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THEORETICAL  AND  EXPERIMENTAL  STUDY  OF A NEW METHOD 

FOR PREDICTION OF PROFILE DRAG OF AIRFOIL SECTIONS 

By S. H. Goradia and D. E. L i l l e y  
Lockheed-Georgia Company 

SUMMARY 

Th is   repor t   descr ibes   theore t ica l  and experimental  studies  which  were  con- 
I ducted  for   the  purpose  of   developing a new general ized method f o r   t h e   p r e d i c t i o n  
1 ,  o f   p r o f i l e   d r a g   o f   s i n g l e   c y p y n e p t   a i r f o i l   s e c t i o n s .   T h i s  method aims a t   so lu -  

t i o n   f o r   t h e   f l o w   i z t h e  wa e rom t h e   a i r f o i l   t r a i l i n g  edge t o   t h e   l a r g e  
d i s t a n c e   i n   t h e  downstream d i r e c t i o n ;   t h e   p r o f i l e   d r a g   o f   t h e   g i v e n   a i r f o i l  
sec t i on  can then   eas i l y  be obtained  f rom  the momentum balance  once  the shape o f  
v e l o c i t y   p r o f i l e   a t  a l a r g e   d i s t a n c e   - f r o m   t h e   a i r f o i l   t r a i l i n g  edge has  been 
computed. Computer program  subroutines  have been developed  for  the  computation 
of  t h e   p r o f i l e   d r a g  and f l o w   i n   t h e   a i r f o i  1 wake on AC 1108 computer. The 
requ i red   inpu ts   to   the  computer  program c o n s i s t   o f  f ond i t i ons  and 
t h e   c h a r a c t e r i s t i c s   o f   t h e   b o u n d a r y   l a y e r s   a t   t h e   a i r f o i l   t r a i l i n g  edge o r   a t  
t h e   p o i n t   o f   i n c i p i e n t   s e p a r a t i o n   i n   t h e   n e i g h b o r h o o d   o f   a i r f o i l   t r a i l i n g  edge. 
The method d e s c r i b e d   i n   t h i s   r e p o r t   i s   q u i t e   g e n e r a l i z e d  and  hence  can  be  ex- 
tended t o   t h e   s o l u t i o n   o f   t h e   p r o f i l e   d r a g  for multi-component a i r f o i l   s e c t i o n s .  

Experimental measurements o f   v e l o c i t y   p r o f i l e s  and s ta t i c   p ressu re   d i s -  
t r i b u t i o n   i n   t h e  wake o f  sharp t r a i l i n g  edge t e s t   a i r f o i l  were obtained by  use 
o f  a p i t o t   s t a t i c  tube. Shear s t r e s s   p r o f i l e s   i n   t h e   a i r f o i l  wake were computed 
by t h e   i n d i r e c t  method. A hot -wi re anemometer was used f o r   t h e  measurements o f  
v e l o c i t y   p r o f i l e s   i n   t h e  wake o f   t h e   b l u n t   t r a i l i n g  edge t e s t   a i r f o i l .  The 
above  measurements were  obta ined  for  a 15 percent   th ick   mod i f ied  NACA f o u r   d i g i t  
a i r f o i l   s e c t i o n   w h i c h  was modif ied  near  the  leading edge fo r   the   purpose  o f  
inc reas ing   the  maximum l i f t  c o e f f i c i e n t .  

A phys ica l   f low model f o r   t h e  wake f l o w  was developed  from  the  experimental 
data.  This  f low model i s   d i v i d e d   i n t o   r e g i o n s  and layers  depending upon the  
c h a r a c t e r i s t i c s   o f   v e l o c i t y   p r o f i l e s .  Parameters f o r   v e l o c i t y   p r o f i   l e   s i m i   l a r i -  
t y   f u n c t i o n s  were  developed  from  experimental measurements i n   d i f f e r e n t   r e g i o n s .  
I n teg ra l   equa t ions   were   de r i ved   f o r   t he   so lu t i on   o f  wake f l o w  and these  equations 
are  coupled,  ordinary  nonl inear and nonhomogeneous d i f f e r e n t i a l   e q u a t i o n s .  
Parameters,  such  as  shear  and s t a t i c   p r e s s u r e s   a t   t h e  edges of   var ious  layers 
appear i n   t h e  above equat ions  as  coupl ing  terms.  Funct ional   representat ion o f  
these  parameters i n  terms o f  dependent  variables,  arranged  in  dimensionaless 
groups, was accomplished w i t h   t h e   h e l p   o f   t h e   p r i n c i p l e  of  l o c a l  dynamic 
s i m i l a r i t y .  

The numer i ca l   so lu t i on   o f   t he  above equations was accomplished by. the 
modi f ied  Euler  method w i th   repea ted   i t e ra t i ons .   Resu l t s   o f   compu ta t i ons   o f   t he  



computer  program  subroutines for t h e   f l o w   i n   t h e  wake and p r o f i l e   d r a g  were 
compared w i th   exper imen ta l   da ta   f o r   t h ree   a i r f o i l   sec t i ons .  Reasonable  agree- 
ment was obtained between  measured  and ca l cu la ted  flow q u a n t i t i e s   i n   t h e  wake 
and p ro f i l e   d rag   co r respond ing   t o   t he   occu r rence   o f   i nc ip ien t   separa t i on   on   t he  
u p p e r   s u r f a c e   o f   a i r f o i l .  

I . I NTRODUCTI ON 

Wi th   the   recent   energy   c r i s is  and shortage o f  f u e l ,  i t  has become impera- 
t i v e   t o  search  for  ways o f   r e d u c i n g   t h e   d r a g   o f   a i r c r a f t   o p e r a t i n g   i n   t h e  low 
and hiqh  subsonic..speed  regime, f o r   t h e i r  economical   operat ion  dur ing  cruise.  
The r e d u c t i o n   i n   t h e   d r a g o f  an a i r c r a f t ,  and  hence sav ing   i n   t he   f ue l  consump- 
t i o n ,  can be accomplished by proper   des ign  o f   the  wing  sect ion.  The e f f e c t i v e  
des ign  o f   w ing  sect ions,  however, requi res an accurate and r e l i a b l e  method f o r  
p r e d i c t i n g ' p r o f i l e  drag. The t rade -o f f s  between  aerodynamic and s t r u c t u r a l  
c h a r a c t e r i s t i c s   o f   a i r f o i l s  must   cons ider   p ro f i le   d rag  as a m e r i t   f a c t o r .  A 
p r e d i c t i o n  method, w h i c h   i s  based  on t h e o r e t i c a l l y  sound p r i n c i p l e s   c o n s i s t e n t  
w i t h   r e a l   f l o w  phenomena, can be used to   evaluate  candidate  wing  sect ions  wi th-  
ou t   resor t ing   to   the   e labora te ,   expens ive  and t ime consuming wind  tunnel   tests.  
Moreover,  the  development o f   a i r f o i l s   f o r   s p e c i a l   a p p l i c a t i o n s ,  such  as minimum 
drag a t   s p e c i f i e d  l i f t  cond i t ions ,   requ i res  a method w i th   genera l   app l i cab i l i t y .  
The development o f  such a method was aimed d u r i n g   t h i s   s t u d y   c o n t r a c t   w i t h  NASA, 
Langley. 

In order   to   es t imate   the   d rag   o f  a body o r   t o   d e s i g n  a body f o r  ninimum 
drag, i t  i s  necessary to   unders tand  the   o r ig in  and  mechanism o f   t h e  aerodynamic 
drag  produced by a body. D 'A lember t ' s   paradox   s ta tes   tha t   in   an   inv isc id   f lu id  
a body  can experience no drag.  This can be proved r e l a t i v e l y   e a s i l y  by use o f  
the momentum theorem. Why then does a body exper ience  drag  in  a r e a l   f l u i d ?   I n  
the  case o f  two-dimensional  bodies, e.g. a i r f o i l   s e c t i o n   a t  a p o s i t i v e   a n g l e  of 
attack,  the  induced  drag  associated w i t h  l i f t  i s   nonex is ten t ,   bu t   p ro f i l e   d rag  
o r   p a r a s i t e   d r a g   o f  such  bodies have a f i n i t e   v a l u e  depending upon free  stream 
cond i t i ons  and geometrical shape o f  two-dimensional  bodies. The above  mentioned 
p r o f i l e   d r a g   o f  a two-dimensional body i s  composed o f  two par ts ,  namely, the   sk in  
f r i c t i o n   d r a g  and the  form  or  pressure  drag. These p a r t s  may be o f  equal  magni- 
tude  or   the one may completely  overshadow  the  other,  depending upon the shape o f  
the body. The s k i n   f r i c t i o n   d r a g   i s   t h e   r e s u l t  o f  the   shear ing   s t resses   in   the  
f l u i d  as i t  passes  over  the  surface  of   the body. The form  drag  resul ts  f rom  the 
unbalance i n  normal  pressure  forces  around  the body  due to   the  presence o f  
attached  or  separated  boundary  layer  around  the  surface o f  a body. These s ta te -  
ments are  exempl i f ied  by  the  use  of   Figure 1-1; t h i s   f i g u r e  shows the  cases o f  
f l a t   p l a t e   a t  0' and goo angles o f   a t t a c k  and  an a i r f o i l   a t  an a n g l e   o f   a t t a c k  
corresponding  to   the  des i red l i f t  cond i t i on .  

In   F igure   I - l (a )   the   d rag  i s  e n t . i r e l y   t h e   r e s u l t   o f   s k i n   f r i c t i o n ,  whereas 
i n   F i g u r e   I - l ( b )  i t  i s   en t i re l y   f o rm  o r   p ressu re   d rag .  I f  some  means could be 
used t o   p r e v e n t   t h e   s e p a r a t i o n   o f ' t h e   f l o w   a t   t h e  edges o f   t h e   p l a t e  shown i n  
F igu re   I - l ( b ) ,   t he   d rag   cou ld  be reduced t o  zero. The t o t a l   o r   p r o f i l e   d r a g   f o r  
t h e   a i r f o i l   s e c t i o n   o f   F i g u r e   I - l ( c )  depends upon geometr ica l   contour   o f   the 
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(a)  Flat  Plate  at 0. 
Angle o'f Attack 

(a) Flat  Plate  at 90' 
Angle of Attack 

( 0 )  Airfoil  at an Angle 
of Attack 

Case (a) - ~reeaace of skin u/ 
Friction o n 4  

Case (b) - Presence of Preesure J 

Case (c) - Both Skin Friction 
D r a g  only 

and Pressure Drrrg Constitute  Total D r s g  J 

FIGURE  1-1 - EXAMPLE SHOWING PRESENCE  OF  VARYING  PROPORTION  OF SKIN FRICTIm 
AND PRESSITRE DRAG CONSTITUENTS OF TOTAL PROFILE DRAG 
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body and free  stream  condi t ions  such as  Reynolds number, ang le   o f   a t tack ,  and 
Mach number. Combination  9f  the above factors  af fect   physical   parameters,   such 
as   loca t ion  and value’of   pressure peak  on t h e   u p p e r   s u r f a c e   o f   a i r f o i l ,   e x i s -  
tence  o f   laminar   boundary   layer   separa t ion   o r   t rans i t ion ,  and cond i t i ons  and 
growth  of   turbulent  or   laminar  boundary  layer  on  the  upper and lower  surfaces 
o f   t h e   a i r f o i l   n e a r   i t s   t r a i l i n g  edge. These physical  parameters  then  determine 
t h e   t o t a l   p r o f i l e   d r a g   o f  a g i v e n   a i r f o i l   s e c t i o n  and a l s o   t h e   r a t i o   o f   i t s  con- 
s t i t u e n t s ,  namely, s k i n   f r i c t i o n  and pressure  drag. The r e l a t i o n  between 
pressure and f r i c t i o n   d r a g   o f  an  axial ly-symmetric  afterbody  behinb a l o n g   c i r -  
c u l a r   c y l i n d e r   i s   o f   i n t e r e s t   b o t h   f r o m   t h e   p o i n t   o f   v i e w   o f   p r a c t i c a l   a p p l i c a -  
t i o n   i n   d e s i g n  and the   theore t ica l   s tud ies .   Ava i lab le   exper imenta l   da ta   fo r  
t he   d rag   coe f f i c i en t ,  CD, f o r   b l u n t  and sharp  af terbodies,   which  are shown i n  
Figures  I -2(a) and I -2 (b) ,   revea l  an i n t e r e s t i n g  phenomenon. F igure  I -2(a)  
shows t h e   p l o t s   o f  measured d rag   coe f f i c i en ts ,  CD, versus LR/% f o r   b l u n t  and 
sha rp   a f te rbod ies ;   i n   t h i s   F igu re  LR denotes  the  length  of   the  af terbody and 
Ro denotes  the  base  radius o f   t he   a f te rbody .  The experimental  data shown i n  
th i s   f i gu r ,e   revea l   t ha t   b lun t   o r   t h i cke r   a f te rbody  has a lower   d rag   coe f f i c ien t  
than  the  sharp  af terbody.  This  resul t  is q u i t e   s u r p r i s i n g  because it i s  known 
from avai lab le  exper imenta l   data on a i r f o i l   s e c t i o n s   ( f o r  example NACA fou r  
d i g i t   s e r i e s )   t h a t   t h i c k e r   s e c t i o n s  have  higher  values o f   p r o f i l e  drag  than 
lower   t h i ckness   ra t i o   a i r f o i l   sec t i ons .  The above-mentioned  discrepancy o f  
exper imental   resul ts  of   Figure  I -2(a)  can be e x p l a i n e d   w i t h   t h e   a i d   o f   d e t a i l e d  
ana lys i s   o f   expe r imen ta l   resu l t s  shown in   F igu re   I -2 (b ) .   Th i s   f i gu re  shows the  
breakdown o f   t he> , loca l   t o ta l   d rag   i n to   l oca l   i n teg ra ted   va lues  o f  s k i n   f r i c t i o n  
drag and pressure  drag.  Values  of  integrals I ,  and 1 2 ,  which  are shown p l o t t e d  
as a f u n c t i o n   o f  X/LR i n   F igure   I -2 (b)   fo r   bo th   th icker  and  sharp  afterbodies, 
rep resen t   l oca l   i n teg ra ted   va lues   o f   sk in   f r i c t i on  and pressure  drag,  respec- 
t i v e l y .  The a lgeb ra i c  sum o f  I 1  and I 2  a t   p a r t i c u l a r  X l o c a t i o n  o n   t h e   a f t e r -  
body i s  equal t o   t h e   t o t a l   d r a g   o f   a f t e r b o d y  up t o   t h a t  X l oca t i on .  The l o c a l  
in tegra ted   va lue   o f   the   p ressure   d rag  12 fo r   b lun t   a f te rbody   inc reases  up t o  
X / L ~ = 0 . 7 5  and then  s tar ts   decreas ing up t o   t h e   t a i l  end because o f   b e t t e r  
p ressure   recovery ;   th is   be t te r   p ressure   recovery   i s  due t o   t h e  absence o f   f l o w  
separation.  For  the  sharp  afterbody, however, t he   va lue   o f  l 2  increases con- 
t i n u o u s l y   u p   t o   t h e   t a i l  end because  of flow s e p a r a t i o n   a t  X / L ~ 2 0 . 8 .  Thus, 
the sum o f  I 1  and 12 a t   t h e   t a i l  end, which  represents  the  total   drag  co- 
e f f i c i en t ,   i s   h ighe r   f o r   t he   sha rp   a f te rbody   t han   f o r   t he   b lun t   a f te rbody .  

The t o t a l   d r a g   o f  an a r b i t r a r y   a i r f o i  1 sec t i on ,   a t   l eas t   i n   t heo ry ,  can  be 
computed f rom  the  knowledge  o f   pressure  d is t r ibut ion and a i r f o i l  geometry. From 
the   knowledge  o f   e i ther   ekper imenta l   o r   ca lcu la ted   p ressure   d is t r ibu t ion  on the 
s u r f a c e   o f   t h e   a i r f o i l  and t h e   a i r f o i l  geometry,  the  pressure  drag  can be c a l -  
cu la ted  f rom  the Cp versus Z/C r e l a t i o n s h i p   o f   t h a t   a i r f o i l ,  where Z/C i s   t h e  
nond imens iona l   o rd ina te   o f   t he   g i ven   a i r f o i l   sec t i on ,   t he   de te rm ina t ion   o f   t he  
a lgeb ra i c  sum o f   t h e   f a m i l i a r   t h r u s t  and drag  loops  gives  the  resul tant   pressure 
drag. The boundary  layer   character is t ics  and  hence t h e   s k i n   f r i c t i o n   d r a g  can 
be c a l c u l a t e d   f o r   t h e   g i v e n   p r e s s u r e   d i s t r i b u t i o n  by the  use o f   p e r t i n e n t  
boundary l aye r   t heo r ies .   I n   ac tua l   p rac t i ce ,  however, it i s   e x t r e m e l y   d i f f i c u l t  
t o   ob ta in   accu ra te   d rag   l eve l  by the  above  mentioned  which i s   d e f i n e d  as the 
D i r e c t  Method. S l i g h t   e r r o r s   i n   p r e s s u r e   d i s t r i b u t i o n ,   w h i l e   n o t   s i g n i f i c a n t l y  
a f f e c t i n g   t h e  boundary  layer   character is t ics ,  l i f t  and p i t c h i n g  moment, can 
c r e a t e   e r r o r s   i n   t h e   t h r u s t  and drag   loops   tha t   a re   ser ious ly   magn i f ied  when 
ca lcu lat ing  pressure  drag by tak ing   t he   d i f f e rence   o f   t hese  two loops. Hence, 
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the  use  of  the  Direct  Method is not  recommended  either for the  purpose of data 
analysis or for the  optimization study  for  the development  of an airfoil con- 
figuration. 

The  profile or total  drag of  the airfoil section is usually  calculated by 
some form of the  Indirect  Method.  The calculation of the  profile drag of a 
given  airfoil  section by use of  the  Indirect  Method is dependent  upon  the abili- 
ty of this  method to reliably  calculate  the  shape  of  the  velocity  profile at a 
very  large distance  downstream of the  airfoil trailing edge.  This  very  large 
downstream  distance  corresponds to the  distance  behind  the  trailing  edge  at 
which  location static  pressure is essentially  constant  andjits  value is equal to 
free  stream  static  pressure.  The  drag of the  given  airfoil  can  then be calcu- 
lated by substracting  the  flow  momentum  corresponding to  the above  velocity 
profile  at  the  large  downstream distance from  the corresponding  momentum  of  the 
free  stream air. 

y i  Use of the  Indirect  Method  for  the calculation of the  profile  drag,  however, 

: p :  lower surfaces  of  the  given  airfoil in the  vicinity  of  its trailing edge. These 
i @  boundary  layer characteristics,  known  as initial conditions,  can be calculated, 

If1 ' l i '  requires  knowledge  of  the  characteristics of the  boundary  layer  on  both  upper and 

,! 5 

for example, for  attached  flow  conditions by the  use of  methods in Reference 1. 

The lnd.irect  Method  for calculations of profile  drag,  which is available up 
to the  present  time, is the  Squire E Young's  method. of Reference 2. The  simpli- 
fied  solution  for  the  profile drag by the above method is obtained,  however, at 
the sacrifice  of  making  sane  assumptions  which  are  inconsistent  with  physical 
reality.  For example,  logarithmic  relation  of  velocity  profLle in wake,  namely, 
the  assumption of constancy  of  the  ratio Loge(U,/Ue)/H-l along  the wake, is on- 
tradicted by several  experimental  measurements in airfoi 1 wakes. Moreoveree 
Squire 8 Young approach  can be  used  to advantage in some  instances, its limlta- 
tions  prevent  reliable application to  many  problems o f  practical  interest. 

4 

: r  

It is thus desirable to  develop a generalized  theoretical  prediction  method 
for the  calculation  of  profile drag o f  an arbitrary  airfoil,  which is free from 
restrictions and  limitations,  such  as  discussed in the  above  paragraphs.  Speci- 
ficall.);, the  method  should be  valid at high and low angles of attack and 
applicable to either  single  or  multi-component  airfoil.  Specific  objectives to 
be accomplished under  the  present studies are: 

(1,) To obtain  measurements  of  velocity  profile and pressure  distributions 
in the wake of a single  component  airfoil for the  purpose  of  develop- 
ing a physical wake flow  model. 

(2) To derive the equations to  provide a generalized  mathematical  model of 
airfoil wake and  to  develop a numerical  method and a computer  program 

, '  for  the  solution of  these  equations. 

(3) To determine the Val idi ty of the  method by correlation  with  measure- 
ments  of  the  viscous  flow in the  airfoil  wake and profile  drag 
measurements. 

7 



I I .  THEORETICAL  STUDY 

I I .  1 General  Discussion 

, The p r o f i l e   d r a g   o r   t o t a l   d r a g  o f  t h e   a i r f o i l   s e c t i o n   i s  made up of  two 
par ts ,  namely, s k i n   f r i c t i o n   d r a g  and pressure  drag. Thus 

'Dprofi 1 e 'Dpressure + C D s k i n   f r i c t i o n  
- - ( I  1-1) 

. .  
I n   t h e   D i r e c t  Method, t h e   t o t a l   d r a g   o f   t h e   a i r f o i l   s e c t i o n   i s  computed by 

eva lua t ing   the  two  components o f   t h e   r i g h t - h a n d   s i d e   o f   e q u a t i o n  (11-1)  separate- 
l y ,  namely, (a )   ca lcu la t ion   o f   p ressure   d rag  and ( b )   s k i n   f r i c t i o n   d r a g .  A b r i e f  
d e s c r i p t i o n   o f   t h i s  method was g i ven   i n   Sec t i on  I .  I n   t h e   I n d i r e c t  Method, the 
t o t a l   d r a g   i s  computed w i thout   eva lua t ing   the  two  components o f   t h e   r i g h t - h a n d  
s ide   o f   equa t ion  ( I  1-1).  This i s  accomplished from the knowledge o f  boundary 
layer  parameters  on.the  upper and lower  surface in  t h e   v i c i n i t y  of  t h e   t r a i l i n g  
edge. 

F igure 11-1  i l l u s t r a t e s   t h e   b a s i c   p r i n c i p l e   b e h i n d   t h e   I n d i r e c t  Method f o r  
the  purpose o f   c a l c u l a t i n g   t h e   p r o f i l e   d r a g   o f   s i n g l e   o r   m u l t i - c o m p o n e n t   a i r f o i l  
section.  From'the knowledge o f   t he   cha rac te r i s t i cs  o f  the  boundary l aye r  on the  
upper  and  lower  surfaces i n   t h e   v i c i n i t y   o f   t h e   t r a i l i n g  edge, t h e   I n d i r e c t  
Method i s  used f o r   t h e   p u r p o s e   o f   c a l c u l a t i n g   t h e   v e l o c i t y   p r o f i l e   i n   t h e  wake, 
a t . a   l a r g e  downstream d i s t a n c e   b e h i n d   t h e   a i r f o i l   t r a i l i n g  edge,  where s t a t i c  
p r e s s u r e   d i s t r i b u t i o n  has s tab i l i zed   t o   t he   f rees t ream  va lue .  The expression 
fo r   t he   p ro f i l e   d rag   o f   t he   two-d imens iona l   , a i r f o i l   sec t i on  can  then be w r i t t e n  
as 

+oJ 

Tota l  Drag = sp I U(U, - U) dy 

- m  

where s = span o f   a i r f o i l  
u = l o c a l   v e l o c i t y   i n   t h e  wake boundary layer  

p = densi  ty. 
Um = f rees t ream  ve loc i ty  

( I  1-2) 

The d r a g   o f   t h e   a i r f o i l  can  then be determined i f  i t  i s  p o s s i b l e   t o  use 
known v e l o c i t y   p r o f i l e   c h a r a c t e r i s t i c s   a t   t h e   t r a i l i n g  edge o f   t h e   a i r f o i l   t o  
c a l c u l a t e   t h e - f a r  downstream wake v e l o c i t y   d i s t r i b u t i o n ,  U(X+m, 1, p o i n t  4, 
F igure 1 1 - 1 .  

where P i ,  i = 1 ... n a re  n d i f f e r e n t  parameters  required for the   f unc t i ona l  
representa t ion   o f   equat ion  ( I  1-3). For  example, i n   t h e  case o f  a s ing le   cmpo-  
n e n t   a i r f o i !  with a b l u n t   t r a i l i n g  edge  and w i t h  boundary layer   separa t ion  ahead 
o f  t h e   t r a i l i n g  edge i n   i t s   v i c i n i t y ,  P1 may be f ree  s t ream  ve loc i ty ,  P2 may be 
loca l   ou te r   f l ow   ve loc i t y   a t   separa t i on ,  Pg t h e   t r a i l i n g  edge th ickness and P4 

a 
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may be the  d is tance between separa t ion   po in t  and t h e   t r a i l i n g  edge. Each p a i r  
o f  parameters   a re   a lso   re la ted   to   each  o ther   th rough  the   genera l   ve loc i ty   d is -  . 
t r i b u t i o n  U(x y) a t  any p o i n t   i n   t h e  wake. For  example, i f  Ue(%) i s   t h e  
v e l o c i t y   a t   t h e  edge o f   t h e  boundary layer  i n  the wake, and Urn I S  t h e   f r e e  
stream  veloci ty,   then it i s  found from exper imenta l   da ta , tha t  it i s   p o s s i b l e  to 
express  the  funct ional   re la t ionship  as  fo l lows 

U = F  cod ( I  1-4) 

where 
ii = / u  dy = ave rage   ve loc i t y   i n   t he  wake boundary  layer. 

Thus, (n-1)   aux i l iary   equat ions,  such  as  equation (Il-b), a r e   r e q u i r e d   f o r   t h e  
complete  so lu t ion  o f   equat ion ( 1 1 - 3 ) .  

0 

In   the   case  o f  a s i n g l e  component a i r f o i l   w i t h  a sharp t r a i l i n g  edge, which 
does   no t   exh ib i t  any separat ion ahead o f   t h e   t r a i l i n g  edge, on l y  two parameters 
in   equat ion  (11-3) need t o  be considered. These parameters  are Urn and the 
p r e s s u r e   d i s t r i b u t i o n   o r  Ue along  the wake. Squire and Young proposed  the 
f o l l o w i n g   e m p i r i c a l   r e l a t i o d x ) f o r   t h e   p u r p o s e   o f   o b t a i n i n g  an analy t ic   expres-  
s ion   f o r   t he   d rag   o f  a s i n g l e  component a i r f o i  1, i.e. 

where 

H(x) = wake boundary layer   form  factor  

U = v e l o c i t y   d i s t r i b u t i o n   a t   t h e   o u t e r  edge of the wake. 
e (X) 

By making  use o f   equa t ion  ( I  1-5) i n   t h e  von Karman  momentum i n t e g r a l  
equation,  Squire and Young were a b l e   t o   d e r i v e  an a n a l y t i c   e x p r e s s i o n   f o r   t h e  
t o t a l   d r a g   c o e f f i c i e n t   o f  a s i n g l e  component a i r f o i l   w i t h  a sharp t r a i l i n g  edge. 
Th is   exp ress ion ,   wh ich   i s   t heo re t i ca l l y   va l i d   on l y   i n   t he  absence o f  boundary 
layer   separat ion ahead o f   t h e   a i r f o i l   t r a i l i n g  edge, i s   g i v e n  by 

( I  1-6) 

I t  may be pointed  out   here  that   the above s imp le   ana ly t i c   express ion   fo r  
d r a g   c o e f f i c i e n t   i s   o b t a i n e d   a t   t h e   s a c r i f i c e   o f  making some s i m p l i f y i n g  assump- 
t ions   wh ich   a re   incons is ten t   w i th   phys ica l   rea l i t y .   For  example, experimental 
da ta   i n   t he  wake behind a i r f o i l s   i n d i c a t e   t h a t   t h e   e m p i r i c a l   r e l a t i o n  of  equa- 
t i o n  ( I  1-5) used by Squire and  ,Young  does not   ho ld.   F igure 11-2 shows t h e   p l o t  
o f  exper imenta l   da ta   fo r   the   ra t io  (LOge(U9/Ue))/(H-1) a t   v a r i o u s   d i s t a n c e s   a f t  
o f   t h e   t r a i  1 ing  edge f o r  a  .Joukowski a i r f o l l .  These r e s u l t s  show t h a t  

3 '  
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assumption  implied by equat ion ( I  1-5) i n   t he   Squ i re  and Young method i s  un- 
r e a l i s t i c .   S p e c i f i c a l l y ,   S q u i r e  and Young’s  approach is   unab le   to   dea l  
d i r e c t l y   w i t h   t h e   f o l l o w i n g   s i t u a t i o n s :  

(1) B l u n t   t r a i l i n g  edge a i r f o i l s .  

(2) A i r f o i  1s composed o f  two o r  more components. 

. (3) High o r  low  angles o f   a t t a c k  when boundary layer  th ickness  on  the 
upper and l o w e r   s u r f a c e s   o f   t h e   t r a i l i n g  edges a r e   v e r y   d i f f i c u l t .  

(4) I n c i p i e n t  boundary layer   separat ion  in   the  ne ighborhood of the 
t r a i l i n g  edge  on e i ther   the  upper   or   lower   sur face  or   both.  

I I .2 Descr ip t ion of the  Present  Theoretical Method 

F igure 11-3 shows the  curv i l inear   system  of   coord inates  in   which x  denotes 
the  d is tance  a long  the  locus  o f  minimum v e l o c i t y  and y the  d is tance  normal   to  it. 
The r a d i u s   o f   c u r v a t u r e  of the  lower edge o f   t h e  wake will be denoted by R1 and 
of an  equ id is tahce  l ine  by R. I t  i s  assumed i n   t h i s   t h e o r e t i c a l  development t h a t  
R1 i s   l a r g e   i n  comparison w i t h   t h e   w i d t h   o f  wake, but   not   very   large  in   compar i -  
son w i t h   t y p i c a l  wake layer   width.   Def in ing  curvature K as 

K = -  1 
R1 

then  one has 

The comp 
loca l   curva tu  

Rl 

Ro 1 - =  
R l + K y  

lete  Navier-Stokes  equat ions  for   the  or thogona 
r e   i n   f l o w   i s   t a k e n   i n t o   a c c o u n t ,  can  be writt 

( I  1-71 

( I  1-8) 

1 d i   r e c t   i o n s  , when 
en  as fo l lows:  

4 
X - Momentum Equat ion 

12 
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Y Momentum  Equation 

The equation of continuity,  considering  effects  of  curvature,  can be 
written as 

-4“ (”) = 0 
au a R 
aY a~ R, 

( I  1-11) 

By performing  time  averaging  operation  on  the  terms  of  equation ( I  1-9) and 
(I 1-10), the  equations  for  the  mean  turbulent  flow in the wake behind the trail- 
ing edge  of  the  airfoil  can  be  derived.  These  equations  can  be  further  simpli- 
fied  from  the consideration  of  the  order  of  magnitude analysis. The following 
time  averaged  equations  can be written  after  appropriate  simplification for the 
presently  considered wake flow. 

( I  1-12) 

( I  1-14) 

In the above equations,  terms  of  the  order 6/R and of  higher  magnitude  are 
retained  and  the  terms of  the  order  smaller than 6/R1 are eliminated; here6 is 
the  characteristic  width o f  the wake boundary  layer. The  shear  stress T(x,y) 
which  appear in above equations is the  algebraic  sum  of laminar  and turbulent 
shear  stress  contributions, i.e. 

In the  further  derivation  of  equations  for  the wake flow  the bar above 
qualities,  such as u, V, p,  etc.,  will  be omitted;  however, it will  be  implied 
that they  represent  the  time  averaged  value at any point in the flow behind 
ai rfoi 1 wake. 

Physical Flow Model: Figure 11-4 shows  the  physical  flow  model of the wake 
aft of blunt base  multi-component  airfoil.  This  flow  model  was  derived  from 
available  experimental data. The  success  of  predicting  the cor.lplex viscous  flow, 

14 
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1 o f   s imp l i f ied   Nav ie r -S tokes   equat ion  ( I  1-12], ( I  1-13) and ( I  1-14) would  be 
such  as shown i n   : F i g u r e  11-4, f o r  an a r b i t r a r y   a i r f o i l  case  by d i r e c t   s o l u t i o n  

highly  improbable, i f  not  impossible.  For  this  reason,  the  f low model o f  
F igure 11-4 i s   d i v i d e d   i n t o   v a r i o u s   r e g i o n s  and layers   in   wh ich   the   f low be- 
hav ior  has ce r ta in   phys i ca l   cha rac te r i s t i cs .  For  example, experimental 
measurements in  the  channel   f low  suggest  that   Region I can b e   d i v i d e d   i n t o  
th ree  Zones L1, L2, and L3. I n  Zone L1 , the  maximum c i r c u l a t o r y   f l o w   i s  
present as the  pressure  is   a lmost   constant ,  whereas i n  Zone L2, pressure  in-  
creases  rap id ly   to   near   s tagnat ion  va lue  a t   the  po int   o f   conf luence.   In  Zone 
L3, which i s   i n f i n i t es ima l l y   sma l l ,   p ressu re   dec reases   a t  a r a p i d   r a t e  and the 
changes i n   v e l o c i t y   p r o f i l e  shape a re   qu i te   ab rup t .  

1 

:i '. 
L From the  present  experimental measurement i n   t h e  wake o f  a sharp t r a i l i n g  
! edge a i r f o i l ,  it i s  o b s e r v e d   t h a t   v e l o c i t y   p r o f i l e s   i n   t h e   i n d i v i d u a l   l a y e r s  
, , .  

o f  Region IV o f   F i g u r e  11-4 become l l s im i l a r "   o r  "one parameter  family' l  i f  
appropr iate  parameters  are chosen. If t h e   c h a r a c t e r i s t i c s   o f   t h e   f l o w   a r e  
such t h a t  i t  i s   p o s s i b l e   t o   d e r i v e   s i m i l a r i t y   p a r a m e t e r s   f o r   a l l   l a y e r s   i n  
d i f f e r e n t   r e g i o n s   o f   F i g u r e  11-4, then   se ts   o f   o rd inary   d i f fe ren t ia l   equat ions  
f o r   t h i s  wake f l o w  can  be de r i ved   f rom  the   gove rn ing   pa r t i a l   d i f f e ren t i a l  equa- 
t i o n  such as ( I  1-12), ( I  1-13) , and ( I  1-14). These s e t s   o f   o r d i n a r y   d i f f e r e n t i a l  
equations, however  complex, can then be solved by present ly   ava i lab le   numer ica l  
methods f o r   t h e   s o l u t i o n  of t he   f l ow   i n   t he  wake o f  an a r b i t r a r y   a i r f o i l .  The 
d i s c u s s i o n   o f   s i m i l a r i t y  parameters f o r   v e l o c i t y   p r o f i l e s  and general ized 
physical   parameters  for   shear  stress and p r e s s u r e   d i s t r i b u t i o n s   i n   t h e  wake be- 
h ind   s ing le  component a i r f o i l  will be g iven  in   Sec t ion  I V .  However, i n   t h e  
fo l l ow ing   de r i va t i ons   o f   t heo re t i ca l   equa t ions   f o r  wake f l o w   b e h i n d   t h i n   t r a i l -  
ing edge s i n g l e  component a i r f o i l   s e c t i o n ,  i t  will be assumed t h a t  such  simi- 
l a r i t y   o r   g e n e r a l i z e d   p h y s i c a l  parameters do ex is t   for   the  cons idered  v iscous 
f low. 

1 1 . 3  Theoret ical   Der ivat ions 

Equations f o r  Zone L3 o f  Region 1 :  As the   p resent ly   cons idered  case  i s   fo r  
s i n g l e  component a i r f o i l   w i t h   t h e  sharp t r a i l i n g  edge, Zones L1 and L2 a re  
absent ;   so lu t ion   fo r   the   f low  i s   thus   requ i red   fo r  Zone L3 o n l y   o f  Region 1 f o r  
t h i s  case.  Schematic  representation  for Zone L3 f o r   s i n g l e  component a i r f o i l   i s  
shown i n   F i g u r e  11-5. I n i t i a l   c o n d i t i o n s   f o r   t h e  boundary  layer  quant i t ies  on 
upper and l o w e r   s u r f a c e s   o f   a i r f o i l   a r e   s p e c i f i e d   a t   S e c t i o n  AA, shown i n   t h i s  
f i g u r e ;   t h i s   S e c t i o n  AA corresponds t o   e i t h e r   t r a i l i n g  edge l o c a t i o n   o r   i s  
s i t u a t e d   a t   t h e   p o i n t   o f   i n c i p i e n t   s e p a r a t i o n  on t h e   a i r f o i l   w h i c h   i s   i n   t h e  
neighborhood o f   a i r f o i l   t r a i l i n g  edge. The Sect ion BB, shown in   F igu re  11-5, 
corresponds t o   t h e  end o f  Zone L3 o f  Region I .  This  Sect ion BB i s   l o c a t e d   a t  an 
in f in i tes imal   d is tance  f rom  Sect ion AA; however, due t o   r a p i d   m i x i n g   o f  boundary 
l a y e r s   o f  upper and lower  surfaces  of  an a i r f o i l   i n  Zone L3, c h a r a c t e r i s t i c  
v i scous   f l ow   quan t i t i es  such as stat ic  pressure,   d isplacement and momentum 
thickness and magnitude o f  minimum v e l o c i t y  Uw change a t  much f a s t e r   r a t e s   i n  
Zone L3 than i n  downstream reg ions   o f   f low.  A s t a r t i n g   v a l u e   o f  U, i s   o b t a i n e d  
by  making a momentum b a l a n c e   a t   t h e   t r a i l i n g  edge. The use o f  momentum 
i n t e g r a l   e q u a t i o n   i n   t h e   f o l l o w i n g   f o r m   i s  made: 

H 
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Station B-B - a d  of Zone 6 3  
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Momentum l’hiclmeee 8, Form Factor H, 
B o m W  Leyer Thicknees band uc 
are epecified at Station A-A. 

FIGURE 11-5 - SCIIPIBTIC  REPFGSDITATION POR ZONE 6 3  FOR SINGLE COMPONDIT  AIRFOIL 



e+ (H+2) --= 
dx 

8 d Ue o. 
Ue dx . ( I  1-16) 

The parameter and f u n c t i o n   f o r   t h e   s i m i l a r i t y   o f   v e l o c i t y   p r o f i l e s   i n  Zone L3 
a r e  assumed t o  have the  fo l lowing  form, namely, 

For Upper Ha l f  Wake: 

For Lower H a l f  Wake: 

( I  1-18) 

By making  use o f   equat ions  (11-17) and (11-18) i n   t h e   u s u a l   d e f i n i t i o n s   f o r  
momentum and d isp lacement   th ickness,   the  express ions  for   these  quant i t ies   for  
upper and lower wakes i n  Zone L3 can  be der ived i n  terms o f  parameters o f  equa- 
t i o n s  ( I  1-17) and ( I  1-18). Thus, 

1 
GWpper 

Wake = (Y, - Y,) (1 - 

1 

J f ('1,) do2 

0 ' I  
1 

6 %owe r UW 
Wake = (y, - y,) (1 - *) J f (n2)dn2 

eL 0 

( I  1-20) 

( I  1-21) 

( I 1-22) 

By making  use o f   equat ions  ( I  1-17') through ( I  1-22) i n   e q u a t i o n  ( I  1-16) 
performing needed mathematical   manipulat ions,   the  fo l lowing  quadrat ic  equat 
can  be der ived   fo r   comput ing   the   ra t io  (Uwl/Uea) a t   t h e   e n d . o f  Zone L3. 

- - _  

and 
ion  

I 1-23) 
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Where the va.lues of   coef f ic ients   are  determined  f rom  fo l lowing  equat ions,  

WAKE 

WAKE 

WAKE 

1 1 

WAKE 

WAKE 
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and 

A3 = (Y3 - Y2) 

+ (Y2'Yl) 

I SURFACE I SURFACE 

1 e 
+ 5 ( H ~ . ~ .  + *) T.E. weg - ueA) 

UPPER 
SURFACE' SURFACE 
UPPER 

UPPER 
WAKE 

1 e 
+ F ( H ~ . ~ .  + 2, T .E.  (ueB - "A) LOWER 

LOWER 
SURFACE SURFACE 
LOWER WAKE 

WAKE 

WAKE 

WAKE 

WAKE 



The  variation  of  the width of  the  upper and lower 
pressed by the  following  growth  rate  equations, 

wakes in Zone L3 is ex- 

( I 1-24) 
\. . 

and, 

where ClU and CIL are constants and  initial  values of (yg -yp) and (y2 -y1) for 
equations  (11-24) and ( I  1-25)  correspond  to  values  of  boundary  layer  thickness  at 
Section AA on upper and lower surface  of 'the  airfoi 1 ,  respectively.  The imp1 ied 
assumptions for  the validity of equations ( I  1-24) and ( I  1-25) are  that  growth 
rate  of  these  layers is controlled by the  transver'se  perturbation  velocity and 
that the  transverse  perturbation  velocity is proportional  to  the average  gradi- 
Znts  of  velocity  for  upper and lower wakes in Zone L3. Simultaneous  solutions 
of equations ( I  1-23), ( I  1-24), and ( I  1-25) give the starter  values  for (Uwl/Ue,), 
(y3 - y2) and (y2 - yl) at  the  end of Zone L3 of Region 1. In the  case  of 
single  component airfoil, the  Regions I I  and I I I of  Figure 11-4 are not  present; 
and,  thus,  these  starter  values  form  the initial conditions for  Region IV in the 
wake behind single  component  airfoil. 

Equations  for  Region IV: For single  component  airfoil,  the  Region IV ex- 
tends  from  the  end of Zone L3 of Region I for a distance very  far  downstream of 
the  airfoil  trailing edge where the  pressure  has  stabilized to the  free  stream 
value.  Experimental data of the  velocity  profiles  for  layers 8-5 and 1-8'in 
Region IV indicate  that  velocity profiles in these layers  become  'Isimilarl' if 
the  similarity 
manner: 

For  layer 1-8: 

parameters and similarity  functions are defined in the  following 

where U =  velocity at any  point y in 1ayer.l-8 
UeL = velocity at lower edge of wake boundary  layer 
uW8 = minimum velocity  on  the  locus of ye( 
yIc = distance y in the  layer 1-8 where u 2)1/2 (Uw8 + UeL) 

22 

( I 1-26) 



and f o r   l a y e r  8-5 'def i ne: 

where  u = v e l o c i t y   a t ,  any p o i n t  y i n   l a y e r  8-5 
Ueu 5 v e l o c i t y   a t  upper  edge o f  wake boundary  layer 
y8C = d is tance y in  the  layer  8-5 where  u = 1/2 (ueu + uW8). 

In t h e   d e f i n i t i o n   o f   s i m i l a r i t y . p a r a m e t e r s  '13 and n4, as  g iven by equations 
(11-26) and ( l l -27 ) ,  the  distances  y1 and yec  are used  because i t  i s   d i f f i c u l t  
to  determine  the  exact  values  of   bouniary  layer  th ickness  f rom measurements a t  
large  d is tances downstream of  the a i r f o i l   t r a i l i n g  edge..  The Eu ler   equat ion   a t  
the  upper edge of  the wake can be wr i t t en   as :  

whereas for   the  lower  edge o f  wake, the  Euler   equat ion  is   wr i t ten  as:  

( I  1-28) 

The express ion  for   the  t ransverse  ve loc i ty   V(y)   a t  any p o i n t   i n   t h e   l a y e r  
1-8 o r   l a y e r  8-5 can be der ived   f rom  the   con t inu i ty   equat ion  (11-11) as fo l lows,  

where  R(y) = rad ius   o f   cu rva tu re   o f   s t ream  l i ne   i n  wake boundary l a y e r   a t  any 
p o i n t  y . 

R2 = r a d i u s   o f   c u r v a t u r e   f o r   t h e   l o c u s   o f  minimum Ve loc i t y  y = ~ 8 ( ~ )  
R1 = radius Qf curva ture   fo r -   lower  edge o f  wake boundary layer  

V(y8) = t ransve rse   ve loc i t y  on  the  locus y = y8(x )   o f  minimum v e l o c i t y  

'8 (x) 

Applicable.  boundary  layer  condit ions  for  the  layer 8-5 and layer  1-8 are:  

a t  y = y5:  u Ue U 9 f h 4 )  0 ,  '14 = Klu, CP C P ( Y ~ ) ,  = ~ ( ~ 5 1  = 0 ,  

1 d Peu d Ueu 
and - - = - 

P dx  ueu 7 
a t  y IL ye: u Ue8, f('14) = f('13) 1 , 113 = '14 = 0 ,  CP * cP(Y8), 

and V(Y)  = v(y8) 
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and a t  y = yl: u = UeL, f ( q 3 )  = 0, q3 - K I L  - 

1 d PeL Cp = Cp(yl) ,  T = r(yl) = 0, and - - = - ueL ( I  1-31] 
P dx ueL 7. 

I n   o r d e r   t o   o b t a i n  momentum in teg ra l   equa t ion   f o r   l aye r  8-5, i n d i v i d u a l  
terms o f   equa t ion  can be i n t e g r a t e d   f r o m   y = y 8   t o  y = y5.  During  the mathe- 
mat ical   manipulat ions,   use  is made o f   equa t ions  (11-30), ( I l - z g ) ,  ( f l - 2 6 ) ,  
boundary  condit ions ( I  1-31) and L e i b n i t z ' s   r u l e .  Radius o f   c u r v a t u r e  R f o r   t h e  
wake flow  boundary i s  assumed la rge  compared t o   t h e   t h i c k n e s s   o f  boundary l aye r  
f o r   t h e   p u r p o s e   o f   a n a l y t i c a l   s i m p l i f i c a t i o n .   I n t e g r a t i o n   o f   t h e   t e r m  

needs some mention a t   ' th is   t ime.   " I r i - .o rder   to   'per fo rm  th is   in tegra t ion ,   the  
i n fo rma t ion   rega rd ing   va r ia t i on 'o f   i n teg rand   i n   t he   l aye r  8-5 i s  necessary. 
Exper imen ta l   da ta   . i nd i ca te   s im i l a r i t y   i n . ve1oc i t y   p ro f i l e   f o r   l ong i tud ina l  
v e l o c i t y  u; however, such 'genera l ized  in format ion  regard ing  t ransverse compo- 
nent .v .   i s   no t   ava i lab le - 'a t   the   p resent   t ime.  .Under th is  c i rcumstance,: the 
r e s u l t s   o f   a n a l y t i c a l   s o l u t i o n   f o r   T o l l m i e n ' s  (Reference 3)  p lane  tu rbu len t  
source  are used for   the  purpose  o f .   eva luat iq 'g   th is   i .n tegra1.   F igure I I -6(a) 
shows the  schematic  representat fon  of   'Tol lmien's  p lane  turbulent  source. 
T o l l m i e n   i n v e s t i g a t e d   t h e   v e l o k i t y   d i s t r i b u . t i o n   i n   t h e   f r e e '   j e t  flow which i s  
fo.rmed when t h e   f l o w   o f   f l u i d  emanates th rough  the   nar row  rec tangu lar   s l i t .  The 
x -ax i s   co inc ides   w i th   t he   ax i s   o f  symme.try and the   y -ax i s   i s   pe rpend icu la r   t o  
x-axis a t  t h e   e x i t   o f   t h e   s l i t . ,  The r e s u l t s   o f   a n a l y t i c a l   s o l u t i o n ,   o b t a i n e d  by 
To l lm ien   f o r   t he   f l ow   cond i t i ons   o f   F igu re   l l - 6 (a )   a re  used fo r   t he   p resen t  
purpose as f o l  lows: . . . .  

>. 

. y5 

Let 

when y = ye, 5 = 0, y = ys, 5 = KZu. 

S u b s t i t u t i o n   o f  (11-33) i n  (11-32) and s i m p l i f y i n g ,  
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u, 

FIGURE ll-6(a) - SCHEMATIC REPRESENTATION O F  TOLLMIEN'S PLANE 
TURBULENT  .SOURCE . 
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rn 
1 
I 

K2u 
1 

11" R1 (ui,) (UeU - U W ~ )  ( Y ~ C  - ~ 8 )  I g&) dE; 

0 
. .  

K2u 1 :  
~ - - (ueu - ~ " 8 1 2  (Y8c  Ye)  I 91 (5 )  g2(5) de 

1 
R1 ( I 1-34] 

0 

Figures I l-6(b) and 11-7 show t he   p lo t s   g2 (5 )  and  g1 (E;). g2(5)  versus ( e ) ;  
these  curves   a re   ob ta ined  f rom  theore t ica l   resu l ts   fo r   To l lm ien 's   p lane  tu rbu-  
lent   source  so lu t ion.  From the above f igures ,   the   va lues   o f   in tegra ls  can be 
wr I t t e n  as : 

K2u Kz u 

0 0 

0 
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If we assume t h a t   t h e   r a t e   o f   g r o w t h  o f  the   layer  8 - 5 . i ~  c o n t r o l l e d  by the 
I .  

t r ansve rse   pe r tu rba t i on   ve loc i t y ,  and -as  exper imenta l   ev jdence  ind icates - 
s i m i l a r i t y  o f  v e l o c i t y   p r o f i . l e   f o r   t h i s   l a y e r ,   t h e n   t h i s   g r o w t h   r a t e  can be 
expressed by the   fo l low ing   equat ion :  

1 "  
- d UeU 

' 9  dx (YsC,  - Ye) = '2, UW r 1 + 3  8 
u"U 

where C2u i s  an empir ica l   constant .  

I n   t h e  manner s i m i l a r   t o   t h e   d e r i v a t i o n   o f   e q u a t i o n  (I 1-36) ,  t he  momentum 
in teg ra l   equa t ion   f o r   t he   l aye r  1-8 can  be der ived  as:  



. .  

k8-5 and R1-8, appear ing  in   equat ions (11-36) and ( I  1-38) can be approxi-  
- 

mated  as  the a r i t h m e t i c  mean v a l u e s   o f   r a d i i   o f   c u r v a t u r e   f o r   t h e   l a y e r s  8-5 and 
1--8 respec t ive ly .  The growth   ra te   equat ion   fo r   the   layer  1-8 can be w r i t t e n   i n  
a manner s i m i l a r   t o   t h a t   f o r   l a y e r  8-5, as  fo l lows: 

UW8 1 "  
d Ue L - dx (Y5 - YIC) = C2L 

%a 
",L 

1 + 3 -  

where C2L i s  an empir ical   constant.  

Thus, equations ( I  1-36), ( I  1-37), ( I  1-38) and ( I  1-39) are  four   equat ions 
fo r   the   s imu l taneous  so lu t ion   o f   four   var iab les  yl, y2,  y3 and uIJ8 i n   t h e  Region 
IV ,  which i s  shown i n   F i g u r e  11-4. These equations  can be arranged i n  a manner 
t o  f o r m   t h e   I n i t i a l  Value  Problem.  Various s ing le -s tep   o r   mu l t i - s tep  methods 
can be  used f o r   t h e   s o l u t i o n  o f  t h i s   i n i t i a l   v a l u e  problem. The most commonly 
used  methods are   the   s ing le   s tep   Eu le r  method, the  s ing le-s tep  modi f ied  Euler  
method, the   mu l t i -s tep   p red ic to r   cor rec tor  method, the  Runge-Kutta  method, and 
a  few others.  The c h o i c e   o f  a  method depends upon the   par t i cu la r   p rob lem and 
i s  governed by the  des i red  accuracy,   t ime  o f   computat ion,   core  s ize  avai lab le  in  
a p a r t i c u l a r  computer, and o ther   fac to rs .  

Equations ( I  1-23), ( I  1-36), and ( I  1-38) contain  terms  such  as 

K1 K1 K2 

0 0 0 

shea r 
tr i bu 
equa t 
p r i o r  

30 

stress  terms,  terms  containing  shear and pressure   in tegra ls  and CP d i s -  
t i o n s   a t   t h e  edges o f   va r ious   l aye rs .   I n   o rde r   t o  be ab le   to   so lve   these 
ions,   however,   the  values  of   the  above  quant i t ies  e i ther have t o  be known 
i and/or more auxi l iary  equat ions  are  required  which  express  the above 



q u a n t i t i e s  as t h e   f u n c t i o n a l   r e l a t i o n s h i p s   i n   t e r m s   o f  dependent  variables. As 
the   v iscous   f low  under   cons idera t ion   i s   tu rbu len t  wake f low,   theoret ica l   expres-  
s ions for the   above  quant i t ies   a re   no t   ava i lab le  as i n   t h e  case o f  laminar 
boundary  layers.  Recourse i s   t h e n  made t o  experimental measurements to  ob ta in  
empir ica l   express ions  for   the above parameters  by  the  use of   exper imenta l   data 
for the   pa r t i cu la r   f l ow   wh ich   i s   be ing   i nves t i ga ted .   Th i s   ma t te r   i s   f u r the r  
discussed in   Sec t i ons  I l l  and IV. 

I l l .  EXPERIMENTAL WORK 

I n   o r d e r   t o   f a c i l i t a t e   u n d e r s t a n d i n g   o f   t u r b u l e n t  wake f low,   which  ex is ts  
b e h i n d   t h e   t r a i l i n g  edge o f   a i r f o i l  model, f o r   t h e  purpose o f   deve lop ing  an 
a n a l y t i c a l  model  and a l s o   t o  c h e c k   t h e   v a l i d i t y   o f   t h e o r e t i c a l   p r e d i c t i o n s ,  an 
experimental  program was conducted i n   t h e   r e s e a r c h   w i n d   t u n n e l   f a c i l i t y   a t  
Lockheed-Georgia Company. In   th is   sec, t ion,  a b r i e f   d e s c r i p t i o n   i s   g i v e n   f o r  
a i r f o i l  model, the  exper imental   faci  1 i t y ,  probes f o r  measurements o f   v e l o c i t y  
and s t a t i c   p r e s s u r e   p r o f i l e s ,  and types o f   t e s t s .   D e t a i l e d   d e s c r i p t i o n   o f  
inst rumentat ion,   s ide  wal l   b lowing  requi rements  in   tunnel   work ing  sect ion,  and 
da ta   acqu is i t i on  and reduct ion  is   g iven  in   the  appendices.  

1 1 1 . 1  D e s c r i p t i o n   o f   A i r f o i l  Model 

A i r f o i l  model i s  15 percent   th ick  and i s  symmetrical a i r f o i l   s e c t i o n .  I t  
i s   b a s i c a l l y   t h e  NASA f o u r   d i g i t   a i r f o i l   s e c t i o n   w i t h   s l i g h t   m o d i f i c a t i o n   n e a r  
the   l ead ing  edge. Figure 1 1 1 - 1  shows the  geometry o f   t h e   t e s t   a i r f o i l   c o n f i g u -  
r a t i o n ;   t h e   d i f f e r e n c e   i n  geometry  near  the  leading edge o f   t h e   t e s t   a i r f o i l  
from NACA 0015 i s   a l s o   i n d i c a t e d   i n   t h i s   f i g u r e .  Computer program o f  Reference 
1 i nd ica ted   the   ex is tence  o f   laminar   s ta l l  on t h e   o r i g i n a l  NACA 0015 a i r f o i l   a t  
a Reynolds number of   approx imate ly  1 m i l l i o n .  The leading edge  geometry f o r  
t h e   t e s t   a i r f o i l  was a r r i v e d   a t  by the  use o f   t h e  computer  program o f  Reference 
1 such tha t   t u rbu len t   separa t i on   nea r   t he   t ra i l i ng  edge was predic ted  before 
t h e   o c c u r r e n c e   o f   l a m i n a r   s t a l l   p r e d i c t i o n   o n   t h i s   t e s t   a i r f o i l .  The above 
phenomena then makes it poss ib le   to   conduct   sys temat ic   s tud ies   fo r   the   f low  in  
the wake behind  the a i r f o i l   t r a i l i n g  edge. 

Figure I 11-2 shows the  comparison between p red ic ted  C L - ~  cu rve   o f   t he   t es t  
a i r f o i l   w i t h   e x p e r i m e n t a l  measurements. I t  can be seen from t h i s   f i g u r e   t h a t  
v iscous  predic t ion  agrees  qu i te   wel l   w i th   exper imenta l  measurements  up t o  an 
a n g l e   o f   a t t a c k   o f  a = 9' t o  10'. Experimental measurements o f  boundary  layer 
v e l o c i t y   p r o f i l e s   i n d i c a t e   t h a t   t u r b u l e n t  boundary layer  separat ion  on  the 
u p p e r   s u r f a c e   o f   t h e   t e s t   a i r f o i l   n e a r   t h e   t r a i l i n g  edge appears fo r   ang les   o f  
a t t a c k  a greater  than 9' t o  10'. Theoret ica l  methods which  are used i n  Refer- 
ence 1 for computations o f  aerodynamic c h a r a c t e r i s t i c s   o f   a i r f o i l s   a r e   n o t   v a l i d  
i n  the  presence o f  separated  f low on t h e   a i r f o i l   s u r f a c e s .   F o r   t h i s  reason, 
t h e o r e t i c a l   p r e d i c t i o n s   o f  l i f t  c o e f f i c i e n t s   d i f f e r  from experimental measure- 
ments f o r   a n g l e s   o f   a t t a c k  a greater  than  approximately 9' t o  10'. 
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P r e s s u r e   d i s t r i b u t i o n   f o r   t h e   t e s t   a i r f o i l   a t   v a r i o u s   a n g l e s  of  a t t a c k  
a re  shown i n   F i g u r e s  I I l -3(a),  I I I-3(b), I I I -~ (c )  and I I I-3(d). Computed 
r e s u l t s   f o r   p o t e n t i a l  and v iscous   p ressure   d is t r ibu t ions   a re  shown i n  the  above 
f i g u r e s  and exper imenta l ly  measured pressures  a t   var ious  chordwise  locat ions  on 
t e s t   a i r f o i l s   a t   v a r i o u s   a n g l e s   o f   a t t a c k   a r e  shown p lo t ted   fo r   compar ison  
purposes.  Comparison shown in   F igu res  ! I  I-3(a) and I I  I -3 (b)   ind ica te   tha t  
theore t ica l   p red ic t ions   agree   qu i te   we l l   w i th   exper imenta l  measurements for 
ang les   o f   a t tack  a equal t o  Oo and 8'; however, f o r   a n g l e s   o f   a t t a c k  a o f  1 2 O  
and 1 4 O ,  agreement  between  computed  and exper imen ta l   p ressu re   d i s t r i bu t i ons   i s  
no t  so good because o f   t h e   e x i s t e n c e   o f   t u r b u l e n t  boundary  layer  separation  on 
the  upper  surface o f   t h e   a i   r f o i  1. 

F i g u r e s   l l l - 4 ( a )  and l l l - 4 ( b )  show t h e   p l o t s   o f  computed  boundary l aye r  
development  on  the  upper  surface o f  t h e   t e s t   a i r f o i l   f o r   a n g l e s   o f   a t t a c k   o f  8' 
and 12O, respect ive ly ;   exper imenta l  measurements o f  boundary l a y e r   q u a n t i t i e s  on 
t h e   a i r f o i l   s u r f a c e   a f t   o f  X / C  o f  0.8 a r e   a l s o  shown i n  these  f igures.  For  the 
case o f   a n g l e   o f   a t t a c k   o f  8", shown i n   F i g u r e  I I  I - 4 (a ) ,   i nc ip ien t   separa t i on  
may be p r e s e n t   a f t   o f  X/C o f  0.96 n e a r   t h e   t r a i l i n g  edge o f   t h e   a i r f o i l  (as 
i n d i c a t e d   i n   t h i s   f i g u r e  by the computed va lue  o f   the  turbulent   boundary  layer  
form  factor  H which becomes greater  than 2.0 nea r   t he   t ra i l i ng   edge) .   I n   t h i s  
case  the computed values o f  boundary layer  displacement and momentum thicknesses 
and form  factor  agree  reasonably  wel l  w i th  experimental  data. However, when the 
a n g l e   o f   a t t a c k  i s  12O, the   resu l ts   o f   computa t ions   o f   boundary   layer   quant i t ies  
do not  agree  very  wel l   wi th  exper imental  measurements on  the  upper  surface  of 
t h e   a i r f o i l  because o f   the   p resence  o f   apprec iab le   reg ion   o f   f low  separa t ion  on 
i t .  The boundary layer   separat ion  takes  p lace  a t  X /C  2 0.8 a t  an  angle o f  
a t t a c k   o f  12' approximately, and f o r   t h i s  reason measured boundary  layer  th ick- 
nesses a re  much larger  than computed values a f t   o f  X/C = 0.8. 

The model was mounted v e r t i c a l l y   i n   t h e   w o r k i n g   s e c t i o n   o f   t h e   t u n n e l  
spanning  the 76.2 cent imeters   tes t   sec t ion .  The chord o f   t h e   a i r f o i l  model i s  
29.2-cent imeters.   Total  o f  16 s t a t i c   p r e s s u r e   o r i f i c e s   a r e   p r o v i d e d  on  the 
upper  surface and 10 o r i f i ces   a re   p rov ided   on   t he   l ower   su r face   o f   t he  model 
a long  But t   L ine 0.00, i .e.   a long  the  center span o f   t h e  model. I n   a d d i t i o n ,  a 
t o t a l  o f  15 add i t i ona l   s ta t i c   p ressu re   o r i f i ces   a re   p rov ided   on   t he   upper  and 
lower   sur faces  a t   But t   L ines k3.00 for   check ing  the  two  d imensional i ty   o f   the 
f low on t h e   a i r f o i l  model. Table 3 -1  g ives  coordinates and Table 3-2 shows 
the   chordwise   loca t ions   o f   the   s ta t i c   p ressure   o r i f i ces   on   the  model. 

Forward o f  chordwise  locat ion X / C  o f  0.7, the model i s  comprised o f  a 
centra l   load-carry ing beam covered by a contoured 
s i s t s   o f  a s o l i d  maple leading edge and upper and 
1 ead i ng edge i s  bo1 ted to t h e   f r o n t   o f   t h e  beam. 
i s  made o f   s o l i d  aluminum. A t o l e r a n c e   o f  k.0127 
t h e   a i r f o i l   c o n t o u r   a c r o s s   t h e  span. 

I 11.2 Wind Tunnel  Faci 

Experiments f o r   t h e   s t u d i e s   o f   t h e  wake f l ow  

maple  shel 1. The shel 1 con- 
lower  surface  "skins". The 
A f t  o f  X/C o f  0.7 the model 
cent imeters  is   mainta ined  on 

1 i t y  

behind  the  s ing le component 
t e s t   a i r f o i  1 were conducted i n   t h e  Lockheed  Research Wind Tunnel- faci  1 i t y  which 
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Table 3-1 - COOIiBINATES OF 'PIIE TEST AIRFOIL 
SKTION (smmRIcAL BUIFOIL) 

Airfoil Chord, C = 29.2 inches 

Station, 
Percent Chord 
x/c x 100 

0000 

0023 
" . 0057 , 1.. . 
, /  

1014 
1 

. .  

~ , 2029 
3043 
40 58 
5.72 
6.87 
8,01 

Airfoil Section Ordinate 
Percent Chord 

z/c x 100 

0.00 

4 045 
20 20 
20 87 

3036 
30 76 
4.33 
40 73 
5.00 

5.32 
5045 



Table 

Tube 

3-2 - LOCATION OF PRESSURE ORIPICES 
ON THE AIRFOIL MODEL SURFBCES 

Number Surface Butt Line 

I 

2 

3 

4 

5 

6 

7 
8 

9 
10 

11 

12 

13 

14 

15 
16 

17 
18 

19 

20 

21 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

+3.0 

+3.0 

+3.0 

+3.0 

+3.0 

I ,  x/c 
0.00 

0.01 

0.05 

0.15 

0.40 

0.60 

0.65 

0.69 

0.74 
0. 78 

0.82 

0.86 

0. go 

0.93 

0.96 

0.985 

0.05 

0.40 

0.69 

0.93 

0.985 

Number Surface Butt Line 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

upper 

upper 

DPPer 

upper 

Lower 

Lower 

Lower 

Lower 

Lower 

Lower 

Lower 

Lower 

Lower 

Lower 

Lower 

Lower 

Lower 

Lower 

bwer 

-3.0 

-3.0 

-3.0 

-3.0 

-3.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

+3.0 

+3.0 

-3.0 

-3.0 

-3.0 

rdc 
0.05 

0.40 

0.69 

0.90 

0.96 

0.02 

0.04 

0. I O  

0.35 

Om 50 

0.74 
0.80 

0.90 

0.95 

0.985 

0.35 

0 985 

0.35 

0. go 

0.985 



is located in the Aerospace  Sciences  Laboratory of the  Lockheed-Georgia  Company. 
The cross-section of the  test  section is rectangular having an  area o f  0.836 
square  meters with a height  to width  ratio of 0.7; this  results in a test  sec- 
tion of approximately 76.2 x 109.2 centimeters  with a length of 122  centimeters. 
This wind tunnel  is a closed  circuit,  single  return, low speed  wind  tunnel  and 
is powered by a 400 horsepower  synchronous  speed  induction  motor driving a 183 
centimeters, 10-bladed, single stage axial flow fan. The fan speed  can  be  varied 
over -the  range  from 0 to 1150 revolutions  per minute by means  of  an  eddy  current 
clutch. A standard  friction  brake  rated  at 103.7 meters  kilogram  torque will 
bring the  fan  to  rest  from full speed in less than 15 seconds. 

1 .  

The  velocity  range  of  the  tunnel  with an empty  test section is 0 to 91.5 
meters per  second  resulting in a maximum dynamic  pressure of 508.3 kilograms 
per square meter.  The dynamic  pressure  variations in the  test section can  be 
maintained  within  approximately 0.1 percent during a boundary  layer  survey 
which  typically  takes  about  ten  minutes in this  test  facility. With the present 
screens,  the  turbulence  factor is less than 1.3 based  on turbulence  sphere 
measurements. At a dynamic  pressure  of  293  kilograms  per square meter,  the 
nominal  Reynolds  number is .439 x lo6 per  meter of chord  length. A general  lay- 
out of the test  faci 1 ity i s  shown in Figure I 11-5. 

Figure I 11-6 shows  the  variation  of  static  pressure  along  the  test  section 
centerline at  various free stream  dynamic  pressures.  This  figure  shows that 
the  static  pressure  at  the  location o f  the quarter'  chord of the model is within 
Cbout 3 percent of the  static  pressure  at  any other location on the model center- 
1,ine. The  calibration done at the location of the model  quarter  chord  was  used 
in reducing data from these tests. This  calibration is shown in Figure I I  1-7. 

The  test section is equipped  with  blowing  boundary  layer  control  slits  on 
the  ceiling  floor. The auxiliary air, for boundary  layer  control on the test 
section side walls, is provided  from  the storage  tanks  which are capable  of 
delivering air  at a maximum  pressure of 22.73 kilograms per square centimeter. 
A regulator  reduces  this  pressure  to 11.23 kilograms per square  centimeter, a 
few  meters  from  the  test  section.  This  air is further  throttled  to a desired 
pressure in the  plenums  for  boundary  layer  control  slits. 

The boundary  layer  control slits,  which  are located  on  the  ceiling  and the 
floor of the  test section, are 77.2 centimeters wide and .0635 centimeters high. 
These  slits are located approximately one chord  length  upstream  of the model 
leading  edge. The  heights of the  blowing slits can  be  varied  from  .0254  to  .254 
centimeters.  Relatively high velocity air is introduced  through  the slits into 
the tunnel  floor and cei 1 ing boundary  layers  such that boundary  layer  separation 
is prevented  on these side walls  when  the  given model-is in the tunnel at a 
given  angle of attack with  respect  to  the free stream.  When the  angles of 
attack for a given  two-dimensional  model in the tunnel is increased from low 
values to high values  corresponding  to C L ~ ~  condition, the  boundary  layer  sepa- 
ration  on the tunnel side walls occur  upstream  of  the  model  leading  edge  due to 
the  presence  of adverse pressure  gradient in the  flow  direction. If the above 
flow separation is present,  then  the  reliable  two-dimensional data cannot  be 
obtained,  especially  near  the C L , . , ~ ~  conditions.  The  method  used  to determine 
the  proper  amount  of  blowing and t e desired  pressure  ratio  required  to  elimi- 
nate  this  boundary  layer separation on  wind  tunnel side walls is discussed in 
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FIGURE 111-5 - TEST FACILITY GENERAL LAYOUT 
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Appendix A. F igure I 11-8 shows t h e   d e t a i l s   o f   t h e  boundary l aye r   con t ro l  
system  used for   the  present   s tudy  cont ract .  

111-3 Special  Instrumentation - Pressure Probe,  Hot  Wire 
Anemometer and Probe Dr ive  Mechanism 

Measurements o f   f l o w  i n  the wake as we l l  as  on the  upper  surface  of   the 
t e s t   a i r f o i l   i n   t h e   v i c i n i t y   o f   t h e   t r a i l i n g  edge were  performed  by  the  use o f  
pressure  probe and h o t   w i r e  anemometer probe. I n   t h e  case o f  sharp t r a i l i n g  
edge a i r f o i l ,   f l o w  measurements i n   t h e   a i r f o i l  wake were  performed  by  use o f  a 
specia l   type  o f   pressure  probe,  whereas i n   t h e  case o f   t e s t   a i r f o i l   w i t h  1 
p e r c e n t   t h i c k   t r a i  1 ing edge, ho t   w i re  anemometer probe was used f o r  wake f l ow  
measurements. I n   t h e   c a s e   o f   b l u n t   t r a i l i n g  edge, t h e   v e l o c i t y   p r o f i l e s  have 
reverse   f low  o r   negat ive   ve loc i ty   assoc ia ted   w i th  them up t o  some d is tance 
downstream o f   t h e   t r a i l i n g  edge. Hence, i n   t h i s  case,  pressure  probe  alone  can- 
no t  be used fo r   de termina t ion  of f l o w   q u a n t i t i e s   i n   t h i s   r e g i o n  and hence  addi- 
t ional   ins t rumentat ion,   such as hot   wi re   probe  is   necessary  for   the  determinat ion 
of f l ow   assoc ia ted   w i th   reve rse   f l ow   ve loc i t y   p ro f i l es .  The fol lowing  paragraphs 
g i v e   t h e   b r i e f   d e s c r i p t i o n   o f   t h e s e  two  types o f  probes  used  during  the  experi- 
mental  program o f   the   p resent   s tud ies .  The de ta i l s   o f   t he   add i t i ona l   i ns t rumen-  
ta t i on ,  used f o r   a c q u i s i t i o n  and reduc t ion   o f   exper imenta l  measurements i s   g i ven  
in Appendix 8. 

I I  1.3.1 Pressure Probe:  Measurements o f   s t a t i c  and to ta l   p ressu res   i n   t he  
boundary  layer,   for   the  purpose  of   determining  boundary  layer  veloci ty  prof i les  in 
the wake o f   t e s t   a i r f o i l  as we l l  as on i t s  upper  surface,  were made us ing  the 
special ly  designed  three  element  probe shown i n   F i g u r e  111-9. For  the  purpose o f  
developing  accurate  mathematical model f o r   t h e   c a l c u l a t i o n  o f  wake f low and 
p r o f i l e   d r a g   o f   a i r f o i l s ,  it was d e s i r e d   t o  know t h e   t r u e   v a r i a t i o n s   o f   s t a t i c  
p ressure   d is t r ibu t ion   across   the  boundary l a y e r   o f   t h e   a i r f o i l  wake a t   v a r i o u s  
chordwise  locations. Hence the   se lec t i on  o f  the   p robe   t i p   des ign   f o r   t he  
measurements o f   t o t a l  and s ta t i c   p ressu res   i n   t he   v i scous   f l ow   i n   t he  wake was 
based on the  fo l lowing  cons iderat ions.  

It i s  known t h a t  i t  i s   r e l a t i v e l y  easy t o  measure  an accura te   va lue   o f   to ta l  
p ressu re   i n   t he   f l ow   w i th   1 i . t t l e   e f fec t   a r i s ing   f rom  i nc iden ta l   va r ia t i on   i n   f l ow  
condi t ions.  On the  other hand, t h e   s e l e c t i o n   o f   h o l e   p o s i t i o n s  on  the  probe  for  
the measurements o f   s t a t i c   p r e s s u r e   i n   t h e   f l o w   i s  much more d i f f i c u l t .   T h i s   i s  
so because it i s  observed t h a t   t h e  measured value o f  the   s ta t i c   p ressu re  i n  the 
f l o w   i s   v e r y   s e n s i t i v e   t o  any parameters, e.g. p i tch  angle  o f   the  probe,   loca l  
f l ow   d i rec t i on   i n   t he   f l ow ,   cond i t i ons  of the  boundary  layer  on  the  probe,  prox- 
i m i t y   o f   s t a t i c   p r e s s u r e   h o l e s  on the  probe  to   so l id   boundar ies and several   other 
fac to rs .  The above d i f f i c u l t y  can,  however, be overcome i f  it i s   p o s s i b l e   t o  
der ive  the  va lue of v e l o c i t y   i n   t h e  boundary layer   f rom measured p ressu re   d i f -  
fe rences   a r is ing  between holes  which  sense  pressures  greater  than  the  local 
s ta t ic   pressure  but   which show n e g l i g i b l e   s e n s i t i v i t y   t o   t h e  above-mentioned 
parameters. A s i m p l e   r e l a t i o n s h i p   f o r  dynamic pressure  then s t i l l  holds good and 
can  be  expressed  as, 
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where p = dens i t y  
u = loca 1 ve 

P1 and P2 = pressure 
K = c a l   i b r a t  

l o c i   t y  
sensed a t   d i f f e r e n t   h o l e   p o s i t i o n s ,  and 

i o n   f a c t o r  and may depend on  wind speed. 

(111-1) 

Probe t i p   d e s i g n   w h i c h  has been f a b r i c a t e d   i n   o r d e r   t o  remove the  above- 
mentioned s e n s i t i v i t i e s ,  and hence t o  be a b l e   t o  measure l o c a l   v e l o c i t y  and 
s ta t i c   p ressure   to   des i red   accuracy   a re  shown in   F igu res  111-9 and 111-10. The 
upper and lower  r ight-hand  elements  are  designed  to measure b o t h   s t a t i c  and 
to ta l   pressures.  The lower  left-hand  element i s  designed t o  measure t o t a l  
pressure  only.  The total  pressure  tubes  on  the  lower  element  thus  provide a 
check o r  comparison. The upper  element i s  used when the  th ickness  of   boundary 
l aye r  exceed 7.62 cent imeters.  

The le f t -hand,   o r   to ta l   p ressure ,   e lement   i s   cons t ruc ted  o f  '0.0508 c e n t i -  
meter  d iameter  stainless  steel   tubing  which has  been f l a t t e n e e   a t   t h e  end as 
shown i n   F i g u r e  111-10. Measurement o f   t o t a l   p r e s s u r e   w i t h i n  .OlOl5 cent imeters 
o f   t h e  model sur face   a re   poss ib le   w i th   th is   a r rangement .  The two s i d e   o r i f i c e s  
were t i ed   t oge the r  and  used t o  measure s t a t i c   p r e s s u r e   i n   t h e  boundary  layer. 
They were  formed by bevel ing  the  s ide  tubes 30 degrees  as shown i n   F i g u r e  111-10. 

The beveled  tubes  on  the  upper and lower  elements measure the  pressure 
which i s   p r o p o r t i o n a l  to t h e   d i f f e r e n c e  between t o t a l  and s ta t i c   p ressu re  and 
t h i s  measured p r e s s u r e   i s   r e l a t e d   t o   l o c a l  dynamic  pressure by a c a l i b r a t i o n  
f a c t o r .  Thus, a c a l i b r a t i o n   o f   t h e   p r o b e   r e a d i n g   v e r s u s   t r u e   s t a t i c  and t o t a l  
p ressure   i s   necessary .   Ca l ib ra t ion   o f   the   p robe was accomplished in   the   w ind  
tunne l   us ing   the   p i to t   tube shown i n   F i g u r e  1 1 1 - 1 1  as a reference. The c a l i -  
b ra t ion   curves   fo r   th is   p robe  a re  shown i n   F i g u r e  111-12. The above c a l i b r a t i o n  
was performed i n   t h e  absence o f   t h e   s o l i d  boundary and there fore   the   cor rec t ion  
due to   the   p resence  o f   wa l l   p rox imi ty  has t o  be used when v e l o c i t y   p r o f i l e  
measurements near  the  sol   id  surface  are  desi   red.  I t  has  been found by MacMil l an  
(Reference 4) t h a t ,   f o r  a p i t o t   t u b e   o f   r a t i o  d/D = 0.6,  the measured v a l u e   o f  
t o ta l   p ressu re   i s   l ess   t han   t he   t rue   va lue  when the  probe  is  nearer  than 2D t o  a 
s o l i d  boundary;  here d i s  equal t o   i n te rna l   d iamete r   o f   t he   t ub ing  and D i s  
equal to   ou ts ide   d iameter   o f   the   tub ing   fo r   the   to ta l   p ressure   tube.   Th is   wa l l  
p rox imi ty   cor rec t ion   curve ,   wh ich   i s   ob ta ined from Reference 4, i s  shown i n  
F igure 111-13. Thus, to ta l   p ressure ,   s ta t i c   p ressure ,  and  dynamic p ressu re   a t  
a des i red   po in t   in   the   boundary   layer   i s   de termined  f rom measurements  by probe, 
which i s  shown i n   F i g u r e  111-9, as  given by the   fo l low ing   express ions :  



. . . . . .  

FIGURE  111-10 - DETdILS OF BOUNDARY IAYER PROBES 



Figure 111-11 - CALIBFUITION PITOT TUBE 
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FIGURE 111-12 - BWNDAFiY LAXXR PROBE CALIBMTION 
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where P = co r rec ted   va lue   o f   t o ta l   p ressu re  
TC 
PT = to ta l   p ressu re  measured by to ta l   p ressure   tube P and 

corrected by the  use o f   F i g u r e  I 11-12 

pTwc = wa l l   p rox imi ty   cor rec t ion   f rom  F igure  I 11-13 

Psc = co r rec ted   va lue   o f   s ta t i c   p ressu re  

KcL = c a l i b r a t i o n   f a c t o r   f o r   o b t a i n i n g   s t a t i c   p r e s s u r e   f r o m  measured 
pressure by beveled  tube P,, by the  use o f  curves i n   F i g u r e  
I 11-12 

u = l o c a l   v e l o c i t y   i n  boundary  layer 

R = un ive rsa l  gas constant 

and T = absolute  temperature  in  boundary  layer. 

111.3.2 Hot  Wire Anemometer Probe: The ho t   w i re  anemometer i s  a very   des i r -  
ab le   ins t rument   fo r   the   ana lys is   o f   the   mic ro   s t ruc tu re   o f   the   ve loc i ty   o f  a 
streaming gas o r   l i q u i d .  Measurements o f   t he   m ic ro   s t ruc tu re   o f  a stream  require 
a very  smal l   sensi t ive  e lement  having a short   response  t ime,  suf f ic ient   sensi-  
t i v i t y  and l i t t l e   d i s t u r b i n g   e f f e c t  on the  or ig ina l   s t ream. The s e n s i t i v e  
element i s  a t h i n   e l e c t r i c a l l y  heated w i r e  suspended  between  two needle  points 
o r  a t h i n   e l e c t r i c a l l y  heated  metal film fused t o  a glass  support.  Figure 
111-14 shows the   ske tch   o f   ho t   w i re  anemometer probe; a l s o  shown i n   t h i s   f i g u r e  
is   the   en la rged  v iew  o f   the   s ing le   sensor  and sensor  support used dur ing  the 
present   inves t iga t ion .  

The use o f  a hot  sensing  element  for measurements o f   p a r t i c l e   v e l o c i t y   i n  
f l u i d   f l o w s   r e l i e s  on  laws governing  convect ive  heat  t ransfer.  These laws are 
genera l l y   too   compl ica ted   to   permi t  a t h e o r e t i c a l   c a l c u l a t i o n   o f   t h e   r e l a t i o n  
between t h e   p a r t i c l e   v e l o c i t y  and the  heat   f lux   f rom a probe, and t h e   r e l a t i o n  
must the re fo re  be found  exper imenta l l y   us ing   laws  o f   s im i la r i t y .  The expression 
fo r   the   heat   f lux   fo r   the   two-d imens iona l   heat   t rans fer   in  an incompressible 
p o t e n t i a l   f l o w   i s   g i v e n  by 

where Q = 
K =  
!L= 
P =  

d =  
U =  
T =  

To = 

cp = 

Q = Kg ( 1  + 4 (2~rpC~dU/K)) ( T -  To) 

hea t   f l ux  
thermal   conduct iv i ty  
l e n g t h   o f   w i r e  
d e n s i t y   o f   f l u i d  
cons tan t   p ressu re   spec i f i c   hea t   o f   f l u id  
d iamete r   o f  w i  r e  
f l o w   v e l o c i t y  
film temperature 
f lu id   temperature.  

For   thermal -equ i l   ib r ium  cond i t ions ,   the   ra te   o f   heat   loss   f rom  the   ho t   w i re  
must  be  equal to the  heat ing power generated i n   t h e   w i r e  by t h e   e l e c t r i c   c u r r e n t .  
i.e. it must equal t o  I2R/J. Thus, f rom  the   po in t   o f   v i ew   o f   ho t   w i re  anemometry, 
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t h e   r e l a t i o n  between f l u i d   p a r t i c l e   v e l o c i t y  and e lec t r i ca l l y   genera ted   hea t ing  
power takes  the  fo l lowing  form: 

R -  Ro 
1 2  = A + B J U  

where A and B a re   cons tan t   f o r  a spec 
f l u i d ,  

u = l o c a l   v e l o c i t y  
I = heat ing  current  
R = o p e r a t i n g   r e s i s t a n c e   o f   h o t  

= r e s i s t a n c e   o f   h o t   w i r e   a t  f 

f i c  probe  wire  operat  

( I  I 1-4) 

i n g   i n  a s p e c i f i c  

w i  r e  
uid  temperature. 

However, empir ical   formula  for   the  heat  loss  f rom a h o t   w i r e  
w r i t t e n  as, 

R -  R, 
12 = A + B  (u)" 

i s   g e n e r a l l y  

and the   va lues   o f  A, B and n are  determined  f rom  ca l ibrat ion.  The ou tpu t   o f   t he  
anemometer i s  a br idge  vo l tage V ,  and the  squared  voltages V2 and Vo ( V o  = 
br idge  vo l tage when the   f l ow   ve loc i t y   i s   ze ro )   a re   l i nea r l y   re la ted   t o   t he   hea t  
l o s s   o f   t h e   w i r e   a t   t h e   v e l o c i t y   i n   q u e s t i o n  and a t   z e r o   v e l o c i t y   r e s p e c t i v e l y .  
A t  very low ve loc i t ies ,   the   heat   loss  due to   fo rced  convec t ion   i s  a minor   par t  
o f   t h e   t o t a l   h e a t   l o s s ,   r e s u l t i n g   i n  a t y p i c a l   c a l i b r a t i o n   c u r v e  shown i n   F i g u r e  
- I I I - l 5 ( a ) .   I n  cases  where measurements o f   h i g h  degrees o f   tu rbu lence  a re  con- 
cerned,  such as i n  wake f l o w   b e h i n d   a i r f o i l ,   o r  where l a r g e   s e r i e s   o f  measure- 
ments a r e   t o  be performed  over a w ide   ve loc i ty  range a t  a g rea t  number o f   po in ts ,  
such  as i n   t h e  case o f  boundary  layer measurements ove r   t he   su r face   o f   an   a i r -  
.Foi l ,  i t  i s  necessary t o  1 i near ize   the  anemometer ou tpu t   vo l tage   i n   o rde r   t o  
avo id   non l i nea r   d i s to r t i on  and ensure  ra t ional   operat ion.   F igure I I I-15(b) 
shows t h e   p l o t   o f  anemometer output   vo l tage  versus  f low  ve loc i ty  made i n  con- 
j u n c t i o n   w i t h   h o t   w i r e  anemometer. 

2 

There  are two modes o f   ope ra t i on   f o r   t he   ho t -w i re  anemometer, namely, (i) 
constant -current   operat ion and (i i )  constant-temperature  operations. The' 
constant   current   operat ion has the  advantage o f   s i m p l e r   e l e c t r o n i c   c i r c u i t r y ,  
however, constant  temperature  operat ion  is  more s u i t e d   f o r  measurements o f  
f l uc tua t i ons   o f   h igh   f requenc ies  such  as tu rbu len t   f lows and  measurements o f  a 
boundary  layer where ve loc i t y   va r ies   f rom  essen t ia l l y   ze ro   nea r   t he   wa l l   t o  
l a rge   va lue   a t   t he  edge, o f   t h e  boundary  layer  in a small   boundary  layer  thick- 
ness. Another  advantage o f   cons tan t   t empera tu re   ope ra t i on   i s   t he   poss ib i l i t y  
o f   ob ta in ing   g rea te r   f l ow   sens i t i v i t y   us ing   h igh   ove rhea t ing   w i th  no r i s k  of 
probe  burn  out  owing  to sudden v e l o c i t y  decrease.  For  these  reasons  the  constant 
temperature  operat ion  for   hot   wi re  anemometer was used dur ing  the  present  
experimental measurements i n   t h e  case o f   b l u n t   t r a i l i n g  edge a i r f o i l   t e s t .  The 
constant   temperature  operat ion  is   br ie f ly   descr ibed  in   the  fo l lowing  paragraph.  

Figure 111-16 shows the  schematic  diagram o f   t h e   p r i n c i p l e   o f   c o n s t a n t  
temperature  operation. The idea  behind  the  constant  temperature  system i s   t o  
m i n i m i z e   t h e   e f f e c t   o f  thermal i n e r t i a   o f   t h e  probe by keeping  the  sens i t ive 
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FIGURE 111-16 - PRINCIPLE OF CONSTANT TpIpERbTlTRE mm 



element a t  a constant.  temperature and us ing   t he   hea t ing   cu r ren t  as the measure 
o f  heat   t rans fer  and  hence v e l o c i t y .  The p r i n c i p l e   r e q u i r e s  a sophis t icated and 
we l l -des igned  e lec t ron ic  system,  and it can  be exp la ined   w i th   t he   a id  o f  Figure 
111-16. Under cond i t i ons  o f  br idge  balance a vo l tage  i s   p resent   ac ross   the  
ve r t i ca l   b r i dge   d iagona l .   Th i s   vo l tage   i s   supp l i ed  by the  servo amp1 i f i e r .  A 
s l i g h t  change in   t he   convec t i ve   coo l i ng  of the  sensor will cause a small   voltage 
t o  appear  across  the  horizontal  diagonal. The l a t t e r   v o l t a g e ,   a f t e r   h a v i n g  
undergone  cons iderab le   ampl i f i ca t ion ,   i s   fed   back   to   the   ver t i ca l   b r idge  d ia -  
gonal, i t s   p o l a r i t y   b e i n g   s e l e c t e d  so t h a t  i t  will automat ical ly  balance  the 
b r i d g e .   I n   t h i s  way the  temperature  var ia t ions o f  the   ho t   w i re   a re   kep t  
extremely  small .  

I 11 .3 .3  Probe Dr i ve  Mechanism:  Boundary layer  surveys,  both on the  upper 
s u r f a c e   o f   t h e   a i r f o i l  as we l l  as i n   t h e  wake behind a i r f o i l   t r a i l i n g  edge, were 
obtained by us ing an au tomat ic   p robe  d r ive   un i t   to   pos i t ion   the   p robe  a t   p re-  
selected  heights  above  the model sur face.   Th is   un i t ,   which  is  shown i n   F i g u r e  
111-17, was mounted on   the   ou ts ide   wa l l   o f   the   tes t   sec t ion   w i th   the   p robe 
ex tend ing   th rough  the   wa l l   in to   the   tes t   sec t ion .   F igure  I 11-18 shows the 
t y p i c a l  model i n s t a l l a t i o n   i n   t h e   w i n d   t u n n e l   f a c i l i t y  and the  boundary  layer 
probe  arrangement.  This  boundary  layer  probe  can be l o c a t e d   a t  any chordwise 
l o c a t i o n   o n   t h e   a i r f o i l  as w e l l  as i n   t h e  wake a f t   o f   t h e   a i r f o i l   t r a i l i n g  edge. 
T h i s   p r o b e   i s   d r i v e n   i n   t h e   d i r e c t i o n   p e r p e n d i c u l a r   t o   t h e   l o c a l   a i r f o i l   c o n t o u r  
o r  normal t o   t h e   a i r f o i l   c h o r d   l i n e   e x t e n d e d   i n   t h e   a i r f o i l  wake. The probe 
d r i v e   u n i t s   c o n s i s t   o f  a 28-volt  gear  motor,  lead  screw,  drive  nut, and p o s i t i o n  
potent iometer.  A maximum of  50 pre-se lected  probe  pos i t ions may be i npu t   t o   t he  
d a t a   a c q u i s i t i o n  program.  During  the  run  the  program will signal  the  gear  motor 
to   d r i ve   t he   p robe  assembly t o  each p o s i t i o n   i n  sequence and pause wh i le   the  
data  are  read by a scanivalve and t ransducer   loca ted   ou ts ide   the   tes t   sec t ion .  
Minimum increment of probe   t rave l   i s  .0318 cent imeters.  Maximum t r a v e l   i s  8.9 
cent imeters.   L imi t   swi tches  are  prov ided  to   protect   the mechanism  and prevent 
the  probe  from  crashing  into  the  model. 

A mu l t i -pos t   scan iva lve  and pressure  transducer were  used t o  read  the  probe 
pressures. The t ransducer   i s   ra ted   a t  0.175 ki logram  per  square  centimeter 
d i f f e r e n t i a l .  

I 1 1 . 4  Data Acquis i t ion,   Reduct ion and Analysis  Technique 

F igure 111-19 shows the  schematic  diagram of the  system  used f o r   t h e  
a c q u i s i t i o n  and reduct ion  o f   the raw tes t   da ta .  The hear t   o f   the  system  is  a 
Lockheed E lec t ron i cs  MAC 16 computer. The raw data was  made a v a i l a b l e ,   i n  an 
abbrev ia ted   f o rm,   on   t e le t ype   f o r   ou t l i ne   mon i to r i ng   o f   t he   t es t ,  and i n   i t s  
e n t i r e t y  on  paper  tape  using a h igh speed  punch. F ina l   da ta   reduc t ion  was 
accomplished on a Univac 1106 Central Computing  System w i t h  remote  access 
terminals.   Genera1,descr ipt ion o f  Data Acqu is i t i on   Un i t  and MAC 16 computer i s  
given  in  Appendix C. I n   t h i s   s e c t i o n ,  however, main  equations used i n   t h e  
reduc t ion   o f   da ta   a re   g iven  and the  technique and the  computer  program f o r   t h e  
a n a l y s i s   o f   d a t a   i n   t h e   a i r f o i l  wake i s   d e s c r i b e d   i n   b r i e f .  
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Figure 111-17 - PROBE DRrVE UNIT 

61 



FIGURE 111-18 - MODEL  INSTALLATION - FRONT  VIEN 
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111.4.1 Data  Reduction  Equations:  Tunnel  condit ions  acquired  at each data 
p o i n t   c o n s i s t e d   o f   t h e  dynamic pressure q,, t he   t o ta l   p ressu re  H,, and t h e   t o t a l  
temperature Tm. In   add i t ion   the   baromet r ic   p ressure  Pa i s  obtained  f rom a 
thumb-wheel swi tch  input .  These cond i t ions   a re   cor rec ted  t o  free  stream  condi-  
t ion  using  standard  procedure.  

An i n i t i a l   e s t i m a t e   o f   t h e   f r e e   s t r e a m  Mach number, 

2 -  qm 
Hest 0.7 Pa (1 + .000171 qm) 

- 

from  which  the  compressible  dynamic  pressure  is, 

where K i s   t he   so l i d   b lockage   fac to r   ca l cu la ted   as ,  

( I  11-8) 

where K1 = wirsg blockage shape fac to r  

T = b lockage  cor rec t ion   fac to r   re la t ing  model  span to   t unne l   w id th  

Vw = model volume (cub ic   f ee t )  

c1 = tunnel   cross-sect ional   area  (square  feet)  

CD, = model d r a g   c o e f f i c i e n t  

Z = model chord 

and Wt = t u n n e l   w i d t h   ( f t )  

The f ree   s t ream  to ta l   p ressure  i s  

PT = Hm + KH qm + h2 q,2 + Pa 
C 1 

where K H ~  and K H ~  a re   a i r s t ream  ca l i b ra t i on   cons tan ts  for  the   t es t   sec t i on .  

The f ree  s t ream  s tat ic   pressure,  mach number, s ta t i c   tempera ture  and 
dens i t y  can now be ca lcu la ted  as, 
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T, + 459.6- 

1 + .2 Mm2* ' . .  . . 

. -  . Tm = 
. >  

, "  

( I  11-10) 

The. f i n a l l y  reduced  data assumes . . incompress ib le   f low  condi t ions and are   there-  
f o r e  based on 

. .  
3 .  , . , . b  . I  

qm 
qo = 2 4 

Mm  Mm Mm 
6 

1 + "+ - 4 40 1000 
+ -  

and 

Denot ing  the  s ta t ic   pressure measured dur ing  

Ps - p 
m cp = 

90 

f rom  which  the  local  Mach  number and dens i ty  
- 

the  surveys  as P, then, 

( I  11-12)  

are  obta ined. .  . 
" 

(111-11) 

( I  1 1 - 1 3 )  

and 

I 11.4.2  Data Analysis  Technique: A computer  program was fo rmula ted   fo r   the  
data  analys is  of the  experimental measurements ob ta ined  in   the   v iscous   f low  in  
the  wake.:Experimentally measured va r ia t . i ons   ac ross   t he   a i r f o i l  wake, values o f  
total  pressure,  stat ic  pressure,  ambient  temperature,  free  stream  dynamic head 
and baromet r ic   p ressures   a t  two c l o s e l y  spaced X l oca t i ons   cons t i t u te   t he   i npu t  
t o   t h e  computer  program fo r   t he   da ta   ana lys i s .   Th i s  program  then  calculates 
and p r i n t s   o u t   t h e   f o l l o w i n g   i n f o r m a t i o n :  

(1 )  nond imens iona l   ve loc i t y   p ro f i l es   a t  t w o  s ta t i ons ,  

(2) shear ' s t ress   d i s t r i bu t i on   ac ross   t he   v i scous   l aye r  between  two 
s ta t   i ons ,  
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and 

, and (3 )  m i x i n g   l e n g t h   d i s t r i b u t i o n ,  eddy v i s c o s i t y   r a t i o   d i s t r i b u t i o n  
s l o p e   o f   t h e   v e l o c i t y   p r o f i l e s   a t   v a r i o u s  y l oca t i ons  for the 
s t a t i o n  between inpu t   s ta t i ons  Xl and X,, 

(4) t u r b u l e n t   d i s s i p a t i o n  or shear  work  integral,   displacement th  
momentum th ickness and energy   th ickness   a t   bo th   s ta t ions ,  

i ckness, 

(5) s im i l a r i t y   pa ramete rs  for v e l o c i t y   p r o f i l e  and  values of  s i m i l a r i t y  
f u n c t i o n s   a t   b o t h   s t a t i o n s ,  and 

(6) v a r i o u s   i n t e g r a l s   a t  each s t a t i o n ,  such  as 

Y. 

where y 1   i s  any d is tance above the  lower edge o f  wake in   t he   v i scous   reg ion  and 

u(Y,) i s   t h e   v e l o c i t y   a t   d i s t a n c e  y above the  lower edge of wake. 

I n   o r d e r   t o   c a l c u l a t e   t h e  shear d i s t r i b u t i o n ,  eddy v i s c o s i t y   r a t i o  and 
v a r i a t i o n   o f   m i x i n g   l e n g t h   a c r o s s   t h e   a i r f o i l  wake the  use of the   fo l low ing  
basic  equat ions was  made: 

The Euler  equat ion  at   the  upper and lower edges of the wake i s   g i v e n  by 

By in tegra t ing   equat ion  ( I  I 
making  use of equations ( I  I 1-14) 
i n t e g r a t i o n  by par ts ,   the   fo l low 
a l g e b r a i c   s i m p l i f i c a t i o n :  

( I  11-15) 

( I  11-16) 

1-15) f rom  y=O  ( lower edge o f  wake) t o   y = y l ,  
and (lll-l6), and u s i n g   L e i b n i t z ' s   r u l e  and 

ing  equat ion can  be d e r i v e d   a f t e r  some 
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( I  11-17) 

I n   t h e  above equat ion  the symbols  have the   f o l l ow ing  meaning: 

y1 = d is tance above the  lower edge o f  wake 

UeL = average  ve loc i ty   a t   the  lower  edge o f  wake f o r   s t a t i o n s  X, and X, 

Ueu = ave rage   ve loc i t y   a t   t he   upper  edge of  wake f o r   s t a t i o n s  X and X 

Uem = f (UeL + Ueu) 

yo = lower edge o f  wake 

A 
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. . -. , . - ._ ._ .. .. ,., . . ,..," 

Vo = y  component v e l o c i t y   a t   l o w e r  edge of wake 

Peu = average  value o f  pressure  a t   the  upper  edge o f  wake 

PeL = average  value of  p ressure   a t   the   lower  edge o f  wake 

peu = average  value o f   d e n s i t y  on the  upper edge of wake between 
s t a t i o n s  X1 and X2 

PeL = average  value o f   dens i ty   on   the   lower  edge of wake between s t a t i o n s  
XI and X2 

Pe, = h(Peu + PeL) 

T ( ~ ~ )  = va lue   o f  shear s t r e s s   a t  y = y1 

T ( ~ ~ ) . ~ =  value o f  shear   s t ress   a t   lower  edge of wake 

= o  

The r igh t -hand  s ide  of  equat ion (111-17) was programmed to  compute shear 
s t ress  T at   var ious   d is tances ,  yl, above the  lower edge o f   t h e  wake. Values 
of   shear(Y1)st resses  a t   the  lower  and upper edges o f  the wake were assumed to 
be zero. The'.sarne equat ion and the  same numerical  procedure was used t o  com- 
pu te   shear   d is t r ibu t ion ,  eddy v i s c o s i t y   r a t i o  and t u r b u l e n t   d i s s i p a t i o n  i n  the  
va r ious   reg ions   o f   t he  wake f l o w   b e h i n d   t h e   a i r f o i l   t r a i l i n g  edge. 

I 11 .4 .3  De' te rmina t ion   o f   Pro f i le  Drag  from  Experimental Measurements i n  
the Wake:  The expression due t o  Betz,  Reference 1 1 ,  f o r   t he   compu ta t i on   o f  
p r o f  i l e   d r a g   o f  a i  r f o i  1 from  the measurements o f   t o t a l   p r e s s u r e s  and s t a t i c  
pressures  across  the wake behind  the a i r f o i l   i s   g i v e n  by: 

+ ( PT(y) - ps(y)) ' - 2 }] d (y/c) 
qm 

where CD = p r o f i l e   d r a g   c o e f f i c i e n t  o f  an a i r f o i l  

PT, = P = to ta l   p ressu re  of f ree  s t ream 
Te 

Psir) = s ta t i c   p ressure   across   the  wake 

( I  11-18] 
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qm = free  stream  dynamic head = $ellw 

Pw = f ree   s t ream  s ta t i c   p ressu re  

2 

C = a i  rfoiJ chord 

If s ta t i c   p ressure :  P, i n   t h e  above equation  (111-18) i s  assumed t o  be  con- 
s t a n t  and equal t o  thky!ree s t ream  s tat ic   pressure,   the  equat ion (I 11-18) can 
be s i m p l i f i e d   t o ,  

. .  

. . .  . .  . . . .  . . .  . .  . . .  . .  

o r  

or 

( I  11-13) 

where em = momentum th ickness   in   the  wake f a r  downstream o f   a i r f o i l   t r a i l i n g  ... 
edge' where s t a t i c   p r e s s u r e  has s tab i l i zed   t o   t he   f ree   s t ream  va lue .  , .  

. .  

I I I . 5  Types of  Tests 

Experimental  data were ob ta ined   f o r  model under  two  conditions, namely (i) 
sharp t r a i l i n g  edge a i r f o i l ,  and ( i  i) b l u n t   t r a i l i n g  edge a i r f o i l .   I n   t h e  case 
o f   b l u n t   t r a i l i n g  edge a i r f o i l ,   t h e   t r a i l i n g  edge thickness was kep t   a t  1 per- 
cent  o f  t h e   a i r f o i l  chord. A i r f o i l   c h o r d  c i s  equal t o  29.2 cent imeters and 
the   va lue   o f   the  maximum thickness o f  the a i r f o i l   t e s t e d   i s  15 percent. The 
chord o f   t h e   b l u n t   t r a i l i n g  edge a i r f o i l   i s   a p p r o x i m a t e l y   e q u a l   t o   0 . 9 7 5 ~  where 
c i s   t h e   c h o r d   o f   t h e   a i r f o i l   w i t h   t h e   s h a r p   t r a i l i n g  edge. T h i s   i s  shown 
schemat ica l l y   in   F igure  111-19 which  also shows the  coordinate  system  under 
which measurements a re   ob ta ined  dur ing   the   tes ts .  

A l l  t h e  measurements taken  dur ing   the   tes ts   were   ob ta ined  a t   f ree   s t ream 
Mach number o f   approx imate ly  0.2 and free  stream  dynamic head o f  60 psf.  These 
:c.onditions  would  correspond to  the  f ree  stream  Reynolds  number ' .dur ing  the  tests 
'of  approximately 1.3 t o  1.4 m i l l i o n  based on  the  chord o f   t h e   a i r f o i l .  Measure- 
ments  were  obtained a t   a n g l e s   o f   a t t a c k  between Oo and ang le   o f   a t tack   co r res -  
ponding to   the   occur rence  o f   inc ip ien t   separa t ion   on   the   upper   sur face  o f  the,  ,, 

a i r f o i l   i n   t h e  neighborhood o f   t h e   t r a i l i n g  edge; the   l a t te r   cond ' i t i on   co r res -  
ponds t o  a z .  10.8" f o r   t h e   t e s t   a i   r f o i . 1 .  Measurements taken  dur ing   the   tes ts  
can be c l a s s i f i e d  by  two categor ies namely ( i )  measurements of  pressure  d is-  
t r i b u t i o n  on t h e   s u r f a c e   o f   t h e   a i r f o i l  and (ii) v iscous   f low measurements. 
Measurements o f   the   v iscous   f low were  obtained  both  on  the  upper  surface  of  the 



airfoil in the  neighborhood  of  the trailing edge as  well  as in the  airfoil wake 
at several chordwise locations. 

In the  case  of test  airfoil  with  the sharp  trailing edge the  viscous  flow 
measurements were obtained by the  use of total-static  pressure  probe  which is 
shown in Figure 111-9. For the  test  airfoil with  the blunt trailing  edge,  the 
viscous  flow  measurements were obtained by use  of hot wire  anemometer  probe 
which is shown in Figure 111-14. Figures 111-20, I I  1-21 and 111-22 show  the 
plots  of  measured  pressure distributions and loci of minimum velocity  fo,r the 
airfoil with the sharp trailing edge.  Boundary  layer surveys in the  airfoil 
wake have  been  obtained at x'/c  locations  shown in Figures 11.1-20,  111-21 and 
111-22 by triangular symbols.  These  measurements  are  tabulated in Table 3-3 
for sharp trailing edge  airfoil. As seen in this  table  these  measurements at a 
particular chordwise location  x'/c in the wake consist of values of ( i )  total 
pressure  Pt, ( i i )  static  pressure P s ,  ( i i i )  free  stream  dynamic head qm, and 
(iv) ratio of  u/Uw at several y locations in the wake flow boundary  layer. 

Figure 111-23, 111-24 and 111-25 show  the  plot of  measured  pressure  distri- 
butions on the  airfoil surface and the  loci of minimum velocity in the wake of 
blunt trailing edge test  airfoil.  Boundary  layer surveys  are obtained, by the 
use of hot wire  anemometer  probe, at the  chordwise  locations S ' / C  indicated by 
the triangular symbols on  measured loci in the  above  figures.  The  boundary 
layer surveys  consist of measurements of u/Uw or U/Ue  and q, for  several y 
values and for a given  chordwise  location  x'/c.  These  measurements  are 
tabulated in Table 3-4. 

IV. RESULTS AND DISCUSSION 

In the  previous  section  the  description of experimental  facility,  type  and 
number of  experimental  measurements and the computer  program  for  the  analysis of 
the  fundamental wake flow  parameters  was  given.  From  the  output  of  this  computer 
program  various  physical  parameters  for  the  flow in the  wake  of  single  component 
airfoils  are  studied.  The  relationships  among  various  physical  parameters,  which 
appeared in theoretical  equations  of  Section I I ,  are derived and described in 
this  section.  Establishment  of  these  relationships  between  various  physical 
parameters is of vital importance  for  the  prediction  of drag of arbitrary con- 
figuration  single or multi-component  airfoils by the  generalized  theoretical 
method  such as  described in this report. 

I V . l  Presentation o f  Typical  Measured  Experimental  Data 

Figures IV-1 through IV-5 show  the  measurements of  velocity  profile  on  the 
upper  surface  of  the  test  airfoil  with sharp  trailing edge. These  measurements 
were performed by use of  total-static  pressure  probe  combination  shown  sche- 
matically in Figure 111-9. This type of boundary  layer measurements on  the 
surface of the  airfoi 1 were obtained  for  the  purpose o f  determining ( i )  the 
approximate location of the  point of incipient separation  on the  airfoil 
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Table 3-3 (Continued) 
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Table 3-4 - MEASUREMENTS I N  THE WAKE OF BLUNT  T .E .  TEST A I R F O I L  
BY THE  USE OF HOT-WIRE ANEMOMETER  PROBE 
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.mi8 

.0121 

. O W  

,0148 

3165 

. O m  

. o w  

.ozn 
,0252 

.02 rr 

.O?Y3 

.0522 

.0551 

,0556 

. W 3  

.o(* 
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. /  x/c 

0.4 Airfoil Pressure Distribution 

0.8. 

a 

a.b6 Airfoil  Trailing Ed&e 
A Measured  Locue of 

Minimum Velocity 

&. 2 0 . 4  a 0 . 6  0*8 LA 1-0 72J 
A 

-Om. 

- 6 . 0 4 .  

- 0 . 0 6 ~  

X/C (Distance  Behind  Airfoil) 
9 

in Wake 

FIGURB 111-20 - MEASURED PRESSURE DISTRIBUTION ON AIRPOIL SURFACE 
AND LOCUS OF M I N I "  VE3;oCITY  AT o( = 0' 

(FREE TRANSITION) 
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Q 0 2  
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Airfoil Pressure Distribution 
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Measured Locus of 
M i n i m u m  Velocity 
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A i r f o i l  Pressure D i s t r i b u t i p n  

&= 10.8'; E$ = 1.3 x 10 
- 6  

Ma - 0.201 
6 Upper suriace 
9 Lower  Surface.: b 

FIGURE 111-22 - PRESSURE DISTRDUTION ON AIRFOIL SURFALCE 
AND WCUS OF MINI" vEIx)cITY AT d= 10.8. 

(m TRANSITION) 
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Blunt. !bailing w e  (T.E. t/c = . 0 1 )  

A Measured Locus of 
*04- 1 Airfoil Trailing M i n i m u m  Velocity 

Eage 

FIGURE 111-23 - MEBSURED msum DISTRIBUTION ON AIRFOIL SURFACE 
AND MCI OF MINI" VEK)CITT  AT 4 = 0' 

FOR BLUNT TRAILING EDCE AIRFOIL (FREE TRANSITION) 
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0.0 

Blunt Trailing Ed@ (T.E. t/C ;J .01) 

A Measured Locue of  Minimum 
Velocity in the 
Airfoil Wake 9 

' Airfoil Trailing I / 

FIGURE 111-24 - masum PRESSURE DIST!RIBUTION ON AIRFOIL SURFACE 
AND LOCUS OF MINIMUM vEIx)CITY IN TEE WdIcE FOR 
BLUNT T W L I N G  EDGE AIRFOIL AT <= 4.0. 
(FREE TRANSITION) 
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4 
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4- 

. / a  L% Measured Incus of 

I 

/ 

/- 

0 M i n i m u m  Velocity 

FIGURE 111-25 - HFWURED PRESSURE DISTRIBUTION ON AIRFOIL SURFACE 
AND WCUS OF MINI" VEIOCITY AT M* 10.7' for 
BLUNT TRAILING EZGE AIRFOIL (e TRANSITION) 
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I 
surface and, (ii) t o   o b t a i n   t h e   i m i t i a l   , c m d - i t i o m ' f o r   t h e   p u r p o s e   o f  wake f l ow  
ca l cu la t i ons   by   t he   t heo re t i ca l   p ro f i l e   d rag  method developed  under  the  present 
studies.  Figures  IV-1  through IV-4'::show t h e   r e s u l t s   o f  measurements o f  
v e l o c i t y   p r o f i l e s   o n   t h e  upper  surface of  t h e   a i r f o i l  for angles o f   a t t a c k  a o f  
O', 8', 11' and 13', respect ively;   ,chqrdwi.se  . -kcat ions of measurements a r e   a l s o  
ind ica ted   in   these  f igures .  It can'  be,seen fr?p these  f igures   tha t ,   fo r   ang les  
o f   a t t a c k   o f  0' and 8' and f o r  X/C lor?abfibiisVorward o f  or equa1"'to 0.9 i n  case 
o f  a o f  8', t he  shape o f   v e l o c i t y   p r o f i l e   i s  smooth  and t h e r e   i s  an  absence o f  
s c a t t e r   i n   t h e  measured va,l.uescj However, for   angles o f  a t t a c k  a o f  11' and l3', 
and i n   p a r t i c u l a r   f o r   c h o r d w i s e   l o c a t i o n   c l o s e   t o   t h e   t r a i l i n g  edge, the shape 
o f   t h e   v e l o c i t y   p r o f i l e   , i s   n o t  smooth near  the  surface as evidenced by the 
apprec iab le   sca t te r   i n   t he  measured data. The cause o f   t h e  above phenomena i s  
found i n   t h e   a b i l i t y   o f   t o t a l - s t a t i c   p r e s s u r e  probe  combinat ion. to measure 
r e l i a b l e   v e l o c i t y   p r o f i l e s  under  var ious  f low  condi t ions.  The pressure  probe 
o f   F i g u r e  111-9 i s   r e l i a b l e  when the  v iscous  f low measurements a re  made f o r  
a t tached  f low  condi t ions.  However, the measurements o f   v e l o c i t y   p r o f i l e  by 
t h i s  probe, f o r   t h e  boundary  layer  which i s  approaching  separat ion  or   in 
separa ted   f low  reg ion ,   a re   no t   re l iab le  and a r e   s u b j e c t   t o   i n t e r p r e t a t i o n s .  
Hence, the measurements  by t h i s  probe  design  under  the  above-mentioned  conditions 
can  be  used fo r   the   purpose  o f   qua1 i ta t i ve ;ana lys is   on ly .  However, i n   o r d e r   t o  
d e t e r m i n e   t h e   p o s i t i o n   o f   i n i t i a l   s e p a r a t i o n  and the  extent   o f   separated  f low 
region, measurements performed by the ';resent design  of   the  pressure  probe can be 
e f f e c t i v e l y  used f o r   t h i s  purpose by the  procedure  such  as shown i n   F i g u r e  IV-5. 
Var ious  invest igators  have observed  from  experimental measurements o f   v e l o c i t y  
p r o f i l e s   t h a t   t h e   v a l u e   o f   t h e   f o r m   f a c t o r  H a t   i n i t i a l   s e p a r a t i o n   p o i n t   f o r  
ord inary  turbulent   boundary  layer   is   greater   than  approx imate ly   2 .0 and t h a t  
exac t   va lue   o f  H a t   separa t i on  depends upon surface  roughness. Thus, i n   o r d e r   t o  
de te rm ine   t he   i n i t i a l   separa t i on  as wel l   as  the  extent   o f   the  separat ion  reg ion 
from  pressure  probe measurements, g rowth   ra te   o f   in tegra l   - th ickness ,  such  as  the 
displacement  or momentum thickness, needs t o  be examined i n   a d d i t i o n   t o  Form 
Factor H. T h i s   i s  done i n   F i g u r e  IV-5 and the   fo l low ing   conc lus ion  can be drawn 
from t h i s   f i g u r e :  

(1)   Separat ion  a t  T.E. s t a r t s   a t  a = 8.0' 

(2)   Separat ion  a t  X/C = 0.9 s t a r t s   a t  a = 11 ; 5  t o  12' 

(3) Separa t i on   a t  X/C = 0.8 s t a r t s   a t  a = 13.0' 

Fi'gures IV-6, IV-7 and IV-8 show the p1,ots o f   v e l o c i t y   p r o f i l e  measured by 
t h e   h o t   w i r e  anemometer technique.  'These  veloci ty  prof i les,   were measured  on the 
upper  surface  of  Lhe a i r f o i  1 w i th   t he .  b.lu.nt t ra i . l , i ng  edge o f  1 percent  thicknesses. 
Angles o f   a t t a c  ... corresponding  to  Figures IV-6, IV-7 and IV-8 a re  4O, 10.8' and 13O 
respectivel; .  It can be seen f rom  these  f igures  that  measurements o f   v e l o c i t y  
p r o f  i l e s  by h o t   w i r e  anemometer a re .  smoo,th and  r,el iab le   fo r .   a t tached boundary 
layer   f low  as   we l l  as for   v iscous f : lgw 'ap.pr'oac6ing rep,arati 'on.  Hot  wire anemometer 
technique  i .s  unable to g i v e  any  ind,i.ca<ion,,abQut  the . d i r e c t i o n   o f   t h e   f l o w   i n   t h e  
boundary  layer;  i.e., i t  g ives   ind ica t ' i ' on   on ly   o f   the   abso lu te   magn i tude  o f  
ve loc i ty .   In   add i t ion ,   as   the   magn i tude  o f   the  flow v e l o c i t y  approaches  zero a t  a 
p o i n t   i n   t h e   f l o w ,   t h e   r e l a t i v e   m a g n i t u d e   o f   t h e   v e l o c i t y  o f  f l u c t u a t i o n   i s   l a r g e  
compared t o   t h e  mean f l o w   v e l o c i t y   a t   t h a t   p o i n t .  Under t h i s  circums.tance  the 
accuracy o f  measurements by the   ho t   w i re  anemometer techniques  suffer  as  low 
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values o f   v e l o c i t i e s   a r e  approached i n  a tu rbu len t   f l ow   w i th   reve rse  flow v e l o c i -  
t y   p r o f i   l e s .  Because o f   t h e  above tw. reasons, i t  i s  necessary to exerc ise  some 
judgment i n   f a i r i n g   t h e   v e l o c i t y   p r o f i l e  shape when measurements a r e  made with 
the  'hot   wire anemometer techniques i n  a boundary layer   f low  hav ing  reverse  f low 
v e l o c i t y   p r o f i l e s .  Moreover, large  numbers.of   data  points,  i n  t h e   v i c i n i t y  o f  
values o f  y l oca t i ons  where t h e   z e r o   v e l o c i t y   i s  approached,  would make it 
poss ib le  to  exerc ise  sounder  judgment i n   f a i r i n g   r e v e r s e   f l o w   v e l o c i t y   p r o f i l e s  
near  the y loca t ions  when the  values  of   velo,c i ty  are  near  zero and near  the  wal l  
where negat ive  ve loc i t ies  are  encountered; '  An example o f   t h i s   t y p e  o f  f a i r i n g  
i s  shown i n   F i g u r e  IV-8 for va lue  o f  X/C = 0.965. 

An example o f   t h e   t y p e   v a r i a t i o n s   o f   v e l o c i t y   p r o f i l e   i n   t h e  wake of the 
t e s t   a i r f o i l   w i t h   s h a r p   t r a i l i n g  edge i s  shown i n   F i g u r e  IV-9. These wake 
surveys  correspond t o  an  angle o f   a t t a c k  a o f  8 O  and when t r a n s i t i o n   o n   t h e  
lower  and  upper  surfaces o f  t h e   a i r f o i l  were f i x e d   a t  10 percent  chord by the 
use o f   g r i t   s t r i p s .  The  wake surveys shown i n   t h i s   f i g u r e  were  performed  by  the 
use o f   to ta l -s ta t i c   p ressure   p robe  combina t ion  shown i n   F i g u r e  111-9. Near the 
t r a i l i n g  edge the   ra te   o f   inc rease  in 'm in imum  ve loc i ty  U, wi th   respec t  to the  
d is tance X ' / C  i s   q u i t e   l a r g e  compared to   t he   l a rge   d i s tance  downstream from the  
t r a i l i n g  edge. T h i s   f i g u r e   a l s o   p o i n t s   o u t   t h a t   t h e   r a t e  o f  v a r i a t i o n s   i n   t h e  
w i d t h   o f   t h e  wake i s  small a t  a fa r   d i s tance  downstream compared to  near  the 
t r a i l i n g  edge. It should be men t ioned   tha t   t h i s   f i gu re   i s   no t   p lo t ted  t o  g i v e  
t r u e   r e l a t i v e  y l o c a t i o n s   f o r   v e l o c i t y   p r o f i l e s   a t   d i f f e r e n t  X ' / C  l oca t i ons   bu t  
t o   i n d i c a t e   r e l a t i v e  shape o f   t h e   v e l o c i t y   p r o f i l e s   a t   d i f f e r e n t  X ' / C  l oca t i ons  
i n   t h e  wake beh ind   t he   a i r f o i  1 .  

Figure IV-10 shows the example o f   expe r imen ta l l y  measured v a r i a t i o n s   o f  
momentum thickness and fo rm  fac to r   in   the  wake beh ind   the   sharp   t ra i l ing  edge 
t e s t   a i r f o i l .  The data shown i n   t h i s   f i g u r e   a r e   f o r  an a n g l e   o f   a t t a c k   o f  8 O ,  

f o r   c o n d i t i o n s   o f   f r e e   t r a n s i t i o n  on  the a i r f o i l   s u r f a c e s  and fo r   f ree   s t ream 
Reynolds number o f  approximately 1.3 m i l l i o n .  It can  be  seen  from t h i s   f i g u r e  
tha t   va lues   o f  momentum thickness and form  factor  decrease  in  the downstream 
d i r e c t i o n   i n   t h e   a i r f o i l  wake and a t  f a r  d is tance downstream i n   t h e  wake t h e i r  
values become approximately  constant. 

Examples o f   t y p i c a l  measurements o f   s t a t i c   p r e s s u r e   d i s t r i b u t i o n s   a c r o s s  
t h e   a i r f o i l  wake behind  the  sharp t r a i l i n g  edge t e s t   a i r f o i l   a r e  shown i n  
Figures IV-11,  IV-12 and IV-13; corresponding measurements o f   v e l o c i t y   p r o f i l e s  
a r e   a l s o  shown i n  these  f igures.   F igure I V - 1 1  i s  f o r   a n g l e   o f   a t t a c k  a = O.Oo, 
IV-12 i s  f o r  a = 8.0° and f i x e d   t r a n s i t i o n  on  upper and lower  surfaces o f   t h e  
a i r f o i l ;  and F igure IV-13 i s   f o r  a = 10.8O. Measurements shown in   t hese  
f i gu res   i nd i ca te   t ha t   s ta t i c   p ressu re   i s   no t   cons tan t   ac ross   t he  wake bu t  has 
an approx imate  parabol ic   var ia t ion.  These f i g u r e s   i n d i c a t e   t h a t   s t a t i c   p r e s s u r e  
has  a h igher   va lue  a t   lower  edge o f  wake and lower   va lue  a t   the  upper  edge of  
wake fo r   ang les   o f   a t tack   g rea ter   than  zero  degree. I n   a d d i t i o n ,  it i s  seen 
from  these  f igures  that   the maximum v a l u e   o f   t h e   s t a t i c   p r e s s u r e   i n   t h e  wake 
o c c u r s   i n   t h e   v i c i n i t y   o f  y locat ion  corresponding  to  minimum v e l o c i t y   p o i n t  i n  
the wake v e l o c i t y   p r o f i l e .  

Figures I V - 1 4 ,  IV-15 and IV-16 show i n d i r e c t  measurements o f  shear s t ress  
p r o f i l e s  a t  ang les   o f   a t tack   o f  Oo and 10.8O and a t  few  chordwise  locat ions  in  
the wake beh ind   t he   a i r f o i  1 t r a i  1 i n g  edge.  These shear   s t ress   p ro f i l es   a re  
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computed  by the   numer i ca l   so lu t i on   o f   i n teg ro -d i f f e ren t i a l   equa t ion  (I1 1-17) i n  
which  the  boundary  condi t ions  of   exper imental ly measured v e l o c i t y   p r o f i l e s  and 
s t a t i c   p r e s s u r e   d i s t r i b u t i o n   i s  used.  These f i gu res  show some i n t e r e s t i n g  

the y 1.ocation i n   t h e  wake v e l o c i t y   p r o f i l e  where  the  ve loc i ty  has minimum 
value.  Classical  theories  such as Boussinesq's eddy v iscos i ty   concept  and 
Prandt l 's   mix ing  length  theory  would,  on the   o ther  hand, i n d i c a t e  a v a l u e   o f  
zero  shear  stress on the   locus   o f  minimum v e l o c i t y   p o i n t .  As a m a t t e r   o f   f a c t ,  
the   va lue   o f   shear   s t ress ,   a t  a y l oca t i on   co r respond ing   t o   t he   l ocus   o f   m in i -  
mum v e l o c i t y ,  can become as high  as 8 t o  10 percent   o f   f ree   s t ream dynamic 
head  as can be seen from  these  f igures.  The value  of   the  shear  stress  on  the 
minimum v e l o c i t y   l o c u s   i s  used  as  one o f   t h e  boundary  condi t ions  in  the 
theore t ica l   equat ions   in   the   p resent  method f o r   t h e   c a l c u l a t i o n s   o f   t h e  wake 
f l ow  a n d   t h e   p r o f i l e   d r a g   o f  a g i v e n   a i r f o i l .  Hence., t he  use o f  Boussinesq's 
o r   Prandt l ' s   hypothes is   in   the   p resent  method may lead  to   e r roneous  ca lcu la t ion  
resu 1 t s  . 

. r e s u l t s  such  as  the  value o f   t h e  shear  stress  T(y) i s  maximum (or minimum) a t  

. .  
- IV.2 I nves t i ga t i ons   o f  Fundamental  Parameters f o r  Wake Flow 

i Theore t ica l   equat ions   in   Sec t ion  I 1  contain  such  terms as (i) 

Kl K l  

J f ( .~ )  do, I f2( r l )  dn, 
0 0 

(ii)'  shear integral   terms JT/P dy  and shear d i s t r i b u t i o n   . r ( y ~ ) / p  on  the  locus o f  
minimum v e l o c i t y  and (iii) i n t e g r a l   f o r   p r e s s u r e   d i s t r i b u t i o n   a c r o s s   t h e  wake 
/CP dy, d i s t r i b u t i o n   o f   s t a t i c   p r e s s u r e  on t h e   l o c i   f o r   o u t e r  and inner edges of  
wake and a l s o  on the   l ocus   o f   t he  minimum ve loc i ty .   In   o rder   to   so lve   these 
theo re t i ca l   equa t ions   f o r   t he   ca l cu la t i ons   o f   f l ow   i n   t he  wake and p r e d i c t i o n   o f  
p r o f i l e  drag o f   a i r f o i l   s e c t i o n s ,  i t  i s  necessary t o  express  the above items  by 
aux i l i a ry   equa t ions  as f u n c t i o n s   o f   e i t h e r  dependent v a r i a b l e s   o r   i n  terms o f  
i n i t i a l   c o n d i t i o n s   i n   t h e   v i c i n i t y   o f   t r a i l i n g  edge. I n   t h i s  way the number o f  
dependent   var iab les,   which  are  requi red  for   the  complete  spec i f icat ion  o f   f low 
i n   t h e  wake, are  kept   the same as the number o f   t h e o r e t i c a l   e q u a t i o n s .  These 
aux i l ia ry   equat ions   a re   der ived ,   as  shown in   the  fo l lowing  paragraphs,  by the 
use o f  d imensional   ana, lysis,   invest igat ion  of   general ized  parameters and  by the 
use o f   a v a i l a b l e   r e s u l t s   f o r   " s i m i l a r  flows".  For t h i s  purpose  use i s   a l s o  made 
o f   exper imenta l  measurements obta ined  dur ing  the  present   invesf ' igat ion.  

I V . 2 . 1  F u n c t i o n a l   R e l a t i o n s h i p s   f o r   V e l o c i t y   P r o f i l e   S i m i l a r i t y   f o r  Wake 
- Flow:  Figures IV -17  and IV-18 a r e   t h e   p l o t s   o f   e x p e r i m e n t a l   d a t a   f o r   s i m i l a r i t y  
o f   v e l o c i t y   p r o f i l e s   w i t h   d i f f e r e n t   s i m i l a r i t y   p a r a m e t e r s .   E x p e r i m e n t a l   d a t a  
used in   cons t ruc t i ng   t hese   s im i la r i t y   cu rves   a re   f o r   cho rdw ise   l oca t i ons   i n   t he  

,wake w h i c h   a r e   f a r   f r o m   t h e   a i r f o i l   t r a i l i n g  edge. The  same experimental  data 
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i for  velocity  profiles  are  used " in constructing  similarity  curves  of  Figures IV-17 
and IV-18. Comparison  of  velocity  profile  similarity  plots of Figures IV-17 and 
IV-18 indicate  that,  when  similarity  parameter  shown in Figure IV-18 is  used for 
the  purpose of obtaining  velocity  profile  similarity  there is less scatter in 
experimental  data than by the  use of  similarity  parameter  of  Figure IV-17. This 
fact suggests that similarity  parameter of Figure IV-17 is more  suitable for true 
representation  of wake flow  characteristics at  large distance  downstream in the 
wake of single  component  airfoil  with  sharp  trailing  edge.  For  the  purpose of 
making use of  this  information  about  velocity  profile  similarity, it is necessary 

in an  analytical  expression for the  relation  between  similarity  parameter 
imilarity function f(n). The curve  which .fits  the  experimental  data  of 
IV-17 has the  analytical  expression  of  the form given by 

to obta 
and s 

Figure 

An 

( IV-1) 

analytical  expression  for  the  curve,  which  fits  the  experimental  data  of 
Figure IV-18, is given  as 

( I v-2) 

Equation ( IV-1) and ( IV-2)  show the  functional  relationships  for  the 
similarity  parameters  for  the  viscous  flow in the wake at chordwise locations far 
away from the  airfoi 1 trai 1 ing edge. Similarity p1ot.s for velocity  profiles  for 
the  viscous  flow in the  wake  of airfoil with  sharp trailing edge and in the 
vicinity  of  airfoil  trailing  edge  are  shown in Figures IV-19 and IV-20. Defini- 
tions for similarity  parameters and  variables in Figures IV-19 and IV-20 are 
similar to those of  Figures IV-17 and IV-18, respectively. As seen in Figure 
IV-19, the  scatter of  experimental data for wake flow in the  neighborhood  of 
trailing  edge is larger than corresponding plot  for  far distance  wake  flow  shown 
in Figure IV-17; the  similar  remark  can  also be made  for  data  shown in Figure 
IV-18 and IV-20 which  are  for  large and small distances in the  wake  behind  the 
airfoil  trailing  edge. An analytical  expression  for  the  curve fit of  the  mean 
curve  shown in Figure IV-19 is given by 

1 0- 825 f(q3) = [ l  + cos (n3 ( I V-3) 

As  the scatter in experimental  data,  shown in Figure IV-20 is larger  than 
corresponding  similarity plots  of  Figure IV-18, three  different  curve  fits are 
defined by an expression  of  the  following  form: 

f(rlb) = - 1 [1.0 + cos (114 P 9 1  2 

where, for the curve C1, P = 1 . O ,  
for the curve C,, P = 0.755, 

and for the curve C,, P = 0.631. 

( I v-4) 

Various  values  of  powers P can  be  tried in the  theoretical  method in order 
to find out desirable value for  better  overall correlation with experimental 
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data. The reason f o r   t h e   l a r g e r   s c a t t e r   i n   e x p e r i m e n t a l   d a t a   f o r   s i m i l a r i t y  
curves  o f   F igures IV-19 and IV-20 i s   t h a t   t h e s e  measurements were  performed  by 
the  use  of , total-stat ic  pressure  probe  combinat ion  in  the  region  where  the  c i rcu- 
l a t o r y   f l o w  may be present.   This  is  due to   the   mix ing   o f   upper  and l o ~ e r  surface 
boundary  layer and t h e   a i r f o i l   t r a i l i n g  edge thickness  -even  though i t  i s  small 
i t  has a f i n i t e  value. The measurements  by the   to ta l -s ta t i c   p ressure   p robe,  such 
as shown i n   F i g u r e  I 11-9, i n   c i r c u l a t o r y   f l o w   a r e   n o t   v e r y   a c c u r a t e .  

IV.2.2  Generalized  Parameters fo r   t he   P ressu re   D is t r i bu t i on   i n   t he  Wake o f  
S ing le Component A i r f o i l   w i t h  Sharp T r a i l i n g  Edge: Figures IV-21 through  IV-24 
show the   p lo t s   o f   non -d imens iona l   p ressu re   o r   ve loc i t y   d i s t r i bu t i on   a t  upper and 
lower edges o f   t h e  wake fo r   ang les   o f   a t tack  (r o f  O.Oo, 8.0°, 8.0° ( f i x e d  
t r a n s i t i o n )  and 10.7g0, respec t i ve l y .  Parameter for  the  non-dimensional  pressure 
a t   t h e  edges o f   t h e  wake i s   de f i ned  as 

I 

1.0 - ($) T.E. 

( I V - 5 )  

where Ue = v e l o c i t y   a t  edges o f  wake 
Urn = f rees t ream  ve loc i ty  

and subscr ip ts  T.E. = v a l u e s   a t   o r   i n   t h e   n e i g h b o r h o o d   o f   t r a i l i n g  edge 
o v e r   a i r f o i l   s u r f a c e ,  and 

(x) = chordwise   loca t ions   in   the  wake. 

Non-dimensional  parameter y was chosen  because,  as  seen from  equation ( I V - 5 1 ,  
i t s   va lue   a long   t he  wake will v a r y   f r o m   z e r o   a t   t h e   t r a i l i n g  edge to   the   va lue  
o f  1.0 a t   v e r y   f a r   d i s t a n c e   f r o m   t h e   t r a i l i n g  edge. Experimental  data, shown i n  
Figures IV-21,  IV-22,  IV-23 and  IV-24, i n d i c a t e   t h a t  when values o f  yu o r  y~ a re  
p lo t ted   aga ins t   d is tance X ' / C ,  measured from t h e   a i r f o i l - t r a i l i n g  edge, i n   t h e  
wake then  experimental  data  for  upper wake and lower wake arrange  n ice ly  to form 
smooth c u r v e s   f o r   a l l   a n g l e s   o f   a t t a c k  shown. However, d i f fe ren t   curves   -a re  
obta ined  for   upper  and lower edges o f  wake and moreover  curves o f  y vs. X ' / C  a re  
d i f f e ren t   f c r   va r ious   ang les   o f   a t tack .  Thus, i n   t h i s  form y vs. X ' / C  r e l a t i o n -  
ship  cannot be u t i l i z e d  as an ingredient   to   the  theoret ica l   drag  computat ion 
method. By the  use  of  physical  reasoning and dimensional  analysis, a t rans-  
formed X ' / C  coord ina te   f o r   t he  wake f l o w  was a r r i v e d   a t ,  such t h a t  when yu   o r  
y~ i s   p lo t ted   versus   t rans formed  coord ina te   a long  the  wake, then  experimental 
data, fo r   bo th   uppsr  and lower edge of wake and f o r  a1 1 angles o f  at-tack, 
arranged  on a s ingle  curve.  This  d imensionless  t ransformed  X-coordinate  is  
g iven by the  fo l lowing  equat ion:  
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( I V-6) 

or L 

where X =  transformed  X-coordinate  along  the wake 
, . -  y.:'.', y* \ . :. A ., 

X'  = distance along wake measured from the  airfoil  trailing edge 
. I  1 c = airfoil  chord 1 

6, = boundary  layer thichess at the trailing edge on upper  surface 
of airfoil 

6~ = boundary  layer  thickness  at  the  trailing  edge  on  lower  surface 
of airfoil 

66 = greater  value  of 6, or 6~ 

Figure IV-25 shows  the plot of dimensionless  pressure  distribution at  the 
edges of the wake versus  dimensionless  transformed  coordinate X. This  figure 
shows that all  points at different chordwise locations and various  angles of 
attack arrange nicely  on a single curve. The  functional  relationships  between 
parameters y and X is given by 

0.132 y,=1- 
(0.363 + XUI2 

or L oar L 

Figure IV-26 shows  the  generalized  parametric  representation and functional 
relationship  for  the  pressure  distribution on the  locus  of minimum velocity in 
the  airfoil wake for sharp  trailing  edge  airfoil. The parameters  for  this m i -  
versal  pressure  distribution  along the locus of minimum velocity  point were 
arrived  from  the  consideration of the  flow  behind  the  backward  facing  step and 
from  physical  reasonings. In this case also, by the choice of proper  trans- 
formed  X-coordinate,  experimental  points  for Cpumin arrange  themselves  very 
nicely  on a single curve. The  functional  relationship  between  the  parameters 
for  the  pressure  along  the  locus of minimum velocity in the  airfoil wake behind 
the sharp trailing  edge  airfoil is given by, 

'purnin (x) 
= 0.556 e + (0.444 + 1.121B + 0.285B2)e-2B (IV-8) -..162f3 

c~ T.E. 

where "'min ( x )  velocity in wake 
= static  pressure  coefficient  along the locus of minimum 

'P T.E. = pressure  coefficient  at  the trai 1 ing edge  of airfoi 1 

= transformed X coordinate  for Cp along locus  Of minimum 
velocity 
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= sum of displacement  thickness  on  upper and lower surface 
T.E. at  the. trailing edge  of  the  airfoil 

x = distance  along  chordline in wake from  airfoil trailing edge 

c = airfoi 1 chord. 

IV.2.3 Generalized  Parametric  Representation of Shear  Stress at  Velocity 
Minimum:, The  theoretical  integral equations of Section I I  for  the  solution of 
viscous  flow in airfoil wake, contained  coupiing  terms  involving  shear  stress  at 
the  velocity minimum. It was  noted in previous  paragraphs  that  velocity  profiles 
in the  airfoil wake.were "similar"  for  proper choice o f  similarity  function and 
similarity variable.  Th.is  fact suggests that it is possible  to  arrive  at 
generalized  parameter  for  the  representation of shear at minimum velocity  point 
from  Prandtl's  new  shear stress  hypothesis  for free jet flows.  According  to  this 
hypothesis, at any  X-location  the  turbulent  shear  stress is given by, 

'(y) - C C dy 
- b U  !Y. 

where ~ ( y )  = shear  stress at any y ordinate in viscous  layer 
bc = characteristic  width  of  viscous layer 
Uc = characteristic  velocity in viscous  layer 
K1 = constant. 

Fo r 
shown in 

and  the 

the  upper wake the 
Figure IV-27), 

characteristic velo 

suitable  characteristic  width is (nomenclature is 

city is 

For  the  lower wake,  the  characteristic  width i s  

b = (Y3 - yz) (x) 
and the  characteristic  velocity is 
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The locus o f   t h e  mi'nimum v e l o c i t y  Umin is   conta ined  in   both  upper  wake 
and lower wake layers.  Assuming tha t   shear (xa t   the   locus   o f  minimum v e l o c i t y   i s  
propor t ional  to  the   p roduc t   o f   t he   f ou r   quan t i t i es   g i ven  by  equations ( I V - l o ) ,  
(IV-ll), (IV-12) and ( lV-13) ,  the   fo l low ing   func t iona l   representa t ion  can  be 
wr i t ten  a f ter   non-d imensional iz ing,  

F igure IV-27 shows the   func t iona l   re la t ionsh ip  between the  non-dimensional 
shear  on  the  locus o f   t h e  minimum v e l o c i t y  and the  product   o f   the  parameter   ind i -  
ca ted   in   equat ion  ( IV-14) .  Exper imenta l   da ta   p lo t ted   in   th is   f igure   a re   ob ta ined 
dur ing  the  present   s tud ies  in   the wake o f  sharp t r a i l i n g  edge t e s t   a i r f o i l   a t  
various  chordwise  locations and various  angles of attack.  Non-dimensional  shear 

/($PUe2) was obtained  f rom  the  indirect   shear measurements from measured 
exper imenta l   ve loc i ty   p ro f i les  and p ressu re   d i s t r i bu t i ons  by t h e   a i d  of the 
numerical method. The curve f i t  fo r   t he   f unc t i ona l   re la t i onsh ip   o f   F igu re  IV-27 
i s   g i v e n  by 

(y3) 

where T ( ~ ~ )  = shear s t ress  on  the  locus  of  minimum v e l o c i t y  

(X) 
= a r i t h m e t i c  mean o f   v e l o c i t i e s  a t  upper and lower edges o f  wake 

and 

IV.3 Presentat ion o f  Corre la t ion   Resu l ts  

Computer program  subroutines were  developed for  the  purpose  of   comparing 
t h e   r e s u l t s  of  theoret ical   computat ion method, developed  under th i s   s tudy ,   w i th  
the   exper imenta l   da ta   fo r   th ree   a i r fo i l   con f igura t ions .   Input   to   the  computer 
p rog ram  cons is t s   o f   i n i t i a l   cond i t i ons   o f  boundary layer  and pressure   quant i t ies  
on  upper and l o w e r   s u r f a c e s   o f   t h e   a i r f o i l   i n   t h e   v i c i n i t y   o f   t h e   t r a i l i n g  edge. 
Exper imental ly measured values  for   these  input  condi t ions were  used  as i n p u t   t o  
the  computer program.  Computations f o r   t h e   c h a r a c t e r i s t i c s   o f   t h e   f l o w   i n   t h e  
wake and p r o f i l e   d r a g  were performed a t   seve ra l   ang les   o f   a t tack   f o r   t he  
f o l l o w i n g   t h r e e   a i r f o i l s :   ( i )  Joukowski a i r f o i l   w i t h   t h i c k n e s s   r a t i o   t / c   o f  12 
percent, (ii) presen t   sha rp   t ra i l i ng  edge t e s t   a i r f o i l   w i t h   t h i c k n e s s   r a t i o   o f  
15 percent, and (iii) NACA 631-012 a i r f o i l .   R e s u l t s   o f   c o r r e l a t i o n s   a r e  
discussed in  the  fo l lowing  paragraphs. 
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(i) Joukowski A i r f o i l :   F i g u r e  IV-28 shows 
upper and lower edge o f   v e l x i t y   p r o f i l e s   i n   t h e  
zero  degree  angle o f   a t t a c k .   I n   t h i s :   f i g u r e   t h e  
wh ich   i n   t h i s   case   i s  a s t r a i g h t   l i n e  because o f  

the   resu l ts   o f   computa t ions  for 
wake o f  Joukowski a i r f o i  1 a t  
l o c u s   o f  minimum v e l o c i t y ,  
symmetrical a i r f o i l   a t   z e r o  

a n g l e   o f   a t t a c k ,   i s   a l s o  shown. Exper imenta l   da ta-shown  p lo t ted ,   in   th is   f igure  
by  symbols i n d i c a t e   t h a t  good cor re la t ibn   i s   ob ta i 'ned .  

Figure IV-29. shows t h e   p l o t  o f  experimental 'measurements (Reference 7) o f  
! r  

boundary l aye r  momentum thickness,  dis$lacempJ  thickness and the  form  factor  
qt t h e   t r a i  1.ing edge of   Joukowski 's  a i t ! fo i l l ias.&qfunct ion  6f ' :z in  angle  of   at tack.  
T h i s   p l o t  S ~ O W S  tha t   ' a t  an angle of a t t a c k  o f  6O,:'the lower  surface  boundary 
layer   i s   separa ted   near   the   t ra i l ing  edge  as ind ica ted< l iy   the   va lue  of  form 
f a c t o r  Hlower = 2.15. A t  an a n g l e   o f  go, both  upper and lower  surface  boundary 
l aye r   a re   separa ted ;   t h i s   i s   i nd i ca ted  :by the   va lues   o f   fo rm  fac to rs  and a l s o  
by  sudden increase  in   s lope dcSn/da. f o r  ithe'  upper  su'rface a t  a = go. These 
values  of  physical  boundary  layer  thick,ness and p r e s s u r e   c o e f f i c i e n t   a t   t h e  
t r a i l   i n g  edge were   i npu t   t o   t he   p ro f i l e   d rag  computer  program.  Values o f  
boundary  layer  physical  thicknesses  were computed from.experimenta1 momentum 
thicknesses and form  factors   by  the  us$  o f   the  fo l lowing  equat ion:  

. _  

6 
e 0.17  fl - exp { -  3 . 5 ( H - l ) l l  

1 + 0.1 Me2 
- =  ( lv -16)  

Figure IV-30 shows the computed var iat ions  of   d isplacement  th ickness, 
momentum thickness and fo rm  fac to r   in   the  wake o f  Joukowski a i r f o i l   a t  an angle 
o f   a t t a c k  a = Oo. Figure  IV-31 shows t h e   p l o t  o f  above  parameters a t  an angle 
o f   a t ta ' ck  cr = 6 O .  Experimental ly measured values o f  these  parameters,  which 
have  been shown p l o t t e d   i n  Figure IV-30 and IV-31 as symbols, i n d i c a t e   t h a t  
good agreement i s   ob ta ined  between computat ional   resul ts and experimental  data. 
Figures IV-32 and IV-33 show the  comparisons between resu l ts   o f   compta t ions   o f  
v e l o c i t y   p r o f i l e s  and exper imenta l   data  in   the wake o f  Joukowski z i r f o i l   f o r  
angles o f   a t t a c k   o f  Oo and 6 O ,  respec t i ve l y .  The above  comparison i s  made a t  
X ' / C  = 0.1, 0.25 and 0.5 i n  Joukowski a i r f o i l  wake and t h i s  comparison  between 
computed and exper imenta l   ve loc i ty   p ro f i les   ind ica te   tha t   reasonab le   cor re la t ion  
is   ob ta ined.  

F igure IV-34 shows t h e   p l o t   o f  computed va lues   o f   t he   p ro f i l e   d rag   coe f -  
f i c i , e n t s  as a f u n c t i o n   o f  an a n g l e   o f   a t t a c k  and comparison wi th   exper imenta l  
da ta .   Th is   f igure  shows that  the  comparison between  computed p r o f i l e   d r a g  
values and exper imenta l   data  is   reasonable  a t   angles  o f   a t tack a = Oo, 3 O  and 
6 O  whereas a t  a = go the  comparison between present   theoret ica l   computat ional  
r e s u l t s  and exper imenta l   data  is   not  so good. Experimental measurements a t  
a i r f o i l   t r a i 1 ; i n g  edge, which i s  shown i n   F i g u r e  IV-29, i n d i c a t e   t h a t   a t  a = Oo 
and 3 O  f low  separat ion  is   absent  on a i r f o i l   s u r f a c e s .   I n c i p i e n t   s e p a r a t i o n  
e x i s t s  on a i r f o i   1 "su r faces   nea r   t he   t ra i ' l i ng  edge' in" the  neighborhood  of  a = 6 O  
and apprec iab le   f low  separa t ion   p robab ly   ex is ts   on   a i r fo i l   sur faces   fo r   ang les  
o f   a t tack   g rea te r   t han  a = 6 O  as ev idenced  f rom' f igure IV-29. The discrepancy 
i n - d r a g  between resu l ts   o f   computa t ions  and experimental  drag  data  for  angles 
o f   a t tack   g rea te r   t han  6 O  can  be  due t o   t h e   f o l l o w i n g  two  reasons. The i n i t i a l  
c o n d i t i o n s   o f  boundary  layer   quant i t ies ,   which  are  requi red as i n p u t   t o  
computer  program  were  obtained  from  data o f   F i g u r e  IV-29. These data,  which 
were  obtained  from  Reference 7, were measured by pressure  probe and t h e   v a l i d i t y  
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o f  measurements by  the  pressure  probe in  the  separated  boundary  layer  is  
quest ionable.   Secondly ,   the  va l id i ty   o f   assumpt ions  which  were  used  in   der iv ing 
t h e o r e t i c a l  wake f low  equat ions  of   Sect ion I t ,  when apprec iab le  f low  separat ion 
e x i s t s  on a i r f o i l   s u r f a c e s ,   i s   n o t  known at  the  present  t ime.  For  the  purpose 
o f   c l a r i f y i n g   t h e  above-mentioned s i t u a t i o n ,  need e x i s t s   f o r   ( i )   d e v e l o p i n g  
proper  exper imental   techniques  for   obtaining  accurate and r e l i a b l e  measurements 
in   separated  f low  reg ion and (ii) then  making  appropr ia te  modi f icat ions  to   the 
theo ry   f o r  wake f l ow   ca l cu la t i ons   as  a,re  necessary for  accurate  drag  predic t ions 
in   the  presence  o f   f low  separat ion.  

(i  i) 'Sharp T.E. Test A i r f o i  1 : Figure IV-35 shows t h e   p l o t   o f  computed 
c h a r a c t e r i s t i c   l o c i '   a t  an a n g l e   o f   a t t a c k  a = 8 O  and f o r   t h e  case o f   f r e e   t r a n -  
s i t i o n  o n   t h e   s u r f a c e s   o f   t h e   t e s t   a i r f o i l .  Computed l o c i   a r e   p l o t t e d   f o r  upper 
edge o f   t h e  wake, lower edge o f   t h e  wake and the   l ocus   o f  minimum v e l o c i t y   f o r  
t h e   v e l o c i t y   p r o f i l e s   i n   t h e   t e s t   a i r f o i l  wake. Experimental  values,  which  are 
shown i n   t h i s   f i g u r e  as symbols, i n d i c a t e   t h a t  agreement  between  computed values 
f o r   t h e s e   c h a r a c t e r i s t i c   p o i n t s   i n   v e l o c i t y   p r o f i l e s  and exper imenta l   data  is  
good. I t  should be no ted   t ha t   s lope   o f   t hese   l oc i  downstream of  X ' / C  o f   app rox i -  
mately 0.5 become approx imate ly   para l le l   to   the   f ree   s t ream  d i rec t ion .  

Figures IV-36,  IV-37 and IV-38 show t h e   p l o t s   o f  computed values o f  momentum 
thickness and f o r m   f a c t o r   d i s t r i b u t i o n   i n   t h e  wake o f   t h e   t e s t   a i r f o i l   a t   a n g l e s  
o f   a t t a c k  Q = Oo, 8 O  ( f i x e d   t r a n s i t i o n )  and 10.7g0, respec t i ve l y .  Computed 
va lues   o f  momentum t h i c k n e s s   d i s t r i b u t i o n  i s  shown p l o t t e d   f o r   l o w e r   h a l f   o f  wake 
p r o f i l e  and t o t a l  wake v e l o c i t y   p r o f i l e ;   d i f f e r e n c e  betheen  these two momentum 
th i ckness   d i s t r i bu t i ons   i s   t he   upper  wake momentum thickness.  Computational 
r e s u l t s   f o r   f o r m   f a c t o r   d i s t r i b u t i o n   i n   a i r f o i l  wake i n d i c a t e   t h a t  even  though 
the  form  factor  on  the  upper and lower  surfaces a t   t h e   t r a i l i n g  edge a r e   v a s t l y  
d i f fe ren t ,   the   va lues   o f   fo rm  fac to rs   fo r   upper  and lower h a l f   o f  wake v e l o c i t y  
p r o f i l e  become i d e n t i c a l   a t  a very  short   d istance from t h e   a i r f o i l   t r a i l i n g  edge. 
For t h i s  reason  only  one  value  of  computed f o r m   f a c t o r   d i s t r i b u t i o n   f o r   t h e  
f l o w   i n   t h e  wake i s  shown i n   F i g u r e s  IV-36,  IV-37 and IV-38. Experimental  data 
fo r   the   fo rm  fac to r   d is t r ibu t ions ,   wh ich   a re  shown p l o t t e d   i n   t h i s   f i g u r e ,   a r e  
e i t h e r   f o r   l o w e r   h a l f  wake o r  upper h a l f  wake because  measured va lues  o f   form 
factors   are  very   near ly   equal   for   e i ther   upper   or   lower  wake v e l o c i t y   p r o f i l e .  
F igure IV-39 shows t h e   p l o t   o f   r e s u l t s   o f   c a l c u l a t i o n s   o f   p r o f i l e   d r a g   v e r s u s  
a n g l e   o f   a t t a c k   f o r   t h e   t e s t   a i r f o i  1. Experimental  'data  which  are shown p l o t t e d  
i n   t h i s   f i g u r e   i n d i c a t e   t h a t  agreement  between  experiment and t h e o r e t i c a l  method 
i s  reasonable. 

( i i i )  NAC 631-012 A i r f o i l  - R e s u l t s   o f   c o r r e l a t i o n  between computations 
and e x p e r i m e n t a l   d a t a   t o r   t h i s   a i r f o i l   a r e  shown i n   F i g u r e  IV-40. Experimental 
data shown i n   t h i s   f i g u r e   a r e   o b t a i n e d - f r o m  Reference 5. For the  purpose  o f  
c o r r e l a t i o n   f o r   t h i s   a i r f o i l ,  measured values o f  boundary l aye r   quan t i t i es   on  
a i r f o i l  upper  surface a t   t r a i  1 ing edge were  used  as i n p u t   t o   t h e   p r o f i l e   d r a g  
computer  program.  Boundary l aye r   quan t i t i es   on   t he   l ower   su r face   a t   t he  
t r a i l i n g  edge o f  the a i r f o i l  wh ich   a re   a lso   requ i red   inpu t   to   the  computer 
program,  were obtained  f rom  the  output  of   the  computer  program  subrout ine  for  
o rd inary   boundary   layer   ca lcu la t ion  method. Exper imenta l   pressure  d is t r ibut ions 
o n   t h e   l o w e r   s u r f a c e   o f   t h e   a i r f o i l s  were  used  as  an input   fo r   the   purpose  o f  
ca lcu la t ion   o f   lower   sur face   boundary   layer   quant i t ies   a t   severa l   ang les   o f  
a t tack .   I n   add i t i on ,   va lues   o f   expe r imen ta l   p ressu re   a t   t he   t ra i l i ng  edge o f  
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t h e   a i r f o i l  were  used  as  input t o   t h e   p r o f i l e   d r a g  computer  program  subroutines. 
F igure IV-40 shows the  comparison  of   the  resul ts of  compu ta t i ons   f o r   t he -p ro f i l e  
d r a g   c o e f f i c i e n t   o f  NACA 631-012 a i r f o i l   w i t h   e x p e r i m e n t a l   d a t a .   P l o t   o f  
experimental CL vs. a f o r   t h i s   a i r f o i l   i s   a l s o  shown i n   t h i s   f i g u r e ;   i n   a d d i t i o n ,  
v a l u e s   o f   f o r m   f a c t o r   o n   t h e   u p p e r   s u r f a c e   o f   t h e   a i r f o i l   a t   i t s   t r a i l i n g  edge 
are  noted  on  th is  CL - a curve   a t   severa l   ang les   o f   a t tack .   Th is   i s  done f o r   t h e  
purpose o f   i n d i c a t i o n   o f   a p p r o a c h i n g   t r a i l i n g  edge separat ion and a l s o   f o r   t h e  
purpose of   ind icat ing  va lues  o f   angles  o f   a t tack  for   which  separated  f low  condi -  
t i o n s   e x i s t   a t   a i r f o i l   t r a i l i n g  edge. The comparison  of computed p r o f i l e   d r a g  
quan t i t i es   w i th   exper imen ta l   da ta   i s  good as seen from t h i s   f i g u r e .  

V .  CONCLUSIONS AND RECOMMENDATIONS 

From the   t heo re t i ca l  and exper imenta l   s tud ies  presented  in   th is   repor t  it 
i s   p o s s i b l e   t o  make the   fo l low ing   conc lus ions  and  recommendations f o r   t h e   f u t u r e  
studies.  

V .  1 Conclusions 

(1 )  The total-stat ic  pressure  probe  combination,  such as  used i n   t h e  
present  studies,  can be  used f o r   r e l i a b l e  measurements i n   v i scous   f l ow   ove r   a i r -  
f o i l   s u r f a c e  when th is   f low  is   a t tached  or   non-separated.  However, the measure- 
ments by such a probe, fo r   the   f low  approach ing   separa t ion   o r   in   separa ted   f low 
reg ion ,   a re   sub jec t   t o   i n te rp re ta t i on  and  hence  can be used o n l y   i n   q u a l i t i a t i v e  
sense. 

(2) Measurements o f   v e l o c i t y   p r o f i l e  by the  use o f   h o t - w i r e  anemometer 
technique  have been found more r e 1   i a b l e ,   b o t h   q u a l i t a t i v e l y  and q u a n t i a t i v e l y ,  
t han   s im i la r  measurements performed by the use of   pressure  probe. However, w i t h  
the   p resen t   s ta te   o f   t he   a r t   i n   ho t -w i re  anemometry technique, measurements o f  
v e l o c i t y   p r o f i l e s   i n   t h e   r e g i o n   o f  low  va lues   o f   ve loc i t ies   ( less   than 30 f ps  
and  nominal  values o f   t u rbu lence   l eve l )   a re   no t   ve ry   accu ra te .  As the  hot-wire 
anemometer measures only   the  absolute  magni tude  o f   ve loc i ty   then  wi th   the above- 
ment ioned  present  l imi tat ion,  i t  i s   d i f f i c u l t   t o   d e t e r m i n e   t h e   s e p a r a t e d   f l o w  
v e l o c i t y   p r o f  i le   w i th   the   des i   red   accuracy .  

(3 )  Shear s t r e s s   p r o f i l e s   f o r   t h e  wake f l o w  have been determined by the 
use o f   i n d i r e c t  measurements and these  values  are  used  in  the  parametr ic  form 
in   t he   p resen t   t heo re t i ca l  method. The accuracy o f   i n d i r e c t  shear measurements 
f o r   t h e  wake f l o w   i n   t h e   t r a i l i n g  edge reg ion i s  quest ionable because o f   t h e  
ex i s tence   o f   t he   c i r cu la to ry   shear   f l ow   i n   t h i s   reg ion .   Fo r   t h i s   reason  i t  i s  
recommended to   per fo rm  the   d i rec t   shear  measurements  by the  use  o f  such devices 
as hot -wi re X probe  or by the  use o f  Laser  Doppler  Velocimeter and make 
comparisons w i th   the   p resent   ind i rec t   shear  measurements. 

136 



(4) From the  comparison between r e s u l t s   o f  computer.  program subrout ines 
w i th   exper imen ta l   da ta   on   t h ree   a i r f o i l   con f i gu ra t i ons ,   t he   f o l l ow ing   t h ree  
remarks  can be made: 

(i) Agreement  between  computed  and e x p e r i m e n t a l   v e l o c i t y   p r o f i l e s  for 
t h e   f l o w   i n   t h e  wake i s   q u i t e  good for  symmetr ical  wake a t   la rge   d is tances   f rom 
t h e   t r a i l i n g  edge. However, for   the  unsymmetr ical  wake and e s p e c i a l l y   i n   t h e  
regi.on  of. wake n e a r   t h e   a i r f o i l   t r a i l i n g  edge, the   d i sc repanc ies   ex i s t  between 
the   resu l ts   o f   computa t ions  and experimental measurements.  These discrepancies 
might be  due to i naccu rac ies   i n  measurements o r   t h e o r e t i c a l   c a l c u l a t i o n s   o r  
b o t h   i n   t h i s   r e g i o n .  

(ii) The computed v a r i a t i o n s   o f   i n t e g r a l   q u a n t i t i e s   i n   t h e   a i r f o i l  
wake, such as momentum thickness,  displacement  thickness and the   fo rm  fac to r ,  
ag ree   we l l   w i th   exper imen ta l   da ta   f o r   d i s tances   f a r   f rom  the   t ra i l i ng  edge. I n  
t h e   r e g i o n   n e a r   t h e   t r a i l i n g  edge, however,  discrepancies  are  observed between 
the  theory and experiments. 

( i  i i) Resu l ts   o f   computa t   ions   o f   p ro f  i le   drag  agree  qu i te  we1 1 w i t h  
experimental measurements i n   t h e  range o f   va lues   o f   ang les   o f   a t tack   f rom 
a = Oo t o  Q cor respond ing   to   the   occur rence  o f   inc ip ien t   separa t ion   on   the  
upper   su r face   o f   t he   a i r f o i l .  However, f o r   h igh   va lues   o f   ang les   o f   a t tack  
where la rge   reg ion   o f   f low  separa t ion   i s   p resent  on t h e   a i r f o i l   s u r f a c e ,  com- 
puted  values o f   t h e   p r o f i l e   d r a g   a r e   n o t   i n  good agreement wi th   exper imenta l  
measurements. This  discrepancy  can be a t t r i b u t e d   t o   t h e  breakdown o f   t h e  
assumptions, i n  case o f  separated  flow,  which  were used i n   d e r i v i n g   t h e o r e t i c a l  
equat ions  for   the  present  method. 

V .  2 Recommenda t ions 

( 1 )  For the  purpose o f   e s t a b l i s h i n g   t h e   l i m i t a t i o n s  and r e s t r i c t i o n s   o f  
the  present method, i t  i s  necessary to   per fo rm  cor re la t ions   w i th   exper imenta l  
data  for   the wake f l ow  and p r o f i l e   d r a g  on s e v e r a l   c l a s s e s   o f   a i r f o i l   c o n f i g u -  
ra t i ons .  Thus per fo rming   ca lcu la t ions   on   supercr i t i ca l  and conventional 
a i r f o i l s   o f   s e v e r a l   t h i c k n e s s   r a t i o s  and camber d i s t r i b u t i o n s  and a t   seve ra l  
values o f  l i f t  c o e f f i c i e n t s  and comparison o f   c o m p u t a t i o n a l   r e s u l t s   w i t h  
experimental measurements would  be  very  valuable  for  the  purposes  of needed 
re f i nemen ts   f o r   t h i s  new method. 

(2) This method i s  developed f o r  sharp t r a i l i n g  edge a i r f o i l s  and f o r  
low  subsonic f ree  stream Mach number where the   f l ow  can be considered  essen- 
t i a l l y  incompressible. However, f o r   t he   genera l   app l i cab i l i t y   i n   t he   des ign  and 
development  work  on  wing  sections i t  i s  recommended tha t   the   p resent  method be 
extended for   h igh  subsonic   f lows and f o r   a i r f o i l s   w i t h   t h i c k   t r a i l i n g  edges. 

(3)  Experimental and theo re t i ca l   s tud ies   a re  recommended f o r   t h e   r e f i n e -  
ments o f   t he   p resen t  method f o r   t h e   p u r p o s e   o f   t h e   p r e d i c t i o n   o f   p r o f i l e   d r a g  
when ex tens i ve   reg ion   o f   f l ow   separa t i on   i s   p resen t  on a i r f o i l   s u r f a c e .  Such 
c o n d i t i o n s   e x i s t   a t  C L ~ ~ ~  c o n d i t i o n s   o n   a i r f o i l s   e x h i b i t i n g   t r a i l i n g  edge s t a l l .  
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(4) The basic approach of  the  theory  of  the  present method i s  v a l i d   f o r  
the more impor tant   s i tuat ions  o f   the  computat ion  o f   prof i le   drag  for   mul t i -  
canponent a i r f o i l  sections. Under the  present   s tudy  the  va l id i ty   o f   th is  
approach i s  proven f o r  single-component a i r f o i l   sec t i ons .  It i s  hence recom- 
mended t h a t   t h i s  appi-each. be extended t o   a i r f o i  Is w i t h  more than one component. 
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APPENDIX A 

DETERMINATION OF SIDE WALL  BLOWING REQUIREMENTS 

It ' i s  known tha t  i n  the ' case   o f  two-dimensional t es t i ng   a t   cond i t i ons  ,of 
hig.h l i f t ,  the. v a l i d i t y  and accuracy o f  experimental measurements i s  sometimes 
questionable because o f   the   ex is tence  o f  boundary layer  separation on the  test  
section  sidewalls. The presence o f   t he  two-dimensional model a t  moderate'and 
high  angles  of   at tack  in  the  wind  tunnel   test   sect ion  creates  h igh  adverse 
pressure  gradients   in   the  d i rect ion  o f   f low on the  s ide  wal ls   o f   the  tunnel   test  
sect ion upstream of  the  leading edge o f   t h e  model. This  high  adverse  pressure 
gradient causes the  separat ion  of  boundary layer on the  wind  tunnel  test  section 
s ide   wa l ls   a t   the   junc ture   o f   the  model wi th   the  s ide  wal ls .  Separated  boundary 
layer on the  side  walls  then  f lows  toward  the  center  of  the model wi th   the 
resu l t   tha t   the   f low  pa t te rn  on t h e   a i r f o i l  model i s  three-dimensional  thus 
making i t  impossible t o   o b t a i n  measurements o f  two-dimensional  aerodynamic 
c h a r a c t e r i s t i c s   o f   g i v e n   a i r f o i l  model a t  moderate and high  angles  of   at tack.  
The above-mentioned phenomena has been observed by var ious   inves t iga tors   a t  NASA, 
R.A.E. i n  England, and a t  Lockheed-Georgia Company. 

The so lu t i on   o f   t he  above problem can be approached by the use o f  several 
methods, such as distr ibuted  blowing  through  s l i ts   located  in  the  s idewal ls  at  
juncture  o f   the model wi th  s ide  wal ls,   d istr ibuted  suct ion  through  pores or 
s l i t s  located upstream o f   the  model or at   the   junc ture  o f  the model wi th   the 
tunnel  side  walls, and blowing  high  energy a i r  through a s ing le  s l i t  l oca ted   a t  
an appropriate  distance  upstream  of  the  leading edge o f   t he  model on both  s ide 
wal ls.  For the  present  investigations boundary layer   cont ro l  on wind  tunnel 
s ide  wal ls  was accomplished by blowing  the  appropriate amount o f   h i g h  energy a i r  
through  s ingle  s l i ts   located  at   approximately one chord  length  upstream o f  model 
leading edge  on both  side  walls.  Figure 111-8 shows the  general  layout o f  the 
s ide  wal l  boundary layer   cont ro l  system used in  the  present  invest igat ion.  The 
fo l lowing paragraphs describe  the  procedure  that was used in  determining  the 
appropriate amount o f   h i g h  energy a i r   f o r   v a r i o u s  model conf igurat ions and 
angles o f   a t tack .  

Ve loc i t y   p ro f i l es  on the  s ide  wal ls  of   the  tunnel  were measured without  the 
presence o f   the  model at   locat ions  corresponding  to  the  approximate  locat ions  of  
the t r a i l i n g  edge o f   the  main component  and f lap .  Then, wi th   the model in  the 
tunnel  in  various  configurations and angles o f   a t tack ,  measurements o f   v e l o c i t y  
p r o f i l e s  were made on the  s ide  wal ls   o f   the  tunnel   a t   the same locations. These 
measurements were used t o  determine  blowing  requirements. I t  i s  necessary tha t  
the  side  wall BLC be jus t   su f f i c i en t   t o   p reven t  boundary layer  separation on the 
side w a l l s .  I t  has t o  be emphasized that  the amount of  blowing on the  wind 
tunnel  side  walls for  boundary layer   cont ro l  has t o  be p r e c i s e   - f o r  example, i f  
there i s  excess blowing  then  the  value of  freestream qm i n   the   tes t   sec t ion  
would be af fected.  In  addi t ion,  an excess amount of   b lowing on wind  tunnel  walls 
creates an undesirable  pressure  f ie ld around the  two-dimensional model; t h i s   i s  
due to  the  fact   that   vort ices  are  created due to   the   rubb ing   ac t ion   o f  low 
veloci ty  tunnel   f reestream  air   wi th  the  h igh  veloci ty blown a i r .  These vor t i ces  
g i v e   r i s e   t o   t i p   e f f e c t s   o r   t h e   e f f e c t s   o f   f i n i t e  span on two-dimensional t e s t  
model. If the amount o f  blown high energy a i r  on the  tunnel   s ide  wal ls  is  
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i n s u f f i c i e n t  then, o f  course,  the  boundary  layer  on  the  side  walls  separates. 
I n   o rde r  to avoid  both  undesirable  ef fects,   the  proper  value of the  pressure 
r a t i o  F?ts, Pss and the  proper  geometrical  dimensions o f  t h e   s l i t s   a r e   r e q u i r e d .  

A s i m p l i f i e d   t h e o r e t i c a l   e q u a t i o n   o f   t h e  amount o f  blown a i r   r e q u i r e d  to  
suppress  boundary layer  separat ion  on  wind  tunnel   s ide  wal ls  can  be  der ived  as 

2 *emax 1 P s  hs 
2 P, c ‘vrequ i red e c 

=”+“- 

where demax = maximum v a l u e   o f   t h e   d i f f e r e n c e   i n  momentum thickness  on  wind 
tunnel   s ide  wal ls   in   the  presence  o f  and absence of  model i n   t h e  
test   sect ion,   inches 

c = a i r f o i  1 chord,  inches 

e = e f f e c t i v i t y   f a c t o r  

hS = height   o f   b lowing s l i t s ,  inches 

p s  = dens i t y   o f   h igh   ene rgy .a i r   i n   b low ing  plenum 

p, = f reestream dens i ty .  

The blowing momentum c o e f f i c i e n t  C i n   equat ion  ( A - 1 )  i s   d e f i n e d  as 

c, = (mass o f  blown a i r )  ( v e l o c i t y   o f  blown a i r )  
- 1 2 (A-2) P,U, (wing  chord) (span o f  model ) 

The v a l u e   f o r   t h e   r a t i o   o f   v e l o c i t y   o f  blown a i r  through  the  blowing s l i t  
to   the   f rees t ream  ve loc i ty ,  Vs/Um, i s  approximately by 

where Y = r a t i o   o f   s p e c i f i c   h e a t s   f o r   a i r  (1.4) 

R = gas cons tan t   f o r   a i r  (=53.3) 

gc = g rav i ta t i ona l   cons tan t  (=32.2) 

Pss = s t a t i c   p r e s s u r e   a t   t h e   e x i t   o f   b l o w i n g   s l i t ,   p s i a  

PTs = plenum a i r   t o t a l  pressure. 

I 

The arnoung o f  C, t ha t   i s   ava i l ab le   co r respond ing   t o  a g iven  p ressure   ra t io ,  
Pts/Pss, i s   g i v e n  by  the  fo l lowing  equat ion:  
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where Vs/Uw i s   g i v e n  by equat ion (A-3)  

h t  = span o f   t h e  model,  inches 

= 30 inches fo r   the   p resent   tunne l  

K, = w i d t h   o f   b l o w i n g   s l i t ,   i n c h e s  

= 30 inches  for   the  present   tunnel  

Figu,re A-1 shows t h e   p l o t   o f   a v a i l a b l e  C, f o r   t h e   u n i t   s l o t   h e i g h t  as a 
f u n c t i o n   o f   p r e s s u r e   r a t i o  Pt,/Ps,. Figure A,-2 shows t h e   p l o t   o f   v e l o c i t y   r a t i o  
as a f u n c t i o n   o f   p r e s s u r e   r a t i o  Pt,/Ps,. F igure A-3 shows t h e   p l o t   o f   e f f e c t i v i t y  
f a c t o r  as a f u n c t i o n   o f   v e l o c i t y   r a t i o  UeI/Vs. The c u r v e   o f   F i g u r e  A-3 i s  ob- 
tained  from  knowledge o f   exper imenta l  measurements  and i s   e m p i r i c a l .  The curves 
shown i n   F i g u r e s  A-1 and A-2 a re   p lo t s   o f   equa t ions  (A -4 )  and ( A - 3 ) ,  respec t i ve l y ;  
these  curves  are  constructed  for  freestream  dynamic head qw o f  60 p s f  and f ree-  
s t ream  to ta l   temperature  o f  500’R. By simultaneous  use o f   equa t ion  (A -1 )  and the 
curves o f   F igu res  A-1 ,  A-2, and A-3 ,  a des i red   va lue   o f   t he   p ressu re   ra t i o   o f  
blown  high  energy a i r  can be ca l cu la ted  by t r i a l  and e r r o r  such tha t   the   requ i red  
C, i s  equal t o   t h e  C,, which i s  ava i lab le   cor respond ing   to  a g i ven   p ressu re   ra t i o  
Pts/Pss. 
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Figure ~ - 2  Velocity Ratio of.Blown.lir at Slot Exit. 
as a Function of Pressure Ratio 
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The t e s t   s e c t i o n   f l o w   c o n d i t i o n s  and  wind  tunnel   performance  data  were 
mon i to red   w i th   conven t iona l   i ns t rumen ta t i on .  Fan speed, c l u t c h   c u r r e n t ,  and 
tunne l   a i rs t ream  to ta l   tempera ture   were   d isp layed  on   the   con t ro l   conso le   near  
t h e  speed con t ro l   po ten t i omete r   as  shown i n   F i g u r e  B-1. Dur ing   t hese   t es ts ,  
a tmospher ic   pressure was measured us ing  a 9- inch  d iameter   Wal lace and  Tieman 
abso lu te   p ressu re  gage w i th   read ing   i nc remen ts   t o  0.01 pounds  per  square  inch. 
Atmospher ic  pressure was manual ly   input   to   the  data  system  before  each  run.  

The t e s t   s e c t i o n  dynamic  pressure was s e t  and m o n i t o r e d   v i s u a l l y   w i t h  a 70- 
i nch   wa te r  manometer  connected t o   p r e s s u r e   o r i f i c e s   l o c a t e d   u p s t r e a m  and down- 
stream of the   w ind   tunne l   con t rac t ion .  The manometer r e a d i n g   g a v e   t h e   s t a t i c  
p ressure   d rop   across   the   con t rac t ion .   Th is   read ing  was r e l a t e d  by c a l i b r a t i o n  
t o   t h e  dynamic   p ressure   in   the   empty   tes t -sec t ion .  The manometer,  which i s  
shown i n   F i g u r e  8-2 has p r o v i s i o n s   f o r   r e a d i n g   t h e   h e i g h t  o f  the  water   co lumn 
t o   w i t h i n  +0.001 i n c h   w i t h  good r e p e a t a b i l i t y .   T h i s  manometer was a l s o  used t o  
c a l i b r a t e  some o f   t he   p ressu re   t ransducers   used   du r ing   t hese   t es ts .  

The c o n t r a c t i o n   p r e s s u r e s   w e r e   a l s o   r e a d   i n   e l e c t r i c a l   u n i t s   u s i n g   t w o  
Statham  type PM6TC p ressu re   t ransducers   ra ted   a t  k1.0 pound  per  square  inch 
d i f f e r e n t i a l .  These transducers  can be expec ted   to  be a c c u r a t e   t o   w i t h i n   a b o u t  
0.5 pounds per   square  foot   in   the  normal   operat ing  range.  One t ransducer  was 
c o n n e c t e d   t o   t h e   c o n t r a c t i o n   p r e s s u r e   o r i f i c e s   i n   p a r a l l e l   w i t h   t h e   w a t e r  manom- 
e t e r  and was ca l ib ra ted   versus   dynamic   p ressure   in   the  empty t e s t   s e c t i o n .  The 
o t h e r  was connected t o   t h e   u p s t r e a m   o r   h i g h   p r e s s u r e  end o f   t h e   c o n t r a c t i o n  and 
was c a l i b r a t e d   v e r s u s   t e s t   s e c t i o n   t o t a l   p r e s s u r e .  The o u t p u t  o f  these  t rans-  
ducers was t r a n s m i t t e d   t o   t h e   d a t a   a c q u i s i t i o n   s y s t e m   f o r   r e c o r d i n g  and  use i n  
da ta   reduc t ion .  

The w ind   t unne l   a i r s t ream  to ta l   t empera tu re   i s  measured by a t h e r m i s t o r  
mounted  on a p r o b e   i n   t h e   s e t t l i n g  chamber.  Temperature  information  from  the 
probe i s   d i s p l a y e d  on t h e   c o n t r o l   c o n s o l e  and i s  t r a n s m i t t e d   e l e c t r i c a l l y   t o   t h e  
d a t a   a c q u i s i t i o n  system. A d i a g r a m   o f   t h e   b a s i c   w i n d   t u n n e l   i n s t r u m e n t a t i o n  i s  
shown i n   F i g u r e  8-3. 

S ta t i c   p ressures   were  measured a t  41 o r i f i c e   l o c a t i o n s  on  the model u s i n g  
two  Statham  model D3-GM scan iva lves   w i th   two PM-131 pressure   t ransducers .  The 
scanivalves  were  ganged  together  and  actuated  by a s ing le   so leno id   t ype   s tepper .  
Valve number one  contained a t r a n s d u c e r   r a t e d   a t  12.5 pounds per   square  inch 
and was connected t o   t h e   o r i f i c e s  on   the  model  upper  surface.  Valve number two 
conta ined a 2.5 pounds per   square  inch  t ransducer  and was connected t o   t h e  
o r i f i c e s  on the   lower   sur face  o f  the  model. The output   f rom  these  t ransducers 
was recorded  by   the   da ta   acqu is i t ion   sys tem  fo r   use   in   comput ing   p ressure   co-  
e f f i c i e n t s ,  l i f t  c o e f f i c i e n t s ,  and l o c a l   v e l o c i t i e s .   F i g u r e  B - 4  shows t h e  
s c a n i v a l v e   i n s t a l l a t i o n .  

To ta l   p ressure   in   the   boundary   layer   con t ro l   p lenums was c a l i b r a t e d   v e r s u s  
t h e   p r e s s u r e   i n   t h e   a u x i l i a r y   a i r   s u p p l y   d u c t  between  the  p lenums  and  the  control  
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valve.  The supply  duct  pressure was displayed on  an ordinary  0 to 100 pounds 
per square  inch  pressure gage mounted on the  control  console as shown i n  Figure 
B-1. 
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Figure B-1 Wind Tunnel Control  Console 
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Figure B-4 Scanivalve  Installation 
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APPENDIX C ' ' 

DATA ACQUISITION SYSTEM 

General Desc r ip t i on  

-The da ta   p rocess ing   sys tem  u t i l i zed   f o r - t -h i s   con t rac t  was se t   up   f o r  t w o  
s p e c i f i c  purposes,  these  being  the  measurement,of   the  stat ic  pressure  d istr ibu- 
t i o n   o n   t h e   s u r f a c e   o f   t h e  model  and the measurement o f   t h e   v e l o c i t y   p r o f i l e s  
w i t h i n   t h e  boundary  layer and wake o f   t h e  model. The measurements  were made 
using a Data A c q u i s i t i o n   U n i t  (D.A.U.) which was c o n t r o l l e d  by a rea l - t ime  
d i g i t a l  compu te r   wh ich   ac t i va ted   scan iva l ve   un i t s   f o r   ob ta in ing   t he   s ta t i c  
p r e s s u r e   d i s t r i b u t i o n  and traversed a p ressu re   o r ' ho t   w i re  anemometer probe for 
t h e   v e l o c i t y   p r o f i l e s .  

The system  used for   acqui r ing  and  reducing t.he t e s t   d a t a   i s  shown i n  
Figure C-1. The hear t   o f   t he   sys tem  i s  a Lockheed E lec t ron i cs  MAC 16 computer. 
The raw data was  made a v a i l a b l e ,   i n  an abbreviated  form,  on a t e l e t y p e   f o r  on- 
l i n e   m o n i t o r i n g   o f   t h e   t e s t ,  and i n   i t s   e n t i r e t y  on  paper  tape  using a h i g h  
speed  punch. F ina l   da ta   reduc t ion  was accomplished on a UNIVAC 1106 Central  
Computing  System w i t h  remote  access  terminals. 

An a d d i t i o n a l  MAC 16 computer was used i n  an execut ive mode t o   p e r m i t   t i m e  
shar ing  of   the  main  computer.  The d isc  s torage  assoc iated  wi th   th is   computer  
was intended t o   p r o v i d e   t h e   b a s i s   o f  an o n - l i n e   d a t a   r e d u c t i o n   c a p a b i l i t y   i n  
con junc t i on   w i th  a UNIVAC 418. Dur ing   th is   con t rac t ,  however, the  immediate 
a v a i l a b i l i t y   o f   t h e  remote  access  terminals made t h e   o n - l i n e   c a p a b i l i t y  
unnecessary. 

The Data A c q u i s i t i o n   U n i t  

The da ta   acqu is i t i on   un i t   i nco rpo ra ted  an analog  mult ip lexer '   for   t ransmis- 
s i o n   o f  measured data and a d i g i t a l   m u l t i p l e x e r   f o r   t r a n s m i s s i o n   o f  thumb-wheel 
switch  inputs.  One addit ional  analog  channel was prov ided  fo r   p robe  pos i t ion  
measurement. 

A ro ta ry   sw i t ch   pe rm i   t t ed  any o f   t h e  measured d a t a   t o  be monitored  on a 
d i g i t a l   v o l t m e t e r   d u r i n g   t h e   t e s t .   V a r i a b l e   g a i n   a m p l i f i e r s   i n   a l l   o f   t h e  
analog  channels  enabled  gain  levels  to be selected  that   approximated  the raw 
d a t a   t o   e n g i n e e r i n g   u n i t s   f o r  ease o f   m o n i t o r i n g   o f   t h e   d i g i t a l   v o l t m e t e r  and 
on - l i ne   t e le t ype   ou tpu t .  

The t u n n e l   c o n d i t i o n s   o f   ' q l ,  ' H I  and temperature  were  acquired a t  each 
scan iva l ve   pos i t i on   du r ing   t he   s ta t i c   p ressu re   d i s t r i bu t i on  and a t  each  probe 
posi t ion  dur ing  the  boundary  layer  survey. The thumb-wheel sw i tch   inpu ts  
included a probe  opt ion  for   choice  o f   no  probe,   pressure  probe  or  anemometer 
probe and a l s o  a s e l e c t i o n   o f   t h e  number o f   scan iva l ves  and p o r t s   t o  be cyc led 
th rough   the   s ta t i c   p ressu re   d i s t r i bu t i on .  Any se lect ion  be low  the maximum 
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required (2 scanivalves and 36 p o r t s )   i n h i b i t e d   p r i n t o u t  o f  the  pressure  data 
dur ing   reduc t ion   w i th   s ign i f i can t   sav ing   in   reduc t ion   t ime.   Th is   op t ion  was 
exercised when a ser ies  o f  velocity  surveys  were made w i t h  no change o f  basic 
conf igura t ion ,  and  hence pressure  survey,  in  which  case  the minimum number of 
p o r t s  was se lected  that   would  inc lude  the  s ta t ic   pressure  por t   a t   the  chordwise 
l o c a t i o n  o f  the  ve loc i ty   survey.  

Con t ro l   o f   t he   da ta   acqu is i t i on  was achieved  with  one  analog  channel  which 
act ivated  the  probe  pos i t ion ing  servo mechanism  and one d i g i t a l  channel  which 
stepped and homed the  scanivalves and con t ro l l ed   t he   mu l t i p lex ing .  
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