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Xanemr XycceiiH. MeToa 3HMKEHHSI BTYJKOBHMX BTPAT IITOBXAKYHUX
NOBITPSIHMX T'BHHTIB 3 JABOPSAHUMH Jonarsamu masopo3mipaux BIIJIA. —
Pykommuc.

Huceprartiist Ha 3100yTTS CTyneHs JoKTopa diaocodii, 3a crnemianbHicTIo 134—
ABiariiiHa Ta paKeTHO-KOCMIYHA TexXHiKa. — HaroHansHuil —aBialliiHUMA
yaiBepcurer MOH Vkpainu; Kuis, 2021. J{ucepTtauiitny poOOTy NpUCBAYEHO
BUPIIICHHIO HAYKOBO-TIPUKJIAIHOI 3aJ1aul MiJBUIICHHS €(EKTUBHOCTI MOBITPSHUX
TBUHTIB 3 JBOPSTHAMH JIOTIATSIMH.

HuceprartiitHa poOoTa € CKJIaJIOBOIO YaCTUHOIO TOCHIIKEHbB, 110 TPOBOASATHCS
B HamionanpbHOMy aBialliiHOMY YHIBEPCUTETI 1 CHOPSIMOBaHI Ha MOKpAIICHHS
napaMeTpiB Ta XapaKTEPUCTHK TMOBITPSIHUX TBHUHTIB OE3MUIOTHOI aBialiiHOi
TEXHIKH B IIUPOKOMY JI1alla30Hi eKCIUTyaTallliHUX PEKUMIB.

Po6oty Bukonano BianoBiaHo 1o Konmemnii Jlep:kaBHOI 11IbOBOI HAYKOBO-
TEXHIYHOI IPOrpaMH PO3BUTKY aBialiiiHOi mpomucioBocti Ha 2021-2030 pokw,
3arBep/keHoi  KaGinerom MinictpiB Ykpainu 11.11.2020p ta €Bponeichkoi
IpOrpaMy HayKOBUX JOCIIKEHb B Taimy3i aBiamii 1o 2024 poky «ClleanSky — 1»
ta «ClleanSky — 2» 3arBepmxenoi B 2008 p.

MeToro AOCHIIKEHHST € MiABUIIEHHS €(EeKTUBHOCTI IMOBITPSHUX TBHUHTIB 3
JBOPSITHAMH JIOTIATSIMU 32 PaXyHOK 3HM)KCHHS PiBHS BTYJIKOBHX BTpAT.

O06’exTOoM nociKeHHs € ToBITPsiHI TBUHTH BIIJIA 3 nBOpsSAHMME JIONIATSAMHU.

[IpeamMeTOM JOCHIIKEHHS € XapakTEPUCTUKUA TBUHTIB 3 JBOPSIHUMH
JIOTIATSIMH.

Y  pobOTiI BUKOPHUCTOBYIOTHCSI Cy4YacHI TEOPETUYHI, YHCENIbHI Ta
EKCTIIEpUMEHTalIbHI ~ METOAM  JOCHIDKeHHs. TeopeThyHa yacTuHa pPoOOTH
IPYHTYETBCSI HA 3aCTOCYBAaHH1 METO/IIB Fa30/IMHAMIKH, TEOpli MPUMEKOBOTO Iapy,
TypOyJICHTHHX CTPYMEHIB 1 CIiiB, TEOPii MOBITPSIHUX TBUHTIB. JIJIsI TOCIIIKEHHS
CTPYKTYpPH Ta XapaKTCPUCTHUK TPHUBUMIPHMX TEUi 3aCTOCOBYIOTHCS  METOMIHM
YUCEIHHOI Ta30/IMHAMIKK Peaii3oBaHl B KOMEPIIHHOMY MPOTPaMHOMY POIYKTI

ANSYS. 3a n10omoMoror eKCnepuMEHTAIBHUX METOAIB JOCIIKEHb IMPOBEICHA



ampoOartiss Ta Bepu@ikaiis OTPUMAHUX TEOPETHUYHUX 3aJICKHOCTEH, pillleHb, Ta
PE3YNbTATIB YHCEIBHOTO MOJICITFOBAHHS.

JIOCTOBIpHICTh ~ OTPUMAHMX  pe3yJbTaTiB  pPoOOTH  3a0e3MeuyeThCs
KOPEKTHUM3ACTOCYBAHHIM MAaTEMAaTHYHOTO amapary JjIsl BUPIMICHHS TOCTABICHUX
HAyKOBUX
3aJlay Ta MiATBEPIKYETHCS] XOPOIUIUM Y3TOJKEHHSIM PE3yJIbTaTiB PO3PAXYHKOBUX
JOCTIKEHb 3 pe3yJbTaTaMu (pI3UYHUX €KCIIEPUMEHTIB.

B poGoTi mnpoBeneHO KPUTHUYHUN aHaji3 Cy4acHOTO CTaHy MpoOseMu
€(heKTUBHOCTI IITOBXAIOUUX MOBITPSIHUX TBUHTIB, AKUW MOKa3aB, 10 B 3aJIEKHOCTI
Bl KOHCTYKI[li TBUHTa HOro e(eKTUBHICTh HWX4Ye HAa 3 — 5 %, a B JAesIKuUX
BUIAJIKaX MOXke csiraTd ¥ 15 % B MOpIBHSHHI 3 TATHYYUMH TBUHTamH. Take
3HM)KEHHSI €peKTUBHOCTI 00OYMOBJIEHE IMIJIBUILIEHHUM PIBHEM BTYJIKOBHX BTpaT. Ha
OCHOB1 aHaji3y Teopii MOBITPSIHOIO TBUHTA IMOKA3aHO, IO BTYJKOBI BTpaTH
130JIbOBAHUX IITOBXAIOYMX TBUHTIB OUTBIII BiJl TATHYYUX VY 3BSI3KY 3 BAHUKHEHHSIM
BIJIEMHOI TSATH, IO YTBOPIOETHCA B HACIIJIOK PO3PIIKEHHS HAa TOBEPXiH KOKa
IBUHTA. Y CBOIO 4YEpry BeEJIMYMHA PO3PLIKEHHS 3aJIeKUTh B OKPYKHOT
KOMIOHEHTH a0COIOTHOI IIBHJKOCTI MO3aAy TBUHTA. YuUM OlIbllIe OKpYXKHA
KOMOIIOHEHTA IIBUAKOCTI TUM OubIlle po3pikeHHs. [ TBUHTIB 3 TaHJIEMHUMU
JIOTIATSIMU PO3PIKEHHS Ma€e I1e OUIbIl 3HAYeHHs, OCKIJIbKA 3aKpyTKa MOTOKY, B
JIBOPSITHUX IITOBXAaIOYMX I'BUHTAX OUIBIIE HIK B TBUHTAX KJIACUYHOT KOHCTPYKIIII.
VY 3B’S13Ky 3 MiJIBUIIEHHOIO 3aKPYTKOIO TaHJAEMHI TBHHTH MArOTh OUIbIII BTYJIKOBI
BTpaTu.Ha OCHOBI aHaiizy METOAIB 3HMKEHHS BTYJIKOBHUX BTpAaT, BU3HAUYECHO SIK
NPUIOPUTETHUIN MIAX1A, 3HMKEHHS 3aKpPYTKH MOTOKY TaHAEMHOTO IITOBXAal4yoro
IBUHTA B 00JIaCTl BTYJKH Ta Koka. [y peamizarii miaxomy, 10 A0 3MEHIIEHHS
3aKPYTKH TIOTOKY PO3POOJICHO METOJ 3HWKEHHS BTYJIKOBHUX BTpaT TMOBITPSHHX
TBUHTIB 3 JBOPSAHUMH JIOMATSAMHU, SKHH TPYHTYETHCS Ha HEOOXITHOCTI
pPO3KpyUyBaHHS TOTOKY TMO3aJy TBHHTAa Ta MIABUIIECHHS OCHOBOI IIBHIKOCTI
MOTOKY y BTYJIKOBi# 4acTuHI. TeXHiuHa peai3allisi MeTOAY 3A1MCHIOETHCS IIIIXOM
pO3BOPOTY MPOGUIIB IPYyroro psiay JOmaTte y BTYJIKOBIA YacTHHI TBUHTA B

peBepcHe (TypOiHHE) MOJOKEHHS.



Jlnst peainmzariii po3poOJICHOTO METOAy PO3pOOJEHO AHANITHYHY METOJUKY
npo(iTIOBaHHSA JBOPSATHUX JomaTed. 3alporoHOBAaHUNM METOJ € KOMOIHAIIIEI0
IMITYJIbCHOI TeOpii, Teopii eJeMEeHTy JIomaTi, Ta BUXPOBOI Teopii rBuHTa. [Ipm
pO3pO0Ill METOAUKH BBAXKAJIOCS, IO TiIra TBUHTA 3 JABOPSIHUMH JIOTIATSIMH,
PIBHOMIPHO HaBITUI PO3MOJUIAETHCS MK TATOIO SIKY CTBOPIOE TEPIIUN Ta JPyrui
psn onaTei, 1e 1I03BOJIUIO CIPOCTUTH PO3PaXyHOK IHAYKIIIHHUX IIBUIKOCTEN Ta
CKOPOTHUTH, dYac TPOCKTyBaHHS. TakoX pO3POOJICHO aNrOpUTM BH3HAYCHHS
ONTUMAJIBHOTO TOJIOKEHHS MTPOQUIIB IPYroro psay Jonarei ABopsAaHo1 jJonaTi. B
OCHOBY QJITOPUTMY MOKJIAJCHO OJHOIMAPAMETPUIHIA METOJ] «30JI0TOTO TIEpepizy».
JaHnuii mMeTon MpoOCTUM, aje AO03BOJSE JOCUTh IIBUIKO, 3HAWUTH pallioHaJIbHE
MOJIOKEHHST MPOQIIiB y BTYJKOBIA 4YacTHHI TBUHT, Ta MEPEUTH A0 ampoodarrii
PO3pOOICHOTO0 METOY 3HI)KCHHS BTYJKOBHUX BTpaT.

st ampoOariii  po3po0JIEHOTO METOJy 3HIDKCHHS BTYJIKOBHUX BTpaT Ta
MPOBEICHHS  YUCEIbHUX JIOCHIKEHb XapaKTEPUCTUK TBUHTIB 3 JIBOPSIHUMHU
JOTAaTSIMU Ta BU3HAYCHHS CTPYKTYpPH Ta30dHAMIYHOI Tedil HABKOJO HHX,
po3po0jieHa pO3paxyHKOBAa MOJENb TaHAEMHOTO TBHHTA B  MEPIOJAMYHIN
MOCTaHOBII. Po3paxyHKOBHI1 00J1aCTh CKJIAJIAa€ThCS 3 ABOX JIOMEHIB: CTalllOHApHUMN
Ta oOepTaJbHUM (MICTUTH B o001 Mojenb TBUHTA). Po3paxyHKoBI JoMeHU
MOB’s13aH1 MK c00010 1HTep(deiicoM 3minryBanHs Ty «Stage». s mpoBeneHHs
YUCEeNbHUX AOCHIIKeHb 00paHo mporpamHuil komiuiekc ANSYS CFX, a nmns
Bepu@ikaili OTpUMAHMX PE3YJNbTATIB OOIPYHTOBAHO TMPOBEICHHS HATYPHOTO
CKCIICPUMEHTY.

Jlnst mpoBeACHHSI EKCIEPUMEHTAIbHUX JOCTIIKEHb TaHJIEMHUX TBHUHTIB 3
METOI0 arpooaiiii po3po0IEeHOTr0 METOTy 3HUKEHHS BTYJIKOBUX BTPAT, a TAKOXK JIJIs
Bepudikallii Y4uceIpHOr0 METOIy MOJICJIFOBAaHHS Ta BU3HAYEHHS EKCILTyaTalliiHuX
XapaKTEPUCTHK, PO3POOJICHO 1 TOOYJOBAaHO EKCHEPUMEHTAIBHUM  CTEH]I.
BiaMmiHHOIO 0OCOONMBICTIO KOHCTPYKIi pO3poOJEHOTO CTeHAY € Te, IO
3anpoIOHOBaHa KOHCTPYKIIis J03BOIMIA PO3IIIUTH KaHAIM BUMIPIOBAHHS TATH Ta
KPYTHOTO MOMEHTY, IO 3a0e3medmyio iX He3aJekHe BUMIipIoBaHHS. BukoHaHa

METpOJIOTIYHA OI[IHKAa BHUMIPIOBAJIBHUX KaHATIIB cUCTeMH 300py 1 0OpoOKu



1H(popMalii mokasana, 1o B poO0YOMy Jiana3oHi BUMIpiB 3aCTOCOBAHUX JATUHKIB,
MaKCUMaJlbHy BiTHOCHY MOXWMOKYy Mae  kaHan peectpamii KKJ[. MakcumanbHi
3HAYCHHS MOXUOKU CTIIOCTEPIraroThes Ha yacTotax ooepranus Big 0 mo 2000 06/xB.
1 csraroTh 3Ha4YeHb Bix 1% 1o 4%. npu Takux 3HadeHHsIX moxuOku orinka KK B
JJAaHOMY JIi B Jlana30Hl 4acToT OOEpTaHHS HE JOLIbHA, OCKUIBKH IOXHOKa
noryimHae edext Bix moaudikalli jgomareil. Tomy s ampoOairii Ta Bepudikariii
METO/IIB Ta YHCEIBbHHUX JOCIIKEHb Opaich ekcrepuMeHTanbHi 3HaueHHs KK/ ta
Taru B aianaszodi Big 2000 o6/xB mo 5000 06/xB. B oMy miana3oHi MOXHOKH
Bu3HadeHHs KK/[ Ta Taru TanaeMHoro rBuHTa Jiexkanu B Mexkax 0,5 — 1 %.

Jlnsi TOpIBHSIHHS Ta BHU3HAUEHHS €(PEKTUBHOCTI PO3POOJEHOIO METONIY
3HIDKCHHSI BTYJIKOBUX BTpaT MPOAHATI30BaHO XapaKTEPUCTUKU 0a30BOTO
MOBITPSHOTO TBUHTA 3 JIBOPSJHUMHU HE MOAM(DPIKOBAHMMH JIOMATIMH, KUl OYyB
po3pobneHuit Ha kadenpi apiamiiHux aBuryHiB HAY Tta OyB oOpanuii K,
MOYAaTKOBUN O00’€KT AochipkeHb. [IpoBelmeHi JOCHIIKEHHS  MOKa3zalu, IO
JBOPSITHA KOHCTPYKITIS Ha PSAY 3 IEBHUMH TIEpeBaraMu, Taki sK: ITiIBUIICHA TATa;
OuIbIlla eKCIuTyaTallliHa MBUJIKICTh MOJIbOTY; 3MEHIIEHI JlaMeTpalibHI PO3MIpH,
Ma€ OJWH CYTTEBUW HEIOJIK — IIJABUIICHWH pPiBEHb BTYJIKOBUX BTPAT TBHHTA Y
TOBXar4i KoHpirypairii. Btpatu nposBIsiOTECS Y BUTIISL BiJl’€MHOI TATH, SKa
YTBOPIOETHCS BTYJIKOIO Ta CIIIHEPOM, Ta CATAlOTh B cepenubomy 3 — 4%. OcHOoBHA
IpUYMHA BTpPAT — PO3PIIKEHHS HA MOBEPXHI BTYJKU Ta criHepa. B pe3ynbrarti
JOCIIJIKEHb HE MOAM(IKOBAHOTO TBHUHTA JIOBEJEHO, 110 HA PIBEHb BTYJIKOBHUX
BTpaT BIUIMBAE TMOJOXKEHHA Npo(dUIIB APYroro psAny Jomared, a came KyT
YCTaHOBKH, KM BH3HA4Ya€ KyT IMMOBOPOT MOTOKY. 30UIBIICHHS KyTa YCTAaHOBKH, a
OTKE 1 KyTa MOBOPOTY MOTOKY, IO BIAHOIIEHHIO 10 6a30BOT KOHCTPYKIIii, HA KOXKHI1
5 rpanyciB30OuIblye KoedIieEHT MOTYXHOCTI Ha 3%, Tomi SK €(EeKTUBHICTh
3MeHIyeThest Ha 2,5-3%. [lpu mpoMy TsAra IMITOBXAHYOTO TBUHTA 3QJIMIIAETHCS
MPAKTUYHO HE3MIHHOK0, OCKUIBKHM TAJIHHSA TSATH HA CIiHEpl Ta BTYJIl TBUHTA
KOMIICHCYEThCSI  30UIBIICHHSIM  aepOAMHAMIYHOTO HAaBaHTAKEHHS JomaTi B
KOpPEHEBI YacTHHI, SKE CIHPUYMHEHE 30UIBIIEHHAM KyTa YCTaHOBKH MpOQiIiB

JIPYroro psay JOMaTeHn.



Po3pobnenunii MeTon 3HIKEHHSI BTYJIKOBUX BTpPAT, CyMICHO 3 MPOIEAypamMu
ONTUMI3allii T03BOJHMB MEpenpo@uIOBaTH ABOPSAHI JIOMATI Y BTYJIKOBIM 4acTuHI,
TaKUM YUHOM, 1100 MOKPAIIUTH XapaKTEePUCTUKH IITOBXar04oro repuuTa. HoBusHa
METOJy TOJisira€ B TOMY, IO BIEpIIEC 3alpPOINOHOBAHO 3aCTOCYBaTH 3MiHY
MOJIOKEHHS TPOQUIIB APYroro psjy JomaTi y BTYJKOBIM YacTHMHI Ha PEBEpCHE.
Taka 3miHa, 103BOJIMIIA 30LIBIIMTA OCHOBY KOMIIOHEHTY a0COJIFOTHOT IIBUAKOCTI Y
BTYJIKOBIY YaCTHHI Ha BUXOJ 3 TBHHTA, 110 MPUBEJIO 0 3MCHIIEHHS PO3PIIKEHHS
Ha MMOBEPXHI BTYJIKH Ta CIiHEpa 1 TO3BOJIUJIO MIIABUIIUTH €(DEKTUBHICTh TBUHTA, Ha
PO3paxyHKOBOMY pekuMi, B cepeaHboMy Ha 3%. Ha He po3paxyHKOBOMY pexuMI
KKJI rBunta Maibke He 3miHmiaoch (3miHa KKJ[ 3Haxomumach B Mekax
PO3paxyHKOBOI TOXUOKH).

CmiBCTaBiICHHS  CKCIMEPUMEHTAIBHUX  Ta  YUCEIBHUX  JOCIIIKCHB
XapaKTEepPUCTUK TBUHTIB 3 JBOPSIHUMH JIOMATSAMHU, MIATBEPIUIIO aJCKBATHICTh
po3pobiieHoro uncenbHoro merony. Cepenns moxubka mpu ominii KKJ[ ckmama
1,8%, a Tsiru — 1,6% B aianazoni yactot ooepranusg 3500 — 5000 o6/xB.

[IpakTiyHe 3Ha4YeHHS JAMCEpPTalliHOI pPOOOTH TONsIrae B TOMY, IO
pPO3pOOICHUI METOJ 3HIKEHHS BTYJIKOBHX BTpaT Ta METOAWKA ONTHUMI3AIlii
T€OMETPUYHUX TapaMeTpiB JIOMaTel TBUHTA y BTYJIKOBIM YacTHHI, MOXYTh OyTH
BUKOPHUCTaHI1 HAyKOBO-JIOCITHUMHU YCTaHOBAMH, 1IPUEMCTBAMU
IIPOMHUCIIOBOCTI, SIKI 3aiMalOThCsl IPOEKTYBAHHSIM Ta BUTOTOBJIEHHSAM MOBITPSHHUX
rBuHTIB. [Ipu iX 3acTocyBaHHI B MpoIleCi MPOEKTYBaHHS Ta JIOBOJAKW T'BUHTIB 3
JTBOPSTHAMH JIOTIATSIMH, MOXE OyTH CKOPOYEHO TEPMiHM BBOJY B €KCILTyaTarlito
IBUHTIB HOBOTO THUNY Ta NIJBUIIEHO €()EKTUBHICTh TIBHHTIB Y BCbOMY
eKCIUTyaTalifHoMy niama3oHi ix po6otu. Po3pobiieHi B paMkax AuMCepTalliifHUX
JOCIIJIKEHb €KCIEPUMEHTAIbHI TBUHTH MOXXYTh OyTH BIPOBAKEHHI B CepiiiHe

BUPOOHMIITBO Ta BUKOPUCTaHI Ha Majopo3MipHux briJIA B sikocTi pymriiB.

Ki04oBi cJIOBA:TIOBITPSIHUY TBUHT, BTOPUHHI BTPATH, BTYJIKOBUN BHXOD,
JBOPSIHI JiomnaTi, €(QEeKTUBHICTh, EKCIUTyaTallliiHI XapaKTEePUCTUKH,TaHIECMHUM

I'BUHT.
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SUMMARY

Hanesh Hussein. Method of hub losses reducing of pushing air propellers
with tandem blades of small UAV. - Manuscript.

Thesisfor the degree of Philosophy Doctor in the specialty 134 - Aviation and
Space-rocket technology. - National Aviation University of the Ministry of
Education and Science of Ukraine; Kiev, 2021. The thesisis devoted to solving the
scientific and applied problem of increasing the efficiency of propellers with
tandem blades row.

The dissertation work is an integral part of the research carried out at the
National Aviation University and is aimed at improving the parameters and
characteristics of propellers of unmanned aerial vehicles in a wide range of
operating conditions.

The work was carried out in accordance with the Concept of the State Target
Scientific and Technical Program for the Development of the Aviation Industry for
2021-2030, approved by the Cabinet of Ministers of Ukraine on 11.11.2020, and
the European Program for Scientific Research in Aviation until 2024 "Cllean Sky -
1" and "Cllean Sky - 2 "approved in 2008.

The aim of the study is to increase the efficiency of propellers with double-
row blades by reducing the level of sleeve losses.

The object of research is UAV propellers with tandem bladesrow.

The subject of research is the characteristics of propellers with tandem
bladesrow.

The work uses modern theoretical, numerous and experimental research
methods. The theoretical part of the work is based on the application of the
methods of gas dynamics, the theory of the boundary layer, turbulent jets and
wakes, the theory of propellers. To study the structure and characteristics of three-
dimensional flows, the methods of numerical gas dynamics are applied and
implemented in the commercial software product ANSYS. With the help of
experimental research methods, the approbation and verification of the obtained



theoretical dependencies, solutions and results of numerical modeling were carried
out.

The reliability of the results obtained is ensured by the correct application of
the mathematical apparatus for solving the set scientifictasks and is confirmed by a
good agreement of the results of the calculatedresearch based on the results of
physical experiments.

The work carried out a critical analysis of the current state of the problem of
the efficiency of pushing propellers, which showed that, depending on the design
of the propeller, its efficiency is 3 - 5% lower, and in some cases it can reach 15%
compared to pulling propellers. This decrease in efficiency is due to the increased
level of hub losses. Based on the analysis of the theory of the propeller, it is shown
that the hub losses of the isolated pushing screws are larger than the pulling ones
due to the occurrence of negative thrust, and is formed as a result of rarefaction on
the surfaces of the propeller. In turn, the vacuum value depends on the peripheral
component of the absolute velocity behind the propeller. The greater the peripheral
velocity component, the greater the vacuum. For propellers with tandem blades,
the vacuum is even more important, since the swirl of the flow, in tandem blades
row pusher propellers, is more in the propellers of the classical design. Due to the
increased twist, tandem propellers have large hub losses. Based on the analysis of
methods for reducing hub losses, it is determined as a priority approach, reducing
the flow swirl of the tandem pusher propeller in the area of the hub and the spinner.
To implement the approach to reduce flow swirl, a method has been developed to
reduce the hub losses of propellers with tandem blades row, which is based on the
need to untwist the flow behind the propeller and increase the axial flow velocity
in the hub part. The technical implementation of the method is carried out by
turning the profiles of the second row of blades in the hub part of the propeller in
the reverse (turbine) position.

To implement the developed method, an analytical technique for profiling
tandem blades row has been developed. The proposed method is a combination of

impulse theory, blade element theory, and propeller vortex theory. When



developing the technique, it was believed that the thrust of the propeller with and
emblades row is evenly distributed in half between the thrust created by the first
and second row of blades, this made it possible to simplify the calculation of
induction velocity and reduce the design. An algorithm for determining the optimal
position of the profiles of the second row of blades of a tandem blades row has also
been developed. The algorithm is based on the one-parameter "golden section™
method. This method is simple, but it allows to quickly find the rational position of
the profiles in the propeller hub and proceed to approbation of the developed
method for reducing hub losses.

For approbation of the developed method for reducing hub losses and
carrying out numerical studies of the characteristics of propellers with tandem
blades row and determination of the gas-dynamic flow structure around them, a
computational model of a tandem propeller was developed in a periodic setting.
The computational domain consists of two domains: stationary and rotational
(contains a propeller model). The calculated domains are connected by a mixing
interface of the "Stage™" type. For numerous studies, the ANSYS CFX software
package was chosen, and for verification of the results obtained, it was justified to
conduct a full-scale experiment.

To conduct experimental studies of tandem propellers in order to test the
developed method for reducing hub losses, as well as to verify the numerical
simulation method and determine the performance characteristics, an experimental
stand was developed and built. A distinctive feature of the design of the developed
stand is that the proposed design made it possible to separate the channels for
measuring thrust and torque, which ensured their independent measurement. The
metrological assessment of the measuring channels of the information collection
and processing system has shown that in the operating range of measurements of
the sensors used, the efficiency registration channel has the maximum relative
error. The maximum error values are observed at velocity from 0 to 2000 rpm. and
include values from 1% to 4%. with such error values, the evaluation of the

efficiency in the given rotation frequency range is not advisable, since the error



absorbs the effect of the blade modification. Therefore, for approbation and
verification of methods of numerical studies, experimental values of efficiency and
thrust were taken in the range from 2000 to 5000 rpm. In this range, the errors in
determining the efficiency and thrust of the tandem propeller were in the range of
0.5-1%.

To compare and determine the effectiveness of the developed method for
reducing hub losses, the characteristics of the basic propeller with tandem
unmodified blades row, which was developed at the Department of Aviation
Engines of National aviation university and was selected as the initial object of
research. Studies have shown that the tandem blades design, along with certain
advantages, such as: increased thrust; high operational flight velocity; reduced
diametrical dimensions, has one significant drawback — an increased level of hub
losses of the propeller in the pushing configuration. Losses are manifested in the
form of negative thrust, which is formed by the hub and spinner, and reach an
average of 3 - 4%. The main reason for losses is vacuum on the surface of the hub
and spinner. As a result of studies of an unmodified propeller, it was proved that
the position of the profiles of the second row of blades affects the level of hub
losses, namely, the angle of installation, which determines the twist angle of the
flow. An increase in the angle of installation, and therefore the flow twist angle in
relation to the basic design, for every 5 degrees increases the power factor by 3%,
while the efficiency decreases by 2.5-3%. In this case, the thrust of the pushing
propeller remains practically unchanged, since the drop in thrust on the spinner and
the rotor hub is compensated by an increase in the aerodynamic load of the blade in
the root part, which is caused by an increase in the angle of installation of the
profiles of these condrow of blades.

The developed method for reducing hub losses, together with optimization
procedures, made it possible to redesign the tandem blades in the hub part, so as to
improve the characteristics of the pushing propeller. The novelty of the method lies
in the fact that for the first time it was proposed to apply the change in the position

of the profiles of the second blade row in the hub part to the reverse one. This



change made it possible to increase the axial component of the absolute velocity in
the hub at the outlet of the propeller, which led to a decrease in the vacuum on the
surface of the hub and the spiner and made it possible to increase the efficiency of
the propeller, in the design mode, by an average of 3%. In the off-design mode, the
propeller efficiency almost did not change (the change in efficiency was within the
calculated error).

Comparison of experimental and numerical studies of the propeller
characteristics with tandem blades row confirmed the adequacy of the developed
numerical method. The average error in the efficiency estimating was 1.8%, and
the thrust was 1.6% in the range of rotation speeds of 3500 - 5000 rpm.

The practical significance of the thesis is that the developed method for
reducing hub losses and the method for optimizing the geometric parameters of the
rotor blades in the hub part can be used by research institutions, industrial
enterprises engaged in the design and manufacture of propellers. When they are
used in the design and refinement of propellers with tandem bladesrow, the terms
of commissioning of new type propellers can be shortened and the efficiency of
propellers can be increased over the entire operational range of their operation.
Experimental propellers developed within the framework of dissertation research
can be introduced into mass production and used on small-sized UAVs as thruster.

Key words: propeller, secondary losses, hub vortex, tandem bladesrow,

efficiency, operational characteristics, tandem propeller.
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