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COHERENT SUBSTRUCTURE OF TURBULENCE 

NEAR THE STAGNATION ZONE OF A BLUFF BODY 

Willy %. ~ a d e h l  and Herbert  J. ~ r n u e r ~  

Colorado S t a t e  Un ive r s i t y ,  F o r t  C o l l i n s ,  Colorado, USA 

ABSTRACT 

An experimental  i n v e s t i g a t i o n  of t h e  evo lu t ion  of f rees t ream turbulence  i n  
crossf low about  a  c i r c u l a r  cy l inde r  was conducted i n  o rde r  t o  i d e n t i f y  t h e  
ex i s t ence  of a  coherent  s u b s t r u c t u r e  nea r  t h e  s t a g n a t i o n  zone of a  b l u f f  body. 
This  coherent  s u b s t r u c t u r e  i s  t h e  outcome of t h e  a m p l i f i c a t i o n  of f r ee s t r eam 
turbulence  by t h e  s t r e t c h i n g  mechanism i n  d iverg ing  flow about a  b l u f f  body. 
V i s u a l i z a t i o n  of t h e  flow events  c l e a r l y  revea led  t h e  s e l e c t i v e  s t r e t c h i n g  o f  
c ross -vor tex  tubes  and t h e  emergence of an organized tu rbu len t  flow p a t t e r n  nea r  
t h e  c y l i n d e r  s t agna t ion  zone. S i g n i f i c a n t  a m p l i f i c a t i o n  of t h e  t o t a l  t u r b u l e n t  
energy of t h e  streamwise f l u c t u a t i n g  v e l o c i t y  was c o n s i s t e n t l y  monitored. Real iza-  
t i o n  of s e l e c t i v e  a m p l i f i c a t i o n  a t  s c a l e s  l a r g e r  t han  t h e  n e u t r a l  s c a l e  of t h e  
s t a g n a t i o n  flow was i n d i c a t e d  by t h e  v a r i a t i o n  of  t h e  d i s c r e t e  streamwise t u r b u l e n t  
energy. A most ampl i f ied  s c a l e ,  c h a r a c t e r i s t i c  of t h e  energy-containing eddies  . 
w i t h i n  t h e  coherent  s u b s t r u c t u r e  and commensurate w i th  t h e  boundary-layer t h i ck -  
nes s ,  was de t ec t ed .  P e n e t r a t i o n  of t h e  ampl i f ied  turbulence  i n t o  t h e  cy l inde r  
boundary l a y e r  l e d  t o  t h e  r e t a r d a t i o n  of s e p a r a t i o n  and t o  a  concurrent  decrease  i n  
t h e  drag  c o e f f i c i e n t  a t  s u b c r i t i c a l  cyl inder-diameter  Reynolds numbers. The major 
r o l e  played by t h e  ampl i f ied  turbulence  concent ra ted  wi th in  t h e  coherent  subs t ruc-  
t u r e ' . i n  determining t h e  p re s su re  f l u c t u a t i o n s  on t h e  upwind f ace  of a b l u f f  body is  
ind ica t ed  by t h e  v a r i a t i o n s  of the  energy s p e c t r a  of both i n c i d e n t  tu rbulence  and 
wa l l  p re s su re  f l u c t u a t i o n s .  

1 .  INTRODUCTION 

The p r e s s u r e  f l u c t u a t i o n s  on t h e  upwind f a c e  of  a  b l u f f  body i n  c ross f low a r e  
p r i m a r i l y  caused by t h e  tu rbu lence  p r e s e n t  i n  t h e  i n c i d e n t  wind. A t  t h e  same t i m e ,  
t h e  d i s t r i b u t i o n  of t h e  mean p re s su re  on t h e  upwind f a c e  and a long  the  e n t i r e  body 
a r e  markedly a f f e c t e d  by t h e  f r ee s t r eam turbulence .  These e f f e c t s  of t h e  i n c i d e n t  
tu rbulence  stem from i t s  s e l e c t i v e  ampl i f i ca t ion .  Freestream tu rbu lence ,  no ma t t e r  
how smal l  i n i t i a l l y ,  undergoes s i g n i f i c a n t  a m p l i f i c a t i o n  a s  it i s  conveyed by t h e  
mean flow toward t h e  b l u f f  body s t a g n a t i o n  zone. Th i s  tu rbulence  a m p l i f i c a t i o n  i s  
governed by t h e  s t r e t c h i n g  of c ross -vor tex  tubes  t h a t ,  i n  t u r n ,  i s  induced by t h e  
flow divergence around a  b l u f f  body according t o  the v o r t i c i t y - a m p l i f i c a t i o n  theo ry  
[1,2]. The ampl i f i ca t ion  of t u r b u l e n t  energy t r a n s p i r e s  s e l e c t i v e l y  a t  s c a l e s  A 
l a r g e r  than  a  c e r t a i n  n e u t r a l  s c a l e  A*. A t  s c a l e s  sma l l e r  than  t h e  n e u t r a l ,  t h e  
t u rbu lence  d i s s i p a t e s  more r a p i d l y  due t o  t h e  v iscous  a c t i o n  than  it ampl i f i e s .  
The n e u t r a l  s c a l e  A. is determined by each p a r t i c u l a r  flow divergence s i t u a t i o n  
and b I u f f  body geometry. 
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I n  order  t o  desc r ibe  t h e  s t r e t c h i n g  mechanism and t h e  accompanying 
turbulence  ampl i f i ca t ion ,  crossf low about  an  i n f i n i t e l y  long c i r c u l a r  cy l inde r  
of r ad ius  R when t h e  approaching t o t a l  v e l o c i t y  U2 conta ins  mainly c r o s s  
v o r t i c i t y  w l  capable of experiencing ampl i f i ca t ion  is  examined. This  flow 
s i t u a t i o n  f o r  a  s i n g l e  i d e a l  cross-vortex tube  of a  s c a l e  h l a r g e r  than  t h e  
n e u t r a l  one i n i t i a l l y  o r i e n t e d  i n  the x l -d i r ec t ion  a t  some s t a t i o n  x5 upstream 
of t h e  cy l inde r  s t agna t ion  zone along wi th  the  system of coord ina tes  used i s  
d isp layed  i n  F ig .  1. This  c ross -vor tex  tube  undergoes simultaneous i n c r e a s i n g  
a x i a l  s t r e t c h i n g  and streamwise biased t i l t i n g  a s  i t  i s  swept by t h e  mean flow 
toward t h e  s t agna t ion  zone of t h e  cy l inde r  a s  i l l u s t r a t e d  a t  s e v e r a l  a r b i t r a r y  
streamwise s t a t i o n s  x i ,  xy and x i n  F ig .  1. Its pure a x i a l  s t r e t c h i n g  i s  
governed by t h e  favorable  r a t e  of t e n s i l e  s t r a i n  aUl/axl while  i t s  streamwise 
b iased  t i l t i n g  i s  con t ro l l ed  by the app ropr i a t e  r a t e  of c ros s  s t r a i n  aU2/axl. 
Each cross-vor tex  tube experiences a d d i t i o n a l  a x i a l  s t r e t c h i n g  and acqu i r e s  a 
v o r t i c i t y  component u2 i n  t h e  x2 -d i r ec t ion  a s  a  r e s u l t  of i t s  streamwise 
b iased  t i l t i n g .  Both t h e  volume and t h e  angular  momentum of each cross-vor tex  
tube  a r e  conserved throughout i t s  s t r e t c h i n g  and t i l t i n g  when v iscous  d i s s i p a -  
t i o n  i s  d is regarded .  Then i t s  s c a l e  A decreases ,  i t s  v o r t i c i t y  i nc reases  and 
i t s  accompanying streamwise tu rbu len t  v e l o c i t y  u2 ampl i f i e s  a s  dep ic t ed  i n  
F ig .  1. 

The outcome of t h e  s t r e t c h i n g  and streamwise b iased  t i l t i n g  of t h e  
cross-vortex tubes i s  t h e i r  o rgan iza t ion  i n t o  a  coherent  s u b s t r u c t u r e  near  t h e  
s t a g n a t i o n  zone of a  body. This  coherent  subs t ruc tu re  c o n s i s t s  i d e a l l y  of a  
r egu la r  a r r a y  of s tanding  cross-vortex tubes  d i s t r i b u t e d  spanwise and wi th  t h e i r  
cores  o u t s i d e  t h e  body boundary l a y e r  6 a s  por t rayed  i n  F ig .  2 .  Within t h e  
c e l l s  of  equal  s c a l e s  of t h i s  organized vo r t ex  s u b s t r u c t u r e ,  t h e  r o t a t i o n  
a l t e r n a t e s  i n  i t s  d i r e c t i o n  and turbuler l t  energy accunlulates. I n  f a c t ,  t h i s  
coherent  s u b s t r u c t u r e  r e p r e s e n t s  an a r r a y  of energy-containing eddies .  Plost of 
t he  turbulence  a m p l i f i c a t i o n  occurs  fur thermore a t  a  most ampl i f ied  s c a l e  h i 3 1  
c h a r a c t e r i s t i c  of t h i s  coherent  subs t ruc tu re .  This  most ampl i f ied  s c a l e  i s  
gene ra l ly  g r e a t e r  than bu t  conln~ensurate wi th  t h e  th i ckness  of t he  body boundary 
l a y e r .  

A major r o l e  i n  determining the  p r e s s u r e  f l u c t u a t i o n s  and t h e  mean p r e s s u r e  
d i s t r i b u t i o n  on t h e  forward wa l l  of a  b l u f f  body i s  played by t h i s  a r r a y  of energy- 
conta in ing  eddies  and, i n  p a r t i c u l a r ,  by t h e  most ampl i f ied  s c a l e .  They a r e  most 
e f f e c t i v e  i n  t h e  convect ive t r a n s p o r t  of momentum (and energy) from t h e  o u t e r  flow- 
i . e . ,  from t h e  flow o u t s i d e  t h e  l o c a l  forward boundary l a y e r - d i r e c t l y  t o  t h e  w a l l .  
Furthermore, p e n e t r a t i o n  of energy-containing edd ie s  i n t o  t h e  p r e v a l e n t  body 
boundary l a y e r  a f f e c t s  i t s  n a t u r e .  They render  it t u r b u l e n t  i f  it was i n i t i a l l y  
laminar and/or  t hey  enhance t h e  turbulence  wi th in  t h e  boundary l a y e r .  The w a l l  
p re s su re  f l u c t u a t i o n s  a r e  t hen  determined by the  t u r b u l e n t  v e l o c i t i e s  s i n c e  t h e y  
a c t  a s  a  p re s su re  source according t o  t h e  p re s su re  covariance equat ion  [ 4 , 5 , 6 , 7 1 .  

The w a l l  mean p re s su re  d i s t r i b u t i o n  on a  b l u f f  body depends upon whether t h e  
boundary l a y e r  on i t s  forward f a c e  i s  laminar  o r  t u r b u l e n t .  I n  t h e  case  of a  
r egu la r  b l u f f  body, such a s  a  c i r c u l a r  c y l i n d e r ,  t h e  p e n e t r a t i o n  of t h e  ampl i f i ed  
turbulence  i n t o  t h e  body boundary l a y e r  modi f ies  t h e  wa l l  mean p re s su re  and, p a r t i -  
c u l a r l y ,  t h e  mean base p re s su re  i n  a  way t h a t  r e t a r d s  the  s e p a r a t i o n  and even f u l l y  
f o r e s t a l l s  laminar  s epa ra t ion .  On a  b l u f f  body wi th  sharp co rne r s ,  t h e  s e p a r a t i o n  
occurs i n v a r i a b l y  a t  tAle co rne r s  independent ly of t h e  na tu re  of t h e  boundary l a y e r  
and of the  mean p re s su re  d i s t r i b u t i o n  on t h e  forward wa l l .  The ampl i f ied  



tu rbulence ,  on t h e  o t h e r  hand, a l t e r s  t h e  mean p re s su re  d i s t r i b u t i o n  on t h e  upwind 
f ace ,  on t h e  s i d e  wa l l s  and the  base  p re s su re .  As a  r e s u l t ,  t he  reat tachment  of t h e  
boundary l a y e r  a long  t h e  s i d e  w a l l s  can be a f f e c t e d  by t h e  ampl i f ied  turbulence .  
This  e f f e c t  i s  y e t  t o  be inves t iga t ed .  

A b r i e f  account o t  explora tory  r f i o r t s  t o  i d e r i t i  Fy t h e  a m p l i f i c a t i o n  of 
i n c i d e n t  tur1)ulcni-t" . ~ r i c l  t hc rt.;i 1 i zaL~c,ii  o S a c-o l1c .r -c~r l  t stll)s t.r.tlct urc i n  c ros s  f low 
about a c i r cu l r i r  cy  lirlclt:r:, t o  : ; t a r t  with,  i s  presented  h e r e i n .  

2. FLOW EVENTS VISUALIZATION 

An ex tens ive  v i s u a l  i n v e s t i g a t i o n  of t h e  t u r b u l e n t  flow p a t t e r n s  near  t h e  
s t agna t ion  zone o f  a  c i r c u l a r  cy l inde r  was f i r s t  undertaken t o  v e r i f y  t h e  occur-  
rence t h e r e  of a coherent  subs t ruc tu re .  Th i s  v i s u a l i z a t i o n  s tudy was conducted i n  
a  1 . 8 3 ~ 1 . 8 3 ~ 2 7  m ( 6 x 6 ~ 8 8  f t )  low-speed c l o s e d - c i r c u i t  wind tunne l  a t  Colorado S t a t e  
Univers i ty  us ing  a  c i r c u l a r  cy l inde r  16 cm (6-1/4 i n )  i n  diameter  D and 183 cni (6 
f t )  long a t  a  cyl inder-diameter  Reynolds number ReD = 8x10' (based on t h e  
f rees t ream v e l o c i t y  which was maintained a t  0 .76 m/s; kinematic  v i s c o s i t y  
v = 1 . 5 ~ 1 q - ~ m ~ / s  ( 1 . 6 ~ 1 0 - * f t 2 / s ) ,  a i r  a t  20°C (68OF)). A p e u t r a l  wavelength 
ho = rrD/Ref$ and a  laminar  boundary l a y e r  t h i ckness  6 = 1.2D/Re3 of 5 .6 and 2.15 
mm, r e s p e c t i v e l y ,  were expected a t  t h i s  p a r t i c u l a r  Reynolds number [ Z ] .  Freestream 
turbulence  was produced i n  a con t ro l l ed  manner by means of a  g r i d  c o n s i s t i n g  of  24 
r e g u l a r l y  spaced v e r t i c a l  c y l i n d r i c a l  b a r s  (center - to-center  i n t e r v a l  of 6.35 cm 
(2-1/2 i n ) ,  diameter  of each rod 1.27 cm (112 i n ) ) .  This  g r i d  was i n s t a l l e d  116 cm 
(45-3/4 i n )  upwind of t h e  cy l inde r .  The v e r t i c a l  o r i e n t a t i o n  of t h e  rods was 
s p e c i f i c a l l y  chosen f o r  genera t ing  mainly v o r t i c i t y  s u s c e p t i b l e  t o  undergoing 
ampl i f i ca t ion  by s t r e t c h i n g ,  i . .  v o r t i c i t y  i n  t h e  x l - d i r e c t i o n  ( see  F ig .  1). 
Most of t h e  t u r b u l e n t  energy produced by t h i s  g r i d  was concent ra ted  a t  a  S t rouha l  
s c a l e  of 60.45 mm (2.38 i n )  ( rod Reynolds number 650 t o  780, 207; blockage,  rod 
S t rouhal  number 0 .21) .  This  s c a l e  was almost  11 times g r e a t e r  than  t h e  n e u t r a l  
s c a l e  of t h i s  s t a g n a t i o n  flow. The turbulence  i n t e n s i t y  (based on l o c a l  mean 
v e l o c i t y )  was about  7.7% a t  t he  midpoint between t h e  g r i d  and t h e  c y l i n d e r .  A l l  
the  d e t a i l s  of t h e  e x p e r i m e ~ ~ t a l  se tup .and  procedure a r e  o u t l i n e d  i n  Ref.  8. 

V i s u a l i z a t i o n  of t h e  flow i n  t h e  s t ream and normal p lanes  ( see  F ig .  1 )  was 
. accomplished us ing  t i t an ium dioxide  white  smoke. Motion p i c t u r e s  of t h e  smoke 

p a t t e r n s  were s h o t  a t  a speed of 24 frames/second (41-2/3 ms/frame). Se l ec t ed  
movie sequences were analyzed by means of a  photo-opt ica l  da ta -ana lyzer  movie 
p r o j e c t o r .  I n t e r p r e t a t i v e  ske tches  of s i n g l e  frames were produced by d i g i t i z i n g  
t h e  p a t t e r n  of  t h e  smoke en t r a ined  by a  c ross -vor tex  tube.  This  frame-by-frame 
examination l e d  t o  t he  a c q u i s i t i o n  of a  reasonably q u a n t i t a t i v e  i n t e r p r e t a t i o n  of  
t h e  gross  flow s t r u c t u r e  i n  a d d i t i o n  t o  f u r n i s h i n g  an  in-depth q u a l i t a t i v e  percep- 
t i o n  of t h e  flow p a t t e r n .  Four r e p r e s e n t a t i v e  p r i n t s ,  tvo f o r  t h e  s i d e  view 
(stream p lane )  and two f o r  t he  t o p  view (normal p l a n e ) ,  of t h e  frames survesed 
along wi th  t h e i r  corresponding i n t e r p r e t a t i v e  schematics  a r e  d isp layed  i n  F i g s .  3 
and 4. The s c a l e ,  t h e  system of coo rd ina t e s ,  t h e  t o t a l  approaching v e l o c i t y  and 
t h e  t h e o r e t i c a l  laminar  boundary-layer t h i ckness  (a  dashed l i n e  denoted by l e t t e r  
L) a r e  shown i n  t h e s e  ske t ches .  

The entrainment  of t h e  smoke f i l amen t s  by an emerging cross-vor tex  tube  n e a r  
t h e  s t a g n a t i o n  zone i s  c l e a r l y  observed i n  t h e  side-view frames shown i n  F ig .  3. 
Occurrence of t h e  s t r e t c h i n g  i s  i n f e r a b l e  from t h e  d i s t i n c t l y  s p i r a l  shape of t h e  
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cross-vortex tube. The side views permitted the tracing of the time history of a 
cross-vortex tube from its embryonic stage until its aging phase. In scrutinizing 
the shape of the cross-vortex tube, it is apparent that its core is outside the 
laminar boundary layer. The gross scales of the cross-vortex tube, approximated 
from the interpretative schen~atirs, ranged from 4 to 40 mm (0.16 to 1.60 in). 
Insofar as the neutrill scalc was 5.6 inm (0.22 in), vorticity at scales larger than 
the n e u t r a l  prevailed near t h e  stagnation zone. This is exactly the cross 
vorticity that undergoes intensification by stretching which leads, in turn, to the 
amplification of streamwise turbulence. 

An illustration of the coherent vortex substructure near the stagnation zone 
is provided by the views in the normal plane (top views) given in Fig. 4. Partic- 
ularly revealing is the persistence of a standing cross-vortex tube whose axis is 
clearly in the xl-direction and whose core is outside the boundary layer. A rapid 
decrease in the scale of the cross-vortex tube across and down its barrel (along 
its axis in the xl-direction) is readily perceived. This diminution in the scale 
is accompanied by an augmentation iwthe angular velocity owing to the conservation 
of angular momentum. A gradual increase in the smoke rotational velocity is, in 
fact, vividly perceivable elsewhere in the motion picture. This continuous scale 
decrease and the accompanying increase in the rotational velocity attest to the 
stretching experienced by the cross-vortex tubes. The embayments of the tubular 
shape, perceived in the second frame shown in Fig. 4, further suggest the presence 
of two adjacent cross-vortex tubes in which the rotation is in an opposite direc- 
tion (see Fig. 2). Similar quasi-regular cellular patterns were, as a matter of 
fact, visualized along the span of the cylinder stagnation zone at many other 
stations. By and large, the scales of the pathlines in the xzxs-plane ranged from 
2 to 32 mm (0.08 to 1.26 in) and, thus, they are of same magnitude as their 
counterparts approxiniated in the stream plane. Thus, the visualization clearly 
revealed the existence of a coherent substructure consisting of regularly distri- 
buted cross-vortex tubes of roughly the same scale along the span of the cylinder 
stagnation zone. 

3. FREESTREAN TURBULENCE APIPLIFICATION 

The evolution of the freestream turbulence as it is conveyed by the diverging 
mean flow toward the cylinder was surveyed in order to determine its amplification 
and energy distribution. This investigation was carried out in the same wind 
tunnel and employing the same turbulence-generating grid as for the visualizatian 
study. The survey focused on the measurement of the axial (or streamwise) fluc- 
tuating velocity u* along the stagnation streamline, i-e., along the xz-axis 
(see Fig. 1). This is the sole nonvanishing turbulent velocity component along the 
stagnation streamline due to symmetry considerations [ 3 ] .  The measurements were 
conducted at more than 20 stations between the grid and the cylinder using single- 
sensor hot-wire anemometers. They were carried out at six subcritical cylinder- 
diameter ~ e ~ n b l d s  numbers ranging from 5x10~ to 2x10~ and for three different 
upwind positions of the grid at each Reynolds number. Only a characteristic sample 
of the results at a cylinder-diameter Reynolds number ReD = 1.2xl~~-i.e., at a 
freestream velocity Uz, = 11.70 m/s (38 ft/s)-with the grid installed at an upwind 
distance xpg = 7.5D (120 cm (47 in)) are reported herein due to space constraints. 

The total turbulent energy of the axial fluctuating velocity-i-e., its mean- 
squared value $-is the quantity of interest with regard to the amplification of 
turbulence. It was computed from the local turbulence intensity and mean velocity 
data at each station along the xz-axis. The total streamwise turbulent energy 



exhibited a similar general variation in all the cases. To start with, it decayed 
to some minimum level uLin with increasing downstream distance from the grid. As 
the cylinder was approached and the mean flow divergence around it started off, the 
axial turbulent energy experienced gradual significant amplification up to a 
certain maximum value due to the stretching mechanism. The peak in the total 
turbulent energy was consistently found close to the outer edge of the stagnation 
boundary layer. Inside the latter the total turbulent energy decreased to zero at 
the cylirtder stagnation point since there the fluctuating velocity vanishes. In 
order to readily determine the relative level of amplification of the total stream- 
wise turbulent energy, it is appropriate to refer it to its minimum value upwind of 
the cylinder. Then the total dimensionless streamwise turbulent energy is defined 
by 

CV - - -  
ui! = u8 /u$min (1 

- 
where ugmin is the total minimum turbulent energy between the grid and the 
cylinder. Essentially, the dimensionless total streamwise turbulent energy repre- 
sents an amplification ratio. The total minipurn turbulent energy and its 
corresponding turbulence intensity (i. e. , (ain)5/u2m, where U2, is the free- 
stream velocity) are viewed as the critical turbulence numbers insofar as the 
amplification is concerned. -It is further necessary to delineate the axial range 
over which the amplification occurs in terms of a characteristic dimension of the 
body. To this end, the dimensionless axial distance (see Fig. 1) is expressed by 

fi2 = x2/R, (2) 

in which R = 8 cm (3-118 in) is the cylinder radius. 

A typical distribution of the dimensionless total streamwise turbulent energy 
(or the amplification ratio) along the stagnation streamline is displayed in Fig. 
5. The minimum (or critical) axial turbulent energy u&in, that was about 3533 
cm2/s2 (3.80 ft2/s), was monitored at g2 = 2.6. This station was 12.80 cm (5.04 
in) upwind of the cylinder which corresponds to a distance of 99.20 cm (39 in) 
downstream of the grid. At the very same station the critical turbulence 
intensity, based cn the freestream velocity, amounted to only about 5%. The ampli- - 
fication ratio u$ gradually attained a maximum of about 2.55 over an axial 
interval extending from fi2 = 2.6 to 1.1 (12.80 to 0.80 cm (5.04 to 0.31 in) upwind 
of the cylinder). This maximum amplification ratio of 255% transpired at a 
distance of roughly two boundary-layer thicknesses from the cylinder as shown in 
Fig. 5. The thickness of the actual turbulent stagnation boundary layer, that is 
marked off onto F-ig. 5 by a dashed line designated 6 (6 = 6/R), .was about 4 mm 
(0.16 in), i .e. , 8 = 0.05. This boundary layer was more than seven times thicker 
than its initial laminar counterpart, whose thickness is about 0.55 mm (0.02 in) at 
this ReD = 1 . 2 ~ 1 0 ~  (6 = 1.2~/~e$ [2]). This significant thickening of the 
boundary layer testifies to the change in its nature from laminar to turbulent 
owing to the penetration of the amplified turbulent energy into it. 

It is further important to point out that the amplification evolved over an 
axial distance of about 1.5R (fi2 = 2.6 to 1.1). This axial length is 15 times 
larger than the linear deceleration range of the mean velocity that usually extends 
over a distance of roughly 0.1R upwind of the cylinder [3]. Most of the 
stretching action is confined within this range according to the 
vor t ic i ty-ampl i f ic i i t ion  theory [ Z ] .  The results indicate, on the other hand, that 



t he  s t r e t c h i n g  a c t i o n  extends f a r  beyond t h e  l i n e a r  v e l o c i t y  dece l e ra t ion  range. 
Consequently, a  higher  ampl i f i ca t ion  r a t i o  i s  reached c lose  t o  t h e  o u t e r  edge of 
t he  boundary l a y e r .  The l a rge  d i s t ance  iqithin which the  s t r e t c h i n g  occurs  f u r t h e r  
demonstrates t h a t  t he  ampl i f i ca t ion  i s  n o t  assoc ia ted  wi th  any boundary-layer 
i n s t a b i l i t y .  

A survey of the turbulent energy frt:quency spec t ra  along the  s t agna t ion  
s t reaml ine  was next  conducted i n  order  t o  a s s e s s  t h e  s e l e c t i v e  aa ip l i f i ca t ion  of 
t u rbu len t  energy a t  s c a l e s  l a r g e r  than  t h e  n e u t r a l  one. In ca r ry ing  o u t  t h i s  
e f f o r t ,  t h e  d e t e c t i o n  of a  most amplif ied s c a l e  A, was p a r t i c u l a r l y  sought  s i n c e  
it is c h a r a c t e r i s t i c  of t he  coherent  s u b s t r u c t u r e  near t h e  cy l inde r  s t agna t ion  
zone. The ampl i f ied  t u r b u l e n t  energy concentrated wi th in  t h i s  coherent  subs t ruc-  
t u r e  i s  t h e  agent  respons ib le  f o r  modifying t h e  na tu re  of t h e  body boundary l a y e r  
from laminar  t o  t u r b u l e n t  and p l ays  t h e  prime r o l e  i n  determining t h e  wa l l  p re s su re  
f l u c t u a t i o n s .  

- The t u r b u l e n t  energy frequency s p e c t r a  of t he  a x i a l  f l u c t u a t i n g  v e l o c i t y - i - e . ,  
u$ (n ) ,  where n  i s  t he  frequency-were f i r s t  obtained a t  each s t a t i o n  along t h e  
s t agna t ion  s t r eaml ine .  A s c a l e  A was next  introduced f o r  each frequency n ,  
based on t h e  f rozen  p a t t e r n  assumption j 9 ] ,  by means of t h e  r e l a t i o n s h i p  

i n  which U2 i s  t he  l o c a l  a x i a l  mean v e l o c i t y .  Then t h e  t o t a l  streamwise 
t u r b u l e n t  energy a t  any p o i n t  ( i . e . ,  t he  mean-square value of t he  a x i a l  f l u c t u a t i n g  
v e l o c i t y )  i s  expressed by 

- @ -  

UH = r U S ( ~ ~ ) ,  ( 4 )  
i=l 

- 
where u$(A. ) i s  the d i s c r e t e  t u r b u l e n t  energy concentrated a t  any eddy of  s c a l e  

hi .  Tllr lo :~>~o ing  cqont i o n  ouLl i ncs  t he  s c a l e  r e s o l u t i o n  of t he  t u r b u l e n t  energy 
spectrum. Consequerltly, it permits  one t o  examine t h e  change i n  t h e  d i s c r e t e  
streamwise t u r b u l e n t  energy a t  any d e s i r e d  s c a l e  a s  it i s  t r anspor t ed  toward t h e  
cy l inde r .  The d i s c r e t e  t u r b u l e n t  energy a t  any p a r t i c u l a r  s c a l e  hi i s  then  
derived from t h e  t u r b u l e n t  energy s p e c t r a  a t  a  success ion  of p o i n t s  a long  t h e  
s t agna t ion  s t r eaml ine .  I n  o rde r  t o  a s c e r t a i n  t h e  ampl i f i ca t ion  of t h e d i s c r e t e  
streamwise t u r b u l e n t  energy a t  each s c a l e ,  it i s  r e f e r r e d  t o  i t s  l e v e l  ugo(A) a t  
t h e  s t a t i o n  of minimum t o t a l  t u r b u l e n t  energy. The d i s c r e t e  a m p l i f i c a t i o n  r a t i o  
(o r  t h e  dimensionless d i s c r e t e  streamwise t u r b u l e n t  energy) a t  any s c a l e  A i s  
thus  expressed by 

A sample of t h e  v a r i a t i o n s  of t he  dimensionless  d i s c r e t e  streamwise t u r b u l e n t  
energy a t  t h r e e  s e l e c t e d  s c a l e s  l a r g e r  than  t h e  n e u t r a l  one-v iz . ,  a t  A = 8,  10 and 
20 mm (0.31, 0.39 and .0.79 i n )  is  por t rayed  i n  F ig .  6 .  The d i s c r e t e  t u r b u l e n t  
energy a t  each s c a l e  4 (A) i s  r e f e r r e d ,  according t o  Eq. (5),  t o  i t s  va lue  ~ o ( A )  
monitored a t  t h e  s t a t i o n  of c r i t i c a l  t o t a l  t u r b u l e n t  energy,  i . e . ,  t o  A a t  
gz = 2.6 ( see  F ig .  4 ) .  A t  t h e  p a r t i c u l a r  Reynolds number of t h i s  f low,  (1  .2x105) 
t h e  n e u t r a l  s c a l e  of t h e  v o r t i c i t y - a m p l i f i c a t i o n  theory  A. = 1.45 mm (0.06 i n )  
(Ao = n ~ / ~ e #  121). R e a l i z a t i o n  of n o t i c e a b l e  a m p l i f i c a t i o n  of t h e  d i s c r e t e  
t u rbu len t  energy i s  c l e a r l y  d iscerned  a t  a l l  t h r e e  s c a l e s .  Tire a m p l i f i c a t i o n  
occurred b a s i c a l . 1 ~  over the  same i n t e r v a l  a s  t h a t  f o r  t h e  t o t a l  t u r b u l e n t  energy 



displayed i n  F ig .  4 .  Maximum d i s c r e t e  ampl i f i ca t ion  r a t i o s  were reached a t  a l l  t h e  
s c a l e s  a t  t h e  ou te r  edge of t h e  a c t u a l  s t agna t ion  boundary l a y e r .  The l a t t e r ,  t h a t  
was about*. 0.05R t h i c k  a s  prev ious ly  mentioned, i s  de l inea t ed  by dashed l i n e  
denoted 6 i n  F ig .  6 .  I n s i d e  t h e  boundary l a y e r  t h e  d i s c r e t e  t u r b u l e n t  energy 
gradual ly  decayed t o  zero  .3t t h e  cy l inde r  s t agna t ion  p o i n t .  

The grcntcst ciiscrctte nn~pl i f i c a t i o n  r a t i o ,  t h a t  arnounted t o  73 t imes ,  was 
found a t  a s c a l e  of 8  nim which i s  5.52 times l a r g e r  than  the  n e u t r a l .  With 
inc reas ing  s c a l e ,  t h e  d i s c r e t e  ampl i f i ca t ion  r a t i o  e x h i b i t s  a continuous decreasz .  
A t  t he  o t h e r  two s c a l e s ,  t h a t  a r e  6.90 and 13.80 t imes l a r g e r  than  t h e  n e u t r a l ,  
d i s c r e t e  a m p l i f i c a t i o n  r a t i o s  of 28 and 23 t imes ,  r e s p e c t i v e l y ,  were monitored. 
The f ind ing  of prime importance i s  t h e  d i s t i n c t  d e t e c t i o n  of a  most ampl i f ied  s c a l e  
. This s c a l e  i s  r e p r e s e n t a t i v e  of t h e  energy-containing eddies  w i th in  t h e  
s tanding coherent  s u b s t r u c t u r e  near  t h e  cy l inde r  s t a g n a t i o n  zone. I t  i s  f u r t h e r  
i n t e r e s t i n g  t o  p o i n t  ou t  t h a t  t h i s  most ampl i f ied  s c a l e  h, i s  commensurate w i t h  
the  th icknesses  of both a c t u a l  t u r b u l e n t  and i n i t i a l  laminar  boundary l a y e r s .  Th i s  
s c a l e  was about twice  t h e  th ickness  of t he  former (4 mm) and roughly 14 times t h a t  
of t h e  l a t t e r  (0.55 mm). One thus can a s s e r t  t h a t  t h e  amplif ied t u r b u l e n t  energy 
concentrated wi th in  the  coherent  subs t ruc tu re  i n t e r a c t s  with the  boundary l a y e r  and 
a f f e c t s  i t s  p r o p e r t i e s .  This i n t e r a c t i o n  i s  respons ib le  f o r  t he  change i n  t h e  
na tu re  of t h e  boundary l a y e r  from laminar t o  t u r b u l e n t  a t  t he  p r e v a i l i n g  
s u b c r i t i c a l  Reynolds number. 

The modi f ica t ion  i n  t h e  na tu re  of t h e  cy l inde r  boundary l a y e r  from laminar t o .  
t u rbu len t  i n f luences  t h e  wal l  mean p re s su re  d i s t r i b u t i o n  and, p a r t i c u l a r l y ,  t h e  
mean base p re s su re  i n  such a  way t h a t  t h e  s e p a r a t i o n  i s  r e t a rded  and concur ren t ly  
t h e  drag c o e f f i c i e n t  i s  reduced a t  t h e  p r e v a i l i n g  s u b c r i t i c a l  Reynolds numbers 
[ l o ] .  A t  a  cyl inder-diameter  Reynolds number of 1 . 2 ~ 1 0 ~  and same upwind g r i d  
p o s i t i o n  (xZ0 = 7.5D), an inc rease  i n  t h e  sepa ra t ion  angle  from i t s  i n i t i a l  laminar  
va lue  of 8o03to about 123O was measured, i . e . ,  a  downstream s h i f t  i n  t h e  s e p a r a t i o n  
angle o f  about 4 3 O .  Sintultaneously, t h e  drag coe f f i c i e r i t  was reduced by about 28%, 
i . e . ,  froat i t s  u t . i g i n a l  i i  lcvc-l o f  '1.04 t o  0 .748.  S i . a i l a r  r e s u l t s  were 
obt;linect a t  tlic oLl~c!r subcrj  t i c a l  Rcynolds numbers I10 1 .  'l'tiese r e s u l t s  inJic:ate 
t h a t  t he  p e n e t r a t i o n  of t h e  ampl i f ied  turbulence  i n t o  t h e  body boundary l a y e r  
renders  it t u r b u l e n t ,  r e t a r d s  t he  s e p a r a t i o n  and promotes reduct ion  i n  t h e  d rag  
c o e f f i c i e n t  d e s p i t e  t h e  p r e v a i l i n g  s u b c r i t i c a l  Reynolds number of t h e  f low.  

The agent  r e spons ib l e  f o r  t h e  w a l l  p re s su re  f l u c t u a t i o n s  on t h e  forward f a c e  
of a b l u f f  body i s  t h e  turbulence  i n  t h e  i n c i d e n t  stream s i n c e  it a c t s  a s  a 
pres su re  source 141. Numerous experimental  r e s u l t s  a t t e s t  t o  t h e  s t r o n g  dependence 
of t h e  wa l l  p re s su re  f l u c t u a t i o n s  upon t h e  c h a r a c t e r i s t i c s  of t h e  oncoming 
turbulence .  This dependence i s  c l e a r l y  i l l u s t r a t e d  by t h e  s i m i l a r  v a r i a t i o n  of t h e  
energy s p e c t r a  of both t h e  i n c i d e n t  tu rbulence  and t h e  wa l l  p re s su re  f l u c t u a t i o n s  
on t h e  upwind f ace  of a  b l u f f  body wi th  sharp  corners  repor ted  i n  Ref. 4 and repro-  
duced i n  F ig .  7 .  These energy s p e c t r a  were obta ined  with t h e  b l u f f  body i n  a  
crossf low a t  a  Reynolds number of about  1 . 8 2 ~ 1 0 ~  (based on t h e  f rees t ream v e l o c i t y  
Uza, and t h e  f r o n t  f ace  wi&h) and a  c h a r a c t e r i s t i c  f rees t ream tu rbu lence  i n t e n s i t y  
of about 8%. I n  F ig .  7 ,  u$(n)  and p2(n) denote t h e  d i s c r e t e  t u r b u l e n t  energy of  
t h e  streamwise f l u c t u a t i n g  v e l o c i t y  and t h e  d i s c r e t e  esergy of  t h e  w a l l  p re s su re  
f l u c t u a t i o n s  a t  each frequency n ,  r e s p e c t i v e l y ;  whi le  u2 and s t and  f o r  t h e  
t o t a l  t u r b u l e n t  energy of t h e  streamwise t u r b u l e n t  v e l o c i t y  and t h e  t o t a l  energy of 
t h e  wal l  p re s su re  f l u ~ t u a t i o n s ,  r e s p e c t i v e l y .  I n  a d d i t i o n ,  a  ske t ch  of t he  b l u f f  
body and the  system of coord ina tes  i s  shown i n  F ig .  7 .  Both energy s p e c t r a  r e v e a l  
a remarkably congruent v a r i a t i o n ;  a s  t h e  d i s c r e t e  t u r b u l e n t  energy inc reases  s o  t h e  



d i s c r e t e  energy of t h e  wa l l  p re s su re  f l u c t u a t i o n  inc reases .  Moreover, most of b o t h  
t h e  t u r b u l e n t  energy and the  w a l l  p re s su re  f l u c t u a t i o n s  energy a r e  concentrated 
wi th in  t h e  same frequency range. This behavior of t h e  two energy s p e c t r a  i n d i c a t e s  
t h a t  t h e  oncoming turbulence  emerges a t  t he  wal l  a s  p re s su re  f l u c t u a t i o n s .  This  
energy t r a n s f e r  i s  cffectcci by the amp1 i f  i ed  turbulence  concentrated wi th in  t h e  
cohcrcnt s11t)s t t.ucl 11 t -1.  r ~ c ~ : ~  I- 111~. 1)otly s tajinat i o n  zorlc. . ' fhe t-nergy-containing cddies  
of t h i s  s\lbsLr.uct tire dc 1 i v1.r i i -  energy t o  t h e  w a l l  p ressure  f l u c t u a t i o n s  through 
the turbulence-  turbul  cnce mpchanisni [ 4 ]  . Cont ro l l i ng  t h e  wa l l  p re s su re  f l uc tua -  
t i o n s  on t h e  forward f ace  of a  b l u f f  body i s  consequent ly a ma t t e r  of governing t h e  
tu rbu len t  energy wi th in  t h e  coherent  subs t ruc tu re  through t h e  s t r e t c h i n g  mechanism. 

4. CONCLUDING REMARKS 

The evo lu t ion  of f rees t ream turbulence i n  c ross f low about a  c i r c u l a r  c y l i n d e r  
was i n v e s t i g a t e d  experimental ly  f o r  t h e  sake of i d e n t i f y i n g  t h e  r e a l i z a t i o n  of a  
coherent  subs t ruc tu re  near  t h e  upwind f ace  of a  b l u f f  body. This  experimental  
s tudy cons i s t ed  of a  v i s u a l i z a t i o n  of t h e  flow events  us ing  t i t an ium tiioxide whi te  
smoke and a  d e t a i l e d  hot-wire anemometer survey of t h e  streamwise t u r b u l e n t  
v e l o c i t y .  Freestream turbulence was superimposed a t  s c a l e s  l a r g e r  t han  t h e  n e u t r a l  
us ing  an adequate turbulence-genera t ing  g r i d .  

S e l e c t i v e  s t r e t c h i n g  of oncoming cross-vor tex  tubes and emergence of a  
coherent  s u b s t r u c t u r e  near  t he  c y l i n d e r  s t a g n a t i o n  zone were revea led  by t h e  flow 
v i s u a l i z a t i o n  t h a t  was conducted a t  a  Reynolds number of 8x10~. Occurrence of 
ampl i f i ca t ion  of t h e  streamwise t u r b u l e n t  energy and of a  most ampl i f ied  s c a l e  were 
ind ica t ed  by t h e  c h a r a c t e r i s t i c  r e s u l t s  obtained a t  a  Reynolds number of 1.2~10~. 
A maximum a m p l i f i c a t i o n  r a t i o  of  t he  t o t a l  streamwise t u r b u l e n t  energy of about  
255%, r e l a t i v e  t o  i t s  minimum l e v e l ,  was monitored c l o s e  t o  t h e  o u t e r  edge of t h e  
cy l inde r  s t a g n a t i o n  boundary l a y e r .  P re fe r r ed  a m p l i f i c a t i o n  of tu rbulence  a t  
s c a l e s  l a r g e r  than  the  n e u t r a l  one was demo~lstrated by t h e  s u b s t a n t i a l  ampl i f ica-  
t i o n  i n  t h e i r  d i s c r e t e  t u rbu len t  energy. The peak i n  t he  d i s c r e t e  t u r b u l e n t  energy 
was c o n s i s t c ~ ~ t l y  foulid a t  a11 tllc examioect s c a l e s  a t  t h e  o u t e r  edge of t h e  s tagna-  
t i o n  boundary l a y e r .  A most ampl i f ied  s c a l e  was deduced based on t h e  g r e a t e s t  
ampl i f i ca t ion  i n  t he  d i s c r e t e  t u rbu len t  energy. A t  t h i s  s c a l e ,  t h a t  was roughly 
5.52 times t h e  n e u t r a l ,  a  maximum a m p l i f i c a t i o n  of  about  73 times was monitored. 
Much smal le r  ampl i f i ca t ions  were recorded a t  l a r g e r  s c a l e s .  The most ampl i f ied  
s c a l e  i s  c h a r a c t e r i s t i c  of t h e  energy-containing eddies  w i t h i n  t h e  coherent  
subs t ruc tu re .  These r e s u l t s  demonstrate  t h a t  t h e  coherent  s u b s t r u c t u r e  a r i s e s  
from t h e  s e l e c t i v e  a m p l i f i c a t i o n  of f r ee s t r eam turbulence  t h a t ,  i n  t u r n ,  i s  
governed by t h e  s t r e t c h i n g  of c ross -vor tex  tubes i n  t h e  d ive rg ing  flow about  a 
b l u f f  body according t o  t h e  v o r t i c i t y - a m p l i f i c a t i o n  theory .  

Pene t r a t ion  of t h e  ampl i f ied  turbulence  i n t o  t h e  c y l i n d e r  boundary l a y e r  
a l t e r s  i t s  n a t u r e  from laminar t o  t u r b u l e n t  a t  s u b c r i t i c a l  Reynolds numbers. 
Retarda t ion  of  t h e  s e p a r a t i o n  ang le  by about 4 3 O  a long  w i t h  a concomitant r educ t ion  
i n  t h e  drag c o e f f i c i e n t  of 28%, with  r e spec t  t o  t h e i r  laminar  c o u n t e r p a r t s ,  were 
obta ined .  These d r a s t i c  changes were consequent on t h e  mod i f i ca t ion  of t h e  w a l l  
mean p re s su re  d i s t r i b u t i o n  caused by t h e  ampl i f ied  tu rbu lence .  

The ampl i f ied  turbulence  i s  f u r t h e r  t h e  prime source  f o r  t h e  wa l l  p re s su re  
f l u c t u a t i o n s  on t h e  upwind f a c e  of a  b l u f f  body. This  dependence i s  c l e a r l y  
revealed by t h e  obser-ved remarkably s i m i l a r  energy s p e c t r a  of  bo th  t h e  oncoming 
amplif ied turbulence  and t h e  wa l l  p re s su re  f l u c t u a t i o n s  on t h e  windward f ace  of  a 
b l u f f  body w i t h  s h a r p  corners .  Thcse r e s u l t s  s u b s t a n t i a t e  t h a t  t h e  ampl i f ied  
turbulen t  energy emcrgcs a t  the wa l l  a s  p r e s s u r e  f l u c t u a t i o n s .  
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Fig.  6. 

Fig. 5 .  A~npli Ticat ion r a t i o  o f  t h e  
t o t a l  streanlwise t u r b u l e n t  
energy i n  c ross f low about 
a  c i r c u l a r  c y l i n d e r .  

Amp: if i c a t  ion o f  t h e  
d i s c r c t c  strcamrci sc  
t u r b u l c ~ l t  ene rgy  a t  
t h r c c  sc:ll e s  1 a r g c r  
t h a n  t h e  n e u t r a l  i n  
c ross f low about a 
c i r c u l a r  cy l inde r .  

F i g .  7 .  Energy s p e c t r a  of i n -  
c i d e n t  tu rbulc l lce  and 
of  wall  p r e s s u r e  
f l u c t u a t i o n s  on t h c  
upwi~lil f n c c  of a  
b 1  u f f body w i t i 1  sha rp  
co rne r s .  




