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AHHOTALIUA

B craree mnpuBeAcHBI pe3ynbTaThl HCCICAOBAaHUS BO3JACHCTBUSA 4YacTUL Ha
KOHCTPYKIIMIO KOCMHYECKOro ammapara. PaccMoTpeH mporiecc oOpa3oBaHusi KpaTepoB,
HKBUBAJICHTHBIX HampspkeHuil mpu ckopocTsx 1, 1.5 u 2 kwm/c. IlpencraBiens! rpapuku

ITOJIHBIX HaprDKCHI/Iﬁ I10 TOJIIHUHE ITperpaabl © UBMCHCHHC FJ'IY6I/IHI>I KpaTcpoB I10 BPECMCHU.

KiroueBble ¢j10Ba: KOCMHUYECKUH MYCOp, BBICOKOCKOPOCTHOE BO3JICMCTBHE, Kpatep,
KOCMHUYECKHUI anmapar.
BBenenue

B mnpomecce ¢yukiuonupoBanus kocmuueckue ammapatbl (KA) moctosHHO
MOJBEPTAIOTCS  BO3JCHCTBUIO BHEMIHUX (PAKTOPOB, MPUBOAAIIMX K JIETpPaJariu
KOHCTPYKIIMM M BHEIIHUX 3JIEMEHTOB. Takoe BO3ACHCTBUE B PE3yJIbTaT€ MNPUBOJIUT K
W3MEHEHHUIO ONTHYECKUX CBOWCTB MAaTEpUAJIOB, W3MECHCHHIO (DU3UKO-MEXaHMICCKUX
CBOWCTB KOHCTPYKITMOHHBIX MaTepuajioB, 00pa30BaHUIO KPAaTEPOB M CKBO3HOMY MPOOOIO
CTEHOK, B CJICJCTBHU YE€ro MPOUCXOAUT HapyIICHHE PabOThl KaK OTACIBHBIX OOPTOBBIX

CHCTCM, TaK U KA B CJIOM, 4TO IIPCACTABIIACT co00ii BechMa AKTYAJIbHYIO 3a/1a1y.
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Opaum w3 BosnelicTByromuM ¢Gaktopom Ha KA SBIsIETCS MOTOK KOCMHUYECKUX
MBUIEBBIX YACTHUIL U 3arpsi3HEHUE KOCMHUYECKOTO IPOCTPAHCTBA YACTULIAMUA KOCMHYECKOIO
Mycopa, UMEIOIIME pa3IMYHbIE CKOPOCTH. /lMama3zoH pa3MepoB KOCMHUYECKOTO Mycopa U
MBUIEBBIX YACTHUIL BAPbUPYETCS OT HECKOJIBKUX MUKPOMETPOB JI0 IECSITKA METPOB. TBEpAbIE
YacCTHUIIBI C pa3MepaMu MeHee | MM paccMaTpHuBalOTCs KaK MOCTOSHHBIA BO3/ICHCTBYIOITUN
(bakTop, XapaKTepru3yeMblil INIOTHOCTHIO UX MOTOKA. Takke He MEHEe BaKHBIM MTapaMeTPOM
KOCMHUYECKOTo Mycopa siBisiercst popma gactwi [1-7].

ITocTaHoBKA 3a1a44 YHCJIEHHOI'0 IKCIIEPUMEHTA

B pabote B xauecTBe 00BeKTa HMccheqoBaHusl Kak snemenTta KA paccmarpuBaercs
pe3yabTaT B3aWMOJCUCTBUSA JIBYXCJIOMHOTO TIOKPBITUS IMPU yAApe C 4YacTULEeH
KOCMHYECKOTO MYyCOpa, pa3Mepbl KOTOPOMl Ha MHOTO MEHBILIE TOJIIUHBI TMOKPBITHS.

HOKpBITI/Ie B BUAC ABYX INIACTHH M3 KOMIIO3UTHOTO 3allMTHOI'O 3KpaHa U aJIIOMHUHHEBOM

II1aCTUHBI, IPCACTABJICHBI HA PUCYHKC 1.

x 0,5 MMi!i 1

Puc. 1. Cxema 4nCII€HHOTO YKCIEPUMEHTA!
1 —gactuna (ctanb 091'2C); 2 — 3aMTHBIN 3KpaH (MOKCUIHBIN CIIOK);

3 — koHcTpykuus KA (amromunuit AMr4).

I[J'I?I BBIIIOJIHCHUA TAKOTO POJAd YMCIICHHBIX SKCIICPUMCHTOB ITPUMCHACTCS pa3JIMIHOC

CIICHUAIIM3BUPOBAHHOC ITPOTPAMMHOC 066CH6‘-I€HI/I€, KOTOPOC IMO3BOJIACT PCUIATh YPABHCHMA
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CIUIOIIHOM cpeapl € YYEeTOM HMHTEHCHUBHOIO JWHAMHYECKOro Bo3aeicTBus. CreneHb
JOCTOBEPHOCTH IOJIy4a€MbIX PE3YyJbTaTOB BO MHOI'OM 3aBUCHUT OT THIIA MAaTEMaTHYECKHUX
Mojielel  OBICTPOMEHSIIOIIMXCS  MapaMmeTpoB aeopmupyemoro Ttena. (OCHOBHBIMU
(dakTopaMy, KOTOpbIE HEOOXOAMMO YYECTb B NPOLECCE YAAPHOTO B3aUMOJICHCTBUS,
ABIISIOTCS: 3aBUCHUMOCTH pajiyca MOBEPXHOCTH TEKYYECTH OT CKOpOCTH nAedopmanuu,
HAarpeB MaTepraia U CHIDKCHHE MEXaHUIEeCKUX XapaKTepPUCTUK B oOiactu yaapa [8,9].

JIns onucaHus IBM>KEHUS CIUIOIIHOW Cpelbl ucnoib3oBancsa Meron Jlarpanxka. Ero
CYTb 3aKJIIOYAETCS B TOM, YTO y3JIbl KOHEYHO-3JIEMEHTHOM CETKH KECTKO CBA3aHbl peOpaMu
U B COBOKYITHOCTHU 00pa3ytoT ee siueiiku. [Tpu 3ToM ceTka neopmupyeTcs u nepemMeraeTcs
BMECTE CO CIUIOIIHOW cpenoi. OCHOBHBIM IPEUMMYIIECTBOM JIAHHOIO MOJAXO0JA SIBIISAETCS
BO3MOKHOCTb JIOCTATOYHO JIETKO OTCJIEKUBATh IPaHUIIbI pa3/ieia MaTepraloB.

JUia onMcaHus paspylieHHs MaTepHala HCIONb30BaM Monenb JlxoHcoHa—Kyka

[5, 9-11], coritacHO KOTOpPO¥ Mpeset TeKydecTr onpeaeisercs popmyioi (1):

m

n g, T_T;
GY:(A‘FBSP) 1+C11'lé—p 1—- m (1)
0 m r

rae & - dpdexTuBHas muacTuueckas aepopmanus, T, - TemmepaTypa IUIaBICHUSA,
Tr— Temneparypa okpyxaroueit cpensl, A, B, €, N, M, &— napaMeTpbl MOJENH.

CornacHo Mozenu JlxoHcoHa—Kyka paspyllieHne KOHEYHOIO 3JIEMEHTa MaTepuasia
IPOUCXOAUT C IPUMEHEHUEM MOJEIH, KOrja rnapameTp noBpexaeHHoctu D craHoBuTCs

paBHBIM efauHwuIe (2):
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| ;
DZ;ZASP (2)

rie Agy, — npupanienue >QpPEeKTUBHON NIacTHYeCKOd aepopMalii B KOHEYHOM SIIEMEHTE

Ha I—M I1are HHTErPUPOBAHUS 10 BpeMeHU. BennunHa & Beraucsercs mo hopmyie (3):

£ —
_| D+ D, exp| DL ||| 14D, 1052 || 14D, 1= 3)

&
S
Gef 80 m - L

rae Dy,..., Ds — mapaMmeTpsl maTepuaia, Gef - 3P HEeKTUBHOE HANPSDKEHUE, p — IaBJICHUE B
paccMaTpuBa€MOM KOHEYHOM 3JIEMEHTE.

3Hauenus napametrpoB Dy,..., Ds, 1t pa3nuyHbIX MapoK MaTepuajioB CYIIECTBEHHO
pPa3IMYaOTCAd M 3aBUCAT OT YCJIOBHM KOHKPETHOTO J3KCIIepuMeHTa. B maHHOU pabote

3Ha4YeHue mapamMeTpoB D cOOTBETCTBYIOT cTainu 1 amomunuio [11-20].

a) 0)
Puc.2. PacueTHast cerouHast MOJIelb IpErpajbl U YaCTHUIIbI B HAYaIbHBIA MOMEHT
BpeMeHH (KOJIMYECTBO dIIeMeHTOB 3,5x10°).

a) OpPTOTOHAJIbHAS MPOEKIHsL, 0) PpoHTANTBHAS TPOESKIIUS

B pabote nmpoBoAMIOCH MOJEIUPOBAHUE BHICOKOCKOPOCTHOTO yiapa MaJlopa3MepHOil
YaCTHULIBI IO TIperpajie Ha ckopocTsx 1, 1.5 u 2 km/c. PacueTHas ceTka mperpajibl ¥ YaCTHIIBI

MpeJcTaBlieHa Ha pucyHke 2. Macca 4acTuIlbl B HaYaJbHbIH MOMEHT BpeMEHU My = 1 MT.


http://trudymai.ru/

Tpynst MAU. Bermyck Ne 119 http://trudymai.ru/

Yactuia, ynapsriomasics Ha TaKUX CKOPOCTSX B MOJIMMEPHOE MOKPBITHE, BBI3BIBAET
3HAYUTENIbHbIE 1e(h)OpMalLliU JAHHOTO CJIOSI.
O0cy:kaeHue pe3yabTaTOB YMCJICHHBIX HCCJIEI0BAHUM
Pe3ynbpTaTel 4HCIEHHOTO MOJEIMPOBAHMS NPEACTaBICHBl Ha pUCyHKe 3. [lokasaHsl
pe3ynbTaThl 3BOJIONUU U 00pa3oBaHUE KpaTepoB B pa3IUYHbBIE MOMEHTHI BPEMEHH.
B pesynbraTe coymapeHus 4YacTUIBI C OoJjiee MATKON Mperpamoil MpPOUCXOJUT YHOC
BEILECTBA MOJIMMEPHOTO MOKPHITUA. [Ipy 3TOM Ha aTlOMHHHMEBON IMperpaje MpoUCXOIUT

oOpa3oBaHHe KpaTepa ¢ yBEIMYECHUEM JHaMETpa IIPHU CKOPOCTSIX yacTHIb 1.5 km/c u 2 km/c.

a) 0) B)
1=1,05-10%c 1=1,05-10%c 1=1,05-10%¢
T) 1) e)
1=3,6-10%¢ 1=2,6-10%¢ 1=2-10%c
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x) 3) u)

1=10,5-10%¢ 1=20-10%¢ 1=20-10%¢

Puc. 3. Busyanuzanus pe3yinbpTaToB 00pa3oBaHUs KpaTepa B IPETPaje B

3aBUCUMOCTHU OT BPCMCHHMU.

a,rx ) V=1 km/c; 0,1,3) V=1.5 km/c; B,e,u) V=2 km/c

a) 0) B)

Puc.4. Buzyanuzanus pe3yabTaToB 00pa30BaHUs KPaTepOB B MPETpaje
00pa3oBaHHBIC y1apOM MUKPOYACTHUIIBI CO CKOPOCTSIMHU.

a) 1km/c; 6) 1.5 km/c; B) 2 km/c

Kak BuaHoO w3 pucyHka4 -SIOKCUAHOE TMOKPBITHE TACUT HEKOTOPYK) YacTh
KUHETUYECKOM DHEPruM JBMXKYIIEHCS YacTULl 3a CYeT YHOPYro IUIaCTUYECKOU

IIC(I)OpMaIII/II/I. C POCTOM CKOPOCTHU ABUKCHUS YaCTUIBI IIPOUCXOANUT YBCIIMUCHUC BEJIMINHEBI
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paguyca OTCIIOCHHMS MaTepuia, TAKXKE €ro 3HAa4YuTeIbHbIM YyHOC. [lpyryro dyacrts
KMHETUYECKOW SHEPruu BOCIIPUHUMAET aJOMUHUEBAs NPErpajia, KoTopas Mpu yaape Tak
e rojaBepraercs epopMaluy, B CIEICTBUN YETO IPOUCXOAUT HAPACTAHNUE HANIPSIKEHUM €
oOpa3oBaHHEM Kparepa.

VYBenuueHne 3KBUBAJIEHTHBIX HANPS)KEHUA B 30HE KOHTAKTa MPErpaabl XapaKTEpHO
npu Bo3zaercTBuu ot 1.5 km/c u Boimte. [Ipu ckopocTu yaapa 2 KM/C 30Ha MOBBIIIEHHBIX
HaNpsOKCHUH Ha aJTIOMHHHEBOW Tperpajge MakcuManbHa (pUCYHOK 5). CKOpOCTb
HapacTaHusi TIyOMHBI KpaTrepa MPOMOPLUOHAIBHO 3aBUCHUT CKOPOCTH yAapa YacTHIIBI

(pucyHok 6).

Puc. 5. Pacnpenenenne 3KkBUBaJICHTHBIX HAIPSIKEHUN MPErpajbl Py yaape

YACTHULBI ITPU PA3JIUYHBIX CKOPOCTSIX.

a) 1 xm/c; 6) 1.5 xm/c; B) 2 kKm/C

Tak e BUIHO, YTO 3a CUET YaCTH HEMOTAIIEHHON KHHETUYECKON SHEPTUH ITPOUCXOUT

OTCKOK 4aCTHUIbI OT AJIIOMMHUEBOM IJIUTHL. B 3TOT MOMEHT BPCMCHU IMPOUCXOIUT MMaACHUC
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HaIpsDKEHUN B aIFOMUHUEBOM nperpane. Ha pucyHke 6 mokas3aHa JuHeapu3alys MOJIHBIX
HaNpsOKEHUI 10 TONIIMHE aJIOMUHUEBOM Iperpaabl BAoib ocu ynapa. Ha pucyske 6, a
BUJIHO, YTO B MOMEHT yJapa MaKCHUMaJbHbIC HAIIPSIKEHUS HAXOMATCS Ha IOBEPXHOCTU
nperpaasl, U 3HAYATEIBHO IMPEBBIMIAIOT IPEAEH TEKydeCcTH amroMHHMS 602=190 Mlla.
Ilocne Toro kak yacTuna OTCKOYMIIA, MAKCUMYM HAIIPSKEHUM Iepepacipenesercs Mo
rmyonne mperpaabl (pucyHok 5, 6, 0). YpoBeHb MaKCHMAaJIbHBIX HANPSDKCHUH TaKKe

3HA4YUTCIIbHO 11aJacT.

450
6, MTIa
400

700
a, MIla
600
350

500

400 250 %
-1 &Mm/c -1 km/c

1.5 kmle 1.5 kmfe
300 2 kmfc - 2 kmic

200

100

O 0s 0w N L 0 025 05 075 1 125 15175 2 Lmw

Puc. 6. JInneapu3zanys MoaHbIX HAOPSHDKEHU 110 TOJIIMHE ATFOMUHUEBON
Tperpajbl BIOJIb OCH y/lapa YacTHIIBI TPU CKOpocTsX 1, 1.5 u 2 km/c: a) moaHbIe
HaIpsKEHUSI B MOMEHT yJlapa YacTUILIbI TI0 alFOMUHUEBOM mperpaje, 0) noiaHbie

HaIIPpsKCHUA ITOCTIC OTCKOKA YaCTHUIBI OT AJIIOMMHHUEBOM nperpaabl

B pesynbTare BO3JCHCTBHS 4YacTUIbl HA ATIOMHHUEBYIO TMpErpaay MPOUCXOIUT
nedopmanysi ¥ yHOC Macchbl camoil wactumbl. Ha ckopoctsx ot 1 km/c mo 1.5 xm/c
MPOUCXOAT JIOCTATOYHO Je(OopMalMi YacTHIBI, OJHAKO 3HAYMTEIHLHOEC YMCHbBIICHUE

MacChI MTPOUCXOUT TOJIBKO Ha CKOPOCTH 2 KM/C.
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Pe3ynbrarthl pacueToB M3MEHEHHUS MAacChl 4acTHIlsI (M), TiyOmHbl kpatepa (hg) m
JMaMeTpa OTCIIOCHHUS TIOJIMMEPHOT0 MaTepuaia ot nperpas (d,) B 3aBUCUMOCTH CKOPOCTH

BO3JICHCTBUSI HA MPErpajly MpeCTaBIEHbl HA pUCYHKax 7 U B Tabnuile 1.

h, mm
0 . s P e A}T,rm_e»-- - _

-0.05

-0.1

-0.15

T, ceKk *10"-6

Puc. 7. Usmenenue riryounsr (h) kpatepa B pyHkuuu ot BpeMeH# (1)

Taomuna 1
Pe3ynbpTaThl SKCIEPUMEHTOB C U3MEHEHHEM MAaCChl YaCTHIIBI
Ne V, km/c do, MM he, MM My, MT
1. 1 2.5 0.13 0.992
2. 1.5 3.9 0.23 0.987
3. 2 5.3 0.34 0.596
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3akirouenue
ITo pe3ynpTaTamM NpPOBENEHHBIX YHUCIEHHBIX HKCIIEPUMEHTOB IPOBEACH AaHAINU3 YAAPHBIX
BO3EMCTBUI CTaIbHOW YaCTUILIBI HA AIFOMUHUEBYIO IIPErpaay ¢ MOKPHITUEM U3 MOJIMMEpA.
C yderoM TmpoBeNEHUS KOMILJIEKCHOTO HCCIIEIOBaHMs, OXBaThIBAIOIIETO0 (U3UKO-
MEXaHMYECKHUe, MaTeMaTUYeCKUe OCOOEHHOCTH MOJICIHPOBAHUS BBICOKOCKOPOCTHOTO
yapa noJay4yuiIn 0oJbIIoi 00beM HH(OpMalUK O B3aUMOICHCTBUN YaCTUILIBI C MPErpagon
Ha Pa3HbIX CKOPOCTSIX JBUKEHUS.

[lonumepHOe TOKpBITHE pa3pylIaeTcs BO BCEX MCCIEIOBAHHBIX BapHUAHTAX,
BOCIPMHMMAsl 4YacTb KUHETHMYECKOW dHepruu dactuipl. C yBEIMYEHUEM CKOPOCTH
JBUKEHHE BO3PACTAET BEJIMYMHA YHOCA MaTepuaja U JUaMETpP OTCIOEHUS MOKPBITUS OT
IFOMMHHUEBOM TIPETPajbl.

[locne paspylieHre MOJIMMEPHOrO TMOKPBITHS MNPOUCXOIUT yAap YacTHIBI 110
antoMuHueBor mperpage. C yBEeJIMYEHHUEM CKOPOCTH MPOUCXOAUT TAKXKE HapacTaHue
rIIyOMHBI KpaTepa W HanpsDKEeHW B amtoMHHHMEBOW mperpage. CKOpoCTh HapacTaHHe
riyOMHBI KpaTepa Tak K€ MPONOpLUOHATIbHA CKOPOCTH JBUKEHUS YACTHILIBI.

Bo Bcex BapuaHTax 4YHMCIIEHHOI'O SKCIIEPUMEHTA CTajbHas YaCTHULA HCIIBITHIBACT
3HaYUTeNIbHbIE JeOopMallui, OJHAKO 3HAYUTENIbHBIM YHOC MAacChl IPOUCXOJUT TOJIBKO Ha
CKOPOCTH JBUKEHUA 2 KM/C.

[Tomy4yeHHbie B paboTe pe3ysbTaThl 00pa30BaAHUI KpATEPOB U HAMIPSKEHUH B IPErpaje
P PA3TMYHBIX CKOPOCTSIX YaCTULl pa3MepaMu MeHee 1 MM MO3BOJISIOT CO3/1aTh 3a4eM AJIs
JaNbHEHIINX HSKCIEPUMEHTAIBHBIX HCCIEJOBAaHUN MO YYETy BO3ACHCTBUS YacTHL[ Ha

3J€MEHTHI KOHCTpYKINHU KA.

10
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Abstract

During operation, spacecraft are constantly exposed to external factors that lead to
degradation of the structure and external elements. As a result, such an impact leads to
changes in the optical properties of materials, changes in the physical and mechanical
properties of structural materials, the formation of craters and through breakdown of the
walls, as a result of which the operation of both individual onboard systems and the
spacecraft as a whole is disrupted, which is a very urgent task.

One of the influencing factors on the spacecraft is the flow of cosmic dust particles and
the pollution of outer space by space debris particles, which have different velocities. The
size range of space debris and dust particles varies from a few micrometers to tens of meters.
Solid particles with a size of less than 1 mm are considered as a constant influencing factor,
characterized by the density of their flow. Also, an equally important parameter of space
debris is the shape of the particles.

The article presents the results of a study of the impact of particles on the design of the
spacecraft. The process of crater formation with equivalent stresses at velocities of 1, 1.5,
and 2 km/s is considered. Graphs of the total stresses over the thickness of the barrier and

the change in the depth of the craters over time are presented.
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In this paper, as an object of research as an element of the spacecraft, the result of the
interaction of a two-layer coating on impact with a particle of space debris, the size of which
Is much smaller than the thickness of the coating, is considered. The coating in the form of
two plates made of a composite protective shield and an aluminum plate, are shown in
Figure 1.

The results of the numerical simulation are shown in Figure 3.The results of the
evolution and the formation of craters at different points in time are shown. As a result of
the collision of the particle with a softer barrier, the polymer coating substance is carried
away. At the same time, a crater is formed on the aluminum barrier with an increase in
diameter at particle velocities of 1.5 km/s and 2 kml/s.

Based on the results of numerical experiments, the impact effects of a steel particle on
an aluminum barrier with a polymer coating are analyzed. Taking into account a
comprehensive study covering the physical and mechanical, mathematical features of
modeling a high-speed impact, a large amount of information about the interaction of a
particle with an obstacle at different speeds of movement was obtained.

The polymer coating is destroyed in all the studied variants, taking part of the kinetic
energy of the particle. With an increase in the speed of movement, the amount of material
entrainment and the diameter of the coating detachment from the aluminum barrier
Increases.

After the destruction of the polymer coating, the particle hits the aluminum barrier. As
the speed increases, the crater depth and stresses in the aluminum barrier also increase. The
rate of increase in the depth of the crater is also proportional to the speed of movement of

the particle.



In all variants of the numerical experiment, the steel particle undergoes significant
deformations, but significant mass entrainment occurs only at a speed of 2 km/s.

The results of crater formation and stress in the barrier at different particle velocities
of less than 1 mm in size allow us to create a foundation for further experimental studies to

take into account the impact of particles on the spacecraft design elements.

Keywords: space debris, high-speed impact, crater, spacecraft.
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