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The H , 4 .tb joe t iveis ot t i i i  ~i research ar e  t o  .Ii~vet op a general. CoInputat  ional

~apah i t  i ty for  the predict ion of t itne—depend ent t urbulent (Low s  which  may

involve apprec i .thte [tow ~sep ar ~l tt o i l  and s tr o i ~g v i s c o u s— i n v i ~~c id  i n t e r a c t io n

and to  ~ht  ai n mni~er icat resut ts that coot r ihute to the under 4 t auding of the

pl blen% ot dynamic stall. Towards thes.~ ob j~ c t t ve* , a two—equation ditferential

mode 0 t u t b ~i I ~‘ne o has been stud t e ’d in do t W i t  M u d  LiBed in conjunc t ion w i th

a inte~ ro—difteront ial approach t o t  the numerical solution of sop*rated f low

problems . A number of turbulent (tow prob lem have been solved numerically

and the results obtained have been compared with available experimental. data.

IMPOHTANT RESULTS

The most signi ficant result ot this research is tha t  a v e r s a t i l e  and

hi ghly et  t i c  i e nt  a~)p roac t t  has boon made avai table [or n u m e r i ca l l y s o l vi ng

comp lox  t u r b u l e n t  f l ow  pr oblems . The corners  t one ot t h i s  re search  pr oj o c  t

is the integro—di t IP rent jat approa ch dov el  oped by t he pr inc i pal invest i ~ .tt  or

and h i s  c o— w or k e t

The ~a t h e~na ~ i e a t  t ount la  t ion of th ~ approach was eat  at~ i i  5!lt’tI pr i or t o

the in it  iat  ion ot  th  ~ s pro ~oc t . A number of impor t an t  at I r ihut  os of t h i s

a pp roa~~ was p. ’ m t  ~~ nut  . The approach 
* 

howe v e r , was onl y app ii ed to  at  udy

several low Rt’yno l .1 s musher ft OW S I n v o l v i n g  $ imp le f t  ow gi ’omet r iea . t inder

the prese nt pro icc t , the approach has boon f u r t h e r  developed and used to s t ud y

hi  gh I y comp lex sepat-a ted f l o w  prob 1 ems at  hi gh Reynolds numbe t s The i mpor tant

at  Fr  ihut os  ot the appr oach ~~ ~ boon cone lu s  i ve l  y demons t ra te d .  U~~it ’t  or i ont ~tt

packages of compu t o codes have boon prepared for  var  i ens types  of separated

f l o w s .

A most i m p or t an t  ~t t r i h u t e  ot the integro—di tterential approach is i t s

a b i l i t y  to  c o n f i n e  the s~ lt i t i~~n reg ion to the vert ica l  region ot the f l o w .

For probl ems ~~ere the I tow Reynolds numh~ r is not small  • the v er t i c a l  reg ion

(
~ I ~ ~~‘

‘
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occup ies onl~’ a very small part ot  t h e  t o t a l  fluid domain and  p~ . 4 C 5 I C S  a

s q l II L e n gt h  scale . The t-ca.i inder of the F t ow i s  i rrot at jottal and ossesses

a much tar~er length scale. A suitabl e grid system must have grid po~ nt s4

closel y space (l in the vort ical reg ion in order to have sut  t ic t out ,.ol ti t j t’it

r e s o l u t i o n  and ac cu r ac y .  W i t h  c o n v e n t i o n a l  n u m e r i c a l  m ethods , t h ~ i rrotat —

i onal. and v o r t i cat  reg ions are  t r ea t ed  toge the r .  It  is di  f t  i~ u l  t t o  des i gn

a gr id  sys tern t h a t  possesses c lose  lv  spaced gr i d po in t s  in the vort i c a l  reg ion

and yet  does not  con t a in  ait exceed ing ly large number of gr i d po i n t s  to  repr e-

sent  the e n t i r e  f low . Th i s  d i f f i c u l t y  i s  one of the major  met i vat  ion s I or

the development coordinato—transfo rinat ion and I m i t e— elem en t techni ques in

r e c e nt  years . With these t e c h n i qu e s  , i t  is po ss ib le  to desi gn an “expand i ng”

grid system ,the spacing between grid p o i n t s  inc reas ing  w i t h  the d i s t a n c e  f rom

a sol i d b o u n d a r y .  In t h i s  m an ne r  , the ut umber of gr id p o in t s  in  t he  i rrot at i onal

reg ion w h i c h  i s  o f t e n  f a r  f r o m  t h e  sal  itt  boundary 
* 

is ml n iin t zed . These t e c h —

n iqut ’s a l l  ov I a to , hu t  d~ not  ci iiii i n at e  
* t h e  d i l l  c t i t  y o h a c ~ug t a d1. .ti w i t  Ii

two Va. l y d i E  b r ent  l en gt h  sc.i los c on cu r r e n t  ty  . t n  p . I r t  i c iii ar , w ith inc reasing

R ey n o l d s  number 
* 

the I .‘ugtli sea le i n  t he  v a t  t i cat reg ion doe teases  so t h a t

t h i s  di Cf i c u t  t v hecomes more a c u te .  The’ a b i l i t y  ~ t the I n t og r o— d i f  (erent I at

app roach to  C o a f  i no the ~~.‘ l u t  ion lie Id to  the vor t I c at  region obvious l y re-

moves th I s di I en 1 ty  . Th i ~ uni que a b i l i t y  h as  been imp 1 e’ment Ott under  the

present project . The t i e v *’lopment  of Hi is approach has been brough t t o  a r ea—

sonab to stage a ~e~’li i s  F ic at  ton and compl et  ion  so th a t v a r ious  two— d i tn ens  iona t

h o w  problems can he solved r ou t i n e l y  new us ing  wide l y access ible  compu ters.

For example , st’v•’t al problem s involving unstead y laminar flows past airfoi ls

have’ been s t u d i ed nuiner Ic  a l l y under  sop:i r a t  is projects. Th~’ tins t ead y [tows
i C

included these t a s o c i a t e d  w i t h  an a irfoil in oscillatory p itohing motion and

those associated  w i t h  an impulsivel y .~~a rt od airf oil. Seve ral a i r f o i l  conf i g-

u r a t i o n s  have been studied , includ i ng many high a n g l e — o f — a t t a c k  cases.

L~[ L_ j
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The det~j1s of thes. numerical studies are described in recent articles

l i s t ed  at  the end of t h i s  report (A r t i c l e s  10 , 17 , 19) . These det a i l s  are

not repeated here . Representative computing requirements are stated here ,

however , to indicate the present state of development of the integro—differ—

ent i a l  approach . Typ ica l l y ,  for  a un steady laminar f low past  an a i r f o i l ,

less than t O minutes of CDC—66 00 CPU t ime is required to advance the numeri-

cal solution by one dimensionless unit of physical. time , i.e., the time inte-

viii  d u r i n g  which the a i r f o i l  advances by one chord length relative to the

f ree s t r eam.  Based on the experience acquired under t h i s  project , it is con-

cluded that  mos t two—dimensional laminar f low problems now can be solved rou-

tinely and economically using the integro—differential approach . In fact ,

for these problems , there is no critical need to further improve the compu-

tational efficiency already achieved. Nevertheless , it is worthy of note

that  sev ’ral  add i t i ona l  re f inement  has been exp lored for  the purpose of d ras t i c

f u r t h e r  reduct ions in computing requi rements  (A r t i c l e  2 2 ) .  These r e f inements

are s tudied mainl y w i t h  tu rbu len t  f lows and three-dimensiona l f lows in mind .

The most important re f inements  s tudied thus far  are the separate treatment

of the boundary—layer  reg ion and the r e c i r c u l a t i n g  region (both reg ions are

v o rr i c a l)  and the use of f i n i t e  Fourier series ra ther  than pol ynomials in

the numerical approximation procedures. It is expected that these refine-

ments when fully implemented will enable the solution of three—d i mensional

problems using modern digital computers such as the CDC 7600.

In addition to its superior solution efficiency, it has been shown by

numerical  i l l u s t r a t i o n s  and by anal y s i s  tha t  the i .n tegr o—d iffer enti a l  approach

o f f e r s  superior solut ion accuracy (A r t i c l e s  1, 2 , 10 , 15 . 16 , 21) , remov ’s

ce r t a in  major d i f f i c u l t ie s  associated wi th  the numer ica l  t reatment  of boun-

dary conditions (Ar t i c l e s  8 and 1 1) ,  and is u s e f u l  under quite general cir—

cuinstances (Article 9). it is useful for compressible as well as inceinpres—

sibte flows , t ime—dependent as well as steady f lows , three-dimensionel as

-~~~~~~~~



veil, as two—dimensional f lows , tu rbu len t  flows as well as laminar  f lows .

Under the present project , considerable  progress has been made in the use

of the in teg ro—di f fe ren t i al .  approach for  the solut ion of turbulent  f low pro-

blems .

It is well known tha t  it is not r ea l i s t i c  in the reasonable future to

consider the numerical so lu t ion of the complete time—dependent Navier—Stokes

equations for  turbulent  flows , including all significant—size turbulent ed-

dies. Such computations would require a formidable amount of computer time

and data storage. The development of a reasonably accurate models of tur-

bulence that simulates the flow in important aspects is therefore a more mean-

ingful and rewarding goal. In this regard , it is well known that an accurate

and general model of turbulence for separated flows does not exist.  For time—

dependent flows , the current  s ta te  of knowled ge is especially lacking . Unti l

recently ,  the lack of highly e f f i c i e n t  numerical procedures has severely limit-

ed the ability of researchers to test and calibrate various proposed models

of turbulence. Because of the necessarily emp irical foundation of turbulence

modeling , such tests and calibrations must be extensive . The remarkable so—

lution speed and accuracy of the integro—differential approach , implemented

under this projec t, have been utilized in an extensive study of various tur-

bulence models as applied to separated flow problems.

The development of an integro—differential formulation for time—dependent

separated flow has been completed under this project. This formulation par-

tition s the problem into its kinetic and kinematic aspects . The kinematic

aspec t relates the mean vorticity dis tribution at any instant of time to the

mean veloc ity d i s t r ibu t ion  at that  i n s t a n t .  This  relat ion is expressed as

an integral representation for the velocity vector and permits an explicit ,

point by point , computation of the veloci ty  f i e l d .  The kinet ic  aspec t con-

sis ts of differential transpor t equations describing the change of vortici ty,

turbulence energy , and turbulence energy dissipation through diffusion , ad—
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vection , production , and dissipation. A turbulent coefficient of diffusivity

is modeled in terms of the turbulence energy and the turbulence energy dissi—

pat ion . In this  manner , the differential two—equation k—c model of turbu—

lence is incorporated into the integro—differential procedures previously

established for the solution of laminar flow problems. The details of this

new formulation for turbulent flows are presented in Article 15. For steady

flows , a standardizea package of computer code was prepared (Articles 13 and

20) for internal flows within arbitrarily prescribed boundaries. This code

required onl y the input of grid point locations and boundary conditions .

No additional e f f o r t s  for handling complex boundary shapes are required.

This package is user—oriented and highly efficient. It has been utilized

in calibrating various turbulence models in the steady state limit.

Encouraging results have been ob tained for a variety of turbulent flow

problems , including flows associated with finite plates, cylinders , cavities,

and airfoil sections. It has been found that the k—c two—equation differen-

tials t~odel yields numerical results in good agreement with available experi-

mental data under various circumstances. Some of the results obtained have

been published (Ar t icles 15, 16, and 21). Additional results are being pre-

pared for publication.

In addition to the above summarized efforts in computing laminar and

turbulent separa ted flows, a generalized theory for aerodynamic forces and

moments have been developed under a separate project (Article 23). This theory

offers a grea t deal of insight into var ious aerodynamic phenomena and permits

various mechanisms of produc tion of lif t and drag forces to be identified

and interpreted. The theory has been utilized in the study of unsteady aero-

dynamic forces and moments acting on oscillating airfoils.
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