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AHOTAILUS

bakyn B. A. «BurnpoOyBanbHuii BOTHEBUH CTE€H] BUCOTHUX PIAMHHUX PAKETHUX
JIBUTYHIB Majioi Tsaru» — KBamidikaiiiiHa HaykoBa mparis Ha IIpaBax pyKOIHUCY.

Hucepramiss Ha 3700yTTS HAyKOBOTO CTYINEHs JokTopa ¢inocodii 3a
cnemianbHicTiO 134 «ABianiiiHa Ta pakeTHO-KocMiyHa TexHika» (013 — Mexaniuna
iHkeHepis). - HamioHaneHul TexHIYHUMN yHiBepcuTeT YKpainu «KuiBchbkuid
NOJIITEXHIYHUM THCTUTYT IMeHI Irops Cikopcekoroy», Kuis, 2025.

[TinroToBka 3/1KicHIOBaJIach Ha Kadeapi KocMmiuHOI iHKeHepii HarionambHOTO
TEXHIYHOT0 yHiBepcuteTy YKpainu «KuiBChbKUi MOMITEXHIYHUN IHCTUTYT iMeHI [ropst
Cikopcbkoro» MiHICTEpCTBA OCBITH 1 HAYKU Y KpaiHU.

Hucepraniiina poOoTa npucBsyeHa 3a0€3NEUYEHHIO BUIPOOYBaHb BUCOTHOI'O
PIAMHHOTO PAKETHOTO JBUTyHa Majoi TATM B YMOBax, IO IMITYIOTh KOCMIYHHA
BaKyyM.

TemaTuka JOCHIKEHHS TOB’si3aHa 3 BIJMPAIIOBAaHHSAM PIIUHHUX PAKETHUX
JNBUTYHIB Ta pPO3POOKOIO CYMDKHOIO YCTaTKyBaHHS, IO €  CKJIAJHUM,
0araToCTymmeHeBUM IMPOIIECOM, IO BKJIIOYae B ceOe pi3HI eTanu: MPOEKTYBAaHHS,
BUPOOHMIITBO, BUIPOOYBaHHS 1 cepliiHE BUTOTOBJEHHS (3a morpedu). OmaHum 13
HalBAXJIMBILIUX €TAaIIB € K pa3 BUMNPOOYBaHHS, SIKI NIATBEPAKYIOTh YU BIAIOBIIAE
BUPI0 3a8BJICHUM TEXHIYHUM 1 (YHKIIIOHATLHUM XapakTepucTukaM. BunpoOyBaHHS €
BUPIIIAJILHUM €TaroM, OCKIJIbKM caM€ Ha I[bOMY €Tarll OI[IHIOEThCS Mpare31aTHICTh
PIAMHHUX PAKETHUX JIBUTYHIB B PI3HUX yMOBaX, a TaKOX iX HAJINWHICTH 1 Oe3meka.
Cepen BeNMKOI KIUIBKOCTI JOCHIDKCHB, SIKI HEOOXITHO IIPOBECTH, IOYHMHAIOUN 3
BUNPOOYBAHb arperaTiB ABUTYHA YA OKPEMUX €JIEMEHTIB, 3aKIHUYIOUM MOBHOLIHHUM
pPaKeTHUM JBUTYHOM, KJIIOYOBY pOJb BIAITpaloTh BOTHEBI BUNPOOYBaHHS, IO
NPOBOJATBCA SIK Yy aTMOC(epHHUX YMOBaX, Tak 1 3 IMITAIll€l0 MaKCUMAaJbHO
HAOJMKEHUX /10 PealIbHUX KOCMIYHUX YMOB €KCIUTyaTallli JBUTYHA.

ImiTaiist yMOB KOCMOCY, 30KpeMa BaKyyMy, JO3BOJISIE TEPEBIPUTH POOOTY
PAKETHOTO JBUTYHA Yy CEPEJIOBHINI, IO CYTTEBO BIAPI3HAIOTHCS BiJ HapameTpiB

atMocdepu Ha moBepxHi 3emii. [le 3a0e3neuye BUSBICHHS MOTEHIIMHUX HEIOJIKIB



KOHCTPYKIIIl IlI€ Ha eTami BIAMpAIFOBaHHS, 10 3HUXKYE PU3UK BIAMOBH MijJ 4ac
peanbHOro BUKOpHUCTaHHSA. Kpim TOro, BUMpoOyBaHHS CHPHUSIOTH BIOCKOHAJICHHIO
TEXHOJOTIYHUX TPOIECIB, ONTHMi3allii KOHCTPYKTUBHHMX pIIICHb 1 MiABUIICHHIO
3arajbHOi €(EeKTUBHOCTI JBUTYHA. TakuM YMHOM, BOTHEBI BUIPOOYBaHHS €
dbyHIaMEHTaIbHUM €TarloM Y TPOIECi CTBOPEHHS P1IMHHOTO PAKETHOTO JIBUTYHA, L0
3a0e3Mevye JOCATHEHHS CTaHAApTIB SAKOCTI Ta HAJIHOCTI BUPOOY.

Metow auceprauiiiHoi po0oTH € po3poOKa BOTHEBOrO0 BUIPOOYBAIBLHOTO
CTEHJY JJIS MIATBEPHKEHHS MPale3JaTHOCTI BUCOTHUX PIIMHHUX PAKETHUX JBUTYHIB
y HaOMKEHMX eKCIUTyaTalllHMX YMOBaX Ta MOro 3aKiaJieHuX MPOEKTHUX
napameTpiB.

JInst JOCSTHEHHS TMOCTaBJICHOI METH HEOOXITHO BUPIIIUTH HU3KY HAyKOBO-
TEXHIYHUX 3a/1a4:

—  IPOBECTHU aHaJI3 BOPOBAKEHHS I BAKOPUCTAHHS ICHYIOUUX KOHCTPYKIII
BUMPOOYBAJILHUX CTEH[IB PIAMHHUX PAKETHUX JIBUTYHIB, METOJIB CTBOPEHHS
CepelloBHUIlla, IO IMITY€ BaKyyMm, a TaKOXX aHali3 BUKOPUCTaHHS aJUTUBHHUX
TEXHOJIOT1 B paKETHO-KOCMIUHIN rany3i;

—  pO3pOOMTH MOJIENb TEPMO-Ta30MHAMIYHMX IPOIECIB CIUIBHOI poOOTH
PIAMHHOTO PAKETHOT'O JBUTYHA Ta ra30-€KEKTOPHOI YCTAHOBKH MiJ Yac MPOBEICHHS
BOTHEBUX BUIIPOOYBaHb;

—  po3poOUTH  CTPYKTYpPHY  MHEBMOTIAIPABIiYHYy CXEMy  BOTHEBOIO
BUIIPOOYBAJILHOTO CTEHy Ta IIUKJIOrpaMy Horo podoTu;

—  CIOPOEKTYBaTH CUCTEMHI €IEMEHTH  KOHCTPYKIli ~ BOTHEBOTO
BUMPOOYBAJILHOTO CTEHAY, B TOMY YHCIIl, 3 BUKOPUCTAHHSIM aJIUTUBHOI TEXHOJIOTi
BUTOTOBJICHHS,

—  JIOCHIIATH BiOpalliiHe HaBaHTAXXEHHsI, 110 CTBOPIOETHCS B HACIIIOK
poOOTH PIAMHHOTO PAKETHOTO JIBUTYHA Ta T'a30-€KEKTOPHOI YCTAaHOBKH;

—  pO3poOMTH TMpaKTUYHI PEKOMEHJAIll W00 3aXHCTy €JIEMEHTIB
CTEH/JI0BOr0 OOJIaJHAHHS, & TAKOXX PAKETHOTO JABUIYHA, 110 BUIPOOOBYETHCS, Bij

BiOpaliif Ta aKyCTUYHOTO IIyMY, 1110 BUHUKAIOTH Ii]] 4aCc BUIPOOYBAaHb.



006’exTOM T0CJIIZKEHHS € TPOIIeC BOTHEBUX BUMIPOOYBaHb BUCOTHUX PIAMHHUX
PaKEeTHHUX JBUTYHIB MaJIOi TATH.

IIpenmeromM AoCaiIKeHHSI € €KCIEPUMEHTATBHUNA CTEHA AJI BUIPOOYBaHHS
BUCOTHHX PIIMHHUX PAKETHUX JIBUTYHIB MajIol TATH 3 IMITAIlI€I0 YMOB BaKyyMy.

Y Berymi  3aiificHeHO OOTpyHTYBaHHS BHOOpPY TEeMH AHCEPTALITHOTO
JOCTIPKEHHS, aKIIEHTOBAHO yBary Ha il akTyaJbHOCTI y KOHTEKCTI Cy4YacHOTO
PO3BUTKY PpPAKETHO-KOCMIYHOI TEXHIKM. BH3HauyeHO OCHOBHY MeETy po0OOTH,
chOpMyIBbOBAaHO 3aBJAaHHS, W1IO0 NOTPEOYIOTh BHPIMIEHHA MJI JIOCATHEHHS
noctaBiieHUX ied. OKpecieHO 3B’SI30K JTOCIHIKEHHS 13 TOTOYHUMH HayKOBUMH Ta
OPAaKTUYHUMU Tporpamamu, 30Kpema y cdepl KOCMIYHMX TEXHOJIOTIH. 3a3Ha4yeHO
HayKOBY HOBHU3HY PE3yJIbTaTIB, 1[0 BKIIIOYAE PO3POOKY HOBUX MI1JXO/IIB 10 CTBOPEHHS
Ta BUIPOOYBaHHS BUCOTHMX PIJUHHUX PAKETHUX JBUTYHIB, @ TAaKOX OKPECIEHO
OpaKTHYHY 3HAYMMICTh OTPHUMAaHMX JI@HUX JUIS BIOCKOHAJEHHS 1CHYIOYHX
KOHCTPYKIUiH 1 TeXxHOJ0r1i. OcoOaMBY yBary NpHAUIEHO BHECKY aBTOPA, IKUH MOJISITaB
y 6e3nocepeTHOMY BUKOHaHH1 €KCIIEPUMEHTATBHUX JOCIIKEHB, pO3p00IIl MOIeei
Ta aHadi31 OTPUMAHUX PE3YJIbTATIB.

Y nepumoMy Ppo3aiii po3MNIIHYTO KOHCTPYKTHMBHI OCOOJTMBOCTI PITUHHUX
paKeTHUX JIBUTYHIB, BKJIIOYAlOUM KJIacH(IKAIIl0 IX OCHOBHHMX €JIEMEHTIB Ta
NPUHIUIIB poOoTH. OnKcaHi pi3HI TUIH BUIPOOYBAIIBHUX CTEH/IB, X KOHCTPYKTUBHI
0COOJIMBOCTI Ta PYHKITIOHAIBHI MOMJIMBOCTI, IepeBaru Ta Hepoiiku. OcoOauBy yBary
NPUIIJICHO aHaJl3y BUMPOOYBaJbHUX CTEHJIB, 110 BUKOPUCTOBYIOTHCS ISl BOTHEBUX
BUNPOOYBAHb PIIMHHUX PAKETHHUX JIBUTYHIB. 3a3HAUEHO, 10 peai3ailisi TAKUX CTCH/IIB
€ CKJIQJIHUM TEXHOJIOTTYHUM IIPOLIECOM, KM BHUMarae 3Ha4YHHX pPECypcCiB, TOUHOTO
JOTPUMAHHS TEXHIYHUX BUMOI Ta BUCOKOI'O PiBHS MIATOTOBKUA. ONMCAHO Pi3HI TUIU
BUMPOOYBAJILHUX CTEHJIB, iX KOHCTPYKTHBHI OCOOJMBOCTI Ta (YHKITIOHAIbHI
MOXIUBOCTI. [Topsia 3 UM, JOCHTIIKEH1 CUCTEMH, 1110 3a0€3MeUyI0Th CTBOPEHHS YMOB,
110 IMITYIOTh BaKyyM, BKJIFOUAIOUU T'a30-€KEKTOPHI YCTAHOBKH, BAKYYMHI HACOCH Ta
razonuHaMiyHi Tpyou. HaBeneno anamiz ix e(eKTHMBHOCTI Ta BIUIMBY HAa TOYHICTb

OTPUMAaHUX PE3yJIbTaTIB.



OxkpeMy yBary npuaijieHO BUKOPUCTAHHIO aJUTUBHUX TEXHOJIOT1H, K aKTUBHO
BIIPOBAKYIOTHCS B PAKETHO-KOCMIYHIH ramy3i. PO3risiHyTo iX 3acTOCYyBaHHS HE JUIIIE
y BUPOOHUIITBI JA€Taieil Uid PIAMHHOTO PAKETHOTO JIBUTYHA, aji¢ i y BUTOTOBJICHI
€JIEMEHTIB BUINPOOYBalbHUX CTeHAIB. [IpoaHanizoBaHo miepeBaru aJWTUBHHUX
TEXHOJOTIM, cepel SKHUX MOMJIMBICTh IIBHJIKOTO MPOTOTUITYBAHHS, 3HUKCHHS
MaTepiaTbHUX BUTPAT, MiABUIIICHHS TOYHOCTI BUPOOIB Ta CIIPOIIEHHS TEXHOJIOTTYHOTO
npoiiecy. ONMCcaHO MEPCINEeKTUBU 3aCTOCYBAHHS I[MX TEXHOJIOTIA HJii CTBOPEHHS
CKJIJIHUX KOMIIOHEHTIB, 30KpeMa THX, 5Kl BaXXKO a00 HEMOXKJIMBO BHUTOTOBUTH
TpaJUIIMHUMU MeToJaMH. BUCBITIEHO TMNPUKIAIU YCHIIMIHOTO BUKOPUCTAHHSA
aJUTUBHUX METOJIB Yy CTBOPEHHI €JIEMEHTIB BUMPOOYBAJIBHUX CTEHJIB, 10 3HAYHO
CKOpPOYY€ Yac MiJrOTOBKHU JI0 €KCIIEPUMEHTIB Ta 3a0e3leuye BUCOKY HaJIMHICTH 1
TOYHICTh BUMIPIOBAHb.

Y apyromy po3aijii  gucepTaliifHOro JOCHIKEHHS OINUCAHUN MpOoIec
MOJICTIIOBaHHSI TEPMOTA30JUHAMIYHUX SIBUII, 3 BUKOPHUCTAHHSIM YHCEIbHUX PIIICHb
piBHsHb HaB’e Ctokca, 10 CyNpOBOIKYIOTH BUIPOOYBAHHS PITUHHOTO PAKETHOTO
JBUTYHA Majioi TSATW Ha BUIPOOYBAILHOMY BOTHEBOMY CTEHII, 3 TPaHUYHUMH
yMOBaMH, SIKl BIJMOBIAAIOTh peaTbHUM OOMEXKEHHSM POOOTH BHUCOTHUX PaKETHUX
JBUTYHIB. ¥ 1IbOMY KOHTEKCTI HaBEAEHO TEXHIYHI XapaKTEPUCTUKU BUIIPOOYBAHOTO
JBUTYHA, BKJIIOYAIOUHM KIIFOUOBI MAPAMETPH, TaK1 AK: TAra, TUTOMHUM IMITYJIbC 1 poOoUi
teMmneparypHi pexumu. OnmcaHo (i3uyHi Ta MareMaTH4HI MoOJEN, SKi
BUKOPHUCTOBYBAJIUCH 7151 (hopMarizaliii 3aaaqi.

3HauHy yBary mpujiieHo Bepudikaiii Mojen Ta peadbHUX BHUIPOOYBaHb
PIAMHHOTO PAKETHOTO JBUTYHA, 30KpEMa MUISIXOM IMOPIBHSIHHSI PE3yJIbTAaTiB 00UUCIICHB
3 EKCIEpUMEHTAJbHUMU JAHUMH, 10 OyJau OTpUMaHi MiJ Yac MPOBEACHHS
BUIIPOOYBaHb PIIMHHOTO ABUTYHA Ta ra30-€KEKTOpHOI ycTaHOBKH. [lokaszaHo, mio
MOJICJIFOBaHHS JI03BOJISI€ 3 BUCOKOIO TOYHICTIO MMPOTHO3YBATH OCHOBHI MPOLIECH, TaKi
SK: PO3MOJUIT TeMIepaTypu, THCKY Ta IIBUAKOCTI MOTOKIB Ta3iB Ta PIOUH Yy
BUMIPOOYyBalibHIA ycTaHOBLI. Lle miATBEpAKye KOPEKTHICTh OOpaHOi METOIUKHU

MOJICTIOBaHHS Ta il MPUIATHICTH JJIsI ONITUMI3AIlli MapaMeTpiB BUIPOOYBaHb.



Y TperboMy po3aiiai aucepraniiHoi poOOTH OMMCAHO MPOILIEC CTBOPEHHS
BaKyyMHOI'O CTEHJly JJii MPOBEJEHHS BUMPOOYBaHb PIAMHHUX PAKETHUX JIBUTYHIB
MaJioi TATH B YMOBaX, MaKCUMaJIbHO HAaOIMKEHUX 10 KOCMIYHOTO BakyyMmy. YBary
NPUIIJICHO TMOETANHIA po3poOIll Ta BUTOTOBJICHHIO BUIIPOOYBaJbHOTO CTEH]Y, IO
BKJIIOYA€E MPOEKTYBAHHSA, BUPOOHUIITBO Ta TeCTyBaHHs. P0o3po0iieHo Ta mpeicTaBiIeHo
THEBMOTIIPABIIYHY CXeMy CTeHAy. PO3IIsSHYTO OCHOBHI HapaMeTpH 3amipiB, IO
MPOBOJIATHCA 1] Yac €KCIIEPUMEHTIB, BKIIFOUAI0YH KOHTPOJIb pOOOUYNX XapaKTEPUCTUK
CTeH]ly Ta PIAMHHOTO paKeTHOTo ABUTYHA. HaBemeHo mukiorpaMy poOOTH CTEHIY, B
K1 OMUCAHO aJrOPUTM BUKOHAHHS KOMaHJ, MOCIIOBHICTh 3aIlyCKY, BIJKIIOYEHHS
Ta B3a€EMOJIII0 MK cHcTeMaMu cTeHAy. LlukinorpamMu pobOTH € yHIKaJIbHUMU, TaK 5K
CTBOPIOIOTHCSI OKPEMO Mij JBUTYH, IO BUIPOOOBYETHCSA, 3 METOI 3a0€3MEeUCHHS
OCHOBHHX po0oumnx napameTtpis. [IpuaiieHo yBary po3po0iii OCHOBHUX CUCTEM Io1aui
KOMIIOHEHTIB TaJNBa, iX KOHCTPYKTUBHUM OCOOJIUBOCTSIM Ta METOJIaM pearizallii, 1o
3a0€e3M1e4yoTh CTa0lIbHY Ta €(PEKTUBHY pOOOTY ABUTYHA IiJ Yac BUIPOOYBaHb.

Y d4erBepTOoMy pO3AiJi ONMHUCAaHO MPOLIEC EKCIEPHUMEHTANIbHOI PO3POOKU Ta
BUTOTOBJICHHS Ta30-€KEKTOPHOI YCTAaHOBKH, SKa € KIIOYOBHM KOMIIOHEHTOM Jist
CTBOPEHHSI YMOB, IO IMITYIOTh BakyyM. OTIMCaHO MOETAMHICTh MPOEKTYBaHHSA, SKa
Oa3yBanacsi Ha IHTerpauli Cy4yaCHUX IHXKEHEpPHUX MIAXOMIB, 30KpeMa BUKOPUCTAHHS
YUCEIBHOTO MOJICJIIOBAHHS IJIs1 ONITUMI3alli KOHCTpYyKLii. HaBeieHo OCHOBHI TEXHIYHI
XapaKTEPUCTUKH I'a30-€KEKTOPHOI YCTAHOBKHU. Y PO3/1JI1 TAKOXK OMMUCAHO LIUKIOTpaMu
poOOTH YCTaHOBKH, 5IK1 B1IOOpa)KarOTh MOCTIAOBHICTS ii 3aMyCKy, (DYHKIIIOHYBaHHS Ta
3aBEpIIICHHS BUMPOOYBaHb, Ta € YHIKAIBHUMH TaK SIK CTBOPIOIOTHCS OKPEMO ITiJT Ta30-
€KEKTOPHY YCTaHOBKY.

OcoOnuBHii akIEHT 3po0JIEHO Ha 3aCTOCYBaHHI AAWTHUBHUX TEXHOJIOTIH Y
Mpolleci BUTOTOBJICHHS OKPEMUX €JIEMEHTIB BUpOOy. 30kpema, BuUKopucTaHHs 3D-
JIPYKY JTO3BOJIMJIO CYTTE€BO CKOPOTUTH Yac BUTOTOBJICHHS, 3HU3UTH BUTPATH HA
BUPOOHUIITBO Ta 3a0€3MEUUTH BUCOKY TOUHICTD JeTajel CKIIaHOT TeOMETPii.

Y m’aromy po3giii BUKOHAHO aHali3 BIOpaliMHUX HaBaHTaXXEHb, MIO
BUHUKAIOTH I11J1 Yac poOOTH BUIIPOOYBaIBLHOTO KOMIUIEKCY. Po3risiHyTo npupoay ta

MEXaHI3MH YTBOPEHHs BiOpalliil y pe3yiapTaTi TepMOra3oAHMHAMIUYHUX IPOIIECIB Y



KaMmepl 3rOopsHHS PIAMHHOTO PAKETHOTO JBUTYHA, a TaKOX Yy TIa30-eKEKTOPHIM
YCTaHOBIIl CTEHJY, 110 1MiTye BakyyM. L{i BiOpallii BIUIMBalOTh Ha KOHCTPYKTUBHUMN
pecypc Ta BUKJIMKAIOTh MOUIKOKEHHS BUpoOy. BKoHAaHO aHami3 OTpUMaHMX JIaHUX 3
OCbOBHX 1 TNOMEPEYHUX JATUUKIB BIOPOMPHUCKOPEHb, BCTAHOBIEHUX HA KIIOYOBHX
eJIEeMEHTaX CHCTeMU. BU3HAUEHO IHTEHCUBHICTh 1 YAaCTOTHUU CIEKTp BiOpaliitHux
BIUIMBIB, fKI 30aTHI CHPUYUHHUTH TIOMIKOJDKEHHS KOHCTPYKTUBHUX €JIEMEHTIB
PIIMHHOTO PAKETHOTO JABUTYHA Ta CTEHIY. Y poOOTI HaBeI€HO MPUKIIAAN PyHHYBaHb,
COPUYMHEHUX BiOpalIiHUMHU HaBAaHTAXKEHHSAMHU, IO HIATBEPIXKYE HEOOXITHICTh
po3po0KH €(PEeKTUBHUX CHCTEM BIOpO3axXWCTy. 3HANIEHO aHATITUYHE PIMICHHS Ta
3alPONOHOBAHO PEKOMEHIAIIHI METOAMKHU JJI1 3MEHIICHHS BIUIUBY BIOparliil, siKi
BKJIFOYAIOTh BUKOPHUCTAHHS AeMII(yBaJbHUX MaTepialiB, ONTUMI3allil0 KOHCTPYKIIIi Ta
IHTErpallio BIOPO3aXHUCHUX CUCTEM Y BUIIPOOYBaJIbHUN KOMILIEKC.

HaykoBa HOBH3HA PO0OOTH MOJIATA€ Y HACTYITHOMY:

- YJIOCKOHAJIEHO METOA0JIOTTYHUHN MIX 1T bie} MPOEKTYBAHHS
BUIIPOOYBAJILHOTO BOTHSAHOI'O CTE€HAY BUCOTHUX PIIUHHUX PAKETHUX JBUTYHIB Majoi
TATH, IIJIIXOM MOETHAHHS METOJIIB TBEPAOTUILHOTO MOJIEITIOBAHHS, A OTPUMAaHHS
BXIJTHUX JIaHUX TPOIECY Ta MPOBEACHHS TEPMO-Ta30JIMHAMIYHUX PO3PAXYyHKIB 3
BUKOPHUCTAHHSAM YMCENBHUX pillieHb piBHAHb HaB’e-CTokca 3 TpaHUYHUMHU YMOBaMH,
110 BIAMOBIAAIOTE OOMEXEHHSIM POOOTH BHUCOTHOTO JBUTYHA Ta Ta30-€KEKTOPHOI
YCTaHOBKH;

- YIAOCKOHAJIEHO  TpaAWIliAHMM TiaXig A0  peami3aiii  eJIeMEeHTIB
BUMPOOYBALHUX BOTHSHUX CTCH/IB BUCOTHUX PIJIMHHUX PAKETHUX IBUTYHIB, 3a
paxyHOK BIPOBA/KCHHsSI aJWTUBHUX TEXHOJIOTIH BUPOOHMIITBA, IO JI03BOJISE
dbopMyBaTH €JIEeMEHTH Ta30MOBITPSIHOTO TPAKTY Ta MAJUBHUX CHUCTEM CTEHAY, Kl €
HEAOCSKHUMH I TPAIUIIITHIX METO1B BUTOTOBJICHHS, 3 OJTHOYACHUM 3MEHIICHHSAM
yacy BUPOOHMIITBA, BAPTOCTI Ta Bary;

- BIIepIIe PO3pO0JEHO BUNPOOYBAIBHUIM BOTHSHUN CTEHH ISl BUCOTHUX
pIAMHHUX pakeTHUX ABUTYHIB TAroo Big 180 H mo 220 H, B ocHOBI sKOT0 3aKiiajieHa

ChijlbHa po0OTa Ta30-eKEKTOPHOI YCTAaHOBKM Ta JBUTYHa, W10 3abe3nevye



pO3pIDKEHHsT  poOOYOoro  cepefoBWIlla Ha  3pi3l  comula  JBUTyHAa  Ha
piBHI 70 3.5 MM. pT. CT.

IIpakTHYHe 3HAYEHHSI OTPUMAHUX Pe3yJIbTATIB MOJISTa€ Yy HACTYITHOMY:

- pPO3pOOJICHO MPAKTUYHI PEeKOMEHAIlli MO0 1HXEHEPHOIO CTBOPEHHS
YCTAaHOBKHU, IO CTBOPIOE CEPEHOBHINE, SKE IMITyE BaKyyM, BKIIOYalOUH B cebe
SJIEMEHTH, 1[0 BUTOTOBJICHI aINTUBHIMHU METOIaMU;

- PO3pO0JIEHO MOAEIh TEPMOTa30IMHAMIYHUX TPOIIECIB CIUIBHOI poOOTH
BHCOTHOTO PIIMHHOTO PAaKETHOTO ABUTYHA Ta Ta30-CKEKTOPHOT YCTAaHOBKH;

- pO3pO0JIEHO CTPYKTYpy MW CKjiaa BUIPOOYBaIbHOTO CTEHIY IS
MIPOBE/ICHHSI BOTHEBUX BUIIPOOYBaHb BUCOTHUX PIIMHHUX PAKETHUX JIBUTYHIB Majoi
TATH;

- pO3pO0JEHO Ta EKCHEPUMEHTAIBHO BHUIMPOOYBAHO  KOHCTPYKIIIIO
ra30-eXEKTOPHOI YCTAaHOBKH BUIIPOOYBAILHOTO CTEHAY, L0 3a0e3Medye MomnepeaHe
pO3plIKEHHS podouoro 00’emy 110 40 MM. pT. CT.;

- pO3pO0IIeH] i MPAKTUYHO peai3oBaHl BUMIPIOBAIBHI CHCTEMH KOHTPOJIIO
TEXHIYHUX MTapaMeTpiB MiJ] 4ac MPOBEACHHS BOTHEBUX BUIPOOYBaHb;

- pO3pO0JICHO  PEKOMEHJAIIHHY METOAWKY  BiOpaIiifHOTO  3aXHUCTy
PIAMHHOTO PAKETHOTO JIBUTYHA Ta ra30-eKEKTOPHOI YCTAaHOBKH.

OcHOBHI HaykoBi pe3yabTaTH JucepTaliiiHOi poOOTH omyOJikOoBaHO y 7
HAyKOBUX MparlsixX, 30kpemMa y 4 HayKOBUX CTATTsIX, 3 AKMX | CTaTTIO OMyOJIKOBAHO Y
BUJIaHHI, BKJIIOYEHOMY JI0 TIEpesliKy HAayKOBMX (axoBUX BHJIaHb YKpaiHU 3
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ANNOTATION

Bakun V. A. “Test fire stand of high-altitude liquid rocket engines of low thrust”
— Qualification scientific work in the form of a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 134 “Aviation
and rocket and space technology” (013 — Mechanical engineering). - National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv,
2025.

The dissertation research was carried out at the Department of Space
Engineering of the National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute” of the Ministry of Education and Science of Ukraine.

The dissertation work is devoted to ensuring the testing of a high-altitude liquid
rocket engine of low thrust in conditions simulating space vacuum.

The research topic is related to the development of liquid rocket engines and the
development of related equipment, which i1s a complex, multi-stage process that
includes various stages: design, production, testing and serial production (if necessary).
One of the most important stages is precisely the tests that confirm whether the product
meets the declared technical and functional characteristics. Testing is a crucial stage,
since it is at this stage that the performance of liquid rocket engines in various
conditions is assessed, as well as their reliability and safety. Among the large number
of studies that need to be conducted, from the tests of engine units or individual
elements to the a full-fledged rocket engine, fire tests, which are carried out both in
atmospheric conditions and with simulation of the most realistic space operating
conditions of the engine, play a key role. Imitation of space conditions, vacuum in
particular, allows to check the operation of a rocket engine in an environment that
significantly differs from the parameters of the atmosphere on the Earth's surface. This
ensures the identification of potential design flaws at the development stage, which
reduces the risk of failure during actual use. In addition, tests contribute to the
improvement of technological processes, optimization of design solutions and

increasing the overall efficiency of the engine. Thus, fire tests are a fundamental stage



in the process of creating a liquid rocket engine, which helps to ensure the achievement
of product quality and reliability standards.

The purpose of the dissertation is to develop a fire test stand to confirm the
operability of high-altitude liquid rocket engines in approximate operating conditions
and to substantiate established design parameters.

To achieve this goal, it is necessary to solve a number of scientific and technical
problems:

— conduct an analysis of the implementation and use of existing designs and
methods of operation of test stands for liquid rocket engines, methods of creating an
environment that simulates vacuum, as well as an analysis of the use of additive
technologies in the rocket and space industry;

— develop a mathematical model for modeling the thermo-gasodynamic
processes of the joint operation of a liquid rocket engine and a gas ejector installation
during fire tests;

— develop a structural pneumohydraulic diagram of a fire test stand and a cycle
diagram of its operation;

— design system elements of the fire test stand, including using additive
manufacturing technology;

— investigate the vibration load created as a result of the operation of a liquid
rocket engine and a gas ejector installation;

— develop practical recommendations for protecting elements of the stand
equipment, as well as the engine under test, from vibrations and acoustic noise arising
during tests.

The object of the study is the process of fire tests of low-thrust high-altitude
liquid rocket engines.

The subject of the study is an experimental stand for testing high-altitude low-
thrust liquid rocket engines with simulated vacuum conditions.

The introduction provides a justification for the choice of the topic of the
dissertation research, emphasizing its relevance in the context of the modern

development of rocket and space technology. The main goal of the work is determined,
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the tasks that need to be solved to achieve the set goals are formulated. The connection
of the research with current scientific and practical programs is outlined, in particular
in the field of space technologies. The scientific novelty of the results is noted, which
includes the development of new approaches to the creation and testing of liquid rocket
engines, and the practical significance of the obtained data for improving existing
designs and technologies is also outlined. Special attention is paid to the author's
contribution, which consisted in the direct implementation of experimental research,
the development of models and the analysis of the results obtained.

The first section considers the design features of liquid rocket engines,
including the classification of their main elements and principles of operation. Various
types of test stands, their design features and functional capabilities are described.
Special attention is paid to the analysis of test stands used for fire tests of liquid rocket
engines. It is noted that the implementation of such stands is a complex technological
process that requires significant resources, precise compliance with technical
requirements and a high level of training. Various types of test stands, their design
features and functional capabilities are described. Along with this, systems that ensure
the creation of conditions that simulate vacuum, including gas-ejector installations,
vacuum pumps and gas-dynamic tubes, are studied. An analysis of their effectiveness
and impact on the accuracy of the results obtained is presented.

Special attention is paid to additive technologies, which are actively
implemented in the rocket and space industry. Their application is considered not only
in the production of parts for liquid rocket engines, but also in the manufacture of test
stand elements. The advantages of additive technologies are analyzed, including the
possibility of rapid prototyping, reducing material costs, increasing product accuracy
and simplifying the technological process. Examples of the successful use of additive
methods in the creation of test bench elements are highlighted, which significantly
reduces the time for preparing for experiments and ensures high reliability and
accuracy of measurements.

The second section of the dissertation study analyzes in detail the process of

mathematical modeling of thermogasodynamic phenomena accompanying the testing
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of a low-thrust liquid rocket engine on a test fire stand, with conditions simulating
vacuum. In this context, the technical characteristics of the tested engine are given,
including key parameters such as: thrust, specific impulse and operating temperature
regimes. The physical and mathematical models used to formalize the problem are
described, as well as the initial and boundary conditions that took into account the
specifics of the test environment.

Considerable attention is paid to the verification of the mathematical model, in
particular by comparing the results of calculations with experimental data obtained
during the tests of the liquid engine and the gas-ejector installation. It is shown that
modeling allows to predict with high accuracy the main processes, such as: the
distribution of temperature, pressure and velocity of gas and liquid flows in the test
facility. This confirms the correctness of the chosen modeling method and its suitability
for optimizing test parameters.

The third section of the dissertation describes the process of creating a vacuum
stand for testing low-thrust liquid rocket engines in conditions as close as possible to
space vacuum. Attention is paid to the phased development and manufacture of the test
stand, which includes design, production and testing. A pneumohydraulic scheme of
the stand is developed and presented. The main parameters of measurements carried
out during the experiments are considered, including monitoring the operating
characteristics of the stand and the liquid rocket engine. The stand operation cycle is
presented, which describes the command execution algorithm, the sequence of start-
up, shutdown, and interaction between the stand systems. Attention is paid to the
development of the main fuel component supply systems, their design features, and
implementation methods that ensure stable and efficient engine operation during
testing.

The fourth section describes the process of experimental development and
manufacturing of a gas-ejector installation, which is a key component for creating
conditions that simulate vacuum. The design methodology is described, which was
based on the integration of modern engineering approaches, in particular, the use of

numerical modeling to optimize the design. The main technical characteristics of the
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gas-ejector installation are presented. The section also describes the plant operation
cycle diagrams, which reflect the sequence of its start-up, operation, and completion of
tests.

Special emphasis is placed on the use of additive technologies in the process of
manufacturing individual product elements. In particular, the use of 3D printing has
significantly reduced manufacturing time, reduced production costs and ensured high
accuracy of parts with complex geometry.

In the fifth section, an analysis of vibration loads arising during the operation
of the test complex is performed. The nature and mechanisms of vibration generation
as a result of thermo-gasodynamic processes in the combustion chamber of a liquid
rocket engine, as well as in the gas-ejector installation of the stand simulating a
vacuum, are considered. The data obtained from axial and transverse vibration
acceleration sensors installed on key elements of the system are analyzed. The intensity
and frequency spectrum of vibration effects that can cause damage to structural
elements of a liquid rocket engine and stand are determined. The paper provides
examples of damage caused by vibration loads, which confirms the need to develop
effective vibration protection systems. Recommended methods for reducing the impact
of vibrations were proposed, which include the use of damping materials, design
optimization and integration of vibration protection systems into the test complex.

The scientific novelty of the work consists in the following:

— the methodological approach to the design of a test fire stand for low-thrust
liquid rocket engines has been improved by combining solid-state modeling methods
to obtain input data for the process, and conducting thermo-gasodynamic calculations
using numerical Navier-Stokes solutions, with boundary conditions that correspond to
the operating limitations of high-altitude engines and gas-ejector installations;

— the traditional approach to the implementation of elements of test fire stands
for high-altitude liquid rocket engines has been improved by introducing additive
manufacturing technologies, which allows the formation of elements of the gas-air tract
and fuel systems of the stand that are unattainable for traditional manufacturing

methods, while simultaneously reducing production time, cost and weight;
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— for the first time, a fire test stand was developed for high-altitude liquid rocket
engines with thrust from 180 N to 220 N, which is based on the joint operation of the
gas ejector installation and the engine, which ensures the rarefaction of the working
medium at the engine nozzle section at a level of up to 3.5 mm Hg.

The practical significance of the results obtained is as follows:

— practical recommendations have been developed for the engineering creation
of a facility that creates an environment that simulates vacuum, including elements
manufactured by additive methods;

— a mathematical model of the joint operation of a high-altitude liquid rocket
engine and a gas ejector installation has been developed;

— the structure and composition of a test stand for conducting fire tests of low-
thrust liquid rocket engines has been developed;

— the design of the gas ejector installation of the test stand has been developed
and experimentally tested;

— measuring systems for monitoring technical parameters during fire tests have
been developed and practically implemented;

— arecommended method for vibration protection of a liquid rocket engine and
a gas ejector installation has been developed.

The main scientific results of the dissertation work were published in 7 scientific
works, in particular in 4 scientific articles, of which 1 article was published in a journal
included in the list of scientific professional journals of Ukraine with the assignment
of category "A", and 3 articles were published in professional journals included in the
list of scientific professional publications of Ukraine with the assignment of category
"B", and in 3 materials of scientific conferences.

Keywords: liquid rocket engine, fire stand, dynamic bench, gas dynamic tube,
additive technologies, additive synthesis, structural materials, part resource, damage,
simulation model, dynamic model, dynamic mathematical model, analytical solution,

vibration protection.
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BCTYII

AKTYyaJbHICTDb J0C/iIKeHHs. PakeTHO-KOCMIUHA raity3b, 0COOIUBO CTOCOBHO
MIPOEKTYBAHHS 1 CTBOPEHHS pIAUMHHUX pakeTHuX ABuryHiB (PPJl) kocmiunOro
NPU3HAYCHHS, XapPaKTEPU3Y€TbCS 3HAUYHUMHU JOCATHEHHSIMH, [0 0a3yloTbCsi Ha
Oararomy OCBiTy iCTOpPii po3pOOOK Ta MPAKTUIHOTO 3aCTOCYBAaHHS. BaXuBy poJib y
IIbOMY TpOIeCl BIAIrPalOTh BUMPOOYBaIbHI CTEHAM, SIKI 3a0€3MeUyIOTh MEPEBIPKY,
ONTHUMI3allil0 Ta BaIIJALII0 KOHCTPYKUIA ABUTYHIB. IcTOpHYHO OaraTo TEXHIYHHX
pILIEHB, SIKI pO3po0suIHCs i yac BunpoOyBanb PPJI, 3anuiaioTbes akTyaTbHUMU i
ChOT'0JIH1, OCKIJIbKY BOHHU CTaJIM OCHOBOIO TE€OPIi i MPAKTUKU JIJIsl CTBOPEHHS CYYacHUX
KOCMIYHUX anapariB 1 HE TUIbKH. SIK HACNIJIOK, Taly3b OTPUMYE JIBUTYHU Ta HABITh
KOCMIYHI PaKeTHI CTyIeH1 HOBTOPHOTO BUKOPUCTAHHSI.

[Ipote cki1aHICTh KOHCTPYKIIM PIIMHHUX PAKETHUX JBUTYHIB 1 BUCOKI BUMOTH
70 iXHIX XapaKTePUCTUK 3YMOBIIIOIOTH HEOOXIJHICTh CTBOPEHHS CIIEI1a]liI30BaHOIO
oOnagHaHHS 1Jis1 BUMPOOYBaHb, SIKE HEPIAKO € BAPTICHUM 1 TEXHIYHO CKIIATHUM.
BunpoOyBasibHI CTEHAM, SIKI € HEBIJ €MHOIO YaCTMHOIO BUPOOHMYOTO LIMKIY, YACTO
BUSIBJSUTMCS] HAUO1TBII BUTPATHUM €JIEMEHTOM 4Yepe3 CKIIAIHICTh 3a0€3MeUeHHs YMOB,
10 IMITYIOTh BaKyyM, 3HauHI HAaBaHTa)XEHHS Ta €KCTPEMallbHI TeMIlepaTypH, sKi
BUHUKAIOTh TiJ 4yac poOoTu nBUTYHIB. lle cTBoproe Oap'epu s IMIMPOKOTO
BIIPOBA/KCHHSI CYYaCHUX TEXHOJIOTIN Yy Taly3b pakeToOyAyBaHHS, OCOOJMBO IS
H1IPUEMCTB, 1110 IPALIOIOTh Y KOMEPIIHHOMY CEerMEHTI KOCMIYHOT 1HAYCTPIi.

[IpoTsiroM JecATUIITE BHCOKA BapTICTh BUIPOOYBaTBHOTO OOJIagHAHHS
oOMeXyBaja MOMJIMBOCTI MacOBOTO BHPOOHMIITBA U Ti00aibHOI KOMepIliami3artii
pakeTHOi TexHiIKM. BumnpoOyBanbHI CTEHIM, SKI € HEBIJ €MHOI0 YaCTHHOIO
BUPOOHUYOTO IHMKITY, YAaCTO BUSBIISUIMCS HaWOUIbII BUTPATHUM €JIEMEHTOM depes
CKJIQJHICTh 3a0€3MeUeHHs YMOB, L0 IMITYIOTh BaKyyM, 3HAuHI HAaBAHTAKEHHS Ta
eKCTpeMaibHI TEMIIepaTypH, sIKI BAHUKAIOTH I11J1 Yac poOOTH ABUTYHIB. Lle He nuie
YCKJIaIHIOBAJIO TEXHOJIOTTUHUHN JIAHITIOT, ajleé W 3HMXKYBAJO JOCTYIHICTh Tamy3i AJis

KOMIIaHIi «CTapTamiBy, 10 MParHyTh YBIUTH 10 KOCMIYHOTO cekTopy. CaMme momnryk
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MPOCTIIINX PIIIeHb Y TPOIecl BUNPOOyBaHb PIIMHHUX JIBUTYHIB, JO3BOJIUTH Ta yKe
JI03BOJISI€ PO3LIMPIOBATH raly3b 1 B CBOKO YEPIy KOCMIYHUN PUHOK BCEOTYHUX MOCIYT.

Cy4acHi BUKIMKUA PAaKETHOTO JBUTYHOOYAYBaHHS 3yMOBIIIOIOTh HEOOX1IHICTDH
NOIIYKY 1HHOBALIMHUX pIIIEHb, COPSIMOBAHUX HAa 3HMKEHHS BUTPAT 1 CHPOILEHHS
nporeciB BUMpoOyBanb. OJHUM 13 TaKHX HANpsAMIB € po3poOKa OiIbIl KOMIAKTHUX,
EeKOHOMIYHO €()EKTUBHUX 1 TEXHOJOTIYHO BJOCKOHAJICHUX BUIPOOYBaIbHUX CTEH/IB.
CaMe BIpOBAKEHHS TAKUX PIIIEHb CIPUSE HE JIMIIE MiJBUIIEHHIO €()EKTUBHOCTI
MPOLIECIB BUPOOYBaHb, aji€ i CTBOPIOE MEPEAYMOBH JJI1 KOMEPLIIHOT IPUBaOJINBOCTI
PaKEeTHO-KOCMIYHOT raiy3i.

Metow auceprauiiiHoi po0oTH € po3poOKa BOTHEBOrO BUIPOOYBAIBLHOTO
CTEHJY JJIS MIATBEPIKEHHS MPale3JaTHOCTI BUCOTHUX PIIMHHUX PAKETHUX JBUTYHIB
y HaOMMKEHMX eKCIUTyaTalliHUX YMOBax Ta HOro 3akjaJeHUX MPOEKTHUX
napameTpiB.

O00’€xTOM JOCTIKEHHS € TPOIIEC BOTHEBUX BUITPOOYBaHb BUCOTHUX PIIUHHUX
PaKeTHUX JIBUTYHIB.

IIpenmeromM AoCTiIKEHHS € €KCTIEPUMEHTAIBHUN CTEHA AJI1 BUIIPOOYBAaHHSA
BHUCOTHUX PITUHHUX PAKETHUX JBUTYHIB MaJIOi TATH 3 IMITAIIIEI0 YMOB BaKyyMy.

J171s TOCSTHEHHS TIOCTABJICHOI METH BUPIIICHO PsIT HAYKOBO-TEXHIYHUX 3a/1a4:

— TPOBEAEHO aHali3 BIPOBA/UKEHHS W  BUKOPHUCTAHHS  ICHYIOYHUX
KOHCTPYKIIIH Ta METOIIB POOOTH BHUMPOOYBAIBHUX CTEH/AIB PIAUHHUX PAKETHHX
JIBUTYHIB, METOJIIB CTBOPEHHSI CEpE/lOBHUIIA, 110 IMITY€ BaKyyM, a TaKOX aHaji3
BUKOPUCTAHHA aJUTUBHUX TEXHOJIOT1H B PAKETHO-KOCMIYHIN raity3i;

—  po3po0JeHO MOJEedb MOJENIOBAaHHS TEPMO-Ta30JJMHAMIYHUX MPOLECIB
CHUIBHOT pOOOTH PIAMHHOTO PAKETHOTO ABUTYHA Ta ra30-eXEKTOPHOI YCTaHOBKHU Mij
qac MPOBEICHHS BOTHEBUX BUMPOOYBaHb,

—  po3po0JEHO  CTPYKTYpHY ITHEBMOTIIPABIIYHY CXEMy  BOTHEBOTO

BUMPOOYBAILHOTO CTEHAY Ta IUKIJIOTpaMy Moro poOOTH;

—  CIIPOEKTOBAHO CUCTEMHI €JIEeMEHTH  KOHCTPYKIi ~ BOTHEBOTO
BUNPOOYBAJILHOTO CTEHAY, B TOMY YMCIIl, 3 BUKOPUCTAHHAM aJUTUBHOI TE€XHOJOTIi

BUI'OTOBJICHH,
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—  JIOCIIJDKEHO BiOpalliiHe HaBaHTa)XXEHHsSI, 1[0 CTBOPIOETHCS B HACIIJIOK

poOOTH PIAMHHOTO PAKETHOTO JBUTYHA Ta Ia30-€KEKTOPHO1 YCTAHOBKHU;

—  pO3po0JeHO TMPAKTHYHI PEKOMEHAAIlli I0J0 3aXHCTy €JIEeMEHTIB
CTCHJIOBOTO OOJIaJIHAaHHA, a TaKOXX PAKETHOTO JBUTYHA, IO BUIPOOOBYETHCS, Bif

BiOpalliif Ta aKyCTUYHOTO IITyMY, 1110 BUHUKAIOTH i Yac BUIPOOYBaHb.

Bukopucrani MeToan HAyKOBOI0 A0CTiKEHHS

Meroau eMmipuyHOTO AOCTIKEHHS:

- BUMIPSIHO OCHOBHI po0O4l MapaMeTpy PIIMHHOTO PAKETHOIO JBUTYHA Ta
ra3o-eXKE€KTOPHOI YCTaHOBKUY,;

- MPOBEICHO €KCIIEPUMEHT Y BUTJISII BUIPOOYBaHb PIIMHHOTO PAKETHOTO
JBUTYHA Ta MIITBEPHKEHHS PaLe34aTHOCTI BUIIPOOYBAIBHOIO CTEHY.

3aranabHi METOIM JTOCIIIJIKEHHS:

- BUKOPUCTAHUN KPUTHUHUNA aHaII13 ICHYIOUMX BUITPOOYBaJbHUX CTEH/IIB Ta
CHCTEM, 10 CTBOPIOIOTH PO3PIIKEHE poOOUe CEPEIOBHIIIE;

- BUKOPUCTAHUN CTPYKTYpHUM aHal3 EKCIEPUMEHTAIbHUX JaHUX Ta
BUIIPOOYBAILHOTO CTEH/Y B LIIJIOMY.

HaykoBa HOBM3HA PO0OOTH MOJIATA€ Y HACTYITHOMY:

- YAOCKOHAJIEHO METOI0JIOTIYHU I 10010:601 QR () MPOEKTYBAHHS
BUTNIPOOYBAJILHOTO BOTHSHOTO CTCHIy BUCOTHUX PIAMHHUX PAKETHUX JBUTYHIB Majoi
TATH, TUISIXOM MO€THAHHS METOIB TBEPJAOTUIBHOTO MOJEIIOBAHHS, /ISl OTPUMAHHS
BXIJIHUX JAHUX TPOIIECY Ta MPOBEICHHS TEPMO-Ta30JAMHAMIYHUX PO3PaXyHKIB 3
BUKOPHCTAaHHSM YHCEIILHUX pillicHb piBHIHL HaB’e-CToOKCca 3 rpaHUYHIMH YMOBaMH,
IO BIiAMOBIAAIOTE OOMEXEHHSIM pPOOOTH BHUCOTHOTO JBUTYHA Ta ra30-€KEKTOPHOI
YCTaHOBKHU;

- YAOCKOHAJIGHO  TPAaWIIMHUNA MAX1J J0 peamsaiii eJIeMEeHTIB
BUMPOOYBAILHUX BOTHSHUX CTEH/IIB BUCOTHUX PIAMHHUX PAKETHUX JIBUTYHIB, 3a
PaxyHOK BIIPOBQ/KCHHSI AJUTUBHUX TEXHOJOTIM BUPOOHHUIITBA, IO JIO3BOJISIE
(dbopMyBaTH €JIEMEHTH Ta30MOBITPSHOTO TPAKTy Ta MAJMBHUX CUCTEM CTEHAY, Kl €
HEJOCSHKHUMM TSl TPAAMLIITHUX METO/11B BUTOTOBJICHHS, 3 OTHOYACHUM 3MEHILIEHHSAM

yacy BUpPOOHMIITBA, BAPTOCTI Ta Baru;
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- BIIepIIe pO3pO0JEHO BUNPOOYBAIBHUIM BOTHSHUNA CTEHJ JIJIi BUCOTHHUX
PIIMHHUX pakeTHUX ABUTYHIB TsAroro Bix 180 H mo 220 H, B ocHOBI sikoro 3akiajeHa
chijlbHa po0OTa Ta30-€KEKTOPHOI YCTAaHOBKM Ta JBUTYHa, W10 3a0e3medye
pO3pIDKEHHsT ~ poOOYoro  cepefoBWIla Ha  3pi3l  colula  JBUTyHAa  Ha
piBHI 10 3.5 MM. PT. CT.

IIpakTHYHe 3HAYEHHSI OTPUMAHUX Pe3yJIbTATIB MOJISTa€ Yy HACTYITHOMY:

- pPO3pOOJICHO MPAKTUYHI PEeKOMEHAAIlli MO0 1HXEHEPHOTO CTBOPECHHS
YCTAaHOBKHU, III0 CTBOPIOE CEPENOBHUILE, SKE IMITy€E BaKyyM, BKJIIOYalOUH B cede
€JIEMEHTH, 1[0 BUTOTOBJICHI aIMTUBHUMHU METO/IAMH;

- PO3pO0JICHO MOJACIH TEPMOTa30MHAMIYHUX IPOIIECIB CIIBHOI POOOTH
BHCOTHOTO PiIIMHHOTO PAaKETHOTO JABUTYHA Ta Ta30-CKEKTOPHOI YCTAHOBKH;

- pO3pO0JEHO CTPYKTYpy M CKjIaJ BHUINPOOYBAJILHOTO CTEHAY IS
MIPOBE/ICHHSI BOTHEBUX BUIIPOOYBaHb BHCOTHUX PITMHHUX PAKETHUX IBUTYHIB Majoi
TATH;

- pO3pO0JEHO Ta EKCHEPUMEHTAIbHO BUIPOOYBAaHO  KOHCTPYKIIIIO
ra30-eKeKTOPHOT YCTAaHOBKHM BHUIIPOOYBaJILHOTO CTEHIY, IO 3a0e3medye MoInepeaHe
PO3pIIKEHHS poOooUuoro 06’emy 110 40 MM. pT. CT.;

- pO3pO0IIeH] i MPaKTUYHO peai3oBaHl BUMIPIOBAIbHI CHCTEMH KOHTPOJIIO
TEXHIYHUX MapaMeTpiB MiJ] 4ac NPOBEACHHS BOTHEBUX BUIPOOYBaHb;

- pPO3pO0OJICHO  PEKOMEHJAIIHY METOAMKY  BIOpaIliifHOrO  3aXHUCTy
PIIMHHOTO PaKETHOTO JIBUTYHA Ta T'a30-€KEKTOPHOI YCTAaHOBKH.

OOrpyHTYBaHHS i JOCTOBIPHICTL OTPUMAHUX Pe3yJbTATIB 0a3yHThCHA HA
KOMILJIEKCHOMY  MIJIXOJl, SKUW IHTETPYE TEOPETHYHI W  eKCIepUMEHTAIbHI
nociikeHHs . OCHOBOIO IBOTO MiXOAY € BUKOPUCTAHHS MOJIOKEHb MAaTEMAaTHIHOTO
MOJICITIOBAHHSI TEPMOTA30/IMHAMIYHMX TMPOIECIB, M0 TNPOTIKAIOTh Y PIAMHHUX
paKeTHUX JIBUTYHAX, a TaKOX Ha 0a3l JaHOrO MiAXO0Jy CTBOPEHHS BUIIPOOYBAIHHOTO
CTEH/Y, MpPaleCIPOMOXKHICTh SKOrO MIATBEPJKEHA MPAKTUYHO. 3HAYHA YaCTHHA
OTPUMAHUX PE3YJIbTATIB MIATBEPIKYETHCS EKCIIEPUMEHTATPHUMU TaHUMH. 30Kpema,
EKCIIEPUMEHTH JO3BOJISIIOTh YTOUHUTH MOJENI MOBEAIHKM MPOIYKTIB TOPIHHS U

PIAMHHOTO PAaKETHOTO JBUTYHA B ILJIOMY.
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Po3po6eni moaeni mporeciB y piIMHHUX PaKeTHUX JABUTYHAX JO3BOJISAIOTH HE
JIMIIIE TPOTHO3YBATH IXHIO MOBEIIHKY, ajle 1 ONTHUMI3YBaTH KOHCTPYKIIIIO OKPEMHUX
BY3JIIB 1 CUCTEM JIBUTYHA. T1 kK MaTeMaTU4yH1 MOJIeJIi BUKOPHUCTAHI 1 11 MOJACITIOBAHHS
poOOTH YCTaHOBKHM, HIO0 MONEPEAHBO PO3PIIKYE CEPENOBUILE, alKE€ BOHA Mae
KOHCTPYKTHBHI Ta po0O0Ui CX0KOCTI 3 PIIMHHUMHU PAaKETHUMH JABUTyHamH. BaxxauBy
pONb Yy JOCHIPKEHHSAX Biairpae Bepudikaifiss MojAeNed [IUISIXOM MOPIBHIHHS
TEOPETUYHUX PO3PAXYHKIB 13 EKCIEPUMEHTAIbHUMHU JaHUMHU, 1[0 3a0e3neuye
KOMILJIEKCHY OIIHKY iXHbBOI1 aJeKBaTHOCTI. [IpoBeneHi BUIIpOOyBaHHS MiITBEPIUIH
BUCOKY TOMIOHICTh J@aHUX OTPUMAHUX IIUIIXOM MOJICIIOBAHHS 1 BOTHSHOTO
BUNPOOYBAHHS BUCOTHOT'O PAKETHOT'O JBUTYHA MAJIOT TSATH.

OcobucTunii BHEeCOK 3100yBaya MoJSIra€ HACTYITHOMY:

-y MPOBEJICHHI aHaIi3y CTaHy BUIIPOOYBaJIbHUX CTEH/IIB Y CBITI, aHAI3 3arajibHO
NPUUHITUX YCTAaHOBOK, II0 CTBOPIOIOTH PO3PIIKEHHS POO0YOro cepeioBHIla, a
TaKOX, aHaJ13 BUKOPUCTAHHS aJUTUBHUX TEXHOJOTH y ramysi;

- y mnoOynoBI MaTeMaTUYHUX MOJIEJe TEepMOAMHAMIYHUX TMPOIIECIB, IO
MPOTIKAIOTh B pOOOUOMY CEPEAOBUII Ta30AMHAMIYHOI YACTUHU BOTHSIHOTO CTEHIY
JUTsl BUTTPOOYBaHb PIAMHHUX PAKETHUX JABUTYHIB MaJIOl TATH;

- 'y po3poOii KOHIENIii CTPYKTYpH BHUIPOOYBaJbHOIO BOTHSHOIO CTEHIY 3
IMITaLlI€}0 YMOB BakyyMy 3 MOOYJIOBOIO BIAMOBIIHUX MHEBMOTIIPABIIYHUX CXEM Ta
IIUKJIOTpaM poOOTH;

-y po3po011i Ta MpakTUYHIN peanizallii BUIPOOYyBaJILHOTO BOTHSHOTO CTEHIY B
IJIOMY ¥ CyMDKHHUX JIO HBOTO CHCTEM;

- y OesnocepenHiii ydacTi B TPOBEACHI BUPOOHMYMX Ta KOHCTPYKTUBHHUX
IpOIECiB, a TaKOX, EKCIEPUMEHTAIBHUX [IOCHIIIKEeHh BHCOTHOTO PIIUHHOTO
pPaKeTHOro JBUTYHA MaJOi TSATH, 110 BUTPOOOBYETHCS;

- B 00poOI11i 1 MOJAJIBIIIOMY aHaJI131 OTPUMAHUX E€KCIIEPUMEHTATBLHUX JAHUX;

- B aHai31 BIOpaIiiHUX HAaBAaHTa)XE€Hb B HACIIJOK pOOOTH PAKETHOTO JBUTYHA Ta
ra30-eXeKTOPHOI yCTAHOBKH, a TAKOXK Y PO3POOIIl CTPYKTYpHU 3aXUCHUX, AEMIIPYIOUnX

CHUCTEM IJIA 3aXHUCTY OKPEMHUX CJICMCHTIB BI/IHpO6YBaJ'II>HOFO CTCHAOY.
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Anpobanisi pe3yabraTiB aucepraunii. OCHOBHI MOJOXEHHS Ta pe3yJbTaTH
JTYcepTaliiHoi poOOTH, a TaKOXK OKpemi i1 po3Iiau JOMOBIIAIUCA Ta OTPUMAIH
MO3UTHBHI BIATYKHA Ha HAYKOBO-TEXHIYHHX KOH(epeHuisx, 30kpema Ha XIV, XV Tta
XVI  wmixHapoguux HaykoBo-npakTuyHuX KoH(epeHuissx «INTELLIGENCE.
INTEGRATION. RELIABILITY» (2021, 2023 ta 2024 p., m. KuiB, BiAmoBigHO).

3B's130k  po0OTHM 3 HAYKOBMMH IIporpamMamMu, IJIAHAMH, TeMaMM.
HuceprariitHa po6oTa BUKOHaHA Ha Kadeapi KOocMidYHOI 1HXeHepii HaroHanbHOTOo
TEXHIYHOTO YHiBepcUTeTy YKpaiHu «KHiBCHKOrO MOJITEXHIYHOIO 1HCTUTYTY IMEHI
Irops Cikopcbkoro» Ta moBHICTIO Bianosigae Konnemnmii 3aranbHoaepKaBHOI
[IJTOBOI HAYKOBO-TEXHIYHOT KOCMIYHOI MporpaMu YKpaiHH, sSiKa HAIIJII0€ BUCHUX 1
KOHCTPYKTOpPIB HAa €KOHOMIYHY €(EKTHUBHICTh MNPUUHATUX TEXHIYHUX PILIEHb,
JOCIIIJIKEHHSI Ta BIPOBA/DKEHHS HOBITHIX MIJXO/AIB Ta IMOTJISAAIB HA CTBOPEHHS
INPUHIIMIIOBO HOBHMX 3pa3KiB PAaKETHO-KOCMIYHOI TeXHIKU. Jluceprauis BigHoBiAae
OCHOBHHM HarpsiMaM JTOCTipKeHHs HaBuaabHO-HayKOBOTO IHCTUTYTY aePOKOCMITHUX
TeXHOJIOT1M HarioHalbHOTO TEXHIYHOTO yHIBepcuTeTy VYKpainu «KuiBchkoro
MOJIITEXHIYHOTrO 1HCTUTYTY 1MeHl Irops Cikopcekoro». OTpumaHi pe3ysbTaTu
BIJINOBI/Ial0OTh BUMOTaM 3akoHy Ykpainu «IIpo mpioputeTHi HaMpsSIMKU 1HHOBAIIMHOT
TISTBHOCTI B YKpaiHi». HaykoBa HOBM3HA Ta NMpakTUYHE 3HAYEHHS MIATBEPIXKEHI
aKTOM peajizallii, 3acBiqYEHUMHU BiAnoBigadbHUMH ocobamu TOB «DJIAUT
KOHTPOJI».

O06csr i crpykrypa po6oru. {ucepraiiiiHa poboTa CKIAAa€EThCs 31 BCTYIY,
II’SITA PO3JIUIIB, BUCHOBKIB, CIIUCKY BHUKOPUCTAHOI JTEpaTypu Ta noaaTkiB. [loBHMIA
oOcar muceprainii ckinagae 178 cTopiHok, 3 HEUX 139 CTOpPIHOK OCHOBHOTO TEKCTY,
88 pucynka 1 13 Ttabmuup, 13 CTOPIHOK CHHMCKY BUKOPUCTAHOI JITEpaTypu 3

HaliMeHyBaHb. OOCST A0JaTKIB — 7 CTOPIHOK.
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PO3 11 1. AHAJII3 OCOBJIMBOCTEM BOTI'HEBUX
BUITPOBYBAJIBHUX CTEH/AIB PI/IMHHUX PAKETHUX JIBUI'YHIB

B ormsgoBomy posmimi  aucepTariiHoi poOOTH PO3TISHYTO OCOOIMBOCTI
MIPOBEJICHHS BUMIPOOYBaHb PIIMHHUX PAKETHUX JBUTYHIB, BUTIPOOYBAIBHUX CTEH/IIB 1
BUKOPHUCTAHHA aJUTUBHUX TEXHOJIOT1HM B paKeTHO-KOCMIYHIHN ramy3i.

VY migposaini 1.1 po3rnsHyTO aHani3 BUNPOOyBaHb, SIKUM M1JAAI0ThCS PIAUHHI
PaKeTHI IBUTYHU TIiJ] 4aC KOHCTPYIOBAaHHS.

VY migpo3nim 1.2 po3riasHYTO BUKOPUCTaHHS BOTHAHHMX BHUIIPOOYBaJbHUX
CTEHJIIB IiJ] Yac CTBOPEHHA pIAMHHUX pakeTHUX JABUTyHIB. Haromomeno Ha
CKIAAHOCTI 1X peamizamii ¥ BUKOpPUCTaHHS. PO3IISHYTO OCHOBHI  THIIU
BUNPOOYBAJILHUX CTEHAIB Ta iX Kiacu@ikanito. PO3rissHyTO OCHOBHI CHCTEMH, IO
BUKOPHCTOBYIOTHCSl Y BUIIPOOYBaJIbHUX CTEHJAX I CTBOPEHHS YMOB, IO IMITYIOTh
BaKyyM.

VY migpo3aini 1.3 po3risgHyTo 1H(OpMAIiI0 MPO AAUTHBHI TEXHOJIOTIT Ta iX
BUKOPUCTAHHS y PaKeTHO-KOCMiuHIM ramy3i. HaBejeHi OCHOBHI mepeBard JaHOTO
METO/Yy BUPOOHHUIITBA i MOKJIMBOCTI KOHCTPYIOBAHHS 1HIIUX THUIIIB BUPOOIB 3a HOro

JOTIOMOT010. PO3TIIsIHYTI OCHOBHI MPUHIIUAIN aTUTUBHUX TEXHOJIOTIH.

1.1 Ocob1uBocTi aTMOC(epHMX Ta BAKYYMHHX BUNPOOYBaHb PiMHHHX

PaKeTHHUX ABUTYHIB

Po3pobOka piAMHHUX pPAaKETHUX JABUTYHIB € CKJIAJHUM IHKEHEPHO-TEXHIYHUM
MPOIIECOM, IO BUMAara€ MPOBEICHHS SK PO3PAXyHKOBO-TIPOEKTHUX POOIT, Tak 1
3HaYHUX (PIHAHCOBUX Ta YaCOBUX BUTPAT IMOB'SA3aHUX 3 MPOBEACHHIM BUIPOOYBaHb
paKkeTHUX JBUTYHIB Ta IXHIX CHCTEM y Ha3eMHHX Ta JIbOTHUX YMOBaxX.

Y mponeci HazeMHUX BHUIPOOYBaHb 3aCTOCOBYETHCS BUCOKOTEXHOJOTIYHE
oOnaaHaHHsA, 3JaTHE MOJEIIOBATH YMOBHU €KCIUTyaTalli, sIKi BUHUKAIOTh I 4ac

peanbHMX TOJBOTIB. lle J03BOJsE BUSABIATH MOMXKJIMBI  HEIOJIKM Ha eTarl

26



BUMNPOOYBaHb, 3a0€3MEUyHOYM THUM CaMHUM MIJABUIIECHHS HAJIMHOCTI KIHIIEBOTO
MPOJYKTY.

Kpim TOTO, BXKIMBOIO CKJIQJ0BOIO € OIlIHKA AMHAMIKH MPOIECIB y CHCTEMax
PIIMHHUX PAKETHUX JBUTYHIB, BKIIOYHO 3 TOBEIIHKOI MaTepialgiB y Pi3HHUX
TEMITEpaTypHUX PEKUMaX, BIUIMBOM BHUCOKUX HABAHTAXEHb W 1HIINX €KCTPEMAIbHUX
daktopiB. KoMIiekcHUI TiaXia 0 TECTYBaHHS J03BOJISIE PO3POOIISITH TEXHOJIOTIUHI
pIILIEHHs, IO 3a0e3NeuyroTh €(PEKTHBHICTh 1 JIOBFOBIYHICTH POOOTH PITUHHHUX
PAKETHHUX JBUTYHIB Y KOCMIYHOMY MPOCTOPI.

BunpoOysanns PPJ] 3a3Buyaii moaiistoThCs Ha KijbKa €TalliB: Bijl MOMEPEIHIX
CTEHJOBUX TeCTIB 10 (IHAIBHUX JHOTHUX TNepeBipok. Ha koxHOMYy erari
3IIACHIOETHCS MOHITOPUHT KIIFOUOBUX MapameTpiB pOOOTH CUCTEMH, TaKUX SIK Tsra,
e(eKTUBHICTh BUKOPUCTAHHS IaJIMBa, TEIUIOB1 HABAaHTAKEHHS 1 BiOpalliiiHa CTIHKICTb.
[{i maHi € OCHOBOIO ISl MOJAIBINOI ONTHUMI3AIlli KOHCTPYKIi Ta MiABUIIEHHS Il
HaJIIHHOCTI.

B minomy mporiec BiAnpairoBaHHs PIIUHHUX PAKETHUX JBUTYHIB MPOBOAUTHCS
y HaCTYIHIH MOCTIA0BHOCTI:

- BUIIPOOYBaHHS €JIEMEHTIB, arperaTiB (By3Ju YIIIJIFHEHHS Ta OMOPU HACOCIB,
HACOC, Ta30reHepaTop, KaMepa 3TOPSHHS, KJanaH Ta iH.);

- BUNPOOYBAHHSI OKPEMUX CUCTEM (Kamepa 3ropsiHHs, TYpOOHACOCHUM arperar,
TOIIIO);

- BUIPOOYBaHHS TPy CUCTEM (IMITaTOpa ABUTYHA);

- BUIPOOYBaHHS JBUTYHA,

- BUNpoOyBaHHS IBUTYHA y CKJIaJll PYLIIIHOI yCTaHOBKY;

- IbOTH1 BUIIPOOYBaHHS.

Y mpakTuili CTBOPEHHS JIBUTYHIB BIiJOMI JIBA METOJU CTEHJIOBOTO
BIJINIPAIIOBAHHS, SIKI MOKHA XapaKTEepU3yBaTH K MOCIIIOBHUN (KOHCEPBATUBHMI) Ta
napajienbHui (mpuckopeHuii) meroau. OCHOBHA BIIMIHHICTD IIUX METOJIIB Y TOMY, 1O
y pa3l TOCHIIOBHOTO METOAy JOBEACHHS TMpHU BUSBIEHHI JAePeKTy ABUTYyHA
BUNPOOYBAHHS MIPUIUHSAIOTHCS JJO pO3POOKHU Ta BIPOBAKEHHS Ha JBUTYHAX 3aXO0/I1B

MOJI0 yCYHEHHs 1bOTO nedexTy. VY pasi mapajeabHOrO METOAY JOBOJIOYHI

27



BUMPOOYBAHHS HE TMEPEpUBAIOTHCS Ta 3aXOAM IIOAO YCyHEHHS JedeKTy
PO3pOOJISIOTHCS 1 BOPOBAKYIOTHCA B MPOIIECT JOBOJAOYHUX BUIIPOOYBaHb JBUTYHA,
10 TIPOJOBKYIOThCSI.

3 yacoMm HaOyTTs MOCBIAY y cepi MPOEKTYBAHHS Ta BUNPOOYBAHHS PITUHHUX
paKeTHUX JABUTYHIB, 3HAHHS [IO3BOJIMIM CHUJIBHO CKOPOTHUTH 00'eM HEOOXiTHUX
BUIIPOOYBaHb, @ TAKOXK KUTbKICTh HEOOX1THUX IS IILOTO ABUTYHIB Ta iX KOMIIOHEHTIB.
Came TOMy, OUIBLIICTH HOBUX KOMIIAHIM — «CTapTamiB» MaroTh 3MOTY, MpHU
MIHIMQJIBHOMY (DIHAHCYBaHHI, PO3POOUTH PAKETYy-HOCI 1 BHBECTH KOPHCHE
HaBaHTa)XCHHS Ha OpOITYy B CEPETHBOMY 3 TPETHOI UM YETBEPTOI CIIPOOH.

He MeH11 BaXXJIMBOIO € €KOJIOTrI4Ha CKJIaioBa. B yMoBax cyyacHOro KOCMI4YHOIO
OCBO€HHS 3HAYHY yBary NpUAUIAIOTH MIHIMI3allli BIUIMBY BUIIPOOYBaHb 1 3allyCKIB Ha
HABKOJIMIITHE cepenoBuiiie. HoBITHI po3poOKu 30cepe kel Ha CTBOPEHH1 €KOJIOT1YHO
O€3MEeUHNX TMaJUBHUX KOMIIOHEHTIB 1 BJIOCKOHAJEHHI TEXHOJIOTIH MPOBEICHHS
HeHTpam3auii WKIJJIMBUX KOMIOHEHTIB IPOIYKTIB TOPIHHSL.

OxkpeMo cliil TIAKPECTUTH POJIb MUGPOBUX TEXHOJOTIM y MOJEIIOBaHHI
IIPOLIECIB, SIK1 BIIOYBAIOTHCA y PIIMHHUX PAKETHUX JBUTYHAX, @ TAKOK BUKOPUCTAHHS
HOBUX TEXHOJIOTTYHUX M1XOIiB 10 BATOTOBJICHHS HE JIUIIIE JBUTYHIB, & 1 KOMIIOHEHTIB
BUNPOOYBAJILHUX CUCTEM.

PiavHH1 pakeTH1 NIBUTYHH € OJHUM 3 OCHOBHUX THUIIIB JIBUTYHIB JIJIsl pAaKeT, 110
3a0e3Meuyl0Th BUCOKUN IMITYJILC TATH 3aBASIKA BHUKOPHUCTAHHIO PIAKOTO MaJIBHOTO.
PinuHH1 pakeTHI ABUTYHH MEPEBAXKHO MOJUISIOTH 3a CIIOCO0aMu 1oadl KOMIIOHEHTIB
najnBa, a came, 3 BUTHCKHOIO a00 HACOCHOIO CHCTEMOI0. B 3amexHOCTi BiJ THUITY
noJilayli KOMIOHEHTIB MaJliBa, OCHOBHI CTPYKTYpPHI €€MEHTH PIAMHHOTO PaKeTHOTO
JBUTYHA MOXYTh BIIPI3HATHCH. [IpoTe OCHOBHOIO Yy OyIb-SIKOMYy BHUIAAKY
3aJMIIAETHCS KaMepa PIAMHHOIO PAKeTHOrO ABUTYHA, IO CKIIAJAEThCS 3 Kamepu
3TOPSIHHS Ta COILIA.

Kamepy 3ropsiHHsS  piAMHHOrO  pakeTHOro JBuUryHa (pucyHok 1.1)
KOHCTPYKTUBHO PO3ALIIOIOTH HA /1Bl OCHOBHI YAaCTHHU: KOPITYC KaMepH 3TOpsIHHS Ta

3MIITyBajIbHY/(POPCYHKOBY T'OJIOBKY, B SIKI PO3TAaIllOBYIOTh (DOPCYHKH OKHWCHHMKA YU
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nansHoro. Kopmyc kamepu, y cBOIO uepry, CKIaaeTbcs 3 UAIIHIPUYHOI YACTUHU Ta
coIuIa.

[uniaapuyHa yYacTUHA KOPMIyCy 3a0e3ledye piBHOMIPHUM PO3MOILT THCKY
rasiB, IO YTBOPIOIOTHCS TMiJ Yac 3TOPSHHS KOMIIOHEHTIB NalMBa, CTBOPIOIOYM
HEOOX1TH1 YMOBH 7151 iXHBOT CTa01LIBHOT poO60TH. COITO € OCHOBHHUM €JIEMEHTOM, SIKAN
MIEPETBOPIOE TEIUIOBY €HEPTiIO MPOIYKTIB 3rOPSIHHS Ha KIHETUYHY €HEPrilo CTPYMEHS,

1o 336631’[6‘{}76 CTBOPCHHA TATW ABUI'YHA.

Oxidizer
from purmp

Combustion
Chamber

Fuel

Mozzle from pump

Heat
Exchanger

Pucynok 1.1 — Cxemaruune 300pakennst kamepu PP/ [1]

3MilryBajgbHa TOJIOBKA, KA € BaXKJIMBOKO CKJIAJIOBOIO KaMepH, BIAMOBIIAE 3a
piBHOMIpHE MNOJaBaHHA Ta 3MillyBaHHS KOMIIOHEHTIB MaJUBA. li KOHCTPYKIIis
3HAYHOIO MIpOI0 BH3HA4Ya€e €(QEKTUBHICTh 3TOPSHHS Ta XapaKTEPUCTUKH POOOTH
NBUTYHA. BUKOpUCTaHHS cCHEliaIbHUX MAaTeplajiB Ta I1HXKEHEPHUX pILIEHb Yy
BUTOTOBJICHHI ()OPCYHKOBOI TOJIOBKM JIO3BOJISIE BUTPUMYBATH BHCOKI TeMIIepaTypHi
HABAHTAKCHHS Ta arpeCUBHUI BIUIMB XIMIYHUX PEUOBHUH.

BorueBi BurnpoOyBaHHS PIAMHHOIO PaKETHOTO JIBUTYHA HA CTEHJIAX SIBJISIOTH
cO00I0 KOMIUIEKC JIOCIITHUIIBKAX 3aXOIB, CHPSIMOBAHHUX Ha J€TalbHE BUBUYEHHS
XapaKTepUCTHK pOOOTH CaMOTO JBUTYHAa B YMOBaX, MaKCUMAaJIbHO HAOJMKEHUX IO
exkcruryaramiiiaux. Iliqg dvac Takux BUIPOOyBaHb 3MIMUCHIOETHCS MOHITOPHHT
TEPMOTa30IMHAMIYHUX MPOIECIB, 10 BiAOYBAIOTHCS B KaMepi 3TOPSIHHS, Ta aHAJI3
napameTpiB, TAaKHX SIK THCK, TEMIIEpaTypa NpOAYKTIB 3rOpPsSHHS, PO3MOILT TEMIOBOIO

MOTOKY TIO0 €JIeMEHTaM KOHCTPYKIIii, a TaKOX KIHIIEBA TSTa. 3aBISIKA BUKOPUCTAHHIO
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CYyYaCHUX BHUCOKOTOYHHUX JATUYMKIB JJaH1 30MPalOThCA y PEXKUMI PEaIbHOTO Yacy, 110
J03BOJISIE BIZICTEXKYBATH HE JIMIIE CTAOLIBHICTh TOPIHHS, ajieé i MOKIIUBI KOJIMBAHHS
ab0 HeCcTaOUIbHOCTI, AKI MOXYTh CBITYMTH TPO MOPYLICHHS PIBHOBArv XiMIYHHUX
peakiiii abo JOKaJlbHE TMEPEBUIICHHS JIONMYCTUMHUX TEPMIYHUX HAaBaHTaXECHb.
ExcriepuMeHTanbHl  pe3yabTaTH TOPIBHIOIOTBCS 3 PO3PAXyHKOBUMH JIAHWMH,
OTPUMaHHMH 32 JOMOMOTOI0 YHCEJIBHOTO MOJICITIOBAHHS, 1110 0a3y€eThCsl HA METOAax
CKIHYCHHUX O00’€MIB Ta IHIIMX CY4YaCHMX OOYMCIIOBAIbHMX Tiaxoaax. Takuid
KOMILJIEKCHMM ~aHaji3 [JO03BOJISIE BUSBUTH JUCHPOIOPLII MK TEOPETUYHUMU
po3paxyHKaMu Ta pEIbHUMH IIOKa3HUKaMH pOOOTH JBHUTYHA, OITHUMI3yBaTH
napameTpu KOHCTPYKIIIT Ta BJOCKOHAJIUTH TEXHOJIOT1T Moayi NaIuBa i OXOJIOIKECHHS.

Tomy MoOXHa cKazaTh, II0O OCHOBHI BOTHEBI BHUIIPOOYBaHHSA PIAMHHOTO
PaKETHOTO JBUTYHA MOAUISIOTHCS Ha Tl 10 MPOBOASITHCS MpU aTMOCHEPHUX yMOBaX
(Ha atMochepHUX BUIPOOYBATIbHUX CTEHIaX) Ta Tl IO MPOBOJATHCS B PO3PIIKEHOMY
CEepEeIOBHILII, IKe MAaKCUMaJIbHO HAOIMKEHE O YMOB KOCMOCY.

BunpoOyBaHHS pIIUHHUX PAKETHUX JIBUTYHIB Y BaKyyMi MPOBOASTH ISl TOTO,
11100 MaKCUMAaJIbHO TOYHO BIATBOPUTH YMOBH iXHBOT pOOOTH B KOCMIYHOMY ITPOCTOPI.
B armocdepi 3emini 30BHINIHIA TUCK BIUTUBA€ HAa PO3IIUPEHHS Ta3iB y COIUI, IO
3MIHIOE XapaKTEPUCTUKU TATH Ta €(PEKTUBHICTh ABUTYHA. Y BakyyMi Il (pakTopu
BIJICYTHI, TOMY BHUIIpOOYBaHHA B CHELIAJIbHUX BaKyyMHHUX KaMmepax J03BOJISIOTH
OTpUMATH JOCTOBIPHI JlaHl PO poOOTy MBUTYHA Y BIAKPUTOMY KOCMOCI, /¢ HEMa€
aTMoc(hepHOro Omopy Ta 3MiHHUX YMOB THUCKY.

OmHuM 13 KJIIOYOBHX ACTEKTIB TaKUX BHUMPOOYBaHb € JTOCHIKEHHS TPOIECIB
TerI0Boro ooMiHy. B yMoBax BakyyMy KOHBEKTHBHE OXOJIO/KCHHS HEMOXJIHUBE, 1110
BIUIMBAE HA TEMIIEpATypHI PeKUMU POOOTH JIBUTYHA Ta MOTO0 OKPEMHX KOMIIOHEHTIB.
I{e m03BOIISIE TOYHO BU3HAYMTH MaKCUMAaJIbHI HABAaHTA)KCHHS, Ha SIK1 3/TaTHI MaTepiaju,
1 mepeBIpUTH €(EKTUBHICTh CHCTEM OXOJIOJKEHHS. TaKoXX BaKJIMBO JOCIHIIUTH
JWHAMIKY PO3IIMPEHHs poOOYMX rasiB, OCKUIBKA BOHA 0€3MOCEPEIHbhO BIUIMBAE Ha
BEITMYMHY TATH Ta €(PEKTUBHICTH MATMBOCIIATIFOBAHHS.

BunpoOyBaHHs y BakyyMi TaKOX J03BOJISIOTH MEPEBIPUTH HAIIHHICTh pOOOTH

Ta MIATBEPAUTH OCHOBHI POoOOUl XapaKTEPUCTHKHU PITUHHOTO PAKETHOTO JABUTYHA B
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yMOBaXx, 110 IMITYIOTh KOocMiuHi. [le BKIIOUae TecTyBaHHSI CUCTEM I0jjadi MajabHOTO,
poOOTH KJamaHiB, TE€PMETHYHOCTI KOMIIOHEHTIB 1 CTIMKOCTI JI0 EKCTpeMaJlbHHX
temrneparyp. OCKUIBKH y BIIKPUTOMY KOCMOCI Oy/Ib-fika HECIpPaBHICTh MOXKE
MIPU3BECTH JI0 KPUTUUHUX HACIIJKIB JJI Micii, Taki BUIIPOOYBaHHS € 00OB’ I3KOBUMH
nepes 3aIyCKOM JIBUTYHA B peaibHy eKCIUTyaTaiito. Tomy BUIIpOOyBaHHS y BaKyyMi €
BOXUIMBOIO YAaCTUHOIO PO3POOKM Ta cepTUdikailii piIMHHUX pPAKETHHX JIBUTYHIB,
JTIO3BOJIAIOYM TapaHTYyBaTH iXHIO €PEKTUBHICTD 1 O€3MeKy IMij Yac KOCMIYHUX MICIH.

[TutomMuil IMIyIBC € OJHUM 13 HAWBAXKJIMBIIIMX MapaMmeTpiB, II0 BU3HAYAE
e(EeKTUBHICTh PAKETHOTO JABUTYHA. BiH XapakTepusye KUIBKICTh TATH, SIKY JBUTYH
MO’K€ CTBOPUTH Ha OJIMHUII0 BUTPAYEHOTO MAJIbHOTO, 1 BUMIPIOETHCS B CEKyHIax. Y
BaKyyMHHX YMOBax MUTOMHH IMITyJIbC 3HAYHO BHUIIMI, HUK B aTMoc(epi, OCKUIbKU
BIJICYTHIM 30BHIIIHIN TUCK, SIKUI 3aBa)ka€e MOBHOMY PO3IIMPEHHIO ra3iB y comii. Came
TOMY BUIIPOOYBaHHS PIAMHHUX PAKETHUX JIBUTYHIB Y BAKYYMHHX Kamepax HeoOX1JIH1
JUISI TOYHOTO BHU3HAYEHHS IXHbOI €(PEKTHUBHOCTI Yy BIIKPUTOMY KOCMOCI.
BunpoOyBaHHsi y Bakyymi [103BOJISIFOTh HE TIUIbKM BHU3HAUUTH peajbHE 3HAUYEHHS
MUTOMOTO IMIYJbCy, aje W ONTUMI3yBaTH KOHCTPYKIIIO coIjia, o0 BOHO
3a0e3nedyBaio HaWOUIbII edeKTHBHE PO3MIMPEHHS Tra3iB. OCKUIBKH 3aJIeKHICTD
MUTOMOTO IMITyJIbCY BiJi THCKY HaBKOJHUIIHBOTO CEpPEJOBHINA € CYTTEBOIO,
eKCIIEPUMEHTAaJIbHI 1aHi, OTPUMAaHi y BaKyyMHHUX KaMmepax, € KpUTUIHO BaXKJIIMBUMHU
JUIs. TIPaBWJIBHOTO MPOEKTYBAaHHS JBUTYHIB, IO MpaloBaTUMYyTh Yy Kocmocl. Lle
JI03BOJIIE TOYHO TMPOTHO3YBATH XapaKTEPUCTHKU paKeTH Ta 3a0e3nedyBaTu
MaKCHUMaJbHY MPOAYKTHUBHICTb MaJUBHOI CUCTEMHU.

Oco6nmuBy yBary NpUAUISIIOTH JOCIITKEHHIO TEIJIOBHUX IPOIIECIB, OCKUIBKU
BHUCOKI TEMIIEpaTypH, 1110 BUHUKAIOTh Y 30H1 3rOPSIHHS, CTBOPIOIOTH 3HAYHI TEPMIYHI
HaBaHTa)XCHHS Ha MaTepiajiy, 3 IKUX BUTOTOBJICHO JBUTYH. AHaJi3 TeMIepaTypHOIro
MOJIsl B KaMepi Ta COILII TO3BOJISIE€ BUSIBUTH KPUTUYHI 30HH, 1€ MOKJIMBE MEPEBUIIICHHS
IPaHUYHUX 3HAYEHb MIIHOCTI Marepialy, 1[0, Y CBOIO 4Yepry, BIUIMBAaE€ Ha
JIOBTOBIYHICTh KOHCTPYKIIi. OKpiM I[bOT0, 3HAUYHY POJb BIJIrpa€ BUBYEHHS BILIUBY
reoMeTpli COIia Ha XapaKTEPUCTUKH PO3LIMPEHHS rasiB, OCKUIBKA caMe B COILII

Bi10YBA€THCS IEPETBOPEHHS XIMIUHOT €HEPrii B KIHETHYHY, 10 BU3HAYAE KIHIIEBY TATY
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nBuryHa. Jlns JOBUTyHIB, NpU3HAYEHUX s POOOTHM Yy BaKyyMHUX YMOBax,
BUKOPHUCTOBYIOTh CIEIllalibHI BUMPOOYBaIbHI YCTAHOBKU a00 BaKyyMHI KaMepH, IO
JO3BOJISIIOTH  IMITYBAaTH  PO3PIDKEHE CEPeloBHUINE, 3a0e3Medyroun aJacKBaTHE
BIJITBOPEHHSI YMOB, XapaKTepHUX JUIsl KOCMIYHOTO npocTopy. Lle cnpusie TouHimomy
aHalli3y TMOBEIIHKMA BHXJIOMMHOTO CTPyMEHS Ta BH3HAYEHHIO BIUIMBY BaKyyMmy Ha
poOoTy coruia.

YucenbHe MOJICIIOBAHHS € HEBIJ'€MHOIO CKIIQJIOBOI0 B MPOIECI aHajizy
BOTHEBUX BUIPOOyBaHb. CydacHI KOMITI IOTEpHI aJTOPUTMHU JO3BOJISIIOTH CTBOPUTH
JeTalbHI MOJIEJl TepMOra3oJMHAMIYHMX MPOLIECIB, MO BiAOYBaIOThCS BCEPEAMHI
JIBUTYHA, 3 YpaxyBaHHSIM CKJIQJHHUX XIMIYHUX PEaKIiliil, TypOyJEHTHUX IPOIIECIB Ta
TEIJIO0OMIHY MK TapsyuMHU Tra3aMd 1 KOHCTPYKTUBHUMH ejleMeHTaMu. [HTerparis
YHCEIbHUX PO3PAXYHKIB 3 EKCIIEPUMEHTAILHUMH JJAHUMU JJO3BOJIsSI€ TOYHO BU3HAUUTHU
MeXx1 Oe3MeYHOol eKCIuTyaTallli, BASBUTH MOKJIMBI PE30HAHCHI SIBUILA Ta pO3pOOUTH
3aX0AM JUIA IX YCYHEHHs. AHal3 pPEeXHUMIB pOOOTHM JBUTyHa 3a JOINOMOTOIO
KOMII’ FOTEPHOTO MOJICJIFOBAHHSI JOTIOMArae ONTUMI3yBaTH sIK CUCTEMY I0Jjayl MajauBa,
Tak 1 MapamMeTpu OXOJIODKEHHS, IO, Y CBOIO UEPTy, CIPHUSE 3HUKCHHIO PU3HKY
BUHUKHEHHS aBapIiHUX CUTYAIll¥l NPy TPUBAIii poOOTI.

Takox MNPOBOAMUTHCS peTENbHE JOCHIKEHHS BIUIMBY Baplauiidi poOounx
pPEXUMIB Ha CTAOUIBHICTh TOPIHHS Ta €(EKTUBHICTh POOOTH CHCTEMU 3aMatOBaHHS.
[le m03BOJIsIE BUSBUTH 3aJICKHICTh XapaKTEPUCTUK JBUTYHA BiJl yMOB T0/1a4l IMaJIMBa,
3MiH Y T€OMETpIi KaMepu 3rOpsIHHS Ta TMHAMIKU MPOIAYKTIB 3TOPSIHHS, 1110 MOXKE OyTH
KPUTHYHHM JUJISl JIOCATHECHHS ONTHMAJIBHOTO CITIBBIIHOIICHHS ITOKA3HHMKIB TATH 1
OUTOMOTO iMIyJbcy. OTpuMaHi pe3yibTaTh 3aCTOCOBYIOTHCS MJISi BAOCKOHAJICHHS
KOHCTPYKIIii JIBUTYHA, [0 JI03BOJISIE TBUIIIUTH MOTO HAIAHICTE 1 0€3MeKy B YMOBaxX

eKCILTyaTarii.
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1.2 AnaaiTnunmii OTJISI/X BHIIPOOYBAJIBLHUX CTEeH/IIB IS

eKCINIEPUMEHTAJIBHOI0 BiANPANIOBAHHSA PIAMHHUX PAKEeTHUX JBUTYHIB

Hazemni BurnpoOyBaHHS € KIIOUOBHM €TaroM 3a0e3MeueHHs HaIidHOCTI Ta
OC3MEeKN PaKeTHO-KOCMIYHUX CHCTeM. BOHHM 103BONSIOTH MEPEBIPUTU CTIMKICTH
00'€eKTIB 710 BIUTUBY TeMIIEpaTypHUX KOJMBaHb, BiOpailliil, mepeBaHTaKEHb Ta 1HIINX
¢dakTopiB, 110 MAIOTh MICIIE MiJl Yac iIXHBOI peanpHOi ekciuryarailii. OcobnuBy yBary
OPUALUIAIOTE po3poO0Ill CLIEHApliB iIMiTallll, sIKI MaKCUMaJIbHO TOYHO BIJTBOPIOIOTH
yMOBH (DYHKLIOHYBaHHS TEXHIKH B KOCMIYHOMY IPOCTOPI.

3rinno 3 JACTY 3021-95 [2], BunpoOyBaHHS — 1€ EKCIIEpUMEHTaJIbHE
BU3HAYCHHS KUIBKICHUX 1/a00 SIKICHUX XapaKTEpUCTUK BIACTUBOCTEH 00’€KTa
BUNPOOYBaHb SIK pPE3yibTaTy BIUIMBY Ha HBOrO MiJ 4Yac (DyHKIIOHYBaHHS,
MOJIC/TIOBaHHS 00’ €KTa Ta/ab0 BIUIMBIB. Y KOHTEKCTI PAKETHO-KOCMIYHOI TEXHIKHU I1€
BU3HAYECHHS OXOIUTIOE MIMPOKUIA CIIEKTP AISUIBHOCTI: Bijl 1a00OpPaTOPHOro TECTYBAaHHA
OKpPEMHUX KOMIIOHEHTIB JI0 MaCIITA0HUX CTEHJOBUX BUMPOOYBAHb IIMX CUCTEM.

Jlns mocCsATHEHHS BHCOKOI TOYHOCTI W HAIIMHOCTI pe3yibTaTiB, MiJ dYac
BUNPOOYBaHb BUKOPUCTOBYIOTHCA Cy4YacHI KOHTPOJIbHO-BUMIPIOBAJIbHI MpUIaAH Ta
creriaigizoBani mepexigHi npuctpoi. LI 1HCTpyMEHTH MO3BOJISAIOTH HE JIUIIE
peeCTpyBaTH 3MIHM MapaMeTpiB, ajle ¥ aHajmi3yBaTh [AWHAMIKY MPOLECIB, WLIO
B1/1I0yBatoThbCsl B 00'eKT1 BUIIPOOyBaHb. KOMIUIEKCHUI MiAXIA JO KOHTPOJIO JAHHUX
CIpusi€ BHUSIBJICHHIO TMOTEHIIIWHUX HEIOMIKIB KOHCTPYKIi 1€ Ha eTari Ha3eMHHUX
BUNPOOYBaHb.

ExcnepuMeHTanbHI JOCTIKEHHS € OCHOBOIO JUISl MPUHHATTS PIIICHBb IIOJ0
MOAANBIIIOrO JAOOIPAIlfOBaHHS, BIOCKOHAJICHHS 4 cepTH(iKalii BUpOOIB paKeTHO-
KOCMIYHOT TEXHIKM. YCHIIIHE MPOXOKEHHS BUIPOOYBaHb J103BOJISE€ MIATBEPIAUTH
BIIMOBIAHICTh 00’€KTa BCTAHOBICHHM TEXHIYHMM BHMOTaM, IO € BHUPIMIAILHUM
(bakTOpOM JIJIs1 HOTO BUKOPUCTAHHS B PCAIbHUX YMOBaX.

BunpoOyBayibHUI CTEH]T — 1I€ clieliaigizoBaHe OOJaJiHaHHs, NIpU3HAYCHE JIJIs

HA3eMHUX BUNPOOYBaHb PAKETHUX JIBUTYHIB Y KOHTPOJbOBAaHUX YMOBax. Taki CTEHAU
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JIO3BOJIAIOTh TEPEBIPATH POOOTY ABUTYHIB, OIIIHIOBATH I1XHI XapaKTEPUCTUKHU Ta
BUSIBJISITU MOYKJIUB1 HEJIOJIKH Tiepe cepTrdiKaIi€ro s MmojasoTiB [3].

BunpoOyBasibHi CTEHIU 32 CBOEIO CTPYKTYPOIO CKIAAI0ThCS 3 TBOX OCHOBHHX
KOMIIOHEHTIB: TEepIIMHA — BUKOHABYMU OJIOK, SKMH BKJIOYAaE B ceOe 00’€KT, IO
TECTY€ThCS, 1 CUCTEMH, 10 3a0€3MeUyI0Th BIUIUB PI3HOMAHITHUX EKCIUTyaTalliiiHIX
YUHHHKIB (HarpiB 3a paXyHOK BUIIPOMIHEHHS, KOCMIYHUHN BaKyyM, HaBaHTa)KCHHS Ha
JIBUTYH Ta KOPUCHE HABAaHTAXXEHHS IiJ] Yac 3alycKy Ha opOiTy, TOIO.), APYyTUd —
KOMaHJIHUU OJIOK, 110 CKJIAaJA€ThCS 3 anapaTypy YIPaBIiHHA 1 CHCTEM MOHITOPHHIY,
K1 HaIat0Th 1HGOPMAIIitO PO MapaMeTpy BUIIPOOYBAHOTO 00’ €KTa Ta CaMOro CTEH/IA.

31 30UIBIIEHHSAM CKJIQJHOCTI PAaKETHUX JIBUTYHIB Ta 1 B IIIJIOMY KOCMIYHUX
amapariB TEXHOJIOT1i CTBOPEHHS BUIIPOOYBaJIbHUX CTEHAIB TAKOX 3a3HAIOTh 3HAYHOTO
yckianHeHHs. Lle 3ymoBieHO KibkoMa KiIouoBUMH (akTopamu. Ilepmr 3a Bce,
Cy4YacHI KOCMIYHI JITaJbHI amapaTd BUMAararTh TOYHINIOIO M OUIBLI AETAJIBHOIO
KOHTPOJIFO iXHIX XapakTEepPUCTHK, IO MOTpedye OOpoOKH BETUKOi KUIBKOCTI
napameTpiB. JloJaTKOBO 10 IbOTO, YCKIAAHAIOTHCS YMOBH H CIIEKTP HaBAHTAXKEHb, SK1
HEOOXITHO BIATBOPUTHU ISl TOYHOTO IMITYBaHHSI peaIbHUX YMOB MOJBOTY 1] 4Yac
BUNPOOyBaHb. BuHuKae HEOOX1IHICTh Y KOMILJIEKCHOMY MOJIETTIOBaHH1 PI3HOTHUITHUX
G13MYHUX BIUIMBIB, Kl BIATBOPIOIOTH YMOBU PEAJbLHOIO CEPENIOBUINA, Y SKOMY
(GyHKILIOHYE amapar.

Hepiako ckimagHiCTh CydacHUX BUNMPOOYBAILHUX CTEHIB JOPIBHIOE 00 HABITh
nepeBepiIye CKIAIHICTh CHUCTEM, IO TECTYHOThes. lle CBIAUUTH MPO BaXKIUBICTh
IHTErPOBAHOTO MIIX0Y 10 iXHROTO CTBOPEHHS. [Ipoiiec mpoeKTyBaHHS TaKUX CTECH/IIB
BKJIFOYA€ JIEKUIbKA €TamiB: po3poOKy TEXHIYHOTO 3aBlaHHS, (OpMyIIrOBaHHS
MPOTIO3HUIIIH, CTBOPEHHS €CKI3HOTO 1 TEXHIYHOTO MPOEKTIB, pO3POOKY (PYHKIIOHATBHHUX
Ta eNEKTPUYHUX CXEM, BUKOHAHHS PO3PaXyHKIB JIJII OKPEMHUX KOMIIOHEHTIB 1 CHCTEM
CTEH/Y, BUOIp ONTUMAaNIbHOT KOH(ITYypalii Ta NArOTOBKY TEXHIYHOT JOKYMEHTAIT 17151
BUT'OTOBJICHHS.

[cHye nBa 3aradpHONPHUIHATI OCHOBHI MHIAXOAM /O  IPOEKTYBaHHS
BUNPOOYBAJILHUX CTEHMAIB, IPOTE 3HOBY  TaKW, MIJIXOJIM MOXYTh 3MIHIOBATUChH B

3aJIe)KHOCTI B1J] IOCTABJICHOIO TEXHIYHOTO 3aBJaHHs a00 K crenudiku KoMmnaHii, sika
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po3pobuisie BunpoOyBasibHe oOnaaHaHHA. [lepmui — e IHAMBIAyaTbHUN WX,
OpIEHTOBAaHUM Ha BUPIIICHHS KOHKPETHUX 3aB/IaHb MIEBHOTO MIMPUEMCTBA, TAKUX 5K
KOHTPOJIb OKPEMHUX XapaKTEePHUCTHK JIITaIbHOrO amapata abo HOro KOMIIOHEHTIB.
Hpyruif — 11¢ KOMIUICKCHHMM, a00 CHCTeMHHMH TMiJIX1J, SKUHA CHOpsIMOBAHUM Ha
JIOCATHEHHST BUCOKOI SIKOCTI BUPOOIB PaKETHO-KOCMIYHOI chepu B LUIOMY. Y LBOMY
BUMAJKY pO3pOOJIAETHCS Mepeka B3a€MOIOB’SI3aHUX CTEHIB, SKi 3a0€3MedyloTh
TECTyBaHHS 1 KOHTPOJIb arapaTa Ha KOXKHOMY €Tarl HOro UKy CTBOPEHHS — BIJ
IPOEKTYBAHHS 1 BUPOOHHUIITBA IO BBEJECHHS B €KCILTyaTalllo.

Ha cporoadimmHiii  JgeHb  OPIOPUTETHUM  HANpPSIMOM Yy  CTBOPEHHI
BUNPOOYBAJILHUX CTEHIB € aBTOMAaTH3AaIlisl BUIPOOYBAIILHUX MPOIIECIB, 1110 JO3BOJISIE
MIIBUAIUATH TOYHICTh, 3HU3UTH PU3UKH JIFOJICHKOI MIOMUJIKA Ta 3a0€3MEUNUTH IITBUIKE
HaJAIITyBaHHS CTEHJA MiJ pi3HI TUNHU amaparTiB. [lle ogHUM KITFOYOBHUM 3aBIAaHHSM €
BIIPOBA/PKCHHSI TEXHOJIOTIM, [0 MIHIMI3YIOTh HETraTHMBHUI BIUIMB BUIIPOOYBAHb
PIAMHHUX PAKETHUX JBUTYHIB HA HABKOJIMILIHE CEPEIOBUILE. 3aBASIKM IHHOBALIHHOMY
M1X0y BUTPOOYBaIbHI CTEHAM CTAIOTh HE JIMIIE 3aCO00M MEPEBIPKH, a i BAXKIMBUM
ITHCTPYMEHTOM PO3BUTKY CYy4YaCHOI 1HXeHepii, 3a0e3leuyroud BHUCOKUN pIBEHb
HAIIHHOCTI ¥ O€3IeKH U HOBITHIX aBlallliiHO-KOCMIYHHX TEXHOJIOTH.

OCHOBHOI0O METOI EKCIIEPUMEHTAJbHUX JOCHIKEHb Yy Taly3l paKeTHO-
KOCMIYHOT TEXHIKU € OTPUMAaHHS KUIbKICHUX 1 IKICHUX XapaKTEPUCTHK BJIACTUBOCTEN
00’ekTIiB AochimkeHHs. JUIsS IbOro BHU3HAYAKOTHCS CKIIAA Ta IOCHIAOBHICTH Mii,
COpPSIMOBaHUX HA IMITAI[l}0 B HA3€MHUX YMOBaX PI3HMX €KCIUTyaTal[iiHUX (aKTOPiB.
TakoX BCTaHOBIIIOETHCS TEPENTIK Ornepariidi 3 KOHTPOIK BUMIPIOBAHUX apaMmeTpiB,
TAMIA ¥ KUIBKICTh 3aCTOCOBYBAaHMX KOHTPOJHHO-BUMIPIOBAIBHUX MPUJIAIIB,
oOnaiHaHHS ¥ mepexiAHUX MPUCTPOIB.

[TpoexTyBaHHsT BUMTPOOYBATBLHUX CTEHIIIB JIJISl PIIMHHUX PAKETHUX JIBUTYHIB €
CKJIaIHUM 1 OaraTOrpaHHWM 3aBJaHHSM, IO BHUMAara€ BpaxyBaHHS YHCICHHHX
TEXHIYHUX, EKOHOMIYHMX 1 eKCIUTyaTaliiHux ¢aktopis. Lle mpoiiec, 1mo 6a3yeTbes Ha
CydaCHMX METOAAaX pO3paxyHKy KOHCTPYKIIi Ha MIIHICTh, MOJIEITIOBAaHHI
eKCIUTyaTallliHuX yMOB M aHaii3l mapaMmerpiB. MoKHa Ha3BaTHU KiJIbKa OCHOBHUX

nepeBar BUMIPOOYBAIbHUX CTEH/IIB:
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Biomeoprosanicmv i nopisniosanicms  pe3yibmamié  6UNPoOYBAHb.
BunpoOyBanbHi  cTeHAuW  3a0e3MeuyloTh BHCOKUM  PIBEHb  BIATBOPIOBAHOCTI
eKCIIEPUMEHTIB, IO JO03BOJISIE MPOBOAUTH 0OaraTopazoBi TECTH HAa PI3HHUX eTamax
po3poOku ABUTYHA. Lle qae 3Mory nopiBHIOBATH pe3yJIbTAaTH, BUSBJISATH TUHAMIKY 3MiH
napaMeTpiB, IBUKO BHOCUTH MPOEKTHI 3MIHH Y KOHCTPYKIIIIO YU pO3pOOKY BUPOOY B
iJIOMY .

Imimayia peanvuux excniyamayitiHux ymo6. 3aBASIKA BUKOPUCTAHHIO TEOPii
Gi3MYyHOTO MOJETIOBAHHS CTBOPIOIOTBCA CTEHIW, M0 MAaKCHMalbHO TOYHO
BIJITBOPIOIOTH YMOBH poOoTu PPJI, BKiTtouatoun temrneparypHi, BiOpailiiiHi Ta CHIIOBI
HaBaHTakeHHs. lle 703BoJIsie OTpUMATH JIOCTOBIPHI pe3yabTaTH, HEOOXITH1 IS
OLIIHKH XapaKTePUCTHK ABUTYHA B YMOBaX, OJIM3bKUX JIO PEAbHUX.

Koumpons i monimopune napamempis. CydacHI CHUCTEMH BHUMIPIOBaHHS
3a0€3Me4yl0Th TOYHUI MOHITOPHHI YCIX XapaKTEpUCTUK ABUTYHA M CTEHJAA Mijg 4Yac
BUNIPOOYBaHb. Lle cripusie cBoeuacHOMY BUSIBJIEHHIO J€(EKTIB 1 1a€ 3MOTy MPOBOJIUTH
KOPEKIIiI0 B IIPOIIeCi pO3POOKH.

lliosuwenns 6e3nexu. BunpoOyBaHHS Ha CTEHAl JO3BOJSIOTH YHHUKHYTH
PU3UKIB, TIOB'SI3aHUX 13 TECTYBAHHSIM DPIAMHHUX PAKETHUX ABUTYHIB Y TMOJBOTHUX
ymoBax. lle 3Ha4yHO 3HWXKYe HMOBIPHICTH aBapiii 1 MOLIKOHKEHHS J10POroro
o0J1aTHAHHS.

Exonomiuna egpexmuenicms. He3Bakaroum Ha BUCOKY BapTICTh CTBOPEHHS
CTCH[IIB, iX BUKOPHCTAHHS A€ 3MOTY 3aO0MIaUTH KOIITH 3a PaXyHOK CKOPOUYCHHS
KUTBKOCTI MOJILOTHUX BUMPOOYBaHb, SIK1 € 3HAYHO JTIOPOKUNMHU.

3BICHO, € 1 HEAOIIKN BUMTPOOYBAIbHUX CTEH/IIB a00 pOOOTH 3 HUMMU:

Bucoka eapmicme cmeopenns ma oocnyzosysanus. Po3pobka Ta ekcrityaTalis
BUNIPOOYBAILHUX CTEHIB MOTpPeOyIoTh 3HAYHUX (iHAHCOBUX pecypciB. lle
00yMOBJICHO HEOOXIJTHICTIO PO3POOKH CIEIliaJbHOI0 O0JIaJHAHHS, BHUCOKOTOYHOIO
BUMIPIOBAJILHOTO OOJIaTHAHHS Ta CHCTEM aBToMarm3aiii. Takoxk, BapTo Oyno 6
JI0JIaTH, 1110 I11]] Yac BUIIPOOYBaHb ABUTYHIB, BAKOPUCTOBYETHCS MATUBO HE TUIBKH IS
PIIMHHUX PAKeTHUX ABUTYHIB, a W JUIsl CYMDKHUX CHCTEM, HAMPUKIIAJ J0MaT0BayiB

IPOAYKTIB 3rOpaHHs.
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Obmedcenns 6 imimayii ekcnayamayitinux ymos. He3Baxaroun Ha JOCSITHEHHS
B MOJICJIIOBaHHI, JesKi (pakTopu, Taki SK MiKporpaBiTallis ad0 BIUIUB KOCMIYHOTO
BUIIPOMIHIOBaHHS, HE MOXKYTh OyTH BIITBOPEH1 B yMOBaX Ha3eMHHUX BUIPoOyBaHb. Lle
CTBOPIOE OOMEKEHHS JIJIsl IOBHOI OIIHKM XapaKTepUCTUK JABUTYHA. J[aHe oOMeKeHHs
HE CTOCYEThCS PIMUHHUX PAKETHUX JIBUTYHIB, $IKI MpAaIOlOTh B arMmocdepi i
BUKOPHCTOBYIOTHCS B MEPIIUX CTYIEHSIX PAKET-HOCIIB.

Crnaounicmo inmeepayii cucmem. PITAHHI pakeTHI JABUTYHH MalOTh CKIQJHY
KOHCTPYKIi}0, 1 BUNPOOYBaJIbHI CTEHAM IOBHHHI BpPAaXOBYBAaTH B3aEMOMII0 MK
PI3HUMH KOMIIOHEHTaMHU JIBUTYHa Ta IHIIUMH cucTtemMamu. lle yckmamHioe ix
MIPOEKTYBAHHS Ta €KCIUTyaTailio. Takox, sIK Ka)e JOCBIJ Ta BIACHI CIIOCTEPEIKEHHS,
KOKHE BJIOCKOHAQJICHHSI JBUTYHa, OOYMOBIIIOE 1 MOJEPHI3AIII0 CTEHIOBOTO
oOnaHaHHS.

Pusux nomunok y eumiprosannsx. HaBiTb He3HAUHI NOXMOKH Y BUMIPIOBAIbHUX
CHUCTEMaX MOXKYThb MPU3BOJIUTH JI0 HEMPABUILHUX BUCHOBKIB II0JI0 POOOTH ABUTYHA.
[{e BuMarae peTebHOTO KaaiOpyBaHHS 00JIaIHAHHS Ta MOCTIMHOTO KOHTPOJIIO SIKOCTI
naHux. Haifuacrtinme NOMUIKM BUHUKAIOTh B JIaTYMKax, W10 YYTJIUBI JI0 3MiH
TeMIiepaTypu. byap sike TerioBe KOJIMBaHHS, YU TO BijJ poOOTH JABUTYHA, YU TO Bij
3MIHU TIOJOKEHHS COHIlS, MPU3BOAUTH JO HEOOXITHOCTI MPOBOAUTH TOBTOPHE
HaJIalITyBaHHS CUCTEMH BUMipIOBAHHSI.

Sk 1 Oynp-siKka 1HIIA cUCTEeMa, BUMPOOYBAIBHHUI CTEHJ Ma€ CBOi OCOOJMBOCTI
po0O0TH, Ha sIKI TOTPIOHO 3BaXKaTH, N[00 OTPUMATHU AKICHI PE3yJIbTATH.

ITiocomoeka 0o eunpobysans. Ilepen KO)KHUM TECTOM MPOBOJAUTHCS peTeIbHA
nepeBipka CTeHy, KaliOpyBaHHS JaTUYMKIB 1 CHCTEM BUMIPIOBAHHS.

3abezneuenns Oesnexu nepcouany. PoOoTa 31 CTeHJaMU BHUMAarae CyBOpPOTO
JTOTPUMAaHHS HOpM Oe3neku, amke BunpoOyBanHs PPJ] moB's3ani 3 BHUCOKMMH
TeMrepaTypaMu, TACKOM 1 pU3MKOM BHOYXIB. 3aCTOCOBYIOTHCS JUCTAHIIIMHI CUCTEMHU
YIpaBJIiHHS 1 aBTOMATHU3allli 1J11 MiHIMI3aIlii y4acTi JIF0ANHH.

Ananiz pezynomamis. OTpuMani mija 4ac BUNPOOyBaHb JaH1 aHATI3YIOTHCS 3a
JIOTIOMOTO0 CHEI1aI30BaHOT0 MPOTrpaMHOro 3abe3neyeHHs. Lle 103Bossie BU3HAUUTH

He Juiie epeKTUBHICTh pOOOTH JBUTYHA, & i MOXKIIUBI IIUIIXH MOTO BIOCKOHATICHHS.

37



BaxxnuBo po3yMiTH, 110 HA PIAMHHUM paKeTHUH JBUTYH, KOPHUCHE
HaBaHTAXXEHHS YW Ha PaKeTy-HOCIA JIIOTh TI YW 1HIN HaBaHTa)KCHHS/30BHIIIHI
YUHHUKH, K1 BIUIMBAIOTh Ha IITICHICTh 1 MPaIeCIpOMOXKHICTh cucteM [4, 5]. Came
JUIS. TIEPEBIPKU MPABUILHOCTI 00paHOi KOHCTPYKIIT BUKOPUCTOBYIOTH Ti, M 1HIII
BUIIPOOYBaJIbHI CTEH/IH.

Jl7is BU3HAUYEHHS OCHOBHUX XapaKTEPUCTUK PIAUHHOIO PAKETHOTO JIBUTYHA, a
came, TSITd, MUTOMOIrO IMIYJbCY, Ta MIATBEPIKEHHS SIKOCTI pOOOTH MPOBOISATH
BUIIPOOYBaHHS Ha BOTHEBUX BUIIPOOYBAIbHUX CTEHAAX.

B uinomy, BorHeBi BUIPOOYBalbHI CTEHIM MOXKHA TMOJUIATA Ha JIBa THIIU.
[lepmmii — creHn uig  3a0€3lEUEHHsT CTATUYHUX BOTHEBUX BHUIIPOOYBaHb.
KOHCTpYKTHBHO HaHWUW THIT € TPOCTIIINM, JEMIEBIIAM Ta BHUMAara€ IPOCTIIIUX
JOTIOMDKHUX CHUCTEM, 3ajada SKUX JIUIIe MOBTOPUTH a00 K IMITYBaTH CUCTEMU
pakeTH-HoC1A (a00 1HILIOTO anapary, KyJd B MalilOyTHbOMY, IJIaHY€ThCSl BCTAHOBJICHHS
PIIMHHOTO pakeTHOro JABHUryHa). OCHOBHa Me€Ta LIbOIO TECTY MEPEBIPUTH 3AATHICTD
JIBUTYHA T€HEPYBaTH HEOOXIJHY TATY Ta MPAIOBATH y BIAMOBIAHOCTI O TEXHIYHUX
XapakTepuCcTUK. JlaHuii TN BUNPOOYBAJIBHMX CTEHAIB MOXE€ OyTH pI3HUM B
3aJIEKHOCTI BiJl MMOTY>KHOCTI CaMOTO PITMHHOTO PAaKEeTHOTO JBUTYHA (nuB. puc. 1.2 Ta

puc. 1.3).

Pucynox 1.2 — BunipoOyBanpHU# CTEH/ JJIsl TPOBEICHHS CTATUYHUX BOTHEBHUX

BUIIPOOyBaHb kommaHii Skyrora [6]

Ha pucynky 1.2, 31e0u1p1IOTO  BUKOPUCTOBYETHCS ~ MOJYJIBHICTH

BUNIPOOYBAJILHOTO CTEHIYy, IO JO03BOJIIE MIBUJIKO 3MIHUTH MICIE TPOBEICHHS
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BUMNPOOYyBaHb, a00 > 3aMIHUTH Ty YW IHIIY CHUCTeMY B pas3l ii IOJOMKH YH
BJIOCKOHaeHHs. [IpoTe nana nepesara aiiicHa JuIie AJis ABUTYHIB Majoi Ta CepeIHbO1
TATH. 3pO3yMLJI0, IO YUM OLTBIINNA PIAMHHUNA paKeTHUHN ABUTYH Ta YUM OiJbIIa Horo
TAra, TUM OLIbIIE CYMDKHOTO OOJaJHAHHS AJisi WOTr0 KOHTPOJIO MOTpiOHO. Takox,
3arajJbHUN PO3MIp JIBUTYHA, 110 BUTIPOOOBYETHCS, O€3MOCEPETHRO MOKE BIUTMBATH HA
CTPYKTYpy BHUIPOOYBaJIbHOTO CTEHAY. JIBUTYH MOXE pO3TallOBYBAaTHCh Y
BEPTUKAJIILHOMY YU TOPU30HTAIBHOMY IOJIO0KEHHI, 00 M1 MEBHUM KyTOM B1JIHOCHO
TOpU30HTY. BakJIMBO 3Ba)kaTH Ha PO3MIIIICHHS PITMHHOTO PaKETHOTO JIBUTYHA, TaK SIK
e 0e3nocepeIHbO BIUTUBAE HA IPOCTOTY MOHTAKHUX YH IHIIUX POOIT, OB’ SI3aHUX 3
nBuryHoMm. He Bapro 3a0yBatv 1 mpo HEOOXIAHWM JUIsl TIPOBEICHHS BUIPOOYBaHb

00’eM TaJIMBHUX OAaKIB.

Pucynoxk 1.3 — Crenp 15t IpoBEIEHHS CTATUYHUX BOTHEBUX

BurpoOyBanb NASA [14]

B maykoBux poGortax [7-11] Bim3HAYeHO BaXJIMBICTh MPOBEACHHS
BUMNPOOYBaJLHUX POOIT, a TAKOXK CKJIAAHICTh MIATOTOBKK 10 HHUX. PIi3HOMaHITTS

CTBOPEHUX CTEH/IIB TICHO MOB’sI3aHE 3 PO3BUTKOM PAKETHO-KOCMIYHOI raty3i B 1JIOMY,
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aJ)Ke KOXKEH PIJIMHHUNA paKeTHUH JBUTYH € YHIKQJIbHHMM, IO 3 TOYKH 30py
MPOEKTYBaHHS, 1110 3 TOUYKH 30py BUPOOHHUIITBA.

VYHIKaTbHUM TaKOX € BUIMPOOYBAJIBHUN CTEHM, L0 3a3BUYail, OyIyeThCs Mia
KOHKPETHUW JBUTYH 3 ypaxXyBaHHSIM BCIX HIOAHCIB. TUIBKH 3 4acoM, BiIOYBa€ThCS
NeBHA YHIBEpcali3allis Ta CrpoOu alanTyBaTh BUIPOOYBaHHS y’Ke HOBOTO PIIUHHOTO
pPaKeTHOTO JBUTYHA Mija icHytoue pobode Mmicie. Ile mependadae ykimamaHHI HOBUX
MaJMBHUX MaricTpajei, BCTAaHOBJICHHS TOAATKOBUX CUCTEM (32 HEOOX1IHICTIO), TOIIIO.

Bapto Takox 3a3HauMTH, IO Ha 3arajbHUM BUJ, MPOCTOTY BHUKOHAHHS,
MOOUIBHICTh BIJIMBA€ TAKOX 1 MaJMBHA Tapa, Ha AKI{A MpaIoe piIMHHANA paKeTHHM
NBUTYH. bBynb ski BUNpoOyBaHHS TPOBOJSATHCA IMiJI KOHTPOJIEM JIEPKABHUX
PEryJIATOPIB Ta y BIJNOBIAHOCTI 10 HOPMAaTUBHUX JOKYMEHTIB [12, 13], mpoTe BoHU
MOXXYTb BIJIPI3HATUCH B 3aJIEKHOCTI BiJi KpPaiHM YU TOCTABJICHOTO TEXHIYHOTO
3aBJIaHHS.

[HmmiA, OBl CKIAQAHIIIMK TUN TECTYBaHHS JBUTYHIB — 1€ MPOBEACHHS
BUNPOOYBaHb Y BAaKyyMHHMX yMOBax. TecTyBaHHS pPaKeTHUX [BUTYHIB Yy BaKyyMi
nependayae 3amyck JBUIyHa B CIELIANIbHIA BaKyyMHIN Kamepl, sfika IMITy€ YMOBHU
KOCMIYHOTO mpocTtopy. Llel Tun BunpoOyBaHb 0COOJIMBO aKTyaJbHUMN JJIs ABUTYHIB,
MPU3HAYEHUX JJIs1 BEPXHIX CTYIEHIB PAKET, 110 IPALIOI0Th Y PO3PIAXKEHI atMochepi
a00 MOBHOMY BAaKyyMi.

BunpoOyBaHHsi y Bakyymi O3BOJISIFOTh TOYHO BHUMIPSATH TATY JBUTYHA B
YMOBax, MAKCUMAJIbHO HaOMKEHUX 10 peadbHuX. OIHaK MPOBEICHHS TAKUX TECTIB €
CKJIQJHUM 1 JIOPOTOBAPTICHUM 4Yepe3 HEOOX1MHICTh BUKOPUCTAHHS CIEIliali30BaHOTO
oOnaHaHHS 711 CTBOPEHHS BaKyyMy M MIATPUMaHHS HEOOXITHHUX YMOB. YHACIHiJIOK
IIbOI'0 BaKyyMHI BUMPOOYBaHHS HaMararOThCsi HE MPOBOJUTH, OCOOJIMBO HA PaHHIX
eTanax po3poOKH, BIIal0YN TIepeBary MOJICITIOBAHHIO a00 MAaTEeMAaTHYHIM CHMYJISIIII.
3araJibHUM BUTJIS] BUPOOYBAJIBLHUX CTEH/IIB 3 IMITAII€0 BAKYYMHHUX YMOB MOKa3aHO

Ha pucyHkax 1.4 -1.5
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Pucynok 1.4 — 3aranpHuil BUTJIsA BUIPOOYBaJIbHOIO CTEH/AA 3 IMITALIIE€I0 YMOB

BakyyMmy [15]

3rimHo myoOmikamii  [15] BuUnpoOyBaJbHWM CTEHA MOXKE CTBOPIOBATH
po3pimkenHs: pobodoro 06’emy 10 8.2 mM. pt. cT. (0.16 psia), 10 € eKBIBaJCHTHUM
npubnu3zno 30500 M. Bucotu. Hapucynky 1.4 300paxkeHa BelMKa KIJIbKICTh
CTPYKTYPHUX €JIEMEHTIB, TpPYOONpPOBOMIB Ta IHIIMX JOMOMIXHUX CHUCTEM IS
BUMpoOyBaHb. [laHi cucteMu NOTPEOYIOTh BEIMKOI KIJIBKICTI KalliTaJOBKJIAJEHb,
pecypciB Ta yacy JAJisi CTBOPEHHs Ta HAJIAIITYBaHHS BUMIPOOYBaIBLHOT CIIOPYAU TaKOTO
MaciTaoy.

Ha pucynky 1.5 300paxeHa CKJIaIHICTh BUMPOOYBalbHUX CTEHAIB. [lanuii
00’exT [16] OyB po3poOiseHuit 1j1s1 BUMPOOYBAHHS BEJIMKHWX KOCMIYHMX araparis,
BEPXHIX CTYIEHIB PAKET-HOCIIB B CUMYJIbOBAaHOMY KOCMIYHOMY cepenoBuii. Kpim
TOTO, NI BUMIPOOYBaHb PaKETHUX JIBUTYHIB, CTEHJ CIPHUSB MPOBEACHHIO 0Aaratbox

BUIIPOOYBaHb 3 IMITAIIIEI0 KOCMIYHOTO CEPEIOBHUIIA 3 TETJIOBUM BILIUBOM.
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Pucynox 1.5 — Cxematuane 300pakeHHS BUTTPOOYBAIBLHOTO CTEH 1A 3 IMITAITI€I0

ymoB BakyyMy B NASA Glenn Research Center [16]

Tak B poborax [17-19] omnucyroTbecss JOCBIA CTBOPEHHS 1 poOOTH
eKCIIEPUMEHTAJIbHUX BUIIPOOYBAILHUX CTEH/IIB.

CucreMu CTBOpEHHS BakyyMy Yy BHIPOOYBaJIbHUX BOTHSHHUX CTEHAAX
3a0€3Meuy0Th PO3PIIKEHE CepeloBUIle, M0 1MITye KocMmiuHi ymoBH [20]. Bouu
JI03BOJISIIOTh TPOBOJUTH TECTyBaHHS peajbHUX, HE pPO3paXyHKOBUX, IapameTpiB
PIIMHHUX PAaKETHUX JIBUTYHIB, TAKUX K €PEKTUBHICThH 3rOPSHHS, CTIHKICTh POOOTH,
TEPMOJMHAMIUHI XapaKTEPUCTHUKU Ta TOBEIIHKA KOMIIOHEHTIB MalliBa B YMOBaXx,
MaKCHMaJbHO HAOJMKEHHUX JI0 pealbHUX KOCMIYHUX yMOB. OKpiM IepepaxoBaHUX
BUIIIC [TApaMeTPiB, caMe BUMPOOYBaHHS PIAMHHOTO PAKETHOr'O JIBUTYHA MPOBEJICHI B
yMOBax HaOMIKEHUX [0 BAKyyMHHUX, MOXYThb BHU3HAUMTH pEajbHE 3HAYCHHS
MUTOMOTO  IMIYJbCY JBUTYHA — BOKJIMBOIO MapaMmeTpy, L0 XapaKTepHU3ye

JIOCKOHAJIICTh KOHCTPYKIITIi.
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BunpoOyBaHHs1 B yMOBax BakyyMy MarOTh KpUTUYHE 3HAYEHHS 111 KOPEKTHOTO
aHani3y (QyHKIIOHYBaHHS ABUTYHA. be3 CTBOPEHHS TaKUX YMOB HE MOXJIMBO OIIHUTH
poOOTYy paKeTHOTO ABUTYHA Y MTOBHIM Mipi. L{i pe3yapTaTi € OCHOBOIO JIsI TTOIAJTBITIOTO
BJIOCKOHAJICHHS] KOHCTPYKI[ii JBUTYHA, IIJIBUIIEHHS WOro eQeKTUBHOCTI Ta
HaziiHOCTI [21]. OmHI€0 3 BAKIMBUX 33/1a4 € TOCATHEHHS CTa0lILHOCTI BaKyyMy (200
xo4ya 0 3MEHIIEHHSI CTPUOKOMOAIOHOCTI rpadiKy THCKY) MPOTATOM YCHOTO IMEpioay
BUNPOOYBaHb, III0 BUMAra€ BUCOKOI TOYHOCTI HAJIAIITYyBaHb OOJaJHAHHS U PoOOTH
YCTaHOBOK.

MexaHi4H1 HacocH 3a0€3MeUyI0Th BAKyyM IUIIXOM (D13UMYHOTO BUAAJICHHS razy
3 po6o4oro 06'eMy BakyyMHOi kKamepH. BoHM € HAUMPOCTIIIMMHU i OJJHUMHU 3 HAHO1JIBIIT
€KOHOMIYHMX PIIIE€Hb JJI JOCATHEHHS HU3BKOTO a00 cepeaHbOro piBHs Bakyymy [21].
Taki HacoCH OJIUIAIOTHCS Ha JIEK1JIbKa OCHOBHUX THITIB:

llopwmnesi nacocu ATOTH HA OCHOBI MEPIOJIUYHOTO CTUCHEHHS Ta PO3IIMPEHHSA
ra3y, MOCTyHNOBO BUTICHSIFOUM MOJIEKYJIH 3 poOouoro o0’eMy. BoHM BUPI3HAIOTHCA
BHUCOKOIO TOTY>KHICTIO Ta HAAIMHICTIO, OJJHAK MalOTh OOMEXEHY MPOIyKTHUBHICTH,
0COOJIMBO I1]1 Yac POOOTH 3 BEIUKUMHU 00’ €MaMu.

Pomopno-niacmunyami nacocu BUKOPUCTOBYIOTH POTOP 13 IJIACTUHAMM, SIKI
00epTaUnCh, CTBOPIOIOTH 30HU HU3BKOTO Ta BUCOKOTO THUCKY BCEPEINHI MPUCTPOIO.
Bonu 3a0e3neuyioTh cTaOUIbHMI BakyyM 1 3a3BH4Yail BUKOPUCTOBYIOTHCS IS
MOTIEPETHHOTO 3HMKEHHS TUCKY B KaMepi Mepej] 3aCTOCYBaHHSAM THIITMX TUIIIB HACOCIB.

CnipanvHi Hacocu MPAIIOIOTH 3aBASKUA JBOM CHIpasM, 1110 00epTaloThCsl OJTHA
BiJIHOCHO OJIHOI, IOCTYTIOBO BUTICHSAIOYH T'a3 3 Kamepu. BOHU BiIPI3HSAIOTHCSI BUCOKOIO
eHeproeeKTUBHICTIO, HU3bKUM PIBHEM IIIyMY ¥ HaA1MHICTIO, ajie He 37]aTH1 JOCsITaTh
BHCOKOTO BaKyyMy.

MexaHi4HI HACOCH MalOTh KIJbKa CYTTEBUX IEpEBar, Cepell SKUX HaIINHICTB,
MpPOCTOTAa KOHCTPYKLII Ta JIETKICTh 00ciayroByBanHs. Kpim Toro, ix mmpoxke
BUKOPUCTAaHHSA 00YMOBJIEHO BiIHOCHO HEBUCOKOIO BapTiCTIO BUpoOHHUIITBa. BogHouac
BOHHM MAarOTh 1 HEJIOJIIKH, 30KpeMa CKJIaJHICTh peali3alii KOHCTPYKIIH s BEIUKHX

pobounx 06'eMiB Ta OOMEKEHHSI B JOCSITHEHHI BUCOKHX PIBHIB BaKyyMY.
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OnHuM 13 HaHO1IBII PO3MOBCIOHKEHUX Ta €PEKTUBHUX PIIIEHb JJII CTBOPEHHS
MOMEPETHHOTO PO3PIIKEHHSI POOOUOr0o CepeIOBUIIA € BUKOPUCTAHHS BOJIOKUIBLIEBUX
HacociB. Lli mpucTpoi MmMHpPOKO 3aCTOCOBYIOThCS Ha BUMPOOYBaJIbHUX CTEHAAX MAJIS
PIIMHHUX PaKeTHUX JIBUTYHIB, OCOOJIMBO y BUIAJKaX, KOJW HEOOX1HO MiArOTYBaTH
00'eM BaKyyM-KaMepH IS TIOJAJIBIIIOT0 3HIKSHHS THCKY 10 HEOOX1JHOTO PiBHS.

[Mpunmun poOOTH BOMOKIJIBIIEBUX HACOCIB TIPYHTYEThCS Ha OOEpTaHHI
HEHTPAIBHOTO POTOpa BCEPEAMHI KOPIYCYy, YacCTKOBO 3allOBHEHOTO PIAMHOIO,
3a3Buyail Bonoro. Ilig yac obGepTaHHs POTOp yTBOPIOE KUIbLIE PiAMHH, siIKe (Hopmye
3MiHHI 00'eMH KaMep MK Horo jonatsmu. Llei nporiec 3a0e3neuye 3axX0MIeHHs ra3y
Ha BXOJl Hacoca, HOro TpaHCHOPTYBaHHS B OOMEXKEHOMY IPOCTOpP1 J0 BUXIAHOTO
OTBODY, J€ BII0YBA€THCS MOCTYNOBE BUTICHEHHS Ta3y 3 cucTeMu [22].

3aBAsSKU 1IbOMY MEXaHI3My BOJOKIJIBIIEBI HACOCHU 37]aTHI CTBOPIOBATH BaKyyM,
JOCTAaTHIA  JUIsi  BUKOHAHHS  TOMEPEAHBOIO  €Taly  PO3pIHKEHHS. BoHu
XapaKTEPU3YIOThCAd HAAIMHICTIO, MPOCTOTOK KOHCTPYKLII Ta BIJHOCHO HHM3BKOIO
noTpeboro B oOciyroByBaHHI. OpHaK piBeHb BaKyymy, SKUH MOXHa JOCATTH 32
JIOTIOMOT'OI0 BOJIOKUIBLIEBUX HACOCIB, OOMEKEHUN IXHBbOIO KOHCTPYKIIEI0, TOMY IS
3a0e3MeUeHHsI TIIUOIIOr0 BaKyyMy BUKOPUCTOBYIOTh JOJIATKOBI CHCTEMH.

JIJ1st CTBOPEHHS BUCOKOTO BAKYYMY 4acTO BUKOPHCTOBYIOTh T1OpUAHI CUCTEMH,
JIe MEXaHI4H1 HACOCH MPAIIOI0Th Y MOEIHAHHI 3 IHIIMMH YCTaHOBKaMHU.

OcHOBHUMH POOOYMMHU TPHUHIIMIIAMHU Y CTBOPEHHI CHUCTEM BaKyyMYyBaHHS €
MOEIHAHHS PI3HUX THUIIB YCTaTKyBaHHs, sike peanizye edexkt camoexekuii. Lle
OOyMOBJIEHO THUM, IO 3aCTOCYBaHHS JIMIIE OJHOTO METOAY s 3a0e3rneueHHs
HEOOX1THOTO PiBHS PO3PIKEHHS CEPEIOBHINA YaCTO € HEJOCTATHIM.

Takum uuHOM, orjsig poOIT [6-11, 14-19] BHCBITIIOE OCHOBHI HEMOJIKH
BUNPOOYBAJILHUX BOTHEBUX CTEH/IIB PIIUHHUX PAKETHUX JBUTYHIB, 1110 TTOBUHHI OyTH
BUpILIEH] a00 BIOCKOHAJIEH], a caMe:

Bucoka eapmicmes cmeopennss ma excniyamayii. BakyyMHI BOTHEB1 CTEHIU
noTpeOyIOTh CKJIATHUX 1HXKEHEPHUX pIlIeHb, 30KpeMa MOTY)XHHUX BaKyyMHHX
HACOCHUX CHUCTEM, KPIOT€HHUX YCTAHOBOK Ta 3aXMCHOi Tepmoizousiiii. Lle poOuts ix

HAA3BUYAIHO JOPOTUMH Yy OyAIBHHUIITBI Ta MOAATBIIOMY 00CITyrOBYyBaHHI.
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Obmedxcena oocmynHicms. BHCOKOTEXHOJOTIUHI BaKyyMHI BHIPOOYBaIbHI
CTEH/JHM € BJIACHICTIO HE0ArarbOX KOCMIYHHMX areHTCTB 1 BEJIIMKUX aepPOKOCMIYHMX
komranii (Hampukiaax NASA, ESA, SpaceX, Blue Origin, CNSA). Ile 3uHauHO
YCKIIAJHIOE JIOCTYN JO TaKWX BHUMPOOYBaHb Il MEHIIHUX KOMIMAaHIH Ta HAyKOBUX
YCTaHOB.

Heoocmamusi  mounicmo  imimayii  peanvrHoeo  8axyymy. YMOBH, SKi
CTBOPIOIOTHCS B HA3EMHUX BaKyyYMHUX CTE€HJIaX, HE MOBHICTIO BIJIMOBIAI0Th BAKYyMY
BIJIKDUTOTO KocMocy. HaBiTh Mpu JAOCATHEHHI HU3BKOIO THUCKY Yy BHUIIPOOYBaJIbHIN
KaMepi 3aJIMIIAETHCS BIUIMB 3aJIMIIIKOBOTO Ta30BOT0 CEPEIOBUIIA, TEINIOBUX €(DEKTIB
Ta rpaBiTaIlii.

Benuxi enepeemuuni gumpamu. JIns nigTpuManHs HEOOX1AHOTO PIBHS BaKyyMy
Ta BIJIBEJICHHS raps4yux rasziB MoTpiOHI 3HA4YHI €HepreTU4H1 pecypcu. Lle 3menmnye
€KOHOMIYHY €(DEeKTUBHICTh TAKUX BUIPOOYBaHb.

Obmedrcenns 3a poamipamu 08ucyHie. bUIBIIICTh Cy4aCHUX BaKyyMHHUX CTEH/IIB
pO3paxoBaHI HAa TECTYBaHHs JBUTYHIB MaJioi Ta cepeHboi TATH. BumpoOyBaHHS
MOTY>KHUX MapIIOBUX JBUTYHIB JIJII MDKIUIAHETHUX MICIH € HaJ3BUYalHO CKJIQTHUMHU
yepe3 HEOOX1THICTh CTBOPEHHS BEJIMKUX KaMep 3 BUCOKUM CTYyIIEHEM BaKyyMy.

Exonociunuii ennue. BUKMAM TOKCUYHMX KOMIIOHEHTIB MalbHOTO (TEMTHII,
a30THA KHUCJIOTA, TETPAOKCHUJ I1a30Ty) MOXKYTh CTBOPIOBATU €KOJIOT1YHI PU3UKHU B
MICIIX  posTamryBaHHs — creHaiB. CucremMu  HedTpamizamii  Ta  OYMIIEHHS

BIJIIIPAllbOBAHUX T'a31B CYTTEBO YCKIAJAHIOIOTh €KCIUTYaTallll0 TAKUX 00'€KTIB.

1.3 AHani3 BUKOPMCTAHHA aAMTHBHUX TEXHOJIOTii B PAKEeTHO-KOCMIYHIN

rajy3i

AIIMTHBHE BUPOOHMIITBO MOXXHA BBa)KaTH OJHHM 13 €TalliB TEXHOJOTIYHOT
PEBOJIIOIIIT, TaK SK caMe BOHO JI03BOJISIE BTUTIOBATH B JKUTTS AU3aiiH BUPOOIB, SIKI HE
MO>KHA JIOCSATTH BUKOPHCTOBYIOUH KJIACHYHI TT1IX011 10 BUpoOHHMIITBa [23 — 43].

CraHoM Ha ChOTO/HI, aJUTHUBHE BUPOOHUIITBO MOKHA TMOAUINTH Ha BEIIUKY

KUIBKICTh MeTOAIB Ta miaxoxaiB. lle moB’s3aHO 3 THUM, IO 3pPOCTaHHS Tay3i
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BiIOyBaeThCsl IIBHAIIE HDK 11 cTaHgapTtu3amis Ta onuc. Hampukian, B
poborax [44 - 47] aBTOpH HaMararoThCsl IPUBECTH KJIacH(IKaIlIIO raay3i B 3aJIeKHOCTI
BiJl CITOCOOY Mi/IBE/ICHHS TEPMIUHOI eHeprii, a00 K KOHCTPYKTUBHUMHU OCOOTUBOCTSIMU
caMuX MPUHTEPIB.

Takum arHOM, iICHY€E 6araTo iIHAUBITyaTbHUX CTIPOO KiIacu(iKyBaTH METOIH a00
crocoOu aIWTUBHOTO BHUPOOHUITBA. HeoOXigHICTH Yy CTBOPEHHI BJIACHHUX
iHTeprpeTallli MOsSCHIOEThCS MOCTIHHUM PO3BUTKOM Tajly3l Ta BUPOOHUIITBA THX YH
1HIIMX 3arO0TOBOK BUPOOIB HOBUMH METOJAMMU.

Hassuuii crangapt ISO/ASTM 52900:2015 [48] Bu3Hauae OCHOBHI MPHUHITUIIH,
0a30Bl TOJIOKEHHS Ta TEPMIHOJOTII0 METOJIIB aJUTUBHOTO BUPOOHUITBA. Llei
HOPMATUBHUI JIOKYMEHT PpO3pI3HSE€ JBa OCHOBHUX MIiAXOAUW JO MPOIECIB
BUT'OTOBJICHHSA: OJJHOKPOKOBI Ta 0araTOKpOKOBI.

OnHOKpPOKOBHI Mpoliec nepedayae BUTOTOBICHHS A€Tajleil 3a OJIHy omneparlio,
MPOTATOM SIKOT OJTHOYACHO JIOCATAIOTHCSI HEOOX1/IHI MEXaHI14H1 BJIACTUBOCTI MaTepiainy
Ta ocTaToyHa (opMa 3aroToBKH. Takui miAXig € 0coO0aUBO €HEKTUBHUM JIJIs
3HIDKCHHSI BHTpPAT 4Yacy Ta CHEpreTHUHHMX pecypciB. Ha pucynky 1.6 HaBeneHa

CTPYKTYypHa cXeMa OJHOKPOKOBOT'O METaJIEBOTO aJUTUBHOTO BUPOOHMUIITBA.

Type of X
material > Metallic
I
| I | ] J | |
- > Melted state Solld 3 melted [ solid state
t 1 ' { t i t
Material Filament /wire : Sheet
feedsmck> material Powder material material
' 1 ' 1 ' ' t
Material - hest
dust?i;:':m> Deposition nozzle Powder bed i.;:k
| I | I I | I
Basic AM Selective deposition of Selective fusion of Fusion of
principle material to a substrate material in a powder bed stacked sheats
' 1 ' 1 ! ¢ t
Source of Electron Electron
husion > baam Laser bearn Laser Ultrasound
| I | I | | |
Process g o ; Sheet
categ nr-.r> Directed Energy Deposition Powder Bed Fusion [aminabien

Pucynok 1.6 — CtpykTypa cxema 0JHOKPOKOBOT'O BUPOOHHUIITBA [5]
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OIHOKPOKOBI TpoLleCH B AAUTUBHOMY METAJIEBOMY BHPOOHHIITBI MalOTh
PO3BUHEHY CTPYKTYPY 1 MOAUISIOTHCS Ha TPU OCHOBHI KaTeropii:

Directed Energy Deposition (DED) — MeTon, 3a SIKOTO JDKEpelio eHeprii
HaIpaBJIsEThCS Ha 30HY OCAPKEHHS Marepiaiay, OJHOYACHO IUIaBIsSYM Horo M
yTBOPIOIOUM Iapu 3aroToBku [49]. SIk marepianu 3acTOCOBYIOTHCS MeETaJCBHIA
MOPOIIOK abo0 JpIT, AKi BUOIPKOBO TMOJAIOTHCS B 30HY IUIABIICHHSI, JTO3BOJISIOYU
CTBOpIOBAaTH JeTall CKjJIagHOi TreoMeTplii abo BiAHOBIIOBATH  IMOIIKOJKEHI
KOMITOHEHTH. [[11aBieHHs 3MIIHCHIOETHCS 3a JIOMTOMOTOIO €IIEKTPOHHOTO ab0 JIa3epHOTO
MPOMEHIO. ENeKTpOHHO-IPOMEHEBI YCTAaHOBKM 3a0€3MeUyI0Th BHCOKY TOYHICTH 1
MPAIOI0Th Y BaKyyMi, TOJI SIK JJa3€pHI CUCTEMHU € OUTBII YHIBEpCATbHUMHU Ta MOXKYTh
(GYHKIIIOHYBaTH B pi3HOMaHITHUX YMOBaX. 3aBJIIKH CBOIH THYYKOCTi Ta €()eKTUBHOCTI,
DED 3HaxoauTh 3acTOCYBaHHS B  aBiamiiHIA, KOCMIYHIA Ta  IHIIHUX
BHCOKOTEXHOJIOTIYHUX ramy3sx. Ha pucynky 1.7 HaBeaeHHI TpoIeC BUTOTOBJICHHS

JeTajl pIAMHHOIO pakeTHOro ABUryHa MetojgomM DED texHosnortii.

Pucynok 1.7 - NASA HR-1 Liner [23]

Sheet Lamination (SHL) — mporec, mo mnepeadadae MOMAPOBE 3'€THAHHS
JMCTOBUX MaTepiayliB IMUILIXOM MEXaHIYHOTO a00 TEIJIOBOTO BIUIMBY, 3a0€3Medyr0Un

HeoOxinHy ¢opmy BupoOy [50]. 3'enHanHHS JHUCTIB 3AIMCHIOETHCA 3a JTOMOMOTOIO
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MEXaHIYHOT'0 TPEeCYBaHHS, TEPMIYHOTO BIUIMBY a00 komOiHaIlii 000X METOJIB, IO
3a0be31euye BUCOKY TOUHICTh 1 MIIHICTh TOTOBOTO BUPOOY. L{s1 TEXHOJIOTISI 103BOJISIE
BUKOPHCTOBYBATH IIMPOKUH CIIEKTP MaTepialiiB, BKIIOYAIOYH METald, MOJIMEPH Ta
KOMIIO3UTH, 1[0 poOUTh ii €QEeKTUBHOIO HJii BUTOTOBJICHHS TPOTOTHIIIB,
JEKOpPaTUBHUX €JeMEHTIB 1 (QyHKIIOHATBHUX AeTanei. SHL Takoxx Bimpi3HSIETHCS
MIHIMAIBHAMH BIXOJAaMH MaTepially, 0 CIPHUS€ EKOHOMIYHOCTI Tpolecy, Ta
MOYJIUBICTIO iHTerpari PI3HOPITHUX MarepiaiB TUISt CTBOPEHHS
0aratoyHKLI10HATBHUX KOHCTPYKIIH.

Powder Bed Fusion (PBF) — texHoioris, ska 0a3ye€Tbcsi Ha BUKOPUCTaHHI
Ja3epHOr0 a00 EJEKTPOHHOIO MPOMEHIO JIJISl TUIABJICHHS 1 CIIKAHHS MOPOIIKOBUX
MaTepiaiiB y BU3HAYEHHX TOYKaX 3aroToBkH. [Ipoiiec moOynoBu ieTani BUKOHY€EThCS
map 3a ImapoM, Io 3a0e3lneuye MOXIIUBICTh BUTOTOBJICHHS KOMIIOHEHTIB 13
MIHIMAJbHOIO TOBIIMHOK CTIHOK 1 CKJIAJHOI BHYTPIIIHBOK CTPYKTYPOIO.
VaockOHaJIEHHST I[UX TEXHOJIOTIA JO3BOJAE JOCATTA BHCOKOI  IIBUIKOCTI
BUPOOHMIITBA, 3HAYHOI THYYKOCTI TMporecy Ta e(OEeKTUBHOTO BUKOPUCTAHHS
MartepianiB. TexXHOJIOTii MOPOLIKOBOIO CHIKaHHS MOAUISIOTBCA 32 CHOCOOOM
MiJIBeICHHS eHeprii Juisd crutaBieHHs nmopomky: Laser Powder Bed Fusion (L-PBF) —
BUKOPHUCTAHHS JIa3€pHOTO MPOMEHIO i TUIABJICHHS TMOPOIIKOBUX MaTepiaiB.
Electron Beam Powder Bed Fusion (EB-PBF) — 3acTocyBaHHA ITy4YKa €J€KTPOHIB JIJIs
JIOCSITHEHHSI aHAJIOTTYHOTO PE3yJIbTaTy.

i MmeTou NIMPOKO BUKOPUCTOBYIOTHCS B aBiallii, KOCMIUHIN ramxy3i, MEAUIUHI
Ta 1HIIMX BHCOKOTEXHOJOTIUHUX cdepax. OcobOnuBuii iHTepec Bukiankae L-PBF
3aBISIKM MOTO TPHUIATHOCTI JJIi BHPOOHHIITBA KOMIIOHEHTIB DPIAMHHUX PaKETHUX
JBUTYHIB. 3aCTOCYBaHHS TEXHOJIOT1M MOPOIIKOBOTO CHIKAHHS CHpPHUSIE CTBOPEHHIO
BUCOKOTOYHHMX 1 HaJIHHUX KOMIIOHEHTIB 13 MIHIMaJbHUMU BUTpaTaMu Martepiany.
[Tomupenuii miABUA UM TiKATErOpis L-PBF texnomnorii € Selective Laser Melting
(SLM). [1lana Ha3Ba € O1IBIIT 3BUYHOTO JIJIs CIIEIIAIICTIB Ta YaCTIIIe BUKOPHUCTOBYETHCS

y raiy3si. Ha pucynky 1.8 300paxkenuit ocHoBHHI npuHIun podotu 3D-npuHTepa.
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Pucynox 1.8 — CxemaTuuse 300paxeHHs1 podotu 3D-nipuHTepa 3a TexHosnoriero SLM

BUpOOHMIITBA [51]

[TomiTHO, 1O ICHY€ BeNHMKa KUIBKICTh KaTEropiil MpOIECIB «METaJIeBOIO»
aIUTUBHOTO BUPOOHHUIITBA, SIKI MAlOTh 3HA4YHI BIJIMIHHOCTI. 3Ba)kaloud Ha Te, IIO
HanpsM 3D-apyKy NOCTIIHO PO3BUBAETHCS, HA JAHUM MOMEHT JOCUTH CKJIQTHO
MPOBECTH MOr0 OCTATOYHY CTAaHIAPTHU3aIlI0, IO B CBOIO YEPry YCKIAIHIOE
BIIPOBAKEHHS 11€1 TEXHONOT11 y BupoOHnunii ki PPJI. 3a ocHOBY onucy aniuTUBHOI
TEXHOJIOT1i BUKOPUCTOBY€EThCA icHytounit ctanaapt [ISO/ASTM 52900:2015.

Meton anuTuBHUX TexHOJori, 30kpema L-PBF, Hagae Ge3niu moxinBoCTei
JUIsL BUPOOHUITBA KOMIIOHEHTIB, $IKI BHUKOPUCTOBYIOTBCS B PIZHHUX Tally3sX,
BKJIFOYAIOYM a€POKOCMIYHY 1HIYCTpi0. BakinMBOIO OCOOJIMBICTIO IIBOTO METONY €
MOCTITHE PO3MIUPEHHS ACOPTUMEHTY MOPOLIKOBUX MaTepialliB, 0 pOOUTHh HOTO BCe
OuTbII TPUBAOJMBUM Ul 3aCTOCYBAaHHS y BHUI'OTOBJICHHI BHUCOKOTEXHOJOTIYHHX
CJIEMEHTIB, 30KpeMa /I PIAMHHUX pPaKeTHUX JBUTYHIB. BpaxoByroum 3pocrarounii
1HTEepeC J0 aJAUTUBHOrO BHUPOOHHUIITBA, 30KpeMa B KoHTekcTi PPJI, pominbpHO
PO3TIIIHYTH OCHOBHI IepeBaru Ta Hepomiku TexHosorii L-PBF.

IlepeBaru 11i€i TexHosoOrii uMcieHHI. OJIHIEIO 3 OCHOBHUX € MOXJIUBICTb
BUTOTOBJICHHS CKJIAJIHUX BHYTPILIHIX KOHCTPYKIIM, TakuX $AK OXOJIOJKYBaJbHI
TPaKTH YMA TOPOXKHI CHJIOBI OOOJOHKH, MO € BaXJIHUBUMHU JJII KOMIIOHYBaHHS
€JIEMEHTIB PIIMHHUX PAKETHUX ABUTYHIB. TEXHOJIOTiS TakOX 103BOJIAE 00'€THATH

KUJTbKA CKJIaJaJIbHUX OJIMHUIIb B OJHY JETaNb [52], 110 MiBHUIIYE TOYHICTH 1 3MEHIITY€E
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BUTPATH HA CKJIaJabHI Iporiecy. Brcoka po3aiiabHa 31aTHICT APYKY, 3 MOKIIUBICTIO
NOCSTHEHHsT ToBIIMHU Tiapy Bif 20 mo 100 MkM, Jae 3MOTy CTBOPIOBATH JETai 3
MaKCHUMaJIbHOIO TOYHICTIO, IIIO € HEOOXITHUM I BUCOKOHABAHTA)KEHUX €JIEMEHTIB
JIBUTYHIB.

3naunHoro  mepeBaroto  TexHonorii L-PBF €  moxmmBicTh  OymyBatu
CaMOIIITPUMYIOUl TOBEpXHI M0 45°, 1m0 T03BOJIIE CTBOPIOBATH KOHCTPYKIIi 0€3
HEOOX1THOCTI 10JJaTKOBO1 MIATPUMKHU, 3MEHIIYIOUA TUM CAaMUM BUTPATU Martepianty i
CIPOIIYIOYH BUPOOHHUIITBO. 3BICHO, MOXHA Oy/ayBaTH CaMOMIATPUMYIOYi IIOBEPXHI 1 3
OUIBIIMM KyTOM Haxuiy, MPOTE SIKICTh IIMX MMOBEPXOHb, 0COOIUBO MIOPCTKICTH, MOXKE
CWJIBHO BIUIMBATH Ha aepoJMHAMIYHI YM TiIpaBiidyHl XapaKTepUCTUKU BUpoOy. Ha
pucyHky 1.9 300pakeHa SIKICTh CaMOMIATPUMYIOUO] TTOBEPXHI B 3aJIEKHOCTI B/l KyTa

HaXUITy.

Haxmn
BIIHOCHD
oct £
an=
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Pucynok 1.9 — Ilpuknaa 0X0on04Ky0UMX TPAKTIB BUTOTOBJIEHUX METOIOM

aJUTUBHUX TEXHOJOTIH [53]
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B po6oTi [53] onucyeThest mpoliec BUTOTOBIEHHS TPAKTY OXOJIOHKEHHS KaMepHu
3TOPSIHHS PIAMHHOTO PaKETHOTO JBUTYHA 3a jornomoroio 3D-apyky. [lupokwuit BubGip
matepianiB mius L-PBF, Bxirodaroum criemiagbHi CTadl Ta CIUTaBH, A€ MOXJIUBICTH
PO3pOOIISITH 1HHOBALIMHI PIMICHHS IS CKJIaJHUX KOMIIOHEHTIB, IO IPAIlOIOTh B
eKCTPEeMallbHUX yMOBax. TakoX BapTO BIJ3HAYUTH, LI0 Oarato Marepiaiis,
BUKOPHCTOBYBAHUX y IbOMY IIPOIIEC, HE TOTPEOYIOTh JOIATKOBOI TEPMIYHOT 00pOOKH
JUTS 3HATTS BHYTPIIIHIX HAIIPY>KEHb, [0 3HAYHO MTPUCKOPIOE BUPOOHUIITBO.

JIoMaTKOBOIO TMEPEeBarold € MOXKJIMBICTh OINTHUMI3allli Macu €JEMEHTIB
KoHCTpyKIii PPJl B HaciIok BUKOPUCTaHHS METOAIB TOIMOJIOTT4YHOI onTuMizarltii. Le
JI03BOJISIE  CTBOPIOBATH JieTmil 1 Oulbll €(deKTHBHI KOMIOHEHTH O0e3 BTpaTu iX
MEXaHIYHOi ~MINHOCTI. barato mnpukiagiB 3acTOCyBaHHA W BHKOPUCTAHHS
TOTIOJIOTIYHO1 ONTUMI3AIlli onmrcaHo B poboTtax [54-58]. 3acrocyBannsa L-PBF Takox
3HAYHO CKOPOYY€E Yac BUPOOHUITBA, 3MEHIITY€ TPYAOBUTPATH 1 JJO3BOJISIE BIIIMOBUTHUCS
B1J1 JOPOTHX OCHACTOK, HEOOX1AHUX SISl TPAIUIIIMHUX METOA1B BUPOOHUIITBA. 3aBASKU
[IOMY, TEXHOJIOT1s JI03BOJISIE€ 3HMKYBATH BUTPATH Ta YaC HA BUPOOHUIITBO €JIEMEHTIB
KOHCTPYKIIN PIIMHHUX PAaKETHUX JBUTYHIB 1 MiABUILYE €PEKTUBHICTh y 1ioMy. Ha
pucynky 1.10 mpuBOIUTHCS MPUKIIAJ MOPIBHSHHSA 4Yacy Ta KOIINTIB 3aTPAauCHUX Ha
BUPOOHULTBO Kamepu 3ropssHHs PP/ B moOpiBHSAHHI 3 TpaguUiiHUMH METOJAMH

BUpOOHMIITBA. CIIOCTEPIra€ThCS 3HAUHE CKOPOUEHHS BUTPAT 1 4acy Ha BUPOOHHUIITBO.

Traditional Manufacturing AM Development Evolving AM

12-18 mos / $310k 6-8 mos / $200k 3-5 mos/ $125k

Pucynox 1.10 — [TopiBHSHHS] BAKOPUCTAHHS aIUTUBHOTO BUPOOHUIITBA 3

TPAIUIIMHUMU TT1AX0aaMHu [23]

Ha pucynky 1.11 300paxxyeTbcss OMUH 1 TOW CaMUW CTPYKTYPHHM €JIEMEHT

PIIMHHOTO PaKETHOTO JBUTYHA, MPOTe BUroTOBIeHUM TexHosorisimu L-PBF ta DED.
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[IpuBeneHa pi3HUIA y 4Yaci BUPOOHMIITBA, a TaKoXX NOMITHO, mo mcias DED

TEXHOJIOT1i, HeMa€ MATPUMYIOUYUX €JIEMEHTIB, 1110 CIIPOIIYy€ MOAAIBIITY 00POOKY.

L-PBF Development DED Development

—

>90 days using L-PBF (Large Platform) <14 days deposition
using LP-DED

Pucynox 1.11 — [lopiBusinns Bukopuctanss texnoznori L-PBF ta DED
BUPOOHUIITBA [23]

Opnnak, He3Ba)KalOUM Ha YMCIIEHHI nepeBary, 3actocyBaHHs L-PBF mae 1 cBoi
HesoMiKK. OIHUM 3 TOJIOBHUX OOMEXEHb € BIJICYTHICTh €(PEKTUBHOI CHUCTEMHU
KOHTPOJIFO SIKOCTI ISl BUTOTOBJIEHOI MPOAYKIii. TexHoJoriyHi ae(eKTH MOXKYTb
BUHUKATH 4Yepe3 BEJIMKHUI BIUIMB PI3HOMAHITHUX UYWHHHUKIB, TaKUX SK IapaMeTpH
HanamrtyBanHs 3D npuHTepa, 0 MOKe MPU3BECTH /10 OSIBU BHYTPIIIHIX J€(EKTIB B
Marepiasniax. Jlo 1mux (akTopiB TakoXX MOXKHA BIHECTH SKICTh OOJagHAHHS Ta
MOPOIIIKY, HABITh BOJIOTICTh B MPUMIIIIEHHI, JI€ B1I0YBAETHCS IPYK, MOXKE BIUTMBATH HA
AKICTh TOTOBOTO BUPOOY. Lle 0cOOIMBO KPUTHUYHO /JIs €JIEMEHTIB, SIKI IPALOIOTH Mij
BUCOKMMH HaBaHTAKCHHSIMHU, TaKUX SK JeTajl PIIMUHHOTO PAKETHOTO [BUTYHA.
JocnimxenHs HaBeAeH1 B poOoTi [59] miakpecmooTs, mo mpu BukopuctanHi L-PBF
TEXHOJIOT1I JII BUTOTOBJICHHS KOMIIOHEHTIB PIIMHHUX PAKETHUX JBUTYHIB. Takox 70
X (pakTopiB MOXKHA BITHECTH SKICTh OOJIaIHAHHS Ta MOPOIIKY, HABITH BOJIOTICTH B
NPUMILIEHH], JIe BII0YBA€ETHCS APYK, MOKE BIUIUBATH HA MIKPOCTPYKTYpY MaTepiaiy i
B KIHIIEBOMY MiJICYMKY — Ha MOr0 MEXaHIYH1 XapaKTepUCTUKH, TaKl SIK TBEPJICTb 1
CTIHKICTH JI0 BUCOKUX TEMIIEPATYyD.

[Ile omHUM CYTTEBMM HEIOJIKOM € TOPIBHSHO BHCOKa BapTICTh CEPIMHOTO
BUPOOHUIITBA 3a onoMoroio 3D mpunTtepiB. BoHn MaioTh 00OMeXeHy 31aTHICTH A0
BUTOTOBJICHHS BEJMKUX BHUPOOIB, II0 MOXKE 3HAYHO 30UIBIIMTH BHUTpPATH Ha

BUPOOHUIITBO BEMUKUX MapTiid. KpiM Toro, A1 BUTOTOBIIEHHS BEJIMKUX CEepii AeTanen
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HEOOX1THO 30UIbIIYyBaTH KUIBKICTh YCTAHOBOK, III0O MOXE€ OYyTH EKOHOMIYHO
HeepekTBHUM. barato  KOCMIYHHMX  KOMMaHIA 1  Opradizamiii  akKTHBHO
EKCIICpUMEHTYIOTh 3 BlpoBa/keHHsSIM L-PBF Ha eramax, mo BKIHOYamOTh
BUTOTOBJICHHS TMPOTOTHUIIIB Ta ApiOHOCepiiiHe BUPOOHUIITBO KoMMoOHEHTIB. lle
JI03BOJISIE TIPUCKOPUTH TIPOIIECH TECTYBAHHS Ta MEPEBIPKH HOBUX KOHCTPYKTHBHUX
pimieHp 6e3 3HaYHUX BUTPAT HA CTBOPEHHSI CIIeliaJIbHIX OCHACTOK 1 IHCTPYMEHTIB.

Takox HEeJI0JIIKOM € GBI Tpy0a SIKICTh ITOBEPXOHb BUPOOiB, III0 OTPUMYIOTHCS
3a JIOMOMOTOI0 QJUTHUBHOIO BUPOOHHUIITBA (3BICHO TUIBKU TOAl, KOJH IIOPCTKICTh
MOBEPXHI € BaxJHBOw g (yHkiioHany nerani). lle e wachiakom crnenudiku
TEXHOJIOT1i, 1 Taki MOBEpPXHI MOTPeOyIOTh J0JATKOBOI OOpPOOKU I JOCATHEHHS
HEOOXITHUX XapaKTepucTuk. B oomexxenoMy nepeniky matepiams Ay L-PBF Takox
MO>KHa TOOAYUTH TIEBHI MPOOIeMH. 3 OJHOTO OOKY, KIJTbKICTh JJOCTYITHUX MaTepialliB
MOCTIIHO 3pOCTae€, aje NpH MOPIBHAHHI 3 TPAJUUIMHUMHU METOAAMHU BUPOOHUIITBA,
MTOPOIITKOBI aHAJIOTH MOKYTh OYTH 3HAYHO JTOPOXKIMMH. Y JEIKUX BUIAIKAX, KOJIH HE
ICHY€ TIPSIMUX aHAJIOTIB TPAAUIIINHUX MaTepiaiiB, HEOOX1HO IIYKATH aJIbTEPHATHURH,
0 MOXE€ YCKJIAQAHUTH Tpouec ado MPU3BECTH [0 BIJIMOBHU BiJ] BUKOPUCTaHHS
TEXHOJIOT1i B ICSIKUX BUTIAKAX.

[Ticnst BBeIEHHS aIUTUBHUX TEXHOJIOTIA y BUPOOHUITBO €JIEMEHTIB PIIMHHUX
paKeTHUX JBUTYHIB, BEJIMKE 3HAYEHHSI MAIOTh JOCJIKCHHS, SIK1 MIITBEPKYIOThH
e(eKTUBHICTD 1 moTteHmian Texnosorii L-PBF. Hanpuknan, B po6oTi [60] moka3aHo,
110 3acTocyBaHHs TexHouorii L-PBF no3Bossie 1ocArtv BUIOi TOUHOCTI 1 MEXaHIYHUX
BJIACTUBOCTEH Y TIOPIBHSIHHI 3 TPAAUIIIMHIMHU METOJIaMU BUTOTOBJIEHHS, OCOOJIMBO B
aCTMEKTI TeMIIepaTypHUX 1 MEXaHIYHUX HABAHTAKCHb HAa MaTepiaii.

3arajioM, MOXXHa BBa)kaTH, M0 HAMPSMOK aJUTUBHHMX TEXHOJOTIA BIJIKPUBAE
IITUN P HOBUX MOMKJIMBOCTEH Il po3poOHuKa. Buxopucranns 3D-apyky He
oOMexxeHe cdepor0 UM HaAOmpsMKOM, a € YHiBepcadbHUM. BoHO Moxe
BUKOPUCTOBYBATUCH SIK Y CKJIAIHUX TEXHOJIOTIYHMX CUCTEMaxX PIIMHHUX PAKETHUX

JIBUTYHIB, TaK 1 B IPOCTIIHNX, JIJIsl MPUKJIAAY CTCHIOBUX CUCTEMaX.
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1.4 BucnoBku 10 Pozainy 1

[TutomMuil IMITyJIBC € OJHHMM 13 HAWBKIIMBIIIMX MapaMeTpiB, [0 BHU3HAYAE
e(EeKTUBHICTh PAKETHOrO JBUTYHA. BiH XapakTepusye KUIbKICTb TATH, SIKYy JBUTYH
MO>K€ CTBOPHUTH Ha OJUHUII0O BUTPAYEHOI'O MAJIbHOTO, 1 BAMIPIOETHCS B CEKyHAaX. Y
BaKyyMHHX YMOBaX MUTOMHI IMITyJIbC 3HAYHO BUIIHUM, HDK B aTMOc]epi, OCKITbKU
BIJICYTHIH 30BHINTHIN THCK, KWW 3aBa)ka€ MOBHOMY PO3IIMPEHHIO ra3iB y cormii. Came
TOMY BUIIPOOYBaHHS PITUHHUX PAKETHUX JIBUTYHIB Y BAKYYMHHMX Kamepax HeoOXiJiHi
JUTSl TOYHOT'O BU3HAYEHHS iIXHBO1 €()EKTUBHOCTI Y BIIKPUTOMY KOCMOCI

BunpoOyBaHHS pIIUHHUX PAaKETHUX JIBUTYHIB Y BaKyyMi MPOBOJASTH ISl TOTO,
1100 MaKCUMaJIbHO TOYHO BIITBOPUTH YMOBHU iXHBOT pOOOTH B KOCMIYHOMY MPOCTOPI.
B armocdepi 3emini 30BHINIHIA THUCK BIUIMBAa€ Ha PO3LIMPEHHS Ta3iB y COIUI, IO
3MIHIOE XapaKTEPUCTHUKU TATU Ta €(PEKTUBHICTH ABUTYHA. Y BakyyMi IIi (pakTopu
BIJICYTHI, TOMY BHUIIpOOYBaHHA B CHELIAJIbHUX BaKyyMHHUX KaMmepax JO3BOJISIOTH
OTpUMATH JOCTOBIPHI JlaHl PO poOOTy JBUTYHA y BIAKPUTOMY KOCMOCI, J€ HEMae
aTMOC(EpPHOr0 OMOpy Ta 3MIHHUX YMOB THUCKY. Po3mmpeHHss BUNPOOyBaIbHUX
MOTY>KHOCTEW T03BOJIE 3M1MCHIOBATH OUIBIN TOYHI M 1H(OpPMATHUBHI TECTH, IO €
3aMOPYKOI0 YCIIIIHOTO PO3BUTKY SIK JIEPKABHUX, TAK 1 MPUBATHUX KOMIIAHIN y ramy3i.

BaxxuBUM acmekToM B IIbOMY MPOIIEC] € MUPOKE BIPOBAIKEHHS aTUTHBHIX
TEXHOJIOTI y BHUPOOHUIITBO KOMIIOHEHTIB Il PAKETHOI TEXHIKU. TeXHOJOoris
aJIUTUBHOTO BUPOOHUIITBA JA€ MOKJIMBICTh BUTOTOBJIATH JETali, K1 paHimie Oyiu
BAXKKO JOCSDKHI @00 HEMOSKIIMBI JJI1 CTBOPEHHS TPAJAULIMHUMH METOJaMH, 30KpeMa
3aBJISIKA MOJKJTUBOCTI BUTOTOBJICHHS CKJIQJIHUX BHYTPIIIHIX CTPYKTYp ab0 reomeTpii,
II0 ONTUMI3YIOTh IK (DYHKIIIOHAIBHICTb, TaK 1 Bary €JIEMEHTIB.

Tomy mpoBeneHHS BUMPOOYBaHb Ta BUKOPHUCTAHHS aIUTHBHUX TEXHOJOTIH
4acTo OB’ A3aH1 Mk C00010, He JiniIe 00’ €KTOM BUIPOOYBaHb, HAMPUKIIA] PIIUHHAM

PAKETHUM JIBUTYHOM, a 1 BUTOTOBJICHHSAM CTE€HJIOBUX eJieMeHTIB 3D - ApyKoM.
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PO3JLI 2. PO3POBKA MATEMATHUYHOI MOJEJI BOTIHEBHX
BUITPOBYBAHb BUCOTHOI'O PIIMHHOI'O PAKETHOI'O IBUI'YHA

Y  nmpyromy po3auli  AMCEpTaIliiHOT  poOOTH  PO3MNISIHYTO  PO3pPOOKY
MaTeMaTUYHOI MOJIEJ €KCIIEPUMEHTY, a caMe, MOJCIIIOBAHHS TEPMO-Ta30MHAMIYHUX
IPOIECiB pOOOTH ra30-e:KEKTOPHOT YCTAHOBKH Ta PAKETHOTO JBUTYHA, 1[0 BUHUKAIOTh
B TMPOTIYHOMY, poOodoMy 00’€Mi Ta30[WHAMIYHOI YaCTMHU CTEHAY IIiJ dac
MIPOBEJICHHS BUTIPOOYBaHb, 3 IMITAIlI€I0 BAKYYMHHX YMOB.

VY migpo3aun 2.1 HaBeleHI OCHOBHI XapaKTEPUCTUKUA PAKETHOIO JBUTYHA, IO
BUIPOOOBYETHCHA.

VY migpo3aini 2.2 omMcaHo Mpolec peamisalii po3paxyHkoBoi 3D-moneni
ra3oAMHaMI4YHOI YaCTUHU BUIPOOYBAJIBHOIO CTEHIY B MPOTPaMHOMY CEpPEIOBUIII
ANSYS.

VY migpo3ain 2.3 omucaHO MaTEMaTU4YHY MOJENb TEPMO-Ta30MHAMIYHHX
MPOLIECIB pOOOTH ra30-eKEKTOPHOI YCTAHOBKH Ta PIIMHHOTO PAKETHOI'O JBUTYHA.

VY migpo3nutt 2.4 TPUBOAATHCS PE3YJbTaTH PO3PAXYHKIB 3MOJEIbOBAHHMX
MPOLIECIB.

Y  migpo3gimi 2.5 mpuBeNEeHO  TOPIBHSJIBHUN — aHali3  OTPUMAaHUX

EKCIEPUMEHTAIbHUX JAHUX 3 JAaHUMH, 1110 OyJIM OTpUMaHi Mij 4ac MOJICJIFOBaHHS.

2.1 Onuc 0CHOBHUX XapPaKTePUCTHK JIBUTYHA, [0 BUNIPOOOBYEThCS

B pamkax poOiT nmpoBeAeHUX B JaHIi qucepTailiitHiii poooTi, OyiI0 JTOCTIIKEHO
Ta BUNMPOOYBAHO BUCOTHUW PIAMHHUN PAKETHUN JABUTYHA MAJIOl TSTH HAa BOTHEBOMY
BUIMIPOOYBAJIbLHOMY CTE€HJ1 B YMOBax, IO IMITyIOTh BakyyM. JIBUTYH, 110
BUNPOOOBYBABCS MaB HACTYMHI XapaKTepUCTUKH [61]:

— T1ara — 200 H;

— KOMIOHEHTH TmanuBa — A3oTHuil Terpokcua (AT) + Hecumerpuunuii
numetwiriapasud (HIMI);

— CIIBBIIHOIIEHHS KOMIIOHEHTIB 1.85.
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3arayibHUN BUTJISI JOCIIIHOI KOHCTPYKIlI BUCOTHOTO PIAMHHOTO PAKETHOTO

JIBUTYHA, 1110 BUIPOOOBYETHCSI HA BOTHSHOMY CTEH/I1 MOKa3aHUM HA PUCYHKY 2.1.

PucyHok 2.1 — 3aranbHuil BUTIIA PAaKETHOTO ABUTYHA

JIBUTYH TIpU3HAYEHUMN JJIS CTBOPEHHS MAaHEBPOBHUX PYXiB KOCMIYHOTO MOJYJIS
4y anaparty. bijibliie mpukiiaaiB BCTAHOBJICHHS Ha BUITPOOYBAIbHOMY CTEH/I1 TOKa3aHO
B Po3nini 3 nanoi po6GoTw.

3arajibHa KOHCTPYKIliSI €JIEMEHTIB Ta BUIPOOYBAJIBHOTO CTEHIY, a TaKOXK

MTHEBMOT1/IpaBJIiYHa cXeMa, nokazaHa B Po3ainax 3 ta Po3ninax 4 nanoi pobotu.
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2.2 Peanizanisi po3paxynkoBoi 3D-moe1i B nporpaMHoMy cepeloBH I

Computational Fluid Dynamics (CFD) MozaentoBaHHs Ha OCHOB1 BUpIIICHHS
piBHsHb Hap’e-CTOKCa € CydyacHUM METOJIOM TOIEPEAHBOI OI[IHKH Tpare3qaTHOCTI
TUX YM IHIIUX TEXHIYHUX MPHUCTPOIB HA €Tami MPOEKTyBaHHSA. TaKoX, YHCEIbHE
MOJICITIOBAHHS JIOTIOMAara€ BU3HAYUTH BaXKJIMBI OCOOJWBOCTI Tedii rasiB 1 piauH Ta
BU3HAYUTH XapaKTEpHI PeXUMH POOOTH MPHUCTPOIB, MO PO3POOIAIOTHCSA, 3 METOIO
M1JTOTOBKH MPOBEACHHS eKCIIEpUMEHTAIbHUX BUlpoOyBanb. PiBHsiHHs Has’e-Ctokca
ONMKCYIOTh TEYil0 B A3KUX PIJWH Ta rasiB, aje HE MalOTh aHAJITUYHOTO PIIICHHS Y
3arajJbHOMY BUTJsAl. HaiiOinbimr po3BUHEHUM Ta TMOIIMPEHUM 3ac000M  JUIs
po3B’sa3aHHs piBHAHb HaB’e-CToKca B MPaKTUYHUX 3a]ja4aX MEXaHIKH PIJIMHU Ta ra3y
€ meToa KoHTpoJibHUX 00’eMiB (Finite Volume Method y anriomoBHil JiTepatypi).
JlaHuit MeTOT BUKOPHUCTOBYETHCS TaKUMU BiToMUMH KoMmepiiitnumu CFD nakeramu,
ak ANSYS CFX, ANSYS Fluent Siemens Star-CCM+ Ta 1HIIUMH, a TAKOX BIAKPUTUM
naketoMm OpenFoam. [To10H1 makeTyu AO3BOJSAIOTH BUPIIITYBATH IIUPOKE KOJIO 3a7a4
JTUHAMIKM PIUHU Ta CTUCIMBUX Ta3iB 3 ypaxXyBaHHSM CKJIQIHOI TeOMEeTpii, II0
JOCITIIKY€EThCSL.

YucenbHe MOJIETIOBaHHS POOOTH JABUTYHA 3 BAKYYMHHUM CTEHIOM Bi0YBaJIOCS
y JIBa CTarm.

Ha nepuiomy erami BUKOHaHO MOJIETIOBaHHSA POOOTH CTEHIY 3 pOOOTOIO ra3o-
exxekTopHoi yctanoBkH (I'EVY) 6e3 3amycky nBuryHa, 1mo BHIPOOOBYETHCA. 3 METOIO
cTabimizaimii poOOTHM YCTaHOBKM, TIOjJaBaBCcs a30T, 3 Burpatoro 204 T1/c 1
temmneparypoto 293 K.

Ha npyromy etami BUKOHAHO MOJIENIOBaHHS POOOTH BUNPOOYBAIBHOTIO CTEHIY
3 JBUTYHOM, IO Mpallo€ Ha HOMIHAJIbHOMY pexkumi. Ha 1boMmy etami a3oT He
MO/TaBaBCH.

3aranbHa 3D-monenb CTeHAY JIsi BUMNPOOYBaHHS ABWUTYHIB MaJloi TSTU B
yMOBaXx, IO IMITYIOTh BaKyyM, MOKa3aHa Ha pUCyHKY 2.2 (6e3 BpaxyBanHs ['EY Ta
razonuHamiynoi Tpyou 2 (I'’ZIT2), BcTaHOBIEHHS NBUTYHAa Majioi TATH y BaKyyM-

Kamepi, OKa3aHo Ha PUCYHKY 2.3.
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R,

Pucynox 2.2 — 3araibHuii BUTIIS] CEpEIUHHOTO Tiepepi3dy BakyymHoro crenny (I'EY

ta ['’JIT2 He nmokazana)

JIJisi IpUCKOpEHHS] MOJICIIOBAHHS Teyli Tra3iB B MPOTOYHIN YacTUHI CTEH.Y,
pobGoumii 00'em wMojeneit OyB copolieHud — mnpuOpadl MmaTpyOKu Ta pemra
TpyOONPOBOIB, HE pO3pPaXxyHKOBI 00’€MH, CHOpOIIEHA TMojaya a3oTy (3aMiCThb
KOJIEKTOpa, a30T MOJaBaBCsA 4yepe3 (aHelb CTEHY), a cama TeOMEeTpis po3aiieHa
HaBII IUIOMMHOIO cuMeTpii. Po3paxyHOK NpoBOAMBCS ISl OAHIEI TMOJIOBUHU 3

IPAaHUYHUM YMOBOIO CUMETPIi Ha MEX1 3pi3y.
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Pucynok 2.3 — HabmmwkeHuit BUJ1 CepeIMHHOTO Mepepi3y ABUTYHA, 10

BUINPOOOBYETHCS, IKHI BCTAHOBJICHUH Y BaKyyM-KaMmepi

Ha pucynkax 2.4 — 2.8 npexncraBieHa po3paxyHKOBa IPOTOYHA YACTUHA CTEHY
3 MO3/I0BKHIM OChOBUM 3pi30M. B mpoTouHiii yactuni 3a gonomororo Fluent Meshing
Oyna moOylnoBaHa po3paxyHKoBa ciTka Tumy poly-hexacore (momiegpuyHi CITKH 3

reKCaeIPUUHUM SIJIPOM).

PucyHok 2.4 — 3aranbHuil BUTIIS PO3PaxyHKOBOI MPOTOYHOT YACTUHHU BaKyyMHOIO

CTEHTY

1 — Bakyy™m-kamepa, 2 — ['JIT20,3 - T'IT1,4—-TEY, 5 -TIT2, 6 — atMmocdepHe cepeIoBHIIe
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Pucynok 2.5 — 3aranbHuil BUj po3paxyHKOBOI MPOTOYHOT YACTUHU BaKyyMHOTO

CTEH]ly 3 TI03/I0BXHIM OCbOBUM MEPEPI30M

Pucynok 2.6 — HaGmmkeHuit Bu po3paxyHKOBOI IPOTOYHOI YACTHHHU BaAKYyMHOTO

CTEH/Y 3 MO3I0OBXHIM OCLOBUM TiepepizoM moomm3y kamepu [EY

Pucynox 2.7 — HabnuxeHuit BUJl po3paxyHKOBOT MPOTOYHOT YACTUHH BOTHEBOTO

CTEH]y 3 TIO3/I0BXKHIM OCbOBUM PO3PI30M MOOJIN3Y BaKyyM-KaMepH
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'n\ \ FpaHULA Noaadi azoTy

Pucynox 2.8 — Iloepxust ['/IT1, 1110 BUKOPUCTOBY€ETHCA SIS OJIa41 a30TY

Takox, 11 CIPOIIEHHS PO3PaXyHKY HE BPaXxOBYBAJIMCS MPOIECH 3MIIITYyBaHHS
Ta TOPIHHS KOMIIOHEHTIB ManuBa B Kamepax 3ropsHHs ['EY Ta nBuryna, mo
BUNIPOOOBYETHCsA. Kamepu 3ropsiHHst OyJin CIIpOIIEH], a Ha BXO/IaX MOIaBaiacs CyMilll
IPOAYKTIB 3rOPsIHHS PAaKETHOTO JBUTYHA, III0 BUITPOOOBYETHCSI.

Jo cknaay cyminni ra3iB Bxoauiau taki rasu: Na, NO, CO, CO,, H,O, OH, H,, H,
O,, O. Po3paxyHOK MacOBUX KOHIICHTpAIlil CKJIaly TMPOIYKTIB 3TOPSHHS B Kamepax
neuryna ['EY Ta aBuryHa, 1o BUIpPOOOBY€eTbCs, NpOBOAMBCA y mporpami — NASA
CEA (Chemical Equilibrium with Applications). Jlana mnporpama po3paxoBye
XIMIYHUHA PIBHOBaKHUM CKJIaJ 1 TEPMOAMHAMIUHI BJIACTUBOCTI CKJIATHUX CyMiIIeH 3
Oynp-sikoro HaOopy peareHTiB. U[iapHICTE Ccywmimln rasiB po3paxoByBajiacsi 3a
JIOTIOMOTOI0 PIBHSIHHA CTaHy 171€aJIbHOTO rasy, Jie MOKa3HUK aniadaT k 3ajiexaB Bij
MUTOMOT TETIJIOEMHOCTI TIpH MOCTiHHOMY THUCKY Cp, sika 3a/aBajacs 3aJIeKHICTIO Bij
TEMIEPATYPH.

I'panuuni ymoeu. Ha Buxoni 3 kamepu 3ropsinas exxekropa ['EY 3amaBaBcs Tuck
raibMyBaHHs 74 Oap, Temreparypa raibmyBanHs 1300 K Ta ckimamg mpomykTiB
3ropsiHHs (PO3paxyHOK MAacOBHMX KOHIEHTpALld CKIaay MPOAYKTIB 3TOPSHHS IS
HOMIHAJIBHOTO PEXHUMY poOOTH exekTopa mpoBoauBcs y mporpami NASA CEA). ¥V
KaMmepl 3rOpsiHHA JIBUTYHA, IO BUIPOOOBYETHCS, 3aJaBaBCSi HOMIHAIBHUI THUCK

raJibMyBaHHs, HOMiHaJIbHA TEMIIEpAaTypa raibMyBaHHs Ta CKJIaJ MPOIYKTIB 3rOpsIHHS,
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pospaxoBanuii y mporpami NASA CEA. Ha Bcix moBepXxHSX CTIHOK 3aJ]aBaJIUCs] yMOBHU
MPUINATIAHHS.

Sk TemoBa rpaHUYHA YMOBA Ha BCIX MOBEPXHSX CTEHAY 3ajJaBajacs MOCTiHHA
temriepatypa, o naopiBHioe S500K. Jlns BumpoOyBaHOro ABUTYHA TeMmIeparypa
YaCTUHU COIUIA, IO HE OXOJIOKYEThCSA KOMIIOHEHTAMH NaJIMBa, PO3PaxOBYBaIAC
BUXOJISTYM 3 YMOBH TEIUIOBOTO pajiallifHOr0 BUIIPOMIHIOBAHHS Ha 30BHIMIHIN CTIHII
coruia.

3a BuxigHuM 3pizoM ['JIT crenmy Oyna BujiiieHa o0JacTh HABKOJIUIIHBOTO
CepeNOBHINA, a Ha BUXITHIA rpaHUIll Ii€i 001acTi 3aAaBaBCcsi aTMOC(EPHUN THUCK Ta
TeMIeparypa.

Jist uncenbHoro monentoBaHHs BukopuctaHo CFD maker ANSYS Fluent 3
HaJIAIITYBaHHAMU pOOOTH Ha OCHOBI ocepeqHeHHX 3a PeliHonbacom piBHsIHL Has'e-

Crtokca 3 BUKOPUCTaHHSIM Moel TypOyieHTHOCTI k- SST.

2.3 MoaeaoBaHHsI TePMO-Ta30JMHAMIYHUX MPOLECiB po0OTH PiINHHOTO

JABUT'YHA T Ia30-eKeKTOPHOI YCTAHOBKHU

Hus CFD wmopemoBanas ANSYS Fluent BukopucToBye HecTaiioHapHi
TpuBUMIpHI piBHAHHS Has'e-Crokca [62].

Cucrema BUXITHUX PIBHSIHb CKJIAJIa€ThCA 13 PIBHAHHS HEPO3PUBHOCTI, PIBHAHHS
30epeKeHHST KITBKOCTI PyXy, DIBHSHHS 30€pexXeHHs eHeprii, piBHSHb MOJEi
TypOyJICHTHOCTI, PIBHSIHHS TE€PEHECEHHS KOHIIEHTpallli rasiB, 110 BUKOPUCTOBYE
Mozenb “Species transport” (“Mojenb nepeHocy KOMIIOHEHTIB cyMirti” abo “Mogensb

MEePEeHOCY XIMIYHUX PEYOBHUH).

2.3.1 OcHOBHI piBHSIHHS BUX1THOI CHCTEMH PIBHSIHB

PiBustHHS 30epekeHHsT Macu, ab0 PIBHAHHSA HEPO3PUBHOCTI, MOKHA 3alHCaTH

HaCTyITHUM YHHOM!
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dp @2.1)

E+V-(pﬁ)=5m,

ne S,, — 1e Mmaca, 1ofaHa 10 0e3mepepBHOi ¢a3u 3 gucnepcHoi Apyroi dha3u
(HampuKJIaa, 4Yepe3 BUIAPOBYBAaHHs Kpameidb PIIUHH) 1 OyIb-SIKUX BHU3HAYEHUX
KopuctyBaueM jkepen. PiBasuaus (2.1) € 3aranbHOI0 (GOopMOIO PiBHSHHS 30€peKeHHs
MacH 1 CIIpaBeIUBE SIK JIsl HECTUCIIUBHX, TaK 1 JIJIST CTUCIIAX TEUii..

30epexkeHHsT KUIBKOCTI pyXy (IMITyJbCy) B 1HepIianbHii (0€3 MpUCKOPEHHS)

CUCTEMI BIJUJTIKY ONHMCYETHCA HACTYITHUM BHUpa3oM [62]

a - - > = - = (22)
E(pv)+v-(pvv =—-Vp+V-(T)+pg +F,

-

le p — CTaTUYHMI THCK; T — TE€H30p HaNpyxKeHb; pg i F— BimnosigHo cuia
TSDKIHHS Ta 30BHIIIHI CHJIH Tij1a (HAlIPUKJIIA, K1 BHHUKAIOTh Y PE3yJIbTaTi B3a€MO/IIT 3
JMCTIEPCHOIO (ha3010). F Tako’k MIiCTHTB iHIII 3aIeKHi Bix Mozerni JOKEPENbHI YJIeHH,
TakKi SIK MOPHUCTE CEPEAOBHINE Ta BU3HAYCHI KOPUCTYBa4YeM JpKepera.

Ten3op HaNpPyKeHb T BUBHAYAETHCS SIK

_ 2
F= u[(vﬁ+vﬁT) v, (2:3)

1€ L — MOJIEKYJISIpHA B A3KICTh; | — OIMHUYHUIN TEH30p, a IPYTUH YJieH y IpaBiil
4acTHHI — e(DEeKT po3MupeHHs 00’ eMy.

CrucnuBl MOTOKM ra3zy 3a3BU4Yail XapaKTEpPU3YIOThCS MOBHUM THUCKOM pPg 1
MOBHOIO TEMIEpPaTypor0 MOTOKy T, (IHIIMMM CJIOBaMHU — TUCK Ta TeMIEparypa
rajibMyBaHHs). JIJ1s 1/1eaIbHOTO ra3y Il BEJIMYMHU MOJKHA TOB’S3aTH 31 CTATUYHUM

THUCKOM 1 TEMIIEPATypPOIO0 HACTYITHUM YHHOM

C
To “p
. T (2.4)

[Tporpamue 3a0e3neueHHs po3B’A3y€ PIBHSIHHS €HEPrii B HACTYyIHiN hopmi

0 +V2 +V *h+v2 =
ac\P\° "2 pv 2]~ (2.5)
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J

ne kerr— edexruBHa TemIonposimHicTe (k + k;, ne k; — TypOyieHTHa
TEIJIOMPOBIHICTG, BHW3HAYEHA BIAMOBIIHO 10 MOJAENI TYypOYJIEHTHOCTi, IO
BUKOPUCTOBYETHCS); ]_; — nuy31HHAN TOTIK XIMIYHUX PEYOBHH.

[lepmri Tpu 1ogaHKW B MpaBiii YaCTUHI PIBHSAHHS 2.5 MPENCTaBIAIOThH NIepeaady
€Heprii BHACIIJIOK TEIJIONPOBIIHOCTI, U (y311 XIMIYHUX PEYOBHH 1 B’SI3KOI JUCHTIALI]
BIJIOBIJTHO. S}, BKJIIOYAaE 00’ €MHI JKepesa Teria, sSiKi BU3HAYaI0ThCSl KOPUCTYBavYeM
3a37aJIerib 1 MBUAKICTh YTBOPEHHS TEILIa B pe3yJIbTaTl XIMIYHUX peakiii. OHakK 1e
JKEPEIIO peakilii He 3aCTOCOBYETHCS /IO PIBHSIHHS TTOBHOI €HTAJIBITI].

VY piBHsHHI (2.5) eHTaJbIIA BU3HAYAETHCS JIJIS 1/1eaIbHUX Ta3iB sK:
_ (2.6)
=D Uy
J

ne Y;— MacoBa YacTKa XIMiYHMX PEYOBHMH j, a BIAYyTHA TEIUIOTA XiMIYHHUX

PEYOBHH hj — II¢ YaCTHMHA CEHTAJIbIIii, sIka BKJIOYA€ JIUIIE 3MIHU EHTaJbIi uepes
MUTOMY TEIJIOEMHICTb.
T (2.7)
Tref
3HaueHHs Tpqf, AKE BUKOPUCTOBYETHCA JUIA OOYMCIEHHS BIIYYTHOI €HTANBIIII,
3aJIC)KUTH BiJl PO3B’sA3yBada Ta MOJACIICH, III0 BUKOPUCTOBYIOThCS. J{J1s Iporpamu, sika
pO3B’s3y€ JaHi PIBHSHHSA HA OCHOBI TUCKY Ty.or cTaHOBUTH 298.15 K. Jlnst mporpamu-
pO3B’A3yBaya Ha OCHOBI HIUILHOCTI, 3HaY€HHA Ty, cTanoBuTh 0 K, 32 BUHATKOM
MOJICITIOBAHHS TIEPEHOCY 13 PEeakiisiMU, Y IIbOMY BHUIMAJIKY II€ 3HAYCHHS BBEIUTHCS
KOPHUCTYBa4eM JIJIsl KOKHOI pEYOBHUHH.
BryTpinmHs eHeprisi BU3HAYAETHCS PIBHOMIPHO ISl CTUCIUX 1 HECTUCIUBUX

MaTtepialiB SK

Dop + D (2.8)
Jie p — MAHOMETPUYHUM TUCKOM; Doy € OTIOPHUM THCKOM.
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JIJist MOZIeNIIOBaHHSL CyMIillll IPOJYKTIB 3TOPSIHHS BUKOPHUCTOBYBAJACA MOJIETb
(13 . . :99 .

Mopnenb nepeHocy KoMIoHeHTIB cyMimni” (Species transport model) 6e3 ypaxyBanHs
XIMIYHUX peakiii MK KoOMIOHeHTaMmH. [[si po3B’s3aHHS PIBHSHHS 30€peKeHHs
XiMIYHUX pedoBUH (KoMmoHeHTIB cywmimni), ANSYS Fluent po3paxoBye nokanbHY
MacOBY YaCTKy KO>KHOTO KOMITOHEHTY Y;, depe3 pillieHHs pIBHSIHHS KOHBEKIIi-Tudy3ii
JUIS i-TO KOMIOHEHTY cywiti. Lle piBHSHHS 30epeKeHHsI Ma€ HACTYIMHHUN 3aralbHUN
BUTIIAT [63]

) ) . (2.9)
= (pY) + V- (pBY) = =V -]+ R; +5,

e R; yucTa MBHUIKICTH YTBOPEHHS i-X KOMIIOHEHTIB CYMIIIl y pe3yjbTaTi
XIMIYHOI peakiii, a S; 1e MBHUIKICTh CTBOPEHHS KOMIIOHEHTIB LUISIXOM JOJaBaHHS 3
nucnepcHoi a3y moc 0yab-sKi BU3HaYEH1 KOPUCTYBaveM Jikepena. PiBHAHHS Takoi
dbopmu Oye po3B’sizano st N-1 BuaiB, ne N — 3arajibHa KUTbKICTh XIMIYHUX PEUYOBUH
y piakiit ¢asi, npucyTHi B cucteMi. OCKIIBKM MacoBa YacTKa KOMIIOHEHTIB CyMIiIln
MOBUHHA Y CyMi JIaBaTH OJMHHMIIIO, MAaCcOBa YacTKa N-ro KOMIIOHEHTA BU3BHAYAETHCS 5K
OJIMHUL MIHYC CyMa poO3paxoBaHMX MacoBuX 4acTok N-1 kommnoneHtiB. {00
MIHIMI3yBaTl YUCJIOBY MOXUOKY, N-ii KOMIIOHEHT CIiJl BUOMpATH SIK PEYOBUHY 13
3araJibHOI0 HAMOIJIBIIIO0 MACOBOIO YACTKOIO, HAMPHUKIAL Ny, KOJU OKHCHIOBAYEM €

KHCEHb MOBITPSL.

2.3.2 MopaentoBaHHS TypOYJE€HTHOCTI

Jns monemoBaHHs TypOyJieHTHocTi makeT ANSYS Fluent mae mmpoxwmii
nepenik moneneit Takux sk LES, DES, abo rpynu RANS (Reynolds Averaged Navier-
Stokes equations — ocepenneni 3a PeitHonbacom piBasHHS Ha'e-CTokca) mojeneit
TypOyJIEHTHOCTI, Takux sik Spalart-Allmaras, k-¢, k-o.

VY 3amadax 0OYHCITIOBAIBHOI TiIPOTa30AMHAMIKH, CXOXKHX Ha 3aBJIaHHS, IO
pO3TISAIAEThCS B poOOTI, HAWOIBII BUTITHUMH C TOYKH 30py 30iry 3
€KCIIEPUMEHTAJIbHUMU JIAaHUMHU Ta IIBUJKOCTI pO3paxyHKY € IBOMapaMeTpUiHI MOeI
TypOYJIEHTHOCTI TPynu k-, OJHIEIO 3 HAWPO3BUHEHIIIMX Ta TOUYHUX € MOJEIb k-

SST, mo € po3ButkoM 6a30Boi moaeni k-w (BSL k-w Model). [Ipaktuunuii nocBia
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BUKOPHUCTAHHS I1i€1 MOJIel TypOyJIEHTHOCTI MOKa3aB BUCOKY 30DKHICTh PE3yJIbTaTiB
MOJICTIOBaHHS 3  pe3yjbTaTaMHU  EKCIIEpUMEHTIB, TOMYy B JaHIi poOoTi
BUKOPHCTOBYBAJacs caMe MoJIelb TypOyJIeHTHOCTI k- SST.

RANS moneni TypOyJeHTHOCTI OCHOBaHI Ha 3aMiHl MUTTEBUX LIBUJKOCTEH Ta
HaNpy>KeHb OCEPEIHEHUMHU 32 YaCOM, a (PIIyKTyalliifHi 3aTUIIKHA BUALISIOTECS B OKpeMi
HECTAIl[lOHAPHI WIEHU PiBHSAHB, AKI Ha3MBAIOThCS HarpyxkeHHsMU PeitHonbaca. Lli
JIOJATKOBI YJI€HHW OMHUCYIOTh BIUIMB TYypOYJICHTHUX (QIYKTyalliid Ha cepeHl MOTOKH 1
NoTpeOyIOTh MOJIETIOBAHHS, OCKUIBKM BOHHM HE MOXYTh OyTH OO4YMCIIEHI
0e3rmocepeIHbO 3 OCEPETHCHUX PIBHSAHB. J[J1s1 IbOTO BUKOPUCTOBYIOTHCS Pi3HI MOJIEII
TypOyJIEHTHOCTI, TaKi sik Mozedi k-¢, k-o, Spalart-Allmaras Ta iH1ii, SIKi JOIOMararTh
3aKpPUTH CHCTEMY DIBHSHb Ta OOYMCIUTH TYpOYJEHTHY B'SI3KICTh. Takum YuHOM,
RANS mozeni 103BOJISIIOTh OOYHCIIIOBATH CEPEIHI XapaKTEPUCTUKU TypOyIEHTHHUX
NOTOKIB, 30epiralouyd Mpud LbOMY PpPO3YMHHUHM OajaHC MDK TOYHICTIO Ta

OOYHUCIIOBAIbHUMH 3aTPATAMH.

2.3.3 PiBHsIHHS niepeHocy it 6a30Boi Mojeni k-w (BSL k- Model)

OcHOBHI piBHSIHHSI TIEpeHOCY 11 0230B01 MO1e1 TypOyJIeHTHOCTI K — w MaioTh
HACTYITHUW BUTJISA]L

o [ ok (2.10)
Tk ) + G =Y + 5, + Gy

9 (k) + -2 (pkuy) =
ot P T By P T ]

Ta

9 (0w + - (peouy)
— (pw) + — (pwu;) =
Jt o 2.11)

0 r dw
ax]' wax]

+G6,—-Y,+D,+S,+G,p.
YV uux piBHAHHAX TepMiH (G, TIPEICTABIISIE YTBOPEHHS KIHETHYHOI €Hepril
k
TypOyJICHTHOCTI Ta BU3HAYAETHCS TAKUM K€ YHHOM, K Y CTaHJIApPTHIN Moxeni  K-o.
G, TIPEICTABIISIE YTBOPCHHS (0, SKE PO3PAaXOBYETHCS, SK OIMKMCAHO B HACTYITHOMY

posauni. 'y, Ta ', mpeacrapnstoTh edekTUBHY AU y3UBHICTD k Ta @ BIAMOBIIHO. Y) Ta

Y, TpelncTaBiAOTh AUCUNAL0 kK Ta @ 4Yepe3 TypOyJeHTHicTb. D, mpencrapise
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nepexpecHnit qudy3iiHuN diieH, SKU pPO3PaxOBYEThCS, K OMUCAHO B HACTYITHOMY
po3mini. Sy Ta S, € KepeNbHUMH WICHAMHU, BU3HAYCHUMH KOpUCTyBadeM. Gy, 1a G )
BPaxoOBYIOTh TEPMiHU TJIABYYOCTI.

MopentoBanus edextuBHoi audy3uBHOCcTi. EdexktnBHI audy3uBHOCTI IS

moneni BSL k-w 3amatoTecst HACTYITHUM YHMHOM

re=u+ 2 (2.12)
Ok

r,o=u+t (2.13)
w

1e 0, Ta 0, € TypOyJleHTHUMHU uuciiamu [Ipanarns ang k Ta @ BIAIOBIIHO.

TypOysenTHa B's13KicTh, D, 00YHCIIIOETHCSA HACTYITHEM YHHOM

.- 1 (2.14)
f F1/0k,1 +(1-F)/ Ukz'
1
- (2.15)

a Fi/ou,1+ A —F) /04,

OyHKIIs 3MITYBaHHS F) 3a/1a€ThCsi HACTYITHUM YUHOM

F; = tanh(®?), (2.16)
©. = mi vk 500u 4pk (2.17)
LT T 0,090y py2w ) 5,052
1 10k dw (2.18)
D} = 2 — ,10710],
@ max[ pawzwaxj 0x; ]

le y — Le BiJCTaHb 10 HaWOmMKIOl moBepxHi; a D) — e noaaTtHa yacTuHa
nepexpecHoro AuQy31HHOro wieHa.
G}, IPENICTaBIIsI€ yTBOPEHHS KIHETUYHOI €HEPTii TypOyJIECHTHOCTI

Gy = o du; (2.19)

! ]axl-'

G, IpeJCTaBIIsIE YTBOPEHHSI @ 133/1a€ThCsl HACTYITHUM YHHOM

aa” (2.20)
G, = ,
w v, k
A = Flaoo’l + (1 - Fl)aoo'z, (2.21)

e
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L _Bu_ (2.22)
= '8:0 O-w,l\/ ,3:0’
2

o, = Bi2 K ’ (2.23)
“ o Be o,a/Be
ne k popiBHioe 0.41.
Y}, mpencTasiisie AUCHUIMALIIO KIHETHYHOT €Heprii TypOyJIeHTHOCTI
Y, = pBkw. (2.24)
Y,, IpecTaBisie TUCUNIALIIO @ 1334a€ThCS HACTYITHUM YHHOM
Y, = pfw?, (2.25)
Bi = F1fi1 + (1 — F)Bi2, (2.26)

ne F; po3paxoByeThes 3 piBHAHHS 2.16.

Mogens BSL k- 0a3yeTbcs sIK Ha CTaHAAPTHIM Mopeni k-w, Tak 1 Ha
cTaHAapTHIA Mozeni k-¢. [1{o6 moeaHaTu 11 AB1 MOJIEN1, CTaHIapTHA MOJIENb k- Oyia
MEePEeTBOPEHAa Ha PIBHSAHHS, OCHOBAaHI Ha k Ta @, 10 TPU3BOIUTH JI0 BBEICHHS
nepexpecHoro audysiiHoro unena (D,, y piBHsHHl 2.11). D, BU3HaA4aeTbCs

HaCTYIITHUM YHHOM!

1 9k dw (2.24)
w0y, , 0x; 0,

D, =2(1-F)p

2.3.4 Monenb k- SST

Mopens SST Britouae Bci BaockoHasieHHst mojieni BSL 1, kpim Toro, BpaxoBye
NepeHeceHHs TypOyJIEHTHUX HANPY>KEeHb 3CYBY Y BU3HAUE€HHI TYPOYJIEHTHOI B'I3KOCTI.
i ocobmuBocTi pobsisiTh MoAenb SST [64] OIbII TOYHOIO Ta HAAIHHOO JJISI ITUPIIIOTO
KJacy Teuld (HampwkiIaa, Te4id 3 HECHPHUSITIMBUMHU Tpagi€HTaMU  THCKY,
aepoJuHaMIYHUX MPOQ1IiB, TPAHC3BYKOBUX yJIapHUX XBHJIb), HIK cTaHaapTHI Ta BSL
MOJENI.

Monens BSL noennye nepeBaru mozesneit Y 1kokca Ta k-¢, ajie Bce Iie He MOXKe
KOPEKTHO Tepe0ayuTH MoYaToK 1 00CAT BIAPUBY MOTOKY BiJl TJIQJKUX MOBEPXOHD.

["onoBHA npu4MHA MONSIrae B TOMY, 110 0OMJIBI MOJIENI HE BPaXOBYIOTh NEPEHECEHHSI
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TypOyJICHTHUX Hampy>XeHb 3CyBY. lle Mpu3BOauTH 110 MepeOuIbIlIeHHS 3HAYEHHS
TypOyJieHTHOI B'si3kocTi. KoOpekTHy mNoBeAiHKY NEepeHocy MOKHa OTpUMaTH 3a

JIOTIOMOT010 OOMeXxXyBada y GopMyIItOBaHHI TypOyJIE€HTHOI B'SI3KOCTI

. ok 1 (2.25)
t — )
© max |+ SFz
a*’ a,w

ne S — 11e BeIM4YMHa MBHAKOCTI AedopmMallii, a @ BU3HAYAETHCA HACTYITHUM

YUHOM
. (aS + Ret/Rk) (2.26)
a == aoo )
1 + Ret/Rk
P (S
k )

re, _ PX 27

UW
. Bi (2.28)

ao —_ ?.

F2 3aJ1a€TbCA HACTYITHUM YMHOM

F, = tanh(®3), (2.29)
o — ) vk 500u (2.30)
2 = M 20 090y py2o|

Jie y — 11e BIICTaHb J0 HaOJIMK4YO01 TOBEPXHI.
CranpapTtHi nocTiiiHi Moaeni k- SST
O-k,l = 1176, 0-(1),1 = 20, O-k’z = 10, 0-(1),2 = 1.168
a,; = 0.31, pi1 = 0.075, pi» =0.0828, ¢*=1.5
1
ay =1, a, = 0.52, ay = 5 B% =0.09, pB;=0.072

Ry=8  R,=6  R,=295 M;=025

2.3.5 YucenbHa METOIMKA PO3B’sI3aHHS PIBHIHb

[Ipu po3p’si3anHi cuctemu BuxigHux piBHsSIHb ANSYS Fluent BukopucroBye

METO]I KOHTPOJIBHUX 00’ eMiB [65, 66]. Y po3paxyHKax BUKOPUCTOBYBAINCS YHCEIbHI
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METO/M, 10 MaTh JIPYTUid MOPSAOK ampoKCHUMaIlli 3a MPOCTOPOBUM 3MIHHUMH.
MeTonu 4ucenbHOrO0 PO3paxyHKy, SIKi BUKOPHCTOBYBAJIMCH il 4ac MOJEITIOBAHHS,

MOKa3aHi Ha pUCyHKY 2.9.

Sokiticn Methods ek
Prissure Velodly Cospleg
Suherne
Couphet
Flux Type
Rhis-Crcew: desmante hasad - Aui Selecd

Spatial Discratizstion
GOl

oast Squaras Coll Bassc
Prazzijia

Secand Crdor

sty

Second Onder Upwind
Mnmeartum

Second Crder Upwire
Turbulant £retc Enargy

second Crder Upwired ¥
Speafic Dissipation Faio

Second Crder bpwrel
Speoes

Second Crder Upwird
Erergy

Secani Order U rd

........
v “Preuda Time Method

sinhal Time Stap ®

A Wirped-Facs Saacent Comecian
¥ Hugh Order Term Felmaton | options...
¥ Ser AL Speces DiEmakzations Togsthar

Pucynok 2.9 — MeToau 4ucesbHOro po3paxyHKy

2.4 Pe3yabTaT po3paxyHKiB MATEMAaTHYHOT0 MO/IeJIIOBAHHS

[licns  mpoBeneHHS  HaNamTyBaHHS Ta  TepeTBopeHHs  3JI-momemi
BUIMIPOOYBAILHOTO CTEHIY B PO3PaxyHKOBY pOO0OYOro ra3oJWHaAMIYHOTO MPOIECY,
MPOBENCHO MojentoBaHHsl mporeciB. Ha pucynkax 2.10 — 2.12 mpencraBieHi
pe3ynbTaTH MEPIIOTo eTamy MojientoBaHHs podbotu I'EY 6e3 BunpoOyBaHOTo NBUTYHA.
Oxkpeme MOJeNIIOBaHHS POOOTH JBUTYHA, 110 BUMPOOOBYETHCA Ta Ta30MHAMIYHOI

TpyOu mokaszaHo B poboTax [67-68].

Mach Humos| |

Pucynok 2.10 — Po3nonin uncen Maxa y npoTo4Hiil yacTusi crenay nodmusy 'EY
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Pucynoxk 2.11 — Po3no/iin cTaTUYHOTO TUCKY y POTOYHINA YaCTHUHI CTEHTY
(;morapudmivna mkana) nodauzy 'EY

Tula Pugzore [ Pa]

.
2t ATReId T8 BoGeld S0 T RMeslS 2Rl B00e0S  ABeUB DETeIE L R0welE

Pucynox 2.12 — Po3no/iiia HOBHOTO TUCKY Y IPOTOYHIN YaCTHUHI CTEHIY

(;morapudmivna mkana) nooauszy 'EY

[Ipu 1pOMY THCK PO3PIIKEHHS TEpea eXeKTopoM cTaHoBUB 6292.8 Ila

HEOOX1THOTO PO3P1HKEHHS POO0YOro cepeOBHIIIA.

Ha npyromy erami MmozaentoBanacsi poboTa CTEHAY 3 MPAIOIOUYMM JBUTYHOM 1

Pesynbratu po3paxyHKy mpecTaBiieHl Ha pucyHkax 2.13 —2.21.

hdach Mumber [ ]
0.00 0.87 1.75 2.62 3.50 4.37 5.24 612 6.99 7.87 8.74

Pucynoxk 2.13 — 3aranbHuii BU po3noauty uncen Maxa

(472 MM.pT.CT.). PG3YJ'II>TEITI/I MAaTCMAaTHUYHOI'O0 MOJCIIFOBAHHA ITOKA3YIOTh, IO I'd30-

eKEeKTOpPHA yCTaHOBKA MPAIlIO€ CTa0LIbHO Ta piBHOMIpHO. BinOyBaeThes TOCSTHEHHS

0e3 mojaui a3oTy. 3a pe3ynbTaTaMd PO3paxyHKIB JABUTYH, IO BHUIPOOOBYETHCS, 3
I'’IT20 mparroBanu mrtaTHO (CTpUOOK YIIITEHEHHS BUMIIIOB 13 COTUIA JBUTYHA, a TEUisl
noBHICTIO Oe3BigpuBHA). CepenHiii THUCK y BakyyM-kKamepi ctaHoBuB 297 Ila
(2.2 MMm. pr. c1.), a Tick y I'/IT1 Bakyymuoro crenny (nepen I'EY) ctanosus 6100 [1a
(45.8 MMm. pT. cT.). Big3HauaeThCcsi HECUMETPUUHICTh MOTOKY MPOAYKTIB, 110 BUXOIUTh

3 ra30-eXeKTOPHOI YCTAHOBKHU Ta BIAOOpaXaroThCs K CTpUOKH yuiiabHeHHs B ['IT2.
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ach Humber [

(M) nEF 175 2EZ 3.50 437 ko4 &2 [ ] . Hid

Pucynox 2.14 — Bua posnoainy urcen Maxa no6auzy I'J1T20

Slalic Pressure | Pa]

G 1078 2069 a0E0 S057 anan iRz TnaE BT 2008 A00GC

Pucynox 2.15 — Po3nojin cratuuHoro Tucky (JliHiiHa mikana, 0OMexKeHa THCKaMu

B11 86 I1a 1o 10000 ITa)

Stare Preasure [ Ma |

Pucynok 2.16 — Po3noainy cratuunoro tucky noomausy I'IT20 (norapupmiuna
mkayia, oomexxena tuckamu Bij 86 I1a 1o 10000 I1a)

ledal Pragsura [ Pa )

b L e B e R e 1803 459003 BRIm03 200mnd 4Mesld BEResld 1BRma0f O AATma0E A5

Pucynox 2.17 — Po3nosiny moBHOTO TUCKY (JiorapudmiyHa mIkaa)
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Pucynok 2.18 — Po3noainy noBHoro tucky noonusy ['’IT20 (siorapudmivyna mikana)

Wity Mogniiogs | s |

a 23 584 B84 72 1465 1728 2052 2343 2538 2831

Pucynok 2.19 — 3aranpHuii BUTIISIT TPOCTOPOBUX JiHIN TeUid y MPOTOUHIN

JaCTUHI CTCHIY

xRty WRgE s |

Pucynox 2.20 — Po3noin npoctopoBux JiHii Teuiid nodausy ['IT20 ta

JIBUTYHA, 1110 BUIIPOOOBYETHCS
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5 293 oBg i) 112 145 1758 el

Pucynok 2.21 — HaGnkenuit B po3noaily TpOCTOPOBUX JiHIN CTpyMy MOOIHU3y

ra30-eXeKTOPHOI YCTaHOBKHU

2.5 IIpoBeeHHs eKCTIEPUMEHTAJIbHUX BUNIPOOYBAHb PIAUHHOIO PAKETHOI'0

JABUTYHA

3 MeTOor0 MPOBEACHHS KBaM(PIKALINHUX BUOPOOYBaHb PIAMHHOTO PAKETHOTO
JIBUTYHA, a TaKOXX MIATBEPHKEHHS IMPaBUILHOCTI BUOOPY METOAMKH MOJCITIOBAHHS,
BUKOHAH1 BOTHEB1 BUMPOOYBAHHS Ha CIIEI1ai30BAHOMY BUIIPOOYBaIbHOMY CTEH/I1. B
paMKax eKCIIEpUMEHTY 3/1MCHIOBABCS KOHTPOJIb OCHOBHUX IapaMeTpiB poOOTH
JBUTYHa, 30KpeMa THCKYy B Kamepl 3TrOpsiHHA, I0Jadi KOMIIOHEHTIB TaJIMBa,
TEMIIEpAaTypHUX PEXUMIB Ta CTaOUIBHOCTI poboTH cucteMu. [laHi, oTpuMmaHni 3a
JIOTIOMOTOI0 BUCOKOTOYHHUX JATYUKIB THUCKY, OyJi0 3a(pikCOBaHO Ta MpEICTABIICHI Y
BUrsiAl rpadiuamnx 3anexxHocred. Ha pucynky 2.22 ta 2.23 HaBeIeHUN 3arabHUMA
rpadik po3moAlly THUCKY B pobouyomy o00’emi BUNPOOYBAIBLHOTO CTEHOY IO
pe3ynbTaTaM JaTudKiB TUCKY, IO (PIKCYIOTh PO3PIIHKEHHS B Ta30AMHAMIYHINA YaCTHHI
(DOS1n 1 DOS2n) Ta Ha 3pi3i comioBoro Hacanaka (DS1n, DS2, DS3).

OtpuMaHi J1aHi BUKOPUCTaHI JIJIi YTOYHEHHS MOJEJNI, a TaKOXX ONMTUMI3allii
KOHCTPYKTUBHUX TNapaMeTpiB JBUTYHAa 3 METOIO MIJBUIICHHS HOro HaAIMHOCTI Ta

€(hEeKTUBHOCTI.
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Pucynok 2.22 - I'padik po3noaity TUCKY IiJl Yac IPOBEICHHS BUIIPOOYBaHb
DOS1n, DOS2n — Tuck cepenoBulla y BakyyM Kamepi

1000 mm

—— DS1n
— DS2n

Q00 — DS3n
800

700

@
o
o
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t, cex

Pucynox 2.23 - I'padik po3noaity THCKY ITiJ1 4ac POBEICHHS BUMPOOYBaHb

DS1n, DS2n, DS3n — THck Ha 3pi3i coIuia JBUTYHA.

Ha pucynky 2.22 BuAHO meBHI PO30DKHOCTI MDK Tpadikamu, 3TITHO 3
natyukamu DOS1In ta DOS2n, Ta maiixe 0e3 BiaMiHHOCTeNH Ha pucyHky 2.23. Lle
MOSICHIOETBCA TUM, 1o AaTunkd DOSIn ta DOS2n po3sramioBani B pi3HUX MICIISX
ra3oJIMHaMIYHOTO TPAKTY, 1[0 OOYMOBIIIOE PI3HY PEaKIil0 Ha JIOKAIbHI 3MIHU TUCKY.

Bonnouac matuuku DS1n, DS2n, DS3n po3sraimoBani Ha 0HOMY PiBHI Ta B OJIHIM
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IJIOIIMHI, PIBHOBIIAJICHO OJWH BiJ OJHOro, 10 3a0e3nedye OuIbIl OIHOPIIHI
BUMIPIOBaHHS.

MareMaTiyHe MOJCIIOBAHHS MPOBOJWIOCS y JBa €Talm, IO 3yYMOBHIIO
aHAJIOTIYHMM TIOJAUI BOTHEBUX BHIpOoOyBaHb. Ha meprmiomy erami natdyukamMu OyJio
3a(hiKCOBAHO MOTIEPEIHE 3MEHIIIEHHST aTMOC(HEpPHOTO TUCKY 10 Tiprbiau3Ho 5332.9 Ila
(40 MM. pT. CT.), MO amMpPOKCMMOBAHO Ha OCHOBI rpadiky THCKy (puc. 2.24). Ile
3MEHIIICHHS CTBOPIOBAJOCA 32 PAaXyHOK POOOTH Ta30-€KEKTOPHOI YCTAaHOBKH, SKa
3a0e3nedyBajia MOYATKOBUN PIBEHb PO3PLIKEHHS B cucTeMi. JlOCATHYTHMH pIBEHb
PO3PIIKEHHS BUSIBUBCS OJIM3BKUM JI0 PO3PaXyHKOBOI'O 3HaUC€HHS 45.8 MM. PT. CT., 1110
M1TBEPKYE BIAMOBIIHICTh EKCIIEPUMEHTAIBHUX JTAHUX TEOPETUYHUM PO3PAXyHKAM,
HAaBEJICHUM Yy MONEPEIHHOMY MI1APO3/ILIL.

6007 !

500

e
@
o

MM.PT.CT.
B
g
L

350 —

300 —

250

200 -

150 ;|. B e e e L o e o NS o L B S N

10 11 12 13 14 15 16 1
t, cex

Pucynok 2.24 — I'padik po3nouty THCKY CTBOPEHOTO T'a30-€KEKTOPHOIO

YCTaHOBKOIO

Ha npyromy eramni BakyyMyBaHHs B110yBaiocs IPpH CIUIbHIA POOOTI pIAMHHOTO
PaKEeTHOTO JIBUTYHA 1 Ta30/IMHAMIYHOI TPyOH, 1€ CTBOPECHHS CaMOEKEKITli JTO3BOJIHIIO
JOCSITTA CEPETHHOTO THCKY B PO3PIIHKEHOMY CEpPEIOBHUII BaKyyM-KaMepH, SKUi
cTaHOBUB NpuOau3HO 466 Ila (3.5 MM. pT. CT.) (AaIPpOKCUMOBAHO 3a rpadikoOM THUCKY)
(puc. 2.24). Bognouac, BIAMOBIIHO 10 MOICIIOBAHHS, CEPEAHIN TUCK Y BaKyyM-KaMmepi

MaB ctaHoButu 297 Ila (2.2 MM. pT. CT.).
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2.6 BucnoBku 10 Po3aiay 2

Bukopucrano umcenpHe MojentoBaHHS 3a jgornoMororo Computational Fluid
Dynamics (CFD), mo 0a3yetbcsi Ha piBHsAHHSAX Has'e-CTokca BHUKOpPHCTaHO IJis
MPOBEICHHS] MOJICIIIOBAHHSI TEPMO-Ta30/IMHAMIYHUX TPOIIECIB B cepeArHl poOOYOoro
00'eMy BHIPOOYBAJILHOTO CTEHTy. MeTOT KOHTPOJIBHHX 00'eMiB mependadae po3OUTTs
PO3paxyHKOBOI 00J1acTi Ha OKpeMi 00’ €MH, B MEXKaxX SKUX 3MIHMCHIOETHCS YHCEITbHHMA
pPO3B'sI30K piBHSAHB. Takuil miaxia 3a0e3neuye BHUCOKY TOYHICTh 1 CTaOUIBHICTD
pe3yJbTaTiB, M0 POOUTH WMOro OCOOJMBO €(PEKTUBHUM Yy CKJIAJHUX 3a/layax,
MOB'SA3aHUX 13 MOJICTIOBAHHSAM TYpOYJICHTHHX TeEuiid, TEIUIO0OOMIHY, a TaKOX
Oararoda3Hux 1 XIMIYHO aKTUBHUX MOTOKIB.

Bukopucrane monentoBaHHs B mporpamHomy cepenoBuilli ANSYS no3Bosisie
IMITYBaTd OCHOBHI po00Yl TEpPMO-Ta30JMHAMIYHI TMPOIECH PITUHHOTO PAKETHOIO
JIBUTYHA MaJIOl TSATH, a TaKOX Ta30-€KEKTOPHOI ycTaHOBKHU. Y Po3mainl 2 HaBeneHi
OCHOBHI MATE€MAaTH4YHI 3aJIEXKHOCTI Ta XapaKTepucTuku. OTpuMaHi pe3yJibTaTu
MaTEMaTUYHOTO MOJICTIOBAHHS TOPIBHSAHI 3  €KCIIEPUMEHTAJIbHUMHU.  3TiTHO
MOJICTIOBaHHSI OCHOBHE PO3PIJKEHHSI MPOTIYHOTO pOOOUYOro cepeoBUIlla MOBUHHO
Oyno Oytu B paiioni 297 Ila (2.2 Mm. pT. CT.), IPOTE€ PEATbHUA OTPUMAHUMA 3aMip
BUiIoB — 466 [1a (3.5 MMm. pT. cT.). OTpuMaHa pi3HUIS TOSACHIOEThCA Oararbma
dakTopaMu - TEeMIEpaTypol0 HABKOJMIIHBROTO CEPENOBHUINA, TEMIEPATypPOIO
KOMITOHEHTIB TajuBa, HETOYHOCTI BHUTOTOBJICHHS Ta CKJIAQJIaHHA OCHOBHUX
KOMITOHEHTIB CTEH/y, HECTaOIbHOCTSIMU TOPIHHS CAMOT0 MajauBa, Touo. OTpUuMaHHii
pe3ynbTaT PO3PIIKEHHS] BUMPOOYBAIBHOTO CTEHJY IMOBHICTIO 3aJJ0OBOJILHSE BHUMOTH
TEXHIYHOTO 3aBJaHHS Ha TPOBEACHHS KBamiQiKamiiHUX BUMPOOYyBaHb BUCOTHOTO

JIBUT'YHA.
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PO311J1 3. PO3POBKA EKCIIEPEMEHTAJIBHOI'O BAKYYMHOI'O
CTEHAY JJIAA BUITPOBYBAHD PI/IMHHUX PAKETHUX JIBUT'YHIB

Y TperboMy pO3AUTI AMCEPTAIiitHOI POOOTH MOETANMHO PO3MIISHYTO MPOLEC
EKCTIIEPUMEHTAIILHOT pO3POOKH Ta BUTOTOBJICHHS BAKYYMHOTO CTEH/TY JJIsI IPOBEICHHS
BUIMPOOYBaHb PIAMHHUX PAKETHUX JABUTYHIB Majoi TSATM B yMOBaX, IO IMITYIOTh
KOCMIYHHIA BaKyyM.

VY migposzaini 3.1 geranpbHO omHMcaHa IMHEBMOTIApaBIidyHA CXeMa BaKyyMHOTO
creray. OnucaHi OCHOBHI CHCTEMH, 110 BXOJISITH JI0 Ta30JMHAMIYHOT YaCTUHU CTEH/TY.
Ornrcadi OCHOBHI TeXHIYHI BUMOTH, 1110 CTAaBUJIMCh HA €Talll MPOCKTYBaHHSI.

VY nigpo3ain 3.2 onucaHa uKIorpaMa poOOTH BUIPOOYBATILHOTO CTEH]TY Pa3oM
13 MOCIITOBHICTIO peali30BaHUX KOMaH]I.

Y miapo3nim 3.3 omucaHi OCHOBHI CHCTEMH BHUIIPOOYBAJIBHOTO CTEHIY 3
IMITAIlI€I0 YMOB BaKkyyMmy.

VY migpo3aini 3.4 onucadi cCUCTEMHU MOAa4l KOMIIOHEHTIB MAJIMBA Ta METOJIU iX

MPaKTUYHOT peaizaiiii.

3.1 IIneBMoOTigpaBIiYHA CXeMa BAKYYMHOI'O CTE€H/Y

BakyymHMiI CTEHA € CKIaAHUM 1HXEHEPHUM KOMITJIEKCOM, MPU3HAYECHUM JIJIS
MIPOBENICHHS CKCIIEPUMEHTAIBHUX JOCIIKEHb Ta BUMIPOOYBaHb PiIIUHHUX PAKCTHHX
JBUTYHIB 3 YpaxyBaHHSIM BHCOTHHX YMOB po0OTH. OCHOBHOIO METOI) CTBOPEHHS
TAKOTo CTEHAY € 3a0e3nedcHHs BiANpAIFOBAHHS IBUTYHA Ta OTPUMaHHS PCAIbHHUX,
EKCIIEPUMEHTAJILHUX JIaHUX HOro poOOTH, B yMOBaX, IO BiIOOPaKarOTh pealibHI
YMOBH pOOOTH JBUTYHIB y pO3psLIXKEH1H atMocdepi.

Po3pobieno pobGoue wmicue i1 E€KCIePUMEHTAIbLHOIO  BiJMPAILFOBAHHS
PIAMHHOTO PAKETHOTO JBUTYHAa Majoi TATH, IO TMpPaIoe Ha CaMO3aMUCTHX
KOMIIOHEHTaX MajuBa, B yMOBax, 0 IMITYIOTh BakyyM. Poboue miciie po3po0isiioch
3 ypaxyBaHHSIM HasBHHX MPOCTOPOBHUX 1 TEXHIYHUX OOMEkeHb. B cBOIO yepry e

CTBOPMJIO NMEBHUI HEJIOMIK Y BUTJISIII IOXMIIOTO pOOOYOT0 MiCLs AJIsl Ta30-€KEKTOPHOT
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YCTAHOBKH. 3 METOI0, CITPOIICHHSI MOHTOXXHHUX Ta MIKITYCKOBUX pOOIT, podode Miciie
BUPIBHSHO Y TOPU30HTAIBHY TUIOIINHY.

Jlo ckiagy BaKyyMHOTO CTEHIy BXOJWTHh T'a30MHAMIYHA YaCTHHA, CHUCTEMHU
nogavi komnoHeHTiB nanuBa (AT, HAMI', eranony abo racy), cMCTeMU Mojiayl ra3iB
(oBiTpsA, a30T, TeNliid) Ta BOAM, CTEHIOBAa CHCTEMa BUMIPIOBAaHHS Ta CHCTEMa
yIpaBIiHHS.

Jlo ra3oMHAMIYHOT YaCTUHU BXOJIATh:

— razoauHamiuni Tpyou (I'’AT1 Ta ITAT2);

raz0-eKEKTOPHA YCTaHOBKA;

— MeHIa razonunamiuna tpyoa (I'1T20);

— BaKyyM-Kamepa;

— JieTajl Ta CKJIaJaJibHI OJMHUII, 110 3a0€3MeUyI0Th CKJIQJaHHS Ta 3'€IHaHHS
€JICMEHTIB BaKyYMHOT'O CTEH/TY.

VY cucremy nojaui KOMIOHEHTIB MAJIMBA BXOISTh:

— MEpeXka CTEHJOBHUX Marictpayieu, mo 3abe3neuyoTh MoJadyy KOMIIOHEHTIB
najgrBa Ta rasiB 70 00'ekTa BUITPOOYBaHb;

— mapoOaJioHW OKWCHUKAa Ta TalbHOTO JJIsI KUBJCHHS 3alajbHOTO
npuctpow ['EY;

— OayionHa OaTapes JJIsl TIOBITPS;

— OanoHHU IS OKMCHHKA Ta MaJbHOIO;

— 0ak 1 eTaHojy/racy.

VY cTeHa0BY cucTeMy BUMIPIOBaHHS Ta YIIPaBIiHHS BXOMSTh:

— 3aco0M BUMIPIOBAaHb 3 KaOCIIBHOIO MEPEXKEL0;

— mada aBTOMaTUKH CUCTEMH BUMIPIOBAHHS Ta PEECTPALIIT;

— TporpamHe 3a0e3MeueHHs;

— poOoue Miclie oneparopa B MyJIbTOBIH;

— CHCTEMa BiJICOCIIOCTEPEIKEHHS 32 BUMIPOOYBAHHIMU.

[TpuHIIMTIOBA THEBMOT1IpaBIliyHa CXeMa BaKyyMHOTo cTeHay (muB. Jlomatok b)
BiIoOpakae B3a€EMOJIIF0 OCHOBHMX KOMIIOHEHTIB, 110 3a0€3MeuyI0Th CTBOPEHHS Ta

NIATPUMaHHS BaKyyMmy, a TaKoXK MOJladyy KOMIIOHEHTIB MajduBa ¥ OXOJOIKYHOUHX
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pedoBuH. OCHOBHUM €JIEMEHTOM € BaKyyMHa Kamepa, siKa JO03BOJISIE IMITyBaTH
po3pspkeHy armocepy. ['azo-exxkekTopHa ycTaHOBKa B Mapi 3 ra3oAMHAMIYHOIO
TpyOoto nBuryHa, 1o BunpoOoByetbes (['IT20), 3abe3nedye mgoCSTHEHHS
HEOOX1THOTO PIBHS BaKyyMy, CTaOUIbHICTh SKOTO MIATPUMYETHCS MPOTATOM YChOTO
BUIIPOOYBaHHS.

Ha erami mpoexTyBaHHs Ta IUJIaHyBaHHS pOOIT, 10 BUIPOOYBAIBHOTO CTEHAY
BHUCYBAJIMCh HACTYIHI OCHOBHI BUMOTU:

- THUCK Ha 3pi3l coIla B MOMEHT 3aIlyCKy JABUTYHA 1 mij yac poOOTH Ha
pexnmi He 6inbire 0.08 krc/cm? (59 MM. pT. CT.);

- BUIbHE CTUKYBAHHS CTCH/IOBUX MAJMBHUX 1 BUMIPIOBAJILHUX MaricTpaieu
3 eJIeMEHTaMU JBUTYHA;

- BIJICYTHICTh Ta30BUX «IOJYIIOK» B CTEHIOBUX MaricTpaisix, IO
MiBOASATH KOMIIOHCHTH ITAJTNBA;

- CIIOCTEpEXEHHS 3a mepedbiroM  BUNPOOYBaHb 33  JIOIOMOTOIO
TEJIEBI31ITHOTO IPUCTPOIO (Uepe3 OTJIAI0BI BIKHA) 3 MOYKIIMBICTIO B1IEO3AIKCY MPOIIECY

BUNPOOYBAHb B PEKUMI «OHJIAHHY;

KOMITCHCAIIII0 3yCUJIb, 1[0 BUHUKAIOThH BiJl MEPEMIIIEHb JABUTYHA ITiJ1 4ac
poboTu;

- TE€PMETHYHICTb 3'€/IHAHb IBUTYHA Ta CTEH/IOBUX MaricTpaine;

- MPOyBaHHS CTEHJOBHX MAJIMBHUX MAaricTpajied Ta TUX, IO BXOJATHh B
CKJIaJ IBUTYHA (OKMCHHUKA - MOBITPSAM; MAJIBHOTO - a30TOM) MPU TPUBAIUX May3ax 1
IICJIsT BAMKHEHHS;

- BaKyyMyBaHHsS CTEHJIOBUX Marictpajeid 10 aOCOJIIOTHOTO THUCKY HeE
oinpme 0.6 krc/cm? (441 MM. PT. CT.) Ha JiNSHII Mi’K CTEHIOBUMH KJIallaHAMHU Ta
CJICKTPOKJIAIAHAMH JIBUTYHA,;

- cTablIbHY 110/1a4y KOMIIOHEHTIB MaJIMBa Ha BXOJU B ABUTYH;

- nogayy Ha kiemu EK mwHanpyrm (28+4B) mnocriitHoro crpymy.

[ToTyxHicTh, 10 criokuBaeThes ogauM EK nBuryna, ve 6unbie 40 Br;
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- nojauyy komana Ha ynpasmiuHHig EK ngBuryna BiamoBigHO 10
UKJIOTpaMaMi, HaBeJAE€HUMHU Ha pucyHkax 3.1 1 3.2, 1 peecTpallito CHpaitoBaHHS
enekrpomarHiTiB EK 3 mpoxomkeHHs cTpyMy (Hampyru) yepes ix 0OMOTKH;

- a0COJIIOTHI TUCKM KOMITOHEHTIB MaJliBa Ha BXOJAX Y JIBUTYH Y MOMEHT
Mmo/1a4ui KOMaHI¥ Ha 3aIyCK BiMOBITHO O IUKJIOTPaM, HaBEIEHUX HA PUCYHKaX 3.1
Ta 3.2;

- PI3HMINIO BEJIMYMH THUCKIB OKMCHHMKA 1 MAJILHOTO HA BXOJAaX Yy JIBUTYH y
MOMEHT I0/Iaui KOMaH/IU Ha 3aIycK i Ipu poboTi Ha pexumi He Ginbiie £0.2 Kkre/cm?;

- MOJKJIMBICTh KEPYyBaHHS BUTPATOI0 KOMIIOHEHTIB IMajMBa 4Yepe3 JABUTYH
CTEHJIOBUMHU JIPOCEIISIMH BIATOBITHO IO LUKIOTPaMH, HaBEJEHOI Ha PUCYHKY 3.2;

- CyMapHUid 4Yac poOOTH JBUTYHA TpU  KOHTPOJBHO-TEXHIYHUX
BunpoOyBanusax (KTB) — ne menme 93 c;

- 7IBa BKJIIOYECHHS JBHUTyHa, 0€3 iXHBOTO MOCIHIJOBHOTO JIEMOHTaXy 3i
CTCHJIA;

- BIIBEJICHHS Ta JIOMAJIOBAaHHS MPOAYKTIB 3TOPSHHS 13 COIUIa KaMepH

JIBUT'YHA;

BUMHKAHHS JIBUTYHA B PYYHOMY Ta aBTOMAaTHYHOMY peXHMaxX TMpU
aBapIMHUX CUTYaIlIAX, Y TOMY YKCJI1 32 IOMOMOTOI0 CTEHIOBUX KJIallaHIB y dKUBWJIHBHUX
MaricTpajisix OKUCHUKA Ta MaJbHOTO;

- 3JIMB KOMIIOHEHTIB TIaJIMBa 31 CTCHIOBHMX >KMBUJIBHUX MaricTpajei Imcis
3aKIHYEHHS BUMIPOOYBaHb 1y pa3i aBapiiHOro BUMKHEHHS ABUryHa (ABJ);

- BUMIPIOBAHHS TATH JBUTYHA TATOBUMIPIOBAILHUM MPUCTPOEM;

- BUMIPIOBaHHSA, peecTpallito, aemudpyBaHHS Ta aHali3 BUMIPIOBaAHUX
napameTpiB ABUTYHA 1 CTEH/Y.

VYHIKQJIBHICTh KOHCTPYKIII CTEHJy TOJIATAE€ Yy MOIYJIBHOMY TIiAXOAl [0
npoekTyBaHHs. L{e 103BoMsie Jerko aganTyBaTy HOro 10 pi3HUX THUIIIB BUIIPOOYBaHb,
IIBUJIKO 3aMIHIOBAaTH KOMIIOHEHTH 200 MOJIEpHI3yBaTH CUCTEMY BIJIIMOBIAHO JI0 3MiH Y

BHMOTax BUIPOOYBaHb.
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3.2 lluknorpama po60TH BAKYYMHOI'O CTEHY

B xox1 npoBeaeHHs poOiIT Ta po3poOKH BUIIPOOYBAIBLHOTO CTEHTY, pO3po0IcHa
[UKJIOTpaMa MPOBEICHHS BUMPOOYBaHb MpPU MPOBEJIEH! KBali(iKaI[ItHO TEXHIYHUX

BunpoOyBanb. [lukiorpama HaBeneHa Ha pUCYHKY 3.1, a nukiorpama poOOTH

JBUTYHA - PUCYHOK 3.2.

Sanyck TEY 3ynuuka [EY
Bxuouenns 1, 1=3¢ Briouenns 2, t=90¢
H b_
® ® |0 @ 6 ® © @
@ &) @® | @
0,34, L3 9.5 L] to 20
ty 0.5 0.34 1.5 103 I_L_
3 1 2
90

t. - uac maBopy HeoOXiAHOI BeMHYHHH PO3pIIKEHOCTI cepeoBuma (Bakyymy), tv=10...30 c.
fo - wac npoBezeHHs micnamyckoBoi 06pobku aBuryHa, to=95.5 c.

- poboTa 1BUryHa
— - pOOOTA ABHIYHA

Pucynok 3.1 — Iluknorpama npoBeieHHs BUIPOOYBaHb 3 EPETIKOM KOMaH/

Tuck Ha
BXOMi Yy

Tonaua nanpyru Ha EK «O» i EK «II». 3usarra Hanpyra 3 EK «O» i EK «ID». Butpara,
ﬂery}:l. Janyck Asuryna BuMKHEHHs 1BATYHA e
wro/em’ A [MouaTok KepyBaHHs TIpunuHeHHs KepyBaHHs A

CTEHAOBHMH [IPOCEIISIMH

CTEHA0BHMH APOCEIAMH
30.6x1

49.1*

Henepepsauii pexum pobOTH ABUTYHA

30.6x1

- Ocxicmosas -Masewe  *- Jlan aosicn

Pucynok 3.2 — [{ukiorpama 3amycky JIBUTYHA

[Tin wac mpoBeneHHS BHUNPOOYBaHb 3aCTOCOBYETHCS HACTYNMHHMHA TepeiiK
KOMAaH/I;

1) — KOHTpOJb CHpallbOBYBAaHHS KJIAIaHIB, MOTEPEIHBO 3a0€3MEeYNTH HAJIYB
0aKiB Ta peCUBEPIB OKMCHUKA Ta AIBHOT0, 0aKy eTaHoJy. KOHTpOIb CIIpaIiboByBaHHS
KJIalaHiB 1ojadi BoAu (TOJABIIM B MaricTpajib BOJY), KJIamaHIB MOJayl MOBITPS

(momaBmIM B MaricTpali MOBITPs), KJamaHa mojadvi a3ory (MOJaBIId B MaricTpalib
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a30T). PoboTu mpoBOAMTH 10 3alIOBHEHHS MaricTpajieii KOMIIOHEHTaMU MajiuBa He
OLIBIIIE HDK 3a 24 TOAWHU, aJie HE MEHIII SIK 3a 3 T'OJINHH;

2) — mepeBipka Ha TEPMETUYHICTh CTCHIOBHUX MaricTpajield Ha MUISHIN Bij
Mi70aKOBUX KJIallaHIB OKMCHUKA Ta MaJlbHOTO J10 3'€IHAHb CTEHAOBHUX Marictpaie 3
KPHIITKOIO Ta30AMHAMIYHOI TPYOH METOJIOM CHIaay THUCKY, 3 BUTPUMKOIO, He MeHIre 10
xBWIMH. CniaJ] TACKY HE JIOMYyCKA€EThCS;

3) — BakyyMyBaHHS CTEHJOBHX MaricTpajiei 1mojadi OKMCHHKA Ta MajJbHOTO Y
JIBUTYH;

4) — 3amOBHEHHSI CTEHJOBHX MaricTpajieil KOMIOHEHTaMH IajiuBa, MPOJUBKA
CTEH/IOBHX MaricTpaiei, mepeBipka Mmpame3/1laTHOCTI JaTYuKiB BUTpaTu. [IponuBanHs
CTEHJIOBO1 MaricTpajli OKHCHUKAa BHKOHyBaTuMe uepe3 kianaH AT, CTEeHI0BOi
Marictpaji najapHoro — uepe3 kiaanan HJAMI'. IIponvuBanHs NpoBOAUTH A0 BUIAICHHS
MNOBITPAHUX «OynpOamok». PoOOTHM BUKOHYBaTH BIAMOBIAHO JO TEXHOJOTII
BUMPOOYBATBLHOTO MiAPO3ILTY;

5) — HaAayB CTEHAOBHX OAJIOHIB Ta PECHBEPIB OKMCHUKA Ta MajJbHOTO. THCK
HaJITyBY B OajlOHaX 1 pecuBepax MOBUHEH 3a0€3MeuyBaTh TUCK KOMIIOHEHTIB MaJIMBa
Ha BXOJIax y JIBUTYH;

6) - 3aIyCK ra30-eXeKTOPHOI YCTaHOBKHU;

7) — mepile BKJIIOYEHHsS ABUryHa. [lojadyy KOMIIOHEHTIB MajivMBa B JIBUTYH
3MIICHIOBATH BiJl pECUBEPIB OKMCHHUKA Ta MaJbHOTO;

8) — mpUNMHEHHS MoAayl a30Ty Ha HATIKaHHA (OAHOYACHO 3 MOAAYeI0 APYroi
KOMaHJM Ha 3alyCK JBHUIyHa (T0/adya Hampyru Ha enekTpokianan «I1»)), 3akputu
KJIalaH 1mojadi a30Ty B poOouuii 00’eM CTEHAY;

9) — moyaua a30Ty Ha HaTikaHHs (3a 1.5 cekyH]1 10 Mmojja4yl KOMaH 1 Ha 3YMTUHKY
JIBUTYHA), BIIKPUTHU KJIAIlaH Mojadi a30Ty B poOounii 06’eM CTEHTY;

10) — 3ynuHKa ABUTYHA. 3YMUHKY JABUTYHA 3/1MCHIOBATH MPHU >KUBJICHHI BiJ
pecuBepiB;

11) — BiAKpUTTS miA0AKOBHUX KJIAllaHIB OKMCHUKA Ta MAJTBHOTO;
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12) — npyre BkiroveHHs naBuryHa. [logady KOMIOHEHTIB HajiuBa B JBUTYH
3MIMCHIOBATH BiJ OaJOHIB Ta PECHUBEPIB OKHUCHHKA Ta IMMAJBHOTO 3 TOJAJBIIUM
MIEPEX00M Ha KUBJICHHS BiJl OAJIOHIB;

13) — npunuHEHHs Mojavi a30Ty HAa HATIKaHHS (OAHOYACHO 3 MOAAYEI0 IPYTroi
KOMaH/JM Ha 3alyCK JBUIyHa (II0Jada Hampyru Ha enektpokianad «ID»)), 3akputu
KJIaTlaH 1Mo/1adi a30Ty B poObounii 00’ €M CTEHY;

14) — 3aKpuTTS MiAPECUBEPHUX KIIANlaHIB OKUCHHUKA Ta MAJIbHOTO;

15) — BIAKPUTTS MiAPECUBEPHUX KJIaNaHIB OKUCHUKA Ta MAJIbHOTO;

16) —momaua a30Ty Ha HaTikaHHs (3a 1.5 cekyH[ 10 o/1ayl KOMaH i Ha 3yITUHKY
JIBUTYHA), BIIKPUTHU KJIAIlaH Mojadi a30Ty B poOouunii 06’eM CTEHTY;

17) — 3akpuTTs NMiA0AKOBUX KJIAlaHIB OKMCHUKA Ta MaJbHOTO;

18) - 3ynuHKa JNBUryHa. 3yNMUHKY JIBUTYHA 3I1MCHIOBATH MPU >KUBIICHHI Bij
pECUBEPIB;

19) — micnsimyckoBa 00poOKa IBUTYHA,

20) - 3aKiHYEHHS MICISAMYCKOBOI 00pOOKHU ABUTYHA;

21) - 3yIMHKa ra30-eXeKTOPHOI YCTaHOBKH;

22) - 3aKiHUYE€HHS KOHTPOJIbHO TEXHIYHUX BUTIPOOYBaHb.

3.3 CucreMu BAKYYMHOI0 CTEHIY

3.3.1 TI'a30-exeKTOpHA YCTAaHOBKA

["a30-exeKkTopHAa YCTAaHOBKAa BXOIUTHh [0 CKJIAJy Ta30JAMHAMIYHOI YacCTHHU
BaKyyMHOTO CTEHIy 1 € Ta30BUM €XKEKTOPOM, MPU3HAYEHUM [JIsi CTBOPCHHS
HEOOX1THOTO MONEPEITHHOI0 PO3PIAKEHHSI HABKOJIUIITHBOTO CEPEIOBUILIA B pOOOUOMY
00’emi CTEHAY Ha 3pi131 KaMepH JBUTYHA MTPU BOTHEBUX BUMPOOYBAHHSIX.

MopentoBaHHsi poOOTH Tra30-€KEKTOPHOI YCTAHOBKM OyJIO MPEACTaBICHO B

Po3nini 2, a getanpHa KOHCTPYKIS oka3aHa B Po3aini 4 naHoi poOoTw.
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3.3.2 T'a3opuHamMiyHa YaCTHUHA CTCHY

['a3omuHamiyHa YacTHHA 1€ OCHOBHHM poOoumii 006’eM BHUIIPOOYBAIBHOTO
CTeHIy Kpi3b SIKUH MPOTIKAIOTh MPOTYKTH 3TOPSHHS ra30-eKEeKTOPHOI YCTaHOBKU Ta
JIBUTYHA, IO BHUMNPOOOBYeThcA. B pe3ynpTaTi MmpoBeneHUX poOIT, CIPOEKTOBAHO,
BUTOTOBJICHO, 3MOHTOBAHO Ta BUMIPOOYBAaHO BUIIPOOYBaJIbHUN CTEH/ 300paKeHUN Ha
puCyHKy 3.3. 3arajabHuil BUJ ra30MHAMIYHOT YACTUHU BAKYYMHOT'O CTEHAY HaBEICHO

Ha pucyHKax 3.4 — 3.5, a KOHCTPYKIIii Ha PUCYHKY 3.6.

Pucynok 3.4 — 3aranpHuiil BUTIISIT BUTPOOYBAIBHOTO CTEHY Ta ra30IMHAMIYHOT

qaCTHHH
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Pucynok 3.5 — 3aranpHuil B ra3olMHaMIqHOI YaCTUHU BaKyyMHOT'O CTEHY

['azoguHamiyHa yacTHHA BUMPOOYBAJIBHOTO CTEHAY JUISI PIAMHHUX PaKETHUX
JBUTYHIB € LEHTPAJIbHUM €JIEMEHTOM, SKUM 3a0e3nedye BIABEICHHS MPOJYKTIB
3rOpsiHHA, (OpPMYyBaHHA HEOOXITHMX YMOB TIOTOKY Ta IMITAIll0 BHCOTHOTO
cepeoBuia. li (yHKIioHyBaHHS 6a3yeThCs HA NPUHIUIAX YIIPABIIHHSA MOTOKOM
raziB 3a JIONOMOIOI0 Ta30JMHAMIYHUX TpyO, Tra30-eKEKTOPHOI YCTAaHOBKH Ta
BaKyyMHOI KaMEpH.

lMazoguuamivudi TpyOM BUKOHYIOTH POJIb KaHAIB ISl BIJIBEACHHS MPOIYKTIB
3rOpsIHHSA Ta 3'€IHAHHS €IEMEHTIB CHCTEMH Mik c00010. [XHS TeoMeTpis MPOEKTYEThCS
TaKUM YMHOM, 1100 3a0e3MeYnTH MiHIMaJIbHI BTpaTH TUCKY Ta TEMIIEpaTypH, a TaKOXK
3arno0irTi BUHUKHEHHIO 3BOPOTHHUX TE€YiM, sIKI MOXXYTh BIUIMBaTH Ha CTaOIbHICTD

pobOTH ABUTYHA.
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Pucynox 3.6 — KoHCTpyKilis ra30{uHaMivHOT YaCTUHU BaKyyMHOT'O CTEH]TY

1 —Jloxxement I'/IT1; 2 —T'IT1; 3 — OcHoBa BakyymHoro crenay; 4 —I'EY; 5 — Jloxxement I'/IT2;
6 —T'1T2; 7 — ®nanens; 8 — [loBopoTHe koinino; 9 — 'IT20; 10 — Bakyym-kamepa; 11 — CrennoBa
(omopHa) Oanka.

["a3oauHamMiyHa YaCTHMHA BaKYyMHOTO CTE€HJa KOHCTPYKTHBHO € BUPOOOM, IO
CKJIAJAEThCs 3 ABOX OJHaKoBUX razoauHamiunux Tpyo (IAT1 ta I'IT2), mix sxkumu
BCTaHOBJICHA I'a30-€KEKTOPHA yCTaHOBKA. ["a3o1nHaMiuHa TpyOa 3 ra3o-eXeKTOPHOIO
YCTaHOBKOIO 3'€THYIOTBCS 32 JOTMOMOTOI0 (IaHLIEBHX 3'€HAHb, IPU LBOMY KOXKHA
['IT xpinuTbcs 1O OCHOBM BaKyyMHOT'O CTeHAa JioxkeMeHTamu 1 1 5. 3aransHuil Buj

['AT1 ta '’IT2 na pucynky 3.7.
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Pucynoxk 3.7 — 3araneuunii Bug I'JIT1 ta [JIT2

Ha Bxig I'’/IT2 BcraHoBieHO (riaHelb 13 THYYKUM CHIB(OHHUM €JIEMEHTOM,
npusHaueHud s skopctkoro 3B's3ky [AT2 i3 T'IT20, a Takoxx KomIeHcarrii
BIJIXWJICHb, 1110 BUHUKAIOTh MPU 30MPaHHI KOHCTPYKIIIl Ta BUPOOHUIITBI. 3araibHUN
Burisia GiaHis nokazaHo Ha pucyHky 3.8. Konctpykuis cuibpoHa mnependayae

BCTAHOBJICHHSI BHYTPIIIHBOTO TEIJIOBOTO €KpaHa JUIg 3amoOiraHHs TMEperpiBy Ta

nporapy rodp.

Pucynok 3.8 — 3aransHuii BUTIIsIA QuiaHis

3 wMeroro 3ale3mneueHHs O€3BIAPUBHOIO 3aKIHYEHHS Tra30BOTO TOTOKY 13
COIJIOBOI'0 HacaJKa KaMepH JBUTYHA, @ TAKOK CTBOPEHHSI PO3P1IKEHOT0 CepeIOBUIIIA,
10 IMITy€ BUCOTHI YMOBHU, BUKOPUCTOBY€EThCS TazoauHamiuna Tpyoa ['IT20. ['/IT20
BCTAHOBJIIOETHCS. MK IMOBOPOTHUM KOJIHOM Ta BaKyyM-Kamepor. KOHCTpYKTHBHO
BUpPOOU CKJIaJaloThesd 3 KoH(py3opa Ta audyszopa 3 (iaHIsIMU, BUTOTOBICHUMH

METOJIOM AJAUTUBHUX TEXHOJOTIH 3 MOPOImIKY cTaib 316L, MiX SKUMH PO3MIllIEHI
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rNagKkocTiHHl  Tpyou. 3 wmeroro oxonomxeHHs [JIT20 y #oro KoHCTpyKIii
nepeadadyeHul OXOJIOMKYIOUUA KOHTYp. OXOJNOKEHHS NPOBOJUTHCS BOJOIO, IO
MOJIA€ThCSl Bl BUIPOOYBaIBHOTO CTEHAY. TakoX y KOHCTPYKIlii ra30AMHAMIYHOL
TpyOu mnependayeHi TpyOONpPOBOAM JJIsi BUMIPIOBAHHS THCKY Ha 3pi3l COIIOBOIO
HacaJKka KaMepu JBHTYHA, IO BHUIPOOOBYETHCS, 3a JOMOMOTOI0 JTaTYMKIB, SKI HE
npusHaueHi A poboTH B ymoBax BakyyMy. OcuoBHi po3mipu ['/[T20, a takox

3arajJpbHUN BUTJIS BUPOOY MOKa3aHo Ha pucyHkax 3.9 Tta 3.10 BiamoBiIHO.

dnamens  KoHbyzop TpakT oXomomxeHHT UamianpraeEa TUMHEKA Iudyzop Dranem
/ 3:IHE BOIH
7 N A
/ == 7
—————— e — e - 4+ —At————- —}——--af-
LY
Migeix BomH

Pucynok 3.10 — 3aranenuii Burisa I'/IT20

VY mnporeci npoektyBaHHS TasoguHamiuHoi Tpyou ['JIT20 Oyno BuKoHaHO
KOMIUIEKCHUM PO3PaxXyHOK Ha MIIHICTh 1 CTIMKICTh KOHCTPYKIIii, IO JTO3BOJIHIIO
OLIHUTU 1i Tpale3JaTHICTh B EKCIUTyaTalliHUX yMoBaX. J(oZaTKoBO MpOBEIEHO
TEIUIOTEXHIYHUN aHaI3 Teryionepeaaydl B eIeMeHTaxX ra30JuHaMI4HOl TpyOHu IiJT 4yac
BurnpoOyBanHs naBuryHa ML20. Po3paxyHok TemnoBUX MOTOKIB 0Oa3yBaBcs Ha
pesynbratax CFD-MozentoBaHHsl, 3 MOAATIBIIO KOPEKIIEI MapaMeTpiB BIAMOBITHO
710 OTPUMAaHUX TEMIIEPATyPHUX 3HAYEHb CTIHOK KOHCTPYKIIII.

[1ix yac po3paxyHky Ha MinHIcTh KOHCTpYKIii I'/JIT20 BukopucToByBanucs Taki

BXIJIHI mapameTpu: posrisganacs 1/26 dactuHa KoHCTpyKIii (cextop 13.8°), mio
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JTIO3BOJIUJIO 3HU3UTH OOUYHMCITIOBAJIbLHI BUTPATH 0€3 BTPATH TOYHOCTI pO3paxyHKIB. Sk
KOHCTPYKIIHHUNM MaTepian Oyma oOpaHa KOPO3IMHOCTIMKAa ayCTeHITHA CTallb
12X18HI10T, sixa xapakrepusyerbes rpanuneio minHocti 540 MIla ta rpanunero
tekydocti 200 MIla. KoHcTpykiis mijgnaBanacs HaBaHTOKEHHIO BHYTPIIITHIM THCKOM
0.5 Mlla y TpakTi OXOJOXEHHS, IO JO3BOJIMJIO OLIHUTH PiBEHb HAINpPY>KEHb Ta
MOXJIHMBI JedopManii Mpy HOMIHAJIBHUX YyMOBaX eKciutyaramii. Temmepartypa
KOHCTPYKIIi, IpuiiHiATa 711 po3paxyHKy, ctaHoBuia 20 °C. CxeMa HaBaHTa)KEHHs

MpEICTaBICHA HA PUCYHKY 3.11.

. Pressure: 0,5 MPa

Pucynok 3.11 — Cxema HaBanTaxenns moaem ['J1T20

Pe3ynbraTty mpoBeIEHOrO aHaji3y HaBeleHl Ha pUCYHKY 3.12. OTpumani aaHi
MOXYTh OyTH BHKOPHUCTaHI JJId TOJajibinoi ontumizamii koHcTpykmii [JIT20,
MIJBUIICHHS 11 eKCIUTyaTaliitHo1 HaIIMHOCTI Ta ajanTallii A0 3MIHHUX TEIJIOBUX 1
MEXaHIYHUX HaBaHTaXeHb. [Ipu po3paxyHkax Ha MIITHICTh PO3TIISIHYTO TIOBHY MOJIEITH
ra3oanHamMivHOi TpyOu. KOHCTpyKIlisi HaBaHTa)K€HAa TUCKOM Y TPaKT1 OXOJIOKECHHSI.
MeTta po3paxyHKy — BUSHAYUTH, 32 STKOTO TUCKY B TPAKTI OXOJOKEHHS KOHCTPYKITis

BTPATUTh CTATUYHY CTIHKICTh. Pe3ynbratu po3paxyHKy HaBeJeHO Ha PUCYHKY 3.13.

Type: Equivalent (von-Mises) Stress
Unit: MPa

191,92 Max

50

4375

37,500

31,251

25,002

18,752

12,502

62529

0,0032773 Min

|
bt T

Pucynok 3.12 - Posnoain Hanpysxenb y konctpykuii I'/ZIT20
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Type: Total Deformation
Unit: mm

2,9521 Max
2,6241
2,2961
1,968
1,64
1312
0,98402
0,65602
0,32801
3,9541e-

Pucynok 3.13 — Brpara ctatuunoi ctivikocti I'JIT20

Pe3ynbrati po3paxyHKy I[OKa3alH, IO HANpYy>KEHHS B KOHCTPYKIi He
nepeBuyoTh Benrmurau 50 Mlla, mo BianoBigae koedilieHTam 3amnacy 3a rpaHUIEIo
MIIIHOCTI Ta rpaHuleto IIMHHOCTI - 10.8 Ta 4 BiAnOBIIHO. Pe3ynbTat po3paxyHKy Ha
CTaTUYHY CTIAKICTh mokaszanu, uo ['JIT20 BTpayae CTIMKICTh MpPU THUCKY B TPAKTI
oxonokenns 1.1 MlIla (11 6ap).

[Ipu po3paxyHKy Teruionepenadi ra3oJUHaMiuHOl TPyOU Il BUNPOOYBaHHS
JBUTYHA, MaJIOi TATH, OyJIM BUKOPUCTAHI TEIJIOBI MOTOKH, AKI OyJId OTPUMAHUMU B
pesynbtati CFD  mogmemtoBanHss  aBuryHa. LI pmaHi, B moganbliomy,
BUKOPUCTOBYBAJIMCH Il TemioBoro obpaxyHky ['JIT20 Ta pemtu eIeMEHTIB
ra3oJIMHAMIYHOTO TPAKTy CTEHAY. TaKkox, HJisi TEIIOBOrO OO0paxyHKy, Oyiu
BUKOPUCTAH1 BX1JIHI JIaH1 HaBeIeH1 B Tabsmii 3.1.

Tabmuma 3.1 - BxinHi gaHi 1715 TEMJIOBOTO PO3PaXyHKY

HaiiMeHnyBaHHS mapaMeTpa Beaunyuna
Temneparypa Boau Ha Bxoi B TpakT oxosiomkenHs, K (°C) 293 (20)
Tuck Ha BX0JIi B TPAKT OXOJIOKEHHs, Oap 2
I'pannyHO momycTuMa TemmnepaTrypa matepiany crinku, K (°C) 1013 (740)

[Iporec TemnooOMiHy B ra30JuHaMIuHii TPyO1 CKIaIa€ThCs 3 ACKIBKOX €TalliB,
K1 3a0€3MeUy0Th BIJIBEJICHHS TeIlja BiJl MPOAYKTIB 3rOPSHHS 0 OXOJIOIKYBaIbHOT

pinunu. [leprmii eTan nossira€ y KOHBEKTUBHOMY TETIOOOMIHI MIXK rapsiluMMU ra3aMu
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Ta BHYTPIIIHBOIO MOBEPXHEIO CTIHKM TPyOu. [lami Temio mepenaeTbcsi 4epe3 TOBIILY
CTIHKM TpyOM 10 11 30BHIIIHBOI MOBEPXHI, SIKA& KOHTAKTYE 3 OXOJOJKYBaJIbHOIO
piauHOI0. 3aBepIIAIbHUM €TarloM € KOHBEKTHMBHA TEIUIONEepeaada Bijl 30BHINIHBOI
MOBEPXHI CTIHKH JI0 OXOJIOJKYBaJIbHOI PIWHU, sSKa IMOTJIMHAE TEIUIO 1 3abe3nedye
OXOJIO/KCHHS KOHCTPYKIIIi.

Po3paxyHOK TeIIoBiIBeIEHHSI MPOBOJIMBCA 3a JOIMOMOTOI0 MOAUTY TpyOou Ha
JUISHKA 3 BU3HAYEHHM KPOKOM, IIIO JI03BOJISIE BPAXOBYBATH JIOKAJIbHI OCOOIMBOCTI
reoMeTpii Ta Termiooominy. Kpok po30uTTs oOupaBcs BIIMOBIIHO 10 HEOOX1AHOTO
PIBHSI TOYHOCTI: JJIsl IIMJIIHAPUYHOI YaCTUHU TPYOH 3aCTOCOBYBANOCSA OUIBIINN KPOK,
OCKUIBbKU TETUIOOOMIH TYT OUIBIII piIBHOMIpHMM, a Juisi KoH(y3opa Ta audysopa, 1e
XapakTep Tedil 3MIHIOETHCS,, BUKOPUCTOBYBAIM JAPIOHIIIE PO3OUTTS IJIsl TOYHIIIOIO
aHayizy.

Koedimient Ttemonepenayui BiJ CTIHKA IO OXOJO/JKYBAJIbHOI PIAMHU
BHU3HAYABCS 32 JIONOMOTOK KPUTEPIAbHOTO piBHSAHHSA MixeeBa [69], ke BpaxoBye
OCHOBHI MapaMeTpH TEII000MiHY, TaKl K MBUAKICTh T€Uli, TEMIIEpaTypH1 IPaliEHTH
Ta (P13UYHI BIACTUBOCTI OXOJIOIKYBaIbHOI piinHuU. J{J1 3a0€e3ne4eHHs JOCTOBIPHOCTI
pPO3paxyHKIB BHUKOPUCTOBYBaJMCS TaOIW4yHI 3Ha4YeHHsS KpuTepiiB Hyccenbra,
Pelinonbaca ta [Ipanaris, mo 103BOJMIIO KOPEKTHO OMKCATH MPOIIEC TeIIonepeaayl
B PI3HMX yMOBaxX eKCILTyaTallli.

JlonatkoBo OyJi0 BpaxOBaHO BIUIMB MaTepially CTIHKH TPyOH, ii TOBIIUHU Ta
TEIJIONPOBITHOCT], OCKUJIBKH 11 TapaMeTpu CYTTEBO BIUIMBAIOTh Ha €()EKTHUBHICTH
TeIUIOBiABEACHHS. J[7s TiABUINEHHS HAAIMHOCTI KOHCTPYKIlI Ta ONTHMI3allii
TEIMJIO00MIHY PO3TIISAINCS albTePHATUBHI MaTepiajiy, 10 MAlOTh BUIII KOSPIIIEHTH
TETUIONPOBITHOCTI, TaKl K MiJib Ta aJIOMIHIEB] CIIaBH, SIK1 3a0€31eUyI0Th 3HIKCHHS
TEPMIYHOTO OTOPY ¥ MOKPAIICHHS 3arajibHO1 €()eKTHBHOCTI CHCTEMH.

Kpim Toro, BpaxoByBaBcS BIUIMB TIAPOAMHAMIYHOTO PEXUMY  Tedil
OXOJIO/KYBAJIbHOI p1IuHU. ByJio mpoaHasnizoBaHO pexXUMU JJAMIHAPHOT O, TEPEX1THOTO
Ta TypOyJIEHTHOTO MOTOKIB, OCKIJIBKY KOXKEH 3 HUX MO-PI3HOMY BILJIMBAE HA BEIUUUHY

TeIIoBiAj1aul. 30KpeMa, y TypOyJIE€HTHOMY pPEXHMI BiOyBaeThCs 1HTEHCHDIKAIISA
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TEIUI000MIHY 3a paxyHOK 3017bllIeHHs KoedilieHTa TEIUIoBiqAayil, 10 MOB’sS3aHO 3
IHTEHCUBHHUM TEPEMIIITYBaHHSM P1IMHH Y IPUCTIHKOBOMY IIapi.

J11s 61IIbIIT TOYHOT OLIIHKH MTPOLIECIB TETUIONepeiadi 3aCTOCOBYBAIKCS YUCEIbHI
METOAM MOJICIIOBAHHS, 30KpEeMa METOAM CKIHYEHHUX EJIEMEHTIB Ta CKIHYEHHHX
PI3HUIB, 110 JO3BOJIMIO OTPUMATH OUIBII I€TaTbHUNA PO3MOALT TEMIIEpAaTypHUX TMOJIIB
y CTiHII TpyOM Ta OXOJO/PKyBaJbHOMY cepeaoBulli. BpaxoByroun pe3ynpTaTH
MOJIeNIIOBaHHs, OyJI0 BUBHAUECHO KPUTHYHI 30HU MEPErpiBy, IO J03BOJISIE pO3POOUTH
3aXO/JM JJIA IX YCYHEHH$, HANpPUKIIAJ, NUISIXOM 3MIHHA KOH(QIrypauli TermiooOMiHHOI
MOBEpXHI a00 3aCTOCYBaHHS J0JIaTKOBUX TypOyIi3aTOPiB IMOTOKY.

4.1

a,d
p~e — 0’021 . ReO,SP,rO.43 . ﬁ’
)lp

1€ 0, — KOe(ILIEHT TEIJI0B1Aaaul Bil CTIHKU 10 P1IMHU;

de — eKBIBaJICHTHUH T1IPABIIYHUN T1aMETp;

Ap — KOE(ILIEHT TETIONPOBIAHOCTI TEMIOHOCIS;

Re — uncno Pelinomnpaca;

Pr — uucno [Ipanaris;

B — BimHomeHHs yucen [IpaHATis TErIOHOCIS, B3SITHUX 32 CEPEIHbOMACOBOL
TEMIIepaTypy PIAVHM 1 32 TEMIIEPATYPH CTIHKH.

BenuuuHa TenioBoro nmoToky Bij ra3y /10 CTIHKM KaMepH BU3HAUasIacs K cyMa
MPOMEHHCTOTO TEITIOBOTO MOTOKY 1 KOHBEKTHBHOTO. {711 BU3HAYCHHS TPOMEHHCTOTO
TEIJIOBOTO TOTOKY BHUKOPHCTOBYBAIWCA KOE(MIIIEHTH BUMPOMIHIOBAHHS CTIHKH Ta
razy, a TakoXX TeMIlepaTypHI TPATIEHTH MIDXK CTIHKOIO 1 MPOAYKTaMU 3TOPSHHS.
Po3paxyHOK KOHBEKTHMBHOTO TEILJIOBOTO TOTOKY ITPOBOJMBCS 3a 3aJIEXKHOCTI, SKa
BpPaxoOBY€ MapaMeTpu Ta30BOTO MOTOKY, Taki AK: TeMIEpaTypa, MBHUAKICTh 1 (i3U4HI

BJIACTUBOCTI pOOOYOTro Cepe0BHIIA:

TO_O>O'35 4.2)

r.cT

a.d
:1 £ =0,0162 Pe82 (

T
1e — ;. KoedIieHT TEIIOBIAaYl Bl ra3y 0 CTIHKA KaMepu;
d, — AlaMeTp KaMepH;

A, — KoeDIIIEHT TEMIONPOBIAHOCTI rasy;
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Pe — uncno Ilekne;

Tpo — TEMIIEpaTypa 3araibMOBaHOTO MOTOKY;

Tier - TeMrepaTypa razoBoi CTIHKH.

B pesynbTaTi po3paxyHKy BU3HAUYEHO MIHIMAJIbHY HEOOXI1JIHY BUTpATy BOJM Ha

OXO0JIO/KeHHS. Pe3ynmpTaTi po3paxyHKy HpecTaBiieHi Ha pucyHkax 3.14 - 3.16 ta y

tabmui 3.2.

Temueparypa criaku, K

Temmepatypa ctirkn, K

Cipl=
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JoBxHHA, M

Pucynok 3.14 - TemnepaTypa BOrHEBOI CTIHKU

0.0 0.2 0.4 0.6 0.8 1.0

JomxxmHa, M

Pucynox 3.15 - TemmepaTtypa Boau y TpaKTi OXOJIOKEHHS
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JIOBKHHA, M
Pucynok 3.16 - IIlutomuii TenaioBui MoTiK

Tabnuua 3.2 - Pe3ynabTaTl po3paxyHKy OXOJIOJKEHHS

HajimenyBaHHs mapamerpa Beauunna
MakcumanbHa Temneparypa BoraeBoi ctinku, K (°C) 480 (207)
MakcumanbHa Temneparypa piaunanoi ctinku, K (°C) 460 (187)
BuTtpara Bogu B TpakT OXOJIOAKEHHSI, KI/C 0.5
Temneparypa Boau Ha Buxoi 13 Tpakty, K (°C) 328 (55)
Brpartu Tucky Ha TepTA y TpaKTi OXOJIOIKEHHS, 0ap 0.3

3a pe3yapTaTaMH MPOBEJECHUX PO3PaXyHKIB BCTAHOBJIEHO, L0 TEMIEpaTypa
BOTHEBOI CTIHKH HE MEPEBUIIYE JOIMYCTUMUX 3HAUYEHD, 10 TAPaHTYE il Mpane31aTHICTh
y 3aJlaHMX yMOBax €KCIUTyaTalii. AHasi3 TeMIepaTypHOro IMoJjs Mokas3as, 1110, X04a
TEeMIlepaTypa BHYTPIIIHbOI TOBEPXHI CTIHKM 3 OOKY OXOJOKYBAJIbHOI PIIUHH
NEPEBUIIyE TEMIEPATypy KHUIIHHS BOJH, TYCTHHA TEIJIOBOTO TOTOKY 3aJIUIIAETHCS
3HaYHO HWXKYOK0 3a KpUTWYHEe 3HaueHHA. Lle cBiquuTth mpo Te, IO B
OXOJIOJDKYBAJIBHOMY TpakTi He BiaOyneTbcs (ha30BOTO MEpPEeXoy A0 ILIIBKOBOIO
KUIIIHHSA, SIK€ MOTJIO O CyTT€BO 3HU3UTH €()EeKTHBHICTh TEIUIOBIAAYl Ta CIPUUYNHUTH
JIOKaJIbHE TIeperpiBaHHs KOHCTPYKIIIi.

3 MeTO0 3a0e3Me4YeHHsl 3’ €IHAaHHA Ta30JUHaMI4HO] YaCTHHH 3 Ia30JMHAMIYHOIO

TpyOot0 mix KyToMm 45° Oyna po3pobiieHa crelialibHa KOHCTPYKIi — MOBOPOTHE
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KOJ11HO. OCHOBHOIO (D)YHKII€IO I[LOTO €JIEMEHTA € IJIABHE MePEeHANpPaBIECHHS ra30BOT0
MOTOKY, MiHIMI3allisl aepoAMHAMIYHMX BTpaT 1 3a0e3nedeHHs CTabiIbHOI poOOTH
CHCTEMH 33 BUCOKOTEMIIEpATypPHUX YMOB.

KOHCTpYKTUBHO TMOBOPOTHE KOJIHO CKIAMA€ThCSs 3  JABOX  (PJIAHIIIB,
BUTOTOBJICHUX METOJIOM aJUTHBHOTO BUPOOHUIITBA 13 BUKOPUCTAHHSIM ITOPOIIKY CTaTi
316L, mo 3abe3nedye BHCOKY KOpPO3IHHY CTIHKICTBh 1 TEPMIUHY CTaOUIbHICTh. MiX
(dbaaHISIMU PO3TaIlOBaHl TOHKOCTIHHI TPYOOIIPOBIJIHI €JIEMEHTH, SIKI BUKOHYIOTH POJIb
KaHAIy IS TPaHCHOPTYBaHHS ITOTOKY. 3aCTOCYBaHHS aIWTHBHHUX TEXHOJOTIN
JO3BOJIMJIO  peali3yBaTh CKJIQJHYy TEOMETpPII0 JIeTallli 3 BHCOKOI TOYHICTIO,
MIHIMI3yBaTH KIJIbKICTh 3BapHUX 3’€JIHAHB, 10 TMO3UTUBHO BIUIMHYJIO HA MIITHICTB 1
eKCIUTyaTalliiHy HaJ{IiHICTh KOHCTPYKLII.

OcHOBHI MapamMeTpH MOBOPOTHOTO KOJIIHA, JI€Talll HOTO KOHCTPYKIII, a TaKOX
3arajJbHUM BUIJIAJ BUpPOOY mpencraBiieHl Ha pucyHkax 3.17 Tta 3.18. Orpumani
pe3yabTaTH MOXKYTh OyTH BUKOPUCTAHI JIJIs MOAANbBILIOT ONTUMI3ALii (POPMU IOTOKY Ta
MiBUIICHHS e(DEKTUBHOCTI POOOTH Ta30JMHAMIYHOI CUCTEMHU.

7

.

daaHes

~_

TpaKT OXOJIOTAHCHHA

1TanigapaTHa TiMsHKA

Pucynok 3.17 — KoHCTpyKIlisi HOBOPOTHOTO KOJIiHA
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Jlis miaTpUMaHHS ONTHMATBHOTO TEIUIOBOTO PEXHMY MOBOPOTHOTO KOJIiHA
OyJsio peainizoBaHO €(EKTUBHY CHCTEMY OXOJIO/DKCHHS, sika 3abe3reuye CcTabuUIbHY
pobOTy  KOHCTPYKIIi 3a yMOB  3HAQYHOTO  TEIUIOBOTO  HaBaHTa)KCHHS.
OxonoaKyBajabHUM KOHTYp, IHTETPOBAHUN O€3M0CEPEIHO B KOHCTPYKIIIO BUPOOY,
BUKOPHUCTOBYE IMO/IaYy OXOJIOJKYBAIbHOI PIIMHU Bl BUMPOOYBAIBHOTO CTEHIY, L0
7103BOJIsI€ €()EKTUBHO BIABOJUTH TEIJIO Ta MIATPUMYBATU TEMIEPATypy €IEMEHTIB Y
JOTTyCTUMHX MeXkax.

Hupkynsaiis OXOJOMKYBaJIbHOI PIAMHUA 3IIHCHIOETBCS dYepe3 CIeliadbHO
CIIPOEKTOBAHI KaHAJM, PO3TalllOBaHl y BHYTPIIIHINA CTPYKTypl KOJIHA, IO CHpHUSIE
PIBHOMIPHOMY PO3MOJILITY TEMIIEPATYPHOTO TPAIi€HTA Ta MIHIMI3Y€ PU3UK JIOKATBHOTO
neperpiBadds. BuOip BOISHOTO OXOJOMKEHHS OOYMOBJICHHH WOTO BHCOKOIO
TEIJIOEMHICTIO Ta €(EKTUBHICTIO Yy BIJBEJACHHI TEIUIA NMPU BIAHOCHO HU3ZBKOMY
TiApaBIIYHOMY OTIOP1 CHCTEMHU.

Jlust 3a0e3reueHHsT HAIIHHOCTI pOOOTH OXOJOKYBaJIbHOTO KOHTYpY Oyma
MPOBEIEHa WOT0 ONTHUMI3allis 3 ypaxyBaHHSM pO3PaXyHKOBHX T1APOJAMHAMIYHHUX
XapaKTepUCTHK. 30KpeMa, BH3HAYCHO ONTHMAJbHI MapaMeTpu BUTPATH PiIAUHH,
MIBUJIKOCTI MOTOKY Ta TeIUlonepenayi, Mo J03BOJsE€ 3aro0IrTH BUHUKHEHHIO 30H

3aCTOIO Ta MOTEHIIMHOTO MEPEXOTYy /10 TJIIBKOBOT'O KUIIHHS.

Pucynok 3.18 — 3aranbHuii BUTIISIT TOBOPOTHOTO KOJIiHA

97



Mertoauka po3paxyHKy TEIUIOBHX IIPOIIECIB Y TOBOPOTHOMY KOJIHI Oyna
aHAJIOT1YHOIO JI0 METOJUKH, 3aCTOCOBAHOT JIJIs aHaMI3y razoauHamignoi Tpyou I'J1T20.
OxkpeMy yBary NpHAUICHO TE€OMETPUYHINA ONTHUMI3aIli, SKa TO3BOJWIA JOCSTTH
e()eKTUBHOTO OXOJIOJDKCHHS Ta PIBHOMIPHOTO PO3MOJLITY HaBaHTaXEHb Yy MICIISIX

3'eJHAHHS.

3.3.1 Bakyym-kamepa

Bakyym-kamepa mnpusHadeHa s 3a0€3[E€YeHHs BUCOTHHUX YMOB poOOTH
JBUTYHA MaJIOl TATW MiJ 4ac MPOBEJAEHHS BUIIPOOYBaHb. 3arajdbHUN BUTJISA] BaKyyM-

KaMepH MPEICTABICHO PUCYHKY 3.19.

Pucynok 3.19 — 3aranpHuii BUTIIA1 BaKyyM-KamMepu

KoHCTpyKTHBHO BakyyMm-Kamepa € CkiIafaqpHO0 oauHuueto [70], o
CKJIa/Ia€ThCSl 3 IBOX OCHOBHHUX €JIEMEHTIB - HIDKHBOI IUIMTU Ta KOBMaka. Beepenuni
BaKyyM-KaMepy BCTAHOBJIOIOTHCSA €JIEMEHTH KpIIUICHHS, TPyOONmpoBOAM MOfaul

KOMITIOHEHTIB MaJIMBa Ta Ta3iB, TATOBUMIPIOBAIILHUN MPUCTPIN, pama Ui KPIIUICHHS
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nBuryHa ta cam jasuryH ML20. Bci enemeHTH BakyyM-KamMepu BUTOTOBJICHI 3
Hepkasitouoi ctani 12X18HI10T. OGosnonka KOBIaka BaKyyM-KaMepHy BUTOTOBJICHA 3
JUCTA, TOBIIMHOIO 5 MM., BJIbLIbOBAHOI Ta 3BApPEHOI B HUIIHAP, AlameTpoM 1150 mm.
ta BucoToro 800 mM. Y 1umiHapi nependaueHi YOTUPHU OTJISAI0B1 BiKHA, K1 TPU3HAYCH]
JUISL  OCBITJICHHS Ta BIJACOCIIOCTEPESIKCHHS] 3a JBUTYHOM TIpH  TIPOBEICHHI
KBasTi(piKaIitHIX BUTIPOOYBAHb.

J10 HU>KHBOT YACTUHM LMJIIHJIpa MPUBAPEHUN CTUKYBAIbHUM (IaHellb, 3 METOIO
3a0e3nedyeHHs (ikcarfii HOro A0 CTONy BakyyM-KamMepH, a TaKOXK 3a0e3MedYeHHS
repmeruzaiii. dikcaris 3I1MCHIOETBCS 3a JIONMOMOIOK BIIKHIHUX PUM-00NTIB. 3
METOI0 3a0€3MeYeHHs CTIMKOCTI KOHCTPYKIIIT KPUIIKK BiJ] BIUTUBY MEpenaay TUCKY, Y
KOHCTPYKIIIi MPUCYTHI pedpa >KOPCTKOCTI. 3araibHU BUIJISA KOBMAaKa MOKa3aHO Ha

pucyHky 3.20.

Pucynok 3.20 — 3arayibHuid BUTJIS]] KOBIIAKa BaKyyM-KaMepu

Jpyruii eneMeHT BaKyyM-KamMepu — CTUI, BHUTOTOBJICHUH 13 IUIMTH 3
HepKaBiouoi ctanmi ToBuIMHOWO 30 mMM. Ta giamerpoM 1300 mMM. ¥V KOHCTpyKii
nependoadeHi dorupu repmodanii ta oauH otBip jis [JIT20. I'epmodianii
3a0e3Mevy0Th MiJBEACHHS KOMIIOHEHTIB MaJIMBa JBUTYHA Y BAaKyyM- KaMepy, a TaKOX
3a0€3MeUeHHS MABEJCHHS PEIITH TEXHIYHUX €JIEMEHTIB — KaOeiB, IaTuUMKiB 3aMipiB

TUCKY, TOIIO. 3araJIbHUI BUTJISA POOOYOTO CTOITY, TOKa3aHW HAa PUCYHKY 3.21.
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Pucynox 3.21 — Ctin BakyyM-Kamepu

[Ipuknan ycTaHOBKM ABUTYHA Majioi TATH, IO BHUMPOOOBYETHCS, Ta PEIITH

CYMDKHHUX €JIEMEHTIB MMOKa3aHUM Ha pUCYHKY 3.22.

Pucynok 3.22 — 3aransHuii BUTJIs1 poO0YOTO MICIIS JJIsI BUTTPOOYBaHHS JIBUTYHA

MaJIol TIATHU

VYcraTkyBaHHs poOOYOro MicIs, JA03BOJISIE 3pYYHO ONEPYBATH Ta MOHTYBATH
pI3HI CTPYKTYpHI €JIEMEHTH, MaricTpaji MiJBOAY Ta JATYUKH 3aMipy MapameTpiB.
[Tepenbaueni repmo-diaHIll € yHIBEpCATbHUMH, IO /A€ 3MOTY IIBHUIKO BHOCHTH

KOPEKTHBH Yy IPOBEICHHS BUITPOOYBaHb.
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3.3.2 TsroBumiproBajibHUN MIPUCTPIH

TsroBuMiproBaIbHUI MPUCTPIH — 1€ crieniaaizoBaHe 00JaHaHHS, IPU3HAUYCHE
JUTsl BAMIPIOBaHHS CWJIA TATH, 1110 PO3BUBAETHCSA PIAMHHUMHU PAKETHUMU JABUTYHAMHU
miJ 4yac TMPOBEIEHHS BUMPOOYBaHb. € BaXIMBUM €JIEMEHTOM BHIPOOYBAIHHOTO
KOMILJIEKCY, OCKUIbKM 3a0e3ledye MOKJIMBICTb OTPUMaHHS JaHUX TIPO TSTOBI
XapaKTepUCTUKH JIBUTYHA, IO HEOOX1JH1 JUIS OIIHKA MHOro eQeKTUBHOCTI Ta
npare3gatHocTi. [lpucTpiii  (GyHKIIOHYyE MIISTXOM TEPETBOPEHHS MEXaHIYHOTO
HABAHTAXKEHHS, CTBOPEHOTO TATOIO JBUTYHA, HA €JICKTPUYHUIA CUTHAJ, KU Hagai
aHai3yeThes Ta (PIKCyeTHCS B cUCTEMI 300py JaHuX. B momanemomy, oTpuMaHi JaHi
TATH, TO3BOJIAIOTH OTPUMATH OJIHY 3 OCHOBHUX XapaKTEPUCTUK PIAUHHOTO PAKETHOTO
JIBUTYHA, [0 OMUCY€E €PEKTUBHICTH BUPOOY B IIJIOMY — MUTOMUMN IMITYJIhC.

3araibHUM ~ BUIJIS[  TATOBUMIPIOBAJIBHOTO  NPHUCTPOIOD  HABEJAEHO  Ha

pucyHKy 3.23, KOHCTPYKIIIS — pUCYHOK 3.24.

Pucynok 3.23 — 3aranbHuii BUTJIS TATOBUMIPIOBAIBHOTO MPUCTPOIO

KOHCTPYKTHUBHO TSATOBUMIPIOBATBHUIN MPUCTPIH CKIANAETHCS 3 HUKHBOT IUTUTH,
Ha sIKiil BCTAaHOBJICH1 TP IATYMKH CUJIU, Ta BEPXHBOT IUTUTHU, 3'€JTHAHOT Uepe3 IMMUIbKU
3 YYTJMBUM €JIEMEHTOM JaT4uKiB. [ 3aXMCTy AATYMKIB CUJI BiJ BIUIMBY rapsuux
ra3iB KaMepu JIBUTYHA Ha HIDKHIN TJIMTI BCTAHOBJIEH] 3aXUCHI eKpaHu. [[1s oTpuManHs
TeJIEeMEeTPUYHOI 1HQOpMAaIlii BiJi CUJIOBUMIPIOBAIBHUX JAaTUYMKIB HA KOXXEH JaTUUK

BCTAHOBJICHO Ka0eIIb 13 3'€THyBaYEM.
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Pucynok 3.24 — KoHCTpyKIig TATOBUMIPIOBAJIBHOTO MPUCTPOIO

—]—-+—1—-—

1 — mIMTa BEpXHS; 2 — HYDKHS TUINTA; 3 — CUJIOBUMIPIOBAIBHUN 1aT4uK; 4 — O0NT; 5 — KijbIle; 6 —
maioa; 7 — mimibpKa; 8 — maiiba; 9 — raiika

HuxHs Ta BepxHS IUIMTH TITOBUMIPIOBAJIBHOIO TIPUCTPOI0 BUTOTOBIIEHI
KJIACHYHOIO MEXaHI4YHOI0 00po0Ko10 13 HepxaBitouoi ctan 12X18H10T. Koncrpykuis
IIUT 3a0e3medye MOKIMBICTh KPITUICHHS TATOBHUMIPIOBAIBHOTO MPHUCTPOIO [0
KPUIIKA BaKyyMHOTO CTEHAY 3 OJHOro OOKy (0onTamu, IO LEHTPYEThCS 3a
JIOTIOMOTOI0 LIEHTPYBAJILHOTO OypTa), a 3 1HIIOr0 — JI0 MEPEXiAHOI paMu, HEOOX1THOT

TS 3'€ THAHHS 3 IBUTYHOM.

KoENak BakyyM-KaMepn * Tara Deuryaa

Jeurys

ITeHTp Mac OEHIYHA

Pama gemrvaa

i
f Crin EakyyM-Kamepn /
TATOEHMIDHOBATLHIH | : -
TpHC TP

———
e

TazoamHamiyHa Tpyoa 20

Pucynok 3.25 — Cxema HaBaHTaXEHHS
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CxeMa HaBaHTa)XEHHS TATOBUMIPIOBAJILHOTO MPUCTPOIO HaBEJEHA HA PUCYHKY
3.25. V KOHCTPYKIIii BUKOPHCTOBYIOTHCS TPU TEH30METPUYHI CHJIOBUMIPIOBAJIbHI
natankd U1OM (1.25 kN), ski 3a0e3medyroTh TOYHE BUMIPIOBAHHS 3YCHIIb, IO
BUHUKAIOTH 111 Yac poOoTH aBuryHa [71].

3 MeTor0 MiHIMI3alii HEPIBHOMIPHOCTI PO3MOALTY CHJIM TSTW Ta ITiIBHILEHHS
TOYHOCTI BUMIPIOBaHb, TaTYNKH PO3TANIOBAHI Ha OJJHAKOBIM BIJCTaH1 BITHOCHO OJIMH
onHoro. Taka koH(Iryparlis 103BOJISE HE JIMIIIE PIBHOMIPHO CIIPUHAMATH 3yCHILIS, ajie
H  3amo0iraTi BUHUKHEHHIO JIOKAJIBHUX  MEPEBAHTAXKEHb y  KOHCTPYKIIi
BUMIPIOBAJILHOTO CTCH]TY.

Kpim TOro, BUKOpUCTaHHS TpPHOX JATYMKIB 3aMICTh OJHOTO 3a0e3mnedye
30UTbLIEHHS 3arajibHOi MEX1 BUMIPIOBaHHS TATH, IO € KPUTUYHO BAXKIMBUM IS
BUNPOOYBaHb JABUTYHIB 13 IIMPOKHUM J1alla30HOM TATOBUX XapakTepucTuk. Lle Takox
JTIO3BOJISE TIJABUIIUTH CTIHKICTh CUCTEMH JI0 MOXKJIMBUX MOXUOOK OKPEMHUX JATUYMKIB

Ta MOKPAIIUTH KOPEKTHICTh OOPOOKH OTPUMAHUX JAaHUX.

3.4 Cucrema noaayi KOMIIOHEHTIB MAJMBA B PiIMHHUI pPAKeTHU ABUT'YH

st 3abesneuenHs mojadi komroHeHTiB manuBa (KII) B gBuryn mpu
NPOBEJCHHI BOTHEBHX BHUNPOOYBaHb y BaKyyMHOMY CTEH/I BHUKOPHCTOBYIOTHCS
OaioHn okucHMKa W mnanbHOro. OO'em OamoniB — 130 n., poOoumii THUCK —
156.9 6ap (160 xrc/cm?). I KOKHOTO KOMIIOHEHTY IMajMBa BUKOPMCTOBYETHCS II0
JBa OaJIOHHU.

3 METOI0 MPUIIBUIIICHHS POOOTH BIAKPHUTTS IITATHUX KJlaraHIB OKUCHHUKA Ta
najabHO, OyJIM IOAATKOBO BCTAHOBJICHI PECHBEPH Y JIiHIT MOja4i KOMIIOHEHTIB MaJliBa
BiJl CTEHJOBHUX OaJloHIB. be3 BCTaHOBJIEHHS PECUBEPIB BIAKPUTTS €JIEKTPOKJIANaHIB

TpuBae y 8 pasiB JOBIIIE. XapaKTePUCTUKH peCBepa HaBeeHa y Tabmui 3.3.

Tabmuis 3.3 - XapakTepuCTUKHA pecuBepa

HaijimenyBaHHs nmapamerpa Beanunna

O6'em mopoxxuunu ans 36epiranus KII, i 9.6
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lIpoooesocennsn Tabauyi 3.3

HaiimenyBaHHs mapaMerpa Beauunna
Po6oue tio mopoxxunau KI1 AT a6o HAMI'
Po6oye Ti710 MOPOKHUHU TETIIOHOCIS BOJA, a30T,
['a3 HamayBY CTHJICHTJIIKOJTb
Po6ounii Tuck y nopoxkuuni KII, 6ap (krc/cm2) 98 (100)
PoGounii TUCK y TOPOKHUHI TEMIOHOCIS, O0ap (Kre/cm2) 36.3 (37)
Buytpimniit giametp nopoxxuunu KII, mm 98

YMOBHUI JiaMeTp MPOXiAHOTO Mepepizy MTYEPIiB, MM:

— st nomagas KIT: 20
— JUTSI TI0J1a4l ra3y HaJiTyBY: 20
— U1 TI01a41/BlABEA€HHS TEIUIOHOCIS: 20
— 1715 mojadvi remiro (HacudeHHs KI1) 6

PecuBepu okHcHUKA Ta TAIBHOTO MPU3HAYEH] 17151 3MEHIICHHS KOJIUBaHb TUCKY
KOMITOHEHTIB TaJuBa, 10 BUHUKAIOTh Y CTEHJIOBIM CUCTEMI ITiJT 4ac 3aIyCKy JIBUTYHA,
30KpeMa Uil KOMIIEHCAllii TUMYacoBOTO MpOBaly TUCKY B MOMEHT MyCKy. IX
BUKOPUCTAHHS [TO3BOJISIE 3a0€3MEUUTH CTAaOUIbHY T0/1adyy KOMIIOHEHTIB y Kamepy
3rOpSIHHS Ta MIHIMI3YBaTU TiIpoJuHaMiuHi 30ypeHHs, $KI MOXYTb HETATUBHO
BIUTMBATH Ha POOOTY JIBUTYHA.

PecuBepu po3TaiioBaHi Ha BAKYyMHOMY CTEHI y Oe3mocepeHiil 0JIM3bKOCT1 A0
JBUTYHA, 110 MIHIMI3y€ BTpPAaTH THCKY Yy Marictpajisx 1 HiABUILYE €(PEKTUBHICTbH
KOMIICHCAIlli myJbcariii. BoHu miaKIto4YeH1 10 CTEHA0BOI JiHiT 0/1a4l KOMITIOHEHTIB
NajgnBa MmapajiesibHoO, 0 J03BOJISE€ PIBHOMIPHO PO3MOIIISATH MOTIK Ta 3a0e31edyBaTu
HaJIIHHICTh POOOTH CUCTEMH MPH 3MIHHUX PEKHUMax Mojadi.

KoHCTpyKTHBHO pecuBep sBIIsiE€ COO0I0 TEPMETHUHY €EMHICTb, 110 CKJIAAA€ThCA 3
JBOX MOpokHHUH. O/IHA 3 HUX MPU3HAYEHA JIJISl aKyMYJIIOBaHHS! KOMIIOHEHTIB TaJI1Ba,

TOAl SK 1HImIA 3a0e3medyye LUPKYJAII0  TEIUIOHOCIA, HEOOXIAHOTO IS

104



TEPMOCTaTyBaHHA. Taka KOHCTPYKIliSl O3BOJIAE MiATPUMYBAaTH CTaOUTBHUN
TEMIIEPATYPHUN PEKUM KOMIIOHEHTIB, IO € BAKIMBUM (HaKTOPOM TSI 3a0€3MECUCHHS
iX (13UKO-XIMIUHUX BIACTUBOCTEH 1 MOKPAILECHHS XapaKTEPUCTUK 3TOPSHHS.
OnTuMizaliisi KOHCTPYKIi pPECUBEpIB BKIIOYAJa PO3PaXyHKOBHM aHali3 iX
o0’emMy, MarepiajgiB Ta TapaMeTpiB MHUPKYJAIIl TEMJIOHOCIA, M0 J03BOJIIO
3a0€e3MeYNTH iXHIO €(QEKTUBHY pOOOTYy MpH pI3HUX peXKUMaxX HaBAHTAKECHHS.
KOHCTpyKTHBHI 0COOJIMBOCTI pecuBepa, HOro OCHOBHI PO3MIPH Ta cXema pOOOTH

HaBeJ/ICH1 Ha PUCYHKY 3.26.

Pucynoxk 3.26 — KoHcTpyKIlis pecuBepa
1 — mHUIIE BepXHE; 2 — THUILE HUXKHE; 3 — KOXKYX (30BHIIIHIN); 4 — TpyOa; 5 — pebpo; 6 — mTyuep
nojayi rasy HaJy1yBy; 7, 8 — ITyIep 37MUBY Ta MiABEACHHS TEIJIOHOCIS; 9 — MTYyIep 3MUBY Ta

IMiJIBEIEHHS] KOMIIOHEHTIB ITaJIiBa

3riiHO 3 pUCYHKOM 3.26 pecuBep CKIQJa€ThCsA 3 JHUINA BEpXHbOro 1 i

HIDKHBOTO JTHUINA 2, TpyOou 4 1uis 30epiraHHs KOMIIOHEHTIB MajuBa, KOXyxa 3, 10
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YTBOPIOE TOPOXKHUHY IS TEIUIOHOCIS 1 CKJIAMa€ThCsl 3 JBOX HAaIIBIMIIHIPIB,
BUTOTOBJICHUX 3@ JOIOMOIOI0 3TMHAHHS JIMCTOBOI 3aroToBKM. MiK TpyOor Ta
KOXXyXOM pecuBepa BCTAaHOBJEHI pebpa, 1o QGOpMYyIOTh PIBHOMIPHUN 3a30D.
HacuueHHs KOMIIOHEHTIB MajuBa IPOBOJUTHCA OapOOTyBaHHSAM uepe3 TpyOKy,
BCTAHOBJICHY Ha HI)KHbOMY JIHHUII, B SIKifi BUKOHAHO PAJ OTBOPIB JIJIs TIOJ1adl TEiIO.
Ha koxyci 3 nepeabaueni mryuepu A Mojadi Ta BiIBEJCHHS TEIUIOHOCIS, a TaKOX
KOHTPOJIIO TEMIIEPATYpPH.

PecuBepu ocHaimieHi 3aco0aMy  KOHTPOJK THUCKY Ta pIBHSA 3alpaBKu
KOMIIOHEHTIB majuBa. JlJis KOHTPOJIIO PIBHS 3alpaBKU pecUBEpa BUKOPUCTOBYETHCS
JIBa METOJIH:

— JOUCTAHI[IMHUK, BUMIPIOBAHHS IMepenaay THUCKY JudepeHUlaTbHUMH
natunkamu TucKy BFT 210 Mk ra3oBoro i piIMHHOIO MOPOXHUHAMH (BU3HAUYEHHS
BHCOTH CTOBIIA PIAVHU);

— BI3yaJIbHUI, 32 MIDHUMH CKJIOM.

3.5 Cucrema BUMipIOBaHHA Ta peecTpalii napameTpis

Cucrema BUMIpIOBaHb 1 peecTpallli, 0 3aCTOCOBYETHCS Y BUINPOOYBAIbLHOMY
CTEH/I1, CKJIAJIA€ThCA 3 HACTYMHUX (YHKITIOHATBHUX OJOKIB:

— 3ac001B BUMIPIOBAaHb (JATYHKH);

— madu aBTOMaTUKH,

— TPOTpaMHOTo 3a0e3MeUeHHH.

3acobu BuUMIpIOBaHb HEOOXIJTHI Uil 300py Ta peecTpallii mapameTrpiB, IO
PEECTPYIOTBCSI TIPH TIPOBENICHHI BOTHEBUX BHUIIPOOYBaHb JBUTYHa a00 MEpEBIPKH
pOOOTOCTIPOMOKHOCTI  BUMPOOYBAJILHOTO CTEHAYy. TakoXX 10 CKIagy 3aco0iB
BUMIPIOBaHb BXOSATh KaOeJbHI1 JIHIT Bil 1aT4MKiB 10 mady yIpaBIiHHS, SIK1 CITyKaTh
JUTSI )KUBJICHHSI TATYUKIB Ta Mepeavi TaHuX.

[ITada aBTOMaTHKK BUKOHAHA HA OCHOB1 KOHTpoJiepa National Instruments cepii
CompactRIO 3 nodipHiMH MOIYJISIMU BBOAY-BUBOAY JUISl MIAKIIOYEHHS JATYUKIB Ta

BUKOHaBUMX MexaHi3MmiB. [lladha aBTOMaTMKKM BHUKOHY€E pEECTpAII0 MapaMETpiB,
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KEepyBaHHS BHKOHAaBUMMHU MeXaHi3MaMH (KepyBaHHS €JIEKTPONPUBOJAMH IPOCEIiB
OKHCHUKAa Ta TMajJbHOT0) Ta 3B'S30K 3 KIMHATOIO KepyBaHHS uepe3 NpOBiAHUN
inTepdeiic Ethernet.

Mopyni BBeIEHHS-BUBOJY, BCTAHOBJICHI B mad)i aBTOMATHKHU, 3a0€3MEUyIOTh
BUMIPIOBAHHSA Ta PEECTPAII0 TMapaMeTpiB BIAMOBIIHO [0 TMEpeNiKy AaT4hKi B
tabmui 3.4. Ilepemik 1 KUIBKICTh TapaMeTpiB MOXe MaciuTadyBaTucCs Mij

HEOOX1/THICTh, III0 BUHUKAE, MPU JTOAATKOBIM YCTAaHOBIIl BIAMOBIAHUX MOIYJIIB.

Tabnuns 3.4 — [epenik mapaMeTpiB, 0 PEECTPYIOTHCS CUCTEMOIO 3aMipiB

Tun gaTynkKa KinbkicTh YacroTa
KaHaJIiB onutyBanHus (I'm)

CrtpymoBi gatuuku 4-20 MA. 28 1000
Crpym 1 Hanipyra EK 4 1000
Tenzonatuuxu Full Bridge. B1212 ta

15 1000
HBM U10M
Tepmonapu tun K 9 100
IT'e30akcenepomMeTpu i3 MOBTOPIOBaYEM
Hanpyru. Jlatunku tuny ABC, AHC Tta 6 40000
JIX611

_ OmnuryBaHHA

PaxynkoBi kanaiu 24B. J[[atuuku TrIry

32 KO>KHOT'O KaHaJTy

TIIP/T P '
KOXH1 14 MKC.

CucrteMa BUMIpIOBaHb Ta peecTpallii 3ade3reuye ChijbHy poOoTy 13 3aco0aMu
BHUMIPIOBAaHb (TaTunKamm) TE€H30METPUYHOTO, MOTEHLIOMETPUYHOTO,
'€30€JEeKTPUYHOIO TUITIB, CTPYMOBHUX MIEPETBOPIOBAYIB TUCKY, TEPMOMETPIB OIOPY Ta
TepMmomnap.

Cucrema BUMIPIOBAHHSI Ta PEECTPALlii 103BOJIsIE CTBOPIOBATH BIPTyallbHI KaHAIN
BUMIPIOBaHHS, HANPUKJIAJ], MPOBOAUTHCI PEECTpallis TeIeMEeTpUYHOi iH(opmarii

KO’KHOT'O CHJIOBUMIPIOBAJILHOTO JAaTYMKa TSATOBUMIPIOBAIBHOIO MPUCTPOIO, & MOTIM Y
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BIpTyaJbHOMY KaHaJli BUKOHYETHCS II1JICYMOBYBaHHS BCIX TPbOX CHUTHATIB IS
OTPUMAaHHSI BEJIMUYMHU TATH JBUTYHA.

Cucrema BUMIPIOBaHHS Ta PEECTpallii J03BOJSE TPOBOAUTH «OOHYJICHHSD
KaHaly peecTpailii, o MOJETIye NoJalblry 00poOKy pe3yibTaTiB BUllpoOyBaHb. Lle
BUKOPHCTOBYETHCS, HAIPUKIIAJ, ISl «OOHYJIEHHSD) CUTHAIIY «BIPTYaJbHOTO» KaHATy
TATOBUMIPIOBIBHOTO MPUCTPOIO JUIsI TOrO, MO0 HE BPaXxOBYBAaTH Macy JBHUTYHA 1
MOYAaTKOBUI BIIUB CTEHJOBUX MaricTpajei, M0 MiJBOJATh KOMIIOHEHTH IMajuBa
(moka3aHHs mapaMeTpa TATH ABUTYHA Tepell BUMPOOYBaHHSMHU BCTAHOBIIOETHCS Ha
PiBHI HyJIs1), IO JTO3BOJISIE TIPOBOJIUTU PEECTPALII0 YUHHOTO 3HAUEHHS TATU JIBUTYHA
IIPU BOTHEBUX BUMPOOYBAHHSIX.

30ip maHuX 13 BUPOOYBATBLHOTO CTEHAY Ta 00'eKTa BUMPOOYBaHb IPOBOAUTHCS
OJIHIEIO0 CHCTEMOIO BUMIPIOBAHHS Ta PEECTpallii 3 MPUB'I3KOI0 10 CUCTEMH PEaTbHOIO
gacy (RTS). 3aranpauii Burisa madu aBTOMATUKA 3 MOAYJSIMH BBOJY-BHUBOAY Ta

3'eTHYBauaMu 7151 KaOEJIbHOT Mepexki TaTYNKIB HAaBEJCHO Ha PUCYHKY 3.27.

Pucynok 3.27 — 3aranbHuii BUTIISIT CTEHI0BOT mady aBTOMATUKH
Cucrema BUMIPIOBAHHS Ta PEECTPAllli MICTUTh B CBOEMY CKJIAJl MIJCUCTEMY

peryioBaHHs Ta MIATPUMKH Butpart. llizcucrema 3abe3meuye KepyBaHHS JBOMaA
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CTEHJOBUMH JpoceisiMA (OKHMCHMKAa Ta TMajbHOTO), $IKI PEryJjolTh BUTPATU
KOMITOHEHTIB MajiuBa, M0 MOAAIOTHCS B IBUTYH.

Jlpoceni KepyroThCsl T1IOpUIHUMU KPOKOBUMH €JIEKTPOIABUTYHAMH, SIKI Yy CBOIO
4yepry KepyrThCs MNPOrPaMHO-JIOTITYHUM KOHTpoJiepoM Siemens. Jlorika po6otu
IPOrpaMHO-JIOTIYHOTO KOHTpoJiepa TNOOyIOBaHA 3a NPUHLMUIIOM BiJCTEKEHHS
MOTOYHUX TOJOXEHb JIPOCETIB Ta MOMHIOK EJEKTPOABHUTyHa (MPOIYCKH KPOKIB),
dbopmyBaHHs (Ha MiACTaBl OTPUMAHUX JAHUX) KEPYHOUYMX CHUTHAIIB Ta BHIAdl iX Ha
eNleKTpoABUTYHH. DOpMYyBaHHS KEPYIOUUX CUTHAIIIB HA €TEKTPOABUTYHH (TTIATPUMKHU
3aJJaHOi BUTPATH) OPraHi30BaHO 3BOPOTHUM 3B'A3KOM 3a BUTpPATaMHU KOMIIOHEHTIB
najanBa — iHGopMaIlis MPo MOJOKEHHS Bajla eJIEKTPOIBUTYHA (KYT TOBOPOTY APOCEIIS)
ta BuTpatu KII (31 CTeHA0OBUX JAaTYMKIB BUTPAT, BCTAHOBJIEHUX Y JHIAX noaadl KII B
JBUTYH), HAIXOAUTh Y MPOrPaMHO-JIOTIYHUI KOHTpOJIEp, SIKUI MOPIBHIOE 3aJaHy
Butpary KII Ta dakTtuyHe 3Ha4eHHS BUTPATH Ta BHAa€ KOMaHAY Ha BIAKPUTTS abo
3aKpUTTS JApocess. 3B'S30K 13 MIACUCTEMOIO PEryJIOBaHHA Ta MIATPUMKH BUTpPAT
BUKOHYEThCS 3a MpoTokojiom Ethernet.

[Iporpamue 3abe3neueHHs BUKOHaHE B cepenoBHINl po3poOku LabView i
cknamaerbes 3 1Box cyoMoaynniB — FPGA 1 NI LinuxRT. Cyomonyns FPGA mparrtoe
Ha 4yactoTl 40 MI'11 1 BUKOHY€E TPOLIECH, Y SIKMX KPUTHUYHA IIBUAKICTb BUKOHAHHS.
CyoMmonaynb NI LinuxRT 3a6e3neuye:

— peecTpalliio BUMIPIOBAaHUX MMapaMeTpiB;

3B's130K 3 cyoOmoysieM FPGA;

— 3B'SI30K MyJIBTOBHH 3 IIaQ)OF0 aBTOMATHKH;

— CHHXPOHI3AII0 POOIT yCIX CUCTEM.

VYrpaBaiHHS TEXHOJIOTTYHIUMHE OTIEPAITISIMU, MIITOTOBYUMHU pOOOTaMU CTEHIY Ta
MIPOBEICHHSIM BOTHEBHX BUIIPOOYBAaHb MPOBOASTHCS 3 MyJIBTOBOI, III0 MIiCTUTh PoOoUe
Mmiciie oneparopa. Po6ode miciie oneparopa 3a0e3mneuye MOXKITUBICTb:

— KOHTPOJIIOBATH MPOIIEC MiATOTOBKH JJO BOTHEBUX BUMIPOOYBAaHb Ta BUKOHAHHS
TEXHOJIOTIYHUX OTepallii;

— KOHTPOJIIOBATH MPOIIEC IEPEBIPKU CTEHOBUX CUCTEM;

— CTEXUTH 3a NepediroM BOTHEBUX BUMPOOYBaHb;
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— BHOCHUTH KaJliOpyBajbHI XapaKTEePUCTUKU 3aCO01B BUMIPIOBaHb (JaTYMKIB);

— HaJallITOBYBATH LIMKIIOIPaMy BOTHEBUX BUIIPOOYBaHb;

— IpoBOAUTH 30ip AaHMX TMiJ Yac MPOBEACHHSA BOTHEBUX BHUMIPOOYyBaHb abo
TEXHOJIOTTYHUX OTEpalliii;

— MPOBOJUTU EKCIPeC aHaji3 pe3yjbTaTiB, OTPUMAHHMX IPU BOTHEBUX
BUIIPOOYBaHb;

— IPOBOJAUTH MIATOTOBKY 0a3 JaHUX Ui MepeAadl 3 METOI0 MOJalbIIOro
aHaizy.

PoGoue wMiciie omeparopa y MyJbTOBIM CKJIQJA€ThCS 3 JBOX MOHITOPIB Ta
HOYTOyKa 31 CHeIlialbHUM TporpaMHUM 3a0e3nedeHHsM. Ha MoHIiTOplT «A»
BiJIoOpaxkaeThcsl TpadiuHa iH(opmallis, TOTOYHI MOKa3aHHS 3acO01B BHUMIPIOBAaHHS,
cTaH (YHKUIOHAJIBHUX YAaCTUH CUCTEMH aBTOMATHKH, LMKJIOrpaMa Ta CTaryc ii
BUKOHAHHSI. MOHITOp MIAKIIOYAEThCS J0 HOyTOyka uepe3 kabenbr HDMI.
Momitop «B» BHUKOPUCTOBYEThCS il  BigoOpakeHHs 1HQopmallii 3 Kamepu
B1JIEOCIIOCTEPEKEHHS, BCTAHOBJIEHOI Y BOTHEBOMY OOKCI TAKMM YHHOM, 100 CTEXXKHUTH
3a 00'eKTOM BUIIPOOYBaHb I11]] YaC BOTHEBUX BUIPOOYBAHb.

HoyTtOyk 3'ennanuit 13 konTposiepoM National Instruments CompactRIO,
BCTAHOBJICHUM Y a1 aBTOMaTHKH, 3a TpoTokosoMm Ethernet.

JIyist ciocTepexeHHs 3a nepediroM BUNMPOOYBaHb JIBUTYHA BUKOPHUCTOBYETHCS
cUCTEMa BIJEOCHOCTEepeXKEHHS. BileokaMepu BCTAHOBJIEHI y BOTHEBOMY OOKCi Ta
nepeIarnTh 300pakeHHs] Ha MOHITOp «B», BCTaHOBIEHUN y MYyJbTOBOMY CTCHII.
CucrtemMa BIJCOCTIOCTEPEKECHHSI Ma€ B CBOEMY CKJaal  UGPOBUN peecTpaTop
BiJICOTAHMX, 1110 3a0e3Meuye MOKIIMBICTh aHAITI3y BiJieoMaTepiaiiB y IPOIeci Ta Mmicis

IIPOBCACHHA BOTHCBUX BI/IHpO6YBaHI> JABUT'YHA.

3.6 Bucnosku 10 Pozainy 3

Y  pe3ynpTaTi MPOBEACHHUX  PO3PaXyHKOBO-EKCIEPUMEHTAIBHUX  POOIT
po3po6IIeHO poOoYe MiCIle Y BUTJISAI CTeHAQ, U1 BUTTPOOYyBaHHS ABUTYHIB MaJjloi TATH

B YMOBAX, [0 IMITYIOTh BaKyyM.
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CtBOpeHO Ta peali30BaHO MHEBMOTIIPABIIYHY CXEMYy BHUIPOOYBAJIBHOTO
crenaa. OnucaHi OCHOBHI TEXHIYHI BUMOTH, SIK1 CTaBJISITHCS JJIsl BAKOHAHHS 3aB/IaHHS.

Po3po6iiena Ta mpakTHYHO peanizoBaHa UKIOrpaMa poOOTH BUMPOOYBaIbLHOTO
CTEH/a, a TaKOX, JABUTYHA, 10 BUIPOOOBYEThCA. Jl0AaTKOBO, HaBEACHUI MEpeNiK
OCHOBHHMX KOMaHJ KEpPyBaHHS BHIPOOYBAJILHUM CTEHJIOM, BIJIMOBITHO 1O
UKIJIOTPAMHU.

OnucaHi Ta €KCIEPUMEHTAIBHO BUIPOOYBaHI OCHOBHI CHCTEMH BaKyyMHOTO
CTEHIly, Cepel SKHX — Ta30-eKeKTOpPHAa YCTAaHOBKAa, Tra30JWHAMIYHa YacTHUHA
(razoguHaMiuHi TpyOU), BaKyyM-Kamepa, TArOBUMIproBaibHUM mnpuctpiid. llltatHa
poboTa mij yac BUIIPOOYBaHb MiATBEpMIa MPABUIBHICTh 3aCTOCOBAHUX TEXHIUYHUX
pilieHs 1 3a0e3neunsia CTBOPEHHS YMOB, MAaKCHUMAJIbHO HAOJIMKEHUX 10 pealbHUX
YMOB pOOOTH JIBUTYHIB Y KOCMIYHOMY IIPOCTOPI.

OnucaHl Ta €KCIEpUMEHTAIbHO BUIPOOYBaHI CHCTEMM I0/1adl KOMIIOHEHTIB
najvBa B PIAMHHWN paKeTHUH IBUTYH, 110 BUITPOOOBYETHCS.

Po3pobiieHa Ta mpakTUYHO peasti3oBaHa CUCTEMa PEECTpallii mapamMeTpiB i yac

BUNPOOYBAHHS.
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PO3JIJI 4. PO3POBKA EKCIEPEMEHTAJIBHOI TA30-
EXKEKTOPHOI YCTAHOBKM JIJIsI CTBOPEHHSI YMOB, 11O IMITYIOThH
BAKYYM

VY yerBepTOMy pPO3ALIL AUCEPTALIHOI pOOOTH MOETAHO PO3IJISHYTO MPOLEC
eKCIIEPUMEHTAIbHOI PO3POOKH Ta BHUTOTOBJICHHS Ta30-€KEKTOPHOI YCTAHOBKH MJIs
PO3pIHKEHHS] poO0YOro 00’ eMy Ta30JUHAMIYHOT YaCTUHU BUIPOOYBaIHLHOTO CTEH/Y.

VY migpo3maini 4.1 onucaHi OCHOBHI KOHIIETITYabHI Ta 1HXKEHEPHI IMiIXOIH, SKi
OyJIM BUKOPHUCTAaHI1 MiJ] 4ac MPOEKTYBAHHS I'a30-€KEKTOPHOI YCTaHOBKH.

VY migposnini 4.2 HaBOIATHCS OCHOBHI XapaKTEPUCTUKH Ta30-€KEKTOPHOI
ycTaHOBKH. HaBeneHi nuknorpamMu poOOTH 1aHOT YCTaHOBKH.

VY migpo3nin 4.3 onucyeTbes MPOLEC MPOEKTYBaHHS Ta BUTOTOBJICHHS ra3o-
€KEKTOPHOI yCcTaHOBKH. HaBeeHo npuKkiiagu BIPOBAKEHHS aIUTUBHUX TEXHOJIOT1N
B KOHCTPYKILIKO BHpoOy. ONHUCYIOThCS OCHOBHI KOHCTPYKTHMBHI €JIEMEHTH TIa3o-

€KEKTOPHO1 YCTaHOBKH.

4.1 OcHoBHI KOHUeNIii, O OyJM 3aK/ajeHi Ml Yac MPOEKTYBAHHSA ra30-

€/KEKTOPHOI YCTAHOBKH.

["a30-e:xeKTOpHA YCTaHOBKA — 1€ YaCTHUHA BaKyyMHOT'O CTE€H]y, HEOOXIJTHOTO
JUIsL iMITallii BUCOTHUX yMOB Mij 4ac MPOBEJACHHS BOTHEBUX BUIPOOYyBaHbL BUPOOY.
I'EY € razoBuM eXEKTOPOM, IIO BCTAHOBJIIOETHCS MIXK JBOMa Ta30JWHAMIYHUMU
TpyOaMuU Ta MpU3HAYE€HA MJii CTBOPEHHS HEOOXIJHOTO THUCKY HABKOJIMIIHBOIO
cepenoBuia (po3piIKeHHs1) y BakyyM-kamepi. Ilpukman BcTaHOBIIEHHS Tras3o-
€KEKTOPHOI YCTAaHOBKHM y BaKyyMHOMY CTeHJ1 HaBeAeHui B Po3aini 3 gaHoi poOoTH.
['a30-eKeKTOpHA YCTaHOBKA € OJHHMM 13 KOHCTPYKTMBHUX METOJIB CTBOPEHHS
CEpEeNIOBUIIA, IO IMITY€E BaKyyM. PemiTy iCHYyIOUMX METO/IIB, 10 BUKOPUCTOBYIOTHCS
JUISL IMITaIlll BaKyyMy IpU BOTHSHUX BUIIPOOYBaHHAX HaBeaeHo B Po3aimi 1 gaHoi
pob6otu. HaniiiHa poOoTa ra3o-eKEeKTOPHOI YCTAHOBKH € 3alOpYKOHO YCHIIIHOTO

HIATBEP/HKCHHS. XapaKTEPUCTUK BUCOTHUX PAKETHUX JBUTYHIB, YOTO HEMOKJIHBO
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JOCSITTH TpU BUIOPOOYBaHHSAX B YMoOBax arMmochepHoro Tucky. CTBOpEeHHs
KOHCTPYKIli ra30-eKEKTOPHOI YCTAHOBKM € BIANOBIJAIBHUM IIPOILECOM, a
KOHCTPYKTHBHI DpIIIEHHS, IO 3aKJaJaloTbCsA, TMOBMHHI OYyTHM CHOpsSMOBaHI Ha
3a0€3IeueHHs] Ha/IIiHOT Ta CTIMKOi pOOOTH YCTAaHOBKH, II0 PIBHO3HAYHO YCITIIITHOMY
(YHKIIIOHYBaHHIO BaKYyMHOTO CTEH/IY.

[Tpu po3po0i1i ra30-e:KeKTOPHOI YCTAaHOBKU BUPIIIYIOTHCS HACTYIIHI 3a1a4i:

— 3a0€3MeUeHHsT 3pYYHOCTI MOHTaXy KOHCTPYKIi Ta 11 ekcruryaTarii
(KOHCTpYKIIisl TOBUHHA MATH MOXJIUBICTh MPOCTOrO JIOCTYITY 10 OCHOBHHX €JI€MEHTIB
CKJIaIaHHA ),

— 3a0e3MeveHHs BUCOKOT HaAIMHOCTI Ta 3aracy MIIHOCTI;

— MIHIMQJIBHO MOJIMBI rabaputu yepe3 OOMEKEHHS JOCTYITHOI JIOBKHUHU
po60YOTO IPOCTOPY;

— 3a0e3Me4YeHHs] MiHIMAJIbHOTO Yacy BUTOTOBJICHHSI M CKJIaJaHHS.

Opni€eo 3 BaXIWBUX 3aBIaHb PO3POOKH Ta30-€KEKTOPHOI YCTAaHOBKU OYJIO
MaKCHMaJbHO MOJKJIMBE CKOPOUYEHHS BUPOOHHYOTO LMKIY. 3aCTOCYBaHHS METOMY
aJUTUBHOTO BUPOOHHUIITBA JIO3BOJIMIIO 3HAYHO 3HU3UTH KUIBKICTh BXITHHUX JeTajeH,
TEXHOJIOTIYHUX OTMeparliii Ta, BIMOBIIHO, YaC BUTOTOBJICHHS PI3HUX KOHCTPYKTUBHUX
€JIEMEHTIB ra30-€KEKTOPHOT YCTaHOBKHU.

3acTOoCyBaHHS METOJY AIUTUBHOTO BUPOOHHUIITBA MPOTHO30BAHO OOYMOBIIIOE
KOHCTPYKTHBHI 3MIHU, OCKUTbKY TPAHUYH1 YMOBHU ISl 3a0€3M€UEHHS Y CIIIIHOTO IPYKY
1HOJII PO3XOASATHCS 3 MOMEPENIHbO 3aKJIAJCHUMH METOAUKAMH MPOEKTYBAHHSA THUX YU
IHIMX eyneMeHTiB. L{i KOHCTpYKTHBHI 3MIHHM, a TakKOX OOMEKEHHS TEXHOJOTI,
JO3BOJISIIOTH OTPUMYBATH BUPOOH 3 XapaKTEPUCTHUKAMHM, 1110 BIAPIZHSIIOTHCS BiJ TUX
JeTaneil, IO BUTOTOBJICHI TPAAUIIHHUMU MeToJaMu BUpoOHUITBAa. I[Ipore i
XapaKTEPUCTUKU HE BIUIMBAIOTh HA PE3YJIbTATUBHICTh Ta 3arajibHy poOoTy, a 1HOAI 1
MOKpPAILYIOTh 1X.

KoxHe mianpueMcTBO, 110 3aMAETHCSI €KCIIEPUMEHTAIBHOI0 PO3POOKOI0 THUX
YH IHIIMX €JIEMEHTIB € YHIKAJIbHUM 1 0OMEKEHUM B CBOTX MOXKIIUBOCTSIX. 3BaXKArOUH

Ha 3HAYHI YacOBI Ta TPYJOBl BUTPATU MpHU po3poOIll, BUPOOHUIITBI, 0OCITYTrOBYBaHHI
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BOTHAHHUX CTCHI[iB, a TaKOX CTCHIAOBHUX CHCTCM, Y KOHCTpYKIIiIO I‘aSO-C}KeKTOPHOT

YCTaHOBKH 3aKJIaJI€HO HACTYITHI OCHOBHI KOHIIEIIIIIi:

4.1.1 TexHosoriyHa NpocToTa KOHCTPYKIIIi

J1o 3ax0/iB, 1110 BEAYTh JI0 TEXHOJIOTIYHOTO CIIPOIICHHS, CIIi/ BITHECTH:

— MiIHIMaJIbHY KUIBKICTh CKJIQJIaIbHUX OJUHHIIb;

— 3aCTOCYyBaHHS HOMEHKJIATypd THUIOBUX (pillleHb, IO 3aCTOCOBYBAINCH
paHile 1 3apeKoMeHIyBa ce0e K HaJllliH1) MaTepiaiiB i METO/IB 1X 0OpOOKH;

— BOPOBQDKCHHS  BIJANpallbOBAaHUX  €JIEMEHTIB,  3alpOBA/DKCHUX  Ha

N1JIPUEMCTBI BUPOOHUKY.

4.1.2 IligBuiieHHs HAIIMHOCTI KOHCTPYKIIIT Ta poO0UYOTo MpoIecy

BigmoBa Bij TpauIiiHUX METO/11B BUTOTOBIICHHS, I03BOJISIE 3SHU3UTH KIJIbKICTh
MaTepiaabHOI YACTUHHU, 1110 3aCTOCOBYETHCS, Ta KUIbKICTh BUPOOHUUMX OIEpalii, Ipu
[[bOMY BIUTMHYTH SIK 1 HA HAJIHHICTh KOHCTPYKIIT K OKPEMHUX E€JIEMEHTIB, TaK 1 Ha
ra30-eKeKTOPHOI YCTAHOBKH B I[IIIOMY.

MoOXIUBICTh TIJBUIICHHS HAAIMHOCTI Ta30-€KEKTOPHOI YCTAHOBKU Y TOMY
YHCJII JOCSTA€ThCA 3MEHIIIEHHAM KUIBKOCT1 JIeTanei CKIIaJaHHs, a TAKOXK BBEICHHSIM
€JIEMEHTIB KOHCTPYKIIii, IO JO3BOJISIOTH MPOBOAWTH JOJATKOBI 3aXOIU IIOAO
OXOJIOJIKEHHSI TEIIOHABaHTaXXEHUX Micllb. KOHCTPYKIIis Ta30-€KEKTOPHOI yCTaHOBKU
Mae 3a0e3nedyBaT Mpale3laTHICTh Y 3aJaHOMY Jiana3oHi poOOYMX MapaMeTpiB 1
HAJIMHICTh 3allyCKy CHUCTEMHU. 3allyCK Ta po0OoTa YCTaHOBKH, IO CTBOPIOE
CepelIoBHILE, KA IMITY€ BaKyyM, NMOBHHHA 3a0€3ME€YyBATUCh Yy TEMIIEPaTypHOMY
nianasoHi Big 0 C go mmoc 50 °C. [lanuii giana3zoH oOyMOBJIEHHI TeMIepaTyporo
3aMep3aHHs BOJHU, 110 BUKOPUCTOBYETHCSA SIK OXOJIOKYI0Ua pIIMHHA.

3a0e3neyeHHs] HaAIWHOT pPOOOTHM KOHCTPYKIIi B yMOBax IMiJBUIICHUX
temrnepaTtyp (poboTa B IMOTOIN MPOAYKTIB 3rOPSIHHS JBUTYHA BEPXHBOI'O CTYIICHS)
TUTIOBO JIOCSITA€ETHCS MUIAIXOM 3aCTOCYBAHHS KapOMIIHUX 1 KapOCTIMKUX MaTepiais,

OpraHi3alli€l0 30BHIIIHLOTO OXOJO/KEHHS, (OPMYBaHHS NPUCTIHHOIO Iapy 3a
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JIOTIOMOT 010 TiepudepiHuX (HOPCYHOK 3 TAHTCHINIATBLHOIO 3aKPYTKOKO Ta OpraHi3alli€lo
CTiiikoro pobodoro mporecy. IIpoexTyBaHHsS Ta30-€KEKTOPHOI YCTAaHOBKH i3
3aCTOCYBaHHSM MPOCTHX 3MIITYBAIILHUX €IEMEHTIB Ta JOKJIATHUN aHaI3 MPOTIKAaHHS
po6oUYOro MpoIeCy JT03BOJISE OpraHi3yBaTU PIBHOMIPHE IMiJBEACHHS Ta30noAiOHOTO
OKHCHUKA B TIOPOKHUHY KaMEPH 3TOPSIHHS JJIs1 JOCATHEHHS KPAIOTo MePEeMilTyBaHHS

KOMIIOHCHTA Ta BEJIUKOI IIOBHOTH SrOpsIHHA.

4.2 OCHOBHi XapaKTEePUCTUKH ra30-e:KeKTOPHOI YCTAHOBKH

[Tin6ip OCHOBHUX XapaKTEPUCTUK OyJIO MPOBEACHO 3 JIOTIKH JOCTYMHOCTI TUX

gy 1HImUX MatepiadiB. B Tabmumi 4.1 HaBeneHI KOMIIOHEHTH I1aJlvBa,

1o

3a0€31euyI0Th pOOOTY ra30-€KEKTOPHOI YCTAaHOBKH.

Tabnuusg 4.1 - KOMIIOHEHTH NaJiMBa Ta30-€KEKTOPHOI YCTaHOBKH

[TanmuBHA napa Jle BUKOPUCTOBY€ETBCS Pexnum
[TosiTps + Criupt Kamepa I'EY OcHOBHUIT pexuM poboTH
3ananoBaJIbHUN MPUCTPIN 3amyck
AT + HJIIMT pHeIp Y
I'EY
Perta KOMIOHEHTIB

KomMmmionenT J1e BUKOpHUCTOBYETBCS Pexum

Kamepa I'EY 3anyck + OCHOBHUH PEXUM
Bona
(0X0NO0KEHHS) + 3ymumka
3amyck, 3ynuHKa,
. [IponyBanHs
IToBiTps Kamepa I'EY Posy
3arajgroBaJIbHOTO MPUCTPOIO
Ha OCHOBHOMY PEXHMI

VY tabnuii 4.2 HaBeIeHO OCHOBHI TapaMeTPH, 10 XapaKTepU3yrTh pOOOTY ra3o-

€KEKTOPHOI yCTaHOBKHU.
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Tabnuusg 4.2 - OCHOBHI XapaKTEPUCTUKHU T'a30-€KEKTOPHOI YCTaHOBKH

Hominaabui napamerpu I'EY 3HaveHHs
Bxinuuii Tuck
HanamryBanHs TUCKY HOBITPs Ha PELYKTOPI, Krc/cM>* 100.8
Tuck noBitps Ha Bxozi 10 I'EY, kre/cm? 90.8
Tuck cnmpry Ha Bxoxi 10 I'EY, krc/cm? 85.4
Tuck AT Ha BX0oJl B KaMepy 3alaitoBajIbHOIO IPUCTPOIO
TEY, krc/cm? o8
Tuck HAMI Ha BX0Ai B Kamepy 3anaitoBaibHOTO
npuctporo I'EY, krc/cm? 73
OcHOBHUII pe:KUM
Tuck y xamepi I'EY, krc/cm? 70
Temneparypa y kamepi I'EY, °C 1044
Burpara noBitps y kamepi ['EVY, kr/c 7.425
Burpara ciupty y kamepi 'EY, kr/c 0.782
Burtpara Boau Ha oxomnoaxeHHsa kamepu ['EY, kr/c 5
CriBBITHOIIIEHHS] KOMIOHEHTIB y kamepi ['EY 9.5
Butpara AT y kamepi 3anamtoBasibHOTO TipucTpoto ['EY, 0.0471
Kr/C
Butpara HIIMI' y kamepi 3anaitoBaIbHOTO IPUCTPOIO 0.0085
I'EY, kr/c
CriBBIJHOIIIEHHS] KOMIIOHEHTIB Y KaMepi 3alaltoBaJIbHOTO
npuctpow ['EY 105

IIpumitka. *HanamryBaHHs THUCKY MOBITPS Ha PEeIyKTOPI MPOBOAMTHCSA 3 ypaxXyBaHHSIM
KOPUTYBaHHS TIEperaay Ha peIyKTopi 3a JOOMOTO0 (hopMyITH:
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p _ 0:0442422 X m2 X T, (4.1)
= P

JIe M — MacoBa BUTpATa MOBITPs (Kr/c);

T — Temneparypa noiTps a0 peaykropa (K);

P; — THCK TIOBITps 10 pemykTopa (Kr/c).

[ukiorpama 3amycky Ta 3yNUHKA pPOOOTH Ta30-€KEKTOPHOI YCTAaHOBKHU

noka3aHa Ha pucyHky 4.1 ta 4.2 BiaAnoBiaHO.

Tloniasa Ta mankHOr0 B ii mpuctpii [EY. 3ymisika nogasi a30Ty HA HATIKAKKS OIHOMACKO 3 APYTOI0

Tuek na Tloaaua as0ry ha HaTiKam, KOMAIAOIO HA JANYCK ABHIYIA
. Tonaua nositps a [EY Tlonaua cuspry 8 'EY. T—
I'EY TIoMaTOK NPOyBKH A30TOM AiHi CIMPTY. 3ynurKa IPOTYBKH GI0TONM JHI CIHpTY. P/
foii A [loaaua pogss ua oxonomkeuns [EY ra AT Sytiitess doidl oeicu 18, fais b0 SATGEA T HpRCTIC LY. e
KI'G/CM Tipoaysia it noaT as0ToM.
100.8+0.5 7.425%
87.6x0.5 | 0.782%*
81.8+05 | 0.0471%
75.3+0.5 | 0.0285%*
60+0.5 0.25%
5+2 5
=
-30 0 4 5 fo T.c
- Tlositps - Coupr/ oo AT cms—- HIMI Asor Boga - Ipoaysxka ninii TEY asorom
Kepocun
* _ Jlna nosigku
to - ITepma KOMaHga HA 3aMYCK JBHTYHA
Pucynok 4.1 — [{ukiiorpama 3amycky ra3zo-exXeKTOpHO1 YCTaHOBKH
3viika nosaui cnupry 8 TEY. 3ymnia nogasi nopirps 8 TEY.
T TIaTOR MPOAYBKH a300T0M il CITEPIY, [Byiitiika 10441} 43201y 1A HATIKAHIE,
BT Touarok noa asy a natikamms 3ymiika IpOIYRKH a30TOM Aiii nozat enpry, Burpara*
TEY, . kr/c
5 Jynumka aBuryHn Jymumka noxawi som [\
Kre/em ? — [oxonoxmenns [EY Ta [T
100.8+0.5 7.425%
87.6+0.5 | | | 0.782*
81.8+05 | | | | | 0.0471*
753205 | | | | 0.0285*
60+0.5 0.25*
542 5*
=
t-15 0 S 10 20 e
- Tositps - Crmpt - AT oo~ HIMIT e - Az0T - Bona - Mpoayeka ninii TEY azorom

* - Jlist 10BiAKH
t: - Komanja Ha 3ynHHEKY ABHTYHA

Pucynok 4.2 — Iluknorpama 3ynMHKH ra30-eKeKTOPHO1 YCTAHOBKHU

[ukinorpama 3amycKy Ta 3yNUHKHA Ta30-€KEKTOPHOI YCTAaHOBKH BiloOpaxkae

MIOCJIAOBHICTD JIIH 1 4acOB1 IHTEPBAIN, HEOOX1IHI IJI CTa0UIBHOI pOOOTH CHCTEMU.
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4.3 IIpoekTyBaHHSI Tra30-e:KeKTOPHOI YCTAHOBKHM Ta i KOHCTPYKTHBHHMX

eJICMEHTIB

[IpoexTyBaHHS Ta30-€KEKTOPHOI YCTAHOBKH Ta ii KOHCTPYKTUBHHUX E€JIEMEHTIB
MPOBOJUIIOCS 3 ypaXyBaHHSM OCHOBHHMX KOHIICMI[iM, SIKi BKIJIIOYAIOTh aJUTHUBHUN
croci0 BUTOTOBJICHHSA, TEXHOJIOTIUHY TMPOCTOTY Ta 3a0e3MedYeHHs HEeOoOX1THUX
pobounx mapametpiB. [li koHmenmii Oynu oOpaHi Mg omTHMI3aIii TpoIecy
BUPOOHUIITBA, MIJBHINCHHS €(PEKTUBHOCTI €KCIUTyaTallli Ta 3HWXKEHHsS BHUTpAT Ha
BUTOTOBJICHHS €JIEMEHTIB CHCTEMHU.

3aranpHUN BUTIISAN Ta30-€KEKTOPHOI YCTAaHOBKH, a TaKOX CXEMHU peaisarlii
MiBOAY pPOOOYMX KOMIIOHEHTIB MPOJIEMOHCTpOBaHI Ha pucyHkax 4.3, 4.4 ta 4.5
BiAnoBiHO. Ha 1iux pucyHKax mpeicTaBlIeHO HE JIUIIE KOHCTPYKTHBHI OCOOIMBOCTI
YCTAaHOBKM, aj€ ¥ B3a€EMO3B’SI3KM MDK il KOMIIOHEHTaMM, IO JO3BOJIE€ Kpallle
3pO3yMITH TPHUHIMIN POOOTH CHUCTEMH. AJanTailis aTuTUBHUX TEXHOJOTIN
BUTOTOBJICHHA 3a0€3Meunyia BUCOKY TOYHICTh BUTOTOBJICHHS JIeTaIel Ta MOXKIIMBICTh
peamizamii CKJIQgHUX TEOMETPUYHUX GOpM, IO TO3UTHUBHO BIUIMHYJIM Ha

aepoJMHAMIYH1 XapaKTEepPUCTUKU YCTaHOBKH.

PucyHnok 4.3 — 3aranbHuil BUTIIA] Ta30-€KEKTOPHOT YCTAaHOBKHU
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Pucynok 4.5 - Cxema nigBeieHHs1 pOOOYHNX KOMIIOHEHTIB B ra30-€KEKTOPHY

YCTaHOBKY

119



3aranpHa KOHCTPYKIliSE BUIPOOYBAJIBHOIO CTEHIYy, a TAKOX IHTErpalis raso-
€KEKTOPHOI YCTAaHOBKM ToKazaHa B Po3aini 3 gaHoi poboTwu.

Kopnyc ca3zo-excekmopnoi ycmanogku - 1€ 3BapHa KOHCTPYKIIisi, BATOTOBJICHA
KJ1acuaHUM MeToioM 31 ctam 12X 18H10T, ra3zo-exxeKTopHa yCTaHOBKA CKIIQIAETHCS 3
IBOX 0oOWuaiiok, nBox cwioBux (manmiB mis kpirutenas ['EY mo TAT1 ta T'IT2 1
HITYLEPIB AJIs repMeTr3allii TpyOoonpoBo/iB Mogaul poOOYNX KOMIIOHEHTIB y KaMepy
ra30-eKeKTOPHO1 YCTaHOBKH.

KoHcTpyKItis KOpIyCy ra30-eKeKTOPHOI YCTAaHOBKH MPOEKTYETHCS, BUXOISIH 3
HACTYMHUX OCHOBHUX BUMOT, III0 MOXYTh 3MIHIOBATUCH 3aJIEKHO BiJ] TTIOCTABJICHOTO
TEXHIYHOTO 3aBJJaHHS:

— TPOCTOTAa BUTOTOBJICHHS;

— 3a0e3MeveHHs BUCOKOT HaAIMHOCTI Ta 3armacy MIIHOCTI;

— 3pPY4YHICTh MOHTaXYy.

JIist 3aXWCTy BiJl BIUIMBY BHCOKOTEMIIEPATYpHUX TMPOAYKTIB 3TOPSHHS B
KOHCTPYKIli ~ KOpIycy TmepeadadyeHO KOHTYP  30BHIIIHBOTO  OXOJIOKEHHS.
PiBHOMIpHICTh PO3MOIITY BOJIU Y OXOJOJKYBAJILHOMY KOHTYpPl 3a0e3neuyeTbes
CHeniaJbHUMU TPUCTPOSIMU, IO PIBHOMIPHO PO3NOAUIIOTh piauHy. [logaua Tta
BiJIBEJICHHS BOJIY 3/IICHIOETHCS Yepe3 BICIM IITYIIEPiB, BCTAHOBJICHUX HA KOPITYCi.

[Tim bac BCTaHOBJICHHS KaMeEpH Ta30-€KEKTOPHOI YCTAaHOBKH B KOPITYC
aKTyaJIbHOIO 3aJlayeio € MiABIJ KOMIIOHEHTIB B kamepy. [Ins mporo Ha kopiryci
nepeadayeHo creliaabHl BUPI3H, 110 TO3BOISIOTH PO3TAIIOBYBATH TPYOOIIPOBOIN /IS
MOJAJIBIIOTO 1X MIAKIIOYCHHS 0 CTCHIOBHX CHCTEM. 3 METOI TepMeTH3allii Ha
3a3HA4YCHI BHPI3M BCTAHOBIIOIOTHCS HAKIAJKU 31 MITyIEpaMd, IO MPUHIIUIIOBO
J03BOJISIE BUKOHYBaTu 3amiHy TpyoOompoBoaiB ['EY 'y pasi norpebu. J[lani
KOHCTPYKTHBHI DpIIIEHHS € THUIOBUMH B PI3HMX Trainy3six 1 TapHO ce0e
3apEeKOMEH Ty BaJIH.

Kamepa 2a3zo0-excekmopnoi ycmanosku Tnpu3HaAdeHa I  CTBOPEHHS
BHCOKOHAITIPHOTO Ta30BOTO IMOTOKY, SKHM, PO3TaHSIOYHNCHh Yy HAA3BYKOBOMY COITLII,
€XEKTy€ HU3bKOHAMIPHUHN a3, THM CAMUM pealizyioun epekT camoesxekiii. Baxxmnso

JTOOMBATUCS HANOUIBII ONTUMAJIBHOTO CIHIBBIJHOIICHHS MOKa3HUKIB €()EKTUBHOCTI
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pazoMm 31 30€peKEeHHSIM BIIHOCHOI MPOCTOTH KOHCTPYKIIIi. 3 OMMCaHWUX MIpKyBaHb, B
KOHCTPYKIIIT KaMepH ra30-eKeKTOPHOI 3aKJIaJIeHO MPOCTI, ajie IepeBIpeHi PIIICHHS 3
pI3HUX BIIKPUTHUX JDKEpen, a came, 3a0e3lmeueHHs BUCOKOI MOBHOTH 3TOPSHHS 1
HaJ1HHOT pOOOTH 32 YMOB arpeCUBHOTO 30BHINIHBOIO BIUIUBY BUCOKOTEMIIEPATYPHUX
IPOAYKTIB 3rOPSIHHSL.

OCHOBHMMH KOMITIOHEHTaMH TajJMBa KaMepu Ta30-eKEKTOPHOI YCTaHOBKHU
oOpaHa mapa MoBiTps-rac abo MOBITPA-CIUPT. IX 3acTOCyBaHHA XOY i 3yMOBJIEHE
MPOCTOTOIO Ta AOCTYIHICTIO, IPOTE Ma€e HU3KY ocobnmBocTeil. Hampukian, 3a3HaueHa
NaJMBHA Iapa JUKTY€ HEOOXIJHICTh 3aCTOCYBAaHHS 3alajibHOTO IMPHUCTPOIO, IO 3
KOHCTPYKTUBHOI TOUKHU 30pY MPHU3BOAUTH JIO JIOJATKOBOT'O YCKJIaJHEHHS KOHCTPYKIIT
KaMepH Ta30-€KEKTOPHOI YCTaHOBKU. Tak, ISl 3allyCKy KaMepH 3acTOCOBAHO
nepeBipeHe pIleHHsT Yy BUIJISl 3aMajibHOTO MPUCTPOIO, MO0 MO CYTI € PIIUHHUM
JBUTYHOM MOl TATH, SIKAWA TMpaIloe Ha CaMO3aMHUCTHX KOMIIOHEHTaX IMajuBa.
Komnonentn AT 1 HAMI' 3ananbHOro mpuCTpOIO NMPU KOHTAKTI OAMH 3 OJHHUM
camo3aiiMaroThCsl 1 MaloTh JOCTaTHIO EHEPreTHKYy JUJIs 3alycKy Kamepu raso-
€KEKTOPHOI YCTAHOBKM. 3arajibHui BUIIISLA Kamepu 3ropsiHHA ['EY noxasanuii Ha

pUCYHKY 4.6.

Kopiyc I'pers cexinn

-
s
—
: l ' TTakmaara

Pucynok 4.6 — 3aranbhauil Burisig kamepu 3ropsaaas ['EY

OTpumaHa KOHCTPYKIliSi KaMepH Ta30-eKEeKTOPHOI YCTAaHOBKH MAa€ BiIHOCHY
IPOCTOTY, HAAIMHICTh, @ TAKOX BHCOKI MUTOMI XapaKTEPUCTHKH, L0, BPAXOBYIOUU

00MEXEeHICTh 1i MpU3HAYEHHS, POOUTH 11 YH1(PIKOBAHOO JIJIsI CY4aCHOI aepOKOCMIYHOT
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rainy3i. JlaHa ycTaHOBKa MO>KE€ CTBOPIOBATH MOMEPEIHE PO3PIIKEHHS cepeioBuIIa (10
npu6au3Ho 5333 [la (40 MM. pT. CT.) 3TIHO 3 MPOBEACHUMHU BUIIPOOYBAHHSIMU, IO
onucani B Po3nini 2 nanoi po6otu). 3a yMOBH poOOTH PIAMHHOTO JBUTYHA B Tapi 3
ra3o-eKeKTOPHOI YCTaHOBKOIO, TaKMM YHWHOM, CTBOPEHHS CAMOEXKEKIIii, MO>KHa
OTpUMAaTH TIEBHUM Jiama30H pPIAMHHUX paKEeTHUX JBHUTYHIB, MOAUICHUX TIO
MOTY>KHOCTI, SIK1 MOKHA BUIIPOOOBYBATH HA CTEHII.

Kamepa 3ropsiHHS BUKOHYETBCSI 3 ypaxXyBaHHSM BCiX KOHIEIIIH: BUKOHaHA
METOJIOM aJUTHUBHUX TEXHOJOTIH, CKJIAJA€ThCd 3 MIHIMAJIBLHOI KUJIBKOCTI JeTajeH 1
MICTUTD BIANPaIlbOBaH1 paHille KOHCTPYKTHUBHI PIIICHHS.

3 METO0 MiIBUILEHHS HaJIHHOCTI KOHCTPYKIISl KAMEPU 3TOPSIHHS IPOEKTY€ETHCS
3 MaKCUMaJIbHO TPOCTOr0. KOHCTPYKTUBHO Kamepa 3ropsiHHS ckiagaeTbes 3 Kopmycy,
Tperboi cekiii, Haknmagku, miaBIAHUX Ta BHUMIpIOBaNbHUX InTylepiB. CxianaHi
€JIEMEHTH, TaKi AK IOSCH 3aBiC HE 3aCTOCOBYBAJIMCS, & BUKOHAHHS BHUMOT IIOJO
TEMIIEpaTypHOT'O CTaHy CTIHOK KaMepH 3ropsHHs 3a0e3neuyBanocs sk GopMyBaHHAM
MPUCTIHKOBOTO MIapy BiJl (POPCYHOK 3MINIYBAJIbHOI T'OJIOBKH, TaK 1 (POPMyBaHHSIM
MPOTOYHOTO TPAKTy OXOJIOKEHHSI.

OXO0J0IKEHHS CTIHKH KaMepH Ta30-eKEKTOPHOI YCTAaHOBKU OYJIO peasi3oBaHO
HAWIPOCTIIIMM YMHOM Yepe3 KaHall 3 pedpa MOCTIMHOI BUCOTH MO KOHTYPY KaMepH,
0 3HOBY X TaKWh € THUIIOBHUM Ta IMEpPEBIPEHMM 4YacoMm pimeHHsAM. [linBeneHHs
KOMITOHEHTY B TPaKT OXOJOJKEHHS OpraHi30BaHMM Yepe3 YOTHUPH MaTpyOKH, SIKi
PIBHOMIPHO pO3TalloBaHi Mo Kojekrtopy Tperhoi cekiii. Bucoka macoBa BuTpata
OXOJIOJKYIOUOT PIAMHM Ta BUMOTM LIOJ0 MAJOr0 IMepemnany THCKY B TpakTi
3YMOBIIIOBAJIA BEJIMKY IUIOILY MMPOTOYHOTO KaHay. SIK pe3ysbTaT, OyB po3poOieHuit
TpakT 3 TEOMETPUYHUMH IapaMeTpamu, HaBeAeHuMu B Tabmumi 4.3. Cxema

T€OMETPUIHUX PO3MIPIB TPAKTy HaBEJACHA HA PUCYHKY 4.7.

Pucynok 4.7 — Cxema po3MipiB TPAKTy OXOJIOJKEHHS

122



Tabnuusg 4.3 — 'eoMeTpUUHI XapaKTEPUCTUKU TPAKTY OXOJIOIKEHHS

Ileperun
Huainapuyna | MiniMajabHMl ) P
Iapametp niaBoxy
YacTHHA nepeTuH .
pinuHu
KinpKicTh KaHaIB, N,
60
IPUM.
[Ilupuna kaHamy, a, MM 4.5 1.5 5
ToBuuHa pedpa, b, MM 1.5 1 1.5
Bucota xanainy, h, Mmm 5

MeToauka BUKOPUCTAHHS OXOJIOKYIOUMX TPAKTIB € MOIIUPEHOIO MPAKTUKOIO B
PAKETHO-KOCMIYHIN Tally31l. 3 PO3BUTKOM aJUTUBHHUX TEXHOJIOT1H, iX BHUPOOHMIITBO
3HAYHO MOJIETIINIOCh, TPOTE JOJATUCHh TEXHOJOT1YHI OOMEXKEHHS y BHUIJSAI GopM
caMuX KaHaJliB Ta IIOPCTKOCTI MOBepXoHb. Hanpukian B mateHTax ta podotax [72-77]
MPEACTaBIICHI PI3HI 1€ Ta KOHCTPYKTHBHI PIIICHHS JISI OXOJIOJDKCHHS Kamep
3TOPSIHHSL PIAMHHUX PAKETHUX JABUTYHIB. MeTonuka oOpaxyHKy Ta peanmi3auli
aHaJIOrI4Ha, 10 1 B KaMepl 3rOPSHHS ra30-eKEKTOPHOI yCTAaHOBKHU.

IIpoexTyBaHHs 3MilIyBAJBLHUX eJE€MEHTIB KaMepH ra30-e:KeKTOPHOI
YCTAHOBKH. /{7151 BUKOHAHHS BUMOT MIPH MPOEKTYBaHHI 3MIIIyBaJbHUX €IEMEHTIB Ta
HAsIBHUX OOMEKEHb 32 pOOOUYMMHU TTapaMeTpaMu, METO/1a BUTOTOBIICHHS Ta CIICIHU(IKH
CTEH/IOBOTO 00JIaTHaHHS 0yJIO peali30BaHO TakKi PIIICHHS:

— 3aCTOCYBaHHS METOy aTUTUBHUX TEXHOJOTIH;

— KOMOIHYBaHHS CTPYMEHEBHX Ta BIIIEHTPOBUX (OPCYHOK Tra3ornomioHOro
OKHCHHKA,;

— (opMyBaHHS MPUCTIHKOBOTrO LIAPY HUIIXOM pO3TallyBaHHsS nepudepiitHoro
nosicy GOpCyHOK 3 I0AaTKOBOIO 3aKPYTKOI OKHUCHHKA,;

— BiAIeHTpoBa (POPCYHKA MAIBHOTO.

3aranbHUM BUTIIS]] 3MIITYBAJIbHOI TOJIOBKH KAMEPHU T'a30-€KEKTOPHOI yCTAHOBKHU

MOKa3aHU Ha PUCYHKY 4.8.
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Koniuge BOTHeRe THHIIE

KoHiuHa BHPIRHKOKYA
PELULITEA HOBITPA

JanamopanniEi npHe TPl

Pucynox 4.8 - 3aranpHuil BUTIIA TOJOBKU 3MinryBada kamepu ['EY

3ananioeansnuii npucmpini 1 MiATPUMKA TPOLECY TOPIHHSA € KIIOYOBUMH
eJleMEHTaMu y 3a0e3nedeHHl eQeKTUBHOI poOOTH KaMepu ra30-eXKeKTOPHOI
YCTaHOBKH, PO3pOOJIEHOI HA KOMIIOHEHTaX MajuBa TUITy MOBITps-rac abo MOBITPS-
cnupT. BukopuctanHs nux maTtepiajiiB 00yMOBIIEHE X TOCTYIHICTIO, HE TOKCHYHICTIO
Ta IPOCTOTOIO 30epiraHHs 1 TpaHCIOPTyBaHHs. BoHouac 11e Hakanae NeBHI BUMOTH
Ha pOo3pOOKY CHCTEMH 3alajeHHs, Ka Ma€e OyTH MPOCTOI0 Y KOHCTPYKIIii, HAAIIHOIO B
poOoTi Ta 3AaTHOIO 3a0e3neuyBaTH CTaOUIbHE TOPIHHA B IIHPOKOMY JAlama3oHi
pexUMiB poOOTH YCTaHOBKH.

KoHCTpYyKTHBHO cuCTeMa 3alajioBaHHS peasli30BaHa MUISIXOM BCTAHOBJICHHS
PIAMHHOTO IBUTYHA MaJIOT TATH KOHLIEHTPUYHO 10 KaMepH 3rOPsIHHS ra30-eKeKTOPHOT
ycTaHOBKU. L{e pilieHHs J03BOJIsIE CTBOPUTH JIOKAJIbHY 30HY BUCOKOI TEMIIEpaTypH Ta
CIIpUs€ 1HIIIAII] TOPIHHS OCHOBHOI MAJMBHO-TIOBITPSIHOI cywmimii. Ik mokazaHo Ha
pucynky 4.9, 3anamoBalbHUIA MPUCTPIM  PO3TALIOBYETHCS MK  KOHIYHOIO
BUPIBHIOBAJIBLHOIO PEIIITKOI ISl 1MOJlayul MOBITPS Ta KOHIYHUM BOTHEBHUM JIHMIIIEM
3MINTYBaJIbHOI TOJIOBKH. L 30Ha mijcuieHa TpyOonpoBogaMu, 4epe3 AKi MOJal0ThCs
KOMITOHEHTH TIaJlBa Ta OKHUCHUKA, 0 3a0e3medye CTaOlIbHICTh pOOOTH TIPUCTPOIO.
VYci eneMeHTHM KaMepu 3TOpsIHHS Ha 3alajloBajbHOTO IMPHUCTPOI), CIIPOEKTOBAHI

BIJIMTOBITHO JI0 TEXHOJIOTIYHUX 00MexeHb 3D-npyKy.
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Pucynok 4.9 - 3aranbHuil BUIIIs, 3aMallIOBaJIbHOTO MPUCTPOIO ra30-€KEKTOPHOL

YCTaHOBKH

Oco0MBICTIO KOHCTPYKIIIT € BUKOPUCTAHHS a€pOJIMHAMIYHOT BUPIBHIOBAIBHOL
PELITKH, SKa CHOpHUsA€ PIBHOMIPHOMY PO3MOALTY MOBITPSIHOTO TMOTOKY, MIHIMI3y€E
TypOYJEHTHICTH 1 3a0e3medye ONnTUMaIbHI YMOBH AJIs 3amajieHHs cymimi. Kpim toro,
KOHIYHA (hopma 3MilllyBalIbHOI TOJIOBKH 3a0e3mneuye epeKTUBHE 3MIITyBaHHs aluBa 1
MOBITPS, 110 T03BOJISIE MBUIKO JOCSATATH CTIMKOTO TOPIHHS.

JUis MiATPUMKH TOPIHHSA, CUCTEMa OCHAIIEHA JOJAaTKOBUMHU KaHajaMH Mojadl
najuBa, M0 TapaHTye CTaOUIbHY pOOOTY YCTaHOBKM HaBITh 3a 3MIHHUX YMOB
30BHIIIHBOTO cepenoBuiia. Ile oco0amMBO BaKIWBO I 3a0e3MeUeHHST HaTIHHOCTI
3aIlyCKy 1 TpUBAJIOi eKCIUTyaTallii yCTaHOBKHU, HAIIPUKJIAJ, y CUCTeMax 0araTopa3zoBoro
BUKOPHUCTAaHHA 200 aBTOHOMHHUX €HEPTeTUYHNX KOMIUIEKCaX.

3ananoBaabHUN TPUCTPIA PO3paxoBaHUN HA POOOTY B YMOBaX BHCOKHX
TEMIIepaTyp i THCKiB, 10 XapakKTepHi s Kamep 3ropsiHHA. Moro marepianm Ta
KOHCTPYKIlisSi BHOpaHI TakUM YWHOM, 00 BUTPUMYBAaTH TEPMIYHI 1 MEXaHiuHI
HaBaHTa)XEHHs, 30epiraloun mpu bOMYy BUCOKY e(deKTHBHICTh. [{oaTkoBO cuctema
3amajgeHHsl MoXke OyTH IHTErpOBaHa 3 aBTOMAaTMYHUMHU CHCTEMaMU KEPYBAaHHS IS
MOHITOPUHTY TPOIECY TOPIHHSA W BHECEHHSI KOPUTYBaHb Y PEXHUM POOOTH, IO IIIE
OlIbIIIe MIJBUIIYE 11 HAAIMHICTD Ta (PYHKIIOHAJIBHICTD.

OCHOBHI XapaKTEPUCTUKH 3aMaIF0OBAIIBHOTO IPUCTPOIO HaBEAEHO y Tabmuill 4.4.
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Tabnuusg 4.4 — OCHOBHI XapaKTEepUCTUKH 3aIaTI0BAIIBHOTO MIPUCTPOIO HA

OCHOBHOMY PEXHUMI

IMapamerp 3HaveHHs
OKuCHUK AT
[TanbHe HIAMI
Butpara AT y kamepi nianany ['EY, kr/c 0.0471
Burpara HIAMI y kamepi nignany ['EY, kr/c 0.0285

3anyc1< CUCTCMHU 3allaJICHHS IMPOBOAHUTLCA Y MOMCHT, KOJM B KaMCpy Ia3o-

€KEKTOPHOI YCTAaHOBKH B1JI0YBa€ThCS MMOja4a MOBITPs O6€3 1mojjaui €TaHoay. Y MOMEHT

3aIyCKy 3alajloBAIbBHOIO MPUCTPOIO MapaMeTpud pPoOOTH CHUCTEMH 3allajieHHs Ta

napamMeTpu BCEPENIMHI KaMepH Ta30-€KEKTOPHOI YCTAaHOBKHM BIJIPI3HSIOTHCSA BiJ

poOounx, siki Oynu mpencraBieHi B Tabmuii 4.4. OCHOBHI XapaKTEPUCTUKH

3aMajloBajJbHOIO IPUCTPOIO HAa MOMEHT 3aIyCKy Ia30-€KEKTOPHOI YCTaHOBKH

npejcTaBiieH] B Tabymi 4.5.

Tabmuug 4.5 - OCHOBHI XapaKTEPUCTHKM 3alaliOBaJbHOTO MPHUCTPOIO Ha

momeHT 3anycky ['EY (10 mogadi eranosy)

Mapamerp 3HaveHHH
Tuck y xamepi ['EY 1o nogadi etanosy, krc/cm2 39.2
Burpara AT y kamepi mianany, Kr/c 0.0894
Burpara HAMI y kamepi nignainy, Kr/c 0.0745
Burpara noBitps y kamepi I'EY, kr/c 8.1
CriBBIAHOIIICHHS! KOMIIOHEHTIB Y KamMepi 3aratoBaHHs 1.2

CyMIoyTBOpEHHs B KaMepi 3anallfoBaHHsI 3a0€31e4Uy€ThCsl IBOKOMIIOHEHTHOIO

BI/ILICHTPOBO-TAHT€HIlIAIbHOIO  (opcyHkoro.  Teopis

00paxyHKy  OCHOBHHUX
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XapakTepucTUK (OPCYHKH JAHOTO TUITy, omucaHa B pooOoti [78]. Jlani dopcyHku
3a0€3MeuyoTh HaJiiHy poOOTY, TOCTaTHIO PIBHOMIPHICTH PO3MOA1TY KOMIIOHEHTIB 3a
IJIOMICI0 TIepepidy KaMepu 3rOpsSHHS Ta SKICHE TMEepeMINTyBaHHS KOMITIOHEHTIB Y
mpolieci poOOTH 3amagtoBaJIbHOIO MPHUCTPOIO 1, SK HACIIJIOK, XapaKTEepU3yIOThCS
BUCOKHM KOe(]iIlieHTOM TOBHOTH 3ropsHHs. POpcyHKa MaIbHOTO CIPOEKTOBaHA 3
npo(iTbOBAaHUM LEHTPATBHUM TUIOM [UJIsl TOKPAIICHHS XapaKTEPUCTHK PO3MUITY
KOMITOHEHTA.

OCKITbKH Ta30-€KEKTOPHA YCTAHOBKA TMPAIIOE€ CEpell MPOAYKTIB 3TOPSHHS
BUCOTHOTO JIBUTYHa €JMHUM MOJIMBUM TMapaMeTpoOM 3 METOI OI[IHKHU SIKOCTI
MPOTIKAaHHS POOOYOro MPOIECY BCEPEUH] 3aMaIbHOTO MPUCTPOIO € TUCK BCEPEIAMHI
KaMepH 3alajIbHOTO TIPHUCTPOI0. BUMiproBaHHS THCKY B KaMepi 3alaIbHOTO TTPUCTPOIO
OpraHi30BYEThCSA Yepe3 3aMIpHUN KaHaj JiaMeTpoM 1 MM 3-MiJl KOHyca pO3IMUITY
dbopCcyHKHU 1 BUBEJIEHUI TpyOOIPOBOAOM, IO peanizyeTbest MeTosioM 3D-npyky 0e3
TE€XHOJIOTTYHUX MIATPUMOK

[linBeneHHS KOMIIOHEHTIB Ha (OPCYHKH 3amaifOBAIBHOTO  MPUCTPOIO
BUKOHYEThCA KaHajlaMi 4 MM pO3TalllOBaHMMHM B OJIHIM IUIOIMIMHI, pagiaidbHO
npotusiexxHo. IlifBeIeHHS KOMIIOHEHTIB Ha (OPCYHKH 3amalibHOTO MPHUCTPOIO

MOKa3aHo Ha pucyHKy 4.10.

Pucynok 4.10 - [TigBeieHHS KOMIIOHEHTIB MaJMBa B 3aMajJbHUM MPUCTPIN

[linBeaeHHS] KOMIIOHEHTIB MaJMBa Ha (POPCYHKH 3IMCHIOETHCS Yepe3 KOJIEKTOP
HaAMBKUIBLEBOT (OpMHU, MPU3HAYEHWH Ui BUPIBHIOBAHHS TMOJIA IIBUAKOCTI

KOMITOHEHTIB IMepe] TAHT€HLIAIbHUMH OTBOPaMH (POPCYHKHU.
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@opcyHKHM OKHMCHHMKA 3a0€3Me4yloTh [10/1ayy ra30MoJi0HOr0 OKHCHHMKA B
KaMepy 3ropsiHHS 32 KOMOIHOBAHOIO CXEMOIO, sIKa BKJIIOUA€ CTPYMEHEBI (POPCYHKH,
BIJILIEHTPOBY LEHTPaAIbHY (OPCYHKY MOBITPS Ta psil (HOPCYHOK MPUCTIHHOTO IHapy.
Takuii miaxig 103BOJISAE TOCATTH ONTUMAJIBHOIO PO3NOALTY OKHUCHUKA Ta 3a0€31EUUTH
e(eKTUBHE 3TOPSHHS.

CtpymeHneBi (QOpPCYHKH pO3TaIlloBaHi TPhbOMa KOHIICHTPUYHUMHU KOJAMHU IIO
BOTHEBOMY JIHMIILY, IIIO CIPHUS€ OUIbII PIBHOMIPHOMY PO3MOJAUTY MOTOKY OKHCHHUKA.
Bonu MaroTh BigxuiieHHs ocl Ha 30 rpayciB BiJl OCl KAMEpH 3TOPSIHHS Ta HAIPAaBIICHI
B A1po NoToKy. Lle 103BoJisie MOKpaUIUTH MepeMilllyBaHHS KOMIIOHEHTIB, a TaKOX
YCYHYTH 30HY TOpiHHS, IO BHUHUKAa€ OUI1 BOTHEBOTO [HUIA. TakuM UHHOM,
3a0e3neuyeThesl OUIbII CTa0IIBHUM Ta €(PEKTUBHUI MPOLEC 3TOPSHHSL.

['eomeTpist Ta OCHOBHI XapaKTEPUCTUKU CTPYMEHEBUX (POPCYHOK, BKIHOUAOUU
iX JllaMeTpu, BUTPATy Ta TUCK, HaBesleH1 y Tadnuui 4.6. 111 mapameTpu € BaKJIMBUMHU
JUTSL IOCATHEHHS! ONTUMAJIbHUX YMOB 3rOPSIHHS Ta MMIJIBUILIEHHS €(EKTUBHOCTI POOOTH
YCTAaHOBKU B IUIOMYy. AHali3 XapakTEPUCTHK (POPCYHOK JO3BOJIE BU3HAYUTH IX
BIIMOBIJHICTh MPOEKTHUM BHUMOTaM Ta 3a0€3MEUUTH HAAINHICTh EKCIUTyaTallli B

yMOBaX BUCOKHX TEMIIEPATyp 1 TUCKIB.

Tabnuug 4.6 — 'eoMmeTpuyuHi po3Mipu CTPYMUHHHX (DOPCYHOK OKMCHHKA

IHapamerp 1 psan 2 psaxa 3 psin
Kinbkicts hopcyHOK, T 12 18 18
Hiametp dopcynku, d, Mm 3
HosxxruHa GopcyHKH, 1z, MM 82

Macosa BuTpara yepe3 OaHy
bopcynky, t, Kkr/c* 0.1295 0.1177 0.1175

Kyt Haxuny oci ¢popcyHku, B,

rpaju
Ipumirka. * mapaMeTrp OTPUMAHO PO3PAXYHKOBHM IUISXOM MOJICTIOBAHHS MPOILECY Yy
cepenosuii Solidworks Flow Simulation.

30
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I'eomeTpiss Ta OCHOBHI XapakKTepUCTHKU (OPCYHOK IMPHUCTIHKOBOIO IIapy

HaBeneHl B Taoaui 4.7.

Tabmurs 4.7 — I'eomerpudHi po3mipu (POPCYHOK MPUCTIHHOTO PSIY.

IMapamerp Ipucrinni gopcyHku
KinbkicTh hopcyHOK, T 12
Hiametp dbopcynku, d, Mmm 3
[TpoTsxHICT KaHAITY, lxx, MM 18.6
MacoBa Butpata uepe3 o1y HopcyHKy, m, Kr/c* 0.1026
KyT BekTopa mBUAKOCTI KOMIIOHEHTA MO0 OCi
kamepu I'EY, B, rpan >

IIpumiTka. * mapamerp OTPUMaHO PO3PaXyHKOBUM IIUIIXOM MOJETIOBAHHS MPOIECY Cepen

Solidworks Flow Simulation.

BukopuctanHs TPUCTIHKOBOTO psAy (OPCYHOK JO3BOJIMIO OOMEXKUTH

TETJIOBUH BIUTMB MPOAYKTIB 3rOPSIHHS HA CTIHKY Kamepu 3ropsinus. Ha pucynky 4.11

MOKa3aHa 3aKpyTKa TNOBITPS B IIapl NPUCTIHOK, a TaKOXX IOYAaTOK pO3Naay

MPUCTIHKOBOTO IIapy Ha BijicTaHi 50 MM BiJ] BUX1THOT KpOMKH OTBOpIB. JlaHi oTpuMaHi

HUITXOM MOJIETIOBAaHHSI Tpollecy B mporpamHoMy cepenosuili Solidworks Flow

Simulation.

a) 6)

B)

100.000
92.857
85.714
78.571
71.429
64.286
57143
50.000
42.857
35.714
28.57T1
21.429
14.286
7.143

0
MIBiakicTs [m/s]

Pucynoxk 4.11 - Kaptuna ¢opMyBaHHS NPUCTIHHOTO IIapy NopoxkHUHU kamepu ['EY

a) nepetud 10 MM Bix Topis; 6) nepetud 30 MM Bix TOpus; B) mepeTuH S0 MM BiJ TOPIIS
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Jl7is 3HIDKEHHS BUXPOBOi 30HU 1 3 METOIO (OpMyBaHHS 3aropojKyBajIbHOTO
Iapy XOJIOAHOTO OKHUCHUKAa B KOHCTPYKIIIO TOJIOBKM 3MilllyBada BBOJUTHCSA
JOJATKOBUN psAl (OPCYHOK 3 TaHTCHINAIBHOI 3aKPYTKOK. Y KOHCTPYKIIi Il
dbopcyHku OyiM BUKOHAHI K NpOo(]iIbOBaHI KaHAIW Ha AUISHIN HIIHIPUYHOMY
BOTHEBOT'O JHMIIA 3MIITYyBaJIbHOI TOJIOBKH.

3 METOI0 MiABUILEHHS €(heKTUBHOCTI MPOLIECY PO3MUIICHHS OKHCHHUKA B Kamepl
3ropsiHHA OyJI0 BIPOBAPKEHO BIALEHTPOBY (DOPCYHKY OKMCHMKA, 3arajlbHUN BUJ Ta
peanisanis AKoi, Hoka3aHa Ha pucyHky 4.12. Ii Bukopucranus 103Bosse 3a6e3MeUnTH
PIBHOMIpHE 3MIITyBaHHS KOMIIOHEHTIB MajMBa TMOOJIU3Y 30HHM 3alallfOBaHHs, IO
KPUTUYHO BaXIWBO IS MiJATPUMAHHSA CTaOUIBLHOTO TMpolrecy ropiHHs. Bubip
BIJIIIEHTPOBOI KOHCTPYKIIii (POPCYHKH OKHCHUKA 3yMOBJICHUN MOTPEOOI0 y MiHIMI3aITii
HMOBIPHOCTI 3aracaHHs MOIyM'sl, III0 OCOOJIMBO aKTyaJIbHO ITi/1 Yac pOOOTH YCTaHOBKH

B YMOBax 3MIHHOI'O HaBaHTa)KEHHS a0o0 IIPpHU KOPOTKOTPHUBAJIMUX BKIHOYCHHAX.

B
A
y
3 :
- ___l o
- D
A
B

Pucynok 4.12 - 3aranpHuil BUTIISIA Ta KOHCTPYKIIS [IEHTPAIbHOI (POPCYHKHU

OKHMCHHKA

KoncTpykitis BiALeHTPOBOT (POPCYHKHM OKHMCHHMKA Ma€ HHU3KY CHEHU(pIgHUX
0COOJIMBOCTEM, sIKI COpUSIIOTH 11 edeKkTuBHIM poOoTi. 30Kkpema, MNpodinboBaHEe

IEHTpaJbHE TUIO 3abe3nedye cTabum3alilo MOTOKY OKHCHUKA, a JBa IOSCH
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TaHTEHIIaJTbHUX OTBOPIB (OPMYIOTh 3aJaHUM KyT PpO3MUICHHSA, IO JI03BOJISIE
YHUKHYTH JIOKaJIbHUX TIepeBaHTaXKEHb Yy 30H1 TopiHHA. [1iirpiB KOMIIOHEHTA MMaJIUBA,
3MIMCHIOBAHWN dYepe3 KOHTAKT 13 TEIUIOM KaMepu 3almajllOBaIbHOTO MPHUCTPOIO,
JT03BOJISIE 3HU3UTHU B’SI3KICTh OKMCHHUKA Ta 3a0€3MEeYUTH Kpallly HOro aepoauHaMiuHy
IHTErpaliio 3 TATUBHOIO CyMIIIIIIIO.

JleTanpHi T€OMETPUYHI XapaKTEPUCTUKHU Ta MapaMeTpu poOOTH BIALIEHTPOBOI
dbopcyHku HaBeaeHI y Tabmuii 4.8, 10 J03BOJIAE OIIHUTH 11 €PEeKTUBHICTH 1
3aCTOCOBHICTB JUISl Pi3HUX TUIIIB yCTAHOBOK. 11 iHTerpalist 10 CKIa1y KaMepu 3TOpSHHs
BIJIKpMBAa€ HOBI MOXKJIMBOCTI JJIA ONTHMI3aIlli poOOUYMX IMapaMeTpiB 1 MiABUIICHHS

3arajbHOI €eHeproe(peKTUBHOCTI IBUTYHA.

Tabmuusg 4.8 — 'eomeTpryHI po3MipU HEHTPAIBbHOIT (POPCYHKH OKHMCHUKA.

IMapamerp 3HaveHHH
KinpkicTh TaHTEHITIAILHUX OTBOPIB, IIT 24
JiameTp TaHTeHIliaTbHUX OTBOPIB, dgx , MM 2
JloBXMHA TaHT€HLIAILHUX OTBOPIB, lpx, MM 6.5
Paniyc kamepu 3akpyTku, Ry MM 18.8
Hiametp comna ¢popcyHkH, d., MM 21.3
KyT Haxuity KOHIYHOT YaCTHHU KaMepHu 3aKPYTKH, (, TP 23

BennunHa KUIb1IEBOTO 3a30pY HA BUXO/II 13 COTLIa

1.5
dbopcyHkH, a, MM
BenmnuuHa KiTbIIeBOTO 3a30Py 32 KOHTYPOM IIEHTPAIBHOTO

2
Tija 10 coria GOPCYHKH, a’, MM
MacoBa BuTparta, m, Kr/c 0.868

OxpiM 1BOTO, BinLEHTpOBa (POpCYyHKa J03BOJISE aNaNTyBaTH MPOIEC Mojadi
OKHCHHMKA T Pi3HI PeXUMH POOOTH IBUTYHA, IO POOHUTH ii yHIBEpCaIbHOIO IS

BHUKOPUCTAHHA B 0aratb0x THUIIAX KaMCp 3ropsHH:. HaHpI/IKJIa,Z[, Y BHIIAJKax 3MIHU
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CITIBBITHOIIIEHHS KOMITOHEHTIB MajiiBa a00 poOOTH B yMOBax 3MIHHOT'O aTMOC(EpHOTo
THUCKY, Taka (popcyHKa 30epirae cTabUIbHICTh CBOET POOOTH 3aB/ISIKU aBTOMAaTHUHOMY

PETYIIIOBAHHIO T10/1a4l OKUCHUKA.

@Dopcynka nanvhozo. I1igBeieHHS TATBHOTO 10 TOPOKHUHU KaMepH 3rOPsIHHS
3MIACHIOETBCS Yepe3 BIALIEHTPOBY (OPCYHKY, sIKa pPO3TalllOBaHAa B IIEHTPAJIbHIN
YaCTHHI sApa KaMmepu. Taka KOHCTPYKIliA 3a0e3nedy€e TOYHICTh 1 CTa0lIbHICTh TTo1a4l
NaJbHOrO, CIPUSIIOYM PIBHOMIPHOMY 3MIIIyBAaHHIO KOMIIOHEHTIB y 30HI TOpIHHA. Y
NO€JHAHHI 3 BIJUEHTPOBOIO (OPCYHKOIO OKHUCHUKA (POPMYETHCS JABOILIAPOBA
CTPYKTypa pO3NUIY, J€ KOHYC OKHCHHMKA pPO3TAIOBYETHCS BCEPEIMHI, a KOHYC
NajJbHOrO 30BHI. Taka B3a€MO/II MOTOKIB JI03BOJIIE OTPUMATH ONTUMAJIBHUNA CTYIIHb
TypOyJICHTHOCTI, IO CHPHSE IHTEHCHBHOMY IE€PEMINTYBAHHIO KOMIIOHEHTIB 1, SK
HACH110K, €(EKTUBHOMY 3TrOPSHHIO MAJINBA.

BaxnuBor nmnepeBaroro € Te, IO CUCTEMa MOJayl NaIbHOTO JI03BOJISIE
peali3oByBaTH PEXUMHU HHU3BKOIO Ta BHCOKOIO TSATOBOIO HABaHTaXEHHsS 0e3
HEOOXITHOCTI CKJaJAHMX 3MIH Yy KOHCTpykuii. Ile pocaraeTscs 3a paxyHOK
ONTUMAJIBHOTO MPOQIII0 PO3MIITY KOMIIOHEHTIB Ta BUCOKOI TOYHOCTI iX JI03yBaHHS,
0 3HWXKY€E BUTpPaTH MNaJbHOTO 1 TMIJBUILYE EHEProePEeKTUBHICTb YCTAHOBKH.

["'eomeTpuyuni po3mipu (popcyHKU HaBeAeH1 Ha pucyHKy 4.13 1 Tabnuui 4.9.

Pucynok 4.13 - 3aranbHuil BUIJIsA Ta KOHCTPYKIiS (POPCYHKH MATbHOTO
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Tabnuusg 4.9 — 'eomeTpuuni po3Mipu (HOPCYHKH MATBHOTO

IMapamerp 3HaveHHs
KinpkicTh TaHT€HIIIaJIbHUX OTBOPIB, IIT 9
JliameTp TaHTeHIllaIbHUX OTBOPIB, dgx , MM 2
JloBKHHA TaHTE€HIIATBHUX OTBOPIB, gy, MM 8.1
Paniyc kamepu 3akpyTkH, Ry MM 20.5
Hiametp cora ¢hopcyHkH, de, MM 26.7
KyT Haxuily KOHIYHOT YaCTUHU KaMEpHU 3aKPYTKH, ¢, Tpaj 22

Benuunna KUTb1IEBOTO 3a30pY HA BUXO/II 13 COTLIa

1.5
(bopcyHKH, a, MM
BennuuHa KUTblIeBOTO 3a30py 32 KOHTYPOM LIEHTPAIBHOTO

2.1
TiJ1a 710 coruia POpCyHKH, a’, MM
MacoBa BuTparta, m, Kr/c 0.782

PozrantyBanHs pOpCyHKH MaJbHOTO 3a0€3MeUy€ CUMETPUYHICTh 1 CTa0UTbHICTh
1oJjiayl, M0 € BAXJIMBUM JJIs TIATPUMAHHS PIBHOMIPHOTO TEIJIOBOTO TMOJIS B KaMmepi
sropstHH. [{e He TUIbKHU MoKpally€e mpoliec TOPiHHS, ajie i 3SMEHIITY€ PU3UK YTBOPECHHS
JOKAIBHUX TapsYuX 30H, fAKI MOXYTh BHKJIMKATH TIepea4yacHe 3HOILICHHS
KOHCTPYKTHUBHUX €JIEMCHTIB.

[linBeneHHs mnanbHOro Ha (OPCYHKY BUKOHAHE 4epe3 TpyOOompoBiI
PO3TAIIOBAHOTO MEPIIEHANKYIISIPHO 10 OCi KaMepH ra30-eKEKTOPHO1 yCTaHOBKH. J[7ist
YCHIIITHOTO JPYKY JAaHOTO eJeMeHTa Imepepi3 OyB posauieHuil pedpom, 10
PO3IIUIAETHCS BrOpy y HaNpsIMKY ApyKy. PeOpo BUCTyIae MiATPUMKOIO JIJIsI BEPXHBOT
MOBEPXHI KaHATY 1 CIIPOEKTOBAHO TakK, 00 BHOCUTH MiHIMaIbHI 3MIHU B T1APaBIIvHI
XapaKTePUCTHUKU MiIBEICHHS NaJIbHOTO, MOPIBHSIHO 31 3BUYAHUM TPYOOIIPOBOIOM.

I'azoniosio nosimpsa. EnemeHnT 3abe3reuye CHUJIOBY XapaKTEPUCTUKY

PO3MIIIEHHSI KaMEPH 3rOPSHHS ra30-€KEKTOPHOT YCTAHOBKH, a TAKOXK IMOJIAa€ MOBITPS

133



B Hei. l'a3omimBil € CKJIagHUM KOHCTPYKTHUBHHM €JIE€MEHTOM, L0 IMpalioe B
CepeIOBUII MTiABUILIEHUX TEMIIEPATypHUX HABAaHTAXKCHb.
OcHOBHI  3aBIaHHs, fAKI  pO3MMANAIOTBCSA  MiJI Yac  MPOEKTYBaHHS

ra30r[inBoz[y I‘aSO-e}KeKTOpHO.l. YCTAHOBKHU:

MiHIMi3allisi TPUBAJIOCTI BUPOOHUIOTO ITUKITY;

— BUCOKA HaJIIHHICTh KOHCTPYKIIIT;

— HajiiHa ¢iKcallisi KaMepy ra3o-eKeKTOPHOI YCTaHOBKU B KOPIYCi;
— JIOCTAaTHE OXOJIOJKEHHSI KOHCTPYKIIIT Ta30MiABOY;

3aranbHUN BUJIS Ta3011IBOAY MOBITPS MOKAa3HUI Ha pUCYHKY 4.14.

Pucynok 4.14 - 3aranpHuii BUja ra3omiiBoay

Kopotkuit ananiz 1OCTYMHUX BUPOOHUYMUX METO/IB BUSIBUB CYTTEBI MepeBaru
aJUTUBHOTO BUPOOHUIITBA B YMOBaX HasBHUX 0OMexeHb. ['a30mmiABi/l, BUTOTOBICHUN
TPAIUIIMHUMU METOJIaMH, CKJIAJA€ThCS 3 BEJIMKOI KiJTbKOCTI OKpPEMHUX JeTajeH,
3’€IHAaHUX 3BapHUMH MBaMH. L{e yckimamHIoe mpoiec BUpOOHHIITBA, MOJOBXKYE HOTO
TPUBAIICTh 1 BUMAarae 3Ha4YHUX 3yCHJIb Ha KOHTPOJIb SIKOCTI, BKJIIOUAIOUM YHMCJICHHI
BUMPOOYBAHHS HAa MIITHICTh T TEPMETUYHICTh. TaKOXK I1€ MBUIIYE PU3UK 3HIKCHHS
HAJIHHOCTI 4Yepe3 HAKOMMYEeHHS MOXUOOK mia 4Yac ckiagaHHsA. OKpiM  1bOTO,
3a0€3MCUYCHHS]  JOCTAaTHBOTO OXOJIOJDKEHHS B YMOBaX KIACHYHHUX METOIIB
BUTOTOBJICHHS CTBOPIOE CEPHO3HI KOHCTPYKTUBHI Ta TEXHOJIOTIYHI TPYAHOIII.
KoHcTpyKilis Ta peanizaliisi ra3ommiaBoay, Yy I0BUM MIPUKIIA]l peati3ailii BAKOPHUCTaHHS

aIUTUBHUX TEXHOJIOT1! B IIEpeBary TpaJulliiHUM METOJaM BUPOOHHUIITBA.
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Bubip metonmy aauTUBHOrO BUPOOHMIITBA JO3BOJUB YCYHYTH OUIBIIICTh
BUII[E3a3HAYCHUX HEAOJIKIB. 3acTocyBaHHs TexHousoriii 3D-apyky 3a0e3nedmsio
CTBOPEHHS Ta30ITiIBOAY 31 CKJIATHOIO BHYTPINIHBbOIO KOH(DITYpaIIi€ro, MO CKIaIa€ThCs
JUIIE 3 I°SITH €JIEMEHTIB, 3B€JACHUX /10 MIHIMYMY 3aBJSIKM 1HTETpallii CKJIaJlaJbHUX
KOMIIOHEHTIB Y MOHOJIITHY CTPYKTYpY. 3aBISKU XpecTonoi0Hii (opmi razomiiBin
3a0e3mnedye pIBHOMIPDHUN pPO3MOMALUT HAaBaHTAXKECHb 1 HAidHE KPITUICHHS KaMepu
€XKEKTOpa Y YHOTUPHOX TOUYKAX KOpmycy. Taka KOHCTPYKIIisl HE JIUIIIE 3MEHIIY€E Bary u
CIPOIIy€ MOHTaX, aji¢ i MiABHIY€E 3arajbHy *KOPCTKICTh cucTemu. Kpamnenoaiona
dbopma MaricTpasield TiJBEJEHHS TOBITPS B KOHCTPYKIII Ta30ompoBoAy oOpaHa 3
KUJIBKOX MIPKYBaHb:

— TIIBUIIEHHS )KOPCTKOCTI KOHCTPYKIIII 32 paXyHOK ONTUMAIBLHOTO PO3TOILITY
MEXaHIYHUX HaIPYy>KEeHb NMPHU BIJIHOCHO HE3HAYHOMY 30UIbIIIEHH] MaCH;

— 3a0e3MedYeHHs] MOYKJIMBOCTI BUTOTOBJICHHSI KOHCTPYKIlli B MEXKax 1CHYIOUHX
TEXHOJOTTYHNX OOMEIKCHb;

— 3MEHIIICHHS aepOAMHAMIYHOTO OMOPY MiJ Yac PyXy MOBITPSHOTO MOTOKY, IO
CIpHUsi€ MABUIICHHIO €(PEeKTUBHOCTI POOOTH BCI€T CUCTEMH;

— 3a0€3MEeUeHHs]  PIBHOMIPHOTO  OXOJIOJKCHHS  KOHCTPYKIIT  3aBISIKU
ONTUMAaJbHIHN (HOPM1 BHYTPIIIHIX KaHAJIIB, IO CIIPHUSIE TPOOBKEHHIO TEPMIHY CITYKOU
ra30mnpoBOIY.

Ha pucysnky 4.14 300pakeHa KOHCTPYKIIA HEHTPAIbHOI YACTUHU Ta30MiABOIY.

Pucynok 4.14 — KoHcTpyKiiis EHTpadbHOI YaCTUHH Ta30M1ABOTY

3nmiBa — 3D-Mo/1e1b IIEHTPAIbHOT YaCTHHH, CIIPaBa — FOTOBA JETaNb MICJIsl MEXaHIYHOT 00pOOKH
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OmHuM 13 KPUTUYHHUX acCIEeKTIB pO3poOKU € 3a0e3nedeHHs e(EeKTUBHOTO
OXOJIO/DKEHHSI Ta3oliJIBOJly B YMOBaxX BIUIMBY BHCOKOTEMIIEPATYpHUX MPOAYKTIB
3ropsiHHA. [[msi 11bOTO B KOHCTPYKIII MependadyeHo 1HTErPOBAHHM OXOJIOIKYIOUNN
TpakT, po3po0JIEHUMN 3 BUKOPUCTAHHSIM Cy4aCHUX METO/IIB YHCEJIbHOT'O MOJIETTIOBaHHS.
B sKkocTi 0X0n0mKyr04Oi piTUHE BUKOPHCTOBYEThCS 3BMYaiiHa Bojaa. lIpoBerdeHi
cumymsnii B cepenoBuini SolidWorks Flow Simulation miaTBepamim epexkTUBHICTH
MIPOEKTHOTO PIIICHHS, 3a0€3MeUy04H PIBHOMIPHE OXOJIO/KEHHS CTIHOK Ta30MiBOIY
HaBITh 332 EKCTPEMAIbHUX YMOB €KCILTyaTaIlii.

CucteMa OXOJOJKCHHS 0a3yeThCs Ha OINTHUMI3OBaHIA CXeMi MiABEICHHS
OXOJIOJIKYBAJIbHOT PIIMHHU JI0 CTIHOK Tra30MiABOY. 3aBJsKU T€OMETPIi TPAKTy BAI0Cs
3a0€3MeUYnTH MIHIMaJbHI TEIUIOBI HAaNpyXEHHS B KPUTUYHUX 30HAX KOHCTPYKIIII.
JletanmpHa cxema TpaKTy Ta oOpraHizailis MiJIBEJEHHS OXOJIO/KYBaJbHOI PpIIUHU
HaBeleHa Ha pucyHKy 4.15. Ilomanmpmii excrnepuMeHTandbHl  BUIPOOYBAHHS
M1ITBEPIUIIN BIJTIOBIIHICTh PO3PO0OJICHOTO BUPOOY 3asiBJICHUM BUMOTaM, 10 CBITYUTh

PO MEPCICKTUBHICTh BUKOPHUCTAHHS aUTUBHUX TEXHOJIOTIH y TOMIOHMX 3aa4ax.
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Pucynok 4.15 — Cxema 0XO0JI0/[)KeHHSI Ta30M1ABOLY

3acTOCyBaHHS aJWTUBHOTO BHUPOOHUIITBA TAaKOX Jall0 3MOTY CKOPOTHUTH
BUPOOHUYMIA IUKJI 1 3MEHIIUTH BUTPATH HA BUrOTOBIEHHS. [Ipu 1ipomy HoCSIrHyTO
OUTBII BUCOKOI TOYHOCTI Ta MOBTOPIOBAHOCTI ()OPMH, a TAKOXX BHUKIIOUEHO HU3KY

MOTEHIIMHUX AePEKTIB, BIACTUBUX TPAAMIIIHHUM TEXHOJIOTISIM, TaKUX SIK 3BapHi
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TPIIIMHUA a00 HaINpyXEHHS B MICHSX 3’€IHaHHSA. Y TIJACYMKY, OTpPUMaHHN BHUPIO

JIEMOHCTPY€E BUCOKY HaJIIMHICTh, JOBIOBIYHICTD 1 BIAMIOBITHICTH BUMOTaM.

4.4 BucnoBku 10 Po3ainy 4

VY pesymbrari TpoBemeHHs poOiT, HaBemeHux y Poszmimi 4, cTBOpeHO
mpaine3aTHy Ta BUIPOOYBaHY KOHCTPYKIIIO Ta30-€KEKTOPHOI YCTAaHOBKH, SKa
BIJINOBIJIA€ 33aJIaHUM BUMOTaM 1 TIPOJIEMOHCTpPYBajia BUCOKY HAJIWHICTD Y peabHUX
yMOBax €KciulyaTauii. Bupid BHKOHye mocTaBiieH1 ()yHKIII B IIMPOKOMY J1ala30Hi
poOounx mapameTpiB, 110 JO03BOJII€E BUKOPHUCTOBYBATH HOro AJisi Pi3HUX 3aBJaHb,
MOB'S3aHUX 13  BUMPOOYBAaHHAM PIAUHHUX  PAaKeTHUX JBUTYHIB.  3aBJsSKU
BIIPOBA/KCHHIO aJINTUBHOTO BUPOOHUIITBA BAAIOCS CYTTEBO CKOPOTUTH BUPOOHUYUI
[UKJI, MIHIMI3yBaTd OOCIT 3BapHUX 3'€lHaHb 1 JOCATTA BHUCOKOI TOYHOCTI
BUTOTOBJICHHS CKJIQJHUX €JIEMEHTIB.

Po3pobisieHa KOHCTPYKIIiS Ta30-€KEKTOPHOI YCTAaHOBKHM YCIIIIHO MpOMILIa
aBTOHOMHI BOTHEBI BUIIPOOYBaHHS y CKJIAJl BOTHEBOT'O CTEHAY, IO IMiATBEPIKYE
MPAaBWIBHICTh TMPUAHATAX KOHIENITyaJIbHUX 1 KOHCTPYKTHBHHX pillleHb. 30KpeMa,
IPOBEJCHO HE MeHIIe 4 aBTOHOMHHX HajalllTyBaJbHMX 3allyCKiB YCTAHOBKU MJIs
onTtumizauii poOOYMX TMapameTpiB, a TaKoXXK 6 BOTHEBHX 3alMyCKIB y CKIJajl
MOBHOIIIHHOTO BHUMPOOYBaIbHOTO CTEHAY 3 BUCOTHMM PAKETHUM JIBUTYHOM, IO
BUIIPOOOBYETHCS. 3allyCKU 3aCBIAYMIM CTAOUIBHICTh 1 €PEKTUBHICTH POOOTH razo-
€KEKTOPHOI YCTAaHOBKH. Y CTAaHOBKA JTO3BOJISE 3/IIMCHIOBATH TOMEPETHE PO3PIIKESHHS
pobouoro 06’emy 10 40 MM. PT. CT.

["a3o-exexTopHa ycTaHOBKa 3abe3mneuye cTabuIbHY poOOOTYy B LIMPOKOMY
Jlianas3oHi 3MiH poOOYMX MapamMeTpiB, 0 POOUTH ii YHIBEPCATbHUM IHCTPYMEHTOM IS
BUKOPDHCTaHHA Yy CyYacHMX Iporpamax BumpoOyBaHb. J[lonaTkoBo, oTpuMaHi
pe3yJIbTaTH MOXKYTh OYyTH BUKOPUCTaHI JIsl BAOCKOHAJIEHHS KOHCTPYKUIMHUX PIIICHb
MalOyTHIX Ta30-€KEKTOPHUX CHCTEM, 30KpeMa JUisi yMOB eKcCIUTyaTalii B
eKCTPEMAaJIbHUX CepeloBUIIaxX abo Mpu BUMPOOYBAHHSIX HOBHX THIIB PAKETHHUX

JIBUTYHIB.
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Takoxk, MHUPOKE BUKOPUCTAHHS AJUTUBHUX TEXHOJIOTIH, J103BOJISIE 3POOUTH
HACTYMHI1 BUCHOBKH:

— aJIUTHBHI TEXHOJIOTIi JO3BOJSIOTH 3MEHIIIUTHA BUPOOHUY1 BUTPATH Ta TEPMiHU
BOroTOBJIEHHS. lle sIBHO BHUpa)kaeTbCs, HANPUKIAA, Y KUIBKOCTI HEOOX1JHOTO
oOnajHaHHS Ta TEXHOJOTIYHUX OCHACTOK, fAKI O BHUKOPUCTOBYBAJIHWCH MpHU
TpaIUIIHHUX METO/IaX BUPOOHUIITBA;

— BUKOPUCTAaHHSA aJUTUBHUX TEXHOJOTIA CYTTEBO 3MEHIIYE Yac, SKUU
HEOOXI1THUH JJI1 IPOEKTYBaHHS BUPOOIB;

— BUKOPHUCTAHHS  aJWTUBHUX  TEXHOJIOTiM, JIO3BOJSIE  pealli30ByBaTU
KOHCTPYKTHBHI KOHIIEMIIii, fki © OyJl0 HE MOXJIMBO CTBOPUTH TPATUIIHHUMU
METOJIJaMU BUPOOHHUIITBA;

— BUKOPHCTaHHS aJIMTUBHUX TEXHOJIOTIH, TO3BOJISIE MIBUAKO BHOCUTH Y BUPIO
KOHCTPYKTHBHI 3MiHH, 0€3 HEOOXIIHOCTI 3aly4eHHS JOJAaTKOBOI'O BHPOOHHYOIO

0OJIaIHEHHS YU JIFOJICBKUX PECYPCIB.
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PO3/ILJI 5. PO3POBKA BIBPALIIMHOI'O 3AXHUCTY EJIEMEHTIB
BAKYYMHOI'O CTEHJA

Y m’aroMy po3auti AucepTaiiiiHoi poOOTH PO3IMNIAHYTO BIUIMB BiOpaliiHUX
HABAHTAXKEHb, 10 CTBOPIOIOTHCA BHACIHIIOK HECTAOUIBHOCTI TEPMO-Ta30JMHAMIYHUX
IpPOIECIiB TOPIHHS B Kamepi 3TOpSHHA PIAMHHOTO PaKETHOTO JBHUTyHa Ta Ta3o-
€KEKTOPHOI yCTaHOBKU BUIMTPOOYBAILHOTO CTEH/IA, 10 IMITYy€ BaKYyMHE CEPEIOBUIIIE.

Y migpo3aini 5.1 omucaHa OCHOBHa MpHUpoJa Ta TUIK BiOpaliitHOTro
HAaBAHTAKEHHA. PO3riasHyTO Ta MpOaHANI30BaHO OTPHMAaHl JaHi 3 OChOBUX Ta
MOTIEPEYHUX JTaTYUKIB BIOPOIIPUCKOPEHB, 110 BCTAHOBIIIOBAJIUCH HA KOPITYCl Kamepu
3TOPSIHHS P1IMHHOTO PAKETHOTO JIBUTYHA Ta ra30-€KEeKTOpHOi yctaHOBKH. [lokazaHi
MNPUKJIAAH MOIIKOIKEHb B HACIIIJIOK BiIOpalliHUX HABaHTaKEHb.

VY migpo3aim 5.2 po3pobiieHa MpakTUYHI peKOMEHAAIlll, 0 10 BiOpaIiiHOTro

3aXUCTY €JIEMEHTIB BUITPOOYBaJIbHOIO CTEH/IA.

5.1 Anagi3z BiOpamiiHMX HaBaHTa)KeHb B HACJHII0OK PpodOTH Tra3o-

€/KEKTOPHOI YCTAHOBKH TA PiIMHHOI0 PAKETHOI0 IBUI'YHA

BibOpartis a0 MexaHIYHI KOJIMBaHHS € TIOIIMPEHUM SIBUIIEM Y TEXHIUHUX
CUCTEMaX 1 KOHCTPYKI[ISIX, BKJIIOUAIOUM PAKETH, /1€ BOHM BUHUKAIOTH Yepe3 III0
BHYTpIIIHIX Ta 30BHIMHIX 30ypeHb. Lle pyx marepianbHOT TOUYKM a00 MEXaHIYHOI
CUCTEMHU, TiJ] 4ac SKOTO 3HAYCHHs (DI3UYHHUX BEIIMYUH, IO XapaKTEPU3YIOTh 1IeH PyX,
3MIHIOIOTBCS B Yacl B epioiuyHOMY abo KBasinepioauuyHomy pexumi [78]. Bibparii
MOXYTb MaTH pi3HI  (HOpMH, BKJIIOYAIOYM TapMOHIMHI  (CHHYCOiJaIbHi),
IIMPOKOCMYTOBI Ta yAapHI KOJWBaHHSA, SKI MOXYTb OyTH SK OJAMHOYHHMMH, TaK 1
Oaratopa3oBUMHU. YC1 MarepiajibHI TiJia, 10 MalOTh Macy 1 NPYXKHICTh, 3JaTHI 0
KOJIMBaHb, TOMY BiOpallis € HEBiJI'€MHOIO CKJIaJOBOIO POOOTH 0araThOX 1HXKEHEPHHUX
KOHCTPYKITIH.

VY KOHCTPYKIISX paKkeT Y KOHKPETHO PITMHHUX PAKETHUX JABUTYHIB MEXaHIYH1

KOJIMBAaHHS € BaXJIMBUM YHHHUKOM, II[0 BIUIMBA€ Ha IXHIO IUIICHICTh 1
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dbyHKITIOHYBaHHS. 30KpeMa, BIOpallli BILIMBAIOTh HE JIMIIIE Ha KOPITYC paKeTH, ajie i Ha
il BHYTpIIIHI CUCTEMHU, BKIIIOYaI0YM KOPUCHE HaBaHTaxeHHs. KoprcHe HaBaHTaKeHHSI
3a3BUYail MICTHThb UYyTJIMBI €JIEKTPOHHI MPHUCTPOI, Taki sIK IepeaaBayi, JaTUYUKH,
T'IPOCKOIH, a TAKOXXK CUCTEMHU KePYyBaHHS, sIKI MAIOTh HU3bKY CTIMKICTh /0 MEXaHIYHUX
30ypenb. Uepes 11e KOHTPOJIb 1 MiHIMI3allisl BIUTMBY BiOpaIliil € KPUTHYHO BaYKIMBUMU
JUIs 3a0€e3IeueH s HaJIMHOCTI Ta JOBIOBIYHOCTI Micii [79].

3MeHIIeHHsT Tiepenayl BiOpalllii y pakeTHUX CHUCTEMax 3MIMCHIOEThCS 3a
JIOTIOMOTOI0 KUIBKOX METOJIB, CIPSIMOBAHMX Ha PO3CIIOBAHHS eHeprii abo 13011110
JoKepelia KOJMBaHb:

- 3MiHa BJIACHOI YaCTOTH CUCTEMH, IO JO03BOJIIE YHUKHYTH PE30HAHCY, KOJIH

gacToTa 30ypeHHsI € HE3MIHHOIO;

- BHUKOPHUCTAHHS PO3CIIOBAayiB €HEPrii, TaKMX fAK MPOKIAIKU abo MpYKHI

Marepiaiu, o 3MEHIIYIOTh aMIUTITYly KOJIMBAaHb;

- 1307wl BiOpaiiif, 1[0 JOCSTAEThCS IUISIXOM BBEJICHHS 130JIIOIOYUX

€JIEMEHTIB, SIK1 3MIHIOIOTh KOPCTKICTh 1 IeMIIPyBaHHSI CUCTEMHU;

- aKTUBHI CHCTEMH BIOPO3aXHUCTy, sIKI JTUHAMIYHO KOMIIEHCYIOTh 30ypeHHS,

BUKOPUCTOBYIOUH €JICKTPOMEXaHIYH1 YU T1APaBIIivyHI MEXaH13MHU;
- JI0JIaTKOBI MacH, MpU3HAYEHI JIJIsl MOTJIMHAHHS eHeprii BiOpailiil uepes siBUIla
pe30HaHCy Ta 1HepiliitHoro racinus [80].

Bibpartiiini Ta yaapHi HaBaHTaXEHHS YaCTO CTAIOTh MIPUUYMHOIO TOIIKOKEHHS
KOHCTPYKIIIH 1 €IeKTPOHHUX KOMITIOHEHTIB KOPUCHOTO HAaBAaHTAXKEHHS a00 MPU3BOJISATh
JI0 BIIMOB Ha3eMHOro oOnanHaHHsA. lle MoXke CHPUYMHUTH YacTKOBY abo0 MOBHY
BTpaTy I1ijien micii. 3a gaaumu qocmimxerns [81], Big 30% mo 60% BiIMOB KOCMIYHUX
cucteM y mnepuri 24 TOIMHM TOB'S3aHI 3 BIOpalisMH Ta aKyCTUYHUMU
HABaHTAKEHHAMH. 30KpeMa, OUTBIIICT BIIMOB ITiJT 9ac 3alyCcKy abo 3yIUHKH poOO0TH
JBUTYHIB PAKET-HOCIIB BiJI0YBaIOThCS, KOJIM TIEPEX1IHI HECTALIIOHAPH] MPOIECH MAIOTh
HaWOUTBIINKA BIUIUB Ha POOOTY arperariB 1 CUCTEM, a TOMY IPOTHO3YBaHHS PiBHA U
XapakTepy BIOpaIitHMX HaBaHTAXEHb MPU ITLOMY BKpal CKJIaJHE ab00 HAaBITh €

OJIM3BKUM J0 HEMOXIHNBOI'O. HCHaﬂiﬁHiCTB CIICKTPOHHHUX KOMITOHCHTIB KOPHUCHOTO
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HABAHTAKEHHSA YacTO BUSBIISIETHCS BXKE Ha IMOYATKY MICIi, OCOOJMBO y BEJIHUKHUX
pakeTax, yepe3 3HaUHHUM pIBEeHb IUHAMIYHUX HABAHTAXKEHb.

Jl7ia BUpIIIECHHS IIUX MPOoOIeM HEeOOXiTHO BIPOBAIKyBaTH €(hEKTUBHI CUCTEMHU
MOTJIMHAHHA ¥ 1301 BiOpamii. I{i cucremu moBuHHI OyTH 1HTErpoBaHI Y
KOHCTPYKIIII0O pakeTd Ta 3a0e3rneuyBaTH 3MEHIICHHS AaMIUTITyId KOJUBaHb [0
npuitHATHOTO piBHA. CydacHi TEXHOJOTII, Takl K aAanTUBHI AeMiipepu, MaTepiaiu 3
BUCOKOIO JIeMI(yBaJIbHOK 3JaTHICTIO Ta aKTUBHI BiOpO3aXWCHI CHUCTEMH,
BIJIKPMBAIOTh HOB1 MOKJIMBOCTI JJI1 3HUKEHHSI HETAaTUBHOI'O BIUIMBY BiOpalliid, 110
CYTT€BO MIJBUIIY€E HAIIHHICTh KOCMIYHHUX araparisb.

3HayHAa YacTKa TEXHIYHUX OO0’ €KTIB, MO BXOASATh [0 CKIATy Ha3eMHOTrO
KOMILJIEKCY BHIPOOOBYBaHHS 1 OOCIyroByBaHHsS MOTpeOye 3axXMCTy BiJ BiOpamid i
aKyCTUYHOTO HaBaHTKEHHs, a00 cami € TakuMm JpkepenoM. Yacto BiOpariis Ta
aKyCTUYHHMI IIyM MK COOOO MOB’SI3aHI 1 YCYHEHHS! OJIHI€I CKIJIaI0BOI OJIHOYACHO
JIO3BOJIIE 3MEHILIWTA HETraTUBHY Mit0 1HIIOI. [Ilil Yac mpoBeJeHHS BOTHEBUX
BUNPOOYBAaHb PAKETHUX JABUTYHIB JDKEpeaMu IIyMy 1 BiOpallii € mija Hu3Ka arperaTiB
1 CKJIaZI0BUX KOHCTPYKIIN: IBUTYH, KOPITyCHI MaHeN i, 1udy30p ToUlo.

AKYCTUYHUN 3axXxUCT BCHOTO TPUMIIICHHS 3aJada JOCUTh CKJIagHa 1
npoOiemMaTu4Ha, ToMy e(eKTUBHIIIE 3a0e3MeuyBaTH TAKUM 3aXUCT JIUIIE AJI 30H, JIe
3HAaXOJUTHCS 00CTyroByrounii mepconai. Ha came mxepeno mymy B IbOMY BHIAJIKY
BIUTMB BIJICyTHIH. Bigomi 1 mpuKiIaad akTUBHOTO aKyCTHYHOTO 3aXUCTY, KOJH
aHAJI3Y€EThCS CIEKTP BUIIPOMIHIOBAHUX YacCTOT, BU3HAYAIOThCS HAWOLIBIN 3HAYHI 3
HUX 1 TEHEepPYyeThcsl curHaim B mpoTudasi. Taki cucTteMu BijoMi 3 JITEpaTypHHX
mxepen [81-85], ame depe3 CKIQAHICTh 1 JIOKaIi30BaHOI Jii B MeEXaxX BEIHMKHX
MPUMIIICHb HE 3HAUIIUIH ITOKH ITUPOKOTO BUKOPUCTAHHSI.

YacTo mpUUMHOI0 aKyCTHYHOTO ImyMy € BiOparisi. OT)Ke 3MEHIIEHHS PiBHS
BiOpaiiii abo 3CyB 4acTOT B Jiana3oH OiIbII BUCOKHUX YacCTOT, JO3BOJISIE€ OJTHOYACHO
OopoTHCS 1 3 aKyCTUYHUM ILIyMOM. 3CYB 4acTOT, HalpUKIaJ, IIISXOM 30UIbIIECHHS
YKOPCTKOCTI KOHCTPYKIIi CYTTEBO PO3IIUPIOE MOMIMBOCTI BIOpO- W aKyCTUYHOTO

3aXHCTY.
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BiOparii HeraTMBHO BIUIMBAaIOTh Ha 1HXKEHEPHI KOHCTPYKIIi, CTBOPIOKOYHU
3arpo3y ixXHIM MIIHOCTI Ta JOBroBiYHOCTI. I[lOBTOpIOBaHI KOJMBAaHHS YacTo
IPU3BOJIUIIN JJO BUHUKHEHHS aBapiif 1 Cepio3HUX TEXHOTeHHUX KaTacTpod. OcolauBo
HeOE3MeYHUMHU BOHU CTalOTh Y BUIAAKAX, KOJU KOHCTPYKIIIi MPAIIOIOTh Y CKIaIHUX
yMOBaX, TaKHUX K BUCOKUH THUCK, TEMIIEpaTypHI Meperaiy Yi arpecCuBHE CEPEIOBHUIIIE.
JlonaTkoBo BiOpallii MOXKYTh CIIPUYMHATH HAaKOMUYCHHS MIKPOTPIIIMH Y MaTepiaax,
10 3 YacoM 0OyMOBIIIOE TX pyWHYBaHHA. 3 OISy Ha 1€, 00poThbOa 3 BIOpaIliiHUMHU
HaBaHTA)XCHHSAMH € BRXJIMBUM 3aBJIaHHSM Cy4aCHOTO IH)KEHEPHOTO aHali3y.

B aepokocmiuHiil TeMaTulll, paKeTHUH IBUTYH MOXXHA BBa)XXaTH OJHUM 13
OCHOBHMX JDKEpesa TreHeparlii BiOpamiiiHuX HaBaHTaXeHb. DI3UYHO, KEpEIoM
BIOpaliiHUX HAaBaHTAXXE€Hb, B PIAMHHOMY DPAKETHOMY ABUTYHI, € CKIaJIHI (13UKO-
XIMIYHI MPOIECH, III0 BUHUKAIOTh B HACHIJOK HECTAaOUIBHOCTI ropiHHA mayiuBa. Lle
SBUILE CYIPOBOKYETbCS HEPIBHOMIPHUM pPO3IMOALIOM TEMIlepaTypu, THCKY Ta
HIBUKOCTI OTOKIB. BUCOKOIIBUAKICHUN PyX KOMIIOHEHTIB NAJIMBA, iX 3MIIIYBaHHS U
nojajibilie 3aiiMaHHS CTBOPIOIOTH KOJIMBAJbHI SBHILA, SIKI TEPEHOCATHCA 4epes
KOHCTPYKIIFO IBUTYHA.

[Ipormiecu ropiHHS B Kamepi 3TOPSIHHS HEPIAKO CYNMPOBOKYIOTHCS SIBUIIEM
aKyCTUYHOI HECTAO1IbHOCTI, KOJIM XIMIYHA €HEPris, 0 BUILISETHCS 1] Yac peakxiiii,
B3a€MO/II€ 3 aKYCTUYHUMU XBUJISIMU BcepenHi kamepu [86]. Lle moxe nmpusBecTu 10
camM030yIPKEHHS, KOJIM aMIUTITy[a KOJIMBaHb 301IbIITY€THCS, CIPUYUHSIIIOUN T01aTKOBI
MEXaHI4YH1 HallpYy>KEeHHsI B eJIeMeHTaX KOHCTPYKIIil [BUryHa. Taki SiBUILA MOXKYTh OyTH
0c00JIMBO HEOE3MEUHUMU, OCKUIBKY 3/JaTHI BUKJIMKATH BTOMHI1 pyHHYBaHHs a00 HaBITh
KaracTpodiyHUI BUX1 IBUTYHA 3 JTa1y.

[Ile oagHuM BaxJMBUM (PAKTOPOM € HEPIBHOMIPHICTh M0JIayl KOMIIOHEHTIB
nanuBa. B poOorax [87-89] nmerampbHO OMUCYIOTHCA 111 TPOLECH, a TaKOXK
MPOIMOHYIOTHCA Pi3HI MaTeMaTH4HI MOJIEJ OLIHKHM Ta MiIPAXyHKY IIUX aKyCTHYHHX
KOJIMBaHb B PIIMHHUX PAKETHUX JBUTYHaX. BiIMIHHOCTI B TUCKY a00 BUTpaTI MOXYTh
BUKJIMKATH JIOKAJbHI 30HU 3 HAJUTMIIKOM a00 HECTAa4€eto MajJbHOro, 1110 MPU3BOJUTH 10
HepiBHOMIpHOTO ropiHHsA. lle cTBOproe HecTallioHapHI CUJIH, SKI NEepeAaloThCs Ha

KOPITyC IBUTYHA 1 BUKJIUKAIOTh BIOpaIIito.
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Takox BaxJMBUM JDKEpEJIOM KOJIMBaHb € TYpOOHAacOCHI arperatu, SKi
3a0e3MeuyloTh Mojauy MajuBa B KaMmepy 3ropsiHHs. Bucoki mBUAKOCTI oOepTaHHS,
nucOaanc poropa abo TipoanHaMiuHiI 30ypeHHS B HAacOCaX MOXKYTh CTBOPIOBATU
JI0ATKOBI1 BIOpaIliiiHi HaBaHTXKEHHS, 110 MOCUITIOIOTHCS Yepe3 PE30HAHC 3 BIACHUMU
4acTOTaMH JIBUTYHA.

Bume 3ramani ¢i3udHI TpOIECH HETATUBHO BIUIMBAIOTH HAa KOHCTPYKIIIO
JNBUTYHA. Y BHUIPOOYBAJIBHUX CTEHJIAX JKEPEJIOM BiOpalllifHUX HAaBaHTa)XCHb MOXKE
oytu He numie PPJI, a 1 ycTtaHOBKa, III0 CTBOPIOE MOMEPETHE PO3PIIKEHHS pOoOOUOTo
cepenoBHILa, a00 K CTBOPIOE BaKyyM. B JaHOMY BHUIIaJIKy TaKOIO YCTAaHOBKOIO € Ta30-
©KEKTOpHA YCTaHOBKA, JIeTallbHA KOHCTPYKIS sKO1 moka3zaHa B Posnimi 4, maHoi
po6otu. Came ra30-eKEKTOPHA yCTAHOBKA, B TAHOMY BUTIA/IKY, € OCHOBHHUM JIXKEPEIIOM
BIOpaIliiHUX HaBaHTa)XEHb, TaK SIK KOHCTPYKTUBHO € (PI3UYHO OUIBIINM PITUHHUM
JBUTYHOM.

[1ix yac mpoBeAeHHS BUIPOOYBaHb, B KOHCTPYKIIIT ra30-€KEKTOPHOI YCTAHOBKHU
Ta PIIMHHOTO PAKETHOTO JIBUTYHA, IO BUIIPOOOBYETHCS, IMepeadadeHH] MICIs T
BCTAHOBJICHHS aKCEJIEPOMETPIB BUCOKOUACTOTHUX KosiuBaHb (ABC), siki mpu3HadYeHH1
JUTs BUMIPIOBaHHS BIOpAIIfHMX Ta yJIapHUX MPUCKOPEHb B IIMPOKOMY Jllara3oHi
4acTOT. BUKOpUCTaHHS JAHOTO TUITY JATYHMKIB € TUTIOBUM B PAKETHO-KOCMIYHIN cdepi
Ta J03BOJSE 3a(iKCyBaTH Ta OLIHUTH BEJIMYMHY MPUCKOPEHb, SIKI CTBOPIOIOTHCA
MPAIIOIOUYUMH YCTAaHOBKAMH Ta arperaTaMu.

BucokoyacToTHI Ta HU3bKOYACTOTHI KOJIMBAHHS, BUKJIMKaHI HEPIBHOMIPHUM
3TOPSIHHSIM TAJIMBAa B KaMepl 3TOpPSHHS Ta B3a€EMOJIIEI0 Ta30BHX MOTOKIB y COILT
JBUTYHA TIPUBOJSATH JO KOJHMBAJIBHHUX TEPEBAHTAKEHb NPHU POOOTI PIAUHHOTO
pakeTHoro ABuryHa. L{i BiOpalii MOXyTh NepelaBaTUCh Ha CTPYKTYPHI KOMIIOHEHTH
K JIBUTYHa B IUIOMY TaK 1 PaKeTH, IO MPU3BOJIUTH JO 3HAYHUX MEXaHIYHUX
HABAHTAXKEHb, 10 CTBOPIOE PU3HK MosaMKu. KpiM Toro, BiOparii MOXyTh HOTIPIIUTH
TOYHICTh CHUCTEM KEpYBaHHS TMOJIbOTOM, OCKUIBKM BOHHM CTBOPIOIOTH JOJIaTKOBI
npobyieMu A AATYUKIB 1 BUKOHABYMX MeXaHi3MiB. ['padik 3amipsHux BiOpariitHux

NepeBaHTaXEHb MiJ Yac MPOBEJIECHUX BUIPOOYBaHb PIAMHHOIO PAKETHOIO JBUTYHA
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Majoi TSIrd B YMOBax, IO IMITYIOTh BakKyyM, MOKa3aHWW Ha pucyHKy S.1. AHami3

OTPUMAaHMX JaHUX MMPOBOJUBCS B IporpaMHoMy 3abe3neueHi [gorPRO.
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Pucynox 5.1 - 3anexHICTh BiJl YaCy CUTHAJIIB OTPUMAHUX 3 JaTUYUKIB
BIOpONepeBaHTaXKEHb

VKDP - Bi6panist PP/] B nonepeunomy Hanpsimky, VKDO — BiGpartiss PP/ B ocboBOMY HaIpsiMKy

AMIUNITYJHUM CHEKTp CUTHaNy, OTPUMAaHOTO 3 JaTdydhKa [ONEepPeuyHuX
BiOponpuckopenb VKDP mnsa mianazony (0, 500I'y) moka3anuii Ha pucyHky 5.2, ais

niama3ony (0, 20 kI'm) — pucyHok 5.3.
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Pucynok 5.2 — AMmitygHui criektp curainy gatauka VKDP

st miarmazony (0, 5000)
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Pucynok 5.3 — Ammutityqauit ciektp curnainy naruyuka VKDP

115t mianaszony (0, 20 k1)

Bubip miama3oniB 00paHO 3 BpaxXyBaHHSIM CTaJIOTO PEXKUMY POOOTH PIAMHHOTO
JIBUTYHA, TaK sIK, 3T1IHO PEKOMEHJAII/ Ta 1HKEHEPHOTO JOCBIAY, MEPEX1THI PEKUMHU
€ OUTbII HECTAOUTBHUMHU Ta HE JJAIOTh YITKOIO PO3yMIHHS MPOILIECIB.

AMIUTITYTHUM CHEKTpP CHUTHATy, OTPUMAHOTO 3 JIaTYUKY TMOTEPEUHUX
BiOpornpuckopenb VKDO mys miamazony (0, 500I'1) moka3anuii Ha pucyHky 5.4, nis
niama3ony (0, 20 kI') — pucyHok 5.5.
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Pucynok 5.4 — AmmutityiHuit cnektp curdainy aarunka VKDO

st miarmazony (0, 5000)
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PucyHnok 5.5 — AmmunityiHuil cnektp curaity aarunka VKDO

s aianazony (0, 20 k')

3 METOI KOMIUIEKCHOI OLIHKM OTPUMAaHUX BIOpalliHUX HaBaHTaXCHb
BUKOPUCTAHUN CIIEKTpaIbHUN aHami3. JlaHuW miaxig 103BOJISIE BUSIBUTH YaCTOTHUM
CKJIaJ] CUTHATY. A TakoX, B MaHOyTHbOMY, MOXE OyTH BUKOPUCTAHUU SIK METO]
OLIIHKY CTaHy KOHCTPYKLII.

Ha pucynkax 5.2-5.5 cmoctepiraioTbCsi MIKOBI OAMHOYHI «CcTpuOkm». Lli
«CTpUOKKU» HE OepyThCs 10 YBaru, Tak siK € MPOCTO IIyMaMu JaT4uKiB. B 1imomy, mo
natuukax BioponepeBanTaxkeHb VKDO ta VKDP MoxHa ckazaTu, 110 KBa3iCTaTUYHI
3HAYEHHSI P13KO 3MIHIOBAIUCH Y€pe3 HArpiB KOHCTPYKIIIi JaTUMKIB, TaK SIK BOHU OYyJU
po3TanioBaHi B 6e3mocepeiHiii 0JIM3bKOCTI 10 KAMEPH 3rOPSHHS PIAMHHOTO PAKETHOTO
JIBUT'YHA, 1110 BUITPOOOBYBABCH.

JIoMiHaHTHI YacTOTH IMO3JOBXHIX BiOponpuckopeHs (matamk VKDO) —
96 I'm - 110711, 208 I', 1.6 xI'11, 3.3 kI, 7.7 xI'my, 10.2 kI'11.

JloMiHaHTHI YacTOTH TomepeyHux BiOpompuckopenb (matumk VKDP) —
99T, 1.9 xI'm.

Tak sk, KOHCTPYKTHUBHO, T'a30-€KEKTOpHA yCTAaHOBKAa Ma€ Oe3Jy CHUIbHUX
KOHCTPYKTUBHHUX €JIEMEHTIB 3 PIIMHHUM PaKETHUM JBUTYHOM, TO 1 BUHUKAIOTh CXOXI1
Bi1OpalliiiHi HaBaHTa)XXEHHS B HACIIIJIOK TEPMO-Ta30AMHAMIYHKX TIpo1ieciB ropiHHs. [T
Yyac MpoBeACHHs BUIIPOOYBaHb i BHACIIJOK B1OpaLiiiHOTO HaBaHTaXEHHS 3a()1KCOBAHO

MOIIKOKCHHS KOHCTPYKTUBHHX €JIEMEHTIB YCTaHOBKH, IO IMPHU3BCJIIO 10 BUBCIACHHA
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ii 3 Magy Ta MOAANBIIOTO MEPETIIsAAy KOHCTPYKTHBHHX PIllIEHb Ta MOIIYKY MOKIHBUX
croco01B 3aXUCTy yCTaTKyBaHHS BiJl BIOpalliiiHiX HaBaHTakeHb. Ha pucynky 5.6 — 5.7

MOKa3aH1 MOIIKOKEHHS B HACHIJIOK POOOTH Ta30-€KEKTOPHOI YCTAHOBKH.

Pucynox 5.6 — 3aranbpHuil BUTIISA TOMIKOKEHOT T'a30-€KEKTOPHOI YCTAHOBKH ITiCIIS

BUINPOOYBAHb

Pucynok 5.7 — TlomxkopxeHHsT TpyOOITPOBO/IIB TT1/IBEICHHS! KOMIIOHEHTIB IMaJIuBa

ra3o-eKeKTOPHOI YCTaHOBKU
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I'padix 3amipssHUX BIOpaIliiHUX TIEPEBAHTAXXEHb HA  Ta30-€KEKTOPHY
YCTaHOBKY, ITiJl Yac MPOBEICHNX BUIPOOYBaHb PIIUHHOTO PAKETHOTO JBUTYHA MaJoi

TATH B YMOBaX, 1110 IMITYIOTh BaKyyM, MIOKa3aHUIl Ha PUCYHKY 5.8.
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Pucynox 5.8 - ~3ayie’KHICTb BiJl YaCy CUTHAJTIIB OTPUMAHUX 3 JATYHKIB
BiOpOTepeBaHTAXKEHb
VEP — Bi0pariis 'EY B nonepeunomy Hanpsamky; VEO — BiOpauist 'EY B ockoBOMy HanpsMKy
AMIUTITYTHUM CHEKTpP CHUTHANy, OTPUMAHOTO 3 JIaTYUKy T[OMEPEYHUX
BiOponpuckopenb VEP nns aianazony (0, 20 xI'n) (Bix 48 ¢ no 62 c) noka3aHuii Ha

pucyHky 5.9, nns aiamazony (0, 20 kI'm) (Big 68 ¢ g0 93 ¢) — pucyHok 5.10.

A(P vepn), g/(T1?)

1 —
0 — m
0 2 4 6 8 1 []3 12 14 16 18 20
ST x10
Pucynok 5.9 — AMIiTyqHu# criekTp curHainy gatduka VEP

st miarmazony (0, 20 k') (Big 48 ¢ 1o 62 ¢)
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A(P vepy), g/(T'n'?)

0 2 4 6 8 10, 12 14 16 18 20
£, Tux10

Pucynox 5.10 — AMmnityaauii criektp curHany gatunka VEP mist niamazony (0,

20 xI'm) (Big 68 ¢ 10 93 ¢)

AMIUTITYAHUH CHEKTp CHTHATYy, OTPHUMAHOTO 3 JaTYUKy ITO3IOBXKHIX
BiOponpuckopenb VEO nnst mianazony (0, 20 kI'r) (Bixg 48 ¢ 1o 62 c) nmoka3aHuii Ha

pucyHky 5.11, nns gianazony (0, 20 xI'i) (Bix 68 ¢ 10 93 ¢) — pucyHok 5.12.
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Pucynok 5.11 — Ammunityaauii ciekTp curHainy aatanka VEO

st miarmazony (0, 20 k') (Big 48 ¢ 1o 62 ¢)

149



(T
A

A(P vEOn), g/(T'1t?)
| | | | | | | | |

8 10 12 14 16 18 20
AT x10

(=)
[}S]
.
)

Pucynok 5.12 — AMmnityaHuil ciekTp curHany narunka VEO

s aianaszony (0, 20 xI'mr) (Bix 68 ¢ 10 93 ¢)

KonuBaHHs BIOpONEpPEBAHTAKEHHS B OCbOBOMY i MOMNEPEYHOMY HaIpsiMKax
KOHCTPYKIIi ra30-eEKTOPHOI YCTaHOBKH BiAmnoBinanu yactoram 3.29 kI’ y nepioa
yacy 3 68 cek. mo 93 cek. [Ipu goBo1 Bennkux po3maxax konuBanb — 110 2000 g. Taki
KOJIMBAHHS, CKOPIILIE 32 BCE, MOSICHIOIOTHCS AKyCTUYHUMHU KOJIMBAHHSMH KOMITIOHEHTIB
najyuBa Ha BXOJll B KaMepy 3rOpsIHHS Ia30-€KEKTOPHOI yCTaHOBUK. [laH1 KOJIMBaHHS
MOKYTh 3pOCTaTH BHACTIOK Pi3HUX BHITAJIKOBUX TEPMO-Ta30MHAMIYHHUX SIBHII B
KaMmepl 3ropsiHHA, 110 B MOJAJBIIOMY MOKE IMPHU3BECTU 1 MPU3BEIO, 10 MOPYLIECHHS
IUTICHOCTI KOHCTPYKIIii. B 3arampHOMy, € KiJIbKa BapiaHTIB OOpOTHOM 3 JaHUMU
KOJIMBaHHSIMH. BOHW TIONSATalOTh B KUTBKOX NPHUHIMIIOBO PI3HUX MiAX0JaX,
HaIpPUKIIA;

- JonaTkoBe nemm¢yBaHHsS ra30BOro 00’ €My ra3o-eXeKTOPHOT YCTaHOBKH.
[TonepenHbO B KOHCTPYKIIli BCTAHOBIIOIOTHCS BUPIBHIOIOUI PEILIITKH, SIKI CIYTYIOTh
nemrmdepamu.

- 3MEHIIIEHHS JTOBXUHHU MIJIIHAPUIHOI YACTMHU KaMepHu 3TOpSHHS Ta30-
€KEKTOPHOI YCTaHOBKH.

- Buxopucranns 3araabHuX AeMI(yr0unx MEeXaHi3MiB Ta BiIOPO130JIATOPIB.
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5.2 Metoauka 3MeHIIIeHHsI BiOpauiliHUX HABaHTaKeHb B HACJIIIOK po00TH

ra3o-eKeKTOPHOI YCTAHOBKH

3MEHIICHHAS] HETAaTUBHOTO BIUIMBY BiOpaIlifHMX HaBaHTAXEHb MOKJIMBE JBOMA
OCHOBHHUMHM IIJIIXaMU — BIOpOIIOTVIMHAHHAM 1 BiOpoizossiieto. [lepmmii HampsMok
aKTUBHO PO3BUBAETHCS 3aB/ISIKU BUKOPUCTAHHIO CYYaCHUX KOMITO3UIIIMHKX 1 CITIHEHUX
MaTepiaiB, $KI JEMOHCTPYIOTh BHCOKY €(QEKTUBHICTb y BHCOKOYACTOTHOMY
nianaszoHi. OgHaK iX 3acTOCyBaHHA 0OMEXeHe, 0COOJMBO HAa HU3BKUX YacTOTax, 10
3MYIIYy€ IIyKaTU ajJbTEpPHATHBHI pilieHHs. Bi1Opoi3osdiis, y CBOIO 4epry, MpOIoHY€
3HAYHO WIUPIIl MOXJIUBOCTI, a Teopis JIHIMHUX BIOPO3aXHMCHUX CHUCTEM J100pe
po3pobiieHa, 1o omnucano B poboti [90]. Jlna gactor monan 20 I'r icHye Benuka
KUIBKICTh BI1OPOI30JIATOPIB, SIKI MICTATh Pi3HI KOHCTPYKUII MPYKHUX E€JIEMEHTIB 1
nemriidepiB. Y AeSKHX BHUMAAKax Il CUCTEMHU IHTETPOBaHI B 00'€KT, IO 3aXUINAETHCS
(HampuKIIa, MABICKM aBTOMOOUTIB UM CUJIOBl YCTAaHOBKM KOPaOJIIB), TOAL SIK B 1HIIMX
NOTPEeOYIOTh 1HAMBIYaJbHOIO MPOEKTYBAHHS 3aJICKHO BiJ MICI[l BCTAHOBJICHHS Ta
yMOB ekcrutyaTaiiii. OTxe mpoeKTyBaHHS BIOPO3aXUCHUX CUCTEM MA€ 1HUBI Ty AIbHUMI
XapakTep 1 BHUKOHYIOTh MHOro 3a HacOiIKaMd CTaTUYHOTO 1 JUHAMIYHOTO
po3paxyHkiB [91].

Po3poOka TakuMxX CHCTEM IPYHTYETbCS HA CTAaTUYHUX 1 JUHAMIYHUX
po3paxyHKax, aje 3ajJada 3HAuyHO YCKJIAJIHIOEThCS Yy BHUIIAJIKaX, KOJIW MOTpiOeH
BIOpO3axHUCT y HHU3BKOYACTOTHOMY fiama3oHi, 30kpema menme 10 I'm. OcoGnusi
BUKJIMKM BHUHUKAIOTh y 30HI cedcMiyHUX bacToT (5 I'l 1 HMx4Ye), e MNacuBHI
BIOpO3axMCHI  CHUCTEMH, SK-OT TIMHEBMAaTHYHI YU TYMOBI, BHSBJISIOTHCS
MajoepeKTUBHIUMH Yepe3 CBOI rabapuTH, Yy TIMBICTh 0 TEMIIEPATyPH Ta arPECUBHOTO
cepenoBumia. [IpyXuHHI CUCTEeMHM TaKOXX MarOTh 3HA4YHI OOMEKEHHS, OCKUIbKU 1XHI
pO3MipH ¥ Maca 1HOJIi CIIIBCTaBHI 3 TabapuTaMu caMoro 00’€KTa, 10 3aXUINAEThC, a
iXHS YyTJMBICTH /0 BHIAJKOBUX 30ypeHb 3HI)KYE HAIIHHICTh. Y TaKUX yMOBax
JOIIJILHUM CTa€ BUKOPUCTAHHS HENIHIMHUX BIOPO3aXMCHUX CHUCTEM 13 MMapaMeTpamH,

10 PETYJIIOOTHCS.
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Po3BUTOK HENIHIHHUX CHUCTEM CTaB BIAMOBIAAID HAa OOMEXKEHHS JIHIMHUX
KOHCTPYKIIiH, 0COOJIMBO B yMOBax KOMOIHOBaHUX BiOpalliiiHUX 1 yAapHUX BIUIUBIB. B
TaKUX  CHCT€Max  BHKOPUCTOBYIOTbCS ~ IHHOBAIlIWHI  TEXHOJIOTii,  SK-OT
MarHiTopeoJioriuydi jaemmndepu, 37aTHI 3MIHIOBAaTH CBOi BJACTUBOCTI IMJa €0
maraitHoro monia [91, 92]. Lle nmo3Bosisie omepaTWBHO aJamnTyBaTH MOPCTKICTH 1
nemmdyBanHs, 3a0e3nedyroun eEeKTUBHUHN 3aXHCT y MIUPOKOMY JIiama3oHi 4acToT.
Oco0Be 3HaYEHHS MalOTh CUCTEMU JIJIsl CEMCMIYHOT 130711111, SIK1 3/IaTHI 3HU)KYBaTH
HAaBaHTAXXEHHS Ha KOHCTpyKuli OyniBens Ha 50-90% 3anexHO Bl IXHBOI
KoH(pirypariii.

CyuyacHi BiOpO130JIAIIIMHI CUCTEMU AKTUBHO BIIPOBA/KYIOTH OaraTtomiaposi
MaTtepialid, SKl MOE€HYIOTh BUCOKY KOPCTKICTD 13 3JIaTHICTIO 0 MOTJIMHAHHS €HEPTii.
Hampuknan, y asiamiiiHid TPOMHMCIOBOCTI KOMIO3MIIIHI MaTepiaii Ha OCHOBI
KapOOHY JT03BOJISIFOTh 3HAYHO 3MEHILUTHU PIBEHb BIOpalliil 0€3 1ICTOTHOTO 30UTbIIEHHS
Bard KOHCTPYKIIiH. Y TMOPTaTUBHUX MPUCTPOSIX, TAKUX K MEIUYHE OOIaHAHHS a0
npwiagd s Teodi3UYHUX JOCTIKeHb, 3aCTOCYyBaHHS TpadeHOBUX MartepiajiB
BIIKpMBA€ HOBI IEPCIIEKTUBHU 3aBJSIKH 1X MaJjiii Ba3l Ta BUCOKIM ePeKTUBHOCTI. [HIIIUM
BOXJIMBUM HANpsIMKOM € IHTerpailisi eHeproedeKTUBHUX TexHoJorii. Hampukmnasn,
'€30€JIEeKTPUYHI MaTepiajid He JIMILE 3HIKYIOTh pIBEHb BIOpalliil, ajie i TeHepyIoTh
€JICKTPOEHEPTIIO JIs ’KUBJICHHSI TATUYUKIB 1 JIOMIOMDKHOTO O0IaHAHHS.

VY uutomy, cdepa BIOPO3aXUCTy PO3BUBAETHCS K MDKIUCITUIUTIHAPHA Tajy3b,
mo o0'elHye MexaHiKy, MaTepiaJo3HaBCTBO Ta 1HXKeHepiro. Bukopucranss
aJIaNTHBHUX CUCTEM 13 PETyJIbOBAHMMH TapaMeTpaMH, 1HHOBAIIMHUX MaTepialiB i
TEXHOJIOT1H 3a0e3neuye BUCOKHM piBeHb €(EKTHUBHOCTI HABITh y CKIAJAHHUX yMOBaXx
excrutyartanii. [lomanpmuii po3BUTOK y 1IbOMY HAmpsIMKY CIPHUSTUME CTBOPEHHIO
KOMITAaKTHUX 1 HAIIAHUX PIIIeHb JUIsl 3aXUCTY Bija BiOparliii y mMMpoKoMy Jliara3oHi
4acToT, 0 OCOOJIMBO aKTyaJIbHO B YMOBAaX IHTEHCH(IKAIlil TEXHIYHUX MPOIIECIB Ta
3pOCTaHHSI BUMOT JI0 O€3MeKH i KOMPOpTYy.

OpHuM 3 HAPSMKIB TaKUX JOCTIIKEHB € BIOPO3aXUCHI CUCTEMHU KBa31HYJIbOBOI
xopctrocTi (BCKIK). HaiiGinpin 10CKOHAJIO Teopis BiOPO3aXUCHUX CHCTEM 3

KOPEKIII€I0 JKOPCTKOCTI PO3TIIsIHyTa B pPOOOTI KOJEKTWBAa aBTOPIB HAa YOIl 3
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[1.M. AnaOyxeBuMm [91]. Taki BIOp0o3axuCHI CHUCTEMHU MAIOTh HACTYMHI TI€pPEBaru:
HEBEJIMKI TabapuTH Ta MacH; MOXJIHUBICTh peajizaiii 3aJaHux JUHAMIYHUX
XapaKTepUCTHK B HU3bKOYACTOTHOMY Jliala30HI HAaBaHTaXEHb, IIMPOKHUI Aiama3oH
BUKOPHUCTAHHS, MOKJIMBICTh 3aXHMCTY HE JIMIIIE B1J BIOpaIlii, a i BiJl yAapiB; MPOCTOTA
HAJAIITYBaHHS HAa HEOOX1IHY Macy; CTIMKICTh 10 arpECUBHOTO CEPEIOBHUIIIA.

BCKXX € cunTe3om niHIHHUX cUCTEM (MOXKYTh OYTH 1 HEINiHIKHI) 1 KOPEKTOPiB
XKOpcTKocTi. Jlisi OCTaHHIX HIAK HE BIUIMBA€ HA CHPUMHATTS HAaBaHTAKCHHS B
CTaTUYHOMY TMoyioxkeHHl. Ha 1eil yac po3po0ieHo neKiIbKa THUIIB KOHCTPYKLINA 3
KOPEKIII€I0 )KOPCTKOCTI 1 3aPONOHOBAHA BI/INMOBIIHA Kiacu(ikallis, ajie OCHOBHA 1J1es

KOpEKIIii HaBeIeHa Ha PUCYHKY 5.8.

\x
S

Pucynox 5.8 - Po3paxynkoBa cxema koHCcTpyKIlii BCKXK

CraTuyHe HABaHTAXKEHHS CIIPUHAMae OCHOBHMU MPY>KHIN €JIEMEHT >KOPCTKOCTI
C4, a KOpeKTopH 3 )KOPCTKICTIO C, B CTATUYHOMY TMOJIOKEHH1 IEPIICHIUKYJIISIPHI 10 OCl
OCHOBHOT'O TIPY>KHOTO €JIEMEHTa 1 MomnepenHbo aegopmoBani. [Ipudomy B mpomy
BUIAJKY KOPCTKICTh OCHOBHOTO TIPY’KHOTO €JIEMEHTa MOKe OyTH BHCOKOIO, a HeCcyua
snatHicTh BCKIK 3amexuTs nuiie Bi )KOPCTKOCTI OCHOBHOTO MPYKHOTO €JIEMEHTA 1
Horo momnepennboi ngedopmariii. OTKe TakKMM YUHOM 3a0e€3MEUYIOThCS HE3HAuYHI
rabapuTu 1 CTIMKICTh. | roloBHE, 32 TAaKOTO MiIXOYy, YCYBA€ETHCS OCHOBHHUM HEHOJIK
JHIAHUX ~ BIOPO3aXMUCTHUX CHCTEM — BeJIMKI TrabapuTté 1 HEOOXIIHICTH
KOHCTPYKTUBHOTO  TIAKPITUIGHHS TPYKHUX  €JIEMEHTIB B  JEJKUX  THUMAaX
BIOPO3aXUCTHUX CHCTEM.

[Ipy>xHI XapaKTepUCTUKU OCHOBHOTO 1 KOPUTYIOUUX €JIEMEHTIB BUOHPAIOTHCS
TaK, 10 B 33/IaHOMY Jlana30Hl1 aMmIUITYJ] CyMapHa CWia MpUKIajeHa 10 o0’ekTta ,

MPAKTUYIHO JIOPIBHIOE HYIIIO (pUCYHOK 5.9) [92].
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A

Pucynok 5.9 - Cunoa xapakrepuctuka BCKIK

Ineanbna BiOpo3axucHa cucTeMa Malia Ou MaTu HYJIbOBY >KOPCTKICTh, ajie TO/I,
B pa3l MepEeBUIIIEHHS IOMYCTUMHUX 3aJJaHUX MEePEMIIICHb, TIepelaBaIuCh OU y1apu Ha
00’ekT 3axucTy. TEeXHIYHO ONTHUMalbHa CUCTEMA MA€ MATHU JKOPCTKICTh OJM3bKY J10
HYJIbOBOi B 3a/IaHOMY Jliama30Hi 4acTOT 30BHIIIHBOTO HABAHTAXXEHHS 1 aMILIITY]l
nepeMilleHb, ajie Npyu HAOJIMKEHHI A0 TPAHUYHOI aMIUTITY AW EPEMILIEHB )KOPCTKICTh
MYCHUTh IIBUAKO 3pocTaTu. OTxe cucteMa Mae OyTH CyTTEBO HEIIHIMHOIO HA TPaHULI
JOTMYCTUMHUX aMILTITY1 KOJIMBaHb, & B CEPEIMHI I[bOTO J1alla30HY KOPCTKICTh Ma€ Oy TH
0JIM3BKOIO JI0 HYJIbOBOI 1 3MIHIOBATHUCS 32 JIIHIMHUM 3aKOHOM.

3rimno  kimacudikamii  3ampornonoBaHoi [I.M. AnaGy»eBuM KOpPEKTOPH

)opcTkocTi, 1 BianoBigao BCKIK, noainstoTecs Ha Tpu UM (pucyHOK 5.10).

%_-//' .d""'--

Pucynok 5.10 - [Ipuknanym KOHCTPYKTUBHUX CXEM KOPEKTOPIB KOPCTKOCTI TPHOX

THUITIB

a) Kopexrop »opctkocti Tumy A; 6) Kopekrop xopctkocti Tuity B; B) KopekTop sxopcTkocTi
tuny C
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Ha Bcix HaBeneHHX cxeMax BEpPTHUKAJIbHO PO3TAIIOBAHUN HECYy4YHil MPY>KHUM
€JIEMEHT CIIpUiiMae CTaTUYHE HaBaHTaXKEHHsI, 00YMOBJIEHE J1€10 00’ €KTA, 110 MiJIsTae
3axucty. [IpyXHI eJeMEHTH KOPEKTOpa J>KOPCTKOCTI B TIOJIOXKEHHI CTaTUYHOL
pPIBHOBAard po3TallloBaHI BEPTUKAIbHO, a Jyuisi KopekTtopa tumy C 1€ BIiJINOBIIAE
MOJIO’KEHHIO, KOJIM LEHTPU MpodUII0I0Y0i MOBEPXHI 1 KOTKA KOPEKTOpa JiexkaTh Ha
OJIHIN H1HII.

CunoBa Ta MKOPCTKICHA XapaKTEpUCTUKA KOPEKTOpa THUIY A OINUCYIOTHCS

bynkuisivu [93]:

Fo B c,Lox (5.1)
T e
a’L, (5.2)
Cr =C|1—

JIe €, — KOPCTKICTb MPYKHOTO €JIeMEHTa KOPEKTOpa, Ly — JTOBKUHA TIPY>KHOTO
eJeMEHTa KOpEeKTopa B Heae(opMOBaHOMY CTaHl, @ — HAWKOpOTIIA BiJACTaHb MiXk
[IapHipaMu MPY>KUHUA KOPEKTOPA.

XKopcrkicHi Ta cuiioBi xapaktepuctuku BCKIK tumy A Bu3HauarOThCs 3a

dbopmynamu:
8o + a) * a® 3.3
c =nc, 1—(0 )+ + Cyq, )
V(a? +x2)3
6o+ a (5.4)

F =ncyx (1 — ) + c1x + ¢ Ao,

N
7€ N — KUIbKICTh OJJHAKOBUX MPY>KHUX E€JIEMEHTIB, 5IKI BUKOPHUCTOBYIOTHCS SIK
KOPEKTOPHU JKOPCTKOCTI, Ay — 1€ MoyaTkoBa Jieopmailiss OCHOBHOI HECY4Oi MPYKUHU
T1]] Baroro 00’ exTa BiOPOI30JIAIlii B CTaH1 CTATHYHO1 PIBHOBATH.
CimeiicTBo rpadikiB cunoBux xapakrepuctuk BCKIK tuny A 1 xapakTepucTuk

YKOPCTKOCTI HaBeIeHO Ha pucyHkax 5.1115.12.
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Pucynoxk 5.11 - Cunogi xapakrepuctuku BCKX tuny A 3aiexHo Bif C;.

Kpugi 1-7 nobynosani mis ¢, = 0;0.25; 0.5; 0.75,1.0; 1.5; 2.0 BiamosigHO
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Pucynox 5.12 - Cunosi xapakrepuctaukd BCKXK turmy A 3anexHo Bixg J,.

Kpwugi 1-7 mobynosani qis 6. = 0; 0.25; 0.5,0.75; 1.0; 1.5; 2.0 BiamosigHO

HaBeneni pmaHi JOBOASTH, IO 3alpONOHOBaHI BIOPO3axXMCHI CHUCTEMHU
CIPOMO’KHI 3a0e3neunTd e(QEeKTUBHUN 3aXHUCT B IIMPOKOMY CHEKTpl YacToT,
BKJIIOYAIOUH YIbTPAHU3bKI.

Ha neit gyac po3pobneno mocuts Bennka KiibkicTe BCKXK sk yHiBepcanbHOTO

BUKOPHUCTAHHS, TaK 1 «BOY/IOBaHUX» B ME€BHI KOHCTPYKIIli — BIOpOyJapHI MeXaH13MH,

156



pyKosITKH BIOpaTopiB Tomlo. B podoTax [94-95] naBeneH1 MOXKIMBI criocoOu peanizariii
B1OpO3aXMCHUX CHUCTEeM. Taki 4acTOTH YacTO BIJIMOBIJIAIOTh KOJMBAHHSIM IMaHEIbHUX
KOHCTPYKIIIH, a OT’KEe MOXKYTh OyTH BUKOPUCTaHI HE JIMIIE AJi BiOpo3axucTy, a 1 A

3MEHIIIEHHS aKyCTUYHUX HAaBaHTaXKCHB ITUIIXOM BIOPO130JIAIIT JpKepena BIOpaItii.

5.3 BuUCHOBOK 10 po3aijiy 5

B Hacnijok TepMo-Ta30/IMHaMIYHUX MPOIECIB TOPIHHS KOMITIOHEHTIB MaJlBa B
KaMmepi 3TOpSHHS PIAUHHOTO PAKETHOTO JBUTYHA Ta Ta30-€KEKTOPHOI YCTaHOBKH
BUHUKAIOTh BIOpAIliifHI HABAHTAXKEHHS, 110 JA1IOTh HE JIUIIE Ha KOHCTPYKIIIIO KaMepH,
a W Ha peITy CTPYKTYpHHUX €JIEMEHTIB, HaBITb Ha €JIEMEHTH BUIPOOYBAIBHOIO
oOsagHanHs. B po3aini 5 HaBeeHI MPUKIaAN JaHUX MOIIKO/XKEHb.

Ha 06a3i oTpuMaHuX eKCHEpUMEHTAIbHUX JaHUX TNPOBEACHUM aHami3
aMIUTITYJHOTO CIIEKTPY KOJIMBaHb 3 JIaTYMKIB BIOpAIlifHOrO MEepeBaHTAXKEHHS,
pO3TAIIOBAaHKX B OCHOBOMY Ta IOTIEPEUYHOMY HAMPSIMKY, BITHOCHO OCI KaMepH
3TOPSIHHS PiJIMHHOTO JBUTYHA Ta Ta30-€KEKTOPHOT YCTAHOBKH.

Po3po6eHo npakTUuHi peKoMeHAallli BiIOpaiiiHOTO 3aXUCTy €JIEMEHTIB.

157



BUCHOBKH

B nuceprariitaiii poO0TI BUPIIIEHO aKTyajdbHE HAyKOBE MUTAHHS, 1110 TOJIATAE Y
eKCIIEPUMEHTaJIbHIN po3po0Ili BUMPOOYBATFHOTO BOTHSHOTO CTEHIY, IO JI03BOJISIE
IMITYBaTH PO3PIDKEHHS pPOO0OYOro CepepoBHINa Ta IIATBEPKYBAaTHU OCHOBHI
pPO3paxyHKOBI MapaMeTpu BHCOTHUX PIAMHHUX PAKCTHUX JBHUTYHIB MaJioi TSTH,
[IUITXOM HaTYpHUX BUIIPOOYBaHb.

JlolaTKoB1 JOCHIIPKEHHSI CHPsIMOBaHI Ha BJIOCKOHAJIEHHS KOHCTPYKTHUBHHUX
€JIEMEHTIB 1 ONTHMI3allil0 MPOLECIB, IMOB’A3aHUX 13 BUKOPUCTAHHSAM CYYaCHHX
MarepiaiB 1 HOBITHIX TexHojorik. Ile, y cBorw depry, copusie pO3IIUPEHHIO
eKCIUTyaTallnHuX MOKJIUBOCTEMN 1 1JIBUIIICHHIO TEXHOJIOT1YHOT
KOHKYPEHTOCIPOMOKHOCTI PIAMHHUX PAKETHUX JBUTYHIB.

Pesynbrar pobOTH aBTOpa € BHECKOM Y PO3BUTOK PaKETHO-KOCMIYHOTO
HaIpsAMKY YKpaiHu Ta CBITY.

OCHOBHI HayKOBI Ta IPAKTUYHI pe3yJbTaTH POOOTH:

1. BIIEpIIIE PO3pOOJIECHO BUMPOOYBAIBHUIM BOTHSHWUM CTEHJ| JJIi BUCOTHUX
PIAMHHUX pakeTHUX IBUryHiB Tsroro Big 180 H no 220 H, B 0CHOBI KOr0 3aKiajieHa
ChijlbHa po0OTa Ta30-€KEKTOPHOI YCTAaHOBKM Ta JBUTYHa, W10 3abe3nevye
pPO3pIIKEHHST poOOYOro CepeloBHIla Ha 3pi3l  COIjia JBUTYHA Ha pIBHI
10 3.5 MM. PT. CT.;

2. YJAOCKOHAJIEHO METOIOJIOTIYHU N miaxigy 710 MPOEKTYBAHHS
BHUIIPOOYBAJILHOTO BOTHSHOTO CTCHIy BUCOTHUX PiAUHHUX PAKETHUX ABUTYHIB Majoi
TATH, MUISIXOM TO€THAHHS METOIB TBEPIOTUIBHOTO MOJEIIOBAHHS, /ISl OTPUMAaHHS
BXIJTHUX JIaHUX TPOIECY Ta MPOBEACHHS TEPMO-Ta30JIMHAMIYHUX PO3PaXyHKIB 3
BUKOPHCTAaHHSM YHCEIILHUX pillicHb piBHSIHL HaB’e-CToOKCca 3 rpaHUYHIMH YMOBaMH,
IO BIJAMOBIIaI0Th OOMEXKEHHSM POOOTH BHUCOTHOTO JBUTYHA Ta Ta30-€KEKTOPHOI
YCTaHOBKH;

3. YIAOCKOHAJIEHO  TpaAWIlAHMK TiAXig A0  peami3aiii  eJIeMEeHTIB
BUIMPOOYBAJIbHUX BOTHSHUX CTEHIIB BUCOTHUX PIAMHHUX DPAKETHUX IBUTYHIB, 3a
PaxyHOK BIIPOBQ/KCHHSI AJUTUBHUX TEXHOJIOTIM BUPOOHHUIITBA, IO JIO3BOJISIE

(dbopMyBaTH €JIEMEHTH Ta30MOBITPSHOTO TPAKTy Ta MAJIMBHUX CUCTEM CTEHAY, Kl €
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HEJOCSHKHUMM JUTsl TPAAMLIITHUX METO/11B BUTOTOBJICHHS, 3 OITHOYACHUM 3MEHIIIEHHSIM
yacy BUpPOOHMIITBA, BAPTOCTI Ta Baru;

4. pPO3pO0JICHO Ta BIPOBAKEHO KOHCTPYKIIIIO Ta30-€KEKTOPHOI YCTAaHOBKHU
1 OKpEeMHX €JIEMEHTIB Ta30JUHAMIYHOI YaCTUHU CTEHJly HAa OCHOBI aJUTHUBHUX
TEXHOJIOT1 BHUTOTOBJICHHS;

5. pO3pO0ICHO HUKJIOTPpaMH POOOTH BHCOTHOTO PIAMHHOTO PAKETHOTO
JIBUTYHA MaJIOl TSTH, ra30-€KEKTOPHOI YCTAHOBKH Ta X CYMIXKHOT poOOTH;

6. pO3p00JICHO 1 BIPOBAKEHO CHUCTEMHU I BUMIPIOBAHHS CHUJIOBUX,
TEIJIOBUX 1 BIOpalifHUX XapaKTEPUCTUK €JIEMEHTIB KOHCTPYKIIiT BOTHSIHOTO CTeH/1a Ta
BHUCOTHOTO P1IMHHOTO PAaKETHOTO JBUTYHA;

7.  IOCHIIKEHO BIOpalliiiHe MoJie Ta30-eKEKTOPHOI YCTAHOBKH Ta BUCOTHOTO
PIIMHHOTO PAaKETHOTO JIBUTYHA, TOOYI0BaH1 aMILTITy IHO-4YAaCTOTHI XapaKTEPUCTUKH;

8. pO3pO0JICHO METOJUKY MiHIMiI3allli BIOpaIIMHOTO HABAHTAXKCHHS Ha
KOHCTPYKTHBHI €JIEMEHTH Ta30-€KEKTOPHOI YCTAaHOBKM Ta BHUCOTHOTO PIIUHHOTO
PaKETHOTO JBUTYHA B HU3bKOYACTOTHOMY CIEKTPI.

[Topganbmnii pO3BUTOK TEMATUKH JOCHIKEHHS MOXKE OyTH CHpSIMOBaHUM B
HAIpPSIMKY TOKPAIEHHSI CUCTEM, 30UIBIICHHS iX TOYHOCTI Ta peaji3arlii OiIbIIoro
pPO3pIIKEHHST ~ poOodoro  cepemoBuina. Takoxk, MOXIMBE  BIPOBAIKEHHS
TEPMOJMHAMIYHUX CUCTEM, 3 METOK0 IMITaIlli HU3bKUX TEeMIepaTyp KOCMOCY, Ta 3
MOJAJIBIITUM BUBUYEHHSM HOTO BIUIMBY Ha TPOLIECH POOOTH PIAMHHOTO PaKETHOTO
JBUTYHA.

[IpakTuuHi pe3ynapTaTu npounuu anpoOariiro Ha mianpueMctsl TOB «®naitt

KoHnTtpomy, npo mo ckiaaaeHuit BianoBigauil Akt peamizaiii (auB. Jlogatok B).
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3r1IHO MHEBMOT1IPaBIIvyHO1 CXeMH, 300paxkeHoro Ha JlogaTKy 2, MpUMHSATO
TaKi MO3HAYCHHS

-  EK «Il» — enexmpoxnanan nanvio2o 08UcyHa,
—  EK «O» - enekmpoknianan OKUCHUKA OBUCYHA.
DGB — Tuck y 6axy nanvno2o, kec/cm?;
DGDR - Tuck nanvrozo na 6xo0i 6 06uzyn nepeod opoceiem, Kec/cm>;
DGDD, DGDDI - Tuck nanvrozo na 6x00i y 06u2yh, k2c/cm?;
—  DOB - Tuck y 6axy oKuchuxa, kec/cm’;
—  DODR - Tuck okuchuxa na 6xo0i 06u2yn nepeo opocenem, kec/cm’;
- DODD, DODDI - Tuck okuchuka Ha 6x00i y 08u2yH, kec/cm?;
—  DBGE - Tuck y 6axy HIMI T'EY, xec/cm?;
—  DGVE - Tuck HIIMT na 6x00i 0o I'EY, kec/cm?;
—  DBAE - Tuck y 6axy AT, kec/cm?,
—  DAVE - Tuck AT na 6x00i 0o I'EY, kec/cm?;
—  DBEE - Tuck y 6aky emaHony, kec/cm’;
—  DEVE - Tuck emanony na 6x00i 0o I'EY, kac/cm?;
— DBV - Tuck nogimps y 6anouniii bamapei, kec/cm?;
—  DVVEI, DVVE2 - Tuck nosimps na 6x00i 0o I'EY, kec/cm?;
- DKE - Tuck 2aszie y xamepi I'EY, kec/cm?;
—  DKPE - Tuck zaszie y kamepi nionany I'EY, kec/cm?;
- DOS 1 - Tuck HagxkoruwHb020 cepedosuuia 8 bapokamepi, MM.pm.cm.,;
—  DOS 2 - Tuck naskoauuwinvoeo cepedosuwa 6 1 J[T 1, mm. pm. cm.;
- DS 13 - Tuck HasxonuwHb020 cepedosuya Ha 3pi3i conia 08ucyHda,
MM. pm. Cm.;
—  DGDT - Tuck ea3zis na euxooi 3 I JIT 20, mm.pm.cm.;
—  DWVE - Tuck 600u na 6xo0i oo I'EY, xec/cm?;
—  DWPG - Tuck 600u na éuxo0i 3 I JIT ML20, kec/cm?;
— DA - Tuck y konexkmopi azomy, kec/cm?;
- DA - Tuck y nosimps, kec/cm?;
- P 133 - Taea, kec;
- PGDD - Ilynvcayis mucky naavHoeo Ha 6xo0i 8 0sucyn.: yuacmoma — 1y,
amnuimyoa - kec/cm?;
—  PODD - Ilynvcayis mucky oxucHuka Ha 6xo0i 8 08ucyH: ywacmoma — 1y,
amnuimyoa - kec/cm?;
- PAVE - Ilynvcayii mucky AT na 6xo00i oo I'EY: uacmoma — Iy
amnuimyoa - kec/cm?;
- PGVE - Ilynvcayii mucxy H/IMI na 6éxo00i 0o I'EY: wacmoma — I'y,
amnuimyoa - kec/cm?;
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PEVE - Ilyavcayii mucky emanony Ha 6xo0i 0o I'EY: uacmoma — Iy,

amnuimyoa - kec/cm?;

VEP - Bibponepesanmasicents y HANPAMKY NEPREHOUKVIAPHOMY 00 OCi

T'EY: yvacmoma — 'y, amnnimyoa - g;

VEO - Bioponepesanmaoicenns cnpsamosani Ha oci I'EY: uvacmoma — I'y,

amniimyoa - g;

RGD 1 - O6'emni sumpamu nanvnozo uepe3 08UYH, Ji/cC.;
REE - O6'emna sumpama emanony uepe3 I'EY, a/c.;

ROD 1 - O6'emna sumpama okucHuka uepe3 08UcyH, 1/C.;
RWK - O6'emna sumpama eoou uepes kamepy I'EY, /c.;
RWKE - O6'emna sumpama eoou uepes xopnyc I'EY, n/c.;
TGB - Temnepamypa 6 6aky nanvroco, °C;

TGDD - Temnepamypa nanvHo2o Ha 6x00i y 0suzyH, °C;

TOB - Temnepamypa 6 6axy oxucHuka, °C;

TODD - Temnepamypa okucHuka Ha 6xo00i y 08ueyH, °C;

TOS - Temnepamypa HasroauwHb020 cepedosuwya 6 bapoxkamepi, °C;
TWPE - Temnepamypa 600u Ha uxo0i i3 kamepu I'EY, °C;
TBV - Temnepamypa nogimps y banouniu 6amapei, °C;

TEVE - Temnepamypa emanony Ha 6x00i 0o kamepu ['EY, °C;
TWPG - Temnepamypa 600u na 6uxooi iz TJ{T 20, kec/cm?’.

[lepenik BUMIpIOBaJIbHUX MMAPaMETPIB JBUTYHA:

DKD1, DKD? - Tuck za3zie y kamepi 320panHsl, Koc/cm?;
VKDP - Bibponepesanmasicenusi 8 HanpsamKy nepneHoOuKyIsapHomy 00 oci

Kamepu, amniimyoa - g;

VKDO - BibponepesanmadicenHsi HanpaeieHi no oOci Kamepu,

amniimyoa - g;

TGVK - Temnepamypa nanvroeo y éxionomy konrekmopi, °C;

TOVK - Temnepamypa okuchuxa y 6xionomy konrexkmopi, °C;

TPKO - Temnepamypa nosepxui EK «O», °C;

TPKG - Temnepamypa nosepxui EK «Il», °C;

TPK 19 - Temnepamypa nosepxui kopnycy kamepu, °C;

TPN 4+6 - Temnepamypa nogepxHi HeOX0JI00HCYBAHO20 CONILOBO20

Hacaoka, °C;

TPSG - Temnepamypa nosepxui smiutysanvroi conoexu, °C.
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JTONATOK B

JIOKyMEHTH 111010 BIPOBAIHKEHHS Pe3yJIbTaTIB TOCIIIKEHHS

AKT PEAJIBBALI
pe3ynbTaTiB AHcepTamiiiHol pobotu

acmipaHTa HALIOHANEHOTO TEXHIYHOTO YHiBEpCHTeTY VKpaiHu

«KuiBcskoro nosiTexniuHoro iHcTHTYTY imMeni Irops Cikopeskoron
baxyna Bonomumupa Aunpifiosrua

TOB «®JIAUT KOHTPOJI», ckiano ueil akT npo Te, WO Pe3yabTaTH
aMcepralifinoi pobotm BakyHa B.A. npeacTaBnsioTe HaykoBuil inTepec 1
MPaKTHYHY UiHHICTE 114 MNpOBENEHHA EKCNEPHMEHTANBHMX BHIPODYRaHE
PLIHHHHX PAKETHHX IIBUTYHIB B YMOBAX, IO IMITYIOTE KOCMIYHHH BAKYYM.

Beranosneno, mo MeTa Ta pe3ynsTaTH QHCepTaliiiHol poboTH COPHAIOTE
BHPIICHHIO 38084 PAKCTHO-KOCMIMHO! Tanysi, & 3jaransHa COpAMOBaHICT,
MOBHICTIO BiANoBigae HanpaMky poGoti TOB «®JIAMT KOHTPOJI».

TOB «®JIAUT KOHTPOJI» nigTeepmkye, mo pe3yILTaTH JOCTiUKeHE Ta
pospobok baxysa B.A. BuxopmcTaHo nia wac mpoBeleHHS KBatidikauifinmx
BHIPOOYBAaHb BHCOTHOTO PiIHHHOIO pakeTHOro nsuryHa ML20.

PesyneraTd jaucepranifinoi pobotn bakyna B.A. wmomyTs Gy
BHKOPHCTaHI B yMOBax npoexthoi aisasnoceri TOB «@JIAHT KOHTPOI».

3actymank B.O. NonosHoro koHeTpyKTOpa
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TOB «®JIAHT KOHTPOI» e

TOPSTYKIH
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