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I  h e r e b y  d e c la r e  th a t  a ll in f o r m a tio n  in  t h is  d o c u m e n t  h a s  b e e n  o b t a in e d  a n d  
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F L U I D  S T R U C T U R E C O U P L ED  A N A L Y S I S  O F  A N  

A ER O D Y N A M I C  S U R F A C E 

 

S ü m e r , B ü le n t 

M .S c ., D e p a r tm e n t o f  A e ro s p a c e  E n g in e e r in g  

S u p e r v is o r : P r o f . D r . M e h m e t A . A K G Ü N  

C o -S u p e r v is o r : P ro f . D r . � s m a il H . T U N C E R  

N o v e m b e r  2 0 0 4 , 1 4 4  p a g e s  

 

In  th is  th e s is  a  3 -D  E u le r  f lo w  s o lv e r is  c o u p le d  w ith  a  fin ite  e le m e n t 

p ro g r a m  in  o rd e r  to  s o lv e  s ta tic  a e r o e la s tic  p ro b le m s  in v o lv in g  a ir c r a ft w in g s . A  

lo o s e ly  c o u p le d  a p p ro a c h  b a s e d  o n  a n  ite r a tiv e  s o lu tio n  p r o c e d u re  is  u s e d  to  s o lv e  

th e  c o u p le d  f ie ld  p ro b le m . B e c a u s e  o f  d e f o r m a tio n  o f  th e  u n d e r ly in g  s tr u c tu r e  o v e r 

w h ic h  th e  f lo w  is  s o lv e d , C o m p u ta tio n a l F lu id  D y n a m ic s  m e s h  h a s  to  m o v e  a t e a c h  

c o m p u ta tio n a l a e ro e la s tic  ite r a tio n  in  o rd e r  to  c o n f o r m  to  th e  n e w  s h a p e  o f  th e  

a e r o d y n a m ic  s u rf a c e . A s  a  p a r t o f th is  w o rk , a  p r o c e d u r e  is  d e v e lo p e d  in  o r d e r to  

m o v e  flu id  g r id  p o in ts , w h ic h  v ie w s  th e  w h o le  c o m p u ta tio n a l d o m a in  a s  a n  

is o tro p ic  e la s tic  m e d iu m  a n d  s o lv e s  it u s in g  f in ite  e le m e n t m e th o d . A  m a tc h in g  

d is c re te  in te r f a c e  is  d e f in e d ; d is p la c e m e n t a n d  p r e s s u r e  d a ta  e x c h a n g e  is  

a c c o m p lis h e d  a t th is  in te rf a c e . A G A R D  W in g  4 4 5 .6  a n d  a n  e la s tic  s u p e r c ritic a l 
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w in g  is  m o d e le d  a n d  s o lv e d  w ith  th e  d e v e lo p e d  c o m p u ta tio n a l p r o c e d u r e  a n d  th e  

o b ta in e d  r e s u lts  a r e  c o m p a r e d  w ith  n u m e ric a l a n d  w in d  tu n n e l d a ta . 

K e y w o r d s : C o m p u ta tio n a l A e ro e la s tic ity , C o m p u ta tio n a l F lu id  D y n a m ic s , F in ite  

E le m e n t A n a ly s is , L o o s e ly  C o u p le d  A p p ro a c h , A G A R D  W in g  4 4 5 .6 . 
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K a s ım  2 0 0 4 , 1 4 4  s a y f a  

 

B u  te z d e  k a n a t ü z e r in d e k i d u ra � a n  a e ro e la s tis ite  p r o b le m le r in i ç ö z m e k  

a m a c ıy la  ü ç  b o y u tlu  b ir  E u le r  a k ı �  ç ö z ü c ü s ü  ile   b ir  s o n lu  e le m a n la r p r o g ra m ı 

b ir le � tir ilm i � tir . B ir le � tirilm i �  a la n  p ro b le m in i ç ö z m e k  iç in  te k ra r lı b ir ç ö z ü m  

p ro s e d ü rü n e  d a y a lı g e v � e k  b a � lı y a k la � ım  k u lla n ılm ı � tır . A k ı � ın  ç ö z ü ld ü � ü  y ü z e y  

a ltın d a k i y a p ın ın  d e fo r m a s y o n u  s e b e b iy le  H e s a p la m a lı A k ı � k a n la r D in a m i � i ç ö z ü m  

a � ı h e r b ir  h e s a p la m a lı a e r o e la s tik  te k r a r la m a  s o n r a s ın d a  a e ro d in a m ik  y ü z e y in  y e n i 

� e k lin e  u y a c a k  � e k ild e  h a r e k e t e ttir ilm e lid ir . B u  ç a lı � m a n ın  b ir p a r ç a s ı o la r a k  

a k ı � k a n  ç ö z ü m  a � ı n o k ta la rı h a r e k e t e ttirm e k  a m a c ıy la , b ü tü n  ç ö z ü m  a la n ın ı 

iz o tro p ik  e la s tik  b ir o r ta m  o la r a k  g ö r ü p  s o n lu  e le m a n la r  m e to d u y la  ç ö z e n  b ir 

p ro s e d ü r g e li � tir ilm i � tir . E � le � m e li b ir  a r a y ü z  ta n ım la n m ı � , b a s ın ç  v e  y e r  d e � i � tir m e  

v e r ile r in in  a lı � v e ri � i b u  a ra y ü z d e  y a p ılm ı � tır . A G A R D  4 4 5 .6  k a n a d ı v e  E la s tik  
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s ü p e r k ritik  b ir  k a n a t m o d e lle n m i �  v e  g e li � tire n  h e s a p la m a  y ö n te m i ile  ç ö z ü lm ü � , 

e ld e  e d ile n  s o n u ç la r s a y ıs a l v e rile r  v e   r ü z g a r  tü n e li  v e rile r i ile  k a r � ıla � tırılm ı � tır.   

A n a h ta r  K e lim e le r : H e s a p la m a lı A e ro e la s tis ite , S o n lu  E le m a n  A n a liz i, H e s a p la m a lı 

A k ı � k a n la r D in a m i � i, G e v � e k  B a � lı Y a k la � ım , A G A R D  4 4 5 .6  K a n a d ı.
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A C K N O W L ED G EM EN T S     

                                                                                                                                                                                                                                                                                                                                              

I w o u ld  lik e  to  e x p re s s  m y  a p p r e c ia tio n  to  m y  a d v is o r  P ro f . D r . M e h m e t A . A k g ü n  

fo r  h is  p r o m p t r e s p o n s e s  to  m y  q u e s tio n s  a n d  s u b m itte d  w o rk , u n d e rs ta n d in g  a n d  

g u id a n c e  th r o u g h o u t th e  s tu d y . I a m  g r a te f u l to  P r o f. D r . � s m a il H . T u n c e r  f o r  h is  

g u id a n c e , s u p p o r t, a n d  e n c o u r a g e m e n t.  

I w is h  to  th a n k  D r. M e h m e t A li A k  a n d  M r. L . O k ta y  G ö n ç  f o r  th e ir in v a lu a b le  

s u p p o r t a n d  d is c u s s io n  o n  th e  s u b je c t. I w o u ld  lik e  to  th a n k  m y  b ro th e r B ils a y  fo r  

fin d in g  s o m e  o f  th e  r e f e r e n c e  p a p e rs , a n d  m y  f rie n d s , e s p e c ia lly  to  M r . Ö z g ü r 

D e m ir , fo r  h is  g r e a t f rie n d s h ip  a n d  s u p p o r t.  

F in a lly , I w o u ld  lik e  to  th a n k  Ö z le m  f o r h e r  u n d e rs ta n d in g , p a tie n c e  a n d  s u p p o rt. 
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C H A P T ER  1  

 

I N T R O D U C T I O N  

 

 

T h e  m a in  o b je c tiv e  o f  th is  th e s is  is  to  c o u p le  a  h ig h - fid e lity  C o m p u ta tio n a l F lu id  

D y n a m ic s  (C F D )  s o lv e r  w ith  a  h ig h - f id e lity  F in ite  E le m e n t s o lv e r  in  o r d e r to  s o lv e  

s ta tic  a e r o e la s tic ity  p r o b le m s  in v o lv in g  a irc r a ft w in g s . 

A e r o e la s tic  p ro b le m s  w o u ld  n o t e x is t if  a ir p la n e  s tr u c tu r e s  w e r e  p e r f e c tly  rig id . 

M o d e r n  a ir p la n e s  a r e  f le x ib le  a n d  th is  fle x ib ility  is  th e  f u n d a m e n ta l c a u s e  o f  v a r io u s  

ty p e s  o f a e r o e la s tic  p h e n o m e n a  [ 1 ] . P ro b le m s  w ith  s tr o n g  c o u p lin g  b e tw e e n  s te a d y  

a e r o d y n a m ic s  a n d  s te a d y  s tr u c tu r a l d e fo r m a tio n s  a r e  g e n e r a lly  r e f e r r e d  to  a s  s ta tic  

a e r o e la s tic  p ro b le m s  [ 2 ] . W in g  d iv e r g e n c e , e la s tic  lo a d  d is tr ib u tio n , c o n tr o l 

e f f e c tiv e n e s s , c o n tro l s y s te m  r e v e rs a l a re  s o m e  o f  th e  f ie ld s  in  w h ic h  th e  in te ra c tio n  

o f a e ro d y n a m ic  a n d  e la s tic  f o r c e s  b e c o m e  im p o r ta n t.  

D u r in g  h ig h -s p e e d  f lig h t, d e f le c tio n s  o f  s tr u c tu re s  te n d  to  r e d is trib u te  th e  a ir  lo a d s , 

a n d  m a y  c a u s e  th e ir  d is tr ib u tio n  to  b e  s ig n if ic a n tly  d if f e r e n t f r o m  th a t c o m p u te d  o n  

th e  a s s u m p tio n  o f  c o m p le te  r ig id ity . It is  im p o r ta n t to  p re d ic t th is  r e d is trib u tio n  a n d  

d e s ig n  s tr u c tu r a l m e m b e r s  a c c o r d in g ly  [ 1 ] . 

S e v e r a l m e th o d s  h a v e  b e e n  d e v e lo p e d  to  s o lv e  flu id  a n d  s tr u c tu r e  p ro b le m s  

s e p a r a te ly .  F lu id  p r o b le m s  c a n  b e  s o lv e d  u s in g  lin e a r a n a ly tic a l m e th o d s  w ith  lo w  

a c c u r a c y  o r  th e y  c a n  b e  s o lv e d  u s in g  N a v ie r/S to k e s  e q u a tio n s  w ith  h ig h  a c c u r a c y . 

S im ila r ly  s tru c tu r a l p r o b le m s  c a n  b e  s o lv e d  w ith  s h a p e  fu n c tio n s  w ith  lo w  a c c u r a c y  

o r th e y  c a n  b e  s o lv e d  w ith  d e ta ile d  3 -D  f in ite  e le m e n ts  w ith  h ig h  a c c u r a c y . A s  th e  
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le v e l o f  a c c u r a c y  in c re a s e s , c o m p le x ity  in  p h y s ic s  a n d  g e o m e tr y  in c r e a s e s . F ig u re  

1 .1  illu s tr a te s  th e  ty p ic a l le v e ls  o f m o d e lin g  c o m p le x itie s  in v o lv e d  fo r  b o th  flu id s  

a n d  s tru c tu re s . 

 

 

 
 

F ig u r e  1 .1  V a r y in g  L e v e ls  o f  A c c u r a c y  in  M o d e lin g  f o r  F lu id s  a n d  S tr u c tu re s  [ 3 ] 

 

 

H o w e v e r , th e  n a tu re  o f  a e ro e la s tic  p ro b le m s  c a lls  f o r a  c o u p lin g  b e tw e e n  tw o  

s y s te m s . M e th o d s  fo r c o u p lin g  a  f lu id  s y s te m  a n d  a  s tru c tu r e  s y s te m  b y  u s in g  lo w -

a c c u r a c y  m e th o d s  a r e  w e ll a d v a n c e d  [ 3 ] . T h e s e  p re d ic tio n s  c a n  b e  u s e d  in  th e  

p re lim in a r y  d e s ig n  s ta g e . H o w e v e r , m o r e  a c c u ra te  p r e d ic tio n s  s u c h  a s  E u le r 
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s o lu tio n s  f o r flu id s  a n d  f in ite  e le m e n t s o lu tio n s  f o r  s tr u c tu r e s  a r e  n e e d e d  f o r 

d e ta ile d  d e s ig n  s ta g e .  

T h e  flo w  o v e r  th e  w in g  o f a  fig h te r  a irc r a ft o p e r a tin g  in  tra n s o n ic  re g im e  c a n  n o t b e  

m o d e le d  b y  lin e a r th e o r ie s , b e c a u s e  o f  th e  e x is tin g  s tro n g  s h o c k s  a n d  f lo w  

s e p a r a tio n s , w h ic h  c a u s e  d r a s tic  c h a n g e s  in  th e  p re s s u re  d is trib u tio n  o v e r  th e  w in g  

s u r f a c e . 

O n  th e  o th e r  h a n d , th e  in c r e a s e  in  th e  u s e  o f  c o m p o s ite  m a te r ia ls  in  a e r o s p a c e  

s tr u c tu r e s , th e  r e s e a r c h  f o r  a e ro e la s tic  ta ilo r in g  in  o rd e r  to  a c h ie v e  d e s ire d  

a e r o d y n a m ic  c h a r a c te ris tic s , a n d  th e  s tr e s s  c o n s tr a in ts  f o r a n  o p tim iz a tio n  p ro b le m  

c a ll f o r  a  m o r e  d e ta ile d  r e p re s e n ta tio n  o f  a  s tr u c tu r a l s y s te m . 

1 .1  F I N I T E EL EM EN T  M ET H O D  F O R  S T R U C T U R A L  A N A L Y S I S  
 
“ T h e  lim ita tio n s  o f h u m a n  m in d  a r e  s u c h  th a t it c a n  n o t g ra s p  th e  b e h a v io r o f  its  

s u r r o u n d in g s  in  o n e  o p e ra tio n . T h u s  th e  p r o c e s s  o f s u b d iv id in g  a ll s y s te m s  in to  

th e ir c o m p o n e n ts  o r ‘ e le m e n ts ’ , w h o s e  b e h a v io r  is  r e a d ily  u n d e r s to o d , a n d  th e n  

re b u ild in g  th e  o r ig in a l s y s te m  f ro m  its  c o m p o n e n ts  to  s tu d y  its  b e h a v io r  is  a  n a tu r a l 

w a y  in  w h ic h  th e  e n g in e e r  o r th e  s c ie n tis t p r o c e e d s ”  [ 4 ] .  

Z ie n k ie w ic h  [ 4 ]  e x p la in s  w h y  th e  fin ite  e le m e n t m e th o d  is  r e q u ir e d  f o r s tr u c tu r a l 

a n a ly s is  w ith  th e  a b o v e  w o r d s . In  s o lid  m e c h a n ic s , c lo s e d  f o r m  s o lu tio n s  o f  p a rtia l 

d if fe r e n tia l e q u a tio n s  a r e  a v a ila b le  fo r lim ite d  n u m b e r o f p r o b le m s . M o s t o f th e  

p ro b le m s  c a n n o t b e  s o lv e d  w ith  th e  a n a ly tic a l m e th o d s . S o  th e  c o n tin u u m  is  d iv id e d  

in to  a  fin ite  n u m b e r  o f e le m e n ts  ( fin ite  e le m e n ts ) . T h e  p ro b le m  is  s o lv e d  f o r  e a c h  

a n d  e v e r y  o n e  o f th e s e  e le m e n ts . A t th e  e n d , th e  g o v e rn in g  p a rtia l d if fe r e n tia l 

e q u a tio n s  tu rn  in to  a  s e t o f a lg e b r a ic  e q u a tio n s . 
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A e ro s p a c e  s tru c tu r e s  c o n s is tin g  o f s p a rs , rib s , s k in  p a n e ls  a n d  s tiff e n e rs , w ith  

a r b itr a r y  lo a d in g  c o n d itio n s , c a n  b e  e a s ily  m o d e le d  a n d  s o lv e d  u s in g  th e  f in ite  

e le m e n t m e th o d . 

In  r e c e n t y e a r s  c o m m e rc ia l F in ite  E le m e n t A n a ly s is  p r o g r a m s  ( A N S Y S , 

N A S T R A N , A B A Q U S , e tc )  im p le m e n tin g  th e  f in ite  e le m e n t m e th o d  in  o r d e r to  

s o lv e  s tru c tu ra l m e c h a n ic s  p r o b le m s  h a v e  b e c o m e  w id e s p r e a d . T h e  ty p e s  o f  

p ro b le m s  th a t c a n  b e  s o lv e d  w ith  th e s e  p ro g r a m s  a r e  o p e n  e n d e d . S o m e  o f  th e  

a b o v e  m e n tio n e d  p r o g ra m s  e v e n  h a v e  f o r m a l o p tim iz a tio n  r o u tin e s  e m b e d d e d  in to  

th e  f in ite  e le m e n t s o lv e r. 

1 .2  C O M P U T A T I O N A L  F L U I D  D Y N A M I C S  M ET H O D S  F O R  
A ER O D Y N A M I C  A N A L Y S I S  
 
C F D  M e th o d s  a r e  u s e d  to  s o lv e  e x te rn a l flo w  p r o b le m s  o v e r  a e r o n a u tic a l v e h ic le s  

a n d  in te r n a l flo w  p ro b le m s . T h e s e  m e th o d s  h a v e  th e  a b ility  to  c a p tu r e  th e  n o n lin e a r 

b e h a v io r o f  a e r o d y n a m ic s  in  th e  tr a n s o n ic  re g im e  a n d , th e r e f o r e , a c c u r a te ly  p re d ic t 

lo a d  d is tr ib u tio n  o v e r  lif tin g  b o d ie s .  

C F D  m e th o d s  a ls o  c a ll fo r  th e  d is c r e tiz a tio n  o f a  c o n tin u u m . T h e  F in ite  V o lu m e  

(F V M )  a n d  F in ite  D if f e r e n c e  M e th o d s  ( F D M )  a re  th e  m o s t c o m m o n ly  u s e d  

m e th o d s  in  s o lv in g  th e  p a rtia l d if f e r e n tia l e q u a tio n s  a s s o c ia te d  w ith  f lu id  f lo w  o v e r 

a r b itr a r y  b o d ie s . B u t th e  F V M  h a v e  th e  u n iq u e  a d v a n ta g e  o v e r  th e  F D M  in  th a t th e  

c o n tin u u m  c a n  b e  d iv id e d  in to  f in ite  v o lu m e s  in  a n  u n s tr u c tu re d  f a s h io n , y e t 

s tr u c tu r e d  m e s h e s  c a n  a ls o  b e  u s e d . 

U s in g  a  s tr u c tu r e d  o r  u n s tr u c tu r e d  d is c r e tiz a tio n  o f  th e  c o n tin u u m  a n d  th e  f in ite  

v o lu m e  m e th o d , e v e n  th e  m o s t c o m p lic a te d  v is c o u s  N a v ie r - S to k e s  e q u a tio n s  w ith  

tu r b u le n t m o d e ls  c a n  b e  s o lv e d  in  r e a s o n a b le  a c c u r a c y . 
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1 .3  C O M P U T A T I O N A L  A ER O EL A S T I C I T Y  
 
W h e n  C F D  m e th o d s  a r e  c o u p le d  w ith  s tru c tu ra l m e c h a n ic s  in  c o m p u ta tio n a l 

p ro c e s s , it is  g e n e r a lly  r e f e r r e d  to  a s  C o m p u ta tio n a l A e r o e la s tic ity  (C A E ) [ 5 ] . 

C o m p u ta tio n a l A e r o e la s tic ity  is  d iv id e d  in to  tw o  m a jo r c la s s if ic a tio n s ; C o u p le d  

A n a ly s is  a n d  U n c o u p le d  A n a ly s is . C o u p le d  a n a ly s is  is  fu r th e r  d iv id e d  a s  fu lly  

c o u p le d  a n d  lo o s e ly  c o u p le d  a n a ly s e s . In  u n c o u p le d  a n a ly s is , th e  flu id  s y s te m  a n d  

s tr u c tu r a l s y s te m  a r e  tr e a te d  a s  tw o  s e p a r a te  m o d u le s  w ith  o n ly  e x te rn a l in te ra c tio n  

b e tw e e n  th e m . In  f u lly  c o u p le d  a n a ly s is , th e  g o v e r n in g  e q u a tio n s  fo r f lu id s  a n d  

s tr u c tu r e s  a r e  c o m b in e d  in to  o n e  s e t o f e q u a tio n s  a n d  th e s e  e q u a tio n s  a r e  s o lv e d  

s im u lta n e o u s ly . In  th e  lo o s e ly  c o u p le d  a n a ly s is , th e  f lu id  s y s te m  a n d  s tr u c tu r a l 

s y s te m  a re  m o d e le d  a n d  s o lv e d  u s in g  s e p a r a te  to o ls  a n d  c o u p lin g  is  a c h ie v e d  b y  

e x c h a n g in g  in f o rm a tio n  a t th e  f lu id /s tru c tu re  in te r f a c e .  

1 .4  C F D  M ES H  D EF O R M A T I O N   
 
In  C A E  s tu d ie s , th e  c o m p u ta tio n a l g r id  f o r  th e  f lo w  s o lu tio n  h a s  to  b e  d e f o rm e d  s o  

th a t it c o n f o rm s  to  th e  d e fo r m e d  s h a p e  o f  th e  s tr u c tu r e . In  m o s t o f th e  a p p r o a c h e s  

th e  d e fo rm in g  m e s h  a lg o r ith m  is  e m b e d d e d  in  th e  f lu id  s o lv e r  a n d  th e  c o u p le d  

a e r o e la s tic  p r o b le m  v ie w e d  a s  a  tw o - f ie ld  p ro b le m , th e  f lu id  f ie ld  a n d  th e  s tru c tu re  

fie ld . F a r h a t e t a l. h a s  f o rm u la te d  th e  m o v in g  m e s h  a s  a  p s e u d o - s tr u c tu r a l s y s te m  

w ith  its  o w n  d y n a m ic s , a n d  fo r m u la te d  th e  c o u p le d  tr a n s ie n t a e ro e la s tic  p r o b le m  a s  

a  th r e e - f ie ld  ra th e r th a n  tw o - fie ld  p ro b le m : th e  f lu id , th e  s tr u c tu r e  a n d  th e  d y n a m ic  

m e s h  [ 7 , 8 ] .  

1 .5  L I T ER A T U R E R EV I EW  
 
In  th is  s e c tio n  a  d e ta ile d  lite ra tu re  r e v ie w  o f  c o m p u ta tio n a l a e r o e la s tic ity  

a p p r o a c h e s  is  g iv e n .  

F e lk e r [ 9 , 1 0 ]  u s e d  2 -d im e n s io n a l N a v ie r- S to k e s  E q u a tio n s  a n d  a  f in ite  e le m e n t 

m o d e l to  s o lv e  th e  c o u p le d  a e ro e la s tic ity  p ro b le m  o v e r a  tra n s o n ic  c o n v e r g e n t-
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d iv e r g e n t n o z z le . T h e  d is c re tiz e d  f lu id  a n d  s tr u c tu r e  e q u a tio n s  a r e  r e g a r d e d  a s  a  

s in g le  s e t o f  c o u p le d  n o n lin e a r a lg e b r a ic  e q u a tio n s  a n d  s o lv e d  w ith  N e w to n -

R a p h s o n  M e th o d . T h e  w a lls  o f th e  n o z z le  w e r e  m o d e le d  u s in g  tw o  d im e n s io n a l 

b e a m  e le m e n ts , a n d  a s s u m e d  to  b e  c a n tile v e r e d  f r o m  th e  in le t. A s  th e  fle x ib ility  o f  

th e  n o z z le  w a lls  c o m e  in  to  th e  s c e n e , s o m e  c o n v e r g e n c e  p ro b le m s  w a s  e n c o u n te re d  

w ith  r e s p e c t to  th e  rig id  w a ll c a s e . 

B e n d ik s e n  [ 1 1 ]  tr e a te d  th e  e n tir e  f lu id - s tr u c tu r e  s y s te m  a s  a  c o n tin u u m  d y n a m ic s  

p ro b le m  b y  u s in g  a n  A rb itr a r y  L a g ra n g ia n  E u le ria n  (A L E )  f o rm u la tio n . H e  

s w itc h e d  f r o m  E u le r ia n  d e s c rip tio n  to  L a g r a n g ia n  d e s c rip tio n  a t th e  flu id  s tru c tu re  

in te rf a c e . H e  u s e d  th e  f o r m u la tio n  in  o r d e r to  m o d e l th e  tr a n s o n ic  w in g  f lu tte r o f 

ty p ic a l s e c tio n s  w ith  c a m b e r  b e n d in g  a n d  th e  flu tte r b e h a v io r o f  c a s c a d e d  a irf o ils . 

S c h u s te r e t a l. [ 1 2 ]  u s e d  th e  L o c k h e e d  M a r tin  T h r e e - D im e n s io n a l E u le r /N a v ie r-

S to k e s  C o d e  ( E N S 3 D )  a n d  a  s tru c tu r a l in flu e n c e  c o e f fic ie n t m o d e l to  s o lv e  th e  

s ta tic  a e r o e la s tic  p h e n o m e n a  o v e r  a  f ig h te r  m o d e l. In  o rd e r  to  d e f o rm  th e  g r id , th e y  

a d o p te d  a  s im p le  a lg e b r a ic  s h e a r in g  p ro c e d u r e  th a t p r e s e r v e s  th e  in itia l q u a lity  o f 

th e  g rid .  

 

G u r u s w a m y  a n d  B y u n  c o u p le d  th e  f lo w  s o lv e r  E N S A E R O  w ith  th e  p la te  f in ite  

e le m e n ts  a n d  s h e ll f in ite  e le m e n ts  in  o r d e r to  s o lv e  d y n a m ic  a e r o e la s tic ity  

p ro b le m s . A  s h e ll/p la te  f in ite  e le m e n t w a s  m o d e l d ire c tly  c o u p le d  w ith  a n  

E u le r /N a v ie r -S to k e s  s o lv e r fo r th e  f ir s t tim e  in  th is  s tu d y .  A n  a n a ly tic a l m o v in g  

g r id  te c h n iq u e  is  u s e d  to  d e fo r m  th e  a e r o d y n a m ic  g rid  b a s e d  o n  th e  s tr u c tu r a l 

d e f le c tio n s  a t th e  e n d  o f  e a c h  tim e  s te p . A  v ir tu a l s u r fa c e  m e th o d  is  u s e d  to  tra n s f e r  

a e r o d y n a m ic  lo a d s  a n d  s tru c tu ra l d e fo r m a tio n s  f r o m  o n e  d o m a in  to  a n o th e r . T h e  

re s u lts  w e re  c o m p a r e d  w ith  th e  v a lid a te d  m o d a l a n a ly s is  m e th o d s . T h e  F in ite  

E le m e n t a p p ro a c h  g iv e s  d is p la c e m e n ts  a b o u t 0 .1  %  h ig h e r  th a n  th e  m o d a l a p p r o a c h  

[ 1 3 , 1 4 ] . 
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M a c M u rd y  e t a l. m o d e le d  a  w in g  b o x  s tru c tu r e  w ith  m e m b ra n e , s h e a r  p a n e l a n d  

tr u s s  f in ite  e le m e n ts  a n d  c o u p le d  th e m  w ith  a  3 - D  N a v ie r- S to k e s  s o lv e r, 

E N S A E R O , to  s o lv e  th e  s ta tic  a e ro e la s tic  p r o b le m .  T h e  s tr u c tu r a l m o d e lin g  w a s  

b a s e d  o n  th e  A N A L Y Z E  p r o g r a m  b u t th e  e n tir e  c o d e  w a s  r e w r itte n  a s  a  s e t o f 

s u b r o u tin e s  a n d  in c o r p o r a te d  in to  E N S A E R O . T h e  a e ro d y n a m ic  g r id  w a s  d e f o r m e d  

a c c o r d in g  to  th e  m o tio n  o f th e  w in g  u s in g  th e  le a d in g  e d g e  d is p la c e m e n t a n d  th e  

tw is t a n g le  d is tr ib u tio n  a lo n g  th e  s p a n . T h e  a e r o d y n a m ic  lo a d s  w e re  c a lc u la te d  a t 

th e  flu id  g r id  p o in ts  a n d  tr a n s fo r m e d  to  s tru c tu r a l n o d e s . E rr o rs  o c c u r re d  d u e  to  th e  

lo a d  tr a n s f e r a lg o r ith m  u s e d , m a in ly  d u e  to  th e  d is s im ila r a e r o d y n a m ic  a n d  

s tr u c tu r a l m o d e l p la tf o r m s . T h e  a e r o e la s tic  ite ra tio n s  w e r e  tu rn e d  o n  a f te r a  r ig id  

w in g  s o lu tio n  w a s  o b ta in e d , a  s p ik e  o c c u r r e d  o n  C F D  r e s id u a l u p o n  th e  s ta r t o f 

a e r o e la s tic  ite ra tio n s . A e ro e la s tic  ite r a tio n s  c o n tin u e d  u n til th e  C F D  r e s id u a ls  d ro p  

b a c k  to  rig id  w in g  s o lu tio n  r e s id u a ls  [ 1 5 ] . 

 

R o b in s o n  e t a l. [ 1 6 ]  in c o rp o r a te d  th e  a e ro e la s tic  e q u a tio n s  o f m o tio n  w ith in  a n  

u n s te a d y  E u le r /N a v ie r - S to k e s  c o d e , C F L 3 D .  T h e  e q u a tio n s  o f  m o tio n  w e re  d e r iv e d  

b y  a s s u m in g  th a t th e  g e n e ra l m o tio n  o f  a  w in g  is  d e s c r ib e d  b y  a  s e p a r a tio n  o f tim e  

a n d  s p a c e  v a ria b le s  in  a  f in ite  m o d a l s e r ie s . T h e y  d e v e lo p e d  a n d  im p le m e n te d  a  

d e f o r m in g  m e s h  a lg o r ith m  to  m o v e  th e  f lu id  m e s h  s o  th a t it c o n tin u o u s ly  c o n f o r m s  

to  th e  in s ta n ta n e o u s  s h a p e  o f  th e  a e ro e la s tic a lly -d e f o rm in g  w in g . T h e  d e fo r m in g  

m e s h  a lg o rith m  w a s  b a s e d  o n  a  n e tw o r k  o f  in te r c o n n e c te d  s p r in g s  in  e a c h  e d g e  o f  a  

h e x a h e d r a l c e ll. T h e  s tiff n e s s  o f th e  s p r in g s  w a s  m o d e le d  a s  in v e r s e ly  p r o p o r tio n a l 

to  th e  le n g th  o f th e  e d g e . A s  a  re s u lt, th e  c o llis io n  o f a n y  tw o  v e r tic e s  o f a n  e le m e n t 

w a s  p r e v e n te d  in  la r g e  m o tio n s , b u t th is  m e th o d  f a ils  in  la r g e  a m p litu d e  m o tio n s  in  

th a t it d o e s  n o t ta k e  in to  a c c o u n t a  v e r te x  c r o s s in g  th e  e d g e  f a c in g  it. 

T h e  m a in  d e f ic ie n c y  in  th e  lin e a l s p rin g  a n a lo g y  f o r tw o  d im e n s io n a l (th re e  

d im e n s io n a l)  m o d e lin g  is  th a t th e  s tif f n e s s  o f  th e  e d g e s  is  r e la te d  n e ith e r  to  th e  a r e a s  

(v o lu m e s )  o f  th e  c o n n e c te d  tria n g le s  ( te tr a h e d r o n s ), n o r  to  th e  a n g le s  o f  th e s e  

tr ia n g le s  ( te tr a h e d ro n s ) . W h e th e r  a tta c h e d  to  th e  e d g e  o f a  tr ia n g le  in  tw o  
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d im e n s io n s  o r  th a t o f a  te tra h e d r o n  in  th re e  d im e n s io n s , a  lin e a l s p rin g  w ith  a  

s tiff n e s s  c o e f fic ie n t th a t v a r ie s  in v e r s e ly  p r o p o r tio n a lly  to  th e  le n g th  o f  th e  e d g e  

w h ic h  it is  c o n n e c te d  to  c a n  n o t p re v e n t a  v e rte x  to  e d g e  o r  v e r te x  to  f a c e  

p e n e tra tio n . F a r h a t e t a l. to o k  th e  s p r in g  n e tw o rk  m e th o d o lo g y  o f  B a tin a  a n d  a d d e d  

to r s io n a l s p rin g s  a t e a c h  e d g e  o f a  c e ll to  p r e v e n t a  v e rte x  c o llid in g  w ith  th e  e d g e ( s )  

(f a c e s )  f a c in g  it [ 1 7 , 1 8 ] .  

N e w m a n  I II e t.a l. s o lv e d  th e  s ta tic  a e r o e la s tic   p r o b le m  o v e r a  2 0  m  s p a n  w in g  

w h ic h  h a s  N A C A  0 0 1 2  a irf o il a t e v e r y  w in g  s e c tio n . A e ro d y n a m ic  a n a ly s is  w a s  

b a s e d  o n  s o lv in g  th e  E u le r e q u a tio n s  o n  u n s tr u c tu r e d  te tr a h e d r a l m e s h e s . T h e  

a e r o d y n a m ic  g r id  c o n s is te d  o f 1 8 8 5 6  f ie ld  c e lls  a n d  2 1 1 6  b o u n d a r y  f a c e s . T h e  

s tr u c tu r e  o f th e  w in g  w a s  m o d e le d  u s in g  f in ite  e le m e n ts . S o m e  in te ra c tio n  

p a r a m e te rs  w e re  p r o p o s e d  in  o r d e r to  in c r e a s e  th e  e f fic ie n c y  o f  th e  c o u p lin g  

p ro c e d u r e . T h e  g e o m e tr y  o f  th e  w in g  a n d  s o m e  s tru c tu ra l p r o p e rtie s  w e r e  w e ll 

d e f in e d  b u t th is  s tu d y  c a n n o t b e  u s e d  fo r  v a lid a tio n  p u r p o s e s  in  th e  p r e s e n t s tu d y  

s in c e  th e  w in g  in n e r  s tr u c tu ra l d e ta ils  w e r e  n o t g iv e n  in  th e  p a p e r  [ 1 9 ] .  

T h e re  a re  s o m e  r e c e n t e f f o rts  to  p re d ic t th e  s ta tic  a e ro e la s tic  c h a r a c te r is tic s  o f 

tr a n s o n ic  tra n s p o rt m o d e ls  u s in g  C F D  c o u p le d  w ith  s tru c tu ra l p la te  te c h n iq u e  [ 2 0 ] . 

A  s te a d y - s ta te  u n s tr u c tu r e d - g r id  E u le r  f lo w  s o lv e r  ( U S M 3 D )  c o u p le d  w ith  a n  

in te ra c tin g  b o u n d a r y  la y e r  w a s  u s e d  to  o b ta in  f lo w  s o lu tio n s . R o e ’s  u p w in d  f lu x  

s p littin g  w a s  u s e d  f o r in v is c id  flu x  c o m p u ta tio n s  a c r o s s  c e ll f a c e s . S ta tic  a e ro e la s tic  

d e f o r m a tio n s  w e r e  c a lc u la te d  re la tiv e  to  th e  u n lo a d e d  w in g  s h a p e  b y  u s in g  a n  

e q u iv a le n t p la te  m e th o d . T h e  R a y le ig h - R itz  te c h n iq u e  w a s  e m p lo y e d  in  e q u iv a le n t 

p la te  s o lv e r  in  o r d e r  to  o b ta in  th e  s tr u c tu r a l s o lu tio n  f o r a  s p e c if ie d  w in g  lo a d  

d is trib u tio n .  T h e  o v e ra ll lift c o e f fic ie n t w a s  o v e r p re d ic te d  b y  a  s m a ll a m o u n t w h e n  

c o m p a re d  w ith  th e  w in d  tu n n e l d a ta .                                                                        

W in d  tu n n e l e x p e r im e n ts  w e re  m a d e  o n  A G A R D  W in g  4 4 5 .6  in  o r d e r  to  p r e d ic t th e  

d y n a m ic  re s p o n s e  c h a r a c te ris tic s  a n d  th e  f lu tte r b o u n d a r y  [ 2 1 ] . T h e r e  w e r e  
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n u m e r o u s  e f f o r ts  to  s o lv e  f lu tte r  c h a r a c te ris tic s  o f  A G A R D  W in g  4 4 5 .6  w ith  C A E  

m e th o d s  [ 2 2 , 2 3 ] . S ta tic  a e r o e la s tic  c h a r a c te ris tic s  o f  A G A R D  W in g  4 4 5 .6  w e re  

a ls o  s tu d ie d  b y  s o m e  r e s e a r c h e rs  [ 2 4 , 2 5 ] . A G A R D  W in g  4 4 5 .6  is  u s e d  a s  a  te s t 

c a s e  in  th e  p r e s e n t s tu d y . 

B e s id e s  th e  c o m p u ta tio n a l e f fo r ts  to  a c c u ra te ly  p r e d ic t th e  a e ro e la s tic  

c h a r a c te r is tic s  o f e la s tic  b o d ie s  in  f lu id  f lo w , b o th  w in d  tu n n e l te s ts  a n d  flig h t te s ts  

h a v e  a ls o  b e e n  c o n d u c te d .  

In  th e  la te  7 0 ’s  N A S A  in itia te d  a  te s t p ro g r a m , n a m e ly  D r o n e s  f o r A e ro d y n a m ic  

a n d  S tr u c tu r a l T e s tin g  ( D A S T ) , w h ic h  u s e s  a n  u n m a n n e d  ta r g e t d r o n e  a irc r a ft f o r 

s p e c ia l h ig h - ris k  flig h t te s ts  a n d  p r o v id e s  a  te s t m e th o d  th a t is  a  s tr o n g  c o m p le m e n t 

to  w in d  tu n n e l a n d  fu ll s c a le  p ilo te d  te s tin g  [ 2 6 ] . A e ro e la s tic  R e s e a r c h  W in g -2  

(A R W - 2 ), w h ic h  w a s  u s e d  in  D A S T  p r o g ra m , p r o v id e d  a  fo c u s  f o r s tu d ie s  o n  th e  

b e n e f its  a n d  a p p lic a b ility  o f  m u ltip le - a c tiv e  c o n tr o ls  f o r  fu e l c o n s e r v a tiv e  tra n s p o r t 

ty p e  a ir c r a f t. 

A  d e la y  in  th e  N A S A  p r o g r a m  D A S T  m a d e  th e  A R W - 2  a v a ila b le  fo r  te s tin g  in  th e  

L a n g le y  T r a n s o n ic  D y n a m ic s  T u n n e l ( T D T ). N u m e r o u s  te s ts  w e r e  c o n d u c te d  in  

T D T  w ith  A R W -2 ; b o th  s te a d y  a n d  u n s te a d y  p r e s s u r e  m e a s u re m e n ts  w e r e  m a d e  in  

o rd e r  to  p ro v id e  a n  e a r ly  a s s e s s m e n t o f th e  w in g  a e ro e la s tic  s ta b ility  o v e r  a  w id e  

ra n g e  o f  a n g le  o f  a tta c k  a n d  w in d  tu n n e l d a ta  c o m p a r is o n  w ith  p la n n e d  f lig h t te s t 

d a ta  [ 2 7 , 2 8 , a n d  2 9 ] . 

 

C lo s e  r a n g e  p h o to g r a m m e tric  m e a s u r e m e n ts  w e r e  a ls o  m a d e  fo r  th e  lo w e r  s u r f a c e  

o f th e  A R W - 2 . T h e  m e a s u r e m e n ts  w e r e  m a d e  d u r in g  w in d - tu n n e l te s ts  o f q u a s i-

s te a d y  p r e s s u re  d is trib u tio n s  o n  th e  w in g . R e p r e s e n ta tiv e  d a ta  w e r e  p r e s e n te d  a s  a  

g r a p h ic a l o v e rv ie w  to  s h o w  v a ria tio n s  a n d  tr e n d s  o f s p a r  d e fle c tio n s  w ith  te s t 

v a r ia b le s . C o m p a ra tiv e  te s t d a ta  w e re  p r e s e n te d  f o r p h o to g r a m m e tr ic  a n d  

c a th e to m e tr ic  r e s u lts  o f  m e a s u r e m e n ts  o f th e  w in g  tip  d e fle c tio n s  [ 3 0 , 3 1 ] . T h e  

A R W - 2  is  u s e d  a s  a  te s t c a s e  in  th e  p r e s e n t s tu d y . 
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C H A P T ER  2  

 

D EF O R M A T I O N S  O F  A I R C R A F T  W I N G S  A N D  T H E 
C O M P U T A T I O N A L  A ER O EL A S T I C  P R O C ED U R E 

 

 

A ll a irc r a ft p a rts  a re  p r o n e  to  s tr u c tu r a l d e f o rm a tio n s ; w in g s , f u s e la g e , e m p e n n a g e , 

e tc . T h e  d e f o r m a tio n  o f  a n  a irf ra m e  d e p e n d s  o n  in e r tia l lo a d in g  d is trib u tio n  a n d  

s u r f a c e  lo a d in g  d is tr ib u tio n  a s  w e ll a s  o n  s tru c tu r a l s tif fn e s s  d is trib u tio n .  

T h e  m a in  d if fic u lty  in  a n a ly z in g  th e  e f f e c ts  o f  s tru c tu ra l d e f o rm a tio n  is  th e  m u tu a l 

in te ra c tio n  b e tw e e n  d e f o r m a tio n  a n d  th e  a e ro d y n a m ic  lift; a  w in g  d e f o r m a tio n  

c h a n g e s  th e  w in g  s h a p e , w h ic h  a f f e c ts  th e  a e r o d y n a m ic  lo a d in g , w h ic h  in  tu rn  

a f f e c ts  th e  w in g  d e f o rm a tio n .   

In  th is  c h a p te r , a  b rie f in tr o d u c tio n  to  d e fo r m a tio n s  o f e la s tic  w in g  a n d  th e  s ta tic  

a e r o e la s tic  p h e n o m e n a  is  g iv e n , th e n  th e  n u m e r ic a l m e th o d s  e m p lo y e d  in  o rd e r  to  

s o lv e  th e  p r e s e n t a e ro e la s tic  p ro b le m  a r e  e x p la in e d .  

2 .1  D EF O R M A T I O N S  O F  A I R C R A F T  W I N G S  A N D  T H E C O N C EP T  O F  

EL A S T I C  A X I S  

T h e  g e o m e tr y  o f  a n  a e r o d y n a m ic  s u r f a c e  v a r ie s  w id e ly  in  s h a p e . T h e  w in g  s h a p e  

c a n  b e  o f  a  h ig h  a s p e c t r a tio , w h ic h  r e s e m b le s  s le n d e r  b e a m s , o r lik e  a  d e lta  w in g , 

w h ic h  r e s e m b le s  p la te s . 

U n d e r th e  a s s u m p tio n  o f a  p e rf e c tly  e la s tic  s tr u c tu r e , e x p e rim e n ts  h a v e  in d ic a te d  

th a t a n  a p p lie d  f o r c e , Q , a n d  its  re s u ltin g  d e f le c tio n , q , a r e  r e la te d  b y   
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QCq .=                   (2 .1 )

                                                                                                                                                              

C  is  a  c o n s ta n t o f p r o p o r tio n a lity . S in c e  th e  lo a d  a n d  d e f le c tio n  a r e  lin e a r ly  

d e p e n d e n t, th e  r e s u ltin g  s tru c tu re  m a y  b e  h a n d le d  a s  a  lin e a r  s y s te m . 

F o r lin e a r  s y s te m s , in  w h ic h  th e  p r in c ip le  o f  s u p e rp o s itio n  a p p lie s , th e  to ta l lin e a r 

a n d  a n g u la r  d e fle c tio n  a t a n y  p o in t c a n  b e  e x p re s s e d  a s  th e  s u m  o f  th e  d e fle c tio n s  a t 

th a t p o in t p ro d u c e d  b y  in d iv id u a l f o rc e s  a n d  m o m e n ts .   

In  th e  g e n e r a l c a s e  o f  a n  a ir c ra f t a t w h ic h  v a rio u s  lo a d s  a n d  m o m e n ts  a c t o n  th e  

s tr u c tu r e , th e  to ta l lin e a r  o r  a n g u la r  d e f le c tio n  a t a n y  p o in t c a n  b e  e x p re s s e d  a s  th e  

s u m  o f  d e f le c tio n s  a t th a t p o in t p r o d u c e d  b y  th e  in d iv id u a l f o rc e s  a n d  m o m e n ts . 

A p p ly in g  th e  p rin c ip le  o f s u p e rp o s itio n  th e  d is p la c e m e n t o f  th e  p o in t o f  a p p lic a tio n  

o f th e  ith  fo r c e  d u e  to  n  f o rc e s  is  g iv e n  b y   

�
=

=
n

1j
jiji .QCq                  (2 .2 )  

w h e re  th e  c o n s ta n ts  C ij a r e  c a lle d  f le x ib ility  in flu e n c e  c o e f fic ie n ts . 
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F ig u r e  2 .1  A ir p la n e  W in g  u n d e r  D is tr ib u te d  S id e  L o a d  [ 1 ]  

 

 

T h e  d e fo r m a tio n  o f a n  e la s tic  w in g  u n d e r th e  in flu e n c e  o f a  d is tr ib u te d  n o r m a l f o rc e  

Z (x , y )  c a n  b e  e x p re s s e d  b y  a  s in g le  fu n c tio n  w (x , y )  ( F ig u re  2 .1 ) . B u t th e  

c o m p le x ity  o f  a irc r a ft s tr u c tu r e s  c a lls  f o r s o m e  s im p lific a tio n s . A n  a irc r a f t s tru c tu re  

c a n  b e  s im p lifie d  in to  a  s e t o f  in te rs e c tin g  e la s tic  lin e s . T h e  d e fo r m a tio n  o f  e a c h  

lin e  c a n  b e  d e s c r ib e d  b y  tw o  lin e a r d is p la c e m e n ts  a n d  a n  a n g u la r  d is p la c e m e n t. If 

th e  c h o r d w is e  b e n d in g  o f  th e  w in g  is  n e g lig ib le , th e  d is p la c e m e n t o f  th e  c r o s s  

s e c tio n  a t a  p o in t y  c a n  b e  e x p r e s s e d  a s  th e  c o m b in a tio n  o f  tw o  lin e a r  a n d  ( ( w ( y ), 

u ( y ) ) a n d  o n e  a n g u la r  d is p la c e m e n t ( � ( y ) ) . F o r  th o s e  c a s e s  w h e r e  th e  w in g  is  

s u f f ic ie n tly  s le n d e r s o  th a t c h o r d w is e  s e g m e n ts  o f  th e  w in g  p a ra lle l to  th e  x  a x is  c a n  

b e  a s s u m e d  rig id , a n d  n e g le c tin g  th e  c h o r d w is e  d r a g  lo a d s  o n e  c a n  o b ta in  th e  

e x p re s s io n s  f o r b e n d in g  a n d  tw is tin g  d is p la c e m e n ts  a s  f o llo w s ; [ 1 ]  

� � ηηη+ηηη= θ
l

0

l

0

zz z d) .(t) .,y(Cd) .(Z) .,y(C)y(w             (2 .3 )  
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� � ηηη+ηηη=θ θθθ
l

0

l

0

z d) .(t) .,y(Cd) .(Z) .,y(C)y(             (2 .4 )  

w h e re  th e  in f lu e n c e  f u n c tio n s  a re  d e fin e d  b y   

C p q ( y ,
 )  = lin e a r  o r  a n g u la r  d e fle c tio n  in  th e  p - d ir e c tio n  a t y  d u e  to  a  u n it fo r c e  o r 

to r q u e  in  th e  q  d ir e c tio n  a t 
 , a n d   

� ξηξ=η
c h o r d

d) .,(Z)(Z                 (2 .5 )  

� ξηξξ−=η
c h o r d

d) .,(Z.)(t                 (2 .6 )  

T h e  te r m s  C z � , a n d  C � z  a r e  c o u p lin g  te r m s  f o r b e n d in g  a n d  tw is tin g  d e f o rm a tio n s . 

2 .1 .1  Ela s t ic  A x is  

F o r c e s  a p p lie d  to  a  w in g  o n  th e  e la s tic  a x is  p r o d u c e  p u re  tra n s la tio n  o f a ll s e c tio n s  

a n d  n o  r o ta tio n s , a n d  th e  to r q u e s  a p p lie d  a b o u t th a t a x is  p r o d u c e  p u re  r o ta tio n s . In  

th e  c a s e  o f a  w in g  in  w h ic h  a ll f o rc e s  a n d  m o m e n ts  a r e  r e s o lv e d  in to  f o r c e s  a lo n g  

a n d  to r q u e s  a b o u t e la s tic  a x is , th e  a p p lie d  f o r c e s  p r o d u c e  p u re  tr a n s la tio n s  a n d  th e  

to r q u e s  p r o d u c e  p u r e  ro ta tio n s , a s  a  re s u lt th e  c o u p lin g  te r m s  in  th e  E q u a tio n s  2 .3  

a n d  2 .4  d r o p  a n d  th e  e q u a tio n s  ta k e  th e  fo llo w in g  fo r m s .   

� ηηη=
l

0

z z d) .(Z) .,y(C)y(w                (2 .7 )  

� ηηη=θ θθ
l

0

d) .(t) .,y(C)y(                (2 .8 )  
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2 .2  S T A T I C  A ER O EL A S T I C  P H EN O M EN A   

C o n s id e r  th e  rig id  s e c tio n  s h o w n  in  F ig . 2 .2 , w h ic h  is  a tta c h e d  to  a  to r s io n a l s p r in g  

o f f le x ib ility  in f lu e n c e  c o e ff ic ie n t C � � . T h e  w in g  h a s  c o n s ta n t c h o r d  c  a n d  a r e a  S  

a n d  th e  d is ta n c e  b e tw e e n  e la s tic  a x is  a n d  th e  a e r o d y n a m ic  c e n te r  is  g iv e n  a s  e  

 

 

 

F ig u r e  2 .2  E la s tic a lly  S u p p o rte d  R ig id  A ir fo il S e c tio n  [ 1 ]  

 

 
 
F o r th e  rig id  s e c tio n  th e  a n g le  o f  a tta c k  is  n o w  a  f u n c tio n  o f th e  s p r in g  s tif fn e s s  a n d  

c a n  b e  w ritte n  a s  th e  s u m  o f  r ig id  a n g le  o f  a tta c k  ( � r)  a n d  th e  e la s tic  tw is t ( � ) . 

θ+α=α r                   (2 .9 )  

T h e  e la s tic  tw is t is  a  f u n c tio n  o f to r q u e  a b o u t e la s tic  a x is  (T ) , w h ic h  is  a  

re p r e s e n ta tio n  o f  w in g  lo a d in g , a n d  th e  f le x ib ility  in f lu e n c e  c o e f fic ie n t ( C � � ) , w h ic h  

is  a  m e a s u re  o f  th e  w in g  s tiff n e s s . 
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TC θθ=θ                 (2 .1 0 )  

T h e  a e r o d y n a m ic  m o m e n t a b o u t th e  e la s tic  a x is  c a n  b e  w ritte n  a s  

q S)cCeC(T M A CL +=               (2 .1 1 )  

w h e re  C L  is  th e  w in g  lift c o e ff ic ie n t, C M A C  is  th e  w in g  m o m e n t c o e f fic ie n t a b o u t th e  

a e r o d y n a m ic  c e n te r , q  is  th e  d y n a m ic  p r e s s u re  a n d  S  is  th e  a r e a  o f  th e  rig id  w in g  

s e g m e n t. W in g  lif t c o e f f ic ie n t is  fu r th e r  r e la te d  to  th e  to ta l a n g le  o f  a tta c k  a n d  c a n  

b e  w ritte n  a s  

)(
C

C rL
L θ+α

α∂
∂

=               (2 .1 2 )  

It is  a p p a r e n t f r o m  E q n  2 .1 2  th a t th e  lo a d in g  o n  a  w in g  is  a c tu a lly  a  f u n c tio n  o f th e  

tw is t d e f o rm a tio n . W ith  th e  u s e  o f  E q n  2 .1 2  a n d  E q n  2 .1 1  th e  e la s tic  tw is t c a n  b e  

re w r itte n  a s   

q ScCe)(
C

C M A C
rL

��

�
��

� +θ+α
α∂

∂=θ θθ             (2 .1 3 )  

a n d  th e  fin a l e q u a tio n  f o r  th e  e la s tic  tw is t  is  a s  f o llo w s  

q S e)
C

(C1

q ScCe)
C

(C

L

M A C
rL

α∂
∂−

��

�
��

� +α
α∂

∂

=θ
θθ

θθ

            (2 .1 4 )  

A  c lo s e  lo o k  a t E q n . 2 .1 4  r e v e a ls  th e  f a c t th a t f o r  a  p re d e f in e d  g e o m e tr y  

d e n o m in a to r  c a n  b e  z e ro  f o r c e r ta in  v a lu e s  o f  th e  d y n a m ic  p r e s s u r e . T h is  d y n a m ic  

p re s s u re  is  c a lle d  th e  d iv e r g e n c e  d y n a m ic  p re s s u r e  a n d  th e  c o r r e s p o n d in g  s p e e d  is  
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c a lle d  th e  d iv e r g e n c e  s p e e d . D iv e r g e n c e  is  n o t a  p ro b le m  w h e n  th e  a e ro d y n a m ic  

c e n te r f a lls  o n to  th e  e la s tic  a x is  o r  a ft o f  it, s in c e  th e  d e n o m in a to r o f  E q n . 2 .1 4  h a s  

n o  c h a n c e  to  b e  z e r o  in  th e s e  c o n d itio n s . 

F o r a  th r e e  d im e n s io n a l s le n d e r  s tra ig h t w in g  th e  to r s io n a l d iv e rg e n c e  s p e e d  is  

fo u n d  f ro m  th e  lo w e s t e ig e n v a lu e  o f  d y n a m ic  p re s s u r e  o b ta in e d  f ro m  th e  e q u a tio n s  

o f e q u ilib r iu m . In  s le n d e r s tra ig h t w in g s  th e  a e ro e la s tic  e f f e c ts  a r e  m a in ly  d u e  to  th e  

w in g  tw is t a b o u t th e  e la s tic  a x is  a n d  w in g  b e n d in g  is  n o t a  fa c to r. 

H o w e v e r , fo r  th e  c a s e  o f  s w e p t w in g s , b e n d in g  d e fo r m a tio n  o f  th e  w in g  h a s  

im p o rta n t e f fe c ts  o n  th e  a e ro e la s tic  b e h a v io r . W h e n  a n  u p w a rd  f o r c e  is  a p p lie d  to  

th e  e la s tic  a x is  o f a  s w e p t w in g , th e  p o in ts  A  a n d  B  ( F ig  2 .3 )  d e fle c t b y  th e  s a m e  

a m o u n t b u t p o in t C  s h o w s  a  s m a lle r  d e f le c tio n , a s  a  r e s u lt th e  a n g le  o f  a tta c k  o f  

s e c tio n  B C  is  r e d u c e d . T h e  r e d u c tio n  in  th e  a n g le  o f a tta c k  re s u lts  in  a  d e c r e a s e  in  

th e  lift, a n d  th e  w in g  b e n d s  a n d  tw is ts  le s s  in  m a g n itu d e ; th is  s m a lle r  d e f o r m a tio n  

le a d s  to  a  s m a lle r  c h a n g e  in  a n g le  o f  a tta c k . 

 

 

 

F ig u r e  2 .3  S tre a m w is e  a n d  C h o rd w is e  S e g m e n ts  o f S w e p t W in g  [ 1 ]  
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2 .3  C O M P U T A T I O N A L  A ER O EL A S T I C  P R O C ED U R E 

T h e  r e lia b ility  o f  a n  a e ro e la s tic  a n a ly s is  s tr o n g ly  d e p e n d s  o n  h o w  o n e  c a lc u la te s  th e  

a e r o d y n a m ic  lo a d s  o v e r  th e  a e ro d y n a m ic  s u r f a c e . F o r  m a n y  y e a r s  lin e a r 

a e r o d y n a m ic  th e o r ie s  h a v e  b e e n  u s e d  fo r  lo a d  p r e d ic tio n . C o m m e r c ia l c o d e s  lik e  

N A S T R A N , A S T R O S , e tc  u tiliz e  th e s e  lin e a r  a e r o d y n a m ic  th e o rie s  in  o r d e r  to  

p re d ic t a e ro e la s tic  c h a r a c te r is tic s  o f a ir c r a f t s tru c tu re s . T h e  lin e a r th e o r ie s  a re  

m o s tly  r e ly  o n  th e  th in  a ir fo il th e o r y , th e  s p e e d s  a re  lo w  a n d  th e  f lo w  c a n  b e  

a s s u m e d  in c o m p r e s s ib le , a s s u m p tio n  o f  s m a ll d is tu r b a n c e s  is  v a lid  a n d  s k in  fr ic tio n  

e f f e c ts  a r e  n e g le c te d . M o s t o f th e s e  th e o r ie s  a r e  m o d ifie d  u s in g  e m p iric a l re la tio n s  

in  o r d e r to  h a v e  m o re  a c c u r a te  p r e d ic tio n s . T o d a y  th e  C F D  m e th o d s  u tiliz e  th e  m a s s  

m o m e n tu m  a n d  e n e rg y  c o n s e rv a tio n , p lu s  th e  e q u a tio n  o f s ta te  in  o r d e r  to  p r e d ic t 

th e  m o tio n  o f  a  f lu id  o v e r in te rn a l a n d  e x te r n a l b o d ie s . T h e  N a v ie r - S to k e s  e q u a tio n s  

a r e  s o lv e d  to  fu lly  d e fin e  a  la m in a r  v is c o u s  flo w . T u rb u le n c e  m o d e lin g  c a n  a ls o  b e  

a d d e d  b y  u s in g  s o m e  s e m i-e m p ir ic a l m e th o d s . R e d u c e d  fo r m  o f N -S  e q u a tio n s , 

s u c h  a s  E u le r  E q u a tio n s , w h ic h  a s s u m e s  in v is c id  f lo w , g iv e s  r e a s o n a b le  r e s u lts . 

N o  c lo s e d  f o rm  s o lu tio n  is  a v a ila b le  in  m o s t o f  th e  c a s e s ; a s  a  r e s u lt th e  e q u a tio n s  

a r e  d is c r e tiz e d  a n d  n u m e ric a lly  s o lv e d . A  g r id  is  f o rm e d  a n d  th e  e q u a tio n s  a re  

s o lv e d  a t e a c h  p o in t o r  c e ll o f th e  g r id . A f te r  a  c e r ta in  n u m b e r o f ite r a tio n s  th e  

c h a n g e  in  th e  s o lu tio n s  f a ll b e lo w  a  s p e c if ie d  lim it a n d  th e  flo w  is  s a id  to  h a v e  

c o n v e r g e d . 

T h e  d if fic u lty  in  u s in g  th e  C F D  a s  a  lo a d  p r e d ic tio n  to o l f o r a e r o e la s tic  a n a ly s is  

c o m e s  f ro m  th e  fa c t th a t th e  C F D  g rid  h a s  to  b e  d e fo r m e d  to  c o n f o r m  to  th e  

d e f o r m e d  s h a p e  o f  th e  a e ro d y n a m ic  s u rf a c e . A  c o m p u ta tio n a l a e ro e la s tic  p r o c e d u r e  

w a s  d e v e lo p e d  a s  a  p a r t o f  th e  p r e s e n t w o r k  in  o r d e r to  s o lv e  th e  s ta tic  a e r o e la s tic  

p ro b le m s  o v e r a ir c r a f t w in g s .  

In  th is  s tu d y , w e ll-e s ta b lis h e d  fin ite  e le m e n t a n d  C F D  s o lv e r s  a r e  c o u p le d  in  a n  

ite r a tiv e  f a s h io n . A e ro d y n a m ic  p r e s s u r e  v e c to r  w a s  c a lc u la te d  u s in g  a  th r e e -
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d im e n s io n a l E u le r  c o d e  ( S E T 3 D ) in  a  p a ra lle l c o m p u tin g  e n v iro n m e n t. T h e  

c o m p u te d  p r e s s u r e s  w e r e  th e n  m a p p e d  in to  s tru c tu ra l n o d e s  a n d  c o rr e s p o n d in g  

s tr u c tu r a l d e f o rm a tio n  w a s  c a lc u la te d  u s in g  A N S Y S  c o m m e rc ia l f in ite  e le m e n t 

p ro g r a m . B e c a u s e  o f  d e f o rm a tio n  o f  th e  u n d e r ly in g  s tru c tu r e , th e  a e r o d y n a m ic  

s u r f a c e  o v e r  w h ic h  th e  f lo w  w a s  s o lv e d  c h a n g e d  a t e v e r y  ite r a tio n . In  o rd e r  to  

a c c o u n t f o r  th is  c h a n g e  c a lc u la te d  s tr u c tu r a l d is p la c e m e n ts  w e r e  m a p p e d  in to  th e  

flu id  g r id  a n d  a n  u p d a te d  flu id  g r id  w a s  c a lc u la te d  b y  m o d e lin g  th e  f lu id  g rid  a s  a n  

is o tro p ic  e la s tic  m e d iu m . T h e  f lu id  f lo w  w a s  th e n  s o lv e d  o v e r th e  c o n f o r m e d  g r id  

a n d  a  n e w  p re s s u r e  v e c to r  w a s  c a lc u la te d  w h ic h  c a u s e s  a  n e w  d is p la c e m e n t f ie ld  o n  

th e  s tr u c tu r e . T h is  ite r a tiv e  p ro c e d u r e  c o n tin u e s  u n til th e  rm s  o f  n o d a l 

d is p la c e m e n ts  fa lls  b e lo w  a  p r e s c r ib e d  to le r a n c e .  

S te p s  s ta rtin g  w ith  th e  s o lu tio n  o f w in g  s tru c tu ra l d is p la c e m e n t v e c to r a n d  e n d s  

w ith  th e  s o lu tio n  o f  f lo w  f ie ld  o v e r th e  d e f o r m e d  a e r o d y n a m ic  s u rf a c e  a r e  n a m e d  a s  

o n e  a e r o e la s tic  ite r a tio n  h e re a f te r . T h e  f lo w c h a r t o f th e  ite r a tiv e  p r o c e d u r e  is  g iv e n  

in  F ig u re  2 .4 . 
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F ig u r e  2 .4  F lo w  C h a rt o f  th e  C o m p u ta tio n a l A e r o e la s tic  P r o c e d u r e  
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2 .4  C O U P L ED  F I EL D  S O L U T I O N  O F  S T A T I C  A ER O EL A S T I C  P R O B L EM  

In  th e  p re s e n t s tu d y  a  lo o s e ly  c o u p le d  s c h e m e  is  u s e d  f o r  th e  ite r a tiv e  s o lu tio n  o f 

th e  a e r o e la s tic  p h e n o m e n a . In  th is  s o lu tio n  s c h e m e  th e  f lu id  a n d  s tr u c tu r e  s o lu tio n  

v e c to rs  a re  f o u n d  in d e p e n d e n tly  a n d  c o u p lin g  is  a c c o m p lis h e d  b y  a p p ly in g  th e  

re le v a n t b o u n d a r y  c o n d itio n s . D y n a m ic  a e ro e la s tic  p r o b le m s  c a ll f o r a  c o u p lin g  in  

b o th  tim e  a n d  s p a c e , w h e r e a s  f o r  s ta tic  a e r o e la s tic  p r o b le m s , in  w h ic h  tim e  d o e s  n o t 

a p p e a r  a s  a n  in d e p e n d e n t v a ria b le , th e  c o u p lin g  ta k e s  p la c e  in  s p a c e  o n ly  [ 3 2 , 3 3 , 

3 4 ] . A  s c h e m a tic  o f th e  lo o s e ly  c o u p le d  a p p ro a c h  is  s h o w n  in  F ig u r e  2 .5 .  

 
 
 
 
 

 
 

F ig u r e  2 .5  L o o s e ly  C o u p le d  A p p r o a c h  [ 3 4 ]  

 
 
 
 
 
 
 
 



 2 1  

 
2 .5  F L O W  S O L V ER  –  S ET 3 D  

2 .5 .1  G o v e r n in g  Eq u a tio n s   

S E T 3 D  ( S A G E  Eu le r T e tr a h e d r o n  3 -D im e n s io n a l) f lo w  s o lv e r is  u s e d  to  c o m p u te  

flo w  f ie ld s  o v e r  a ir c ra f t w in g s . S E T 3 D  s o lv e s  th e  in te g ra l f o r m  o f  th e  E u le r  

E q u a tio n s  o n  u n s tru c tu re d  g rid s  u s in g  a  c e ll- c e n te r e d  f in ite  v o lu m e  f o r m u la tio n . 

T im e  d e p e n d e n t E u le r  E q u a tio n s  g o v e r n  th e  m o tio n  o f a n  in v is c id  f lu id  b y  

s a tis f y in g  th e  c o n s e r v a tio n  o f  m a s s , m o m e n tu m  a n d  e n e r g y  e q u a tio n s . F o r  a  c o n tr o l 

v o lu m e  V  w ith  a  b o u n d a r y  S  th e  e q u a tio n s  c a n  b e  w ritte n  in  a  v e c to r  fo r m  a s  

fo llo w s : 

0   d S) .( d V =+
∂
∂

�����  nQFQ
S

�

�

                 (2 .1 5 )                                

In  th is  f o rm u la tio n  Q  is  th e  s o lu tio n  v e c to r d e f in e d  b y ; 
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Q                 (2 .1 6 )  

w h e re  

�  =  n o n - d im e n s io n a l d e n s ity  

� u  =  n o n - d im e n s io n a l m o m e n tu m  in  x - d ire c tio n  

� v  =  n o n - d im e n s io n a l m o m e n tu m  in  y - d ir e c tio n  

� w  =  n o n - d im e n s io n a l m o m e n tu m  in  z - d ire c tio n  

� e 0  =  n o n - d im e n s io n a l e n e r g y  
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a n d  th e  flu x  v e c to r  n o r m a l to  th e  b o u n d a r y  s u r f a c e  is  g iv e n  b y  
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(V .n )F ( Q ).n              (2 .1 7 )  

N o te  th a t E u le r  E q u a tio n s  h a v e  6  u n k n o w n s , � , u , v , w , e o  a n d  p . W ith  o n ly  E u le r  

E q u a tio n s  in  h a n d , th e  n u m b e r  o f  u n k n o w n s  e x c e e d s  th e  n u m b e r o f e q u a tio n s . T h e  

a d d itio n a l e q u a tio n  c o m e s  fo r m  th e  s ta te  o f  a  p e rf e c t g a s  w h ic h  c a n  b e  w r itte n  a s ; 

�
�

�
�
�

� ++−−=
2

)(
)1(

222 wvu
ep o ργ              (2 .1 8 )  

T h e  E u le r  E q u a tio n s  a re  n o n - d im e n s io n a liz e d  b y  E q u a tio n  ( 2 .1 9 )  

�
a~
u~

=u  
�

a~
v~

=v  
�

a~
w~

=w  
�

a~
a~

=a  

                 (2 .1 9 )  
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w h e re  o v e rh e a d  ~  r e p r e s e n ts  a  d im e n s io n a l v a lu e  a n d  s u b s c r ip t �  r e p r e s e n ts  a  

fr e e s tr e a m  v a lu e , a  is  th e  s p e e d  o f s o u n d  a n d  u , v  a n d  w  a re  th e  v e lo c ity  

c o m p o n e n ts  in  x , y , a n d  z  d ir e c tio n s , r e s p e c tiv e ly . 
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2 .5 .2  N u m e r ic a l M e t h o d , U p w in d  D if f e r e n c in g  a n d  T im e  I n t e g r a tio n   

T h e  p h y s ic a l d o m a in  is  d is c re tiz e d  u s in g  te tr a h e d r a l e le m e n ts . T h e  f in ite  v o lu m e  

fo r m u la tio n  is  u s e d  f o r th e  n u m e r ic a l s o lu tio n  o f  th e  d is c r e tiz e d  g o v e r n in g  

e q u a tio n s ; th e  in te g ra l c o n s e r v a tio n  la w  is  e n f o rc e d  fo r  e a c h  o f  th e  s m a ll c o n tr o l 

v o lu m e s  d e f in e d  b y  th e  c o m p u ta tio n a l m e s h . 

A  c e ll- c e n te r e d  s c h e m e  is  u s e d  in  w h ic h  th e  g o v e rn in g  e q u a tio n s  a r e  s o lv e d  f o r 

e a c h  te tr a h e d r o n  a n d  s o lu tio n  v a r ia b le s  a r e  s to r e d  a t th e  c e ll c e n te r . T h e  flu x e s  a re  

c o m p u te d  a c r o s s  th e  c o m m o n  f a c e s . S E T -3 D  u tiliz e s  th e  R o e ’ s  F lu x  D iff e r e n c e  

S p littin g  S c h e m e  fo r  f lu x  e v a lu a tio n , w h ic h  c o m p u te s  a n  e x a c t s o lu tio n  to  a n  

a p p r o x im a te  R ie m a n n  p ro b le m . B o th  im p lic it a n d  e x p lic it tim e  in te g r a tio n  

a lg o rith m s  a r e  a v a ila b le  in  th e  s o lv e r . E x p lic it s c h e m e  u s e s  a  th ir d  o r d e r a c c u r a te  

R u n g e - K u tta  fo r  n u m e ric a l s o lu tio n  o f o r d in a r y  d iff e r e n tia l e q u a tio n s . S in c e  s te a d y  

s ta te  s o lu tio n s  d e s ir e d  to  b e  o b ta in e d  a t e a c h  a e ro e la s tic  ite r a tio n , th e  tim e  a c c u r a c y  

d o e s  n o t a ff e c t o u r s o lu tio n s  e x c e p t th e  c o n v e r g e n c e  ra te . In  f in ite  v o lu m e  

d is c re tiz a tio n , f o r  a  c o n s ta n t c o n tro l v o lu m e , E q n . ( 2 .1 5 ) c a n  b e  r e p re s e n te d  a s  

N c e lls1 ,i0S )(
d t
d

�
i

N fa c e s

1j
ji

i

==�
�

�
�
�

�+ �
=

nF .Q i

_

           (2 .2 0 )  

w h e re  i

_

Q  is  th e  v o lu m e  a v e ra g e  o f   Q  o v e r   c e ll i, � i is  th e  v o lu m e  o f  c e ll i,  a n d  

i
�
�

�
�
�

�
jS )( nF .  is  th e  a v e r a g e  flu x  th r o u g h  f a c e  j o f c e ll i, a n  o u tw a r d  f lu x  b e in g  

p o s itiv e . 

S in c e  E q n . ( 2 .1 5 )  h o ld s  f o r a n y  c o n tro l v o lu m e , th e  flu x  b a la n c e  in  E q n . (2 .1 5 ) m u s t 

b e  s a tis f ie d  f o r a ll c e lls  [ 3 5 ] . 
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2 .5 .3  G e o m e t r y  a n d  G r id  G e n e r a tio n   

T h e  c o m p u ta tio n a l g r id s  a r e  o b ta in e d  u s in g  th e  g e o m e tr y  a n d  g rid  g e n e r a tio n  to o l o f 

A N S Y S . A N S Y S  h a s  a  m o d e ra te  g rid  g e n e r a tio n  to o l, c o m p u ta tio n a l g r id s  p r e p a re d  

u s in g  A N S Y S  h a s  b e e n  e x te n s iv e ly  u s e d  in  S E T 3 D  a n a ly s e s  a n d  g o o d  r e s u lts  w e r e  

o b ta in e d  [ 3 6 ] . 

M o d e lin g  o f th e  c o m p u ta tio n a l d o m a in  s ta r ts  w ith  c re a tio n  o f th e  a e r o d y n a m ic  

s u r f a c e  o v e r w h ic h  th e  f lo w  is  s o lv e d . T h e n  th e  fa r  f ie ld  b o u n d a r ie s  o f th e  

c o m p u ta tio n a l d o m a in  a r e  d e f in e d  a n d  a  v o lu m e  is  fo r m e d  b e tw e e n  th e s e  o u te r  

b o u n d a r ie s  a n d  th e  a e r o d y n a m ic  s u rf a c e . T h is  v o lu m e  c o n s is ts  o f  a r e a s , lin e s  a n d  

k e y p o in ts . 

G r id  g e n e ra tio n  to o l o f A N S Y S  s u p p o r ts  b o th  s tru c tu re d  a n d  u n s tru c tu r e d  m e s h  

g e n e r a tio n . F r e e  a n d  m a p p e d  s u r f a c e  tria n g u la tio n  is  p o s s ib le  a s  s e e n  in  F ig u r e  2 .6 . 

 

 

 

F ig u r e  2 .6  M a p p e d  a n d  F r e e  S u rf a c e  T ria n g u la tio n s . 
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A N S Y S  p ro v id e s  m a n y  to o ls  to  c o n tr o l g rid  d e n s ity , b o th  o n  a  g lo b a l a n d  lo c a l 

le v e l. G lo b a l e le m e n t s iz in g  a llo w s  u s e r  to  s p e c if y  a  m a x im u m  e le m e n t e d g e  le n g th  

o r n u m b e r  o f d iv is io n  p e r lin e  fo r  th e  e n tir e  m o d e l. In  lo c a l le v e l, d if f e r e n t e le m e n t 

s iz e s  c a n  b e  d e f in e d  fo r  k e y p o in ts , lin e s  a n d  a r e a s . N u m b e r  o f  d iv is io n s  a n d  a  

s p a c in g  ra tio  c a n  b e  d e fin e d  fo r  lin e s , a n d  a n  e le m e n t s iz e  c a n  b e  s p e c if ie d  in  th e  

in te rio r o f  a n  a re a .  

T h e  firs t s te p  in  a  g rid  g e n e r a tio n  p r o c e s s  is  to  c r e a te  a  s u r f a c e  g r id  u s in g  th e  

a u to m a tic  m e s h  g e n e r a to r b y  d e f in in g  th e  g lo b a l e le m e n t s iz e s  o n  a r e a s  a n d  lin e  

d iv is io n s . S p e c ia l a tte n tio n  is  g iv e n  to  re g io n s  w h e r e  h ig h  g r a d ie n t f lo w  p a r a m e te rs  

a r e  e x p e c te d , lik e  le a d in g  e d g e  a n d  tr a ilin g  e d g e  o f  a  w in g . 

A f te r  g e n e r a tin g  th e  s u r fa c e  g rid  a  c o m p u ta tio n a l d o m a in  m a d e  u p  o f  te tra h e d r a l 

e le m e n ts  a r e  fo rm e d . A N S Y S  te tr a h e d r a l m e s h e r  is  b a s e d  o n  a  D e la u n a y  T e c h n iq u e  

[ 3 7 ] . T h e  r e s u ltin g  g rid s  a re  b o u n d a r y  c o n f o r m in g .  

T h e  g e n e r a tio n  o f te tr a h e d r a l e le m e n ts  m o s tly  d e p e n d s  o n  th e  s u r f a c e  tria n g u la tio n , 

a n d  th e  s iz e  o f th e  c o m p u ta tio n a l d o m a in . T h e  q u a lity  o f  th e  v o lu m e  g rid  a ls o  

d e p e n d s  o n  th e  f a r fie ld  b o u n d a r y  d is ta n c e  a n d  th e  n u m b e r  o f  g r id  p o in ts  o n  th e  

b o u n d a r y  e d g e s . T h e  d e n s ity  o f  th e  v o lu m e  m e s h  c a n  b e  c o n tr o lle d  b y  E s iz e  o p tio n  

(d e f in e s  th e  g lo b a l e le m e n t s iz e )  a n d  th e  e x p a n s io n  o f  te tra h e d r a l m e s h e s  c a n  b e  

c o n tr o lle d  b y  th e  T e te x p n d  (te tr a h e d ra l m e s h  e x p a n s io n  f a c to r ) o p tio n  in  A N S Y S  

p ro g r a m .  

In  m o s t c a s e s  th e  s iz e  o f th e  e le m e n ts  o n  th e  a e r o d y n a m ic  s u rf a c e  is  s m a ll 

c o m p a re d  to  th e  c o m p u ta tio n a l d o m a in  s iz e . S e ttin g  th e  g lo b a l e le m e n t s iz e  c lo s e r 

to  th e  e le m e n t s iz e  u s e d  in  th e  s u rf a c e  tria n g u la tio n , a n d  s e ttin g  th e  te te x p a n d  

o p tio n  to  s m a ll v a lu e s , re s u lts  in  h ig h -d e n s ity  m e s h e s  o f  g r a d u a lly  e x p a n d in g  

n a tu r e .  
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B u t th is  a p p r o a c h  le a d s  to  h ig h - d e n s ity  g r id s , w h ic h  r e q u ire s  h ig h  a m o u n t o f 

m e m o r y  a n d  e v e n  s a v in g  th e  in f o rm a tio n  is  d iff ic u lt. O n e  r e m e d y  to  th is  p r o b le m  is  

to  d iv id e  th e  s o lu tio n  d o m a in  in to  s m a lle r v o lu m e s . T h e  v o lu m e  th a t c o n ta in s  th e  

a e r o d y n a m ic  s u r fa c e s  a s  a  b o u n d a r y  c a n  b e  m e s h e d  w ith  a  la r g e  n u m b e r o f 

e le m e n ts . T h e  d e n s ity  o f  th e  m e s h  is  d e c r e a s e d  g r a d u a lly  to w a r d s  th e  o u te r  

b o u n d a r ie s . A  c o m p u ta tio n a l d o m a in  th a t is  d iv id e d  in to  a  n u m b e r o f  s m a ll v o lu m e s  

a n d  th e  c o r re s p o n d in g  g r id  is  s h o w n  in  F ig u re  2 .7 . A N S Y S  S O L ID 4 5  e le m e n t is  

u s e d  f o r d is c r e tiz a tio n  o f  th e  s o lu tio n  d o m a in . 

 

 

 

F ig u r e  2 .7  S o lu tio n  D o m a in  D iv id e d  in to  S m a lle r  V o lu m e s  a n d  R e s u ltin g  
C o m p u ta tio n a l D o m a in . 

 

 

A f te r  a  c o m p u ta tio n a l d o m a in  is  c o n s tru c te d , n o d e s  a s s o c ia te d  w ith  th e  f a r fie ld  

b o u n d a r y , w a ll b o u n d a r y  a n d  s y m m e tr y  b o u n d a r y  a r e  lis te d  in  th re e  d iff e r e n t te x t 
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file s ; n a m e ly , n b o u n d .lis , n w a ll.lis  a n d  n s y m m e tr y .lis . T h e  g r id  p o in t c o o rd in a te s  o f 

a ll g rid  p o in ts  a re  lis te d  in  n a ll.lis  file  a n d  e le m e n ts  a n d  th e  a s s o c ia te d  g r id  p o in t a re  

lis te d  in  th e  e lis t.lis  file . A  p re p r o c e s s in g  p r o g r a m  w r itte n  in  F O R T R A N  la n g u a g e  

re a d s  th e  g e n e r a te d  f ile s  a n d  c r e a te s  th e  m e s h .a n s y s  f ile , w h ic h  c o n ta in s  th e  g rid  

p o in t c o o rd in a te s , c o n n e c tiv ity  in f o rm a tio n  a n d  b o u n d a r y  c o n d itio n s . 

2 .5 .4  I m p le m e n t a tio n  o f  B o u n d a r y  C o n d it io n s  

In  S E T 3 D , b o u n d a r ie s  a r e  r e p r e s e n te d  b y  c e ll fla g s , IB C . T h e s e  fla g s  a r e  g iv e n  to  

th e  s o lv e r  a s  a n  in p u t v ia  th e  m e s h .a n s y s  file  a s  d e s c r ib e d  in  s e c tio n  2 .5 .3 . F lo w  

c o n d itio n s  s u c h  a s  M a c h  n u m b e r , a n g le  o f  a tta c k  a n d  y a w  a n g le  a re  g iv e n  in  th e  

in p u t file , s e t3 d .in . T h e  b o u n d a r y  c o n d itio n  f la g s  u s e d  in  th e  S E T 3 D  a re  a s  f o llo w s ; 

F a r  F ie ld  B o u n d a r y  C o n d itio n ; I B C = 1  

T h is  f la g  r e p r e s e n ts  th e  fa r  fie ld  b o u n d a rie s . C h a r a c te ris tic  b o u n d a r y  c o n d itio n s  a re  

a p p lie d  to  th e  fa r - fie ld  b o u n d a rie s  u s in g  th e  fix e d  a n d  e x tr a p o la te d  R ie m a n n  

in v a r ia n ts  c o r re s p o n d in g  to  th e  in c o m in g  a n d  o u tg o in g  w a v e s . T h e  in c o m in g  

R ie m a n n  in v a r ia n t is  d e te rm in e d  f r o m  th e  fr e e s tr e a m  f lo w  a n d  th e  o u tg o in g  

in v a r ia n t is  e x tra p o la te d  fr o m  th e  in te r io r  d o m a in  

W a ll B o u n d a r y  C o n d itio n ;  IB C = - 2  

T h is  f la g  re p r e s e n ts  th e  s o lid  b o u n d a rie s  s u c h  a s  w in g  a n d  fu s e la g e  s u r f a c e s . T h e  

flo w  ta n g e n c y  c o n d itio n  is  im p o s e d  b y  s e ttin g  th e  v e lo c itie s  o n  th e  b o u n d a r y  f a c e s  

to  th e ir c e ll- c e n te r e d  v a lu e s . T h e  n o r m a l c o m p o n e n ts  to  th e  b o u n d a r y  s u r f a c e  a re  

th e n  s u b tr a c te d  f r o m  th e s e  v e lo c itie s . D e n s ity  a n d  p r e s s u r e  b o u n d a r y  c o n d itio n s  a re  

s e t to  th e ir  c e ll-c e n te r v a lu e . 
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S y m m e tr y  B o u n d a r y  C o n d itio n ;  I B C = -4  

T h is  fla g  r e p r e s e n ts  th e  s o lid  b o u n d a rie s  s u c h  w in d  tu n n e l w a lls . T h e  tr e a tm e n t o f 

th e s e  b o u n d a r ie s  is  th e  s a m e  a s  th a t o f w a ll b o u n d a rie s . 

2 .6  S T R U C T U R E  S O L V ER - A N S Y S   

2 .6 .1  G o v e r n in g  Eq u a tio n s   

E q u a tio n s  o f  e la s tic ity  g o v e rn in g  th e  m o tio n  o f  a  d e f o rm a b le  b o d y  u n d e r th e  a c tio n  

o f e x te rn a l fo r c e s  c a n  b e  w ritte n  a s  f o llo w s ; 

2
��

iu2
�
�=iB+ jij,�  

)u+u(
2
1

=	 i,jj,iij    z )y ,x ,( i =                       (2 .2 1 )  

ijijij 
	2+e��=�  

w h e re  

� ij =  S tr e s s  T e n s o r 

	 ij =  S tr a in  T e n s o r 

B i =  B o d y  F o rc e  p e r U n it M a s s   

u i =  D is p la c e m e n t 

� , 
  =  L a m e ’s  C o n s ta n ts  

 

T h e  firs t e q u a tio n  o f ( 2 .2 1 )  is  th e  e q u a tio n  o f  m o tio n  f o r a  d y n a m ic  p ro b le m . F o r 

s ta tic  c a s e s  a n d  b y  n e g le c tin g  b o d y  f o rc e s  th e  e q u a tio n  c a n  b e  w r itte n  a s ; 
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0 jij,� =                 (2 .2 2 )  

T h e  s e c o n d  s e t o f e q u a tio n s  a r e  re f e rr e d  to  a s  th e  c o m p a tib ility  e q u a tio n s  a n d  th e  

th ird  o n e  r e p r e s e n ts  th e  c o n s titu tiv e  r e la tio n s .  

T o g e th e r  w ith  th e  b o u n d a r y  c o n d itio n s  in  te r m s  o f  f o rc e s  a n d  d is p la c e m e n ts , th e  

p ro b le m  is  te rm e d  a s  th e  b o u n d a r y  v a lu e  p ro b le m  o f  e la s tic ity . C lo s e d  fo r m  

s o lu tio n s  a re  a v a ila b le  f o r  a  lim ite d  n u m b e r o f p r o b le m s , s o  n u m e r ic a l te c h n iq u e s  

a r e  n e e d e d  to  s o lv e  th is  ty p e  o f p r o b le m s  fo r  c o m p le x  g e o m e trie s . 

2 .6 .2  F in it e  Ele m e n t  M e t h o d  a n d  A N S Y S  F in ite  Ele m e n t S o lv e r  

T h e  fin ite  e le m e n t m e th o d  is  a  n u m e ric a l p r o c e d u re  f o r a n a ly z in g  s tru c tu r e s  a n d  

c o n tin u a . U s u a lly  th e  p r o b le m  is  to o  c o m p lic a te d  to  b e  s o lv e d  s a tis f a c to r ily  b y  

c la s s ic a l a n a ly tic a l m e th o d s . T h e  f in ite  e le m e n t p ro c e d u r e  p r o d u c e s  m a n y  

s im u lta n e o u s  a lg e b r a ic  e q u a tio n s , w h ic h  a r e  g e n e r a te d  a n d  s o lv e d  o n  a  d ig ita l 

c o m p u te r  [ 3 8 ] . 

T h e  s y s te m  o f  lin e a r e q u a tio n s  g e n e ra te d  b y  th e  f in ite  e le m e n t p ro c e d u r e  c a n  b e  

w r itte n  a s  

[ ]{ } { }F=uK                 (2 .2 3 )  

A N S Y S  fin ite  e le m e n t s o f tw a re  is  u s e d  to  s o lv e  th e  d is p la c e m e n ts  a s s o c ia te d  w ith  

th e  a e ro d y n a m ic  lo a d in g  c a lc u la te d  b y  th e  flo w  s o lv e r.  

T h e  f in ite  e le m e n t m o d e lin g  p ro c e s s  is  n o t e x p la in e d  h e r e  in  d e ta il s in c e  it is  

s ta n d a rd  fo r  a n y  f in ite  e le m e n t p ro g r a m . In  s h o r t th e  f in ite  e le m e n t m o d e lin g  in  

A N S Y S  s ta r ts  w ith  d e fin in g  e le m e n t ty p e s , e le m e n t r e a l c o n s ta n ts , m a te ria l 

p ro p e r tie s  a n d  th e  m o d e l g e o m e tr y . T h e  g e o m e tr y  is  th e n  d iv id e d  in to  f in ite  
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e le m e n ts . W in g  b o x  s tru c tu r e s  a re  m o d e le d  w ith  s h e ll a n d  b e a m  e le m e n ts . T h e n  

a p p r o p r ia te  lo a d in g  a n d  b o u n d a r y  c o n d itio n s  a r e  a p p lie d  to  th e  m o d e l. T h is  f ir s t 

s te p  is  r e fe r re d  to  a s  th e  p r e p r o c e s s in g  s ta g e .  

T h e  n e x t s te p  is  th e  s o lu tio n  s ta g e . In  th is  s ta g e  a n a ly s is  ty p e  is  d e fin e d  u s in g  th e  

A N T Y P E  c o m m a n d . T h e  e q u a tio n  s o lv e r  is  s e le c te d  w h ic h  s o lv e s  th e  s y s te m  o f  

s im u lta n e o u s  lin e a r  e q u a tio n s  g iv e n  in  E q u a tio n  (2 .2 3 )  g e n e ra te d  b y  th e  f in ite  

e le m e n t p r o c e d u re . T h e  e q u a tio n s  a re  s o lv e d  e ith e r  b y  u s in g  d ire c t e lim in a tio n  o r 

ite ra tiv e  m e th o d s . T h e  la s t s te p  is  th e  p o s t p r o c e s s in g  s ta g e  w h e re  th e  r e s u ltin g  

d is p la c e m e n ts , s tr e s s e s  a n d  s tr a in s  a re  p r o c e s s e d .  

T h e  c o m p u ta tio n a l a e ro e la s tic  p r o c e d u re  n e e d s  m u ltip le  c a lls  to  A N S Y S  p ro g r a m , 

w h ic h  n e c e s s ita te s  A N S Y S  p r o g r a m  to  b e  ru n  in  B a tc h  m o d e . In  B a tc h  m o d e  a  te x t 

file , w h ic h  in c lu d e s  th e  n e c e s s a r y  c o m m a n d s , is  s u b m itte d  to  th e  A N S Y S  p ro g r a m . 

P ro g r a m  r e a d s  th e  c o m m a n d s , s o lv e s  th e  p ro b le m  a n d  w r ite s  d e s ire d  s o lu tio n  

p a r a m e te rs  to  te x t f ile s . 

2 .6 .3  A N S Y S  F in ite  Ele m e n t s  U s e d  in  S t r u c tu r a l A n a ly s is  

S O L I D 1 8 7  E le m e n t 

S O L ID 1 8 7  e le m e n t is  a  h ig h e r o r d e r  3 -D , 1 0 - n o d e  e le m e n t, w h ic h  h a s  a  q u a d ra tic  

d is p la c e m e n t b e h a v io r a n d  is  w e ll s u ite d  to  m o d e lin g  ir r e g u la r m e s h e s . T h e  e le m e n t 

h a s  te n  n o d e s  w ith  th re e  tr a n s la tio n  d e g r e e  o f f re e d o m  in  th e  n o d a l x , y , a n d  z  

d ir e c tio n s . T h e  g e o m e tr y  a n d  n o d e  lo c a tio n s  fo r  th is  e le m e n t a re  s h o w n  in  F ig u re  

2 .8 . 
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F ig u r e  2 .8  A N S Y S  S O L ID 1 8 7  E le m e n t [ 3 7 ]  

 

 

S H E L L 6 3  E le m e n t 

S H E L L 6 3  e le m e n t h a s  b o th  b e n d in g  a n d  m e m b r a n e  c a p a b ilitie s . B o th  in - p la n e  a n d  

n o rm a l lo a d s  a re  p e rm itte d . T h e  e le m e n t h a s  s ix  d e g r e e s  o f f re e d o m  a t e a c h  n o d e ; 

tr a n s la tio n s  in  th e  n o d a l x , y , a n d  z  d ir e c tio n s  a n d  ro ta tio n s  a b o u t th e  n o d a l x , y , a n d  

z -a x e s . M e m b r a n e  s tiff n e s s  o r  th e  b e n d in g  s tif fn e s s  c a n  b e  n e g le c te d  d e p e n d in g  o n  

th e  a p p lic a tio n . T h e  g e o m e tr y , n o d e  lo c a tio n s , a n d  th e  c o o rd in a te  s y s te m  f o r  th is  

e le m e n t a re  s h o w n  in  F ig u r e  2 .9 . T h e  e le m e n t is  d e fin e d  b y  fo u r  n o d e s , f o u r 

th ic k n e s s e s  a n d  m a te r ia l p r o p e rtie s .  

T h e  th ic k n e s s  o f  th e  e le m e n t is  d e f in e d  b y  a  r e a l c o n s ta n t s e t. If  th e  e le m e n t h a s  a  

c o n s ta n t th ic k n e s s , th e n  d e f in in g  th e  th ic k n e s s  a t o n ly  o n e  n o d e  is  a d e q u a te . 

P re s s u re s  m a y  b e  in p u t a s  s u r fa c e  lo a d s  o n  e a c h  e le m e n t f a c e . T h e  e le m e n t h a s  a  

tr ia n g u la r o p tio n  a s  s h o w n  in  F ig u re  2 .9 . 
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F ig u r e  2 .9  A N S Y S  S H E L L 6 3  E le m e n t [ 3 7 ]  

 

 

B E A M 4  E le m e n t 

B E A M 4  is  a  u n ia x ia l e le m e n t w ith  te n s io n , c o m p r e s s io n , to r s io n , a n d  b e n d in g  

c a p a b ilitie s . T h e  e le m e n t h a s  s ix  d e g r e e s  o f  f re e d o m  a t e a c h  n o d e ; tr a n s la tio n s  in  

th e  n o d a l x , y , a n d  z  d ire c tio n s  a n d  r o ta tio n s  a b o u t th e  n o d a l x , y , a n d  z  a x e s .  

T h e  g e o m e tr y , n o d e  lo c a tio n s , a n d  c o o rd in a te  s y s te m s  f o r th is  e le m e n t a re  s h o w n  in  

F ig u r e  2 .1 0 . T h e  e le m e n t is  d e fin e d  b y  tw o  o r  th r e e  n o d e s , th e  c r o s s - s e c tio n a l a re a , 

tw o  a r e a  m o m e n ts  o f  in e r tia  ( IZ Z  a n d  IY Y ), tw o  th ic k n e s s e s  ( T K Y  a n d  T K Z ), a n  

a n g le  o f o r ie n ta tio n  ( � ) a b o u t th e  e le m e n t x - a x is , th e  to r s io n a l m o m e n t o f  in e rtia  

( IX X ), a n d  th e  m a te r ia l p r o p e r tie s . If IX X  is  n o t s p e c ifie d  o r is  e q u a l to  0 .0 , it is  

a s s u m e d  e q u a l to  th e  p o la r  m o m e n t o f  in e r tia  ( I Y Y + IZ Z ) . IX X  s h o u ld  b e  p o s itiv e  

a n d  is  u s u a lly  le s s  th a n  th e  p o la r  m o m e n t o f  in e r tia . T h e  e le m e n t to r s io n a l s tiff n e s s  

d e c r e a s e s  w ith  d e c r e a s in g  v a lu e s  o f  IX X .  
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F ig u r e  2 .1 0  A N S Y S  B E A M 4  E le m e n t [ 3 7 ]  

 

 

P re s s u re s  m a y  b e  in p u t a s  s u r f a c e  lo a d s  o n  th e  e le m e n t fa c e s  a s  s h o w n  b y  th e  

c ir c le d  n u m b e r s  o n  F ig u r e  2 .1 0 . P o s itiv e  n o rm a l p r e s s u r e s  a c t in to  th e  e le m e n t.  

2 .7  C F D  G R I D  D EF O R M A T I O N  M ET H O D  

T h e  n u m e r ic a l s o lu tio n  o f  flo w  p r o b le m s  w ith  m o v in g  b o u n d a rie s  c a lls  f o r  a n  

a lg o rith m  to  d e f o r m  th e  c o m p u ta tio n a l d o m a in  g r id  s o  a s  to  c o n f o rm  to  th e  

d e f o r m in g  s tr u c tu r e  o n  th e  f lu id - s tr u c tu r e  in te rf a c e . 

T h e  w id e ly  u s e d  a p p ro a c h  is  to  v ie w  th e  f lu id  g rid  a s  a  c o n tin u o u s  o r  d is c r e te  

p s e u d o - s tr u c tu r a l s y s te m . T h e  b e h a v io r  o f  s u c h  a  m e c h a n ic a l s y s te m  is  g o v e r n e d  b y  

th e  s e m i-d is c re te  e q u a tio n s  o f  th e  d y n a m ic  e q u ilib r iu m  g iv e n  b y  E q u a tio n  ( 2 .2 4 ) . 

[ ] [ ] [ ] 0= K+D+M q
.
q

..
q               (2 .2 4 )  
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w h e re  a  d o t o v e rh e a d  d e s ig n a te s  a  tim e  d e riv a tiv e , M , D  a n d  K  a r e  th e  s y s te m  o f 

fic titio u s  m a s s , d a m p in g  a n d  s tiff n e s s  m a tr ic e s  a n d  q  is  th e  d is p la c e m e n t v e c to r 

[ 1 7 ] . 

T h e  g r id  p o in ts  a tta c h e d  to  th e  m o v in g  b o u n d a r y  � m  s ta y  a tta c h e d  to  th e s e  

b o u n d a r ie s  a t s o m e  r e la tiv e  lo c a tio n s , a n d  th e r e f o r e  th e  e q u a tio n  o f  d y n a m ic  

e q u ilib r iu m  is  d r iv e n  b y  th e  d is p la c e m e n t ty p e  b o u n d a r y  c o n d itio n   

m
�o n=

m
qq                          (2 .2 5 )  

w h e re  q m  is  th e  d is p la c e m e n t v e c to r  o f th e  m o v in g  b o u n d a r y . T h e  p o s itio n s  o f th e  

in te rn a l g r id  p o in ts  a r e  th e n  o b ta in e d  f ro m  th e  tim e  in te g r a tio n  o f  E q u a tio n  ( 2 .2 4 ) 

u s in g  th e  b o u n d a r y  c o n d itio n  E q u a tio n  (2 .2 5 ) . 

M o s t o f  th e  w o r k  o n  m o v in g  g r id s  u s e d  th e  q u a s i-s ta tic  v e rs io n  o f  E q u a tio n  ( 2 .2 4 ) 

w h ic h  c a n  b e  w r itte n  a s  

[ ]
m

qqq =a n d0=K                         (2 .2 6 )  

F o llo w in g  th e  w o rk  o f  B a tin a  [ 3 9 ]  m o s t o f th e  a p p ro a c h e s  h a v e  u s e d  th e  lin e a r 

s p r in g  a n a lo g y  m e th o d  to  c re a te  th e  le f t h a n d  s id e  o f  E q u a tio n . ( 2 .2 6 ) . In  th is  

a n a lo g y  C F D  c o m p u ta tio n a l g r id  is  tr e a te d  a s  a  s y s te m  o f  in te r c o n n e c te d  s p r in g s . 

E a c h  e d g e  o f tr ia n g le  in  2 - D  o r te tr a h e d ro n  in  3 - D  is  c o n s id e r e d  a s  a  lin e a l s p r in g  a s  

s h o w n  in  F ig u r e  2 .1 1 . 
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F ig u r e  2 .1 1  S p r in g  A n a lo g y  M e th o d  fo r  C F D  G r id  D e f o rm a tio n  

 
 
 
 
 

 
F o r a  g iv e n  e d g e  i- j th e  s p rin g  s tiff n e s s  is  ta k e n  a s  in v e r s e ly  p r o p o rtio n a l to  th e  

le n g th  o f  th e  e d g e  a s  d e fin e d  in  E q u a tio n  (2 .2 7 ) .  

2

ij

2

ij

2

ij

s p rin g )z-z(+)y-y(+)x-x(

1
=k            (2 .2 7 )   

G r id  p o in ts  o n  th e  o u te r b o u n d a r y  a r e  h e ld  f ix e d  a n d  n e w  lo c a tio n s  fo r  th e  g rid  

p o in ts  a r e  s o lv e d  b y  im p o s in g  th e  b o d y  m o tio n . 

T h e  m e th o d  o f  s p rin g  a n a lo g y  fa ils  in  s itu a tio n s  w h e r e  la r g e  a m p litu d e  g r id  m o tio n  

o c c u r s . T h is  is  m a in ly  d u e  to  th e  s tiff n e s s  d e f in itio n . S tif fn e s s  d e fin itio n  g iv e n  in  

E q u a tio n  (2 .2 7 )  d o e s  n o t ta k e  in to  a c c o u n t th e  f o r m a tio n  o f  z e ro  a r e a /v o lu m e  a n d  

b a d  a s p e c t r a tio  e le m e n ts . O n e  r e m e d y  to  th is  p r o b le m  is  p ro p o s e d  b y  F a r h a t a n d  

c o - a u th o r s  [ 1 7 , 1 8 ] . T h e y  p ro p o s e d  to  a tta c h  to  e a c h  v e rte x  i a n d  f o r e a c h  tria n g le  
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T ijk  c o n n e c te d  to  i, a  to rs io n a l s p r in g  a s  s h o w n  in  F ig u r e  2 .1 2 , w h o s e  s tiff n e s s  is  

g iv e n  b y  E q u a tio n  ( 2 .2 8 )  

i
�2s in

1
=

i
�c o s-1

1
×

i
�c o s+1

1
=

i
C             (2 .2 8 )  

 

 

 

F ig u r e  2 .1 2  T o rs io n a l S p r in g  A n a lo g y  M e th o d  fo r  C F D  G r id  D e fo r m a tio n  

 

 

 

    

W h e n  � i � 0  o r  � i � �  th e  s tiff n e s s  o f th e  to rs io n a l s p r in g  g o e s  to  in f in ity  a n d  a s  a  

re s u lt th e  to rs io n a l s p rin g  a tta c h e d  to  v e r te x  i p re v e n t th is  v e r te x  f ro m  c ro s s in g  a n y  

e d g e  th a t f a c e s  it a n d  a n y  tr ia n g le  f r o m  a tta in in g  a  z e r o  o r n e g a tiv e  a re a . 

T h e  to r s io n a l s p rin g  c o n s ta n t c a n  b e  w r itte n  in  te r m s  o f  a r e a  o f th e  tria n g le  ( A ijk ) 

a n d  e d g e  le n g th s  lik  a n d  lij a s  f o llo w s : 
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2

ijk

2

ik

2

ij

i

ikij

ijk

i

A4

ll
=C

ll

2 A
=s in �

             (2 .2 9 )

    

F o r th r e e  d im e n s io n a l a p p lic a tio n s , th e  u s e  o f to r s io n a l s p r in g  a n a lo g y  is  n o t a s  e a s y  

a s  in  tw o  d im e n s io n a l a p p lic a tio n s , s in c e  c o lla p s e  m e c h a n is m s  f o r  3 - D  e le m e n ts  is  

m o r e  c o m p le x  th a n  th e  tw o  d im e n s io n a l tria n g le  [ 1 8 ] . 

2 .7 .1  A  F in it e  Ele m e n t  B a s e d  M e th o d  f o r  G r id  D e f o r m a t io n  

S in c e  th e  f lo w  s o lv e r S E T 3 D  d o e s  n o t h a v e  a  m o v in g  m e s h  a lg o r ith m , a  m e s h  

d e f o r m a tio n  p ro c e d u r e  is  d e v e lo p e d  a s  a  p a r t o f  th is  w o r k . T h e  p r o c e d u r e  v ie w s  th e  

w h o le  C F D  c o m p u ta tio n a l d o m a in  a s  a n  is o tro p ic  e la s tic  m e d iu m  a n d  u s e s  th e  

te tra h e d r a l e le m e n ts  g e n e r a te d  f o r  fin ite  v o lu m e  d is c re tiz a tio n  a s  f in ite  e le m e n ts . 

T h e  o u te r  b o u n d a r ie s  a r e  h e ld  fix e d  a n d  th e  s tru c tu ra l d is p la c e m e n ts  o f  d e fo r m in g  

a e r o d y n a m ic  s u rf a c e  a r e  g iv e n  a s  d is p la c e m e n t ty p e  b o u n d a r y  c o n d itio n , th e  

re s u ltin g  e q u a tio n s  a r e  th e n  s o lv e d  u s in g  th e  A N S Y S  fin ite  e le m e n t p r o g ra m . 

A N S Y S  S O L ID 4 5  e le m e n ts  h a v e  b e e n  u s e d  fo r  th e  d is c r e tiz a tio n  o f  C F D  s o lu tio n  

d o m a in . T h e  g e o m e tr y  n o d e  lo c a tio n s  a n d  th e  c o o r d in a te  s y s te m s  fo r  th is  e le m e n t 

a r e  s h o w n  in  F ig u r e  2 .1 3 . 
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F ig u r e  2 .1 3  A N S Y S  S O L ID 4 5  E le m e n t [ 3 7 ]  

 
 
 
 
 
 
F o r h e x a h e d r a l o p tio n  th e  e le m e n t is  d e f in e d  b y  e ig h t n o d e s  a n d  th e  m a te ria l 

p ro p e r tie s . T e tr a h e d ra l o p tio n  is  a ls o  a v a ila b le  a n d  s h o w n  in  F ig u r e  2 .1 3 . C F D  

c o m p u ta tio n a l d o m a in  is  fo r m e d  b y  u s in g  te tr a h e d ra l o p tio n  a n d  m e s h  d e f o r m a tio n  

c a lc u la tio n s  is  a ls o  p e rf o r m e d  o n  th is  o p tio n  o f  th e  e le m e n t. E le m e n t h a s  th re e  

tr a n s la tio n a l d e g r e e  o f f r e e d o m  a t e a c h  n o d e , u x , u y  a n d  u z . 

A p p r o p ria te  m a te ria l p ro p e r tie s  h a v e  to  b e  d e fin e d  in  o rd e r  to  d e f o r m  C F D  d o m a in . 

P re lim in a r y  s tu d ie s  h a v e  b e e n  p e rf o r m e d  to  f in d  a  w a y  to  d e f in e  f ic titio u s  m a te ria l 

p ro p e r tie s  f o r  th e  s o lu tio n  d o m a in  s o  th a t u n d e r  th e  a c tio n  o f  a p p lie d  b o u n d a r y  

c o n d itio n s  a  n e w  c o m p u ta tio n a l d o m a in  w ith  v a lid  e le m e n ts  c a n  b e  o b ta in e d . 

P re lim in a r y  s tu d ie s  w e r e  p e rf o rm e d  o n  a  2 - D  c o m p u ta tio n a l d o m a in  w h ic h  h a d  

b e e n  f o r m e d  in  o r d e r to  s o lv e  f lo w  o v e r a  N A C A - 0 0 1 2  a irf o il.  T h e  g e o m e tr y  o f th e  

s o lu tio n  d o m a in  a n d  th e  re s u ltin g  c o m p u ta tio n a l d o m a in  a r e  g iv e n  in  F ig u r e s  2 .1 4 -

2 .1 5 , re s p e c tiv e ly . 
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F ig u r e  2 .1 4  G e o m e tr y  o f  th e  S o lu tio n  D o m a in  f o r N A C A 0 0 1 2  A ir fo il 

 
 
 
 
 
 

 
 

F ig u r e  2 .1 5  C o m p u ta tio n a l G rid  fo r  N A C A 0 0 1 2  A irf o il ( 1 8 3 1 4  e le m e n ts , 9 3 3 2  
n o d e s )  



 4 0  

 
 
T h e  s o lu tio n  d o m a in  w a s  d iv id e d  in to  tw o  a re a s  a n d  m a te r ia l p r o p e rtie s  w e re  

d e f in e d  s o  th a t th e  in n e r a r e a  ( a re a  w ith  b lu e  c o lo r  in  F ig .2 .1 4 )  h a s  a  la r g e  v a lu e  o f 

m o d u lu s  o f  e la s tic ity  a n d  th e  o u te r  a r e a  ( a r e a  w ith  m a g e n ta  c o lo r  in  F ig  2 .1 4 ) h a s  a  

s m a ll v a lu e . B y  th is  w a y  it w a s  e x p e c te d  th a t e le m e n ts  n e a r th e  m o v in g  b o u n d a r y  

w ill d e fo r m  a  little  s o  th a t th e  g r id  q u a lity  in  th is  r e g io n  d o e s  n o t c h a n g e  m o re , 

w h ile  th e  e le m e n ts  a w a y  f o r m  th e  m o v in g  b o u n d a r y  w ill d e fo r m  m o r e  a s  c o m p a re d  

to  e le m e n ts  in  th e  in n e r a r e a . 

 

N o d e s  a t o u te r b o u n d a r ie s  a r e  h e ld  fix e d  a n d  a  d is p la c e m e n t ty p e  b o u n d a r y  

c o n d itio n  is  im p o s e d  a t th e  n o d e s  o f th e  d e fo r m in g  b o u n d a r y  s o  th a t th e  a irf o il 

ro ta te s  3 0  d e g r e e s  a b o u t h a lf c h o r d .  

 

U n d e fo r m e d  a n d  d e f o r m e d  s ta te s  o f  th e  c o m p u ta tio n a l d o m a in  a re  g iv e n  in  F ig u r e  

2 .1 6 . A n  e x a m in a tio n  o f  u n d e fo r m e d  a n d  d e f o r m e d  s ta te s  o f  th e  c o m p u ta tio n a l 

d o m a in  a t le a d in g  e d g e  is  g iv e n  in  F ig u r e  2 .1 7  a n d  2 .1 8 , r e s p e c tiv e ly . F ig u r e  2 .1 8  

re v e a ls  th a t th e  e le m e n ts  n e a r  th e  a ir fo il g e o m e tr y  d e f o rm  m o r e  th a n  e x p e c te d . 

E le m e n t n u m b e r  1 3 8 3  lo s e s  its  s h a p e  c o m p le te ly ; a  n o d e  o f th e  e le m e n t c r o s s e s  th e  

e d g e  f a c in g  it. T h is  c o lla p s e  m e c h a n is m , w h ic h  is  e x p la in e d  b e f o re  f o r S p r in g  

A n a lo g y  M e th o d , s h o w s  its e lf h e r e  w ith  th e  a b o v e -m e n tio n e d  m a te ria l p r o p e rtie s  

a s s ig n e d  to  th e  a r e a s . A n  e x a m in a tio n  o f u n d e f o rm e d  a n d  d e fo r m e d  s ta te s  o f  

c o m p u ta tio n a l d o m a in  a t tr a ilin g  e d g e  is  g iv e n  in  F ig u r e  2 .1 9  a n d  2 .2 0 , r e s p e c tiv e ly . 

A  c o m p a r is o n  o f  tw o  s ta te s  s h o w s  th a t e le m e n ts  n e a r  tr a ilin g  e d g e  d is to r te d  w h e n  

c o m p a re d  to  th e ir in itia l s h a p e s . 
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F ig u r e  2 .1 6  D e fo rm e d  a n d  U n d e fo r m e d  C o m p u ta tio n a l D o m a in s  n e a r  A ir f o il 
G e o m e tr y  

 
 
 
 
 
 

 
 

F ig u r e  2 .1 7  U n d e fo rm e d  C o m p u ta tio n a l D o m a in  ( A  C lo s e  L o o k  a t L e a d in g  E d g e )  
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F ig u r e  2 .1 8  D e f o rm e d  C o m p u ta tio n a l D o m a in  ( A  C lo s e  L o o k  a t L e a d in g  E d g e )  

 
 
 
 
 
 

 
 
F ig u r e  2 .1 9  U n d e f o r m e d  C o m p u ta tio n a l D o m a in  (A  C lo s e  L o o k  a t T r a ilin g  E d g e ) 
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F ig u r e  2 .2 0  D e f o rm e d  C o m p u ta tio n a l D o m a in  ( A  C lo s e  L o o k  a t L e a d in g  E d g e )  
 

 

 

 

A  r e m e d y  to  th e  a b o v e  m e n tio n e d  p r o b le m  is  to  d e f in e  th e  m a te ria l p ro p e r ty  o f e a c h  

e le m e n t a c c o r d in g  to  its  s iz e . In  th is  a p p r o a c h  e la s tic ity  m o d u lu s  o f e a c h  e le m e n t is  

d e f in e d  a s  in v e r s e ly  p ro p o r tio n a l to  th e  a re a  o f th e  e le m e n t a s  g iv e n  in  E q u a tio n  

(2 .3 0 ) .  

 

n u m e l1 ,i
A
C

E
n
i

i ==              (2 .3 0 )  

w h e re  E i is  e la s tic ity  m o d u lu s  o f  e le m e n t i, A i is  th e  a r e a  o f  e le m e n t i, C  a n d  n  a re  

tw o  c o n s ta n ts  a n d  n u m e l s ta n d s  f o r n u m b e r o f  e le m e n ts .   

S in c e  th e  C F D  d o m a in  is  m o d e le d  a s  a n  is o tro p ic  m e d iu m , s h e a r m o d u lu s  o f e a c h  

e le m e n t is  d ire c tly  r e la te d  to  e la s tic ity  m o d u lu s  a s  g iv e n  in  E q n . ( 2 .3 1 )  
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n u m e l1 ,i
� )2 ( 1

E
G i

i =
+

=             (2 .3 1 )  

 

w h e re  G i is  th e  s h e a r m o d u lu s  o f e le m e n t i a n d  �  is  th e  P o is s o n ’s  R a tio  w h ic h  is  

ta k e n  a s  0 .3  f o r  a ll e le m e n ts . 

 

A  s m a ll A N S Y S  P a r a m e tr ic  D e s ig n  L a n g u a g e  ( A P D L ) p ro g r a m  is  w r itte n , w h ic h  

fin d s  th e  a re a  o f  e a c h  e le m e n t in  th e  c o m p u ta tio n a l d o m a in  a n d  a s s ig n s  m a te ria l 

p ro p e r tie s  to  e a c h  e le m e n t u s in g  E q u a tio n  (2 .3 0 ). A P D L  p r o g ra m  th a t a s s ig n s  

m a te r ia l p ro p e r tie s  is  g iv e n  in  A p p e n d ix  A .  F o r  a  c o n s ta n t v a lu e  o f C = 5 x 1 0 5  

a n a ly s is  a r e  p e rf o rm e d  f o r  n = 1  to  n = 6 . It is  s e e n  th a t th e  c h a n g e  in  th e  s h a p e  o f 

e le m e n ts  n e a r  th e  a ir f o il g e o m e tr y  d e c re a s e s  a s  n  in c r e a s e s . B u t in c r e a s in g  n = 6  

le a d s  to  d is to r te d  e le m e n ts  f a r f r o m  th e  m o v in g  b o u n d a r y . T h e  c o m p a ris o n  o f 

d e f o r m e d  c o m p u ta tio n a l d o m a in  s h a p e s  a r e  g iv e n  in  F ig u r e  2 .2 1  f o r n = 2  a n d  n = 6  

c a s e s .  

 

 

 

 

 
F ig u r e  2 .2 1  D e fo rm e d  C o m p u ta tio n a l D o m a in s  w ith  n = 2  a n d  n = 6  
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D e ta ils  o f  th e  s o lu tio n  d o m a in  a t le a d in g  a n d  tr a ilin g  e d g e s  f o r n = 2  c a s e  is  g iv e n  in  

F ig u r e s  2 .2 2 - 2 .2 3 . 

 
 
 
 
 
 

 
 

F ig u r e  2 .2 2  D e fo rm e d  C o m p u ta tio n a l D o m a in  L e a d in g  E d g e  n = 2   
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F ig u r e  2 .2 3  D e f o r m e d  C o m p u ta tio n a l D o m a in  T ra ilin g  E d g e  n = 2  
 

 
 
 
 
 
A d o p tin g  th e  a b o v e  f in ite  e le m e n t b a s e d  s tra te g y  o f m e s h  d e fo r m a tio n  to  3 - D  c a s e s  

is  s tra ig h tf o rw a rd . In  3 - D  c a s e s  th e  v o lu m e  o f  a n  e le m e n t is  u s e d  in  c a lc u la tin g  

e le m e n t m a te r ia l p ro p e r tie s . T h e  m o d ifie d  v e r s io n  o f  E q n  ( 2 .3 0 )  f o r  3 - D  c a s e s  is  

g iv e n  in  E q n  (2 .3 2 )  

 

n u m e l1 ,i
V
C

E
n
i

i ==              (2 .3 2 )  

w h e re  V i is  th e   v o lu m e  o f  3 - D  e le m e n t i.  

 

2 .8  L O A D  A N D  M O T I O N  T R A N S F ER  M ET H O D S  

In  m o s t o f  th e  w o r k  in  c o m p u ta tio n a l a e ro e la s tic ity  lite r a tu re  th e  f lu id  a n d  s tru c tu re  

m e s h e s  a r e  in c o m p a tib le  a lo n g  th e  f lu id - s tr u c tu r e  in te r fa c e  a s  s h o w n  in  F ig . 2 .2 4  
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[ 1 9 , 4 0 , a n d  4 1 ] . T h is  le a d s  to  th e  n e e d  o f  e f f ic ie n t a lg o rith m s  to  tr a n s f e r  p re s s u re s  

a t th e  f lu id  g r id  p o in ts  to  s tr u c tu r a l g r id  p o in ts  a s  n o d a l fo r c e s , a n d  d is p la c e m e n ts  a t 

s tr u c tu r e  g r id  p o in ts  to  f lu id  g rid  p o in ts . [ 4 0 , 4 2 ]  

 

 

 

F ig u r e  2 .2 4  F lu id  a n d  S tru c tu re  M e s h e s  w ith  N o n -M a tc h in g  In te r fa c e s  [ 4 0 ]  

 

 

In  th e  p r e s e n t w o r k  th e  c o m p u ta tio n a l d o m a in  o f  th e  f lu id  a n d  th e  s tru c tu re  

p ro b le m s  h a v e  m a tc h in g  d is c re te  in te rf a c e s . T h e  n o d e s  a t th e  s u r fa c e  o f  s tr u c tu r a l 

fin ite  e le m e n t m o d e l a ls o  b e lo n g  to  th e  e le m e n ts  o f  fin ite  v o lu m e  d is c r e tiz a tio n . 

A c tu a lly  a  tr ia n g u la r e le m e n t o f  fin ite  e le m e n t d is c r e tiz a tio n  is  a  fa c e  o f  a  

te tra h e d ro n  e le m e n t o f fin ite  v o lu m e  d is c r e tiz a tio n . F lu id  a n d  s tr u c tu r e  m e s h e s  w ith  

m a tc h in g  in te r fa c e s  a r e  s h o w n  in  F ig . 2 .2 5 . 
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F ig u r e  2 .2 5  F lu id  a n d  S tru c tu re  M e s h e s  w ith  M a tc h in g  In te rf a c e s  

 

 

N o d e s  o f  s tru c tu ra l e le m e n ts  a n d  te tr a h e d r o n  e le m e n ts  a t flu id /s tru c tu r e  in te r f a c e  

s h o w  o n e - to - o n e  c o r r e s p o n d e n c e  e v e n  in  n o d e  n u m b e rin g ; th a t is , n o d e  n u m b e r  i 

w ith  c o o r d in a te s  x , y  a n d  z  is  th e  s a m e  f o r  b o th  s tr u c tu r a l a n d  f lu id  d o m a in s  a t th e  

in te rf a c e .  

 
2 .8 .1  M o t io n  T r a n s f e r  M e t h o d  

T h e  s tr u c tu r a l d is p la c e m e n ts , w h ic h  a re  o b ta in e d  fr o m  s tr u c tu r a l a n a ly s is , a re  e a s ily  

tr a n s f e r re d  to  C F D  c o m p u ta tio n a l d o m a in  s in c e  th e  n o d e s  s h o w  o n e - to -o n e  

c o r r e s p o n d e n c e . A f te r  th e  s tru c tu ra l m o d e l is  s o lv e d  u s in g  A N S Y S  F in ite  E le m e n t 

S o lv e r , th e  d is p la c e m e n ts  in  x , y  a n d  z  d ir e c tio n s  a re  w r itte n  to  a  te x t f ile  c a lle d  

n w a lld is p . n w a lld is p  file  is  o p e n e d  b y  A N S Y S  p ro g r a m  a t th e  b e g in n in g  o f  m e s h  

d e f o r m a tio n  c a lc u la tio n s  a n d  s to r e d  a s  a n  a r r a y  w ith in  th e  p r o g r a m . S tr u c tu r a l 

d is p la c e m e n ts  a t e a c h  n o d e  o f  th e  s tr u c tu r a l m o d e l a r e  a p p lie d  d ire c tly  to  th e  C F D  

g r id  a n d  n e w  g rid  p o in t c o o r d in a te s  a r e  fo u n d  b y  u s in g  th e  m e th o d  e x p la in e d  in  

S e c tio n  2 .7 .1 . T h e  f lo w  o v e r  th e  d e fo rm e d  s h a p e  is  s o lv e d  u s in g  f lo w  c o n d itio n s  o f 

p re v io u s  ite r a tio n .  
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2 .8 .2  L o a d  T r a n s f e r  M e t h o d  

N o n - d im e n s io n a l p r e s s u r e  v a lu e s  o b ta in e d  f r o m  th e  C F D  s o lv e r  a r e  

d im e n s io n a liz e d  a n d  a p p lie d  d ir e c tly  to  th e  s tru c tu r a l n o d e s  (o n c e  a g a in  a ll flu id  

n o d e s  o n  th e  flu id /s tru c tu re  b o u n d a r y  a r e  th e  s a m e  a s  s tru c tu ra l n o d e s ) . N o n -

d im e n s io n a l p re s s u re  v a lu e s  o n  flu id  n o d e s  a re  w r itte n  to  p r e s s u r e .d a t f ile  b y  th e  

flo w  s o lv e r  S E T 3 D . T h is  f ile  is  o p e n e d  b y  A N S Y S  p ro g r a m  a t th e  b e g in n in g  o f  th e  

s tr u c tu r a l c a lc u la tio n s  a n d  p r e s s u r e  v a lu e s  a re  s to re d  in  a n  a r r a y , n o n -d im e n s io n a l 

v a lu e s  a re  tu r n e d  in to  d im e n s io n a l o n e s  w ith in  A N S Y S  a n d  s to r e d  a s  a n  a rr a y  

c a lle d  P , a n d  th e n  th e y  a r e  a p p lie d  to  th e  s tru c tu r a l n o d e s . 

A N S Y S  S F F U N  a n d  S F  C o m m a n d s  

O n c e  th e  d im e n s io n a l p re s s u re  v a lu e s  a r e  s to re d  a s  a n  a r ra y  w ith in  th e  A N S Y S  

p ro g r a m , o n e  c a n  u s e  th e  S F F U N  c o m m a n d  to  d e f in e  lo a d in g  o v e r th e  a e ro d y n a m ic  

s u r f a c e . T h e  lo c a tio n  o f  th e  v a lu e  in  th e  a rr a y  im p lie s  th e  n o d e  n u m b e r, th a t is , th e  

firs t e le m e n t o f  a rr a y  P  is  th e  p re s s u re  v a lu e  a t n o d e  n u m b e r  1 .  

F o r a  tr ia n g u la r  e le m e n t w ith  th r e e  n o d e s  S F F U N  c o m m a n d  to g e th e r w ith  S F  

c o m m a n d  fits  a  s u r fa c e  lo a d  f u n c tio n  d e p e n d in g  o n  th e  p r e s s u re  v a lu e  a t e a c h  n o d e . 

T h e  r e s u ltin g  f o r c e  c a n  b e  f o u n d  b y  m u ltip ly in g  th e  a v e r a g e  p r e s s u r e  v a lu e  w ith  th e  

a r e a  o f th e  e le m e n t. 

A  b a s ic  r e p r e s e n ta tio n  o f  th is  lo a d in g  is  s h o w n  in  F ig u r e  2 .2 6  f o r  o n ly  o n e  

tr ia n g u la r e le m e n t w ith  n o d e s  1 , 2  a n d  3  w h ic h  h a v e  p r e s s u re  v a lu e s  o f  1 0 , 2 0  a n d  

3 0 , re s p e c tiv e ly . 
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F ig u r e  2 .2 6  P r e s s u r e  D is tr ib u tio n  o v e r  a  T ria n g u la r  E le m e n t 

 

 

2 .9  C O U P L I N G  EN V I R O N M EN T , A N S Y S  I N P U T  F I L ES , A N D  P ER L  

S C R I P T I N G   L A N G U A G E 

F lo w  s o lv e r  S E T 3 D  w o rk s  in  a  p a r a lle l c o m p u tin g  e n v iro n m e n t u n d e r L in u x  

o p e r a tin g  s y s te m . A N S Y S  fin ite  e le m e n t p ro g r a m  w o r k s  u n d e r  b o th  L in u x  a n d  

W in d o w s  o p e ra tin g  s y s te m s . In  th e  p r e s e n t w o r k  a  L in u x  v e r s io n  o f  A N S Y S  

p ro g r a m  w a s  u s e d  f o r  s tr u c tu r a l a n d  m e s h  d e fo r m a tio n  c a lc u la tio n s . A  P E R L  s c r ip t 

is  w ritte n  th a t c a lls  th e  s tru c tu re  s o lv e r (A N S Y S ) , m e s h  d e f o r m a tio n  s o lv e r 

(A N S Y S ) a n d  flo w  s o lv e r ( S E T - 3 D )  re p e a te d ly  u n til th e  d if f e r e n c e  b e tw e e n  ro o t 

m e a n  s q u a r e  o f  d is p la c e m e n ts  o f  s tr u c tu r a l n o d e s  b e tw e e n  tw o  a e r o e la s tic  ite ra tio n s  

fa lls  b e lo w  a  s p e c ifie d  to le r a n c e .  T h e  P E R L  s c r ip t u s e d  in  c a lc u la tio n s  is  g iv e n  in  

A p p e n d ix  B .  



 5 1  

T h e  P E R L  s c r ip t c a lls  tw o  A N S Y S  in p u t f ile s  w r itte n  in  A P D L . T h e  f ir s t o n e  is  a n  

in p u t f ile  c a lle d  s e t3 d _ a n s y s _ s tr .tx t, w h ic h  in c lu d e s  a ll n e c e s s a r y  c o m m a n d s  to  

p e r f o rm  a  lin e a r  s ta tic  f in ite  e le m e n t a n a ly s is  o f th e  s tru c tu re . T h e  s e c o n d  in p u t f ile  

is  c a lle d ; a n s y s _ s tr_ s e t3 d .tx t, w h ic h  in c lu d e s  a ll n e c e s s a r y  c o m m a n d s  to  p e rf o r m  

m e s h  d e fo r m a tio n  a n a ly s is . T h e  tw o  in p u t f ile s  a r e  g iv e n  in  A p p e n d ix  C  a n d  D . 
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C H A P T ER  3  

 

T ES T  C A S E I  –  A G A R D  W I N G  4 4 5 .6  

 

 

3 .1  I N T R O D U C T I O N  

In  th is  c h a p te r  th e  p re s e n t m e th o d  is  a p p lie d  to  s o lv e  s ta tic  a e ro e la s tic  

c h a r a c te r is tic s  o f A G A R D  W in g  4 4 5 .6 , w h ic h  w a s  p r e v io u s ly  te s te d  f o r its  flu tte r 

c h a r a c te r is tic s  in  th e  L a n g le y  T D T  [ 2 1 ] . T h e  w in g  h a s  a  p a n e l a s p e c t ra tio  o f 1 .6 5 , a  

ta p e r r a tio  o f 0 .6 6  a n d  a  q u a r te r -c h o r d  s w e e p  a n g le  o f 4 5 o  a n d  N A C A  6 5 A 0 0 4  

a ir fo il s e c tio n s  in  th e  s tre a m w is e  d ir e c tio n . T h e  w in g  p la n fo r m  is  s h o w n  in  F ig u re  

3 .1 .  

 

 

F ig u r e  3 .1  A G A R D  W in g  4 4 5 .6  P la n f o rm  ( A ll lin e a r  d im e n s io n s  a r e  in  f o o t)  
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A G A R D  W in g  4 4 5 .6  w h ic h  w a s  u s e d  in  a n  e x p e rim e n ta l s tu d y  [ 2 1 ]  w a s  

c o n s tru c te d  b y  la m in a te d  m a h o g a n y , w h ic h  c a n  b e  a s s u m e d  a s  a n  o r th o tr o p ic  

m a te r ia l. T h e  s o lid  w in g  m o d e l is  s h o w n  in  F ig u r e  3 .2 .  

 

 

 

F ig u r e  3 .2  S o lid  A G A R D  W in g  4 4 5 .6  [ 2 1 ]  

 

 

In  o r d e r  to  o b ta in  f lu tte r a t th e  d e s ir e d  M a c h  n u m b e r a n d  d e n s ity  th e  s tiff n e s s  o f th e  

s o lid  m o d e l w a s  re d u c e d  b y  d r illin g  h o le s  th ro u g h  th e  w in g . R ig id  f o a m  p la s tic  w a s  

u s e d  a s  a  f ille r  to  m a in ta in  a e ro d y n a m ic  c o n tin u ity  [ 2 1 ] . T h is  r e d u c e d  s tiff n e s s  

m o d e l w a s  n a m e d  a s  w e a k e n e d  m o d e l a n d  is  s h o w n  in  F ig u re  3 .3 . T h is  m o d e l w ill 

b e  u s e d  in  v a lid a tio n  s tu d ie s  
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F ig u r e  3 .3  W e a k e n e d  A G A R D  W in g  4 4 5 .6  [ 2 1 ]  

 

 

F o r a n  o rth o tr o p ic  m a te r ia l, m a te r ia l p ro p e r tie s  a r e  u n iq u e  a n d  in d e p e n d e n t in  th r e e  

m u tu a lly  p e rp e n d ic u la r  d ir e c tio n s . F o r A G A R D  W in g  4 4 5 .6 , th e s e  d ire c tio n s  a re  

s h o w n  in  F ig u re  3 .1 . T h e  f ib e r  o rie n ta tio n  o f  th e  w o o d  is  ta k e n  a lo n g  th e  w in g s p a n  

a n d  is  d e n o te d  a s  1 . M a te r ia l p ro p e r tie s  f o r la m in a te d  m a h o g a n y  w a s  o b ta in e d  f r o m  

[ 4 3 ]  a n d  g iv e n  in  T a b le  3 .1 .  
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T a b le  3 .1  M e c h a n ic a l P r o p e rtie s  o f  L a m in a te d  M a h o g a n y . 

M a te r ia l P r o p e r ty  V a lu e  ( lb f/ft2 ) 

E 1 1   1 9 2 .9 6  x 1 0 6  

E 2 2  1 2 .6 3  x 1 0 6  

E 3 3  2 1 .1 1  x 1 0 6  

G 1 2  1 3 .0 2  x 1 0 6  

G 1 3  1 6 .5 9  x 1 0 6  

G 2 3  5 .5 3  x 1 0 6  

M a te r ia l P r o p e r ty  V a lu e  

� 1 2  0 .0 3 4  

� 1 3  0 .0 3 3  

� 2 3  0 .3 2 6  

 

 

 

E 1 1 , E 2 2 , a n d  E 3 3  a re  th e  m o d u lu s  o f  e la s tic ity , G 1 2 , G 1 3  a n d  G 2 3  a re  th e  s h e a r 

m o d u lu s  a n d  � 1 2 , � 1 3 , a n d  � 2 3  a r e  th e  P o is s o n ’s  r a tio s . 

T h e  s tiff n e s s  p r o p e r tie s  o f th e  w e a k e n e d  w in g  c a n  b e  a p p ro x im a te d  b y  m u ltip ly in g  

th e  m a te r ia l p ro p e r tie s  g iv e n  in  T a b le  3 .1  w ith  a p p r o p r ia te  s tif fn e s s  re d u c tio n  

fa c to r s  a s  s u g g e s te d  b y  Y a te s  [ 2 1 ] . T h e s e  r e d u c tio n  f a c to rs , w h ic h  a r e  d e d u c e d  f r o m  

[ 2 1 ] , a r e  0 .3 9 7  f o r  e la s tic ity  m o d u lu s  v a lu e s  a n d  0 .5 1 5  fo r  s h e a r m o d u lu s  v a lu e s . 

T h e  w e a k e n e d  m o d e l m a te ria l p r o p e rtie s  a r e  th e n  fo u n d  b y  m u ltip ly in g  th e  v a lu e s  

g iv e n  in  T a b le  3 .1  w ith  m e n tio n e d  r e d u c tio n  f a c to rs , a n d  a r e  g iv e n  in  T a b le  3 .2  
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T a b le  3 .2  M e c h a n ic a l P r o p e r tie s  fo r  th e  W e a k e n e d  A G A R D  W in g  4 4 5 .6   

M a te ria l P ro p e r ty  V a lu e  (lb f /f t2 )  

E 1 1   7 6 .6 7 5  x 1 0 6  

E 2 2  5 .0 1 9 x 1 0 6  

E 3 3  8 .3 8 8  x 1 0 6  

G 1 2  6 .7 1 1 x 1 0 6  

G 1 3  8 .5 5 1 x 1 0 6  

G 2 3  2 .8 5 0 x 1 0 6  

M a te ria l P ro p e r ty  V a lu e  

� 1 2  0 .0 3 4  

� 1 3  0 .0 3 3  

� 2 3  0 .3 2 6  

 
 
 
 
 
 
 
3 .2  A G A R D  W I N G  4 4 5 .6  C F D  A N A L Y S I S  

3 .2 .1  G r id  S e n s it iv it y  S tu d y  

F o r C F D  g r id  s e n s itiv ity  f o u r  u n s tru c tu re d  g r id s  w ith  v a r y in g  s u r fa c e  a n d  v o lu m e  

re s o lu tio n s  a r e  s tu d ie d . C F D  a n a ly s e s  a r e  p e r fo rm e d  f o r M = 0 .8 5  � = 5 o ,           

M = 0 9 6  � = 0 o , a n d  M = 1 .1 4 1  � = 0 o  f lo w  c o n d itio n s . In  th is  p a r t th e  d e ta ils  o f 

c o m p u ta tio n a l g rid s  a n d  th e  r e s u lts  o f  th e  r ig id  w in g  a n a ly s e s  a r e  g iv e n . 

T h e  d im e n s io n s  o f  h a lf  c y lin d e r  s h a p e  s o lu tio n  d o m a in  a re  g iv e n  in  F ig u r e  3 .4 , a n d  

a n  is o m e tric  v ie w  o f th e  c o m p u ta tio n a l d o m a in  is  g iv e n  in  F ig u r e  3 .5 . 
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F ig u r e  3 .4  D im e n s io n s  o f  th e  C o m p u ta tio n a l D o m a in . 

 

 

 

F ig u r e  3 .5  H a lf  C y lin d e r  C o m p u ta tio n a l D o m a in .  
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T h e  s u r f a c e  tr ia n g u la tio n s  f o r  f o u r  d if fe r e n t C F D  c o m p u ta tio n a l g rid s  a r e  g iv e n  in  

F ig u r e  3 .6 , a n d  th e  n u m b e r  o f  b o u n d a r y  f a c e s  a n d  b o u n d a r y  n o d e s  fo r  e a c h  g r id  is  

g iv e n  in  T a b le  3 .3 . U n s tru c tu re d  v o lu m e  g rid s  a r e  s h o w n  in  F ig u r e  3 .7  a n d  th e  

n u m b e r  o f f ie ld  e le m e n ts  a n d  f ie ld  n o d e s  a r e  g iv e n  in  T a b le  3 .4 . 

 

 

 

 

F ig u r e  3 .6  W in g  S u r f a c e  T ria n g u la tio n s  
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T a b le  3 .3  N u m b e r s  o f S u rf a c e  T ria n g le s  a n d  N o d e s  f o r D if f e r e n t C F D  G rid s  

M e s h  N u m b e r o f  S u r f a c e  
T ria n g le s  

N u m b e r  o f N o d e s  

G R ID 1  1 9 4 5 0  9 8 0 5  
G R ID 2  1 4 7 0 6  7 4 0 8  
G R ID 3  9 5 9 6  4 8 3 4  
G R ID 4  8 7 4 6  4 4 1 6  

 

 

 

 

F ig u r e  3 .7  U n s tru c tu re d  V o lu m e  G r id s . 
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T a b le  3 .4  N u m b e r s  o f  F ie ld  E le m e n ts  a n d  N o d e s  fo r  D iff e r e n t C F D  G r id s  

M e s h  N u m b e r o f  F ie ld  
E le m e n ts  

N u m b e r  o f 
B o u n d a r y  N o d e s  

G R ID 1  6 4 5 7 8 4  1 1 9 0 6 6  
G R ID 2  6 1 5 6 2 8  1 0 9 6 9 3  
G R ID 3  3 4 0 5 3 2  6 1 2 7 6  
G R ID 4  1 8 9 7 2 8  3 5 6 5 7  

 

 
 
 
T h e s e  fo u r  d if f e r e n t g r id s  a re  te s te d  in  d iff e re n t f lo w  c o n d itio n s  in  o rd e r  o b ta in  

m in im u m  g r id  s iz e  w h ic h  c a p tu r e s  th e  p h y s ic s  o f  th e  f lo w . G R ID 4  h a s  th e  

m in im u m  n u m b e r  o f  c e lls ; it h a s  n e a r ly  th e  s a m e  n u m b e r  o f  s u r fa c e  tria n g le s  a s  th a t 

o f G R ID 3  b u t h a s  a p p r o x im a te ly  h a lf n u m b e r o f  te tra h e d ra l e le m e n ts . G R ID 1  a n d  

G R ID 2  h a v e  n e a r ly  s a m e  n u m b e r o f  te tr a h e d r a l e le m e n ts  b u t G R ID 1  h a s  fin e r 

s u r f a c e  re s o lu tio n . In  th e  fo llo w in g  s e c tio n s  th e  r e s u lts  o f  th e  r ig id  w in g  C F D  

a n a ly s is  m a d e  w ith  th e s e  f o u r d iff e r e n t g r id s  a r e  g iv e n . 

F lo w  C o n d itio n  1 :  M = 0 .8 5  � = 5 o  
 
F o r M =  0 .8 5  a n d  � = 5 o , flo w  o v e r th e  A G A R D  W in g  4 4 5 .6  is  s o lv e d  u s in g  th e  g r id s  

d e s c r ib e d  a b o v e . T h e  p r e s s u re  d is tr ib u tio n s  o b ta in e d  a r e  s h o w n  in  F ig u re s  3 .8 - 3 .9  a t 

tw o  d if fe r e n t s p a n w is e  lo c a tio n s .  
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C p  D is tr ib u tio n  ( � = 0 .3 4 0 )

-1
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-0 .6
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C
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G R ID 3

G R ID 4

 
 

F ig u r e  3 .8  W in g  C p  D is trib u tio n  a t 3 4  %  S e m is p a n  ( M = 0 .8 5  � = 5 o )  
 
 
 
 
 
 

C p  D is tr ib u tio n  ( � = 0 .6 7 0 )

-1 .4
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F ig u r e  3 .9  W in g  C p  D is trib u tio n  a t 6 7  %  S e m is p a n  ( M = 0 .8 5  � = 5 o )  
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A s  s h o w n  in  F ig u r e  3 .8  a n d  3 .9 , p r e s s u re  d is trib u tio n s  d if fe r  a t th e  le a d in g  e d g e  f o r 

c o a r s e  a n d  f in e  g rid s .  

A t th e  in b o a r d  s e c tio n  ( 
 = 0 .3 4 ) G R ID 4  p r e d ic ts  3 0  %  lo w e r  s u c tio n  p e a k  v a lu e  a s  

c o m p a re d  to  G R ID 2 , s u c tio n  p e a k s  a r e  lo c a te d  a t 3 .4 6 % - 4 .1 0 %  c h o rd  lo c a tio n , 

re s p e c tiv e ly .  

A t th e  o u tb o a rd  s e c tio n  ( 
 = 0 .6 7 ), s u c tio n  p e a k s  p re d ic te d  b y  G R ID 1  a n d  G R ID 2  

d if fe r  a b o u t 8  % , o n  th e  o th e r  h a n d  c o a rs e  m e s h e s  p re d ic t a p p ro x im a te ly  6 0  %  

lo w e r  s u c tio n  p e a k  v a lu e s . S u c tio n  p e a k s  o c c u r a t % 3 .6 - 3 .8  p e r c e n t c h o rd  lo c a tio n  

fo r  f in e  g rid s  w h e r e a s  f o r G R ID 3  a n d  G R ID 4  it o c c u r s  a t 6 .2  % a n d  4 .3  %  c h o rd  

lo c a tio n s , re s p e c tiv e ly .  

P re s s u re  c o e f f ic ie n t c o n to u r s  o v e r th e  w in g  u p p e r a n d  lo w e r s u r f a c e s  a r e  s h o w n  in  

F ig u r e  3 .1 0 . 
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F ig u r e  3 .1 0  P r e s s u re  C o e ff ic ie n t C o n to u r s  o v e r A G A R D  W in g  4 4 5 .6  (M = 0 .8 5  
� = 5 o )  
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F lo w  C o n d itio n  2 :  M = 0 .9 6  � = 0 o  

 
T h e  p r e s s u r e  d is trib u tio n s  o n  th e  u p p e r  s u rf a c e  o f  th e  w in g  fo r  th r e e  d if fe r e n t 

s p a n w is e  lo c a tio n s  a r e  s im ila r ly  s h o w n  in  F ig u r e  3 .1 1 -3 .1 3 .  

 
 
 
 
 

C p  D is tr ib u tio n  ( � = 0 .2 6 )
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F ig u r e  3 .1 1  W in g  C p  D is tr ib u tio n  a t 2 6  %  S e m is p a n  ( M = 0 .9 6  � = 0 o )  
 
 
 
 
 
 

A t 
 = 0 .2 6  lo c a tio n  th e  f lo w  s o lv e r  p re d ic ts  th e  m a x im u m  C p  v a lu e  (C p m a x )  o f  0 .2 4 9  

fo r  G R ID 1 , 0 .2 4 7  fo r  G R ID 2 , 0 .1 8 4  f o r G R ID 3  a n d  0 .2 1 4  fo r  G R ID 4  a t th e  le a d in g  

e d g e . F lo w  s o lu tio n  w ith  f in e  g r id s  p r e d ic ts  n e a r ly  s a m e  C p m a x , w h e r e a s  th e  flo w  

s o lu tio n  w ith  G R ID 3  a n d  G R ID 4  p re d ic ts  2 5  %  a n d  1 4  %  lo w e r  C p m a x  v a lu e s , 

re s p e c tiv e ly . 
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F lo w  s o lv e r  p re d ic ts  s u c tio n  p e a k  o f - 0 .1 8 3  a t 5 9 .2  %  c h o r d  f o r G R ID 1  a n d  a  

s u c tio n  p e a k  o f - 0 .1 8 2  a t 5 4 .5  %  c h o r d  f o r G R ID 2 . S u c tio n  p e a k  o f  - 0 .1 8 4  o c c u r s  a t 

5 9 .4  %  c h o rd  f o r G R ID 3  a n d  s u c tio n  p e a k  o f  - 0 .1 6 8  o c c u r s  a t 5 8 .1  %  c h o rd  f o r 

G R ID 4 . F lo w  s o lu tio n  w ith  G R ID 4  p r e d ic ts  7 .7  %  lo w e r s u c tio n  p e a k  v a lu e  w h e n  

c o m p a re d  to  flo w  s o lu tio n  w ith  G R ID 2 . 

P re s s u re  c o e f fic ie n t is  z e r o  a t 3 .1  %  a n d  8 8 .3  %  c h o r d  f o r G R ID 1 , a t 3 .4  %  a n d  8 8 .2  

%  c h o rd  fo r G R ID 2 , a t 4 .8  %  a n d  8 9 .3  %  f o r  G R ID 3  a n d  5 .5 %  a n d  a t 9 0 .8  %  f o r 

G R ID 4 . P r e s s u re  c o e f fic ie n t b e c o m e s  z e r o  a t h ig h e r p e r c e n t c h o r d  v a lu e s  fo r  

G R ID 4 . 

 

 

 
 
 

C p  D is tr ib u tio n  ( � = 0 .5 0 4 )
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F ig u r e  3 .1 2  W in g  C p  D is tr ib u tio n  a t 5 0 .4  %  S e m is p a n  ( M = 0 .9 6  � = 0 o )  
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A t 
 = 0 .5 0 4  lo c a tio n  th e  f lo w  s o lv e r p r e d ic ts  C p m a x  o f  0 .1 9 8  fo r  G R ID 1 , 0 .2 1 3  f o r 

G R ID 2 , 0 .1 4 4  f o r G R ID 3  a n d  0 .1 7 1  fo r  G R ID 4  a t th e  le a d in g  e d g e . F lo w  s o lu tio n  

w ith  f in e  g r id s  p re d ic ts  n e a rly  s a m e  C p m a x , w h e r e a s  f lo w  s o lu tio n  w ith  G R ID 3  a n d  

G R ID 4  p r e d ic ts  3 2  %  a n d  2 0  %  lo w e r  C p m a x  v a lu e s , r e s p e c tiv e ly , w h e n  c o m p a re d  

to  G R ID 2 . 

 

F lo w  s o lv e r  p re d ic ts  s u c tio n  p e a k  o f - 0 .1 5 5  a t 3 7 .2  %  c h o r d  f o r G R ID 1  a n d  a  

s u c tio n  p e a k  o f - 0 .1 5 7  a t 3 7 .9  %  c h o r d  f o r G R ID 2 . S u c tio n  p e a k  o f  - 0 .1 5 7  o c c u r s  a t 

3 8 .1  %  c h o rd  f o r G R ID 3  a n d  s u c tio n  p e a k  o f  - 0 .1 4 2  o c c u r s  a t 4 1  %  c h o rd  f o r 

G R ID 4 . F lo w  s o lu tio n  w ith  G R ID 4  p re d ic ts  1 0  %  lo w e r  s u c tio n  p e a k  v a lu e  w h e n  

c o m p a re d  to  flo w  s o lu tio n  w ith  G R ID 2 . 

 

P re s s u re  c o e f fic ie n t is  z e r o  a t 3 .1  %  a n d  8 8 .3  %  c h o r d  f o r G R ID 1 , a t 3 .4  %  a n d  8 8 .2  

%  c h o rd  fo r G R ID 2 , a t 4 .8  %  a n d  8 9 .3  %  f o r  G R ID 3  a n d  5 .5 %  a n d  a t 9 0 .8  %  f o r 

G R ID 4 .  
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C p  D is tr ib u tio n  ( � = 0 .7 5 5 )
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F ig u r e  3 .1 3  W in g  C p  D is tr ib u tio n  a t 7 5 .5  %  S e m is p a n  ( M = 0 .9 6  � = 0 o )  
 
 
 
 
 
 

A t 
 = 0 .7 5 5  lo c a tio n , th e  flo w  s o lv e r  p r e d ic ts  C p m a x  o f  0 .2 2 8  fo r  G R ID 1 , 0 .2 2 2  f o r 

G R ID 2 , 0 .1 6 4  f o r G R ID 3  a n d  0 .1 3 5  fo r  G R ID 4  a t th e  le a d in g  e d g e . F lo w  s o lu tio n  

w ith  fin e  g r id s  p r e d ic ts  n e a rly  s a m e  C p m a x , w h e r e a s  f lo w  s o lu tio n  w ith  G r id  3  a n d  

G r id  4  p r e d ic ts  2 6  %  a n d  4 0  %  lo w e r  C p m a x  v a lu e s , re s p e c tiv e ly , w h e n  c o m p a re d  to  

G R ID 2 . 

T h e  s o lu tio n  p r e d ic ts  a  s u c tio n  p e a k  o f  - 0 .1 3 2  a t 5 3 .7  %  c h o r d  f o r G R ID 1  a n d  a  

s u c tio n  p e a k  o f  - 0 .1 3 2  a t 5 3 .1  %  c h o r d  f o r G R ID 2 . A  s u c tio n  p e a k  o f  -0 .1 3 2  o c c u rs  

a t 5 2 .7  %  c h o rd  f o r  G R ID 3  a n d  a  s u c tio n  p e a k  o f  -0 .1 3 2  o c c u r s  a t 5 7 .1  %  c h o rd  fo r 

G R ID 4 . F lo w  s o lv e r  p r e d ic ts  s a m e  s u c tio n  p e a k  v a lu e s  f o r e a c h  o f th e  g r id s , b u t th e  

s u c tio n  p e a k  o c c u rs  a t a  h ig h e r p e r c e n t c h o r d  lo c a tio n  fo r  G R ID 4 . 
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P re s s u re  c o e ff ic ie n t is  z e r o  a t 2 .5  %  a n d  8 4  %  c h o r d  fo r  G R ID 1  a n d  G R I D 2 , a t 2 .9  

%  a n d  8 3 .5  %  fo r  G R ID 3  a n d  a t 5 .4 %  a n d  8 6  %  f o r  G R ID 4 .  

 

P re s s u re  c o e f fic ie n t a n d  M a c h  c o n to u r s  o v e r A G A R D  W in g  4 4 5 .6  a re  g iv e n  in  

F ig u r e  3 .1 4  a n d  3 .1 5 , re s p e c tiv e ly . 

 

 

 

 

 
 

F ig u r e  3 .1 4  P r e s s u re  C o e ff ic ie n t C o n to u r s  o v e r A G A R D  W in g  4 4 5 .6  (M = 0 .9 6  
� = 0 o )  
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F ig u r e  3 .1 4  g iv e s  e n tir e  C p  d is trib u tio n  f o r f o u r  d if fe r e n t g r id s . A  la r g e  r e g io n  o f  

n e g a tiv e  C p  o c c u r s  o v e r  th e  w in g  f o r e a c h  o f  th e  g r id s . C p  v a lu e s  o f g r e a te r  th a n  

0 .1 5  o c c u rs  a t th e  e n tir e  le a d in g  e d g e  fo r  G R ID 1  a n d  G R ID 2  b u t C p  v a lu e s  le s s  

th a n  0 .1 5  p r e s e n t fo r  G R ID 3  a n d  G R ID 4  to w a rd s  th e  tip  o f th e  w in g .  

 

 

 

 

 
 
 

F ig u r e  3 .1 5  M a c h  C o n to u rs  o v e r  A G A R D  W IN G  4 4 5 .6  ( M = 0 .9 6  � = 0 o )  
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A  la r g e  re g io n  o f  M = 1  f lo w  is  fo r m e d  o v e r th e  w in g  s u r fa c e  f o r  e a c h  o f  th e  g r id s , 

b u t th is  h ig h  re g io n  o f s u p e r s o n ic  flo w  d o e s  n o t te r m in a te  w ith  a  s h o c k . 

 
 
F lo w  C o n d itio n  3 :  M = 1 .1 1 4  � = 0 o  

T h e  p r e s s u r e  d is trib u tio n s  o n  th e  u p p e r  s u rf a c e  o f  th e  w in g  fo r  th r e e  d if fe r e n t 

s p a n w is e  lo c a tio n s  a r e  s im ila r ly  s h o w n  in  F ig u r e s  3 .1 6 - 3 .1 8 . 

 

 

 

C p   D is tr ib u tio n   ( � = 0 .2 6 0 )
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F ig u r e  3 .1 6  W in g  C p  D is tr ib u tio n  a t 2 6  %  S e m is p a n  ( M = 1 .1 4 1  � = 0 o )  
 
 
 
 
 

 
A t 
 = 0 .2 6  lo c a tio n , th e  flo w  s o lv e r p re d ic ts  C p m a x  o f 0 .3 1 7  fo r  G R ID 1 , 0 .3 1 8  f o r 

G R ID 2 , 0 .2 5 5  f o r G R ID 3  a n d  0 .2 7 8  fo r  G R ID 4  a t th e  le a d in g  e d g e . F lo w  s o lu tio n  
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w ith  fin e  g r id s  p r e d ic ts  n e a rly  s a m e  C p m a x , w h e r e a s  f lo w  s o lu tio n  w ith  G r id  3  a n d  

G r id  4  p r e d ic ts  2 0  %  a n d  1 2 .5  %  lo w e r  C p m a x  v a lu e s , re s p e c tiv e ly , w h e n  c o m p a re d  

to  G R ID 2 . 

 

F lo w  s o lv e r  p r e d ic ts  a  s u c tio n  p e a k  o f  -0 .1 2 9  a t 7 6 .9  %  c h o r d  fo r  G R ID 1  a n d  a  

s u c tio n  p e a k  o f - 0 .1 2 9  a t 7 3 .6  %  c h o r d  f o r G R ID 2 . S u c tio n  p e a k  o f  - 0 .1 2 7  o c c u r s  a t 

7 2 .4  %  c h o rd  f o r G R ID 3  a n d  a  s u c tio n  p e a k  o f - 0 .1 2 8  o c c u r s  a t 7 2 .6  %  c h o r d  fo r  

G R ID 4 . F lo w  s o lv e r  p r e d ic ts  s a m e  s u c tio n  p e a k  v a lu e s  f o r  th e  fin e  g r id s  a n d  

s lig h tly  lo w e r  v a lu e s  f o r c o a r s e  g rid s . 

 

P re s s u re  c o e f f ic ie n t is  z e r o  a t 1 5  %  a n d  9 6  %  c h o r d  f o r  G R ID 1  a n d  G R ID 2 , a t 1 2 .8  

%  a n d  9 7  %  fo r  G R ID 3  a n d  a t 1 3 .7 %  a n d  9 6 .6  %  f o r  G R ID 4 .  

 

 

 

 

C p  D is tr ib u tio n  ( � = 0 .5 0 4 )
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F ig u r e  3 .1 7  W in g  C p  D is tr ib u tio n  a t 5 0 .4  %  S e m is p a n  ( M = 1 .1 4 1  � = 0 o )  
 



 7 2  

A t 
 = 0 .5 0 4  lo c a tio n , th e  flo w  s o lv e r  p r e d ic ts  C p m a x  o f  0 .2 8 7  fo r  G R ID 1 , 0 .2 9 3  f o r 

G R ID 2 , 0 .2 3 0  f o r G R ID 3  a n d  0 .2 4 7  fo r  G R ID 4  a t th e  le a d in g  e d g e . F lo w  s o lu tio n  

w ith  fin e  g r id s  p r e d ic ts  n e a rly  s a m e  C p m a x , w h e r e a s  f lo w  s o lu tio n  w ith  G r id  3  a n d  

G r id  4  p r e d ic ts  2 1 .5  %  a n d  1 6  %  lo w e r  C p m a x  v a lu e s , re s p e c tiv e ly , w h e n  c o m p a re d  

to  G R ID 2 . 

 

F lo w  s o lv e r  p r e d ic ts  a  s u c tio n  p e a k  o f  -0 .1 6 6  a t 6 7 .4  %  c h o r d  fo r  G R ID 1  a n d  a  

s u c tio n  p e a k  o f - 0 .1 6 4  a t 6 7 .7  %  c h o r d  f o r G R ID 2 . S u c tio n  p e a k  o f  - 0 .1 6 2  o c c u r s  a t 

6 6 .1  %  c h o rd  f o r G R ID 3  a n d  s u c tio n  p e a k  o f  - 0 .1 6 0  o c c u r s  a t 6 2 .9  %  c h o rd  f o r 

G R ID 4 . F lo w  s o lv e r  p r e d ic ts  n e a rly  s a m e  s u c tio n  p e a k  v a lu e s  fo r  th e  fin e  g r id s  a n d  

s lig h tly  lo w e r  v a lu e s  f o r c o a r s e  g rid s . 

 

P re s s u re  c o e f fic ie n t is  z e ro  a t 5  %  a n d  9 2 .4  %  c h o r d  fo r  G R ID 1 , a t 5 .8  %  a n d  9 2 .7  

%  c h o rd  f o r G R ID 2 , a t 5 .9 %  a n d  9 3  %  f o r  G R ID 3  a n d  a t 6 .8 %  a n d  9 4  %  f o r 

G R ID 4 .  
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C p  D is tr ib u tio n  ( � = 0 .7 5 5 )
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F ig u r e  3 .1 8  W in g  C p  D is tr ib u tio n  a t % 7 5 .5  S e m is p a n  ( M = 1 .1 4 1  � = 0 o )  
 
 
 
 
 

 
A t 
 = 0 .7 5 5  lo c a tio n , th e  flo w  s o lv e r  p r e d ic ts  C p m a x  o f  0 .3 0 3  fo r  G R ID 1 , 0 .2 9 6  f o r 

G R ID 2 , 0 .2 3 4  f o r G R ID 3  a n d  0 .1 9 4  fo r  G R ID 4  a t th e  le a d in g  e d g e . F lo w  s o lu tio n  

w ith  fin e  g r id s  p r e d ic ts  n e a rly  s a m e  C p m a x , w h e r e a s  f lo w  s o lu tio n  w ith  G r id  3  a n d  

G r id  4  p r e d ic ts  2 3  %  a n d  3 6  %  lo w e r  C p m a x  v a lu e s , re s p e c tiv e ly , w h e n  c o m p a re d  to  

G R ID 2 . 

F lo w  s o lv e r  p re d ic ts  s u c tio n  p e a k  o f - 0 .2 0 1  a t 5 7 .5  %  c h o r d  f o r G R ID 1  a n d  a  

s u c tio n  p e a k  o f - 0 .1 9 6  a t 5 8  %  c h o r d  f o r  G R ID 2 . S u c tio n  p e a k  o f  - 0 .1 9 6  o c c u r s  a t 

5 8  %  c h o rd  f o r G R ID 3  a n d  s u c tio n  p e a k  o f  -0 .1 8 9  o c c u r s  a t 5 9 .5  %  c h o rd  f o r 

G R ID 4 . P re s s u r e  c o e ff ic ie n t is  z e r o  a t 3 .5  %  a n d  9 4 .1  %  c h o rd  fo r  G R ID 1 , a t 3 .3  %  

a n d  9 3  %  c h o r d  fo r  G R ID 2 , a t 4 .7 %  a n d  9 3  %  fo r  G R ID 3  a n d  a t 7  %  a n d  9 5  %  f o r 

G R ID 4 . 
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P re s s u re  c o e f fic ie n t a n d  M a c h  c o n to u r s  o v e r A G A R D  W in g  4 4 5 .6  a re  g iv e n  in  

F ig u r e s  3 .1 9  a n d  3 .2 0 , r e s p e c tiv e ly . 

 

  

 

 

 
 

 F ig u r e  3 .1 9  P r e s s u r e  C o e f fic ie n t C o n to u rs  o v e r  A G A R D  W in g  4 4 5 .6  
( M = 1 .1 4 1  � = 0 o )  
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F ig u r e  3 .1 9  g iv e s  e n tir e  C p  d is trib u tio n  f o r f o u r  d if fe r e n t g r id s . A  la r g e  r e g io n  o f  

n e g a tiv e  C p  o c c u r s  o v e r th e  w in g  fo r  e a c h  o f th e  g r id s . 

 

 

 

 

 
 

F ig u r e  3 .2 0  M a c h  C o n to u rs  o v e r  A G A R D  W in g  4 4 5 .6  ( M = 1 .1 4 1  � = 0 o )  
 
 
 

 
 
 
A  la r g e  r e g io n  o f  M > 1  flo w  is  fo r m e d  o v e r  th e  w in g  s u r f a c e  f o r e a c h  o f  th e  g r id s . 
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G r id  s e n s itiv ity  a n a ly s is  r e v e a ls  th a t th e  flo w  s o lu tio n  w ith  G R ID 4 , w h ic h  is  th e  

c o a r s e s t g r id , a p p e a rs  to  b e  a  g rid  d e p e n d e n t s o lu tio n  fo r  th r e e  flo w  c o n d itio n s . 

F lo w  s o lu tio n  w ith  G R ID 3  g iv e s  s im ila r  r e s u lts  w ith  th o s e  o f  G R ID 1  a n d  G R ID 2  in  

s o m e  c a s e s , b u t f o r M = 0 .8 5  � = 5 o  f lo w  c o n d itio n  it b e h a v e s  lik e  f lo w  s o lu tio n  w ith  

G R ID 4 . A m o n g  G R ID 1  a n d  G R ID 2 , G R ID 2  is  s e le c te d  f o r  fu r th e r s tu d ie s , s in c e  it 

c o n ta in s  f e w e r  e le m e n ts  w h e n  c o m p a r e d  to  G R ID 1 . In  th e  n e x t s e c tio n  th e  

c o m p u te d  f lo w  f ie ld s  o b ta in e d  w ith  G R ID 2  is  c o m p a r e d  a g a in s t n u m e r ic a l w o r k  b y  

L e e - R a u s c h  [ 2 2 ]  a n d  C a i [ 2 5 ]  

 
3 .2 .2  C F D  A n a ly s is  –  C o m p a r is o n  o f  R e s u lt s  

F lo w  C o n d itio n  1 :  M = 0 .8 5  � = 5 o  

In  th e s e  s e c tio n  p r e s s u r e  d is tr ib u tio n s  o v e r  th e  w in g  is  c o m p a r e d  w ith  th a t o f C a i 

[ 2 5 ]  a t tw o  d if fe r e n t s p a n w is e  lo c a tio n s . T h is  f lo w  c o n d itio n  is  ta k e n  fo r  

c o m p a ris o n , s in c e  C a i [ 2 5 ] s o lv e d  s ta tic  a e r o e la s tic  c h a r a c te ris tic s  o f  A G A R D  

W in g  4 4 5 .6  a t th is  flo w  c o n d itio n . P re s s u re  d is trib u tio n s  a r e  g iv e n  in  F ig u re  3 .2 1 -

3 .2 2 . 
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C p  D is tr ib u tio n  ( � = 0 .3 4 0 )
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F ig u r e  3 .2 1  C o m p a ris o n  o f C p  D is tr ib u tio n  a t 3 4  %  S e m is p a n  ( M = 0 .8 5 ,� = 5 o ) 

 

 

 

C p  D is tr ib u tio n  ( � = 0 .6 7 0 )
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F ig u r e  3 .2 2  C o m p a r is o n  o f  C p  D is trib u tio n  a t 6 7  %  S e m is p a n  ( M = 0 .8 5 , � = 5 o )  
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R e s u lts  a g r e e  w e ll to  th o s e  o f  C a i [ 2 5 ]  a t th e  in b o a r d  s e c tio n  ( 
 = 0 .3 4 ) e x c e p t f o r 

s u c tio n  p e a k  a t le a d in g  e d g e  o n  th e  u p p e r s u r f a c e  o f  w in g . C a i [ 2 5 ]  p r e d ic ts  a  

s u c tio n  p e a k  o f – 1 .4 2  a t 1 .3 %  lo c a l c h o rd ; h o w e v e r  th e  p r e s e n t s tu d y  g iv e s  a  

s u c tio n  p e a k  – 0 .7 8 9  a t 4  %  lo c a l c h o rd . 

 

A t th e  o u tb o a rd  s e c tio n  ( 
 = 0 .6 7 ), C a i [ 2 5 ]  p re d ic ts  h ig h e r C p  v a lu e s  s ta r tin g  f r o m  

1 0  %  lo c a l c h o rd  u p  to  4 0  %  lo c a l c h o rd . T h is  b e h a v io r is  a ttr ib u te d  to  a n  in v is c id  

s e p a r a tio n  b u b b le  n e a r th e  tip  o f  th e  w in g , w h ic h  is  p r e d ic te d  b y  th e  E u le r  c o d e  

[ 2 5 ] . H o w e v e r , th is  b e h a v io r  w a s  n o t o b s e r v e d  in  th e  N a v ie r- S to k e s  s o lu tio n  o f  C a i 

[ 2 5 ]  a n d  is  in  m o r e  a g r e e m e n t w ith  th e  p r e s e n t re s u lts  a t th e  o u tb o a r d  s e c tio n  a s  

s e e n  in  F ig u r e  3 .2 2 . In  a d d itio n  C a i [ 2 5 ]  p re d ic ts  a  s u c tio n  p e a k  o f – 1 .3 8  a t 1  %  

lo c a l c h o rd , w h ic h  is  s lig h tly  d if f e r e n t f ro m  p re s e n t s tu d y  p r e d ic tio n  w h ic h  s h o w s  a  

s u c tio n  p e a k  o f  – 1 .3 0  a t 3 .6  %  lo c a l c h o r d . 

T h e  d if fe r e n c e  in  th e  flo w  s o lu tio n  a t le a d in g  e d g e  m a y  b e  a ttrib u te d  to  th e  lo w  

re s o lu tio n  o f  th e  le a d in g  e d g e  ra d iu s  in  th e  p r e s e n t s tu d y . T h e  le a d in g  e d g e  r a d iu s  

o f A G A R D  W in g  4 4 5 .6  is  m o d e le d  b u t c a n n o t b e  m e s h e d , s in c e  th e  le a d in g  e d g e  

ra d iu s  is  v e r y  s m a ll c o m p a re d  to  o th e r  d im e n s io n s  o f th e  w in g . It s h o u ld  b e  n o te d  

th a t C a i [ 2 5 ]  u s e s  a n  O - T y p e  s tr u c tu r e d  g r id  w h ic h  p r o v id e s  m u c h  b e tte r r e s o lu tio n  

a t th e  le a d in g  e d g e  A n o th e r c o n trib u te  to  th e  d is c r e p a n c y  m a y  a ls o  th e  d if fe r e n c e  

b e tw e e n  th e  flo w  s o lv e r s . 

F lo w  C o n d itio n  2 :  M = 1 .1 1 4  � = 0 o  

In  th is  s e c tio n  p r e s s u r e  d is tr ib u tio n s  o v e r u p p e r  s u rf a c e  o f  th e  w in g  fo r  is  c o m p a re d  

w ith  th a t o f  L e e -R a u s c h  [ 2 2 ]  a t th re e  d iff e re n t s p a n w is e  lo c a tio n s . P re s s u re  

d is trib u tio n s  a re  g iv e n  in  F ig u re s  3 .2 3 -3 .2 5 . 
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C p   D is tr ib u tio n   ( � = 0 .2 6 0 )
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F ig u r e  3 .2 3  C o m p a r is o n  o f  C p  D is trib u tio n  a t 2 6  %  S e m is p a n  ( M = 1 .1 4 1 , � = 0 o )  

 
 
 

 

 

C p  D is tr ib u tio n  ( � = 0 .5 0 4 )

-0 .2

-0 .1

0

0 .1

0 .2

0 .3

0 .4

0 0 .1 0 .2 0 .3 0 .4 0 .5 0 .6 0 .7 0 .8 0 .9 1

C h o r d

C
p P re s e n t S tu d y

L e e -R a u s c h [2 2 ]

 

 

F ig u r e  3 .2 4  C o m p a ris o n  o f  C p  D is tr ib u tio n  a t 5 0 .4  %  S e m is p a n  (M = 1 .1 4 1 , � = 0 o ) 
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C p  D is tr ib u tio n  ( � = 0 .7 5 5 )
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F ig u r e  3 .2 5  C o m p a ris o n  o f  C p  D is tr ib u tio n  a t 7 5 .5  %  S e m is p a n  (M = 1 .1 4 1 , � = 0 o ) 

 
 

 

 

 

A t th is  flo w  c o n d itio n , th e  s o lu tio n  d if fe r s  o n ly  in  le a d in g  a n d  tr a ilin g  e d g e  o f  th e  

w in g . C p  d is tr ib u tio n s  fo llo w  th e  s a m e  p a th  b e tw e e n  1 0 %  a n d  7 0 %  c h o r d  lo c a tio n s . 

Z e ro  p r e s s u re  c o e f f ic ie n t lo c a tio n s  d if fe r  s lig h tly . L e e -R a u s c h  [ 2 2 ]  u s e d  a  

s tr u c tu r e d  C -H  ty p e  o f  g rid  w h ic h  p r o v id e s  m u c h  b e tte r  r e s o lu tio n  a t th e  le a d in g  

a n d  tr a ilin g  e d g e  w h e n  c o m p a re d  to  th e  p r e s e n t s tu d y . 

3 .3  A G A R D  W I N G  4 4 5 .6  M O D A L  A N A L Y S I S  

In  th is  s e c tio n  m o d a l a n a ly s is  o f  th e  A G A R D  W in g  4 4 5 .6  is  c a r r ie d  o u t in  o r d e r to  

v a lid a te  th e  p r e s e n t s tu d y  f in ite  e le m e n t m o d e l o f  th e  w in g  w h ic h  w ill b e  u s e d  in  

s ta tic  c a lc u la tio n s  in  th e  f o llo w in g  s e c tio n s . 

 

S tr u c tu r a l fin ite  e le m e n t m o d e ls  o f th e  w e a k e n e d  w in g  a r e  p r e p a r e d  f o r th e  s o lu tio n  

o f th e  s ta tic  a e r o e la s tic  p r o b le m . A N S Y S  S O L ID 1 8 7  e le m e n t, w h ic h  h a s  b e e n  
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d is c u s s e d  in  th e  p r e v io u s  c h a p te r , is  u s e d  f o r th e  fin ite  e le m e n t d is c re tiz a tio n . F in ite  

e le m e n t m o d e l is  p a r tia lly  f ix e d  a t th e  r o o t s e c tio n . A  g rid  s e n s itiv ity  a n a ly s is  f o r 

th e  flo w  s o lu tio n s  h a s  a lr e a d y  b e e n  p e r fo r m e d  in  s e c tio n  3 .2 . S in c e  a  m a tc h in g  

d is c re te  in te r f a c e  is  e m p lo y e d  a t th e  f lu id /s tru c tu re  in te r f a c e  g r id  s e n s itiv ity  a n a ly s is  

is  n o w  p e r f o r m e d  f o r  th e  s tr u c tu r a l g r id s . In  th e  g r id s  fo r  s tru c tu r a l a n a ly s is  th e  

w in g  s u r fa c e  g rid  d is trib u tio n s  a re  th e  s a m e  w ith  th e  flo w  f ie ld  g r id . F in ite  e le m e n t 

m o d e ls  o f  th e  w in g  f o r  e a c h  C F D  g r id  is  g iv e n  in  F ig u r e  3 .2 6  

 

  

 
 

 

F ig u r e  3 .2 6  F in ite  E le m e n t M o d e ls  o f  A G A R D  W in g  4 4 5 .6  
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T h e  n u m b e r  o f  S O L ID 1 8 7  e le m e n ts  u s e d  in  e a c h  f in ite  e le m e n t m o d e l is  g iv e n  in  

T a b le  3 .5 . 

 

 

T a b le  3 .5  N u m b e r  o f  S O L ID 1 8 7  E le m e n ts  U s e d  in  F in ite  E le m e n t M o d e ls  

F E M  M o d e l N u m b e r o f  S O L ID 1 8 7  
E le m e n ts  

G R ID 1  2 9 8 2 1  
G R ID 2  2 2 8 7 0  
G R ID 3  1 4 6 5 0  
G R ID 4  1 3 0 0 7  

 

 

A ll o f  th e  fin ite  e le m e n t m o d e ls  h a v e  a  v o lu m e  o f 0 .1 5 9  f t3 , th e  m a s s  o f  th e  

w e a k e n e d  w in g  is  o b ta in e d  f ro m  Y a te s  [ 2 1 ]  a s  0 .1 2 7 6 4  s lu g s , a n d  d e n s ity  o f  

m a h o g a n y  is  c a lc u la te d  a s  0 .7 9 9  s lu g /ft3 . 

B y  u s in g  m a te r ia l p r o p e r tie s  g iv e n  in  T a b le  3 .2  a n d  c a lc u la te d  d e n s ity  v a lu e , m o d a l 

a n a ly s is  o f  3 - D  w e a k e n e d  w in g  is  p e r fo r m e d  u s in g  A N S Y S . T h e  f irs t f o u r 

fr e q u e n c ie s  a r e  g iv e n  in  T a b le  3 .6  f o r  th e  f o u r d if f e re n t f in ite  e le m e n t m o d e ls  a lo n g  

w ith  th o s e  c o m p u te d  b y  Y a te s  [ 2 1 ] . P e r c e n t e r ro r  v a lu e s  o f  n a tu r a l f r e q u e n c ie s  fo r  

e a c h  f in ite  e le m e n t m o d e l is  g iv e n  in  T a b le  3 .7  
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T a b le  3 .6  C a lc u la te d  N a tu r a l F r e q u e n c ie s  fo r  W e a k e n e d  A G A R D  W in g  4 4 5 .6   

N a tu ra l F r e q u e n c y  ( H z )  
M o d e  

N u m b e r  
G R ID 1  G R ID 2  G R ID 3  G R ID 4  Y a te s  [ 2 3 ]  

1  9 .8 9 1  9 .9 6 3  1 0 .0 3 2  1 0 .1 1 6  9 .6 0  
2  3 7 .6 4  3 7 .7 0  3 8 .7 9  3 9 .1 7  3 8 .1 0  
3  4 9 .8 6  5 0 .2 9  5 1 .0 4  5 1 .7 2  5 0 .7 0  
4  9 2 .9  9 3 .1 5  9 4 .8 2  9 7 .2 6  9 8 .5 0  

 

 

 

T a b le  3 .7  P e r c e n t E r ro r  V a lu e s  fo r  F in ite  E le m e n t M o d e ls   

N a tu ra l F re q u e n c y  ( H z )  
M o d e  N u m b e r G R ID 1  

%  E rr o r 
G R ID 2  
%  E r r o r 

G R ID 3  
%  E r ro r  

G R ID 4  
%  E r ro r  

1  3 .0 3  3 .7 8  4 .5 0  5 .3 7  
2  1 .2 2  1 .0 5  2 .8 6  3 .8 5  
3  1 .6 8  0 .8 1  1 .4 8  2 .8 2  
4  5 .6 0  5 .4 3  3 .7 3  1 .2 6  

P e r c e n t e r r o rs  in  n a tu ra l f re q u e n c ie s  in c re a s e  w ith  d e c r e a s in g  e le m e n t n u m b e r  f o r 

th e  firs t 3  m o d e s , b u t a  d e c re a s e  in  p e r c e n t e rr o r  v a lu e  f o r th e  4 th  m o d e  s h a p e  is  

o b s e r v e d  w ith  d e c r e a s in g  e le m e n t n u m b e r .  

C o n s id e r in g  th e  p e r c e n t e r ro r  v a lu e s  g iv e n  in  T a b le  3 .7  a n d  th e  g rid  s e n s itiv ity  

s tu d y  g iv e n  e a r lie r in  S e c tio n  3 .2  f o r f lo w  s o lu tio n s , n o w  G R ID 2  m o d e l is  s e le c te d  

fo r  u s e  in  th e  f o llo w in g  a e r o e la s tic  v a lid a tio n  s tu d ie s . 
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In  a d d itio n  to  th e  c a lc u la te d  m o d a l fr e q u e n c ie s , m o d e  s h a p e s  o f th e  s tr u c tu re  a re  

a ls o  c a lc u la te d . T h e  m o d e  s h a p e s , w h ic h  a r e  m a in ly  b a s e d  o n  w in g  o u t- o f- p la n e  

d e f le c tio n  v a lu e s , a r e  c o m p a r e d  to  th o s e  o f K o lo n a y  [ 4 4 ] . R e s u lts  o b ta in e d  fr o m  3 D  

fin ite  e le m e n t a n a ly s is  o f  th e  w in g  a r e  s c a le d  u p  s o  th a t th e  m a x im u m  d e f le c tio n  

v a lu e s  a r e  s a m e  th a t o f  K o lo n a y  [ 4 4 ] , th e n  m in im u m  d e fle c tio n  v a lu e s  a re  

c o m p a re d  in  T a b le  3 .8 .  

 

 

T a b le  3 .8  C o m p a r is o n  o f  M in im u m  D e f le c tio n  V a lu e s  

M o d e   P r e s e n t S tu d y  
M in  

K o lo n a y [ 4 4 ]  
M in  

1  -0 .0 0 3 5 4  - 0 .0 8 5 5 1  
2  -2 6 .0 9 9  - 2 5 .0 9  
3  -2 8 .5 0 2  - 2 7 .1 7  
4  -2 4 .3 5 2  - 2 2 .6 2  

 

 

 

T h e  w in g  m o d e  s h a p e s  c a lc u la te d  in  th e  p r e s e n t s tu d y  a re  c o m p a r e d  w ith  th o s e  o f 

K o lo n a y  in  F ig u r e s  3 .2 7 -3 .3 0 . O u t o f p la n e  d e fle c tio n  v a lu e s  o f  th e  p r e s e n t s tu d y  

m o d e l is  s c a le d  u p  s o  th a t m a x im u m  d e f le c tio n  v a lu e s  a r e  s a m e  w ith  th a t o f 

K o lo n a y  [ 4 4 ] . T h e re  is  a n  1 8 0 o  s h ift in  th e  s e c o n d  m o d e  s h a p e , w h ic h  is  d u e  to  th e  

d if fe r e n c e  o f  s o lv e r s . T h e  r e s u lts  o f th e  m o d a l a n a ly s is  a r e  in  a d m is s ib le  le v e ls  a n d  

th e  p r e s e n t s tu d y  fin ite  e le m e n t m o d e l c a n  b e  u s e d  in  th e  f u rth e r s ta tic  f in ite  

e le m e n t a n a ly s is . 
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F ig u r e  3 .2 7  M o d e  S h a p e  1   
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F ig u r e  3 .2 8  M o d e  S h a p e  2  
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F ig u r e  3 .2 9  M o d e  S h a p e  3  
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F ig u r e  3 .3 0  M o d e  S h a p e  4  
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3 .4  A G A R D  W I N G  4 4 5 .6  S T A T I C  A ER O EL A S T I C  A N A L Y S I S  

In  th is  s e c tio n  s ta tic  a e r o e la s tic  a n a ly s is  o f  A G A R D  W in g  4 4 5 .6  is  p e r f o rm e d  u s in g  

th e  d e v e lo p e d  c o m p u ta tio n a l a e r o e la s tic  p r o c e d u re . A  c o n v e r g e d  flo w  s o lu tio n  is  

o b ta in e d  a t th e  b e g in n in g  o f th e  s ta tic  a e r o e la s tic  ite r a tio n s  a n d  th is  f lo w  s o lu tio n  

o v e r  th e  r ig id  w in g  is  u s e d  a s  a n  in itia l c o n d itio n  to  th e  a e r o e la s tic  ite ra tio n s . N o d a l 

d is p la c e m e n t v a lu e s  a t th e  w in g  s tr u c tu r a l g r id  p o in ts  a r e  c a lc u la te d  u p o n  

a p p lic a tio n  o f  a e ro d y n a m ic  lo a d s  v ia  th e  fin ite  e le m e n t a n a ly s is  o f  th e  w in g . 

D is p la c e m e n ts  o v e r  th e  w in g  s u r f a c e  a re  r e f le c te d  o n  th e  f lo w  d o m a in  a n d  

a e r o d y n a m ic  lo a d s  o n  th e  d e f o rm e d  w in g  a r e  a g a in  c a lc u la te d  u s in g  th e  flo w  s o lv e r. 

T h is  ite ra tiv e  p r o c e s s  c o n tin u e s  u n til R M S  v a lu e s  o f  n o d a l d is p la c e m e n ts  b e tw e e n  

tw o  c o n s e c u tiv e  a e r o e la s tic  ite r a tio n s  fa lls  b e lo w  a  p re s c r ib e d  to le ra n c e . A  

to le ra n c e  v a lu e  o f  1 0 -7  f t is  u s e d  in  th e  a n a ly s e s  o f A G A R D  W in g  4 4 5 .6 .  

T h e  c o n v e r g e n c e  h is to r y  f o r r ig id  a n d  e la s tic  w in g s  is  s h o w n  in  F ig u re  3 .3 1 . F lo w  

o v e r  th e  r ig id  w in g  is  c o m p u te d  u n til C F D  re s id u a ls  r e d u c e  b e lo w  tw o  o r d e r o f 

m a g n itu d e s , w h ic h  ta k e s  a b o u t 3 0 0 0  tim e  s te p s  w ith  C F L = 3 . O n c e  th e  c o n v e r g e d  

s o lu tio n  is  o b ta in e d , c o m p u ta tio n a l a e r o e la s tic  a n a ly s is  o f  th e  w in g  is  tu r n e d  o n  a n d  

th e  a e ro e la s tic  ite r a tio n s  s ta rt. T h e  lo c a tio n  o f th e  f lo w  d o m a in  n o d a l g rid  p o in ts  is  

u p d a te d  a t e v e r y  1 0 0  C F D  tim e  s te p s  b a s e d  o n  th e  r e s u lts  o f  F E  a n a ly s is . In  F ig u re  

3 .3 1 , th e  s p ik e  a t tim e  s te p = 3 0 0 0  is  d u e  to  th e  s ta r t o f  a e ro e la s tic  ite r a tio n s . R m s  o f 

n o d a l d is p la c e m e n ts  fa lls  b e lo w  th e  to le r a n c e  v a lu e  a fte r 3 2  a e ro e la s tic  ite ra tio n s , 

w h ic h  c o rr e s p o n d s  to  3 2 0 0  C F D  tim e  s te p s .L if t c o e ff ic ie n t o f  r ig id  a n d  e la s tic  

w in g s  a r e  g iv e n  in  F ig u r e  3 .3 2 . 
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F ig u r e  3 .3 1  C o n v e r g e n c e  H is to r y  fo r  R ig id  a n d  E la s tic  W in g s . 
 
 
 
 
 

 

 
 

F ig u r e  3 .3 2  L ift C o e f fic ie n ts  fo r  R ig id  a n d  E la s tic  W in g s . 



 9 1  

 
R ig id  w in g  lift c o e f fic ie n t, e la s tic  w in g  lift c o e f f ic ie n t a n d  p e r c e n t r e d u c tio n  in  lif t 

c o e f fic ie n t d u e  to  th e  w in g  e la s tic ity  p r e d ic te d  in  th e  p r e s e n t s tu d y  a re  g iv e n   

to g e th e r  w ith  th o s e  w e r e  p re d ic te d  b y  C a i [ 2 5 ]  in  T a b le  3 .9  

 
 
 
 
 
 

T a b le  3 .9  C o m p a ris o n  o f R ig id  W in g  a n d  E la s tic  W in g  L ift C o e f fic ie n ts  
 

 R ig id  W in g   
L ift C e f f ic ie n t 

C L R  

E la s tic  W in g   
L ift C e f f ic ie n t  

C L E  

%  R e d u c tio n  

P re s e n t S tu d y  0 .3 2 8  0 .2 8 7  1 2 .5  
C a i [ 2 6 ] E u le r  0 .3 7 0  0 .2 8 8  2 2 .1  

 C a i [ 2 6 ]  N /S  0 .3 3 9  0 .2 8 8  1 5 .0  
 
 
 
 
 
 
E u le r  s o lu tio n  o f  C a i [ 2 5 ]  p re d ic ts  a  h ig h e r v a lu e  o f  r ig id  w in g  lift c o e f f ic ie n t. 

H o w e v e r , N a v ie r /S to k e s  s o lu tio n  o f  C a i [ 2 5 ]  p re d ic ts  a  rig id  w in g  lift c o e f fic ie n t o f  

0 .3 3 9 , w h ic h  is  3 .2  %  h ig h e r  th a n  r ig id  w in g  lift c o e f fic ie n t p r e d ic te d  b y  th e  p re s e n t 

s tu d y . W h e re a s  e la s tic  w in g  lif t c o e f fic ie n t o f  C a i [ 2 5 ]  a re  th e  s a m e  f o r  b o th  E u le r 

a n d  N a v ie r/S to k e s  s o lu tio n s . E la s tic  w in g  c o e f f ic ie n t p re d ic te d  b y  th e  p r e s e n t s tu d y  

is  a b o u t 0 .3  %  s m a lle r  th a n  th e  o n e  p r e d ic te d  b y  C a i [ 2 5 ] . 

 

R ig id  a n d  e la s tic  w in g  C p  d is trib u tio n s  c a lc u la te d  in  th e  p r e s e n t s tu d y  a r e  g iv e n  in  

F ig u r e s  3 .3 3 - 3 .3 4  f o r tw o  d if fe r e n t s p a n w is e  lo c a tio n s . 
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C p  D is tr ib u tio n  a t � = 0 .3 4

-0 .8

-0 .6

-0 .4

-0 .2

0 .0

0 .2

0 .4

0 .0 0 .2 0 .4 0 .6 0 .8 1 .0

C h o r d
C

p

P re s e n t S tu d y -rig id

P re s e n t S tu d y -e la s tic

 

F ig u r e  3 .3 3  E la s tic  a n d  R ig id  W in g  C p  D is tr ib u tio n s  a t 3 4  %  S e m is p a n  

 

 

 

 

C p  D is tr ib u tio n  a t � = 0 .6 7

-1 .4

-1 .2

-1 .0

-0 .8

-0 .6

-0 .4

-0 .2

0 .0

0 .2

0 .4

0 .0 0 .2 0 .4 0 .6 0 .8 1 .0

C h o r d

C
p

P re s e n t S tu d y -rig id

P re s e n t S tu d y -e la s tic

 

F ig u r e  3 .3 4  E la s tic  a n d  R ig id  W in g  C p  D is tr ib u tio n s  a t 6 7  %  S e m is p a n  
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 T h e  s u c tio n  p r e s s u r e s  o n  th e  u p p e r w in g  s u rf a c e  a r e  re d u c e d  in  e la s tic  w in g  c a s e  a s  

s e e n  in  F ig u r e s  3 .3 3 - 3 .3 4 . T h e  lif t is  s im ila r ly  r e d u c e d  b y  a b o u t 1 2 .5 %  w h e n  

c o m p a re d  to  rig id  w in g  c a s e . 

N o n - d im e n s io n a l p r e s s u r e  c o n to u r s  o v e r  e la s tic  a n d  r ig id  w in g s  a r e  g iv e n  in  F ig u r e  

3 .3 5 . 

 

 
 

 
 

F ig u r e  3 .3 5  E la s tic  a n d  R ig id  W in g  N o n -d im e n s io n a l P r e s s u r e  C o n to u rs   
 
 
 

 
E la s tic  w in g  p r e s s u re  d is tr ib u tio n s  a t tw o  d if fe r e n t s p a n w is e  lo c a tio n s  a re  c o m p a re d  

w ith  th e  re s u lts  o f C a i [ 2 5 ]  in  F ig u re s  3 .3 6 - 3 .3 7 .  
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E la s tic  W in g  C p  D is tr ib u tio n  ( � = 0 .3 4 )

-1 .4 0

-1 .2 0

-1 .0 0

-0 .8 0

-0 .6 0

-0 .4 0

-0 .2 0

0 .0 0

0 .2 0
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0 .0 0 0 .2 0 0 .4 0 0 .6 0 0 .8 0 1 .0 0

C h o r d

C
p

P re s e n t S tu d y

C a i[2 6 ]

 

F ig u r e  3 .3 6  C o m p a r is o n  o f  E la s tic  W in g  C p  D is trib u tio n  a t 3 4  %  S e m is p a n  

 

 

 

E la s tic  W in g  C p  D is tr ib u tio n  ( � = 0 .6 7 0 )

-1 .6
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-1 .2
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0 .0 0 .2 0 .4 0 .6 0 .8 1 .0

C h o r d
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p
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C a i [2 6 ]

 

 

F ig u r e  3 .3 7  C o m p a r is o n  o f  E la s tic  W in g  C p  D is trib u tio n  a t 6 7  %  S e m is p a n  
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A t th e  in b o a rd  s e c tio n  o f  th e  w in g  ( = 0 .3 4 )  C a i [ 2 5 ] p r e d ic ts  a  s u c tio n  p e a k  o f  –

1 .2 6  a t 1  %  c h o r d  lo c a tio n  a t th e  u p p e r s u r fa c e  o f  w in g . A t th is  s e c tio n  th e  p re s e n t 

s tu d y  r e s u lts  s h o w  a  s u c tio n  p e a k  o f  – 0 .7  a t 4  %  c h o r d  lo c a tio n . A t th e  o u tb o a rd  

s e c tio n  ( = 0 .6 7 )  C a i [ 2 5 ]  p r e d ic ts  a  s u c tio n  p e a k  o f  – 1 .4 1  a t 1  %  lo c a l c h o r d  a t th e  

u p p e r  s u r f a c e  w in g ; o n  th e  o th e r h a n d , th e  p r e s e n t s tu d y  r e s u lts  p r e d ic t a  s u c tio n  

p e a k  o f  – 1 .1 3  a t 3 .6  %  c h o r d . A s  s h o w n  in  F ig u r e s  3 .3 6 -3 .3 7 , p r e s e n t s tu d y  p re s s u re  

p re d ic tio n s  f o r e la s tic  w in g  a r e  w e ll s u ite d  to  r e s u lts  o f C a i [ 2 5 ]  e x c e p t f o r th e  

le a d in g  e d g e  s e c tio n . 

 

T h e  c o m p a ris o n  o f e q u ilib r iu m  p o s itio n s  f o r r ig id  a n d  e la s tic  w in g s  is  g iv e n  in  

F ig u r e  3 .3 8  

 

 

 

 

 
 

F ig u r e  3 .3 8  In itia l a n d  E q u ilib r iu m  P o s itio n s  o f A G A R D  W in g  4 4 5 .6  
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D e fo r m a tio n  o f A G A R D  W in g  4 4 5 .6  a t th e  le a d in g  a n d  tr a ilin g  e d g e s  a t M = 0 .8 5 , 

= 5 o  a n d  q � = 6 4 .2  lb f /f t2  is  g iv e n  in  F ig u r e s  3 .3 9  a n d  3 .4 0  a lo n g  w ith  th e  r e s u lts  o f  

C a i [ 2 5 ] .  

 

 

 

 

O u t-o f-P la n e  D e fo r m a tio n  o f L e a d in g  E d g e
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F ig u r e  3 .3 9  L e a d in g  E d g e  O u t- o f- P la n e  D e fo r m a tio n  o f A G A R D  W in g  4 4 5 .6  
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O u t-o f-P la n e  D e fo r m a tio n  o f T r a ilin g  E d g e
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P re s e n t S tu d y

 
 

F ig u r e  3 .4 0  T r a ilin g  E d g e  O u t- o f -P la n e  D e f o rm a tio n  o f  A G A R D  W in g  4 4 5 .6  
 
 
 
 
 

 
O u t-o f -p la n e  d e f o r m a tio n s  a t th e   le a d in g  e d g e  o f  th e  w in g  s h o w s  a g r e e m e n t w ith  

th e  r e s u lts  o f  C a i [ 2 5 ]  w ith  a  m a x im u m  p e r c e n t e r r o r o f  1 8  %  a t 4 3 .3  %  p e r c e n t 

s p a n  a s  s h o w n  in  F ig u re  3 .3 9 . H o w e v e r , th is  e rr o r  is  m is le a d in g  b e c a u s e  th e  

a b s o lu te  v a lu e s  a re  s m a ll in  m a g n itu d e . A t th is  lo c a tio n  p r e s e n t s tu d y  p r e d ic ts  a  

d is p la c e m e n t o f 0 .4 9 6  in ., a n d  C a i [ 2 6 ]  p re d ic ts  a  d is p la c e m e n t o f m a g n itu d e  0 .4 1 9  

in ., w h ic h  o n ly  d iff e r b y  0 .0 7 7  in . in  m a g n itu d e . T h is  e r ro r  d e c re a s e s  a n d  e v e n tu a lly  

d im in is h e s  to w a rd  ro o t a n d  tip  o f  th e  w in g . It s h o u ld  b e  n o te d  th a t C a i [ 2 5 ]  u s e s  

m o d a l s tru c tu ra l e q u a tio n s  ra th e r  th a n  a  3 D  f in ite  e le m e n ts  in  o r d e r to  c o m p u te  

d e f o r m a tio n  o f  th e  w in g . In  a d d itio n  C a i [ 2 5 ] r e g a r d e d  th e  flu id  a n d  s tru c tu re  

e q u a tio n s  a s  o n e  s in g le  s y s te m  o f tim e  d e p e n d e n t e q u a tio n s  in  tim e  a n d  s o lv e d  th e m  

b y  tim e  m a r c h in g  m e th o d s  u n til a  s te a d y  s ta te  is  r e a c h e d  w h ic h  m a k e s  th e  s o lu tio n  

m e th o d  fu lly  c o u p le d . 
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O u t-o f -p la n e  d e f o r m a tio n s  a t th e  tr a ilin g  e d g e  o f th e  w in g  s h o w  g o o d  a g r e e m e n t 

w ith  th e  re s u lts  o f C a i [ 2 5 ]  a s  s h o w n  in  F ig u re  3 .4 0 . T h e  m a x im u m  e rr o r o c c u r s  in  

th e  w in g  tip , a n d  is  4 .7  %  fo r  C a i [ 2 5 ]  N a v ie r- S to k e s  s o lu tio n  a n d  8 .3  %  fo r  C a i 

[ 2 5 ]  E u le r s o lu tio n . 

 

A s  w e ll a s  a e ro d y n a m ic  p a ra m e te r s  a n d  s tr u c tu r a l d e f o rm a tio n s , s tr e s s  in f o r m a tio n  

is  a ls o  a v a ila b le  f r o m  th e  fin ite  e le m e n t m o d e l o f th e  w in g . T h is  s tr e s s  in f o r m a tio n  

w o u ld  b e  v a lu a b le  in  s tr e s s  a n a ly s is  o f  a  w in g  u n d e r  th e  a c tio n  o f a e ro d y n a m ic  

lo a d s  a t a  p r e s c r ib e d  f lo w  c o n d itio n  w h e r e  d e s ig n  m a y  b e  o f  in te r e s t. E q u iv a le n t 

V o n - M is s e s  s tre s s  d is trib u tio n  o f  A G A R D  W in g  4 4 5 .6  is  g iv e n  in  F ig u r e  3 .4 1  

 

 

 
 
 

 
 

F ig u r e  3 .4 1  E q u iv a le n t V o n -M is s e s  S tre s s  D is tr ib u tio n  o n  A G A R D  W in g  4 4 5 .6  
(S tr e s s  v a lu e s  a r e  in  lb f/f t2 )  
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T h e  s tr u c tu r a l a n d  g rid  d e f o rm a tio n  c a lc u la tio n s  a re  d o n e  o n  a  s in g le  p ro c e s s o r  w ith  

In te l X e o n  3 .0  p r o c e s s o r  a n d  th e  C F D  c a lc u la tio n s  a re  d o n e  in  a  p a r a lle l c o m p u tin g  

e n v ir o n m e n t w ith  1 6  n o d e s . E a c h  o f  th e  n o d e s  h a s  a n  In te l P e n tiu m  2 .4  p ro c e s s o r . 

O n e  a e r o e la s tic  ite r a tio n  f o r  th e  c a s e  o f A G A R D  W in g  4 4 5 .6  ta k e s  a b o u t 2 0  

m in u te s  a n d  8 0 %  o f  th is  tim e  is  s p e n t f o r g r id  d e f o r m a tio n  c a lc u la tio n s . 
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C H A P T ER  4  

 

T ES T  C A S E I  –  A G A R D  W I N G  4 4 5 .6  

 

 

4 .1  I N T R O D U C T I O N  

In  th is  c h a p te r  th e  p re s e n t m e th o d  is  a p p lie d  to  s o lv e  s ta tic  a e ro e la s tic  

c h a r a c te r is tic s  o f  A R W - 2 . T h e  A R W -2  is  a  la r g e  e la s tic  w in g  w h ic h  h a s  a n  a s p e c t 

ra tio  o f 1 0 .3  w ith  a  le a d in g -e d g e  s w e e p  a n g le  o f  2 8 .8 o  a n d  a  s u p e rc r itic a l a ir fo il. 

T h e  p la n fo r m  g e o m e tr y  o f  th e  w in g  is  g iv e n  in  F ig u r e  4 .1 . S te a d y  p re s s u re  

m e a s u re m e n ts  w e r e  c o n d u c te d  o n  a n  e la s tic  s e m is p a n  w in g  m o d e l a t L a n g le y  T D T  

[ 2 7 , 2 8 , 2 9 , 3 0 , a n d  3 1 ] . 

 

 

F ig u r e  4 .1  A R W -2  W in g  P la n f o r m  ( A ll d im e n s io n s  a r e  in  in c h e s ) 
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4 .2  A R W - 2  W I N D  T U N N EL  M O D EL  D EF I N I T I O N  A N D  S T R U C T U R A L  

P R O P ER T I ES  

4 .2 .1  W in d  T u n n e l M o d e l 

T h e  e la s tic  s e m is p a n  w in d  tu n n e l m o d e l c o n s is te d  o f  r ig h t w in g  p a n e l f r o m  th e  

D A S T  A R W -2  d r o n e  flig h t v e h ic le  a n d  a  rig id  h a lf  b o d y  fu s e la g e . B o th  th e  fu s e la g e  

a n d  th e  w in g  w e r e  m o u n te d  o n  a  r e m o te ly  c o n tr o lle d  tu rn ta b le  m e c h a n is m . T h e  h a lf  

b o d y  f u s e la g e  w a s  u s e d  p r im a rily  to  p la c e  th e  w in g  o u ts id e  th e  w in d  tu n n e l w a ll 

b o u n d a r y  la y e r . 

O r ig in a lly  th e  w in g  c o n to u r  w a s  f o rm e d  fr o m  th r e e  s u p e r c r itic a l a ir f o il s h a p e s  w ith  

d if fe r e n t th ic k n e s s - to -c h o r d  r a tio s . S tr a ig h t-lin e  in te r p o la tio n s  a lo n g  c o n s ta n t 

p e r c e n t c h o r d s  a re  u s e d  to  d e f in e  th e  a re a  b e tw e e n  th e  th re e  a irf o il s h a p e s . T h is  

w in g  c o n to u r w a s  th e  d e s ir e d  s h a p e  f o r a  lo a d e d  w in g  a s s o c ia te d  w ith  le v e l f lig h t 

w ith  a  c ru is e  M a c h  n u m b e r  o f  0 .8  a t a n  a ltitu d e  o f 4 6 8 0 0  f t. H o w e v e r , a n  e la s tic  

w in g  d e f o rm s  to  a  d if f e r e n t s h a p e , k n o w n  a s  th e  jig  s h a p e , if a ll a e ro d y n a m ic  lo a d s  

a n d  v e h ic le  lo a d s  a r e  r e m o v e d  S a n fo r d  [ 4 5 ] . In  th e  p re s e n t s tu d y  th e  jig  s h a p e  

a ir fo il c o o r d in a te s  f o r te n  d iff e re n t s p a n  lo c a tio n s  g iv e n  in  S a n f o rd  [ 4 5 ]  is  u s e d  to  

m o d e l w in g  g e o m e tr y .  

T h e  s e m is p a n  w in g  c o n s is te d  o f  a  c a r r y - th ro u g h  s e c tio n , w h ic h  a tta c h e d  to  th e  

s id e w a ll tu r n ta b le  a n d  a  w in g  p a n e l, w h ic h  a tta c h e d  to  th e  c a r r y -th ro u g h  s e c tio n  

n e a r  th e  e d g e  o f  th e  fu s e la g e  s h e ll. T h e  c a r r y - th ro u g h  s e c tio n  w a s  m a c h in e d  fr o m  a  

4 -in c h -th ic k  b lo c k  o f a lu m in u m  

4 .2 .2  W in g  S tr u c t u r a l P r o p e r t ie s   

T h e  w in g  p r im a r y  s tru c tu r e  c o n s is te d  o f  a  f r o n t s p a r  a t 2 5  %  o f  lo c a l c h o r d  a n d  a  

re a r  s p a r  a t %  6 2  lo c a l c h o r d . R ib s  w e re  p la c e d  p e rp e n d ic u la r  to  r e a r  s p a r  e v e r y  

1 3 .2  in  T h e  s p a rs  a n d  r ib s  w e re  m a c h in e d  f ro m  7 0 7 5 -T 7 3  a lu m in u m  a llo y . T h e  
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w in g  s k in  w a s  m a d e  o f  fib e r g la s s  m a te ria l w ith  h o n e y c o m b  p a n e ls  s a n d w ic h e d  

b e tw e e n  th e  m id d le  tw o  la y e r s . T h e  n u m b e r o f la y e r s  o f  f ib e r g la s s  u s e d  to  m a k e  th e  

s k in  v a r ie d  f ro m  3 6  a t th e  in b o a r d  e n d  to  2 7  a t th e  o u tb o a rd  e n d  [ 2 8 , 4 5 ] . M e a s u re d  

b e n d in g  a n d  to r s io n  s tif f n e s s  d is tr ib u tio n s  o f  th e  w in g  a r e  g iv e n  in  F ig  4 .2  to g e th e r  

w ith  c a lc u la te d  s tif fn e s s  v a lu e s  u s in g  th e  f in ite  e le m e n t m o d e l g iv e n  in  S a n f o rd  

[ 4 5 ] .  

T h e  s tif fn e s s  d a ta  w e r e  c a lc u la te d  f r o m  a n g u la r  d e fle c tio n s  o f  lo a d e d  w in g . T h e  

d e f le c tio n s  w e r e  m e a s u r e d  w ith  a  la s e r  lig h t s o u r c e  a n d  s e t o f  m irr o rs  m o u n te d  o n  

th e  w in g  a lo n g  th e  c e n te rlin e  o f  w in g  b o x  b e a m  ( 4 3 .5  %  c h o r d ). T h e s e  d e f le c tio n  

m e a s u re m e n ts  a ls o  d e m o n s tr a te d  th a t th e  4 3 .5  %  c h o rd  lin e  w a s  th e  a c tu a l e la s tic  

a x is  o f  th e  w in g  [ 4 5 ] . 

 

 

 

F ig u r e  4 .2  C a lc u la te d  a n d  M e a s u r e d  T o rs io n  a n d  B e n d in g  S tiff n e s s  D a ta  [ 4 5 ]  
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4 .3  A R W - 2  F I N I T E EL EM EN T  M O D EL  

T h e  s tr u c tu r a l p r o p e rtie s  o f A R W - 2  w h ic h  a r e  a v a ila b le  in  th e  lite r a tu re  a re  n o t 

a d e q u a te  to  m o d e l th e  w in g  s tr u c tu r e . T h e  s p a r  w e b , c a p  th ic k n e s s e s  a n d  th e  s k in  

th ic k n e s s e s  a r e  n o t p ro v id e d . M o r e o v e r, d e ta ils  o f  th e  c o m p o s ite  m a te r ia l u s e d  f o r 

th e  w in g  s k in  a r e  n o t g iv e n . B u t th e  w in g  to p o lo g y  a n d  th e  d is trib u tio n s  o f  b e n d in g  

a n d  to r s io n a l s tiff n e s s  a lo n g  th e  e la s tic  a x is  a re  g iv e n . U n d e r  th e s e  lim ita tio n s  a  1 - D  

a n d  a  3 - D  w in g  m o d e l w e r e  g e n e r a te d  u s in g  A N S Y S  p r o g r a m . S k in , s p a r  w e b , s p a r 

c a p  a n d  rib  th ic k n e s s e s  in  3 - D  m o d e l a re  a ll d e f in e d  p a r a m e tric a lly  u s in g  A P D L . 

M o d e lin g  is  b a s e d  m a in ly  o n  th e  g iv e n  to r s io n a l a n d  b e n d in g  s tiff n e s s  d is tr ib u tio n  

o f th e  w in g  a n d  th e  lo c a tio n  o f  th e  e la s tic  a x is .  

4 .3 .1  1 -D  F in it e  Ele m e n t  M o d e l o f  t h e  W in g  

A  1 - D  f in ite  e le m e n t m o d e l o f th e  w in g  w a s  c r e a te d  b a s e d  o n  th e  s tif f n e s s  d a ta  

g iv e n  in  F ig u r e  4 .2 . W in g  to rs io n a l a n d  b e n d in g  s tiff n e s s  v a lu e s  a t 8  d if f e re n t s p a n  

lo c a tio n s  o n  th e  e la s tic  a x is  a re  e x tr a c te d  f ro m  F ig u r e  4 .2 . T h e  s tif fn e s s  v a lu e s  a r e  

g iv e n  in  T a b le  4 .1 . 

T a b le  4 .1  B e n d in g  a n d  T o r s io n a l S tif fn e s s  V a lu e s  f o r 1 - D  F in ite  E le m e n t M o d e l 
 

D is ta n c e  a lo n g  

e la s tic  a x is  

m e a s u re d  f ro m  

w in g  ro o t ( d e a ) [ in ]  

1 - D  F in ite  E le m e n t 

M o d e l; E le m e n t 

N u m b e r  

B e n d in g  

S tif fn e s s  (E I)  

[ lb .in ]  

T o rs io n a l 

S tiff n e s s  ( G J )  

[ lb .in ]  

2 7 .6 2  1  1 .0 6 E + 0 8  6 .3 3 E + 0 7  
4 0 .8 4  2  3 .5 9 E + 0 7  2 .3 4 E + 0 7  
5 4 .1 3  3  1 .5 7 E + 0 7  1 .3 5 E + 0 7  
5 9 .7 7  4  1 .3 4 E + 0 7  1 .0 7 E + 0 7  
7 3 .8 7  5  9 .7 2 E + 0 6  6 .5 3 E + 0 6  
8 7 .2 4  6  6 .9 7 E + 0 6  4 .2 2 E + 0 6  
1 0 0 .5 1  7  3 .3 0 E + 0 6  1 .9 0 E + 0 6  
1 1 3 .7 6  8  2 .5 2 E + 0 6  1 .5 4 E + 0 6  
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A t th e  w in g  tip , to r s io n a l a n d  b e n d in g  s tif fn e s s  v a lu e s  a re  ta k e n  th e  s a m e  a s  th e  

s tiff n e s s  v a lu e s  a t d e a = 1 1 3 .7 6  in , w h e re  d e a  is  th e  d is ta n c e  m e a s u re d  a lo n g  th e  

e la s tic  a x is . 

T h e  1 - D  m o d e l c o n s is ts  o f n in e  B E A M 4  e le m e n ts . T h e  b e n d in g  a n d  to rs io n  

s tiff n e s s  o f e a c h  e le m e n t is  g iv e n  in  T a b le  4 .1 . T h e  f ir s t c o lu m n  in  T a b le  4 .1  s h o w s  

th e  r ig h t e n d  o f e a c h  e le m e n t. O n e -d im e n s io n a l m o d e l is  s h o w n  in  F ig . 4 .3 .  

 

 

 

F ig u r e  4 .3  1 -D  W in g  F in ite  E le m e n t M o d e l 

 

 

F in ite  e le m e n t m o d e l is  c la m p e d  a t th e  r o o t s e c tio n  ( x = 0 ) . A  tip  lo a d  o f  1 0 0  lb  in  y  

d ir e c tio n  a n d  a  tip  to r q u e  o f 1 0 0  lb .in  a b o u t th e  x - a x is  a re  a p p lie d  ( F ig  4 .4  a n d  F ig  

4 .5 ) a n d  c o rr e s p o n d in g  tra n s la tio n s  in  y  d ir e c tio n  a n d  ro ta tio n s  a b o u t th e  x - a x is  a re  

o b ta in e d . T h e  c a lc u la te d  d is p la c e m e n t v a lu e s  a r e  g iv e n  in  T a b le  4 .2 . 
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F ig u r e  4 .4  1 - D  F in ite  E le m e n t M o d e l u n d e r  1 0 0  lb  T ip  L o a d  

 

 

 

F ig u r e  4 .5  1 - D  F in ite  E le m e n t M o d e l u n d e r 1 0 0  lb .in  T ip  T o rq u e   

 

 

It is  a s s u m e d  th a t th e  1 - D  m o d e l o f th e  w in g  w ith  th e  a b o v e  m e n tio n e d  s tiff n e s s  

p ro p e r tie s  r e p re s e n t th e  3 -D  w in d  tu n n e l m o d e l o f  A R W - 2 . T h e  w h o le  p u r p o s e  o f  

g e n e r a tin g  a  1 -D  m o d e l is  to  c o m p u te  d is p la c e m e n ts  a n d  a n g le s  o f  tw is t r e s u lt f r o m  

th e  s tif fn e s s  d is trib u tio n s  g iv e n  in  F ig u re  4 .2 . T h e  3 -D  m o d e l d e s c r ib e d  in  th e  n e x t 

s e c tio n  is  c a lib r a te d  u s in g  th e s e  d is p la c e m e n ts  a n d  a n g le s  o f tw is t b e c a u s e  a  d ir e c t 

c a lib r a tio n  o f  a  s tif f e n e d  b o x  b e a m  is  d iff ic u lt u s in g  th e  g iv e n  s tiff n e s s  

d is trib u tio n s . 
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T a b le  4 .2  D e fle c tio n  a n d  A n g le  o f  T w is t V a lu e s  f o r  1 -D  F in ite  E le m e n t M o d e l 

x  [ in ]  D e f le c tio n  ( u y )  [ in ]  A n g le  o f  T w is t ( ro tx ) [ r a d ]  

2 7 .6 2   0 .0 4 1 9  0 .0 0 0 0 4 3  

4 0 .8 4  0 .1 0 3  0 .0 0 0 1  

5 4 .1 3  0 .2 3 2  0 .0 0 0 1 9 8  

5 9 .7 7  0 .3 1 4  0 .0 0 0 2 5 1  

7 3 .8 7  0 .6 0 5  0 .0 0 0 4 6 8  

8 7 .2 4  0 .9 9 1  0 .0 0 0 7 8 2  

1 0 0 .5 1  1 .5 2 3  0 .0 0 1 4 7  

1 1 3 .7 6  2 .2 1 0  0 .0 0 2 3 3  

1 2 6 .2 2  2 .9 3 9  0 .0 0 3 1 4  
 

 

 

4 .3 .2   3 -D  F in it e  Ele m e n t  M o d e l o f  A R W -2   

T h e  g e o m e tr y  o f  th e  A R W - 2  is  m o d e le d  u s in g  A N S Y S , a n d  th e  3 - D  fin ite  e le m e n t 

m o d e l o f th e  w in g  is  c re a te d  u s in g  A P D L . T h e  g e o m e tr y  o f  th e  A R W -2  is  g iv e n  in  

F ig . 4 .6 . 

T h e  w in g  h a s  a  f ro n t s p a r  a t 2 5  %  lo c a l c h o r d  a n d  a  r e a r  s p a r a t 6 2  %  lo c a l c h o r d  f o r 

o u tb o a r d  s p a n w is e  s e c tio n s . T h e re  a r e  th re e  a u x ilia r y  s p a rs  in  th e  in b o a r d  s e c tio n  

w h ic h  a r e  n o t e x te n d e d  to  th e  tip . T h e  w in g  h a s  1 9  r ib s  in c lu d in g  th e  o n e  a t th e  

w in g  tip  a n d  1 6  o f th e m  a re  p e rp e n d ic u la r  to  th e  r e a r s p a r. T h e  lin e  b e tw e e n  f ro n t 

s p a r  a n d  r e a r  s p a r  r e p re s e n ts  th e  e la s tic  a x is  o f  th e  w in g .   

T h e  f in ite  e le m e n t m o d e l o f  th e  w in g , w h ic h  is  g iv e n  in  F ig u r e  4 .7 , c o n s is ts  o f 

1 2 5 9 5  S H E L L 6 3  e le m e n ts  a n d  5 1 6  B E A M 4  e le m e n ts .  
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F ig u r e  4 .6  3 - D  W in g  G e o m e tr y   

 

 

 

F ig u r e  4 .7  3 -D  W in g  F in ite  E le m e n t M o d e l 
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In  o r d e r  to  h a v e  s im ila r d e f o r m a tio n  c h a r a c te r is tic s  w ith  th e  a c tu a l A R W - 2  w in g , 

th e  f in ite  e le m e n t m o d e l h a s  to  s a tis f y  th e  f o llo w in g  c r ite ria : 

• E la s tic  a x is  h a s  to  b e  lo c a te d  a t %  4 3 .5  lo c a l c h o r d   

• A t le a s t th e  d is p la c e m e n t a n d  r o ta tio n  v a lu e s  a t th e  g iv e n  lo c a tio n s  in  T a b le  

4 .2  h a s  to  b e  o b ta in e d  u p o n  th e  a p p lic a tio n  o f  a  tip  lo a d  a t a n d  to rq u e  a b o u t 

th e  e la s tic  a x is  r e s p e c tiv e ly . 

Ch e c k  fo r  L o c a tio n  o f th e  E la s tic  A x is  

T h e  m e th o d  fo r  c h e c k in g  th e  lo c a tio n  o f  th e  e la s tic  a x is  c o m e s  fr o m  th e  d e fin itio n : 

EA C h e c k  1 : If  th e  p o in t o f  a p p lic a tio n  o f a  f o rc e  is  o n  th e  e la s tic  a x is  o f  a  s le n d e r 

s w e p t b e a m  th e n  th is  lo a d  d o e s  n o t p ro d u c e  a n y  to r s io n a l tw is t. 

In  o r d e r  to  p e r fo rm  th is  c h e c k  a  tip  lo a d  in  z - d ir e c tio n  is  a p p lie d  to  th e  3 - D  f in ite  

e le m e n t m o d e l o f th e  w in g  o n  th e  e x p e c te d  e la s tic  a x is . N o d a l d is p la c e m e n t v a lu e s  

in  z  d ire c tio n  a t th e  le a d in g  a n d  tra ilin g  e d g e  o f e ig h t d if f e r e n t s e c tio n s  a n d  th e  e r r o r 

d e f in e d  b y  E q n  (4 .1 )  a r e  o b ta in e d  f r o m  th e  fin ite  e le m e n t a n a ly s is .  

8..1=i1 0 0x
u z

u z f t_u z f t
=c h e c k b

e a

ileite
i             (4 .1 )

    

w h e re   

|u z f tte |i =  A b s o lu te  v a lu e  o f  th e  d is p la c e m e n t in  z  d ire c tio n  a t th e  

tr a ilin g  e d g e  o f  s e c tio n  i u p o n  th e  a p p lic a tio n  o f  a  tip  lo a d  

o f 1 0 0  lb  o n  th e  a s s u m e d  e la s tic  a x is  o f 3 - D  W in g  m o d e l 
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|u z f tle |i =  A b s o lu te  v a lu e  o f  th e  d is p la c e m e n t in  z  d ire c tio n  a t th e  

le a d in g  e d g e  o f s e c tio n  i  u p o n  th e  a p p lic a tio n  o f  a  tip  lo a d  

o f 1 0 0  o n  a t th e  a s s u m e d  e la s tic  a x is  o f 3 - D  W in g  m o d e l 

|u z e a | =  A b s o lu te  v a lu e  o f  th e  d is p la c e m e n t a t th e  a s s u m e d  e la s tic  

a x is . 

C h e c k b i =  R e la tiv e  a n g le  o f  tw is t e r ro r  in  b e n d in g  

 

EA C h e c k  2 : If  a  to r q u e  is  a p p lie d  a b o u t th e  e la s tic  a x is  th e n  th is  to r q u e  d o e s  n o t 

p ro d u c e  a n y  tr a n s la tio n  o n  th e  e la s tic  a x is . 

In  o rd e r  to  p e rf o r m  th is  c h e c k  a  tip  to rq u e  is  a p p lie d  a b o u t th e  e x p e c te d  e la s tic  a x is  

o f 3 - D  w in g  m o d e l. N o d a l d is p la c e m e n t v a lu e s  in  z  d ire c tio n  a t th e  le a d in g  a n d  

tr a ilin g  e d g e  o f e ig h t s p a n  lo c a tio n s  a n d  th e  e rr o r , w h ic h  is  d e f in e d  b y  E q n . ( 4 .2 ), 

a r e  o b ta in e d  fr o m  th e  f in ite  e le m e n t a n a ly s is .  

8..1=i1 0 0x
u z tt+u z tt

u z
=c h e c k t

ileite

e a
i             (4 .2 )  

|u z ttte |i =  A b s o lu te  v a lu e  o f  th e  d is p la c e m e n t in  z  d ir e c tio n  a t th e  

tr a ilin g  e d g e  o f s e c tio n  i u p o n  th e  a p p lic a tio n  o f  a  tip  to r q u e  

o f  1 0 0  lb .in  a b o u t th e  a s s u m e d  e la s tic  a x is  o f 3 - D  W in g  

m o d e l 

|u z ttle |i =  A b s o lu te  v a lu e  o f  th e  d is p la c e m e n t in  z  d ir e c tio n  a t th e  

le a d in g  e d g e  o f s e c tio n  i  u p o n  th e  a p p lic a tio n  o f  a  tip  

to r q u e  o f 1 0 0  lb .in  a b o u t th e  a s s u m e d  e la s tic  a x is  o f 3 -D  

W in g  m o d e l 

|u z e a | =  A b s o lu te  v a lu e  o f th e  d is p la c e m e n t a t th e  a s s u m e d  e la s tic  

a x is . 

C h e c k ti =  R e la tiv e  b e n d in g  d e f le c tio n  e r ro r  in  to r s io n a l lo a d in g  
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Ch e c k  fo r  W in g  M o d e l T o r s io n  a n d  B e n d in g  Ch a r a c te r is tic s  

In  o r d e r to  m a tc h  th e  s tif f n e s s  p r o p e rtie s  o f  th e  f in ite  e le m e n t m o d e l w ith  th e  w in d  

tu n n e l m o d e l, a  tip  lo a d  o f  1 0 0  lb  is  a p p lie d  to  th e  3 - D  f in ite  e le m e n t m o d e l ( F ig  

4 .8 ). T h e  re s u ltin g  d is p la c e m e n ts  a t e ig h t d if fe r e n t s p a n w is e  lo c a tio n s  a r e  c o m p a re d  

w ith  th e  re s u lts  o b ta in e d  fr o m  th e  1 -D  fin ite  e le m e n t m o d e l. S im ila r ly  1 0 0  lb .in  tip  

to r q u e  is  a p p lie d  a lo n g  th e  e la s tic  a x is  a n d  r e s u ltin g  r o ta tio n s  a r e  c o m p a re d  w ith  

th o s e  o f 1 - D  m o d e l. In  b o th  lo a d in g  c o n d itio n s , th e  n o d e s  a t r o o t s e c tio n  b e tw e e n  

fr o n t s p a r  a n d  re a r  s p a r  a r e  c la m p e d . 

B y  c h a n g in g  th e  s k in  th ic k n e s s , s p a r  w e b  a n d  s p a r  c a p  th ic k n e s s  v a lu e s , th e  

tr a n s la tio n  a n d  ro ta tio n  v a lu e s  g iv e n  in  T a b le  4 .2  a re  a p p r o a c h e d . 

 

 

 

 

 

 

 

 

 

F ig u r e  4 .8  3 -D  W in g  M o d e l w ith  1 0 0  lb  L o a d  a t th e  T ip . 
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A  tria l a n d  e rr o r  a p p ro a c h  is  im p le m e n te d  in  o rd e r to  m a tc h  c h a r a c te r is tic s  o f  o u r 

m o d e l w ith  th a t o f  th e  w in d  tu n n e l m o d e l. R e s u lts  a re  g iv e n  in  T a b le s  4 .3 -4 .6 . 

 

 

T a b le  4 .3  C o m p a r is o n  o f  B e n d in g  D e fle c tio n s  o f  1 - D  M o d e l a n d  3 - D  M o d e l. 

S p a n w is e  
s e c tio n  

1 - D  m o d e l 
d is p la c e m e n ts  [ in ]  
 

3 - D  m o d e l e la s tic  a x is  
d is p la c e m e n ts  [ in ]  

P e rc e n t e r r o r 
[ % ]  

1   0 .0 4 1 9  0 .0 4 1 3  1 .4 3 2  
2  0 .1 0 3  0 .1 0 2 9  0 .0 9 7  
3  0 .2 3 2  0 .2 3 3 5  0 .6 4 7  
4  0 .3 1 4  0 .3 1 9 6  1 .7 8 3  
5  0 .6 0 5  0 .6 0 6 5  0 .2 4 8  
6  0 .9 9 1  1 .0 1 3 6  2 .2 8 1  
7  1 .5 2 3  1 .5 4 7 2  1 .5 8 9  
8  2 .2 1 0  2 .1 9 8 8  0 .5 0 7  
 

 

 

T a b le  4 .4  C o m p a r is o n  o f  A n g le  o f T w is t o f  1 -D  M o d e l a n d  3 -D  M o d e l 

S p a n w is e  
s e c tio n  

1 - D  m o d e l 
tw is t[ r a d ]  
 

3 - D   m o d e l tw is t [ ra d ]  P e rc e n t e r r o r 
[ % ]  
 

1  0 .0 0 0 0 4 3  0 .0 0 0 0 2 5  4 1 .8 6  
2  0 .0 0 0 1  0 .0 0 0 0 6 5  3 5 .0 0  
3  0 .0 0 0 1 9 8  0 .0 0 0 1 5 9  1 9 .9 6  
4  0 .0 0 0 2 5 1  0 .0 0 0 1 9 4  2 2 .7 0  
5  0 .0 0 0 4 6 8  0 .0 0 0 3 4 7  2 5 .8 5  
6  0 .0 0 0 7 8 2  0 .0 0 0 5 8 0  2 5 .8 3  
7  0 .0 0 1 4 7  0 .0 0 0 8 7 4  4 0 .5 4  
8  0 .0 0 2 3 3  0 .0 0 1 3 2  4 3 .3 4  
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T a b le  4 .5  R e la tiv e  A n g le  o f  T w is t E rr o r in  B e n d in g   

S p a n w is e  s e c tio n  C h e c k b  [ % ]  
1  2 7 .7  
2  1 3 .7  
3  8 .5  
4  5 .9  
5  3 .0  
6  1 .4  
7  0 .5  
8  0 .0 3  

 

 

 

T a b le  4 .6  R e la tiv e  B e n d in g  D e f le c tio n  E r r o r in  T o r s io n  

S p a n w is e  s e c tio n  C h e c k t [ % ]  
1  2 6 .3  
2  1 0 .8  
3  1 0 .1  
4  9 .5  
5  8 .4  
6  7 .8  
7  6 .8  
8  5 .9  

 

 

 

T h e  b e n d in g  d e fle c tio n s  o f  3 - D  w in g  m o d e l a r e  c lo s e  to  d e f le c tio n s  o f 1 - D  m o d e l. 

T h e  m a x im u m  d is c r e p a n c y  b e tw e e n  tw o  m o d e ls  o c c u rs  a t th e  6 th  s p a n w is e  s e c tio n  

a n d  th e  c o rr e s p o n d in g  p e r c e n t e r ro r  is  2 .2 8  a s  s e e n  in  T a b le  4 .3 . O n  th e  o th e r h a n d  

th e  to r s io n a l d e fo r m a tio n s  o f 3 -D  w in g  m o d e l a r e  s m a ll w h e n  c o m p a r e d  to  1 - D  

m o d e l a n d  a  m a x im u m  p e rc e n t e r ro r  o f  4 3 .8 3  o c c u rs  a t th e  8 th  s p a n w is e  s e c tio n  a s  
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s e e n  in  T a b le  4 .4 . T o r s io n a l r ig id ity  o f th e  3 - D  m o d e l is  h ig h e r  th a n  th e  a c tu a l w in g . 

It c a n  b e  re d u c e d  b y  d e c r e a s in g  th e  th ic k n e s s  o f  th e  s k in  p a n e ls , b u t s k in  p a n e ls  

th e n  d e fo r m  to o  m u c h  u n d e r  th e  a c tio n  o f th e  d is tr ib u te d  p r e s s u r e  fo r c e  o v e r  th e  

s u r f a c e  o f  th e  w in g . 

T h e  tw o  c h e c k s  f o r th e  lo c a tio n  o f  th e  e la s tic  a x is  re v e a l th a t th e  e la s tic  a x is  o f  th e  

p re s e n t s tu d y  m o d e l is  n o t a t th e  d e s ir e d  lo c a tio n  f o r  th e  s e c tio n s  th a t a r e  c lo s e  to  

th e  w in g  r o o t. T h is  e rr o r  in  th e  lo c a tio n  o f  th e  e la s tic  a x is  is  e x p e c te d  s in c e  th e  

a c tu a l b o u n d a r y  c o n d itio n s  a t th e  w in g  ro o t w a s  n o t g iv e n  in  th e  lite r a tu r e , s o  it 

c a n n o t b e  r e f le c te d  to  th e  w in g  m o d e l o f th e  p re s e n t s tu d y . 

4 .4  A R W - 2  C O M P U T A T I O N A L  F L U I D  D Y N A M I C S  M O D EL  

F o r th e  s o lu tio n  o f  th e  f lo w  o v e r A R W -2  m o d e l a n  u n s tr u c tu r e d  v o lu m e  g r id  is  

fo r m e d . T h e  d im e n s io n s  o f s o lu tio n  d o m a in  a re  g iv e n  in  F ig u re  4 .9 . 

T h e  s u r f a c e  m e s h  is  f o r m e d  b y  u s in g  th e  m a p p e d  s u rf a c e  tr ia n g u la tio n  o p tio n  o f 

A N S Y S  p r o g r a m  e x c e p t fo r  f o u r a re a s  n e a r  th e  w in g  b re a k  s e c tio n . T h e  

c o m p u ta tio n a l m e s h  h a s  1 1 2 4 8  b o u n d a r y  f a c e s  a n d  5 6 6 1  b o u n d a r y  n o d e s . W in g  

s u r f a c e  tria n g u la tio n  is  s h o w n  in  F ig u r e  4 .1 0 .  

T h e  v o lu m e  g r id , w h ic h  is  s h o w n  in  F ig u r e  4 .1 1 , c o n ta in s  5 9 3 0 7  f ie ld  n o d e s  a n d  

3 3 0 9 4 1  fie ld  e le m e n ts . 
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F ig u r e  4 .9  D im e n s io n s  o f  th e  C o m p u ta tio n a l D o m a in . 

 
 
 
 
 

 
 

F ig u r e  4 .1 0  W in g  S u r f a c e  T ria n g u la tio n  
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F ig u r e  4 .1 1  U n s tru c tu re d  V o lu m e  G r id . 
 

 

4 .5  A R W - 2  S T A T I C  A ER O EL A S T I C  A N A L Y S I S  

T h e  a e ro e la s tic  s o lu tio n  is  o b ta in e d  s im ila r ly  to  th a t o f  A G A R D  W in g  4 4 5 .6 .T h e  

rm s  o f  w in g  d is p la c e m e n ts  in  z  d ir e c tio n  f a lls  b e lo w  0 .0 0 0 0 1  a f te r  1 2  a e ro e la s tic  

ite r a tio n s , w h ic h  c o rr e s p o n d s  to  1 2 0 0  C F D  tim e  s te p . C o m p u ta tio n s  a re  d o n e  a t 

M � = 0 .8 , q � = 1 0 0  p s f  a n d  = 0 o  f lo w  c o n d itio n . L ift c o e f f ic ie n t f o r r ig id  a n d  e la s tic  

w in g s  is  p lo tte d  a g a in s t C F D  tim e  s te p  in  F ig u r e  4 .1 2 , a n d  c o n v e r g e n c e  h is to r y  fo r  

rig id  a n d  e la s tic  w in g s  is  g iv e n  in  F ig u re  4 .1 3 ; th e  s p ik e  a t 3 0 0 0  ite r a tio n s  is  d u e  to  

th e  s ta r t o f  a e ro e la s tic  ite ra tio n s . 
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F ig u r e  4 .1 2  L ift C o e f fic ie n ts  fo r  R ig id  a n d  E la s tic  W in g s . 
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F ig u r e  4 .1 3  C o n v e r g e n c e  H is to r y  f o r R ig id  a n d  E la s tic  W in g s  
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T h e  n o n - d im e n s io n a l p re s s u r e  c o n to u r s  o v e r  th e  rig id  a n d  e la s tic  w in g s  a r e  g iv e n  in  

F ig u r e s  4 .1 4 - 4 .1 5 . A  c o m p a r is o n  o f  w in d  tu n n e l p r e s s u r e  c o e f fic ie n t d a ta  a t s ix  

d if fe r e n t s p a n  lo c a tio n s  w ith  th a t o f rig id  a n d  e la s tic  w in g s  a r e  g iv e n  in  F ig u r e  4 .1 6 - 

4 .2 1 . 

 

 
 

F ig u r e  4 .1 4  N o n -d im e n s io n a l P re s s u re  C o n to u r s  o v e r  R ig id  W in g   
 

 

 
 

F ig u r e  4 .1 5  N o n -d im e n s io n a l P re s s u re  C o n to u r s  o v e r  E la s tic  W in g  
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F ig u r e  4 .1 6  P r e s s u re  C o e ff ic ie n t D is trib u tio n s  a t 2 3 .4 %  S e m is p a n   
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F ig u r e  4 .1 7  P r e s s u r e  C o e f fic ie n t D is tr ib u tio n s  a t 4 7 .6  %  S e m is p a n   
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F ig u r e  4 .1 8  P r e s s u r e  C o e f fic ie n t D is tr ib u tio n s  a t 5 9 .9  %  S e m is p a n   
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F ig u r e  4 .1 9  P r e s s u r e  C o e f fic ie n t D is tr ib u tio n s  a t 7 0 .7  %  S e m is p a n   
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F ig u r e  4 .2 0  P r e s s u r e  C o e f fic ie n t D is tr ib u tio n s  a t 8 7 .1  %  S e m is p a n   
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F ig u r e  4 .2 1  P r e s s u r e  C o e f fic ie n t D is tr ib u tio n s  a t 9 7 .2  %  S e m is p a n  
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In  th e  p r e s e n t s tu d y , e la s tic  a n d  r ig id  w in g  p r e s s u r e  d is tr ib u tio n s  a r e  n e a rly  th e  

s a m e  a t a ll s p a n w is e  s e c tio n s . T h e  e la s tic  w in g  p re s s u re  d is trib u tio n  is  b e lo w  th e  

rig id  w in g  p r e s s u re  d is tr ib u tio n . T h e  e la s tic  w in g  p r e s s u r e  d is trib u tio n  is  d if fe r e n t 

fr o m  th a t o f  th e  w in d  tu n n e l m o d e l, b u t g e n e r a l tre n d s  o f th e  c u r v e s  a r e  s im ila r. 

T h is  d is c re p a n c y  in  th e  r e s u lts  is  e x p e c te d  b e c a u s e  th e  e f fe c t o f v is c o s ity  is  

n e g le c te d  b y  u s in g  E u le r  E q u a tio n s . A n o th e r in f lu e n c in g  f a c to r is  th a t th e  fu s e la g e  

g e o m e tr y  to  w h ic h  th e  w in g  is  a tta c h e d  is  n o t m o d e le d  in  th e  p re s e n t s tu d y . T h e  

h ig h  to r s io n a l r ig id ity  o f  th e  p re s e n t s tu d y  w in g  m o d e l m a y  a ls o  h a v e  s o m e  m in o r 

e f f e c t o n  th e  p r e s s u r e  d is tr ib u tio n  o v e r th e  e la s tic  w in g . T h r e e  d im e n s io n a l v ie w s  o f 

rig id  a n d  e la s tic  w in g s  a r e  g iv e n  in  F ig u r e s  4 .2 2 - 4 .2 3 . 
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F ig u r e  4 .2 3  In itia l a n d  E q u ilib riu m  P o s itio n s  o f A R W - 2  (V ie w  fr o m  T r a ilin g  E d g e )   
 
 
 
 

T h e  f r o n t a n d  re a r  s p a r  s h a p e s  o f  w in d - o f f ( w .o .) A R W - 2  a n d  th e  s a m e  s h a p e s  a t 

M � =  0 .8 , q � = 1 0 0  p s f  a n d  = 0 o  a r e  g iv e n  b y  B y r d s o n g  [ 3 0 ] . T h e  d iff e re n c e  b e tw e e n  

th e  tw o  r e p re s e n ts  th e  e f fe c t o f th e  f lo w . T h e  c o m p a ris o n  o f re a r  a n d  f ro n t s p a r 

s h a p e s  o f th e  p r e s e n t s tu d y  e la s tic  w in g  w ith  th o s e  o f A R W - 2  a r e  g iv e n  in  F ig u r e  

4 .2 4  a n d  F ig u r e  4 .2 5 . T h e  w in d - o f f s h a p e s  o f  th e  p r e s e n t s tu d y  a r e  th e  s a m e  a s  

th o s e  o f B y rd s o n g  [ 3 0 ] . 
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F ig u r e  4 .2 5  C o m p a ris o n  o f  R e a r S p a r  S h a p e s  M = 0 .8  q � = 1 0 0  p s f  =  0 o   
 
 
 

 

 

T h e  f r o n t s p a r  a n d  r e a r  s p a r  s h a p e s  p r e d ic te d  in  th e  p r e d ic te d  s tu d y  c a p tu re s  th e  

g e n e r a l tr e n d  in  th a t th e  r e a r  s p a r is  d e f le c te d  m o r e  th a n  th e  fr o n t s p a r . T h e  s h a p e  o f 

th e  f r o n t s p a r  s h o w s  g o o d  a g r e e m e n t w ith  th a t o f  B y r d s o n g  [ 3 0 ]  b e tw e e n  y = 3 8  in . 

a n d  y = 5 5  in . b u t th e  f ro n t s p a r s h a p e s  is  d iff e re n t a f te r  y = 5 5  in . a n d  th e  d is c re p a n c y  

in c r e a s e s  to w a rd  th e  tip  o f th e  w in g . A  p e r c e n t e rr o r  o f 1 1  %  o c c u rs  a t y = 1 0 7  in . 

S im ila r ly  th e  s h a p e  o f  th e  re a r  s p a r s h o w s  g o o d  a g r e e m e n t w ith  th a t o f  B y rd s o n g  

[ 3 0 ]  b e tw e e n  y = 3 5  in . a n d  y = 5 9  in . b u t d if fe r e n c e  in  r e a r  s p a r  s h a p e s  in c re a s e s  

to w a r d s  th e  tip  o f  th e  w in g  a n d  a  p e r c e n t e r ro r  o f  1 0  %  o c c u r s  a t y = 1 0 4  in . T h is  

e r r o r is  a c c e p ta b le  a n d  s h o w s  th a t th e  d is c r e p a n c y  in  th e  to rs io n a l r ig id ity  b e tw e e n  

o u r m o d e l a n d  th e  w in d  tu n n e l m o d e l (T a b le  4 .4 )  d o e s  n o t a ff e c t th e  re s u lts  

s ig n if ic a n tly . T h a t is  b e n d in g  is  m o r e  d o m in a n t th a n  to r s io n  a s  e x p e c te d . (O u r 

b e n d in g  r e s u lts  a r e  v e r y  c lo s e  to  th o s e  o f  w in d  tu n n e l m o d e l a s  s e e n  in  T a b le  4 .3 . 
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C H A P T ER  5  

 

C O N C L U S I O N  A N D  R EC O M M EN D A T I O N S  

 

 

In  th is  s tu d y  a  lo o s e ly  c o u p le d  a e r o e la s tic  s o lu tio n  p r o c e d u r e  h a s  b e e n  d e v e lo p e d , 

v a lid a te d  a n d  a p p lie d  to  c o m p le x  w in g  g e o m e tr y . In  th is  p r o c e d u re                                                                                                                              

th e  f lo w  f ie ld  o v e r  w in g  s u rf a c e s  is  s o lv e d  u s in g  a  3 - D  E u le r s o lv e r  in  a  p a r a lle l 

c o m p u tin g  e n v ir o n m e n t a n d  th e  s ta tic  d e f o rm a tio n s  o f  w in g  s tru c tu r e s  a re  s o lv e d  

u s in g  th e  c o m m e r c ia l fin ite  e le m e n t s o lv e r , A N S Y S . A  g r id  d e f o rm a tio n  m e th o d  is  

d e v e lo p e d  w h ic h  ta k e s  th e  e n tir e  C F D  d o m a in  a s  a n  is o tro p ic  e la s tic  m e d iu m  a n d  

d e f o r m s  it b a s e d  o n  th e  d e f o r m a tio n  o f u n d e rly in g  w in g  s tr u c tu r e . A  m a tc h in g  

d is c re te  in te rf a c e  is  d e f in e d  a n d  lo a d  a n d  m o tio n  tr a n s f e r  a re  a c c o m p lis h e d  a t th is  

in te rf a c e . S in c e  th e  f lu id  a n d  th e  s tru c tu r e  g rid s  s h o w  o n e - to - o n e  c o r r e s p o n d e n c e  a t 

th e  in te r fa c e , th e r e  w a s  n o  n e e d  to  u s e  in te r p o la tin g  a lg o rith m s  to  tr a n s f e r  n o d a l 

s tr u c tu r a l d is p la c e m e n ts  to  f lu id  g r id  p o in ts , m o tio n  is  tra n s fe r re d  d ir e c tly . N o n -

d im e n s io n a l p r e s s u r e  v a lu e s  a t flu id  g r id  p o in ts  a t flu id /s tr u c tu r e  in te r f a c e  a re  m a d e  

d im e n s io n a l a n d  a p p lie d  d ir e c tly  to  th e  n o d e s  o f th e  f in ite  e le m e n t m o d e ls  u s in g  S F  

a n d  S F F U N  c o m m a n d s  o f  A N S Y S .  

A  P E R L  s c r ip t w a s  w r itte n  w h ic h  c a lle d  th e  s tru c tu re , flu id  a n d  g rid  d e f o r m a tio n  

s o lv e rs  re p e a te d ly  u n til r m s  o f s tr u c tu r a l d is p la c e m e n ts  f a ll b e lo w  a  p r e s c r ib e d  

to le ra n c e .  

A G A R D  W in g  4 4 5 .6  w a s  m o d e le d  a n d  s o lv e d  w ith  th e  p re s e n t m e th o d  a n d  th e  

re s u lts  w e re  c o m p a r e d  w ith  a  n u m e r ic a l s tu d y . T h e  w in g  w a s  m a d e  u p  o f  la m in a te d  

m a h o g a n y , w h ic h  w a s  m o d e le d  a s  a n  o r th o tr o p ic  m a te r ia l. A ll m a jo r  tr e n d s  o f  C p  
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d is trib u tio n  o v e r  th e  e la s tic  w in g  a n d  le a d in g  e d g e  a n d  tr a ilin g  e d g e  d is p la c e m e n ts  

a r e  c a p tu r e d  u s in g  th e  d e v e lo p e d  c o m p u ta tio n a l a e ro e la s tic  p ro c e d u r e . A  d o w n w a s h  

o c c u r s  a t th e  w in g  tip  a n d  a s  e x p e c te d , b e n d in g  d e fle c tio n  r e d u c e s  th e  lif t, lif t 

c o e f fic ie n t o f  e la s tic  w in g  tu r n s  o u t to  b e  1 2 .5  %  lo w e r  th a n  th a t o f  r ig id  w in g . 

E la s tic  w in g  p r e s s u r e  c o e ff ic ie n t d is trib u tio n s  a g re e  w e ll w ith  th e  r e s u lts  o f C a i [ 2 5 ] 

e x c e p t f o r a  v e r y  n a rr o w  r e g io n  a t th e  le a d in g  e d g e . E la s tic  lif t c o e ff ic ie n t p re d ic te d  

b y  th e  p re s e n t s tu d y  is  w e ll s u ite d  to  re s u lts  o f  C a i [ 2 5 ] . S m a ll d if fe r e n c e s  e x is t a t 

th e  p r e d ic te d  le a d in g  a n d  tra ilin g  e d g e  d is p la c e m e n ts , w h ic h  c o m e s  f ro m  th e  

s tr u c tu r a l m o d e lin g  o f  th e  w in g  s tr u c tu r e . W in g  s tr u c tu r e  is  m o d e le d  u s in g  3 - D  

fin ite  e le m e n ts  in  th e  p re s e n t s tu d y , w h ic h  fu lly  d e s c rib e s  th e  w in g  s tif fn e s s  a s  

c o m p a re d  to  C a i [ 2 5 ]  m o d a l s tr u c tu r a l e q u a tio n s . 

A s  a n o th e r te s t c a s e , A R W -2  w h o s e  s ta tic  d e fo r m a tio n s  a r e  m e a s u r e d  p re v io u s ly  in  

a  w in d  tu n n e l is  s tu d ie d  f o r  its  s ta tic  a e r o e la s tic  c h a r a c te r is tic s . S in c e  th e  c o m p o s ite  

w in g  s k in  m a te ria l p ro p e r tie s  o f  A R W - 2  w a s  n o t w e ll d e fin e d , a n  is o tro p ic  f in ite  

e le m e n t m o d e l o f  th e  w in g  is  p r e p a r e d  a s  a  p a r t o f  th e  p re s e n t s tu d y  b a s e d  o n  th e  

to r s io n a l a n d  b e n d in g  s tiff n e s s  d is trib u tio n s  o f  A R W - 2 . T h e  w in g  b o x  s tru c tu r e  w a s  

m o d e le d  u s in g  s h e ll a n d  b e a m  e le m e n ts . T h e  b e n d in g  s tiff n e s s  o f  is o tr o p ic  w in g  

m o d e l w a s  c lo s e  to  A R W - 2  b u t to rs io n a l s tif f n e s s  v a lu e s  d id  n o t m a tc h . T h e  

lo c a tio n  o f  th e  is o tr o p ic  w in g  e la s tic  a x is  m a tc h e d  w ith  th a t o f A R W -2  a t w in g  

s e c tio n s  a w a y  f ro m  th e  w in g  ro o t. N e v e r th e le s s  th e  s ta tic  a e r o e la s tic  c h a r a c te r is tic s  

o f th e  is o tro p ic  w in g  m o d e l w a s  s o lv e d  a n d  c o m p a r e d  w ith  w in d  tu n n e l d a ta . In  th e  

p re s e n t s tu d y  e la s tic  a n d  r ig id  w in g  p r e s s u r e  d is tr ib u tio n s  d iff e r s lig h tly . T h e  e la s tic  

w in g  p r e s s u r e  d is trib u tio n  is  s lig h tly  b e lo w  th e  r ig id  w in g  p r e s s u r e  d is tr ib u tio n . 

P re s s u re  c o e f f ic ie n t d is trib u tio n  o v e r th e  e la s tic  w in g  is  d if f e r e n t f ro m  th e  w in d  

tu n n e l m e a s u r e m e n ts . E r ro r  is  p r e s e n t in  th e  p re s s u re  d is trib u tio n  o f  e la s tic  w in g ; 

th is  e rr o r is  e x p e c te d  s in c e  th e  e ff e c t o f v is c o s ity  is  n e g le c te d  u s in g  E u le r e q u a tio n s . 

T h e  d is c r e p a n c y  in  th e  w in g  to rs io n a l s tif fn e s s  c h a ra c te ris tic s  a ls o  a ff e c ts  th e  e la s tic  

w in g  p r e s s u re  d is tr ib u tio n . 
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R e a r a n d  f r o n t s p a r s h a p e s  o f  e la s tic  w in g  p r e d ic te d  b y  th e  p re s e n t s tu d y  c a p tu re d  

th e  g e n e ra l tr e n d s , th e  w in g  b e n d s  u p  a n d  th e r e  is  d o w n w a s h  a t th e  tip  o f  th e  w in g  

a s  e x p e c te d . B u t d is p la c e m e n ts  o f  th e  w in g  r e a r a n d  f ro n t s p a r s  a r e  le s s  w h e n  

c o m p a re d  to  w in d  tu n n e l m o d e l. T h is  is  e x p e c te d  s in c e  th e  is o tr o p ic  w in g  m o d e l 

h a s  a  h ig h e r  to r s io n a l rig id ity  w h e n  c o m p a r e d  to  A R W - 2 . B e s id e s  th e  d is c re p a n c ie s  

in  th e  r e s u lts , th e  s tu d y  o n  th e  A R W - 2  s h o w s  th a t th e  p re s e n t m e th o d  is  a p p lic a b le  

to  c o m p le x  b u ilt- u p  w in g s . 

In  th e  f u tu r e  a  f in ite  e le m e n t c o d e  c a n  b e  w r itte n  a n d  e m b e d d e d  in to  th e  f lo w  s o lv e r 

fo r  m e s h  d e f o r m a tio n  c a lc u la tio n s  b a s e d  o n  th e  id e a  u s e d  in  th e  p r e s e n t s tu d y ; th is  

c o d e  c a n  b e  m a d e  p a r a lle l w h ic h  w ill s p e e d  u p  th e  g r id  d e f o rm a tio n  c a lc u la tio n s  

w h ic h  ta k e  a b o u t 8 0  %  o f th e  c o m p u ta tio n a l tim e  fo r  a  s in g le  a e r o e la s tic  ite r a tio n . 
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S t o k e s  F lo w  Eq u a t io n s  C o u p le d  w ith  S h e ll F in it e  Ele m e n t  S t r u c t u r e s ” , 

A IA A - 9 3 -3 0 8 7  A IA A  2 4 th  F lu id  D y n a m ic s  C o n f e re n c e  J u ly  6 - 9 , 1 9 9 3 , 

O rla n d o ,F L . 

1 4 . G u r u s w a m y .G .P ., B y u n  C ., “ D ir e c t  C o u p lin g  o f Eu le r  F lo w  Eq u a tio n s  w ith  

P la t e  F in it e  Ele m e n t S t r u c t u r e s ” , A IA A  J o u r n a l, V o l.3 3 , N o . 2 . 

1 5 . M a c M u rd y  D .E ., G u r s w a m y  G .P ., K a p a n ia  R .K ., “ S t a t ic  A e r o e la s tic  A n a ly s is  

o f  W in g s  U s in g  Eu le r /N a v ie r -S t o k e s  Eq u a t io n s  C o u p le d  w it h  W in g -B o x  

F in ite  Ele m e n t  S t r u c t u r e s ” , A I A A - 9 4 - 1 5 8 7 , A IA A /A S M E /A S C E /A H S /A S C  
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S tr u c tu r e s , S tru c tu ra l D y n a m ic s , a n d  M a te r ia ls  C o n f e r e n c e , 3 5 th , H ilto n  H e a d , 

S C , A p r . 1 8 -2 0 , 1 9 9 4 . 

1 6 . R o b in s o n , A .B , B a tin a , T .J ., Y a n g , Y .Y .H ., “  A e r o e la s tic  A n a ly s is  o f  W in g s  

U s in g  th e  Eu le r  Eq u a t io n s  w it h  a  D e f o r m in g  M e s h ” , J o u r n a l o f A ir c r a ft, 

V o l.2 8 , N o .1 1 , N o v e m b e r  1 9 9 1 . 

1 7 . F a r h a t, C ., D e g a n d , C ., K o o b u s , B ., L e s o in n e , M ., “ T o r s io n a l S p r in g s  f o r  

T w o - D im e n s io n a l D y n a m ic  U n s tr u c t u r e d  F lu id  M e s h e s ” , C o m p u ta tio n a l 

M e th o d s  in  A p p lie d  M e c h a n ic s  a n d  E n g in e e r in g , V o l.1 6 3 , 1 9 9 8 , p p  2 3 1 -2 4 5 . 

1 8 . D e g a n d , C ., F a r h a t, C ., “ A  T h r e e - D im e n s io n a l T o r s io n a l S p r in g  A n a lo g y  

M e th o d  f o r  U n s tr u c t u r e d  D y n a m ic  M e s h e s ” , C o m p u te rs  a n d  S tru c tu r e s  V o l. 

8 0 ,2 0 0 2 , p p  3 0 5 - 3 1 6 . 

1 9 . N e w m a n  II I, J .C .,N e w m a n , P .A ., T a y lo r  I I I, A .C ., H o u , J .C ., “ Eff ic ie n t 

N o n lin e a r  S t a t ic  A e r o e la s t ic  W in g  A n a ly s is ” , C o m p u te rs  &  F lu id s  V o l.2 8 , 

1 9 9 9  p p  6 1 5 - 6 2 8 . 

2 0 . A llis o n , D .O ., C a v a llo , P .A ., “ S t a tic  A e r o e la s t ic  P r e d ic tio n s  f o r  a  T r a n s o n ic  

T r a n s p o r t  M o d e l U s in g  a n  U n s t r u c t u r e d - G r id  F lo w  S o lv e r  C o u p le d  W ith  a  

S t r u c tu r a l P la te  T e c h n iq u e ”  , N A S A /T P -2 0 0 3 - 2 1 2 1 5 6 . 

2 1 . Y a te s  E .C . “ A G A R D  S ta n d a r d  A e r o e la s tic  C o n f ig u r a tio n s  f o r  D y n a m ic  

R e s p o n s e ” , A G A R D  R e p o r t N o .7 6 5 , M e e tin g  o f  th e  S tr u c tu r e s  a n d  M a te ria ls  

P a n e l a t O b e r a m m e r g a u , G e rm a n y , S e p te m b e r,8 - 1 3 ,1 9 9 5 . 

2 2 . L e e - R a u s c h  M .E . B a tin a  J ., “ C a lc u la tio n  o f  A G A R D  W in g  4 4 5 .6  F lu t te r  

U s in g  N a v ie r -S to k e s  A e r o d y n a m ic s ” , A IA A  9 3 - 3 4 7 6 . 
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2 3 . S a d e g h i M ., Y a n g  S ., L iu  F ., T s a i H .M ., “ P a r a lle l C o m p u ta t io n  o f  W in g  

F lu t te r  w it h  a  C o u p le d  N a v ie r -S t o k e s /C S D  M e t h o d ” , A IA A  2 0 0 3 -1 3 4 7 , 4 1 s t 

A e r o s p a c e  S c ie n c e s  M e e tin g  a n d  E x h ib it, R e n o , N e v a d a , J a n . 6 - 9 , 2 0 0 3 . 

2 4 . L i Z ., “ P a r a lle l C o m p u ta t io n  o f  3 D  U n s t e a d y  C o m p r e s s ib le  Eu le r  

Eq u a t io n s  w it h  S t r u c t u r a l C o u p lin g ” , M S c . T h e s is , IU P U I , 2 0 0 2 . 

2 5 . C a i J ., L iu  F ., T s a i H .M ., W o n g  A .S .F ., “ S ta t ic  A e r o - e la s tic  C o m p u ta t io n  

w it h  a  C o u p le d  C F D  a n d  C S D  M e th o d ” , A IA A  2 0 0 1 -0 7 1 7 , A e r o s p a c e  

S c ie n c e s  M e e tin g  a n d  E x h ib it, 3 9 th , R e n o , N V , J a n . 8 - 1 1 , 2 0 0 1 . 

2 6 . M u r r o w , H .H ., E c k s tr o m  C .V ., “ D r o n e s  f o r  A e r o d y n a m ic  a n d  S tr u c t u r a l 

T e s t in g  ( D A S T )  –  A  S ta t u s  R e p o r t ”  J o u r n a l o f  A ir c ra f t V o l.1 6 , N o .8 , A u g u s t 

1 9 7 9 . 

2 7 . S e id e l A .D ., S a n f o rd  M .C ., E c k s tr o m  C .V ., “ M e a s u r e d  U n s t e a d y  T r a n s o n ic  

A e r o d y n a m ic  C h a r a c te r is t ic s  o f  a n  Ela s tic  S u p e r c r itic a l W in g ”  J o u r n a l o f 

A ir c ra f t  V o l. 2 4 , N o .4 , A p r il 1 9 8 7 . 

2 8 . S e id e l A .D ., E c k s tro m , C .V ., S a n fo r d , M .C ., “ T r a n s o n ic  R e g io n  o f H ig h  

D y n a m ic  R e s p o n s e  En c o u n te r e d  o n  a n  Ela s t ic  S u p e r c r it ic a l W in g ”  J o u rn a l 

o f  A irc r a ft V o l.2 6   N o .9 , S e p te m b e r  1 9 8 9 . 

2 9 .  E c k s tr o m  C .V ., S e id e l A .D ., S a n f o rd  M .C ., “ U n s t e a d y  P r e s s u r e  a n d  

S t r u c tu r a l R e s p o n s e  M e a s u r e m e n t s  o n  a n  Ela s tic  S u p e r c r it ic a l W in g ”   

J o u r n a l o f  A irc r a ft V o l.2 7  N o .1 , J a n u a r y  1 9 9 0 . 

3 0 .  B r y d s o n g , T .A ., R ic h a r d  R .A ., S a n fo rd  M .C ., “ C lo s e - R a n g e  

P h o t o g r a m m e t r ic  M e a s u r e m e n ts  o f  S t a tic  D e f le c tio n s  f o r  a n  A e r o e la s t ic  

S u p e r c r itic a l W in g ”   N A S A  T M - 4 1 9 4  1 9 9 0 . 
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3 1 . S a n fo r d  C .M ., S e id e l A .D . E c k s tro m  V .C ., “ S t e a d y  P r e s s u r e  M e a s u r e m e n ts  

o n  a n  A e r o le a s tic  R e s e a r c h  W in g  ( A R W -2 )”  N A S A -T M - 1 0 9 0 4 6  F e b r u a r y  

1 9 9 4 . 

3 2 . F a r h a t C ., G e u z a in e  P ., B r o w n  G ., “ A p p lic a tio n  o f  T h r e e - F ie ld  N o n lin e a r  

F lu id -S tr u c t u r e  F o r m u la t io n  to  th e  p r e d ic tio n  o f  t h e  A e r o e la s t ic  P a r a m e t e r s  

o f  a n  F - 1 6  F ig h t e r ”  C o m p u te r s  a n d  F lu id s  V o l.3 2 , 2 0 0 3 , p p  3 -2 9 .    

3 3 . B e c k e r t A . “ C o u p lin g   F lu id  ( C F D )  a n d  S tr u c t u r a l ( F E) M o d e ls  U s in g  F in ite  

I n t e r p o la t io n  Ele m e n ts ”  A e ro s p a c e  S c ie n c e  a n d  T e c h n o lo g y  V o l.4 , 2 0 0 0 , p p  

1 3 - 2 2 . 

3 4 . F a r h a t C ., L e s o in n e  M ., “  T w o  Eff ic ie n t  S t a g g e r e d  A lg o r ith m s  f o r  t h e  S e r ia l 

a n d  P a r a lle l S o lu t io n  o f  T h r e e -D im e n s io n a l N o n lin e a r  T r a n s ie n t  A e r o e la s t ic  

P r o b le m s ”  C o m p u t. M e th o d s  A p p l. M e c h . E n g r g ., V o l.1 8 2 , 2 0 0 0 , p p  4 9 9 - 5 1 5 .  

3 5 . B ru n e r  C .W .S ., “ P a r a lle liz a t io n  o f  t h e  Eu le r  Eq u a t io n s  o n  U n s t r u c tu r e d  

G r id s ”  , P h D  T h e s is ,1 9 9 6 , V irg in ia  P o ly te c h n ic  I n s titu te  a n d  S ta te  U n iv e r s ity . 

3 6 . G ö n ç  L .Ö ., T u n c e r  .H ., A K  M .A .A ., S ü m e r B ., B a o lu  O ., I ık  T ., “  T ü b it a k -

S A G E’d e  G e li�t ir ile n  S a y ıs a l A k ı�k a n la r  M e k a n i � i Y e t e n e k le r i”  K a y s e ri V . 

H a v a c ılık  S e m p o z y u m u , 1 3 - 1 4  M a y ıs  2 0 0 4 . 

3 7 . A n s y s  In c  O n lin e  H e lp  D o c u m e n ta tio n . 

3 8 . C o o k  R .D ., M a lk u s  D .S ., P le s h a  M .E ., C o n c e p ts  a n d  A p p lic a tio n s  o f  F in ite  

E le m e n t A n a ly s is , T h ird  E d itio n , J o h n  W ile y  &  S o n s , N e w  Y o r k ,1 9 8 9 . 

3 9 . B a tin a  J .T ., “ U n s t e a d y  Eu le r  a ir f o il S o lu tio n s  U s in g  U n s t r u c tu r e d  D y n a m ic  

M e s h e s ” , A IA A  8 9 - 0 1 1 5 , A IA A  2 7 th  A e ro s p a c e  S c ie n c e s  M e e tin g , R e n o , 

N e v a d a , J a n u a r y  9 - 1 2 , 1 9 8 9 . 
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4 0 . F a r h a t C ., L e s o in n e  M .,L e T a lle c  P ., “ L o a d  a n d  M o tio n  T r a n s f e r  A lg o r it h m s  

f o r  F lu id /S t r u c tu r e  I n t e r a c t io n  P r o b le m s  w it h  N o n -M a t c h in g  D is c r e t e  

I n t e r f a c e s : M o m e n t u m  a n d  En e r g y  C o n s e r v a t io n , O p t im a l D is c r e tiz a t io n  

a n d  A p p lic a t io n  t o  A e r o e la s t ic ity ” , C o m p u te r  M e th o d s  in  A p p lie d  M e c h a n ic s  

a n d  E n g in e e r in g  V o l.1 5 7 , 1 9 9 8  p p  9 5 -1 1 4 . 

4 1 . S m ith  M .J ., H o d g e s  D .H ., C e s n ik  C .E .S ., “ Ev a lu a tio n  o f  C o m p u t a tio n a l 

A lg o r ith m s  S u ita b le  f o r  F lu id -S tr u c t u r e  I n t e r a c tio n s ” , J o u rn a l o f A ir c r a ft 

V o l.3 7 , N o .2 , M a r c h -A p r il 2 0 0 0 . 

4 2 .  M a m a n  N ., F a r h a t C ., “ M a t c h in g  F lu id  a n d  S t r u c tu r e  M e s h e s  f o r  

A e r o e la s t ic  C o m p u t a tio n s :  A  P a r a lle l A p p r o a c h ” , C o m p u te r s  a n d  S tr u c tu r e s  

V o l.5 4  N o .4   p p  7 7 9 -7 8 5 , 1 9 9 5 . 

4 3 . Y o s ib a s h  Z ., K ir b y  R .M ., M y e r s  K ., S z a b o  B ., K a r n ia d a k is  G ., " H ig h e r - O r d e r  

F in ite  Ele m e n t s  f o r  F lu id - S tr u c t u r e  I n t e r a c t io n  P r o b le m s ” , A IA A  2 0 0 3 -

1 7 2 9 , 4 4 th  A IA A /A S M E /A S C E /A H S  S tr u c tu r a l D y n a m ic s  a n d  M a te ria ls  

C o n fe r e n c e  7 - 1 0  A p r il 2 0 0 3 , N o rf o lk , V ir g in ia . 

4 4 . K o lo n a y , R .M ., “ C o m p u ta tio n a l A e ro e la s tic ity ” , R T A -N A T O  T h e  A p p lie d  

V e h ic le  T e c h n o lo g y  P a n e l, 2 5 - 2 9  M a r c h  2 0 0 2 , A n k a ra , T U R K E Y . 

4 5 . S a n fo r d  M .C ., S e id e l D .A ., E c k s tr o m  C .V ., “ G e o m e tr ic a l a n d  S tr u c t u r a l 

P r o p e r t ie s  o f  a n  A e r o e la s t ic  R e s e a r c h  W in g  ( A R W -2 ) ”  N A S A  T M -4 1 1 0  

1 9 8 9 . 
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A P P EN D I X  A  

A N S Y S  I N P U T  F I L E F O R  D EF I N I N G  T H E M A T ER I A L  
P R O P ER T I ES  O F  C F D  C O M P U T A T I O N A L  D O M A I N  

 
 !  C a ll th e  p r e v io u s ly  c r e a te d  C F D  D o m a in  m o d e l d a ta b a s e  
 
R E S U M E ,a rw c d 1 3 t,d b ,C :\1 2 t\a r w _ 1 0 t\,0 ,0    
! D e f in e  n u m b e r  o f  b o u n d a r y  n o d e s  
n u m n o d e = 3 0 4 7  
! D e f in e  n u m b e r  o f  e le m e n t s           
e n u m = 2 9 7 8 2 4   
! D e f in e  c o n s ta n t  C   
C = 5 0 0 0 0 0 0 0   
! D e f in e  c o n s ta n t  n    
n = 2      
! En te r  t o  th e  P r e p r o c e s s o r     
/P R E P 7  
! O p e n  a n  a r r a y  c a lle d  “ e s iz e ”  w ith  d im e n s io n s  2 9 7 8 2 4 x 1  
* D IM ,e s iz e ,a r r a y ,e n u m ,1 ,1   
! L o o p  o v e r  t h e  e le m e n t s  a n d  g e t t h e ir  v o lu m e s    
* d o ,k ,1 ,e n u m     
* g e t,e s iz e ( k ),e le m ,k ,v o lu   
* e n d  d o      
! lo o p  o v e r  th e  e le m e n t s  d e f in e  t h e  m a t e r ia l p r o p e r ty  f o r  e a c h  e le m e n t   
* d o ,l,1 ,e n u m     
M P ,E X ,l,A /(e s iz e ( l)* * n )    
M P ,P R X Y ,l,0 .3     
* e n d  d o  
* d o ,m ,1 ,e n u m     
E m o d if ,m ,m a t,m     
* e n d  d o  
 
F IN IS H  
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A P P EN D I X  B  

P ER L  S C R I P T  
 

# !/u s r/b in /p e rl  
 
$ ite rn u m = " ite r n u m .d a t" ; 
$ s e t3 d = '/h o m e /b s u m e r /s e t3 d /s e t3 d -V 1 1 '; 
$ in p u t1 = " s e t3 d _ a n s y s _ s tr u c tu r a l.tx t" ; 
$ in p u t2 = " a n s y s _ s tr_ s e t3 d .tx t" ; 
$ o u tp u t1 = " a n s y s 1 .o u t" ; 
$ o u tp u t2 = " a n s y s 2 .o u t" ; 
$ a r g = " s u r f a c e .d a t" ; 
$ to l= 0 .0 0 0 0 1 ; 
$ it=  1 ; $ g o = 1 ; 
o p e n  ( D A T ," > $ ite rn u m " )   || d ie  ( " ite r n u m .d a t c o u ld  n o t b e  o p e n e d ! " ) ; 
p rin t D A T  " $ it" ; 
s y s te m ( " m k d ir  -p  r c " )  ; 
 
#   In itia liz e  th e  f ile  
o p e n  ( G O ," > .g o " ); 
p rin t G O  " $ g o " ; 
c lo s e  G O ; 
#  a s s ig n  a n  in itia l r m s  v a lu e   
 
w h ile  ( $ g o  = =  1  )  {  
  p rin t "  IT E R A T IO N  :   $ it\n " ; 
  s y s te m ( " a n s y s 6 1  - m  2 0 0 0  -d b  7 5 0  - b  -p  a n s y s  -i $ in p u t1  - o  $ o u tp u t1 " )  ; 
  s y s te m ( " a n s y s 6 1  - m  2 0 0 0  -d b  7 5 0  - b  -p  a n s y s  -i $ in p u t2  - o  $ o u tp u t2 " ) ; 
  s y s te m ( " $ s e t3 d  >  o u t.d a t" );   
  s y s te m ( " c p  a n s y s 1 .o u t   ./r c /a 1 - $ it.d a t" ); 
  s y s te m ( " c p  a n s y s 2 .o u t   ./r c /a 2 - $ it.d a t" ); 
  s y s te m ( " c p  o u t.d a t   ./r c /o u t- $ it.d a t" ) ; 
  s y s te m ( " c p  a rw s tr 1 3 t.r s t   ./r c /r s t- $ it.d a t" ) ; 
  s y s te m ( " c p  rm s .tx t   ./rc /rm s - $ it.d a t" ); 
  s y s te m ( " c p  fs d .tx t   ./r c /f s d - $ it.d a t" ); 
  s y s te m ( " c p  rs d .tx t   ./r c /r s d - $ it.d a t" ); 
  $ it  + =  1 ; 
  o p e n  ( D A T ," > $ ite rn u m " )   || d ie  ( " ite r n u m .d a t c o u ld  n o t b e  o p e n e d ! " ) ; 
  p rin t D A T  " $ it" ; 
  $ a t= $ it- 1 ; 
 #  p rin t " $ a t" ; 
  o p e n  ( r m s f ," < r m s .tx t" )  || d ie  (" r m s .tx t c o u ld  n o t b e  o p e n e d ! " ) ; 
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  $ r m s f= < rm s f > ; 
  c lo s e  (r m s f ); 
  if  ($ a t= = 1 )  {    
 $ d e lta r m s = $ rm s f; 
  }  
  e ls e  {  
  $ d e lta r m s = $ rm s i-  $ rm s f ; 
  }   
  if  (a b s ( $ d e lta rm s ) < = $ to l)  {  
  $ g o = 0 ; 
  }  
  e ls e  {  
  $ g o = 1 ; 
  }  
   p rin t " $ d e lta r m s " ; 
   $ rm s i= $ r m s f ; 
   p rin t " $ r m s i"  
}  
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A P P EN D I X  C  

A N S Y S  I N P U T  F I L E F O R  S T R U C T U R A L  A N A L Y S I S  
 
 
! t h is  f ile  is  c a lle d  b y  P ER L  p r o g r a m  “ a n s y s .p l”  a t e v e r y  a e r o e la s t ic  ite r a t io n    
 ! u n til c o n v e r g e n c e  
 
s e t 3 d _ a n s y s _ s tr u c t u r a l.t x t :  
 
! C a ll th e  p r e v io u s ly  c r e a t e d  s t r u c tu r a l m o d e l d a ta b a s e  
 
R E S U M E  ,a rw s tr 2 9 t2  ,d b  , /d is k /b s u m e r /A R W 2 9 t,0 ,0    
 
/F I L N A M E ,a rw s tr 2 9 t2 ,1  
 
! En te r  t o  th e  p r e p r o c e s s o r  m o d u le . 
/P R E P 7  
a lls e l,a ll 
 
! S e t  p a r a m e t e r  “ g a m m a ”   
g a m m a = 1 .1 3 2     
 
! S e t  p a r a m e t e r  “ P o ”   
P o = ( 1 .9 2 -0 .8 8 )     ! (P s i) 1 .9 2  f r o m  n a s a tm 1 0 9 0 4 6  p g  7 2  0 .8 8  f ro m  p re r u n   
 
! S e t  p a r a m e t e r  “ a ”  
a = P o * g a m m a  
 
! S e t  p a r a m e t e r  n u m n o d e  
n u m n o d e = 5 6 6 1   
 
! D e f in e  a n  a r r a y  c a lle d  p r e s s u r e  w it h  d im e n s io n s  5 6 6 1 x 4  
* D IM ,p r e s s u r e ,A R R A Y ,n u m n o d e ,4 ,1 , , ,  
 
 ! D e f in e  a n  a r r a y  c a lle d  P  w it h  d im e n s io n s  5 6 6 1 x 1  
* D IM ,P ,A R R A Y ,n u m n o d e ,1 ,1 , , ,   
  
! R e a d  f ile  “ p re s s u re .d a t”  w ritte n  b y  S E T 3 d , w h ic h  c o n ta in s  p re s s u re  v a lu e s  a t 
!in te r fa c e  n o d e s  in  x ,y ,z ,P  fo r m a t. 
* V R E A D ,p r e s s u r e ( 1 ,1 ),'p r e s s u r e ','d a t',,jik ,4 ,n u m n o d e  
(4 f 2 0 .1 0 ) 
! L o o p  o v e r  in t e r f a c e  n o d e s  a n d  d im e n s io n a lis e  p r e s s u r e  v a lu e s  a t th e  in te r f a c e  
!n o d e s  
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* d o ,i,1 ,n u m n o d e ,1  
P (i) = p re s s u r e ( i,4 )* ( - a )  
* e n d d o  
 
!U s e  s f f u n  a n d  s f  c o m m a n d s  to  a p p ly  p r e s s u r e  v a lu e s  o n  in te r f a c e  n o d e s . 
! P  a r r a y  c o n ta in s  p r e s s u r e  v a lu e s  f o r  5 6 6 1  n o d e s  in  a n  o r d e r e d  f a s h io n , th e   
!f ir s t  p r e s s u r e  v a lu e  is  f o r  n o d e  n u m b e r   1  a n d  t h e  la s t p r e s s u r e  v a lu e  is  f o r  
!n o d e  n u m b e r   5 6 6 1  
s f f u n ,p re s s u r e ,P ( 1 ) ,, 
s f ,a ll,p r e s s u r e  
C M S E L ,S ,W IN G _ IN N E R _ A R E A S  
A L L S E L ,B E L O W ,A R E A      
S F E D E L E ,a ll,1 ,P R E S   
a lls e l,a ll 
 
! c lo s e  t h e  p r e p r o c e s s o r  
F IN IS H   
 
 ! e n t e r  to  s o lu tio n   m o d u le  
/S O L  
 
/S T A T U S ,S O L U  
 
! s o lv e  t h e  m o d e l 
S O L V E    
  
! c lo s e  s o lu tio n  m o d u le  
F IN IS H  
 
! e n t e r  to  p o s t p r o c e s s o r  m o d u le  
/P O S T 1  
 
! O p e n  a n  a r r a y  c a lle d  “ d is p ”  w ith  d im e n s io n s  5 6 6 1 x 3  
* D IM ,d is p ,a rr a y ,n u m n o d e ,3 ,1  
 
!L o o p  o v e r  in t e r f a c e  n o d e s  a n d  g e t  c a lc u la t e d  d is p la c e m e n t v a lu e  (u x ,u y  a n d  
!u z )  o f  e a c h  n o d e  a n d  s to r e  th e m  t o  a r r a y  “ d is p ” . 
* d o ,k ,1 ,n u m n o d e  ,1  
 * g e t,d is p ( k ,1 ) ,N O D E ,k ,U ,X ,, 
 * g e t,d is p ( k ,2 ) ,N O D E ,k ,U ,Y ,, 
 * g e t,d is p ( k ,3 ) ,N O D E ,k ,U ,Z ,, 
* e n d d o  
! O p e n  a  f ile  c a lle d  n w a lld is p  a n d  w r it e  t h e  c a lc u la t e d  n o d a l d is p la c e m e n ts  
!s t o r e d  t o  d is p  a r r a y  in  u x ,u y ,u z  o r d e r . O b ta in e d  d is p la c e m e n ts  w ill b e  u s e d  a s  
!d is p la c e m e n t t y p e  b o u n d a r y  c o n d it io n  in  M e s h  D e f o r m a t io n  A n a ly s is  
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* C F O P E N ,'n w a lld is p ',' ',' '    
* V W R IT E ,d is p (1 ,1 ) ,d is p ( 1 ,2 ) ,d is p ( 1 ,3 ), , , , , , ,   
(3 f 2 0 .1 0 )   
* C F C L O S   
 
! c a lc u la t e s  t h e  r o o t  m e a n  s q u a r e  o f  n o d a l d is p la c e m e n t s  in  z - d ir e c t io n   
  * D IM ,r 1 ,a r ra y ,n u m n o d e ,1 ,1  
  * d o ,i,1 ,n u m n o d e ,1  
    r1 ( i) = d is p (i,3 )* d is p (i,3 )  
  * e n d d o  
   s u m = 0  
  * d o ,n ,1 ,n u m n o d e ,1  
    s u m = s u m + r1 ( n )  
  * e n d d o  
 rm s = s q rt(s u m /5 6 6 1 )  
 
! o p e n s  a  t e x t f ile  “ r m s .t x t ”  a n d  w r it e s  t h e  c a lc u la te d  r m s  v a lu e  t o  th is  f ile . 
   
   * C F O P E N ,'rm s .tx t',' ',' ' 
   * V W R IT E ,r m s  
   (1 f 2 0 .1 0 ) 
   * C F C L O S  
 
   * C F O P E N ,'s u m .tx t',' ',' ' 
   * V W R IT E ,s u m         
   (1 f 2 0 .1 0 ) 
   * C F C L O S    
 
 ! O p e n s  a n  a r r a y  c a lle d  f s d  a n d  s to r e s  th e  f r o n t s p a r  d e f le c tio n s  in  z - d ir e c tio n  
! a t  1 4  d if f e r e n t lo c a tio n s  
    
  * D IM ,f s d ,A R R A Y ,1 4 ,1 ,1 , , , 
 
   K S E L ,S , , ,    1 5 8 1  
   N S L K ,S  
   * g e t,n 1 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 1 ,N O D E ,n 1 ,U ,Z ,, 
   fs d ( 1 )= fs d 1  
   K S E L ,S , , ,   1 5 9 0  
   N S L K ,S  
   * g e t,n 2 ,n o d e ,0 ,n u m ,m a x  
* g e t,fs d 2 ,N O D E ,n 2 ,U ,Z ,, 
   fs d ( 2 )= fs d 2  
   K S E L ,S , , ,1 6 0 2  
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   N S L K ,S  
   * g e t,n 3 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 3 ,N O D E ,n 3 ,U ,Z ,, 
   fs d ( 3 )= fs d 3  
   K S E L ,S , , ,1 6 0 8  
   N S L K ,S  
   * g e t,n 4 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 4 ,N O D E ,n 4 ,U ,Z ,, 
   fs d ( 4 )= fs d 4  
   K S E L ,S , , ,1 6 1 8  
   N S L K ,S  
   * g e t,n 5 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 5 ,N O D E ,n 5 ,U ,Z ,, 
   fs d ( 5 )= fs d 5  
   K S E L ,S , , ,1 6 2 3  
   N S L K ,S  
   * g e t,n 6 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 6 ,N O D E ,n 6 ,U ,Z ,, 
   fs d ( 6 )= fs d 6  
   K S E L ,S , , ,1 6 3 5  
   N S L K ,S  
   * g e t,n 7 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 7 ,N O D E ,n 7 ,U ,Z ,,  
   fs d ( 7 )= fs d 7  
   K S E L ,S , , ,1 6 4 1  
   N S L K ,S  
   * g e t,n 8 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 8 ,N O D E ,n 8 ,U ,Z ,, 
   fs d ( 8 )= fs d 8  
      K S E L ,S , , ,1 6 4 8  
   N S L K ,S  
   * g e t,n 9 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 9 ,N O D E ,n 9 ,U ,Z ,, 
   fs d ( 9 )= fs d 9    
      K S E L ,S , , ,1 6 6 1  
   N S L K ,S  
   * g e t,n 1 0 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 1 0 ,N O D E ,n 1 0 ,U ,Z ,, 
   fs d ( 1 0 )= fs d 1 0    
 
     K S E L ,S , , ,1 6 6 4  
   N S L K ,S  
   * g e t,n 1 1 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 1 1 ,N O D E ,n 1 1 ,U ,Z ,, 
   fs d ( 1 1 )= fs d 1 1    
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      K S E L ,S , , ,1 6 7 6  
   N S L K ,S  
   * g e t,n 1 2 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 1 2 ,N O D E ,n 1 2 ,U ,Z ,, 
   fs d ( 1 2 )= fs d 1 2    
     K S E L ,S , , ,1 6 8 0  
   N S L K ,S  
   * g e t,n 1 3 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 1 3 ,N O D E ,n 1 3 ,U ,Z ,, 
   fs d ( 1 3 )= fs d 1 3    
     K S E L ,S , , ,1 4 8 4           
   N S L K ,S  
   * g e t,n 1 4 ,n o d e ,0 ,n u m ,m a x  
   * g e t,fs d 1 4 ,N O D E ,n 1 4 ,U ,Z ,, 
   fs d ( 1 4 )= fs d 1 4  
 
!W r ite s  c a lc u la t e d  f r o n t  s p a r  n o d a l d is p la c e m e n t s  in  z - d ir e c t io n   t o  f s d .tx t  f ile  
 
   * C F O P E N ,'fs d .tx t',' ',' ' 
   * V W R IT E ,f s d (1 )  
   (1 f 2 0 .1 0 ) 
    * C F C L O S  
! O p e n s  a n  a r r a y  c a lle d  r s d  a n d  s t o r e s  th e  r e a r  s p a r  d e f le c tio n s  in  z - d ir e c t io n  
!a t  1 4  d if f e r e n t lo c a tio n s  
 
   * D IM ,r s d ,A R R A Y ,1 4 ,1 ,1 , , , 
    
   K S E L ,S , , ,    1 5 7 9  
   N S L K ,S  
   * g e t,n 1 5 ,n o d e ,0 ,n u m ,m a x     
   * g e t,rs d 1 ,N O D E ,n 1 5 ,U ,Z ,, 
   rs d ( 1 )= rs d 1  
    
   K S E L ,S , , ,   1 5 9 2  
   N S L K ,S  
   * g e t,n 1 6 ,n o d e ,0 ,n u m ,m a x     
   * g e t,rs d 2 ,N O D E ,n 1 6 ,U ,Z ,, 
   rs d ( 2 )= rs d 2  
    
   K S E L ,S , , ,1 6 0 0  
   N S L K ,S  
   * g e t,n 1 7 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 3 ,N O D E ,n 1 7 ,U ,Z ,, 
   rs d ( 3 )= rs d 3  
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K S E L ,S , , ,1 6 0 5  
   N S L K ,S  
   * g e t,n 1 8 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 4 ,N O D E ,n 1 8 ,U ,Z ,, 
   rs d ( 4 )= rs d 4  
    
   K S E L ,S , , ,1 6 1 6  
   N S L K ,S  
   * g e t,n 1 9 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 5 ,N O D E ,n 1 9 ,U ,Z ,, 
   rs d ( 5 )= rs d 5  
    
   K S E L ,S , , ,1 6 2 6  
   N S L K ,S  
   * g e t,n 2 0 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 6 ,N O D E ,n 2 0 ,U ,Z ,, 
   rs d ( 6 )= rs d 6  
 
 K S E L ,S , , ,1 6 3 3  
   N S L K ,S  
   * g e t,n 2 1 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 7 ,N O D E ,n 2 1 ,U ,Z ,, 
   rs d ( 7 )= rs d 7  
    
   K S E L ,S , , ,1 6 4 6  
   N S L K ,S  
   * g e t,n 2 2 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 8 ,N O D E ,n 2 2 ,U ,Z ,, 
   rs d ( 8 )= rs d 8  
 
    
K S E L ,S , , ,1 6 5 1  
   N S L K ,S  
   * g e t,n 2 3 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 9 ,N O D E ,n 2 3 ,U ,Z ,, 
   rs d ( 9 )= rs d 9  
    
      K S E L ,S , , ,1 6 5 9  
   N S L K ,S  
   * g e t,n 2 4 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 1 0 ,N O D E ,n 2 4 ,U ,Z ,, 
   rs d ( 1 0 )= rs d 1 0  
    
    
     K S E L ,S , , ,1 6 6 7  
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   N S L K ,S  
   * g e t,n 2 5 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 1 1 ,N O D E ,n 2 5 ,U ,Z ,, 
   rs d ( 1 1 )= rs d 1 1  
 
  K S E L ,S , , ,1 6 7 4  
   N S L K ,S  
   * g e t,n 2 6 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 1 2 ,N O D E ,n 2 6 ,U ,Z ,, 
   rs d ( 1 2 )= rs d 1 2  
    
     K S E L ,S , , ,1 6 8 3  
   N S L K ,S  
   * g e t,n 2 7 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 1 3 ,N O D E ,n 2 7 ,U ,Z ,, 
   rs d ( 1 3 )= rs d 1 3  
    
    
     K S E L ,S , , ,1 4 8 8  
   N S L K ,S  
   * g e t,n 2 8 ,n o d e ,0 ,n u m ,m a x  
   * g e t,rs d 1 4 ,N O D E ,n 2 8 ,U ,Z ,, 
   rs d ( 1 4 )= rs d 1 4  
 
!W r ite s  c a lc u la t e d  r e a r  s p a r  n o d a l d is p la c e m e n ts  in  z -d ir e c t io n   to  r s d .t x t  f ile  
 
    * C F O P E N ,'rs d .tx t',' ',' ' 
   * V W R IT E ,r s d (1 )  
   (1 f 2 0 .1 0 ) 
    * C F C L O S  
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A P P EN D I X  D  

A N S Y S  I N P U T  F I L E F O R  C F D  G R I D  D EF O R M A T I O N  
A N A L Y S I S  

 
 
! C a ll th e  p r e v io u s ly  c r e a t e d  C o m p u t a tio n a l D o m a in  D a ta b a s e  
 
R E S U M E ,a rw c d 2 9 t_ m p o k ,d b ,/d is k /b s u m e r/A R W 2 9 t,0 ,0   
/F I L N A M E ,a rw c d 2 9 t_ m p o k ,1  
 
! s e t t h e  n u m b e r  o f  b o u n d a r y  n o d e s  
n u m n o d e = 5 6 6 1  
  
!s e t t h e  n u m b e r  o f  f ie ld  e le m e n t s    
e n u m = 3 3 0 9 4 1   
   
!s e t t h e  n u m b e r  o f  f ie ld  n o d e s   
n a = 5 9 3 0 7    
 
/C O N F IG ,N O E L D B ,1  
/P R E P 7  
! o p e n  a n  a r r a y  c a lle d  “ d is p ”  w it h  d im e n s io n s  5 6 6 1 x 3  
* D IM ,d is p ,A R R A Y ,n u m n o d e ,3 ,1 , , ,   
 
! r e a d  t h e  f ile  “ n w a lld is p ”  a n d  s t o r e  it in t o  “ d is p ”  a r r a y  
* V R E A D ,d is p (1 ,1 ) ,'n w a lld is p ',,,jik ,3 ,n u m n o d e  
(3 f 2 0 .1 0 )   
! a s s ig n  d is p la c e m e n t s  t o  b o u n d a r y  n o d e s . 
* d o ,m ,1 ,n u m n o d e ,1  
 
N S E L ,S , , ,m  
 
D ,a ll, ,d is p ( m ,1 ), , , ,U X , , , , , 
 
 
D ,a ll, ,d is p ( m ,2 ), , , ,U Y , , , , , 
 
 
D ,a ll, ,d is p ( m ,3 ), , , ,U Z , , , , , 
 
* e n d d o  
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a lls e l,a ll 
 
F IN IS H   
  
 
! En te r  t o  S o lu tio n  M o d u le . 
/S O L  
 
A N T Y P E ,0  
 
O U T R E S ,E R A S E  
 
O U T R E S ,N S O L ,L A S T  
 
 
E Q S L V ,P C G ,1 E - 4    
 
S O L V E     
! O p e n  a n  a r r a y  c a lle d  “ n d is p ”  w it h  d im e n s io n s  5 9 3 0 7 x 3  a n d  s to r e  t h e  n o d a l 
!d is p la c e m e n t v a lu e s  in to  t h is  a r r a y  
 
* D IM ,n d is p ,a rr a y ,n a ,3 ,1  ! o p e n s  a n  a rr a y  c a lle d  n a   
 
* d o ,k ,1 ,n a  ,1  
 
* g e t,n d is p ( k ,1 ) ,N O D E ,k ,U ,X ,, 
 
* g e t,n d is p ( k ,2 ) ,N O D E ,k ,U ,Y ,, 
 
* g e t,n d is p ( k ,3 ) ,N O D E ,k ,U ,Z ,, 
 
* e n d d o  
 
! O p e n  a  f ile  c a lle d  “ n d is p .d a t”  a n d  w r it e  th e  n o d a l d is p la c e m e n t v a lu e s   
 
* C F O P E N ,'n d is p ','d a t',' '    
 
* V W R IT E ,n d is p (1 ,1 ) ,n d is p ( 1 ,2 ) ,n d is p ( 1 ,3 ), , , , , , ,   
(3 f 2 0 .1 0 )   
  
* C F C L O S   
 
F IN IS H  
 
  


