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METOJNKA UIEHTU®UKAIIMUA BEIIECTB-3ATPSI3HUTEJIEN
BO BHYTPEHHHMX MHOJOCTSX WU3JAEJUIA
PAKETHO-KOCMHUYECKOI OTPACJU C UCIOJBL30BAHUEM
MVYJLTUCHEKTPAJIBHOTO DHJIOCKOIA

Pabora mocasiieHa 3aaue 0OHAPYKEHUS U KJIACCHU(DUKAIMK TOCTOPOHHUX BEIECTB-3arpsA3HUTENCH Ha BHYTPCHHUX TI0-
BEPXHOCTSX TPYJAHOIOCTYIIHBIX IIOJIOCTEH M3EJIUI PAKETHO-KOCMUUYECKOM OTPAC/IU ¢ IIPUMEHEHUEM MYJIBTUCIEKTPAIIb-
HOTO BHIICOIHIOCKOMA, (DOPMHUPYIOIIET0 OAHOBPEMEHHO 16 M300pakeHHIT 00BEKTa B Y3KUX CHEKTPAbHBIX MHTEPBAIaX
Ha pa3HBIX YYacTKaX OJHOTO MATPUYHOTO MpHEMHHKA n3nydeHus. Crienndrka KOHTPOIUPYEMBIX OOBEKTOB M YCIOBHI
UX HAaOIFO/ICHNS] BHOCUT KOPPEKTHUBHI B METOANKY 00pabOTKH CHEeKTpabHONH HH(POpPMALUH. DKCIIEpIMEHTATLHO ITOKa3a-
HO, YTO JIOCTOBEPHOCTb KOHTPOIISl CYIIECTBEHHO TIIOBBIIIACTCS TPH WCIIONB30BaHUM 0as3bl IaHHBIX BEIIECTB-
3arpsI3HUTENIEH, CO3/IaHHOM Ha aHAJIOTUYHOM OOBEKTE KOHTPOJISL.

Kniouesvie cnosa: Hepa3pymaronmi KOHTPOIb, 3HIOCKOMNHS, MyJIbTUCIIEKTPAJIbHAS CheMKa

BBEJJEHUE

BuzyabHO-U3MEPUTENBHBIA  SHIOCKOMMYECKUI
KOHTPOJIb SIBIACTCSI CTaHAAPTHOW M 00s3aTeIbHOM
IpOLEIYypOH MpH TNPOU3BOJACTBE Pa3IMYHBIX IPO-
MBIIIJICHHBIX U3ACINM, B YaCTHOCTH U3JCIINI aBHaIlU-
OHHOH M paKeTHO-KOCMUYECKON TeXHUKHU (TOTLIHBHBIE
0aku, TypOOHACOCHBIC arperathl, JIBUTATEIId U JBUTA-
TeJbHBIE YCTAaHOBKH B cOope u T.1.) [1, 2]. x oOwe-
OUHSAET oO0Iee CBOICTBO — HAJMYUE BHYTPEHHHUX
MOJIOCTEeH CJIOKHOW HECTaHIAPTHOU (hOPMBI, HEIOC-
TYNHBIX JUISL IPSIMOTO OCMOTpPa, KOHTPOJIb COCTOSHUS
KOTOPBIX MOXHO OCYHIECTBHUTL TOJIBKO C IMIPUMCHCHU-
€M SHJIOCKOITMYECKOI0 000PYI0BaHHUS.

K OCHOBHBIM KOHTpOJUpPYEMBIM IMapameTrpam OT-
HOCATCS: TEOMETPUYECKHE pa3Mephl, LEIOCTHOCTb
netaneid U cOOPOYHBIX €IWHHII, OTCYTCTBHE naedop-
MalHii, cJIeIOB KOPPO3UH, TPEUINH, OTCIOCHUH MaTe-
pHuana, MECT BBIXOAA BHYTPEHHHUX I€(EKTOB Ha IIO-
BEPXHOCTb, OTCYTCTBHUEC IIPOKHUIOB, HAJIUYMUEC IIOCTO-
POHHUX YacTHI[ U penMeToB U T.1. Oco0oil akTyahb-
HOHM 3aJladyeil BU3YaJbHO-U3MEPUTEIBHOIO KOHTPOJIS
SIBIISIETCS. BBISIBIIEHHME WM HMICHTU(UKAILMS BEIECTB-
3arpsi3HUTENICH, KOTOpPbIE  MOTJM  HMPUMEHATHCS
Ha Pa3IMYHBIX CTAAUAX TEXHOJOTHUYECKOTO Mpolecca
W3TOTOBJIEHUS H3JeiMs. B HacTosmmii MOMEHT BO3-
MOJKHO JIMIIb OOHApYKEHHUE OCTATKOB (CJEIO0B) ATUX
BEIIECTB IO MX [IBETHOMY M300paxeHut0. MneHTudu-
Kanusg BO3MOYKHA JIUIb MYTEM B3ATUSA HpO6I)I BCLICCT-
Ba W JAJbHEUIIEero aHanm3a (XpoMaTorpaduyecKoro,
MacCC-CIIEKTPOMETPHUYSCKOTO U T.I.), YTO BBHI3bIBACT
HEO0OXOJMMOCTh Pa300pKH KOHTPOIUPYEMOTO H3e-
TSI WIK NIPUMEHEHUSI HECTaHAAPTHOIO 3HJOCKOIHYE-
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CKOro 00OpYINOBaHMs C IOIOJHWUTEIBHBIM HHCTPY-
MEHTAJIbHBIM KaHAJIOM.

B pabotax [3, 4] mpencTaBieH MyIbTHCIIEKTPAITb-
HBIN DHIOCKOII, ITOKa3aHHBINA Ha puc. 1. OH nMeeT aBa
NPUEMHBIX ONTUYECKUX TPAKTa: B NMepBOM (GOpPMHPY-
eTcs 00bIYHOE IIMPOKOIIOIOCHOE IIBETHOE M300paske-
HUE, BO BTOpOM Qopmupyercs 16 y3KOMOJOCHBIX
CHEKTPaIbHBIX N300paKeHUH OJHOTO M TOTO Ke 00b-
eKTa. 3a CcYeT ITOro MOXKET OBITh MOCTPOEH CIIEKTP
OTpaXeHHUsI TPOM3BOJIBHOM 0ONacT oO0BEeKTa, YTO
CITy’KUT JONOJTHUTENFHBIM HCTOYHUKOM MH(pOpMau
IUIsl OTIpeieJIeHHsI CBOMCTB 3TUX OOBEKTOB U MX WAEH-
tudukamy. [IpuHInn GopMHUPOBaHUS CIIEKTPATBHBIX
M300paKeHM aHAJIOTHYEH MPEJICTaBICHHOMY B [5, 6]
U 3aKJII0YAeTCs B MCIIOJIb30BAHUU MYJIbTHAIIEPTYPHO-
ro o0bekTHBa, Gopmupyroiero 16 uzo0pakeHuit oj-
HOBPEMEHHO Ha Pa3HbIX y4YacTKax €IMHOIO0 MaTpHhy-
HOTO TpHEMHHUKa W3IydeHus. M3o0paxeHue B Kax-
JIOM CIIEKTPaJIbHOM KaHalleé 3aHMMAaeT Yy4acTOK
500 x 500 nukcenoB. s cnexTpanbsHON GUIBTpALH
UCTIONB3YeTCs PacTp CBETO(PUIBTPOB C LIEHTPAJIbHBI-
MU JUIMHaMH BOJH nponyckanus: 420, 444, 468, 492,
516, 540, 564, 588, 612, 636, 660, 684, 708, 732, 756
u 770 M. IupuHa Monockl OPOIYCKaHUA KaXKIO0Iro
¢unbTpa nopsaaka 40 aM. C 1enplo ypaBHUBaHUS WH-
TEHCUBHOCTEH PETHCTPHpPYEeMbIX HHU(POBBHIX H300pa-
KEHUH B mpuOOpe MPOU3BOAUTCS PETUCTPALUs TO-
CJIEOBATEIbHO 2 KaJpOB C Pa3IMYHBIMU BpEMEHaMH
9KCHOHUPOBaHUs. g ycTpaHeHHs BIUSIHHUSA LIyMOB
Ha pe3yNbTaThl MOCTPOCHUSI CHEKTPOB MPOU3BOAUTCS
yCpEeIHEHHE AaHHBIX IO IJIOMAag 00beKTa — IO He-
CKOJIKUM TIHKCEJIaM, KOJIMYECTBO KOTODPBIX OIpe[e-
JISIeT OTIepaTop.
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Puc. 1. MynpTHCTIEKTPAIEHBINA YHIOCKOI: ONTHYECKAs cxeMa (a) 1 BHeIrHui BuA (0).

1 — MYJIBTHCTIEKTPAIIBHBIH MOJYJIb; 2 — OCBETHTENbHAsI CUCTEMA; 3 — OOBEKTUB CIEKTPAIBLHOrO KaHaja; 4 — 00bEeKTHB
LIMPOKOIOJIOCHOTO KaHala, 5 — MaTPUYHbBIH MPUEMHUK MIMPOKOMOIOCHOTO KaHaia; 6 — BOJOKOHHO-ONITHYECKUH JKIYT
C peryJsIpHO#l YKJIaJIKO# BOJIOKOH; 7 — BOJOKOHHO-ONTUYECKHUH KTyT OCBETUTEIBHOIO KaHaja; 8 — phlYard apTHKYIIS-

1H; 9 — ANeKTPOHHBIH TpakT; 10 — OJI0K ynpaBieHus

B mporpammHOM obecrieueHHH, OKHa KOTOPOTO
npusesieHs! B [Ipunoxennu Ha puc. I11 u I12, peanu-
30BaHa BO3MOXXHOCTb OTOOPa)KEHHSI CIIEKTPOB OTpa-
JKCHHA B HHTCPECYIONIUX YYaCTKax II0Jid 3PCHUA,
a TaKKe CpPaBHEHHE 3TUX CIEKTPOB CO CHEKTPaMH
n3 0a3bl TaHHBIX, KOTOPas NPeABAPUTEIBHO CO3/1aeTCs
Ha 3TOM ke mpubdope. CpaBHEHHE CIIEKTPOB MOYKHO
BBITIOJIHATH KaK BU3YaJIbHO, TaK XU YHUCJICHHO. I[J'ISI BBbI-
YHUCJICHUSA MEPBI CXOKCCTU CIICKTPOB PACCUHUTHLIBACTCA
paccTostHUE MEXKAY TOYKAMH B 16-MEpHOM HpOCTpaH-
CTBE, KOOPAMHATHI KOTOPBIX MPEICTaBISIIOT cOOOM
KOA(PGUITUEHTHl OTPAXKEHUS B KKIIOM CHEKTPaTbHOM
KaHasie. BeposSTHOCTh PUHAIEKHOCTH HUCCIIETyEeMO-
ro BELIECTBAa K BEIIECTBaM W3 0a3bl JaHHBIX O0TOOpa-
JKaeTCsl B IPOrPaMMHOM 0OeCIICYeHUH.

B pabotax [7, 8] npencraBieHsl pe3ylbTaThl dKC-
NEPUMEHTAIBHON anpodauuu MyJIbTHCIEKTPATbHOTO
sHpockona. [loka3aHo, 4TO CHEKTPHI OTpasKeHHS Be-
IIECTB CYLIECTBEHHO 3aBUCAT OT YCIOBHH ChEMKH.
KoHkpeTHble (haKTOphI, BIMSIONIMNEC HAa PE3YJIBTATHI
MOCTPOCHUS CIIEKTPOB OTPAXKEHUSI MCCIEAYEMbIX Be-
IeCTB, MpejAcTaBicHsl B padore [7]. B a3TO# cBs3mM
B paboTe [8] BEIIBHHYTA WS BHITONHATH Pa3padoTKy
OTIENbHBIX (4aCTHBIX) METOOUK KOHTPOJS U KOH-
KPETHBIX U3JICIUN U CO3/[aBaTh YaCTHBIC 0a3bl Xapak-
TEPHBIX CHEKTPOB AJISI KOHKPETHBIX U3/AEIHH, YTO XO-
T4 U TPYAOEMKO, HO OCYHICCTBUMO, YUYUThIBAsA OIpa-
HUYEHHYI0 HOMEHKJIATypy BeLIeCTB-3arps3HUTEIIEH,
HaXO0XJICHUC KOTOPLIX BO3MOKHO B TOM WM HHOM
00BEKTE KOHTPOJISL.
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B Hacrosimiel craTtbe C 1LIENbIO MOATBEPKIACHUSA
JaHHOI'O ITOAXO04a OBLIM BBIINOJHEHLI HECKOJIBKO Ce-
puil SKcepuMeHTOB. Bo-mepBbIX, co3mana oOrmias
0a3a JaHHBIX CIEKTPOB  Pa3MYHBIX  BEIICCTB-
3arpsi3HUTENEN (Janee — 3arps3HUTENei), HaHeCeH-
HbIX Ha CIICOUaJIbHO IIOAIOTOBJIICHHBLIC ITOAJIOXKKH
W3 pa3nuyHbIX MaTepuanos (pasmen 2.1). Bo-BTopsix,
MPOBEIEHO HCCIEOBAaHUE CHEKTPOB OTPaKEHHsS 3a-
IPSI3HUTENEH, HAHECEHHBIX HA PAa3JIMYHBIE YYacTKU
peanbHbIX W3IENUi, U CPaBHEHHE UX CO CIIEKTPaMH
n3 0asel naHHBIX (pasznen 2.2). B-tpeThux, Ans ABYX
peanbHbIX M3JEJUil CO3JaHbl YacTHbIE 0a3bl TaHHBIX,
coJiep)Kalllie CHEKTPhl OTPaKEHHs 3arpsi3HUTENCH,
HAaHECEHHBIX Ha BHYTPEHHHE YYaCTKHM 3TUX H3IENUH
(paznmen 2.3). B-yerBepThIX, MOBTOPHO IPOBEACHO
HCCIIEIOBAHNE CIEKTPOB OTPAKEHUsI 3arpsisHUTEINEH,
HaHECEHHBIX Ha Pa3IM4HbIC YYAaCTKH BBHIOPAHHBIX pe-
IBHBIX M3JIEIMH C TOCTENYIOIMM CpPaBHEHHEM HX
CO CIEKTPaMH M3 COOTBETCTBYIOIIMX YacCTHBIX 0a3
JaHHBIX (paznen 2.4).

1. MATEPUAJIbHO-TEXHUYECKAS BA3A
OKCITEPUMEHTAJIbHBIX NCCJIEJOBAHNN

1.1. Hosacuawowue nonoscenus

Jlia mpoBenieHus SKCIIEPUMEHTAIBHON anpodanun
METOJIUKU MICHTU(PUKAIIUN 3arpsI3HUTENIEH ¢ UCTIONb-
30BaHMEM MYJIBTHCIIEKTPAIBHOIO 3HIOCKONA U MMU-
TalM peaJIbHBIX YCIOBHM €ro SKCIUTyaTalud ObUIN
3aJefiCTBOBAHBI CIIEAYIOIUE MAaTEPHAIIbl U N3ICIIHSL.
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B ycnoBusix mpou3BOACTBA BU3yalbHBI OCMOTP
BHYTPEHHHX IOBEPXHOCTEH MOAOOHBIX COOPOYHBIX
SIMHMI] C IPUMEHEHHEM SHAOCKOIINYECKOT0 000py-
JIOBaHUSl MPOUCXOAUT TPH MPOBEACHUH KOHTPOJIA
Ha pa3IUYHBIX 3Tanax COOPOYHOTO TEXHOJIOIHYe-
CKOT'0 Mpolecca, a TaKKe MPU BXOJHOM M BBIXOJ-
HOM KOHTpOJIE, HallpUMEpP NpHU MPOBEACHUU ITHEB-
MO-TUJPOUCHBITAHUHN, B X0/I€ KOTOPBIX MPOUCXOAUT
NOJKIKYEHHE H3JEIUid K CTEHIOBOW ammapaType
U MpeArnoiaraeTcs nojayda >KUAKUX U Ta30BbIX Cpes.
[Ipu 3TOM KOIMYECTBO UCIIOIB3YEMBIX B COOPOYHOM
mpouecce WIM IpHU MOJATOTOBKE U IPOBEICHUH HC-
NBITAHWKA BCIIOMOTATEIbHBIX BEUIECTB W MaTepHa-
JIOB, KOTOPBIE MOTYT paccMaTpUBATHCS B KadyeCTBE
MOTCHIMAIBHBIX BEIIECTB-3arps3HUTENEH, OOBIYHO
OTPAaHMYEHHO HECKOJBbKHMHU eIWHuLaMu (IO0 necs-
). KonmdecTBOo KOHCTPYKIIMOHHBIX MaTepuajosB,
W3 KOTOPBIX M3TOTaBIMBAIOTCA ACTald Y3JIOB M ar-
peratroB, TaK)Xe HE NPEBbIIIAET HECKOJbKHUX €Iu-
Hutl. [Ipu dopmupoBaHuu mNepBOHaYaIbHOW 0a3bl
JAHHBIX UIsI OTPAOOTKH TEXHOJIOTMH OBUIH 3a1eiCT-
BOBaHbI 6 BEIIECTB U 7 MaTepHAJIOB MOJIOKEK (Me-
TAJJIOB M CILJIABOB).

1.2. Tunosvie uzdenus pakemHuo-KOCMU4ecKotl
MexXHUKU

B kadecTBe THUMOBBIX M3JENUH U COOPOYHBIX EIH-
HUIl A7 OTpabOTKM METOJUKH WACHTH(UKauM 3a-
I'PA3HUTENEH UCIIONIBb30BANIUCH CIEAYIOIIUE:

— cucreMa TpyOONpPOBOAOB, BXOZSMIAsi B COCTaB

paketneix gsurareneit PJ[ 171, P/ 181, P 191
(puc. 2,a); wMartepuanm — HEp)KaBelomas CTajb
12x18u10T;

— map-0aJuIoH, BXOJAIINI B CHCTEMY HAJUITyBa TOII-
JIMBHBIX €MKOCTEH IBHUTaTEIbHON YCTaHOBKH KOCMH-
gyeckux  kopabmeit  "Coro3" u  "[Iporpecc"
(puc. 2, 6); MaTepuan — TUTAHOBEIH CITJIaB;

— TOIUTMBHAsI EMKOCTh, BXOJSINAsi B COCTAB JIBHTa-
TEJNbHOW YCTaHOBKHM KocMuueckux kopabuseit "Coroz"
u "lIporpecc" (puc. 2, B); MaTepuas — allOMHUHHE-
BBI crutaB AMr6.

[IpencraBieHHble W3IeMUS HMMEIOT BHYTPEHHHE

IMMOJIOCTH, JJId BU3YyaJIbHOT'O OCMOTPa KOTOPBIX IMMPUME-
HACTCA SHIOCKOIINYCCKOC OGOPYI[OBaHI/Ie.

Puc. 2. O6bEKThI KOHTPOJIS.
a — cucTteMa TpyOooIpoBOIOB, O — MIap-0aylIoH, B — TOIUTUBHASI €eMKOCTh

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 1
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B xome ocMoTpa mpoOHMCXOAWT MPOBEPKa BHINOJI-
HEHHBIX CBapHbBIX IIBOB Ha COOTBETCTBUE TEXHHUYE-
CKUM TpeOOBaHUSIM, a TaK)Ke KOHTPOJIUPYETCS OTCYT-
CTBHE IOCTOPOHHMX NIPEIMETOB U 3arpsI3HEHUH.

1.3. Tunoeuvie 3aepsaznumenu

B kadectBe 3arps3HuTelneii, METOAUKA MICHTH(U-
Kallii KOTOPBIX HCCIIEA0BANIaCh, HCIOJIB30BAIICH
CJIEAyIOIIKE BELIeCTBA OOLIEMAIIMHOCTPOUTEIBHOTO
Ha3HaA4YCHUA:

— anMasHas nonuposansHas macta ACM 3/2 HOM
T'OCT 25593-83 (uBeT CBETIIO-3€ICHBIN);

— nmudoBansHas macta 'OU Ne 3 TY 6-18-36-85
(uBeT 3eNeHBIN);

— FepMETUK KPEMHHUHOPraHn4eCcKui
TVY.38.303.04.04-90 (11BeT Oenblii);

— cmazka LIUATHUM-221 TOCT 9433-2021 (uer
CBETJIO-XKENTHIN);

— cmazka LIUATHUM-201 TOCT 6267-2021 (user
CBETJIO-KOPUYHEBHIH );

—3ama3ka BakyymHas Y-20A TVY 38.105357-85
(IIBET TEMHO-3€IICHBIH).

BI'O-1

1.4. Mamepuanvl noonooicex

J1s M3roTOBIEHUS TOAMIOKEK OBUTH TPUMEHEHBI
Heprkaseromas ctanb 12x18u10t, crans 40x, amroMu-
HUeBble ciiaBel AMr3, AMr6 u J[16T, Oponza
BpO®7, natyns JIC-59-1. [Ins ycTpaHeHus OJIMKOB
MOJIJIOKHU OBLIH TOJIBEPTHYTHI TIECKOCTPYHHOM 00pa-
OoTKe.

2. OKCIHEPUMEHTAJIbHBIE UCCJIEJJOBAHU A

2.1. Coz0anue obweti bazvl XapaxkmepHvix
CneKkmpos

[lepBoHayanbHO IS TPOBEAEHUS 3KCIEPUMEH-
TabHON ampoOaruu OblTa co3aHa 6a3a XapaKTepHBIX
CIIEKTPOB 3arpsi3HuTeNieil mo 1. 1.3, HaHECEHHBIX
Ha TO/JIOKKH U3 Marepuaiios 1o 1. 1.4. ba3a ¢opmu-
poBaach C HCIOJIB30BAHMEM OCHACTKH, MOKA3aHHOMN
Ha puc. 3, cienyrommM oOpa3oM: Ha MOIUIOKKY 4
B IEHTPAIbHYI0 4YacTh HAHOCWJIOCH BEILECTBO-
3arps3HUTENb, MOAJOXKKA YCTaHaBIIMBajlach B IMOBO-
POTHYIO paMy 3, CMOHTHPOBAaHHYIO Ha JBYX BEpTHU-
KaJIbHBIX CTOMKax 2. Pama moBopaumBasiach OTHOCH-
TEJBbHO FOpU30HTaIbHOU ocu oT —40° 1o 40° ¢ warom
20° n1st CheMKH € Pa3iUYHBIX PaKypcoB. APTHKYJIS-
[IMOHHAs 4YacTh 30HAa | ycTaHaBIMBajach B Kperuie-
HHe 5. JIucTtaHmus CheMKH cocTaBisia i =20 mMm.
Ha xaxnayroo u3 7 NOANOXKEK IOCIEN0BATENBHO HAHO-
CHWIIOCh Kaxaoe m3 6 BemiecTB-3arps3HuTeneid. Oc-
MOTp INPOM3BOAWICA C 5 pa3HbIX pakypcoB. Takum
oOpa3om Opmma copmupoBana 0aza, COCTOSIAS W3
210 crieKTpOB OTpaXKEHHUS.
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Puc. 3. OcHacTka ans (pUKcaIii XapaKTEPHBIX CIIEKTPOB

OTpaKeHUS.
1 — nucTaibHAs YacTh 30HIA YHAOCKOINA;, 2 — CTOMKA;
3 — moBOpOTHaA pama; 4 — TOIJIOKKA C HAHECEHHBIM

3arpsi3HUTENIEM; 5 — KPEILICHUE

B kxauecTtBe mpumepoB Ha puc. 4 u 5 npencrasie-
HBI CEPHHU CIIEKTPOB, 3a)MKCUPOBAHHBIX B MATH yTJIO-
BBIX IIOJIOKEHUSX IIOBOPOTHOM PpaMKH, IIPH 3TOM
B Ka4eCTBE BEIIECTB-3arPA3HUTENCH UCIIONIb30BaAIaCh:
aJIMa3Hasl II0JIMPOBaAJIbHAS 11aCTa, HAHECEHHAs Ha ILjIa-
cTHHY u3 amoMmuHueBoro cmiaBa [[16T (puc. 4)
U BeIcOKOTeMnieparypHas cmaszka [IMATUM-221, na-
HECEHHasl Ha IUIACTUHY W3 HEP)KaBEIOIeH CTaju
12x18u10rt (puc. 5).

N
o

WHTEHCMBHOCTD n3ny4yeHus, oTH. ea.

450 500 550 600 650 700 750
[invHa BOMHbI, HM

Puc. 4. CriexTpsl oTpakeHHs aJMa3HOW NMAcCTHI MPH pas-
JMYHBIX pakypcax ocMotpa: —40° (a), —20° (6), 0° (B),
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WHTEHCMBHOCTb N3ny4YeHus, OTH. ea.

T T ‘ T T ‘!
550 600
[invHa BonHbI, HM

Puc. 5. Cnekrpsl otpaxenus: cmazku LHMATUM-221
IpH  pa3IHIHBIX —40° (a),

-20° (6), 0° (8), 20° (1), 40° (1)

paKypcax  OCMOTpa:

Puc.

E. 10. KVJIbKOB, U. A. BAJTAHWH, B. 1. BATIIIEB

CrnexTpbl, MpeAcTaBleHHbIE Ha puc.4,a, u 5, a,
3aUKCUPOBaHBI MPU YTJIE MMOBOPOTA PAaMKH, PAaBHOM
—40°; wa puc. 4,0, u 5,6, npu yrie, pasaom —20°;
Ha puc. 4, B, u 5, B, ipu yrie, pasiom 0°; Ha puc. 4, T,
u 5, 1, ipu yrie, pasaom 20°; Ha puc. 4, 1, ¥ 5, 11, IpA
yriie, paBHoM 40°.

2.2. IIposedenue nepsoco smana anpodbayuu
IpuMeHeHHbIe BelleCcTBa-3ar PI3HUTETN

[Ipu sKCHepuMEHTANBFHOW ampolali Ha peaib-
HBIX 00BEKTaxX MPUMEHSUINCH CIEAYIOLINe BellecTBa-
3arps3HUTENN: ajMasHas [OJMpOBajbHAs IacTa,
uuudosansHas macta ['OU, repmetnk BI'O-1, cmazka
HUATUM-221.

CxeMbI pacroJiOKeHUs y4acTKOB (30H) UCCIEIye-
MOM ITOBEPXHOCTH OOBEKTOB KOHTPOJS, B COOTBETCT-
BUM C KOTOPHIMH HAaHOCWJIHCH 3arpsi3HUTENH, INpel-
CTaBJICHBI HA puC. 6, 7.

6. Cxema pacrojioO)KeHUsI 30H HaHECEHHUS! BEIleCTB-

3arpsi3HUTENEH B CHCTEME TPYOOIIpOBOIOB

3oHa3 || YposeHs 3

SoHa2 ||| yposewb 2
i <

T I
| YpoBeHb 1
e —

Puc. 7. Cxema pacnoyio>)keHUs1 30H HaHECEHHUs 3arps3HUTENCH B TOIUIMBHOU

€MKOCTH U I.Hap-6aHJIOHe

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 1
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Bremnuii Buj BemecTBa-3arps3HuTeNs (MUrgo-
BaJbHON mactel ['ON) Ha BHyTpeHHEW MOBEPXHOCTH
00BEKTOB KOHTpOJNSl mpencTaBieH B [lpunokeHnn
Ha puc. [13.

3arpsi3HUTEIN B CHCTeMe TPYOOnpoBoOI0B

IIpu pabote ¢ cuctemoit TpyOOIIPOBOAOB (pHC. 2, a)
3arpA3HUTEIIM HAHOCWJIMCH B TPEX pa3IMYHbIX 30HAX,
PacIOJIOKEHHBIX B LIEHTPAJIbHOM BHYTPEHHEH MOJI0C-
TH Ha TIOBEPXHOCTU ceiiia Knamnana. [Ipu 5TomM 30HBI
MMEIU yTJIOBOE CMEIIEHHE IPYT OTHOCUTEIBHO Apyra
npuOmm3uTensHO paBHoe 120°. B kaxkaoM skcrepu-
MCHTC OJHO U TO K€ BCIICCTBO-3arpA3HUTC/IbL HAHO-
CHJIOCH B KaXIYIO 30HY, IIOCJ€ 4ero rudkas 4acTb
BUJICOIHAOCKOITMIECKOTO 30HJa BBOJIWIACH B OJHH
U3 TaTpyOKOB; HCIOJIB3YSl pblUard apTUKYJSALUH
U OPUEHTHPYACH MO M300pa’KEHHIO IHUPOKOMOIOCHO-
ro KaHajla MMPOUCXOJuia ee Mojaadya BriyOb oOBeKTa
C JIbHEHIIMM OOHAapYXEHHUEM BeIleCTBa-3arpsA3HU-
TEJsl ¥ BBIXOJIOM B TOJIOXKeHHe poTtodukcanuu. B ka-
JKIOM JKCIIEpUMEHTe ObIIo mpoBeneHo 15 ¢oroduk-
calMii, 1Mo 5 AJisl KaXJAO0W 30HBI KOHTPOJIS, IIPU 3TOM
JUTSL BBIXO/Ia B TIOJOXeHHne (oTopUKCaIui OBLITH 3a-
JIeCTBOBAaHBI pa3HbIe MaTPyOKU. 3aTeM 3arps3HUTENb
yIAIsICs U HAa €r0 MECTO HaHOCHJICS HOBBIH, IOCIe
Yero ONMCAHHBIE BBILIE AEHCTBUS OBTOPSUINCH.

3arpsisHMTe M BHYTPH MIap-0aJ1jioHa
U TOILIMBHOM €MKOCTH

[Ipu pabote c map-6aJIOHOM W TOIJIMBHOM €MKO-
cThiO (pHC. 2, 0, B) IOJ KaXKA0€ W3 YETHIPEX BEIIECTB-
3arpsi3HUTENIed ObUT  3a/JeHCTBOBAaH CBOM  CEKTOD
Ha BHYTpEHHEW MOBepXHOCTH. Pa3zHMIIA YyIJIOBBIX MO-
JIOXKEHUH JABYX COCEIHHMX CEKTOPOB OTHOCHTEJIBHO
HEHTpaIbHOM ocu cocTasisia 90°. B kaxaom cekrope
B 30Hax 1, 2, 3 ObUIO HAHECEHO OJHO M TO K€ BEIIECT-
BO-3arpsi3HUTENb. 30HBI HAaHECEHHs pacloyiarajuch
Ha TpeX YpOBHSX: 1-i ypoBEHb HAXOIWJICS B IKBATO-
pHUANBHON YacTH €MKOCTH, 2- YPOBEHb ObLI CMEIICH
Ommxe K ropioBuHe Ha BeicoTy 0.25 R, 3-if ypo-
BeHb — Ha BbIcOTYy 0.5 R, rie R — BHELIHUE pajnyChl
nap-0ayioHa U TOTUIMBHON €MKOCTH.

[Ipn moAroTOBKE TOIITMBHOM eMKOCTH (pHC. 2, B) 3a-
TPASHUTEIIN HAHOCWJIMCHL CO CTOPOHBI OTKpI;ITOfI qacTu
B COOTBETCTBUM C IPEICTABICHHOW Ha pUC. 7 CXEMOW,
a TIpH MOATOTOBKE LIap-OajuloHa HCMONb30Bajlach J0-
HOJIHUTEJIbHAS OCHACTKA, IIPECTABIISIOAst cOO0H oTpe-
30K TPYyOBI, M30THYTHIN oA 90°, BHEIIHUM JHaMETPOM
16 MM 1 BHYTpeHHUM 12 MM, C 3aKpeIyIeHHbIM Ha KOHIIE
LIy[IOM. 3arpsi3HATENb HAHOCWICA Ha KOHEl LIyma,
M OCHACTKa 3aBO/IMJIACh Yepe3 TOpJIOBUHY BHYTPh LIap-
OaiIoHa, rocie 4ero ru0Kkasi YacTb BUZICO3HIOCKOIIIYe-
CKOTO 30HJ]a BBOJAWJIACh BO BHYTPEHHEE OTBEPCTHE OC-
HACTKHU U N0JaBaJiach BIIIyOb J0 BBIXO/A TOPIIA apTUKY-
JIIUOHHOM yacT. C IOMOIIBIO METOK, HAHECEHHBIX Ha
Y4aCTOK OCHAaCTKH BHE EMKOCTH, IPOMCXOIMIIA €r0 OpH-
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SHTALMA 110 YITIOBOMY M JIMHEHHOMY IOJIOKEHHIO U BbI-
XOJl 1Iyna B 30HBI HAHECEHWsI BEIIECTBA-3arPsI3HUTEIIS.
KavanneM ocHacTKH B TOPJIOBHHE €MKOCTH OCYILECTB-
JSUICS KOHTAKT LIya C BHYTPEHHEH IOBEPXHOCTBHIO
Y HAHECEHUE BEUIECTBa-3arpsA3HUTENs. J{aHHBIII MOMEHT
KOHTPOJIMPOBAJICS 1O M300Pa’KEHHUIO LITMPOKOIIOJIOCHOTO
KaHaJla 3HAO0CKOIIA. HJBI BBITIOJTHCHHUSA SKCIICPUMCHTOB
W OCYIIECTBIICHUS] BBIXOAA LIyna K 30HE HAHECEHUS
MIPUMEHSJIaCh Ta K€ BCIIOMOrareNbHas OCHACTKa, MpHU
9TOM IYII, HCIIO0JIb30BaBIINMCS JJI4 HAHECCHHA BE-
LIECTB-3arpsA3HUTENEH, yaansics.

B kaxaoMm skcrnepumenTte (UIsl OJTHOTO 3arps3HU-
TeJsl) mpoucxoauao 15 gorodukcanmii: mo 5 1y Ka-
JKJI0M u3 Tpex 30H. IIpu 3ToM mis mpoBeneHus ciie-
nytomedt hoTodukcanuu (myTeM H3MEHEHHUS TOI0XKe-
HUSl OCHACTKH) MPOMCXOAWJ TOCIEI0BATENbHBIN Tie-
pexoa K 30HE, PacIoJIOKEHHOW Ha JIPYyroM ypOBHE
Y NOBTOPHBIA MOUCK BellecTBa-3arpsisHutens. [locie
MOJIy4€HUA MNPOCTPAHCTBECHHO-CIICKTPAJIIbHBIX CHUM-
KOB K&XIOr0 3arpsA3HUTENs, HCHONb3YyS TOJBKO
(YHKIMIO aBTOMATHYECKOTO CpaBHEHUS, IMPOBOJIM-
Jach €ro WAECHTH(UKALUSI B TPeX TOUKAX CIEKTPalb-
HOTO M300pakeHus ¢ (pUKcanueil BEpHbIX U OomHO0Y-
HBIX Pe3yJIbTATOB, T.€. KaXKAbIH SKCIIEPUMEHT COCTOSI
n3 45 coObITHII ¢ IByMS BapMaHTaMH HCXOMOB: "yc-
nex" unu "Heygada'.

WuTepdeiic ynpapmnsiomieid mporpaMMbl TIPH HC-
I10JIb30BaHUH q)yHK]_[I/II/I ABTOMATUYE€CKOI'0 CpaBHCHUA
npeacrasieH B [Ipunoxxennu Ha puc. [14. Pesynbrarsl
OIMCAHHBIX JIKCIIEPUMEHTOB TEPBOrO dTama amnpooda-
LM [IPEICTaBJIeHbI B Ta0I. 1.

Ouenka pe3y/jbTaToB

Kak moka3zanu skcreprMeHTalbHbIE HCCIIE0BA-
HUSl, CYIIECTBYET 3HAuMTENbHas 3aBUCHMOCThH CIICK-
TPOB OTpPaXEHHsI BEIIECTB OT YCIOBHUM CHEMKH: OT
MaTepHaia IMOAJIOXKKH, OT yrja HaOJIIOJeHus U B Le-
JIOM OT KOHCTPYKIIMHU KOHTPOJHPYEMOIO H3/AEHs.
[Ipu sTOM, K COXaNEHUIO, HE BCE 3TH (aKTOPbl MOT'YT
ObITh ycTpaHeHbl. Hanpumep, He Bcerna mpeacTaBis-
€Tcs BO3MOKHBIM TPOHM3BOANUTH HAONIONICHHUS C pas-
JUYHBIX PaKypcOB C HOCJIEAYIOIINM YCpPEIHECHHEM
pe3yabTaToB.

B xome npoBeneHHBIX SKCHEPHUMEHTOB TOJBKO
y map-0ajuloHa U TOIUIMBHOW €MKOCTH BEpHO OIIpe-
JEJISUIMCH BEIeCTBA-3arpsI3HUTEINH, CIIEKTPBI KOTOPBIX
OBbLIM MOJTy4YeHbl HAa HACTPOEUYHOM OOpasle U 3aHece-
HBI B 0a3y JaHHBIX. DTO BEPOSITHO OOBACHSETCS TEM,
YTO IPU KOHTPOJIE UMEHHO 3THX O0BEKTOB HUCIONIb3Y-
€TCs JOIOJHUTENIbHAS OCHACTKA, C IIOMOLIBIO KOTO-
poli AucCTanmbHAs YacTh 30HAA IMO3ULUOHUPYETCS Op-
TOTOHAJIBHO IIOBEPXHOCTU U €€ TOPELl PacIojaraercs
Ha pacctosHuu 15-20 mm. Jluddysnoe otpaxkenne
OT MAaTOBOM BHYTPEHHEU NOBEPXHOCTU JAHHOU I'pyIl-
bl OOBEKTOB MO3BOJIAET M30€XKaTh HAIUYUS HUHTEH-
CHBHBIX OJIMKOB B I10JI€ 3PEHUS 30HA.
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Taoa. 1. Pe3ynbTaThl IEPBOTO dTara SKCIIEPUMEHTAITLHOM arpoOaIiuu

PesynbTatel, KoJI-BO HCXO/10B

BeliecTBO-3arpsI3HUTEb Cucrema Tpy6OIpOBOIOB ToruBHas EMKOCTh lap-6annox

ycnex HeyJaua ycnex HeyJaua ycnex Heyayua
AnMasHasg OIMPOBallb- 27 18 36 9 37 8
Has nacra
[lnudopansuas  macra 29 16 39 6 36 9
rou
Fepwernx BO-1 28 17 35 10 39 6
Cwmaska IUATUM-221 27 18 36 9 34 11

Bce 310 cooTBETCTBYET YCIIOBHSIM, IPU KOTOPBIX
co3JaBasiach 0aza XapakTepHBIX CIIEKTPOB OTPAKEHHS
BEIIECTB-3arPsA3HUTENICH ¢ NPUMEHEHHEM HacTpoeu-
HOTr0 00pas3Ia.

B cnyuae koHTposis cucTeMbl TpPyOONIpPOBOIOB
CTOJb OJIN3KHUX PEe3yJbTAaTOB IO KOJMYECTBY CIydacB
BEPHO OIIPCACIICHHLIX BCHICCTB MOJJYYHUTh HC yAaJI0Ch
HU C TMOMOUIBI0 (YHKLIMH aBTOMaTHYECKOI'O CpaBHe-
HUA, HU TPpU BU3YAJIbHOM CPAaBHCHHUU ITOJYYCHHBIX
CIIEKTPOB cO crekTpamu 6a3bl. Ilpu KoHTpose risH-
LEBOW MMOBEPXHOCTU CHCTEMBI TPyOONPOBOIOB U Cell-
Jla KJIallaHa CWJIBHOE BIIMSHHE HA PE3YJIbTaT OKa3bl-
BalOT sIpKHE OJIMKH, YCTPAHUTH BIUSHUE KOTOPBIX IMy-
TEM HU3MCHCHHSA OPUCHTAIIUU ILI/ICTaJ'II)HOI‘/'I YaCTu HE
MPEICTABIISIETCS] BO3MOXKHBIM 0€3 JIOIOIHUTEIBHOMN
OCHACTKH.

TakuMm 06pazom, TIpy peIIeHUH 3aa9d HIeHTH(H-
KalU¥ 3arpsi3HATENIEH HAa BHYTPEHHUX IOBEPXHOCTAX
KOHKPETHBIX TEXHUYECKHX W3JIENHN IeNeco00pa3HoM
MPEJICTABISICTCS Pa3padoTKa OTACIbHBIX (YACTHBIX)
METOAMK, BIUIOTH 10 HPUBSI3KH MX K OINPEICIICHHBIM
30HaM KOHTPOJISI C ONMCAaHUEM IPUMEHEHHs BCIIOMO-
rarenpHOl ocHacTKH. HeoOxoauMo cozjgaHue WHAU-
BUAyaJIbHBIX 0a3 XapakTEpPHBIX CHEKTPOB JUISl KOH-
KPETHBIX 30H KOHTpoJs u u3nenuil. Co3naHue Takux
0a3 TpyZJ0eMKO, HO BO3MOXKHO, YUUTHIBAsI OrPaHUYEH-
HYI0 HOMEHKJIATypy 3arpsi3HuTeNel, HaxoxX/IeHue Ko-
TOPBIX BO3MOYKHO B TOM MJIM HHOM OOBEKTE KOHTPOJIS.

2.3. Coz0anue uHouBUIYAIbHBIX OA3 XAPAKMEPHBIX
cneKkmpog 0t 00beKmo8 KOHMpOJis

O0BbeKTHI KOHTPOJISA

JInst TIOATBEPIKICHUST BBIBOZOB, KOTOPbBIE OBLIH
chopMyJIUPOBaHBI TIOCJIE MIEPBOTO 3Tamna arnpodariv,
NPUHATO PpEIICHHE O IMPOBEJICHUH BTOPOrO ITara
C NOpeABApPUTCIbHBIM CO3JaHUCM HWHANWBUIYAJIbHBIX

0a3 XapaKTEpHBIX CIIEKTPOB BEILECTB-3arpsI3HUTEICH
JUISL IByX OOBEKTOB KOHTPOJISI: CUCTEMBI TPYyOOIIPOBO-
0B U TOTuMBHON emKkocTH. lllap-Oammon Ha BTOpOM
JTare He MpUMEHsUICs, T.K. IS GopMUpoBaHus Oa3bl
He00X0MMO OBLIO W3MEHSTh M KOHTPOIWPOBAThH YT-
JIOBOE IOJOKEHUE 30H]Ia OTHOCUTEIIBHO BHYTPEHHEH
MMOBCPXHOCTHU, YTO CJIOKHO BBIIIOJIHUMO B YCJIOBHAX
OTCYTCTBHS HIPSMOr0 AOCTYNA, a TaKXe IMPOBOIUTH
MOBTOPHBIC HAHECEHUS 3arPsI3HUTEIICH.

WnpuBunyansHaeie 0a3pl 3arpsA3HATENEH, CO3aH-
HBIC Ha YKAa3aHHBIX KOHKPCTHBIX o0beKTax KOHTpPOJIA,
COJZIep)KaT CHEKTPBl BELIECTB, NPEACTABICHHBIX B Pa3-
nene 1.3.

B cucreme TpydonpoBoaoB

N3obpaxenns apTUKYISAIMOHHON YacTH 30HAA DH-
JIOCKOIIa B LIEHTPAJIbHON BHYTPEHHEU MOJIOCTU CHUCTE-
MBI TPyOONPOBOJOB M BOJHM3M KOHTPOJIUPYEMOH TO-
BEPXHOCTH CeJ|JIa KJIalaHa MpeJCTaBJIeHbl HA pUC. 8, a,
n puc. 8, 6. Cxema pacroyoKeHHsT 30H HaHECEHUS
00pa3loB BEIIECTB-3arpsI3HUTENICH Ha BHYTPEHHIOIO
MOBEPXHOCTh LIEHTPAJILHON IOJIOCTH, a TaKKe IO3HU-
LUOHUPOBAHUS APTUKYJSILIMOHHOM YacTH 30HAA Mpel-
CTaBJIeHa Ha pHC. 8, B.

O6pazery BeliecTBa-3arps3HATENS] HAHOCHIICS B TPEX
pa3inyHbIX 30HAaX, IIpHU 3TOM 30HBI HWMCIN YIJIOBOC
CMEILIEHHE JPYT OTHOCUTEIBHO APYTa, MPUOIU3UTEIHHO
paBHoe 120°. Tlocne wyero rudkast 4acTb BHACOIHIOCKO-
MIMYECKOro 30H7a BBOAWIACH B OAUH U3 NaTPYOKOB U IO
N300paKEHHIO IIUPOKOIOJIOCHOTO KaHajla MPOUCXOAuIa
ee mojada BrIyOb OOBEKTa W BBIXOJ B IEHTPAIBHYIO
yacte. [anee, umes nmpsAMoil OCTYNl BO BHYTPEHHIOIO
MOJIOCTb C OTKPBITOM CTOPOHBI (MECTa YCTaHOBKH OT-
CEYHOTro KJIallaHa), TOpel apTUKYJSILHOHHON YacTH 30H-
Jla BpPYYHYIO TO3UIMOHMPOBAICS HAIPOTUB OJIHOMU
W3 TpeX 30H, & yroJl OCMOTpPa MU3MEHSJICSA C ITOMOILBIO
pbIYaroB.
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Puc. 8. Mmmoctpanus mporecca perucTpaIiii CIEKTPOB OTPaKEHHUS BEIIECTB B CHCTEME TPYOOIIPOBOIOB.
a — OCMOTp TOBEPXHOCTH IEHTPAJBHONH BHYTPEHHEH moioctd, 6 — apTUKYIAIHOHHAS YacTb 30HMAA
B MOJIOKECHUHU (PoTOo(HKCAIH, B — cxXeMa (PUKCAINH XapaKTePHBIX CIIEKTPOB

Yroa ocMOTpa M3MEHSUICS 0 MOMEHTA IONaJaHus
BEIIECTBA-3arPSA3HUTENSI B IOJ€ 3peHHs OOBEKTHUBA
CHEKTPaJIbHOIO KaHala. Perucrpaims XapakTepHBIX
CIIEKTPOB KKAOTO 3arps3HUTENsI B KKAOW 30HE Ipo-
ucxoguia B IIATU Pa3IMYHBIX IOJIOKCHUAX: IIPU OPTO-
TOHAJIPHOM HAIpPaBIEHUHM OCMOTPAa OTHOCHTENIBHO II0-
BEPXHOCTH KOHTPOJIS U IIPH YIVIOBBIX IOJOXKEHUAX £ O
B JBYX B3aUMHO MEPNEHIUKYSIPHBIX IUIOCKOCTIX (a
BBIJIEP)KUBAJIOCH B MpomexyTke oT 30° mo 45°), mocie
4ero MpOUCXOAWI NEPEXO]l K Apyroi 3oHe. [lanee KoH-
TpOJIMpyeMasi OBEPXHOCTh OUMIIATACH OT 3arps3HUTE-
JIs1 C IOMOILBEO OPraHUYECKOIO PACTBOPUTENLL, U HA €r0
MECTO HAHOCHJIOCHh HOBOE, IIOCJIE YEero ONMCAHHBIE AeH-
CTBUS TTIOBTOPSUTHCE.

B TonmBHOM eMKOCTH

N300paxkeHre apTUKYIISIIMOHHONW YaCTH 30HA DHJI0-
CKOTIa ¥ OCHACTKWA BHYTPH TOIUTUBHOM €MKOCTH TIPE-
CTaBJIEHO Ha puc. 9, a. Cxema pacrioyioKeHusI 30H HaHe-
ceHHs 0o0pasloB 3arps3HHUTENied Ha BHYTPEHHIOIO IIO-
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BEPXHOCTh TOIUIMBHOW E€MKOCTH, & TAKKE ITO3UIMOHM-
POBaHUS ApTUKYISIIMOHHOM YacTH W OCHACTKH TIpea-
cTaBjieHa Ha puc. 9, 0.

O6pazery 3arps3HUTENS, TaK e, KaKk U Ha TepBOM
sTarne anpoOalyy, HAHOCUIICS B TPEX Pa3iMYHBIX 30HAX,
PAacIoNIOKEHHBIX HA PA3HbIX YPOBHSX, HO IIPH 3TOM BCe
30HBI pacloJarajllich B OJHOM ceKTope. Jlanee ocHacTka
3aBO/INJIACH Yepe3 rOpJIOBUHY BHYTPb TOIUTMBHOM €MKO-
CTH, TIOCJIE YeTO THOKas YacTh BUICORHAOCKOITMYECKOTO
30HJa BBOJWIAcCh BO BHYTpPEHHEE OTBEPCTHE OCHACTKH
W T0JaBajlach BIIIyOb C TI'apaHTUPOBAHHBIM BBIXOJIOM
apTUKYJSALMOHHOM 4vactu. Imes mpsmolt jocrynn
BO BHYTPEHHIOIO II0JIOCTh C OTKPBITOH CTOPOHBI €MKO-
cTu (MecTa MpUBapKH BTOPOHM mMomycdepsl) U Hepeme-
11asi OCHaCTKY, TOPELl apTUKYJISLMOHHOM YacTh IO3H-
LMOHUPOBAJICS HAMPOTHB OJHOM W3 TpeX 30H, a Yroi
0CMOTpPa M3MEHSUICS C ITOMOIIBIO PHIYaroB 10 MOMEHTa
MONAJaHNsl BEIIECTBA-3arPsI3HUTEINS B 110JIE 3peHUsI 00b-
eKTUBa 30H]a.
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Puc. 9. Mmtoctpanust nmporecca perucTpaniy CIIeKTPOB OTPAKCHHS BEMECTB B TOITMBHOM EMKOCTH.
a — OCMOTpP BHYTPEHHEH IMOBEPXHOCTH €MKOCTH, O — CXeMa PacIoJIOKECHUS 30H HAHECEHHUS M (DUK-

CaIlH XapaKTEePHBIX CIICKTPOB BEHIECTB

Kak u i cuctembl TpyOOIPOBOJIOB, (pHKCAIHS Xa-
PaKTEepHBIX CHEKTPOB OIHOTO 3arps3HUTENS B KaKIOH
30HE TPOUCXOMAWIA B TISITU PA3IUYHBIX TOJOXKCHUSX,
TIOCJIe YeTo MPOUCXOIUIT TIEPEXo/1 K pyroi 3oHe. Jlanee
KOHTPOJIUpyeMasi MOBEPXHOCTh OYMIANach OT 3arps3-
HUTEJIS U HA €r0 MECTO HAHOCHJICS HOBBIM, IOCJIE YEro
ONHCaHHbIE ACWCTBHS MOBTOPSUIMCh. B mTore mns cuc-
TEMBI TPYOOIIPOBOJIOB U TOILIMBHON €MKOCTH OBLITH CO3-
JTaHbI MHIUBHUyaIbHBIE 0a3bl, B KOTOPHIE BOIDIHA Xapak-
TEPHBIC CHEKTPHI IIECTH 3arpsA3HUTEICH, MOyuYeHHBIE
TIPY Pa3MYHBIX paKypcax OCMOTpa.

2.4. IIposedenue smopozo smana anpoboayuu

[Ipu mpoBeeHnr BTOPOTO ATara arnpoOariu ObUIH
3aJIeliCTBOBAHBI JIBa 00BEKTA, AJSl KOTOPHIX OBLIH TO-
Jy4eHbl WHAMBUAYaJIbHbIE 0a3bl XapaKTEPHBIX CIICK-
TPOB 3arps3HUTENEH: cucTeMa TPyOOIPOBOAOB U TOTI-
JINBHAsI EMKOCTb. BbUIM 3a/1IeiCTBOBAHbI T€ K€ BeLle-
CTBa-3arpsI3HUTENN, YTO U Ha MEPBOM 3Talle, a CXEMBI
X HAHECEHUS Ha BHYTPEHHHE IIOBEPXHOCTH COOT-
BETCTBOBAJIM CXEMaM, IPEICTABICHHBIM Ha puc. 6
u puc. 7. IlocnenoBaTebHOCTh JEHCTBUN IIPU ITOUCKE
30H 3arps3HEHMs, BBIXOAE ApTUKYJILMUOHHOW YacTH

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 1
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Tabu. 2. Pe3ynbraTsl BTOPOTO 3Tana SKCICPUMEHTAIEHON anpoOariim

Pe3ynbTarhl, KOJN-BO UCXO0B
BeruecTBo-3arps3uuTens Cucrema Tpy6OTIIPOBOIOB ToruMBHAS €MKOCTD
ycrex HEey[aua ycrex HeyIaua
AJMa3zHas HOIMpOBalIbHAS T1ACTa 36 9 42 3
Inudosansuas nacra TOU 42 3 45 0
T'epmerux BI'O-1 39 6 43 2
Cmaska [ITUATUM-221 38 7 40 5

30HAa B TOJOXKeHHe (PoToHKCcAHNH, TMOCIEAYIOMIEM
MOJYYEeHUH TPOCTPAHCTBEHHO-CIIEKTPAILHBIX CHUM-
KOB BEILECTB-3arpsI3HUTENCH M WX WICHTH(DHUKAIHS
C HCIOJIb30BaHUEM MHIMBHIYANBHBIX 0a3 U QYHKIUH
aBTOMaTHYECKOTO CPaBHEHUS, a TaKKe KOJIMYECTBO
NPOBEJICHHBIX SKCIEPUMEHTOB HWACHTH(UKAUI s
Ka)XXJOr0 BEIeCTBA IOJHOCTBIO COOTBETCTBOBAIU
MIepBOMY 3Tarty.

PesynbTarhl SKCIIEpUMEHTOB BTOPOTO 3Tama armpo-
Oarmu TIpeICTaBIIEHBI B Ta0M. 2.

3AKJIFOUYEHUE

CpaBHeHUE pe3yibTaTOB, NPUBEIECHHBIX B TaONIH-
max | m 2, HarmsuAHO JEMOHCTPHPYET HOBBIIICHHE
JOCTOBEPHOCTH KOHTPOJSA (KOJMYECTBA YCIIEHIHBIX
HCXOJIOB COOBITHI) B KaXKJAOM M3 BOCBMH IKCIIEPH-

MEHTOB, IPOBEJEHHBIX Ha CHUCTEME TPYOOIPOBOAOB
W TOIUIMBHOW EMKOCTH, TPH COOJIOACHUH YCIOBHS
TOYHOTO BOCIIPOWM3BEICHUS OpPTaHM3AIMH COOTBETCT-
BYIOIIIUX IKCIIEPUMEHTOB Ha MEPBOM U BTOPOM dTarax
anpobanuu. OTO IMOATBEPKIAET LENecooOpa3HOCTh
pa3pabOTKH YaCTHBIX METOJIUK KOHTPOJISI M UCIOIB30-
BaHUs WHAWBUAYAIBHBIX 0a3 JaHHBIX 3arpsi3HUTEINCH,
CO3IAHHBIX IS KAKIOTO KOHTPOJIUPYEMOTO H3/IEIHs.
PexomenayeTcsi Takke MO BO3MOKHOCTH BBITIOJIHSITH
HaONOJIEHNs] C pa3HBIX PaKypcOB W HCCIENOBATh
CHEKTPBl OTPaKEHHUSI B Pa3HBIX ydacTKax HabOirojaae-
MOTO 3arps3HEHHS C TOCIENYIOIINM YCPETHEHHEeM
Pe3yNbTaTOB KOHTPOJISL.

Bmecre ¢ Tem pe3ynbTarhl B TaOJ. 2 JIEMOHCTPH-
pyrOT WHGOPMATHBHOCTh METOJIA MYJIBTHUCIEKTPAIb-
HOW DBHIOCKONHMM Uil WACHTH(UKAIMK BeleCTB-
3arpsi3HUTENEH BO BHYTPEHHHUX IOJIOCTSX CIIOXKHBIX
TEXHUYECKUX OOBEKTOB.

IMTPUIJIOXKEHUE

Puc. I11. I'maBHOE OKHO YIPABIISIOIIEH POTPAMMBL.
1 — m300paxkeHre NUPOKONOIOCHOTO KaHala, 2 — U300paXkeHue OJHOIO U3 CIICKTPaJIbHbIX KaHAJIOB

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 1
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Puc. I14. OkHO c pe3ynabTaTaMu WASHTH(UKALNY BEIECTBA-3arPsA3HUTEINS C HCIIOJIb30BaHUEM

(YHKIMM aBTOMaTHYECKOTO CPaBHEHMSI.
a — CIIEKTPbI B HECKOJIBKHX TOYKaX, 0 — BEPOSTHOCTH NPHHAUIEKHOCTH K BEIECTBAM

n3 0a3bl JaHHBIX
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IDENTIFYING POLLUTANTS IN THE INTERNAL CAVITIES
OF ROCKET AND SPACE INDUSTRY PRODUCTS
USING A MULTISPECTRAL ENDOSCOPE

E. Yu. Kulkov, 1. A. Balandin, V. 1. Batshev

Scientific and Technological Centre of Unique Instrumentation of RAS, Moscow, Russia

This work addresses the problem of detecting and classifying foreign contaminants on the internal surfaces
of hard-to-reach cavities in rocket and space applications using a multispectral video endoscope, which simulta-
neously generates 16 images of the object in narrow spectral intervals across different sections of a single matrix
radiation detector. The specific nature of the objects being monitored and their observation conditions dictates
the spectral data processing methodology. It has been experimentally demonstrated that the reliability of moni-
toring is significantly improved by using a contaminant database created for a similar test object.

Keywords: nondestructive testing, endoscopy, multispectral imaging
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INTRODUCTION

Visual and dimensional endoscopic inspection is
a standard and mandatory procedure in the production
of various industrial products, particularly those in the
aviation and rocket-space industries (fuel tanks, tur-
bopump units, engine and propulsion system assem-
blies, etc.) [1, 2]. These products share a common fea-
ture: the presence of internal cavities of complex, non-
standard shapes, inaccessible for direct inspection, the
condition of which can only be monitored using en-
doscopic equipment.

The main parameters monitored include geometric
dimensions, the integrity of parts and assemblies, the
absence of deformations, traces of corrosion, cracks,
material delaminations, areas where internal defects
reach the surface, the absence of burns, the presence
of foreign particles and objects, etc. A particularly
relevant task of visual and dimensional inspection is
the detection and identification of contaminants that
may have been used at various stages of the manufac-
turing process. Currently, only the detection of resi-
dues (traces) of these substances is possible by their
color images. Identification is possible only by taking
a sample of the substance and subsequent analysis
(chromatographic, mass spectrometric, etc.), which
necessitates disassembling the inspected item or using
non-standard endoscopic equipment with an addition-
al instrument channel.

A multispectral endoscope, shown in Fig. 1, is pre-
sented in [3, 4].

Fig. 1. Multispectral endoscope: optical diagram (a)
and external appearance (0).

1 — multispectral module; 2 — illumination system;
3 — spectral channel objective; 4 — broadband
channel objective; 5 — broadband channel matrix
receiver; 6 — fiber-optic bundle with regular fiber
placement; 7 — fiber-optic bundle of the illumina-
tion channel; 8 — articulation levers; 9 — electronic
circuit; 10 — control unit

It has two receiving optical paths: the first gene-
rates a standard broadband color image, while the
second generates 16 narrowband spectral images of
the same object. This allows the reflection spectrum
of an arbitrary region of the object to be constructed,
serving as an additional source of information for de-
termining the properties of these objects and their
identification. The principle of spectral imaging is
similar to that presented in [5, 6] and consists of using
a multi-aperture objective that forms 16 images simul-
taneously in different areas of a single matrix radia-
tion detector. The image in each spectral channel oc-
cupies an area of 500 x 500 pixels. For spectral filter-
ing, a raster of light filters with central transmission

wavelengths of 420, 444, 468, 492, 516, 540, 564,
588, 612, 636, 660, 684, 708, 732, 756 and 770 nm is
used. The bandwidth of each filter is about 40 nm. In
order to equalize the intensities of the recorded digital
images, the device sequentially records 2 frames with
different exposure times. To eliminate the influence of
noise on the results of constructing spectra, the data is
averaged over the area of the object - over several
pixels, which number is determined by the operator.

The software, which windows are shown in the
Appendix in Figs. I11 and I12, features the ability to
display reflectance spectra in areas of interest within
the field of view, as well as compare these spectra
with spectra from a database previously created on the
same device. Spectra comparison can be performed
both visually and numerically. To calculate the simi-
larity of spectra, the distance between points in a 16-
dimensional space is calculated, the coordinates of
which represent the reflectance coefficients in each
spectral channel. The probability that the substance
under study belongs to substances in the database is
displayed in the software.

The results of experimental testing of a multispec-
tral endoscope are presented in [7, 8]. It is shown that
the reflectance spectra of substances depend signifi-
cantly on imaging conditions. Specific factors in-
fluencing the results of constructing reflectance spec-
tra for the substances under study are presented in [7].
In this regard, the work [8] proposed the idea of de-
veloping individual (private) testing methods for spe-
cific products and creating private databases of cha-
racteristic spectra for specific products. Although la-
bor-intensive, this is feasible given the limited range
of pollutants that may be found in a test object.

In this article, several series of experiments were
conducted to validate this approach. First, a general
database of the spectra of various pollutants deposited
on specially prepared substrates made of various ma-
terials was created (Section 2.1). Second, the reflec-
tance spectra of pollutants deposited on various areas
of actual products were studied and compared with
those in the database (Section 2.2). Third, private da-
tabases containing the reflectance spectra of pollutants
deposited on internal areas of two actual products
were created (Section 2.3). Fourth, the reflectance
spectra of contaminants applied to various areas of
selected real products were re-examined, followed by
a comparison with spectra from relevant private data-
bases (Section 2.4).

1. INFRASTRUCTURE
OF EXPERIMENTAL RESEARCH
1.1. Explanatory provisions

The following materials and products were applied
to experimentally test the contaminant identification



method using a multispectral endoscope and simulate
its actual operating conditions.

In production settings, visual inspection of the in-
ternal surfaces of such assemblies using endoscopic
equipment is performed during inspections at various
stages of the assembly process, as well as during in-
coming and outgoing inspections, such as pneumatic
and hydrostatic testing, when products are connected
to bench equipment and liquid and gaseous media are
introduced. The number of auxiliary substances and
materials used in the assembly process or during test
preparation and execution that can be considered po-
tential contaminants is typically limited to a few units
(up to ten). The number of structural materials from
which components of assemblies and structural nodes
are manufactured also does not exceed a few units.
Six substances and seven substrate materials (metals
and alloys) were used to create the initial database for
technology development.

1.2. Standard products of rocket
and space technology

The following standard products and assemblies
were used to develop the contaminant identification

methodology:
— a piping system included in the PJ[ 171, PJ 181,
P/ 191 rocket engines (Fig.2,a); material —

12x18u10T stainless steel;

— a spherical cylinder included in the fuel tank
pressurization system of the Soyuz and Progress
spacecraft propulsion systems (Fig. 2, 0); material —
titanium alloy;

— a fuel tank included in the Soyuz and Progress
spacecraft propulsion systems (Fig. 2, B); material —
AMr6 aluminum alloy.

— BI'O-1  organosilicon  sealant
TV 38.303.04.04-90 (white);

— HHUATHUM-221 grease GOST (State standard)
9433-2021 (light yellow);

— HHUATHUM-201 grease GOST (State standard)
6267-2021 (light brown);

— Y-20A vacuum putty Specs TV 38.105357-85

(dark green).

Specs

1.4. Substrate materials

Stainless 12x18ul0t steel, 40x steel, AMTI3,
AMr6, and [{16T aluminum alloys, bpO®7 bronze,
and JIC-59-1 brass were used for the substrates. To
eliminate glare, the substrates were sandblasted.

2. EXPERIMENTAL STUDIES

2.1. Creation of a common database
of characteristic spectra

Initially, for experimental testing, a database of
characteristic spectra of the pollutants was created.
These pollutants are described in Section 1.3 and were
applied to substrates made of the materials described
in Section 1.4. The database was created using the
setup shown in Fig. 3 as follows: the pollutant was
deposited to the central part of substrate 4, the sub-
strate was mounted in rotating frame 3, which was
supported by two vertical stands 2.

Fig. 3. Equipment for recording characteristic reflec-
tance spectra.

1 — distal part of the endoscope probe; 2 — stand;
3 — rotating frame; 4 — substrate with applied con-
taminant; 5 — mount

Fig. 2. Test objects.
a — pipeline system, 6 — spherical cylinder, B —
fuel tank

These products have internal cavities, which are
visually inspected using endoscopic equipment.

During the inspection, completed welds are
checked for compliance with technical requirements
and the absence of foreign objects and contaminants.

1.3. Typical contaminants

The following general engineering substances were
used as contaminants for which the identification me-
thodology was studied:

— ACM 3/2 HOM diamond polishing paste GOST
(State standard) 25593-83 (light green);

— I'OU No. 3 grinding paste Specs TY 6-18-36-85

(green);

The frame rotated relative to the horizontal axis
from —40° to 40° in 20° increments to allow imaging
from different angles. The articulating part of probe 1
was installed in mount 5. The shooting distance was
h =20 mm. Each of the 6 pollutants was sequentially
applied to each of the 7 substrates. The inspection was
conducted from five different angles. This resulted in
a database consisting of 210 reflectance spectra.

As examples, Figs. 4 and 5 show series of spectra
recorded at five angular positions of the rotating
frame.

Fig. 4. Reflection spectra of diamond paste at various
viewing angles: —40° (a), —20° (6), 0° (B), 20° (1),
40° (m).




The contaminants used were: diamond polishing
paste applied to a J[16T aluminum alloy plate (Fig. 4)
and high-temperature lubricant [ITMUATUM-221 ap-
plied to a 12x18u10T stainless steel plate (Fig. 5).

Fig. 5. Reflection spectra of IUATUM-221 grease
at different viewing angles: —40° (a), —20° (0),
0° (B), 20° (1), 40° (n).

The spectra shown in Figs. 4, a and 5, a were rec-
orded at a frame rotation angle of —40°; in Fig. 4, 0,
and 5, 0, at an angle of —20°; in Fig. 4, B, and 5, B, at
an angle of 0°; in Fig. 4, r, and 5, 1, at an angle of 20°;
in Fig. 4, n, and 5, 1, at an angle of 40°.

2.2. Conducting the first stage of testing

Contaminants used

The following contaminants were used during ex-
perimental testing on real objects: diamond polishing
paste, T'OW grinding paste, BI'O-1 sealant, and
IHMATHUM-221 lubricant.

The layout diagrams of the sections (zones) of the
studied surface of the control objects, in accordance
with which the pollutants were applied, are presented
in Figs. 6, 7.

Fig. 6. Layout of zones of application of pollutants in
the pipeline system.

Fig. 7. Layout of zones of application of pollutants in
the fuel tank and spherical cylinder.

The appearance of the contaminant (TOU grinding
paste) on the inner surface of the test objects is shown
in Appendix, Fig. I13.

Contaminants in the piping system

When working with the piping system (Fig. 2, a),
the contaminants were applied to three different zones
located in the central internal cavity on the valve seat
surface. The zones were offset from each other by ap-
proximately 120°. In each experiment, the same con-
taminant was applied to each zone, after which the
flexible portion of the video endoscopic probe was
inserted into one of the nozzles; using the articulation
levers and guided by the broadband channel image, it
was fed into the object, followed by subsequent detec-
tion of the contaminant and reaching the photo-
capture position. In each experiment, 15 photo-
recordings were performed, 5 for each control zone,

with different nozzles used to reach the photo-
recording position. The pollutant was then removed
and replaced with a new one, after which the above
steps were repeated.

Pollutants inside the spherical cylinder
and fuel tank

When working with the spherical cylinder and fuel
tank (Fig. 2, 6, B), each of the four pollutants was as-
signed an individual sector on the inner surface. The
angular difference between two adjacent sectors rela-
tive to the central axis was 90°. The same pollutant
was applied to each sector in zones 1, 2, and 3. The
application zones were located at three levels: the first
level was located at the equatorial portion of the tank,
the second level was closer to the neck at a height of
0.25 R, and the third level was at a height of 0.5 R,
where R is the outer radii of the spherical cylinder and
the fuel tank.

When preparing the fuel tank (Fig. 2, B), the con-
taminants were applied from the open end in accor-
dance with the diagram shown in Fig. 7. When prepar-
ing the spherical cylinder, additional equipment was
used, consisting of a 90°-bent section of pipe with an
outer diameter of 16 mm and an inner diameter of
12 mm, with a probe attached to the end. The conta-
minant was applied to the end of the probe, and the
tool was inserted through the neck into the spherical
container. The flexible portion of the videoendoscopic
probe was then inserted into the tool's internal opening
and advanced inward to the end of the articulating
section. Using marks placed on the tool outside the
container, it was oriented angularly and linearly, and
the probe was guided into the areas where the conta-
minant would be applied. By rocking the tool in the
container's neck, the probe contacted the inner surface
and the contaminant was applied. This process was
monitored using the image from the endoscope's
broadband channel. To perform the experiments and
move the probe to the application zone, the same aux-
iliary tool was used, and the probe used for applying
the pollutants removed.

In each experiment (for one pollutant), 15 photo
recordings were made: 5 for each of the three zones.
To perform the next photo recording (by changing the
position of the tool), a sequential transition to a zone
located at a different level was made and a repeat
search for the pollutant was performed. After obtain-
ing spatial-spectral images of each pollutant, using
only the automatic comparison function, its identifica-
tion was performed at three points in the spectral im-
age, recording both correct and incorrect results. Each
experiment consisted of 45 events with two possible
outcomes: "success" or "failure."

The interface of the control program when using
the automatic comparison function is shown in the
Appendix in Fig. I14. The results of the described ex-



periments of the first stage of testing are presented in
Tab. 1.

Tab. 1. Results of the first stage of experimental test-
ing

Results assessment

As experimental studies have shown, reflectance
spectra of substances are significantly dependent on
imaging conditions: the substrate material, the view-
ing angle, and the overall design of the inspected ob-
ject. Unfortunately, not all of these factors can be
eliminated. For example, it is not always possible to
conduct observations from different angles and then
average the results.

During the experiments, only the spherical cylinder
and fuel tank were correctly identified for contami-
nants; which spectra were obtained using a reference
sample and entered into the database. This is likely
due to the use of additional tool when inspecting these
objects. This allowed the distal portion of the probe to
be positioned orthogonally to the surface, tool end
was located at a distance of 15-20 mm. Diffuse reflec-
tion from the matte inner surface of these objects
helps prevent intense glare in the probe's field of view.

All of this corresponds to the conditions under
which a database of characteristic reflectance spectra
of pollutants was created using a reference sample.

In the case of pipeline system testing, such similar
results in terms of the number of correctly identified
substances were not achieved either using the auto-
matic comparison function or visually comparing the
obtained spectra with the database spectra. When test-
ing the glossy surface of the pipeline system and valve
seats, bright reflections have a strong influence on the
results, and eliminating these reflections by changing
the orientation of the distal part is not possible without
additional tool.

Therefore, when solving the problem of identifying
pollutants on the internal surfaces of specific technical
products, it seems advisable to develop individual
(specific) methods, including linking them to specific
testing zones with a description of the use of auxiliary
equipment. It is necessary to create individual data-
bases of characteristic spectra for specific testing
zones and products. Creating such databases is labor-
intensive, but possible, given the limited range of pol-
lutants that may be found in a monitoring object.

2.3. Creating individual databases
of characteristic spectra for monitored objects

Monitored objects

To confirm the conclusions reached after the first
stage of testing, a decision was made to conduct a
second stage with the preliminary creation of individ-
ual databases of characteristic spectra of pollutants for
two objects of control: the pipeline system and the
fuel tank. A spherical cylinder was not used in the
second stage, as database creation required changing
and controlling the angular position of the probe rela-
tive to the inner surface, which is difficult to accom-
plish without direct access, as well as to apply re-
peated pollutants.

The individual pollutant databases created for these
specific monitoring objects contain the spectra of the
substances presented in Section 1.3.

In a pipeline system

Images of the articulating part of the endoscope
probe in the central internal cavity of the pipeline sys-
tem and near the inspected surface of the valve seat
are shown in Fig. 8, a, and Fig. 8, 6. A diagram of the
locations of the contaminant sample application zones
on the inner surface of the central cavity, as well as
the positioning of the articulating portion of the probe,
is shown in Fig. 8, B.

Fig. 8. Illustration of the process of recording the
reflectance spectra of substances in a pipeline sys-
tem.

a — inspection of the surface of the central internal
cavity, 6 — the articulating part of the probe in the
photo-recording position, B — diagram of the record-
ing of characteristic spectra

The contaminant sample was applied in three dif-
ferent zones, with the zones offset from each other by
approximately 120°. The flexible portion of the video
endoscopic probe was then inserted into one of the
nozzles and, based on the image of the broadband
channel, advanced into the object and exited into the
central portion. Next, having direct access to the in-
ternal cavity from the open side (the location of the
shut-off valve), the end of the articulating part of the
probe was manually positioned opposite one of the
three zones, and the viewing angle was changed using
levers.

The viewing angle was varied until the contami-
nant entered the field of view of the spectral channel
objective. Characteristic spectra of each contaminant
in each zone were recorded in five different positions:
with the viewing direction orthogonal to the test sur-
face and at angular positions of £ a in two mutually



perpendicular planes (o was kept between 30° and
45°), after which the next zone was selected. The test
surface was then cleaned of the contaminant using an
organic solvent, and a new one was applied in its
place, after which the described steps were repeated.

In the fuel tank

The image of the articulating section of the endos-
cope probe and the equipment inside the fuel tank is
shown in Fig. 9, a. The layout of the zones for apply-
ing contaminant samples to the inner surface of the
fuel tank, as well as the positioning of the articulating
section and equipment, is shown in Fig. 9, 0.

Fig. 9. Illustration of the process of recording reflec-
tance spectra of substances in a fuel tank.

a — inspection of the inner surface of the tank; 6 —
diagram of the locations of zones of the application
and recording of characteristic spectra of substances.

The contaminant sample, as in the first stage of
testing, was applied to three different zones located at
different levels, but all zones were located within the
same sector. Next, the tool was inserted through the
neck into the fuel tank, then the flexible portion of the
video endoscopic probe was inserted into the tool's
internal opening and advanced inward, ensuring the
articulating portion exited. With direct access to the
internal cavity from the open side of the tank (where
the second hemisphere is welded), and by moving the
tool, the end of the articulating portion was positioned
opposite one of the three zones, and the viewing angle
was adjusted using levers until the contaminant en-
tered the field of view of the probe lens.

As with the pipeline system, characteristic spectra
of every pollutant were recorded in each zone in five
different positions, after which the sample was moved
to the next zone. The monitored surface was then
cleaned of the pollutant and a new one was applied in
its place, after which the described steps were re-
peated. Ultimately, individual databases were created
for the pipeline system and fuel tank, which included
characteristic spectra of six pollutants, obtained from
different inspection angles.

2.4. Conducting the second stage of testing

During the second stage of testing, two objects
were used, for which individual databases of characte-
ristic pollutant spectra were obtained: the pipeline sys-
tem and the fuel tank. The same pollutants were used
as in the first stage, and the patterns of their applica-
tion to the internal surfaces corresponded to the pat-
terns shown in Figs. 6 and 7. The sequence of actions
for searching for contaminated zones, moving the arti-
culating part of the probe to the photo-recording posi-

tion, and subsequently obtaining spatial-spectral im-
ages of the pollutants and their identification using
individual databases and the automatic comparison
function, as well as the number of identification expe-
riments conducted for each substance, fully corres-
ponded to the first stage.

The results of the experiments in the second stage
of testing are presented in Tab. 2.

Tab. 2. Results of the second stage of experimental
testing

CONCLUSION

A comparison of the results presented in Tabs. 1
and 2 clearly demonstrates an increase in control re-
liability (the number of successful event outcomes) in
each of the eight experiments conducted on the pipe-
line system and fuel tank, while maintaining the exact
replication of the corresponding experiments in the
first and second stages of testing. This confirms the
feasibility of developing specific monitoring methods
and using individual contaminant databases created
for each monitored product. It is also recommended,
whenever possible, to conduct observations from dif-
ferent angles and study the reflectance spectra in dif-
ferent areas of the observed contaminant, followed by
averaging the monitoring results.

At the same time, the results in Tab. 2 demonstrate
the informative value of the multispectral endoscopy
method for identifying contaminants in the internal
cavities of complex technical objects.

APPENDIX

Fig. IT11. The main window of the control program.
1 — image of a broadband channel, 2 — image of one
of the spectral channels

Fig. I12. Spectrum display window.

1 — viewing area for constructed spectra; 2 — view-
ing area for the spectral image; 3 — selected point on
the surface of the test object; 4 — spectral characte-
ristic corresponding to this selected point




Fig. 3. Appearance of the contaminant (IF'OU
grinding paste).

a — on the surface of the pipeline system, 6 — on
the surface of the fuel tank, 8 — on the surface of
the spherical cylinder

Fig. I14. A window displaying the results of pollutant
identification using the automatic comparison func-
tion.

a — spectra at several points, 6 — probability of be-
longing to substances registered in the database




