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account % pd%lof85the rated power. Additionally, com
coeffici t of the inner surface of the Forward and
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1 Introduction

Thi#PrimevieTr ansmi ssiBnop®siksk erhe most prominent propul s

this mexdeelhlasnt power, ,a amat uraen udeascitgurr imegt teecc hnol og)
exposes various disadvantages alongside marine deve
submadpiresesure hull, uéaabubrnggacbsghamdntaking up mu
vi bration and noise are two of thlelstobbbirae doetaszes

devise the motor direct drivempde®pul sion as a more ¢
As a developing el eschtarfitcd-ccigiswegrni Int ho 0 Nide@w 9 o-¢ RIDEIS Hrgi n
technol ogy, depicted by the embed motor and propel | ¢
Ssystem. Withreéede obppdr manoment [mAaljghgtdr cndy o a nit3gd cahnado h o
bearing technology, RDT realization is possilb2b5% Cor
cabin[ @malcexhi bi{ 653 fll ew i M3d6idsAc s wi v el ichogn)s,e rladddt Meome o g & r
it applies to torpedoes, submarines, other applicat
requirement, yacht s, ci vil vessel s,s eugnudeenrtw ayt, e rs eweelria
international companies pewerspcRDBbobpgeBbtbm bhedUK:
from Norway, Schilling Robotics from the US, and Sch

Vari ous schol arshaaeprd expregaetd soiGgghn ewiftilci epnoypel
conservation. Dol Il man armd aPé milgi mpd G revhp acghe di @& BJl ovuenst et
wor king opposite roadamd.i 00 dpareecdrtyo sa mgd rechipr opel | er
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advantages. lts rear propeller reu&esvatklee fWaswt e War e
t seame ,po@RR oad is smaller than that of @anawaidd ncaawi t
Meanwhil e, a study porfo pao ssetida i & emeeawe It drensfi DOCRT wdtedr  (
advantage of the hydrodynamglcaperfbusmanaetedfi RDFsgar

whi cthi gl y compact, integratems Bawd mewnoirasagsthat €RPh
undergo independent or wuniform control and interact
still stabilizeantdheashafpe amldapasaht ia It ofw Igwmbad,t ntelsiss
Compared to al erROCBe&asnal spgapgdlec@amce in geometric
hydraulic component, includwnignathembbadéeheobtadkead
in flow field distribution between its two propeller
analysis is more conveni ent.Farntdh eaerviad 8 eagonl ief itchaamt lay dsi a
case, various research institutions wel®&®omgdrodyBas
per f orHmuaanncge[. 8fi naul.at ed the hydrodynamic perform@mance
ihouse -lvaotrttiecxe code. The accuracy of the simulation
average8t dNlhes ef RAWanNng metthlddnd t hat the vessel with t
showed a 17.59%el drqqetébhectai M. B&v s mal | thrust div
productive efficiency compared with the single screece
There is a connection in the gaps betweemqguheeBRDGga
water to dissipate heat, while the beariscalreeddauiidt
the propell®rsi tdei gapelf dwivdely small, bRrAchgsed mach

water circwliati dbydmd medadi nfgr otnhte anndnrear ends and co
the motor rotor and stator. &hédegqap dhasipaposint i Le k

exist, whd cthy atrlree cfalusve vortex when the Theidi maswsrfsa
beli vi ded i n-tam tohurree parnrtiace, an i mamedr aspurlfiaecde ,v aan do
formul ae to predics. tBaseéedr erCaPA Nsitdigd eaurh@mmerdt and det
the torque value of the inner surface was the | arges

me t hTohdelm u dtla®lpl i ed the same method tofriobtiaonm tbequs:
RDDaphammell compared them wsAppltyhien@nmau me iYioad | ¢ slaBdhldd u |
calcul ated the gap fl owriobedhiendfuct elde pr dpteidi felrda amade
the mainsBatt@ennj Léd®l @keved that, with a smal.l radi al
smal |, and it was necessary toi btkkoghpdehehtauibglant o
numbkeer .eftl1 @Y amined the gap di ofweraeaneéet gapl pwessugaeap
when the rotating speed changeésd,s haanpde cionn ctl hualsega ttihalk
means to i mprove gagalhfalsova rsdtgen.i fGecraenrtdsli lpyelr Gtehnema nc e . t
it is necessary t o sotfuBthCGRToen shi yddergoadoygm asmitcchcmd caegll y t o
i nt eroatchgeafplnbied ween t he fronRDE&RA. rear bl ades of the
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Fi.g Structur esdfhmn dpeldRIDER D RRAT)
For ROCKT t his study pr opboasseesd ahnyd rwedryinfaimd sc g eCR D r me
basetdhe n&Anuyeant soft vwaRrikeW ERDPI owiitrhgot wd e f pairoap edlilaenrest e r
of 260 mm as the resbdaeeht gbjscdif mihiyaiaisdig & BhROEe s |
simulates gap fluidofraoctdi ohepbWwew chasamperistics
ga® i nfluence omydrhedyrhamisd eper f or mance.

2 Propeller performance simulation method

2.1 Basic equation

21. 1 Governing equations

I'n thiGFDtsuodlyuti on i s based on the basic governing
continuity equations and mo m&msdskwue ncto nssoef < waalgieadn asq u 4
to solve the equations, as shown bel ow:

epy,

1
% 3 (1)
BTN ST T

Wh e ties, t he .Uf,yj(lowl t2 m&) i s the av.eiragteh & ed emmid st tyty hcen frppvoarde

vi s the dynamic-ﬂui'u'§<|:®$)irteysem1ﬂSW$ﬂ$erReynolds stre

2.1.2 The friction torque calculation model of the ¢
TheaphannehRRDdfi s a small channel formed by motor sta
channel wistclal th & hlaamamge o fFitghRer edWhcetn, tahse sRDoTwmr oitmor r
fluid in the gap channel initiates a shearilbgt wd ¢ c
inlet amndloatl set i nitiate friction pdwerd d ongadphmbtivive rd.
channel into two regional mafpedw cleapeelt i mgthip| owa the
channel mo d e |
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(1) Analyticadaprodel of radi al
The mMopeoposed by [Bidewmseahdf Broutl loes fl uid friction
combines their own expermieme@lIZ]A hdea tnao daenld iost hdei rv i sdcehdo |
on the si zgeaPefylndoduenbreadi ahd the calculation formula o
&M, =0.5 pR’LG,
I )
1Cw =10(H /R Re™( Re ¢ 6}
1C,, =2(H/R)**Re°°(64 <Re (50D
+C,, =1.03(H /R ¥° Re®® (500< Re <10
fC. =0.065H /R §° Re®* (Re >10)

(2)

Whe Mg ,s t heatpoardgiuaeR ey aRiHW/ Qi she dynami ¢ vHissc a shigtalpeaod§i hawt a t
¥i s atnhgeul ar.Riv sl dchiet yr adi us of tLhes ¢ ddereg@ihinas! It hef rtalde a
mo ment c.ig fsf itchieentnner di ameter of the stator.

(2) Analytical model of axial gap

The analytical model ed otpmseal Wwe tDhme | yr celi| eamh . o fi sf rui
[ 1.8hferi ction torque of a closed disc was measured wi

which were divided into four flow domains according
numielrdje vatthRebRddt udi ed i s wit-@6i @5t handanhbhbe aVki @1 04 a
calculated with following equations:

,I:e.Ma:Mal +Ma2 @5,' ple4h(CMal Gk/laz)

T 0.16 0.16

1Char = :Cyy =

jove (31)0.167Re 025 (32)0.167R 0.2

} R A (3)

ia,=a/R;a, =a/ R

tRe, =7 R’/ m

Whemies t he widt hhiasf tthree haex Rgilts gidhpet lRe ymiolhhds rmCuanlser o
t haex i al gap momemitbsorifpi €i & foarnvda rddeifmaddecatod pelteni vel y

2.1.3 Hydrodynamic performance equation
The advanc é rovae fdfl ibeeioeprtth,r ust coef f i efite nptr oapned | neormetnhtr u



and moment coefficient, tot al t hrust coefficient, t ¢

Advance ‘co]e‘:fy‘l‘—icient 4
nD
Forward" pKrTlo=|s—e-5|f}'eKQl= Q (5)
rn’D rn’D?
Aft pt cKyeper KQZ:& 6)
rn*D* rn’D°®

€T =[T] 47,.Q Q| |9
KT

—) —>

RDCRTI/=

7
. 2P )
Kr =Kqp Kep, KQ KQl Kt

——> —>

Whenvgi,s the inlenisvetllbeintgt dtnilasm@ asrpee etdh r(uws/tmi (nN) and
respe.ktiisvetlhye t hrKpss tbef tbedfieq tti leen tBufbfsicaiiernesy 1 and
t fer wara tamd opel |l er respectively.

3 Verification of simulation methods

31Duct propeller test verification

Considering the structur al simil ahetieeas sbenhgyeoefnn ppa r d
No. 19AKadiuctefl2paopempeoyed to verify the simulatio
the fundament al g e o mertor ipoa Opfesmloddrealt earpsp loife st hae gkeaodme t r |
Meanwhil e, Tabétee2peromedeal d8tduct edhParNpeldOAr+rKad
Tabl e plarManaKaeZ@r opel | er
Number oi1D/ miHub di amDi sk P/ D N/r / mi
4 250 0.167 0.7 1.2 600
Table 2 ExperNomehdAdaBaodtl uprsompmdl | er

J0.2 Tottehlrust &KoeDudthrust t&aoye Tot al t or quBy
Experimental value 0.5632 0.2385 0.6531

Filrypgtit i s ensetcagbhshgiasrime stho a caAcNob al 8740 Kddwentae dh .propel |
cylindrical chilg3wlizdt uen shesmEiEne D iBs dtihaemepreop e ITlher c ¢
domain hat$ htwoupa&rtmost static domain, ngndotmaeée ni mdep
unstructured grid to adapt to more &r detaiddi nggh amgle ¢ ri:

and wutil iiznegs fau nscmtoiootnh t o i mprove the duadd.proipieirnelrBy
the fluent adaptive grid féunfcitrisotn iandtjeursnasl ntthoedhper & adl |s
fluent adaptiveagpriadgrhfamcthan automatically esti mat e

come wi t hs oFfltuneaiirhee appr oxiamat aastelo heot goably esti mate
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meshing in a specific analyshe sghbwa@ddeomghettvhset b
sufficiently rfriome.e xlcfe etdlse exgpewlttate ons, the program
the ¥plrwg . must be betwdennlinb®ramd 400 dsamdist be aro

(2) 4D 5D | (b)
y
Satic demain

—» —»
—» 1D —>
. | | .

elocity» . Qrf . Pressures |40
inlet —» *'Ul outlet—»
—> | —»
—» —»

Symmetry \
. ¥
How directiorf  uniform flow condition”
Fi.g Computati onal domain and grid

Boundary condtitd omec sred twmfhpke i gfn lceatl caunldatouwtnl et ar e
and pressure bolhrdaroyntred psatrifaecley . bet ween t Iseel gscttat i
t hret arface. The sol uti onpamotdse:l sceatnt ibreg dti vea deaeldg a rnit toh m,
selecting t heThteu rShluMPelnEcCa anmogdeesldh. s h Mue amBedogdi dr der u
met hoalpmlrieed to solve the fluid model

According to theGchydaotdgmiasnti icc peaff oRINEnceSt amoduar &k i
kO RIN(G Reakll zablt-erSaSdeo mpdr Fidguesents the comparison |
values and the extpoetralmetnh mucud ddraesfoffit i fedrftd, octi aeln mo me r
coefficlmenXKemvbhenhe error percentagkei 9ft hdeeduect péanrce
total thr wKgi scdefef iedireomrt percentage of the total tor

Standard ke RNG k-€ Realizable ke SST kw
Fi.gThramstdr qcuoce f f i ci ent error diagrams of four

Fromggd4rehe simulated values of the ducted propel |l e
tot al t hrust coefficient ermrqgwea dce fl feiscsi @ rhta ne r2r. o7r8 %, s v
that the four turbulence model s hévehyrdaloidymlaani gr edi
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However, the error is thk usmalleast wbemsleyrs iwhg dthhee LR
values. Therefore, kthusbstedgeamptiekes the RNG

3.2 Test vRDTfication of
This studkWsRDEctser 2&xperi mentad seEmufatbBonometbode]

il lustraltetsi tchewactiercut ank used in the testagllatssi swaal
which can simulate the experimental envi Abombhdeof

| ami nat eadp pdilineesdsh eii strestt s ecliser vea f Thw fva tekadt kpskt p hsbentet fi
is 1.2 meters. The maximum inflow velocity is 1.5 m/

period iss 0.8abliow | gadreesr at i awna ¢ eggd n esreaxttii mm tamzibndect iso
in the flow section.

Thrust
balance

Flow / ' Wave
generation generation
section ' section

Fi.gThe circul ating water tank and test

The propceildmeRET e $ h mang na6rétetraational speed i$680r/min.Tabl e 3 pr es
t he GRIDETt apialreadmet er s, whi |l ephfyisg cradlh noiwled i 6RO TMpest ¢ hen

t he i nner wal | of t he rim, and no hub i stpaeiseinodn:
dynamometer i s RDJt ThuietpaeBlseé hedt hrlnst bal antceanbauddgud
t woomponent forces, including axiRDlahdrtbaeanthrtisetgb

thrust genkRDTates oy the thrust baleantchee tthhrrouusgth btahlea r
deformation into a voltage signal ,TSOBeTetsltalcltyr omad Icl e

Ltd., PChHidnhaelt . est, t hewemtblusbrbhbalanceounbewiohttalge ma
thrust. After calibration, the thrust balanchdatcolher
propkdXier | ine is 640 mm away from the water surfac

depth is 1.2 m. At the begedditrg waft dtilse nteests,s atrtye tion
fl ow s peedrotTahtee eRdeai msgpm 1 OtOh erncmiena s es 2 0 QThre/ mihnr uesvte re
torgqeeui re dadurmrarcthatsipere d.
Tabl e 3 Par amenoetiooft0 loWDDBIl ades and
Parameter Value Parameter Value
Number of blades 5 Motor Power(kW) 20
Bl adieaménmeg 260 Rated voltag€X/) 288.5




Disk ratio 0.8 Rated currenfA) 43.8
Bl ade r A%ke 40 Power factor 0.994
Hoide amet e 0.1 | Number of pole pairs 12
Ra k e a mlgd/(Be 0.11 Propeller material NAB/Cu3
When ivneflloocw ty is 0.21 m/ s, & htehrsdiatul @d e fofni oiad rute iod
val ue, asFii godfi cea t ®idmulnat i on asod d> e rtihmeursttalc owedlIfu e i ¢
the changing treinmdcrodd il gghgdameckiesapee d, However, th
di fferences between t htehetrQrtuhal oséer &m@dgthmatglifugeht ettre
rotati othean o tsgessaaenr pr oypiethd &tr i ceor dioniinhtehree s u | go0ifn gt hien tfhlrt

measurement value. On the other handef foefcett RETmet mul ¢
wa tleuibcrat ed bl afriingt igamp powrees clothismugnpit m dbehsnlgisg mull yatli &
t h a ne xtpheer irneesnitllatwse v er , overall, t he didnhuel aetx poenr irmeesnut|at

i mplying that tmed hBDT usiehuli amt itohni s paper has good a
hydrodynahar atthReDrCiRdt i cs of

0-6 T T T T T T T T
—&— Simulation
05} —e— Experiment| -
0.4+ e
Foat ://.7'—’—"@ 1
0.2+ -
0.1 -

0 L L L L L L L L
200 400 600 800 1000 1200 1400 1600 1800
n (r/min)

Fi.gCompari son of simulationhpddodypami mepéeafor mas

4 Simulation analysis ofRDCRT gap flow

4 Geometric model

There are timr ReDTmeridtbedfdinrgs.t is to model the rim anc
consideri[mgl |Howedect the calculation result sduae et ohi
the | ackeafefdbucet,. resear c¢cheme Fereomal Imetaman dcomsi der
the gap, which integratefp?28he tdhuictd amat it dd dd mdied erss
and gaps$shotéaet dblade and t[he3]dinmtrmo de WMRIDORa g dited KRd dl
as the research objtehcet gtaop easntda bgla pslhe stswomondoediesl.s Tabl e

TabdPar ameters of bl@GROsCRAINd ducts of 21

Paramet eVal ParametelVal
Number of 4 Out er doifa héitm 27 E
Holdée ameter 0. ] Duct inner d30C
Bl ade diam 26 Duct outer ¢ 40E¢

Di sk rat 0. 3 Duct | engt 28¢€

Pitch ra 1./] Duct thickr 54
Radi al ga 1 Axial gap/ 2



Rot ati onal 145” Rim thickne 21

Thaeushacprensi dersalbe76hapectof Howeveort,atduwds im0 afeedalna
the @®wot di cldrusds mehbheons are modirpi eslemcsotr i gmydi Fi

10m 36.28°

286mm

Fi.g Duct saaxd€hgapgase

The radial and axi al gaps,nmafi ntlhyes dimeT t@ase® nar e Thel a
notscdar the size of the buntmt dh&@ftttbbemobhbber stiatioal ah
relatively smald&s. silietbe clgampg ejhfaintnerd tRIDyls hiyndp aoadty n & Ime
performance. Adfesipssl inleivwidceeeshamhee efficiency of th
decrs¢adade¢

The comparison of -prbobpedierdPnahdRBTRDERMghel ps to e
It is necessary to select a single propeller with the same effect as the CRP. In actual analysis, equivalent treatment is
required. While keeping the blade form and pitch unchanged of two kinds of thruster, if the extension contour area
of the CRP is equab that of a single propeller, it can be considered that they are approximately equivalent. That is,
Ac=Ac1+Ac, WhereAg, Ae a n Ak are the extended contour areas of the single propellef, the vaadrtiea f t
propeller of CRP, respectivelj.hequi val ent si nB&DE€Rparvoep etlhlee rs aamed ntuhneb e r
di ameThers®toat ed power i s &Gprlemagrtthi odhainntidhiret b ametrer
and motor effici elrhey rrad nea RDORESOHK #Fflyetrdeef or e, t he rate
si ngrlepBDT &k WMe anwhitlhee radi al ghpt enndteh ,axamd tglag , ma
di ameter are consikkBECRTab |wei & bht gtirheadkdee gaafr amet er s of t he

propRDTerwhile Figure 8(c) illustrates the 3D model .
TabSlPecar ameters of 20kW equivalent single pr
Parametet Di s k Pi t ¢ h D/(mm) Numberofblades Duct | en Dud¢ti ckne
Val u 0.7 1.3 260 4 286 54
a T b

d RIDCRMi(tahout ROPEREI;t h( bgarpasd i R(DCO nvailt h gaps

Fi.3 D mo



4. 2 Di s cr dthieamgtuit cartlo mdni anl

The setting method of the cRilg8url eavibirecerfeed smaion tihse tmae
di amet RKRDTofThetheme sh mondewlheetfddi vé dite st hdheti p of the bl ad
Mor eover, a boundary |l ayer captures the characteri si
through the fluent adaptive grid henthrastsucmethat
Fi g@irlel ustrates this grid. Basgdids bOiiethrei driomdepgem
where the Forward blade is |l ocated), the baakddbmai
outer domain(static domain) are 2.88 million, 3.02

)

Fi.9CGr i dgdiafm ROW@RRT (a) TBrasseec) Fod)ward bl adeastip; (

4. Bri ction torqgue andf ppaverflcomsumpti on

This study abpotluirebsultelneceRNd®del and the S| MPRIECRIsepar
hydrodynamic force. Atnthegtsamé wmomen,| ciatll cauth mltigap hteh e
on the outer surface dordwarhabtdmdms, ahdomewhi ehdst o€o
results with the numeri cakHb gsurPeud uactti-doun€ kvia tdwieds r @ s e $ ¢ r
t hhenl et axti arka dgiaapl wgadl pbeuvtallelt, aaxnidad u.g&M n whin li enorf iE,h ea n d
Outti m r e prseek e nkNeutmtbiern s 1 anfbr2vairaldtiacyadtpe ftlhoew, r espect



In-rim1 Ext-riml
<« Out-rim1l
T - Out-ductl ‘t ri
Inner-riml1 Inner-rim2 duct1 duct2
Inflow — rml —— rim2
- — dUCt

Fi.gO he nRMeECRPdps

At vairnylientg YEImé g€ FBssi mul atiisorstod vieblt i aom t he moment
gagpur fassces hownbamtl TWihéfeswaed gap moment shar dosr wwahred s ¢
propell er momehher wi sé s . Ndabasn veh imleegah twhgeanp tnmoement shar
directi ant wpit dip ¢ lhleer mOtnteenrtwi s &, iist piossindgeaet i veé. I n
directi on ubcett weael nl wehrech ditthee rgimsmophasneé. i The changi n
torque bet wmealn-dutteh empposnt et thodedibteiianyal |y, tHhoat frict
rimandExtrimdecr eases with aneM mwhielas,e tidnacty edafinede hEgxit@at e a
al ongsi de s.unc ht haant icnacsree,astehe absolute value of the t
vel ociThys phenombeobnppesptecbbel et chawlkeicsh aowp pds itthe
the vari atsteom.qafe the rim

TabblFei ct i omf troirimmuwveald gapNEmpnnel (uni't

Vam/s)  In-riml Extriml  Outriml In-rim2 Extrim2  Outrim2 Rim1 Rim2
0 0.4577 3.5202 1.1567 0.6693 2.7262 0.9914 5.1346 4.3868
1 0.4622 3.5164 1.1490 0.6745 2.7227 0.9800 5.1276 4.3771
2 0.4675 3.4781 1.1407 0.6813 2.7027 0.9711 5.0863 4.3551
3 0.4723 3.4400 1.1302 0.6842 2.6785 0.9529 5.0426 4.3156
4 0.4772 3.4029 1.1293 0.6892 2.6538 0.9344 5.0093 42773
5 0.4821 3.3576 1.1267 0.6900 2.6303 0.9036 4.9664 4.2239
6 0.4865 3.3003 1.1168 0.7004 2.6095 0.8672 4.9036 4.1770
7 0.4902 3.2370 1.1140 0.7167 2.5913 0.8188 4.8412 4.1268
Tab7lFe i cti @ ttdrequwect wall :Nibnrm)t he gap chann
Va(m/s) In-ductl  Ext-ductl Outductl In-duc  Ext-duc Outduc® Ductl Duct2
0 -0.6362  -1.9805  -0.1951 -0.5425 -2.5687 -0.2657 -2.8118 -3.3769

-0.6317  -1.9861 -0.1981 -0.5413 -2.5868 -0.2712 -2.8159 -3.3993
-0.6265  -2.0081 -0.2012 -0.5409 -2.6099 -0.2772 -2.8357 -3.4280
-0.6221  -2.0300 -0.2053 -0.5370 -2.6349 -0.2882 -2.8574 -3.4600
-0.6179  -2.0523 -0.2055 -0.5347 -2.6590 -0.3011 -2.8756 -3.4948
-0.6137  -2.0803 -0.2080 -0.5232 -2.6669 -0.3209 -2.9020 -3.5109
-0.6099  -2.1172 -0.2113 -0.5148 -2.6817 -0.3451 -2.9384 -3.5415
-0.6071  -2.1992 -0.2115 -0.4948 -2.7021 -0.3783 -3.0178 -3.5752

Figprov¥ides summingsupotlodtfaiinctihen ttoeraque orque. T

~N o o~ WDN P
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Ductl, while Total2 refers to the sum of Ri m2 and Du
of Ri m2, whil e the torgbhectddr ébauyc t To ti sl 1l eisss o lhiaghh ttlhy
Generally, thephaneebnskighttheincreases the total t
the increabelhiatyi Wd=6mmhsen( moori ng stodt éhe tglhe drogueh

its maxi mum value.
8

= = = L= =T = ,_)l =
V V \V/ \V v \V \V V

6

4l

= S 3 o

or —— Rim1
—O— Ductl T
2 —/— Totall
—/— Rim2
-4 - —— Duct2 1
—— Total2

-1 0 1 2 3 4 5 6 7 8
V, (m/s)

Fig. 11 Total friction torque of gap fl ov
From Gabw¥Weefm/ she friction PBhnoWwer heomd umm@mtnidormuct i n
antdhe r atPgodf pao wseirn g k &. mo ise rproiwse r 1 foorsweeersafl i amgd pec hannel s
for 11.59% and 11.29%% mwadpectuirfalcyw aginrechee t tghaep  dub cate |
opposite directi®nftiocttthen rédong gqutehebarliamce. Thereaft
consumptfoomwaocél ttamgp@pekcdaaccount for 1.7% and 1. 35%,
t he p o mpelwear | oss.

Table 8 Friction power consumption of ga

~ NGT Pn k W Pn/Po

Rim1 7.63499 1.15932 0.11593

Ductl  -6.48972 0.98542 0.09854

Totall  1.14527 0.17390 0.01739

Rim2 7.43961 1.12966 0.11297

Duct2  -6.54976 0.99454 0.09945

Total2  0.88985 0.13512 0.01351
Figprnl@vides a comparsismowl ateitome esno Ituhtei cOhWFDahed ¢ &p Bha
frictiwohewoOnyg e In this case, therseolartd ocisf foetfs eenaccehs

sur fBhceesr el ative differences Wkhkeet 8t 8B %f andt ildn 8 Mo me
are the same, except t hRADXCRThteh d ofclad w gepepmea radd fea did B if let ke
i nfl uenc e Coenasceng uetnh d ry , the fl uifdr voaorudi damgga pc d  cbiwt icohnas
di fferent. The analytical sol uti ofor wa n &dta rméhxppsree s st hte
CFD methodely melcat at e.



3.5202

Ext-rim In-rim Out-rim Total friction torque

Fi gNum2ri cal and analytical solutions of rir

4. Bl ow char adt g@raips tfil ow

The cghaapisn €1l ow characteristics ar e anfarliyczteidont op adved re rcm
bet wedmrtwdareddgaptsf| ewgpresedntés phesgape distribution
pressure difference between the front and reandbl ad
outl egafplfuitdhewhen the propeller rotates. Sisnucreb @tchee p
a t bilsadmor e si gmoirfwacradn tbtltaledaep r el s ur & tdigsatpr icbhuatnincen iirs
t hat hferfward gap. The a@rapl gftlroionatl i onmned deds tdrel vy r ot at
gapressureTddutfetbrcpredicti onhedrardoormad fn firsi oroiraen sti arr
t fer ward domai n.

(@) Pressure Pal (b)  Pressure Pal

xxxxxxxxxxxxxxxxx

I Gaps

LN | o v
|:“> FLow direction
Fi.gy¥Pressure di swaidthwmiaii édbdo nfaai)n Fr o

Figupeesents the fluid vehaginmdyi cdits tnrgi bt uhtdst o noi itaht ittoh
the closer to the rim.@ahbkjdehahgrehageltitdre dbowr el
t fer ward prespeéttevortowes exitdfteorowmanderiimneandcutrtace
surface of the aft rFmgibdephcgert herdarmoda ka guwealnb coif nyt h
t fer wgag clarepdlessure di fference, ther épsafMloéwn dtihree cge



The gap tfhpeoavp @lnlder fl ow form a cliBheod tiocTbpraeanesmehbdhnr
| oses phalrabdaeo k ptvateisiadr euunf avor abl e for efficiency.

(a) Velacity in Stn Frame
nnnnn

1 50Da+0D1

1.3508+001

Forward

‘Velocity in Stn Frame
(b) ¥emeiry
1.5008+001

Aft blades

.

,::> FLow direction
Fi.dGaplui d veloci Ffypr ddsraii Afutoima)h n ( a)

e

(@)
Velocity Magnitude [m/s] - | ‘ ‘ . ‘ ‘ ‘ ‘ -

12345678 910111213141516
% = = e — B SS a1
E%

Forward Gaps T% f
|
{

e
T e
e
_—

(b) |:> F- Propeller flow -

|::> A-Propeller flow

Fi.tbH uved oci ty vectoafpldiidtri bution of

Figu@a@a) pr esepnrtess stunree adxiisatiGsoi ubtsatiri jwance® &-ctbtbe dri inmt e r ep

t he tisndteltet di stance with theCipfrpe ¢ gB)rpss ecporeefsfenctise ntth ea
pressurveegepwhbkeats the free flow velfocwayd phepfetbl e e
propel |Zcrooirmdi tideld.-dHmanr ea n dmmM~24nh. Al t hough t herienithino
posiFKiigpibf,ea) connects this position to analyze the pr
bl @&sdepressure coefficient at theahl abdeadtei,p reéocvthin@mm ¢ i
absorbs the wawka@debkbandg ahdthacreases the thrust. M (
at the front and farevaar de nldlsa dod idfsh esprwadm,eelrt eteh.a nT hteh epr e
thedriomter surface chatnlgaets tvleeg ypridasgdreds doiuggtreririf baiumigo



uni form and that the flow state is stable.

(a) -8 T T T T T T T T T (b) '6 T T T T
—— F-propeller with gaps
9r o 7 8L |~ — A-propeller with gaps
o 10} T T T TN _\ 10" - F-propeller without gaps - - J

9 .. | ! £ _10 | L= = A-propeller without gaps P
S -11p S I 1.2 i
@ ; . 5 j
L2 5L ” | 1E | 1 1
£ -12 - : = .12 . ,
§ 13+ : K ! 18 B
° : Vo o 141 ol ]
5 -14f : v 13 Wl
7] : -1 @ N
g ask o | —— Frimextwall |\ | 1 o-16F W ]
o - S| = = Arimextwall | \ - o ; WV i

-16 - - |+ Friminnerwall| | ! b -18 | e -

: — - = A-rim inner wall -
7T 1 1 1 1 1 1 \| 1 1 ] -20 L L L s | — 1 L 1 L 1 L 1 P L 1
80 60 -40 -20 O 20 40 60 80 -80 60 -40 -20 O 20 40 60 80
Z (mm) Z (mm)
Fi.toPropel l er 1 ocal axi al pressure distribution:

Consi degraigppn g ot he r wi sdd ,s ttrh eb uptriseoshsnuoreer t serfiame further
As shdwmidgfe) , the pressume ec o e fiffmdache feesdeadif atntde wi t h o

are exltracgedfies that, regacdféess ceoals Dhetehapaft ae i)
than t hfatwaifdthiem, grtovprnogpaed Heetrbt hbe f@®rtwvartd pHrowelk
Meanwhi |l e, when notrciomséedepuriacude gapffitbhieents ar
those when considering the gap, indicating that i gnt
value. Thus, on the one hand, itdhti gmppecwamnedncampteis
i s esOentthealat her hand, theforwanrae¢ gatghfediraspgmep®®d CRE&V we e
Howe,vetrhe analytical solution .dlénga@PF hhudane tsiodault i @mq u

relatively accurate.

5 Simulation analysis ofRDCRT hydrodynamic performance

5. Ef fect of gap on hydrodynamic performance

There are two types of DbounTharty icsondihtei oinnsn efrors utrhfea c
i Mod®Il whhamoaodils 2r ot atory. The modeModaeahldBhderi mg dteh &
used to 9iropihydrradyenami c pelrffroestamtce .t Fé gauampar i son
I n an extensiveefbAngeenfsadvhaeceotrtal Itdersgtst fwomd d fofwie
Mo del 1, while Model 2 is the smoadlelregs tsi dgrrhief itTdoarmgtuley «
i s, Mo d e | 3 has vtah ai énool sl dbondeedh sbzyd e wa bl e Model 1 is thi
Mo d e | 1 is between that aodfvashocdeEF i 2i antd, Motel e8fi Al ea
t hat of Mo d el 3 a d Wachdheefafni ciinecnrte a stehei meb tf aicned cfyr @i f f k
gradually increasesacThuf&IPD@ ghbyvderno dtyhnea ntiacl cpuel raftoiromma n c e
be ignored.
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5. Rumer recsaud t app d e |

Based MMD tshiemul atwii dgria psso b Uit od th &0 OkRalTh d tséi snmrl epel | er
TablaenTda blIDer esent

t he

J

01 02 03 04 05 06 07 08 09 1.0

results of three

model s:

(a) Thrust

R

t hr us tso fa RIOWGIRaTr quar wiern weimploBtead e

refer dortwoartdhepropel | er a tBlpardoepsed Irréanfle rasw dt mi2mtmiemr r e S p on

refer

n fomhwara tamd mai ns.

t o t heh éomrmearr @stuarnfdam@demnmdt ¢ t he
t fer wardltaddmai nsQram@specespehdi ngly

tot al
signi

t hrust
fy the

t

TabiATehnr ust of each component (unit:
Va(m/s) 1 2 3 4 5 6 7
Duct 1167.7303 814.7827 508.8438 249.0052 21.8231 -178.1145 -387.7605
Innerriml -1.0719 -1.3131 -1.6267 -1.9505 -2.2498 -2.5824 -2.9048
Baldesl1 731.7420 702.4217 655.4316 596.7848 528.4626 447.0169 346.2755
Ductl -451.0745 -443.6074 -426.3859 -407.9334 -391.1874 -368.7295 -347.4365
Rim1 447.9653 434.9012 418.1164 399.7803 383.2158 361.1263 340.1511
T1 727.5609 692.4023 6455353 586.6811 518.2412 436.8313 336.0853
Innerrim2 -7.3914 -7.5049 -7.6706 -7.9006 -8.2367 -8.6068 -8.9562
Blades2  1003.6074 974.8394 927.4706 857.2568 763.5825 647.4033 601.6007
Duct2 -191.9479 -178.8659 -167.8233 -151.8314 -127.5166 -104.8497 -69.6698
Rim2 185.5888 172.9678 162.0580 146.2245 122.3029  99.6010 64.3563

V e
ot

N



Tz 989.8569 961.4364 914.0348 843.7493 750.1322 633.5478 587.3309

Frolmbd eat ivavegliiogi,t the thrust of Riml is always g
egative thrustrigndnersataldwabyysl nimeasesi®etamavini t Bat t hg neg
enerated by Ductl is more siagghmhipicpalt!l ehant idhagerthhy
eater t Hicarnwgrhdape Idlyeert h ® t @ lfd tot nhari uns ti so fmtotrhed & m @t indatir da f
maFrnom T@bDectl and Duct2 generate a torque opposi
mponents genersatdes rtewd hteorrbd vaed eisn ithheg he same domai n.
eater than that of RiimZ, iwhiallewatylse Fteicnbie denami It thran ¢
egative torque generated by Ductl itdhealtwayyuebfagean etr|

o o —

O ~F nw T S KQ O o «Q S
=

ropeller is alway®r gpeatperl |teman Hemat ,dy helloéenat al i &
ignificantforwamdt damaeiovielme since the ductt oddgeuse no
he total torque is so insignificant t hat one can
onvenmndtuicareadl propell er efficiency.

Table 10 Torque oflmpach component (uni
Va(m/s) 1 2 3 4 5 6 7
Duct -0.06: 0.60' 0.05 -0.05 -0.05¢t -0.04: -0.083"
Innerriml 2.18« 2.19C 2.197 2.25f 2.30¢ 2.39(C 2. 48:
Baldes1 44.80 43.59 41.60 39.05 36.00 32.18 27.34

Ductl -2.81: -2.83' -2.85 -2.87' -2.90. -2.93! 3.01
Rim1 5.127 5.08¢ 5.042 5.00¢ 5.13¢«¢ 4.90% 4.84!
Q 49. 30 48.04 45.98 43.44 40.55 36.53 31.65

Innerrim2 3.29¢ 3.31¢ 3.34¢ 3.38¢ 3.447 3.501 3.54¢
Blades2 59. 05 57.93 55.98 52.97 48.74 43.20 35.87

Duct2 -3.39' 3.42: 3.46¢ 3.49. 3.511 -3.54. -3.57!
Rim2 4. 377 4.35t 4.31t 4.277 4.22: 4.177 4. 12¢
Q2 63.32 62.17 60.18 57.15 6562.89 47.34 39.97

Fi gu8&iel | lu SRtDrCaR6Te rydr ody nami Kriredrefresr ntaonctehe t ot al t h
componeirdar wanr dt Kleadmaniont,es t he totkakntarfijsetbeetbtalent
the compoaientd Kpmiethlee s tomeéehmhe ¢coe¢efKissmgenti eantdthe t hr

of the duct Kralnkkh, comspricisdonvel y denote the total t hru
t hRRDCRT As t he advanceKrehkre K KicKogKpt idKaarr eaadsuead || Krsdecr e
decreases more drastical |l KXyf umatkhienrg dtehcer etaostea b yt har unsotr
With the iamdvwaemce ahdee fifluiectd £indt ance graduatt gchmentasge
caused by the propeller trailing vortexthge adwatl | de dr

more sharplybtil maeThe adf fbiycitehrecy i nitially inotbéases
adavnce caowlidli 86i 66t the efficiency reaches its maxi mu
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Figurid |l L% thlepwd eeady nami cofp bBReD ®@Rama nsdiengrl epel 1The RDT ust
coefficient, torqueROC&frfe cgireenatt, e ramtdmmenhfafpi bcoilseecoyRéavher
as the advance coefficient i RDCRMescemsme st hmeo reef fa pcp eernec
rotatiosn direlée atfpdronpaerlBD@rRstt @ fdi fferent, the torque
are also opp®RDICtREasl, amak i mnige tdveer t uirhd algi tioryueHawav &
contaotmati on of tédef ltavw fpirelpckdalfidfrosp b BElhE o s wde-gdnahdnmt it g
resulting in periloditcheulpfucsitiuaw esg pPpueRBD@RBNoOiesessas

0.7 T T T T 1.2
=—{= RDCRT-h =</ One-RDT-h
0.6 —O— RDCRT-KQ —0—0ne-RDT-KQ | |1 g
—/— RDCRT-KT —<}— One-RDT-KT '
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Fi.gyLompar ihyadmodfynami ofp &Wbor mance

6 Conclusions

This study conducctosn sai dsd rnmwlfea tRIRON Hnjelritdddy nami ¢ per f or |
simul aa2lohORWCRaANd analyzes the imyduedygmamifc gmdpreffolr

foll owiognatesibas obtained:
(1IACFDBi mul ati on RDC®Ri#gd edt. dab@ei rsthreedr i c al values of th
forwarad tamgdaps differ from the analytical solutions b

fieltdgpraofpel | ers, the ffoowarcd aaméapechaninesHoovevehral § b
analyticabneettuicdb.nskenh ai hat case, the anaRPCRTal met
(2The calcullat hensiemsbbht $8on modetlhowiet hb ya tgneop gaarpd elses
statiaondat wtioomynwer Neaeglf escued.gnegggamesul t in t he tbhenawrsde pr
significant tha@i wemst WeardaugcRibh@gERhbgichipo dy nami ¢ per forn



is essenti al
(BThe thrust and t RDECRATr € oleifdh e enh aprod he lhlee o f RDT,e @
i maximdrhi ci ency value.
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