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ICAL METHOD FOR THE ANALYSIS AND DESIGN 

A THEORETICAL MEMOD I S  PRESENTED FOR M E  COMPUTATION OF THE FLCW FIELD ABOUT A!l 

AXISYMIETRIC BODY OPERATING I N  A VISCOUS, INCOMPRESSIBLE FLUID, A POTENTIAL FLOW METHOD 

IS USED TO DETERMINE ME INVISCID FLW FIEID, THESE RESUI TS YIELD ME BOUNDARY 

CONDITIONS FOR ME BOUNDARY LAYER SOLUTIONS, ~ U N D A R Y  LAYER EFFECTS IN THE FORCES 

OF DISPLACEMENT THICKNESS AND EMPIRICALLY MODELED SEPARATION S T R W I N E S  ARE ACCOUNTED 

FOR I N  SUBSEQUENT POTENTIAL FLU& SOLUTIONS, THIS PROCEDURE I S  REPEATED UNTIL THE 

SOLUTIONS CONVERGE, h EMPIRICAL ETHOD I S  USED TO DETERMINE BASE DRAG ALLWING 

CONFIGLRATION DRAG TO BE COMPWEDI 

AXISY~ETRIC BODY BOUNDARY LAYER FLOW UNCLASSIFIED - UNLIMITED 

 UPL LED VI SCOUS/INVISCOUS FLOW SOLUTIONS 

* 
For sale by the National Technical Information Service, Springfield, Virginia 22151 



A theore t i ca l  methd %e presented f o r  the  esmputation of the f low f i e l d  

about an axieyra~aetric body operating in a v i ~ c o u e  incompreae%ble f lu id ,  This 

approach corabinee a m o t h i n 8  routine, a ptmtiatl flow method based ow a 

surface souree d i s t r ibu t ion ,  and a f in i t e -d i f fe rmce  boundary--layer method t o  

accomplish the  analysis .  An empirical aaethod used f o r  lmrodeling separated 

flow is shown t o  work reaeombly w e l l  f o r  cases of extreme flow separation. 

Results obtained by t h i s  method a r e  presented which show very good agreement 

with eqe r imen ta l  data. Suggestions a r e  mslde f o r  extending t h i s  method both 

t o  include a b e t t e r  m d e l  f o r  separated flow and t o  e d c u l a t e  the  "viscous" 

flow about aurisgmatetric bodies a t  angle of attack. A d e t a u d  ins t ruc t ion  

manual f o r  inputing data  t o  the  computer program is given i n  Appendix A. 

Appendix B contains the  necessary information t o  place t h i s  program on t o  a 

computer. This appendix a l s o  contains a complete descript ion of output para- 

meters from the  computer program, a s  w e l l  a s  bas ic  flow char ts  of some of the  

major subroutines. Appmdix 6 contains a complete l i s t i n g  of the computer 

program f o r  operation on e i t h e r  a CDC or  an I M  computer. 







by T. B. &atty  

McDonnell Douglas Aiscreft  Corporation 

One of the  ultimate goals i n  aerodynamics i s  the  achievement of t;he 

a b i l i t y  t o  obtain the  r e a l  f l u i d  flow f i e l d  about an a rb i t r a ry  three- 

dimensional configuration by theore t ica l  calculat ion ra ther  than by resor t ing  

t o  expensive and time consuming wind tunnel tests, The exact treatment of 

t h i s  problem requires the  raolution of the  f u l l  Navier-Stokes equations, which 

is currently not prac t ica l .  However, a good approximation t o  t h i s  r e a l  flow 

can be obtained by displacing the  surface boundaries of the  o r ig ina l  body 

t o  account fo r  v iscos i ty  a s  shown by Thwaites i n  Reference ( I ) ,  

This techngque of displacing the  boundary surface t o  obtain a viscous 

solut ion has been used i n  two-dimensional flows qui te  successfully, a s  shown 

i n  References 2,  3, and 4. The exteneion of t h i s  approach t o  three-dimensional 

flow requires tha t  appropriate computational routines be avai lable  t o  ca lcula te  

the po ten t i a l  and viscous flow parameters, A potent ia l  flow routine which cart 

ca lcula te  the flow about a rb i t r a ry  three-dimensional bodies is avai lable  

(Reference 5), although the comparable three-dimensional boundary layer  method 

is not currently i n  the s t a t e  of the  a r t .  A t  the  present time, the  general 

three-dimensional problem cannot be solved, However, both an a x i s m e t r i c  

po ten t i a l  flow method and an axisymrmetric boundary layer  method which can 

ca lcula te  the  inviscid and viscous flow f i e l d  about a body of revolution a t  

zero degrees angle of a t t ack  a r e  currently available.  

Because of i t s  simple nature and i t s  comon appearance i n  f l u i d  dynamics, 

i t  was decided tha t  a body of revolution would be a good s t a r t i n g  point f o r  

the development of a three-dimensional method fo r  calculat ing inviscfd and 

viscous flow f i e l d s  . 
The s x i s y m t r i c  po ten t i a l  flow routjlne (References 6 & 7),  used i n  the 

present method was developed a t  the  Douglas Aircraft  Company under the  guidance 

of A. M, 0 ,  Smith and has proven over the  years t o  be an extremely v e r s a t i l e  



and accura te  method, a s  we l l  a s  t he  only purely a d s y m t r i c  p o t e n t i a l  flow 

method, general ly  ava i l ab l e  i n  indus t ry  today. This  method has been w e l l  

d i ssedrsa ted  throughout indus t ry ;  only a b r i e f  d i scuss ion  w i l l ,  the re fore ,  

be presented in a following see t ion ,  

The boundary l aye r  mthod  presented i n  t h i s  r epo r t  (Reference 8) i s  a 

f i n i t e  d i f f e r ence  technique which uses an eddy-viscosity concept t o  rep lace  

t he  Reynolds shear  stress term, Since t h i s  method is  r e l a t i v e l y  new and has 

been modified ex tens ive ly  s i n c e  Reference 8 was repor ted ,  a d e t a i l e d  

desc r ip t i on  w i l l  be  presented. 

The c a p a b i l i t y  of t he  presen t  method t o  determine t h e  viscous flow 

about axisyrmnetric bodies  i s  shown by c o r r e l a t i o n s  between the  ca lcu la ted  

r e s u l t s  and experimental data .  

Recommendations a r e  presented f o r  extending t h e  presen t  method t o  t he  

ca l cu l a t i on  of t h e  flow f i e l d  about axisyrmnetric bodies  a t  angle  of a t tack .  



Dampfng length o r  f r o n t a l  area, wherever appl%cable 

Bmping constants 

Total skin frPctPon coefficgent 

Pressure coe f f i c i en t  

Chord 

Local skin f r i c t i o n  coef f ieienf  rW/ (9 pue2 

Maximum diameter 

Dimensionlees stream function 

,Spot f o m t i o n  parameter 

Shape fac tor ,  @ / S  

Mixing-length consfant 

Power t o  determine 2-D or axisymnaetric flow 

Reference body length 

Mixing length 

Pressure gradient  parameter 

Chord Reynolds number, u,c/v 

Diameter Reynolds number, U-D/V 

Local Reynolds number. u,x/v 

Momentum thickness rleynolds number, ue9/v 

Radial d is tance  from ax i s  of revolution 

Local radius of body of revolution 

Absolute temperature, O K  or "E. 

Transverse curvature term 

Free stream veloci ty  

Fr ic t ion  veloci ty,  

x component of veloc%ty 



Veloci ty  a t  edge of boundary Layer 

y-esrapsnent of veloc i ty  

Distance along sur face  measured from lead ing  edge o r  from 

s t agna t ion  point  

Dfstance normal t o  t h e  sur face  of t h e  body 

a Angle between normal t o  t h e  su r f ace  y and the  rad ius  r 

a Constant i n  ou te r  eddy v i s c o s i t y  equat ion 

B Dimensionless ve loc i ty  - gradien t  term, B = (251~1,) (du, /d~)  

' ~ r  Trans i t i ona l  parameter 

6 Boundary l a y e r  thickness  

6 * Boundary l aye r  displacement th ickness  

E Eddy v i s c o s i t y  

E+ Rat io  of eddy v i scos i t y  t o  kinematic v i s c o s i t y ,  E / V  

TI Transformed y-coordinate 

8 Momentum Thickness 

P Dynamic v i s c o s i t y  

v Kinematic v i s c o s i t y  

5 Transformed x-coordinate 

P Density 

T Shear stress 

SUBSCRIPTS 

c Switching poin t  between the  inner  and outer  eddy v i s c o s i t y  formulas 

e Outer edge of boundary l aye r  

i Inner  region 

R Laminar 



o Outer Region 

I: Turbulent 

Tr Transition 

w Wall 

C Free-stream conditions 

Primes denote differentiation with respect to n. 



TECWNZCm DISCUSSION 

Geomet~~p Definition 

The gametry  input t o  the  Douglas Hemillan Potential .  Flow Program wst 

s a t i s f y  tw p r i m r y  requirements: the  coordinates must be d i s t r i b u t e d  

properly and the sor-afaee curvature mast be csmooth, These requireaents  a r e  

eas i ly  achieved on an analyt ic& body shape, s ince the input coordinates m y  

be calculated exactly f o r  any prescribed d is t r ibut ion .  However, some method 

of de temining accurate input coordinates fo r  an a rb i t r a ry  a x i s m e t r i c  body 

is necessary, s ince  the body m y  not always be amenable t o  exact analy t ica l  

def in i t ion .  The approach adopted i n  the  following method i s  t o  assume tha t  

the  coordinates a r e  input i n  the  proper d i s t r ibu t ion  about the  body, but tha t  

they a r e  not necessari ly smooth. These two requirements w i l l  be discussed 

in  rsome deta ia  I n  the followjtng sect ions,  

Point d i s t r ibu t ion ,  - Xn order t o  obtain a high degree of accuracy i n  

defining a presaurls d i s t r ibu t ion  when using the  Douglas Neumann Po ten t i a l  

Flow program, surface cooxdinates should be concwtrated i n  regions of high 

surface curvature where rapid changes i n  the  surface pressures would be 

expected. Since the  t o t a l  ntmaber of points  per body i s  f ixed,  the  d i s t r i -  

bution of these points  about the  body contour becomes e x t r m e l y  m o r t a n t ,  

The Neumann program uses the  input coordha tes  t o  crea te  l i n e a r  segments 

between points,  thus approximating the  body by a s e r i e s  of Fruscuma of Cones. 

The bas i s  d i s t r ibu t ion  required is  then qu i t e  simple: mre points  and thus 

smaller segment s i z e s  i n  regions of high curvature and less points  and thus 

l a rge r  segment s i z e s  i n  the  other  areas  of the  body. The bas ic  guidelines 

t o  follow t o  insure  proper point  d i s t r ibu t ion  a r e  simply tha t  the  surface 

lengths of adjacent elements should not change by more than twenty t o  t h i r t y  

percent and the maximum length of any s e p e n t  should not exceed e i t h e r  f i v e  

percent of the  body chord o r  f i f t y  percent of the l o c a l  body thickness. 

. - The Douglas Newmann program, o r  any similar  

po ten t i a l  flow method, is  sens i t ive  t o  the derivat ive of the  surface slopes, o r  

the  curvature of the  surface, The eurfare  defined by the  fnpur coordinages mst 

therefore have snrooth f i r s t  and second derivat ives,  The approach used in  the 



present wehod sa  s m o t h  theee ooordisatee, is  a f i v e  point  saroothjlng routine,  

whlch a a s w e s  tha t  the  input coordinatae axe s m o t h  and continuous t o  graghieal 

accuracy, %,em, pa in t s  a r e  chosen from a smlP graph (crpproxislrseely a %Q inch 

chord), ma o u t p ~ t  p ~ % n t s  Enom $hie rout ine  w i l l  be mvad v e q  s l i g h t l y  t o  

smsth the derivat ives,  but  t h l s  m v e m n t  w i l l  be negligible as f a r  ae  the 

body shape is concexned, The equations used 6s a c c o q l i e h  t h i s  sst~athjlng a r e  

IS follows: 

where x and y a r e  the  unsmoothed input 
j j 

coordinates 

and t and "ji- a r e  the  smoothed coordinat&s, 3 3 

Potentiall Flow Method 

&'he Douglas Neumcrnn method, (References 6 and 7) is very general i n  

tha t  i t  can ca lcula te  the  po ten t i a l  flow about v i r t u a l l y  any body, There is 

no r e s t r i c t i o n ,  f o r  exsmple, t o  slender bodies; i n  f ac t ,  t he  "body" i n  

question need not be a aingle body but may be an ensemble of bodies, I n  

principle,  the  calculated solut ion may be made a s  accurate a s  desired by 

sui tably  ref in ing the  numerical procedure; accordingly, the  so-called lJeumann 

method i s  designated an exact method i n  t h i s  sense, 

The Neumann method is based on the  use of a distributrlon of source 

densi ty over the  body surface. Applying the  condition of zero normal ve loci ty  

on the body surface yields an i n t e g r a l  equation f o r e t h e  source d is t r ibut ion .  

Specif ical ly,  the equation is a Fredholm in tegra l  equation of t h e  second kind 

over the  body surface, Once t h i s  has been solved for  the  source d is t r ibut ion ,  

a l l  flow quan t i t i e s  of in te res t ,  i.e., veloci ty,  pressure, etc . ,  can be calcu- 

l a t ed  by rapid straightforward procedures. To implement t h i s  method on a 

computer, the  body surface is  approximated by a la rge  number of small surface 

segments, over each of which the  source densi ty is  assumed constant,  The 



i n t e g r a l  equation i s  replaced by a set of Linear a lgeb ra i c  e q a t i o n s  f o r  t he  

values  of t he  source dens i ty  on t h e  s e w e n t s ,  E q u t  t o  t h e  cornputer program 

cons i s t s  of t h e  coordinates  of a s e t  of po in t s  def in ing  t h e  body surface;  

t he se  po in ts  a r e  then used t o  determine t h e  sur face  segments f o r  approximating 

t h e  body. There is  no a s s m p t i o n  made t h a t  the  body can be  ana ly t ica lPy  

represented.  

The usefulness  of p o t e n t i a l  flow wi th  i ts neglec t  of v i s c o s i t y  and 

compress ib i l i ty  i s  due t o  t he  f a c t  t h a t  i t  is a good approximation t o  r e a l  

flow under a wide v a r i e t y  of circumstances. With regard t o  v i s cos i t y ,  t h e  

program ob ta in s  u se fu l  r e s u l t s  except i n  regions of ca t a s t roph ic  separat ion.  

To v e r i f y  t h e  usefulness  of p o t e n t i a l  flow a s  a p red i c to r  of real flow, r e s u l t s  

ca lcu la ted  by t h e  Neumann program have been compared with experimental da ta ,  

Several co l l ec t i ons  of comparisons have been made. Reference 9 was a very 

complete c o l l e c t i o n  but  is  now r a t h e r  old.  Reference 10 i s  a more recent  

c o l l e c t i o n  t h a t  shows a smaller  number of comparisons. I n  the  ca l cu l a t i on  

of t he  viscous flow about axisynmetric bodies  it  i s  necessary t o  add t h e  

boundary l aye r  displacement thickness  t o  t h e  body a s  w i l l  be shown i n  a sub- 

sequent sec t ion .  This r e s u l t s  i n  an "open" t r a i l i n g  edge body. This "open" 

body can be evaluated by t h e  Neumann program without any d i f f i c u l t y  even 

though t h e  boundary su r f ace  does not c lose.  Reference 11 presents  an 

explanat ion of t h i s  phenomenon which proceeds a s  follows: f o r  a closed 

body the  i n t e g r a l  of t h e  source dens i ty  over the  body i s  zero; f o r  an "open 

t r a i l i n g  edge body, t h i s  i n t e g r a l  i s  no t  zero,  and a streamtube leaves t h e  

t r a i l i n g  edge of t he  open body which proceeds do~mstream and approaches 
-b 

i n f i n i t y  p a r a l l e l  t o  urn a s  a constant  c ross  s e c t i o n  streamtube. Thus, t h e  

flow t h a t  i s  ca lcu la ted  may be thought of as t h a t  about a semi-inf$nite body 

cons i s t i ng  of t h e  open body and an extension defined by t h i s  streamtube. The 

shape of t h e  extension is  unknown but i s  presumably unique, having both zero 

normal ve loc i ty  and zero source densi ty .  

The p o t e n t i a l  flow program has  many use fu l  op t ions  a v a i l a b l e  which do 

not pe r t a in  d i r e c t l y  t o  t h e  present  development. The d e t a i l s  of these  op t ions  

a r e  described i n  References 12 through 17. 



bunda ry  Layer Method 

- The ca l cu la t ion  of the viscous flow over an 

axisymmetric body involves t he  so lu t ion  of t he  laminar and turbulen t  flow 

equat%ons, For laminar flows, t he  problem i s  s t r i c t l y  mathematical because 

the  governing d i f f e r e n t i a l  equations can be wr i t t en  exact ly.  For turbulent  

flows on t h e  other  hand, an exact  so lu t ion  of the governing equations is not  

possible .  Consequently, i n  order  t o  proceed a t  a l l ,  one must r e l y  on a cer- 

r a i n  degree of empiricism. I n  t he  pas t ,  most of t he  work i n  t h i s  a r ea  has 

concentrated on so-called momentum and/or energy i n t e g r a l  methods a s  a means 

of evaluat ing t h e  viscous flow parameters. Thus, the  exact  mathematical 

so lu t ion  t o  t h e  problems of t h e  turbulen t  flow was bypassed, leading t o  f a s t  

and simple methods with varying degrees of accuracy, These methods usua l ly  

r e l y  q u i t e  heavi ly on empir ical  co r r e l a t ions  and genera l ly  a r e  r e s t r i c t e d  t o  

a l imi ted  range of flow conditions.  

The Douglas Boundary-Layer Method (Reference a), e l imina tes  many of 

t he  disadvantages of t h e  i n t e g r a l  methods by proceeding t o  s o l v e  t h e  f u l l  

p a r t i a l - d i f f e r e n t i a l  equations governing t h e  flow, thereby, being c l a s s i f i e d  

a s  a d i f f e r e n t i a l  method. For two-dimensional and axisymmetric incompres- 

s i b l e  flows, turbulent  boundary-layer equations contain terms involving time 

means of f l uc tua t ing  ve loc i ty  components known a s  Reynolds stress terms. A t  

present  t he  exact r e l a t i onsh ip  between these  terms and t h e  mean ve loc i ty  

d i s t r i b u t i o n  i n  t he  boundary l a y e r  s t i l l  remains unknown. I n  the  present  

method, a r e l a t i o n  based on t h e  eddy-viscosity concept is used giving highly 

s a t i s f a c t o r y  r e s u l t s  f o r  a v a r i e t y  of flow conditions.  

I f  t he  normal-stress terms a r e  neglected, the  incompressible turbulent  

boundary-layer equations f o r  two-dimensional and axisymmetric flows can be 

wr i t t en  a s  i n  Reference 8: 

Continuity 

2 ax [rkd + + Fkv] - o 



Momentum 

where 

T = TQ + T t  

with 

(For laminar flow only) 

-.---- 
T 5 - p, U'V'  
t (Additional term due t o  turbulent  flow) 

and 

= Reynolds shear  s t r e s s  term 

k = 0 f o r  two-dimensional flow 

k = I f o r  a x i s p e t r i c  flow 

The bas ic  no ta t ion  and coordinate  scheme are shown i n  Figure 1, where Zl, 
i s  a re ference  ve loc i ty  and ue(x) i s  the  ve loc i ty  j u s t  ou ts ide  the  boundary 

layer .  The coordinate  system is  a cu rv i l i nea r  one i n  which x is t h e  

d is tance  along t h e  sur face  measured from the  s tagnat ion  point  o r  leading edge, 

and y i s  measured normal t o  t h e  surface.  Within t h e  boundary layer ,  t h e  

ve loc i ty  components i n  t h e  x- and y-directions a r e  u and v, respec t ive ly .  

The body r ad ius  is  ro. 

The boundary condit ions for equation (3) a r e  

u(x,O) = 0 ( 5 4  

Lim u(x,y) = ue(x) (5c) 
r)" 

Before equations (2) and (3) can be solved, they must be transformed t o  a 

coordinate  system which removes the  s ingu la r i t y  a t  x = 0 and s t r e t c h e s  t h e  

coordinate  normal t o  the  flow d i r ec t ion .  F i r s t ,  these  equations a r e  placed 

i n  an almost two-dimensional form by the  Probs te in-El l io t t  transformation 

(Reference 18) : 



where ro(x) is the body radius and r(x,y) is a radius which accounts 

for the transverse curvature effect dich will be subsequently discuaeed. 

A stream function Y is defined that satisfies the continuity equation (2): 

The resulting equations are transfiormed by the Levy-Lees transformation - 
(Reference 19) in order to remove the singularity at x = 0 and stretch the 

coordinates in the j; and 7 directions. The Levy-Lees transformations are: 

A dimensionless stream function, f, is introduced which is related to 

as follows: 

= (25)' f (5.n) (10) 

Combining the Levy-Lees and the Probstein-Elliott transformations given above 

we have 

Introducing an eddy viscosity term to account for the Reynolds shear stress 

terms , 

and a transverse curvature term t along with a pressure parameter term 

The momentum equation (3) then becomes, with f' = u/ue, 



The boundaay condit ions given by equation (5) become 

L i m  f" (Sn)  = I 
n - " rn  

The momentum equation is  then solved by a very e f f i c i e n t  numerical scheme 

developed by Keller ,  (Reference 20) and appl ied t o  boundary l a y e r  ca l cu la t ions  

by Cebeci and Keller ,  (References 21 and 22). 

. - The eddy v i s c o s i t y  concept is  used t o  r e l a t e  t h e  

time-mean f luc tua t ing  v e l o c i t i e s  t o  a mean ve loc i ty  d i s t r i b u t i o n  as given 

i n  equation (12) 

A two-layer model of t h e  eddy v i s c o s i t y  wi th in  t h e  boundary l a y e r  w i l l  be  

used a s  shown i n  f i j p r e  2. 

In t h e  inner  region of t he  boundary l a y e r  an eddy v i scos i ty  model, 

based on P rand t l ' s  mixing-length theory, i s  used: 

where R ,  the  nixing length is given by 

A modified expression f o r  R has been developed by Van Dr i e s t  (Reference 23) 

t o  account f o r  t h e  viscous sublayer c l o s e  t o  t he  wall .  This modification is  

where A i s  given by 



and 

Now f o r  axisymmetric flows t h e  value of R is  replaced by 

which i s  developed i n  re ference  24. I f  t ransverse  curvature e f f e c t s  a r e  

desired then 

r + Y cos a r --- 5 
0 - .I. +r cos a 

r 
0 ro 0 

c o s a  where t = - r 
0 

then L becomes 
0 - -  

A I n  ( l+ t )  

R = .4ro I n  ( l+ t )  I 
The eddy v i scos i ty  i n  t he  outer  region of t he  boundary l aye r  i s  given by 

* 
E = sue 6k 
0 

(27) 

where 6: is  the  boundary l aye r  displacement thickness defined by 



which i n  t h e  transformed plme becomes 
flco 

where 

'Fhis r e l a t i o n s h i p  f o r  E, i s  t h e  same f o r  two-.djimensional o r  a x i s m e t r i c  

flows as shown i n  Ref erenca 24, 

, - The ca l cu la t ion  of tu rbulen t  boundary l a y e r s  

about two-dimenaional and a x i s m e t r i c  bodies  must o f t e n  be done at; low 

Reynolds number, i . e , ,  mmentm thickness  Reynolds number, Re, l e s s  than 

6000. Most of t h e  boundary l a y e r  methods including t h e  one presented above 

a r e  based on empir ical  d a t a  which were obtained a t  high Reytlolds numbers. A 

correc t ion  term t o  account f o r  low Reynolds numbers which was developed by 

Cebeci (Reference 25) based on p r i o r  work by Coles (Reference 26) is, there- 

fo re ,  applied t o  the ou te r  eddy v i s c o s i t y  by varying the  a i n  equation (27) 

with Re i n  t h e  f o l l o ~ i i n g  manner, 

i f  Re < 425 then a 1 (. 0168) (1.55) 

i f  Re > 6000 then a = .0168 

i f  425 < Re < 6000 then a = .0168 where 

-.243JiT - .298 
and y = (re/425) -1 ( 3 1 ~ )  

Transverse curvature.  - In  developing the  a x i s m e t r i c  boundary l s y e r  

equations a rad ius  term' i s  introduced a s  shown i n  equations (2) and (3). I f  

t he  assumption is made t h a t  t he  body rad ius  is  very l a rge  compared t o  t h e  

boundary l aye r  thickness  then  t h e  r a d i i  i n  equations (2) and (3) reduce t o  

the  l o c a l  body rad ius  ro and the  e f f e c t  of t he  t ransverse  (i .e. ,  



c i rcumferent ia l )  curvature i n  t he  nsmentum equation is  neglected. I f ,  

bowever, the  body rad ius  i s  small compared t o  t he  boundary l aye r  thickness  

then the  e f f e c t  of the t ransverse  curvature cannot be ignored and r must 

be a funct ion o f  the  d is tance  i n t o  the  boundary layer ,  y, The r e l a t ionsh ip  

between y, ro, and r is given by: 

r = r0 + y cos  a (32) 

As observed i n  f i g u r e  3, a is  simply the  sur face  s lope i n  t he  longi tudina l  

d f sec t ion .  i.e., 

d r  t a n  a = -- a x  (33) 

For s lender  cy l inders  where a = QQ,  

r = r o + Y  (34) 

The inc lus ion  of t h e  t ransverse  curvature t e m a  i n  the  boundary l a y e r  

equat ions is  shown i n  References 24 and 27 t o  subs t an t i a l l y  improve t h e  

accuracy of t h e  ca l cu la t ion  of t he  l o c a l  sk in  f r i c t i o n  as well  as t h e  o the r  

viscous parameters, 

. - The boundary l aye r  method has the c a p a b i l i t y  of 

ca l cu la t ing  t r a n s i t i o n  from laminar flow t o  turbulent  flow i n  two d i f fe ren$  

ways. The f i r s t  approach is  to  use t h e  t r a n s i t i o n  point as a switching point  

between laminar and turbulent  boundary l a y e r  ca lcu la t ions .  A t  t h e  t r a n s i t i o n  

point  t h e  turbulent  boundary l a y e r  ca l cu la t ions  a r e  s t a r t e d  by a c t i v a t i n g  

t h e  eddy v i scos i ty  coe f f i c i en t ,  I n  general ,  espec ia l ly  a t  low Reynolds 

numbers t h i s  approach can lead t o  e r r o r s  a s  shown by Cebeci i n  Reference 28. 

The second approach which is  ava i l ab l e  uses t he  intermit tancy f a c t o r  given by 

Chen and Thyson (Reference 29) t o  modify t h e  eddy v i scos i ty  equat ions t o  

account f o r  a  region of t r ans i t i on .  This modification w a s  developed from the  

point  of view of i n t e rmi t t en t  production of turbulent  spots  and is a f u r t h e r  

extension of Emmons' spot  theory (Reference 30). The modification t o  be used 

i s  t o  mult iply the  inner  and outer  eddy v i s c o s i t i e s  equations (16) and (27) 

by t h e  following parameter: 



where "e%r 
% ~ r  " var 

The e f f e c t  of t h i s  t r a n s i t i o n  region cor rec t ion  can be seen i n  f i gu re  4 

which compares experimental da t a  t o  t heo re t i ca l  ca l cu la t ions  f o r  l o c a l  sk in  

f r i c t i o n  wi th  and without t h e  above cor rec t ion  on a two-dimensional e l l i p s e .  

This t r a n s i t i o n a l  e f f e c t  w i l l  be assumed t o  be t h e  same f o r  a x i s m e t r i c  bodies, 

, - The loca t ion  of boundary l a y e r  t r ans i -  

t i o n  from laminar t o  turbulen t  flow can be e i t h e r  input  t o  the  boundary l aye r  

method o r  ca lcu la ted  i n t e r n a l l y  wi th in  the  program. The approach used t o  

c a l c u l a t e  the  t r a n s i t i o n  loca t ion  is one developed f o r  two-dimensional flow 

by Michel (Reference 31) and l a t e r  v e r i f i e d  by Smith (Reference 32). This 

method c o r r e l a t e s  t h e  l o c a l  momentum thickness  Reynolds number, Re and t h e  

l o c a l  d i s t ance  Reynolds number, 
Rx, 

as shown i n  f i g u r e  5 which comes from 

Reference 32. The procedure used i s  t o  c a l c u l a t e  t h e  values of Rx and Re 

a t  each s t a t i o n  and t o  compare them t o  t h e  curve i n  f i g u r e  5. I f  t he  va lue  

s f  Re is l e s s  than the  va lue  of ReTR than t r a n s i t i o n  has not  been reached 

but  i f  t h e  value of Re is g rea t e r  than ReTR then  t r a n s i t i o n  has occurred. 

The above method was extended t o  axisyrmnetric flow by the  use  of Mangler's 

transformation. The parameters Re and Rx a r e  ca lcu la ted  by t h e  axisyuanetric 

boundary l aye r  rou t ine  and they a r e  then transformed t o  two-dimensional values 

by t h e  following re la t ionships :  



These values of 
2-D and X2-D 

a r e  used t o  determine values of R0 and 

R which can be used i n  conjunction with f igu re  5. 
X 

A study of t r a n s i t i o n  loca t ion  ca lcu la t ion  f o r  axisynrmetric bodies was 

recent ly  completed by &ups (Reference 33). In  t h i s  study empirical methods 

due t o  Granvi l le ,  Wall and Gibbons, and the  method of l l ichel  presented above 

were compared t o  t he  s t a b i l i t y  ana lys is  technique of Smith (Reference 32). 

It was determined t h a t  f o r  flows where t r a n s i t i o n  occurred i n  an  adverse 

pressure gradien t  a l l  of t h e  above techniques predicted t r a n s i t i o n  f a i r l y  

dccurately.  For flows where t r a n s i t i o n  occurred i n  favorable  pressure 

gradients ,  only the  method of Smith (Reference 32) gave s a t i s f a c t o r y  r e s u l t s  

a s  :-horn i n  f i g u r e  6 which is  taken from Reference 33 ,  The method of Smith, 

however, requi res  extremely lengthy computer ca l cu la t ion  times which makes 

i t  undesirable  f o r  t h e  i t e r a t i v e  type of ca l cu la t ion  presented i n  t h i s  repor t .  

Therefore, based on t h e  r e s u l t s  of Reference 33,  t h e  method of pred ic t ing  

t r a n s i t i o n  i n  t h e  present  program should not be used f o r  flows with very l a r g e  

Reynolds numbers where t h e  t r a n s i t i o n  loca t ion  might occur i n  a favorable  

gradient ,  but  r a t h e r  t h e  t r a n s i t i o n  point should be input  t o  the  program. 

Calculat ion Procedure 

The viscous flow f i e l d  about an axisymmetric body i s  simulated by calcu- 

l a t i n g  the  inv isc id  flow about an equivalent "viscous" body which is  formed 

by adding the  boundary l aye r  displacement thickness t o  t he  o r i g i n a l  body 

surface.  This technique of def in ing  the  inv isc id  body has been used q u i t e  

successfu' l ly f o r  two-dimensional flows a s  shown i n  Reference 2 and has 

a l s o  been used f o r  axisymmetric flows a s  presented i n  Reference 34 .  This 

equivalent  body i s  formed by combining t h e  previously discussed geometry 

rout ine ,  po ten t i a l  flow method, and boundary l aye r  method under cont ro l  of 

t he  axisymmetric design ar.d ana lys i s  method computer program known a s  ADAM. 

Given the  desired a x i s m e t r i c  configurat ion and flow conditions,  t h e  

ADAM program u t i l i z e s  these  sec t ions ,  a s  shown i n  f i g u r e  7,  i n  t he  following 

i t e r a t i v e  manner: 

I. Prec ise  geometry d e f i n i t i o n  f o r  input  i n to  the  p o t e n t i a l  flow program. 



Calculat ion of the exact nonlinear p o t e n t i a l  flow f o r  spec i f ied  geometry 

and flow condit ions,  

Calculat ion of the  viscous flow c h a r a c t e r i s t i c s  based sn the  r e s u l t s  

of t h e  p o t e n t i a l  flow program, 

Addition of boundary-layer displacement thickness  t o  the  bas ic  geometry 

f o r  each element. 

Recalculat ion of t he  pressure d i s t r i b u t i o n  u t i l i z i n g  the  p o t e n t i a l  

flow program, based on the  redefined geometry. 

Recalculat ion of viscous flow f i e l d  based on reca lcu la ted  pressure  

d i s t r i b u t i o n  from redefined geometry, i f  desired.  

Poss ib le  i t e r a t i o n  of the  above scheme; t he  degree t o  which t h i s  is  

requi red  is  presented i n  the  subsequent d i scuss ion  on co r re l a t ions  

with experimental da t a ,  

The above technique must be modified when the  boundary l aye r  separa tes  

o r  when the  l o c a l  body r ad ius  approaches zero a t  t he  t r a i l i n g  edge of t he  

body. When the  dimension of t he  l o c a l  body r ad ius  approaches zero a t  t he  t r a i l -  

ing edge, t he  boundary l aye r  equations become inva l id  s ince  t h e  l / r  term 

i n  equation (3) approaches i n f i n i t y .  When t h i s  occurs,  the  boundary l aye r  

r e s u l t s  a r e  ignored from t h i s  point  downstream t o  the  t r a i l i n g  edge. The 

assumption is  then made t h a t  t he  boundary l aye r  displacement a r ea  a t  t h e  

point  where 

* 6 cos u = ro (37 

is  defined by 

D M *  - .Ifo P + 6* cos up)' - r o r /  

where p r e f e r s  t o  t he  poin t  where equation (37)  i s  f i r s t  s a t i s f i e d .  This 

displacement a r ea  i s  then considered t o  remain constant  from the  point  p 

t o  t he  t r a i l i n g  edge. The new "viscous" body coordinates  i n  t h i s  region a r e  

then defined by 

The second problem area  occurs when the  boundary l aye r  separa tes  from 



the  body c rea t ing  a separa t ion  bubble. This bubble must be accounted f o r  i n  

t he  c r ea t ion  of a "viscous" body i f  the flow about t h i s  configurat ion i s  to  

b e  predicted accurately.  The simplest technique of modeling t h i s  separat ion 

bubble i p  t o  assume t h a t  t he  flow leaves the sur face  p a r a l l e l  t o  the  free-  

stream d i r ec t ion ,  producing a cy l ind r i ca l  wake shape a s  shown i n  f i gu re  8. 

This approach, however, gives dece lera t ions  i n  t he  flow a t  the junction of the  

body with the cyl inder  a s  shown i n  f i gu re  q, which do not  e x i s t  i n  t h e  r e a l  

flow f i e l d .  To minimize t h i s  problem, a c i r c u l a r  a r c  is  used t o  f a i r  t h e  

body i n t o  the  separated cyl inder .  

This c i r c u l a r  a r c  i s  defined by passing a c i r c l e  through the l a s t  t h ree  

1 1 ~ 2  *.< Ousts  body coordinates  defined p r i o r  t o  t h e  separa t ion  point.  The rad ius  

of t h i s  c i r c l e  is  then used t o  c r e a t e  a c i r c u l a r  a r c  which is tangent to  t he  
11 viscous" body a t  t h e  point  of separat ion.  The center  of t h i s  a r c  is  then 

defined according t o  whether t he  sur face  s lope  of t h e  body a t  separat ion i s  

pos i t i ve  o r  negat ive,  

I f  t he  su r f ace  s lope  is pos i t i ve  then t h e  center  i s  taken a s  t he  center  

of the c i r c l e  passed through the  three  poin ts  a s  defined above. This center  

i s  defined by 

where R = Radius of t h e  c i r c l e  

9 = Surface s lope  a t  separa t ion  
dx 

This a r c  is  then used from the  noint  of separa t ion  t o  e i t h e r  t he  end 

of the  body o r  t o  t he  maximum poin t  on t h e  a r c ,  where dy/dx = 0, a s  shown 

i n  f i g u r e  10a. I f  t h e  maximum poin t  of t he  a r c  occurs before  t he  t r a i l i n g  

edge of the body i s  reached then a cyl inder  is  defined which extends from t h e  

maximum poin t  of t h e  a r c  t o  the  t r a i l i n g  edge. 

I f  the  su r f ace  s lope  i s  negative then the  c i r c u l a r  a r c  i s  defined such 

t h a t  the  center  is  located above the  body. The center  is then defined by 



- a  & x = x  + R  i n  t an  l ax l  
c sep 

This a r e  i s  then used from t h e  poin t  of separat ion t o  e i t h e r  t he  end 

of the body o r  t o  t he  minimum point  on the  a rc ,  where dy/dx = 0, as  shown 

i n  f i g u r e  lob. I f  t he  minimum poin t  of t he  a r c  occurs before t h e  t r a i l i n g  

edge of t he  body then a cyl inder  i s  defined which extends from t h e  minimum 

point of the a r c  t o  t he  t r a i l i n g  edge of t he  body. 

The above separated wake model has been derived from i n t u i t i v e  consider- 

a t i o n s  r a t h e r  than from f i r s t  p r inc ipa ls .  It does, however, provide reason- 

ab l e  r e s u l t s ,  a s  w i l l  be  shown i n  the  subsequent discussion. 

The base drag coe f f i c i en t  f o r  b lunt  axisymmetric bodies is  ca lcu la ted  

using the method of Hoerner, re fe rence  35. This approach is based on t h e  

assumption t h a t  the  flow f i e l d  behind a b lunt  base i s  bas i ca l ly  a j e t  pump, 

i n  t h a t ,  a i r  flowing around the  body leaves t h e  t r a i l i n g  edge forming a 

c y l i n d r i c a l  j e t  which attempts t o  pump away the  s tagnated a i r  i n  the  base 

region. However, s i n c e  the re  is no a i r  t o  rep lace  t h i s  s tagnated a i r ,  t he  

pumping mechanism can only reduce the s t a t i c  pressure ac t ing  on the  base. 

The e f fec t iveness  of t h i s  j e t  pump mechanism i s  cont ro l led  by t h e  boundary 

layer  thickness a t  the  base s ince  t h i s  region of lower momentum flow a c t s  

a s  a bu f fe r  between the  s tagnated a i r  behind the  base and the  flow i n  the  

j e t .  Since the boundary l aye r  thickness  is d i r e c t l y  r e l a t ed  t o  t he  sk in  

f r i c t i o n  on the  body, Cf , Hoerner used Cf t o  c o r r e l a t e  with t h e  base 

drag t o  develop an empir ical  approach t o  determine base drag. Figure 11 

shows the  co r r e l a t ion  obtained by Hoerner f o r  bodies whose base a rea  is  the  

same a s  t he  maximum area. This curve is  represented by 

where the coef fkc ien ts  a r e  based on the  base area.  Thus, once the sk in  

f r i c t i o n  on the  forebody has been ca lcu la ted  i n  the boundary l aye r  programs, 

then the bzse drag can be determined by equation 42, 



This equation must be modified f o r  boat- ta i led bodies,  tha t  is ,  bodies 

whose base area is l e s s  than t h e i r  mximum area ,  The mechanics of t he  base 

drag f o r  thesr?configurations do not  change, but t h e  ca lcu la t ion  must take 

into account the reduced base a rea ,  This e f f e c t  i s  taken i n t o  account by t h e  

f ollowLng r e l a t ionsh ip  : 

C = (42a9 
D~~~~ 

and 
C 

C f B  
(43b) 

f~ 

(BOAT TAIL) 

A comparison of r e s u l t s  ca lcu la ted  by t h e  above method i n  ADAM with experi-  

mental fo rce  d a t a  from reference 35 is presented i n  f i g u r e  12. One of these  

cases is f o r  a boat- ta i led body and the  o ther  f o r  a body whose base a rea  is  

a l s o  the  maximum area. 

The experimental da t a  used f o r  t h i s  comparison a s  we l l  a s  the  configu- 

r a t i o n  used f o r  t he  a n a l y t i c a l  ca lcu la t ions  a r e  both subjec t  t o  some discus- 

sion. The experimental base drag, taken from Figure 4 of Reference 35, 

o r ig ina l ly  came from an o ld  German repor t  which is  not  readi ly  avai lable .  

These base drag values were obtained from bbth fo rce  measurements and pressure  

measurements which unfortunately do not  agree. Therefore, s ince  i t  was f e l t  

t h a t  the fo rce  measurements were the  more accurate ,  they were used i n  the  

comparison shown i n  Figure 12. I n  addi t ion,  no good de f in i t i on  of t he  con- 

f i gu ra t ion  t e s t ed  was ava i lab le ,  therefore ,  t h e  geometry used i n  the  AIDAM 

analys is  was taken from the  schematics shown i n  Reference 35, I n  l i g h t  of 

these unce r t a in t i e s  t he  comparison presented i n  Figure 12 is  f a i r l y  good i n  

t h a t  even though the  l e v e l s  a r e  d i f f e r en t ,  t he  t rends  a r e  t he  same, It 

should be noted t h a t  t h i s  comparison was used only because there  i s  a s ingu la r  

lack  of experimental da t a  f o r  b lunt  based axisymmetric bodies a t  low subsonic 

Mach numbers. 



~ e r i m e n t a l  r e s u l t s  from three  ddbfferent conflgusations were selected 

t o  e s t ab l i sh  the  extent  of v a l i d i t y  o h  the  method presented i n  chis  report ,  

TKese geomtr i e s  consisted of a high f ineness r a t i o  body of revolution, and 

a sphere i n  both subcr l t l ca l  and superc r i t i ca l  flow regimes, These c o r r e  

P a t i o n s , ~ ~ h i l e  l b i t e d  t o  some extent  by the  scope of' the  present e f f o r t ,  do 

represent a wide range of a x i s m e t r i c  flow conditions. 

The body of revolution chosen was tested i n  the  low speed wind tunnel a t  

the Douglas Aircraf t  Company, (Reference 36), and is  shown i n  f igure  13. This 

model was composed of three  sections; an e l l i p t i c a l  nose sect ion,  a cyl indri-  

c a l  cont ro l  sect ion,  and a parabolic afterbody. The ca lcula t ion  done f o r  t h i s  

configuration used the  wind tunnel flow propert ies ,  namely, Uw = 71.628 MlSec 

(235 Ft/Sec), T_ - 288.3OK (519.0°R) and % - 10.05 x lo6 ,  Boundary layer  

t r ans i t ion  was f ixed on the  model and i n  the ca lcula t ion  a t  .03048 meters 

(1.2 inches) from t h e  nose. This model was r e l a t i v e l y  l a rge  f o r  the  wind 

tunnel i n  which it was tested;  wall  e f fec t s ,  not accounted f o r  i n  the  o r ig ina l  

da ta  reduction, were present,  To correc t  f o r  t h i s ,  the  model was run i n  the 

po ten t i a l  flow program i n  the  presence of the  wind tunnel walls  a s  shown i n  

f igure  14. Tlie e f f e c t  of including the  walls i n  the  ca lcula t ion  is shown i n  

the  invisc id  pressure d i s t r ibu t ions  of f igure  15. The f i n a l  r e s u l t s  f o r  t h i s  

configuration a r e  s h m  i n  f igure  16 where the  calculated "viscous" r e s u l t s  

a r e  compared t o  experimental data. The inviscid d i s t r i b u t i o n  is a l so  shown 

f o r  reference. I n  t h i s  pa r t i cu la r  case no separation occurred and so only one 

i t e ra t ion ,  t h a t  is, two po ten t i a l  flow solut ions  and two boundary layer  solu- 

t ions ,  was necessary. The calculated "viscous" r e s u l t s  agree very well  with 

the  experimental values except i n  the  region of the  nose. This discrepancy is 

not due t o  the  ca lcula t ion  method, but r a the r  is  due t o  the  model being too 

long f o r  the  wind tunnel t e s t  sect ion resu l t ing  in t he  nose being i n  a d i f fe ren t  

s t a t i c  pressure f i e l d  than t h e  rest of the  body. The overa l l  e f fec t  of v iscos i ty  

on t h i s  configuration is seen t o  be small except i n  the  region of the  t r a i l i n g  

edge, The body is so slender i n  t h i s  region tha t  the  boundary layer  equations 

a r e  no longer va l id  so  the  technique described i n  the ca lcula t ion  procedure 

was used t o  modify the  viscous body, The r e s u l t s  show a pressure o s c i l i a t i o n  



in t h i s  m d i f i e d  region which is  due t o  memoth  curvature d is t r ibut ion,  

H Q M B V ~ ~ ,  the l e v e l  of these preseures awe@ qui te  wel l  with the  e q e r h e n t a l  

values, 

"She second case considered was t h a t  oP a sphere i n  the  superc r i t i ca l  

flow regime, tee., % - 1 x lo6. Since the  bomdary layer t r a n s i t i o n  was 

forced ts occur a t  a= XID - .65, there  =re regions of both lamdnar and 

turbulent flow present. me e q e r i m n t a l  da ta  for  t h i s  case were taken Prom 

references 37 and 38, The freestream velocity assumred fo r  t h i s  case w a s  

47.85 M/Sec (157 Ft/Sec), Figure 17 show@ t h e  sphere with t h e  "viecous" 

body superimgposed and f igure  18 presents a cooagparison bemeen the calculated 

"viscous" solut ion and ersperinrctntal data,  Note tha t  while the  calculated 

pressure d i s t r ibu t ion  is i n  reasonably good agreemnt with the  exper imnta l  

values, the  calculated separation point  is .07 d i a m t e r s  fu r the r  downstream 

than the e m e r i m n t a l l y  measured value, The inviscid and "viscous" solut ions 

fo r  the loca l  sk in  f r i c t i o n  coeff ic ient ,  Cf ,  a r e  presented i n  f igure  19. 

The "viscious" solut ion shown is t h e  fourth i t e ra t ion ,  i.e,, t h e  f i f t h  

po ten t i a l  flow solution, end appears t o  be the bes t  s o l u t i m  possible f o r  

t h i s  configuration with the  technique beiag used i n  the  present o~rethcd t o  

simulate flow separation. 

The l a s t  corre la t ion  t o  be preeented is fo r  the  flow about a sphere i n  

the  subcr i t i ca l  regime, i.e., % - 1 x lo5, orhich is a purely laoinar  case. 

The experimental data is  again taken from Reference 37. The freesteam velo- 

c i t y  f o r  t h i s  case was aseuroed t o  be 4,785 MfSec (15.7 FtfSec), The calcu- 

la ted  "viscous" body is shown i n  f igure  20 while a c o q a r i s o n  of the "viscous" 

pressure d i s t r ibu t ion  t o  elqperimntal da ta  i s  s h m  i n  f igure  21. The calcu- 

la ted  "viscous" pressures a r e  i n  close agreenrent with the  experiaaental values 

with some s l i g h t  over-prediction i n  the  separated region, The calculated 

separation point is only .03 dianreters fur ther  downstream than the  experi- 

mental value which is excellent  considering the  large e f f e c t  tha t  v iscos i ty  

has on t h i s  configuration. Figure 22 presents the inviacid end "viscous" 

solut ions f o r  the  local  skin f r i c t i o n  coeff ic ient  f o r  thiscase. 



A method has been presented f o r  the  c e w u t a t i o n  of t he  viscous flow 

f i e l d  about a x i s y m t r i c  bodies  a t  zero angle s f  a t t a c k  i n  i n c e q r e s s i b P e  

flow. This c o q u t i n g  program requi res  only the  spec i f i ed  body geometry and 

des i red  flow condit ions as input .  The appropriate  theory has been discussed 

and co r re l a t ions  between t h e o r e t i c a l  and experimental r e s u l t s  presented, 

The flow f i e l d  about axisynrmetric bodies a t  zero angle  of a t t a c k  with 

no flow separa t ion  is  w e l l  defined and can be computed accurately by the  

present  method. When flow separa t ion  occurs,  t h e  flow f i e l d  is  no longer 

amenable t o  a n a l y t i c a l  treatment. Currently,  methods do not  e x i s t  t o  

c a l c u l a t e  t h e  flow f i e l d  wi th in  a separated region; i t  is  therefore  necessary 

t o  r e s o r t  t o  empir ical  methods t o  account f o r  flow separat ion.  Since the re  

is almost a complete lack  of experimental da t a  concerning t h e  behavior of 

separated regions, any empir ical  methods must necessar i ly  be  somewhat crude. 

The most soph i s t i ca t ed  model f o r  separat ion cu r r en t ly  ava i l ab l e  is  due t o  

Jacob (References 39 and 40) and i s  s t r i c t l y  f o r  two-dimensional a i r f o i l s .  

An unsucceasful attempt was made i n  Reference 41 t o  adapt Jacob's approach t o  

axisymrnetric configurat ions.  The conclusions of Reference 41  ind ica ted  t h a t  

the  assumed boundary condit ions needed t o  be  modified i f  t h i s  approach was t o  

be used f o r  axisymmetric flow. It i s  proposed t h a t  t he  Douglas-Neumann 

program be used t o  pursue t h i s  approach a t  modeling separat ion.  This 

p o t e n t i a l  flow program is i d e a l  f o r  attempting t o  use Jacob's technique s i n c e  

i t  already has the  a b i l i t y  t o  spec i fy  a non-uniform flow d i s t r i b u t i o n  over 

a l l  o r  p a r t  of a configurat ion;  therefore ,  only s u i t a b l e  boundary condit ions 

would have t o  be  added t o  the  program. It is f e l t  t h a t  t h i s  approach can be 

successfu l  i n  modeling separa t ion  i f  c a r e  is  taken i n  developing the  d i s t r i -  

but ion of non-uniform ve loc i ty  a s  we l l  a s  specifying t h e  proper boundary 

considerations.  

The f u r t h e r  extension of t h i s  m d e l  t o  t h e  ca l cu la t ion  of flow about 

axisymmetric bodies a t  angle  of a t t a c k  is  a l s o  possible .  The p o t e n t i a l  flow 

rout ine  contained i n  t h e  present  method has the  capab i l i t y  of pred ic t ing  the  

flow f i e l d  about non- l i f t ing  bodies a t  angle  of a t t a c k  by combining the s t r e a w  

flow and the  crossflow so lu t ions .  The boundary layer  ana lys is  would r equ i r e  

the  replacement of t he  rout ine  i n  the present  ntethod by a three-dimensional 



technique, which AS cu r r en t ly  not  ava i lab le .  However, i t  is f e l t  t h a t  a 

good approximation t o  t h e  boundary l aye r  ca lcu la t ions  can be m d e  by the 

smll crossflow program of Reference 42,  

One area  of p r i m r y  concern i n  extending the  method t o  include an angle 

of a t t a c k  capabi l i ty  is  t h e  d e t e r d n a t i o n  of the  separa t ion  Pine about the 

body. The present  method of pred ic t ing  separa t ion  f o r  two-dimensional bodies 

and f o r  axisymmetric bodies a t  zero angle of a t t a c k  is  t o  f ind  the  loca t ion  

5.1here the  skin f r i c t i o n  goes t o  zero. It has been shown i n  s eve ra l  s tud ie s ,  

xncluding those reported i n  References 43 and 44, t h a t  t h i s  condi t ion does not 

apply i n  three-dimensional flows because the  sk in  f r i c t i o n  along a separat ion 

l i n e  i s  not  necessar i ly  zero. Therefore, some method of determining the  

separa t ion  l i n e  f o r  axisymmetric bodies a t  angle of a t t a c k  must be developed. 

It is proposed t h a t  t h e  present  method could be extended t o  c a l c u l a t e  the  
11 viscous" flow about axisymmetric bodies a t  angle  of a t t a c k  when no flow 

separa t ion  is  present .  This method could then be used t o  a s s i s t  i n  t h e  

development of a procedure f o r  determining the  separa t ion  l i n e  loca t ion ,  Once 

the  loca t ion  of t he  separa t ion  l i n e  is known then a model could be  developed 

f o r  analyzing t h e  viscous flow about t he  separated body. The development of 

such procedures is not  a simple t a sk  and considerable e f f o r t  would have to  

be expended; but  the  reward f o r  accomplishing t h i s  t a s k  is an advance i n  t h e  

a b i l i t y  t o  ca l cu la t e  t h e  r e a l  flow about a r b i t r a r y  three-dimensional bodies 

which is  our u l t imate  goal. 



APPIZNDIX A 

INPUT INFOWTIQM FOR A])M COMPUTER PROGRAM[ 

Thin p a r t  of t h e  r e p o r t  c o n t a i n s  t h e  necessa ry  in fo rmat ion  t o  i n p u t  

d a t a  t o  t h e  ADAM computer program. The inpu t  d a t a  i s  broken i n t o  t h r e e  

s e c t i o n s  : smoothing, 130 t e n t t a l  f l o w ,  a n d  v i scous  flow. These s e c t i o n s  can 

be  usctl toge t l i r r  3n t l ~ e  i t c ra t  Lvcs fnstr  i.on desc r ibed  i n  t h e  main t e x t ,  o r  t h e  

poteu t i a l  f low and v i s c o ~ ~ : :  f'l o w  sect ions  may be rised indcper~dent  ly .  A 

d e t a i l e d  card-by-card desc l - ip t  i o n  of a l l  inpu t  q u a n t i t i e s  i s  given folloircd 

by a  s e t  of i n p u t  forms which can b e  used t o  f a c i l i t a t e  t l le  load ing  of tile 

i n p u t  d a t a  i n t o  the program. 



Input In s t ruc t ions  

The Mam progrm requ i r e s  one system con t ro l  card followed by the  

required s e t s  of da ta  cards  f o r  each program opt ion t o  be executed. The 

s e t s  of da t a  furnished must be i n  t he  same order  a s  t he  opt ions a r e  spec i f ied  

on t h e  system con t ro l  card. I f  an i t e r a t i o n  is des i red  the  system con t ro l  

card fs repeated along with the  necessary other d a t a  cards,  

The general  scheme used i n  descr ibing the  input da t a  i s  shown below: 

Routine 
Colum Code - Format 

Column - Column ind ica t e s  t he  s t a r t i n g  pos i t i on  on the  card f o r  each 

da t a  f i e l d .  

Code - The "code" g ives  t he  FORTRAN name used i n  t h e  read statement by 

the  program. 

Routine - " ~ o u t i n e "  ind ica t e s  t h e  subroutine where the  da ta  i s  read. 

Foriuat - The parameter "FORMAT" which is given r i g h t  under t he  rou t ine  

name, i nd ica t e s  t h e  FORTRAN format of t he  d a t a  read statement 

f i e l d .  The parameter I 5  would ind ica t e  t h a t  t h e  parameter is 

an in t ege r  i n  a f i e l d  t h a t  is  5 columns wide. In tegers  should 

be punched on t h e  r i g h t  s i d e  of t h e  f i e l d  ( r i g h t  j u s t i f i e d ) ,  

The parameter FlO.O would i n d i c a t e  a  f i xed  point  number punched 

with a  decimal point  ( i , e . ,  -12.354). The number may be punched 

anywhere i n  t h e  f i e l d  indicated i r r e s p e c t i v e  of t he  decimal poin t  

l oca t ion  l n d i c a t i e d  by t h e  format. The parameter E12.6 would 

ind ica t e  a  f l o a t i n g  poin t  number punched wlth a  decimal point  

( i . e ,  , 5.0 x l o 6 ) .  The number must be punched t o  t h e  r i g h t  

of t h e  f i e l d  i n  t h e  manner 5.OE+06. 

Zxplanation - The desc r ip t ion  of the  input da t a  is  given under "explanation". 



SUSTml CONTROL DATA CARD (This card must be the  f i r s t  card i n  t he  da t a  deck) 

Colum Code Rout ilne 
F o m t  

4 XGEON MaXN Smothing sp t fow f l a g  

11 

10 no smoth ing  is  des i red  

-1 smoothing is  des i red  

8 INEUM MAIN Po ten t i a l  flow opt ion f l a g  

1 0  No p o t e n t i a l  flow so lu t ion  is 
des i red  

a1 Po ten t i a l  flow so lu t ion  is  
des i red  

12 IBOUND MA334 Boundary l aye r  opt ion f l a g  

I1 

10 No boundary l a y e r  so lu t ion  is 
desired 

-1 Boundary l a y e r  so lu t ion  is 
des i red  

16  ITER MAIN 'Viscous" body foriuation f l a g  

I1 
-0 No "viecous" body is  formed 

11 tViscous" body is  formed 

17-20 IFINSH M A I N  Termination Flag 

I 4  
-0 Another case  expected 

a9999 Program w i l l  s t op  a f t e r  exer- 
c i s i n g  a l l  op t ions  spec i f ied  
above 



SMOOTHING SECTION 

mese cards required i f  IGEQM = 1 on system control  card. This sec t ion  i s  

used t o  smooth body geomtry data  before i t  is input t o  the potent ia l  flow 

program. 

Routine 
Column _.__.__ Code - Format 

2 NPTS SMOOTH Number of input da ta  points  fo r  t h i s  
I 3  configuration. 

NPTS must be I 100 

8 ITAPE SMOOTH Data source f l a g  
I1 -0 Data input on un i t  5 (card input)  

$0 Data input on un i t  1. This i s  
used f o r  a case where a "viscous" 
body generated by the  i t e r a t i o n  
procedure i s  being read. 

These cards a r e  input only i f  ITAPE = 0. 

Column Code - Routine 
Format 

x-coordinate cards 

1-10 x (1) SMOOTH x-coordinates s t a r t i n g  a t  the  leading 
11-20 ~ ( 2 )  6F10.0 edge and proceeding along t h e  upper 
21-30 x (3) surface t o  the  t r a i l i n g  edge. Input 

6 x-values on each card. The numbers 
e t c ,  of x-values must be equal t o  NPTS. 

1-10 Y (1) SMOOTH y-coordinates t o  correspond t o  the  
11-20 ~ ( 2 )  6F10.0 above x-locations . y-values must 
21-30 ~ ( 3 )  be posi t ive.  Input 6 values per 

etc .  card. 



POTENTIAL FLOTJ SECTION 

m e s e  cards  required i f  XtJeUM = l on system con t ro l  card. The Input 

geometry for t h i s  program m y  be obtained from the  geometry s torage  unit (10) 

a s  generated by the  smoothing sec t ion ,  o r  i t  m y  be input d i r e c t l y  on u n i t  5 ,  

n u s ,  t h i s  program may be operated a s  a sepa ra t e  en t ry  i f  so desired.  'Pine 

program saves t h e  geometry da t a  element midpoints with the  corresponding 

pressure c o e f f i c i e n t s  on u n i t  3 f o r  input  t o  t h e  boundary l aye r  rou t ine  and 

i t  saves t h e  bas ic  non-dimentional input  Newmann coordinates on u n i t  1 f o r  

use i f  a "visous' body i s  desired,  

T i t l e  Card 

Column Code Routine 

1 tfE;DR PART1 T i t l e  of case. llay be any charac te rs  
l0A6 input  i n  t h e  f i r s t  60 coLums of card; 

6 3 CASE PART1 Case number 
I 6  

7 7 PSF PART1 Addit ional  i d e n t i f i e r  f o r  t h i s  case,  
I6 

Card colusnns 1-30 when punched with any nonazero in teger ,  a c t i v a t e  

f l a g s  t h a t  i n d i c a t e  t h e  following: 

Colurmn Code Routine 

PART1 The number of bodies input.Norma1ly 
I1 s e t e q u a l t o l ,  l S N B S 5  

2 NNU PART1 The number of non-uniform onset  
I1 flows. Normally s e t  equal t o  0, 

3 FLG03 PART1 Axisymmetric flow f l ag .  
11 -0 No axisynrmetric s t r e a w f  low 

so lu t ion  ca lcu la ted ,  

-1 A x i s m e t r i c  streamflow so lu t ion  
is ca lcu la ted  

Normally s e t  equal t o  1 



(cent inued) 

Routine 
Code 

FLG05 PART1 
11 

FLG08 PART1 
I1 

FLGll PART1 
11 

FLGl2 PART1 
I1 

Cross flow f l ag .  

=O NO c ross  flow so lu t ion  i s  
ca lcu la ted  

=I Cross flow so lu t ion  is ca lcu la ted  

Normally set equal  t o  0 

Off-body poin t  f l a g  

=O NO of f  body po in t s  input  

11 Off body po in t s  a r e  input 

This f l a g  al lows t h e  ve loc i ty  a t  
po in t s  off  t he  body sur face  t o  be 
determined. 

Basic da t a  formation f l a g  

=O A f u l l  case w i l l  be  done 

=l The bas i c  da t a ,  i.e., midpoints, 
normals, e t c .  w i l l  be  formed and 
pr in ted .  No v e l o c i t i e s  w i l l  be 
calculated.  

E l l i p s e  generator  op t ion  

=O Body coordinates  w i l l  be  input  

=l An e l l i p s e  is  generated using da ta  
input  l a t e r .  No body coordinates  
a r e  input  

Matrix p r i n t  f l a g  

=O Coeff ic ien t  matr ices  a r e  not  
p r in ted ,  

=I Coeff ic ien t  matr ices  w i l l  be 
pr in ted .  

Normally s e t  equal  t o  0 

Per turba t ion  v e l o c i t y  f l ag  

=O Normal case  

=l No onset  flow used. Only per- 
tu rba t ion  v e l o c i t i e s  a r e  ca lcu la ted .  

* 
Po ten t i a l  matr ix  so lu t ion  

=0 Normal case 

=I A p o t e n t i a l  matr ix  i s  solved 



(Continued) 

IRou t i n e  
F o r m t  

15 FLGlS PART1 
I1 

1 6  F'LG16 PART1 
11 

FLG18 PART1 
I1 

FLG19 PART1 
11 

FLGZO PART1 
11 

llataix solution f l a g  

-0 No mtrdx so lu t ion  done 

=1 Matrix so lu t ion  performed 

Norml ly  s e t  equal t o  1, 

Prescribed t angen t i a l  v e l o c i t y  f l a g  rF: 

-0 Normal case  

"1 Tangential v e l o c i t i e s  are spec i f i ed  

S t r i p  r i n g  v o r t i c i t y  f l a g  rk 

1 0  I b m l  case 

-1 A v o r t i c i t y  d i s t r i b u t i o n  is 
formulated . 

Axisynrmetric uniform flow f l a g  

-0 Normel case  

"1 Axisynrmetric uniform-flow so lu t ion  
is  omitted 

Nonnally o e t  equal t o  0. 

Crosef low unif o m  flow f l a g  

1 0  Normal case 

1 Crossflow uniform flow so lu t ion  
is omitted. 

Since FLG04 is normally = 0 then 
s o  is  FLG17 normally set equal  t o  0. 

Surface v o r t i c i t y  f l a g  * 
-0 Normal case  

-1 Surface v o r t i c i t y  is generated. 

Prescribed v o r t i c i t y  Flag * 
1 0  Normal case  

=I A preecribed v o r t i c i t y  is input  

* 
Tota l  v o r t i c i t y  f l a g  

1 0  Norm1 case  

=P Tota l  v o r t i c i t y  cafcuEeted 



Routine 
Pornat 

2 1 EIL621 PART1 Extra crossflow flag * 
f l  

=O N o m l  case 

=1 Ektra ~ r o s s f l o w  opt ion used 

2 2 FLG22 PART1 Generated boundary condit ion f l a g  * 
PO Normal case 

=I Boundary condit ions generated 

2 3 FLG23 PART1 Ring wing opt ion f l a g  * 
11 

=O Normal case 

=1 Ring wing opt ion used 

28-29 N I N  PART1 Tape input  f l a g  
I2 

10, 10 Data input on u n i t  10 from 
smoothing program 

55 Data input  from u n i t  5 (card input )  

30 IT W PART1 I t e r a t i o n  tape f l a g  
I1 

=O x/c ,  y / c  transformed da t a  saved 
on u n i t  15  

=l X/C,  y / c  transformed da t a  not 
saved. 

This f l a g  i s  necessary because f o r  
a "viscous" body t o  be formed, t h e  
coordinates of the o r i g i n a l  unmodified 
body must be  saved. Tnerefore, f o r  
t h e  f i r s t  case  s e t  ITER = 0. For 
subsequent i t e r a t i o n s  we do not want 
t o  use the  modified bodies t o  form 
new bodies so set ITW = 1. 

* These f l a g s  a r e  f o r  spec i a l  options which a r e  discussed i n  the main 

text. They a r e  never used f o r  a normal axisynrmetric ca lcu la t ion .  

Therefore, s e t  them equal t o  zero, 



Chord Card 

Routine 
F o m t  

2 1 TCNST PART1 
F10.0 

Column Code - Routine 
Format 

8 NN BASIC1 
I 3  

BASICl 
F1O.O 

BASICl 
F1O.O 

THETA BASIC1 
F1O.O 

ADIIX 

ADDY 

BAS X C l  
F1O.O 

BAS I C 1  
F1O.O 

Ref erence chord length  used t o  
n o ~ d i m e n s i o n a l i z e  x and y 
s ~ o r d i n a t e s  

MBch number (MI4 < 1.0) use t o  
approximate e f f e c t  of compressi- 
b i l i t y  (Gothert ' s  r u l e )  

This is  a constant  which i e  used 
f o r  the  va lue  of t h e  t angen t i a l  
ve loc i ty  i f  t h i s  op t ion  is  desired.  

The number of input  po in t s  on t h i s  
body. NN 5 100 

A f ac to r  used t o  mult iply a l l  
x-coordinates. MX is  assumed equal 
t o  1 i f  no va lue  i e  input.  

A f ac to r  used t o  mult iply a l l  y- 
coordinates.  1SY is  assumed equal 
t o  1 i f  no value is input .  

An angle ( i n  degrees) through which 
a l l  po in ts  of a body a r e  t o  be  
ro ta ted  about t h e  o r i g i n  i n  t he  
clockwise d i rec t ion .  

A constant t o  be added t o  a l l  
x-coordinat e s  

A constant t o  be added t o  a l l  
y-coordinates 



Col urn Code 
Rsutine 
Format 

1 0  WN BASIC1 Body sequence number, Tliis program 
I1 w i l l  handle up t o  5 bodies.  

20 SUBKS BASIC1 Subcase Flag. 
I1 =0 Normal case  

=1 U s e  unmodified coordinates  of 
t h e  previous case. 

30 NLF BASIC1 Non-lift ing f l a g  
I1 =O Body is  non- l i f t ing  

(normal case)  

=1 Body i s  l i f t i n g  ( t h i s  is used 
i n  special '  opt ion)  

31 XE BASIC1 Value of major semi-axis f o r  use  
F1O.O by e l l i p s e  generat ion option. 

4 1 YE BAS I C 1  
F10.0 

Value of minor semi-axis f o r  use by 
e l l i p s e  generat ion opt ion 

Note: i f  XE = YE a sphere w i l l  
be formed. 

The body geometry d a t a  cards  a r e  included only i f  t h e  input  parameters 

N I N  = 5 and FLG07 = 0 on t h e  f l a g  card. I f  N I N  = 0 o r  10 then t h e  

da t a  is read from u n i t  10. I f  N I N  = 5 and BDN = 0, then t h e  following 

cards conta in  t he  x-y coordinates  of off-body po in t s  ins tead  of x-y 

geometry data .  The number of e i t h e r  geometry d a t a  po in t  o r  off-body po in t s  

must be equal t o  NN. 

Column Code 
P 

Routine 
Format 

I T X ~  (1) BAS I C  1 
6F10.0 

x-coordinates of body input  from 
leading t o  t r a i l i n g  edge, 



Go I umn Code Root ine 
F 

I TY1(1) BASIC1 y-Coordinates of body which 
SF10 , 0 correspond t o  t he  x-values above. 

y values must be  pos i t i ve .  

11 TYl(2) 

21 TYl(3) 

e tc .  

NOTE: Each body input ,  including the of f  body poin ts ,  r equ i r e s  the  body 

t ransformation card, t h e  body cont ro l  card,  and may a l s o  requi re  t he  

geometry da t a  cards  depending on the  input  f l a g s .  This i s  t h e  

stopping p lace  f o r  a normal axisymmetric case. The following cards  

a r e  input  only i f  one of t h e  spec i a l  op t ions  i s  required. 

( s i x  values  per card)  

These cards  a r e  input  only i f  n G 1 4  Z 0 and TCNST = 0.0 

Column Code - Routine 
Format 

1 TG (1) BAS I C 1  Specif ied t angen t i a l  v e l o c i t i e s  a t  
6F10.0 element midpoints. 

11 TG(2) 

2 1  TG(3) 

e tc .  

Non-uniform Plow Cards ( s i x  values  per card) 

These cards  are input  only i f  PRJU $ 0. 

Column Code 
Routine - Format 

6 HUM BASIC2 Non-uniform flow i d e n t i f i c a t i o n  
I5 number. 



Non-unif o m  Flow Cards (Continued) 

Column Code 
mutime? 
Format 

19  HSF %SIC2 I f  MSF 5 0 t h e  flow v e l o c i t i e s  
12 No,To w i l l  be used f o r  t h e  a x i s p -  

metr ic  case only, 

I f  MSF = 1 t h e  flow v e l o c i t i e s  

No,To w i l l  be  used f o r  t h e  c ross  
flow case  only. 

2 2 TYPE 

I f  MSF > 1 the  flow v e l o c i t i e s  
w i l l  b e  used f o r  both axisymmetric 
and cross  flow cases.  

BASIC2 Flag which s p e c i f i e s  t he  type of input  
F1O.O flow v e l o c i t i e s  a t  each mid-point . 

I f  TYPE > 0.0, the  v e l o c i t i e s  a r e  
input  a s  x & y components. 

I f  TYPE = 0.0 t h e  v e l o c i t i e s  a r e  
input  a s  normal & t angen t i a l  
components. 

I f  TYPE < 0.0 the  automatic generation 
of t he  flow due to  a r o t a t i n g  body 
i s  used. 

BASIC2 Constant used by t h e  flow generator.  
F1O.O Type must be l e s s  than 0.0. 

The following cards a r e  input only i f  NNU P 0 and TYPE f-1.0. 

( s i x  values per card)  

Column - Code 
Routine 
Format 

Explanation 

NO(1) BASIC2 This is  e i t h e r  t he  x o r  normal 
ve loc i ty  component depending on t h e  
value of type above. These values 
must be i n  sequence with t h e  coordi- 
na t e  data .  I f  t he  x component i s  
input i t  is  defined a s  pos i t i ve  t o  
t h e  r i g h t .  I f  t h e  normal ve loc i ty  
is input  i t  is  pos i t i ve  i f  i t  is 
t o  the  i n t e r i o r  of t h e  body. 
NN-1 values a r e  input .  



(six values per card) 

Routine 

This is either the y or tangential 
velocity component depending on the 
value of type above. nese values 
must correspon to the NO values above. 
If the y component is input it is 
defined as positive if it is orientated 
upwards. If the tangential velocity 
is input it is positive if the flow 
field is to the left of the vector 
representing the tangential velocity. 



VISCOUS =OW SECTION 

me geometry and pressure  d i s t r i b u t i o n  da t a  required by t M s  program 

may be  input  d i r e c t l y  on ca rds  (Unit 5), o r  read from t h e  da t a  save u n i t  

(Unit 3) a s  generated by t h e  Neumann program. 

HEADER CARD 

This card i s  suppl ied purely f o r  de sc r ip t i on  purposes. 

Routine 
Column Code - Format 

1- 60 TITLE INPT Descript ion of input  
15A4 

6 1 CASE INPT Case number 

This card contains  f l a g s  which con t ro l  t h e  type of flow t o  be considered 

and the  form of t h e  input .  

Routine 
Column Code - Format 

1 NXT INPT 
I4  

5 LG16 INPT 
I1 

The number of the  x-s ta t ion where the 
flow goes tu rbulen t  measured from the  
s tagna t ion  poin t  (i.e., t he  leading 
edge f o r  axisymmetric bodies a t  zero 
angle  of a t t ack )  i f  t r a n s i t i o n  i s  t o  
be ca lcu la ted  by t h e  program set NXT 
t o  be one g rea t e r  than the  number of 
po in t s  input .  
Trans i t ion  f l a g  

=O Boundary l a y e r  t r a n s i t i o n  point  
i s  input  

a1 Boundary l aye r  t r a n s i t i o n  point  
i s  computed. Set NXT t o  be 
g rea t e r  than number of po in t s  
input .  



(Continued) 

INPT 
I1 

Trans i t ion  con t ro l  f l a g  

PO Trans i t ion  is  instantaneous 

=1 Trans i t ion  is gradual ( t r a n s i t i o n a l  
region used) 

INPT Transverse curvature  f l a g  
I1 =O No t ransverse  curva ture  co r r ec t i on  

used. 

=1 Transverse curvature  co r r ec t i ons  
appl ied.  

LG32 INPT P r i n t  con t ro l  f l a g  
11 =O P r i n t  using long format (with 

ve loc i ty  p r o f i l e s )  

=l Use sho r t  p r in tou t  (no ve loc i ty  
p r o f i l e s )  

IlPT Veloci ty  input  con t ro l  f l a g  
I1 

1 2  Velocity r a t i o  (Ue/Uoo) i s  input  

=3 Pressure c o e f f i c i e n t  (c ) i s  
input  . P 

LG40 INPT Unit  input  f l a g  f o r  geometry and 
11 ve loc i ty  data .  

=O Data read from u n i t  3 as 
generated by the  p o t e n t i a l  
flow program. 

LG41 INPT 
I1 

$0 Data read from cards  (un i t  5) 

System of u n i t s  FLAG 

=O English system of u n i t s  

=1 In t e rna t ion  system of u n i t s  

Flow Condition Card 

Column Code 
v 

Routine 
Format 

IlJPT Reference s t a t i c  temperature used t o  
F1O.O compute t h e  re fe rence  f l u i d  proper- 

ties. If TI is input  a s  zero then 
TI is set equal t o  e i t h e r  288.33"K 
o r  5lg0R depending on FLAG LG41 



on Card (~ontinud) 

Routine 
Pomat 

INPT 
F1O.O 

31 FK INPT 
F1O.O 

4 1 RL INPT 
F1O.O 

Radius card 

Column - Code 

1 R O W  

INPT 
E12.0 

Routine 
Format 

INPT 
F1O.O 

INPT 
F1O.O 

Reference or free-stream Mach 
nmber . 
=0,0 UL is input next 

+0.0 UI is computed from PSII. 

Reference or free-stream velocity 

~0.0 11- is input above 

$0.0 PioD input as zero above. 

Flow index 

-0.0 2-D flow assumed 

-1.0 Axisymmetric flow assumed 

Chord or reference length 

Reynolds numberlfoot 

If CHORD = 1.0 then RI must be 
Reynolds number based on CHORD. 

NOTE: The input of either Mach number 
or freestream velocity is for 
convenience only. This program 
is entirely incompressible. 

Maximum radius of body. This is used 
to obtain frontal area for skin 
friction calculation. 

Initial step size of boundary layer 
velocity profile grid. For a case 
which contains turbulent flow set 
DETAl .005. 



Radius card (continued) 

Column Code 

2 1 VGP 

Rout ine  
Format 

INPUT 
F1O.O 

VGP is  t h e  growth f a c t o r  f o r  t h e  
boundary l a y e r  v e l o c i t y  p r o f i l e  g r i d ;  
f o r  cases  w i t h  t u r b u l e n t  f low s e t  
equa l  t o  1.14. 

NOTE: For laminar  c a s e s  t h e  boundary 
l a y e r  v e l o c i t y  p r o f i l e  g r i d  
may be made c o n s t a n t  i f  VGP = 1 .0  
i s  inpu t .  Ilowever, i f  t h i s  i s  
done t h e  minimum v a l u e  of DETAl 
t h a t  can be inpu t  i s  approxi- 
mately . l o .  Th i s  can b e  calcu- 
l a t e d  i f  t h e  v a l u e  of t h e  
transformed boundary l a y e r  
th ickness ,  ETAINF , i n  known. 
Then DETAl becomes 

ETAINF 
DISTAL = 

These ca rds  inpu t  on ly  i f  LG40 # 0. 

P o i n t  Number Card 

Column Code - 

x-Coordinate Data Cards 

eolumn Code 
P 

Rout ine  
Format 

Explanation 

INPT Number of d a t a  p o i n t s  t o  b e  i n p u t .  
I 4  Maximum of 100 p o i n t s  allowed. 

Routine 
Forna t  

Explanat ion 

1 XS (1) IiJPT x-coordinate p o i n t s  inpu t  from 

11 XS (2) 6F10.0 l e a d i n g  t o  t r a i l i n g  edge input  6 
p o i n t s  per  card.  Number of p o i n t s  

2 1 XS (3)  = m  
e t c .  

Column Code - Routine 
Format 

1 YS (1) INPT y-coordinate p o i n t s  corresponding t o  
6F10.0 x-coordinates above inpu t  6 p o i n t s  

per card .  



(continued ) 

Colum Code 
Rout Ane 
Format 

11 !is (2) 
2 L ns (3) 

etc.  

Rout in@ 
Column _Is_ Code Format 

11 UE(2)  

2 1 UE (3) 

etc .  

Velocity-pressure-distribution points 
corresponding t o  x-points input above 
input 6 points per card. 

If LG26 = 2 ue/U, input 
LG26 = 3 cp input 
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CONTROL INFOR?ATLON FOR ADMI COEPUTER PROGRAM 

This part of the report contains the necessary control information to 

operate t h i s  program on a computer system. This sect ion  contabne the overlay 

structure as  wel l  a s  flow charts of the main subroutines including input flow 

information. Also, the various data sets used between main programs are  

described. 



OVEUAU STRUCWm OF ADAM 

MAIM 
NEUMAN 
INS1  
ARS IN 

OVERLAY 

( 4 , 3 )  

COlIBO 
SOLGOM 





FUNCTIONAE ORGANIZATION OF N 

EL INT 3 fi 



B M I C  ]Ea,QTJ G U T  FOR SETBROmPNE 



BASIC B O W  G W T  FOR SUmOIPX"Im PMT% 



BASIC =OW C U T  FOR SUBROmPm MSPGS. 

I 
FROM UNIT NIN 1 



BASIC m W  C W T  FOR SUBWQmIE B A S I C 1  (CONTINUED) 

TY1 = TY1 / CHORD 



BASIC PEOW C M T  POW SUBROmLNE BASIC1 (COmIMUEB) 

READ TG(1)  FROM UNIT 5 



TO FROM UNIT 5 TATING FLOW 

1 YES 





BASIC FU)W C W T  FOR SUBROUTINE B O W L  (CONTINUED) 



BASIC FlLOW CKAaT FOR SUBROUTIbSE B O m L  (CONTINUED) 



W P C  F1;OW FOR SUE1WWTm WUNDL (COmImD) 

I CALL PLPR I 



BASIC PLBW C W T  FOR SUBROWINE BOmDL ( C O N T I m I ) )  



BASIC FLOW C W T  FOR SUBROUTINE BOUNDL (CONTIWED) 



BASIC F%OW CNAW% FOR SUBROUTIW B O W L  (CONTINUED) 



BASIC PLOW C W T  FOR SUBWOWENE ZPJPT 

I READ T I T L E  CARD FROM U N I T  5 1 

READ COORDINATE DATA 

FROM U N I T  3 



The following i s  a descr ip t ion  of t h e  output symbols from t h e  var ious  

sec t ions  of t he  ADAM computer program: 

SYf1BOE DESCRIPTION 

ADDED MASS C ~ T  . P h i  - Vn.ds 

ADDX 

ADDY 

BJK 

Inf luence c o e f f i c i e n t s  W resolved p a r a l l e l  t o  t he  outward 
jk 

normal of t h e  element. Output only i f  FLG08 = 1, 

Constant which i s  added t o  a l l  X-coordinates of a p a r t i c u l a r  

body. Value pr in ted  out f o r  each body. 

Constant which i s  added t o  a l l  Y-coordinates of a p a r t i c u l a r  

body. Value pr in ted  out f o r  each body. 

Influence coe f f i c i en t  W resolved p a r a l l e l  t o  t he  tangent 
Jk 

d i r ec t ion  of t h e  element. 

BODIES Number of bodies i n  system, same a s  NB input  on f l a g  card. 

BODY 130. Number of t h i s  p a r t i c u l a r  body. This parameter input  on body 

cont ro l  card. 

CHORD The re ference  chord f o r  t he  system. 

COSA The cosine of IlALPHA 

CP The pressure c o e f f i c i e n t  on a body element, 

DALPHA The change i n  angle  between consecutive elements of a body. 

(degrees) 

DELTAS The length  of a body element. 

MACH 1JO. Mach number used i n  Gothert ' s  transformation. 

MX The f ac to r  by which a l l  X-coordinates a r e  mul t ip l ied  f o r  one 

body. ~ n p u t  on body transformation card. 

MY The f ac to r  by which a l l  Y-coordinates a r e  mult ipl ied f o r  one 

body, Input on body transformation card. 



DESCRIPTION 

Velocity norm% t o  a su r f ace  element, t h i s  is  a measure of 

bow w e l l  t h e  bomdary condit ion of zero normal ve loc i ty  is 

s a t i s f i e d ,  

NEa TPle wmber s f  geometry da t a  pa in t s  f o r  a given body. This i s  

input  on the  body transformation card. 

NNU The number of non-uniform onset  flows t o  be considered. 

PHI Value of po ten t i a l  on each sur face  element. 

PSF NO. I d e n t i f i c a t i o n  f o r  t h i s  case. ,  

SIGMA Source dens i ty  on each su r f ace  element. 

S I N A  Sin of DALPHA 

SUM(T) DELTA(S) This is  t h e  s t i o n  of T mul t ip l ied  by Deltas  up t o  each 

element midpoint. 

SUMDS S u m t i o n  of Deltas,  su r f ace  d i s t ance  around the  body. 

TCNST Constant value of t angen t i a l  ve loc i ty  used i n  s p e c i a l  option. 

THmA The angle  through which a body is  t o  be  ro ta ted  about t h e  

o r i g i n  i n  a clockwise d i rec t ion .  

TI The ve loc i ty  a t  each midpoint, 

VOLUME The volume of t h e  body being analyzed, (calculated by Neumann) 

X The input  X-coordinate def in ing  t h e  body surface,  o r  off-body 

XE The va lue  of semi-major axis used i n  e l l i p s e  generat ion option. 

The input  Y-coordinates def in ing  t h e  body surface,  o r  off-body 

Y-coordinates. 

YE The va lue  of eemi-minor axis used i n  e l l i p s e  generation option. 



Output of t h i s  rou t ine  cons i s t s  of CASE DATA and STATION DATA inputs  a s  

wel l  a s  the computed STATION DATA. Body geometry da ta ,  f l a g s  and counters,  

and re ference  quan t i t i e s  a r e  pr in ted  out under t h e  heading of CASE DATA. 

'Jalues of parameters a t  the  outer  edge of t he  boundary l aye r  a s  wel l  a s  the 

boundary condition inputs  a r e  pr in ted  out  under t he  heading of STATION DATA. 

Tl~ese a r e  followed by i t e r a t i o n  r e s u l t s ,  ve loc i ty  p r o f i l e s  f o r  each x-stat ion 

( i f  FLG32 = O),  and a summary of t h e  computed boundary-layer parameters a s  

func'rions of streamwise o r  x-distance. 

Error messages generated by the  program a r e  pr in ted  out  a t  t he  end of 

t he  STATION DATA pr in tou t  i f  they a r e  generated by input  e r rors .  Other e r r o r  

messages a r e  issued a t  d i f f e r e n t  loca t ions  i n  t h e  p r o f i l e  p r in tou t  i f  e r r o r s  

a r e  de tec ted  during t h e  computations. 

SYMBOL DESCRIPTION 

ALPHl Local body s lope  dyldx. 

ALPH2 Not ~ s e d  i n  t h i s  program. 

BETA S = (2S/ue>(due/dS) 

C CHORD 

CDBASE Base drag coe f f i c i en t .  

CF = r / (1/2 ue2), va lue  of l o c a l  sk in  f r i c t i o n  coe f f i c i en t  . 
=f w 

CFA Tota l  in tegra ted  sk in  f r i c t i o n  t o  each point.  

C~ 
Pressure coe f f i c i en t  

DELS Boundary l a y e r  displacement thickness.  

DELVW Delta  V(1,2) used i n  i t e r a t i o n  f o r  ~ ( 1 , 2 )  

EP S 
+ 

E , eddy v i scos i ty  parameter f o r  ou ter  region. 

EPSl E ~ ,  eddy v i scos i ty  parameter f o r  inner  region. 

ETA n, nsn-dimensionalized boundary l aye r  thickness  t o  each 

point  i n  t h e  boundary layer .  



EThPm Non-dime~lsione~l boundary layer  thickness used as raaximm, 
value i n  foming numerical aalut2on. gr id ,  

F,FP,FPP f , f ', PI" respectivef y, 

FPPW f "  a t  thq wall, 

FPW f '  = U/Ue a t  the  wall. 

FW t h i s  is  the  transfonmed a t r a m  function a t  the  wall. 

GW 

GPW 

H 

HE 

H l  

K 

KK 

ME 

INE 

MREF 

MUREP 

PE 

PRO 

QW 

REY 

Not used i n  t h i s  method, 

Not ueed i n  t h i s  method. 

Boundary layer  f o m  fac tor ,  H .I 6*/0 

Enthalpy 

I n i t i a l  s t ep  s i ze ,  same a s  DESCAl i n  input. 

Number of points  taken through the boundary layer ,  

I n i t i a l  s t ep  s i z e  of the  var iable  gr id  system. 

Variable gr id  parameter chosen in ternal ly .  

Local Mach number. 

Local dynamic v iscos i ty ,  ye, a t  edge of boundary layer .  

Free stream Mach number. 

Free stream dynamic v iscos i ty ,  yol. 

Pressure a t  edge of boundary layer ,  Pe. 

Laminar Prandtl  number. 

Not used In  t h i s  program. 

Reynolds number based on reference conditions (see input) 



DESCRIPTION 

WOREP Freestream referenee density, 

R,/C L a x i s m e t r i c  radius, 

EZR Not used by t h f s  program. 

RTBETA Momentum thickness Reynolds nunaber, Rot 

Rx Reynolds amber  based on l o c a l  conditions, 

S Surface distance. 

S/C Nondimensrionalized surface distance. 

SHORTP Flag which teals program t o  p r i n t  ve loci ty  pxofilea. 

Same a s  FLG32 i n  input. 

SQUIG Transfomed x-coordinate, F 

ST 

SWEEP 

TE 

THETA 

TREF 

TRFLAG 

TRINT 

TW 

TVC 

UE 

UPLUS 

Not used i n  t h i s  program. 

Not used i n  t h i s  program. 

Temperature through boundary 1ayer.Not needed f o r  t h i s  

program. 

Momentum thickness, 8. 

Reference temperature, Tm. 

Flag which determines t r a n s i t i o n  (input). 

Flag which determines instantaneous t r ans i t ion  o r  use of 

t r ans i t iona l  region option (input).  

Temperature a t  the  wall. Not used i n  t h i s  program. 

Transverse curvature f l a g  (input). 

Velocity a t  edge of boundary layer .  

NOR-dimensionlized veloci ty i n  the  boundary layer. 



XI 

Y 

Y/C 

YPLUS 

VREF 

DESCRIPTION 

Non-dimensionalized x-coordinate 

Transfomed x-coordinate - same as SQUIG 
Y-coordinate 

Non-dimensionalized y-coordinate 

Non-dimensionalized y-coordinate in boundary layer. 

Reference velocity (input) 

XNEW and YNEW These are the coordinates of the equivalent viscous 

body. The original coordinates modified by the addition of the boundary 

layer displacement thickness 6*. 



DESCRIPTION OF STORAGE UNITS 

TAPE 

TAPEl 

m e  following is  a desc r ip t ion  of a l l  d i s k  s torage  u n i t s  used i n  mw: 

DESCRIPTION 

This u n i t  used i n  subrout ine SOLVIT a s  a s c ra t ch  u n i t  

and a l s o  used t o  t r a n s f e r  t h e  "viscous" coordinates  

from subrout ine i t e r a t  t o  subrout ine smooth o r  sub- 

rou t ine  BASIC1. 

This u n i t  used i n  subrout ine SOLVIT a s  a s c ra t ch  u n i t  

and a l s o  used t o  t r a n s f e r  t h e  boundary l aye r  displace-  

ment thickness 's  from subrout ine OTPT t o  subrout ine 

ITERAT . 
This u n i t  used t o  s t o r e  source d e n s i t i e s  i n  subrout ine 

SOLVIT and used t o  t r a n s f e r  body geometry and pressures  

from subrout ine AXIS t o  subrout ine INPT. 

s i n  a ,  cos a ,  TCNST, TGdI) , cos R ~ ,  2 1 ( s in  a )  ( ~ 0 s  a )  1 , 
No, To, VN, TT, A(J) B(J) , e t c *  

Used exclusively i n  Neumann subprogram t o  s t o r e  and 

t r a n s f e r  data .  

This tape  used f o r  card input.  

This tape  used f o r  pr in ted  output,  

This tape  used t o  s t o r e  ex t r a  c ross  flow matrices,  

EC , ECY, ECZ, i n  subroutine MATRIX. 

This t ape  used t o  s t o r e  axisymmetric flow matr ices  

AS, AY, AZ, i n  subroutine MATRIX. 

This t ape  ueed t o  s t o r e  c ross  flow matr ices  CX, CY, CZ 

i n  subrout ine matr ix and a l s o  used t o  t r ans fe r  smoothed 



DESCRIPTION 

TAPE10 (Continued) coordinate data from subroutine smooth to subroutine 

BASIC1. 

TAPE11 This tape used as a scratch unit in subroutine SOLVIT. 

TAP El 3 

This tape used to store transformed parameters X1, Y1, 

X2, Y2, and ASi. 

This tape used to store untransformed coordinates 

(TX1, TY1) for use in SUBCASE option. 

This tape used to store transformed coordinates, 

(XI, Y1) for use in subroutine ITERAT. 



PROGW LISTINGS 

This p a r t  of t h e  r epo r t  conta ins  t he  source card l i s t i n g s  f o r  t he  

a x i s m e t r i c  design and ana lys i s  method (ABAM) computer program. This  program 

may be run egther  on a CDC o r  an I B M  computer. The l i s t i n g  a s  presented here  

i s  f o r  t he  CDC version of t he  program. This program has been run on the  CDC 

6600 computer. The program i s  wr i t t en  i n  FORTRAN f o r  the  CDC run compiler 

and has been run under t he  scope 3.1 and 3.4 operat ing systems. In  t h i s  

l i s t i n g  a l l  cards t h a t  a r e  pecul ia r  t o  t he  CDC version of FORTRAN a r e  ident i -  

fied by a C i n  card column 80. A l l  cards t h a t  a r e  pecul ia r  t o  t he  IBM FOR- 

TP&4 I V  compiler a r e  i d e n t i f i e d  by an I i n  card column 80 and a C i n  card 

column 1. I n  o ther  words, t he  code f o r  both CDC and IBII machines is i n  the  

deck b u t  t h e  IBM cards a r e  made i n a c t i v e  by converting them t o  comment s t a t e -  

ments (C i n  card column 1 ) .  Since a l l  of t he  machine dependent cards  a r e  

i d e n t i f i e d  by an I o r  C i n  card column 80 i t  i s  a simple matter t o  convert 

t he  deck from one version t o  t h e  o the r  with a small conversion program. When 

converting from CDC t o  IE I  code t h i s  conversion program reads and copies each 

card t o  a s torage  un i t .  I f  a card has a C i n  cord aolumn 80, then a C 

is  w r i t t e n  i n t o  card column 1 t o  make the  CDC pecul ia r  card inac t ive .  I f  a 

card has an I i n  card bolumn 80, then t h e  C is removed from card column 1 

and the card image wr i t sen  t o  t he  s torage  u n i t  a s  an a c t i v e  FORTRAN statement.  

The conversion from IBM back t o  CDC is  made i n  a s imi l a r  manner. The con- 

version program t o  convert the  deck from CDC t o  IB4 FORTRAN is  l i s t e d  below 

( for  use on an IBM machine): 

DIMENSION DATA(22) 
DATA CB, C C , C I / l H ,  ~ H C ,   HI/ 
REWIND 19 
DO 100 1=1,20000 

READ (5,20,ENDa300) DATA 
20 FORMAT (lAl,  19A4,1A2,1A1) 

IF (DATA(22) .EQ. CJ) DATA(1) = CB 
IF (DATA(22) .EQ. CC) DATA(1) = CC 
WRITE (19,20) DATA 

100 CONTINUE 
300 STOP 

EM) 



This program places t he  new deck with IBI cards made ac t ive ,  and CDC cards  

inact ive,  on t o  u n i t  19, The references t o  u n i t  19 above can be changed 

t o  u n i t  7 t o  punch the  deck o u t ,  
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FIGURE 1. COORDINATE SYSTEM FOR THE BOUNDARY LAYER ON A BODY OF REVOLUTION 

FIGURE 2, EDDY-VISCOSITY DISTRIBUTION ACROSS A BOUNDARY LAYER 



FIGURE 3. COORDINATES FOR AXIALLY SYMMETRIC BODY WITH THICK BOUNDARY LAYER 

FIGURE 4. EFFECT OF TRANSITION REGION MODIFICATION ON THE SKIN FRICTION 



FIGURE 5. TRANSITION CORRELATION CURVE FROM REFERENCE 32 
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FIGURE 6. COMPARISON OF EXPERIMENTAL AND CALCULATED TRANSITION LOCATIONS 
FROM VARIOUS METHODS FOR FAVORABLE GRADIENT l?LOWS 
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FIGURE 8. SCHEMATIC DIAGRAM O F  CYLINDRICAL WAKE SHAPE USED 

TO MODEL SEPARATION 

FIGURE 9.  PRESSURE D I S T R I B U T I O N  FOR SPHERE I N  S W E R C R I T I C A L  REGION 

USING CYLINDRICAL SEPARATION MODEL 



FIGURE 10. SCHEMATIC DIAGRAMS OF CIRCULAR ARC F A I R I N G  USED I N  THE 

MODEL FOR SEPARATED FLOW. 
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FIGURE 11 AXISYMMETRIC BASE DRAG AS A FUNCTION OF FOREBODY 
SKIN FRICTION COEFFICIENT 



FIGURE 12  COMPARISON OF BASE DRAG CALCULATED BY ADAM TO 
EXPERIMENTAL DATA 
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F I G U R E  13.  SCHEMATIC O F  H I G H  F I N E N E S S  RATIO BODY FROM REFERENCE 35 

FIGURE 14.  HIGH F I N E N E S S  RATIO BODY AND SIMULATED TUNNEL USED 

IN POTENTIAL now PROGRAM TO ACCOUNT FOR WALL EFFECTS 

ON PRESSURE D I S T R I B U T I O N  



F I G U R E  13. E F F E C T  O F  WIND TUNNEL WALLS ON I M V I S C I D  P R E S S U R E  

D I S T R I B U T I O N  FOR H I G H  F I N E N E S S  R A T I O  BODY AS 

CALCULATED BY P O T E N T I A L  FLOW PROGRAM 
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FIGURE 14. COMPARISON OF CALCULATED "VISCOUS" PRESSURE DISTRIBUTION 
FOR HIGH FINENESS RATIO BODY TO EXPERIMENTAL DATA 



FIGURE 15. EQUIVALENT BODY INCLUDING S E P W T E D  WAKE USED TO CALCULATE 

"VISCOUS" EXOW ABOUT SPHERE IN SUPERCRITICAL REGIME 



FIGURE 16. COMPARISON OF CALCULATED "VISCOUS" PRESSURE DISTRIBUTION 

FOR SPHERE I N  SUPERCRITICAL REGIME TO EXPERIMENTAL DATA 
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---- BOUNDARY LAYER CALCULATION 
BASED ON INVISCID PRESSURES 

FIGURE . EFFECT OF "VISCOUStt MODELING ON CALCUZATION OF LOCAL SKIN 
FRICTION COEFFICIENT FOR SPHERE I N  SUPERCRITICAZ, REGIME 



FIGURE 17. EQUIVALENT BODY INCLUDING SEPARATED WAKE USED TO CALCULATE 

"VISCOUS" FLOW ABOUT SPHERE IN SUBCRITICAL REGIME 



---- INVISCID SOLUTION 

FIGURE 18. COMPARISON OF CALCULATED "VISCOUS" PRESSURE DISTRIBUTION FOR 
SPHERE IN SUBCRITICAL REGIME TO EXPERIMENTAL DATA 
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FIGURE . EFFECT OF "VISCOUS" MODELING ON CAJ.,CULATION OF LOCAL SKIN 

FRICTION COEFFICIENT FOR SPHERE I N  SUBCRITICAL REGIME 
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