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ROTOR PALA UCU ŞEKLİ Nİ N HELİ KOPTER PERFORMANSI NA ETKİ Sİ  

ÖZET 

Heli kopt er,  döner  kanat  kullanarak t aşı ma,  it ki  ve kontrol  sağl ayan bir  hava aracı dır. 

Döner  kanatlar,  uçuşu sürdürebil mek i çi n havanı n öt el e me  hı zı na i hti yacı  ol an sabit 

kanatlı  uçakl arı n aksi ne aracı n hı zı  sıfır  olsa dahi  kanat  yüzeyi ni n havaya göre ol an 

hareketi nden  dol ayı  aerodi na mi k kuvvetler  üretirler.  Böyl eli kle heli kopterl er  di key 

uçuş kabili yeti ne sahi p olurlar. 

Moder n heli kopt er  t asarımı nda r ot or  etrafı ndaki  akış  al anı nı n öngör ümü öne m arz 

eder.  CFD analizleri  rot or  aerodi na mi k perfor mansı nı n hesapl anması nda çok 

yönl üdür.  Rot or  etrafı ndaki  akış  li neer  ol mayan,  üç  boyutl u ve bir  önceki  pal anı n 

bozunt u ol uşt urduğu akış al anı nda hareket  eden pal adan dol ayı  artan bir  kararsı zlı ğa 

sahi ptir. 

Geliş mi ş  r ot or  t eknol ojisi nde gel eneksel  ol mayan kanat  pr ofilleri ni n kullanıl ması 

yönünde yapılan araştırmal ar,  yeni  nesil  heli kopt erleri n i hti yaçl arı nı  sağl a mak i çi n 

temel  il gi  al anı nı  ol uşturur.  Bu i hti yaçl ar  t aşı ma kabili yeti ni n,  menzili n ve 

dayanı klılığı n arttırıl ması,  yüksek il eri  uçuş  hızı,  yüksek manevra yet eneği  ve 

çevi kli k sağl a mak ol arak sıralanabilir.  Özelli kle si vil  uygul a mal ar  i çin gür ült ü 

yayılı mı nı n azaltıl ması ilgi alanı dır. 

Bu çalış mada heli kopt erin askı  dur umundaki  r otor  pal al arı nı n sayısal  çözüml e mesi 

yapıl mı ştır.  CFD yazılımı  ol an Fl uent  6. 1 progra mı  kullanılarak üç boyutl u 

heli kopt er  pal aları nı n etrafı ndaki  akı ş  i ncel enmi ştir.  Rot or  pal al arı  bur ul ması z, 

incel me ol a mayan,  altı biri m kanat  açı klı ğı na sahi p ve t ek kanat  profili nden  

( NACA0012,  VR7)  ol uştur ul muşt ur.  Hesapl a mal ar  farklı  uç hı zları nda ( Mt =0. 439 ve 

0. 877)  ve kollektif  açılarında ( Өc =0
0

 ve 8
0
)  değişik akış  koşulları  i çi n yapıl mı ştır. 

Son ol arak,  kare,  daral malı  (t apered)  ve geri ye süpür meli  (s wept),  t ek NACA2415 

pr ofili nden ol uşan üç farklı  uç şekli ne sahi p pala geo metril eri  kullanıl mıştır.  Pal a 

geo metrileri  CATI A V5R12 pr ogra mı nda çi zil mi ş  ve Gri dgen V15 pr ogra mı 

kullanılarakt a ağ alanı oluşt urul muşt ur.  



 xi  

EFFECT OF ROTOR BLADE TI P SHAPE ON HELI COTER MAI N- ROTOR 

PERFORMANCE 

 

SUMMARY 

A helicopt er  i s  an aircraft  t hat  uses  r ot ati ng wi ngs  t o pr ovi de lift,  propulsi on,  and 

control.  The r ot ary wi ngs  can pr oduce aerodynami cs  f orces,  whi ch are generat ed by 

the rel ati ve moti on of  a  wi ng surface wit h respect  t o t he air,  even when t he vel ocit y 

of  t he vehi cle itself  is zero,  i n contrast  t o fixed- wi ng aircraft,  whi ch needs  a 

transl ational  vel ocit y t o mai nt ai n fli ght.  Hence,  t he helicopt er  has  t he abilit y of 

vertical flight, incl udi ng vertical take-off and landing.  

The predi cti on of  t he flow fi el d around a  r ot or has  an i mport ant  part  in moder n 

helicopt er  desi gn.  CFD anal ysis  is  so versatile to anal ysis of  t he r ot or  aer odyna mi c 

perfor mance,  whi ch can be  used t o i nvesti gat e the fl ow about  al most  any t ype of 

vehi cl e,  i ncl udi ng r ot orcraft.   The fl ow i s  non linear  hi ghl y t hree di mensi onal,  and 

unst eadi ness  i s  i ncreased due t o each bl ade movi ng i nt o a fl ui d whi ch has  already 

been dist urbed by a previous bl ade 

Research on usi ng unconventi onal  airfoils for  advanced r ot or  t echnol ogy has  been of 

pri mar y i nt erest  t o meet  t he require ments  of  a next  generati on r ot orcraft.  These 

require ments  are i ncreased payl oad capabilit y, and range and endurance,  hi gher 

for war d fli ght  speed,  and great er  maneuverabilit y and agility.  Reduced noi se 

e mi ssi on is also of i nterest, particul arl y for ci vilian applications.  

In t his  st udy,  nu meri cal  sol uti ons  of  t he helicopter  r ot or  bl ades  i n hover  have been 

carried out.  The fl ow fiel d around t he t hree dimensi onal  helicopt er  rotor  bl ades  i s 

investi gat ed by usi ng CFD soft ware,  FLUENT 6. 1.  The r ot or  bl ades  wit h no t wi st  or 

taper,  aspect  rati o si x,  with a si ngl e NACA0012 and VR7 airfoils were chosen.  The 

comput ati ons  are obt ai ned f or  vari ous  fl ow conditi ons  wit h different  ti p Mach 

nu mbers  ( Mt =0. 439 and 0. 877)  and collecti ve pitch setti ngs  ( Ө0 =0
0

 and 8
0
).  Fi nall y, 

three different  bl ade geomet ries  are generat ed by a  si ngl e NACA2415 airfoil  wit h 

different  bl ade ti p shapes i ncl udi ng square,  t apered,  and s wept.  The bl ade geo metri es 

were dra wn by usi ng CATI A V5R12 pr ogra m and t heir  co mput ati onal  do mai ns  were 

generat ed by Gri dgen grid generati on soft ware.  
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1. I NTRODUCTI ON 

1. 1 Physical Background 

Igor  Si korsky’s  vi si on of a  r ot ati ng wi ng aircraft  that  coul d safel y hover  and perfor m 

ot her  desirabl e fli ght  maneuvers  under  f ull  control  of  t he pil ot  was  onl y t o be 

achi eved some  t hirt y years  after  fi xed- wi ng aircraft  (airpl anes)  were fl yi ng 

successfull y.  This  r ot ating- wi ng aircraft  we  know t oday as  t he heli copt er  [ 1].  A 

helicopt er  i s  an aircraft  that  uses  r ot ati ng wi ngs  to generat e aerodyna mi c l ift  equal  i n 

magnit ude t o t he helicopter  wei ght,  a pr opulsi ve force needed t o overcome vehi cl e 

drag i n f or war d fli ght  and maneuvers,  forces  and mo ment s  needed t o control  t he 

altit ude and positi on of  the helicopt er.  The r ot ary wi ngs  can pr oduce aerodyna mi c 

forces,  whi ch are generated by t he rel ati ve moti on of  a  wi ng surface wit h r espect  t o 

the air,  even when t he vel ocit y of  t he vehi cle itself  is  zero,  i n contrast  t o fi xed- wi ng 

aircraft,  whi ch needs  a transl ational  vel ocit y t o mai nt ai n fli ght.  Hence,  t he helicopt er 

has  t he ability of  vertical fli ght,  i ncl udi ng vertical t ake-off  and l andi ng.  Compared t o 

fi xed wi ng fli ght,  t he devel opment  of  whi ch can be cl earl y traced t o Lilient ha, 

Langl ey,  and t he first  full y controlled fli ght  of a  pil ot ed powered aircraft  by t he 

Wr i ght  Br ot hers  i n 1903,  t he ori gi ns  of  successful helicopt er  fli ght  are l ess cl ear  [ 1]. 

Ho wever,  when co mpared t o fi xed- wi ng aircraft,  t here are many evol ution of  t he 

helicopt er.  Moreover,  also t his  gr owt h peri od of  the helicopt er  require great er  dept h 

of scientific and aeronautical knowl edge.  

The conventi onal  helicopt er  r ot or  consists of  t wo or  more i dentical,  equall y spaced 

bl ades  attached t o a central  hub.  The bl ades  are mai nt ai ned i n unifor m rotati onal 

moti on,  usuall y by a  shaft  t orque from t he engi ne. The power  trans mitted to t he r ot or 

shaft  i s  t he rel ati vel y l ow a mount  of  power  required t o lift  t he machi ne co mpared t o a 

fi xed- wi ng aircraft  of  the sa me gr oss  wei ght.  The lift  and drag f orces  on t hese 

rotating wi ngs  pr oduce the t orque,  t hrust  and ot her  f orces  and mo ments  of  t he r ot or 

[2].  
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The predi cti on of  t he flow fi el d around a  r ot or has  an i mport ant  part  in moder n 

helicopt er  desi gn.  CFD anal ysis  is  so versatile to anal ysis of  t he r ot or  aer odyna mi c 

perfor mance,  whi ch can be  used t o i nvesti gat e the fl ow about  al most  any t ype of 

vehi cl e,  i ncl udi ng r ot orcraft.   The fl ow i s  non linear  hi ghl y t hree di mensi onal,  and 

unst eadi ness  i s  i ncreased due t o each bl ade movi ng i nt o a fl ui d whi ch has  already 

been di st urbed by a  previous  bl ade.  Ho wever,  hoveri ng fli ght  can be si mul at ed as  a 

steady sol uti on i n a moving fra me [5]. 

Because of  t he pr oxi mity of  t he wake of  a  helicopt er  t o t he r ot or  di sk,  modeli ng t he 

wake struct ure i s  vi gorous  t o accurat el y predi ct  the down wash i n t he plane of  t he 

rot or  di sk.  In radi al  direction,  t he bl ade r ot ati on causes  a non- unifor m di stri buti on of 

the vel ocit y fiel d.  This  generat es  a hi gh concentration of  lift  over  t he out er  porti on of 

the bl ades.  Si nce t he physi cal  lift  must  vanish at  t he extre me  edges  of  t he bl ades,  a 

hi gh spanwi se lift  gradient  exists near  t he ti p.  As  a  result,  strong trailing vortices 

ori gi nat e at  t he ti p,  whi ch r oll  up t o f or m concentrated ti p vortices  a fe w chor d 

lengt hs  downstrea m t he bl ades,  do mi nati ng t he rot or  wake as  ill ustrated in Fi gure 

1. 1.  

 

   

   Fi gure 1. 1 For mati on of the Ti p Vort ex [35] 

The bl ade l oads  and overall  perfor mance of  t he rot or  syst e m are hi ghl y dependent 

upon t he strengt hs  and l ocati ons  of  t he ti p vortices  rel ati ve t o t he r ot or.  In additi on, 

duri ng descendi ng l ow-speed f or war d fli ght,  bl ade-vortex i nt eracti on ( BVI )  results  i n 

locall y l arge unst eady air  l oads  on t he bl ades,  l eadi ng t o i ncreased r ot or vi brati on 

levels  and t he generati on of  i mpul si ve r ot or  noise [ 16,  17].  In summar y,  t he bl ade 
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tips  are of  consi derabl e import ance si nce t hey are at  t he ori gi n of  t he f or mati on of  t he 

tip vortices and t hey generate most of t he rot or drag and noise [18, 19].   

1. 2 Hover Si mul ati on Met hodol ogi es  

The earliest  met hods  f or modeli ng r ot ors  based on an ext ensi on of  Prandtl’s  lifti ng 

line t heor y f or  wi ngs.  In t hese t echni ques,  t he indi vi dual  bl ades  were model ed as 

lifting li ne vortices,  and the wake was  model ed as  a  defor med heli x.  During,  1970’s 

Gr ay [ 23],  Landgrebe [24]  a mong ot hers  developed a  prescri bed wake model  t o 

defi ne t his  helical  geo metry.  Their  models  were based on experi ment al  observati ons, 

such as  s moke vi sualization of  t he wake.  Kocurek and Tangl er  [3]  and Shenoy [ 15] 

refi ned t he lifting li ne met hod by usi ng a lifti ng surface represent ati on of t he r ot or 

wi t h an i mpr oved prescribed ti p vortex and i nner vortex geometry.  

Free wake anal ysis methods  were subsequentl y devel oped by Scull y [ 25],  Su mma 

[26],  Bliss  and Mi ller  [27]  a mong ot hers.  In these met hods  t he ti p vort ex was 

model ed as  a  series  of  line vortex fila ments  and was  tracked usi ng a Lagrangi an 

techni que.   The vel ocit y fiel d was  co mput ed usi ng t he Bi ot-Savart  l aw and nu meri cal 

integrati on t echni ques.  Johnson W.  [ 28]  used t he free wake t echni que as  an opti on i n 

hi s  co mput er  pr ogra m CAMRAD ( Co mprehensive Anal ytical  Model  of  Rot orcraft 

Aer odyna mi cs  and Dyna mi cs).  Caradonna and Isom [ 29]  ext ended t he t ransoni c 

s mall  di st urbance t heory whi ch beca me  availabl e duri ng t he earl y 1970’s  to t ransoni c 

fl ow over  r ot ors.  This  techni que all owed a  first pri nci pl e-based st udy of  f or war d 

fli ght conditi ons and ti p effects.  

Duri ng earl y 1980’s,  Chang [ 30]  modified t he f ull  pot ential  fl ow sol ver  FLO22 f or 

isol ated wi ngs t o model rot ors. 

Duri ng l at e 1980’s,  Eul er  met hods  mat ured t o a poi nt  where cal cul ation of  t he r ot or 

fl ow fi el d i n hover  and for war d fli ght  was  feasi ble.  These met hods  sol ved t he mass, 

mo ment um and energy conservati on i n a ti me dependent  fashi on using fi nite-

difference or  fi nite vol ume  met hods.  These sol vers  di d not  i ncl ude viscous  effects 

that coul d anal yze the transoni c fl ow wit h non-isentropi c shocks.  

Wa ke  and Sankar  [ 31]  were one of  t he first  few r esearchers  t o devel op a  Navi er-

St okes  code t o anal yze rot or  fl ow fi el ds  i n hover  and f or war d fli ght.  They used a    

C- H comput ati onal gri d and a hybri d ADI i mplicit ti me marchi ng al gorithm.   

Mell o [ 32],  Berezi n [ 33]  and Moult on et  al  [34]  have devel oped hybrid Navi er-

St okes/ Full  Pot ential  equati on based sol vers  i n an effort  t o reduce t he co mput ati on 

ti me.   Here,  t he co mput ational  do mai n i s  di vi ded in t o an i nner  do mai n compri si ng of 

the body and t he near  wake and out er  do mai n far  from t he body.  Navi er  St okes 
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equati ons  are sol ved i n t he i nner  do mai n and t he f ull  pot ential  equati on i s  sol ved i n 

the outer domai n where viscous effects are negli gibl e.  

1. 3 Research Objecti ve and Scope 

Research on usi ng unconventi onal  airfoils for  advanced r ot or  t echnol ogy has  been of 

pri mar y i nt erest  t o meet  t he require ments  of  a next  generati on r ot orcraft.  These 

require ments  are i ncreased payl oad capabilit y, and range and endurance,  hi gher 

for war d fli ght  speed,  and great er  maneuverabilit y and agility.  Reduced noi se 

e mi ssi on is also of i nterest, particul arl y for ci vilian applications.  

In t he present  wor k,  the f or mati on and evoluti on of  ti p vortices  trailed from 

helicopt er  rot or  bl ades  are st udi ed nu meri call y for  an i mpr oved r ot orcraft  desi gn, 

usi ng co mmerci ally availabl e CFD soft ware [ 12].  Hover  fli ght  conditi ons  for  i sol at ed 

rigi d r ot ors  are consi dered.  NACA0012,  NACA2415 and VR7 airfoils are used t o 

for m rect angul ar,  s wept  and t apered bl ade-ti p confi gurati ons.  The co mputations  are 

obt ai ned f or  vari ous  fl ow conditi ons  wit h different  ti p Mach nu mbers  and coll ecti ve 

pitch setti ngs.  The results are co mpared wi th ot her  nu meri cal  [ 11, 22]  and 

experi ment al dat a [19, 4] for vali dati on.  

First  an unt wi sted,  rect angul ar  pl anfor m si x aspect  rati o bl ade wit h NACA 0012 

airfoil  was  chosen t o be co mpared t o nu meri cal  dat a from Strawn &Bart h [ 11]  and 

Yang &Zhuang [ 22].  Stra wn and Bart h [ 11]  used unstruct ured-gri d Eul er  sol ver  f or 

computi ng helicopt er  aerodyna mi c fl ow fi el ds  i n their  st udy.  Yang and Zhuang [ 22] 

present  an appr oach f or  computi ng t he l oads  of  hoveri ng helicopt er  r ot or usi ng t he 

Navi er- St okes  equati ons. Mor eover,  t he results were co mpared t o experi ment al  dat a 

from Caradonna and Tung [ 4].  In t hat  experi ment,  NACA 0012 pr ofile bl ades  were 

used i n unt wi sted and unt apered pl anfor m.  Structured gri ds  were pr oduced usi ng i n 

house availabl e soft ware f or  t he anal ysis.  Spal art- All maras  [ 12]  and Spal art-

Al l maras  DES [ 12]  t urbul ence models  were used t o account  f or  t he turbul ence 

effects.  The boundary conditi ons  obt ai ned from one di mensi onal  mo ment u m t heor y 

[20],  required f or  t he r otor  anal ysis i s  ext ernall y fed i n t o t he Navi er-St okes  sol ver  so 

as  t o si mul at e pr oxi mit y fl ow conditi ons  about  a r ot ating r ot or.  Aft er  t he vali dati on 

of  met hodol ogy f or  Caradonna &Tung’s  [ 4]  bl ade, t he airfoil  was  changed to VR7  t o 

compare t he t wo bl ades,  whi ch have t he sa me pr operties  except  airfoils.  The 

comparison was shown in t he Tabl e 7. 2 and discussed i n t he results secti on.  
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The second pur pose of  t his st udy was  t o show how t he bl ade-ti p confi gurations  affect 

the perfor mance of  t he r ot or.  Leishman and Marti n [ 14]  exa mi ned the wake 

aerodyna mi cs  of  a si ngle helicopt er  rot or  bl ade wit h several  ti p shapes i ncl udi ng 

rectangul ar,  s wept  and t apered,  on a  hover  t est  stand.  The pl anfor ms  t ested i n t hese 

experi ments  i ncl uded a 20
0  

s wept  ti p,  t apered wi th a 0. 4 t aper  rati o and rect angul ar 

one.  The bl ade para met ers  and t est  conditi ons  are gi ven i n Tabl e 5. 1.  Lei sh man and 

Marti n [ 14]  used a singl e helicopt er  rot or  blade wit h a bal anced wei ght  f or 

correspondence of  l oads.  Ho wever,  i n t he present  st udy 2 bl ade confi gurati ons  are 

model ed i n a  si mil ar  manner  t o ot her  comput ati ons.  Unstruct ured mi xed gri ds  were 

pr oduced usi ng co mmerci ally availabl e soft ware [ 21]  f or  t he anal ysis.  Standar d k-ε 

[12]  t urbul ence model  i s used t o account  for  t he t urbul ence effects.  The boundar y 

conditi ons  obt ai ned from one di mensi onal  mo mentum t heory [ 20].  The comput ati ons 

were perfor med on a 24 pr ocessor SGI O3000 hi gh perfor mance computi ng syste m.  
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2. HELI COPTERS’ COMP ONENTS 

A helicopt er  i s  an aircraft  t hat  uses  r ot ating wi ngs t o generat e aerodyna mi c lift  equal 

in magnit ude t o t he helicopt er  wei ght,  a pr opulsi ve f orce needed t o overcome  vehi cl e 

drag i n f or war d fli ght  and maneuvers,  forces  and mo ment s  needed t o control  t he 

attit ude and positi on of  the helicopt er.  Fi gure 2. 1 ill ustrates  t he pri nci pal  helicopt er 

confi gurati on.   

In t his fi gure some  of  the co mponent  parts  are shown t hat  make up a  helicopt er. 

Whi l e t his  i s  an exa mpl e of  one specific helicopter  ( UH- 1C),  not  all  helicopt ers  will 

have all of t he parts listed i n Fi gure 2. 1. 

 

 

   Fi gure 2. 1 Helicopt er Confi gurati ons [8] 



 7 

2. 1 Mai n Rot or Syste m 

The r ot or  syst e m of  a helicopt er  i s  t he unit  t hat  is co mposed of  a  hub and the bl ades 

attached t o it.  Each r ot or i s  consi dered a separate syste m,  and a  helicopt er  may have 

mor e t han one mai n rot or. 

Mai n r ot or  syst e m generall y consists of  hub,  mast;  control  t ubes  pit ch change hor n, 

and pitch,  nut,  bl ade grips  and r oot.  There are t hree pri mar y t ypes  of  r ot or  syst e ms: 

articul ated, se mi-ri gi d, and ri gi d [9]. 

The articul ated r ot or  syste m first  appeared on t he aut o gyr os  of  t he 1920s  and i s  t he 

ol dest  and most  wi del y used t ype of  r ot or  syst em.  The r ot or  bl ades  i n t hi s  t ype of 

syste m can move i n t hree ways  as  it  t urns  around t he r ot or  hub and each bl ade can 

move  i ndependentl y of  the ot hers.  They can move up and down (flappi ng),  back and 

fort h i n t he hori zont al  plane,  and can change i n the pitch angl e (t he tilt  of t he bl ade) 

[9]. 

In t he se mi -ri gi d r ot or  syste m,  t he bl ades  are attached ri gi dl y t o t he hub but  t he hub 

itself  can tilt  i n any di recti on about  t he t op of  t he mast.  This  syst e m generall y 

appears  on helicopt ers  with t wo r ot or  bl ades.  These syst e ms  rese mbl e a seesa w when 

one bl ade is pushed down, t he opposite one rises [9]. 

The ri gi d r ot or  syst e m r ese mbl es  an or di nary propeller  and i s  t he l east  often used. 

The bl ades  are fi xed t o t he hub wit hout  hi nges  and t he hub i s  fi xed t o t he shaft.  The 

bl ades  on ri gi d r ot or  syst e ms  fl ex.  Thi s  configurati on i s  most  li ke t he airscrew 

envisi oned by Leonardo da Vi nci and Geor ge Cayley [9]. 

Root is the i nner end of the bl ade where the rot ors connect t o t he blade gri ps.  

Bl ade Gri ps are t he large attachi ng poi nts where the rot or blade connects to t he hub.  

Hub sits a t op t he mast, and connects t he rot or bl ades t o t he control tubes.  

Mast  i s  t he r ot ating shaft  from t he trans mi ssi on,  whi ch connects  t he r ot or bl ades  t o 

the helicopt er.  

Control Tubes push and pull tubes t hat change t he pitch of t he rot or blades.  

Pit ch Change Hor n i s  the ar mat ure t hat  converts control  t ube move ment  t o bl ade 

pitch.  

Pit ch i ncreased or  decreased angl e of  t he r ot or  bl ades  t o rise,  l ower,  or  change t he 

directi on of t he rot ors t hrust force.  
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2. 2 Tail Rot or Syste m 

One of  t he very first  probl e ms  helicopt er  desi gners encount ered when t hey t ri ed t o 

creat e a machi ne t hat  could hover  was  t he pr obl e m of  t orque reacti on.  Ne wt on' s  t hird 

law of  moti on requires  t hat  f or  every acti on t here i s  an equal  and opposite acti on Thi s 

component  of  helicopt er  is t he t ail  rot or.  Igor  Si korsky see ms  t o be t he first  t o settle 

on usi ng a  si ngl e r ot or  mount ed at  t he rear  of  t he helicopt er  as  a  way t o count er  t he 

torque [ 9].  The t ail  rot or i s  very i mport ant.  If  you spi n a r ot or  wit h an engi ne,  t he 

rot or  will  rot ate,  but  t he engi ne and helicopt er  body will  t end t o r ot ate in opposite 

directi on t o t he r ot or.  This  i s  called Tor que reaction.  Ne wt on' s  t hird l aw of  moti on 

states,  “To every acti on there i s  an equal  and opposite reacti on”.  The t ail  rotor  i s  used 

to co mpensat e f or  t his t orque and hol d t he helicopt er  strai ght.  On t wi n-rot ors 

helicopt er,  t he r ot ors  spin i n opposite directi ons,  so t heir  reacti ons  cancel  each ot her. 

The t ail  rot or  i s  nor mally li nked t o t he mai n r otor  vi a a  syst e m of  dri ve shafts  and 

gearboxes,  whi ch means i f  you t urn t he mai n r otor;  t he t ail  rot or  i s  also tur n.  Most 

helicopt ers  have a rati o of  3: 1 t o 6: 1.  That  i s,  if  mai n r ot or  t urns  one r ot ation,  t he t ail 

rot or  will  t urn 3 revoluti ons  (for  3: 1)  or  6 revol uti ons  (for  6: 1)  [ 10].  In most 

helicopt ers  t he engi ne turns  a shaft  t hat  connect ed t o an i nput  quill  i n t he 

trans mi ssi on gearbox.  The mai n r ot or  mast  i s  out  to t he t op and t ail  rot or  drive shafts 

out  t o t he t ail  from t he trans mi ssi on gear  box.  Tai l  rot ors  r ob an enor mous  a mount  of 

power. As a rule of t humb, tail rot ors consume up to 30 % of t he engi ne power [9]. 

2. 3 Control Syste m 

In t he earl y Ci erva aut o gyr os,  t he r ot or  was  si mply a  lifti ng devi ce and r oll and pit ch 

control  were obt ai ned by ailerons  on st ub wi ngs  and by a  conventi onal el evat or, 

neit her  of  whi ch was  very effecti ve at  l ow speed.  Foll owi ng years,  Ci erva devel oped 

a means  of  obt ai ni ng direct  control  by tilting t he rot or  on gi mbals  wit h respect  t o t he 

shaft  [7].  By t his  way,  pitch and r oll  control were obt ai ned.  Cyclic pit ch was 

devel oped when t he control  forces  required t o tilt  the r ot or  beca me  so hi gh that  fli ght 

was  difficult.  Cyclic i s  the l eft  and ri ght,  for ward and aft  control.  It  puts i n one 

control  i nput  i nt o t he r otor  syst e m at  a  ti me t hrough t he s wash pl ate.  It  i s  also known 

as  t he "Stick".  It  comes  out  of  t he cent er  of  t he floor  of  t he cockpit,  and si ts  bet ween 

the pil ots’ legs. It is operat ed by t he pilots’ ri ght hand.  

In t he helicopt er  control  syste m whi ch i s  al most  uni versally used at  present,  t he pil ot 

cyclicall y changes  t he pitch of  t he bl ades  about  feat heri ng beari ngs  by tilti ng a 
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mechanis m known as  a s wash pl at e.  It  t urns  non-rot ating control  movement s  i nt o 

rotating control move ments.  

Coll ecti ve i s  t he up and down control.  It  puts  a collecti ve control  i nput  i nto t he r ot or 

syste m,  meani ng t hat  it  puts  eit her  "all  up",  or  "all  down"  control  i nputs i n at  one 

ti me t hrough t he s wash pl ate.  It  i s  operat ed by t he stick on t he l eft  si de of  t he seat, 

called t he collecti ve pitch control. It is operated by t he pil ots’ left hand.  

Pedals  are not  r udder  pedals,  alt hough t hey are i n t he sa me  pl ace as  r udder pedals  on 

an airpl ane.  A si ngl e r ot or  helicopt er  has  no real  rudder.  It  has  i nstead,  an anti -t orque 

rot or  ( Al so known as  a tail  rot or),  whi ch i s  responsi bl e f or  directi onal  control  at  a 

hover,  and aircraft  tri m i n f or war d fli ght.  The pedals  are operat ed by t he pil ots’  feet, 

just  li ke airpl ane r udder  pedals  are.  Tande m r ot or helicopt ers  also have t hese pedals, 

but t hey operate bot h main rot or syste ms for directional control at a hover [8]. 

    

    Fi gure 2. 2 Control Syst ems [8] 

 

A sche matic of a control syste m is shown i n Fi gure 2. 2. 
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3. I MPORTANCE OF AI RFOI L SHAPE AND TI P SHAPE 

Mai n r ot or  perfor mance can be i ncreased by usi ng advanced si ngl e el e ment  airfoils 

and ne w rot or bl ade pl anfor ms.  

The devel opment  of  r ot ors  will  all ow l arger  payl oad capabilit y,  hi gher  f orwar d fli ght 

speeds, increased range and endurance, and great er maneuverability and agility [6].  

The airfoil  shape has  a high effect  on perfor mance of  r ot or.  There are some criteria’s 

to sel ect  an airfoil  or  airfoils for  t he opti mu m helicopt er  desi gn.  The airfoil  shoul d 

satisfy hi gh maxi mu m static and dyna mi c lift  coefficients t o all ow fli ght  at  hi gh ti p 

speed rati os  and/ or  at  hi gh maneuver  l oad fact ors,  hi gh drag di ver gence Mach 

nu mber  t o all ow fli ght  at  advanci ng ti p Mach nu mbers  wit hout  pr ohi biti ve power 

loses  or  noise,  l ow drag at  moderat e lift  coefficients  and Mach nu mbers  to mi ni mi ze 

the power  i n nor mal  flight  conditi ons,  a l ow pi tchi ng mo ment  t o mi nimi ze bl ade 

torsi on mo ment s  and control  l oads,  an aft  aerodyna mi c cent er  positi on to mi ni mi ze 

the nose ballast  required t o bal ance t he bl ade,  enough t hi ckness  f or  effici ent 

struct ure,  and t he l ast  one,  easy t o manufact ure cont ours.  Ho wever,  t he st udi es  of 

airfoil  charact eristics  show t hat  t hese charact eristics  do not  go t oget her  in any one 

airfoil.  

The ot her  fact ors  t hat  i nfluence t he r ot or  perfor mance are t he ti p shape and pl anf or m 

of  r ot or.  There are vari eties  of  r easons  t o sel ect  different  ti p shapes  i nstead of  t he 

usual  square one.  Use of l eadi ng edge s weep i s  the most  common one t o reduce t he 

compressi bility effects  on t he advanci ng ti p at  hi gh f or war d speeds.  The j et 

transport’s s wept-back wi ng i s  an exa mpl e f or  this.  There are t wo co mpressi bilit y 

effects t hat  have pr oved t o be si gnificant:  t he generati on of  hi gh bl ade t orsi on and 

control  l oads  t hrough Mach Tuck and t he generation of  noise by pr opagated shock 

waves.  By s weepi ng t he leadi ng edge of  t he ti p,  bot h of  t hese di st urbi ng pheno mena 

can be del ayed t o f or ward speeds  above t he helicopt er’s  nor mal  speed range.  Anot her 

reason f or  usi ng speci al  tip shape i s  t o decrease the bl ade l oads  and noise pr oduced 

by each bl ade movi ng i nt o a fl ui d whi ch has  al ready been dist urbed by a  previ ous 

bl ade.  The ti p vort ex l eft by a  precedi ng bl ade coul d be scattered by usi ng a  speci al 

tip shape.  Ho wever,  t his  opi ni on i s  reasonabl e but  as  yet  unverified hypot hesis. 

Swept-back ti ps  have yet  anot her  pot ential  advant age:  dyna mi c t wi st  [7].  On t he 

advanci ng ti p at  hi gh for war d speeds,  most  of t he t wi sted bl ades  carry a  non 
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advant ageous  down war d load.  If  t he ti p i s  s wept  back,  t his  downl oad acts  behi nd t he 

struct ural  axis  and t ends  to t wi st  t he bl ade nose up,  t hus  reduci ng t he downl oad and 

its aerodyna mi c penalt y.  On t he retreati ng si de,  t he upl oad on t he s wept  ti p t wi sts  t he 

bl ade nose down and allevi at es  retreati ng bl ade stall.  This  advent  can be  seen when 

the helicopt er  fli ght  on hover  positi on.  Fi gure 3. 1 shows  vari ous  ti p shapes,  so me  of 

whi ch used on cont e mporary helicopt ers.  

 

   Fi gure 3. 1 Exa mpl es of Bl ade Ti ps Eit her Already   

                Produced or Under Devel opment   [18] 

Anot her  fact or  t hat  should i mpr ove t he perfor mance of  r ot or  i s  t he bl ade t aper.  Taper 

bl ade i ncrease i n quality hoveri ng perfor mance by unl oadi ng t he ti ps  t o obt ai n a 

mor e unifor m i nduced velocit y t hrough t he r ot or  disc.  This  i mpr ove ment  achi eved by 

taper  bl ade i s  used i n early helicopt ers.  Accor di ng t o Pr out y [ 7]  some  fact ors  shoul d 

be consi dered before deci di ng whet her  t o use t aper  or  not.  When t he t aper  bl ade i s 

used i n s mall  helicopt ers,  it  makes  t he ti p chor d small  and suffers  goals  i n drag and 

in maxi mu m lift  coefficient  wei ghts.  Second careful  attenti on i s  about  tip wei ghts. 

Most  r ot or  bl ades  have tip wei ghts  eit her  t o i mpr ove t he aut o r ot ational  capabilit y or 

to control  dyna mi c charact eristics  by pl aci ng t he frequency of  t he second bl ade 

bendi ng mode bel ow t hree ti mes  per  revol uti on ( 3/rev)  [ 7].  Moreover,  a  t apered 

bl ade needs  more area to generat e t he sa me t hrust  val ue wit h strai ght  blade.  Thi s 

modificati on i ncreases  the perfor mance i n hover  and vertical  cli mb,  but  it  al so 

decreases t he payl oad advant age because of t he increased area. 
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4.  MATHE MATI CAL AND NUMERI CAL FORMULATI ON OF THE   

ROTOR PERFORMANCE 

4. 1 Mat he mati cal For mul ati on 

4. 1. 1 The Governi ng Equati ons  

The governi ng equati ons  for  t he r ot or  bl ade anal ysis are t he Navi er- St okes  equati ons. 

For  i nvisci d fl ow consi derati ons  t he Eul er  equations  are e mpl oyed.  In t his  case,  t he 

mass  conservati on equation i s  t he sa me  as  f or  vi scous  fl ow,  but  t he mo ment um and 

energy conservati on equati ons  are reduced due t o t he absence of  mol ecul ar  diffusi on. 

The equati ons  gi ven bel ow are i n t he f or m e mpl oyed by t he co mmercial  code Fl uent 

[12].  

4. 1. 1. 1 The Mass Conservati on Equati on  

The equati on f or  conservati on of  mass  or  continuit y equati on can be written as 

foll ows:  

  mS
t







 
.  

(4. 1) 

     

Equati on  (4. 6)  i s  t he general  for m of  t he mass  conservati on equati on and i s  vali d f or 

incompressi ble as  well  as co mpressi bl e fl ows.  The source Sm i s  t he mass  added t o t he 

conti nuous  phase from t he di spersed second phase ( e. g.,  due t o vapori zati on of  li qui d 

dr opl ets) and any user-defined sources.  

4. 1. 1. 2 Mo ment um Conservati on Equati ons  

Conservati on of mo mentu m is descri bed by 

    Fgp
t







 .  (4. 2) 

 

Where p i s  t he st atic pressure,  g


 and F


are t he gravitational  body f orce and ext ernal 

body f orces  (e. g.,  forces  t hat  arise from i nt eracti on wit h t he di spersed 

../../../../../help/html/ug/node356.htm#eq-euler-mass
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phase),  respecti vel y.  F also cont ai ns  ot her  model-dependent  source t erms  such as 

por ous- medi a and user-defi ned sources.  

4. 1. 1. 3 Energy Conservati on Equati on  

Conservati on of energy is descri bed by  

    




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





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

  jjpEE
t
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j

.. 


 
(4. 3) 

J is the diffusi on fl ux and sensi bl e ent hal py h is defined for i deal gases.  

4. 2 Rot ati ng Reference Fra me  

When a  model  i s  creat ed usi ng Fl uent,  t he user  i s t ypi call y modeli ng t he f low i n an 

inertial  reference fra me  (in a non-accel erati ng coor di nat e syst e m).  Ho wever,  Fl uent 

also has  t he ability t o model  fl ows  i n an accel erati ng reference fra me.  In t hi s 

sit uati on,  t he accel erati on of  t he coor di nat e syste m i s  i ncl uded i n t he equati ons  of 

moti on descri bi ng t he flow.  A co mmon exa mpl e of  an accel erating reference fra me 

in engi neeri ng applicati ons  i s  fl ow i n r ot ating equi pment.  Many such fl ows  can be 

model ed i n a coor di nat e syste m t hat  i s  movi ng wi th t he r ot ating equi pment  and t hus 

experiences  a const ant  accel erati on i n t he radial  directi on.  Thi s  cl ass  of  r ot ati ng 

flows can be treated usi ng t he rot ating reference fra me capabilit y i n Fl uent.  

When such pr obl e ms  are defi ned i n a r ot ating reference fra me,  t he r ot ati ng 

boundaries  become  st ati onary rel ati ve t o t he r ot ating fra me,  si nce t hey are movi ng at 

the sa me speed as t he reference fra me.  

4. 2. 1 Equati ons for a Rot ati ng Reference Fra me 

When t he equati ons  of moti on are sol ved i n a r ot ating fra me  of  reference,  t he 

accel erati on of  t he fl uid i s  aug ment ed by additi onal  t er ms  t hat  appear  i n t he 

Mo ment um Equati ons (4. 8).  Fl uent  all ows  you t o sol ve r ot ating fra me pr obl e ms 

usi ng eit her  t he absol ute vel ocit y,


 or  t he rel ative vel ocit y, r


 as  t he dependent 

variabl e. The t wo vel ocities are related by t he followi ng equati on:  

 rr


*  (4. 4) 

Here,  


 i s  t he angul ar  velocit y vect or  (t hat  is,  t he angul ar  vel ocit y of  t he rot ati ng 

fra me) and r


is the positi on vect or i n t he rotating frame.   

The l eft-hand si de of  t he mo ment um Equati on ( 4.2)  appears  as  f oll ows  f or an i nertial 

reference fra me:  
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   


.




t
 

(4. 5) 

For  a r ot ati ng reference fra me,  t he l eft-hand si de written i n t er ms  of  absol ut e 

vel ocities becomes      

     


x
t

r 



.  

(4. 6) 

 

In ter ms of relati ve vel ocities t he left-hand si de is gi ven by   

      rx
t

rxxx
t

rrrr














 2.  

(4. 7) 

where )2( rvx


  i s  t he Cori olis force.  Not e t hat  Fl uent  negl ects  t he rx
t







  t er m, 

so it  cannot  accurat el y model  a  ti me- varyi ng angul ar  vel ocit y usi ng t he rel ati ve 

vel ocit y for mul ati on.  

 For  fl ows  i n r ot ati ng do mai ns,  t he equati on f or  conservati on of  mass,  or 

conti nuit y equati on,  can be  written f or  bot h t he absol ut e and t he rel ati ve vel ocit y 

for mul ati ons. 

4. 3 Turbul ence Modeling 

4. 3. 1 Spal art- All maras Mo del  

 In t urbul ence models  t hat  e mpl oy t he Boussi nesq appr oach,  t he central  i ssue 

is how t he eddy vi scosity i s  co mput ed.  The model  pr oposed by Spal art  and 

Al l maras sol ves  a transport  equati on f or  a quantity t hat  i s  a modified f or m of  t he 

turbul ent ki ne matic viscosity.  

4. 3. 1. 1 Transport Equation for the Spal art- Allmaras Model  

The t ransport ed vari able i n t he Spal art- All maras  model,~ ,  is  i dentical t o t he 

turbul ent  ki ne matics  vi scosit y except  i n t he near-wall  (viscous-affect ed)  regi on.  The 

transport equati on for ~ is;  

 

   

  















~

2

~

~
2

~
~1

             

~~

SY
x

Cb
xx

G

u
xt

v

jjj

i

i


































































 

 

(4. 8) 
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Si nce t he t urbul ence ki netic energy k i s  not  cal culat ed i n t he Spal art- All maras  model, 

the last ter m i n Equati on (4. 13) is ignored when esti mati ng t he Reynol ds stresses.  

4. 3. 1. 2 Modeli ng the Turbul ent Vi scosity  

The t urbul ent viscosit y, t , is comput ed from  

1
~

 ft   (4. 9) 

  

Where t he viscous da mpi ng functi on, 1vf , is gi ven by     

  

3

1

3

3

1




CX

X
f


  

(4. 10) 

    

and      



~
X  

(4. 11) 

        

4. 3. 1. 3 Modeli ng the Turbul ent Producti on  

The producti on ter m, Gv,  is model ed as       


~~

1 SCG b  (4. 12) 

     

where      

222

~~
vf

dk
SS


  

(4. 13) 

and     

1

2
1

1



Xf

X
f


  (4. 14) 

By default  i n Fl uent,  as  in t he ori gi nal  model  pr oposed by Spal art  and Allmar as,  S i s 

based on t he magnit ude of the vorticit y;       

../../../../../help/html/ug/node405.htm#eq6.2.5
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ijijS  2  (4. 15) 

where ij  is the mean rate-of-rotation tensor and is defi ned by  

























i

j

j

i
ij

x

u

x

u

2

1
 

(4. 16) 

The j ustificati on f or  t he default  expressi on f or  S is t hat,  for  t he wall-bounded fl ows 

that  were of  most  i nt erest  when t he model  was  f or mul at ed,  t urbul ence i s  found onl y 

where vorticit y i s  generat ed near  walls.  Ho wever,  it  has  si nce been acknowl edged 

that  one shoul d al so t ake i nt o account  t he effect of  mean strai n on t he tur bul ence 

pr oducti on,  and a  modificati on t o t he model  has  been pr oposed and i ncorporat ed i nt o 

Fl uent.  This  modificati on co mbi nes  measures  of bot h r ot ati on and strai n t ensors  i n 

the defi niti on of S;  

 ijijprodij SCS  ,0min  (4. 17) 

where     

,2prodC   ijijij  2 ,    ijijij SSS 2  (4. 18) 

wi t h t he mean strai n rate, Sij, defi ned as      



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









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u

x

u
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2

1
 

(4. 19) 

Incl udi ng bot h t he r ot ation and strai n t ensors r educes  t he pr oducti on of  eddy 

viscosit y and consequently reduces  t he eddy viscosit y itself  i n regi ons  where t he 

measure of  vorticit y exceeds  t hat  of  strai n rat e.  One  such exa mpl e can be f ound i n 

vortical  fl ows,  i. e.,  fl ow near  t he core of  a vort ex subj ect ed t o a pure r ot ation where 

turbul ence i s  known t o be suppressed.  Incl udi ng bot h t he r ot ati on and strai n t ensors 

mor e correctl y accounts  for  t he effects of  r ot ati on on t urbul ence.  The default  opti on 

(incl udi ng t he r ot ati on t ensor  onl y)  t ends  t o over  predi ct  t he pr oducti on of  eddy 

viscosit y and hence over predi cts the eddy viscosity itself in certai n circumstances.  

 4. 3. 2 The Standard k-ε Model  

The st andard k  model is a  se mi -e mpirical  model  based on model  transport 

equati ons  f or  t he t urbulence ki netic energy ( k) and its  di ssi pati on rat e (  ).  The 

model  transport  equati on f or  k  i s  deri ved from t he exact  equati on,  while t he model 

transport  equati on f or    was  obt ai ned usi ng physical  reasoni ng and bears little 

rese mbl ance t o its  mathe maticall y exact  count erpart.  The si mpl est “co mpl et e 

models''  of  t urbul ence are t wo-equati on models  i n whi ch t he sol uti on of  t wo separat e 

transport  equati ons  allows  t he t urbul ent  velocit y and l engt h scales  t o be 
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independentl y det er mi ned.  Robust ness,  econo my,  and reasonabl e accuracy f or  a  wi de 

range of  t urbul ent  fl ows expl ai n its  popul arit y in i ndustrial  fl ow and heat  transfer 

si mul ati ons.  It  i s  a se mi -e mpirical  model,  and t he deri vati on of  t he model  equati ons 

relies on pheno menol ogical consi derations and empi ricis m.  

4. 3. 2. 1 Transport Equations for the Standard k-ε Model  

The t urbul ence ki netic energy, k , and its rate of dissipati on,  , are obtai ned from 

the foll owi ng transport equati ons:  
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(4. 20) 

and  
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(4. 21) 

 

In t hese equati ons, kG  represents t he generati on of t urbulence ki netic energy due t o 

the mean vel ocit y gradi ents.  

 bG is the generati on of t urbul ence ki netic energy due t o buoyancy,  

 MY represents  t he contri buti on of  t he fl uct uating dilatati on i n co mpressi bl e   

turbul ence t o t he overall di ssi pati on rate.  

C1ε, C2ε, and C3ε are constants.  

σk and σε are t he turbul ent Prandtl numbers for k and  , respecti vel y.  

Sk and Sε are user-defi ned source ter ms.  
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4. 3. 2. 2 Modeli ng the Turbul ent Vi scosity  

The t urbul ent (or eddy) viscosit y, 
t , is comput ed by combi ni ng k and  as follows:  


 

2k
Ct   

(4. 22) 

Cμ is a const ant.  

4. 4 Numeri cal Met hod 

In Fl uent,  t wo nu meri cal  sol uti on met hods,  segregated and coupl ed sol ver,  are 

all owed user  t o choose in t he sol uti on pr ocedure.  Usi ng eit her  met hod,  Fluent  will 

sol ve t he governi ng i nt egral  equati ons  f or  t he conservati on of  mass  and mo ment um, 

and ( when appr opriate)  for  energy and ot her  scal ars such as  t urbul ence and che mi cal 

speci es.  In bot h cases  a control-vol ume- based t echni que i s  used t hat  consists  of 

di visi on of  t he do mai n int o di screte control  volu mes  usi ng a  co mput ational  gri d, 

integrati on of  t he governing equati ons  on t he i ndivi dual  control  vol umes  to construct 

al gebrai c equati ons  f or t he di scret e dependent  variabl es  (``unknowns'')  such as 

vel ocities,  pressure,  t emperat ure,  and conserved scal ars,  li nearization of  t he 

di scretized equati ons  and sol uti on of  t he resultant  li near  equati on syst em t o yi el d 

updat ed val ues of t he dependent variabl es.  

The t wo nu meri cal  met hods  e mpl oy a si mil ar  di scretizati on pr ocess  (fi nite-vol ume), 

but t he approach used t o linearize and sol ve t he discretized equati ons is different.  

4. 4. 1 Segregated Sol uti on Met hod  

The segregated sol ver  i s  the sol uti on al gorithm used by Fl uent.  Usi ng t his  appr oach, 

the governi ng equati ons are sol ved sequentially (segregated from one anot her). 

Because t he governi ng equati ons  are non-li near  (and coupl ed),  several  iterati ons  of 

the sol uti on l oop must  be perfor med before a  converged sol uti on i s  obt ained.  Each 

iteration consists of t he steps outli ned bel ow:  

 Fl ui d pr operties  are updated,  based on t he current  sol uti on.  (If  t he cal cul ation 

has  j ust  begun,  t he fl ui d pr operties  will  be updated based on t he i nitialized 

sol uti on.)  

 The u,  v,  and w mo mentum equati ons  are each sol ved i n t urn usi ng current 

val ues for pressure and face mass fl uxes, in order to update t he vel ocit y field.  
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 Si nce t he vel ocities  obt ained i n St ep 2 may not  satisfy t he conti nuit y equation 

locall y,  a “Poisson-t ype'' equati on f or  t he pressure correcti on i s  deri ved fro m 

the conti nuit y equati on and t he li nearized mo ment um equati ons.  Thi s 

pressure correcti on equation i s  t hen sol ved t o obt ain t he necessary correcti ons 

to t he pressure and velocit y fiel ds  and t he face mass  fl uxes  such t hat 

conti nuit y is satisfied.  

 Where appr opriate,  equations  f or  scal ars  such as  turbul ence,  energy,  species, 

and radi ati on are sol ved usi ng t he previ ousl y updat ed val ues  of  t he other 

variabl es.  

 When i nt erphase coupl ing i s  t o be i ncl uded,  t he source t er ms  i n t he 

appr opriate conti nuous  phase equati ons  may be updat ed wit h a di scret e phase 

traject ory calculati on.  

 A check for convergence of t he equati on set is made.  

These steps are conti nued until the convergence criteria are met.  

 

 

Fi gure 4. 1 Overview of the Segregat ed Sol uti on Met hod 
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4. 4. 2 Coupl ed Sol uti on Met hod  

The coupl ed sol ver  sol ves  t he governi ng equations  of  conti nuit y,  mo ment um,  and 

( where appr opriate)  energy and speci es  transport  si multaneousl y (coupl ed toget her). 

Gover ni ng equati ons  f or additi onal  scal ars  will  be sol ved sequentiall y (segregat ed 

from one anot her  and fro m t he coupl ed set)  using t he pr ocedure described f or  t he 

segregat ed sol ver  i n t he previ ous  secti on.  Because t he governi ng equati ons  are non-

linear  (and coupl ed),  several  it erations  of  t he sol ution l oop must  be performed bef ore 

a converged sol uti on is obt ai ned. Each iteration consists of t he outli ned below;  

 Fl ui d pr operties  are updated,  based on t he current  sol uti on.  (If  t he cal cul ation 

has  j ust  begun,  t he fl ui d pr operties  will  be updated based on t he i nitialized 

sol uti on.)  

 The conti nuit y,  mo mentum,  and ( where appr opriate)  energy and species 

equati ons are sol ved si multaneousl y.  

 Where appr opriate,  equations  f or  scal ars  such as  tur bul ence and radi ati on are 

sol ved usi ng t he previ ously updated val ues of t he ot her variabl es.  

 When i nt erphase coupl ing i s  t o be i ncl uded,  t he source t er ms  i n t he 

appr opriate conti nuous  phase equati ons  may be updat ed wit h a di scret e phase 

traject ory calculati on.  

 A check for convergence of t he equati on set is made.  

These steps are conti nued until the convergence criteria are met.  
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  Fi gure 4. 2 Overview of the Coupl ed Sol uti on Method 

4. 4. 3 Li neari zati on  

In bot h t he segregat ed and coupl ed sol uti on met hods  t he di screte, non-li near 

governi ng equati ons  are li nearized t o pr oduce a syst e m of  equati ons  f or  t he 

dependent  variabl es  i n every co mput ati onal  cell.  The resultant  li near  syste m i s  t hen 

sol ved t o yiel d an updat ed fl ow-fiel d sol uti on.  

The manner  i n whi ch t he governi ng equati ons  are li nearized may t ake an “i mplicit'' 

or  “explicit''  for m wit h respect  t o t he dependent  variabl e ( or  set  of  variabl es)  of 

interest. 

4. 4. 3. 1 Explicit Sche me of Anal ysis 

For  a gi ven variabl e,  t he unknown val ue i n each cell  i s  comput ed usi ng a rel ati on t hat 

incl udes  onl y existi ng val ues.  Therefore,  each unknown will  appear  i n onl y one 

equati on i n t he syst e m and t he equati ons  f or  t he unknown val ue i n each cell  can be 

sol ved one at a ti me t o give t he unknown quantities.  

In t he segregated sol ution met hod each discrete governi ng equati on i s l i neari zed 

i mplicitl y wit h respect  to t hat  equati on' s dependent  variabl e.  This  will  result  i n a 

syste m of  li near  equati ons  wit h one equati on f or each cell  i n t he do mai n.  Because 

there i s  onl y one equation per  cell,  t his i s  someti mes  called a “scal ar'' syst e m of 

equati ons.  A poi nt  i mplicit  ( Gauss- Sei del)  linear  equati on sol ver  i s  used i n 

conj uncti on wit h an al gebrai c multi gri d ( AMG)  met hod t o sol ve t he resultant  scal ar 

syste m of  equati ons  f or t he dependent  variabl e i n each cell.  For  exa mpl e,  t he x-
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mo ment um equati on i s  linearized t o pr oduce a syst e m of  equati ons  i n whi ch u-

vel ocit y i s  t he unknown.  Si multaneous  sol uti on of  t his  equati on syst e m (usi ng t he 

scal ar AMG sol ver) yiel ds an updat ed u -vel ocit y fiel d.  

In summar y,  t he segregated appr oach sol ves  f or  a si ngl e variabl e fi el d by consi deri ng 

all  cells  at  t he sa me time.  It  t hen sol ves  f or  the next  variabl e fi el d by agai n 

consi deri ng all  cells at  the sa me  ti me,  and so on.  There i s  no explicit  opt ion f or  t he 

segregat ed sol ver.  

 I n t he coupl ed sol uti on met hod t he user  has  a choi ce of  usi ng eit her  an i mplicit  or 

explicit  li nearizati on of  the gover ni ng equati ons.  This  choi ce applies  onl y t o t he 

coupl ed set  of  governi ng equati ons.  Governi ng equati ons  f or  additi onal  scal ars  t hat 

are sol ved segregated from t he coupl ed set,  such as  f or  t urbul ence,  radi ati on,  et c.,  are 

linearized and sol ved i mpli citl y usi ng t he sa me pr ocedures  as  i n t he segregat ed 

sol uti on met hod.  Regardl ess  of  whet her  he/she chooses  t he i mplicit  or  explicit 

sche me, t he sol uti on procedure shown i n Fi gure 4.3 is foll owed.  

 

4. 4. 3. 2 I mpli cit Sche me of Anal ysis 

If  t he user  chooses  t he impli cit  opti on of  t he coupl ed sol ver,  each equation i n t he 

coupl ed set  of  governing equati ons  i s  li nearized i mplicitl y wit h respect  t o all 

dependent  variabl es  i n t he set.  This  will  result  i n a syst e m of  li near  equati ons  wit h N 

equati ons  f or  each cell  i n t he do mai n,  where N i s  the nu mber  of  coupl ed equati ons  i n 

the set.  Because t here are N equati ons  per  cell,  thi s  i s  someti mes  called a  ̀ `bl ock'' 

syste m of  equati ons.  A poi nt  i mpli cit  (bl ock Gauss- Sei del)  li near  equation sol ver  i s 

used i n conj uncti on wit h an al gebrai c multi gri d ( AMG)  met hod t o sol ve t he r esult ant 

bl ock syst e m of  equati ons  f or  all  N dependent  variabl es  i n each cell.  In summar y,  t he 

coupl ed i mpli cit  approach sol ves  f or  all  variabl es  (u,  v,  w,  T)  i n all  cells  at  t he sa me 

ti me.  

If  t he user  chooses  t he explicit  opti on of  t he coupl ed sol ver,  each equation i n t he 

coupl ed set  of  governi ng equati ons  i s  li nearized explicitly.  As  i n t he i mplicit  opti on, 

this t oo will  result  i n a  syste m of  equati ons  with N equati ons  f or  each cell  i n t he 

do mai n.  And li ke wi se,  all  dependent  variabl es  i n t he set  will  be updat ed at  once.  I n 

summar y,  t he coupl ed explicit  approach sol ves  for  all  variabl es  ( p;  u,  v,  w,  T)  one 

cell at a ti me.  

4. 4. 4 Di scretizati on of Equati ons 

Fl uent  uses  a control-volu me- based t echni que t o convert  t he governi ng equati ons  t o 

al gebrai c equati ons  t hat  can be sol ved nu meri cally.  This  control  vol ume techni que 
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consists of  i nt egrati ng t he governi ng equati ons  about  each control  vol ume,  yi el di ng 

discrete equati ons that conserve each quantit y on a control-vol ume basis.  

Di scretizati on of  t he governi ng equati ons  can be ill ustrated most  easil y by 

consi deri ng t he st eady-state conservati on equati on f or  transport  of a  scal ar 

quantit y .  This  i s  de monstrated by t he f oll owi ng equati on written i n i nt egral  f or m 

for an arbitrary control vol ume V as follows:  

dVSdAAd     ..


 (4. 23) 

Equati on ( 4. 32)  i s  applied t o each control  vol ume,  or  cell,  i n t he co mput ati onal 

do mai n.  The t wo- di mensional,  triangul ar  cell  shown i n Fi gure 4. 3 i s  an exa mpl e of 

such a control vol ume. Discretizati on of Equati on (4. 32) on a gi ven cell yields  

  VSAAf fn

N

f

ff

N

f

f

facesfaces

   


..  
(4. 24) 

 

The equati ons  sol ved by Fl uent  t ake t he sa me  general  for m as  t he one given above 

and appl y readil y t o mul ti-di mensi onal,  unstruct ured meshes  co mposed of ar bitrary 

pol yhedral.  

 

 

     

  Fi gure 4. 3 Control Vol ume Used t o Illustrate   

         Discretizati on of a Scal ar Transport Equati on 

By default,  Fl uent  st ores di screte val ues  of  t he scal ar  Φ at  t he cell  cent ers ( c0  and c1 

in Fi gure 4. 3).  Ho wever,  face val ues  Φf  i s  required f or  t he convecti on t er ms  i n 

Equati on (4. 28)  and must  be i nt erpol ated from t he cell  cent er  val ues.  Thi s  i s 

accomplished usi ng an upwi nd sche me.  
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Up wi ndi ng means  t hat  the face val ue Φf  i s  derived from quantities  i n t he cell 

upstrea m or  “upwi nd” r el ati ve t o t he direction of  t he nor mal  vel ocit y vn  i n 

Equati on (4. 29).  Fl uent  all ows  you t o choose fro m several  upwi nd schemes:  first-

or der upwi nd, second- order upwi nd, power law, and QUI CK.  

4. 5 Boundary Conditi ons 

4. 5. 1 Far Fi el d Boundary Conditi ons 

Weakl y enf orced boundary conditi ons  are e mpl oyed f or  all  of  t he cal culati ons.  By 

weak enf orce ment,  we  mean t hat  t hat  t he boundary conditi ons  are specified i n an 

integral  sense over  t he boundary faces.  Strong enforce ment  r equires  t hat  each node 

satisfy the boundary conditi on exactl y [11].  

Det er mi nati on of  appr opriate boundary conditi ons  whi ch are superposed are ver y 

i mportant  t o obt ai n realist  behavi or  i n t he wake of  a  hoveri ng r ot or.  In a  r ot or  i n 

for war d fli ght,  t he r ot or  wake i s  rapi dl y s wept  away from t he r ot or  and out  of  t he 

comput ati onal domai n, in hover positi on, the wake syste m re mai ns cl ose to the rot or  

bl ades for a number of rotor revol uti ons.  Because of t his reason, i n hover, defi niti on 

of appropriate far-fiel d boundary conditi ons is much more i mport ant. 

The met hod descri bed by Sri ni vasan et  al  [ 11]  is  used t o det er mi ne i nflow/ outfl ow 

boundary conditi ons  f or  t he hoveri ng r ot or.  In t his  met hod,  1- D helicopt er 

mo ment um t heory i s  used t o appr oxi mat e t he boundary conditi ons.  Mo ment um 

theory concerns  itself  with t he gl obal  bal ance of mass,  mo ment um,  and energy.  It 

does  not  concern itself  wi t h det ails  of  t he fl ow around t he bl ades.  It  gi ves  a  good 

represent ation of  what  i s happeni ng far  a way from t he r ot or.  Mo ment um Theor y has 

some assumpti ons  about  r ot or  and fl ow fi el d.  Rotor  is  model ed as  an actuat or  di sk, 

whi ch adds  mo ment um and energy t o t he fl ow.  Fl ow i s  i ncompressibl e,  st eady, 

invisci d,  irrot ational,  one-di mensi onal,  unifor m t hrough t he r ot or  di sk,  and al so t here 

is no s wirl in t he far wake.  

By usi ng t his  t heory,  t he f ar  fi el d outfl ow vel ocity due t o t he r ot or  wake syst e m can 

be related t o t he thrust fro m t he rot or bl ade by     

2
2 t

te

C
MW   

(4. 25) 

Thi s  vel ocit y i s  unifor m and occurs  bel ow t he r otor  bl ade over  an exit  area equal  t o 

one half of t he area of t he rot or disk whi ch can be seen i n Fi gure 4. 4. 
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 Fi gure 4. 4 Boundary Conditi ons for t he Hoveri ng Rot or [11] 

    

Ho wever,  val ues  and assu mpti ons  made f or  Mo ment um Theor y are not  val id f or  fl ow 

fiel d around r ot or.  They are used t o gi ve suitabl e far  fiel d boundary conditions  i n t he 

wake of  a  hoveri ng r ot or.  Mo ment um Theor y assumpti ons  are co mbi ned wi t h t he 

sol uti on around t he t hree di mensi onal  helicopt er  rot or  bl ades.  The fl ow fi eld ar ound 

the blades can be assumed i nvisci d and steady i n hover fli ght. 

In t his  appr oach,  t he r otor  i s  vi ewed from t he far  fiel d as  a  poi nt  si nk of  mass.  Thi s 

results i n an i nfl ow at all boundaries equal t o 

2
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(4. 26) 

    

Thi s  vel ocit y i s  poi nt ed t owar d t he hub of  t he rot or  bl ade at  all  boundar y 

locati ons [11]. It is illustrat ed i n Fi gure 4. 5.  

  

outfl ow 
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   Fi gure 4. 5 Fl ow Area of Rot or  

These i nfl ow/ outfl ow boundary conditi ons  are imposed by a  user-defi ned f uncti on 

( UDF),  UDF i s  a  f uncti on t hat  you pr ogra m t hat  can be dyna mi call y l oaded wit h t he 

FLUENT sol ver  t o enhance t he st andard feat ures  of  t he code.  UDFs  are written i n t he 

C pr ogra mmi ng l anguage.  They are defi ned usi ng DEFI NE macr os  t hat  are suppli ed 

by Fl uent  I nc.  They access  dat a from t he FLUENT sol ver  usi ng predefined macr os 

and f uncti ons  also suppl ied by Fl uent  I nc [ 12].  UDF whi ch i s  used i n t hi s  wor k i s 

gi ven i n t he appendi x A.  
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4. 6 Rot orcraft Perfor mance Equati ons 

Foll owi ng expressi ons are used t o calcul ate t he rotor perfor mance para met ers. 

22 ))(( RR

T
CT





  (4. 27) 






a

R
M tip     (4. 28) 

2

2
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pp
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


     (4. 29) 

 

Where CT  i s  t he t hrust  coefficient,  R i s  t he r ot or  radi us,  Ω i s  t he r ot or  radial  speed,   

Q i s  t he power,  p i s  t he static pressure,  a i s  t he speed of  sound,  ρ i s  t he densit y of  air 

and V is t he vel ocit y magnit ude, Cp is t he pressure coefficient. 
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5. GRI D I NFORMATI ON AND BLADE CONFI GURATI ONS  

Three-di mensi onal  fl ow fi el ds  around helicopt er  rot or  bl ades  are i nvesti gat ed i n 

hover.  The pr operties  of t he bl ade confi gurati ons  are gi ven i n Tabl e  5. 1.  The t wo 

bl ades,  whi ch are i nvestigated i n hover  positi on have unt wi sted,  rect angul ar  pl an 

for m wit h an aspect rati o of 6.  

The reference r ot or  i s a  model  t wo- bl aded rot or  whi ch has  been ext ensi vel y 

experi ment all y and numeri call y i nvesti gat ed,  is called Caradonna- Tung’s  bl ade 

shown i n Fi gure 5. 1 consists of  NACA0012 and t he ot her  one consists of  VR7 

airfoil,  Fi gure 5. 2.  They are anal yzed i n t wo different  ti p Mach nu mbers  of 0. 439 and 

0. 877 f or  collecti ve pi tch angl es  of  0 and 8 degrees.  The gri ds  for  t hese 

confi gurati ons  are generat ed usi ng an i n-house grid generat or  devel oped at  Geor gi a 

Instit ute of  Technol ogy,  Scholl  of  Aer ospace Engineeri ng.  It  generat es  a  3- D H- H- O 

gri d pri maril y used f or  helicopt er  r ot ors.  Presently an al gebrai c H- H gr id i s  first 

specified.  The elli ptic equati ons  are t hen sol ved in t wo s weeps;  one s weep f or  each 

pl ane i n t he radi al  direction t hen anot her  s weep f or  each pl ane i n t he chor d wi se 

directi on.   Thi s  f ull y 3-D elli ptic H- H gri d i s  t hen wr apped i nt o an O- grid f or  each 

azi mut hal  pl ane.  The axis  syst e m used i s  z  vertical,  y  span wi se (from r oot  t o ti p)  and 

x  i s  axi al  whi ch f or ms  an ort hogonal  syst e m.   The mesh used i n t he co mputati ons  i s  a 

3- D H- H mesh of  131 (chor d)  x 43 (span)  x 61 (vertical).  The fl ow fi el d consists of 

655200 hexahedral cells and 682492 nodes. This gri d is shown i n Fi gure 5. 3. 

 

   

 

   Fi gure 5. 1 Caradonna- Tung’s blade 
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   Fi gure 5. 2 Bl ade wit h Singl e VR7 Profile 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fi gure 5. 3 Struct ured Mesh about Caradonna &Tung’s blade.  

Struct ured gri ds  shown i n Fi gure 5. 3 were produced usi ng i n house avail abl e 

soft ware f or  t he anal ysis.  This  struct ured mesh was  used t o exa mi ne Caradonna-

Tung’s bl ade wit h NACA0012 and t he ot her one wi t h VR7 airfoil. 
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   Tabl e. 5. 1 Bl ade Confi gurati ons 

 

 

Square 

( Caradonna- 

Tung’s[4]) 

Square 

( Generic) 

Tapered 

( Marti n  

and 

Lei shman 

[19]) 

Swept  

( Marti n  

and 

Lei shman 

[19]) 

Square 

( Marti n  

and 

Lei shman 

[19])) 

 

Radi us, R 

 

198 mm 

 

198 mm 

 

410 mm 

 

407. 99 

mm 

 

406  mm 

 

Chor d, c 

 

33 mm 

 

33 mm 

 

44 mm 

 

44 mm 

 

44. 5 mm 

 

Root 

cut out, ro 

 

0. 6c 

 

0. 6c 

 

0. 2R 

 

0. 2R 

 

0. 2R 

Ti p speed, 

ΩR 

143 and 

289 m/ s 

143 and 

289 m/ s 

 

91. 32 m/ s 

 

89. 72 m/ s 

 

89. 28 m/ s 

Ai rfoil 

secti on 

 

NACA 

0012 

 

VR7 

 

NACA  

2415 

 

NACA 

2415 

 

NACA 

2415 

Coll ecti ve 

pitch 

 

8
0
 

 

8
0
 

 

6
0
 

 

4. 5
0
 

 

4. 5
0
 

Twi st, Өt w 
 

0
0
 

 

0
0
 

 

0
0
 

 

0
0
 

 

0
0
 

Ti p Mach 

Nu mber, 

Mt i p 

0. 439  

and  

0. 877 

0. 439  

and  

0. 877 

 

0. 3 

 

0. 3 

 

0. 26 

Thr ust 

coefficients, 

CT  

 

0. 004565 

 

- 

 

0. 00259 

 

0. 00258 

 

0. 0022 

 

Soli dit y 

 

0. 1 

 

0. 1 

 

0. 029 

 

0. 034 

 

0. 035 

 

Ti p Chor d, 

ct  

 

33 mm 

 

33 mm 

 

17. 6 mm 

 

44 mm 

 

44. 5 mm 

 

Root Chor d 

 

33 mm 

 

33 mm 

 

44 mm 

 

44 mm 

 

44. 5 mm 

 

Taper rati o, 

τ 

 

- 

 

- 

 

0. 4 

 

- 

 

- 

 

Br eak 

poi nt, rb 

 

- 

 

- 

 

0. 8 R 

 

0. 8 R 

 

- 
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The bl ade para met ers  of  Caradonna &Tung’s, Generic wit h VR7 profile and 

Lei shman &Marti n i ncl uded square,  s wept  and t apered ti p confi gurati ons   are gi ven 

in Tabl e 5. 1.     

Fi nall y,  t he st udy of  ti p shape effects on r ot or  perfor mance i s  perfor med.  For  t hi s 

st udy,  t hree different  blade geo metries  wit h different  bl ade ti p shapes  incl udi ng 

square,  t apered,  and s wept  are used.  The bl ade geo metries  were dra wn by usi ng 

CATI A V5R12 pr ogram and t heir  comput ational  do mai ns  wer e generat ed by 

Gri dgen gri d generati on soft ware.  Tapered ti p bl ade wit h const ant  ai rfoil  NACA2415 

is seen i n Fi gure 5. 4. The blade wit h s wept tip is shown i n Fi gure 5. 5. 

 

    

   Fi gure 5. 4 Tapered Ti p Blade 

   

   Fi gure 5. 5 Swept Ti p Bl ade  

Gri dgen [ 21]  i s  a soft ware syst e m f or  t he generation of  t hree-di mensi onal gri ds  and 

meshes.  Struct ured gri ds consisti ng entirel y of  hexahedral  cells  was  used near  t he 

rot or  bl ade and f or  t he re mai ni ng parts of  t he co mput ati onal  do mai n unstruct ured 

gri ds  co mposed of  t etrahedral,  pyra mi d,  and prism cells havi ng no i mpli cit  or der  was 

preferred.  The overall  grid was  hybri d,  si nce t he grid consist ed of  bot h struct ured and 

unstruct ured parts.  When t he struct ured gri d near  t he r ot or  bl ade was  generat ed,  y
+ 

val ues  were t aken so t hat  t hey are suitabl e f or  t he vi scous  sol uti on usi ng The 

St andard k-   t urbul ence model.  For  best  results wi t h St andard k-   t ur bul ence 

model,  Fl uent  advise t o t he user  t o use eit her  a very fi ne near- wall  mesh spaci ng on 
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the or der  of 1y  or  a  mesh spaci ng such t hat  30y .  Especiall y,  y
+

 val ues  near 

the ti p of  bl ade are very effecti ve on t he results of  t he different  ti p shaped bl ades. 

The hybri d gri d f or  t he s wept  ti p bl ade wit h NACA2415 airfoil  i s  shown i n Fi gure 

5. 6.  

                         

  

 

 

Fi gure 5. 6 Hybri d Gri d for t he Swept Ti p Bl ade 

 

At  t he begi nni ng of  t he anal ysis,  appr opriate r ot ational  vel ocit y was  gi ven t o t he fl ow 

fiel d for different Mt i p values.  

The gri d properties for all the cases consi dered are gi ven i n Tabl e 5. 2. 
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Tabl e 5. 2 Gri d Properties  

 

Ti p 
Shape 

Pr ofil e 
Col l ecti ve 

Pi t ch 
angl e 

Mt i p Cel l # Node # 

Squar e VR7 00  0. 877 
655200 

hexahedr al  
682492 

Squar e VR7 00  0. 439 
655200 

hexahedr al  
682492 

Squar e VR7 80  0. 439 
655200 

hexahedr al  
682492 

Squar e VR7 80  0. 877 
655200 

hexahedr al  
682492 

Squar e NACA0012 80  0. 877 
655200 

hexahedr al  
682492 

Squar e NACA0012 80  0. 439 
655200 

hexahedr al  
682492 

Squar e NACA2415 4. 50 0. 260 
648624 
mi xed 

312301 
 

Taper ed NACA2415 60  0. 300 
977427 
mi xed 

270200 
 

Swept  NACA2415 4. 50 0. 300 
 

665997 
Mi xed 

252951 
 

 

Tabl e 5. 2 shows t he number of cells and nodes of the meshes used i n t he anal ysis of 

helicopt er rot or blades. 
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6. I MPLE MENTATI ON OF I NI TI AL AND BOUNDARY CONDI TIONS  

Vari ous  boundary condi tions  are e mpl oyed t o carry out  t he fl ow anal ysis.  For  far 

fiel d boundary conditi ons,  t he equati ons  obt ai ned from 1- D bl ade el ement  t heor y 

were utilized.  Vel ocit y inl et  boundary conditi on was  used.  A user  defi ned f uncti on 

( UDF)  was  applied t o give t he val ues  of  t he i nl et  vel ocities  at  t he boundary faces. 

For  outfl ow,  pressure outlet  was  used.  Thi s  outflow boundary conditi on needs  t o 

specify the static pressure, temperat ure, and t he directi on of t he fl ow.  

Peri odi c boundary conditions  are used i n sol ver.  For  N bl aded hovering r ot or 

cal cul ati ons  onl y one bl ade,  and 1/ N of  t he cyli ndrical  do mai n need t o be consi dered. 

Then,  t he up and downstrea m boundary pl anes  can be treat ed as  peri odi c boundari es 

[5]. All the boundary conditi ons applied are shown i n Fi gure 6. 1.  

Movi ng reference fra me was  chosen f or  fl ui d type,  and t he appr opriate r ot ati onal 

vel ocit y was gi ven for different Mt  val ues.  

The i deal  gas  l aw was  chosen t o defi ne t he density.  Operati ng pressure i s  si gnificant 

for  i ncompressi bl e i deal gas  fl ows  because it  di rectl y det er mi nes  t he densit y [ 12]. 

Operati ng pressure was t aken 101325 Pa.  Therefore,  t he energy equati on was 

acti vat ed t o utilize t he ideal gas law.   

6. 1 Peri odi city 

Peri odi c boundary condi tions  are used when t he physi cal  geo metry of  int erest  and 

the expected pattern of t he fl ow sol uti on have a peri odi call y repeating nat ure. 

Rot ati onall y peri odi c boundary t hat  for ms  an i ncluded angl e about  t he centerli ne of  a 

rotationall y symmetric geometry is used [12]. 
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    Fi gure 6. 1 Co mput ati onal Do mai n 

6. 2 Vel ocity Inl et Boundary Conditi ons 

Vel ocit y i nl et  boundary conditi ons  are used t o defi ne t he fl ow vel ocit y,  al ong wit h 

all  rel evant  scal ar  pr operti es  of  t he fl ow,  at  flow i nl ets.  The t ot al  (stagnati on) 

pr operties  of  t he fl ow are not  fi xed,  so t hey will  rise t o what ever  val ue i s  necessary t o 

pr ovi de t he prescri bed velocit y distri buti on.  

The boundary conditi on inputs  at  vel ocit y i nl ets are used t o co mput e t he mass  fl ow 

int o t he do mai n t hrough t he i nl et  and t o co mpute t he fl uxes  of  mo ment um,  ener gy, 

and speci es t hrough t he inl et.  

When t he vel ocit y i nl et  boundary conditi on defi nes  fl ow ent eri ng t he physi cal 

do mai n of  t he model,  Fl uent  uses  bot h t he vel ocit y components  and t he scal ar 

quantities  t hat  user  defi ned as  boundary conditi ons  t o co mput e t he i nl et  mass  fl ow 
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rate,  mo ment um fl uxes,  and fl uxes  of  energy and che mi cal  speci es.  The mass  fl ow 

rate ent eri ng a fl ui d cell adj acent t o a vel ocit y i nlet boundary is comput ed as  

    Adm


.
.

            (6. 1)

     

Onl y t he vel ocit y component  nor mal  t o t he control  vol ume face contri but es  t o t he 

inlet mass fl ow rate.  

So meti mes  a vel ocit y i nlet  boundary i s  used where fl ow exits t he physi cal  do mai n. 

Thi s  appr oach mi ght  be used,  for  exa mpl e,  when the fl ow rat e t hrough one exit  of  t he 

do mai n i s  known or  i s  to be i mposed on t he model.  In such cases  user  must  ensure 

that overall conti nuit y is mai nt ai ned i n t he domai n.  

In t he segregated sol ver,  when fl ow exit s t he do mai n t hrough a velocit y i nl et 

boundary Fl uent  uses  the boundary conditi on val ue f or  t he vel ocit y component 

nor mal  t o t he exit  fl ow area.  It  does  not  use any ot her  boundary conditi ons  t hat  you 

have i nput.  Instead,  all  fl ow conditi ons  except  the nor mal  vel ocit y co mponent  are 

assumed t o be those of t he upstrea m cell.  

In t he coupl ed sol vers,  if t he fl ow exits t he do mai n at  any face on t he boundary,  t hat 

face will  be treat ed as  a  pressure outlet  wit h t he pressure prescri bed i n t he Out fl ow 

Gauge Pressure fiel d. 

6. 3 Pressure Outl et Boundary Conditi ons  

Pressure outlet  boundary conditi ons  require t he specification of  a  st atic ( gauge) 

pressure at  t he outlet  boundary.  The val ue of  st atic pressure specified i s  used onl y 

whil e t he fl ow i s  subsonic.  Shoul d t he fl ow become  l ocall y supersoni c,  t he specified 

pressure i s  no l onger  used;  pressure will  be extrapol ated from t he fl ow i n the i nt eri or. 

Al l ot her fl ow quantities are extrapol ated from t he interi or.  

A set  of  “backfl ow' '  conditi ons  i s  also specified t o be used if  t he fl ow r everses 

directi on at  t he pressure outlet  boundary duri ng the sol uti on pr ocess.  Conver gence 

difficulties  will  be mi ni mi zed if  you specify realistic val ues  f or  t he backfl ow 

quantities.  

The pr ogra m al so pr ovides  an opti on t o use a radi al  equili bri um outlet boundar y 

conditi on and an opti on to specify a target mass flow rate for pressure outlets.  
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6. 4 Sy mmetry Boundary Conditi ons 

When t he physi cal  geo metry of  i nt erest,  and t he expect ed pattern of  t he fl ow s ol uti on 

have mi rror  symmetry,  this boundary conditi on i s  used [ 12].  By usi ng sy mmetry 

boundary conditi on,  user  can model  zero-shear  sli p walls i n vi scous  fl ows.  It  was 

used f or  t he gri d  whi ch i s  generat ed usi ng an i n-house gri d generat or  devel oped at 

Geor gi a I nstit ute of  Technol ogy.  The gri d wit h symmetry boundary condition can be 

seen i n Fi gure 6. 1.  The hybri d meshes  whi ch were used f or  Marti n&Lei shman’s 

bl ade geometries do not have any symmetry boundary conditi on.  

Sy mmetry boundari es  are used t o reduce t he ext ent  of  t he co mput ati onal  model  t o a 

symmetric subsecti on of t he overall  physi cal  syste m [ 12].  There i s  no flux of  all 

quantities  across  a sy mmetry boundary.  The sy mmetry boundary conditi on can 

therefore be su mmari zed as  zero nor mal  vel ocity at  a sy mmetry pl ane and zer o 

nor mal  gradi ents  of  all  variabl es  at  a symmetry plane.  Si nce t he shear  stress  i s  zer o at 

a symmetry boundary,  it  can al so be i nt erpreted as a  “sli p''  wall  when used in vi scous 

flow cal culati on [12].  

 

6. 5 Wall Boundary Conditi ons 

Wall  boundary conditi on was  used f or  t he bl ade geo metries.  In all  of  t he cases  t hat 

were consi dered i n t his  study,  t he no-sli p boundary conditi on was  enf orced at  walls. 

Al so,  Fl uent  pr ovi des  t o the user  t o specify a t angential  vel ocit y co mponent  i n t er ms 

of  t he transl ational  or  r otati onal  moti on of  t he wall  boundary,  or  model  a “sli p''  wall 

by specifyi ng shear.  For no-sli p wall  conditi ons,  Fl uent  uses  t he pr operties  of  t he 

fl ow adj acent  t o t he wall/fl ui d boundary t o predi ct  t he shear  stress  on t he flui d at  t he 

wall [12].  
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7. RESULTS  

The t hree-di mensi onal fl ow fi el ds  around the helicopt er  r ot or  blades  were 

investi gat ed i n hover  flight.  In t his  secti on t he different  r ot or  confi gurati on are 

consi dered.  Caradonna and Tung [ 4]  r ot or  i s  used f or  vali dati on.  Aft er  t he vali dati on 

of  r ot or  t he airfoil  was  changed t o VR7 t o co mpare t he t wo bl ades  whi ch have t he 

sa me pr operties  except  airfoils.  Then,  t he l ast  st ep of  t his  st udy was  t o show ho w t he 

bl ade-ti p confi gurati ons affect the perfor mance of the rot or.  

7. 1 Vali dati on 

Caradonna and Tung Rot or [4]     

The bl ade i s  unt wi sted, and consists of  a  si ngl e airfoil,  NACA0012.  It  has  a 

rectangul ar  pl anfor m with an aspect  rati o equal  t o 6.  It  was  anal yzed i n t wo different 

tip Mach nu mbers  t hat  were 0. 439 and 0. 877.  The rati o bet ween t hrust coeffici ent 

and soli dity was  equal  to 0. 1.  Thi s  bl ade was  chosen t o vali dat e t he co mput ed dat a 

wi t h experi ment  of  Caradonna and Tung [ 4].  Struct ured gri ds  are pr oduced usi ng i n 

house availabl e soft ware f or  t he anal ysis.  Spal art- All maras  [ 12]  and Spal art-

Al l maras DES [12] t urbulence models are used t o account for t he turbul ence effects.  

Four  bl ade st ati ons  at  whi ch t he co mparisons  are made  are shown i n Fi gure 7. 1.  

(r/ R: 0. 50, 0. 68, 0. 80, and 0. 96). 

 

Fi gure 7. 1 Four blade stations of Caradonna &Tung’s rot or 

at where the results are presented 

r/ R=0. 50 

r/ R=0. 68 

r/ R=0. 80 

r/ R=0. 96 

root 

Ti p 
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Fi gure 7. 2 Pressure di stributi ons  f or  f our  secti ons  of  Caradonna &Tung [4]  r ot or  i n 

    comparison wit h the numeri cal results of Strawn&Bart [11] and   

    experi ment al dat a of Caradonna &Tung’s [4] for Eul er sol uti on   

        ( Mt =0. 439, Өc =8
0
)    

Fi gure 7. 2 shows  t he pressure coefficients  f or  t he l ow speed case,  Mt =0. 439.  I n t he 

invisci d sol uti on case,  good agree ment  i s  seen bet ween t he nu meri cal  and 

experi ment al  val ues  at  all  l ocati ons,  alt hough t he thrust  val ue i s  sli ghtl y higher  t han 

the experi ment al  one.  It appears  t hat  t he vortex-i nduced down wash needs  t o be 

hi gher i n order t o have better agree ment wit h dat a [11]. 

[4] 
[4] 

[11] 

[4] 

[11] 

[4] 

[11] 
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Fi gure 7. 3  Pressure distributi ons for four secti ons of Caradonna &Tung [4] rot or 

        in comparison wit h the numeri cal results of Yang &Zhuang [22] and    

        experi ment al dat a of Caradonna &Tung [4] for Navi er- St okes sol uti on 

( Mt =0. 439, Өc =8
0
) 

It  can be seen from Fi gure 7. 3 t hat  t he surface pressures  f or  t he vi scous  soluti on have 

lower  peak at  t he l eadi ng edge.  Thi s  i s  pr obabl y due t o coarse gri d.  Another  fact  i s 

that  near  t he r ot or  ti p t he cal culated l oadi ng without  vort ex modeli ng still  mat ches 

well  wit h t he experi mental  dat a.  The l oadi ng at  t he bl ade-ti p regi on i s  do minated by 

three di mensi onal  ti p effects  and i s  rel ati vel y i nsensiti ve t o t he r ot or  trailing vort ex 

[22]. 

 

[22] 

[4] [4] 

[4] [4] 

[22] 

[22] 
[22] 
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Fi gure 7. 4 Co mparison of surface pressures for a lifting rot or i n hover  

for Eul er sol uti on ( Mt =0.877, Өc =8
0
) 

The bl ade ti p vel ocit y was  i ncreased t o Mt =0. 877 and t hen t he sa me pr ocedures  were 

applied f or  t his anal ysis. The surface pressures  f or  t he hi gh speed case are shown i n 

Fi gure 7. 4.  Good agreement  i s  seen bet ween nu meri cal  and experi mental  results. 

Ho wever,  t he predi ct ed shock l ocati on at  r/ R:  0. 80 and r/ R:  0. 96 i s aft  of  t he 

measured val ues. This is pr obabl y due t o coarseness of t he gri d.  
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Fi gure 7. 5 Co mparison of surface pressures for a lifting rot or i n hover for Navi er-

St okes sol uti on ( Mt =0. 877, Өc =8
0
) 

Fi gure 7. 5 presents  a fi nal  measure of  co mput ed perfor mance results.  The pressure 

di stri buti ons  f or  f our  sections  of  Caradonna &Tung [ 4]  r ot or  were co mpared wit h t he 

nu meri cal  results of  Yang &Zhuang [ 22]  and experi ment al  dat a of  Caradonna &Tung 

[4]. 
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The ti p vort ex evol uti on is also i nvesti gat ed.  At  the 0
0

 azi mut h,  t he bl ade is passi ng 

over  t he vortex from t he precedi ng bl ade f or  t he first  ti me.  This  t he l ocation where 

the vortex traject ory and strengt h have t he most influence on t he bl ade air loads [11].  

 
    

Fi gure 7. 6 Vort ex Core (Mt =0. 439) 

Vorticit y cont ours  are i llustrated at  different  azi mut h angl es  f or  Mt =0. 439.  The 

vorticit y cont ours  are shown i n t wo- di mensi onal  slices  and t he angul ar  l ocati ons  are 

indicat ed i n Fi gure 7. 6.  
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7. 2 Generi c Rot or wit h VR7 Ai rfoil        

The bl ade i s  also unt wi sted,  and consists of  a  si ngle airfoil,  VR7.  It  has  a rect angul ar 

pl anfor m wit h an aspect  rati o equal  of  6.  It  was  anal yzed i n t wo different  ti p Mach 

nu mbers  ( Mt =0. 877 and 0. 439)  and collecti ve angl es  ( )08 00 andc  .  Struct ured 

gri ds  are pr oduced usi ng i n house avail abl e soft ware f or  t he anal ysis.  Spal art-

Al l maras  [ 12]  and Spal art- All maras  DES [ 12]  t urbul ence models  are used to account 

for  t he t urbul ence effects.  There i s  no experi mental  dat a f or  t his  bl ade geo metry so 

the i nitial  t hrust  coefficients  are t aken from commer ci al  code,  Fli ght  Lab.  Thr ust 

Coefficients for Bl ade wi th VR7 profile are; 

Tabl e 7. 1 Thrust Coefficients for Bl ade wit h VR7 Pr ofile 

 

 

   

 

.  

 

 

    

 

 

 

 

 

 

 

 Mt =0. 439 Mt =0. 877 

00c  Ct =0. 0005355 Ct =0. 000625 

08c  Ct =0. 00735 Ct =0. 00785 
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Fi gure 7. 7 Pressure distributi ons for four secti ons of t he generic rot or wit h 

        si ngle airfoil VR7 i n comparison wit h the numerical results of 

                 Caradonna &Tung [4] rot or. ( Mt =0. 439, Өc =8
0
) 

Four  bl ade st ati ons  were t aken on t he bl ade (r/ R:  0. 50,  0. 68,  0. 89,  and 0. 96).  Fi gure 

7. 7 shows  t he co mparison of  Eul er  results of  Generic r ot or  and Caradonna&Tung [ 4] 

rot or.  
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Fi gure 7. 8 Pressure distributi ons for four secti ons of t he generic rot or i n comparison 

      wit h t he numeri cal results of Caradonna &Tung rot or [4]   

( Mt =0. 439, Өc =8
0
) 

Then,  t he cal culati ons  of  t he Navi er- St okes  equati ons  wit h appr opriate tur bul ence 

modeli ng were done for generic rot or and Caradonna &Tung [4] rot or. 
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Fi gure 7. 9 Chor dwi se pressure distri buti ons at four radi al stati ons of generic rot or  

       in comparison wit h the numeri cal results of Caradonna &Tung [4] rot or 

  ( Mt =0. 877, Өc =8
0
) 

To understand t he effect  of  t he bl ade ti p speed,  Mach nu mber  of  ti p speed was 

increased t o 0. 877 and t hen t he sa me pr ocedures  were applied f or  t hese anal yses.  The 

comparison of pressure coefficients was illustrated i n Fi gure 7. 9.  
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Fi gure 7. 10 Co mparison of surface pressures at different spanwi se locati ons for t he 

lifting rot ors i n hover ( Mt =0. 877, Өc =8
0
) 

 

 

Co mparisons  of  surface pressure at  t hose spanwi se l ocati ons  f or  t he rot ors  are 

present ed i n Fi gure 7. 10.  
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   Fi gure 7. 11 Vort ex Core ( Mt =0. 877) 

The ti p vortex evol uti on i s  also exa mi ned i n t his  st udy.  Vorticit y cont ours  f or  t he 

case are ill ustrated at  different  azi mut h angl es  f or  Mt =0. 877.  The vorticity cont ours 

are shown i n t wo- di mensional slices i n Fi gure 7. 11.  

 

 

 

 

 

 

Generi c Rot or Bl ade 
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7. 3 Effect of Ti p Shape 

The goal  of  t his  st udy was  t o i nvesti gat e how t he bl ade-ti p confi gurati ons affect  t he 

perfor mance of  t he rot or.  Leishman and Marti n [ 14]  exa mi ned t he wake 

aerodyna mi cs  of  a  si ngle helicopt er  rot or  bl ade wit h several  ti p shapes  i ncl udes 

rectangul ar,  s wept  and t apered.  The bl ade para meters  and t est  conditi ons  are gi ven i n 

Tabl e 5. 1.  In t his wor k t hese t hree different  rotors  are si mul at ed t o exa mi ne t he 

perfor mance of  each ti p confi gurati on.  In t hese cases  t he overall  gri d was  hybri d, 

si nce t he gri d consist ed of  bot h struct ured and unstruct ured parts.  Cal culat ed t hr ust 

val ues  f or  t hese t hree bl ade confi gurati ons  during t his  st udy converged t o t he 

experi ment al  dat a and t hey were shown i n Tabl e 7. 2.  Ho wever,  t he maj or  pr obl e m 

for  t hese st udi es  was  t he l ack of  t he gri d resol ution after  t he struct ured part  of  t he 

hybri d mesh.  The ti p vortices  diffuse t oo qui ckly due t o t he coarseness  of  t he gri d. 

Sol uti on adapti ve gri d refine ment can be used t o re medy t his probl e m.  

When t he results are consi dered f or  t he sa me tip mach nu mber  and collecti ve pit ch 

angl e,  it  i s  seen t hat  t he s wept  ti p r ot or  has  more t hrust  and l ess  drag t han t he 

baseli ne r ot or  bl ade,  by t he way;  when t apered and s wept  ti p bl ades  are compared it’s 

also seen t hat  t apered one needs  more collective pitch angl e t o pr oduce nearl y t he 

sa me t hrust.  
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 Fi gure 7. 12 Static pressure distri buti ons on baseline rot or of   

          Leishman and Martin [14] ( Mt =0. 26) 

First  case of  t his  st udy was  t he baseli ne r ot or  [14].  St atic pressure di stri buti on on 

baseli ne rot or of Leishman and Marti n [14] is shown i n Fi gure 7. 12.  
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 Fi gure 7. 13 Static pressure distri buti ons on s wept tip rot or of   

          Leishman and Martin [14] ( Mt =0. 3) 

The pl anfor ms  i nvesti gated i n t his  case i ncl uded a  20
0  

s wept  ti p t hat  i s shown i n 

Fi gure 7. 13.  
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Fi gure 7. 14 Vel ocit y Vect ors  on s wept  ti p r otor  of  Leishman and Martin [ 14]            

  ( Mt =0. 3) 

           

Vel ocit y vect ors on ti p of the s wept rot or are illustrated i n Fi gure 7. 14.  
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 Fi gure 7. 15 Static pressure distri buti ons on tapered ti p rot or of   

                    Leishman and Marti n [14] ( Mt =0. 3) 

           

The pl anfor ms  exa mi ned i n t his  st udy i ncl uded a  t apered bl ade wit h a 0. 4 taper  rati o. 

Fi gure 7. 15 shows t he static pressure distri buti ons on tapered ti p rot or.  
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Fi gure 7. 16 Vel ocit y Vect ors  on t apered ti p r otor  of  Leishman and Marti n [ 14]            

  ( Mt =0. 3) 

Vel ocit y vect ors on t he tip of t he rot or blade can be seen i n Fi gure 7. 16.  
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Tabl e 7. 2 Results of All Bl ades Confi gurati on 

Ti p 
Shape 

Pr ofil e 
Col l ecti ve 

Pi t ch  
angl e (0) 

Mt i p 
CT*10-6 

Experi ment  
CT*10-6 
Pr esent  

CD* 10-6 
Pr esent  

Squar e VR7 0 0. 877 - 737 336 

Squar e VR7 0 0. 439 - 720 349 

Squar e VR7 8 0. 439 - 7800 1098 

Squar e VR7 8 0. 877 - 8340 1090 

Squar e NACA0012 8 0. 877 4565 5751 1381 

Squar e NACA0012 8 0. 439 4565 5702 1318 

Squar e NACA2415 4. 5 0. 26 2200 2426 419 

Taper ed 
 

NACA2415 
6 0. 3 2590 2488 331 

Swept  NACA2415 4. 5 0. 3 2580 2510 382 

 

Cal cul at ed t hrust  and drag coefficients  for  all  bl ade confi gurati ons  duri ng t hi s  st udy 

are shown i n Tabl e 7. 2.  The results are more closel y di scussed i n t he foll owi ng 

chapt er. 
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8. CONLUSI ONS 

A co mmercial  CFD code i s  used t o co mput e t he flow fi el d about  different  rot or  bl ade 

geo metries.  The pr oxi mity far  fi el d boundary conditions  obt ai ned from bl ade el e ment 

theory i s  ext ernall y fed in t o t he sol ver,  as  a  user  defi ned f uncti on.  Bot h i nvi sci d and 

viscous  fl ow sol uti ons  are obt ai ned.  The struct ured- unstruct ured gri ds  are generat ed 

usi ng bot h in house and co mmerci al gri d generat ors.  

The met hodol ogy i s  first  vali dat ed successfull y usi ng a si x aspect  rati o unt wi st ed 

rectangul ar  pl anfor m r otor  bl ade consists of  NACA0012 airfoil  cross  secti ons,  f or 

whi ch experi ment al  and vari ous  nu meri cal  results  are availabl e.  Then t he airfoil  i s 

changed t o ca mbered,  non-symmetric VR7 whi ch i s  wi del y e mpl oyed i n r ot orcraft 

applications.  The bl ade wi t h VR7 airfoil  provi des  36 % mor e t orque f or t he sa me 

angl e of  attack of  8 degrees  f or  a  ti p Mach nu mber  of  0. 44.  Thi s  i ncrease is 45 % f or 

a Mt i p =0. 88.  

Fi nall y,  an atte mpt  was made t o st udy t he effect  of  vari ous  ti p shapes  on r ot or 

perfor mance.  The t apered and s wept  ti p shapes  are co mpared wit h t hat  of  rect angul ar 

one.  Non-rect angul ar  ti p shapes  see m t o i ncrease the perfor mance by 10 %.  Ho wever, 

this st udy needs  f urt her  anal yses  t o f ull y cl arify t he effect  of  ti p shapes  on mai n r ot or 

perfor mance.  



 58 

REFERENCES 

 

[1]  Lei shman J. G. , 2000. Princi pl es of Helicopt er Aerodyna mi cs,  Ca mbri dge 

 Uni versit y Press, United Ki ngdo m 

[2] Johnson W. ,  1980.  Helicopt er  Theor y,  Dover  Publicati ons,  I NC,  Ne w 

 Yor k 

[3] Kocurek,  J.  D.  and Tangl er,  J.  L.,  " A prescribed Wake Lifti ng Surface 

 Hover  Perfor mance Anal ysis, " Journal  of  t he Ameri can Heli copt er  Soci et y, 

 Vol. 22, No. 1, January 1977, pp. 24-35.  

[4] Caradonna,  F. X.,  and Tung,  C. ,  ‘ ‘Experi ment al and Anal ytical  St udi es  of  a 

 Model  Heli copt er Rot or i n Hover,’ ’ NASA TM 81232, Sept. 1981 

[5] All en,  C. B.,  ‘ ‘Convergence of  st eady and unst eady f or mul ati ons  f or  i nviscid 

 hoveri ng rot or sol uti ons’ ’ Int. J. Nu mer. Met h. Fl uids 2003; 41: 931- 949 

[6] Ke wi n W.  Noonan,  W. T.  Yeager,  and Jeffrey D.  Si ngl eton,  ‘ ‘ Wi nd Tunnel 

 Eval uati on  of  a  Model  helicopt er  Mai n- Rot or  Bl ade wit h Slotted Ai rfoils 

 at t he Ti p’ ’ , NASA/ TP-  2001- 21126, Dece mber 2001 

[7]  Prout y R.  W. ,  1995.  Helicopt er  Perfor mance,  St abilit y,  and Control, 

 Kri ger  Publishi ng Co mpany, Mal abar, Fl ori da 

[8]  htt p:// www. helicopt erpage. com/, 2004 

[9] htt p:// www. cent enni al offlight. gov/ essay/ Di cti onary/ heli _rot or_syst e ms/ DI 53 

 2004  

[10]  htt p:// www. t haitechni cs.com/ helicopt er/ heli _pri nci pl e. ht ml, 2004 

[11] Strawn,  R.  C.,  and Bart h,  J. T.,  ‘ ‘ A Fi nite- Vol ume  Eul er  sol ver  for 

 Co mputi ng Rot ary- Wi ng Aer odyna mi cs’  on Unstruct ured Meshes’ ’ 48
t h

 

 Annual  f orum of  t he Ameri can Helicopt er  Societ y,  Washi ngt on,  Dc,  June 3-

 5, 1992 

[12]  Fl uent 6. 1 Tut orials  

 

http://www.helicopterpage.com/
http://www.thaitechnics.com/helicopter/heli_principle.html


 59 

[13] F. Caradonna,  ‘ ‘Perfor mance Measure ment  and Wa ke  Charact eristics  of a 

 Model Rot or  in Axi al  Fli ght’ ’ AHS Techni cal  Specialists Meeti ng f or 

 Rot orcraft Acoustics and Aerodyna mi cs, VA Oct., 1997  

[14] Preston B.  Marti n,  and J.  Gordon Lei sh man,  ‘ ‘Traili ng Vortex 

 Measure ments i n t he  Wa ke  of  a  Hoveri ng Rot or  Bl ade wit h vari ous  Ti p 

 Shapes’ ’ 58
t h

 Annual forum of t he  AHS I nt ernati onal,  Montreal  Canada, 

 June 11-13, 2002 

[15] Shenoy,  K.  R.  and Gray,  R.  B.,  "Iterative Lifting surface met hod f or  t hick 

 bl aded hoveri ng helicopter  r ot ors, " Journal  of  Ai rcraft,  Vol.  18,  No.  6,  June 

 1981, pp. 417-424.  

[16] Bhagwat,  M. J,  and Leishmann J. G. ,  Correlation of  helicopt er  rot or  ti p 

 vortex  measure ments. AI AA Jour nal, Vol. 38, No. 2, pp 301- 308, 2000.  

[17] Lei shman J. G.,  and Bagai  A. ,  Challenges  i n understandi ng t he vortex 

 dyna mi cs of  helicopt er  rot ors.  AI AA Journal,  Vol.  36,  No.  7,  pp 1130- 1140, 

 1998.  

[18] Vuillet  A. ,  Rot or  and bl ade aerodyna mi c desi gn.  Aer odyna mi cs  of  r ot orcraft. 

 AGARD report No. 871, pp3- 1, 3-59, and 1990.  

[19] Marti n PB and Lei shmann J G. ,  Traili ng vortex measure ments  i n t he wake 

 of  a  hoveri ng r ot or  bl ade wit h vari ous  ti p shapes.  58t h Annual  For um of  t he 

 AHS Int ernati onal, Mont real Canada, June 11-13, 2002.  

[20] Sri ni vasan GR,  Raghavan V,  and Duque EPN. ,  Fl ow fi el d anal ysis of 

 moder n helicopt er  rot ors  i n hover  by Navi er- Stokes  Met hod.  Present ed at 

 the I nt ernati onal  Technical  Speci alists Meeti ng on Rot orcraft  Acoustics  and 

 Rot or Fl ui d Dyna mi cs, Philadel phi a, PA, Oct. 15-17, 1991.  

[21] Gri dgen V15. 02 Tut orial, 2003.  

[22] Yang G, and Zhuang L. , Nu meri cal Si mul ati on of Rot or Fl ow i n Hover, 

 Journal of Aircraft, Vol. 37, No. 2, March- April 2000    

[23] Gray,  R.  B. ,  " On t he Motion of  t he Heli cal  Vort ex Shed from a  si ngl e bl aded 

 Hoveri ng Model  r ot or  and its  Applicati on t o t he cal culati on of  t he spanwi se 

 aerodyna mi c l oadi ng, " Princet on Uni versit y Aero.  Engi neeri ng Depart ment, 

 Report No. 313, Sept e mber 1955.  

[24] Landgrebe,  A.  J.  and Cheney,  M.  C. ,  " Rot or  Wa kes  -  Key t o Perfor mance 

 Predi cti on, " AGARD Conference on Aer odyna mi cs  of  Rot ary Wi ngs, 

 AGARD- CPP- 111, February 1973 



 60 

 

[25] Scull y,  M.  P.,  " Co mputati on of  Helicopt er  Rotor  Wake geo metry and i ts 

 infl uence on Rot or Har moni c Airl oads, " MI T, ASRL- TR- 178- 1, March 1975 

[26] Su mma,  J. M.  "Potential  Fl ow about  t hree-di mensi onal  l ifti ng 

 confi gurati ons,  wit h applicati ons  t o wi ngs  and rot ors, " AI AA paper  75-125, 

 1975.  

[27] Bliss,  D. B.  and Mi ller, W.  O. ,  "  Efficient  free wake cal culati ons  using 

 anal ytical/numeri cal  matchi ng and far-fiel d li nearization,  "  present ed at  the 

 45t h Annual Ameri can Helicopt er Societ y Forum, Bost on, MA, May 1989 

 

[28] Johnson,  W. ,  " A Co mprehensi ve Anal ytical  Model  of  Rot orcraft 

 Aer odyna mi cs and Dynami cs,’ ’ NASA TM- 81182, 1982 

 

[29] Caradonna,  F.  X.  and Iso m,  M.  P. ,  "Subsoni c and Transoni c Pot enti al  Flow 

 over  Heli copt er  Rot or  Blades,  AI AA Jour nal,  No.  12,  Dece mber  1972,  pp. 

 1606- 1612.  

[30] Chang,  I.  C. ,  "Transonic Fl ow Anal ysis for  Rot ors,’ ’ NASA TP 2375,  Jul y 

 1984.  

[31] Wa ke,  B. E.  and Sankar,  L. N. ,  "Sol uti on of  Navier- St okes  equati ons  f or  the 

 fl ow over  a r ot or  bl ade ",  Journal  of  t he Ameri can Heli copt er  Soci et y,  April 

 1989.  

[32] Mell o,  O.  A.  F.,  " An I mpr oved Hybri d Navi er- Stokes/ Full  Pot ential  Met hod 

 for  Co mput ati on of  Unsteady Co mpressi bl e Fl ows,  "  Ph.  D Thesis,  Geor gia 

 Instit ute of Technol ogy, At l ant a, GA, Nove mber 1994.  

[33] Berezi n,  C.  R.  and Sankar,  L.  N.,  " An I mpr oved Navi er- St okes/ Full 

 Pot ential  Coupl ed Analysis  for  Rot ors,  "  Mat he matical  Co mput ati onal 

 Modelli ng, Vol. 19, No. 3/ 4, 1994, pp. 125-133.  

[34] Mo ul ton,  M.  A. ,  Hafez,  M.  M.  and Caradonna,  F.  X.,  "Zonal  pr ocedure 

 for predicti ng t he  hoveri ng perfor mance of  a  heli copt er,’ ’ AS ME 

 Journal, Vol. 184, 1984.  

 

[35]  Tang,  L. ,  ‘ ‘I mpr oved Euler  Si mul ati on of  Helicopt er  Vortical  Fl ows,’ ’ Ph. D. 

 Thesis, Uni versit y of Maryland, 1998 

 

 



 
61 

APPENDI X A 

UDF i s  a  f uncti on t hat  you progra m t hat  can be  dyna micall y l oaded wit h t he  FLUENT sol ver 

to enhance  t he  st andard feat ures  of  t he  code.  UDFs  are written i n t he  C progra mmi ng 

language.  They are defi ned usi ng DEFI NE macros  t hat  are  supplied by Fl uent  I nc.  They 

access  dat a from t he  FLUENT sol ver  usi ng predefi ned macros  and f uncti ons  also supplied 

by Fl uent Inc [12]. UDF whi ch is used i n t his work is gi ven bel ow.  

 

#i ncl ude "udf. h" 

#defi ne Mt 0. 439      /* bl ade ti p vel ocit y */ 

#defi ne Ct 0. 004565      /* rot or t hrust coefficient */ 

#defi ne R 6. 0      /* blade radi us*/ 

#defi ne ses_hi zi 340     /* speed of sound*/  

#defi ne mer kez_x 0. 0    /* center coordi nat e*/ 

#defi ne mer kez_y 0. 0 

#defi ne mer kez_z 0. 0 

DEFI NE_PROFI LE (vel ocit y_x, thread, positi on)  /* Fl uent Macro*/  

 real poi nt[ ND_ ND];    /* t his will hol d the positi on vector */  

  face_t f;       /* face knowl edge */ 

  real x, y, z;      /* center coordi nat es of face.. */ 

  real r=0. 0;      /* t he distance bet ween hub and boundary face*/  

  real s=0. 0;    

  real teta,fi;     /* coordi nat e angl es*/ 

  real c=0. 0; 

  real sonuc1=0. 0; 

  begi n_f_l oop (f, thread)    /* for all faces... */ 

  { 

      F_CENTROI D (poi nt, f, thread);   /*fi nds the cent er of face */ 

      x=poi nt[0]; y =poi nt[1]; z=point[2]; 

  r=sqrt (( merkez_x-x)*( mer kez_x- x) + ( mer kez_y-y)*( merkez_y-y) + ( merkez_z-z)*( mer kez_z-z)); 
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  fi =acos((z- merkez_z)/r); 

   teta=atan2((x- merkez_x),(y- merkez_y)); 

 c=((-1* Mt *. 25)*(sqrt( Ct *. 5))*((R/ r)*( R/r))); ...............................................................................( Equati on 4. 26) 

  s=si n(fi)*c; 

sonuc1=cos((teta))*s; 

   F_PROFI LE(f, t hread, positi on)=sonuc1*ses_hi zi; 

   } 

  end_f_l oop (f, thread) 

} 

DEFI NE_PROFI LE( vel ocit y_y,thread, positi on) 

{  real poi nt[ ND_ ND];  

  face_t f; 

  real x, y, z; 

  real r=0. 0; 

  real s=0. 0; 

  real teta,fi; 

  real c=0. 0; 

  real sonuc2;  

  begi n_f_l oop(f, thread) 

  { 

      F_CENTROI D( poi nt,f,thread); 

      x=poi nt[0]; y =poi nt[1]; z=point[2]; 

   r=sqrt(( merkez_x-x)*( mer kez_x-x) +( mer kez_y-y)*( merkez_y-y)+( mer kez_z-z)*( mer kez_z-z)); 

   fi =acos((z- merkez_z)/r); 

   teta=atan2((x- merkez_x),(y- merkez_y)); 

   c=((-1* Mt *. 25)*(sqrt( Ct *. 5))*((R/ r)*( R/r))); .................................................................( Equati on 4.26) 

   s=si n(fi)*c; 

   sonuc2=si n((teta))*s; 

F_PROFI LE(f, thread, positi on) =sonuc2*ses_hi zi; 

   } 

  end_f_l oop(f, thread) 

} 
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DEFI NE_PROFI LE( vel ocit y_z,t hread, positi on) 

{  real poi nt[ ND_ ND];  

  face_t f; 

  real x, y, z; 

  real r=0. 0; 

  real fi; 

  real c=0. 0; 

  real sonuc3;  

  begi n_f_l oop(f, thread) 

  { 

      F_CENTROI D( poi nt,f,thread); 

      x=poi nt[0]; y =poi nt[1]; z=point[2]; 

   r=sqrt(( merkez_x-x)*( mer kez_x-x) +( mer kez_y-y)*( merkez_y-y)+( mer kez_z-z)*( mer kez_z-z)); 

   fi =acos((z- merkez_z)/r); 

   c=((-1* Mt *. 25)*(sqrt( Ct *. 5))*((R/ r)*( R/r))); .................................................................( Equati on 4.26)  

   sonuc3=cos((fi))*c; 

   F_PROFI LE(f, t hread, positi on)=sonuc3*ses_hi zi; 

   } 

  end_f_l oop(f, thread) 

} 
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