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A REVIEW OF SOME REYNOLDS NUMBER EFFECTS 

RELATED TO BODIES AT HIGH ANGLES OF ATTACK 

by 
Edward C, Polhamus 

Virginia  Associated Research Campusp Newport N e w s ,  VA. 

SUMMARY 

This paper presents a review of some e f f e c t s  of Reynolds number on 
selected aerodynamic cha rac t e r i s t i c s  of two- and three-dimensional bodies of 
various cross  sec t ions  relavant t o  a i r c r a f t  and mis s i l e  fuselages  a t  high 

angles of a t tack a t  subsonic and t ransonic  speeds. Ehphasis i s  placed on t h e  

Reynolds number ranges above the  s u b c r i t i c a l  and angles  of a t t ack  where lee-  

s ide  vortex flow or unsteady wake type flows predominate. L i s t s  of 

references, arranged i n  subject  categories,  a r e  presented with  emphasis on 
those which include data  over a reasonable Reynolds number range, but a l s o  

including some se lec ted  papers providing background information and 
predic t ion methods. Selected Reynolds number data representa t ive  of various 

aerodynamic flows around bodies a r e  presented and analyzed and some e f f e c t s  
of these flows on aerodynamic phenomena r e l a t ed  t o  s t a t i c  longi tudinal  and 

d i rec t iona l  chac t e r i s t  i c s  , spin  damping, and out-of-plane s ide  fo rces  a r e  

discussed. Finally,  some suggestions f o r  high Reynolds number research i n  

t h e  new National Transonic F a c i l i t y  on bodies a t  high angles of a t t ack  a r e  
offered. 



INTRODUCTION 

The aerodynamic design of of modern aerospace vehicles  i s  of t en  
c r i t i c a l l y  dependent on t h e  accuracy with which f u l l  s ca l e  viscous flaw 

cha rac t e r i s t i c s  can be predicted. One of the a reas  t h a t  is par t icu la r ly  
s ens i t i ve  t o  Reynolds number e f f e c t s  is t h e  high angle of attack 

cha rac t e r i s t i c s  of both a i r c r a f t  and missiles. The current  strong i n t e r e s t  

i n  providing expanded maneuver performance capbil  i t i e s  while maintaining 
sa t i s f ac to ry  handling qua1 i t ies and avoiding sp in  entry  has increased the  

importance of high angle of a t t ack  aerodynamics and t h e  need f o r  f u l l  scale 
Reynolds number simulation. 

Current operational  wind tunnels  used f o r  vehic le  development f a l l  shor t  
of simulating f u l l  s ca l e  Reynolds numbers by a t  least an order-of-magnitude 

f o r  the  many compressible flaw condit ions involved, thereby requiring l a rge  
theo re t i ca l  or  empi r i c a l  extrapolat ions  which a r e  of ten  of questionable 

accuracy. This is pa r t i cu l a r ly  t rue  f o r  the high angle of a t t ack  condit ions 
involving complicated separated f laws with strong vortex in te rac t ions ,  This 

was one or the  reasons f o r  the  decision t o  construct: t h e  National Transonic 

Fac i l i t y  (NTF) a t  the Langley Research Center. This high Reynolds nuinber 

wind tunnel,  based on t h e  cryogenic pressure  tunnel concept developed a t  
Langley, is current ly  nearing operational  s ta tus ,  

As an a i d  t o  u t i l i z i n g  t h e  c a p a b i l i t i e s  of the  National Transonic 
Fac i l i t y  i n  t h e  most e f f e c t i v e  manner, it appears des i rab le  t o  document t h e  
most per t inen t  Reynolds number s tud ies  ava i lab le  i n  t h e  l i t e r a t u r e  and 
analyze se lec ted  data  of pa r t i cu l a r  i n t e r e s t  i n  r e l a t i on  t o  t h e  an t ic ipa ted  
research and deve lopent  programs t o  be ca r r i ed  ou t  i n  t h e  NTF. Such 

documents should be of value i n  developing meaningf ul Reynolds number 

oriented research programs f o r  the  NTF, and thus  make best use of the 
cryogenic pressurized tunnel concept, which can i s o l a t e  ce r t a in  parameters 

and provide new and improved simulation. 
The purpose of this paper, therefore,  is t o  document one aspect of the 

high angle of a t t ack  aerodynamics described above; t h a t  of Reynolds number 
dependent flaws r e l a t ed  t o  t h e  aerodynamics of bodies such as mis s i l e s  and 
t h e  fuselages  of a i r c r a f t  and spacecraft .  

The paper concentrates on t h e  review and ana lys i s  of those data  t h a t  

cover a reasonable Reynolds number range and po in t s  out  a r eas  where 
extensions of such data using t h e  c a p a b i l i t i e s  of high Reynolds number 
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tunnels such as the  MTF w i l l  be of pa r t i cu l a r  value. Extensive reference 
lists a r e  provided and divided i n t o  various categor ies  as an a i d  t o  those 
wishing t o  make fur ther  use of the ava i lab le  l i t e r a t u r e  on Reynolds number 
e f f e c t s  on bodies. While papers describing various predic t ion methods a r e  
l i s t e d ,  no evaluation of t h e i r  r e l a t i v e  accuracies is attempted, Some papers 
which came t o  t h e  author" a t t e n t i o n  a f t e r  the  t e x t  was completed a r e  l i s t e d  
a s  "some addi t ional  papers, " 

The discussion and reference lists are, i n  general, l imi ted t o  t he  
subsonic and t ransonic  speed regimes, 

1, FORCES ON CYLINDERS I N  NORMAL F'LW 

Many of the  Reynolds number dependent viscous flow phenomena encountered 
by miss i les  and a i r c r a f t  fuselages a t  high angles of a t tack can be re la ted,  
a t  l e a s t  qua l i t a t i ve ly ,  t o  t h e  flow about two dimensional cyl inders  i n  normal 
flow having t h e  same or s imilar  cross-sectional shapes. This q u a l i t a t i v e  
s imi l a r i t y  of the  flows a l s o  extends i n t o  t he  compressible flow region, 

Because of t h i s  re la t ionsh ip  between two-dimensional and three- 
dimensional flows about f uselage-type bodies and t h e  fewer number of 
parameters involved i n  t h e  two-dimensional caser it has been selected as the  

i n i t i a l  sect ion of the  present analysis .  

1.1 Circular  Cylinders 

I n  t h i s  section,  the  ava i lab le  data regarding t h e  major e f f e c t s  of 
Reynolds number on t h e  aerodynamic flow cha rac t e r i s t i c s  f o r  c i r cu l a r  
cyl inders  immersed i n  a flow normal t o  t h e  cylinder a x i s  w i l l  be analyzed. 
Some oE the general papers which provide good fundamental descr ipt ions  of the  
flow d e t a i l s  are l i s t e d  as references 1-1 through 1,5, Papers containing t h e  
experimental data  t o  be u t i l i z e d  i n  t h i s  review a r e  l i s t e d  as  references 1,6 
through 1.44. For convenience, t he  reference list is divided by subjects;  

and within  each subject  they are ,  i n  general, l i s t e d  i n  chronological order 

f o r  h i s t o r i c a l  i n t e r e s t  , 
Since the  emphasis i n  t h i s  paper is on t h e  higher Reynolds numbers above 

the  c r i t i c a l  range, no attempt is made t o  c i t e  the  many l o w  Reynolds number 
studies,  For those in te res ted  i n  t h i s  range, Morkovin (reference 1.3) 
provides a rather extensive list of papers. 



1,l.l Smooth surface cyl inders  

The various Reynolds number ranges t o  be discussed a r e  i den t i f i ed  i n  
f i g u r e  1.1 and r e l a t ed  t o  t he  separation, vortex shedding cha rac t e r i s t i c s ,  
and r e l a t i v e  drag l e v e l s  of smooth ci rcular  cyl inders  i n  incompressible 

flaw. 

The " subc r i t i ca l "  range is defined as  t h a t  range below a Reynolds 

number, based on cylinder diameter, of ~ ~ 2 x 1 0 ~ .  In  t h i s  range, laminar 
separat ion occurs on t h e  f r o n t  a t  a separation angle, e S ,  of approximately 

80' resu l t ing  i n  a wide wake and a high drag coeff ic ient .  I n  t h i s  range, t he  
vortex shedding i n  t h e  wake, while not of the  classical "Karmann type, can be 

characterized as having a dominant periodici ty.  This range is  followed by 

the " c r i t i c a l "  range i n  which the  laminar separation is folluwed by a 
turbulent  reattachment enclosing a laminar bubble. The turbulent  f l a w  then 
separates  fu r the r  af t ,  a t  about 0=130°, a t  a Reynolds number of about 4x105, 
resu l t ing  i n  a narrowing of the  wake and a l a rge  reduction i n  drag. I n  t h i s  

range, t he  wake is  unstructured with no dominant per iodic i ty ,  and t h e  vortex 

shedding f requencies become of the  "w ide-band random" type, 
The "supercri  t i c a l "  Reynolds number range, as defined here, extends from 

about ~ = 4 x 1 0 ~  t o  about R=6x106. In t h i s  range, t r a n s i t i o n  moves upstream, 

forward of t he  laminar separat ion point  and eventually t o  t he  v i c i n i t y  of the  

forward s tagnat ion point  with the separation point  moving forward from about 
130° t o  115O, and t h e r e  is a corresponding increase i n  drag coeff ic ient .  I n  

t h e  upper p a r t  of the  supe rc r i t i ca l  region, the  vortex shedding s h i f t s  t o  a 
"narrow-band randomn pa t t e rn  and t h e  drag s t a r t s  t o  l e v e l  off ,  

I n  t h e  range above R=6x106, the  vortex wake flaw becomes a t  least 
"quasi-periodic" and some evidence of a drag reduction has been observed, I n  

t h i s  paper, t h e  term nhypercr i t i ca l"  is  adopted f o r  this range, 
It w i l l  be noted t h a t  the  term "hypercr i t ica l"  depar ts  from h i s t o r i c a l  

precedence. The term " t r ansc r i  tical ' has  been accepted through usage f o r  
t h i s  region, although some controversy has appeared i n  t he  l i t e r a t u r e  
associated wi th  its somewhat inconsis tent  connotation i n  describing t h e  
Reynolds number beyond t h e  "super c r i  tical ' range, With the  expected increase 

i n  high Reynolds number research i n  both two-dimensional and t h r e e  
dimensional flows as a r e s u l t  of the  a v a i l a b i l i t y  of new high Reynolds number 
wind tunnels, consideration of adoption of a new term appears timely, In  

attempting t o  accomplish t h i s  i n  t h e  past ,  some researchers have combined t h e  
4 



" c r i t i c a l "  and "supercr i t i ca l"  regions and subs t i t u t ed  the  term 
" t r a n s c r i t i c a l "  f ollawed then by "supercr i t i ca l .  " While t h i s  provides a 
somewhat more log i ca l  terminology, the  l o s s  of the  term " c r i t i c a l "  describing 

t h e  region where the  separat ion cha rac t e r i s t i c s  a r e  changing very rapidly and 
t h e  sh i f t i ng  of the  term "supercr i t i ca l"  from the  region which it has defined 

f o r  many decades appears undesirable. Theref ore, s ince  " t r ansc r i  tical" is  a 

r e l a t i ve ly  new term whose use has been somewhat r e s t r i c t e d  due t o  the  ra ther  

l imi ted  research i n  t h i s  region, t h i s  paper drops i ts  use, subs t i t u t i ng  

"hypercr i t ica l"  and r e t a i n s  t h e  well-established terms i n  t h e  lower regimes. 
W i t h  the  an t ic ipa ted  increase i n  two-dimensional and three-dimensional 
research i n  t h e  "hypercr i t ica l"  range, a consis tent  adoption of t h i s  term 
should soon el iminate the  confusion t h a t  may r e s u l t  i n i t i a l l y .  

Many cor re la t ions  have been made of the  e f f e c t  of Reynolds number on t h e  
drag of c i r cu l a r  cyl inders  i n  incompressible £lowe However these 

cor re la t ions  invar iably  have shown extremely wide bands of uncertainty , 
par t icu la r ly  i n  t h e  higher Reynolds number ranges (see reference 1.5 for  

example) . While the  e f f e c t s  of surf ace condition, compressibility, end 

conditions, etc.  , a r e  sometimes c i t e d  a s  possible  causes; no concerted 

attempt has been made t o  i s o l a t e  these e f f e c t s ,  and theref  ore, such an 
attempt w i l l  be made here. 

The data se lec ted  from the  l i t e r a t u r e  search t o  e s t ab l i sh  the  l o w  speed 
drag coe f f i c i en t  fo r  two-dimensional smooth c i r cu l a r  cyl inders  is  presented 
i n  f i g u r e  1.2 as a function of Reynolds number based on f r e e  stream 

conditions and t h e  cylinder diameter. To ensure t h a t  e f f e c t s  of 
compressibil i ty a r e  ins ign i f ican t ,  the  data used has  been l imi t ed  t o  t h a t  

obtained a t  Mach numbers l e s s  than 0.15. Comparisons of the  drag va r i a t i on  

with Reynolds number f o r  cyl inders  of various diameters where the  Reynolds 
number va r i a t i ons  were obtained by veloci ty  changes (references 1.9 r 1.10,  

and 1.141, indicated t h a t  measurable compressibil i ty e f f e c t s  began i n  t he  

range of Mach number from 0.18 t o  0.20 with the  value of 0.15 being se lec ted  
as a conservative upper 1 i m i t  f o r  e sen t i a l l y  incompressible flow. 

To e s t a b l i s h  the l e v e l  of drag coe f f i c i en t  a t  subc r i t i ca l  Reynolds 
numbers, data from the classical experiment performed by Wieselsberger a t  

Gottingen (reference 1.6) is used. Wieselsberger t e s t ed  9 cyl inders  having 
diameters ranging from 0.05 t o  300m t o  cover the range of Reynolds numbers 

from 0,2  t o  800,000, However, fo r  the  range of i n t e r e s t  here only t he  data 

obtained with the  80mm (3-15 in )  diameter cylinder i s  presented i n  f i g u r e  
5 



1.2, It w i l l  be noted t h a t  i n  addi t ion  t o  es tab l i sh ing  t h e  constant drag 
l e v e i  for  the  subc r i t i ca l  range, h i s  data  es tab l i shes  t he  beginning of the  
critical range, Although Wieselsberger a l so  t e s t e d  a 300m cylinder t o  cover 
t he  f u l l  critical Reynolds number range, the  data  i s  not  used here  i n  view of 
poss ible  end-plate boundary-layer and blockage e f f e c t s  associa ted wi th  t h i s  

extremely la rge  diameter cylinder of r e l a t i ve ly  sho r t  length. 
To e s t ab l i sh  the  remainder of the  critical Reynolds number range, the 4" 

diameter cylinder data of Stack (reference 1.8) , the 8,34" diameter of 
Polhamus (reference 1.10) , and t h e  12" diameter of E l a n y  and Sorensen 

(reference 1-91 a r e  added t o  t h a t  of Wieselsberger. (It  should be noted t h a t  
i n  t he  subc r i t i ca l  range, the  two data p i n t s  from reference 1.10 are l o w  
due, i n  a l l  probabi l i ty ,  t o  inaccuracy associated with the  very low dynamic 
pressures)  . I n  t h e  c r i t i c a l  range, good agreement e x i s t s  between a l l  of the 

data, and it appears t h a t  the  va r i a t i on  is  accurately established,  
Although Stack obtained data  i n  t h e  upper c r i t i c a l  range, the  Mach 

number exceeded t h e  0 -15 l i m i t  se lected f o r  the  correlat ion.  The Delany and 
Sorensen data  i n  t h e  lower c r i t i c a l  range has been eliminated due t o  t he  

e f f e c t s  of leakage a t  the  w a l l  pointed out  by the authors. Their data i n  t h e  
upper c r i t i c a l  and supe rc r i t i ca l  ranges is  t en t a t i ve ly  assumed v a l i d  i n  view 

of the  grea t ly  reduced end e f f e c t s  of three-dimensional cyl inders  i n  t h i s  

Reynolds number range (see references 1.42 and 1.44). 

In  t h e  lower supe rc r i t i ca l  range, the data of Delaney and Sorensen, and 
Polhamus a r e  presented i n  f i g u r e  1.2 and reasonably good agreement is  

observed, It should be noted t h a t  the data  a t  higher supe rc r i t i ca l  Reynolds 
number presented i n  references 1.9 and 1,10 have been eliminated t o  avoid 
exceeding t h e  Mach number l imi t a t i on  described e a r l i e r ,  The minimum drag 
coef f ic ien t ,  which occurs i n  t h e  l o w  supe rc r i t i ca l  range, is about 0 -25 and 
is  i n  good agreement wi th  the  f l i g h t  test data published by Stephens 
(rererence 1 ,7 ) .  

Data from other sources i n  t h i s  range have been omitted f o r  the  
following reasons, The data of Humphreys (reference 1.11) is not u t i l i z e d  

s ince  the critical Reynolds number is  l o w ,  indicat ing t h e  probabi l i ty  of too 
high a stream turbulence Level, In addit ion,  only one data  p i n t  below a 
Mach number of 0.15 and with the  ends sealed was obtained i n  t h e  
supe rc r i t i ca l  range. The data of Jones et, ale (reference 1.15) i n  t h e  lower 
supe rc r i t i ca l  range were obtained i n  f reon  a t  a tunnel s tagnat ion pressure of 



1/10 atmosphere and t h e  r e su l t i ng  l o w  dynamic pressure  caused l w  measurement 
accuracy (which was con£ inned by the  senior author 1 , 

In t he  higher super c r i  tical and hypercr i t i ca l  range of Reynolds number, 
it appears from the  l i t e r a t u r e  survey t h a t  only the  data  of Jones, et. dl. 

(reference 1.15) s a t i s f i e d  t h e  l o w  Mach number and smooth surface condition 
requirements, Additional data sources of t en  used i n  attempting t o  define the  
drag va r i a t i on  i n  t h e  upper supe rc r i t i ca l  and hypercr i t i ca l  Reynolds number 
range a r e  those of Roshko (reference 1-20) and Schmidt (reference 1-13] - 
However, i n  t h e  present study Roshko9 data, because of the surf ace condit ion 

of the cylinder, is included with the  rough cylinder data  ra ther  than t h e  
smooth cylinder data, The Schmidt data was not u t i l i z e d  s ince  it was 
obtained with a three-dimensional cylinder. Care must exercised i n  analyzing 

Schmidts s data due t o  t he  l a rge  va r i a t i on  i n  Mach number f o r  a given Reynolds 

number. Results from the  study by James et. al. (reference 1-27] d id  not  
meet the  Mach number c r i t e r i a .  

In t h e  study by Jones et, dl., a 36" cylinder was t e s t ed  i n  a i r  f o r  the  
upper supercri  t i c a l  Reynolds number range, and i n  f reon t o  extend t h e  data  
i n t o  t he  hypercr i t i ca l  range, These data, taken from t a b l e  I of reference 
1.15, i l l u s t r a t e s  t he  increase i n  drag i n  t h e  upper supe rc r i t i ca l  region a s  
the  t r a n s i t i o n  point  moves t o  t he  f r o n t  face,  resu l t ing  i n  a wider wake with 

l e s s  pressure recovery. The turbulent  boundary layer can be t t e r  withstand 
t h e  adverse pressure gradient  and t h e  turbulent  separat ion point  remains a f t  

of the laminar separation point. Above a Reynolds number of about 6xlo6, i n  
t h e  so-called hype rc r i t i ca l  Reynolds number range, t he  drag remains 

e s sen t i a l l y  constant a s  t h e  t r a n s i t i o n  p i n t  moves w e l l  forward on t h e  f r o n t  
face  of the cylinder and t h e  separation point  becomes r e l a t i v e l y  i n sens i t i ve  
t o  Reynolds number. It i s  an t ic ipa ted  wi th  fur ther  increases  i n  Reynolds 

number t h a t  some decrease i n  drag w i l l  occur as f u l l y  turbulent  flow is 

reached and t h e  turbulent  boundary layer begins t o  th in ,  A reduction of 

f r i c t i o n  drag would be expected as  wel l  as an a f t  movement of the  turbulent  
separation point. T e s t s  i n  t h e  new high Reynolds number wind tunnels  would 
be useful i n  t h i s  regard. 

From the above analysis ,  it appears t h a t  much of the  data  s c a t t e r  i n  t h e  

supercri  tical and hypercr i t i ca l  Reynolds number ranges shown i n  previous 

summary papers can be iden t i f i ed  as  the  e f f e c t s  of compressibil i ty and 
surface condition, and t h a t  f i g u r e  1.2 represents a reasonably accurate drag 
va r i a t i on  f o r  smooth c i r c u l a r  cyl inders  i n  incompressible flow for  Reynolds 
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numbers from the  subc r i t i ca l  through the  supe rc r i t i ca l  range, A s  pointed 
out,  addi t ional  data is  required t o  define the  va r i a t i on  i n  t he  hypercr i t i ca l  

Reynolds number range, 

lel .2 Effects  of surface  roughness 

The e f f e c t  of surf ace roughness on t h e  drag of c i r cu l a r  cyl inders  normal 

t o  an incompressible flow is i l l u s t r a t e d  i n  f i g u r e  1-3 .  Since the  primary 
i n t e r e s t  i n  t h i s  paper is i n  t h e  supe rc r i t i ca l  and hypercr i t i ca l  Reynolds 

number range, t he  data  from the  well-known ear ly  study ca r r i ed  out  a t  lower 
Reynolds numbers by Fage and Warsap (reference 1.18) is not presented. In  
f i g u r e  1 -3 ,  the  smooth cylinder "baseline" curve is taken from the  
cor re la t ion  of f i g u r e  1 ,2 ,  discussed i n  t h e  previous section,  i n  which the  
surface roughnesses se lec ted  appeared t o  be t he  lowest ava i lab le  and 
e s sen t i a l l y  'Daerodynamically" smooth. It is recognized, however, t h a t  some 

small l eve l  of roughness drag may be present i n  t h e  baseline curve, 
pa r t i cu l a r ly  i n  t h e  hypercr i t i ca l  Reynolds number range. The roughness 1 eve1 

for  the  various Reynolds number ranges is  indicated f o r  the  baseline curve i n  
terms of e f f ec t ive  sand-grain height. 

The sources of data f o r  rough cyl inders  a t  Mach numbers equal t o  or less 
than 0,15 which exceed t h e  c r i t i c a l  Reynolds number of the  smooth cylinder 
a r e  Roshko (reference 1.20) , Achenbach ( reference 1.21) , Schulz and Hayn 
(reference 1,221, and Szechenyi (reference 1,24 and 1,251. 

The cylinder used by Roshko was an 18" diameter seamless black s t e e l  
pipe which, after being cleaned by sandblasting, had a surface roughness of 

"about 200x10-~ inches" r e su l t i ng  i n  a non-dimensional sand-grain roughness 
parameter, r/D, of about Achenbach used glued spheres and applied a 
f ac to r  of 0.55 (obtained by curve f i t t i n g  with the Fage and Warsap data i n  

t h e  c r i t i c a l  range) t o  t h e  sphere diameters t o  obta in  equivalent sand-grain 

roughness ( rs/D) values of 110x10-~, 450x10-~, and 900x10-~. Szechenyil s 

cyl inders  were roughened w i t h  ca l ib ra ted  spher ical  g l a s s  beads, and f o r  the 

purpose of t h i s  paper, the  fac tor  of 0.55 used by Achenbach has been applied 
t o  convert Szechenyi' s data  t o  an  equivalent  sand-grain roughness, It is 

recognized t h a t  such conversions a r e  questionable and t h a t  t he  f ac to r  may not 
be independent of Reynolds number. Hawever, s ince  sand-grain roughness i s  

more c losely  re la ted  t o  surfaces  encounted on ac tua l  a i rc ra£ t ,  the fac tor  o£ 
0,55 is used a s  a " ten ta t ive"  conversion, subject  t o  fu r the r  invest igat ion,  
8 



In addit ion,  the  e f f e c t s  of tunnel turbulence var ia t ions ,  d i f ferences  i n  

roughness s t ruc ture ,  e tc . ,  makes t he  de f in i t i on  somewhat q u a l i t a t i v e  a t  
best. However, it is thought t h a t  the  data  a s  presented i l l u s t r a t e s  t he  
re la t ionsh ip  between roughness and Reynolds number wi th  regard t o  drag. 

Since the  drag curves obtained by Achenbach a r e  w e l l  defined by c losely  

spaced data pointsp only h i s  f i n a l  curves arre presented, In  connection with 

the  data from Szechenyi, it should be noted t h a t  some inaccuracy may have 
been encountered i n  t ranscr ib ing  and covert ing t h e  data  from f i g u r e  3 of 

reference 1.25, 

Achenbachs s data is  f o r  r e l a t i ve ly  la rge  roughness g ra in  s i z e  and is  i n  

general good agreement wi th  the  ear ly  Fage and Warsap data with regard t o  t h e  
c l a s s i ca l  e f f e c t  of roughness. This c l a s s i c a l  e f f e c t  i s  t o  promote an 

e a r l i e r  t r a n s i t i o n  t o  a turbulent  boundary layer,  and thus a reduced pressure 
drag. This reduction is l e s s  than t h a t  obtained on smooth cyl inders  i n  t h e  
c r i t i c a l  range and i s  followed by a more rapid  increase i n  t h e  supe rc r i t i ca l  

range. It has been suggested by Batharn (reference 1.23) t h a t  the  higher 

value of minimum drag is due t o  t h e  roughness dispersing t h e  turbulent  burs t s  

and leaving t h e  boundary layer l e s s  capable of withstanding t h e  adverse 

pressure gradient.  Achenbachu s study extends t he  data  on highly rough 

cyl inders  i n t o  t h e  upper supe rc r i t i ca l  Reynolds number range and i l l u s t r a t e s  

t he  leve l ing  of f  of the drag i n  t h i s  region as a value approaching t h a t  f o r  

the  subc r i t i ca l  smooth cylinder. This is the  r e s u l t  of the  t r a n s i t i o n  point  

moving c lose  t o  t he  s tagnat ion point  so t h a t  separat ion occurs near the  
minimum pressure point  s imi la r  t o  t h e  subcr i  tical laminar separation case, 
For l a rge  values of roughness, the  drag becomes e s sen t i a l l y  indepedent of 

r/D. 

For smaller s i z e  roughness, t he  data of Szechenyi appears t o  ind ica te  
t h a t  below the  supe rc r i t i ca l  Reynolds number range, roughness l e v e l s  less 

than r / ~ = 8 x 1 0 - ~  probably do not produce any measurable e f f e c t  on t h e  drag. 
A s  t h e  boundary layer t h in s  i n  t h e  supe rc r i t i ca l  range, however, the  

roughness l e v e l  of r / ~ = 8 x 1 0 - ~  begins t o  produce a measurable drag increment 

for  RD values greater  than about l o 6  ., This t rend appears t o  be substant ia ted 
by Roshko" data i n  t h e  upper supe rc r i t i ca l  and hypercr i t i ca l  range where an 
appreciable drag increment due t o  roughness is  observed f o r  a roughness 
parameter of only 1 ,lx10-'. 



The dashed l i n e s  used i n  f i g u r e  1,3 t o  connect t he  l o w  roughness data t o  
t he  smooth cylinder curve a r e  en t i r e ly  conjectural  but a r e  presented t o  
i l l u s t r a t e  t he  poss ible  onset  of roughness e f f e c t s  above the  critical 
Reynolds number. 

With regard t o  t he  drag of rough cyl inders  i n  t h e  hypercr i t i ca l  Reynolds 

number range, it is of i n t e r e s t  t h a t  data w a s  obtained i n  t h i s  high Reynolds 
number range as ea r ly  as 1929 by Dryden and H i l l  and published i n  a seldom 

c i t e d  paper (reference 1.19) . They obtained data, i n  natural  winds, on a 

power p lan t  chimney constructed of brick, But due t o  three-dimensional 

e f f e c t s  and undetermined equivalent sand type roughness, no attempt is  made 
here t o  include the  data  i n  f i g u r e  1.3. 

From the r e s u l t s  of f i g u r e  1.3, it appears des i rab le  t o  e s t ab l i sh  the  
onset  of roughness e f f e c t s  i n  t h e  Reynolds number range above 1 0 ~ ~  This may 

require a smooth reference test w i t h  surface f i n i s h  of higher pol ish  than 
t e s t e d  previously. 

Additional data on t h e  e f f e c t s  of surface condit ions i n  compressible 
flow would a l s o  be of value pa r t i cu l a r ly  i n  t h e  subsonic range and a t  

Reynolds numbers above 1 0 ~ ~  Data obtained a t  lower ~ e y n o l d s  numbers suggest 
t h a t  f o r  compressible flow a t  subc r i t i ca l  Mach numbers, surface  roughness may 
reduce the  drag even i n  t h e  supe rc r i t i ca l  Reynolds number range (see 
references 1.22 and 1,271, For supe rc r i t i ca l  Mach numbers, with shock- 

induced separat ion on t h e  forward face, Macha (references 1.36 and 1,371 has 
indicated drag reductions due t o  surface roughness f o r  Mach numbers up t o  0-9 

over the  Reynolds number range f o r  which data is available.  

1 l 3 a f  e c t  s of compr e s s i b i l  i t y  

As mentioned e a r l i e r ,  measurable e f f e c t s  of compressibility are 
encountered a t  Mach numbers w e l l  below the  c r i t i c a l  Mach number which, 
depending upon t h e  boundary layer condition, occurs i n  t h e  range of 0,40 
This is not surpr i s ing  s ince  a t  a Mach number as l o w  as 0.25, the  minimum 

pressure coef f ic ien t  is more negative than t h e  incompressible value by nearly 

9% according t o  t h e  Karman-Tsien equation (reference 1,30),  This increases  

t h e  magnitude 02 the  adverse pressure gradient  thereby moving t h e  separation 

p i n t  forward and reducing t h e  pressure i n  t h e  separated region, Figure 1,4 

summarizes t h e  ex is t ing  smooth cylinder data f o r  Mach numbers i n  t h e  range 
f rm essen t i a l l y  incompressible t o  0,50 which is s l i g h t l y  i n  excess of the  
1 0  



c r i t i c a l .  For appl icat ions  r e l a t ed  t o  t h e  subject  of this paper, Mach 
numbers normal t o  t he  cylinder ax i s  up t o  0,5 are usually su f f i c i en t ,  If 
information f o r  higher Mach numbers is required, data can be found i n  

references 1.33, 1,34, 1.36, and 1,37, although the data  is l imi ted  t o  

Reynolds numbers below 1 0 ~ ~  

In f i g u r e  1.4, t he  l i n e  representing t h e  incompressible va r i a t i on  of 

c i r cu l a r  cylinder drag coef f ic ien t  w i t h  Reynolds number is  from f igu re  1 ,2  
and represents  Mach numbers equal t o  or less than 0 -15, I n  t h e  subc r i t i ca l  

Reynolds number range where the  incompressible laminar separat ion point  
occurs on t h e  f r o n t  face ,  the e f f e c t s  of compressibil i ty for  Mach numbers up 
t o  0.5 a r e  r e l a t i v e l y  small and appear t o  be w e l l  es tabl ished by the  data  of 

Stack (reference 1.31) and Gowen and Perkins (reference 1.341, However, i n  
t h e  higher Reynolds number range of i n t e r e s t  f o r  this paper, the  trends w i t h  

Mach number can only be p a r t i a l l y  established.  

From the data obtained by Stack (reference 1.31) and Schulz and Hayn 

(reference 1-14] on cyl inders  of various diameters, it is  f a i r l y  well 

es tabl ished t h a t  a t  l e a s t  below the  c r i t i c a l  Mach number, compressibil i ty 

s h i f t s  t he  c r i t i c a l  Reynolds number range t o  considerably higher Reynolds 
numbers as seen i n  f i g u r e  1.4. It is  presumed t h a t  this e f f e c t  is associa ted 

with a delay i n  t h e  formation of boundary layer turbulence due t o  t he  
increased magnitude of the  favorable pressure gradient  on t h e  forward face,  

and an  increase  i n  t h e  adverse gradient  a f t  of the minimum pressure point ,  
That t he  changes i n  pressure gradients  can be appreciable is  seen i n  t h e  f a c t  

t h a t  the  minimum pressure coef f ic ien t  is more negative by nearly 24% a t  a 

Mach number of 0.40 according t o  ca lcu la t ions  by the  inv isc id  f u l l -potent ia l  

t ransonic theory described i n  reference 1,39. These changes i n  pressure 

gradient  a f f e c t  not only the  separat ion point  and wake width but a l so  r e s u l t  

i n  a more negative pressure a t  the separat ion point,  and theref  ore, i n  t h e  
wake. This r e s u l t s  i n  an increased drag over the e n t i r e  Reynolds number 
range . 

The only appl i cab l  e data on compr essi b i l  i t y  e f f e c t s  i n  t h e  upper 

supe rc r i t i ca l  and lower hypercr i t i ca l  Reynolds number range appears t o  be 

t h a t  obtained by Jones e t ,  a l e  (Table 11 of reference 1.35) , and t h e i r  data 

is shown i n  f i g u r e  1,4 for  constant Mach numbers of 0,25, 0,35, and 0.40. 

For the Mach number of 0.25 both the  a i r  and f reon data is presented, but f o r  

khe other two plli\ch numbers t he  f reon data has been omitted i n  view of 

poss ible  r e a l  gas  e f f e c t s  which tend t o  cause departures from a i r  r e s u l t s  i n  
1% 



t he  higher l o c a l  Mach number condit ions (see references 1 ,40  and 1.41). In  

t h i s  regard, it i s  of i n t e r e s t  t o  note t h a t  the  ra ther  unusual peaky type 
va r i a t i on  of cd w i t h  Reynolds number f o r  e 0 . 3 5  and M=0.40 shown i n  f i g u r e  1 2  

of reference 1.35 would e s sen t i a l l y  disappear i f  the  a i r  and f reon data were 

separated and i f  the  1 /10  atmosphere f reon data (with its l o w  accuracy) was 
eliminated, Since the  f reon data represents  t he  highest Reynolds number data  
avai lable ,  t h e  degree t o  which it represents  r e s u l t s  i n  a i r  might be worthy 
of fu r ther  study . 

Although the  data is ra ther  sparce, it appears from f i g u r e  1.4 t h a t  the  
e f f e c t  of compressibil i ty a t  subc r i t i ca l  Mach numbers is  a minimum a t  l o w  
supe rc r i t i ca l  Reynolds numbers and increases  considerably i n  t h e  

hypercr i t i ca l  range a s  t h e  boundary layer becomes thinner,  
Based on t h e  data of f i g u r e  1.4 it i s  apparent, t h a t  except f o r  the data  

of reference 1.35 i n  t h e  lower hypercr i t i ca l  range, very l i t t l e  penetrat ion 

has been made i n t o  t h e  Mach-Reynolds number envelope above a Reynolds number 

of about 5 x 1 0 ~ .  The new cryogenic wind tunnels  provide a source f o r  the 

needed data. 

1.1,4 Effects  of f ineness  r a t i o  

Although f ineness  r a t i o  (length-to-diameter r a t i o ,  L I D )  e f f e c t s  involve 

three-dimensional flows, the  cyl inders  ( a t  a=90°) with "squared-of f " ends 
w i l l  be covered here  while the  conventional nose shapes appropriate t o  
f use1 ages w i l l  be t r ea t ed  i n  a subsequent sect ion on three-dimensional 
bodies. 

The flow around t h e  ends of cyl inders  of f i n i t e  length has a pronounced 
e f f e c t  on t h e  drag, Possible sources of the  drag changes include various 

combinations of venting from the  end region i n t o  t h e  near wake (which 

increases  t h e  pressure i n  t h e  separated region) reduced v e l o c i t i e s  and 

Reynolds numbers near the  ends, and separat ion a t  the  sharp corners of the  

"squared-off" t i p s .  The primary sources of data f o r  the  e f f e c t  of f ineness  

r a t i o  a r e  t h e  experimental invest igat ions  of Wieselsberger (reference 1.42) 
and McKinney ( reference 1,441 . Both invest igat ions  show a very la rge  

reduction i n  dxag, a t  subc r i t i ca l  Reynolds numbers, as t h e  f ineness  r a t i o  is 
reduced which is a t t r i b u t e d  primarily t o  t h e  aforementioned venting i n t o  t he  

near wake, 



To inves t iga te  the in£luence of Reynolds number, Wieselsberger t e s t ed  
one f i n i t e  length cylinder through the c r i t i c a l  range, and McKinney 
investigated a l a rge  number of f ineness  r a t i o s  over a wide range of Reynolds 
numbers, Reynolds number va r i a t i ons  f o r  two f ineness  r a t i o s  se lec ted  from 
these s tud ies  a r e  shown i n  f i g u r e  1 ,5  i n  terms of the  drag proport ional i ty  
fac tor ,  q ,  ( r a t i o  ot  f i n i t e  length cylinder drag coe f f i c i en t  t o  t h a t  f o r  an 

i n f i n i t e  length cylinder)  i n  t h e  c r i t i c a l  Reynolds number range ( the  flagged 
symbol is from Wieselsberger and is used t o  ex t rapola te  McKinney8 s data t o  
t he  subc r i t i ca l  l eve l )  . The r e s u l t s  i nd i ca t e  t h a t  increases  with Reynolds 
number and approaches a value of 1.0 a t  the  end of the  c r i t i c a l  range, Th i s  

is apparently associated with a reduction of venting i n t o  t he  near wake f o r  
the  l o w  drag condit ions where the  wake is  narrow and t h e  pressure recovery 
rather high. McKinney has shown t h a t  under these conditions, lower f ineness  
r a t i o s  can generate drag coe f f i c i en t s  which a r e  higher than t h e  two- 
dimensional case (q>1.0) due, a t  least i n  par t ,  t o  t he  increased importance 
of the  flow separat ion around t h e  "squared-off" ends (see reference 1,441 . 

That port ion of McKinneyas supe rc r i t i ca l  data which was obtained a t  Mach 
numbers less than 0.15 is a l s o  shown i n  f i g u r e  1.5 and i l l u s t r a t e s  t h e  

reduction of q as t h e  turbulent  separat ion point  moves forward widening t h e  

wake and reducing t h e  pressure recovery, and thereby again allowing 

pressur izat ion due t o  end e f f e c t s ,  

The only data  found i n  t he  upper supe rc r i t i ca l  Reynolds number range is  
t h a t  obtained by Dryden and H i l l  on a 10-foot diameter cylinder i n  na tura l  
winds (reference 1,191 . The f ac to r  f o r  t h i s  data was determined by comparing 
t h e  three-dimensional data extracted from the  na tura l  wind data  with the  two- 

dimensional cor re la t ion  from wind tunnel data presented i n  f i g u r e  1.2. 
Because of uncer ta in t ies  regarding t h e  turbulence l eve l ,  veloci ty  
d i s t r i bu t ion  and surface  condition f o r  the  natural  wind tests t h e  extracted 

f ac to r  is shown as a band. Despite these  uncer ta int ies ,  the values  of 

a r e  such that they re inforce  the  expectat ion t h a t  drag reductions due t o  

f i n i t e  length continue i n t o  t he  upper supercr i  tical range. 
The reader is  re fe r red  t o  reference 1.44 for  the  e f f e c t s  of Reynolds 

number on t h e  drag of f i n i t e  length cy l inders  with hemispherical ends or  
noncircular c ross  sect ions ,  



1 ,l ,5 Li f t i ng  cy l inders  

An inves t iga t ion  of the  e f f e c t s  of Reynolds number on t h e  aerodynamic 
cha rac t e r i s t i c s  of two-dimensional l i f t i n g  cy l inders  of c i r cu l a r  c ross  
sec t ion  i n  incompressible flow has been ca r r i ed  ou t  by Lockwood and McKinney 

( reference l ,111 and some of t h e i r  r e s u l t s  a r e  shown i n  f i g u r e  1,6, This 
l i f t  was generated by a spo i le r  type f l ap ,  and both the  f l a p  projection,  hr 
and o r i en t a t i on  angle, 6 , were investigated,  For the  data  shown, the f l a p  
project ion was 6% of the cylinder diameter, 

In f i g u r e  1.6, t he  l i f t  coe f f i c i en tF  c R ,  is presented as a function of 

Reynolds number, RD, fo r  various f l a p  o r i en t a t i on  angles, 6 . The f l a p  acts 
as a spo i le r  and tends t o  f i x  t h e  separat ion l i n e  on t h e  lower surface of the  
cylinder. The r e su l t i ng  wake def lec t ion  and l i f t  fo rce  depends on t h e  
loca t ion  of the  upper surface separaton l i n e ,  The r e s u l t s  shown i n  f i g u r e  
1.6 i l l u s t r a t e  the  l a rge  increase i n  l i f t  coef f ic ien t  i n  t h e  c r i t i c a l  

Reynolds number range f o r  6=90° from t h e  free stream veloci ty  vector) 
associa ted w i t h  t he  rearward movement of the  turbulent  separation l i n e  on t h e  
s ide  opposite the  f l a p  r e su l t i ng  i n  l a r g e  negative pressures which are 
augmented by the  induced c i rcula t ion.  It w i l l  be noted t h a t  the  maximum lift 

coef f ic ien t  , which occurs i n  t h e  upper critical Reynolds number range, 
approaches a value of 1,6,  which is  about 2.5 times the  drag coef f ic ien t ,  

As t h e  Reynolds number increases  i n  t h e  supe rc r i t i ca l  range, t h e  l i f t  
decreases due t o  t h e  forward movement of the  turbulent  separation l i n e ,  The 

l o s s  of l i f t  r e su l t i ng  generally from posit ioning t h e  f l a p  e i t h e r  f o r e  or a f t  

of the  90' pos i t ion  is  a l s o  shown. For de t a i l ed  pressure  measurements and 

other f l a p  projections,  the reader is re fe r red  t o  reference 1,l.l. 

Although the above study was made t o  inves t iga te  the appl icat ion of the  
1 if t i n g  cylinder concept f o r  the  recovery of expended cy l indr ica l  rocket 
boosters, t h e  r e s u l t s  a r e  a l so  r e l a t ed  t o  t h e  use of slender nose s t rakes  on 
three-dimensional fuselages a t  moderate and high angles of attack, For 
example, s imi la r  Reynolds number dependency might a l s o  be expected w i t h  

r e t r ac t ab l e  nose s t rakes  used t o  develop s i d e  forces  a t  high angles of attack 

t o  augment declining d i r ec t iona l  control ,  The po ten t ia l  hazard of developing 
such controls  i n  t h e  wind tunnel  a t  subc r i t i ca l  Reynolds numbers is  

apparent, 
A somewhat more famil iar  appl icat ion of slender nose strakes is t h a t  of 

providing d i r ec t iona l  s t a b i l i t y  a t  high angles of attack t o  o f f s e t  t he  l o s s  
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of v e r t i c a l  tail effectiveness,  In t h i s  appl icat ion,  the  high crossflaw 
velocity a t  the  windward s t r ake  r e l a t i v e  t o  t h a t  on t h e  leeward s t r ake  
r e s u l t s  i n  an increased vortex s t rength  and a ne t  vor tex induced s i d e  force  
t h a t  augments t h e  d i rec t iona l  s t a b i l i t y ,  The magnitude of the fo rces  
generated can be iniluenced by Reynolds number through its e f f e c t  on t h e  
natural  separat ion loca t ion  and t h e  ve loc i ty  a t  the  s t rake  locat ion,  

(Limited data on two-dimensional cyl inders  w i t h  two f l a p s  180' apa r t  t h a t  is 
r e l a t ed  t o  t he  above s t rake  appl icat ion is a l s o  contained i n  t h e  Lockwood and 
McKinney study ,) 

1,2 Non-Circular Cylinders 

For a var ie ty  of p rac t i ca l  reasons, t he  cross-sectional shapes of 
a i r c r a f t  fuselages  o f t en  deviate  from a c i r c l e ,  For modern combat a i r c r a f t  

w i t h  r e la t ive ly  long fuselage forebodies ahead of the wing and having t h e  

requirement t o  maneuver t o  high angles of attack, t he  crossf lm 

cha rac t e r i s t i c s  of t h e i r  non-circulator forebodies of t en  play an important 

r o l e  i n  t h e  aerodynamic cha rac t e r i s t i c s  of the a i r c r d t .  This is 

par t icu la r ly  t r u e  w i t h  regard t o  such handling q u a l i t i e s  as d i rec t iona l  
s t a b i l i t y ,  nose s l i c e ,  spin  damping, pitch-up, e tc ,  

Shortly a f t e r  the development of AllenB s crossflow theory (see sect ion 

41,  it became apparent t h a t  data on two-dimensional cyl inders  of various non- 

c i r cu l a r  cross-sections was needed i n  order t o  apply the  method t o  non- 
c i r c u l a r  shapes. Although some data was ava i lab lep  it was generally l imi ted 
t o  subcri  t i c a l  Reynolds numbers. This prompted t h e  two-dimensional cylinder 

drag study ca r r i ed  ou t  by Belany and Sorensen (reference 1,451 t h a t  covered a 

var ie ty  of shapes over a range of Reynolds numbers, Their t e s t s  were made a t  
zero  flow incidence angle, and therefore ,  l imi ted  primarily t o  appl ica t ions  
r e l a t ed  t o  t he  longi tudinal  aerodynamics of three-dimensional bodies, 

Later, a low speed study by Letko and W i l l i a m s  ( reference 1,461 
i l l u s t r a t e d  t h e  strong e f f e c t  of fuselage cross-sectional shape on t h e  
d i rec t iona l  s t a b i l i t y  of a i r c r a f t  type configurations a t  moderate and high 
angles of a t tack,  The study of cross-sectional  shape on a i r c r a f t  s t a b i l i t y  

was soon extended t o  addi t iona l  shapes and t o  higher speeds by other 
researchers (see references 1,47 through 1,501 , The l a rge  e f f e c t s  
encountered and t h e  f a c t  t h a t  the  separated flows involved would be Reynolds 

number dependent prompted t h e  two-dimensional non-circular cylinder s tud ie s  
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by Polhamus et. ale (reference 1,51 and 1.52) and Lockwood (reference 1,531 
i n  which the e f f e c t  of flaw incidence was var ied and t h e  forces  p a r a l l e l  and 
perpendicular t o  t h e  wind were measured, These data, which covered 
subc r i t i ca l ,  c r i t i c a l ,  and s u p e r c r i t i c a l  Reynolds number conditions, allowed 
appl icat ion of the  crossflaw theory fo r  the  t e s t ed  geometries t o  combined 
angles of a t t ack  and s i d e s l i p  and t o  combinations of sp in  r a t e s  and s ink 
speeds. 

The purpose of t h i s  sec t ion  on non-circular cyl inders  is t o  present s o m e  
representa t ive  examples of the  important Reynolds number e f f e c t s  encountered 
along with  a br ief  discussion of the  implication, pa r t i cu l a r ly  w i t h  regard t o  
f u t u r e  aerodynamic research. The reader is re fe r red  t o  references 1.45 and 

1,51 through 1,53 for  the  complete data  presenta t ions  and discussions, 

2 Zero flow incidence angle 

The va r i a t i on  of drag coe f f i c i en t  w i t h  Reynolds number f o r  some selected 
two-dimensional cyl inders  of various non-circular cross-sectional shapes a t  

zero flow incidence is presented i n  f i g u r e  1.7 through 1 - 1 0 ,  Since a l l  of 
t h e  shapes presented a r e  f l a t  on t h e  windward face,  t he  Reynolds number has 

been based on t h e  maximum width of t he  cylinder normal t o  t he  f r e e  stream 

di rec t ion  s ince  it is  a somewhat more meaningf ul length fo r  these shapes wi th  

regard t o  boundary layer development as t h e  windward corners a r e  approached. 
Figure 1.7 summarizes t he  l o w  subsonic speed data from references 1.45, 

1.51, and 1.52 for  square cross-sections having various values of the  non- 
dimensional corner radius, r/w, where r is t h e  radius and w is t h e  width of 

t he  cylinder, The r e s u l t s  i l l u s t r a t e  t he  l a rge  e f f e c t  of corner radius both 
on t h e  l e v e l  of t h e  drag and on t h e  Reynolds number f o r  t r a n s i t i o n  from 
subc r i t i ca l  t o  supe rc r i t i ca l  flaw, For the  smallest radius, r/w=.021, 
separation occurs on t h e  windward corners, due t o  t he  strong adverse 

gradient,  and t h e  drag is  e s sen t i a l l y  the  same as t h a t  f o r  a f l a t  p la te ,  

Some drag reduction might be expected, even f o r  this s m a l l  radius, a t  some 

Reynolds number beyond t h e  l i m i t  of the  test data, and t h e  extrapolat ion 
shown is  based on t h e  cor re la t ion  presented i n  f i g u r e  9 of reference 1,51, 

which represents a conjectured trend, The reduction of drag i n  t h e  
subc r i t i ca l  Reynolds number range, as the  r a d i i  a r e  increased, appears t o  be 

associated primarily with some recovery of the  suction pressure loops on t h e  
windward corners due t o  t h e  reduced adverse pressure gradients,  The earlier 
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occurrence of the c r i t i c a l  Reynolds number range and t h e  reduction i n  
supe rc r i t i ca l  drag l e v e l  (also is associa ted with the reduction i n  adverse 

pressure gradients. W more de t a i l ed  ana lys i s  can be made w i t h  the a i d  of the  
measured pressures  f o r  an r/w of 0,245 presented i n  Table I of reference 1-52 

and by comparisons with inv isc id  t heo re t i ca l  resu l t s ,  such a s  presented i n  

reference 1,54. 
The f a c t  t h a t  the  drag va r i a t i on  f o r  the  square cylinder does not  

monotonically approach that f o r  the  c i r cu l a r  cylinder as t h e  corner radius 
increases  is  due t o  t h e  f a c t  t h a t  the square has four suct ion pressure loops 
compared t o  two f o r  the  c i r c l e .  This and t h e  f a c t  t h a t  the  drag of the  
diamond-shaped cy l inders  do approach the  c i r c l e  monotonically is discussed i n  
reference 1.51, For a summary of the  e f f e c t s  of Reynolds number on a s e r i e s  
of diamond-shaped cyl inders  having various corner r a d i i ,  t he  reader is  

re fe r red  t o  f i g u r e  9(b)  of reference 1.51, 
An example of the  e f f e c t  of compressibil i ty on t h e  drag coe f f i c i en t  of a 

square cylinder is  presented i n  f i g u r e  1.8, which was obtained from some 

unpublished measurements made i n  t h e  Langley High Speed 7-by-10 Foot Tunnel 
on a semispan model having an e f f e c t i v e  f ineness  r a t i o  of 16  and an  r/w of 
0.245, 

Figure 1.9 i l l u s t r a t e s  t h e  drag reduction, fo r  given corner r a d i i p  
associated w i t h  increases  i n  t h e  cylinder depth i n  t h e  stream d i rec t ion ,  

This drag reduction is due primarily t o  improved flow reattachment downstream 
of the  windward corners, 

The e f f e c t  of corner radius on basic t r iangula r  cross-sections is 
presented i n  f i g u r e  1,10, In  order t o  provide the  probable lawer b u n d  over 

a wide Reynolds number range, the  case f o r  an r/w value of ,500 ( c i r c l e )  is 

reproduced from f igu re  1.2,  

Although a considerable amount of data  e x i s t s  f o r  non-ci rcular  cy l inders  
a t  zero flow incidence, it is primarily l imi ted  t o  incompressible flaw and 

Reynolds numbers l e s s  than 2 x 1 0 ~ .  Research needs t o  be extended i n t o  t h e  
compressible flaw regime and t o  higher Reynolds numbers. 

-. 

1 ,2 ,2  Effect  of flow incidence 

In references 1,51 through 1.53, non-circular cyl inders  were t e s t ed  overr 
a wide range of Elm incidence angles and Reynolds numbers t o  i den t i fy  the  
types of viscous dependent crossflaws t h a t  might be expected on non-circular 
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forebodies a t  high angles of attack i n  s ides l ip ,  In general, the  r e s u l t s  
8 

indicated t h a t  l a r g e  changes i n  c ross  wind o r  s ide  force  coef f ic ien t ,  T, , 
are encountered t h a t  can have an important bearing on a i r c r a f t  d i rec t iona l  
s t a b i l i t y  a t  high angles of attack and on sp in  damping, 

Some examples of the  e f f e c t s  of cross-sectional shape obtained a r e  
presented i n  f i gu re s  1.11 through 1 , 1 4 ,  where the  s ide  force  coef f ic ien t  is 

shown as a funct ion of Reynolds number, fo r  a constant flow incidence 

angle, @ . A value of @ of 10' has been se lec ted  f o r  these examples, and t h e  
reader is  re fe r red  t o  references 1,51 through 1,53 for  the  r e s u l t s  of other 
f l o w  incidence angles and other cross-sectional shapes. 

The c r i t i c a l  e f f e c t  t h a t  Reynolds number can have on t h e  s ide  force  
generated by square cyl inders  w i t h  round corners is  i l l u s t r a t e d  i n  f i g u r e  
1 Side force  data f o r  corner r a d i i  of 8% and 24.5% of the  cylinder width 
are presented along w i t h  pressure d i s t r i bu t ion  data f o r  the  24,5% radius 
cylinder, Of course, fo r  pure inv isc id  flow w i t h  no "Kutta conditionn 
imposed, no s ide  force  would be developed, For the viscous flow case, 
however, l a rge  s ide  forces  can be developed which generally change sign with 

Reynolds number, as i l l u s t r a t e d  by the data f o r  the 24,5% radius cylinder, In  
t h e  lower Reynolds number range, a post ive  (towards t he  wind) s i d e  force  is  

developed followed by a t r a n s i t i o n  t o  a negative s ide  force  beginning a t  a 
Reynolds number, %, of about 0 . 5 ~ 1 0 ~ .  The f l a v  mechanism generating these  

forces  can be seen from the subc r i t i ca l  and supe rc r i t i ca l  pressure 
d i s t r i bu t ions  shavn i n  t h e  sketches, These pressure d i s t r i bu t ions  were taken 

from the experimental r e s u l t s  of reference 1,52 and a r e  compared w i t h  the  
inv isc id  theory of reference 1.54, For the  case shown, t he  terms 

"subcr i t i ca l"  and "supercr i t i ca l"  r e f e r  only t o  t h e  flow condit ions around 
t h e  f r o n t  leeward corner ( l e f t  s i de  i n  t h e  sketch).  The pressure 
d i s t r i b u t i o n  obtained a t  a Reynolds number of 0 .3x106 indicates  laminar 
separation a t  the  f r o n t  leeward corner due t o  t h e  strong adverse pressure 

gradient,  w i t h  only a f r a c t i o n  of the  theore t ica l  suction loop being 
achieved; a t tached flow being developed around a s i zab le  port ion of the  
f r o n t  windward corner, as a r e s u l t  of the  reduced adverse gradient;  and ' 

turbulent  separat ion on t h e  rear  windward corner, The pos i t ive  s ide  force  

r e s u l t s  from the combination of the  near-theoretical  suction pressures on t h e  
f r o n t  windtward corner, the partial suct ion pressure development around the  
rear  w i n a a r d  comer ,  and t h e  l o s s  i n  suct ion pressures on t h e  leeward 
corners, As t h e  Reynolds number increases,  the  pressure loop development 
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es sen t i a l l y  reverses as a t tached flow develops on t h e  f r o n t  leeward corners 
with turbulent  separation on t h e  rear  leeward corner, In addit ion,  a 
c i r cu l a t i on  is  es tab l i shed  which reduces t he  suct ion pressure loop on t h e  
f r o n t  windward corner and increases  t he  magnitude of the  f r o n t  leeward 

suct ion pressure loop beyond t h a t  f o r  the inv isc id  theory without 
c i rcula t ion.  As a r e s u l t  of these flow changesp a l a rge  negative s ide  force  

is  developed, This fo rce  is nearly equal t o  2nsinOr the  normal force  
generated by a f l a t  p l a t e  i n  po ten t ia l  flow a t  a flow incidence angle, O ,  and 

a Kutta condit ion a t  t he  t r a i l i n g  edge. 

The r e s u l t s  shown f o r  the  smaller (8%) radius  square cylinder shown i n  
f i g u r e  1.11 i l l u s t r a t e  the  higher l e v e l  of Reynolds number required t o  
produce a t tached flow around t h e  f r o n t  leeward corner a s  a r e s u l t  of the  
steeper adverse gradient  associa ted w i t h  the  smaller corner radius, 

The s ignif icance of the fo rces  developed w i t h  regard t o  fuselage 
forebodies a r e  t h a t  a pos i t ive  s ide  force  t r a n s l a t e s  i n t o  a res tor ing  moment 
with regard t o  d i rec t iona l  s t a b i l i t y  a t  high angles of attack and t r a n s l a t e s  

i n t o  a propell ing moment during a f l a t  spin. With the  s ide  force  changing 

s ign a t  supe rc r i t i ca l  Reynolds numbers, it is very important t h a t  fu l l - s ca l e  

Reynolds number condit ions be accurately simulated when inves t iga t ing  high 

angle of a t t ack  d i r ec t iona l  s t a b i l i t y  and sp in  cha rac t e r i s t i c s ,  This was 

discussed i n  d e t a i l  i n  reference 1,51 and l e d  t o  t h e  current  procedures used 
i n  sp in  tunnel t es t ing ,  A more complete discussion of t he  e f f e c t s  of 
Reynolds number on d i r ec t iona l  s t a b i l i t y  and sp in  damping w i l l  be presented 
i n  sec t ion  4.2, 

According t o  f i g u r e  1-11 (using t h e  24,5% radius cylinder as an 
example) , addi t ional  c r i t i c a l  Reynolds numbers might be expected both below 
and above t h a t  shown, For example, a t  lower Reynolds numbers separat ion 

would be expected t o  occur w e l l  forward on both f r o n t  corners and a s ide  

force  value c loser  t o  zero would probably occur. A t  Reynolds numbers above 
the  highest shmn i n  f i g u r e  1.11, the  suct ion loops around t h e  rear  corners 

might be expected t o  develop, f i r s t  on t h e  windward corner and then on t h e  
\ 

leeward corner, With these flow changes and t h e  r e su l t i ng  c i r cu l a t i on  
changes, addi t ional  va r i a t i ons  i n  s ide  force  might be expected t o  occur, Such 

mul t ip le  c r i t i c a l  Reynolds number e f f e c t s  would have important implications 

i n  r e l a t i o n  t o  d i rec t iona l  s t a b i l i t y  and sp in  damping, 



The c a p a b i l i t i e s  o t  the new high Reynolds number cryogenic wind tunnels  
o f fe r  a means of exploring these  poss ible  mu1 t i p l e  c r i t i c a l  Reynolds number 

e f fec t s ,  and t h i s  w i l l  be discussed more i n  sec t ion  4 ,  

While a complete summary of the  ava i lab le  two-dimensional data on non- 
c i r c u l a r  c ross  sec t ions  is  beyond t h e  scope of t h i s  paper, a few more 

examples of the  e f f e c t s  of Reynolds number on s i d e  force  a r e  presented i n  
f i gu re s  1-12 through 1.14, Figure 1.12 i l l u s t r a t e s  t h e  di f ference i n  force  
cha rac t e r i s t i c s  generated by a rectangular  c ross  sec t ion  having rounded 
corners and a cross  sec t ion  with a s imi la r  shape on t h e  windward half  but an 
e l l i p t i c a l  shape on t h e  leeward ha l f  ( re fe r red  t o  as a t r i angula r  shape). 
The rectangular  cylinder cha rac t e r i s t i c s  are similar t o  those of the  
previously discussed square cylinder, However, because of its steeper 
adverse pressure gradients,  t he  t r i angula r  cylinder encounters t he  critical 

Reynolds number on both corners wi thin  t h e  test range and a t  higher Reynolds 
numbers than f o r  the  rectangle, No addi t ional  l a rge  Reynolds number e f f e c t s  
would be expected f o r  the  t r i angula r  cylinder,  while addi t ional  e f f e c t s  
smilar t o  those discussed r e l a t i v e  t o  t h e  square cylinder would be expected 
f o r  the  rectangular  cylinder. 

Figure 1.13 i l l u s t r a t e s  t h e  e f f e c t  of corner radius f o r  two basical ly  
t r iangular  t y ~  cross  sec t ions  taken from the  r e s u l t s  of references 1.51 and 
1.53, The s h i f t  of the  pos i t i ve  s ide  force  loop t o  a higher Reynolds number 
f o r  the  cylinder having t h e  smaller corner r a d i i  is due, of course, t o  t he  
more severe adverse pressure gradients,  

An i l l u s t r a t i o n  of the  c r i t i c a l  nature  of s l i g h t  departures from a 
c i r cu l a r  c ross  sec t ion  on t h e  s ide  force  developed i n  t h e  c r i t i c a l  number 
range is presented i n  f i g u r e  1.14,  This data was taken from the  study 
car r ied  ou t  by Lockwood (reference 1,531 on a parametric s e r i e s  which 
t rans i t ioned  between t h e  c i r c u l a r  cylinder and cylinder E of f i g u r e  1,12, 
For the  complete s e r i e s  r e s u l t s  over a wide range of flow incidence angles, 
t he  reader is  re fe r red  t o  reference 1,53. 
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2, FORCES OM CIRCULAR CYLINDERS I N  CBLIQUE FLW 

Inasmuch as t h e  flaw a t  angle of attack or  s i d e s l i p  about a three- 
dimensional body of revolution having a cy l indr ica l  afterbody of c i r cu l a r  
c ross  sec t ion  is re l a t ed  i n  several  respects t o  t h a t  about a cylinder of 
i n f i n i t e  length i n  oblique flaw, a br ief  review of the i n f i n i t e  cylinder 
cha rac t e r i s t i c s  i s  presented i n  t h e  following sections.  

The reader w i l l  note that i n  t h e  i n t e r e s t  of h i s t o r i c a l  c l a r i t y ,  the 

descr ipt ion of the  ear ly  s tud ie s  of oblique cyl inders  w i l l  maintain t h e  
references t o  sweep and yaw of i n t e r e s t  a t  t h a t  time. However, i n  t h e  
discussions of appl icat ions  more d i r e c t l y  re la ted  t o  t h e  subject  of this 

paper, the  angle of a t tack,  a , is used t o  define the  oblique angle, 

2,1 Independence Pr inciple  

Spurred by the  growing i n t e r e s t  i n  swept wings as a means of delaying 
t h e  onset  of compressibil i ty e f fec t s ,  theore t ica l  s tud ies  of the  boundary 
layer development on yawed p l a t e s  and i n f i n i t e  cyl inders  were begun during 
t h e  mid 1940 u s  as an i n i t i a l  s t e p  towards t h e  development of a completely 
three-dimensional viscous flow theory, Studies of laminar boundary layers  by 

Prandtl (reference 2.2) and Struminsky (reference 2-81, using t h e  Navier- 
Stokes equations, i l l u s t r a t e d  t h a t  the boundary layer cha rac t e r i s t i c s  i n  
a t tached laminar flaw are independent of the  spanwise veloci ty  component. 

This f inding,  coupled w i t h  the  e a r l i e r  discovery t h a t  the  inv isc id  flow 

veloci ty  per turbat ions  due t o  thickness a r e  a l so  unaffected by the  spanwise 
veloci ty  component, set the  s tage f o r  the  important research that followed. 

Jones (reference 2 ,3) ,  i n  discussing what P r a n d t l g s  work meant i n  terms 

of the boundary layer separat ion on yawed cylinders,  coined t h e  term 
"independence pr inciple ,"  Jones concluded t h a t ,  f o r  the laminar flow case a t  
l e a s t ,  the  flow around t h e  cylinder should depend on condit ions i n  t h e  cross- 
f l o w  plane only. In  par t i cu la r ,  he concluded t h a t  (a) t h e  dis tance t o  t h e  

\ 

separation point  i n  t h e  crossflow plane should be independent of yaw angle; 

(b) t h e  c r i t i c a l  Reynolds number based on c y l i n d e ~  diameter and crossflow 
veloci ty  should a l s o  not change with yaw angle (however, the  c r i t i c a l  
Reynolds number based on q l i n d e r  diameter and f reestream veloci ty  should 
increase, by l / cos  B, w i t h  increasing yaw angle) ; (c) t h e  "drag" force  normal 
t o  the  cylinder a x i s  should be reduced by cos2i3 as the  yaw angle increased, 
26 



s ince the  dynamic pressure  i n  t h e  crossflow plane would be reduced by t h a t  
amount Essential ly,  these same conclusions were reached independently by 
Sears (reference 2,4) , Other ea r ly  researchers i n  t h i s  a rea  were Wild 

(reference 2.5) and Cooke (reference 2 ,6) ,  

2,2 Experimental Results 

The l a t e r  experimental s tud i e s  w i t h  yawed cy l inders  indicated t h a t ,  
while the  independence pr inc ip le  generally applied i n  t h e  l o w  Reynolds number 
range where t he re  was laminar separat ion which is  r e l a t i v e l y  independent of 
Reynolds number, it d id  not  apply a t  t he  higher Reynolds numbers where there  
was turbulent  separation,  The most complete experimental study of flow 
around yawed c i r c u l a r  cyl inders  was t h a t  by Bursnall and Lof t i n  (reference 

2 ,7) ,  which covered both c r i t i c a l  and s u p e r c r i t i c a l  flow conditions. T h e i ~  
study showed t h a t  the c r i t i c a l  Reynolds number, ra ther  than being delayed t o  

a higher f reestream veloci ty  a s  t h e  independence pr inc ip le  indicated it 
should, ac tua l ly  occurred a t  lower freestream v e l o c i t i e s  as t h e  yaw angle 

increased, From t h i s  study and t h a t  of Smith et, al, (reference 2.131, it 

appears t h a t  the t r a n s i t i o n  from laminar t o  turbulent  flow i n  t h e  near wake 

and forward t o  t h e  laminar separat ion point  is  indeed a f fec ted  by the  a x i a l  
flaw component, This r e s u l t s  from the e f f e c t  of the  a x i a l  component i n  

diver t ing t h e  streamlines t o  a path more p a r a l l e l  t o  t he  freestream d i r ec t ion  
than normal t o  t h e  axis ,  W i t h  t he  boundary s t a t e  being r e l a t ed  more t o  t he  

"e f fec t ive"  Reynolds number along t h e  streamline, Bursnall and Lof t in  
indicated t h a t  the  c r i t i c a l  Reyolds number is nearly independent of yaw angle 

i f  it is  based on chord lengths  and v e l o c i t i e s  i n  t h e  freestream d i r ec t ion  
ra ther  than on those i n  t h e  crossflaw direct ion.  Several methods have been 
proposed f o r  approximating t h e  "e f fec t ive"  Reynolds number r e l a t ed  t o  t h e  

streamline path (see references 2,14 through 2,16, fo r  example) ; among these  

it appears t h a t  Eschs s f ac to r  ( reference 2,151 co l lapses  t h e  Bursnall and 
Lof t in  data somewhat be t t e r  than do t h e  o thers  and w i l l  be reviewed below. '. 
In t h e  following, the  oblique angle w i l l  be defined as angle of a t tack,  a ,  i n  

keeping w i t h  the subject  of this paper. 
The Esch fac tor  approximates t h e  angle-of -a t tack e f f e c t s  on s t r  eaml ine  

length by use of the e l l i p s e  formed by the in t e r sec t ion  of the  surface  and 

t h e  plane p a r a l l e l  t o  t he  freestream t h a t  cu t s  through the  cylinder a t  an 
angle, a ,  w i t h  respect  t o  its axis ,  By use of this concept, an. B'effectivesg 



Reynolds number, hff"n be r e l a t ed  t o  t h a t  based on diameter, RD, as 
f ollaws: 

Ref f = RD Ka 

where K, = + 0.311 + 0.287 s i n a  + [1.581] 

I n  t h e  above formulation, & is equal t o  t he  r a t i o  of the  
circumferential  length i n  t h e  plane parallel t o  t h e  stream ( e l l i p s e ) ,  as 
described above, t o  t h a t  i n  t he  crossflow plane (circle) . The resu l t ing  
change i n  e f f e c t i v e  Reynolds number is roughly proportional t o  the  ac tua l  
change i n  streamline length ( t o  t h e  separat ion l i n e )  with angle of a t tack,  A 

t a b l e  of K, values a r e  given below: 

In an attempt t o  evaluate the independence pr inc ip le  fo r  s imilar  
\ 

boundary layer and separat ion conditions, t he  Bursnall and Loft in  data is 
presented as a function of Ref£ i n  f i g u r e  2 .I, For the purpose of this 

paper, t he  angle of yaw has been converted t o  angle of attack and t h e  drag 
coef f ic ien t  defined as normal force  coef f ic ien t  (based on f reestream dynamic 
pressure and body diameter) i n  orderr t o  be more readi ly  associated with the 



discussion of three-dimensional bodies a t  angle of a t t ack  t o  be presented i n  

subsequent sections,  In  order t o  e s t a b l i s h  the  degree t o  which the  normal 
force coef f ic ien t  based on normal veloci ty  is independent of angle of attack, 

t he  parameter cn/sin2a i s  p lo t ted  a s  a funct ion of the  e f f e c t i v e  Reynolds 
number, Ref£, fo r  the various angles of a t tack,  a. The r e s u l t s  ind ica te  t h a t  

the  c r i t i c a l  e f f ec t ive  Reynolds number does not  vary grea t ly  with angle of 
a t tack,  implying t h a t  t h i s  method is  reasonably accurate i n  predic t ing t h e  
e f f e c t  of angle of a t t ack  on boundary layer  t r ans i t i on ,  

The rapid decrease of normal force  w i t h  increasing Reynolds number 
combined with some degree of inaccuracy i n  t h e  method of estimating Ref£ 

makes it d i f f i c u l t  t o  analyze, with any degree of ce r ta in ty ,  t h e  normal force  

data of f i g u r e  2.1 i n  t h e  c r i t i c a l  range, However, i n  t h e  supe rc r i t i ca l  
range, where t he  e f f e c t  of Reynolds number is grea t ly  reduced, it is c l ea r ly  

evident t h a t  t h e  independence pr inc ip le  does not hold. I n  t h i s  range, the  

r e s u l t s  ind ica te  t h a t  while t he  values of cn/sin2a a r e  about t h e  same a t  the  

high angles, 75' and go0, as would be expected by the  indeperidence pr inciple ,  
the  values increase considerably as the  angle of attack decreases, The 

corresponding pressure  d i s t r i b u t i o n  f o r  a=90°, 60°, and 30' a t  a value of 
Re of approximately 4 . 5 ~ 1 0 ~  a r e  presented i n  f i g u r e  2.2. From these pressure 

d i s t r ibu t ions ,  it appears t h a t  as t h e  angle of attack, a is reduced, the  
laminar separat ion bubble disappears and s t a b l e  lee-side vo r t i ce s  are formed 
as might be expected fnom the  impulsive flow analogy (reference 2,171 for  

these f i n i t e  length cylinders,  These vo r t i ce s  produce a l a r g e  normal force, 

analogous t o  t h e  vortex l i f t  of slender wings, and r e s t r i c t  t h e  a f t  movement 

of the  separat ion l i n e  with angle of at tack.  
Subsequent t o  t h e  Bursnall and Lof t in  studyp Trimble car r ied  ou t  a 

s imilar  study of oblique c i r cu l a r  cyl inders  i n  which he extended t h e  
inves t iga t ion  t o  lower angles of a t tack,  Trimblevs r e su l t s ,  published by 
Glenny (reference 2,101 , a r e  presented i n  f i g u r e  2,3 i n  t h e  same format a s  

f i g u r e  2.1. Although, a s  mentioned above, data  i n  t h e  c r i t i c a l  Reynolds 
number range a r e  d i f f i c u l t  t o  analyzep it is evident t h a t  the  c r i t i c a l  
Reynolds number is somewhat lower than t h a t  of f i g u r e  1.2 and t h e  Bursnall , 
and Loft in  data,  possibly due t o  a higher wind tunnel  turbulence fac tor .  

In  t h e  supe rc r i t i ca l  range, of primary i n t e r e s t  i n  t h i s  paper, t he  

Trirnble data  is  very informative. F i r s t ,  it w i l l  be observed t h a t  f o r  the  
a=30° case, representing t h e  Llpper Tzimble case and t h e  lower Bursnall  and 



Loftin case, the agreement between t h e  two experiments is exceptionally good 
(cosnpare f igures  2.1 and 2,3), A t  the l a se r  angles of attack, 25' and 20°, 
Trimble8 s data shows essent ia l ly  the same values of cn/sin2a, implying t h a t  
t h e  flaw pat terns  a r e  similar and the  normal force value is dictated by t h e  

normal component of dynamic pressure. Trimblee s measurements made a t  a=sO 
a re  not presented i n  f igure  2,3 since when there  is a very high axial  
component of velocityp the  Esch factor  does not apply . However, it is of 

in te res t  t h a t  fo r  a=5O, those data points which a re  obviously i n  the  
2 supercr i t ica l  region, the values of cn/sin a a r e  i n  excellent agreement w i t h  

those fo r  a=20° and a=2s0 (see f igure  7 of reference 2.10). 

A summary of the types of flow encountered i n  the  v a ~ i o u s  angle of 
a t tack regimes is  presented i n  f igure  2.4 for  both subcr i t ica l  and 
super cr  i t i c a l  conditions, For the subcr i t i c a l  condition, data measured by 
Relf and Powell (reference 2 , l )  a r e  used inasmuch a s  it appears t o  be the 
only data which is def in i te ly  i n  the  subcr i t ica l  range over the complete 

angle of attack range, The data of Relf and Powell has sometimes been used 
t o  demonstrate the appl icabi l i ty  of the "independence principleu8 over the 
complete range of angle of attack, However, a s  pointed out by Smith et .  al, 

(reference 2.131, a careful examination of this subcr i t ica l  data a lso  
indicates an increase i n  cn/sinza a s  the  angle of attack is  decreased as seen 
i n  f igure  2,4, This var iat ion with angle of attack appears consistent with 
the  impulsive flaw analogy which, from Sarpkaya* data (reference 2,P7) , 
predicts  t h a t  fo r  t h i s  cylinder fineness r a t i o  of 80,  the peak value of 

cn/sin2a would be about 1.29 and would occur a t  an angle of attack of about 

6' i n  subcr i t ica l  flow. These l o w  angles of a t tack correspond t o  ear ly times 
i n  the  impulsively s t a r t ed  flow about a cylinder normal t o  the  flow when only 
the  two s t a r t ing  vor t ices  a r e  present prior t o  the  wake flow generrated by the 

cylinder, 
For supercr i t ical  Reynolds numbers, the t y p  of flow has a more 

2 pronounced e f fec t  on the  var ia t ion  of cn/sin a w i t h  angle of attack, a s  shown 

by the bottom curve of f igure  2.4 Por a Reynolds number of 4 . 5 ~ 1 0 ~ .  A t  

angles of attack between 70' and go0, the force and pressure data of BursnaU 
and Loftin indicater a s  might be expectedp t h a t  essent ia l ly  the same flow 

charac ter i s t ics  ex is t ,  with regard t o  the  laminar bubble with its turbulent 
reattachment and separation leading t o  the  charac ter i s t ic  unsteady and 
unstructured wake flow with no dominant vortex shedding frequency, Under 



these conditions, t he  pressure forces  a r e  proportional t o  t h e  normal 
2 component of the  dynamic pressure, and cn/s in  a is, therefore,  independent of 

angle of attack i n  t h i s  range, 
An analogous s i t u a t i o n  e x i s t s  i n  t h e  low angle of a t t ack  range where the  

combined data of Trimble and of Bursnall and Lof t i n  ind ica te  t h a t  i n  t h e  
2 angle of a t t a c k  range from about 5' t o  about 40°, cn/sin a is again 

independent of angle of a t t a c k  but t h a t  i ts value is considerably grea te r  

than f o r  the high angle of attack range. A s  discussed previously, t h i s  lower 
angle of attack range is  characterized by a steady, well-organiz ed vor tex 
flow which r e s t r i c t s  t h e  rearward movement of the  separat ion l i n e  and r e s u l t s  

i n  a large,  vortex-induced increase  i n  normal force, 

In t h e  intermediate angle of a t t ack  range of about 40' t o  70' where the  
flow might be described as Buquasi-steadyn', t he re  is a t r a n s i t i o n  from the  

steady, well-ordered vortex flaw t o  t he  unsteady, unstructured wake type 
2 flow, In  t h i s  t r a n s i t i o n  region, t he  parameter cn/sin a is, of course, no 

longer constant. 
Unfortunately, t he re  is  no data  i n  t h e  higher supe rc r i t i ca l  and 

hypercr i t i ca l  Reynolds number range which is t h e  range of primary i n t e r e s t  
with regard t o  f u l l  scale a i r c r a f t  and missile applications.  A possible  

consequence of hypercr i t i ca l  Reynolds number condit ions can be speculated by 

returning t o  T r imb leb  r e s u l t s  i n  f i g u r e  2-3. It is  seen t h a t  f o r  the 20' 

and 25' angles of attack, t he  values of cn/sin2a a r e  e s sen t i a l l y  t he  same and 
r e l a t i ve ly  constant w i t h  Reynolds number t o  t h e  highest  value investigated,  a 
t rend which might be expected t o  continue due t o  t h e  predominance and 
s t a b i l i t y  of the vortex flow. On t h e  other hand, t h e  extreme angle of a t t ack  
case represented by t h e  r e s u l t s  f o r  t he  cylinder normal t o  t he  stream 
(a=90°) , reproduced from f i g u r e  1.2, shows an increase  i n  t h e  normal force  
parameter i n  t h e  middle supe rc r i t i ca l  range. In  t h i s  range, t he  turbulent  
separation l i n e  has moved forward t o  a more s t a b l e  posit ion,  and t h e  wake is  

more s t ruc tured  and is  characterized by the  r e tu rn  of a dominant vor tex 
shedding frequency (see sec t ion  3 ) .  The drag has increased as a r e s u l t  of 
the  f orward movement of the turbulent  separat ion and approaches t h e  value of ,  
the  normal force  parameter a t  t he  l o w  angles of at tack.  In  view of the  above 

e f f ec t s ,  it is conceivable t h a t  i n  t h e  hypercr i t i ca l  Reynolds number range, 
t he  normal force  parameter cn/sin% may be r e l a t i v e l y  independent of angle of 
attack over the e n t i r e  range, 
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3 ,  VORTEX SHEDDING FROM mO-DIP/LENSION& CYLINDERS 

The w a k e s  behind bluff  bodies normal t o  t he  wind, such as the  two- 
dimensional cyl inders  discussed i n  sec t ion  1, a r e  characterized by shed 

v o r t i c i t y  of various frequencies which give  rise t o  o s c i l l a t i n g  forces ,  

pa r t i cu l a r ly  i n  a plane perpendicular t o  t h e  wind, In  aerospace engineering, 

these o s c i l l a t i n g  fo rces  a r e  of importance i n  such a reas  a s  aeroacoustic 

radia t ion,  buffe t ing associa ted w i t h  protuberances, and o s c i l l a t i n g  loads on 
launch veh ic les  induced by surf ace winds. 

Although this paper does not  deal w i t h  o s c i l l a t i n g  forces,  a knowledge 
of the two-dimensional vortex-shedding frequency is helpful  i n  under standing 
some of the steady asymmetric vortex flow cha rac t e r i s t i c s  of slender three- 
dimensional bodies a t  l a r g e  angles of a t t ack  ( t o  be discussed i n  sect ion 5) , 

W brief  review of the experimental s tud i e s  regarding t h e  influence of 

Reynolds number on vortex shedding beind two-dimensional bluff bodies w i l l ,  

therefore,  be given i n  t h i s  section,  
The reference list presented a t  the end of the  sect ion is divided i n t o  

subject  a r e a s  and i n  chronological order f o r  the convenience of those readers 
wishing t o  make a more thorough study, Theref ore, the  c i t a t i o n s  i n  t he  t e x t  

do not follow i n  numerical order. 
Although the  Aeolian tones produced by the  ac t ion  of the wind across  

wires, t r e e  branches, etc, have been observed s ince  ant iqui ty ,  the f i r s t  
s c i e n t i f i c  research on t h i s  subject  i n  modern t i m e s  was published by Stroubaal 

i n  1878 ( reference 3 -1) , Strouhal demonstrated t h a t  the  Aeolian tones were 
independent of the length and tension of the  wires, and depended on t h e  

diameter, D, and r e l a t i v e  wind speed, V, ~ d y a  H e  es tabl ished the  r e l a t i on  
between these  parameters which l e d  t o  t h e  now well-known ""Srouhal numberuu, 

S, the  non-dimensional frequency parameter given by: 

where n is  t h e  frequency of vortex shedding from one s ide  of the  cylinder. ' 
A t  e s sen t i a l l y  the  same t i m e ,  Raleigh concluded t h a t  the production of 

the tones was connected w i t h  the i n s t a b i l i t y  of the vortex sheets,  He 

performed experiments which v e r i f i e d  h i s  suspicion t h a t  the wind induced 

v ibra t ions  of the Aeolian harp were not i n  t h e  wind d i rec t ion  but 



perpendicular t o  it and reported t h e  r e s u l t s  i n  1879 (reference 3,2) , 

Shortly thereaf te r ,  he concluded t h a t  t he  Strouhal number is dependent on t h e  
Reynolds number (reference 3 ,3) ,  a f a c t  t h a t  was t o  be c l ea r ly  demonstrated 

by the research of Relf, published i n  1921, and of Relf and Simmons published 
i n  1924 ( ref erences 3,24 and 3,251 , While t h e i r  research adequately covered 
t h e  subc r i t i ca l  Reynolds number range and provided a br ief  excursion i n t o  t h e  
c r i t i c a l  range where they noted t h a t  dominant per iodic i ty  ceases, it was some 

twenty years  l a t e r  before s ign i f i can t  research began i n  t h e  higher Reynolds 
number regimes,- research t h a t  is  still ongoing but only slowly defining t h e  
de t a i l ed  content and e f f e c t s  of the  vortex wakes, 

3 , l  Circular  Cylinders i n  Normal Flow 

3,1,1 Vortex shedding data  

The e f f e c t s  of Reynolds number on t h e  vor tex shedding frequency 
associated w i t h  two-dimensional c i r c u l a r  cyl inders  normal t o  t he  stream a t  

l o w  speeds a r e  summarized i n  f i g u r e s  3.1 and 3.2 i n  terms of the  Strouhal 
number. versus Reynolds number based on diameter. In t h e  i n t e r e s t  of 

c l a r i t y  and analysis ,  f i g u r e  3.1 presents  only the  r e s u l t s  obtained from t i m e  
h i s t o r i e s  of e i t he r  l i f t  f l uc tua t ions  o r  surf ace pressure f luc tua t ions ,  while 

f i g u r e  3.2 presents  only those obtained from wake ve loc i ty  f luctuat ions .  The 

main f ea tu re s  of the  vortex shedding c h a r a c t e r i s t i c s  can be conveniently 
described w i t h  the a i d  of f i g u r e  3 ,I., From power spec t r a l  density analysis ,  
the vortex wake character  can be divided i n t o  various regimes depending upon 

t h e  Reynolds number, In  t h e  well-known s u b c r i t i c a l  Reynolds number regime, a 
well-defined dominant per iod ic i ty  e x i s t s  a t  a Stroukal number of about 0,19, 
a value t h a t  has been obtained by mny inves t iga tors  from both loca l  and wake 

measurements ( t he  band of a l a r g e  number of pressure f l uc tua t ions  

measurements made by Drescher ( reference 3,311 being represen ta t ive) ,  In  t h e  
c r i t i ca l .  Reynolds number range, wkaere t h e  laminar bubble with turbulent  

reattachment and separat ion is formed, the  wake becomes narrow, and three- ' 

dimensional e f f e c t s  begin t o  appear i n  t h e  separated shear l ayer  due a t  l e a s t  

i n  p a r t  t o  t h e  c r i t i c a l  nature  of the bubble s t a b i l i t y ,  In  t h i s  range, the  
dominant per iod ic i ty  ceases t o  e x i s t g  and t h e  f l uc tua t ions  can be described 



as wide-band random. By the  t i m e  the  supe rc r i t i ca l  region is reached 
5 ( e 4 x l O  1 ,  the frequencies have been observed t o  vary between two somewhat 

dominant values: a l o w  value about equal t o  t he  subc r i t i ca l  Strouhdh 
frequency, and a high value of t he  order of twice t he  subc r i t i ca l  frequency, 
This region, defined i n  t h e  f i g u r e  by the  data of Loiseau and Szechenyi 
( re terences  3.40 and 3-41] extends through the supe rc r i t i ca l  Reynolds number 
regime with only a s l i g h t  decrease i n  t h e  high frequency value and a s l i g h t  
increase i n  t h e  l a w  frequency value w i t h  increasing Reynolds number. 

From an ana lys i s  of l o c a l  pressure spectra,  Loiseau and Szechenyi 
conclude t h a t  the  high frequency l i f t  f l uc tua t ion  mentioned above does not 
represent an increase i n  vortex shedding frequency but is the  r e s u l t  of 

double-frequency pressures on t h e  f a r  leeward surface  of the  cylinder induced 
by the  a l t e r n a t e  shedding. They propose t h a t  a s  a r e s u l t  of the  randomness 
of shedding i n  t h i s  Reynolds number range, a l i f t  fo rce  a t  the  double- 
frequency can be generated. However, i n  l i g h t  of high frequency f luc tua t ions  
observed i n  t h e  near wake by other researchers and t h e  implications of the 

narrowing of the wake deduced from the  "universal wake Strouhal frequency" 
concept t o  be discussed l a t e r ,  it would appear t o  t h i s  author that high 
frequency shedding can occur i n  t h e  c r i t i c a l  and supercr i tical Reynolds 

number range. 
In view of the  wide-band na ture  of the  wake f luc tua t ions  i n  t h i s  

Reynolds number range, t h e  Strouhal number becomes somewhat academic f o r  the 

two-dimensional cylinder i n  normal flow. However , the  establishment of the  
general t rend i n  high frequency shedding w i t h  Reynolds number may be of value 
i n  analyzing t h e  cyc l i c  shedding along three-dimensional bodies of revolution 
i n  t h e  angle of attack range where t he re  is a s t a b l e  and well-organized 
wake. This  three-dimensional f l a w  is r e l a t ed  t o  an impulsively s t a r t e d  flow 
about a cylinder a t  ea r ly  times, pr io r  t o  t h e  generation of the unstructured 
wake. It is, therefore,  f e l t  t h a t  the  high l eve l  of Strouhal frequency 

observed may, i n  f a c t ,  be representa t ive  of the  vortex shedding along three- 
dimensional bodies of rev01 ution i n  t h e  critical and supercr i  tical Reynolds 

number ranges. This w i l l  be discussed fu r the r  i n  sect ion 5 i n  r e l a t i o n  t o  \ 

out-of-plane forces  generated by three-dimensional bodies, 
Returning t o  t h e  two-dimensional cylinders,  Jones et, a le  (reference 

3,381 found t h a t  i n  t h e  upper supe rc r i t i ca l  range, from a Reynolds number of 

about 3 x 1 0 ~  t o  6xlo6, where the  wake has again widened, the  o s c i l l a t i o n  



spectra  is of the  narrow-band random type w i t h  a s ing le  peak  (a t  a Strouhal 
number of about 0.22.) occurring a t  a Reynolds number of about 3 x 1 0 ~ .  They 
found a f a i r l y  rapid increase i n  Strouhal frequency a s  t h e  Reynolds number 

was increased fur ther ,  w i t h  a Strouhal frequency of about 0,28 being reached 
a t  a Reynolds number of about 6 x 1 0 ~ .  Above t h i s  Reynolds number, they found 
a "quasi-periodic" vor tex shedding condit ion w i t h  a value of the  Strouhal 

frequency parameter of about 0.30 being reached a t  a Reynolds number of about 

8 x 1 0 ~ .  (The flagged symbols f o r  the  Jones e t .  al. data represent  those 
measurement made i n  f reon. ) I n  t h i s  paper, t he  end of t he  supe rc r i t i ca l  

Reynolds number range is taken t o  be 6 x 1 0 ~  corresponding t o  t h e  beginning of 
t he  "quasi-periodic" vortex shedding region and t h e  region above the 

supercr i  tical is termed "hypercr i t ica l ,  " 
Although higher Reynolds number data obtained a t  higher Mach numbers 

i n d i c i a t e s  t h a t  a "plateau" may have been reached, addi t ional  data is needed 
t o  e s t ab l i sh  t he  cha rac t e r i s t i c s  i n  t h e  hypercr i t i ca l  range. This ind ica t ion  

of the  reappearance of per iodic  vortex shedding i n  the  hypercr i t i ca l  range is 
consis tent  wi th  the  earlielr study by Roshoko (reference 3.15) using wake 

measurements. W i t h  regard t o  t h e  reappearance of per iodic  vortex shedding, 
another important contr ibut ion of the  study by Jones et, ale is the  

convincing evidence from both surf ace flow p i c tu re s  and pressure measurements 
t h a t  a t  the highest  Reynolds number, three-dimensionality i n  t h e  separating 

shear layer  has i n  general been eliminated, and t h e  flow is again e s s e n t i a l l y  
two-dimensional . 

!Ehe general cha rac t e r i s t i c s  observed i n  f i g u r e  3.1, which is based on 
force  character is t ics ,  a r e  e s sen t i a l l y  duplicated i n  f i g u r e  3,2 which is based 

on wake ve loc i ty  f luc tua t ion  measurements. Each set of data i n  f i g u r e  3 -2 

was obtained by means of a hot  wire  probe located a t  the  distances,  X, a f t  of 
t he  rear  of t he  cylinder,  The same regions of f l uc tua t ion  cha rac t e r i s t i c s  
observed i n  f i g u r e  3.1 a r e  found i n  t h e  wake frequency data of f i g u r e  3.2. 

Differences observed i n  t h e  onset  of t he  frequency r i s e  i n  t he  c r i t i c a l  range 
may be associa ted with tunnel turbulence or d i f fe rences  i n  model. surface  
condition, W i t h  regard t o  surface  condit ion and t h e  high Reynolds number 
data obtained by Roshko ( reference 3.15) , t he  reader is  reminded t h a t  the  

drag analyses ( sec t ion  1,l) indicated t h a t  t he  sandblasted surf  ace had 
apparently contributed a measurable drag increment because of the  t h i n  

boundary layer i n  t h e  hypercr i t i ca l  range, It a l s o  should be noted t h a t  t he  
Delany and Sorensen supe rc r i t i ca l  data presented i n  f i g u r e  3.2 have been 

37 



limited t o  t h a t  obtained a t  or below WOe20, because some of the reductions 
i n  the  St rouhd frequency parameter found i n  t h e i r  study a t  the higher 
Reynolds numbers could be the r e s u l t  of a compressibility e f fec t  observed i n  

t h e i r  drag data (see section l,l,l), 

With regard t o  the  high wake frequencies measured i n  the c r i t i c a l  and 

supercr i t ica l  range, it is recognized t h a t  controversy ex i s t s  concerning the  

interpretat ion as i n  the  case of the l i f t  f luctuat ions described e a r l i e r ,  

For example, Ericsson and Redding ( reference 3 23 , i n  questioning t h e  high 
values of Strouhal number measured by Delany and Sorensen, speculate t h a t  

they were associated with f luctuat ion i n  the  wake formation region ahead of 
the shed vortex s t r e e t  because the measurements were made a t  posit ions l e s s  

than two diameters downstream of the t r a i l i n g  edge, They c i t e  the wake 
measurements of Modi and Dikshit (reference 3.22) and conclude from the 

measured vortex s t r e e t  geometries t h a t  the frequency could be more than twlce 
a s  high a t  one diameter downstream than a t  3,5 diameters downstream, It 

appears, however, t h a t  Ericcson and Redding did not account fo r  the increase 
i n  vortex velocity with distance downstream found i n  reference 3,22, a factor  

which tends t o  r e s u l t  i n  a relat ively constant frequency, In addition, it 

must be remembered t h a t  the Modi and Dikshit study was carried out a t  

subcr i t ica l  speeds where essent ial ly  all investigations have ident i f ied  the 
same value of the Strouhal frequency regardless of the measuring s tat ion.  
Clar i f icat ion of the vortex-street s t a b i l i t y  c r i t e r ion  could be of help i n  
understanding t h e  phenomena i n  the  c r i t i c a l  and supercr i t ica l  range and t h i s  

w i l l  be touched on i n  the  following brief review of the universal wake 

Strouhal frequency studies. 

3 .1,2 Universal wake Strouhal frequency 

While primarily of academic in te res t  fo r  two-dimensional c i rcular  

cylinders normal t o  the  flow because of the "broad-bandshature of the , 

fluctuations i n  the  wake, ident i f icat ion of the vortex shedding frequency i n  
the  c r i t i c a l  and supercr i t ica l  Reynolds number ranges may, a s  mentioned 
ea r l i e r ,  be of help i n  predicting the  vortex shedding charac ter i s t ics  of 
three-dimensional bodies of revolution i n  the  moderate and high angle of 
attack range, In these Reynolds number rangesp some additional insight might 
be d e ~ i v e d  from application of the "universal wake Strouhal frequencyD0 
concept, 
3 8  



Von Kaman (reference 3.4)  invest igated the  s t a b i l i t y  of t he  a l t e rna t ing  
vortex f i laments  shed from the  s ides  of two-dimensional bluff bodies and 
found t h a t  f o r  s t r a i g h t  p a r a l l e l  paths only one arrangement was s tab le ;  t h a t  

being t h e  case where the dis tance between t h e  two rows is 0,28 times t h e  
dis tance between successive vo r t i ce s  i n  t h e  same row, Because of this Yon 
Kaman s t r e e t w  c h a r a c t e r i s t i c  several  researchers have attempted t o  der ive  a 

universal Strouhal number, based on various wake cha rac t e r i s t i c s ,  t h a t  would 
relate the  vortex shedding frequencies of various bluff bodies, The e a r l i e s t  

study appears t o  be t h a t  of Fage and Johansen (reference 3.7) who, by using 

measured wake widths and f r e e  stream ve loc i ty r  found e s sen t i a l l y  the  same 
wake Strouhal number for  cy l inders  having rectangular  ( f l a t  p l a t e )  , c i r cu l a r ,  

and wedge shaped c ross  sections,  The most widely used universal  wake 
Strouhal number is  t h a t  developed by Roshko (reference 3,111 who, recognizing 

t h a t  the  Fage and Johansen formulation held only for  bodies having nearly the  
same wake ve loc i t i e s ,  developed a universal  wake Strouhal number based on t h e  

Von Karman vor tex s t r e e t  s t a b i l i t y  c r i t e r i a ,  where n is t h e  vortex shedding 
frequency, dg  is t h e  dis tance between t h e  f r e e  streamlines (shear l ayers )  i n  

t h e  wake downstream of the  coupling region and VS is the  ve loc i ty  along t h e  
I f r e e  streamline a t  khe separat ion p i n t ,  Solving f o r  the frequency one ge t s  

which relates t h e  vortex shedding frequency t o  t h e  ve loc i ty  and width of the  
wake. For t he  Strouhal frequency based on cylinder diameter, d, and f o r  f r e e  

> 
::I ::: 
2 

stream ve loc i ty r  VI 
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::j 

By theore t ica l ly  r e l a t i ng  d/d5 and Vs/V t o  measured drag and base pressure, 
Roshko was a b l e  t o  p red ic t  measured shedding faequencies reasonably well i n  

t h e  subc r i t i ca l  Reynolds number range, 



From t h i s  model of the wake vortex s t r e e t ,  one might expect t h a t  the 
large reduction of d q n  the  c r i t i c a l  and supercr i t ica l  Reynolds number range 
due t o  the  a f t  movement of the separation l i n e  might r e su l t  i n  a higher 

Strouhal frequency, S, This, of course, assumes t h a t  the reduced ve loc i t i e s  
a t  the separation p i n t  do not completely compensate for  the wake width 
reduction, 

The most recent formulation of a universal Strouhal number appears t o  be 

t h a t  developed by Bearman (reference 3,201 which u t i l i z e s  Kronauer s proposed 
c r i t e r ion  f o r  vortex s t r e e t  s t a b i l i t y  (reference 3,171. Kronaueras c r i t e r ion  
s t a t e s  t h a t  f o r  a given vortex velocity the vortex s t r e e t  adjusts  i t s e l f  in to  
the  configuration giving minimum drag, Using t h i s  cr i ter ion,  Bearman defined 
a new miversal-wake Strouhal number and developed a method of predicting t h e  
standard body Strouhal number by use of on measured base pressure and drag., 

Inasmuch a s  experimental wake s tudies  e x i s t  t h a t  appear t o  cast some 
doubt on the  universal nature of the Karman s t a b i l i t y  c r i t e r ion  (see 
reference 3-20 for review), an examination of predictions of the Strouhal 
frequency by a universal wake Strouhab frequency concept w i l l  be l imited t o  
several applications of the Bearman method j ust described. Furthermore, i n  
an attempt t o  reduce e r ro r s  due t o  wind tunnel interf  erence, etc. , 
predictions were l imited t o  those s e t s  of data where both drag and base 
pressure were measured i n  the  same f a c i l i t y ,  

The resu l t s  a r e  shown i n  f igure  3-3,  and whi le  only three s e t s  of 
re1 iable  base pressure and drag data f o r  M<0 -2 and covering a Reynolds number 

range were found, the prediction method does appear t o  substantiate t h a t  high 
l eve l s  of wake vortex shedding frequency can be expected i n  the  Reynolds 
number range where the wake is re la t ive ly  narrow. The Bearman p i n t s ,  
calculated from the three tabulated values of base pressure and pressure drag 
presented i n  Table I of reference 3.20, appear t o  substantiate the trend i n  
t h e  c r i t i c a l  Reynolds number range, while the corresponding calculations f rom 

the Bursnall and Lof t i n  data (reference 2-91 extend the trend t o  the  early 
portion of the supercr i t ica l  range,. In  the  upper supercr i t ical  range/ the 

general leve l  of the calculations based on RoshkoB s pressure and drag data is 
i n  qua1 i t a t i v e  agreement w i t h  the previously observed trend of reduced 
Strouhal frequency i n  t h i s  range where the wake is  again widening, The 
detai led shape of the var iat ion however is not reproduced. 

It w i l l  be noted t h a t  the base pressure and pressure drag data from the 
stud% by Jones e t ,  (?%, (reference 3,381 have not been used here t o  estimate 



the  Strouhal shedding frequency. The reason f o r  t h i s  omission is t h a t  the 
pressure measurements were made w i t h  the gap between the  f ixed  and 
instrumented sec t ions  of t he  cylinder i n  a configuration which was f o m d  t o  
ser iously  d i s t u r b  t h e  flow and produce unreasonably high pressure drags, 
par t i cu la r ly  i n  t h e  c r i t i c a l  and supe rc r i t i ca l  regions, 

From the  r e s u l t s  of the  est imates of the Strouhal vortex shedding 
frequency ju s t  described ( f i gu re  3 ,3) ,  it appears t h a t  t h e  narrowing of the  

wake i n  t h e  c r i t i c a l  and s u p e r c r i t i c a l  regions has a grea te r  e f f e c t  than t h e  

reduced wake veloci ty ,  and t h a t  increases  i n  t he  vortex shedding frequency 

might be expected i n  t h i s  Reynolds number range, I n  addit ion,  the estimated 

values a r e  a t  l e a s t  i n  q u a l i t a t i v e  agreement w i t h  the  wake measurements 
presented i n  f i g u r e  3,2 and might reasonably be considered as addi t iona l  
evidence of t he  existence of high vortex shedding frequencies i n  t he  c r i t i c a l  

and s u p e r c r i t i c a l  Reynolds number ranges, However, an in-depth study of the 

app l i cab i l i t y  of the  Bearman formulation t o  t h e  wake cha rac t e r i s t i c s  i n  these  
high Reynolds number ranges may be required be£ o re  coincidental  agreement can 
be completely ruled out,  

Somewhat r e l a t ed  t o  t h e  above discussion is  t h e  study of Shaw, presented 
i n  a ra re ly  c i t e d  paper ( reference 3,114) i n  which he develops an acoust ic  

theory t o  explain  vortex shedding charac te r i s t i cs .  Briefly,  it is based on 
t h e  assumption t h a t  t h e  flow about t h e  cylinder is i n  acous t ic  v ibra t ion  a t  a 

frequency determined by the  perimeter of the  cylinder,  H e  shows reasonably 
good agreement with .the Kklany and Sorensen measurements f o r  various cross- 
sec t iona l  shapes including t h e  high Strouhal shedding frequencies i n  t h e  
supe rc r i t i ca l  Reynolds number range, However, i n  view of the  f a c t  t h a t  Shaw 

had t o  assume a harmonic mode f o r  each case, and t h e  f a c t  t h a t  no independent 
c r i t i q u e  of the basic  concept appears t o  have been published, h i s  r e s u l t s  

should not,  a t  present,  be considered as strong evidence i n  support of the  
high frequencies, 

3 J e 3  E3f ec t  of compressibil i ty 

Although data defining t h e  e f f e c t  of compressibil i ty on t h e  vor tex 
shedding frequency over the  Reynolds number range of i n t e r e s t  i n  t h i s  paper 
is  ra ther  meager, it appears t h a t  some t rends  can be es tab l i shed  as shown i n  

f i g u r e  3 , 4 ,  For comprison,  t he  va r i a t i on  w i ~  Reynolds number for  the  
incompresible case (!4<0,29 is a l s o  shmw, In  t h e  subc r i t i ca l  t o  



supercri"cca1 Reynolds number range, t he  incompressible wake measurements of 
Beaman (reference 3.37) are shown,and i n  t h e  upper supe rc r i t i ca l  range, 
those of Delany and Sorensen, In  t h e  hypercr i t i ca l  range, the  incompressible 

l i f t  o s c i l l a t i o n  data of Jones et, a le  were se lec ted  t o  provide consistency 
w i t h  t h e i r  compressible flow data, 

In t h e  subc r i t i ca l  Reynolds number range, the  compressible flow data of 
Naumann et. ELL. (reference 3-36] and of Murthy and Rose (reference 3.42) 

indicate  t he  poss ib i l i t y  of a s l i g h t  reduction i n  Strouhal frequency w i t h  

increasing Mach number, Once the  c r i t i c a l  Mach number is  exceeded, t he  wake 

width tends t o  be f ixed  by shock-induced separation,  and the  Strouhal 
frequency remains a t  e s sen t i a l l y  the  same value w e l l  i n t o  t he  Reynolds number 
range corresponding t o  t h a t  defined i n  incompressible flow a s  supercri  t i c a l ,  
This is shown by the shaded conjectural  f a i r i n g  i n  f i g u r e  3.4 based on t h e  
above mentioned data fo r  a Mach number of approximately 0.45. This shock- 
induced separat ion precludes t h e  wake narrowing t h a t  occurs with turbulent  
separat ion a t  subc r i t i ca l  Mach numbers, and therefore,  the  shedding frequency 
associated w i t h  shock-induced separat ion is e s sen t i a l l y  the  same as w i t h  

incompressible laminar separation, This, of coursep r e s u l t s  i n  a l a rge  
e f f e c t  of compressibil i ty i n  t h e  Reynolds number range, corresponding t o  t he  

incompressible critical and lower supe rc r i t i ca l  ranges, In t h e i r  study, 
Nauman et. a le  observed t h a t  the shock waves a l t e rna t ed  from one s ide  of the  
cylinder t o  t h e  other a t  the frequency of the  vortex shedding, 

In t h e  upper supe rc r i t i ca l  range, a poss ible  t rend towards reduced 
vortex shedding frequency w i t h  increasing Mach number is observed by 

comparing t h e  Belany and Sorensen data fo r  M<0.2 w i t h  the  conjectural  band 
f o r  W0.29 developed from t h e i r  data and t h e  data  of James et, a le  In  t h i s  
shock-free subc r i t i ca l  Mach number range, t he  apparent reduction i n  frequency 

with increasing Mach number is probably associated w i t h  the  increase i n  t h e  
adverse pressure gradient ,  due t o  compressibil i ty , and t h e  resu l t ing  increase 

i n  t he  vortex wake width, as discussed i n  sec t ion  1,1.3, It appears t h a t  i n  
\ 

t h e  wide-band random wake region increasing Mach numkr reduces t he  upper 
frequency level .  

In  t h e  hypercr i t i ca l  Reynolds number range, t he  data  point  f o r  WQ04Qg 

obtained from Table IV of Jones et, al, , ind ica tes  t h a t  the reduction i n  
Strouhal frequency w i t h  increasing Mach number i n  t h e  subsonic range extends 
i n t o  t h i s  Reynolds number range, Bmever, as i n  t h e  suberf tical Reynolds 
number Eange, t he  ef f eck of Mach number is considerably less than i n  t he  



c r i t i c a l  and s u p e r c r i t i c a l  range. It  should be noted t h a t  t he  data  p i n t  
presented f o r  W0,4 is t h a t  obtained by Jones et. al, i n  a i r  w i t h  t h e i r  d a b  

obtained i n  f reon  not being presented due t o  poss ible  'real gas" e f f e c t s  f o r  

the high loca l  Mach number condit ions involved as discussed i n  sect ion 
1,1.3. 

Data i n t o  t he  supe rc r i t i ca l  Nach number range is primarily l imi ted t o  
l o w  Reynolds numbers with the  data  of Murthy and Rose (see ref erence 3,421 
and Knowler and Pruden (see reference 3,281 indicat ing t h a t  between WO.40 
and M=0,80, t he  Strouhal frequency remains a t  about a constant value, In 

t h i s  regard, it is of i n t e r e s t  t o  note t h a t  t he  ex t rac t ion  of the  Strouhal 
frequency number from the  vortex shedding pa t t e rns  of t h r ee  dimensional 
bodies of revolution a t  high angles of attack performed by Thomson and 
Morrison (see f i g u r e  15  of reference 3,391 using t h e  impulse flow analogy 
a l so  indicated l i t t l e  va r i a t i on  w i t h  crossflow Mach number below &0,8 i n  
t h e  s u k r i  tical Reynolds number range. 

In  summary, it appears t h a t  f o r  Nach numbers below about 0,80, t h e  only 
major e f f e c t s  of compressibil i ty occur i n  t h e  c r i t i c a l  and s u p e r c r i t i c a l  
Reynolds number range where the narrow wake is  progressively increased i n  
width by the e f f e c t  of compressibil i ty on t h e  adverse pressure gradient  and 
separat ion p i n t  and f i n a l l y  by the shock-induced separat ion which occurs 
near the laminar separat ion p i n t ,  For Reynolds numbers below and above t h i s  

region, compressibil i ty e f f e c t s  a r e  minimized due t o  t he  similar loca t ion  of 
t h e  incompressible separat ion po in t s  and t h e  shock-induced separat ion 
p i n t s .  

For Plach numbers above 0,80 very l i t t l e  d e f i n i t i v e  i n foma t ion  appears 

i n  t he  l i t e r a t u r e  w i t h  regard t o  t h e  vor tex wake cha rac t e r i s t i c s  f o r  
cyl inders  i n  normal flow, It does appearp however, t h a t  above 0.90 no 
d i s t i n c t  vor tex shedding frequencies have k e n  observed i n  t he  wake (see 

reference 3 ,Q2 f or example) , momam (reference 3,341 suggests  t h a t  
supersonic flow s t a b i l i z e s  t he  separated shear l ayers ,  It might a l s o  be s a i d  
t h a t  the f a c t  t h a t  the wake boundaries converge ra ther  rapidly behind 
cy l inders  a t  supersonic speeds may ind ica te  t h a t  the lack of a d i s t i n c t  
frequency might be analagous t o  t h e  incompressible s u p e ~ c r i t i c a l  Reynolds 

number case wi th  its narrow wake and no dominant vor tex frequency. 

W i t h  regard t o  t h e  ana lys i s  of flow about threedimensional  b d i e s ,  t he  

ana lys i s  of Thornson and Morrison (see figure 15 of reference 3,3 9) , described 
e a r l i e r  i n  t h e  subsonic discussion i s  of considexable i n t e r e s t  fo r  t ~ a n s s n i c  



and supersonic speeds, By using t h e  impulse flow analogy t o  e x t r a c t  t he  
Strouhal frequencies, they found a rapid increase of frequency with 
increasing Mach number f o r  transonic and super sonic crossf lows, Although no 

explanation was offered,  it would appear t h a t  an increase i n  t h e  Strouhal 
frequency number might be expected due t o  t h e  reduced veloci ty  behind t h e  
detached bow shock, Nevertheless, t h i s  is an a rea  requiring fu r the r  research 
which w i l l  be discussed i n  sect ion 5 i n  connection with out-of-plane forces  
on three-dimensional bodies a t  high angles of attack. 

3,2 Non-Circular Cylinders i n  Normal Flow 

Vortex shedding f requency data f o r  non-circular cyl inders  i n  flow normal 
t o  t he  cylinder a x i s  i s  e s sen t i a l l y  l imi ted t o  t h a t  of Belany and Sorensen 
(reference 3.30) and of Modi and Dikshit  (reference 3,221 . The former study 
covered a var ie ty  of cross-sectional shapes and i n  most cases included data 

through the  critical range and i n t o  t h e  l o w  supe rc r i t i ca l  range, The l a t t e r  
study was l imi ted  t o  e l l i p t i c a l  cross  sec t ions  a t  subc r i t i ca l  conditions, and 
no fur ther  reference w i l l  be made t o  t h a t  study due t o  t h e  emphasis i n  t h i s  
paper on high Reynolds number, 

A summary of the  e f f e c t  of cross-sectional shape on the  vortex shedding 
frequency parameter f o r  a s e r i e s  of shapes se lec ted  from the  Delany and 

Sorensen study is  presented i n  f i g u r e  3.5. In  t h i s  f igure ,  both the Strouhal 

number and t h e  Reynolds number, &, are based on t h e  maximum width, wg normal 
t o  t h e  f r e e  stream veloc i ty  vector, Since Delany and Sorensen did  not  
present r e s u l t s  f o r  the  c i r cu l a r  cylinder i n  t h e  subc r i t i ca l  and c r i t i c a l  

range, the  r e s u l t s  of Beaman (reference 3,371 a r e  u t i l i zed ,  The r e s u l t s  

indicate ,  as would be expected, t h a t  the  e f f e c t  of cross-sectional shape on 
t h e  c r i t i c a l  Reynolds number is  consis tent  w i t h  t h a t  observed from the  drag 
measurements (see sec t ion  1 . 2 , l  and reference 3.30). Similarly, the  e f f e c t  
of cross-sectional shape on t h e  magnitude of the  Strouhal number i n  t h e  , 
supe rc r i t i ca l  range follows t h e  drag trends,  with an increase i n  S 

accompanying a decrease i n  drag coe f f i c i en t  as might be expected from 
appl icat ion of the  PDuniversal wake Strouhial frequency" concept described i n  
t h e  previous sect ion,  Uabfortunately, no data appears t o  e x i s t  i n  t h e  

hypercr i t i ca l  range f o r  non-circular c ross  sections,  L i k e w i s e ,  no data 
appear s t o  exf st on t h e  e f f  eets of compressibil i ty for  non-circular cross  
sections,  
44 



3,3 Cylinders i n  Oblique Flow 

Available data on t h e  vor tex shedding frequencies of cyl inders  i n  
oblique flaw appears t o  be l imi t ed  t o  t h e  laminar separation case, w e l l  

be law the  c r i t i c a l  Reynolds number (see  references 3,44 through 3,511, Of 

the  above s tudies ,  s l i u  and Lienhard (reference 3,471 have provided t h e  most 

complete coverage of the  flaw incidence angle range and have shown t h a t  f o r  

t he  laminar separat ion case, the  Strouhal vortex shedding frequency follaws 

t h e  independence p r inc ip l e  rule which, i n  terms of angle of a t t ack fa ,  (of 
i n t e r e s t  f o r  appl icat ion t o  three-dimensional bodies of revolution) , s t a t e s  
t h a t  

Sa = 0 s i n  a ,  

where S is based on f r e e  stream veloc i ty  and body diameter and s i n  accounts 

f o r  the e f f e c t  of angle of a t t ack  on t h e  f ree-stream veloci ty  component 

ac t ing  i n  t h e  plane normal t o  t h e  body axis. 
Although no data appears t o  be ava i l ab l e  f o r  the  turbulent  separat ion 

case of i n t e r e s t  i n  t h i s  paper, it would be expected t h a t  the  mutual 

influence of angle of attack and Reynolds number on t h e  separation and wake 

cha rac t e r i s t i c sp  as i n  t h e  case of the  normal force, would play an important 
r o l e  i n  t h e  e f f e c t  of angle of a t t ack  on vor tex shedding frequency, Research 

throughout t h e  high Reynolds number range and f o r  compressible flaw is needed 

t o  i den t i fy  such e f fec t s .  This need appears t o  be pa r t i cu l a r ly  important 
wi th  regard t o  vor tex shedding and out-of-plane fo rces  on three-dimensional 
bodies t h a t  w i l l  be discussed i n  sec t ion  5. 
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4,  FORCES ON WREE-DImNSIONI1& BODIES 

4 , l  Bodies of Revolution 

4 .1 , l  Flow regimes 

With modern tactical a i r c r a f t  and missiles encountering high angles of 

a t t ack  throughout much of t h e i r  f l i g h t  envelopes, t h e  aerodynamic 
cha rac t e r i s t i c s  of the  fuselage of ten play a dominant r o l e  i n  t h e  f l i g h t  
behavior of the vehicle. Throughout a l a rge  por t ion of the angle of attack 
range, t he  flow about fuselage-type bodies is dominated by separation-induced 
vor tex f laws as i l l u s t r a t e d  by f igu re  4 , l  (adapted from reference 4,421. 
Figure 4.1 i l l u s t r a t e s  t h e  general t rend of the  boundaries separating t h e  
various flaw regimes as a function of angle of a t t ack  and length along t h e  
body for  ogive-cylinder types 9f bodies. In  t h e  l o w  angle of a t t ack  range, 

and as long as the  flaw remains a t tachedp a vortex-f ree  flaw e x i s t s  over the 

length of the  body, and t h e  normal force  (which is confined t o  t he  ogive) 

increases  l i n e a r l y  with angle of attack. A t  an  angle of a t t ack  of about 6' 
t o  €I0, t he  crossflow about t he  body begins t o  separate  over the  a f t  p r t i o n  
c rea t ing  a pair of symmetrical, counter-rotating vo r t i ce s  fed  by vortex 
shee ts  o r ig ina t ing  along t h e  boundary layer separation l i n e s  on t h e  
cylinder,  As t h e  angle of a t t ack  increases  fu r the r ,  the separation l i n e s  
move toward t h e  windward s i d e  of the body u n t i l  the vo r t i ce s  completely 
dominate the  l e e s i d e  flaw. In  t h i s  symmetric vortex flaw regime, t he  
in£luence of the vo r t i ce s  causes t h e  normal force t o  increase rapidly i n  a 
non-linear manner s imi la r  t o  t he  vortex l i f t  generated by highly swept 
wings , 

Above about 25O, t he  vo r t i ce s  over the  a f t  port ion become asymmetric and 
when t h e  angle of attack typ ica l ly  reaches about 40°, the  e n t i r e  vortex flow 
is asymmetric and characterized by a l t e rna t ing  p a i r s  of asymmetrical 
vor t ices ,  I n  t h i s  steady, or  a t  least quasi-steady , asymmetric vortex-flaw 
regime, large  u'out-of-plane" s i d e  forces  a r e  generated, and the  normal force 
no longer increases  as rapidly. A t  even higher angles of at tack,  t he re  is a 
t r a n s i t i o n  i n t o  the  unsteady wake-type flow c h a r a c t e r i s t i c  of cyl inders  
normal t o  t he  f l w .  The 'uout-of-planess s i d e  fo rces  w i l l  be discussed i n  
sec t ion  5, 



Since the  f laws described above a r e  generated by boundary layer 
separation,  they a r e  influenced considerably by Reynolds number, 
compressibility, and cross-sectional shape, While a ra ther  l a rge  mass of 
data e x i s t s  f o r  subc r i t i ca l  Reynolds numbers, l i t t l e  is ava i lab le  i n  t h e  
supercr i  t i c a l  regime and e s sen t i a l l y  none i n  t h e  hypercr i t i ca l  range. The 

purpose of this section,  therefore,  is t o  present a reference list of those 
papers which deal  w i t h  the higher Reynolds numbers and t o  use se lec ted  

examples t o  i l l u s t r a t e  some of the  inf luences  of supe rc r i t i ca l  Reynolds 
numbers a s  a possible  a i d  i n  guiding research programs t o  be ca r r i ed  ou t  i n  

t h e  new high Reyonlds number wind tunnels, F i r s t ,  hawever, some of t he  ear ly  
invest igat ions  of the vortex flow on bodies of revolution w i l l  be reviewed 
brief  ly ,  

Much of the  ear ly  research on bodies of revolution a t  angle of attack 

was r e l a t ed  t o  t h e  aerodynamic cha rac t e r i s t i c s  of a i r s h i p  hu l l so  and t h e  
' k i r s h i p  theoryE' developed by Nunk (reference 4.1) , published i n  1924, is 

generally recognized as  t h e  key developnent i n  understanding t h e  flow about 
bodies of revolution and t h e  fundamental basis f o r  the  various slender body 
and slender wing theo r i e s  subsequently developed f o r  both at tached and 

separated flows. Using a po ten t ia l  flaw impulse analogy, he demonstrated 
t h a t  a t  angle of attack, t h e  closed bodies of i n t e r e s t  f o r  a i r s h i p  h u l l s  

developed pos i t i ve  l i f t  ahead of the maximum diameter and negative l i f t  af t 

so t h a t  although the re  was no overa l l  l i f t ,  t he re  was an unstable pi tching 
moment. Hatsevere even f o r  the  l o w  angles of attack of i n t e r e s t  a t  t h e  t i m e ,  

some l i f t  was developed which var ied non-linearly w i t h  angle of attack, and 
Munk pointed ou t  t h a t  t h i s  e f f e c t  was associa ted w i t h  the f a c t  t h a t  f r e e  

v o r t i c e s  are created near the rear  of the  body i n  ~ e a l  viscous flow so t h a t  
ins tead  of a negative l i f t ,  a pos i t ive  l i f t  is produced over the a f t  
portion. 

The f i r s t  de t a i l ed  study of the  flow f i e l d  assoc ia ted  w i t h  these 
v o r t i c e s  appears t o  be t h a t  ca r r ied  ou t  by Harrington and reported i n  1935 
(reference 4,2)  , However, l i t t l e  progress was made i n  developing methods 
t h a t  predicted t h e  nonlinear lift, pa r t i cu l a r ly  for  high angles u n t i l  the  
la te  1940 s, W i t h  the growing i n t e r e s t  i n  maneuverable missiles and t h e  
lengthening of fuselage f orebodies as  a r e su l t ,  i n  par t ,  of engines being 
located i n  t h e  rear  of jet f i g h t e r  a i rc raEt ,  t he  high angle of a t t ack  
charac%eais t ics  of bodies were rapidly becoming more important, 



The f i r s t  successful approach t o  the above problem was developed by 
Allen and published i n  1949 ( reference 4,3) . In h i s  approach, the 
development of the viscous crossflow along t h e  length of the body was 

re la ted  t o  the  time-dependent viscous f l w past a two-dimensional cylinder 
s t a r t ed  impulsively in to  motion w i t h  a velocity equal t o  Vsin . In t h i s  
"impulse flow analogy" distance from the nose of the body is related t o  the 
time from the s t a r t  of the cylinder motion, 

Referring again t o  f igure  4.1, the four flow regimes fo r  the three- 
dimensional bodies, s t a r t ing  a t  zero angle of attack, correspond i n  general 
terms t o  the following s tages of the impulsively-started cylinder flow: (1) 

t he  completely attached flow, (2) the  formation of two counter rotat ing 
symmetrical vortices, (3) the  asymmetric displacement of the two vortices,  
and (4)  the  formation of an al ternat ing "s t ree t"  of shed vortices. 

To simplify the application, the var iat ion of the cylinder drag during 
the  early stages of the motion was ignored and steady s t a t e  crossflow drag 
coeff ic ients  were applied along t h e  body, The approach, known as the Allen 
"crossflaw theory, " was extensively evaluated by Allen and Perkins 
(reference 4-41 , who a lso  studies the  vortex flow f ields .  Some pressure 
d is t r ibut ion  and f l o w  f i e l d  s tudies  have been selected and a r e  l i s t e d  a s  

references 4.5 through 4.12, 

The work of Allen and Perkins formed the basis f o r  many of the s e m i -  

empirical methods developed since t h a t  time, While it is not the  purpose of 
t h i s  paper t o  evaluate the various prediction methods, a list of some 

selected papers is  included a s  references 4,13 through 4.27 for those 
interested i n  d e t a i l s  of the various refinements t o  the basic method, 

Progress is, of course, being made with methods t h a t  take advantage of 
the rapid development of high speed computers t o  model the actual three- 
dimensional viscous flow, However, the current inadequacy of t rans i t ional  
and turbulent boundary-layer flow modeling and high computer costs  has 
generally limited the  application of these approaches t o  Reynolds numbers 
below those i n  the  c r i t i c a l  range, and no references t o  these s tudies  w i l l  be 

made. 

4,1,2 H f e c t s  of angle of attack 

While a great  mass of experimental data on the aerodynamic 
character is t ics  of bodies of revolution fo r  a wide range of Mach numbers 
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appears i n  t h e  l i t e r a t u r e ,  t he re  appears t o  be few s tud ie s  covering both a 
l a rge  angle of a t t ack  range and t h e  subc r i t i ca l ,  c r i t i c a l ,  and s u p e r c r i t i c a l  

Reynolds number ranges, One of the  most complete s tud ie s  covering these  
conditions appears t o  be t h a t  of Hartman (reference 4,401 , and some of h i s  

r e s u l t s  a r e  presented i n  f i g u r e  4 ,2  fo r  a high-fineness r a t i o ,  ogive-cylinder 

body a t  a Mach number of 0,5. The ogive has a f ineness  r a t i o  of 3 and t h e  

cylinder a f ineness  r a t i o  of 16, The r e s u l t s  a r e  presented i n  t h e  form of 
t o t a l  body normal force coef f ic ien t  CN (based on f ree-stream condit ions and 
base a rea)  as  a function of Reynolds number based on free-stream ve loc i ty  and 
t h e  diameter of the  cy l indr ica l  pa r t  of t he  bodyD Due t o  t he  possibly la rge  
s t i n g  support i n t e r f  erence mentioned by Hartmann, h i s  data presented here  is  

l imi ted  t o  an angle of a t t ack  of 60'. 
The data presented i n  f i g u r e  4.2 i l l u s t r a t e s  t h e  l a rge  reduction i n  

c r i t i c a l  Reynolds number (when based on diameter) with decreasing angle of 

at tack.  This is associa ted with the  increasing streamline length as 

discussed previously i n  connection w i t h  two-dimensional oblique cy l inders  i n  
incompressible flaw (see sect ion 2) . However, fo r  the  case shown, t he  free- 
stream Mach number is constant (M=0.5) . and s ince  the  crossf l a w  Mach number 
v a r i e s  from approximately 0,17 t o  0.43 over the  angle of a t t ack  range 
presented, some compressibil i ty e f f e c t s  would be expected i n  t h e  upper range, 

as discussed i n  sec t ion  1.1,3, Unfortunately, as indicated i n  sec t ion  1-1.3, 
two-dimensional compressibil i ty e f f e c t s  i n  t h e  critical Reynolds number range 
a r e  not w e l l  enough defined t o  accurately apply them t o  the  angle of a t t ack  
case. Nevertheless, i n  an attempt t o  shaw a t  least q u a l i t a t i v e l y  haw changes 

i n  streamline length caused by changes i n  angle of attack can e f f e c t  t he  
boundary-layer separation,  boundaries based on t h e  "effect ive"  Reynolds 

number concept discussed i n  sec t ion  2 a r e  presented i n  f i g u r e  4,2, The 

boundary defining t h e  beginning of the  c r i t i c a l  range has been approximated 

by R = 4x105/~, and t h a t  defining t h e  beginning of the supe rc r i t i ca l  range by 

6 .5x105/~,. Since. as mentioned above. no attempt has been made t o  account 
f o r  the  moderate changes i n  t h e  compressibil i ty e f f e c t s  due t o  angle  of 
a t tack,  t he  constants i n  t h e  above approximations f o r  the boundaries have 
been se lec ted  t o  provide a reasonable match with the  data  f o r  the 

intermediate angle of a t t ack  of 40°, The va r i a t i on  of X, ( the  r a t i o  of the 

e f f ec t ive  Reynolds number t o  t h e  diameter Reynolds number) w i t h  angle of 

a t t ack  i s  presented i n  t h e  t a b l e  i n  sec t ion  2,2. In general,  these 
boundaries appear t o  be reasonably consis tent  w i P l h  the  data, although the 
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data is not suf f ic ient  t o  define the supercr i t ical  regime a t  the high angles 
of attack, Pn addition t o  the  basic angle of attack ef fec t ,  the expected 
e f f e c t  of compressibility i n  delaying t h e  beginning of the c r i t i c a l  Reynolds 
number range appears t o  be i n  evidence a t  6 0 O  angle of attack where the 
crossflow Mach number has reached 0,43, 

Another point of in teres t  i l l u s t r a t e d  by f igure 4 - 2  is t h a t  fo r  a 
constant Reynolds number, RD, of about 3 . 5 ~ 1 0 ~  all three flow regimes a r e  

encountered - the supercr i t ical ,  c r i t i c a l ,  and subcr i t ica l  - a s  the  angle of 
a t tack is increased from 20' t o  60'. The corresponding changes i n  the  
separation l i n e s  associated w i t h  the changes i n  e f fec t ive  Reynolds number 
increase the nonlinear behavior of the nomal force above tha t  associated 
w i t h  the increase due t o  the  increase i n  crossflow dynamic pressure, 

To provide some indication of the var iat ion i n  the  upper supercr i t ical  
Reynolds number range, data fo r  an angle of attack of 30°, (from Foleyss 
study, reference 4.34) is presented by the "flagged" symbols i n  f igure  4.2.l 

Since Foleys s data was obtained w i t h  a fineness r a t i o  7 cyl indrical  
afterbody, the data has been adjusted t o  approximate a fineness r a t i o  of 16  

afterbody by increasing t h a t  par t  of the normal force acting on the  afterbody 
(using slender-body theory t o  subtract  the  nose force) by the r a t i o  of the 

fineness ra t ios ,  Despite the simplicity of the above adjustment, the 
resul t ing data appears t o  provide a reasonable extrapolation of HartmannDs 

data, For referencep the approximate boundary between the  supercr i t ical  and 
hypercrit ical  Reynolds number regimes, based on 6x106/%, is shown. 

The overall  resu l t s  shwn i n  f igure  4.2 appear t o  r e f l ec t  the  general 
e f fec t s  of Reynolds number anticipated from the two-dimensional oblique 

cylinder results described i n  section 2.2p although the leve l  of the nomal 
force i n  the  upper supercr i t ical  region is somewhat higher than would be 

expected, This may be due t o  the f a c t  t h a t  the method used t o  adjust  FoleyR s 
data t o  approximate a fineness r a t i o  of 16 may not properly adjust the  
contribution associated w i t h  the vortex flow, From the l i t e r a t u r e  search, it 

appears t h a t  an experimental study covering the  complete supercr i t ical  range 
and extending well  into the hypercr i t ical  would be highly desirable, 

'Foley8s uncorrected data is used since fo r  this high angle condition, where 
s t ab le  vortex flow exis t s ,  it would appear t h a t  a correction based on 
asyrranetries obse~ved near zero angle of attack would not be applicable, 
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With regard t o  compressibil i ty e f f ec t s ,  it must be kept i n  mind t h a t  a 

more accurate est imate of the  bunda r i e s ,  using t h e  Esch f ac to r ,  requires  
well-defined compressible f l a w  data f o r  the  two-dimensional cylinder case 
t h a t  would allow the  e f f e c t  of the  normal component of Mach number t o  be 

included, 
Further i l l u s t r a t i o n s  of the  s ignif icance of the  flaw regime encountered 

by slender bodies of revolution over the  angle of a t t ack  and Reynolds number 

ranges a r e  described w i t h  the  a i d  of f i gu re s  4.3 and 4,4, In  f i g u r e  4 e 3 p  the  
normal force  data  of f i g u r e  4 ,2  has been converted t o  t h e  normal force  
coef f ic ien t  on t h e  cy l indr ica l  sect ion based on planform area and c r o s s f l m  

B A 

dynamic pressure, 
c~ cyl  

/sinLa, and presented as a function of the  e f f e c t i v e  

Reynolds number, %ff which is equal t o  RDKae This provides a convenient 

way t o  r e l a t e  the  normal force  t o  t he  drag of a two-dimensional cylinder i n  
f l w  normal t o  i ts a x i s  which is representa t ive  of the  90' angle of a t t ack  
case. The normal force  on t h e  cy l indr ica l  sec t ion  was extracted by assuming 
t h a t  the  force  on t h e  expanding nose sec t ion  was e s sen t i a l l y  equal t o  t h e  
inv isc id  value, sin2acos 5 (based on maximum cross-sectional area)  and 
subtract ing it from the t o t a l ,  The r e s u l t s  presented f o r  angles of a t t ack  of 
20' and 30' a r e  seen t o  agree reasonably w e l l  i n  t h e  c r i t i c a l  Reynolds number 
range, indicat ing t h a t  t he  e f f ec t ive  Reynolds number f ac to r ,  %, provides a 
reasonable means of assuring s imi l a r  boundary layer conditions. The data  

from Tinling and Allen (reference 4,291, denoted by the  flagged symbols, and 
extend t h e  a=20° da t a  i n t o  t he  upper supe rc r i t i ca l  region. 

In t h e  supe rc r i t i ca l  region, t he  data  f o r  the two angles of attack do 
not collapse as well,  due possibly t o  compressibil i ty e f f ec t s ,  In t h i s  
regard, the  data  obtained by Hartmann a t  the  higher angles of a t t ack  a r e  not 

presented because t h e  normal component of Mach number f o r  those cases were i n  
t h e  region where compressibil i ty e f f e c t s  a r e  known t o  be important. 

The drag coe f f i c i en t  va r i a t i on  f o r  a c i r c u l a r  cylinder normal t o  t he  

flow, taken from f i g u r e  1 ,2 ,  is a l s o  shawn i n  f i g u r e  4 , 3 ,  !Phis provides an 
' ind ica t ion  of the  nonmal force parameter values  t h a t  would be expected f o r  t he  

cy l indr ica l  por t ion of the  three-dimensional body a t  a=90° where an 
unsteady wake-type flaw ex is t s .  Comparison of t h i s  curve w i t h  those f o r  the 

lower angles of a t t ack  provides an ind ica t ion  of t h e  e f f e c t s  of the  s t a b l e  
vortex flow which character izes  t h e  moderate angle of attack range. For 
subc r i t i ca l  Reynolds numbers, t he  comparison a p p a r s  t o  ind ica te  that, 

consis tent  w i t h  the  r e s u l t s  of sec t ion  2.2 fo r  oblique two-dimensional 
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cylinders,  t h e  e f f e c t  of angle of a t t ack  is r e l a t i ve ly  small, 'This is  a l s o  
consis tent  with the  impulse flaw analogy as can be shwn  by appl icat ion of 
Sarpkayau s measured, timedependent, impulsive flaw drag f o r  a two-dimensional 

cylinder i n  normal flow a t  subc r i t i ca l  Reynolds numbers (reference 4,171. 
Unfortunately, no impulsive flaw drag da ta  is ava i lab le  f o r  the  other 

2 Reynolds number regimes. However, t he  l a r g e  increase i n  CNu/s in  a f o r  a=20° 

w=30°, r e l a t i v e  t o  a=9oo, seen i n  f i g u r e  4.3 i n  t h e  supe rc r i t i ca l  range is 

consis tent  w i t h  the oblique cylinder r e s u l t s  described i n  sect ion 2.2, Some 
i n s i g h t  i n t o  t h e  phenomena can be obtained from f i g u r e  4.4 where pressure 
d i s t r i b u t i o n  data, i n  t he  form of C /sin2a, is compared f o r  a two-dimensional 

P 
case and a three-dimensional case f o r  supe rc r i t i ca l  Reynolds numbers, Both 
sets of data a r e  f o r  an e f f e c t i v e  Reynolds number of about 0.88x106 w i t h  the 

three-dimensional body data being taken from Tinling and Allen" study 

( reference 4.29) and the  two-dimensional cylinder data  taken from Bur s n a l l  
and Loft in  (reference 2 ,7) ,  Excellent agreement is seen on t h e  windward ha l f  
of the  body, However, on t h e  leeward ha l f  of the  body, it appears t h a t  the 

vortex flow r e s t r i c t s  t h e  a f t  movement of the  separation l i n e ,  as well  a s  
inducing suct ion fo rces  on the  leeward por t ion of the  body. 

4.1,3 Compressibility e f f e c t s  

An extensive study of the e f f e c t s  of compressibil i ty over a broad range 
of Reynolds numbers has been reported by Foley i n  reference 4,34. The 
e f f e c t s  of Mach number and Reynolds number on normal force coef f ic ien t  f o r  
t h e  body a t  an angle of a t t a c k  of 30°, taken from the  above study, a r e  
presented i n  f i g u r e  4.5, The f r e e  stream Mach numbers range from 0 -40 t o  

2.0, w h i l e  the  normal component of Mach number, M s i n %  va r i e s  from 0.20 t o  
1.0. As i n  f i g u r e  4 -2, t he  normal force  coef f ic ien t  is based, i n  t h e  
conventional manner f o r  bodies alone, on the  base area. Thus, because of the  
lower f ineness  r a t i o  and moderate angle of attack ( r e l a t i v e  t o  f i g u r e  4.2) , 
t he  coef f ic ien t  l e v e l  is great ly  reduced and a d i f f e r en t  s ca l e  is selected t o  

be t t e r  i l l u s t r a t e  the  compressibil i ty e f f ec t s ,  
The general t rends of the compressibil i ty e f f e c t s  on t h i s  three- 

dimensional body a t  30' angle of attack a r e  the  same as those observed i n  t h e  
drag data  fo r  two-dimensional cyl inders  normal t o  t h e  flow (see sect ion 
1 3  However, the magnitude of the  forces  i l l u s t r a t e  the  e f f e c t  of the  
s t a b l e  vortex flaw t h a t  occurs on t h e  a r e e d i m e n s i o n a l  bodies, Sizable 
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compressibil i ty e f f e c t s  a r e  observed, even i n  t h e  subcr i  tical crossf low Mch 
number range, Also, t he  l a rge  increase  i n  normal force t h a t  occurs above a 
crossflow Mach number of 0 - 4 ,  accompanied by a decrease i n  Reynolds number 

e f f ec t ,  is consis tent  w i t h  the  shock induced separat ion condit ions observed 
i n  t h e  two-dimensional flow, 

Again it appears t h a t  the  research needs t o  be extended i n t o  t h e  

hypercr i t i ca l  Reynolds number range, A useful contr ibut ion would be t o  

develop accurate Euler solut ions  f o r  the  inv isc id  shock induced separat ion 
case t h a t  would provide an asymptote f o r  'the very high Reynolds number 
conditions, Such so lu t ions  would provide useful information regarding t h e  
need f o r  addi t ional  experiments t o  extend t h e  shock boundary layer 
i n t e r ac t ion  r e s u l t s  t o  higher Reynolds numbers. 

Additional papers containing t h e  e f f e c t s  of Reynolds number and Mach 
number on t h e  aerodynamic cha rac t e r i s t i c s  of bodies of revolution can be 

found i n  t h e  reference lists of both t h i s  sec t ion  and sec t ion  5, 

4,2 Bodies of Non-Circular Cross Section 

4 .2,1 Normal force cha rac t e r i s t i c s  

The cross  sec t ions  of fuselages  of t en  depart  from c i r c l e s ,  and an  

example of the  important e f f e c t s  of these shapes on t h e  normal force is shown 

i n  f i g u r e  4 -6, which is based on data obtained on fuselages  s imi la r  t o  t he  
space s h u t t l e  o rb i t e r  and reported by Brawnson et, ale i n  reference 4 -31, 

The data is f o r  an angle of a t t ack  of 60' and covers a range of windward 

corner r a d i i  f o r  c ross  sec t ions  of modified rectangular  shapes, The Mach 

number has been l imi ted  t o  values  l e s s  than 0.2 t o  minimize compressibil i ty 

e f fec t s .  The normal force  coef f ic ien t  is based on t h e  projected plan 

area  of the  fuselages,  and t h e  Reynolds number is based on t h e  maximum width, 

W, which is more c losely  re la ted  t o  t h e  boundary layer development ahead of 
t he  corner than is t h e  bo6y depth, !The radius parameter, dW, covers t h e  

range from 0 t o  .086, In  t h e  s u b c r i t i c a l  range, it w i l l  be noted t h a t  only 

s m a l l  increases  i n  radius produce l a rge  normal force  reductions r e l a t i v e  t o  

t h e  sharp corner case, !The corresponding decrease i n  c r i t i c a l  Reynolds 

number, analagous t o  t h a t  encountered i n  two-dimensional flow (see  sec t ion  

1,2,1), emphasizes t h e  importance of high Reynolds-number t e s t i n g  when 

inves t iga t ing  t h e  implications of w i n h a r d  corner shape, The e f f e c t s  of 
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corner shape are of pa r t i cu l a r  importance with regard t o  the  l oca l  normal 
force  and i ts i m p a c t  on pitching moment, 

Some e f f e c t s  of angle of a t t ack  and Mach number f o r  the same s h u t t l e  
type fuselage a r e  presented i n  f i g u r e s  4,7 and 4,8, which show data taken 
f rom the summary paper by Jorgensen and Brownson ( reference 4.35) , For these 

comparisons, t he  fuselage having r / v , 0 6 3  has been selected,  Figure 4.7 
2 presents  t h e  data f o r  a Mach number of 0.3 i n  t he  form of % ' / s in  a as a 

function of an e f f e c t i v e  Reynolds number, I n  se lec t ing  t h e  e f f e c t i v e  
Reynolds number f ac to r ,  it appeared probable t h a t  due t o  t he  reduced l a t e r a l  
perturbations,  the  streamline lengths  would increase  more rapidly with 
decreasing angle  of attack f o r  t h i s  f l a t  bottom fuselage than f o r  the  
c i r cu l a r  fuselages. Therefore, ins tead of using K, (sect ion 2.21, the  f ac to r  
l / s i n a  was used and as shown i n  f i g u r e  4,7, was f o m d  t o  col lapse  the  data 
f o r  angles of a t t ack  from 35' t o  50° as w e l l  as could be expected using t h i s  
simp1 i f  i ed  approach t o  t h e  three-dimensional boundary layer development, For 
t h i s  angle of a t t ack  range, t he  normal component of Mach number, M s ina  is 
less than 0,23, so t h a t  the  data is assumed t o  be reasonably f r e e  of 
compressibil i ty e f f ec t s ,  For the angle of a t t ack  of 70' where the  value of 
M s i n a  has reached 0-28, t he re  appears t o  be a consis tent  e f f e c t  t h a t  may be 
a t t r i b u t e d  t o  compressibil i ty promoting a more forward separat ion l i n e  i n  t h e  
v i c i n i t y  of t he  small-radius corner with its s t eep  adverse pressure 
gradient ,  

Regarding t h e  e f f e c t i v e  Reynolds number fac tor  se lect ion,  it should be 

noted t h a t  Esch (reference 4.38) se lec ted  l/sin2a and found a reasonably good 
co r r e l a t i on  over the  complete angle of attack range, Howeverr the  present 
author bel ieves  t h a t  the  l a rge r  f ac to r  required i n  Esch8s ana lys i s  is due t o  
t h e  probable mixture of s u b c r i t i c a l  and s u p e r c r i t i c a l  Mach numbers 
encountered i n  t he  high angle of attack range f o r  the  data he used. 

To f urther i l l u s t r a t e  t he  e f f e c t s  of compressibil i ty , f i gu re  4,8 
presents  t h e  normal force  parameter. $'/sin2a as a function of %/sins f o r  

free-stream Mach numbers of 0,2, 0,6, and 0.9, fo r  angles of attack of 40' 
and 70'. For convenience i n  r e l a t i ng  compressibil i ty e f f e c t s  f o r  the  4x0 
angles of attack, t h e  normal component of P4lach number, M sina,  is a l s o  
shown, The most pb-ominent e f f e c t  s h w n  is the  much greater  influence of 
compressibil i ty a t  the angle of attack of 40°, where vortex flow would be 

expected, than a t  70°, where turbulent  wake flow is expected. This 

dif ference i n  compressibil i ty e f f e c t  is pa r t i cu l a r ly  noteworthy i n  v i m  of 
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t he  considerably lower l e v e l s  of the  normal compnent of Mach number f o r  the  
40' angle of a t t ack  case. The f a c t  t h a t  the  vortex-induced force  begins t o  
increase a t  a r e l a t i ve ly  low value of M s im is presumed t o  be associa ted 
with the  high veloci ty  a t  the  separat ion l i n e  f o r  the small corner radius. 

For both angles of a t tack,  the  reduction i n  Reynolds number e f f e c t s  is  
observed f o r  Mach numbers where shock induced separat ion would be expected, 

In general,  t h e  primary importance of the  fuselage normal force  
va r i a t i on  with Reynolds number is, of course, t he  contr ibut ion it makes  t o  
t h e  a i r c r a f t  p i tching moment. An example of the  e f f e c t  of Reynolds number on 
t h e  pitching moment of a f orward-swept wing a i r c r a f t  configuration a t  l o w  
speeds and an angle of a t t ack  of 80°, taken from unpublished data  obtained a t  
NASA" Ames Research Center is presented i n  f i g u r e  4,9. In view of the  long 

fuselage f orebody, and t h e  f a c t  t h a t  the remainder of the fuselage is 

""banketed89y the  canard and wing, it is t o  be expected t h a t  the  major 

e f f e c t  of Reynolds number would be associa ted wi th  the fuselage forebody, It 

i s  seen t h a t  as t h e  Reynolds number increases,  t he re  is a l a rge  negative 
s h i f t  of the  pi tching moment consis tent  wi th  the  expected reduction i n  
forebody normal force  as t h e  crossflow a t taches  fu r the r  around t h e  
forebody. Such e f f e c t s  a r e  important with regard t o  s t a l l - sp in  
cha rac t e r i s t i c s ,  and some r e l a t ed  data  on t h i s  configuration a n  be found i n  
reference 4,61, 

The r e s u l t s  presented i n  f i g u r e  4,9 a r e  f o r  c ross  sec t ions  with ra ther  
generous r a d i i  on t h e  bottom corners; f o r  smaller r a d i i  the  crit ical Reynolds 
number would, of course, be higher, as indicated i n  f i g u r e  4,6, 

The above r e s u l t s  tend t o  emphasize t he  importance of simulating both 
the  Mach number and t h e  Reynolds number of t he  f l i g h t  condit ions i n  question,  

even f o r  r e l a t i ve ly  low Mach number conditions, f o r  these types of body c ros s  
sections,  The new cryogenic wind tunnels  o f f e r  important increased 
capabi l i ty  t o  accomplish t h i s  w e l l  i n t o  t he  hypercr i t i ca l  Reynolds number 
range where no data  e x i s t s  a t  present,  

4.2,2 Side force  cha rac t e r i s t i c s  

One of the  most pronounced e f f e c t s  of non-circular bodies is  t h e  s ide  
fo rces  they develop, pa r t i cu l a r ly  when t h e  s i d e s l i p  is combined with  the  high 
angles of a t t ack  encountered i n  maneuvers, For tactical a i r c r a f t ,  t he  major 
e f f e c t s  a r e  usually confined t o  t he  fuselage forebody ahead of the  wing and 

59 



the resul t ing s ide  forces  of ten produce yawing moments of magnitudes such t h a t  
the complete a i r c r a f t  can become s t a t i c a l l y  unstable, 

Section l , 2 , 2  demonstrated the  importance of Reynolds number on the  side 
forces  developed on various two-dimensional non-circular cylinders with axes 
normal t o  the  flow and a t  r o l l  angles representing various combinations of 
angle of a t tack and s ides l ip ,  The implications of these side forces  w i t h  

regard t o  three-dimensional bodies were br ief ly  discussed, Also discussed 

were some of the early a i r c r a f t  con£ iguration s tudies  of non-ci rculax 
f use1 ages which demonstrated the need f o r  two- and three-dimensional 
research, and the  reader is referred t o  section 1 ,2 ,2  for  t h i s  background and 
associated references, 

This section br ief ly  describes some Reynolds number s tudies  carr ied out 
on three-dimensional bodies i n  the  high angle of attack range. Extensive 
s tudies  on three-dimensional bodies having non-circular cross sections have 
been performed by Clarkson e t ,  dl, (reference 4-43] over an angle of attack 

range from 55' t o  90O, and a portion of the i r  resu l t s  a r e  presented i n  f igure  
4,10, The s ide force coefficient,  Cys acting on the  forward portion of the 

fuselage is  presented a s  a function of + fo r  a constant flow incidence angle 

i n  the  body crossflow plane of @=+10O (obtained by s t a t i c  r o l l  angle) for 
various angles of attack, The angle @ represents the  resul tant  flow angle i n  
the  crossflow plane fo r  various combinations of angle of attack and 
sides1 ip. 

The fuselage cross section was a square with rounded corners having non- 
dimensional r ad i i  of $0.245 which is ident ica l  t o  one of the two- 
dimensional cylinders discussed i n  section 1,2,2 ,  For angles of attack of 75 

and 90' the resul t ing s ide  force coefficients,  based on s ide area, a re  qu i t e  
similar t o  the  two-dimensional resul t s  presented i n  f igure  1.11, and 
i l l u s t r a t e  the change i n  direct ion of the side force between subcr i t ica l  and 
supercr i t ica l  Reynolds number conditions a s  the  flow attaches around the  l e f t  
f ront  corner (see section A-A of f igure  4.10) . Inasmuch a s  a psi t i v e  value 
of corresponds t o  a posi t ive s ides l ip  angle, it is seen t h a t  the nose 
portion would contribute a restoring moment a t  subcr i t ica l  Reynolds numbers 
and diverging moment a t  supercr i t ical  Reynolds numbers, For configurations 

where the wing obstructs the  crossflow a f t  of the nose, such e f fec t s  a s  

shown i n  f igure  4,10 can have a profound e f fec t  on directional s t ab i l i ty ,  and 

even more important, a t  these high angles of attack, on damping of the f l a t  
spin mode ( t o  be shown l a t e r )  , 
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For the angles of a t t ack  of 45' and 60°, l a rge  Reynolds number e f f e c t s  
still occur but a r e  seen t o  have somewhat opposite trends, It would appear 
t h a t  t h i s  change is associa ted w i t h  the change from a disorganized wake type 
flow t o  t he  organized vortex type flaw discussed i n  connection with c i r cu l a r  
bodies, For example, a t  the  lower angles of attack, a strong vortex would be 
expected t o  f o m  and be f ed  by the  separation a t  the  l e f t  f r o n t  corner, i n  
t he  cross-sectional view of f i g u r e  4.10, which produces suction fo rces  
accompanied by c i r cu l a t i on  changes such t h a t  the  resu l t ing  force  i s  opposite 
t h a t  a t  the higher angles of attack. A t  higher Reynolds numbers where the  
flaw remains a t tached fur ther  around t h e  corner, t h e  vortex s t rength  is 
reduced and a reduction i n  s ide  force  occurs. 

An example of the  Reynolds number s ens i t i v i t y  of space s h u t t l e  o rb i t e r  
type bodies a t  high angles of a t t ack  combined w i t h  s i d e s l i p  is presented i n  
f i g u r e  4 ,11,  from the  study by Brownson e t .  al. (reference 4.311, Again, t he  
s ide  force  coe f f i c i en tp  Cy\ is presented a s  a function of the  Reynolds 

number based on t h e  maximum width of t h e  body, The angle of a t tack is 60°, 

t h e  flow incidence angle, 4 , is l o 0 ,  and t h e  non-dimensional corner r a d i i  
r/wf is 0,086, Also shown is t h e  corresponding da ta  from the  two-dimensional 
cylinder study, reviewed i n  sect ion 1,2,2, fo r  the  square cylinder having non- 
dimensional corner r a d i i  r/w of 0,080- The two-dimensional s ide  force  has 

2 been adjusted t o  t he  condition of a=60° by reducing i ts magnitude by s i n  a t o  
account f o r  t he  reduced crossflaw dynamic pressure, Since the  e f f ec t ive  
Reynolds number f o r  the m=60° case is higher than f o r  the a =go0 case, the  
Reynolds numbers f o r  the  two-dimensional data have been reduced f o r  purposes 
of comparison, It should be noted, howeverp t h a t  ins tead of the  & term 
presented i n  sec t ion  2,2 fo r  c i r cu l a r  bodies, the  fac tor  sina has been used 

as discussed i n  sec t ion  4,2,1, Although such correct ions  a r e  very 

approximate, and changes i n  t h e  lee-side flaw can occur t h a t  a r e  not 

accounted fo r ,  the  two sets of data demonstrate the same trend of s ide  force  
with Reynolds number, 

The major consequence of the above s ide  force  cha rac t e r i s t i c s  is 
usually, of courser its e f f e c t  on t h e  v e h i c l e e s  d i rec t iona l  s t a b i l i t y ,  An 

example of such an e f f e c t  of Reynolds number on t h e  d i rec t iona l  s t a b i l i t y ,  

=% 
is presented i n  f i g u r e  4.12 fo r  the complete configuration of t he  space 

s h u t t l e  o rb i te r .  This data  is f o r  an angle of a t t ack  of approximately 20' 
and was taken from the  papea: by Bornemann et, al, (reference 4,811. The data  
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points  represent s t a t i c  d i rec t iona l  s t a b i l i t y  measurements made i n  various 
wind tunnels w i t h  several  models which resul ted i n  a var ie ty  of s t a b i l i t y  
levels ,  However, when the  data was p lo t ted  as a function of the  Reynolds 
numbers associa ted w i t h  the  various s i z e  models and tunnel pressures, the  

t rend i l l u s t r a t e d  i n  f i g u r e  4,12 emerged. The r e s u l t s  ind ica te  t h a t  while 
the  configuration is s t a b l e  a t  low Reynolds numbers, it becomes unstable a t  

high Reynolds numbers. This again i l l u s t r a t e s  t h e  importance, pa r t i cu l a r ly  

fo r  non-circular f orebodies, of t e s t i n g  a t  su f f i c i en t ly  high Reynolds numbers 
t o  assure  separation cha rac t e r i s t i c s  s imi la r  t o  t he  f u l l  s ca l e  vehicle,  or of 

developing accurate  t r  ansi  tion-contr o l  techniques, It w i l l  be noted t h a t  the 

change i n  d i rec t iona l  s t a b i l i t y  is consis tent  with the s ide  force  r e s u l t s  

presented i n  t h e  previous f igure ,  fo r  a body alone having a c ross  sec t ion  
s imilar  t o  t he  s h u t t l e  o r ib t e r  nose, Although the body alone data  was f o r  a 

much higher angle of attack, it appears poss ible  t h a t  with the upwash from 
the  wing increasing t h e  l o c a l  angle of attack a t  the  nose section,  s ide  force  

va r i a t i ons  s imi la r  t o  those of the  previous f i g u r e  could be developed on the  
nose, and t h a t  they would provide the  observed t rend i n  d i rec t iona l  
s t a b i l i t y .  The long moment arm from the  center  of gravi ty  amplifies, of 
course, the  e f f e c t  of the s ide  force  developed on t h e  nose, It should be 

pointed ou t  t h a t  these  r e s u l t s  include any forces  induced on t h e  a f t  por t ion 
of the  vehicle  by the  vortex flows generated by the  forebody separations. 

The new high Reynolds number f a c i l i t i e s  o f f e r  an opportunity t o  carry 
out a systematic study of t h i s  and other viscous dominated flows on t h e  space 
s h u t t l e  o rb i t e r  and other configurations at, or  near, f u l l  s ca l e  conditions. 

4.2,3 Autorotation cha rac t e r i s t i c s  

Another consequence of the  long fuselage forebodies ahead of the  wing, 
which a r e  c h a r a c t e r i s t i c  of modern jet f ighter-type a i r c r a f t ,  is t he  major 
r o l e  they can play i n  regards t o  t h e  a i r c r a f t e s  spin  charac te r i s t i cs ,  Pr ior  
t o  t h e  evolution of these long forebodies, t he  f uelageD s influence i n  

spinning was usually small, However, i n  t h e  mid-l950~s, several  aerodynamic 
research programs began t o  demonstrate not only the  strong influence of the 

longer forebodies but t he  c r i t i c a l  e f f e c t s  of t h e i r  cross-sectional shape and 
of Reynolds number, The ear ly  por t ions  of %his research were i ~ l u e n c e d  
considerably by the discovery i n  t h e  Langley sp in  tunnel t h a t  the model of 
the  F8U a i r c r a f  t experienced a f l a t  f as& spin, These programs included, i n  
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addi t ion t o  t h e  spin  tunnel s tud iesa  one-degree-of-freedom autorota t ion tests 
of the  F8U i n  t h e  f l a t  spin  mode over a range of Reynolds numbers and a 
fundamental study of the  crossf low cha rac t e r i s t i c s  of a wide range of two- 
dimensional non-ci rcular  cylinder s over a wide Reynolds number range, These 

l a t t e r  two programs demonstrated t h e  strong influence of cross-section shape 
and Reynolds number and t h e  r e s u l t s  r e l a t i v e  t o  t h e  F8U a r e  b r i e f ly  
summarized w i t h  the a i d  of f i g u r e  4.13, From t h e i r  two-dimensional cylinder 
research, Polhamus et, a l e  ( reference 4,491 es tabl ished a probable 
autorota t ion boundary for  rectangular and square cross  sect ions  with rounded 
corners as a function of the  Reynolds number (based on the  corner radius and 
t h e  r a t i o  ot  the  corner radius t o  t h e  width of the  cross  sect ion)  a s  shown i n  
f i g u r e  4.13, In  t h e  same t i m e  period, Clarkson (reference 4.48) was ca rwing  
out  t h e  F8U autorota t ion tests i n  which he es tabl ished a Reynolds number that 

separated au toro ta t ion  from damping c h a r c t e r i s t i c s  f o r  the  fuselage forebody 

and h i s  r e su l t s ,  converted t o  t h e  parameters described above, a r e  a l s o  shown 
i n  f i g u r e  4.13. The lower Reynolds number of the  boundary fo r  the  F8U cross  
sec t ion  r e l a t i v e  t o  t h e  modified rectangular cross  sect ions  is probably due 
t o  a l e s s  adverse pressure gradient expected f o r  the  somewhat e l l i p t i c a l  
shape a s  w e l l  a s  three-dimensional r e l i e f ,  Both s tud ies  predicted t h e  
importance of Reynolds number which was substant ia ted by comparisons of the  
F8U sp in  tunnel r e s u l t s  by Kliner e t .  a l e  (reference 4,441 and the  f u l l  scale 
a i r c r a f t  f l i g h t  r e s u l t s  by Alley (reference 4 -45) , These r e s u l t s  a l s o  shown 

i n  f i g u r e  4 -13, indicated tha t ,  i n  f a c t ,  t he  a i rplane was not suscept ible  t o  

t he  f l a t  spin  observed i n  t h e  sp in  tunnel. 
24s a r e s u l t  of the  above s tudies ,  the  current  pract ice  i n  t h e  spin  tunnel  

t e s t s  is t o  develop a forebody flow control  device f o r  each configuration t o  
simulate high Reynolds number damping cha rac t e r i s t i c s  . $his is  accomplished 

through the a i d  of s t a t i c  tests car r ied  out  over a Reynolds number range i n  a 
conventional pressure tunnel as has been described by Chambers e t .  al, 
(reference 4,51), Some of the  r e s u l t s  of these s t a t i c  tests can be found i n  
references 4.52 through 4,55, Although this approach has been f a i r l y  
successful,  uncer ta in t ies  associated w i t h  the  l a c k  of rotary motion i n  t h e  

Reynolds number tests and possible  incomptab i l  i t ies between t h e  flow control  
devices required f o r  the  yaw and p i t ch  modes a r e  causes f o r  some concern, 

Recently, Clarkson et, a l e  have es tabl ished a general. research program 
u t i l i z i n g  a one-degree-of-f reedom r i g  s imi la r  t o  t he  e a r l i e r  F8U r ig ,  but 

w i t h  angle of attack va r i a t i on  a p b i l i q .  This program includes force  and 
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moment data, de t a i l ed  pressure d i s t r i bu t ion  measurements, and surface flow 
v isua l iza t ion  f o r  a s e r i e s  of body shapes over a Reynolds number range, This 

technique should o f f e r ,  i n  addi t ion  t o  t h e  bas ic  research resu l t s ,  an 
improved method of flow cont r 01 devel opnent f o r  use i n  improving simulation 
i n  l o w  Reynolds number spin  tunnels, An example of the  s ide  force  

( ind ica t ive  of .the damping o r  propell ing moment 1 measured on t h i s  r ig ,  over a 

range of Reynolds numbers is shmn i n  f i g u r e  4,14 fo r  a fuselage having a 
square cross  sec t ion  with non-dimensional corner r a d i i ,  r/wp of 0.245 (see 
xef erence 4.56) . Iblso shown is t h e  s ide  force  measured on a two-dimensional 

cylinder of the  same cross  sect ion f o r  a flow incidence angle, c$, of 10' 
(from f igu re  1.111. The corresponding h e l i x  angle f o r  the  ro ta t iona l  tests 

was 7.6' and t h e  strong s imi l a r i t y  of the r e s u l t s  is apparent. Both types of 
t e s t s  indicate  a s h i f t  from a p r ~ s p i n  condition a t  l a w  Reynolds numbers t o  an 
an t i sp in  condition a t  higher Reynolds numbers a s  t he  f l m  a t taches  around t h e  
l e f t  f ron t  corner i n  t he  cross-section sketch, A de t a i l ed  descr ipt ion of t he  

flow is presented i n  sect ion 1,2,2, Additional r e s u l t s  from the spin  r i g  can 
be found i n  references 4.56 through 4,58 

A s  pointed out  i n  sect ion 1,2.2, cross-sectional shapes such a s  t he  
modified squares might be expected t o  encounter addi t ional  Reynolds number 

e f f e c t s  i n  t h e  higher ranges as the  flaw eventually c loses  more completely 

around t h e  a f t  corners, Therefore, it would be advantageous t o  carry out  

t e s t s  s imilar  t o  those described above i n  t he  new high Reynolds number 
tunnels and ob ta in  ac tua l  f u l l  scale conditions, 
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5.1 Background 

5,1,1 Early s tud ie s  

A s  t h e  angle of a t tack of a body of revolution increases, t he  crossflow 
separation induced vortex p a i r s  eventually kcome asymmetric even f o r  &he 

symmetric body a t  zero s ides l ip ,  This can r e s u l t  i n  a l a rge  out-of-plane 
s ide  force  producing a sudden and sometimes uncontrollable yawing moment. 
Some of the  ear ly  s tud ie s  a r e  l i s t e d  as  references 5,1 through 5.12, 

m e  f i r s t  photographs of these asymmetric vo r t i ce s  t o  be published were 
those of Allen and Perkins i n  1951 (reference 5 .I) , They pointed out  t h a t  on 
long missiles a t  high angles of a t tack,  'Yth discharge of a vortex street 
should promote asymmetry of fo rces  on t h e  tai l  surfaces  and manifest i t s e l f  
a s  a tendency t o  unexpected and e r r a t i c  r o l l i n g  . , , " The an t ic ipa ted  e f f e c t  
on long missiles with s t a b i l i z i n g  f i n s  was soon confinned by wind tunnel 

t e s t s  as reported by Mead i n  ear ly  1952 (reference 5.2) and i n  1953 by Gowen 
(reference 5,3) a who reported on v e r t i c a l  ta i l  buffe t ing caused by asymmetric 
vortex flow, 

With regard t o  fo rces  and moments developed on t h e  body i t s e l f a  d l l e n  
and Perkins a l s o  suggested t h a t  " the  aper iodic  changes i n  t h e  discharged 

s t r e e t  oE vo r t i ce s  might inducea fo r  a pitched body, undesirable fo rces  and 
moments i n  yaw," In t h e  l a t t e r  p a r t  of 1952, Cooper e t ,  al, published t h e  
r e s u l t s  of a study a t  W1.59 which demonstated t h e  out-of-plane fo rces  and 
moments an t ic ipa ted  by Allen and Berkins and, i n  addit ion,  indicated t h e  
cyc l i c  va r i a t i on  i n  l o c a l  s ide  force  along t h e  body length (reference 5,4) , 

In 1953, Letko (reference 5.5) published t h e  f i r s t  low speed measurements of 
out-of-plane fo rces  and moments on slender bodies a t  high angles of a t t ack  
and demonstrated t h e  effect iveness  of a r ing  o r  other roughness a t  the  nose 

i n  g rea t ly  reducing t h e  undesirable yawing moments, Also i n  1953, Perkins 
and Dennis (reference 5,6) es tabl ished t h e  angle of a t t ack  a t  which the  

asymmetric and unsteady vortex flow began t o  decrease with increasing nose 
f ineness  r a t i o ,  and then es tabl ished a boundary r e l a t i ng  these  two 
parameters, A study of the  yawing moment a t  zero s i d e s l i p  was a l s o  made i n  

connection w i t h  spin  s t ab i l i zed  rockets by Durn i n  1954 (reference 5,531. 



Some ear ly  work i n  England was r e p r t e d  by Fink i n  1953 (reference 5,111 
and by Maltby and Peckhaan i n  1956 (reference 5,121, During t h i s  same period, 
s tud i e s  es tabl ished t h a t ,  although the asymmetric vortex pa t te rns  were still 

present,  the  l a r g e  out-of-plane forces  and moments encountered a t  l a w  speeds 
were essen t ia l ly  el h i n a t e d  a t  supersonic speeds. Representative of this 

research a r e  the  papers published by Allen and Perkins (reference 5 ,11 . Gwen 
and Perkins (reference 5,81 , and Gapcynski ( reference 5 ,101 , 

Thus, t he  general fea tures  of the  asymmetric vortex flow, the resu l t ing  
out-of-plane forces,  t he  cyc l i c  va r i a t i on  of '  l oca l  s ide  force,  and t h e  
importance of nose shape and Mach number had been uncovered by the mid 
1950 s. However de t a i l ed  researchB the development of predic t ion methods, 
and the  search f o r  p rac t i ca l  methods of reducing t h e  magnitude of the forces  
lagged during t h e  next f i f t e e n  years  because the  a i r c r a f t  and missiles of 
t h a t  t i m e  were not, i n  generalr  operating i n  t he  high angle of attack range. 
However, i n  t h e  late  1960 I s  i;nd ear ly  19708ss i n t e r e s t  was renewed as new 
f igh te r  a i r c r a f t  designs began t o  penetrate the  high angle of attack range 
during maneuvers, A t  the  high angles of attack involved the  l a rge  yawing 
moment which can r e s u l t  from the  s ide  force  a t  zero s i d e s l i p  can be a major 
contributor t o  t he  so-called "nose sliceRs ox "yaw o f f "  - a divergence i n  yaw 

resu l t ing  i n  an inc ip ien t  departure, Providing adequate control  power f o r  
these high angle of attack asymmetric flow condit ions is a major problem f o r  

modern tactical a i r c r a f t  t h a t  can encounter angles of attack approaching 60' 
i n  combat maneuvers, This and other s t a b i l i t y  and control  problems 

encountered i n  t he  design of modern f i g h t e r  a i r c r a f t  have recently been 
reviewed by Skow and Erickson (reference 5.201, Examples of review papers 
dealing w i t h  the  f l u i d  dynamic aspec ts  of the  asymmetric vortex f laws and 
resu l t ing  out-of-plane forces  are l i s t e d  as references 5.13 through 5 -22 w i t h  

the  recent paper by Hunt (reference 5,211 providing a summary of the  overal l  
subj ect ,  

W i t h  regard t o  basic  data p a p E S P  t he  reference list has been r e s t r i c t e d  

primarily t o  those that include s tud ie s  of Reynolds number and/or Mach number 
e f f e c t s  i n  t h e  subsonic and t ransonic  range (consistent  w i t h  the subject  of 

t he  present paper),  The l a rge  mass of low speed, subc r i t i ca l  Reynolds number 

data, as w e l l  as supersonic data,  can be located w i a i n  t he  reference lists 

of the c i t e d  papers, 
Because of the  many recent p p r s  dealing w i t h  various aspects  of this 

f l m ,  and because of the  overa l l  summary by Hunt, the  discussion i n  t he  
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present paper w i l l  be l imi ted  primarily t o  ce r t a in  e f f e c t s  of Reynolds number 
and a discussion of those a reas  where higher Reynolds number data  might be 
needed, 

Although the  resu l t ing  yawing moments are generally more important t o  
veh ic le  con t ro l l ab i l i t y ,  t h e  s ide  fo rces  and t h e i r  d i s t r i bu t ions  have been 
selected as a more convenient means of discussing t h e  general phenomena 
associated with asymmetric vortex flow* 

5.1e2 Some general cha rac t e r i s t i c s  

A typ ica l  va r i a t i on  of the  out-of-plane force  with angle of a t tack f o r  
an ogive-cylinder con£ igurat ion is shown i n  f i g u r e  5.1. A t  a moderate angle 
of at tack,  vortex flaw develops but is i n i t i a l l y  symmetrical. A t  some higher 
angle of attack, t he  vo r t i ce s  become asymmetrical with the  asymmetry e i t he r  
being i n i t i a t e d  a t  the  rear  of a r e l a t i ve ly  long afterbody i n  accordance with 

the  impulse flow analogy or a t  the  apex of a slender, pointed nose, The s ide  

force  resu l t ing  from the  vortex asymmetry increases with angle of a t t ack  due 

primarily t o  t h e  increase i n  t he  normal component of dynamic pressure. 
However, t he  corresponding increase i n  normal veloci ty  increases t he  vortex 
shedding ra te ,  resu l t ing  i n  a second p a i r  of asymmetric vo r t i ce s  of opposite 
asymmetry, and t h e  overal l  s ide  force  is  reduced, Eventually, as t h e  angle 
of a t t ack  increases  fur ther ,  the  steady vortex flow t r a n s i t i o n s  i n t o  t h e  
unsteady wake-type flow associated w i t h  cyl inders  normal t o  the  flow, and t h e  
time-averaged s i d e  force  re turns  t o  zero. 

For a i rcraf t - type bodies, it appears t h a t  s ince the  wing generally 
blankets t h e  flow over much of the  fuselage, the  onset of vortex asymmetry is 
associated w i t h  the  apex of the  nose, as mentioned above f o r  shor t  bodies. 

Keener and Chapman (reference 5.341 have proposed t h a t  s ince  asymmetric 
vortex flows and t h e  resu l t ing  r o l l i n g  moments have been observed i n  tests of 
slender sharp-edge wings where the  separation l i n e s  a r e  f ixed,  asymmetry i n  
separation l i n e s  on slender pointed bodies of revolution a r e  not necessari ly 
the  cause of vortex asymmetry; ins tead it can r e s u l t  from a "hydrodynamic 
i n s t a b i l i t y  " of the  vo r t i ce s  themselves, Woolard ( reference 5.3 8) ar r ived  a t  
a s imilar  conclusion by shcwing t h a t  the  onset angles  f o r  slender wings and 
cones can be ana ly t i ca l ly  re la ted  by a slender body mapping procedure, More 
recently,  Dyer et, d, (reference 5,391 have shosnln, with an inv isc id  model of 

the  flow about a slender cone, t h a t  asymmetrical vor t ices  can f o m  with the  
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separation l i n e s  disposed symmetrically, These and other papers r e l a t ed  t o  
hydrodynamic i n s t a b i l i t y  a r e  l i s t e d  a s  i n  references 5,29 through 5-40. 

Figure 5,2 i l l u s t r a t e s  some of the  evidence of "hydrodynamic 
i n s t a b i l i t y "  as a cause f o r  vortex asymmetry, On the  l e f t  a r e  r e s u l t s  of 
tests of slender d e l t a  wings t h a t  show the  boundary between symmetric and 
asymmetric vortex flow i n  terms of a/& , t he  r a t i o  of angle of attack t o  semi- 
apex angle, versus t he  semi-apex angle. On the  r i g h t  a r e  the r e s u l t s  of the  
inv isc id  theory for  cones i n  terms of a/6 versus t he  loca t ion  of the  assumed 
symmetrical separat ion l i nes ,  Experimental data  fo r  cones ind ica te  the  
boundary occurs a t  a value of % of about 2.O., which is i n  reasonable 
agreement with the  calcula t ions  of Dyer et, a l e  and about one-half of the  
value f o r  the  d e l t a  wings, 

From these r e s u l t s  and ava i lab le  experimental data, it appears t h a t  the 

onset  angle of attack may not be c r i t i c a l l y  dependent upon Reynolds number, 
However, as w i l l  be shown, the  cha rac t e r i s t i c s  beyond onset  a r e  highly 
Reynolds number dependent. 

5.2 Ogive-Cylinder a t  Constant a 

The recent  study by Lamont (reference 5.57) produced a rather complete 
set of data with regard t o  t h e  de ta i led  e f f e c t s  of Reynolds number on the  out- 
of-plane force  f o r  an ogive-cylinder covering t h e  subc r i t i ca l r  c r i t i c a l p  and 
supe rc r i t i ca l  regimes. While o f ly  a port ion of h i s  study has been published 
t o  date, t h a t  which has been published provides considerable i n s igh t  i n t o  t h e  
Reynolds number ef ects of i n t e r e s t  i n  t h i s  paper, The var ia t ion  of the  

maximum out-of -pl ane f orce . , with Reynolds number, RD, for  an angle 
'yo max 

of a t t ack  of 40' from LamontD s study is presented i n  f i g u r e  5,3, The model 

was a body of revolution having an ogive nose of 3,5 diameters i n  length and 
a cy l indr ica l  afterbody of 4.0 diameters i n  length of which 6 diameters from 
the  apex were pressure instrumented. The model was ro l l ed  during t h e  tests 

t o  assure  t h a t  t he  maximum s ide  force  was obtained, 
It w i l l  be noted t h a t  i n  preparing f i g u r e  5.3, t h i s  author u t i l i z e d  t h e  

ac tua l  sign of the s ide  force  ra ther  than using t h e  absolute value, 
I'yo max I 

presented by Lamont, The parameter, 
ICyo max 

I , is of t en  useful when 

comparing r e s u l t s  from d i f f e r en t  models o r  d i f fe ren t  runs since the  d i rec t ion  
of the vortex asymmetry and t h e  resu l t ing  s i d e  force  sign a r e  generdlly 
es tabl ished by random disturbances i n  t h e  wind tunnel or  s l i g h t  asymmetries 
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i n  nose shape. This method of presentat ion,  however, obscures t h e  changes i n  
sign of the  overal l  s ide  force  t h a t  a r e  caused by changes i n  Reynolds 

number, These changes a r e  sometimes encountered i n  the  critical range and 

a r e  believed t o  be associated w i t h  Ithe change i n  vortex shedding frequency, 
The ac tua l  s igns  used i n  f igure  5,3 were deduced from =khe longi tudinal  
d i s t r i bu t ions  of l oca l  s ide  force. 

In  f i g u r e  5,3, it w i l l  be noted t h a t  Cy decreases w i t h  increasing 
o max 

Reynolds number, reaching a value of zero a t  about ~ ~ = 7 x 1 0 ~  and then changes 
sign, With fu r the r  increases  i n  Reynolds numberp the  sign again reverses, 
and a t  t he  highest  supe rc r i t i ca l  Reynolds number tested.  F$,=4~10~,  the  out-of- 
plane force  re turns  t o  a value s imilar  t o  the  subc r i t i ca l  value, While much 

of t he  reduction i n  t h e  c r i t i c a l  range can be a t t r i b u t e d  t o  the  well-known 
reduction i n  vor tex s t rength  as t h e  separation l i n e  moves a f t ,  the  change of 

sign appears t o  be associated w i t h  the  change i n  period of the  cyc l i c  
va r i a t i on  of l o c a l  s ide  force  along t h e  length of the  body. This is  

i l l u s t r a t e d  i n  f i g u r e  5.3 by the  small i n s e t  p lo t s  showing t h e  measured 
longitudinal  d i s t r i bu t ions  of the  l o c a l  s ide  force  f o r  th ree  Reynolds 
numbers. It w i l l  be noted t h a t  near the  peak negative value of out-of-plane 
force,  t he  period of t he  cyc l i c  va r i a t i on  has been reduced t o  about one-half 

of its subc r i t i ca l  value and t h e  negative loop e s t ab l i shes  t he  overal l  s ign 
of the  s ide  force,  In  t h e  upper supe rc r i t i ca l  Reynolds number range, the  

period re turns  t o  a value s imilar  t o  t h e  subc r i t i ca l  case, and a re turn  t o  a 

pos i t ive  value of s ide  force  coef f ic ien t  resul ts .  $he cyc l i c  va r i a t i on  of 
s ide  force  along with body is, of coursep associated with the a l t e rna t ing  
asymmetric vortex p a i r s  resu l t ing  from per iodic  vortex shedding, and it can 

be shown by the  impulsive flow analogy t h a t  the vortex spacing v a r i e s  
inversely a s  S -  tana, where S is t h e  Strouhal frequency fo r  a two-dimensional 
cylinder normal t o  t h e  flow (see reference 5.61) having t h e  same separation 
1 ine location. all though the  analogy has been successfully demonst ra ted  i n  
t h e  subc r i t i ca l  range (see reference 5-50, fo r  example), no such analysis  
covering a wide range of Reynolds numbers i n  which the  various flow regimes 
a r e  encountered has been found i n  t h e  l i t e r a t u r e ,  However, the  de t a i l ed  data  
s e t  of Lamontu s o f f e r s  an opportunity t o  explore t h i s  aspect  and t h e  r e s u l t  
of a preliminary attempt is i l l u s t r a t e d  i n  f i g u r e  5 -4. 

In f i g u r e  5,4, LamontBs loca l  s ide  force  d i s t r i bu t ions  along t h e  body 

a r e  presented f o r  several  Reynolds numbers on the  l e f t  port ion of the  
f igure ,  The Reynolds numbexs were se lected such t h a t  they could be 
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reasonably characterized by the  laminar, t r a n s i  t i ona l  a or f u l l y  turbulent  
separation boundaries i den t i f i ed  by Lamount (see f i g u r e  2 ,  reference 5,571, 
The corresponding two-dimensional Strouhal vortex shedding parameter, S, was 
then estimated f rom f igu re  3.2 of t h i s  paper, While the  choice sf  a value 
f o r  the  shedding parameter was straightforward f o r  the laminar and high 
Reynolds number turbulent  cases, the  values  t o  use f o r  the  t r ans i t i ona l  and 
l o w  Reynolds number turbulent  cases were not so apparent because of the  
va r i a t i on  of the  boundary-layer state along t h e  length of the  body, 
Consequently, for  the  purpose of this paper ,- t he  shedding frequency 
parameters f o r  the  l a t t e r  two cases were chosen as those values appropriate 
f o r  the  longi tudinal  s t a t i o n  a t  which the  f i r s t  peak  i n  t h e  s ide  force  
d i s t r i bu t ion  occurs, Consequently, using BeamanB s data, a subc r i t i ca l  value 
of S equal t o  0.20 was used f o r  the  laminar separation case, a value i n  t h e  
center  of the  c r i t i c a l  range equal t o  0.32 for  the  t r ans i t i ona l  case, and a 
value i n  t h e  supe rc r i t i ca l  range of 0 -46 for  the  l o w  Reynolds number f u l l y  

turbulent  case. A value of 0,26 based on Roshkoa s data was used f o r  the  high 

Reynolds number f u l l y  turbulent  case. It should be noted t h a t  Lamontns 
boundary layer states were used ra ther  than RD s ince it is d i f f i c u l t  t o  
r e l a t e  the  e f f ec t ive  Reynolds number on t h e  ogive t o  t he  two-dimensional 
ca see 

Using t h e  values of S shown i n  t h e  table.  the  r a t i o  of cy/cn is p lo t ted  

versus 8 (S) t ana  on t h e  r i g h t  port ion of f i gu re  5.4. The use of cy/cn is an 

attempt t o  reduce the  e f f e c t  of vortex s t rength  va r i a t i ons  with Reynolds 

number, While the  amplitudes do not collapse, it is in t e r e s t i ng  t o  note t h a t  
t h e  periods, i n  terms of 6 (S) t ana  a r e  e s sen t i a l l y  the  same. From this it 

appears t h a t  the  three-dimensional body data may support the  suggestion made 
i n  sect ion 3.1, t h a t  while the  two-dimensional vortex shedding frequency 
content i n  t h e  c r i t i c a l  and most of t he  supe rc r i t i ca l  range is of the "wide- 
band random" type, the  upper frequency leve l  character izes  shedding from 
three-dimensional bodies a t  angles of a t t ack  where steady asymmetric vortex 
flow ex is t s ,  This conclusion, however, must be considered as  t e n t a t i v e  s ince 
the  above use of the impulse flow analogy is s t r i c t l y  applicable only for  
constant diameter bodies and the  method of using t h e  two-dimensional data of 
f i gu re  3,2 could be questioned, 

To fu r the r  inves t iga te  the  above observations, it would appear des i rab le  

t o  make pressure measurements on a high f ineness r a t i o  ogive cylinder i n  
order t o  define the cyc l i c  va r i a t i ons  of the  out-of-plane s ide  force  over the  

75 



constant diameter sec t ion  i n  t h e  super c r i t i c a l  and hypercr i t i ca l  Reynolds 
number ranges, The new high Reynolds number cryogenic tunnel o f f e r s  t h e  
opportunity t o  accomplish t h i s  over a range of subsonic and t ransonic  Mach 
numbers. 

5.3 Isola ted Ogive Forebodies 

5.3,l  General cha rac t e r i s t i c s  

The above discussion d e a l t  with the  e f f e c t  of Reynolds number on 
"0 

a t  

a constant angle of attack. However, addi t ional  ins igh t  with regard t o  the  
e f f e c t s  of Reynolds number can be derived by examining haw the  f i r s t  and 
second peaks i n  t h e  cyc l i c  va r i a t i on  of C change with angle of at tack.  

yo 
Inasmuch a s  t h e  sense of the  vortex asymmetry is random and dependent on 
disturbances associated with model imperfections, tunnel flow, etc. , a sign 
convention has been adopted a s  an a i d  i n  c l a r i fy ing  trends. I n  t h i s  
convention, a l l  s igns  a r e  reversed, when necessary, t o  provide a pos i t ive  

sign f o r  the  f i r s t  peak  i n  t he  subc r i t i ca l  Reynolds number range. An example 
of the  e f f ec t  of Reynolds number on these  peak values  is presented i n  f i g u r e  

5.5 for  a f ineness  r a t i o  5-0 tangent ogive forebody alone a t  M=0.25. The 
data i l l u s t r a t e  the  basic  va r i a t i on  with angle of a t tack f o r  a subc r i t i ca l  
and supe rc r i t i ca l  Reynolds number as obtained from the  data  of Keener e t .  
ale ( f igu re  6 of reference 5.52) and def ines  t he  f i r s t  and second peaks. 
For the  subc r i t i ca l  Reynolds number case shown, as angle of attack increases  
it appears t h a t  two opposing e f f e c t s  occur t h a t  play dominant r o l e s  i n  t he  

va r i a t i on  of t he  out-of-plane force  with angle of attack. One e f f e c t  is t h e  
2 increase i n  crossflow dynamic pressure, which is proportional t o  s i n  a ,  while 

the  other is an increase i n  vortex shedding frequency which, according t o  t h e  
impulse flow analogy, is proportional t o  t a n  . The l a t t e r  e f f e c t  manifests 

i t s e l f ,  of course, as a reduced longi tudinal  spacing between t h e  shed 

vo r t i ce s  (see reference 5.60, fo r  example) . In  t h e  angle of a t t ack  range 

where asymmetrical vor t ices  f i r s t  s t a r t  t o  develop, the  increasing crossflow 
dynamic pressure dominates and t h e  out-of-plane force  increases  w i t h  angle of 
a t tack,  However, t he  increase i n  vortex shedding frequency w i t h  increasing 

angle of a t t ack  compresses t h e  cyc l i c  va r i a t i on  of the  out-of-plane force  
along t h e  i so l a t ed  f orebody length and t h e  r e su l t i ng  growth i n  t h e  revexsed 

force  loop over the  af t ,  l a rger  d i m e t e r p  port ion of the  forebody eventually 
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reverses t he  t rend with  angle of a t t ack  and f o r  the  case shown, the  overal l  
out-of-plane force  is  e s sen t i a l l y  zero when an angle of a t t ack  of about 65O 
is reached, and a t  higher angles a two-dimensional wake type of flow 
develops . 

In  t h e  c r i t i c a l  and l o w  supe rc r i t i ca l  Reynolds number range, the  reduced 
vortex s t rength  associated with the  leeward movement of the  separat ion l i n e s  
tends t o  reduce the  out-of-plane force. However, as i l l u s t r a t e d  by the  
supercr i  t i c a l  case of f i g u r e  5,5, an addi t ional  e f f e c t  combines with those 
described i n  t h e  previous paragraph t o  fu r the r  change the  character of the  
va r i a t i on  wi th  angle of at tack.  This e f f e c t  is  assumed t o  be an increase i n  
vortex shedding frequency due t o  supe rc r i t i ca l  separation as discussed above 
i n  connection w i t h  f i g u r e  5.3, As a result of t h i s  addi t ional  increase i n  

vortex shedding frequency and t h e  associated fu r the r  compression of the  
cyc l i c  fo rce  var ia t ion ,  t he  counteracting reversed force  loop becomes 
prominent a t  a lower angle of a t t ack  and above about 35' completely dominates 
with the  overa l l  out-of-plane force  changing s ign and the  maximum force  now 
occurring a t  t he  peak of the  resu l t ing  second force  loop. It w i l l  be noted 

t h a t  t h i s  e f f e c t  of Reynolds number is consis tent  w i t h  Laanont- r e s u l t s  f o r  a 
constant angle of a t t ack  of $0' shown i n  f i g u r e  5.3. 

To i l l u s t r a t e  fu r ther  the  e f f e c t  of Reynolds number on t h e  peak out-of- 

plane forces,  f i gu re  5,6 presents  t h e  va r i a t i on  of the  f i r s t  and second peaks 

i n  t h e  force  va r i a t i on  as defined by f igu re  5,5, The var ia t ion  of these two 

peaks with Reynolds number has been extracted from the  angle of a t tack data  
of reference 5.52, Also shown, as a v e r t i c a l  band, is an indicat ion of the  
c r i t i c a l  Reynolds number as defined from the normal force data of reference 

5-52. The r e s u l t s  i l l u s t r a t e  t he  decrease i n  t h e  magnitude of the f i r s t  peak 

with increasing Reynolds number and i l l u s t r a t e  the reversed s ign and 
magnitude increase f o r  the  second peak as Reynolds number is increased i n  t h e  
supe rc r i t i ca l  region, The l a rge  reduction of the  f i r s t  peak  wi th  increasing 
Reynolds number and t h e  opposite sign and magnitude increase fo r  the  second 
peak with increasing Reynolds number appear consis tent  w i t h  the above 

discussion of the  in te rac t ing  e f f e c t s  of crossflow dynamic pressure and 
vortex shedding frequency. It is recognized, of course, t h a t  the  d e t a i l s  of 
these trends a r e  modulated by the  complicated in t e r ac t ions  between t h e  vortex 
flows boundary layer s t a t e ,  and separat ion l i n e  va r i a t i ons  over expanding 
bodies. For d e t a i l s  of the boundary layer changes, the  reader is re fe r red  t o  
Lamont's recent  p p r  (reference 5,571 



In view of the  l a rge  var ia t ion  i n  t h e  magnitude of the  second peak i n  
t h e  super c r  i tical Reynolds number range and the  fact t h a t  the two-dimensional 
s tud ies  described i n  sec t ion  3,1,1 suggest addi t ional  changes i n  t h e  vortex 
shedding cha rac t e r i s t i c s  i n  t he  hypercr i t i ca l  rangep research t o  higher 

Reynolds numbers appear desirable,  

5.3.2 Effect of f ineness  r a t i o  

The e f f e c t  of f inelless r a t i o  on t h e  Cy var ia t ion  with Reynolds number 
0 

is i l l u s t r a t e d  i n  f i g u r e  5.7 which is based on t h e  data  of Keener et. a l e  

(references 5-51 and 5,521 , The data  f o r  the  f ineness  r a t i o  of 5.0 is the  same 
a s  t h a t  presented i n  f i g u r e  5,6 except t h a t ,  i n  t h e  i n t e r e s t  of c l a r i t y ,  the  
data f o r  the f i r s t  peak a t  supe rc r i t i ca l  Reynolds numbers is eliminated s ince  
the  peak absolute  values  occurred a t  the  second peak, In  t he  subc r i t i ca l  

range .reducing t h e  f ineness  r a t i o  t o  3,5 appears t o  have only minor e f f e c t s  

implying t h a t  a s  a r e s u l t  of the  low frequency of vortex shedding a t  
subc r i t i ca l  Reynolds numbers, no appreciable reversed s i d e  force  loop was 
developed on e i t h e r  body. Other e f f e c t s  such as dif ferences  i n  body s ide  
area, crossflow dynamic pressure, etc, can a l s o  contribute,  hmever, and 
fur ther  study is required before a complete understanding can be a t ta ined ,  
In t h e  supe rc r i t i ca l  Reynolds number range, t he re  is a well-established t rend  

with the  reduced f ineness  r a t i o  body producing considerably less s ide  force,  
Aside from the  f a c t  t h a t  the  reversed side-force loop on t h e  l o w  f ineness 
r a t i o  body begins i ts growth a t  a higher angle of a t tack,  possibly l imi t ing  

t h e  growth, it is again  not c lea r  how much of a r o l e  the  aforementioned 

f a c t o r s  play i n  t h i s  e f f ec t ,  

5,3,3 Effect  of c ross  sect ion 

Although i n  general, the  forebodies of a i r c r a f t  fuselages a r e  not 
axisynunetric o r  even composed of sheared ci  rcular  cross  sect ions ,  research 

r e l a t i v e  t o  t h e  out-of-plane force  has been devoted almost e n t i r e l y  t o  t he  
axisymmetric case, While some research has been perf omed, fo r  example t h a t  
of Krouse (ref  erence 5.41) , Keener et, a. ( re f  erence 5,521 , and Skow and 
Erickson (refeeence 5,201, it appears t h a t  it is l imi ted  primarily t o  fo rce  

data and t h a t  only Keene9: et, dl., have covered a s ign i f i can t  Reynolds n m k r  
gange f o r  non-ax isymet~ie  bodies, 
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In t h e i r  study, Keener et, a l e  investigated the  e f f e c t s  of modifying 
t h e i r  c i r cu l a r  tangent ogive forebodies t o  e l l i p t i c a l  cross-sectional shapes 
f o r  a case with major ax i s  v e r t i c a l  (narrow side-on) and one with major ax i s  

horizontal  (broad side-on) Their r e s u l t s  have been summarized by Hunt i n  
Figure 72 of reference 5,21 i n  t e r n s  of the maximum s ide  force  coef f ic ien t  a s  

a function of Reynolds number, Expecting t h e  s ide  force,  fo r  the  same maximum 
width, t o  be g rea t e s t  f o r  the  e l l i p s e  w i t h  the gkarrow side-on" Hunt 

described a s  an anomaly the implication t h a t  it developed, i n  general,  t he  
lowest s ide  force-  However, there  a r e  several  factors ,  not discssed by Hunt, 
which tend t o  shed addi t ional  l i g h t  on t h e  experimental resu l t s ,  

F i r s t ,  a s  can be seen from the two-dimensional data of Delany and 
Sorensen (reference 1.45) and Polhamus et, al, (reference 1.521, the  c r i t i c a l  
Reynolds number f o r  the e l l i p s e  w i t h  the major ax i s  v e r t i c a l  (par t i cu la r ly  
when based on maximum width as i n  Hunts s f igure)  is considerably lower than , 

t h a t  w i t h  the  major ax i s  horizontal ,  This s h i f t ,  due primarily t o  t h e  
di f ferences  i n  magni tude of the  adverse pressure gradients, great ly  amp1 i f  i e s  
t h e  di f ferences  i n  s ide  force  a t  a given Reynolds number since subc r i t i ca l  
and c r i t i c a l  boundary layer conditions are being compared i n  Hunt% f i g u r e  

72. Second, t he  s t rengths  of the  shed vo r t i ce s  a r e  greater ,  for  the same 
body width fox the  e l l i p s e  w i t h  the  "broad side-on" due t o  the  higher 
v e l o c i t i e s  a t  t he  separation l ines .  The greater  vortex s t rength  w i l l ,  of 
courses tend t o  o f f s e t  the  e f f ec t  of the reduced s i d e  area, Other f a c t o r s  

include the  di f ference i n  planform fineness r a t i o  which can r e s u l t  i n  changes 

i n  t h e  angle of a t t ack  f o r  the onset  of vortex asymmetry and t h e  associated 
di f ferences  i n  Bkrossflow" dynamic pressure a t  the angle of attack f o r  
maximum s ide  force,  

In  an attempt t o  c l a r i f y  the effects of cross  section, par t i cu la r ly  w i t h  

regard t o  t h e  Reynolds number eff e c t s  of i n t e r e s t  i n  t h i s  paper, the  data  of 

Keener et, al, a r e  analyzed i n  f i gu re s  5,8 and 5,9, Several f ac to r s  were 
considered i n  making t h e  comparisons, The tangent ogive forebody having an 

e l l i p t i , c a l  "cross sectiona8 reported by Keener et, al ,  was designed such t h a t  
w i t h  the  major ax i s  horizontal ,  it has t h e  same planform as the  f ineness  

r a t i o  3,s tangent-ogive forebody of c i r cu l a r  c ross  section,  and with the  
major ax i s  v e r t i c a l ,  it has t h e  same planform as t h e  f ineness r a t i o  5,O 
c i r cu l a r  cross-section body, Therefore, i n  attempting t o  i l l u s t r a t e  the  
e f f e c t  of cross-sectional shape, t he  comparisons are made herein f o r  the  same 

planform f ineness  r a t i o s  and with the  s ide  force  coef f ic ien t  based on t h e  



area of a circle of diameter equal t o  t h e  e l l i p s e  planform width a t  the  
base, Also, t o  provide some degree of consistency i n  r e l a t i on  t o  the  length 
of streamline run between t h e  stagnation l i n e  and t h e  beginning of the  
adverse pressure gradient  f o r  the d i f f e r en t  shapes, t h e  Reynolds numbers a r e  
based on t h e  maximum body dimension ( i n  plane of major ax is )  a t  the  base i n  

a l l  cases, Finally,  following t h e  approach used i n  t he  previous section,  it 

is indicated whether t he  maximum s ide  force  shown occurred a t  the  f i r s t  or 
second peak i n  t h e  va r i a t i on  w i t h  the  angle of at tack,  

In view of the  d i f f i c u l t i e s  involved i n  es tab l i sh ing  t h a t  the  maximum 
s ide  force  f o r  each condit ion is indeed being encountered, the  lack of 
pressure d i s t r i bu t ion  measurements, questions associated with cyc l i c  

var ia t ions  resu l t ing  f roan vortex shedding frequencies, etc, , t he  data  
presentat ion and discussion which f o l l m s  must be considered a t en t a t i ve  

attempt t o  e s t ab l i sh  some trends with c ross  section,  
Figure 5,8 presents t he  comparison between the  c i r cu l a r  and narrow side- 

on e l l i p t i c a l  cross  sec t ions  f o r  the tangent ogive f orebodies of f ineness  
r a t i o  5.0, For the  subc r i t i ca l  case where the  separation l i n e s  would be 
expected t o  be near the  maximum body width locat ion f o r  both forebodies, the  

narrow side-on e l l i p t i c a l  shape generated t h e  l a r g e s t  s ide  force  coef f i c i e n t  

with the  increase being approximately equal t o  the  s ide  area  r a t i o ,  A t  

supe rc r i t i ca l  Reynolds numbers, t he  maximum s ide  force  coe f f i c i en t s  occur a t  

t he  second peak because of the  increased vortex shedding frequency, and t h e  
magnitude f o r  the  nar row side-on e l l i p t i c a l  cross  sect ion is  now considerably 
lower than f o r  the c i r cu l a r  c ross  section,  This reduction is presumed t o  be 
associated with the  ra ther  l a rge  reduction i n  vortex s t rength  due t o  t he  more 
complete flow closure  f o r  the  more "streamlined" shape i n  t h e  turbulent  

separation region, which more than o f f s e t s  t he  l a rge r  s ide  area,  The benef i t  
of a more '%treamlinedeD cross  sect ion was suggested during t h e  ear ly  s tud ie s  

of the  problem i n  1951 by Allen and Perkins (reference 5 ,l) as a possible 
solut ion t o  t h e  out-of-plane force  problem fo r  con£ igurat ions  f o r  which 

incl ined f l i g h t  occurs e s sen t i a l l y  i n  one plane, However, fo r  modern, highly 

maneuverable a i r c r a£ t ,  f l i g h t  a t  high angles of attack is not confined t o  one 

planep and t h e  reduced d i rec t iona l  s t a b i l i t y  associated with the  e l l i p t i c a l  
nose with major ax i s  v e r t i c a l  is, of course, highly undesirable, 

Although the  narrow side-on e l l i p s e  is of l i t t l e  i n t e r e s t  f o r  a i rc ra f  t 
forebodies, t he  r e s u l t s  of f i g u r e  5-8 i l l u s t r a t e  t he  po ten t ia l  p e r i l  i n  

attempting t o  accurately es tab l i sh  the  e f f e c t s  of c ross  sec t ion  and t o  select 



forebody shape i f  the data is confined t o  subcr i t ica l  Reynolds numbers, It 

is a lso  possible t h a t  the trends obtained i n  the supercr i t ical  range a re  not 
representative of full-scale conditions because there could possibly be 

fur ther  changes i n  vortex shedding frequency i n  the  hypercrit ical  Reynolds 
number range. These possible e f fec t s  need t o  be investigated i n  the  new high 
Reynolds number wind tunnel up t o  ful l -scale  conditions. 

A comparison of the circular  and "broad side-on" e l l i p t i c a l  cross 
sections fo r  the tangent ogive forebodies of fineness r a t i o  3 -5 is presented 
i n  f igure  5.9, To be noted is the  higher c r i t i c a l  Reynolds number fo r  the 
e l l i p t i c  cross section associated primarily w i t h  the more severe adverse 

pressure gradient, and the  reduction i n  maximum side force a t  both 
subcr i t ica l  and supercr i t ical  Reynolds numbers r e l a t ive  t o  the  circular  cross 
section, Also t o  be noted is the  reduced magnitude of the maximum side force 
a t  super cr i t i c a l  Reynolds numbers. Again, the need fo r  full-scale Reynolds 
number data is  i l lus t r a t ed ,  and such t e s t s  should include the combined 
e f f e c t s  of Reynolds number and Mach number t o  assure adequate simulation of 
the vortex shedding frequency and the  separation l i n e  locations. 

Comparing f igures  5.8 and 5-9 i n  the supercr i t ical  range, the much 
larger  reduction i n  maximum side force fo r  the "'narrow side-onRR e l l i p t i c a l  
cross section than for  the "broad side-on" el l ipt ical .  cross section when 
compared with the i r  corresponding c i rcular  cross section forebodies is 

str iking,  This  benefit  of the more "streamlined" shapep which has been 
discussed e a r l i e r ,  has sometimes been interpreted a s  inconsistent w i t h  the 

benefits  i n  reduced out-of-plane force obtained w i t h  the "shark nose" 
configuration of the recent Tiger Shark version of the F-5 a i r c r a f t  (see 

reference 5,201 . It would appear , however, tha t  the primary source of the 
"shark nose" benefi t  is derived from the very large forebody apex angle, an 

ear ly established trend w i t h  regard t o  delaying the  onset of vortex 
asymmetry, The ma~or benefit  of the accompanying f l a t  e l l i p t i c a l  cross 
section, aside from "area rule" considerations, is presumed t o  be an 
improvement i n  direct ional  s t ab i l i ty ,  

5,4 Compressibility Effects 

A s  mentioned e a r l i e r  s tudies  i n  the  early 1950 s demonstrated t h a t  

while asymmetric vortex flow also appears a t  supersonic speeds, the resul t ing 
out-of-plane forces and moments were essent ial ly  e l  h ina ted .  Nore recently 



s tud ie s  have been made i n  t h e  high subsonic and t ransonic  range, of 
par t i cu la r  i n t e r e s t  i n  t h i s  paper, as w e l l  as the  supersonic range. Briefly,  

these s tud ies  es tabl ished t h a t  depending upon the  body nose shape and 
f ineness  r a t i o ,  the  s ide  force  tends t o  vanish a t  freestream Mach numbers a s  
l o w  as 0.8, and a s  expected, t h a t  the  reduction was primarily re la ted  t o  t h e  
crossflow Mach number, M s i n &  This is i l l u s t r a t e d  by f igure  5,10 which has 

been prepared u t i l i z i n g  t h e  subsonic and t ransonic  data on an ogive-cylinder 
con£ igurat ion reported by Pick (reference 5 -42)  , Presented is t h e  maximum 

out-of-plane force  Cy , a s  a function of both freestream Mach number, M, 
o max 

and its normal component, M s ina,  where the  value of a is t h a t  cor~esponding 
t o  C a t  each Mach number. The r e s u l t s  ind ica te  a rapid decrease i n  t h e  

Yo max 
out-of-plane force  occurring when the  normal component of Mach number reaches 

approximately 0.4 which is close t o  t h e  c r i t i c a l  Mach number f o r  two- 
dimensional c i r cu l a r  cylinders,  The force  rapidly decrease's and is 

e s sen t i a l l y  eliminated f o r  normal components of Mach number, M s ina ,  i n  t h e  

range from 0.5 t o  0.6, Similar t rends  have been observed by other 
inves t iga tors  and Hunt survey paper ( reference 5.21 1 presents  r e s u l t s  from 

several  of these studies.  Of the  various phenomena which can contr ibute  t o  
t h i s  reduction i n  s ide  force  (see reference 5.421, it is l i k e l y  t h a t  the  
reduced s e n s i t i v i t y  of the  separation l i n e s  t o  wake e f f e c t s  f o r  the  case of 
shock-induced separat ion is the  primary cause, 

Inasmuch a s  t h e  angle of a t t ack  a t  which the  onset of vortex asymmetry 
occurs is strongly re la ted  t o  t he  forebody nose angle, it follows t h a t  the  
onset of compressibil i ty e f f e c t s  i n  terms of f reestream Mach number should be 

dependent upon f orebody nose angle f o r  a given angle of attack. Such a 

re la t ionsh ip  has been demonstrated by Keener et. ale (reference 5,481 from 
t e s t s  of various forebody shapes, For example, t h e i r  r e s u l t s  indicated t h a t  
the  reduction i n  maximum s ide  force  due t o  compressibil i ty e f f e c t s  was 
delayed t o  a considerably higher f reestream Mach number as the  nose f ineness  
r a t i o  was increased from 3,5 t o  5-0. The f ineness  r a t i o  5,Q nose, w i t h  its 
smaller nose angle and r e su l t an t  lower angle of a t t ack  f o r  onset of vortex 
asymmetry, reaches a higher freestream Mach number before the  crossflow Mach 
number, M s i n %  reaches t h e  onset of important compressibility e f f ec t s ,  From 
th i s ,  they suggest t h a t  s ince  the  onset of vortex asymmetry has been s h a m  t o  
occur a t  an angle of attack approximately equal t o  twice t he  nose semi-apex 

angle, the  Mach number a t  which the  s ide  force  has reduced t o  near zero can 
be approximated from the  expression M s in(2d)-005,  



For the f gee-stream Mach numbers where strong compressibility e f f e c t s  
were encountered, it appears t h a t  the Reynolds numbers were subc r i t i ca l  i n  
t h e  above study, There a l s o  seems t o  be l i t t l e ,  i f  any, data i n  t he  

l i t e r a t u r e  a t  combined s u p e r c r i t i c a l  Mach numbers and supe rc r i t i ca l  Reynolds 
numbers f o r  cases  i n  which the  nose was ro ta ted  t o  assure  the  attainment of 
maximum s ide  force-  Since the  angle of attack f o r  onset of vortex asymmetry 
appears t o  be r e l a t i ve ly  insens i t ive  t o  Reynolds number, it might follow t h a t  

t h e  free-stream Nach number corresponding t o  supe rc r i t i ca l  crossflow Mach 
number w i l l  a l so  be r e l a t i ve ly  insens i t ive  t o  Reynolds number, However, it 

should be kept i n  mind t h a t  t h i s  comment r e l a t i v e  t o  Reynolds number e f f e c t s  
is based on forebody alone r e su l t s ,  and t h a t  w i t h  a s i zab le  afterbody 
present,  such phenomena as t h e  cyc l i c  va r i a t i on  i n  vortex asymmetry along t h e  
body length could produce in t e r ac t ing  e f f e c t s  of Mach number and Reynolds 
number, par t i cu la r ly  i n  t h e  c r i t i c a l  Reynolds number range. Again, t he  new 
high Reynolds number wind tunnel f a c i l i t i e s  should provide in s igh t  i n t o  these  

poss ible  in teract ions ,  
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6. SOME RECOMMENDED RESEARCH 

Throughout t he  paper some of the  a reas  where addi t ional  research would 

be useful have been pointed outa  pa r t i cu l a r ly  w i t h  regard t o  extensions t o  
higher Reynolds numbers, As a possible  a i d  i n  defining research pro jec t s  f o r  
t he  National Transonic Fac i l i t y  on bodies a t  high angles of attack, t h i s  

sec t ion  itemizes some of the  more per t inen t  research areas mentioned i n  t he  

paper. To assist i n  r e l a t i ng  t h e  recommended research items t o  pa r t i cu l a r  

NTF research models, they a r e  grouped under "bodies of revolutions' and 
"bodies of non-circular c ross  section', Also, under each body type, the  
subjects  addressed follow t h e  order of the  main body of the  paper. 

P r i o r i t i e s ,  therefore,  a r e  not implied by the  order of the  research 
recommendation, It is  an t ic ipa ted  tha t ,  i n  general., possible adoption of any 
of the  recommendations and assignment of p r i o r i t i e s  w i l l  be influenced by 
models current ly  planned f o r  the  NTF t h a t  could be adapted and f u t u r e  models 
w i l l ,  of course, be influenced by a i r c r a f t  technology needs a t  t h a t  t i m e ,  

In  addi t ion  t o  t h e  three-dimensional research, there  a r e  several  areas  
where fundamental research using two-dimensional models would be benef ic ia l  . 
However, i n  view of the  i n i t i a l  emphasis on three-dimensional t e s t i n g  i n  t h e  
NTF, no d e f i n i t i v e  recommendations w i l l  be made here with regard t o  two-  
dimensional research except t o  point  out  t ha t ,  i n  t h e  absence of w a l l  

t u ~ n t a b l e s  and balances, some fundamental research could be perf omed with 
cyl inders  a t  f i xed  flow incidence angles and with surface pressure o r i f i ce s ,  

Some f r u i t f u l  a reas  of two-dimensional research can be selected from the  
sect ions  on cyl inders  i n  t h e  main body of the  paper, 

Since the  forces  normal t o  t h e  a x i s  of revolution f o r  any combination of 
angle of attack and s i d e s l i p  can be resolved from the normal force  and out-of - 
plane s ide  force  va r i a t i on  w i t h  angle of attack, only those two fo rces  w i l l  
be discussed. 

Abthough the major e f f e c t s  of Reynolds number on normal force  occux i n  
the  c r i t i c a l  range, t h e  review indicated evidence of rather l a rge  e f f e c t s  i n  
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the supercr i t ical  range a t  subcritical Mach numbers t h a t  a r e  not well defined 
a t  present, Essentially, no data is avai lable  i n  the  hypercrit ical  Reynolds 
number range, I t  is, theref ore, recommended t h a t  an ogive-cyl inder body-of- 
revolution model having a fineness r a t i o  of appxomately 1 0  be tes ted over a 
wide Reynolds number range w i t h  emphasis on the  supercr i t ical  and 
hypercrit ical  regimes fo r  angles of attack up t o  a t  l e a s t  45'- The study 
should include compressibility ef f e e t  s for  normal components of Mach number 
up t o  a t  l e a s t  0,60 a t  the high angles of attack, 

An a id  t o  t h i s  experimental research would be the development of 
accurate Euler solutions f o r  the inviscid, shock-induced separation case t o  

provide an indication of the asymptote fo r  the very high Reynolds number 
conditions prior t o  eventual high Reynolds number Navier-Stokes solutions, 

The analysis of two-dimensional and three-dimensional vortex shedding 
evidence, a s  related by the impulsive flow analogy: leads t o  a ten ta t ive  
conclusion t h a t  i n  the  supercr i t ical  Reynolds number range, the vortex 

shedding ra t e  fo r  the three-dimensional ogive-cylinder is related t o  the  
upper level  of the wide-band random frequency spectra for  the two-dimensional 
c i rcular  cylinder normal t o  the flow. For t h i s  case, the Strouhal number is 
more than twice the subcr i t ica l  value. It is, theref ore, recommended t h a t  an 
ogive-cylinder pressure model of a t  l e a s t  10 diameters i n  length be tes ted 
over a wide Reynolds number range i n  an attempt t o  more completely define the 
changes i n  the  period of the  cycl ic  var iat ion of the out-of-plane side force 
along the  body Reynolds number well in to  the  hypercrit ical  range, Also, 
large e f fec t s  of Mach number a re  expected i n  the supercr i t ical  Reynolds 
number range and normal components of f reestream Mach number of a t  l e a s t  0.5 
should be investigated i n  the  40' t o  45' angle of attack range, The 

compressibility study should be extended i n t o  the hypercrit ical  Reynolds 
number range i f  model loads w i l l  allow, 

Bodies of non-ci rcular cross section a r e  highly sensi t ive t o  Reynolds 
number effects ,  and the  data and analysis  presented i n  the  main body of t h i s  

p a p r  indicates many areas where research a t  higher Reynolds numbers would be 
9% 



valuable. Although a few suggestions f o r  extending the  research are made i n  
t h i s  section,  f i n a l  se lec t ions  f o r  models and t e s t  programs should, of 
course, be made by an examination of t he  many two-dimensional and three- 
dimensional flow examples given i n  t h e  body of the  paper i n  t h e  l i g h t  of 
cross-sectional shapes of p rac t i ca l  i n t e r e s t  a t  t he  t i m e ,  

A s  i n  t h e  case of the  bodies of revolution, l i t t l e  data e x i s t s  i n  t he  
upper supe rc r i t i ca l  Reynolds number range and beyond. An even grea te r  

shortage of data  e x i s t s  with regard t o  compressibility e f f e c t s  which a r e  
par t i cu la r ly  important due t o  t h e  higher flow accelera t ion encountered around 
non-circular bodies. While l a rge  e f f e c t s  of Reynolds number on t h e  normal 
force  produced by non-circular bodies a r e  i l l u s t r a t e d  i n  the  body of the  
paper, it is believed t h a t ,  i n  general,  t he  shape selected f o r  Reynolds 

number and compressibil i ty s tud ies  i n  t h e  NTF should probably be based on t h e  
more c r i t i c a l  e f f e c t s  associated with asymmetric flows discussed i n  t h e  
following sections,  

One of t he  most pronounced Reynolds number dependent flows encountered 
by bodies a t  high angles of a t t ack  is t h a t  associated wi th  non-circular 
bodies i n  s ides l ip .  The ana lys i s  of both two-dimensional and three- 
dimensional data i l l u s t r a t e d  t h a t  changes i n  t he  s ign of the  s ide  force  with 
Reynolds number can occur and data  f o r  the  space s h u t t l e  o rb i t e r  demonstrated 
t h a t  such force  changes on the  forebody are of s u f f i c i e n t  magnitude t o  cause 

a d i rec t iona l  i n s t a b i l i t y  as t h e  Reynolds number is increased. Of pa r t i cu l a r  
i n t e r e s t  from a research standpoint is t h e  square cross  sec t ion  having 
rounded corners f o r  which the  two-dimensional ana lys i s  indicated t h e  

poss ib i l i t y  of addi t ional  changes i n  sign of the  sidef orce, a t  Reynolds 
number beyond those f o r  which data  is avai lable ,  due t o  asymmetric c losure  of 
t h e  flow around t h e  leeward corners a s  influenced by vortex flow generated a t  
t he  windward corners, It is, therefore,  recommended t h a t  s tud i e s  a t  high 

Reynolds numbers on bodies of non-circular cross  sec t ion  include, a t  least, a 
square shape with rounded corners and t h a t  consideration be given t o  forebody 
tests on a complete a i r c r a£ t  model as w e l l  as a r e l a t i ve ly  high fineness- 
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r a t i o  body alone, T e s t s  of the  s h u t t l e  o rb i t e r  model i n  t h e  NTF should, of 
course, include d i rec t iona l  s t a b i l i t y  s tud ies  over a wide Reynolds number and 
Mach number range. 

Except f o r  c e r t a i n  e l l i p t i c a l  cases, t he re  appears t o  be l i t t l e  

information on the  Reynolds number dependence on t h e  s ide  force  'at zero 
s i d e s l i p  generated by bodies of non-circular c ross  sect ions  a t  high angles of 
attack. Those non-circular c ross  sec t ions  which develop l a rge  Reynolds 
number dependent s ide  fo rces  due t o  s i d e s l i p  would be expected t o  be 
par t icu la r ly  s ens i t i ve  t o  t he  asymmetric flow produced a t  angles of a t t ack  

where the lee-side vo r t i ce s  become asymmetric. In  addit ion,  the  review of 

the  two-dimensional cylinder data indicated a l a rge  e f f e c t  of cross-sectional 
shape on t h e  Strouhal frequency i n  t h e  c r i t i c a l  Reynolds number range which 
might be expected t o  influence the vortex shedding and, therefore, t he  period 

of the cyc l i c  va r i a t i on  of the  s ide  force  along t h e  body length. In view of 

these an t ic ipa ted  Reynolds number e f f e c t s  and t h e i r  importance with regard t o  
high angle of a t t ack  f ly ing  q u a l i t i e s ,  it would appear des i rab le  t o  
inves t iga te  a t  l e a s t  one non-circular cross  sect ion body a s  p a r t  of the  ear ly  
research i n  t h e  NTF i n  order t o  be t t e r  define a more complete research 
program. 



7, SYMBOLS 

a speed of sound 

Ab base area 

A~ plan£orm area 

- 
c wing mean-aerodynamic chord 

drag coef f ic ien t  of two-dimensional cylinders. l i f t  f o r  u n i t  
1 engt h/qW 

"% pressure drag coe f f i c i en t s  

c 1 if  t coef f ic ien t  of two-dimensional c i r cu l a r  cylinders, l i f t  f o r  
u n i t  length/qD 

% p i  tching-moment coef f ic ien t  , pitching moment/q%E 

'n normal-£ or  ce coef f i c i e n t  of two-dimensional ci rcul a r  cylinders,  
normal force  per un i t  length/qD 

'n yaw ing-moment coef f ic ien t  , yawing moment /qS$ 

normal- force  coef f ic ien t  of three-dimensional bodies, normal 
f o r  ce/q% 

normal-force coef f ic ien t  of three-dimensional bodies normal 
f o r c e / q g  

d i rec t iona l  s t a b i l i t y  parameter ( r a t e  of change of yawing 
P moment w i t h  si desll i p )  

C~ pressure coef f i c i e n t  

%3 
base-pr essur e coef f ic ien t  

C 1  
Y 

s ideforce coef f ic ien t  i n  body axis,  s ide  force  per un i t  
lengtWqh 

% s ideforce  coef f ic ien t  a t  zero s i d e s l i p  (out-of-plane force  
coe f f i c i en t ) ,  s ide  force/ql+, 

C maximum out-of-plane force  coef f ic ien t  
max 

D cylinder diameter 

h body height or spo i le r  proj  ec t ion  

L body length 



Ref f 

d is tance t o  f orebody geometric centroid 

Mach number, V/a  

frequency of vortex shedding from one s ide  of body 

2 
dynamic pressure, -gf- 

corner radius, or  sand roughness height  

Reynolds number based on maximum diameter, 
1-1 

Reynolds number based on an e f f ec t ive  streamline length (see 
sect ion 2.2 -2) 

Reynolds number based on body height. -Qfh- 

Reynolds number based on corner radius, mLY- 
Reynolds number based on body width, gyy-- 

1-I 

or v* Strouhal number, 

wing a rea  

f reestream veloci ty  

maximum width of body (D f o r  c i r c l e )  

d is tance from body nose, or d is tance behind cylinder 

angle of a t tack 

angle  of s ides1 i p  

az imuthal angle defining spo i l e r  location,  a l so  semi-apex angle 

flaw incidence i n  plane normal t o  a x i s  of cylinder 

azimuthal angle (8=0 is on windward s ide )  

az imuthal angle defining loca t ion  of separat ion l i n e  

drag proport ional  ity f a c t  or  ( i-g$fEs@&n%%G- 1 

f r e e  st r eam a i  r density 

free-stream a i r  v i scos i ty  

ro l l i ng  angular veloci ty  
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Figure 1.1 Identification of flow regimes to be discussed re la t ive  
to  c i rcu lar  cylinders. 

Figure 1.2 Drag coefficient for  smooth circular  cyl inders. 
M = 0.15. 



Figure 1.3 Effect of distributed roughness on the drag 
coefficient of c ircular  cylinders. M = 0,15, 

Figure 1.4 Effect of Mach number on dray coeff ic ient  of smooth 
circular  cyl inders. 



B 

Figure 1.5. Fini te-span drag propor t ional i ty  fac to r .  

Figure 1.6 Effect  of spo i l e r  o r ien ta t ion  angle on l i f t  coef f i c ien t  
f o r  c i r cu l a r  cylinder.  h/D = 0.06. 



F igu re  1.7 I n f l uence  o f  corner  rad ius  on drag c o e f f i c i e n t  o f  
modi f ied square c y l  inders.  

F igu re  1.8 E f f e c t  o f  Mach number on the  drag  c o e f f i c i e n t  o f  a  
modi f ied square c y l  inder .  



Figure 1.9 Effects of height-to-width r a t i o  on drag coef f ic ien t s  
of modi f i  ed rectangul a r  cyl i nders. 

Figure 1.10 Effect  of corner radius on the drag coef f ic ien t  of 
modified t r i angula r  cyl i  nders, 



Figure 1.11 Influence of corner radius on the side force coeff ic ient  
developed on modified square cyl inders (reference 1.51 
and 1.52). 

Figure 1 . 1 2  Effect of leeward shape on the side force coefficient of 
modified rectangular cylinders. 



Figure 1.13 Effect of windward corner radius on s ide force spike 
developed by modified triangular cyl inders. 

Figure 1.14 Influence of s l igh t  contour dis tor t ion on side force 
coeff ic ient  of c i rcu lar  cyl inder. 



Figure 2 . 1  Effect of angle of a t t ack  on normal force coef f ic ien t  
parameter fo r  c i r c u l a r  cyl inder. 

Buranall & Loftln 
(Ref. 2.7) 
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8 , dcg. Section A-A (enkrg.d) 

gure 2.2 Comparison of normalized pressure coef f ic ien t  parameter 
f o r  c i r c u l a r  cylinder a t  various angles of a t tack.  



Figure 2.3 Effect  of angle of a t t ack  on normal force coef f ic ien t  
parameter f o r  c i r c u l a r  cylinder.  
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Figure 2.4 Variation of c i r cu l a r  cyl inder normal force coef f ic ien t  
parameter, w i t h  angle of a t tack f o r  subcr i t ica l  and 
supercri  t i c a l  conditions. 
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Figure 3.1 Circular cyl inder Strouhal numbers from surface pressures 
and l i f t .  
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Figure 3.2 Circular cylinder Strouhal numbers from wake measurements. 
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Figure 3.3 Calculat ions using Bearman's universal vortex wake 
frequency concept ( reference 3.20). 

Figure 3.4 Effects  of Mach number on Strouhal number f o r  c i r cu l a r  
cyl inders .  
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Figure 3.5 Influence of cross section on Strouhal number. 
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Figure 4.1 k,pproximate flow regimes f o r  slender bodies of 
rev01 ution.  Adapted from reference 4.42. 
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Figure 4.2 Effect  of angle of a t t ack  on the  normal force 
coe f f i c i en t  f o r  a slender body of revolution. 
M = 0.5. Data from Hartmann ( reference 4.40). 



Figure 4 .3  Indication of vortex contribution t o  normal h r c e  coef f ic ien t  
parameter. 

0 ,  deg. 

Figure 4.4 Effect  of vortex flow on pressure d i s t r ibu t ion .  



Figure  4.6 E f f e c t  o f  corner  rad ius  on normal f o r ce  c o e f f i c i e n t  f o r  
s h u t t l e  o r b i  t e r - t y p e  fuse1 age. Data from Brownson, 
e t .  a1 . [ re fe rence 4.31).  
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Figure  4.5 E f f e c t  o f  Mach number on normal f o r c e  c o e f f i c i e n t  f o r  
s lender  body o f  r e v o l u t i o n .  Data from Foley ( reference 
4.34) .  
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Figure 4.7  Variation of normal force  parameter with an e f f ec t i ve  
Reynolds number f o r  s h u t t l e  orbi ter - type fuselage.  
r / w  = .063. Data from Jorgensen and Brownson 
( reference 4.35). 
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Figure 4.8 Variation of normal force coe f f i c i en t  parameter with 
Mach number fo r  shu t t l  e orbi ter - type fuse1 age. 
r/w = .063. Data from Jorgensen and Brownson 
( reference 4 .35 ) .  
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Figure 4 . 9  P i tch ing  moment c o e f f i c i e n t  f o r  forward swept wing 
conf igura t ion  . Data from Yhi ppl e  e t  . a1 . ( r e fe rence  
4 .61) .  

Figure 4.10 Ef fec t  of angle of a t t a c k  on s i d e  fo rce  c o e f f i c i e n t  
f o r  body with modified square c ross  s e c t i o n .  Data 
from Clarkson e t .  a1 . ( r e fe rence  4 .43) .  
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2-D square cylinder, r/w = .080 

I (fig. 1.1 1 corrected to a=6oo) 

Figure 4.11 Side force coef f i c ien t  for  shu t t l  e o r b i t e r  type fuse1 age. 
Data from Brownson e t .  a l .  ( reference 4.31). 

Figure 4.12 Directional s t a b i l i t y  var ia t ion fo r  shu t t l e  o rb i t e r .  
Data from Bornemann and Surber ( reference 4.41). 
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Figure 4.13 Autorotation boundaries fo r  some non-circular cross-  
section bodies. 

Figure 4.14 Forebody s ide  force coef f ic ien t  produced by spin motion. 
Data from Cl arkson e t .  al. (reference 4.56). 
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Figure 5.1 Typical v a r i a t i o n  of out-of-pl  ane f o r c e  and vo r t ex  p a t t e r n s  
w i t h  ang le  of a t t a c k .  
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Figure 5.2 Examples of  hydrodynamic i n s t a b i l i t y  o f  vo r t ex  p a i r s  shed 
from symmetrical s e p a r a t i o n  l i ne s .  



Figure 5.3 Variation of local and integrated maximum out-of-plane 
force coef f ic ien t  f o r  an ogive-cylinder. Data from 
Lamont (reference 5.5 2 ) .  
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Figure 5.4 Application of impulsive flow analogy t o  the  out-of-plane 
force  var ia t ion along body length. Basic data from 
Lamont (reference 5.57). 
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F i g u r e  5.5 I l l u s t r a t i o n  o f  f i r s t  and second peaks i n  o u t - o f - p l a n e  
f o r c e  v a r i a t i o n  w i t h  a n g l e  o f  a t t a c k .  Data f r o m  Keener 
e t .  a1 . ( r e f e r e n c e  5.52).  

F i g u r e  5.6 V a r i a t i o n  o f  f i r s t  and second o u t - o f - p l a n e  f o r c e  peaks. 
Data f rom Keener e t .  a1 . ( r e f e r e n c e  5.52). 



Figure 5.7 Effect  of fineness r a t i o  on out-of-plane force 
cha rac t e r i s t i c s .  Data from Keener e t .  a1 . (references 
5.51 and 5.52). 
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Figure 5.8 Effect  of cross  section on out-of-plane force 
cha rac t e r i s t i c s  f o r  f ineness r a t i o  5 forebody. Data 
from Keener e t .  al, (reference 5.52). 
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Figure 5 .9  Effect  of cross sect ion on out-of-plane force 
cha rac t e r i s t i c s  fo r  fineness r a t i o  3.5 forebody. 
Data from Keener e t .  a1 . (reference 5.51).  
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gure 5.10 Variation of maximum out-of-plane force  with Mach 
number a t  subcr i t i ca l  Reynolds number. Data from 
Pick (reference 5.42).  
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