxeMy aBTOHOMHOI MeXa-
HOaKyCcTHYHOI pamu (kapetku) / 3 nBoma MAII-
MH. Y [i#l paMii € IBi MpU3MH 7, sIKi BIACHOIO Ba-
rOI0 PaMKH CIIUPAIOTHCSA Ha KOHTPOJIbOBAHY TPYOy.
[I{o6u mig yac KOHTPOJO paMKa He MpoBepTajacs,
nependavyeHo cTalioHapHUH CTONOPHHUM T'BUHT 9.
J1is 1boro rBUHTA y paMIli B3JOBXK TpyOH € IiTuHa
3aBnoBkKHU 15...20 mM. IlepecyBaroun pykoro paMKy
B3JIOBX TPYOH, MOXKHA IIBUJIKO 3HAWTHU B HIill Ac(eK-
THY JUISHKY.

Juis kKoHTpOIo TpyO 3 pi3HUX OOKIB BUKOPUCTO-
ByIoTbCs ABa MAII-n, siKi KpimaaThCs 10 momeped-
HHUX OOpTiB paMKu abo BaHHH 3 pi3HUX OOKiB. Ile-
pemimenasM MAII-iB Onmxde mo TpyOu abo Binx
Hel 3MIHCHIOETBCS CyMITIIEHHS Horo (hOKyCy 3 BicCIO
TpyOu. Tak sk mpu ocnabieHOMY KPIIUIEHHI CTPY-
OuuHu nopymyeTtbes opierTanis MAII-y, mepewmi-
maTu #oro Tpeda JUCKPETHO, CIIoYaTKy depes 3...5
MM 3 HajiiiHOI ¢iKcalmieo Ta MmiJgHalalITyBaH-
HSIM Opi€eHTalii HepeTBOpIOBaYa y TOPU30HTANIBHIN
Ta BEPTUKAJBbHIN TJIOIIHHI, JOOUBAIOYUCH IIOPA3y
MaKCHMaJIbHOI aMIUTITYAH €XO-CHTHally Bija BinOu-
Baya y CTaHAApTHOMY 3pa3Ky. A JUIsl TOYHOTO Halla-
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Puc 5. Cxema pamku 3 1BoMa MAII-Mu B akycTH4Hii BaHHI: [ —
pama Juist mingBinryBaHHs OJIOKiB; 2 — Tpy0Oa, 110 KOHTPOIIOETHCS;
3 — koHTpoOOKOuHii 6710K; 4 — pednexrop; 5 — MAIL; 6 — cTpy0-
LUHA; 7 — IpMO; 8 — CTIHKa BaHHH 3 BOJOI0; 9 — BaXKiJb LIS MO-
IIYKY BHSIBICHOTO Ae(heKTy

mryBaHHs 3MinryBatd MAITI Tpeba 3 TUCKPETHICTIO
1...2 mM. JloBXWHY BaHHH B3JIOBX TPyOH MOXKHa
3MEHIIUTH JO0 TaKOi BEIMYHHU, KOJU aKyCTHYHA
BiCh MPaBOTO MEPETBOPIOBaUa Oyne HUKYA 3a JIIBY
(puc. 5). BucraBnsatu akyCTHYHI OCi IIEpPETBOPIO-
BadiB Ha ONHIH JiHIT TpUBaOIUBO, ane HE OakaHO,
o0 He MaTH HEMPUEMHOCTEHN 13 BIUTMBOM CUTHAIY
BiJl oHOTO AedekTocKona abo KaHamy Ha iHmui. Sk
repMeTHU3YBaTH IMEpCiifHy BaHHY Ta sIK cTabini3yBa-
TH TpyOy, 110 00epTaETHCS MiA Yac KOHTPOIIO, KO-
KEH KOHCTPYKTOP MOKe BUPIIINUTH caMOCTiHHO. Mu
K JIaBHO BiIMOBWJIHCS BiJl Oy/lb-IKMX TOUYCHHUX JIeTa-
Jei: BTYJOK, a0, MpoKIagoK TOIIO, 3 BUKOPUCTO-
BYEMO IPU3MH, OTIOPH Ta iHILI MPUCTPOI, TOTOKEH-
HS SIKUX Y Mipy 3HOCY MOKHa KOPUTYBaTH Ta HaJai
BUKOPUCTOBYBATH.

[IporikaHHS BOIU YCYyBAa€EMO BEITUKHMH JIHCTA-
MH BaKyyMHOI I'yMH, fIKi 3 000X OOKiB BaHHU IIIaii-
Oamu (IpU3HAYCHUMH JIJIS1 MAKCHMAJIBHOTO JliaMeTpa
KOHTPOJIbOBAHHUX TPYO) MPUTUCKAEMO IO CTIHKH BaH-
HU 3 BHYTPIIIHHOI CTOPOHH. A 3 30BHIOTHBOTO OOKY
BaHHH V-TIOIOHUMHU TPU3MaMU 3 KampoJiTy cTadi-
nizyemo TpyOu. Po3TanryBaHHS Ipu3M peryiabOBaHe,
10 JI03BOJISIE OJTHIEIO TIPU3MOT0, Y Mipy i1 3HOITyBaH-
H$1, cTalimizyBaTH TpyOH BiJ MaoOro A0 HalOLIBIIOrO
po3mipy. Tak caMO eKCITyaTyIoThCs i TyMOBI Iaiion
JUISL yTPUMaHHsI BOJIX y BaHHI.

HaBenemo pes3ynbTaTu KOHTPOJIO TpyOH
16x1,5 mMm. Ha 30BHINmIHIN OBEpXHI Li€l TpyOu €
no3ao0BxHii U-nmogiOuuii ma3 3MIiHHOI NIMOMHY, IITH-
puHa sikoro 0,3 MM, a rIMOuHA Ha HOoBXHHI 200 MM
MaBHO 3MiHIOETHC Bij 0 10 0,5 mM. [l moOymo-
B 3aJIC)KHOCTI aMIUTITYIH €XO-CUTHATY BiJI TTUOWHU
a3y aMIDTITYIA CUTHATIB BUMIPIOBAJICS 32 IIKAJIOI0
Ha eKpaHi nedekrockomna. Hmkde HaBeaeHO pe3yib-
TaTH KOHTPOIO 3a3HadeHoi TpyOou aBoma [1EIl-mMu
s pizHEX gactot: 5 MI'1 (puc. 6, a) i 10 MI'n
(puc. 6, 0).

Ha puc. 6 rmubuHa na3y npeacraBieHa y JBOX BH-
Mipax: abcomoTHOMY (Y MM) Ta BiIHOCHOMY (10 Z1OB-
KUHU MOTIEPEYHOT XBUII1, KOO BEIETHCS KOHTPOJD).
Ha rpadikax 4iTko BUAHO, 110 Mo MHOWHI nasy, Tpi-
IIMHU Ta IHIIUX TOAIOHUX Ae(EeKTiB aMIIITyIu
€XO-CUTHAJIIB BiJl HUX IIBHJIKO 3HMKYIOThCS, HE J103-

1 1 1
& 0,15 031 0,46 0,62
1 1 1 1

1 0
0,77 hih ¢
11

L L 1
0,3 0,6 0,9 1,2 1,5 hih
L L 1 )

a 01 0,2 0.3 0.4

0,5 h, Mm

0,1 0,2 0,3 0.4 0,5 A MM

o

Puc. 6. 3anexHOCTI aMITITyIn €X0-CUTHAITY Bij Ma3y 3 IHOMHOIO, IO IUTABHO 3MiHIOETHCS
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BUMPOBHWYIA PO3AIN

BOJISIIOYH TIepeOpakoByBaTH MPOAYKILiFO, IO € TyKe
BaKJIMBHM.

Konycusiii pednexTop MOXXHa BUKOPHUCTOBYBa-
TH 1 A7 BUSIBJICHHS B TpyOax monepedyHux AeQeKTis.
Burnsg nporo peduiekropa Ta Horo KyToBi po3mipu
vy = 45°—p/2 HaBeneHo Ha puc. 7.

HanamryBanHus nmeperBopioBaya Tpeba BeCTH y
Ti¥l TUTOLUHI, JIe 3HAXOAUTHCS 1 Bich TpyOH. Y 1bO-
MY TOJIOXKEHHI BEJIEThCS 1 KOHTPOJIb TPyO, TOOTO 6€3
3MillIEHHS TepeTBOpIoBada Bropy/BHu3. s moser-
IICHHS HaNalITyBaHHs nepeTBoproBada y C3 Tpeba
BHUT'OTOBUTH JIOTIOMI>KHHI TIOTIEPEYHHI a3 10 BChO-
My nepuMmeTpy Tpyou. Imnbuna fioro moxe OyTu B
1,5...2,0 pa3u 6inbIa 32 HOPMATUBHY. A HaJaIIToO-
BYBaTH YYTIUBICTh Ae(PEKTOCKOMMA Ta MEPEBIPATH 11
B TUHAMIYHOMY pexnuMi Tpeba 3a HOpMaTHBHHUM BiJI-

Puc. 7. Konycuuii peduexrop

ousauem. Lli BizOuBaui Ha C3 moBuHHI OyTH po3HE-
CeHi TaK, oo MoxHa 0y10 00’ €KTUBHO BUKOHATH
MepeBipKy HaJAIITYBaHHS YCTAHOBKH Y AMHAMIYHO-
MY PEXHMI.

TakuM 4rHOM, IPH KOHTPOII TPYO MPOHOHYETHCS
BuKopucTtoByBatu ayronoxioni I1EIl-u HeoOXimHUX
PO3MIpIB 1 4aCTOT.

B.C. 3aropynbko
JIT «HaykoBo-1ocCiigHuH 1 IPOEKTHO-TEXHOJIOTTYHUI IHCTUTYT
TpyOHOI mpomucioBocti im. SI.€. Ocaxm» (M. JJHinpo)
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IHOOPMAUIA

Mornsap B icTOpito HAYKU | TEXHIKK
/py6puky Bege KO.M. Mocunaiko/

OATW, noall, ®AKTU 3 ICTOPII TEXHIYHOIO KOHTPOJIIO

(xkaneHpap lll kB.)

(4 nunHa 1687 p. onybnikosaHo neplly dyHAaMeHTanbHy npauto |. HetoToHa «[MpiHcuna.
Cep Icaak HbtoToH (1643-1727 pp.) — aHMINCbKUIA HayKOBELb, KU 3aKINaB OCHOBU Cy4aCHOro
NpUpPOAO3HABCTBA, TBOPELb KnacuyHoi diavku. CopmynioBas 3akOHU PyXy, BiOMi SIK 3aKOHU
HbIOTOHa, Ta 3aKOH BCECBITHLOIO TSXKIHHS, PO3BUHYB TEOPIt0 KONMbOPY Ha OCHOBI CMOCTEPEXEHD
po3LLenneHHs 6inoro ceiTna B CNeKTp B ONTUYHIN NpU3Mi, ChopMynioBaB eMMipUYHUIN 3aKOH
TennoobMiHy. loro poboTu cTanu OCHOBOK HaYKOBOTO CBITOMIAAY BPOAOBX TPbOX HACTYMHMX
CTONITb | Manu BENWUKWIA BNIUB He TiNbkn Ha gi3nKy, a i Ha dinocoaito.

(12 nunHa 1937 p. Hapoaueca Muxaiino JlbBoBud XKagkesud (1937-2021 pp.) — BigomMuii
npencraBHuK MaToHiBCbKOI wkonun, yn.-kop. HAHY. 3 1984 p. B IE3 im. €.0. MNartoHa — ro-
NOBHUWI iHXXeHep, avpekTop JocnigHoro 3aBoay cneuianbHOI enekTpomeTanyprii, 3anmaBscs
CTBOPEHHSIM NPOMUCIIOBUX TEXHOSOTi €NEeKTPOLLSIAKOBOro NINTTS 3aroTOBOK AeTanewn ans
MalUMHOBYAyBaHHS, eNeKTPOHHO-NPOMEHEBOIO HaNUIEHHS 3aXMCHUX MOKPUTTIB Ha rona-
Ti ra3oTypboarperariB, €eNeKTPOHHO-NPOMEHEBOIO 3BaptoBaHHS BUPOBIB HOBOI TEXHIKM ANs
060pOHHOT, cyaHODOYAIBHOI Ta eHepreTuyHoi ranysen npomucnosocTi. 3 1993 no 2007 pp. —
3acTynHuk gupektopa IE3 im. €.0. MNaToHa. 3pobus BeNukuii BHECOK y pO3B’A3aHHS NUTaHb
NiABULLEHHS] EKOHOMIYHOT €PEKTMBHOCTI B OisnbHOCTI nigpo3ginis 1E3.

(. . L L o .

12 nunHa 1929 p. sigbyscsa nepLmii B icTopii aBiauii NONIT riraHTCLKOMo NiTak4oro YoBHa
«[JopHbe Do-X». JliTak npusHa4aBcsa Ans excnnyarauii Ha Aanekux nacaxunpebkux asianiHisx. MMi-
3Hiwe, 20 OBTHS, B x0ai 40-XBUINMHHOMO AEMOHCTPALIMHOIO NOMbOTY Liew MiTak 3neTiB 3 bogeH-
CbKOro o3epa 3 169 nacaxxvpamu Ha 6opTy. Liel pekopa 3anviLmnBCs HenepeBepLLEHM B NepLLil
nonosuHi XX cToniTTs. Yepes HEBUCOKI NbOTHI XapakKTePUCTUKN fiTak Ha NiHil He BUMLLIOB, NuLle
3pobuB B 1930-1932 pp. kinbka AEMOHCTPaLiNHUX NonboTiB B Adpuky, MiBHiYHY i MiBoeHHYy Ame-
pvky. [ins ekoHoMmii Barv Ans 3'€AHaHHA anioMiHiEBMX AeTarnein BUKOPUCTOBYBamnu 3BaploBaHHS.
TakoX BUKOHaHO BEMMKWiA 06’em BUNPOOyBaHb artoMiHIEBMX CMNaBiB Ta ix 3'egHaHb.

(14 nunHA 1969 p. siabyscs cnyck nig BoAy nigBogHoro anapary, NpusHadYeHoro Ans 4ocni-
DKeHHA cepefHix rmubnH MNonbdcetpimy (go 1000 m), mesockada «beH PpaHkniH», CKOHCTPY-
nosaHoro Xakom [lMikapom. Ocobrnuea yBara npuginanacs 3sapHum LwBam. MNepu Hix 6yno
[03BOJIEHO BUKOPUCTaHHS anapaty, 6yno npoBedeHO YNCTEeHHI NepeBipkv Ta ekcnepTuau. Ans
3BaplOBaHHS1 BUKOPUCTOBYBANWCS €MEKTPOAU, NEroBaHi MapraHLueM Ta MonibaeHoM.

(15 nunHsa 2010 p. nigrotoBneHo Ao BuaaHHS kHUry «laToHiBcbka wkonax. Y Hin npea-
CTaBneHo iHpopMaLito Npo BCECBITHLO BiAOMY NAaTOHIBCbKY HAYKOBO-iHXXEHEPHY LLKOMY B ra-
ny3i 3BaploBaHHS Ta CMoOpiAHEHNX TEXHONOriN, sika Byna cTBopeHa BUAATHUM y4eHUM akage-
Mikom €.0. MaToHOM Ta po3BMHEHA MAHUM MPOAOBXYBAYEM MOro cnpasu akagemikom b.€.
MaToHoM. BUCBITNEHO CTAHOBMEHHSA Ta PO3BMTOK L€l LWKONKW, HAaBE4EHO BiAOMOCTI Npo ii
BiZOMWX NpeaCTaBHUKIB.

(16 nunHa 1969 p. s CWA sanyuweHo «AnonnoH-11», nepwnit KOcMivHUiA kopabens,
3aBAaHHAM sikoro 6yno goctasutu nogen Ha Micaupb. BiH ctapTyBaB 3 KOCMOAPOMY Ha MUCI
KanaBepan (®ropwvga) i, nogonaswm 384 tuc. km 3a 76 rog, 19 nunHA yBiALWOB y HaBKOMO-
MicsiuHy op6iTy. CydacHi 3BaptoBaribHi TEXHOSOTiT Ta METOAN HEPYWHIBHOMO KOHTPOIHO 3abe3-
neunnu sikicHe 3'egHaHHA Aetanen Ta YacTuH kopabns.

(17 nunHa 1964 p. MocraHoeoto PM YPCP Big 12.06.1964 p. Ne 595 Ta MNocTaHoBOW
Mpesunaii AH YPCP Big 17.07.1964 p. Ne 188 3acHoBaHo npewmito im. €.0. MatoHa HAH
YKpaiHu 3a BMAaTHI HayKoBi po6oTK B ranysi CTBOPEHHS HOBMX METaneBux martepianis Ta
MeToaiB ix 06pobku. Lle oauH i3 HebaraTboX Npuknagis, KONU NPeMito Ha3BaHO Ha YecTb
BYEHOro-3BaproBarbHUKa.

(18 nunHa 1853 p. Hapoauecs MeHapik AHTOH JlopeHy, (1853-1928 pp.), HiaepnaHacbKui
hisuk, naypeat Hobeniscbkoi npemii 3 disuku (1902 p.). Po3BUHYB eneKTpoMarHiTHy Teopito
CBiTNa Ta eNeKTPOHHY TEOopito MaTepii, a TakoX chopMyrtoBaB CamMOy3roXXeHy TeOpito enek-
TPUKKM, MarHeTU3my Ta cBiTna. 3 oro imeHeM noB’sisaHa cuna JlopeHua (cvna, Wo Aie Ha
3apsag, pyxomuii B MarHiTHomy noni). MNepetBopeHHs JlopeHLa € HanBaXnMBILLUM BHECKOM Y
PO3BUTOK TEOPIl BiGHOCHOCTI.

Pepakuist x)xypHany Oyae BasidHa yntadam 3a JOMOBHEHHS 40 AaT, nogiv Ta dakTiB 3 HK
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(24 nunHAa 1967 p. sinbynoca BiakpuTTa Apkn B CeHT-Jlyici, Takox BifoMOi nig Haseoto
«BopoTta Ha 3axig» — memopiany, o € YyacTuHoto [xeddepCoHiBCbKOro HaLioHansHOro
eKkcnaHciansbHOro Memopiany, a Takox BisuTHOW kapTkoto CeHT-Jlyica. Ti BucoTa 192 M B
HaMBULLiA ToYLi, WMPUHA Ti OCHOBM TakoxX 192 M. Apka € HaMBULUM NaM’ ATHUKOM Ha Te-
putopii CLUA. ByaisenbHukn pasom 3 komnaHieto «Lincoln Electric» ycniwHo BurotoBunu i
3'egHanu 142 yacTuHu ogHiei 3 HancknagHiwmx GyaisenbHux cnopyg B ictopii CLUA. Mpun
CMopyaXXeHHI BUKOPMCTOBYBANOCS py4YHe 3BaploBaHHS, HaniBaBTOMaTM4HE 3BaplOBaHHA B
cepenoByLL 3aXUCHUX rasiB (AN 3’eAHaHHA 30BHILLHBOI NOBEPXHi 3 HepXxaBitoyoi cTani), a
TaKoX 3BaptoBaHHS nig dnocoM. Po3paxyHkn MeTanokoHCTPYKLi Ta BUNpobyBaHHS 3pa3kiB
BMKOHYBaroch B nabopaTtopisx nposigHux yHisepcuteTis CLUA.

(25 nunHa 1984 p. y sigkputomy kocmoci 3a 6opTom opbiTanbHoi cTaHuii «CanioT-7»
Oyno npoBedeHO eKCNepMMEHTH 3 ENEKTPOHHO-NPOMEHEBOIO 3BaplOBaHHS 3a JOMNOMOro
3BaptoBanbHoro anaparty YPI (yHiBepcanbHUI pyyYHUiA iHCTpPYMEHT), po3pobneHoro B IE3
im. €.0. MNaroHa. Llen anapat 403BONAB 34iMCHIOBATU 3BAPIOBaHHS, Pi3aHHs, NasHHA MeTa-
ny, HaHeceHHs nokpuTTiB. KocmoHaeTu B. [xaHibekoB Ta C. CaBuubka BURLLIM Y BIOKPUTUIA
KOCMOC 151 BUKOHaHHS 3BapoBalibHNX TEXHOMOTYHMX poOIiT. MpoTArom TpboX 3 NOMOBMHOK
roguH KOCMOHaBTM NPOBENY BECb KOMMMEKC 3annaHOBaHUX eKCNePUMEHTIB.

(28 nunHAa 1921 p. Hapoauecs OaHuno AHgpiosuy Oyako (1921-2009 pp.) — Bigomui
npeacTaBHuK MNaToHiBCbKOI WKonu, akagemik HAHY. OCHOBHI HanpsMKn HayKoBOI AisiNIbHOCTi
— OOCTNIMXEHHS NpoLeciB 3BaploBaHHA Mig niocoM, Npobnemmn mexaHisauii 3saptoBanbHOro
BMPOOHMLTBA, ENeKTPOLLaKkoBe 3BapioBaHHSA TOBCTOrO MeTany, AOCNIIKeHHS MeTanyprin-
HMX NpoLeciB Ta NpoLUeciB po3nnaBneHHs MeTany i Wnaky B 3BaptoBarbHili BaHHi, po3pobka
TeXHiku Ta obnagHaHHA Ans 3BaploBaHHA Y BYINEKUCIIOMY rasi, CTBOPEHHS aBTOMaTiB Ta Ha-
niBaBTOMaTiB A1 MacOBOro BUKOPUCTAHHA Y NPOMUCOBOCTI, TEXHOMOTriT 3BaploBaHHS Y 3a-
XUCHWX razax, MeToam nna3moBOAYroBOro 3BaptoBaHHs1, 30KpeMa MikpOornna3mMoBOro Ta iHLMX
HOBMX BUZIB MNa3MOBOro 3BaptoBaHHS.

(2 cepnHsa 1930 p. Hapoamscs Cepriit IBaHoBUY Kyuyk-AueHko (1930-2021 pp.) — Bigomuit
BYEHMI B ranysi 3BaptoBaHHA meTanis Tuckom, akagemik HAHY, npeacraBHuk [aTtoHiBCbKOT
LUKONN, 3acTynHUK aupektopa 3 Hayku IE3 im. €.0. MNMaTtoHa. PyHaameHTansHUMK Jocri-
OXXEHHSIMW BYEHOIo € po3pobKM HOBMX CNOCOBIB KOHTAKTHOrO 3BaptoBaHHS MOCTINHUM, iM-
NynbCHUM i NyNbCYOYMM ONMaBneHHAM, 3anaTeHTOBaHUMM B MPOBIAHMX KpaiHax cBiTy. Ha ix
ocHoBi C.I. Kyyykom-£LieHKOM 3 KONeKTUBOM CMiBPOOITHWKIB pO3pO6NeHO TEXHOMOTI0 3Bapto-
BaHHS pi3HMX BMPOOIB, CMCTEMU yNpaBniHHSA | HOBI 3pa3ku 3BaptOBarnbHOro 0bnagHaHHs, Lo
He MaloTb aHanoriB y CBIiTOBIN npakTuui. Lli Buan KoHTaKTHOro 3BapioBaHHA NOCTaBWUIMN HOBI
3aBgaHHA nepepq po3pobHMKaMy METOAIB TEXHIYHOTO KOHTPOTIO.

(12 cepnHa 1937 p. Hapoguscs Biktop ®enoposud XopyHos (1937-2016 pp.) — un.-kop.
HAHY, npencraBHuk MaToHiBCbKOT WwWKonu. OCHOBHA HaykoBa AianbHicTb B.®. XopyHoBa
npucBsaYeHa LOCNIOKEHHIO NPOLECiB BUCOKO- i HU3bKOTEMMNEPATYPHOIO NasHHS, sIKe 0XO-
NIE NPaKTUYHO BCi KOHCTPYKUIMHI MaTepiany, LWo BUKOPUCTOBYOTLCS B NpomMmncnoBocTi. [ig
MNOro KepiBHULTBOM pOo3pobrieHO HayKOBi OCHOBM, MPUMOI Ta TEXHOMOTi0 BaKyyMHOrO NasHHSA
TOHKOCTIHHUX KOHCTPYKLUIN 3 HepXaBitounx ctanemn pisHuX Knacis, Ans nasgHHS BUCOKOMero-
BaHMX HikeneBuXx CMNmasgiB, iHTepMeTanigHUX i AUCNepCinHO-3MiLHEHNX CNNnaBiB, ByrneLeBmnx
Matepianis, CnnaeiB Ha OCHOBI TUTAHY i artoOMiHito.

(12 cepnHsa 1944 p. y pamkax onepadii Pluto (Pipe-Lines Under the Ocean — TpyGonposo-
AV nig okeaHoM) Byno NpoknageHo nepuy MiaBoAHy HadTONPOoBIAHY NiHilo Mix PpaHuieto Ta
BenvkobputaHieto. Tpybonposig 6yB rHydkoto ctanesoto Tpy6oto, 3BapeHoto 3 20-¢pyToBux
cekuin 3aranbHoto gosxuHoto B 4000 cpyTi (1220 m). Lia onepauist po3rnsaaetbcs sk oaunH 3
HaMBINbLUMX NOABWIIB B iCTOPIi BiNCbKOBOI TEXHIKWU. YCbOr0O A0 KiHUS BiiHA OHOM MPOTOKM MK
BenukobpuTaHieto Ta PpaHuieto 6yno nepekadaHo maike 800 Tuc. m® nanuea.

(24 cepnHa 1939 p. Hapoauecs Meopriit Muxannosud Mpuropexko (1939-2019 pp.) — akage-
Mmik HAHY, npefctaBHuk MaToHiBCbKOI Wkonu. bpae 6e3nocepenHto y4acTb y po3pobLi HOBUX
MeToAiB, 0ONagHaHHs Ta TEXHOMOrIT NNa3MoBO-A4yroBOro, AyroLnakoBoro nepennaeis, enex-
TPOLUNAKOBOT TEXHOMOTIT, iHAYKUINHOT BUNNaBkM 3 KOMBIHOBaHNMM [xepenamu Harpisy Ta y
BOZOOXONOMKYBaHUX CEKLINHUX KpucTanisaTtopax. Bneplue npoaHanisysas Ta knacudikysas
razoo6MmiHHI NpoLecu B enekTpomeTanyprii npu nnasui Ta nepennasi. CTBOpuB LEHTP ¢isu-
KO-XiMiYHUX JOCNifpKeHb MaTepianis, KM He Mae aHanorie B YkpaiHi.
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(28 cepnHa 1999 p. ogiuiiHo BigkpuTo Bexi MeTpoHac — GrnMaHiokKU-xMapodocu B Kya-
na-Jlymnypi (Manansisi). KoxHa Bexa 3asBuiku 375 m (3i wnunem — 451,9 m) mae 88 no-
BepxiB. ByAiBHMLTBO yHikanbHOI 3BapHOi KOHCTPYKLi Byno posnoyato B 1995 p. i 3aBepLueHO
y 1998 p. HuHi MeTtpoHac Tayepc — HamBwLLi BEXi-Onn3HiokK y cBiTi. OgHMM 3 HaCKNagHiLmnx
npotecis OyaiBHMLTBA BEX OYno BCTAHOBINEHHSI MOCTY, L0 3'eAHYye iX. BiH po3TalioBaHuii Mix
Bexxamu Ha 41 Ta 42 noBepxax, Mae 58 M y AOBXUHyY. YHikanbHuM € 150-meTpoBuii pyHaa-
MEHT BeX (HanrmubLumin Ha nnaHeTi). 3aransHuin 06’eM 3anUToro B oyHAaMeHT GETOHY cknaB
13 T1c. M3. Ha GyaiBHMLTBO XMapo4doca niwno mamke 37 TUC. TOHH cTani.

(30 cepnHa 1993 p. Ha Endenesy Bexy nigHssca 150-minbioHuii Biasiaysady. Endenesa
BeXa — HamBigoMilla Bexa, CMMBON cydacHoi PpaHuii. MNonynsapHuiA TypucTYHMA o6’ ekt
LLIOPiYHO Npunmae noHag 6 MinbuoHiB BigsiaysadiB. byaisenbHi po6otn BukoHyBanu 300 po-
GiTHUKIB NpOTArom ABOX pokiB 3 ciyHA 1887 p. no 6epeseHb 1889 p. PekopaHum cTpokam
3BEe[lEHHSI CMPUSANM KPECNEHHA HaA3BNYaNHO BUCOKOI SIKOCTi 3 TOYHMMM po3mipamn 18038
mMeTanesux getanen, Ana CKPiNMeHHa AKMX Bukopuctanu 2,5 MnH. 3aknenok. Bexa 6yna
3BefeHa fK TMM4YacoBa crnopyAa Ans 03HaMeHYBaHHS CTopivys 3 AHA noyatky PpaHLy3bKol
peBonoLil Ta 40 BiAKPUTTA napuabkoi BcecBiTHLOT BucTasku 1889 p.

(1 BepecHA 1930 p. noyanacs [pyra ceiToBa BiiiHa. [iaroToBKa 40 Hei pi3ko BMMHyNa Ha
3aCTOCYBaHHs eMeKkTpo3BaploBaHHSA B aBiaLiiiHil i 0cobnmneo B cyaHOOYAIBHIA NPOMUCIOBOC-
Ti. Mpwn BUPOBGHULTBI BCix BUAiB 30p0oi nepexoannu Ha 3’eqHaHHs 3BaptoBaHHSAM ON1S1 eKOHO-
Mii yacy. HimewyunHa Takox, o6 oGiliT1 MUpHI yrogu, nodana BUKOPUCTOBYBATN B OGOPOHHIl
NPOMUCOBOCTI 3BapHi 3’egHaHHsA. Cnigom 3a Heto BennkoGpuTaHis Takox cTana LMpOoKO
BMPOBaAXyBaTu 3BaploBaHHSA. Paa TexHonorin, Takux sik nigBoAHE 3BaptoBaHHS Ta MeToam
HEepYMHIBHOIrO KOHTPOIIO, OTpMManu B Lie Yac LUMPOKNIA PO3BUTOK.

(7 BepecHA 1997 p. sinbyscs nepumii nonit F-22 «Pentop» — amepukaHcbkoro Garatodi-
NbOBOrO BMHWLLYBaya NM’ATOro MOKOMiHHSA, po3pobneHoro komnaHigmu «Lockheed Martiny,
«Boeing» i «General Dynamics». HoBuiA BUHMLLYBa4 Gyrno po3pobrneHo 3 BUKOPUCTaHHAM
nepenoBoi aBioOHIKW, HOBMX OBUIYHIB 3 LMPOBMM KepyBaHHSAM, a Takox BiH OyB ManonomiT-
HUM Ansa pagapis. [pu CTBOPEHHI MiTaka BUKOPUCTOBYBaNM YHiKarnbHWUI KOMMMEKC enekTpo-
HHO-NPOMEHEBOrO 3BaploBaHHSA, Cy4acHUn BUNpobyBanbHWUI KOMMIEKC, LLO BKIOYAB 3acTo-
CyBaHHS KOMM'KOTEPHOT TOMOrpadii, aKyCTWUYHI, €NEKTPOMArHiTHI, KaninspHi Ta iHwWi meToam
HEPYMHIBHOrO KOHTPOSHO.

(10 BepecHs 1892 p. Hapoausca ApTyp KomnToH (1892-1962 pp.) — aMmepuKkaHCbKuit di-
31K. 3aliMaBcsl BUBYEHHSIM PEHTIEHIBCbKOrO BUMNPOMIiHIOBaHHS. Y 1922 p. BUABKB | HagaB
TeopeTuYHe 06r'pyHTYBaHHS eheKTy 3MiHU JOBXMHU XBUIi PEHTIEHIBCLKOrO BUNPOMIiHIOBaH-
HS YHacnigoK po3CisiHHA MOro enekTpoHamu pe4yoBUHU, YM OOBIB iCHYBaHHS poToHa. 3a ue
BiakpuTTa KomntoH 6yB HaropogxeHun Hobeniscbkoto npemieto (1927 p.), a BiakpuTe sBU-
we otpumano Hassy edekty KomntoHa. 3 1941 p. KomnToH 6yB ronosot YpaHoBOro KoMi-
TeTy S-1, akmun GyB BignoBiganbHWA 3a 4OCNIAXEHHSA BNacTUBOCTEN | BUPOOHULTBA ypaHy.
Y 1942 p. KomntoH npusHaums Pobepta OnneHrerimepa ronoBHNUM TEOPETUKOM KOMITETY.
Bnitky 1942 p. po6ota komiTeTy 6yna nignopsgkosarHa apmii CLUA ta ctana MaHreTTeH-
CbKUM MPOEKTOM.

(10 — 14 BepecHs1 2018 p. Bnepe B M. Opeca Bindynack koHdepeHLuis «CyyacHi metoau
Ta 3acobu HepPYMHIBHOIO KOHTPOIIO | TEXHIYHOI AiarHoCTUku» . PakTnyHO ue b6yno BioHOBNEH-
HA KoHdepeHUin, ski 3 1993 no 2014 pp., T06T0 Ao okynauii Kpumy, npoBogmnuce B AnTi.
IHiuiaTOopoM LmMx 3ycTpiven daxisuiB 3 1993 p. 6yno YkpaiHCbKe TOBapUCTBO HEPYWHIBHOIO
KOHTPOMO Ta TEXHIYHOT AiarHOCTUKM Ta YKpalHCbKui iHpopMaLinHmi ueHTp «Hayka. TexHi-
ka. TexHonorisi». 3 2018 p. oo opraxisauii koHepeHuin gonyynnucs IE3 im. €.0. MNaTtoHa Ta
MixxHapogHa Acoujiauis «3BaproBaHHS».

(20 BepecHA 1934 p. Hapoaneca AHaTtoniin SkoBuy Hepgoceka — BigoMuii npeacTaBHUK
MaToHiBCbKOI WKonu, 3asigysady Bigainy IE3 im. €.0. MNMaTtoHa, A.T.H. OCHOBHI HaNPsAMKK Ha-
YKOBOI iSiNIbHOCTI — TEXHIYHA AiarHOCTUKa i MPOrHO3YBaHHS 3arnyLLIKOBOrO Pecypcy 3BapHUX
3'eAHaHb, MaTepianis, NOKPUTTIB Ta KOHCTPYKUIM y NpoLeci iX ekcnnyaradii Ha OCHOBI akyc-
Tu4Hoi ewmicii. A.A. Hegoceka € 3acTynHMKOM ronoBHOTO pefakTopa XypHany « TexHiyHa gia-
FHOCTWKA Ta HEPYWHIBHWIA KOHTPOSbY.

IHOOPMAUIA
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(21 BepecHs 1942 p. Bigbysca nepwumii nonit Boeing B-29 Superfortress (BoiHr B-29
«CynepdopTeusna») — ctpaTeriuHoro 6ombapayBansHuka CLUA, po3pobneHoro Ha noyartky
1940-x p. BBaxaeTbcsa HavkpalumMm cTparteriyHum 6ombapaysansHUKom vacis [ipyroi csiTo-
BOI BiiHW. B-29 cTaB LUMPOKO BiAOMWM Y CBITi 3aBAsIKM NpoBeAeHM y cepnHi 1945 p. nita-
KaMy LbOoro Tuny atomMmHmx 6ombapayBaHb SiNOHCbKMX MIicT XipociMa i Haracaki. JanbHicTb
nonboTy NiTak noHaa 6000 kv, MakcumarnbHa WBKnakicTe noHag 600 km/rog., BUCOTa NOMbO-
Ty 6ina 10000 m, Gonose HaBaHTaxeHHs 9000 kr. Bcboro BurotoeneHo noHag 4000 malumH.
Tpu B-29 3gincHnnm BuMyLweHy nocagky Ha Teputopii CPCP, ge 6ynu iHTepHOBaHi Ta BMKO-
pucTaHi Anga cTBopeHHA Ty-4.

(22 BepecHA 1791 p. Hapoausca Maitkn dapapeii (1791-1867 pp.) — aHrMINCHKUIA (isnK-eKc-
nepvMeHTaTop i XiMUK, YneH JIoHOOHCHKOro KoponiBCbkoro ToBapucTea (1824 p.) Ta 6esnivi iH-
LUMX HAaYKOBUX opraHizauin. Y 1831 p. ®apagev BUHaNLLIOB siBULLIE €NEKTPOMArHIiTHOT iHAyKLji, Lo
NEeXWTb B OCHOBI Cy4acHOro MPOMUCIIOBOrO BUPOOHMLTBA enekTpuki. CTBOpYB NepLuy mMoaernb
enekTpoasuryHa. Cepeq iHLIMX AOro BIOKPUTTIB — NepLUMi TpaHcdopmaTop, XiMidHa Ais CTpyMmy,
3aKOHW eMeKTpOoni3y, Ais MarHiTHOro nons ceitna, diamarHeTvam. NMepLmm nepeadayme enekTpo-
MarHiTHi xeuni. Papagew BBIiB Y HaykoBe 3aCTOCYyBaHHA TEPMiHM iOH, KaTofd, aHOA, eneKkTPoniT,
AienekTpuK, giamarHeTnam, napaMmarHeTnam Ta iHwi. ®apagen — OCHOBOMOMNOXHUK BYEHHS NPO
eneKkTpoMarHiTHe rnorse, ke NoTiM MaremMaTnyHo ohopmMuB i po3emHyB Makceens.

(24 BepecHs 1960 p. y HotonopT-Hetoc (BipaxkuHisi, CLLA) cnyLieHo Ha Bogy nepLunii aTom-
HUI aBiaHoceub «EHTepnpanay. BiH MaB HanbinbLuy (342,3 M) goBxuHy cepen 6onoBmx kopa-
6nis cBiTy. OQHOro 3aBaHTaXeHHsA SAepHUM nansHUM BUCTayano Ha 13 pokis cnyx6bwu, 3a uen
yac kopabernb mir nporTn Ao 1 MnH. Munb. «EHTepnpan3» 6yB eaMHUM aBiaHocueM 3 GinbLu
HiXX 2-Ma sgepHMMKU peakTopamu — BiH MaB Ha 6opTy 8 peakTopis Trny A2W. [lonaTtkoBuM Ho-
BOBBeLleHHAM Ha «EHTepnpaii3» byna pagapHa cuctema, 3acHoBaHa Ha ha3oBaHili aHTeH-
HiM peLwiTui, sKa Mae nepesary Haj TpaguuinHMn pagapamu 3 aHTeHo, ska obepTaeTb-
cs. [Insa 3axucTy aBiaHocusa Oyno nobyaoBaHo ABi cepii aTOMHUX pakeTHUX Kpencepis: knacis
«California» i«Virginia». ¥ 2012 p. aBiaHoceLb 3aBEpPLUUB CBilA OCTaHHIl noxia.

(27 BepecHs 1918 p. Hapoauscs Bonoammup IsaHosuy Tpydsikos (1918-2001 pp.) — Bigo-
MU NpeacTaBHUK MaToHiBCbKOI Lwkomnu, yun.-kop. HARY. Mig yac nepebysanHs B.1. Tpydsko-
Ba Ha NoCTy 3aBigyBaya Bigainy MiLHOCTI 3BapHUX KOHCTpykUin IE3 im. €.0. MNaTtoHa 6yno
CTBOPEHO 0AVMH 3 HanbinbLumx B YPCP 3a KinbKiCTHO i NOTYXXHICTIO MEXaHIYHOro yCTaTKyBaHHS
BMNpobyBanbHUI KOMMMEKC (MakcumansHe 3ycunns gocdrano 800 T) Ta opraHi3oBaHo Line-
CMpsSIMOBaHi LUMPOKOMAaCLUTalHI AOCNioKEeHHS1 HECYYOi 30aTHOCTI MaTepianis i 3BapHUX 3'ea-
HaHb Nig BMNYBOM CTATUYHUX, 3MIHHMX | YAAPHUX HaBaHTaXeHb.

(27 BepecHs 1908 p. Ha 3aBogi MukeTT B [JeTponTi, wrat MiunraH, nobynosaHo nepLumii
ek3emnnap «Ford Model T», Takox Bigomuii sik «XKecTsHka J1i33i» — aBToMOGinb, WO BUMNYC-
kaBcsa «Ford Motor Company» 3 1908 no 1927 pp. Bys nepwwum y cBiTi aBTomobinem, wo
BMNYCKaBCsi MinbMOHHUMU cepisimu. [eHpi ®opa, Ha aymKky 6aratbox, «nocagme AMepuKy Ha
Kornecay, 3pobMBLUN HOBWIA NErkoBui aBTOMOBINb NMOPIBHAHO AOCTYNHUM ANs aMepuKaHLiB
cepeaHbOro Knacy. Lie ctano MoxnvMemMm 3aBAsSKM TakuM HOBOBBEAEHHSAM, SK 3aCTOCYBaHHS
KOHBEEPa 3aMiCTb iHAMBIQYyanbHOI py4HOI 30ipKM, @ TakoX BNPOBaOXKEHHS psidy HOBUX TEXHO-
norin ansa 3'egHaHHA geTanen i By3niB aBTomobins. 3okpema npu BUpOOHULTBI Ha KOHBEEPI
BMKOPUCTOBYBAriocsi KOHTaKTHe Ta aBTOreHHEe 3BaploBaHHS.

(29 BepecHs 1901 p. Hapoauecs EHpiko ®epmi (1901-1954 pp.) — iTanincbkuit gisuk, BigoMui
CBOIMU MpauaMu B ranysi saepHoi, KBaHTOBOI | CTaTUCTUYHOI disnkn. Cepen Noro A0CArHEHb —
BIOAKPUTTHA SOEPHUX peakuin, Lo BiabysaroTbca npyu 6oMbapayBaHHI PeHOBUHU HEWTPOHaMW, Y
pe3ynbTaTi SIKMX HApPOKYHTbCSl HOBI pagioakTUBHI enemMeHTW. [1o oro pobiT Hanexarb: BUBYEH-
Hs1 cnabkoi B3aemogii, oaHoi 3 dyHaaMeHTanbHUX B3aeMogil, i poboTy 3 KBaHTOBOI CTATUCTUKM
chepmioHis (pa3om 3 [Monem [ipakom). NNaypeat Hobeniscbkoi npemii 3 disnkm (1938 p.). Emirpy-
BaBLuM o CLUA, ®epwmi ByB npoBigHUM y4acHUKOM MaHreTTeHCLKOro MPOeKTY.

(29 BepecHs1 1940 p. Hapoavscs JleoHia Muxaiinosuy JTo6aHOB — BiGOMMIA BiTYUSHAHWIA
BYEHUWI, NpeacTaBHUK NaToHiBCbKOI Wwkonu, akagemik HAHY, 3actynHuk gupektopa IE3 im.
€.0. lMNMaToHa, ronoBHMIN peaakTop XXypHany « TexHiyHa giarHoCTMKa Ta HePYMHIBHUI KOH-
Tponb». HaykoBa gisinbHicTe J1.M. Jlo6baHoBa noe’sa3aHa 3 AOCNIAXEHHSAMN NOBEAiIHKM Ma-
Tepianis Npu 3BaploBaHHi, po3pobko MeToAIB AOCNIOKEHHS Ta perynoBaHHs 3BaptoBarb-
HUX HanpyeHb i AecpopmaLin, CTBOPEHHAM BUCOKOE(EKTUBHMX 3BAPHUX KOHCTPYKLiA HOBOT
TeXHikM Ta po3pobkoto meTogis i 3acobiB ix giarHocTuku. LLInpoke BU3HAHHS oTpumanu noro
npawi, NpucBAYeHi MeTogam ONTUYHOTO MOAENOBaHHSAS, ronorpadii, eNeKTPoOHHOI CneKn-iH-
TepdepomMeTpil Ta wuporpadii 4na OUiHKU HanpyXXeHO CTaHy Ta KOHTPOS0 SKOCTi 3BapHUX
3’eJHaHb.
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