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SEPARATI ON CONTROL BY STEADY AND UNSTEADY SUCTI ON 

SUMMARY 

The effecti veness  of  co mbat  aircraft  depends  i n part  on t heir  ability t o mai ntai n hi gh 

lift  under  extre me  conditions.  Exa mpl es  of  such conditi ons  i ncl ude t he hi gh angl e of 

attack,  rapi d pitch motions  necessary f or  combat  maneuvers.  A well-known 

pheno mena occurri ng on airfoils undergoi ng such hi gh angl e of  attack mot ions  i s  t he 

for mati on of  a  l eadi ng vortex.  Thi s  vortex pr oceeded by si gnificant  i ncrease i n lift, 

but  it  i s  also accompani ed by subsequent  rapi d l oss  of  lift  and t he ensuri ng dyna mi c 

stall. 

Ne w t ype aircrafts have hi gh cr uise speed.  Increase at  cruise speed causes decrease 

at  wi ng area and i ncreases  at  l andi ng speed.  There i s  a rel ati on bet ween l andi ng 

speed and l andi ng distance.  If  t he l andi ng speed i ncreases,  l andi ng distance al so 

increases.  To decrease landi ng distance aircraft  need hi gh angel  of  attack duri ng 

landi ng. This also cause dyna mi c stall. 

In past  years,  many experi ment al  and nu meri cal  st udi es  have been devot ed t o 

i mpr ove t he aerodyna mi c charact eristics  of  t he dyna mi c st all,  t hereby to enl arge 

fli ght  envel ope.  All  of  such efforts can be r oughl y cat egorized as  being eit her 

passi ve or  acti ve control  measure t o meet  t he goals.
1-2

 Passi ve t echni ques  are 

charact erized by fi xed devi ces  t hat  are confi gured t o i mpr ove syst e m perfor mance. 

Acti ve control  strategi es  are based on t he i dea t hat t he onset  of  fl ow separation mi ght 

be del ayed by directl y suppl yi ng ki netic energy int o t he boundary l ayer,  enhanci ng 

the t urbul ent  entrai nment  rat e.  Many experi ment al  and nu meri cal  studi es  are 

conduct ed t o sol ve separati on probl e m.  

In t his  st udy,  a nu merical  st udy was  conduct ed t o i nvesti gat e effects of  fi xed 

unst eady and st eady suction on a  modified NACA0012 airfoil.  The fi xed unst eady 

sucti on was  applied on airfoil.  Fl ow fi el d predicti ons  are made usi ng a modi fi ed 

versi on of  t he CFL3 DV( 5)  unst eady,  t wo- di mensional,  compressi bl e Navier- St okes 

sol ver. C t ype gri d was used.  

Sucti on i s  applied t o surface wit h an angl e t o surface nor mal.  The effect  of sucti on i s 

investi gat ed.  Nu meri cal  results are obt ai ned at  M=0. 3 and 12 and 15 degrees  angl e 

of  attack wit h one suction secti on and wit h t wo sucti on secti on.  At  first  fl ow i s 

sol ved f or  No-  control  at M=0. 3 and 12 and 15 degrees  angl e of  attack.  Cp di agra ms 

were used t o predi ct  suction l ocati on.  St eady suction i s  applied at  l eadi ng edge.  Thi s 

case gave us  good results.  Separati on poi nt  moved f or war d on airfoil.  Thi s  st eady 

control  case also gave us  where t o appl y second sucti on l ocati on.  Unst eady sucti on 

was  applied at  t wo l ocations  on airfoil.  Sucti on frequency was  obt ai ned from lift 

hi st ory by sol vi ng fast  furrier  series  from no-control  case.   Aft er  appl yi ng sucti on at 

t wo l ocati ons, separati on is nearl y controlled.  

 Our  nu meri cal  sol uti ons  have i ndi cat ed t hat  unst eady sucti on,  wit h the careful 

selecti on of  peak a mplitude,  frequency and l ocation;  enhance t he lift  characteristics 
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of  airfoil.  The unst eady sucti on can be use as a  mean of  separati on control  t o 

generat e lift on airfoils. 
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ÖZET 

Savaş  uçağı nı n et ki nli ği zor  şartlarda yüksek kaldır ma üret me  yet eneği ne bağlı dır. 

Yüksek hucu m açıları nı ve  ani  savaş  manevraları nı  bu zor  şartlara ornek ol arak 

verebiliriz.  İyi  bili nen olay yüksek hücum açılarında ol uşan hücu m kenarı  vort eksi 

dir.  Bu vort ex kal dır madaki  belirgi n bir  artışla başlar  fakat  kal dır madaki ani  düşüş 

bunu taki p eder ve sonunda di na mi k stall ol uşur.  

Yeni  ti p uçakl ar  yüksek seyir  süratleri ne sahi ptir.  Seyir  süratleri nde ki  artış kanat 

al nal arı nda azal ma ve i niş süratleri nde artışa sebeb ol ur.  İniş hı zı  ile i niş mesafesi 

birbiri  ile ilişkili dir.  İniş  hı zı nı n art ması  i niş  mesafesi ni n art ması nı n sebep ol ur.  İ niş 

mesafesi ni  azalt mak ancak yüksek hücum açısı yla mü mkün ol ur  buda dima mi k st al a 

sebep ol ur. 

Geç mi ş  yıllarda bir  çok deneysel  ve sayısal  çalış ma di na mi k st al un aerodi na mi k  

karakt eristi kleri ni  geliştir mek ve bu sayedede uçuş  al anı nı  geliştirmek i çi n 

yapıl mı ştır.  Büt ün bu çalış mal ar  pasif  ve aktif  olmak üzere i ki  kat egori ye ayrılabılır. 

Pasif  t ekni kl er,  siste mi n perfor ması nı  arttır mak a macı yl a t asarlanmı ş araçl ardır. 

Actif  kontrol  stratejisi  ise akı m ayrıl ması nı n sınır  t abakası na enerji  ilave et me  

fi kri ne dayanır.  Akı m ayrıl ması  probl e mi ni  çoz mek i çi n bir  çok sayısal  ve deneysel 

çalış ma yapıl mı ştir.. 

Bu çalış mada,  dai mi  ve dai mi  ol mayan şekil de akı mı n e mil mesi ni n modi fe edil mi ş 

NACA0012 pr ofili ne olan et kileri ni n  hesapl amalı  analizi   yapıl mı ştır.  Kanadı n 

üst ünde i ki  bol gede hava akı mı  e mil mi ştir.  Akı m al anı  t ahmi nl eri  NAS A’ nı n 

kullandı ğı,  dai mi  ol mayan,  i ki  boyutl u,  şı kıştırılabilir  Navi er- St okes  denkl e melri ni 

kull nanan CFL3DV( 5) progra mı yl a yapıl mı ştır. C tipi gri d kullanıl mı ştır. 

Hava akı mı  yüzey nor meli ne gore belli  bir  açı yla e mil mi ştir.  Sayısal  çalış mal ar  0. 3 

Mach sayısı nda 12 ve 15 derece hucu m açısı nda yapıl mı ştır.  İl k once 0. 3 Mach 

sayısı nda 12 ve 15 derecede konr ol  uygul a madan akı m al anı  t ahmi nl eri ni  yaptı k.  Cp 

di agra ml arı nı  hava akımı nı  e meceği mi z yeri  belirle mek i çi n kull nadık.  Hücu m 

kenarı da bir  bol gede daimi  bir  şekil de hava akı mını  belli  bir  oranda e mdi k(sucti on). 

Ayrıl ma nokt ası nı n pr ofilin üst  t arafı na doğr u ilerledi ği ni  gozl e ml edi k.  Bu dur um 

ayriça i ki nci  sucti on bolgesi ni  nereye uygul ayaca mı zı  bul mada yardı mcı  ol muşt ur. 

Pr ofil  üzeri nde i ki  bol gede dai mi  ol a mayan suction uygul adı k.  Sucti on frekansı nı 

kontrol  uygul madı ğı mı z dur umdaki  kal dır ma değişi ml eri ni   Fast  Fourier  serileri yl e 

çozerek el de etti k.  İki  bolgede sucti on uygul adi ktan sonra akı m ayrıl ması nın kı s men 

kontrol edil di ği ni gozl e mledi k.  
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Yaptı ğı mı z çalış mal ar  goşt er mi ştirki;  dai mi  olmayan birşekil de kanat üst ünden 

akı mı n e mil mesi,  e mme  orani n,  frekansi ni n ve yerini n di kkatli  bir  şekil de seçi mi yl e, 

kal dır ma  üzeri nde oneml i  et kileri  ol muşt ur.  Dai mi  ol a mayan bir  şekil de kanat 

üst ünde hava akı mı nı n çekil mesi  akı m ayrıl ması nı n kontrol ünde ve pr ofillerde 

taşı mayı arttır mak içi n kullanılabilir. 



 1 

1. I NTRODUCTI ON 

1. 1 Moti vati on 

Co mbat  aircrafts have t o mai nt ai n hi gh lift  under extre me conditi ons  such as  t he hi gh 

angl e of  attack or  rapi d pitch moti ons  necessary for  air  combat  maneuvers.  The l eadi ng 

edge vort ex i s  occurri ng under  such hi gh angle of  attack moti ons.  This  vort ex i s 

preceded by si gnificant  increase i n lift,  but  it  i s  also accompani ed by subsequent  rapi d 

loss of lift and ensuri ng dyna mi c stall. [1, 2] 

Ai rcraft  has  t o have maneuverabilit y and st ability t o perfor m i n co mbat  sit uati ons. 

Desi gn changes  i n air-to-air  weapons  have i ncreased t he need f or  fi ght er-aircraft  t o 

execut e difficult  maneuvers.  Tur ni ng performance i s  an exa mpl e f or  t hi s.  The 

devel opment  of  all-aspect  short-range i nfrared gui ded mi ssiles  and all aspect  guns 

caused some i mpr ove ments aircrafts perfor mance [1, 2] 

 Ne w t ype aircrafts have hi gh cr uise speed.  If  the cruise speed i ncreases  wi ng area 

decreases  and l andi ng speed i ncreases.  There i s a  rel ati on bet ween l anding speed and 

landi ng distance.  If  t he l andi ng speed i ncreases  l andi ng distance i ncreases  al so.  To 

decrease l andi ng distance aircraft  need hi gh angle of  attack duri ng l anding.  Thi s  al so 

cause dyna mi c stall. 

These post- stall regi me maneuvers utilize t hrust control t o achieve rapi d attitude 

changes. Such conditi ons may result in unst eady separati on on wi ng. This situati on can 

lead t o i ncreased drag, wing buffeting, and stability and control probl e ms, whi ch 

degrade, combat effecti veness and coul d cause t he l oss of t he aircraft. [3] 
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Duri ng f or war d or  maneuveri ng fli ght  of  helicopters,  t he angl e of  attack of  t he r ot or 

bl ade secti ons  peri odi cally changes  and reaches  l arge val ues  as  t he bl ade rot ate and pass 

through t he so called retreati ng bl ade positi on.  On an airfoil  whose i nci dence i s 

increasi ng rapi dl y,  t he onset  of  t he st all  can be delayed t o i nci dences,  whi ch may exceed 

the st atic st all  angl e,  by a si gnificant  a mount.  However,  once dyna mi c st all  occurs,  t he 

aerodyna mi c l oads  are generall y more severe and may cause si gnificant  increase i n t he 

bl ade stresses  and t he control  syst e m l oads.  Therefore,  dyna mi c stall  li mits  t he 

helicopt er fli ght envel ope and met hods are required t o predict its occurrence.  

 Dyna mi c st all  also occurs on hori zont al  axis  wi nd t urbi nes,  where rat her  compl ex bl ade 

inci dence variati ons  are generat ed by t he unst eady i nfl ow conditi ons  due to at mospheri c 

turbul ence and duri ng operati on i n ya w.  Dynami c st all  also may be encount ered on 

pr opeller  and t urbo machi nery bl ades  and on t he wi ngs  of  rapi dl y and wi ngs  of  rapi dl y 

maneuveri ng fi ghter aircraft and missiles. [4]
 

1. 2 Separati on and poi nt of separati on  

In or der  t o expl ai n t he separati on l et  consi der  t he fl ow on airfoil  at  an angl e of  attack, 

such as  shown i n Fi gure 1. 1.  The fl ow accel erated from A (st agnati on poi nt)  t o B and 

decel erated from A t o C.  Hence,  pressure decrease from A t o B and i ncrease from A t o 

C.   Whil e a particle i s  movi ng from A t o C,  it  loses  its  ki netic energy due t o vi scous 

forces.   The poi nt  of  separati on i s  defi ned as  t he l i mit  bet ween f or war d and reverse fl ow 

in t he l ayer  i n i mmedi at e nei ghbor hood of  t he wal l  or  poi nt  of  separati on:   0











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y

u
  

Fi gure 1. 2 shows  a  representati on of  fl ow i n boundary l ayer.  Fi gure 1. 3 shows  t he 

separat ed flow on airfoil. 
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1. 3 Literat ure Survey 

In past  years  many experi ment al  and nu meri cal  st udi es  have been devoted t o i mpr ove 

the aerodyna mi c characteristics  of  t he dyna mi c stall,  t hereby t o enl arge flight  envel ope. 

Al l  of  such efforts can be r oughl y cat egorized as bei ng eit her  passi ve or  acti ve control 

measure t o meet  t he goals.  [6,  7]  Fi xed devi ces  that  are confi gured t o i mpr ove syst e m 

 Fi gure 1. 2 Di agra mmatic represent ati on of fl ow in t he boundary layer  

( Repr oduced from [5]). 
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perfor mance charact erize passi ve t echni ques.  Passi ve control  devi ces  are si mpl e,  and 

relati vel y l ow i n cost  but  t here are some  si gnificant  di sadvant ages.  They cannot  be 

controlled and add parasitic drag i n sit uati ons  where suppressi on i s  not  needed.  Passi ve 

control  met hods  are i ntrinsi call y unabl e t o adj ust  to changi ng fl ow fi el ds.  [8]
 
Because of 

this,  t he acti ve control  met hods  have attract ed mor e i nt erest  recentl y.  Unli ke passi ve 

control  met hods,  acti ve control  strategi es  are based on t he i dea t hat  t he onset  of  fl ow 

separati on mi ght  be delayed by directl y suppl ying ki netic energy i nt o the boundar y 

layer,  enhanci ng t he t urbul ent  entrai nment  rat e.  Acti ve t echni ques  have t he pot ential  t o 

mi ni mi ze bot h di sadvantages  whil e opti mi zi ng overall  perfor mance.   Concept uall y, 

acti ve control  met hods  can be di vi ded i nt o t wo cat egories,  one f or  st ationary and t he 

ot her  one f or  movi ng control  devi ces.  [6]  Thus f or  bl owi ng,  [ 9,  10]  sucti on,  [ 11,  12] 

oscillat ory surface heating [ 13],  and acoustic excitati on [ 14]  have been suggest ed f or 

moti onl ess  devi ces.  Exampl es  i n whi ch moti on of  t he control  devi ce i s  e mpl oyed are 

movi ng surface,  [15]  buzz,  [16]  t hi ckness  variation [ 17],  oscillati ng fl ap,  [8,  18]  and 

defor mabl e leadi ng edge.  [6, 19, 20]  

Chandrasekhara [ 21]  made an experi ment al  i nvesti gati on of  t he unst eady effects  of 

dyna mi call y defor mi ng the l eadi ng edge of  an airfoil.  He f ound t hat by carefull y 

selecti ng a fi xed shape for  t he l eadi ng edge geo metry,  t he dyna mi c st all  vort ex was 

compl et el y eli mi nated.  

Sahi n and Sankar  [ 22]  made a nu meri cal  i nvesti gati on,  based on Chandrasekhara’s  wor k 

[21],  about  dyna mi c st all  control  usi ng a  defor mabl e l eadi ng edge and t hey f ound t hat 

dyna mi c defor mabl e l eadi ng edge ( DDLE)  airfoils had a sli ghtl y dyna mi c st all  behavi or 

compared t o NACA0012 airfoil. 

Kehr o and Hut cherson used a  fi xed vort ex generat or  on hi gh-lift syst e ms.  At 

landi ng/takeoff  conditi ons,  t he vortex generat or  transports  hi gh mo ment u m fl ui d from 

the boundary l ayer  t owards  t he wi ng surface,  energi zi ng t he boundary l ayer  and del ayi ng 

separati on. Thus lift is increased and perfor mance loses are reduced. [18]  

Gei ssler  and Raffel  have st udi ed t he feasi bility of  dyna mi c st all  control  vi a acti ve 

thickness  variati on by means  of    dyna mi c st all  control  vi a acti ve t hi ckness  vari ati on by 

means  of  nu meri cal  analysis  and experi ments  [ 16].  The research results showed t hat  t he 
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overall  aerodyna mi cs  charact eristics  are greatly i nfl uenced by t he strat egi es  of  t he 

thickness  variati on.  The concept  of  t hi ckness  variati on i s  rel ati vel y si mple and has  an 

advant age of  i ncreasi ng the maxi mu m lift  wit hout  i nvoki ng t he earlier  drag di ver gence 

and mo ment stall. [17] 

Ra msey and Tho mas  [ 19]
 
used a peri odi c bl owing and sucti on nor mal  to surface at 

2. 5 %chor d from t he l eadi ng edge of  NACA0012 airfoil.  They showed that  lift  was 

increased f or  angl es  of  attack bet ween 18
0

 and 35
0
.  They used t he Reynol ds  average 

Navi er-st okes ( RANS) appr oach wit h the Bal dwi n- Lo max al gebrai c t urbulence model.
 

Hassan and Janakira m [19]  have al so used RANS appr oach wit h Baldwi n–Lo max 

Tur bul ence model.  In their  wor k zero net  mass  sucti on/ bl owi ng was  pl aced at  13 % 

chor d and t hey f ound t hat  for  certai n oscillati on frequency and peak a mplitude,  t he lift 

can be i ncreased al beit  wi t h hi gh mo ment um i nput.  The co mparison with experi ment s 

was not gi ven i n bot h articl es.  

Donovan,  Li nda D.  Janakira m [ 23]  made a  numeri cal  i nvesti gati on both st eady and 

unst eady j et  on airfoils.  They used an unst eady RANS i ncompressi bl e flow sol ver  wit h 

Spal art  All maras  t urbul ence model  and co mpared t heir  results wit h t he experi ment s  of 

Seifert and Bachar. [24]
 

Ravi ndran [ 25]  made a  nu meri cal  i nvesti gati on of  unst eady sucti on and bl owi ng on an 

airfoil  usi ng a co mpressibl e fl ow sol ver  CFL3 D.  He  buil ds  a previ ous  work of  Donovan 

[23]  t o vali dat e CFL3 D for  acti ve fl ow control  applicati ons.  He  used Spalart  All maras 

turbul ence model. He found t hat t he lift increased as t he bl owi ng coefficient increased.  

Kari m and Acharya [26]  devel oped a  strategy f or  alteri ng t he  unst eady fl ow 

devel opment  and t he f or mati on of  t he dyna mi c-stall  vort ex.  Their  approach was  t o 

control  t he accumul ati on of  reverse-fl ow fl ui d i n t he l eadi ng edge regi on of  t he airfoil 

sucti on surface by re moving fl ui d at  a specified rate t hrough a  sucti on sl ot  locat ed i n t he 

sucti on surface near t he leadi ng edge, at about 2% of chord.  
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1. 4 Co mparison bet ween Steady and Unsteady Separati on  

There i s  a difference between t he t wo separati on mechanis ms.  I n st eady separati on,  t he 

fl ow i s  sufficientl y ret arded due t o adverse pressure gradi ent,  and t he moment um of  t he 

fl ui d particles  i s  reduced.  The ret arded particles  cannot  penetrate i nt o t he hi gh-pressure 

regi on due t o t heir  reduced ki netic energy.  The boundary l ayer  i s  defl ect ed a way from 

the wall  and separat es  fro m it.  The poi nt  of  separati on i s  defi ned as  t he poi nt  where t he 

wall  shear  vanishes  [ 27].  In unst eady separation,  t he separati on point  does  not 

necessaril y coi nci de with t he poi nt  of  vanishi ng wall  shear  [ 28].  Rat her, t he unst eady 

separati on poi nt  i s  det ermi ned by t he si mult aneous  vanishi ng of  t he wall shear  and t he 

pr ofile vel ocit y at  a point  j ust  above t he wall  as seen by an observer  movi ng wit h t he 

separati on vel ocit y [ 29].  Thi s  i s  known as  t he MRS criteri on.  If  t he observer  i s  fi xed at  a 

poi nt  on t he airfoil  surface,  it  i s  possi bl e t o observe zero vel ocit y or  zero shear  stress  and 

not  have unst eady separati on.  An abr upt  t hi ckening of  t he boundary l ayer  causes  t he 

separati on,  whi ch result  in t he ret arded fl ui d i n t he boundary l ayer  bei ng ejected i nt o t he 

pot ential fl ow.  

1. 5 Characteristics of the Steady Ai rfoil Fl ows  

In our  cal culations  st eady airfoil  i s  used.  There are t hree specific t ypes  of  stall  [ 30].  The 

first  is  l eadi ng edge st all,  where t he fl ow separation i nitiall y near  t he l eadi ng edge but 

reattaches  al most  i mmediatel y due t o rapi d transition t o t urbul ence.  This  reattachment 

occurs  when t he pressure nearl y equals  t he val ue t hat  woul d exist  if  t he boundary l ayer 

was  t urbul ent  and attached [ 31].  This  regi on bet ween separati on and reattachment  i s 

comparabl e i n si ze t o the t hi ckness  of  t he boundary l ayer.  As  t he stall  angl e i s 

appr oached,  t he regi on grows  short er  until  t he adverse pressure gradi ent  results i n airfoil 

separati on.  The separation/reattachment  regi on i s  si gnificant  because it  det er mi nes  t he 

initial  conditi ons  of  t he boundary l ayer  downstrea m.  It  i s  t he t ype of  st all, whi ch occurs 

on a  st atic airfoil.  Accor di ng t o Li ssa man [ 32],  t he regi on bet ween separati on and 

reattachment,  known as  a l a mi nar  separati on bubbl e,  occurs  onl y on airfoils  bel ow a 

chor d Reynol ds  nu mber  of  50, 000.  Above t his  poi nt,  t he airfoil  i s  physi call y t oo short 

for reattachment t o occur. 
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The second t ype of  st all, t hi n-airfoil  st all,  is  charact erized by l a mi nar  fl ow separati on at 

the airfoil  l eadi ng edge and coi nci di ng reattachment  at  some  poi nt  downstrea m.  The 

reattachment  l ocati on moves  downstrea m al ong t he airfoil  surface as  t he angl e of  attack 

is i ncreased,  creati ng what  i s  known as  a l ong separati on bubbl e.  This  concept  will  be 

el aborat ed on i n a letter secti on.  

The t hird ki nd of  st all  i s t raili ng edge st all,  whi ch i nvol ves  t he f or war d move ment  of  a 

turbul ent  separati on poi nt  from t he traili ng edge.  Thi s  ki nd of  st all  occurs on unst eady 

airfoils.  

For  all  Reynol ds  nu mbers,  t he fl ow over  a st atic airfoil  separates  at  a sufficientl y hi gh 

angl e of  attack.  At  Reynol ds  nu mbers  bel ow about  100, 000 ext ensi ve separati ons  on t he 

upper  airfoil  surface may be possi bl e even at  l ow angl es  of  attack.  For  these cases,  t he 

lami nar  boundary l ayer  fails t o overcome  t he adverse pressure gradi ent  and separates, 

for mi ng an unattached free shear  l ayer.  Accor di ng t o Mueller  and Batil  [30],  t he lift  and 

drag on a  st atic airfoil  increase as  Reynol ds  Nu mber  i ncreases.  The angl e of  att ack 

correspondi ng t o airfoil stall also increases, but only sli ghtl y. [33] 

In t his  st udy,  a nu meri cal  i nvesti gati on of  unst eady sucti on on an airfoil  usi ng fl ow 

sol ver  CFL3 D ( V5)  i s  present ed.  Sucti on i s  applied t o surface wit h angl e t o surface 

nor mal  on a  modified NACA0012.  CFL3 D ( V5)  Boundary conditi ons  are changed t o 

appl y sucti on wit h an angl e.  Nu meri cal  results are obt ai ned at  M=0. 3 and 12 and 15 

degree angl e of  attack.   In t his  st udy effects  of  sucti on l ocati on and a mpl itude are al so 

showed.  
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2. MATHE MATI CAL MODEL AND COMPUTATI ONAL ALGORI THM 

2. 1 Fl ow Dyna mi cs Equati ons 

The di mensi onl ess,  unsteady,  co mpressi ble Navier-St okes  equati ons  i n conservati ve 

for m are gi ven by 

                       ( 2. 1)                                                                                      

                     

The fl ow fiel d vect or Q

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 and viscous flux jv )E(

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Where Q i s  t he fl ow vect or  i n t he Cart esian coor di nat es,  and J  i s  t he Jacobi an of  t he 

transfor mati on from t he Cart esian coor di nat es  t o t he body-conf or med coordi nat es.  Ek  are 

the i nvisci d fl ux vect ors  i n Cart esian coor di nates  and ( Ev)k  are vi scous  and heat 

conducti on fluxes vect ors i n Cartesian coordi nat es. 2. 3 gi ve t he m 

Where kn  i s  t he shear  stress  t ensor.  For  Ne wt oni an fl ui ds  wit h t he St okes’s 

hypot hesis, 
3
2

,  kn is gi ven by 

 

 

           (2. 4) 

And t he heat conducti on flux, qk, is gi ven by 

 

           (2. 5) 

 

The vari abl es  i n Equati ons  are non- di mensi onalized by usi ng t he reference para met ers. 

The reference para met ers are   and,aL,a,L  f or  t he l engt h, vel ocit y,  ti me, 

densit y and mol ecul ar  viscosit y,  respecti vel y.  The pressure i s  non- di mensi onli zed by 

2a .  The free strea m Reynol ds  nu mber  i s  defi ned by 

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 , is chosen as 0.72. Sut herland’s law gi ves t he di mensi onl ess viscosity 

         (2. 6) 

 

Where T i s  t he non- dimensi onal  t e mperat ure and c  i s  t he Sut herland’s  const ant, 
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2. 2 Fi nite Vol ume For mul ati on: Roe’s Upwi nd Sche me  

The conservati ve f or m of  t he f ull  Navi er-St okes  equati ons,  Eqn.  2. 1,  can be i nt egrat ed 

over t he domai n V 

      

                       (2. 7)  

 

Appl yi ng t he Gauss  di vergence t heore m t o t he second t er m,  t he equati on above can be 

rewritten as 

 

           (2. 8)  

 

Where ma


 i s  t he covariant  base vect or,   t he boundary encl osi ng comput ati onal 

do mai n V and n̂  the unit out war d nor mal of .   

2. 2. 1 Roe’s Fl ux- Difference Splitti ng 

The fl ux-difference splitting sche me  devel oped by Roe i s  based on a  charact eristics 

deco mpositi on of  t he fl ux differences.  Roes  scheme  posses  t he conservation pr operties. 

Consi der t he one-di mensional equati on  

           

    (2. 9) 

Where E i s  a  f uncti on of  first  order  of  Q.  Usi ng t he chai n r ul e,  t his  equati on can be 

written as 

    (2. 10) 

 

Where 
Q

E
A




  i s  t he fl ux Jacobian matri x.  The exact  sol ution of  t he Ri e mann pr oble m 

can be written as  
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Where i  represents  t he pr oj ecti on of  t he difference i n Q bet ween t he i nitial  ri ght  and 

left  st ates,  i  and ei  are t he ei genval ues  and eigenvect ors  of  t he Jacobian matri x A,  

respecti vel y. The i nt erface flux can be det er mi ned usi ng 

 

           (2. 12) 

 

Consi der  t he Eul er  equations,  where E i s  not  a linear  f uncti on of  Q,  Roe suggest ed t he 

foll owi ng for m  

           (2. 13) 

 

Where A  is the Roe-average matri x, whi ch satisfies the foll owi ng conditi ons: 

1.  A  Constit utes a linear mappi ng from t he vect or space Q t o t he vect or space E. 

2.  As QQQ RL  , )Q(A)Q,Q(A RL   

3.  For any QL and QR,   RLRLRL EEQQ)Q,Q(A   

4.  The ei genvect ors of A  are linearl y i ndependent. 

Based on t he t hird pr operty,  t he fl ux difference bet ween t he l eft  and ri ght  states  and t he 

interface fluxes can be written as 

            (2. 14) 

            

2. 15) 

The last ter m of Eq. 2. 15 is the dissi pati on ter m.  
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2. 3 Initi al and Boundary Conditi ons 

The sol uti on of  any partial  differential  equati on i s co mpl et el y dependi ng on t he choi ces 

of  i nitial  and boundary conditi ons.  The i nitial conditi ons  shoul d correspond t o t he 

physi cal  nat ure of  t he fl ow.  As  it  i s  expected,  different  for m of  such condi tions  must  be 

used for steady and unst eady cal cul ations.  

Two t ypes  of  boundary conditi on represent ations  are e mpl oyed i n CFL3 D,  na mel y,  cell -

cent er  and cell-face.  For cell-center  t ype boundary conditi ons,  t he fl ow f iel d vari abl es 

are specified at  “ghost ” poi nts  correspondi ng t o t wo cell  cent er  l ocati ons anal yticall y 

ext ended outsi de t he grid.  For  cell-face t ype boundary conditi ons,  the fl ow fi el d 

variabl es and t heir gradi ents are specified at the cell face boundary.  

As  t he i nitial  conditi ons,  t he free strea m Mach nu mber  of  0. 3 and t he  free strea m 

temperat ure of 460 degrees Kel vi n are applied for all the cases.  

 Extrapol ation boundary conditi ons  are cell-center t ype boundary conditi ons.  The 

ghost poi nts are extrapolat ed from t he comput ati onal domai n. Based on t he locati ons of  

 1,  -1 and  -2, (Fi gure 2. 1) t he extrapol at ed val ues woul d be  

 

° ° ● ● 

°  -2 °  -1 ●  1 ●  2 

 

Fi gure 2. 1 Extrapol ated Poi nts 

 -1= 1 and  -2= 1 

The free strea m boundary conditi ons  are cell-center  t ype boundary conditions.  The fl ow 

fiel d variabl es for bot h sets of ghost poi nts are set equal t o t he initial val ues, whi ch are:  

 0.1initial                            (2. 16a) 

  coscos Muinitial       (2. 16b) 
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 sin Mvinitial                 (2. 16c) 

  cossin Mwinitial       (2. 16d) 

    /
2

initialinitialinitial ap        (2. 16e) 

It  shoul d be not ed t hat  al l  boundary conditi ons  used i n t his  st udy are specified explicitl y. 

The walls are consi dered i mper meabl e and adi abatic.  Usi ng l ocall y one-di mensi onal 

charact eristic boundary conditi ons  i ncorporat es  the far  fiel d boundary conditi ons.  The 

vel ocit y nor mal  t o t he boundary and t he speed of  sound f or  each cell  are cal cul at ed from 

the locall y one-di mensi onal Ri e mann i nvariants, that is 

aUR
1

2





                 (2. 17) 

The i nvariants,  for  exa mpl e i n   directi on,  are constant  al ong t he charact eristics  defi ned 

as 

aU
dt

d












                                  (2. 18) 

These i nvariants are used t o cal culate t he l ocal  nor mal  vel ocit y and t he speed of  sound. 

Addi ng or  subtracti ng the t wo Ri e mann i nvariants  respecti vel y cal culat es  t he l ocal 

nor mal  vel ocit y and t he speed of  sound at  t he boundaries.  The l ocal  normal  vel ocit y i s 

cal cul ated by su mmi ng and t he speed of  sound i s cal cul ated by subtracti ng t he m.  Ot her 

quantities  such as  density and pressure can be  f ound by usi ng t he entropy rel ati on and 

the equati on of  st ate respecti vel y.  For  st eady i nvisci d fl ows,  t he vel ocity co mponent s 

used i n t he surface boundary conditi ons  and t he contravariant  vel ocit y,  whi ch i s  U,  can 

be expressed as  

Unuu xcenterwall                 (2. 19a) 

Unvv ycenterwall                (2. 19b) 

Unww zcenterwall                (2. 19c) 
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              (2. 20) 

The entropy i s  det er mi ned usi ng t he val ue from outsi de t he do mai n f or  the  i nfl ow and 

from i nsi de t he do mai n f or  outfl ow.  The entropy and speed of  sound are used t o 

det er mi ne t he densit y and pressure on t he boundary.  The pressure f or t he boundar y 

conditi ons  can be obt ai ned by extrapol ati on from t he i nt eri or  poi nt  val ue that  i s  or der  of 

zero.  The densit y i s  t hen cal culat ed by e mpl oyi ng t he st ate equati on [ 40,  41].  The out er 

boundary conditi ons of the gri ds are shown i n t he figure 2. 1 and 2. 2.  

 

 

 

 

 

 

 

 

 

 

The vi scous  boundary conditi ons  are cell-face t ype boundary conditi ons.  Two pi eces  of 

auxiliary i nfor mati on are supplied on i nput:  t he wall  t e mperat ure (  Tw/T∞)   and mass 

fl ow rate ( Cq), where Cq=(  unor mal )/(  u)  

The surface vel ocities are t he det er mi ned as 

Uw = M∞ Cq umesh
Pb

cx


 
 )2(

.   (2. 21) 

vw= M∞ Cq vmesh
Pb

cy


 
 )2(

.   (2. 22) 

X

Y

-0.5 0 0.5 1

-0.5

0

0.5

viscous surface
suction area

Fi gure 2. 1: Out er Boundary Conditi ons  Fi gure 2. 2: Surface Boundary Conditi ons  
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ww = M∞ Cq wmesh
Pb

cz 
 

 )2(
.   (2. 23) 

umesh,  vmesh,  wmesh  are t he vel ocit y co mponents  of  the mesh.  In t his  st udy t hey are equal  t o 

zero because the mesh is not i n moti on.  

Thi s  t ype boundary conditi on all ows  appl yi ng sucti on.  So me  changes on boundar y 

conditi on of CFL3 D made t o appl y sucti on wit h an angl e t o surface nor mal . 
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3. COMPUTATI ONAL ALGORI THM 

3. 1 About Cfl 3D 

Predi cti ons  were made usi ng a modified versi on of  t he NASA CFL3 D ( v5),  a Reynol d-

Avaraged t hi n-layer  Navier-St okes  fl ow sol ver  f or  struct ured gri ds.  The origi nal  versi on 

of  CFL3 D was  devel oped i n t he earl y 1980’s  i n t he Co mput ati onal  Fl ui d Laborat ory at 

NASA Langl ey Research Cent er;  hence t he na me of  t he code,  whi ch i s  an acrony m f or 

the Co mput ati onal  Fl ui ds  Laborat ory 3- Di mensional  fl ow sol ver.  An overview of  t he 

hi st ory of t he code can be found i n Ru msey, Bi edron, and Tho mas. [32]
 

CFL3 D sol ves  t he ti me dependent  conservati on l a w f or m of  t he Reynol ds- Averaged 

Navi er- St okes  equati ons.  The spatial  di scretization i nvol ves  a se mi -discrete fi nite-

vol ume appr oach.  Up wi nd bi asi ng i s  used f or  t he convecti ve and pressure t er ms,  whil e 

central  differenci ng i s used f or  t he shear  stress  and heat  transfer t er ms.  Ti me 

advance ment  i s  i mplicit wi t h t he abilit y t o sol ve st eady or  unst eady fl ows.  Multi gri d  

and mesh sequenci ng are availabl e f or  convergence accel erati on.  Nu merous  t ur bul ence 

models  are pr ovi ded,  i ncludi ng 0-equati on,  1-equation,  and 2-equati on models.  Multi ple-

bl ock t opol ogi es  are possi bl e wit h t he use of  1- 1 bl ocki ng,  pat chi ng,  overlappi ng,  and 

e mbeddi ng.  CFL3 D does  not  cont ai n any grid generati on soft ware.  Gri d must  be 

supplied extraneousl y.  

Versi on 5. 0 of  CFL3 D has  several  additi onal  ut ilities  over  earlier  versi on of  t he code. 

Most  not abl y,  Versi on 5. 0 has  t he capabilit y t o empl oy sli di ng pat ched-zone i nt erfaces, 

such as  mi ght  be required t o perfor m r ot or-stat or co mput ati ons,  for  exa mpl e.  Ho wever, 

it  is  stressed here t hat  CFL3 D has  been developed pri marily as  a  t ool  for  ext ernal 

aerodyna mi cs  anal ysis.  Its  use f or  i nt ernal  t urbo machi nery applicati ons  has been onl y as 

a basi c research code t hus  far;  ot her  Navi er- St okes  codes  specificall y desi gned f or  t urbo 

machi nery applicati ons,  such as  ADPAC,  UNCLE TURBO,  or  ROTOR may be  bett er 

suited t o t he anal ysis of such fl ows.  
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CFL3 D does  not  have capabilit y t o sol ve unst eady-tangential  sucti on/ bl owi ng.  For  t his 

pur pose boundary condition secti on of t he code is chanced.  

In our  cal culati ons  La mi nar  fl ow conditi on and Roe’s  fl ux difference splitti ng sche me 

are used.  

3. 2 Gri d 

Co mput ati ons  were prefor med on a  C-t ype mesh havi ng a resol uti on of  209x97.  Fi gure 

one descri bes  t he co mput ati onal  gri d generat ed f or  NACA- 0012 airfoil.  Hyper boli c  

gri d-gen was  used t o generate t he co mput ati onal  grid while enforci ng gri d ort hogonalit y  

at  t he surface of  t he airfoil.  Gri d cl ust eri ng was  perfor med near  t he surface of  t he airfoil 

to resol ve t he det ails  of t he boundary l ayer.  In the co mput ati onal  gri d,  the first  gri d 

poi nts  of  t he airfoils were l ocat ed at  a  di stance equal  t o 0. 00001C.  The far  fi el d 

boundary was l ocat ed at a distance approxi mat el y equal to 30 airfoil chord lengt hs.  
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Fi gure 3. 1. a Co mput ati onal C-t ype gri d around t he airfoil 

 



 18 

 

 

X

Y

-20 -10 0 10 20 30

-20

-10

0

10

20
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4. RESULTS 

4. 1 Cases 

Si x cal culati ons  f or  modified NACA0012 airfoil  are perfor med.  All  calcul ations  are 

done at  Mach nu mber  0. 3.  Three cal culati ons  are perfor med at  12 degree of  angl e of 

attack and t hree cal culations  are done at  15 degrees  of  angl e of  attack.  First,  fl ow 

predi ctions  f or  12 and 15 degree of  angl e of  attack are done at  Mach nu mber  0. 3 wit hout 

any control  applied.  Cp  and lift  and drag hist ory di agra ms  are used t o predict  sucti on 

locati on, frequency, and a mplit ude.  Two control  cal cul ati ons f or  bot h 12 and 15 degree 

of  angl e of  attack are done.  At  first  one st eady sucti on area near  l eadi ng edge i s  applied. 

Aft er  t hat,  cal cul ation of  second unst eady suction areas  on airfoil  applied.  Tabl e 4. 1 

shows t hese cases. 

Tabl e 4. 1 Test  Cases  Showi ng Angl e Of  Att ack,  Control  Type And Nu mber  Of  Sucti on 

Ar ea.   

Mach 

nu mber 

Angl e of 

attack 

Control type Nu mber of sucti on area  

0. 3 12 No- Control -  

0. 3 12 St eady control 1  

0. 3 12 Unst eady control 2  

0. 3 15 No- Control -  

0. 3 15 St eady control 1  

0. 3 15 Unst eady control 2  

 

 

At  12 degrees  of  angl e of  attack st eady sucti on is applied near  l eadi ng edge.  Sucti on 

locati on and sucti on a mplitude are shown at  fi gure 4. 1.  Thi s  case i s  called as  st eady 

sucti on.  Thi s  case hel ps  us  t o det er mi ne where t o appl y second suct ion area.  Cp 

di agra ms  used t o fi nd t he second sucti on area.  Li ft  hist ory at  wit hout  control  case used 

to fi nd sucti on frequency.  At  12 degree of  attack unst eady t wo sucti on areas  appli ed on 



 20 

X

Y

0 0.25 0.5 0.75 1

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

SUCTION LOCATIONS:
X/C=.47 - 0.68 , X/C=0.34-0.54
SUCTION MAGNITUDE :
CQ1= -0.10-0.03*cos (1.256*time+pi/2)
CQ2= -0.18-0.06*cos (1.256*time+pi/2)
SUCTION ANGLE=70
FOR M=0.3 AOA=15

CQ1 CQ2

Fi gure  4. 4  Sucti on  Locati on,  Sucti on  Frequency  and 

Amplit ude for Unsteady Sucti on   for M=0. 3 at 15AOA   
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Fi gure  4. 3  Sucti on  Locati on  and  Amplit ude  f or  St eady 

Sucti on   for M=0. 3 at 15 Degree of Angl e of Attack 

 

airfoil.  Sucti on l ocati ons  and sucti on frequency and a mplit udes  are shown at  Fi gure 4. 2. 

Thi s case is called as unsteady sucti on.  

 

 

 

 

 

 

 

  

 

 

At  15 degree of  angl e of  attack sa me way was f oll owed.  First  st eady sucti on at  one 

locati on i s  applied and usi ng t his  case’s  results unst eady second sucti on area i s  appli ed. 

Fi gure 4. 3 shows  t he suction l ocati on and a mplit ude f or  st eady sucti on.  Fi gure 4. 4 shows 

the sucti on l ocati ons, suction frequency and sucti on a mplit ude for unst eady case.  

 

 

 

 

 

 

 

 

 

Fi gure  4. 2 Sucti on Locati on  and  Sucti on 

Frequency and  Amplit ude f or  Unst eady 

Sucti on   f or  M=0. 3 at  12  Degree  of  Angl e  of 

At t ack 
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Fi gure  4. 1 Sucti on Locati on and  Amplit ude 

for  St eady  Sucti on   f or  M=0. 3 at  12  Degree 

of Angl e of Att ack 
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Frame 002  08 Nov 2002  No Dataset

Frame 003  08 Nov 2002  No Dataset
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At all cases sucti on is applied wit h angl e t o surface nor mal.  

Fi gure 4. 5 shows t he suction angl e. 

 

 

 

 

 

 

Fi gure 4. 5 Sucti on Angl e 

 

4. 2 Cal cul ati ons for 12 Degree Of Angl e Of Attack  

4. 2. 1 Fl ow Predi cti ons for Mach number 0. 3 at 12 Degree of  Angl e Of Attack 

At  first  fl ow predi cti ons  for  Mach nu mber  0. 3 i s  made at  12 degree of  angle of  attack.  ∆t 

was  obt ai ned as  5x10
- 3

,  and fi xed f or  all  t he f ollowi ng co mput ati ons.  The co mput ati ons 

were ext ended t o 20000 nu mber  of  ti me st ep whi ch i s  equi val ent  t o non- di mensi onal 

ti me of T=100.  

Fi gure 4. 6 shows  t he ti me hist ory of  t he lift  and drag coefficient.  The fi gure 4. 6 shows 

oscillati ons.  Except  f or  t ransi ent  ti me ( 0-4500 number  of  ti me st ep),  t he l ift  coeffici ent 

shows  l arger  a mplit ude oscillati ons  t han drag coefficient.  The maxi mu m lift  coeffici ent 

is 1. 13 and t he mi ni mum l ift  coefficient  i s  0. 63.  The maxi mu m drag coefficient  i s  0. 25 

and t he mi ni mu m drag coefficient  i s  0. 13.  Oscillati ons  at  t he lift  and drag coefficient  i s 

unst eady and it  i s  not  possi bl e t o obt ai n an exact  frequency.  The conti nuous  oscillati ons 

of t he lift and drag coeffici ent is mai nl y due t o t he unsteady separation.  
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Fi gure 4. 7 shows  t he ei ght-di mensi onal  snapshot  vi ews  of  t he strea mli nes  at  several  ti me 

instants.  The unst eady separati on devel opment  is  cl earl y observed.   As  the ti me  goes 

separati on st arts near  t he l eadi ng edge and develops  i nt o a strong unst eady separat ed 

flow.  Fi gure 4. 8 shows  t he Mach Cont ours  at  different  ti me i nst ants.  The devel op ment 

of  unst eady separati on can be seen.  Fi gure 4. 9 shows  t he Cp  coefficient  at  several 

different  ti me i nst ants.  CP  coefficient  shows  t hat  separati on i s  unst eady.  The peak poi nt 

of CP coefficient shows the separation l ocati on. Separati on l ocati on differs in ti me.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi gure 4. 6 Ti me  Hi st ory of  Lift  and Dr ag Coefficient, 

M=0. 3, AOA=12, Wit hout Control 
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Fi gure 4. 7 M=0. 3, AOA=12, Wit hout Control Strea mli nes at Different Time Inst ants 
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Fi gure 4. 8 M=0. 3, AOA=12, Wit hout Control Mach Cont ours at Different Ti me Instants 
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4. 2. 2 Steady Sucti on for M=0. 3 at 12 Degree of Angl e Of Attack  

In t his  cal cul ation an array cont ai ni ng sucti on area i s  pl aced on upper  surface of  NACA-

0012 airfoil.  One st eady sucti on area i s  pl aced at  0. 08-0. 14 X/ C.   Sucti on a mplit ude i s 

Cq=0. 13 ( Mass  Fl ow Rate).  Fi gure 4. 10 shows  t he sucti on l ocati on on airfoil.  Sucti on i s 

applied t o surface wit h 70 degree of angl e respect to surface nor mal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

∆t  was  obt ai ned as  5x10
- 3

,  and fi xed f or  all  t he f oll owi ng co mput ati ons.  The 

comput ati ons  were ext ended t o 20000 nu mber  of ti me st ep whi ch i s  equival ent  t o non-

di mensi onal ti me of T=100.  

Fi gure shows  t he ti me hi st ory of  t he lift  and drag coefficients  co mparisons wit h wit hout 

control  case.  Aft er  applyi ng st eady sucti on oscillati on a mplit ude beco me  s maller. 

Co mpared wit h Mach nu mber  0. 3 angl e of  attack 12 wit hout  control  case,  CL  i s  about 

%25 hi gher  and Cd  i s  %60 l ower.  Tabl e shows  t he co mparisons  bet ween wi thout  control 

case and steady sucti on case.  

 

 

Fi gure4. 10 Sucti on Locati on and sucti on angl e:  St eady Sucti on f or  M=0. 3 at  12 
Degree of Angl e of Attack 

Frame 002  08 Nov 2002  No Dataset

Frame 003  08 Nov 2002  No Dataset
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Fi gure  4. 11 Ti me  Hi st ory of  Li ft  and  Dr ag Coefficient  for  st eady control  and,  Wi t hout  Control,  M=0. 3, 

AOA=12 

 

ntime

li
ft

,
d

ra
g

1 5001 10001 15001 20001

0.5

1

1.5

2

2.5

3

3.5 LIFT HISTORY - NO-CONTROL

DRAG HISTORY - NO-CONTROL

LIFT HISTORY - STEADY SUCTION

DRAG HISTORY - STEADY SUCTION

M=0.3 AOA=12

Tabl e 4. 2 Lift  and Dr ag Co mparisons  Bet ween Wi t hout  Control  Case and St eady 

Sucti on Case 

Mach 

nu mber 

Angl e 

of 

attack 

Control 

type 

Nu mber 

of 

sucti on 

area 

Ma xi mu m 

CL  

Mi ni mu m 

CL  

Ma xi mu m 

CD  

Mi ni mu m 

CD  

0. 3 12 No-

control 

- 1. 13 0. 63 0. 25 0. 13 

0. 3 12 St eady 

control 

1 1. 45 0. 98 0. 12 0. 018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi gure4. 11 shows  t he eight  snapshot  vi ews  of  t he strea mli nes  at  several  ti me i nst ants. 

Separati on st arti ng poi nt moved f or war d.  The unst eady separati on i s  devel opment  i s 

starti ng from x/ c 0. 3.   As  t he ti me  goes  separati on devel ops  t o t he t raili ng edge. 

Separati on i s  nearl y controlled co mpared wit h without  control  case.   But  t here i s  still 

separati on on t he airfoil but it moved for war d.  

Fi gure4. 12 shows  t he Mach Cont ours  at  different  ti me i nst ants.  Separation l ocati on 

change and separati on devel opment from x/ c 0. 3   can be seen from t he fi gures.  

Fi gure4. 13 shows  t he Cp  coefficient  at  several  different  ti me i nst ants.  CP  coeffici ent 

shows  t hat  separati on l ocati on i s  moved and separati on i s  st arti ng from x/ c 0. 3.  And al so 

separati on a mplit ude beca me s maller  co mpared to wit hout  control  case.  I n t hi s  st udy 
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good results obt ai ned but  t here i s  still  separation.  Thi s  result  i s  used t o control  separati on 

at next step.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fi gure 4. 12 M=0. 3, AOA=12, St eady Control Strea mli nes at Different Ti me Instants 
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Fi gure 4. 12 M=0. 3, AOA=12, St eady Control Strea mli nes at Different Ti me Instants,  
 

Fi gure4. 13 M=0. 3, AOA=12, steady Control, Mach Cont ours at Different Ti me Instants 
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Fi gure 4. 14 M=0. 3, AOA=12, St eady Control CP Coefficient at Different Ti me Instants 
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4. 2. 3 Unsteady Sucti on for M=0. 3 At 12 Degree Of Angl e Of  Attack 

In t hese cal cul ation t wo arrays  cont ai ni ng suction area i s  pl aced on upper  surface of 

NACA- 0012 airfoil.  Two unst eady sucti on areas are pl aced at  0. 6-0. 14 X/ C,  and 047-

0. 63 X/ C.   Sucti on i s  applied wit h a frequency.  Sucti on frequency i s  obtai ned from lift 

coefficient  of  wit hout  control  case.  40 lift  coefficients  at  different  ti me instants  were 

chosen and sol ved t hem by Fast  Fourier  Series.    Sucti on a mplit ude i s  Cq1=- 0. 10-

0. 03*cos(1. 256*ti me+∏/ 2)  and cq2=- 0. 26-0. 06*(1. 256*t +∏/ 2)  (cq= Mass Fl ow Rat e). 

St eady sucti on cannot  control  separati on.  Cp coefficient  of  one st eady sucti on case 

shows  t hat  separati on st arti ng devel opment  near  x/c 0. 45.  Because of  t his  result  second 

sucti on l ocati on i s  applied bet ween 047- 0. 63 X/ C.   Fi gure shows  t he sucti on l ocati ons  on 

airfoil. Sucti on is applied to surface wit h 70 degree of angl e respect t o surface nor mal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

∆t  was  obt ai ned as  5x10
- 3

,  and fi xed f or  all  t he f oll owi ng co mput ati ons.  The 

comput ati ons  were ext ended t o 20000 nu mber  of ti me st ep whi ch i s  equival ent  t o non-

di mensi onal ti me of T=100.  

Fi gure 4. 15 shows  t he time  hi st ory of  t he lift  and drag coefficients  for  unsteady sucti on. 

Co mpared wit h wit hout  control  case and st eady sucti on case oscillati ons  at  drag and lift 

Frame 002  08 Nov 2002  No Dataset

Frame 003  08 Nov 2002  No Dataset
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Fi gure4. 15 Sucti on Location and sucti on angl e:  unsteady Sucti on f or  M=0. 3 at  12 Degree of 

Angl e of Attack 
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beca me  s maller.  Aft er  appl yi ng t wo- unst eady sucti on oscillati on a mpl itude beco mes 

s maller.  Co mpared with wit hout  control  case and st eady sucti on case,  t here i s  a 

si gnificant  i ncrease at  l ift.  Tabl e4. 3 shows  t he lift  and drag co mparisons  bet ween 

wi t hout  control  case,  steady sucti on case,  and unst eady sucti on case.  Appl yi ng t wo 

unst eady sucti on l ocati ons  does  not  have positi ve effect  on drag coefficient  co mpared 

wi t h steady case. 

Tabl e 4. 3 Lift  and drag co mparisons  bet ween no-control  case,  st eady case and unst eady 

case. 

Mach 

nu mber 

Angl e 

of 

attack 

Control 

type 

Nu mber 

of 

sucti on 

area 

Ma xi mu m 

CL  

Mi ni mu m 

CL  

Ma xi mu m 

CD  

Mi ni mu m 

CD  

0. 3 12 No- control - 1. 13 0. 63 0. 25 0. 13 

0. 3 12 St eady 

control 

1 1. 45 0. 98 0. 12 0. 006 

0. 3 12 Unst eady 

control 

2 1. 51 1. 29 0. 091 0. 037 

 

  

 

 

 

 

 

 

 

 

 

 

Fi gure 4. 16 shows  t he four  snapshot  vi ews  of  the strea mli nes  at  several ti me i nst ants. 

Separati on i s  nearl y controlled.  There are s mall  babbl es  on t raili ng edge.  Fi gure 4. 19 

shows  t he Cp  coefficient  at  several  different  ti me instants.  These fi gures  also pr ove t hat 
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separati on i s  controlled and t here are j ust  s mall  negati ve pressure gradi ents  at  traili ng 

edge.  Fi gure 4. 18 shows t he Mach Cont ours  at  different  ti me i nst ants.  Except  traili ng 

edge Mach Cont ours are si milar wit h an airfoil at zero angl e of attack.  
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 Figure 4.17 M=0.3, AOA=12, Unsteady Control Streamlines at Different Time Instants 
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4. 3 CALCULATI ONS FOR 15 DEGREE OF ANGLE OF ATTACK  

4. 3. 1 Fl ow Predi cti ons for Mach number 0. 3 at 15 Degree of Angl e Of Att ack 

In sa me  way wit h angl e of  attack 12- degree case,  fl ow predi cti ons  f or  Mach nu mber  0. 3 

at  15 degree of  angl e of attack done.  ∆t  was  obtai ned as  5x10
- 3

,  and fi xed f or  all  t he 

foll owi ng co mput ati ons.  The co mput ati ons  were ext ended t o 20000 nu mber  of  ti me  st ep 

whi ch is equi val ent to non- di mensi onal ti me of T=100.  

Fi gure 4. 20 shows  t he time  hi st ory of  t he lift  and drag coefficient.  The fi gure 4. 20 shows 

oscillati ons  at  t he lift and drag coefficient.

Fi gure4. 20 Ti me Hi st ory of Lift and Drag Coefficient, M=0. 3, AOA=12, Wit hout Control  
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Except  f or  transi ent  ti me ( 0-4000 nu mber  of  ti me st ep),  t he lift  coefficient shows  l arger 

a mplit ude oscillati ons t han drag coefficient. 

The maxi mu m lift  coefficient  i s  1. 22 and t he mi ni mu m lift  coefficient  is  0. 87.  The 

maxi mu m drag coefficient  i s  0. 34 and t he mi ni mu m drag coefficient  is  0.24.  Oscillati ons 

at  t he lift  and drag coefficient  i s  unst eady and it  i s  not  possi bl e t o obt ai n an exact 

frequency.  The conti nuous  oscillati ons  of  t he lift and drag coefficient  is  mai nl y due t o 

the unst eady separati on.  

Fi gure 4. 21 shows  t he eight-di mensi onal  snapshot  vi ews  of  t he strea mlines  at  several 

ti me i nst ants.  The unst eady separati on devel opment  i s  cl earl y observed.   Separati on 

devel opment  is  more severe t han angl e of  attack 12 case.  As  t he ti me goes  separati on 

starts near  t he l eadi ng edge and devel ops  i nt o a strong unst eady separated fl ow.  Fi gure 

shows  4. 23 t he Mach cont ours  at  different  ti me i nst ants.  The devel opment  of  unst eady 

separati on can be seen.  Fi gure 4. 22 shows  t he Cp  coefficient  at  several different  ti me 

instants.  CP  coefficient shows  t hat  separati on i s  unst eady.  The peak poi nt  of  CP 

coefficient shows t he separati on l ocati on. Separation l ocati on differs i n ti me.  
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Frame 002  08 Nov 2002  No Dataset

Frame 003  08 Nov 2002  No Dataset
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4. 3. 2 Steady Sucti on for M=0. 3 at 15 Degree of Angl e Of Attack 

In t his  cal cul ation an array cont ai ni ng sucti on area i s  pl aced on upper  surface of  NACA-

0012 airfoil.  One st eady sucti on area i s  pl aced at  0. 050  x/ c  0. 14 .   Suct ion a mplit ude 

is Cq=0. 13 ( Mass  Fl ow Fl ux).  Fi gure 4. 24 shows t he sucti on l ocati on on airfoil.  Sucti on 

is applied t o surface wit h 70 degree of angl e respect t o surface nor mal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

∆t  was  chosen as  5x10
- 3

,  and fi xed f or  all  t he f oll owi ng co mput ati ons.  The comput ati ons 

were ext ended t o 20000 nu mber  of  ti me st ep whi ch i s  equi val ent  t o non- di mensi onal 

ti me of T=100.  

Fi gure 4. 25 shows  t he time  hi st ory of  t he lift  and drag coefficients  co mparisons  wit h 

wi t hout  control  case f or angl e of  attack 15.  After  appl yi ng st eady suction oscillati on 

a mplit ude beco me  s maller.  Co mpared wit h Mach nu mber  0. 3 angl e of  attack 15 wit hout 

control  case,  CL  i s  about  %12- 18 hi gher  and Cd  i s  %67 l ower.  Tabl e 4.4 shows  t he 

comparisons bet ween without control case and steady sucti on case.  

 

 

 

 

 

Fi gure4. 24 Sucti on Locati on and sucti on angl e:  St eady Sucti on f or  M=0. 3 at  15 
Degree of Angl e of Attack 
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Tabl e 4. 4 lift and drag comparisons bet ween wit hout control and steady suction case 

 

Mach 

nu mber 

Angl e 

of 

attack 

Control 

type 

Nu mber 

of 

sucti on 

area 

Ma xi mu m 

CL  

Mi ni mu m 

CL  

Ma xi mu m 

CD  

Mi ni mu m 

CD  

0. 3 15 No- control - 1. 22 0. 87 0. 34 0. 24 

0. 3 15 St eady 

control 

1 1. 45 0. 98 0. 11  

0. 04 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi gure 4. 26 shows  t he eight  snapshot  vi ews  of  t he strea mli nes  at  several  t i me i nst ants. 

Separati on st arti ng poi nt  moved f or war d.  The unst eady separati on devel opment  i s 

starti ng from x/ c 0. 3.   As  t he ti me  goes  separati on devel ops  t o t he t raili ng edge. 

Separati on i s  nearl y controlled co mpared wit h without  control  case.   But  t here i s  still 

separati on on t he airfoil but it moved for war d.  

Fi gure 4. 25 Ti me  Hi st ory of  Lift  and Dr ag Coefficient,  M=0. 3,  AOA=15, 

Wi t hout Control and St eady Control 
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Fi gure 4. 28 shows  t he Mach Cont ours  at  different  ti me i nst ants.  Separati on l ocati on 

change and separati on devel opment from x/ c 0. 3   can be seen from t he fi gures.  

Fi gure 4. 27 shows  t he Cp  coefficient  at  several di fferent  ti me i nst ants.  CP  coeffici ent 

shows  t hat  separati on l ocati on i s  moved and separati on i s  st arti ng from x/ c 0. 3.  And al so 

separati on a mplit ude beca me s maller  co mpared to wit hout  control  case.  I n t hi s  st udy 

good results were obt ained but  t here i s  still  separati on.  Thi s  case’s  result  i s  used t o 

control separati on at next step.  
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Fi gure 4. 28 M=0. 3, AOA=15, St eady Control Mach Cont ours at Different Ti me 

Instants 
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4. 3. 3 Unsteady Sucti on for M=0. 3 at 12 Degree Angl e Of Attack 

In t hese cal culati on t wo arrays  cont ai ni ng sucti on area i s  pl aced on upper  surface of 

NACA- 0012 airfoil.  Two unst eady sucti on areas  are pl aced at  0. 058-0. 16 X/ C,  and 0. 34-

05 X/ C.  Sucti on i s  appl ied wit h a frequency.  Sucti on frequency i s  obt ained from lift 

coefficient  of  wit hout  control  case.  40 lift  coefficients  at  different  ti me i nstants  chosen 

and sol ved t he m by Fast  Fourier  Series.    Sucti on a mplit ude is Cq1=- 0. 10-

0. 03*cos(1. 256*ti me+∏/ 2)  and cq2=- 0. 18-0. 06*(1. 256*t +∏/ 2)  (cq= Mass Fl ow Rat e). 

Separati on i s  not  controlled.  Cp coefficient  of one st eady sucti on case shows  t hat 

separati on st arti ng develop ment  near  x/ c 0. 40.  Because of  t his result  second sucti on 

locati on i s  applied bet ween 0. 34-0. 5 X/ C.   Fi gure 4. 29 shows  t he sucti on l ocati ons  on 

airfoil. Sucti on is applied to surface wit h 70 degree of angl e respect t o surface nor mal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

∆t  was  obt ai ned as  5x10
- 3

,  and fi xed f or  all  t he f oll owi ng co mput ati ons.  The 

comput ati ons  were ext ended t o 20000 nu mber  of ti me st ep whi ch i s  equival ent  t o non-

di mensi onal ti me of T=100.  

Fi gure 4. 30 shows  t he time  hi st ory of  t he lift  and drag coefficients  for  unsteady sucti on. 

Co mpared wit h wit hout  control  case and st eady sucti on case oscillati ons  at  drag and lift 
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Degree of Angl e of Attack 
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beca me  s maller.  Aft er  appl yi ng t wo- unst eady sucti on oscillati on a mpl itude beco mes 

s maller.  Co mpared with wit hout  control  case and st eady sucti on case,  t here i s  a 

si gnificant  i ncrease at  l ift.  Tabl es  4. 5 show t he lift  and drag co mparisons  bet ween 

wi t hout  control  case,  steady sucti on case,  and unst eady sucti on case.  Appl yi ng t wo 

unst eady sucti on l ocati ons  does  not  have positi ve effect  on drag coeffi cient  co mpared 

wi t h steady case.  

Tabl e 4. 5 Lift  and Dr ag Co mparisons  Bet ween Wi t hout  Control  Case and St eady 

Control, Unst eady Control  

Mach 

nu mber 

Angl e 

of 

attack 

Control 

type 

Nu mber 

of 

sucti on 

area 

Ma xi mu m 

CL  

Mi ni mu m 

CL  

Ma xi mu m 

CD  

Mi ni mu m 

CD  

0. 3 15 No- control - 1. 22 0. 87 0. 34 0. 24 

0. 3 15 St eady 

control 

1 1. 45 0. 98 0. 11 0. 02 

0. 3 15 Unst eady 

control 

2 1. 61 1. 82 0. 11 0. 043 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fi gure  4. 30 Ti me  Hi st ory of  Li ft  and Dr ag Coefficient,  M=0. 3,  AOA=15,  Wi t hout  Control,  St eady, 

Unst eady Control 
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Fi gure 4. 31 shows  t he four  snapshot  vi ews  of  the strea mli nes  at  several ti me i nst ants.  

Separati on i s  nearl y controlled.  There are s mall bobbl es  on traili ng edge.  Fi gure4. 33 

shows  t he Cp  coefficient  at  several  different  ti me instants.  These fi gures  also pr ove t hat 

separati on i s  controlled and t here are j ust  s mall  negati ve pressure gradi ents  at  traili ng 

edge.  Fi gure 4. 32 shows t he Mach Cont ours  at  different  ti me i nst ants.  Except  traili ng 

edge Mach Cont ours are si milar wit h an airfoil at zero angl e of attack.  
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Fi gure 4. 32 M=0. 3, AOA=15, Unst eady Control Mach Cont ours at Different Ti me 

Instants 
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5. CONCLUSI ONS AND RECOMMENDATI ONS  

Separati on control  for  an airfoil  is  st udi ed at  different  angl e of  attacks by usi ng 

CFL3 D ( V5),  a Reynol d- Avaraged t hi n-layer  Navi er-St okes  fl ow sol ver.   St eady or 

unst eady sucti on i s  applied on a  fi xed area wit h certai n angl e.  At  12 and 15 degrees 

of  angl e of  attack,  separati on i s  controlled.  Nu meri cal  results i ndi cat ed t hat, 

application of  unst eady oscillat ory sucti on with angl e coul d control  separati on. 

Mor eover, i mpr oved values are obt ai ned for lift and drag by appl yi ng suction.  

Nu meri cal  st udi es  i ndi cated t hat  t here i s  i nt eracti on bet ween sucti on l ocati on,  sucti on 

magnit ude,  sucti on area and sucti on angl e.  Separati on l ocati on and magnit ude 

change i n ti me.  Therefore,  we  will  menti on about  sucti on a mplit ude and sucti on 

locati on.  

5. 1 Sucti on Locati on 

It  i s  not  easy t o obt ai n t he exact  sucti on l ocation.  Separati on poi nt  moves  and 

changes  i n ti me.  Hi gh negati ve pressure gradi ents i ndi cat e presence of  separati on. 

Fr om Cp coefficients,  sucti on l ocati on can be guessed.  As  t he angl e of  att ack 

increase,  separati on l ocation moves  t owar d t he l eadi ng edge.  Fi nal  sucti on locati on i s 

det er mi ned based on t he results of several trial runs.  

5. 2 Sucti on Amplitude 

Fi nal  sucti on a mplit ude i s  det er mi ned from several  trial  runs.  A sucti on flow r ati o of 

0, 13 i s  e mpl oyed at  t he l eadi ng edge.  For  unsteady cases  oscillat ory sucti on i s 

applied.  Oscillati on frequency i s  det er mi ned based on lift  hist ories,  t hrough FFT of 

lift hist ory.  

Det er mi nati on of  opti mu m sucti on angl e,  frequency and a mplit ude f or aut omati c 

control of separati on, requires furt her st udy.  
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