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ROTOR PALA UCU SEKLI N N HELI KOPTER PERFORMANSI NA ETKI Si

OZET

Helikopter, doner kanat kullanaraktasi na, itki ve kontrol sag ayan bir hava aracidr.
Doner kanatlar, ugusu siirdirebil neki¢in havamn ételene hizinaihtiyact ol an sabit
kanatlt u¢akl arin aksine aracin iz sifir olsa dahi kanat yiizeyinin havaya gore ol an
hareketinden dolayl aerodinamk kuvvetler tiretirler. Boylelikle helikopterler dikey
ucus kabiliyetine sahip durlar.

Modern helikopter tasarim nda rotor etrafindaki akis alanimn 6ngériinii 6ne marz
eder. CFD analideri raaor aerodinamk perfor mansinmn hesaplannasinda ¢ok
yonl idiir. Rotor etrafindaki akis lineer ol mayan ii¢c boyutlu ve bir 6nceki palamn
bozunt u ol ust urdugu akis al ant nda hareket eden paladan dolayr artan bir kararsi 1 ga
sahi ptir.

Gelisms rotor teknol giisinde geleneksel ol mayan kanat profillerinin kullaml nast
yoniinde yaptlan arastirmal ar, yeni nesil helikopterlerinihtiyaglarin saglamak icin
tenel ilg alamm olusturwr. Bu ihtiyaglar tasinma kabiliyetinin nenzilin ve
dayam Kilign arttinil nasi, yiiksek ileri ugus hiz, yliksek mmanevra yetened ve
ceviklik saganak olarak siralanabilir. (rellikle sivil uygulanalar igin giiriitii
yaylli mmn azaltil nas1 ilgl alam dir.

Bu c¢alignada helikopterin aski durunundaki rotor palalarimn sayisal ¢oziind e nesi
yapil mstir. CFD yazllm olan Huent 6.1 program kullamlarak ii¢ boyutlu
helikopter palalarinin etrafindaki akis incelenm stir. Rotor palalart burul nasiz
incel ne olamayan alti biri m kanat agikligna sahip ve tek kanat profilinden
(NACA0012, VR7) olusturul nustur. Hesaplanalar farkli u¢ hizlarinda ( M=0. 439 ve
0.877) ve kollektif agilarinda (@ =0° ve 8°) degisik akis kosullart icin yapil mstir.
Son olarak, kare, daral nal1 (tapered) ve geriye siipir neli (s vwept), tek NACA2415
profilinden ol usan ti¢ farkli u¢ sekline sahip pala geonetrileri kullanl mgtir. Pala
geonetrileri CATI A V5RI2 programnda ¢izilms ve Gidgen VIS program
kullamlarakta ag alam dusturul must ur.



EFFECT OF ROTOR BLADE TIP SHAPE ON HELI COTER MAI N- ROTOR
PERFOR MANCE

SUMMARY

A helicopter is an aircraft that uses rotating wngs to provide lift, propulsion, and
contrd. The ratary w ngs can produce aerodynani cs forces, which are generated by
therelative nmotion of a wi ng surface wthrespecttothe air, even whenthe vel ocity
of the vehicle itself is zerg in contrast to fixed-wng aircraft, which needs a
translaional velocity to maintain flight. Hence, the helicopter has the ability of
vertical flight, ind udi ng vertical take-off and landing

The prediction of the flowfield around a rator has an i nportant part in nodern
helicopter design CFD anal ysisis so versatileto anal ysis of the rotor aerodynanic
perfor mance, which can be used toinvestigate the flowabout al nost any type of
vehice including ratorcraft. The flowis non linear highlythree di nensional, and
unsteadi ness is increased due to each blade novingintoa flud which has already
been disturbed by a previous blade

Research on usi ng unconventional airfals for advancedra or technol ogy has been of
pri mary interest to neet the requirenents of a next generation ratorcraft. These
requirenents are increased payload capability, and range and endurance, higher
forvard flight speed and greater naneuverability and agility Reduced noise
emssionis aso of irterest, particuarlyfor dwulian applications.

Inthis study, nunerical sduions of the helicopter rator blades in hover have been
carried out. The flowfield around the three dimensional helicopter rator blades is
investigated by using CFD soft ware, FLUENT 6.1 Therator blades wthnot wst or
taper, aspect ratiosix withasingle NACA0012 and VRY airfals were chosen The
conputations are obtained for various flow conditions wth different tip Mch
nu bers ( M=0. 439 and 0. 877) and collective pitch settings (€ =0° and 8°%). Finally,
three different blade geonetries are generated by a single NACA2415 airfal wth
different blade ti pshapesi ncludingsquare, tapered, and s wept. The blade geonetries
were drawn by using CATI A V5R12 programandt heir conputational domains were
generated by Gidgen grid generation soft ware.



1 INTRODUCTI ON

11 Physical Background

Igor Sikorsky’s vision of a rotating w ng aircraft that coul d safely hover and perfor m
other desirable flight maneuvers under full contrd of the pila was only to be
achieved sone thirty years after fixed-wng aircraft (airpanes) were flying
successfuly. This raating-wng aircraft we knowtoday as the helicopter [1]. A
helicopter is an aircraft that uses ratating wngs to generate aerodynamclift equal in
magnitude tothe helicopter weight, a propulsive force needed to overcomne vehicle
drag in forward flight and maneuvers, forces and monents needed to contrd the
altitude and position of the helicopter. The rotary wngs can produce aerodynamnic
forces, which are generated by the relative notion of a wing surface wthrespect to
the air, even whenthe velocity of the vehicleitselfis zerg incontrast to fixed- wng
aircraft, which needs atranslational vel ocityto maintainflight. Hence, the helicopter
has the ability of vertical flight, i ncl udi ng vertical take- off andlanding Comparedto
fixed wng flight, the developrent of which can be clearly traced to Lilientha,

Langley, and the first fully contrdled flight of a pilated powered aircraft by the
W ight Brathersin 1903 the origns of successfu helicopter flight areless clear [1].

However, when conpared to fixed- wng aircraft, there are nany evol uion of the
helicopter. Moreover, alsothis growt h period of the helicopter require greater depth
of scertific and aeronautical know edge.

The conventional helicopter rator consists of t wo or nore identical, equally spaced
blades attached to a centra hub. The blades are maintained in unifor mratational
motion usually by a shaft torque fromt he engi ne. The power trans mttedtotherator
shaft istherelaivel yl owa mount of power requiredtoliftthe machine comparedtoa
fixed- wng aircraft of the sane gross weight. The lift and drag forces on these

ratating wngs produce the torque, thrust and ot her forces and nonents of the rator

[2.



The prediction of the flow field around a rator has an i nportant part in nmodern
helicopter design CFD anal ysisis so versatileto anal ysis of the rotor aerodynamc
perfor mance, which can be used toinvestigate the flowabout al nost any type of
vehicle including ratorcraft. The flowis non linear highlythree di nensional, and
unsteadi ness is increased due to each blade novingintoa flud which has already
been disturbed by a previous blade. However, hoveringflight can be si mulated as a

steady sd uionina noving frane [9].

Because of the proxi mty of the wake of a helicopter totherator disk nodelingthe
wake structure is vigorous to accurately predict the downwashinthe plane of the
rator disk Inradial direction the blade ratation causes a non-unifor mdistributi on of
the vel ocityfield This generates a hi gh concentration of lift over the outer portion of
the blades. Sincethe physical lift must vanish at the extre ne edges of the blades, a
high spanwse lift gradient exists near the tip As a result, strong trailing vortices
orignate at the tip which ral up to for mconcentrated tip vortices a few chord
lengths downstreamthe blades, domnating the rotor wake as illustrated in Fgure
11
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Hgure 1 1 For mation of the Tip Vortex [35]

The blade | oads and overall perfor nance of the rator systemare highly dependent
uponthe strengths and locations of the tip vortices relativetothe rator. In addition
during descendi ngl owspeed f or war d fli ght, bl ade-vortexi nteraction( BM ) resultsin
locally large unsteady air loads on the blades, leadingtoincreased rotor vibration
levels and t he generation of i mpulsive ratar noise [16, 17]. Insumnary, the blade



tips are of considerableimportance sincetheyareat the orignof t he for metion of t he
tip vortices and they generate nost of the rador drag and noise [18 19].

1 2 Hover S mul ation Met hodol ogi es

The earliest nethods for modeling rotors based on an extension of Prandtl’s lifting
line theory for wngs. In these techniques, the individual blades were modeled as
lifting li ne vortices, and the wake was nodeled as a defor ned helix During, 1970’s
Gray [23], Landgrebe [24] anong others developed a prescribed wake model to
definethis helical geonetry. Their nodels were based on experi nental obser vations,
such as s noke visualization of the wake. Kocurek and Tangler [3] and Shenoy [ 19]
refined the lifting line method by using a lifting surface representation of the rotor
with ani nproved prescribed tip vortex and inner vortex geomnetry.

Free wake anal ysis nethods were subsequently devel oped by Scully [25], Summa
[26], Biss and Mller [27] anmong others. In these nethods the tip vortex was
modeled as a series of line vortex filanents and was tracked using a Lagrangian
technique. The vel ocity field was conputed usingthe B a-Savart lawand nu nerical
integrationtechni ques. Johnson W [28] usedthe free wake techni que as an optionin
his conputer program CAMRAD ( Conprehensive Analytical Mbdel of Rot orcraft
Aerodynanmcs and Dynamcs). Caradonna and Isom[29] extended the transonic
s mall disturbancetheory which becane available duringthe early 1970’stotransonic
flow over rators. This technique allowed a first principe-based study of for ward
flight conditions and tip effects.

During early 1980’s, Chang [30] nodifiedthe full patentia flowsol ver FLO22 for
isdated wngs to model rotors.

Duringlate 1980’s, Euler nethods maturedto a point where calculation of the rator
flowfieldin hover and for ward flight was feasible. These nethods so vedthe nass,
mo mentum and energy conservation in a ti me dependent fashion using finte-
difference or finite volume mnethods. These sol vers did not include viscous effects
that coul d anal yze the transoni ¢ flow wth non-isentropi ¢ shocks.

Wake and Sankar [31] were one of the first few researchers to develop a Navier-
St okes code to analyze rator flowfields in hover and for ward flight. They used a
G Hconputational gridand a hybrid AD i nplicit ti ne narching al gorithm

Mello [32], Berezin [33] and Moulton et al [34] have devel oped hybrid Navier-
S okes/ Full Potertia equation based sol vers in an effort toreduce the conmputation
tine. Here, the conputational domainis dividedintoaninner domai ncomprising of
the body and the near wake and outer donain far fromthe body. Navier S okes



equations are sol vedinthe inner donmainandthe full potential equationis solvedin
the outer domain where viscous effects are neglighle.

1 3 Research Chjective and Scope

Research on usi ng unconventional airfalsfor advancedrator technol ogy has been of
prinary interest to nmeet the requirenents of a next generation ratorcraft. These
requirenents are increased payload capability, and range and endurance, higher
forvard fligt speed and greater naneuverability and agility Reduced noise

emssionis aso of interest, particuarlyfor civilian applications.

In the present work the formation and evolution of tip vortices trailed from
helicopter rator blades are studied nunerically for an i nproved rotorcraft design,
using comnercialyavailable CFDsoft ware [ 12]. Hover flight conditions for isoated
rigdraars are considered NACA0012, NACA2415 and VR7 airfals are usedto
for mrectangul ar, swept and tapered bl ade-tip confi gurations. The conputations are
obtai ned for various flow conditions wth different tip Mich nunbers and collective
pitch settings. The resuts are compared wth other nunerical [11,22] and
experi nental data[19 4] for validation

Hrst an unt wsted, rectangular planfor msix aspect ratio blade wth NACA 0012
airfal was chosento be conparedto nunerical data from Strawn &Barth [11] and
Yang &huang [22]. Srawn and Barth [11] used unstruct ured-grid Euler sd ver for
conputing helicopter aerodynamc flowfieldsin their study. Yang and Zhuang [ 22]
present an approach for conmputing the | oads of hovering helicopter rator usingthe
Navi er- 3 okes equations. Moreover, the results were conparedto experi mental data
from Caradonna and Tung [4]. Inthat experi nent, NACA 0012 profile blades were
usedin unt wsted and untapered planfor m Sructured grids were produced usingin
house available software for the analysis. Spalart- Al naras [12] and Spalart-
Al maras DES [12] turbulence nodels were used to account for the turbulence
effects. The boundary conditions obtained fromone di nensional o nmentumtheory
[20], requiredfortherator anal ysisis externallyfedintothe Navier-3okes sol ver so
astosi milate proxi mtyflowconditions about aratatingrotor. After the validation
of nethodol ogy for Caradonna &Tung’s [4] blade, the airfal was changed to VR7 to
conpare the two blades, which have the same properties except airfoils. The

conparison was shown inthe Table 7. 2 and discussed inthe results section.



The second pur pose of t hisstudy was toshowhowt he bl ade-ti p confi gurations affect
the perfor mance of the rotor. Leishman and Martin [14] examned the wake
aerodynamcs of a single helicopter rator blade wth several tip shapes i ncludi ng
rectangul ar, swept and tapered, on a hover test stand The planfor ns testedinthese
experi ments i ncluded a 20° swept tip tapered witha 0.4 taper ratioand rectangul ar
one. The blade paraneters andtest conditions are givenin Table 5.1 Leishnan and
Martin [14] used a single helicopter rator blade wth a balanced weight for
correspondence of 1 oads. However, inthe present study 2 blade configurations are
modeledina si mlar nmanner to other conputations. Unstructured mxed grids were
produced using comnercially availabl e soft ware [ 21] for the anal ysis. Sandard k-¢
[12] turbulence nodel is usedto account for the turbulence effects. The boundary
conditions obtai nedfromone di nensional mo nentumt heory[20]. The comput ati ons

were perfor med on a 24 processor SA@ (B000 hi gh perfor mance conputing system



2 HELI COPTERS’ GOMP ONENTS

Ahelicopterisanaircraftthat uses ratating wngsto generate aerodynamclift equal
in magnitudetothe helicopter weight, a propulsive force neededt o overcome vehicle
drag in forward flight and maneuvers, forces and nonments needed to contrd the
attitude and position of the helicopter. Hgure 2 Lillustrates the principal helicopter
confi gurati on

Inthis figure some of the conponent parts are shown that make up a helicopter.
Whilethisis an exanple of one specific helicopter (UH 10, nat all helicopters wili
have all of the parts listedin Fgure 21

Rotor Blade

Hgure 2 1 Helicopter Configurations [§]



2 1 Min Rotor System

The rator systemof a helicopter isthe unit that iscomnmposed of a hub and the bl ades
attachedtoit. Eachratoris considered a separate system and a helicopter may have
more than one nainraor.

Mainrator systemgenerally consists of hub, nast; contrd tubes pitch change horn
and pitch nut, blade grips and roat. There arethree pri narytypes of rator syste ns:
articdated sem-rigd andrigd[9].

The articuated rat or syste mfirst appeared onthe auto gyros of the 1920s andisthe
ol dest and nost w dely used type of rator system The rotor blades inthis type of
systemcan nove inthree ways as it turns aroundthe rator hub and each bl ade can
move i ndependently of the ot hers. They can nove up and down (flappi ng), back and
forthinthe horizontal plane, and can changeinthe pitchangle (thetilt of t he bl ade)

[9.

Inthe sem-rigdrator system the blades are attachedrigd ytothe hub but the hub
itself can tilt in any direction about the top of the mast. This system generally
appears on helicopters witht wo rator bl ades. These syste ns rese nbl e a seesaw when
one blade is pushed down, the opposite one rises [9].

The rigdraor systemresenbles an ordinary propeller andis the least often used.

The blades are fixedtothe hub wthout hinges andthe hubis fixedtothe shaft. The
blades on rigd rator systens flex This configuration is nost like the airscrew
envisioned by Leonardo da Mnci and George Gayley [9].

Root isthe inner end of the blade where the rators connect tothe blade grips.
Bade Gips arethe large ataching points where the raor bade connects to the hub.
Hub sits atopthe nast, and connectsthe rator ades tothe contrd tubes.

Mast isthe rotating shaft fromt he trans mssion, which connectsthe rator blades to
the helicopter.

Contrd Tubes push and pull tubes that change the pitch of the rator blades.

Pitch Change Hornis the ar nature that converts contrd tube novenent to blade
pitch

Pitchincreased or decreased angle of the rotor blades torise, lower, or change the
direction of the rators thrust force.



2.2 Tail Rotor System

One of the very first problens helicopter designers encountered whenthey triedto
createa machinethat couldhover was the proble mof torquereaction Newonsthird
lawof notionrequiresthat for everyactionthereis anequal and oppositeaction This
conponent of helicopter isthetail rator. Igor S korsky seens to be the first tosettle
onusingasinglerotor mounted at the rear of the helicopter as a way to counter the
tarque [9]. The tail ratoris veryi nportant. If you spinaraoor wth an engine, the
raor Wil ratate but the engine and helicopter body wll tendtoraotate in opposite
directiontothe rator. Thisis called Torque reaction Neworisthirdlawof notion
states, “Toeveryactionthereisanequal and oppositereaction”. Thetail rotoris used
to conpensate for this torque and hold the helicopter straight. On twn-raors
helicopter, therators spinin opposite directions, sotheir reactions cancel each ot her.
The tail rator is nor nally linkedtothe nainrotor via a systemof drive shafts and
gearboxes, which nmeansif youturnthe mainraor; thetail raoris alsoturn Most
helicopters have aratioof 3:1to6: 1 Thatis, if mainratorturns oneraotation, thetail
raor wll turn 3 revautions (for 3:1) or 6 revauions (for 6:1) [10]. In nost
helicopters the engine tuns a shaft that connected to an input quill in the
trans mssion gearbox The mainrotor mastis outtothetopandtail rator drive shafts
out tothetail fromt he trans mssion gear box Tail ratorsrob an enor mous amount of
power. A arue of thunb, tail raors consume up to 30 %of the engine power [9].

23 Qontra System

Intheearly Qervaautogyros, therator was si nply alifting device andrall and pitch
contrd were obtained by ailerons on stub wings and by a conventional elevator,
neither of which was very effective at lowspeed Follow ng years, derva devel oped
a means of obtaining direct contrd bytiltingthe rator on gi nbals wthrespect tothe
shaft [7]. By this way, pitch and roll contrd were obtained Cyclic pitch was
devel oped whenthe contrd forces requiredtotilt therator became so hi gh that flight
was difficut. Cyclicis the left and right, forward and aft contrd. It putsin one
contrd input intotherator systemat ati nethroughthe swash plate Itis alsoknown
asthe "Sick™ It comes out of the center of the floor of the cockpit, and sits bet ween
the pllas’ legs. It is operated by the pilas’ right hand

Inthe helicopter contrd syste mwhichis al most uni versally used at present, the pil a
cyclically changes the pitch of the blades about feathering bearings by tilting a



mechanismknown as a swash plate. It turns non-ratating contrd novements into
ratating contra nove nernts.

Collectiveisthe up and down contrd. It puts a collective contrd input intotheraotor
system neaningthat it puts either "all up”, or "al down" contrd inputsin at one
ti ne through the swash plate It is operated by the stick onthe left side of the seat,
calledthe cdlective pitch contrd. Itis operated by the pilas’ left hand

Pedals are not rudder pedals, althoughthey areinthe samne place as rudder pedals on
anairplane. Asinglerator helicopter has noreal rudder. It hasinstead an anti-torque
raor (Aso known as a tail rator), whichis responsible for directional control at a
hover, and aircraft tri minfor wardflight. The pedals are operated by the pil as’ feet,
just like airplane rudder pedals are. Tande mrator helicopters also have t hese pedals,
but they operate bath mainrator systens for drectional contrd a a hover [8].

Swazh Plate Controls

‘ T T

Rators
Ratating Contral

R otating Section Tubes

T
\ 1 .

Swazh Plate

Hon-Fotating
Section

Transmizsian

MHon-A Dtainng
Contral Tubes \Mast '

Hgure 22 Contrd Systens [8]

A schenatic of a contrd systemis shownin Hgure 2 2



3 I MMORTANCE OF Al RFA L SHAPE AND TI P SHAPE

Mainrator perfor nance can be increased by using advanced single elenent airfails
and newraor blade planfor ns.

The devel oprent of rators wil all owl arger payl oad capability, hi gher forward fli ght
speeds, increased range and endurance, and greater naneuverahility and agility[6].

The airfal shape has a high effect on perfor mance of rotor. There are sone criteria’s
toselect an airfal or airfals for the opti numhelicopter design The airfoil shoul d
satisfy high maxi mumstatic and dynamc lift coefficentsto allowflight at hightip
speed ratios and/or at high maneuver load factors, high drag divergence Mich
nunber to allowflight at advancing tip Mich nunbers wthout prohibitive power
loses or noise, lowdrag at noderatelift coefficents and Mach numbersto nini mze
the power in nor mal flight conditions, a low pitching nonent to mnin ze blade
tarsion nonents and contra |oads, an aft aerodynamc center positionto mni mze
the nose ballast required to balance the blade, enough thickness for efficient
structure, and the last one, easyto manufacture contours. However, the studies of
airfal characteristics showt hat these characteristics do not go together in any one
airfail.

The ot her factorsthat i nfluence the rat or perfor mance arethetipshape and planfor m
of rator. There are varieties of reasons to select different tip shapes instead of the
usual square one. Wse of | eadi ng edge sweepisthe nost common one to reduce the
conpressihlity effects on the advancing tip at high forward speeds. The jet
transport’s s wept-back wing is an exanple for this. There are t wo compressi bility
effects that have provedto be significant: the generation of high blade torsion and
contrd loads through Mach Tuck and the generation of noise by propagated shock
waves. By sweepingthe leading edge of thetip bath of these disturbing phenonena
can be delayedt o for ward speeds above t he helicopter’s nor mal speedrange. Anot her
reason for using special tipshape isto decrease the blade | oads and noise produced
by each blade novinginto a flud which has already been disturbed by a previ ous
blade. The tip vortexleft by a preced ng bl ade coul d be scattered by using a special
tip shape. However, this opinion is reasonable but as yet unverified hypot hesis.
Swept-back tips have yet another potential advantage: dynamc twst [7]. On the
advancing tip at high forward speeds, nost of the twsted blades carry a non
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advantageous downward load Ifthetipisswept back this downl oad acts behindthe
structural axis andtends tot wst the blade nose up, thus reduci ngthe downl oad and
its aerodynamc penalty. Onthe retreatingside, the upl oad onthe swept tipt wststhe
bl ade nose down and alleviates retreating blade stall. This advent can be seen when
the helicopter flight on hover position Hgure 3. 1shows various tipshapes, sone of
whi ch used on conte nporary helicopters.

FHoure 31 Exanples of Blade Tips Hther Aready
Rroduced or Uhder Devel opnent [18]

Anot her factor that shouldi mprovet he perfor nance of rator isthe bl ade taper. Taper
blade increase in quality hovering perfor mance by unloading the tips to obtain a
mor e unifor mi nduced velocitythroughtherator disc. Thisi nprove nent achi eved by
taper bladeis usedin early helicopters. Accordingto Prouty[7] sone factors shoul d
be considered before deciding whether to use taper or not. When the taper bladeis
usedinsmall helicopters, it makes thetip chord small and suffers goalsindrag and
in maxi numlift coefficent weights. Second careful attentionis about tip wei ghts.
Most rator bl ades have tip wei ghts either toi nprove the autoratational capability or
to contrd dynamc characteristics by placing the frequency of the second blade
bending node belowthree ti nes per revol wion (3rev) [7]. Moreover, a tapered
blade needs nore areato generate the sane thrust value wth straight blade. This
modification increases the perfor mance in hover and vertical cli mb, but it also
decreases the payl oad advantage because of the increased area
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4  MATHEMATI CAL AND NUMERICAL FORMULATION OF THE
ROTOR PERFORMANCE

4.1 NMathe matical For mul ation
4.11 The Governi ng Equationrs

The governing equations fortherator blade anal ysisarethe Navier- 3 okes equations.
For inviscid fl owconsi derations the Euler equations are e npl oyed Inthis case, the
mass conservation equationisthe same as for viscous flow but the nomentumand
ener gy conser vati on equati ons are reduced due t ot he absence of nol ecul ar diffusi on
The equations given bel owareinthe for me npl oyed by t he comnercial code H uent
[12].

4.111 The Mass Qonservation Equation

The equation for conservation of mass or continuity equation can be witten as
fdlows:

%O+V.(pg)= S, (49

Equation (4. 6) isthe general for mof the mass conservation equationandis validfor
inconpressibeas well asconpressibleflows. Thesource Syisthe mass addedtothe
corntinuous phase fromt he dispersed second phase(e. g, dueto vaporization of liquid
droplets) and any user-defined sources.

4.112 M nmentum Conservation Equations

Conservation of monmentumis described by

%(pg)w.(p&?): Vp+ 4+ (42

Where pisthestatic pressure, p§ and Igarethe gravitaional body force and external
body forces (e.g, forces that arise from interaction wth the dispersed
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phase), respectively. F also contains other model-dependent source terms such as
porous- media and user- defi ned sour ces.

4.11 3 Energy Gonservation Equation
Conservation of energy is described by

%(PE)JF V((pE + p)) = —V.[Zhj J, } (43

Jisthe dffusion flux and sensible enthal py his defined for ideal gases.

4.2 Fotating Reference Frame

When a nodel is created using H uent, the user istypicaly nodelingthe flowin an
inertial reference frame (ina non-accel erating coordinate system). However, Huent
also has the ahility to model flows in an accelerating reference frane. In this
situation the acceleration of the coordinate systemis included inthe equations of
motion describingthe flow Acomnmon exanple of an accel erating reference frane
in engineering applications is flowinraaing equiprent. Many such flows can be
modeledina coordinate systemthat is noving wththe ratating equi pnent andt hus
experiences a constant acceleration inthe radial direction This class of ratating
flows can be treated using the raating reference frane capabilityin Huert.

When such problens are defined in a raaing reference frane, the rotating
boundaries becone stationaryrelativetothe rataing framne, sincethey are moving at
the same speed as the reference frane.

4.2 1 Equatiors for a Rotating Reference Frame

When the equations of notion are solved in a ratating franme of reference, the
acceleration of the flud is augnented by additional ter ng that appear in the

Mo mentum Equations (4.8). Huent allows you to solve rataing frame problens
using either the absol ute velocity, v’ or the relative vel ocity, gf as the dependent

variable. The two vel ocities are relaed by the fdlow ng equati on:

b =6-(6+F) (44
Here, 5 isthe angular velocity vector (that is, the angular vel ocity of the ratating
frane) and Fisthe position vector inthe racating frame.

The | eft-hand si de of t he mo nentumEquation (4.2) appears as fdlows for aninertial
reference frane:
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%(pgﬂ v (pbb) 49

For a rataing reference frane, the left-hand side witten in terns of absolue
vel ocities becones

%(pg)+ V.(pb.0)+ p(&xg) (46)

Inter ns of relative vel ocities the left-hand side is gi ven by

g( gr )+V-(P8r Upr )+ ,0(25Xupr + 5X5XP)+ p% xP (47

where p(Zf)ZX\'/J,) isthe Coridis force. Notethat Huent negledsthep%xpterm

so it cannot accurately model a ti ne-varying angular velocity using the relative
vel ocity for mul ation

For flows in ratating domains, the equation for conservation of mnass, or
continuity equation, can be written for both the abso ue and the relative vel ocity
for mul ati ors.

4.3 Turbulence Mbdeling

4.3 1 Spal art- Al naras Mo del

Inturbulence nodels that e npl oy the Boussinesqapproach, the central issue
is how the eddy viscosity is conmputed The nodel proposed by Spalart and
Al maras sdves a transport equation for a quantitythat is a nodified for mof the
turbulent K ne matic viscosity.

4.311 Transport Equationfor the Spal art- Almaras Mbdel
The transported variable in the Spalart- Al naras nodel,v, is identical to the

turbul ent ki ne matics viscosity except inthe near-wall (viscous-affected) region The
transport equation for v is;

S 0P) 5 (pi)
1|0 oo oo 2 “o
~\ O v
=G, +—| — —+Cb2p] — | |-V, +S;
U+05 [axj {(ﬂ+pu)axj}+ p[aXJ]] v o5
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Sincetheturbulence ki neticenergy kis not calculatedint he Spal art- Al naras nodel,
the last ter min Equation (4 13) isignored when esti nating the Reynal ds stresses.

4.312 Mydelingthe Turbuent Mscosity

The turbulent iscosity, x4, , is conputed from

/’lt = p5f01 (4 9)

Where the viscous danping function, f, is dven by

X3 (4 10)
and
O 411
x 2V (411)
19

4,313 Mbdelingthe Turbuent Production

The productionter m @G, is nodeled as

Gu = Cb1p§5 (4 12)
where
~ 13} (413
S = S +W fv2
and
S p—" (414)
1+ Xf,,

By defaultin Huent, asinthe original nodel proposed by Spalart and Alnaras, Sis
based onthe magnitude of the vortidty;
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S =.,/20,0; (419
where Q; isthe nean rate-of-ratationtensor andis defined by

1(ou, ou, (4 16)
To2lex, o,

The justification for the default expressionfor S isthat, for the wall-bounded fl ows
that were of nost interest whenthe nodel was for mulated turbulenceis found only
where vorticity is generated near walls. However, it has since been acknow edged
that one should also take into account the effect of nean strain on the turbulence
production and a nodificationtothe nodel has been proposed andincorporatedinto
Huent. This nodification conbines neasures of both ratation and straintensors in
the definition of S;

S =02, [+ C,rogmin(0,[5, | - |2, ) (417)

where
C

wos =2 || = 20,9, [8;]=/28;, (418)

withthe neanstrainrate, §;, defined as

1(ou. éu. (419
S, ==| —+—
b2l o ox

Incdluding both the rotation and strain tensors reduces the production of eddy
viscosity and consequently reduces the eddy viscosity itself in regions where the
measure of vorticity exceeds that of strainrate One such exanple can be foundin
vortical flows, i.e, flownear the core of a vortexsubjectedto a purerataion where
turbulence is known to be suppressed Includ ng boththe ratation and straintensors
more correctly accounts for the effects of ratation onturbulence. The default option
(including the ratation tensor only) tends to over predict the production of eddy
viscosity and hence over predicts the eddy viscosity itself in certain crcunstances.

432 The Sandard kg Mdel

The standard k—& nodel is a sem-enpiricall nodel based on nodel transport
equations for the turbulence kinetic energy (K) and its dissipation rate (&). The
model transport equationfor k is derivedfromthe exact equation whilethe nodel
transport equation for & was obtained using physical reasoning and bears little
resenblance to its nmathenatically exact counterpart. The sinplest “conplete
models" of turbul ence aret wo-equati on nodelsin whichthe so uion of t wo separate
transport equations allows the turbulent velocity and length scales to be
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independently deter mned. Robust ness, economy, andreasonabl e accuracyfor a w de
range of turbulent flows explainits popularity inindustrial flowand heat transfer
simulations. It is asem-enpirical nmodel, andthe derivation of the nodel equations
relies on phenonenol ogical considerations and enpiricism

4.3 21 Transport Equations for the Sandard k-¢ Mdel

The turbulence kinetic energy, k, anditsrate of dissipation &, are obtained from
the fdlow ng transport equati ons:

o 0
a(pk)+6_)(l(pl<u' )

5 . (4 20)
:a_xj[[y+gf—ija—xj}+6k +G, —ps—Yy +S,
and
0
a(PE)JFaT(PﬂJ.)
‘ (421)
0 U, | Os £ g’
=—|| u+— |— |+C, -G, +C,.G,)-C,,o—+S
an |:[,Ll O'gJan] le k( k 3¢ b) 2£U k £

Inthese equations, G, represerts the generation of turbulence K netic energy due to
the nean vel ocity gradients.

G, isthe generation of turbul ence ki netic energy due to buoyancy,

Y, represents the contribution of the fluctuating dilatation in conpressibe
turbulence tothe overall dissipation rate.

G, G, and G, are constarts.
ok and o arethe turbulent Rrandtl nunbers for kand &, respectivel y.

S and S are user-defined source ter ns.
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4.322 Mdelingthe Turbuent Mscosity

The turbulent (or eddy) viscosity, 4, is conputed by conbining k and ¢ as fdlows:

k? 422
/Jt:pcﬂ? ( )

C. is a constart.

4.4 Nunerica Mthod

In Huert, two nunerical soluion mnethods, segregated and coupled sol ver, are
allowed user to choose inthe sol ution procedure. Wsing either nethod Fluent wil
sd vethe governingintegral equations for the conservation of mass and monentum
and ( when appropriate) for energy and ot her scalars such as t urbul ence and che mcal
species. In both cases a contrd-vol une-based technique is used that consists of
division of the donain irto discrete contrd volumes using a conputational grid,
irntegration of the governing equations ontheindividual contrd vol unesto construct
algebraic equations for the discrete dependent variables (" unknowns') such as
vel ocities, pressure, temperature, and conserved scalars, linearization of the
discretized equations and sol ution of the resultant linear equation systemto yield
updated val ues of the dependent variabl es.

The t wo nunerical nethods e npl oy a si mlar discretization process (finte-vol une),
but the approach usedto linearize and sd ve the discretized equations is dfferert.

4.4.1 Segregated Sol ution Mt hod

The segregated sol ver is the sol uion al gorithmused by Huent. Wsingthis approach,
the governing equations are solved sequentidly (segregated from one anat her).
Because the governing equations are non-linear (and coupled), several iterations of
the sol ution loop rust be perfor med before a converged sol wionis obtained Each

iteration consists of the steps outlined bel ow

e Hudproperties are updated based onthe current sd uion (Ifthe cal culation
has just begun, the flud properties wll be updated based on the initialized
sd uion)

e The u, v, and w nmo mentumequations are each sdvedinturn using current
val ues for pressure and face nass fluxes, in order to update the vel ocity field
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e Sincethe velocities obtainedin Sep 2 may not satisfythe continuity equation
locally, a “Poissontype' equationfor the pressure correctionis derivedfrom
the continuity equation and the linearized momentum equations. This
pressure correction equationisthensol vedto obtaint he necessary corrections
to the pressure and velocity fields and the face mass fluxes such that
continuityis satisfied

e \here appropriate, equations for scalars such as turbul ence, energy, species,
and radiaion are sdved using the previously updated val ues of the other
variabl es.

e \When interphase coupling is to be included, the source terns in the
appropriate continuous phase equations nay be updated wtha discrete phase
trgectory calcul ation

e Acheck for convergence of the equation set is nade.

These steps are continued urtil the convergence criteria are net.

* Update properties.

f

Solve momentum equations.

¥

Solve pressure-correction (continuity) equation.
Update pressure, face mass flow rate.

Solve energy, species, turbulence, and other
scalar equations.

l

Converged? »{ Stop

Hgure 41 Overviewof the Segregated Sol uti on Met hod
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4.4.2 Gupled Sal ution Met hod

The coupled sol ver sal ves the governing equations of continuity, nomentum and
(where appropriate) energy and species transport si multaneously (coupl ed toget her).
Governing equations for additional scalars wll be sd ved sequentialy (segregated
fromone anather and fromthe coupled set) using the procedure described for the
segregated sol ver inthe previous section Because t he governing equations are non-
linear (and coupl ed), several iterations of t he sol utionl oop rrust be performed before
a converged sd wionis obtained Eachiteration consists of the outlined below

H uid properties are updated based onthe current sd uion (Ifthe calculation
has just begun the flud properties wll be updated based on the initialized
sal uion)

The continuity, nomentum and (where appropriate) energy and species
equations are sd ved si multaneousl y.

Where appropriae, equations for scalars such as turbulence and radiaion are
sal ved using the previously updated val ues of the ot her variabl es.

When interphase coupling is to be included the source terns in the
appropriate continuous phase equations may be updated wth a discrete phase
trgjectory calcul ation

A check for convergence of the equation set is nade.

These steps are continued urtil the convergence criteria are net.
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* Update properties.

:

Solve continuity, momentum, energy, and
species equations simultaneously.

i

Solve turbulence and other scalar equations.

; A

\ Converged? /

FHgure 4 2 Overview of the Coupled Sol uion Mthod

4.4 3 L nearization

In bath the segregated and coupled soluion nethods the discrete, non-linear
governing equations are linearized to produce a system of equations for the
dependent variables inevery conputational cell. The resutarnt linear syste mis then
savedtoyieldan updated flowfiel d sd uion

The manner in whichthe governing equations are linearized nay take an “i nplicit"
or “explicit” form with respect to the dependent variable (or set of variables) of
inerest.

4431 Explicit Sche e of Anal ysis

For a given variabl e, the unknown val ueineach cell is conputed using arel ationt hat
includes only existing values. Therefore, each unknown wll appear in only one
equationinthe systemandt he equations for the unknown val ue i n each cell can be
sa ved one at ati ne to gve the unknown quartities.

Inthe segregated sol uion nethod each discrete governing equation is linearized
i nplidtly wth respect to that equatioris dependent variable. This wll result in a
systemof linear equations wth one equation for each cell inthe donain. Because
there is only one equation per cell, this is someti nes called a “scalar’ syste m of
equations. A point inplicat (Guss-Seidel) linear equation solver is used in
conjunction wthan al gebraic nmultigrid ( AMG methodto sal ve the resultant scalar
system of equations for the dependent variable in each cell. For exanple, the x-
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mo mentum equation is linearized to produce a system of equations in which u-
velocity is the unknown. S multaneous sol ution of this equation system (using the
scalar AMG sal ver) yields an updated u-vel ocity field

Insummary, the segregated approach sal ves for a sing e variabl e fiel d by consi dering
al cells at the sane time. It then soves for the next variable field by again
considering all cells at the same ti ne, and so on. Thereis no explicit optionfor the
segregated sd ver.

Inthe coupled sal ution met hod t he user has a choice of using either an i nplicit or
explict linearization of the governing equations. This choice applies only to the
coupled set of governing equations. Governing equations for additional scalars that
are sa ved segregated fromt he coupl ed set, such as for turbul ence, radiation, etc., are
linearized and solved inplicitly using the same procedures as in the segregated
saduion nmethod Regardiess of whether he/she chooses the i nplicit or explidt
sche ne, the sd uion procedure shown in Fgure 43 isfdlowed.

44321 nmplicat Sche ne of Anal ysis

If the user chooses the inmplicit option of the coupled sol ver, each equationin the
coupled set of governing equations is linearized i nplicitly wth respect to all
dependent variablesinthe set. This wil result inasystemof linear equations with N
equations for each cell inthe domain where Nisthe number of coupledequationsin
the set. Because there are Nequations per cell, thisis someti nes called a * bl ocK'
systemof equations. Apoirnt i nplidt (block Gauss-Seidel) linear equation sol ver is
usedinconjunction with anal gebraic multigrid( AMG) nethodtosdvetheresultant
bl ock syste mof equations for all Ndependent variablesineachcell. Insummary, the
coupledi nplicit approach sol ves for all variables (U v, w T)inall cells atthe sane
ti ne.

If the user chooses the explicit option of the coupled sol ver, each equationin the
coupl ed set of governingequations is linearized explidtly. Asinthei nplicit option,
thistoo wll resut ina systemof equations wth N equations for each cell inthe
domain Andlikewse, all dependent variablesinthe set wll be updated at once. In
summary, the coupled explicit approach sol ves for all variables (p; U, vV, w T) one
cell & ati ne.

4. 4.4 Dscretization of Equations

H uent uses a contrad-volu me- based techni que t o convert the governing equations to
al gebraic equations that can be solved nunerically. This contrd volumne techni que
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consists of integrating the governing equations about each contrd volume, yieldng
discrete equations that conserve each quartity on a contrd-vol une basis.

Discretization of the governing equations can be illustrated nost easily by
considering the steady-state conservation equation for transport of a scalar
quartityd. Thisis de nonstrated by the folowng equation writteninintegral form
for an arhitrary contrd volune Vas fdlowvs:

§ ppbah={r,vpda+[s,av (423

Equation (4 32) is applied to each contrd volume, or cell, inthe computational
domain The t wo-di nensional, triangular cell shown in Fgure 4 3is an exanple of
such a contra volume. Discretization of Equation (4 32) on a dgven cell yields

fpfgf b "Kf - §5r¢(v¢)n-'gf +S,V (429

The equations sol ved by H uent take the sanme genera for mas the one given above
and applyreadilyto nulti-d nensional, unstructured meshes conposed of arhbitrary

pol yhedral.

Houre 43 Contrd \olume Wedtolllustrate
Discretization of a Scalar Transport Equation

By default, Huent stores discrete val ues of the scalar dat the cell centers(co and c;
in Hgure 4.3). However, face values @ is required for the convection terns in
Equation (428) and mnust be interpdated fromthe cell center values. This is
acconplished using an upw nd sche ne.
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Upw nding neans that the face value & is derived from quartities in the cell

3

upstream or “upwnd” relative to the direction of the normal velocity v, in
Equation (4 29). Huent allows you to choose fromseveral upw nd schenmes: first-

order upw nd, second-order upw nd, power law and QU CK
4.5 Boundary Qonditions

4.51 Far Held Boundary Gonditions

Weakly enforced boundary conditions are e nployed for all of the calculations. By
weak enforce ment, we mean that that the boundary conditions are specified in an
integral sense over the boundary faces. Srong enforcement requires that each node
satisfy the boundary condition exactly[11].

Deter mination of appropriate boundary conditions which are superposed are very
i nportant to obtainrealist behavior inthe wake of a hovering rator. Ina raotorin
forvard flight, the rator wake is rapidy swept away fromthe rator and out of the
conputational donain in hover position the wake systemrenains dosetotheraor

bl ades for a nunber of rotor revol wions. Because of this reason, in hover, definition
of appropriate far-fiel d boundary conditions is much nore i nmportart.

The met hod described by Srinivasan et al [11] is usedto deter nine i nflow outflow
boundary conditions for the hovering rator. In this method, 1- D helicopter
momentumtheory is used to approxi mate the boundary conditions. Mo mentum
theory concerns itself withthe gl obal balance of nass, nonentum and energy. It
does not concernitself with details of the flow around the blades. It gives a good
representation of what is happening far away fromtherator. M nmentumTheory has
sone assunptions about rator and flowfield Rotaris nodeled as an actuat or disk,
which adds monentumand energy to the flow Howis inconpressible steady,
inviscid irraational, one-d nensional, unifor mthroughtherator disk andalsothere
isnoswrl inthe far wake.

By usingthistheory, the far fiel d outflowvel ocity duetothe rator wake syste mcan
be relatedtothe thrust fromthe rator dade by

W, :—ZMH/% (429

This velocityis unifor mand occurs bel owt he rator blade over an exit area equal to
one half of the area of the raor disk which can be seenin Hgure 44
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Hgure 4 4 Boundary Conditions for the Hovering Rotor [11]

However, val ues and assu nptions nmade for Mo mentumTheoryare not validfor flow
fiddaroundrator. They are usedto give suitable far fiel d boundary conditionsinthe
wake of a hovering rator. Monentum Theory assunptions are conbined withthe
sd uionaroundthethree di nensional helicopter rotor blades. The flowfield around
the blades can be assuned inviscid and steady in hover flight.

Inthis approach therator is viewed fromthe far field as a point sink of mass. This
resutsinaninflowat al boundaries equal to

w, =M \E[Ej (429
4 \V2\r

This velocityis pointedtoward the hub of the raor blade at all boundary
locations [11]. Itisillustratedin Fgure 4 5
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Hgure 45 How Aea of Rotor

These i nfl ow outfl ow boundary conditions are imposed by a user-defined function
(UDF), UDFisafunctionthat you programthat can be dynamcallyloaded withthe
FLUENT sol ver toenhancet he standardfeat ures of t he code. UDFs are writteninthe
C programm ng language. They are defined using DEFI NE nmacros that are supplied
by Huent Inc. They access datafromthe FLUENT sol ver using predefined macros
and functions also supplied by Huent Inc [12]. UDF whichis usedinthis workis
giveninthe appendix A
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4.6 Rotorcraft Perfor mance Equations

Foll ow ng expressions are usedto calcu atethe rator perfor mance paraneters.

N N (427
PRD)(OR)?

OR
My, = = (429
c = P—P, (429
p 2
el

Where Cristhethrust coefficent, Ristherotor radius, Qistheraor radiad speed,
Qisthe power, pisthe static pressure, aisthe speed of sound, pisthe density of air

and Visthe vel ocity magnitude, (pisthe pressure coefficient.
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5 GRIDINFORMATION AND BLADE CONFI GURATI ONS

Three-d nensional flow fields around helicopter rotor blades are investigated in
hover. The properties of the blade configurations are givenin Table 5 1. The t wo
blades, which are investigated in hover position have unt wsted rectangular plan
for mwth an aspect ratio of 6

The reference rator is a nmodel two-bladed rotor which has been extensively
experi nentally and numrericaly investigated is called Caradonna- Tung’s blade
shown in Hgure 51 consists of NACA0012 and the other one consists of VR7
airfal, Hgure 5.2 They are anal yzedint wo different tip Mich nunbers of 0. 439 and
0.877 for cdlective pitch angles of 0 and 8 degrees. The grids for these
configurations are generated using anin-house grid generator devel oped at Georgia
Institute of Technol ogy, Scholl of Aerospace Engineering It generatesa 3-DH H O
grid pri marily used for helicopter rators. Presently an algebraic H H gridis first
specified The elliptic equations arethensovedintwo sweeps; one sweep for each
plane inthe radia directionthen another sweep for each plane inthe chord wse
direction Thisfully 3-Delligic H Hgridisthen wappedintoan Ogridfor each
azi mthal plane. The axis syste musedis z vertical, y span wse (fromroat totip) and
xisaxial whichfor ns an orthogonal system The mesh usedinthe conputationsis a
3-DH H nmesh of 131 (chord) x 43 (span) x 61 (vertical). The flowfield consists of
655200 hexahedral cells and 682492 nodes. This gridis shownin Fgure 5.3

Hgure 51 Garadonna- Tung’s blade
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Fgure 52 Bade wth Sngle VR7 Prafile

17
rA

Hgure 53 Sructured Msh about Caradonna &Tung’s blade.

Structured grids shown in Hgure 5.3 were produced using in house available
soft ware for the anal ysis. This structured nmesh was used to examne Caradonna-
Tung’s blade wth NACA0012 andthe ather one with VR7 airfal.
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Table. 51 Hade Configurations

Tapered Swept Square
Square Square ( Mrtin ( Martin ( Martin
(Garadonna- ( ngeri 9 and and and
Tung’s[4]) Leishman | Leishman | Leishman
[19]) [19]) [19]))
Radiss, R | 198 mm | 198 mm | 410 mm | "0 | 406 mm
Chord, ¢ 33 mm 33 mm 44 mm 44 mm | 44.5 mm
Root 0.6¢c 0.6¢c 0.2R 0.2R 0.2R
cutout, ro
Ti p speed 143 and 143 and
QR 289 nis 289 mis | 9132 mis | 89.72 nis | 89.28 nis
g&flgr'] NACA VRY NACA | NACA | NACA
0012 2415 2415 2415
Collective
pitch g g 6° 4.5 45
Twist, Qw o o° P e h
Tip Mch 0.439 0.439
Nu mber, and and 0.3 0.3 0.26
Mip 0.877 0.877
Thr ust
coefficients, | 0.004565 - 0.00259 | 0.00258 0.0022
G
Solidty 01 01 0.029 0.034 0.035
Tip Chord, 33 mm 33mm | 176 mm | 44 mm | 445 mm
G
Root Chord 33 mm 33 mm 44 mm 44 mm | 44.5 mm
Taper ratiq - - 0.4 - -
T
Break - - 0.8R 0.8R -
poi rt, ry
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The blade paraneters of Caradonna &Tung’s, Generic with VR7 profile and
Leishman &Martinincl uded square, swept and tapered tip configurations are given
in Table 51

R nally, the study of tipshape effects on rator perfor nance is perfor med. For this
study, three different blade geonetries wth different blade tip shapes including
square, tapered and swept are used The blade geonetries were drawn by using
CATI A VBR12 program and their conputational domains were generated by
Gridgen grid generation soft ware. Taperedtipblade withconstant airfol NACA2415
isseenin Agure 54 The dade wthswept tipisshownin Fgure 55

FHgure 54 Tapered Tip Blade

Hgure 55 Swept Tip Bade

Gridgen[21] is a soft ware systemfor the generation of three-d nensional grids and
meshes. Sructured grids consisting entirely of hexahedral cells was used near the
racor blade and for the remaining parts of the conputational domain unstructured
grids conposed of tetrahedral, pyramd, and prismcells having noi nplicit order was
preferred The overall grid was hybrid sincethe gridconsisted of bat hstructuredand
unstructured parts. When the structured grid near the rotor blade was generated, y*
val ues were taken so that they are suitable for the viscous so uion using The
Sandard k- & turbulence model. For best resuts wth Standard k- ¢ turbulence
model, Huent advisetothe user to use either a veryfine near-wall mesh spacing on
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the order of y* =1 or a mesh spacingsuchthat y* >30. Especially, y* val ues near
the tip of blade are very effective on the results of the different tip shaped blades.
The hybrid grid for the swept tip blade with NACA2415 airfal is shownin Hgure
56

FHgure 56 Hybrid Gidfor the Swept Tip Bade

A the beginning of t he anal ysis, appropriateratational vel ocity was gi ventothe flow
fidddfor dfferent M, val ues.

The grid properties for al the cases considered are gvenin Table 52
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Table 52 Gid Properties

T Cdl ective
P Prdile Atch | M, | Cel # |Node#
Shape
and e

0 655200

Square | VR7 0 0.877 |, oL | 682492
0 655200

Square VR7 0 0.439 hexahedr d 682492
0 655200

Square | VR7 8 0.439 |, ot | 682492
0 655200

Square VR7 8 0.877 hexahedr d 682492
0 655200

Square | NACA0012 8 0.877 |, ot L | 682492
0 655200

Square | NACA0012 8 0.439 |, > L | 682492

Square | NACA2415| 458 |0.260| 048624 1312301
m xed

Tapered | NACA2415| 6  |0.300| 277427 |270200
m xed

Swept | NACA2415| 48 |0.300| 665997 |2°29°]
M xed

Table 52 shows the number of cells and nodes of the neshes usedinthe anal ysis of
helicopter rator bl ades.
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6. | MPLEMENTATI ON OF I N TI AL AND BOUNDARY CONDI TI ONS

Various boundary conditions are e nployed to carry out the flowanal ysis. For far
field boundary conditions, the equations obtained from 1- D blade elenent theory
were utilized \elocityinlet boundary condition was used A user defined function
(UDF) was appliedto give the val ues of the inlet velocities at the boundary faces.
For outflow pressure outlet was used This outflow boundary condition needs to
specifythe static pressure, tenperature, and the direction of the flow

Periodic boundary conditions are used in solver. For N bladed hovering rator
cal culations only one blade, and 2/ Nof t he cyli ndrical donai n needto be considered
Then, the up and downstreamboundary planes can be treated as periodi ¢ boundaries
[5]. Al the boundary conditions applied are shownin Hgure 6 1

Movi ng reference frane was chosen for fluid type, and the appropriae ratational
vel ocity was given for dfferent M val ues.

The i deal gas law was chosent o definethe density. Operating pressureis significant
for inconpressibe ideal gas flows because it directly deter mnes the density [12].
Operating pressure was taken 101325 Pa. Therefore, the energy equation was
activatedto uilizethe ideal gas law

6.1 Period city

Periodi ¢ boundary conditions are used when the physical geonetry of interest and
the expected pattern of the flow sol ution have a periodicaly repeating nature.
Rot ati onall y peri odi ¢ boundarythat for ns anincluded angl e about t he centerline of a
raationally symmetric geonetryis used [12].
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FHgure 6 1 Conputational Donain

6.2 \Elocity Inet Boundary Gonditions

Vel ocityinlet boundary conditions are usedto define the flowvel ocity, along with
all relevant scalar properties of the flow at flowinlets. The tata (stagnation)
properties of t he floware naot fixed sothey wll riseto whatever val ueis necessaryto
provi de the prescribed vel ocity distributi on

The boundary condition inputs at vel ocityinets are usedto conpute the mass flow
inothe domainthroughtheinlet andto conpute the fluxes of nmonentum energy,
and species through the inl et.

When the velocity inlet boundary condition defines flow entering the physical
donmain of the nodel, Huent uses both the velocity conmponents and the scalar
quantities that user defined as boundary conditions to conpute the inlet mass flow

35



rate, monentumfluxes, and fluxes of energy and che mcal species. The mass flow
rate entering aflud cell adjacent toa velocityinet boundaryis conputed as

m=| obdk (61

Only the vel ocity conmponent nor mal tothe contrd volune face contributes tothe
inet nass flowrate

Soneti nes a vel ocityinlet boundaryis used where flowexits the physical domain
This approach m ght be used, for exanple, when theflowratethrough one exit of the
domainis known or isto be i nposed onthe nodel. Insuch cases user must ensure
that overall continuityis maintainedinthe domnain.

In the segregated solver, when flow exits the domain through a velocity inlet
boundary Huent uses the boundary condition value for the velocity conponent
nor mal tothe exit flowarea It does not use any other boundary conditions t hat you
have input. Instead all flowconditions except the nor mal vel ocity component are
assumed to be those of the upstreamcell.

Inthe coupledsal vers, ifthe flowexitsthe domain at any face onthe boundary, t hat
face wil betreated as a pressure outlet wththe pressure prescribedinthe Outflow
Gauge Pressure field

6.3 Pressure Qutlet Boundary Gonditions

Pressure outlet boundary conditions require the specification of a staic (gauge)
pressure at the outlet boundary. The val ue of static pressure specifiedis used only
whilethe flowis subsonic. Shoul dthe flowbecomne | ocally supersonic, the specified
pressureis nolonger used; pressure Wil be extrapol ated fromt he flowi ntheinterior.
Al aher flowquartities are extrapol ated fromthe irteriar.

A set of “backflow conditions is also specified to be used if the flow reverses
direction at the pressure outlet boundary during the sol ution process. Convergence
difficuties will be mninmzed if you specify realistic values for the backflow
quarntities.

The programalso provides an option to use a radial equilibrium outlet boundary
condition and an optionto specify atarget nass flowrate for pressure outlets.
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6.4 Sy mnetry Boundary Qonditions

Whenthe physical geonmetry of i nterest, andt he expected pattern of t he fl owsol uti on
have mrror symmetry, this boundary conditionis used [12]. By using sy mmetry
boundary condition user can nodel zero-shear slip wallsin viscous flows. It was
used for the grid whichis generated using anin-house grid generator devel oped at
Georgialnstitue of Technol ogy. The grid withsymmetry boundary condition can be
seenin Fgure 6.1 The hybrid neshes which were used for Mrtin&_.eishnan’s
blade geonetries do nat have any sy mnetry boundary conditi on

Sy mmetry boundaries are usedtoreduce the extent of the conputational model toa
symmetric subsection of the overall physical system[12]. There is no flux of all
quartities across a symmetry boundary. The symnetry boundary condition can
therefore be summarized as zero nor nal velocity at a symmnetry plane and zero
nor mal gradients of all variables at asymmnetry plane. Sincethe shear stressis zero at
asymnetry boundary, it canalsobeirnterpretedas a “slip’ wall when used inviscous
flowcal cu ation [12].

6.5 Will Boundary Gonditions

Wall boundary condition was used for the bl ade geonetries. Inall of the casest hat
were consideredinthis study, the no-slip boundary condition was enforced at walls.
Also, Huent providesto the user tospecifyatangential vel ocity conponentinter ns
of thetranslational or rotational notion of the wall boundary, or nodel a “slip’ wall
by specifying shear. For no-slip wall conditions, Huent uses the properties of the
flowadjacent tothe wall/flu d boundaryto predictthe shear stress onthe fludat the
wall [12].
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7. RESULTS

The three-di nensional flow fields around the helicopter rator blades were
investigated in hover flight. In this section the different rator configuration are
considered Caradonna and Tung[4] ratoris usedfor validation Afterthe validation
of rator the airfall was changedto VR7 to conparethet wo blades which have the
sane properties except airfals. Then, the last step of this study was toshow howt he
bl ade-ti p confi gurati ons affect the perfor mance of the rator.

7.1 \alidation

Caradonna and Tung Rotor [4]

The blade is untwsted and consists of a single airfal, NACA0012 It has a
rectangul ar planfor mwith an aspect ratioequal to 6. It was anal yzedint wo different
tip Mach numbers that were 0.439 and 0.877. The ratio bet ween t hrust coeffid ent
and solidty was equal to 0.1 This blade was chosento validate the computed data
with experi nent of Caradonna and Tung [4]. Sructured grids are produced usingin
house available software for the analysis. Spalart- Al naras [12] and Spalart-
Al maras DES [12] turbulence nodels are used toaccount for the turbul ence effects.

Four blade stations at which the conparisons are nade are shown in FHgure 7.1
(/R 050 068 080 and 0 96).

r/ R=0. 96

e T

/RE0.68
_'__.--"'--\
roct e o \
\ I \ r/ R=0. 80
L\,A r/ R=0.50

Fgure 7.1 Four dlade stations of Caradonna &Tung’s rotor

at where the results are presented
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FHgure 7.2 Pressure distributions for four sections of Caradonna &Tung [4] rotorin
conparison wththe numerical results of Srawn&Bart [11] and
experi nental data of Caradonna &Tung’s [4] for Euler sd wion
( M=0. 439 @ =8")
FHgure 7.2 shows the pressure coefficients for the lowspeed case, M=0.439. Inthe
inMscid soluion case, good agreenent is seen between the numerical and
experi nental val ues at all l ocations, althoughthe thrust val ueis slightly higher than
the experi nental one. It appears that the vortex-induced downwash needs to be
hi gher in order to have better agreenent wth data [11].
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FHgure 7.3 Pressure distributions for four sections of Garadonna &Tung [4] rator
inconparison wththe nunerical resuts of Yang &huang [22] and
experi nental data of Caradonna &Tung [4] for Navier- Sokes sd ution

( M=0.439, §=5")

It can be seenfromH gure 7. 3that t he surface pressures for the viscous soluti on have
lover peak at the leading edge. Thisis probably dueto coarse grid Another fact is
that near the rator tipthe calculated | oading wthout vortex modeling still natches
well wththe experi nental data The loading at the blade-tipregionis dominated by
three di mensional tip effects andis relativel yinsensitivetothe rator trailing vortex
[22].
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Hgure 7.4 Conparison of surface pressures for alifting rator in hover
for Euler sd uwion ( M=0.877, =5")

The bladetip vel ocity was i ncreasedto M=0. 877 andthenthe sane procedures were
applied for this anal ysis. The surface pressures for the hi gh speed case are shown in
Hgure 7.4 Good agreenment is seen bet ween nunerical and experi nenta results.
However, the predicted shock location at r/R 0.80 and r/R 0.96 is aft of the
measured val ues. Thisis probably due to coarseness of the grid
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Hgure 7.5 Conparison of surface pressures for alifting rator in hover for Navier-
S okes sd wion ( M=0.877, @=8)
FHgure 7.5 presents a final measure of conputed perfor mance results. The pressure

distributions for four sections of Caradonna &Tung[4] rator were conpared withthe
nunerical results of Yang&Zhuang [22] and experi nental data of Caradonna &Tung

[4].
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The tip vortex evol ttion is alsoinvestigated A the 0° azi mith the blade is passing
over the vortex fromthe preceding blade for the first ti ne. Thisthe | ocation where
the vortextrgectory and strength have the nost influence onthe blade air loads [11].

=21

i)

1’“\,\,!”

x Y ; J U, f s/ﬂ

Fa

FHgure 7.6 \ortex Core (M =0.439)
\orticity contours are illustrated at different azi mith angles for M=0.439. The

vortidty contours are shown int wo- di mensional slices and t he angul ar | ocations are
indicatedin Hgure 7.6
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7.2 Gneric Rotor wthVR7 Arfal

The bladeis also unt wsted and consists of asingleairfal, VR7. It has arectangul ar
planfor mwth an aspect raioequal of 6. It was analyzedint wo different tip Mach
nunbers ( M=0.877 and 0.439) and collective angles (6, =8°and 0°). Sructured
grids are produced using in house available soft ware for the analysis. Spal art-
Al maras [12] and Spal art- Al maras DES [12] t urbul ence nodels are used toaccount
for the turbul ence effects. There is no experi nental datafor this blade geonetry so
the initial thrust coefficients are taken fromcommercial code, Hight Lab Thrust
Coeffidents for Hade wth VR7 profile are;

Table 7.1 Thrust Coeffidents for Hade wth VVR7 Profile

M =0. 439 M =0. 877
0, =0° G =0.0005355 G =0.000625
0, =8° G =0.00735 G =0.00785
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Four blade stations weretaken onthe blade (r/R 0.50, 0.68 0.89 and 0.96). Hgure

Hgure 7.7 Pressure distributi ons for four sections of the genericrator wth
single airfal VR7 inconparison wththe nunerical results of
Gradonna &Tung [4] rator. ( M=0.439, & =8°)

7. 7shows t he conparison of Euler results of Genericrator and Caradonna&Tung [ 4]

raor.
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FHgure 7.8 Pressure distributi ons for four sections of the generic rator in comparison
wththe nurerical results of Garadonna &Tung raor [4]
(M=0.439, @=8°)

Then, the calculaions of the Navier-Sokes equations wth appropriate turbul ence
modeling were done for genericraor and Caradonna &Tung [4] raor.
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FHgure 7.9 Chordwse pressure dstributions at four radial stations of generic rator
incomnparison wththe nunerical resuts of Caradonna &Tung [4] rator

(N=0.877, @=8)

To understand the effect of the blade tip speed, Mich nunber of tip speed was
increasedto 0.877 andthenthe sane procedures were appliedfor these anal yses. The
conparison of pressure coefficents was illustrated in Hgure 7.9
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FHgure 7.10 Conparison of surface pressures a different spanwse locations for the
lifting rators in hover (M=0877, @=8")

Conparisons of surface pressure at those spanwise locations for the rators are
presentedin Hgure 7 10
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FHgure 7. 11 Vortex Core ( M=0. 877)

The tip vortex evol uionis also examned inthis study. \orticity contours for the
case areillustrated at different azi muith angles for M=0.877. The vorticity contours
are shown intwo-di nensional slicesin Hgure 7. 11
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7.3 Hfect of Tip Shape

The goal of thisstudy wastoinvestigate howt he bl ade-ti p configurations affect the
perfor mance of the rotor. Leishnman and Martin [14] examined the wake
aerodynamcs of a single helicopter rator blade with several tip shapes includes
rectangul ar, swept andtapered The blade paraneters andtest conditions are givenin
Table 5 1 Inthis work these three different rotars are si mulated to examne the
perfor mance of each tip configuration Inthese cases the overall grid was hybrid,
since the grid consisted of both structured and unstruct ured parts. Cal culated t hrust
values for these three blade configurations during this study converged to the
experi nental data and they were shownin Table 7.2 However, the najor problem
for these studies was the lack of the gridresd ution after the structured part of the
hybrid mesh The tip vortices diffusetoo quicky due tothe coarseness of the grid
Sol ution adaptive grid refine nent can be usedtoremedy this problem

When the results are considered for the sane tip mach nunber and collective pitch
angle, it is seenthat the swept tip rator has more thrust and less drag than the
baselinera or blade, bythe way; whentaperedandswept ti p bl ades are comparedit’s
also seen that tapered one needs nore collective pitch angle to produce nearly the
sane thrust.
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Hgure 7. 12 Satic pressure dstributions on baseline rator of
Leishman and Mrtin [14] ( M=0. 26)

Hrst case of this study was the baseline rator [14]. Satic pressure distribution on
baselinerator of Leishrman and Mrtin[14] is shown in Fgure 7 12
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Hgure 7. 13 Satic pressure dstributions on swept tipraor of
Leishman and Mrtin [14] ( M=0.3)

The planfor s i nvestigated i n this case included a 20° swept tip that is shown in
Houre 7.13
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FHoure 7.14 \elocity Vectors on swept tip raor of Leishman and Martin [14]
(M=0.3

Vel ocity vectors ontip of the swept rator areillustratedin Fgure 7. 14

53



X fluenteartemise [0] Fluent Inc g@@

4.17e+03
3.76e+03
3.35e+03
2.93e+03
2.52e+03
2.11e+03
1.70e+03
1.29e+03
8.76e+02
464e+02
5.25e+01
-359+02
I ~7.71e+02
| -1.18e+03
-1.59+03
-2.01e+03
-2.42e+03
-2.83e+03
-3.24e+03
-365e+03 Y.
-4.06e+03

Contours of Static Pressure (pascal) FLUENT 6.1 (34 [I)ec(i:'23' 2?(0%
j , coupled imp, ske

Hgure 7. 15 Satic pressure distributions ontaperedtipraor of
Leishman and Mrtin[14] ( M=0.3)

The planfor ns examnedinthisstudyincluded atapered blade witha 0. 4taper ratio
H gure 7.15 shows the static pressure distributions on taperedtipraor.
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FHoure 7.16 \elocity Vectors on tapered tip rotar of Leishnman and Martin [14]
(M=0.3

Vel ocity vectors onthe tip of the racor blade can be seenin FHgure 7. 16
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Table 7.2 Results of Al Bades Configuration

Tip Prdile C:cjllzll(tecc:tf:\/e Mi Grr10° | Grr 107 | Cp* 10
Shape 0 'P | Experi ment | Present | Present
and e (')
Square VR7 0 0.877 - 737 336
Square VR7 0 0.439 - 720 349
Square VR7 8 0.439 - 7800 1098
Square VR7 8 0.877 - 8340 1090

Square | NACA0012 8 0.877 4565 5751 1381

Square |[NACA0012 8 0.439 4565 5702 1318

Square | NACA2415 4.5 0.26 2200 2426 419

Tapered NACA2415 6 0.3 2590 2488 331

Swept | NACA2415 4.5 0.3 2580 2510 382

Calculatedthrust and drag coefficents for all blade configurations duringthis study
are shown in Table 7.2 The results are nore closely discussed inthe fdlowng
chapter.
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8 CONLUSI ONS

Acommercial CFDcodeis usedtoconputethe flowfieldabout different rotor bl ade
geonetries. The proxi mty far fiel d boundary conditions obtai ned frombl ade el e nent
theoryis externallyfedintothe sol ver, as a user definedfunction Bothinwviscidand
viscous flowsoal uions are obtained The structured-unstructured grids are generated
using bathin house and commnercia grid generators.

The nethodol ogy is first validated successfuly using a six aspect ratio unt wsted
rectangular planfor mrator blade consists of NACA0012 airfal cross sections, for
whi ch experi nental and various nunerical results are available. Thenthe airfal is
changed to canbered, non-symmetric VR7 whichis wdely enployedinroaotorcraft
applications. The blade with VR7 airfail provides 36% nore torque for the same
angle of attack of 8 degrees for atip Mich nunber of 0.44 Thisincrease is 45 %for
a Mp=088

Fnally, an attenpt was made to study the effect of various tip shapes on rator
perfor mance. Thetapered andswept tipshapes are conpared wththat of rectangul ar
one. Non-rectangul ar ti p shapes see mt oi ncreasethe perfor nance by 10 % However,
this study needs further anal ysestofullyclarifyt he effect of tipshapes on mainrator
perfor mance.
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APPENDI X A

UDFis afunctionthat you programt hat can be dyna micall yl oaded witht he FLUENT sol ver
to enhance the standard features of the code. UDFs are writteninthe C programming
language. They are defined using DEFI NE macros that are supplied by Huent I nc. They
access data fromthe FLUENT sol ver using predefined nmacros and functions also supplied
by Huert Inc[12]. UDF whichis usedinthis workis given below

#i nclude "udf. h"

#define M 0439 /* blade tip vel ocity *
#define @ Q0 004565 [*rator thrust coefficient
#define R6.0 /* blade radi us*

#define ses_hizi 340 /*speed of sound*/
#define nerkez_x 00 [* center coordi nate*/

#define nerkez_y 00

#define nerkez_z 00

DEFI NE_PROFI LE (vel ocity_x thread, position) /* Huent Mcro*
real point[ ND_NO; /*this wll holdthe position vector *
face t f; /*face knowedge *
rea xy,z /* center coord nates of face..
rea r=0.0, /*the distance bet ween hub and boundary face*
real s=0.0;
real tetafi; /* coordi nate angl es*
real c=0.0;

real sonucl=0.0;
begin_f_loop (f, thread) [*for dl faces...

{

F_CENTRA D(poirt, f, thread); /*finds the center of face %
x=poi nt[0]; y =poi nt[1]; z=poirt[Z];

r=sort (( merkez_x-x) *( nerkez_x-x) +( nerkez_y-y)*( merkez_y-y) +(nerkez_z-z)*( nerkez_z-2));
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fi =acos((z- nerkez_z)/r);
teta=atan2((x- nerkez_x), (y- nerkez_y));
(- 1% M* 25) K(sart( @ % 5)) M(R)FRI))); covereerreieeeeeeieseeeeesie e sessessses s s sess s ( Equation 4 26)
s=sin(fi)*c;
sonucl=cos((teta))™*s;
F PROFI LK, thread, position)=sonucl*ses_hiz;
}
end_f_loop (f, thread)
}
DEFI NE_PROFI LK vel ocity_y,thread, positi on)
{ read part[ND_NO;
face t f;
rea xy,z
real r=0.0;
real s=0.0;
real teta fi;
real ¢c=0.0;
real sonuc?;
begin_f_l oop(f, thread)
{
F_CENTRA O(poirt,f,thread);
x=poi nt[0]; y =poi nt[1]; z=poirt[Z];
r=sort(( nerkez_x-X) *( mer kez_x-x) H merkez_y-y) *( nerkez_y-y)H merkez_z-z)*( nerkez_z-2));
fi=acos((z- nerkez_z)/r);
teta=atan2((x- nerkez_x), (y- nerkez_y));
CH(-1* M*. 25 X(Sart( Q> 5))  ((RI)*(RA))); coerrrrreeererireeeirersreeise et ( Equation 4.26)
s=sin(fi)*c
sonuc2=si n((teta))*s;
F_PROFI LK, thread positi on) =sonuc2*ses_hi zi;
}
end_f_l oop(f, thread)

}
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DEFI NE_PROFI LK vel ocity zthread, position)
{ real pant[ND _NO;
face t f;
real xy,z
real r=0.0;
real fi;
real ¢=0.0;
real sonuc3;
begi n_f_l oop(f, thread)
{
F_CENTRA I poi rt,f,thread);
x=poi rt[Q; y =poi rt[1]; z=poirt[2];
r=saort(( nerkez_x-X) *( mer kez_x-x) H merkez_y-y)*( nerkez_y-y)H merkez_z-z)*( nerkez_z-2));
fi=acos((z- nerkez_z)/r);
CH(-1* M* 25 *(Sart( Q% 5)) *((R) ()5 coevrererereerereeeiere s ( Equation 4.26)
sonuc3=cos((fi)) *c;
F _PROFI LK, thread, position)=sonuc3*ses_hiz;
}
end_f_l oop(f, thread)

}
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