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..... CCHPARISONOF CALCULATEDANDt_ASURED

F_DZLROTORLOADII_GA_D _AKEG_Y

Wayne Johnson_

Ames Research Center

• and

Aeromechanics Laboratory
%

AVPd_DCOHResearch and Technology Laboratories

ABSTRACT

Calculated blade bound circulation and wake geo_otry arc compared

.£th neasured results for a model helicopter rotor in hover and for_:n.rd

fll_ht.Hoverrc_u!tsare prcsent,3dforrec_ngulartipand ogeetipplanforn

b!adcs.The correlationisquitegood_:hentheneasurcd_'akegeometry

ch_racterlstlcsareu_edin theana!ys_-5.Availableprescribed_;_ke

geosetrynodelsare foundtogivefairpredlctlor_of the!oading,but

they do not producea reasor_%blcpredictionof the i_,luccdpo,._r.Fo-_a_-rd

..... •flightresultsare prenentedfor twistedand untwistedblades. Fair

correlntlonbct_eenneasurement_and calculationsis found for the bound

circulationdlstrlbutlonon the advancingside. The tip vortex geometry

' in thevicinityof theadvancingble_ein forwardflightwas pr.edicted

well bj the free wake calculationused, alihoughthe wake 6eonotrydid not

h%vea s_gnlficantinfluenceon thecalcul_tcdloading&nd perforr_%ncefor

the cases cor_Idered.

*Head of I_otorcraftResearch Scctlon, Large-Scgle Aerodyr_m!cs Branch



II,"F_O_JCTION

A serlcsof oxporL_ontob_vobeenconductedat Am_sResearch

Center, in wh!cha laservolociceterwas e_ploycd %0 ceacurethefle.

fieldof a model helicopter rotor. _o results of these erpor_ent_ have

Included measured bound circulation and tlp vortex location for a hoverln_

rotor wlth two blade tip planform.slI'2 measured bound circulation on th_ advancing '

side of the rotor in forward fllghtl3 and mo_ured tlp vortex position on

theadvancingside in foz_ardflight,fortwobladet.lst_lu_s._'5

Eachof theseexperimentsuseda two-bladedrotorwitha radiusof approximately

i meter,operatedat Io.tlpspeed. The forwardflightexporimentowere

conductedina 7- by 10-ftwindtunnel.A two-componentlaserveleclmcter

was used%o measuretheflovfieldin therotorwake. The bladeIoadlng

was obtainedby measurlr_thecirculationarounda box enclosingtheblade

• _n_o of thelocationat a spoei£!_radialstation Thewakegeometzy,in ....

of thetipvortices,was obta!nedfronmeasurementsof theInducedvelocity

alonsradialandvertica!traversesthroushthe_ahe. Conplct_detailsof

th=experim.cntsare givenin theoriginalF.%pers.I-5

A pri_cITalobjectiveof thisseriesof experimentshasbeento

providedataforthedevelopmentand verificationof rotoranalytical

models. Thepu£poseof thepresentpaperis to comparethemeasm:cd *

loadingand w_-,egeometryw!ihcalculatedresults,For thecalculations,

a recentlydevelopedhelicopteranalysiswas used.6 Th_rotorwakean_lysls

was basedon _ discreteelementrepresentationof th-_vorticlty,withmodels

for the_o.kerollupand th9distortedwak_geometry.The lozdlngwas calculated

usin_llftlnglinetheory,witheozTectionsava!l_blefor three-dimonsiona!

--_-



o

• °

...... effectsat th_tipand nt vortex!bladeIntcr_ctlons.Therotorblade

flapplz__ot_on_rascalculatedby _eansof a kur_onlcarmlysismethod.

An exls_r_ar_lyslswas us,_d%0 _iculat9therile%erred,fr_,_o.ak.e

_:eo_e%._'yin forwardfl_ht.7

ANtLLYTIC_%L_D_L

" A topvlewof thewa/;emodelIcshownin fixtureI. Tno induced

velocity,circulation,and llfta_-oevaluateda% 15 stationsalongthe

blade,as shownby thedots. The trailedvortlcltyin the_takedirectly

behindthebladeisrepresentedby discretevortexlinespositionedmidway

betweenthepointsat whichthe circulationis calculated.The strer4_th

of eachtrailedlln8is definedby thedifferencebetweenthebound

circulationat successiveradialstations.Thispartof ths mode!isa

cordonn_merlcalImplemen_atlonof lif%In_llnethzory.For %herota__"

,iP_it is necessaryalsotomodeltherollupo£ th9vortlcltyintoa

coneen_t_d tlpvortex,becausethebl&deencount_r_th9%:_kofro;_the

precedlr_bladesas itrelates.Therefore,afte_an azi[_ut_!extentof

30° in thisca_e,the trailedvortleltyis eoncent_.todinto,%si_i_ietip

vortexllne,withstrenztheqtu%1%0the _x%xlm_bo,ur.dcirculationof %ho

blade. Theazlmuth_lextentof then_ar_'akewas variedfrom15° ix)60°

• (andthenumberof radialstationsfromI0 to 15)_Ithlittleeffecton the

calculatedloadinz.Thekey elementin themodelis thevortlc!tydistribution

• in thewakewhenitencountersthefollo_:In_blade,at whichpointit _ust

be concentratedintothe tipvortex.For conservationof vorticity,there

mustbe an Inboarf]sheet o£ trailed vorticlty with equal total stren6th and

oppositesiznas thetlpvortex.ThisinboardsheetisI._uchlessimp.errant

-3-
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tb_n tho tip vortex, partly boc,_u_e tho vorticity is not _ concentrated

ar_ p_rtlyb_causeit i8convoctoddo_Im_ardat aboutt.lcetherateas th_

, 8
tipvor_x. Consequentlyth3entireInboardshootcanbn rc_zon_blyrepresented

a sir_le vortex llnc, shmm d_h_d ia fiGn_c _, witha I_Ge corex_llu_

(_3%of therotorradiusin thincane) to avoid unrealistically large

induced ve!ocities whenthew_e p_ssesunderthefollowing blade. A

similarwakemodelis usedfor theotherbladeof therotor. The dotciled

nearwakemodelneednotbe usedfor thesecondbladesinceit is far from

whoreth_inducedvelocityis h_i_ calculatedon thsfirstblade(figureI).

Thecurvodtrailedvortexelementsin the_e are representedby a connected

seriesof straightllneseonents,wlthan azimuthalIncr.ementof 15° in this

case. Fiverevolutionsof thewa_ebehindeachbladeare modelledin this

fashion(onlythefirstone-h_lfrevolutionisskownin figureI). An

additional30 revolutionsof the_._akoare modelledusisjrectangularvortex

sheetpanelstoconstructa cylinderof axia!and clrcu_nferentlalvort!elty

representingth_tipvortices,andan axialllnevortexrepresenti_4_

therootvortices.By thisnean_thewa_efar fromtherotorb_.ade(extendin_

approxi_%telyfros2 toI0 rotor__zdiibelowthedisk)is economically

accountedfor;if thispartof thewakewereneglected,theinducedvoloelty
o

" at therotordiskwouldbe si_nlfioantl.yunderestimated.

Theseemairyof the tipvortexin hoveris describedby the follow,inZ

coordin_tes

y = (l+Dr) s!n(_-¢)

z=Dz

._-
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A %iP-Inth plane coo_._in_te systems l_ith oricin centered on the rotor shaft

is usedl x _ y are roctansu!ar coo_din_%._ in the rotor plnnol z io

measuredvorticallyuv_ardfromthepianoof thebladetips. Theaz_uth

angleof therotorbladeis _J_,measuredfro_the x axlol + is the

" wak_eeke,i.e.theazimuthanglealongthewa_:ehelix,measuredfromthe

rotorblade. Dz and Dr are %h_verticaland radialdlstortior_of th_u'ake

duo to Itsself-inducedvelocity.A two-stagevorticalconvectionand

exponentialradialcontractionmodelis usedforhover_

" - -

(asimilarmodelis used forthedistortionof th_ insldeand outslSe

edgesof th_ inboardwakesheet,but onlythetipvortex_eometry_n a

significanteffecton thelo_ding).The _.ra._etersKI,K9, andK4 determine

the poslt[onof thetipvortexwhenitencountersthefolio'_In5bladelK_

determinesthecontractedradiusin thefarwa}:s;andK2 dete_-mlnesthe

verticalconvectionafterthefirstbladepaszage.An und!sto@.edt_akegeometry

canbe obtaineduslngDr = 0 ar_ Dz = = ,where _ is th_mean

it,flowratioat therotordi_k.

' A similar wM_e model is used for the forward fl_ht calculatlon_.

The bound circulation in for_ard flight varies azlmuthally as _ell as

radially, so the shed wake is also included. The shed _ake is nodelled by

radial, discrete vortex llncz. The vor_Iclty streng£h varies linearly

alongeachvortexllneelcnent,both trailedand eheO. In for_ardflight

It isonlynezessarytous_ tworevolutionsof thewakebehindeachblade

"5-



+ to calcul_t_ t_ in_uc_! veloc!ty. Tuo geometry of _,he tip vortex rol_tlvo

: 1o _o %Ip-l_thpiano1odescribedby _ follo_i_coord!._t_31

+°tp++"+i_+(_+,-+)+.+e+9,.+_)
"m:," _ ="_" + _)+. +_p _('I'.

.brute_ is %h_ rotor advancez_tlo (fo_ard s;_ed divld_!by t+tpspo_d)

.<° and _'tppi_theangleofat_a_of thetip-p_thplane,positivefor

rcaz_mrdtilt. Thecoordinatextpp ispositivedo_mstreaa,and Ytppis

positive%o the_Ight. Windor tunnelaxiscoordinatesarc obtalncdby

accounti_forthebla,ioflappingmotlonl

: _.. andl=teralflappln_a_les (relativetoth_sh'Aft),and€._s isth_s_haft

as-zleof at_ach. An undistorte_du_:egconetry,%h%ton!yaccountsforthe

verticalconvectiondue to themoaninducedvelocity,is obtainedt';_Im_g

nx= b : 0 _n_ti_z +-4_ . A i'rce ,+k+ gee::+trycalculat!on=n _!=o
be uscd.,

.... HOV_-RRESULTS

Experimentalda_%are availablefor thecirculationand i;akegeometry

in hover with t_'otip shap__s,roe%angularand ogee._'2 The principa!

p_rs.mete_definingtherotorando_orati._conditionsare giveninTableIi

further deb_ils, Vir_!eu!arly for the b_ist distribution and ogoo tip planform +

are given in the orlg!r_l pipers. Tnm ogee tip planforn extends over +the

outer 10% s_+n of the blads. _o solidity used for the ogce tip is the

thrust-equlvalent values (radlus-squared welghted). In all calculations,

-6-
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Table I. Rotor p_raneters and operating condltlon for _ver cases.

Rectangular OgeeTip

' TipBlades Blad_s
• - ,, , .,m ....

Bladeradius,R 1.0_5m 1.0_5m

Rotortlpspe_d 76.6_/sec 76.6m/see

Number of blades 2 2

: Chord,c/R 0.0729 0.0729

Precono 1.5° 1.5°

T_tst -11° -11°

Solldlty,_- 0.0464 0.0396

Thrust,C_" 0.099 0.103

-7-



.... - l_ )_ °_-_ - _:_ _ __, ,_._-__ ._ _-_ _*'_',_o_-_.'_'_._ _-_ _',_'_ _ _:_ _'" ,"'_......_-Y:-_'_% _~?_-7_'_ _ _,_ _ "t-__- ......._-_ _"_-; _ ?-. _ _>_'_:_o'_. _'_

°

the rotor thrust was trimmed to the value given in _ble I, which was

obtained by inte_ratin_ the measured loadins distribution.

The calculated and measur_i circulation distributions _re cornered

in figure 2 for _he rectangul_z tip blsdo in hover. The calculations

used the measu-_edposition of the tip vortex when it first pa_sed under the

following blade, and a value of K2 = 0_0550. A tip loss factor of B - 0.985

was used. The correlation exhibited in figure 2 is quite good. Th_ w_ke

geometry used is sho_n in figurc 3, in terms of the intersecticns of the

tip vortices with a vertical plane under the rotor blade (the x-y plane,

with the blade at azimuth angle k_= 90o) . T_ undisborted _mko geometry

is also sho_n in figure 3, and figure 4 shows the eorzesponding calculated

circulation. Without a proper modelling of the wsd:econtraction, the

_leulatcd loading distribution is very different from the measured distribution.

Prescribed .abe gcozet-_'models for hovering rotors have b_en

devo!op_d by L_ndgr.ObO and by Kocurek and Ta._ler.%0 They developed

empirical expressions for the con_ants Ki, K2, _, a_d K_ by matching

rotor wel:egeometry dat_ obtained using flow visualization tochniquez.

Figures 5 and 6 show the loading calculated usi_ these t_o _,,_egeometry

models. For the present case, the only significant dlffcronce between

the Landgrebe model and the Koeurek and Tangler model is in the parameter KI,

hence in the vertical separation of the vortex when it first encounters the

following bl_do (see figure 3). The L_ndgrebe model places the vorter,a

small dlstancc (i.1% E) closer to the blade, hence the peak bound circulation

is somevh_t larger t}_%nfor the Kocurek and Tangler model (compare figua'es

-8-
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" '- " 5 and 6). The-detrseserib_d wa_;enoaels _!vo a value of K2"= 0.0608.

F_guro7 showstheloadingcalculatedu_InGtim_ca_uzcdloc_tlonfortha

tlpvortexwhenit flrstIx_ssesundertheblade,and a valueof K2 - 0,0608.

Figure_5, 6,and 7 differonlyin thelocationof thefirstvortexunder

theblade. Thedatausedto con_tz_/ctth_ prescrlbcdwake_odels,9'tO

showa scatterin thevortex_os!tlonof p_rl_p3_ t %0 2%of theblade!
radius. Withintk%taccuracy,thetipvortex_eometrlosdefinedby th-.

twomodelsare identicalfor thiscase,andbothcorrectlypredictthe

locationof thefirstvortexundertheblade. Ho_ever,althoughthedifferences

in the vortex positionsare slight,tmln_ the mea_'_edposition(fi&_!re7)

definitelyimprovedthecalculatedloadingdistribution,comparedwlthusIP_

the prescribed 1_akemodels (figures 5 a_zl6).

Figures 2 and 7 differ only in the value of the parameterK2,

_:hlchis the vertlc_lconvectionmate after the vortex first encounters

the foilo':ingblade. Tn_ measured_:_J:egeonetryda.z does net provldca

value for _2" Initially therefore '_ loading _:ascalculated using the

_-_e value of _[2as given by the prescrlbod uahc _e4els (figure 7). By

using a 10% sz_ller value of K2, the correlation of the _easurcd and

calculated circulation dlstrlbutlo_ _as defluitely Im__ovcd (figure 2).

The calculated perfor_ance provides further support for the use of a smaller

value of K2 than obtained from the pr.ezcrlbedua!,_emodels. Using Kz = 0.0608

" (figure 7), the calculated induced po_er was only 3% higher t_,_nthe Ide_l

momentt_m-thcoryinduced loss, which is much better perfonuanco tbzn uoulcl

be expected, especially with tuo bL_.dcs. Using K2 = 0.0550 (figure 2), the

calculatcd In_ucea [ouer uas I_$ hlghe__th_n ideal, a more re_.sonablevalue.

"9-
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.... " The calculated and m_a_urod circulation distributions are compared -

in figurs 8 for the ogee tip blade in hover. The calculations used the

r_easurcdposition of the tip vortex _#henit first passed under the follo.ir_

blade, and a value of K2 = 0.0500 (figure 3). With the egos planforc,,tb_

measured data show the tip vortex rollup occurring at a radial station of

9_% R. It _s possible to properly model this rollup position in the

analysis by simply using a tip loss factor of B _ 0.94. The correlation

exhibited in figure 8 is nearly as good as for the rectar_%tlartip blade.

For the ogee tip there are no corrcspondlng prescribed wake codels to provide

a guide for the choice of K2; the wake convection must oe specified on the

basis of the peak circulation and the predicted induced power. Properly

modelling the tip vortex rollup at 94% R is essential for an accurate

calculation of the loadir_ distribution. For comparison, figure 9 shows the

loading calculated for th_ ogee tip when the vortex rollup re,nalnsat r/R = i,

'_ as for the rcctangu!p_rblade. It is interesting to note that the ogca tip

blade can be considered equivalent to _trcctangu!ar tlp bl_ic .ith a radius _ _ _

i
of 9Q_%R as regards the bound circulation distribution arid1:aksgeometrf:

and as reg_ds the rotor performance rar_mters (disk loading, induced po_er,

and figure of merit). Of course, the ogee planfo!-_in addition produces

a tip vor_x with a larger core radius and s._allerpeak velocity.

FORWARD FLIGHT RESULTS

Experimental data are available for the circulation and _ake

geometry in forward flight for blades _£th zero tMist and -11° t_ist.3"5

The principal parameters defining the rotor and opers.tingconditions arc

given in Table 2. The measured bound circulation is available only for the

-10-



Table 2. Rotor parameters_nd op_ratln_conditionfor forwardflight cases.

Zero _tst -11° T_tst

BL_Ios Blades ,.

Blade radius,R 1.066 m 1.045 m

Rotor tip speed 67.0 m/sec 65.7 m/sec

Number of blades 2 2

Chord, c/R 0.1012 0.0729

i l_econe 1.5° 1.5°

Solidlty,_- O.0644 O,0464

Lock number, _ 3.3 3.78

Advanceratio, V/_R 0.18 0.18

•_1oo -Jo°
Shaft angle, K s

Collectivepitch,_)75 8"50 10"1°-.5.5°
-6.6°

Tlp-pathplaneangle,O_tpp

-11-
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un_r_stedb_.do, on th_ c,Avanefn3 cidc at _'_= 90°. Th_ secured and calculated

elrcul_tlon d!stribution_ are com_0d in figure tO. The circulation box

enclosessoue of the shod _.'_ovorticlty,which is Qqulv_lcntto meacurin_

•. %he circulationof th_ bl_o _sh_nit in at a sli_ht!yearllezazlmmthposition;

. h_nco th_ calculatedloadln_at _ = 7_° i_ _I_o sho.n. Th_ corr_l_tlon

exhibitedin figure tO is fair, altho_shboth the scatter in the measured

d_%a and tha differencesbetween the _easur_dand calculatedr_sult_are

lar_er th_n for the hover cases. Tn_ calculated!o_din_ in figure iO was

obtained u_ing the free w_o geometry _odcl, but the results obtained

us_n_an undlstortodwakegoonetry_:eronearlyth_same.Ualnsthetwo

wakenodels,onlys_ll differenceswereproducedin th__alculat_

thrust,power,a_! f!apping,However,uslnS_mnunlferm_ake-lndueod

velocityproducedlargodlfferonccscomparedwithusinsunlfo.n_,inflow

i.'_ (_ithunlforninducedvelocity,th_boundclrculat_onat _)= 90° _:ou!dbe

-_ a linearfunctionof theradialstationr/.q).

Me-_su_enent_are ava!l_ble for th_ g_onetry of the tip vorto_ F__on

... the _.ia_e at ._--270°, in the. vic!nity of the oth-.r blade at _U = 90°

on the advanclr_ slde.5 Figures !l and 12 compare the calculated free _'ahe

geometryresults with the measuredtip vortex positionfor the unt_rlsted

blades.A topvle_issho_ninfigureIIanda sidevleuinfigure12.

, A tunnelor windaxissystcais used,with thex coordinatedirected

downs_remc,they coo_.]Inateto_ardtheadvancingside,and thez ¢oordln_te

uF_ard. The rotor hub is the center of the coordinate cystem. The we/<o

geometryis calculatedat _5° azinuthintervals,so the _ze of theexperlmen_%l

datais coveredby justt_evortex!Insze_ents, The eorrcspondlngresults

-12-
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for the -11° t_l_t blades are shown in f16_r_ 13 and 14e Figures 12 _fi_ 14

al_o _he_ tho _ecnetry obtained u_tnG the undlztortcd v._,ko codeX. Th._

correlation between the _easurcd and c_lculat_d free .r_ke_eo_ctry is Good.

cor_Idorlng that th_ calculation does not attempt to model tb_ flno dotalls

of the geometry. At thls point In the _ake, the predicted distortion In

• small in the x and y dlrecttoam. The vertical convection lm sign!ficant

he.ever, and h_s the net effect of keepk_ the vortex in the vtcinlty of the

blade at _ " 90° nearly parallel to tho tlp-path plane (_hlch Is t_It_d

forward relatlve to the tunnel axes). This trend is confirm_ by th_

measured positions. In central,t, the undistorted _eomotrY sb_n tha tip

vortex belng ste_dlly conveeted do.n._e_-drelative to the tlp-path piano as

the element age increases.

It must bo recognlzed he.ever tb_-tthe ez.perlmentaldat_ _oes not

provide a _rtlcularly severe test of the free _,_.ecalculatlon. The tIp-l_th

plane angle of attad_ Is fairly !arGo, a_d th_ tip vorte_"encounters the

follow_ng blade with subz,tantlal vcrtleal seFaratlon. Consequently the t_sk_

of calculating the .ake geometry and loading are ea_er tk_n for small tlp-path

plane angle of attack. In fact, although the use of nonuniform Inflo_ is

Important, there is little difference for th_s case between the free wake

rezults and the undistorted _ke results, as regards the p_rfor_nce ar_l

blade loadlag.

CONCLUSI_HS AND HECO,_jqENDATI('NS

Calculated blade bound1elrculatlon and _ako geonetry h%ve been

comrnred._thmeasure,|results'fora modelhellcop%er_tor _nhoverand

-13-
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fo_d _t_h_. Qui_ good co.elation _ found for the pred_ct_,d an_

r_a_u_cd ch-eu'lation distvlbutlon,'._in borer, Thi_ corrolatlon _as only

po-sib!o using th_ n_._t_ed _a_:o &'oo._ot_yc_haracteristics0 including the t_p

vo_t_x_ollup,ther_d!_landvo_tlcalpo_.It_onofthevortex_henit

flr_tencountersthefoilo.ln_blade,andth_vorticalconvectionrate in

the far w_:o. An accurate _md_eGeometry calculation will be necessary for a

completely analytical calculation of hovcr performance and loadln5. The

wa_e _eonetry defln_d by the avail_bl_ prescribed _ake models was found to

give ths general features of the loading distribution _ell, although significant

changes in the peak loading are produced by geometry differences that are

within the scatter of the data from which the prescrlbcd wake models were

constructed. Noreovcr, a reasonable predlctlen of the in4uced pe_;er(_hich

In very sensitive to the _akc geometry changes) _as not obtaln=.dusing the

prescrlb_d _._e models. The correlation between the calculated and

meazt_cd clreul._tlondistributions in for_._l flight _as acceptable, but

not as good as for the hover cases. _. tip vortex geometry in tho vicinity

of the advancing blade in fo_ard flight _as predicted fairly well by the

free w_e calculateon used, ait_ough for these cases the _ake geometry did

not b_ve a slgn_ficant influence on the calculs_t_dloadln_ and perforz_noe,

The erperlmental program that produced the dah_ e_nlned in this paper

is continuing. The _ork in hover _ill be expanded to include variations in

the number of blades, thrust, planforz, asd tip Mach n_uber. It should be

posslblo in these tests to al_o meastu-ethe vertical convcctlon rate after the

tip vortex flrzt encounters the fol_owing blade, In future foz_ard flight

tests, it _;illbe possible to measur_ the loading at az!zuth_-Istations on

-, .... . • . . .
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the front and r_nr of th_ di_, by uslr_ n three-component laser velocimeter

system.It isrecommended%h_tdatabc obLuincdatonlya fe. azimuth_tatlons,

fora widermIseofrotoroporatln_cond!%ion_(_ opr_sed%0coll¢ct!n_

dntaat enoughazlmuthstatlonsto definethe loadin_distributionoverthe

entiredisk,but onlyforon_ or _:oo_ra%ingcondition:.).Even_oreuseful

• would be the loadi_ at a fixed radi_l station as a function of azimuth, since

vortex-lnducedloadsareneror_adilydiscernedwh_.ntheloadln_is vi_ed

as a functlonof azimuthratherthanradius, Theoperatingconditions

shouldincludecasesof smalltip-p3thplaneincidence,%o providea better

testof the loadinzand wa/:ogeometrypredictions.

• . _ . . . . , , ..
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FigureI. Sk_%ehofwakemode!in hover(%_Pvle1_)
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Figure 3. Location of tip vortices In hover (intersections with vertical

-°_-- plane under rotor blade; flagged points obtained by LV _easure_ents)
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Figure 4. Bound c!rculation calculatod _Ith undistorted _ako _eo_ctry
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Figure 5. Bound circulation calculated _ith Landgrebe waJ:ogeometry
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Figure Ii, Top vlm_ of tip vortex geometry in vicinity of blade at _ = 90°

(V/_'Z.R= 0.18, untwisted blade)
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•FigureJ2. Sidevle_;of tipvertexgeometryIn vicinityof bladeat _p= 90°

(V/I'LR= 0.18,untwistedblade)
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Figure13. Top vlc_;of tipvortex_eozetryin vicinityof bladeat _= 90°

(V/i-hR= 0.18,-11° twistblade)
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