@ TEXHUYECKU YHUBEPCUTET - CODUA

Copud

dDakyJaTeT 0 MANIMHOCTPOECHE U YPEA0CTPOeHEe
®duaunaa IlaoBaus

Kareapa: ,,TpancioprHa U aBUALIMOHHA TEXHUKA U TEXHOJIOT UM

Mar. uH:k. MapTun ATtanacoB 3UKAMOB

AEPOAUHAMMUNYHO MPOEKTUPAHE U U3CJIEJIBAHE HA
HOCELIU CUCTEMHU OT TUITA KPUJIO-BHUTJIO

ABTOPE®EPAT

Ha aucepTanusa 3a HpI/I,ZIO6I/IBaH€ Ha O6pa?>OBaT€JIHa U HAayYHa CTCIICH

LJJOKTOP*

HAVYYHA OBJIACT 5. TEXHUYECKHN HAVKU,
[TPO®ECHNOHAJIHO HAIIPABJIEHUE,
5.5 TPAHCIIOPT, KOPABOIIVTABAHE 11 ABUAILNA,
JJOKTOPCKA ITPOI'PAMA JITPOEKTUPAHE 1 KOHCTPYUPAHE HA
ABTOMATHUYHU U IIMJIOTUPAHU JIETATEJIHU AITAPATU*

Hay4eH pbKoBOAMTEI:

aou. a-p uHxk. Xpucruad Ilerpos Ilanaiioros

TUIOB/INB, 2026 .



JlucepTallMOHHUSAT TPy € 00ChIeH U HacoueH 3a 3amuTa oT Kareapenus
CBhBET HA KaTreapa ,, | paHCHOpTHA U ABMALIMOHHA TEXHUKA U TEXHOJOTHHU  KbM
Texunueckn yHuBepcuter — Codus, Punman IlnoBauB, Ha 3acenanue,
nposeneHo Ha 10.06.2026 r.

[lyObnuyHara 3amura Ha JIUCEPTALMOHHHUS TpPYJ 1€ CE€ ChCTOM Ha
12.10.2026 . ot 15:00 yaca B 3ama 3206, III yueben kopryc Ha TexHHUeCKH
yauBepcuretr — Codus, Ounman [In1oBauB Ha OTKPUTO 3acelaHue HAa HAYYHOTO
KypH, onpeneneHo cbe 3amoBea Ne OXK-5.5-22 / 24.06.2026 r. na Pextopa Ha
TV — Codusi, B cbCTaB:

. mipod. a-p unx. Benpo HukonoB Hukonos — npencegaren

. o1l 1-p urx. Baagumup Ceprees CepOe30B — Hay4d€H ceKpeTap
. ipo@. ntH unx. ['eopru CraBpeB Cotupos

. ipod. A-p uHXK. AceH AHrenoB MapuHOB
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. Iou. A-p uHX. l{Berenuna Biaagumuposa Benkosa

Pe3zepBHM 4iieHOBE:

1. mom. n-p unx. Kpacumup MareeB AmbGapes
2. noiu. 1-p unxk. KOs HukonaeB MuHueB

Peunenzenru:

1. npod. n-p unx. Acen AnrenoB MapuHoB
2. nou. a-p unx. Bnagumup CepreeB CepOe30B

Marepuanure no 3anurara ca Ha pa3loJIOKEHHE Ha UHTEPECYBAIIUTE CE
B KaHuemnapuaTa Ha DakynTeT mo MAIIMHOCTPOEHE U YPEAOCTPOEHE, MpH
Texuuuecku yausepcuteT — Codusi, @unuan [nosaus.

JlucepTaHTBT € PENOBEH JOKTOPAHT KbM Kareapa ,,IpaHcrnopTHa u
aBHAllMOHHA TEXHWKA W TeXHoyoruu‘‘. M3cienBanusTa mo aucepTalOHHATa
pa3paboTKa ca HampaBEHU OT aBTOpPA, KATO HAKOU OT TAX Ca MOAKPEINEHH OT
HAay4YHOU3CJIEJOBATEIICKU MPOEKTH.

ABTOp: Mar. nHx. MapTun ATaHacoB 3UKIMOB

3arjaBue: ACpOI[I/IHaMI/IIIHO IMPOCKTHPAHC U U3CJICABAHC HAa HOCCIIN CUCTCMH OT
THUIIa KPUJIO—BUTIIO

Tupax: 30 6posi.



I. OBIIIA XAPAKTEPUCTUKA HA TUCEPTAIIMOHHUA TPY [

AKTYaJIHOCT Ha nipolJiema

VYBenu4yaBaHETO Ha TPAHCIOPTHAaTAa HATOBAPEHOCT M BCE IMO-IIHPOKOTO
u3noi3Bane Ha Oe3nwiotHu Jeratennu cuctemu (BJIC) ch3maBar npeanocTaBku
32 pa3BUTHE HA HOBM TPAHCHOPTHU pEUIEHUS, H3MOJ3BAllU Bb3IYIIHOTO
IPOCTPAHCTBO HAJ I'pajckKara cpesa. B To3M KOHTEKCT KOHLENIHUATA 33 Tpajicka
Bp3aymHa MoOwiHocT (I'BM) (Urban Air Mobility — UAM) mocrass
U3MCKBaHUs KbM JieTarenHu amapatd (JIA), cnmocoOHuM na w3nurar v Kauar
BEPTUKAITHO U Ja OCHIIECTBABAT €(DEKTUBEH XOPU30HTAJICH TIOJIET.

Pa3BuTneTo Ha €NEKTPUYECKUTE CHJIOBM YCTAaHOBKH, KakTO M Ha
CUCTEMUTE 32 aBTOMAaTUYHO U aBTOHOMHO YMPAaBJIEHUE, Ch3/laBa MPEANOCTaABKU
3a mpepasriiexjaHe Ha KoHurypanuute Ha JIA ¢ BEPTUKAIHO HU3IUTaHE U
KallaHE U HOCEIIM CUCTEMHU OT THMa KPHJIO—BHUTIO, KOUTO ca OWIM OOEKT Ha
u3cieBaHe B MHMHaNOTO. ToraBa u3clieBaHuATa W pa3pabOTKUTE ca Ouiu
HAaCOYEHU MPEJMMHO KbM  MPOEKTUpPAHE Ha  TEKKU  TPAHCHOPTHU
KOHBEPTOIUIaHU, MPHU KOUTO OCHOBHUTE OTpAaHHUEHUS ca OWIM CBBP3aHU C
KOHCTPYKTHBHATa CJIOKHOCT, KaKTO U C YCTOMYMBOCTTA M YNPaBIsAEMOCTTa B
npexoanutre pexuMmu. llpu cbBpeMeHHuTe Oe3nuiaoTHU JIA, KakTo U mpu
nuwioTupanuTe jgeku JIA, Te3u orpaHudeHust Morar jaa ObJaT MPEeoA0JICHU Ype3
U3MOJ3BaHE HAa HOBU Aa€POJIMHAMHYHM CXEMU UM KOH(QUTypaluu, H3ISII0
eJIEKTPUYECKH WIIM XUOPUAHHU CHIIOBU YCTaHOBKHM U YChBBPIIEHCTBAHU CUCTEMU
3a yIpaBJICHHUE.

JlerarenHuTe anapaT C BEPTUKAIHO H3JIMTAHE WM KallaHE M HOCEIIH
CUCTEMH OT THUIMa KPUJIO—BHUTIIO ca OCOOEHO MOJIXOSAUIM MPU HEOOXOAUMOCT OT
eKCIUI0ATALXs OT JIETAaTeJIHHU IUIOIIAJIKU C OTPaHUYEHO IMPOCTPAHCTBO, Thil KAaTO

CbUCTaBaT IPCAUMCTBATA HAa HOCCIIOTO BHTIIO IIPpHM BCPTHUKAJICH IIOJICT M Ha



KPWJIOTO TIPU XOpU30HTAJIEH MoJjieT. OCHOBHOTO MPOEKTHO MPOTHUBOpPEUUE MPHU
TAX € CBbP3aHO C TOBA, Y€ 3a ChUETaBaHE Ha JBaTa BHJla HOCEIIU MOBHPXHOCTU
CE M3MCKBAa KOMILIEKCEH IMOJIX0/I, a MOAOOPHT HA MapaMeTpy UMa KOMIIPOMUCEH
XapakTep.

[Ipu KOHBepTOIJIAaHUTE C HOCEIIa CHUCTeMa KPUIIO—BUTIO OCHOBHHTE
FEOMETPUYHHM MapaMeTpu Ha JBara BHJa HOCEIIM MOBBPXHOCTU Ca B3aUMHO
CBbP3aHU: YBEJIMYABAHETO Ha JUaMeThpa Ha BUTJIIOTO HaMalsiBa JUCKOBOTO
HaTOBapBaHE IPU BUCEHE, HO OrpaHUYaBa paboTara Ha BUTJIOTO B TITOB PEXKHUM
U yBEJIMYaBa aepOJMHAMUYHOTO CHIIPOTUBIICHUE MPU Kpercepcku pexxumM. ToBa
OKa3Ba ChIIECTBEHO BIMAHUE BbPXY 00IllaTa €HEPrys HA MUCHUATA, a TOBA MPABU
aCpOMHAMUYHHUTE XAPaKTEPUCTUKU HA TO3M THUIl HOCEIIM CHUCTEMH OCHOBEH
IPOEKTEH MPOoOJIeEM.

[Topagu ToBa M300pbT HA KOH(PUTYpalLlUsl HE MOXKE J1a CE U3BBPIIBA CAMO
10 TIOKa3aTeNuTe 3a eIUH OTAeeH pexkuM. HeoO6xomum e moaxoa, KOHTo oT4uTa
oO1ara eHeprusi 3a M3MBJIHEHUE HAa MHUCHATA TMPU ChbBMECTHAaTa paboTa Ha
HOCeIllaTa CUCTeMa KPWJIO—BUTIO. ToBa € MPSIKO CBbP3aHO C FEOMETPUUYHUTE
nmapaMeTpu Ha HoOcellara CuUcTeMa W Ompeaeis akTyaJHOCTTa Ha
JTUCEPTAIMOHHUS TPY.

O0eKT M IpeAMeT HA U3CJIEeABAHETO

OOGeKT Ha HACTOAIIOTO H3CIIEBaHE Ca KOHBEPTOIUIAHUTE C BEPTUKAITHO
M3JIMTAaHE U KallaHe, W3IOI3Ballll HOCEIU CUCTEMHU OT THIIa KPUJIO—BUTIO, IIPH
KOUTO TMOJEMHATa CWUJIa B Pa3JIMYHUTE €Talmyd OT IoJeTa ce Ch3JaBa OT
HEIOABMYKHO KPHJIO U HOCEMO BUTIO (poTop). OcobeH mHTepec MpeAcTaBIsIBaT
KOHBEPTOIUIAHUTE C KOH(UTYpAIMU OT THUIOBETE C HAKJIOHSIEMO BUTJIO U C
HAKJIOHSEMO KpWJIO, Karo (OKYChT € HAcOoueH Hal-Bede KbM TEXHUTE

CbBPEMCHHHU CICKTPUYCCKH H XI/I6pI/II[HI/I PasHOBUIHOCTH, OPUCHTHPAHU KBbM

O€3MWIOTHU NPUIIOKEHUS U TPAJICKa Bb3AyIIHA MOOMITHOCT.



IIpenmer Ha wu3CiIEIBAaHETO Ca ACPOAMHAMUYHUTE U TE€OMETPUYHUTE
XapaKTEPUCTUKU U MApPAMETPU HA HOCELIUTE CUCTEMM OT THIIA KPUIIO—BUTIIO U
TAXHOTO BJIMSHUE BBbPXY €HepruiiHata e(peKTUBHOCT Ha JIA mpu paznuyHu
npo¢unu Ha MucuATa. [lo-KOHKpEeTHO ce Wu3cienBa BIUSHUETO HA
FEOMETPUYHUTE MapamMeTpu Ha KPUJIOTO M BUTIOTO (POTOpa), BKIIOUUTEITHO
OTHOCHUTEJIHATA IUIOII HA HAKJIOHSEMUTE CEKIMHM, BbPXy 0OIlara eHeprus 3a

N3IIBJIHCHUEC HAa MHUCHATA IIPHU PA3JIUNIHU HpO(l)I/IJ'II/I Ha MHUCHATA.

He.)'l H 321a4Y1 HA JUCEPTANHMOHHUA TPYA H METOAHU 3a U3CJICIBAHE

IlenTa Ha qucepTalMOHHMS TPYyA € Aa CE€ M3CIelBa acpoJUHAMHUKATA Ha
HOCEIIM CUCTEMH OT THIIA KPWIO-BUTJIIO M Ja C€ NPEMIOKH METOIMKa 3a
OoNTHMaJleH H300p Ha MapamMeTpu NpH KOHLENTYyaJHOTO aepoAUHAMUYHO
IIPOCKTHPAHE HA JICTATEITHU allapaTy ¢ BEPTUKAJIHO U3JIMTAHE U KallaHeE.

3a mocTuraHe Ha OCTaBeHara 1iell ca GOpMYJIMpPaHU CIETHUTE 3a0a4u:

1. Jla ce nanpaBu kiacu¢ukanus Ha cbluecTByBamure JIA ¢ aepoinHamMu4Ha
HOCEIa CHCTEMa KPWJIO-BUTJIO Bb3 OCHOBA Ha IIPOyYBAaHE M AHAIN3 Ha
TEXHUTE OCHOBHU CXEMH, KOHCTPYKIIMH, [TAPAMETPU U XaPAKTEPUCTHUKHU.

2. [a ce pa3paboTu MeToauKa 3a U300p Ha onTUMaiIHU mapamerpu Ha JIA c
BEPTHKAIHO M3JUTAaHE M KallaHe C HOCella CUCTEMAa KPWIO-BUTIIO, IPH
3a[1a/1CHM MUCHUH Ha I10JI€Ta U JIETaTETHO—TEXHUYECKH XapaKTEPUCTUKHU.

3. Jla ce HampaBuM aHaIW3 M M300p HA KpUTEpUH 3a ONTUMAIHOCT U
ONTUMHU3ALMOHHU MapaMeTpu Ha JIA ¢ BEpTHKaIHO M3JIMTAHE W KalaHe C
HOCEIa CUCTEMA KPWJIO-BUTIIO.

4. Jla ce ananu3upat u u3z0epaT METOU 3a ONpEJIENsIHE Ha aepOAMHAMUYHUTE
XapaKTepUCTUKU Ha HOCEUIM CUCTEMU KPWJIO-BUTIO M QJITOPUTBM Ha
ONTUMHU3AMOHHATA 3a/1a4a.

5. Jla ce wu3cnenBar 4YHUCIEHO U EKCIIEPUMEHTAIHO aepOJAMHAMUYHHTE
XapaKTEepUCTUKU Ha HOCEIla CHUCTEMa KPWJIO-BUTIO M Ja C€ OIPEHeNAT
CTOMHOCTUTE HAa KpPUTEpUs 3a ONTUMAJIHOCT 32 PaslVIeKIaHUTE

KoH(pUrypammm.



6. Jla ce W3BBpIIM aHAIW3 Ha TMOJYUYCHUTE YHUCICHU U EKCIIEPUMEHTATHU
pe3yaTaTH U Ja Ce IMPEII0KH ONTHMAaJICH W paloHaieH 0a30B BapHaHT Ha
JIA ¢ BepTUKaIHO U3JIUTaHE U KallaHE ¢ HOCEIa CUCTEMAa KPUJIO-BUTIIO.

N3non3BaHu ca METOJM Ha JIMTEPATYypPEH aHAINU3, MapaMETPUUYCH aHaIu3
ype3 Il-reopemara Ha  Buckingham, cumynanmonHu  u3cieaBaHus,

CKCIICpUMCHTATHN HM3CJICJBAaHNs, KAKTO M Ja3epHo-onTHYeH Metoj Particle

Image Velocimetry — PIV 3a kauectBeHa W KOJMYECTBEHA OI[CHKAa Ha

CKOPOCTHOTO ITOJIC.

Hay4Hna HoBOCT

HayuyHaTta HOBOCT ce CBhCTOM B pas3liiekKJaHE Ha HOCellaTa cHcTeMma
KPUJIO—BHUTIO KaTO €IWHHA aepOJMHAMHYHA CHCTEMA, IPU KOATO U300pBT Ha
r€OMETPUYCH TMapaMeThp C€ U3BbPIIBA IO KPUTEPUH, CBBP3aH C oOIlara
€HEeprusi Ha MUCHSTA, a HE CAMO IO XapaKTEPUCTUKH Ha OTACIEH PEXKUM.

[IpennoxkeH € KOMIUIEKCEH MPOEKTEH TI'€OMETPUYEH IapaMeThp,
Ipe/ICTaBIsABAll] OTHOCHUTENHATAa IUIOL[ Ha HakJIoHseMure cekiuu Lifting

Surface Ratio (LSR).

LSR = "%, (2.12)
To3u mapameTsp € yI0O€H 3a HW3MOJI3BaHE B HAYaJIHUTE €Tanmu Ha
IIPOCKTHUPAHC, ThU KaTO 06CI[I/IH$IBa B CIMH ITOKA3aTcCll JuaMecTbpa Ha BUTIIOTO,
Xopjara Ha KPUJIOTO, Oposi Ha HAKJIOHSAEMHTE CEKIIMH M IJIONITa Ha KpuwioTo. B
pa:srnencz[aHaTa KOH(l)I/IpraL[I/ISI NMCHHO HpOMHHaTa Ha ,Z[I/IaMeT’bpa Ha BHUTJIATa
BOIU OO0 HpOMSIHa Ha IIIomTa Ha HAKIOHACMUTEC CCKIIMU U A0 HpOMﬂHa Ha
E€HEPITUMHUTE XapaKTEPUCTUKNA HA MUCHSITA.
B MCTOOOJIOTHATA Ca pPa3lryICAaHW TpU MHUCHH, pa3jindaBalin CC€ II0

OTHOCUTCIHOTO BpPEMC Ha BHCCHC. ToBa mno3BoJIsIBAa Oa ce Impociacan Kak



n30paHMAT TEOMETPUYCH MapaMeThp OKa3Ba BIUSHHUE BHPXY 00IaTa eHeprus 3a

N3IIBJIHCHUC Ha MHUCHITA.

HpaKaneCKa NMPUWI0KUMOCT

[IpakTueckaTa NOPWIOKUMOCT HaA pE3YyJTATUTE € CBbp3aHa C
BB3MOKHOCTTA pa3zpaboTeHaTa METOJUKA Ja CE€ M3MOJ3Ba MPHU MPEIBAPUTEIHO
POEKTHpaHe Ha O0E3MWIOTHU KOHBEPTOIUIAHU U TIPH U300p HA ONTUMAIHU WU
palMOHAJIHU CTOMHOCTH HA JAMaMeThpa Ha BUTJIOTO, IUCKOBOTO HATOBAPBAHE U

IJIOIITAa Ha HAKJIOHACMHUTE CCKIIUH.

Anpofauus u myOoJuKanun

OCHOBHMTE pE3yJTaTH OT JAUCEPTALMOHHUS TPy ca OTPA3CHU B YETHPU
nyOMUKYBaHM HAy4YHHU TpyJa. Tpu OT HAyYHUTE TPYJOBE ca NMyOJUKYBaHU B
uHAekcupanu u3ganus. [lyOnukanunre oOXBamar pe3ysiTatd OT JUTepaTypHUs
0030p, KIacu(uKaIUATa Ha HOCEIUTE CUCTEMHU OT TUIA KPHJIO—BHUTIO, KAKTO H

OT CUMYJIAHUOHHHUTC U CKCIICPUMCHTAJIIHUTC U3CIICABAHUA.

CTpykTypa 1 00eM HA THCEPTANUOHHUS TPY/

JuceprauvoHHUAT Tpyn € B o0eMm oT 143 cTpaHulM M BKIJIIOYBA YBOJ,
YeTHpU TJaBu, OOIM W3BOJAW, TNPUHOCH, W3IOJI3BAHA JUTEparypa W
npuioxenus. B paborata ca uutupanu 101 nureparypHuM HW3TOYHHKA,
BKJIIOUEeHU ca 56 ¢urypu u 34 tabnaumu. Homepara Ha urypurte, Tabnuiure u

ypaBHEHHUsITA B aBTOpedepara CbOTBETCTBAT HA TE3U B JUCEPTALUOHHUSA TPY .

II. CbBABP KAHUE HA TUCEPTALHUOHHUSA TPY J{

I'TABA 1. JUTEPATYPEH OB30P

B o030pa ca pasriemaHu KakTO HUCTOPUYECKU EKCIEPUMEHTAIHU
pa3pabOTKHU, Taka U CHBPEMEHHHU CICKTPUYECKHM M XUOPUIHU KOHIICTIIIHH.

HCTOpI/I‘IGCKI/ITe p83pa60TKI/I IMOKa3BAT OCHOBHUTC MPCANMCTBA U HCAOCTATHbIN
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KaKTO M aepOJUHAMUYHHUTE W KOHCTPYKTUBHHUTE PEIICHHS, IPU pealn3anus Ha
KOHBEPTOIUIAHUTE C HOCEIIM CHCTEMHU KPHJIO—BHTIO, JIOKATO ChBPEMEHHHTE
IpUMEPH OYepTaBaT TEHIACHIIMUTE KbM HM300p HA M3ISIIO CICKTPUUYECKU WU
XUOPUTHU CHJIOBH YCTAHOBKH M MHOTOBHTIIOBU CXEMH.

Oco0eHo BHUMaHUE € 00BPHATO HA pa3IMKaTa MEXAYy KOHPUTYpAIUUTE C
HAKJIOHSIEM POTOP (BUTIIO) U TE€3M C HAKJIOHSIEMO Kpwio. [Ipy mbpBUTE TPEXOABT
Ce W3BBPINBA Upe3 3aBbPTaHE HA OCUTE HA BUTIATa (POTOPHTE), OKATO TPH
BTOPUTE C€ HAKJaHS ISJIOTO KPUJIO 3a€HO ChC 3aKPENEHUTE KbM HEr0 BUTIO-

MOTOpHM Tpynu. Ta3zu pasnuka ompenens HaYMHA Ha B3aUMOJCHUCTBUE MEXKIY

KpHUJIOTO U TCUCHUCTO OT BUTJIOTO.

Queypa 1.13. Joby S4 Quzypa 1.14.Airbus Vahana

O0630pbT TIOKA3Ba, Y€ ChBpeMeHHUTE pa3paboTku 3a 'BM u 6e3nmiotHu
nerarendu anapatu (BJIA) ce opueHTHpAT KbM €IEKTPUUYECKU WU XHUOPUIHU
CWJIOBH yCTaHOBKH, MHOTOBHUTJIOBH CXEMH W ChUeTaHW KoHpurypammu. ToBa
pasmupsiBa MPOSKTHOTO MPOCTPAHCTBO, HO yBEIWYaBa W HEOOXOIUMOCTTA OT
KPUTEPHUU 32 CPaBHEHUE MEXKY Pa3IMYHUTE BapUAHTH.

B amamm3a ca pasriaemaH OCHOBHH TlapaMeTpU W XapaKTePHCTHUKH:
U3JIeTHA Maca, KPUJITHO HATOBapBaHE, JUCKOBO HATOBApBaHeE, TUIOI] HA KPUJIOTO,
pasnepeHocT,  AWaMeTbp Ha  BUTJIOTO,  aepOAMHAMUYHO  KayecCTBO,
TATOBBOPBHKEHOCT U €HEPTrOBHOPHKEHOCT. Y CTAHOBEHO €, Y€ CAMOCTOSITEITHOTO
CpaBHEHHE TIO TE3M TOKa3aTelu HE € JOCTaThYHO, Thil KAaTO ONTUMAIHOCTTA

3aBHCH OT U30paHus POl HA MUCHSTA.



W3BbpilieHUAT JUTEpaTypeH 0030p TMOKa3Ba, Y€ KOHBEPTOIUIAHUTE C
aepoJMHAMHUYHN HOCEUIM CHUCTEMH OT THMA KPUJIO—BHUTIO MPECTABIsSBAT
aKTyaJeH HayYHOM3CJIEIOBATEIICKH MpoOsieM, CBbp3aH ¢ pa3BuTHero Ha JIA ¢
BEPTUKATHO W3JIMTaHE W KallaHe 3a OE3NMWIOTHH NPWIOKEHUS M Tpajcka
BB3ayIIHa MOOMIHOCT (IBM/UAM). ChBpeMeHHUTE U3CIICIBAHUS Ca HACOUCHU
KbM TIOBHIIIaBaHE HA ACPOJUHAMUYHOTO Ka4deCTBO, JajcuydHaTa Ha TojieTa U
eHepruiiHaTa e(QUKACHOCT 4Ype3 W3MOJ3BaHE HA W3IUIO0 EIEeKTPUYSCKH U
XHOPHUIHU CWJIOBH YCTAHOBKH, MHOTOBHUTIIOBH CXEMHU W YCHBBHPIICHCTBAHH
CHCTEMH 3a yTpaBJicHHE.

CpaBHUTENHHAT aHAIW3 Ha CHIECTBYBAIIUTE aCPOJMHAMHYHHA HOCEIIH
CHCTEMH TIOKa3Ba, Y€ HOCEIIUTE CUCTEMHU OT THITa KPUIO—BUTIIO Ca IMOAXOISIINO
HanpasiieHrue 3a JIA ¢ BepTUKAIHO M3JIMTaHE W KallaHe, ThH KaTo IO3BOJISIBAT
ChUCTABAHE HA BEPTHKAITHO HW3JIMTAHE W KallaHE C CHEPTHMHO TO-e()eKTHBCH
Xopu3oHTaneH moieT. Haii-3anpnboueHo ca wu3ciieBaHU KOH(DUTYypalMHUTE C
HaKJIAHAI] c€ PoTop (BUTIO) M C HAKIOHAEMO KpPHUJIO, KaTo HapeJ ¢ TAX
CBIIIECTBYBa BB3MOKHOCT 3a pealu3WpaHe Ha ChYCTaHH KOH(UTypaIu,
oOeIMHSBAIM XapaKTepHU MPHU3HAIM Ha JBaTa OCHOBHU BHJa. Harpymanute
TEOPETUYHN W  EKCIEPUMEHTATHH pPE3yJTaTH OT W3CJICABAaHUATA Ha
NACA/NASA u npyru aBTopu NpECTaBISIBAT HAJIEkKIHA OCHOBA 32 aHAJIU3 Ha
aCpOIMHAMUYHUTE XaPaKTEPUCTHKHU, MPEXOAHUTE PEKUMH, YCTOMUMBOCTTA U
yIPaBIsIeMOCTTa Ha HOCCIIUTE CHCTEMH KPUIIO—BUTIIO, KAKTO M 33 ChIIOCTaBSHE
HAa CUMYJIAITMOHHHU ¥ €KCIICPUMEHTATHH Pe3yITaTH.

OCHOBHHSAT M3BOJ OT IIbPBA IJIaBa €, Y€ MPU HOCEIIUTE CUCTEMH OT THUIIA
KPWJIO—BUTIO € HEOOXOAMMO J1a C€ ThPCH KOMIIPOMHUC MEXKIYy PEKUMHTE Ha
BHCEHE M XOPHW3OHTAJICH IIOJIET. ToBa Hajara BBBEXKIAHETO HAa €JIWHCH

FEOMETPUYEH TMApaMEThP W KPUTEPUM 3a CpPABHEHHE, KOUTO OTYUTAT



ChbBMecCTHaTa paboTa Ha JBaTa BUJA HOCEIIM IOBLPXHOCTH U TO3BOJISABAT
OLICHKA Ha eHepruiiHata eQeKTHUBHOCT MpHU pa3iudHU NpodUId Ha MHUCHATA.

MMeHHO B Ta3u HAcoKa € HaCOucH HACTOAIIUAT AUCCPTALMOHCH TPYA.

I'TABA 2. METOA0JIOT'USA HA U3CJIEJIBAHETO

MeTtoosiorusiTa Ha HACTOSIIOTO M3CIEABAHE € M3IrpajeHa Taka, 4ye Ja
NI03BOJIM MPOBEPKA HA BIMAHUETO HA T€OMETPUYHUTE NAapaMeTPU Ha KPUIOTO U
BUTJIOTO BbPXY €(PUKACHOCTTA HA aepOJMHAMUYHATa HOCE[a CUCTEMA.

B nauanoro Ha BTOpa IJiaBa € HamnpaBeHa Kiacu(ukauus, HaCOYeHa KbM
KOHBEPTOIUIAHUTE C BEPTUKAIHO U3JUTAHE U KallaHEe U aepOJUHAMUYHU HOCEIIH
CUCTEMHU KpuJI0o—BUTIO. OCHOBHUTE MpU3HAILIM, MO KOUTO T€ Morar jga Obaar
kinacupunupanu (dur. 2.2), ca HAYMHBT Ha Ch3JaBaHE HA MOJEMHATa CHUJIA,
MEXaHU3MbT Ha MPEXOJ MEXIy BEPTUKAJIEH M XOPU3OHTAJIEH IOJET, OposT U
Pa3IoJIOKEHUETO HA BUTJATA, A€POJMHAMMYHATA CXEMa U BUIABT HA CUIIOBATa
ycraHoBKa. llpuerara KoHUENIMS € OpHUEHTUpPaHa KbM U3CJIEIBAHE Ha
B3aMMOJICICTBUETO B CHCTEMaTa KPWJIO—BHUTIO B JIBa OCHOBHM pEXHMa Ha
1oJieTa — MpPU €IHAKBU YCJIOBHS HAa MHUCHITA M pa3M4YHAa OTHOCHUTEIIHA
IPOIBKATETHOCT Ha €TAllUTE HA BUCEHE.

Ha 6a3ara na knacudukanusara e n30paHa KOHQUrypanus ¢ NpaBoObI'bIHO
KpWJIO, HAKJIOHSEMHU CEKIMM U JBE pa3lOJIOKEHH Ha TAX BHUTIA. Taka ce
OCUTYpsIBA BB3MOXKHOCT 33 CpPaBHEHHE MEXIY pAa3JIU4YHU CTOWHOCTH Ha
IMaMeThpa Ha BUTJIOTO MPH 3ara3BaHe Ha OCTaHAIUTE Oa30BU MapaMeTpH.

Ha cgicaBamyAa CTall Ca pasrjiaicaaHn ICOMCTPHUYHUTC W MACOBH
napamMmeTrpu, KOHUTO IIC 6I>IlaT AHAJIM3UPAHU B HU3CIICABAHCTO, IIPU KOCTO Ca
OIIpCACIICHU IIOCTOAHHUTC KW IIPOMCHJIIMBUTC IIapaMCTpU Ha pPasrjicixKiaHara

cxema.
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KOHBEPTOILTAHH C
BEPTHKAJTHO
H3JTHTAHE H KAITAHE
(CONVERTBLE VTOL)

C HACKO JHCKOBO C HAKJIOHESM
HATOBAPBAHE POTOP
(LOW DISK LOAD) (TILTROTOR)

C HBMEHAEM JTHAMETBP
HA BHTJIIOTO
(VARIABLE DISK
DIAMETER)

HOCEIH CHCTEMH C
HAKJIOHAEMA TSATA
(TILT-THRUST)

C BHCOKO JTHCKOBO BEPTHKAJTHO
HATOBAPBAHE CTOAIH
(MEDIUM DISK LOAD) (TILTSEATER)

C MHOI'O BHCOKO C HAKJIOHAEMA
JHCKOBO HATOBAPBAHE PEAKTHBHA CTPY3
(HIGH DISK LOAD) (TILTJET)

C YIIPABJIEMA
IHK/IAYHA CTBIIKA
(CYCLIC PITCH
CONTROL)

C YIIPABJIAEMA
OBIIA CTBIKA
(COLLECTIVE PITCH
CONTROL)

C HAKJIOHESMO
BHTJIO
(TILTPROP)

C HEM3MEHSIEMA
CTBIIKA HA
BHTJIOTO
(CONSTANT PITCH
PROPELLER)

Que. 2.2. Cxema na knacuguxkayusma
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3a omnucaHME€ Ha BIHMSHUETO HA TIEOMETpUSTa € BbBEJIEH OCHOBEH
Oe3pa3MepeH mapameTbp, CBbp3Balll Oposi Ha HAKJIOHAEMHUTE ceKiuu (Opos Ha

BUTJIATA), IMaMEThpa Ha BUTIIOTO, XOp/laTa U IJIONITa HAa KPUJIOTO.

nsDc _ |2ng (G/S)(T/G)3PL?
s \/nAR pF M2 (2.32)

ngDc
HonyquaTa 3aBUCHUMOCT IIOKa3Bd, Y€ IMapaMCTbPbT ST € CBBp3aH C

OCHOBHUTE OTHOCHUTEJIIHM NIapaMETpU Ha HOCEIara CUCTeMa - KPWJIHOTO
HatoBapBane G /S, TaroBvopwxkeHocrta T /G, PL=G/P , xpurepuii 3a
ontuManiHocT FM wu ynbibkeHueto Ha kpwioto AR . Ilopaaun ToBa TO3M
napaMeTbp MOXe Ja ObJe U3MOJI3BaH KaTO OCHOBHA NMPOEKTHA MPOMEHJIMBA B
ONTHMU3AIMOHHATA 3aJlaya 3a M300p Ha reoMeTpusTa Ha HOCENaTa CHUCTEeMa
KPHWJIO—BUTJIO.

Karo kputepuii 3a onTUMaIHOCT € MpUeTa MUHUMaIHATa 00I1a eHeprus
3a U3M'bJIHEHUE HAa MUCHSTA. 3a LeJITa MUCHSITA CE PA3TIIekK/]a KaTO ChbBKYIMHOCT
OT CETMEHTH, 32 KOUTO C€ OIPEIENsi CbOTBETHATA EHEPTHUSL.

Eror = Ey + Ecg = Py.ty + Pcg-ter (2.34)
3a cpaBHEHHE € BbBelleHA pepEepeHTHA EHEepPrusi 3a EKBUBAICHTECH
XOpU3O0HTAJIEH MOJeT, 0a3upaHa Ha Macara Ha JIA, najednHara Ha MOJeETa,

aepoauHaMU4HOTO KadecTBO U KIIJ] Ha BUTIIOTO.

R
Eref = Mog 1 (2.37)

(B)CﬂLp’

bespazmepHusaT kputepuil (Q MO3BOJIABA 14 C€ OLEHH OTHOCHTEIHOTO
U3MEHEHHEe Ha €HeprusiTa CnpsMo pedepeHTHaTa M Ja C€ CPaBHAT Pa3IU4HU

IrCOMCTPHUYHHU BApUAHTH IIPHU CAHAKBH YCJIOBUS 3a MUCHATA.

i E_Eref

Q =—r (2.38)

Eref
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HAYAJIO

®OPMHAPAHE HA OITHMH3AITHOHHATA 3ATAYA

BXO/JHH JAHHHA

IMOCTOAHHH H ITPOMEH/IHEH TAPAMETPH

I'EHEPHPAHE HA BAPHAHTH 3A KO®PHI'YPAITHA KPHJIO-BHT.JIO

AFPOTHHAMHAYEH CHMYJIATTHOHEH H
EKCIIEPHMEHTAJIEH AHAJTH3

OIEHKA HA XAPAKTEPHCTHKHTE B PEXKHM OIIEHKA HA XAPAKTEPHCTHKHTE B
BHCEHE KPEHCEPCKH PEXXHM

H3YHC/IABAHE HA NNEJTIEBATA ®YHKITITHA

H3IThJIHEHH JTH CA
OTPAHHYEHHATA

KPHTEPHAT 3A
CIIHPAHE

OIITHMA.THA CTOHMHOCT HA TAPAMETBPA

Queypa 2.6. Cxema Ha onmumMu3ayuoHHama 3a0a4a

B OIITUMHU3AlIMOHHATA 3a7a4a Ca pa3rjicaad Tpu TUIlla MUCHUHU C pa3jIndHa

OTHOCHUTCIIHA MPOABJLKUTCIIHOCT Ha BHUCCHC. Tora IIO3BOJIsIBA
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ONTHUMU3AIMOHHATA 3a7ada Jga ce GopMyiHpa Karo 3ajada 3a ONpeicisiHe Ha
onTHMallHaTa KOH(MUTypalus HAa HOCEIla CUCTeEMa OT TUIa KPUJIO—BUTIO IPH
3a/1afieH Mpodui Ha MUCHUSITA.

Mertononorusita BKJIIOYBAa  TOCIeAOBaTeNHO: u300p Ha  0a3oBa
KOH(Urypamus, omnpeaenssHe Ha TEOMETPUYHHU MapaMeTpH, CHUMYJIAIMOHHO
U3CJIEBaHEe, EKCIIEPUMEHTAlTHA MPOBEpPKA, H3YMCISIBAHE Ha CEHEpPrusTa Ha
MHCHSTA U olleHKa Ha Kputepus Q (dwur. 2.6).

W3BoauTe OT BTOpa TJiaBa IIOKa3BaT KOMIIPOMHUCHHUSI XapakTep Ha
3ajayata, IpHu KOSATO TEOMETPUYHUSAT MapaMeThp Ha HOcCelara cucTeMa TpsioBa
na ce m3dupa B 3aBUCHMOCT OT mpoduiaa Ha MHCHATA, a HE camoO OT
MOKa3aTeInuTe B PEXUM Ha BHCEHE WJIM B Kpeicepcku pexxkuM. M3BbprieHara
KJacuUKaIMs TMOKa3Ba, Y€ KOHBEPTOIIAHWTE C HOCEHIM CUCTEMH OT THIIA
KPWJIO—BUTIO MOrar Ja ObaarT pasriiexnaHu Karo caMmocTositeneH kiac JIA ¢

BCPTHUKAIIHO U3JIMTAHC N KalldHC.

ngDc
S

HonyquaTa 3aBUCHUMOCT IIOKa3Ba, Y€ I'COMCTPUYHHAT IMAPaAMCTHP v

CBBbp3aH C OCHOBHUTE OTHOCUTEIHHU MapaMeTpu Ha Hocemara cucrema. [lopaau
TOBa TO3M NIApaMEThp MOXE Ja C€ M3I0I3Ba KAaro OCHOBHA IPOEKTHA
IIPOMEHJIMBA MIPU M300p Ha reOMETpUATa Ha HOCEIlaTa CUCTeMa KPUIO—BUTIIO.
Kpurepuar 3a OnTUMAITHOCT, OCHOBAH HA MUHUMAJIHATA €HEPT U 33 U3II'bJIHEHUE
Ha MHCHATA, TIO3BOJISIBA CPABHEHHE HA Pa3IMYHU T€OMETPHYHU KOHQUTYpaIHH
IpU €JHAKBM HAYaJIHHU YCJIOBUA. 3a OIpPEACIsSHE Ha TO3M KpPUTEpHM ca
W3MO0JI3BAaHN CUMYJALUMOHHA U €KCHEPUMEHTAIHU METOJU, KAKTO U METOAM 3a

OIITUMAJIHO ITPOCKTHUPAHC.
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I')TABA 3. CUMYJIAIMOHHU U3CJIEIBAHUA

CI/IMy.]'IaI_[I/IOHHI/ITe HN3CJICABaHsA Ca HACOYCHHM KbM OIIPCACIIIHC Ha

acpOIMHAMUYHUTE U CHEPTUMHUTE XApPAKTEPUCTUKU HA TPUTE BapuaHTa Ha

Hocenlara cucrtema. Bceku BAapHaHT CC pasjindaBa IO ANMaMCTbpa Ha BHUTIIOTO,

IJIOImITa Ha HAKJIOHsACMaTa CCKIHA, JUCKOBOTO HATOBApBAHC U CTOMHOCTTA Ha

reoMmerpuuHus napamersp (Tao. 3.2).

Tabnuna 3.2. ['eomeTpryHu BapuaHTH U AUCKOBO HaTOBAapBaHE

O3n. | Jum. Cmotinocm
HaumenoBanue
Bapuanm 1 2 3

JlnameThp HA BUTJIOTO D m 0.7 0.9 1.1
CyMmapHa oMeTraema IUIOoII Ha BUTJIaTa A m? 0.77 | 1.27 | 1.9
CyMapHa 1ol Ha HaKJIOHSIEMHUTE S 2 066 | 0.85 | 104
CEKIINHU

Kg
JInckoBO HaToBapBaHe DL — 585 | 354 | 23.7

m
OTHOCHUTENTHA TUIOII HA HAKJIOHSIEMHUTE ngDc _ 037 | 047 | 038
CEKITNHU S

Karo ocHoBa 3a reoMCTPUYIHOTO MOJCIHUPAHC € U3IIOJI3BAHO IIPABO KPHUJIIO

¢ npaBobI'bHAa (popma B wiaH u moxaen Ha APC napamerpuyHo Butio (Pwur.

3.5). To3u u360p € choOpa3eH ¢ PyHKIIMOHATTHUTE U3UCKBAHUS KbM HOCEIIaTa

CUCTEMA, C BB3MOXHOCTTA 34 pcaliM3alud Ha HAKIOHJACMA CCKIOHA H C

HCO6XOI[I/IMOCTTa oT I/13pa6OTBaH€ Ha CKCIICPUMCHTAJICH MOJACI 3a ITOCJICABallla

pOBEpKa.
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Queypa 3.5. Bapuanm 2, D = 0.9 m, xoughueypayus npu eucene.
Crien onpenensiHe Ha pa3MEPUTE HA KPWIIOTO €a ONPENEIICHH U Pa3MEPUTE
Ha BUTJI0TO. M300pbT HA IHMAaMEThp € CBbp3aH C AUCKOBOTO HATOBApPBAaHE, KOETO

npu pasrnexnanutre JIA 3a 'BM nonaga B Juana3oH, XapakTepeH 3a

cbBpeMeHHr eVTOL u BJIA.
2
A=ng™- 3.11)
¢

DL =

2 (3.12)

CumynarnmoHHuTe wu3cieaBaHusi ca mposeneHu upe3 SolidWorks Flow
Simulation 3a 1Ba OCHOBHHM pEXHMa: BHCEHE W KPEUCEPCKU XOPU3OHTAJICH
nosieT. B pexxum Ha BHCEHE ca aHANM3WPAHM paslojiaraeMara Tsra, BbPTSIII
MOMEHT M MOIIHOCT, & B KpEHCEepCKH PEeXHM — aepoJMHAMUYHATA IOJIEMHA
CWJIa, aepOJMHAMUYHOTO CHIPOTUBJICHHE, paslojaraemara TAra, BBHPTSIII
MOMEHT ¥ MOIITHOCT.

W3uucnutenHuar obeM, TpaHUYHHUTE YCIOBHS M Mpexara ca u30paHu
Taka, 4e Jia TI03BOJIAT CPAaBHCHHE MEXIy TPUTE BapHaHTA MPU €THAKBU yCIIOBUSI.
3a BbpTAIIaTa c€ 00JACT OKOJIO BUTJIOTO € M3IMOJI3BAH OTAEICH M3YUCIUTEICH
0o0eM, a OKOJIO KpWJIOTO W HakJIoOHseMara cekius ¢ (opmupaHa oOjacT 3a
JIOKAJTHO CI'bCTABAHE HA MpeXaTa.

Pesynratute (Tab. 3.8) moTBBpKIaBaT 3aBUCUMOCTTA, MPOW3THYAIIA OT

HMITYJICHATa TCOPpHUA HA HOCCIIMA OUCK: IMIpU €IHA W CbIla HGO6XOI[I/IMa Tiara
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[IOo-rojsiMara JUCKOBA INIOHI HaMaliIBa MHAYKTHBHATA CKOPOCT M CbOTBCTHO
HOTp€6HaTa MOIOTHOCT ITPHU BUCCHC.

Tabnuya 3.8. Pesynmamu om cumyaayuume npu pexcum Ha 8UCEHe

O3H. | um. CroitHOCT
HaumenoBanue

Bapuant 1 2 3
YecToTa Ha BbPTEHE NIPHU Tsra

n | rom | 7440 4200 2625
225N
[lepudepna ckopoct M, — 0.8 0.79 0.44
Tsra T N ~225
Boprsam momeHT M Nm 21.22 23.12 23.98
Pasnosaracma MOLIHOCT Py w 16530 | 10170 6590

‘brba Ha HAKIIOH HA CEKIIMUTE MPU
pPEXKHUM Ha BUCEHE

ky | 90

B kpeiicepcku pexxum (Tab. 3.9) Tenaennmsta € oOparHa. Y BeTu4aBaHETO
Ha TUaMeThpa Ha BHUTJIOTO € CBHP3aHO C MO-TOJIIMA IUION] Ha HaKJIOHSAeMaTa
CeKIIUS W C HapacTBaHE HA aepOJUHAMHYHOTO CHIIPOTHUBIIEHWE. TOoBa BOAM 0
yBEJIMUYEHUE HAa TOTpEeOHATA MOIIHOCT B XOPU30HTAJICH TTOJIET.

Tabnuya 3.9. Pezynmamu om cumynayuume npu KpeucepcKu pericum.

O3H. | lum. CrolHOCT
HaumenoBanue
Bapuant 1 2 3
AepoauHaMHUYHA IIOIEMHA CUJIA Lcg N =225
AepoaHAMUYHO ChbIIPOTUBIICHUE Dcr N 1.07 6.97 -0.53
UectoTa Ha BpPTEHE n rom | 7440 5700 4571
[Tepudepna ckopoct My — 0.8 0.79 0.77
Tsara Tcr N 19.74 35 52.81
BbpTsing MomeHT M Nm 7.65 13.48 22.16
Pasnonaraema MomHocT Pcr w 5960 8050 10610
‘brby Ha HaKIIOH Ha CEKITUUTE B I . 0
KPENCEPCKH PEIKUM CR
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Tabauya 3.10. Cmotinocmu Ha kpumepus 3a onmumarnocm Qgim

OTHOCHTENHA IPOIBIDKUTENHOCT HA €TaNA | Nycust 1 | Mucis 2 | Mucist 3
Ha Bucene § = — 15% 30% 45%
tror
OTHOCHUTEIHA IUIOII Ha HAKJIOHICMUTE
CEKIINH nSSDC.

1 0.37 1.09 1.53 1.97

2 0.47 1.32 1.40 1.49

3 0.58 1.77 1.60 1.44

2,00 1,97
1.90
1.80
1.70
1,60
Qg 1.50
1.40
1.30
1.20
1,10
1,00
030 035 040 0.45 0.50 0.55 0.60

nsDc/S
—0—Mmucus 1 —8— Mucns 2 —&—Micnus 3

Queypa 3.19. I paguxa na enepeutino omuowenue Qi 3a mpume
KOHGu2ypayuu u mpume Mucuu

[Tonyuenute cToWHOCTH Ha Qgjp, (Pue. 3.19) moka3BaT SICHO HM3pa3eHa
3aBUCHUMOCT OT MpoQuiia Ha MUCUATA. 32 MUCHUSA C NMO-MaJlbK OTHOCUTEINIEH JIsi
Ha BHCEHE MO0-OJaronpusaTeH € BapHAHTBT C I[O-MaJKa CTOWHOCT Ha
F€OMETPUYHUS MTapaMeThP, JOKATO IIPU MUCHS C MTO-TOJISIM OTHOCUTENIEH JsU1 Ha
BHCEHE MO-01aronpusaTeH CTaBa BAPUAHTHT C MO-TOJISIM TUAMEThP Ha BUTIOTO.

To3u pe3ynTar MOTBbpPXkAAaBa OCHOBHATA XHUIOTE3a HAa M3CIEABAHETO:

OIITUMaJIHaTa KOH(bI/IpraHI/IH Ha HOCCIIAaTa CHCTCMAa KPHIO—BHUTIO HC €
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MOCTOSIHHA, a 3aBUCH OT npoduna Ha mucusTa. [lopanu ToBa npu mpoeKkTupaHe
Ha noo0Hu JIA TpsiOBa J1a ce ThPCH KOMIPOMHCHA 00JIacT, KOSATO OCHUTYpsiBa
MpUEMJIMBA EHEPrUuitHa €PEKTUBHOCT 3a MOBEYE OT €IMH PEXKUM Ha padoTa.

OnTuManHara CTOMHOCT Ha MapamMeTbpa C€ U3MECTBAa KbM MO-TOJISIM
JTMaMEThP NPHU yBEIWYaBaHE HA OTHOCUTENIHATA TPOIBIKUTEITHOCT Ha BUCEHE.

[Ipu Mucus 1, xbaero mnpeobiiagaBa  KpeWCEPCKU  TOJIET,
Hali-0JIaronpusaATeH € BapUaHTHhT C HaAW-Ma’bK JWaMEThp Ha BUTIOTO M HaM-
MaJIKka IJIoN] Ha HakjoHsiemarta cekuus. [Ipu Mucus 3, nipu KoOsSITO AETBT Ha
BHCEHE € Hail-roJIsIM, MPEIUMCTBO MOJy4YaBa BAPUAHTHT C HAU-TOJISIM TUAMETHP
Y Hall-HUCKO JINCKOBO HAaTOBAPBAaHE.

Mucus 2 noka3Ba MeXIUHEH xapakrtep. Tyk pallMoHagHaTa CTOMHOCT Ha

ngDc

napaMmerbpa € OJu3Ka 0 = 0.47, KOeTo ChOTBETCTBA HA KOMIIPOMHUC

MEXK]ly BHUCEHE U Kpeucepcku moJieT. [lonydeHuTe cCUMMynallMOHHU pPe3yJTaTh

ngDc

ITOKa3BaT, 4€ OKOJIO ~ 0.5 Moxe Ja 6’[),ZI€ OYaKBaHa palliOHAIHAa obOnacr 3a

HIMPOK JTUAINa30H OT MUCHH.

OCHOBHUSAT U3BOJ OT TpETa rjaBa €, Y€ YBEJIMUYaBaHETO Ha JUaMeThbpa Ha
BUTJIOTO TMOJA00psSBa XapaKTEPUCTUKUTE BHB BHCEHE, HO BIOIIABa 4YacT OT
XapaKTEePUCTUKUTE B Kpeiicepcku pexuM. CraeoBaTeTHO U300pbhT HA TUAMETHP

Y TIJIOII HAa HAKJIOHsAeMaTa CeKIns TpssOBa ja O0bJie MUCHITHO-OPUCHTHPAH.

I')TABA 4. EKCIIEPUMEHTAJIHHU U3CJIEJIBAHUSA

[lenTa Ha EKCHEPUMEHTAIHUTE W3CIEABAHUS € Ja C€ MOTBBPIAT
pe3yATaTuTe OT CUMYJIALIMOHHUTE WM3CIEABAHUS U J1a C€ OIICHU BIUSHHUETO Ha
OCHOBHUSI T€OMETPUYEH MapaMeThP BbPXY E€HEPrusiTa B PEKUM Ha BHCEHE U B
KpEWCEepPCKU PEKUM, KAKTO U BbPXY KPUTEPHS 32 ONTUMAITHOCT.

B uerBbpTa r1aBa ca npencTaBeHu eKCIIEPUMEHTATHUAT MOJIEN, ONTUTHATA

IMIOCTAHOBKA, MCTOAMUKATA HA U3MCPBAHC U PE3YJITATUTC OT CKCIICPUMCHTAIIHUTC
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n3cnensanus. llenra € ga ce mpoBepu Jamd OCHOBHUTE TEHICHIUH OT
CHUMYJIAIIMOHHUS aHAIU3 C€ MTOTBBPKAABAT MPU PEATHU U3MEPBaHUA.

3a eKkcrnepuMEHTATHUTE M3CIE/BaHMs € M3I0J3BaH MaiabeH MOJeNn Ha
HOCEIIaTa CHCTeMa KPHWJIO—BUTIO B Mamad 1:5. M3cimenBanm ca BUTIA C
paznuyeH auaMeTsp 6,7 U 9 MH4YA, KaTo Ce€ M3MEpBar: - TiArara, MOIIHOCTTA,

00OpPOTUTE U CKOPOCTTA HA TCYCHUETO.

Queypa 4.6. Cmeno 3a usnumeare Ha msea u MOWHOCM 8 paOOMHAMA Yacm Ha

VIIAK-1.

OnuTHaTa MOCTAHOBKA BKJIOYBAa aepoJMHaAMU4Ha TpbOa, CTEHI 3a
M3MEpPBAHE HA Tira U MOIIHOCT, u3MepBarenHa anaparypa u PIV cucrema 3a
3aCHEMaHe Ha CKOPOCTHOTO TOJI€.

3a o0pa0oTKka Ha eKCIEepUMEHTAIHUTE JAaHHU Cca HW3MOJI3BaHU
KOC(PUIIMEHTHT HA CKOPOCTTA J, KoeUIMEHTHT Ha Tsira Cp U KOEPUIUEHTHT HA
motmrHOCT Cp. Te3m Oe3pazMepHU KOCPHUITMEHTH ITO3BOJISIBAT CHIIOCTABKA HA

IMOJIYUYCHHUTC PC3YJITATH OT MaHla6HI/I$I MOZACII C TC3M HAa MOJICJIa B HaTypa.

== 4.1)



CT == W, (45)
P
Cp = : 4.6
0,08
0,0766
0,07 0,0673
0,0654
0,06
0,05
0.04 0,0359
,0288
0,03 \
00078
0,02
0,0 0.1 0,2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
J 0,637
—8—Cp6" —0—Cp7" Cpo"
Queypa 4.11. 3asucumocm na Cp om | 3a eumna: 6, 7, 9 unua.
0,12
0,1043
0,1
0.0697
0,08
0,0692
0,06
0,0530
0,04
0,02
0
0 0,1 0.9
-0,02
-0,04 -0,0339
-0,06
J
—e—Ct6" —o—Ct7" Ct9"

Queypa 4.12. 3aeucumocm na Cr om | 3a eumaa: 6, 7, 9 unua
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B pexxnmM Ha BUCEHE CKOPOCTTa HA HECMYTEHOTO TEUEHHUE € paBHA HA HYJIa
Y OCHOBHHUST aHAIU3 € CBbP3aH C TArara, MOIIHOCTTAa U UHAYKTUBHATA CKOPOCT.
[Tpu kpelicepcku pexXUM CTOMHOCTTAa Ha KoeUIIMEeHTa Ha CKopocTra | ce
OIIpeeIId Ype3 CKOPOCTTa Ha HECMYTEHOTO TeueHue V,, U 4yecrorata Ha BbPTCHE
Ha BUTJIOTO M.

PIV u3MepBaHusTa ca U3M0JI3BaHU 32 [TOIy4aBaHE HA CKOPOCTHOTO I10JIE B
pEKUM HAa BUCEHE M KPEHUCEPCKM peXuM. Te IonmbiaBarT pe3ylaTaTuTe OT
WU3MEPBAHUATA, TOJYYEHH OT CTEHJA 3a TAra M MOIIHOCT, TbM KAaro JaBar
uHpopMalusl 3a KapTUHaTa Ha OOTHMYaHE, TEUYEHHETO 33 BUTIOTO U
uHTep(epeHLMsITa B HOCENIaTa CUCTEMA.

Tabnuna 4.15. Pezyimamu om excnepumenma npu pexicum Ha suceHe

Huumenosamie O3n. ‘ Jum. Cmounocm
Bapuanm 1 2 3

;Izegn;voma Ha evpmetie npu maea | rom | 6498 3037 2631
Zloceeqsgquenm Ha maeama npu Crrad  — 0.0693
Tsea T N 225
Koeguyuenm na mownocmma Cp — 0.0766 | 0.0673 | 0.0654
Pasznonacaema mownocm Py w 18870 | 12990 | 10290
‘brea Ha HaKJIOH HA HAKJIOHSEMAaTa K, . 90
CEeKIIUS MPHU PEKUM Ha BUCCHE

ExkcnieppuMeHTanHUTE pE3yiTaTh B PEXKUM Ha BHCEHE MOTBBPKIAABAT
TEHJEHUUATA, YCTAHOBEHA NpU cuMmyiaunuure. [Ipu yBennuaBane Ha AuaMeTbpa
Ha BUTJIOTO NMOTpEOHATa MOUTHOCT 3a MOCTUTaHE Ha 3a]1a/IeHa TAra HaMaJsiBa.

B kpelicepckn peXUM EKCOEPUMEHTATHUTE pE3yJNTaTH MOKa3BaT

HapaCTBAHC Ha HGO6XOI{I/IMaTa MOIODHOCT IIpH YBCIIMYABAHC Ha AUAMCTbpa Ha
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BUTJIOTO UMW IIJIOINTAa Ha HaKJIOHiACMAaTa CCKIMA.

TCHACHUUATA OT CUMYJIAIIUMOHHUTC U3CJICABAHUA.

ToBa cwOTBETCTBA HAa

Tabnuia 4.16. Pesyrnmamu om excnepumenma npu KpeucepeKu pexicum

Haumenoediie O3n. ‘ Jlum. Cmotuinocm
Bapuanm 1 ‘ 2 | 3

Aepoounamuuna nooemna cuia Lcg N 450
Yecmoma nHa 6bpmene n | rpm | 6055 4710 3853
Koevd)uquenm Ha maeama npu Corin | — 0.0076
KpelicepcKu noiem
Taca T N 21.26 | 35.43 52.72
Koeguyuenm na mownocmma Cp — 0.0278 | 0.0343 | 0.0497
Koeguyuenm na cxopocmma Ji — 0.637
Pasznonazaemama mownocm Pcr w 9880 | 11360 | 13710
‘brbn Ha HAaKJIOH Ha HakJIOHseMara K . 0
CEKIMS IIPH KPEHCEPCKH PEKUM CR
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Duzypa 4.9. Ckopocmno none na obmuuane npu éucerne, 7', n=11000rpm
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Size: 262.7*134.0 mm (-132.2,-12.2)

Scalar map (min: 0.015 max: 38 ) Variable: Length Unit: mis
15.000E-2 38135 7.6120 11.410 15.20 19.007 22.808 26.604 20.403 24.201 33.000

Duzypa 4.10. Cropocmuo none na obmuuane npu kpeticepcku pexcum D = 7",

V=25 m/s

B pexum Ha Bucene (®ur. 4.9) PIV n3mepBanusiTa no3BoisIBaT OLIEHKA Ha
CKOpOCTTa B CTPYsTa U MPOBEpPKA Ha 3aBHCUMOCTUTE, 3JI0KEHH B UMITyJICHATA
teopusi. B kpeiicepcku pexxum (dur. 4.10) Te naBaT Bb3MOXKHOCT 32 Ka4€CTBEH
aHaM3 Ha WHTepQepeHnuaTa B Hocemara cucrema. [lo To3W HauuH
3aCHEMAHETO C JazepHo-ontuueH Meto] PIV ce u3nossBa kaTto JONBIHUTENICH
EKCIIEpUMEHTAJIEH METOJ 3a TMOTBbP)KIAaBaHE HA OCHOBHUTE TEHACHIIUH,
YCTAaHOBEHU OT CUMYJIAIMOHHUTE U3CIICABAHMUS.

Tabnuya 4.17. Cmotinocmu na Kpumepus 3a ONmMuUManHocn Qgxp

OTHOCHUTENTHA TPOABIKUTEIHOCT Ha Mucust 1 | Mucus 2 | Mucus 3

eTana Ha BUCCHE 15% 30% 45%

tror
OTHOcHUTETHA TUTOIT Ha HAKIIOHSIEMUTE
ngDc
CEeKIIUU

1 0.37 1.37 1.61 1.85
2 0.47 1.44 1.48 1.53
3 0.58 1.72 1.63 1.54
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Queypa 4.13. I'paguka na enepauiino ommuowenue Qgim u Qexp (NyHKmup) 3a

mpume KOHGuUeypayuu u mpume mMucuu

EKXCIIEpUMEHTAITHO ONPENENEHUTE CTOMHOCTH Ha Qpypp (Tab. 4.17 n Our.
4.13) 3ama3BaT OCHOBHaTa TEHJCHLIMS, YCTAaHOBEHA MpPH CUMYJIALUOHHUTE
pesynraru. [Ipu Mucuu ¢ MadbK [ HA BUCEHE MPEIUMCTBO UMa MO-MAJTKHUST
JTUaMEeThp, TOKATO NP MUCUU C MO-TOJIAM JIsIJT HA BUCEHE HAapacTBa 3HAUYEHUETO
Ha MO-HUCKOTO JTUCKOBO HaToBapBaHe. ToBa JaBa OCHOBaHUE W3MOJI3BAHUST
CUMYJIAIMOHEH TOAXO0J Ja Cce€ TNpuiara 3a TMpeIBapuTeilHa OIeHKa, a
EKCIIEpUMEHTATHUTE PE3YJITaTH Jla CIyKaT 3a MOTBhPKAaBaHE HA PE3yJITaTUTE.
ToBa moTBBpKAaBa HEOOXOAUMOCTTA OT KOMIIPOMHUCEH U300p HA TEOMETPUIHHUS
napameTbp.

YcraHoBeHUTE pa3auyusi B aOCOJIOTHUTE CTOMHOCTU Ha CUMYJIAIIMOHHUTE
U EKCHEPUMEHTATHUTE PE3YJTaTH MOKa3BaT, Y€ MU3MOJI3BAHUAT CUMYJIAIMOHEH

moaxoa € IIoAXO/All 3a CPAaBHUTCICH aHAIIW3 H I/I360p Ha OIITHMaJlHa HJIN
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parmoHaiiHa KOH(UTypanusi, HO 3a MO-TOYHO KOJMWYECTBEHO MPOTHO3MpPAHE ca

HCO6XO,Z[I/IMI/I MO—IIPCHU3HU CUMYJTAlIUOHHN MCTOIU.

OBILM U3BOJN HA TUCEPTAIIMOHHUS TPV

B pesynrar Ha u3BBpIICHUTE W3CIEABAHUA ca (HOPMYIUPAHU CICTHUTE

OCHOBHH HU3BOJH:

1.

JIutepaTtypHuaTr o0030p M H3BBbpIIEHATa Kiacu(pUKalMs [OKa3Bar, ue
JIETATENIHUTE anapaTy C BEPTUKAJIHO M3JMTAHE U KallaHE C HOCEIlA CUCTeEMa
OT THUNAa KPWJIO—BUTJIO NPEACTABISABAT CAMOCTOATEIHO W IEPCHEKTUBHO
HaIpaBJIEHUE B PAa3BUTHUETO HA ChBPEMEHHUTE KOHBEPTOIUIAHU, OCOOECHO B
KOHTEKCTa Ha Oe3MWJIOTHATa aBUallUs, EJIEKTPUUYECKUTe U XUOPUTHUTE
CWJIOBU YCTAHOBKHU Y MPHIIOKEHUATA B TPAJICKaTa Bh3AyIITHA MOOUITHOCT.
VYcTaHOBEHO €, Y€ IPU KOHLENTYATHOTO NMPOeKTUpane Ha JIA ¢ BepTUKaIHO
U3JIATAaHE W KallaHe Hoceulara CUCTeMa KPWIO—BUTIO CleaBa Ja ce
pasriiexia Karo €IMHHA acpoJMHAMUYHA U €HEPrHUilHa CUCTEMA, IIPU KOSTO
FEOMETPUYHUTE IapaMeTpd Ha KPWIOTO, HAKJIOHSAEMHTE CEKIMU U
BHUTJIOBATA CHCTEMA Ca B3aMHO CBBP3aHU M OKa3BAT CHBMECTHO BIIMSHHE
BbpPXY XapakTEpUCTUKUTE B PEXKHM Ha BHCEHE M B KpEHUCEPCKHU
XOPHU30HTAJIEH IOJIET.

Upes npunarane Ha [1-reopemara Ha Buckingham e npeiosxxen KoMIiekceH

negDC o
IMPOCKTCH réeOMCTPpHUICH napamMceTbp SS ) KOUTO XapaKTCpu3snpa

OTHOCHUTEIIHATA IUIOII Ha HAKJIOHSEMUTE CEKIIMA M MOXKE J1a ObJe U3IM0JI3BaH
KarTo OCHOBHA NIPOEKTHA IMPOMEHJMBA B ONTHMH3allMOHHATA 3aj]ay4a.
Iloka3aHo e, 4e TO3M HapameTbp € CBbpP3aH C KPWJIHOTO HAaTOBapBaHE,
JMCKOBOTO HATOBApPBAaHE, TATOBBOPBKEHOCTTA, EHEPrOBbOPBHKEHOCTTA,
Koe(UIIMEeHTa Ha ONTUMATHOCT IIPH BUCEHE U YABJIKEHUETO HA KPUIIOTO.

Pa3paborenara MeTomoiorus M METOJMKa 3a ONTUMAJHO OIpEAeisiHEe Ha
napamerpute Ha JIA ¢ BepTUKaIHO M3JIUTaHE U KallaHe C HOCella CUCTeMa
KpUJIO—BUTIIO MO3BOJIABAT 3ajadara ga 0bae GpopmynnpaHa KaTO MHUCHIHO-

OpUEHTUpaHA, MpPU KOETO H300PHT HAa TEOMETPUYHU MapaMeTpu ce
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HN3BBPIIBAa HC IIO0 IMIOKA3aTCJiM 34 CAWH OTIACICH PCXKHM, a II0 KPHUTCPpHUS 3a
MHWHHMAJIHA O6Hla CHCPI'usi 3a U3IIBJIHCHUC HAa MUCHATA.

O6ocHOBaH € M300pHT Ha KPUTEPHS 3a ONTHUMAITHOCT, OCHOBaH Ha 00mIara

E_Eref

EHeprus Ha MUCHATa U 0e3pa3MepHOTO OTHOIIEHHE @ = , TbI KaTo

Eref

TOM ocurypsBa BB3MOXHOCT 3a IIPAKO CpPAaBHCHHC MCXKAY pa3jindHA
Ir¢OMCTPpHUYIHHA KOH(l)I/IpraL[I/II/I IIpHu €AHAKBY MHUCHH Ha I10JICTA U JICTATCIHO -
TEXHUYCCKHN XapaKTCPHCTHUKU. Ilo TO3M HAuumH ce oT4yuTa CAHOBPEMCHHO
BJIIMAHHUECTO Ha pCKKMMa Ha BUCCHC U Ha KpCﬁCGpCKHH ITOJICT.

HpOBGI[CHI/ITe CHUMYJIAIIMOHHHU HM3CJICABAHUS IIOKA3BaT, Y€ YBCIINYABAHCTO Ha
AnaMeTbpa Ha BHTIOTO KW CHOTBCTHOTO HaMallsiIBaHC Ha JHUCKOBOTO
HAaTOBApPBAHC HOI[O6pHBa XapAaKTCPUCTUKUTC B PCKHM Ha BHCCHC, HO
CAHOBPCMCHHO C€ TOBAa H3MCHA AaACPOAMHAMHNYHHUTC XAPAKTCPHUCTHUKH B
KpGﬁCGpCKH PCXKXHUM, IIOpaayd IIPpOMAHATA Ha IUIOHITA HAa HAKJIOHACMAra
CCKIOUA M CBIPOTHUBICHUCTO HaA KOHCI)I/IpraL[I/IHTa. OTTYK ciacaBa, Y€
OoInTuMaJiHaTa KOHCI)I/IpraHI/IH HMa KOMIIPOMHCCH XapaKTep.
EKCHCpI/IMeHTaJIHI/ITe HU3CJICABAaHUs TOTBBPIKIAaBAT OCHOBHUTC TCHIACHIIWMH,
YCTaHOBCHU B CHUMYJAOIWMOHHHA aHAINW3, U IIOTBBPIKAABAT IPUITOKHMOCTTA
Ha pa:spa60TeHaTa MCTOJHMKA 3a ONpCACEIHE Ha aCpOJUHAMHWYHHTC
XapaKTCPUCTUKN Ha HOCCIIAa CUCTEMa KPHUIO—BHTIIO. I/I3rpaz[eHaTa OIIMTHA
ITOCTaHOBKA, BKIIOYHUTCIHO CTCHALT 3a M3MCPBAHC Ha TATr'a M MOIIHOCT H
M3II0JI3BaHCTO Ha JAa3€pHO-OIITHYHH MCTOIU (PIV), II03BOJJIABa HaAACKIHO
CKCIICPUMCHTAJIHO  ONPCACIIIHE Ha OCHOBHHUTC XapaKTCPHUCTHUKHM  Ha
cucreMara.

YucneHure u CKCIICPUMCHTAJIHUTC PC3YJITATH CbBMCCTHO IIOKa3BaT, Y€
o ngDc
OIITUMAJIHUTC CTOMHOCTH Ha ImapaMEThpa T HE Ca COAHAaKBU 3a BCHUYKHU

npodusivi Ha MUCHATA, a 3aBUCIT OT OTHOCUTEIHATA MPOIBIKUTETHOCT Ha
BUCEHE CIIPSIMO Kpercepckus mnosier. ClieqoBaTeaHO palMOHAIHUAT U300p
Ha [apaMeTpUTe Ha HOCellaTta cucreMa TpsOBa Ja Obae oOBBp3aH C

KOHKPCTHOTO IIPCAHASHAYCHUC U HpO(i)I/IH Ha I10JICTA Ha JICTATCIIHUA al1apart.
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10.

VYcTaHOBEHO € ChINECTBYBAHETO HA palMoHalieH 0a30B BapuaHT Ha JIA ¢
BEPTUKAJIHO W3JIMTAaHE W KallaHe C HOCella CHCTeMa KPWIO—BHUTIIO,
MPWIOKUM B OTHOCUTEIIHO LIMPOK HHTEpPBaJl HA CHOTHOIIEHHETO MEXITY
BPEMETO 3a BHCEHE M BPEMETO 3a Kpeucepcku moiier. ToBa mo3BoJsABa MpU
OpEeBApUTEIHOTO MPOEKTUpPAaHE Ja ce u30epe KOHPUrypamus, KosiTo HE €
ONTHMaJIHA CaMo 3a €JIMH YacTeH Ciyyal, a 3ama3Ba NpUeMIIMBa €HepruiiHa
e(pUKaCHOCT TP PA3TUYHU TPOPIIN HA MUCHSITA.

JlucepTaluOHHUAT TPY A UMA HAYYHO-IIPUJI0KHA U IIPUIOKHA CTOWHOCT, ThU
KaTo Ha OCHOBaTa Ha Kiacu(UKalus, pa3MepeH aHallu3, CUMYJIAMOHHU U
EKCIIEpUMEHTAIHU M3CIIe/IBaHMs € pa3paboTeHa W MpOoBEpeHa METOAMKA 3a
n300p Ha mapamerpu Ha JIA ¢ BepTHUKAIHO M3JUTAHE W KallaHe ¢ HOCella
CUCTEMAa KPWJIO—BUTJIO, KAKTO M € NPEAJIOKEH KOHIENTyaleH MPOEKT Ha
6esnmmnoreH JIA Ha 6a3ata Ha mporotun TERES-02. [Tonyuenute pesynratu
MOrar Ja Ce€ H3M0J3BaT KaTo OCHOBA 3a IIOCJIENBAIIO NPOEKTHPAHE,
EKCIIEPUMEHTAIHO JIOYTOYHSIBAHE W IMPAKTHUYECKa pealn3als Ha TaKUBa

JICTATCJIIHM altaparu.
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HAYYHO-ITPUJIOKHU U ITPUJIOKHU ITPUHOCHU
Hay4yHo-npu/10KHH TPUHOCH

1.1. Ompenenenn ca OCHOBHUTE F€OMETPUYHH napameTpu Ha JIA ¢ BepTUKaIHO
U3JIMTaHE U KallaHe C HOCEeIa CUCTEMa KPUIIO—BUTIIO.

1.2. IlpeasioxkeH € KOMIUIEKCEH MPOEKTEH FeOMETPUYEH MapaMeTbp Ha HOCELU
CUCTEMM KPWJIO—BUTJIO 4pe3 mnpuiaraHe Ha [I-teopemara Ha Buckingham,
KOWTO MpeACTaBIIsIBA OTHOCUTEIHATA TUIOI HA HAKJIOHSEMUTE CEKIIHH.

1.3. Pa3zpaboTeHa € METOA0JIOTHUS U METOJUKA 3a ONTUMAIHO ONpEJEIsiHE Ha
napamerpute Ha JIA ¢ BEpTUKAIHO M3JIMTAHE M KallaHE C HOCElla CUCTeMa
KPHWJIO—BUTJIO.

1.4. PazpaGorena e MeTonWMKa 3a EKCIIEPUMEHTATHU aepOJMHAMUYHU
U3CJIeIBaHUS Upe3 U3I0JI3BaHe Ha JiazepHo-onTHyHHM Metoau (Particle Image
Velocimetry — PIV).

1.5. Onpenenenn ca ONTHUMAJIHUTE MAapaMETPU NMOCPEACTBOM CUMYJALMOHHU U
EKCIEPUMEHTAJIHU U3cie/iBaHus Ha JIA ¢ BEpTUKaIHO M3JIMTAHE U KallaHE C
HOCEIlla CUCTEMa KPUJIO—BUTJIO MPHU 3aJaleH KPUTEPUH 32 ONTHUMAIHOCT U
pa3jau4yHa OTHOCHUTENIHA MPOIbDKUTETHOCT Ha BUCEHE CHPIMO KpeUCepCKUsl
TMOJIET.

1.6. Onpenenen e panoHalieH 6a30B BapuaHT Ha JIA ¢ BepTUKAIHO U3JIUTAHE U
KallaHe C Hocella CHCTeMa KPWJIO—BUTIIO, MNPUIIOXKUM 32 OTHOCHUTEIHO

IMIHUPOK MHTCPBAJI Ha BUCCHC CIIPAMO CTalla Ha Kp@ﬁCGpCKH ITOJICT.

IpuinoxHu NpuHOCH

2.1. HanpaBena e kiacudukanus Ha JIA ¢ BepTHKaHO WM3IUTAaHE U KallaHe ¢
HOCEIIa CUCTEMA KPUIIO—BUTIIO.

2.2. Pa3paboTeH € CTeH/I 32 eKCIIepUMEHTAITHN aepOJMHAMUYHY U3CIICBAaHUS Ha
HOCEII[A CUCTEMU KPUIIO—BUTIIO B a€pOJMHAMUYHA TPHOa.

2.3. Pa3paboTeH € KOHIIENTyalleH MPOeKT Ha pasy3HaBaTelneH Oe3mmiioTeH JIA ¢
BEPTHKATHO M3JIUTAHE M KallaHE ¢ HOCEIa CUCTEMa KPWJIO—BUTIIO Ha 6a3aTa

Ha npototun TERES-02.
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SUMMARY

The abstract follows the terminology and structure of the dissertation and
summarizes the motivation, methodology, numerical and experimental results,

conclusions and contributions of the work.

Title: Aerodynamic design and investigation of wing—propeller lifting

systems

Author: Martin Atanasov Zikyamov M.Sc. Eng.

The dissertation is dedicated to the aerodynamic design and investigation
of lifting systems of the wing—propeller type, intended for vertical take-off and
landing aircraft and unmanned aerial vehicles. The work addresses a key design
problem: the geometric parameters that improve hovering performance may
have an unfavorable effect on cruise flight efficiency. Therefore, the
configuration has to be evaluated with respect to the complete mission profile
rather than to a single flight regime.

The study includes a literature review, classification of wing—propeller
configurations, selection of a representative conceptual UAV configuration,
formulation of a mission-oriented optimization criterion, numerical simulations,
experimental measurements and PIV flow-field visualization. A complex
geometric parameter is introduced, representing the relative area of the tilting
sections and connecting the propeller diameter, wing chord, number of tilting
sections and wing area.

Three geometric configurations are investigated. The simulation results
show that increasing the propeller diameter reduces the required power in hover

due to lower disk loading, but increases the required power in cruise because of
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the larger tilting section and the related aerodynamic drag. This confirms the
compromise nature of the design problem.

Experimental studies are carried out using a scaled wing—propeller model
in a wind tunnel. Thrust, rotational speed, power and flow wvelocity are
measured, while PIV is applied to obtain information about the local velocity
field in hover and cruise regimes. The experimental results confirm the main
tendencies obtained from the simulations. Differences in absolute values are
attributed to model simplifications, scale effects and real losses in the propulsion
and electrical systems.

The mission energy criterion Q is used to compare the configurations for
three mission profiles with different relative hovering time. The results
demonstrate that the rational configuration shifts toward a larger propeller

diameter when the hovering time increases. For the investigated cases, a

TLsDC

compromise region around ~ 0.5 1s identified as suitable for a relatively

wide range of mission profiles.

The main contributions of the dissertation include the proposed
classification, the definition of a complex geometric design parameter, the
development of a methodology for mission-oriented selection of wing—propeller
lifting system parameters, the development of an experimental methodology
including PIV measurements, and the determination of rational geometric

parameters for the investigated VTOL UAV configuration.
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I. GENERAL CHARACTERISTICS OF THE DISSERTATION
Relevance of the problem

The increase in transport demand and the wider use of unmanned aircraft
systems (UAS) create conditions for developing new transport solutions that use
the airspace above urban areas. In this context, the concept of Urban Air
Mobility (UAM) imposes requirements on aircraft capable of vertical take-off
and landing and efficient horizontal flight.

The development of electric propulsion systems and automatic and
autonomous control systems creates conditions for reconsidering the
configurations of vertical take-off and landing aircraft with wing—propeller
lifting systems, which were investigated in the past. Earlier research and
development were mainly directed towards heavy transport convertiplanes, for
which the principal limitations were associated with structural complexity,
stability and controllability in transition regimes. In modern unmanned aircraft
and piloted light aircraft, these limitations can be mitigated through new
acrodynamic schemes and configurations, all-electric or hybrid propulsion
systems, and advanced control systems.

Vertical take-off and landing aircraft with wing—propeller lifting systems
are particularly suitable for operation from landing sites with limited space,
because they combine the advantages of the lifting propeller in vertical flight
and the wing in horizontal flight. The main design trade-off arises from the need
to integrate the two types of lifting surfaces, while the selection of their
geometric parameters has a compromise character.

In convertiplanes with a wing—propeller lifting system, the principal
geometric parameters of the two types of lifting surfaces are interrelated:

increasing the propeller diameter reduces disk loading in hover but limits
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propeller operation in propulsive mode and increases aerodynamic drag in
cruise. This has a significant effect on total mission energy and makes the
acrodynamic characteristics of this type of lifting system a major design
problem.

Therefore, configuration selection cannot be based solely on the
characteristics of a single regime. An approach is required that accounts for the
total energy required to accomplish the mission during the joint operation of the
wing—propeller lifting system. This is directly related to the geometric

parameters of the lifting system and defines the relevance of the dissertation.

Object and subject of the research

The object of the present research is convertiplanes with vertical take-off
and landing using wing—propeller lifting systems, in which lift during the
different phases of flight is generated by a fixed wing and a lifting propeller
(rotor). Attention is given to convertiplanes with tilting-propeller and tiltwing
configurations, with the focus placed on their modern electric and hybrid
variants intended for unmanned applications and Urban Air Mobility.

The subject of the research is the aerodynamic and geometric
characteristics and parameters of wing—propeller lifting systems and their
influence on the energy efficiency of aircraft for different mission profiles. More
specifically, the influence of the geometric parameters of the wing and propeller
(rotor), including the relative area of the tilting sections, on the total energy
required to accomplish missions with different profiles is investigated. The

required mission energy is adopted as the optimality criterion.
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Aim, tasks and research methods

The dissertation aims to investigate the aerodynamics of wing—propeller
lifting systems and to propose a methodology for the optimal selection of
parameters in the conceptual aerodynamic design of vertical take-off and
landing aircraft.

To achieve this aim, the following tasks are formulated:

To classify existing aircraft with aerodynamic wing—propeller lifting
systems based on a survey and analysis of their principal schemes, designs,
parameters and characteristics.

To develop a methodology for selecting optimal parameters of vertical take-
off and landing aircraft with a wing—propeller lifting system for specified
mission profiles and flight-performance characteristics.

To analyze and select an optimality criterion and optimization parameters
for vertical take-off and landing aircraft with a wing—propeller lifting
system.

To analyze and select methods for determining the aerodynamic
characteristics of wing—propeller lifting systems and the algorithm of the
optimization task.

To investigate numerically and experimentally the aerodynamic
characteristics of a wing—propeller lifting system and to determine the values
of the optimality criterion for the considered configurations.

To analyze the obtained numerical and experimental results and to propose
an optimal and rational baseline configuration of a vertical take-off and
landing aircraft with a wing—propeller lifting system.

The research methods comprise literature analysis, parametric analysis
using the Buckingham II-theorem, simulation studies, experimental
investigations, and the laser-optical Particle Image Velocimetry (PIV) method

for qualitative and quantitative assessment of the velocity field.
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Scientific novelty

The scientific novelty consists in considering the wing—propeller lifting
system as a unified aerodynamic system, in which the geometric parameter is
selected using a criterion related to total mission energy rather than solely on the
characteristics of an individual flight regime.

A complex geometric design parameter is proposed, representing the

relative area of the tilting sections — Lifting Surface Ratio (LSR).

ngDc

LSR = "%, (2.12)

The parameter is convenient for use in the initial stages of design because
it combines, in a single indicator, the propeller diameter, wing chord, number of
tilting sections and wing area. In the investigated configuration, variation in
propeller diameter changes the area of the tilting section and, consequently, the
energy characteristics of the mission. Three missions with different relative
hovering times are considered in the methodology, allowing the influence of the

selected geometric parameter on mission energy to be determined.

Practical applicability

The practical applicability of the results is related to the possibility of
using the developed methodology in the preliminary design of unmanned
convertiplanes and in selecting an optimal or rational propeller diameter, disk

loading and tilting-section area.

Approbation and publications

The main results of the dissertation are reflected in four published
scientific papers. Three of the papers have been published in indexed

publications. The publications cover results from the literature review, the

38



classification of wing—propeller lifting systems, and the numerical and

experimental investigations.

Structure and volume of the dissertation

The dissertation comprises 143 pages and includes an introduction, four
chapters, general conclusions, contributions, references and appendices. The
work cites 101 references and contains 56 figures and 34 tables. The numbering
of figures, tables and equations in this abstract corresponds to that in the

dissertation.

39



II. CONTENTS OF THE DISSERTATION

CHAPTER 1. LITERATURE REVIEW

The review considers both historical experimental developments and
contemporary electric and hybrid concepts. Historical developments
demonstrate the principal advantages and disadvantages, as well as aerodynamic
and structural solutions, in the implementation of convertiplanes with wing—
propeller lifting systems, whereas contemporary examples outline the tendency
towards all-electric or hybrid propulsion systems and multi-propeller schemes.

Attention is paid to the difference between tilting-rotor (propeller)
configurations and tiltwing configurations. In the former, transition is performed
by rotating the axes of the propellers (rotors), whereas in the latter, the entire
wing, together with the propeller—motor units mounted on it, is tilted. This
difference determines the nature of the interaction between the wing and the

propeller slipstream.

The review shows that contemporary developments for Urban Air
Mobility and unmanned aircraft are oriented towards electric or hybrid
propulsion systems, multi-propeller schemes and combined configurations. This
expands the design space but also increases the need for criteria for comparing

different variants.

Figure 1.13 Joby S4 Figure 1.14 Airbus Vahana
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The analysis considers major parameters and characteristics: take-off
mass, wing loading, disk loading, wing area, span, propeller diameter,
aecrodynamic efficiency, thrust-to-weight ratio and power loading. It is
established that separate comparison using these indicators is insufficient
because optimality depends on the selected mission profile.

The literature review shows that convertiplanes with aerodynamic wing—
propeller lifting systems represent a current research problem related to the
development of vertical take-off and landing aircraft for unmanned applications
and Urban Air Mobility. Contemporary research is directed towards increasing
aerodynamic efficiency, flight range and energy efficiency by using all-electric
and hybrid propulsion systems, multi-propeller schemes and advanced control
systems.

The comparative analysis of existing aerodynamic lifting systems shows
that wing—propeller lifting systems constitute a suitable direction for vertical
take-off and landing aircraft because they allow vertical take-off and landing to
be combined with more energy-efficient horizontal flight. Tilting-propeller
(rotor) and tiltwing configurations have been investigated most extensively,
while combined configurations incorporating characteristic features of both
principal types are also possible. The accumulated theoretical and experimental
results from NACA/NASA research and other authors provide a reliable basis
for analyzing aerodynamic characteristics, transition regimes, stability and
controllability of wing—propeller lifting systems, as well as for comparing
numerical and experimental results.

The principal conclusion of Chapter 1 is that, for wing—propeller lifting
systems, a compromise must be sought between hover and horizontal-flight

regimes. This requires the introduction of a unified geometric parameter and a
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comparison criterion that accounts for the joint operation of the two types of
lifting surfaces and permits assessment of energy efficiency for different mission

profiles. The present dissertation is directed towards this objective.

CHAPTER 2. METHODOLOGY OF RESEARCH

The methodology of the present research is structured to enable
verification of the influence of the geometric parameters of the wing and
propeller on the efficiency of the aerodynamic lifting system. At the beginning
of Chapter 2, a classification is developed for convertiplanes with vertical take-
off and landing and aerodynamic wing—propeller lifting systems. The principal
classification features are the method of generating lift, the transition
mechanism between vertical and horizontal flight, the number and arrangement
of propellers, the aerodynamic scheme, and the type of propulsion system. The
adopted concept is intended for investigating the interaction within the wing—
propeller system in two principal flight regimes under identical mission
conditions but with different relative durations of the hovering phases.

Based on the classification, a configuration with a rectangular wing,
tilting sections and two propellers mounted on them is selected. This makes it
possible to compare different propeller diameters while maintaining the
remaining baseline parameters. The geometric and mass parameters to be
analyzed are subsequently considered, and the constant and variable parameters

of the selected scheme are determined.
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KOHBEPTOILTAHH C
BEPTHKAJIHO
H3/IHTAHE H KAITAHE
(VIOL CONVERTIPLANE)

CHHCKO JHCKOBO
HATOBAPBAHE
(LOW DISK LOAD)

C HBMEHAEM JIHAMETBP
HA BHTJIOTO
(VARIABLE DISK
DIAMETER)

HOCEIIH CHCTEMH C
HAKJIOHSEMA TSTA
(TILT-THRUST)

C BHCOKO JHCKOBO
HATOBAPBAHE
(MEDIUM DISK LOAD)

C MHOT'O BHCOKO
JHCKOBO HATOBAPBAHE
(HIGH DISK LOAD)

C HAKJIOHESM
POTOP
(TILTROTOR)

C HAKJIOHSIEMO
KPHJIO
(TILTWING)

BEPTHKAJTHO
CTOSIIHA
(TILTSEATER)

C HAKJIOHSIEMA
PEAKTHBHA CTPYS
(TILTJET)

C YIIPABIIEMA
MHAKITATHA CTBIKA
(CYCLIC PITCH
CONTROL)

C YIIPAB/IAEMA
OBIIA CTBIIKA

 (COLLECTIVE PITCH

CONTROL)

C HAKJIOHESIMO
BHTJIO
(TILTPROP)

C HEH3MEHAEMA
CTBIIKA HA
BHT.IOTO
(CONSTANT PITCH
PROPELLER)

Figure 2.2. Classification scheme.
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To describe the effect of geometry, a principal dimensionless parameter is
introduced, linking the number of tilting sections (corresponding to the number

of propellers), propeller diameter, wing chord and wing area.

nsDc _ |2ng (G/S)(T/G)3PL?
s \/nAR pF M2 (2.32)

nsDC rolates to the

The resulting relation shows that the parameter

principal relative parameters of the lifting system: wing loading G/S, thrust-to-
weight ratio T/G, power loading PL = G /P, figure of merit FM, and wing
aspect ratio AR. Therefore, this parameter can be used as the principal design
variable in the optimization task for selecting the geometry of the wing—

propeller lifting system.

The optimality criterion is based on total mission energy. The mission is
considered a set of segments, for each of which the corresponding energy is

determined.
ETOT == EH + ECR = PH' tH + PCR'tCR (234)

For comparison, reference energy for equivalent horizontal flight is
introduced based on aircraft mass, flight range, aerodynamic efficiency, and

propeller efficiency.

R
Erer = mog—< (2.37)

)
(E)CTrlp

The dimensionless criterion Q allows the relative change in energy with
respect to the reference energy to be evaluated and different geometric variants

to be compared under identical conditions.

=ref (2.38)
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FORMULATION OF THE OPTIMIZATION TASK

INPUT DATA

CONSTANT AND VARIABLE PARAMETERS

GENERATE WING-PROPELLER CONFIGURATION VARIANTS

AERODYNAMIC SIMULATION AND
EXPERIMENTAL ANALYSIS

EVALUATION IN HOVER EVALUATION IN CRUISE

CALCULATION OF OBJECTIVE FUNCTION

ARE THE RESTRICTIONS
SATISFIED

IS THE STOPPING
CRITERION SATISFIED

OPTIMAL VALUE OF THE PARAMETER

Figure 2.6. Optimization-task scheme.
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Three mission types with different relative hovering durations are
considered in the optimization task. This permits the task to be formulated as the
determination of the optimal wing—propeller lifting-system configuration for a
specified mission profile. The methodology comprises, in sequence, selection of
a baseline configuration, determination of geometric parameters, simulation
investigation, experimental verification, calculation of mission energy and
evaluation of the criterion Q.

The conclusions of Chapter 2 show the compromise nature of the task, in
which the geometric parameter of the lifting system must be selected according
to the mission profile rather than only according to the characteristics in hover
or cruise. The classification shows that convertiplanes with wing—propeller
lifting systems can be regarded as a separate class of vertical take-off and

landing aircraft. The resulting relation demonstrates that the geometric

TlsDC

parameter 1s related to the principal relative parameters of the lifting system

and can be used as the main design variable for selecting its geometry. The
optimality criterion, based on the minimum energy required to accomplish the
mission, permits different geometric configurations to be compared under
identical initial conditions. Simulation and experimental methods, together with

methods of optimal design, are used to determine this criterion.
CHAPTER 3. SIMULATION STUDIES
The simulation studies are directed towards determining the aerodynamic
and energy characteristics of three variants of the lifting system. Each variant

differs in propeller diameter, tilting-section area, disk loading and the value of

the geometric parameter (Table 3.2).
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Table 3.2. Geometric variants and disk loading

Sym. | Unit Value
Parameter
Variant 1 2 3
Propeller diameter D m 0.7 | 0.9 1.1
Total propeller swept area A m? 0.77 | 1.27 | 1.9
Total area of tilting sections St m* | 0.66 | 0.85 | 1.04
Disk loading pr | X9 | 585 354 237
m2

Relative area of tilting sections neDc

SS - 1037|047 058

A straight wing with a rectangular planform and an APC parametric
propeller model is used as the basis for geometric modelling (Figure 3.5). This
choice is consistent with the functional requirements for the lifting system, the
possibility of implementing a tilting section, and the need to manufacture an

experimental model for subsequent verification.

Figure 3.5. Variant 2, D = 0.9 m, configuration in hover.
After the wing dimensions have been determined, the propeller
dimensions are also defined. The choice of diameter is related to disk loading,
which, for the considered Urban Air Mobility aircraft, lies within a range

characteristic of modern eVTOL aircraft and unmanned aircraft.

47




A=nE 3.11)

G
DL =2 (3.12)

The simulation studies are carried out using SolidWorks Flow Simulation
for two principal regimes: hover and cruise horizontal flight. In hover, available
thrust, torque and power are analyzed, while in cruise, the aerodynamic lift
force, aerodynamic drag, available thrust, torque and power are analyzed. The
computational domain, boundary conditions and mesh are selected to enable
comparison among the three variants under identical conditions. A separate
rotating computational region is used around the propeller, and a local mesh-
refinement region is formed around the wing and the tilting section.

The results confirm the dependence following from the momentum
theory: at the same required thrust, a larger disk area reduces induced velocity

and therefore the power required in hover.

Table 3.8. Simulation results in hover

Sym. | Unit Value
Parameter Variant 1 2 3

Rotational speed at thrust 225 N n | rpm | 7440 4200 2625
Tip Mach number M, — 0.8 0.79 0.44
Thrust T N ~225
Torque M Nm | 21.22 23.12 23.98
Available power Py w 16530 | 10170 6590
Tilting-section angle in hover kg ° 90
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In the cruise (Table 3.9), the trend is opposite. Increasing the propeller

diameter is associated with a larger tilting-section area and increased

aerodynamic drag. This leads to increased power required in horizontal flight.

Parameter Sym. | Unit Value
Variant 1 2 3
Aerodynamic lift force Lcr N =225
Aerodynamic drag Dcg N 1.07 6.97 -0.53
Rotational speed n rom | 7440 5700 4571
Tip Mach number M, — 0.8 0.79 0.77
Thrust Tcr N 19.74 35 52.81
Torque M Nm 7.65 13.48 22.16
Available power Pcr w 5960 8050 10610
Tilting-section angle in cruise ker ° 0
Table 3.9. Simulation results in cruise
Table 3.10. Values of the optimality criterion Qsin
Relative duration of the hovering stage Mission 1 | Mission 2 | Mission 3
- 15% 30% 45%
Relative area of tilting sections = oe
1 0.37 1.09 1.53 1.97
2 0.47 1.32 1.40 1.49
0.58 1.77 1.60 1.44
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0,30 035 0,40 045 0,50 0,55 0.60
nDc/S

—o— Mission ] —e— Mission2 —e— Mission3

Figure 3.19. Energy-ratio Qg for the three configurations and the three
Missions.

The obtained Qsim values show a pronounced dependence on the mission
profile. For a mission with a smaller relative share of hover, the variant with the
lower value of the geometric parameter is more favorable; for a mission with a
greater relative share of hover, the variant with the larger propeller diameter
becomes more favorable. This result confirms the main hypothesis of the
research: the optimal configuration of the wing—propeller lifting system is not
constant but depends on the mission profile. Consequently, a compromise region
must be sought that provides acceptable energy efficiency in more than one
operating regime.

The optimal parameter value shifts towards a larger propeller diameter as
the relative hovering duration increases. For Mission 1, in which cruise flight
predominates, the variant with the smallest propeller diameter and smallest
tilting-section area is most favorable. In Mission 3, where the share of hovering

1s greatest, the variant with the largest diameter and lowest disk loading has an
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advantage. Mission 2 represents an intermediate case; the rational value of the

nsDc

parameter is close to = 0.47, corresponding to a compromise between

hover and cruise flight. The simulation results indicate that a rational range for a

nsDe ~ 0.5.

~

wide spectrum of missions can be expected around

The principal conclusion of Chapter 3 is that increasing the propeller
diameter improves characteristics in hover but deteriorates some characteristics
in cruise. Consequently, the selection of propeller diameter and tilting-section

area must be mission-oriented.
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CHAPTER 4. EXPERIMENTAL INVESTIGATIONS

The purpose of the experimental investigations is to verify the results of
the simulation studies and the influence of the principal geometric parameter on
the energy in hover, cruise and the energy-based optimality criterion. Chapter 4
presents the experimental model, test facility, measurement methodology and
experimental results. The purpose is to verify whether the principal trends from
the simulation analysis are confirmed by real measurements.

A 1:5 scaled model of the wing—propeller lifting system is used for the
experimental investigations. Propellers with diameters of 6, 7 and 9 inches are

investigated; thrust, power, rotational speed and flow velocity are measured.

Figure 4.6. Thrust and power test stand in the test section of the ULAK-1 wind

tunnel.
The experimental setup includes a wind tunnel, a thrust and power
measurement stand, measuring instrumentation and a PIV system for capturing
the velocity field. The advance ratio J, thrust coefficient C; and power

coefficient Cp are used for processing the experimental data. These
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dimensionless coefficients allow the results obtained from the scaled model to

be compared with those of the full-scale model.

0,08

0,07

0,06

CP 0,05

0,04
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Figure 4.11. Dependence of Cp on ] for 6, 7 and 9 inch propellers.
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In hover, the undisturbed-flow velocity is equal to zero and the main

analysis is related to thrust, power and induced velocity. In cruise, the advance

ratio J 1s determined by the free-stream velocity V,and the propeller rotational

speed n. PIV measurements are used to obtain the velocity field in hover and

cruise. They complement the results from the thrust and power stand by

providing information about the flow pattern, the propeller wake and the

interference within the lifting system.
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Figure 4.12. Dependence of Cr on J for 6, 7 and 9 inch propellers.
Table 4.15. Experimental results in hover
Sym. | Unit Value
Parameter :
Variant 1 2 3
Rotational speed at thrust 225 N n | rpm | 6498 | 3931 | 2631
Thrust coefficient in hover Crmax| — 0.0693
Thrust T N 225
Power coefficient Cp — 0.0766 | 0.0673 | 0.0654
Available power Py w 18870 | 12990 | 10290
Tilting-section angle in hover ky o 90
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The experimental results in hover confirm the trend established in the

simulations. As propeller diameter increases, the power required to achieve the

specified thrust decreases. In the cruise, the experimental results show an

increase in required power with increasing propeller diameter and tilting-section

area, which corresponds to the trend found in the simulations.

Table 4.16. Experimental results in cruise

Parameter Sym. | Unit Value
Variant 1 2 3

Aerodynamic lift force Lcr N 450
Rotational speed n | rom | 6055 4710 3853
Thrust coefficient in cruise Crmin| — 0.0076
Thrust T N 21.26 | 35.43 52.72
Power coefficient Cp — 0.0278 | 0.0343 | 0.0497
Advance ratio Ji — 0.637
Available power Pcr w 9880 | 11360 | 13710
Tilting-section angle in cruise ker o 0

Statistics vector map: Vector Statistics.#1, 1229110 vectors (13420)
Size: 239.39193.2 mm (-133.2,-71.5)

Scalar map (min: O max: 20 ) Variable: Length Unit: mis

0 2.0000 4.0000 8.0000

5.0000

10.000 12.000

S
NN
SIS NN

14.000

16.000

18.000

Figure 4.9. Velocity field in hover, D = 7",n = 11000 rpm
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Size: 262.7*134.0 mm (-132.2,-12.2)

Scalar map (min: 0.015 max: 38 ) Variable: Length Unit: m/s

15.000E-3 3.8135 7.6120 11.410 15.209 19.007 22.808 26,604 30.403 24.201 38.000
I | -

Figure 4.10. Velocity field in cruise, D = 7"',Voo = 25%.

In hover, PIV measurements permit evaluation of the velocity in the
propeller jet and verification of the relations incorporated in momentum theory.
In cruise, they provide a qualitative analysis of the interference within the lifting
system. Thus, PIV recording is used as an additional experimental method for

confirming the principal trends established by the simulation studies.

Table 4.17. Values of the optimality criterion Qe

Relative duration of the hovering stage Mission 1 | Mission 2 | Mission 3
- 15% 30% 45%
Relative area of tilting sections == De
1 0.37 1.37 1.61 1.85
2 0.47 1.44 1.48 1.53
3 0.58 1.72 1.63 1.54
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Figure 4.13. Energy ratios Qsim and Qexp (dashed) for the three configurations
and the three missions.

The experimentally determined Q.xp values retain the principal trend
established by the simulation results. In missions with a small hover share, the
smaller diameter has an advantage, while in missions with a greater hover share,
the importance of lower disk loading increases. This supports the use of the
simulation approach for preliminary evaluation, with experimental results
serving to validate the obtained trends. It also confirms the need for a
compromise selection of the geometric parameter.

The observed differences in the absolute values of the simulation and
experimental results show that the simulation approach is suitable for
comparative analysis and for selecting an optimal or rational configuration;
however, more accurate simula tion methods are required for more precise

quantitative prediction.
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GENERAL CONCLUSIONS OF THE DISSERTATION

As a result of the investigations, the following main conclusions have

been formulated:

1. The literature review and the performed classification show that vertical
take-off and landing aircraft with wing—propeller lifting systems constitute a
distinct and promising direction in the development of modern
convertiplanes, particularly in the context of unmanned aviation, electric and
hybrid propulsion systems, and Urban Air Mobility applications.

2. For conceptual design of vertical take-off and landing aircraft, the wing—
propeller lifting system should be considered as a unified aerodynamic and
energy system, in which the geometric parameters of the wing, tilting
sections and propeller system are interrelated and jointly affect

characteristics in hover and cruise horizontal flight.

3. Using the Buckingham II-theorem, a complex geometric design parameter

ngDc

is proposed. It characterises the relative area of the tilting sections and

can be used as a principal design variable in the optimization task. The
parameter is related to wing loading, disk loading, thrust-to-weight ratio,

power loading, figure of merit and wing aspect ratio.

4. The developed methodology for optimal parameter determination allows
the problem to be formulated as mission-oriented, whereby the selection of
geometric parameters is performed not by indicators for an individual
regime, but according to the criterion of minimum total energy required to
accomplish the mission.

5. The selection of an optimality criterion based on total mission energy and

E_Eref

the dimensionless ratio Q =
Eref

, 1s justified because it allows direct

comparison among different geometric configurations under identical
missions and flight-performance characteristics. The effects of both hover

and cruise flight are thereby accounted for simultaneously.
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6. The simulation studies show that increasing propeller diameter and the
associated reduction in disk loading improve hover characteristics but
simultaneously change the aerodynamic characteristics in cruise due to the
modified tilting-section area and configuration drag. Hence, the optimal
configuration has a compromise character.

7. The experimental investigations confirm the principal trends established by
the simulation analysis and demonstrate the applicability of the developed
methodology for determining the aerodynamic characteristics of a wing—
propeller lifting system. The experimental setup, including the thrust and
power stand and the use of laser-optical PIV methods, enables reliable

determination of the principal characteristics of the system.

8. The numerical and experimental results jointly show that the optimal values

nsDc

of are not identical for all mission profiles but depend on the relative

duration of hover with respect to cruise flight. Consequently, rational
selection of lifting-system parameters must be linked to the intended
purpose and flight profile of the aircraft.

9. A rational baseline variant of a vertical take-off and landing aircraft with a
wing—propeller lifting system is established for a relatively wide range of
the ratio between hover time and cruise-flight time. This permits preliminary
design to select a configuration that is not optimal only for a single specific
case but retains acceptable energy efficiency for different mission profiles.

10. The dissertation has scientific-applied and applied value because a
methodology for selecting the parameters of VTOL aircraft with wing—
propeller lifting systems has been developed and verified based on
classification, dimensional analysis, simulation and experimental
investigations. A conceptual unmanned aircraft design based on the TERES-
02 prototype is also proposed. The results obtained can serve as a basis for
further design, experimental refinement and practical implementation of

such aircraft.
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SCIENTIFIC-APPLIED AND APPLIED CONTRIBUTIONS

Scientific-applied contributions

1.1. The main geometric parameters of vertical take-off and landing aircraft
with a wing—propeller lifting system have been determined.

1.2. A complex geometric design parameter for wing—propeller lifting systems
has been proposed using the Buckingham II-theorem; it represents the
relative area of the tilting sections.

1.3. A methodology and method for the optimal determination of parameters
of vertical take-off and landing aircraft with a wing—propeller lifting system
have been developed.

1.4. A methodology for experimental acrodynamic investigations using laser-
optical methods (Particle Image Velocimetry — PIV) has been developed.

1.5. Optimal parameters have been determined by simulation and
experimental investigations of vertical take-off and landing aircraft with a
wing—propeller lifting system for a specified optimality criterion and
different relative durations of hover with respect to cruise flight.

1.6. A rational baseline variant of a vertical take-off and landing aircraft with
a wing—propeller lifting system has been determined for a relatively wide

interval of hover duration with respect to the cruise-flight phase.

Applied contributions

2.1. A classification of vertical take-off and landing aircraft with wing—
propeller lifting systems has been developed.

2.2. A stand for experimental aerodynamic investigations of wing—propeller
lifting systems in a wind tunnel has been developed.

2.3. A conceptual design of a reconnaissance unmanned vertical take-off and
landing aircraft with a wing—propeller lifting system based on the

TERES-02 prototype has been developed.
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