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1010 MOZKINBOCTI 3AITYCKY KOCMIYHUX AITAPATIB
3 BUKOPUCTAHHAM PAKETU-HOCIA JEI'KOI'O KJIACY
3 TEPUTOPII YKPATHU

B oanuii uac 6 Yxpaini iobysaemoca ouckycia w000 cmeopeHHs HAUIOHAAbHO20 paKemHo-Kocmiunoeo komnaekcy (PKK) ma
MOXNCAUBOCMIT 3ANYCKY KOCMIYHUX anapamié 3 éaacHoi mepumopii. OOHIEI0 3 0CHOBHUX NEPeuK00 w000 pO3MIUEHHA KOCMOOPOMY 6
Ykpaini npuitnamo ésaxcamu eycmonacenenicms mepumopii ma Hemoodicaugicme 3ade3nevumu 6e3nexy Ha emani NOALOMY paKemu
Kocmiunoeo npusnauenus (PKII), wo noé’szarna iz nadinHam Ha CyMidcHi Kpainu 6i00KpeMAr8aHUX YACMUH NI 4ac WMAmHO20 No-
avomy ma PKII (ii ppaemenmis) y éunadky asapii.

Ha cvoeooniwniit densv y Jepocaenomy nionpuemcmesi «Koncmpykmopcoke 6ropo «Iliedenne» im. M. K. Hneeas» po3pobaero
npoekm nepcnekmuenozo PKK «I[uxaon-IM» i3 mpucmynenesoro PKII aeekoeo kaacy, akuii 0036041€ KOMNAEKCHO PO36’s13amu
npobaemy 3abezneuerus noabomuoi besnexu. s Hb02o 06paro micye cmapmy é XepcoHcvkiil o6aacmi ma nodyooeano mpackmopii
noavomy y nie0eHHOMY HANPSIMKY 045 @UBEOeHHs KOCMIYHUX anapamié Ha COHAYHO-CUHXPOHHY opOimy. 3pobaeHo po3paxyHKogo-
meopemuunuil ananiz 6eznexu nio uac wmamuoeo noavomy PKII «lluxaon-1M» ma y eunadky eunuxHenns asapii PKII na emani
noAbOMY, @ MaKoic po3podaeHO peKomerdayii w000 nidguujerHs NOAbOMHOI be3nexu.

Tloka3zano, wo 3anpononoari mexuiuHi ii opeanizayiiini piuleHHs 3a06e3neuyoms 6UKOHAHHS 8UMO2 00 NOAbOMHOI Oe3neku 044
HaceneHHs ma iHwux 00’ ekmie Ha npuneeniti 00 mouku cmapmy mepumopii Ykpainu, mepumopisx Typeuuunu i kpain Agppuxu, axi
nepebysaioms y 30Hi nadinus asapiinux PKII, a makooc cyden 6 akeamopisx Yoproeo it Cepedzemnoeo mopie. Busnauerno nebesneu-
HI 30HU 045 CYOeH y pationi nadints eidokpemarogarux yacmur y Cepedzemromy mopi. Jlns ybesneuenHs cyoen, uo posmauosysa-
mumymucs y CepedzeMHOMY MOPI, NOMPIOHO BUKAOHUMU IXHE nepey8aHHs 6 Hebe3neuHux 30Hax Ha yac nycky PKIT «[uxaon-1M».
Ompumanuii cymapHuil KoAeKmueHuil pusuK 045 HacereHHs 6 medxcax 30y nadinna asapiiinoi PKIT cmanoeums 3.46-10-5, wo
3abe3neuye UKOHAHHA MIJNCHAPOOHUX 8uMOoe 00 hoabomHoi 6e3nexu. OcHoeHow npodaemoro Ha danuil yac € npoaim PKII «I[ukaon-
IM» nao mepumopiero Yopromopcokoeo depacasroeo 6iocgepHo2o 3ano6ionuKa, Ha sKulli Mmoxcause nadinua aseapiinoi PKIIy eu-
naoky aeapii Ha NOYAMKOBIL OiNSHYI MPAEKMOPIi noAbOmY.

Karouosi caosa: pakema KocmiuHo20 NpU3HA4eHHs, NOAbOMHA Oe3neKa, 30Ha NadiHHs GI0OKPeMAIO8AHOT yacmutu, 30Ha NAJIHHS
asapitinoi pakemu KOCMiYH020 NPU3HAUeHHS, Hebe3neUHa 30HA, KOAeKMUBHUI PU3UK, IHOUGIOYaANbHULL PUSUK.
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BCTVYII
OpHi€l0 3 roJIOBHUX MPo0sieM YKpaiHU SIK paKeTHO-
KOCMIUHOI JIep>KaBu BBaXKa€TbCS BiJICYTHICTh Halli-
OHAJILHOTO KOCMOJPOMY 1 BJIaCHOI paKeTu-HOCis,
3IaTHOI JOCTABJISITU HAa HABKOJIO3EMHY OpOiTy KOC-
miuHi anapaTtu (KA). ITpuunHoO 11bOTO Y OLIbIIOC-
Ti BUTIQJKiB Ha3MBAETHCSI HEMOXJIMBICTh PO3MIlLIEH-
HsI KOCMOJIPOMY Y MeXKax TyCTOHACEJIEHOI TepUTOpil
VYKpalHu Ta CKJIaIHOCTI i3 MpOKJIagaHHSIM Tpac 3a-
nycky KA. Otxe, NMpuiiHSTO BBaXkaTu, 110 OCHO-
BHOIO TIEPEIIKOAO0I0 PO3MIllIEeHHS KOCMOJAPOMY Ha
TepuTOpii YKpaiHU € HEMOXJIMBICTh 3a0€3MeUYeHHs
0e3MeKy Ha eTalli MMOJIbOTY, IMOB’I3aHOI 3 TadiHHIM
BimokpemmoBaHux yactuH (BY) i paker-HociiB (abo
iXHiX (pparMeHTiB) y BUIAAKy aBapii. Tak, Harpu-
kian, Makcum ITossikoB, 3aCHOBHUK YKPaiHChKO-
ro-aMepuMKaHChbKOro KocmiuyHoro craptamy Firefly
Aerospace, 3a3Havae, 1110 y BUITaIKy CTBOPEHHSI KOC-
MOAPOMY B XEpPCOHCBKil 00acTi MepIinuii CTYMHiHb
pakeTtu-Hocist (PH) y mpoueci 3anycky KA mae na-
nJatu abo Ha Pocito abo Ha Typeuuuny. Lle, Ha iioro
IYMKY, HEeIpUITycTUMoO. Buxin y Takiii curyaiiii 6ara-
TO XTO BOava€ y BUKOPMCTaHHI KoHIeIil «IToBiTpsi-
HOTO CTapTy», BKpali JOPOTOro i CKJIaIHOTO MPOEKTY.
[ToTpiOHO 3ayBakuTH, y CBIiTi OiIBILIICTL HasIB-
HUX KOCMOJPOMIB po3TallloBaHa TAKUM YUHOM, 1110
Tpacu 3anycky KA mpoJjsraioTs yepe3 Maio3acese-
Hi a0o B3araji He3alIHeHi TepuTopii. Tak, 3HaUHY
KiTBKiCTh KOCMOJIIPOMiB MOOYIOBAaHO Ha y30epexk-
KX, a TPAEKTOPil 00MparTh TaKUM YMHOM, II100
noit PH BinOyBaeTbcsl Hag OKeaHOM, I EAMHUMU

Puc. 1. Tpaca mycky PH 3 kocMonpomy Cuuan (KHP)
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00’eKTaMU ypaXXeHHSI € cyaHa. Y BUIIaIKYy, KOJU
KOCMOJIPOMM PO3TalllOBaHi BcepeanHi KpaiH, Tpa-
cu mycky PH HamaraioTbcs IpoKJIagaty TaKUM YK-
HOM, 11100 BOHU OiJIbIIIOI0 YACTUHOIO MPOJISATAIN Ye-
pe3 BJaCHi TepUTOpil, HE 3aBAAlOUYM LIKOAW IHIIUM
nepxabaM. Lle MOBHOIO MipOIO CTOCYETHCSI KOCMO-
npoMiB baiikonyp (KaszaxcraH, Pocis), Ilnecelbk,
Bocrounuit (Pocis), Cuuan, LI3ouroans (Kuraii).
Ha puc. 1 nokazano tpacy nmycky PH mis kocMo-
npomy Cuuan y Kurai.

IToxazoBumM € mocsin I3paimio, KMl 3mificHIOE
3anyck HaioHanbHnX KA «Odek» 3 BUKOpUCTaH-
Hsim PH «IllaBiT» 3i cBO€i Teputopii 3 6azu BITC
«[Tampmaxim». baza poaTamroBaHa Ha y30epesKi
Cepea3eMHOro Mops, i ITyCKM BiZOyBalOThCS HE Ha
cXif, sIK mIst OUIBIIOCTI KOCMOJIPOMIiB, a Ha 3axif
MpOTU HaMpsIMKy obepraHHs 3emii. Ilycku B iH-
LIMX HaNpsiIMKax BUKJIIOUEHO, aJ)Ke CYMiXKHi Kpai-
HU po3TalioBaHi 01m3bKko. OTXe Tpaca 3amycky KA
npousirae yepe3 CepeazeMHe Mope Oiist y30epesoKst
€runry, JIiBii, yepes niBneHb 0. Cunuiiii Ta opan-
TapCbKy MPOTOKY.

PKIT IIUKJIOH-1M>» TA if OCOBJIUBOCTI

Ha panwmit yac y AI1 «Kb «IliBogHHe» po3pobiieHO
MPOEKT NMEPCHEKTUBHOIO PAKETHO-KOCMIYHOTO KOMII-
nekcy (PKK) «IuxinoH-1M» i3 pakeTor KOCMIYHOTO
npusHadeHHs (PKIT) nerkoro xiacy, sikuii miepemda-
yae 3amnyck PKIT i3 Ha3eMHOro myckoBOTro mpucTpoio.
TpuctyneneBy PKIT «lukinoH-1M» (puc. 2) Ha KOM-
MOHEHTaX KUCEHb Ta rac MpU3HAUEHO ISl BUBEACHHS
KA Ha HU3bKi HaBKOJI03eMHi opOiTH [7].

Sk touka crapry PKIT «{nknoH-1M» po3risiaa-
€ThCSl MaliJaH4YUK i3 KoopauHaTtaMu 46.32° mH. 1.
i 31.94° cx. 1., AKuii po3TallOBaHO Ha MiBOCTPOBI
Aropmuubkuit Kyt (Teputopist [ononpucTaHCHKOro
paiitoHy XepCOHCHKOI 001acTi) y HeHaceJIeHill Mic-
neBocTi. Haitbmkunit HaceIeHui IIyHKT PO3Talllo-
BaHMIM Ha BiICTaHi OUIBII HiXK 5 KM BiJl TOUKM CTapTYy.

3 00paHOi TOUKM CTapTy TUIAHYEThCSI BUBEICH-
Hs1 KA Ha COHSYHO-CHMHXPOHHY OpOITYy y IMiBAEH-
HOMY HaMpsIMKy 3 MOYaTKOBUM a3umyToMm 192.12°
(puc. 3). Taka TpaexTopisl Ha HUISHIL ITOJBOTY
MEepIIoro CTYMEeHs TMpoJsiraTUMe Hajl TEPUTOPIEIO
Vxpainu, akBaropieto YopHoro mopsi, TypedunHoo
(rmommit PKII Ham Tepurtopieio Typenbkoi peciryori-
KU 3[1MCHIOETHCS Ha BUCOTI Oi1bII HixK 100 kM 1mo3a
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MeXaMu 11 TOBITPSIHOTO IIPOCTOPY) i aKBaTOpPi€lO
CepenzemHoro mops. Ha erami mojboTy Apyroro
CTyIIeHs MOJIT BigOyBaTuMeThes Han Cepea3eMHUM
MopeM, ADPUKAHCLKUM KOHTUHEHTOM (TEpPUTOPi-
aMmu €runty, Cynany, LleHTpanbHoi AprKaHCHKOT
Pecny6iku, KoHro, AHronu).

st tpuctyneHeBoi PKIT «IIukiaoH-1M» 3a pe-
3yJIbTaTaMM €CKi3HOTO TPOEKTYBAHHS, BUXOISIUU
3 MOKAa3HUKIB 0€3BiIMOBHOCTI BYy3J1iB, arperaTiB Ta
CHCTEM, MPOTHO3YEThCSI PiBEHb IMOJILOTHOI Hamili-
HocTi He MeHI Hix 0.95. HagiliHicTh (pyHKIIOHY-
BaHHs1 PKII Ha etani moiaboTy nepuioro ta Apyroro
CTYMEeHiB BinnoBigHO cTaHOBUTH 0.99 1 0.98.

PKIT «{uknoH-1M» Gyae obagHaHO CUCTEMOIO
0e3IeKH TOJIBOTY, 1110 3a0€3ITeYNTh BUSIBJICHHS aBa-
pifinoro ctany PKII y monbsoTi Ta peaii3alito orne-
palliif IpUNMHEHHSI aKTUBHOTO aBapiiiHOIO MOJIbO-
Ty LIJISIXOM aBapiliHOro BUMKHeHHs nBuryHa (AB/I)
311 3MEHIIICHHST 30HM MOXJIMBOTO TIAIiHHS aBa-
piitHoi PKII Ta ii ¢pparmMeHTiB.

OIIIHKA BE3IIEKM B PAIOHAX MAITHHA
BITOKPEMJ/IIOBAHIX YACTHUH PKII «IIUKJIOH-1M>»

Y npoueci monboty PKIT «lukinoH-1M» nependa-
YAEThCS BiJOKPEMJICHHS 1 MaliHHS Ha TMOBEPXHIO
3emni BY nepioro crynenst (maixi BU-1) i cTynok
rosioBHoro oortiuHuka (CI'O). TpaekTopii moJaboTy
PKII «IIukiaoH-1M» 1moOynoBaHO TaKUM YUHOM,
mo pavionu naginHg BU-1 i CI'O nepeObyBaTUMYTh
y HeliTpanbaux Bomax Cepem3eMHOro Mopsi. Pos-
paxyHKoBi po3mipu paitoHiB naginHsg BY PKIT (1o
BianoBinaroTh iiMoBipHOCTi 0.997) Ta iXHE po3Taliy-
BaHHS JUISl ABOX 0a30BUX TPAEKTOpPili HaBeACHO B
Tab. 1, a TAaKOX MOKa3aHo Ha puc. 5.

Puc. 2. Pakera kocMiuHoro npusHadyeHHs1 «LlukinoH-1M»

Puc. 3. Tpaexropist momvoty PKIT «L{uxnon-1M»

Tabauys 1. XapakTepucTHKH PAHOHIB NaJiHHS BiIOKPEMIIOBAHUX YACTHH MEPIIOTrO CTYNEHs
i CTYJIOK roJioBHOTO 00TiYHMKA Mij yac mrTaTHoro moboty PKII «Ilukmon-1M»

N ) Bizokpewtopana L[iiﬂbHiCTb LeHTpa Posmipu eninca posciroBaHHS
paexropist paitony naginus BY
yactuHa PKII .
Bi/l TOUKU CTapTy, KM AL, xm AL, xm

Bugsenenns KA macoro 800 kr BY-1 1350 +76 141
Ha ucoty 500 km Cro 1475 +60 +50
Buenenns KA macoro 250 kr BY-1 1430 +78 +42
Ha sucoty 800 km Cro 1610 +59 +49

Ipumimia: AL, ta AL, — rpaHWYHI BIIXVMJICHHST TOYOK MajiHHsI 33 JAIBHICTIO Ta y OiYHOMY HAIPSIMKY (mmiBoci etirica po3-

CilOBaHHSI).
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Puc. 4. Paitonu naginusg BU-1 i CI'O ms nBox Tpaekropiii BuBenenHs KA: @ — tpaekropis BuBenerHs KA macoro 800 xr Ha
Bucoty 500 kM, 6 — Tpaekrtopist BuBeneHHs KA macoro 250 kr Ha Bucoty 800 kM

OcCKibKM pailoHM TamiHHS BiZOKPEMJIIOBAHMX
yactuH PKIT «ukinoH-1M» mwisi po3riassHyTUX
TPa€EKTOPili MOJLOTY PO3TallIOBaHi Y MOpi, Oe3reka
OlliHIOBaJIacs 1Sl cyaeH. BpaxoBytoun BUCOTY Bill-
okpemeHHs1 KoxHoi BY (>100 kM) i mIBHAKICTB
Ha 1eit MmomeHT (>4000 M/c), MPOTrHO3YETHCS, 1110
BY-1i CI'O y npolieci macMBHOTO NaAiHHS pylHY-
BaTUMYThCS Mif Ii€I0 aepOIMHAMIUYHUX i TEIJIOBUX
HaBaHTaxeHb. OTXe, HEOE3IeKy IJIs1 CyIeH CTaHO-
BUTHMeE JUHAMIYHUN BIUIUB (pparMeHTiB.

IMoBipHicTb R ypaxkeHHs (pU3UK) ISl CYAHA, 1110
nepedyBa€e y 30Hi MaiHHS BilIOKpEMJIIOBAHUX Yac-
™H PKII «Iuknon-1M», BusHavanacss JO0OYTKOM
MMOBIpHOCTI Py, Ge3BimmMoBHOI pobotu PKII 1o
MOMEHTY BigokpemyieHHs BY (Bkiroyarouu mpo-
1IeC BiOKpeMJIeHHS) Ha MMOBIpHICTb AR BiydaHHS
xo4a 0 ogHoro ¢parmenTa BY y cynHo:

R= Pgy AR (1)

st cyneH Oy/no po3paxoBaHO MaKCUMAaJIbHUI

piBeHb PU3UKY, XapaKTepHUI ISl LIEHTpa pailoHy

naainHg BY, a TakoxX po3Mipu HeOe3MeYHUX 30H, Y

MeXax SIKUX PU3UKU JUIS CY/IHA TTEPEBULLYIOTh MPU-

nyctumuii pisenb 107 [4]. HeGe3neuHi 30H1 MaloTh
BUIJISII €JIITICIB, SIK TIOKA3aHO Ha puc. 5.

Y pospaxyHKax TIpUMHATO, IO y pPe3yJbTarTi
pyiiHyBaHHs BY-1 moBepxHi 3emuli MarOTh nOCST-

6

™ He Oinbiie 20 dparmeHTiB, a KoxHa cTynka ['O
pyiHy€eTbHCS Ha ABa pparMeHTU. Po3aMipu KOXHOTO
i3 ¢parmeHTtiB BU He mnepeBulllyBaTUMYTh pajiy-
ca PKIT (1.125 m). ¥ nipoueci Bu3HaueHHsT AR st
KOXHOI0 i3 (pparMeHTiB BUKOPUCTOBYBABCSI HOP-
MaJbHUM 3aKOH pO3CilOBaHHS 3 MaTeMaTUYHUM
CHOAiBaHHSIM, IO BiIMOBiZa€ LEHTPY pailoHy IIa-
ninHs BY. CepenHi kBagpaTU4YHI BiIXUJIEHHS TOYOK
nagiHHsg ¢parmeHTiB BY BBaxanucss omHaKOBUMU
1 BU3HAYaJIMCS BUXOMSYM 3 PO3MipiB 30H ITadiHHS
BY, gxi BinmoBigamoTh +30.

MakcumanbHU piBeHb PU3UKY YPaKEHHS s
cylieH y paitoHax nagiHHs BY 3rinHo 3 Bupaszom (1)
craHoBuTh 1.05-107% 115 neHTpa paiioHy MagiHHA
BY-1i1.30- 107 qast nenTpa paitony naxinus CI'O.
He6esneuni 3001 MaroTh po3Mipu: 56 x 30 kM (110~
ma 5278 KM2) — mis paiiony maninas BU-1 PKII
«ukaoH-1M» Ta 15 x 12 kM (11oma 566 km?) —
1151 pariony naginHs CI'O.

AHaJi3 KOMIT'IOTEpHUX KapT pyxy KopaOliB y
Cepen3eMHOMY MOpi CBiTYUTh, 11O B 3a3HAYCHMX
paiioHax naniHHs BY 3anexxHo Big yacy 1o0u Moxe
nepedyBaTu 10 10 BeIMKUX MOPCHKUX cyaeH. Ta-
KUM YMHOM, JIJIs1 YOe3IeUeHHs CyJeH Ha Yyac Mpo-
BeneHHs1 1ycky PKIT «llukmon-1M» HeobximHO,
BiATIOBIZHO MO IPUWHATUX MIXHAPOIHUX HOPM,
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BUKJIIOUUTHU iXHE mepeOyBaHHS y MexXax OTphMa-
HUX HeOe3IMeYHUX 30H.

OIIIHKA BE3ITEKY JJI1 HACEJTEHHS
1 OB’EKTIB Y BUIIAJKY ABAPI{
PKIT IIAKJIOH-1M» HA ETAIII [TOJIbOTY

Memoouuni nioxodu. OlliHIOBaHHSI TTOKa3HUKIB 0e3-
MeKU 3AiMCHIOBAIOCS [JIg TaKUX 00’€KTIB, SIKi MO-
XKyTh nepeOyBaTy B 30HI MOXKJIMBOIO IaaiHHS aBa-
piitHux PKII (ii ¢parMeHTiB): HaceleHHs, MOp-
CbKUX CYIEH, IHIIMX OO0’E€KTIB, SIKUM MOXeE OyTu
3aIMOIiSTHO LLIKOIHU.

Jns moneit Bu3Havanucs: HebesrneuHa 30Ha y pa-
oHi Touku ctapty PKII, a TakoxX KOJIEKTMBHMIA
PU3MK JISI HaceJeHUX TEePUTOpiil y3M0BX Tpacu
noaboTy PKII. HeGe3nmeuna 30Ha 115 aoneil — 1ie
TepUTOPis, Y MeXax sIKOl piBeHb iHAWBiAyaJIbHOTO
PU3KKY TIepEBULIYE IPUTTyCTUMUIL piBeHb (1070) [4].
Ilin iHguBigyaJlbHUM PU3MKOM MA€EThCS Ha yBasi
MMOBIpHICTh ypaxkeHHs aBapiitHoio PKII (ii ¢par-
MEHTaMM) He3axMIIeHOl JIIOIWHU, 1110 mepedyBae
Ha BiIKPUTill MiClIEBOCTiI B TOYLi 3 KOOpAUHATAMU
(x, z) 1O BiZHOILLIEHHIO 10 TOUKU cTapTy. KosekTus-
HUM pU3MK — 1€ CepeaHsT KiIbKiCTb 3arubjnxX Ha
PO3IJSIHYTI# TepuTOopii. 1 MOPCHKUX CYyIeH PU3U-
KOM ypaxKeHHsI € IMOBiIpHICTh BJIydaHHsI aBapiiiHO1
PKII a6o ii hparMeHTiB y CyaHO.

IMOBipHICTh ypaXkKeHHS JIIOAWHU Ta iHIINX 00’ €K~
TiB BU3HAuajacsi CTOCOBHO eTary MoJbOTy KOXHOTO
cryneHs 3a opmysiomo [3]

R, =) R, ()

Ny
ne N,, — KUIbKICTb iHTEpBaJIiB PO3OMTTS Yacy Io-
oty ctyneHs PKII (iHTepBaniu yacy Mixk MOMEH-
TaMU BUHUMKHEHHS aBapiliHUX BiAMOB, 1110 IIPU3BO-
ISITh 10 MPUIMHEHHS MOJIbOTY); RJ — IMOBIpHICTB
ypaKeHHS JI0AUHU a00 00’€KTa Y BUIAaAKy BUHUK-
HeHHs1 aBapiiiHoi BinmoBu PKIT B iHTepBaJti uacy At.
IMoBipHOCTI R] BU3HAYaTUMYThCS 3 (DOPMYJIN

1
Ry=QPy—— j AR(t)dt 3)

j j_l t];]
ne Q — iMmoBipHicTh aBapiiiHoi BimmoBu PKII Ha
eTani InojboTy CTyneHs; P,, — iMOBipHiCTb BU-
HUKHEHHSI aBapiiiHOi BiIMOBU B iHTepBaJli yacy Af;
AR(f) — imoBipHicTh nagiHHs aBapiiiHoi PKIT a6o
ii (hparMeHTIiB y 30HYy ypaKeHHsI 00’€KTa y BUMAAKY
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He6e3neuna 3o0Ha

3oHa nagiHnag BY

4

/

LeHTp paitoHy magiHHs

Puc. 5. Hebesneuna 3oHa B paiioHi naginisg BY: ¢ — Ginblua
MiBBiCb eJiirnica, 6 — MaJia IiBBiCh

aBapii B MOMEHT 4acy / (TOUHillIe, y MeXaX eJIeMeH-
TapHOTIO iIHTEpBay df).

[Tin yac po3paxyHKy IHAWBIIyadIbHUX PU3UKIB
00J1aCTh YpaxKeHHSI OKpeMOi JIIOAUHU TToJaBajacs y
BUTIJISIAI Kpyra, paaiyc SKOro BillloBinae paaiycy ypa-
JKeHHS 1Ti1 yac nafgiHHg aBapifinoi PKIT abo 1i ¢ppar-
MeHTiB. {J1s cylieH Ta iHIIKUX IUIOIIMHHUX 00’ €KTIB
30Ha ypaxkeHHs (opMyBaacs IUISIXOM J0JaBaHHS
1o KOHTYpY 00’eKTa pajiyca ypaxkeHHs. [liommnaHi
00’€KTH, IKUM MOXe OyTM HaHeCeHO 30MTKY, Y BU-
nanky naaiHHs aBapiiitHoi PKIT a6o ii pparmMeHTiB
300pazkajancs y BUIISIII OaraTOKYTHUKIB.

s BU3HAUYEHHST KOJIEKTUBHOTO PU3UKY Ha MeB-
Hill HaceJieHill TepuTopii BUKOPUCTOBYBAIOCS Take
3arajbHe CHiBBiIHOIICHHS [4]:

E =) PurSph, (4)

Nd)p‘ Ny

Ie Nd)p — KiabKicTh (hparMeHTiB aBapiiiHoi PKII,
10 JOCATAIOThCS MOBepXHi 3emiti; Py — iMOBIp-
HicTh ManiHHs (parmeHTa aBapiiiHoi PKIT y mexi
MEBHOI HaceJIEeHO1 TepUTOPIl MpU BUHUKHEHHI aBapii
B iHTepBaJi yacy At Syp — IuUIolIa ypaxkeHHs dpar-
MEHTa, 1110 J0CSTa€e IMOBEPXHI 3eMJIi; A — IIJIbHICTh
HacCeJICHHS y MeXKax TEPUTOPil, 110 PO3IISAAETHCS.

Haceneni tepuropii, 1110 ONMMHUIKNCS Y 30HI Ia-
ninHs asapiiiHoi PKIT (monboTHOMY KOpumopi),
MOJUISIIACS Ha OKPEMi YaCTUHHU Y BiIMOBIAHOCTI 10
aIMiHICTPaTUBHOTO TIOITY, KOXHA i3 IKMX y CBOIO
yepry nojaaBajacsi OMHMM ab0 KiJIbKOMa OMYKJIUMU
O6ararokyTHukamu [1]. KoopauHaTtu 6araToKyTHU-
KiB HaceJeHUX TePUTOPil Ta MIOLIMHHUX 00’ EKTIB
BU3HAYAIMCS 3 BUKOPUCTAHHSIM €JIEKTPOHHUX aT-
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JaciB. IMOBipHOCTI Py BU3HAYaIMCA 3 BUKOPHC-
TaHHSM cIiBBinHomeHHS (3) [2].

Imoeipnicmo asapiiinoi idmoeu na emani noavomy
PKII. ITMOBipHOCTI BUHUKHEHHSI aBapiiiHOI BiIMOBU
(Q) na ginsHkax nonboTy cryrneHiB PKIT B po3pa-
XyHKax gopiBHoBanu: 0.01 — nmj1s1 riepIiioro cTyrneHs
10.02 — nnst apyroro. IMOBipHOCTI BAHUKHEHHSI aBa-
PIHKX BIiZIMOB 32 YacoM P, , Ha eTarax rojboTy Tep-
1IOTO Ta APYroro CTYIEHiB BM3HAYaJIMCSI Ha OCHO-
Bl CTaTMCTUYHOTO aHalizy aBapiitHux myckiB PKII
po3podku JAIT «Kb «ITiBnenne» [3]. Iiasg KoxHOro
crynenst PKIT Ha nepmi 5 % dJacy moiboTy Ipuma-
Jae mprban3Ho 25 % aBapiiiHUX BiIMOB, Ha OCTaHHi
15 % 4acy nompbory — 6ym3sbko 20 %, ixii 55 % asa-
piii pO3NOIUISIOTHCS Ha iHTEPBaJIi yacy MoJbOoTy CTY-
MeHs1, 110 3aJIUILIMBCS. YcepeInHi 3a3HaueHUX iHTep-
BaJIiB Yacy 3aKOH PO3IOALTY iMOBIPHOCTI BUHUKHEH-
Hs1 aBapiliHUX BiIMOB OJIM3bKUIA 10 PiBHOMIpPHOTO.

Ilpoecno3oeanuii xapaxmep pyinysanHsa agapiiinoi
PKII nicaa asapiiinozo eéumknenns deueyna. Ilorne-
pelHi po3paxyHKU MillHOCTi micyist ABJI moka3yroTs,
10 Y BUMNAAKy BUHWKHEHHS aBapiliHOiI BiZMOBM
npuobar3Ho 10 55 ¢ moaboty aBapiiiHa PKIT i3 imo-
BipHiCTIO, OJIM3bKOIO A0 ONMHUL, Oyae aocsratv
HoBepxHi 3emJii 0e3 pyliHyBaHHS. Y BUIIAIKy aBapii
PKII Big 55 no 120 ¢ micas ABJI odikyerbcs pyii-
nyBaHHs Kopiryca PKII o ctuky nepioro i apyro-
ro cryneHiB. [ToBepxHi 3emti 1ocIraTUMYTh BEJIUKIi
dparmentn PKII: BU-1, npyruii ctynins (CT-2) i3
rojioBHUM o0TiyHMKOM (I'O) Ta «ierki» parMmeHTH
oommBky PKII. Y Bunanxy aBapii PKIT micist 120 ¢
1 10 3aKiHYE€HHSI poOOTU MEPILIOro CTYIEHS crovaT-
Ky BiZOyBaTMMETbHCSl MEPBUHHE pYyHHYBaHHS KOH-
CTPYKIIii T0 MiXKCTyneHeBOMY BiACiKy Ta rmporap I'O.
Haii y mpoueci magiHHs Oyne BigOyBaTUCS ITOHAIb-
11a (oparMeHTallisi yTBOPEHUX BEJIMKUX (hparMeHTiB,
i Hacamniepen O0akiB. [ToBepxHi 3eMiti TocsSIraTUMYTh
¢dparment BU-1, yacTMHU MiXCTYIIEHEBOIO BiJCi-
Ky, BU-2, yvactunu 'O i1 KA, efnteMeHTU KpiriIeHHS,
Kynebanonu. Y Bunanky aBapii PKII Ha etani mo-
JILOTY ApYyroro cryneHs micas ABJl Ha minsgHi nma-
CMBHOI'O MAaJiHHS PYMHYBaHHS ITOYHETHCS 3 LIIMITiH-
JIPUYHOTO Kopryca apyroro ctyneHs. ®dparmenru,
110 TOCSTaTUMYTh ITOBEPXHI 3eMJIi: YaCTUHU KOPITY-
ca CT-2 3 6akoM ITaJIbHOTO Ta 3 0aKOM OKMCHIOBa-
ya, yactuHu 'O i1 KA, npioHi pparmeHTH Kopmyca
CT-2, eneMeHTH KPiTJIeHHSsI, KyJieOaTOHU.

8

Posmipu 30n nadinna aeapiiinoi PKII ma ii ¢gppae-
MeHmig 045 PI3HUX MOMEHMIE A8apiliH020 UMKHEHHS
dsuzyna (noavomuuii Kopuoop). Po3paxyHKoBi po3-
Mipu 30H mnaniHHa aBapiiiHoi PKIT «Iukion-1M»
Ta 1i (hparMeHTIB IJIs1 XapaKTepHUuX MOMeHTiB ABJI
Ha JiISHL TTOJbOTY MEPLIOTo Ta APYTOro CTYIEHiB
HaBeJieHO B Ta0J1. 2. BoHM Bu3Hauaaucs 3 BUKOPUC-
TaHHSIM METOJy CTaTUCTMYHOIO MaTeMaTUYHOTO
MOJIEJIIOBAaHHSI 3 ypaxyBaHHSIM BiXWJIeHb KiHema-
TMYHUX TapameTpiB pyxy PKII Bim HoMmiHaabHUX
TPaEKTOPiNl Ta BUMAIKOBUX 30yproBajibHUX (DaKTO-
piB Ha AUTSHI TOAbOTY aBapiliHoi PKII Big MOMeHTY
aBapiiiHOI BiIMOBM 10 MOMEHTY MafiHHS (30KpeMa
aepoJMHaAMIYHUX XapaKTepucTUK aBapiiiHoi PKII
Ta IXHIX pO3KMIiB; MapaMeTpiB 30ypeHOIo PyXy; BU-
COTHU PYHHYBaHHS Ta 11 pO3KULY; TEPMOJUHAMIUHUX
nmapameTpiB aTMocepu Ta ixHiX po3kuaiB). OKpemMo
B TaOJIM1Ii HABEAEHO PO3MIpPH 30H IMATiHHS «JIETKUX»
(parMeHTiB, SIKi yTBOPIOBATUMYThCSI B TPOLIEC] pyii-
HyBaHHs aBapiiiHoi PKIT micist ABIL y mepion 3 55 ¢
1o 120 ¢ BkiaoyHo. 30HM MaaiHHs aBapiiiHoi PKIT
«IIuxnon-1M» y Bumisiai o0BiIHOI KpUBOI €JIiIICiB
po3scitoBaHHs (TIpaBa Ta JiiBa 3c-Mexi) Ta exincu
pO3CitoBaHHS «JIETKMX» (DparMeHTIB IS Pi3HUX MO-
MeHTiB ABJ/I mokazaHo Ha puc. 6.

Ouinka HezamugHo20 6naugy Ha aroel nio uac na-
dinna aeapitinoi PKII 3 komnonenmamu paxemuozo
naauea. Ilin yac maginys aBapiitHoi PKIT 3 kommo-
HEHTaMM paKeTHOro IajJiMBa Ha TEPUTOPit0 YKpaiHU
(mo 55 ¢) HeraTUBHUMI BIUIMB Ha HaceJeHHs Oyje
3YMOBJICHO: BUOYXOBOIO yAapHOIO XBUJIEIO, TEPMiy-
HUM a00 TOKCMYHUM BIUIMBOM. Panmiycu ypaxkeHHs
(Ryp), SIKi BM3HA4YalOTh PO3MipU 30H JIETAJTLHOTO
BIUIUBY IJjis1 roneit min yac maginas PKIT 3anexHo
Bim yacy ABJ/I (BuM3Hauae macy 3ajJMIIKiB KOMIIO-
HEHTIiB pakKeTHOTro MajiuBa Ha OOpTY) MoKa3aHO Ha
puc. 7. BomHoYac He TPOTHO3YETHCS HAsIBHOCTI 30H
Ha TOBepxHi 3eMJli, B IKUX 32 4aC MOXJIMBOTO TOK-
CUYHOTO BIIUBY (10 30 XB) MOXYTh OyTH CITIPUIAHSITI
repcoHaaoM abo HaceJIeHHSIM JIETalbHi TOKCOIO3MU.

Ouinka Hebe3nexku 041 HACeAeHHs HA Mepumopii
Ykpainu 6 paiioni mouxu cmapmy. Ha puc. 8 mokasza-
HO HeOe3MevyHy 30HY ISl HACeJIeHHS, SIka BPaXOBY€
pPO3IJISIHYTI BUIlEe HeTaTUBHi (hbakTopu (BUOYXOBY
yIapHYy XBUJIIO, TEPMIYHUI BILUTMB BHACIiAOK BUOY-
Xy i BAHUKHEHHS «BOTHSIHOI KyJTi» Ta AUHAMIYHUIA
BIUIMB «JIECTKUX» (DPArMEHTIB).
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30Ha naiHHSA
«JIETKUX»
(dparmMeHTiB

3c-mpaBa
Mexa }

.- Tl L . % 3c-niBa
j ges Tpaca S » Meka

| : MyCKY 7 !

- : - a
3G-1iBa A 3c-niBa
mexa b T Mexa
3c-1paBa
Mexa

Puc. 6. 3oum maninns aBapiitHoi PKIT «LlukioH-1M» Ta ii (hparMeHTIiB y BUTIAJIKy aBapii Ha eTalli oJIbOTY

Tabauys 2. Po3mipu 301 naninas asapiiitnux PKIT (ii ¢parMenTiB) i xapaKTepHAX MOMEHTIB aBapiiiHOr0 BAMKHEHHS IBUTYHA

Iaps> © +ALy, km +AL, km Lch, KM iALXqu, KM iALZq)p, KM ALX(j)p’ KM
Ilepwuii cmynine PKIT
20.53 0.15 0.15 0.01 — — —
55 2.0 2.0 1.4 7.1 7.1 +2.2
78.53 6.1 5.5 7.9 17.2 17.3 +1.6
100 26 11 38.1 26 26 -20
120 61 14 115.7 38 34 -70
178.53 66 43 698.4
204.13 74 45 1185.3
Jpyeuti cmynins PKIT
223.9 70 40 1100.8
258.11 72 40 1272.3
430.55 104 36 2403.5
590 1258 53 5402.1

Ilpumimka: t, 5 1 — ac ABJI; ALy, AL ,— po3Mmip miBoceit elirica po3ciroBaHHsA TOYOK NManinHA aBapikinux PKII Ta ixHix ¢ppar-
MEHTIB 3a JAJIbHICTIO Ta y OiYHOMY HaMNpsIMKYy; L Xep — UEHTpU palioHiB MajiHHs (eJiIciB PO3CilOBaHHS); ALX(I)D’ ALZ(I)p’ —
po3Mip IiBoceil emirnca po3ciloBaHHS TOYOK TaliHHS «JIETKMX» (hparMeHTiB aBapiiiHoi PKII 3a manbHicTIo Ta y Oi9HOMY Ha-
npsIMKY; AL Xp — BIIXUJICHHS 3a JAJIBHICTIO LIEHTPa paiioHY MaaiHHS «JIETKUX» (DparMeHTIB BiTHOCHO LIEHTpa pailoHy TaIiH-
HsT OCHOBHMX (hparMeHTiB, yTBOPEHUX Mif yac pyiiHyBaHHs aBapiitHoi PKII («+» — y momytHomy HanpsimKy nonboty PKIT,
«—» — Y 3BOPOTHOMY HaIpsIMKY).
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Ry
200
150 |
100 [

Bubyxosa Tepmiunuit
50 YyapHa xBuis S
0 1 1 1 1 1 1
10 20 30 40 50t C

Puc. 7. Paniycu ypaxeHHs 11ig yac naaiHHs aBapiiiHoi PKII
«uxnoH-1M» micis apapiitHOro BAMKHEHHS IBUTYHA 10 55 ¢

Touka cTapty
(&)

Mexi HeOe3rneuHo1 30HU

HanpsmMok Yiycky

0

2 X, kM

Puc. 8. Hebesneuna 30Ha 11 ofeld (HaceJIeHHsT) y paiioHi
Touku crapty PKIT «luknon-1M»

Tabauys 3. XapakrepucTuka periotis Typeuunnu, 110 noTpamisioTh y 30Hy naainusg ¢parmentis aapiiitaux PKIT
i piBeHb KOJIEKTMBHOTO PU3MKY AJII HUX

I (nmpoBiHLst) KinbkicTb HacesneHHsl, yoii. | LLIinbHicTh HaceeHHs, YOI /KM% IMnomwa, kM2 E,
Cram0ya (paiioH Illine) 28847 30.09 916 2.50-107
Komxaeni 1676202 331.8 3635 5.56-10°
Cakap’s 917373 154.48 4895 3.41-107°
bypca 2550645 230.06 11087 1.59-10-¢
binemxuk 208888 46.48 4181 2.03-107¢
Krorax’s 572059 54.2 12119 3.08-10¢
Vinak 346508 62.29 5174 2.38-10°¢
Henizni 993442 81.09 11716 8.64-10~°
Myria 866665 56.25 12716 1.89-10-°
Eckimmexip 706009 50.78 13904 8.50-10—8
AditoHkapaxicap 701326 48.26 14532 4.60-10-8
Bypnyp 256803 34.48 7238 7.00-10—8
Pasom 2.88-10°

Tabauys 4. KoneKTuBHMiA pU3KK 1S Kpain AQpuku, o noTpanisioTh y 30Hy naaidug aBapiiiHoi PKII

Kpaina AMiHiCTpaTMBHA OAMHULIS 1LinbHICTh HACENEHHS, YOI, /KM? E,
€runer Marpyx 1.94 6.33-107
Bani-enn-Ienin 0.43 1.79-10~7
CynaH MMiBHiYHMiT IWITAT 2 2.10-1077
[liBHiunmit Jadyp 7.13 1.99-10-¢
3aximuuii Jadyp 16.46 1.63-10°
LentpansHo-AdprkaHcbka 7.1 9.14-1077
Pecny6iika
Konro 12 2.1-1077
Amnrona 20.69 <10~
Pazom 5.76-10°6
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30Ha nmagiHHSI

30Ha namiHHS
JIETKUX»
¢parMeHTiB

M apapiiiHoi PKIT Ta

ii (pparMeHTIB
(BU-1iCT-2)

IpOBCKOE TennpoBckoe:

Puc. 9. Curyaniitna kaptuHa y Butaaky aBapii PKIT «L{ukinon-1M» Ha ToyaTKoBiit

JUISTHIL TTOJILOTY

PosrairyBaHHs HeOe3MeYHOi 30HU UIST JIIOAEH
Ha MiCIIeBOCTI MOKa3aHo Ha puc. 9. Y Mexax oTpu-
MaHOI HeOe3IeUyHOl 30HU BIACYTHI MOCTIiiHI Ioce-
JICHHS Ta iHIII 00’€KTU, Ae MOXJIMBA IPUCYTHICTh
moaeii. BomHoyac y 30HY IamiHHSI yTBOPIOBAHUX
«1erkux» (parmeHTiB aBapiiiHoi PKIT «IlukioH-
IM» Ha TepuTopii [o10TprCcTaHCHKOTO pailoHy Mo-
TpaIIgIoTh OecsaTh cenui (puc. 9): OuakiBchbke,
BinbHa JpyxunHa, OmnexkcaHapiBka (KpacHo3Ha-
MeHKa 10 2016 p.), BinbHa Ykpaina, YopHOMOpPCHKi
Kpunuui, JInmaniska, beperose, O6:10i1, 30ypiBKa,
Tenaposcoke (Komyna o 2016 p.). HaitGinbumm
cepen Hux € cenuiue OnekcaHapiBKa (HaceaeHHS
644 vou1., moma — 2.2 kM?2), sIke TAKOX i Haft6IK-
ye posramroBaHe 10 Touku crapty PKIT (5.4 km).
IMOBipHicTb NafiHHS OyAb-SKOTO i3 «JIeTKUX» (ppar-
MEHTIB Ha foro teputopito y Bunaaky abapii PKII
«IluxnoH-1M» He mepesuiye 3.5-10° (BBaxaeThb-
csl IpUUHATHUM). [Tl iHIIMX ceUI 151 BeJIMYrHa
3HAYHO MEHINA. 3arajJibHUli KOJIEKTUBHMIA PU3MK
IJI1 TepuTOpii YKpaiHu, 110 HOTpaIlII€ y 30Hy Ma-
ninHs aBapiitnoi PKIT, He nepesumiye 2.7-10°8.

Ouinka Oe3nexu 04s HACeACHHA HA MepumMopii
Typewuunu i kpain Apppuxu y eunadky aeapii PKII
«Iluxaon-1M» na emani noavomy. Y BUIIAIKy BU-
HukHeHHs aBapii PKIT «IukioH-1M» Ha eTtari no-
JIbOTY MEPIIOro CTYIEeHs B iHTepBasi yacy Mix 170 ¢
i 200 ¢ MoxnuBe mamiHHS (bparMeHTIB aBapiliHOL
PKII na Teputopito Typeuunnm (yzoepexcks Ty-
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peuydnHM BimpajeHe Ha 590 KM BiI TOYKM CTapTy).
[ToBepxHi 3emii gocsiraTUMYTh iHEPTHI (pparMeH-
1 aBapiiiHoi PKII, 110 He MicTSITh KOMITOHEHTIB
pakeTHoOro naiuBa (y po3paxyHKax MPUIHSITO, 110
KUJIBKICTh Takux (pparMeHTiB He MepeBUIIUTH S50
LITYK, a MAKCUMaJIbHUI pO3Mip KOKHOTO (pparMeH-
Ta He niepeBuiye giamerpa PKII).

ITposinuii TypeuunHu, sKi NOTPAIISIOTh Y 30HY
naginHg aBapiitHoi PKII Ta ixHiit mogin Ha okpeMi
OITyKJIi 0araTOKyTHUKH JUISI TIPOBEIEHHS pO3paxyH-
KiB KOJIEKTUBHOTO PU3MKY MoKa3zaHo Ha puc. 10.
XapakTepUCTUKY 3a3HAUYEHUX TPOBiHLIN Typeuumn-
HU, a TAKOK OTpUMAaHIi I HUX PiBHI KOJEKTUBHOI'O
PU3UKY HaBeIeHo B Tad. 3.

Y Bunanky apapii PKII «lukiaon-1M» Ha [i-
JISTHIII TTOJIbOTY IPYTOTO CTYIIeHSI MOXJIUBE TaliHHS
¢parmenTiB aBapiitHoi PKII Ha tepuTtopito nepxkas
Adpuku. PozpaxyHKoBi 3HaU€HHSI piBHSI KOJIEKTUB-
HOTO PU3UKY s KpaiH Adpuku (i ixHix agMmiHi-
CTpaTUBHUX OJUHUIIb), SIKi TOTPATLISIOTh Y aBapiii-
Hy 30HY PKII «llukinoH-1M», HaBeneHo B Ta01. 4.

BpaxoBytoun piBHI KOJEKTMBHOIO PU3UKY IS
Teputopii Ykpainu, Typeuunnu (tadi. 3) Ta KpaiH
Adpuku (Taba. 4), cyMapHUli KOJIEKTUBHUMN PU3NK
JIJIS1 HaceJIeHUX TEPUTOPIi, 1110 MOTPAILISIOTh Y MeXi
MOJIbOTHOTO KOPUAO0PY, CTAHOBUTD

Es= 3.46-107°.

3rigHo 3 MiXKHAapOAHMMU HOPMaMHU 11 BeJIMYMHA

He moBMHHA nepesuiyBati 100-10°0 [5, 6], orxe
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BaratokyTHuKM f§
aaMiHiCTpaTUB-
HMX OJMHULb

Puc. 10. AnminicTpaTuBHi oguHuLi TypeyunHu, sIKi moTpa-
TUISIIOTh y 30HY TaaiHHs aBapiiHux PKIT «luxknon-1M»

BUMOTU A0 Oe3MeKu HaceJIeHHsI B3JOBX Tpac Io-
0Ty PKIT «IIukiioH-1M» BUKOHYIOThCSI.

Ouinka nebesnexu 0asa deaxux o0’ckmie, w0 ne-
pebysamumyms y 30ni nadinua aeapiiinoi PKII ma
il ¢ppaemenmie. Ha modyaTKoOBiil MiISHII ITOJIBOTY
tpaexktopisd PKIT «[luknoH-1M» nponsirae Haja Te-
putopiero YopHOMOPCHKOTO epKaBHOIO Hiochep-
HoTo 3arnoBigHuKa. [no1m1a 3anoBimfHUKa CTAHOBUTH
100 Tuc. ra, 3 sikux 14148 ra — cyxoryTHa 4yacThHa
i1 77900 ra — akBaropii TeHaApPOBCHKOI i Aropauniib-
KOl 3aTOK, a TaKOX KiJJoMeTpoBa CMyra BiIKpPUTOIO
mopsi. Ha teputopii 3amoBigHMKa MEIIKAIOTh ITa-
X1, TBAPUHM i KOMaxu, 3aHeceHi y YepBoHY KHUTY
VYkpainum i €Bporneiicbkuii YepBoHuii crimcok. Yop-
HOMOPCBHKUI AepXaBHUI OiochepHMIA 3aIOBITHUK
BHeceHO 110 BeecBiTHROI Mepexi OiochepHUX pe3ep-
BaTiB y pamkax nporpamu KOHECKO «Jltonu i 6io-
chepar. Y Mexxax aBapiliHoi 30HU Tpacu mycKy PKII
«IuknoH-1M» nepebyBae npu6ausHo 136 km? 3a-
nosigHuKa (puc. 11). Po3paxyHku 3rinHo 3 Bupasa-
mu (2) i (3) mokasyroTs, 1m0 y Bunagaky aBapii PKII
«IuknoH-1M» Ha MOYATKOBI AUISIHII MOJIBOTY €

12

30Ha namiHHA aBapiiiHOT Touxa crapty PKIT
PKII i

Teputopist HopHomop-
CbKOTO JIep>KaBHOTO
OiocgepHOro 3aroBigHuKa, ¥
1110 MOTPAIUISIE B 30HY
naninHs aBapiiHoi PKIT

Puc. 11. Teputopist YopHOMOPCHKOTO AepkaBHOT0 OGiochep-
HOTO 3aroBiIHUKA, sIKa MOTpaIUIsi€ B 30HY MaJiHHS aBapiii-
Hoi PKIT «lIukimoH-1M»

JTOCUTh BUCOKWI pPiBeHb IMOBIPHOCTI 11 TTaAiHHS Ha
TEPUTOPIIO 3aMOBiIHMKA, SIKUi1 CTAHOBUTH 9.2-107%,

Ockinbku PKII y Bunaaky aBapii Oyme mocsira-
TH TIOBEPXHi 3eMJli He 3pyIHOBAaHOIO a00 Y BUIJISI-
oi nBox ¢parmeHtiB (OY-1 i CT-2), mo MicTATh
KOMIIOHEHTHU PaKeTHOIo NajiuBa (HacamIepes rac),
MPOTHO3YETHCSl CEepPO3HE €KOoJIOTiuHE HaBaHTa-
JKeHHSI Ha €KOCHCTeMY 3aIlOBiHUKA. Y IMiICYMKY,
BPaxOBYIOUM JOCUTb BUCOKY WMOBIPHICTh TTaliHHS
aBapiiinoi PKII nHa Teputopito YopHOMOpPCHKOTO
JIiep>kKaBHOTO 0ioc(epHOro 3aroBiTHUKA Ta MOXJIMBI
HEeraTuBHIi HaCJigKM, HA JaHUII MOMEHT PU3UK PO3-
TJISIAAETHCS SIK Henpunycmumuil, 1o noTpedye BIpo-
BaJI>)KEHHS TIEBHUX 3aXO/iB.

BuxomoMm y wiii cutyauii € IuraHyBaHHS Hislib-
HOCTi, TOB’s13aHO1 3 TpoBeaeHHsIM 3amyckiB PKII
«lIuknoH-1M» TakMM 4YMHOM, 1100 MiHiMi3yBaTu
BIUIMB i IIKOAY AJIs JOBKiJUISI, HalpUKad y3ro-
JIDKEHHS IisSNIBHOCTI 3 TIepiogaMy Mirpaltiii Ta THi3-
JyBaHHS NTaxiB Toio. OG0B ’SI3KOBOIO € pPO3podKa
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Puc. 12. Ozepo Cananmxa (TypeyunHa)

«ITnany nokanisanii Ta JiikBijgallii aBapiii» 3 METOIO
JiKBigalii HaciaigkiB MoxiuBux aBapiii PKII Ha
eTamni moyuboTy. Taki 3axoau MOTPeOyIOTh KOHCYJIb-
Tauiii Ta y3romkeHHsa 3 HamioHanbHOIO akageMieo
HayK YKpaiHu, YOpaBJliHHSIM €KOJIOTil Ta MpUpoa-
HUX pecypciB XepcoHcbKoi OJIA Ta anMiHicTpalli€to
YopHOMOPCHKOTO JIepKaBHOTO 6iochepHOTro 3aro-
BiTHUKA.

Ha tepuropii TypeuunHu B 30HY MamiHHS ¢par-
MeHTiB aBapiiiHoi PKII «{ukioH-1M» norparuisie
o3epo Cananmxa (puc. 12), sike € ogHUM 3 Hebara-
ThOX JKepeJl MUTHOI BOAM /IS HAaceJeHHS KpaiHu.
V Bunanky asapii PKII «lluxinon-1M» Ha etarmi
MOJILOTY TIOBEPXHi O3¢pa HaliMOBipHillle AocCsTa-
TUMYTb OOTOPiNi (hparMeHTH, 110 HE MIiCTITh KOM-
MOHEHTIB paKeTHOro najuBa. IMoOBipHicTh mamiHHS
oynb-skoro ¢parmenTa asapiitHoi PKIT «LlukioH-
IM» B o3epo CamaHmka 3a po3paxyHKaMU 3TiTHO
(2) i (3) craHOBUTH 2.6-107°. 3HauHOrO eKoJOTiY-
HOTO BILIMBY Ha €KOCHUCTEeMY o3epa Iil yac IajiH-
Hs1 (parmenTiB aBapiiiHoi PKIT «I{ukiion-1M»
He TpPOrHo3yeThesa. OTXe, pU3MK CIill BBaxaTu
PUAHATHUM.

YV Mexi 3oHu ntaginHs aBapiitHoi PKIT «IukioH-
1M» motparuisitorh akBaTopii YopHoro i Cepen-
36MHOro MOpiB. MakcuMallbHi pU3UKU YpaxkeHH:I
IIJIsI CyZIeH, OB’ s13aHi i3 BiydyeHHsIM aBapiiiHoi PKIT
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a0o ii ¢pparMeHTiB Oe31ocepeIHbO Y CYAHO, CJIiI 04i-
KyBaTUu MPU 3HAXOJKEHHI CyJIeH Y3I0BX Tpacu Mo-
J60TY. IIpy 1IbOMY HAMOLIBIII PU3UKU OUiKYIOThCS
7151 cyneH y YopHomy mopi y Bumnanky asapii PKIIT
Ha eTalli ITOJbOTY MepILIOoro CTyneHs. MakcumaibHe
3HAYEHHS B MOpi y Oe3mocepenHiii OJIM3bKOCTI Bif
TennpoBcbkoi kocu (y 2...5 KM BiJ y30epeskKksi) cTa-
HOBUTB 1.7-107%, 1110 3HAYHO HMKYE FPAHUYHO MPH-
nyctiMoro piBHs 1073, Jlazi y310BX Tpacu MOIbOTY
B YopHOMY MOpI, a TaKoX B akBaTopii CepenzeMHO-
IO MOPSI PUBUKHU YPaxKeHHS TSI CyJIeH 3HAYHO HUX-
Yi BiJi [paHUYHO MPUITYCTUMOTO PiBHSI.

BUCHOBKU

Po3spaxyHKu Moka3sylooTh, 1110 oOpaHa TOYKa cTap-
Ty PKII «luxioH-1M» Ha TepuTopii XepCOHCHKOI
00J1acTi Ta TpaeKTOpii IMOJLOTY HO3BOJISITH 3a0€3-
MEeYUTU O€3MeKy SIK Y BUIIAAKY LITATHOTO IMOJBOTY
IJ1s1 cyAeH B akBaTopil Cepen3eMHOTo MOpsl y 30Hax
naginag BY, tak i y BUnmagky aBapii 1J1st HaceJIeHHS
Ha Teputopii Ykpainu, TypeuunHu, kpaid AQpuku,
a TakoxX cyneH B akBatopissx YopHoro i Cepenzem-
HOTO MOPIB Ta iHIIMX 00’€KTIB, 110 MOTPAILISIOTh Y
30Hy naaiHHs aBapiiHux PKIT. OcHoBHOIO npo0Jie-
Mo10 Ha naHuit yac € npoJit PKII Han Teputopiero
YopHOMOPCHKOTO AepKaBHOro 6iocepHOro 3armo-
BilHMKA Ha TepUTOpii YKpaiHU, HA KU MOXJIUBE
naginHg aBapiiiHoi PKII y Bumanky aBapii Ha mo-
YaTKOBIN IOUISHIII TPa€KTOpil moaboTy. BupilieHHs
i€l mpobseMn BUMara€ IOJAaTKOBUX OpraHi3alliii-
HUX pillleHb. TaKuM 4MHOM, 3pOOJICHUIA IS TIep-
cnektuBHOro PKK «Iuknon-1M» aHani3 1oBOIUTH
MPUHIIMIOBY MOXJIMBICTh CTBOPEHHSI ITYCKOBOI'O
MaiimaHuyuka i nmpoBeaeHHs1 nyckiB PKII nerkoro
KJI1acy 3 TepuTOpii YKpaiHu.

Ha naury myMmKy, micjisi IOBEpHEHHSI TUMYacOBO
OKYIOBAaHMUX TEPUTOPii XepCOHCHKOI 00JacTi 10
VYKpaiHu noTpiOHO ITOBEPHYTHUCS IO PO3INISIAY ITH-
TaHHSI CTBOPEHHSI HalliOHAJIbHOI'O KOCMOJPOMY 3
METOI0 He3aJIexKHOTO JIOCTYIY 10 KOCMiUHOTO Mpo-
CTODY.
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ON THE POSSIBILITY OF LAUNCHING SPACECRAFTS USING
LIGHT-CLASS LAUNCH-VEHICLE FROM THE TERRITORY OF UKRAINE

Currently, the discussion on the development of a national space launch system and the feasibility of spacecraft launching from
its own territory is being held in Ukraine. One of the main obstacles to the deployment of the launch site in Ukraine is the dense
population on its territory and the inability to ensure safety in the launch vehicle flight phase due to the hazard of separating
parts impact on the neighbouring countries during the nominal mission and launch vehicle (its fragments) impact in the event
of an accident.

To date, the project of the promising Cyclone-1M space launch system featuring a three-stage lightweight 1LV has been
developed in Yuzhnoye State Design Office, which will allow comprehensive tackling of the flight safety issue. It features the
launch site in the Kherson region with the flight trajectories routed southward to place the spacecraft into the sun-synchronous
orbit. The article provides a theoretical and computational safety analysis during the nominal mission of the Cyclone-1M LV
and in the event of an accident in the flight phase, as well as recommendations for flight safety improvement.

It is shown that the proposed technical and organizational solutions ensure the fulfillment of flight safety requirements for
the population and facilities on the territory of Ukraine, adjacent to the launch point, on the territories of Turkey and African
countries, which fall within the emergency ILV impact areas, as well as for vessels in the waters of the Black and Mediterranean
Seas. Hazardous zones of the Mediterranean Sea for vessels in the areas of the fall of separating parts were calculated. To ensure
the safety of vessels in the Mediterranean Sea, it is required to remove them from the hazardous zones during the 1LV launch.
The resulting total collective risk for the population within the emergency ILV impact area is 3.46-10~5, which ensures the fulfill-
ment of the international flight safety requirements. Now the main problem remains the ILV flight over the territory of the Black
Sea State Biosphere Reserve, where an emergency ILV may fall in the event of an accident in the initial flight phase.

Keywords: integrated launch vehicle, flight safety, separating parts’ impact area, emergency ILV impact area, hazardous zone,
collective risk, individual risk.
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RELATIVE MOTION PARAMETERS ESTIMATION
OF ANON-COOPERATIVE SPACECRAFT FROM VISUAL INFORMATION

In this work, we consider the problem of determining parameters of the relative motion of a non-cooperative spacecraft (NSC), which
is in free uncontrolled motion, based on the results of measuring the distance to this vehicle and its attitude quaternion. The measure-
ments are assumed to be made by some computer vision system (CVS). A specific type of CVS is not considered. It is supposed the CVS
measures the distance and attitude of the so-called graphical reference frame rigidly fixed on the NSC. The parameters of relative mo-
tion include the distance vector to the center of mass (c.m.) of the NSC, the attitude quaternion of the principal inertia axes of the NSC
relative to the CVS reference frame, the attitude quaternion of the graphical reference frame relative to the NSC principal reference
frame, the ratio of the inertia moments, the position vector of the c.m. in the graphical reference frame.

The problem is solved using a dynamic filter based on the ellipsoidal estimation method. The method implies knowledge of the
maximum values of the measurement noise only, the stochastic noise characteristics are not assumed to be known and therefore are
not used. The properties of the proposed algorithm have been demonstrated using numerical simulations. The results obtained are
supposed to be used in the development, creation, and testing of a navigation system for the rendezvous and docking of a service
spacecraft, developed by a group of enterprises in the space industry of Ukraine under the leadership of the Limited Liability Company
“Kurs—Orbital”.

Keywords: relative motion parameters, spacecraft, estimation, video image.
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Relative motion parameters estimation of a non-cooperative spacecraft from visual information

INTRODUCTION

In near-Earth space, the number of space objects re-
lated to space debris is growing. Some of these objects
are non-operational spacecrafts, which, with minor
repairs or after refueling, can continue their work.
Therefore, there is a need to create the so-called ser-
vice spacecraft (SSC) capable of docking with a non-
cooperative spacecrafts (NSC) or some space objects
and performing maintenance, change of the orbit, or
removal of the object from the orbit. Development of
such spacecrafts has been carried out for the past 20
years in many space technology centers around the
world. The current state of this problem can be found
in reviews [35, 38, 47].

It is known [8, 10, 19, 20] that the success in the
implementation of the docking significantly depends
on the accuracy of determining the relative naviga-
tion of NSC and SSC. It is assumed that the NSC
is not equipped with navigation and attitude control
systems, or they do not work for some reason. In this
case, radar and optical systems settled at SSC are
used to determine the relative position and orienta-
tion of the NSC. The latter include laser [1, 2, 5, 37,
39] and purely optical systems [11, 16—18, 21—23,
25, 31, 34, 36, 40, 43, 49—51, 54, 57, 58], which use
cameras operating in the optical range. Optical sys-
tems are used at the final stage of docking at close
distances (no more than 100 m) because they are
able to provide a more accurate measurement of pa-
rameters of the relative position and attitude of the
NSC. Using the appropriate software, these devices
allow measuring the distance to and orientation of a
certain coordinate system that is rigidly fixed to the
NSC relative to the device reference frame. It can be
some assembly reference frame in which the position
of every NSC construction element is given. Anyway,
the measured information is not enough for trajec-
tory planning and docking with the NSC. This is
due, among other things, to the fact that the NSC,
as established by observations [26, 27, 46], eventually
begins to rotate around the center of mass. This hap-
pens due to the action of the gravitational moment,
cosmic radiation, and the flow of solar wind particles
[32]. For docking, it is also necessary to know the
time evolution of the relative position and speed of
the docking surface position. These quantities can be
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obtained only by knowing all the parameters of the
angular and orbital motion of the NSC. At present,
there are a large number of works devoted to solving
the problem of estimating these parameters [1—5,
11, 25, 37, 39, 49, 53, 58]. These works used various
versions of the Kalman filter [7, 13, 24] for estima-
tion.

The Kalman filter is known to be based on the as-
sumption that the uncertainties are normally distrib-
uted random variables. The distribution parameters
are assumed to be known. But determining these
parameters in practice is a separate, rather laborious
task. For halfa century, a different approach has been
developed [9, 12, 14, 28, 29, 42, 48] to the problem
of estimating unknown quantities, in particular, esti-
mating the state vector of dynamic systems, which is
based on the use of minimal information about un-
certain quantities. According to this approach, only
sets of possible values of these quantities are assumed
to be known. As a result, the estimation process is
reduced to procedures for calculating the evolution
of the sets and performing set-theoretic operations
on them, i.e., to the construction of refined sets or,
as they are usually called, information sets that are
guaranteed to contain the estimated values. In ac-
cordance with this, such an approach is called guar-
anteed or set-theoretic. In most cases, the construc-
tion of the information sets is associated with serious
computational difficulties, which is an obstacle to
their implementation in on-board computer systems.
The ellipsoidal estimation method [9, 12, 14, 29, 42,
48] seems to be quite effective concerning its func-
tionality and minimization of computational costs.
Following this method, information sets are approxi-
mated by multidimensional ellipsoids. The ellipsoi-
dal estimation method is sensitive to the violation
of a priori assumptions about the value of uncertain
quantities. To withdraw this property, i.e., to ensure
the robustness property, several modifications of this
method have been proposed [44, 45, 55, 56].

This work aims to develop an algorithm for esti-
mating parameters of the angular motion of an NSC
(attitude quaternion, angular velocity vector, ratio of
inertia moments, position of the principal axes of in-
ertia, and position of the center of mass) and distance
to the NSC based on the modification of ellipsoidal
estimation method [44, 45]. Information on the rela-
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Figure 1. Reference frames

tive position of the NSC is provided by CVS. The
algorithm is planned to be used for full-scale bench
tests. Due to this reason, it is assumed that the CVS
camera position is fixed in some inertial reference
frame. Any of the relative navigation devices men-
tioned above can be considered as such a CVS de-
vice. The authors of this work focused on the use of
the CVS, the principle of operation and algorithms
of which are described in [22, 43]. The proposed al-
gorithms use the multiplicative form of quaternion
increments [15, 30, 33], which not only eliminates,
in fact, the heuristic procedure of quaternion nor-
malization, which is required when using the additive
form of increment but also leads to simpler equations
describing the dynamics of quaternion increments.
This work is a development of [54] and is very close
to [3] in the problem statement.

1. PROBLEM STATEMENT OF ESTIMATING
THE NSC MOTION PARAMETERS

1.1. Coordinate systems and their relative positions.
The NSC motion is considered in 3-dimensional
real Euclidian space R’. Let us denote the inertial
reference frame in this space with origin at point O,
and orthonormal basis vectors ij, j=1:3, by the
symbol Oii,i,, or simply OI. The body reference
frame O ejele; , which will be further referred to as
the graphical one, is fixed to the NSC. It can be an
assembly reference frame in which positions of all the

NSC construction elements are given (see Fig. 1).

The CVS measures the distance vector between the
points O and O, and the attitude quaternion

3
n=ﬂo+z1”ljij=1”lo+nv (M
j=1
of graphical reference frame Oe/eje; relative to
the frame Oii,i,. The scalar part of a quaternion is
determined by a real number m, the vector part by

a vector s

n, = anij

j=1

[6, 19]. The set of numbers n;, j=0:3, are called
quaternion coordinates in the basis Oii,i, . A quater-
nion 7 is called normalized if its norm

Inll=mg+n; +m3+m; =1. )

A normalized quaternion defines a rotation of

the three-dimensional Euclidean space as a whole

about an axis defined by a vector e by an angle ¢,

and n, =cos(¢/2) and n, =sin(¢p/2)e/||e||. When

performing two successive rotations defined by the

quaternions g and p, the resulting rotation will be
determined by the quaternion

n=ueq, (3)

where the quaternion multiplication operation pLeg

is defined as follows

oq=pq, — (1,59, +Hed, +qot, T 1, Xq,. (4)
Here, (u,,q,) is the scalar product of vectors p,
and q,, p, xq, is the vector product. Quaternion co-
ordinates depend on the choice of reference frame.
Therefore, to calculate the quaternion coordinates
of m using (4), the quaternion coordinates g and p
must be expressed in one coordinate system.

The body reference frame O,eee, =O,E is also
fixed at the NSC. Its center is located at the cen-
ter of mass (c.m.) of the NSC, and the unit vectors
€ j=1:3, are oriented along the principal axes of
the inertia tensor. This frame will be called as prin-
cipal reference frame. The position of O,E is un-
known and is characterized by an unknown normal-
ized quaternion

3
4=4, +qu’j =4, %4,
j=1
relative to the inertial reference frame Oii,i,. This

means [6] that the basis vectors e;, i=1:3, of the
reference frame O,E are obtained by rotating the
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basis vectors ij , j=1:3, in accordance with the
following expression
e;=qeioq, j=1:3, (5)

where the vector ij should be considered as a quater-
nion with a zero scalar part, g =q,—q, is a quater-
nion conjugated to g, geq=qgoq=1.

The position of the vectors e;, i=1:3, with re-
spect to the basis vectors e,, i=1:3, will be charac-
terized by the quaternion

3
“2“0"'2“]'6;:“0"'“1,: (6)
j=1

which is also considered to be unknown but constant
p'tj=0,j=0:3. 7

The angular position of the graphical reference
frame O'ejeje; relative to the inertial one Oii,i, is
determined by the quaternion n=peogq, i.e. by the
expression (3). To obtain the quaternion expression
n in the basis i;, j=1:3, we substitute (5) into (6).
As a result, we get

3
n=u°q=[uo+2u,-ejj°q=
j=1

3
=qo(“o+zzﬂﬁjoq°4=q°uﬂ )
j=1
where the quaternion
3
Ho=Hy+ Z“jij .
j=1

Both quaternion g and p* on the right side of (8)
are expressed in the basis ij , j=1:3.We will use fur-
ther the expression (8) for the quaternion 1 but will
not write an asterisk for the quaternion p*.

A quaternion m is characterized by a set of
its coordinates, which can be formed in a vector
n=M,N,M,-N,)" €R*. We will denote the quater-
nion and the vector of its coordinates by the same
symbol, but remember that quaternion coordinates
depend on the used reference frame. Using the defi-
nition of quaternion multiplication (4) for the vector
representation of quaternions, it is easy to obtain the
following vector-matrix relations

n=gop=Q(qgn=Qu)q, )

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 3

where 4 x4 -matrices

T
q() _qv
Q(g) = ;
q, (g1;+[q,x])
T
~ l"’0 _Hv
Qu)= )
K, (“’013 —[Hvx])
In these expressions, I, is the identity 3x3 -ma-
trix,

0 —-gq, g,
lg,x1=| g5 0 —q
-, q 0

is the cross product matrix, [g, x]u, =q, xu, .

For the vector representation of the quaternion 1,
which determines the rotation around the unit vector
e=n,/||n, || by anangle ¢, the following represen-
tation is true

B r_[cos(9/2) 10
N=MeNpNHpN;) = sin(d/2)e | (10)

where vector e contains coordinates of this vector in
some reference frame.

1.2. Basic equations of the NSC motion. It is as-
sumed that the NSC is in a state of rotation, de-
scribed by the following equation

(11)

Here, the angular velocity vector o =(w,,®,,, )"
is represented by its coordinates in the principal ref-
erence frame Oe,e,e, (OE ), the axes of which are di-
rected along the principal axes of inertia of the NSC.
Therefore, the inertia tensor matrix in equation (11)
is diagonal

]d—m+[oa><]]0)=M.
dt

J =diagi{],,],,J;}

The principal moments of inertia J,, i=1:3, are
considered to be unknown. The moment M in equa-
tion (11) includes the gravitational moment, aerody-
namic and other moments due to the action of the
environment on the NSC [32]. We assume that the
influence of these moments on the angular position
of the NSC during its revolution around the Earth
can be neglected, i.e., in equation (11), we set

M=0. (12)
It is easy to notice that in the absence of the mo-
ment of external forces, the solutions of equation
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(11) depend only on the ratio of the inertia moments.
Let us introduce the following notation

p1:]1]3_1’p2:]2]3_1' (13)

Then equations (11) can be written in the follow-
ing form

o = pfl(pz I ONON
602 = pgl(l _pl)o‘)l('o3;

(bs = (Pl —D )(’01('02'

(14)

Obviously, the solutions of this equation and equa-
tion (11) under condition (12) and with the same
initial conditions completely coincide when (13) is
held. We assume the inertia moments are constant
over the considered time interval. Therefore, the vec-
tor p=(p,,p, )" satisfies the following equation

p=0. (15)
The change in time of the quaternion q=g(t) is
related to the angular velocity

3
o= Zm €
j=1
of the NSC rotation by the following equation [6, P. 26]
1,
9= 5 qeo ,
where coordinates of the vector

3
co*=2wi
Ji
j=1

are the coordinates of the NSC angular velocity in
the NSC principal reference frame OE . The initial
conditions for equations (11) and (16) are unknown.

1.3. Measurement Equations. The position of the
origin O, of the graphical reference frame OE' is
determined by the vector r in the inertial reference
frame OI and measured by the CVS. The measured
vector

(16)

(17)

where r, is the position vector of the NSC ¢.m. in
the inertial reference frame OI . It is assumed to be
constant but unknown

r=r.+p,

£=0. (18)

The vector p=0, -0, giving the position of the
point O, in the principal reference frame O,E, is

20

also unknown and is constant in this frame, i.e.

3
pP=Dpe (19)
j=1
where
pj=0,j=1:3. (20)

Let us express the coordinates of the vector p in
the inertial reference frame. Substituting (5) into
(19) we get

3 3 3
p= Zpl,jij = ijej = ij(qoij oq)=
j=1 j=1 j=1

3
= qo[zpjij]oq .
j=1
Whence, using representation (9), we obtain

P, =R(g)p, (21)

where vectors p, =(p,,p15P15) s P=(PPP,)"
and 3x3 -matrix

R(q)=(q, —q,9,)], +24,[q,x]+2q,q, . (22)

Expression (21) is obtained using the vector-ma-

trix representation (9) of the quaternion multiplica-
tion operation

= _(llall O,
Q(q)Q(q)—[QX1 R(q)].

Here ©, . is the null mxn-matrix. Then from
(17) and (21) we obtain the following equality for the
vector coordinates

r=r.+R(qp.

We assume the measurements of the quaternion n
and vector r are made at discrete time ¢, =t +A-k,
k=0,1,2,..., with additive bounded errors &, and

., i.e., the following measurement vectors are ob-
tained

n=rt)+& =n+& =r, +R(q)Ip, +§ . (23)

N =Nl +E = +& =qon, +&. (24
The measurement errors satisfy the following in-
equalities
& l.<c, . lIE L. <¢c,,
where ¢, >0 and ¢, >0 are the maximum values of

errors assumed to be known. From here, (23) and
(24), it follows that the unknown parameters of the
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NSC motion satisfy the following inequalities
1% =1 — RGP . <c,,
(25)

1.4. Estimation problem statement. Differential
equations (7), (14)—(16), (18), (20) can be consid-
ered as equations of a nonlinear dynamical system
in continuous time, the state vector of which has the
form

M —qeomy [l.<c, VEk=0.

(26)

The initial conditions for these equations are un-
known. At discrete times ¢, , some components of
this vector x, = x(t,) = (0, G » Py 1Pe-My ) must
satisfy measurement inequalities (25). In addition,
the normalization conditions (2) must be satisfied for
the components g and p of the vector x .

Let x, , be some estimate of the state vector x, |
obtained at a discrete time moment (k—1). Using
differential equations (7), (14)—(16), (18), (20), we
can calculate the estimate X, , for the time moment
k. If this estimate satisfies inequalities (25), then,
obviously, it is not necessary to refine it and we can
set X, =X, , . If the estimate X, , does not satisfy
at least one of the inequalities (25), then its refine-
ment is required.

The problem is to find such a method for refin-
ing estimates x, , in which inequalities (25) will be
satisfied, starting from some finite time moment K .
Ideally, this method should satisfy the limit

lim || %, —x, ||=0.
k—

xz(mT)qT,pT,rTT’pT,“T)T cRY.

However, its existence is associated with the im-
plementation of certain properties of measurement
noise, which are difficult to verify and ensure in prac-
tice.

2. METHOD OF ESTIMATING
THE NSC RELATIVE POSE PARAMETERS

In this paper, we use a set-theoretic or guaranteed
approach to state estimation of dynamical systems,
which needs to use minimal a priori information
about uncertain values. With respect to these quanti-
ties, only the sets of their possible values are assumed
to be known. In this case, the estimation procedure
is reduced to performing operations on sets in order
to construct so-called information sets that are guar-
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anteed to contain the estimated values. In this work,
the modification [44, 45] of ellipsoidal estimation al-
gorithms [9, 12, 14, 29, 42, 48, 55, 56] was used. The
main advantages of the modification are the mini-
mum of a priori information about uncertain quan-
tities, the high convergence rate, its applicability to
nonlinear systems, and resistance to possible viola-
tions of a priori hypotheses about the values of un-
certain quantities.

2.1. Guaranteed approach to estimating the state
vector of dynamical systems. Let us briefly describe
the essence of the guaranteed approach to state esti-
mation of dynamical systems. Equations (7), (14)—
(16), (18), (20), using definition (26) of the state vec-
tor, can be written as

x = f(x(@),u(t),C(t)), t=t,,

where x(t)eR" is the state vector at continuous
time moment ¢, wu(t) is the vector of measured
input variables, ((t) is the vector of uncontrolled
perturbations. We will assume that the functions f(-),
u(-), and () are such that the standard conditions
[41] for the existence and uniqueness of a solution to
Eq. (27) are satisfied. We assume that the vector

CtyeZ Vt,

where Z is some bounded closed set.
Inequalities (25) associated with measurements
can be written in the following form

|g,(x)=y;I<¢;, j=1:N, Vk20,

(27)

(28)

(29)

where g (x):R"—>R, j=1:N, are continuously
differentiable functions of the state vector x, Yk
is output measurement, N =7 . These inequalities
are considered for discrete measurement moments
t, . In addition, the normalization condition (2) for
the quaternions included in the state vector must be
satisfied.

We now describe the procedure for refining infor-
mation about the state vector according to the guar-
anteed or set-theoretic approach to estimation. As-
sume that at the moment of time ¢, it is known that
the state vector

x, =x(t)eX,, (30)

where the set X, is given. Considering equation
(27) on the time interval [t,,t, ;] for all possible
x, satisfying (30) and for all possible realizations of
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perturbations {(-) satisfying condition (28) on this
interval, we can obtain the set

Xk+1|k = {x = x(tk+1’xk)u(')7é('))’
Vx, € X, VC(1)eZ Vet b, 1}

of possible values of the vector x,,, = x(¢,,,) atadis-
crete time k+1. The construction of this set can be
carried out, for example, by integrating the equa-
tion (27) on the interval [t,,t,,,] under various initial
conditions satisfying (30) and for all possible realiza-
tions of perturbations {(t)eZ Vtelt,,t,,,]. Obvi-
ously, this is a very time-consuming process that re-
quires a lot of calculations.

On the other hand, at the moment of time ¢, the
state vector x,,, satisfies inequalities (29), that can
be written as

Kies1 e‘)_(k-ﬂ :{x:lgj(x)_yj,kﬂ‘ < Cj» JZL_N} €1y

The set X,,, contains state vectors that are com-
patible with the measurements under given a priori
constraints on the measurement noise values. As a
result, we can conclude that

X € X = Xi N X -

Despite the obvious simplicity and logical rigor of
the presented approach for refining the set of possible
values of the state vector, its practical implementa-
tion in the general case encounters insurmountable
computational difficulties associated with the con-
struction and description of the sets X, ., Xe s
X,,, » as well as the implementation of set-theoretic
operations, in the considered case, the set intersec-
tion operation.

One of the approaches aimed at reducing the com-
putational complexity of solving estimation problems
is to use the ellipsoid method [9, 12, 14, 29, 42, 48,
55, 56]. In accordance with this method, the set X,
is considered to be an ellipsoid

X, =E =E®X,.H)={x:(x-%)" H'(x-x,)<1},

given by a center vector x, and a positive-defi-
nite symmetric matrix H, =H kT >0. The notation
E(x,,H,) will be used frequently in what follows.
The ellipsoid E, = X, in (30) is commonly referred
to as the ellipsoidal estimate of vector x, . The cen-
ter of the ellipsoid, the vector 5ck , is taken as a point
estimate. Ellipsoidal approximations for the sets

22

Xk+1|k and X, are constructed in the form of con-
taining them ellipsoids E = E(fckﬂlk,H k+1|k) and
E,. =E(x,,,H,, ), correspondingly. The solution
of the estimation problem is reduced to constructing
asequence {E }; ofellipsoidal estimates E, forthe
vector x, in accordance with the following recurrent
procedure

X €Epyy = D_(ku ﬂ[Xk+1|k]E]E = [)_(k+1 mEk+1|k]E - (32)

Here [X],denotes the operation of covering a
bounded set X — R" by a minimal in a certain sense
ellipsoid E ,i.e. X c E. Its volume, diameter, or an-
other function characterizing the size of the ellipsoid
is usually considered as a criterion for choosing such
an ellipsoid. The described method for constructing
ellipsoidal estimates is called ellipsoidal estimation
method. For linear systems, many operations [X],
have been developed that are optimal and suboptimal
in some sense. In the case of nonlinear systems, the
operation [X], can generally be implemented only
numerically and requires a large amount of computa-
tion.

2.2. Application of the modified ellipsoidal estima-
tion method. A heuristic approach proposed in [44,
45], makes it possible to reduce the amount of cal-
culations when constructing a sequence of ellipsoidal
estimates, significantly increase the rate of conver-
gence, and also make the estimation algorithm ro-
bust with respect to violations of a priori assump-
tions on the properties of uncertain values. A similar
approach was previously proposed and studied in
[55, 56]. According to approach [45], the ellipsoid
E = E(fckﬂlk,H k+1|k) is constructed using linear
part of the expansion of the function f(-) in the vi-
cinity of the point x, , as in the extended Kalman fil-
ter. Its center X, is found by numerically integrat-
ing the following equation

dx/dt= f(:?(t),u(t),é(t)), Xt )=x,telt,t, ],

assuming fckﬂlk =x(t,,,). Here é(t) is the estimate
of the unknown vector {(t), chosen on the basis
of some considerations. Usually it is assumed that
£(t)=0.
For the quantity
Ax(t) = x(t)—x(t),

using the Taylor series expansion, the following equa-
tion can be obtained
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dﬂ = Fx(e),u(t),6(0) — FED,u(t),&(1) =

= f(fc(t) + A, u(t), £+ AG()) — FEE),u(t),5(t) =

=0, f ), u(),5(0)Ax + 0, f (1), u(t), S(E)AL(E) +
o, (|| AxID+o.(1AGID, teltt, ] (33)

Here, the vector functions o, (|| Ax||) and o (|| AC]|)
denote expansion terms of the second order of
smallness with respect to Ax and AC. These terms
can be discarded and we obtain linear equation from
(33). This equation allows in general to calculate
the matrix H, , of the ellipsoid E,,,, , but again
the computational costs may be unreasonably
high. Therefore, calculation of the matrix H keilk is
proposed [45] to perform with the use of the following
stationary linear equation

dAx—A Ax, telt,t

0 eals (34)

where #n xn -matrix

Ay =0, f (X 10oWi10oCrann) -

Here
Xy = 0.5 (xk+1|k + xk) >

1 tes1
:X I u(t)dr,

L

uk+1/2

tk+l

Crorn = I .
If Ax, € E(0,H,), then by virtue of equation (34) it
can be obtained [55] that

Ax(ty,) € E(O’Hk+1|k) )

where

=AHA, . (35)

k+1|k

Here nxn-matrix A, =exp(A4, -A). We finally take
Ek+1|k = E(fck+1|k’H k+1|k) =

={x:(x— "%k+1|k ) Hl;+11|k (x— )%k+l|k) <1}.
In this case due to the used approximation
E i # Xy in general, i.e., some ends of the tra-
jectories of system (27) that have left the set X, = E,
will not belong to E,,, .

The following estimate of the set X 11 18 also con-
sidered

where sets
I, ={x | ngT(fchuk)(x - 55k+1|k)+
+g;(xk+1|k) YialScl, j=1:N

are obtained from (31) by replacing the function

(36)

g j(x) with its linear approximation in the vicinity of
the point fckﬂlk. In general XkH # X,,,- Due to this
and the fact that E,

Eop ﬂf(kﬂ =(J. In this case it is impossible to im-

k # X » it may turn out that

plement an analog of the scheme (32) for constructing
an ellipsoid E,,, in the form E, =[E,, NX,,1.-

Therefore, in the case E, [ X =0 itis proposed

to take a widened ellipsoid instead of an ellipsoid

k+1|k , that is

k+1|k ={x:(x- ’Ack+1|k ) Hz;luk(x - )%k+1|k) <1}, (37)
where the matrix

g2
Hy e =0 Hy -

The number o >1 is chosen in such a way that the set

E X,ﬁ1 #(J, and it should contain some sphere
of non-zero radlus Formulas for selecting o and
necessary explanations are given here [44,45]. An
ellipsoid E,,, covering the intersection Ekﬂlk NX,.,
can be obtained using standard iterative procedures
[52, 55, 56]. In this paper, the construction of the el-
lipsoid E,,,, is carried out iteratively [44] in accor-
dance with the scheme

Es+1 = [Es ﬂ 1_[smodN+1,k ]E $= 0’ 1’ 2" .

The ellipsoid Ek+1|k is taken as the initial ellipsoid
E_,,ie, E_ = Ek+1|k' In this case, the operation of
constructing an ellipsoid of minimum volume con-
taining the intersection E (IT anix Of the ellip-
soid E and the multidimensional layer TT__ .y, . is
used. Ifit turns out that E NTT__ .y, , =< forsome
s, then matrix H of the ellipsoid E, is multiplied
by the factor a , which ensures the ‘immersion”
of the ellipsoid E_ into the multidimensional layer
T, an.1x to @adepthof & (the value & is the algo-
rithm parameter). The process of constructing ellip-
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soids E, = E(x_,H_) willstop [44] at some finite s=S .
In this case, the inclusion x e ﬂN IT,, is true for
j=1 )

the center of the resulting ellipsoid Eg = E(x,,Hy).
Finally, we take E,, =E;.

Note that in the notation (36) and (37) the quan-
tity Ax = x—fckﬂlk appears as a variable. Therefore,
the above algorithm can be considered as searching
for an increment Ax,, =X, — %,y -

2.3. Linearization of the basic equations.

2.3.1. Additive and multiplicative form of quaterni-
on increment. Suppose we have some unknown qua-
ternion q and its estimate q. Then we can write that

q=4+Aq, or g=Aqeq, (38)
where Ag, and Aq are estimation errors of g.
The first representation is called the additive form
of the quaternion increment representation; the
second is called the multiplicative one [30,33].
The disadvantage of the first form is the fact that if
quaternion ¢ and increment Aq, are normalized,
their sum is not, and it is necessary to carry out the
normalization procedure. If, for example, Ag, was
determined as a result of some estimation algorithm,
in which increments of other quantities were also
determined, then such normalization in some
cases leads to the need for iterative refinement of
Aq, . In the multiplicative form, the result of their
multiplication will also be a normalized quaternion.
In addition, if we assume that the quaternion Ag is
small, i.e., it defines a rotation for a small angle ¢
(0= 0) around some unknown rotation axis defined
by a unit vector e, ||e||=1, then, in accordance with
the representation of a quaternion in the form (10),
the following estimates will hold for its scalar Aq,
and vector parts Ag,

Aq, =1, [||Aq,|l~0. (39)

Moreover, knowing the vector part Ag,, one can
determine the scalar part from the normalization
condition in accordance with the following expres-
sion

1-lAq, I (40)

and hence the quaternion Agq is fully characterized by
itsvector part. Obviously, all of the above applies equally
to the following representation of the quaternion

q=q°Aq.

Aq, =

(41)
24

Since the quaternion multiplication operation is
not commutative, the quaternion increments Aq in
(38) and in (41) do not coincide.

In expression (8) for the quaternion n, we will use
the representation (41) for the quaternion g and the
representation

H=Apop

for the quaternion p in the coordinate basis e,,
i=1:3, similarly to [3,4]. The reason for choosing
such representation will be clear from what follows.
The use of the vector part of quaternions Aq and Ap
allows us to reduce the dimension of the state vector
when estimating, and their normalization is carried
out in accordance with the formula (40).

2.3.2. Linearization of dynamic and measure-
ment equations. In accordance with the general
approach, the predicted estimate of the state vec-
tor X, is calculated by numerically integrating
equations (7), (14)—(16), (18), (20) over the inter-
val [f,,t,,,] under the initial condition X(t,)=x%,,
where x, is the state vector estimate obtained at
time k. When using the vector part Ag, and Ap,
to specify quaternion increments, the increment vec-
tor Ax =(Aw",Aq",Ap", A, Ap",A")" € R” of the
state vector, is uniquely characterized by the truncat-
ed vector of smaller dimension

Sx=(Aw",Aq, ,Ap",Ar} ,Ap",Ap))" € R . (42)

Therefore, to calculate at time (k+1) a correction
increment Ax,,, for evaluation x,,,, in accordance
with the measurement results, it is sufficient to know
dx,,, only.

We obtain a linear differential equation that ap-
proximately describes the evolution of the increment
vector dx . For equations (14), assuming

o(t) =) +Aw(t) , p(t)=p(t)+Ap(t),

we get in matrix notations

Ab=A (& p)Ao+ A, (@ p)Ap. (43)
Here, matrices
0 P (p,=Do,  p(p,~Do,
A, (o,p)=| p,'(1-p)o, 0 P A=p)o, |,
(p—p)o,  (p—p,)o, 0
_P;Z(Pz —Do,, p;lmzo%
A (o,p)= -p, 0,0, -p, (1-p oo, |
®,0, —0,0,
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For equation (15), obviously, we have
Ap=0. (44)
Using equation (16), we obtain a differential equa-
tion for Ag,. From (41), considering g as an esti-

mate of g, we obtain Aq =g oq. Differentiating this
expression, we have

Aq=qoq+g°q.
We get rj og+gog =0, differentiating the identity

goq=1.Hence, we have

(45)

(46)
By definition .
q=0.5g0o®. 47)

Substituting (47) into (46) and then (46) into (45),
taking into account representation (41), we obtain

Aq=3°4-G°4°Goq=
=0.5§ 0o Ago(®+A®)—0.5§ 0 GodogofoAq=
=0.5(Age®—®°Aq)+0.5Aq° Aw =
=—[@x]Aq, +0.5Q(A®)Aq . (48)

Let us estimate the right side of (48). Neglecting the
terms of the smallness order higher than the first,
using estimates (39) and expression (9) for the matrix
G(q) , We obtain

O(Aw)Aq = 0 Ao \(Aq, [0
QUAAT=| | aont | ag, )~ A0 )

Taking into account the last equality, from (48) we
obtain
Aq, = —[0x]Aq, +0.5Am, Ag,=~0. (49)
For the remaining constant parameters p,r., and
L, one can obtain the following equations
Ap=0,Ar, =0,Apn, =0. (50)
Combining equations (43), (44), (49), and (50), we
obtain an equation describing the change in time of
the vector dx in the linear approximation

A ,_,’~
ax:[ ((Dp) ®8><9J6x’

(51)
®9><8 ®9><9

where 8 x8 -matrix

Am(oa,p) ®3><3 AP((O,p)
A(o,p)=| 0.5I, —[wx] 0,,
® ® ®

2x3 2x3 2x2
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Let us assume that at time moment £, vector
dx(t,) =0dx, €SE, = E(0,H,).

Then, in accordance with the approach described in
Section 2.2, for the matrix A, , used in calculating
the matrix H kellk of ellipsoid 8Ek+1|k =E(0,H k+1|k) by
virtue of (51) and (35), we take the following expres-

sion
exp(A,,,8) Oy
k+1 = s

o I (52)

9x8 9

Here, Ay, ), = A(®55P) 5 Oy = O'S(wk+l|k +ay).

The ellipsoid 8E,, (SE,,,, = R") contains the pos-

sible values of the vector 8x;,, -

Let us linearize the functions g j(x) , appearing in
the measurement equations (23) and (24), at a point
X With respect to the vector 8x . To do this, we
substitute the terms of estimates and their increments
into the function expressions. The terms linear on
dx will contain the required gradients of the func-
tions gj(x).

For equation (23), considered for the time mo-
ment k+1, we have

Tt = T T AT+ R(Gy 0 Aq)(ﬁk+1|k +Ap)+E,, =
= T T A7+ R(Gy )R(AG) (P +AP) + &, =
% e + AT+ R(Gy )L+ 2[Aq <D (P +AP) +E, =
~ ;.k+1|k + R(ék+1|k )f)k+1|k +Ar+ R(ék+1|k )Ap - 2R(£1k+1|k) X

[Py x1Ag, +Epy - (53)

When obtaining the last equality, expression (22)
for the matrix R(q) and assumption (39) were used.

For equation (24) we get
ﬁkﬂ = qk+1 ° l’lk+1 + a?ﬂ = ék+l|k ° Aq ° AM ° ﬁk+l|k + é;clﬂ =

= ék+1|k ° AT] ° pl’k+1|k + &2+1 ’ (54)
where
An=AqgoAp.

Using the quaternion multiplication formula (4),
assumption (39), and similar assumptions for Ap,
and Ap, , we obtain

An, = Ag,-Ap, —(Aq,,An, ) = Agy - A, =1,
An, =Aq,-Ap, +Ap,-Agq, +Agq, xAp, ~Ap, +Aq, .
25
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Hence,

A Ang ) 1 1 0
+ .
T] AT] Aqv + AH ®3><1 Aqv + A"lv

Substituting this expression into (54), we obtain

0 . .
Mt & =

M ® ék+1|k ° flk+1|k + ék+l|k ° [ Aq, +An

. . . — . 0
= Qe © M T Q(qk+1|k)Q(“k+l|k)( Aq, + A, J +&, =

= }:lk+1|k ° ék+1|k + F(ék+l|k’,:lk+l|k )Aq, +
T (G sy ) AR, +EL, (55)
where 4 x3 —matrix
—qobt, — Moy — (1, x]g,)"
[(gn) = e
Hodols + Mg, ¥]=qo[1, x1=[g,x][1, x]—q,n,

From expressions (53), (55) and restrictions on
measurement noise, we obtain that the components
of the increment vector dx must satisfy the following
7 inequalities

7 — fk+1|k - R(ék+1|k )Fsk+1|k —Ar— R(ék+1|k JAp+
+2R(£1k+1|k ) [lsk+l|k xlAq, || .<c",
My — ék+1|k ° ,:l'k+l|k - r(ék+1|k ’ﬁk+1|k )Aq, —
_r(ék+1|k’l’1k+l|k Ap, [|,<c". (56)

These inequalities can be rewritten in the follow-
ing standard form

||A)’12+1 rk+16x||oo<c
|| Ayl?ﬂ k+18x ||oo< ¢

(57)

(38)
Here,
Ayl:+1 = Fk+1 - i;k+1|k - R(ék+l|k )f)k+l|k 2

H .= [0, - 2R(£]k+1|k)[[5k+1|k x] ©,,
I R(ék+1|k) 0,1,
Ayl?ﬂ = Tv’|k+1 - ék+1|k oljlk+1|k ’

H =[O, r(qk+1|k’uk+l|k) 0,,

O,; 0, F(qk+l|k’“'k+l|k)]‘

Note that (56) contains 4 inequalities that must
be satisfied using only three variables, namely, by
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the vector Aq, +Ap, of dimension 3. In the general
case, these inequalities may turn out to be inconsis-
tent, i.e., the solution area may be empty. Therefore,
at the numerical solution, when finding the intersec-
tion with the ellipsoid, three of these four inequalities
were chosen, but in such a way that the discrepancy
for the not considered inequality was minimal.

2.4. Problem solution algorithm. We consider
the estimate of the state vector x, and the matrix
H,=H] >0 of the ellipsoid 3E, to be known. Let
us describe the procedure for calculating the estimate
xk+1 .

1. Numerically integrate equations (14) and (16)
in real time on the interval [t,,t,,,] under the ini-
tial condition x, to calculate estimates (’Ok+1|k and

qk+1|k For the rcmamlng components of the state
vector, we assume Hk+1|k uk’pk+1|k pk’pk+1|k Prs
and 7, ol = =T,

2. At the tlme moment £, , we calculate the ma-
trix A, in accordance with (52) and the matrix

H, ., ofthe ellipsoid 8Ek+11k

3. An ellipsoid &E,,,(6x,,,,H,,,) is constructed
that contains the intersection of the ellipsoid 8E,
and the layers corresponding to inequalities (57) and
(58), taken for the time moment k+1, as proposed
in subsection 2.2. The center of the obtained ellipsoid
dE,,,, vector 8x,,, (in the general case dx,,, #0)
will satisfy the linearized inequalities (57) and (58).

4. Using increment vector

A (AAT AT AT
6xk+1 - (A(Dkﬂ’Aqv,kH’ApkH’ T k+1’Apk+1’A“'v k+1) >

calculate the vector
&kﬂ = (6);1 ’CA]IEH ’1{)111 > ;ﬁkﬂ ’f);l ’ﬁ':ﬂ )T
according to the following formulas:
6‘)k+1
pk+1 pk+1|k + Apk+1 >
Tr e =17 gk T ATy
Prw = pk+1|k +AP,, -
The quaternion g, ,, is calculated as follows:
G = £Ik+1|k °oAgy,, = Q(glk+1|k )AG,

= O A0,

where
Aqkﬂ - (A% k+1 ’Aqv k+1) H

Aéo,kﬂ =4/1- || Aév,kﬂ ||2
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The quaternion [1, , is calculated similarly:

PAlk+1 = Aﬁkﬂ © ':lk+1|k = Q(ﬁk+1|k )Al:lku )
where
T T

A,’lkﬂ = (Al’lo,kJrl’Apl'v,kH >

Apl’o,kﬂ = \/1_ ” A,’lv,lﬁ—l ”2 .

5. The increment vector 8%,,, was used for calcula-
tion of the vector %, , . So, weset 3E, , = E(0,H,,,) .

The estimation process will stop when 8x,,, =0,
i.e., when the calculated estimates, i.e., the vector
fckﬂlk will satisfy the inequalities (57) and (58) asso-
ciated with measurements.

The properties of the described algorithm were
studied using numerical simulation.

3. NUMERICAL SIMULATION
OF THE ALGORITHM FOR ESTIMATING
THE RELATIVE POSITION OF THE SATELLITE

The data from [3] were taken as a model example.
The principal moments of inertia of the satellite were
J,=4.0 kgm?, J,=8.0 kgm?, J,=5.0 kgm? The
simulation of the estimation algorithm was carried
out for different initial values of the angular veloc-
ity vector w(t,), whose components ® j(to), j=1:3,
were chosen randomly from the interval [—1, 1] rad/sec.
The initial attitude quaternion g(t,) of the NSC
principal inertia axes relative to the inertial refer-
ence frame was chosen in a similar way. Its compo-
nents qj(to) , j=0:3, were selected from the inter-
val [—1,1]. The resulting quaternion was normalized.
The constant quaternion p of the orientation of
the graphical reference frame relative to the prin-
cipal reference frame was chosen in the same way.
The position of the graphical reference frame in the
NSC principal reference frame was given by the vec-
tor p=(0.15,0.0,0.0)" . The position of the origin
of the principal reference frame in the inertial ref-
erence frame was characterized by a constant vector
7, =(10.0,1.0,2.0)" . These values were considered
unknown and were used when integrating equations
(14) and (16) to calculate the so-called true values
of these parameters and to form the measured values
of the distance 7, and 7, . Measurement noises &;
and & were generated as a random process of the
white noise type, uniformly distributed in the inter-
vals [—c",c"] and [—c",c"], respectively. The maxi-
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1.0r

0.5

Quaternion etha = mu*q components

_1 1 1 1 1 1
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Discrete time

Figure 2. Variation in time of the components of the attitude
quaternion of the graphical reference frame

12

nwF—s—e

Distance vector components

2W

0 1 1 1 1 1
50 100 150 200 250
Discrete time

Figure 3. Variation in time of the components of the distance
vector to the origin of the graphical reference frame

mum values of measurement noise are ¢’ =0.02 m
and ¢"=0.06, which corresponds to the accuracy
of determining the position of 2 cm and orientation
within 3° of the Euler angles. The measurement pe-
riod A was chosen to be proportional to the norm of
the initial angular velocity vector with a step of 0.5
seconds. The duration of the estimation process was
220 discrete time cycles.

Plots of the coordinates of the attitude quaternion
n(t) , as well as the components of the distance vec-
tor r(t) at the initial values of the angular velocity
(D(to)=(0.09,—0.05,0.04)T and the attitude quater-
nion q(t,) = (0.1005,0.5025,0.3015,0.8040)", are
shown in Fig. 2 and 3, respectively. It was chosen
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Figure 4. Change in time of the 1-st component of the vector
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Figure 5. Change in time of the 3-rd component of the vector
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Figure 6. Variation in time of angular velocity estimation error
e, =l o(t)— o],
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Figure 7. Variation in time of quaternion estimation error
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Figure 8. Variation in time of quaternion estimation error
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Figure 10. Time variation of parameter estimation error
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Figure 11. Change in time of the norm of matrix H, of the
ellipsoid SE,

H,=1-1 and A=1 sec in this example. The initial
estimate of the quaternion were ﬁto =(1,0,0,0)",
g =My Ty, =T, . The initial estimate of the moment
inertia ratio vector was p, =(p, ,p,,)" =(0.5,0.5)" .
The remaining elements of the vector x, were cho-
sen to be zero. The true values of the inertia mo-
ment ratios were the following pf = ]1]3’1 =0.8,
p;‘ =1,]; '=1.6, i.e., the true vector of parameters
P =(p.,p;) =(08,1.6)".

The relatively small change of the distance vector
components is due to the small value of the vector p .
This change is rather complex, as shown in Fig. 4 and
5, which show the change of the first component in
Fig. 4 and the third one in Fig. 5.
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This is due to the fact that the initial conditions for
the angular velocity were such that the coordinates
of the angular velocity vector in the NSC principal
reference frame do not remain constant. This means
that the angular velocity vector changes its position
relative to this frame and, therefore, in the consid-
ered case, the free rotation of the NSC is not rotation
around the fixed axis.

Estimation errors of the NSC angular velocity vec-
tor, e =|| w(t,)—®, ||,, and the NSC attitude quater-
nion e} =||q(t,)—4, ||, at discrete times f, =k-At
obtained by the proposed estimation algorithm, are
shown in Fig. 6 and Fig. 7, respectively.

The angular velocity estimation error at the end
of the algorithm operation interval did not exceed
0.0003 rad/sec, which is no more than 0.3 % of the
nominal value. The estimation accuracy of quaterni-
ons ¢q(¢t) and p at the end of the estimation process
reached the value of 0.004. The plot of the estimation
error of the quaternion p and the change of the pa-
rameter estimates f’1,k and 152,,( with time are shown
in Fig. 8 and 9, respectively.

The change of the estimation error ef =|| p" - p, ||,
of the vector of the NSC inertia moments ratios is
shown in Fig. 10. The steady value of the estimation
error did not exceed 0.003.

The plot of the norm || H, ||,=+A;™ of matrix
H, oftheellipsoid SE, , where A" isthe maximum
eigenvalue of the matrix H,, is shown in Fig. 11.
From the consideration of transient processes in Fig.
6—10 it follows that the time of the transient process
does not exceed 180 cycles, in the case under consid-
eration it is 180 seconds, i.e., 3 minutes.

4. CONCLUSIONS

The results of the numerical simulation showed the
operability and efficiency of using the proposed
ellipsoidal filter in solving the estimation problem of
parameters of the NSC relative rotational motion.
As it follows from the simulation results, the use of
the proposed estimation technique allows not only
increase the accuracy of the measured parameters
(distance vector and attitude quaternion) by order
of magnitude but also to obtain rather accurate
estimates of all other motion parameters. In this
paper, we deliberately considered a simplified case
in which the measuring device remained stationary
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since it was necessary to find out the fundamental
possibility of using the ellipsoidal estimation method
to solve the formulated problem. To consider the
case when the measuring device is also installed on
a spacecraft that can perform maneuvers near the
NSC, it is necessary to use additionally the equations
of the relative orbital motion of the two spacecrafts.
There are a number of questions related to the
application of the proposed estimation algorithm.
Namely, the determination of the areas of initial val-
ues of the motion of the NSC, at which the algorithm
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[HCcTUTYT KOCMiYHMX nochiakeHb HauioHanbHOI akaaemii Hayk YKpainu Ta [ep>kaBHOro KOCMiYHOTO areHTCTBa YKpaiHU
nip. Akanemika Drymkosa 40, kopr. 4/1, Kuis 187, Ykpaina, 03187

OLIHIOBAHHA NAPAMETPIB BITHOCHOI'O PYXY HEKOOIIEPOBAHOI'O
KOCMIYHOI'O ATTAPATA 3A BI3YAJIbHOIO IHOOPMALIEIO

PosrasiHyTO 3amayy BU3HauYeHHS MMapaMeTpiB BiTHOCHOTO PyXy HeKoomepoBaHOro KocmiuHoro amapara (HKA), 1o nmepe-
OyBa€ y BiJIbHOMY HEKepOBaHOMY pycCi, 3a pe3yJiTaTaMW BUMIipIOBaHHS BiICTaHi 10 1IbOTO arapara Ta iioro KBaTepHioHa opi-
eHTallii. [Ipunyckaerbesi, 11O 11i BUMipIOBaHHSI BUKOHYIOThCSI cucTeMoto TexHiuHoro 3opy (CT3). KoukpetHuii Tun CT3 He
posrisnaetbes. [lpumnyckaersces, 1o CT3 BUMipioe BicTaHb Ta MOJIOKEHHS TaK 3BaHOI rpaiyHOl CUCTeMU KOOPAUHAT, siKa
XKopcTKo 3akpimieHa Ha HKA. [lo mapameTpiB BiTHOCHOTO pyxy HajlexkaTb BEKTOP BincTaHi 10 ueHTpa Mac HKA, kBaTepHi-
OH opieHTallii rooBHUx oceit iHepuii HKA BigHocHO cuctemu koopauHat CT3, kBaTepHiOH opieHTallii rpadiyHOi cucTeMn
KOOPIMHAT BiTHOCHO royioBHOI cucteMu KoopauHaT HKA, BimHOILIEHHSI MOMEHTIB iHep1lii, BEKTOP MOJIOKEHHS LIEeHTpa Mac
y rpacdiuHiii cucteMi KoopauHar. 3a1aua BUPIIYETHCS 3a JOIMTOMOTOI0 IMHAMIYHOTO (biJIkTpa, OCHOBAHOTI'O HAa METO/II eTiIcoi-
NaJIbHOTO OLliHIOBaHHS. MeTo nependayae 3HaHHS JIMIlEe MaKCUMabHUX 3HAUEHb 1IyMY BUMIipiB, CTOXaCTUYHi XapaKTepuc-
TUKMU 1IIyMY He nepeadavyaroTbCsl BiTOMUMU i TOMY HE BUKOPUCTOBYIOThCS. BiacTUBOCTI 3alIpONOHOBAHOIO aIrOPUTMY OYJIO
MPOJEMOHCTPOBAHO 3a IOMTOMOTOI0 YHCETHLHOTO MOJemoBaHHs. OTpUMaHi pe3yibTaTy TUIAHYEThCS BUKOPUCTOBYBATH ISt
PpO3po0OKU, CTBOPEHHSI Ta BUITPOOYBAHHS HaBirauiiiHOi cucTeMu 30JIMXKEHHS Ta CTUKYBaHHSI CEPBICHOIO KOCMIYHOTO arapara,
1110 PO3POOJISIETHCS TPYIOI0 MiAMPUEMCTB KOCMiuHOIT rany3i Ykpainu nia kepiBHurBoM TOB «Kypc-Opo6itain».

Karwowuoei caoea: napaMeTpu BiITHOCHOTO PyXy, KOCMiYHUIA arapat, OLliHIOBaHHSI, Bileo.
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ESTIMATION OF THE POSSIBILITY
OF USING ELECTRIC PROPULSION SYSTEMS
FOR LARGE-SIZED ORBITAL DEBRIS POST-MISSION DISPOSAL

The steady increase in the amount of large-sized orbital debris represents a substantial threat to satellite missions. Currently, many
methods of cleaning near- Earth space with the use of various means based on various physical principles are considered. Out of them
all, the active method using a rocket propulsion system is the most commonly implemented. Considering the high specific impulse, small
size, and mass of electric propulsion systems, they are a particularly attractive choice as means of post-mission disposal. Despite their
advantages, such systems have certain peculiarities that need to be considered in the process of designing and implementing modern
post-mission disposal means. These peculiarities include the maximum time of a single firing of the electric propulsion system, the
maximum time of the battery charging, and the time of operation of the control system.

The purpose of this work is the determination the capabilities of the modern Hall thrusters ST-25 and ST-40 developed by Space
Electric Thruster Systems in solving the problem of post-mission disposal of large-sized orbital debris from low- Earth orbits taking into
account the limitations on the power supply system. To achieve this goal, methods of analysis, synthesis, comparison, and computer
simulation were used. In the course of the carried-out research, the following problems were solved. A scheme for post-mission disposal
of large-sized orbital debris from low-Earth orbit was developed with consideration of the use of an electric propulsion system. The
dependence was determined of the minimum delta-v increment required for post-mission disposal of an object within 25 years on the
initial altitude of the orbit and the ballistic coefficient of the orbital debris. The upper boundary of the combinations of masses of orbital
debris, the altitude of the initial orbit, and the ballistic coefficient were determined, for which post-mission disposal from near-Earth
orbits is possible with the use of electric propulsion systems.

The obtained results can be used in solving problems of the development of modern means of active post-mission disposal of orbital
debris with the use of Hall thrusters developed by Space Electric Thruster Systems.

Keywords: orbital debris, active post-mission disposal, electric propulsion system.
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INTRODUCTION

The ecological state of near-Earth space is character-
ized by a huge number of space objects. One of the
ways to slow down the growth of the number of such
orbital debris objects (ODO) in low-Earth orbits
(LEO) is the post-mission disposal of the upper stag-
es of launch vehicles and spacecrafts into the dense
layers of the atmosphere, where they will decay.

Currently, various methods of disposal of space
objects out of their orbits are considered [20, 23,
32, 34]. These can be active post-mission disposal
with the use of jet propulsion systems [4, 8, 12—
16, 22, 25, 29, 31] or autophage systems [37, 38],
electrodynamic tether systems [9, 19], ion beam
shepherd systems [1, 18], magnetodynamic systems
[17, 35], sailing structures [3, 5, 24, 26, 30], and laser
systems [33, 36]. The use of combined methods is
considered in [2, 6, 10, 11, 21].

One of the most promising methods is the use of
a jet propulsion system. The main advantage of this
approach is to ensure the disposal of a space object
within a given time frame and at a given re-entry
point in near-Earth space. However, this approach
has a significant drawback related to the need for
fuel components on board a space object. This leads
to a significant increase in the mass-dimensional
characteristics of the propulsion system.

One of the most promising types of propulsion sys-
tems is the electric propulsion system (EPS), which
has a number of significant advantages compared to
other types:

e the specific impulse (1500...1600 sec.) signifi-
cantly exceeding that of propulsion systems of other
types;

e operation with the use of electrical energy, which
can be obtained directly in space from solar panels;

* possibility of long service life (thousands of
hours);

e possibility of multiple on/off switching (thou-
sands of cycles).

Along with these advantages, EPSs have a number
of features that must be taken into account when us-
ing them:

 the need for sufficient electric power on board
(after the degradation of solar panels at the end of the
period of active existence of the space vehicle);
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e small thrust value (from several mN to tens of
mN). If necessary, to increase the thrust of the EPS,
one can use a bunch of 2...3 engines (if there is suf-
ficient electric power on board).

The complexity of the design of the propulsion
system, which, in addition to the electric rocket
engine, includes a system for storing and supplying
the propellant and the energy conversion and control
system necessary for the functioning of the EPS.

LITERATURE REVIEW

As it was noted earlier, of all multitude of methods
of post-mission disposal of ODOs [20, 23, 32, 34],
up to date, active deorbiting with the use of a rocket
propulsion system is predominantly used.

Authors of [31] were among those who first no-
ticed the possibility to use EPS in the problem of
post-mission disposal of ODOs. In this work, the
problem was formulated, the ways of its solution were
determined, and a comparative analysis of energy ex-
penses on implementation of active deorbiting with
the use of chemical propulsion systems and the EPS
was made.

For a fast evaluation of the preliminary require-
ments for the accomplishment of typical debris de-
orbiting with the use of the EPS, a new algorithm is
proposed [29]. It is based on Edelbaum’s method of
approximation, which takes into account eclipses,
atmospheric drag, and the oblateness of the Earth.

A concept of active post-mission disposal of cube-
sat-sized ODOs was developed in [13]. The law for
controlling the thrust vector during continuous op-
eration of the EPS, ensuring the minimum time of
disposal, was defined more precisely. A simulation
for an example of the Kompsat-1 satellite and Pega-
sus launch vehicle was carried out. A possibility of
disposal within two years was shown.

The work [15] is devoted to the development of a
method of active post-mission disposal of a copla-
nar constellation of ODOs with the use of the EPS.
A scheme was developed for disposal that ensures
the minimal time of disposal of the constellation in
the presence of limitations on the risk of collisions
within the constellation. A quasi-optimal minimum
time control law for controlling the thrust vector
was developed. Simulation for an example of the
OneWeb constellation was carried out, the results
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of which confirmed the workability of the proposed
solutions.

In [22], an autonomous strategy of active post-
mission disposal of ODOs with the use of the EPS
was developed. A scheme of disposal consisting of
four stages was proposed. They include migration
to a target orbit, approach, and others. Control laws
for the thrust vector at each stage were developed. A
simulation of post-mission disposal was carried out
on an example of several debris objects, which con-
firmed the effectiveness of the proposed strategy.

A new concept of active post-mission disposal
with the combined use of the thrust force of an EPS
and the aerodynamic drag was proposed in [25]. The
scheme of disposal developed in this work consists of
two stages. The first stage is active, involving the fir-
ing of the EPS. The second one is passive, relying on
the atmospheric drag. A study on the choice of the
power of a Hall and ion EPSs required for disposal of
the upper stage of the H-2A launch vehicle from the
altitude of 600 km within one year was carried out.
The dependence of the mass of the disposal object on
the power of the EPS was determined. The influence
of the time limit for the orbital existence on the flight
trajectory was studied.

A method of post-mission disposal with the reentry
of a small satellite equipped with a hybrid propulsion
system was developed in [14]. A scheme of disposal
consisting of two distinct segments was considered:
movement in the upper layers of the atmosphere and
movement in the dense layers of the atmosphere with
landing in a specified area of the Earth. A study of the
processes of motion in the atmosphere for different
scenarios was carried out.

The work [16] is devoted to research on the active
method of post-mission disposal from LEO with the
use of the EPS. For active disposal with the use of Ly-
apunov methods, a stable time-sub-optimal control
law for the thrust vector of the EPS was developed.
Dependences of the increment of velocity required
for post-mission disposal and the time of disposal on
the altitude of the initial orbit and the altitude of the
perigee of the beginning of the passive segment of the
trajectory were determined. It was shown that in the
absence of limitations on the delta-v, disposal in the
entire range of LEO is done in less than five years.
In the opposite case, the altitude of the initial orbit,

its inclination, and the ballistic coefficient have to be
taken into account. It was revealed that for the ma-
jority of inclinations, the most reasonable is the post-
mission disposal by reducing the altitude of the orbit
perigee, and, for the orbits close to 90°, change of the
inclination can be of particular interest.

As for Ukraine, this matter was considered for the
first time in [8]. The authors proposed a conceptual
model of a servicing spacecraft for cleaning near-
Earth space with the use of the EPS. An analysis of
its main features was carried out, and the area of its
applicability was determined as altitudes from 800 to
1200 km.

Further, the problems of active post-mission dis-
posal of ODOs from LEO with the use of the EPS
were developed in [11]. The authors proposed a
method of combined post-mission disposal of ODOs
with the use of the EPS and aerodynamic sail de-
vice (active post-mission disposal is a particular case
of this method). A peculiarity of this method is the
minimization of consumption of the propellant in
the presence of limits on the time spent in the orbit.

In the dissertation work [10], extended research
was carried out for the processes of active and com-
bined post-mission disposal of the ODOs with the
use of ESP. Besides, the author developed a method
for determining the mass of ODO that can be dis-
posed of with the use of an EPS with given param-
eters. For typical ODOs, the maximum delta-v, the
energy expenditures, and the range of masses of the
objects being disposed of were determined.

Besides, a study of the effectiveness of ODO post-
mission disposal systems is carried out in [7]. The au-
thors proposed the use of a criterion of the total inte-
gral relative effectiveness for the choice of the optimal
disposal of ODOs from LEO. It was shown that the
combined method of post-mission disposal with the
use of a servicing apparatus of an autophage launch
vehicle helps to reduce compensation expenses. The
possibilities of creating combined disposal systems
with multiple-firing engines for the reduction of op-
erational costs were considered.

FORMULATION OF THE RESEARCH PROBLEM

Based on the literature review, we can conclude the
following. For solving the problem of determin-
ing the capabilities of modern Hall thrusters ST-25
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Figure 1. Hall thruster ST-25

Table 1. Hall thruster’s characteristics

Figure 2. Hall thruster ST-40

Hall thruster ST-25-1 ST-25-2 ST-40-1 ST-40-2
Input power, W 150 250 180 300
Thrust, mN 5.9 10.3 9.5 17
Specific impulse, s 650 1160 900 1490
Lifetime, hr 3000 3000 5000 5000

(Fig. 1) [28] and ST-40 (Fig. 2) [27] developed by
Space Electric Thruster Systems (Ukraine) for active
post-mission disposal of ODOs from LEO within
limitations of the energy supply system we will use
results presented in [10], specifically, the analytical
dependences of the optimal increment of the char-
acteristic velocity per one firing and the number of
firings on the altitude of the initial orbit, ballistic co-
efficient, time of recharging of the battery and time
of active operation of the control system. Besides,
we will use the proposed method for determining the
range of masses of ODOs that can be disposed of with
the EPSs with given parameters.

In the course of research, it is necessary:

¢ to develop a scheme for the post-mission dispos-
al of large-sized ODOs from LEO using EPS;

¢ to determine the dependence of the minimal
delta-v increment per one firing and the number of
firings on the altitude of the initial orbit, the ballistic
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coefficient, and the charging time of the battery in
the presence of limitations on the active operation of
the control system (CS);

* to determine the dependence of the upper mar-
gin of the mass of an ODO being disposed on the al-
titude of the initial orbit, the ballistic coefficient, and
the charging time of the battery in the presence of
limitations on the active operation of the CS;

* to determine the dependence of the minimal total
time of operation of Hall thrusters ST-25 and ST-40
on the altitude of the initial orbit, the ballistic coeffi-
cient, and the charging time of the battery in the pres-
ence of limitations on the active operation of the CS;

The following initial data were assumed:

* the altitude of the initial orbit of the ODO in the
range from 500 to 1500 km;

e the ballistic coefficient is 0.001 mZ/kg and
0.01 m?%/kg, which corresponds to the range of large-
sized ODOs;
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* the time of active functioning of the CS as equal
to 1 year;

e the charging time of the accumulator battery of
1, 3, and 5 hours;

e the post-mission disposal time is 25 years;

e technical data of Hall thrusters are shown in
Table 1.

THE MAIN MATERIAL OF THE RESEARCH

Consider the requirements for the process of post-
mission disposal ODOs from into the dense layers of
the Earth’s atmosphere. On the one hand, the process
of disposal should minimize the costs of the propel-
lant. On the other hand, according to generally ac-
cepted norms, the disposal should not last longer than
25 years. At the same time, the active existence of most
modern flight CS does not exceed 5 to 15 years.

Consequently, the process of post-mission dispos-
al of these conditions should consist of two charac-
teristic stages: the active and the passive [6, 10—12,
25]. The first is the formation of an elliptical orbit
using the EPS during the active operation of the CS.
The second is the passive trajectory of the orbit under
the influence of the force of acrodynamic drag of the
Earth’s atmosphere of the time interval remaining
out of the required 25 years from the moment of the
beginning of the disposal.

Consider the active stage of the disposal. Let us
introduce the assumption that the EPS is “perfectly
controllable”. Despite its advantages, EPS has one
drawback — a small thrust force. It basically does
not exceed one Newton. Consequently, ensuring
the delta-v increments of hundreds of meters per se-
cond needed to remove an ODO from LEO will re-
quire long-term firings of the EPS. At the same time,
it is necessary to take into account the dependence
of the EPS operating time on the capabilities of the
power supply system of the means of disposal, which
are limited. That is, the process of forming the re-
quired values of speed increments using EPS for most
ODOs will be a sequence of alternating EPS firing
and downtime due to the need to charge the battery
[10, 11]. In addition, the efficiency of the thrust force
in the problem of forming an elliptical orbit depends
significantly on the position of the ODO in orbit.
Thus, around the apogee, it is more than 90 %, and
around the perigee, less than 10 %.

Considering the above, we will present a scheme
for post-mission disposal of an ODO from LEO us-
ing EPS in the form of the following scheme (Fig. 3).

Designations in Fig. 3: a — the Earth, 6 — the ini-
tial orbit of the ODO, ¢ — the ODO with EPS turned
off, d — the ODO with EPS operating, e — the tra-
jectory of the active stage of disposal, f — the trajec-
tory of the passive stage of disposal, / — reorienta-
tion of the ODO before the first ignition of the EPS,
2 — switching of EPS on, 3 — simple EPS, battery
charging, 4 — passive flight after the end of the active
work of the CS.

Let us consider the method of estimating the ca-
pabilities of the EPS to ensure the post-mission dis-
posal of the ODO from LEO [10].

1. Determination of the minimum delta-v re-
quired for post-mission disposal, the corresponding
number of firings of the EPS, and the delta-v per one
firing. According to [10], these values will be deter-
mined as follows.

The number of EPS ignitions is determined by the
relation

Meym :aoN(hﬂ_alN)+a2N ) (1)
where a,y, a, , and a, y are the coefficients.

a, is determined by relations

oy = boonTes + b1y » (2

booy = Corn EXP(Coon TS ) 5 3)

boin =gy €xp(dy,y lntf:(};N ), “4)

Coiv = €oinO10 + O 10 Ty » %)

Aoy = fOiNciO + finOro + fo > (6)
G,, =logo,,

where 1 is the service time of the CS (years), 1.,
is the battery charging time (hours), e, , e, , and
e, aregiveninTable2, f .., f.y,and f,, aregiv-
en in Table 3, o is the ballistic coefficient of ODO.

a, yis given by

a,, =350, +307c,,+1098 . (7)
a,, is determined by relations
Aoy =byonTes +1, (8
byon = Cyin €XP(CyTEY) )
Civ =hoinO 1o FHinG o + Moy » (10)
where b, , h,,, ,and h,,, are given in Table 4.
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The delta-v in one firing of the EPS is

AV,
AV, =2 s (1
nEM
where AV, is the EPS’s minimum delta-v during

post-mission disposal time, which is determined by
the relation

AV, =V il—exp[v,s (b —v,.) 1}, (12)
where vy, v,5, v,5, v, are the coefficients.
v,y is determined by relations
Vis = O‘on:‘c?:s + o‘1121723 0y Tog+ 055, (13)
0y =—0.01469G,, —0.17884 (14)
a,,5 =0.4248560, , +3.00379 , (15)

o, =1.289592c7 , —0.83654c° , —1.55223c,, —66.6,
(16)
=31.30;, +44.307,+198.95,,—924.3 .(17)

O(‘312

v,y 1S given by
Vys = (0gs To + 0y Tog + 0y Teg +04y5)-107, - (18)
oy,s =0.3730190) , +1.02114257 , +2.602269G, , +32.5,
19)
o,y =—12.00;,-33.007,—84.15,,-1050,  (20)
=154.3c, +422.20;,+1081c,,+13509, (21)

-7804c;,—213600;, —54711c,, — 683719 .
(22)

(X’ZZZ

Uypy =

v,y is determined by the relation
v,y =6.3334720, , +63.007, +334.75,, +1098. (23)
v, is given by
v, =—(0.000150,, +0.00516)t ., +

+0.0276096, , +0.919621.

4%

(24)

2. Determination of the minimum total mass of
the propellant necessary to ensure the disposal
A‘/EMnEM

Amg =m,|1—exp| —ZLEL || (25
. { P[ 9.806651Eﬂ 2

where mgis the ODO’s mass; /. is the EPS’s specific
impulse.
3. Determination of the minimum total operating

time of the EPS.

Am
oy =—2L (26)
mE

where 1, is the EPS’s flow mass rate.
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Figure 3. Post-mission disposal scheme

Table 2. Equation (5) coefficients

i

1

2

3

0iN

1iN

2iN

—~1.178452 x 1072
—-2.201379 x 107!
—-3.569176 x 100

1.291436 x 104
-8.937730 x 1072
-1.632239 x 100

7.536625 x 1074
—1.083015 x 102
3.325187 x 107!

Table 3. Equation (6) coefficients

i

1

2

3

fOiN
fuw
fZiN

1.278853 x 10~
1.081764 x 103
3.497105 x 1072

1.868910 x 103
1.209050 x 102
-9.594542 x 107!

1.300126 x 102
8.016459 x 102
1.151486 x 100

Table 4. Equation (10) coefficients

i

1

2

3

0iN

1iN

2iN

1.665162 x 10!
4.559628 x 100
5.472710 x 103

—-2.229510 x 1073
—1.106098 x 102
—-6.460616 x 107!

—1.841633 x 1073
—1.191240 x 102
1.145981 x 100
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b

Figure 4. Dependences of the minimum delta-v increment for
one ignition on the altitude, the ballistic coefficient, and the
battery charging time: @ — for 65 = 0.001 m?/kg, b — for 6=
0.01 m?/kg. (Curve 1, 2, 3— for T, =1, 3, 5 hr, respectively)

4. If the resulting mass of the propellant and
the minimum operating time of the EPS meet the
specified requirements for the operation of the EPS,
we can move on to the next operations.

5. Calculation of the minimum energy spending to
ensure the process of disposal

Epy = Ngtpy
where N is the EPS’s input power.
6. Calculation of the time of one firing of the EPS

m AV
T, (m)=—"|1-exp| ——EL—1|. (28
) mi p[ 9.806651Eﬂ 29

(27)

40

ey
‘\N\*‘\N ;
4000
W 2
2000
3
0 1 1 1
a
6000
H\‘ﬂ*&’\’\ﬁ\‘ ;
4000
H_H_"H—Q——Q_‘ P
2000
3
0 1 1 1
400 800 1200 hg, km

b

Figure 5. Dependences of the number of EPS ignitions on
the altitude, the ballistic coefficient, and the battery charging
time: @ — for o¢ = 0.001 m?/kg, b — for 65 = 0.01 m?/kg.
(Curve 1, 2, 3 —for T =1, 3, 5 hr, respectively)

7. Determination of the upper boundary of the
range of masses of ODOs, which can be disposed
of using EPS. To do this, we will define the level
of efficiency of using EPS as 10 % of its maximum
value. This corresponds to about 1/4 of the part of
the orbital period of the ODO. The upper boundary
we will find by solving the functional

My = argl:TEM (ms ):' >
tpp=0,25T
where T is the period of ODO’s orbital motion.

As an outcome of mathematical modeling of post-

mission disposal of large-sized ODOs from LEO, the

(29)
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mg,, kg My, kg
10° f 10°
-o— ST-25-1
—— ST-25-2 4]
nl 10
10 ST-40-1
- ST-40-2
10° + 10° F
10° 10° f
10' F 10'
10’ . . | 10° . . .
a a
10° | 10° |
10* 10*
10° | 10°
10° | 10° |
10' 10'
10° . . ;|10 . . .
400 800 1200 hg, km 400 800 1200 hg, km
b b
Figure 6. Dependence of the upper limit of the mass of the | Figure 7. Dependence of the upper limit of the mass of the
ODO on the initial orbit altitude, the ballistic coefficient for | ODO on the initial orbit altitude, the ballistic coefficient for
the battery charging time 1 hr: ¢ — for 6 = 0.001 m?/kg, | the battery charging time 3 hr: @ — for oy = 0.001 m?/kg,
b— for g =0.01 m?/kg b — for o4 =0.01 m?/kg
following dependences on the altitude of the initial | with the increase in the altitude of the initial orbit,
orbit, the ballistic coefficient, and charging time of | is inversely proportional to the ballistic coefficient,
the battery were obtained: and is directly proportional to the battery recharging
* minimum delta-v for one ignition of the EPS | time. Anincrease in the altitude of the initial orbit re-
(Fig. 4); quires a substantial delta-v for ensuring post-mission
e number of the EPS ignitions (Fig. 5); disposal. An increase in the ballistic coefficient re-
¢ maximum mass of the ODO (Fig. 6—38); sults in a stronger influence of the atmospheric drag
e total operating time of the EPS (Fig. 9—11). and a decrease of the required delta-v. An increase in
the battery charging time leads to the reduction of the
DISCUSSION OF RESULTS number of firings of the EPS over the active function-
Consider the results obtained. As can be seen in | ingofthe CS. This leads to the growth of the required
Fig. 4, the minimum delta-v increases exponentially | delta-v.
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Mgy, kg

10°

—o- ST-25-1
4 —— ST-25-2

ST-40-1
—— ST-40-2

10 I I )
400 800 1200 hg, km

b

Figure 8. Dependence of the upper limit of the mass of the
ODO on the initial orbit altitude, the ballistic coefficient for
the battery charging time 5 hr: a — for o, = 0.001 m?%/kg,
b — for o =0.01 m?/kg

According to Fig. 5, we can see the following.
The number of firings reduces with the growth of
the altitude. A similar situation must be observed in
the case of impulse operation of the EPS. With the
growth of the altitude, the orbital period of an ODO
increases. Consequently, the number of passages of
the apogee of the orbit, around which the EPS is
fired, during the period of active operation of the
CS reduces. The influence of the ballistic coefficient
on the number of firings of the EPS is insignificant,
but with its increase, the number of firings increases
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Figure 9. Dependence of the minimum total operating time
of the EPS on the initial orbit altitude, the ballistic coefficient
for the battery charging time 1 hr: ¢ — for o5 = 0.001 m?/kg,
b — for o =0.01 m?/kg

insignificantly. This is stipulated by a stronger
influence of the atmospheric drag and, therefore, by
a smaller value of the orbital period.

Consider the dependence of the mass of the ODO
(Fig. 6—38). It has a complicated nature and, for the
considered range of variation of the parameters,
lies within limits from 60 kg to 4 tons. An inversely
proportional dependence on the altitude of the initial
orbit is observed. With the increase in the ballistic
coefficient of the ODO by order of magnitude, its
disposal mass increases by approximately 2.5 times.
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tpys T
1140 +
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—— ST-25-2
ST-40-1
1120 b —— ST-40-2
1100
1080 )
a
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1120
1100 L L |
400 800 1200 hg, km
b

Figure 10. Dependence of the minimum total operating time
of the EPS on the initial orbit altitude, the ballistic coefficient
for the battery charging time 3 hr: ¢ — for 64 = 0.001 m?%/kg,
b — for o5 =0.01 m?/kg

An increase in the battery charging time from 1 hour
to 5 times causes a decrease in the disposal mass by
approximately 3 times. For ST-25, the disposal mass
ranges from 60 kg to 2.5 tons. And for ST-40, from
100 kg to 4 tons.

Concerning the total time of operation of the EPS
over the time of post-mission disposal, the results are
given in Fig. 9—11. As can be seen from the obtained
dependences and Table 1, the total minimum time
of operation does not exceed the given values. The
altitude of the initial orbit influences this value

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 3

g T
780
-o— ST-25-1
—— ST-25-2
ST-40-1
—A— ST-40-2
760
740
720 |
a
760 [
740
1 1 I
400 800 1200 hg, km
b

Figure 11. Dependence of the minimum total operating time
of the EPS on the initial orbit altitude, the ballistic coefficient
for the battery charging time 5 hr: @ — for o = 0.001 m?/kg,
b — for o =0.01 m?/kg

insignificantly, with inverse proportionality within
5 %. Its increase by an order of magnitude increases
this time by approximately 5 %. The increase in the
battery charging time from 1 hour by a factor of 5
causes a lowering of the minimal total time of firing
of the EPS by three times.

Note that the dependences ST-25-2 and ST-40-2
correspond to the upper limit of thruster performance
and are, therefore, optimal in terms of the mass
to be disposed of. In turn, ST-25-1 and ST-40-1
correspond to the lower limit of engine performance
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and represent the upper limit for any operating modes
of the thrusters.

CONCLUSIONS

In the research, the following results were obtained:

¢ a scheme for post-mission disposal of large-
sized ODOs from low-Earth orbits using EPS has
been developed;

¢ dependences of the minimum increment of
delta-v per one firing and the number of firings on the
altitude of the initial orbit, the ballistic coefficient,
and the battery charging time in the presence of a
limitation on the time of active operation of the CS
were determined;

¢ dependence of the upper margin of the mass
of the ODO to be disposed of on the altitude of

the initial orbit, the ballistic coefficient, and the
battery charging time in the presence of limitations
on the time of active operation of the CS was
determined;

e dependence of the minimum total time of
operation of Hall thrusters ST-25 and ST-40 on the
altitude of the initial orbit, the ballistic coefficient,
and battery charging time in the presence of
limitations on the time of active operation of the CS
was determined;

* it was shown that, depending on the operational
conditions for the Hall thruster ST-25, the maximum
disposal mass ranges from 60 kg to 2.5 tons, and for
the Hall thruster ST-40, from 100 kg to 4 tons;

* it was shown that the total time of operation of

the EPS does not exceed the limiting values.
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2Space Electric Thruster Systems

np. larapina, 115, m. Ixinpo, Ykpaina, 49050

OLIHKA MOXJIMBOCTEN BUKOPUCTAHHS EJTEKTPOPAKETHUX
PYIIIMHUX YCTAHOBOK JJ15 BIABEAEHHSA BEJIMKOTABAPUTHOTO KOCMIYHOTO CMITTH

ITocriiiHe 3pocTaHHS KiIBKOCTI KOCMIYHOIO CMITTSI € CYTTEBOIO 3arp030I0 IOJbOTAaM CYIYTHUKIB. B maHuii MOMEHT po3-
[JISIIAEThCS OaraTo METO/iB OYMCTKM HAaBKOJIO3EMHOTO MPOCTOPY 3 BUKOPUCTAHHSIM Pi3HOMaHITHHUX 3ac00iB, poOoTa SIKUX
OyayeTbcs Ha pi3HUX (PiI3MYHUX MPUHLMMNAX. AJie, He3BaXalouM Ha 11e, HaiOiIbIle 3aCTOCYBaHHSI 3 HUX OTpUMaB aKTUBHUI
BiJIBiJl 3 BAKOPUCTAHHSM PEAKTUBHOI PYIIIIIHOI YCTAHOBKU. 3 OISy Ha BUCOKY BEJIMUMHY MUTOMOTO iMITYJIbCY Ta HU3bKI
rabapuTHO-MAaCOBi XapaKTePUCTUKU BUOIP €JIeKTPOPAKETHUX PYIIIHHMX YCTAHOBOK CTAaHOBUTH 0COOIMBUIi iHTepec. He3Ba-
JKalouu Ha CBOI TMepeBaru, Taki yCTaHOBKHM MalOTh Psii OCOOJIMBOCTEM, SIKi HEOOXiIHO BpaxOBYBATH y MPOLIECi MPOEKTyBaHHS
Ta BUKOPUCTAHHS CydyaCHMX 3aco0iB BiaBedeHHs. /1o HUX HajexaThb MaKCUMaJbHUI Yac poOOTU YCTAHOBKU 3a OHE BKIIIO-
YeHHsI, MaKCUMaJIbHUI Yac 3apsily akyMyJIITOpHOI 0atapei Ta yac (hyHKILIIOHYBaHHSI CUCTEMU KepyBaHHsI. MeTolo JaHoi po-
00TU € BUBHAYEHHS MOXKJIMBOCTE! CydacHUX eJIEKTPOpaKeTHUX pylIiiiHuX yctaHoBOK ST-25 i ST-40 po3pobku Space Electric
Thruster Systems B 3a1adi BiIBeIeHHs BETMKOTabapuTHUX 00’ €KTIB KOCMIYHOTO CMITTSI 3 HU3bKUX HABKOJIO3EMHUX OpOiT 3
ypaxyBaHHSIM OOMeXeHb CUCTeMMU XUBJIEHHS. JIJIsT MOCATHEHHSI MTOCTaBIeHOI METU BUKOPUCTAHO METOIU aHaJIi3y, CUHTE3Y,
MOPIBHSIHHSA i KOMIT IOTEPHOTO MOJIEIIOBaHHA. B pe3ynbrati mocimimkeHb BUpillleHO Taki 3amadi. Po3pobieHo cxemy BinBe-
JIEHHSI BEJINKOTa0apUTHUX 00’ €KTIB KOCMIYHOTO CMITTSI 3 HU3bKMX HABKOJO3EMHUX OPOiT, sIka BPaXOBYE OCOOJIMBOCTI BU-
KOPUCTAHHS eJIEKTPOPaKeTHOI Py1IiiiHOT ycTaHOBKU. BU3Hau€HO 3a1eXXHICTh MiHIMaJIbHOT 3MiHM LIBUIKOCTI, sIKa HEOOXiIHa
JUUTS 3a0€e3MeYeHHs BiIBEACHHS MPOTITOM 25 POKiB, Bil BACOTU MOYATKOBOI OpOiTH i OalicTUMHOTO Koe(illieHTa KOCMiuHOTO
00’eKTa KOCMIYHOTO CMiTTsI. BU3HaueHO BepxHIO MeXy 001acTi Mac 00’ €KTiB KOCMIYHOTO CMITTSI BiJl BUCOTU TTOYATKOBOI Op-
6iTH i OamicTuyHOTO KoedillieHTa, AKi MOXHA BiIBECTH 3 HU3BKMX HABKOJO3EMHUX OPOIT €IeKTPOPAKETHUMU PYLIIMHUMM
ycTaHoBkaMu. OTpuUMaHi pe3yabTaTi MOXHA BUKOPUCTOBYBATHU B 3a/auax MPOEKTYBAHHSI CyYaCHUX 3aC00iB aKTUBHOTO BiJl-
BEJIEHHSI KOCMIYHOIO CMITT$I 3 BUKOPUCTAHHSIM €JIEKTPOpPaKEeTHUX PYIIiHUX ycTaHOBOK po3pooku Space Electric Thruster
Systems.

Karouoei caosa: KocMiuHe CMITTSI, aKTUBHE BiIBEICHHS, €JIEKTPOPAKETHA PYLIiliHA yCTAHOBKA.
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SUITABILITY OF SILICONE FOR SOFT-ROBOTIC EXPLORATION
OF TERRESTRIAL AND EXTRATERRESTRIAL OCEAN WORLDS

This work revisits relevant mechanical and chemical properties of silicone rubber — Ecoflex in this study — to assess its suitability and
viability for use in soft-robotic explorer construction and subsequent deployment and as a sealant for communication beacons, sensor
pods, and other electronics in extreme planetary liquid environments, such as the depths of Earth’s oceans and extraterrestrial ocean
worlds. Strain at a range of temperatures, as an indicator for operational durability, was tested under various endpoint clamp forces
for several compound ratios. The temperature range at which silicone rubber remains pliable was assessed to determine its deployabil-
ity. The re-binding property of cured silicone rubber samples with newly curing samples was investigated for its potential for additive
manufacturing in soft robotics. Finally, the dissolution resistance, non-polarity, and electrical non-conductivity of silicone rubber were
studied to assess its suitability for sealing electronics to be submerged in the salt water of both ocean and saturated salinity, as well as
in hydrocarbon liquids.

This work highlights critical aspects of silicone rubber for use in the construction, coating, and deployment of future soft robotic
extraterrestrial liquid body explorers: The chosen silicone rubber Ecoflex is an electrically non-conducting sealant and pliable soft
robotics material for temperatures above —50 °C, deployable in earthly extreme aqueous environments. Moreover, this work lays the
Jfoundation, albeit likely with different (silicone) rubbers/polymers due to much lower temperatures, for the robotic exploration of
extraterrestrial liquid environments on ocean worlds, such as the hydrocarbon lakes on Titan and the putative subsurface oceans on
Europa, Titan, and Enceladus.

Keywords: Soft robotics, Communication beacons, Sensor pods, Extreme liquid environments, Ocean worlds, Material/chemical/
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1. INTRODUCTION

Subsurface oceans on planetary bodies known as
ocean worlds, such as Jupiter’s moon Europa (to
be visited in April 2030 by NASA’s Europa Clipper
spacecraft slated to launch in October 2024 [14]) and
Saturn’s moons Titan and Enceladus, have been pos-
tulated based on varying degrees of evidence since the
1980s [11], but there has been no direct confirmation
to date through observation let alone in-situ explora-
tion (e.g., [7, 8]). Because these subsurface environ-
ments are largely shielded from radiation, and com-
bined with the hypothesized presence of water, they
would be prime candidate locales for astrobiological
exploration, i.e., the quest for finding extant or fos-
silized life.

Underwater autonomous vehicles are currently
dominated in design by rigid frames [15], which pres-
ents an inherent disadvantage in autonomous un-
derwater (or other liquid) exploration due to a lim-
ited ability (or lack thereof) to bend through smaller
apertures for more ambitious or extensive in-depth
exploration. As more research into the development
of flexible explorers, such as the PoseiDRONE [1]
or the Soft Robotic Fish [10], push the boundar-
ies of soft-robotics as a more effective paradigm for
liquid environment exploration, this paper revisits
experimentally the suitability of silicone rubber for
constructing soft-robotic explorers (e.g., [2—4, 12,
13]), and sealing of associated communication bea-
cons and sensor pods (e.g., [8]) — all in the context
of extreme planetary liquid environments, such as the
depths of Earth’s oceans and extraterrestrial ocean
worlds. To that effect, the elasticity, resilience at low-
er temperatures, re-bonding ability, chemical polar-
ity, and electrical conductivity are reexamined.

2. MATERIALS AND METHODS

2.1. Ecoflex Overview. Ecoflex™ 00-30 (referred to
as Ecoflex in the following) was chosen as a stand-in
for other rubbers/polymers. Ecoflex is a proprietary
silicone rubber sold by Smooth-On, Inc. [6], which
is made by mixing equal parts of 2 compounds, A
and B, by volume or mass because of similar density.
Mixing different ratios of A and B results in Ecoflex
with increasing elasticity as the percentage of com-
pound A decreases. It cures in approximately 4 hours
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at room temperature, according to manufacturer in-
structions. Ecoflex rubber was selected due to known
properties ideal for soft robotics, which include, but
are not limited to (e.g., [2—4, 12, 13]): (1) resistance
to freezing at moderate sub-zero Celsius tempera-
tures, (2) high degree of elasticity and pliability, and
(3) ease of casting. In the past, soft robotics applica-
tions for Ecoflex rubber range from use in claw ma-
chines [16] to a pneumatic robotic fish [20], which
provided an additional motivation to investigate it
for our purposes: the suitability (re-)assessment of
silicone rubber for soft robotic explorers for extreme
liquid environments found both on Earth and on ex-
traterrestrial ocean worlds, including its resistance to
saltwater and hydrocarbon corrosion as well as ex-
tremely low temperatures.

2.2. Strain Testing for Various Temperatures and
Compound Ratios. 2.2.1. Ecoflex Compound Ratios.
Ecoflex rectangular prisms (1.25 x 1.00 x 7.50 cm;
Figure 1) were cast at three different A:B mixing ra-
tios with 0.01g accuracy: 20 % : 80 %, 50 % : 50 %,
and 80 % : 20 %, with four prisms cast from the same
batch for each mixing ratio.

2.2.2. Strain Testing Setup. The Ecoflex prisms
were clamped at each longitudinal end, with the edge
of each prism aligned with and clamped between
optical table post clamps to a force of 5 = 0.25 N,
10 £ 0.25 N, and 15 = 0.25 N, measured with a force
gauge (Figure 1, left). One post was moved (Figu-
re 1, center and right) using a Velmex stepper motor
for continuous and consistent rate of pull (i.e., load
rate) of ~3.2 mm/sec (see specification for BiSlide
model E50 on page 11 in [18]) until one end slipped
out of the clamp grip. The total deformation for the
strain was measured from the outer endpoints of the
post clamps (yellow lines in Figure 1, right). Strain
measurements were taken once for each of the four
prisms per chosen mixing ratio (section 2.2.1) at each
temperature region (section 2.2.3) for each of the
three clamp forces.

2.2.3. Temperature Conditions. Each strain mea-
surement was conducted once per beam at each of
the following beam temperature conditions: approxi-
mately -5 °C to 0 °C, room temperature ~22.4 °C, and
approximately 39 °C to 40 °C. Temperature fluctua-
tions on both extremes were due to the challenge of
conducting low and high temperature experiments in
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Figure 1. Left: A force gauge is used to compress the Ecoflex prism to correct force, which is then set by screwing post clamps to
posts (center). All posts are held in place by screws or magnetic bases on an optical table. Right: In-progress stretching of Ecoflex
prism using lateral stepper motor from a top-down perspective

Figure 2. Original [-beam prism in an open (A4) and threaded 3D-printed clamp (B). A magnetic base held one end of the [-beam
prism while the other end was pulled longitudinally by a Velmex motor (C). The I-beams all broke near the edges (D)

a constant temperature environment. Samples were 2.3. Room Temperature Stretching to Failure. A
moved from either a freezer or a heated water bath to | different set of Ecoflex prisms was tested for stretch
the testbed and tested immediately. Temperatures for | to breaking point in order to compare to the specifi-
the samples were taken immediately prior to testing | cation sheet published by Smooth-On, Inc., which
using a non-contact infrared temperature sensor. claims a breaking elongation of 900 % for this variant
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Figure 3. Before and after encapsulation of communication
beacon electronics in Ecoflex

- =

Figure 4. Communication beacon encased in Ecoflex and sub-
merged in the salt water of 3.5 % salinity or saturated salinity
at room temperature (~22.4 °C), charged continuously by a
wireless charger underneath, communicating to and control-
lable from a PC via VNC through WiFi

of Ecoflex at room temperature (~23 °C) [6]. This
elongation percentage was only tested for the 50 % :
50 % mixture since that is the only one officially sup-
plied on the specification sheet. To that effect, five I-
beam prisms were cast, with screw-clamp anchors to
hold them at each optical post (Figure 2, A—C). The
beams were stretched longitudinally using the Velmex
stepper motor until completely torn anywhere along
the beam (Figure 2, C and D).

2.4. Very Low Temperature Testing. Ecoflex was
tested for its freezing and thawing behavior at low
to very low temperatures to simulate environments
below water freezing temperature in which a sub-
surface liquid explorer may be deployed. A total of
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five prisms of Ecoflex at mixing ratios 10 % : 90 %,
20 % : 80 %, 50 % : 50 %, 80 % : 20 %, and 90 % :
10 % were first placed in a conventional freezer and
chilled to —7.5 °C and subsequently returned to room
temperature. The same prisms were then placed in a
laboratory freezer and kept at —20 °C. After tempera-
ture equilibration, they were again returned to room
temperature. Next, the same prisms were placed in
a —80 °C freezer and later returned to room tem-
perature. Finally, the same prisms were submerged
in —196 °C liquid nitrogen and subsequently also re-
turned to room temperature.

2.5. Re-bonding Ability. A shorter piece of cured
50 % : 50 % Ecoflex rubber was placed into a lon-
ger mold. The empty spaces on both ends were then
filled in with a fresh mix of 50 % : 50 % Ecoflex liquid
and allowed to cure within the same day (Figure 7).
The same procedure was repeated with increasing
time between curing the initial piece and filling the
voids up to and including 6 days.

2.6. Dissolution Resistance, Non-Polarity, and
Electrical Non-Conductivity. The dissolution resistance
with respect to polar and non-polar liquids was tested
by long-term submersion of Ecoflex in water/salt wa-
ter and mineral oil, respectively, for several weeks.

The chemical non-polarity of Ecoflex was tested
during the Ecoflex compound mixing process using
polar/water-soluble food dyes. Once compounds A
and B were thoroughly mixed, drops of aqueous food
dye were added and mixed in for miscibility testing
before curing.

The electric non-conductivity of Ecoflex was tested
by building a small Raspberry Pi-based communica-
tion beacon consisting of a Raspberry Pi Zero W, a
5000 mAh power bank, a USB A to micro-USB ca-
ble, and a wireless charging receiver coil. The com-
munication beacon electronics were submerged di-
rectly into liquid Ecoflex before curing (Figure 3),
i.e., the Raspberry Pi had all of its contacts openly
exposed, such that any electric conductivity within
the Ecoflex would result in immediate short-circu-
iting and device failure. After the curing process, the
power bank was wirelessly charged and turned on.

2.7. Hermeticity. As a final test of resilience as an
insulating material, i.e., hermeticity, the communi-
cation beacon from Figure 3 was placed in a small
tank of water at 3.5 % salinity (weight/weight) to
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match Earth’s ocean salinity (Figure 4) [19], and in
a subsequent test at saturated salinity at room tem-
perature (26.3 % weight/weight [17]). In both cases,
salt (NaCl) was used. The beacon was connected to
a laptop wirelessly via Virtual Network Computing
(VNC) using RealVNC and monitored for continu-
ous uptime.

3. STRAIN CALCULATION

Strain calculations were performed using the me-
chanical strain formula: e=AL/L,, i.e., the ratio of
change in length of a piece of material as a result of
stretching and the original length of that same piece
of material. So €=1 represents 100 % eclongation
and € = 0.1 represents 10 % elongation with respect
to the original length, respectively (Figure 5).

4. RESULTS

4.1. Strain Testing Across Multiple Temperatures
and Clamp Forces. In general, increased amounts
of compound A led to a stiffer Ecoflex (Figure 5),
although the difference between 20 % A and 50 %
A was less pronounced than the one between 50 % A
and 80 % A (Figure 5). Moreover, the strain results
appeared to be largely temperature independent
(within the measured temperature range) due to the
size of the error bars (note: the increasing trendline
at 5 N is explained by a single outlier in both 20 % A
and 50 % A trials).

4.2. Room Temperature Stretching to Failure.
The five I-beam prisms (at 50 % : 50 % mix) were
stretched to the breaking point, which occurred at an
elongation percent of 553.3 £ 20.5 %. All five prisms
broke at a point near the clamping region of the
I-beam along the longest axis (Figure 2, D).

4.3. Very Low Temperature Testing. The Eco-
flex samples did not freeze at either 0 °C or —20 °C
across all 5 tested ratios of A : B. All tested ratios
froze at —80 °C (Figure 6, left). However, this freez-
ing was fully reversible, i.e., all tested ratios returned
to pre-freezing pliability once thawed to room tem-
perature. When room temperature samples from all
5 ratios were submerged in —196 °C liquid nitrogen
(Figure 6, center), the samples froze and shattered
(Figure 6, right). Moreover, when the samples were
removed and allowed to return to room temperature,
they shattered into even smaller pieces. All samples,
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Figure 5. The plot of the measured strain of prisms with dif-
ferent % A compositions at SN (fop), 10N (middle), and 15N
(bottom) of clamping force. Dotted lines are the linearly fit
trendlines

including the smaller pieces, eventually returned to
pre-freezing pliability at room temperature.

4.4. Re-bonding Ability. As shown in Figure 7, after
new Ecoflex cures adjacent to an already cured piece,
the resulting prism is near indistinguishable and does
not separate or break off when stressed (i.e., when
pulled apart) but rather behaves as if it originated
from a single curing session. This illustrates the ad-
vantage of using Ecoflex since it allows the construc-
tion and encapsulation of soft-robotic, communica-
tion beacon, and sensor pod electronic components
in an additive manufacturing manner (Figure 3). The
re-bonding ability of newly curing to already cured
Ecoflex, i.e., at least up to 6 days old samples, was
successful (Figure 7).

4.5. Dissolution Resistance, Non-Polarity, and
Electrical Non-Conductivity. An important property
of the Ecoflex rubber is that it does not interact with
polar and non-polar solvents:

* Dissolution resistance in polar liquids: Many of the
liquids which soft-robotics would explore are known
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Figure 6. The frozen core of 2 thawing Ecoflex samples can be observed after freezing in a —80 °C freezer (leff). Before and after
(center and right) of a piece of Ecoflex being frozen in a liquid Nitrogen bath (—196 °C) — note how the sample breaks into 3
smaller pieces. (Note: color corrected for better contrast for cenfer and right subfigure)

Figure 7. Left: Recasting ends of a prism of Ecoflex rubber: a prism is first cured in the left column of the mold, then placed in
a longer mold whose empty spaces to the left and right of the prism are filled with more Ecoflex. Right: The interface between
already cured and newly cured Ecoflex is indicated by the two yellow arrows

to be polar (such as Earth’s own bodies of water), or
are suspected to be so on extraterrestrial worlds [11],
such as Europa’s and Enceladus’ putative subsurface
oceans. Thus, there is a need for a material that will
be resistant to degradation by dissolution. The expo-
sure of cured Ecoflex to water with or without salt
at different salinity levels showed no signs of degra-
dation/corrosion through dissolution for at least 21
days (see also section 4.6 below).

* Dissolution resistance in non-polar liquids: Since
the lakes on Titan’s surface are hydrocarbon-based,
cured Ecoflex was also exposed to, i.e., soaked in,
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mineral oil as a stand-in for hydrocarbon liquids and
exhibited no degradation/dissolution effects either
over a period of at least two months.

* Pre-cure non-polarity: In all spots with food dye,
the Ecoflex was curing around dye-formed pockets,
demonstrating that the material is indeed non-polar
during the curing process, i.c., while Ecoflex is still
liquid (Figure 8), and, of course, once cured.

* Non-conductivity: For soft robotic electronics to
operate in a coat of Ecoflex, the rubber would need
to encapsulate electronics, such as a Raspberry Pi,
without permitting any short-circuiting. Our experi-
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ments showed that the Raspberry Pi functioned per-
fectly, retaining its ability to communicate wirelessly
from within a block of solid Ecoflex rubber for ap-
proximately 6 hours with a fully charged 5000 mAh
power bank.

4.6. Hermeticity. With regards to hermeticity, the
ability of the communication beacon to transmit for an
extended period of time while underwater (Figure 9)
was validated, again for approximately 6 hours, when
powered by a fully charged 5000 mAh power bank.
Long-term hermeticity in a harsher environment, i.e.,
saturated salt water, was confirmed by maintaining
continuous wireless VNC communication with the
beacon (charged wirelessly) for at least 21 days, indi-
cating that Ecoflex did not degrade at all to cause wa-
ter intrusion. This showcases the potential for Ecoflex
as an insulating/encapsulating material in soft robotic
lake/ocean explorers and beacons/sensors because of
its ability to encapsulate electronics in a soft material
while protecting these electronics from short-circuit-
ing in an electrically conductive liquid environment.

5. DISCUSSION & CONCLUSIONS

The silicone rubber Ecoflex 00-30 appears to be an
excellent encapsulation option for soft-robotics,
communication beacon, and sensor pod applica-
tions. Pliability at low temperatures down to at least
—20 °C is preserved, more than sufficient for any
earthly aqueous exploration missions (see below) and
potentially for missions to putative subsurface oceans
(if water-based) on extraterrestrial planetary bodies,
such as Europa and Enceladus. In particular, for the
latter, the presence of a liquid water phase may de-
pend, at least in part, on the concentration of solutes
in water (e.g., brines), which can significantly con-
tribute to freezing point depression [5].

For the strain testing, a lower temperature limit
of ~—5 °C was chosen, primarily to account for all
terrestrial ocean environments: According to the
National Oceanic and Atmospheric Administration
(NOAA), the lowest ocean temperatures on Earth are
about -2 °C [9]. For exploratory operations in extra-
terrestrial oceans, e.g., on Titan, Europa, and Ence-
ladus, the temperature ranges may/will be well below
-5 °C, where Ecoflex™ 00-30 will likely be frozen
per the specification sheet published by Smooth-
On, Inc., which lists —53°C as the minimum useful
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Figure 8. A small sample of Ecoflex with drops of red food
dye, whose primary ingredients are water and propylene gly-
col, i.e., both polar molecules

Figure 9. Raspberry Pi unit encased in Ecoflex (Figure 3) and
submerged in water, communicating to and controllable from
a PC via VNC over WiFi

temperature [6]. However, although not experimen-
tally verified, strain performance similar to the results
shown in Figure 5 is expected to be maintained down
to around —50° C because of the indicated minimal
dependence on temperature.

While prolonged exposure (in our case up to two
months) of cured Ecoflex to mineral oil, as a stand-
in for hydrocarbon liquids, produced no degrada-
tion/dissolution effects, Ecoflex may not be suitable
for deployment in Titan’s hydrocarbon lakes as their
temperature likely is around 94 K (i.e., —179 °C;
[11]). In fact, our freezing tests conducted at —80 °C
and —196 °C, respectively, confirmed that Ecoflex™
00-30 is already frozen as expected (see above).
Therefore, different (silicone) rubbers or polymers
that remain flexible at such low temperatures will
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have to be used. Notwithstanding the above, Ecoflex,
as a stand-in for such (silicone) rubbers or polymers,
may pave the way for soft-robotic explorers for ex-
treme planetary liquid environments.

Ecoflex exhibits good elasticity, and despite not
being able to replicate the manufacturer-advertised
900 % elongation at breaking point, it was found that
even keeping under approximately 550 % elongation
still affords soft-robotic explorer flexing and deform-
ing capabilities, both for mobility and accessibility of
spaces impossible to reach for a rigid robotic explor-
er. With this soft-robotic framework in mind, the in-
fluence of load frequency, i.e., how often the Ecoflex
prisms were stretched within a fixed period of time,
on strain was not studied because we do not expect
bending/flexing, deforming, and stretching/com-
pressing to occur on a rapid or frequent basis (e.g.,
at frequencies >1 Hz) during operation of a soft-
robotic explorer (or components thereof), let alone
during the deployment and/or usage of communica-
tion beacons, sensor pods, and other electronics in
extreme planetary liquid environments. As such, we
were more concerned with strain ability as a function
of temperature rather than the cracking susceptibil-
ity of Ecoflex as a function of load dynamics, i.e.,
repetitive application of load on shorter time scales.
In our strain test experiments, we repeated the strain
experiments on the same Ecoflex prism with minutes
in between tests, respectively.

Finally, Ecoflex protects electronics from exter-
nal, potentially conductive, aqueous, or other liquid
environments very effectively while permitting those
same electronics to work when directly in contact
with, i.e., encased in, Ecoflex. This has been vali-
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dated by our tests in which the Ecoflex permitted
communication with a PC via WiFi both in air and
submerged in water, including water at ocean salinity
and saturated salinity.

In summary, silicone rubber (Ecoflex™ 00-30 in
our case) is a robust yet pliable, easy to use material,
which appears to be an excellent candidate for con-
structing (potentially via additive manufacturing),
coating, encasing, and sealing soft robotic explorers
and associated communication and sensor compo-
nents (e.g., [8]) for extreme liquid environments on
Earth and extraterrestrial ocean worlds, such as Eu-
ropa, Titan, and Enceladus.
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HaykoBo-nociigHa 1adopatopist CUCTEM Bi3yaJlbHOTO Ta aBTOHOMHOTO JOCTiIXKSHHST
VYHiBepcuteT Api3oHU

Tycon, AZ 85721

CILIA

MPUJATHICTb CUIIKOHOBOI T'YMU M’SIKOT POBOTOTEXHIKHU
JJIA AOCHIIKEHDb SEMHUX I TOSASEMHUNX OKEAHCBKHX CBITIB

Y po6oTi po3riIsaaoThCes BiAIIOBIAHI MeXaHiuHi Ta XiMiuHi BIaCTUBOCTI CHJIiKOHOBOI r'ymMu — Ecoflex — s ouinku ii mpu-
JIATHOCTI Ta CTIHKOCTI JUIsi BUKOPUCTAHHS B CTBOPEHHI Ta MOJAJIbIIIN eKCIuTyaTalii M’ IKUX poOOTiB-A0CTiIHUKIB, a TAKOXK SIK
TrepMEeTUK TSI KOMYHiKalliiHUX MasiKiB, CECHCOPHUX OJIOKIB Ta iHIIIOI €JIEKTPOHIKH, 1110 BUKOPUCTOBYETHCS B EKCTPEMAJIbHUX
TUTaHEeTapHUX PiIKKUX CEPEeIOBUILAX, TAKUX SIK IIMOMHY OKeaHiB 3eMJIi Ta Mo3a3eMHi OKeaHChKi cBiTU. [ledopmaliist maTepiany
B Jiara3oHi TeMmepaTyp, sIK MOKa3HUK JOBTFOBIYHOCTI €KCILTyarallii, Oyya rnepeBipeHa il pi3HUMU KiHLEBUMU 3YCULISIMU
3aTUCKY IS KiTbKOX CKJIAJOBUX CITiBBiIHOIIEeHB. Jliara3oH TeMIiepaTyp, IMpU SIKOMY CHJIIKOHOBA TyMa 3aJIIIA€EThCS THYY-
KOI0, OLIHIOBAJIM JIJIsi BU3HAUEHHS 11 3MaTHOCTI A0 po3ropTaHHs. BiacTuBiCTb MOBTOPHOIO 3B’sI3yBaHHS 3aTBEPiINX 3Pa3KiB
CUJIIKOHOBOI T'YMM 3 HEILLIOAABHO 3aTBEPALTMMU 3pa3KaMu OyJia JOCiIKeHa Ha TIpeAMET ii MOTeHLialy Jjisi BAKOPUCTaHHS B
M’SIKili poO6oTOTeXHilli. Byau BUBUEHI CTiIKiCTh 10 PO3UMHEHHS, HEMOJSPHICTD i €JIeKTPOHEITPOBIIHICTh CUJIIKOHOBOI TYMMU,
1100 OLIIHUTHU 11 MPUAATHICTb SIK TEPMETUKA €JIEKTPOHIKM TSI 3aHYPEHHS B COJIOHY BOIly OKeaHy a00 iHIIUX HACUYEHUX CO-
JIbOBHX CEPEIOBHUIIL, a TAKOX y BYTJIEBOIHEBI PiTUHM.

Oco06imBy yBary B poOOTi MPUIIIEHO KPUTUUHUM aclekKTaM CHJIIKOHOBOI TyMM JIJISi BAKOPUCTAHHS B KOHCTPYIOBaHHI,
MOKPUTTI Ta pO3ropTaHHi MalOyTHIX M’SIKMX POOOTIB-AOC/IiIAHMKIB PIAMHHOIO iHOIJIAHETHOIO XKUTTsI: 0OOpaHa CUJIIKOHOBA
ryma Ecoflex € eJ1eKTpoHenpoBiTHUM TepMETUKOM i THYYKUM M’SIKUM pOOOTOTeXHIYHUM MaTepiaioM JUIs TeMIIepaTyp BUILIE
=50 °C, npuaaTHUM ISl pO3TOPTaHHS B 3eMHUX €KCTpeMaJbHUX BOJHUX cepeaoBuiiax. Kpim Toro, 1151 podoTa 3aKjiala€ OCHO-
BY, X0ua 3 iHIMMMU (CWIIKOHOBUMU) KayayKaMu/ToJliMepaM dyepe3 3HAYHO HUXKUi TeMIlepaTypu, st poOOTH30BaAHOTO J0-
CJIIKEHHS TT03a3eMHUX PiIKUX CEPEIOBUILL B OKEAHChKMX CBiTaX, TAKMX SIK BYyIJIEBOAHEBI o3epa Ha TuTaHi Ta UMOBIpHI ITij-
MoBepxHeBi okeaHu Ha €Bporti, TutaHi i EHuenani.

Karouoei caosa: M’sika poOOTOTEXHiIKa, MasiKU 3B’SI3Ky, CEHCOPHi NaHeJli, EKCTPEeMaJIbHO PiliKi cepeoBuIIa, OKEaHChKi CBITH,
TECTYBaHHS XiMiYHUX Ta €JIEKTPUYHMX BJIACTUBOCTEI MaTepialliB, MOJiMepU Ta MJIaCTMAaCH.
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SJAKOHOMIPHOCTI IIOPOYTBOPEHHA
ITPA EJIEKTPOHHO-ITPOMEHEBOMY 3BAPIOBAHHI
ATIOMIHIEBUX CILJIABIB B YMOBAX 3HUXKEHOI IT'PABITAILIII

Bukopucmannsa 36apiogansHux npoyecie y Kocmoci Heobxione Hacamneped 045 8UOMOBAEHHS, MOHMAICY MA PeMOHMY 8eAUK0ed-
OapumHUx KOHCMPYKYIl KOCMIYHUX CIAHYI K HA HABK0A03eMHill opoimi, mak i npu oceoenni Micaus, de naanyemocs cmeopro-
séamu dogeompueani micauni 6a3u, a maxkodic inui 00’ ekmu, wo 3abezneuysamumyms Jycummedisivricms i pobomy excneduyiil. lle
MOXCYymMb 6YMu MOHMANICHO-CKAAOAAbHI ONnepayii npu CMeoperHi 2epmMemutHux cnopyo 015 ICUMAOBUX | GUPOOHUMUX NPUMILEHb, d

IlutyBanns: Jlobanos JI. M., Minenin O. C., TepHosuii €. I, ITickyn H. B., Illymak C. O., Crarkesuu I. 1., Paguen-
ko JI. M. 3aKOHOMipHOCTI MTOPOYTBOPEHHSI ITPU €JICKTPOHHO-TTPOMEHEBOMY 3BaploBaHHi aJIlOMiHi€BUX CIJIaBiB B yMOBaX 3HU-
keHol rpaBitattii. Kocmiuna nayka i mexnonoeis. 2023. 29, Ne 3 (142). C. 57—66. https://doi.org/10.15407 /knit2023.03.057
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makooic cnopyou oas 36epicanis enepeopecypcie, mpy6onpogoou KOCMiYHUX KOMNAEKCIg, abo peMonmHo-npogirakmu4mi pobomu,
noe’a3ani i3 3a6e3neueHHamM mpuearocmi excnayamayii 0iruux cucmem.

Enexmponno-npomenese 36aprosanns (EII3) € onmumanrvhum i Hailbinbw mexHoa02iyHUM npoyecom 045 BUKOHAHHA UUX pobim
NOpIieHAHO 3 IHWUMU chocobamu 3éaproeanis. Inubokuil éakyym ma HU3bKi memnepamypu, AKi € npUpoOHUM cepedosulem y Koc-
MIMHUX YMOBAX, CNPUAIOMb UKOPUCHAHHIO eAeKMPOHHO-NPOMEHeGUX MexXHOA02il, 30Kkpema i 36aprosanvrux. Ilpu ybomy npoyeci
epexkmuenuii KKJI cmanosums 85...90 %, wo € maxcumanrvhum ceped inutux cnocobie 36aprosartsi. Ilpoyec EI13 6 ymosax semuoi
epasimauii 0036045€ 3a0e3neuumu MexaHiyHi ma Ximiuri 61aCMU80CMi, a MAKOMIC BAKYYMHY WiNbHICMb 36APHUX 3’ €OHAHb HA PIGHI
OCHOBHO20 Memany KOHCMPYKUYii.

[lpu suxonannui EI13 6 ymosax Hadeucokoeo 8aKyymy, 3HUNICEHOI epagimayii ma HU3bKUX memnepamyp yeii npoyec yCKAaoH0-
€MbCs, MOMY AKICMb 36apHUX 3’ €OHaHb Modice 3Hu3uUmucs. Peayabmamu excnepumenmis, npogedenux 6 ymosax 3HUMCeHol epasima-
yii ma HU3bLKUX memnepamyp y KoCMoci, a makoic Ha Aimaio4iil 1abopamopii, noKa3aiu nid8UeHy KinbKicmb Nop Y 36APHUX WEAX.
Lle, y neputy uepey, eusigunocs npu 36apro6anHi 3pasKie i3 antoMiHIE8UX CNAABIE, AKI WUPOKO BUKOPUCIIOBYIOMbCS 0151 CINBOPEHHS
KOHCMPYKUiil KOCMIYHO20 NPUSHAYEHHS, W0 He BUKAIHUAE MOICAUBOCTI IXHBO2O GUKOPUCMAHHA NPU 8UCOMOBACHHI 36APHUX KOH-
cmpykuiii Ha nogepxui Micsays.

Memoro danoi pobomu € docaioxncerts 3aKOHOMIPHOCMEN YMBOPEHHS Nop Y Memani wea 36apHux 3’ €OHAHb i3 ANrOMIHIEBUX cnaa-
6i6 npu EII3 ¢ ymosax 3Humncenol epasimayii wiasxom aKicH020 aHAni3y 0CHOBHUX (haKmopis, AKI 6UHAUAOMb NIOGUUYEHY CXUAb-
Hicmb 00 ymeopeHHsl HeCyyinbHOCIMel MaKoeo muny.

Karouogi caoea: enekmponto-npomerese 36apro8anis, ANOMIHIEGI CNAABU, 36apPHI 3’ €OHAHMNS, HAOBUCOK UL 8AKYYM, 3HUICEHA 2Pagi-
mauis, nopoymeopeHHs, napoeazosuti Kana, NyXupyi 2azy, HecyyinbHoCcmi, CXA0ny8anHts, barauc cun, 2idpodunamika, abaayiinuil

muck, yucaa Peiinoavdca, eidpocmamuynuii 6aranc, mpacKkmopis 2a308020 NYXupys, pe3yabmamu eKcnepumenmia.

Oco06auBi (izuyHi yMOBM Ha IoBepxHi Micsis Ta
Y BiIKpUTOMY KOCMOCI YCKJIaAHIOIOTH IIPOBEICHHS
TEXHOJIOTIYHMX IIPOLECIB I BUMaraloTh CTBOPEHHS
CIIELiaJ1i30BAHOr0 OOJIafHAHHSA Ta HaOIMHUX TEX-
HOJIOTIi1 IS BAKOHAHHS 3BapioBajbHUX poOit [10].
AJie Taki akTopu, SIK 3HMKEHA rpaBiTallisi, HaJBM-
COKHI1 BaKyyM Ta HU3bKa TeMIlepaTypa, yCKIaJaHI0-
I0Th OJEPXKAHHSI SIKICHMX 3BapHUX 3’€AHaHb. Tak,
3MEHILIEHA IrpaBiTallisl CIIpUsi€ BAHUKHEHHIO ITiIBU-
11I€HOI MOPUCTOCTI, sIKa MOB’s13aHa 3 TUM, 1110 y CJ1a0-
KMX TpaBiTalliiHUX ITOJISIX HE BiIOYyBA€EThHCS IIPUPOI -
HOTO CIUIMBaHHS MYXUPLIB Mapy 4M a3y 3i 3BapHOL
BaHHM Y 3B’SI3KY 3 BiIICYTHICTIO cvui ApXximena [6].
Ile 0co611BO MPOSIBASETHCS TTPU 3BaplOBaHHI ajto-
MiHI€EBUX, TUTAHOBMX Ta iHIIMX MaTepiaiiB 3 MiABU-
IIEHUM BMiCTOM PO3UYMHEHUX Ta3iB (B OCHOBHOMY
BOAHIO) a00 eJIEMEHTIB 3 BUCOKOIO MPYKHICTIO Mapu
(puc. 1) [3, 5,7, 8].

BonHouac anioMiHi€Bi CIUIaBU MalOTh HU3KY Xa-
paKTepHUX 0COOJMBOCTEN, 1110 3yMOBJIIOIOTH CKJIal-
HICTb MpOILIECY IXHBOTO 3BapIOBaHHS, Cepel SIKUX
BUCOKUI PiBeHb CIIOPITHEHOCTI 1O KMCHIO i HasIB-
HIiCTh Ha MOBEPXHi OKMCHOI MTiBKU Al,O;. Mox-
Ha BBaXaTu, 110 B YMOBaX 3HMXEHOI TpaBiTallil 1i
0COOJIMBOCTI 11 Oibllle YCKJIAIHSATh IIPOIeC 3Ba-
ploBaHHs. lle moscHIOETbCS TaKMMU (paKTOpaMu.
OkwucHa tiiBka Al,O; Mae BHCOKY TeMIeparypy
ruaBieHHs1 (2050 °C), He po3IIaBsIETLCS y MPO-

58

Lieci 3BaplOBaHHSI Ta MOKPUBAE PiIKUIl MeTas, Ie-
PEIIKOMKAIOUM YTBOPEHHIO 3BapHOI BaHHU IIpU
pO3IUIaBJIeHHI KpalKiB MeTajly, 10 3BaplOIOThCS.
Bnacnimok BUCOKOI ancopOLiiiHOI 3MaTHOCTI 10 Ta-
3iB i ITapiB BOAM, OKKMCHA IUIiBKa € JIKePEeJIOM ra3iB
1 BOJIOTH, 110 PO3YMHSIOTHCS Yy METaJli, TOOTO € He-
MPSIMOIO MPUYMHOI BUHUKHEHHSI HECYLIIbHOCTEMH
y Mmetaii mwBa [1]. g orpuMaHHs 6e3aepeKTHUX
3’eIHaHb MaIOTb OYTU BXKUTi 3aXOAM ILIOJAO PYIHY-
BaHHS Ta BUJAJICHHSI OKMCHOI IJTiBKHU [2].

Ilpn enekKTpoHHO-IPOMEHEBOMY 3BaplOBaHHI
MEXaHi3M pyHHYBaHHS Ta BUAAJICHHS IUTiBKY 3a3BU-
yaii € TakuM. EJeKTpoHU, 1110 EMITyIOTh 3 BUCOKOIO
LIBUAKICTIO, TaJIbMYIOTbCSI Y TTIOBEPXHEBOMY IlIapi
3BaplOBaHOTO MeTaly. TaKuM YMHOM, TNepeTBOpPEH-
HsI KiIHETUYHOI €Hepril Ha TeIJIOBY BilOYBAaEThCS Ha
MEeBHIN rMMOuHI mig okucHUM 1mapom. [lnaBaeHHs
Ta MUTTEBE BUITAPOBYBaHHS MeTaJly Ha Liil TIMOMHI
BUKJIMKAIOTh 3HAYHE 301IbIIIEHHS TUCKY, 1110 CIIPHUSIE
MeXaHIYHOMY pyHHYBaHHIO OKMCHOI ILIiBKU. Kpim
TOTro, 3a HasBHOCTi Bakyymy nopsaky 102 Ila Ta
temrieparypi 1450 °C tBepaa okucHa rtiBka Al,O,
B KOHTAaKTi 3 PiIKMM aJTIOMiHIEM PO3KJIAda€EThCS 3a
peakuieo (Al,O,) . + (4Al)pﬂ < 3AlL,0, a npyx-
HiCTh IapiB 11 cybokucy Al,O nipu BUCOKUX TEM-
nepaTtypax y 6arato pasiB BUIIA 3a TaKy JJIsT aJIFOMi-
Hito [4]. ¥ pe3ynabTaTi HOCTIMHOIO ITiATPUMYBaHHS
BaKyyMy y IIPOLI€Ci 3BapIOBaHHS Ta 0e3IepepBHOIO
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3akonomipHocmi nopoymeopeHHs npu eneKmpoHHO-NPOMEHe80MY 36aPIOEAHHI ANOMIHIEBUX CNAABI6 8 YMOBAX 3HUICEHOI epasimauii

Puc. 1. PeHTreHorpama CTUKOBOTO 3’€IHaHHS CIuiaBy AMr6, OTpMMaHOTO €JIeKTPOHHO-TIPOMEHEBUM 3BapIOBAHHSIM Ha JIiTa-
[0u4iit 1aboparopii B pexkumi 3HrzKeHol rpasitaii (1/6)g (moBepxHs Micsiis)

BUIaeHHs cybokuciy Al,O peakilist 6yie 0OMHOCTO-
poHHbO10: (Al,O5), . + (4Al)pﬂ - 3Al,0.

HanifiHe BUDameHHSI OKWCHOI TUTiBKW, CKOPIIIl
3a BCe, 3yMOBJICHe 000Ma BKa3aHWMU MPOLIECaMMU,
XapakTep SKWUX MOXE CYTTEBO 3MiHIOBAaTHUCS IIPU
HU3bKIil rpaBiTallii.

AHaJoriuHi Mo00BaHHS BUHUKAIOTH 1 11010 BU-
JaJIeHHsI Ta30IMoai0HUX a00 IMapomomiOHMX BKIIIO-
YeHb i3 3BapHOI BaHHM. SKIIO B yMOBax 3eMHOIL
rpaBiTallii po3uMHEeHi B piIKoMy MeTajli ra3u (ro-
JIOBHMM YMHOM BOJ€Hb) BCTUTalOTh ab0 BUITH 3i
3BapHOI1 BaHHM, ab0 3B’SI3yBaTUCS Y BUIJISIAI TBEP-
INX PO3YMHIB, TO MPU HU3BKIN TrpaBiTalil MOAiN
X ¢a3 ycKiaagHeHUi. Y 3B’ I3KY 3 LIMM OUYiKYEThCS
MigBUIIIEHA MOPUCTICTh 3BapHUX 3’€IHaHb, SIKa, B
KiHIIEBOMY ITiICYMKY, IPXU3BOIUTH 10 BTPATU iXHbOL
TePMETUYHOCTI Ta MilIHOCTI (puc. 1).

BaxuBe 3HaueHHd U 3a0e3MeYeHHsT HEOOXIi -
HOI SIKOCTi 3BapHUX 3’€IHaHb MAa€ TAaKOX TOBIIU-
Ha 3BapioBaHux MmarepiamiB [11]. fIx Oyno cka3za-
HO BHILIE, OCHOBHUMU MaTepiajlaMu KOHCTPYKILiii
KOCMIYHOTO TIpU3HA4YeHHsSI € aJIOMiHi€Bi CIJIaBU.
st 3a0e3redyeHHsT HeOoOXiZHMX BUMOT IO 3BapHUX
3’€lHaHb, 30KpeMa IS BUKJIIOYEHHSI BHYTPILIHIX
JeeKTiB y 3BapHUX 3’€IHAHHSIX LIMX MaTepiajliB
3aJaHOl TOBIIMHM, ITOTYXHICTb KOMILUIEKCY €JIeK-
TPOHHO-IIPOMEHEBOTO 00JIaMHAHHSI Ma€ OyTH HO-
CTaTHbOIO /151 3BAPIOBAHHSI 3aJaHUX TOBIIMH i MaTH
MOXJIMBICTb HaJIallITYBaHHSI TOCTPOTro (DOKyCyBaH-
HS$I €JIGKTPOHHOTO Ty4Ka JUIsl OTpPUMaHHsI Mioro Mak-
CUMMaJIbHOI LIiJIbHOCTI [22].

BpaxoBytoun BiuB pakTOPiB, SIKi CIPUSTIOTH ITiJI-
BUILICHOMY YTBOPEHHIO MOP Yy 3BapHUX 3’ €IHAHHSIX
aJloMiHieBUX cIUIaBiB, oTpuMaHux EII3 B kocmiu-
HUX YMOBaX, i IJi SIKiCHOI OLIiHKM (hi3UYHOI CYTi
YTBOPEHHSI ITIOp, OYJI0 CTBOPEHO CIIPOIIEHY MaTeMa-
TUYHY MOJIEJb MPOLIeCY 3 METOIO 3aro0iraHHs HaI-
JIMIIIKOBOT MOPUCTOCTI y 3BapHUX 3’ €THAHHSIX.
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LLst mpoGiema MeBHOI0 MipOIO TTIOCUITIOETLCS TTPU
peaitizallii pexXxuMy 3BaplOBaHHsI, SIKUI CYIIPOBO-
JUKYETbCcsl  (hOPMYBaHHSM [Mapora3oBOro KaHaly
(IITK). ITpu nboMy IMpUIHITO BUAISTH ABA OCHO-
BHi MexaHi3Mu (OpMyBaHHSI MOPUCTOCTI MeTally
1IBa, a came [16]:

— TyXUPLi JOMIIIKOBUX rasiB (HacamImepea Boja-
HI0), sIKi chopmyBasicsl y pO3ILiaBi, ajie He BCTUTIIN
BUITH Ha MTOBEPXHIO 3BApHOI BAHHM i KpUCTaJli3yBa-
JIMCSI B Hil y BUIVISIAL TTOp. Y LIbOMY BUIMAJIKY OCHO-
BHOIO Ta30BoI10 (pa3oro y mopax Oyne razomnojaioHa
JoMillKa (aTOMapHU BOIEHbD);

— HepiBHOMipHe 110 BuUCOTI cxyonyBaHHs [1I'K,
sIK€ TIPU3BOJWTD /10 3aXOTUIEHHSI HABKOJIUIIHBOI aT-
Mocdhepu Ta (OpMyBaHHSI HECYLIIBHOCTEN MeTaly
111Ba, OCHOBOIO Tra30Boi (ha3u y rmopax B JaHOMY BU-
MajgKy € 3aXMCHUI abo pobouunii ra3, a TakKoX napu
JIETYIOUUX €JIEMEHTIB B OCHOBHOMY 3BaplOBaHOMY
MeTali, i IKi IBUIKO BUIIAPOBYIOTHCS.

®i3nuHi TIpolecH, 10 BU3HAYAIOTh CXMJIbHICTh
MeTajly 3BapHOTO 3’€IHAHHS /10 MOSIBU TAKOTO POJY
Ie(eKTHOCTI, € B3aEMO3AJICXKHUMHU i CYTTEBO He-
JiHiAHKUMU. [ IXHbOTO aHali3y NMPUUHSTO BUKO-
PUCTOBYBAaTH METOAM MaTeMaTUYHOTO MOJE/IFOBaH-
Hs1 Ta 6araTOBMMIipHOI KOMIT'I0TepHOI imiTauii [12,
18, 21]. Lle mo3BoJjisie BUAIIMTA KOHKPETHE (Qi3nuHe
SIBUILE TA OLIIHUTU CTYITiHb MOTO BIUIMBY HAa MOPOYT-
BOPEHHS Y MeTaJli 11IBa.

3okpema, IJis 3BaplOBaHHS B YMOBax HM3bKOI
rpasiTtailii (2K 10 HEBaroMoCTi) 3MiHa CUJIN TSKiHHS
BIUIMBAE SIK HA IMHAMIKY CILJIMBAHHS MyXUPILLiB, 1110
YTBOPUJIMCS B pe3yJibTaTi Auy3ii 1oMillloK BITpoBa-
JIKeHHSI, Tak i Ha criiikicts [TT'K. VY 1iit podorTi mjis
OTpUMaHHS SIKICHOT KapTUHU BIUITMBY CUJIU TpaBiTa-
il Ha CXUJIBHICTb 3BapHUX 3’€IHAHb J0 YTBOPEHHS
nedeKTiB y BUIJISIAL ITOp y MeTaJli 3BapHOIo 11IBa 3a-
MPOMNOHOBAHO KOMILJIEKC CIPOLIEHUX MaTeMaThuy-
HUX MOJICJIEH.
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MATEMATUYHA MOJEJ/Ib BATAHCY
CII1'Y ITAPOTA30BOMY KAHAJI

OCKiIbKM METOI0 JaHOi po0OTH € sKiCHa OLiH-
Ka BIUIMBY CWJIM TpaBiTallii HA CXWJIbHICTb METally
3BapHOTO 111Ba JI0 3apOXKEeHHS 1e(heKTiB TUITY Ta30-
BUX IIOp, SIKi XapaKTepHi IpY 3BaploBaHHI BUCOKO-
KOHIIEHTPOBaHUMU JIKepeJaMu HarpiBaHHSI, TOMY
JIJI1 MOOYI0BU MaTeMaTUUYHUX Mojiesieil 0ya0 mpu-
WHSITO HU3KY MPUITYIIEHb, a caMe:

— BUCOKa KOHIIEHTpAILLis IXKepesa 3BaproBaIbHO-
ro HarpiBaHHs, 110 € HEOOXiTHOIO YMOBOIO (popMy-
BaHHd I1I'K, sxka nmpu 1iboMy 3a0e3redye BiZHOCHO
HEBEJIMKY BaHHY PiZIKOTO MeTaJy;

— pexxuM crauioHapHoro I1I'K (axuit xapakTepu-
3YETbCSI HEBEJMKUMMU 3HaYeHHsIMU uucia [lekie),
KoJn (hopMy KaHaJly MOXKHA MPUKAHSITU LIWTTHAPUY-
HOI0 a00 KOHIYHOIO (IUB. pUC. 2);

— TiIpoavMHaMika 3BapHOI BaHHM XapaKTepusy-
€TbCSl HEBEJIMKMMU yuciaaMu PeliHonbica.

Buxonsum 3 BUKIaNeHUX TPUNYLIEHb, YMOBY
piBHoBaru IIT'K MoxxHa omucaTtv Ha OCHOBI CITiB-

. [TaporazoBuii
JI>xepeso HarpiBaHHS KaHal
3Ba%IOBaJ'II)Ha
aHHA
3 /
1
z 3BapHe
® y 3’€AHAHHS
\ \ I / :
\ \\ o/ 'L !
\ ARG
N Y,
( C __/ J '||
S == V
e -
HarmpsiMok 3BaproBaHHsI

Puc. 2. YM0oBHa cxeMa 3BaplOBaHHS 3i CTallioHapHUM TTapo-
ra3zoBMM KaHaJjioM [13]

Tabauys 1. 3nayenns KoHcTaHT A, B, C piBusnb (4)
CHiBBiTHOLIEHHST MiZK THCKOM Napu Ta Temneparypoio [17]

EnemeHT A B C T,K
Al 16380 1.0 12.32 2730
Mg 7550 1.41 12.79 1363
Fe 19710 1.27 13.27 3300
Cu 17520 1.21 13.21 2850
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BiIHOILIEHHS TigpocTaTUYHOro 6ajmaHcy [13]:
PatP,=PitP,tP ey

ne p, — abNAUidHUIA TUCK, BUKIMKAHUI PEYOBU-
HO10 y mpolieci ii BUnapoByBaHHSI 3 MTOBEPXHi MOALTY
das, Py — TUCK Hapu'y [IT'K, p, — rizpocTaTuaHMiA
THUCK, p;, — TiIPOAMHAMIYHMIA TUCK, p, — MOBEPXHE-
BUIA HATHL

Takum ynHOM, YMOBa (1) BCTAaHOBIIIOE piBHOBAry
MiX CyMapHOIO Hi€l0 aOJsLiiiHOTO TUCKY Ta TUCKY
napu, sKi po3mupiooTs I1I'K, Ta rimpoctatmyHoro,
TiIpOAMHAMIYHOTO TUCKY, a TaKOX IOBEPXHEBOTO
HaTsTy, cripsiMoBaHuX Ha cxjionyBaHHs [TTK.

AONSAUidHUIA TUCK MOXHa KiJIbKiCHO OLIiHUTH,
BUXOISIYM i3 criBBigHOIIEHHS [20]

_ 2
p,=mn i, 2)
e my, Ny, U, — Maca, MUToMa KIJIBKICTb i IIBUAKICTh

YaCTUHOK KHYJICEHIBChKOTO 11apy BiAIOBiIHO.
Tuck rasy y I'I'K po3paxoByetbes Tak [15]:
2

1 o
szgmg”g”g R_ 5 (3)

Cc

Iie { — TOBILMHA 3BapHOTO BUPOOY, R, — pamiyc IT1T'K.
JJ1s1 KOHCEepBaTUBHOI OLIIHKY a0JISILIIIAHOTO TUCKY

rasy B 3aJIEXKHOCTI BiJl TeMIlepaTypy ra3oBoi (a3u

MOXXHAa BUKOPMCTATHU HabOmkeHy dhopmyny [17]:

A
lgp, =——-BIgT,, +C, 4)
TM
ne T, — TemrepaTypa KAIliHHS KOMIIOHEHTIB MeTa-
J1y, 110 3BapIOETHCS, TSI ASSIKUX €JIeMEHTIB 3HAUCH -
HSI KOHCTAHT HaBeJEHO B TaoJI. 1.
TinponuHaMiyHUA TUCK pO3ILIaBYy JOPiBHIOE [15]:

— pm
bn=0 >
Ie p, — KOHCTaHTa, sIKa 3aJIEXUTh BiJl TPAHUIHOI
YMOBHU MiXX BAHHOIO PO3IUIABY i TBEPAOIO YACTUHOIO
OCHOBHOTO MeTally, 10 3Baplo€Thes, p, — MIiIb-
HIiCTh pO3IUIABJIEHOTO MeTany, R, — 6e3po3mipHa
¢ynkuis paniyca INIT'K Ta pamiyca HaBKOJMITHBOL
BaHHU pO3ILJaBy, V' — IIBUIKICTh 3BaplOBaHHS, ® —
KyT y HOJSIPHiiA cucTeMi KOOpAMHAT IO BiIHOIIEH-
HIO 10 HApsIMKY 3BaplOBaHHSI.
TimpocraTnyHuii TUCK BU3HAYAETHCS BHCOTOIO
pO3ILIaBy Z:

VZ%R,W cos®, (5)

Py =Pn8% » (6)
Jie g — NPUCKOPEHHS BUIBHOTO MaiHHS.
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ITutoMe 3ycuist Bill CUJIM TTOBEPXHEBOTO HATATY
3AJICKUTH Bifl pamiyciB R;, R, KPUBU3HU MOBEPXHI
pO3IJIaBy y B3a€EMHO TEPIEHAUKYISIPHUX HAIPSIM-
Kax Ta KoedillieHTa moBepxHeBoro HatATy y [19]:

1 1
p,=v R + R ) (7)

PospaxyHoK 3ycuib Ha OMUHUIIIO TIIOIII TTOBEPX-
Hi pinkoi BaHHU y [IT'K mo3Bossie oliHUTH Bigxu-
JICHHS BiJ PIBHOBaXHOrO CTaHy Ta BWU3HAYUTU
BILIMB KOHKpPETHOro (pizmyHOro mapamerpa (B ma-
HOMY BMITQJIKy CWJIM TpaBiTallii, TOOTO IPHUCKOPEH-
HSI BUIBHOTO IMaAiHHsI) Ha BUKOHAHHS YMOBM CXJIO-
MyBaHHS KaHaJIy Ta MiIBUILIEHHS CXUJIBHOCTI 10 MO-
SIBU MTOPUCTOCTi MeTaJly 11IBa.

Ak 3a3Hayvasiocs BUIlE, iHILIMM MeXaHi3MOM I10-
POYTBOPEHHSI y MeTaJli 3BapHOTO 3’€IHAHHS € KPUC-
Tajizallis MeTajly pa3oM i3 MyXupUsMU TOMIIlTKOBUX
rasiB, sIKi He JOCSITJIM MOBEPXHi pO3IMJaBy 3a 4ac
iCHyBaHHS pigkoi 3BapHOi BaHHU. TaKMM YMHOM,
XapaKTEePUCTUKOIO CXUJIBHOCTI 0 MOSIBU HECYLIiIb-
HOCTEl B 3aJIeXKHOCTI Bif CWJIM TpaBiTallil Moxe
CJIYKWUTHU LIBUAKICTD CIJIMBAHHS MYXUPILiB TIEBHOTO
paziyca, sika ONMCYETbCS piBHSHHSIM [amamapna —
PuGuuHCBHKOTO, 1110 € YACTUHHUM PO3B’SI3KOM PiB-
HsiHHS HaB’e — CToKca 3a yMOBU HEBEJUKUX 3HA-
yeHb yuciia PeitHoubaca po3ruiasy [14]:

2 87y —py) mytR
9 Hy 2},lf+3},lg’

e ¥ — paaiyc IMyxupls rasy, Pp Py — LIiIBbHICTh
piIMHU Ta rasy BiAIOBiIHO, Hp My — NUHaMiyHa
B’SI3KiCTb PiIMHM Ta Ta3y BiAIIOBiIHO.

v, ®)

PE3YJIBTATU TA OBIOBOPEHHA

JIs1 IKicHOI OLIIHKM BIUIMBY 3HIVDKEHOI TpaBiTallil Ha
pO3IUIaBIeHy BaHHY y TpoIleci 3BaploBaHHS 3 KWH-
TDKATBHUM TIPOTIIABJICHHSIM 3 TOUKH 30PY CXMITBHOCTI
JIO YTBOPEHHSI IIOPUCTOCTI Pi3HOTO TUILY OYJI0 PO3IJISi-
HyTO KOHKPETHMIA TIPUKITAM 3 XapaKTePHUMH TTapamMe-
Tpamu cTaHy metaiy. O0’€KTOM AOCTIAXEHHS OYJI0
00paHO TEXHOJIOTIUHMI TTPOLIEC CTUKOBOIO €JIeKTPO-
HHO-TIPOMEHEBOTI0 3BapIOBaHHSI IJIACTHH 3 alIOMiHie-
BOro cIuiaBy AMr6 3aBTOBILKH ¢ = 5 MM, IpAiiMaIacs
MOXJIMBICTb 3MiHM MPUCKOPEHHS BUJIBHOTO TAadiHHS
Bin 0 10 9.81 m/c2. TlapamMeTpu HaBeleHOI MOei:
y=0.52 H/m, p, = 98 Ila, Pr= Py = 2457 xr/M3, V =

p,Ila
1
875 F P
825 b 3
4
775 F
725 F
675 1 1 1 1 1
0 2 4 6 8 g M/

Puc. 3. 3aexHICTb 3yCWIb, 1110 PO3IIMPIOIOTH Ta 3BYXYIOTh
TITK, Bia BeIMYMHU TPUCKOPEHHS BUIBHOTO MaAiHHS g psi-
Mi [, 2, 3 — 3HaYeHHA TUCKY p, + p, + Py TPV 3HAYCHHSIX
paniyca I1TK 0.7, 0.75 ta 0.8 BignoBinHoO; npsiMa 4 — 3Ha-
YEHHS p a+pg

= 1..10 mm/c, ® =0, R, = R, = 0.75 mm, 1/R, = 0,
M= 1.3 mIIa-c, r= 0.1 mm. SIK moKa3aB po3paxyHOK
TUCKY, HapaMeTpH, sIKi Bu3HavaioTh 6anaHc I1T'K, ma-
I0Th Taki 3Ha4eHHs: p, = 765 Ila, Py = 50 ITa, Py =
=0...123 I1a, Py= 693 Ila, p, = 49 Ia.

TakuM YMHOM, 3 TOYKM 30pY TiIPOCTATUYHOrO
banaHcy (1) BriuB rpasitailii Ha ctabinbHicTh [TTK
MPOSBIISIETLCS Y TOCUTh BY3bKOMY Jialla30Hi TEXHO-
JIOTIYHMX MapaMeTpiB, 110 3YMOBJIECHO HEBEJIMKUM
BKJIQJIOM TiIpOCTaTMYHOrO TUCKY B cyMapHuii Oa-
JIAaHC TUCKiB: HAaOUIbIINI BIUIMB HAa JaHUI IIPOLIEC
Ma€ CIiBBITHOIIEHHS aOJISILIAHOIO TUCKY Ta CWIA
rnoBepxHeBoro Hatsry. Lle o3Hauae, 1110 OoTpuMaHi
B YMOBax 3eMHOI rpasitauii (g = 9.81 m/c?) onru-
MaJlbHi peXMMU 3BapIOBaHHSI MOXHA BUKOPUCTOBY-
BaTH i P 3MEHIIEHIN rpaBiTalii. Jlo Toro x 3mMeH-
IIIEHHST CUJIM TpaBiTallii Ta BiAINOBigHE 3MEHIICHHS
TiIpOCTaTUYHOTO TUCKY CHpPaBJsSiE HEBEJIUKUI TO-
3uTuBHUI edekT Ha cTabiabHicTh III'K i 3HMXKYE
CXWJIBbHICTb J10 MOSIBU MOP, BUKJIMKAHUX JIOKAJTbHUM
CXJIOITyBaHHSIM KaHaJly y npoiieci 3BaptoBaHHs. Ha-
BMaKW, 301IbIIEHHS MPUCKOPEHHSI BiJIbHOTO TMaJliH-
HSI MOX€ TIPU3BECTH JO TOTIipIIEHHST CTa0iTbHOCTI
[1TK Ta mosiBu mop B 00;1aCTi KOPEHsI 3BapHOTO 11IBa.

Ha puc. 3 nokazaHo BIUIMB BEJIMYUHU MPUCKO-
PEHHSI BiJIbHOTO MaAiHHS Ha BEJIMYMHY CyMapHOIO
THUCKY p,, t p, (3yCHIUIS Ha PO3IIMPEHHS KaHally) Ta
pyt ot py (3Bycuiisl Ha CTUCHEHHSI KaHaly) Mpu
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TIpuckopeHHsS 2 g

e it i g e.n

™, P, B

Ipuckopenns 1/6 g (moBepxHst Micsiis)

Puc. 4. Makpo1ti moBepXHEeBOTo 3pi3y 3pa3Ka CTUKOBOTO 3’€IHaHHS 3i crutaBy AMr6, oTprMaHOTro 3a OJWH MPOXil eleK-
TPOHHO-TIPOMEHEBUM 3BapIOBAHHAM Ha JliTaiouiii 1abopaTopii B pexkMMi NMepeBaHTaXeHHS 3 MPUCKOPEHHSIM 2g i B peXUMi

3HMXKEHOro nprckopeHHs (1/6)g (moBepxtst Micstist) [10]

MM

min»®

0.5

0.4 "3

0.3F
2
2F
0 ]\\
0.1

O 1 1 1 1 1
2 4 6 8 g, M/c2

Puc. 5. 3anexHicTh 3HaAYeHHsI MiHIMaJIbHOTO pajiyca ITy-

XUPLA Fp i, AKMA BCTUTHE CIUIMBTU 32 Yac XWUTTA 3BapHOL

BaHHM Bil MPUCKOPEHHS BibHOTO MAaAiHHS g MPU PiZHUX
MBUAKOCTSX 3BaproBaHHs: [ — 1.0 mm/c, 2 — 2.5 mm/c, 3 —

5.0 mm/c, 4 — 7.5 mm/c, 5 — 10.0 mm/c

pizHux 3HadeHHsx pazgiyca IITK. Touku meperu-
HY HaBeIeHMX 3aJeXKHOCTEH BiAIIOBIZAIOTh PiBHO-
BaxxHoMy cTtaHy I1I'K, skuii 3mintyerbcst B 00JacTh
MEHILIOT IpaBiTallii Mpy 3MEHIIEeHHI pajaiyca KaHally
(30iIbLLIEHHS CUJIM TTOBEPXHEBOTO HATTY).

V Bumnagky anbTepHaTUBHOTO MEXaHi3My 3apojl-
JKEHHsI HEeCYIIIBHOCTEM, a caMe KpucTaisallii my-
XUPILIB JOMIIIKOBHUX Ta3iB, CJIiJ OYiKyBaTU IPOTH-
JIEXKHOTO BIUIMBY CMJIM IpaBiTallii Ha CXUJIbHICTh
MeTaJly 1IBa J0 MOpOyTBOpeHHs. AK BUIHO 3 ¢dop-
myau (8), WBUAKICTb CIUIMBaHHS TIPOIOpLiiiHa
MPUCKOPEHHIO BIIBLHOTO MajaiHHSI, TOMY 3HMXXEH-
Hs TrpaBiTalii Oyme MNPU3BOAUTU OO 3MEHIICHHS
IIBUIKOCTI CIUTMBAHHS MyXUPIIB a3y i MiaBUIIEH-
HSI CXWJILHOCTI MOPOYTBOPEHHS Y MeTaJjli 3BaApHOIO
3’enHaHHs. TakKoxX CyTTEBUM ITOKA3HUKOM € pajiiyc

62

Z,M
0.015
0.012

0.009

0.006
0.003

0.015

0.012

0.009
0.006
0.003

0012 X, m

1
—0.006 0

Puc. 6. PospaxoBaHi Tpaekrtopii razoBoro myxupus (r, =
= 0.3 Mm): 1 — bpoHT KpuCTasizallii y BUXiTHOMY ITOJOXEH-
Hi (cylisibHA KpUBa) Ta ITic/IsI MepeMillleHHS 3a yac ¢ (IITpu-
XOBa); 2 — TpaHUIIsl BaHHU (CyLiJIbHA i IITpUXOBa Ti cami,
1o i B KpuBoi /); 3 — tpaextopis nyxupi [21] (Bumamok
a — TIyXHApellb He CIJTMBAE, YTBOPIOETHLCS ITOPa, BUTIATO0K 6 —
MyXupelp CILJIMBAE)

MyXypLsl rasy, 110 3apOoAMBCs, KBaapaT 3HAYEHHS
SIKOTO BXOAuUTh y hopmyiy (8). Lle o3Hauae, 1110 ipu
3MEHIIEHHI IpaBiTallii, 3 0qHOro 0OKY, 30iblIyBa-
TUMETbCSI KOHLIEHTpALlisl TTop y MeTaJli 111Ba, 3 iHILIO-
o — 3pOCTaTUMYTh PO3MipU OKpEMUX MOp, i HaBMa-
KM, TIpY 301UTbIIEHHI MPUCKOPEHHS BUTLHOTO MafiH-
Hs1 mopu OyayTh BiacyTHi (puc. 4). Ciig 3a3HaunTH,
110 BUKOpUCTaHE HAOJMXKEHHS HE BPaxOBYE IPO-
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LIECIB riIpoarHaMiKM 3BapHOI BAHHU, sIKi 32 TIEBHUX
00CTaBMH, 30KpeMa Ipu BEJIMKMX 3HAUEHHSIX Yrciia
PeiiHousibaca, MOXYTb MaTH CYTTEBUI BILIUB Ha CTa-
oinbHicTh [ITK B ymMoBax 3HMXKeHOI TpaBiTallii.

AKIIO MPUITYCTUTH, LIO ONTUMAIbHUNA PEXUM
3BaplOBaHHS BIATIOBIAA€ Yacy CTalliOHAPHOTO CILJIN-
BaHHS Ta30BOT0 MyXUPLIs, KU € MEHILIMM, HiX Yac
iCHYBaHHSI 3BapHOI BAaHHM, MOHa SIKiCHO OLiHUTU
BILUIMB YMOB IpaBiTallil Ha CXWJIbHICTh 10 MOSIBU Ta-
kux aedexrtiB. Ha puc. 5 HaBeaeHO 3a1eXXHOCTi Mi-
HIMaJIbHOTO pajiyca MyXUpLs 7, , AKUA BCTUTHE
CIUIMBTH 3a Yac iCHyBaHHsI 3BapHOi BAHHU, HaBee-
HOI JKEepeJIoM HarpiBaHHS TP Pi3HiN IIBUIKOCTI
3BapIOBaHHS BiJ TTPUCKOPEHHS BIIBHOTO ITaMiHHS
g. 3 HaBeleHUX JaHUX BUAHO, IO MPU 3MEHIIEeH-
Hi IIPUCKOpPEHHS BLIBHOTO MaiiHHS HIK4Ye 3 M/c?
Pi3KO 30LIBIIYETHCS PO3MIp MyXUPLIB Tasy, sIKi He
BCTUTHYTbH CIUIMBTU OO IOBHOI KpUCTaji3alil po3-
TUIaBy BaHHU i copmyloTh chepuuHy HeCyIiib-
HICTh MeTaJly I1IBa, 110 SIKiCHO IiATBEePIKYETHCS pe-
3yJbTaTaMU HaTypHUX €KCIIEPUMEHTIB.

Kpim Toro, MoaentoBaHHSI pyxy ra3oBUX IyXUp-
LIiB Y 3BapHill BaHHI Moka3ye (puc. 6, a), 110 MpH
MEeBHUX MapaMeTpax 3BaploBaHHS BOHU HE BCTUTa-
IOTh CIUIMBaTH, 1 MOXYTb 3aXOILIIOBAaTUCs 3y0Oyac-
UM (POHTOM KpuCTaji3allii, BUKIUKAIOUM yTBO-
pEHHS TOp y 3BapHMX 11IBax [6].

ITpore mapameTpamu Tpoliecy 3BaprOBaHHS
MO>Ha CTBOPIOBATU TaKi yMOBHU, TTPU SIKUX Fa30BUI
MyXWpellb BUXOAUTHh Ha BiUIbHY MOBEPXHIO PiIKOi
BaHHM i 3anuiiac ii. [Topu ripu iboMy y MeTai 11Ba
He YTBOPIOIOThCS (pUc. 6, 0).

TakuM 4YMHOM, pO3paxyHKHU y paMmKax 3arporio-
HOBaHOI MaTeMaTU4YHOI MOJEJIi TToKa3au, 1110 Tpa-
€KTOPisl Ta30BOTO IMyXUPLISl MOXE MepeTUHATUCs 3
pyXxoMuM 3yOuacTuM (PPOHTOM KpHCTadi3alii BaH-
HU 200 BUXOJUTU Ha BUJIbHY TOBEPXHIO. Y MEpIIOMY
BUIIaJIKy IOPU BUHUKAIOTh Yy CEPEIHili YaCTHUHI 11IBa,
ay Ipyromy — IMopHu He yTBOpIOIOThes. BpaxyBaHHS
X (pakTopiB MpU BUOOPI TEXHOJOTIYHUX MapamMe-
TpiB Mpoliecy 3BaploBaHHS (30KpeMa IIBUIKOCTI,
MOTYXKHOCTI JxKepeJia HarpiBaHHS Ta IMporpaMoBaHe
KepyBaHHS iHTEHCUMBHICTIO HarpiBaHHSI CKaHyBaJlb-
HUM €JIEKTPOHHUM ITy4YKOM) T03BOJISIE OTPUMYBATU
Oe3nedekTHi 3BapHi 3’ €MHAHHSI.

Taka Momenb HO3BOJISIE OLIHUTU BIUIMB Pi3HUX
rnmapameTpiB TMpolecy eleKTPOHHO-TTPOMEHEBOIO

3BaplOBaHHS Ha MMOBIPHICTbh YTBOPEHHS TOp i Ha-
MIiTUTH 3aX0a1 OOPOTHOM 3 HUMMU.

BICHOBKHM

1. I1poBeneHo aHai3 hakTOPiB, SIKi CIIPUSIOTH i~
BUILEHOMY YTBOPEHHIO MOP y 3BapHUX IIBaX Mpu
€JIEKTPOHHO-TIPOMEHEBOMY  3BapIOBaHHI  aJTIOMi-
Hi€EBMX CIIJIaBiB B yMOBaxX 3HMXKEHOI TpaBiTallil Ha
OCHOBI MPUITYLIEHb YMOB TiApOCTaTUYHOTO OayiaH-
cy IITK. 1151 uporo 3arnporoHOBaHO SKiCHY MaTe-
MaTUYHY MOJEIb JUISl OLIIHKMA CXWJIbHOCTI MeTasy
3BapHOTO 3’€IHAHHSI, OTPUMAHOIO KUHIKaTbHUM
MNPOIUIaBJIEHHSIM 3a JOIMOMOTOI0 BMCOKOKOHIIEH-
TPOBAHOTO JXepeJjia 3BaploBajbHOTO HarpiBaHHS,
JI0 3apOXKEHHS Mop y MeTajli 3BapHoro 1iBa. Po3-
IJISIHYTO JIBA OCHOBHMX MEXaHi3MU 3apOIKEHHS Je-
dexTHOCTI, a came JiokaibHe cxioryBaHHs TITK i
KpucTajizallis MyXupliB JOMIIIKOBUX Ta3iB, sIKi He
BCTUTAIOTh CIUIMBTH Ha MOBEPXHIO PO3IUIaBY 3a yac
iCHyBaHHSI 3BapHOI BaHHMU.

2. IlokazaHo, 1m0 HAWOINBIIMIT BIJIMB Ha CTili-
kicts TITK Hamae cniBBiZHOLIEHHS aOJIALiifHOTO
TUCKY Ta CUJIM TTOBEPXHEBOTO HATSITY, sIKi HECYTTEBO
3aJiexXaTh Bif CUJIM TpaBiTallii. Y CBOIO 4epry, rii-
pPOCTaTUYHUI TUCK 3MEHIIYEThCSI TIPU 3MEHILEeHHI
CUJIU TpaBiTallii, 1110 Ma€ HEBEJIUKUN TTO3UTUBHUIA
edekT Ha ctabinbHicTh T1I'K i 3HMXKYE CXUIIBHICTh
10 TTOSIBU TTOP, 3yMOBJIEHUX JIOKAJIbHUM CXJIOTTYBaH-
HSIM KaHaly y IIpoLieCi 3BaplOBaHHsI.

3. IlokazaHo CyTTEBMII BIUIMB CWJIM TpaBiTallil Ta
PO3MipiB MyXUPLLiB ra3y Ha IBUIKICTb IXHBOTO CILIU-
BaHHs 3 posruiay. [1py 1IbOMY MpY 3MEHIIEHHI MTPH-
CKOpEHHS BUILHOTO MaliHHA HuK4ye 3 M/c? pi3ko
30UIBLIYETHCS PO3MIP ITyXUPLLIB ra3y, sIKi HE BCTUTAIOTh
CILJIMBTHM JI0 TIOBHOI KpUCTali3allii BAHHU PO3ILUIaBY, i
(opmy1oTh cheprUHY HECYLIUTBHICTb MeTaiy 1iBa. Lle
MiATBEPIKYEThCS HASIBHUMU €KCIIEPUMEHTaTbHUMM-
JAHUMMU TIPO MiABUILIEHHS CXUJIbHOCTI 3BapHUX IIBiB
JIO TIOSIBY TIOPMCTOCTI 32 HU3LKOI I'paBiTaliii. Ajie Bpa-
XyBaHHSI LIbOTO (pakTopa Ipy BUOOPI TEXHOJIOTIYHUX
rapaMeTpiB TpolLecy 3BaplOBaHHS (30KpeMa IIBUI-
KOCTi Ta ITOTY>KHOCTI JixKepesia HarpiBaHHSI) JO3BOJISIE
oTpuMyBatH 0e3aedeKTHi 3BapHi 3’€IHAHHS.

Pezyabmamu docaidcens, sukopucmani y cmammi,
OyAu ompuUMaHi Npu BUKOHAHHI pOOIM, w0 nPOBOOUNU -
cs 6 pamkax Linvoeoi npoepamu HAH Ykpainu 3 na-
VKO08UX KOCMIiYHUX docnioxcens Ha 2018—2022 pp.
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REGULARITIES OF POROSITY FORMATION IN ELECTRON BEAM
WELDING OF ALUMINUM ALLOYS UNDER LOW GRAVITY

The use of welding processes in open space is necessary for the manufacture, assembly, and repair of large-sized structures of
space stations both in the near-Earth orbit and during the exploration of the Moon, where it is planned the creation of long-
term lunar bases, as well as other objects that ensure the activities and work of expeditions. These can be subassembly operations
in creating pressure-tight buildings for residential and industrial use, as well as for storing energy resources, pipelines of space
complexes, or repair for ensuring the long-term operation of existing systems.

Electron beam welding (EBW) is an optimal and more technological process for these works in comparison with other weld-
ing methods. Deep vacuum and low temperatures, which are the natural environment under space conditions, encourage the
use of electron beam technologies, including welding. The efficiency of this process is 85—90 %, which is the maximum one in
comparison with other welding methods. EBW under Earth gravity allows gaining the mechanical and chemical properties, as
well as vacuum tightness of welded joints at the level of the parent metal.

Performing EBW in conditions of ultrahigh vacuum, low gravity, and low temperatures is complicated, therefore, the qual-
ity of welded joints may decrease. The obtained results of the experiments conducted under conditions of low gravity and low
temperatures in space, as well as in the flying laboratory, showed an increased number of pores in the welds. First of all, this
phenomenon was detected in the welding of samples made of aluminum alloys. They are widely used in creating space struc-
tures, which does not exclude the possibility of their application in the manufacture of welded structures on the Moon’s surface.

The aim of this work is the studying the regularities of porosity formation in the metal of the welded joints made of aluminum
alloys in EBW under low gravity by qualitative analysis of the main factors that determine the increased susceptibility to the
formation of discontinuities of this type.

Keywords: electron beam welding, aluminum alloy, welded joint, ultra-high vacuum, reduced gravity, porosity formation, key-
hole, gas bubbles, discontinuity, collapse, balance of forces, hydrodynamics, ablation pressure, Reynolds numbers, hydrostatic
balance, gas bubble trajectory.
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BAPIALIII TIOBHOTI'O EJIEKTPOHHOT'O BMICTY B IOHOC®EPI,
BUK/IMKAHI BUBYXOM BYJIKAHA TOHTA 15 CIYHA 2022 p.

[Ipo 30amuicme nomysichux 6ubyxogux 8yAKanie enaugamu Ha cmau ionocghepu cmano idomo npunaiimui wie y 1980-mi pp. Hosuii
cnaeck inmepecy 00 ueuenHs epekmis y cucmemi 3emas — ammocgepa — ioHocgpepa — maenimocghepa cnocmepieagcs nicas 6uby-
xy eyakana Xynea- Tonea-Xynea-Xaanaii (kopomko Townea) 15 ciuna 2022 p. 1leti gyaxan no npagy modicHa ionecmu 00 YHiKAAbHUX.
lonocpeprum epexmam eyaxana Tonea npuceauero HU3KY pobim. 3 6UKOPUCMAHHAM YACOBUX 6apiayili NOBHO20 eNeKMPOHHOLO
emicmy (I1EB) ecmaroeéneno, wo eubyxie eyakana 6y10 n’asmoe. Haiicunvhimumu iz Hux 6yau opyeuii i mpemiit 6udyxu, npu4omy
dpyeuii 6yé HailinmencugHiwum. JlocaionceHo 10KarbHy ma en06aivhy peaxyii ionocgepu na eubyx syaxauna Tonea. /s yvoeo eu-
Kopucmosysanucs cuernanu 11no6aivHoi Hagieayitinoi cynymHUKoeoi cucmemu ma 8UMIpH8AHHs HA 00pmMYy CYNYMHUKA «Swarmy.
bing micus eubyxy eyaxana 30ypenns IIEB cseano 5...10 TECU. Kpim aokanvhoeo egpexmy, cnocmepieanucs pyxomi ionocgepHi
30YpeHHs, BUKAUKAHI 2eHePauicr0 ma NOWUPEHHAM AKYCMUKO0-2pasimayitinux xeuns 3i wieudxicmio 6id 180 do 1050 m/c. Ocobause
Mmicue 3atimana xeuns Jlemoba, wo pyxanrace 3i weudkicmio 315 m/c ma nowuprosanacs Ha 2n0b6anvhi eidcmani. Y nivnuil uac eu-
ABACHO eK8aAMOpPIaNbHi NAA3MOBI «MiXypu», aKi cnocmepiearucs 6 Asiiicoko-Okeaniunomy peeioti. Ilpu uyvomy na eucomax 400...
500 km KoHyenmpayis earekmponie N amenwunracs Ha 2-3 nopsaoku. Po3mip yux ymeopens 3a doseomoro nepesuuiysas 10 Mm, a
ixHs mpueanicms cmaHosuna He menuie 4...5 e00. Mema pobomu — nodanrvuiuii ananiz anepioOuyHux i K6aszinepiooutHux 30ypeHs 8
ionocepi, sukauxanux eudyxom seyaxana Tounea 15 ciuna 2022 p., y wupokomy diana3zoni éidcmaneii (6i0 0. 100 5 Mm) 8i0 dxucepeaa
30ypens. Jnsa eusenenns peakyii ionocgepu na eubyx eyaxana Tonea ananizysanucs peccmpayii cuenanie 1106arvHoi Hagieayiitnol
CYNYmMHUK080i cucmemu. Y pesyasvmami ananizy uacosux eéapiayiti [1EBy konmpoavui Ovi ma y 0enb 8ubyXy 8yAKaAHa 6CMAHOBACHO
OCHOBHI 3AaKOHOMIpHOCMI 2eHepayii 30ypeHb 6 [oHOCghepi ma Gu3Ha4eHO KIAbKIiCHI Xxapakmepucmuku 30ypeHs. Buseieno womupu
epynu 30ypeHb, ujo Maau piHUIl 4ac 3anizHi08aHHs 6IOHOCHO MoMeHmy eubyxy gyakauna. Baxcauso, wjo uac 3aniznioganms 30ypens
30inbuiysaecs 3i 30inbuleHHAM gidcmati 6i0 yakana 0o micys peecmpauyii. llleudxicme 30ypenns y neputiii epyni 6yaa 6auzvka 0o
1000 m/c, 6ono manro N-nodionuii npogine. lle 30ypenns 6yn0 3eeneposane 6ubyxo80t0 xeuaer, WeUOKIcmb AK0i 3a1excana id Hao-
AUWKY MUCKY ma anpiopi nepesuuiysana weuoxicms 38yxy. llsudxicms 36ypens y opyeiii epyni eapitosana y mexcax 336...500 m/c,
o 61acmueo weuoKocmi ammocpepHux epasimauitinux xeuv. llleudkicms 30ypens y mpemiil epyni nepebysana y mexncax 260...
318 m/c. Taky weudkicmo mae xguas Jlemba. Y uemeepmiii epyni wieudkicme 30ypenv cmanoguna 190...220 m/c. Lla weudxicme
Xapakmepna 045 UyHami, axe 010 GUKAUKaHe be3nocepednvo subdyxom eyakana. llepiod keasinepioduunux 30ypeHs 3mMiH08a6CA i
1000 20 xs, a ixna amnaimyda — 6id 0.5 do 1 TECU. Jlosedeno, wo cnocmepeicysana ionocgepna «dipa» 0yna 3eeHeposana came
subyxom eyaxkana. Ilpu yvomy modyai abcoaromnoi ma 8i0OHOCHOI 6eaudun 30ypers Maiu meHoeHyito 0o cnadanHs npu 30inbuleHHi
siocmani 6i0 eniyenmpy euoyxy (npubausno 6io 10 TECU do 2 TECU ma 6i0 37 % 0o 7 % 6ionogiono). Yac sanizniosans noseu
«dipu» ma ii mpusanicms, Hasnaku, 30inbuLysanucs 3i 30invuleHHAM gidcmatni 8i0 yaKana 0o micys peecmpauii (6id 35 do 100 xe i
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6i0 30...40 0o 120...150 xé 8i0nosiono). 3anponoHosano mexauizm eenepauii ionocgeproi «dipu». B tioeo ocrogi aexcams sk enek-
mpuyHi, mak i He ereKmpu4Hi npoyecu (MpiuHyeamocmi, mepms 4acmuHoK, KOHOeHCcauis 00SHUX NApie, Koazyaauyis Kpaneaw
600U, NPUNUNAHHS eNeKmMPOHI8, epasimayjiiina ceepezayis mouwjo). Y peayaomami nopyuieHHs 2100AAbHO20 eAeKMPUHHO20 K0Ad, HO-
A8U CMOPOHHbORO eAEKMPUUHO20 CIMPYMY, 30iNbUUEHHS HA NOPAOKU HANPYICEHOCMI amMochepHo2o ma ioHOCGHepHO20 eaeKMmPUHHO20
NnoAi8, ONYCKAHHA I0HOChepHOT naasmu Ha MeHwi eucomu, de 8i00yeaemvcs Oinbld AKMUBHUL npouec peKoMOiHauii enrekmpoHie,
3eeHeposana ionocghepa «dipa». Bcmarnoeneno ocHo6HI KinbkicHi xapakmepucmuku 36ypens. Ixui aykmyauii nosicuioromocs eeo-
2papiuHUM NONONCEHHAM CIMAHYILL, NOAONCEHHAM NIOIOHOCHepHUX MOYOK No 8iOHOWEeHHIO 00 eKe8amopianbHoi ioHI3auiliHol anomanii,
uacom 0obu, pyxom 8e4ipHb020 COHAUHO20 MEPMIHAMOPa Mouo.

Karouoei caosa: ionocgepa, éyaxarn Tonea, 6ubyx gyakana, noO8HUll eAeKMPOHHUL 8MicM, IOHOCHEpHa «0ipa», XEUAbosi 30ypeHHts,

napamempu 30ypeHb.

BCTYII

IIpo 3pmatHiCTP MOTY:KHMX BHOYXOBHUX BYJIKAHIB
BIUIMBAaTM Ha CTaH ioHocdepu cTajo BiIOMO MpU-
HaviMHi e y 1980-Ti pp. [35, 45]. byno BcraHoBIIE-
HO, 1110 HOCiEM 30ypeHb € iIHTEHCUBHMI iH(MPa3BYK i
atMocdepHi rpasitamiiini xpwmi [11, 17, 19, 20, 35,
45]. TlnipHuMuM OynIM JIOCIIIXKEHHS ioHOC(hepHUX
30ypeHb, 1110 BUHMKAJIM BCIiI 32 BUOYXOM ByJIKaHa
Cg. Onenu 1980 p. [35, 45, 54]. ITi3Hiue noaibHi go-
CJIIXEeHHS Oy MPOAOBXKEHi /11 HU3KM iHIIMX I10-
TY:KHMX ByJKaHiB [10, 21, 22, 26, 27, 30, 40, 46, 51].

HogBuii cruteck iHTepecy 10 BUBUEHHS e(eKTiB
y cuctemi 3emnst — atMocdepa — ioHocdepa —
marHiTochepa (3AIM) criocrepiraBcst miciisi BUOy-
Xy ByJkaHa XyHra-ToHra-XyHra-Xaamaii (KopoT-
ko Tonra) 15 ciuns 2022 p. Lleit ByJKkaH mo mpaBy
MOXHa BiTHECTH 10 YHiKajabHUX. JIOCUTb 3rajmartu,
110 MaKCMMaJlbHa BUCOTa BUKUAIB csraja 58 KM.
Hagite mnst Bynkana Kpakaray (1883 p.) BoHa He
nepeBuinyBana 45...50 km [11, 54].

BcraHoBieHo, 1110 BUOyXiB ByjikaHa ToHra B iH-
tepBaii 4yacy 04:00—05:00 UT oOyno m’sartb. Haii-
CUWJIBHIIIUM OyB Apyruii BUOyx nmpu6ausHo o 04:15
UT (tyr i Hapmani yac BcecBiTHil) [32, 38, 39]. Bu-
Oyx IpU3BIiB 10 3eMJIETPYCY 3 MarHitynowo M =~ 5.8
[5, 32, 42]. BuOyx BUKJIMKaB I[yHaMi IBOX TUIIiB 3i
mBuakoctaMu 315 ta 200 m/c [7, 28, 31, 36—39,
44,52, 53]. Ilepiiie 3 HUX ITOB’sI3aHO 3 iIHTEHCUBHOIO
atMoc(depHoI0 xBuieo Jlemba, a gpyre — 06e3Io-
CepeIHbO 3 ITiTHATTSIM TOBIi BOIM ITiJl Yac ITiIBOI-
HOTro BUOYXy ByJiKaHa. BrcoTa XBuJjIi Hag KpaTepoM
carana 90 M [25]. ITobau3y ByJIKaHa BUCOTa LIyHaMi
Oysa 6au3bkoro 10 15 m. bing Yuni BoHa He mepe-
BuUILyBasia 3 M, moosm3sy Ilepy — 2 M, 6ing SroHii —
1.2 M, mo6aumzy CIIIA (KanigopHhis, Ansicka) — 1 M,
a B ATJITaHTUYHOMY OKeaHi Ta HaBiTh y Cepeln3zeMHO-
my mopi — 10...30 cm [8, 30, 31, 44].
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Bubyx BynkaHa 3reHepyBaB JeKiJibKa TUIIB
XBWIb y aTMoc(epi: BUOYXOBY XBWIIIO 3i IIBUAKIC-
TIo v ~ |1 KM/c, aTMocepHy TpaBiTalliiiHy XBUJIIO
3 v = 250...1000 m/c [23, 38, 39], iH(hpa3ByK 3 v ~
~ 300 M/c, MOTYXXHY MpPaKTUYHO He3aracawpouy Mo-
BepxHeBy xBuIo Jlem6a 3 v = 313...317 M/c Ta 3ByK
[4, 6, 41, 56]. XBria JleMba oGirHyja 3eMHY KyJIIO
I’STh pa3iB i criocTepirajacs BIPOJOBXK CeMM HIi0
[6]. 3a paxyHOK HeNiHIHHUX MEPETBOPEHD 3BYK Bif
BUOYyXy ByJIKaHa Oyj10 4yyTHO Ha Ausicui (BiacTaHb
nopsiaky 9 Mm) [38, 39]. BuOyx BysikaHa Cripuuu-
HUB 30ypeHHsT MarHiTHOTrO TT0J1s 3emuti [3, 48, 59].
Benuuuna 30ypeHs csirana 14 1T [48].

TeopeTnuHOMY aHaJTi3y Ta KOMIUIEKCHOMY MOJIE-
JIIOBAHHIO BEJIMKOI KiJIbKOCTI (Di3MUHUX e(eKTiB y
Bcix mincucremax cucremu 3AIM TpucBsiueHO po-
oortu aBTopa [12, 16, 17].

TepTst yacTUHOK BUKMTY Y BYJIKAHIYHOMY CTPYMEHI
Ta IUTIOMI TTPM3BEJIO 10 IXHbOI eJIeKTpuU3allii, CyTTEBO-
ro 30UIbIIeHHSI 00 €MHOI LIUIBHOCTI €JIeKTPUIHOIO
3apsIy Ta UIUTBHOCTI €IEKTPUIHOTO CTPYMY Y aTMOC-
depi, 30ypeHHsI T7100aJIbHOTO €JIEKTPUIHOIO KOJa,
iHTeHcu(ikalii eaeKTpuyHuX po3psaiB. Yacrtora
oymckaBok carana 20000 xs~! [60]. Beboro 3adikco-
BaHO 400000 61mckaBok [60]. EnexTpomarHiTHe BU-
MpOMiHIOBaHHS O1rcKaBok 3 yactororo 10...100 kIix
30yploBaJIO MapaMeTpy HVKHBOI ioHOCGhepu Ta Mo-
LIMPIOBAJIOCST B3IOBXK MarHiTHUX CUJIOBMX JIiHIN 1O
MarHitTocepu, BUKJIMKAIOUM 30ypEeHHS Y MarHiTo-
cepi Ta pamialiitHoOMy 1MOsICi, BACUIIAHHS BUCOKO-
€HEPTiHMX eJICKTPOHIB i3 pamiauiiiHoro moscy [12,
16, 17]. MexaHi3mu [ii eJeKTPOMArHiTHOTO BUIIPO-
MiHIOBaHHSI OJIMCKaBOK OIMCAaHO B po0oTi [29].

3ynuMHUMOCS JeTajbHillle Ha ONUCi ioHOC(hepHUX
30ypeHb, 1110 CIIOCTepirajucs pi3HUMU METOAAMMU.

IoHocepuum edexkram ByjikaHa ToHra Ipu-
CBSIYEHO HM3KY poOiT [1, 2, 5, 9, 18, 23, 24, 33, 34,
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Bapiayii nognoeo eaekmponnoeo emicmy 6 ionocghepi, sukauxani eudyxom syakana Tonea 15 ciuns 2022 p.

43, 47, 50, 55, 62]. Y po6ori [5] 3 BUKOpHUCTaHHSIM
YacoOBMX Bapialliil MOBHOIO €JeKTPOHHOIO BMiCTY
(ITEB) BcTaHOB/EHO, 1110 BUOYXiB ByJKaHa OyJiO
m’arb. HalicunbHilIMMM i3 HMX Oyau Apyruit i
TpeTiii BuOyxu o 04:18:10 i 04:28:05 UT, nmpuuomy
JIpyruii OyB HaMOiNbII iHTEeHCUBHUM. 3a OlliHKa-
MU, 3a BeanuuHo 30ypeHHs1 I[TEB eHepris Buodyxy
craHoBuaa 9...37 Mt THT. Yacosi Bapiawii ITEB,
MOB’3aHi 3 yJapHOIO XBWUJIEIO, OyJU CKIAJHWUMMU,
npote N-moniOHui mpodiab criocTepiraBcs 4iTKO.
AMIUTITYIa BiIryKy Ha BUOYX Majia eKCTpaopAauHap-
He 3HaueHHs: 5...8 TECU, a6o 21...44 %. Y oxoii
ByiKaHa 3a 3HayHUM (no 5 TECU) 30inblIeHHIM
ITEB mano micue itoro cyrrese (mo 13...18 TECU)
3MEHIIIEHHS, sIKe TpuBajio 1.5...2 roa. YrBopuiacs
TaK 3BaHa ioHOchepHa «Iipa». [1 BAHUKHEHHS Y po-
0oTi [5] Oyn0 nmosicHeHOo (ha3010 PO3PiAKEHHS Y BU-
OyxoBiii XxBuJji ado (ha3010 BiTHOBJIEHHSI MarHiTHOL
Oypi, o cnocrepiranacs 14 ciuns 2022 p.

V po6ori [ 1] mocmimkxeHo ToKalbHY Ta IJI00AIbHY
peakiiii ioHoccepu Ha BUOyx ByikaHa Tonra. s
1IbOTO BUKOPUCTOBYBaJIUCS curHaiau I[iobanbHOI
HapirauiiiHoi cynytHukoBoi cuctemu (I'HCC) Ta
BUMipIOBaHHS Ha OOPTY CynmyTHUKA «Swarmy». bins
Micusl BUOyXy BysikaHa 30ypeHHst ITEB csarano 5...
10 TECU. Kpim nokanbHOTo edeKkTy, criocTepira-
Jmcs pyxoMi ioHocdepHi 30ypeHHst (P13), Bukiu-
KaHi TreHepalli€lo Ta MOIMPEHHSIM aKyCTUKO-TpaBi-
TaliHMX XBWIb 3i IBUAKicTIO Big 180 mo 1050 M/c.
Oco0bimBe Mmicle 3aiiMmana xBwist Jlem0a, 1110 pyxa-
Jlach 3i wBUaKicTio 315 M/c Ta nowmuMproBagacs Ha
mI00aJIbHI BifICTaHi. Y HIYHUI Yyac BUSIBIEHO €KBa-
TOpiajibHi IJIA3MOBI «MiXypU», SIKi CIIOCTepiraaucs
B Asiiicbko-OxkeaHiyHomy perioHi. ITpy 1ibomy Ha
Bucotax 400...500 kM KOHIEHTpalisl eJIeKTpOHiB N
3MeHInuaacsa Ha 2-3 mopsaku. Po3mip mmx yTBO-
PeHb 3a IOBroToo nepesuiryBan 10 MM, a ixHs Tpu-
BaJIiICTh CTAHOBWJIA HE MEHII HiX 4...5 rox.

Y po6ori [2] BUCIOBAEHO MPUITYILIEHHS, 1110 aHO-
MaJlisi 3 eKBaTOpiaIbHUMU TIJIa3MOBUMU «Mixypa-
MW» BUKJMKaHa TMPOsSIBAMM aKyCTUKO-TpaBiTalliii-
HOTO pe30HAaHCY Ta XBWJIb Jlemoa.

YV pob6ori [55] 3 BukKopuctaHHgaM 4735 nipuiimadiB
curHajiB THCC pocnimkyBanuch P13 nBox TuIis:
BeJMKoMacIuTabHi (moBxuHa xBuii A > 1600 kwm,
MIBUIKICTh v ~ 555 M/c Ta 950 M/c, sKa TTOCTYIO-
Bo 3MeHIryBaiacs 10 390 ta 600 m/c BimmoBimHO)
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Ta cepeaHbomaciutabHi (v = 200...400 m/c). Tlep-
1Ii TEMOHCTPYBAJIM CUJIbHY CIIPSIMOBAHICTh, a APY-
Il He Majy MEPEBAXHOTO HAIpPAMKY pyXy Ta Oyiau
MOoB’s13aHi 3 aTMOCGhEPHUMHU TIpaBiTaALliIHUMU XBU-
asamu (AI'X). ABTOpiB poOOTU Ayke Bpa3uiio 3Ha-
YeHHS IBUAKOCTI v > 900 m/c.

V po6orti [9] 3 BUKOPUCTAHHSM CUTHAJIiB KUTali-
ChKOI HaBiramiiiHoi cuctemMu Beidou mpoanamizo-
BaHO 4acoBi Bapiawnii [1EB Ha Bigctansax go 12 MM
Bim Micusg BMOyXy ByJKaHa. BcraHoBieHo, 1o 1ri
Bapiallii 3i 301JIbIIEHHSIM BiACTaHi 3MiHIOBaJIMCS HE-
MOHOTOHHO. MakcuManbsHe 30ypeHHs1 I1EB csarano
20 TECU. IIBuaKicTh MOLIMpeHHs 30ypeHb CTaHO-
Buia 335 m/c.

VY poGori [62] mist [oCaiIKeHHsI 4YacOBUX Bapi-
aniii [1EB BuxopucroByBammch curdHaau [THCC,
3apeecTtpoBaHi Oinpmr Hixk 5000 npuiitMayamu.
byno BuBueno PI3, ski ornHanu 3eMHy KyJio Tpu
pa3u BIpoaoBXK 4 mi6. 30ypeHHsS MaJu IIBUIKICTh
600...700 m/c, mepiox 10...30 XB Ta TOPH30HTAIb-
Hy poBxuHy xBuiai 500...1000 kM. XBuJji Ipoxo-
munn uricth pasiB Hag CIIA. ITo6au3y TOYKM BU-
Oyxy ByJIKaHa IIBUIKICTb 30ypeHb csirama 1 KM/c.
ITotiM BoHa mocTyroBo 3MeHIuryBajaacs Big 700 mo
450 m/c Ha BiacTaHi r ~ 5 M. Beauuuna 30ypeHb
6yna 6usbka 10 3 TECU. Ixus tpusanicts csrana
JIEKUTBKOX TOIVH.

¥ po6ori [34] BcTaHOBIEHO, 110 KOIY XBUIIS JIeM-
0a miinuta o ABcTpasii Ta HoBoi 3enanmii, MUTTE-
BO 3’ saBmutocst 30ypeHHs ITEB Han AnoHiero, To6TO y
MarHitTocnpsikeHiit oonacti. IIIBUAKICTh TTOIIUPEH-
Hs1 30ypeHHSI MarHiTHOI CUJIOBOI TPYOKU CTaHOBMJIA
61m3bK0 300 KMm/c.

V po6ori [34], sk i B po6oTi [62], CTBEPIKYETHC,
110 eHeprist xBuJii Jlemb6a uepe3 akyCTMUHUI i rpaBi-
TaliifHUI pe3oHaHCU (TOOTO Ha YacTOTaX aKyCTUY-
Horo oopizaHHs1 Ta bpeHTa — Bsiicsis) mpocouyeThb-
cs B TepMocdepy Ta ioHocdepy, Bukimkaoun P13.

V nocnimxenHi [2] 3 BUKOPUCTaHHSM CHUTHAJIiB
I'HCC Tta ioHO30Hay OYy/10 BCTAaHOBJEHO, 1110, ITO-
rnepie, y JeHHU yac rpebiHb eKBaTopiaJbHOI i0-
Hi3alliiiHOI aHOMaJIil 3 MiBIEHHOI0 OOKY CTUCHYBCS
oinpm Hix Ha 10 TECU. 3 niBHiYHOTO 00Ky e(heKT
OyB je11o0 MeHIuM. Po3Mip y ekBaTopiaJibHOMY Ha-
MpsSIMKY cTaHOBUB 0;1u3bko 10°, a6o 1.1 Mwm. Tlpu
ubomy Big 14:00 no 17:00 UT cchopmMyBaBcst eAMHMI
HaJJUIIOK KOHLEHTpALlil €JIeKTPOHIB MOOIMU3Y I'eo-
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MarHiTHOro eksaropa. Bucora makcumymy ioHiza-
uii 4, F, mapy F, smenurysanacs six 500 1o 260 k.
[To-npyre, nomiOHe cTHUCKAaHHS IpeOeHIB eKBaTOPi-
aJIbHOI iOHi3aliifHOi aHoMaJil criocTepirajocs i B
HiyHUI yac. Manu Miclie 3Ha4yHi KOJTMBaHHS TOPU-
30HTAJILHOTO BiTpy, BKJIIOYAIOUM CIPSIMOBAaHUI Ha
3axig BiTep. Ha ioHorpamax peectpyBaBcsl 4YacTOT-
Hu#i F-crnipen. Ilo-TtpeTe, y JeHHUI Yac CTUCKAHHS
rpedeHiB eKBaTopiaJibHOI iOHi3alliifHOI aHoMaJlil
CYIIPOBOJIKYBAJIOCS KBa3iMepiogMYHUMU Bapiallisi-
MU TepMOc(epHOro, i B mepury yepry 30HajJbHOIO
BiTpYy 3 amrIutiTynoto, 6au3bkoto o 200 m/c. 30y-
PEHHSI 30HaJIbHOTO BIiTPY MPU3BEIU 10 30YpeHHS
CMPSIMOBAHOTO Ha CXiJl 30HAJIbHOTO €JIEKTPUYHOIO
IOJIST Ha BMCOTaX JMHAMO-00JacTi atMocdepu, 110
BUKJIMKAJIO CUJIBHUM CIPSIMOBaHUN JOHU3Y Opeid
TIa3MU Ta CTUCKaHHSI eKBaTOpiaJIbHOI i0Hi3alliifHOT
aHoMaii.

PoGoty [33] mpucBsiueHO OMNHUCY eJIeKTPOAMHA-
MIYHMX TpOLIECIiB Yy eKBaTOpiajbHiil ioHOC(]epi.
Byno npoanHanizoBaHO naHi 6araTbox iHCTpyMEH-
TaJlbHUX BUMIpIOBaHb 3a JIOMOMOTOIO CYITyTHUKA
«Swarm» i Ha3eMHMX Mar”HiToMeTpiB i BCTaHOBJIE-
HO, 1110 BUOYX ByJKaHa ToHra npu3BiB 0 3HAYHOIO
30ypeHHSI €KBaTOpiaJIbHOTO €JIeKTPOCTPYMEHSI Ta
reHepaltlii eJIeKTpOCTPYMEHS 3 MPOTUIJIEXKHOIO CITPsI-
MOBaHicTO. [TpUunHOIO CllyTyBajio CUJIbHE 30ypeH-
HSI CMPSIMOBAHOTO Ha CXiJi 30HAJILHOTO BiTpY, BU-
KJIMKAaHOTO BeJMKOMACIITAOHUMU aTMOC(hEepHUMU
30ypeHHSIMU BHACIIIIOK BUOYXY BYJIKaHa.

VY pob6ori [47] onucaHo ioHOcdhepHi 30ypeHHS
Haja flnoHiero (BiAcTaHb Bif MicCILisl po3TalllyBaHHS
BYJIKaHa Ta ITYHKTOM crocTepexkeHHs » =~ 7800 Kkm),
sIKi CITOCTepiranmucs miciisg BUOyxy ByJikaHa ToHra.
M ananizy Bukopuctano naHi THCC (scworo 200
cranuiit). Busgsneno nBa tunu PI3. Ilepmmit um
crioctepiraBcsl 3a 3 roj IMicjsi BUOyXy, MaB ILIBUI-
KicTb v ~ 640 M/c, HOBXHWHY XBUJIi A ~ 400 KM, aMII-
aityny 30ypenns INEB AN, ~ 0.5 TECU. [dpyruii
tun P13 peectpyBaBcs 3a 7 rop miciast BUuOyxy. s
Hboro v = 310 m/c, A = 800 xm, AN, ~ 1 TECU. ¥
po0orti [47] TakoxX BM3HAYEHO HAIPSIMOK IIepeMi-
meHHda PI3.

VY po6ori [50] aHani3yBanmch naHi 0araToiHCTPy-
MEHTaJbHUX BMMiplOBaHb, BUKOHAHHUX 3a JOMO-
Moroto 7200 cranuiit THCC, BocbMU CymyTHUKIB
3 iH(¢pauepBOHMMHU JaBayamMu Ta pagapa «Super-
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DARN», po3MilieHoro Ha o. Xokkaiino. Pagap Bu-
MipIOBaB LIBUOKICTh Apeiidy ioHoCHEepHOI I1a3Mu.
TonoBHY yBary mpuiijieHO ITOSCHEHHIO MeXaHi3My
BUHUKHEHHs1 PI3 y MarHitocnpsikeHiii obJacri.
Awmrutityna PI3 y miBmeHHiil miBKyJi cTaHOBUJA
0.5...1.1 TECU. MexaHi3M nepeHocy 30ypeHb i3
MiBAEHHOI MiBKYyJi y MiBHIYHY Takuil. BuOyxoBa
XBUJIS BiJl ByJKaHa, JOCSATHYBIIM E-00JacTi ioHOC-
depu, y amHaMo-00JacTi 3reHepyBajia 30ypeHHS
I1EB Tta exexkrpuuHoro moJjsi. OcTaHHE 3 aJbBEHIB-
CbKOIO IIBUAKICTIO MEPEMICTUIIOCS Y MarHiTOCIIPSI-
KeHy obJyacTh Han fAmnoniero. BuHukim kBasinepi-
OIMYHI 30ypeHHs €JIeKTPUYHOIO MOJisl Ta MOTOKY
wiasMu. 3a JaHMMU pajapa aMIUIiTyda IIBUIKOCTI
notoky ruiasmu csaraia 100...110 m/c, a nepion —
36...38 xB. Tomi aMITJIiTY1a €JIEKTPUYIHOTO ITOJIST CTa-
HoBuja 2.8...3.1 MB/M. ¥ He30ypeHUX yMOBax aMIl-
JIITYa 1IbOTO TMOJS 3a3BMYail Ha TMOPSAOK MEHIIa.
KgazinepionuyHi Bapiallii HOTOKY ILJIa3MU CIIOCTE-
piranucs sk PI3. Baxiuso, 1o PI3 peectpyBanucs
0 07:30, To6T0 3a 3 Tox 15 XB micisa BUOyXy ByJIKaHa.

Merta pobGOTM — TMOJaJbIIMK aHali3 amepio-
IWYHUX 1 KBasilepiomnyHux 30ypeHb B ioHOche-
pi, BUKJIMKaHUX BUOyXoM BysiKaHa ToHra 15 ciuHs
2022 p., y mmmpokomy aiama3oHi Bigmcraneit (Big 0.1
o 5 Mm) Bin mxepesa 30ypeHb.

3ATAJIBHI BITOMOCTI ITPO BYJIKAH TOHTA

Bynkan ToHra jexuTb y niBAeHHi yacTuHi Tuxo-
ro okeany, y [Tosninesii (20°54' . ur., 175°38' 3x. 11.)
[57]. Po3mipm Kanbaepu IPUOIM3HO 2 X 5 KM.
Kpatep ByiakaHa JIeXKUTh Ha IIMOMHI MPUOJIU3HO
200 m [31].

Bynkan — BuOyxoBuii. 15 ciuns 2022 p. Bubyxu
nponoBxyBanucs npuoan3Ho Big 04:03 mo 08:31 UT.
Bynkan 0yB aktuBHUM Bripomosx 12 £ 2 rox [60].
ITpoTsirom 11b0T0 Yacy B aTMochepy 0yJio BUKMHYTO
MpoayKTiB Macoio 2.9 I'ri 06’emMom 6;1m3bKo 1.9 Kv3.
JTsT MOPiBHSIHHS BKaXXKeMO, IO BCi BYJKaHU CBITY
LIOPIYHO BUKMIAIOTh 0Jn3bKo 3 I'T mpomykTiB, abo
B cepenHbomMy 100 T/c. TIpoayKTUBHICTb ByJIKaHa
Tounra craHoBuia 67 kt/c, a6o 4.5-10* m3/c. Temto-
Ba eHeprig ByaKaHa csaraia 3.9-10'8 [Ix, a sinnosin-
Ha cepenHs MoTyxHicte — 9.1:1013 Br [12, 16, 17].
3a JaHUMU PiZHUX JOCTINHUKIB, €Heprisi BUOyXy
nexana y mexax Big 4...18 go 275...330 Mt THT Ta
HaBiTh 10 478 £ 191 Mt THT [10, 11, 32, 58]. 3a
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HalIMMM OILliHKAMU 151 €HEpTisl He MepeBuIllyBajia
16...18 Mt THT [12, 16, 17].

BynakaHiuHU# CTpyMiHb 3 TMOYaTKOBUM JiaMe-
TPOM B JI€CSITKHA METPIB i3 MOYATKOBOIO IIBUIKICTIO
B COTHi METpiB 3a CEKYH]Iy ITiIHSIBCSI HA BUCOTY J10 2
KM [12, 16, 17]. 3a paxyHOK KOHBEKIIil Tapstdi mpo-
JYKTU BUOYXy (Tak 3BaHUI IUIFOM) 30aTHi OyJau min-
HSTUCSI Ha peKopaHy Bucoty B 50...58 xm [10, 60].
CepenHsl IIBUAKICTh IMiIMOMY CTaHOBUJIA OJIM3BKO
33 m/c. [TponyKT BUKKITY TTOLIMPIOBAIIUCS Y 3aXill-
HOMY HaIIpsSIMKY Ha BifcTaHb 10 15 MM npu mmpuHi
[~ 3 MM 3 cepeiHbOI0 1IBUAKICTIO Oin3bko 20 M/cC
[12, 16, 17].

[Haekc ByakaHiuHOi BUOyxoBocTi VEI csiraB 5.8,
MarHiTyna ByjikaHa — 5.5, a iHTeHcuBHicTh — 10.8.
st 6inbin motyxkHoro ByJakaHa Kpakartay VEI no-
piBHIOBaB 6, MarHiTyaa He mepeBuiyBaia 6.5, iH-
TeHcuBHicTh — 11.7 [12, 16, 17].

CTAH KOCMIYHOI OTrou

s KopeKTHOro aHajizy 30ypeHb y ioHochepi, Bu-
KJIMKaHUX BUOYXoM ByJikaHa ToHra, morepeaHbo
MOTPiOHO BMBYUTHU CTaH KOCMIYHOI MOroau y IeHb
BUOYXY, Iepea HUM, Ta Iicjist Hboro. byneMo Buxo-
JIIUTU 3 TOTO, 1110 MOXJIMBI e(DeKTU BUOYXY ByJIKaHa
MIPOJIOBXYBAIMCS 10 YOTUPHOX Mi0.

CrnouaTKy mnpoaHaji3yeMO 4acoBi Bapiallii Ia-
paMeTpiB COHSIYHOro BiTpY 3a 12...18 ciunsa 2022 p.
(puc. 1). 12 ta 13 ciuns 2022 p. KOHIEHTpaLIisI Yyac-
THHOK 7, (uykTyBana y Mexax (2..8):106 m~3.
14 ciuyng 2022 p. BOPOAOBX J00M BeIWYMHA
ng, HEMOHOTOHHO 30iIbLIyBagacs Bil 4-10° no
16.7-100 M3, TIpu6ausuo 3 22:00 14 ciuns 2022 p.
KOHILIEHTpallids HEMOHOTOHHO 3MEHIIyBajacs Bil
16.7-10° mo 5-106 m—3 HaIMpUKiHLi 1o6u 15 ciuHs
2022 p. Bix 16 mo 18 ciuna 2022 p. Benuuuna n,
dykryBaia B Mexax (2...5)-100 m—3.

LIBuakicTe yacTuHOK V Bin 12 ciyHg D0 KiH-
st mobu 14 ciung 2022 p. Oyna Maiizke He3MiHHOIO,
cnabo uykryBana 6inas 3HaueHHs 350...400 km/c.
Bin xinng noou 14 ciydg ta no KiHig 10ou 18 ciuag
2022 p. crnocTepiraiacs TeHASHLIIsI 10 30UIbIIIEHHS
V., Bit 400 no 600 km/c. MakcuMasibHe 3HAYEHHs
V,, = 623 km/c Mano micue 16 ciuns 2022 p.

12...14 ciunst 2022 p. Temrieparypa 4acTUHOK T,
BapitoBaia y Mexax (0.1...1.8)-10° K. Hanpukinui
no6u 14 ciuns 2022 p. Benmuunna T, pi3Ko 30ijb-
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maca 1o 3-10° K. Haif6inpimmii crueck Temre-
patypu 10 4.1-105 K cniocrepirasest mo6mu3y 18:00
15 ciung 2022 p. JIBa MEHIIMX CIJIECKM MaJIU Miclie
Ha Mexi 16...17 ciuHs Ta Ha movyaTKy q100u 18 cians
2022 p.

Tuck pg, 12...13 ciuna 2022 p. daykryBaB y Me-
xkax 0.5...2 ulla. 14 ciung 2022 p. BiH HEMOHOTOHHO
36inbiryBaBest Bin 0.8 mo 4.6 ulla. 15 ciuns 2022 p.
TUCK BapiloBaB y Mexax 2.5...4.6 ulla. 16...18 ciuns
2022 p. BiH KonuBaBcd Big 1 no 3 ulla.

Bxunu eHeprii y marditrocdepy 3emJi, 1110 ONu-
CyloThest QYHKIE AKacody €, pi3Ko 30iIbLIyBa-
Jnucst mpubausHo Bin 1 go 34.5 I'JIxx/c HanpukiHLi
no6u 14 ciuns 2022 p. ta Bin 1 no 23 I'JIxx/c Hanpu-
KiHLi qoou 15 ciuyns 2022 p.

12 Ta 13 ciuna 2022 p. BZ-KOMHOHCHT MixKTI1a-
HETHOTO MarHIiTHOTO I10JisI (DJIIyKTYBaB y MeXax Bil
—4 no +6 uTn. 14 ciuus 2022 p. BZ—KOMHOHGHT
TIpUiiMaB MepeBakHO TomaTHi 3HaueHHs. [1pnomm3-
Ho Bin 12:00 no 24:00 14 ciuns 2022 p. 3HaUEeHHS Bz
CTaJjIo BiJi’€EMHUM Ta JOCSTJIO CBOIO MiHIMyMy TMpU-
osu3Ho o 21:00. Ha 3emuti HacTana MarHiTHa Oypsi.
3Ha4YeHHS Kp—iﬁueKcy Bupocio Big 0 mo 5.7, mo
crocrepirajaocss NMpUOJM3HO HaIpuKiHLi goou 14
ciunsg 2022 p. 15 ciuns 2022 p. nei iHgexkc crovar-
Ky 3MEHIITyBaBCs Bim 4 10 2, a MOTIM 30LIbIITyBaBCS
1o 4.7. JIBa iHIII CIUIECKH Kp—in[eKcy no 415 cmo-
cTepirajiiucs y Apyriii moyioBuHi 106u 16 ciuHs Ta Ha
noyatky 106u 18 ciunst 2022 p. BiANOBiAHO.

[npeke D, cnabo ¢uyktyBaB y mexax =8 HTn
12 Ta 13 ciung 2022 p. YcepenuHi goou 14 ciyHs
2022 p. BiH 30inbmuBcsa no 14 vTin. Hacras panro-
BUI MOYATOK MarHiTHoi Oypi, rojioBHa ha3a sIKoi 3
D, .. ~ =91 HTI npomoBxyBanacst MpuoIN3HO Bil
15:00 mo 22:00 14 ciuns 2022 p. Jo 05:00 15 ciuns
2022 p. TpuBaiia ¢asza BinHOBIeHHs, ane Bix 05:00 i
10 11:00 15 ciuns 2022 p. Hacrasa cyooyps 3 D, ... ~
~—55 HTn. Yeprosa cy66ypsa (D, ~ —50 uTn)
criocrepiranacst Ha moyatky noou 16 ciunsa 2022 p.

TakuMm uynHOM, BUSBJIEHHS ioHOC(epHUX e(PEeKTiB
BUOYXy ByJikaHa ToHra OyJo yckilagHeHe epeKTaMu
ioHOC(epHOI Oypi, 110 CYIpPOBOIXKYBaja MarHiTHY
Oyp1o Ta cyooypi.

Honamo, 1o 3a kiacugikauiero NOAA (CIIIA)
151 Oypst Hanexana 1o piBHg G2 (momipHa Oyps). 3a
HaIllMMMU OLliHKaMHu, ii eHeprist craHoBuaa 4.2 TTIx,
a rotyxHictb — 190 I'BT.
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Puc. 1. Hacosi Bapiallii mapamMeTpiB COHAYHOTO BITPY: BUMiPSIHOI KOHLIEHTPALlii YaCTMHOK A, Temriepatypu T, pariaibHoi
LIBUAKOCTI V| Ta pO3paxoOBaHOTO AMHAMIYHOTO TUCKY p , BUMIPSIHUX CKIAIOBUX B, i By MIXIIJIAaHETHOTO MarHiTHOTO MOJIS;
PO3paxoBaHMX 3HAYEHD EHEPTIi € 4, IO IEPENAETHCA COHAYHMM BiTpOM MarHiTocdepi 3emiti 3a onuHuLIo Yacy; K -innexca ta

D -innekca (3a taHnumMu caiity https://omniweb.gsfc.nasa.gov/form/dx1.html) y nepiox 12 ciunsa — 18 ciuns 2022 p.
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3ACOBUM TA METOIMN

[ns BUSIBJACHHS peakliii ioHochepu Ha BUOYX BYJI-
kaHa ToHra aHaji3yBajJMcCsl peeCTpallil CUTHAaJiB
T'HCC. ¥ tabn. 1 HaBegeHO nepeslik CTaHIii CITo-
CTepexXeHb, 1110 NepeOyBanu Ha BiactaHi Bix 0.7 mo
5 Mw Bin BysikaHa. KoHTypHY Many 3 IUCIOKAIli€l0
BUKOPUCTAHUX CTaHIIill CIocTepeXeHb IOKa3aHo
Ha puc. 2.

Peecrpaliist curHaniB cynmyTHUKIB 3AiliCHIOBaIacs
JIBOYACTOTHUM paionpuiiMaueM. 3aTpUMKa CUTHa-
JIiB TIOB’s13aHa 3 TICEBAONAILHOCTAMU. BuxinHi gani
MPO CUTHAJIA Ta MTapaMeTpU OpOIT MPeNCTaBICHO Ha
caiiTi [https://cddis.nasa.gov/Dataand Derived Prod-
ucts/GNSS]. 3a nceBnoIaTbHOCTIMU OLIiHIOBABCS
Yyac MPOXOKEHHSI CUTHAILY BiJl CYIlyTHMKA 10 pami-
orpuiiMaya, BHeCOK ioHochepH B 3aTPUMKY CUTHA-
ay ta [1EB y BeprukainbHomy ctosrii Nj. IToxnbOka
BUMIpIOBaHHSI TCEBAOAATBHOCTEN TMPU3BOAUTH 0

: o 5
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Puc. 2.KontypHa mMama po3mnofisy CTaHIIil CTIOCTePeKeHHST

Tabauys 1. CIACOK BUKOPHCTAHMX CTAHLIM 3 KOODAMHATAME T2 KPAiHAMH BJIACHOCTI (7, — BIICTaHb Bill BY/IKaHA 10 CTAHILIT)

Ne CraHuist Iupora JloBrora PosminieHHs Ty KM
1 USP1 -18°02’ +178°27 Fiji 705
2 LAUT -17°30" +177°27 Lautoka, Fiji 826
3 SAMO —13°44 -172°13' Samoa 846
4 TUVA —08°28’ +179°12 Tuvalu 1458
5 CKIS -21°04' —159°48’ Cook Islands, New Zealand 1624
6 PTVL —17°38’ +168°19’ Port-Vila, Pecrry6iika Banyary 1744
7 NRMD -22°05' +166°29’ Nouvelle-Calédonie, France 1888
8 WARK -36°15' +174°40’ Warkworth, New Zealand 1994
9 AUCK -36°42' +174°83' Auckland, New Zealand 2004

10 WGTN —41°08' +174°48’ Wellington, New Zealand 2465

11 CHTI —43°44' -176°37' Chatham, New Zealand 2574

12 FAA1 -17°33' —149°36’ Faaa, Tahiti, France 2733

13 THTG -17°28' —149°36’ Papeete, Tahiti, France 2734

14 MQZG —43°42' +172°39 Christchurch, New Zealand 2800

15 SOLO -09°26’ +159°57 Guadalcanal, Solomon Islands 2918

16 MCHL -26°21" +148°08’ Mitchell, Australia 3772

17 PARK -33°00" +148°15’ Telescope, Australia 3850

18 TOW2 -19°15 +146°49' TownSville, Australia 3953

19 GAMB -23°00" —135°00’ Gambier,France 4180

20 POHM -06°57 +158°12' Pohnpei, FSM 4196

21 HOB2 —42°48' +147°26' Hobart, Tasmania, Australia 4253

22 MKEA +19°08’ —155°21" Mauna-Kea, Hawaii, USA 4969

23 HAL1 +20°42’ -156°15 Halaula, Hawaii, USA 5017

24 KOKB +22°07 —159°39’ Kokee Park, Hawaii, CILIA 5021
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noxubxu ouinku ITEB nopsaxky 0.01 TECU. Haii-
OibIIYy MOXMOKY BHOCUTDH HEiIEeHTUYHICTb KaHaliB
y IBOYACTOTHUX pagiornpuiimadax. CymapHa I1oxuo-
ka ouinku [TEB cranosuts 0.1 TECU.

PE3YJIBTATU AHATI3Y

Yacosi Bapiamii [TEB mst 12, 13, 15, 16, 17 1 18 cig-
Hg 2022 p. Wi pi3HUX CTaHLIi i CYITyTHMKIB IO-
KazaHo Ha puc. 3—5. MoxHa 0a4uTH, 1110 Y KOHT-
posibHi AHI Bapiauii ITEB Gijiblii-MeHIII MOHOTOHHI.
VY neHb BUOYXy LISt MOHOTOHHICTb CYTTEBO ITOPYIIIE-
Ha. CriocTepiraimcs Tpu TUIIM 30ypeHb YaCOBUX Ba-
piauiii [TEB.

[To-nepie, micas BUOyXy, SIK TpaBWIO, Majo
wmicue 30inpmenss [TEB Bin 2 mo 8 TECU tpuBaitic-
Tio 15...60 xB (haza cTUCKaHHS), K¢ 3MiHIOBAJIO-
cg 3meHweHHsaM ITEB na 2...5 TECU TtpuBaiicTio
15...60 xB ((a3a pospimkenHs). Take IBOIOJISIpHE
yTBOpeHHs Haranye jaitepy N [5]. Came Taki Bapiallii
BJIACTHUBI BUOYXOBHUM IIPOLIECAM.

ITo-apyre, 3 yacom 3alli3HIOBaHHSI T =~ 335...
100 xB cmocrepiranocs 3meHuenHs IIEB AN, Ha
2...10 TECU TtpusBanictio 30...150 xB. BimHoche
3MeHIeHHs 6, = AN,/Ny, (ne Ny, — odiKkyBaHe
3HaueHHs [IEB 3a ymMoBU BigcyTHOCTI 30ypeHHS,
BUKJIMKAHOTO BUOYXOM BYyJKaHa) 3MiHIOBAJIOCS B
Mexax —7...—37 % (tabxn. 2). [loniOHe yTBOpeHHS
OTpUMAJIO Ha3By ioHOC(EpHOI «Iipu» [5].

ITo-Tpete, kpiMm amnepionuyHux 30ypeHb IIEB,
MaJIM Miclle #oro KBa3inepioauyHi (XBUJIbOBI)
30ypeHHs. Yacrilie BCHOro crmocTepiraiaucs 30y-
peHHs 3 nepiogoMm 7' = 10...20 XB Ta aMIUTITyI0I0
ANy, = 0.5...1 TECU. BinHocHa amrutityna &, =
=ANy,/N,=1..3%.

Tpu Tumnu 30ypeHb MaJIv pi3Hi Yyacu 3ari3HIOBaH-
Hs1 Af TI0 BiTHOIIIEHHIO 10 MOMEHTY BUOYXY ByJIKa-
Ha Ta BiIMOBiAHO Pi3Hi MO3ipHI IBUAKOCTI MOIIK-
PE€HHS U Y TOPU3OHTAILHOMY HampsiMKy (Taom. 3).
I3 Taba. 3 BuAHO, 110 May Micle TpU TPyMNu vacy
3alli3HIOBaHHS Ta TPU TPYIM TMO3iPHOI IBUAKOCTI.

Tabauys 2. OcHoBHI mapaMeTpu ioHocepHOi «Tipu»Ta XBUIbOBUX NMPOIIECIB

CraHist CymyTHUK r(t),km | AN, TECU | Ny, TECU 3, % AT, xB T, XB T, xB ANy,, TECU
LAUT G18 753 -9 30 =30 100 75 10, 20 1...1.5
TONG G10 684 —6 22 -27 30 50 3.4 0.5...0.7
SAMO G24 947 —10 27 -37 130 35 — —
TUVA Gl18 1417 =5 30 —17 40 75 — —
FAA1 G10 1700 -3 22 —14 60 45 15 1
USP1 G32 1258 —4 28 —14 60 45 — —
CKIS G23 1616 —4 22 —18 100 70 — —
PTVL Gl18 1538 ) 27 —19 90 45 — —
NRMD G18 1667 =5 27 —19 120 45 10 0.5
AUCK G32 1978 —4 20 -20 120 45 15 0.5...0.7
WGTN G24 2439 -3 18 —17 120 95 15 0.5...0.7
WARK G10 2325 -3 18 —17 150 50 15 0.5...0.8
SOLO G18 2609 —4 40 —10 90 65 15 0.5...1
CHTI G10 2744 -3 19 —16 100 65 10 0.5
MQZG G10 2960 -3 18 —17 150 75 15 0.5
PARK G10 3796 -3 18 —17 100 100 12 0.5
MCHL G10 3677 -3 22 —14 120 100 12 0.5...0.7
GAMB G24 4284 -2 27 =7 100 100 10 0.5
POHN G31 4443 —4 45 -9 100 100 — —
HOB2 G27 4504 -2 14 —14 75 90 15 0.1
MKEA G31 — -2 16 —12.5 — — — —
KOKB G18 — -2 16 —12.5 — — — —
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Puc. 3. Yacosi Bapiatii [1EB: a — cranuis LAUT, cynytauk G18; 6 — ctanuis TONG, cynyrHuk G10; 6 — cranuis SAMO,
cynytHuk G24; ¢ — cranuist TUVA, cynytHuk G18; 0 — cranuist FAA1, cynytHuk G10; e — cranuist USPI1, cynyrHuk G32;
ac — cranuiss CKIS, cynytHuk G23; 3 — cranuisg PTVL, cynytauk G18. Homep kpuBoi Binnosinae Homepy aHsI. MOMEHTH
3axomay COHIIS Bil3HAYCHO BepTUKATLHUMMU JIiHISIMU: JTiBOPYY — Ha TTOBEPXHi 3eMJi, TpaBopyd — Ha BUcoTi 350 kM. MomeH-
T BUOYXY MO3HAYEHO TPUKyTHUKaMU. JIiHis 3 TOUKaMu — BiICTaHb Bill ByJIKaHa 10 ioHocdepHOi Touku. CTpiiku 3 7, 1, i
f; — MOMEHTH MOXJIMBOI peakllil Ha BUOyX
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Puc. 4. Yacosi Bapiauii [1EB: ¢ — cranuiss NRMD, cynytauk G18; 6 — cranuis AUCK, cynytHuk G32; 6 — cranuisgs WGTN,
cynyTHUK G24; ¢ — cranuist WARK, cynytHuk G10; 0 — cranuis THTG, cynytHuk G18; e — cranuist SOLO, cynyrHuk G18;
ac — craniiss CHTI, cynytHuk G10; 3 — ctanuis MQZG, cynytHuk G10. Homep KpuBoi Bianosizae HoMepy 1Hs. MOMEHTH
3axony CoHIIS BiI3HAYEHO BEPTUKAIbHUMU JIIHISIMU: JIIBOPYY — Ha MTOBEPXHi 3eMJli, MpaBopy4y — Ha BUCOTi 350 kM. MomeH-

TH BUOYXY ITO3HAY€HO TPUKYTHUKaMU. JIiHig 3 TO4dKaMM — BiICTaHb Bill ByJIKaHa 10 ioHocdepHoi Touku. CTpinku 3 7, #, i
f; — MOMEHTH MOXJIMBOI PeaKilii Ha BUOyX
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Puc. 5. Yacosi Bapiauii [1EB: @ — cranuis PARK, cynythuk G10; 6 — cranuis MCHL, cynytauk G10; 6 — cranuiss GAMB,
cynytHuk G24; ¢ — cranuiss POHN, cynytauk G31; 0 — cranuis HOB2, cynythuk G27; e — cranuis MKEA, cynyTHuK
G31; ac — cranuis KOKB, cynytHuk G18; 3 — cranuist HAL1, cynytHuk G18. Homep kpuBoi Biaosigae Homepy aHsi. Mo-
MeHTU 3axoay COHIIS BiI3HAYEHO BEPTUKAJIbHUMU JIiHISIMU: JIiIBOPYY — Ha MOBEPXHi 3eMJli, MpaBopyy — Ha BUCOTi 350 KMm.
MowmenTu BUOYXy IO3HAYEHO TPUKYTHUKAMU. JIiHisA 3 TOUKaMy — BiICTaHb Bill ByJIKaHa 10 ioHochepHoi Touku. CTpinku 3 7,
t, i 1; — MOMEHTHU MOXJIMBOI peakllii Ha BUOYX
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CkopuroBaHa I103ipHa IIBUAKICTh 0OUMCIIIOBAJIACS
3a TaKOIO MIPOCTOI0 (hOPMYJIOIO:

h

At—At,’

Jie r| — BIICTaHb MiX €IiLIEHTPOM BUOYXY Ta MicLeM
NOSABY 30YpEHHH, Afy — Yac MOLIMPEHHS 30YPEHHS
BiJI MOBEpXHi 3eMJIi 1O BUCOTH iOHOC(EpHOTO 11apy,
110 faBaB Haitbinbiuii BHecok y I[TEB (z = 300 kwm).

Hna mepwoi rpynu v, ~ 1000 m/c, ana apyroi
rpynu v, = 336...500 M/c, a 114 TpeTboi — v, =
=260...318 M/c. KpiM Iux TpbOX TpyM, HAa HUA3LII pe-
€CTpallili criocTepirajiacsi yeTpepra rpymna 30ypeHb,
SIKii Biamosinana mBuakicts 190...220 m/c.

¥Y3aranbHeHi JaHi PO OCHOBHI MTapaMeTpu i0HO-
cepHOi «Iipru» Ta KBazinepioguyHUX 30ypeHb Ha-
BeJIeHO B TaOJI. 2, a yacH 3alTi3HIOBaHHS Ta IO3ipHi
LIBUIKOCTI — B TadJI. 3.

Tabauys 3. IlapameTpu 30ypeHb XBUIbOBHX NPOIECIB

Hani po3riasiHeMO pe3yiabTaTh CTaTUCTUYHOTO
aHastizy. 3a 1aHMMU TabJ1. 2 TOOYA0BaHO 3aJIeKHOC-
Ti «ANy, — 1>, 6, — 1, AT — >, «t — >, «T—r> i
«ANy, — r (puc. 6).

I3 puc. 6, a Ta 6 MoxHa 6ayuTH, 110 Maja Mic-
11€ TEHIEHI1is 10 3MEHILEHHS a0COJIIOTHUX 3HAYE€Hb
30ypeHb |AN,| i [8,] 3i 30inbIIeHHM BincTaHi r Bin
ByJIKaHa IO Miclsl BUMiploBaHHsI. BomHouac Tpu-
BaJIiCTh 1 Yac 3arli3HIOBaHHS MOSIBU 30ypeHHsI, Ha-
BITaKM, 30UIBIIYBaIMCS 3i 30UIbIIIEHHSIM BiICTaHi
(puc. 6, ¢ Ta ). [1py mbOMy aMITTiTYIa KBa3irepio-
IWYHUX 30ypeHb 3MeHInyBajacs (puc. 6, e). Bee 11e
CBIiIUUTH PO Te, 1110 ioHOC(hepHa «Iaipa» OyJia CTBO-
peHa caMe BUOYXOM BYJIKaHa.

Ilepion xonuBaHb GiykTyBaB y Mexax 10...15 xB
(puc. 6, 0).

HaHi crmocTepexxeHb anpOKCUMYBAJIUCS Bimmo-
BIIHUMU JIIHINHUMU 3aJI€KHOCTSIMU:

Ne CraHitis CynyTHUK rp, KM At|, XB v, M/c 7y, KM Aty, XB v, ,M/c r3, KM | Aty, XB v, M/C
1 LAUT GI18 701 20 805

2 TONG G10 778 25 651

3 SAMO G24 958 26 772 874 60 268
4 TUVA Gl8 1282 32 781 1417 70 359 1492 90 289
5 FAA1 G10 2134 75 500 2526 143 302
6 USP1 G32 1301 32 822 1183 56 398 1129 70 294
7 CKIS G23 1519 36 807 1704 105 283
8 PTVL Gl8 1538 40 744 1565 105 260
9 NRMD GI18 1671 38 835 1598 95 297
10 AUCK G32 1983 43 866 2084 95 382 2120 120 306
11 WGTN G24 2231 46 906 2441 90 474 2753 150 313
12 WARK G10 2306 49 877 2231 80 500 2103 124 295
13 TNTG Gl8 2542 51 919 2612 115 395 2680 145 317
14 SOLO GI18 2600 53 910 2806 153 314
15 CHTI G10 2745 60 841 2664 110 424 2568 150 297
16 MQZG G10 2980 60 914 2710 160 293
17 PARK G10 3867 75 925 3314 190 301
18 MCHL G10 3759 75 899 3299 170 336 3208 186 298
19 GAMB G24 4137 65 1147 4480 176 433

20 POHN G3l1 4489 86 929 4113 185 381 3997 220 311
21 HOB2 G27 4519 155 502

22 MKEA G31 5040 96 928 4406 215 352 4208 240 301
23 KOKB GI18 4765 90 929 5253 210 425 5761 305 318
24 HALI1 GI18 4761 90 928 5317 225 401 5751 305 318

~3
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Puc. 6. 3anexHocTi napaMeTpiB iOHOCHEPHOI «Aipn» Ta KBa3inepioguuIHuX

30ypeHb BiJl BiACTaHi 10 ByJKaHa

AN,=12r—7, 6= 1.5 TECU, (1)
8,=4r—269, c=5%, )
AT=6.6r+822, c=31.4xs, 3)
1= 14.2r+ 348, 6 = 14.5 xs, 4)
T=r+9.6, c=3.2xs, (5)
AN,,=—0.15r+1, s=02TECU,  (6)

ne r BUMIpIoeTbest y MM, ANy, AN, — B TECU,
8, — y Bincorkax, AT, 1 — y xsuiauHax. I3 (1) i
(2) BurumBae, 1wo npu r — 0 B cepearHboMy AN, ~
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~—7TECU,ad,~-269 %.3aAN,=01ad,=0
i3 (1) i (2) Mmaemo cepeHiii TOPU3OHTATBHUI PO3MIp
ioHochepHoi «aipu» 7, ~ 5.8 MM a60 6.7 Mm. Toxi
Ty = 0.3 £ 0.5 Mwm. Toni i3 Bupasis (3)—(6) mae-
Mo AT, . ~124+33xB, 1, ~124+18xB, T, ~
~15.8 £3.4xBiANy, ;. ~0.06 = 0.2 TECU, T06-
TO KBasinepioanyHi 30ypeHHs Ha BIICTAHAX 7,
MPaKTUIHO He peectpyBaiucs. [iiicHo, i3 (6) mis
ANy, =0maemor, . ~6.7 Mm.

3a gaHuMu Ta6a. 3 1OOyIOBaHO 3aJIeKHOCTI
«At; — rp, «Aty — ry» Ta «At; — ry» (puc. 7). Bugno

JOCUTDh YiTKY TEHACHIIiIO OO0 30iIbIIEHHS 4acy 3a-
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At,, XB At,, XB AL, XB
100
200 300
80 >
200
100
40 100
0 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1
1 2 3 4 r,Mm 1 2 3 4 r,Mm 1 2 3 4 r, MM
a 6 6

Puc. 7. 3anexHicTb yacy 3amizHIOBaHHs 30ypeHHSI Bifl BiICTaHi 10 ByJIKaHa

Mi3HIOBaHHS 3i 30ibIIEHHSIM BilCTaHi Bil ByJKaHa
JIo Miclisl BUMiproBaHHS. BignmoBigHi JiHiliHI anmpok-
cuMallii MalOTh TaKUIA BUTJISIL

At,=16.3r+11.0, 6 =3.5x8, 7)
At,=40.7r+ 4.3, 6 =17.5x8, ®)
At;=50.8r+16.4, 6 = 5.2 xB. 9)

I3 (7)—(9) BunuBae, 110 cepeaHs MBUIAKICTb MO-
LIIMPEHHS 30ypeHb y TphoX Ipymax gopiBHioe 1020,
4101 328 m/c. Taki LIBUAKOCTI BIIACTUBI BiATIOBiTHO
BUOYXOBiil XBWJi, aKyCTUKO-TpaBiTalliiHiil i XBUIi
Jlemba abo 3HOBY K TaKM aKyCTMKO-TpaBiTalLliliHiNi
xsui. [pu r — 013 (7) — (9) maemo Az, = 5...10 x.
Yac Af, HEOOXiTHM 1T IOIIMPEHHS 30YPEHHS Bil
MOBepXHi 3eMJIi 10 ioHOC(EPHUX BUCOT.

OBI'OBOPEHHA

Ha BimMiHY Bi/l KOHTPOJIbHUX JIHiB, y I€Hb BUOYXY BYJI-
KkaHa Tonra yacosi Bapiauii [TEB Oyiu sBHO HEMOHO-
TOHHUMMU. Lle MOIJI0O CBITUMTU HAa KOPUCTH TOrO, 1110
30ypeHHs [1EB Oyiio BukiimkaHe BUOyXoM ByJIKaHa.
3a BuOyXOoM ByJIKaHa BUHUKIIO N-TI0mi0OHE 30y-
penns I[1EB (mus. puc. 3—35). [ToxioHi 30ypeHH: 3a-
3BUYAil CyMPOBOIXKYIOTh BUOYXOBi rpotiecu. Yac Az,
3aMi3HIOBAaHHS 1IOTO 30ypEeHHST MaB TEHJEHILIIO J10
301IbLIIEHHS 31 301IbILIEHHAM BiIcTaHi r Big By/iKa-
Ha 0 Miclig peectpatiii. Ile miaTBepaKye Toi akr,
110 N-noxioHe 30ypeHHsI BUKJIMKaHEe BUOYXOM BYJI-
KaHa. lopu3oHTanbHA MO3ipHA MIBUIAKICTH IIHOIO
30ypenHs csaraina 1000 m/c ta gemro Oinbine (IUB.
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Taba. 3). Taky MIBUAKICT MalOTh BUOYXOBi XBMWIIi,
SIKi HaJIexXaTh 10 HeJiHIHHUX XBWIb. OCOOIUBICTIO
TaKUX XBWJIb € T€, 1110 IXHS IIBUIKICTb 3aJI€XKUTh Bi
HaAUTUILIKY TUCKY Y XBuJi. [lo OuIbIIMM € Lieit Hafd-
JIMILIOK, TO OLIbIlIe IBUAKICTb XBUJII BiIPi3HIETHCS
BiI IIBMAKOCTI 3BYKY, sIKa Oist moBepxHi 3emiti go-
piBHI0€ 6;113bKO 340 M/c. [Tpu MolIMpeHHi y BepTu-
KaJJbHOMY HaIpsIMKY BiTHOCHUI TUCK y BUOYXOBilt
XBWJIi 301TBIIIYETHCST TOTU, TOTTIOKHA MOTO 3pOCTaHHS
He OOMEXY€EThCsl HeNiHiiHUMU edekTamu. Tomy
cepeiHs IBUIKICTh 3AJTUIIAETHC PIBHOIO MOPSIKY
1 km/c, a Afy~ 5 xB.

JBi iH1Ii rpyny 30ypeHb Majii Yacu 3alli3HIOBaH-
HA A, = 56...225 xB i Aty = 60...305 xB. IM Bimmo-
BilaaM Mo3ipHi mwBUaKocTi v, = 336...500 M/c Ta
v, = 260...318 m/c (nuB. Taba. 3). Baxauso, 110
crocTepirangacs TeHACHILiS 10 301UTbIIEHHST Yacy 3a-
Mi3HIOBaHHS MpU 30iJbIICHHI BiICTaHi BiJ ByJKaHa
no Mmicud peecrpauii. HlIBunkicts v, BracTuBa at-
Moc(hepHUM TpaBiTalliiHUM XBWJISIM, a IIBUIKICTb
v, Omu3pKa 10 WBMAKOCTI XBUib JlemOa. Xpuii
JlembGa reHepyrOTbCs JMIlle 32 3HAYHOTO €HEPro-
BuaiTeHHs (He MeHme 10 Mt THT = 4.2-1016 1x).
Haragaemo, 1110 eHeprist BUOyxy ByJiKaHa ToHra cta-
HoBwmiIa 16...18 Mt THT [12, 16, 17]. XBwti JlemGa
HaJIeXaTh 10 TOBEPXHEBUX, BOHM MOIIUPIOIOTHCS
B3JI0OBX MOBEPXHi 3eMJIi MpaKTUYHO O3 MOIIMHAH-
Hs Ta nucnepcii. BimHOCHUI TUCK y TaKilt XBUJIi Ma€
nopsinok 1073, a Hammmox — mopsimok 100 Ia Ha
[JI00abHUX BimcTaHsx (r ~ 20 Mwm) [6].
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BazxnuBo, 110 3i 301IbIIEHHSIM BUCOTH HAIJIUIII-
KOBHMII THCK 3MEHIIYETHCS 32 €KCIIOHEHIiaTbHUM
3aKOHOM, IPOTE BiITHOCHWIA HAJIUIIKOBHUI THCK,
HaBITaKu, 301IbIIYETHCS 31 301JIbILIEHHSIM BUCOTHU 3a
eKCIOHEHIIaJTbHUM 3aKoHOM [12, 16, 17]. I1ix gieto
xBuji Jlemba BUHUKAIOTh CYTTEBI 30ypeHHs iOHO-
cdepu Ha Bucortax He MeHie 300...400 kM, a 3HAYUTh
i [TEB, 110 i criocTepirajiocs miciist BUOYXy ByJIKaHa.

IIo cTocyeThcs UeTBEPTOI Py 30ypeHb B i0OHO-
cepi, g axoi v, = 190...220 m/c, To BoHa MorIa
OyTHU 3reHepoBaHa MOIIMpPeHHIM IyHaMi. Hacripas-
Ii IIyHaMmi, BUKJIMKaHe Oe3I0CepeaHbO BHOYXOM
ByJIKaHa, MaJlo IIIBUAKICTh

v= \/gTI ~ 190...220 m/c
Mpy TIMOUHI OKeaHy 4 ~ 3.7...4.9 km. Tyt g — nipu-
CKOpPEHHS BiJIbHOTO MamdiHHSI.

Jonmamo, 1110 IIyHaMi, 3reHepoBaHe XBuJjewo Jlem-
0a, MaJio IBUAKICTh TpUOIM3HO 315 M/C.

AwMmIutiTynma KBasinepiogndyHuX 30ypeHb HOpiB-
nmiosazna 0.5...1 TECU, a nepiog — 10...20 xB (nuB.
TadI. 2).

[lepeitnemo 1o obroBopeHHs 3MeHIlueHHs1 [1EB,
IO CIOCTEpIrajocsi Ha BCiX peECTpallisiX i3 4acoM
3ari3HIoBaHHs T ~ 35...100 xB Ta TpuBaso Bix 30...40
10 120...150 xB (nuB. Tab1. 2). 30iIbILIEHHS Yacy 3a-
MMi3HIOBaHHS T Ta TPUBaAJAOCTi AT 30ypeHHs 3i 301J1b-
LIEHHSIM BiACTaHi 7 Bifl eIileHTpa BUOYXY J0 MicCLIs
peecTpallii CBiIUWIO TIPO Te, 110 30YPEeHHST BUKJIU-
KaHe caMe BUMOYXOM ByJIKaHa, a He iHIIMM BHCO-
KOEHEePreTUYHUM JiKepeaoM. Takum mKepesioM
MorJia OyTHM MarHiTHa cyoOyps, 110 cIiocTepiraaacs
15 ciung 2022 p. B iHTepBaii yacy 06:00—12:00, a6o
BEUipHiil COHSITYHUIA TepMiHaATOp, 1110 Ha Pi3HUX pe-
ecrpanisix nposteisiest 3 04:00 mo 10:00. dedimur
I1EB y 30ypeHHi, 110 micTano Ha3By ioHOC(hepHOI
«1ipn», 3a aOCOJIIOTHOIO BEJIMYMHOIO 3MiHIOBaBCS
Bix 10 no 2 TECU, a6o Big 37 1o 7 % 3i 3011bl1eH-
HaM BigctaHdi » Big 700 mo 5000 kM. Taka TeHAeHIIA
CBiIYMTH TaKOX Ha KOPUCTb TOTO, 110 «Aipa» Oyia
3reHepoBaHa BUOyXxoM ByjiKaHa ToHra.

MexaHi3M YTBOPEHHSI <«IipuW» JOCTEMEHHO He-
Bimomuii. € okpeMi rinote3u [1]. ¥ podori [5] BBa-
JKaEeTHCS, 110 «Iipa» Morjia OyTU BUKJIMKaHa ¢a30io
PO3piIKEHHS B yAapHii XBUIIi. A SIK 3Xe ToIi OyTH
3 (pazoro ctuckanus? Ille paHiie yuciI0BUM Moe-
JoBaHHAM [49, 61] Oy10 TTOKa3aHO, 10 3MEHIIIEHHSI
ITEB moxke 3yMOBIIOBaTHUCSI CHUIBHUM PO3ILINPEH-
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HSIM Ta CIUIMBAaHHSIM TepMmocdepu Mia miero cepii
HeNiHIMHUX yoapHuX XBujib. Haramaemo, 1o cro-
crepirajiocst ’saTh BUOYXiB ByJikaHa ToHra, KOXHUIA
i3 HUX TeHepyBaB yaapHy xBuwito. [Hia rinotesa [1]
MoB’si3aHa 3 OJIM3BbKICTIO MOMEHTY BUHUKHEHHS
«aipu» 10 3axoay CoHIS Ta 31 3MEHIIEHHSIM (o-
TOiOHi3alliiHOrO JKepeda Ta HecTadyelo IUla3MH Y
nia3smocdepi.

Ha nymky aBTopa 1€l poOOTH, MeXaHi3M YTBO-
PeHHST i0HOC(EPHOI «Iipu» MOXe OYyTH TaKuM. 3a
PaxXyHOK TepTsl BYJKaHIYHMUX YacCTMHOK (TpuOO-
eJIeKTpu3allisi), IXHbOro pyiHyBaHHS (TpillMHYBa-
TocTi) ((ppakToeneKTpu3allis) Ta BIUIMBY BOISHUX
mapiB Ha eJIeKTpu3allilo (BaTepeseKTpu3allisa) y
BYJIKQHIYHi/l KOJOHIII BUHUKAIOTh BiJIbHI €J1EKTPO-
HU, 1110 Bipa3y NPUIUNAIOTh 10 BaXKUX YaCTMHOK
(aepo3oniB). MIiKpOCKOIIYHiI Kpallli BOOM 3a3BU-
yail KoaryiaowTbh, TOOTO 3nunaThes. KoedilieHT
peKoMmOiHallil BaXXKUX i0HIB Ha IEKiJIbKa IMOPSIKiB
MEHIIINI, HIK IS eJIEKTPOHIB. BuHMKae po3nineH-
HSl 3apsily 3a PaXyHOK TOro, 1110 MacHMBHIillli yac-
TUHKU PyXaloTbCsl JOHM3Y, a Jierii — Bropy. Bep-
TUKQJIbHUMN €eKTPUYHUI CTPYM 30iJbLIYETHCS HA
JIeKinbKa 1mopsakiB. MoHoOBe 3HAYEHHS LIUTBHOCTI
1LIbOrO CTPYMy Mae nopsinok 10 mA/m? [11]. 36ypro-
€ThCH TJI00aIbHE eJIeKTpruYHe Koo, HampyxkeHicTh
aTMOC(hEepPHOTO €JIEKTPUYHOTO MOJIsl 30iIbIIYETHCS
Ha JieKijbKa MopsiaKiB. BUHUKHEHHSI CTOPOHHbBOIO
eJICKTPUYHOIO CTPYMY CIIPUSIE 30LIbIIEHHIO i0HO-
cdepHoro nost £ go 10...100 mB/M nipu ¢poHOBOMY
3HauyeHHi 0.1...0.3 mB/m [11]. CnpsiMoBaHe Ha 3a-
Xill eJIeKTpUYHE 1MoJjie (30HaJIbHE 10Je) Y ioHOoCchepi
npu3BoauTh 10 ExB-apeiidy Ta onyckaHHS ioHOC-
(bepHoi m1a3mu 3i IWBKAKICTIO v ~ E/ B, ne By — in-
JIYKIIisl TEOMAarHiTHOTO ITO0JISI ITOOJIM3Y MicCLIsl JIOKa-
il BynkaHa. Ha MeHIIMX BucCoTax OUIbII aKTUBHA
pPEKOMOIHAlIisT eJIEKTPOHIB B iI0HHO-MOJIEKYISIPHUX
peakuisix. Bce 1ie mpu3BoauTh 10 reHepalii ioHoC-
depHOI «1ipy» mig Oi€lo ByJIKaHIYHOTO BUOYXY. [o
pedi, mpo eJeKTpuYHe T0Jie B ioHocdepi, CIIpsiMO-
BaHE Ha 3axif, IeThCcs1 y poooTi [2].

Axo T, ~ 50 xB, TO Ha BUCOTI nopsiaky 300 kM
BepTUKaJIbHA HIBUAKICTh MOLIMPEHHS] 30ypeHHSs Y
«1ipi» craHoBUTh 100 M/C, a ropu30HTaJIbHA LLIBUJI-
KicTb — 067113bK0 300 M/c.

BusBreHi 30ypeHHs CYTTEBO 3ajIeXalu Bil reo-
rpa¢iyHOro TOJOXEHHSI CTaHLii CIIOCTePEe:KEeHHS,
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HampsIMKy TPOJIbOTY CYNYTHHMKA, Opi€HTallil Tpa-
€KTOpil mimioHocdepHOI TOYKM IO BiIHOIIEHHIO
JIO0 eKBaTOpiaJIbHOI 10HI3aLilfHOI aHOMaJIil Ta OCBIT-
JeHocTti ioHocdepu. LM TIOSICHIOIOTBHCSI 3HAYHI
(bnykTyalii ocHOBHMX napamMeTpiB 30ypeHb.

I'OJIOBHI PE3YJIBTATI

VYV pesynwrati anHajnizy 4dacoBux Bapiauiii I1EB y
KOHTPOJIBHI JHI Ta y IeHb BUOYXY ByJIKaHa BCTAHOB-
JICHO OCHOBHI 3aKOHOMIpPHOCTI y reHepaliii 30ypeHb
B ioHOC(epi Ta BU3BHAYEHO KiJIbKiCHI XapaKTepUCTH-
K# 30ypeHb.

1. BusiBieHO 4OTUpHU Tpynu 30ypeHb, 1110 Mau
pi3HMIi yac 3aMi3HIOBaHHS IO BiIHOIIEHHIO 10 MO-
MEHTY BMOYXy ByJKaHa. BaxkiauBo, 10 yac 3ami3-
HIOBaHHSI 30ypeHb 30iJIbIIYBaBCS 31 30UIBLICHHSIM
BiJICTaHi Bif ByJKaHa a0 Miclsl peectpatii. IIIBua-
KiCTb 30ypeHHsI Y Mepliil rpymi 0yja 0JIM3bKOIO 10
1000 m/c, BoHo Mano N-momioHuii mpodinb. Lle
30ypeHHs1 OyJIo 3reHepoBaHe BHOYXOBOIO XBUJICIO,
IIBUIKICTD SIKOI 3aJjiexKasia Bif HaIJWIIKy TUCKY Ta
arnpiopi nepesBulllyBaja IIBUAKICTb 3BYKY. IIIBua-
KicTh 30ypeHb y JApPYTiil rpymi BapitoBana y Mexax
336...500 m/c, 1110 BIACTUBO IIBUIKOCTI aTMOChep-
HUX TpaBiTalliiHuX XBWib. IIIBUIKICTb 30ypeHb y
TpeTiii Tpyri mepebyBana y mexax 260...318 m/c.
Taky mBuakictb Mae xBwist Jlemba. Y 4erBepTiid
rpyIi IBUIKICTh 30ypeHb ctaHoBMa 190...220 m/c.
1Isg mBMIKIiCTh XapaKTepHa IJIs IIyHaMi, sIKe OyJio
BUKJIMKaHe 6e31ocepeTHb0 BUOYXOM BYJIKaHA.

2. Ilepion kBazinepioguyHUX 30ypeHb 3MiHIOBaB-
cs Big 10 mo 20 xB, a ixHs amrutityna — Bim 0.5 mo
1 TECU.

3. JloBeneHo, 10 crocCTepexXyBaHa ioHOochepHa
«Iipa» Oyna 3reHepoBaHa camMe BHMOYXOM BYyJIKaHa.
Ilpu upomy abcoilOTHAa Ta BiZHOCHA BEJIUYMHU
30ypeHb MaJIi TeHACHIIIIO 10 3MEHIIECHHS 3i 30i/1b-
LIEHHSIM BiIcTaHi Bin emineHTpa Buoyxy (Big 10 mo
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2 TECU Ta Bin 37 no 7 % BianosigHo). Yac 3amiz-
HIOBaHHSI TIOSIBU «Jipu» Ta 11 TPUBAIICTh, HABMAKMH,
30iIbLIYBaIKCS 3i 30UIBIIIEHHSM BiicTaHi Bi ByJIKa-
Ha 10 Micist peectpaiii (Big 35 mo 100 xB i Bix 30...40
1o 120...150 XB BiAIIOBIIHO).

4. 3amporoHOBaHO MeXaHi3M TeHepallii i0HOC-
depHoOi «1ipu». Y Oro OCHOBI JIeXKaTh SIK eJIeKTpUY-
Hi, TaK i He eJIeKTpUYHi ITpouecH (TpilllMHYyBaTOCTi,
TepTs YaCTUHOK, KOHJIeHCcAallisl BOASIHUX TapiB, KO-
aryJsilist Kpamnejib BOAM, MPUIUIIaHHS eJIEKTPOHIB,
rpaBiTalliiiHa cerperaiiisi Touo). ¥ pe3yabraTi mo-
PYLLIEHHS [JI00aJIbHOTO €JIEKTPUYHOTrO0 KoJia, NOsIBU
CTOPOHHBOI'O €JIEKTPUYHOTO CTPyMYy, 30iIbLICHHS
Ha MOPSIIKM HAIIPyXXEHOCTi aTMOC(epHOro Ta io-
HOC(EpHOIo eJIeKTPUUYHOIO IOJIiB, OIyCKaHHS io-
HocdepHOI IIa3MH1 Ha MEHIII BUCOTH, Ji¢ Oi/IbIII aK-
TUBHUI MPOIIEC peKOMOIHAIIi1 eJIEKTPOHIB 3 i0HOM
O™, sreHepoBaHa ioHOCcepHa «ipa».

5. BcraHOBJIEHO OCHOBHI KiJIbKICHI XapakTepuc-
TUKM 30ypeHb. IxHi (iyKTyallii MosCHIOITLCS reo-
rpadiyHUM MOJIOKEHHSIM CTaHIIil, TOJOXEHHSIM
nigioHocepHUX TOYOK MO BiTHOIICHHIO JIO €KBa-
TOpiaJibHOI i0Hi3aliliHOI aHOMaJIii, YacoM JO0U, py-
XOM BEUipHbOI'O COHSIYHOI'O TepMiHATOpa TOIIIO.

Asmop edaunuii 0. b. Munosanosy 3a donomoey 6
00pobuyi danux cnocmepedicens, B. JI. lopoxosy 3a na-
dany donomoey nio uac NOuLyKy eUXiOHUX 0anux.

Poboma eukownyeasace 3a uwacmkoeoi niompum-
Ku depocorodncemuux HIIP, 3adanux MOH Yipa-
inu (nomepu depocpeecmpayii 0121U109881 ma
0122U001476). Jlocaioxcenus nposedeHo 8 pamkax
npoexmy Hauionanvrnoeo ¢pondy docaioxncens Yipainu
(Homep 2020.02/0015 «Teopemuuni ma excnepumer-
manwvHi 00CAi0NCeHHs 2100aAbHUX 30YPeHb NPUPOOHO20
i mexHo2eHH020 NOX00JCeHHs 6 cucmeMi 3emass — am-
Mocepa — ioHocgepa» ).
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IONOSPHERIC TOTAL ELECTRON CONTENT VARIATIONS CAUSED
BY THE TONGA VOLCANO EXPLOSION ON JANUARY 15, 2022

The capability of volcanoes to generate powerful explosive eruptions influencing the state of the ionosphere became known back
in the 1980th. The Hunga-Tonga-Hunga-Ha’apai (Tonga for short) volcano explosion on January 15, 2022, has shown a surge
of renewed interest in investigating effects in the Earth — atmosphere — ionosphere — magnetosphere system since this volcano
can be rightfully classified as unique. A number of papers have already dealt with the ionospheric effects generated by the Tonga
volcano. The temporal variations in the total electron content (TEC) were used to determine the number of volcano explosions
to be five. The second and third explosions were the strongest, with the second being the most intense. The response of the
ionosphere to the Tonga volcano explosion has been studied on local and global scales by making use of the Global Positioning
System satellite constellation and measurements onboard the Swarm satellite network. In the vicinity of the volcano explosion,
disturbances in TEC attained 5—10 TECU. In addition to the local effect, traveling ionospheric disturbances were observed to
propagate, which were due to the generation and propagation of atmospheric gravity waves with speeds of 180 m/sto 1,050 m/s.
Of particular importance to global-scale perturbations is the Lamb wave, which propagated with a speed of 315 m/s. At night-
time, plasma depletions of the equatorial ionosphere were revealed over the tropical Pacific Ocean when the electron density
at 400—500 km altitude showed a decrease by 2-3 orders of magnitude. The length of these formations in longitude exceeded
~10 Mm, and they were observed for more than 4—>5 h. The scientific objective of this study is further analysis of aperiodic and
quasi-periodic perturbations in the ionosphere, which were caused by the Tonga volcano explosion, in a wide range of distances
from the source of disturbance (from ~0.1 Mm to 5 Mm). To reveal the ionospheric response to the Tonga volcano explosion,
the records of signals from Global Positioning System satellites have been analyzed. The intercomparison of temporal variations
in TEC observed on the reference days and on the day when the volcano explosion occurred has resulted in the determination
of basic principles of the generation of ionospheric perturbations and the estimation of numerical magnitudes of the parameters
of the perturbations. Four groups of disturbances have been detected, each of which arrived at different time delays with respect
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to the moment of the volcano explosion. It is important to note that the time delay increases with increasing distance from the
volcano to the observational instruments. The first group of speeds included the disturbances traveling with a speed close to
1,000 m/s and having an N-shaped profile. This perturbation was generated by a blast wave whose speed depended on the ex-
cess pressure and a priori exceeded the speed of sound. In the second group, the speed varied in the 336 m/s to 500 m/s range,
within which the speeds of atmospheric gravity waves are found. The speeds in the third group exhibited variability within the
260—318 m/s limits, within which the Lamb wave propagates. The speed in the fourth group was estimated to be 190—220 m/s,
which is a characteristic speed of the tsunami that was caused directly by the volcano explosion. The period of quasi-periodic
perturbations varied from ~10 min to 20 min, while their amplitudes were from 0.5 TECU to 1 TECU. The observed ionospheric
«hole» was proved to be produced by the volcano explosion directly, with the modules of the absolute and relative magnitudes
of disturbances showing a tendency for decreasing with increasing distance from the explosion epicenter, from ~10 TECU to
2 TECU and from 37 % to 7 %, respectively. Contrary to the amplitude, the «hole» time delay and its duration exhibited an
increase with distance from the volcano to the observational sensors, from 35 min to 100 min and from ~ 30—40 min to 120—
150 min, respectively. A mechanism for generating the ionospheric «hole» has been advanced, which is based on both the elec-
tric and non-electric processes (cracking, the friction of particles, condensation of water vapor, coagulation of water droplets,
attachment of electrons, gravity segregation, etc.). The ionospheric «hole» is formed as a result of perturbing the global electric
circuit, arising external electric currents, an increase in the electric field strengths by orders of magnitude in the atmosphere and
the ionosphere, diffusion of the ionospheric plasma down to lower altitudes where the recombination processes become fast.
The basic numerical characteristics have been established of the disturbances, whose fluctuations account for local time, the
dusk terminator, sensor geographic locations, the location of subionospheric points on the satellite to receiver ray paths with
respect to the equatorial anomaly, etc.

Keywords: ionosphere, Tonga volcano, volcano explosion, total electron content, ionospheric «hole», wave disturbances, dis-
turbance parameters.
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ITAM’ATKA U1 ABTOPIB

KYPHAJI «<KOCMIYHA HAYKA I TEXHOJIOI'IA» € BU3HaHUM HayKOBO-TPAKTUUYHUM 3arajibHoaKaaeMidyHUM BUIAHHSIM
B YKpaiHi, 1110 BUCBITJIIOE HAXLIMPIII aCMeKTH KOCMIYHOI AisSJIBHOCTI Yy iepKaBi Ta 3a KopaoHoM. 2KypHaJl po3paxoBaHUil Ha
(axiBLiB y Tajgy3i KOCMiYHOI HAyKU i TEXHIKU, Ha TUX, XTO 3aiMA€THbCSl BAKOPUCTAHHSIM KOCMIUHUX TEXHOJIOTI B pi3HUX ra-
JTy3sTX HAPOIHOTO TOCTIOIaPCTBA, a TAKOX Ha 3aKOPIOHHUX YUTAUIB, SIKi 6aXKal0Th 03HAWOMUTHUCS 3 TOCITHEHHSIMHI KOCMITHOL
rajysi YKpainu. Y xypHaui 1my0JiKyloTbCsl OTJISIIOBI Ta OpUTiHAJIBHI CTATTi 3 Pi3HUX PO3AUIIB KOCMiUHOI HAyKHW, TEXHIKU Ta
TEXHOJIOTII: ICTOPUYHI, COLiaJibHiI Ta OpraHi3aiiiiHi acnekTu MpoOJeMU AOCTIIKEHHSI KOCMOCY; KOCMIYHi HOCIi Ta amapa-
THU; CUCTEMU KepyBaHHS KOCMIYHUMU HOCISIMU Ta arnapaTaMu; KOCMiYHUI 3B’5130K Ta iH(popMalliiiHi cucTeMu; JOCTiIKEHHS
3eMJi 3 KocMocy; KocMiuHa (i3rKa (HaBKOJIO3eMHUI KOCMIYHUM MPOCTip); KOCMiuHA acTpOHOMIs Ta acTpodizuka; XiMiuHi,
(iznuHi Ta GioJOTIYHI MPOLECHM B KOCMOCi; KOCMiUHi KOHCTPYKIIii, CIIOPYAM Ta MaTepiaiv, a TaKOX Pi3Hi MOBIAZOMJICHHS,
3BiTU Ta peKJIaMHi MaTepiaJiu.

ABTOpaMM Ta UMTaYaMU XypPHAJIy € BUIIHI [isTi Ta CIeiaJiCTh KOCMiYHOT ITPOMUCIIOBOCTI, BUEHi-TEOPETUKH Ta MpaK-
TUKMU, 110 TMPaLIOTh Yy rajay3sax KOCMiuHOI (i3uKu, XiMii, acCTpOHOMII, MaTepiaJlo3HAaBCTBA, MAllMHOOYIyBaHHsI, HaBirauii,
GioJorii To1o. 2KypHai KOpUCHUI JJ11 HAyKOBILiB, iHXXKEHEpiB, acMipaHTiB Ta CTYIEHTIiB BUIIiB, IOT0 BKIIOUYEHO J0 MepeiKy
HayKOBUX (DaXOBUX BUAAHb, Y SKUX MOXYTb ITyOJIiKyBaTUCS OCHOBHI pe3yJibTaTu NUCepTalliiiHUX poOiT 3 hizuko-maTemMaTny-
HMX Ta TEXHIYHUX HayK. Penkosieris cipsiMOBY€e 3yCWLIsl HA MiABULLIEHHS PiBHS BUCBITJIEHHS PE3YJIBTAaTiB POOIT yKPATHCHKUX
BUEHUX i KOHCTPYKTOPIB PaKETHO-KOCMIYHOI TEXHIKM Y CBITOBUX HAYKOMETPUYHUX Oa3ax.

Kypnain Buxoauth 6 pasiB Ha piK. 3 MOTOYHUM HOMEPOM Y apXiBOM 3a MUHYJIi POKH, a TAKOXK IIpaBUIaMy 0(DOPMIIEHHS
PYKOMKCiB MOXHA 03HAMOMUTUCH Ha caiiTi space-scitechjournal.org.ua

KoxeH pykonuc pelieH3yeThesl BiToMUMU (paxiBLsIMU BiAnmoBinHOI raiy3i. Ha ocHOBi BUCHOBKIB peLICH3€HTIB peaKoe-
rist poOMTh BUCHOBOK MPO MOXJIUBICTb MyOJTiKallii.

IIpu nonayi pykomnucy aBTOp HaJACWIAE y Pelakliilo ABi TBEPi KOMil OpUTiHaly, eJeKTPOHHI KOIii, HAIIPABJIEHHS Ha
Os1aHKy yctaHoBH Ta JlilieH3iliHy yroay (0J1aHK Yoy € Ha CaiiTi) Ha agpecy:

ByJ1. Akanemika 3abosiotHoro 27, KuiB, Ykpaina, 03143

TosnoBHa actpoHOMiuHa obcepBaTopist HalioHanbHOI akaaeMii HayK YKpaiHu

Penaxuis KHIT

Pykonucu momaroThcsl yKpaiHChKOI0 ab0 aHTJiMChKOIO MOBOK, KOXEH PYKOIHUC CYIIPOBOKYEThCS pe3toMme (YKpaiH-
CHKOIO Ta aHIJIiIlChbKOI MOBaMM, He MeHII sIK 1800 3HakiB KoxHe). [TocninoBHICTb Mogayi MaTepialy Taka:

* Howmep VJIK

* Iniuiasiv Ta npi3BuIla aBTOPiB, CKOPOUEHO IXHi HAYKOBi 3BAaHHS Ta MOCAAU

* YcTaHOBH, Jie TIPAIIOI0TH AaBTOPU

* EnexTpoHHi afpecu BCiX aBTOPIB, SAKIIO €

» HasBa pykomnucy

* Pe3iome MOBOIO PYKOITUCY

» KJito4oBi c10Ba MOBOIO PYKOIUCY

* Texct pykonucy

» Crmcok Jitepatypu, yIOpsiAKOBaHU Y andaBiTHOMY TTOPSIIKY

» References (nuB. caiit)

* Pe3ioMe aHIiIICbKOI0O MOBOIO. Pe3ioMe MOBMHHE MICTUTU: CITMCOK aBTOPIB, CIIMCOK YCTAHOB 3 aJpecaMu, J¢ BOHU
MpaLIoloTh, HA3BY PYKOIKCY, TEKCT Pe3IOMe, KJII0YOBI CIIOBA.

Bumoru mo Habopy Tecty, hopmyI1, TabJMIb, PUCYHKIB Ta iHIIIOTO iLTIOCTPAaTUBHOIO MaTepialy € 3araJbHONPUUHSITUMU Ta
TUIIOBUMU JJISI HAYKOBUX XypHaliB. Binbll netaqbHO 3 MpuHUMNAMU O)OPMIIEHHST PYKOMMCY MOXHA MO3HAOMUTHUCH Ha
caiiTi )XypHaiy space-scitechjournal.org.ua

Penmaxkirist

e-mails: reda@mao.kiev.ua
kfnt-knit@ukr.net
Tenedon: 380 44 526 47 63
daxc: 380 44 526 21 47
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