
UPGRADED VISCOUS FLOW ANALYSIS OF 

MULTIELEMENT AIRFOILS* 

Guenter W .  Brune snd Joseph W. Manke 

The B ~ e i n g  Company 

SUMMARY 

A d e s c r i p t i o n  o f  an improved vers ion  o f  t he  NASAILockheed mu1 t ie lement  a i r f o i l  
ana lys is  computer program i s  presented. The improvements i nc l ude  several  major 
mod i f i ca t i ons  o f  the  aerodynamic model as w e l l  as subs tan t i a l  changes o f  t h e  
computer code. The mod i f i ca t i ons  o f  the  aerodynamic model comprise t h e  repre- 
sen ta t ion  o f  the  boundary l a y e r  and wake displacement e f f e c t s  w i t h  an equiva- 
1 en t  source d i s t r i b u t i o n ,  the  p r e d i c t i o n  o f  wake parameters w i t h  Green's lag -  
entrainment method, the  c a l c u l a t i o n  o f  t u r b u l e n t  boundary l a y e r  separat ion w i t h  
the  method o f  Nash and Hicks, t he  es t imat ion  o f  the  onset o f  con f l uen t  boundary 
l a y e r  separat ion w i t h  a mod i f ied  form o f  Goradia 's method, and t he  p r e d i c t i o n  
o f  p r o f i l e  drag w i t h  t he  formula o f  Squire and Young. The paper f u r t h e r  de- 
sc r ibes  the  mod i f i ca t i ons  o f  t he  computer program f o r  which t he  s t r uc tu red  ap- 
proach t o  computer sof tware development was employed. Impor tant  aspects o f  t he  
s t r uc tu red  program development such as t he  f unc t i ona l  decompos ; t i o n  of the  
aerodynamic theory  and i t s  numerical implementation, the  ana lys is  o f  the  data 
f l o w  w i t h i n  the  code, and t he  a p p l i c a t i o n  o f  a pseudo code a re  discussed. 

Computed r e s u l t s  o f  the new program vers ion a re  compared w i t h  recen t  exper i -  
mental a i r f o i l  data.  The comparisons inc lude  g lobal  a i r f o i l  parameters such as 
1 i f t ,  p i t c h i n g  moment and drag c o e f f i c i e n t s ,  and d i s t r i b u t i o n s  o f  sur face pres- 
sures and boundary 1 ayer v e l o c i t y  p r o f  i 1 es. 

INTRODUCTION 

I n  the past,  h igh 1 i f t  design and technology res ted  i n  t he  hands o f  a few ex- 
perienced aerodynamici s t s .  Design method01 ogy and c r i t e r i a  were heav i l y  i n -  
f luenced by the  a n a l y t i c a l  i n v i s c i d  f l ow  i~iethods and the  experimental data a- 
v a i l a b l e .  With the  advent o f  high-speed computers and t he  appearance o f  im- 
proved models f o r  t u rbu len t  f lows, many complex problems, i n c l u d i n g  high-1 i f t  
design and analys is ,  were a t tacked t h e o r e t i c a l l y .  

* The work repor ted i n  t h i s  paper was supported p a r t l y  by NASA-Langley con- 
t r a c t  NAS1-14522 and p a r t l y  by the Independent Research and Development 
Program o f  The Boeing Company. 
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One such approach t o  h i g h - l i f t ,  mul t ie lement  a i r f o i l  ana lys is  was developed a t  
Lockheed-Georgia under the sponsorship o f  the NASA-Langley Research Center 
( r e f .  1). Th is  program was among the f i r s t  at tempts a t  analyz ing the complex 
viscous f l o w  about s l o t t e d  a i r f o i l s  and has rece ived worldwide d i s t r i b u t i o n  and 
usage. A unique f ea tu re  o f  t h i s  mul t ie lement  a i r f o i l  program i s  the model o f  
the con f luen t  boundary l aye r  f l o w  ( r e f .  2) .  

Over the years, the o r i g i n a l  vers ion o f  the  program was modi f ied ex tens ive ly  t o  
improve i t s  p red i c t i ons  f o r  d i f f e r e n t  types o f  h i g h - l i f t  a i r f o i l s .  Many im- 
provements, niainly i n  the area o f  the  p o t e n t i a l  f l o w  ca l cu la t i on ,  were made by 
researchers a t  the Langley Research Center ( r e f .  3) .  For t h i s  reason, the code 
i s  genera l l y  r e f e r r e d  t o  as the NASA/Lockheed mu1 t ie lement  a i r f o i  1 program. A 
vers ion f o r  s i ng le  element a i r f o i l s  was recen t l y  ex t rac ted  from the m u l t i e l e -  
ment a i r f o i l  code by researchers a t  Nor th  Caro l ina S ta te  Un i ve rs i t y  ( re f .  4 ) .  

Widespread and steady usage o f  the  computer program c l a r i f i e d  i t s  s t rengths and 
weaknesses. Both favorable and unfavorable aspects have been brought t o  the  
surface by cont inued attempts a t  us ing the  p royam as an engineer ing t oo l .  The 
more ser ious shortcomings were the  l a c k  of i'greemr?nt between the  documentation 
and the ava i l ab le  vers ion o f  t he  code and the h igh  f a i l u r e  r a t e  i n  apply ing the  
method f o r  var ious conf igurat ions.  However, the program was found t o  con ta in  
s u f f i c i e n t  p o s i t i v e  features t o  j u s t i f y  i t s  chbice as a s t a r t i n g  p o i n t  f o r  ad- 
d i t i o n a l  t heo re t i ca l  work i n  the  high-1 i f t  area. 

This paper b r i e f l y  descr ibes the  aerodynamic t h e o ~ y  and the  corresponding com- 
pu te r  program o f  a new vers ion o f  the mul t ie lement  a i r f o i l  program; a d e t a i l e d  
desc r i p t i on  can be found i n  references 5 and 6. S!mbols are defined i n  an 
appendix. 

MULTI ELEMENT AIRFOILS 

The f l ow  around h i g h - l i f t  a i r f o i l s  i s  character ized by many d i f f e r e n t  i n v i s c i d  
and viscous f l o w  recions. The i r  complex physics i s  i l l u s t r a t e d  by f i g u r e  1. 
11.1 p a r t i c u l a r ,  tha existence o f  con f luen t  boundary l aye rs  and the regions o f  
separated f l ow  d i s t i n g u i s h  the h i g h - l i f t  ~ i r f o i l  problem from the  aerodynamic 
problem o f  a i r f o i  i s a t  c ru i se  condi t ions.  The var ious f low regions, i nc l ud ing  
the ou te r  p o t s n t i a l  flow, the o rd inary  laminar and t u rbu len t  boundary layers ,  
viscous wakes, and the con f luen t  boundary layer ,  a re  analyzed by the code. 
Furthermore, the p r e d i c t i o n  o f  t r a n s i t i o n  from laminar t o  t u rbu len t  boundary 
l a y e r  f l ow  and the p red i c t i on  o f  the onset o f  boundary l a y e r  separat ion are a 
necessary p a r t  o f  the code. Cove separat ion and l a rge  sca lc  separat ion phe- 
nomena, however, a re  no t  modeled . 

PROGRAM MOD1 F ICAT IONS 

The new program vers ion d i f f e r s  from the  basel ine vers ion ( r e f .  3)  i n  the f o l -  
lowing areas: 



1) The method used t o  represent the effect o f  the visccus f low on the outer 
po ten t ia l  flow, termed equivalent a i r f o i l  representat ion i n  the baseline 
version o f  the program, has been modified. I t  has been replaced by the 
surface t ransp i ra t i on  method which uses a d i s t r i b u t i o n  o f  sources along 
a i r f o i  1 surfaces and wake center1 ines t o  model boundar1y l aye r  and wake 
displacement effects. 

2)  The flow model of the po tent ia l  core region has been changed. The new 
method performs independent boundary l aye r  and wake calculat ions.  These 
calculat ions u t i l  i z e  the ord inary laminar and tu rbu len t  boundary 1 ayer 
rout ines o f  the baseline version o f  the code, and i n  addi t ion,  the lag-en- 
trainment method o f  reference 7 for wake flows. The revised f low model 
o f  the core region calculates the l oca t i on  o f  the wake center l ines.  

3)  An attempt i s  made t o  .p red i c t  the onset o f  separation o f  the conf luent  
bou~dary  layer  by a modif ied version o f  Goradials conf luent  boundary l aye r  
method. I n  t h i s  method, the power law v e l o c i t y  p r o f i l e  o f  the wal l  l aye r  
i s  rep1 aced by Col es ' two-parameter v e l o c i t y  p r o f  i 1 e ( re f .  8), 

4) The drag pred ic t ion  method o f  Squire and voung ( re f .  9) has been incorpo- 
ra ted  i n t b  be program, replac ing the previous pressure and sk in  f r i c t i o n  
i n teg ra t i on  scheme. 

5) The o r i g i n a l  method used f o r  the pred ic t ion  of separation f o r  ord inary 
tu rbu len t  boundary l aye r  f low has been replaced b~ the Boeing version o f  
the method o f  Nash 3nd Hicks ( re f .  10). 

6) The modi f icat ions o f  the aerodynamic theory required a major overhaul o f  
the computer code. Most pa r t s  o f  the code have been rewr i t t en  using a 
systen~atic approach t o  computer software design. This work was guided by 
a funct ional  decomposition o f  the many aspects of the aerodynamic model 
and i t s  numerical implementation. I n  addi t ion,  a de ta i led  study was made 
o f  the data f low w i t h i n  the program, and the l o g i c  o f  the code was out- 
l i n e d  p r i o r  t o  the actual program development using a pseudo code. The 
most important aspects o f  t h i s  work are b r i e f l y  reviewed i n  t h i s  paper. 

AEROP'INAMIC FLOW MODELS 

The aerodynamic theory o f  the new version o f  the computer program i s  ou t l ined 
be1 ow w i t h  emphasis on modif icat ions. The aerodynamic analysis and i t s  numer- 
i c a l  implementation assume two-dimensional, subsonic flow i n  which a l l  boundary 
layers are attached t o  the a i r f o i l  surface. 

Potent ia l  Flow 

I n v i  scid, i r r o t a t i o n a l  f low i s  ca lcu lated using the stream funct ion approach o f  
Oel l e r  ( re f ,  11). Laplace's equation i s  solved subject t o  the boundary condi- 
t i o n  o f  a constant v ~ l u e  o f  the stream func t ion  on a i r f o i l  surfaces. The meth- 



od i s  o f  the panel type, see f i g u r e  2, w i t h  a constant s t rcny th  vortex d i s t r i -  
but ion on each panel o f  the a i r f o i l  surface, A formulat ion o f  the Kutta condi- 
t i o n  i s  imposed which requi res the tangent ia l  ve loc i t i es  a t  the upper and lower 
surface t r a i l i n g  edge points  t o  be equal. Compressibi l i ty e f fec ts  are taken 
i n t o  account by employing the Karman-Tsien ru le .  

Viscous Flew Representation 

Oe l l e r ' s  stream funct ion methcd has been modif ied i n  order t o  account f o r  d i s -  
placement e f fec ts  o f  boundary ldyers and wakes w i t h i n  the po ten t i a l  f l ow  solu- 
t ion .  An equivalent d i s t r i b u t i o n  o f  sources s imulat ing the viscous f l ow  d i s -  
placement thickness i s  placed on the surface and wake center l  i ne  o f  an a i r f o i l  
component. This i s  the surface t ransp i ra t i on  method which, w i t h i n  the frama- 
work o f  t h i n  boundary l aye r  theory, i s  completely equivalent t o  the method of 
geometr ical ly adding the displacement thickness t o  the basic d i r f o i l  geometry. 
Appl icat ion o f  t h i s  technique i s  computationally e f f i c i e n t ,  since most o f  the 
aerodynamic in f luence coe f f i c i en ts  do no t  c, ige dur ing the so lu t i on  procedure. 

The strength a o f  the equivalent source d i s t r i b u t i o n  i s  obtained from 

where 6* denotes the displccement thickness o f  e i t h e r  boundary laye; o r  wake, 
and the symbol U stands f o r  the i n v i s c i d  f low ve loc i t y  on a i r f o i ' ~  surface and 
wake center l  ine. The var iab le  s represents arc length. The computed source 
d i s t r i b u t i o n  i s  d i  s c r e t i  zed using panels w i t h  constant source st rength on the 
surface and wake center l ine  o f  each a i r f o i l  component. 

I t  shotlld be emphasized t h a t  the employed f low model does not  account fo r  wake 
curvature effects. Consequently, constant s t rength vortex panels are only  used 
on the surface o f  an a i r f o i l  and ~ i o t  on i t s  wake center l ine,  see f i g u r e  2. 

Wake Cen t e r l  i ne 

The c a p a b i l i t y  o f  computing the pos i t i on  o f  wilke center l  ines has been added t o  
the program as p a r t  o f  the rev i s ion  o f  the f low model i n  the core region, see 
f i gu re  1. A wake center l ine  i s  p a r t  o f  the stagnation streamline. 

Since the po ten t i a l  f low problem i s  solved on the basis o f  a stream func t ion  
approach, which i n  add i t ion  t o  the surface v e l o c i t y  provides the value of the 
stream funct ion fo r  each stagnation stream1 ine, i t  i s  convenient t o  a lso  use 
the stream funct ion formulat ion t o  t race  wake center l ines.  This i s  done i n  an 
i t e r a t i v e  procedure beginning w i t h  an assumed i n i t i a l  pos i t i on  o f  a wake cen- 
t e r l i n e .  During each s tep  of t h i s  i t e r a t i o n  the locat ions o f  a l l  panels o f  the 
wake center l  i ne  are updated simultaneously by solv ing a 1 inear ized form o f  the 
fo l low ing stream funct ion equation: 



Here. +m denotes the lnown value o f  the stream funct ion a t  a stagnat ion stream- 
1 ine. The var iable x represents the ar ray  of unknown panel corner p o i n t  co- 
ordinates o f  the wake center l ine. 

Laminar Boundary Layer 

Laminar boundary : aycr character i  s t i c s  are calculated w i t h  the compressible 
method of Cohen and Reshotko ( re f .  12) who reduced the problem t o  simple quad- 
rature.  Appl icat ion o f  a compressible method seems t o  be necessar2y f o r  s l o t -  
ted h i g h - l i f t  a i r f o i l s ,  since laminar boundary layers o t ten  e x i s t  i n  the s l o t  
between neighboring a i r f o i l  compor.znts, where even a t  low f r e e  stream Mach num- 
bers the f l ow  i s  h igh l y  compressible w i t h  ve i o c i  t i e s  approaching and f requent ly  
exceeding sonic condit ions. 

Laminar separation i s  predicted w i t h  the c r i t e r i o n  o f  Goradia and Lyman ( r e f .  
13) which i s  an empir ical  co r re la t i on  o f  the l oca l  values o f  the Mach number 
gradient w i t h  the momentum thickness Reynolds number. E i ther  laminar s t a l l  b r  
the occurrence o f  laminar shor t  bubble separation i s  predicted. In the case 
o f  laminar shor t  bubbles, subsequent tu rbu len t  reattachment of the separated 
laminar boundary layer  i s  assumed, bu t  ne i ther  the length o f  the separation 
bubble nor the d e t a i l s  o f  the f low w i t h i n  the bubble are modeled. 

The computer prcgram provides two opt ions f a r  t r a n s i t i o n  from laminar t o  t u r -  
bulent  boundary layer  flow. The user can ei the; spec:fy f i x e d  t r a n s i t i o n  
points,  such as the l oca t i on  of t r i p  s t r i ps ,  o r  can compute f r e e  t rans i t i on .  
I n  the l a t t e r  case, a standard two-step approach i s  employed. 

Turbulent Boundary Layer 

Two d i f f e r e n t  i n teg ra l  methods determine the c i la rac ter is t i cs  of o r d i n a r j  t u r -  
bulent boundary layers, The method o f  Truckenbrodt ( re f .  14) i s  used during 
the i t e r a t i v e  so lu t ion  procedure. It i s  an incompressible apprcsch bssed on 
the momentum and energy i n teg ra l  equations. Goradia ( re f .  1 ) i r!t~*aduced the 
idea o f  constra in ing the shape factor fl, defined as the r a t i o  of energy d i s -  
s ipa t ion  thickness t o  momentum thickness, i n  order t n  avoid premaiiure separa- 
t i o n  o f  the turbulent  boundary layer  dur ing the f i r s t  cycles of the i t e r a t i o n .  
This approach avoids f a i l u r e s  of the boundary l aye r  i n teg ra t i on  a'; separation 
and can be viewed as an a r t i f i c i a l  way of modeling separated flows. The i n t e -  
g ra l  method o f  Nash and Hicks ( r e f ,  10). which accounts fo r  the h i s t o r y  o f  t u r -  
bulent s ; , ~ a r  stresses, i s  appl ied a t  the end of the i t q r a t i v e  so lu t ion  proce- 
dure f o r  the purpose of computing boundary l aye r  separetion. Displacement 
thickness and sk in  f r i c t i o n  obtained from the method of Nash and Hicks are no t  
u t i l i z e d .  



Wake Flow 

The p roper t ies  o f  t u r b u l e n t  wakes a re  analyzed w i t h  the  lag-entrainment method 
o f  reference 7. The method i s  formulated i n  terms of the momentum i n t e g r a l  
equation, the  entrainment equation, and an emp i r i ca l  equat ion f c r  the  ~ t r e a m -  
wise r a t e  o f  change o f  t he  entrainment c o e f f i c i e n t .  The entrainment equat ion 
i s  der ived from the  d e f i n i t i o n  o f  the entrainment c o e f f i c i e ~ t ,  which represents  
the change o f  mass f l o w  x i t h i n  the  wake l aye r .  An incompressiblc vers ion of 
Green's t reatment o f  wake f l o w  i s  used, neg lec t ing  the  e f f e c t s  o f  cu rva tu re  on 
the  mean f l ow  and the  turbulence s t r u c t u r e  o f  the  wake. 

Conf 1  uen t Boundary Layer 

The program computes con f luen t  boundary l aye rs  w i t h  the  model o f  Goradia ( r e f .  
2). I n  t h i s  model, the  ccn f l uen t  boundary l a y e r  downstream o f  the  core r eg ion  
i s  d i v i ded  i n t o  two regions. I n  the  f i r s t  region, t u r b u l e n t  m ix ing  of wake and 
boundary l aye r  i s  incomplete. The mean v e l o c i t y  p r o f i l e  c l e a r l y  shows the re -  
mainder 9f the  wake p r o f i l e ,  see f i g u r e  3. I n  the  second region, the  e f f e c t  
o f  the  w?ke i s  no t  v i s i b l e  i n  the mean v e l o c i t y  p r o f i l e  which i s  s i m i l a r  t o  
t h a t  of a  ~ 3 1 1  j e t .  Downstream o f  the  second region, the  con f l uen t  boundary 
l a y e r  degellerates i n t o  an o rd i na ry  t u r b u l e n t  boundary l aye r .  

Goradia formulated an i n t e g r a l  method by subd iv id ing  the c o n f l  u e r ~ t  boundary 1  ay- 
e r  i n t o  several l ayers  and assurning the v a l i d i t y  o f  boundary l a y e r  equat ions 
and s e l f - s i m i l a r i t y  o f  the  mean v e l o c i t y  p r o f i l e  i n  each o f  these layers .  The 
method i s  inco~npressible,  neg lects  cu rvk tu re  e f f ec t s ,  and re1  i e s  t o  a  l a r g e  ex- 
t e n t  on empi r ica l  i n fo rmat ion  about shear s t ress,  the  r a t e  o f  growth o f  v a r i -  
ous layers ,  and v e l o c i t y  p r o f i l e s .  Furthermore, the clodel ignores mu1 t i p l e  
wakes and m u l t i p l e  p o t e n t i a l  ccres t h a t  might e x i s t  near the  t r a i l i n g  e d y  of a  
h i g h - l i f t  a i r f o i l  cons i s t i ng  o f  more than two components, The shap+ i a c t o r  Y 
o f  the l a y e r  adjacent t o  the a i r f o i l  surface, termed the  w a l l  l a j e r ,  i i  con- 
s t ra ined  i n  order  t o  avoid program f a i l u r e s  i n  reg ions o f  sepsrated f low.  For 
t h i s  reason, GoradiaJs con f luen t  boundary l a y e r  method i s  dpp l ied  dur ing  the i- 
t e r a t i o n  procedure, when u n r e a l i s t i c  p o t e n t i a l  f low pressure d i s t r i b u t i o n s  can 
cause premature boundary l aye r  separat ion.  

The described f l ow  model has been mod i f ied  t o  p r e d i c t  separat ion o f  con f l uen t  
boundary layers .  The power law v e l a c i t y  p r o f i l e  o f  the wa l l  l a ye r  has been : e- 
placed by Coles' two-parameter p r o f i l e  ( r e f .  a), which i s  known t o  prov ide a 
r e a l i s t i c  representat ion o f  o rd i na ry  t u rbu len t  boundary l aye rs  near separat ion.  
The shape f a c t o r  o f  the wa l l  l a ye r  i s  n o t  constrained i n  t h i s  mod i f i ca t i on ,  bu t  
most o ther  <eatures o f  Goradia ' s corlf 1  uent  bo!~ndary 1 ayer model i n c l  ud i  rig i t s  
empi r ica l  content a re  re ta ined.  

i t e r a t i v e  So lu t i on  Procedure 

The soluti ,)n i s  i t e r a t i v e ,  s ince most n f  the i r td i v idua l  f l ow problems and t h e i r  



coup1 i n g  a re  nonl inear .  The computer program uses a convent ional  c yc l  i c  i te ra -  
t i o n  procediire i n  which each c y c l e  cons i s t s  o f  t he  f o l l o w i n g  steps: 

Step 1: A p o t e n t i a l  f l ow  s o l u t i o n  f o r  t he  mul t ie lement  a i r f o i l  i s  ca lcu-  
l a t ed .  Dur ing the  f i r s t  c yc l e  o f  the  i t e r a t i o n ,  the c a l c u l a t i o n  
i s  performed w i t hou t  any represen ta t ion  o f  v iscous f low d isp lace-  
ment efqocts.  

Step 2: The p o s i t i o n s  of the  wake center1 ines a re  computed. 

Step 3: So lu t ions o f  a l l  v iscous f l o w  problems i nc l ud ing  laminar  and t u r -  
bu len t  boundary layers ,  conf luent  boundary layers ,  and v isccus 
~ a k e s  a re  ca lcu la ted  w i t h  the  p o t e n t i a l  f l ow  v e l o c i t i e s  and wake 
c e n t e r l i n e  l oca t i ons  obta ined i n  the previous steps as i n p u t  data. 
A t  t he  end o f  t h i s  computational step, the  displacement thicknesses 
of a l l  boundary l aye rs  and wakes a re  ava i lab le .  

S t e p 4 :  A s o u r c e d i s t r i b u t i o n r e p r e s e n t i n g  t h e d i s p 1 a c e r : i e n t e f f e c t o f a l l  
v i  scous 1 ayers i s computed. 

The computer program does no t  r e l y  on a convergence c r i t e r i o n .  Instead, f i v e  
i t e r a t i o n  cyc les a re  always executed and the  user o f  the program must judge the 
q u a l i t y  o f  the so lu t ion .  

I n  order  t o  a s s i s t  the i t e r a t i o n  scheme i n  a r r i v i n g  a t  a  converged so lu t i on ,  
the source s t reng th  a computed i n  Step 4 o f  each cyc l e  i s  mod i f ied  by adding 
2/3 o f  o computed i n  t h i s  i t e r a t i o n  cyc l e  t o  1/3 o f  cr computed i n  the pre- 
v ious i t e r a t i o n  cyc le .  

Forces and Moments 

A t  the end o f  each i t e r a t i o n  cyc le ,  a i r f o i l  l i f t  and p i t c h i n g  rnonient c o e f f i -  
c i eo t s  a re  computed by an i n t e g r a t i o n  of surface pressure and s k i n  f r i c t i o n .  
P r o f i l e  drag i s  obtained by apply ing the forniula o f  Squire and Young ( r e f .  9 j .  
The t o t a l  p r o f i l e  drag o f  a mu l t i e l en~en t  a i r f o i l  i s  assumed t o  be the  sun1 o f  
the con t r i bu t i ons  o f  i t 5  components. The drag o f  each a i r f o i l  component i n  
t u r n  i s  ca lcu la ted  from the values o f  boundary l aye r  momentum th ickness and 
surface v e l o c i t y  a t  the coniponent t r a i  1 i ng edge. 

COMPUTER CODE 

The t?nw vers ion o f  the code i s  wt - i t ten i n  the CDC FdRTRAN extended 4 (FTN4) 
language and w i l l  r un  under the CDC Network Operating System (NOS) .  The CDC 
over lay  system i s  used t o  assure t h a t  the c7dc w i l l  execute i n  a f i e l d  leng tb  
l ess  than 100 K o c t a l .  

The programniing methodologies used t o  design and develop the new vers'ion o f  the 
computer code inc lude  a f unc t i ana l  d t  :oniposi t i o n  o f  the aerodynamic theory,  9 



data f l ow  analysis, and a cont ro l  flow analysis. 

Each o f  these re la ted  design tasks was performed several times i n  an i t e r a t i v e  
manner t o  produce a f i n a l  design fo r  the new version of the computer code be- 
fore changes o r  improvements t o  the baseline code were made. The f i n a l  design 
resu l ted  i n  major changes o f  the baseline version o f  the program i n  the fo l low- 
i n g  sections: upper l eve l  cont ro l  rout ines, geometry preprocessing rout ines, 
and the po ten t i a l  flow so lu t ion  rout ines. The f i n a l  design was a lso used t o  
in tegra te  the new aerodynamic models i n t o  the base1 i ne  code. Table 1 l i s t s  a l l  
subroutines i n  the basel ine version o f  the code and indicates the type o f  
changes made t o  incorporate them i n  the new version. 

The funct ional  decomposition o f  the code was based on the engineering spec i f i -  
ca t ion  o f  the aerodynamic models and the numerical techniques necessary f o r  
t h e i r  solut ion. Figure 4 shows the upper l eve l  decomposition char t  where the 
major funct ions are defined i n  engineering terms. The complex physics o f  the 
flow ahout multielement a i r f o i l s  i s  re f lec ted  i n  these charts.  

The data f l ow  analysis of the code was done f o r  each module i d e n t i f i e d  i n  the 
funct ional  decomposition by speci fy ing the input  and output data f o r  the module 
as we l l  as i t s  own decomposition. Control o f  the data f l ow  w i t h i n  a module i s  
maintained by requ i r i ng  t h a t  the i npu t  t o  any of ~ t s  submodules must be e i t h e r  
an i npu t  t o  the module o r  the output of another of i t s  submodules. 

The cont ro l  flow analysis of the new code was done w i t h  the a i d  o f  J pseudo 
code, which i s  a small se t  o f  simple l o g i c  and loop statements which s u f f i c e  
t o  describe the cont ro l  w i t h i n  a module o f  the funct ional decomposition. A l -  
though the submodules of a wodule can be used i n  any sequence and any number of 
times t o  complete the funct ion o f  the module, i t  i s  an aim o f  the design pro- 
cess t o  keep the contro l  w i t h i n  a module as simple as possible. A l l  new sub- 
rout ines i n  the code inc lude as comment cards the pseudo code f o r  the module 
which they implement. 

TEST-THEORY COMPARISONS 

I n  the fo l low ing comparison o f  theore t ica l  and experimental a i r f o i l  data, three 
versions of the NASA/Lockheed multielement a i r f o i l  program are re fer red  to:  

Version A: This i s  the baseline version o f  the computer program w i t h  minor 
modif icat ions. The base1 ine  version was ava i lab le  from the NASA 
i n  June 1976. 

Vers ionB:  T h i s v e r s i o n , d e s c r i b e d i n r e f e r e n c e 1 5 , d i f f e r s f r o m v e r s i o n A  
i n  two areas. P r o f i l e  drag i s  predicted by the Squire and Young 
fwmula. Separation of ord inary tu rbu len t  boundary layers i s  
ca lcu lated using the niethod o f  Nash and Hicks. 

VersionC: T h i s i s t h e v e r s i o n o f  theprogramdescr ibe6 i n  t h i s p a p e r .  



A la rge  number o f  a i r f o i l  conf igurat ions were analyzed using the program ver- 
sions 1 i s t e d  above. Only a few r e s u l t s  o f  t h i s  prograin evaluation, concerning 
the GA(W)-1 a i r f o i l  and a Boeing mu1 t ielement h i g h - l i f t  a i r f o i l  ( f i g u r e  S), are 
discussed i n  t h i s  paper. A de ta i led  repo r t  of t h i s  evaluat ion i s  contained i n  
reference 6. 

GA(W)-1 A i r f o i  1 

This a i r f o i l  was chosen t o  t e s t  the program c a p a b i l i t y  o f  p red i c t i ng  per fo r -  
mance cha rac te r i s t i cs  o f  s i ng le  a i r f o i l s .  Figure 6 contains the theore t ica l  
1 ift, p i t ch ing  moment, and drag curves and t h e i r  comparison w i t h  experimental 
data o f  McGhee and Beasley (ref. 16). 30th Version A and the new program Ver- 
s ion  C p r e d i c t  i d e n t i c a l  l ift and moment curves t h a t  i n  t u r n  agree we l l  w i t h  
measured GA(W)-1 data up t o  the onset of t r a i l i n g  edge s t a l l  a t  about 8 degrees 
ang?o o f  attack. T r a i l i n g  edge s t a l l  i s  no t  modeled by any o f  the program ver- 
sions. 

Considerable d i f ferences between a l l  drag po lars  are shown i n  f i g u r e  3 .  Ver- 
sion A, u t i l i z i n g  an i n teg ra t i on  o f  surface pressure and sk in  f r i c t i o n  i n  the 
p red i c t i on  o f  p r o f i l e  drag, gives the highest drag coef f ic ients.  Version C, 
applying the Squire and Young formula, offers drag values t h a t  are lower than 
the corresponding experimental drag coef f i c ien ts .  The lack  o f  agreement of the 
three drag po lars  emphasizes the f a c t  t h a t  even f o r  s ing le  a i r f o i l s  a t  low 
speed the problem of obta in ing accurate drag computations i s  no t  y e t  solved. 

S ~ r f a c e  pressures of the GA(W)-I a t  8 degrees angle o f  attack, computed by pro- 
gram Version C and p l o t t e d  i n  f i g u r e  7, agree wel l  w i t h  t h e i r  experimental 
counterparts. I n  t h i s  f igure ,  the symbols S and LS r e f e r  t o  theore t ica l  po in ts  
o f  tu rbu len t  separation and laminar shor t  bubbles, respect ive ly .  The symbol FT 
ind icates the experimental t r i p  s t r i p  loca t ion  which i s  spec i f ied  as a f i xed  
t r a n s i t i o n  p o i n t  i n  the computer simulation. A laminar shor t  bubble w i th  sub- 
sequent tu rbu len t  reattachment o f  the boundary l s y e r  i s  ind icated near the up- 
per surface leading edge, and tu rbu len t  boundary layer  separation i s  predicted 
theo re t i ca l l y  near the upper surface t r a i  1 i n g  edge. The l a t t e r  p red i c t i on  i s  
confirmed by the'experimental pressure d i s t r i b u t i o n  which shows a constant 
pressure dobastream o f  the theore t ica l  po in t  o f  separation. 

Boeing H igh -L i f t  A i r f o i  1 

The Boeing four-element h i g h - l i f t  a i : * fo i l  was used as the main t e s t  case f o r  
mu l t i p le  a i r f o i l s .  I t  consists o f  a wing sect ion w i t h  a leading edge f l a p  and 
a doub le-s lo t ted  t r a i l i n g  edge f l ap .  Global a i r f o i l  parameters and deta i led  
d i s t r i b u t i o n s  o f  surface pressures and boundary layer  data are avai lab1 e f o r  
comparisons. The data were obtained i n  the Boeing Research Wind Tunnel (BRWT) 
on a model w i t h  a 2 f o o t  unextended wing chord and a 5 f o o t  span. Carefrll 
blowing o f  the wal l  boundary layers was appl ied i n  order t o  c lose ly  approxirqate 
a two-dimensional f low pat te rn  across the wnole span o f  the a i r f o i l .  



The 1 i f t  curve, p i tching wloment, and drag polar o f  t h i s  a i r f o i l  a t  a Reynolds 
number o f  two m i l l  ion, based on the wing reference chord, are given i n  f igure 
8. The experimental l i f t  coef f ic ients  are balance data tha t  are w i th in  1.5% 
o f  the l i f t  obtained by pressure integrat ion. The p r o f i l e  drag o f  the a i r f o i l  
i s  the resul t o f  wake rake measurements taken a t  a f i xed  spanwise pos i t ion r e l -  
a t i ve l y  f ree from interference e f fec ts  o f  f l a p  supporting brackets and pres- 
sures taps. The maximum spanwise var ia t ion of the measured a i r f o i l  drag i s  i n -  
dicated i n  f igure 8. 

A l l  attempts f a i l e d  when using program Version A t o  obtain a coaverged solut ion 
f o r  t h i s  a i r f o i l .  Progr am Version B arr ived a t  converged solut ions between 8 
and 20 degrees angle o f  attack, but underpredicted the 1 i f t  by a considerable 
amount. The theoret ical  predict ions o f  program Version C match the experi- 
ren ta l  l i f t  coef f ic ients  well  a t  angles of attack below the onset o f  t r a i l i n g  
edge s ta l l ,  which i s  theoret ica l ly  predicted by the program t o  take place a t  
about 16 degrees. 

The theoretical values o f  the p r o f i l e  drag o f  Version C are re l a t i ve l y  close to  
the measured p ro f i l e  drag. I n  judging the qua l i t y  of t h i s  drag comparison, the 
reader should reca l l  the problems o f  two-dimensional high-1 i f t  test ing and the 
uncertaint ies in applying the Squire and Young formula t o  mu1 tielement a i r -  
f o i l s .  

Figure 9 contains comparisons o f  theoret ical  and experimental surface pressures 
o f  wing and main f l a p  a t  8.4 degrees angle o f  attack. This f igure confirms the 
ea r l i e r  f inding tha t  Version C indeed provides the best theoret ical  resul ts.  
Differences between the theory of Version C and experiment are noted i n  cove 
regions and on the upper surface o f  the wing near the leading edge. The l a t t e r  
problem i s  due t o  the f a i l u r e  o f  the program t a  accurately simulate the flow on 
the lower surface o f  the leading edge device. 

Figure 10 shows boundary layer ve loc i ty  p ro f i l e s  a t  several chordwise stat ions 
on the upper wing surface. The experimental ve loc i ty  p ro f i l e s  reveal that  very 
1 i t t l e  confluence o f  the wake behind the leading edge device and the wing 
bouneary layer has taken place and tha t  an i n i t i a l l y  ex is t ing weak confluent 
boundary layer above the wing has degenerated ear ly i n t o  an ordinary turbulent 
boundllry layer. This feature of the f low f i e l d  i s  very well simulated by Ver- 
sion (', but not by Versions A and 8. 

CONCLUSIONS 

The fol lowing conclusions  bout the re1 i a b i l  i t y  and qua l i t y  of the predictions, 
o f  the new program are drawn: 

1) The r e l i a b i l i t y  o f  the program executions has been great ly improved. A l l  
tes t  cases have produced converged solutions wi th in  a few i te ra t ion  cycles. 
This jmprovement i s  a consequence of the appl icat ic? of the structured 
approach t o  computer programing where much at tent ion was paid t o  the func- 
t iona l  decomposition o f  the aerodynamic model , i t s  numerical imp1 ementa- 
t ion, and the data f low wi th in  the code. 



2) The accuracy o f  the program predict ions has been improved. This i s  due t o  
several major modifications of the aerodynamic model - above a1 1, due t o  
the d i f f e ren t  representation of the viscous f low displacement effects and 
the improved model o f  the potent ia l  core region. 

3) The computed resu l ts  are consistent w i th  the basic assumptions o f  the aero- 
dynamic model. Best resu l ts  are obtained i n  cases where most o f  the f low 
i s  attached t o  the a i r f o i l ' s  surface, but the qua1 i t y  o f  the predict ions 
gradual l y  deteriorates w i th  increasing t r a i  1 ing edge s t a l l  and cove separa- 
t ion.  

4) The usefulness o f  the confluent boundary layer method o f  Goradia and i t s  
modif icat ion developed for  the purpose o f  predict ing confluent boundary 
layer separation have not yet  been tested. Configurations were chosen f o r  
most o f  the program evaluation wi th  1 i t t l e  confluence o f  wakes and bound- 
ary layers. 

5) The performance of the program needs t o  be tested f o r  configurations a t  off 
optimum shape desi gn. 

6) The evaluation o f  the computer program was hampered by the shortage o f  re- 
l i a b l e  experimental h i g h - l i f t  data. Additional wind tunnel tes t ing o f  some 
o f  the more important h i g h - l i f t  a i r f o i l  configurations w i l l  increase con- 
f idence i n  t h e i r  predicted performance. 



APPENDIX 

SYMBOLS 

a i  r f o i  1 reference chord 

drag c o e f f i c i e n t  

1 i f t  c o e f f i c i e n t  

p i t ch ing  moment coe f f i c i en t  about the  quarter chord po in t  

surface pressure c o e f f i c i e n t  

r a t i o  of energy d iss ipa t ion  thickness and momentum thickness 

f ree  stream Mach number 

Reynolds number formed by free stream ve loc i t y  and a i r f o i  1 reference 

chord 

arc length 

i n v i s c i d  surface ve1 oc i  t y  o r  wake center1 i n e  ve loc i t y  

f ree  s tr?am vel  oc i  ty 

boundary layer  ve loc i t y  p a r a l l e l  t o  a i r f o i l  surface 

x - coordinate o f  global ax is  system 

array of panel corner points 

coordinate normal t o  a i r f o i  1 surface 

a angle of at tack 
6* displacement thickness 
o source strength 

J, stream funct ion 

%I stream function value a t  a stagnation streamline 

Abbreviations 

FT f i xed  t r a n s i t i o n  

L S laminar short bubble 

S separation 
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Figure 5.-  Airfoil geometries. 
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