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TEPMOMILHICTD BIACIKY YTPUMAHHSA PAKETN-HOCIA
ITPU B3AEMO/II 31 CTPYMEHEM ITPOJIYKTIB 3rOPHHA TTAJIMBA

Tepmomiynicms 8i0ciKy YymMpUMaHHs po3paxo8ycmocs 0451 00CAIONCEHHS MONCAUBOCII 11020 6A2amopas’08020 8UKOPUCMAHHS NPU
nyckax pakem-uociie. Jlocaioxcyromocs HecmayioHapHi menaogi noas 8i0ciky ympuManHs, 3yMOGAEHI 83AEMO0IEH) 2a306020 NO-
MOKY Mapuioeoi pyxoeoi ycmanosku i éidciky ympumanns. [lpu cmapmi pakemu-Hocis wacmuHna Kopnyca iociky ympumanus 3a-
3HAE 3HAYHO20 MENA0B020 BNAUBY, U0 XAPAKMEPUIYEMbCA GUCOKUMU epadicnmamu memnepamyp. Lleii mennosuii énaug icmomHo
3MIHIOEMBCA 3 RAUHOM Hacy. Bhacaiook makoeo mennogoeo 6naugy UHUKAOMb 3HAUHI OUHAMIYHI HeCIMAUIOHAPHI NOAS HANPYICEHD.
Hauworo memotro € po3paxynok MaKcumanrbHux eAUMUH HANPYICeHb, IHOYKOBAHUX UUM Mena08um nosem. locaionceno Hanpyicenui
cmat, iHOYKO8aHUI CMAYIOHAPHUM MenA08UM Noaem, ke i0nogidac HecmayioHapHOMy Mena080My NOI0 Y MOMEHM 4acy, 8 AKull
cnocmepieacmocs MaKCUManbruil epadienm memnepamyp. Y makomy eunaoxy 6yoe ompumano 8epxuio OUiHKY @eautun Hanpy-
JICEHb, WO BUHUKAIOMb Y KOHCMPYKUYII.

Karouosi crosa: siocix ympumanus, cmpymins npoOyKmie 320psAHHA NAAUBA, MeNA08e HAePIBAHHS, MepMOMIYHICMb.

BCTYII

KopriycHi eeMeHTH aepOKOCMIYHOI TEXHIKW YacTo
rnepedyBaloTh i1 Ti€I0 TeMIIEpaTypHUX MOJiB 3 Be-
JIMKUMU TpanieHTamu. ITim miero Takux mosiB Moxe
BUHUKATHU BTpaTa CTaTUYHOI CTIMKOCTI i pyliHYyBaH-
HSI KOHCTpYKIii. ToMy DOCHiIKEHHIO TepMOHAIIPY-
JKEHOCTI €JIEMEHTIB aepOKOCMIYHOI TeXHIKM MPUIi-
JISIETHCS BeJMKa yBara. ¥ po0oTi [3] nochaigxKyeTbest
TEPMOHAIIPYXEHICTb IUCKIB, 5IKi BAKOPUCTOBYIOTh-
csl B aepOKOCMiuHili TexHilli. O0epHeHi 3a1ayi Temn-

JIOTIPOBIZIHOCTiI BUKOPHUCTOBYIOThCSI y pO0OTi [5] mjist
JOCJIIKEHHST TeMIIepaTypHUX MOJIiB B OX0JIOIKYBa-
HUX KaMepax. Y po0orti [12] ekcnepuMeHTaIbHO 10-
CJTIIKYETHCS TETIJIOBUM MOTIK 3a TBEPAONaJTUBHUM
JBUTYHOM. BuMipioBaHHSI TIPOBOISITbCSL Y PiZHUX
TOYKax 3a corioM pakeTu. [li1ocka Teopist Tepmo-
MPY>XHOCTI 1 Teopist GyHKII KOMIJIEKCHOI 3MiHHOI
BUKOPUCTOBYIOTbCSI B POOOTi [4] msl aHai3y Ha-
MpPY>XeHb B OPTOTPOINHIN HECKiHYEHHIl TIJIaCTUH-
1Ii 3 KpymJIMMU OTBOpaMu B craTTi. Llg ruiacTuHka
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nepedyBa€ I Ai€l0 PiBHOMIPHOTO TEIJIOBOTO MO-
ToKy. s aHamizy TEPMOMILIHOCTI CTiHOK KaMe-
pu 3ropsiHHSL Yy poOoTi [7] NMPOMOHYETHCS METO/,
110 BPaxOBYE B3aEMO/IiI0 KOHCTPYKIIil 3 PiInHOIO.
Tepmiuni Ta MexaHiUYHI HaBaHTaXXEeHHs, 1O OilOTh
Ha KOHCTPYKIIil0, BU3HAYaAIOThCS 3 TEPMOPIiIWH-
HUX PO3paxyHKiB. Y po0oTi [6] MilHICTb KOpITyCy
KOMIMO3UTHOIO PaKETHOTO JBUTYHA JOCIiIXKYETh-
Csl METOJIOM CKiHYEHHUX eJIeMEHTIB. ¥ pooorTi [11]
JOCTIIXKY€ETbCST LWIIHAPUYHA OO0OJIOHKA TiJ Ji€r0
TeMIlepaTypHUX HaBaHTaKeHb. AHaJI3y MiAIal0ThCs
¢opMu BTpatu CTiiKOCTi 000710HKHU. Y po06oTi [10]
JOCTIIKYIOThCSI TEMITEPATypPU, MPU SIKUX BTPayaloTh
CTIMKICTh LUJIHAPUYHI OOOJIOHKU 3 ypaxyBaHHSIM
BJIACTUBOCTEI MaTepiaiy, 110 3ajeXaTh Bil TemIie-
parypu. HeniHiliHYy nuHaMidyHy MOBEIiHKY HEIO0-
CKOHAJIOI HWJIIHAPUYHOI 000JOHKM 3 TPadi€HTHOTO
MaTepiajly po3mIsiHyTO y po6ori [2]. Llg obosoHka
rnocusjaeHa crpuHrepamu. s onucy HamnpyxXeHo-
J1e(OpMOBAHOIO CTaHY KOHCTPYKIIil BUKOPUCTOBY-
eTbcsa Teopis Pemmi Bucokoro mopsiaky. Tepmiuna
BTpaTta CTiHKOCTi (PyHKIIOHAIbHO-TPAAIEHTHOI LIU-
JIIHAPUYHOI 00OJOHKM HOCIIIXYEThCS B CTATTi [8]
3a JIOTMIOMOTOI0 3CYBHOI TEOpii IEPIIOro MOPSIIKY.
CrTiliKicTh TOBCTOI OaraToiapoBoi I10JI0roi 000JI0H-
KM 3 TPaJiEHTHOIO MaTepialy Mif Ai€l0 TePpMidyHUX
HaBaHTaXX€Hb YMCEJIbHO aHai3yeTbCs y poboTi [9].

Hixde mocmimKyoThes TeMIiepaTypHi I10Jisl, 110
BUHUKAIOTh Y BIiACIKY yTpMMaHHS BHACJiZOK [ii
TEIJIOBOrO MOTOKY Bill CTPYMEHsI corljla MapIllioBO-
ro ABUTryHa pakeTu. HecralioHapHi TeMmnepaTypHi
MOoJisl, 110 BAHUKAIOTh Y BilICIKy yTPUMaHHSI, XapakK-

TePU3YIOThCA 3HAUHMMMU Tpafi€eHTaMu TeMIepaTyp
B 00BOJIOBOMY i MO3I0BXXHbBOMY HANPSIMKY. Jdociz-
JKYETHCSI HANPY>KEHUI CTaH BiACIKY YTPUMaHHS i
JIi€I0 CTALliOHAPHOTO TEMIIePaTypHOIrO IIOJISI, SIKE
BilNIOBiIae HecTalliOHAPHOMY ITOJII0 Y MOMEHT Ha-
CTaHHSI MaKCUMaJIbHUX TpajlieHTiB Temriepatyp. Ta-
KU PO3paxyHOK JO3BOJISIE BUBHAYUTU MaKCUMab-
Hi TTOJI1 HAaMPY>KEHb Y BiJICIKYy YTPUMaHHSI.

ITOCTAHOBKA 3AJIAYI

Bincik yTpuMaHHS € UWJIIHAPUYHOIO OO0OJOHKOIO
3 YOoTHpMa MO3JOBXKHIMU TTOCUJICHHSIMU, SKi Ha-
31MBalOTHCSl CTOSHKOBUMU ornopaMu. BiH Bukopuc-
TOBYEThCS IS YTPUMaAHHSI pakeTH Ha ITyCKOBOMY
CTOJIi 1O HAOOpPY TATH PyXOBOI ycTaHOBKU. Ha Bin-
CiK yTpMMaHHS OilOTh 3HA4YHI K OMHAMidHi, TakK i
CcTaTUYHi HaBaHTaxXeHHs1. CTaTUYHi HaBaHTaXKEHHS
BUHUMKAIOTh BHACJIJOK TMOBHOI Baru 3ampaBieHOi
pakeTH, a OAUHAMiyHi HaBaHTaXK€HHSI OOYMOBJICHi
BIUIMBOM PYXOBOi YCTAHOBKH.

Bincik yrpuMaHHS € LWIIHAPUYHOIO OOOJIOH-
Kow. Hecyunmu enemeHTaMM 1Li€l KOHCTPYKIIiI €
CTOSIHKOBI OITOpM (CTifiKM) y BUIJISIAI KOPOOKOBUX
3BapHMX KOHCTpyKuiit i3 ctani 10XCHJI, a Takox
MEXaHI3MUW YTPUMAaHHS, BCTAHOBJIEHI Ha KOXHIN 3
ornop (puc. 1). ¥ crossHKoBUX oropax (cTilikax) B
HIDKHBOMY Tepepi3i BUKOHaHI TMPSIMOKYTHiI BiKHa
(90 x 120 MM) 1St AOCTYITY IPU 3aKpydyBaHHi 00JI-
TiB KpiIlJIEHHSI BiICiKy YTpMMaHHS 10 ITyCKOBOIO
crojry. O00JIOHKA KOPITyCY BUKOHAHA 3 CETMEHTIB,
puroToBieHux i3 cram 10XCH/. 3Bepxy i 3HU3y
BiCiKy yTpuMaHHS (puc. 1) BCTaHOBJIEHO IIIaH-

Tabauys 1. Di3nKo-MexaHiuHi XapaKTepPUCTHKH MaTepiay Kopimyca BiICiKy yTpUMaHHS

Mexa Mexa Monyib BinHoche KoediuieHT siHiiiHOTO
Temneparypa, °C MiLIHOCTI TUIMHHOCTI MPYKHOCTI BUIOBXEHHS PO3LIMPEHHS
c,, MIla ),> MIla E, TTa 3, % o, 1076 rpag—!
20 540 410 — 36 —
100 500 360 197 33 11.4
200 470 330 201 28 12.2
300 480 305 195 28 12.6
400 490 295 188 — 13.2
500 370 265 180 30 13.8
600 215 195 169 35 14.1
700 160 140 156 47 —
800 78 59 135 71 .
900 78 59 125 70 —
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TOYyTH 3 TOTO X Martepiany. OTXe, BiICiK yTprUMaHHS
CKJIAJIAETHCS i3 TAKUX €JIEMEHTIB: YOTUPU CTOSIHKOBI
OITopH, MIWJIIHAPHUYHA 000JI0OHKA 3 ABOMA IIMAaHIOY-
TaMu 3BEPXY i 3HUBY.

B naHwuii yac BiiciK yTpMMaHHSI BAKOPUCTOBYETh-
¢Sl 111 OTHOTO CTapTy pakeTu. MeTow MpoBeAeHHS
pO3paxyHKiB Ha MillHICThb, MPEACTaBIECHUX TYT, €
BCTaHOBJIEHHS (PaKTy MOXJIMBOCTI BUKOPUCTAHHSI
BiICIKY YTpHUMaHHS JIJIs JeKiTbKOX 3aMyCKiB paKeTH.

®Di3nKo-MexaHiuYHi  XapaKTepPUCTUKM  Bi[CIKY
YTpUMaHHS B 3aJIeXKHOCTI Bif TeMImepaTypu IIpem-
craBiaeHo y TabOu. 1. Ecki3 Biaciky yrpuMaHHS 3
Oro CKiHY€HHO-EeJIeMEHTHOK MOJIEJUIIO TTO0Ka3aHO
Ha puc. 1, 7€ OCHOBHUMU eJeMeHTaMU € YOTUPU
CTOSIHKOBI OITOpM, LMIiHApWYHA OOOJIOHKA i ABa
mmaHroyTu. s AucKpeTusallil HaIpyXeHo-me-
¢opMoOBaHOro cTaHy OO0OJIOHKa po30uBajach Ha
IJIACTUHYACTI i 0OOJIOHKOBI CKiHUEHHi €JIEeMEHTH.
ITeoMmeTpuyHi mapameTpu KopItyca BiICiKy yTpuMaH-
HSI HaBeIEHO Yy Ta0J1. 2: MaKCHMMaJbHe i MiHiMaJIbHe
3HAYEHHS CEpPeHbOro pajaiyca R KOHCTPYKIIii, BU-
cora /1, MiHiMaJlbHa TOBIIMHA § .. OOOJIOHKH.

MOJEJTIOBAHHA TEINIOBOT'O
HAT'PIBAHH{ BIACIKY YTPUMAHHA

[1pu crapti paketu-Hocist (PKH) yactuna xopmy-
Cy BIZICIKY YTPUMaHHS 3a3HAa€ 3HAYHOTO TEIJIOBOIO
BIUIMBY, 1110 XapaKTE€PU3YEThCS BUCOKUMU Tpai€H-
Tamu Temnepatyp. Lleil TermioBuii BIUIMB iCTOTHO
3MiHIOETHCS 3 INIMHOM 4Yacy, TOOTO € HecTallioHap-
HUM. BHacC/i10K TaKOTo TETJI0BOTO BILUIMBY MOXKYTb
BMHUKATU 3HAYHI JMHAMIYHI HECTalliOHApHi MOJIs
HarnpyXeHb. Mu He OymeMo DOCTiIXKyBaTH TaKi He-
cTalioHapHi TerutoBi 1ojisg. Hamoro meToro € po3-
PaxyHOK MaKCUMaJbHUX BEJIMYUH HAMPYXEHb, 1110
IHAYKYIOTbCS IIUM TEIJIOBUM ITojieM. g 1Lboro
JOCIIIKYEMO HaMNpy:KeHUIN CTaH, IO iHAYKYETb-
Csl CTalliOHApHUM TEIUIOBMM II0JIEM, SIK€ BiIIOBi-

Tabauys 2. TeoMeTpuyHi mapameTpH BiaCiKy yTpUMaHHS

Enement R, cMm
. h, cM S . ,cM
KOHCTPYKILT (max,/min) min
Bincik 203.75/ 110.0 1.42
YTpUMaHHS 194.95
CTosTHKOBA 194 110.0 1.5
oropa

CTOSIHKOBI OTIOpH

LInauroyru

CermeHT
000I0HKH

CTosiHKOBa 0T10pa, TiAIaHa HarpiBaHHIO,
ivacTuHa 6ist Hel

Puc. 1. Ecxi3 Biiciky yTpuMaHHSI i MOro CKiHYEHHO-eJie-
MEHTHa MOJEJTb

Jla€ HeCTalliOHAapHOMY TEIJIOBOMY TOJII0 Y MOMEHT
yacy, KOJIM CIIOCTEPIraeTbcsi MaKCUMaJIbHUM Tpati-
€HT TeMIieparyp. B TakoMy Bunaaky 0yae oTpuMaHa
BEpPXHSI OILliHKA BEJIMYMH HaIpy>XeHb, 1110 BUHUKA-
FOTb B KOHCTPYKIIil.

JIJ1s1 OLIiIHKM TEIJIOBOTO CTaHY KOHCTPYKIIii BilICi-
Ky yrpumaHHs npu crapti PKH poarisHeMo Haii-
OinblI HAaBaHTaXXKEHUI cTaH KOHCTpyKuii. Ileit Bu-
MajoK IMOJisATa€ B TOMY, 110 Y MOMEHT IMOYaTKy Pyxy
paKeTu-HOCisI COTLIO PYXOBOi YCTAaHOBKM TepedyBae
HaJ1l CTOSIHKOBOIO ornopoto, i PKH pyxaeTbcest BepTu-
KaJIbHO Bropy.

PosrastHemMo AistHKY TIpsIMOJIiHIMHOTO pyXy pa-
KeTu Bropy. Y Ta0i. 3 nNpuBeneHO 3aJIeKHICTh Bij-
craHi H Binm 3pi3y coria 10 BilCiKy yTpUMaHHS Bif
qacy 1.

Kopmyc Binciky yrpuMaHHSI BUTOTOBJIEHO i3 cTa-
ai 10XCHJ,. Ti xapakrepucTvku Taki: MITBHICTb
matepiany p = 7800 Kr-M~3, TerIoeMHiCTb cy =
=460 Ixx-xr~'K~!, reruronposinnicts A, = 20 Brx
xM~1K~!, cryninb yopHoTH £ = 0.85.

Tabauys 3. IlapaMeTpu NPSAMOJIHIAHOTO PyXy PaAKeTH-HOCIs

t,c H,m t,c H,™m

0 0 2.92 10.1
0.92 0.4 3.92 20.1
1.92 3.6 4.92 33.6
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T,°C

1200

800

400

Puc. 2. 3anexnictb Temneparypu 7' Big yacy ¢ nonboty PKH:
a — y CTOSIHKOBIli oropi, 6 — y 4aCTUHi 000JIOHKH, TIpujie-
[JIOi 10 CTOSIHKOBOI onopu. KpuBi 3Bepxy BHU3 BiANOBina-
[0Tb 3HaYeHHsIM KoopauHatu X = 1, 5, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 110 cM BinmoBimHO

TerutoBWiA MOTIK Bil CTpyMEHS, IO BIUTMBAE Ha
BIIICIK yTpMMaHHSI, MOXXHA PO3IITATA Ha KOHBEKTHB-
HUM i TeMJIOBUIA MOTIK BUMpOMiHIOBaHHS. KoHBeK-
TUBHUIA TETUIOBUIA TIOTIK ¢, BA3HAYAETHCA 3 BUPa3y

q,=ou(T,—T,), (1)
e oo — Koe(illieHT Teruosinnadi, 7, — remnepary-
pa BilHOBJIEHHS, T, — TeMIieparypa CTiHKH.
s po3paxyHKY KOHBEKTMBHOTO KoedillieHTa
TeIUIoBiAAaYi 0. BUKOPUCTOBYETHCS 3aJEKHICTD IS
MO3I0BXHbOTO OOTiKaHHS IJIacTUHMU [ 1]:

0.39
T,
a=0.02967“—WRe?V~8 Prod| 2w |«
H T,

e

of 147 KL pp2 , ()

2
TezTg(nr-%-Mﬂ, (3)
r=Pprl/3, 4)

ne A, — TETUIOIIPOBIMHICTh Ta3y, Rew— yuciio Peit-
HOJIBACA, 110 BUBHAYAETHCS IIPU TEMIIEpaTypi CTiH-
ku T, Pr,, — uucno [lpanamis, o BU3HAYaE€ThCA

6

npu TeMnepatypi crinku 7, , T, — Temrieparypa Bii-
HOBJICHHSI, Tg — TeMIlepaTypa Ha0irarouoro ras3o-
BOTO ITOTOKY, # — KOeMIilli€HT BiZHOBJICHHS TeMIIE-
paTypu JJisl TYpOYJEHTHOTO PEXUMY, K — MOKa3HUK
agiabatu, M — ynuciao Maxa.

CTpyMiHb IPOAYKTIB 3rOpsIHHS, 1110 BUTIKAE 3 CO-
IUIa MapIIIOBOTO ABUIYHA, MA€ 3AATHICTb BUIIPOMi-
HIOBATH i ITOIJIMHATY IIPOMEHUCTY eHepriro. J1is rpo-
BEJCHHS PO3PaXyHKIiB MPOMEHUCTOTO TEIJIOOOMIHY
CTPYMEHST MapIIOBOTO ABUTYHA 3 CYCITHIMU eJIeMEH-
TaMM B iHXKEHEPHUX PO3paxyHKaX BPaXOBYIOThCS KO-
editientn yoproru rasis H,O i CO,, 1o HaiiiHTeH-
CHMBHillIe BUIIPOMiHIOIOTh. [IpoMeHUCTUI TEIJIOBUA
MOTIK Bif MPOJYKTIB 3ropsiHHSI MajJlBa MapllOBOrO
JIBUTYHA 10 KOHCTPYKIIil BUBHAYAETHCS 3aJI€KHICTIO

qy=¢,0[T; -T,], (5)

€4E,

:8g+8w(1—8W) ’

(6)

€y

Sg = 8H20 +8CO2 9 (7)

ze &, — 3BeleHa CTYIiHb YOPHOTH, €, — CTYIIiHb
YOPHOTH CTiHKH, & — CTYIiHb YOPHOTH ra30BOr0
00’emy, o — crajna boJsibiiMaHa.

AHaii3z razoJMHaMiYHUX MapamMeTpiB BiIbLHOTO
CTpYMEHsI 1TO0Ka3aB, 1110 KOHBEKTUBHUN BILJIUB CTPY-
MEHST Ha KOHCTPYKIIiIO BiICIKy YTPUMaHHS OOMEX-
YETHCS 30HOIO, 110 BKJTIOYA€E B ce0€ OIOpyY i CyMiXKHi
TISTHKY 00010HKH (puc. 1). Bubip razoguHamMiyHux
rnapameTpiB CTPyMEHS y pO3paXyHKOBUX 30HaX, 1110
PO3IJIs1al0ThCsl, MPOBAIUBCS 3 ypaxyBaHHSM IXHbO-
ro PO3IOILTY SIK 10 OCi CTPYMEHSI, TaK i II0 padiycy.

Po3paxyHok TemIiepaTypu KOHCTPYKIIii BiICiKy
YTPUMaHHS MPOBAJAUBCS Y TBOBUMIpHiii MOCTaHOB-
ui. [lepenbavaeTobes, 110 TeMITepaTypa 3aJIeXXUTh Bill
BUCOTH i 0OBOIOBOI KOOPJAWHATH BiICIKy YTpUMaH-
Hs. CriocTepirajimcs icTOTHI ITpaJiEHTH TeMIIepaTyp
B 00BOIOBOMY i IMMO3M0BXHBOMY HAMpPsIMKaXx BIACIKY
yTpUMAaHHS i He3HayHi BeJIMYMHU I'PANIEHTIB TeM-
mepaTtyp B fioro pamiaabHoMy HampsiMKy. Ilepenoa-
Ya€eThCs, 1110 B palliaIbHOMY HAIIPSIMKY TeMIIepaTypa
He 3MmiHOBajacs. Tomy TeMmmepaTypa ycepenHoBa-
Jlach MO TOBIIMHI 000J0HKM. [loyaTkoBa Temmnepa-
Typa KOHCTPYKIIil npuiimanacs piBHoto 20 °C.

PesynbraTi po3paxyHKy TeMrepaTypHUX IOJIiB B
3ajIexkHOCTI Big yacy noiaboty PKH HaBoasThes Ha
puc. 2. Ha puc. 2, a npuBeneHo TeMIiepaTypy B pi3-
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HUX TOYKax X CTOSIHKOBOI OTMoOpH, a Ha puc. 2, 6 —
TeMmIiepaTypy B 000JIOHLI, 110 IIPUMMUKAE 10 CTOSIH-
KoBoi ornopu. I1o3m0BXHSI KoopauHaTa X Bigpaxo-
BYETBCS BiJl CTUKY BiJICIKY YTPUMaHHS 3 XBOCTOBUM
Bincikom PKH. KpuBi Ha pucyHKax BiAIoBigaioTh
3HaueHHsM X = 1, 5, 10, 20, ..., 110 cm i po3raiio-
BYIOThCSI BiANOBIZHO 3Bepxy BHHU3. TemmepaTypa
peIlTH BiACiKy YTPMMaHHS IpUiiMaIacs IMOCTIHOI0
i mopiBHioBazia 50 °C.

JMCcKpeTHi 3HaUeHHSI pO3ITO/IiTy TeMIIepaTyp yepes
BiJICIK YTpUMaHHS MPUBOJATHCS Ha puc. 3. BumHo,
sIKi BEJIMKi TpaJieHTU TeMITepaTyp CIIOCTEPIraroThCst
y MO3I0BXHbOMY i 00BOJOBOMY Harpsimkax. Lli rpa-
JIEHTU TeMMepaTyp iHAYKYIOTb 3HaUHi I10JIs1 Hampy-
XKEHb, SIKi OyIyTh pO3paxOBYBaTUCS HIKYE.

AHAJII3 HAIIPYXXEHOI'O CTAHY

AK BUIUIMBA€E 3 MPOBEACHUX PO3PAXYHKIB, TeMIIe-
patypa BilICiKy YTpUMaHHS 3pOCTa€ 3 TUIMHOM 4acy.
PospaxyHKu Hampy>kKeHOro CTaHy ITPOBOASTHCS st
BUIIaJKy MaKCUMaJIbHUX 3HaYeHb TemmepaTyp. Ta-
KM BUNIAJOK BiIIOBiga€ MOMeHTy yacy f =4.5¢. Y
pO3paxyHKax HamnpyXeHO-1e(OpMOBAHOIO CTaHY
(HAC) nependayaeTbes, 110 TEILUIOBUMA MOTIK € CTa-
LIIOHAPHUM.

KoHcTpyKilig, 110 pO3MIsSAa€ETbCs, € TOHKOIO.
Bona 3agoBoinbHsie rinoTe3y Kipxroda — Jlasa. s
CKiHYEHHO-EJIEMEHTHOI JAUCKpeTH3allii KOHCTPYK-
11i1 BAKOPUCTOBYIOThCSI OOOJIOHKOBI i TNTAaCTUHYACTI
CKiHYEHHI eJIeMeHTH, 1110 J00pe cede 3apeKOMEH Ty -
BaJIU.

bynmu BukoHaHi po3paxyHku ctatuyHoro HJIC
BilICiKy yTpMMaHHS, iHIyKOBaHOI'O TEIUIOBUMH I10-
JISIMM, 1110 po3risiaaiucs Buile. st po3paxyHKyY
HJC 3actocoByBaBcsi MporpaMHU KOMILIEKC
NASTRAN, sikuit peajiizye MeTOA CKiHUEHHUX eJie-
MEHTiB. Po3paXyHKOBY cXeMy BilCiKy yTpHMaHHS
MpeacTaBjieHo Ha puc. 3. Bincik yrpumMmaHHsT Kpi-
IMUTHCS 10 ITYCKOBOTO CTOJTYy BicbMOMa 00JITaMU, SIKi
PO3TallIOBYIOTHCS MO KiHIISIX CTOSTHKOBUX ortop. s
MOJIeJIIOBaHHS OONTOBUX 3’€IHAHb MNepeadadacTh-
cs, 110 B TOYKAX YCTAHOBJIEHHS OOJTIB IepeMillleH-
H$I TOUOK BiICIKy YTPMMaHHS € HYJIbOBUMU.

[Tpouecu po3BUTKY nedopMalliii IMOB3Y4OCTi B
1A poboTi He BpaxoBylOThcs. HaBiTh KopoTKoUac-
Ha ITOB3YyYiCTh PO3BUBAETHCS y MaTepiali MpuoaImn3-
Ho 4depe3 10 xB. ¥ po3risiHyTit KOHCTPYKILii yac ii
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I'paHnuHi yMOBU — 3aKpirieHHS Orop

110 HUXKHBOMY CTUKY B TPBOX JIHIHUX 4
HanpsIMKax y MiCLISIX pO3TalllyBaHHs OOJITIB
KPITJIeHHS BiICIKy YTPUMaHHSI 10 ITyCKOBOTO
crony

Puc. 3. Po3paxyHkoBa cxema BiICIKy yTpUMaHHSI

Tabauys 4. MakcumasibHi eKBiBaJEHTHI HATIPYXKEHHS
B eJleMeHTaX BiJCiKy yTpUMaHHs

° Oexp> Op»
EnemeHr T,°C Mel'la MTla

CrogHkoBa | BepxHs yactrHa 245 | 564.4 475
omopa CepenHs yacTuHa 200 | 467.8 | 470
HuxHst yactuna 125 | 478.1 492

Cerment | Bepxwiit mmmanroyr | 995 | 482.2 78
0BONIOHKH | OGotoHKa 700 | 964.7 | 160
Huvokniii mmanroyr | 550 | 663.3 292

po0OTU TpUBA€ CeKyHAU. 3a TaKuii 4yac KOPOTKO-
yacHa MOB3YYiCTh HE PO3BUHETHCS.

ExBiBaJIeHTHi HaNIpyXeHHS Y BiJICiKy yTpUMaHHS
HaBoAAThCS Ha puc. 4, a. BumHo, 1110 MakcUMaJIbHi
eKBIBaJICHTHI HaIlpy>XEHHSI CIIOCTEPIiraloThCs y Ha-
IpiTiii YacTHHI KOHCTPYKIii. MakcuMalibHi HaIpy-
XKEHHSI CIIOCTEePIraloThcsl B 00OJIOHIII OJIM3BKO CTO-
SIHKOBOI OTOpPM BiACiKy yTpuMaHHs. ExBiBasieHTHi
HaIpy>XEHHS Y CTOSTHKOBIil OITOpi BiICiKy yTpUMaH-
HSI HABOJSIThCS Ha puc. 4, 6. SIK BUIHO, MaKCUMaJTb-
Hi eKBiBaJICHTHI HaIlpYy>XEHHSI CIIOCTEpiraloThbCsl y
MiClIi CTUKYBaHHSI CTOSTHKOBOI OTTIOpU 3 000JIOHKOIO
BiCiKy yTpUMaHHSI.

PesynbraTi po3paxyHKiB €KBiBaJIECHTHUX HaIpy-
JKEeHb MpuBeAeHOo Yy Tab. 4. TyT 115 pisHUX TiJISTHOK
Jerajeit Biiciky yrpuMaHHS IPUBEIEHO TeMIlepaTy-

7



M. O. Jleemsapwos, /I. B. Aximos, O. C. binoyc, K. B. Aépamos

1<Y

a

o, MIla

©KB?

Gers MITa

564.4
529.1

4939
= 458.6

[ 423.4
388.1
352.9
317.6
282.4
247.1
211.9
176.6
141.4
106.1
70.89
35.64
0.385

Puc. 4. Po3noziinn €eKBiBaJIEHTHUX HANPYXEHb G, .. @ — Y BIICIKY yTPUMaHHsI, 0 — Y CTOSIHKOBI# OMOPi Bi/ICIKY yTpUMaHHsI

pu T, HalOUIbIII €KBIBaJIEHTHI HANIPYXXEHHS G, TA
MeKa MII[HOCTI G, JUIsl JTaHUX 3HAYEHb TEMIIEPATyp.
OT1xe, € 00J1aCTi KOHCTPYKIIii, B SIKUX
Oy < Oexps
1110 BiIMOBiga€ pyMHYyBaHHIO KOHCTPYKIIil. Y mpen-
CTaBJICHOMY BUIJISIAI BiICIK YTpPMMaHHSI HE MOXe
BUKOPUCTOBYBaTHCS JeKiabka pasiB. s Garato-
Pa30BOro BUKOPUCTAHHS BifICIKYy yTpUMaHHSI 1Oro
MOTPiOHO TEPEeNnpoeKTYBaTU. binbill TOro, sik BU-
TUIMBAE 3 MPOBEJCHOIO PO3PAXYHKY, YaCTUHA BifCi-
Ky YTpMMaHHs nepedyBae B 00J1acTi MIaCTUYHOCTI.
Tomy nipu mpoBeneHHI MOAANIBIINX YTOYHIOBATbHUX
pO3paxyHKiB OydyTh BpaXxOBYyBaTHUCS IIJIACTUYHI Je-

(opmariii.

BIUCHOBKH

TemnepaTypHi HanpyXeHHsI B OMOPHiii CTilLi BiAcCi-
Ky YTpUMaHHS OJIM3bKi 0 MEXi TUMYACOBOTO OIMO-
py Martepiaiy i B A€SIKUX JIOKATbHUX MICIISIX HE3HA-

YHO MEPEeBUILYIOTH 1i 3HAaYEeHHSI. AHaJi3 BEJIWYMH i
XapakTepy pO3MOIiTy TeMIlepaTypHUX HampyKeHb
B 000JIOHKAX i IIIMAHIroyTax BifCIKy YTpUMaHHS M0~
Ka3sye, 110 MaKCUMaJIbHi HallpyKeHHS peali3yloTh-
Csl B paiioHi 3BapHUX IIBIB, 110 3 €IHYIOTb CETMEHT
000JIOHKU 3 OITOPHOIO CTiliKO0. 3 OIJIsIly Ha 3HAaUHe
MepeBUILIEHHST MeXi TUMYaCOBOTO OMOPY PO3paxyH-
KOBUMM TeMIIepaTypHUMU HaIpy>KEHHSIMU MOXHa
3pOOUTH MOMEepPeaHiii BUCHOBOK MPO BUHUKHEHHS
3HaYHUX Jecopmalliii B LUX 30HAX, MOPYLICHHS
npale3IaTHOCTI 3BapHUX 3’€IHaHb i, B LIUJIOMY, —
KOpIyca BiICiKy yTpUMaHHSI.

JJ1s1 yTOYHEeHOTrO po3paxyHKY BiICIKy YTpUMAaHHS
HEOOXiMHMM € ypaxyBaHHs IJIaCTUYHUX Aedopma-
i, Jlast 6araTopazoBOro BUKOPUCTAHHS BiJCiKy
yTpUMaHHs iioro Tpeba repenpoeKkTyBaTH.

Ile docaidncenns uacmkoeo ¢hinancysanroca Ha-
YIOHANbHUM OHOOM OdocaidnceHs Ykpainu (epanm
2020.02/128).
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THERMAL STRENGTH OF RETENTION COMPARTMENT INTERACTING WITH EXHAUST GAS

The thermal strength of the retention compartment is calculated to analyze the possibility of multiple use for a rocket start.
The transient heat field of the retention compartment, which is induced by the interaction of the exhaust gas with the retention
compartment, is analyzed. The part of the retention compartment undergoes significant heat action with a high-temperature
gradient when the rocket is started. This heat action essentially changes in time. This leads to the generation of significant tran-
sient stress fields. The aim of the present paper is the calculation of the maximal values of stresses induced by the heat field. We
analyze the stress state induced by the steady-state heat field. This field corresponds to the transient heat field at the time when
the maximal temperature gradient is observed. The upper bound of stresses in the retention compartment is obtained by the
suggested method.

Keywords: retention compartment, retention compartment, heat field, thermal strength.
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POBOTO3JATHICTD PYKABIB CTUKYBAHHA CUCTEMU
TEPMOCTATYBAHHS KOCMIYHOI PAKETU (IIUKJIOH-4»
B EKCTPEMAJ/IbHUX YMOBAX

Ananizyemocs pobomozdamuicms 8 eKCmMpeManbHux yMo8ax eKcnayamayii npuHuUn08o HO8UX munie i Oiavil NPOCMUX 34 KOH-
CMPYKUYIEIo 8i0 HAAGHUX NPUCMPOI8 CIMUKYBAHHA CUCMEMU MePMOCMAMY8AHH:, W0 BUKOPUCMAHI 048 KOCMI4HO20 pAKeMH020
xomnaekcy «Lluxaon-4». Pobomozdammuicms 6xazanux npucmpois 0ocsaeacmucs 3a80aKU KOMNAEKCHOMY GUKOPUCMAHHIO YHIKANb-
HUX 81ACMUBOCIEL 2yMU K KOHCMPYKUYIUHO20 8UCOK0CAACMUMHO20 Mamepiany 015 6U20MOoBAeHHs 20(hPOBAHUX PYKABI8 OpUCIHANb-
HOI KOoHCMpYKUiT 6 KoMOIHayii 3 Memanegum mexauizmom hixcayii-po3giKcayii 01 HcopcmKo2o 3aKpinieHHs ix Ha 20pA08UHAX
pakemu. [loxazano, uio y 6y0b-aKux HeWmMamHux yMosax npucmpoi CmuKy8ants 3 2ymoeum pyKaeom 3abe3neuyroms Haoiliny eep-
Memu4Hicmb pyKaeie no 20pAoeuHi pakemu ma aeeke 6i0 Hei 8i0’€OHaHHS 3 MIHIMAABHUM CUA0BUM BNAUBOM HA PAKemy npu cmapmi.
3 inwoeo 60Ky, 60HU daromb Jcopcmke 3’ €OHAHHS 3 MPYOONPOBOOOM HA3eMHOI YACMUHU CUCeMU MePMOCMAamy8ants ma 3abe3ne-
Yyrme eepmemudricms i Qikcayiro Ha Hbomy pyKasa nicas cmapmy pakemu. 3a605KU 8UKOPUCIAHHIO KOMOIHAUIT KOHCMPYKmMOp-
CbKUX [ MEeXHON02IMHUX PIUleHb 3 BUKOPUCHAHHAM 8AACMUBOCHEl Mamepianie pizHoi npupoou cmeopeHo NPUHUUNO0B0 HOBL npUcmpol
CMuUKysanisi, wjo 3abe3neuyoms Haodiiny pobomozodamuicms npu nid2omosyi 0o nycky ma iio2o 30ilicHeHHi @ eKCmpPemManbHux yMo-
6ax. Po3pobneno Hogy memodon0eito npoeKmMy8ants NPUCMPOie CMUKYBAHHS CUCMeMU MePMOCMAMY8aHHs KOCMIYHO2O PaAKeMmH020
xomnaexcy «Lluxnon-4». Jlns 3anobieanns nepeguujerts pobo4oeo MUcKy 8 Ha3eMHill YacCmuHi cucmemu mepmocmamy8ants, uo
npu3eo0uUms 00 eKCmpemansHux yMoe eKcnayamayii, mexauizm @ikcauii-po3gikcauii cnpoeKmosano makum 4UuHoM, uo 6 pobo-
YOMY CMAHi NPUMUCHEHHS CIIHKU YUiNbHI08ANbHOT YaCMUHU PYKA8a npu 3adanii depopmauii 3a6e3neuyemocs 8i0nogioHuil cma-
OiAbHUIL 3a30D MINC 308HIUWHIM 0iaMemMPOM BUCMYNY 20PAOSUHU PaAKemu i 11020 GHYMPIWHIM diamempom 6aHOaxica 0as MOJNCAUBOCMI
CRPAUIOBAHHS YUWINBHIOBANBHOI YACMUHU PYKABA 1K 3aN00iNCHO0 Kaanana. B makomy eunadky ywineHwosarbha wacmuna pykasa,
PO3MACYIOHUCH | BMEHULYIOHUCH NO MOGUIUHI, BUMsICHeMbCsL Hepe3 8KA3aHULl 3a30p i 3abe3neuums 6i0’cOHanHs pyKasa 8io opaosutu
pakemu y npoueci ii cmapmy a6o iioeo @iOMiHi.

Y eunadky necnpaurosanns uexu mexamizmy ixcayii-po3gixcayii KoHcmpyKyis npucmpor CmuKyeamHs mpyoonpogody 3a-
be3neuums eapanmosame b6ezasapiiine 8i0°’€OHAHHA PYKABI6 3 MIHIMAALHUM CUA0BUM BNAUBOM SK HA paKemy, MaK i Ha HA3eMHY
uacmuny cucmemu mepmocmamyeanus. Sk i y eunadky nepeguujeHHs Kpumu4Ho20 MUcKy 6 CUCIeMi, YUiNbHI08AAbHA YACMUHA
DPYKaga 3a805Ku 0Cb080MY PO3MALYBAHHIO CNPAYIOE SIK 3aN00IdNCHUL KAanaH. YuineHi08a1bHa YacCMUHa pyKasa, aKa 6 30Hi KaHasKu
nio mexanizm Qixcauii-po3gixcayii mae MeHwUll nonepeuHull nepepiz, NPu po3msaeyeanHi 6yoe 3MeHULY8amu 80 MOBUUHY i 8U-
mseHembCs Yepes 3a30p Midc 308HIUHIM JiamMempom 8UCMYNY e0pA0BUHU paKemu | 6HymMpiuHimM diamempom 6aHOa ca MexaHizmy
ixcauii-posghixcayii, wo niomeepodyiceHo excnepumeHmanbHuMu 00CAIONCeHHAMU HA CReUianbHOMY cmeHdi 043 8unpo0y8ams, Ha-

HutyBanHs: Xopoabcebkuii M. C., biryn C. O. PoboTo3naTHICTh pyKaBiB CTUKYBaHHSI CUCTEMU TEPMOCTATyBaHHSI KOCMid-
Hoi pakeTy «{ukioH-4» B eKcTpeMalibHUX yMoBax. Kocmiuna nayka i mexnonoeis. 2021. 27, No 4 (131). C. 11—20. https://doi.
org/10.15407/knit2021.04.011
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bauxncenux 0o ymog excnayamauii. [lpu yvomy 3ycunis 6id’eOnanms pykasa 8io eopaoguHu pakemu Ha NOPs00K HUNCHI, Hidic pyiHie-

He 3YCUNNs PYKABA 8 0Cb0BOMY HANPSMKY NPU PO3MSACYBAHHI.

Karouosi caosa: excmpemanvui ymosu excnayamauii, cucmema mepmocmamy8ants, eepMemutHicime, eyMOSUll PyKaeg, YUjinbHIO-
84/1bHA 3HIMHA YACMUHA, HE3HIMHA YACMUHKA, 3an00idcHUll KAanaH, degopmayis, mexanism gikcayii-posgixcayii.

BCTVYII

s minrotroBku 10 mycky kocmiuHoi paketu (KP)
i 3a0e3ne4YeHHs] BAKOHAHHSI HEI0 MOCTAaBJIEHUX 3a-
JJad BUKOPUCTOBYIOThCS Pi3HOMAHITHI CHCTEMM.
Opnielo i3 HuX € cucrema tepmocTtatyBaHHs (CT),
Bil HamiliHOI pOOOTHU SIKOI 3aJIeXXUTh IiATOTOBKA i
BUKOHAHHS YCITIIHOTO 3amycKy. Jlist 3a0e3medyeH-
Hs1 poOOTM BY3JIiB i arperaTiB KOCMiYHOI pakeTu
«IuKI0H-4» B IUTaTHOMY PEXUMIi Y «CyXi BiCiK1»
MOJAEThCSI TEPMOCTATyBalbHE TMOBITPSI HU3BKO-
ro (HagiauikoBoro) Tucky no 20 kIla 3 BuTparamu
Bin 225 no 3850 M3/rox Ta Temmeparypolo Bix 5 10
25 °C. IloBiTps 3amaHuX ITapaMeTpiB IIOJAETHCS Ha-
3emHo10 CT 4yepes npueaHaHi 10 TOPJIOBUH paKeTU
TPYOOIIPOBOAM 3 IONMIOMOTOIO MTPUCTPOIB CTUKYBaH-
Hs (I1C), siKi € KiHLeBoo JaHKoW (iHTepdeiicoM)
PyXy MOBiTpst 10 OOpPTy pakeTu. AHali3 BiIOMUX Y
CBITi TeXHIYHUX pileHsb [1, 3, 6] mokasas, 10 BOHU
y OibIIOCTI BUMNAAKIB CKJIAAHI 3a KOHCTPYKIII€EIO,
nepeBaXkHO OJHOPa30BoOi Nil a0 3 HU3bKOI Ha-
JiiHICTIO pOOOTH i 3HAYUHUM CUJIOBMM BILUIMBOM Ha
pakeTy mpu Big’emHaHHI y mpoueci ctapty. Lle ctu-
MYJIIOBAJIO HAyKOBi JOCHIIKEHHS 3aJisl TOLIYKY
HOBHUX OiIbII e(heKTUBHUX TEXHIYHUX pillleHb, TUM
Oinple, Mo YKpaiHa paHille po3poOKOI0 Ha3eM-
HUX paKeTHUX KOMILJIEKCiB He 3aiimaiach. 3a yJac-
Ti aBTOpiB OYJIM 3aIPOIIOHOBAaHI MPUHILIMIIOBO HOBI
KOHCTPYKIi MpUCTPOiB CTUKYBaHHA [4, 5], B OCHO-
BY SIKMX MOKJIaAEHO KOHCTPYKIIil 3 BAKOPUCTAaHHSIM
TYMOBOro TO(pPOBaHOTO TPUEAMHOTO pPyKapa, IO
3’emHye TpyoorpoBin HazemHoi CT 3 BinmoBimHOIO
TOPJOBUHOIO PAKETH CBOEIO YIILJIbHIOBAILHOIO Yac-
THHOIO 3a JOIIOMOTI0I0 MexaHi3My (ikcaiii-po3gik-
calii, 3a0e3meuyoun KpilJIeHHSI i TepMETUYHICTb.
Ha nymMKy aBTOpiB, BKa3aHi TeXHiUHi pillleHHs Hali-
OiJIbII TIOBHO 3a0e3MevyyloTh BUMOTM 1O POOOTU
MPUCTPOIB CTUKYBAHHS Yy LITATHUX pexKMMax pooo-
TU, OCHOBHUMM 3 SIKHX € 3a0€3IeUeHHs repMeTny-
HOCTI i HamiAHOCTI IpUETHAHHS IO TOPJIOBUHU pa-
KeTU Mil pi3HUMU KyTaMu, MiHiMaJbHUI CUJIOBUIA
BIUIMB Ha OOPT paKeTH y Mpolleci mogadi TepMocTa-
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TYBaJIbHOTO TIOBITPS i aBTOMaTW4HE Bil € THAHHS
npu ii crapTi 3 MiHIMaJabHUM CUJIOBUM BIIJINBOM,
KOMIIEHCAIlisI TEeXHOJOTIYHUX, MOHTaXXHUX i €KC-
IUTyaTalliiHUX BiIXWIEHb TOIIO.

ITOCTAHOBKA 3AJIAYI

MeTo10 gaHoi poOOTU € AOCTIMKEeHHS 3a0e3IeYeH-
HSl HaJiliHOi pOOOTO3IaTHOCTI CTBOPEHUX HOBUX
tumiB npuctpoiB ctukyBaHHs CT paketn «Lluk-
JIOH-4» B eKCTpeMallbHMX YMOBaX eKcCILTyaTallii
11010 BUKOHAHHS MpPe’ IBJISHUX BUMOT, OCOOJIUBO
3a0e3IeUYeHHsI TepMETUYHOCTI i YTpUMaHHSI T'yMO-
BOr0 pyKaBa y MICLISIX PUEAHAHHS, rapaHTOBAHO-
ro Bim’€aHAHHS Bil TOPJIOBMHM KOCMIiUHOI paKeTU
rnepej cTapToM abo y MpoLEeCi CTapTy Y Oylb-sSIKUX
yMOBax, HaBiTb Npu 3aBullieHHi TUcKy B CT abo 3a-
KJIMHIOBaHHI YeK1 MeXaHi3My ¢ikcallii-posdikcartii
(MODP).

OB’€EKTI JOCHIIXKEHHA

OO0’eKTamMu JOCJIIKEHHSI € TIPUCTPOI CTUKYBAHHSI,
110 MIiCTSTh ILICTh TUIIOPO3MipiB T'YMOBHUX PyKaBiB,
HaBeJeHUX Yy TabJuIli Ta Moka3zaHuX Ha puc. 1, 1110
y CKJadi yIIUIbHIOBAILHUX MPUCTPOIB TMPUENHY-
IOThCS 10 BigOBigHUX ropyioBuH BincikiB KP «Iu-
KJI0H-4», Ta TpydonpoBoiB HazeMHoi CT.

AK BUIHO 3 TaOMWIli, pyKaBU MalOTh JBa TUIIO-
po3Mipu 3 giamerpamu 150 i 220 MM, 11O 3a/IEXXUTh
Bim 00’eMy «cyxoro Biaciky». Ilpu 11boMy pykaBu
000X IiaMeTpiB MarOTh Pi3HY JOBXMHY, ajie OAHAKO-
Bi KOHCTPYKTUBHI YaCTUHU JJIS1 HAMIHOTO (PYHKIIi-
onyBaHHs [1C, a came: yiIiJIbHIOBaJIbHY, TO()pOBaHY
KOMMEHCYBaJbHY i LUWJIHAPUUHY MPUETHYBAbHY.
[1pu crapti pakeTu Bia’€aIHaHHSI Ma€ OyTU TiJIbKU
110 YILITbHIOBATBHIN YaCTUHI pyKaBa.

KoxHuit pykaB / 3 0qHOro 00Ky YIIiJTbHIOBA/Ib-
HOIO0 YaCTMHOW 2 TIPUENHYETHCS /10 TOPJOBUHU
pakeTu 3, a 3 iHIIOTO — LWJIIHAPUYHOIO IIPUETHY-
BaJIbHOIO YaCTUHOIO 4 — 10 TPyOOIpOBOAY S HA3eM-
Hoi CT i 3aKkpiIuTIoeEThCS ABOMA XOoMyTaMu 6. Mix
BKa3aHMMHU YacTHHAMM po3TallloBaHa rodpoBaHa
yacTHUHa, sika 3a0e3Ieuy€e MOXJIIMBICTb TPUETHAHHS
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pyKaBa /10 TOPJOBUHU pakeTu Mill pi3HUMU KyTa-
MU 0e3 3MEHIIEHHs TUIOIII MONepevyHoro nepepiszy
Ta TaciHHS KOJWBaHb MpPU MOAadi y «CyXi BIACIKM»
TepMocCTaTyBajJibHOro mMoBiTps. Ha 30BHilIHEOMY
JiaMeTpi yIIiUIbHIOBAaIbHOI YAaCTMHU BMKOHAHO Ka-
HaBKYy & JUISI pO3MIllleHHS i LIEHTPYBaHHSI B Hill Me-
XaHi3my (ikcaiii-po3dikcalliii, 3araTbHUA BUI SIKO-
ro rMokazaHuii Ha puc. 2. 3a iOro 10MOMOTrOI0 PyKaB
MPUTUCKYEThCS 10 TopsioBuHU KP 3 BinnmosigHoMO
panmianbHOIO AedopMalli€lo CTIHKM pyKaBa, TUM Ca-
MUM 3a0€e3Ieuyodyn HaailiHy repMeTHU3aLlilo YIIiIb-
HIOBaJIbHOI YACTUHU, JOCTATHE 3YCUJLJISI yTPUMaHHS
pyKaBa Ha TrOpJIOBMHI y TIpolieci rmomayi TepMocTa-
TYyBaJIbHOTO MOBITPs i Bifi’€MHAHHS BiJl HE1 B Ipolie-
ci craprty abo BinmiHi mmycky. Ilpu ycTaHoBLi pykaBa
YIIiJIbHIOBaJIbHA YaCTUHA 3 HE3HAYHUM HATSITOM I10
BHYTPILIHLOMY JiaMeTpy BCTAaHOBJIIOETLCS Ha rop-
JIOBUHY pakeTu 3 LIEHTPYBAHHSIM 110 30BHILIHLOMY
JliaMeTpy BUCTYITY TOPJIOBUHMU, a IO 11 30BHIIIIHBO-
My AiaMeTpy B KaHaBKY BCTAHOBIIOEThCS OaHAaX /
M®P, 10 sgKoro yepe3 CTOIOPHUI MeXaHi3M IpU-
€JHYETbCA TPOC 2 3 YEKOIo [JI1 aBTOMAaTUYHOIO
Bim’e€aHAHHS i IPUTUCKYETHCS (pikcaTopom 3.
Bennuuna pagianbHoi gecopmaliii CTIHKY pyKaBa
METOJOM MIPUTUCHEHHST OaHgaxkeM M PP o BucTy-
My TOPJIOBMHU pakeTy B JaHOMY BMIIAJKY Bifirpae
BaXJIMBY POJib, siKa Oy/ie oKa3aHa HUXYe.

EKCITEPUMEHTAJIbHA YACTUHA

Mg nipoBeaeHHs nociimkedb nopeninku [1C CT
MpU pi3HUX YMOBaX eKCILIyaTallil 0yJ10 CIpOEKTOBA-
HO CTeHJI, TPUHLIUIIOBY CXeMY SKOro MoKa3aHo Ha
puc. 3. Ha miomanui / creHaa, BCTAaHOBJICHOTO Ha
oIopax 2, 3aKpilIeHO 3HIMHY ITaHeJb 3 3 TOPJIOBU-
HO10 4 1181 iMiTallii HaTypHOI TOPJOBUHU PAKETH, 10
SIKOI TPUENHYETHCS YIIUTbHIOBAILHOIO YaCTUHOIO 5
Ta MMPUTHUCKYETHCS MeXaHi3MoM (ikcalii-po3dikca-
wii 6 BUnIpoOyBaHMii pykaB 7. MexaHi3M (ikcallii-
posdikcallii 6 3’emIHAHUIT TPOCUKOM & 3 XOMyTaMU
9, 110 3aKpIIUII0I0Th PyKaB Ha Hacaaui /0 naHeni 3i
mryuepoMm /1, 10 SIKOI MPUETHYETHCS ILLIAHT BU-
MpoOyBaJIbHOTO KOMIIpecopa (Ha PUCYHKY HE TO-
Ka3aHo), 1110 iMiTye KOMIIpecop Ha3eMHO1 YaCTUHU
CT. Ins imitanii 3ycviuist Big’ € fHAHHS BiJ TOPJIOBU-
HU pakeTu 4 mia pi3HUMU KyTaMu pyKaBa 7 IIECTU
TUITIOPO3MipiB A0 naHesi /7 yepe3 00K /2 TIpuen-
HyBaBcsl Tpoc I3 Ha muiaTgopMmy [4, Ha SKy BCTa-
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Puc. 1. Cxema npuCTpOIO CTUKYBaHHS CUCTEMU TEPMOCTATY-
BaHHs: | — TyMOBMI pyKaB, 2 — VILIiJIbHIOBaJbHA YaCTUHA
pykaBa, 3 — TropJIoBUHa pakeT, 4 — UWIIHAPUYHA MPU-
€IHyBaJIbHa YacTMHa pyKaBa, 5 — TpyOOIIPOBiI CHCTEMU
TEPMOCTATyBaHHS, 6 — XOMYTH JIJISI JKOPCTKOTO KPIiTUIEHHST
pykaBa, 7 — rocpoBaHa KOMIICHCYBaJIbHA YaCTHHA PyKaBa,
& — KaHaBKa B pyKaBi JJIs LIGHTPYBaHHS MexaHi3My (ikca-
mii-posgikcariii, 9 — mexaHi3Mm dikcaltii-po3dikcarii

Puc. 2. 3aranpHuii Bua MexaHi3my dikcaiii-po3dikcarrii:
1 — 6annmax, 2 — tpoc, 3 — dikcaTop

T'aGapuTHi po3mipu pyKaBiB MPUCTPOIB CTUKYBAHHS

HaiimeHyBaHHS pykaBa D, Mmm L, mm
1. PykaB XB1 150 495
2. Pykas [1B1 150 475
3. Pykas XB2 150 460
4. Pykas [1xB2 220 700
5. PykaB MCB 150 410
6. PykaB I'b 220 720
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[Tonava TvcKy Bifg

KOMIIpecopa Hamnpsimok pyxy crona
3 4 5678 10 11
2 7 9 2
13
! [TincraBka ! 14
+* +* * * *
[+ + m
+* +* - - -
1 16 15

Puc. 3. l[lpuHuumnosa cxema cTeHIa IJisl iMiTyBaHHSI yMOB
eKcrutyaTallii: / — rutoiianka, 2 — ornopu, 3 — rnaHesb, 4 —
TOPJIOBMHA, 5 — YIIUIbHIOBAJIbHA YaCTWHA pyKaBa, 6 — Me-
XaHi3M ¢ikcauii-posdikcanii, 7 — BUTIpOOyBaHUI TYMOBUIA
pykaB, & — Tpocuk; 9 — TexHoJoriuHi XoMyTH, /0 — Hacan-
Ka, /1 — maHens 3i wryuepom, /2 — OJI0K 11 KaHarty, 13 —
KaHat, /4 — BaHTaxHa mjaatdopma, /5 — HepyXOMUid CTii,
16 — pyxomuii cTin

HOBJIIOBAJIMCS Baru BignosigHoi Mmacu. biok 72 mg
Tpoca 3aKpiluIeHO Ha HEpyxoMoMy cToui 15, Bce-
peIMHi IKOro 3 MiHiMaJIbHUM KOeilliEHTOM TepTs
BCTaHOBJIEHO pyxoMMii cTil /6 3 maHemno /7. Ha
BKa3aHOMY CTEHi OKPiM 3yCWJUISI Bil € IHAHHS py-
KaBiB (B JaHili CTaTTi pe3y/IbraTy He IIPUBOISTHLCS),
BU3Hayajgach poOOTO3JATHICTb pyKaBiB B €KCTpe-
MaJIbHMX YMOBaXx, 30Kpema 3a0e3Ie4eHHsT HadiiiHO1
TEPMETUYHOCTI Ta YTPUMAaHHI y MiCIISIX IPUETHAH-
HSI TIpU pOOOYOMY THUCKY i MPU MOro NnepeBUILEH-
Hi y BUMNAJIKy BiIMOBHM POOOTO3JATHOCTI 3aImo0ixk-
Horo kJjanaHa y Tpyoornposoai CT, rapaHToBaHOIO
BilI’e€qHAHHS pyKaBa Bil TOPJIOBUHU CaMe I10 H0ro
VIILIbHIOBAJIBbHIN YaCTUHI Ta 3aKJIMHIOBAHHS YEKU
y MOP.

BigoMo, 110 mig 3a0e3neyeHHs HailiHOI TpUBa-
JIOl TepMeTH3allil CTaHAAPTHOTO YIIIIbHIOBAJIBHOTO
MPUCTPOIO 3 BUKOPUCTAHHSM T'YMU K KOHCTPYK-
HiiiHoro Marepiaiy [7] Ha rpaHuLi MeTal — TymMa
MOTPiOHO CTBOPUTHU BiAMNOBiIHI KOHTAKTHI HaIpy-
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JKEeHHSI, 1100 MePEeKPUTU MOXJIMBI IIIIMHA MiX I10-
BEPXHSIMU METaJly i TyMHU, sIKa € BUCOKOEIACTUIHUM
KOHCTPYKIIMHUM MartepiaioM. Bkazanoro mepe-
KPUTTS MOXHa JOCSITHYTU ABOMA LIJISIXaMU: 3MEH-
LIEHHSM IIOPCTKOCTI KOHTAKTHUX MOBEPXOHb 1 Bifl-
MOBiTHOIO 3a7aHOI0 BEJIMYMHOIO nedopMallii TyMu y
MICLISIX IPUETHAHHS.

Cnin 3a3nauutu, mo y I1C paketu rymoBuii py-
KaB Ma€ JBa Micls MPUETHAHHS: 3 OAHOIO OOKY
VIIiIbHIOBAJbHOK YaCTUHOIO BiH MPUENHYETHCS 10
TOPJOBUHU PaKeTH, SIKE € PO3HIMHUM TIPU CTapTi
pakeTy abo TpU BiAMiHI MyCKy, a 3 IHIIOTO — BiH
MPUENHYETHCS 10 TPYOOIIPOBOAY HA3eMHOI YacTU-
Hu CT, sike € He po3HIMHUM. 3 000X OOKiB pyKaB
MOBMHEH 3a0e3IeuyBaTi HadiliHy TepMEeTUYHICTh Ta
YTPUMaHHS B MiCLSIX MPUEAHAHHS Y MPOLIECi eKc-
mwiyatanii. Hanmpukian, B pa3i mopuBy BiTpy a0o
iHIIMX TIPUPOAHUX 30ypeHb T'YMOBi PyKaBU /10 MyC-
Ky pakeTVW MOBUHHI HaHiAHO YyTPUMYBATUCS Y MiC-
LISIX IPUETHAHHS, a TIPU MYCKY paKeTU BiAdiIUTUCS
caMe I10 TOPJIOBMHI pakeTW 3 MiHiMaJIbHO HOITyC-
TUMUM CWJIOBMM BIUIMBOM Ha pakety. [Hakiie cra-
HEThCsl HelITaTHA CUTYallisd 3 HernependauyyBaHUMU
Haciigkamu. Ile 3Mycuno rmpoBecTH BiANOBioHI HO-
CIIIKEHHS YMOB Bil’€IHAHHS pyKaBiB y KPUTUIHUX
pexxumax, To0To B eKCTpeMalIbHUX YMOBaX.

Ha nmepmromy ertami mociigkeHb Ha BKa3aHOMY
creHni (puc. 3) 3 iMiTyBaHHSIM yMOB eKCIUTyaTallii
PYKaBU y MicClUgX MPUENHAHHS MPUTUCKAIUCH A0
METaJIEBUX YAaCTUH 3 OJHAKOBOIO PO3PaxyHKOBOIO
nedopmalli€ro 3 ypaxyBaHHSIM IIOJIiB JOIYCKiB. Aje
y IpoLEeCi JOCTIMKEeHb 3’ SICyBaloCs, 110 IIPpH Mepe-
BUILNEHHI TUCKY B CHUCTEMi HesKi pyKaBW Bilmijis-
JINCSI HE MO TOPJIOBMHI pakeTH, a Mo LHUJIiHIApUIHIi
ioro yactuHi. Ha nymKy aBTOpiB, 1Ie¢ TIOB’SI3aHO 3
HEIOCTaTHIM 3yCWLISIM YTPMMaHHS pyKaBa Ha 1 oro
LWIHAPUYHIN YacTUHI 1 30iAbLICHUM 3YyCUJIISIM
Ha YUIUTBHIOBAJIBHINM YacTHMHI yepe3 HasgBHICTh Ha
i BHYTpIlIHIA NOBEPXHi LEHTPYBAJIBHOIO i (ikcy-
BaJIbHOTO BUCTYILY. Lle 3Mycnio 30UIbIINATY IIUPUHY
MepPeKPUTTS HWITHAPUYHOI YaCTUHU TYMOBOTO PYy-
KaBa 3 MeTaJleBUM TPYOOIIPOBOJOM Ta BCTAaHOBUTHU
nBa XoMyTH (puc. 1) 3 OiLIBIIOI0 BETMYMHOIO pajli-
aJibHOI Tedopmalliii 3 ypaxyBaHHSIM pejlaKkcalliiiHuX
MPOLIECiB A5 30iMbIIEHHS 3YCUJIIS 3HSITTS LMIiH-
JNPUYHOI YaCTMHU pyKaBa 3 TpPyOOIIpPOBOIY Ha3eMHO1
CT, cTBOpIoI0YM KOMGOPTHI YMOBU UIsI rapaHTOBa-
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Horo BigmineHHs I1C came mo TopJoBHHI pakeTH.
Lle nocsiraeTbcst TUM, 1110 MOBEPXHSI YIIiIbHIOBAb-
HOI YaCTMHU pyKaBa y LIEHTPYBaJbHili KaHaBIli Ha
MepioJ TepMOCTaTyBaHHS BiJICiKiB paKeTH MPUTHUC-
KyeTbes 6annaxkeM M®PP, akuii B 1aHOMY BUTIAAKY
€ MPUCTPOEM THUMYACOBOI Jil. A TOMY peakcalliii-
Hi mpoliecu (30KpeMa pejlaKcallisl HaIllpy>KeHHsI) 3a
KOPOTKMI T€PMiH TEPMOCTAaTyBaHHSI HE BCTUTAIOTh
MPOSIBUTUCS.

3 iHmoro OOKy pyKaB LWJIIHAPWYHOIO HE3HIM-
HOIO YaCTMHOIO 3aKPiITIOEThCSI Ha TPyOOIPOBOMIi
HazeMHoi yactTuHu CT i3 3a6e3neyeHHsIM OiTbIIOro
cTyneHs aegopMallii 1BoMa XOMyTaMU XOPCTKOIO
KpIIUIEHHSI sIK ISl 3a0e3MeYeHHs] TepMEeTUYHOCTI,
TaK i IJIs1 yTpMMaHHS pyKaBa Ha TPyOOIIpOBOII IIpU
eKCTpeMaJIbHMX YMOBaX eKcrulyaTallii, ToOTo Tpu
3aKJIMHIOBaHHI YeK! i HectipairioBanHi M®OP.

Ha puc. 4 HaBeneHO cxeMy B3a€EMOJii YIIIJIbHIO-
BaJIbHO1 YacTUHU pyKaBa 3 MOP.

IIlo MeHIIa IIOPCTKICTh MOBEPXHi, TO MEHIII
3YCUJLJISI TIOTPIOHI 17151 3a0e3IeUYeHHsI TaKoTo Iepe-
KpUTTS. OCKUIBKY IIPU MOHTaXi BaKKO BU3HAUUTHU
KOHTAaKTHi HalIpy>kK€HHSsI, @ BOHU 3aJIeXKaTh BiJl BeJIU-
YUHU 3yCUJLISI IPUTUCHEHHS TYMM J10 MeTally, TO iX
MOXHa i JOIIJIbHO CTBOPUTH, 3a0€3IeUMBIIH BiMO-
BiJIHY MOCTiiiHY nehopMallito CTUCHEHHSI CTiHKM TI'y-
MOBOTO pyKaBa, sika po3paxoBYEThCS 3a (pOPMYII0I0

s:—mhlts-wo%, (1)
ne h, — TOBIIMHA HeNe(POPMOBAHOI CTIHKU YLIiIb-
HIOBAJIbHOI YAaCTMHM pyKaBa B KaHaBlli I pO3-
tamryBaHHs M®P Han BUCTYIIOM TOPJIOBUHU, & —
TOBIIMHA Je(OPMOBAHOI CTIHKM YIIJIBHIOBAJILHOL
YaCTUHU pyKaBa B KaHaBli M®P Ham BHCTyIIOM
TOPJIOBUHU, SIKa JOPIiBHIOE 3a30PY MiX 30BHIILIHIM
JliaMETPOM TOPJIOBMHU PAKETHU i BHYTPIIIHIM mdia-
MeTpoM OGaHaaxxy M®P B 3ahikcoBaHOMY CTaHi.

Ak BugHoO 3 puc. 4,

h,=(D,—D)/2, )

6= (D, —D,)/2, 3)
e DK — AiaMeTp KaHaBKU YILiIbHIOBAJIbHOI YaCTU-
HU pykaBsa 10 nedopmaitii MOP, D, — 30BHiLIHIi
JiaMeTp BUCTYIy TOPJIOBMHU pakeTu, D, — BHYT-
piHii niametp M®P 1o 3a6e3reueHHs paaiaTbHOI
JIedopmallil yUIiIbHIOBAJbHOI YaCTUHM pyKaBa Hal
BUCTYIIOM TOPJIOBUHHU (B He3a(hiKCOBAHOMY CTaHi),
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Puc. 4. Cxema B3aemoii ylIiTbHIOBATbHOI YaCTUHU pyKaBa 3
MexaHi3MoM (ikcalii-po3dikcalrii: / — 6aHIaX MexaHi3My
dikcauii-po3gdikcaliii, 2 — yiIiJIbHIOBaJbHA YaCTUHA pyKa-
Ba, 3 — ropJioBMHa KOCMiUHOI pakeTu

D, — BHyTpilHiii tiameTp 6annaxy M®P mic 3a-
Oe3IieueHHs pagiajJbHOI HeopMallil YIIiTbHIOBAIb-
HOT YaCTMHM pyKaBa HaJll BUCTYIIOM TOPJOBUHU (B
3ahiKCOBAaHOMY CTaHi).

JlocaigkeHHs moKa3aiu, 1110 TYMOBi pyKaBM BCiX
TUIIOPO3MipiB JIETKO MOHTYIOThCSI Ha TOPJIOBUHY pa-
KEeTHU, MPU LIbOMY HATAT MO BHYTPILIHbOMY JliaMeTpy
JUIsT pyKaBiB giametpom 150 mm ctaHoBuB 2.74 %, a
1Tt pykaBiB 220 MM — 1.85 %.

BpaxoByrouu BIaCTMBOCTI TYMM SIK KOHCTPYK-
LiAHOTrO MaTepiady, B TyMi CIIOCTEpIira€Tbcsl MpU
MOCTIilHI medopmaliii pejlakcaliisi HaIpyKeHHS,
TOOTO 3HMXKEHHSI KOHTAaKTHMX HaIlpy>KeHb, iHTECH-
CHMBHICTh SIKOTO 3MEHIIIYEThCS 3 4YaCOM i HaOImxKa-
€TbCS O PIBHOBAXKHOTO CTaHY Jiviiie yepe3 AesIKuit
Jac, 110 3aJIeXKUTh Bill 0araTbOoX YMHHUKIB: BETM-
yuHU nedopMallii, TpUBAIOCTI 11 1ii, TemMIepaTypu
tomo. Lle o3Havae, M0 MiX 3yCWJIISIM CTUCHEHHS
i BelIMUMHOW0 JedopMallii, 110 BUKJIUKAE Bilmo-
BiHi KOHTaKTHi HampyXXeHHsI, B TyMi BCTaHOBJIIO-
€ThCS piBHOBAra. I sKiio ajs1 MmeTaiy, SKuii Mae aBa
BUIU AedopMallii: IpyKHY i TJIaCTUYHY, BeJIMYMHA
Jedopmaliii BiIIOBIZHO OO IPUKIANEHOTO 3YCHUJI-
Jisl BCTAHOBJIIOETbCSI MPAKTUYHO MUTTEBO (BCTa-
HOBJIEHHSI piBHOBaru) [2], To sl TyMU TOHSITTS
Jedopmaliii IMOTpiOHO PO3YMITH JBOSIKO: OCKIIBKU
e i mpolec, i Beau4yrnHa, 00 ryMa Ma€ TpU BUIM Je-
dopMalii: mpykHY, BUCOKOEIACTUYHY i TUIAaCTUYHY
[8]. I B maHOMy BuUIaaKy IpM TpUBaAJIiil eKCILIyaTa-
wii (o 10 poxkiB i OibllIe) HEpYXOMOro 3’ €THAHHS 3
ypaxyBaHHSIM pejlakcallii Hampy>KeHHs (3HVKeHHS
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KOHTaKTHUX HaMpyXeHb 3 TEPMiHOM 4acy) IPOsIB-
JISIEThCS caMe BHUCOKoenacTuuHa nedopmanis. [Ipu
MOCTIHOMY 3a30pi MixK KOHTAaKTHUMU ITOBEPXHSI-
MM 11 BeJIMUMHA 3 ypaXyBaHHSIM I10JIiB JOMYCKiB Ha
BIIMTOBiTHI pO3Mipy TYMOBOTO BUPOOY i MicCIIsT iOTro
YCTAHOBJICHHST MTOBUHHA cTaHOBUTH 18...45 % mipu
OCBbOBOMY CTHCHEHHi BUpoOy i 16...35 % — npu
paniajbHOMY cTUCHeHHi. IIpu 1bOMY IIIOPCTKICTh
MOBEPXOHb MPUETHAHHS 11 HEPYXOMUX 3’€IHAHD
MOBMHHA CTAaHOBUTH HE MEHIe HiXK R, = 2.5, a
LIOPCTKICTh YIIiITbHIOBAJbHOT MOBEPXHiI I'YMOBOTO
BUpPOOY TIOBUMHHA 3a0e3revyBaTUCsl IOPCTKICTIO
(bopMOyTBOpPIOBAILHUX TIOBEPXOHb Mpec-(hopMH,
sika TIOBUHHA MaTW TBEpAEe XPOMOBE MOKPUTTS 3
wopcTkicTio R, = 0.32, ToBuMHOIO 9...15 MKM U1
HE aKTMBHO-KOpO3iiiHMX TyM Ta 15...30 MKM s
AKTHBHO-KOPO3iMHUX TYM, HaNpUKJIAA IJisd TyM Ha
OCHOBIi (TOpUCTHX Kay4yyKiB. B Hamomy BuUmagky
11 BATOTOBJIEHHS PyKaBiB BUKOPUCTOBYEThCS TyMa
Ha OCHOBi KOMOiHallil XJIOpOonpeHOBOro i OyTaaieH-
HITPUJIBLHOTO KayuyKiB, sIka € JIOCTaTHbO €1acThU4Y-
HOIO Ta He aKTUBHO KOPO3iliHOIO.

VYV npuctposix CTUKYBaHHSI CUCTEMU TepMOCTa-
tyBaHHs1 KP «IlukjoH-4» 3amporioHOBaHO KOH-
CTPYKTOPCBKIi PillIeHHS 3 padiaJlbHUM CTUCHEHHSIM
TOPLIEBUX YAaCTMH TyMOBOro pykasa (puc. 4), sKi
BIIPI3HSIOTHCSA Bill CTAaHOAPTHUX, OCKIJIBKM BOHU
MpU3HAYEeHi JUIS 3a0e3MeYeHHs] Pi3HOMaHITHUX
(byHK11ii, i KOKHE Miclle MPUETHAHHS pyKaBa rnepe-
OyBae B pi3HUX HaMPYyKeHO-I1e(POPMOBaHUX CTaHaX.
Tak, yuiinbHOBaJbHa 3HIMHA YacTMHA pyKaBa Ha
BiZIMiHY BiJl HE3HIMHOI UMIIHAPUYHOI YACTUHU 3a-
Oe3rneuye BUKOHAHHS (PYHKILii JIU1le y repiof mija-
TOTOBKM JI0 MYCKY pakeTH Ta 3a0e3MeUYeHHs MyCKY.
ToOT0, repMeTUUHICTh Ta yTPUMaHHS pyKaBa Ha rop-
JIOBUHI pakeTu 3a0e3MevyrloThcsl JuIle Mpu Trojavi
TEPMOCTAaTHOTO TMOBITPS i BIUIMBI 30BHIIITHIX aTMOC-
(bepHUX YMHHMKIB came B 1Iel TPOMiXKOK Yacy, SKuii
€ TIOPiBHSIHO KOPOTKUM (opieHTOBHO 1...7 1i0). B
JlaHOMY BMMAAKY IIpYU BUZHAUYEHHI AecopMallii mpu-
TUCHEHHS yIIUIbHIOBAJIbHOI 3HIMHOI YaCTMHU pyKa-
Ba HE MOTPiOHO BpaxOByBaTU HASIBHICThb pejlaKcallii
HaIpy>XeHHsI, a TOMY BeJrMuuHa ii gedopmalii, Ha
BiZIMiHY BiJl HMJIIHAPUYHOI YaCTUHU, TIOBUHHA OyTH
MEHILO. K moKa3zajlu A0CTiIXKeHHs, TTpu aecop-
Mallii yIIiIbHIOBaIbHOI yacTUHU B Mexkax 10...20 %,
pospaxoBaHux 3a ¢opmyiaamu (1)—(3), 3abe3mneuy-
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€TbCSl TEPMETUYHICTh, KA OLIHIOBAJIACH MO CIaLy
TUCKY B pyKaBli, i JIETKO IOCSITAaEThCSI HATAT OaHIaXy
dikcaTopoMm i 3a0e3meYeHHs panialbHol aedop-
Mallil CTIHKM pyKaBa i iioro ¢ikcaii yekor. ITpo-
TSITOM TPHOX [Ji0 cTiaj TUCKY JOPiBHIOBAB HYJIIO.

s 3a0e31e4eHHsI pyKaBOM CTUKYBaHHSI 0araTbox
yHKIIi [6] B pi3HUX eJleMeHTaxX 10ro KOHCTPYKIIii y
MpoLeCi eKcIuTyaTallii OMHOYACHO MPOSIBISIETLCS SIK
npy:XHa, Tak i BUcOoKoejaacTuuHa aedopmauis. Ha-
MNpUKIaI, MPU Mojaadi TePMOCTaTyBaJbHOTO MOBITPSI
y Cyxi BiACIKM BMHMKA€ BMCOKOYACTOTHA BiOpallis
pyKaBa, sika MUTTEBO PO3CIIOETHCS i TaCUTbCS y MaTe-
piaji pyKaBa 3aBIsSIKM TiCTEPE3UCHUM BJIACTUBOCTSIM
TYyMU i HASIBHOCTi B KOHCTPYKIIii TPUEAMHOTO pyKaBa
ro()poBaHOi KOMIIEHCATOPHOI YaCTUHU, 1110 MiHiMi-
3y€ CUJIOBUI BIUIMB Ha caMy pakeTy i TpyOOmpoBia
CT nHazeMHOI YacTMHM. Y ITIpOLIECi CTapTy pakeTH i
BiI’emHaHHS pyKaBa Bia 1l rOpJIOBMHM CIIOCTepira-
€ThCS TAKOXX MUTTEBA AehopMallisi TyMU B YIIUIbHIO-
BaJIbHIM Ta To¢poBaHill YaCTUHAX, TEPMiH [ii SKOi
craHoButb 107°...1075 c.

Bomnouac mis 3abe3medeHHsT HamiliHOI repme-
TUYHOCTI LMJIiHAPUYHOI HE3HIMHOI YaCTUHU T'yMO-
BOTO pyKaBa i 3aKpiIllJIeHHSI Ha TPyOOITPOBO/Ii BOHA
MPUTUCKYETbCS JBOMa HE3HIMHUMM XOMYyTaMu
3 ngedopmalli€elo, po3paxoBaHOO 3a (opMyTaMHu,
aHajorivHuMu dopmyiam (1)—(3), sika moBUHHA 3
ypaxyBaHHSIM II0JIiB JOITYyCKiB cTaHOBUTH 18...45 %,
OCKIJIbBKM 3 9acOM B ILIbOMY MiCIli TIpUETHAHHS Y
ryMi Oyne crioctepiraTucsl 3HUXKEHHSI KOHTaKTHUX
HarpyXeHb, TTOB’sI3aHe 3 TeperpymnyBaHHSIM JaHOK
JIaHLI}OTa TIiJ BIUIMBOM TEIJIOBOTO pyXxy. B Takomy
BUIIAJIKy y TYMi MPOLIEC BCTAHOBJIEHHS PiBHOBA-
T'M MOXe TPUBATU MicCSIli i POKM B 3aJIeKHOCTI Bif
TeMIlepaTypH, IiIBUIICHHS SKOI BIUIMBA€E Ha IPU-
CKOpEHHS Tpoliecy pesakcaliii. ToMy Ha He3HIMHil
yIIiIbHIOBaJIbHI yacTuHi ryMoBoro pykana CT, sika
TpUBaJIuii yac nepedyBae B HampyxkeHO-nehopMo-
BaHOMY CTaHi, Oyne crocTepiraTucs 3HayHa pe-
JlaKkcallisi Halpy>XeHHsI, 0OCOOJIMBO Ha MOYaTKOBilt
cTazii, i Ha sIKill CIOCTepira€TbCs HaKOIMWYEHHS
3aJIMIIKOBOI JeopmMallii, BeIMUMHA SIKOI 3aIeXKUTh
BiI TemIiepaTypu, TPUBAJIOCTI MIil 3yCUILISI TIPUTHC-
HeHHs Toio. KpiM Toro, Ginblire 3HayeHHs Aedop-
Mallil Ha HEe3HIMHIill JacTuHi 3a0e3leuye HamiiiHe
BiIOKpEeMJIEHHsI pyKaBa came IO YIIiJIbHIOBaJbHil
YaCTWHI BiJl TOPJJOBUHU paKeTH Tpu cTapTi. B Tako-
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MY BUIAIKy PYKaB 3aBXIW 3JIMIINTBCS Ha TPyOO-
MPOBOJIi HA3eMHOI YaCTUHMU.

SIK i B cTaHAapTHUX YIIIIbHIOBAJIBHUX IIPUCTPO-
SIX, IUIsl 3a0e3IeueHHs HaoiliHOI TePMETUYHOCTI I10-
BEPXHS BUCTYIly TOpJoBMHU paketu D (puc. 4, a)
MOBUHHA MaTHU IIOPCTKIiCTb TMOBEPXHi, aHAJOTiYHY
CTaHIapTHUM, TOOTO HE MEHITY HiX R, = 2.5, a BHY-
TPILITHS MOBEPXHsT OaHIaxa Dg TAKOX MOBMHHA MaTH
1Ky NOoBepxHIO. Lle nae MOXIMBICTD HE JIMILIE 3a-
0e3neynTy HaldiliHy TepMEeTUYHICTb, a i TOJIETIIUTH
Bil’emHAHHsI pyKaBa Bill TOPJIOBUHU PaKeTH.

AHaJIOriYHy IIOPCTKICTh MOBUHHI MaTU ITOBEPXHi
OTBOPY 1 YeKH, 1110 Oyne 3anobiraTu ii 3aKJIMHIOBaH-
HI0 Y (hiKcaTopi CTOMOPHOIO MeXaHi3My.

[Tpu BunpoOyBaHHSIX pyKaBiB Ha BKa3aHOMY CTEH-
Ii (puc. 3) 3 mogayero TepPMOCTaTyBaJTbHOTO MOBITPsI
pob6ouoro ticky no 20 xIla 6e3 iioro BUTpaT i KiM-
HaTHill TeMrepaTypi po3AMyXyBaHHS pyKaBa He CIo-
crepirajioch. IIpucTpiit CTUKYBaHHSI MaB BUIJISII, SIK
IOKa3aHo Ha puc. 1, i BTaKkoMy CTaHi T'yMOBUIA pyKaB,
MalouM TMOTOBLIEHHSI MPpU BepLIMHAX i 3amaarHax
rop ITOPIiBHSHO 3 TOBIIMHOIO CTIHKK Y 1.5 pa3u, sKi
BUKOHYIOTh y ro()pOBaHiil YacTUHi poJib OaHIaXiB,
nepeOyBaB TpuBaauii yac (0JM3bK0 8 rom) 0e3 3MiH,
TOOTO 30iJbILIIEHHS AiaMeTpa pyKaBa MpakKTUYHO He
cnoctepiranocs. IIpu imiTalii eKcTpeMaabHUX YMOB
eKCIUTyaTallii 3 IMiABUIIEHHSIM THUCKY IIOBIiTpsI B TpU
pasu, TooTo 10 0.06 MIla, pykas, BpaxoByloun pe-
Jlakcallito (MoB3yyicTb) TYMU, pO3AMUMAaBCs 3i 30i/1b-
LLIEHHSIM JliaMeTpa B cepeliHiil ropoBaHiii yacTUHI
1o 15.9 %, nabyBaB GoukoIomioHOI (hopMHU, SIK MO-
Ka3aHOo Ha puC. 5, i TOCTYIIOBO PO3TSTYBaBCS MO Haii-
TOHILIM YaCTUHI CTIHKM YIIUTbHIOBAJIbHOI YaCTUHU
pykaBa — B KaHaBuli min 6anmaxkem M®OP (ctaBaB
TOHIIIMM), 11O IMPU3BOAMIO J0 3MEHILIEHHS pajiaib-
HOI nedopmaliii CTiHKA pyKaBa B LIIbOMY MicCIli. A 4e-
pe3 mesKuii 9ac (TTpuoIM3HO 6...8 XB) YITUTEHIOBATb-
Ha YacTWHA IJIJaBHO 3HiMaJsiacsl 3 TOpJIOBMHM PaKeTH,
OITyCKAIOUMCh Ha PYXOMMUIA CTijl, a pyKaB 3aBHCaB Ha
Hacaaui /0 pyxoMoro CToJy.

3MeHIeHHs aeopmMallii Mixk JiaMmeTpaMu TOpJio-
BUHU D i BHYTpillHIM giameTpoM GaHnaxy M®P B
3aikcoBaHOMY CTaHi, Ko D, HaOIMKAETbCA 10
D,, (puc. 4) nae MOXIMBICTb TP E€KCTPEMATbLHUX
yMOBaxX poOOOTU CUCTEMU TepMOCTaTyBaHHS y BU-
MajaKy MEepeBUIIEHHSI TUCKY i 3aKJIMHIOBAHHSI YeKU
MOP yiiinsHIOBaTbHIN YaCTHHI TPHETMHOTO pPyKaBa
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Puc. 5. 3araibHuil BUIJISII T'YMOBOTO pyKaBa IpU €KCTpe-
MaabHOMY THCKY 0.06 MITa

IMiJ] yac CTapTy pakeTu CHpalloBaTH SIK 3ar00iKHUI
KJIaTiaH, 3a0e3MeYMBINM 11 TTPOXOMKEHHS B 3a30pi
MiX BKazaHUMU AgiameTpaMu. Lle minTBepakeHOo eKc-
MEPUMEHTAIBHUMU JTAaHUMU TIPU TUCKY POOOYOTO
cepeloBMILIa, 10 TIEPEBUILYE 3aTaHuil y 3...6 pasiB.

ExcrpeManbHUM BMITaAKOM €KCIUTyaTallii BKa-
3aHOTO TPUCTPOIO TEOPETUYHO TaKOX MOXe OyTh
3aKJIMHIOBAHHS YeKU Y MexaHi3Mi (ikcarlii-po3dik-
catiii pykasa. Toai ipu cTapTi pyXxoM pakeTu, pyxoM
CTPiJIU TPAHCIOPTHO-YCTAHOBJIIOBAJLHOIO arperary
TP 11 BiABO/I, Ha SIKili 3aKpiIJIeHO TPYOOITPOBI pa-
30M 3 TYMOBUM PYKaBOM, a00 IXHIMU OJHOYACHUMU
pyxamu, OCTaHHil ITOYHE PO3TITryBaTUCS 3 BiMOBII-
HUM ITOJOBXEHHSIM i BHYTPILLIHIM HAIIPY>KEHHSIM.

BuHukae nmuTaHHS: YU He 3pYHHYETbCS PYKaB
npu postsaryBaHHi? Toai 3pyliHOBaHa yacTMHA 3a-
JIMIIUTBCSl Ha TOPJIOBUHI pakeTH i KpUIIKa TOpJo-
BUHU HE 3aKPUETHCS, 1110 MOXKE MPU3BECTU 10 HE-
TaTUBHUX HACJIIKIB.

ToBuiHa CcTiHKM pykaBiB ngiamerpoMm 150 Ta
220 MM omHaKoOBa i JOpiBHIOE 4 MM, a B 30HI IIiJI
b6anmaxxeM M®P BoHa ToHma Ha 1 MM. He BuKiIm-
Ka€e CyMHIBY, III0 MIIIHICTh pykKaBa miameTpom 150
MM MEHIIIA BiJ MIITHOCTi pyKaBa giameTpoM 220 MM
MPU OCbOBOMY PO3TSTYBaHHi, a TOMY 3ycusuist P Ha
pPO3pUB TMPU OCHLOBOMY PO3TITYBaHHI MOXe OyTU
po3paxoBaHe 3a KJIACUYHOIO (POPMYJI0I0

P=1G]F, 4)
ne [G] — yMoBHa AOIlyCTMMa MillHICTh BUOpaHOI
TYMH Ha PO3pUB IIPU PO3TSATYBaHHI (B HALlIOMY BU-
naaky [G] = 8.8 MIla npu BimHOCHOMY IMOIOBXEHHI
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IIpU po3puBi He MeHII HixX 250 %), F — 1utomma 1mo-
MepevyHoro rnepepizy ryMOBOTO pyKaBa 3 BHYTpilll-
HiMm niameTpom 150 Mm.

[Ipy 3a3HayeHiil BUIE YMOBHIW JTOMYCTUMIM
MiltHocTi BuGpaHoi rymu (8.8 MIla) i BizHOCHOMY
MMOAOBXEHHI IIPY pO3TATYBaHHi 10 po3puBy (250 %)
KPUTUYHE 3YCWJII MPU PO3PMBI MO HAUTOHLIOMY
Micito rmin 6angaxkeM M PP, po3paxoBaHe 3a (hopMy-
no1o (4), mepeBurmyBatuMe 16.15 kH, i mmo criHi py-
KaBa TOBLIMHOIO 4 MM — 1toHan 21.68 kH, 1o nepe-
BUIIYE KPUTUYHE 3yCUJLTISI PYUHYBaHHS OUTBII, HixK
Ha 34 %. A 1ie 03Hayae, 1110 pyKaB He Oye 3pyitHO-
BaHUM y OyIb-SIKOMY BUIAAKY, 00 TIpU PO3TITYBaH-
Hi, BpaxoBYIOUM HECTUCJICTh I'YMM, I1iJ OaHmaxeM
CTiHKA pyKaBa IIpM PO3TITYBaHHI Oyae 3MEHIIyBa-
THCSI TI0 TOBIIMHI i TIpOIiIe Yepe3 IMOCTIHUI 3a30p
MiX BUCTYIIOM TOPJIOBUHU pakeTh D, i BHYTPillIHiM
niametpoM G6annaxy M®P D, (puc. 4). Sk iy mo-
rnepeIHbOMY BUITAJIKY, TPU JOCSTHEHHI KPUTUYHOTO
TUCKY B CUCTEMi TepMOCTATYBaHHSI YIIIiJIbHIOBaJIbHA
yacTUMHA pyKaBa CIIpalllO€ SK 3all00iKHUMI KiiaraH.
Sx minTBepAMaM eKCIIepUMEHTAaJIbHI AOCTiIKEHHS
Ha cleuiaJbHoMy cTeHai (puc. 3), ripu 3adikcoBa-
HOMY IIOJIOKEHHI Jyeku (iMiTallisi HecIpamoBaHHS
YyeKu), MaKCUMaJibHe 3yCUJIISI Bill’€IHAHHSI CTaHO-
Buio juire 1600 H, To6To Ha MOpsIIOK MEHILE Bif
KPUTUYHOTO 3HAueHHsI. TakuM UYMHOM, MpPU He-
crhpallloBaHHI YeKW pyiHallii pykaBa He BigOyBa-
€ThCS, a TIPY BKa3aHOMY 3YyCUJIJIiI YIIJIbHIOBaJbHA
YacTHMHA pyKaBa, 3MEHIIUBIIUCH MO TOBIIMHI MpU
po3TAryBaHHi, 3a0e3Ne4YnTh IUJIaBHE Bil € THAHHS
pyKaBa Bijl TOPJJOBUHU PAKETH.

TakuM 4yuMHOM, PO3pOOJIEHi MPUHIIMIIOBO HOBIi
koHcTpyKuii [IC CT 3a6e3neuyoTb poOOTO31aT-
HICTh B €KCTpPEeMaJIbHMX YMOBax eKCILUTyaTallii i
BITPOBA/IKEHI Y KOHCTPYKIIil0 KOCMiYHOIO PaKETHO-
ro Komiuiekcy «LIuKiIoH-4».

BICHOBKHN

Ha ocHoBi mpoBeneHuX B poOOTI TEOPETUYHMX 1
eKCMEePUMEHTATbHUX JOCHIIKEHb 3pO0JIEHO Taki
BUCHOBKHU.

1. Po3po0bieHi mpucTpoi CTUKYBaHHS, 110 Mic-
TSITh TYMOBI BUCOKOEIACTUYHI pyKaBu, 3a0e3revy-
[OTh HAAiAHYy TePMETUYHICTh SIK MO YIIUTbHIOBAIb-
Hilil 3HIMHIl YacTWHI, L0 MPUTUCKYETbCS OaHma-
KeM M®P 10 BUCTYITy TOPJIOBUHM PaKeTH TaK i 1O
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HE3HiIMHIll YaCTUHIi, IpUETHAHUX IO TPyOOIIPOBOIY
Ha3eMHOI CUCTeMU TePMOCTATyBaHHSI Ta IPUTUCHY-
THX IBOMa XoMyTamu. [Ipu 1lbOMY YIIUTbHIOBAIbHI
MOBEPXHi TYMOBOTO pyKaBa MOBUHHI BUTOTOBJISITU-
cs1y rmpec-(popMi 3 OPCTKICTIO GOPMOYTBOPIOBAJIb-
HUX TIOBEPXOHDb R, = (.32 3 TBEPAMM XPOMOBHM I10-
KPUTTSM TOBUIMHOIO 9...15 MKM, a poOoui MoBepxHi
MeTaJIeBUX €JIEMEHTIB, 0 SIKUX NPUTHUCKYETHCS Ty-
MOBWI pyKaB, IOBMHHI MaTi HIOPCTKicTh R, = 2.5.
IToBepxHsT BHYTPIlIHBOTO HiameTpa banmgaxa M®P,
SIKUM MPUTHUCKYETHCS YIIiIbHIOBaJIbHA YaCTUHA PY-
KaBa J0 TOPJOBUHM PaKeTH, TAKOX MOBUHHA MaTU
[JIaJKy MMOBEPXHIO 3 INOPCTKICTIO HE MeHIIE R, = 2.5
3 METOIO JIETKOTO BiJUIJIEHHS pyKaBa BiJl TOPJIOBUHU
pakeTu. MiHiManbHa aedopMallisi CTiHKA TYMOBOTO
pyKaBa 10 3HIMHI# YIIUJIbHIOBAJIbHI YaCTUHI MOXe
craHoButH 10...20 %, a Mo HE3HIMHIM YaCTUHI —
18...45 % 3 ypaxyBaHHSIM TIOJIiB JOIMYCKiB 3 METOIO
rapaHTOBAHOTO BiJIIJIEHHSI MPUCTPOIO CTUKYBAHHS
Bill TOPJIOBUHM PaKETU caMe IO YIIiTbHIOBATbHIN
YacTHHI pyKaBa.

2. MexaHi3m ikcailii-po3dikcaliii y podoyomy
CTaHi NMPUTUCHEHHS CTIHKW YUIIbHIOBAJIBbHOI Yac-
TMHM TYMOBOTO pyKaBa IIpM 3afaHiii gedopmairii
3a0e3reuye BiIMOBIAHUI CTAOIBHUY 3a30P MiX 30-
BHIllIHIM JiaMeTpOM BUCTYMY TOPJOBUHM PaAKETH i
BHYTPIILLIHIM AiamMeTpoM OaHmaxa ST MOXJIMBOCTI
CMpalllOBaHHS VIIJIbHIOBAIbHOI YaCTMHU pyKaBa
SIK 3aM00iXKHOTO KJ1araHa B eKCTpeMaJlbHUX YMOBax
eKcIuIyarallii, ToOTo mpy NepeBUILIEHHI JOITYyCTUMO-
ro poOOYOro TUCKY, i TapaHTOBAHOTO Bid €IHAHHS
pyKaBa BiJ TOpJIOBUHM paKeTH IIi[l 4yac cTtapTy abo
IIPY BiIMiHi ITYCKY.

3. B pasi HecripamroBanfst yeku M®P KoHCTpyK-
LIisT TIPUCTPOIO CTUKYBaHHS TpybompoBoay CT 3a-
0e3nevyuTh rapaHTOBaHe Oe3aBapiiliHe Bif’€THAHHS
pykaBiB CT 3 MiHiMaJIbLHUM CUJIOBUM BIUIMBOM SIK
Ha pakeTy, Tak i Ha HazeMHy 4yacTuHy CT. Ak iy
BUIAAKY IEePEeBUILIEHHSI KpUTUYHOro TUCKYy B CT,
YUIUIbHIOBAJIbHA YacTUHA pyKaBa CHpalloe SIK 3a-
MOOIKHUI KjanaH, 10 MiITBepIKEHO eKCIepu-
MEHTaJIbHUMMU JOCTiIKEHHSIMU.

4. Bka3aHi mpucTpoi CTUKYBaHHS i KOHLISTIILiS iX-
HBOTO MPOEKTYBAHHS BIPOBAIKEHI B KOHCTPYKILitO
KOCMIYHOTO pakeTHOro Komiuiekcy «lInkinoH-4»,
i MOXYTb OyTM PEKOMEHJIOBaHi IpU MPOEKTYBAHHI
HACTYITHUX MOro MoaudiKarliii.
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PERFORMANCE OF INTERFACE HOSES FOR THERMAL CONDITIONING SYSTEM
OF CYCLONE-4 SPACE ROCKET IN EXTREME CONDITIONS

This article contains the analysis of the performance of interface hoses for the thermal conditioning system of a Cyclone-4 space
rocket in extreme operating conditions. thermal conditioning system interfaces with rubber hoses must ensure a tightness of a
hose at a rocket’s inlet with easy detachment, involving little to no force impact on the rocket during its start on its one end,
and rigid connection with a pipeline of the thermal conditioning system ground part, ensuring the hose tightness and retaining
after the launch of a rocket on its other end, under any abnormal operating conditions. As it is shown in the article, this goal
is attained by inducing contact stresses on surfaces adjacent to the rubber hose, originating from a designed radial compressive
stress and coarseness of the contact surfaces. At the same time, the detachable part is subjected to lower radial deformation than
the fixed one.

To prevent any operating pressure excess in the thermal conditioning system ground part that might lead to extreme operating
conditions, the retaining and release mechanism has been designed in such a way that under the operating conditions of pressing
the hose’s sealing part, a proper stable gap would be ensured between the external radius of the rocket’s inlet protrusion and the
internal diameter of its rim, so that the hose’s sealing part could act as a safety valve. In such case, upon an excess of the permis-
sible operating pressure, the hose’s sealing part would protrude through the gap mentioned by expanding and getting thinner,
thus leading to detachment of the hose from the rocket’s inlet in the course of its launch or launch abort.

In case of the retaining and release mechanism’s pin failure, the thermal conditioning system interface design would ensure
the guaranteed failsafe detachment of the thermal conditioning system hoses with minimum stress on both the rocket and the
thermal conditioning system ground part. As in a case of a critical pressure excess in the thermal conditioning system, the hose’s
sealing part would act as a safety valve thanks to its axial extension under stresses from the rocket’s launch, the transportation
and erection installation’s boom movement, or both factors at the same time. The hose’s sealing part, having a smaller cross-
section in the area of the groove for retaining and release mechanism, would shrink in thickness during stretching and expand
through the gap between the outer diameter of the rocket’s inlet protrusion and the internal diameter of the retaining and release
mechanism’s rim, which was proven experimentally on a special test bench simulating operating conditions close to the real
ones. At the same time, the stresses of the hose detachment from the rocket’s inlet are less than the hose’s rupture stresses in the
axial direction by several orders during stretching.

Keywords: extreme operating conditions, thermal conditioning system, tightness, rubber hose, sealing detachable part, non-
detachable part, safety valve, deformation, retaining and release mechanism.
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' HaujoHanpHMit TeXHIYHMI YHIBepcUTET YKpaiHu

«KuiBCbKMit moliTeXHIYHUIA iHCTUTYT iMeHi [ropst CikopcbKoro»
IMpocnexrt [Mepemoru 37, Kuis, Ykpaina, 03056

2 JTHCTUTYT TeJIeKOMYHIKaIliif Ta NI0GaJbHOTO iHPOPMALIiTHOTO TIPOCTOPY
HauionanpHoi akaneMii HayK YkpaiHu

YoxkoiBcbkuii OyabBap, 13, Kuis, 03186

OIITUMAJIBHE TEMII®YBAHHA BIAXWJIEHb
KYTOBUX IIBUAKOCTEU OCECUMETPUYHOI'O
KOCMIYHOTI'O JITAJIbHOI'O AITAPATA

Poszensidaemucs 3a0aua onmumansHoeo 3a umpamamu naiuea 0emMnghyeants panmosux gi0XuneHb Kymosux weuokocmeli ocecu-
MempuuH020 Kocmiuno2o aimanvrozo anapama (KJIA) 3 nocmiiinoro weuokicmro obepmarnts HA8K040 204068HOI oci cumempii. Taxe
NPUNYUEHHS MAE NeGHe NPAKMUUHe 3HAYeHHs | Modce Oymu 3ymoenere cmeoperuam Ha KJIA wmyunoi epasimauyii. 10es wmyu-
Hol epagimauyii 3a paxyHok 00epmanHs ocecumempuuHo2o yuainopuuro2o KJIA rpynmyemoscs Ha NpUHYUni eKeigareHmHoCmi culu
epasimauii i cunu inepyii. Akmyanvnicme 3a0aui onmumizayii sumpam naiuea 3yMoeAeHa HASGHICMIO 00MedNCeH020 1020 3anacy
Ha KJIA. Tlocmaeneny 3a0auy onmumizayii po36’a3aH0 HA 0CHOGI NPUHYUNY MaKcumymy i memody ¢ha306o0i niowunu. Buznaveno
CMPYKMypy ONMUMAAbHUX 30 6UMPAmMamu NAAUea NPoUECie 3 mpboma Pi6HAMU KePYEAHHA, NPUHOMY KIAbKICIMb NepemMuKans 3a-
aexwcums 6id nouamiosux ymog. Cunme306ani Ha Pazo08iti NAOWUHI ONMUMANbHI KPUBI NepeMUKaHHs po30Usaroms ¢pazosy niouuny
Ha GiCiM KPUBOAIHIUHUX K8AOpaHmie, IKi 00HO3HAMHO GU3HAYAIOMb 3HAYEHHS ONMUMAALHUX KEPIGHUX 8NAUBIE NO NOMOUHUX 3HA-
YenHsaX ioxunensb Kymosux weuokocmeii KJIA. TIpobaemy modxcaugoi nasenocmi 3aniznents @ KOHMYypi KepyeaHHs nPponoOHYEMbC
supiutysamu Ha ocHogi memody komnencayii becca. /[ig yboeo 6 pobomi ompumano 6ionoeioHi onmumManvHi Kpusi nepemMuKkants i
BIOKAIOUEHHS KepY8aHb KOMNEHCOBAHOI ONMUMANbHOI cucmeMU K eeoMempuyHe Micye mo4ox, 6iddareHux Ha uac 3anisHeHHs id
3HAl0eHUX KPUBUX NePeMUKAHHS | NOHaAMKY KoOpOuHam 6ionoeiono. Lle 00360a1€ YHUKHYmMU NosAU 8 KOHMYPI KepYBAHHA CMILIKUX
asmoxoauars i 3abesneuumu ymogy, ujo6 KJIA nicas 3axinuents npoyecy cmabinizayii 3aauulascs 8 3a0aHomy KiHUesoMy CIaHi.
3anexncro 6i0 mexriunoeo ocHaujenHs KJ/IA nponouwyromocs déa eapianmu peanizauii ai2opummy onmumaibHo20 0emMn)yeanHs, a
came: aBmoHOMHULL npucmpiii y 6opmosiii cucmemi kepyeanus KJIA npu eiocymrnocmi docmammso nomydicrozo 60pmo6ozo obuiic-
AH08a4a, abo ONMUMANbHUI anreopumm 0eMn@Y8aHHs, peanizo8anuil nosHicmro y bopmosomy oouucarsai KJIA npu docmammiii
04151 Yb020 NOMYICHOCI.

Karouosi caosa: ocecumempuunuii KJIA, kymosa cmabinizauis KJIA, onmumizayis eumpam naauga, npuHyuUn MaKcumymy, gazoea
nAOWUHA, ONMUMANBbHI KpUBI nepemukanis, memod becca, npoenosni modeni.

HutyBanHusg: Crenin O. A., [1aceko B. I1., Ipoznosuy I. I., ConmatoBa M. O. OntumanbHe neMrdyBaHHS BiIXUJICHb Ky-
TOBUX IBUAKOCTEN OCECUMETPUYHOIO KOCMiUHOTIO JliTaJibHOTO anapara. Kocmiuna nayka i mexuvonoeis. 2021. 27, Ne 4 (131).
C. 21—31. https://doi.org/10.15407 /knit2021.04.021
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0. A. Cmenin, B. I1. [lacvko, 1. I. JIpozdosuy, M. O. Condamosa

BCTVYII

KepyBaHHS KyTOBUM MOJOKEHHSIM KOCMIiUHOTO JIi-
tajgbHoro anapara (KJIA), sk npaBuio, nepeadavyae
KepyBaHHS SIK BEJIMUMHOIO TSTW (BUTPATOIO Masiu-
Ba), Tak i kyramu Eiiepa (KyTu KpeHy, TaHTaxy,
puckaHHs1). Cuia TSITM BXOJAMUTb B PiBHSIHHS PyXY
JIiHIiHHUM 4uHOM, a KyTu Eitnepa y Bumisiai Tpu-
TOHOMETPUYHUX (PyHKIiN. ONTUMaJIbHI 3HAYEHHS
TSITU Yy OUIBLIOCTI ONTUMI3aLliMHUX 3aJa4 KepyBaH-
Hs1 KyToBUM nosiockeHHsiM KJTA (MmiHimizalist yacy,
MiHiMi3alligd BUTpaTu TaJiuBa), SIK MpaBuUjIo, Mpei-
CTaBJISIIOTHCSI PO3pUBHUMM (DyHKUisiMu (bang-bang
control), Tomi SIK ONTUMAaJIbHI 3HAYEHHS KYTiB —
HenepepBHUMU (IudepeHILiioOBaHUMU JOCTAaTHIO
KiJIbKiCTb pasiB) ¢yHKuUisiMU. Citif 3ayBaxkUTH, 1110,
Ha BiIMiHY Big 3agayi MaKCUMMaJbHOI ILIBUAKOII,
3aja4a OMNTHMI3allil BUTpPaTU IajJiMiBa peajli3y€eTh-
cd TpbOMa PiBHSMM KepyBaHHS, TOOTO bang-bang
control i3 30HOI0 HYJIbOBOTO 3HAYEHHSI KepyBaHHS
[8, 10, 11]. YucneHHi aiTepaTypHi JxKepesia po3rJs-
NAIOTh 3a3BUYail TaKi OCHOBHI 3a1a4i OIITUMAaJIbLHOTO
KepyBaHHS KyToBUM mojioxkeHHsIM KJTA [1, 2, 4—6,
13, 14, 16]:

1. Crab6inizatiist KyroBoro nosioxkeHHst KJIA, T06-
TO KepyBaHHS KyToBUM pyxoM KJIA HaBKOJIO 1IeH-
Tpa Mac, y Tpolieci SIKOro yCyBalOTbCsl KYyTOBI Bifl-
XWJIeHHS oceld, 3B’s13aHux 3 KJIA, Big BigmoBigHUX
oceil OIIOPHOI CUCTEMU BillJTIKY.

2. KytoBa opienraitisi KJIA, To6TO KepyBaHHS Ky-
ToBUM pyxoM KIJIA 11t tonaHHSs TeBHOTO KyTOBOTO
TMOJIOKEHHS BiTHOCHO OOpaHWX HAmpsIMKiB, SIKI €
OIMOpHUMM ab0 6a30BUMU cUcTeMaMU Bitiky. Cuc-
TeMa KepyBaHHSI, 1110 MPUBOAUTH KyTOBE MOJOXEH-
Hs KJIA 1o 3agaHoro, Ha3uBa€eThCS CUCTEMOIO Oi-
entatii (CO). Bona 3ailicHioe moOynoBy Ha OOpTy
KJIA 6a30Boi cucTemMu BimliKy, «3amaM’ITOBY€E» 11 i
BUpOOJsie curHanu ajist moBopoty KJIA 3a 3agaHoro
MporpaMoIo HaBKOJIO OJIHiET a00 AEKiIbKOX OCEid.

[TpakTyHO HeMae poOIT, B SIKMX PO3IJISIAETHCS
JeMrdyBaHHSI PanTOBUX MOYATKOBUX BiIXUJIEHb
KyToBuX mBuaKocTeil KJIA, To6To cTabinizalis Ky-
ToBOro nojioxkeHHs KJIA mipu panToBuX BigxujaeH-
HSIX KYTOBMX LIBUAKOCTEH Bill IXHIX HYJIbOBUX 3Ha-
YEHb.

st peanizaiii 3agad kepyBaHHs KJIA HaiiOLbIn
e(eKTUBHOIO CUCTEMOIO KepyBaHHs, sKa Haiuyac-
Tillle BUKOPUCTOBYETHCS Ha MPaKTUlli, € aKTHBHA

22

cucTeMa KepyBaHHSI peakTMBHMMM cormuiamMu |13,
14, 16,19]. KepiBHUiT MOMEHT B IIiii CHCTeMi BH-
HUKA€E MpU BUKUAI Macu poOOYOTro Tijia i3 coruia
HEBEJMKOI0 PEaKTMBHOIO JBUIYHA, BiCh SIKOTO HE
npoxoauTh yepe3 1eHTp Mac KJIA. KepiBHuit Mmo-
MEHT 3aJI€XUTh BiJl IIBUAKOCTI BUTIKAHHS i MaCOBOL
BUTpPaATU poOOYOro Tijia, a TAKOXK BiJ po3Mipy Iieya,
Ha sIKe TIPUKIaeHO CUTy Tsru asuryHa [6, 10, 13].
3ajaHe TMOJIOXKEHHsI amnapaTa BHU3HAYA€EThCS Yy
MEBHIM CUCTEMi KOOPAMHAT, HAIIPSIMOK OCEil SIKO1 y
MpocTopi 3aznaneriap Bizomuil. Taka cucrema Ko-
OpIMHAT HAa3MBA€EThCSI OA30BOI0 CHCTEMOIO BiJIiKY,
il oci moBuHHI 3amaBatucs Ha 6opty KJIA 3a momo-
MOTOIO CITelliaJIbHUX MPUCTPOIB Ta Mpuiaamis. s
CKJIalaHHS PiBHSAHB pyxy LeHTpa mac KJIA Buko-
PUCTOBYETHCS pyruii 3akoH HploToHa:
d*r K r
—=——-—+F, (1)
dr? 2o
ne K — rpaBiTaliiiHuii mapaMeTp 3eMJIi, r — paziyc-
BekTop HeHTpa Mac KJIA, F — cyma 30BHIllIHIX CHII.
Hamma po6orta npucBsyeHa po3B’si3yBaHHIO 3a1a-
4i ONITUMAJILHOTO 110 BUTPATI MajnBa AeMII(yBaHHS
panToBUX BiXWJE€Hb KyTOBUX IIBUIAKOCTEN OJHOTO
kiacy KJIA, ToOTo ycyBaHHSI palITOBUX ITOYaTKOBUX
BiIXWJIEHb KYTOBUX IIBUAKOCTEH Bif IXHIX HYJIbO-
BUX 3HaueHb (3amaya 3). AKTyaJbHIiCTbh TaKOi MOCTa-
HOBKU 3a1adi oyeBuaHa, yepe3 Te 1o KJIA maioTh
00MeXeHMI 3anac rmajausa [4—6].

IOCTAHOBKA 3AJJAYI

Bimomo, mo aunamika KJIA BignoBiga€e piBHSIHHSIM
obepTaHHSI TBEPAOIrO Tija HABKOJO LIEHTpa Mac,
TOOTO piBHSAHHS oOepranbHOro pyxy KJIA omucy-
I0ThCsI OTpUMaHUMU 3 (1) ITMHAMIYHUMU PiBHSIHHSI-
mu Eiinepa [5, 6]:

do
I, dtx +(I,—1)o,0,=>M,,
do,
1, — U, -1)o0,=3M,, )
do,
I, 7 +(I,~1)o,0,=> M,
ne l, Iy, Iz — TOJIOBHI LIEHTpaJIbHi MOMEHTH iHep1Iii

KJIA B rOI0BHUX [TOB’AI3aHUX OCHX, O, i ZM s ((=x,
¥, Z) — MPOEKIIi KYTOBUX LIBUIKOCTE 00epTaHHS
KJIA i gitounx Ha HLOI'O MOMEHTIB Ha OCi rOJI0BHOI
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MOB’I3aHO1 CUCTEMU KOOpAMHAT, ¥, ¢, 6 — KytH Eii-
Jiepa (BiAITIOBIIHO pUCKaHHS, TAHTaXy, KPEHY), BU-
3HAY€Hi BiTHOCHO IOB’3aHOI CUCTEMM KOOPAMHAT,
ZMZ- =M;+ M, (i=x,y,7) — CyMU IIPOEKIIil Ke-
piBHUX MOMEHTIB M; i MOMeHTIB 30ypeHb M;,. HaBe-
JIeHi CUCTEMMU PiBHSIHb IOCTATHI ISl OMUCY KYTOBUX
pyxiB KJIA, 9KI1110 BIJIMBOM BHYTPillIHiX MOMEHTIB,
IO JiIOTh HAa HBHOTO, MOXHA 3HexTyBath [4—6, 10,
13, 16].

3pobuMO TaKi NPUMNYILIEHHS IJIs PO3B’SI3yBaHHS
3a3HauYeHMX BUIIE 3a1a4 KyTOBOI OpieHTalIii i cTadi-
Ji3aiii kyroBoro mojioxkeHHst KJIA [4]:

e KJIA cumerpuuHuii BimHOCcHO oci Ox (1 ,=1,=
=1, My= M, = M) (puc. 1);

* MOMeHTaMu 30ypeHb M, TOPiBHSHO 3 KEPiBHMU-
MU MOMEHTaMK MOXHa 3HextyBatu M, = 0 (i = x,
Y, 2);

* KyToBa IIBHUAKICTH obepTanHsa KJIA HaBKoOI0
oci cumerpii Ox crana (o, (f) = o,, = const);

Cuin 3ayBaskMTH, 1110 BKa3aHi BUILE TPUITYILIEHHS
MOXYTb OYTHM 3yMOBJIeHi cTBOpeHHsIM Ha KIJIA
IITYYHOI IpaBiTallii.

KepiBHi MomenTn M, (i = X, y, 7) CTBOPIOIOThCH
TPbOMa PEAKTUBHUMHU JABUTYHAMU, YKPITUIEHUMU
Ha KJIA Tak, sk 1ie mokazaHo Ha puc. 1. [Ipu iibomy
HEeoOXiTHO BBECTM 3alli3HIOBaHHSI O B KOHTYpi Ke-
pYBaHHS, TOB’sI3aHe i3 3aMi3HiI00 peakllielo peak-
TUBHOTO JIBUTYHA Ha KOMaHIHUI iMITyJibC (pucC. 2).
3 AoCcTaTHIM CTyIIeHEM TOYHOCTI HaBeJleHa Ha puc. 2
3aJIEXKHICTh MOXHA almpoOKCUMYBaTU €JIEMEHTOM C
YUCTUM 4YacOBUM 3ari3HioBaHHSIM 0. HeBpaxyBaH-
HS 3alli3HIOBaHHSI 6 MOXe MpPU3BECTU 10 BUHUK-
HEHHS B CUCTeMi cTabijizaiii HeOaxkaHuX e(eKTiB,
30KpemMa He3aTyXalouMnX aBTOKOJMBaHb.

BBenemo B po3misi Taki Mo3HaYEHHS:

Xy =0, Xy =0,, a=0,,I-1,)/1,

p=M/I,u=M,/M,uy=M,/M. (3)

3 ypaxyBaHHsM (3) cucrema (2) HaOyae BULJISIAY
dx,(t) / dt = ax,(t)+Bu,(t -0), 4)
dxy(t) / dt = —ax,(t) +Puy(t-0), ®)

[TpuiiMemo Taki KpalfoBi yMOBU:
21(0) =219, 25(0) =259, 2(T)=2,(T)=0, (6)
ne T — 4JacoBuii iHTepBaJ Mpolecy cTadimizalii.

Hapernri, sIK 11e TpUHATO B OaraTbox poOoTax 3
ONTUMAJILHOTO KEPYBaHHS, OyneMo ISl 3pYYHOCTI
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Puc. 1. Po3rairyBaHHSI peaKTMBHMX IBUTYHIB Ha CUMETPUY-
HoOMY BigHOCHO oci Ox KJIA
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Puc. 2. Peakilist peaKTUBHUX IBUTYHIB
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aHaJlizy OTPMMaHUX pe3yJbTaTiB pO3rJsaaTh HOpP-
MOBaHi KepyBaHHSI

lu (D1, uy(0) <1, (7)

ITpu uboMy KepyBaHHS Ha Biipi3Ky yacy —0 < ¢ <
< 0 mpuiiMeMO PiBHUMMU HYJIIO, IO ILIIIKOM OYE€BU]I-
HO J1s1 po3ryisiHyToro kiacy KJIA.

TakuM YMHOM, 3adaua onmumanbHo2o no BUMpPami
naiuea 0emMng)yeaHHs panmosux Gi0XuieHb Kymoeux
weuokocmeii KJIA nonsirae y BUsHauU€HHi 3 JOITyCTU-
Moi o6acti (7) KepiBHUX BILIMBIB u(f) i u,(7) i rpa-
HUYHUX YMOB (6), 1110 3a0e3MeuyIoTh Mepexin cuc-
Temu (4), (5) Ha iHTepBaii yacy crabinizaiii 0 <7<
< T 3 NOBiJILHOTO MTOYaTKOBOI'O CTaHY x? , xg B 3a-
nanuit KiHueBui ctaH x,(7) = x,(T) = 0 i miHimi3y-
10T KOMOIHOBaHUI (DyHKIIOHAI SIKOCTI [, BUY

T
&=j{k+ilui(t)l}dr, ®)

t i=1

ge 0 < k < oo, BemmunHa T He pikcoBaHa.
ITocraBneHa B Takomy (opMyIIOBaHHI 3agaya
OINTUMAJILHOTO JeMI(YBaHHS Ma€ HEOTHO3HAYHUIA
PpO3B’s130K Ha Biipi3ky yacy T'— 6 <¢< T, 60 KiH1Ie-
Buii ctaH KJIA nipu # = T He 3aJieXKUTh BijJl 3HAaU€Hb
KepyBaHb Ha LIbOMY iHTepBai. fAKIIO 3axkagaTu,
mo6 KJIA gk 3aBrogHo AOBro 3ajvllaBcs B 3aaa-
HoMy KiH1eBoMy cTaHi x (T) = x,(T) = 0, T0 THM
CcaMUM OJIHO3HAYHO BU3HAYAIOTHCS KEPYyBaHHSI:

w()=uy(t)=0, T-0<t<T. )

Bubip ¢yHkiioHany (8) mae HayKoBy mpuBabIu-
BIiCTb B TOMY CE€HCi, 1110 npu k = () MaeMo 3a1auy Yu-
CTO1 BUTpaTU MajuBa, a Mpu kK — co MaEMO 3agavy
MaKCHUMaJIbHOI IIIBUJIKO/III.

Crin 3ayBaxKUTH, 110 Y BUITOJKY YMCTOI BUTpa-
™I nanuBa, Koiu k = 0 y dyHkuionan (8), ymo-
BOIO iCHYBaHHSI ONITUMAIbLHOTO KEpyBaHHS € YMOBA
T>T,, ne T, — Jac gemidyBaHHS PanTOBUX
BiIXWIeHb KYTOBUX IIBUAKOCTEN B CUCTEMi, OMTU-
MajJbHOI 3a IIBUAKOIIEI0, TOOTO KOJMU kK —> oo y
(yHkuioHani (8).

s po3B’sa3yBaHHS C(POPMYJILOBAHOI BUILE 3a-
Jadyi BMKOPMCTOBYEMO MaTeMaTUYHHUI arapar
MPUHLIMITY MaKCUMyMY (Y HaIllOMY BUTAIKY TTPWH-
uumny MiHimymy) [4, 9, 11, 17, 18] i meTon dazoBoro
npocTopy (B HaIIOMy BUNAAKY (pa30BOi IUIOIIMHI)
[7, 8, 10].

24

PO3B’A3AHHS 3AJIAYI

ITpunyctumMo crouatky, 110 3ami3HIOBaHHS B KOH-
Typi KepyBanHs KJIA nemae, Tooto 0=0. Tomi
3TiIHO 3 MPUHIMMNOM MiHiMymy [11] raminsroHiaH
JTaHOI 3a/1a4i Ma€ BUTJISIT

H =k+B|u1|+B|u2|+\|/1(0Lx1 +Puy) +

+Yo (o) +Puy) (10)
e y(¢),y,(¢) — mop’A3aHi 3MiHHI, AKi BU3HA4a-
IOThCSI PO3B’SI3KOM TOB’SI3aHOI 3 PiBHSIHHAMU (4),
(5) cuctemu CrojydeHUX piBHSIHb.

3 aHanizy raminsroniana (10) BUIIMBaE, 110 Ke-
pyBaHHS, SIKi OTO MiHIMi3ylOTb, 3aH0BOJILHSIIOTH
TaKi yMOBHU:

u;(t) =0, gaxuo |\ul-(t)| <1,

u(t) = =signy,(¢), sixuwo |y, ()| >1,
0 <u;(t) <1, sixumo |y, ()] =—1,

(11)
(12)
(13)
~1<u(t) <0, sikuo |y, (2)|=1. (14)
BuxopucroBytoun nani poo6it [4, 10, 11], gerko
MmokaszaTtu, 10 JaHa 3a]aya HEBUPOIKEHA, TOMY
ymoBH (13) i (14) 3 po3risiay BUKTIOUYAIOThCS. JIerko
MepeKoOHaTUCs, 0 ONTUMAJbHUMU € TaKi MOCJi-
JOBHOCTI KepyBaHb u, (1), u,(7) 3 (11), (12):
.1, -1>5-1,0>-1,1-0,1 > -1,

1-50,1-1,1->1,0—> ... (15)

Crnin 3ayBaxuTH, 1o B pobotax [10, 13, 16] Bu-
3HaYaIach CTPYKTypa ONTUMAJIBLHUX IO BUTpATI T1a-
JIVBA MPOLIECIB 3 TPhOMa PiBHAMU KepyBaHHS, TTPH-
YoMy, SIK B HAILIOMY BUIIQJKY, IPYU HasIBHOCTi KOMII-
JIEKCHUX KOPEHIB KiJIbKiCTh MEPEMUKAHb 3aJEXKUTh
Bill MOYAaTKOBMX YMOB. BBomsum 3BOpOTHHMI Yac
z =T — 1, iHTErpyeMO cucteMy npu u; = 1, u, =
= =+1 i, BUKJIIOYAIOUU B OTPUMAHUX PO3B’sI3Kax Z,
OTpUMAEMO Ha (Gas3oBiil mrommHi (ox,;, ox,) Koia,
SIKi OTTUCYIOThCST PiIBHIHHIMHU BHUITY

[oe; = i=DBuy | +(oexy +Bry)* =28, (16)
(oury =Buuy)’ +[ (o, +(2i DBy I =28%, (17)
u1 = _u2 = i1 5
Jie 3HAYEHHs KEPYBaHb i (f), u,(f) BIOMOBiAAIOTH 110~
cigoBHOCTI (15).
Hyru xin (16), (17), gxi IpUMUKAIOTh A0 BiAIO-

BIIHMX OCeii (ha30BOI IUIOLIMHU (0X |, 0X,), YTBOPIO-
IOTh ONTUMAJIbHI KPUBI ITIepeMUKaHHS cUCTeMU (4),
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(5), ontumanbHOI 3a mBUAKomieo. Ha puc. 3 BoHn
nosHaveni sk ...L;K;0K,L,..., ..L,K,OK,L,... i
BiamoBinaroTh B (dyHKLioHani (8). O6aacTh Bia-
KJIIOUEHHSI OHOTO 3 KepyBaHb B ITOCJIiA0BHOCTI (15)
MOXKHA 3HAWTHU SIK TeOMETPUYHE MiCIle TOYOK Bilo-
OpakeHHSI ONTUMAJIbHUX 3a IIBUAKOIIEID KPUBUX
nepeMuKaHHsI (Pa30BUMU TPAEKTOPISIMHU CUCTEMU
(4), (5) npu KepyBaHHsIX, MOKa3aHUX Ha puc. 3.
Omnyckaroyyd MPOMIKHI MaTeMaTW4Hi BUKJIAIKMH,
ONTUMAaJIbHI KPWBI BiIKIIOUYEHHSI OOHOIO 3 Kepy-
BaHb y mociimoBHOCTI (15) B cucTeMi KOOpIMHAT
(X{, Xy) MOXHA OTPUMATH i3 CITiBBiTHOLIEHb

X{ =0 COSP+0x,ysing,
Xy = 0y COSP— 0 Sing,

d=arctgB / (k+P).

ToOT0, BOHM OIUCYIOTHCS SIK YT Kijl

(g +alup)’ +(F +bjuy)* = (R})?,
e aj-,b},Rj- — KoeillieHTH, SIKi 3aJIeXKaTUMYTh Bif
HoMepa i kBagpaHTa (i = 1, ..., 4) i HoMepa j nyru
kona (j = 1, 2, ...). Ha puc. 3 xpuBi BigKIIOUeHHS
OIHOTO 3 KepyBaHb nosHadeHi sik OQ,K/L... (i =
=1, 2, 3, 4). Tyt xxe HaBeeHi 3HAYEHHSI ONITUMAJIb-
HUX KepyBaHb JJIsI KOXHOI 3 obJ1acTeii (ha3oBoi 110~
muHU (o, ox,). Bubip 3HaueHHs1 KoedilieHTa
k y dynkuionani (8) 3ailiCHIOETbCS BiAMOBIAHO 10
MPaKTUYHUX BUMOT 10 BUTPATH MaJMBa i 4acy cTa-
Oinizarii.

Ha puc. 3 npuBeaeHo TakoXX oNTUMaIbHY (ha30By
TpaeKTopito, 110 Mae GopMy criipai, sika 3aKpydy-
€TBCS 3 TOYKU A(0Xyy, OXy ) IO NOYATKY KOOPIM-
HaT i CKJIaJa€eThCs 3 AYT KiJI 3 LEHTPOM i paaiycom,
MEeBHi 3HAYEHHS SIKUX BU3HAYAIOThCS 3HAYCHHSIMU
ONTUMAILHUX KepyBaHb IJIsI obJyiacteit (a30Boi
IJIOIIMHM, B SKiil JEXKUTh MOTOYHA TOYKAa CTaHY
KJIA. fIx BxXe 3a3Hayajnocs BHILE, HEBpaXyBaHHS
3ami3HIOBaHHS 0 MOXe TPU3BECTH 1O BUHUKHEH-
HSI B CUCTeMI cTabinizalil HebaxkaHUX eeKTiB. 30-
Kpema, Ha puc. 4 moka3aHO MeXaHi3M BUHUKHEHHS
He3aTyXalourMX aBTOKOJMBaHb OTPUMAHOIO OINTH-
MaJIbHOTO aJrOPUTMY AeMII(pyBaHHS PanTOBUX Bif-
XuJIeHb KyToBuX mBUaKocTeil KJIA 0e3 ypaxyBaHHS
yacy 3aMi3HIOBaHHS O B KOHTYpPi KEpyBaHHSI.

JI1st KoMmeHcallii 3aIi3HI0BaHHST BUKOPUCTOBYE -
Mo Mmeton becca [12], reoMeTpuyHa iHTepIIpeTAaLIis
SIKOTO TIPEJICTaBJIeHa Ha puc. 5.

% ox,

Puc. 3. ®a3oBuii MOPTPET HEKOMITEHCOBAHOI ONTUMATbHOT
CUCTEMU

oX,

u, =—1
u, =—1

A (01X, 0Xyp)

Puc. 4. Cranuii pexxuM aBTOKOJIMBaHb B ONTUMAaJIbHIK CHUC-
TeMi
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xl= 4) (XZ’ x37 eeey Xn)

xlz ¢* (-x25 x3s LEXEY Xn)

s
—_-
X,

u, =

u, = +1

Puc. 6. ®a3oBuii MOPTPET KOMIIEHCOBAHOI ONTHUMAIbHOI
CHCTEMU KepYBaHHS KYTOBOIO IIBUAKICTIO

Hexait moBepxHs rnepeMMKaHHS IPU BiICYTHOCTI
3aIi3HIOBaHHS BigoMa i Ma€ BUTJIS

D(xq,29,..,x,) =0, ¥ X"

a060, AKio ¢pyHKIisT @ BUpilTyBaHa BiTHOCHO OYIb-
SIKOTO apTyMEHTY, HAIIPUKJIAJ X |, 11€ 3aIIMIIEThCS K

X2 + (29, %5,.,2,) =0, X X". (18)

26

[ToepxHst nepemukaHHs (18) i nesika onTuMab-
Ha TpaekTopiss ABC BUMYIIEHOTrO pyXy CHUCTeMU
MoKa3aHi Ha puc. 5, ne B — Touka, 1110 JIeXXUTh Ha
MOBEPXHi, BinganeHii Bim moBepxHi (18) Ha yac 3a-
mizHoBaHHA 0. Ao ¢yHkiis @ BupinryBaHa Bi-
HOCHO X, TO PiBHSIHHS LIi€1 ONTUMAJIbHOI IIOBEPXHi
rnepeMrUKaHHS KOMIIEHCOBAHOI CUCTEMU Ma€ BUTJISII

(19)

X+ 0% (x9,%3,..,4,)=0, Y X",

abo
O (xy,29,0,2,)=0, T X".

[To3dHayMMO BiICTaHb MiXX MPOEKIIISIMU TOYOK B
1 C Ha ocsix Oxy,...,Ox, yepes A, ..A,  BIINOBiIHO.
OueBUIHO, 1110 A, (i=1,n) e dyHKuIAMU Yacy 3a-
Ni3HIOBaHHS 0, a BeMMunHK x; =x;+ A, (i=1,n) —
MOTOYHI 3HAYEHHSI KOOPAMHAT, 110 MPeaCTaBISIOTh
3HAUEHHS KOOPJAMHAT CUCTEMHU Yyepe3 vac 3alli3Hio-
BaHH4 0.

3 reoMeTpUYHUX MipKyBaHb (19) MoxHa 3anuca-
TU Y BUTJISAI

X+ O* (X, X, 0) = A, =02y +A, 2, +A, ),

(20)
abo
D* 2y 2,) =Dy + A o, +A, ). (21

PiBusinHg (20) € 3araibHUM pPiBHSIHHSAM JJIS1 BU-
3HayeHHsa QpyHkuii O no 3amaniit pynxuii @. dna
LbOro, 3rigHO 3 MeTogoM becca, 1ocuTh BU3HAYM-
™1 Besmunun A, (0) (i=1,7) , a noTim mixcraBuTH
MaiiOyTHi 3HaUEHHS! KOOPAUHAT CUCTEMU X; + A,y
PiBHSIHHSI TIOBEPXHi ITepeMUKaHHsI CUCTeMU 0e3 3a-
Mi3HIOBaHHSI.

3acrocyBaHHs MeTony becca B HallloMy BUITaIKy
Binnosinae nosopory kpusux K.L.... i OQ;K/L...
(i =1, 2, 3, 4) HaBKOJIO LIEHTPIB IMOYATKOBUX KiJl
0,...04 (puc. 3) Ha KyT ¥ = Oa.. OTpHMaHi B pe-
3yJIBTaTi 3a3HAYEHOTO TIEPETBOPEHHST ONTHMAJIBbHI
KpUBIi IEpEMUKAHHSI KOMIIEHCOBAHOI ONTUMAaIbHOI
cucremu crabimisauii Op,g.'k;l... i Odkl... (i =1, 2,
3, 4) po30MBaIOTh IUIOILINHY (0X;, OX,) Ha BiCiM
KPUBOJIIHIHHUX KBaApaHTiB, 3HAYEHHSI ONTUMAab-
HUX KepyBaHb B SIKMX BIiAIOBiJalOTh HaBEICHUM
Ha puc. 6.

Tyt ke HaBeneHO ONTUMAaIbHY (DAa30BY TPAEKTO-
pito 3 MOYATKOBOI TOUKM A, MOOYymZOBaHY 3 ypaxy-
BaHHsIM yMoBU (9), 06 KIJIA micns 3akiHYeHHSs
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MPOLECY ONTUMAJILHOIO JAeMM(YyBaHHS K 3aBroj-
HO JIOBIO 3aJIMIIABCS B 3aaHOMY KiHIIEBOMY MOJIO-
xkeHHi x (T) = x,(T) = 0. Lle nocsraeTbcs B CUCTEMI
JIeMII(pyBaHHSI paliTOBUX BiAXWIEHb KyTOBUX LIBU/I-
KOCTeil moOyHOBOIO KPUBMX BIiIKIIIOYEHHS OIpa3y
JIBOX K€pyBaHb y MOMEHT yacy T — 6.

Kpusi BinkoueHHs Ha $a3oBill TUIOmKHI (o ,
0¥, ) 3HalZeHi SIK TEOMETPUYHE MiCLle TOYOK, IO
MepeBOASTLCSI B MOYAaTOK KoopauHart 3a yac 0. Lli
KpUBi 1O CYTi € HE UMM iHIIUM, SIK MiHiMaJIbHOIO
i30XpoHOo10. OCKiJIbKM B KOMIIEHCOBaHili CHUCTe-
Mi OCTaHHIM BUSIBUTHCSI PyX MO IEPLIiil ay3i, siKa
MIPUMHKAE OO0 IOYATKy KOOpAMHAT OIITHMMAaJbHOL
cucteMu Oe3 3aIi3HIOBaHHS (pHC. 3), TO B 3ajIeXK-
HOCTI Big Toro, Oyjae 4yac 3aIi3HIOBaHHS O MEHIIUM
(piBHMM) BiI yacy pyxy Mo mepiuiii ay3i (BUIamok
1) yu OinbIIMM (BUNAAOK 2), OyaAyTh OTPUMAaHi ABi
130XpOHM BIiAKJIIOUEHHS, sIKi HaBeAeHi Ha puc. 71 8
BiAITOBITHO.

Takum 4mMHOM, 3aCTOCYBaHHSI OTPUMAaHUX KpHU-
BUX IIEPEMMUKAHHS i BiZKIIOUEHHS JO3BOJISIE OTHO-
3HAYHO BM3HAYATU 3HAYEHHS ONTHUMAaJbHUX Kepy-
BaHb B 3aJIEXHOCTI Bix motoyHoro crany KJIA, sike
BiZoOpaxkaeThCsl BiAMOBIZHOI TOYKOIO Ha (pa3oBiid
TUIOIIMHI.

IMTPAKTUYHA PEAJTIBALIA

@aKTUYHO AJITOPUTM OINTHMAJIBHOTO AeMIT(pyBaH-
HSI palTOBUX BiAXWJIeHb KYTOBUX BUAKocTeil KJIA
BU3HAYACThCA 3HAXOMXKEHHAM TOUKHU (X, X,), H€
X; i X, — MOTOYHI 3HAYEHHSI KyTOBUX LIBUIKOCTEN
KJTA, Ha dasosiil riommmHi (ox,, ox,) BiTHOCHO 00-
JlacTeil, BU3BHAUEHUX OTPUMAHUMU ONTUMAJIbHUMU
KPUMBUMMU MEPEMUKAHHS i BIIKIIIOUSHHSI.

B 3anexHocTi Bia TexHiuHOro ocHameHHs KIJTA
MIPOTIOHYIOTHCS ABa BapiaHTU peaslizallil airoOpUTMy
ONTUMAJIbHOI cTadiTi3allii:

1. ABTOHOMHMI TIpUCTpiii y OOpPTOBiiA cUCTeMi
kepyBaHHs1 KJIA 11pu BiicyTHOCTI JOCUTB MMOTYKHO-
ro 6oproBoro odounciaoBaya (puc. 9).

2. OnNTUMaJIbHUI aNropuT™ AeMIipyBaHHS par-
TOBUX BiIXWUJIEHb KYTOBHUX ILIBUAKOCTEH, peastizoBa-
HU¥ TTOBHICTIO B 0opTOoBOMY obumcitoBaui KJIA mpu
JIOCTATHI# /11 1IbOTO MOTY>KHOCTI.

V nepiiomy BapiaHTi B aBTOHOMHOMY MPUCTPOL
IIJIsI peajli3allii ONTUMaJIbHOIO aJroOpuTMy AeMHdy-
BaHHS PaITOBUX BiIXWIEHb KyTOBUX ITBUIKOCTEMH
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ox,

u";IF arctgi
i k+p ox,

Puc. 7. 130xpoHa Bigk1toueHHsT (BUMAIOK 1)

ox,

p

Lo’= arctg——
k+

Puc. 8. [30xpoHa BinK/I10UeHHS (BUIAA0K 2)

KJIA npornoHy€eThcsi BAKOPUCTOBYBATH METOI, MPO-
THO3YBaHHSI HAa OCHOBI aHAJIOTOBUX IIBUIKOMIIOUNX
MoJeieit IMHAMiK1 00’ €KTiB KepyBaHHS (B HAILIOMY
Bunaaky KJIA), 1110 npalitoloTh y 3BOPOTHOMY MpHU-
cKkopeHoMy MaciuTtabi yacy [15, 18]. lanuit MmeTon
repenbayae KOHCTPYIOBAHHS ITBUAKOMIIOUMX pe-
TYJSITOPiB HA OCHOBi aHalli3y MEPETUHY TPAEKTO-
pii pyXy TOYKH, sIKa BimoOpaka€e MOTOYHWUI CTaH
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Puc. 9. biok-cxema onTUMaJbHOTO KEPiBHOTO MPUCTPOIO

00’exTa KepyBaHHS y (pa3oBOMYy IIPOCTOPI, 3 ONTU-
MaJIbHUMU TTIOBEPXHSIMU MepeMUKaHHS.

[TponnoHOBaHMIT aBTOHOMHHWI TPUCTPil AeMII-
(byBaHHSI panTOBUX BiIXWJIEHb KYTOBUX IIBUIKO-
CTell Tpalle B aBTOMAaTUYHOMY PEXMMi HACTYII-
HUM YUHOM.

[IIBuakoaitoua Momeab B 3aJ€XHOCTI Bil MOJ0-
JKeHHsI Touku nmoTouyHoro ctaHy KJIA Ha da3zosiit
TUTOLIMHI (0|, 0LX,) 33 CUTHAJIaMU 3 OJIOKY KepyBaH-
Ha Moaetio BKM, posnoginsHuka P, 010Ky 3MiH-
Hux KoediuieHTiB B3K Oynye BinmosiaHi ayru Kin
ab0 0e3MmocepenHbO B KOOPAMHATAX (0X, OX,) TIPH
Binkputux kimodax K, K,, abo yepe3 koopauHar-

28

Huii nepersoptoau KII B koopauHarax, ¥,) npu
BIIKPUTHUX KIIIOYax K3, K,. IocriiiHe BiATBOPEHHS
KX AT 3a0e3nedyeTbes Hyib-opranamu HO |, HO,
i cxemoro ckugaHHs CC KiHLIeBUX KOOpAMHAT IS
BCTAHOBJICHHSI BiANIOBIAHUX MOYaTKOBUX YMOB. [1pn
LIbOMY BUOip BiIMOBIAHUX AYT KiJl 3MilACHIOETLCS 3a
JOIIOMOTOI0 3aram’ sITOBYBaibHUX MpucTpoiB 311, i
cymaropa C. fAkio curHain 3 cymaropa C 10opiBHIOE
HYJIEBi, 110 CBiTYUTH PO 30ir MOTOYHUX 3HAYECHb
KyToBux mBuakocteit KJIA i KoopauHaT onTuMalib-
HOI KPUBOI IEPEMUKaHHS, TO Hylb-opran HO; nae
curHan Ha BYM nns1 BU3HAYeHHSI ONTUMAJbHUX
3Ha4YeHb KepyBaHb u () i u,(f). OmHOYACHO Liei Xe
curHasl Hagxoauth y ook P i B3K, gki obupaioth
BiAMOBIIHUM YMHOM KOeilliEHTH JJIsl BITTBOPEHHS
NOTPiOHMX AyT KiJl. [aJti ITOBTOPHO peani3yeThCs 3a-
3HAYEHUI BUIIE IIPOLIEC 1O HACTYIITHOIO 30iry KOop-
IMHAT TOYKU IoTtoyHoro crany KJIA i koopmuHaT
BiITIOBiMHOI ONTHMMAaJIbHOI KPHMBOI I€peMHKAHHSI.
BukonanHs ymoBH (9) 3a0e311euy€eThCst 0JIOKOM Bijl-
KJTIIoYeHHS KepyBaHb bBK.

Y npyroMy BapiaHTi ONTUMAaJbHMI aJrOPUTM
neMIipyBaHHS panTOBUX BiIXWICHb KyTOBUX IIBUJI-
kocteit KJIA peani3y€eThbcs BilllOBiIHOO IIPOTPaMolo
3 BIOTBOPEHHSIM Ha MOHITOpPi IOBHOro (ha3oBOro
mopTpeTa KOMIIEHCOBAHOI ONTUMAJIbHOI CHUCTEMMU.
B ubomy BapiaHTI MOXJIMBa peajtizallisi ONTUMaJlb-
HOTO MPOrpaMHOTO ONTUMAJIbHOTO AeMI(pyBaHHS
panToBUX BiAXWJEHb KyTOBUX IIBUAKOCTEH B aBTO-
MaTUYHOMY PeXUMi ITpU BUKOHAHHI yMOBH (9) i BU-
MOTM IO TPMBAJOCTIi Mpoliecy cTadiiizallii, ska mo-
BUHHA OyTHU OLTBIIOIO 32 TPUBAJIICTh ONTUMAIbHOIO
npouecy aAeMIipyBaHHS PallTOBUX BiIXUJIEHb KyTO-
BUX IIBUAKOCTEN B 3ama4i MAaKCUMAaJIbHOI IIBUIKO-
i, ToOTO NMpu k — o y pyHkuioHati (8). Kpim Toro,
Ha BiIMiHY BiJl EPIIIOTO BapiaHTy MPU HEOOXiTHOCTI
B LIbOMY BapiaHTi MOXJIMBE TaKOX pydHE KepyBaH-
HsI 3 BAKOPHUCTaHHSIM IMOBHOTO (Da30BOro IMopTpeTa
KOMIIEHCOBAHOI OITMMAaJbHOI CUCTEeMM Ha eKpaHi
MOHiTOpa.

BUCHOBKHN

Ha ocHoBi npuHIIMITy MAaKCUMYyMYy i MeTomy ha3o-
BOI TUIOLIMHU PO3B’SI3aHO 3ajayy CHUHTE3y OITH-
MaJIbHOTO 1O BUTPATi NajiMBa 3aKOHY JeMI(pyBaHHS
kytoBux mBuakocreit KJIA. ITpobiaemy HasgBHOCTI
3alli3HIOBAHHS B KOHTYPi KepyBaHHSI MPOMOHYEThCS
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pO3B’s3yBaTu Ha OCHOBI MeTomy KomIleHcalii bec-
ca [12]. nst uboro B poOOTi OTPUMAHO ONTUMAaTb-
Hi KpuBi MepeMUKaHHs i BiIKJIIOUEHHsI KepyBaHb
Yy KOMITCHCOBAHIll ONTUMAaJIbHII cUCTeMi IeMIIpy-
BaHHSI ParTOBUX BiIXWUJIEHb KyTOBUX IIBUIKOCTEN
KJIA. 3anexHo Bia TexHiuHoro ocHaieHHs: KJIA
MIPOIIOHYIOTHCS ABa BapiaHTU pealizallil ailToOpUTMy
ONTUMAJILHOTO JeMM(YBaHHS, a caMe:

— aBTOHOMHUI IIPUCTPIii y OOPTOBiit cucTeMi Ke-
pyBanHs1 KJIA mpu BiomCyTHOCTI JOCTaTHBO MOTYK-
HOTo OOPTOBOTO OOYKMCIIIOBAYA;

— ONTUMAJIbHUKI ANTOPUTM JeMI(pyBaHHS, pe-
aJIi30BaHMII TTOBHICTIO ¥ OOPTOBOMY OOYMCIIIOBAYi
KJIA nipu gocratHiii AJist HbOTO TMOTYKHOCTI.

OTpuMaHi KpUBi epeMUKaHHS i BUKOPUCTAHHS
MPOTHO3HUX MO, SIKi MpaloTh MepPiogUnIHO
y 3BOPOTHOMY MPUCKOPEHOMY MacllTadi yacy, Mo-
XKYTh CITY>KUTH OCHOBOIO i IJIs1 pO3B’sI3yBaHHS 3a1a4i
OITUMAJIbHOI OpieHTalii (3agaya 2). 151 nboro He-
00XiZHO IO CUCTEMM PiBHSHD (2) mOJATU PiBHSIHHS
KyToBoro nonoxeHHs KJIA, sxi moB’s13y10Th KyTOBi
mBUAKOCTi 3 Kyramu Efinepa.
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OPTIMAL DAMPING OF DEVIATIONS OF ANGULAR SPEEDS OF AN AXISYMMETRIC SPACE AIRCRAFT

This paper considers the problem of optimal fuel consumption damping of sudden deviations of angular velocities of an ax-
isymmetric spacecraft with a constant speed of rotation around the main axis of symmetry. This assumption has some practical
significance and may be due to the creation of artificial gravity on the spacecraft.

The idea of artificial gravity due to the rotation of an axisymmetric cylindrical spacecraft is based on the principle of equiva-
lence of the force of gravity and the force of inertia. The urgency of the fuel consumption optimization problem is due to the
presence of its limited stock onboard the spacecraft.

The optimization problem is solved based on the maximum principle and the phase plane method. The authors of the article
determine the structure of optimal fuel consumption processes with three levels of control, and the number of their switches
depends on the initial conditions.

Synthesized on the phase plane, the optimal switching curves divide the phase plane into eight curvilinear quadrants, which
uniquely determine the values of the optimal control effects by the current values of the deviations of the angular velocities of the
spacecraft. The problem of the possible presence of a delay in the control loop is proposed to be solved based on the Bess com-
pensation method. To do this, the corresponding optimal curves of switching and disabling the controls are built as geometric
locations of points remoted for the time of delay from the found curves of switching and the beginning of coordinates accord-
ingly. It allows us to avoid the emergence of steady self-oscillations in a control contour and to provide a condition of keeping
the spacecraft in a given final state after the completion of the stabilization process. Depending on the technical equipment of
the spacecraft, two variants of the optimal damping algorithm are offered, namely: an autonomous device in the onboard control
system of the spacecraft in the absence of a sufficiently powerful onboard computer, or the optimal damping algorithm, imple-
mented entirely in the onboard computer of the spacecraft in case of its sufficient power.

Keywords: axisymmetric spacecraft, angular stabilization of spacecraft, fuel consumption optimization, maximum principle,
phase plane, optimal switching curves, Bess method, the predictive models.
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TETOHAIIIMHWY ABUTYH 151 BUIBEAEHHS
BIIOKPEMJIEHOTI'O CTYITIEHS PAKETH 3 KOCMIYHOI OPBITHU

Pozensanymo moxcaugi winsxu po3e’sizanns npobaemu 3meHuleHHsl 3acMiteHoCmi KoCMiuHUX opoim 6i00KpeMAeHUMU CIMYNeHAMU Pa-
Kem KOCMIYHO20 NPU3HAYEHHS, ceped AKUX. 3ACMOCY8AHHS 2ANbMI6HOI 0emMOHAUIUHOI 08UCYHHOT YCMAHO8KU, 2a3uikayis 3aiuul-
Kig naauea ma UKOPUCMAHHS 2a30peaKmueHoi cucmemu 04s CIEOPeHHs IMRYAbCY 2ANbMYBAHHS,; NPOOOBIICEHHs pOOOMU OCHOBHOT
08uU2yHHOI yCmMaHo8KU nicas po30ineHHs CMYNeHie; 8UKOPUCIAHHA 2apNYHA 045 3aX6amy CMYNeHs ma napyca 0as nooanbuiozo
11020 2ANbMYBAHHS, GUKOPUCMAHHS AHMUPAKem yu 60UoeuUx Aa3epie 04 pYIHY8AHHA CIMYNeHsa Ha opOimi 3 N00aNbWUM CNANEHHAM
hpaemenmis cmynens 6 ammocepi 3emai. s 6ubopy onmumanbHo20 cnocody 8uayHeHHs 3 opoimu eIONpaubo8aHUX 6ePXHIX cmy-
neHie pakem ma poseiHHux 010Ki8 3acmoco8ano memood apugmemuyroi npoepecii, AKUil Mae neeHi nepesazu NOPIGHIHO 3 KAACUY~
HUM Memoodom aHanizy iepapxiii ma 8inbHull 6i0 NPUMAMAHHUX YbOMY Memody Hedoaikie. Ompumano panicosanuil pso eapianmis
PO36’13aHHA npobaemMuU 3a n’ambma HAUOLAbW CymmesuMU Kpumepiamu epekmugHocmi ma 0ogedeHo iioeo cmilikicms. 3anpono-
HOBAHO HOBY NPUHUUNOBY CXeMY 2anbMiéHOi demoHayiiinoi deueynnoi ycmanosku. CnanreHHs 3aAUlUKi6 KOMNOHEHMI8 paKemHozo
naauea y 0emoHayiiHoMy pexcumi 00360451€ 3 MAKCUMANbHO MOJNCAUBOI eheKMUBHICMIO CIMBOPH8AMU IMNYAbC MU, HeOOXIOHUT
014 6idéedeHHs BIOOKpeMACHO20 CMYNeHs pakemu 3 Kocmiunoi opOimu. [Ipoananizoeano xapakmep 3a4eicHOCMI 2anbMiGHO20 M~
NYAbCY WBUOKOCMI, WBUOKOCMI 8X00NCEHHS 8I00KPEMACHO20 CMYNEeHs paKkemu-Hocis 0o ammocgepu 3emai, nompiOHO20 3HAUEHHS
BeAUMUHU NUMOMO20 IMNYAbCY MU 2AAbMIGHOT 08USYHHOI yemaHoeKu (Ha npukaadi Opyeoeo cmyneHs pakemu-Hocis «3enim») 6io
Kyma éxodcenns 0o ammocghepu. Ompumano Hogy aHANIMUUHY 3ANeHCHICMb, AKA NOG A3YE BEAUHUHY MAU MA NUMOMO20 IMIYAbCY
mseu 0emoHayiiinoco 08ueyHa 3 6U3HAYANbHUMU napamempamu npouecy demonayii. IIpoeederno obuucaroeanrvruil excnepumenm
ma 30ilicHeHO NOPIGHAHHA OMPUMAHUX Pe3YAbMAMIe 3 pe3yabmamamu po3paxyHKy RUmMoMo20 iMIYAsCy mseu 3a 00ONOMO20I0 HOBOI
dopmyau 011 NAAUBHUX KOMNOZUYIL HA OCHOBI KUCHIO, A MAKOJIC 3 8BI00MUMU eKCNepUMEHMANbHUMU OGHUMU Ma OGHUMU HUCEAbHO20
MO0enoeants iHuuX 00CcAiOHuKie. Bukopucmanns pesyavmamie 0ocaioncenHs 0036045€ 30ilUCHIO8AMU ONePAMUBHY OUIHKY NPOEK -
MHUX napamempie 0emoHAuiliH020 08USYHA Ha emani po3ensi0y MexHiHUX NPONO3UYill.

Karouoei caosa: cnocobu sunryuenns 3 opoimu 6i0oKpemaeHUx CMyneHie pakemu, earoMieHa 0emoHayilina 08USYHHA YCMAHO8KA;
NPUHUUNOBA cXeMa 0emOHAYilIH020 08USYHA; MemOo0 apugdmMemuuHoi npoepecii; NUMOMULL IMRYAbC MU 0eMOHAYIlIH020 08UCYHA.

HurtyBanus: 3omoteko O. €., 3omoteko O. B., CocHoBcebka O. B., AkcbonoB O. C., CaBuenko I. C. J/leTroHaniitHuit 1BUTYH
JUTSI BiIBEAEHHS BiIOKPEMJIEHOTO CTYIIEHS PaKeTH 3 KOCMiuHOi opbitu. Kocmiuna nayka i mexunonoeis. 2021. 27, Ne 4 (131).
C. 32—41. https://doi.org/10.15407 /knit2021.04.032
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BCTVYII

MixHaponHi HOpMM mpaBa y cdepi BUKOpUCTaH-
HSI KOCMIYHOI'O IIPOCTOpY J€KJIapylOTh HeoOXim-
HICTh BUAQJIEHHS 3 KOCMIYHOI OpOITH BimaijIeHOTro
CTYMEHS pakeTU Micjisl BUBEAEHHS HEI0 KOPUCHOIO
HaBaHTaXEeHHS Ha 3a7aHy opOiTy. 3aJUIIKKU PiAKUX
KOMIIOHEHTIB majuBa 0akax BiIlOKpEMJIEHOTO CTYy-
TEeHS TTiJIIraloTh MacuBallii.

BubyxoBi mpoliecu pyiiHyBaHHS OakiB € JXepe-
JIOM YTBOPEHHS 3HAYHOI YaCTUHU KOCMIYHOTO CMiT-
11 (10 47 %). OcHOBHA NpUYMHA BUOYXOBUX DYii-
HyBaHb 0aKiB — 1Ie IeperpiBaHHs 3/IMILKIB IajJ1Ba
(6impi Hixx 45 % Bumaakis). SAximo y 1987 p. 3araib-
Ha KiJIbKICTb 3aJIUIIIEHUX Ha opOiTax BEpXHix (Apy-
I'MX i TPETiX) CTYMEeHiB pakeT Ta PO3TiHHUX OJIOKiB
cranoBuia 0J13bKo 1000 00’ekTiB, TO Y HacTymHi 30
POKiB BOHa noaBoijack. 3a migpaxyHkamu NASA 3a
craHoM Ha ceprieHb 2007 p. 6yo 3adikcoBaHo 194
BUIIaJIKU BUOYXOBOIO PYyMHYBaHHS OO’€KTIB KOC-
MiYHOTO IpU3HAYEHHS.

Bimomi kinbKa AEcCSATKIB CIIOCOOIB OOpOTHOM 3
KOCMIYHUM cMITTSIM. BoHU TTOmingIoThCS Ha IBI Be-
JIMKI TPYNU: 3amoObiraHHs iXHbOMY YTBOPEHHIO Ta
JIIKBimaiist Bxe HasiBHUX 00’ ekTiB. CJlifl 3ayBaxkKUTH,
110 IIBUAKICTh 3POCTaHHSI KUJIBKOCTI HOBOYTBOpE-
HUX 00’€KTIiB KOCMIUHOTO CMIiTTS 3HAYHO BUIIEPE/-
JKa€ TEMIIM IXHbOIO 3HEIIKOMXKEHHS yciMa BiloMU-
MM CIIOCOOaMU.

OCHOBHI PE3VJIBTATU JOCIIIZKEHDB

Cepen OCHOBHUX CIIOCOOIB, SIKi MOXHAa 3aCTOCOBY-
BaTU JUIsl 3MEHILEeHHS KiJIbKOCTI BifIpalibOBaHUX
BEPXHiX CTYIEHiB pakeT Ta pO3riHHUX OJIOKiB, MOX-
Ha BUJIUIMTH TaKi.

1. 3acmocysanns demownauiiiHoi dsueyHHoi ycma-
HoéKU (iHHOGauilIHULl cnocif) NO3BOJISIE 3 BUCOKOIO
TOYHICTIO CTBOPIOBATU rajbMiBHUI iMITYJIbC TSITU 32
PaxXyHOK IIOBHOI YTWJIi3allil 3aJMILIKiB KOMIIOHEH-
TiB majauBa y 0akax CTyIeHiB pakeT. [Ipu mpomy 3a
BEJIMUMHOIO TUTOMOTO iMITYJIbCY TSITW IeTOHAlliliHa
nBuryHHa yctaHoBka (1Y) He mocTynaeTbest map-
ILIOBOMY PiIMHHOMY PaKE€THOMY IBUTYHY.

2. lTazugbixauis 3aauwkie nasuea y 6akax cmynets
pakemu. Ilpu 3acTocyBaHHI CUCTeMM Tasudikariii
3aJIMIIKIB KOMIIOHEHTIB pakeTHoro naausa (KPII)
BUHUKAE HEOOXiMHICTh MigOOpPYy THILy Tra3oreHe-
PYBaJIbHOI CyMIIIIi 3aJIeXHO Bil (Pi3MKO-XiMIYHUX

BJIACTUBOCTEN KOMITOHEHTa TajavBa. BukopucraH-
HSI OOAATKOBUX HPUCTPOIB Ta XiMIYHUX PEYOBUH
3HAYHO 30iJIbIIIYE Bary KOHCTpYKIiii. Jlo Toro x npu
ckupaHHi rasudikoBanux 3aymmkiB KPIT dgepes
ra3opeakTHBHY CUCTEMY TaJibMyBaHHSI CTYTEHS He-
MOXKJIMBO 3a0€3MeYUTU MPUIHSITHE 3HAUCHHS Be-
JIMYUHU TaJIbMiBHOTO iMITYJIbCY TSITH.

3. 3abesneuenHs pobomu 08USYHHOI YCMAHOBKU
nicas po30ineHHs cmynexié 10 MOBHOTO CIIOPOXKHIH-
Hs1 0akiB. 3aJMIIKK He3a00py KOMIIOHEHTIB 3 Ia-
JINBHUX 0aKiB BU3HAUAIOTHCSI BAHUKHEHHSIM sIBUILIA
KaBiTallii Ha 3a0ipHOMY MPUCTPOi a0 Ha BXO/i 10
HacocCiB TypOOHACOCHOTO arperary.

4. Buxopucmanns eapnyua i napyca. Po3po0aeHuii
Ta ycmimHo BurpodyBaHuit y 2018 p. OpuTtaHChKU-
MU BYeHUMU 30H] «Remove DEBRIS» BUKOHYE 3a-
XBaT KOCMIYHOTO 00’€KTa 3a JOMTOMOTOI0 rapryHa 3
MOJAIBIINM BiZOYKCYBaHHSIM HOro A0 atMocdepu
3eMJ1i pO3KPUTHUM KOCMiUHUM napycoM. OCHOBHUM
HEIOJIIKOM IIBOTO CITOCOOY € HEOOXigHICTh BMBE-
JIEHHST y KOCMIYHUIA MPOCTip CIIeliaJIbHOTO amapara
3 BJIACHOIO JIBUTYHHOIO YCTAHOBKOIO, 110 301IbIIIyE
MNMOBIpHICTh BUHMKHEHHS HaA3BUYaHUX CUTYalliil
Ha poboumnx opbiTax.

5. Bukopucmanmus npomucynymHukosux pakem aoo
Aa3epie 171 TOAPiIOHEHHS BEJIMKUX (DPAarMEHTIB KOC-
MiYHOTO CMITTSI, SIKi Mi3Hillle MOXHa CIpsIMyBaTu
JIJIs1 iXHBbOTO crajieHHs1 B atMocdepi 3emJi. Jlazepu,
sIKi BUTTPOMIHIOIOTh B iH(bpauyepBOHOMY Jiama3oHi,
BCTaHOBJIIOIOTh Ha cynmyTHUKax. KepyBaHHS HUMU
3MIMCHIOETBCS 32 KOMaHAaMU i3 3emui. Chiif 3a3Ha-
YUTH, 110 KiUTbKICTh IPiOHUX (PparMeHTIB BaxKKO
KOHTPOJIIOBATH, i BOHa MOXe OyTH AyXe 3HAYHOIO.
Tomy Taki pparmMeHTU CTAaHOBISATH 3HAYHY HeOe3-
MeKy ISl 1iloUMX Y KOCMiYHOMY MPOCTOPi 00’ €KTIB.

6. Buxopucmanns deueyna, skuii nioka04aroms 0o
Kocmiunoeo 06’ekma Ha 3emai (KomriaHiss D-Orbit).
Po3poOHUKM HAa3MBaIOTh MPOEKT «CUCTEMOIO 3HSIT-
TS 3 eKCIIIyaTallii», TOMY IO ITic/s 3aKiHYeHHS KO-
PUMCHOTO TepMiHY ii KOCMIYHOTO arlapara BiH pa3oM
3 MIKIIOYeHUM 3a30aJIeTiab ABUTYHOM Oyne CIipsi-
MOBaHMIA 10 atMoc¢epH Ta 3ropuTh y Hiil. ABTO-
HOMHMUIA TOAATKOBUI JABUTYH TMOTpeOye HasSIBHOCTI
3araciB BJACHOTO MajiMBa Ta CUCTEMU XKUBJICHHSI.

7. Bukopucmanms openaxcno-3anobisncHoeo kaana-
Ha, 4yepe3 SIKUi BinOyBa€eThCSl BUKUAAHHS 3aJIMIIKIB
najuBa J0 KOCMiYyHOro Ipoctopy. MoxHa Big3Ha-
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YUTU HU3bKI HaIilHICTh Ta €(eKTUBHICTh IaHOTO
cnoco0y y 3B’SI3KY 3 MOXKJIMBICTIO 3aKJIMHIOBAHHS
KJlaraHa Mpu NepeKpuTTi HOro MpoxigHOTro nepepi-
3y KOHJEHCOBAaHUMM TBEPAMMM YaCTUHKAMU KOM-
TMOHEHTIB MaanBa.

8. BukopucmanHs cneyianbHUX 308HIUHIX NpU-
cmpoie 1151 TaAIbMyBaHHS y aTMocdepi, podoTa SIKux
3aCHOBaHA Ha Pi3HUX (PiI3MYHUX SBUILIAX:

— CTPiUKM 3 IIPOTUBArol0 (raabMyBaHHsI 00’€KTa
BimOyBa€eThCs 32 paxXyHOK rpajieHTa IpaBiTallii),

— TIPOBiAHOrO (eJIEKTPOAMHAMIUHOro) Tpoca (y
1IbOMY BUTAAKY BUKOPHCTOBYIOTb MarHiTHe roJie
3emuti),

— arMocdepHoro napyca, SIKMil € HalyBHUM Oa-
JIOHOM a0o0 MJIiBKOIO, HATSITHYTOIO Ha TeJIECKOITiu-
HUX LITaHrax (raJbMyBaHHS BiIOyBa€eTbCS 3a paxy-
HOK aepOIMHAMiIYHOIO OIIOpY).

3acTocyBaHHS IIOAIOHMX TajJbMYyBaJIbHUX IIPHU-
CTPOIB OOMEXEHO MAacol0 Ta FTEOMETPUYHUMU PO3-
MipamMu 00’€KTiB KOCMIiYHOIO MpPOCTOpY, TOOTO iX
HEMOXJIUBO €(PEKTUBHO BUKOPHUCTOBYBATH ISl Bifl-
BEICHHS BiIpallbOBAaHWX CTYIEHIiB pakeT 3 opOiT
(GYHKILIIOHYBaHHSI.

JIJ1s1 TI01a/IbIIIOTO aHai3y 3aJIMIIMMO TiJIbKM TaKi
Ccroco0u BinBeAeHHS 3 OpOIT CTYyIEHIB Ta PO3TiHHUX
0JI0KiB, SIKi 32 CBOIMM XapaKTepPUCTHUKAMU € Hali-
Oinbin epekTUBHMMU. ToOTO, OCTaHHI TPU CrocoOu
MO>XHa BUKJIIOUUTH 3 TTOAJIBILIOTO PO3IJISIAY .

OTXe, MHOXMHA CIOCO0iB BiIBEIEHHS CTYIICHIB
pakeTu (BapiaHTiB) CKJIaJA€EThCSI 3 TAKUX €JIEMEHTIB:

B, — BMKOpHMCTaHHS JETOHALIMHOI IBUIYHHOI
YCTaHOBKH,

B, — rasudikauis nansa,

B; — mponoBxkeHHs poboTH 0cHOBHOI 1Y miciis
PO3IiJIEHHS CTYTEHIB,

B, — BUKOpHCTaHHS rapIyHa i mapyca,

B5 — MIAKIIOUEHHS CeliaIbHOTO ABUTYHA.

Bigmomuii MeTom BHOOPY HAaMKpPAIIOro 3 YCiX MOXK-
JIMBUX BapiaHTiB PO3B’sI3aHHSI HAyKOBO-TEXHiUHOT
3aJadyi — METOJ aHaJIiTUYHOI iepapXii, € OJHUM 3
HaiOiapI nomrpeHux [9]. Merton aHani3y iepapxiii
(MAI) BpaxoBye NTOKa3HUKM TiepeBaru KpUTepiiB Ta
MOKAa3HUKMU TIepeBary BapiaHTiB 32 OKPEMUMU KPU-
Tepisimu. OgHaK IpU MPAKTUYHOMY 3aCTOCYBaHHI
MAI mkamm BiZTHOCHH, 3a SIKUMU 3IiHCHIOETHCS
OLIIHKA CTYIIEHIB IlepeBard BapiaHTIB 3a KOXHUM 3
KpUTEPIiiB, XKOJHUM YMHOM HE MOB’SI3aHi MiX CO-
0010 Ta 3 BarOMICTIO KpUTEPiiB. Y BUMAAKy ITOBHO-
ro TIOPSIAKY PaHXyBaHHSI JIOKAJIbHUX KPUTEPiiB,
TOOTO KOJIM HEMAE OJTHAKOBUX 3a BAXJIUBICTIO KPU-
TepiiB, Ta Ma€ MicClie TTOBHUI MOPSIOK paHXyBaH-
HsI BapiaHTIB 32 KOXHUM KPUTEPIEM, HOLUIBHUM €
BUKOPMCTAHHSI METOHYy apu(PMETU4YHOI IIporpecii
[7]. TlepeBaramu 11bOTO METOAY € MOTO MTPOCTOTA TA
MOXJIMBICTb 3’SICYBaHHSI BILIMBY HaliBaXKJIMBIllIOTO
KpUTEPil0 MOPIiBHSIHO 3 HAIMEHII BaXKJIMBUM KpPU-
TepiEM, Ha CTiHKiCTb OTPUMAHOTO PAHXXOBAHOIO
psny BapiaHTiB. /Jlo Toro X MeTtoa apudpMeTUUYHOI
mnporpecii 1o30aBjeHu i OCHOBHOTO HEIOJIiKY, ITpU-
TamaHHoro MAL.

JJ1s1 TIOpiBHSTHHS aJbTePHATUBHUX CIIOCOOIB Bifl-
BEIIEHHSI CTYIEeHs pakeTu Ta BUOOPY HalKpalloro 3
HUX 3aCTOCYEMO TaKi KpUTEpiaJIbHi MTOKAa3HUKU:

K, — MOXMBiCTh BUKOpUCTaHHS 3anuikiB KPII
JIJISI CTBOPEHHST HEOOXiTHOTO iMITYJIbCY TaJIbMYBaHHSI,

K, — nonarkoBa Maca KOHCTPYKTMBHHUX €JIEMEH-
TiB, HEOOXiTHUX AJIS1 peaizaliil 00paHOro crnocooy,

K; — Bapricts,

K, — KOHCTpYKTHBHA JIOCKOHAJIICTb,

Ky — mpocrora peasisartii.

Tabauys 1. Micug KpurepiiB Ta Micisl BApiaHTiB 32 KOKHMM 3 KPUTEPiiB y BilMOBITHUX MOBHICTIO PAHXKOBAHUX PAIAX

Kpurepii Mic1is BapiaHTiB B paHXKOBaHUX psiiaX BapiaHTIB 32 KpUTEPisIMU

K Miclie KpUTepito BapiaHT BapiaHT BapiaHT BapiaHT BapiaHT

i B PsILy KpUTEDIiB, i B, B, B, B, Bs
K, 1 1 2 3 4 5
K, 2 3 1 2 4 5
K, 3 2 3 1 4 5
K 4 4 2 5 3 1 4
K, 5 3 4 2 5 1
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PesynbraTi paHXyBaHHSI KpUTEPiiB Ta BapiaHTiB
3a KOXXKHMM 3 KPUTEPIiB HaBeJAeHO y Tao. 1.

Po3paxyHOK 1MOKa3HMKIB BArOMOCTi KPUTEPIiB o
OyneMo mpoBOAUTH 3a (popmyioto [6]:

o 2 Avm =D -GE-Hy-1)]

Puc. 1. llpuHuumnoBa cxe-
Ma TaJIbMiBHOI JI€TOHAIIii1-
HOI JIBUTYHHOI YCTAHOBKU: 3 6
I — 0ak okucioBaya, 2 —
0ak majbHOTO, 3 — KaMepa
JNETOHALIMHOTO  JBUTYHA,

i (v _1)n(n_1) s (1) 4 — EIIK nanbHOrO, 5 —
EIIK oxwucmoBaya, 6 —
Iie Y — KoedillieHT, SK1it BU3HAYA€ piBeHb ITepeBaru | NpUCTpiii  iHiuioBaHHA /ﬂ—- \
MOKa3HMKA BaroMOCTi HailBaXJIMBIlIOro KpuTepilo | AeToHauii, 7, § — rasudi-
MOPiBHSIHO 3 HAWMEHII BAXJIMBUM, TipuiiMaemo y = | X4TOPH 1
= 3, n — KiJIbKiCTb KPUTEPIiB, i — HOMEP KPUTEPitO /{
y TIOBHICTIO paHXXOBaHOMY PsITy KpUTEPiiB.
ITokazHMK BaroMOCTi BapiaHTiB 32 KOXXHUM 3 KpU- o )
TepiiB B,; PO3PAXOBYETHCS 3a CIIiBBIIHOLIEHHAM AHaIOTi4Hi Aocm- ,
_ ) _ JDKEHHsI,  TPOBEACHI
By = 2yi(m _'1) —(vi-D(yi-D] , (2) | mpu 3HAueHHsX Koedi-
(yi—1)m(m—1) uieHtay =4 Tay =35, 5
ne yi — KoedillieHT, 1110 BU3HAYa€e piBeHb mepepa- | AAlOTh TaKuii Xe pe-
T TIOKA3HKWKA BATOMOCTi HalBaXJIMBilIOro Bapian- | 3YIbTAT, IO NOBOAMTL
Ta MOPIBHSIHO 3 HAMEHII BaXJIMBUM BapiaHTOM 3a | AOCTaTHIO  CTIMKICTh 8
i-M KpuTepieM (puitMaemo yi = 3), m — KijbKicTp | PaHXXOBAHOTO psANLY Ba-
BapiaHTIB, vi — HOMep MicCLsl BapiaHTa v y oBHoMy | PIaHTIB (4).

paHKOBaHOMY PsIIy BapiaHTIB 3a i-M KPUTEPIEM.
Y3araqpHeHU MOKAa3HUK BAaroMOCTi KOXHOTO 3
BapiaHTIB 3, BAHAYAETHCA K

By=D 0By 3)
i=1

PesynbraTi po3paxyHkiB 3a hopmynamu (1)—(3)
MoKa3aHo y TadJ. 2.

AHasi3 gaHux TabJ. 2 103BOJISIE NiITU BUCHOBKY,
1110 PaH>KOBAaHWM PsII BapiaHTIB 3a CTYIIEHEM iXHbOI
repeBaru Ma€e TaKuii BUTJISII:

B,>B,>B,> B,> B, (4)

PosrisiHemo aetanb-
Hile cnocio BuaaJieH-
Hsl 3 OpOIT CTYIIEHIB paKeT Ta pO3riHHMUX OJIOKIB 3a
JOIIOMOTOIO AETOHAIIiTHOI ABUTYHHOI YCTAHOBKMU.

Ha puc. 1 npencrapiieHO MPUHLIUIIOBY CXeMY Jie-
TOHALiI{HOT JBUTYHHOI YCTaHOBKM, MNpPU3HAYEHOL
JIJISI CTBOPEHHS TAJIbMIBHOTO iMITYJIbCY TATH. [Toma-
ya razononionux KPII 3 maauBHux 0akiB OKUCIIO-
Baya / Ta MajgbHOro 2 3AiCHIOETHCS il 3aJIUIIKO-
BUM TUCKOM Ta3y HajayBy. Ha Bxoai 10 3MillyBaib-
HOIT rOJIOBKM KaMepu ABUTYHa 3 Ha JIiHil NaJibHOTO
BCTaHOBJICHO IIBUIKOMIIOUMIA €JIEKTPOITHEBMOKIIA-

Tabauys 2. Yucnose 3HaUYeHHs NOKA3HUKIB BATOMOCTI KPUTEPiiB Ta BapiaHTiB Mo Kputepisax y = 3

Kputepii 3HaveHHs MOKa3HMUKiB BATOMOCTi BapiaHTiB 3a KPUTEPiAMHU P, ;
K; a; BapiaHT B, BapiaHT B, BapiaHT By BapiaHT B, BapiaHT By
K, 0.3 0.3 0.25 0.2 0.15 0.1
K, 0.25 0.2 0.3 0.25 0.15 0.1
K, 0.2 0.25 0.2 0.3 0.15 0.1
K, 0.15 0.25 0.1 0.2 0.3 0.15
KS 0.1 0.2 0.15 0.25 0.1 0.3
n
By =2 0;B, 0.2475 0.22 0.2375 0.1675 0.1275
=1
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L, M/c
1970 Manbhe/O,
1470
980
490 | f -
I ———— JetA
3 R —— JP10
0 1 1 1 .
0.5 1.0 1.5 p,, 10" Tla

Puc. 2. 3anexHiCTh BETUYUHU TUTOMOTO iMITYJIbCY TSITH lsp
Bill BEIMYMHU TTOYATKOBOTO THUCKY P, Y KaMepi ABUIyHa (3a
naHumu [22])

L, AV, Vi
6000 8000
A
4000 - AN 4 7500
N
N
N K
N
.'\
\\
2000 - I, N 7000
6500

Puc. 3. 3anexuicts AV, V, Ta Isp Bill 3HaYECHHA 0,

naH (EIIK) 4, a Ha niHii okucmoBaua — EIIK 5.
IHiliroBaHHS AeTOHALlil 3MiIMCHIOETHCS 3a TOMOMO-
rol0 CIIELiaJIbHOTO MPUCTPOIO 6. Bijist HUKHIX THUILLL
0akiB BCTAaHOBJIEHO Ta3udikaTopH, SIKi 3a1100iraroTh
MOTPAIUISIHHIO PiIKMX KOMIIOHEHTIB ITaJiuBa A0 Je-
TOHALIIAHOI KaMepu.

[Ticas BimmineHHS CTyIeHsl pakeTu Ta 3YMUH-
KM MapllIOBOIO Ta PY/JIbOBOTO PiIMHHUX PaKETHUX
JIBUTYHIB MOAa€Tbcsl KomaHaa Ha BimkputTsa EITK
41 EIIK 5. TazononiOHi KOMMOHEHTU MajuBa ITif

36

TUCKOM HaJIyBy ITOCTYIAIOTh A0 3MilllyBaJabHOI I'O-
JIOBKM KaMepu JeToHalliliHoro asuryHa. IIpoiiec
JIeTOHALIil iHILIIOEThCA 3a JOIMOMOIOIO0 IPUCTPOIO
6. IIponykTu AeToHAlil, 110 BUTIKAIOTh 3 PEaKTUB-
HOIo coIljla, CTBOPIOIOTH HEOOXiTHMI rajabMiBHUMA
iMmmysibe  TATU. LugpoBa TOYHICTH BiATBOPEHHS
iIMITyJIbCY TSATU 3a0e3MeYyeEThCS 3MiHOIO YacTOTHU
poboyoro mpolecy y aeroHariliHiii kamepi (IK).
TepmiuHa e(heKTUBHICTH I€TOHALIIMHOTO IIUKIIY 3a-
JIMIIAETHCS BUCOKOIO MPU 3MiHiI BEJIMUYUHU TUCKY
nojayi KOMITOHEHTIB MajvBa y IIIMPOKOMY jiarna-
30Hi. 3a pi3HUMMU OLIiHKAMU TTUTOMUI iIMITYJIbC TSTU
JIeTOHALIIAHOI ABUTYHHOI YCTAHOBKU [/, sp HA NEKib-
Ka (mpubm3Ho 5 %) BiICOTKIB MepeBUIIYE BETMIN-
HY Isp Cy4JaCHMX PIIMHHUX pakeTHUX J1Y.
HeoOxigHe 3HaueHHS iMITyJIbCY IIBUIAKOCTI AV,
MpY IMITYJIbCHOMY OITUMAaIbHOMY TraJibMyBaHHI MOX-
Ha BU3HAYMUTH 32 JOIIOMOTOIO CIIiBBiTHOIIEHHS [8]:

2r-1)
(Fsech,, )* -1

AV, =V,|1- : (&)

e 7 = 71y / %,y — KYT BXOIDKEHHS CTYIEHSI paKeTH
1o arMocepu, V), — KojIoBa LIBUIKICTD, 7, — pa-
Iiyc KOJIOBOi OpOiTH, 7,,,, — YMOBHUIA pajiyc aTMo-
chepu 3eMi.

3Ha4yeHHSI IBUIKOCTI BXOMXKEHHS 00’ €KTa J0 aT-
Mochepu 3emii V€ QYyHKIIEI KyTa BXOIXKEHHS:

Vo =VoJ(=AV. V) +2(F=1) . (6)

Jns BU3BHAYEHHSI 3HAYEHHST TUTOMOTO iMITYJIbCY
TIru 1 5 JIETOHAIIiIAHOI IBUTYHHOI YCTAHOBKM, SIKMIA
3abe3reuye HeoOXigHe 3HaueHHS rajbMiBHOIO iM-
MYJIbCY IIBUIKOCTI, CKOPUCTYEMOCH (hopmyioro Li-
OJIKOBCBKOTO:

AVF=]sp1n(MO/Mk)’ (7)

ne M — maca CTyreHs paKeTH i3 3aIMIIKaMU Majin-
Ba, M, — Maca KOHCTPYKILII.

Pesynbratu po3paxyHkiB 3a popmynamu (5), (6)
Ta TIPOEKTHO-0ATICTUYHMX pPO3paxyHKiB Isp ini et
npyroro cryrieHss PH «3enit» 3 BukopucranssM (7)
MpeacTaBieHo Ha puc. 3.

[Ticnst BU3HAYEHHSI ONTUMAJIBLHOTO 3HAYEHHS
KyTa rajJbMyBaHHSI MOXHa BCTAHOBUTU BiAIOBiIHE
3HAYEHHS BEJIMYMHM MTUTOMOTO iMITYJIbCY TSTH, SIKE
3abe3rieuye 3a1aHi Yu oOpaHi ImapaMeTpu BXOIy A0
atMocpepu 3eMJIi.
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®OyHIaMeHTaJIbHY TEOpilo IeToHallii Oyao po3-
pobaeHo Yenmenow i XKyre nanpukinmi XIX i mo-
yatky XX cropiuus [10, 18] Tta 3enbnoBuyem, ¢oH
HreromeHnowm, JIvopinrom [23], [20], [12] y 1940-x pp.
[Toganbioro po3BUTKY TeOpist A€TOHALIIMHUX TIPO-
1eciB Ha0Oyna y 1960-x pp. 3aBasiku po6oram JI. /.
Jlanpay ta €. M. Jlipwinua [19]. ¥ cBoix TeopeTnu-
HUX IOCJIIXKEHHSIX BOHU 3aCTOCOBYBAJI KJIACUYHUIA
MeTon XapakTepucTuk. CydacHi HOCTiIHUKN BUKO-
PUCTOBYIOTh HayKOBY CIaJIlLIMHY OCHOBOTMOJIOXHU-
KiB TeOpii AeTOHAllii 3 METOIO CTBOPEHHSI 3pyYHOIO
IHCTpYMEHTapito, MPU3HAUYEHOTO JUISl TTPOBEACHHS
TEOPETUYHUX PO3PaxXyHKIiB Ta y3arajibHEHHS TaHUX
(izuyHOro I OOYMCIIOBATLHOIO EKCIEPUMEHTIB.
VY 1upoMy HanmpsMKY HaWOiIblI BiZTOMUMM € MOIETi
Mpoliecy AeTOoHallii, 3alIpoIoHOBaHi Yy poboTax [13,
15, 17, 21]. Marepianu, BUKIaAeHI HIXXYE, € IIPO-
JIOBXEHHSIM JocimkeHs [13, 21].

Ha BigMiHy Big TpaauLiiiHUX peaKTUBHUX Ta pa-
KETHUX JIBUTYHIB JIITAJILHUX arapaTiB, sIKi Mpaifio-
IOTh 3a IMKJIOM bpaiiToHa, y JEeTOHAILIWHUX IBU-
TYHax IMiABUILEHHS TUCKY y KaMmepi BimOyBa€ThCs y
npolieci BUAiJeHHs Teria. To0To, Taki IBUTYHU He
MOTPeOYIOTh HASIBHOCTI CIlelliaJIbHUX arperariB [is
MiJABUILIEHHS TUCKY KOMIIOHEHTIB TajuBa Ha BXO-
IIi 10 KaMepHu 3ropsiHHsS. JIBUTYHU IEeTOHALiTHOTO
CMaJIeHHs1 Tpalle3/aTHi MpU 3HUXKEHOMY THCKY Yy
nasnBHux Oakax. Lle o3Havae, 1110 BOHM MOXYTb
e(eKTUBHO BUKOPUCTOBYBaTH 3aMIIKU I[aJlnBa
JIJIS1 BAKOHAHHSI TIOJIbOTHOTO 3aBJaHHS. Y HallloOMY
BUIIAJKy — JUISl 3[ilICHEHHS KEPOBAHOIO 3HUXKEH-
Hs1 3 OpOITU BiIIpallbOBAaHOIO CTyIIeHs pakeTu. /o
TOTO X, 3HAYEHHSI BEJIMUMHU TUTOMOTO iMITYJIbCY
TSITU HaBiTh B yMOBaxX 3HAYHOI'O 3HUXKEHHS TUCKY Y
0aKy p(, 3MIHIOETbCS HECYTTEBO [22], AKIIO BEITNYM-
Ha IMOYaTKOBOIO TUCKY p, > 5-10* Ia (muB. puc. 2).

IMITy/ibC TSITM KamMepu JeTOHAIiiHOTO ABUTYHA
0e3 cortoBoro Hacaaka (CH) BuzHavaeTbesl Bigo-
Moto popMmyoro [21]:

1 a+p
PO'Tcycle:Vk D + '(p*_ph): (8)
(9 ay
ne Py —rara 1K, <, — TPUBAIICTh I€TOHALIIIHO-

ro uukiy, V, — o6’em JIK (6e3 CH), DCJ — IIBUJI-
KiCTb pyXy AeToHauiiHoi xBuii (I1X),

1 2[y—1.

+3
2 ! +
y+1
ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 4

2

1
a(y,M¢) =3 1+

a

1 y+1

L2 C(y+1)? ng 2
y—1 2 1+yng

— BimoMa razoguHamiuHa (pyHKIis, 3 — mapameTp
Ipolecy AeToHalili (y momaJblIMX pPO3paxyHKax
npuiimaetecs f = 0.5), ax i p» — LIBUAKICTb 3BYKY
Ta TUCK Ta3y B 00JIaCTi TaJibMyBaHHS (B 00JIacTi 3a
xBuserw Teitnopa, e IBUAKICTb MPOAYKTiB I1eTOHA-
uii u = 0), p, — TUCK HABKOJMUIHBOTO CEPENOBUILA
(I1s1 BEpXHIiX CTYIEHIB paKeT MOXHA MPUAHSATH P,
PIBHUM HYJIIO), ¥ = ¢, /¢, — BIIHOLIEHHS TIMTOMUX
TETUIOEMHOCTEH MPOIYKTIB NeTOHALLil, M, — 4ncIo
Maxa y Touni Yenmmena — XKyre.
BignosinHo mmrommuii iMmynbe Taru (ITIT) mo-
PiBHIOE
1

Po DC]

Ie py — LIUIbHICTD 31aTHOL 10 AE€TOHALl IaIMBHOI
CyMIilIIIi.

[licnsg HeckIagHUX IEPETBOPEHb OTPUMYEMO
3pY4YHY [UISl IOAAJIBIIOTO aHAJIi3Y 3aJIEXKHICTb:

1

a+p

a

I,

(p * _ph) s (9)

DC
Iy :2—JCD(Y,MCJ) : (10)
Yo

I€ Y, — BIIHOLIEHHS NMUTOMHUX TEIIOEMHOCTEM
3IaTHOI1 J0 AeTOHallil MaJIMBHOI CyMillli,
- s
1+M2% 41
Oy M) =| 5= | x
i 1+yMg
Ayt
1+ MZ, [ 1+M? 271
x| 1+2——Y G v+
Mgy (1+yMgy 2

— razoguMHaMivHa (pyHKILis.

3HaueHHs1 rasoauHamiuHoi dyHKii D(y,Mey)
MpeacTaBJIeHO Ha puc. 4.

3HaYeHHs MIBUIKOCTI AETOHALIIl MOXHA OTpUMa-
TH 3 BiIOMOI0 CHiBBiJHOIIIEHHS:
1€ Py, Vs Pcy» Yoy — THCK Ta MUTOMUIA 00’ €M Tepest
AX Tay touni Yennmena — 2Kyre BigImoBigHO.
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Puc. 4. Pezynsratn po3paxyHKiB @(y, MCJ): KpuBi /—5 Bin-
noBinHo misg ®(1.1, M), ©(1.2, M), O(1.3, M), (1.4, M),
(1.5, M)
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Puc. 5. TTopiBHSIHHSI TEOPETUYHUX (CTOBMUMK [/ — OOUYUCITIO-
BaJIbHUIT €KCMIEPUMEHT, 2 — po3paxyHoK 3a opmyiioro (10),
3 — naHi [21], 4 — naHi [13]) Ta eKciepuMeHTaTbHUX JAHUX
(xBagpatuku — masi [13], kpyxedok — [16], Touka — [11],
xpecTuk — [14])

Jst pO3paxyHKy BeJTUIUMHU M-, TOLITBHO BUKO-
puctoByBatu popmyiy [8]:

(votNQy-1 (oM -1
M, = |[y=-t0TIRT—") =0T IRV T (12
7 \/X 2y0(vo—1) +\/X 270(vo—1) (12

ne = qc(y2 -1/ (2a§) — 0e3po3MipHa TemioTa
JIETOHAIlI, @, — IIBUIKICTb 3BYKY y MaJWBHId Cy-
mirii nepen pporrom IIX, g, — Teriora reToHarlii.
BinHocHy Tary kamepu asuryHa By = Py /(pyA)
(A — mioIa MonepeYHoro nepepisy KaMepu, p, —

38

TUCK, TIiJ SIKMM TaJiIuBHA cyMim nocrynae no 1K)
MOXHA pO3paxyBaTH 3 BUKOPUCTAHHSIM CIIiBBiTHO-
IIEeHHS

- g (13)
Tcycle

ae tgy =L,/ DC] — iHTepBaJ yacy, MpOTSIroM SIKOTO

(pPOHT JeTOHALIIAHOI XBUJIi POXOAUTD BiICTaHb Bij

3MilllyBaJIbHOI TOI0BKHM 10 Buxomy 3 JAK (L, — mo-

BXIMHaA KaMepn).

Ha puc. 5 npeacraBiaeHoO pe3yabTaTh po3paxyH-
KiB BenmmuuHM [11T, 3niificHeHi 3a OTpMMAaHOIO Y LIbO-
MY OOCJIiIKEHHI aHATITUYHOO 3aJIeXKHICTIO, Ta HOBI
pe3yabTaTd O00UYMCIOBAIbLHOTO 2D-eKCrepuMeHTY,
MPOBEICHOTO 3a MOAELIIO [4].

OOuucIoBaJbHUI €KCIIEPMMEHT 0a3yeThCsl Ha
BukopuctanHi TVD-cxemu migBUIIEHOTO MOPSIAKY
arnpokKcuMallii 3a METOJIMKOIO, Ha SIKY € MOCUJIaHHS
y po6oTi [1]. Ha ToMy X puc. 5 HaBeneHO pe3yJib-
TaTU TEOPETUUYHMX PO3PaXyHKiB y pooorax [13, 21]
Ta BiIOMi €KCHEpUMEHTaJIbHi OIIIHKW BEJIWYUHU
[TIT [11, 14, 16], KiNBKiCTh SIKHX € AyXe OOMexe-
Hoto. I3 3icTaBieHHS HOBUX JAaHUX 3 pe3yJabTaTaMU
IHIIMX TOCJIiIKeHb Ta JTaHUMM €KCIIEPUMEHTIB BU-
JIHO, 110 PO30iKHICTh MK HUMM JIEXKHUTh Y AOITyC-
TUMHUX MexXax (He nepeBuinye 12 %). Pazom 3 Tum
Cllii 3a3HAYUTHU, WLIO Pe3yJbTaTU OOUYUCTIOBATb-
Horo 2D-ekcrnepuMeHTY € TOYHIllIMMU TOpPiBHSI-
HO 3 pe3yjbTaTaMu pPO3paxyHKiB, 3aCHOBAaHUX Ha
1D-momensx [1]. CyrreBy (0au3bK0 23 %) po30ix-
HICTb MiX JaHUMU €KCIIEPUMEHTY Ta pe3yJabTaTaMUu
PO3paxyHKiB i UMCIIOBOTO MOACIIOBAHHS BUSIBJIEHO
JIMIIE ITPY BUKOPUCTAHHI alleTUJIEHY, TeTI0(i3nuHi
BJIACTMBOCTI SIKOTO € TIEBHOIO MipOl0 aHOMaJbHU-
MM, TIPO 1110 BXXe paHillle 3a3Ha4YaJIOCh Y TOCTiIKeH-
Hi [2]. BiaMmiHHIiCTh MiX eKClepuMeHTaIbHUMU
naHumu [13, 14], sIKi CTOCYIOTbCSI €TUJIEHY, MOXHA
MOSICHUTH HasIBHICTIO MOXMOOK Ta HEJTOCKOHATICTIO
MeToauku BuMiproBaHHs BenunuuHu ITIT. Bimowmo,
1110 HAKOUIBII TOUHI pe3yabraTu BuMiptoBaHHs ITIT
B ekcriepuMeHTax 3 [IJI oTpuMaHO 3a IOIIOMOTOIO
OajTicTUYHOTro MasiTHUKA [5].

B ymoBax Maifke MOBHOiI BiJICYTHOCTI eKCIepu-
MEHTaJIbHUX AaHUX cTocoBHO BenuunHu ITIT kame-
pY JETOHALIIMHOTO JBUTYHA BMKOPUCTAHHSI HOBOI
aHAJIITMYHOI 3aJIe’KHOCTI AO3BOJISIE TI0 J0OpE Bigo-
MUWM TEPMOIMHAMIYHUM MapaMeTpaM MpoLiecy JAeTO-
Hallii, sIKi HaBeJieHO y (haxoBiii JTiTepaTypi, IPOBOIM-

M}
-TJ-cD(v,MCJ),
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T pO3PaXyHKHM Ta OLIiIHIOBAaTH BU3HAYa/IbHi XapaKTe-
puctuku JIJI Ha paHHIX CTamisIX IIPOEKTYBAaHHSI.

IMuromuii immynbe Taru JIK 3i CH MoxHa Bu3Ha-
YUTU 3a CITiBBITHOIIEHHSIM

I sp I spOKN s
ne K N KOeilli€EHT TATH COILIA.

Y 3aranbHOMY BMIIQIKy 3Ha4YeHHs K, BU3Haya-
€ThCSI MOJILOTHUMM yMOBaMM Ta ¢opMolo corria [3].
ITpu 11LOMY HEOOXiTHO BpPaxXOBYBAaTH OCOOJMBOCTI
po6oYOro Mpo1ieCy AETOHAIIHHOIO JBUTYHA Ta CKJIa
rasy, sikuii 3aroBHioe CH, Hanpukiiaa mpyu BUKOPUC-
TaHHI CUCTEMU IPOAYBKHM 1 OXOJI0MIKEeHHS [4].

Ha npinsgHui Tpaexkrtopii pyxy BilOKpeMJIEHOIO
CTYMEHs pakeTH y LIILHUX Il1apax aTMochepu J10-
LJIBHUM € BUKOPUCTAHHS €XEKTOPHOTO ITiJICUITIO-
Baya TITW. Y TIpolieci B3a€MOJil HecTallioHapHO-
0 PeakKTMBHOTO CTPYMEHSI MPOAYKTIB JETOHAILil 3
aTMoc(epHUM TOBITPSIM MiXX HUMM BiIOyBa€ThCS
e(eKTUBHUIA €HeprooOMiH, BHACIIJIOK SIKOTO Be-
JIMYMHA TSITWM MOXe 30iiblryBatuch y 1.5...2 pasu i
Oinbire. BenmunHa 30iIbIIIEHHS TSTM B OCHOBHOMY
3QJIEXKUTD Bill KOHCTPYKTUBHUX MapaMeTpiB eXeK-
Topa (miameTpa, JOBXMHU, (POPMU TOIIO) Ta B3AEM-
HOTO po3TalllyBaHHS exeKTopa Ta coruia /1. Takum
YUHOM 3a0e3MeuyeThCsl KepoBaHE JAOCTaBICHHS
CTYIIEHSI 1O BUM3HAYEHOI MiMSTHKM 3eMHOI IOBEpPXHi
Y 30Hi Bimuy>keHHs1 a00 10 3aJaHOT0 HeOe3eYHOro
JIJIS1 CyTHOTLJIaBCTBA paiiOHY CBITOBOTO OKEaHy 3 IO-
JAJIbIIMM 3aTOTUIEHHSIM CTyIeHs. Bucoka TOUHicTb

(14)

JIITEPATYPA

BUKOHAHHS ITOJIbOTHOTO 3aBAAHHS IIPU KOHTPOJIbO-
BaHOMY CITyCKaHHi paKeTu KOCMiUHOTO MpU3HaYeH-
HSI 3[IACHIOETHCS 32 PaXyHOK 3MiHUW 4aCTOTHU CJIiTy-
BaHHS iIMITYJIbCIB TSTM Ta CTyMeHs 3armoBHeHHs JIK
3IaTHOIO J0 JeTOHALIil MaJIMBHOO cyMilio. OTxe,
3a BEJIMYMHOIO ITMTOMOIO IMIYJbCY TSI, SIKUIA
CTBOPIOE AeToHauiiiHa 1Y, 3a10BOJbHSIETHCS BUMO-
ra I10A0 rajJbMiBHOIO iMITyJIbCy LIBUIKOCTi, HEOO-
XiTHOTO IIJIsI KEPOBAHOTO CITYCKY CTEIICHIB pakeT A0
arMocdepn 3eMIIi.
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THE STAGE DEORBITING WITH A DECELERATION PULSE DETONATION ENGINE

The article discusses the issues related to reducing the amount of space debris from rocket stages. The main ways to remove the
separable part of a rocket from a space orbit are: the use of a deceleration detonation propulsion system; gasification of fuel
residues and the use of a gas-reactive deceleration pulse system; continuation of the work of the main propulsion system after
the separation of stages; the use of a harpoon to capture the rocket stage and the use of sail for its further braking; the use of
anti-missile or combat lasers to destroy a stage on the orbit followed by the stage fragments’ burning in the Earth’s atmosphere.

To select the optimal method for removing from the orbit the separated part of a space rocket, the arithmetic progression method
was applied. It has certain advantages over the classical hierarchy analysis method and has no inherent disadvantages of this meth-
od. A ranked row of solutions was obtained according to the five most significant performance criteria, and its stability was proved.

A new deceleration detonation propulsion design scheme is proposed. Detonation burning of residual fuel components pro-
vides the maximum possible value of the deceleration thrust impulse. Using the example of the second stage of the “Zenit”
launch vehicle, we analyzed the nature of the dependence of the entry angle into the atmosphere on the important characteristic
parameters: the deceleration speed impulse, the entry speed into the Earth’s atmosphere of the separated launch vehicle stage,
the required value of the specific thrust impulse of the deceleration propulsion system. A new analytical formula has been ob-
tained, which connects the thrust and specific thrust impulse values of the detonation engine with the determined detonation
process parameters. The results of the computational experiment were compared with the results of calculating the specific
thrust impulse using the new formula for oxygen-based fuel compositions, known experimental data, and numerical simulation
data of other authors. The data obtained in this study make it possible to evaluate the design parameters of the deceleration
detonation engine at the stage of analyzing technical proposals.

Keywords: ways to remove the separable part of a rocket, deceleration detonation propulsion system, deceleration detonation
propulsion design scheme, the arithmetic progression method, specific thrust impulse.
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ABTOMATU3OBAHE PO3ITI3HABAHHS MICBKOI POCJIMHHOCTI
TA BOIOUM 3A 3HIMKAMM 31 CYITYTHUKA «JILIN-1A»

Hasedeno pezynvmamu eKcnepumeHmanbHo20 mecmyeanHs po3pooaeHoi MemoouKu agmomamu308an020 po3ni3HAGAHHS POCAUH-
Hocmi ma 6000iM Ha mepumopii micm 3a 6aeamocneKmpanvHumu 3Himkamu 3i cynymuuxa <«Jilin-1A». Jlocaioxcenns exawouanu
nposedeHHs aeMoMamu308aH020 PO3Ni3HABAHHS POCAUHHOCMI Ma 800HUX 00 €Kmié Ha 00paHili mepumopii cnocmepeiceHs 3a 3HiM-
Kamu HaoeucoKoeo npocmoposoeo po3pizHenHs eudumozo ma 14-dianazonie i HacmynHoeo nopieHAHHA OMPUMAHUX Pe3YAbMamie
3 pe3yabmamamu 8i3yanvroeo dewughpyeanns. Ompumani pesyssmamu 06pooKu 3uimKie 3i cynymuuka <«Jilin-1A» 6idnosiono do
3aNPONOHOBAHOI MemoduKy niomeepousu 00CMAMHbLO GUCOKY MOYHICMb A8MOMAMU308AH020 GUOINEHHS ePAHUUb DO3NIZHAHUX
00°eKmie y NOPIGHAHHI 3 Pe3yAbMamami IHMepaKmueHo20 8i3yanbHo20 PO3NIZHABAHHS YUX Jce 3HIMKIG. Ha pisHux mecmogux Oinsin-
Kax ompumano 0oope po30ineHHs KAacie pocAUHHOCMI [ 600U NPU MUX CAMUX HACMPOKBAHHAX nopoeie binapuszayii. Tounicms aemo-
MamuyHoi Kaacugbixauyii pocaunnocmi ma 6000iim (6e3 ypaxyeanus NOXUOOK emanona) 04s pi3Hux mecmosux OiNsIHOK CIAHO8UAA
81....92 %, a 3nauenns koegiyiecnma Kanna nexcanu y mexcax 0.68...0.85. Iopignsanns HOpmanizo8anux iH0eKcHUX 300pajiceHs,
ompumarux i3 cynymuukie «Jilin- 1A» i «Sentinel-2A», nokazano ne3uauni po3oincnocmi snauens NDVI ma icmommui po36iscrHocmi
ons NDWI i MNDWI, wo 3ymoeaeno suxopucmanuam pizhux cnekmpanviux kaunanie (SWIR i NIR). Jlani po3bixcnocmi moxcHa
icmomHo 3ameHwumu, 8UKOPUCMOBYIOUU NONPABOUHI KoehiuicHmu.

AHnaniz énauey smeHuieHHs po3paoHocmi uxionux snimkie (3 10 do 8 6im) i nacmynnoeo inghopmayiiinoeo cmucrenus (JPEG lossy
i JPEG2000 lossless) na pe3yavmamu agmomamu308an020 po3nizHaA6aHHs POCAUHHOCII | 600HUX 00°ekmie niomeepous doyinbHicms
i echexmusnicmv maxux memodie. Obcse 36epedxcenux i nepedanux gaiinie 3menuiysascs cymmeeo (6 80..100 pazie) npu ne3na-

HuryBanus: Makapos O. JI., binoycos K. I, CBunapenko /1. H., Xopoumunos B. C., Mosrosuii /. K., [Toreas B. M.
ABTOMaTM30BaHe PO3Ii3HaBaHHS MiChKOi POCIMHHOCTI Ta BOJOUM 3a 3HIMKaMM 3i cynyTHUKa «Jilin-1A». Kocmiuna nayka i
mexnonoeis. 2021. 27, Ne 4 (131). C. 42—53. https://doi.org/10.15407 /knit2021.04.042
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uHOMY 3HUNICEHHT mounocmi Kaacugikayii (na 1...2 %). 3anpononosana memoduxa 0036045€ iCMOMHO RIOBUWUMU ONEPAMUBHICb
i 8ipoeionicmb GIOHOGACHHS KAPM GeAUKUX MIC NPU 0OHOUACHOMY 3HUMNICEHHI (DIHAHCOBUX GUMpPAm y NOPIBHAHHI i3 MPaoduyiliHow
HazemHoro GPS-3iiomkor ma aepoghomositomkor.

3a605Ku 6UCOKOMY CIYNeHI0 asmomamu3ayii 00pooKu 3HIMKI6 ma MiHimi3ayii HeoOXiOHUX obuucaeHb (Y NOPIBHAHHI 3 Memooa-
MU, W0 BUKOPUCMOBYIOMb CKAAOHI Kaacugikamopu i HelpoHHI Mepexci) po3podieHa MemoouKa moxce Oymu peanizoeana y euensaoi
2eoingopmauiiinoco eebeepsicy, saxuil 3abeznevygamume NOMpeodU WUUPOK020 K0AA 0ePIHCAGHUX CAYICO | KOMEPYIUHUX CIMPYKMYD, a
makodic 6yde KOpUCHUM 0451 HACEACHHS Me2anoaicie i mypucmie.

Karouosi caosa: cynymnukoguii MoHimopute, 6aeamocneKkmpanvHi 3HiMKuU, 00pooKa 300pajiceHb, CHeKmpanbHi iH0eKcu, i0H081eH-

HA Kapm

Beryn. 3abesrnieueHHsT CTIMKOIO pPO3BUTKY TI'YCTO-
HaceJIeHUX TePUTOpIiil IpU HaA3BMYAWHO BUCOKO-
MY TEMIIi PO3BUTKY MIChKOI iH(PpacTpyKTypu He-
MOXJIMBE 0€3 OoJiepXKaHHsSI PeryjsspHOi Ta JOCTO-
BipHO1 iH(opMallii Tpo CTaH i AMHAMIKy 3MiH BCiX
TUIIIB 00’€KTiB, 30KpeMa POCIAMHHUX i BOAHUX. B
yMoBax ypOaHi3allii, 110 Aedaji MiACUTIOEThCS, i
MOB’SI3aHOI0 i3 IIUM PIi3KOro 30iJbLIEHHSI TEXHO-
FeHHOTO HaBaHTaXX€HHS Ha MiCbKi EKOCHCTEMU 3aB-
JaHHS MiABUILIEHHS ONEPaTUBHOCTI Ta BipOTIAHOCTI
BiIHOBIIEHHSI LM(POBUX KAapT METaIOJICiB CTOITh
Ha nepiiomMy Miclii.

AKTyabHiCTh TEeMATUKHU A0CTiLKeHb. Hapasi one-
pPaTUBHUI KOHTPOJIb MPUPOIHUX i aHTPOIOTEHHUX
3MiH POCJMHHOCTI Ta BOZHMUX 00 €KTIB Ha TEPUTO-
pii BEJIMKKMX MICT € OMHUM 3 HAaOUIbII BaxKJIUBUX i
aKTyaJIbHUX 3aBJaHb €KOJOTIYHOIO MOHITOPUHIY
METaIoJiciB B ychoMy CBiTi. OmHaK IMIPOBEACHHS pe-
T'YJISIPHOTO MOHITOPUHTY €KOJIOTiYHOTO CTaHY BEJIU-
KMX MICT € CKJIaJHOIO OaraTorpodiibHOIO 3a1a4elo,
sika BUMarae 3ajy4yeHHsl 0araTbox OpraHizauiiiHo-
¢iHAaHCOBMX Ta HAYKOBO-TEXHIYHMX pecypciB. Tomy
MPOBEIEHHS NOCIIIXEHb 3 METOIO PO3POOKU HOBUX
1 ePEeKTUBHUX METOIMK Ta iHPOpPMaALiHHUX TEXHO-
JIOTili aBTOMAaTU30BaHOI 00poOKu gaHux JI33 s
3MifiCHEHHSI TAKOIO MOHITOPUHIY € BKpall BaxKJIu-
BUM i aKTyaJIbHUM.

IToTouynmii cran. [IMTaHHSIM DMCTAHILIIAHOIO MO-
HITOPUHTY HaBKOJIMIITHBOTO CEepeJOBMIIA MPUCBSI-
YEeHO JOCUTh 0araTo BIiTYM3HSHUX HAyKOBUX MYy-
Onikauii i aucepraliifi OCTAaHHBOIO POKIB, Y SIKMX
HaBeJEHO METOAM CYNYTHUKOBOTO MOHITOPUHTY
pociuHHocTi [14, 17, 20, 22], Bomoiim [2, 4, 5, 18, 21]
Ta ypbaHizoBaHuX Teputopiii |8, 11—13, 19]. OgHak
y IIepeBaxHiii OUTBIIOCTI IMX ITyOJiKalliil omuca-
HO MPUKJIAIX BUKOPUCTAHHS O6araTocrekTpaibHuX
maHux /133 HU3BKOro i cepeaIHLOI0 IPOCTOPOBO-
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ro pO3pi3HEHHSI, MPUAATHUX [JI CYNMyTHUKOBOIO
MOHITOPUHTY JIMIlI€ BEJIMKUX POCIMHHUX i BOIHUX
00’exTiB (JTiCOBI MacuBM, CUIBIOCHYTIimas, PiKH,
03epa Tol110). 3aBJaHHSI OMepaTUBHOTO MOHITOPUH-
Ty POCJIMHHUX i BOZTHUX 00’€KTIB HAa TEPUTOPii MiCT
MOXHa e(EeKTUBHO BUPILIYBAaTU 3 BUKOPUCTAHHSIM
BUCOKOJIETAJIbHUX CYIYTHUKOBUX 3HIMKIB BUIU-
moro Ta IY-niama3oHiB. 3a KOPIOHOM CYITYTHUKO-
Bi 3HIMKM BHMCOKOI'O i HaIBUCOKOTO IIPOCTOPOBOrO
pPO3pi3HEHHS BXe 0arato poKiB YCITIIIIHO BUKOPHUC-
TOBYIOTBCSI TIPY PO3B’SI3yBaHHI Pi3HUX MPUKIIATHUX
3aBJlaHb, y TOMY YMCJIi IS MiCbKOTO TIJIaHYBaHHS I
€KOJIOTIYHOTO MOHITOPUHTY.

DopmymoBaHHs PodaeMu. SK paBUIo, AJIs pery-
JIAPHOTO BiTHOBJIEHHS 0a3 MPOCTOPOBUX JAHUX MPU
aKTyamizauil KapT MeraroJjiciB TpaauliliHO BUKO-
PUCTOBYBAJIMCSI 1aHi HA3eMHUX BHMipIOBaHb Ta ae-
podoTo3HiMku. [Ipu 1IbOMY ITEpiOANYHICTh BiTHOB-
JICHHSI KapT MicCT OyJia HU3bKOIO (3a3BUYail OIMH pa3
Y KiJIbKa pOKiB), 1110 TIOSICHIOETHCSI BUCOKOIO TPYAO-
MiCTKicTIO 300py Ta 00po0ku naHux. [llupokomy Bu-
KOPUCTaHHIO CYMYTHUKOBUX 3HIMKiB HaJIBUCOKOTO
MPOCTOPOBOI0 PO3PiZHEHHS MEPELIKOIXKaa, y Tep-
1Ty Yepry, iXHsI BUCOKa BapTiCTh, a TAKOX CKJIAIHICTh
1 BHCOKA BapTiCTh CIELiali30BaHOr0 IIPOrpPaMHOIo
3a0e3mnedyeHHs Ta 1j1s1 00pooku gaHux [33.

MoxxnuBi misixu Bupimenns. [HTEHCUBHUI poO3-
BUTOK B OCTaHHiI POKM 0araToCrneKTpajibHUX CY-
MYTHUKOBUX CEHCOPiB HaJIBUCOKOTO MPOCTOPOBOIO
PO3pi3HEHHSI, 3 OAHOrO OOKY (TabauIIs), i 3HAYHUI
nporpec B 00JacTi cyyacHUX iH(popMaLliiiHUX TexX-
HOJIOTi#1 0OpOOKM CYITyTHUMKOBUX 3HiMKiB, 3 IHIIIOTO
0OKY, TO03BOJIMIIM iCTOTHO IMPUCKOPUTH Ta 3ACIIECBU-
TH mpoliec 300py Ta 00pooku gaHux JI33, a Takox
CIPOCTUTU IOCTYN MACOBUX KOPUCTYBauiB Pi3HUX
MNpUKIaIHUX Tajdy3ell 10 pe3ybTaTiB iXHbO1 00po0-
Kku [3, 25].

43
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Cepen HaBeneHUX y Ta0nuii cynyTHUKIB 133 cmig
0COOJIMBO 3a3HAYMTU KUTANCHKi CYITyTHUKHM <«Jilin-
1A» i «SuperView-1A/B/C/D», 3HIMKU 3 SIKUX Bil-
PIi3HSIIOTHCSI HEBUCOKOIO BAPTIiCTIO Y MOPIBHSIHHI i3 CY-
nytHuKamu J133 iHmx kpain. He3Baxkarouu Ha ripiii
XapaKTepUCTUKU (Y Meplly 4Yepry TOYHICTh Ieornpu-
B’SI3KU Ta AMHAMIYHUI Aiara30H CEHCOPIB), 1i 3HIMKU
MOXYTb i3 YCITIXOM BUKOPUCTOBYBATHUCS JIJ151 PO3B’S13Y-
BaHHSI LIMPOKOTO KOJ1a TPUKJIATHUX 3aBIaHb.

Meta i 3aBaaHHs JocJimkeHb. OCHOBHUM 3aB-
JAHHSIM JIOCJIIKeHb € PO3po0Ka Ta eKCIepUMeH-
TaJlbHE TECTyBaHHSI METOAMKM aBTOMAaTU30BaHOTO
pO3Mi3HaBaHHSI MiChKOI POCJIMHHOCTI i BOAOWM 3a
OaraTocrnekTpaJbHUMU 3HIMKaMU HaJIBUCOKOTO
MPOCTOPOBOTO PO3Pi3HEHHS 3i cymyTHUKa «Jilin-
1A» 3 MeTOIO MiABUILIEHHSI ONIEPAaTUBHOCTI Ta Bipo-
TiTHOCTI BiTHOBJIEHHS KapT MiCT IpX OJHOYACHOMY
3HIMKEHHI (DiHAHCOBUX BUTPAT.

Buxinni nani ps pocaizkenb. 3a TECTOBY HiJISTH-
Ky JUIs1 BiilpallbOBYBaHHSI METOJ0JIOTi aBTOMAaTU-
30BaHOTO PO3Ii3HABaHHSI POCAMHHOCTI Ta BOIHUX
00’exTiB OyJ0 oOpaHO TepuTopito Micra Jlybai,
ONIHOTO 3 HaOinbIMX MeramnonaiciB O6’emHaHUX

Apabcpkux EmipartiB, sikuii BKpail I[MHAMIYHO PO3-
BUBAETHCA. Lle MicTO Bimpi3HSIETHCS Iy>Ke BUCOKUMU
TeMIlaMu 3MiH MiCbKOI iH(pacTpyKTypu, HasiBHiC-
TIO paliOHIB SIK 3 BUCOTHOIO, TaK i 3 MaJIOIIOBEPXO-
BOIO 3a0YyZI0BOIO, a TAKOX BEJMKOIO KiJIbKIiCTIO Pi3-
HOMAaHITHUX MPOMUCIOBUX i KYJIBTYPHUX 00’ €EKTIB.

VY gxocTi BUXimHUX gaHUX Oyau oOpaHi Oarato-
CHeKTpaibHI 3HIMKM HaJIBHMCOKOTO IIPOCTOPOBOIO
pospi3HeHHs 3i cynyTHuKa «Jilin-1A» 3a 6 m0TOrO
2018 poky, mo Oyim oTpuMaHi y BuaumMoMy 1a 14-
nianazoHax (puc. 1).

Hnsa opropekTudikallii BUXiZTHUX 3HIMKiB OyJ0
obpaHo undposy moxenb penbedy ASTER DEM i3
MPOCTOPOBUM po3pizHeHHsIM 30 M (puc. 1).

MeTtopoJorisi aocimkenb. CyTh TOCTIIKEHb I10-
Jisirajia B po3po0JieHy METOJMKM aBTOMaTHU30BaHOTO
po3ITi3HaBaHHSI POCIMHHOCTI i BOZTHUX O0’€KTIB 3a
0araTocrneKkTpajJbHUMU CYNYTHUKOBUMHU 3HIMKaMu
HaJIBUCOKOTO MPOCTOPOBOrO PO3Pi3HEHHSI BUJIU-
moro Ta IY-nmianma3oHiB, TecTyBaHHSI po3poOJeHOL
METOIMKM Ha OOpaHili TepUTOpii CIOCTEpPEXEeHb i
HACTYITHOTO MOPiBHSIHHS OTPUMAaHUX PE3YJIBTATIB 3
pe3yJbTaTaMy BizyaibHOTO neirdpyBaHH: [9, 23].

CynyTHHKH 3 0araTocneKTpajibHUMH CKAHEPAMH HAJBHCOKOTO PO3Pi3HEHHS

Po3spizHeHHs ceHcopiB Ie .
Pix i} Myra TouHicTb
CynyTHUK SATIYCKY Kpaina-omneparop NpocTopose | pamiomerpwy- | KimsKicTs 3axBaTy, | T€ONpPUB’A3KU,
PAN/MS, M He, 6iT KaHaiB KM M
«Deimos-2» 2015 | Kanana 1.0/4.0 10 4 12 —
TripleSat-1,2,3» (DMC-3) | 2015 | BenukoOpuTaHis 1.0/4.0 10 4 23 —
Jilin-1A» 2015 | Kurait 0.8/3.2 — 4 48 —
«Kompsat-3A» 2015 | Kopes 0.4/1.6 14 4 12 13
«Cartosat-2C» 2016 | Inmis 0.65/2.0 10 4 10 100
«PeruSat-1» 2016 |Ilepy 0.7/2.0 12 4 10 —
«SkySat-3...7» 2016 | CILIA 0.8/2.0 11 4 8 —
«Gokturk-1A» 2016 | TypeyuuHa 0.7/2.8 12 4 20 10
«SuperView-1A/B» 2016 | Kuraii 0.5/2 11 4 12 20
«WorldView-4» 2016 |CIIA 0.3/1.2 11 4 13 3
«Cartosat-2D/2E» 2017 | Inmis 0.65/2.0 10 4 10 100
«Mohammed-VIA» 2017 | Mapokko 0.7/2.8 12 4 20 —
«SkySat-8...13» 2017 |CLOA 0.8/2.0 11 4 8 —
«Cartosat-2F» 2018 | IHmis 0.65/2.0 10 4 10 100
«SuperView-1C/D» 2018 | Kurait 0.5/2 11 4 12 20
«KhalifaSat» 2018 | OAE 0.72/2.98 10 4 12 —
«Vision-1» 2018 | ®paHuist 0.9/3.5 10 4 21 —
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o

[TanxpomaTruHuUi1 KaHaI RGB-kanamm

ASTER DEM

1Y-kanan

Puc. 1. Buxinni 3HiMKH 3i cyryrHUKa «Jilin-1A» i uudpoBa Moaesb pebedy

TeopeTuyHa yacTuHa IOCJiIKEeHb BKJIIOYaa:

® aHA3 TEXHIYHUX XapaKTepUCTUK OOpPTOBOI
3HiIMaJIbHOI aniapaTypu BuauMoro ta [4-zgiana3oHis,
a TaKOX BMBYEHHSI OCOOJIMBOCTEH 31MOMKM Ta 00-
poOKM OararocrnekTpaabHuX maHux /133 3i cymyT-
HuKa «Jilin-1A»;

® OLIHKY iH(MOPMATUBHOCTI CTaHIAPTHUX HOP-
MaJli30BaHUX Pi3HUILEBUX iHAEKCIB BOOU i POCIUH-
HOCTI, 110 BUKOPUCTOBYIOTb CIIEKTpaJibHi KaHaIu
Buaumoro Ta [U-giamaszonis [1, 16];

* BM3HAYCHHSI OCHOBHUX €TaIliB i IMOCIiIOBHOCTI
00po0Oku ganux 133, BuOip MeTOdIB, alTOPUTMIB i
MIPOTPAMHUX iHCTPYMEHTIB 00OpOOKM OaraTocCIieKT-
paJIbHUX CYIIyTHUKOBUX 3HIMKIiB 3i CYMyTHUKa
Jilin-1A»;

* PO3pOOKY BJIACHUX aJTOPUTMIB, IIporpam i
CKPMIITIB JJIs1 MiABUILNEHHS CTYIEHSI aBTOMaTU3allil
Ta OIIepaTUBHOCTI 00POOKM 3HIMKIiB, a TAKOX 3 Me-
TOIO TIOJTiNIIIeHHS iHTepdeiicy B3aEMOi1 3 KOPUCTY-
BaueM.

ExcniepyMeHTabHA YaCTUHA JOCTiIKEHb BKJTIO-
yaja:

* IPOBEJCHHSI AaBTOMATU30BAHOTO PO3Mi3HAaBaH-
HSI POCJIMHHOCTI i BODIHMX 00’€KTiB 3a OaraToCIieKT-
paJIbHUMM 3HIMKaMM 3i cymyTHUKA «Jilin-1A»;

® OLIIHKY TOYHOCTi aBTOMAaTM30BaHOIO pO3IIi3-
HaBaHHS POCAMHHOCTI i BOOHUX 00’€KTiB 3a Oara-
TOCMEKTPaJbHUMU 3HIMKaMu 3i cynmyTHMKa «Jilin-
1A» LLIIXOM MOPiBHSIHHSI OTPUMAaHUX PE3yJIbTaTiB
3 pesyJbTaTaMU Bi3yaJlbHOTO pPO3IMi3HaBaHHS POC-
JIMHHOCTI 1 BOIHUX 00’€KTIB, BAKOHAHOTO 3a TUMU
K 3HIMKaMH;

® OLIIHKY MMOBIpHOCTI aBTOMaTHM30BaHOTO PO3-
MMi3HABaHHS POCIMHHOCTI i BOOHUX OO’€EKTIB 3a
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OaraTocrnekTpaJbHUMU 3HIMKaMM 31 CYIIyTHUKa
«Jilin-1A», BUKOPUCTOBYIOUU SIK €TaJOHU 3HIMKU
Buaumoro Ta IY-miama3oHiB 3i CyIyTHHKIB «Senti-
nel-2A/B», siki Oyau 3po0JieHi 115 Tiel X TepuTopii
y HaOIMKYi JaTu.

B pamkax excriepyuMeHTaJIbHOI YaCTUHU JAOCi-
KeHb OyJM BUKOHAHI HACTYITHi eTanmu oOpoOKuU Ta
aHaJIi3y 3HIMKIB i3 cynmyTHuUKa «Jilin-1Ax»:

* TIomepeaHss o0poOKa CYIyTHMKOBHUX 3HIMKIB,
IO BKJIIOYAE OpTOpeKTU(iKallilo, ITigBUILIEHHS
MPOCTOPOBOIO PO3Pi3HEHHSI, KOPESILiHY reonpu-
B’3Ky 10 eTajoHa Ta iHdopMalliliHe CTUCHEHHS
(komrIipecio);

* TeMaTUYHa 00poOKa CyMyTHUKOBUX 3HIMKIB, 1110
BKJIIOUAE PO3PAXYHOK CIIEKTpaJIbHUX iHACKCiB, OiHa-
pu3aliito, MopdoJIoriuHy (insrpalilo i BeKTopu3a-
11i10 PO3IMTi3HAHUX POCIUHHUX i BOOHUX 00’ €KTIB;

* BM3HAUYEHHS TOYHOCTi aBTOMaTU30BaHOTO PO3-
Mi3HaBaHHSI POCIMHHUX i BOOTHUX 00 €EKTIB 3 BUKO-
PUCTaHHSIM €TAJIOHIB, CTBOPEHUX BPYUHY 3a pe3yJib-
TaTaMu Bi3dyaJlbHOTO AeI(ppyBaHHS;

° OLliHKa BIUIMBY 3MEHIIICHHSI PO3PSIHOCTI Ta
iH(opMaLiAHOrO CTUCHEHHS BUXIZHUX 3HIMKIB
Ha pe3yJibTaTh aBTOMATM30BAaHOTO PO3Mi3HABAHHS
POCJIIMHHOCTI 1 BOTHUX 00’ €KTIB.

HopmanizoBaHi pi3HMILIEBI iHIEKCHM BOOM i poc-
JIMHHOCTI po3paxoByBaJiics 3a (hopMyjaMu

NDVI= By — Brip)/(Byir + Brep)»
NDWI= (Bgreeyn — Bswin)/(Boreen + Bswin)s

MNDWI= (Bgpren — Byin)/ Bereen + Bai)-

ne By, — crekrpanbHMil KaHai OnvxHboro Y-
mianasoHy, Bgy,r — CHEKTPAIbHUI KaHaAI cepel-
Hboro [4-nianasony, By, — Y€pBOHMIA CIIEKTPaJIb-
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HUI KaHaJl BUIMMOTO AianasoHy, Bgpppy — 3€i€-
HUM CEKTpaJIbHUM KaHal BUAMMOTO Jialla3oHy.

Oninka TouHocTi kaacudikauii. Halimupiie Bu-
KOPHCTOBYIOTHCS TaKi METOJIM BUBHAYEHHSI TOUHOC-
Ti Kiacudikauii i posmizHaBaHHSI CYIMyTHUKOBUX
3HIMKIiB:

* 3icTaBJIEHHSI pe3yJbraTiB Kiaacudikaiii JaHuX
33 i3 pe3yabraTaMyd CUHXPOHHMX Ha3eMHUX CIIO-
CTepEeXeHb i BUMipIOBaHb, BUKOHAHMX Oe3I10cepe/-
HBO IIiJ Yac CYIyTHMKOBOI 3iioMKHU (200 3 HEBEIM-
KHWM YaCOBUM iHTEPBAJIOM);

° MOPiBHSIHHS 3 pe3yJbTaTaMd aBTOMATUYHOI
Kiacudikauii Mux e JaHUX, OTPUMaHUX 3a JIOI0-
MOTOI0 CcepTU(iKOBAaHUX MPOrPAaMHUX ITaKETIB IO
00poOI1Ii CYITyTHUKOBUX 3HIMKiB (OAHAK IPU LIOMY
CKJIaJIHO 200 HEMOXKJIMBO OLIIHUTH TOYHICTb CAMOTO
eTajioHa);

°* TIOPIBHSHHS 3 pe3yJbTaTaMM Py4YHOI Kiaacudi-
Kauii (po3mi3HaBaHHS), IPOBEICHUMHU OIlepaTopa-
MU i OLIIHEHUMM €KCIIEPTHOIO IPYIoio (Leid METOMd
BUKOPUCTOBYETHCS ISl TIOPIBHSIHO HEBEIUMKUX 00-
CSTiB JaHUX abo0 U151 OOMEXEeHOTO HabOPy TECTOBUX
o0bJacTeid, ki MOBUHHI OYyTH piBHOMIpHO PO3ITOIi-
JIEHI Ha JOC/iIXKyBaHilt TepUTOpii).

Yepes BiiCyTHICTb TaHUX HA3€MHUX BUMipIOBaHb
JOCIIIKYBAaHOI TEPUTOPIl Y AaHii poOOTi [IJIs OLIiH-
KM TOYHOCTI Kjacuikallii BAKOPUCTAaHO OCTaHHil
3 rnepepaxoBaHUX BUIIE METO[IB: MOPIBHSHHS pe-
3yJIbTaTiB aBTOMAaTUYHOI Kjaacudikallii 3 pe3yJibTa-
TaMU py4HoOi Kiaacudikallii, 1o Oyia BUKOHaHa JIJIs
okpeMmux ¢parmeHTiB RGB-300paxkeHHsT B iHTep-
AKTMBHOMY pPE€XUMi y IPOrpaMHOMY CepeaOBMIIII
QGIS. ExcrneprHa oliHKa TOYHOCTI OTPMMAHOTO B
TaKMii CIIOCiO eTajloHa B cepeAHbOMY JOPIBHIOE 5 %
JUISI POCIMHHUX 00’€KTIB i 3 % — U1 BOMHUX.

Kpim Toro, y xomi mociigkKeHHs MOpiBHIOBAIACh
SIKICTh PO3Mi3HABaHHS POCIAMHHOCTI Ta BOIHUX
00’€XTiB 3 BUKOPUCTAaHHSIM HOPMAaJli30BaHMX iH-
JIEeKCHUX 300paxkeHb pociuHHocTi (NDVI) i Bogu
(NDWI), orpumaHux i3 cymyTHUKIB «Jilin-1A» i
«Sentinel-2A» 3a HaOIMXKYi JaTHU.

MeTtpuku TouHOCTi Kiaacudikauii. [Tpu o6poOLi
CYIIYTHUKOBMX 3HIMKIB IUISI KiJIbKiCHOI OLIIHKY TOY-
HOCTi aBTOMaTMYHOI1 Kiacudikallii HaityacTile BU-
KOPHCTOBYIOTbCSI TaKi METpUKHU [24]:

* MaTpULS MOMIJIOK Kiacudikauii IJsi oJHOro
KJIacy, 11O JO3BOJISIE BU3HAYMUTHU KiJIbKICTh HEPO3-

46

Mi3HAHMX ITIKCEIiB Kjacy, KiJIbKiCTh XMOHO PO3Mi3-
HaHUX ITIKCEIiB KJIacy, a TaKOX 3arajibHy TOYHICTh
pe3yibrary Kjiacugikailii;

* MaTpUU BIAMOBITHOCTEN I AEKITBKOX Kia-
CiB (BOHa OOYMCIIOETHCS MPAKTUUYHO Y BCiX IPO-
rpaMHUX TakeTax 1o odopooui nanux J133).

® CTaTUCTUYHI MOKAa3HUKM (HampuKJIam, A00pe
BimoMUIl 1 4acTO BUKOPUCTOBYBAaHMII KoedillieHT
Kamnmna, mo o0YMCII0eEThCS MO0 MAaTpULl BiAIOBiI-
HOCTEI).

VYV 1upoMy BHUITaJKy SIK OCHOBHI KiJIbKiCHI ITOKa3-
HUKU TOYHOCTI KJacudikallii Oyu o0paHi MaTpulis
BiIMOBiAHOCTEN /ISl ABOX KJaciB (Boja i pOCIMH-
HicTb) i KoediuienT Kamnma.

Bumoru 10 anapaTHoOro i nporpaMHoro 3ade3neveH-
Ha. Po3Mipu ¢aiiiiB GaraTocrekTpajibHUX 3HIMKIB
HaJIBUCOKOTO TTPOCTOPOBOrO PO3Pi3HEHHS, SIK Mpa-
BWJIO, IOCUTD BEJIMKi (HANPUKJIIa, OHA ClieHa, 3HSI-
Ta 'y BupumMoMy ta IY-giana3oni, Mmoxke 3aliMaTu ae-
KiJbKa rirabaiit). Tomy aJjist onepaTUBHOI 0OpOOKU
TaKUX 3HIMKIB y peaJTbHOMY 4Yaci 0a’kaHO BUKOPHC-
TOBYBATH Cy4acHi KOMII' IOTEPH i3 GaraTosiiepHUMU
npolecopaMu kjacy Intel I-7 abo Buie i oocsirom
oIepaTUBHOI IMaMm’sITi, He MeHIIUM 3a 64 [0aiir.
IIporpamue 3a0e3mne4eHHsI MOXe OYTHU SIK TUIATHUM
(ERDAS, ENVI, ArcGIS i 1. 11.), TaK i BiIbHUM
(SNAP, SAGA, GRAAS, QGIS, Monteverdi i T. 1.).
JlaHi maKkeTy JO3BOJISIIOTH MPallOBaTU SIK Y Cepelo-
Buii MS Windows, Tak i B cepenoBui Linux.

st 3a0e3reyeHHs OiIbIIOro CTYIEHS aBTOMAaTH -
3allil mpoueayp oO0poOKU MOXKIMBE BUKOPUCTAHHS
BiIMOBimHMX iHCTpyMeHTIB (Hampukiaa, Imagine
Model Maker y nmakeri ERDAS, Graph Builder y
naketi SNAP) abo mMoB mporpamyBaHHS (HaIlpu-
knan, IDL y maketi ENVI, Python+GDAL y cuc-
temi QGIS).

Pe3ynbraTtu gociimkenb. Y Xoai 00poOKM BUXimI-
HUX OaraTocneKkTpaJbHMX 3HIMKIiB 31 CyIyTHHKA
«Jilin-1A» 6ynu orpuMmani RGB-3HiMKM migBuiie-
HOTO IIPOCTOPOBOIO PO3pi3HEHHs (pucC. 2) Ta iH-
nexcHi 300paxkenHss NDVIi NDWI (puc. 3).

ITopiBHSIHHSI HOpMali30BaHUX IHAEKCHUX 300-
paxeHb, OTpMMaHMX i3 cymyTHUKIB «Jilin-1A» i
«Sentinel-2A», ToOKa3ajg0 He3HA4YHiI PO30iKHOCTI
3HaueHb NDVI Ta icToTHI po306ixkHocTi mist NDWI
i MNDWI, 1110 TOSICHIOEThCSI BUKOPUCTAHHSIM Di3-
HUX crniekTpajlbHuX KaHaniB [Y-miamazony (SWIR i
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RGB-3HiMOK (BUXigHMIT) PAN-kaHai (BUXigHMIA) RGB-kananu (pe3ynbrar)

Puc. 2. ®parMeHTH BUXiTHUX 3HIMKIB i pe3yJIbTaT MiaABUIIEHHS IPOCTOPOBOTO PO3PiZHEHHS

RGB-3HimMoK NDVI NDWI
Puc. 3. Pozpaxynok NDVIi NDWI 3a nanumu «Jilin-1A» (yropi) i «Sentinel-2A» (yHU3y)
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RGB-koMnosur

PocnunHicTh

Puc. 4. [lpukian aBToMaTM30BaHOTO PO3MMi3HaBaHHS POCIMHHUX i BOAHUX 00’ €KTIB

NIR). /laHi po30ixKHOCTi MOXHa iCTOTHO 3MEHIIN-
TH, BUKOPUCTOBYIOUM EMITIpMYHO IIimiOpaHi Koe-
(dimienTr-nonpaBku (IHAWBIMyaabHO WIS KOXHOIL
napu 3HiMKiB).

VY pesynbraTi 6iHapu3ailii, MOphOJOTriyHOT (DisIBET-
paiii i BekTOpu3alii iHIeKCHUX 300paXeHb OyJIu
OTpMMaHi BEKTOPHI IIapy PO3ITi3ZHAHUX POCTUHHUX
1 BOIHUX 00’€eKTiIB (puc. 4).

AHaJi3 pe3yiabTaTiB 00poOKM 3HIMKIB IOKa3aB
JOCTaTHbO BMCOKY TOYHICTb BUIUIEHHS I'PaHUIb
pO3ITi3HAHMUX O0’E€KTIB Ta MOCUTH ITOOpEe PO3IiIeH-
Hs KJIaCiB POCIMHHOCTI i BOAY Ha Pi3HUX TECTOBUX
JiJSTHKaX MPU TUX CaMMX HAaCTPOIOBAHHSIX TOPOTiB
6iHapuzauii. IIpy IbOMY TOYHICTH aBTOMATUYHOI
knacudikauii (6e3 ypaxyBaHHS ITOXMOOK eTajio-
Ha) JJIs1 Pi3HUX TECTOBUX IUISIHOK cTaHoBuWiaa 81...
92 %, a 3HauyeHHs KoedilieHTa Kamma jexanu y
Mexax Bim 0.68 mo 0.85. OnHax Citif 3a3HaYUTH, 110
Ha JesSIKNX TECTOBUX IUITHKAX BCe-TaKM CIIOCTEpira-

48

JIMCSI HE3HAYHi MTPOITYCKU a00 IMMOMUIIKOBE BUIIEH-
HSI BOIM i pOCJIMHHOCTI.

AHaJti3 BIUIMBY 3MEHIIEHHS PO3PSAHOCTI BUXi-
HUX 3HiIMKIB (3 10 mo 8 0iT) i HacTymmHOrO iH(pOp-
mauiiiHoro ctucHeHHs1 (JPEG lossy i JPEG2000
lossless) Ha pe3yJbTaTu aBTOMaTU30BaHOIO PO3Mi3-
HaBaHHS POCIMHHOCTI i BOOIHMUX 00’€KTIB ITiATBEP-
VB OOLIIBHICTh i €(EKTUBHICTh TaKMX METOIIiB.
OOcsr 30epexxeHUX i nepegaHux (aiiiB 3MeHIITy-
BaBcs cyTTeBo (B 80...100 pasiB) mpu He3HAYHOMY
3HIDKEHHI TOYHOCTI Kimacudikarrii (Ha 1...2 %).

OcHoBHI mepeBarm BUKOPUCTAHHSI aBTOMaTH30-
BAaHOTO pO3ITi3HABAaHHS MIChKOI POCIWHHOCTI Ta
BOJIOIM Y MOPIiBHSIHHI 3 HA3¢MHUMU METOJaMU BU-
MiploBaHb i aepodoTo3HiManHgM [8, 11, 12]:

* IIMpPOKa OIISIAOBICTb (3llOMKa BEJIMKUX TePU-
TOpiil 32 KOPOTKUIA CTPOK);

* BHCOKa OIePaTUBHICTh (BUKOHAHHS 3OMKM Ta
00po0OKa 3aiiMaloTh MEHIIE OIHIEI 100M);
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* MiHiMi3allisi cy0’€KTUBHUX MTOMMWJIOK (BUCOKHUIA
piBeHb aBTOMaTU3allii IIpoLeayp 0OpOOKHM);

° MakKCHUMaJlbHa BipOTiAHICTb (MiHiMi3allis Tmo-
MWJIOK i BUKJTIOUEeHHS (pasibcuikaliii);

* BUCOKA MEPIOAMYHICTh (MOXKJIMBICTb 3ilic-
HIOBaTU 3MOMKY 3 IEPIOAMYHICTIO M0 AEKiIbKOX
pa3iB Ha 100y, BUKOPUCTOBYIOUM YIPYIIOBAHHS CY-
IMYTHUKIB);

* 0araToOUCUMILIIHAPHICTh (MOXJIMBICTh BMKO-
PUCTaHHSI TUX CaMUX 3HIMKiB JUISI BUPILLIEHHS 11IU-
POKOTO MepeJliKy MpUKJIaJHUX 3aBlaHb B iHTepecax
Pi3HUX CIIOXWBAYiB);

® BiICYTHICTb HEOOXiIHOCTi OACp>KaHHSI IOpU-
JUYHUX T03BOJIiB Ha 3IOMKY 00’€KTiB, 1110 JO3BOJISIE
3HiMaTU Oynb-sIKi OaxkaHi 00’ €KTH;

* moBHA Oe3neka (MOXHa IIPOBOAUTA MOHITO-
PUHT, He KOHTAKTYIOUW MPU LIbOMY 3 HeOe3MeuHUM
00’€KTOM, TOOTO 0€3 PUBUKY JJISI 3MOPOB’Sl 1 XKUTTS
JIIOACH);

* MakCMMaJbHa AOCTYMHICTh (MOXHa 3HiMaTh
00’€KTH, SIKi pO3TAlIOBYIOThCS ¥ BaXKKOJOCTYITHHUX
MIiCLISIX);

* BHCOKA JETaJdbHICTh, JOCTAaTHS IJIsT OiJIBIITOCTI
MPaKTUYHUX 3aCTOCYBaHb (IIPOCTOPOBE PO3PiZHEH-
Hst 30...80 cM 1St KOMEPLIMHUX CYTTyTHUKIB);

* CUMHXPOHHICTh OIEp>XKaHHS JaHUX (OJHOYACHE
CIIOCTEPEXXKEHHST 3a BEJIMKOIO KiJIbKICTIO 00’€KTIB,
po3TallloBaHWX Ha 3HAYHOMY BiJTaJIeHHI OJWH Bif
OJIHOTO);

* BCOKAa €KOHOMiuHa e(eKTUBHICTh (iCTOTHE
CKOpDOUYEHHSI BUTpPAT Ha CTBOPEHHS Ta eKcCIulya-
Tallilo CUCTEMU aBTOMATU30BAHOIO BiTHOBJIEHHS
HU(POBUX KapT MiCT, 0COOJMBO MTPY BUKOPUCTAHHI
crieniajgizoBaHUX reoiHdopMaliitHuX BeOCEepBiCiB).

O0acTh NPAKTHYHOTO 3aCTOCYBAHHSA 3AITPOITIOHO-
BaHOI METOJUKM JOCUTD BEJIMKA, OCKIJIbBKY BOHA J0-
3BOJISIE OUIBII e(heKTUBHO Ta ONIepaTUBHO MIPOBOIU -
TU BITHOBJIEHHS KapT BEJIMKMX MICT, SIKi B Halll yac
MOBCIOJJHO BUKOPUCTOBYIOThCSI TMpPeACTaBHUKAMU
Pi3HUX rajay3ei:

* JIepXKaBHUMM CTPYKTypaMu (MyHiIMTaIbHUMU
Cly>k0aMM, KOHTPOJIbHUMU OpraHaMu, BiTOMYUMU
opraHizalissMy TOIIO);

* KOMEpLIHHUMU CTPYKTypaMmu (TYpUCTUYHUMU
areHTCTBaMM, TOProBeJbHUMHU (ipMaMM, TpaHC-
IMOPTHUMM KOMMAHISIMM, MPUBATHUMU MiATIPUEM-
LISIMU TOLLIO);
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* HaceJIeHHsIM, 1110 MPOXMBA€E Ha TEPUTOPil Me-
ramnoJiiciB i Typuctamu (sIK IpaBWIo, 1ie¢ HaliMaco-
BillIMIi KOpUCTYBay KapTorpadiyHux i reoiHdopMa-
LiHUX BEOCEPBiCiB).

Buxkopucranis B ocBiTHboMYy mpomeci. Matepia-
JIM TOCIIiIKEeHb OyJIM BUKOPUCTAHI IMPU IiATOTOBLI
JICKUIMHUX 1 JIaOOpaTOpHUX 3aHSITh, BKIIOYEHUX
JI0 CKJIaay y40O0BO-METOAMYHOTO KoMruiekcy «O0-
poOka OaraToCreKTpaJbHUX CYMYTHUKOBUX 3HiM-
KiB HaJABHUCOKOTO IIPOCTOPOBOrO PO3PiZHEHHS»,
110 BUKJIAIAETHCS CTYIEHTAM CTapIlux KypciB JIHi-
IIPOBCHKOTO HalliOHAJIbHOTO YHiBepcuTeTy imM. OJie-
ca ToHyapa B pamMKax HaBUYaJbHOI AUCLUILIIHUA
«Cucremu [133», a TaKoXX BUKOPHUCTOBYETHCS MpPU
HamMcaHHI KypCOBHUX 1 DMIUIOMHHUX poOiT. ¥ xomi
JIa0OpaTOpHUX POOIT CTyOEHTAMHM BEIEThCS EKC-
nepuMeHTalbHe BilAMpalbOBYBaHHSI i TECTYBaHHS
3alpONOHOBAHOT METOAUKY 3 BUKOPUCTAHHSAM Oa-
raToCIeKTpalbHUX 3HIMKIB Pi3HUX AUISTHOK 3eMJIi,
OTPUMAaHUX 3 IiI0YMX CYITyTHUKIB [133.

Hanpsavku nogaasimmx gocimkenb. Ha naHuii yac
BEAYTbCSl pOOOTU 3 MOACPHIi3allil JTaHOI METOAUKHU 3
MatiiitHoro Beocepsicy [10, 15], mpu3HayeHOTO 151
aBTOMATU30BAaHOTO BiAHOBJEHHS LUMPOBUX KapT
BEJIUKUX MICT.

Y nopiBHSAHHI i3 TpaAULIMHUM BUKOPUCTAHHSIM
crieliajgizoBaHUX MPOrpaMHUX MaKeTiB AJ1s1 00po0-
KM JAHUX i MOTY:KHUX KOMIT'IOTepiB Taka peaJsi3a-
11isl 3alpONOHOBAHOT METONMKHU NACThb JOAATKOBi
iCTOTHI oOpraHi3zamiiiHi, TeXHi4YHIi Ta €KOHOMiuHi
rnepeBaru:

* MOXJIUBICTh pOoOOTU Oe3IocepeHbO B Opay3e-
pi, 110 He BMMara€ yCTaHOBKHU J0OJAaTKOBOIO IpO-
rpaMHOTO 3a0e3MeYeHHSs y KJIi€EHTA;

* [IporpaMHa Ta arnapaTHa He3aJeXHICTb, 1110 J10-
3BOJISIE BUKOPUCTOBYBAaTH JaHUI1 BeOcepBic Ha MO-
OLTbHUX IMPUCTPOSIX;

* MOXKJIMBICTh 30€peKeHHSI pe3yJbTaTiB 00pOOKU
3HIMKiB Ha cepBepi, 110 J03BOJSIE BCIM KIIi€HTaAM
KOPMCTYBaTUCSI BeOCEepBiCOM He3aJIeXKHO Bill IXHbO-
TO MicCIIsI MepeOyBaHHS;

* BHCOKA EKOHOMiuHa e(heKTUBHICTb (He MOTPi0-
Hi ITOTY>XHi KOMIT'IOTEPH i Jopore mporpaMmHe 3a0e3-
MEYEHHS);

* MiHiMaJbHi BUMOTU JIO PiBHS MiATOTOBKU KO-
puUCTyBaydiB (HEMa€e HEOOXiZHOCTI BUTpayaTu Oarato
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yacy Ha BMBUYEHHS OibLIMX i CKJIAQAHUX MPOrpam-
HUX MAKEeTiB).

s migBUIEHHST piBHS aBTOMATM3allil i TOY-
HOCTi reorpadiuHoi MpPUB’SI3KKM OaraToOCIeKTpaib-
HMX 3HIMKIB 3i cynyTHuUKa «Jilin-1A» mjaHyeThCs
MpPOTECTyBaTU i BUKOPUCTOBYBATU HOBi aJITOPUTMU
TreONpUB’A3KU 3 BUKOPUCTAHHSIM LIBUJIKOTO TEpe-
TBOpeHHs Dyp’e [6, 7].

Taxkox BemeTbCcsl eKcrepuMeHTalbHE TECTYBaH-
H$l i Mmojasbla MOJEpHi3allisl 3arpoNOHOBAHOI Me-
TOAUKWA 3 BMKOPMUCTAaHHSIM 0araTocCrneKTpaJbHUX
3HIMKiB Pi3HUX AUISTHOK 3eMJIi, OTpMMaHUX 3 HOBUX
ONTUKO-EJIEKTPOHHUX CYMYTHUKIB HaIBUCOKOIO
MPOCTOPOBOIO PO3Pi3HEHHS 3 METOI BU3HAUYEHHS
OINTUMAJIbHUX IMapaMeTpiB 00pooku nanux 133 mis
OCHOBHHUX THUIIIB CydyacHMX OOpPTOBUX CKaHEpiB 3
ypaxyBaHHSIM perioHy Ta yMOB 3iioMKU. KpiMm Toro,
MPOBAAUTLCS YCITillIHE TECTYBaHHSI CITPOIIIEHOI BEp-
cii maHoi metonuku (6e3 TpoueAyp MomNepeaHboi
00pOOKHM) 3 BUKOPUCTAHHSIM 0araTtocreKTpajbHUX
aepodOTO3HIMKIB.

BucHoBku. ITpoBeneHO ekcriepuMeHTaJbHE Tec-
TyBaHHS po3p00JIEHOI METOAUKM aBTOMAaTU30BAHOTO
pO3ITi3HaBaHHS POCIMHHOCTI i BOIOWM Ha TEPUTOPil
MiCT 3a GaraTocrekTpaJbHUMU 3HIMKaMU HaJBUCO-
KOTO IIPOCTOPOBOro po3pidHeHHs BuamMoro Ta 1Y-
Jliara3oHiB, OTpUMaHUX 3i cyrmyTHUKa «Jilin-1A».

Pesynbratu 0oOpoOKM 3HIMKiIB, OTpMMaHMX 3a
3aIlPONOHOBAHOI0 METOAUKOIO, MiATBEPIUIU J0-
CUTb BUCOKY TOUHICTh aBTOMATHU30BaHOTO BUJIIJIEH-
HSl TpaHUIb PO3Mi3HAHUX BOAHUX Ta POCIMHHUX
00’€eKTIB 3 pe3yjbTaTaMi iHTEPAKTUBHOIO Bi3yallb-
HOTO pPO3IMMi3HaBaHHS LMX Xe 3HiIMKiB. Ha pizHux
TECTOBUX JAUISTHKAX OTPUMAHO T00pe PO3MUICHHS
KJ1aCiB POCJMHHOCTI i BOAYW MPU TUX CAMUX HACTPO-
IOBaHHSIX ITOPOTiB OiHapu3allii.

JIITEPATYPA

OcHOBHI (pakTOpH, IO CTPUMYIOTHh IPUKIIAIHE
BUKOPMCTAaHHS 0araToCneKTpaJlbHUX 3HIMKIB 3i Cy-
nyTHuKa «Jilin-1A» (HM3bKa TOUHICTb T€ONPUB’SI3-
KM 1 By3bKWI1 TMHAMIYHUWI [ialla30H) MOXYTh OyTH
MiHIMi30BaHi LIJISIXOM AOAATKOBUX IIPOLEIyp Ha
erarnax InornepeaHboi 00poOKu (KopessiiiiHa Mmpu-
B’sI3Ka) 1 TeMaTUYHOI 0OpOoOKHU (Tadauisl Koedilli-
€HTIB-TIONPABOK ISl CIIEKTPaJIbHUX iHAEKCIB).

3anporoHoBaHa METOIMKA 103BOJISIE ICTOTHO ITijI-
BUILUTH OIIEPATUBHICTb i BipOTiMHICTh BiTHOBJICHHS
KapT BEJIMKUX MICT Y MOPiBHSIHHI i3 TpaauLiiiHOO
HazemHow GPS-3iiomkor0 Ta aepodoTO3HIMaHHSIM
MpU OAHOYACHOMY 3HUXKEHHi (hiHAHCOBUX BUTpAT.
3aBAsIKM BMCOKOMY CTYIIEHIO aBTOMAaTM3alii i Mi-
HiMi3alii HeoOXiTHUX oOuYMcIeHb (Y MOPiBHSIHHI 3
METOJaMM, 1110 BUKOPUCTOBYIOTb CKJIaAHI Kiacudi-
KaTopu i HEMPOHHI Mepexi) po3pobjieHa MEeTOAMKA
MOXe OyTU peati3oBaHa y BUIJISIOL reoiH(opMalliii-
HOTO BeOcepBicy, 110 (YHKIIIOHYE SIK B iHTepecax
LIMPOKOT0 KoJjia AePKaBHUX CIYKO i KoOMepLiliHuX
CTPYKTYP, TaK i B iHTepecax HaceJIeHHSI MeramnoJjiciB
i TypuCTiB.

s TOYHIIOro BM3HAYEHHS TTOTEpPeaHiX Kislb-
KiCHMX XapaKTepUCTUK SIKOCTI aBTOMaTU30BaHO-
ro po3Ili3HAaBaHHSI POCIMHHOCTI i BOJOKWM 3a pPO3-
poOJIEHOI0 METONMKOI y MaiOyTHhOMY OaxkaHo
CUHXPOHHO i3 CYITyTHUKOBOIO 3i10MKOI0 TTPOBOAUTH
3iiomku 3 BITJIA Ha oKkpeMuX KOHTPOJIBHUX IUTSH-
Kax. Takox 11 OUTBIT KOPEKTHOI OILIHKU CTiAKOCTI
i TIOBTOPIOBAHOCTI pe3yJbTaTiB aBTOMAaTU30BaHOTO
po3ni3HaBaHHSI MiCbKOI POCJIMHHOCTI Ta BOZOWM IO
3HIMKaX HaJBHUCOKOI'O IIPOCTOPOBOTO PO3PiZHEHHS
JOLIIJIBHO TIPOBECTH BiANpallbOBYBaHHS 3arpoIlo-
HOBaHOI METOAMKM Ha OUIBIIIN KiTbKOCTI CYITyTHH-
KOBMX 3HIMKIiB 3i cynyTHUKa «Jilin-1A», oTpuMaHux
Y Pi3Hi CE30HM Ta B Pi3HUX KJIIMAaTUIHUX 30HAX.
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AUTOMATIZED RECOGNITION OF URBAN VEGETATION AND WATER BODIES
BY JILIN-1A SATELLITE IMAGES

The results of testing the developed techniques for automatized recognition of vegetation and water bodies on the urban territory
by multispectral images from the Jilin-1A satellite are given.

The research included automatized recognition of vegetation and water bodies on the selected observation territory based
on images with super high spatial resolution in the visual and infrared range and consequent comparison of the obtained results
with the results of visual decoding.

The obtained results of processing the images from the Jilin-1A satellite in accordance with the proposed techniques con-
firmed the sufficiently high accuracy of automatized edge enhancement of recognized objects as compared to the results of
interactive visual recognition of these images. Different test areas provided a good separation of vegetation and water types with
the same thresholding customization.

The accuracy of automatized classification of vegetation and water bodies (without considering the standard errors) for dif-
ferent test areas was within 81...92 %, and values of kappa-coefficient were within 0.68 to 0.85.

Comparison of normalized index images received from Jilin-1A and Sentinel-2A satellites showed slight discordance in
NDVI values and significant discordances for NDWI and MNDW!I that are caused by the usage of different spectral channels
(SWIR and NIR). These discordances can be sufficiently reduced when using correction coefficients.

Analysis of the influence of output image resolution reduction (from 10 to 8 bit) and subsequent informational compressing
(JPEG lossy and JPEG2000 lossless) on results of automatized recognition of vegetation and water bodies confirmed the validity
and efficiency of these techniques. The volume of saved and transmitted files significantly decreased (in 80...100 times) with a
slight reduction of classification accuracy (by 1...2 %).

The proposed techniques make it possible to increase significantly the efficiency and probability of renewing maps of big cit-
ies and to reduce financial expenditures as compared to the traditional ground GPS-surveying and aerosurveying.

The high-level automatization of image processing and minimization of necessary calculations (as compared to techniques
that use complex classifiers and neural networks) allow to implement the developed technique as a geographic information web
service that satisfies the needs of a wide circle of government services and commercial structures and can be useful for mega-
lopolis population and tourists.

Keywords: satellite monitoring, multispectral images, image processing, spectral indices, map renewal.
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INPNCKOPEHH PECYPCHUX BUITPOBYBAHD I10IIMEPIB
KOCMIYHUX AITAPATIB HA CTIMKICTbD 1O TPUBAJIOI JI1I
ATOMAPHOTI'O KNCHIO B IOHOC®EPI 3EMJII

Pospobaeno npouedypy npuckopenux pecypcHux eunpobysans noAiMepHux KOHCMPYKYiliIHuX mamepianieé Kkocmiunux anapamie (KA)
Ha ixnio cmiiikicms 00 mpueanoi dii nomokie amomaproeo Kuchio (AK) 6 ionocgepi 3emai na sucomax 6id 200 do 700 km. [Ipoyedy-
Dpa 6KAHOHAE: ONPOMIHIOBAHHS NONIMEDIB BUCOKOEHEPIIHUMU IOHAMU AMOMAPHO20 KUCHIO NOMOKY PO3PI0dceHOi naa3mu i 8UKopuc-
mannsa noaiimioy kapton-H sx emanonnuii mamepian. Ymoeorw exeiearenmuocmi pexcumie 63aemooii «<AK — noaimep» 6 ionocgepi
3emanai [ Ha cneyianizoeanomy cmeHoi € pigHicmb empam Macu mecmosano2o mamepiany. basow das o6rpynmyeanus npouedypu
npucKopenux eunpody8ans € OMpPUMAaHuil GUCHOBOK, 32I0HO 3 AKUM NpU ONpOMiHI08aHHi noaimepy kapton-H eucokoenepeiiinumu
ionamu amomaproeo KucHio 8 diana3oui enepeiil 6id 30 do §00 eB deepadayito noaiimidy eusnauae npouyec XimiuHo2o mpagieHHs
mamepiany. Jlns o6rpyHmyeanHsa npoyeoypu npUcKopeHHs pecypcHux 6UnpoOyeans noAiMepHUX KOHCMPYKUIlHUX Mamepianié Koc-
MIMHUX anapamie Ha cmilikicmb 00 mpueanoi 0ii NomoKie amomapHo20 KUCHIO OMPUMAHO 3AAeHCHOCMI 8MPamu Macu ma 00’ e MH020
Koegiuienma empamu macu (peaxyiiiHoi cnpomoscHocmi) noaiimidy kapton-H ma megaony FEP-100A 6i0 ¢hnroenca i enepeii ionie
amomaproeo kucuw. [lokazano, wio npu onpominioeari noaiimidy kapton-H ionamu amomaproeo kuctio 3 enepeiero id 30 do 80 eB
empama macu mamepiany yepe3 XiMiune mpaeieHHs NPAKMU4HO HA NOpsadoK Oinbuia, Hidc empama macu, 3yMO6AeHa KiHemuu-
Hum posnunenusm. Ilpu onpomintosanni nosimepy kapton-H eucoxoenepeiiinumu ioHamu amomapro2o KUCHI0 NOMOKY po3pioiceHol
naasmu KoegiuicHm npucKoperts pecypcHux aUnpoOyeans ma @GaeHc amomaprHo2o KUCHIO NPAKMU4HO Ha 08a nopao0Ku Oinbuiuil,
HIJIC Koe@iyienm npUCKopeHHs npu ONpoMIHIB8AHHI NOAIMEPY IOHAMU AMOMAPHO20 KUCHIO 3 eHepeiero 5 eB.

Karouoei caoéa: xocmiunuii anapam, noaimepHi KoHCmpyKyiini mamepiaiu, ioHocgepHa naasma, NOMOKU amomMapHo20 KUCHIO,
npUcKopenns 8unpoby8ambs.

BCTVYII 21, 26] mokaszana, 1o KoediluieHTH eposii Martepi-
HaskonocyrmyTHUKOBE cepefoBUILlE Ha BHMCOTax | ajiiB (BTpaTW Macu, 3MEHIIEHHS TOBLUMHU ILIiBOK)
200...700 KM € arpeCMBHMM J0 TMOJIMEPHUX MaTe- | MpOIMOpLIiiHi daoeHcy atomapHoro KucHio (AK).
pianiB KA. Excrio3uuist mosimepiB Ha opGitaiibHUX | 3a pesyasTaTaMu A0CTiIKeHb Ha KA 3’aBuBCs Tep-
cranuisx MKC, «Mup», Ha KA «Space Shuttle» [10, | min «mosiiMigHuii ekBiBasenTHri dioenc AK». 3a

LHuryBannusg: llysanos B. O., Kynarin C. M., Jlazyuenkos /1. M. [1pruckopeHHS pecypCHUX BUIIPOOYBaHb MOJIiIMEPiB KOC-
MiYHMX aIapartiB Ha CTilKiCTb 10 TPUBAJIOI [ii aTOMapHOTO KMCHIO B ioHOC(hepi 3emti. Kocmiuna Hayka i mexnonoein. 2021. 27,
Ne 4 (131). C. 54—64. https://doi.org/10.15407/knit2021.04.054
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eTaJIoOHHUI noimMep mo mii AK mpuitHSITO mosiiMin
kapton-H. AtomapHuii kuceHb Ha Bucotax 200...
700 KM ioHi30BaHUii, cTymiHb ioHizawii 10~4...10~!
[3]. HatypHi mocmiikeHHs CBimuaTh, 1110 Aerpagaiis
MoJiMepiB TPUBAE MPOTSITOM BChOTO TEPMiHY €KC-
IUIyaTallil MaTepiaiB Ha opOiTi [17, 21].

Indopmaliiro 1po 3MiHM BJIACTUBOCTEN MOJIIMEP-
HUX MaTepiajliB 30BHIIIHIX ToBepxoHb KA mia Brum-
BoM AK rmipu TpuBaiiii ekcruiyaTauii B ioHocdepi
3eMJi MOXHa OTpUMATH TiJIbKU €KCIepUMeHTalb-
HO — 3a pe3yJibTaTaMu CYITyTHUKOBUX a00 CTEH[I0-
BUX BUIIPOOYyBaHb. OMHUM i3 HAMPSIMKIB BUPILLICHHSI
3a1adi € pizuyHe MoJe/II0BaHHS a00 iMiTaLiist aii mo-
TokiB AK Ha mMaTepianu y crneniaaizoBaHUX CTEHIAX.

‘VYMmoBaM ekcno3ullii mojiMepiB y ioHochepi 3em-
i Ha Bucortax 200...700 kM 1pu cepeaHbOMY piBHi
COHSYHOI aKTUBHOCTI BiAMOBIIAIOTH TaKi 3HAUEHHS
mapametpiB AK [3, 16]:

— €Heprig atoMiB KUCHIO E,p ~ 4.7..5.0 ¢B
(Ha kpyrosiii opOirti mBuakicte KA Up, = 7.5...
7.8 kM/cC),

— KOHLEHTpALisl aToMiB KUCHIO Ny ~ 10°..
4-10° cm—3,

— IIUIBHICTh MOTOKY aTOMIB KUCHIO Dy i = Ny i X
x Uga=8-1011..3-101 em~2¢ 1,
— PiuHMIA QIIOEHC aTOMIB KUCHIO Fy = @y 1~

~2.5-1019...9-10%2 cM~2, e # — yac eKCIO3MIIl.

Ha crnemianizoBaHux cTreHpax, siK MpaBUJIo, BU-
KOPUCTOBYIOTh IMITYJIbCHI 1 cTalioOHapHi TMOTOKU
AK 3 eneprielo E, ~ 5..10 eB i @, ~ 10P...
1016 cm—2c—1 [3, 4, 25].

CreHIOBI OOCTIIXKEHHS Aerpamailii moixiMepiB
npu TpuBaiil Aii AK nmoBuHHI Biamosimatu yacy
ekcro3uiii i opOitaabHUM dmoeHcam AK. s
iMiTallil Ha CTEH/Ii YMOB TPUBAJIO1 eKCIUTyaTallii Imo-
nimepiB (aii AK 3 BuUcokumu (iroeHcaMu Ha Mate-
pianu KA B ioHocdhepi 3emiti) MoXHa BUKOPUCTO-
BYBaTU IOTOKU iOHIiB IIJIa3MU aTOMapHO-MOJIEKY-
JIIPHOTO KHUCHIO 3 MiABMUIIEHOIO KOHIEHTpALIi€0
(Njpx~ 10°...10'% cm3) mpu enHeprisix E;, x=5eBabo
MOTOKH TJIa3MU 3 EHEPTI€I0 i0HIB aTOMapHOTO KHC-
HIO E}, ~30..80 eB i @, > 1016 cm~2c~!. Peanisy-
BaTU Ha CIielliali3oBaHUX CTeHIaX OMTPOMiHIOBaHHS
MoJIliMepiB MOTOKaMU 3 BUCOKUMU (paroeHcamMu AK
npu eHeprisx E, =~ 5 eB nyxe Baxxo.

MerTo1o naHoi poOOTH € PO3pOOJIESHHS MPOLIeIyPH
MIPUCKOPEHUX PECYPCHMUX BUIIPOOYBaHb IIOJIIMEPIB
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Ha cTilikicTb 1o nii AK B ioHOChepi B yMOBax Tpu-
BaJIOi eKCIUTyaTallii MarepiaiaiB Ha OpOiTi HUISIXOM
OIPOMIHIOBAaHHS 1X Ha CTEH/II BUCOKOEHEPTIHHUMU
ioHaMM TTOTOKIB PO3pPiIKEHOI IJIa3MU aTOMapHO-
MOJIEKYJIIPHOTO KUCHIO (£, = 5...80 €B) i Buko-
pucTaHHs noJiiiminy kapton-H sk erajoHHU moi-
MEpHMI MaTepial.

YMOBHU ®I3MYHOTO MOJAETIOBAHHA TPUBAJIOI A1i
ITOTOKIB ATOMAPHOI'O KMCHIO HA ITOJIIMEPU KA

KirouoBum nmapameTpom, 110 XapaKTepU3ye CTYMiHb
nerpapaittii nojiMmepy npu aii AK B ioHochepi 3em-
JIi 1 Ha CTeH/i, € BTpaTa Macu MaTepiany. 3a KpuTe-
piif eKBiBaJIEHTHOCTI MPY CTEHIOBOMY BiITBOPEHHI
TpuBaJjoi Iii moTokiB AK nMpuitHATO piBHICTh BTpaTU
Macu AMW (abo 3MeHIIEHHA TOBLIMHU SxW IOJIi-
JIi i Ha crielliali3oBaHOMY CTEH/Ii:
N M N M
AMY) =AM a6o 8§ =830, (1)

ne iHpekc « N » BiAIOBiZae HaTypHUM YMOBaM B
ioHocepi 3emi; « M » — yMOBaM CTEHIOBUX pe-
CypcHUX BUNIPOOyBaHb; AMy, =py R, Fyx =py Xy, ,
py 1 R, —ryctuHa i 06’eMHMH KoeDillieHT BTpaTU
Macu Marepiany (peakiliiiHa CIIpOMOXHICTb [3]). 3
piBHOCTel (1) BUIIMBAE 3B’SI30K MiX ITapaMeTpa-
MU, SIKi XapaKTepu3yloTb YMOBM eKCIUlyaTallii Ma-
TepiamiB B ioHocdepi 3eMiti, 3 IXHIMU 3HAUYCHHSIMU
MpyY TeCTyBaHHI 3pa3ka MaTepiaay Ha CTCH/II:

FROCES) = FC R RAERR) / RAE), @)

ne E/(g() =35¢B, Ei%g — eHeprid ionis AK y nmoroui
TUIa3MHU.
3 Bupasy (2) oTpruMaEMO YMOBU I KoedillieHTa
MPUCKOPEHHSI BUIIPOOYBaHb HA CTCH/II:
0.5
_t™ NGR [ERR | RA(ERR)
Yo (M) Nz(\II\? E(N) Re(E(N))
[TpuckopeHi pecypcHi BUNPOOYBaHHSI MOXYTh
OyTH pealizoBaHi y JBOX peXXuMax:

3)

1. EQY =E(Y =5eB, No© > N¥
‘ 1
i
R(ERR) =R (ESK).
ToAi
(N) (M)
SO Ny (@)
700 T N
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M N M N
2. EQR > ERY N > N
M N
Re(Ei(AK)) > Re(El(\K)) ’

TOIi
oY)

k
2y t(

kiy E_,, (5)
e M M
E_,= Ei(AK) R (Ez(AK))
EY S RED)

3 Bupasis (4), (5) maeMo kzy >> kly , TOOTO TIpO-
1eC BUIIPOOYBaHb y pexXXMMi 2 BiTHOCHO pexumy 1
«IIPUCKOPIOETCS» TporiopiiiHo §. [Ipu creHmo-
BUX BUITPOOYBaHHSIX MTOJIIMEPHOTO MaTepially 3a pe-

3y/ETaTaMu BUMipIoBaHb BTpaTi Macu AMy, (EQD)

i (a00) 3MEHIIEHHs TOBLUMHM IUTiBKU SxW(EfAA’I[())
IJ1s IapameTpiB Fy (M ) El%g M o XapaKTepu3sy-
IOTh YMOBU TCCTYBaHHH, 00YHMCIIIOEThCS 00’ €EMHUIA
KoedillieHT BTpaTu Macu noniMepy:

. (6)
M M
EXK) TED

151 olliHKY MapaMeTpiB FAK(E AK )Y iR (E(N )Y,
110 XapaKTepU3yIOTh YMOBHU eKCILTyaTallii MaTepiamry
B ioHOCepi, y coiBBiAHOIIEHHI (2) K eTaJIOHHMIA
MaTepiaja MOXHa BUKOpUCTAaTH moiiMin kapton-H.
I3 cniiBBimHOIIEHHS

AMy, /AM), = py R, By /pyR,, =
= pwOxy / pydiay
MaeMO

ReW (Eiax) = Rek (Eiax) =

axW(ElAK) F (Eixx) (7
8 (Ejax) By (Eipng)’

Je ingekc « W5 mosHavyae Marepiall, 1110 TeCTYEThCS;
iHgexc «k» — modmiimin kapton-H.

Hns dikcoBaHux 3HaueHb uitoeHca AK criBBin-
HoweHH (7) MOXHa moaaTy y BUTJISIAL

(E(N)) 3y (Ejpk ) . (8)
3 (Eiak)

OimoeHe FAK(EXI\?) UL YMOB eKCIUTyaTalii 1Mo-
JliMmepy B ioHocdepi 3emii, sIKi BilMoBigalTh yMO-
BaM CTEHIOBUX BUIMPOOYBaHb, BUSHAUUTHCS 3 BU-
pasy (2) micns minctanosku R,(E;\x) i R,(ESY)
3 (6), (8).

Jiara3oH NpUIyCTUMUX HaBaHTaXXEHb IIPU IIPU-
CKOpPEHHUX BUITPOOYBAaHHIX BU3HAYAIOTh YMOBH IJIST

56

Ry, (ES)=R

moToky AK: CDS@” < CD(M) < Gb(max) [2]. ITpu creHmo-
BUX BUIIPOOYBAaHHSIX B YMOBax TpHBano'l' nii AK Ha
matepianu KA nibomy niamna3oHy BiAIloBiga€e yMOBa,
3riIHO 3 SKOIO IMPOLECHM Ha MOBEPXHi MaTepiay,
iHiLliliOBaHi OMHUM 3iTKHEHHSIM, HE TIOBUHHI I1epe-
KpuBatucs y yaci. Ha cTreHai moBMHHI BUKOHYBATH-
ca ymosi: NI <102em=3 i oD <1018 em—2c.
I1i yMmoBU npuitHATHI 17151 GinbiocTi MatepiaiiB KA:

JUTS TIOJTIMEpIB CI)%"I?X) <1020 cm—2c 1,

st metanis — O <1027 cm—2c!) [2].

TEXHIKA ITPUCKOPEHUX BUITIPOBYBAHDb

ExcnepuMeHTa bHi TOCTIIKEHHS TPOBOIUINCS Ha
crenai Incturyty TexHiunoi mexaniku HAH Ykpa-
iHM i JlepkaBHOro KOCMIYHOI'O areHTCTBa YKpai-
Hu. CTeHI BiTHOCUTHCS A0 Kjacy IIa3MOBUX TPYO.
CucreMa BigKadyBaHHS IIPOAYKTUBHICTIO IJISI I1O-
BiTpst 10 50 M3/c (BakyyMHUil eneKTpopo3psiIHMit
arperaT i cucreMa TypOOMOJIEKYJIIPHUX HAcOCIB),
HasIBHICTh KpioIlaHeJeil, OXOJIOMKYBAaHUX PiIKUM
a30TOM, Jal0Th MOXJIUBICTb CTBOPIOBATH Y BaKyyM-
Hill KaMepi cTeHIa — IWIiHapi giamerpom 1.2 M i
JIOBXUHOIO 3.5 M — CTaTUYHE PO3PiIKEeHHS MOPsII-
Ky 107 [1a, a mpu HaTikanHi razy — 1073 [1a.

3pas3ku MarepiajiB i 1iarHOCTUYHi 3aCO0U CTEH-
Jla PO3MillleHO Ha pyXoMuX IiaTdopmax (BepxHiit
i HUKHII) i3 YOTHpMa CTYMEeHSIMU CBOOOIM KOXHA.
[Tnargopmu 3abe3reuyoTh KYyTOBI i TOMepeyHi Te-
peMillleHHsI B TOPU3OHTAJIbHIN TUIOIIMHI, MepeMi-
IIEHHS Y BepTUKaJIbHIl IUIOIIMHI i 00epTaHHS Ha-
BKOJIO BEpPTUKa/IbHOI oci. TOUHICTh BiIIIKY MJIS JTi-
HiltHMX nepemimieHb — 0.5 MM, 171 KkyroBux — 0.5°.
B xoni excrieprMeHTy 3pa3Ku MaTepiaiiB i HiarHoc-
TUYHI 30HAM MOXYTb MEpeMilllaTUCSI MPAKTUIHO B
OyIb-SIKY TOYKY B ITOTOILIi IJIa3MHU i B 00’ €Mi BaKyyM-
HOI1 KaMepu CTeH1a.

Sx matepianm KA BUKOpUCTOBYBalIMCSI TOJi-
MEDPHI IUIiBKY TOBLIUMHOIO Xy, = 50.7 MKM: TOJIiiMiz
kapton-H (C,H,,OsN,, 06’eMHa IIbHICTL Py, ~
~ 1.42 r/em3) i Tednon FEP-100A (CyFp,s pw =
~ 2.15 r/cm?). 3pasku BUTOTOBJIEHO Y BUTIISI AKC-
KiB giameTpoM 50 MM; IiaMeTp MOBEPXHi TUTiBKU, 1110
OITPOMIHIOETHCS, JOPiBHIOE 45 MM. 3pa3Ku MaTepia-
JIiB PO3MIIIIEHO Ha MiAKIAAIi — JUCKY i3 aTIOMiHiN-
MarHieBoro ciiaBy AMr-6M TOBIIMHOIO 3 MM, IKUIA
BUKOHYE pOJIb TepMOCTaTa. BuMipioBaHHs i KOHTPOJIb
TeMIlepaTypy IUNBKY 1 IMAKIAOKKU 3HiACHIOBAIMCS
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MiHiaTIOpHUMU TepMmonapamu giamerpom 0.1 MM.
ITpu onpomiHIOBaHHI 3pa3KiB B XOi €KCIIEpUMEHTIB
TeMreparypa riiBok He nepesuirysaia 350 K.

s BUMiproBaHHSI BaroBUx XapakTepUCTUK Ma-
TepiajiiB 30BHi BaKyyMHOi Kamepu 3a 1 ron 1o i 1 ron
MiCJIst eKCMO3MU1Iil y MOTOL MJ1a3MU BUKOPUCTOBYBA-
JIUCSL aHAJIITUYHI Baru 3 noxu6bkorw 1o 0.1 mr. 3Ba-
JKyBaHHSI 30BHI BaKyyMHOI KaMepu 3 iHTepBaJioM
1 rox mo i micjist BAaKyyMyBaHHS i OIPOMiHIOBaHHS
IUIa3MOI0 3a0e3Mevye iIeHTUYHI YMOBU BU3HAYEH-
Ha macu SMy, =M, -M,, ne M; ta M, — maca
3pa3Ka MoJliMepy 110 i Micjisi eKCMOHYBaHHS Yy TTOTO-
11i TI1a3Mu i y Bakyymi. BHecok ajcopOoBaHuX rasis
OM , y noBitpi ipu aTMOC(hHepHOMY TUCKY [0 i Micsd
BaKyyMYBaHHS i OTIpOMiHIOBaHHS TTOTOKOM ITJIa3MU
BU3HAYAETHCSI TAKUM YUHOM:

My, =(M{+3M,)—(M,+3M,).

AK mxepeslo BUCOKOCHEPTiIMHUX iOHIB IUIa3Mu
aTOMapHO-MOJIEKYJISIPHOTO KUCHIO (O++O§) BU-
KOPUCTAHO Ta30pO3psIIHUI MPUCKOPIOBaY i3 «ca-
MOPO3TOHOM» T1J1a3MU (3 i0Hi3alliel0 poboYoro Tija
O, eJeKTPOHHUM yAAapOM i OCLIMJISILIEIO €JIEKTPO-
HiB Yy 30BHIlIHLOMY MAarHiTHOMYy TioJi). 3acTocy-
BaHHSI MPUCKOPIOBaya IJIa3MU JTO3BOJISIE OTPUMY-
BaTU B poOOYili YaCTUHI BaKyyMHOI KaMepHu CTeHIa
(obmacti 3 pIBHOMIPHMM PO3IOLIIOM IIiILHOCTI,
IIBUIKOCTI 10OHIB i iHAYKIii 30BHIIIHHOIO MAarHiT-
Horo moJisi) moToku AK 3 KOHLEHTpali€r ioHiB
Nk = 103..101° cm—3 i enepriero E;\x = 5...
100 eB [8, 9].

111 miarHOCTMKM MOTOKY PO3PiIKeHOol TIa3Mu
Ha CTeHJi CIYXUThb MiKPOXBUJIbOBUI iHTepdepo-
MeTp, IKWii mpaloe Ha yacToTi 5.45 I'Tir, i cuctema
eJIEKTPUIHMX 30HIIB [7—9]: mmIiHApPUYHUI 30HI
3 BoJib(hpaMy paiiycom r,= 0.2 MM, HOBXHHOIO
lp =2 cM; 3 MomOmeHy — UWIHAPUYHUIA r,=
=45 MM Ta [ p= 4.5 MM, c(pepuUHUIT — iaMETPOM
27p =4 MM, TUIOCKU# — JIiaMEeTPOM Qrp =1cMmiuu-
nmingp dapanes giameTpom 2rp =1 cM i BucoTolo
[,=1cwm.

Enepria ioHiB [E;,x KOHTPOJIOEThCA Oararo-
€JIEKTPOJHUM 30H/IOM €HEeproaHajli3aTopoMm Jiame-
tpoM 1.75 cM. Poskun 3HaueHb E;,x He IepeBULIye
4.5 %.

Peectpaliis ~ BOJBTaAMIIEpPHUX  XapaKTEPUCTUK
(BAX) 3piiicHIOBasiach B aBTOMAaTMUYHOMY PEXUMi.
IToxubka BUMipIOBaHHSI 30HIOBOIO CTPyMy He Iie-
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peBuiiye =2 %. [loTeHLian mia3Mu BUMIPIOEThCS B
TOYLII PO30IKHOCTI XapaKTepPUCTUK XOJIOIHOTO i Ha-
rpitoro Tepmo3oHaa. Po3kun 3HayeHb MOTEHLaTy
mia3mMu He nepeuinye £4 %. J1s KOHTPOJIIO Opi€H-
Taljii 3pa3KiB-MillleHel BiZHOCHO BEKTOpa ILIBUIKO-
cTi moToky AK BUKOpPHUCTOBYBaBCSI OMMHOYHUMN U~
JIIHAPUYHUHT 30H[, pagiycoM r,= 0.2 MM, TOBXXHUHOIO
/ p = 2 cm. ITik ioHHOTO CTpyMYy HaCUYEHHSI, 1110 pee-
CTPYETHCS 30HIOM IIpU 00ePTaHHI B TOPU30HTAJIbHIl
IUTOIIMHI (HAaBKOJIO BEPTUKAJILHOI OCi), BiAmMOBigae
opieHTallii OCi 30HIa B3IOBX IIO MOTOKY, a ITiBIIN-
pYHA MiKy iOHHOTO CTPyMY HAaCUYE€HHS MPOMNOPLIiii-
Ha CTyneHwo Heisorepmiynocti 73/7, po3pikeHOl
wiasmu (T;, T, — Temneparypy iOHiB, €JIEKTPOHIB).
Cku1aJ1 3aJIMIIKOBOIO Ta3y Y BAKYYMHil KaMepi CTeH-
Jla KOHTPOJIIOE Mac-criekrpomerp MX 7307 [7].

ITapasiesibHO 3 €JIEKTPUUYHUMM 30HJAMMU JIS1 BU-
3HAUEHHSI KOHIEHTpALlil 3apsiIDKEHUX YaCTUHOK Yy
MOTO1Ii IUIa3MU BUKOpUCTOBYBaBcs MeTon HBY-mi-
arHoctuku (iHTepdepomMerp). BinmosigHicTh 30H-
noBux i HBY-BuMiproBaHb KOHLIEHTpALIil 3apsiake-
HUX YacCTOK JO3BOJISIE, 3 BUKOPUCTAHHSIM YMOBU
KBasiHeiTpaabHoCTi N, = N, , OLLIHUTH:

— HasIBHICTh HETaTMBHMUX 1OHIB Y MOTOLI IJIa3MU
aTOMapHO-MOJIEKYJISIPHOTO KUCHIO, (N, + N; )0 =~
~ N, gy, A¢ N, — KOHILEHTpaLii €eJIeKTPOHiB,
N, — KOHIIeHTpalis HeTaTUBHUX iOHIB;

— CyMapHy KOHIIEHTpallil0 MO3UTUBHUX aTOMap-
HUX 1 MOJIeKyIspHUX ioHiB N, ~N;y =N;, +N,,
(iHAeKC «a» BiAIIOBiga€e aTOMapHUM, «M» — MOJIE-
KYJISIPHUM i0HaM KUCHIO).

Metoau HBY-giarHocTUKM 3aCHOBAaHO Ha pO3-
CiloBaHHI €J1€KTPOMAarHiTHOTO BUIIPOMiHIOBAaHHS Ha
eJIEKTPOHAX 10HI30BaHOTO cepeaoBuIa [6].

OcpoBulii (B30OBX OCi Z) i pamiaabHUIl (B3TOBXK
OCi p) pO3MOAIM KOHLIEHTPALlil 3apsIIXKeHUX Yac-
TUHOK Yy MOTOLIi JIa3MU aTOMapHO-MOJIEKYJISIPHOT'O
N,~N o+ KWCHIO TIOKA3aHO HA PHC. 1.

CtyniHb aucouiallii iOHHOr0 KOMITIOHEHTa MO-
TOKY IIJIJa3MUA aTOMapHO-MOJIEKYJSIPHOTO KHUCHIO
&di Oe3rocepeHbO B POOOUilt YaCTUHI CTpyMeH:I
Oij1s1 mMOBepXHi 3pa3KiB MaTepialy KOHTPOJIOETHCS
eJeKTpUIHUMHM 30HAamMu. CTyIiHb AUcOLiaLii ioH-
HOTO KOMITOHEHTa TUla3MU aTOMapHO-MOJIEKYJISIp-

HOIro KMCHIO MO2KHa IIpEACTaBUTU Yy BI/IFJ'IHI[i
EJd — N, ia _ N, ia
. b
N, N;,+N,,

1
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Puc. 1. OcboBi (a) Ta pamiaabHi (6) po3IMOALIN KOHIIEHTpALlil 3apsIKEHUX YaCTUHOK Y TIOTOLIi TIJIa3MHU aTOMapHO-MOJIEKYJIsIp-

HOTo KUCHIO N, = NO+ 03

a IOHHUI CTpyM HAacCUYEHHS Ha UWIHAPUYHUIA
30H[, OPIEHTOBAHMI TIEPIIEHAUKYJISIPHO 10 BEKTO-
pa MIBUIKOCTI TTOTOKY IJIa3MU, MAaTUME BUTJISI

Lis =Tiy + Iy, =

(1+0.48,)A

P eN;sU,, 4200w

2 b
MU,
TOIi CTYMiHb JMCOLialil iOHHOI0 KOMIIOHEHTa J0-
PiBHIOE

T

ne I, , I,, — iOHHMIA CTPYM HacU4YEeHHs aToMap-

HUX 1 MOJIEKYJISIPHMUX 1OHIB, A=2nrplp — IUIO-

11a TIOBEPXHi 30HIA, e — 3apsan ejaekTpoHa, U, ,

M. — mBHUAKICTE i Maca MOJEKYISIPHUX iOHIB,
1

by =6, — ¢, — moTeHwian 30412 ¢, BIIHOCHO IO~

TeHuiany mwiasmu ¢, Iy; =(A, /n)-N;sU,;, — ion-

HWIA CTPYM Ha 30HA Ipu ¢y =0.
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: 1, 2— UMTIHIAPUYHUM i TIIOCKUI efleKTpruuHi 3oHau, 3 — HBY-intepdepomerp

3a pe3ynbTaTaMu Mac-CHeKTPOMETPUYHOTO aHa-
i3y Tpy cTaTUYHOMY TUCKy 2-107° [1a B 3aammIKo-
BOMY Ta3i y BAKyyMHiil KaMepi CTeH 1a IIepeBaKaloTh
monekyau CO + N2 i H2 3 KOHIIEHTpALIi€l0 Heli-
TpanbHux Monekyn N, ~4.8:10° cm=3. V masmo-
BOMY CTPYMEHI ITpu poOboyoMy THUCKY 5 MITa ocHOB-
HUMH KOMITOHEHTaMu € mBuaki ionn O i OF . Y
Kamepi ioHi3allii i Ha 3pi3i mMpUCKoploBaya Ia3Ma
TNPaKTUYHO TMOBHICTIO ioHi3oBaHa N, o3 © N,.
B pobGouomy mepepisi cTpyMeHsI KOHLIGHTpallisl 3a-
psKeHNX 4acTuHOK N, ~ Ny ~6:10° ecm~3, npu
CTyNeHi aucouiallii iOHHOTO KOMIOHEHTa &; ~
~ 0.7 KoHueHTpawis ioHiB O aTOMapHOro KUCHIO
N ., ~4-10°cm—3, aionis O; MOJIEKYNAPHOTO KHC-
HIO — NO§ ~2-10° cm—3,

IToBepxHs mToJIiMEPY Y MMOTOLII PO3PIIKEHOI IL1a3-
MM HaOyBa€ pPiBHOBAaXXHOTO HETATUBHOTO ITOTCH-

uiany ¢, ~—(kT, /e)In(j, / j;), ne j,; — winb-
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HICTh €JIEKTPOHHOI'O Ta iOHHOTO CTPyMYy, kK — cTajia
BonbiMmana. ¥ mapi mpocrtopoBoro 3apsiay ionu AK
npuckopiooThesi. KiHeTuuHa eHeprist ioHiB Oifs
MOBEPXHi TOJiMepY 301UJIbIIYETHCS Ha BEIUYUHY
e(¢;—dp)~1..2 eB. Dmoernc AK Oinst moBepxHi
MoJIiMepiB MOXXHA MIPEACTABUTU Y BUTJISIIi

NoUo

2 &y NisU ] 1+
N,.U,.

)
ne Ng 1a Uy — KOHIIEHTpallid i IBUAKICTD IUBUJI-
KUX HEUTPpaJIbHUX aTOMiB KHMCHIO.

Heiitpanbhi atomu kuchio (Ug =U ot ) y moToiii
PO3PiMKEHOI TUTa3MH YTBOPIOIOTHCST:

— y Tpolieci pamialiiiHol i ymapHO-pamialiiiHol
peKoMmOiHalil IIpU 3aXOIJIEHHI €JIeKTPOHIB IIBU/I-
kumu O' ionamu AK (O +e” > O+hv, hv —
eJISKTPOMAarHiTHe BUIIPOMiHIOBaHHS (pOTOHA);

— B pe3yJbTaTi AUCOLIIaTMBHOI peKOMOiHallii
eJIEKTPOHIB TTa3Mu 3 MoJieKy/IsipuumMu OF ioHamu
(05 +e~—> 0+ 0);

— IpU i0OHHO-MOJEKYJISIPHUX OOMIHHMX peak-
uisx (nepesapsikeHHs ioHiB O mpu 3iTKHEHHSX
3 HelTpampHUMU MojeKynamMu O, 3aIUIIKOBOrO
rasy O+ 0,— O; +0).

Ha6mxeno No/NO+ SNiZ/N
Niz 1 Nos ;= xoHmerp:
nepepisi CTpyMeHsI i Ha 3pi3i M1a3MoBOro MprcKo-
ploBaua.

Taxum uuHoMm, npu Uy <U o+ MaeMo

NOUO/NO+UO+ <<1,
i (9) maTume BUTTISIT
FAK zFO+ ~ ad,'Nl'ZUO*t .

-3
0" +0% =107, ne

— KOHLIEHTpAIlis i0HIB y poOOYOMY

(10)

[Ipy onmpoMiHIOBaHHI 3pa3KiB MOJIMEpPiB MOTO-
KOM IUTa3M1 aTOMapHO-MOJIEKYJISIPHOTO KUCHIO BU-
3HavyaJbHUM € BIUIUB ioHiB AK.

BTPATU MACH ITOJITIMEPAMH
ITPA OITPOMIHIOBAHHI
BUCOKOEHEPTITHUMM IOHAMU

Ha puc. 2 nipeacraBieHO 3aeKHOCTI BTpaTu Macu
AMy, noniiminy kapton-H Bin ¢guoenca F, Bucoko-
eHepriitHux ioHiB KucHio O +0; asory N'+Nj
i neony Ne'. Ilpu ompomiHIOBaHHI TOJiiMiLy
kapton-H BucokoeHepriitiumu ionamu O" + O3
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AM,, r/CM2
=)
10~
. A
2 7
O 4
A5

as
10

18

10 10" Fyem
Puc. 2. 3anexHocTi BTpaTu Macu nodiiminy kapton-H
Bix (moerca Brucokoenepriiinnx ionis O’ +0y Ne® Tta
N++N2+ : 1, 2 — nani po6otu [4] (I — onpoMiHIOBaHHS i0-
Hamu AK 3 eneprieio Ejpg =30 ¢B; 2— ionun Ne’, ENe+ =
= 30 eB); 3 — ycepenHeHa KpuBa Mpu OMPOMiHIOBaHHI IMO-
JliiMiny ioHaMu Ne” (E . =30¢B); 4, 5 — BuMipioBaH-
Hst aBropiB nipu Ejzx ~ 31.6 i 80 eB; 6, 7 — po3paxyHKOBi
sHavenns R, =0.4(a; Eip ) %1071 cm3/atoMO st
E;\x ~31.6 180 eB; & — BUMipioBaHHsI aBTOPIB y MOTOL
ioHiB N“rNQ+ 3 ereprieto E; =80 eB; 9 — ycepenHeHa 3a-
nexaicts st AM), y oroui N*+N,"

Jerpajaaliilo, BTpaTy MacH MaTepiaay BU3HAYalOTh
JiBA MEXaHi3MH: KiHETMYHE PO3MUJICHHS Ta XiMid-
HE TpaBJIEHHS (AM,? Y02 —AM, +AM,,, ). Tlpu
OITPOMIHIOBAHHI TOJIiMEpY BUCOKOEHEPTiHUMU i0-
Hamu Ne® ta N*+Nj Brpary Macu BU3HAYAE Tijlb-
KM KiHETUYHE po3nujieHHs. 7151 cTyrmeHs aucomialii
iOHIB aTOMapHO-MOJIEKYJISIPHOTO KUCHIO &g, = 0.7
Ta i0HIB aTOMapHO-MOJIEKYJISIPHOTO a30Ty E"di ~0.63
iXHI cepemHsT MOJIEKYJIsIpHA Maca CTaHOBUTH:

AMO*+O§ ~20.8 a.o.m., AMN++N§ ~ 19.2 a.omM., a
7151 iOHiB HEOHY — AMNe+ ==20.0a.0.Mm.

IIpu ompomiHIOBaHHI IIOJIMEPY BHCOKOEHEp-
TMHUMM ioHaAaMM (3 TIPAaKTUIHO OJHAKOBHUMU MO-
JIEKYJIPHUMU MacaMM i eHeprisiMUu) BTpaTu Macu

noJiiminy kapton-H, 3yMoBlieHi KiHETUYHUM PO3-

59
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AM,, Mr/(:M2
10"
10'
1
10"
=
10 % 1
o 2
A 3
-3
10 - 4
s
I 6
10" 7
+ 9 =17
1075 1 1 1 1 1
107 10" 10” 10 10" Fyoom

Puc. 3. 3anexHocti Brpat Macu AMy, monimepis kapton-H
i repion FEP-100A Bin dmoerca Fy i Mpu eHeprii yacTu-
HOK 5 eB (/...8 — nng nomniiminy kapton-H, 9...18 — nnsa
tedpmony FEP-100A): 1 — BumiproBaHHS aBTOpiB; 2 — KA
«Space Shuttle», micisa STS-41G [26]; 3 — maHi poboTu [23];
4 — BuUMipIOBaHHS Ha opOiTanbHii craHuii «Mwup» [1, 10];
5 — pob6ora [21]; 6 — po3paxyHKu 3a iporpamoro ATOMOX
[16]; 7 — BumiproBaHHs [18]; & — po3paxyHKU aBTOPIB ISt
Re =3.07-10-2* cm3/atoMO; 9 — BUMIpIOBaHHS aBTOPIB;

]0 — nmani [11]; 11 — Lockhed FEP [15]; 12 — mani [20];

13 — excnepumeHT Ha OC «Mup» [10]; 14 — po3paxyHKH 3a
nporpamoio ATOMOX [16]; 15 — BumiproBanus [5]; 16 —
naHi [22]; 17 — creHnosi BumiptoBaHHs [19]; 18 — pospa-
XYHKH aBTopiB 1 R, =0.23-1 0~24cm3 /aToMO

MUWICHHSIM AM,gn+02~AMkm (E; ~ 30 xeB) i

M,Sn +0 & M}Jn N E; ~ 80 keB). Haseneni Ha
puc. 2 nani (touku 1, 5 (O"+0;) i 2 (Ne") npu
E;~30keB, atakox touku 7 (0" +05) i8(NT+N7 )
npu E; =80 xeB) csimuats, mo le/l (ikcoBaHmx
3Ha4YEeHHAX (IIOEHCIB iOHIB AM *0; /AM,,;, =~

60

R 10" ‘oM’ /aToMO
10°
10'
s
107"
1 | _| 1 1 1

1 2 4 10 20 40 E,.cB

Puc. 4. 3anexHocri Bix eHeprii ioHiB AK 06’emHoTO KOe-
¢biuienta R, BTpath Macu mojimepiB mofiimin kapton-H
(1...8) i repmon FEP-100A (9...16): 1 — BUMipioBaHHS aB-
TopiB y 1moTokax ioHiB AK 3 enepriamu E;, =35, 31.6, 70,
75, 80190 eB; 2, 3, 5 — nani po6oru [3]; 4 — [4], Ejpx =
~ 30 eB; 6 — OC «Mwup» [1, 10]; 7— [5]; & — anpokcuma-
uist aropis R, =0. 4(0%’E1AK)1 268 10724 cm3/atomO, ne
o; =1 eB; 9 — BUMIipIOBaHHs aBTopiB; /0 — naHi [18];
]] — nani UATT [5]; 12 — [24]; 13 — [13]; 14 — OC «Mup»
[10]; 15 — BumiproBaHHs [24]; 16 — anpoKcuMallisi aBTOPiB

R, rrp = 0.3(0; Ejpx )1'268 107 cm3/aToMO

~1+ (AMC?Z;;OE /AM,;, ) > 10. Brpatu macu no-
niiminy kapton-H 3a paxyHOK XiMiYHOI'O TpaBJIeHHS
AK 1npakTW4yHO Ha IOPSANOK BULi, HIX AM,;, , 3y-
MOBJIEHI KiHETUUHUM PO3TUJIEHHSIM.

Ha puc. 3 npuBeneHo 3ajeXHOCTI BTpaTu Macu
nomimepamu kapton-H i tepson FEP-100A Bix
¢dmoerca Fyx mpu eHeprii 4acTMHOK E, ~ 5 eB.

IIpn ¢ikcoBaHux 3HayeHHAX (uioeHca Fyx 1A
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BTpaTU MacH Ta TOBLIMHMU ILUTiBOK MalOTh MiC1Ie CIIiB-
BiTHOWEHHA AM ppp / AM), ~ const i 0xpgp /Ox; =
~ const (inmekc «FEP» Bimnosimae Ttediony). Ilo-
IiOHI CIIBBiZHOIIEHHSI MPUTaAMaHHI TaKOX iHIIMM
MOJIIMEPHUM TUTiBKaM, $IKi €KCIUIyaTyIOTbCS Ha
KA, — I[IM-1E, [IM-A, nonietuiieH |3, 9].
3ajiexxHocTi 00’eMHOro KoedilieHTa BTpaTu
Mmacu R, nomiiminy kapton-H i tedstony FEP-100A
Binm eHeprii ioHiB AK npencrasieHo Ha puc. 4. Jlis
(bixcoBaHMX 3HaYeHDb (pioeHCa F,x 1 eHeprii ioHiB
AK MaroTh Miclie ciBBiZTHOIIIEHHS AReFEp / ARek
~ const i AM}, /AMppp =~ const. AHanoriuHi gaHi
npu E, =~ 5 eB (cynmyTHUKOBI BUNIPOOYBaHHSA) i
E;px =20 eB (crennoBi BUNpOOYBaHHSA) IS LIK-
POKOTO psifly ToJiiMepiB HaBeAeHO B poOoTi [14].
Tob6T1o, mna ¢dikcoBaHUX 3HaUeHb Fj i 1 Ejpx 1O-
nmiiminy kapton-H Ta iHImmmx mojiMepiB MalOTh Mic-
ue criBBigHOWEHHS  dxy (Ejzg) /O0x,(Ejpx) =
~ dxy (DeB) /dx,(5eB) . Lle no3Bosnsie BU3HAYUTH
BEJIMUMHY O0’€MHOro KoedillieHTa BTpaTW Macu
TECTOBAHOTrO MOJliMepy:

R,, (5eB) = R, (5eB)duy (Ejzk) /02 (Eing) =

ITpuckopeHi pecypcHi BUIIPOOYBaHHSI TOJIiMEp-
HUX KOHCTpYKUiitHUX MaTepiaiiB KA 1mpu ompomi-
HIOBaHHI BUCOKoeHepriiHuMu ioHamu AK xapak-
TepU3YIOThCS IMapaMeTpaMu: 00’ eMHUIT KoeDillieHT
BTpaTW Macu Rew i pmoenc Fy (N ) st YMOB TpUBa-
JIOl eKcIuTyaTallil moJaiMepy B 10Hocq)epi 3emuti ipu
€HEeprisiIX aTOMiB KUCHIO F) ( ) ~5¢B.

[Mpouenypa BI/I3Ha‘I€HHFI R, ( EX) ~5eB)

(N )(E w )) BKJIIOYA€E NIEKiJIbKa nocanBHux orie-
paum.

1) 3a pesynbraramMy BUMipIOBaHb Ha CTEHIi Yy
noroui ioHiB AK 3 eHeprielo E,x i dioeHcom

Fax (Ejpx) BU3HAYAETHCA ‘{aCTKa BTpaTU Macu
AMy; (E;pg, Fipx ) mostiMepy ab6o BlI[l'[OBlI[He 3MEH-
LIEHHS TOBILMHM TUIBKU 8xy, (B x> Fiak )

2) BeaMuyMHa OO0’€eMHOro KoedillieHTa BTpaTu

MacHu noJiiMepy 00UYHCIIIOEThCS 3a (POPMYJIOI0

R,, (Eiax) = 8xy (Ejpg ) / Fax (Ejpx ) 3
3) s 06’eMHOrO Koe(illieHTa BTpaTU MacH eTa-

JIoHHoro mnoJjiMmepy kapton-H BuKOpHCTOBYEThCS
CITiBBIIHOLLIEHHS

R, (Eixg) = 0.4(0;E;)" % 107" cm?/atomO;
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4) npu pikcoBaHoMy [, (mroeHci
(Sxy (Ejpak ) / 8, (Ejpk) =
= R, (Eiax) / R, (Ein)

BeJIMYMHA 00’€MHOTO Koe(illieHTa BTpaT Macu BU-
3HAYUTHCS 3 hopmyn

R,, (5eB)=
= Ry (E{Y) =5eB)R, (Eink) /Ry (Eink) -
a pmoenc AK — i3 criBBiTHOILIEHHS
(N ) ( E(N ))

= (R, (Eiag) / Roy (ESK)) - Fiax (Eiak)-

ITpu crennobux BunpoOyBaHHAX E;\x =80 eB,
Nk ~410° eMm—3, wac ekcnosuiii nosimepy y mo-
toui rutazmu AK t(M ) ~ 3 ron =1.08-10% ¢, duroenc

FOD(EGDY=1.34- 1020 cM~2, MaemMo

R, (EQD) ~1.04-10722 CM3/aT0MO

FO(ER) ~4.5:102 em™

= const)

B ionocoepi pu E/g]f() =5 eBicepenHbomy piBHi
COHAYHOI aKTUBHOCTI (pioeHc Fy (N )=4.5102! cm~2
BiJIMOBia€ piyHiil eKkcrno3ullii nomMepy Ha BUCO-
Ti h=~380 kM (MKC). KoediuieHT mpuckopeH-
HSI TIpU TMPOBEIEHHI CTEHIOBUX BUMPOOYBaHb MO-
niiminy kapton-H B pexumi «2» CTaHOBUTb ka ~
~3000, a mpu ONpOMiHIOBaHHI IOJIMEPY MOTOKOM
AK 3 eHeprie1o ioHiB Ej . = 5 eB B pexumi «1» —
ky, ~20.

BIUCHOBKHM

Po3pobiieHo mpouieaypy NMpPUCKOPEHUX PECYPCHUX
BUIPOOYBaHb MojiMepHuXx MaTepianiB KA Ha criii-
KiCTb 1O TPUBAJIOI [ii aTOMapHOTO KUCHIO MPH IXHIN
ekcruryarauii B ioHocdepi 3emii. [Tpouenypy Mox-
Ha peaJli3yBaTu Yy JIBOX PeXUMaXx: NEPUIN BKIOYaE
ONPOMIiHIOBaHHS MOJIiMEpHMX TTiBOK ioHamu AK 3
eHeprielo 5 eB npu KoHLeHTpallii i0OHiB, OiIbIIIA,
HixXK KoHLeHTpalis AK B ioHocdepi; apyruii — npu
OIPOMIHIOBAaHHI IIOJIIMEPIB BHUCOKOCHEPTiiiHUMU
(30...80 eB) ionamu AK i BUKOpuCTaHHI MHOJIiiMi-
oy kapton-H sk etanonHuii marepian. IlokaszaHo,
110 KOoe(dilliEHT MPUCKOPEHHSI PECYpPCHUX BUIIPO-
OyBaHb MpPU OMNpPOMiHIOBaHHI ToJiiiMiny kapton-H
ionamu AK 3 eneprigmu 30...80 eB Ha nBa mopsa-
KM OUIBIIMMI, HiXK KOepilliEHT MPUCKOPEHHS IIpU
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OIpPOMiHIOBaHHiI noJjiiMepy ioHamMu AK 3 eHepriero | Hs mpoleaypu NPUCKOPEHHS PECYPCHUX BUITPOOY-
5 eB. YMo0BoI0 ekBiBaJ€eHTHOCTiI eKcIulyaTallii 1Mo- | BaHb BUKOPMCTOBYIOTHCS 3aJ1€XKHOCTI BTpaTU MacH i
JimepHux MmarepiaiiB KA B ioHocdepi i mpucko- | o6’eMHOro koedilieHTa BTpaTd MacHu Bif uioeHca
peHuX BUIMPOOYBaHb Ha CTEHAi MPUIHATO BUMOTrY | Ta eHeprii ioHiB AK nojiMmepiB kapton-H i Tedion
piBHOCTI BTpaTu Macu nosimepy. st oorpynrysad- | FEP-100A.
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ACCELERATION OF RESOURCE TESTS OF SPACECRAFT POLYMERS FOR RESISTANCE
TO LONG-TERM INFLUENCE OF ATOMIC OXYGEN IN THE EARTH’S IONOSPHERE

The procedure of accelerated resource tests of spacecraft polymers for their resistance to the long-term influence of atomic oxy-
gen (AO) in the Earth’s ionosphere at altitudes from 200 to 700 km has been developed. The procedure involves irradiation of
polymers with high-energy ions of atomic oxygen and the use of a kapton-H polyimide as reference material. The condition of
equivalence of the “atomic oxygen — polymer” interaction in the ionosphere and on the laboratory set is the equality of tested
material mass loss. The basis for substantiating the procedure of accelerated tests is the result: when irradiating the kapton-H
polymer with high-energy atomic oxygen ions in the energy range from 30 to 80 eV, the degradation of polyimide is determined
by the process of chemical etching of the material. To substantiate the procedure of accelerating resource tests of polymeric
structural materials of spacecraft for resistance to long-term action of atomic oxygen flows, the dependences of mass loss and
volumetric mass loss factor (reactivity) of kapton-H polyimide and Teflon FEP-100A on fluence and energy of the atomic ox-
ygen ions have been obtained. It is shown that when irradiating kapton-H polyimide with atomic oxygen ions with the energy
of 30 to 80 eV, the material mass loss due to chemical etching is about an order of magnitude greater than the mass loss due to
kinetic sputtering. When the kapton-H polymer is irradiated with high-energy atomic oxygen ions, the coefficient of acceler-
ation of the resource tests and the fluence of atomic oxygen are about two orders of magnitude greater than the coefficient of
acceleration obtained using atomic oxygen ions with an energy of 5 eV.

Keywords: spacecraft, polymeric structural materials, ionospheric plasma, atomic oxygen flow, accelerated test.
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CREATING A MICROGREEN GROWING ENVIRONMENT
AT THE SPACE STATION

Plants are essential types of human nutrition, both in terrestrial and in space station conditions. The cultivation of plant foods in space
conditions at the near- Earth stations has become possible due to the modern achievements in agricultural technologies. The proposed
article aims to study the creation of optimal conditions for growing plants used in human nutrition in the space stations. In the work,
a selection of plants and soil types for space station conditions was made. For this purpose, a three-stage experiment was carried out.
In the first experiment, an experimental method was exploited to select the types of plants that are most suitable for growing under
extreme conditions. The composition and structure of the soil were determined experimentally. It is shown that hydrogel can be used to
accumulate water in space station conditions and can be a suitable medium for growing plants. Studies have shown that just hydrogel
(without any nutrient mixtures) can promote plant growth. At the second stage of research, plants were successfully grown on the
mixture of the hydrogel and the soil. In the third experiment, the authors added biostimulants and organic products to the hydrogel,
and as a result, there was an increase in the speed and stability of plant growth. The experimental prototype of the container for growing
plants in space conditions, which was tested in the above experiments, created by the authors, is shown.

Keyword: microgreen, microgreen planting, hydrogel, planting microgreen in hydrogel, planting in space station.

INTRODUCTION However, even under Earth conditions, growing

Delivery of one full lunch per astronaut costs approx-
imately $5000 [10, 19]. Moreover, it is limited in a
volume that makes the process of delivery problemat-
ic. Due to this, one of the best solutions to this prob-
lem would be growing food on the space station. A
person’s daily diet should consist of micro and macro
elements, vitamins, and other nutrients. The rich-
est source of such substances is plant-based organic
food, so we decided to find a way to grow plants on
the space station with minimal cost and maximum
benefit.

indoor plants is fraught with some difficulties. To
grow a full-fledged plant requires prepared soil, ad-
equate lighting, and proper watering. However, it is
water that is the main factor in the cultivation of the
plant since its deficiency, as well as excess, leads to
the death of a plant. In the absence of gravity, wa-
ter loses fluidity and scatters in droplets throughout
the station, which is detrimental to machinery and
equipment. To avoid this problem, we suggest using
a polymer material — hydrogel [20]. Its feature and
the main advantage is the ability to absorb and retain

LHuryBanHus: Japashov N. M., Mansurova A. A., Balta N. Creating a microgreen growing environment at the space station.
Space Science and Technology. 2021. 27, Ne 4 (131). C. 65—73. https://doi.org/10.15407 /knit2021.04.065
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moisture, as well as to give it in the right amount to a
plant, which helps to maintain a sufficient amount of
moisture in the soil.

The idea of ensuring the livelihoods of people in
long-distance space expeditions with the help of vege-
tating plants was developed at the beginning of the last
century by the founders of the Russian cosmonautics
K.E. Tsiolkovsky and A.E Zander [4] and continues
to be relevant today. With the advent of the Salut space
station [15], Mir space station [18], and International
space stations [12, 13], its development received a new
impetus. On board orbital stations, experiments with
plants began to be carried out systematically.

Since 2004, the United States, Russia, and several
other space powers have announced their intentions
to carry out an expedition to Mars in the near future.
Thus, experts from many countries have moved from
developing concepts for preparing long- term space
missions and permanent planetary bases to solving
specific technical problems and developing optimal
conditions for growing various plant varieties. A lot
of effort is directed, in particular, to the creation of
the Bioregenerative Life Support System (BLSS), the
main and integral part of which is the link of higher
plants. Plants in the BLSS can perform functions
such as improving the crew’s diet and atmospheric
regeneration. To date, dozens of samples of vegeta-
tion equipment used for research purposes have been
developed and successfully tested in space [2]. Nu-
merous experiments on growing plants in space flight
allowed us to formulate a set of requirements for the
habitat of plants in space greenhouses. Almost all cur-
rently known designs of organic matter were created
not only to ensure high productivity of edible biomass
and to contribute to the diet of astronauts but also to
conduct scientific experiments with plants in a well-
controlled environment in space flight conditions.
Meanwhile, a number of additional requirements are
imposed on the space greenhouses intended for the
production of plant foods in BLSS. The production
space greenhouses onboard the manned spacecraft
must be constantly in working order, therefore, they
must meet the stringent restrictions imposed on any
subsystem of the BLSS. At the present stage, in prep-
aration for long interplanetary expeditions, the task
of optimizing plant growing conditions has become
urgent to obtain the required yield of useful biomass
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with minimum consumption of space station onboard
resources. Since the ISS is currently the only long-
term manned spacecraft, the implementation of these
productive plant cultivation methods for the crew’s
life support system should be carried out primarily on
it. However, before the flight tests, a large amount of
ground research has to be performed.

Considering the ways of saving such resources as
volume and energy, the developers of the space green-
house quite a long time ago came up with the idea
of growing plantings in clay-based containers [3, 9].
This container was named Veggie. By using this ap-
paratus, a group of astronauts first tried lettuce leaves
at the 5t week of cultivation, grown under zero grav-
ity [11]. According to NASA, there is no difference
in nutritional value between the lab’s last “crop” and
vegetables grown under normal conditions [17]. In
contrast, the authors of the work [22] claim that a
systematic analysis of regulatory networks at the mo-
lecular level of higher plants is needed to understand
the molecular signals in the distinct phases of the
microgravity response and adaptation. Raymond M.
Wheeler [21] did a review of related works and found
out that novel technologies and findings have been
used to grow plants in microgravity. This includes the
first use of light-emitting diodes for growing crops,
use of hydroponic approaches for subterranean crops
like potato and sweet potato.

A number of scientific studies state that the growth
of the stem and leaves are directed towards illumina-
tion, i.e., phototropism takes place [5]. It should be
noted that gravity does not affect plant growth [6].
However, the work [8] states the idea that micro-
gravity has a significant effect on cell metabolism,
modifications are reflected in the metabolism of cell
ultrastructure, and rearrangements occur within the
framework of the ontogenetic program, which is de-
termined genetically, that is, within the physiologi-
cal response. Since in this work we did not carry out
studies at the molecular level, we preferred to neglect
the necessary gravitational effect, relying on the fact
that the proportion of gravity impact is small in the
process of growing plants [6].

RESULTS AND DISCUSSION

In this paper, we focus on growing microgreen plant
on hydrogel-based soil in conditions of the space
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Fig. 1. Plants in the hydrogel grown in an environment similar to that of the space station

station. It is no secret that astronauts have weakened
immunity and a lack of minerals and vitamins, such
as C, D, E, K. Eating green leaves, you can easily
get the daily intake of vitamin C because it is found
in almost all cultivated crops (from oats and wheat
to radishes and broccoli). The same can be said
about carotene, phosphorus, iron, magnesium, and
calcium. As for vitamins, in each plant they will have
a whole complex: in kohlrabi — vitamins A, C, E, K,
in watercress — B, E, PP, D, and in pea sprouts — C,
PP, E, K.

Hydrogel and its properties.A hydrogel is a water-
absorbing polymer that is found in the form of pow-
der or granules. When mixed with water, the gel swells
and absorbs water. The absorption of the hydrogel
varies depending on the area of application, but the
average dose of the garden hydrogel is approximately
equal to the ratio of 10 g of gel per 1 liter of water. In
the dry state, the polymer chains of the hydrogel are
in a “folded” state, and when added, they diverge, al-
lowing water to penetrate, which causes the swelling
to form a hydrogel [14]. A hydrogel has inert proper-
ties, that is, it is very difficult for it to enter into any
chemical bonds with other substances at room tem-
perature. It is non-toxic and also retains its properties
for about five years, which makes it very convenient
to use and store. When decomposed, it decomposes
into carbon, oxygen, and nitrogen, which makes it
environmentally friendly [14].

Hydrogel creates a comfortable environment for
plant growth without saturating the roots with mois-
ture. This is due to the difference in concentrations of
water in the gel and in a plant. If a plant does not have
enough water, then osmosis occurs from the hydrogel
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to the roots of the plant according to the concentra-
tion gradient. Another advantage of the hydrogel is that
it can hold water longer in itself since the evaporation
rate of moisture from the surface of the hydrogel is
not too high.

According to the above said, we provided some ex-
periments with growing plants in onboard conditions
(with controlled temperature, pressure, humidity,
etc.). Our main goal is to find suitable plant types and
soil compositions for space station conditions.

First experiment. Comparison of different plant va-
rieties. In the first step of our research, we cultivate
different plants in the hydrogel base to select the
most suitable plant varieties that can be grown on
the space station. Both dicotyledonous seeds (peas,
watercress, kohlrabi) and monocotyledonous seeds
(wheat, spinach, oats) were used for the experiment.
The solution, the concentration of which was 50 g of
hydrogel per 5 liters of water, was poured into plastic
cups (see Fig. 1). Seeds were placed in the contain-
ers with the hydrogel, which were covered with cling
film and finally put in a dark and warm place at room
temperature.

The general condition of the plants was assessed
every three days by the color of sprouts, the growth
rate, and the content of useful microelements. The
registered data are presented in Table 1.

As follows from Table 1, the Ding’s peas show the
highest results in the growth rate and the stem length
compared to other plants. Among monocotyledons,
the wheat had the highest rate. In contrast to mono-
cotyledons, dicotyledons have open-type vascular
bundles of the same size arranged in the form of
rings, and the formative tissue (cambium) develops
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Table 1. Length of sprouts of different plants grown in an environment similar to that of the space station, cm

Plant name(In latin) 8 Jan. I1Jan. | 14Jan. | 17Jan. | 20Jan. | 23Jan. | 26Jan. | 29 Jan. 1 Feb.
Ding’s Pea (Pisum) 4.6 5.4 6.5 7.3 8.12 8.9 9.8 11.4 13.1
Wheat (Triticum) 3.1 4.3 5.1 6.2 6.9 7.4 8.2 9.1 10
Watercress Salad (sisymbrium acetaria) 3.2 4.6 5.4 6.5 7.2 7.9 8.5 9.4 10.3
Spinach (Spinach) 2.3 2.7 3.2 3.8 4.4 4.9 5.4 6.1 6.9
Kohlrabi (kohlrabi) 2.9 3.8 4.6 5.4 6.5 7.2 7.9 8.6 9.4
Oats (avena) 1.9 2.5 2.9 34 3.9 4.4 5.1 5.8 6.5

between the wood and the bast, which provides a sec-
ondary thickening of the plant walls.

Second experiment. Comparison of the effective-
ness of hydrogel and soil. To select the optimal soil
conditions for seed germination , we conducted the
next experiment by planting the same seeds in three
types of substrate: black soil, hydrogel, and black soil
mixed with hydrogel.

Consequently, we placed each substrate in 200-
gram plastic containers and sowed the same amount
of pea seeds in them. To provide the plant with water,
the hydrogel was dissolved in water in the proportion
of 10 grams of hydrogel per 1 liter of water, and dur-
ing the experiment, the plants on the hydrogel base
or the mixture of the black soil with hydrogel were
not supplied with additional watering. Only the black
soil was watered in the proportion of 200 g of soil per
35 ml of water every week.

The experiment started on December 18, 2018.
Control values of the length of sprout were taken
three times at intervals of two weeks. The results of
the measurements are presented in Table 2, and sup-
porting images are shown in Fig. 2 and Fig. 3.

As follows from Table 2, hydrogel showed the high-
est germination rate of pea seeds. However, after 1.5

Table 2. Lengths of sprouts of peas for different media grown
in an environment similar to that of the space station, cm

Date Soil Hydrogel Hyd\;(i)tg}:a ls(r)?]lxed
30.12.2018 5 8 6
07.01.2019 5.7 9.5 5.7
14.01.2019 6.5 11.6 7.8
25.01.2019 7.6 12 9
31.01.2019 8.4 13.2 10.2
07.02.2019 10 Died 12

months, the plant died. The plant in the soil showed
the slowest germination rate and required regular ir-
rigation of the soil. The mixture of the soil and hy-
drogel showed an average seed germination rate and
did not require regular watering.

Third experiment. Microgreen plant growth cul-
ture and medium.The next experiment was to reveal
the necessary conditions for quick and sustainable
growth of plants, namely, the composition of the nu-
trient medium. For this purpose, we have added the
bio-stimulants and organic products to the hydrogel.

For one of the samples, we used the hydrogel +
heteroauxin complex as a base. It contains a mixture
of polysaccharides aggres and agaropectin (agar),
hydrogel, distilled water. The heteroauxin is a plant
hormone that accelerates the growth and formation
of rhizomes. The benefits of using this bio-stimulant
are that, penetrating into plant tissue, it irritates
them and stimulates cell division. Subsequently, they
transform into healthy roots.

For the other plant samples, we created organic
nutrient soil. The composition of the nutrient mixture
with organic products includes banana, activated car-
bon, powdered hydrogel, sugar, and distilled water.

The advantages of using banana pulp over mineral
fertilizers are that the product contains virtually no
chemicals. The banana pulp comprises potassium,
phosphorus, calcium, magnesium, and nitrogen.
Trace elements are needed for abundant flowering,
the growth, and the development of indoor plants.
Seedlings of vegetables when using banana top dress-
ing grow faster. Sometimes microgreens are defense-
less against fungi and infections, so we used activated
charcoal to protect them from diseases. Coal is also
an excellent alternative to blood-forming drugs be-
cause, thanks to it, cuttings take root faster and bet-
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Fig. 3. Peas in the hydrogel grown in an environment similar to that of the space station

ter. Besides, coal absorbs moisture perfectly and
prevents pathogenic microflora from multiplying. To
compensate for the lack of ultraviolet rays in plants,
we decided to add sugar.

Back in the 19th century, the world-famous sci-
entist Michurin introduced sugar directly into the
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tissues of green experimental plants. Other experi-
menters successfully cultivated green spaces, includ-
ing ferns and algae, generally without exposure to
sunlight, only due to fertilizer with sugar. Thus, it was
proved that it is a sweet solution that is able to com-
pensate for the lack of light in a certain way. It is be-
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Fig. 4. Container for growing plants in the space station con-
ditions

Table 3. The average value of plant growth per month
in the nutrient medium in an environment similar
to that of the space station, cm

Types Hydrogel
of Micro greens Hydrogel I—E;drr;%il; + Nutrient
(In Latin) Mixture
Amaranth
(Amaranthi) 7.2 9.4 9.42
Kohlrabi (Kohlrabi) 6.5 7.8 7.83
‘Watercress
(sisymbrium acetaria) 7.5 8.4 8.6
Spinach (Spinach) 5.4 6.7 6.9
Wheat (Triticum) 6.9 7.8 7.9

lieved that sugar is most important for feeding flowers
in winter since the sun is not frequent at this time and
plants lack ultraviolet light.

Table 3 shows the average value of plant growth per
month. As seen from Table 3, the nutrient medium
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that we created is better than the environment with
hormones, and unlike hormones, our nutrient mix-
ture does not contain harmful chemicals at all.

Container for growing microgreen plants in the
space station environment. As a part of this research,
we constructed a container for growing plants.
The container is made in the form of a hexagonal
prism and is an independent unit in a cellular sys-
tem of similar cells (Fig. 4). The material used to
create the ribs of our installation is polytetrafluo-
roethylene (fluoroplast). The main advantages of
the material used for the container are the next:
high resistance to UV rays, mechanical strength, a
wide range of operating temperatures from —269 to
+26 °C, almost unchanged by temperature changes,
it is a very hydrophobic substance, physiologically
and biologically harmless.

The container is equipped with a device for moni-
toring the state of plants, namely a temperature sen-
sor with the scale in degrees Celsius. There is also a
photoresistor to control the illumination of plants.
To prevent the accumulation of excess moisture, a
fan is used located on the cover of the unit. This al-
lows outside air to pass inward and vice versa.

The results of the first experiment indicated that
hydrogel actively promotes seed germination, as it
provides the optimal amount of moisture required
for the process. However, the hydrogel alone does
not contain nutrients, and this causes the death of
the plant. The solution was to add hormones and
nutrient mixture to hydrogel in further experiments.
Experiments show that the hydrogel is the easiest to
use on the space station as a basis of the soil for mi-
crogreens because it does not require additional ir-
rigation, does not leave contaminants, which plays a
significant role in growing plants in studied condi-
tions. It is worth noting that in zero gravity condi-
tions, the removal of contaminants is a problematic
and time-consuming process. The black soil mixed
with hydrogel was more successful in the further cul-
tivation of the plant. It also did not require frequent
watering but left pollution. The plant sprouted well
because after the nutrients in the seed ran out, the
plant began to receive nutrients from the black soil,
which cannot be said for the hydrogel. Soil without
additives showed the lowest rate of growth but suf-
ficient productivity.
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Results of the first experiment indicate that di-
cotyledonous plants have a higher germination rate,
especially pea seeds. Wheat also had a strong perfor-
mance and was only slightly inferior to peas. Based
on previous studies of microgreen, it can be argued
that peas in the microgreen phase are more beneficial
for the human body than in a phase of a full-fledged
plant. On top of that, taking into account the on-
board conditions, peas, watercress, kohlrabi, wheat
are the most useful sources of nutrients for astronauts
who have a lack of micro and macro elements in their
organisms.

There are two possible risks for our container,
namely, mold and damage [16]. The International
Space Station is a hermetically sealed object with an
artificial habitat. In this regard, at the station, there
was an acute problem of the spread of mold and oth-
er harmful microorganisms, which led to the break-
down of technical equipment. It develops in a humid
environment, and it can likely develop in a hydro-
gel. To avoid this problem the space station is usually
equipped with ventilation devices. The principle of
operation of the device lies in effect on living cells of
a constant electric field with rapidly changing polar-
ity. Such an effect leads to the appearance of pores
in the cell membrane and then the death of bacteria
and microscopic fungi. Protein remnants of cells are
filtered and destroyed so as not to become food for
other unwanted microorganisms. Therefore, mold
does not pose a threat to growing plants and space
station equipment. The second threat is minced due
to the properties of the material the capsule is made
of. Since the installation is made of durable fluoro-
plastic material, the capsule will not be damaged ,
even being hit hard. Due to zero gravity, the hydrogel
containers can scatter in different directions inside
the capsule. However, the hydrogel containers can-
not leave the capsule. With immediate intervention,
the plants will survive, but transplantation to another
container will be required.

CONCLUSION

To confirm our proposal for growing plants on the
space station, we have studied various sources of
information [1, 7]. We found that using a hydrogel
instead of soil is the best method for growing a
plant because it does not need constant watering,
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it is effective in terms of yield, it does not cause
pollution (for example, soil and clay leave dirt), it
is safe to use, it does not need hermetically sealed
packaging, as the gel will not break out and fly apart
in zero gravity, it does not cause inconvenience when
transporting a hydrogel from Earth to a space station,
as it is delivered in dry form (powder), which is not
damaged during the flight, it has a relatively low price
(economical), and it does not require special skills or
knowledge for successful planting.

Our experiments showed that Ding’s peas had the
highest yield productivity. This type of plant had the
highest success of the shoot, tested under different
conditions; moreover, it turned out to be immune to
sharp or smooth changes in environmental condi-
tions, nutritious and healthy, and easy to grow and
care for.

Based on a number of scientific works and our
own experience, we have chosen the most nutritious
phase of plant growth, sufficient for consumption in
food-microgreens, or seedlings. They are the most
useful and at the same time the most economical for
growing and further consumption. At the same time,
they take a rather short time for germination, which
allows you to plant a new batch of plants immediately
after consumption.

Thus, our work allows us to draw a reasonable con-
clusion that we were able to create optimal conditions
for the cultivation of nutritious plants at the space
station, using the installation, soil substitute, and the
most favorable plant variety. Although the work still
needs improvement and more complex comprehen-
sive research, this is a kind of prerequisite for research-
ers working in a similar field of science and technol-
ogy. Nevertheless, we tried to bring our conditions for
growing microgreens closer to those in the space sta-
tion and came up with research conclusions. We rec-
ommend that plants, such as Ding’s peas, can be taken
for further research. It is the most resistant to extreme
conditions and a highly vitamin-rich product that is
able to support the daily human diet.
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CTBOPEHHS CEPEJIOBMIIIA JJ151 BUPOIIIYBAHHA MUKPO3EJIEHI HA KOCMIUHIN CTAHIIIT

Pocnunu € HeoOXiTHUMU BUAAMM XapuyBaHHS JIIOAWHU SIK Y 3eMHUX, TaK i y KOCMIYHMX yMOBaX. BupoliyBaHHSI pOCTMHHUX
MPOAYKTIB XapuyBaHHS B KOCMIYHMX YMOBaX Ha HABKOJIO3EMHili CTaHILii CTaJI0O MOXKJIMBUM Y 3B’3KY 3 CydaCHUMU JOCSITHEH -
HSIMU arpoTeXHOJIOTiii. MeToto poGOTH € TOCIiIKEHHS ONTUMAJIbHUX YMOB [UISI BUPOLLYBaHHSI POCIVH, 1110 BAKOPUCTOBY-
I0TbCS B XapuyBaHHi JIIOJWHU Ha KOCMiYHili cTaH1lii. Y poOOTi MpoBeieHO BUOIp POCIUH i TUMIB IPYHTY JUIS1 YMOB KOCMiYHUX
CTaHLii. 3 Li€l0 METOI MPOBEACHO TPUETANHUI eKCliepuMeHT. Ha mepiiomy eTani eKCrepuMeHTy AOCTIIHUM CIIOCOOOM
OyJ10 37iliCHEHO BUOIp TUITIB POCIUH, SIKi HaliKpallle MiaxXoAsTh 1S BUPOIIyBaHHS B eKCTpeMallbHUX yMoBax. EkcriepumMeH-
TaJbHUM CITOCOOOM OYJIO BU3BHAYEHO CKJIAJ i CTPYKTYpy IpyHTY. [TokazaHo, 1110 ISl aKyMyJIsiiiii BOAM B KOCMIYHUX YMOBaX
MOHa BUKOPUCTOBYBATHU Tigporesb. JlociikeHHs moKa3aiy, 10 TIIbKU Tiaporeb MOXe CIIpUsITA pocTy pocivH. Ha apyro-
MYy €Talli JOCiIKeHb OyJI0 YCITIIlIHO BUPOIIEHO POCAMHU Ha CyMillli Tigporenio i rpyHTy. Ha TpeTboMy eTarii eKCriepuMeHTy
y Tifiporesib Oyjiu 100aBjieHi GiOCTUMYJISITOPY i OpraHiuHi MPOMYKTH, BHAC/IIOK YOro 30iIbIIMIACH IIBUAKICTb Ta CTIMKICTh
pocTy pocuH. Y poOOTi OMMCaHO CTBOPEHUI aBTOPAMHU eKCTIEPUMEHTATbHUH TPOTOTUTI KOHTEITHEPa TSI BUPOIITYBaHHS POC-
JIMH Y KOCMIYHUX YMOBaX, SIKWii OyJ10 aTpoOOBaHO Y Ha3BaHUX eKCIIEPUMEHTaX.

Karwuoei caosa: Mikpo3seneHb, BUPOIIYBaHHSI MiKpO3eJieHi, TiApore/ib, BUPOLIYBaHHs MiKpO3eJeHi B Tiporesi, MiaHTaLlis B
KOCMiUHili cTaHILii.
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MIZKHAPOJIHO-ITPABOBI 3ACAI PO3POBKHN PECYPCIB
MICALA, MAPCA TA IHIINX HEBECHUX TLI

Jlocaioocyromovess HogimHi menOenyii po3eUmKy MidcHApOOHO-NPABOBUX GIOHOCUH W000 po3podaeHHs ma 000Y8aHHs pecypcié He-
OecHUX min, NOWMOBXoM 0 AKoeo cmano iniyitoeanns Cnoayuenumu llImamamu Amepuku mixcnapoonoi npoepamu «Apmemidar».
Mo yuacmi 6 yiit npoepami doayuuaucw 12 depacaé ceimy, ghopmanizyeasuiu ceoi Hamipu wiasxom nionucauwusa m.s. lomosrenocmeli
w000 npoepamu «Apmemioa», 30kpema Yxpaina. 3eaxcarouu Ha me, wo MiNCHAPOOHO-NPABOBUIL pedcum excnayamauyii pecypcie Mi-
caus, Mapca, acmepoidie ma inuiux HebecHux min 0o Yb020 uacy He € U3HAYEHUM, 4 8 OOKMPUHI KOCMIYHO20 NPABA 3 Ub020 NPUBODY
Hemae ednocmi, y cmammi pooumuscs cnpoda eu3Havumu npasosi niocmasu yuacmi Yxpainu y 6ionogioHiti npoepami, Moxcausocmi,
AKI neped Hero 8i0KpUearOmMuCs, a MakKodic 3a60aHHs, WO Y YbOMY 36’ 3Ky Nocmaroms neped 8imuUHAHUMU CY0 EKMamu KOCMIiYHOI

Karouosi caosa: pecypcu Micsays ma inwux KocmivHux min; npoepama «Apmemioa»; mixcHapooue Kocmiune npaso; Yxpaina; na-
yionanvHe 3aKOHO0ABCMBO; MIJICHAPOOHO-NPABOBULL PeICUM; CRINbHA CNAOWUHA AH00CMEa.

BCTYII. AKTYAJIBHICTD ITPOBJIEMU

13 xxoBTHs 2020 poky B pamKkax 71-ro MixHapoaHo-
r0 aCTPOHABTUYHOTO KOHIPECY YITIOBHOBaXKEHi areH-
11i1 BOCbMM JiepKaB CBITY, Cepell SKUX iHiliaTUBHUM
neHTpoM i saapom oyiio HACA (CIIA), nminnucanu
HomoBneHocTti (Yroau) 11040 nporpamMu «ApTeMmi-
na» [16] — mitoToBaHOI KOCMIYHOI ITPOrpaMu 1100
NIOTIpaBJICHHS JIIOACI, HacaMIiepe, Tepiol XXiHKU,
a TaKoX HACTYITHMX 4YOJIOBiKiB Ha Micsib Ta iHIIL
HeOecHi Ti1a COHSIYHOI CUCTEMU 3 ITOAAIBIIOI0 PO3-
BiIKOIO i po3p00JIeHHSIM IIPUPOTHUX pecypciB Mi-
csusi, Mapca, actepoifiB Ta iHIIIMX HEOECHUX Til.
[lepenbadyeHo opraHizaililo PeryasipHUX Miciii Ha
Micsi1b 3 BCTAaHOBJIEHHSM MOCTIHHOTO MiJIOTOBAHO-
TO MYHKTY, 3 HACTYITHUM TE€CTYBaHHAM OO0JIaIHAHHS

1 BCIX 3amiTHUX CUCTEM IJIsI IXHHOTO MailOyTHHOTO
3aCTOCYBaHHS Y BiIMOBiIHMX Micisix Ha Mapc.
[TigmucaHi TOMOBJIEHOCTI € 3BEIEHHSM ITEBHUX
NPUHLMITIB CHIBIpaLi y HUBUILHOMY JOCTiIXEHHI
Ta BUKOPUCTAHHI HeOECHUX TiJl: BUKJIIOYHO MUPHi
LTi; TIPO30PIiCTh MiSUIBHOCTI IUISI CBITOBOIO CIIiB-
TOBAapUCTBA; TEXHOJOTIYHA CYMiCHICTb KOCMI4YHOTO
YCTaTKyBaHHS, III0 BUKOPMCTOBYBAaTUMETHCS pi3-
HUMM KpaiHaMu; B3a€EMOJIOIIOMOTa Y BUMAAKy aBa-
piif; peecTpallis B ETMHOMY PEECTPI BCIX 3aITyIIEHUX
00’€KTIB; MyOIiYHMI JOCTYT A0 iH(OopMallii; 0Xopo-
Ha iCTOPUYHOI CITaAIIMHU; BiICYTHICTb BUKJIFOUHOTO
rpaBa OJIHI€l nep>kaBU a00 KOMMaHil Ha 100yBaHHS
pecypciB i CIiJIbHA BiANOBiAaJIbHICTh 32 HACIIIKU,
MoIepeIKeHHsT KOH(MIIKTIB; MiHIMi3allisl KOCMid-

LHutyBanusa: Manumesa H. P. MixxHapoaHo-1paBoBi 3acaay po3poOku pecypciB Micsius, Mapca Ta iHImMx HeOGeCHUX TiJl.
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Mixcuapodno-npasosi 3acadu po3poodku pecypcie Micays, Mapca ma inwux nebechux min

Horo cMitts. Cepen mignucanTiB, Kpim HACA (Bin
CHIA — nep:xaBu-iHilliaTOpa IMPOEKTY), BUCTYIIN-
JIM yrnoBHOBaxeHi opraHu Kananu, BenukoGpu-
TaHii, ABcrpanii, fAnonii, JIrokcemOypry, Itanii ta
O0’egnanux Apabcwknx EmipatiB. BimnmosinmHo 1o
Posniny 13 JoMmoBieHocTei, micast 13 xkoBTHs 2020
pOKy Oynb-siKa JepxKaBa, sika nparHe ctatu Ilimnu-
CaHTOM LIMX YTOM, MOXKe 11€ 3p00UTH, ITOJaBIIN CBiiA
minnuc ypsay CIHIA. BigmoBigHo 10 1IbOro, piBHO
yepe3 MicCsAlb Mic/s YKIaaeHHS OCHOBHMX JIOMOB-
JIGHOCTEe, IeB’SITOI0 KpaiHOIo, 1110 MPUETHAIACH JO
HUX, cTaja YKpaiHa. 3romom g0 ydacti y [Iporpami
nomydyrnnch Takox bpaswuiis, IliBnenna Kopes Ta
Hoga 3enangis.

C1ij 3a3HAYUTHU, 1110 KOXKEH i3 MiAMMCaHTIB ITimili-
1oB 10 ¢dopmadizalii cBoei yyacri y IIporpami ue-
pe3 nonepeaHe, nounHawouu 3 2019 p., yKiIagaHHS
nBocTtopoHHix yron 3i CIIIA (B pizHux popmax: mo-
rOBOPU, MEMOPAHIYMMU, AeKJapallil TOI10), BHiCIIN
y [Iporpamy KOHKpETUKY MOXJIMBOTO CITiBPOOITHM -
1ITBa Ta (piHAHCOBI pecypcH, sIKi BOHM MOXKYTb Ha 11i
it Buaiautu. Ha xxanb, 1boro He MOXXHa cKa3aTu
npo YKpaiHy; NpueIHAaHHS HaIlol Jep>KaBy MOXHA
CKOpillle TIIyMauuTU SIK MEMOPaHAYM PO HaMipH,
OCKIJIBKM AOCi XKOIHOI KOHKPETUKHU B 11i MacIITaOHi
JIOMOBJICHOCTI Hallla JepxkaBa He BHecsa. He Oyno
3MIICHEHO ¥ BiMOBIAHOIO MOMNEPEIHHOTO OMpalo-
BaHHS MPaBOBUX ITiICTaB 1l MPUETHAHHS 10 YTOIU.
Bce 11e BUMarae 3niiicHeHHST aHali3y MiXKHapOIHO-
MPaBOBUX Ta HalliOHAJIbHUX MOXJIMBOCTEH y4yacTi
VYkpainu B HalOinbl aMOiliiiHii KOCMiUYHil mpo-
rpaMi Cy4acHOCTI.

IEPEJIICTOPIA IIUTAHHA

Po3pobaeHHst pecypciB HeOeCcHMX TiJ1 Oy/lIO Ha IO-
psnky geaHoMmy CIIA mpotsiroM mpuUHAaiiMHI IBOX
necsatTuiith. [lpu 11bOMy, 3BakalOuu Ha BJIACHUM
kocmiunmit noteHnian, CIIIA moBruit yac Hamara-
JIUCh OYTW MEPIIVMHU Y CBOIN TOCTIOAAPCHKIN MislTb-
HocTi Ha Micsui. [Toka3oBolo y 11bOMY BiZHOIIIEHHI
cTana, 30KpeMa, aMepukaHchbka MicsuHa mporpamMa
«Cy3ip’s», 3amoyaTkoBaHa pecnyorikaHieM JIxop-
mkeM bymeMm-monoamum y 2004 p., sika Oysia cyto
HalliOHAJIbHOIO, 0€3 3aIy4eHHsI iHO3€MHOTI0 eJIEeMEH-
Ty [8]. BinmoBigHo mo 1iei mporpamm 31.08.2006 p.
Oyno yxBasieHO HarllioHaJlbHy KOCMIUHY MOJIITUKY
CIIA [7], 3rimHO 3 SIKOXO KOCMOC TPOroJIOIIyBaBCs
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cepol1o KUTTEBO BaXJIMBUX HALliOHAJIBHUX IHTEpe-
ciB Crionryuenux ItariB. Jlexnapysanocs, o CIITA
Oyje: 30epiraTi CBOI MpaBa, MOXJIMBOCTI i CBOOOILY
JIiii B KOCMOCi; peKOMEHIyBaTU BCIM iHIIUM Jep-
’KaBaM caMUM yTPUMYBaTHCh Ta YTPUMYBATH iHIINUX
SIK BiJl TIepelIKOIKaHHSI BUKOPUCTAHHIO LIMX MpPaB,
TaK i Bil CTBOPEHHSI MOXJIMBOCTEI IS TAKOTO Te-
PEIIKOIKAHHS, BXXMBATU 3aXO[iB, HEOOXITHUX ISt
zaxucty moxuimBocteit CIIIA y nociimkeHHi KOCMO-
Cy; pearyBaTu Ha BUTIQJIKU MePELIKOIKAHHS; i Tiepe-
LIKOJ/IXaTH, SIKIIO Oyje rmorpeda, CBOIM MPOTUBHU-
KaM BUKOPUCTOBYBAaTH KOCMIYHi 3aCO0M 3 METOIO,
Bopoxow HauioHaibHUM iHTepecam CIIIA. Came
Ha KOHUENTYyalIbHili 0CHOBI BinmoBigHo1 KocMiuHO1
nporpamu 0yJio rmooynosaHo 3akoH CIIA npo koH-
KYPEHTOCIIPOMOXHICTh KOMEPIIiHOI KOCMIYHOT [i-
stabHOCTI 2015 p. [10]. BiznoBigHO 10 11bOro 3aKOHY
JleKIapy€eThes mpaBo rpoManssH CrionydyeHux Ilrta-
TiB OpaTH y4yacTh y KOMEPIiliHii po3BiIlli Ta KOMEp-
ifHOMY BHMIOOYBaHHI KOCMIYHUX PECYPCIB, BiJlb-
HUX BiJ LIKiIJIMBUX BTPy4YaHb, BiAMTOBIAHO IO MiX-
HaponHux 30008’sg3aHb CIIIA Ta 3a yMOBM J103BOJTY
Ta MOCTiIHOTO HAIISIAYy 3 OOKY (henepasbHOIO ypsiay.
Ils ITporpama craja 10poroBKa3om ajisl 3AiACHEeHHS
kocmiuHoi nomituku CIIIA Ha HACTyIHI AecAITh po-
KiB, ITOKH 1i1 Ha 3MiHY He IIPUIAIILIIA OiIbII ITOMipKO-
BaHa KOCMiyHa IMOJIiTUKa, OJHIEI0 3 0O3HAK SIKOI CTaB
MOTJIST Y 61K MOXJIMBOCTI MiXKHAapOIHOI CHiBIpalli B
JTOCITiIKEHHI Ta po3pobJIeHHI pecypciB KocMocy. Bu-
pa3oM BIAIOBIMHOTO cTaBieHHS cTaja I[lpe3nneHT-
cbka JlupekTuBa 11040 HOBOI KOCMIiYHOI IMOJIITUKU
CIIIA Bin 11 rpyans 2017 p. [15], a TakoxX HU3Ka Cy-
MMPOBOKYBAJIBHUX JOKYMEHTIB. A 6 kBiTHs 2020 p.
oyno mnpuiiHgaTo IIpe3maeHTChKUIT (BUKOHABUYMIA)
yKa3, SIKMI pi3Hi JkKepesia Mo-pi3HOMY WMEHYIOTh:
1) mono npaBa CIIIA BUKOPUCTOBYBATU pecypcu
Micsus [14]; 2) 11po 3a0X04eHHsI MiXKHAPOIHOI ITiJI-
TPUMKM BiJHOBJIEHHS Ta BUKOPUCTAHHS KOCMIYHUX
pecypciB [17]. ¥ Oyab-sIKOMY BUITaJIKy 3MICT yKa3y
nae migcrtaBu BBaxatu, mo CIIA Big momiTUKM Ha-
LIIOHAJILHOTO JOCJIIXKEHHSI Ta BUKOPUCTAHHS KOC-
MIYHMX PeCypCiB 3iliCHUIN ITOBOPOT Yy OiK MixXHa-
POIHOI cHiBIpalli y BiIMOBIAHOMY HaMPSIMKY.

3 yuM 1e TTOB’s13aHO?

AHaJi3ylouM KOHTEKCT 3BEPHEHHS KOCMiUHOI
nomitukn CIHA y 6ik MiIXHapOZHOro CITiBpOOiT-
HMLTBA, BBAXAl0 32 HEOOXiHE BUAUIATU ABa CIIO-
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HYKaJIbHi YMHHUKU: 1) (piHaHCOBUIA: 2) IMOJITUKO-
TNPAaBOBUM.

Dinancose niorpynms 3BepHEHHS AIMiHicTparlil
CIIA no mixHapoaHOi CHiIbHOTH 3 3aKJIMKOM 10
MiATPUMKH BiIOBITHOI JisUTBHOCTI BiI3HAYAETHCS,
30KpeMa, ACSIKMMU €BPOINEMCHKUMU JOCTiTHUKA-
MM, 1110 aHAJTi3yBaJIM aMEPUKAHCBKY MPOrpamy niio-
mogano2o nogeprenHs (32 HOPMATUBHOIO TEPMiHO-
soriero CIITA) Ha Micsip. 3a nmonepeaHiMu Ij1aHa-
mu NASA mependadajocs IiJIOTOBaHE TTOBEPHEHHS
Ha MicsauHy noBepxHio B 2028 p., omHaK 3a iHilia-
tuBoto [IpesuneHra 1. Tpamna B kBiTHI 2019 p. 1110
Jaty OyJio MepeHeceHO Ha YOTUPU POKM BIEpe,
T00TO Ha 2024 p., 110 3aKiaajo noyatok IIporpamu
«Aptemiga». [Iporpama € ayxxe am0OiTHOIO, OaraTo-
aCMEeKTHOIO, TaKolo, 1110 MOTpedye CEPHO3HUX Ka-
MiTAJIOBKJIaIcHb, HE MigiioMHNX HaBiTh 1 CHIA.
Tak, na 2020 p. — mepmuit pik peanizauii ITpo-
rpamu — 3 ¢efepasbHOro 0101KeTy 0yJ10 BUALIEHO
NASA 1.6 mutpz monapiB, Xo4a 3a TiIpaxyHKaMu Tt
JIOCSITHEHHS pe3yJIbTaTy y IUIAaHOBaHi CTPOKW HEOO-
XifHe IopiyHe (iHaHCyBaHHS Bix 6 10 8 MiIpa mo-
sapiB [13]. Came 1ie cTaja0 OTHUM i3 CLIOHYKaJIbHUX
MOTHUBIB JUIs1 3BepHeHHs1 AnMiHictpauii CIIIA 3a
MIXKHApPOIHOIO HiATPUMKOIO.

IH1I010, HA MOIO AYMKY, OUTBII CEepPIiO3HOIO ITiI-
craBoro s 3MiHu no3uii CIIA 3 mporo mutaHHS
cTajia BIACYTHICTh €HOCTI Y MiXKHapOJHUX KOCMid-
HO-MPAaBOBUX i MOJITUYHUX KOJaX IIOAO MUTAHHS
8i0nogioHocmi mixncHapooHomy npagy peajizalii mpo-
€KTIB PO3PO0JICHHS pecypciB HEOECHUX TiJl, 0CO0-
JIMBO SIKIIO TaKa AiSJIbHICTD 3AiHCHIOETHCS OHIEIO
JiepKaBolo.

CrpoOyeMo po3iOpaTHCh y BiIIIOBiTHOMY IIUTaH-
Hi OLJIbLI TOKJIAJIHO.

MIXHAPOJIHO-ITPABOBE PETYJIIOBAHHA
JOCIIZKEHHA TA BUKOPUCTAHHA
KOCMIYHUX PECYPCIB

Ille B 1960—1970-Ti pp. MiXXHapOTHUM CIiBTOBapH-
ctBoM Tia erinoro OOH Oyyio HampalboOBaHO IT’SITh
OCHOBHMX MiXHapOJHUX JIOTOBOpPiB y cdepi Koc-
MiYHOI mistibHOCTI. | X0ua B HACTYITHI POKM 11i 10TO-
BOPM JIOIMOBHIOBAIMCH PI3HOIO POAY PE30JIOLISIMU
IenepanbHoi acam6nei OOH, iHIIMMM aKTaMu T.3.
«M’SIKOTO» MiXKHapOTHOTO TIpaBa, a TaKOX aKTaMU
TJAyMayeHHsI iCHYIOUMX JOTOBIpHMX JKepes, Bil-
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MOBiAHI MI’SITh JOTOBOPIB i CHOTOAHI 3aJUIIAIOTh-
Csl OCHOBOIO JUISI PETYJIIOBAHHS MIisUIbHOCTI JepKaB
i MIXXHAapOIHUX OpraHizawiii B cpepi JOCTimKEeHHS
Ta BUKOPUCTAHHSI KOCMIYHOTO MPOCTOPY. A 3Baxka-
I0YM Ha Te, LIO0 PO3POOJCHHS Ta MPUUHSTTS BiaMNo-
BiIHMX JJOTOBOPIB MPUITAJIO HA POKM XOJIOIHOI BiiHU
Ta XXOPCTKOTO MPOTUCTOSIHHS ABOX ICHYIOUMX Ha TOW
nepion cynepaepxaB — CIIA ta CPCP, xonHa 3
SIKMX HE 3HaJjla, XTO 3 HUX OyJe IepIloio B OCBOEHHI
KOCMOCY, BiIlTOBiIHI aKTW MiXKHAPOIHOTIO IIpaBa Xa-
PaKTEpU3YIOTHCSI BACOKMM CTYIIEHEM BilMpaltoBaH-
HSI MEXaHi3MiB CTPUMYBAHHSI i HETOMYIIIEHHSI MOHO-
noJi3alii KOCMiYHOI AisIbHOCTI YKOAHOIO 3i CTOPiH.

BigHocuHU 11010 po3pobJieHHS pecypciB Mics-
115 Ta iHIIMX HeOECHUX TiJ cTaau 00’ €KTOM PEryJio-
BaHHS IBOX i3 I’ITU MixkHaponHux gorosopiB OOH
3 MUTaHb KOCMIYHOI AisIbHOCTI, a came: JloroBopy
PO TIPUHLMIIA HiSUIbHOCTI AepxKaB 3 JOCIiIKEH-
H$1 1 BUKOPUCTaHHSI KOCMiYHOTO TTPOCTOPY, BKJIHOYa-
toun Micsupb Ta iHII HeOecHi Tina (Hagani — doro-
Bip mpo Kocmoc) [1], a TakokX Yroau rpo AisibHICTh
nepxxaB Ha Micsii Ta iHIIMX HeOeCHUX Tinax (Ha-
najii — Yroma npo Micsup) [6]. TTpu LiboMy oapasy
CJIiI 3a3HAYMTH, 1110 MiIKHApPOAHE KOCMiuHE IpaBo
He J1a€ BUUEPITHOI Ta OMHO3HAYHOI OLIIHKKA MOXKJIM-
BOCTI pO3pO0JIEHHS pecypciB HEOECHUX TiJl.

Tak, JloroBip mpo KOCMOC $IK TOJIOBHMI cucTe-
MOYTBOPIOBAIBHUI aKT B PETYJIOBAHHI KOCMi4HOL
NiSUTbHOCTI, CTOpOHaMU sikoro Hapasi € 109 nepxxas,
y cT. | mporoJjionnye, 110 TOCTiIXKEHHS Ta BUKOPUC-
TaHHSI KOCMiYHOTO MPOCTOPY, BKIOUaoun Micsib
Ta iHIIi HeOeCHi TiNa, 3MiliCHIOIOThCS Ha 0J1aro i B iH-
Tepecax BCiX KpaiH, He3aJIeXKHO Bi CTyIIeHs iXHbOTO
€KOHOMIYHOT0 a0 HayKOBOTO PO3BUTKY, i € HadbaH-
HAM 8¢b020 ardcmea [the province of all mankind-eng;
apanage du monde entier-fr.]. KocMiuHUi#1 npocTip,
BKJTIOYaro4Yu Mics1b Ta iHIlli HeOecHi Tija, BiTKpUTO
IUISL OCHIIXKEHHS 1 BAKOPUCTaHHS BCiMa JepxaBa-
MU 0e3 OyIb-sSIKOI AMCKPUMiHallil Ha OCHOBI piBHO-
CTi i 3TiIHO 3 MiXKHAPOIHWM MPaBOM, MPU BUIbHO-
MY IOCTYIIi y BCi palioHu HebecHux Tial. g craTTsa
€ 0a30B010, 1110 3aKJIAJA€ IMiIBaIMHU MiXKHAPOIHOIO
KOCMiUHOTO TIpaBa i BU3HA4Ya€ MOro JyX i OCHOBHY
COPSIMOBAHICTh: KOCMOC € MiXHapOAHOI 30HOI0,
JIe TIOBMHHI BPaXOBYBaTHUCS iHTEpECH BCiX KpaiH;
BiJIbHe BUKOPUCTAHHS 3a PiBHUX YMOB; PiBHMIA 10-
cryn. Lli 3aranbHi mpuHUUIIM, chHOPMYILOBaHI B
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1960-x pp., Oyam majieki Binm JiGepasbHOrO €KOHO-
MiYHOTO JIyXY, PO SIKUIA TOAI I11e HE UIIUTIOCS.

Jani B perymioBaHHI BiIHOCHMH IIIOJO0 PO3PO-
OseHHsI pecypciB Micsis Ta iHIIMX HEOECHUX Til
minuia Yroma mpo Micsaup. Craimom 3a ct. 1 Joro-
BOpY IIpO KocMoc, y cT. 4 Yrogu npo Micsup min-
TBEPIKYETBCS, 1110 AOCTIIXKEHHSI Ta BUKOPUCTAHHS
Micsus € HagbaHHSIM Bcboro Jioncta®. BomHouac
HaOiIbIIOI yBarM B KOHTEKCTI HAIOrO iHTepecy
Mmae cT. 11.1 Yroau, 3rimHo 3 sikoro Micsup Ta iioro
MPUPOIHI PECYpPCU IPOTOJIOIIEHO CITJIBHOIO CHaji-
muyHow moacTBa (common heritage of mankind).
Cepen HalOLIBII KOHTPOBEPCIMHMX B YTOMi TaKOX
Bi3HAYaroTh TTOJIOKEeHHS cT. 11.5, B sKiif 3a3Hayga-
€TbCS, 110 Aep>KaBU 3000B’SI3YIOTbCSI BCTAHOBUTHU
MiXKHapOIHUI PEXUM, BKIIOUAIOUH BiATTOBITHI TPO-
LHeAypU, IJIST peryaroBaHHS eKCIUlyaTallii TIpUupod-
HUX pecypciB Micslisl, KOJu cCTaHe 3pO3yMiJio, 110
Taka eKcIrutyaTalis OyJae MOXJIWBOIO HalOIVKIuM
yacoMm. OueBMIHO, IO Hapasi TaKUil yac HacTas, i
ob0yMmoBieHui B Yroai mpo Micsip MiXKHapogHUIA
pexum MaB 0u OyTH po3poOsieHnit. OnHaK HaBpSI
Yy LUISIX 10 MOro 3ampoBaKeHHSI MOXe OyTH Ta-
KMM, SIK niepeadavaiocst B Yroai. Xouya Yroga HaOy-
J1a yuHHOCTI B 1984 p., ctanom Ha 2020 p. auire 18
IepxaB paTUdiKyBaay i YOTUPU AePrKaBU ITiAITMCaIN
et MixkHapogHuii gorosip [11]. Cepen HuX Hemae
JKOIHOI 3 MPOBIAHUX KOCMIYHUX JIepKaB CBITY, 11O
MalOTh ChOTOMHI UM MAaTUMYTh HAWOIIDKUYMM 4acoOM
MOKJIMBOCTI AicTaTuCch Micsiiis i BeCTU TaM poOOTH
3 PO3BiJIKM Ta pO3pOOJIEHHSI MOro pecypciB.

TTPABOBA ITPPOJIA TIOMOBJIEHOCTE
B PAMKAX ITPOI'PAMU «APTEMIJIA»

AHanizyoun JIOMOBJEHOCTI B paMKax MporpaMu
«ApTemiga», ciif 3BepHYTH yBary Ha HU3Ky MOMEH-
TiB, SKi JO3BOJSIOTH BUSIBUTU IIPABOBY IPHUPOILY
LILOTO JOKYMEHTY i HaJlaTh MO0T0 XapaKTepPUCTHUKY.

* Xoua B yKpaiHChKMX TeKcTax (popmyiu cT. 1 [loroBopy mipo
KocMoOcC i ¢T. 4 Yronu ripo Micsiib IepeKiaaeHi K «CITiJib-
He Haj0aHHS JIOACTBa» (MaOyTh, 3 POCIMCHKOI — «IOCTO-
SIHME BCETO 4eJIOBeYeCTBa») B iHIIMX OMIllIMHUX TEKCTaxX
OOH BuKoOpHCTaHi Taki TEPMiHOJOTIYHI KOHCTPYKIIii:
y cT. 1 JloroBopy Mnpo KOCMOC: aHIJIOMOBHOMY «province
of all mankind», ¢paHKOMOBHOMY — «apanage du monde
entier»; BomHoyac y cT. 4 Yroau npo Micsibs — “apanage

de ’humanite tout entier”, “the province of all mankind”.
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Hacamnepen ciig 3a3HauuTH, IO MU MAa€EMO
CMpaBy 3 MiXKXHApPOAHUM JOrOBOPOM, IO CYTTEBO
BilIpi3HSIETHCS BiJl KJIACUYHUX JOTOBOPIB, X04a i0ro
0COOJIMBOCTI HE € YHiIKaJIbHUMMU y CYJaCHiil MpakTh-
i MixKHapoAHUX BigHOCUH. KilacuuHi MixxHapomHi
JIOTOBOPU TIOAISIIOTHCST 3@ PI3HUMU KPUTEPISIMU.
OpHuM i3 HUX € cepa CyO €KTHOIO OXOIUIEHHS,
BiJIMOBiIHO 0 SIKOT'O BUALISIOTHCS 0araTOCTOPOHHI,
perioHaibHi Ta IBOCTOPOHHI Mi>KHAPOIHI JOTOBOPU.
€ TakoX MOiI 3a piBHEM MiXKHapOIHO-IIPAaBOBOTO
peryjroBaHHS: MiXAep>KaBHi, MiXXYPSI0Bi Ta MiXKBi-
JgoMui [2]. € MixkHapoaHi 1OTOBOPU 3aKPUTOTO i Bill-
KPUTOIO TUITY: MEPIIi 3 HUX YKJIAalOThCS MiX KOH-
KPETHUM, Harepe 00yMOBJICHUM KOJIOM Cy0’€KTiB
MiXKHapOJHOTO TIpaBa; APYTi X € BiAKPUTUMU IJIsT
HACTYITHOTO TPUEIHAHHS TUMHU JepXXaBaMM, SKi
He OyJM IMianmucaHTaMU BiAIIOBIIHOTO AOTOBOPY. 3a
IOPUIMYHOIO CUJIOI0 MiXKHAPOIHI TOTOBOPU MOXYTh
HaJIexxaTu 10 «TBepaoro npasa» (hard law) — noro-
BOpH, YTO/IU, KOHBEHIIi1, 200 X 10 «M’SIKOTO MpaBa»
(soft law) — pi3HOrO poay MeMOpaHAYMU, JeKjiapa-
11i1, 3a51BU, PE30JTIOLIi1 TOIIIO.

JIOMOBJIEHOCTi B paMKax Mmporpamu «AprteMina»
3a CYKYITHICTIO O3HAaK CJIiJl BITHECTU 10 MiXBiTOM-
YOro akTy MixKHapOJIHOI'O M’SIKOIO IIpaBa BiIKpUTO-
ro tuiy. Ileit TOKyMeHT yKJIaIeHO MiXK OOMEXEHOIO
KIUJTBKICTIO KOCMIYHMX areHIIiif, 1110 JOMOBUJINCH
3[IAICHIOBAaTU CHUTBHY [iSITIBHICTH 3 TOTPABJICHHS
Miciii Ha Micsup Ta iHIII HeOecHi Tija Ta 3 Po3-
po0bJieHHsT pecypciB LMx HebecHUuX Til. BomHouac
JIOMOBJIEHOCTi BiIKpUTI JJISI TIPUETHAHHS KOMIIe-
TeHTHUX OpraHiB iHIIMX AepKaB, 110 MAlOTh HaMip
JOJYYUTUCH IO BiAIIOBIOZHOI CITiBIIpalli, YMM i CKO-
pucranoch JlepkaBHe KOCMIYHE areHTCTBO YKpa-
iHu. 3a 3araJbHUM TpaBujoM JloMOBIIEHOCTSIM
nepenyBajio (a0o CiigyBaJio 3a HUMM) CTBOPEHHS
OKpEMUX ABOCTOPOHHIX IOTOBIpPHUX PaMOK MixX
HACA sx iHiniatropa nporpamMu Ta #oro siapa — 3
OHOIo OOKY, i areHuisIMA TUX AepKaB, SIKi CTaau
nigmMcaHTaMu 3arajJbHuX JloMoBiIeHOCTEe — 3 iH-
moro. MopMu HUX MIKBIIOMYUX IHCTPYMEHTIB y
KOXXHOMY BUITIaJKy 00Mpangach CTOpOHaMU OKPEMO,
TaK caMo, SIK i 3MiCTOBHE HAaIlOBHEHHSI CITiBIIpalli.
Tak, y xoBTHi 2018 p. mixx HACA ta KocMiuHuM
areHTctBoM OAE Oyio miamucaHo iMrIuieMeHTa-
LiiiHy JOMOBJEHiCTh; y X0BTHi 2019 p. mixk HACA
ta KocMiunum arentcrBoMm Bemnukoro Iepuorcrsa
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JrokcemOypr Oyno nignucano CoibHY 3asiBy; TaKy
K MIXKHapOOHO-TIIpaBoBY (popMy Oyj10 0OpaHO IS
oopMiteHHs criBopati 1mo «Apremimi» mixk HACA
ta KocMmiunum areHtctBom CriostyuyeHoro Koposis-
cTBa, a TakoxX Mixx HACA Ta BiAlOBiIHUM yIIOBHO-
BaxxeHUM opraHoM Irtanilicekoi pecny6uiku; 3 Ka-
HaACbKUM KocMiyHuM areHTcTBoM HACA y rpyaHi
2020 p. mignucano Horogip nipo «Gateway», a 3 Biji-
MNOBiZHMUM MiHicTepcTBoM fAmoHii B mumnHi 2020 p. —
CrinbHy Iek1apalliio npo HaMipu.

Je1o «aHOMaJIbHUMMW» 3 TOYKU 30py TEOpii Mix-
HapOOHUX JOTOBIPHUX BiMHOCUH Y BiAITOBiTHUX IBO-
CTOPOHHIX Ta 6araToCTOpoHHil J{OMOBJIEHOCTI € ne-
KiJlbka MOMeHTiB. Hacammnepen, B yciX TOroBipHUX
iHCTpyMEHTax LIOA0 «ApTeMinu» TMOPYIIEHO MPHH-
LIMIT piBHOCTI oroBipHUX CTOpPiH Ta CUMETPUYHOCTI
paB Ta 000B’SI3KiB, SIKi HA HUX MTOKJIaIal0ThCS: OIHi-
€10 3i CTOpiH y BCiX BiTHOCMHAX LIOA0 ApTeMiau BU-
cryriae HACA. @akTHYHO HAETHCS PO «3a0XOUCHHST
MiXKHApOJHOI TATPUMKA MYOJIiYHOI Ta TPUBATHOL
nisuibHocTi CIIA 3 mociimKeHHsST Ta BUKOPUCTaHHS
pecypciB KOCMOCY, BillTOBIAHO 0 iXHbOI HaLliOHAIb-
Hoi moJliTiKY y BinnosigHii chepi [9]. Came HACA
(hopmyJI0€ TIEpeaAyMOBU Ta OCHOBHI 3acaay y4acTi
inmmx CTopiH y Iporpami, a TaKoxX BM3HAYA€ MOXK-
JIMBOCTI ixHBOI B3aemopmii. [1pu oMy ciig Big3Ha-
YUTHU pi3HUI 0OCST IIpaB Ta 3000B’s13aHb CTOpiH B
KOXHili 3 ABOCTOPOHHIiX AoMoBJieHocTel. Jlo peui,
came 1Ie¥ MiIxia CBOTo yacy yXe OyB TOCUTh YCITilll-
HO arpoOOBaHMM B HU3LI yroJ 1moao0 MixxHapogHO1
KOocMiuHoOI ctaHuii [4]. HacTynmHUM MOMEHTOM, 110
noTpeOye OLIHKKU 3 TOUKM 30py T€Opii MiXKHAPOIHO-
ro mpaBa, € 3B’S130K BiamoBimHux JIoMOBIeHOCTEH 3
3arajJbHUM MiXKHApOJHUM TPaBOM Ta Mi>KHapOIHUM
KOCMIYHUM TTpaBoM, po3pobieHuM tif erinoro OOH.
Haii6inbin npobieMHUM TYT € MOXJIMBICTb 1 HEOO-
XigHicTb foTpuMaHHs Yroau nipo Micsis. CIHA sx
iHitiatop Ilporpamu B ycix aep>kaBHUX JOKYMEHTAaX,
30KpeMa B THX, 1110 MalOTh BIUIMB Ha MiXKHApOJIHO-
MPaBOBi KOCMiUHi BiTHOCUHM, MOCTiAHO HATOJIOIIIY-
IOTh Ha TOMY, 1110 Yroaa rmpo Micsip He HaOyJjia yHi-
BEpCaJIbHOTO XapaKTepy i He MOXe MpeTeHAyBaTH Ha
POJIb MixKHapOIHOTO 3BMYAlO.

Jlomoenenocmi 'y pamkax npoepamu <«Apmemioa»
cmanu cnpobo0 3anoHamKy8amu OHOBAEHUN MIdCHA-
POOHO-NPABOBULL PECUM PecypCié KOCMIUHUX Min, nee-
HUM YUHOM AAbMePHAmueHuUll 0o nepedbaveroeo Yeo-
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doro npo Micayps. Maroun Taki 1ajaeKoryssaHi HaMmipu,
aMepUKaHCbKa CTOpPOHA BXe BHecCJIa MUTaHHS 111010
MPaBOBOTO PEeXUMY BUKOPHUCTaHHSI pecypciB Hebec-
HUX TiJ1 Ha po3misia FOpuanuHoro migkomitety Ko-
mitety OOH 3 kocmocy. Ha jaHuit MOMEHT, ofHaK,
no3uilis HACA He € HaaToO XXOPCTKOIO 3 TOUKH 30py
3ajydyeHHs1 1o Ilporpamu MixKHapOZHUX TMapTHEPIB.
Tak, ABctpaiist € CtopoHoro Yroau rmpo Micsiib, of-
Hak 111 00CTaBMHA He 3aBafuJia iii OMHIEIO 3 MEePIINX
ykiactu 3 HACA BinmoBigHiI TOMOBIEHOCTI IIOIO
Aptemina-criBrpalii y ccepi poOOTOTeXHiKM, aBTO-
MaTUKU, BAKOPUCTAHHS IUTYYHOTO iHTEJIeKTY [5].
Hapasi nmpaBoBUIi pexXuM [isUIbHOCTI 3 €KCIUTY-
arauii pecypciB HeOeCHUX Till 3aJMIIAETHCS HEBU-
3HayeHuM. Y Kowmiteti OOH 3 KocMmocy Ta iioro
IOpuaruHOMY MiAKOMITETI ITOKU JIMILE TOTYIOThCS
10 OOroBOpeHHsI Ta (POPMYBaHHSI TAKOI'O PEKUMY,
nependadeHoro cT. 11.5 Yrogu nipo Micaup. Ckian-
HOIILIi HacaMIlepe I ITOB’s13aHi 3 HeBU3HaHHSAM Mics-
LISl Ta iHIIMX HEOECHUX TiJl «CMiJIbHOIO CIAAIIMHOIO
moacTBa» («common heritage of mankind») 3 6oky
CIIA Ta HU3KM iHIIKX JAepKaB, TOTOBUX IO OCBOEH-
HSI KOCMIUHMX PecypciB, OCKiJIbKM 1I€ CTOITh Ha 3a-
BaJli eKCIUTyaTallii TaKMX PEeCypCiB Ta CIPaBeIIMBOIO
pO3IOALy BUTOM, Bifl L€l MisSUTbHOCTI, MPONOPLIAHO
y4acrTi B Hiil. BomHOYac Ha mOTpUMaHHI IIbOTO IIPUH-
LIMITY HEOAMIHHO HamoJIraTUMYTh KpaiHU, 110 PO3-
BUBAIOTHCSI, MOCWJIAIOUUCH TIPY 1IbOMY HeE TiJIbKU Ha
Yrony nnpo Micsiup, a i Ha JIoroBip 1po KocMoc, 3Tif-
HO 3 SIKMM JOCJIIIPKEHHS Ta BUKOPUCTAHHS KOCMiy-
HOTO ITPOCTOPY 3AIMCHIOIOTHCS Ha 0J1aro i B iHTepecax
BCiX KpaiH, HE3aJIEXKHO Bill CTYIIEHS IXHBOTO €KOHO-
MiYHOro ab0 HAyKOBOIO PO3BUTKY, i € HA0OAHHAM
6cb020 N100cmea. A KOCMIYHUN IIPOCTip, BKIIIOYAIOUN
Micaup Ta iHmI HeOecHi Tijla, He MimIATae HaIio-
HaJIbHOMY TTPMCBOEHHIO aHi ILLISIXOM MPOTOJIOIIeH-
HSI Ha HUX CYBEpPEHITeTY, aHi IIJISIXOM BUKOPUCTaHHS
a0o okymnallii, aHi OyIb-SIKUMM iHILIMMU 3aCO0aMMU.
JucKycist B IbOMY HaIlIpSIMKY TPMBA€E, OTHAK 11e He
3aBakae€ 1IBUAKOMY MpocyBaHHIO Briepea [Tporpamu
«Aptemiga» i gorydyeHHo 10 Hei HoBuX CTOpiH.

YYACTD YKPATHU Y TIPOTPAMI «<APTEMIJIA»

YkpaiHcbka ctopoHa B 0c00i [lep:kaBHOro KOCMi4HO-
ro areHTcTBa mimmucana J{oMOBIEHOCTI LIOAO IIPO-
rpamMu «ApTeMiza», B3SBIIM aBAHCOM Ha ce0Oe IeBHi
3000B’s13aHHs. [Ipu LIbOMy CJlif TTaM’siTaTu, 110 Bil-
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noBigHO 110 cT. 9 KoHcTuTyii YKpaiHu YMHHI MiX-
HapoOIHi ITOroBOpM, 3rofa Ha OOOB’SI3KOBICTH SIKMX
HamaHa BepxoBHoro Pamoro YkpaiHu, craloTrh 4dac-
TUHOIO HalliOHAJIbHOTO 3aKOHOJABCTBAa YKpaiHu. B
LIbOMY KOHTEKCTi HacaMrepe/ CJIiJl MPOBECTU OILliHKY
BITUM3HSIHOI KOCMIYHOI MiSIZTbHOCTI Ha BiMOBIAHICTh
MPUHLIUIIAM, PErjlaMeHTOBaHUM JlOMOBJIEHOCTSIMU
10 mporpami «ApTeMiga»: MUpPHI LiJli, TpaHCIIapeHT-
HICTb, B3aEMO/IisI OIepaLliiiHMX CUCTEM, JOIIOMOra y
BUIIAJKY HaI3BMYAHUX CUTYyalliii, peecTpallisi Koc-
MiUYHUX 00’€KTIiB, HafaHHSI HAyKOBMX JaHMX, BUOO-
OyBaHHSI pecypciB, YHUKHEHHSI LIKiJJIWBOIO BILIUBY,
MiHIMi3al1lisl KOCMiYHOTO CMITTS TOIIIO.

[Ticna mignmucaHHs 3aradbHUX JlOMOBJIECHOCTEN
CJIi1 TToAyMaTH Ipo KOHKPETHi cdepu criBmpalli, e
VYkpaina morja 6 6ytu uikaBoto ITporpami, chopmy-
BaBILIM KOHKPETHi MPOMNO3UIIii, SKi YBIAILIN O y 1BO-
cropoHHI0 Yromy 3i CIIIA. /111 HbOTo CIIig IpoBECTH
iHBEHTapu3allilo HallluX MOXJIMBOCTEH, MOLIUPUB-
1y 3HaHHs 1ipo [Iporpamy, ii 0coOIMBOCTI, Mpiopu-
TETU Ta YMOBM Y4acTi cepell BUCOKOTEXHOJOTIUHUX
MiANPUEMCTB Ta OpraHizauiii KocMigyHoi ramysi. Tyt
HernepeciyHy poJib Moxe Bimirpatu HariioHansHa
akajgeMis HayK YKpaiHu, 4YMMajio iHCTUTYTIB SIKOI
OpiEHTOBAHI HAa KOCMIYHY JisUIbHICTD i B 3MO3i 3Miii-
CHUTU aHaJli3 HAyKOBUX i TEXHOJIOTIYHUX IE€PCIIeK-
TUB y4yacTi YKpaiHu B IOCTiIKEHHI Ta BUKOPUCTaHHI
pecypciB Micsans, a TakoX YKpaiHChbKa acoliiallis
BUCOKOTEXHOJIOTIYHUX MiANPUEMCTB i OpraHizariii
«Kocmocy, 1110 00’e1Hye KinbKa IecsTKiB Cy0’€KTIB,
3JaTHUX B3SITH y4acThb B Iporpami «ApTeMiga».

ITicas 1poro MoxHa Oyzie CTaBUTU MUTAaHHS IIPO
MMiaMMcaHHs IBOCTOPOHHBOTO OKyMeHTY Mixk HACA
ta MiHcTparermpoMmoMm a6o JIKA 111010 KOHKpEeTHUX
HanpsIMiB yJacTi yKpaiHChbKuX cy0’ekTiB y [Tporpami.

B iboMy 3B’513Ky XOTiiocsi 6 3a3HAYUTH, 1110 KOKEH
3 TIepIINX ITAMKUCaHTIB JJoMOBIeHOCTEN BXe TToIe-
pPeIHbO BU3HAUYMB i KOHKPETHO OOIPYHTYBaB CBOIO
pOJIb i JOLIIBHOCTH Y4acTi Y MaiilOyTHROMY MPOEK-
Ti. Tak, HanpuKiIaa, ABCTpalis CHiBOpalloBaTUME y
cepi poOOTOTEXHIKM, aBTOMAaTUKM, BUKOPUCTAHHS
LITYYHOTO iHTEIEeKTY. SIIoHist OpaTnMe y4acTb y po3-
poO11i HOBOro OE3MiJIOTHOTO BaHTaXKHOTO KOpaobJis,
SIKUW 3IiCHIOBaTMME ITOCTauyaHHsI HaBKOJIOMICSIY-
Hoi ctaH1ii «Gateway». Yuactsb ITasii Oyne nossiratu
y CTBOPEHHI CUCTEM MPUMICSTYHEHHSI, @ TAKOX CTBO-
PEHHSI >KUTJIOBUX MOJIYJIiB HA MOBepXHi Mics1ist i T. 1.
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A Benuka bpuraHnis Bi3bMe ydacTh y CTBOPEHHI Ha-
BKOJIOMicsiUHOI cTaH1lil Gateway, sika cTaHe ITPOMiX-
HUM ITyHKTOM [IJISI TIOJIbOTY Miciii Ha Micsip i maiti.
KoxxHa 3 ux Ta iHIi gep>kaBu-y9acHMIII YXKe JeKIa-
pyBaJli CyMU Aep>KaBHUX i MPUBATHUX iHBECTULIiM Ha
11 LT Y HAlOJIVKYi pOKH.

JlepkaBHi opraHu yIIpaBJIiHHS KOCMIYHOIO mdi-
SIJIBHICTIO MalOTh OPIEHTYBaTU CYyO’€KTIB rocIrioia-
proBaHHS YKpaiHM Ha YCBIZOMJICHHS TOTO, 11O IXHIi
MNpuOYTOK B Wil OisIIBHOCTI Oyae HpOIOpLilHUM
BKiany. Came Taka Mozeab Oyae JOMIHYIOUOIO i IS
MiXIIep:KaBHUX JOMOBJICHOCTEH MiX YKpaiHOIO Ta
CIHA y uiit cepi, xoua npu BiacyTHOCTI ¢opma-
Jlizanii y po3noaii MpuOYTKiB, 11i MMTaHHS TaKOX
MaloTh OyTU TIPEIMETOM MEPEMOBUH. 3PEIITOIO
HEOOXiAHO YCBiIOMIIIOBaTH, 1110 ydacTb y IIporpami
MoTpedyBaTMMe Bil YKpaiHU MOTYXKHOI AepKaBHOL
¢iHAHCOBOI MMATPUMKHU ITiAIIPUEMCTB, sIKi 3aiimMa-
TUMYTbCS BHUIOOYBAaHHSIM KOCMIUHMX PECYpCiB,
TOMY CJIif OyTY TOTOBUMM iHilliFOBaTH AepKaBHi iH-
BeCTULIIi B 11ili cpepi. Buxoasiuu i3 CbOrogHilIHbOro
(biHaHCOBOro cTraHOBHUINA YKpaiHM, 1€ MOXE BU-
SIBUTHUCH MpoOIeMaTUYHUM. JlyxKe BaXkJIMBO y 11bO-
My 3B’a3Ky, 1o B Konueniii 3arajibHoaepKaBHOL
LIJIbOBOI HAyKOBO-TEXHIYHOI IporpamMy YKpaiHu
Ha 2021—2025 poku nependayeHO CTUMYIIOBAHHSI
Ta PO3LIMPEHHS MiXHApPOIHOIO CIIiBPOOITHUILITBA,
3AiliCHeHHSI CITUIBHUX IIPOEKTIB Ta pO3pO00K, 30-
KpeMma B paMkax criBrnpalli 3 NASA Ta iHIumMu mpo-
BiIHMMM KOCMIYHMMU areHuisgMu [3].

IIle onHMM BaXXJIWUBUM UYMHHUKOM, SKWUHA CJIif
YCBiAOMJIIOBAaTHU, € Te, 110 IianucaBiiu JloMoBie-
HOCTIi, YKpaiHa IMOBMHHA HEBiAKJIAIHO BIATUCS A0
OHOBJIEHHSI HalliOHAJIbHOTO KOCMIiYHOIO 3aKOHO-
JaBCTBa YKpaiHM BIAIIOBIZHO IO HOBOI cepu pe-
I'YJIIOBaHHS, a TAKOX BHECEHHSI JOITOBHEHD /10 per-
JIJaMEeHTallil JO3BIJIbHOI CUCTEMU Ta JIilIEH3yBaHHSI,
peecTpaliil KOCMiYHMX 00’ €KTIiB Ta MpaB Ha KOCMid-
Hi pecypcH, OXOpOHU KOCMIYHOI'O ITPOCTOPY Ta He-
OECHHUX Ti BiJl KOCMIYHOIO CMITTs, Y3rOJIKE€HOCTi
oIepaliliHUX CHUCTeM 3 CHUCTeMaM{ MNOTEHIIMHUX
mapTHePIB Ta iH. 3a3Hayvy, 110 BCi OCHOBHI JOKYMEH-
T CIHIA ocraHHix pokiB, BKJItouHO 3 HoBoto koc-
MIiYHOIO IIporpamMmolo, yxsajaeHoo 9 rpymas 2020 p.,
MPOHU3aHI iIe€10 IMPOKOTO 3aTyYeHHS TPUBATHUX
Cy0’€KTIB KOCMIYHOI MiSIBHOCTi, BUKOPUCTAHHS
BCiX HOMyCTUMHUX (opM Jep>KaBHO-ITPUBATHOI'O
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HapTHEPCTBA, 1110 MA€E CTaTU OPIEHTUPOM i U151 HAC B
Mpolieci BIOCKOHAJIEHHI IHCTUTYTY Iep>KaBHO-IIPH-
BaTHOTO MapTHEPCTBA Yy KOCMiUHil rajysi.

He cnain mpu mipomy 3a0yBaTu, 1110 «ApTemina» —
HE €IMHA MOXJIMBICTh y4acTi YKpaiHM y CITiBpOOIT-
Huutsi 3i CIIA. Tomy npioputeToM HallMX 3yCUJIb
Mae 3aJIMIIaTUCh TIOHOBJIEHHS Ail MiXXypsiaoBoi Pam-
KOBOI yTroJix Mpo CHiBPOOITHULITBO B AOCJIIKEHHI Ta
BUKOPHMCTAHHI KOCMIYHOIO IIPOCTOPY Y MUPHUX ITi-
JIs1x, TepMiH 10-piuHoi mii s1Koi 3aBepIumrBcs 22 CiuHS
2019 poky, ajie 1oci He OyB MOJOBXEHUIA.

BIUCHOBKH

Hacamnepen BaxJI1BO yCBiIOMUTH, 1110 HA ChOTO/I-
Hi HEMa€ YHiBEpCaJIbHOIO MiKHAapOAHO-IIPaBOBO-
ro pexXnMy eKcIuTyaTallii pecypciB KOCMiYHUX Till.
BonHouac MixkHapogHe KOCMidHe ITpaBoO HE MiCTUTh
OpsIMUX 3a00pOH 3MifiICHEHHSI TaKOl MisUIbHOCTI,
SIKIIIO BOHA BEACTHCS Y CIIBPOOITHUIITBI AepKaB, 3
JOTPUMAaHHSIM 3arajlbHUX TPUHLMITIB MiXXHApO.I-
HOTO KOCMiYHOTIO Mpasa, 3adikcoBaHux B JloroBopi
PO KOCMOC.

JIOMOBJIEHOCTi B paMKax IporpaMu «ApTemina» €
CIPOOOIO 3aMO0YaTKyBaHHS HOBOTO PEXUMY PO3pO-
OseHHs pecypciB Micsis, Mapca, acTepoiniB Ta iH-
11X HEOECHUX TiJl, 1110 HE CIIUPAaTUMETHCS Ha YToay
npo Micsiib, a CTBOPUTS il IEBHY aJITEpHATUBY.

ITinnucanHst YkpaiHcbkoto ctopoHoto JlomoBie-
HOCTEel BiIKpMBA€ TEPCIEKTUBU CYTTEBOTO TIi/IBU-

JIITEPATYPA

ILIEHHS KOCMIYHOTO CTaTYyCY HAIIIOI Iep>KaBU, ajie BOM-
HOYAaC HaKJIaJa€ Ha Hel HOBI Cepiio3Hi 30008’ sI3aHHS
SIK MiXKHApOJHOTO, TaK i HalliOHAJIbHOTO XapakTepy.
HeoOxingHo Hacamriepen sikomora cKopillle BU3Ha-
YUTUCh 3 MOXJIMBOCTSIMM BiTUM3HSIHUX CYO’€KTiB
KOCMIYHOI MiSIZTBHOCTI 3alpoIOHYyBaTU KOHKPETHi
HanpssMKM ydacti y Ilporpami, 3adikcyBaBiIu ix y
nBocTopoHHiii yroni 3 HACA, a 3a HeoOxigHOCTI — i1
3 iHIIMMM ydacHUKaMu J{oMOBIIeHOCTE!. 3BaXKalouu
Ha OOMEXEHICTh OIOIKETHUX PeCypCiB, CIil MaKCH-
MaJIbHO BUKOPHUCTaTU MeXaHi3MU JIepXKaBHO-TIPU-
BaTHOTO TTAPTHEPCTBA, BHICIIN BiAIOBIIHI 3MiHU 10
HalLliOHAJILHOTO 3aKOHomaBcTBa YkpaiHu. HeoOxia-
HICTb YIOCKOHAJIEHHS KOCMiYHOTO 3aKOHOJAaBCTBA
VYKpaiHu B HamnpsIMKY MOro y3romKeHHS i3 3aKOHO-
JIABCTBOM JIEPXKAB-yYaCHUIIb IPOrpaMu MOB’s13aHa 1
3 iHIIMMU YMHHUKaMHU y4dacTi B [Iporpami.

Ockinbku JIOMOBJIEHOCTI 110 TIporpaMi «ApTemi-
Jla» € Mi>KHapOJAHO-TIPABOBUM JTOKYMEHTOM 3arajib-
HOTO 3MICTy, KU1 BCTAHOBJIOE JIMIlIe MPUHLMUITU
BiIMIOBiTHOTIO CITiBPOOITHUIITBA, HE pETJIaMEHTY-
I0YM KOHKPETHUX MEXaHi3MiB IislJIbHOCTi, B Haii-
OMMK4i pOKM Ha PiBHI MiXKHApOAHUX OpraHisallii
KocMmiyHoro mpodiitio, Hacamiepen KOpuauuHoro
ninkomitery Komitetry OOH 3 MupHOro BUKOpuc-
TaHHSI KOCMIYHOTO MPOCTOpY, HalpalbOByBaTH-
MYTbCSl CHiJIbHI HOPMHU Ta CTaHOAPTU BiAIIOBiTHOL
nistmbHOCTI. I BaxksimBo, 11100 YKpaiHa He 3a/IvIln-
JlaCh OCTOPOHb BiJl I1i€1 pOOOTH.
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INTERNATIONAL LEGAL PRINCIPLES GOVERNING EXPLORATION
OF MOON, MARS, AND OTHER CELESTIAL BODIES’ RESOURCES

The article examines the latest trends in the development of international legal relations in the field of exploration and use of
celestial bodies’ resources, which was prompted by the United States’ initiation of the international program “Artemis”. Nine
countries of the world, including Ukraine, have joined this program, formalizing their intentions by signing the so-called Arte-
mis Accords.

Given that the international legal regime for the exploitation of the resources of Moon, Mars, asteroids, and other celestial
bodies is still not defined, and there is no unity in the doctrine of space law in this regard, the article attempts to determine the
legal basis for Ukraine’s participation, the opportunities that open up for it, as well as the tasks that arise in this regard for the
domestic entities of space activities and the State, which is responsible for all space activities carried out under its jurisdiction.
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THE CONTRIBUTION OF KHARKIV ENTERPRISES
TO THE ROCKET AND SPACE INDUSTRY DEVELOPMENT

The article reviews the contribution of Ukrainian enterprises to the development of the rocket and space industry. The most important
part of a space or combat ballistic missile is the control system (CS), on which the success of its application depends. Kharkov (Kharkiv)
enterprises — the “Kommunar” plant and the Design Bureau “FElectropriborostroenia” (SDB-692, now the RPA “Khartron”) were
the largest manufacturers of control systems not only in Ukraine but throughout the Soviet Union. These systems were not only pro-
duced serially but also developed at these enterprises. The formation and development of Kharkov enterprises of the space industry is
the most important page in the history of the development of not only cosmonautics but also science and technology. Despite the large
number of works devoted to the development of rocket and space technology in Ukraine, the history of the development and production
of control systems has not been sufficiently studied. Due to the secrecy of work in the field of rocket and space technology (RST), there
are very few sources for studying the history of its creation. Therefore, the most important part of the work was interviewing the lead-
ing experts of SDB-692 in the field of the rocket and spacecraft control systems, which included A. M. Kalnoguz, Yu. A. Kuznetsov,
V. Ya. Makarenko, V. G. Sukhorebrov and V. A. Uralov. Based on these interviews, a special fund was created in the Central State
Scientific and Technical Archive of Ukraine. Control systems for many combat ballistic missiles, including P-7, P-7A, P-12, P-16, as
well as the most powerful missile in the world P-36 M2, which was named in the USA “Satana” (SS-18 “Satan”), “Proton”, “Zenith”,
“Energia”, and “Cyclone” launch vehicles, “Kvant”, “Kvant-2”, “Crystal”, “Priroda”, “Spectrum” orbital modules, more than 150
satellites of the “Cosmos” series, and other objects were developed and serially produced at Kharkov enterprises. In the 1970s, SDB-
692 created the USSR’s first onboard digital electronic computer. On its basis, a test and launch complex “Electronic launch” was
developed, designed for pre-launch testing of control systems for ballistic missiles and launch vehicles.
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Introduction. The development of rocket and space
technology, the exploration of near-Earth space are
the characteristic expressions of human society’s
current evolution. At the same time, today, astro-
nautics itself acts as a kind of synthesis of what has
been achieved by world science and technology. The
progress and creation of the rocket and space systems
operated in space, artificial Earth satellites, manned
spacecraft, and interplanetary automatic stations
accelerated the development of some scientific and
technical fields that were not previously associated
directly with space.

Cosmonautics, with its unprecedentedly high re-
quirements for the reliability of systems and equip-
ment, today encourages the industry to catch up to
a level that was not above it the day before, makes it
use the latest achievements of science and technol-
ogy to improve and modernize production. The level
of the modern rocket and space technology is associ-
ated with the introduction of the latest achievements
of the scientific and technological revolution into
production, and each of them, in turn, is enriched
as a result of the use of scientific achievements in the
study of processes and phenomena occurring in outer
space.

Ukraine is one of the few countries in the world
where launch vehicles, spacecraft, and combat bal-
listic missiles are created. The study of the history of
rocket and space technology (RST), participation in
this process of the leading enterprises of Kharkiv, and
above all, the “Kommunar”, “Khartron” enterpris-
es — is the most important component of the modern
history of science and technology.

A considerable number of works have been devot-
ed to the development of the Ukrainian spacecraft.
From all publications, it should be mentioned the
monographs devoted to the activities of the rocket
spacecraft designers — M. K. Yanhel [16], V. S. Bud-
nik [2], V. E Utkin [22], S. M. Koniukhov [15], and
Yu. S. Aleksieiev [21]. The works published to the an-
niversary dates of the Pivdenne State Design Bureau
(PDB or SDB-692) [3, 12, 20] were devoted to its
labour activity.

Research objective. The purpose of the article is
to analyze the creation and activities of enterprises
of rocket and space engineering in Ukraine using
Kharkiv enterprises as the example.
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Sources. The most important part of a space or
combat ballistic missile is the control system (CS),
on which the success of its application depends. The
largest manufacturer of control systems in Ukraine
and throughout the entire Soviet Union was Kharkiv
city, where enterprises not only mass-produced these
systems but also developed them. The emergence
and development of the Kharkiv space industry have
become the most important page in the history of the
progress in astronautics and the entire science and
technology in general.

However, the history of the development and pro-
duction of control systems in Ukraine has not been
sufficiently studied. Existing works on the history of
Kharkiv enterprises [11; 17] are saturated with a large
amount of information, accompanied by colorful il-
lustrations, and are chronicles of dates and events.
However, unfortunately, there is no deep analysis of
the relationship between the development of enter-
prises and domestic and foreign science and technol-
ogy as a whole. In addition, these publications were
distributed mainly among the employees of these en-
terprises, they are not represented on the Internet,
and their edition is very limited.

The activity of Kharkiv enterprises on the creation
of the RST control system was covered in a collective
monograph [1], but it focused only on the participa-
tion of employees and graduates from the Kharkiv
Polytechnic Institute ( NTU “KhPI”). Another col-
lective monograph [19] was devoted to the life and
creative career of the Chief Designer of control sys-
tems Volodymyr H. Serhiciev (1914—2009). And-
rii S. Honchar (1925—2003), Chief Designer of the
control system of the “Almaz” rocket and space com-
plex of the transport supply ship, as well as the au-
tonomous control complex of a super-heavy launch
vehicle “Energia”, thoroughly described the history
of the creation of unique control systems for rocket
and space vehicles in his memoirs [10]. He, for many
years, had worked in the DB “Elektropriborostroe-
nie” (SDB-692, since 1995 — research and produc-
tion association “Khartron”).

However, the memoirs of A. S. Honchar are an
exception. For obvious reasons, all works on the cre-
ation of the CS were strictly classified. Taking into
account this information, the work carried out by
NTU “KhPI” engineer Svitlana O. Horelova is very
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important and actual. She interviewed the leading
employees of SDB-692, who participated in the most
important work on the creation of a control system
for combat missiles and spacecraft, namely Anatolii
M. Kalnohuz, Yurii O. Kuznietsov, Oleksander Ya.
Makarenko, Viktor H. Sukhorebrov, and Volodymyr
O. Uralov. All interviews are devoted to the activities
of respondents in SD0O-692 in the period from 1959
to 1988 and were placed in the Central State Scienti-
fic and Technical Archive of Ukraine, where the fund
251 “Oral-historical documents on the history of sci-
ence and technology” was created [4—9].
“Kommunar”. The production of combat ballistic
missiles in Ukraine began in 1951. The production of
the P-1 rocket! (8A11, according to NATO classifi-
cation — SS-1 “Scunner”) was organized at the re-
purposed Pivdennyi Machine-Building Plant (plant
no. 586) from the automobile one. Soon a special de-
sign bureau SDB-586 (Pivdenne design bureau) was
created at the plant. Mykhailo K. Yanhel, who had
previously worked as the Chief Engineer of Research
Institute-88, was appointed as the Chief Designer
of the SDO and Vasyl S. Budnik became his deputy.
For the mass production of P-1 missile control sys-
tems, the Kharkiv plant “Elektroinstrument” was
allocated. It was given a new name — plant number
897, open name — plant “Kommunar”. It became
the first enterprise in the USSR for the serial produc-
tion of equipment for onboard autonomous control
systems and ground test starting electrical equipment
for missile systems. Volodymyr N. Kulikov was ap-
pointed as a Director of the plant, and Abram M.
Hynzburh became its Chief Designer. Already at the
initial stage, production workers faced many techni-
cal problems, which had to be solved operatively, on
the spot, without waiting for help from central design
offices and research institutes. Due to this, by the
Decree of the USSR Council of Ministers no. 5071-
2199cc of December 12, 1951, in order to “quickly
master the serial production of control system equip-
ment for the P-1 product”, a special design bureau
was organized at plant no. 897 from January 1, 1952
(SDB-897). This SDB-897 was headed by Abram M.
Hynzburh [11, P. 18—21]. The scientist understood

I Hereinafter in the text “P” in the designation of the rock-
et — the first letter of the word “rocket” in Ukrainian
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the role and significance of the theory and put a lot of
effort into the creation of the different subdivisions.

The first important achievement of SDB-897 was
its participation (together with the Research Insti-
tute-885 team, Chief Designer Mykola O. Pyliu-
hin) in the development of a control system for the
country’s first strategic medium-range missile P-12
(8K63, SS-4 “Sandal”). In this rocket, the Chief De-
signer of which was M. K. Yanhel, for the first time
high-boiling fuel components were used, which made
it possible to use a silo-based missile launch. Exactly
for the P-12 rocket, a completely autonomous in-
ertial control system was created for the first time.
Before that, a radio correction system was used. For
this work, a group of SDB employees was awarded
government awards, and Chief Designer A. M. Hyn-
zburh became a Lenin Prize Laureate.

The first independent development of the SDB
of the “Kommunar” plant was the design of a con-
trol system for the “Oneha” powder tactical missile
(1955). It was based on the principle of a “pure” in-
ertial control. A characteristic of the system was the
one-coordinate control method developed in SDO-
897, implemented based on one pendulum acceler-
ometer on the inner axis of the gyro horizon and a
discrete calculating device. The control system in-
cluded a pitch gyro, lateral and normal stabilization
accelerometers, and pneumatic steering gears. And
although the “Oneha” rocket did not go into series
production, its flight design tests confirmed the cor-
rectness of the principles established in the control
system construction.

As the “Kommunar” plant was the only one in the
country where missile control systems were serially
manufactured, in 1958, it received a task to produce
onboard and ground control equipment for the P-7
(8K71) rocket. The task became fateful both for the
plant and for the SDB since later modifications of
the P-7 combat missile were used to launch artificial
Earth satellites.

So, on October 4, 1957, the first satellite of the
Earth was launched into near-Earth orbit with the
P-7A (8K74) rocket, equipped with an additional
block of the last stage. A month later, on November
3, the next flight took place with the dog Laika on
board. The next modification of the “Seven” made
it possible to deliver a pennant with the emblem of
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thse USSR to the Moon (September 12, 1959) and
fly around the Moon, photographing its reverse side
(October 04, 1959). On April 12, 1961, the same rock-
et launched the first manned spacecraft “Vostok-1”
into orbit with pilot-cosmonaut Yuri Gagarin [11,
P. 34—39].

In total, over 50 years, rockets equipped with
onboard control system equipment manufactured
at “Kommunar” and launched with the help of a
ground-based test and starting electrical equipment
(TSEE) manufactured there have put into near-Earth
orbits more than 3,500 spacecraft for various purpos-
es. Among them, there were more than 250 manned
spacecraft or ones for providing work of astronauts at
long-term orbital stations-laboratories [11, P. 114].

In 1964—1966 SDB “Kommunar” became the
leader in the creation of a control system for the
three-stage universal missile UR500 (“Proton”). The
plant manufactures 49 devices, which make up 80 %
of the total number of apparatus for the onboard con-
trol system of this missile. Since 1967, the “Proton”
launch vehicle has launched into space more than
280 different spacecraft for scientific and national
economic purposes, the mass of which reaches 12.5
tons. Among them, there are the well-known orbital
space stations “Salyut”, “Mir”, modules “Kvant”,
“Kristall”, et al.

In 1969, the “Lunokhod” and “Lunokhod-2”
self-propelled vehicles were delivered to the Moon
by the “Proton” rocket. Scientists of the “Kommu-
nar” plant also took part in these works as manufac-
turers of onboard equipment installed at the “Luna”
stations, which controlled the movement, entry into
low-Earth orbit, and braking of the apparatus for the
Moon landing.

In the 1980s, from the modules launched into the
near-Earth orbit by the “Proton”, the space station-
laboratory “Mir-2” weighing 130 tons was assem-
bled, and it had been in the orbit for more than 15
years until April 2001.

In 1982, the “Kommunar” initiated manufactur-
ing of prototypes, and in 4 years started serial pro-
duction of onboard equipment for the control system
of the new “Zenit” space carrier (11K77). Master-
ing the production of such an order became the next
stage of technical progress for the plant. The “Kom-
munar” team became a participant in a large-scale
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international project called “Sea Launch”, in which
the rocket in variant the Zenit-3SL was used. Nor-
way, the USA, Russia, and Ukraine were taking part
in the implementation of this project. “Sea Launch”
was the first in the world to be launched from a mo-
bile offshore platform. Moving across the ocean
made it possible to launch rockets from geographic
points that were optimal for the assigned tasks, in-
cluding the equatorial ones.

Between 1983 and 1986, the “Kommunar” manu-
factured and supplied strategic missile forces with a
unified “Signal-A” remote control system designed
for the “Topol” mobile ground-based missile sys-
tem. The ground control system equipment located
in a separate bunker of the self-propelled launcher
was mass-produced at the Production Association
“Kommunar”.

Another area of the PA “Kommunar” activity was
the creation of ground complexes for spacecraft test-
ing at manufacturing plants and in operation, includ-
ing pre-launch preparation. In 1966, SDB “Kom-
munar” received the first task to develop an auto-
mated test complex designed to operate as part of the
“Almaz” space complex, created under the leadership
of General Designer Volodymyr M. Chelomei. The
11N560 complex (KIK) was developed and put into
production, which, in terms of its technical charac-
teristics, operational data, and schematic design, had
no domestic analogues.

During the decade (from 1970 to 1980), 18 such
complexes were manufactured, which have been
operating at industrial plants and at technical and
launch sites of the Baikonur and Plesetsk Cosmo-
dromes.

Since 1977, PA “Kommunar” has been creating
a universal control and recording automated ground
complex “Kiparis” for testing various control ob-
jects. From 1981 to 1991, the plant’s staff manu-
factured and delivered 34 sets of this equipment to
the main industrial enterprises, to the technical and
launch sites of the Baikonur Cosmodrome. It pro-
vided testing of the reusable spacecraft “Buran” at all
stages of preparation for the flight, which took place
on November 15, 1988 [12, P. 103]. The most impor-
tant reward for labor was two successful starts of the
“Energia” launch vehicle, successful field tests, and
the 15A18M (SS-18) rocket putting into service.
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The history of the plant is formed from the fate
of people who at different times worked in its team.
There five Heroes of Socialist Labor, two laureates of
the Lenin Prize, eleven laureates of the USSR State
Prize were worked. More than a thousand employees
of the enterprise were awarded government awards for
their work — orders and medals, which demonstrated
a significant contribution to the mastering, creation,
and development of rocket and space technology.

DB “Elektropriborostroeniya”. The next enter-
prise, which should be noted, is DB “Elektropri-
borostroeniya”, created in 1959. The history of this
enterprise began in PDB under the leadership of
M. K. Yanhel with the development of a two-stage
intercontinental ballistic missile (ICBM) P-16
(8K64, SS-7 “Saddler”), intended for ground launch
sites. Wanting to protect the missile from interfer-
ence, M. Yanhel, the Chief Designer of SDB-586,
decided to equip it with an inertial CS. Not finding
support from the director of Research Institute-885
M. Ryazanskiy and his deputy M. Pyliuhin, M. Yan-
hel appeals to the government with a proposal to or-
ganize a new design bureau for the CS development
in Kharkiv. In April 1959, based on SDB-897 and
SDB-285, a new special design bureau was created —
SDB no. 6922. It was supposed to become the Head
research and development enterprise, coordinating
work on the creation of control systems for missiles
developed in SDB-586. The core of the enterprise
was the team that moved from SDB-827. Borys M.
Konoplev was appointed as the Head and Chief De-
signer of SDB-692, and Abram M. Hynzburh became
the deputy of the Chief Designer [1, P. 41]. This new
design bureau became the leading one in the indus-
try for the development of an automatic stabilization
device and a complex of ground TSEE. At the first
stage, Research Institute-944 (Chief Designer —
Viktor 1. Kuznietsov) was the Main organization for
autonomous control systems, command gyroscopic
devices, and automatic firing range control.

For the first time in domestic practice, it was pro-
posed to develop an autonomous CS based on a three-
axis gyro-stabilized platform with gyrointegrators in-
stalled on it in the firing plane. The control of the firing

2 SDB-692 received box number 67 (mailbox) and the official
name — DB “Elektropriborostroeniya”, now the Research
and Production Association “Khartron”.
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range was carried out based on one of the varieties of
the functional guidance method developed by Acade-
mician Oleksandr Yu. Ishlinskyi. Its instrumental im-
plementation was carried out by an electromechanical
calculating device. The program functions on board
the rocket were reproduced by electromechanical tape
recorders with a special wire instead of a ferrite tape
and by temporary program-current distributors.

The autonomy of control on the inertial naviga-
tion system base required high accuracy of stabiliza-
tion of the mass motion center, and, in this regard,
an original solution to the problem of high-precision
control of the apparent velocity (CAV) was proposed.
This problem was solved using lamella sensors with
a relay characteristic. The traditional amplifier-con-
verter was replaced by a relay-logic signal converter.
This system provided very low static error and was
characterized by increased control dynamics. A large
series of ground tests on real engines, carried out at
the initiative of B. Konopleyv, proved the mutual com-
patibility of engines and the CAV system.

Simultaneously during these tests, for the first
time in the country, the liquid-jet high thrust engines’
dynamic as a control object was studied. The creative
team of the newly established SDB-692 was the first
in the country to develop onboard devices for an au-
tomatic stabilization device that had implemented
complex control laws based on magnetic semicon-
ductor elements [17, P. 22].

The P-16 missile test is associated with the largest
catastrophe in the history of rocketry, which occurred
on October 24, 1960. Then 78 people died, including
the Chief Marshal of Artillery Mytrofan I. Nedelin,
the CS Chief Designer B. Konopleyv, the Deputies of
the Chief Designer Vasyl A. Kontsevoi, and Lev A.
Berlin, the Deputy of the Chief Engineer Heorhii
E. Firsov, the Deputy Head of the landfill Colonel
Oleksandr I. Nosov [14]. The accident occurred due
to violations in the standard procedure for the rocket
launching. As a result, there was a premature launch
of the main engine second stage, which burned the
bottom of the oxidizer first stage tank, and then the
second stage fuel tank collapsed, which led to a pow-
erful fire and complete missile destruction.

Despite the loss of leading specialists, work on the
P-16 Control System was continued. Volodymyr H.
Serhieiev became the Chief Designer of SDB-692 and
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held this post until 1986. In October 1961, according
to the SDB-692 documentation, serial production
of the P-16 missile control system equipment began.
It became the first long-range ballistic missile (up to
13,000 km) with a short preparation time (18 minutes)
and a dispersion radius of no more than 10 km.

The protected autonomous inertial control system
created in SDB-692 included automatic angular sta-
bilization, the center of mass stabilization, an appar-
ent speed control system, a system for simultaneous
emptying of tanks, and automatic range control. For
the first time on the Soviet intercontinental missiles,
a gyro-stabilized platform on a ball bearing suspen-
sion as a sensitive element of a control system was
used. It was the creation of the P-16 control system
in SDB-692 that allowed Kharkiv to declare itself
not only as the largest serial manufacturer of control
systems but also as a center for the development of
rocket and space technology.

In the middle of the 1960s, SDB-692 was ap-
pointed as a lead organization for the development
of the CS complex for the 63C1 launch vehicle. For
the SDB-692 team, this was a prestigious task — by
this time, the only P-7 launch vehicle had been cre-
ated in the country, the control system of which was
developed at Research Institute-885 under the lead-
ership of Mykola O. Pyliuhin, who had indisputable
authority in this field.

After two unsuccessful launches of the 63C1 rock-
et, on March 16, 1961, a successful launch was car-
ried out, as a result of which the first satellite DS-2,
developed by SCB-586 and known as “Cosmos-1”,
was launched into the orbit. With this launch, SCB-
1 s monopoly on both the launch vehicles and the ar-
tificial Earth satellites themselves ended. For SDB-
692, this was an important launch, which, together
with the successful course of the P-16 rocket’s flight
tests, demonstrated the increased level of profession-
alism of its developers [17].

Several years before the SDB-692 creation, there
was active growth of enterprises, which later formed
its core: SDB-897 and SDB-285 of the plant named
after Shevchenko. During this period, the future
well-known creators of the rocket and space tech-
nology were hired: Vitalii K. Kopyl — the Head of
the instrumentation department, where onboard
and ground launch equipment was created; Andrii S.
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Honchar — Chief Designer of the “Energia” rocket
control system; Sergiy S. Coruma and Venedykt D.
Stadnik — high-class ballistics, whose ideas were used
in the creation of missile control systems and were
providing them with an incredible accuracy of hitting
the target; Anatolii I. Kryvonosov — the creator of
highly reliable equipment, as well as Volodymyr O.
Uralov — chief designer of the CS of a number of
combat missiles, including “Satana”, and Borys M.
Konorev — the creator of a programming system that
had no analogues in the USSR. They were carefully
selected and competent specialists; in addition, they
also had a desire to work and study. After the integra-
tion of the two design bureaus, in fact, the effective-
ness of the work of the young team was proved more
than once, which subsequently gained confidence in
the creation of reliable electrical devices for combat
missile control systems.

From the first days of the existence of the new en-
terprise, SDB-692, a theoretical subdivision began to
operate in its structure, which soon grew into an in-
dependent and one of the largest subdivisions — the
third complex. Specialists to this theoretical depart-
ment were carefully chosen from young profession-
als with a penchant for scientific work. The selection
took place on an individual basis and, as a rule, even
at the stage of the study, in the fifth year or during
the graduation project preparation from among the
most capable students in the field of mathematics or
mechanics. Their diploma projects were carried out
at the enterprise, concerned topics related to the en-
terprise activities and under the guidance of its spe-
cialists. The formed third complex had three main
directions: ballistics, stabilization, and programming
[19, P. 345—351].

In all subsequent works, the leading role in deter-
mining the CS shape belonged to the specialists from
the third complex. Any discussion of both funda-
mental and current questions at all levels in and out
of the organization did not take place without the
participation of the third complex.

The creation of long-range missiles demanded the
development of onboard CS based on digital devices
and an onboard digital computer. This idea was later
implemented in the DB “Elektropriborostroeniya”.
In the 1970s, first the USSR onboard digital elec-
tronic computer was created in the SDB-692. Its
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introduction was a revolutionary step in the develop-
ment of missile and spacecraft control systems. Based
on the onboard computer, a test and launch system
intended for prelaunch testing of control systems for
intercontinental ballistic missiles and launch vehicles
was developed in the SDB-692. This system is known
as “Electronic launch”, and in addition to the missile
control system blocks, it included the most power-
ful computer at that time, BECM-6 (Big Electronic
Calculating Machine), which performed 1 million
operations per second. Due to this, it made it pos-
sible to simulate not only the flight of the rocket but
also the reaction of the CS to the influence of various
disturbing factors [13].

Under the leadership of Volodymyr H. Serhieiev,
control systems were created for four generations of
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HauioHanbHMiT TEXHIUHUI YHIBEPCUTET «XapKiBCbKUI MOMITEXHIUHUI iHCTUTYT»
ByJ1. Kipmivosa 2, XapkiB, Ykpaina, 61002

BHECOK XAPKIBCbKUX MIJAMPUEMCTB Y PO3BUTOK PAKETHO-KOCMIYHOI TATTY31

VY cTaTTi po3mIsiAa€ThCsl BHECOK YKPaiHChKUMX MIANIPUEMCTB Y PO3BUTOK paKeTHO-KOCMIUHOI rajy3i. HaiiBaxiusiioro yac-
TUHOIO KOCMiuHOI a00 00ioBoOi OGaicThuHOi pakeTu € cucteMa ynpasiiHHs (CY), Bin Kol 3a7eXuThb YCITiX ii 3aCTOCyBaH-
Hsl. XapKiBchbKi minnpueMcTBa — 3aBoj «KomyHap» i Kb «EnekrponpuianodynyBatts» (OKB-692, Huui HBO «XapTpoH»)
Oy/IM HANOIMBPIIMMU BUPOOHUKAMU CUCTEM YIIPaBIIiHHS He JIulle B YKpaiHi, ajne i y Bcbomy Panssacekomy Corosi. Ha Hux He
TiJIBKU CEPiifHO BUIyCKAINCSI, ajle TaKOX i po3podssiiucs 11i cuctemMu. CTaHOBIEGHHS i PO3BUTOK XapKiBChbKUX MiAMPUEMCTB
KOCMIYHOI rajy3i € HaliBaxJIMBIIIOI CTOPIHKOIO iCTOPii PO3BUTKY HE JIMIIE KOCMOHABTUKM, a i HAYKU i TEXHIKU B LLJIOMY.
He3sBaxarouu Ha BeJIMKY KiJIbKiCTb pOOiT, MTPUCBSIUYEHUX PO3BUTKY paKeTHO-KOCMIYHOI TeXHiKM B YKpaiHi, icTopist po3poOKu
Ta BUPOOHUIITBA CUCTEM YMPaBJIiHHS BUBUYEHI HEJOCTaTHbO. Yepe3 CeKPeTHICTh poOiT y rajy3i pakeTHO-KOCMIUHOT TEeXHi-
ku (PKT), mxepen mist JocHixKeHHs icTopii ii CTBOpeHHsT BKpaii Majio. ToMy HaliBaXJIMBIlLIOIO YACTUHOIO POOOTU CTaIU
inTeps 1o 3 mposinHuMmu daxisusmu OKB-692 B ranysi cuctem ynpasiinas PKT, a came 3 A. M. Kaxnorysom, 0. A. Kys-
HeuoBuM, B. fI. Makapenko, B. I. Cyxope6poBum i B. A. ¥YpanoBum. Ha ocHOBI 11X iHTepB 10 OyB CTBOPEHMIA CTieliaTbHUIA
¢oHn y LleHTpasbHOMY AepXKaBHOMY HayKOBO-TEXHIYHOMY apXiBi YKpaiHu, e MOXHA 03HAOMUTUCS 3 LIMMU MaTepialaMH.
Ha paxyHKy XapKiBCbKUX IiANPUEMCTB po3po0OKa i CepiliHMI BUIYCK CUCTEM yIpaBJliHHs 0araTbox 0OMOBUX OaliCTUUHUX
pakerT, 30kpema P-7, P-7A, P-12, P-16, a TakoXX HaWIOTYXHilI01 y cBiTi paketn P-36M2, mo orpumaia B CIIIA Ha3By «Ca-
TaHa» (SS-18 «Satan»), paket HociiB «[1poToH», «3eHiT», «EHeprisa» i « L lukimoH», opbiTanbHux MomyJiB «KBaHT», « KBaHT-2»,
«Kpucran», «IIpupona», «Crekrp», moxan 150 cynyTHukis cepii «Kocmoc» 1a iH. 06’ekTiB. Y 1970-x pokax B OKB-692 Gyino
ctBopeHo nepiiry B CPCP 6opToBy 11 poBy eJ1eKTpOHHO-004YMCII0BaIbHY MalinHy. Ha i ocHOBi OyB po3po0JieHUit mepeBi-
POYHO-TTYCKOBUII KOMILIEKC « EIEKTpOHHUIT MYCK», TpU3HAYEHM I /1S TIEPeICTapTOBOI IepeBipKU CUCTEM KepyBaHHs OaJtic-
TUYHUX paKeT i paKeT-HOCIiB.

Karouoei croea: kocMiuHa rajny3b, pakeTa-HOCIi, KOCMiuHi JliTaJibHI anapatu, 601OBi 0allicTUYHI paKeTH, CUCTEMU KEPYBaH-
H#, 3aBo1 «KomyHap», Kb «EnekrponpuianodynyBaHHs», XapKiBCbKUIA MOJITEXHIYHUN iIHCTUTYT.
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90-PIY45 AKALEMIKA HAH YKPAIHU
BA/IMMA IBAHOBHYA JI1JIbKA

1 BepecHs1 BunoBHui0cst 90 pokiB BiZoOMOMY BUEHO-
MY B TaJly3i a6 pOKOCMIYHMX JOCiIKEeHb 3eMITi, reo-
JIOTi1, TiIpOreoJiorii, re0eKoJIorii, reoTepMmii akaae-
mikoBi HAH VYkpainu Banumy IBanoBuuy JIsUIbKY.
B. I. JIsanbko HapoauBscs B 1931 p. y M. Tlepesic-
JaBi-XMenbHUIIbKOMY KHMiBChKOI 001aCcTi B pOAMHi
ciry>k0oBLiB. Y 1955 p. micns 3aKiHYeHHS 3 BiI3Ha-
KOl0 reoJioriuHoro (akynsretry KuiBchbKoro nep-
xxaBHoro yHiBepcutetry iM. T. I. IlleBueHka iioro
KUTTS OB’ s13aHe 3 AKajaeMiero Hayk. /1o 1992 p. BiH
npauoBaB B IHcTuTyTi reostorivunnx Hayk AH YPCP,
Jie TIPOMIIIOB IUJISIX Bij iHXeHepa Bilaily Trigporeo-
JIOTii IO 3aBigyBaya BiIily TEILIOMAacCOIIEPEHOCY B
3eMHilt Kopi. IIporsirom 1974—1978 pp. OyB 3a-
CTYITHUKOM aKajeMika-ceKpeTapsi, B. 0. akajeMika-
cekpetaps Binainenns Hayk mpo 3emuto AH YPCP.
3 1992 mo 2016 pix mupekTop HaykoBoro meHtpy
aepOKOCMIYHUX JOCIimIKeHb 3eMiti IHCTUTYTY reo-
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norivanx HayK HAH VYxpainu, wien Bropo Bimmi-
JieHHs HayK nipo 3emito HAH Ykpainu. Huni — mno-
yecHUit nupekTop JepxaBHoi ycraHoBU «HaykoBuii
LEHTp acpoKocMiuHMX gociimkeHb 3emuti IF'H HAH
Ykpainm».

V 1964 p. Bagum IBaHOBUY 3aXUCTUB KaHIUIAT-
CBKY aucepraliio Ha TeMy «DopMupoBaHue, OLIeH-
Ka ¥ IPOTrHO3 U3MEHEHU S PECYPCOB MOA3EMHBIX BOJL
B YCJIOBUSIX 3aCYILIUTMBOM 30HbI YKpauHbI», € BIEP-
11Ie 3aCTOCYyBaB HOBMI (hi3MKO-MaTeMaTUYHUI Ha-
MpsIM — TETLJIOBOJIOTOIEPEHOC Y KaMiaspHO-OPUC-
THX cepenoBuiiax. Y 1972 p. 3aXUCTUB JOKTOPCHKY
nucepraiito Ha TeMy «HMccnegoBaHue ocoOeHHOC-
Teil TeIIo- U MaccollepeHoca B MOJA3EMHbIX BOJIax
1oro-3amnaaa Pycckoii miaTgopMbl ¥ COIpeneabHbIX
PETMOHOB».

V1992 p. B. I. JIsibka 06paHo Y€ HOM-KOPECTTOH-
neHtoM, ay 2010 p. — akanemikom HAH Ykpainu.

VYyeHuii 3poOUB CYTTEBUI BHECOK y CBITOBY Ie0-
JIOTiYHY HayKy. /Jliama3oH HOro iHTepeciB AOCITi-
JIKeHHsT 3eMJTi, Te0JIOTisI, TiIporeooris, reoeKoJjo-
Tisl, reoTepMisl.

®dyHgaMeHTanbHi cTyaii Baguma IBaHoBMYA nanu
3MOr'y OOIpYHTYBAaTU HOBMIA HaIlpsiM Y HayKax Mpo
3eMJll0 — eHeproMacooOMiH y reocucTteMax, sSKui
PO3BUBAEThCS Yy (opmaTi OpUTiHATBHOI HayKo-
Boi 1mkogu. BoHa posrisigzae eHeproMacooOMiH y
reocrucTeMax, Moro BIUIMB Ha AyxKe YYTJIMBI 00 il
pi3HUX TNPUPOAHUX M AHTPOIOIeHHMX (HAKTOPiB
(izuKoXiMiuHi i1 Oi0JIOTiYHI MexaHi3MM, SIKi BiIIIo-
BimaloTh 3a (pOpMyBaHHS CIIEKTPaJIbHOTO BiATyKy
MPUPOTHUX 00’ EKTIB.

B. 1. JIsuibKo mocsr 3HaUHKX YCTIiXiB Y TEOPETUKO-
METOAUYHOMY OOIPYHTYBaHHi i MPaKTUYHOMY BU-
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npoOyBaHHI Yy BUPOOHUYMX YMOBAX HOBUX METO/IB
aepOKOCMIYHOTO 3eMJIE3HABCTBA (pamapHa iHTepde-
poMeTpis, rinepcneKTpoMeTpis Ta iH.). Le cpusiio
peajtizallii TaKMX aKTyaJlbHMX IPUPOAOPECYPCHUX
i TPUPOJOOXOPOHHUX 3aBIaHb, SIK AC€POKOCMIidHI
MOIIYKX HaTOrazoBUx MOKJIAdiB, KOHTPOJb i ITPoO-
THO3YBaHHS BPOXXaMHOCTI CUTbChKOTOCITOAAPChKUX
KYABTYp, 3MEHIIIEHHSI MOXKEXKOHEe0e3IMeYHOCTI JiCiB,
00poTHOa 3 IMiATOIUICHHSIMU, TTaBOAKAMM, BUBYEHH S
€KOJIOTIYHOI0 CTaHy TEPUTOPIiil Ta aKBaTOPilA, OIli-
HIOBaHHS OITyCKaHb 3¢eMHO1 MOBEPXHi B palioHax 3a-
KPUTTS BYTUIbHUX 1IAXT.

Bamuwm IBaHOBMY omy6ItiKyBaB noHam 600 Tpaib,
3 Hux 30 MoHorpadgiii. Cepen iioro yuHiB 6araTo
KaHJIUJATIiB i JOKTOPiB HayK.

B. 1. JIsnpko Bene BeJMKY opraHizalliiiHy i me-
nJaroriuny po6orty. TonoBye B Haykosiii paxi HAH
VYKpainu 3 BUBYEHHSI IPUPOIHUX PECYPCIB AUCTaH-
LIMHUMM METOJaMU, CIIelliali3oBaHill YueHiil pami
npu HAKJI3 ITH HAH VYkpainu 3 3axucty JoKTOp-
ChKHUX Ta KAHAWAATChKUX AKcepTaliii. BiH pegakTop
enrHoro B YKpaiHi E-XypHany «YKpaiHCbKUI XKyp-
Han 33», uneH peakoserii XypHany «KocmiuHa Ha-
yKa i TeXHOIOTis1» Ta «I€0JIOTiYHOro XypHaJy»; Hay-
KOBUI KePiBHUK IIPOEKTY AOCTiIXKEHHS IPUPOTHUX
pecypciB aepoKocMiuHMMHM 3acobamu B Mexax Ha-
LiOHAJILHOI KOCMIYHOI IIporpamMu YKpaiHu. Y4eHuin
Buctynae koopauHatropom BH3 HAH Vkpainu y
BITYM3HSIHOMY TPOEKTI — 4YacTWHiI MiXHapomHOL
nporpamu «[1obaipHa cucTeMa cUCTEM o0OCTe-
xkeHHs 3emyi» (GEOSS), €sponelichbKiii mporpami
«IJ10GanbHUIT MOHITOPUHT 7151 HABKOJIMIITHBOTO CE-
penoBuiiia Ta 6e3neku» (GMES). B. 1. JIsuibko Oepe
AKTHMBHY y4acTb y MiXKHApOIHMX HAYKOBHX KOHTaK-
Tax, Mpo IO CBilYaTb HEOMHOPA30Bi BUCTYIU Ha
pi3HOMaHITHUX (opyMax, MmybJikallii B 3apyOiKHUX
BUAAHHSX, 'paHTU MiXXHapOaIHOTO HayKOBOTO (DOH-
1y, KocMiyHux areHTcTB Himeuunnu, ®paniiii, €B-
pomnu, a TakKoxX oOpaHHS J0 ckjanxy MixHapomHO1
aKajeMii acTpOHaBTUKM.
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Vuenuit — naypear [epxxaBHUX HpeMiii YKpa-
iHM B Tany3i Hayku i TexHiku (1989, 2004), mpewmii
im. B. 1. Beprancekoro HAH Ykpainu (1986), 3a-
CIyXeHUI Jissd HayKu i TexHiku Ykpainu (1997).
Moro ynocToeHO HU3KY HArOpoI: OpIeH «3a 3aciy-
ru» I ta II1 crymens, IloyecHa Ipamorta BepxoBHoi
Panu Yxpainu, modecHi Bia3HakM «3a HayKOBi J0O-
carHeHHs» HAH VYkpainu, «3a 3aciiyru B po3Biali
Hanp» IeosnoriuHoi cinyx6u Ykpainu, «IlodyecHuit
MpaliBHUK Ta BETepaH KOCMIYHOI raiay3i YKpaiHu»
JlepXaBHOIO KOCMI9HOTO areHTCTBa YKpaiHu, «30-
JIoTU# 3HaK» CHiJIKM reoJioriB YKpaiHu Ta iH.

o upboro KOpOTKOro HapuCy He yBililuia iHpop-
Mallisl Ipo ASCATKM eKCeAULiHHNX poOiT, MpoBeae-
HUX IOBIJISIPOM He TiJIbKM B YCiX perioHax YKpaiHu, a
i Ha Jlanekomy Cxomi Ta B peciyoiikax CepenHboi
Azii. IIpotsirom 0OaraTbox pPOKiB OYyJ10 BHUKOHAHO
KOHKPETHi JOCTiIXKEeHHS 3 OLIiIHKM METOIOM MaTe-
MaTUYHOTO MOJEJIFOBaHHS 3aMaciB MUTHUX i TEPMO-
MiHepaJbHUX BOJ Ta MPOBEAECHO MOIITYKU KOPUCHUX
KOIaJIMH i3 3aCTOCYBaHHSIM aepPOKOCMiUYHUX METO-
niB. He BimoOpaxXeHO TYT i mOHaA TPUIUSTh Biapsi-
IKeHb Y Jajeke 3apyoixoks (Amonisg, HiMeuunHa,
®panuis, ITamis, ABCTpis Ta iH.) JUIST y4acTi y MixX-
HapoIHUX HAayKOBMUX (popyMax i BUKOHAHHS CITiJIb-
HUX i3 3apyOiKHMMU KOJEraMM JOCIiIKEHb.

B pik cBoro 90-piuust Ta 65-pivdst HAyKOBOI isThb-
HOCTI I0BLJISIp, SIK 1 3aBX1IM, 0araTo i IJIiIHO Ipallioe,
MepeTBOPIOIOYN Y pealibHi MpaKTU4Hi JOCSTHEHHS
Ti HAyKOBI HaIlpaIlOBaHHsS, SIKUM BiH IIPUCBSITUB
CBOE XHUTTS. YCiM, KOMY TOBOIMJIOCS CITUIKYBAaTUCS
3 BUEHUM, BigoMma HOro LiIecnpsIMOBaHiCTh, €pyI0-
BaHiCTh, BMiHHSI IIPOBOAUTY AOCJIIIKEHHS Ha cyJac-
HOMY HayKOBOMY PiBHi i TOBOAWTH iX JO IIPaKTUYHUX
pe3yabrariB. Illupokuit Kpyrozip, IMOYyTTSI TYMODY,
MPUHLMIIOBICTD, peajbHa J0IOMOra TUM, XTO ii Io-
TpeOye, — OCh PUCH, IPUTAMaHHi IOBUISIPOBI.

HaykoBa rpoMancheKicTh, KOJIeTd, APY3i IIUPO BiTa-
10T BaguMa IBaHOBUYA 3 10BijiceEM, 0axKalOTh aKTUB-
HOTO JOBIOJIITTSI, TBOPUYOI HACHATU, HOBUX JOCSITHEHb.
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