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ITocTanoBKa 3agaun

30HIMPOBAaHNE TIOBEPXHOCTHOTO CJIOSI 3€MJIM, a B OJMbKaWIed TMEPCIeKTUBE U APYTUX HEOECHBIX
Ten CONIHEYHOW CHUCTEMBI C LIETBI0 M3YYEHHS] UX CTPOCHHUS U Pa3BENIKH IMOJIE3HBIX MCKOMAEMBIX MOXKET
MPOBOJIUTHCS C MIOMOIIBIO BHICOKOCKOPOCTHBIX IMPOHUKAIOIIUX MoAyseH [1], ocHalaeMbIX JHaTYuKaMu U
npubopaMu pa3IMYHOrO Ha3HaueHus. VccnemoBarenbckas ammaparypa pa3MeriaeTcss BHYTPH MPOYHOTO
METAJJIMYECKOT0 KOpIyca, HMEIOLIET0 3a0CTPEHHE B TOJIOBHOM YacTU Ui YMEHBIICHHS CHIIBI
COTIPOTUBIICHUS IPU JBUKEHUH MOAYJIS B MOPOJax, CIaraloiiuX BEPXHUN CIOH KOPbl KOCMUYECKOTO Tefa.
HauanbHasg ckopocTh B3aUMOJCHCTBUS MOJOOHBIX MOJYJICH-IIEHETPATOPOB C TPYHTOM IUIAHETHI MOXET

cocrtasiiath ceobime 1000 m/c.

Harpy3ku, ucnbIThIBa€MbIe UCCIEI0BATEIBCKUMHU MOIYJIAMHU-TICHETPATOPAMH TIPU MPOHUKAHUU, HE
JOJKHBI MPUBOJUTH K WX 3HAYUTENbHBIM JAedopmanusiM, 4TO TO3BOJIIET paccMaTpUBaTh JUHAMHUKY
IPOHUKAHUS MOJYJsl B TPYHTOBYIO Nperpaay, Kak JBH)KEHUE aOCOIIOTHO HenehOopMHUPYEeMOro Tela B
COTIPOTHUBIIAIONICHCS cpene. BaxHoil 3amadeil  sSBISETCS  yBEIIMUEHHUE TUIYOMHBI TMPOHUKAHHS
HCCIIEIOBATENIbCKUX MOJYJIe. BO3MOXKHOCTH €€ pelIeHHs 3a CYET IMOBBILIEHUS HAYAJIbHOM CKOPOCTH
MOJYJISl OTPAaHUYEHBI, TaK KaK C YBEJIMYEHHEM CKOPOCTH BO3pACTAIOT HArpy3KH, JACHCTBYIOIIME HA HETO

IIPU MPOHUKAHHUH, YTO MOXKET MPUBECTH K €ro O0NbIINM AepopMalysIM U pa3pyLIeHHIO.

B kauecTBe BO3MOXHOTO IYTH TOBBIIICHHUS MPOHHUKAIOUIEH CIOCOOHOCTH HCCIEI0BATENbCKIX
MOJ1yJIeH-TIEHETPATOPOB MOXKET PacCMaTPUBATHCSI OCHAIICHUE UX UMITYJIbCHBIM PEAKTUBHBIM JIBUTATENIEM,

cpabaThIBalOIIMM Ha ONPEACTICHHON CTaJuu NMpOHMKaHHWs B mperpany. Kak Obuio mokazano B [2] Ha
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YacTHOM NpUMeEpe, NMPH ONPEACICHHOM BBIOOpE MapaMeTpOB HUMITYJIbCa PEAKTUBHOW TSITU MPUPOCT
rJIyOMHBI IPOHUKAHUS TIEHETPATOPa MOXKET COCTABIATH AECSATKH MPOIeHTOB. OHAKO MPEACTaBICHHbBIC B
[2] maHHBIE HE MAFOT BO3MOKHOCTH BBIMTH Ha KaKHe-THOO OOOOIIEHHS OTHOCHTEILHO JIOCTHTaeMOro
3¢ ¢exTa U yCTAaHOBUTh €r0 3aBUCHUMOCTb OT XapaKTEePUCTHK MPOHMKAIOIEro MOIYJIS B LIMPOKOM
JMana3oHe UX M3MEHEHMs (TakuX, HallpuMep, Kak JuaMeTp MUJENs, IOJHAas Macca MEHeTparopa U ee
COOTHOILIEHUE C Maccol TBEPJOTOIUIMBHOIO 3apsja pPEAKTUBHOIO JBMIraTelsd, BpeMs Hayala M
IPOIOJDKUTEIBHOCTh JEHCTBUS MMITYJIbCA PEaKTUBHOW Tsru). B Hacrosmeit paboTe mpennmpuHUMAeTCs
IOTBITKA BOCIOJHEHUs YKa3aHHOIO «mpo0esna» M MNOJY4YeHHs HEKOTOPhIX OOOOLIEHHBIX JaHHBIX I10
rJyOMHEe MPOHUKAHMs IEHETPaTOpOB C UMIIYJIbCHBIM PEAaKTUBHBIM ABuratenem. MccinemoBanust Obliau
NIEPBOHAYAJILHO INPOBEACHBI NPUMEHUTEIBHO K CIy4al0 IPOHUKAHMS B MAJIONPOYHBIE TPYHTOBBIE

Iperpajbl, KOTOPOTO M KacaloTCs MpeICTaBlIsieMble B pabOTe pe3yabTaThl.

Mopnesib NPOHUKAHUS PEAKTHBHOIO MEHeTpaTopa

Junamuka OBHKEHHUS HeAeQOpMHUpPYyeMOro MeHeTpaTopa ¢ PEaKTUBHBIM JBUTATEJIEM B TPYHTOBOM
Mperpaje pacCUUThIBAIIACH B paMKax MPOCTOro0 HMHXKEHEepHOro mnoaxona [3]. B ocHoBe pacueTHOi

METOAMKH JIEKUT ONpEAEICHUE HOPMAJIbHBIX MEXAHWYECKMX HANpPsDKEHUH G, ACHCTBYIOIUX Ha
MOBEPXHOCTH TOJIOBHOM YacTH TIEHETpaTopa, KOHTAaKTHPYIOIIeH c mperpamoil (puc.l), ¢ MOMOIIbIO
SMIIMPUYECKOTO 3aKOHAa CONPOTHBIIEHUS B BHUIE G, = Avﬁ +C [4], tne A u C — xodpduueHTsl,

3aBUCANIMNE OT (DU3MKO-MEXAaHWYECKHX CBOMCTB Marepuana TMperpagbl M XapaKTepU3YIOILIHe ee,

COOTBCTCTBCHHO, MHCPIHOHHOC U IIPOYHOCTHOC CONMPOTHUBJIICHUC ITPOHUKAHNUIO, U, — IIPOCKIHNS CKOPOCTH

IIEHETpaTOpa U Ha HOPMAJIb K ITIOBEPXHOCTU €r0 I'OJIOBHOM 4acTU B AaHHOW Touke. IIpm ompenenenun

KacaTeJIbHBIX HANpsDKEHUH T, Ha IMOBEPXHOCTU TOJIOBHOM wactu (puc.l) mpeamosaraioch, 4ro Ha

rpaHuIle KOHTAKTa PEAIU3YETCS PEKUM HE CKOJIBKEHHUS, a MPHIMIAHUS YacTUIl TPYHTOBOM mperpais [S],

IpU KOTOPOM [yl pacueTa T, MOXHO BOCIIOJIb30BaThCs NPUOJIMKEHHBIM cooTHomeHueM 1, = 0,5C . Kak

u B [3], popma romoBHOM yacTu neHETpaTopa Mpenoarajach KOHUYECKO ¢ yrioM pacTBopa 2y .

Puc. 1. Pacuemnas cxema npoHUKaHusi 8 2pyHmosyro npezpaoy Heoeqhopmupyemo2o

newempamopa ¢ peaKkmueHblm osueamenem
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Bo BpeMA pa6OTI>I PCAKTUBHOI'O ABUTATCIIA JUHAMUKA IMPOHUKAHUA TMCHECTPATOpPAa, MOMHUMO CHUJIbI
COIIPOTHUBIIEHUS NPETPajbl, ONPEAEIsAeTCs TAKKe CUIOW peakTHUBHOM TaArum F, =pu [6], 3aBucsAmed oT
CKOPOCTH HCTEUEHHUs Tra3oBOMl CTpyn U U MaccoBOro pacxoja rasa . MaccoBblii pacxoa raza p
IPENOoNarajacss NOCTOSHHBIM B TEYEHHE MPOMEXKYTKA BPEMEHHM COOOIEHUS PEaKTUBHOIO MMIYJbCa T,
YTO, B CBOIO OYepelb, IPU MOCTOSHHON CKOPOCTU UCTE€YeHHs] U MPUBOIMIO K HEM3MEHHOCTH PEaKTUBHOMN

CUJIBl B TEUEHHE YyKa3aHHOro BpeMeHH T, (puc.2). KommuecTBo peakTHBHOTO TOILUIMBA B COCTaBe

IICHeTpaTopa XapakTepu3oBaiock 4ncioM LlnonkoBckoro Z =m,/m,, rme M, — Macca PeakTHBHOIO

()
TOIUIMBA; M, — Macca KOHCTPYKLUHU NeHeTpaTopa (0e3 TBepIOTOIUIMBHOIO 3aps/ia), BKIKOYAIOIIas, B TOM
yHclie, MOJIE3HYI0 Harpy3Ky mpoHuKaromero moxayns. IlomHas HawanmpHas Macca mneHerparopa (1o

cpa0aTbIBaHMs PEaKTHUBHOIO ABUIATElls) paBHA IIPH 3TOM My =M, +M,.

F
pu === —
i l
[ i
| |
[ [
¢ tro Tr t

Puc. 2. 3axon uszmenenus peakmugHot cuivi

B npennonoxxeHuu, 4To B3aUMMOJICHCTBUE TIEHETPATOPa C MPErpajor MPOUCXOAUT MO0 HOPMAJIH K €€
MOBEPXHOCTHU U B NMPeHEeOpEeKeHNN HadallbHOM cTaauel, Ha KOTOpO# IiyOnHa MPOHUKAHUS HE MPEBBIILIACT
BBICOTY T'OJIOBHOM YacCTH IIEHETPATOPA, NMHAMHUKY JBUKECHUS IPOHUKAIOLIErO0 MOAYJA C HUMITYJIbCHBIM
PCaKTHBHBIM JBUTATEIIEM B T'PYHTOBOW Iperpajae MOXKHO IPEICTaBUTh B CIEAYIOIIEM Oe3pa3MepHOM
BUJIE:

d_z_;__M(ler—)z); 0<t<t,,

dt Vo
1" .. . ddo _|1+ad? o
[(ZJr?)r,—(t—tro)}d—?:—u k——l; fo<t<f,+7,,

r 1)
d_’(_): _(1_|_ Z)M(_‘L+ 0”—]2); forO +%r'
o

dt Ja
dh _, Joarctg o _

dt ° In(l+o)

B 3ammcannoii cucreme (1) Oe3spasmepHbie Bpems t, miyOuHa mnpoHukanus h, CKOpPOCTh

IICHETpaTopa U , BpeMs Hayaja JEWCTBHsS PEaKTUBHOM cuibl ., M IPOJOKUTENBHOCTh IEHCTBUS T,
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ompezenstores, kak t=t/t,,; h= h/hpo s T=0/vy; tg=tyg/th: Tr =1, /tyy, THE Vo~ HavambHas

CKOPOCTh NCHETPATOPA, a B KAUCCTBC MacIrrabos BPCMCHH U I‘J'IY6I/IHI:I MMPOHUKAHU A

m A .
t,= 0 arct vy SINY |
P s, siny /AC(1+05ctgy) J \/C(1+0,50tgv) o>
N My Avg sin® y .
PO 2AS, sin?y | C(L+05ctgy)

(2)
1

UCIOJIb3YIOTCS TOJIHBIE BpeMsl U IIyOMHA MPOHUKAHMS KBHUBAJIEHTHOIO IEHETpaTropa 0e3 peakTUBHOTO

aBurarens (UMEIOIIEro Te xke (opMy TOJIOBHOM 4acTH, Maccy M, IIOMAAb MUAETS S, U HAYaJIbHYIO
CKOpOCTb U, YTO M PEAKTUBHBIN NeHeTpaTop). be3pasMepHsblil mapaMeTp
oo Avgsin®y
C(1+0,5ctgy)

XapaKTepU3yeT COOTHOIIEHWE WHEPLUUOHHOIO UM IPOYHOCTHOIO CONPOTHMBIIEHUS NIpErpaiel, a
Ge3pasMepHas CKOPOCTh HCTEUCHHs PEaKTHBHOW CTpyH paBHa U =U/v,. Hakoner, Oe3pa3mepHslii
kodpdumenr K, B cucreme (1) 3amaeT COOTHOIICHWE pPEAKTUBHOH CHIBI W IMPOYHOCTHOTO
COTIPOTUBIICHUSI TPYHTOBOM Mperpajabl U BeIpakaeTcs uepe3 Apyrue 6e3pasmMepHble mapamMeTphl, Kak

. Zuva
"7, (1+2)arctgVa

Onucanne AWHAMUKHA TIPOHUKAHHUS PEaKTHMBHOTO TeHeTpaTopa B Oe3pasmepHoit dopme (1) c
WCIIONIF30BAHMEM B KA4€CTBE MAcIUTabOB BPEMEHH M IJIyOMHBI NPOHMKaHMs 3HaYeHmd tp, u hy, (2)
I03BOJISIET U30aBUTHCS OT BJIMSHUS HA PE3Y/bTaThl PELICHNUS 33Ja4i HadaJdbHOI Macchl IeHeTpaTopa M,
u quamerpa ero muaens O,. OTcyTcTBHe TakoW 3aBHCHMOCTH YIOOHO Al OOOOIICHWH pe3yibTaToB

PACUCTOB — OHU COXPAHAKOT CIIPABCAJIUBOCTL Ui IICHETPATOPOB HpOH?;BOJII:HOfI HayaJgbHOM MAacChl U

pasmepa mupens. [Ipy 5ToM 3HayeHHs M, u O, BIUSIOT JIMIIb Ha MAcIITaObl BPEMEHM M TIIyOWHEI

IIPOHUKAHUS.

Hcxoanble JaHHBbIE IJIs pacyeToB

Haubosee peaibHbIM € TOUKH 3peHUs OFDKaIIE MepCIeKTUBEI MPEICTABIAETCS OCBOCHUE HAIIETO
KOCMHYECKOTro cocena — JIyHbI. Yike CyIecTBYIOT MPOEKTHI MO co37aHuio Ha JIyHe cranmoHapHbIX 6a3 u
pa3paboTKe TMOJE3HBIX HCKOMAEMbIX (HampuMep, H30TONa TIenus-3, SBISIOLIErocs HACaNbHBIM
TEPMOSIAEPHBIM roprounM). /[Ins wucciaemoBaHuii CTpPOEHMS MOBEPXHOCTHOrO cinos JIyHel MoOryT

HOHaI[OGI/ITI:CSI BBICOKOCKOPOCTHBIC MPOHUKAIOIIUC MOIAYJIHN. B cBsa3u ¢ 3TUM Ipu NpOBCACHUHN PACUCTOB
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[0 IPOHMKAHMIO NIEHETPATOPOB B KAa4eCTBE IPYHTOBOM IMperpajbl pacCMaTPHUBAJICS JYHHBIA PEroJIUT —
MaJIOTIpOYHast cpejia, HallOMUHAIOINAs 110 CBOMCTBAM MENKO3epHUCTHIN mecok. KoadduimeHnTs! B 3aKoHe
COTIPOTHUBIICHUS JUISI TYHHOTO PETOJMTa ¢ y4eToM JaHHbIX [1] mpuHuManuce paBHpiMu A = 1700 Kr/MC;
C =10 MIla. CkopocTh UCTEUCHHS T'a3a U3 PEAKTUBHOTO JBUTATENSI TICHETPATOpa BhIOMpaIach Ha YPOBHE,
o0ecreyBaéMOM COBPEMEHHBIMU PAKETHBIMU TOITMBamMH, W coctaBmsia U= 2000 m/c. Cuctema (1)

HUHTErPUPOBAJIACh YUCIICHHO.

BinsiHue BpeMeHHBIX NAPaMeTPOB PEAKTHUBHOI0 HMITYJIbCa

[lepBoHauanbHO OBUIO PACCMOTPEHO BIMSHUE HA OTHOCHUTEIBHYIO PE3YIbTHPYIOIIYIO TIIyOUHY

npoHuKaHus N, peakTMBHOTO meHeTpaTopa 0e3pasMEpHBIX BPEMEHH Hauana paboThl JBUTaTEls

to =t /tp0 U MPOJOJDKUTEIBLHOCTH JEHCTBUS PEAKTUBHOW TATH T, =T, /tpo (puc.3). Pacuers! ObLTH

MPOBEJCHBI MPU Pa3INYHbIX 3HaUeHUsAX yucia [{uonkoBckoro Z nais HayanbHOW CKOPOCTH MEHETpaTopa

Vo =500 M/c u yrma pacTBopa KOHWYECKOW T'OJIOBHOW YacTH yJaapHUKa 2y = 45° (puc.1). OnTHOBpEMEHHO

Ha pUC.3 TNPUBOJATCS TAKKE 3aBUCMMOCTH TJyOuHbl mponukanus hy ot kospduuuenta K,

XapaKTEePU3YIOLIEro COOTHOLIEHUE PEAKTUBHOM CHJIBI U IPOYHOCTHOIO COIPOTHUBIIEHUS TI'PYHTOBOM

Iperpabl.

1.5

1.25

0.75

1.5

1.25

Puc. 3. Bausnue na omrocumensuyo 2youny npoHUKaAHUsi NPOOOI#CUMENbHOCMU OeUCMEUs CUIb]
PeaKmueHol ms2u U ee COOMHOUWEHUS ¢ NPOYHOCMHOU COCMABNAIOWeEL CULbl CONPOMUBTIEHS]

zpyﬂmoeoﬁ npezpa()bl npu pasiuvynsvlx 3SHA4YERUAX YUC1A HMOJZKOSCKOZO U epemerax 6KJi4YeHusl
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peaxmusnoeo ogueamens: a—2 =0,1; 6 -2 =0,25,6—-2=0,5

B pacuerax GbLI pacCCMOTPEH BECh BO3MOKHBIH JHANA30H M3MEHEHHS 3HAYCHHUH T, — OT «3amycka»
PEaKTHBHOTO JBHUraTeisi Cpa3y ke B MOMEHT Hadana npoHukanus (f,,=0) 10 ero «BKIHOYCHHSI» B
MOMEHT IIOJIHOTO OCTaHOBa IIEHETPaTopa B Iperpaje B pesyibrare Topmoxenus (., =1). Kak BuaHo u3
IIPEACTABJICHHBIX JAaHHBIX, IIPU PaA3JIMYHBIX BPEMEHAX «BKIIOYEHHUS» PEAKTHUBHOU TSATH CYIIECTBYET

ONTUMAJIFHOE BpEMsl €€ JCUCTBHS, NPU KOTOPOM OOECIIEYMBAETCS MAaKCHUMAJbHBIM MPUPOCT TITyOHHBI

IMPOHUKAHUA. C YBCIMYCHHUCM 4YHC]Ia HHOHKOBCKOFO ONTUMAJbHEIC 3HAYCHUSI T BO3pacTaroT.

r

Bo3pactanue onTuManbHBIX 3Haue€HUH T, HaAOMIOAAaeTCsl Takke INpU Oosiee pPaHHEM «3aIlycKe»

peakTuBHOro auraress. Hanpumep, npu Z = 0,5 (puc.3, B) U u3MeHEHHH {,, OT eAMHUIBI 1O HYJIS BpeMst

JICHCTBHS UMITYITbCA PEAKTUBHOM TATM T\, NPM KOTOPOM MpOHMKaHKe N, MaKCUMalbHO, YBEINYHBAETCS

npumepno ot 0,7 mo 1,5.

Eciu roBoputh 00 ONTUMadbHOM BpEMEHM Hauana JEHCTBUS PEaKTUBHOM TIru, TO IS

IPEJICTAaBICHHBIX HAa PUC.3 Pe3yIbTaTOB OHO MPHU BCEX 3HAUYEHUAX Z COCTABJISET MPUMEPHO OJIHY U TY XKe

Benmunny f,, = 0,25. IIpu 3T0M HEOOXOIMMO OTMETHTb, YTO 3HAYCHHST MAKCHMYMOB Ha KPHBBIX hy(T,),

COOTBETCTBYIOLIMX Pa3IM4YHbIM 3HAdeHUs M t,, OTIMYAIOTCS HE O4YeHb CyIlecTBeHHO. Tak, mpu
N3MEHEHUU frO or 0 mo 0,75 m onTUMaIbHOM BBIOOpPE MPOJIOJDKUTEILHOCTH JCHCTBUS HMITYJIbCa

PEaKTUBHOM TSrH T, pa30dpoc MaKCUMAJIbHBIX 3HAYEHUH I10JIy4aeMOro MpUpocTa NIyOUHBI IPOHUKAHUS

aexut B mpenenax 10 %. Takum o0Opa3oM, HE3aBUCHMO OT BpPEMEHM «BKIIOYEHHUS» PEAKTUBHOTO
JIBUTATENIs TP pallMOHAIbHOM BBIOOpE BPEMEHH €ro paboThl MOYKHO MOJYYUTh IPUMEPHO OJMH U TOT XK€

IPUPOCT IITyOUHBI MPOHUKAHUS.

NHTepecHo mpociieuTh 32 X0J0M KPUBBIX ﬁp (t,) ma puc.3 mpu t,, =1, 94T0 cOOTBETCTBYET HAYATY
JICHCTBHSI PEAKTUBHOW CWJIBI B MOMEHT OCTAHOBA IIeHEeTparopa. B 3ToM cilydae, HauMHas ¢ HEKOTOPOro
3HadyeHus T, (mpumepHo 0,6 mpu Z=0,1; 1,25 npu Z2=0,25 u 2,1 npu Z=0,5), npupocT IriIyOHHbBI
POHUKAHUA BOOOIIEe OTCYTCTBYyeT. OObsACHsAETCS NaHHBIA (aKkT TeM, YTO C YBEJIMYCHHEM BPEMEHHU
JNEHCTBUS PEAKTUBHOTO UMITYJbCa MPHU (PUKCHPOBAHHOW Macce PEeaKTHMBHOIO TOIUIMBA ((UKCHUPOBAHHOM
3HAYEHUH yucia Z ) yMEHbIIAeTCsd MAaCCOBBIM pacxojl ra3a [I ¥, COOTBETCTBEHHO, CUJIa PEAaKTUBHOM TATH
F,. Korma peakTuBHas cuia CTaHOBUTCS MEHBIIE INPOYHOCTHOIO (CTATHUECKOIO) CONPOTHUBICHUS
nperpajbl, MPOHUKAHUE YK€ OCTAHOBMBIIETOCS IEHETpaTopa JENAeTCsl HEBO3MOXHBIM. 3a BIUSHUEM
COOTHOIICHUSI JTHX CHJI, BBIpaKaeMoro koddduimeHtoM K,, Ha HOPUPOCT TIIYOUHBI MPOHUKAHHS

PCAKTUBHOI'O0 ICHETpPATOPAa MOXKHO MPOCICAUTH HAa OCHOBAHUU NAHHBIX, MPCACTABJICHHBIX HAa TOM XKC
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puc.3. BuaHo, uro s KpuBbIX npu o =1 3HaueHue hp pPaBHO €AMHMIE (YTO COOTBETCTBYET

OTCYTCTBHIO PUPOCTA IIIyOWHBI IIPOHHUKAHHKsI) KaK pa3 Ha ydacTkax, rae K, <1. BaxxHo Takxke OTMETHUTS,
YTO B T€X CIIy4asiX, KOTJia UMIYJIbC PEAKTUBHOM TATM HAUMHAET JIEHCTBOBATH €IlIe B MPOLIECCE IBUKEHUS

nererparopa (f,, <1), ompeneneHHbIi TPUPOCT TIIyOHHBI POHHUKaHHs gocturaercs u npu K, <1. Uro

KacaeTcs TOCTHKEHHUsS MAaKCHUMalbHOTo 3¢ ¢eKTa, To, Kak BUAHO U3 puUC.3, OHO obOecreumBaercs, Korjaa
CWJIa PEaKTHUBHOW TAru nmpumepHo B 1,5...2,0 pa3za mpeBblIaeT NPOYHOCTHYIO COCTABIISIOLIYIO CHJIBI

COIIPOTUBJICHUS.

OTMeTHM, 9YTO PEXHM PEaKTHBHOTO «xopasroHa» ¢ t,, =0 («BKIOUCHHE» PEaKTHBHOM TATH B

MOMEHT Hauajla NPOHMKAHMSA) U C BEIMYMHOM T,, cTpeMsllelcs K Hyl0 (MIHOBEHHOE COOOIIEHHE

PEaKTUBHOIO MMITYJIbCa), COOTBETCTBYET (PAKTHUECKH INPEABAPUTEIBHOMY (10 Hayajga MPOHUKAHUS B
Iperpajy) yCKOPEHMIO IIEHeTpaTopa 3a c4yeT padoThl pPEakTHUBHOIO JABHIaTess, B pe3yibTaTe 4ero
HayajbHasi CKOPOCTb B3aMMOJEMCTBHS IEHETPATOpa C MpErpanoil BO3pacTaeT, a ero Macca BCIEACTBHE
BBITOPaHUsl PEAKTUBHOI'O TOIUIMBA yMeHb1Iaercs [7]. Kak BuaHO U3 puc.3, Takoll BApUaHT UCIIOJIb30BAHUS
PEaKTUBHOIO JBUraTeisl MO JIOCTUIAEMOMY MPHUPOCTY TIIYyOMHBI NPOHUKAHUS CYILECTBEHHO YCTYHaeT
pexumam, MpH KOTOPBIX JIBUTATENb pabOTaeT HENMOCPEACTBEHHO Ha CTAAMM JBM)KEHUS IEHETpaTopa B

TPYHTOBOH IIPETpaie.

Bausinue ynciaa [{noakoBckoro

CYH_IGCTBGHHOG BJIMAHUC Ha HNPOHUKAHUC TICHETpATOpa C PCAKTUBHLBIM ABUIATCICM OKa3bIBACT

3HaueHue uncia llnonkosckoro. C ysenuuennem Z NpUPOCT TyOUHbI Tponukanus N, Bospactaet. [lpu

ONTUMAJIbHBIX BPEMEHHBIX NapaMeTpax PeakTHBHOTO MMITYJbca BenuunHa N, Bo3pacTaeT mpuMepHO Ha

40% npu Z2=0,1, va 90% npu Z2=0,25 u B 2,5 paza npu Z=0,5 (puc.3). OueBunHo, 3a cyer
I[aJIBHeﬁHIeI‘o YBCIUYCHUA 3HAYCHUA Z (TO CCTh, YBCIIMYCHUSA MACCbl PCAKTHBHOIO TOIUIMBA I10
OTHOILIEHHUIO K Macce MEHETPaTopa) MOKHO MOIYYUTh elle OONbIINK MPUPOCT TNIyOMHBI MPOHUKAHMUSL.
OpmHako 3Ta BO3MOXKHOCTh OTPaHUYMBACTCS UYPE3BBIYAWHO OONBIIMMHU TEpErpy3Kamu, KOTOPBIE
UCTIBITHIBACT MPOHUKAIONIMKA MOIYJIbh TPHU JBWKCHHUU B Tperpajae. UToObl BBIIEPKATh ICHCTBUE TAKHX
Neperpy30K, MPOHUKAIOIIUNA MOAYNb JOJDKEH HMETh BBICOKONPOYHYIO KOHCTPYKIIHMIO C JOCTATOYHO
TOJICTBIMH CTEHKaMH KOpPITyca, YTO BEAET K BO3pacTaHUI0 ero Macchl. [1oaTOMy ¢ y4eToMm ycIoBHS
oOecriedyeHUss HEOOXOAWMOW TPOYHOCTH pEAM30BaTh HA TPAKTUKE KOHCTPYKIMIO PEAKTHBHOTO
MIPOHMKAOIIEr0 MOIYJSI CO 3HAYCHUSMH uucia [[MOIKOBCKOTO, MPEBBIMIAIOIINMI HECKOIBKO IECATHIX

I[OHGﬁ CAWMHUIBI, TPCACTABIIACTCS CIIOKHBIM.
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Biansinue HAYAJIBbHOM CKOPOCTH NEHeTpaTopa

Ha puc.4 nponmtocTpupoBaHo BIUSHHUE HA TOCTUraeMblid 3(h(PeKT mpupocta riryOHHbI MPOHUKAHUS

hy

HA4yaJIbHOM CKOPOCTH pPEAaKTHMBHOIO IIEHEeTpaTopa M uucia [{MOJKOBCKOrO MpH pPa3IMnYHBIX

IMPOAOIKUTCIIBHOCTAX ,I[GI\/'ICTBI/ISI PCAKTUBHOI'O MMITYJIbCa %r H, COOTBCTCTBCHHO, PA3JIMYHBIX 3HAUCHUAX

k.. Uro kacaercst 6e3pa3MepHOTO BPEMEHH «BKIFOUCHHS» PEaKTHBHOMN TATH i, TO JUIs MpeaCTaBICHHBIX

3aBUCHMOCTEM ﬁp (t,) oo cocrasmso 0,5 mpu Vo = 1500 m/c u Vo = 1000 m/c; 0,25 mpu Vo = 500 m/c u

3alaBaJIoCh HYJEeBBIM mipu Vo = 250 m/c. [laHHBIC 3HAYECHHS BBIOMPAIMCH W3 YCIOBUSI JTOCTHIKCHHS
MaKCHUMaJIbHOTO MPUpPOCTa TIyOrHBI nMpoHuKaHus. Kak oka3anoch, ¢ yBeIMYEeHHEM HayaJlbHOW CKOPOCTH

HCKOTOPYIO BbI'OAY AACT CABUI MOMCHTA «3aIlyCKa» PCAKTUBHOI'O ABHUIATCIIA HA Ooiee MO3JHCC BpPCMA

trO' HaHpOTI/IB, npu yMCHBIICHUU HavyabHOMU CKOpPOCTH JIs1 TOJYUYCHHS MAKCHUMAJIBHO BO3MOXKHOTO

npupocta N, TpeGyercs yMeHbIlIeHHE BpPEMEHH t.o (BIUIOTH 10 HYJIEBOTO 3HAYCHHS).

h s
2.25 £ T 3.5 T T
V= 250 m/c
2 - 3
Vo= 250 m/c
1.75 -1 2.3 =
500 mic
L o 500 mic
oA 500 mic =
1000 mic 1000 mic 2 1000 m/c
1.25 = 1.5
/_\ 1500 m/c
1500 mic 1
1 1
1500 mic
0.75 ' 0.5
k k
2 - e |
1.5 - 71T Vo= 250 mic
V.=
0= 250 Mic 500 m/c
1 500 mic 1T 1000 mic |
1000 mic
0.5 - 0.5 - 1500 mic
1500 mic
Tr ff‘ f]’
0 ! ! ! 0 ! ! ! 0 | | |
0 1 3 4 0 1 2 3 4 0 1 2 3 4
a ) B

Puc. 4. Bausnue na npupocm 21younvl pOHUKAHUSL U COOMHOULEHUe PeaKMUEHOU CUIbL ¢ NPOYHOCMHBIM
conpomugnenuem 2pyHmosol npecpaosl 8pemen pabomsl peakmugHo20 08ueamens npu pasiudHbIxX

HAYAIbHLIX CKOPpOCMAX neHempamopa u yuciax L{uonxoeckoeo: a—2Z = 0,1, 6 -2 = 0,25, 6-2=0,5
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Kak BumHO M3 puc.4, ¢ yBelIMYEHHEM HA4YaJbHOW CKOPOCTH MeHeTparopa 3(PQPEeKTUBHOCTH €ro

PEaKTHBHOTO «IOPa3rOHa» CYIIECTBEHHO cHmkaercs. Tak, ecnu mpu Z = 0,25 u Vo = 250 m/c rmybuny
IPOHUKAHMS PEAKTUBHOIO MEHETpaTopa IpU HaJAJeXkalleM BbIOOpE HmapaMeTpa T, MOXKHO YBEJIUYUThH

Oonee, 4yeM B TpHW pa3a, TO MpH HavyambHOW ckopocTH 1500 M/c M TOM XK€ KOJIMYECTBE PEAKTHBHOTO

TOTUIMBA (TOM K€ 3Ha4eHUU Z ) MAaKCUMAIbHO BO3MOKHBIM MPHPOCT hp He npesbimaet 40 % (puc.4, 6).

OueBuHO, 3aUKCUPOBAHHBIA (P(HEKT YMEHBIIEHUS OTHOCUTEIBLHOTO MPUPOCTA TITYOMHBI MPOHUKAHMS
NIEHeTpaTopa C pPEaKTUBHBIM JBHraTelieM C PpOCTOM €ro HAdalbHOM CKOPOCTH OOYCIIOBIICH
CONIPOBOKAAOIIUM 3TOT POCT CHUKCHHCEM OTHOCHUTEIBbHOMI JOJIN XUMHYECKOUI OHCPIrun CropaHus

PEAaKTUBHOTO TOIUIMBA MO CPABHEHHUIO C HAYaJIbHOW KUHETUYECKOM SHEPrUEH IIEHETPATOPA.

Branmanus 34CIIYy’KMUBACT CIIC OJUH BLIBO/, KOTOpBIfI MOXHO CIAC€JIaThb Ha OCHOBAHMHM aHaJIW3a

JAaHHBIX, MPEACTaBICHHBIX Ha puc.4. C yBEIMUYEHHEM HA4aJbHOM CKOPOCTH PEAKTHBHOIO IEHETpaTopa
ONTUMAJIbHAs. OTHOCUTEIbHAS IPOJOKUTEIIBHOCTh NEHCTBHS HMMITyJIbCAa PEAKTHMBHOM TArM T,, IpHU
KOTOPOH JIOCTUTAETCs] MAaKCUMAaJbHBIA MPUPOCT TIyOMHBI NPOHMKAHUS, CHUXKaeTcs. K CHIDKeHHIo
ONTUMAJILHOTO 3HAYEHUs T,, KAaK YK€ OTMEYaJOCh BHIIE, HOPUBOAUT M YMEHBUICHHE YHUCIIA
[unonkoBckoro. OnHAaKo HE3aBUCHUMO OT HaydajlbHOW CKOpPOCTHM YyAapHUKAa M uucia lluoikosckoro,
3HayeHUe Kod(duimenta K,, COOTBETCTBYIOIIETO ONTUMAIBHBIM PEXUMaM PEAKTHBHOTO «0pa3roHay,

OCTaeTCsl MPAKTUYECKU HEU3MEHHBIM U JISKUT B quanasoune 1,5...2,0.

BoIBOaBI

TakuM o00Opa3oM, NPOBEACHHBIE WCCIEAOBAHUS CBUACTEILCTBYIOT, YTO 3a CUET OCHAIICHUS
HCCJIE0BATENBCKOTO  MPOHMKAKOIIETO MOAYJSI HMITYJIbCHBIM  PEAKTUBHBIM  JIBUTATEIEM  MOXHO
CYIIECTBEHHO (B HECKOJBKO pa3) YBEIWYHUTh IIYOHHY €ro NMPOHHMKAHUS B MaJONPOYHYIO TPYHTOBYIO
nperpany. [Ipu 3ToM mpupocT riyOMHBI NMPOHUKAHUS ONpeAeNseTcs KOHKypeHLued ABYX (aKTOpOB,
COMPOBOXKAAIOUIUX TPOHUKAHUE TIEHETPATOpa C PEaKTUBHBIM JIBUTATENEM, — ICUCTBUEM JOTOIHUTEIBHOMN
PEaKTUBHON CHWJIBI, CHOCOOCTBYIOIICH YBETUYCHHUIO TIyOWHBI TMPOHHUKAHWSA, C OJHOM CTOPOHBI, U
CHIKEHUEM MACCHI IIEHETpaTopa B Pe3yibTaTe CrOpPaHUsl PEAKTUBHOTIO TOILIMBA, BEIYIIMM, HAPOTUB, K
YMEHBILIEHUIO TJIyOMHBl TNPOHUKAHUS, C JpYrod CTOpPOHbl. B3auMHBIM BIUSHUEM YyKa3aHHBIX
KOHKYpUPYIOIIUX (AKTOPOB TPEIOMPEACIseTCs CYIECTBOBAaHHE ONTUMAIBHBIX BpEMEHH Hadaia
JNEUCTBUSI PEAKTUBHOTO UMIYJbCA U €r0 MPOAOIKUTEIHLHOCTH, MPU KOTOPHIX B MAKCUMAJIbHOW CTENEHU
peanu3yloTcsl MOTEHUMAIbHBIE BO3MOXXHOCTH pPEAKTUBHOIO «JI0pa3roHa». BaXHO OTMETHUTh, 4TO
MaKCHUMaJbHBIA MPUPOCT TIYyOMHBI MPOHUKAHUS JOCTUTAETCSd HE TNPHU MpelBapUTEeNIbHOM (10 Hadajia
B3aMIMOJICHCTBHSL C TIperpagoi) cpabaThIBaHUU PEAKTHBHOIO JBUTATENS, a MpH ero paboTe yxke B

IpolLecce MPOHUKAHUS IIEHETpaTopa B Iperpany.
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The article presents the calculation-and-theory-based research results to examine the possibility for
using the jet thrust impulse to increase a penetration depth of high-velocity penetrator modules. Such
devices can be used for studies of Earth surface layer composition, and in the nearest future for other Solar
system bodies too. Research equipment (sensors and different instruments) is housed inside a metal body
of the penetrator with a sharpened nose that decreases drag force in soil. It was assumed, that this
penetrator is additionally equipped with the pulse jet engine, which is fired at a certain stage of penetrator

motion into target.

The penetrator is considered as a rigid body of variable mass, which is subjected to drag force and
reactive force applied at the moment the engine fires. A drag force was represented with a binomial
empirical law, and penetrator nose part was considered to be conical. The jet thrust force was supposed to
be constant during its application time. It was in accordance with assumption that mass flow and flow rate
of solid propellant combustion products were constant. The amount of propellant in the penetrator was
characterized by Tsiolkovsky number Z, which specifies the ratio between the fuel mass and the

penetrator structure mass with no fuel.

The system of equations to describe the penetrator dynamics was given in dimensionless form
using the values aligned with penetration of an equivalent inert penetrator as the time and penetration
depth scales. Penetration dynamics of penetrator represented in this form allowed to eliminate the
influence of penetrator initial mass and its cross-section diameter on the solution results. The lack of such
dependency is convenient for comparing the calculation results since they hold for penetrators of various

initial masses and cross-sections.
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To calculate the penetration a lunar regolith was taken as a soil material. Calculations were carried
out for initial velocities of interaction between the penetrator and the soil within the range of 250 and 1500
m/s with Tsiolkovsky number from 0.1 to 0.5. Obtained results show that there are optimal times when the
jet thrust engine "switches on™ and operates, thus providing a maximum increase in penetration depth.
This time optimum is due to two competitive factors associated with the reactive projectile penetration.
On the one hand, there is an additional reactive force that contributes to penetration depth increase. On the
other one, due to fuel combustion, the penetrator mass decreases, thereby leading to its reduced

penetration capability.

It was shown that a value of Tsiolkovsky number has a significant influence on the motion of
penetrator using a jet engine. With raising Z, a penetration depth increases as well. At initial velocity of
500 m/s and optimal time parameters of reactive pulse, penetration depth increases almost by 40% for
Z=0,1, 90% for Z2=0,25, and 2.5 times for Z=0,5. As initial velocity of the penetrator grows,
effectiveness of additional reactive acceleration significantly decreases. This is due to decreased relative
portion of chemical energy of rocket propellant combustion as compared to the initial kinetic energy of

penetrator with its reducing velocity.

A conclusion based on research results was drawn up that a penetrator module under examination
equipped with the pulse jet engine is an efficient facility for the significant increase of penetration depth in
low-strength soil targets. It was emphasized that the maximum increase in penetration depth was reached
when a running jet engine makes the penetrator to move in the target rather than at its prestart (before
coming in contact with the target).

Publications with keywords: high-velocity penetration, soil target, reactive impulse, penetrator
Publications with words: high-velocity penetration, soil target, reactive impulse, penetrator

References

1. Veldanov V.A., Smirnov V.E., Khavroshkin O.B. [Lunar Penetrator: Reducing Overloading and
Penetration Control]. Astronomicheskiy vestnik, 1999, vol. 33, no. 5, pp. 490-494. (English translation:
Solar System Research, 1999, vol. 33, no. 5, pp. 432-436). (in Russian)

2. Veldanov V.A., Naumov A.N. Effect of on time and operation time of gasdynamic overclocking
device]. Trudy mezhdunar. konf. *“5 Kharitonovskie tematicheskie nauchnye chteniya™ [Proc. of the
International Conference “5™ Kharitonov thematic scientific readings”]. Sarov, Publ. of VNIIEF, 2003,
pp. 499-501. (in Russian)

3. Fedorova N.A. [Penetration of impactor into soil barrier with jet thrust pulse]. Sbornik trudov
pyatoy Vserossiyskoy konferentsii molodykh uchenykh i spetsialistov ““Budushchee mashinostroeniya

http://technomag.bmstu.ru/doc/699035.html 200



http://technomag.bmstu.ru/doc/699035.html
http://technomag.bmstu.ru/en/keywords/638149/index.html
http://technomag.bmstu.ru/en/keywords/638153/index.html
http://technomag.bmstu.ru/en/keywords/638155/index.html
http://technomag.bmstu.ru/en/keywords/699033/index.html
http://technomag.bmstu.ru/en/search.html?word=высокоскоростное%20проникание
http://technomag.bmstu.ru/en/search.html?word=грунтовая%20преграда
http://technomag.bmstu.ru/en/search.html?word=реактивный%20импульс
http://technomag.bmstu.ru/en/search.html?word=пенетратор

Rossii” [Proc. of the Fifth All-Russian Conference of Young Scientists and Specialists “Future of
Mechanical Engineering of Russia”]. Moscow, Bauman MSTU, 2012, pp. 230-231. (in Russian)

4. Veldanov V.A. [The law of resistance to penetration of impactor into the soil]. Oboronnaya
tekhnika, 1995, no. 4, pp. 32-34. (in Russian)

5. Veldanov V.A., Fedorov S.V. [Soil behavior at the interface with a rigid projectile during
penetration]. Prikladnaya mekhanika i tekhnicheskaya fizika, 2005, vol. 46, no. 6, pp. 116-127. (English
translation: Journal of Applied Mechanics and Technical Physics, 2005, vol. 46, no. 6, pp. 867-875. DOI:
10.1007/s10808-005-0146-x ).

6. Nikitin N.N. Kurs teoreticheskoy mekhaniki [Course of Theoretical Mechanics]. Moscow,
Vysshaya shkola Publ., 1990. 607 p. (in Russian)

7. Fedorov S.V., Fedorova N.A. [Influence of the jet thrust impulse on depth of the research probe
penetration into planet soil]. Inzhenernyy zhurnal: nauka i innovatsii - Engineering Journal: Science and
Innovation, 2013, no. 1. Available at: http://engjournal.ru/catalog/machin/airborne/571.html , accessed
01.01.2014. (in Russian)

http://technomag.bmstu.ru/doc/699035.html 201



http://technomag.bmstu.ru/doc/699035.html
http://dx.doi.org/10.1007/s10808-005-0146-x
http://engjournal.ru/catalog/machin/airborne/571.html

