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HauioHanbHuii yHiBepcUTeT 000pOHU YKpaiHU
[TosiTpodoTchkuit mpocnexr 28, Kuis, Ykpaina, 03049

METO/I OLIIHKN HEBE3ITEYHOTI'O JAIAITA3OHY TPAHC3BYKOBUX YNCEJI M
I1OJIbOTY HAZI3BYKOBUX JIITAKIB TA AEPOKOCMIYHNUX CUCTEM

3abesneuenns be3nexu noabomie HA038YK08UX AIMAKIE MA AepOKOCMIMHUX CUCIEM ) MPAHC38YK0oeomy diana3sori yucen M noavomy doci
3aMUWAEMbCS AKMYAAbHOI HAYKOBOI0 | NPUKAAOHO npobaemoro. Lle no6’a3aHo 3 BUHUKHEHHAM HA UUX PeXNCUMAax noAbomYy Pi3HOMAaHim-
Hux Hebe3neunux sguuy aeponpyscrocmi. OOHUM 3 MAKUX A8UW € MPAHC38YK08ULl (ramep, BUHUKHEHHS. K020 HeOOHOPA3080 3aKiHYY-
8a10CA PYUHAYIEN eneMeHmie KOHCMPYKUil Aimakie i, y neputy uepey, enemMeHmie KOHCMpPYKUii aepoOuHamitHUX NOGEPXOHb KepyB8aHHSL.

Teopemuunum ma excnepumeHmanbHUM 00CAIONCEHHAM Ub020 AGUUIA NPUCBAHEHO baeamo nybaiKayill, 8 AKUX 3aNPONOHOBAHI Di3-
HOMAHIMHI ni0Xo0u 0451 00T PYHMY8AHHS NPUMUH GUHUKHEHHS IHMEHCUBHUX KOAUBAHb AepOOUHAMIUHUX NOBEPXOHb KePYEAHHS CYYACHUX
HA038YKO0BUX NIMAKIB HA UUX PeNCUMAX NOAbOMY, YMOBU IXHb020 GUHUKHEHHs, 6NAUE PISHOMAHIMHUX (aKmopie Ha pieeHb KoAUBAHD.
Biomiuerno, uwio doci He cmeopero HadiliHUX Meopemu1HUX Memooie OUiHKU HeCMAaUiOHAPHUX CUA AePOOUHAMIYHUX NOBEPXOHb KEPYBAH-
Hsl, AKI KOAUBAIOMbCS Yy MPAHC38YKOBOMY NOMOUYI, MOMY GUKOPUCMAHHA ATHILIHUX MAMEMamu4Hux mooeneil nodibHocmi He 3agicou
00360.15€ nepeHocUmy pe3yabmamu npooy8ok mooeneli 6 aepoOUHaMIMHUX mpy6ax Ha HaAMYpPHi KOHCMPYKUii Aimakie.

Y emammi 3anpononogarno memood ouinku Hebe3neurnozo dianaszoHy uucea M, é AKomy Modcauge GUHUKHEHHA MPAHC38YK08020
pramepa aepoouHaMiMHUX NOBEPXOHb KePYBAHHS HAO38YKOBUX NIMAKI6 ma aepoKocmiunux cucmem. Memoo 6asyemoca na ananizi
3aKoHOMIpHOCMell adiabamu4Hoeo po3uluperts MiCUeg020 Had38yYK08020 NOMOKY NOGIMPsl HA NOBEPXHI AepOOUHAMIUH020 NPOGint0
6 dianazoni mpanc3eykosux uucea M. Po3paxynkamu 0oeedero, wjo 045 MUno8Ux aepoOUuHAMIHHUX NOBEPXOHb CYHACHUX HAO38YKO-
8UX NIMAKI8 BUHUKHEHH MPAHC38YK06020 (aamepa modcauge y 8y3vkomy dianasori uucen M = 0.9...0.94.

Ompumani pe3yromamu MONCHA GUKOPUCMOBY8AMU 045 00TPYHMYBAHHS Oe3NEHHUX PeNCUMI8 NOAbOMY HAO38YKOBUX NiMAKié
AK HA emani AbomHUX unpolyeanv, mak i Ha emani ekcnayamayii. Tlodanrvuii docaidcenns yiei npobaemu OOYinbHO NPUCEIMUMU
ananizy memooie 3MeHueHHs pi6Hs KOAUBAHb AepOOUHAMIYHUX NOBEPXOHb KePYBAHHA NPU 8UHUKHEHHI MPAHC38YK08020 (ramepa.

Karouosi caoea: agiayiiina mextika, mpanc3gykosuii paamep, HA038YK08UIl AiMak, aepoouHaMi4Ha NOBEPXHs Kepy8anHs, aepoou-
Hamiunuii npoinb, micyeuil Ha038yk08uUll NOMIK, KOAUBAHH, Hucao M noavomy.
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ITOCTAHOBKA ITPOBJIEMMU

3abe3neyeHHs Oe3IeKu IO0JIbOTIB HaJa3BYKOBUX JIi-
TaKiB Ta aePOKOCMiIUHUX CUCTEM Y TPAHC3BYKOBOMY
niarma3oHi yncea M MoJaboTy A0Ci 3aJIUIIAEThCS aK-
TyaJIbHOIO HAyKOBOIO i IPMKJIAZHOIO IPOOJIEeMOIO.
Ile moB’s13aHO 3 BUHUKHEHHSIM Ha LIMX pexrumax
MOJIbOTY PiI3HOMAHITHUX HEOE3MEeUHUX SBUILL aepo-
MPY>KHOCTI.

Jo Takux sIBUILL MOXHa BiZHECTHU i BUHUKHEHHS
TPaHC3BYKOBOTO (h1aTepa Ha/I3ByKOBUX JIiTaKiB, TOO-
TO, BAHUKHEHHSI IHTEHCUBHUX KOJIMBAHb €JIEMEHTIB
KOHCTPYKIIii HaA3BYKOBUX JIiTaKiB Ha TPaHC3BYKO-
BUX IIBUIKOCTSIX MOJIBOTY, 5IKi 0OyMOBJIEHI 0CO0JIM-
BOCTSIMM B3a€EMO/Iii CTPUOKIB YIIIJIbHEHHS 3 KOJIM-
BaHHSIMU a€pPOJMHAMIUHUX TTOBEPXOHb KEPYBaHHSI.

AHAJTI3 OCHOBHUX TOCTIIZKEHD I ITYBJITKAIIIIA

TeopeTHYHUM Ta eKCIIEPUMEHTAIbHUM JOCHTiIKEeH-
HSIM LIbOTO SIBUILIA TIPUCBSIYEHO OaraTo Iyosikallii,
B SIKMX 3aIlpOIIOHOBAHI Pi3HOMAHITHI MiAXOAMW IS
OOIpYHTYBAaHHS MPUYUH BUHUKHEHHS iIHTEHCUBHUX
KOJIMBaHb a€pOJIMHAMIUYHUX MOBEPXOHb KEPYBAHHS
CyyacHUX HaA3BYKOBHMX JITaKiB Ha LIMX peXMMax
MOJIbOTY, YMOBHM iXHbOI'O BUHUKHEHHSI, BIUIUB pi3-
HOMaHITHUX (DaKTOPiB Ha piBeHb KOJUBaHb [2—11,
13—19].

VY npaui [3], npucBSIYeHI TOCTIIKEHHSIM KOJIH-
BaHb aepOJAMHAMIYHUX ITOBEPXOHb KEPYBAHHS JIiTa-
KiB Ha TPAHC3BYKOBUX ILIBUAKOCTSX MOJIbOTY, PO3-
[JISSHYTO TPU TUIIU KOJIMBaHb:

* TUN «A» — KOJIMBaHHS aepoAMHAMIYHUX IO-
BEpXOHb KEpyBaHHSI, 3YMOBJIEHI BiJp¥BOM TMpU-
KOPIIOHHOI'O 1Iapy 3a cTpUOKaMu yUIiIbHEHHSI, SIKi
CMOCTepIiraloTbCcsl B €KCIEPUMEHTaTIbHUX JTOCITif-
JKEHHSIX Ha BEJIMKWX KyTaX aTaK! i TPU BiICYTHOCTI
CTPMOKIB YIIUITbHEHHSI Ha MOBEPXHI aepoAWHaAMIU-
Horo Ipodio;

* Tun «B» — KonMBaHHSA aepoAMHAMIYHUX IO-
BEPXOHb KEpyBaHHSI, 3YMOBJIEHI OCOOJMBOCTSIMU
IXHBOI B3a€EMOmil 31 cTpUOKaAMM YIIUIbHEHHS, SKi
CIOCTEPITAlOThCS B €KCIIEPUMEHTATbHUX TOCTiIKEeH-
HSIX Ha TOHKUX CHUMETPUYHMX aepoJrHaMiuHUX
Mnpodissix, po3TallioBaHUX Y TPAHC3BYKOBOMY ITOTO-
I1i MOBITPS TTiJT HYJTbOBUM KyTOM aTaKW;

e tun «C» — KOJMBaHHS aepoAMHAMiIYHUX TIO-
BEPXOHb KEPYBaHHS TMPU HEBEJIUKUX HA3BYKOBUX
LIBUAKOCTSX MTOJBOTY.

BigmiueHo, 110 piBeHb LIMX KOJUBAHb 3aJIEXKUTh
BiJl BEJIMKOI KiJIbKOCTi MapaMeTpiB, JO OCHOBHUX 3
SIKMX HaJieXaTh: YMCI0 M TOTOKY IOBITpPSI; TeOMeT-
PUYHI XapaKTepUCTUKU aepoAMHAMIYHUX ITOBEP-
XOHb KEpYBaHHS, YacTOTa IXHIiX BJIACHUX MPYKHUX
KOJIMBaHb Ta MACOBO-iHEPIIiliHi XapaKTepUCTUKU.

BinMmideHo TakoX, 1110 1OCi HEMa€ HaIiifHNX TeO-
PETUYHMX METOMiB OLIIHKM HECTaliOHApHUX CUJ
aepoJIMHAMIYHUX MOBEPXOHb KEPYBaHHSI, SIKi KOJU-
BalOThCSl Y TPAHC3BYKOBOMY ITOTOILi, TOMY BUKOPHUC-
TaHHS JiHIAHUX MaTeMaTUYHUX MOAeJIell Mojio-
HOCTI HE 3aBXI1 J03BOJISIE TIEPEHOCUTHU Pe3yJIbTaTh
MpPOAYBOK MOJeJieil B aepoarHaMiYHUX TpyOax Ha
HaTypHI KOHCTPYKIIil JIiTaKiB.

3ayBaxXyMoO, IO MO0 HAWOLIbII HeOe3MeYHNX
SIBUILL aepOIPY>KHOCTI HEOOXiAHO BiIHECTU KOJU-
BaHHSI aepoAMHaMiUHUX TIOBEPXOHb KepyBaHHS
Tuny «B», BAHUKHEHHSI IKMX HEOJHOPA30BO 3aKiH-
yyBaJIOCS pyMHALII€EI0 eJeMEHTIB KOHCTPYKIIil JiiTa-
KiB i, y Ieplly 4yepry, eJIeMeHTIiB KOHCTPYKIIii aepo-
JMHAMIYHUX TOBEPXOHb KePYyBaHHSI.

V neskux npausx [10, 11, 14, 18] ueit Tun koau-
BaHb aepPOIMHAMIUYHUX ITOBEPXOHb KEPYBAaHHS Mae€
Ha3By «TPaHC3BYKOBUi» (OIHOCTYIIEHEBMIT) ia-
Tep, OCKiJIbKM BUHUKHEHHS 1IbOTO TUITY KOJIMBaHb
MOXJIMBE TIpM HASBHOCTI JIMILIE OJHOTO CTYIEHS
cBO0OOAM, HANpPUKJIAA MpPU HAsIBHOCTI JIMIIE KpYy-
TWIBHUX KOJIMBaHb aepoOJMHaMIYHOI IMOBEPXHi Ke-
pyBaHHS HaBKOJIO BJIAaCHOI OCi.

Oco0JMBOCTI KOJIMBaHb a€pOAMHAMIYHUX [TOBEP-
XOHb KepYyBaHHSI, BiIMiueHi Y JIbOTHUX JTOCJIiIKEH-
HSIX TPAaHC3BYKOBOTO (paTepa, Taxi [18]:

* HalBUILMI PiBeHb CIIOCTEPIra€ThCS HAa TOHKUX
aepoAMHAMIYHMX TIOBEPXHSX, sKi po3TallloBaHi B
MOTOIIi TTIOBITPS MiJl HYJTbOBUM KyTOM aTaKH,

* XapakTep KOJIMBaHb Haraaye rapMoOHiuHi KO-
JIMBaHHS, MPU I[[bOMY YaCTOTU KOJIMBaHb IIPU 3Mi-
Hi BUCOTH a00 LIBUIKICHOTO HAMoOpy 3aJMUIIaI0ThCS
HE3MiHHUMU i TOPiBHIOIOTH BJIACHUM 4YacTOTaM KO-
JIMBaHb aepOAMHAMIYHUX IOBEPXOHb KEPYBaHHS Y
Ha3eMHMX YMOBaXx,

* KOJIMBaHHSI BMHUKAIOTh y BY3bKOMY [ialla3o-
Hi uncen M He30yIKEeHOro MOTOKY MoBiTpst — M =
= 0.91...0.95, gxuii MpaKTUYHO HE 3MIiHIOETHCS 3i
3MiHOIO BUCOTH MOJIbOTY,

® piBeHb KOJIMBaHb IMPAKTUYHO JiHiITHO 301/1bLIY-
€TbCS 3i 301TBILIEHHSIM LIBUIKICHOTO HAIIOPY,
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* piBeHb KOJIMBaHb 30UIBIIYETHCS 3i 3MEHIIEH-
HSIM BUCOTH IOJIbOTY,

°* piBeHb KOJMBaHb 3MEHIIYEThCS 31 301JIbIIEH-
HSIM BeJIMYMHU KOHCTPYKIiitHOTO AeMITyBaHHSI.

Lli KonuBaHHS BigHECEHO OO KJACy HETiHiMHUX
aBTOKOJIMBaHb, aMILTITyaM SKUX 3ajiexkaTh Bil Xa-
PAKTEPUCTUK HECYUMX AEPOJMHAMIYHUX ITIOBEPXOHb,
XapaKTepUCTUK aepOJMHAMIYHUX TTOBEPXOHb Kepy-
BaHHS Ta YMOB IOJIbOTY.

V nmesdkux Tpamsgx BigAMiu€HO BIUIMB CTPUOKIB
VIIiJIbHEHHS Ha BUHUKHEHHSI KOJMBaHb aepoiu-
HaMiYHUX TIOBEPXOHb y TPAHC3BYKOBOMY IIOTOLI
TOBITPS.

Tak, y npaui [10], npucBsUeHiil TOCTiIKEHHSIM
TPaHC3BYKOBOTO (hiaTepa aepoAMHaMiYHUX TTOBEp-
XOHb KE€pyBaHH$, BIIMiY€HO, 1110 3a pe3yJbTaTaMu
€KCIIEpUMEHTIB Y HaBKOJIO3BYKOBOMY Jiara3oHi YM-
cell M cnocTepira€TbCsi 3Ha4yHe 3MEHIIEHHSI KpU-
TUYHOTO IIBUAKICHOTO HAIopy, 3yMOBJIEHE PYXOM
CTpMOKIB YIIUJIBHEHHS IO IMOBepxHi Kpuiaa. Tomy
JTOCTIIKEHHSI 11bOTO TUMY haTepa 3a J0MOMOTIOI0
METO/IiB KJIACUYHOTO JIIHIHHOTO aHalli3y MPYy>XHUX
KOJIMBaHb HEMOXJIUBE.

VY mpatti [6] BKa3aHO, IIO: «yIapHi XBUJIi He BUHK-
KaloTh B sIKilich BU3HAUYEHIN Touli Mpodiito, BOHU
KOJIMBAIOTbCS 3 BEJIMKOIO YacTOTOI MIX JBOMa
MOXJIMBUMMU TIOJIOKEHHSIMM PiBHOBAru».

VY mpaui [2], sSika mpucBSI4YeHa €KCIIEPUMEHTAIb-
HUM JOCHIKEHHSM KOJIMBaHb aepoJuHaMiuHUX
MOBEPXOHb KEPYyBaHHS Y HABKOJIO3BYKOBOMY ITOTOLIi
MOBITPsI, BiIMIY€HO, 1110 IIPU IIepeMillleHHi CTpuOKa
YIIITbHEHHST BIIEPEN 10 OCi O0epTaHHSI aepoavHa-
MiYHOI MOBEPXHi KepyBaHHsSI HMOro iHTEHCHUBHICTh
30inbLIyeThes. Ha nymMKy aBTOpiB poboTu [2], LuM
(akTOM MOXHA MOSICHUTU MPUYUHU BUHUKHEHHS
KOJIMBaHb a€pOIMHAMIYHUX MOBEPXOHb KEPYBAHHS
Ha IMX peXrMax IOJIbOTY HaJ3BYKOBMX JIiTaKiB.

VY TeopeTnyHUX Tpalsix BAHUKHEHHS 1IbOTO SIBU -
IIa TIOB’SI3YETHCS 1 3 HASIBHICTIO CTMCIMBOCTI IIO-
BiTps [1], i 3 hopMyBaHHSIM CTPUOKIB YIIiTbHEHHS
Ha noBepxHi mpodiato [9]. Ay npatii [5] Ha 6a3i pe-
3yJIbTaTiB UMCEIBHOTO pillleHHs piBHSIHHSI HaB’e —
Ctokca 3po0ieHO BUCHOBOK, 1110 BUHUKHEHHSI KO-
JIMBaHb 3yMOBJICHE (Pa30BUM 3aMi3HEHHSIM IepeMi-
1IEHb CTPUOKIB YUIJIbHEHHS BiJHOCHO KOJIMBaHb
MOBEpPXHi KepyBaHH, ajie MPUIMHU (ha30BOTO 3a-
Mi3HEHHST HE PO3KPMUTI.

44

J0 MOXJTMBMX MTPUYMH BUHUKHEHHST KOJIMBaHb Ta-
KOX BiTHECEHO CKJIaIHY B3a€EMO/i0 CTPUOKIB YIIiIb-
HEHHSI 3 KOJIMBAaHHSIMU IMOBEPXOHb KepyBaHH: [15].

3 HaBeJeHOTo BUILIMBAE, 110 AOCi HE pO3pobJIeHO
NPUUHATHUX MAaTEMATUYHUX MOAEJEN, IKUMA MOX-
Ha Oys10 O onucaTy MpoLEeCH, 10 BiZOYBaOTHCS IIpU
BUHMKHEHHI KOJIMBaHb a€pOJIMHAMIYHUX ITOBEPXOHb
KEepyBaHHSI Ha TPaHC3BYKOBUX urcax M moJiboTy.

Tak, aBTopu npaui [4] muimyTh: «Po3paxyBatu 11e
SIBULLE KiJBbKICHO 3a JOMOMOIOI KJIaCUYHOI aepo-
JWHAMIYHOI TeOpii € HEMOXJIMBUM, X04a IIPU LIbOMY
PYX €JeMEHTIB 3[iiICHIOE TPOCTE TrapMOHIYHE KOJIU -
BaHHSI».

A y mpaui [3], BKazaHO «...QiliCHMII MeXaHi3M
KOJIMBaHb TOBEPXOHb KEPYBAHHS 3aJIUIIAETHCS 10
KiHLS HE BUSIBIEHUM».

Lleii BMCHOBOK MiATBEPIKYETbCSI i OCTaHHIMU
nyosikaismu. Tak, y mpaui [13] BU3HayeHo, 1110
0e3IeKy MOJbOTIB OE3MITOTHUX JIITAIbHUX arapaTiB
y nianazoHi yucen M = 0.95...1.05 TouHile MoxHa
3a0€3MeYUTH 3a IOTIOMOTOI0 PEe3YJbTaTiB JIbOTHUX
BUIIPpOOYBaHb.

3 i€l IpUYMHU BUHUKHEHHSI LIUX KOJMBaHb CIT0-
cTepirajgocs, SK IMpaBWIO, JIMIIE Ha eTari JbOTHUX
BUIMPOOYBAHb i HE TIPOrHO3YBAJIOCS Hi TCOPETUIHM -
MU pOo3paxyHKaMu, Hi pe3yJbTaTaMu MPOAYBOK ae-
POIVHAMIYHUX MOJIEJIEN B a6POTMHAMIYHUX TPyOax.
Tomy exkcrnepMMeHTalIbHI TOCTIIKEHHST 3ajIuIia-
IOThCSI OCHOBHMM METO/IOM OLIiHKH XapaKTepUCTUK
dJaTepa JiTakiB Ha TPaHC3BYKOBHUX IIBUAKOCTSIX
MoJboTy. EMIipruuHUMU MeTOomaMU 3aIUIIaloThC i
METOJM 3MEHILEHHS PiBHS LIMX KOJMBaHb.

ITomyk eheKTUBHUX METOMIIB 3MEHILEHHS PiBHS
KOJIMBaHb a€pOJIMHAMIYHUX MOBEPXOHb KEPYBaHHS
Ha Ii€l cTamil JOBOIKU JIiTaKa HE 3aBXIU HOCSATAE
MO3UTUBHUX PE3yJIbTaTiB, i Oe3Mmeka MmojboTiB JiTa-
KiB Ha TPaHC3BYKOBUX IIIBUAKOCTSIX 32a0€3IMeUy€EThCS
JIIIE JOAATKOBUM OOMEKEHHSIM JIbOTHUX XapaKTe-
puctuk. Tak, Ha HaA3BYKOBUX JiTaKaxX LIBUAKICThb
MOJILOTY Ha BUcOTax Huxk4e 3.0 KM oOMexkeHa Yuc-
oM M =0.85 [7]. AHaiOTi4YHi OOMEXEHHSI PexKUMiB
MOJILOTY MAIOTh i JesIKi iHIIIi HaA3BYKOBI JIiTaKM.

Meta crarTi — BU3HAYUTH HeOe3NeyHUIl aiara-
30H TPaHC3BYKOBUX uucesn M, B IKOMY BUHUKaIOTh
iHTEHCUBHi KOJIMBAaHHS aepOIMHAMiYHUX ITOBEPXOHb
KEepyBaHHSI, 3 METOO 3a0e3MeUeHHsT 0e3MeKU MoJbo-
TiB HAJI3BYKOBHX JIiTaKiB Ta aPOKOCMIYHUX CUCTEM.
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BUKIJIALI OCHOBHOI'O MATEPIATTY

Huxue 11 BU3HAYEGHHSI HEOE3IMEUHOro aiara3oHy
yucen M moaboTy HaJ3BYKOBUX JIiTaKiB Ta apOKOC-
MIiYHUX CHUCTEM ITPOITIOHYEThCS Miaxin, IKUMil 0a3y-
€ThCS Ha aHaJli3i 3aKOHOMIpHOCTE! aliadaTUUYHOIO
pPO3IIMPEHHS MiCLIEBOr0 Ha/l3BYKOBOTO MOTOKY Ha
MMOBEPXHi aepOAMHAMIYHOTO ITPOdIITIO.

OCKiJIbKM KOJIMBaHHSI aepoJAMHAMiYHMX TOBEP-
XOHb KepyBaHHSI TUITY «B» 3yMOBIIeHi 0ocobImMBOC-
TSIMU B3a€EMOJIii CTPUOKIB YIIIITbHEHHS 3 KOJWBAH-
HSIMU aepoAMHAMIYHUX ITOBEPXOHb KepyBaHHs [13,
15, 18], ToMy HeOe3neuyHui1 aiana3oH yucea M 1mo-
JIbOTY MOXe OyTM BU3HAYEHUI YMOBaMU, MPU SKUX
CTpUMOKHU YIIIJIbHEHHSI BiaOyBalOTbCsd Ha mpodii
aepoJMHaMIYHOI TOBEPXHi KepyBaHHSI.

AHai3 3aKOHOMiIpHOCTEeH amiadaTMIHOrO pO3IIn-
PEHHSI MiCLIEBOTO HaJI3BYKOBOTO MTOTOKY Ha IMOBEPXHi
aepoaMHaMIYHOro NMpodiito y 1IbOMY Jialta30Hi YM-
cesl M moyHeMo 3 aHaJTi3y 3MiHU TTapaMeTPiB HA/I3BY-
KOBOTO MOTOKY y Teyii [Ipanatis — Maiiepa [1].

MOXIMBICTh TAaKOTO TIIiAXOAY MOXKHa OOIpyH-
TyBaTU TUM, 110 OOTiKaHHS IU(Y30pHOI YaCTUHU
aepoJMHAMIYHOTO Ipo(iII0 MICLIEBUM HaA3BYyKO-
BUM MOTOKOM JI0 CTPUOKA YIIIJIbHEHHSI MOXHa ysi-
BUTH TEUi€I0 HAJI3BYKOBOTO MMOTOKY HABKOJIO TYITOTO
KyTa, ToOTO ysaBUTU Tedieto [Ipannrias — Maiiepa,
B SIKiil IIBUAKICTh MiCLIEBOTO HAaJ3BYKOBOI'O ITIOTOKY
Ha MOBEPXHi aepoJMHaMiYHOTO MPOdisito 301JbIIIy-
€ThCH 31 30UTBIIIEHHSM KyTa MOT0 BiIXWJIEHHSI.

Ockinbky agiadaTuyHe PO3LIUPEHHS HAA3BYKO-
BOTO CTpyMY Yy Au(y30pHili YaCTUHI aepoauHaMid-
Horo Ipodinto mouynHaeTbes 3 ynciaa M = 1.0, mo
3aJIeKHICTh y Tipai [ 15] mogaHo y BUIIIsIAl piBHSIHHS

M, ~31+11.5¢(x) , (1)

ne M, — duciao M MmicueBOro Haa3ByKOBOTO IOTO-
Ky Ha MOBepxHi AM(y30pHOI YaCTMHU aepoaurHa-
MiqHOTO TIpodiNTto TiC/Is BiIXWIEHHS Ha KyT ¢O(x),
¢(x) — KyT BiIXWJIEHHSI MiCIIEBOTO HAaJI3BYKOBOTO
MOTOKY Ha MOBEPXHi A1(PY30pHOT YACTUHU aepPOIU-
HaMi4HOro npodinio.

3ayBaxXuMoO, 110 TTOoXMOKa BU3HAUECHHS uucia M
MiCLIEBOIO HaJ3BYKOBOI'O IMOTOKY Ha TOBEpXHi ae-
pOAMHAMIYHOTO TPOGII0 3riHO i3 piBHSAHHSIM (1)
pu §(x) < 10° He mepepuinye 1.0 %. Taka moxubka
3HAYHO MEHIN, HiXK MOXMOKM OOpPOOKM €KCIepH-
MEHTaJbHUX JaHuXx [12].

3anexHicth (1) BU3HAUYae reoMeTpuyHe oOMe-
JKEeHHS unciia M MiclieBOTO Haa3BYKOBOTO TOTOKY
Ha TIOBEpXHi aepoauHamiuHoro npodino. JilicHo,
SIKIO AMby30pHa YacTMHA aepOAMHAMIYHOIO TPO-
dimo € Turockoro mnactuHoo (P(x) = 0) TO UMCITO
M, = 1.0, HaBiTh PY NPUCKOPEHHI HE30YKEHOTO
MOTOKY BiJl KpUTUYHOTO unciaa M no uncina M = 1.0.

AniabaTuyHe OOMEXEHHSI MiClLIeBOrO HaA3BYKO-
BOTO MOTOKY Ha IMOBEPXHI aepoOAMHAMIYHOIO IIPO-
¢ino BU3HAYMMO 3 PiBHSIHHS bepHyIUli 11 cTuc-
JuBoro rasy [1]:

1

= P
R=lt=|—AH—| - 2

ne I_’1 — BiJIHOCHA B€JIMYMHA TUCKY MiCLIEBOTO Ha/I-
3BYKOBOI'O ITOTOKY Ha ITOBEPXHi aepoAMHaMiYHOIO
npodino, P, — BeIMYMHA TUCKY MICIIEBOrO Hajl-
3BYKOBOTO MOTOKY Ha MOBEPXHi aepoAMHAMiYHOIO
npodimo, P — BeJIMYMHA TUCKY HE30YIXKEHOrO
J03BYKOBOTO TOTOKY, M_ — 4ucio M He30yIKeHO-
ro JI03ByKOBOI'O MOTOKY, M| — uucio M miciuieBoro
HaJI3ByKOBOTO MOTOKY Ha MOBEPXHi aepoavHaMiv-
Horo npodiato, K — MOKa3HUK agiadaTu.
3ayBaxkMO, 1110 3 METOIO0 CHpPOIIEHHS aHaji3y
aniabaTMYHOro PO3LIMPEHHS MiCLIEBOI0 HaJA3BYyKO-
BOTI'O IIOTOKY Ha ITOBEPXHi aepOAMHAMIYHOTO Ipodi-
JIt0 PiBHSHHS (2) 1151 TOBiTps (ITOKa3HUK aaiadbatu
K ~1.4 ) y TpaHC3BYKOBOMY Jliara3oHi uucen M Mox-
Ha MOJAaTH y BUTJISII TaKO1 JIIHIAHOI 3a71€XKHOCTI:
P=1+M_—-M,. 3)
3 aHaJji3y piBHSAHHS (3) BUILIMBAE, 1110 TIPU YMO-
Bi, KOJI1 4yucio M He30yIKEeHOTO MOTOKY MOBITPS

NOPIBHIOE KPUTUIHOMY, a unciao M, = 1.0, piBHAH-
Hs (3) TIepeTBOPIOETHCS Y 3aJIEXKHICTh

R=B,~M @

Kp ’

ze 13KP — BIZHOCHA BEeJIMYMHA KPUTUYHOIO TUCKY
MiCLIEBOIO HAA3BYKOBOTO MOTOKY MOBITpsl Ha I10-
BEpXHi aepoJrHaMiuHOTO Mpodiio, MKp — Kpu-
TUYHE Y1CciIo M aepoanHaMidYHOTo podiio.

TobTo, BiTHOCHA BeIMYMHA KPUTHUYHOIO TUCKY
MiCILIEBOTO HaJ3BYKOBOTO ITOTOKY IOBIiTpsSI Ha TO-
BEpPXHi aepoaMHaMiyHOTO Npodiao TPHUOIN3HO
JIOPiBHIOE BEJIMYMHI KpUTUUYHOTO yncyia M aeponu-
HamiyHoro npodimo. ITpu upbomy rmoxmudka HabIM-
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JKEeHOI 3aJ1e3KHOCTI (4) 17151 aepoaruHaMiYHUX TTpodi-
JIiB Cy4aCHUX HaJ3BYKOBUX JIiTaKiB (MKp >0.8) He
nepesuiye 1.0 %.

SIx Oyno BKa3aHO BMIIE, afiabaTUYHe PO3IINPEH-
H$I MiCLIEBOTO HAJ3BYKOBOT'O MOTOKY Yy AU(]PY30pHiii
YacTUHI aepOJMHAMiIYHOTO MPOQia0 MOYMHAETHCS
s3uucna M, = 1.0, xomu M = MKp ,a 1_)1 = I_{cp , TOMY
piBHsIHHS bepHyti (2) MoXHa MpeIcTaBUTU Yy BU-
IJISIAL PiBHSIHHSI, 3aIIpONOHOBAHOrO y mpaii [15]:

K
14X 1 " - 3
Ol s s (1-P,). (5)
1+ — M

IIpeacraBuMo NLLIAXOM JliHeapu3allil PiBHSIHHS

bepnyiii (5) y BUDIsIai TiHifAHOI 3aJ1€2KHOCTI
Plz1+MKP—MOO—(1—PKp). (6)

[Ticsr meperBopeHHs piBHAHHS (6) 3 ypaxyBaH-

HSIM 3aJIEXHOCTI (4) OTpUMaeEMO
B ~2M _-M,. (7)

3 nopiBHsIHHS 3aiexHocTel (3) i (7) orpuMaeMo
PiBHSIHHS, sIK€ BU3HA4ae 3B’s130K yuciaa M micue-
BOTO HaJI3ByKOBOTO TOTOKY IOBITPSl Ha MOBEPXHi
aepoauHaMiyHOTO npodimio, yucia M He30ymxKe-
HOTO TMOTOKY MOBITPsSI Ta KpUTUYHOTO uucia M ae-
pOAMHAMIYHOTO TTPOodio:

Ml—lzZ(Mw—MKP). (8)

PiBusiHHs (8) BM3Havyae 3aKOHOMIpHOCTi amia-
0aTUYHOrO PO3LIUPEHHS MICLIEBOTO Hal3BYKOBO-
ro IIOTOKY TOBITPSl Ha IMOBEPXHi aepoaMHAMIYHO-
ro npodijito y 1bOMy Aiana3oHi yucen M MoaboTy.
A came, y upOMYy Aiama3oHi yucen M monboTy IIpu
aniabaTMYHOMY PO3IIMPEHHI MiCLIEBOTO HaJ3BYKO-
BOTO TMOTOKY TOBITPST HA TIOBEPXHi aepoaWHaMid-
HOTro Tpodiito oro unciao M 30iabIIy€EThCST BABiYi
LIBUALIE, HiK YUCI0 M He30yIXKEeHOTO MOTOKY I10-
BiTpS.

Came 3aexHicTh (8) BU3HaA4yae yMOBU (opmy-
BaHHS CTPUOKIB YIIUJILHEHHST Ha TIOBEPXHI aepoau-
HaMiYHOro Mpodiyiro a00 yMOBU NEPETBOPEHHS MiC-
1I€BOTO HAa/I3ByKOBOTO MOTOKY TMOBITPsI Ha MOBEPXHi
aepoJIMHAMIYHOTO MPOodiIto y T03BYKOBUH TOTIK.

Hnsa  KibKiCHOT OLIHKKM YMOB (DOpMYyBaHHS
CTPUOKIB YIIIJTBHEHHST Ha MOBEPXHI acpoJaMHaMIid-
HOro npodio, Ik BUTLIMBAE 3 piBHSAHHS (1), HE00-
XiTHO BU3HAYUTU KYT BiIXUJICHHS MiCLIEBOrO Ha-

46

3BYKOBOTI'O TTOTOKY Ha MOBEPXHi I11(Yy30pHOI YaCTU -
HU aepoAMHaMIYHOTO IIPOodiTIO.

3rigHo 3 ganumu [17] mast TUMOBUX aepoauHa-
MIYHMX CUMETPUYHUX MPODIIiB 3MiHY KyTa HaXUITy
IOTUYHOI IO ITOBEPXHi AU(PY30pHOI YaCTUHU IIPO-
¢ir0 MOXHA TOAATH HAOIMKEHOIO 3aJIe3KHICTIO

¢(x)=¢0bi, ©)

ae ¢, — MaKCUMaJbHUI KyT HaXUJIy JOTUYHOI 10
MOBepXHi  IMMY30pHOI 4YacTMHU Mpodit, ado
MaKCUMaJIbHUI KYT BiIXUJIEHHS MiCLIEBOTO Ha/13BY-
KOBOTO IIOTOKY y AM(Y30pHili YaCTUHI aepoarHa-
MiYHOro npodijlo, X — BiICTaHb IIEPETUHY XOPIAU
npodintio Bim mepeTMHy MaKCHMajlbHOI TOBIIMHU
aepoavHaMiuyHoro npodimo, b, — BiacTaHb nepe-
TUHY MaKCHMaJbHOI TOBIIMHU aepOAMHAMiYHOTO
npodiato BiJ 10ro 3aAHHOT KPOMKH.

3 ypaxyBaHHsIM 3ayiexXHOCTi (9) 3anexHictb (1)
MOXHa 3aMucaTu y BUTJISI

x
M1z31+11.5¢0b—. (10)
1

3rimHo Tiit xxe nipatti [17] ajst HabMMXKeHUX iHXe-
HEpPHUX OLIHOK XapaKTepUCTUK aepoarHaAMiuHUX
npodiaiB MOXHA MPUAHSITU

¢, ~0.857T, (11)
JIe T — BiIHOCHA TOBILMHA a€POAMHAMIYHOIO IPO-
¢into, TOOTO BiZHOILIEHHS TOBIIUHU aepoJUHaMIiU-
Horo npodiio 10 oro Xopau.

Kputnune yucino M y piBHsIHHI (8) IJ1sI TOHKUX
aepoJrHaMIYHUX ITpodiIiB, SKi po3TallloBaHi y MO-
TOLI TOBITPS MiA HYJBOBUM KYTOM aTaku, MOXHa
npuOIM3HO BM3HAYMTU Ha OCHOBI pe3y/IbTaTiB Jia-
OopatopHux gociimkeHsb [12, 17], abo 3 piBHSIHHS,
3aMpoItoHoBaHoro y mpati [19]:

MKp ~1-0.7,/Tcosy , (12)

ey — KYT CTPLIONOAIOHOCTI aepoIUHAMIYHOTO
npodimio.

3anexHocti (8), (10) i (12) m03BOJSIIOTH Kijlb-
KiCHO OLIIHUTUA 3aKOHOMIpPHOCTI amiabaTUYHOIO
PO3LIMPEHHS MiCLIEBOTO HaA3BYKOBOTO MOTOKY Ha
MOBEPXHi aepoarMHaMidYHOro npodiato Ta JesKi xa-
PAKTEPUCTUKU MiCIIEBOTO HAA3BYKOBOTO MOTOKY, a
caMe BU3HAYMTU HeOe3INeyHuid niana3oH uucen M
MOJIbOTY, B IKOMY MOKJIMBE BUHUKHEHHS TPAHC3BY-
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KOBOTO (p1aTepa HaA3BYKOBMX JIiTaKiB Ta aépOKOC-
MiYHUX CUCTEM.

PosrisiHeMo yMOBM, IPU IKUX MOXJIMBE BUHUK-
HEHHS TPaHC3BYKOBOIO (hjaTepa aepoarHaMIYHUX
IMOBEPXOHb KepyBaHHs. SIK BKa3zaHO BUIlE, HEOE3-
MeYHUI [iama3oH uucesl M MoIboTy MOXe OyTu
BU3HAYEHUII YMOBaMU, MPU SKUX CTPUOKU YIIiJIb-
HEHHSI Bi0yBalOThCsl Ha Mpodiii aepoamHamMiyHOi
MOBEPXHi KEPYBaHHSI.

MiHiManbHe yuciio M MicleBOro Haa3ByKOBOI'O
MOTOKY Ha TOBEPXHi aepoanMHaMiyHOro Mpodisio,
MPU SIKOMY CTPUOKU YIIIJIbHEHHS BiJOYBalOThCS Ha
MepeaHiil KpoMlli aepoaArHaMiYHOI OBEPXHi Kepy-
BaHHSI, TOOTO MPU SIKOMY MOXJIMBE BUHUKHEHHS
TPaAHC3BYKOBOTO (piaTepa, BU3HAYAETHCS 3 PiBHSIH-
H$1, aHajoriyHoro piBHsiHHIO (10), ajie npu ymoBi
X=x,=b,— b,

M,(x,)~ 3 1+11.5¢0M. (13)

Yucao M MicueBOro Haa3BYKOBOTO IOTOKY Ha
MOBEPXHi aepoJMHaMiYHOro Mpodiato, mMpu sSIKO-
MY CTPMOKM YIIiJIbHEHHS BimOyBarOTbCS Ha 3aHii
KpPOMIIi aepOAMHAMIYHOI TTOBEPXHi KepyBaHHSI, BU-
3HAYAETHCS 3 PIBHIHHS, SIKE TAKOX aHAJIOTiYHE PiB-
HaHHIO (10), ane mpu yMOBix =X, =b —b_

M,(x,) = 3[1+11.5¢, .

JInst BU3HaYeHHs ynciaa M MiclieBoro Haa3ByKoO-
BOTO ITOTOKY Ha IMOBEPXHi acpOAMHAMIYHOIO IIPO-
¢ito, Ipu IKOMY CIIOCTEPIra€Thbcsl MaKCUMaJIbHUIA
piBeHb KOJIMBAaHb acpOAMHAMIYHMX MOBEPXOHb Ke-
pYBaHHS, HEOOXiTHO JOAATU HACTYITHE.

IIpu BUHMKHEHHI TPaHC3BYKOBOIo arepa KyT
00TiKaHHS aepoAMHAMIYHUX TOBEPXOHb KePyBaHHSI
MiClIeBUM HAA3BYKOBMM ITOTOKOM 3MEHIIIYETLCS Ha
BEJINUUHY

(14)

b .
Adp=-L5(t), 15
¢ v (15)
ne V — IBHUAKICTh HE30YIKEHOro MOTOKY IOBi-

Tpst, O(f) — XapakTep KOJIMBaHb acpOIMHAMIUHOI
MOBEPXHI KepyBaHHSI.

VY mpaui [16] moBemeHO, 10 MaKCMMajbHa Be-
JINYMHA 30yIKEHOIO IIapHipHOIO MOMEHTY aepo-
JIMHAMIYHOI MOBEPXHi KepyBaHHS IIPY BUHUKHEH-
Hi TPaHC3BYKOBOIO (hyiaTepa CHoCTepira€Tbcsl Mpu
YMOBI
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b
b +b,

Yucao M MicueBOro Haa3BYKOBOTO IOTOKY Ha
MOBEPXHi aepoJMHaAMiYHOro Mpodiito, Npu KoMy
CIOCTEPIraeThcsl MaKCMMaJIbHUM PiBeHb KOJIMBaHb
aepoJMHAMIYHUX TIOBEPXOHb KEpYBaHHS, MOXHa
BU3HAUUTU 3 PiBHSIHHS (14), sike, 3 ypaxyBaHHSIM
3atexkHOCTi (16), mpeacTaBUMO Y BUTJISIII

My~ 1+115(9, — A) =

Ad=¢, (16)

a7)

KinbkicHy oLiHKY He0e3MeYHOro miara3oHy 4u-
cel M TmonbOoTy BU3HAYMMO JUISI TaKWUX TUITOBUX
KOHCTPYKIiMHUX TapaMeTpiB HECy4yMX aepoauHa-
MiYHMX MMOBEPXOHb i aEpOAMHAMIYHMX IMOBEPXOHb
KepyBaHHSI HaJ3BYKOBUX JIiTaKiB:

—BinHoweHHs b, /b = 0.5,

—BiJHOCHA ToBLIMHA Tpodino T = 0.05,

—KyT CTPUIONOAIOHOCTI aepOoAMHAMIYHOTO IIPO-
dimo y =45°.

MakcuMaabHU KyT HaXujay AOTUYHOI O TIO-
BepxHi AuGy30pHOI YaCTUHU aepOAMHAMIYHOIO
npodiaw BU3HAYAETHCS 3riAHO 3ajexHocTti (11) i
nopisHoe ¢, ~0.857 =0.0425.

Kputnune yucino M aepoamHaMiqyHOro mpogiiro
y piBHsIHHI (8) Bu3HauaeThes i3 3anexHocti (12) i
JIOPiBHIOE MK]D =(.8684.

Yucino M,(x;) Bu3HaYaeThes i3 piBHAHHA (13) i
nopisnioe M, (x;) = 1.076.

Yucno M (x,) BU3HAYa€ThCsA i3 piBHAHHA (14) i
nopiBHioe M,(x,) = 1.142.

Yucno M MiclieBoro Haja3BYKOBOIO IOTOKY Ha
MOBEPXHI aepoAMHAMIYHOI0 IPodiIio, IPU SIKOMY
CIOCTEPIra€ThbCsd MakKCUMaJbHUI piBeHb KOJMBaHb
aepoJIMHAMIUYHUX IMOBEPXOHb KepyBaHHS, BU3HAYA-
€TheA 3 piBHsAHHA (17) i nopisHiIoE M| b =1.098.

[Ipu BU3HAYEHUX BUIIE BeIMINHAX yrcesr M Mic-
LIEBOTO HaJA3BYKOBOI'O IMOTOKY Ha MOBEPXHi aepoIu-
HaMi4HOTO MpodiIio, Ha SKUX MOXJIMBE BUHUKHEH-
HsI TPaHC3BYKOBOIO (parepa aepoIuHaMiYHUX I10-
BEPXOHb KePYBaHHsI, Ta IIpU BU3HAYEHill BeJIMYMHI
KPUTUYHOTO uyuciaa M aepoarHaMidHOTO mpodiitio
yuciaa M He30yIKeHOro IOTOKY IOBITps, Yy Aiama-
30Hi SIKMX MOXJIMBE BUHUKHEHHS TPAHC3BYKOBOI'O
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(bnatepa aepoaMHaAMiYHMX TOBEPXOHb KEepPyBaHHS,
BU3HAYAIOThCS 3 PiBHSAHHS (8).

Tak, miHiMasibHE Yncsio M He30yIKEHOT O ITIOTOKY
TTOBITPSI, IPU SIKOMY MOSKJIMBE BUHUKHEHHS TPaHC-
3BYKOBOro atepa aepoarHaMiYHUX MOBEPXOHb
KepyBaHHs, opiBHIOE M_ (x;) = 0.9064.

MaxkcuMmanbHe unucio M He30yIKeHOro MOTOKY
TTOBITPSI, IPY IKOMY MOSKJIMBE BUHUKHEHHS TPaHC-
3BYKOBOTO hjlaTepa aepoarHaMiuHUX IMOBEPXOHb
KepyBaHHs1, opiBHIOE M_ (x,) = 0.9394.

Yuciao M He30ymIKEHOTo MOTOKY MOBITps, MpU
SIKOMY CIIOCTEPIra€ThCss MaKCUMaJJbHUI PiBEHb KO-
JIUBaHb aepomNMHAMIYHUX ITOBEPXOHb KEepYyBaHHS,
JIOPiBHIOE Mlcb =0.9174.

3 HaBeIEHOTO BUTLIABAE, 1110 TIPY TTPUITHATHX Xa-
paKTepUCTUKAX HECYIMX acpOAMHAMIUHUX ITOBEp-
XOHb Ta aepOAMHAMIYHUX ITOBEPXOHb KepYBaHHS
niana3oH yucea M MoJibOTY, B SIKOMY MOXJIMBE BU-
HUKHEHHST TPaHC3BYKOBOIo hjiaTepa Haa3ByKOBUX
JIITaKiB Ta a¢POKOCMIYHUX CUCTEM, TOPIBHIOE

AM_(x) = 0.9064...0.9394.

[leit pe3yabrar NiATBEPIKYETHCS i pe3yabTaTaMu

eKcIepuMeHTaIbHUX nociimkens [11, 14, 18]. Too-

JIITEPATYPA

TO, IJIsI TUMIOBUX aepOJAMHAMIYHUX MOBEPXOHb CY-
YaCHUX HaA3BYKOBUX JIITAaKiB BUHUKHEHHS TpaHC-
3BYKOBOTO (hjlaTepa MOXJIMBE Y By3bKOMY Jialla30Hi
yucea M =0.9...0.94.
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METHOD OF ESTIMATING THE DANGEROUS RANGE OF TRANSONIC NUMBERS M
OF THE FLIGHT OF SUPERSONIC AIRCRAFT AND AEROSPACE SYSTEMS

Ensuring flight safety of supersonic aircraft and aerospace systems in the transonic range of flight M numbers still remains an ac-
tual scientific and applied problem. This is due to the occurrence of various dangerous aeroelasticity phenomena in these flight
modes. Such phenomena include transonic flutter, the occurrence of which has repeatedly resulted in the destruction of aircraft
structural elements and, first of all, of acrodynamic control surface structural elements.

Many publications are devoted to the theoretical and experimental research of this phenomenon, in which various approaches
are proposed to substantiate the causes of intense oscillations of the aerodynamic control surfaces of modern supersonic aircraft
in these flight modes, the conditions of their occurrence, the influence of various factors on the level of oscillations.

It is noted that there are still no reliable theoretical methods for estimating the non-stationary forces of aerodynamic control
surfaces that oscillate in a transonic flow, so the use of linear mathematical similarity models does not always allow transferring
the results of blowing models in wind tunnels to full-scale aircraft designs.

The paper proposes a method for estimating the dangerous range of M numbers in which transonic flutter of the aerodynamic
control surfaces of supersonic aircraft and acrospace systems is possible. The method is based on the analysis of regularities of the
adiabatic expansion of the local supersonic air flow on the surface of the airfoil in the range of transonic numbers M.

Calculations have proven that for typical aerodynamic surfaces of modern supersonic aircraft, the occurrence of transonic
flutter is possible in a narrow range of numbers M = 0.9...0.94.

The obtained results can be used to substantiate the safe flight modes of supersonic aircraft both at the stage of flight tests and
at the stage of operation.

Further studies of this problem should be devoted to the analysis of methods for reducing the level of oscillations of
aerodynamic control surfaces when transonic flutter occurs.

Keywords: aviation equipment, transonic flutter, supersonic aircraft, aerodynamic control surface, aerodynamic profile, local
supersonic flow, oscillations, flight number M.
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TEILTIOBAKYYMHI BUITPObYBAHHAA 3PA3KIB
EKPAHHO-BAKYYMHOI TEIIIOBOT I30JIALIII

Ilpedcmasneno pe3yabmamu menno8axyymHux 00caiodceHb ma 8unpoby8ans 3pasKie 4oxaié eKpaHHO-8aKyyMHOI menaoizonsauii
(EBTI), ski 6iopizusaromocs KinbKicmio wapie KoMnosumuux mamepianie. J1ocaiodcenHs 6UKOHAHO HA eKCNEPUMEHMANbHOMY CINeH-
0i TBK-0, 12. Onucano memoduku menio8aKyymHux eunpodyeanv ma o6pooKu pe3yibmamie eKcnepumenmy 045 U3HAYEHHS NU-
mMoM020 mepmMIiuH020 ONOpYy 3paA3Kié eKPaHHO-8aKYYMHOI Mena0i30nayii.

Yoxau ueomogaeHo 3 KANMOHY Mma Maiaapy, Midxic SKumMu po3miueHo po3oiniogarsti npokaadku 3 daxkpouny. Ilpu yvomy eHym-
piwni wapu EBTI eueomosaeno 3 maiinapy, antoMiHo8ano2o 3 060X cmopin, iioeo mosuiuna He nepesuuye 6.0 mm. Jlns 308HiuHb0i
obwuexu 3paskie EBTI euxopucmano kanmow, artoMiHO8AHUI 3 6HYMPIUHbOI CIOPOHU CepeOHbO MOBUUHO, He Oiabulor 8id
50 mxm. Cepedns mogujuna HympiuHb0i 00UWUBKU ANOMIHOBAH020 KANMOHY 3 060X CMOpPIH He nepesuuye 25 Mkm. /s i30a3uitiHux
npokaadox EBTI euxopucmano dakpor, mosujuna axoeo He nepesuwyye 200 mkm. Jlns 6unpo6yeanv KOHCMPYKMUBHO 8UOMO8AS-
aucs 30ipku menaoizonayii y euensioi npamokymuoeo mamy 3 eabapumuumu pozmipamu 200 x 300 mm. Yci 3paszku docaioxncysanux

LHuryBanus: PorauoB B. A., Kozak [I. B., Measnuk P. C., I[Tomrapenko 0. A., Paccamakin b. M., Xowminiu B. I., 3axa-
poB B. B., MockanboBa T. B. TerioBakyyMHi BUIpoOyBaHHSI 3pa3KiB eKpaHHO-BaKyyMHOI TeTJI0BOI i30is11il. Kocmiuna Hayka
i mexnonoeis. 2023. 29, Ne 6 (145). C. 51—61. https://doi.org/10.15407 /knit2023.06.051
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EBTI maau nepghopauiro expanie omeopamu diamempom 2 mm 3 Kpokom 50 mm 045 6i06e0eHHs Nogimps, w0 Micmumbucs Mixc ua-

pamu mennoizonayii i ake 6i06ooumuvcs y hpoueci idkavyeants ea306020 cepedosuuia 3 eakyymuoi kamepu TBK-0.12. Ilokaszano,

Wo Hatbinbuw echekmueHor € 08adUAMUIUAPOBA eKPAHHO-BAKYYMHA MENA0I30AAUIs, AKA MAE MepMIYHULL Onip é 0ianasoHi memne-

pamyprux nanopie 125...205 °C gionosiono 6.5...4 m2K/Bm, wo ¢ 1.75 pasu euwe, nixc 015 decamuuiaposoi izonayii. Busnauero,

wo 3acmocysants 3paskie EBTI 3 kinvkicmio wapie nonaod 20 He npuzgodums 0o Cymmeso2o 3p0cmarnis ii eghexmuenocmi.
Haitikpawi 3i 3paskieé pexomeH008aAHO 015 BUKOPUCINAHHA Y 8UPOOAX KOCMIYHOT MeXHIKU.

Karouosi caosa: expano-6aKyymHa menaoga i3oaauis, mepmoeaxyymui 6unpodyeants, meniosuti NOmiK 6UNPOMIHIOBAHHS, MeM-
nepamypHe noae, NUMOMUI MepMIYHULL ONip, memMnepamypHuil Hanip, KOCMIMHULI anapam, 40xoA.

BCTYII

TennoBe mpoeKTyBaHHS BUPOOIB KOCMIYHOI TeX-
HIKM € HEBiIZ ’€éMHOI0 Ta 000B’SI3KOBOIO YAaCTHUHOIO
3arajibHOTO TPOLECY iXHbOT PO3POOKU Ta KOHCTPY-
toBaHHSI. OCHOBHOIO METOI0 TaKOTO MPOEKTYBAHHS
€ 3a0e3MeuyeHHs] TeMIepaTypHUX Ta TEIJIOBUX pe-
KMMiB OOPTOBOI arlapaTypu Ta KOCMiYHOIo arnaparta
(KA) B 1izzoMy, HopMajbHe (hyHKIIIOHYBaHHS Ta 10-
MYCTUMI BUXiTHI TapaMeTpHu, a TaKOXK MaKCUMaJlbHa
HaOiMHICTh Ta eKCIUIyaTalliiHUI pecypc sIKMX Oara-
TO B YOMY BU3HAYAIOTHCS TeMIIEpaTypHUMU YMOBa-
mu. Benukuit oocsr Ta y 6araTbox BUITaAKaX CyIie-
PeUYIMBICTb TeMIlepaTypHUX BHUMOT, O00OB’SI3KOBUX
JIO peatizaliii y Ipolueci CTBOPEHHSI HOBOTO 00J1aI-
HaHHsST KA, 3yMOBTIOIOTH OCOOIMBY 3HAUYIIICTh TE-
IJIOBOTO TMPOEKTYBAHHSI Ta B3aEMHOI YB’SI3KM Te-
IUTOBUX aCIIeKTiB 3 3arajJbHUMU 3aBIAHHSIMU PO3-
pobku HoBUX KA Ta ixHix KommioHeHTiB [1—11, 18].
Expanno-BakyymHa tertoizossiss (EBTI) € on-
HUM 3 HaOUIBII MOIIMPEHUX Ta HaOiliHMX 3aCcO0iB
MacCMBHOI'O TEPMOPETYJIIOBaHHS y CUCTeMaX 3a0e3-
nedyeHHs1 teruioBoro pexumy KA. EBTI cyrreBo
3HUXYE IHTEHCUBHICTb TEILUIOOOMiHY €JIEMEHTIB
KOHCTpPYyKIIii Ta o6amHaHHS KA 3 JOBKIJIISIM.
3aragbHUi BUIISLI cydacHuX KoHeTpyKuii EBTI
npuseneHo Ha puc. 1. [TpuHuMN aii ocHoBaHU# Ha
3MEHIIIEHHI TeII000MiHY MiX TillamMMu abo cepeno-
BUILIAMM Y HAIIPSIMKY TEIUIOBOIO MOTOKY 3aBISKU
MEPEILIKOIi, SIKa PO3MIIIYETHCS ITePIEHINKYJISIPHO
JI0 TETJIOBOTO MOTOKY (Aajli — MonepeyHuit Hampsi-
MOK). Y GaraTonapoBOMy aHi30TPOITHOMY CEpeao-
BUILI IIapU 3 KOMITIO3UTHUX MaTepialliB TepeBUIIPO-
MIiHIOIOTh TEIUIOBI MOTOKM MiX CO0OI, BHACJIiIOK
YOro cepedoBHIe MAa€ BHCOKiI TEIJIOi30JISILiiHI
BinactuBocTi. EBTI ctaHOBUTH CO00I0 TEIIO3aXUCT
Ha OCHOBIi 0araTolapoBOro eKpaHyBaHHSI 30BHIiIll-
HBOI ITOBEPXHi 00’€KTa i CKIAZA€EThCS 3 AEKIIbKOX

52

1IapiB, y SIKMX YEPIYIOTbCI €KPaHW Ta MPOKJIAIKU
(puc. 1, a).

3 EBTI BUKOHYIOTbH YOXJIU, SIKi OXOILIIOIOTh YBECH
00’€KT, a00 MOTO YaCTUHM, SIKi MiIIIraloTh TEII0-
BOMY 3aXMCTy abO peryjrBaHHIO, HalpUKIIal 3a-
xucHa 1ropka 3 EBTI nnsa 610ky anapatypu KA
(puc. 1, 6), ska BurpoOyBajacs B poooTi [4].

Yoxnu 3 EBTI gns pisHoOMaHiTHOro o0JiagHaH-
Hs1 KA BUTOTOBJIEHO 3 TUIIBOK KanTOHY (IOJIiiMif),
Maiiyiapy (mojieTuyieHTepedTanar), MiX SKAMU
pO3MillleHi pPO3IUIbHI MPOKIAAKM 3 JaKpOHY ado
naBcaHy (TojieTwieHTepedTanar). K BHYTpPILIHiiI
map EBTI BukopucToBYyIOThCS KaIllTOH a00 Maiinap,
aJIlOMiHOBaHi 3 000X CTOpiH. 30BHillIHS OOIIMBKA
3pa3kiB EBTI BuKoHyeTbhCS 3 KalITOHY, aTlOMiHOBA-
HOTO JIUIIIE 3 OJHOTO BHYTPIlIHHOTO OOKY.

ExpaH, 1110 BimOWBa€ TeMIOBUIA MOTIK, BUTOTOB-
JISETbCS 3 CUHTETUYHOrO MaTepiajly TOBIIMHOIO HE
Oinpmie 6...12 MKM, 3a3BMYail 1€ TUTiIBKa, MOKPH-
Ta IIapOM HM3bKOEMICIMHMX MeTajliB (aJIoMiHil,
HiKeJIb, pifllle Miab, 30JI0TO, Cpi0JI0) TOBIIMHOIO
He Oimbmre 0.1 mxMm. Ilpoxmagkm ToBmmHOIO 50...
200 MKM, 110 PO3IIISIOTh €KpaHU, BUTOTOBISIIOTh-
csl 3 BOJIOKHUMCTMX MarepiajliB 3 HU3bKOI TEII0-
MPOBITHICTIO IS MiHIMi3allil TETUIOBUX MOTOKIB y
30Hi TEIUIOIPOBITHOCTI. 3acTOCYyBaHHSI OITMCAHOL
koHcTpykuii EBTI 3a06e3neuye MOXKIUBICTb CYTTE-
BO 3HU3UTU iIHTEHCUBHICTb TEILIOOOMiHY €JIEMEHTIB
KOHCTPYKIIii Ta 00JlamiHAaHHS KOCMIYHOTIO armapara 3
HaBKOJIMILIHIM CepelOBUILIEM, TOOTO 3MEHIIUTH O
a0COJTIOTHII BEJIMUNHI TETIJIOBI TOTOKM, IITO HAJIXO-
IISITh 330BHI IO eJIeMeHTiB KOHCTpyK1ii KA Tta iforo
oOnangHaHHs Big CoHIlsl, 3eMili Ta/abo Mpu BUITPO-
MiHIOBaHHI 30BHILIHbOIO ITOBEPXHEIO araparta B
KOCMIiYHUI1 TIPOCTIp.

TIpouec Tenmooominy uepe3 EBTI € moegHaHHSIM
nepeaayvi TerIoTH BUIIPOMiHIOBAHHSIM, KOHTYKTUB-
HOCTI no exeMeHTax KoHCTpyKiii EBTI Ta Mojeky-
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Tenaosakyymui unpo0yeants 3pasKkie eKpaHHo-8aKyyMHoOI mennosoi i3oaauyii

JISIPHOIO TEIUIOMPOBIAHICTIO ra3y, 1110 pO3MIilllyEThCS
Mix mapamu. Konerpykuig EBTI 3asxnu nepen-
Oayae 3BelEHHS OO0 MiHIMyMy 3a3HauyeHUX (opM
TerUIoNepeHeCeHHS.

Hanpuknan, ckiagoBa MOJIEKYJISIPHOI TETJIONPO-
BiTHOCTI razy, poamimieHoro Mix Imapamu EBTI,
CYTTEBO 3MEHIIYETHCS MPU 3MEHILIEHHI TUCKY J0
3HaueHb 0.1...1 mITa, ToMy Helo MOXXHa 3HEXTYBaTU
y po3paxyHKax UM BaKyyMHUX BUIIPOOYBaHHSIX MpU
MOJAJbIIOMY 3MEHIIIEHH] TUCKY.

Ilepenaya Tema0TM BUIPOMIHIOBAHHSM MiHiMi-
3YETHCSl 3a PaxXyHOK BeJMUKOI KiJIbKOCTI MeTali3o-
BaHUX €KpaHiB 3 HU3bKUM KOe(dilliEHTOM BUITPOMi-
HIOBaHHSI, PO3MiJICHUX MixX CO00I0 TEIIOi30IsIIIii-
HUMU CUHTEeTUYHUMU TLTiBKAaMU/TIPOKJIaAKAMU.

Kpim Toro, nepenaya TEIIOTH 3a PaXyHOK KOH-
JYKTUBHOCTI MiHIMI3YEThCSI 3a pPaxyHOK 3acTOCY-
BaHHS MPOKJIAN0K 3 HU3bKOIO IIUIBHICTIO YKJIagaH-
Hs i HE3HAYHOIO TEIUIONPOBIIHICTIO PO3AiIIOBaIb-
HUX eKpaHiB.

V xonctpykuii EBTI 3aBxmm nependadaeTbcs
Ha ii MOBEPXHSIX MEBHA KUJIbKICTh BEHTUJISLIMHUX
OTBOpIB, IO Ja€ 3MOry MOJIEKYyJaM IIOBIiTpsl 0e3-
MEPEIIKOIHO 3aJUIIaTH MiKEKpaHHI MPOMIXKM,
MpoTe Take MepdopyBaHHSI MaTepiajy OJHOYACHO
NPU3BOIUTL i A0 3MEHIIEHHSI e(PEKTUBHOCTI ILIMX
eKpaHiB.

Takum 4MHOM, 3aJI€KHICTh MOIEPEYHOI TeIIo-
MNPOBIAHOCTI, 110 PO3MISAAETHCI SIK CymMa KOH-
TaKTHOI i IPOMEHEBOI CKJIAJOBOI, Bil IIUILHOCTI
ykiagaHHs wmapis EBTI i 3ycuis, 1110 ix cTuckae,
MOB’sI3aHa 3 XapaKTepHUM MiHIMyMOM, 1110 CIIOCTe-
pira€TbCsl Ha CyMapHUX €KCIepPUMEHTATbHUX KPU-
Bux [3]. K Big3HayaeTbcs y poOoTi [3], BU3Ha4YeH-
HsI LIbOTO MiHiMyMYy, 1110 0a3Y€ThCS HA PO3ALILHOMY
BKJIaJi 3a3HAYCHUX BUJIB TEIUIONIEPEHOCY, € OCHO-
BHMM 3aBIaHHIM OITUMIi3allil HOBUX TUIIIB TEIUIOI-
30711111, 10 pO3POOJISIIOTHCS TOCTIITHUKAMM.

3 iH1Ioro OOKY, CITiBBiIHOLIEHHSI BKJIamy OKpe-
MMX MEXaHi3MiB KOHTaKTHOTO Ta IIPOMEHEBOIO
TETJIOTIepeHoCy y miama3oHi Temriepatyp —196...
+150 °C 3MiHIOETBCS HaA NOpsIOK. ToMy po3paxy-
HOK XapaKTepuUCTUK OaratokomMmnoHeHTHOi EBTI
YUCJIOBUMM METOJaMM, He3BaXkaloud Ha CTPOIruid
(iznuHMit miaxin, 3aaMIIa€ThCS MPUOIU3HUM i yac-
TO PO3XOJIUTHCS 3 €KCIIEpUMEHTOM. B iHXXeHepHiit
MPaKTUL y 3B’SI3KY 31 CKJIaJHICTIO ITOOYI0BY po3pa-

Puc. 1. Ilpuxnagu 6aratokomnoneHTHoi EBTI: a — 3aranb-
Huii Burisia 3paskiB EBTI (1 — ekpan antomiHoBaHuit, 2 —
MPOKJIaJKa CUHTETUYHA); 6 — wtopka 3 EBTI mig tepmo-
perymoBaHHS 6j10Ka arapatypu KA [ 4]

XYHKOBMX MOjejieil Terionepeaayi y dararouiapo-
BUX KOMIO3UTHUX MaTepianax [2, 10, 11] Haituac-
Tillle BUKOPUCTOBYIOThCS Pi3HiI €KCIIEpUMEHTAIbHI
MeTonu mindopy teruio3axucty 3 EBTI, pesynsratu
SIKOTO 3iCTaBJSIOTBCS 3 PO3PAXYHKOBUMU JaHUMU,
Ha OCHOBI YOT'O IIPUMAMAETHCS KiHIIEBE PIlLICHHSI.
IIpu BuGopi ontumansHoi EBTI mmpoxko Bu-
KOPHCTOBYIOTbCSI Ha3eMHi €KCIIepUMEHTAJIbHI eKC-
npec-MeToad 0e3MocepeHbOr0 BU3HAYEHHST Tep-
MigHux onopis EBTI — noBHOTO Rp gy 260 mHTO-
MOTO rpgry [1, 9], SKi 1at0Th 3MOry JOCHUTH MPOCTO
pO3paxyBaT 3a3HAu€Hi y3arajibHEHi MmapameTpu 3
TOYHICTIO, IOCTaTHbOIO [IJI1 TAKOTO POy E€KCIepU-
meHTiB. i MeToau 6a3yoThCs Ha MPSIMUX BUMIPIO-
BaHHSIX MOMNEPEYHOr0 TEIJIOBOTO MOTOKY BUIIPOMi-
HIOBaHHS i PO3MOJiAY TeMIlepaTypHOTO TOJs, 1110
BCTaHOB/OEThCS Ha moBepxHsix EBTI B ymoBax, siki
HaOIMKEHO MOIETIOIOTh KOCMIYHMIA ITPOCTIP.
MeTtoau eKCMepUMEHTAIbHOTO  JOCHiIKEeHHS
piaactuBocteil EBTI [4, 12—14, 16—21] ta 06po6-
KM pe3yJbTaTiB, crnelugikalii eKclepuMeHTalb-
HOTO O0JIaIHAHHS, & TaKOX XapaKTepUCTUKU €KC-
MepUMEHTAIbHOI YCTAaHOBKM MAIOTh BUpIIIaJbHE
3HAYEHHS IUISI pO3YMIHHSI, TIOPIiBHSIHHS Ta aHAJi3y
JaHux 1mpo TersioBi xapakrepuctuku EBTI, orpu-
MaHUX PI3HUMU HaliOHAJILHUMU JadopaTopismMu
Ta yctaHoBamMu. Tak, TexHiyHuii ctaHmapt CILA
ASTM 1774 [13] MicTuTb aeTaabHO ONucaHi abco-
JIIOTHI i MOPiBHSIJIbHI METOAM/TIPOTOKOJIM BUITPOOY-
BaHb JUIS BUMIPIOBAaHHS TEIUIOBUX XapaKTEPUCTUK
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idosisiniiHux matepianiB i cucrem EBTI y kpioreH-
HUX i BakyyMHMX ymoBax. Lli MmeToau MOXyTb BU-
KOPHUCTOBYBATH, SIK 3pil>KeHi ra3u (a3oT, refiii), Tak
i Kpiooxonomxysaydi (kpioctatu, KE Ta iHma kpio-
reHHa TeXHiKa) JUIsl CIpSIMyBaHHSI TEIJIOBOTO MOTO-
Ky BiJ JxKepeJsia reHepallil JO CTOKY.

TerutoBuii MOTIK 32 UM CTAaHIAPTOM MOXHA BU-
3HAYUTU TAKUM YMHOM:

* KaJJOpUMETPUUYHMUM METOJOM, TOOTO BM3Ha-
YEHHSIM KiJIbKOCTi TeIJIOTH, SIKa HeoOXimHa IS ma-
POYTBOPEHHSI MIEBHOTO 00’€MY PiJKOTO rasy (a3oTy,
BOJIHIO TOILIO) 32 BUBHAYEHUI TTepio yacy,

* 3a MMOKa3aHHSIMU €JIEKTPUYHOI TTOTYXKHOCTI, 110
MOJAETHCS Ha JKEPEJIO reHepallil TEMJI0BOro MoTo-
Ky (3a3BUyYaii eJIeKTpUYHUI HarpiBay);

° 32 TeMIlepaTypHUMM XapaKTepUCTUKAMU I1O-
BEPXOHb CHCTEMM HarpiBady — XOJOAWJIbHUK (Ha-
rpiBauy — KpioekpaH).

Hanpukian, ajist BU3HaAY€HHSI TEMJIOBOTO MOTOKY
i edekTuBHOI TeronposigHocTi EBTI B poboTax
[12, 14, 18] BUKOPUCTOBYEThCSI caMe KaJlopuUMe-
TPUYHUN METOJ BUMIpIOBaHHSI IIBUJIKOCTI BUKU-
MaHHs (BUMApOBYBaHHS) PiIKOTO a30Ty 3 MOCYAU-
HU, i30JboBaHoOI gociinHoo EBTI y cramioHapHux
YMOBax.

3 iHmoro 00Ky, He3BaXKalOUM Ha BHUCOKY SIKiCTb
1 TOYHICTH IIPEICTaBICHUX METOMIB, €KCIIEPUMEH-
TaJIbHi gJocHimKkeHHs xapakrepuctuk EBTI 3a ctan-
naproM ASTM 1774 notpeOyloTh 3HAUHUX MaTepi-
JTbPHUX Ta TEXHIYHUX 3aTpaT Ha IXHIO IMiITOTOBKY Ta
MPOBEIECHHSI.

BpaxoByroun 3a3HayeHe BUILE, aBTOPU PO3PO-
OMJIM METOJ TOCIIKEHHS Ta OTPUMaHHS HaIiliHUX
€KCMEePUMEHTAIbHUX 3HAuY€Hb MUTOMOIO TepMiu-
HOTO OTOPY Fppry IS cydacHux marepianis EBTI,
SKi MaloTh pi3Hi Teruiodi3MyHi Ta MeXaHiuHi Bjiac-
TUBOCTi. MeToj na€e 3MOry 3 TOUHICTIO, JOCTaTHHOIO
IJIsT  iHXXKEHEPHOTO BUKOPUCTAHHSI, PO3POOJISITU
HaWOUIbII e(DEeKTUBHUM TEIUIOBUI 3aXMCT BUPOOIB
KOCMIYHOI TeXHiKH.

METOJIUKA JOCIIIZKEHD, 3PA3KU EBTI,
OBJIAITHAHHA, ATTAPATYPA, 3ACOB1 BUMIPIOBAHD

MeTtow TEIUIOBaKyyMHUX BUIIPOOYBaHb € BU3Ha-
YEeHHSI MUTOMUX TEPMIYHMUX OITOPiB 3pa3KiB YOXIIiB
EBTI, BurotosneHux 3 HOBUX MaTepialiB — Karl-
TOHY Ta Maijaapy, MixX SIKUMU pO3MillleHi pO3IiJito-
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BaJIbHi MPOKJAAKKM 3 JaKpOHY, MPU MOJETI0BaHHI
YMOB iXHOTO (byHKIIIOHYBaHHSI Ha opOiTi. BHyTpil-
Hi mapu EBTI BurortoieHo 3 Mmaiiapy, aitoMi-
HOBAHOTO 3 JIBOX CTOPiH, MOro TOBIIMHA HE Mepe-
BUIIYE 6 MKM. JIJIsT 30BHIIIHBOI OOIIMBKU 3pa3KiB
EBTI BukopucraHo KanTOH, aJlOMiHOBaHM 3
BHYTPIIIIHBOI CTOPOHU (CepeaHsI TOBIIMHA HEe Oi/lb-
me 50 mxMm). CepeaHsl TOBLUIMHA BHYTPIIIHBOI 00-
IIMBKWA aJIOMiHOBAaHOTO KAaIlTOHY 3 JBOX CTODiH
He mepeBuILye 25 MKM. SK i3071s11iliHI TPOKIaaKu
EBTI BukopucraHo 1akpoH, TOBIIMHA SIKOTO HE Te-
peuiiye 200 MKM.

Hns BuUnpoOyBaHb KOHCTPYKTUBHO BUTOTOBJISI-
JICS 30ipKU TETTOI30JIsI11il Y BUIJISIAI TPSIMOKYTHOI
Matu 3 rabaputHuMHU po3Mipamu 200 x 300 mM. Bcei
3pazku pociimkyBaHux EBTI manu mepdopatiito
eKpaHiB OTBOpPaMHU AiaMeTpoM 2 MM 3 KpoKoM 50 MM
IJIsT BiABEIEHHSI MOBITPsI, IO PO3MIIIYETHCS MiX
1apaMu TerI0i30Js11ii, y Mpolieci BigKauyBaHHS 3
BakyyMHoi Kamepu TBK-0.12 (puc. 2).

Crenn TBK-0.12 [8] mpu3HaueHo mJIs eKCIIepr-
MEHTaJIbHUX JOCJiIKEHb TEIJIOBUX PEXXMUMiB MaJio-
rabapuTHUX BUPOOiIB KOCMIYHOI TEeXHiKM, 30KpeMa
HaHocynyTHUKIiB (popmaty 2U KA B yMoBax Ha3eM-
HOTO KOMILJIEKCHOTO MOJIEJIIOBAHHS KOCMIYHOTO
MPOCTOPY.

CTeHIOM OIHOYACHO BiITBOPIOIOTHCS OCHOBHI
¢akTOpu TErIOBaKYyMHOI'O BIUIMBY KOCMiYHOTO
MPOCTOPY Ha BUIMIPOOYBaHUI 00’€KT: IIMOOKUIT Ba-
KyyM, HU3bKa TeMIlepaTypa i BUCOKUIA CTYIiHb MO-
IJIMHAHHST HABKOJIMIIIHBOTO CepeI0BUIIA Ta COHSIY-
He BUINIPOMIiHIOBaHHS 00’ €KTa JOCTiIXKEeHb.

KopucHuit 06’eM BaKyyMHOI KaMepu CTaHOBUTD
0.12 M3, MiHiIMaIbHMIT 3ATMIIKOBUIA TUCK Y BAKYYM-
Hili Kamepi y pexkrMax BiICYTHOCTI HaTiKaHHS 3 10-
CIiIKyBaHOTO 00’eKTa He repesuinye 1070 mm pt.
CT., XOJIOJIOHOCIEM CIIYTY€E PIAKUI a30T, MiHiMaJlbHa
temnepatypa KE nocsrae 80 K, ctymniHb 4opHOTH
noBepxHi KE — He meHma 3a 0.92.

Mo cxnany crenny TBK-0.12 BxonsiTh: BaKyyMHa
yCTaHOBKA, KpiOreHHa CUCTeMa, aBTOMaTU30BaHa
OaraTokaHajibHa CHCTeMa BHUMipIOBaHHSI TeMmIlepa-
Typu (BCBT), onopHO-MOBOpOTHA IIUTA.

CknagoBi cTeHaa, 3aco0M BUMIpIOBaHb Ta IXHi
MOXUOKM TIpUBEACHO B TabJI. 1.

‘YMoBU NpoBeeHHST Ha3eMHUX BUIpoOyBaHb EBTI
BiJITIOBIAAIOTh TAKMM 3HAY€HHSIM MapaMeTpiB CTeH/IA:
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Puc. 2. 3araqbHUI BUIJISII €KCTIEPUMEHTAIBHOTO CTEHIY
TBK-0.12: I — mocmimxysanmii 3pazok EBTI, 2 — termo-
i3osisilliiHa O0OJIOHKA, $IKa OOTIrye >KOPCTKUI Kapkac,
3 — OCHOBHMIi eJieKTpoHarpiBau, 4 — KOMIIEHCALIIHHWIA
eJIeKTpoHarpiBay, 5 — ejeMeHTH KpirjieHHs 3pa3ka EBTI,
TOYKM — 30BHIllIHi JaBayi HA MOBEPXHSX (HemapHi, OJMXKHi
1o KE), kpy>Xku — BHYTpIlllHi JaBayi Ha MOBEPXHsX (MApHi,
OJIMKHI 10 HarpiBayva).

Tab6auys 1. Tepenik 001aqHAHHSA, aNAPaTypH, 3aC00iB BUMiPIOBaHb, 10 3aCTOCOBYBaMCS Y nocaimkennax EBTI

OOGagHaHHS, anapaTtypa, 3aco0M BUMipIOBaHHS [Mo3HaueHHsT TMpusHayeHHs

BakkymHa kamepa TBK-0.12 MoaentoBaHHS 30BHILIHIX KOCMIYHMX BILJIUBIB
(miaTp¥MKa HU3bKOTO BaKyyMy)

ABOTHUI KpioeKpaH KE MoaentoBaHHS 30BHIIIIHIX KOCMIYHUX YMOB Ta Mij-
TPUMaHHS HU3LKOI TeMITepaTypy HaBKOJUIITHbOTO
cepenoBUIIA («XOJIOTHUI» , «IOPHUI» KOCMOC)

EnexrpoHarpiBaui HiXpOMOBi 3aKpUTOTO TUITY

3ayopHeHi (200 ~ 300 mm):

OCHOBHUIA EHO EHO — cTBOpeHHSI TEIJIOBUX MOTOKIB, 1110 MaAaloTh
Ha 3pa3ku EBTI

KOMIEHCcaLinHU EHK EHK — 3abe3reueHHs TeI0BO1 piBHOBaru Mixx
BunpomiHoounmu nosepxHsmu EHO ta EHK

IHdopmaliitHO-BUMipIOBaIbHUIT KOMILIEKC RB-IIS 3abe3rieueHHs nepeaadi, HAKOMUYeHHsT, 00pOOKU

HTYY KIII Ta BiloOpaXeHHs eKCIepUMEeHTaIbHOI iH(hopMallii

BakyymmeTtp, kiiac TouHocTi 1.5 BUT-2 BuMipioBaHHSI BaKyyMy Ta KOHTPOJIb KOPEKTHOCTI
(bYHKIIIOHYBaHHS BayyMHOTO 00JIaiHAHHS

BarmeTpu, kiacy TounocTi 0.2 115020 KOHTpOJIb MOTYKHOCTI eJleKTpoHarpiBayiB (OCHO-
BHOTO Ta KOMITEHCALIIHOTO)

TepMonapu Minb-KOHCTaHTaHOBI (IiaMeTp TIT BuMipioBaHHS Ta KOHTPOJIb 32 TEMIIepaTypaMu Ha

npotiB 0.2 MM), moxubka BumipioBaHb +0.3 °C nosepxHsix EBTI, KE ta HarpiBauin

MiHIMaJbHUI 3aJMIIKOBUI TUCK y BaKyyMHii
Kamepi p = 5-10~5 MM pT. cT,,

MinimanbHa Temrieparypa KE Ty = —180 °C,

CTYMNiHb YOPHOTH MOBepXoHb HarpiBauiB i KE g >
>0.9,

MOTYXHICTh TETUIOBOTO BUIIPOMiHIOBaHHSI OCHO-
BHMM HarpiBayeM P <23.0 £ 0.5 Bt.

BunpoOyBaHHSI KOXHOTO 3pa3ka IIpOdOBXYyBa-
JINCh 10 JOCSTHEHHSI BCTAaHOBJICHOTO (CTallioHap-
HOTIO) pexXUMYy, TOOTO JOTHU, JOKU 3MiHA TEMIIEpaTy-
pu Oynb-sikoro naBadya Ha EBTI ta HarpiBauax Oyme
He Oitbiiolo 3a 2 °C/roa. ¥ mepioa BUIIPpOOYBaHb

KOHTpOJIb Temreparyp 7; 3MiACHIOETbCS aBTOMa-

TUYHO HE pijllle, HiXXK 4yepe3 5 XB 3a JOIMOMOI0IO iH-
(opMmaniitHo-BuMiproBanbHOi cuctemMu RB-11S i Bi-
JIOOpaKa€eThCs HA TUCTIIET KOMIT 1oTepa. PeryisipHo
3iICHIOETHCSI KOHTPOJIb MOTY>KHOCTE! eleKTpoHa-
rpiBauiB. [1py iboMy MakCUMaTbHE BiIXWJICHHS Bij
HOMiHaJIbHOI ITOTY>KHOCTI He TepeBuiyBaio 1 BT.

MoHTaxXHy cxeMy BUIIPOOYBaHb Ta CXeMY PO3Mi-
mieHHs 3pa3kiB EBTI ta repmomnap T1, T2, ..., T21,
T22 na noBepxHsx EBTI ta HarpiBauax npuBeaeHO
Ha puc. 3.

Meroauka, 3anporoHOBaHa aBTOpaMu, J1a€ 3MO-
ry peaiizyBaTM OJHOBUMIpHY ITOCTaHOBKY 3aja-
i mepemadi TEIUIOTH Kpi3h OararomapoBy ILIACKY
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Puc. 3. Po3ramyBaHHSI 1aBadiB TeMIlepaTyp Ha ITOBEPXHSX TEII0i30JI0BAIbHOI 000J0HKM, HarpiBadiB Ta 3pa3kiB EBTI:
a — cxeMa poaTalllyBaHHs 1aBayiB TeMIepaTypu, 6 — 3arajJbHUii Bua po3MilieHHs 3pazka EBTI y BuxinHomy riepepisi Terio-

1301511 AHOT O00JIOHKU

cTinky. OcHOBHMUIT HarpiBay 3 3a0e31euye y Ipoleci
€KCIepUMEHTY BUITPOMiHIOBaHHSI TEIJIOBOTO TOTO-
Ky Ha 3pa3ok EBTI 7 nuiie ogHi€lo CBOEIO MOBEPX-
Heto. [IpormnexHwuii 6ik HarpiBaua riepeOyBa€e B
TepPMOJVHAMIUHIN piBHOBA3i 3 TEIJIOBUM BUITPOMi-
HIOBaHHSIM 3aBIISIKM KOMIIEHCAIiiHOMY HarpiBauy
4. 1l yHUKHEHHSI TEIJIOBUX BTPAT Y HABKOJIUIIIHE
cepemoBUIle HarpiBadi po3MillleHO BCepearHi XKop-
CTKOI TeTI0i30JI11iiHOT 000JIOHKU 2.

PiBHicTh cepemHix TeMmepaTyp MHOBEPXOHb BHU-
MPOMiHIOBaHHSI OCHOBHOTO Ta KOMIIEHCAlliiiHOTO
HarpiBauiB 3abe3rieuyBajiacsl 3a JOMIOMOIOI0 pery-
JISITOPIiB €JIEKTPUYHUX TTOTykHOCcTei. KoHTposib ce-
pEIHIX TeMIepaTyp Npu [bOMY 3IiMCHIOBABCS Bif-
noBigHo Tepmomapamu T1, T2 ta TS, T6.

Ha moBepxHsx ocHOBHOTO (3) Ta KOMIMEHcallili-
Horo (4) HarpiBauiB OyJio 3aKpiIlJICHO JaBadi TeM-
nepatypu T1...T6. KinbkicTh naBauiB TeMIIepaTypH,
sIKi OyJIO BCTAaHOBJIEHO Ha ITIOBEPXHSIX OMHOIO 3pa3Ka
EBTI, nopiBHioBana mecty (Mo Tpy Ha BHYTPILLIHiA
CTOPOHi, OJMX4Ye IO OCHOBHOIO HarpiBaya — T7,
T8, T9 i Tpu Ha 30BHIlIHII CTOpPOHI, OJKYE IO
KE —T10, T11, T12). BunpooyBanuii 3pazok EBTI
[ po3TallloByBaBCsI MiXk OCHOBHMM HarpiBayem Ta
KE xamMepu i 3akpiruiioBaBcs 10 000JIOHKH 2 3a 10-
TMIOMOTOI0 eJIEMEHTIB KpiruieHHsT S5 (puc. 3, 0).

56

ITig Tumopo3MipoM Ipu LILOMY BBaXKaJIOCh Kijlb-
KicTh BHYTpillHixX mapiB 3pa3kiB EBTI — 10, 15 ta
20. KinpKicTh TUIOPO3MIpIiB JOCTIIKEHUX 3pa3KiB
EBTI cranoBuna 1o tpu 3 10, 15 ta 20 mapamu Bin-
OMBHUX €KPaHiB i TEMJIOI30JI0BAJIbHUX TTPOKIIAIOK,
IO 3arajJioM CKJIaJI0O BUIIPOOYBAaHHS IEB’SITH 3pa3-
kiB EBTI. Koxnnit 3pazok EBTI 3akpimitoBaBcs
3 BUIBHO YKJIQAEHUMU IIapaMu, TOOTO MpPHU BiICyT-
HOCTi 3aCTOCYBaHHSI MEXaHIYHOI CTUCKHOI 10 I10-
BepxoHb EBTI cunn. 3pasky BCTaHOBIIOBAIMCS
BEPTUKAIBHO 1 MapaieJIbHO IO BiIHOILLIEHHIO 10 BU-
IMPOMIHIOBAJIbHOI MOBEPXHI OCHOBHOTO HarpiBaua
(puc. 3). Takum YHOM, BILIUB IIUILHOCTI YKJIagaH-
Hs1 Ha | ¢M TOBILIMHMU 3pa3Ka Ta CWJIM CTUCKAHHS Ha
MUTOMUI TEPMIYHUI OITip B JaHMX HOCIIIKECHHIX
He KOHTPOJIIOBABCS.

METOJIUKA OBPOBKHI
EKCIITEPUMEHTAJTIbHUX JAHUX

TennoBuii MOTIK BUIIPOMIHIOBAaHHS 3a CTAaHIAPTOM
[13] BU3HaUaBCcs HA OCHOBI aHAJTi3y PO3IMOILTY TeM-
nepaTypHOro IMoJisi TOBEPXOHb CUCTEMM «OCHOBHUIA
HarpiBau — EBTI — KE» (puc. 4).

MeTonuka po3paxyHKy IMUTOMOIO TEPMiYHOrO
onopy EBTI 6a3yBanacg Ha mpumylueHHi, 110 Te-
MJI000MiH BUITIPOMiHIOBAHHSIM BiZOYBa€ThCS y CTa-
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Puc. 4. Po3zpaxyHkoBa TerjioBa cxeMa TEpMOBaAKYYMHMX BU-
npodyBaHb: | — ocHOBHUI1 HarpiBau, 2 — KE kamepu, 3 —
amoMiHoBaHi ekpanu EBTI, 4 — TemoizomoBayibHi mpo-
knangku EBTI

LIIOHApHUX YMOBaxX MiX TBEpAMMM ILIacKorapa-
JIEIbHUMU MOBEPXHSIMU, MiX SIKUMHU PO3TalllOBaHO
0araTolrapoBy CTiHKY 3 TOHKOCTIHHMX €KpaHiB.
Po3paxyHKOBY TeIUIOBY CXeMy BUIIPOOYBaHb Mpe/-
cTaBlieHO Ha puc. 4. Y BinmoBigHOCTI 3i cXemMolo
OyJIO MPUIAHSITO:

1) mXepesoM 30BHIIIIHHOIO TEIIOBOTO ITOTOKY
BUIIPOMiHIOBAaHHS € JIM1IbOBA IMOBEPXHS OCHOBHOIO
HarpiBaua [/ 3 cepeIHbOIO TeMIIepaTypOlO IMOBEpX-
Hi Ty, SIKa BU3Hauajacs 3a pe3yjbTaTaMu MpsIMUX
TeMIiepaTypHUX BUMipIOBaHb Ta MaJla BilOMY BeJu-
YUHY CTYNEHSI YOPHOTH Ejy;

2) MOIJIMHAJIBHOIO MOBEPXHEIO TEIUIOBOro I10-
ToKy BuIlpoMiHioBaHHs OyB KE (2) 3 cepenHboro
TeMIlepaTypolo MOBEPXHi, sIKa JOpiBHIOBaIa TEMIIE-
paTypi KUIiHHA a30Ty T Ta MaJjia BiloMUiA CTYIIiHb
YOPHOTH €y )

3) EBTI ckianganaca 3 n 1apiB TOHKOCTiHHUX
eKpaHiB 3 3 TeIIoi3osaiiHUMU TTpoKJIaaKaMu 4
MPpU JOMYIIEHHI, 1110 eEKPaHU PO3TaIlIOBYIOThCS MEP-
MEeHAUKYJISIPHO J0 HAMPSIMKY MOTOKY BUIPOMiHIO-
BaHHS, i BiICTaHb MiXX HUMM Habarato MeHIla 3a
iXHi radapuTH.

CymMmapHUii TeIUIOBUI MOTIK, 110 IEPEAAETHCS O/~
Hi€I0 MOBEPXHEIO0 OCHOBHOrO HarpiBaya yepe3 EBTI
ta norauHaeTbess KE, po3paxoByBaBcs 3a BimoMoI0
dopmyroro [22]

4 4

1 T T
QEBTI:N+18H—KECO ﬁ - ﬁ Eps (1)
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ze ¢, = 5.67 Br/(M*K*) — koediuieHt Bunpomitio-
BaHHsI a0COIIOTHO YOpHOTo Tija, N =n + 1 — Kilb-
KicTb ekpaHiB B EBTI, n — kinbkicTb mapis EBTI,
Feprs M2 — monia nosepxsi EBTI.

[IpuBeneHuii CTYIIHD YOPHOTH & g TEILIO00-
MiHHOI CUCTeMM «OCHOBHUMI HarpiBadu — EBTI —
KE» 3anexxuth BiJ BiZOMUX CTYIIEHiB YOPHOTU B3a-
€MOBHUIPOMiIHIOBAJIbBHUX TTOBEPXOHb OCHOBHOTO Ha-
rpiBaua i KE i po3paxoByeTrbcs 3a popmyiioro [22]

1

“ri /g +1/g —1
ne ey = 0.92 — cTyniHb YOPHOTU TOBEPXHi OCHO-
BHOIO HarpiBaya, egp = 0.92 — crymiHb 4opHOTH
noBepxHi KE.

Buxonsium 3 Bupasy (1), mutoMuit TepMidHUI
omip EBTI Bu3nauaBcs 3a ¢popMyIoio

T, T,

EBTI1 — ~EBTI2 . Jai

; ()
QEBTI EBTI

ne Tgpry; — CepelHs TeMIieparypa rpaHUYHOI 110~
BepxHi BHyTpilmHboi ob1mmBku EBTI 3 60Ky ocHO-
BHOro HarpiBaua (/), sika IOpPIiBHIOE CepeaIHbOMY
apuMeTUMYHOMY 3HAaUEHHIO ToKa3aHb AaBayviB T7,
T9, T10; Tggrp, — CepenHs TeMIepaTypa rpaHUYHOI
nmoBepxHi 30BHiIHBOI 00mmBKu EBTI 3i cropoHu
KE (2), sixa nopiBHIOE cepeaHbOMY apU(PMEeTUIHO-
My 3Ha4eHHIO ITokKa3aHb gaBauiB T10, T11, T12.

Teprr =

AHAJII3 PE3VJIBTATIB JOCIIIKEHD

BigmoBimHO g0 mpeacTaBiieHOI BMILE METOIUKM
OyJI10 3AiiiCHEeHO 00POOKY OTPUMAHUX €KCIIEPUMEH -
TaJbHUX JAaHUX Ta TMPOBEIECHO MNONAJBIIMK iXHIl
aHamiz. OTpuMaHi OLIIHKM ITMTOMOIO TEPMiUYHOI'O
OIOPY Fppry MOPIBHIOBAIMCH [UIS JAEB’ATH AOCTIi-
HUX 3pa3KiB, BUTOTOBJIEHUX 3 OJHAKOBOTO MaTepi-
ajly 3 pi3HOIO KiJIBKICTIO IIapiB. BuBuanucs mo tpu
3pas3ku 3 10, 15 ta 20 mapamm.

PesynbraTu ekcnepMMeHTaJbHUX JOCHiIKEeHb
baratomapoBux 3pa3kiB EBTI npeacrasneHo y Bu-
rasiai rpaciyHuX 3aliekHocTeil Ha puc. 5. 3MiHy
MMUTOMOIO TEPMIYHOTO OMNOPY NPU BCTAHOBJIEHO-
My THCKY B Kamepi 5:107> MM PT. CT. B 3aJI€XHOCTi
BiJl pi3HUIII TEeMIIepaTyp Ha TPAHMYHUX MOBEPXHSIX
EBTI Ta xinpKocCTi IIapiB ITOKa3aHO Ha puC. S.

PosiiapyBaHHs kpuBux 1, 2, 3 Ha puc. 5 ipu ofi-
HAKOBHX MOTY>KHOCTSIX BUITPOMiHIOBaHHSI TOBEPXHi
EBTI (puc. 4) BinOyBa€eThcsl yepe3 30iIbIIEHHS Te-
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Puc. 5. 3anexunicts mutomoro Tepmiunoro oropy EBTI Bin
TeMmreparypHoro Hamopy: I — pecsatumapoBa EBTI, 2 —
m’arHagugtuinapoBa EBTI, 3 — nBanustuinaposa EBTI,
4 — necatumaposa EBTI [ 10], 5 — yotupumapoa EBTI
[15], xpyxku — nBagusaruinaposa EBTI [ 1, 9]

r,K'Mz/BT
3
6 A
2
4 -
1
2 -
O 1 1 1 1
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Puc. 6. 3ajexXHICTb TMTOMOTO TEPMIYHOIO OMOPY Bij KiJib-
KocTi wapis i cepennboi Temneparypu EBTI: 1 — Tppr =
=293 K (+20°C), 2 — T =248 K (-25°C), 3 — Tepp =
=232 K (-41°C)

wioizoysuiiHux mwapis EBTI. V nianazoHi temiie-
paTypHuX HanopiB AT = 125...205 °C cnocrepi-
Ta€eThCS MOCTYITOBE Ta MOBUIbHE 3MEHILIEHHS OTIOPY.
Tak, nns pecstuinaposoi EBTI y 3a3HaueHomy mia-
Ma30Hi TeMIIepaTYPHUX HAMOPIB OITip 3MEHIITYEThCS
Bin 4 1o 2 M2K/BT. BomHOuac 1151 3a3HaY€HOTO Jia-
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Ma30Hy TeMIIepaTypHUX HAIlOPiB MUTOMUM TepMid-
Huit omip aBagugtuinapoBoi EBTI B cepemHbomy
Oinbimii y 1.75 pa3iB, HixX 1eCATUILIAPOBOI.

s OpiBHSIHHST Pe3yJIbTATiB 3 iHIIMMM JOCIi/I-
JKeHHSIMM Ha pUC. 5 HAHECEHO eKCIepUMEeHTabHi
nani [10] (xpuBa 4) ta [15] (kpuBa 5). ¥ 3a3HaUeHUX
pobOTax 3aCTOCOBYBABCS KaJIOPUMETPUUHUIA METOI
JOCJIiI>KeHb, BpaxOByBalach KiJIbKiCTb I1IapiB Ta a-
pameTp LIIbHOCTI yKianaHHs ekpaHiB EBTI. Ma-
tepianu EBTI, 3actrocoBani B po6otax [10] i [15],
Oy pizHUMM, BigpizHsvcs BoHU TakoxX Big EBTI,
sIKy OyJI0O BUKOPUCTAHO B JAHOMY JOCJiKeHHi. K
BUIHO 3 pUC. 5, B pPO3MJIIHYTOMY Jialla30Hi TeMIIe-
patypHUX HaropiB ATppry MPaKTUYHO BCi JaHi 1O
necsatuiiaposiii EBTI (kpuBa /) nexarb MiX aa-
HuMU KpuBux 4 ta 5. Ilpu 30iablIeHHI TEIJIOBOrO
MOTOKY BMIIPOMIHIOBAaHHSI OCHOBHOI'O HarpiBaya
B 00acTi ATgpr = 200 °C 3HaueHHs TEPMIYHOIO
omnopy 306irarotbcs 3 ganuMu [10] i He mepeBUILYIOTh
2 M2K/Bt. TIpy MEHIIMX TeMIepaTypHUX Haro-
pax ATggy = 125 °C 3Ha4eHHs TEPMIYHOTO ONOpy
36LIBIIYIOTECS i CTAaHOBATH 3.75...4.0 M2K /BT, 110
30iraeThbes 3 pesyasratamu [15]. Ha puc. 5 xkpyxka-
MU HaHECEHO eKCIepUMMEHTaJbHi JaHi pooiT [1, 9]
s aeanustuinapoBoi EBTI, ne 3a mpokianku Bu-
KOpPUCTOBYBaJIMCh To(hpoBaHa IIJIiBKa Ta CKJIOBYaJb.
VY nocninax [1, 9] 3pasok EBTI noBHicTio oropras
IUIaCKUIA eJeKTpoHarpiBau, Ha MOro MoOBepxHi Ta
noBepxHsax EBTI 3akpitutsnvcst tepMonapu, i Best
KOHCTPYKIIisl po3TallloByBaiacsl y TeIIOBaKYyMHili
Kamepi. MeTonuka naBaja 3MOTY BU3HA4YaTU Tep-
MIYHUI Omip 3a pe3yjbraTaMu Oe3MocepenHiX BU-
MipIOBaHb I0JIs TeMIIepaTyp Ta TEIMJIOBOIO MOTOKY
BUIIpoMiHIOBaHHA. Sk 6aunMo 3 puc. 5, mnadi [1, 9]
JIOCTaTHLO A00pe KOpesIoloTh 3 NaHWMU ISl ABa-
nustuinaposoi EBTI (kpusa 3).

Ha puc. 6 ipencraBieHO eKCIIeprMeHTaIbHI 3a-
JIEKHOCTi MUTOMOTIO TEPMiYHOTO OMOPY Bif KiAbKOC-
Ti miapis ta cepeanboi Temneparypu EBTI (Tgpry)-
BupgHo peryisipHe po3iuapyBaHHsI KpuBuX 1, 2, 3 3a
cepeaHboio Temneparypoio EBTI, sika BuzHavana-
csl 3a pe3yJbTaTaMy MpPsSIMUX BUMipIOBaHb TeMIIe-
paTypHux 1ojiB rpaHuuyHux nosepxoHb EBTI. Ak
6aunMo 3 puc. 6, 30iITbIICHHS TEPMIYHOIO OITOPY
BiIOyBa€eThCs 110 Mipi 30iIbIIEHHS KiJTbKOCTI 11apiB
n Ta 3MeHIIeHHsI cepenHboi Temrepatypu EBTI,
MOB’sI3aHE 3 BUIIPOMiHIOBAJIBHOIO Ji€I0 OCHOBHOTO
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HarpiBaua, ToOTO, IO OLIBIIOI0 OyJjia MOTYKHICTh
OCHOBHOTO HarpiBaua, To BUIIIO1O cTaBajia TeMIepa-
typa EBTI. ITpu uboMy nopabliie 30i/bIIEHHS 1a-
piB He TTPU3BOJNJIO 10 CYTTEBOTO 30iJbIIIEHHS OIO-
py, Tomy asagusgtuinapose EBTI nnsa naHux temno-
BUX YMOB MOKHA BBaxkaTy HaNOiIbII e(heKTUBHUM.

BUCHOBKHU

B naboparopii HTYY «KIII im. Iropst Cikopcbkoro»
MIPOBEAECHO TEIUIOBaKYYMHi JOCHIIKEHHS 3 METOIO
BU3HAYEHHS TEPMIYHOTO OITOPY Cepii 3pa3KiB YOXJIiB
EBTI. OTtpumaHOo HOBi 3HaU€HHS ITMTOMMX TEPMid-
Hux oniopiB EBTI i BIIMB Ha HUX TETJIOBUX MOTOKIB

1. 3anponoHOBaHO METOAMKH BUIIPOOYBaHb i 00-
POOKM eKCIIepUMEHTaIbHUX JaHUX, SIKi JaIOTh CTiii-
Ki pe3yJbTaTH, 10 He cymnepedyaTh TeIUIoMi3snIHNM
3aKOHAaM Ta JJAHUM iHILIUX TOCTiIKEHb.

2. BcTaHOBJIEHO, 1110 HAKOIBIINI ITMTOMMIA Tep-
MiuHMi ontip Mae nBagugtuinapose EBTI. Y miama-
30Hi TemIiepatypHux HamopiB 125...205 °C BiH go-
piBHIOE 6.5...4 M2K/BT BinnosinHo.

3. Vnepiiie npencTaBieHo JaHi BIUTMBY KiJIbKOCTi
1IapiB Ha nuToMuii Tepmiudumii omip EBTI.

4. TTokazaHo, 1110 BILJIMB KiJIbKOCTI 111apiB Ha IMTUTO-
MU TEPMIUHUI OITip, MOYMHAOYM 3 ABAALSTU, CTAE
HEe3HAYHUM, TOMY TOoJajbliie 30ibLIEHHS KiJIbKOCTI

mapiB EBTI 3 Touku 30py 1i BapTOCTi JUIST TpaKTHUY-
HOTO 3aCTOCYBaHHS MOXE OYTH HENOLIJIBHUM.

BUIIPOMIHIOBAHHSI Ta KiJIbKOCTI LIapiB.
OCHOBHI pe3yJIBTaTh JOCJIiKEHb TaKi.
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THERMAL VACUUM RESEARCH OF SAMPLES OF MULTI-LAYER INSULATION

The paper reports the results of thermal vacuum tests of samples of multi-layer insulation (MLI) covers that differ in the number
of layers. The research was performed on the experimental stand TVC-0,12. Methods for conducting thermal-vacuum studies
and processing experimental results to determine the specific thermal resistance of samples of MLI are presented.

The covers are produced from kapton and mylar with dacron spacers between them. At the same time, the inner layers of the
MLI are made of mylar, aluminized on both sides, and its thickness does not exceed 6.0 microns. The outer covering of samples
of MLI is made of kapton, aluminized on the inside with an average thickness of no more than 50 microns. The average thick-
ness of the inner lining of the aluminized kapton on both sides does not exceed 25 microns. Dacron with a thickness of no more
than 200 microns is used as insulating gaskets for the MLI.

For the tests, thermal insulation samples of the MLI were constructed in the form of a rectangular mat with dimensions of
200 x 300 mm. All samples of the studied MLI had perforations of the screens with holes with a diameter of 2 mm with a pitch
of 50 mm to remove the air located between the layers of thermal insulation and which is removed during the pumping of the gas
environment from the vacuum chamber TVC-0.12.

It is shown that the most effective is the twenty-layer multi-layer insulation, which has a thermal resistance in the range of
temperature heads (125—205) °C, respectively (6.5—4) m2ZK/W, which is 1.75 times higher than that of the ten-layer one. It
has been determined that the use of samples of multi-layer insulation with more than 20 layers does not lead to a significant
increase in its efficiency.

The best samples are recommended for use in space technology products.

Keywords: multi-layer insulation, thermal vacuum research, radiation heat flux, temperature range, thermal resistance, tem-
perature head, spacecraft, cover.
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BCTAHOBJIEHHS 3AKOHOMIPHOCTEN OBPOBKU
JNUCKIB Y IICEBJIO3PI/LZKEHOMY IIIAPI ABPA3UBY

Y oaniii pobomi ecmanoeaeno ocnosHi 3axkoHomipHocmi 06podKu duckie y ncesdo3pidicenomy wapi abpasusy. JlocaioxceHHs npo-
sadunucs na yemanosuyi AIIC-600A npu 06po6uyi duckie y ncegdospioncenomy wapi abpasuegy. Ilpu 06pobuyi duckie 3acmocosysanocs
abpaszuene 3epro epynu 24A, 63C i cymiwi abpazusnux zepen 24A63+24A420 (50 % + 50 %). 3eprucmicmo abpazuenux 3epen 3mi-
Hrosanacs 6 dianaszoni Ne 20...80. Obpobaiosari ducku eueomosasaucs 3i cnaagie BT3-1, BT-9, DH698-BJI, cmani 45 HRC 38...45
i anrominiesoeo cnaagy JA1T.

Kpyeosa weudxicmo demaneii cmanosuna Vy = 5...40 m/c, maxcumanvha eumpama nosimps — 2000 Hw’/a. Tuck 3pidxcy-
8a/1bHO20 AOpa3ue nosimps y nogimpanooaearvrii kamepi — 5...6 klla. luck 3anyprosanu y 3pioxcenuil wiap adbpasusy Ha enudUHy
0.2...1.2 padiyca ducka.

Ompumarno 3a1eicHoCmi 3HIMAHHSA PIHUX Mamepianié 3 00po008anoi nogepxwi OUckis 6i0 weudxocmi demani, 3epHucmocmi i
mapku abpasusHoeo 3epHa.

Excnepumenmanvno docaiodceno 3anexcricms 3HOULY8AHHS AOPA3UEHO20 3epHA 8i0 weudkocmi demani i i0 ii noaoxiceHHs no
sucomi wapy abpasuey, ujo 003604UN0 NPUSHAHAMU PAUIOHANbHI pelcumu 00poOKU JucKie y nceedospioiceHomy wapi abpasugy.
Bcmanoeaeno ocHoemi 3aKoHOMIpHOCMI 00POOKU OUCKI8 Y ncesA03pi0lNceHOMY wapi adbpasusy, a maKoic 8U84eHO 8NAUE OCHOBHUX
napamempie npouecy oopoOku Ha npodykmuericms i cmilikicmb abpazueHoeo 3epHa. ExcnepumeHmansHo 6CmMan081eHO OCHOBHI
3aKOHOMIpHOCMI npoyecy 00podKu OUCKi6 Y nces003piolceHOMY wapi abpasusy, wo 003604510Mb GU3HAUAMU OCHOGHI napamempu,
MexHoA02TUHI YMOBU Ui pexcumu (iniuHol onepayii 6ueomoegieHHs demanell.

Karouoei caosa: ncesdospioncenuii wap abpasusy, ouck, nogimps, 3aKOHOMIpHICMb, naApamempu, pejicumu 00pooKu, npooyKmue-
HICMb, 3HOULYBAHHS AOPA3UBHO20 3ePHA.

BCTVYII

TexHomoriuHe 3a0e3IeUYeHHsT eKCIUTyaTaliiiHUX Xa-

paktepuctuk peraneit I'TI € omHUM i3 BaxXKIMBUX

HaIpsIMKiB Cy9aCHOTO aBiagBUTYHOOYIyBaHHSI.
®opMyBaHHS Yy TMOBEPXHEBOMY IIapi HECY4IMX

MOBEPXOHb JieTajell BUCOKUX 3HAUYE€Hb MapaMeTpiB

SIKOCTi 3a0e3meyvye iXHi BUCOKi eKcrutyaTaliifHi xa-
PaKTEPUCTUKU.

OCHOBHUMMU JAETalSIMU POTOPAa OCHOBOTO KOMII-
pecopa I'TH € Banu, oucku, poOOYi JIOMATKU, OO
SIKUX BUCYBAIOTh BUCOKi BUMOT'M BUTOTOBJICHHSI [IJIsT
3a0e3MeueHHs eKCIIyaTalliifHUX XapaKTepUCTHUK.

HutyBannsa: Kauan O. 4., Ynanos C. O. BcraHoB/IeHHSI 3aKOHOMipHOCTE#l 0OPOOKHM AMCKIB Yy MCEBIO3PiIKEHOMY IIapi
abpasusy. Kocmiuna nayka i mexnonoeis. 2023.29, Ne 6 (145). C. 62—67. https://doi.org/10.15407 /knit2023.06.062

© Bunasenn B/l «Akagemnepionuka» HAH Ykpainu, 2023. CtaTts ony0/IiKoBaHa 3a yMOBaMU BiIKPUTOTO JOCTYITY 3a JILIEH-
3ieto CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)

62

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 6



Bcmanosaenns 3axkonomipHocmeil 06pooKu duckise y nceedospiodcenomy wapi abpasugy

Lli meTani xapakTepu3ylOThCsl CKIaTHOIO IIPOCTO-
poBo (HOpMOI10, BUCOKOIO TOUHICTIO T€OMETpUY-
HUX PO3MIpiB i (popMU, HEBUCOKOIO LIOPCTKICTIO Ta
BUCOKMM DPiBHEM MapaMeTpiB SKOCTi TOBEPXHEBOTO

TOTOBJICHHA.

AHAJII3 TOCJIIIKEHD TA ITYBJIIKALIA

V npoueci ekcrutyarauii auckiB komnpecopiB I'T/I
OCHOBHUMM MPUYMHAMM IXHBOTO TOIIKOJKEHHS,
SIKi YacTillle 3ycTpivyaroThesl, € pyHYBaHHSI Bill BTO-
mu [4, 10]. [Tpu 11bOMY BOTHUILIE 3apPOJKEHHS TPi-
IIIWHU Bil BTOMM MOXe€ OyTM po3TallloBaHE Ha I10-
BEPXHSX rpaHeil ma3a JJis JIONaTKHU.

IIpotsryBaHHs MasiB y OMCKax i3 XKapoMILIHUX i
TUTAHOBMX CIUIABiB XapaKTEepU3YEThCS BUCOKOIO
MIPOIYKTUBHICTIO Ta SIKICTIO OOPOOKHU.

HaiiGinpimii BHECOK y TEXHOJIOTiYHE 3a0e3Iie-
YEHHsI MapaMeTpiB SIKOCTi TOBEPXHEBOIO 1Iapy 00-
poOII0OBaHUX TTOBEPXOHb AUCKIB KOMIIpecopa poo-
JISITh (piHilIHI TexHoMoriuHi MeToau. Cepea HUX BiO-
poabpa3uBHa 00poOKa, OOKaTyBaHHSI POJMKAMMU,
rajaTyBaHHsI, IpoOOoCTpyMeHeBa OOpoOKa, yJbTpa-
3BYKOBE 3MilIHEHHSI CTaJIeBUMM KyJIbKaMUu OO0igHOI
YaCTUHM IMCKiB, CTPyMeHeBa 00poOKa MiKpPOKYJIb-
Kamu, o0poOKa OMCKIiB KOMIIpecopa y IICeBI03pia-
JKeHOMY I1api abpa3uBy TOLIO.

BiopoabpasuBHa 00poOKa IMCKiB KoMIIpecopa
3a0e3redye LOPCTKICTh MOBEpxHi 10 R, = 0.8 MKM
npy BUXiAHIA wopcerkocti R, = 1.9 Mxwm. ITpu upo-
MY Yy IOBEpPXHEBOMY IlIapi BUHUKAIOTH 3aJIUIIKOBi
Hanpyru ctucky 10 786.0 MIla 3 mmbuHoO moLm-
peHHs1 1o 22.4 Mxm [3].

ITpu oOkaTyBaHHi POJIMKOM TrajITeIi MiIBUIILYETh-
Csl TOBTOBIYHICTh AUCKIB yABivi [1, 9].

VnbTpa3dBykoBe 3MIITHEHHSI OOIOHOI YaCTUHU
JUCKIiB KOMIIpecopa CTaIbHUMU KYyJIbKaMU MiABU-
1ye Mexy surpuBaiocti Ha 30...35 % [2, 7, 8].

3MillHEHHS CTaJIeBUMU MiKPOKYJIbKaMU 1iaMeTPOM
0.06...0.6 MM i mBuaKictio monpoty 60...80 M/c 3a6e3-
Mevye y MOBEPXHEBOMY IlIapi 3a/IMIIIKOBI CTUCKHI Ha-
npyru g0 250...370 MIla na rmm6uny mo 0.08 mMm. JIoB-
TOBIUHICTB 3pa3KiB miaBuinyeThes Ha 50...70 % [6].

O6pobKa aMCKiB KOMIIpecopa B MCEBIO3PiIxKe-
HOMY IIIapi abpa3uBy J0O3BOJISIE:

— 3MEHIIUTH IIOPCTKICTh TIOBEPXOHb 3 R, =2.5...
50 MM 10 R, =0.2...0.4 MKM,

— BUJIQJIUTU 33JIMPKU,
CKPYIJIUTU TOCTPi KPOMKHU,
00pOOJISITU CKJTIaJHI MOBEPXHi NUCKIB,
BUJQJIUTHU Harap, OKaJIMHY, OKUCHI TUIiBKH.

O0pobOKa CTBOPIOE y ITOBEpXHEBOMY IIapi 3a-
JIMIIKOBI cTUcKHI Hanpyru no 200...270 MIla (aasa
ciaBy DU 698-BJ1) i 280...320 MIla (s cruiaBy
BT3-1). Ipanuiisg BUTpUBAIOCTI OUCKIB KOMIIPECO-
pa mimBuiyeThes Ha 17.0...35.0 % [5].

Kom6iHoBaHi MeToau ¢iHillIHOT 06p0oOKMU 3HAYHO
MiABUIIYIOTH €(PEKTUBHICTH IXHHOTO OIIOPY BTOMJIE-
HOCTI IMOPiBHSTHO 3 KOXXHUM 3i CKJIaJOBUX TEXHOJIO-
TiYHUX METO/IB.

Iliav pobomu: BCTaHOBJICHHSI OCHOBHUX 3aKOHO-
MipHOCTeld 00pOOKM MUCKIB Yy ICEBIO3PIIKEHOMY
1api abpasuBy.

METOJM JOCHIKEHHS i1 OBJATHAHHS

OO0OpoOKY IMCKIB y ICEBIO3PiMIKEeHOMY IIapi adbpa-
3uBy mnpoBomwuin Ha ycraHoBii AITC600A. Ha
puc. 1 300paxkeHo cxeMy 00poOku. detanb I momi-
LIAJIM B 11ap adpa3uBHOIO 3epHa 2 i 3agaBajiy He00-
XiIHY IIBUAKICTh Vn' AOpasuBHE 3epHO 2 MiCTUJI0CS
B EMKOCTI 3 Ha OIOPHI pelriTui 4, i SIKy momaBa-
JIX TIOTiK Q)Zl MOBITpPsI, SIKUI 3pimKyBaB 11ap adpa3u-
BY (puc. 1).

Texnonoeiuni ymosu ii pexcumu oopooxu. Ilpu o6-
poO1i JMCKiB 3aCTOCOBYBAJIOCS aOpa3uMBHE 3€PHO
rpynu 24A 3epHuctictio No 20...80 3i mIBUAKICTIO
MOBITps, 1110 3pimKyBano adbpasus, 0.95...1.12 m/c.

0, — 4

——

Puc. 1. Cxema 0OpoOKM AUCKIB y TICEBAO3PIIKEHOMY Iapi
abpasuBy (/ — gerayb, 2 — 1ap abpa3uBHOIO 3epHa, 3 —
€MHICTb, 4 — OMOpPHA PEIlIiTKa)

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. Ne 6 63



0. 4. Kauan, C. O. Yaanos
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Puc. 2. 3anexHicTb MacoBOro 3HiMaHHs G Bil LIBUAKOCTI
Vu npu obpodui auckiB. Marepian — 1T 1 — 24A20, 2 —
24A40, 3 — 24A50, 4 — 24A63, 5 — 24A80, 6 — cymimn 24A63
+24 A20 (50 % + 50 %)

G T
4

10 |
° 3
2

5 -
//O— 1

O 1 1 1 1
0.2 0.4 0.6 0.8 d;, MM

Puc. 3. 3anexHictb MacoBOro 3HiMaHHsS G BiJ 3epHUCTOCTI
uutisepHa dy mpu 06po6ui auckis. HlmidsepHo 24A. Ma-
tepian — 1T 3anexHocti /—4 — s IIBUAKOCTEN jaeTai
V,=15, 20, 25, 30 M/c BigmoBigHO

Takox 3acTtocoByBajucsi abpa3vBHE 3€pHO TIpymu
63C 3epHucTicTio Ne 50 i cyminr abpa3suBHOTO 3ep-
Ha 24 A 63 + 24 A 20 (50 % + 50 %). O6poGIoBa-
Hi IMCKU BUTOTOBJsLIMCS i3 criaBiB BT3-1, BT9,
DU698-B, cram 45 HRC 38...45, amomiHieBoro
criaBy JI1T. KojoBa MIBUAKICTh IeTali CTAaHOBU-
na Vn = 5...40 m/c, yac 0bpobku — 3...6 XB, MaK-
cUMaibHa BUTpaTa MoBiTpst csirana 2000 Hwm3/rox,
THCK TOBITps y Kamepi — 5...6 k[la. luck 3aHypro-
BaJIM B 3pIKYBaJIbHUM 11ap abpa3uBy Ha TIIMOWHY
0.2...1.2R, (R, — papiyc aucka).

64

Excnepumenmanvni  pesyabmamu  00CAiONCEHHS
npouecy o006poOku ouckie y nceedospioxcenomy wapi
abpa3zuey. I1pu 00poOI1li CyLIiIIbHUX ITOBEPXOHD Y BU-
IS AMCKIB iiaMeTpoM 145 MM i TOBIIMHOIO 8§ MM
i3 amowminieBoro craBy /1T Bu3Havyanu BIUIMB
LIBUIKOCTI AeTajli Ha MPOIYKTUBHICTb.

OOpoOKka aeTaji y BChbOMY Aiala30Hi IIBUIKOC-
teit Big 7.5 mo 40 M/c (puc. 2) MiagBUIILYE MPOIYK-
TUBHICTb. 3i 30iIbIIEHHSIM pO3Mipy 3epHa MPOAYK-
TUBHICTb OOpPOOKM JeTaji minBUILYETbC (pUC. 3).
I1pu 36inbLIeHHI po3Mipy 3epHa Bim 200 o 800 MxM
3HIMaHHS MeTaJly 3 CYLUIbHUX TOBEPXOHb 3011 -
noceky 1.8...2.5 paza (nuB. puc. 3).

O6pobarosanuii mamepiaa. TUTAaHOBI CIUTABU MalOTh
Haiikpaliy o6po0stoBaHicTb. OOpoOIIIOBaHICTD CIlla-
By DU698-B/I B 1.35...1.45 paza HuKua Bijg 06po0III0-
BaHOCTi TUTAHOBMX CILIABIB SIK MpU 0OpoOLi HuTich-
3epHoM 24A40, Tak i nutipzepHom 24A80 (puc. 4).

Cranp 45, 3araproBanHa 1o HRC38...45, Mae 00-
poOatoBaHicTh, y 1.5...1.55 paza HMUXUY, HiXX TUTa-
HOBI crutaBy, iy 1.08...1.13 pa3a HK49y, HiXX CIIaB
DU698-B]1 mpu o6pobIri K 1utid3epHoM 24A50,
TaK i nutipzepHoM 63C50 (puc. 5).

[TpoIyKTUBHICTE OOPOOKM BCiX BUITPOOYBAaHUX
MatepiaiiB nutid3epHom 63C50 HuK4a, HiX TpU
00poO1i nutihzepHoM 24A50 (TuB. puc. 5), TOMY 1110
TBepillle i KpUXKille 3epHO Kapbiny KpeMHilo Be-
JIMKKUX PO3MipiB 3HOIIYETHCS Ta PYUHYETHCS OLIbIIT
IHTEHCHUBHO, HiX 3€pHO €JIEKTPOKOPYHIY Oi10TO.

3nowyeannsn adpasugy. Pe3ynsratu eKCIiepuMeH-
TaTbHUX MOCTIIKeHb 3HOIIYBaHHS a0pa3sWBHOTO
3epHa TpyU 0OpOOLi JUCKIB (CYLiabHI TMOBEpPXHi)
uTih3epHOM Pi3HOT 3EPHUCTOCTI I MapKU, 3aJIeX-
HO BiJIl IIBUIKOCTI JeTajli, MpeacTaBiIeHo Ha puc. 6,
7. Binnomennss AH/H 3meHuieHHss AH BucoTH
HEPYXOMOro I1apy adbpa3uBy IIPOTSIIOM AOCIiAy IO
NePBICHOrO ii 3HaYeHHA H Xapakrepusye Beju-
YMHY 3HOIIYBaHHS LLTih3epHa B 11api, 1110 cKiaaa-
€TbCS i3 IBOX BEJIMYMH: 3MEHILEHHS BUCOTH 1lIapy
BHACJIiIOK 301JIbLIEHHSI HACUITHOI MaCH 11apy 4yepe3
3HOILLYBaHHSI I TPUTYTUIEHHSI PixKy4YUX KPOMOK Yac-
TOK Y Tpoleci 00poOKM, Ta BUHECEHHS adpa3rMBHUX
YacToK i3 IIapy IIOBITPSIHUM ITOTOKOM BHACJIiIOK
npoOJieHHsT abpa3uBy B pe3yJibraTi KOB3HOI abo
yIapHOI B3aEMO/Iii 10T 3 IeTaJLIIO.

IIpn 06poOILIi CYyHiAbHUX ITOBEPXOHb, KOJIU 3Hi-
MaHHSI MeTaJly BiIOYBAa€ThCS MEPEBaKHO B Pe3yiib-
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V, cMm

0.2

0.1

6

10 15 20 25 30

V., m/c
Puc. 4. 3anexHictb 06’eMHOro 3HiMaHHSI V pi3HUX Mare-
piaJiiB BiJl NIBUIKOCTI i 3epHUCTOCTI abpasuBy d;: I — Ma-
tepian BT3-1, mmidpzepro 24A80; 2 — BT9, 24A80; 3 —
DU698-BJI, 24A80; 4 — BT3-1, 24A40; 2 — BT9, 24A40;
3 — DU698-B, 24A40

3
V, cm

0.2F

0.1r

6
0 1 1 1 1

10 15 20 25 30 V,m/c

Puc. 5. 3anexHictb 00’eMHOro 3HiMaHHs V pi3HUX MaTepia-
JIiB BiJ LIBUAKOCTI AeTai Vn i Mapku uutipzepHa: [ — ma-
Tepian BT3-1, mmtidsepro 24A50; 2 — DU698-B, 24A50;
3 — cranb 45, 24A50; 4 — BT3-1, 63C50; 5 — DM698-B/I,
63C50; 6 — cranb 45, 63C50

TaTi KOB3HOI B3aEMOJii abpa3uBy 3 AETAJLIIO, CTY-
MiHb 3HOIIYBAaHHS HE3HAYHUM SIK IIPU 00pOoO1Ii 3ep-
HOM Kap6iny KpeMHilo 3eseHoro (63C50), Tak i mipu
00poO01Ii 3epHOM eJIEKTPOKOpyHay Oistoro (24A50),
ajie 3HOIIyBaHHS 3epHa 63C50 mpw 1BOMY TIpU-
OJIM3HO B JBa pa3u Bullle, HiX 3epHa 24AS50 (nus.
puc. 7, kpusi 11 3).
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Puc. 6. 3anexuictb 3HowyBaHHs nutihsepHa AH/H; Bin
wBuAKoCTI fetam V@ 11 3 — cyuiibHa 06poGitoBaHa mo-
BepxHs, 1ntidsepHo 24A50 i 63C50 BianosinHo; 21 4 — me-
pepuBYacTa 0OpobOIIoBaHa ToBepxHs, Hutid3epHo 24A50 i

63C50
4
3
2
///]/ 5

10 15 20 25 30

AH/H,

0.12

0.08 |

0.04 |

V., M/c

Puc. 7. 3anexuictb 3HoOmyBaHHA LuTib3epHa AH/H| Bin

LIBUAKOCTI aeTati VZl IS TIepepuBYACTOI OOPOOJIIOBAHOT MO~

BepxHi: /—5 — mmicd3epHo 24A40, 24A50, 24A63, 24A80,
24A63+24A20 (50 % + 50 %) BinmoBinHO

3Ho1IyBaHHS a0pa3uBYy CYTTEBO 3pOCTAE IIPU 00-
poOLIi TTepepruBYACTUX ITIOBEPXOHb, KOJIM 3HIMAaHHS
MeTaly BiZOyBa€TbCsI B OCHOBHOMY B pe3yJIbTaTi
yIapHOTO XapakTepy B3a€EMOJil 3epHa 3 AeTaJlIIo,
py LIbOMY PYMHYBaHHsSI 3e¢pHa KapOimy KpeMHilo
3eneHoro 63C y 1.5...2 pasu Ginblle, HiX 3epHa
eJIEKTPOKOPYHAY Oisioro 24A.
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Puc. 8. 3anexuicTs 3HIMaHHS MeTay G Bill TIOJIOKEHHS Jie-
TaJii o Bucoti wapy AH/ H, uitisepna

AH/H, TallyBaHHI JeTaji B IIapi Ha BizcTaHi, o TOPiBHIOE
0.5...0.7 BHUCOTU IICEBOO3PIMXKEHOTO abpa3uBy Bil
IUTOIIMHU PEIIiTKU.

3 METOI0 KiJIbKICHOI OILIIHKM IIPOAYKTMBHOCTI
00pOOKM 3aJIeKHO Bil MOJIOXKEHHS ACTajli 10 BU-
COTi 1apy OyJIM MpPOBeAeHi JOCiIKEeHHs 3 00p00-
KU IMCKiB-3pa3KiB AiaMmeTpoM 145 MM i TOBLIMHOIO
8 MM IIpM iXHBOMY 0OepTaHHI HABKOJIO BEPTUKAJIb-
HOI OCi Ha eKCIIepMMEHTaJIbHIM YCTaHOBIII.

Benmuunna AH/HO Ha puc. 8 Mo3HayYa€ BimHOC-
HY BiZICTaHb HVXKHBOTO TOPIIS AETajli Bij IUIOIINHU
PpO3MOAIBHUX pellliToK. MakcumaabHa TPOIYyKTUB-
HiCTh 00pOOKM criocTepiraetTbes B oomacti 0.6...1.0
BUXiTHOI BUCOTH HEPYXOMOTO IIIapy, a BiTHOIIEHHS
MaKCUMaJIbHOI MPOAYKTUBHOCTI CTAHOBUTH OJIU3b-
Ko 1.5.

1.2

1.0

0.8

0.6

0.4

0.2

BUCHOBKHN

1. ExcnepumeHTaJbHO BCTAaHOBJICHI 3aKOHOMip-
HOCTi, 1110 BM3HAYalOTh 3aJI€XKHICTh 3HIMaHHS pi3-
HUX MaTepiaiiB i3 00poOJOBaHOI TOBEPXHi Bil
IIBUIKOCTI AeTajli, 3€pHUCTOCTI 1 Mapku abpa3uB-

1 1 1 1
0.2 0.4 0.6 0.8 G,r

3HOIIYBaHHS MpPU O0pOOIl MepepruBIACTUX II0-

BEPXOHb CYTTEBO 30iMBIIYETHCS 31 30LIbIICHHSIM
3€pHUCTOCTI abpa3uBy i IIBUAKOCTI metasi. Ha Be-
JIMYMHY 3HOIIYBaHHS iCTOTHO BILIMBAIOTh T€OMET-
pu4Ha ¢popMa Ta po3Mipy BUCTYIIIB i 3aMauH Mepe-
pMBUYACTUX TOBEPXOHb 0OPOOJIFOBAHUX ACTaJICH.
Iloaoxncennsn demaai no eucomi wapy. Makcumab-
Ha NMPOAYKTUBHICTh 00POOKM NOCSTAETHCS IIPU PO3-

HOTO 3epHa.

2. EKcniepuMeHTaaIbHO AOCiIKEHO 3HOLITYBAHHS
abpa3MBHOIO 3epHa Bil IIBUAKOCTI AeTalli Ta Bin 11
MOJIOKEHHST Ha BUCOTI IIapy 3epHa, 110 J03BOJM-
JIO BCTAHOBUTU palliOHAJIbHI Jialla30HU OCHOBHUX
rnapameTpiB npoiiecy o0poOKU AUCKIB y TICEeBAO3Pi-
IKEHOMY II1api abpas3uBy.
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DETERMINATION OF REGULARITIES OF TREATMENT OF DISKS IN A FLUIDIZED BED OF ABRASIVE

In this work, the main regularities of processing disks in a fluidized bed of abrasive are established.The research was carried out
on the ATTC-600A installation when processing disks in a fluidized bed of abrasive.

When processing discs, abrasive grains of groups 24A, 63C, and a mixture of abrasive grains 24A63+24A20 (50 % + 50 %)
were used.The grain size of the abrasive grains varied in the range Ne 20 ... No 80.The processed disks were made of such alloys
as VT3-1, VT-9, E1698-VD, steel 45 HRC 38...45, and aluminum alloy D1T.

The peripheral speed of the parts is ¥p = 5...40 m/s. The maximum air consumption is 2000 Nm?3/h. The pressure of the air
that liquefies the abrasive in the air-falling chamber is 5...6 kPa. The disk was immersed in a liquefied layer of abrasive to a depth
of 0.2...1.2 of the radius of the disk.

The regularities of the dependence of the removal of various materials from the machined surface of the disks on the speed of
the part, the grain size, and the brand of the abrasive grain have been established.

The dependence of abrasive grain wear on the speed of the part and on its position along the height of the abrasive layer was
experimentally established, which allowed forassigning rational modes of processing discs in a fluidized layer of abrasive.

The main regularities of the processing of disks in a fluidized bed of abrasive have been established, and the influence of the
main parameters of the processing process on the productivity and stability of the abrasive grain has been determined.

The main regularities of the process of processing discs in a fluidized bed of abrasive have been established experimentally,
which allowsfor determining the main parameters, technological conditions, and modes of the finishing operation of parts
manufacturing.

Keywords: fluidized layer of abrasive, disk, air, regularity, parameters, processing modes, performance, abrasive grain wear.
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This study introduces an approach to detecting exocomet transits in the dataset of the Transiting Exoplanet Survey Satellite (TESS),
specifically within its Sector 1. Given the limited number of exocomet transits detected in the observed light curves, creating a sufficient
training sample for the machine learning method was challenging. We developed a unique training sample by encapsulating simulated
asymmetric transit profiles into observed light curves, thereby creating realistic data for the model training. To analyze these light
curves, we employed the TSFresh software, which was a tool for extracting key features that were then used to refine our Random
Forest model training.

Considering that cometary transits typically exhibit a small depth, less than 1 % of the star’s brightness, we chose to limit our sample
to the CDPP parameter. Our study focused on two target samples: light curves with a CDPP of less than 40 ppm and light curves with
a CDPP of up to 150 ppm. Each sample was accompanied by a corresponding training set. This methodology achieved an accuracy
of approximately 96 %, with both precision and recall rates exceeding 95 % and a balanced FI-score of around 96 %. This level
of accuracy was effective in distinguishing between ‘exocomet candidate’ and ‘non-candidate’ classifications for light curves with a
CDPP of less than 40 ppm, and our model identified 12 potential exocomet candidates. However, when applying machine learning to
less accurate light curves (CDPP up to 150 ppm), we noticed a significant increase in curves that could not be confidently classified,
but even in this case, our model identified 20 potential exocomet candidates.

These promising results within Sector 1 motivate us to extend our analysis across all TESS sectors to detect and study comet-like
activity in the extrasolar planetary systems.
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1. INTRODUCTION

More than 3700 exoplanets among the 5523 known
today have been discovered using the transit method
in photometric time series observations of stars con-
ducted by the Kepler, K2, and TESS space missions
[3, 12, 31]. The transit method involves detecting pe-
riodic decreases in a star’s brightness when a planet
crosses its disk, blocking part of the radiation in the
observer’s direction. Typically, exoplanet transits are
characterized by periodicity in time and the symmet-
ric dips in stars’ light curves.

In addition to the “classical” symmetric patterns
of star dimming and subsequent return to normal
brightness, typically caused by exoplanets, scientists
have identified asymmetric patterns of brightness
drops in some stars’ light curves. These phenomena
have been attributed to the transits of comet-like ob-
jects across the stars’ disks [13, 17-18, 27, 29, 38, 40].
Such objects possess a central nucleus and an asym-
metric, elongated dust atmosphere. The asymmetric
transits observed in the photometric light curves are
consistent with unusual features previously noted in
the absorption spectral lines of young A-class stars.
This alignment provides solid evidence for the pres-
ence of small bodies in star systems that have debris
disks, as discussed in [30].

The studies by [2] and [16] theoretically demon-
strate that the evaporation of exocomets, which
contain volatile elements and are interspersed with
metallic ions like Ca II and Fe II, leads to the cre-
ation of planetary atmospheres filled with submicron
dust particles. An analysis of approximately 1000
spectra from the star Beta Pictoris revealed around
6000 unique features linked to the transit of comet-
like bodies across the star’s disk, as reported in [14].
Given that the orbital telescope TESS has already
gathered high-precision photometric time series with
a 2-minute cadence for over 200 000 stars and con-
tinues to do so, the task of identifying and studying
comet-like activity within TESS’s extensive database
is challenging.

The vast amount of data and its rapid accumula-
tion necessitate the use of automatic algorithms for
detecting transits and classifying their morphology,
primarily through advanced machine learning tech-
niques. Artificial intelligence methods were initially
employed on data obtained with the Kepler orbital

telescope to classify exoplanet signals and identify
false positives, as described in [23]. Studies such as
[8, 23, 24] introduced algorithms for verifying exo-
planet candidates in the Kepler database and clas-
sifying the morphology of star light curves utilizing
the classic Random Forest method established in
[4]. This strategy proved highly effective, leading to
the widespread adoption of deep learning-based al-
gorithms for analyzing data from orbital telescopes,
as seen in [1, 26, 33, 34]. A comprehensive review
of machine learning applications, encompassing
both classical algorithms and deep learning, for the
verification of exoplanetary transits, planet classifi-
cation, and the morphological classification of star
light curves in orbital telescope databases is available
in works like [24, 32].

In an alternative approach, the authors of [13] de-
veloped an automated algorithm specifically designed
to search for asymmetrical transits in the Kepler tele-
scope’s database. This innovation facilitated the con-
firmation of previously identified comet transits in
the star systems KIC3542116 and KIC11084727 and
also led to the discovery of a new transit in the light
curves of KIC8027456.

In our study, we introduce an algorithm for de-
tecting exocometary transits in the database of the
orbital telescope TESS, utilizing machine learning
techniques. Such an approach enables the auto-
mated identification of asymmetric transits, thereby
substantially decreasing the need for manual visual
inspection and expediting the data analysis process.
While some of the most sophisticated machine learn-
ing methods for planet detection, such as the deep
learning approach proposed by Shallue et al. [33],
have been successful, we use the classical machine
learning method, specifically the Random Forest
model. A notable distinction between classical meth-
ods and deep learning is that deep learning could
autonomously identify features and parameters for
sample description. In contrast, classical machine
learning requires pre-calculated features as input for
the model. It’s important to acknowledge that deep
learning demands considerable computational re-
sources and does not always allow for the verification
of feature significance in a given sample. Upon as-
sessing our available computing resources, we opted
to employ classical machine learning methods. We
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Figure 1. Workflow of our method, beginning with raw light curves and culminating in the performance of inference on the

sample

have already presented the preliminary results of our
project on detecting asymmetric transits in star light
curves collected by TESS and stored in the MAST
database using Python code developed by us [36].

This paper is structured into seven sections. Sec-
tion 2 describes the TESS data utilized in our study.
Section 3 details the encapsulation process of simu-
lated asymmetric transit profiles into the observed
light curves, thereby preparing the training sample. In
Section 4, we introduce the methodology and library
employed to extract features from the light curves for
subsequent machine learning analysis. Section 5 dis-
cusses the machine learning methods applied and the
accuracy metrics used for their evaluation. Section 6
presents the outcomes of our research. Lastly, Sec-
tion 7 offers a concise conclusion of our results. The
workflow is shown in Figure 1. More details are given
in the following sections.

2. TESS DATA

We use a database that was created and is continuously
updated based on observations from the TESS space
observatory. All light curves observed are stored in
the MAST (Mikulski Archive for Space Telescopes)
and STScl (Space Telescope Science Institute) data
archives. As input data, we use the light curves pre-
processed by the operations center team, which have
already been corrected for dark current, detector
nonlinearity, flat field, scattered background light,
focus instability, and other instrumental errors that
could lead to artifacts in the light curves [31].

In the archive, the light curves are grouped into
sectors, with one sector covering a period of 27 days,
during which continuous monitoring of a certain
area of the sky is performed. For our study, we use the
pre-processed 2-min PDC_SAP normalized light
curves. It is worth noting that the short cadence al-
lows for the capture of high-frequency oscillations
associated with the physical nature of the stars them-
selves (pulsations, passage of spots across the star’s
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disk), leading to morphological diversity in the light
curves. On the other hand, the relatively large pixel
scale (21" per pixel) introduces a certain dependency
of the measured aperture flux on neighboring stars,
especially if they are brighter or more variable than
the target object.

Therefore, considering these factors, especially
the fact that cometary transits have a small depth,
less than 1 % of the star’s brightness, for this study,
we decided to limit the sample by selecting light
curves that do not exceed a certain predetermined
precision. As a measure of precision, we use the met-
ric of Combined Differential Photometric precision
(CDPP), which was developed by the data process-
ing operations center team of the Kepler space tele-
scope and later applied to TESS data processing [7].
CDPP is the signal-to-noise ratio after the smooth-
ing and ‘whitening’ of light curves, measured in ppm
(parts per million) [10, 35]. For example, if a light
curve with a CDPP level of 20 ppm has a transit last-
ing 3 hours with a depth of 20 ppm (or 0.002 %), it is
expected that this transit can be detected, as it corre-
sponds to a signal at the level of 1 sigma. This metric
is very convenient for assessing the precision of light
curves, and it is easy to calculateat every step of the
data processing.

3. PREPARATION OF THE TRAINING SAMPLE

The machine learning approach suggests building a
classifier, which is able to separate data into multiple
classes. In order to predict possible transits with the
asymmetric shapes in thelight curves, we use a binary
classifier enabling the separation of light curves into
two classes: ‘exocomet candidate’ and ‘non-candi-
date’. To train the machine learning model, we need
to have the training sample containing light curves of
both types: with asymmetric transits and “typical”
light curves from the database. As there have beenfew
exocomet transits detected so far in the observed light
curves, to create the training sample with the “exo-
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Figure 2. Simulated transit profiles for three different cases of
morphologically different cometary comae, which cause the
exocomet transits
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Figure 3. Simulated transit profile for different impact param-
eters: a comet crosses the star disk through its center (180°)
and at the star edge (90°)
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Figure 4. Top panel: transit profile (left) and the light curve (right), both selected randomly; bottom panel:

the segment of the light curve with the transit

comet candidates”, we use the simulated asymmetric
transit profiles encapsulating them into the observed
light curves. The approach to simulation of the asym-
metric transits is described in detail in the following
papers [5, 27]. Figure 2 shows the simulated transits

normalized to 1 for three different cases of morpho-
logically different cometary comae resembling the
solar system comet C/2006 S3, which could cause
asymmetric dips in the star brightness when crossing
the star’s disk. The influence of an impact parameter
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on the transit shape (the transit through the center
and through the edge of the star disk) is depicted in
Figure 3. It is seen that the morphology of the tran-
sit shapesis different, but all of them are asymmetri-
cal. We simulate about 300 such profiles to encapsu-
late them into the observed light curves from the first
sector of the TESS data. We randomly select both the
simulated transit profile and the light curve into which
the transit is then inserted. Finally, the training sam-
ple contains 20 000 light curves: 10 000 of them are
labeled as ‘0’ marking ‘non-candidate’, and 10 000
have the label ‘1°, or ‘exocomet candidate’. In order
to study the influence of the light curve precision on
the transit prediction score, we prepared two target
samples, selecting the light curves with the CDPP pa-
rameter less than 40 ppm and 150 ppm, respectively.
Finally, we have two kinds of target samples: about
2000 light curves whose CDPP is less than 40 ppm,
and about 9000 light curves with the CDPP less than
150 ppm. Each sample is provided with a correspond-
ing training sample prepared as it is described above.

Figure 4 demonstrates the procedure of the transit
injection in detail. The top panel shows the transit
profile and the light curve both randomlyselected
from the corresponding datasets, the bottom panel
depicts thesegment of the light curve with the transit
injected.

4. FEATURE EXTRACTION

After the training sample has been prepared, the next
step is feature extraction, which accurately represents
statistical information about the characteristics of
each light curve. These features are used as the input
data for the Random Forest model both for training
and predictions. Typically, standard features include
standard statistical information, such as minimum
and maximum values in a certain interval, the
number of the minimums in the light curve, the mean
and standard deviation, the number of values that
are higher and lower than the mean value, and other
statistics. Features can be conventional, as already
mentioned, or more unconventional, such as the
p-value of the slope coefficient of the trend line in the
current moving window. We use the TSFresh library
for Python for the feature extraction process. The
library provides more than 60 functions to calculate
different features, however, the process can be time-
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consuming [6]. Additionally, not all features are
useful, and an excessive number of the features can
lead to overfitting. To optimize the parameters, the
library provides tools for evaluating the significance
of features for regression or classification tasks.

We used the efficient feature extraction settings
of TSFresh, resulting in about 790 generalized time
series features. We removed all irrelevant features to
balance the informativeness of features and compu-
tational resource expenditure well. We select a subset
of features from the full set that are typically most
informative for time series analysis. Finally, about
390 most significant features are used for training the
classifier based on the Random Forest method.

5. RANDOM FOREST

The Random Forest method is very robust in process-
ing the spectro-phohtometry data as the tool for de-
tachment of various features of exoplanet light curves
[22], exoplanetary atmospheres [9, 25], exoplanet
prediction [39] and resonant Koiper Belt objects
search [19, 20]. We deeply exploited it for galaxy mor-
phological classification [15, 37]. Our binary classifier
model is designed to sort light curves into two primary
classes: ‘exocomet candidate’ and ‘non-candidate’.
For this purpose, we used the Random Forest (RF)
model [28], an ensemble of Decision Trees trained on
input data. Each tree in this ensemble functions as an
independent classifier, and their collective outcomes
are integrated to form a final prediction. Throughout
its training phase, the Random Forest model under-
goes multiple iterations, learning from subsets of data
and employing a random selection of features in each
iteration. This approach makes the model resistant to
overfitting and enhances its ability to generalize effec-
tively to new data.

During the training process, we employed a 5-fold
cross-validation technique. This involves dividing the
training dataset into five equal segments, or ‘folds’. In
each of the 5 training cycles, the model is trained using
4 folds, while the fifth fold is reserved for validation.
Each fold is used for validation exactly once. The final
performance metric of the model is calculated as the
average of the performance obtained at each valida-
tion stage. This method ensures that every data point
is used for both training and validation, enhancing the
robustness and reliability of our model.
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To evaluate the outcomes of our machine learning
model, we employ the following metrics:

* Accuracy: this metric represents the propor-
tion of correctly classified samples, encompassing
both ‘exocomet candidates’ and ‘non-candidates’. It
measures the overall correctness of the model in clas-
sification tasks.

e Precision: this is the ratio of predicted instances
identified as ‘exocomet candidates’ that are actually
true exocomets. Precision focuses on the accuracy of
the model’s positive predictions but doesn’t account
for cases where true positives were missed.

* Recall: this metric reflects the ratio of actual
exocomets correctly identified by the classifier as
‘exocomet candidates’. Recall indicates the propor-
tion of actual positive cases that the model success-
fully detects.

e Fl-score: this is the harmonic mean of precision
and recall. It is a useful metric when you want to bal-
ance precision and recall, especially if there’s an un-
even class distribution or if false positives and false
negatives have different costs.

As we previously noted, there are only a limited
number of cases where exocomet transits have been
successfully detected. Taking TESS mission data as
an example, only about 3 % of all light curves contain
potential indications of exoplanets [21]. Thus, the
data on exocomets is even scarcer. This imbalance in
the datasets means that the accuracy metric alone is
not sufficiently informative for evaluating the effec-
tiveness of exocomet detection algorithms. In such
disproportionate conditions, a classifier predict-
ing the ‘non-candidate’ category for all light curves
could display an impressive accuracy of around 97 %,
which can be misleading (like in work [21] about
‘planet candidates’). Such high accuracy might not
reflect the model’s ability to identify potential exo-
comet candidates, indicating the necessity of em-
ploying additional metrics for a more comprehensive
performance assessment.

In assessing model accuracy, relying solely on pre-
cision can lead to missing many potential candidates.
High precision implies that most identified ‘exocom-
et candidates’ are likely true candidates. However, the
issue arises because high precision can be achieved by
making only a few very confident predictions about
the presence of ‘exocomet candidates’ and ensur-

ing their correctness. In searching for exocomets, we
prefer a strategy tolerating more false positives rather
than missing true planetary signals. Thus, recall be-
comes a much more critical metric in evaluating the
effectiveness of our exocomet detection algorithm. It
prioritizes capturing true signals over avoiding false
alarms, which is essential in the exploratory phase of
exocomet discovery.

Another crucial hyperparameter in classification
models based on decision thresholds is the balance
between precision and recall. This threshold deter-
mines at what predicted probability level a light curve
is classified as an ‘exocomet candidate’. Setting a
higher decision threshold leads to an increase in the
model’s precision at the expense of recall, as the
model becomes more conservative in its predictions.
Conversely, lowering the threshold enhances recall
but may reduce precision. Keeping this in mind, the
hyperparameter can be adjusted to achieve an opti-
mal balance, particularly ensuring a high recall. In
standard classification tasks, a threshold of 0.5 is
commonly used, where light curves with a predicted
probability above 50 % are classified as ‘exocomet
candidates’.

6. RESULTS

To obtain the training outcome for the model, each
training sample is divided into two: the training
sample and the test sample. The primary difference
is that the model “sees” the labels of the training
sample but can not see the labels of the test sample,
which challenges the model to make predictions for
both. Figure 5 presents the training outcomes for
models developed using training and test subsamples
constructed from the 40 ppm or lower precision light
curves. The figure illustrates how the accuracy of
these predictions correlates with the depth of learn-
ing within the model. This ‘depth of learning’ is a
parameter controlling the maximum depth of deci-
sion trees during the model training phase. The graph
shows two lines: a dashed line for the training sam-
ple, showing a trend where accuracy improves as tree
depth increases — this is typical, as more complex
trees can capture the nuances of the training sample
more effectively. In contrast, the solid line for the test
sample highlights the need for precise tree depth cali-
bration to avoid overfitting — where the model be-
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Figure 5. Accuracy of model predictions as a function of
learning depth for the training sample constructed for a subset
of light curves with CDPP < 40 ppm: curve / — training data,
2 — test data

Table 1. Classification reports on the Random Forest classifier
applied on the training sample for sector 1 with a CDPP of

40 ppm, featuring 20 000 light curves (10 000 comet transits,
10 000 — randomly selected light curves)
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Figure 6. Accuracy of model predictions as a function of
learning depth for the training sample constructed for a subset
of light curves with CDPP < 150 ppm: curve / — training data,
2 — test data

Table 2. Classification reports on the Random Forest classifier
applied on the training sample for sector 1 with a CDPP of

40 ppm, featuring 20 000 light curves (10 000 comet transits,
10 000 — randomly selected light curves)

Precision Recall Fl1-score Support Precision Recall Fl1-score Support
0 0.9832 0.9537 0.9682 1600 0 0.7811 0.9690 0.8649 2000
1 0.9550 0.9837 0.9692 1600 1 0.9591 0.7285 0.8280 2000
Accuracy 0.9687 3200 Accuracy 0.8487 4000
Macro avg 0.9691 0.9687 0.9687 3200 Macro avg 0.8701 0.8487 0.8465 4000
Weighted avg | 0.9691 0.9687 0.9687 3200 Weighted avg 0.8701 0.8487 0.8465 4000

comes too specialized for the training sample — and
underfitting — where the model is too simplistic to
grasp the data’s complexity. Table 1 presents the cor-
responding performance metrics.

Table 1 presents the classification report on the
Random Forest classifier applied to the training
sample with a CDPP threshold of 40 ppm for sector
1, including 20 000 light curves (10 000 with comet
transits and 10,000 randomly selected). The classi-
fier exhibits impressive precision and recall metrics
across both classes (0 for ‘non-candidate’ and 1
for ‘exocomet candidate’), with scores above 0.95.
This high accuracy (0.9687) is noteworthy, indicat-
ing the model’s robust ability to identify exocomets
transit correctly within light curves. The balanced
F1-scores, hovering around 0.968, further confirm
the model’s proficient classification capabilities,
suggesting a finely-tuned algorithm that maintains a
calibrated equilibrium between precision and recall.

Such high-performance metrics underscore the po-
tential of the Random Forest approach in reliably de-
tecting exocometary transits in the sample provided.

As noted above, we prepared two samples depend-
ing on the light curves’ accuracy. Figure 6 shows the
accuracy of predictions as a function of the model’s
depth of learning, and it evidences a decline in classi-
fier performance upon escalating the CDPP thresh-
old to 150 ppm. The decrease in the predictive prob-
ability is also seen in Table 2, where the classification
report for the same classifier but with a higher CDPP
threshold of 150 ppm is listed. Notably, there is a sig-
nificant reduction in precision for ‘non-candidate’
curves (class 0), with a value of 0.7811, and a slight
decrease in recall for ‘exocomet candidate’ curves
(class 1) to 0.7285. These findings indicate a deterio-
ration in the classifier’s capacity to effectively discern
transits, corroborated by an overall accuracy reduc-
tion to 0.8487.
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The macro and weighted averages of precision and
recall present a similar picture, indicating a more
challenged classifier at this threshold. This reduction
in performance metrics, particularly in the recall of
class 1, highlights the increased difficulty in detecting
transits. The reason for the decrease in the predictive
probability is due to 1) a decrease in the signal-to-
noise ratio of the input light curves and 2) a lower ac-
curacy threshold leads to expanding the input sample
(about 9000 compared to 2000) and, as a result, in-
cluding light curves with amore diverse morphology.

Figure 7 illustrates the classification outcomes
for the training samplewhen subjected to a CDPP
threshold of 40 ppm. The figure distinctly showca-
ses the model’s capacity for distinguishing between
light curves with asymmetric transits (probability
estimate is more than 0.6) and without asymmetric
ones. Figure 8 provides an assessment of the classi-
fier’s performance on the target sample at the same
CDPP threshold of 40 ppm. It reveals that, gener-
ally, the likelihood of detecting asymmetric transits
is low across the sample (the probability estimate is
less than 0.5 for most light curves). However, there
are notable exceptions where 12 light curves demon-
strate high predictive probabilities. This suggests that
despite a predominant low detection rate, the model
has identified a subset of light curves with a strong
likelihood of exhibiting exocomet transits, affirming
the potential of the Random Forest approach in flag-
ging significant transit events amidst a vast data array.

Figure 9 shows the training sample with a CDPP
threshold of 150 ppm, and we can see highlighting the
challenges in differentiating light curves. The graphic
shows a more blended distribution of light curves,
suggesting that increasing the CDPP threshold to
150 ppm reduces the classifier’s effectiveness. But
still, it is clearly visible that the method selects those
light curves in which there are asymmetric transits.

Figure 10 provides the histogram of the probabil-
ity estimates for the target sample at the same CDPP
threshold of 150 ppm. You can see that the major-
ity of light curves cannot be confidently categorized,
having probability estimates between 0.2 and 0.8,
though 20 light curves exhibit high probabilities to
have asymmetric transits.

Our investigation into the detection of asymmetric
exocomet transits (‘exocomet candidate’) within the
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Figure 7. Histogram of the Random Forest classifier’s out-
put probabilities for the training sample (CDPP threshold is
40 ppm)
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Figure 8. Histogram of the Random Forest classifier’s output
probabilities for the 2000 light curves of the target sample
(CDPP threshold is 40 ppm)

TESS database, utilizing the Random Forest method,
reveals the impact of the CDPP threshold on classi-
fier performance. At the lower threshold of 40 ppm,
the model demonstrates excellent capability in dis-
tinguishing light curves with potential asymmetric
transits (‘exocomet candidate’), as substantiated by
the precision and recall metrics that both exceed 0.95
for ‘exocomet candidate’. The F1-score, harmonizing
these metrics, corroborates the classifier’s adeptness,
maintaining scores near 0.97 for both classes (‘exo-
comet candidate’ and ‘non-candidate’), suggesting a
well-calibrated balance between precision and recall.
The CDPP threshold to 150 ppm, however, in-
troduces significant challenges. The classifier’s pre-
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Figure 9. Histogram of the Random Forest classifier’s output
probabilities on the training sample, applying a CDPP
threshold of 150 ppm
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Figure 10. Histogram of the Random Forest classifier’s output
probabilities for the 9000 light curves of the target sample
(CDPP threshold is 150 ppm)

cision for ‘non-candidate’ curves weakens, and the
recall for ‘exocomet candidate’ curves suffers, indi-
cating a lessened ability to detect transits without in-
curring false negatives. This is particularly evident in
the target sample analysis, where most curves reside
within an indeterminate range, reflecting the classi-
fier’s struggle to make definitive classifications under
this more conservative threshold.

The findings underscore the critical role of the
CDPP threshold in the search for ‘exocomet candi-
date’. While a lower CDPP threshold enables more
precise identification of potential asymmetric tran-
sits, enhancing the prospect of discovery, a higher
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threshold risks overlooking genuine asymmetric
transit signals, although potentially reducing false
positives. These insights provide a compelling case
for the meticulous optimization of CDPP thresholds
in the broader context of exoplanet and exocomet
transit detection.

Our study demonstrates the potential of the Ran-
dom Forest method in efficiently screening large
datasets for exocomet transits. The careful selection
and optimization of CDPP thresholds are crucial to
maximizing the effectiveness of these machine learn-
ing techniques. These insights provide a valuable
framework for future explorations in exoplanet and
exocomet transit detection using TESS data.

7. CONCLUSIONS

This study shows the effectiveness of machine learn-
ing, in particular the Random Forest algorithm, on
detecting potential exocomet transits in the TESS
Sector 1 data, which significantly reduced the need
for manual inspection of light curves. Given the lim-
ited number of exocomet transits detected in the ob-
served light curves, creating a sufficient training sam-
ple for the machine learning method was challeng-
ing. To address this, we generated a realistic training
sample by incorporating simulated asymmetric tran-
sit profiles into observed light curves. We then uti-
lized TSFresh software to extract key features from
these curves.

Considering that cometary transits typically exhib-
it a small depth, less than 1 % of the star’s brightness,
we chose to limit our sample to the CDPP param-
eter, which is a measure of the signal-to-noise ratio
after smoothing and ‘whitening’ the light curves. Our
study focused on two target samples: about 2000 light
curves with a CDPP of less than 40 ppm and about
9000 light curves with a CDPP of up to 150 ppm.
Each sample was accompanied by a corresponding
training set.

This methodology achieved an accuracy of ap-
proximately 96 %, with both precision and recall
rates exceeding 95 % and a balanced Fl-score of
around 96 %. This level of accuracy was effective in
distinguishing between ‘exocomet candidate’ and
‘non-candidate’ classifications for light curves with
a CDPP of less than 40 ppm. From the sample of
about 2000 light curves, our model identified 12 po-
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tential exocomet candidates (with a CDPP of less
than 40 ppm) and 20 from the larger sample of ap-
proximately 9000 light curves (with a CDPP of up to
150 ppm). However, when applying machine learn-
ing to less accurate light curves (up to 150 ppm), we
noticed a significant increase in curves that could not
be confidently classified. This was due to the larger
sample size (about 9000 compared to 2000) and the
increased diversity in light curve morphology.

For the further effective application of machine
learning for TESS data, we need to implement an ef-
fective technique that does not require large comput-
ing resources, cleaning the brightness variations from
fluctuations associated with the star itself. These
promising results from Sector 1 serve as a signifi-
cant motivation for us to extend our analysis across
all TESS sectors, thereby broadening the scope and
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NOMYK TPAH3UTIB EK30KOMET ¥ BA3I JAHUX TESS 3A JOIIOMOI'OIO METOY BUTTAZIKOBOI'O JIICY

B nmaHomy mociimkeHHi TipencTaBieHO e(PEeKTUBHUN TIIXiA TO BUSBIEHHS €K30KOMETHUX TPAH3WTIB y JAaHUX TEPLIOTO
ceKkTopy KocMiuHoro Teneckorny Transiting Exoplanet Survey Satellite (TESS). BpaxoBytoun oOMexkeHy KiIbKiCTh HassBHUX
€K30KOMETHHUX TPAH3MUILiB, 1110 BUSIBJICHI y CIIOCTepEXKYyBaHUX KPUBUX OJMCKY, CTBOPEHHSI peMpe3eHTaTUBHOI TPEHYBaJIbHOT
BUOIpKU 11 MAIIMHHOTO HaBYaHHSI € BEJIMKOIO CKJIAJHICTIO. MU po3poOuMIM YHiKaJIbHY TPeHYBaJbHY BUOIPKY IUISIXOM
IHKancyasuii 3MoeIbOBAaHUX ACUMETPUYHUX TPODIIiB TPAaH3UTY B CIIOCTEPEXKYBaHi KPUBi OJIMCKY, TAKUM YMHOM CTBOPIOIOYM
peaicTUyHi naHi 1 HaBuyaHHs1 Mojedi. LIlo6 nmpoaHanizyBaTu 1ii KpUBi OJIMCKY, MM BUKOPUCTAIU MporpaMHuii maker TS-
Fresh, saxuii cmyXuB iHCTPYMEHTOM [UISI BUSIBJIEHHST KJIIOYOBUX O3HAK, SIKi ITOTIM BUKOPUCTOBYBAJIUCS TSI BIOCKOHATCHHST
Hauoi moaesi BunagkoBuit Jiic mpu HaBYaHHi.

BpaxoByioun, 1110 KOMETHi TpaH3UTHU 3a3BUYail MalOTh HEBEJIMKY IIMOMHY, MeHIlIe HiX 1 % sckpaBoCTi 3ipKu, MU BUpi-
UM oOMexXuTU BUOipKy napametrpoM CDPP. Haie nociimkeHHs 0ys0 30cepeXKeHO Ha IBOX LIbOBUX BUOipKax: KpUBi
onucky 3 CDPP menie 40 ppm Ta kpusi 6aucky 3 CDPP o 150 ppm. KoxaHa BuGipKa cynpoBOiKyBaBCs BilMOBiIHOIO
TPEHYBaJIbHOIO BUOipKot0. Halll MeTo1 poIeMOHCTPYBAaB BUCOKY TOUHICTb, JOCSTHYBIIH MTOKa3HUKa 6iist 96 %, B TIO€IHaHHI
3 BUCOKMMH IMOKa3HMKaMu BiaydHOCTi (Precision) ta moBHotu (Recall) mist 060X, sKi nmepeBUIyioTh 95 %, a Takox 30a1aH-
coBaHMMHU NokazHuKaMu F1-mipu Ha piBHi 96 %. Lleii piBeHb TOYHOCTI BifiMOBinae eheKTUBHOMY PO3ITi3HABAHHIO TPAH3UTIB
‘KaHIMIAT Ha eK30KOMeTYy  Ta ‘He KaHauaat njist KpuBux 0aucky 3 CDPP Menie 40 ppm, npu LiboMy Hallla MOAEIb ieH-
tudikyBana 12 NoTeHUiHUX eK30KOMeT-KaHauaaTiB. ONHaK, 3aCTOCOBYIOUM MalllIMHHE HAaBYaHHS 10 MEHII TOYHUX KPUBUX
oucky B skux CDPP o 150 ppm, My moMiTHIM 3HaYHE 301JIbILIEHHST KPUBUX, SIKi HE MOXKHAa OYyJ10 BIIEBHEHO KJIacupiKyBaTH,
ajie HaBiTh Y IIbOMY BUTIAJIKY Hallla MOZENb ineHTudikysasa 20 MOTeHIITHUX eK30KOMeT-KaHIUIaTiB.

Lli 6araToobiistoui pe3yabTaT B TIEPIIOMY CEKTOPi CITOHYKAIOTh HAC PO3IIMPUTH Halll aHali3 Ha Bci cekropu TESS st
BUSIBJIEHHSI Ta BUBYEHHST KOMETOIOAIOHOT aKTUBHOCTI B TO3aCOHSYHUX IJIAHETAPHUX CUCTEMaX.

Karouosi caosa: xomeTu, IJIAHETHI CUCTEMM, MaJli TIAHETHU; 3aTeMHEHHS, TPAH3UTH, TUIAHETHU Ta CYMYyTHUKU.
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NOAP — SCRIPT PACKAGE FOR PLANNING

AND ANALYSIS OF NEO OBSERVATIONS

We present a package of Python scripts NOAP (N EO Observations Analyzer and Planner) designed for the automatic planning of NEO
observations, as well as analysis of already existing observations in the NEODyS-2 database.

The package is divided into two parts: analyzer and planner. The analyzer automatically downloads data from the NEODyS-2
database, converts them by adding additional information, including the apparent speed of objects and observation errors along and
across the track, and also provides a large amount of statistical data and graphs for the selected period. It can be done for several

observatories at once.

The planner also selects the objects of observation for the upcoming night and calculates their ephemeris with a given step in a
Sfully automatic mode. The output data format of the scheduler allows its use both on semi-automatic telescopes and for fully robotic
observations. NOAP has been successfully used for more than a year for planning and analysis of NEO observations by optical sensors
of the National Space Facilities Control and Test Center of the State Space Agency of Ukraine.

Keywords: NEO, optical observations.

INTRODUCTION
At the end of the 20th century, the danger of astero-
ids and comets falling to Earth became clear. In July
1981, the United States of America National Admin-
istration for Space Research held a Working Meeting
on “Asteroid and Comet Collisions with the Earth:
Physical Consequences and Humanity”. An over-
view of the main decisions of the conference was giv-
enin [4].

At the beginning of the 21st century, the problem
was acknowledged as important even at the level of

the United Nations (UN), when in 2007, according
to UN General Assembly resolution 61/111, a tem-
porary working group of Near-Earth Objects (NEO)
was created as part of the Scientific and Technical
Subcommittee of the Committee on the Peaceful
Uses of Outer Space [41].

Special telescopes with large fields of view, such
as the Panoramic Survey Telescope And Rapid Re-
sponse System (Pan-STARRS) [32] or the Asteroid
Terrestrial-impact Last Alert System (ATLAS) [1]
and Lincoln Near-Earth Asteroid Research (LIN-
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EAR) [49, 50] are used to detect the NEOs, includ-
ing small ones. But such discoveries require quick
confirmations, or these new objects will be lost.
Such confirmations are crucial for NEOs discov-
ered at relatively small distances from the Earth.
In such cases, the confirmation time is significant-
ly limited by high speeds of apparent movement
(20 arcsec/min and more).

Telescopes with significantly lower capabilities
compared to the telescopes mentioned above can
be applied using appropriate image processing tech-
niques for similar confirmations.

Also, similar telescopes can be used during cam-
paigns of massive observations of individual NEOs
during their approach to the Earth. Such observa-
tions, for example, were done for the asteroid Apo-
phisin 2013 [18, 56] and 2012 TS4 in 2017 [39].

A software blink comparator implemented, for
example, in the Astrometrica [2] program, is the
simplest method of NEO detecting. In this case, the
object moving against the background of stationary
stars is discovered by the observer when viewing a se-
ries of changing images (frames). This method gives
acceptable results, but it cannot be used for rapid
processing of a large number of frames.

At present, there is a huge number of algorithms
for the automatic detection of small bodies of the So-
lar System on CCD (CMOS) images. Most of them
can be considered as detection options based on mul-
tiple hypothesis testing (MHT) [20].

Depending on the specifics of MHT implementa-
tion, several groups of methods can be distinguished.
The first group includes the methods that implement
the detect-before-track technology (DBT). First,
they identify and form a list of detected images of ob-
jects (detections) on each frame of the studied series.
Then, for all pairs of detections on the two selected
frames, the parameters of possible trajectories are
estimated, gates (trust regions) are built for all other
frames, and the presence of detections confirming
the presence of objects is checked. Determining the
prior trajectory parameters is necessary for reduc-
ing the number of tested hypotheses. It is preferable
for the primary analysis to choose the first and last
frame of the series as the primary pair because this
approach allows for reducing the maximum possible
sizes of the trust region.

Similar techniques are implemented in the soft-
ware used in the LINEAR project [49, 50] and the
Moving Objects Processing System (MOPS) of the
Pan-STARRS [9, 19] and others. With a huge number
of analyzed detections (which is practically inevitable
with relatively low detection thresholds or with large
fields of view of survey telescopes), such methods can
have significant computational complexity. Various
search optimization algorithms can be used to reduce
it, for example, the organization of a hierarchical
classifier based on k-dimensional trees [9, 19].

More complex implementations of MHT are
different variants of matched filtering (MF) in the
space-time domain. The methods of this group are
based on the formation of all possible hypotheses
about the parameters of moving objects’ trajectories
on the series of frames under consideration. For each
hypothesis, according to certain rules, it can deter-
mined its weight (maximum likelihood function,
posterior probability, etc.). Hypotheses with a weight
higher than the given one are recognized as valid, and
the corresponding conditional estimates of the tra-
jectory parameters are issued to the consumer. This
approach, with the development of computer tech-
nology, made it possible to increase the number of
detected faint objects. The first work that described
a similar method was presented by Mohanty [24].
Then, the number of similar works only increased.
A large amount of early papers on this topic are
presented in [11], a more modern overview can be
found, for example, in [27]. The work [23] can be in-
cluded in the same group.

As a separate variant of ME it is worth mention-
ing the methods based on the “shift-and-add” (“shift-
and-stack”) technology or methods of incoherent
post-threshold accumulation with a zero threshold.
As an example of such methods, we can cite [13, 38,
60, 61]. Hypotheses about the presence of a moving
object are verified by adding CCD (CMOS) images
of one part of the celestial sphere with displacement
along possible object trajectories. In [60], in order to
reduce the computational complexity, it is proposed
to check hypothetical asteroid trajectories by stacking
with a shift using median filtering of only the frame
area around each image inhomogeneity energetically
slightly exceeds the background. In a later work [59],
the accumulation of binary images, which are formed
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using a primary non-zero threshold, is used to increase
performance. Another option to reduce the computa-
tional complexity is to choose a slightly larger offset
step of the frames to be added [11]. It leads to a certain
decrease in the number of detected objects compared
to the optimal step size. A priori information about the
speed and direction of object movement also signifi-
cantly reduces the calculation complexity [13].

The disadvantages of this group of methods include
the need for a large number of sequentially formed
frames, which significantly reduces the search poten-
tial of telescopes. On the other hand, it has the advan-
tage of detecting objects with a weak light in a high
quality. Both MF and “shift-and-stack” methods can
be classified as track-before-detect (TBD) methods.
The most accessible implementation of shift-and-
stack is used in [2] (only for asteroids with known ap-
parent motion parameters). A more advanced version,
with the possibility of detecting unknown objects,
is implemented, for example, in [34], but it requires
much more powerful computing equipment.

There is another TBD method of detecting mov-
ing objects — the virtual tabulation method. Its es-
sence is to tabulate the weights of hypotheses about
the number and parameters of the movement of ob-
jects on the set of all such hypotheses (set of states).
The likelihood function (criterion of maximum
likelihood) can be used as a weight. Physically, this
method corresponds to the accumulation of image
statistics (for example, the amplitude of detections or
the brightness of individual pixels) along the possible
object trajectories. A moving object is considered
detected if the accumulated statistics in any gate ex-
ceeds the threshold. The initial parameters of the ob-
ject’s movement are the average values for the given
gate and can be refined later.

The tabulation method often uses the Radon [37]
or Hough [15] transforms. For example, the paper
[43], and the Ukrainian CoLiTec automated aster-
oid detection program [44—48]. In this case, a vir-
tual tabulation of detections obtained at the stage of
interframe processing is used. Thus, the detection
method used in CoLiTec is a mix of DBT and TBD
approaches.

All the methods mentioned above use a linear
model of the movement of a celestial object on a se-
ries of frames. More complex movement models are
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used only when combining observations for several
nights — inter-night linking, e.g., MOPS [9].

In recent years, the National Space Facilities
Control and Test Center (NSFCTC, State Space
Agency of Ukraine) has begun to pay attention to the
expansion of participation in international activities
to solve the global problem of the asteroid-comet
hazard. This activity was reflected in the transition
from participation in individual observation cam-
paigns [17, 18, 56] and separate new NEO confirma-
tions [25, 26] to regular observations, indicated as a
separate item in the plans of scientific and scientific-
technical activities. The optical instruments of ob-
servation, which are part of NSFCTC, have already
obtained 3 codes from the Minor Planet Center of
the International Astronomical Union (IAU MPC).

The main technical problem of observation plan-
ning for NEO at the NSFCTC was the lack of spe-
cialized software and technical complex for solving
such problems. In fact, planning is carried out almost
in manual mode. The operator engaged in planning
has to visit several websites, form a list of NEOs that
can potentially be observed, calculate the ephemeris,
and final sorting of objects for observation. The result
of this activity is a list of ephemerides. The planning
process takes a long time and, thus, significantly re-
duces the efficiency and frequency (number) of ob-
servations, especially in the case when it is necessary
to use several means of observation.

When planning in manual mode, it is practically
impossible to assign a differentiated priority to dif-
ferent NEOs depending on the importance of their
observations (it is only possible to give maximum
priority to new NEOs that require confirmation of
discovery). Another disadvantage of this planning
method is the actual impossibility of obtaining the
ephemeris in a standardized format and determining
the parameters of the observation mode (number of
frames and exposure of the frame). All this signifi-
cantly complicates the potential possibility of NEO
automating observations.

To improve the accuracy of the NEO coordinates
measurements, it is necessary to conduct constant
monitoring and analysis of the quality of the observa-
tions received.

This can be done using information that is publicly
available on the Internet.
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With large volumes of data (several observatories,
thousands of observations, hundreds of objects), it is
very time-consuming to perform such analysis man-
ually.

At the same time, the use of an already existing
software product for such observation planning [12]
looks quite difficult. It is based on the requirements
and the peculiarities of the optical sensors’ operation
of the NSFCTC

Thus, the task to make the planning and analysis
of the observations of NEO automatic is relevant,
and this led to the creation of NOAP.

1. THE NOAP PACKAGE STRUCTURE
AND IMPLEMENTATION FEATURES

1.1. General features of the NOAP package. NOAP
consists of two software pipelines: “Planner” and
“Analyzer” (Figure 1). They perform operations for
planning observations and analyzing their quality, re-
spectively.

The package is designed in the Python 3 program-
ming language [36]. The choice of the programming
language is due to the absence of license terms of use
and the presence of a large number of developed ap-
plication libraries and packages.

The software uses the concept of ETL (Extract,
Transform, Load).

A significant number of external units and librar-
ies were used while designing the package: Config-
parser — unite that operates with configuration files
[7], Sys — a unite that provides access to variables
and functions that interact with the Python inter-
preter [51], Requests — a unite that operates with the
HTTP requests [40], BeautifulSoup — a unite that
analyses the HTML and XML documents [3], Date-
time — A unite that operates with date and time [§],
Re — a unite that operates with regular expressions
[38], Math — a unite that operates with mathemati-
cal functions [21], Pandas — a unit for data process-
ing and analysis [31], Numpy — a unit for operating
with arrays and matrices [28], Jdutil — a unit that op-
erates with modified Julian dates [33], Matplotlib —
data visualization unit [16], Astropy — operates with
astronomical data [52—54], Skyfield — astronomical
calculations [42].

These ready-made products made it possible to
shorten the development time of NOAP.

NOAP

Planner
pipeline

Analyzer
pipeline

Figure 1. Structure of NOAP

get_neocp.py
New objects selection for
confirmation
Calculation of ephemerides
Ephemeris filtering

get_ephems.py

Known objects selection
Calculation of ephemerides
Ephemeris filtering

plan_picture.py

N Merge source files
Formation of the
observation plan

!

Output data

= Ephemeris file
Graphic of observation plan
Observation plan

Figure 2. Structure of Planner pipeline

1.2. Planner pipeline. The pipeline «Planner» con-
sists of three scripts (Figure 2) and a configuration
file.

The get neocp script is responsible for generating
a list of ephemerides of new NEOs requiring confir-
mation of discovery, their calculation, and filtering
(subject to constraints, see 1.2.1). The main source
of data is the new NEOs confirmation page on the
MPC website [55].

The get _ephems script is responsible for the list for-
mation, calculation, and filtering of the ephemerides
of already known NEOs and for the calculation of
their observation priority. To fulfill this task a number
of online sources are used:

— lists of close approaches from the websites of
European Space Agency (ESA) [5] and NEODyS-2
6],

— lists of priority objects from websites of ESA
[35] and NEODyS-2 [57],

— lists of objects that can be observed by this ob-
servatory with given constraints, which are formed
on the MPC website [29] and NEODyS-2 [30].
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All the lists are combined, and then the ephemeri-
des are calculated with the help of the MPC Ephem-
eris Service [22] and their filtration according to con-
straints (see 1.2.1).

The plan_picture script combines the ephemeris
generated by the two previous scripts into one file for
each observatory and generates an observation plan
in graphic and textual forms (see 1.2.3).

1.2.1. Input data. In addition to the of web page
addresses that are necessary for the pipeline ope-
ration, the output data includes: MPC observatory
code (planning is done only for those optical sensors
that have this code), the range of visible brightness
of the observed NEOs (in magnitudes), the range of
permissible declinations of the observed NEO (in
degrees), the speed range of visible movement of the
observed NEOs (in degrees per day), the image scale
formed by the corresponding telescope (”/pix), the
ephemerides calculation step for NEO (in minutes).

In addition, the initial data should include addi-
tional restrictions that are taken into account when
calculating and filtering ephemerides: the maximum
angle of the Sun (as a rule, no more than —16°...
—18°), the maximum zenith angle of the observed
NEO (usually no more than 70°), the minimum an-
gular distance to the Moon when it is close to the full
(typically at least 30° for a Moon phase of 0.88 to 1.0
and a Moon elevation of at least 10°).

The pipeline is able to take into account the com-
plex maximum zenith angles of observations with
additional closure. To do this, a suitable mask of
closure angles is included in the input data. A pri-
mary closure angle file is required for mask calcula-

Table 1. Priority gain depending on the string constant

Priority

String constant . .
increasing

Useful for orbit improvement (based on
orbit uncertainty)

Not necessary this month for numbering
[PHA]
Desirable as radar target

Useful for orbit improvement (based on
orbit uncertainty)

Useful for numbering 2
[VI] 1

—_— e e
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tion. Such a file is a set of points in a horizontal to-
pocentric coordinate system, where each point has
an azimuth and its corresponding maximum working
zenith angle (or minimum working elevation angle).
For better formation of the working angles mask, it
is desirable that there should be at least three points
for each “unevenness” of the closing line, while the
minimum number of points to create a mask is 4.

1.2.2. Priority. The priority is determined by the
importance of a given NEO observations during the
night of the observations. The maximum priority
is given to new NEO that require the confirmation
of discovery. Higher priority is given to NEOs from
the ESA priority list, potentially dangerous asteroids
(PHA), and NEOs that will have a close approach to
the Earth in the coming days.

An additional priority is calculated for known
NEO:s. It is formed by analyzing the line of the need
for additional observations based on the MPC data.
The line is formed by the MPC website for each NEO
and begins with the words “Further observations ?”

The priority is increased if the line contains one of
the line constants listed in the Table 1.

1.2.3. Output data. The pipeline output data is the
NEO ephemeris file and the observation plan. The
ephemeris file is almost identical to the ephemerides
inthe MPC Ephemeris Service [22] format, with some
differences (Appendix 1). First, the ephemeris title for
each object consists of only two lines: packed designa-
tion of the NEO (permanent number or provisional)
and the final priority of this NEO. Secondly, each line
of the ephemerides corresponds to specific observa-
tion mode values (exposure and number of frames),
which are indicated at the end of the line. At present,
the observations are carried out in the mode of sidereal
tracking, and their processing is carried out by one of
the options of the “shift-and-stack” method.

Therefore, the exposure is calculated as follows:

motion,_,
exp = ————

60-scale
where exp — exposure, sec; motion, — the maxi-
mum velocity of the NEO visible movement during
the survey according to the ephemeris, arcsec/min;
scale — the scale of the image, arcsec/pix.

So, the observed NEO should pass no more than
one pixel of the image registered by the telescope

during the exposure.
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Figure 3. Graphic version of the observation plan

The estimation of the number of frames necessary
to obtain the appropriate number of measurements
after their assembly is carried out according to the
heuristic technique outlined in [12].

It should be mentioned that the blocks of individu-
al NEO ephemerides are located at the same distance
from each other. It will simplify the reading of such a
file using a personal computer (PC) when organizing
fully automatic observations of NEOs.

In addition to the main file from the ephemerides,
a plan for future observations is also formed. The
plan is formed in the text (Appendix 2) and graphic
(Figure 3) form. The plan indicates the NEO desig-
nation, its priority, the start time, and the end time of
the NEO visibility for a given observatory.

Having such a plan makes it much easier for the
operator to make a decision about the sequence in
which to observe the NEO.

1.3. Analyzer pipeline. Structurally, the “Analyzer”
consists of 6 scripts (Figure 4). The raw_table script
is responsible for obtaining information about the
NEO observations from the NEODyS-2 website that
creates tables of «raw» observations (coordinates
(RA, Dec) and brightness, errors of the coordinates
and brightness according to NEODyS-2 data for
each given observatory.

The mod_data script is designed to add the addi-
tional data to the tables of «raw» observations, namely:
the predicted velocity of the apparent motion, the po-
sition angle, the predicted brightness of the observed
NEOs, and the measurement errors along (dL/AT)
and across (AN/CT) the trajectory of the object appar-
ent motion. The ephemeris calculation service of the
NASA Jet Propulsion Laboratory (JPL) HORIZONS
[14] is used to obtain these data (Fig. 5).

raw_table.py

Downloading the table of
observations from the site

Saving a table with «raw»
data

y
mod_data.py

sessions.py

Modification
of «raw» data to a form
convenient for obtaining
statistical
characteristics

Formation
of session data for
observation groups based on
modified table data for a
certain period

A 4

¥
stat_month.py

¥
stat.py

sessions_stat.py

Calculation of statistical
characteristics at the interval|
of a month in the form of a

Calculation of statistical
characteristics in the form of]
a report file and a group of

Calculation of statistical
characteristics in the form of
a report file and a group of

report file and a group of graphs graphs
nghs
Output data

® Report files
® Graphs with statistical characteristics

Figure 4. Structure of Analyzer pipeline

«RAW» DATA

}

HORIZONS

|

AT-CT
RESIDUALS

|

MODIFIED DATA

V, App motion, P

Figure. 5. Data modification in mod_data script
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Figure 7. An example of the mutual distribution of errors in the RA — Dec coordinates for observations (a) and sessions (b)

The service is accessed using the external Astro-
query library [10]. The script results are saved in ta-
bles with modified data for each observatory.

The sessions script is responsible for the formation
of observation sessions. A session is a set of observa-
tions of one NEO by one observatory during one night.
The use of sessions makes it possible to avoid a greater
influence on the statistical characteristics of a poten-
tially larger number of the brighter NEO observations.
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The script results are saved in a table with data for
each session. In addition to the data stored in the
modified observation tables, they indicate the values
of the standard deviations of the observation errors
that are part of the session in two coordinate systems
(RA — Dec and AT — CT).

The last three scripts (stat, session_stat, stat
month) are responsible for generating output data
for a given observatory and a given time interval: for
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Figure 8. An example of the dependence of the errors in the RA — Dec coordinates on the visible brightness of the observed NEO
for observations (a) and sessions (b)
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Figure 9. An example of the dependence of the errors in the RA — Dec coordinates on the speed of the apparent movement of
the observed NEO for observations (a) and sessions ()
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Figure 10. An example of heat maps of the observational residuals dependence on the apparent brightness and the visible move-
ment velocity of the observed NEO for RA (a) and Dec (b)
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observations, sessions, and observations by month,
respectively.

These six scripts can work in a batch mode, that is,
for a list of observatories at once.

The input data for the pipeline is the list of MPC
codes of the observatories for which calculations are
to be performed and the time interval for which sta-
tistics are to be obtained.

The NOAP package produces a report contain-
ing observational data, point and interval estimates
of the apparent brightness distribution, and observa-
tional residuals of NEO in the graphic form and the
form of charts.

Their examples are shown in Figures 6—10. The
graphics from Figure 7—10 are also formed for re-
siduals in AT — CT coordinates.

2. RESULTS OF USING AND PLANS FOR THE FUTURE

At the moment, NOAP capabilities are fully used by
the NSFCTC for planning and analysis of the results
of their NEO observations. In addition, the raw table
script from the “Analyzer” pipeline is used in the
Mykolaiv Astronomical Observatory. As you can see,
the list is not very long, but we hope that this work
will increase it.

While using the scripts, the performance of analy-
sis and planning tasks was optimized. In addition, the
script functionality is planned to be expanded.

The list of script improvements is quite long.

For the “Planner” pipeline:

e batch calculation of ephemeris and observation
plans for several observatories,

* changing the algorithm for obtaining data from the
NEOCP webpage for more prompt detection of the ap-
pearance of new objects that require confirmation,

e an adaptive algorithm for filtering NEOs that
can be observed on the given telescope, taking into
account both the velocity of their visible movement
and the predicted brightness. This will allow to in-
crease the limiting magnitude for slower NEOs, in-
crease the time of NEOs in sight, reject NEOs that
cannot be observed on the given telescope according
to the “brightness — velocity” ratio,
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e the introduction of a graphical user interface,

e integration of the “Planner” pipeline with the
“Analyzer” pipeline for priority calculation.

For the “Analyzer” pipeline:

e calculation of the compatible statistics for sev-
eral observatories,

e quality assessment of NEOCP object observa-
tions,

* checking the accuracy of the observations before
they are sent to the MPC,

e the optimization of additional calculations, es-
pecially those associated with data modification,

e tracking of observations that have disappeared
from the NEODyS-2 database.

CONCLUSION

1. A technique for automatic planning of NEO
observations has been developed. It was implemented
in an early release of the “Planner” scripting pipeline
in the Python 3 programming language.

2. The set of scripts significantly increased the
speed and quality of planning observations of NEO
by the optical means of observation of the NSFCTC,
and also simplified their implementation.

3. The “Planner” pipeline is ready to be used in
an automatic mode. It may require minimal adjust-
ments.

4. The “Analyzer” pipeline allows us to obtain
information automatically from the database of the
NEO observations. It also adds the information
about the velocity and predicted brightness of the
NEO and calculates the observation errors along and
across the trajectory. This significantly expands the
script’s capabilities.

5. “Analyzer” also automatically calculates a large
number of statistical indicators, which significantly
speeds up their further analysis.

6. Further work should be focused on the follow-
ing: software code optimization, correction of errors
that were detected when using NOAP, improvement
of algorithms, integration of two pipelines.

7. We are ready to work with anyone who wants to
try NOAP.
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Appendix 2
Observation plan — text form
obj name obj prior obj start obj_stop
A10KrbW 100 2022-09-30 17:30:00  2022-09-30 20:10:00
K22S09B 5 2022-09-30 21:30:00  2022-09-30 23:10:00
KI6W55N 8 2022-09-3020:10:00  2022-10-01 02:30:00
K22R05B 3 2022-09-30 19:00:00  2022-10-01 02:30:00
KI11T02G 1 2022-09-30 20:50:00  2022-10-01 02:30:00
3880 0 2022-09-30 17:30:00  2022-09-30 22:00:00
0088 0 2022-10-01 00:40:00  2022-10-01 02:30:00
72143 0 2022-09-30 17:30:00  2022-09-30 22:50:00
P4417 0 2022-09-30 17:30:00  2022-09-30 18:20:00
K11G62D 1 2022-09-30 17:30:00  2022-09-30 19:50:00
K22R03X 1 2022-10-01 01:40:00  2022-10-01 02:30:00
72443 0 2022-09-30 17:30:00  2022-10-01 02:30:00
J98S04S 1 2022-09-3020:30:00  2022-10-01 02:30:00
€9836 0 2022-10-01 01:30:00  2022-10-01 02:30:00
p6428 0 2022-09-30 17:30:00  2022-10-01 02:30:00
53429 1 2022-09-30 17:30:00  2022-10-01 00:20:00
X8292 0 2022-09-30 17:30:00  2022-10-01 02:40:00
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HauioHanbHMiT LIEHTp yMpaBIiHHS Ta BUTTPOOYBaHb KOCMiYHMX 3aC00iB
Bya. Kus3iB Octposbkux 8, Kuis, Ykpaina, 01010

NOAP — IMAKET CKPUIITIB AJIA IIJTAHYBAHHA
TA AHAJII3Y CITIOCTEPEXKEHb HABKOJIO3BEMHUX OB’€KTIB

Mu npe3eHTYEMO HOBUI iIHCTPYMEHT [UISl HAYKOBIIIiB Ta aCTPOHOMIB Y chepi KOCMiuHOT 6e3MeKu Ta acTpOHOMii — maket Py-
thon-ckpuntiB NOAP (NEO Observations Analyzer and Planner). Lleit makeT po3po6JieHO 11 aBTOMAaTUYHOTO TJIaHYBaHHS
CIIOCTEePEXEeHb 32 00’ eKTamu, 110 HabmkaoThes 1o 3emti (OH3), a Takox a7st aHami3y CIOCTepeXXHUX JaHUX Y 0a3i maHux
NEODyS-2.

NOAP nogineHo Ha ABi OCHOBHI yacTuHM: AHajizaTop Ta [lnaHyBaJbHUK. AHa/li3aTOp aBTOMAaTUYHO 3aBaHTaXye JOaHi
3 0a3u gaHux NEODyS-2, a notim po3iiuploe ix, 1oaaody BaxJIUBY J0AaTKOBY iHgopMaliito. s iHdopMallis BKIoyae B
cebe JaHi Mpo BUAMMY IIBUIKICTb i HAMIPSIMOK PyXy 00’€KTiB Ta MOMUJIKU CIIOCTEPEXKEHHS, OOpaHi B3I0BX Ta MOMepeK iX-
Hporo nuigxy. Kpim Toro, aHasizatop reHepye BeJUKY KiTbKiCThb CTATUCTUYHMX NaHUX Ta rpadikis, 110 A03BOJISIE OTPUMATH
oinpire iHdopmartii mpo OH3 mpotsarom obpaHoro mepioay. Llst omepariist Moxke TTPOBOAUTUCS OTHOYACHO TSI TEKITBKOX
obcepBartopiit. [1naHyBaJIbHUK, 3 iHIIIOTO OOKY, BUOMpPA€E 00’ EKTH IJIsI CIIOCTEPEKEHHS Ha HaOIMKIy Hiu Ta pO3paxoBYe ixHi
edeMepuan 3 3aJaHUM KPOKOM Y MOBHICTIO aBTOMaTUYHOMY pexxuMi. DopMaT BUBEAEHUX NaHUX TUIAHYBAJIbHUKA JI03BOJISIE
BUKOPUCTOBYBATH MOTO SIK HA HaIliBABTOMATUYHUX TEJIECKOMax, TaK i JJIs TOBHICTIO pOOOTU30BAHUX CITOCTEPEKEHbD.

Kpim Toro, NOAP moxxe J1erko iHTerpyBaTUcs 3 pi3HUMU TUIIAMU TEJIECKOITiB i aCTPOHOMIYHOTO O0JIaIHAHHS, 1110 POOUTH
loro yHiBepcaJlbHUM PillIeHHSIM JUIS1 HAyKOBIIiB Ta acCTpOHOMiB. BiH TakoX Hagae MOXJIMBICTb TeHepyBaTH 3BiTU Ta Bi3yaJli-
3allii pe3yJIbTaTiB CIIOCTEPEKEHb, 0 CIIPUSIE TIOKPAIICHHIO POo3yMiHHS Ta aHaidy nanux rmpo OH3. ITaker NOAP ycninrHo
BUKOPHCTOBYETHCS IS IUIaHYBaHHS i aHaui3y cioctepexeHb HEO 3a nonoMoroio ontruuyHux 3aco6iB HallioHaabHOTo LIeHTPY
YIIpaBJIiHHS Ta BUTIPOOYBaHb KOCMIYHUX 00’ €KTiB [lep:kaBHOro KOCMIYHOIO areHTCTBa YKpaiHu. Lleii iHCTpyMeHT nonomarae
3pPO3YMITH i Kpallle BUBYATU 00 €KTH, 1110 3HAXOASIThCS HelaJIeKo Bill HAILIOl IJTAHETH, i Biflirpa€e BaxkJIMBY POJIb y 3a0€3MeUeHHi
0e3MeKr KOCMiYHOTO MPOCTOPY Ta B ACTPOHOMIYHUX JOCIIIKEHHSIX.

Karouoei caosa: HaBKOI03eMHi 00’€KTH, ONITUYHI CITOCTEPEKEHHS.
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TonoBHa acTpoHOMiuHa obcepBaTopist HalioHanbHOI akajemii Hayk YKpaiHu

ByJI. AKanemika 3abosotHoro 27, KuiB, Ykpaina, 03143

OCOBJUBOCTI PO3LIOALTY I AETEKTYBAHHA KOCMIYHHNX ITPOMEHIB,
TAMMA-CITAJIAXIB TA IHIINX BUCOKOEHEPTETUYHUX I2KEPEJT

[Ipodemoncmposana eaxcaugicmos GUKOPUCMAHHA 0a3 OAHUX HAYKOBUX KOCMIMHUX MICill 045 ()yHOAMEHMANbHUX acmpo@i3utHUX
docaioncens. Ha ocHosi 0aHux KOCMIMHUX anapamié ma 00epicanux po3e’s13Kie pieHsIHHs nepeHocy 3po0aeHi OUiHKU PiGHS MOOYAAYiT
KOCMIUHUX npoMeHis y eeniocgheprux maenimuux noasx. Ha ocnosi apxisie cnocmepedicenv Ha3eMHUX | KOCMIYHUX MeNecKonie y
paodio- ma onmuyHoMy OianazoHax cucmemamu3o8ani padiogaacmugocmi 6ubIpKu i301b06aAHUX AKMUGHUX A0ep 2ANaKMUK 0AU3b-
K020 Bceceimy. Taxodic pozeassHymi Modcaugocmi, ki MONCYmMy 3’16UMUCS 3a80KU 0a3aM OaHUX MATUOYMHIX MYAbMUXEUALOSUX

KOCMIMHUX MICIll.

Karouosi caosa: 6aza oanux, Kocmiuni npomeni, akKmueHi 40pa earaKmuk, KOCMiYHa Micisl.

Beryn. 3 mouyatky 21 cTomiTTs acTpodi3rka rmepeKu-
Ba€ PEBOJIIOLIIIO0, ITOB’sI3aHY 3 ITOSIBOIO 0a3 JaHUX CII0-
CcTepekeHb HAyKOBUX KOCMIYHMX MiCii Ta BIIKpUTUM
OHJTATH-TOCTYIIOM 10 HuX. [loeqHaHHS TaHUX 3 Pi3-
HUX iIHCTPYMEHTIB UM Jiara3oHiB JOBXWH XBWIb J0-
3BOJISIE IIMOILIe BUBYATU (Di3UUHY MTPUPOIY acTpodi-
3UYHUX 00’€KTiB. MU pO3IIsSiIaEMO ABa TMPUKIaan
JOCHTIKEeHb, JUISl IKUX BU3HAUaJIbHUM CTaB JOCTYI
J10 0a3 JaHUX acTPOdi3MYHUX KOCMIYHUX MICilA.
[lepuM pUKIaIOM € BUKOPUCTaHHS HasBHUX
0a3 eKcrieprMEHTATbHUX TaHMX TSI TECTYBaHHS T€O-
PETUYHMX MOJIEIIEH TaTaKTUIHUX KOCMIYHHX TTPOMe-
HiB (I'’KIT), iHTEHCUBHICTb SIKUX MOMAYJIIOETHCS TPU
B3aEMOI1 3apsiKeHUX YaCTMHOK BHUCOKOI €HepTii 3
€JIeKTPOMAarHiTHUMM TMOJISIMU COHSTYHOTO BIiTpY.

Hpyruii npukian — 1€ BUKOPUCTaHHS 0a3 na-
HUX apXiBHUX CIIOCTEPEXEHb, 10 TepedyBaloTh y
Binkputomy goctyri. Ha ocHOBI apxiBiB crioctepe-
JK€Hb HAa3eMHUX i KOCMIYHMX TEJIECKOIIB Yy pajio-
Ta ONTUYHOMY CTIEKTPaJIbHUX Jlialla30Hax MU CUC-
TeMaTU3yBaJIu pamioBIacTUBOCTI 61 i30J1bOBAaHOTO
akTUBHOTO sipa rajaktuku (AAT) Ha z < 0.05, ak-
TUBHICTb SIKMX 3yMOBJIeHa juile (hisMdHUMMU TIPO-
1ecamu, 1o BiIOYBaIOThCS B CUCTEMI «TOp — aKpe-
LiMHUIA TUCK — sepHa obJlacTb — HaJMacuBHA
YopHa dipa».

B octaHHi poku OypXJIMBO pO3BUBAETHCS ITOIIYK
OaraToKaHaJbHUX TPaH3iEHTHMUX MOIiii. Bxe cho-
TOOHI BimOYBA€ThCS MOLIMPEHHS <«IIOIEPEIKEHb»
MiX pi3HMMHU OOCepBaTOpPiIMM, a 4Yepe3 MepexKy

HuryBanus: ®enopos 0. 1., Konechuk 0. JI., Ceprienko O. M., Bacunenko A. A. Oco611BOCTI pO3IOIiTY i IeTEeKTyBaH-
HSl KOCMIYHMX MPOMEHiB, raMMa-criajaxiB Ta iHIIUX BUCOKOCHEPTETUUHUX JKepen. Kocmiuna nayka i mexuoaoeis. 2023. 29,
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© Bunasens B/l «Akamemmnepioguka» HAH Ykpainu, 2023. Crarts ony6JiikoBaHa 3a yMOBaMU BiIKPUTOTO JOCTYITY 3a JIILICH-
3ieto CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. Ne 6 93



10. I. Pedopos, 0. JI. Konecnuk, O. M. Cepeienko, A. A. Bacunenko

AMON (Astrophysical Multimessenger Observatory
Network) [2] KOOpAMHYETHC MOILIYK 30iriB y MiAno-
POTOBUX MOJisIX PiI3HUX iHCTPYMEHTIB. MU poOrUMO
OTJISIT MOXKJIMBOCTEM, SIKi MOXKYTb 3’ SIBUTHUCS Y Mali-
OyTHBOMY 3aBASIKM peallizallil MpPOeKTy KOCMiuHOI
Mmicii — «padbpuku TpansieHntiB» THESEUS Ta no-
Bl ii 6231 JaHUX.

Monyasuis iHTEHCUBHOCTI KOCMIYHMX NpPOMEHIB
y rejiocepHux MarHitHux mnoJax. HamssuuaitHo
BaXJINBE 3HAUEHHS [JIs TeCTYBAaHHS TEOPETUUHUX
moneneit I'KIT maroTh gaHi, oTpMaHi KOCMiYHUMU
amaparamu (KA) «ITionep» i «Bosimxep», siki qocii-
JIKyBaJid BimgajieHi obsacti remiochepu. Kocmiuna
Micig «Yiice» mociiaKyBanga MOJsIpHiI 00JlacTi re-
Jiocdepu i oTpuMalia BaxkJIMBi AaHi TTPO CTPYKTY-
py rexiocgepu i posnoain I'KIT y MikmiaHeTHOMY
cepenoBulli. OgHOYacHe NeTEKTyBaHHSI iHTEHCUB-
HocTi KocMiuHux npoMeHiB (KIT) kocMmiunuMm ama-
paTtoMm «¥Yiicc» (Ha BUCOKUX I'eJIIOIINPOTax) i CymyT-
Hukamu IMP-8, AMS i PAMELA (Ha HaBKOJIO3eM-
HUX OopOiTax) T03BOJIMIM OTPUMATH YHiKaJbHi AaHi
BimHOCHO TIpocTtopoBoro posmnoainy 'KIT y pi3ni
nepioau akTuBHOCTI COHLIS.

TeopeTnuHe NOCHIIXKEHHS TIPOLIECY MOMYJISIIIiL
iHnTeHcuBHOCTI KIT Ga3yerbcs Ha po3B’sg3Kax piB-
HsaHHS nepeHocy KII 3 BinmoBigHMMU yMOBaMu Ha
rpanuli remgiocdepu [3, 11]. ¥V podoti [10] 3anpo-
MOHOBAaHO METOA HaOIMKEHOrOo pO3B’sI3yBaHHS
PIiBHSIHHSI TIEPEHOCY, SIKMII BpPaxOBYE MaJIiCThb aHi-
3otporii 'KII. JJanuii minxim omep:kaB pPO3BUTOK
B po0OoTi [21], me Oyj10 3aIpoIIOHOBAHO iTepaLiiiHy
Mnpolieypy BpaxyBaHHSI Majioro nmapaMerpa — aHi-
3o0Tpomnii kyroBoro posnoaiy I'KII. Ha ocHoBi
po3B’s13Ky piBHsIHHS TiepeHocy KIT My BUKOHaIM
po3paxyHKM IIUTbHOCTI pafiajbHoro notoky KIT i
MOTOKY YaCTMHOK I10 TeIiOIIUPOTi Ta OLIHWIN Ipa-
nientu inteHcuBHOCTI ['KII i aHi30TpoI1ii KyTOBOro
pO3MOoAiy YaCTUHOK.

3anuiieMo piBHSHHSI MEPeHOCY KOCMIUHUX MTPO-
MEHIB y MiXXTUTAHETHOMY CEPEJOBUII B TAKOMY BU-
rsmi [6, 7, 15]:

a—N+divj+izip2j =0,
ot prop
e
. ON u,pON
]u:_KuBa____
3 0p
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— IIUJIBHICTh IIOTOKY YaCTMHOK, KOHIIEHTpALlis
akux N(r, p, 1), K,; — TEH30p audysii KIT, u —
IIBUJIKICTb COHSTYHOTO BiTpy. BenmunHa
_upoON

T 3 or
— IIJIBHICTh TTOTOKY YaCTMHOK Y IMPOCTOpPi abco-
JIIOTHUX 3HAYEHb iMITYJIbCY.

Tenzop nudyaii KIT Mae Takuii BUTsia:

Kop = KSaB + (K” -K, )hojl[5 + KAS(Mhy ,

e 6043 — cumBos KpoHekepa, €., — OIMHUYHMIA
aHTUucuMeTpuuHuii TeHsop, h = H/H — oguHuy-
HUI BEKTOP y HAIIPSIMKY BEJIMKOMACIITAOHOTO MiX-
IUTaHeTHOro MarHiTHoro nosist H, K — KoeilieHT
Indy3ii YaCTMHOK y HAIIPSIMKY CEPEIHBOTO MAaTHIT-
HOTO IMoJd, K, — KoedilieHT qudy3ii 4aCTUHOK Yy
HarpsIMKy, TIepNeHAUKYJIIPHOMY 10 MAarHiTHOTO
MoJid, a BeJIMYMHA K, BU3HAYa€ aHTUCUMETPUYHI
KOMITOHEeHTH TeH3o0pa audy3ii KI1.

KomnoneHTH miiibHocTi moToKy KIIT MaloTh Bu-
TJISIL

ON upoN 1 ON
=K Ty A T Ky T
or 3 op r 20
Jo= TR e TR

PosrisimaeMo npocTopoBUii po3Moais YaCTUHOK,
SKAI ycepeaHeHOo no mepiogy odoepraHHsg CoOHII,
TaK 1110 KOHLIEHTpallisi YaCTUHOK HE 3aJIeXXUTh BiJ
a3MMYTaJIbHOTO KYTa (.

Y Mojeni MiXIJTAaHETHOTO MarHiTHOTO MOJs, SKY
3arnpornonyBaB [lapkep [14], reiiommpoTHa cKJ1ago-
Ba MarHiTHOTO TOJIS NOpiBHIOE HyJo (Hy = 0). Pa-
JiajibHa i a3uMyTajibHa KOMITOHEHTU HaIlpy>KeHOCTi

MAarHiTHOTIO I10J181 BU3HAYEHI CITiBBIIHOILLIEHHSIMU
2

H =cH,|=||1-20|0-Z]],
r 2
2
0
H, =-oH,~2|1-20[ 0-Z ||sine,
¢ ru 2

ne r,— pamiyc CoHld, € — KyTOBa IBUIKICTb 00ep-
TaHHs1 CoHLs, a ®(X) — oguHUYHA DyHKILis XeBi-
caiina. B emoxy A" pazmianbHa ckiamoBa Harpyxe-
HOCTI MIXTUIAHETHOTO MAarHiTHOTO TIOJIsS Y IiBHIY-
Hili miBcepi rexiochepu Mae qogaTHUI 3HAK.
BuszHaunMo 6e3po3MipHy KOOpAMHATY
r

p=—
T
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1 0e3p0o3MipHUIA IMITYJILC YACTUHKM

c= i ’
mc
Jie m — Maca CIIOKOIO YaCTUHKH, F; — BIJICTaHb J10
rpaHuii oomacti momyssiii KI1. Beaxkaemo, 1o Ha
rpaHulli rejJiocchepu 3aJaHO CHEPreTUYHUI CIIEKTP
raJJakKTUYHUX KOCMIYHUX MPOMEHiB. BuUTbHMIA Mpo-
Oir YaCTUHKM 301JIbIIYETHCS TIPU 301JIbIICHHI €HEeP-
rii yactuHku. IlpurycTumo, 110 BCi KOMIIOHEHTHU
tenzopa audysii KIT 3MiHIOIOTbCS IPONOPLIiIHO
IMITYJIbCY YACTUHKH. Y TaHOMY BUITAIKY
K, =KG K, =8 KG K,=0,KG.

Jns oTpuMaHHsI HaOJIMKEHOTO PO3B’SI3KY PiB-
HsaHHS TiepeHocy KIT Bukopucrtaemo HaOIMKEHHS
MaJioi aHizotpomii [9, 10]:

2
1+ 8—Ah2 a—N+ BON _ 0
8 *)op 3 3¢
ne
— urO

K,

— mapameTp moxayasiuii KIT. BBaxkaeMmo, 1110 KOH-
LIEHTpallis YaCTUHOK Ha TrpaHulli rejgiocdepu € 3a-
JaHOI0 (DYHKIII€IO IMITYJICY YACTUHKM:
N(L ¢)=N,(c) -
Po3B’s130K piBHSIHHS, SIKWi1 3a0BOJIBHSIE 1110 Tpa-
HUYHY YMOBY, Ma€ BUTJIS]I

N(p,0,6) =N, (&),

ne .
%=<;+§ .

Pl4+—4AR

6 P

3anuiieMo hopMyJTy ISl EeHepreTUYHOrO Po3Mo-
JIiJTy TPOTOHIB Ha I'paHuUlli reiochepu:
N,(6) =g " (1+¢")"™"2,
JIe ¢ — TMOCTiiiHa BeJIMUMHA, SIKY MOXKHA BUSHAYUTH,
HanpuKJjaa, Ha OCHOBI BeJIMUYMHY LIIJIbHOCTI €Hepril
KIT y Mizk30pstHOMY CepeIOBUILL.
3rigHo 3 ¢GOpMYJI0I0 CHEKTP YIAbTPAPEISITUBICT-
CbKMX YaCTUHOK (¢ >> 1) BUSIBJISIETbCS CTEIIEHEBUM
3 TIOKa3HUKOM cTereHs v. [ HepensITUBICTChKIX
yacTUHOK (¢ << 1) 3 i€l ¢opMyu BUILIUBAE CTe-
reHeBa 3ajexHicTb KoHeHTpaltii KIT Bin iMmmysabscy
3 MOKa3HUKOM cteneHst 3. [Ipu 3HaueHHsIx mapa-
MeTpiB = 1.76, y = 4.78 cleKTp 4acTUHOK Y3TrO-
IKYEThCS 3 eHepreTuyHuM posnogizom KII, sxuit
oyno 3apeectpoBaHo KA «Bosimkep» micast Toro,

SIK BiH 3aJIMILIMB MeXi reiiocgepu [24]. 3rigHo i3
OTPMMaHUM PO3B’SI3KOM PiBHSIHHSI IEPEHOCY pi-
BeHb MomyJsrsauii KIT 3MeHIyeThest ipu 301IbIIEHHI
KiHeTn4HOI eHeprii yactTuHoK. KonnenTpaiss IKII
MOHOTOHHO 30iJIbLIYETHCS TPU 30iJIbIIEHHI Teslio-
LEHTPUYHOI BiICTaHi.

[linpHicTh TemiommpoTHOro motoky KII mopis-

HIOE

uONy(€) |3, 98

Jo=— +
poo& [p b
+ob, —Posn0 0% 1—2@(9—% :
\/1+p2m2 sin? @ Op 2
e
u

PiBussHHsa nepeHocy KII y 6e3po3MipHMX 3MiH-
HUX Ma€ TaKWUi BUTJISI;

1 0 ,,. N 1 . u 0 ;0N _

p’ 6pp Jr psin0 207" 3¢’ 8<;g op

Ha ocHOBi LIbOro piBHSIHHSI MOXHa oOJep:KaTu
CITiBBIIHOILIEHHS /151 IIIIBHOCTI pafiaibHOro MOTO-
Ky KII, skino BUKOpucTaTy HaOIMKEeHI 3HAYEHHS
KOHIIEHTpAaIlii YaCTUHOK 1 IIUIbHOCTI TeIioIInpoT-
HOTO ITOTOKY KOCMIYHUX ITpoMeHiB [9]. Po3paxynku
MOKa3ylTh, 110 Y TJIOIIMHI reioeKBaTopa paaiaib-
HU TIOTIK YaCTUHOK B ernoxy A" Harpamienuii 10
CoH1g, a B enoxy A™ pamiaJlbHUI ITOTiK YaCTUHOK
Ma€ TIPOTWIEXKHUI HampsiIMOK (3 remiochepu). Y
nepion yacy At pagianbHuii motik yacTMHOK (11o3a
€KBaTOpPiaJbHOIO IUIOLIMHOIO) € MOJATHUM 1 Ha-
npsimiaeHuM Big CoHlisl, a B enoxy A™ pafialbHUiA
MOTiK YaCTMHOK HanpsimyieHui 1o CoHusl.

3anuiieMo KOHLUEHTpallilo KOCMiYHUX ITPOMEHiIB
y Bursiai [21]

N(p,0,8)=N,(§)+3N(p,0,5),

in@+ 0.

TOMi
OON 1 OON
——+———=D(p,0,0).
op 3 0Oc
IIpaBa yacTMHA LILOTO PIBHSIHHSI BU3HAYAETHCS
HaOJMKeHUMHU 3HAYEHHSIMU KOHLEHTpALIil i LIiTb-
HocTi panianbHoro moroky KII. Po3B’s130Kk 1iboro

piBHAHHS Mae BUTIAL [9]:

p
3N(p,6,5) = [dp ®(p,.0,E,),
1
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e
§1 :€+%(p1 _p) .

3rifHO 3 MPOBEAEHMMHU pPO3paxXyHKaMU iHTEH-
cusHicth ['KIT B AT-enoxy cOHAYHOI aKTMBHOCTI
30IIBIIYETHCS TIpU 30UIbIIEHHI TeliomupoTu. B
A -niepiogn akTUBHOCTI COHILISI CITOCTEPIra€ThCs
MNpOTUIIeXKHUI ehekT — iHTeHcuBHicTh KIT Makcu-
MaJibHa B o0JiacTi rejioekBatopa. HaBengeHi po3pa-
XYHKHU y3TO/KYIOTbCH 31 CIIOCTEPEKHUMU JTaHUMM.

BumiproBaHHs1, sKi Oyj0 BukoHaHo KA «VYiicce»
JaJIeKO Bill IUIOIIMHM eKJINTUKU i Ha caTrellirtax y
HaBKOJIO3eMHOMY KOCMIYHOMY TipocTopi y 1994 p.
(mo61M3y MiHIMyMy COHSYHOI aKTUBHOCTI, A*-dasa
COHSIYHOI aKTUBHOCTi), MPOJAEMOHCTPYBAJIU HasiB-
HICTh TETIOIMMPOTHUX TPATIEHTIB iHTEHCUBHOCTI
['KII. [Tpu 1iboMy HIUPOTHI IpadieHTH (10 HATIPSIM-
Kax IO TOJISIpHUX 00JlacTeil) BCiX TWMIIIB siaep BU-
SIBWIWCH NOJAaTHUMU SIK Y MiBHIUHIl, TaK i y MTiBAESH-
Hil miBcdepax JdocmimkeHHs, ski OyJu IpoBeAcHI
micismu «VYiice», PAMELA ta inmmmn y 2006—
2007 pp., 1O3BOJMIM BU3HAYMTU pajiajibHi Ta IIH-
potHi rpagientn inteHcuBHocTi KII B emoxy miHi-
MyMy 23-TO LMKJYy COHSIYHOI aKTUBHOCTI (A -me-
pion). byino mpomemMoHCTpoBaHO, 110 B A -eroxy
akTuBHOCTi CoHugs iHTeHcuBHicTh ['KIT makcu-
MaJibHa B €eKBaTOpiaJbHii 00iacTi.

HageneHi po3paxyHKM 103BOJISIIOTh OLIIHUTH aHi-
30Tporrito KyroBoro posnoniay I'KII. Axizorpomis
KIT mpormopuiiiHa IIiJIBHOCTI ITOTOKY YaCTMHOK i
BU3HAYAETHCS CIiBBITHOIIEHHIM

5=21 .
vN

Ouninumo anizorpomiro KII Ha op06iti 3emi.
IIineHicTh moTOKiB KII B pagiaabHOMY i IIMPOTHO-
MY HalnpsiMKax BUSIBJISIETbCS MAJIOIO 110 aOCOJIOTHI I
BeJIMYMHI. BigmoBigHe 3HaYeHHST aHi30TPOIii KyTO-
BOT'O PO3MO/iTY YaCTUHOK Ha IelioLeHTPUYHIMN Bif-
crtaHi 1 a. 0. € HexToBHO MaiuM. Ha op0iti 3emii cu-
JIOBA JIiHisI MIXIUTAHETHOTO MAarHITHOTO MOJISI YTBO-
pIOE 3 pajiaJlbHUM HampsSIMKOM KYT, OJU3bKUIA 10
n/4. Tomy nuysititnuii notik KIT B a3umyTanbHOMY
HarpsIMKy € OJU3bKUM 10 Audy3iliHOT CKIaloBOi
padianbHOro Motoky. PagianbHuit nudysiitHuit mo-
TiK PpUOIU3HO JOPIBHIOE KOHBEKIIIITHOMY ITOTOKY.
TakyM 4YMHOM, OTPUMAEMO CITiBBiIHOLIECHHS I
azumyTajibHOI aHizoTporii KIT Ha refliolieHTpuYHii

96

Bincrani 1 a.o.:
_ug ON
® WN &¢

Otxe, motik I'KIT Ha op0Oiti 3eMJ1i HampsIMJIEHU I
Yy a3UMYTaJIbHOMY HAIpsIMKY, 110 Y3TOIXYEThCS 3i
CIIOCTEPEXKHOI0 T000BOIO Bapialli€l0 iHTEHCUBHOC-
1i KII. 3rigHo i3 (¢hopMyno10 OTpMaEMO 3HAYEHHS
anizorporii KIT: § ~ —0.005 n1s1 yacTMHOK 3 eHep-
rismu Bim 1 MeB o 1 IeB.

KocMiuHi mpoMeHi Han3BUYaiiHO BUCOKOI EHEPTil
(E> 107 ¢B) po3ciloloThcsl B OCHOBHOMY B JIOKAJi-
30BaHUX HAMATHIY€HUX CTPYKTYpPaX, TAKUX SIK CKYTI-
YeHHsI TajlaKTuK, (iJaMeHTH TOllIO, i3 cepeaHiM
BUIBHUM TIpOOirom y nmecsitku Meramapcek. OTxe,
Yy BUIIAJKy HAMOMMKIMX TPAH3IEHTHUX JIXKEePeJT 0di-
KYETbCSI CYTTEBUI BHECOK Y CIOCTEPEXyBaAaHUIA TO-
TiK Bil HEPO3CiISIHUX i c1a00 PO3CITHUX YaCTUHOK,
1110 MOXe OyTH BUpIlIaJIbHUM (DAaKTOPOM Y iIeHTU-
dikalii uux mxepeia. MeTod po3paxyHKy 4acoBOI1
€BOJIIOLII €HEePreTUYHUX CHEKTPIB YJIBTPAaBHUCOKO-
eHepretnuyHux KIT 3anporoHoBaHo B po0ori [8] Ha
OCHOBi aHaJITUYHUX PO3B’SI3KiB PIiBHSIHHS IIepe-
HOCY 3 SIBHUM BHU3HAYEHHSIM BHECKY Bi PO3CISIHUX
i HEpO3CiSTHUX YaCTUHOK, 30KpeMa MPUKIaJI0OM TYT
CIYryBajld MiJiCEKYHIHUI Myabcap i 6JuM3bka ra-
JIaKTUKa 3 aKTUBHUM siipoM LleHTaBp A.

BaactuBocTi izonboBannx AAIL B pamio- i X-xgia-
nazonax. /g BuGipku 61 GIM3BKUX 1307 1bOBAHUX
AT [16] Mu BU3HAYMIM CTYIIiHb PagiOrydHOCTI,
«IIPOCTOPOBUI» TUIT padiomxepena (TOUKOBUIA abo
MPOTSXKHUI), @ TAKOX BUKOHAHO MOIIYK MeKYJIsp-
HOCTE! y pamiomiaria3oHi, KOJU IXKEPEIo pamaioBU-
MPOMiHIOBaHHS HE MOXXHa OJJHO3HAYHO OTOTOXHMU-
TU caMe 3 aKTUBHICTIO siJipa rajlakTuku. BusisieHo,
110 OUIBIIICTh 3 HUX € PAiOTUXVUMMU 3 HU3bKOIO a00
MOBHICTIO BiICYTHbOIO aKTUBHICTIO siapa [17]. Box-
Houac BiactuBocTi 21 i3 61 i3ompoBaHoro ASIIT 3a
CITOCTEPEXKEHHSIMU B PEHTIEeHiIBCHKOMY JiaIta3oHi
TaKOX CBimyaTh IPO CJaOKy aKTUBHICTH suaep. A
came, iM XxapaKTepHi CuCTeMaTUYHO HU3bKi 3HAaUEH-
Hs BJIacHOI CcBiTHOCTI y X-miana3oHi 2...10 xeB Ha
pisHi 10%7...10% epr/c, 1m0 € HIXHiM TOPOroM 3Ha-
yeHb cBiTHOcTelt mist AAIDT B X-niama3oHi eHeprii
[4, 12, 23].

ITpukian c1abKoro B peHTITEHiBCbKOMY Jiaria3o-
Hi i3onpoBanoro AST e sapo ramaktukun NGC 6951
(tun anpa CeiidepT 2, MOpGhOIOriYHUIA TUIT TajlaK-
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aku SAB(rs)bc, Bincranp 18.7 Mnk). Ha puc. 1
MPEeJACTaBIeHO PEHTTEHIBCbKUI CIEKTP aKTUBHOIO
aapa 1iel rajakTuky B giamasodHi £ = 0.6...7 keB,
OTpUMaHUM Ha OCHOBI CHOCTEePEKEHb KOCMiUHOI
obcepBaTopii «CBip1» Ha iHcTpyMeHTi XRT i3 cy-
MapHoto ekcriosuiiero 35010 c. CrnekTp anpokcu-
MOBAHO MOJIEJITIO, B SIKili KOHTUHYYM CKJIaIa€ThCsI
3i cTeneHeBOI MOEi 3 HEHTpaJIbHUM MOIJIMHAHHSIM
B aKTUBHOMY $Ipi, @ HA HU3bKUX €HEPrisiX KOHTU-
HYYM OITMCYEThCSI YOPHOTIJIBHOK MOAEII0 (Cy-
MapHa ctatuctuka C-stat = 25.8/18). CreneHeBuii
innekc mae 3HayenHs I' = 2.73"27 cTOBIMYMKOBE
NOIIMHAHHSL IOPiBHIOE Ny = 5.767% 1022 cm~2,
TeMmIepaTtypa YOPHOTIILHOTO BMITPOMiHIOBaHHS
nopiBHioe kT = 0.297,% keB. BriacHa cBiTHicTb B
nianasoHi 2...10 ke B ctanoButs 7.67-103% epr/c. Be-
py4YM 10 yBaru HU3bKY PEHTTEHIBCHKY CBITHICTh Ta
«M’SIKMI» CIIEKTpajbHUI iHAEKC, MOXHA 3pOOUTHU
BUCHOBOK, 110 TEMIT aKpellil Ha HaIMACUBHY YOPHY
nipy B NGC 6951 € manum, a Takox Te, 110 ii pe-
KMM, MOXJIMBO, € BUIIPOMiHIOBaJbHO Hee(peKTUB-
HIUM, TOOTO TTOBHICTIO Y1 YaCTKOBO aJABEKIIiTHUM.

Ockinbku nuie BiciM i3oaboBanux AT karano-
ry 2MIG malots BuMipsiHi notoku S Ha 5 I'Ti1, Bu-
KOHAHO TepepaxyHOK CMEKTpaJbHUX IIiIbHOCTEN
notokiB 3 yactotu 1.4 I'Tit Ha yacTtoty 5 I'Tit y npu-
MYIIEHHI CUHXPOTPOHHOTO MEXaHi3My BUIIPOMi-
HIOBaHHsA B pamiomianasoHi S, =S ,.,,(5/1.4)™"
(cniekTpasibHUit iHIEeKC npuiiMaBcs piBHUM 0.7 npu
creneHesiit hopmi criektpy S, ~ v*). Bubip 3Ha-
yeHHs o = (.7 3yMOBJIEHUIA TUM, 110 1I¢ € CEPEIHE
3HAYEHHS CTeMeHsI, OUiKyBaHe JIJIs1 ONTUYHO TOHKO-
IO CUHXPOTPOHHOTO BUMPOMiHIOBaHHS. TakKuM um-
HOM, 11 27 i3onboBaHux AL crieKTpasibHi IIijib-
HOCTi MOTOKY Ha yacTtoTi 5 I'Ti1 cTaHOBJISITH MEHILIE
3 MAH, na 15 AT Sy, exars y aianasoHi 4...
15 MAH, g 7 isonboBanux AAD 3HaYeHHS S55p,
JIEXUTh y miama3oHi 15...55 mfH, ABi rajgakTtuku,
ESO 097-013 ta ESO 483-009, matorh HalOiIbIIII
3HAYEHHS CMeKTpaJbHUX MOToKiB — 304 i 132 MAH
BiIMOBITHO.

3HauYeHHSI X CIEKTPaJbHOI IIiJIBHOCTI MOTOKY
Ha yacToTi 1.4 I'Tix (8, 45p,) J1€XaTh NEPEBAXHO B
niamaszoni 3...20 mAH. [Bi ranaktuku, PGC 35009
ta NGC 6951, 4iTKO BUPI3HSIOThCS OUIBLIMMHU 3HA-
yeHaaMu — 50...200 mdn. g 10 i3ompoBaHUX
AT 3HaYeHHS S| 4Gy, CTAHOBUTH MeHIIE 3 MSH.
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Puc. 1. Pentrenisebkuii criektp ASIT NGC 6951 B nianasoni
0.6...7 keB

[t BU3HAYEHHSI padiorydyHOCTI OyJI0 po3paxoBa-
HO BeJIMUMHY R sk BimHoweHHs S mas 1.4 I'Tix abo
5 I'lix mo cneKkTpaabHOI IIITBHOCTI TIOTOKY B OTITAY-
HOMY Jliana3oHi (a came B ONTUYHIK cMy3i B — MixX
goBxuHamu xBuib 400 oM Ta 500 HM). BusiBieHo,
1o 51 3 61 00’€KTiB € pamliOTUXUMU TaJJaKTUKAMU
(R < 10), a nng 9 ranakTukK BUOIpKM BiICYTHi JaHi
CcocTepexkeHb B pajiodiana3oHi, BOAHOYAC palio-
ry4HOO BUsiBMJach ramaktuka ESO 483-009 (tum
aktuBHOCTI sapa Sy3/LINER 3 Mopdomoriunnm
TUIIOM MaTepUHCHKOI ramakTuku SABOOpec) 3 Be-
JIMYMHOIO MapameTpa pagiorydyHocti R = 20.72.
Takox Oyn0 3HaiiAeHO, IO YOTUPU i30JIbOBaHi
raJlakTUKM 3 aKTUBHUMHU SIpaMU XapaKTepu3y-
I0ThCS1 a00 MEKYJISIPHOIO/HEeMPaBUIbHOW (HOPMOIO
(IiaeThCsI PO MOPIBHSIHHS 3 «KJIACUYHOIO» (POPMOIO
Yy BUIJISIOI LEHTPAJIbHOTO TOYKOIIOAIOHOTO pamdio-
JIxKepeia, 110 30ira€ThCsl 3 ONTUYHUM SIAPOM Pa3oM
3 MOXKJIMBUMH CHUMETPUYHUMU pPamiomkeTaMu abo
panioByxamMu) pamioCTpyKTyp abo X PO3XOMKEHHS
MOJIOXKEHb Palio- Ta ONTUYHOTO JKepes (TOO0To, pi3-
HMULISI TOJIOKEHB OiibIla 3a IMTOXMOKY padioKaTajory.
Hanpuxnan, nist orsiay FIRST 14 pisHuULSI TOBUH-
Ha OyTu Ginbioro 3a 8”). Lle ranaktnku NGC 157,
MCG-02-37-004, ESO 506-004 ta PGC 206359.
Hna NGC 157 Ta MCG -02-37-004 Ha puc. 2 Ta
puc. 3 BiAIIOBITHO MMOKa3aHO TiOPUOHI ONTUKO-pa-
JioMany 3 KOHTypaMy IHTEHCHUBHOCTEW. BusiBu-
JIOCh, 110 TPU 3 YOTUPHOX PaliomxKepesi, po3TalioBa-
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a 7]

Puc. 2. 3o6paxennss NGC 0157: a — ontuuHe y cmyrax i +
r + z (ornsan Heba PanSTARRS), 6 — panmio3o0pakeHHST Ha
yactoTi 1.4 GHz (ornsan He6a VLA FIRST). 3eneHuM Koibo-
pOM TokasaHi JjorapudmiuHi i3odotu ¢inbrpa i (13 piBHIB)

a 7]

Puc. 3. 300paxkenns MCG-02-37-004: ¢ — onTuyHe y cMy-
rax i + r + z (ornsin Heba PanSTARRS), 6 — panio3zobpa-
>keHHs1 Ha yacTtoTi 1.4 GHz (orisin He6a NVSS), yepBoHuMii
KOJIip — JliHiiiHa 11Kajga i30JIiHii MOTOKY JJIg LIECTH CTy-
neHiB. HaliBumuii pagiokoHTyp Bigmosimae motoky 0.0035
An/mpominb. PamioctpykTypa y dopmi rano He mMae 4iTKoOi
rinoTe3u ISl MOSICHEHHS

Hux y mexax raaktuku NGC 157, mpo€eKTyIOThbCS
Ha 30HU 30PEYTBOPEHHS y CIipaJIbHUX PyKaBax, a
yeTBepTe, HMOBIpHO, € (POHOBUM JXKepenoM. Anpo
NGC 157 He noka3ye aKTMBHOCTI B pajiojiana3o-
Hi. ¥V Bunaaky MCG-02-37-004 cutyauisi mpoTu-
JIeXKHA, alKe BHACIIOK HM3bKOI PO3MiIbHOL 31aT-
HocTi orsiny He6a NVSS «paniomisiMma» moKpuBae
YCIO rajlakTukKy. TaKuM YMHOM, 11 SSAPO OifACHO MOXe
OyTW aKTMBHUM Y pajiofiara3oHi, ajie MUTaHHS Ha-
SIBHOCTI JUKETIB IS 1IbOTO JIKEpesa € MPeIMEeTOM
MaiOyTHIX CITOCTepeXXeHb y paaioaiara3oHi.
IlepcnekTuBY PO3BUTKY 0a3 JaHMX: MaiOyTHI Koc-
MiuHi micii. /loBrorprBaii ramMmma-criajaxu y Iky ix-
HBOTO TMPOSIBY € HAWSICKPaBILLIMMU BiIOMUMU JIKepe-
JIaMM €JIEKTPOMAaTrHIiTHOTO BUITPOMiHIOBaHHsI. OCKiJlb-
KU iXHi TTONepeJHUKN € MACUBHUMM 30pSIMU, BOHU
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3a0e3MeYyIoTh BiACTiAKOBYBaHHS 30pEyTBOPESHHS Ta
rajakTUK i3 30peyTBOPEHHSIM IIPOTSITOM YCi€i KOcC-
MiuHOI icTopii. IxHe sickpaBe micisicBiueHHs 3i cTe-
MEHEeBUM 3aKOHOM 3a0e3reyuye igeajbHe ITiaCBidy-
BaHHS JJISI TOCJiIKEHb TOTJMHAHHSI MiXK30pSIHUM
Ta MiXTaJaKTUYHUM CEepelOBUILEM ax 10 €pu pe-
ioHi3alii. 3anmpornoHOBaHUII Ha APYTY IOJOBUHY
2030-x pp. TIPOEKT KOCMIiYHOI obOcepBaTopii
THESEUS (Transient High-Energy Sky and Early
Universe Surveyor) npu3HauYeHUI 1151 1€TeKTyBaHHS
BEJIMKUX BUOIpOK raMMa-crajaxiB Ha YepBOHUX 3Mi-
LIeHHsX Z > 6. Toai cTaHyTh MOXIIMBUMU JOTIOMiKHI
CMOCTEPEXXEHHSI 32 JOIOMOIOI0 OCHOBHMX iHCTpPY-
MEHTIB HACTYMHOI'O TOKOJiHHS, 110 YMOXJIMBUTD
BUKOHAHHSI HU3KU TTPOPUBHUX JAOCTiIKEeHb. OUiKy-
erbes, o THESEUS 3Moxxe imeHTrdiKyBaTH Ta J0-
Kami3ysatu Big 40 mo 50 ramMmma-craiaxiB Ha z > 6 3a
3.45 poku HayKOBUX CIIOCTEPEXKEHD i TO3BOJIUTH BU-
3HAYUTU (POTOMETPUUYHI YEPBOHI 3MIILICHHS 3 TOY-
HicTio, Kpamioto Hix 10 %, 3aBnsku ineHTudikamii
po3puBy JlaiimMaHa, 110 3MIIIYEThCS IO Oiaria30Hy
YyTJIUBOCTI ISI 300pakeHb MOro iHdpayepBOHOro
teneckona (IRT) [22]. THESEUS no3Bonutsb nociii-
JIUTU c1a0Ki XBOCTU (DyHKIIii CBITHOCTI rajlakTvK i
IIUTBHOCTI IIBUAKOCTI 30pEYTBOPEHHS 10 BUCOKUX
YepBOHUX 3MillleHb; OOMEXUTM Xil peioHizalii 3a
MeXaMM 7 ~ 6; IeTaJbHO BUBYUTH PAHHE XiMiuHE
30arayeHHs Big BUOyXiB 3ip, 30kpeMa III mokomiH-
HS1; MOTEHIIIMHO OXapaKTepU3yBaTU PiBHSIHHS CTaHy
TEMHOI €Heprii Ha HAMBUIINX YEPBOHUX 3MIllIEHHSIX.

THESEUS no3BoiuTh MPOBOAWUTA MOHITOPUHT
TpaH3iEHTHOTO Heba 3 HMU3KOIO IepeBar nepem Ino-
MepeaHiMU MicisiIMU, 110 3pOOUTb 3HAYHMI KPOK
BIIEpe] y Halllill 3MaTHOCTI AoCiaKyBaT BcecBiT y
OaraTbox KaHaJjlax. 3HauHa YaCTUHA MOraHo JIOKali-
30BaHUX OaraToKaHaJIbHUX JXKepelsl Oyde He3alex-
HO HaJiliHO AeTeKToBaHa 3a nornomoroo THESEUS
XGIS i SXI y mexax oaHiel opOiTH 3aBasiku 06e3-
MPeLeIeHTHOMY TIOEIHAHHIO  BEJIMKOTO  TOJs
30py (XGIS: 2 cTepang B eHepreTHYHOMY Oiara30Hi
FE = 2...150 xeB i O6inpm Hixx 4 crepam mist E >
> 150 keB; SXI: 0.5 crepan) i 1oOYTKYy e(peKTUBHOI
TUIOLL Ta MOJISl 30pY LIUX MPUIaIiB.

Lle 103BOJUTHL He3aleXXHE TPUTepYBaHHS eJieK-
TPOMArHiTHUX BiAMOBIAHMKIB YWCIEHHUX TpaBi-
TaliiHO-XBUJIbOBUX/HEUTPUHHUX JKepesl, K 1ie
oyno y unanky GRB 170817A, TpurepoBaHoro
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Fermi/GBM He3anexxHo Bim BUSBICHHS TpaBiTa-
LiAHMUX XBUJIb 3 TOTO caMoro mxepena [S]. BomHouac
XGIS i SXI 3abe3reuaTsb JOCUTH TOYHY JIOKAJTi3a1lil0
(<15x8), mo BiacytHs y Fermi/GBM. Lle no3BoauUTH
MOJaJIbIIi CIIOCTEPEXKEHHS 3a JOIMTOMOT010 6OPTOBO-
ro 70 cm iHppauepBoHoro Teieckona (IRT), a Ta-
KOX iHIIMX KOCMiYHMX Ta Ha3eMHMX iHCTPYMEHTIB
3 BY3bKMM T10JieM 30py [5]. HebecHi koopauHaTu
3MOXYTbh OyTU PO3MOBCIOKEHI cepe aCTPOHOMIU-
HOI CITUILHOTH 3a JIiY€Hi XBUWJIMHU. Y BUIIAJKy BU-
SBJICHHS OJIMDKHBOTO iH(MpauyepBOHOTO/ONTUYHOIO
BinnmoBimHuKa 3a goromoroio IRT y BigmoBins Ha
tpurep SXI/XGIS, posnoBcroakeHi HebeCcHi Koop-
JUHATU MaTUMYTh PiBEHb TOYHOCTI MOPSIAKY CEKYH-
1y nyru. e 1o3BOUTS iHillil0BaTH MOJaIbIIII IT10-
1Ii CIIOCTEPEXKEHHS 3a JOMOMOTOIO TyXKe BEJUKUX
Ha3eMHUX i KOCMiYHUX TEJECKOITiB, JOCTYITHUX Ha
nouatky 2030-x pp., Hanpukiag SKA, CTA, ELT
abo Athena, 1o 1e Oijblle MiACUJINTL HAyKOBMIA
pe3yJIBTaT 3 TOYKH 30PY BCTAHOBIIEHHS XapaKTepuC-
TUK JIKepesia TpaBiTalliiHUX XBUJIb Ta/ab0 HeUTpu-
Ho [18]. Bucoka TpuBaJlicTh CIEKTPaJIbHUX CIOCTE-
pexeHb y mupokomy aianazoni 0.3 keB...20 MeB
(SXI + XGIS), MOXI1MBO 10IAaTKOBO 3 OJU3bKUM
iHppauepBoHuM pianazoHoMm (IRT), craHoBUTUME
BEJIMKY IepeBary Wis ineHTudikailii Ta BU3Ha4YeHH:
XapaKTepUCTUK Pi3HOMAHITHUX IKepesi-BillloBiI-
HUKIB IrpaBiTalliiHUX XBWIb Ta HEUTPUHO BiZHOCHO
IHIIMX MOHITOPiB HeOa, sIKi 00MEXKYIOThCS BYKUNM
JIiarma3oHOM, SK-OT MAaiOyTHSI KUTaiichbKa MicCis
Einstein Probe (0.3...4 xeB) [18].

VY Bignosiab Ha Tpurepu Bixn THESEUS BuKOHY-
BaTHMMETHCS MOIITYK MiAIMTOPOroBUX IOl y rpaBiTa-
LiITHO-XBUJILOBUX Ta HEUTPUHHUX apXiBHUX JaHUX
(HampuKJiad, Y BUNAAKy TpUrepa ramMmMma-criajaxy).
Kona6opaiis LIGO-Virgo Bxe peanizyBana 110
CTpaTteTiio IS psay BUSIBICHUX TaMMa-CIiajiaxiB.
Kopuche naBantaxenns micii THESEUS Bkiioua-
TUME TPU iHCTpYMeHTH [1]:

1) Soft X-ray Imager (SXI, 0.3...5 keB): Ha0ip 3
2 lobster-eye TeJaecKOIMiB, 110 OXOILIIOIOTH 3arajbHe
noJie 30py (FOV) nopsinky 0.5 crepan 3 moxuOkoro
JIOKauTizalii JKepeia MeHII Hix 1-27;

2) InfraRed Telescope (IRT, 0.7...1.8 mxm): I4-
TesieckoIl kiacy 70 cMm 3 mosiem 3opy 157 x 157 mjs
LIBUIKOTO BiATYKY, 3 MOXJIMBICTIO SIK 300paKeHHSI,
TaK i CIIEKTPOCKOITII;

3) X-Gamma rays Imaging Spectrometer (XGIS,
2 keB ... 20 MeB): Habip 3 1BoX KaMep 3 KOJOBaHOIO
MAaCKOI0, 1110 BUKOPUCTOBYIOTb MOHOJIITHI JI€TEKTO-
pU PEHTIeHiBChbKMUX Ta raMMa-IIPOMEHIB Ha OCHOBI
CTPIYOK KPEMHI€BUX AIOAIB Y NMOENHAHHI 3 KpUC-
TajliyHuM cuuHTuiasgTopoMm Csl, 1o gae mose 30py
MpUOAM3HO 2 cTepal i TOYHICTh JoKaji3allil Jkepe-
Ja 10 B mianmasoni 2..150 keB, a Takox mosie 30py
OinbII HiX 4 cTepaa mpu eHeprisix moHan 150 keB.

[Tpodink Micii Takox BKouae [1]: cucremy 6op-
TOBUX OJ10KiB 00po0Oku maHux (DHU), 3naTHY BH-
SIBJISITU, iZeHTU()IKyBaTH Ta JIOKali3yBaTu HMOBIpHi
TpaH3ieHTn y noJji 3opy SXI i XGIS; MoxnuBicTb
IIBUIKOI (HE Oinbllle KiJIbKOX OECATKIB CEKYHI)
repenavi Ha 3eMJTI0 9acy TOYaTKy Ta TTOJOKEHHS
ramMmMa-crnaiaxy (Ta iHIIMX IiKaBUX TPaH3I€EHTIB);
MOXIIMBICTh TIOBOPOTY KOCMIUYHOTO amapara IIo-
HaliMeHIIIe Ha 6°/xB. ba3oBa KoHdirypartis 3arryc-
Ky/opbitu [1] — 1e 3amyck 3a goroMoroto Vega-C
Ha HU3bKY HaBKOJIO3eMHY OpOiTy 3 HU3bKUM Haxu-
oM (LEO, 600 kM, <5°), ska Mae miepeBaru 3abe3-
TMeYEeHHsI HU3BKOTO i CTabiIbHOIO PiBHS (DOHY IS
BHUCOKOEHEPIeTUYHUX iHCTPYMEHTIB, MOXJIMBOCTI
BUKOPMCTAHHSI MarHiTHOTO MOJsT 3eMITi [UISl 1B -
KOTO TTOBOPOTY KOCMIYHOTO araparta, IOJIeTIIeHHS
LIBUAKOI Tepeaaydi TpUrepiB i MojgoXeHb TpaH3ieH-
TiB Ha 3emJi0.

VY mucromani 2023 p. THESEUS craB omHuM i3
TPbOX KaHAuaaTiB Ha micito ESA M7. OctartouHe
pillleHHs Oo4iKy€eThes y 2026 p.

BucHoBku. Po3riIsiHYTI NpUKJIaau ITOKA3YIOTh, 1110
BX€ CbOTOJIHI 0a3u JaHUX KOCMIYHMUX MicCiii 103BO-
JISIIOTb OTPUMYBATU BaXXJIMBI Pe3yabTaTU B Pi3HUX
HampsMax acTpodizuku. 30Kpema, pe3yJbTaTh IJIs
pPO3pO0JIEHOI TEOPETUYHOI MOJeNdi, OTpUMaHi Ha
OCHOBIi BUMiptoBaHb KocMiuHoi Micii PAMELA, no-
Ka3ajiu, 10 PiBHi MOAYJISAIil KOCMiYHUX TTPOMEHIB
Ha 1 a. o. (eHeprii 50...150 TeB) cTaHOBATH KinbKa
BimcoTkiB. OLiHKa piBHS MOAYJISLII € apTyMEHTOM
JJII TIOLIYKY e(eKTiB TaKoi BEJIMYMHU B HaSBHUX
0a3zax ekcrnepuMeHTaIbHUX AaHuX. OTpuMaHi pe-
3yJIBTaTU CBilYaTh PO HAsIBHICTH mepiodiB (Iipu
COHSIYHMX MaKCUMyMaXx), KoJI1 e(heKTu OyaIyTh Hali-
OiJIbII 3BHAYHUMM.

OTrpumaHi 3aBASIKM BUKOPUCTaHHIO 0a3 JaHUX
PEHTIEHIBCbKMX KOCMIYHUX TEJIECKOIliB pe3yJib-
TaTU BaXKJIMBi JJI 3alUTY Ha IMPOrpaMM CIIOCTeE-
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pexeHb i3oapoBaHux Al 6au3bkoro BcecBiTy B
pamiomiana3oHi SIK 3a JOIIOMOTOI0 OKPEMUX pamio-
TeJIeCKOTiB, TakK i B peXuMi pagiointepdepomeTpii
3 HangoBrumMu 6aszamu. Lle 103BOJUTH 3aITOBHUTHU
OporajvHu y AAaHWUX TIPO BJIACTUBOCTI i30JIbOBA-
Hux AT Ta mpoBecTH neTajabHe KapTorpadyBaHHS
0COOJMBOCTEN PO3MOAITY PagioBUIIPOMiIHIOBAHHS
LUX TaJaKTUK Y MOPiBHSIHHI 3 ONITUYHUM Ta PEHT-
TeHIBCbKMMMU CHEKTpaJbHUMM AiamazoHamu. Ta-
KOX CJIil BIIMITUTH, 110 BUIIPOMiIHIOBAaHHS B pa-
Jiomiara3oHi (cmocTepekeHHs Ha Pi3HUX 4acTOTax
Ta NoOyaoBa CNEeKTpaJbHUX PaaioiHIEeKCiB) Hagae
MOXJIMBICTb PO3MiAUTU 00JIaCTi aKTUBHOIO 30pe-
YTBOPEHHSI TaJJaKTUK Ta LEHTPaIbHI 00JIacTi 3 HaI-
MacCUBHUMHU YOPHUMU JipaMy B aKTUBHOMY SIIpi,
a oTXe 1 HajgaTH iHGopMallilo MPO BiACYTHICTh aK-
TUBHOCTI sapa.
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PECULIARITIES OF THE DISTRIBUTION AND DETECTION OF COSMIC RAYS,
GAMMA-RAY BURSTS, AND OTHER HIGH-ENERGY SOURCES

The importance of using databases of scientific space missions for fundamental astrophysical research is demonstrated. Based
on the spacecraft data and the obtained solutions of the transport equation, the estimates of level of the cosmic rays modulation
in the heliospheric magnetic fields were made. Based on the archives of ground-based and space telescope observations in the
radio and optical ranges, the radio properties of a sample of isolated active galactic nuclei in the nearby Universe have been
systematized. Opportunities that may arise from the databases of future multiwavelength space missions are also considered.
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STRUCTURES OF ADAPTIVE SIGNAL PROCESSING SYSTEMS
FOR RADAR SENSORS OF EXTERNAL INFORMATION
FOR CORRELATION-EXTREME AIRCRAFT NAVIGATION SYSTEMS

During the guidance of the aircraft on the final part of the flight, it is affected, along with other external factors, by interferences of
various (artificial or natural) origins. These interferences have various effects on the receiving elements of the antenna array of the

radar sensor of external information. Due to the variability and rapidity of the complex interference situation, adaptive interference

protection systems are the most effective in combating these interferences. It is known that the use of adaptive processing systems allows
for overcoming the practically inevitable a priori uncertainty of statistical characteristics of signals and interference of various origins.

At present, due to the development of digital technology, new methods and devices for adaptive signal processing against the back-

ground of interference have appeared. Thus, the arsenal of methods of adaptation to Gaussian disturbances has been supplemented
by methods involving the inversion (direct or recurrent) of the most plausible estimates of correlation matrices of disturbances or their
regularized varieties. Wide possibilities of adaptation are opened up in modern radar stations with multi-element phased antenna ar-

rays, which provide for digital information processing. Due to the very high speed of the aircraft during the operation of its correlation-

extreme guidance system, as well as due to the dynamic and non-stationary interference environment, an important requirement for
adaptive anti-jamming systems is their speed. The effectiveness of adaptive processing of signals against the background of interference
can be significantly increased by using reliable a priori information. The paper considers a method of increasing the speed of adaptive
protection systems against radar interference of various origins by taking into account a priori information about the central symmetry
of the receiving channels of radar sensors of external information of correlation-extreme aircraft navigation systems. It is shown that
taking into account such a priori information as the central symmetry of the receiving channels of radar sensors of external informa-

tion leads to a corresponding change in the structure of devices for adaptive signal processing in the conditions of interference in these
sensors and as a consequence, 1o an increase in their speed.

Keywords: interference, antenna array, radar sensors, adaptive signal processing systems.
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INTRODUCTION

While guiding an aircraft (AC) equipped with an ex-
ternal information radar sensor (EIRS), especially
during terminal flight, the problems of the speed of
protecting the EIRS from various interferences (ac-
tive, passive, or mixtures thereof) come to the fore
along with the problems of accuracy and speed of
the aircraft guidance proper [1, 4—6]. High require-
ments for the speed of anti-jam systems are deter-
mined by both the instability and dynamism of the
interference environment and a very short time al-
lotted for correcting the environment and protecting
against interference.

Using a priori information allows counting on an
increase in the speed and efficiency of the anti-jam
systems [2, 7].

It was shown in [2, 7] that if the antenna array (AA)
receiving elements are symmetrical with respect to
the array’s geometric center, i.e., the difference in
distances d between the pth and qth receiving el-
ements and the difference in distances between the
(M+1-¢g)th and (M+1-p)th elements are the
same, i.e., when

d,—d =d
g€l M,

d

M+l-q ~ “M+1-p>

where M is the number of the array’s receiving ele-
ments, and also, when the amplitude patterns of the
elements symmetrical with respect to this center are
identical, the spatial correlation matrix (SCM) of
active interference is not only Hermitian but also
has additional symmetry with respect to the sec-
ondary diagonal (the so-called persymmetry). Tem-
poral SCMs of passive interference in pulse radars
with a centrally symmetric sweep law can have the
same properties [2, 7]. Mathematically, persymmetry
means that

O TI=TIDTI, ¢, =Ppii grrorps

where IT is the orthogonal symmetric permutation
matrix (ITIT=1, [1=I1"), containing ones on the
side diagonal and zeros elsewhere, is the sign of a
complex connection.

The persymmetric matrix (2) is completely de-
termined by the elements (M*+2M)/4 | which at
M >> 1 is almost half as much as in the case of a gen-
eral positive Hermitian matrix [6, 7]. Actually, it is
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this reduction in the dimension of the vector of the
estimated parameters that allows for a further in-
crease in the speed and efficiency of the anti-jam sys-
tems, since in order to obtain the value of the weight
vector, which makes a “dip” in the radiation pattern
of the EIRS receiving AA on the direction of influ-
ence of a particular interference (this is the adaptive
signal processing against the clutter environment),
this correlation matrix (CM) should be rotated in
real time.

PRESENTATION OF THE MAIN MATERIAL

The central symmetry of the receiving AR of the EIRS,
which gives rise to the specificity of the CM structure
(i.e., persymmetry), also leads to a respective change
in the structure of adaptive signal processing devices in
the clutter environment in the EIRS.

As is known, an adaptive processing system should
generate statistics of the following form [6]:

E=V, ¥X, (1)

where A is the evaluation symbol, * is the Hermitian
message symbol.

If spatiotemporal signal processing in the EIRS
is carried out jointly, then the V. role is played by
the ML-dimensional complex amplitude vector of
the input sample of the mixture of the desired signal,
interference, and noise (L being the number of tem-
poral receive channels), the ¥ role is played by the
(ML x ML) matrix, inverse to the estimated interfer-
ence CM @, and the X role, by the ML-dimension-
al vector of the desired signal.

Expression (1) also works in the case of only spa-
tial or only temporal processing of signals against
the clutter environment [1]; it is only the content
of components (1) that changes. For example, dur-
ing spatial processing, the M-dimensional vector
Y =Y, +yX plays the role of V, , where Y,, is the
M-dimensional vector of input samples; the role of
V¥ is played by the (M xM) matrix, inverse of the
estimated spatial CM at the input of the spatial signal
processing device against the clutter environment;
the role of X is played by the M-dimensional spa-
tial vector of the expected desired signal of the form
X =x(t)X(a) , where

X(o)= {xf"'") };:
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Y
> sDT(T)
A A
X R R, R’
|:> ST(T) :> VMM () .
[T> R

Figure 3. A simplified version of Figure 2, which takes into
account the condition X(a) =TITX (o)’

is the vector of the amplitude-phase distribution
(APD) of the desired signal in space, and x(t) is a
random amplitude factor.

In the case of temporal (interperiod) processing,
V. is the L-dimensional Y. complex amplitude vec-
tor, ¥ is the (LxL) matrix, inverse of the estimated
CM of interperiod fluctuations of interference @ at
the input of the temporal (interperiod) processing
device, Xis the L-dimensional temporal vector of the
desired signal of the form X =x(¢)X_, where
X ={x(x)}L

x ' im

is the vector of the desired signal APD in time.
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The paper proposes the following engineering so-
lutions, described below, suitable for all addressed
options of processing in the EIRS, if the corre-
sponding interference CM @ at their inputs is per-
symmetric.

Let us introduce the following matrix [2] (let us
say, it will be (M x M) in size):

M 1 .
T={t:f,. = ﬁ[IM —jm,, ] )
with the following properties:
T=T" = I, T, =-jT'I, = _jHMT*’ TT = Iys

where [, is the identity matrix (M xM), I1,, is the
permutation matrix (M xM).

It is known that any complex matrix can be repre-
sented by a set of its real and imaginary parts:

@ ={0, }fj:l =D+ jD"

Using the matrix 7, the Hermitian persymmetric
matrix turns into a real symmetric matrix (M xM):
O, =TOT =0'+®"11,,.
Given the notation introduced above, let us rewrite
the expression (1):
E=Y X =Y TTYTTX =V, X, =V'R,
where
V={v},=TY =V _+jV, (3)

is the transformed input sample vector,

1 ! n
Vi :{Vzi}il; =$(Y +11,Y ),

1
V, =y}, =——(Y"~T1,Y"), 4
A {VAt}l:l \/5( M ) ( )
X, =TX=(X;+jX,) — 5)

is the transformed vector of complex amplitudes of
the expected desired signal, whose components X,
and X, are equal to:
1
X, =—=(X"+I1X"),
2

NG

X, =L2(X”—HX’), 6)

N

‘i‘v —TYT = Cf);l is the real matrix, inverse of the
transformed real estimated CM:

O, =TOT,
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R is the estimation of the weight vector consisting of
the ratio:
R=T'®'X,=TR,, R, =¥, X,. (7

Figure 1 shows the diagram of generating the
weight vector R based on (7). Double arrows indi-
cate the vectors, shaded arrows, the matrices. Here,
the vector R is generated by multiplying the vector
R, by the matrix T at the output of a vector-matrix
multiplier (VMM) with a matrix impulse response
(MIR) proportional to the real matrix ¥, indicated
in parentheses in the VMM block. The transformed
reference vector of the desired signal X, (5), (6) ar-
rives at the inputs of this VMM. The parameters of
this VMM are estimated in the estimation block (EB)
thanks to the processing of the k-dimensional inter-
ference sample transformed based on (3), (4).

The structure of the EB and the algorithms for es-
timating the required parameters can be varied, de-
pending on the VMM block structure.

Figure 2 shows the diagram presented in Fig-
ure 1, but the structure of the blocks transformed
with the matrix T (2) spelled out. In these blocks,
the input complex vectors, having the form of a set of
their real and imaginary parts, are transformed into
the output sum and difference vectors determined
by (3)—(6). In this context, the blocks are called
blocks of the sum-difference transformation (SDT).
The real (R') and imaginary (R") parts of the vector

R=R'+jR"=Y¥,X, are then equal to:
R—R,-TIR,, R"=R, +TIR, ,
R, =¥ X, , R, =¥ X,. (8)
Figure 3 shows a simplified version of the Figure 2
diagram, which takes into account the condition [2,

7] that is essential for a radar with central symmetry
of receive channels X(a) =I11X (o), therefore:

X, =-X, , )

which allows representing the vector R , taking into
account (2), (5), (6), (8), as:

P P
R TJ(RZ +jTIR,).

In this regard, under conditions (9), for the com-
plete plotting of the complex vector R , it is sufficient
to generate only the vector:
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Iix = \i]VXZ )

which is taken into account in the diagram shown in
Figure 3. Processing here is simplified by extracting
the operations associated with the generation of vec-
tors X,, R, and subsequent operations associated
with them. If there is no need for the vector X, , the
SDT(T) block is replaced by the sum transformation
block ST(T). X

The values R' and R" in the Figure 3 diagram
differ from the corresponding values in the Figure 2
diagram by a constant factor

b

that does not affect the output value of the signal-to-
noise ratio.

CONCLUSIONS

The article shows that using the estimate of the per-
symmetric correlation matrix, which is inherent in
centrally symmetric receiving systems, in particular
in the EIRS, in combination with the sum-difference
transformation of input influences, allows expecting
a reduction in the number of calculations by almost
four times.

The article proposes the structures of adaptive sys-
tems of spatial, temporal, and spatiotemporal signal
processing against the background of interference of
various origins for the EIRS with central symmetry of
receive channels. The main elements of the proposed
structures are the blocks of the sum-difference trans-
formation, vector-matrix multipliers, and the evalu-
ation blocks to adjust the parameters.

Various types of adaptive devices, differing in struc-
ture and algorithms for estimating a priori unknown
interference CM, can be used as EB and VMM in
the proposed diagrams. Among them, adaptive lattice
filtering methods are of the greatest practical interest
due to their important practical advantages [3] such as:

- suitability for a wide range of tasks,

- structure regularity,

- universality,

- high numerical strength,

- ease of accounting for and using of a priori infor-
mation,

- ease of control of malfunctions and failures, etc.
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U TnetuTyT npo6ieM peectpatii indopmarii HamionansHoi akagemii Hayk Ykpainu
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CTPYKTYPU ATATITUBHUX CUCTEM OBPOBKW CUTHAJIIB /14 PAIIOJTOKALIMHUX JABAYIB 30BHILITHBOI
THOOPMALIIT KOPEIAUIMHO-EKCTPEMAJIbHUX CUCTEM HABITALIIT JIITATbHUX ATIAPATIB

Ilin yac cynpoBony JiTaJIbHOTO anapara Ha KiHLEBili AUISHLI TOJbOTY HAa HbOT'O BIUIMBAIOTH MOPSIA i3 30BHILLHIMU (hakTOpaMu
11e ¥ 3aBaau pizHOro (IITYYHOro abo MpUpOAHOro) rnoxomkeHHs. i 3aBaayu MalOTh pi3HOMaHITHUI BIUIMB Ha MPUMaJbHI
eJIEeMEHTU aHTEHHOI PEINTKM paaioioKalliiiHOTO AaBavya 30BHIlTHBOI iH(opMaltii. Yepe3 MiHIMBICTh Ta MIBUAKOIIMHHICTD
CKJIaIHO1 3aBaJI0BOI 0OCTAHOBKHY HalOi/IbIll €(heKTUBHUMU Y OOPOTHOI 3 IUMU 3aBalaMU € aJaliTUBHI CUCTEMU 3aBaIO3aXUCTY.
Binomo, 110 BUKOpUCTaHHS aganTUBHUX CHUCTEM [O3BOJISIE TOMOJATU MPAKTUYHO HEMUHYYY amnpiopHy HEBU3HAUYEHICThb
CTaTUCTUYHMX XapaKTepUCTUK 3aBajl pi3HOTO MOXOMKeHHsA. Ha TemepilnHiii yac y 3B’SI13Ky 3 PO3BUTKOM HUMPOBOI TEXHIKU
3’SIBUWJIMCh HOBI METOAM i MPUCTPOI agarTUBHOI 0OpoOKM cuUrHaiiB Ha (oHi 3aBam. Tak, apceHajq METOMAIB ajanTalii 10
raycCciBChbKUX 3aBaj] MOMOBHUIM METOIU, L0 TependavyaoTb obepTaHHs (Oe3rnocepenHe abo pPeKypeHTHe) MaKCHUMAalbHO
MpPaBIONONIOHUX OLIIHOK KOPEJSLIHHUX MaTpullb 3aBaj ado iXHiX peryjsipu3oBaHUX pi3HOBUIIB. LLIMpoki MoXIMBOCTI
TaKol ajanTallil BiIKPUBAIOTbCS y CyYaCHUX PaliojoKaliMHUX CTaHLisX 3 O0araToeJleMeHTHUMHU (a30BaHUMU aHTEHHUMU
peuriTkamu, y sSKux rnependavaeTbes nudposa 06podka iHdopMaliii. Yepes ayxe BeJMKy LIBUIKICTD JIITATbHOIO anapara
mig yac poOOTH MOTo KOpesiiiHO-eKCTpeMaaIbHOI CUCTEMU HaBEeIeHHSI B yMOBax JMHAMIYHOI Ta HeCTallioHapHOI 3aBa0BO1
CUTYallil BAXKJIMBOIO BUMOT'OIO 10 a1aNITUBHUX CUCTEM 3aXMCTY BiJl 3aBajl € iXHSI IIBUAKOIISI. E(heKTUBHICTb a1anTUBHO1 00pOOKU
CUTHAJIiB Ha (POHI 3aBaji MOXe iCTOTHO MiJIBULILYBATHUCS 3aBASIKM BUKOPHUCTAHHIO JOCTOBIPHOI anpiopHoi iHGopmaltii. ¥ crarti
PO3IJISTHYTO CIOCIO MiIBUIICHHS IIBUAKOIIT afalTUBHUX CUCTEM 3aXUCTY BiJl padiofoKallifHUX 3aBajl Pi3HOTO TTOXOKEHHS
3aBASKM BpaXyBaHHIO alpiopHOi iH(opMallii Npo LEeHTpadbHy CUMETPil0 NpUIMaTIbHUX KaHAJiB pafiojoKalliiHUX AaBayviB
30BHILIHBOI iH(hOpMallii KOpeasiLiiHO-eKCTpeMaIbHUX CUCTeM HaBirauii JitaabHux anapatiB. [lokazaHo, 1110 BpaxyBaHHs
Takoi ampiopHoi iH(opMalii, K IeHTpaJibHA CUMETPis NMPUUMaJbHUX KaHATIB pamiojoKalifHMX JaBadiB 30BHIITHBOI
iHbopMallii, MPU3BOAUTH 10 BiAMOBINHOI 3MiHM CTPYKTYPH MPUCTPOIB aJalITUBHOT OOPOOKHM CUTHAJIIB B yMOBAX 3aBajl y LIUX
JlaBavax i, SIK HacJIiIOK, IO IiABUIIEHHS IXHbOI IIIBUIKOIII.

Karouoei caosa: 3aBaiu, aHTeHHA pelLLiTKa, paaioJoKalliliHi 1aBayi, alanTUBHI CUCTEMU 0OPOOKU CUTHAIIB.
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