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Paspaborana CFD-Mopenp BUHTOKONBLEBOTO [BVDKUTENs, IpefHA3HAYeHHOrOo [yis
CO3JJaHusA TATM MajJOPasMEPHOTO KOHBEPTOIJIaHA. BMHTOKO/NbLIEBON NBVDKUTENDb ITIPEfi-
craBisieT €060l 10-/7I0IMacTHBI BEHTWIATOP C HEBATHI0 CHPAMILAIINMMY allapaTaMiu,
PACIIOIOKEHHBI B NIPOQIINPOBAHHOM Kojblie. [IpoBefieHO pacueTHOe MCCIefOBaHME C
IpYMeHeHNMeM IporpaMmMHoro komiviekca Numeca Fine/Turbo. IlpoanammsmuposaHo
BusiHue nopxopoB K MopenupoBanuio (URANS, RANS ¢ pasnuyHbIMU poTOp-CTaTOp
uHTepdeiicamn) u Mopeneit TypoynenrHoctu (Spalart — Allmaras, k- SST Menter, SSC-
EARSM) npu yrie araku O = 45°, OTHOCUTE/NIBDHON 4acTOTe BpalleHMs BEHTUIATOpPA
n = 0,85 1 OTHOCKUTENIbHOI CKOpOCTM Haberamoiero noroka J = 0,48. IlokasaHo, 4To A1s
yBe/IMYeHNs TOYHOCTY IPOTHO3MPOBAHMA IpU OOIBLINX YITIaX aTaK!U C/IeAyeT IPUMEHATD
MeJIKMe CeTKV, HeCTal[IOHapHble IOAXOMbl X MOJEMN TypOY/IeHTHOCTU Oojiee BBICOKOTO
ypoBHA. PesynbraTsl pacdera CFD-Mopenu Xopouo cornacyroTcs ¢ JaHHBIMU CTEHIOBBIX
VICIIBITAHUI 110 TATOBOJ XapaKTEPUCTUKE B PACCMOTPEHHOM [Mala3oHe YacTOThI Bpalle-
HUA BeHTMNATOpa. TakKe Bamnjanys 4MCI€HHBIX Pe3y/IbTaTOB IPOBEJeHa 110 a3pPOANHa-
MugeckuM Koap¢unuentaM Cx u Cy, IOTy4eHHBIM IpYU IPOLYBKE B a3pOAVHAMUYIECKON
Tpy6e 11 OTHOCUTE/IbHOI 4aCTOTBI BpalleHNs BeHTWIATOpa 1 = 0,85, 0,64 1 0,43, oTHO-
CUTeJIbHOI CKOpocTH Haberaromiero moroka J = 0,09...0,72 u yria artaku o = 0...90°. ITony-
9YEHO KauyeCTBEHHOE COITIaCOBaHMeE IAHHBIX M/ BCeX pexXuMoB. OTME4eHO KOMMYECTBEH-
HOE PacCOrNIacoOBaHNe Pe3yNnbTaTOB Ha HM3KOCKOPOCTHBIX PeXMMaX C HUSKMMM YMCIAMMU
Pentnomnbaca.

EDN: AIMRAH, https://elibrary/aimrah

KnroueBble cn1oBa: BUHTOKO/IbLIEBOI ABVDKUTEIb, PeXXUM KOHBEpTAaLUM, BaIUJALNA, YUC-
neHHoe MopenmpoBanue, CFD-Mopens, aspoauHamMmudeckas Tpyda
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The paper describes the development and validation of a CFD model of a ducted fan intend-
ed for use in a small-sized tiltrotor eVTOL. The ducted fan includes the duct with an airfoil
section, the fan with 10 blades and 9 guide vanes. The computational study was carried out
using the commercial software Numeca Fine/Turbo. The impact of modeling approaches
(URANS, RANS with different types of rotor-stator interface) and turbulence models
(Spalart — Allmaras, k- SST Menter, SSC-EARSM) was analyzed at the angle of attack
o = 45°, rotational speed n = 0.85 and advance ratio ] = 0.48. It was shown that fine meshes,
unsteady approaches and advanced turbulence models should be used to improve the accu-
racy of computational predictions at high angles of attack. The numerical thrust agrees well
with the bench tests data in a range of the fan rotational speeds. The numerical data was
compared with aerodynamic coefficients Cx, Cy obtained in the wind tunnel tests at the fan
rotational speeds n = 0.85, 0.64, 0.43 in a range of advance ratio J = 0.09...0.72 and angles of
attack o0 = 0...90°. An acceptable agreement between the numerical and wind tunnel data is
observed at all modes. The error augmentation is noticed at the modes with the low Reyn-

olds numbers.

EDN: AIMRAH, https://elibrary/aimrah
Keywords: ducted fan, tiltrotor, validation, computational fluid dynamics, CFD model,

wind tunnel

Buntokonsiesoit aBwkurens (BKI) mpencrasis-
eT co60J1 BUHT VIV BEeHTWIATOP, PACIIOIOKEHHBII
B npodunmmpoBaHHOM Konblie. Jlo6aBeH1e KOMb-
I1a II03BOJIACT YBEIMINUTD 3(PPeKTUBHOCTD ABUXKI-
TeJIsl B peXXVIMe BUCEHMs U IIPYU HeOOJIbIION CKOPO-
CTM IOJIeTa 3a CYeT CO3JaHMsA [JOIOIHUTENbHON
TATM C HOMOLIbI0 TNpoduIrpoBaHHO (HopMBbI
KO/blla, YMEHBIIEHNUS IIOTEPb OT IepeTeKaHUs
BO3/lyXa Ha KOHIaX JIONACTEN M CKaTUA CTPYM Ha
BBIXOfle, YTO CHIDKaeT yposeHb mryma BK]I u mo-
BBIIITAeT 0€30MaCHOCTD ero 9KCIUTyaTallM.

Haunnas ¢ 1930-x rofoBs, IpoBefieHO 60IbLIOE
KOJIMYECTBO IKCIEPUMEHTANBHBIX [1-4] u Teope-
Tudeckux uccnemoBanuit BK]I, mocBsmeHHBIX
cpaBHeHuto s¢pdexruHoctn BK]] m orkpbiToro
poTopa, a TakKe BIMAHMIO Ha XapaKTepUCTUKU
BK]l reomeTrpuyeckux mapaMeTpoB Kojblia U JIO-
IacTelt, KOCOil 0O/[yBKY, payaJbHOTO 3a30pa I IIp.
B aBmanum Ha HekoTOpBIX BeproneTax BK]] 3apmeii-
CTBOBAH B BIJle BCTPOGHHOTO B KIJIb BUHTA ((eHe-
CTPOHA) J/I PY/IEBOTO YIIPaB/IeHNA, HO MacCOBOTO
IpUMeHeHNs He Haulel. B xopabenbHOI oTpacin
KOJIbIIeBble HACAfIKM VICIIONIB3YIOTCS MJIS IpeOHBIX
BUHTOB, BK]] mpuMeHsaeTcs Ha cyfax ¢ BO3AYLIHOM
HOAYIIKOI [4].

B XXI Beke Bozo6HOBuMICsA untepec k BKI [5-
17] u3-3a aKTMBHOJI pa3pabOTKM JIeTalTbHBIX allla-
patoB VIOL. B mocnegHee pecATuieTvie B Mupe
IPOBOANUTCA MHOro pabor mo cosmanuio VIOL c
9/IeKTpUYecKoi cumoBoit ycranoskoit (eVTOL)
VIS TPY30- M MACCaXMPOIEPeBO30K (a9poTakcu) B
TOPOZCKOIL cpefie U Ipuropoge. [l neraTe1bHOro
anmapaTa Takoro Tumna BK]I saBnserca mepcmek-
TUBHBIM BapMaHTOM B CHIYy YKa3aHHBIX IOCTO-

VHCTB: 6€30I1aCHOCTY, CHIDKEHHOMY YPOBHIO IIYMY
U BO3MOXXHOCTM JIOCTVDKEHMS TOW >Ke TATYU IIpU
MeHbIIMX rabaputax. Ho B coBpeMeHHBIX paboTax
BK]l uMernT MeHbIIMe XapaKTepHble pa3Mephl,
yicna Maxa u PeitHonbaca [3], 4To He O3BOJIsAET B
HIOTHOJ Mepe MCI0/Ib30BaTh Pe3y/IbTaThl UCCIEN0-
BaHMII IPOLLJIBIX JIET.

ITpn pabote BK]I ¢ 6onbuum yrinom ataku (60-
KOBOJT BeTep JM/IM PeKUM KOHBEPTAIVIM) Ha KOJIbIle
MOXXET BO3HUKATb CUIbHbBIN OTPbIB, IPUBOIALINIA
K HepaBHOMEPHOCTM Ha BXOJe B BMHT, Pe3KOMY
U3MEHEHVIO TATY VM CUIBHOMY JIeCTaOMIN3UpYIo-
meMy MOMeHTy [6-11]. B Takmx ycmoBusx mapa-
MeTpbl BK]] MO>XHO OLIeHUTD 9KCIIepUMEHTAIbHO B
aspopmHammyeckoit Tpybe (AIT) mmu ¢ momouipio
uyncneHHblx MetofoB CFD (Computational Fluid
Dynamics).

Metopn CFD mupoko NpuMeHSAOT 1A a9pOoau-
HaMmudeckoro mogenuposanus BK] npu nccneno-
BaHUN PEXUMOB C HY/IEBbIM YIJTIOM aTaKy ¥ BMCe-
Hus [18-23]. YacTo MCHONMB3YIOT YIIpOIeHHbIE
Mogenu 6e3 IBHOTO MOJie/IMpoBaHus nonacreii [10,
24-26]. Ho Ha pexxumax ¢ OOJIBIINM YITIOM aTaKu
TeyeH)e HOCUT KOMIUIEKCHBII HeCTal[MOHapHBIi
XapakTep, CYIIECTBEHHYI0 PO/Ib WUIPAlT TypOy-
neHTHble 9(@deKTsl Npu BHEIIHeM OOTeKaHNUM
KOJIbIIa U B3aMMOJIeJICTBYE JIONIATOK BEHTUIATOPA
C BO3HMKaWUIE! BXOJHOV HEPaBHOMEPHOCTbI M
JIONIATKaMM CTAaTOpa IpY X HaIMYUN.

PesynbraTsl MopenupoBanus paborsl BKI npn
OO/bLINX 3HAUEHNUAX YI/IA aTaKM O, IIOJTyYeHHbIe C
IIOMOIIbI0  CTallMOHapHBIX moaxofoB  RANS
(Reynolds-Averaged Navier-Stokes) mnpm yuere
00TeKaHMs JIOTIATOK IIpMBeZieHbl B paboTax [8, 27].
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B mepBoil 13 HUX BanupaLysA MOJENN BBIIIOTHEHA
mna yraa ataku of = -30...30°, Bo BTOpoOIl [
o =50°

B ny6mkanysax [28-30] ucnonb3oBaHbI HecTa-
nyoHapHble nopaxonbl URANS (Unsteady Reyn-
olds-Averaged Navier-Stokes), rge cpaBHeHMe ¢
9KCIEepUMEHTA/IbHBIMY JAHHBIMM BBIIIOTHEHO IIpU
o =0,20u 50° [28] u o = 20...30° [29], a Takke B
pexxume BuceHus [30], HO ¢ HONOTHUTENIbHBIM
CpaBHEHMEM C NAHHBIMU, NONTY4YE€HHBIMM C IIOMO-
b0 Buxpepaspemramomero nogxoga DDES mpu
Pa3HBIX CKOPOCTAX 60KOBOTO BETpa.

Lenp uccnegoBanns — paspaborka CFD-mope-
mu BK]l, npenHasHa4eHHOTO [/ CO3[jaHUA TATU
MaJIopa3MepPHOr0 KOHBEPTOIIaHA.

MccnemoBano BaMAHME HACTPOEK YUC/IEHHON
Mopienu Ha xapakTepuctuku BK]I. ITpoegeno mo-
IenupoBaHMe IIPY PasINYHbIX 3HAYEHUAX YaCTOTHI
BpallleHNs BeHTWIATOPA I CKOPOCTY Haberaroliero
IIOTOKA B AuamnasoHe yraa ataku o = 0...90°. BoI-
IIOJTHEHO CpaBHEHIE pe3y/IbTaTOB MOJe/IMPOBaHNA
C JJaHHBIMY, TTO/TyYEeHHBIMM IIPU CTEHIOBBIX VICIIBI-
tanusx BKII u B AJIT.

O0pekT uccnegoBanusa. Paccmarpusaemsrit BK]I,
IpefHa3HAYeHHbI JJIs MalopasMepHOro KOHBep-
TOIUIaHa, pa3paboran B Maciitabe 1:3 u BKIoOYan
Bcebst 10-mOmMacTHBINI BEHTUISATOP C [EBATHIO
COPAMIAIIMMY aNllapaTaMy, PaclloNoXXeHHbI B
npodUIMPOBAaHHOM KO/blle ¥ IIPUBOAUMBIN B
IOBVDKeHUe 3nekTpopBurateneM. OCHOBHBIMU JIO-
CTOMHCTBAaMI BEHTWIATOpPA ABJAIOTCA BBICOKNUE
yIenbHble TapaMeTphl (OTHOLIeHUE TATK K IIOfIBO-
OMMOI MOIIHOCTY), KOMIIAKTHOCTb M HU3Kas
OKpY>KHasl CKOPOCTb KOHIIA TonaTku Vi, = 100 m/c.

Jnst mpoBepku obecriedeHMs] HMPOEKTHBIX Xa-
pakrepuctuk BK]] B 3eMHBIX YCTIOBUAX U IIpefBa-

PUTENBHO OTPabOTKM KPUTUYECKUX PeXKUMOB
nporpaMmbl ucnbitaunit B AJIT paspaboran, usro-
TOBJIEH VM BBefleH B 9KCIUIyaTallMl0 aBTOHOMHBIN
CTEHJ, C Lielbl0 IOMy4eHM: TATOBBIX XapaKTepu-
cruk BK]] (puc. 1, a). Viamepenne tsaru T npose-
IIeHO TapMPOBAHHBIM M3MePUTE/IEM.

Ina onpepenenus napamerpos BK]l Ha pas-
JIMYHBIX PeXXMMaXx I10JIeTa JIeTaTeJIbHOrO alapara
(BuceHnue, NIPsIMOV TOPM3OHTA/IbHBIN I10JIET, KOH-
Beprauus) BbIonHAmm npopysku B AJIT ¢ Bapbu-
pOBaHMEM CKOPOCTM Haberawlero moToka V, yria
aTaky O M 4YacTOTBl BpallleHMs BEHTWIATOpA .
PaccmarpuBamu mapy BK]l, 3axkpemieHHBIX Ha
crienanbHoi pame (puc. 1, 6).

B xauectBe AJIT BbicTymanma tpy6a T-103 3a-
MKHYTOTO THUIIa C OTKPBITON paboueli YacTbio /-
Holl 3,8 M. ®opMa BBIXOZHOIO CEYEHUs COIIa —
SJUIMIIC C TOPU3OHTAJIbHOM OCbI0 4 M M BepTHU-
KanbHOM ocbio 2,33 M. IToroxk B AJIT cospaer
10-710TIaCTHBIT  BEHTUIATOP, CKOPOCTb MOJKET
IUTABHO MeHATbcA B mmamasoHe 10...100 w/c.
CpenHee 3HaueHMe HAYAIbHON TypOY/IeHTHOCTU
notoka — 0,3 %. OcHOBHOe 060pyfOBaHMe — Ille-
CTUKOMIIOHeHTHbIe Becbl AB-103. Ilpu cranpapr-
HOM TPYOHOM IIO/IO>KE€HVM MOJENN Ha JICHTOYHO
HOfIBECKe BecOB obecedyBaeTcA [AMANasoH yIa
aTaky O = —16...56° u yron ckonbxxenns +20°.

Paccmotpena pabora BK]] nmpu oTHOCKTeNBHOI
4acToTe BpaljeHus BeHTunAropa n = 0,43...1,04,
COOTBETCTBYIOLIEN uncny Maxa Ha KOHIe JIOTIacTu
BeHTUIATOpa Myjp = 0,12...0,30, M OTHOCUTENTBHON
CKOpOCTH Haberapoiero noroka J = 0,09...0,72,
cooTBeTCTByIOWEl umcny PeltHombaca Re =
= (140...1150)-10°.

OTHOCKTENbHAA CKOPOCTh HAbErarulero moTo-
Ka ¥ 4ucno PeitHonbfica onpenenA0TCA BbIpaXe-

HIMAMU

Puc. 1. Buenrnnit Bup umutatopa BK]I Ha crenpe (a) u mapsl BK]I, ycTaHOB/IeHHBIX
Ha crienmanbHolt pame B AIIT (6)
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J=V/(®R,) u Re=PVDn

u

Ie (0 — YIJIOBas CKOPOCTb BEHTU/IATOPA, Pam/c;
R, m D, — paguyc m gmaMeTp KOHIJa JIOIACTH
BEHTIIATOPA, M; 0 — IUIOTHOCTb BO3JyXa, KI/M’;
U — AuHaMu4Yeckas BA3KOCTb BO3yXa, [Ta-c.

Jl1a uccnenoBaHmA yIia aTaky B UanasoHe o =
=0..90° pamy c BK]l pacnomaranu B AByX IOJO-
JKeHMAX: ¢ yryioM ycraHoBku 0° u 45°. Ha Bcex pe-
JKUIMaxX M3MePSIN COCTaBIANIME a3POAMHAMMYE-
CKOJl CM/IbI ¥ BBIYMCIIANM a3POAVHAMMIYECKMEe KO-
3P PULMEHTBI IO C/IEAYIONUIMM BhIPaXKEHUAM:

(0R,) (0R,)
~— 275, p———S:
2 2

rie Fx u Fr — cuma 1060BOTO CONPOTUBIIEHNS U
nof’beMHasA CUIa B CKOPOCTHON CUCTeMe KOOPAU-
Hat, H; S, — 1mromamb, oMeTaeMass BEHTWUIATO-
pom, M*, S, =TR;.

PacuerHas mopens. PacueTHas o6macTb mpescTas-
Jsma co00il LVINHAP, BHYTPU KOTOPOTO PacIoIo-
xeH BK]I. PaccrosiHue ot oOTekaresist 1o mepegHeit
CTeHKM IVIMHJpA cocTaBysno 2D,, or oOTekaTe-
JISL MO 3ajiHeN CTeHKu — 5,5D,, a OT OCU BEHTU/IS-
Topa 10 60koBoOI creHku — 4,5D,. Ilpu mopenu-
POBaHNM CTaTHYeCKMX ycrnoBuit paborsl BK] npu-
HATO [ONYyILeH/e O IIePUMOAMYHOCTY TedeHMs,
BCJIE[ICTBME YeTro JCIIO/Ib30BaHa CEKTOPHaA IIOCTa-
HOBKA, B KOTOPOJl YYMTBIBAINCh CEKTOp KOJbIIa,
OJJHA JIOTIACTb BEHTWIATOPA U CIPAMIIAIONIETO all-
mapara ¢ IpMMeHeHNeM IepUOANYecKNX I'paHnd-
HBIX ycnoBuil. IIpy HeHyZeBOM yrITie aTakm Takoe
TOIyIleHNe HENPMMEHNMO, II03TOMY MOJEIMpo-
BaHne BK]] BbimonHeHo B moctaHoBKe 360°. B mpo-
rpaMMHOM KoMiutekce Numeca AutoGrid5 v. 17.1

a

HOCTpOeHa O/I0YHO-CTPYKTYpUPOBAHHAs TeKCaro-
HaJIbHasA ceTKa (puc. 2) ¢ y4eToM KOJIblia, IieH-
TpaZbHOTO Tenma 1 Bcex nomacteii BK]I, a Taxke
pafMaIbHOTO 3a30pa MEXAY BEHTWIATOPOM U
Ko/bIOM. JIOmaTky BeHTUIATOPa PacloNIO>KEeHbI B
BBIJIe/IEHHOJ Bpallaiollelicst 06/1acTy, a BCs BHEII-
HsAsl 0071acTh U CHPAM/IAIOIIUIL allllapaT — B CTa-
1yoHapHoit. [Ina 60/1ee TOYHOTO MOJEMPOBAHNA
IPUCTEHOYHOM 06/1acTV Ha TBEPABIX CTEHKaxX IIa-
pameTp y* ynoBneTBopAn ycnosuio y* < 2. ®u-
Ha/IbHBIIT pasMep CeTKM COCTaBUI 54 M/IH y3/10B.
IOna cosganma CFD-mopenu BK]l npumenen
KOMMepUYecKMil MpOorpaMMHBI KoMIleKc Numeca
Fine/Turbo v. 17.1 mna cxuMaembix Tedennit. Cu-
crema ypaBHeHuii RANS pemieHa MeTojoM KOH-
TPOJIBHBIX 00'BEMOB B CTAI[IOHAPHOI MOCTaHOBKE
C IIOMOIIBIO LIEHTPaTbHO-PAa3HOCTHON CXeMBbl, AB-
HOTO VHTEIPUPOBAHMsA IO BPEMEHU U IIpenoby-
cnaBnuBatenss Merkle st HU3KOCKOPOCTHBIX Te-
yeHMil. 1A 3aMbIKaHMA CHCTEMbl YpaBHEHWUI VIC-
I0/Ib30BaHa MOJie/Ib TypOyneHTHocTH Spalart —
Allmaras (SA), mapameTpbl BO3[yXa OIMCAHBI
YpaBHEHUEM COCTOSIHMS cOBeplIeHHoro rasa. Ha
TPaHMILIAX PACYETHOI 00/IACTV NPUHATO YCIOBYE
Ja7bHETO IMOJA C YKa3aHMeM CTaTMYeCKMX JaBiie-
HUA ¥ TeMIIepaTypbl, KOMIOHEHT cKopocTu. TBep-
Iible CTeHKM — apuabarHble. [l mepepmaum jaH-
HBIX MEX/Iy CTAllYIOHAPHOII 11 Bpalljaoleiics 06/a-
CTAMU Ha BXOfe B BEHTWIATOp IpUMeHeH
untepdeiic Frozen Rotor (FR), a mexpy BeHIa-
mu — Non-Reflecting Mixing Plane (NR).
Pesynbrarbl CpaBHEHMA IIPOEKTHONM TATOBOIN
xapaktepuctuku BK]l u XapakrepucTuk, mosuy-
yeHHbIX nyTeM CFD-pacdera U MCIBITAaHUI Y€THI-
pex sxseMmiuiApoB BK]] Ha aBTOHOMHOM cTeHfe,
IpuBefeHbl Ha puc. 3, rae T — TATa, OTHECEHHAA K
IPOEKTHOMY 3Ha4eHNI0. BusHo, 4Tto paspaboraH-
"Hasg CFD-Mopenb mo3BOJIsAET C MOCTATOYHON TOY-

Puc. 2. PacueTHas ceTKa BO BHeluHeit o6mactu (a) u B BeHTWIsITOpe (6)
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Puc. 3. Tsirosble xapakTepuctuku BKI:
—— ¥ O — pe3y/IbTaThl IPOEKTVPOBAHNA I pacyeTa
o CFD-mMopeny; o, o, + U x — HaHHBIE MCIIBITAHUIL YeTbIpeX
BK]] Ha aBTOHOMHOM CTeHTIe

HOCTBIO TIpeficka3aTb Xapakrepuctuku BK]] B cra-
TUYECKUX YCTIOBUAX PabOTHI BO BCeM JValasoHe
OTHOCUTEIbHOI 4aCTOTBI Bpall[eHUS 1.

Mopenuposanne paborst BKIl B momeTHbIX
YCIOBMAX IIPY HEHYJIEBBIX YI/IaX aTaKM YCIOXKHEHO
MOsIBJIeHNEeM OTPBIBHBIX 3((]eKTOB Ha KOjblle U
HepacyeTHbIM OOTeKaHMeM Jonacreil. B atom cy-
4yae Ha Pe3y/lbTaThl pacyeTa 3HAYMUTEIbHO BIUAIOT
Mofie/nb TYpOY/IeHTHOCTM, YPOBEHb [eTalu3alyun
CeTKM, TpaHUYHbIE YCIOBUA, IPUMEHAEMbIE /A
CBSI3KM BPAIIAIOLINXCS Y CTAIIIOHAPHBIX 00/1acTell,
U y4eT HeCTal[IOHAPHBIX 9P eKTOB.

PesynbpTaTsl MccienoBaHns BIVMAHNA KOHPUTY-
pauny YUCIAEHHON MOJE/NIN Ha a3poJVHaMUYecKyue
koabduiments Cx u Cy Ipy OTHOCUTENBHOI Ya-
crore BpaueHud n = 0,85, OTHOCUTENbHOM CKOPO-
¢t Haberamwlero moroka J = 0,48 u yI/ie aTaku o
= 45° npuBenensl B Tabmue. g moaydeHns cet-

Kn coarse (rpy6oit) B 6a3oBoit cerke fine xomye-
CTBO Y3/I0B BO BHEIIHeNl 00/acTM M Ha KOJIbIle
YMEHBIIEHO [0 28 MJIH Yy3/10B. J[OIOIHUTENIbHO
paccMoTpeHbl Moaenu TypbynentHoctn k- SST
Menter 1 HenuHelHasA MOJe/lb — SIBHaA anredpa-
M4YecKasg MOJieNb PEMHONbJCOBbIX HANPSIKEHUI C
HOIIPAaBKON 11 60jIee TOYHOTO OIMCAHVA OTPBIB-
HbIx TedeHMit SSC-EARSM. B HecraumonapHoit
noctraHoBke URANS mar mo BpeMeHM cOOTBeT-
CTBOBa/I IIOBOPOTY /0HacTy Ha 1,2°, ucnonb3osa-
JIMCh CKOTb3SAIINE CETKI.

AHanM3 NOTy4YeHHbIX pe3y/IbTaToB (cM. Tabmm-
Ily) IOKasbIBaeT, YTO IpU OOJBIIOM YIJIe aTaKu
pelileHNe OYeHb YYBCTBUTENbHO KO BCEM PacCMOT-
PeHHBIM (PaKTOpaM: BIIVSHME MOJENN TypOy/IeHT-
HOCTM ¥ YPOBHA JAeTalM3alUI CeTKU COCTaBJACT
5...7 %, y4eT HeCTallMOHAPHBIX 3((PEKTOB IPUBO-
JUT K yBemnueHuto koapduuuenta Cx mouytu Ha
9 %.

Taxoke creflyeT OTMeTUTD CyIIeCTBEHHYIO 3aBU-
CUMOCTb MOJENUPOBAaHNUA OT TUIA MHTepdeiica
porop-craTop. Pe3ynbTaThl CcpaBHeHMS KapTUH
Te4eHN MTOTOKA Ha pasBepTKe CeueHMs IVIMHJpPa
(Ha 50 % D;) B BeHTWIATOpE /I CTAL[MOHAPHOII
moctaHoBku RANS ¢ pasnuunbiMu unTepdeiicamm
POTOP—CTaTOp ¥ HEeCTallMOHAPHON IIOCTAaHOBKMU
URANS (c MTHOBEHHBIM U yYCpeJHEHHBIM BO Bpe-
MEHU pellleHNsAMN) IIpyBefieHbl Ha puc. 4. Vcnons-
3oBaHye uHTepdeiica FR nmpmuBoguT K BO3HUKHO-
BeHMIO 60riee OOLIMPHBIX OTPHIBOB B CIPSIMIISIO-
ImleM amnmapare, 4eM B MTHOBEHHOM pelleHNM
URANS. IIpumenenne nnrepdeiica NR, Haobopor,
He TIpeJiCKa3bIBaeT OTPHIBOB.

TakuMm o00pa3oM, /I MOBBIIEHNS TOYHOCTU
MopenunpoBanua xapakrepuctuk BK]Il CFD-mo-
lielb TO/DKHA 0a3MpoBaTbCs Ha MEJIKMX CeTKaXx,

Pesynbprarhl McCcIeqOBaHNA BIVAHNMA KOHPUIypanyy YMCIeHHON MoJenn
Ha aspoguHaMmuyeckue Koadpuuyentsl npu n = 0,85, ] = 0,48 u oL = 45°

ITogxopn Mopenb Porop-crarop
Cerka . Cx Cy
K MOZIe/TMIPOBAHIIO TYpOY/IEHTHOCTHI uHTepdeiic
SA 0,169 0,479
0,169 0,462
SST Coarse
0,178 0,482
RANS SSC-EARSM FR + NR 0,181 0,477
SA 0,180 0,493
Fi
SST e 0187 | 0,504
SSC-EARSM 0,195 0,508
URANS SST Coarse Sliding Mesh 0,194 0,486
OKCIIePUMEHT 0,230 0,518
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Puc. 4. KapTuHbI Te4eHNs Ha pa3BepTKe NWIMHAPUIECKOTO CEYCHNS B BEHTWIATOPE IIPU pacdeTe C MOJE/IbIO
typbynentHoctu SST, mapamerpamu n = 0,85, = 0,48, o = 45° 1 pasIMIHBIMY IOAXOLAMU K MOJETNPOBAHNIO:
a — RANS, FR + NR; 6 — RANS, FR + FR; 8 — URANS, MrHOBeHHO€ BO BpeMEHU pellleHNe;

2 — URANS, ycpenHeHHOe BO BpeMeHU pellieHe

YYUTBHIBaTh HECTALMOHAPHBIN XapaKTep BO3HMKa-
fomnx 3¢ exToB 1 UCIONb30BaTh MOAENN TypOy-
JIeHTHOCTH 60Jiee BBICOKOTO YpoBHA. [I14 aHanmmsa
B IIMPOKOM [Malla3OHe M3MEHEHMS IIapaMeTpOB
npuMmeHenne Takoit CFD-mopenu 3arpygHuTENb-
HO, TaK KaK OHa NoTpe0yeT OO/NbIINX BPEeMEHHBIX
3aTpaT U YMCIEHHBIX PECYPCOB.

Il maynpHeNIero aHaau3a BbIOpAHbI CIEAyIo-
e HacTpoiikyu Mopeny: cerka — fine, RANS mo-
CTAaHOBKA C 3aMBIKaHMEM MOJENbI0 TypOyIeHTHO-
cru SA (BBupy 6onbleli YCTOYMBOCTY IIPM BO3-
HMKHOBEHV) OTPHIBOB Ha OOJIBIINX YITaX aTaKM),
unrepderic FR Ha Bxome BK]I ais nepenaun Bxop-
HOJI HepaBHOMepHOCTH M MHTepdeiic NR Mexny
BEHI[aMI.

Bamnpama CFD-mopenn mo pesynbTaTaM IpORy-
BOK B AJIT. PesynbTaThl CpaBHEHNA [JaHHBIX, TIOTY-
yeHHbIx nyreM CFD-pacyera u skcnepumeHTasb-
HbIX npopyBoK B AJlT, mpuBefeHHBIX IS OJHOTO
BK]I 6e3 y4era cul, BOSHMKAIOIVX HA CUIOBOI pa-
Me U 9/eKTPUYEeCKMX KOMMYHMKALUAX, IIPU pas-
JIMYHBIX 3HAYEHMAX OTHOCUTE/IBHBIX ITAPAaMETPOB 1
u ] npuBefieHbl Ha puc. 5. B skcniepumeHTe ¢ yBenu-
YeHMEeM OTHOCHUTE/IbHOM CKOPOCTM Haberamoero
IIOTOKA | BO3HMKAET pa3pblB XapakTepuctuk Cy pu
yrae araku O =45° rje IpOMCXOAMUT CMeHa YI/a
ycranoBku gswkuteneit 8 A[IT. Ilpu | = 0,48 pas-

PBIB YBEMMYMBAETCA C BO3pacTaHMeM OTHOCUTEIIb-
HOJI 4acTOTbI BpalleHNs1 BeHTwATopa 1. C MOBbI-
meHneM ] HabmoaeTcs yBenudeHne KoappuuyeH-
TOB Cx 1 Cy, yMEHDBIUIAIOTCAA KPUTUYECKUIT YTOJI aTa-
KM U YTOJ, IpM KOTOpoM comporusyeHre BK]]
9KBUBAJIEHTHO co3paBaeMoit Tare (Cx = 0). Ilpn
MaKCMMAaJIbHOJ OTHOCKUTEIBHOI CKOPOCTM Habera-
olero moroxka J=0,72 Bo BceM [MamasoHe YI/Ia
aTaKM CONPOTMBIIeHNe O6osblIe TATN (IIOJIOKUTEITb-
Hoe 3HaueHue Cy), npu MyHUManbHOu J = 0,09 —
Tsra mpeobafaeT o yria aTaku o = 80°.

Ipu n=085¢cJ=024un=0,64cJ=0,32
HaOJIIoJaeTcsl  PaccoI/lacoBaHNUe  9KCIIEePUMEH-
TaJIbHOTO ¥ YMC/IEHHOTO 3HAY€HUI KPUTNIECKOTO
yrina araku. IIpocnexxuBaerca TeH[eHIUA K yBe-
nndeHnio pasanund 1no Cy Ha HU3KUX | C YMEHb-
HIEHMEM OTHOCHUTETIbHOM 4YacTOThl BpallleHUA
BEHTU/IATOPA, T. €. CO CHIDKEHMEM CKMMAEMOCTH
Bo3fyxa u 4mucna PeiiHonbpca: mpu n = 0,43 n
J=0,14 uncimo Maxa Haberamomero moTtoka M =
= 0,015, My, = 0,12 u Re = 140-10°. Vicnonp3oBa-
Hue CFD-pemarensa fnd HeCKMMaeMOTO TeYeHUs
U HOAK/IIOYEeHNe MOfeseil TypOyJIeHTHOCTY C JIa-
MMHAPHO-TYpOY/IEHTHBIM IIE€PeXOIOM MOXKET II0-
BBICUTb TOYHOCTb PE3Y/IbTATOB Ha TAKUX PEXMU-
Max. Hambosnee BaXXHON WIA Ja/bHEMIINX KUCCIIE-
[IOBaHMII AB/IAETCA O/1M3KasA K IPOEKTHOI 4acToOTa
BpalleHusa BeHTuIATOpa n = 0,85, Ha KOTOpoOI
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Puc. 5. 3aBucumocTy aspopnHammuieckux Koapduunentos Cx (a, 6, 0) u Cy (6, ¢, €), HOTydeHHbIE
ryreM CFD-pacyera u sKcriepyMeHTaIbHBIX IpofyBoK B AJIT, OT yrima ataku 0L Ipy OTHOCUTENBHOM
yacToTe BpaleHns BenTuwisitopa n = 0,85 (g, 6), 0,64 (8, 2) n 0,43 (0, €) 1 pas3TUYHBIX 3HAYEHUAX
OTHOCUTEIBHO CKOPOCTH IIOTOKA ]

HaOJII0JaeTcsl KaueCTBEHHOE COTI/IAaCOBAaHME 4YIC- Pacnipepenenne uncia Maxa nepej BEHTUIATO-
JIEHHBIX ¥ SKCIIEpMMEHTA/IbHBIX JAHHBIX IIPY BCEX  pOM, B cedeHMM XY M Ha pasBepTKe LMIMHIpUYe-
3HAYeHMSIX OTHOCUTEIBHON CKOpocTu Haberaio-  ckoro cedenus (50 % D,) mpu n = 0,85, yrye ataku
Iero MmoToKa. o = 45 m 75° M OTHOCUTENbHON CKOPOCTU
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Puc. 6. Pactipefienenne uncia Maxa Ha BXofie B BeHTUJIATOP, B cedeHn XY U Ha pa3BepTKe IUIMHAPUIECKOTO
CedeHNsA IPU OTHOCKUTEIbHOI YacToTe BpameHus # = 0,85, yriie aTaku O = 45° 1 OTHOCUTENbHO CKOPOCTH
Haberarouero noroka J = 0,18 (a), 0,24 (6), 0,36 (8) 1 0,48 (2)

Haberawomero moroka J = 0,18; 0,24; 0,36 u 0,48
II0Ka3aHo Ha puc. 6 u 7. BugHo, 4to ¢ pocToMm yria
aTaky TOYKA pasfJeleHus IOTOKAa Ha mnpoduie
KO/bIIa CMeEIAeTcss B CTOPOHY 3afjHell KPOMKN
BJIOIb BHEIIHENl [OBEPXHOCTM Ha HABETPEHHOI
CTOpPOHEe ¥ BJOJIb BHYTPEHHENl IIOBEPXHOCTM Ha
[IOfIBETPEHHOI cTopoHe. Ha mepepHeit KpoMmke
KO/bIIa C HABETPEHHON CTOPOHBI IMPOUCXOUT

YCKOpeHIe ITOTOKA, CKOPOCTb 3HAYMTE/IbHO BBIIIE,
4YeM C IOfIBeTPEHHON CTOPOHBI Iepesl BeHTU/IATO-
poM. B pesynbraTe MeHSAIOTCA XapaKTepPUCTUKU
KOJIbLIa, BO3HMKAET CYIIEeCTBEHHbII MOMEHT TaH-
raka, IIOTOK Ha BXOJle B BEHTW/IATOP CTaHOBUTCSA
HepaBHOMEPHBIM, U JIOIIACTYU PabOTAIOT C pa3HbIMU
yIJlaMM HaTeKaHuA 1o okpyxHoctu. C pocToM Be-
TMYYH ] ¥ O, TOBBIIIAIOTCA HEPaBHOMEPHOCTD MO/
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Puc. 7. Pactipefienenne uncia Maxa Ha BXOJie B BEHTU/IATOD, B cedeHny XY U Ha pa3BepTKe IVUIMHAPUIECKOTO
CedyeHNs IPU OTHOCUTENbHOI YacToTe BpamieHus n = 0,85, yrie aTaku Ol = 75° 1 OTHOCUTENBHON CKOPOCTI
Haberaromero nmoroka J = 0,18 (a), 0,24 (6), 0,36 (8) n 0,48 (2)

" BEPOATHOCTb BO3HMKHOBEHNA OTpbIBa HA KPOM-
KeE C HaBeTpeHHOf/I CTOPOHBI, YBEINMINBAIOTCA 11O~
JKaTue CTpyn 1 €€ OTKJIOHEHNE OT OCH.

BoeiBoab1

1. PazpaboraHa 4ncieHHas ra3ofMHaMMUYIeCcKast
mopend BK]I, nmpenHasHaueHHOIO /I CO3[aHUSA

TATU MajIopasMepHOTro KOHBEPTOIIAHA.
[TokasaHo, YTO Ha peXXMMax C HEHY/IEBBIM YITIOM
aTaKy M3-3a MOSIBIEHNUs OTPBIBHBIX 3¢ (eKToB Ha
KOJIbIle pe3y/IbTaThl pacyeTa 3aBUCAT OT YPOBHSI
HeTalM3aluy CeTKV, MOZeNN TypOylIeHTHOCTH,
ydera HeCTAalMOHapHBIX 3QQeKTOB M MOAXoja K
CBsI3Ke  BpAIAIOIIMXCS M CTAlMOHAPHBIX
obacreii.
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2. ITapameTpbl OKOHUYATE/IBHOTO BapyaHTa MOfie-
7 BBIOpaHBI HAa OCHOBAaHMM TOYHOCTY IIPOTHO3U-
pOBaHNA XapaKTepUCTUK, YCTOMYMBOCTY Ha PeXKU-
Max ¢ OOJBLIMM YIJIOM aTaky ¥ SKOHOMUYHOCTHU
MOJie/I C TOYKM 3PeHNA BbIYMCINUTENbHBIX U Bpe-
MEHHBIX pecypcoB: cTauuoHapHblit RANS-niopxop ¢
3aMbIKaHIEM MOfelblo TypOy/IeHTHOCTM SA, WH-
tepdeiic FR na Bxozme B BK]I mia nepemaunm Bxop-
HOII HepaBHOMepHocTH U uHTepdeiic NR mexay
BEHIIAMI.

3. PesynbraThl 4MC/IEHHOM MOJENM KOMuMYe-
CTBEHHO M Ka4eCTBEHHO COIJIACYIOTCA C NAHHBIMMU
CTEHJIOBBIX MCIBITAHUII IO TATOBOW XapaKTepu-

JIntepatypa

cruke. IIpoBemeHO cpaBHeHMe KO03(QUIVIEHTOB
a3pOoAMHAMMYECKOl CUbl, AelicTBymomleir Ha BK],
nony4yeHHbIX IyTeM pacdera no CFD-mopenn n
ucneitaanit 8 AT, Ipy OTHOCUTENbHON 4acToOTe
Bpawenus senTunAaropa n = 0,85, 0,64 n 0,43, ot-
HOCUTE/IHOM CKOPOCTM Haberamlero IOTOKa
J=0,09...0,72 u yrne araku o = 0...90°. a1 neneit
MaNbHENIIero MCCAeNOBaHNA YUCIEHHAsd MOJENb
obecrieynBaeT Y/OBIETBOPUTEIBHYI0 TOYHOCTb C
Y4€TOM €€ 3KOHOMUYHOCTY, Ka4eCTBEHHO BOCIIPO-
M3BOIMT KCIIepYMEHTa/IbHbIe JaHHbIe Ha O/IM3KOI
K IIPOEKTHO JacToTe Bpauenns n = 0,85.

[1] Sacks A.H., Burnell J.A. Ducted propellers — a critical review of the state of the art. Prog.
Aerosp. Sci., 1962, vol. 3, pp. 85-135, doi: https://doi.org/10.1016/0376-0421(62)90017-9

[2] Pereira J.L. Hover and wind-tunnel testing of shrouded rotors for improved micro air vehicle
design. PhD thesis. University of Maryland, 2008. URL: http://4wings.com/lib/files/
shrouded_rotor.pdf (mara ob6pamenns: 15.02.2026).

[3] Zhang T., Barakos G.N. Review on ducted fans for compound rotorcraft. Aeronaut. J., 2020,
vol. 124, no. 1277, pp. 941-974, doi: https://doi.org/10.1017/aer.2019.164

[4] OcrpoyxoB C.II. AspoduHamukra 8030yUiHbIX BUHMOB U BUHIMOKONLUEBLIX OBUNCUMENEl.

Mocksa, ®usmataut, 2014. 328 c.

[5] Graf W, Fleming J., Ng W. Improving ducted fan UAV aerodynamics in forward flight. 46th
AIAA Aerospace Sciences Meeting and Exhibit, 2008, art. 430, doi: https://doi.org/

10.2514/6.2008-430

[6] Ko A., Ohanian O., Gelhausen P. Ducted fan UAV modeling and simulation in preliminary
design. AIAA Modeling and Simulation Technologies Conference and Exhibit, 2007,
art. 6375, doi: https://doi.org/10.2514/6.2007-6375

[7] Martin P., Tung C. Performance and flowfield measurements on a 10-inch ducted rotor
VTOL UAV. Proceedings of the 60th Annual Forum of the American Helicopter Society,
2004. URL: https://ntrs.nasa.gov/citations/20050009943

[8] Ryu M., Cho L., Cho J. Aerodynamic analysis of the ducted fan for a VTOL UAV in cross-
winds. Trans. Jpn. Soc. Aeronaut. Space Sci., 2016, vol. 59, no. 2, pp. 47-55, doi:
https://doi.org/10.2322/tjsass.59.47

[9] Fleming J., Jones T., Ng W. et al. Improving control system effectiveness for ducted fan
VTOL UAVs operating in crosswinds. 2nd AIAA «Unmanned Unlimited» Conference and
Workshop & Exhibit, 2003, art. 6514, doi: https://doi.org/10.2514/6.2003-6514

[10] Akturk A., Camci C. Experimental and computational assessment of a ducted-fan rotor flow
model. J. Aircraft, 2012, vol. 49, no. 3, pp. 885-897, doi: https://doi.org/10.2514/1.C031562

[11] Deng S., Wang S., Zhang Z. Aerodynamic performance assessment of a ducted fan UAV for
VTOL applications. Aerosp. Sci. Technol., 2020, vol. 103, no. 62, doi: https://doi.org/

10.1016/j.ast.2020.105895

[12] Moitseix EJI., KysuenjoB A.B., 3aBanos O.A. JKcrnepuMeHTaNbHbIE NCCIENOBAHS a9POLHU-
HaMMYECKMX XapPAaKTEPUCTUK AMCTAHIMOHHO-NMIOTUPYEMOTO JIeTaTe/lIbHOTO ammapaTa C
HeCyIIell CUCTEMON «BUHT B KoJblle». Tpydw MAJL, 2012, Ne 50. URL: https://trudymai.ru/

published.php?ID=26557

[13] Abrego A.L, Bulaga R-W. Performance study of a ducted fan system. AHS Aerodynamics,

Aeroacoustic, Test

and Evaluation

Technical ~ Specialist Meeting, 2002. URL:

https://rotorcraft.arc.nasa.gov/Publications/files/Abrego2 AHS02.pdf (mata o6parmenus:

15.02.2026).

[14] Myers L.M. Aerodynamic experiments on a ducted fan in hover and edgewise flight. Master’s
thesis. The Pennsylvania State University, 2009. URL: https://etda.libraries.psu.edu/
catalog/9585 (maTa obpamenns: 15.02.2026).



#09(798) 2026

M3BECTWA BBICIHIVX YYEBHBIX 3ABEJIEHNN. MAIIIMHOCTPOEHME 107

[15] Yilmaz S., Erdem D., Kavsaoglu M. Effects of duct shape on a ducted propeller performance.
51st AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace
Exposition, 2013, art. 803, doi: https://doi.org/10.2514/6.2013-803

[16] Thipyopas C., Barenes R., Moschetta J. Aerodynamic analysis of a multi-mission short-
shrouded coaxial UAV: Part I — Hovering flight. Proceedings of 26th AIAA Applied Aero-
dynamics Conference, 2008, art. 6243, doi: https://doi.org/10.2514/6.2008-6243

[17] Thipyopas C., Poutriquet S., Barenes R. et al. Aerodynamic analysis of a multi-mission
short-shrouded coaxial UAV: Part II — Translation flight. 48th AIAA Aerospace Sciences
Meeting including the New Horizons Forum and Aerospace Exposition, 2010, art. 1427, doi:
https://doi.org/10.2514/6.2010-1427

[18] Akturk A., Camci C. Tip clearance investigation of a ducted fan used in VT'OL unmanned
aerial vehicles—Part I: Baseline experiments and computational validation. J. Turbomach.,
2014, vol. 136, no. 2, art. 021004, doi: https://doi.org/10.1115/1.4023468

[19] Biava M., Barakos G.N. Optimisation of ducted propellers for hybrid air vehicles using
high-fidelity CFD. Aeronaut. ], 2016, vol. 120, no. 1232, pp. 1632-1657, doi:
https://doi.org/10.1017/aer.2016.78

[20] Jimenez B.G., Singh R. Effect of duct-rotor aerodynamic interactions on blade design for
hover and axial flight. 53rd AIAA Aerospace Sciences Meeting, 2015, art. 1030, doi:
https://doi.org/10.2514/6.2015-1030

[21] Sheng C., Zhao Q., Bi N.P. Numerical investigations of ducted fan hover performance for
fan-in-wing applications. 53rd AIAA Aerospace Sciences Meeting, 2015, art. 1935, doi:
https://doi.org/10.2514/6.2015-1935

[22] Chen ., Li L., Huang G. et al. Numerical investigations of ducted fan aerodynamic perfor-
mance with tip-jet. Aerosp. Sci. Technol., 2018, vol. 78, pp. 510-521, doi: https://doi.org/
10.1016/j.ast.2018.05.016

[23] Han H., Xiang C., Xu B., Yu. Y. Experimental and computational analysis of microscale
shrouded coaxial rotor in hover. ICUAS, 2017, pp. 1092-1100, doi: https://doi.org/
10.1109/ICUAS.2017.7991413

[24] Grondin G., Thipyopas C., Moschetta J. Aerodynamic analysis of a multi-mission short-
shroudedcoaxial UAV: part III — CFD for hovering flight. AIAA Applied Aerodynamics
Conference, 2010, doi: https://doi.org/10.2514/6.2010-5073

[25] Raeisi B., Alighanbari H. Effects of tilting rate variations on the aerodynamics of the tilting
ducted fans mounted at the wing tips of a vertical take-off and landing unmanned aerial
vehicle. Proc. Inst. Mech. Eng. G, 2018, vol. 232, no. 10, pp. 1803-1813, doi:
https://doi.org/10.1177/0954410017703146

[26] Qing J., Yu H., Wang Y. et al. Kriging assisted integrated rotor-duct optimization for ducted
fan in hover. AIAA Scitech Forum, 2019, doi: https://doi.org/10.2514/6.2019-0007

[27] Xu H.-Y,, Xing S.-L., Ye Z.-Y. Numerical study of ducted-fan lip stall suppression based on
inflatable leading lip cell. Procedia Eng., 2015, vol. 126, pp. 158-162, doi: https://doi.org/
10.1016/j.proeng.2015.11.202

[28] Zhang T., Barakos G.N. High-fidelity CFD validation and assessment of ducted propellers
for aircraft propulsion. J. Am. Helicopter Soc., 2020, vol. 66, no. 1, art. 12008, doi:
https://doi.org/10.4050/JAHS.66.012008

[29] Mi B. Numerical investigation on aerodynamic performance of a ducted fan under interfer-
ences from the ground, static water and dynamic waves. Aerosp. Sci. Technol., 2020,
vol. 100, no. 3, art. 105821, doi: https://doi.org/10.1016/j.ast.2020.105821

[30] Luo Y., Ai T., He Y. et al. Numerical analysis of wind effects on aerodynamic characteristics
of a ducted fan. Chin. ]. Aeronaut., 2024, vol. 37, no. 5, pp. 263-280, doi:
https://doi.org/10.1016/j.cja.2024.02.002

References

[1] Sacks A.H., Burnell J.A. Ducted propellers — a critical review of the state of the art. Prog.
Aerosp. Sci., 1962, vol. 3, pp. 85-135, doi: https://doi.org/10.1016/0376-0421(62)90017-9

[2] Pereira ].L. Hover and wind-tunnel testing of shrouded rotors for improved micro air vehicle
design. PhD thesis. University of Maryland, 2008. URL: http://4wings.com/lib/files/
shrouded_rotor.pdf (accessed: 15.02.2026).



108

M3BECTV BBICHIMX YYEBHBIX 3ABEJEHUN. MAIIIMHOCTPOEHNE #09(798) 2026

[3] Zhang T., Barakos G.N. Review on ducted fans for compound rotorcraft. Aeronaut. J., 2020,
vol. 124, no. 1277, pp. 941-974, doi: https://doi.org/10.1017/aer.2019.164

[4] Ostroukhov S.P. Aerodinamika vozdushnykh wvintov i vintokoltsevykh dvizhiteley
[Aerodynamics of propellers and rotary wing propulsion systems]. Moscow, Fizmatlit
Publ,, 2014. 328 p. (In Russ.).

[5] Graf W, Fleming J., Ng W. Improving ducted fan UAV aerodynamics in forward flight. 46th
AIAA Aerospace Sciences Meeting and Exhibit, 2008, art. 430, doi: https://doi.org/
10.2514/6.2008-430

[6] Ko A., Ohanian O., Gelhausen P. Ducted fan UAV modeling and simulation in preliminary
design. AIAA Modeling and Simulation Technologies Conference and Exhibit, 2007,
art. 6375, doi: https://doi.org/10.2514/6.2007-6375

[7] Martin P., Tung C. Performance and flowfield measurements on a 10-inch ducted rotor
VTOL UAV. Proceedings of the 60th Annual Forum of the American Helicopter Society,
2004. URL: https://ntrs.nasa.gov/citations/20050009943

[8] Ryu M., Cho L., Cho J. Aerodynamic analysis of the ducted fan for a VTOL UAV in cross-
winds. Trans. Jpn. Soc. Aeronaut. Space Sci., 2016, vol. 59, no. 2, pp. 47-55, doi:
https://doi.org/10.2322/tjsass.59.47

[9] Fleming J., Jones T., Ng W. et al. Improving control system effectiveness for ducted fan
VTOL UAVs operating in crosswinds. 2nd AIAA «Unmanned Unlimited» Conference and
Workshop & Exhibit, 2003, art. 6514, doi: https://doi.org/10.2514/6.2003-6514

[10] Akturk A., Camci C. Experimental and computational assessment of a ducted-fan rotor flow
model. J. Aircraft, 2012, vol. 49, no. 3, pp. 885-897, doi: https://doi.org/10.2514/1.C031562

[11] Deng S., Wang S., Zhang Z. Aerodynamic performance assessment of a ducted fan UAV for
VTOL applications. Aerosp. Sci. Technol., 2020, vol. 103, no. 62, doi: https://doi.org/
10.1016/j.ast.2020.105895

[12] Moyzykh E.I, Kuznetsov A.V., Zavalov O.A. Experimental investigation of aerodynamic
characteristics of unmanned aerial vehicle with lifted system of shrouded rotor. Trudy MAI,
2012, no. 50. URL: https://trudymai.ru/published.php?ID=26557 (in Russ.).

[13] Abrego A.L, Bulaga R.W. Performance study of a ducted fan system. AHS Aerodynamics,
Aeroacoustic, Test and Evaluation Technical Specialist Meeting, 2002. URL:
https://rotorcraft.arc.nasa.gov/Publications/files/ Abrego2_AHS02.pdf (accessed: 15.02.2026).

[14] Myers L.M. Aerodynamic experiments on a ducted fan in hover and edgewise flight. Master’s
thesis. The Pennsylvania State University, 2009. URL: https://etda.libraries.psu.edu/
catalog/9585 (accessed: 15.02.2026).

[15] Yilmaz S., Erdem D., Kavsaoglu M. Effects of duct shape on a ducted propeller performance.
51st AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace
Exposition, 2013, art. 803, doi: https://doi.org/10.2514/6.2013-803

[16] Thipyopas C., Barenes R., Moschetta J. Aerodynamic analysis of a multi-mission short-
shrouded coaxial UAV: Part I — Hovering flight. Proceedings of 26th AIAA Applied Aero-
dynamics Conference, 2008, art. 6243, doi: https://doi.org/10.2514/6.2008-6243

[17] Thipyopas C., Poutriquet S., Barenes R. et al. Aerodynamic analysis of a multi-mission
short-shrouded coaxial UAV: Part II — Translation flight. 48th AIAA Aerospace Sciences
Meeting including the New Horizons Forum and Aerospace Exposition, 2010, art. 1427, doi:
https://doi.org/10.2514/6.2010-1427

[18] Akturk A., Camci C. Tip clearance investigation of a ducted fan used in VTOL unmanned
aerial vehicles—Part I: Baseline experiments and computational validation. J. Turbomach.,
2014, vol. 136, no. 2, art. 021004, doi: https://doi.org/10.1115/1.4023468

[19] Biava M., Barakos G.N. Optimisation of ducted propellers for hybrid air vehicles using
high-fidelity CFD. Aeronaut. ], 2016, vol. 120, no. 1232, pp. 1632-1657, doi:
https://doi.org/10.1017/aer.2016.78

[20] Jimenez B.G., Singh R. Effect of duct-rotor aerodynamic interactions on blade design for
hover and axial flight. 53rd AIAA Aerospace Sciences Meeting, 2015, art. 1030, doi:
https://doi.org/10.2514/6.2015-1030

[21] Sheng C., Zhao Q., Bi N.P. Numerical investigations of ducted fan hover performance for
fan-in-wing applications. 53rd AIAA Aerospace Sciences Meeting, 2015, art. 1935, doi:
https://doi.org/10.2514/6.2015-1935



#09(798) 2026

M3BECTWA BBICIHIVX YYEBHBIX 3ABEJIEHNN. MAIIIMHOCTPOEHME 109

[22] Chen J., Li L., Huang G. et al. Numerical investigations of ducted fan aerodynamic perfor-
mance with tip-jet. Aerosp. Sci. Technol., 2018, vol. 78, pp. 510-521, doi: https://doi.org/
10.1016/j.ast.2018.05.016

[23] Han H., Xiang C., Xu B., Yu. Y. Experimental and computational analysis of microscale
shrouded coaxial rotor in hover. ICUAS, 2017, pp. 1092-1100, doi: https://doi.org/
10.1109/ICUAS.2017.7991413

[24] Grondin G., Thipyopas C., Moschetta J. Aerodynamic analysis of a multi-mission short-
shroudedcoaxial UAV: part III — CFD for hovering flight. AIAA Applied Aerodynamics
Conference, 2010, doi: https://doi.org/10.2514/6.2010-5073

[25] Raeisi B., Alighanbari H. Effects of tilting rate variations on the aerodynamics of the tilting
ducted fans mounted at the wing tips of a vertical take-off and landing unmanned aerial
vehicle. Proc. Inst. Mech. Eng. G, 2018, vol. 232, no. 10, pp. 1803-1813, doi:
https://doi.org/10.1177/0954410017703146

[26] Qing J., Yu H., Wang Y. et al. Kriging assisted integrated rotor-duct optimization for ducted
fan in hover. AIAA Scitech Forum, 2019, doi: https://doi.org/10.2514/6.2019-0007

[27] Xu H.-Y., Xing S.-L., Ye Z.-Y. Numerical study of ducted-fan lip stall suppression based on
inflatable leading lip cell. Procedia Eng., 2015, vol. 126, pp. 158-162, doi: https://doi.org/
10.1016/j.proeng.2015.11.202

[28] Zhang T., Barakos G.N. High-fidelity CFD validation and assessment of ducted propellers
for aircraft propulsion. J. Am. Helicopter Soc., 2020, vol. 66, no. 1, art. 12008, doi:
https://doi.org/10.4050/JAHS.66.012008

[29] Mi B. Numerical investigation on aerodynamic performance of a ducted fan under interfer-
ences from the ground, static water and dynamic waves. Aerosp. Sci. Technol., 2020,
vol. 100, no. 3, art. 105821, doi: https://doi.org/10.1016/j.ast.2020.105821

[30] Luo Y., Ai T., He Y. et al. Numerical analysis of wind effects on aerodynamic characteristics
of a ducted fan. Chin. J. Aeronaut., 2024, vol. 37, no. 5, pp. 263-280, doi: https://doi.org/
10.1016/j.cja.2024.02.002

Cratba noctynuia B pegakunio 04.03.2026

Nudopmanus 06 aBTopax

MAPAKYEBA Onbra BanmepmeBHa — crenuaaucT oTfena
cunoBbix ycranoBok. OOO «Acrpono» (140180, JKykosckuit,
Poccmitckas @epepaumsa, ya. AHoxuHa, #A. 5, e-mail:
omarakueva@astronoaero.ru).

OEJEYKNMH Koncrantun CepreeBMdY — KaHAMUIAT TEXHMU-

YecKMX HayK, [OLeHT, ImaBHbII crnenuamuct. OKbB
um. A.M. JTronbku (129164, Mocksa, Poccuiickas epepanys,

yn. KacatkuHa, fi. 13, e-mail: fedeconst@mail.ru).

CAJIATOB Bnagumup HuxkonaeBmd — I1aBHBIN KOHCTPYK-
top. OOO «ActpoHo» (140180, >Kykosckmit, Poccmitckas
e-mail:

Depepanus, Y. AHOX1Ha, 1. 5,

vsalatov@astronoaero.ru).

Information about the authors

MARAKUEVA Olga Valerievna — Specialist, Power Plants
Department. Astrono LLC (140180, Zhukovskii, Russian Fe-
Anokhina St., Bldg. 5,
omarakueva@astronoaero.ru).

deration, e-mail:

FEDECHKIN Konstantin Sergeevich — Candidate of Science
(Eng.), Associate Professor, Chief Specialist. Lyulka Design
Bureau (129164, Moscow, Russian Federation, Kasatkina St.,
Bldg. 13, e-mail: fedeconst@mail.ru).

SALATOV Vladimir Nikolaevich — Chief Designer. Astrono
LLC (140180, Zhukovskii, Russian Federation, Anokhina St.,
Bldg.5, e-mail: vsalatov@astronoaero.ru).

ITpocb6a cchIaThCS Ha 3Ty CTATHIO CIEAYIOIUM 00pasoMm:
Mapaxyesa O.B., ®egeuxnn K.C., Camatos B.H. PaspaboTka 1 Bamuganus IMCIEHHO ra30fMHAMUYECKOI MOJeN
BUHTOKOJIbL[EBOTO [IBYDKUTEISL /151 HU3KOCKOPOCTHOTO JIETATENIbHOTO anmapara. M3eecmus evicusux yuebHoix 3aee-

Oenuii. Mawunocmpoenue, 2026, Ne 9, c. 97-109.
Please cite this article in English as:

Marakueva O.V., Fedechkin K.S., Salatov V.N. Development and validation of a CFD model of a ducted fan for a low
speed aircraft. BMSTU Journal of Mechanical Engineering, 2026, no. 9, pp. 97-109.



