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MNMEPIAHWH

H paydaia enéktaon Twv OIQOTNHIK®Y OpACTNPIOTATWV EXEl EVTEIVEI TOV KivOUVO UMEPTAXUTIKWOV
ouykpouoswv (HVI) oe yxaunAn Tpoxid TG Ing (LEO), onou or ouykpouosic pe Opalopata n
MIKPOUETEWPITEG O TaxUTNTEG nou Eenepvolv Ta 7 km/s anglhoUv TNV akepaioTnTa Twv dIAoTNHIKOV
KATAoOKEUWV. AUTN n METANTUXIAKN €pyacia napouciadel pia oAoKANPpwUEVN apiBunTIKn avaluon Twv
paivopévwv HVI, eoTialovrac oTn dUVAMIKR anokpion AENTWY AAOUMIVEVIWV NAQKWV NoU UMOKEIVTAl OE
KPOUOTIKA (popTia and opaipika 8palouaTa, XpnoiKonoiwvTac Yia UBPIDIKR NPOCEYYIoN NENEPACHEVWY
oToIxEiwv—owpaTIdinv (FE-SPH).

H peAéTn akoAouBei Tic peBodoAoyiec nou nepiypdpovtal otn BiBAIoypagia, epappdlovTac oUyXPOVEG
apIBUNTIKEG TEXVIKEC KAl ENIKUPWVOVTAG TO OXNMATIOPO Tou VEQOUC BpauaudTwy, Tnv d1adoan KUPATwV,
Vv €EENIEN TNG duvapikng Bpalong kal To OXNUATIOPO KpATnpwV £vavTi NEIPAPATikwV dedouevwy. O
ouvOUAOoNOC TWV OUOo PEBOdWY ouVOUAlEl T 0TABEPOTNTA TWV NENEPACUEVWV OTOIXEIWV PE TNV cuehiEia
Twv SPH owpaTmidinv yia Tnv Kataypagn Tou dnxavioyoU Bpaliong kal Twv PEYAAWV NapapopPOOEwy,
e€aopalilovTac Tn SIATRPNON TNG EVEPYEIAC Kal avTIMeTwNiovTag Ta {NTruaTa aoTadeiag epeAkuouoU.

T£00EPIC NEIPAPATIKEC NEPINTWOEIC EEETACTNKAV OTO PACUA TAXUTATWV 2,54—-6,71 km/s, ye oTabepn
diapeTpo BAAuaTog kar PetaBalopeva naxn nhakwv. O1 avaAuoeig enedel§av NoAU kaAr cupewvia Pe
Ta NelpayaTika ddopéva Kal TIC EUNEIPIKEG WETPNOEIC OE TPEIG ANo TIG TEGOEPIC NEPINTWOEIC, UE HMECO
opaAua 4,38% og ONeG TIG YETPNOEIC.

Mapa Tn OUVOAIKN OUVENEId, NAPATNPRONKAV OPICUEVEC HWEMOVWHEVEC AMOKAIOEIC, KUPIWG AOYw
aBeBaioTNTwV nou oxeTilovral PE T YEWUETPIKN HeBodoAoyia avalnTnong Tou aAyopiBuou
napakoAolBNoNg Tou VEPOUC BpaucpdTwy, KaBwg kal Aoyw Tng dIaKpITONoinonG Nou £QApPOCTNKE
€EQITIG NEPIOPICHEVWV UMOAOYITIKQV NOPwV. AvanTuxBnke &va POVTEAO yId TOV UNOAOYIUOO GUVOAIKNAG
OlauopPWOoNG Kpatnpa a&lonoiovrag Tnv XwPIKR Katavopn kai TIG BaAAMOTIKEG aAANAEnidpAcelg
MEJOVWHEVWV BpauopdTwy, TO OMOI0 EVOWUATWVEI HId XWPIK OCUOYETION BACEl TWV (PUOIKWV
XAPAKTNPIOTIKWV TOUG Kal KpITApia Tou BaANoTIkwv opiwv and Tnv BiBAioypagia. To HovTéAo
OUYKPIONKE We apiBUNTIKO NPOCOMOIWKA Kal ENEDEIEE OXETIKO OPAANA 4,23% aTnv NPORBAEWn TNG TEAIKAG
OlaUETPOU TOU KpATnpa.



H uBpidikr) npoogyyion FE-SPH anodeixbnke avwTepn and TIC aveEapTnTeg HeBOdOUC, EMITUYXAVOVTAC
100pponia HETAEU UNOAOYIOTIKNG anodoTIKOTNTAC KAl PUCIKNG akpiBeiac. Kataypagel ENITUXWG KPIGIPES
WETPNOEIC, ONWC Tn HOPPOAOYia TOU VEPOUC Kal TA XAPAKTNPIOTIKA €NIKIVOUVWY BpaucpaTtwy, v
ano@eUyel TNV anwAEIa EVEPYEIAC Kal Ta NpoBAfuaTa acTtabeiag nou sygpavifovTal os PovTEAA Pe kaBapd
nenepacypéva oroixeia  SPH.

QaTd00, ol EMNIdPATEIC TNG METAPOPAC BEPUOTNTAC Kal o AAAAYEC (pAong UAIKoU napaleipdnkav AOyw
NEPIOPICHMV UMOAOYICTIKNG 10XUOC, Kal OAEC O NpocodoIwoElC BadioTnkav os opBr kpouaon, napd To
YEYOVOG OTI Ol KpOUCEIC UNd ywvia €ival Mo OUXVEC O€ NPAYHATIKEG OUVONKEC. MeANOVTIKEG epyaaieg Ba
grnopoucav va enekTabouv o€ BEpUO-PNXAVIKEC avaAuoelc, AauBavovTac unoyn KaTaoTaTikouc VOUOUG
yia TNV aAAayn @aonc Twv UAIK®V, KaBw¢ Kal O MEPINTWOEIC KPOUOEWV UNO ywvia PE OKOMNo Tnv
BeATiwoON TNG TPEXOUOAC NPAKTIKAC.

H ouvexnc KaivoTopia OTIGC UMOAOYIOTIKEG TEXVIKEG, O OuvOUAOMO MEIpPaApaTIKn €peuva, Ba eival
anapaitnTn yia TNV NpooTacia TN TPOXIAKNG UNodOoUNG O €va oAoEva Kal Mo NoAunAnBEc diaaTnuikod
nepIBAiov.
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ABSTRACT

The rapid expansion of space activities has intensified the risk of hypervelocity impacts (HVI) in low
Earth orbit (LEO), where collisions with debris or micrometeoroids at velocities exceeding 7 km/s
threaten spacecraft integrity. This thesis presents a comprehensive numerical investigation into (HVI)
phenomena, specifically examining the dynamic response of thin aluminum plates subjected to spherical
projectile impacts by employing a hybrid finite element—smoothed particle hydrodynamics (FE-SPH)
approach. The study closely adheres to the methodologies outlined in the literature, applying state of
the art numerical techniques and validates debris cloud formation, wave propagation, fracture evolution,
and crater formation against experimental work. The coupling of the two methods combines the stability
of finite elements and the flexibility of SPH particles to capture fragmentation and large deformations,
ensuring energy conservation while mitigating tensile instabilities. Four experimental cases were
examined, in the velocity regime of (2.54-6.71 km/s), with a constant projectile diameter and varying
plate thicknesses. The analyses demonstrated strong agreement with experimental X-ray imagery and
empirical measurements in three of four cases, particularly in predicting debris cloud expansion, crater
formation and dynamic fracture patterns with an average error of 4.38% across all measurements.
Despite the overall consistency, a few isolated discrepancies were noted, mainly attributed to
uncertainties inherent in the debris cloud tracking algorithm’s geometric search methodology as well as
mesh resolution due to hardware constraints. A crater aggregation model was developed to predict the
spatial distribution and ballistic interactions of individual fragments, integrating kernel-weighted spatial
association of their physical characteristics and ballistic limit criteria. Validated through a numerical
experiment, the model demonstrated a 4.23% relative error in predicting the final crater diameter. The
hybrid FE-SPH approach proved superior to standalone methods, balancing computational efficiency
with physical accuracy. It successfully captured essential metrics, such as debris cloud morphology and
residual fragment information, while avoiding energy loss and instability issues inherent in pure finite
element or SPH models. However, heat transfer effects and phase transitions were omitted due to
computational constraints, and all simulations assumed normal impacts despite the prevalence of
oblique collisions in real-world scenarios. Future work should integrate thermal-structural analyses,
advanced equations of state for phase transitions, and oblique impact studies to refine predictive
capabilities. Continued innovation in computational techniques, coupled with experimental validation,
will be essential to safeguarding orbital infrastructure in an increasingly congested space environment.



