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SUMMARY

W ind in d u c e d  o s c i l l a t io n s  of w e ld ed  s t e e l  s m o k e s ta c k s  at P r y m o n t  
P o w e r  S ta t io n ,  N, S. W. , have  le d  to  lo c a l  b u c k lin g  and fa t ig u e  c r a c k s  n e a r
th e  b a s e  of at l e a s t  one s ta c k .  O b s e rv e d  d o u b le - a m p l i tu d e s  of the  to p s  of
th e  200 f e e t  h igh  s ta c k s  have  b e e n  of th e  o r d e r  of 2 to  3 fe e t .

T h i s  r e p o r t  d e a ls  w ith  a s u r v e y  of the  r e l e v a n t  l i t e r a t u r e  and
t h e o r e t i c a l  a s p e c t s  of th e  p r o b le m  to g e th e r  w ith  l a b o r a t o r y  and p ro to ty p e  
t e s t s  a im e d  at d e te r m in in g  th e  i n t e r f e r e n c e  o r  ’b u ffe t in g ' e f fe c ts  of 
e d d ie s  in  th e  w ak e  f r o m  an u p s t r e a m  s ta c k  on th o s e  d o w n s t re a m .

S m oke  t r a i l  t e s t s  c a r r i e d  out on th e  p ro to ty p e  y ie ld e d  no q u a n t i ta t iv e  
in fo r m a t io n  on i n t e r f e r e n c e  but did g ive  q ua li ta t ive  d a ta  on s e p a r a t io n  
p o in ts  and  r e g u l a r i t y  of eddy  sh ed d in g .

M o d e l t e s t s  show ed  th e  e f fe c t  of in t e r f e r e n c e  at s u b - c r i t i c a l  
R e y n o ld s  n u m b e r s  bu t th e  t e s t i n g  f a c i l i t i e s  a v a i la b le  d id  not allow  c o n ­
d i t io n s  d y n a m ic a l ly  s i m i l a r  to  p ro to ty p e  c o n d it io n s  above- c r i t i c a l  
R e y n o ld s  n u m b e r s  to b e  a c h ie v e d .  H o w e v e r ,  fo r  s u p e r - c r i t i c a l  
R e y n o ld s  n u m b e r s  above- 5 x 10^ r e g u l a r  eddy sh e d d in g  is  known to 
o c c u r  as  i t  d o e s  fo r  s u b - c r i t i c a l  R ey n o ld s  n u m b e r s  (below  2 x 10^) and 
as th e  P y r m o n t  s ta c k s  o s c i l l a t e  in  th is  s u p e r - c r i t i c a l  r a n g e  the  p r o t o ­
ty p e  i n t e r f e r e n c e  e f fe c ts  a r e  u n l ik e ly  to  d i f f e r  a p p re c ia b ly  f r o m  th o se  
o b s e r v e d  in  the  m o d e l .

T h e  e l a s t i c  r e s p o n s e  of c y l in d e r s  to  w ind in d u ced  f o r c e s  is  not 
d e a l t  w i th  in  th is  r e p o r t  bu t m e th o d s  of s u p p r e s s in g  the  f o r c e s  a r e  
c o n s id e r e d .

T h e  m o s t  d i r e c t  m e a n s  of e l im in a t in g  p e r io d ic  i n t e r f e r e n c e  o r  
'b u f fe t in g ' e f fe c ts  w ou ld  s e e m  to  be  to  p r e v e n t  the  r e g u l a r  sh e d d in g  of 
e d d ie s  f r o m  u p s t r e a m  c y l in d e r s .  It is  c o n s id e r e d  th a t  the  m o s t  
p r a c t i c a l  m e th o d  of s u p p r e s s i n g  th e  p e r io d ic  sh e d d in g  of e d d ie s  is  to  
f i t  to  th e  s t a c k s  s p o i le r s ,  of the  ty p e  i n v e s t i g a t e d  by  W e a v e r  (18) and 
S c ru to n  and W a ls h e  (15).

T h e  o p t im u m  s p o i l e r  s y s t e m ,  a c c o rd in g  to  th e  above in v e s t i g a t o r s ,  
w ou ld  c o n s i s t  of fo u r  ' s t r a k e s '  w ith  h e ig h ts  of 6 to  10 pc. of the  s ta c k

d i a m e t e r  w ound h e l i c a l ly  a ro u n d  the  s ta c k s  w ith  a p i tc h  of 12 s ta c k  
d i a m e t e r s .  H o w e v e r ,  W e a v e r ' s  r e s u l t s  s u g g e s t  th a t  in  th e  c a s e  of 
the  P y r m o n t  s t a c k s  a s in g le  ' s t r a k e '  of th e  above d im e n s io n s  f i t te d  
on ly  b e tw e e n  th e  m id d le  and  to p  c a tw a lk s  m ig h t  s u f f ic e .



(v)

A w ind  tu n n e l  c a p a b le  of p ro v in g  th e s e  s p o i l e r s  at R ey n o ld s  n u m b e r s  
of 5 x 10 and h ig h e r  is  u n a v a i la b le  lo c a l ly  and it  is  s u g g e s te d  th a t  if 
t e s t s  at t h e s e  R e y n o ld s  n u m b e r s  canno t be a r r a n g e d  e l s e w h e r e ,  s p o i l e r s  
s h o u ld  be  f i t te d  in  s t a g e s  b eg in n in g  w ith  a s in g le  1 s t r a k e 1 o v e r  p a r t  of the 
le n g th  as  d e s c r i b e d  above and add ing  f u r t h e r  ’s t r a k e s '  if  n e c e s s a r y .

An a e s th e t i c a l ly  a c c e p ta b le  so lu t io n  m ig h t  be  to  r e p l a c e  the  e x is t in g  
c a t - l a d d e r s  by  a s p i r a l  s e t  of s te p s  i n c o r p o ra t in g  the  s p o i l e r .

F o r  a c o m p r e h e n s iv e  t r e a t m e n t  of the e l a s t i c  r e s p o n s e  of c y l in d e r s  
to  p e r io d ic  f o r c e s  the  r e a d e r  is  r e f e r r e d  to  R e f e r e n c e  (18).



1. In tro d u c tio n

1. 1 T he  P ro to ty p e

At the t im e  the d es ig n  of P y rm o n t  P o w er  Station sm oke s tac k s  was 
c a r r i e d  out, inadequate  in fo rm atio n  was availab le  on the dynam ic b e ­
h av io u r  of t a l l  c y l in d r ic a l  s t r u c tu r e s  sub jec ted  to wind loading. It was 
c u s to m a ry  in en g in ee r in g  des ign  to  com pute s ta t ic  wind loads and design  
the  s t r u c tu r e  to w iths tand  th ese  with a su itab le  m a rg in  of safe ty .

W hile s ta c k s  w e re  co n s tru c te d  of m a so n ry  or r ive ted . ' s te e l  which 
p o s s e s s e d  su ff ic ien t dam ping p ro p e r t i e s ,  p ro b le m s  of wind induced 
o sc i l la t io n  w e re  not s e r io u s .  The pos tw ar  developm ent of w elded s te e l  
s ta c k s  of e v e r  in c re a s in g  height and v e ry  low in h eren t  dam ping led  to 
s e r io u s  o sc i l la t io n  which caused  the fa i lu re  of at le a s t  one s ta c k  in the 
U nited  S ta tes  and d iff icu lties  with o th e rs :  (2 ,3 ,  10).

T he  P y rm c n t  in s ta l la t io n  shown in F ig . 1 c o n s is ts  of four w elded 
s te e l  s ta c k s  91 fee t in height, 13 feet in d ia m e te r  and spaced  at 55 feet 
c e n t r e s  on a line  b e a r in g  N. 78° E. The s tac k s  a re  m ounted on heavy 
s te e l  p la te  web g i r d e r s  in c o rp o ra te d  into the s t r u c tu r e  of the roo f  of 
the  build ing  w hich is ap p ro x im a te ly  200 feet above the adjacent ground 
level.

In the w in te r  m on ths ,  s t ro n g  w e s te r ly  winds occu r  frequen tly  
and d u rin g  th e se  winds la rg e  am plitude o sc il la t io n s  of the s ta c k s ,  in 
p a r t i c u la r ,  No. 3, pos itioned  second  in line f ro m  the w indw ard end, 
have b een  o b se rv ed .  Double am plitudes  have been  up to  2 to  3 feet. 
L o c a l  buck ling  and fatigue c r a c k s  a t tr ib u ted  to th is  m ovem ent w ere  
found n e a r  the b a s e  of No. 3 s tack .

1. 2 P u rp o s e  of Inv es tig a tio n

The p u rp o se  of the in v es tig a tio n  d e sc r ib e d  in th is  r e p o r t  w as to 
s tudy  the a e ro d y n am ic  cau se  of the o sc il la t io n s  and, in p a r t ic u la r ,  to 
a s c e r t a in  w h e th e r  any aerodynam ic  r e a s o n  could be found to explain  
why the  am plitude  of o sc il la t io n  of No. 3 s ta c k  was g r e a t e r  than those  
of the o th e r  s ta c k s .

T h is  in v e s t ig a t io n  w as one of a s e r i e s  in it ia ted  by the E le c t r i c i ty  
C o m m is s io n  to  s tudy  all a sp e c ts  of the p ro b le m . The o v e ra l l  
s t r u c t u r a l  p ro b le m  was in v es t ig a ted  e lse w h e re  by m eans  of w a te r  and 
wind tu n n e l  t e s t s  on dynam ic m odels  of the  s ta c k s .  The C o m m iss io n  
a lso  c a r r i e d  out s t r a in ,  phase  and am plitude m e a s u re m e n ts  on the 
p ro to ty p e .
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2. T h e o r e t i c a l  A s p e c t s  and  L i t e r a t u r e  S u r v e y  

2. 1 F lo w  P a s t  a S in g le  C y l i n d e r

2. 11 G e n e r a l

T h e  e a r l i e s t  t h e o r e t i c a l  w o r k  on  th e  f low  p a s t  a  c y l i n d e r  d e a l t  w i th  
t h e  f low  of an  i d e a l  f lu id  an d  i s  in a p p l i c a b le  to  th e  p r e s e n t  p r o b l e m  a s  
s e p a r a t i o n  e f f e c t s  a r e  n o t  a c c o u n te d  f o r .

T h e  d e v e l o p m e n t  of b o u n d a r y  l a y e r  t h e o r y  b y  P r a n d t l  an d  o t h e r s  
in  th e  e a r l y  p a r t  of t h i s  c e n t u r y  l e d  to  a b e t t e r  u n d e r s t a n d i n g  of d r a g ,  
l i f t ,  s e p a r a t i o n  a n d  th e  f o r m a t i o n  o f  w a k e s .  T h e  s tu d y  b y  S t r o u h a l ,
V on  K a r m a n  a n d  o t h e r s ,  of th e  v o r t e x  s t r e e t s  b e h in d  c y l i n d e r s  
i m m e r s e d  in  a  m o v in g  f lu id  y i e l d e d  q u a n t i t a t i v e  i n f o r m a t i o n  o n  th e  
p e r i o d i c i t y  of v o r t e x  s h e d d in g .  T h i s  i n f o r m a t i o n  h a s  b e e n  e x te n d e d  b y  
K o v a s z n a y ,  R o s h k o ,  R i b n e r  a n d  E t k i n ,  R e l f  an d  S i m m o n s ,  D e la n y  and  
S o r e n s o n ,  a n d  o t h e r s .

T h e  s u b j e c t  i s  s t i l l  n o t  f u l ly  u n d e r s t o o d ,  p a r t i c u l a r l y  t h e  m e c h a n i s m  
of v o r t e x  f o r m a t i o n  a n d  s h e d d in g ,  a n d  s e v e r a l  r e c e n t l y  p u b l i s h e d  p a p e r s  
(4 , 5 a n d  14) i n d i c a t e  t h a t  f u n d a m e n t a l  r e s e a r c h  w o r k  i s  s t i l l  b e in g  
a c t i v e l y  p u r s u e d .

2. 12 M e a n  D r a g  C o e f f i c i e n t  a n d  S t r o u h a l  N u m b e r

F i g .  2(a) s h o w s  a  c o m b in e d  p lo t  of th e  d a t a  a t  p r e s e n t  a v a i l a b l e  on 
t h e  p e r i o d i c i t y  of v o r t e x  s h e d d in g  an d  th e  m e a n  d r a g  c o e f f i c i e n t  f o r  f low  
p a s t  a lo n g  s t a t i o n e r y  c y l i n d e r  w i th  i t s  a x i s  a t r i g h t  a n g le s  to  th e  
d i r e c t i o n  of f low .

(i) . D r a g  and  L i f t  C o e f f i c i e n t

T h e  t e m p o r a l  m e a n  d r a g  f o r c e  on  a b o d y  i m m e r s e d  in  a  f lo w in g  
f lu id  i s  g iv e n  b y  th e  e x p r e s s i o n :

i 2D = A 2 ^ V  w h e r e  D = m e a n  d r a g  f o r c e

Cj-y c o e f f i c i e n t  o f  d r a g

A = a r e a  of th e  b o d y  p r o j e c t e d  
n o r m a l  to  th e  f low

P  -  f lu id  d e n s i t y

V = a p p r o a c h  v e l o c i t y  o f  t h e  f lu id
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T h e  v a lu e s  of a r e  u s u a l ly  p lo t te d  a g a in s t  R ey n o ld s  n u m b e r  and 
g ive  th e  d r a g  f o r c e  a v e ra g e d  w ith  r e s p e c t  to  t im e ,  y ie ld in g  no in f o r m ­
a tio n  on f lu c tu a t in g  f o r c e s .  H o w e v e r ,  a p lo t of in s ta n ta n e o u s  v e r s u s  
t im e  w i l l  in d ic a te  a m e a n  p o s i t iv e  v a lu e  w ith  c y c l i c a l  f lu c tu a t io n s  about 
th i s  m e a n .  A c o r r e s p o n d in g  e q u a tio n  c a n  be w r i t t e n  fo r  the  " l i f t"  o r  
l a t e r a l  f o r c e s ,  C-^ b e in g  r e p l a c e d  by  Ch . F o r  a c y l in d e r  the  m e a n  
v a lu e  of C-^ is  z e r o  bu t a p lo t of a g a in s t  t im e  w il l  a l s o  show  c y c l ic a l  
f lu c tu a t io n s  about th i s  m e a n .  T h e  c y c l i c a l  l i f t  f lu c tu a t io n s  a r e  g r e a t e r  
th a n  th o s e  of th e  d ra g .

In b o th  c a s e s  the  r e g u l a r i t y  of the  c y c l ic a l  f lu c tu a t io n s  d ep en d s  on 
the  R e y n o ld s  n u m b e r  of the  flow.

(ill S t ro u h a i  Nu m b e r  and R ey n o ld s  N u m b e r
nd , YdT h e  S t ro u h a i  n u m b e r ,  S = — and th e  R ey n o ld s  n u m b e r ,  IR = ——

a r e  d im e n s io n le s s  n u m b e r s  w h ich  allow th e  r e l a t io n s h ip  b e tw e e n  the  
v a r i a b l e s  a f fe c t in g  th e  p e r io d  of v o r te x  sh e d d in g  to  be p lo t te d  on a s in g le  
c u r v e  fo r  a l l  c y l in d e r s .

n = f re q u e n c y  of v o r te x  sh ed d in g  

d = c y l in d e r  d i a m e te r  

v - k in e m a t ic  v i s c o s i ty  of the  f lu id .

R e c e n t  w o rk  by  R o sh k o  (14) h a s  a llow ed  th e  c u r v e s  of F ig .  2(a) to  
be  e x te n d e d  to  R ey n o ld s  n u m b e r s  of 10^.

(iii)  V o r te x  S t r e e t

F ig .  2(b) show s  the  p a t t e r n  of v o r t i c e s  w h ich  d e v e lo p  in  th e  w ake of 
a c y l in d e r .  T he  g e o m e t r y  of th is  p a t t e r n  d ep en d s  on the  c o n d it io n s  of 
flow .

T h is  p a t t e r n  is  im p o r ta n t  in  the  s tu d y  of th e  i n t e r f e r e n c e  of the  
w ake  f r o m  an  u p s t r e a m  c y l in d e r  w ith  th e  p r e s s u r e  d i s t r ib u t io n  and r e ­
s u l t a n t  f o r c e s  on d o w n s t r e a m  c y l in d e r s .

2. 13 V a r ia t io n  of F lo w  C h a r a c t e r i s t i c s  w ith  R ey n o ld s  N u m b e r

S e v e r a l  im p o r ta n t  c h a r a c t e r i s t i c s  of th e  flow a ro u n d  a c y l in d e r  a r e
r e f l e c t e d  in  th e  C j-j and i  c u r v e s ,  viz:

S
(1) F o r  e x t r e m e l y  low R ey n o ld s  n u m b e r s  ( l e s s  th a n  abou t 0. 1) the  

flow a p p r o x im a te s  to  th a t  of an  id e a l  f lu id  w ith  s ta g n a t io n  p o in ts  on the



c e n t r e  l in e  at b o th  th e  f ro n t  and  th e  r e a r  of th e  c y l in d e r  and  s t r e a m l i n e s  
s y m m e t r i c a l  abou t th e  c e n t r e l i n e  of th e  flow .

(2) F o r  R e y n o ld s  n u m b e r s  above  1 , s e p a r a t i o n  p o in ts  b e c o m e  
a p p a r e n t  on b o th  s id e s  of th e  c y l in d e r  and  m o v e  f o r w a r d  a ro u n d  th e  c y l ­
i n d e r  w ith  i n c r e a s i n g  R e y n o ld s  n u m b e r  u n t i l  th e y  s t a b i l i s e  at p o s i t io n s  
a p p r o x im a te ly  85 deg . f r o m  th e  f o r w a r d  s ta g n a t io n  p o in t .  B e tw e e n  
R e y n o ld s  n u m b e r s  of 1 and a p p r o x im a te ly  2. 5 x 10® flow in  the  b o u n d a ry  
l a y e r  is  l a m i n a r  r ig h t  up  to  the  s e p a r a t i o n  p o in ts .

T h e  Cj} and ~  c u r v e s  a r e  s m o o th  and w ith o u t  s u d d e n  c h a n g e s  o v e r  
t h i s  r a n g e .

5
(3) A s th e  R e y n o ld s  n u m b e r  i n c r e a s e s  above  2. 5 x 10 , t u r b u le n t  

flow c o m m e n c e s  in  the  b o u n d a ry  l a y e r  u p s t r e a m  of t i e  s e p a r a t i o n  p o in ts  
and , as  a r e s u l t  of the  c o n s e q u e n t  i n c r e a s e  in  th e  r a t e  of t r a n s f e r  of 
m o m e n tu m  f r o m  th e  body  of the  flow in to  the  b o u n d a r y  l a y e r ,  th e  flow  is  
ab le  to  c l in g  to  th e  s u r f a c e  lo n g e r  and th e  s e p a r a t i o n  p o in ts  s h i f t  to w a r d s  
th e  r e a r  of th e  c y l in d e r  to  abou t 110 deg. f r o m  th e  f o r w a r d  s ta g n a t io n  
p o in t .  T h is  sh if t  i s  r e f l e c t e d  in  th e  Cp) and c u r v e s  by  a su d d e n  d r o p  in  
th e  v a lu e  of Cp^ and i n c r e a s e  in the  v a lu e  of ^ £>. F o r  o th e r  c o n d i t io n s  
c o n s ta n t ,  th i s  d e c r e a s e  in  S of a p p r o x im a te ly  100 pc . m e a n s  a d o u b lin g
of th e  f r e q u e n c y  of eddy  s h e d d in g .  A n a r r o w in g  of the  w ak e  is  a s s o c i a t e d  
w ith  an  i n c r e a s e  in  sh e d d in g  f r e q u e n c y  f o r  s t a b i l i t y  c o n s id e r a t i o n s .

(4) R e c e n t  w o r k  of R o sh k o  (14) in d ic a te s  th a t  a f u r t h e r  i n c r e a s e  
in  R e y n o ld s  n u m b e r  r e s u l t s  in  a g r a d u a l  i n c r e a s e  in  and  d e c r e a s e  in  
S, to  v a lu e s  w h ic h  te n d  to  s t a b i l i s e  a t a p p r o x im a te ly  0. 7 and  0. 26 
r e s p e c t i v e l y  f o r  R e y n o ld s  n u m b e r s  b e tw e e n  3 x IQ® and  10^. T h is  
c h a n g e  i s  a s s o c i a t e d  w ith  a s l ig h t  r e t u r n  of th e  s e p a r a t i o n  p o in ts  to w a r d s  
th e  f ro n t  of th e  c y l in d e r .

It sh o u ld  be  n o ted  th a t  th e  f r e q u e n c y  g iv e n  by  S is  a p r e d o m in a n t  
f r e q u e n c y  and not n e c e s s a r i l y  th e  on ly  f r e q u e n c y  p r e s e n t  in . th e  w ak e .
In a l l  c a s e s  i t  w ou ld  be  b e t t e r  to  c o n s id e r  a f r e q u e n c y  s p e c t r u m  w ith  a 
d o m in a n t  f r e q u e n c y  sh o w n  to  a g r e a t e r  o r  l e s s  e x te n t  f o r  v a r i o u s  
R e y n o ld s  n u m b e r s .  (See P a r a .  2. 17).

2. 14 E f f e c t  of C y l in d e r  R o u g h n e s s  on V o r te x  Shedd ing

An i n c r e a s e  in  th e  r o u g h n e s s  of th e  s u r f a c e  of th e  c y l in d e r  l e a d s  
to  a r e d u c t io n  in  th e  v a lu e  of R e y n o ld s  n u m b e r  at w h ic h  tu r b u le n c e  
a p p e a r s  in  th e  b o u n d a ry  l a y e r .  T h e  s u d d e n  r e a r w a r d  s h i f t  of th e  s e p ­
a r a t i o n  p o in ts  and th u s  th e  su d d e n  d r o p  in  th e  C n  c u r v e  o c c u r  f o r  a*,,
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l o w e r  R e y n o ld s  n u m b e r  th a n  th e  v a lu e  2. 5 x  10 m e n t io n e d  in  P a r a .  2. 13.

2. 15 E f f e c t  on V o r te x  Shedding  of th e  T u r b u le n c e  L e v e l  of the  
A p p ro a c h in g  A ir  S t r e a m

L a r g e  s c a l e  tu rb u le n c e  in  th e  a i r  a p p ro a c h in g  th e  c y l in d e r  h a s  th e  
s a m e  e f fe c t  a s  c y l in d e r  r o u g h n e s s ,  th a t  i s ,  it  p r o m o te s  th e  e a r l y  o n s e t  
of tu r b u l e n c e  in  th e  b o u n d a ry  l a y e r .

2 .1 6  V o r te x  S hedd ing  and M o v e m e n t  of the  S e p a r a t io n  P o in t s

F o r  a g iv en  v a lu e  of R e y n o ld s  n u m b e r ,  th e  s e p a r a t i o n  p o in ts  a r e  
n o t in  f ix e d  p o s i t io n s  on e a c h  s id e  of th e  c y l in d e r  bu t o s c i l l a t e  b a c k w a r d s  
and f o r w a r d s  as  e d d ie s  a r e  sh e d  a l t e r n a t e l y  f r o m  e a c h  s id e .  O b s e r v -  - 
a t io n  of th e  s e p a r a t i o n  p o in ts  d u r in g  th is  in v e s t ig a t io n  h a s  show n th a t  a l ­
th o u g h  th e  v o r te x  sh e d d in g  m ig h t  be r e g u l a r  in  t im e ,  th e  u p s t r e a m  and 
d o w n s t r e a m  l i m i t s  of th e  s e p a r a t i o n  p o in ts  v a r y  f r o m  c y c le  to  c y c le .

2. 17 R e g u la r i t y  of V o r te x  Shedding

At v e r y  low R e y n o ld s  n u m b e r s  (up to  a p p r o x im a te ly  40) at w h ich  
s e p a r a t i o n  p o in ts  f i r s t  b e c o m e  a p p a r e n t ,  v o r t i c e s  a r e  p r e s e n t  at the  
s e p a r a t i o n  p o in ts  bu t none  a r e  sh e d  (13). W hen  s h e d d in g  f i r s t  c o m m e n c e s ,  
th e  p r o c e s s  i s  v e r y  r e g u l a r  and r e m a i n s  r e g u l a r  o v e r  the  r a n g e  of 
R e y n o ld s  n u m b e r s  f r o m  40 to  150. F o r  h ig h e r  R e y n o ld s  n u m b e r s ,  
i r r e g u l a r  s h e d d in g  a c c o m p a n ie s  the  f o r m a t io n  of r e g u l a r  v o r t i c e s .
T h e  i r r e g u l a r i t y  i n c r e a s e s  u n t i l  at R e y n o ld s  n u m b e r s  b e tw e e n  about 
2 x 1 0 5 and  4 x 105 no d i s t in c t  p e r io d ic i ty  of v o r te x  s h e d d in g  c a n  be 
d e te c te d .  It h a s  b e e n  found th a t  a p r e d o m in a n t  f r e q u e n c y  c a n  be  found 
a g a in  f o r  R e y n o ld s  n u m b e r s  b ey o n d  3 .5  x 10^.

W h en  th e  i r r e g u l a r  f lu c tu a t io n s  b e c o m e  s ig n i f ic a n t  th e  f lu c tu a t io n s  
d o w n s t r e a m  f r o m  th e  c y l in d e r  m u s t  be  a n a ly s e d  as  s p e c t r a ,  r a t h e r  th a n  
s in g le  f r e q u e n c y  p h e n o m e n a .  It  w ou ld  be  m o r e  g e n e r a l  to  c o n s id e r  a 
s p e c t r u m  of f r e q u e n c i e s  f o r  a l l  R e y n o ld s  n u m b e r s .

2. 18 E f f e c t  on V o r te x  S h edd ing  of C y l in d e r  L e n g th  - D i a m e t e r  R a t io  
and  E n d  E f f e c t s .

W ind tu n n e l  e x p e r i m e n t s  (5 ,1 7 )  h av e  show n  th a t  c o e f f ic ie n t s  of d r a g  
and  f r e q u e n c i e s  of v o r t e x  sh e d d in g s  a r e  a f fe c te d  b y  th e  c y l in d e r  le n g th  
to  d i a m e t e r  r a t i o  and th e  n a tu r e  of th e  b o u n d a r ie s  at th e  c y l in d e r  e n d s .
In  a d d i t io n ,  i t  h a s  b e e n  found th a t  if  th e  d i a m e t e r  of the  c y l in d e r  is  r e ­
d u c e d  a t an  en d ,  th e  f r e q u e n c y  of v o r te x  s h e d d in g  on th e  c y l in d e r  m a y  
c o r r e s p o n d  to  th a t  f o r  th e  r e d u c e d  d i a m e t e r .
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V a r ia t io n s  in  co n d i t io n s  a long th e  le n g th  of the  c y l in d e r  have  b e e n  
found to  be p a r t i c u l a r l y  im p o r ta n t  w hen  th e  b o u n d a ry  l a y e r  is  in a s t a t e  
of t r a n s i t i o n  f r o m  l a m i n a r  to  tu rb u le n t  flow.

2. 19 E f fe c t  of C y l in d e r  O s c i l l a t io n  on V o r te x  S hedding

W ind tu n n e l  t e s t s  (9, 18) h ave  in d ic a te d  th a t  the  p e r io d ic  f o r c e s  a c t ­
ing  on a c y l in d e r  a r e  i n c r e a s e d  if  the  c y l in d e r  is  a llow ed  o r  f o rc e d  to  
o s c i l l a te  w ith  an  a p p r e c ia b le  a m p li tu d e .  T h is  " s e l f - a m p l i f i c a t i o n ” m u s t  
be  due to  th e  s u p e rp o s i t io n  on the  s t r e a m  v e lo c i ty ,  V, of an  o s c i l l a t in g  
v e lo c i ty  w h ich  m a y  h av e  c o m p o n e n ts  b o th  in  the  d i r e c t io n  of and at r ig h t  
an g le s  to  th e  d i r e c t io n  of flow , depend ing  on th e  lo c u s  of m o t io n  of the  
c y l in d e r .  T h is  m o tio n  is  e q u iv a le n t  to  an o s c i l l a t in g  c i r c u l a t io n  a ro u n d  
th e  c y l in d e r .

If the  c y l in d e r  o s c i l l a t e s  a ro u n d  a c i r c u l a r  pa th  of r a d iu s  A u n d e r  th e  
in f lu en c e  of f lu c tu a t in g  l i f t  and d ra g  f o r c e s  in  a wind of v e lo c i ty  V w ith  a 
p e r io d  T ,  th e  r e s u l t a n t  w ind  v e lo c i ty  r e l a t iv e  to  the  c y l in d e r  is :

Vr = /  (v+ c°* &) z + 5/;-7 ®)z
w h e re  O i s  the  ang le  b e tw e e n  the  r e s u l t a n t  and the  d i r e c t io n  of V and 
v a r i e s  b e tw e e n  * t a n - ^

VT

T y p ic a l  v a lu e s  fo r  P y r m o n t  s ta c k s  a r e : -

V = 60 fe e t  p e r  se c o n d  

T = 1 se c o n d  

A = 1 foot

T h e n  the  r e s u l t a n t  w ind v e lo c i ty  is / ( 6 0  +  2. IT c o s  <9)z- f . ( z 7 r s /n e ) t  
sw in g in g  b e tw e e n  - 8. 3 deg. f r o m  the  d i r e c t io n  of V.

T h e  v e lo c i ty  in  the  V d i r e c t io n  w ould  v a r y  b e tw e e n  60 - 6 f t /  s e c .

T h e  c o m p o n en t  in  th e  l a t e r a l  d i r e c t io n  w ould  be  - 6 f t /  s e c .

If the  flow p a t t e r n  r e l a t i v e  to  the  r e s u l t a n t  v e lo c i ty  r e m a in e d  c o n ­
s ta n t  (i. e. if  th e  p a t t e r n  w e re  ab le  to  follow  th e  - 8 .3  deg. sw ing) and 
the  v o r te x  sh e d d in g  m e c h a n i s m  w e re  u n a f fe c te d ,  the  v e lo c i ty  sw in g  w ould  
le a d  to  an o s c i l l a t in g  l a t e r a l  f o rc e  of - s in  8. 3 deg. p. c; i. e . - 0. 15 
p. c. H o w e v e r ,  th is  w ould  oppose  the  m o tio n  and le a d  a lw ay s  to  a i r  
d am p in g .  T h is  d o es  not a g re e  w ith  e x p e r im e n ta l  o b s e rv a t io n s  and  th e  
c o n c lu s io n  w h ich  m a y  be d ra w n  is  th a t  the  c y l in d e r  o s c i l l a t io n  le a d s  to
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a p e r io d ic  d i s t o r t i o n  of the  flow p a t t e r n  and a s y m m e t r i c a l  m o t io n  of the  
s e p a r a t i o n  p o in ts .  T h is  in  t u r n  l e a d s  to  an i n c r e a s e  in  the  m a g n i tu d e  of 
th e  p e r io d ic  f o r c e s .

M o d e l  t e s t s  c a r r i e d  out d u r in g  th i s  in v e s t ig a t io n  in d ic a te d  th a t  s e p ­
a r a t i o n  p o in ts  c o u ld  not b e  f o r c e d  to  m o v e  u p s t r e a m  as f a s t  as  d o w n s t r e a m  
and  i t  i s  s u g g e s te d  th a t  th e  p e r io d ic  d i s to r t i o n  of the  flow p a t t e r n  is  due to  
t h i s  f a c t .  A s m a l l  ch an g e  in  f r e q u e n c y  of eddy  s h e d d in g  a l s o  a c c o m p a n ie s  
th e  o s c i l l a t io n .  T h is  h a s  b e e n  a t t r ib u te d  (13) to  th e  fa c t  th a t  th e  w ake  
w id th  b e c o m e s  w id e r  and fo r  s ta b i l i t y  th e  f re q u e n c y  of eddy  s h e d d in g  m u s t  
i n c r e a s e .

W h en  th e  c y l in d e r  is  e l a s t i c  a n d - f re e  to  o s c i l l a t e  in  r e s p o n s e  to  the  
i m p r e s s e d  f o r c e s ,  th e  d e g r e e  of s e l f - a m p l i f i c a t i o n  d ep e n d s  on th e  d a m p in g  
c h a r a c t e r i s t i c s .  S t r u c t u r a l  d a m p in g  is  not c o n s id e r e d  in  th i s  r e p o r t .

2. 2 F lo w  A ro u n d  C y l in d e r s  in  L in e

T h e  P y r m o n t  s t a c k s  a r e  s p a c e d  a s u f f ic ie n t  d i s ta n c e  a p a r t  fo r  i n ­
t e r f e r e n c e  e f fe c t s  w ith  w in d s  b lo w in g  a c r o s s  the  l in e  of the  s ta c k s  to  be  
of no c o n s e q u e n c e .  S o m e  p u b l ish e d  in fo r m a t io n  (7) is  a v a i la b le  on th is  
s u b je c t  b u t  h a s  no t b e e n  a c t iv e ly  p u r s u e d  in  th i s  in v e s t ig a t io n .

P u b l i s h e d  in fo r m a t io n  on i n t e r f e r e n c e  e f fe c ts  fo r  flow p a r a l l e l  to  a 
n u m b e r  of c y l in d e r s  in  l in e  is  v e r y  l im i te d .  S om e e a r l y  w o rk  w as  
c a r r i e d  out on flow p a t t e r n s  fo r  an id e a l  f lu id  b u t  th is  d o es  not a llow  fo r  
s e p a r a t i o n  e f f e c t s .

L a i r d  (7 ,8 )  h a s  c a r r i e d  out e x p e r i m e n t a l  and t h e o r e t i c a l  w o rk  on 
th e  f o r c e s  on a n u m b e r  of c y l in d e r s  in  a s t r e a m .  T h e  e x p e r im e n ta l  w o rk ,  
w h ic h  c o n s i s t e d  of d r a g  and l i f t  m e a s u r e m e n t s  on c y l in d e r s  a b r e a s t  and in  
l in e ,  w a s  fo llo w e d  b y  a f r e e  s t r e a m l i n e  a n a ly s is  of th e  e f fe c t  of v o r t i c e s  
in  th e  flow  a p p ro a c h in g  a c y l in d e r .  T h e  s tu d y  w as  r e l a t e d  to  the  d e s ig n  
of p i le  s u p p o r t s  f o r  m a r in e  s t r u c t u r e s  and h a s  no d i r e c t  a p p l ic a t io n  to  the  
s t a c k s  p r o b le m  f o r  th e  fo llo w in g  r e a s o n s : -

(1) T h e  t e s t  c y l in d e r s  w e r e  o s c i l l a t in g  in  the  f lu id  a t th e  end  of a 
lo n g  p e n d u lu m  to  r e p r o d u c e  th e  ty p e  of m o t io n  e x p e r i e n c e d  by  th e  f lu id  
a ro u n d  p i le d  s t r u c t u r e s  s u b je c te d  to  w av e  a c t io n .

(2) T e s t s  w e r e  c a r r i e d  out on ly  at low R e y n o ld s  n u m b e r s .

(3) T h e  t h e o r e t i c a l  w o r k  d o e s  n o t a c c o u n t  fu lly  f o r  th e  e f fe c ts  of 
s e p a r a t i o n  a ro u n d  th e  c y l in d e r .
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T h e  im p o r ta n t  v a r i a b l e s  in f lu e n c in g  th e  i n t e r f e r e n c e  b e tw e e n  c y l ­
in d e r s  a r e  the  sp a c in g  and th e  angle  b e tw e e n  the  flow d i r e c t io n  and th e  
l in e  of the  c y l in d e r s .

By a l te r in g  the  s h a p e ,  o r ie n ta t io n  and m a g n i tu d e s  of the  p r e s s u r e  
d i s t r ib u t io n  a ro u n d  a c y l in d e r ^  v o r t i c e s  m ov ing  d o w n s t r e a m  a l t e r  the  
p e r io d ic  f o r c e s  f r o m  th o s e  w h ich  o c c u r  on a c y l in d e r  in  u n d is tu r b e d  flow. 
T h e  e f fe c t  i s  f re q u e n t ly  r e f e r r e d  to  as  Mb u ffe t in g M. T h e  c y l in d e r  s p a c in g s  
and th e  ang le  of a t ta c k  of v o r t i c e s  c l e a r l y  a f fec t  th e  am oun t of d i s to r t io n  
th e  n o r m a l  flow p a t t e r n  is  s u b je c te d  to.

H y d ro d y n a m ic  th e o r y  h a s  d if f ic u l ty  in  d e a l in g  w ith  th e  p r o b le m  b e ­
c a u s e  of s e p a ra t io n ;  and m o d e l  w o rk  is  d if f icu l t  b e c a u s e  of the  l a r g e  
w ind tu n n e l  t e s t  s e c t io n s  r e q u i r e d  to  a c c o m m o d a te  a n u m b e r  of c y l in d e r s  
at v a r io u s  s p a c in g s  and o r ie n ta t io n s .

T he  ang le  of a t ta c k  y ie ld in g  m a x im u m  i n t e r f e r e n c e  e f fe c ts  is  
s u b je c t  to  s o m e  douot. O z k e r  and S m ith  (10) p u b l ish e d  a p o l a r  p lo t of 
am p li tu d e  of o s c i l l a t io n  a g a in s t  w ind d i r e c t io n  fo r  th e  s e c o n d  of a s e r i e s  
of t h r e e  s ta c k s  on a p o w e r  s ta t io n  in  D e t r o i t ,  U. S. A. T h e  p lo t  w as  
b a s e d  on p ro to ty p e  o b s e rv a t io n s  and show ed  a m a x im u m  a m p l i tu d e  f o r  — 
w inds  p a r a l l e l  to  the  l in e  of the  s tacks .  H o w e v e r ,  the  p u b l ish e d  i n f o r m ­
a tion  r e v e a l s  th a t  the  m a x im u m  w ind  ve lo c ity  e x p e r ie n c e d  h a p p e n e d  to  
o c c u r  a long  th e  l in e  of th e  s ta c k s  and d o es  not p r e c lu d e  th e  p o s s ib i l i ty  
th a t  a g r e a t e r  am p li tu d e  w ould h ave  o c c u r r e d  fo r  th e  s a m e  wind a c t in g  
a t a s m a l l  ang le  to  th e  l in e  of the  s ta c k s .  T h e r e  i s  a l s o  th e  p o s s ib i l i ty  
th a t  th e  m a x im u m  am p li tu d e  fo r  the  t h i r d  s ta c k ,  s a y ,  m ig h t  o c c u r  fo r  an 
angle  of a t ta c k  d i f f e re n t  f ro m  th a t  p ro d u c in g  m a x im u m  a m p li tu d e  of the  
seco n d .

3. T h e  M odel

3. 1 T e s t in g  C h an n e l

T o  en a b le  flow p a t t e r n s  a ro u n d  c y l in d e r s  in  l in e  to  be  o b s e r v e d ,  a 
w a te r  m o d e l  w as b u i l t  as  show n in F i g u r e  3.

T he  t e s t  s e c t io n  c o n s is te d  of a r e c t a n g u l a r  c h a n n e l  4 f e e t  long , 30 
in c h e s  w ide and n ine  inches d e e p  c o v e r e d  b y  a p e r s p e x  to p  to  p r e v e n t  
th e  fo rm a t io n  of s u r f a c e  w a v e s .  A g r a v e l  b a ff le  and r e c t a n g u l a r  a p p ro a c h  
s e c t io n  p r e c e d e d  the  t e s t  s e c t io n  w h ich  w as  fo llow ed  by  an  o u t le t  s e c t io n  
and t a i l w a t e r  ga te  u s e d  to  m a in ta in  the  h y d ra u l ic  g r a d e  l in e  s l ig h t ly  above 
th e  p e r s p e x  ro o f  of the  t e s t  s e c t io n .
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3. 2 M odel S tack s

F o u r  3 inch  d ia m e te r  p e r s p e x  tu b e s  w e re  f i t ted  in  l in e  v .in .  the  t e s t  
s e c t io n  to  r e p r e s e n t  the  fo u r  P y r m o n t  s ta c k s .  The tube sp ac in g  w as m ad e  
g e o m e t r ic a l ly  s i m i l a r  to  the  p ro to ty p e  sp ac in g  at a s c a le  of 1:52.

3. 3 Dye In je c t io n

E a c h  c y l in d e r  w as f i t ted  w ith  a dye in je c t in g  d ev ice  as show n in 
F ig .  3. T h e s e  c o n s is te d  of fine s ta in le s s  s te e l  tu b es  w hich  could  be r o ­
ta te d  a ro u n d  the  c y l in d e r s  to in je c t  dye at any d e s i r e d  p o s it io n . P r o ­
t r a c t o r s  w e re  f i t ted  to  allow the  an g u la r  p o s i t io n  of the  in je c to r s  to  be 
m e a s u r e d  a c c u ra te ly .

The in je c to r s  w e re  d e s ig n e d  to  allow  the  o s c i l la t in g  s e p a ra t io n  
po in ts  to  be o b s e rv e d  and th e i r  l im i ts  of m o v e m e n t m e a s u re d .

3. 4 M odel R eyno lds  N u m b e rs

T h e  m a x im u m  R eyno lds  n u m b e r  at w hich  the m o d e l  could  be o p e ra te d  
w as  l im i te d  by th e  m a x im u m  d is c h a rg e  av a ila b le .  T h is  w as a p p ro x im a te ly  
2 c. f. s . , g iv ing  an a p p ro a c h  v e lo c i ty  of 1 .1  ft. p e r  s e c .  and a R eyno lds  
n u m b e r  of 2. 2 x 10^. T h is  R eyno lds  n u m b e r  c o m p a re d  w ith  a p ro to ty p e  
va lu e  of 4. 9 x 10^ fo r  a 40 m . p. h. wind and 7. 3 x 10^ fo r  a 60 m . p. h. 
wind.

It w il l  be  o b s e rv e d  f ro m  the  Cj^ and v e r s u s  IR c u rv e s  th a t  the  
c o n d it io n s  of o p e ra t io n  of the m o d e l  and p ro to ty p e  a r e  c o m p le te ly  d i f f e r ­
en t ,  the  m o d e l  b o u n d a ry  l a y e r  be ing  l a m in a r  and the  p ro to ty p e  l a y e r  
tu rb u le n t .  T he  m o d e l  could  not thus  be r e l i e d  on to  y ie ld  d y n a m ic a l ly  
s i m i l a r  r e s u l t s  and w as m a in ly  of i n t e r e s t  in  y ie ld in g  qualita tive  flow 
p a t t e r n s .

T o  o v e rc o m e  the  l im i ta t io n s  of th e  m o d e l,  p ro to ty p e  t e s t s  w e re  
a t te m p te d  to  allow a c o m p a r is o n  of m o d e l  and p ro to ty p e  r e s u l t s .  (See 
P a r a .  7).

4. M odel T e s tg

T e s t s  on the  m o d e l  w e re  c a r r i e d  out only at th e  m a x im u m  R eyno lds  
n u m b e r  a t ta in a b le  (2. 2 x 104) as no th ing  w as to  be g a in ed  by te s t in g  at 
lo w e r  R ey n o ld s  n u m b e r s  w hen p ro to ty p e  R eyno lds  n u m b e rs  w e re  m u ch  
h ig h e r .

T h e  d i r e c t io n  of flow w as  r e s t r i c t e d  to  th a t  along the  l in e  of the 
c y l in d e r s  b e c a u s e  the  r e s t r i c t e d  w idth  of the  t e s t  s e c t io n  p re v e n te d  the 
fo u r  c y l in d e r s  b e in g  sk ew ed  to  any a p p re c ia b le  angle w ithout w a ll  
e f fe c ts  b e in g  e n c o u n te re d .
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F r e q u e n c ie s  of eddy sh ed d in g  fo r  a l l  fo u r  c y l in d e r s  w e re  o b s e r v e d  
fo r  a n u m b e r  of c y l in d e r  s p a c in g s .  In  ad d it io n , th e  m o v e m e n t  of th e  s e p ­
a r a t io n  p o in ts  w e re  o b s e rv e d  and m o v ie  f i lm s  of dye t r a i l s  f r o m  th e  c y l ­
i n d e r s  w e r e  ta k e n  and l a t e r  a n a ly s e d  to  d e te r m in e  p h a se  r e l a t io n s h ip s  b e ­
tw een  v o r t i c e s  sh ed  f ro m  the  fo u r  c y l in d e r s .

5. P r o to ty p e  T e s t s

S m oke b o m b s  w e re  m a d e  f r o m  a m ix tu re  of z inc  d u s t  and c a r b o n  
t e t r a c h l o r i d e  w ith  a s u i ta b le  f i l l e r  to  r e d u c e  the  r e a c t io n  t e m p e r a t u r e .

T h e s e  b o m b s  w e re  ig n ited  w ith  fu se  l i g h t e r s  and h a u le d  up  th e  p r o ­
to ty p e  s ta c k s  b o th  in  the  w ake and at th e  s ta g n a t io n  po in t to  allow  flow 
p a t t e r n s  a ro u n d  th e  s ta c k s  to  be o b s e rv e d  fo r  v a r io u s  w ind c o n d i t io n s .  
M ovie  f i lm s  of th e  t r a i l s  w e r e  ta k e n  and l a t e r  a n a ly se d .

6. M odel T e s t  R e s u l t s

6. 1 E d d y  Shedding  F r e q u e n c y

T h e  f r e q u e n c ie s  o b s e rv e d  a g r e e d  c lo s e ly  w ith  th o se  p r e d ic te d  by 
th e  c u r v e ,  (F ig .  2a). It w as  no ted , h o w e v e r ,  th a t  th e  sh ed d in g  w as  not 
c o m p le te ly  r e g u l a r  and e d d ie s  w e r e  sh e d  o c c a s io n a l ly  at r a n d o m .  T h is  
o b s e rv a t io n  a g r e e s  w ith  the  f in d in g s  of R oshko  (13) who found th a t  s o m e  
e d d ie s  w e r e  sh e d  i r r e g u l a r l y  fo r  R eyno ld  n u m b e r s  above 150.

No d i f f e r e n c e  in  f re q u e n c y  of eddy sh e d d in g  w as  o b s e rv e d  fo r  any 
of the  fo u r  s ta c k s  a l though  at the  u p s t r e a m  poin t on th e  s e c o n d  c y l in d e r  
t h e r e  s o m e t im e s  a p p e a re d  to  be flow d i r e c t io n  r e v e r s a l s  at tw ic e  the  
f r e q u e n c y  of eddy sh ed d in g .

6. 2 Flow P a t t e r n

It w as  found fo r  the  c y l in d e r s  in  l in e  th a t  in s te a d  of the  a p p ro x im a te ly  
p a r a l l e l  s id e d  v o r te x  t r a i l  w h ich  f o rm s  the  w ake f ro m  a s in g le  c y l in d e r ,  
th e  v o r t i c e s  m o v ed  aw ay at an ang le  to  f o r m  a d iv e rg e n t  w ake . T he  
ang le  of s p r e a d  in c r e a s e d  m o re  r a p id ly  b ey o n d  th e  se c o n d  c y l in d e r ,  i n ­
d ic a t in g  th a t  the  t h i r d  and fo u r th  c y l in d e r s  w e re  not as s u b je c t  to  i n t e r ­
f e r e n c e  f ro m  t h e i r  n e ig h b o u rs  as w as the  se c o n d .  T h is  w ould  e x p la in  
th e  s e c o n d  c y l in d e r  b e in g  s u b je c te d  to  g r e a t e r  p e r io d ic  f o r c e s  fo r  flow 
in  th is  p a r t i c u l a r  d i re c t io n .

6. 3 M o v em e n t of S e p a ra t io n  P o in ts

T h e  l a t e r a l  f o rc e  c o m p o n e n t  on a c y l in d e r  c a n  be  e x p e c te d  to  v a r y  
w ith  th e  e x te n t  of o s c i l l a to r y  m o v e m e n t  of th e  s ta g n a t io n  po in t and  s e p ­
a r a t i o n  p o in ts  fo r  th e s e  m a r k  the  po in t  of m a x im u m  p r e s s u r e  and th e
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l im i t s  of the  r e d u c e d  p r e s s u r e  zone in  the  w ake r e s p e c t iv e ly .

F ig .  4 show s the  m e a s u r e d  f lu c tu a tio n s  of the  s ta g n a tio n  poin t and 
s e p a r a t io n  point p o s i t io n s .  It i s  c l e a r  th a t  the  f lu c tu a tio n s  on the  seco n d  
c y l in d e r  in  l in e  is  th e  g r e a t e s t  in the  th r e e  c a s e s  in  w hich  m o re  th a n  two 
c y l in d e r s  w e r e  p r e s e n t  and th a t  the  c l o s e r  the c y l in d e r  sp a c in g ,  the g r e a t e r  
the  sw ings  m e a s u r e d .  T h e r e  would be a lo w e r  l im i t  to  the  sp a c in g  to 
w hich  th e  l a t t e r  c o m m e n t  would apply  as fo r  v e ry  c lo se  sp a c in g s  the  c y l ­
i n d e r s  w ould  c o m m e n c e  to  ac t as one body.

In g e n e r a l ,  w ith  the  above p ro v is o ,  the r e s u l t s  in d ica te  th a t  the 
c l o s e r  th e  s p a c in g ,  the  g r e a t e r  the  f lu c tu a tin g  l a t e r a l  f o r c e s .  T h e re  
a p p e a r s  no r e a s o n  to  b e l ie v e  in  the  e x is te n c e  of a c r i t i c a l  sp ac in g  equa l 
to  the s p a c in g  of v o r t i c e s  in  the v o r te x  t r a i l .

7. P r o to ty p e  T e s t  R e s u l ts

V e ry  l i t t l e  s ig n if ic a n t  in fo rm a t io n  w as ob ta ined  f r o m  th e  p ro to ty p e  
t e s t s  l a r g e ly  b e c a u s e  of the  d iff icu lty  of ob ta in ing  any r e q u i r e d  s e t  of 
w ind c o n d it io n s .  O b s e rv a t io n s  w e re  m ad e  u n d e r  th r e e  s e t s  of c o n ­
d it io n s :  -

(a) W ind a p p ro x im a te ly  20 m . p. h. a c r o s s  the  l in e  of the  s ta c k s .
(b) W ind a p p ro x im a te ly  30 m . p. h. a c r o s s  the  line  of the  s ta c k s .
(c) W ind a p p ro x im a te ly  30 - 45 m . p. h. along th e  line  of the  s ta c k s .

In th e  f i r s t  c a s e ,  the  sm o k e  b o m b s  p ro v id e d  su ff ic ie n t  sm o k e  fo r  the  
w ake to  be  o b s e rv e d  and the  p a th s  of sh ed  ed d ies  fo llow ed, bu t as  th e  w ind 
w as  a c r o s s  the  l in e  of the  s ta c k s ,  th e  e f fec t  of the  wake f ro m  one s ta c k  on 
o th e r s  d o w n s t re a m  cou ld  not be  o b s e rv e d .  T he  sm o k e  show ed c l e a r ly  the 
p o s i t io n s  of the  s e p a r a t io n  po in ts  w hich  in d ic a te d  tu rb u le n t  b o u n d a ry  la y e r .  
T he  p e r io d  of sh edd ing  w as  d iff icu lt  to  e s t im a te  as  r e g u l a r  sh edd ing  w as 
i n t e r s p e r s e d  w ith  a good d e a l  of i r r e g u l a r  shed d in g , but the  p e r io d  of 
r e g u l a r  sh e d d in g  th a t  w as  o b s e rv e d  a g re e d  a p p ro x im a te ly  w ith  th a t  p r e ­
d ic te d  f r o m  F ig .  2a. T h e  o c c u r r e n c e  of so m e  i r r e g u l a r  sh ed d in g  a g r e e s  
w ith  R o s h k o ’s  f ind ings  (13, 14).

In  th e  s e c o n d  c a s e ,  l a r g e  m o v e m e n ts  of the  s ta c k s  w e re  o b s e rv e d  
w hen  th e  w ind  a p p ro a c h e d  40 m . p. h. Once ag a in ,  s e p a r a t io n  po in ts  
co u ld  be  o b s e rv e d  and in d ic a te d  a tu rb u le n t  b o u n d a ry  l a y e r .  E ddy  shedd ing  
w a s  m o r e  r e g u l a r  th a n  th a t  o b s e rv e d  fo r  the  20 m . p .h .  w ind  bu t so m e  
i r r e g u l a r  sh ed d in g  w as  s t i l l  p r e s e n t .  T h is  a g r e e s  once a g a in  w ith  
R o s h k o ’s f in d in g s .
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F o r  b o th  of t h e s e  c a s e s  the  i r r e g u l a r i t y  of eddy  sh e d d in g  w a s  m u c h  
m o r e  p ro n o u n c e d  th a n  in  the  m o d e l  t e s t s .

In  th e  t h i r d  c a s e  the  w ind v e lo c i ty  w a s  so  h igh  th a t  th e  s m o k e  o u t ­
put of th e  2 pound m ix tu re  b o m b s  w as  in su f f ic ie n t  to  a llow  th e  w ake  to  
be  t r a c e d  as  f a r  as  the  d o w n s t re a m  s ta c k s .  T h e  t e s t  th u s  y ie ld e d  no i n ­
f o rm a t io n  on th e  e f fe c t  of the  u p s t r e a m  s ta c k  on th o s e  d o w n s t re a m .  
H o w e v e r ,  s e p a r a t io n  p o in ts  w e r e  c l e a r l y  m a r k e d  and p o in ted  to  a t u r b ­
u le n t  b o u n d a ry  l a y e r  w ith  p r e d o m in a n t ly  r e g u l a r  v o r te x  sh ed d in g .

In a l l  c a s e s ,  an i n t e r e s t i n g  po in t n o t ic e d  w as  th e  s t r o n g  u p d r a f t  
in  th e  w ake  im m e d ia te ly  b eh in d  th e  s ta c k .

T he  c a tw a lk s  and l a d d e r s  a t ta c h e d  to  th e  s ta c k s  d id  not a p p e a r  to  
a f fec t  th e  flow u n d e r  the  c o n d it io n s  e x p e r ie n c e d .  H o w e v e r ,  H u m p h r ie s 1 
w ind tu n n e l  e x p e r im e n ts  (5) w ould  le a d  one to  e x p e c t  the  c a tw a lk s  to  e x ­
e r t  a c o n t ro l l in g  in f lu en c e  on le n g th w ise  v a r i a t io n s  in  the  flow at t r a n s ­
i t io n  R ey n o ld s  n u m b e r s ,  b y  a s s i s t i n g  th e  f o rm a t io n  of t r a n s i t i o n  ’c e l ls* .

7. 1 P r o to ty p e  O s c i l la t io n s  fo r  W ind D i r e c t io n s  N e a r ly  P a r a l l e l  to  th e  
L in e  of the  S tack s

T h e  m o tio n  of th e  s ta c k s  w a s  o b s e rv e d  o v e r  a p e r io d  w h en  th e  w ind  
w as  b ack in g  f r o m  a p p ro x im a te ly  n o r th - w e s t  to  s o u th - w e s t  w ith  g u s ts  up 
to  45 m . p. h.

An im p o r ta n t  o b s e rv a t io n  w as  th a t  w hen  th e  w ind  w as  a long  the  
l in e  of th e  s t a c k s ,  th e  s ta c k  s e c o n d  f r o m  w in d w a rd  (No. 3) m o v e d  th ro u g h  
a l a r g e  am p li tu d e  w hile  th e  w in d w ard  s ta c k  (No. 4) w as  q u ie t  and  th e  r e ­
m a in in g  two (N os. 1 and 2) o s c i l l a t e d  b u t  not as  v io le n t ly  as  No. 3.

W hen  th e  w ind  w as  s l ig h t ly  off the  l in e  of th e  s t a c k s ,  h o w e v e r ,  th e  
t h i r d  s ta c k  f r o m  w in d w a rd  (No. 2) a p p e a r e d  to  h av e  th e  g r e a t e r  a m p li tu d e .

8. S u p p r e s s io n  of P e r io d ic  F o r c e s  on C y l in d e r s

T h is  d i s c u s s io n  c o n s id e r s  only  the  s u p p r e s s io n  of f o r c e s  and d o es  
not c o v e r  a l l  th e  m e th o d s  of s u p p r e s s in g  a s s o c i a t e d  m e c h a n ic a l  
o s c i l l a t io n s .  T h e s e  in c lu d e  a l t e r a t io n  of th e  s t r u c t u r a l  p r o p e r t i e s  of 
the  c y l in d e r s .

8. 1 A l te r a t io n  of C y l in d e r  D ia m e te r

T h is  w ould  not be  p r a c t i c a b le  in  m o s t  c a s e s  bu t w h en  d i a m e t e r s  o f  
new  s t r u c t u r e s  a r e  c h o s e n ,  c o n s id e r a t io n  sh o u ld  b e  g iv e n  to  th e  e f fe c t  of
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d ia m e te r^ o n  th e  R ey n o ld s  n u m b e r s  at w h ich  th e  s t r u c t u r e  w il l  o p e ra te  
as  w e l l  a s  i t s  e f fe c t  on s t r u c t u r a l  s t i f f n e s s .

8. 2 R o u g h en in g  C y l in d e r  S u r fa c e

In c e r t a i n  c a s e s  w h e re  the  r e s o n a n t  v ib r a t io n  c o n d it io n  o c c u r r e d  f ° rg 
R e y n o ld s  n u m b e r s  ju s t  be low  the  sm o o th  c y l in d e r  c r i t i c a l  v a lu e  of 2. 5x10 
it  m ig h t  be a d v a n ta g e o u s  to  ro u g h e n  th e  c y l in d e r  s u r f a c e  to  e n c o u ra g e  an 
e a r l y  t r a n s i t i o n  to  a tu rb u le n t  b o u n d a ry  l a y e r .  O v e r  a l im i te d  r a n g e  of 
v e lo c i t i e s  th e  v o r te x  sh ed d in g  w ould  th e n  be a lm o s t  p e r i o d i c .  T h is  w ould  
not be  th e  c a s e  f o r  th e  P r y m o n t  in s t a l l a t io n  as  th e  r e s o n a n t  c o n d it io n  
o c c u r s  at s u p e r c r i t i c a l  R ey n o ld s  n u m b e r s .

8. 3 P r o v i s i o n  of S p l i t t e r  P l a t e s

It w as  found by  R o sh k o  (13) th a t  th e  in t ro d u c t io n  of a S p l i t t e r  P l a t e  
b e h in d  a c y l in d e r  d iv id e s  the  flow and p r e v e n ts  th e  r e g u l a r  sh ed d in g  of 
e d d ie s .  T h e  a p p l ic a t io n  of th is  m e th o d  to  s t r u c t u r e s  w ould  not be  
p r a c t i c a b l e  e x c e p t  in  c a s e s  w h e re  the  w ind  c a m e  a lw ay s  f r o m  th e  s a m e  
d i r e c t io n ,  as  w inds  ac t in g  at r ig h t  an g les  to  th e  p la te  w ould c a u s e  v e r y  
l a r g e  d r a g  f o r c e s  r e q u i r i n g  p ro h ib i t iv e ly  s t r o n g  c o n s t ru c t io n .

8. 4 P r o v i s i o n  of P e r f o r a t e d  S h ro u d s

P r i c e  (12) c a r r i e d  out e x p e r im e n t s  in w h ich  he p la c e d  a p e r f o r a t e d  
s h r o u d  a ro u n d  an o s c i l l a t in g  c y l in d e r  and found th a t  th e  o s c i l l a t io n s  w e r e  
s u p p r e s s e d  to  s o m e  e x te n t .

8. 5 B o u n d a ry  L a y e r  R e m o v a l

A m e th o d  of p re v e n t in g  b o u n d a ry  l a y e r  s e p a r a t i o n  is  to  s u c k  off, 
t h ro u g h  s lo t s ,  the  s ta g n a t in g  f lu id  in  th e  b o u n d a ry  l a y e r  b e fo re  it  h a s  
an  o p p o r tu n i ty  to  s e p a r a t e  f r o m  the  s u r f a c e .  E x p e r im e n t s  w ith  s p e c ia l ly  
s h a p e d  a e r o f o i l s  r e v e a l e d  th a t  th e  p o w e r  r e q u i r e m e n t s  w e r e  e x c e s s iv e  
and th is  w ou ld  be  e v e n  m o r e  so  fo r  c y l in d e r s .  T h is  to g e th e r  w ith  the  
c o m p le x i ty  of d u c t in g  r e q u i r e d ,  w ould  r e n d e r  th e  m e th o d  im p r a c t i c a b le .

8. 6 P r o v i s i o n  of S p o i le r s

V a r io u s  ty p e s  of s p o i l e r  m a y  be a t ta c h e d  to  s t r u c t u r e s  s u b je c t  to  
w ind  in d u c e d  o s c i l l a t io n  to  d i s r u p t  th e  r e g u l a r  v o r te x  f o r m a t io n  and th u s  
r e d u c e  th e  m a g n i tu d e  of p e r io d ic  f o r c e s .

T h e  m o s t  p r o m is in g  ty p e  s u g g e s te d  to  d a te  h a s  b e e n  t e s t e d  by 
W e a v e r  (18) and  S c ru to n  (e t  a lia)  (15, 19, 1, 16). T h e y  w ound s p o i l e r s  
in  a h e l i c a l  p a t t e r n  a ro u n d  c y l in d e r s  and m e a s u r e d  the  e f f e c t iv e n e s s  of
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v a r io u s  c o n f ig u ra t io n s  in  re d u c in g  w ind  in d u ced  f o r c e s  and  o s c i l l a t io n s .  
S c ru to n  u s e d  r e c t a n g u l a r  s e c t io n  " s t r a k e s 1, w h ile  W e a v e r  u s e d  c y l in d r i c a l  
w in d in g s .  B oth  ty p e s  w o rk e d  e f fe c t iv e ly .

T h e  o p t im u m  h e ig h t  of s p o i l e r ,  p i tc h  of w ind ing  and n u m b e r  of s t a r t s  
w e r e  d e te r m in e d  by  bo th  in v e s t ig a to r s  and the  r e s u l t s  a g r e e  r e a s o n a b ly  
w ell .  S u p p re s s io n  of f o r c e s  w as found to  be g r e a t e s t  f o r  the  fo llow ing  
w ind ing  c h a r a c t e r i s t i c s :  -

H eigh t of s p o i l e r  - 6 to  10 pc. of the  c y l in d e r  d i a m e t e r
N u m b e r  of s t a r t s  - 4
P i t c h  of w ind ing  - a p p ro x im a te ly  12 c y l in d e r  d i a m e t e r s .

W e a v e r  qu o tes  a r e d u c t io n  of the  l i f t  c o e f f ic ie n t  of a p p r o x im a te ly  75 
pc. fo r  a s in g le  s t a r t  h e l ix  c o m p a r e d  w ith  an 85 pc. r e d u c t io n  fo r  a fo u r  
s t a r t  h e l ix  u n d e r  the  s a m e  flow co n d it io n s .  A s in g le  s t a r t  h e l ix  m ig h t  
th u s  be  s u f f ic ie n t  in  the  c a s e  of th e  P y r m o n t  s ta c k s  and w ould  be  l e s s  c o s t ly  
to  c o n s t r u c t  and p o s s ib ly  m o r e  a c c e p ta b le  a e s th e t ic a l ly ,  p a r t i c u l a r l y  if i t  
co u ld  be  i n c o r p o r a t e d  in to  a s p i r a l  s e t  of s te p s  to  r e p l a c e  the  e x is t in g  c a t -  
l a d d e r s .

An im p o r ta n t  po in t to  no te  is  th a t  th e s e  s p o i l e r s  have  not b e e n  s u b ­
je c te d  to  m o d e l  t e s t s  at R ey n o ld s  n u m b e r s  as h igh  as th o se  at w h ich  th e  
P y r m o n t  s ta c k s  o s c i l l a t e  and th a t  t h e i r  e f f ic a c y  at t h e s e  h igh  R ey n o ld s  
n u m b e r s  h a s  not b e e n  p ro v ed .  In  fa c t ,  W e a v e r  (18) s t a t e s  s p e c i f i c a l ly  
th a t  he w ould  no t r e c o m m e n d  th e  s p o i l e r s  fo r  R ey n o ld s  n u m b e r s  above 
4 x 105 as  h is  o p t im is a t io n  w as  c a r r i e d  out only fo r  R ey n o ld s  n u m b e r s  up  
to  th i s  va lue . He a lso  s t a t e s  th a t  fo r  th e s e  h igh  R ey n o ld s  n u m b e r s  the  
f o r c e s  a r e  e r r a t i c  fo r  p la in  c y l in d e r s  and th a t  s o m e  of h is  t e s t s  sh o w ed  no 
a l t e r a t io n  of the  fo r c e  f lu c tu a t io n s  w hen  s p o i l e r s  w e r e  added.

H o w e v e r ,  th e  t e s t s  r e f e r r e d  to  by  W e a v e r  f a l l  in  th e  a p e r io d ic  r a n g e  
d e f in ed  by  R o sh k o  b e tw e e n  R ey n o ld s  n u m b e r s  of a p p ro x im a te ly  2x10^ and 
5x10^ and do not d e m o n s t r a t e  th a t  th e  s p o i l e r s  w ould  not s u p p r e s s  th e  
p e r io d ic  f o rm a t io n  of v o r t i c e s  th a t  R oshko  found b e c a m e  r e - e s t a b l i s h e d  at 
a R ey n o ld s  n u m b e r  of a p p ro x im a te ly  5x10® at w hich  th e  P y r m o n t  s ta c k s  
o s c i l l a te .

S c ru to n  and W a lsh e  (15) and W oodgate  and M a y b re y  (19) do no t m e n ­
t io n  in  t h e i r  p u b l ic a t io n s  the  r a n g e  of R ey n o ld s  n u m b e r s  o v e r  w h ich  t h e i r  
t e s t s  w e r e  c a r r i e d  out. It is  p ro b a b le  th a t  th e s e  t e s t s  w e r e  c a r r i e d  out 
be low  s u p e r c r i t i c a l  R ey n o ld s  n u m b e r s .  S u b seq u en t d r a g  m e a s u r e m e n t s  
by  C o w d re y  and L aw s  (1) on c y l in d e r s  f i t te d  w ith  s t r a k e s  w e r e  m a d e  at 
R ey n o ld s  n u m b e r s  b e tw e e n  8 . 5 x 1 0  and 3. 8 x 10®. H o w e v e r ,  no o b ­
s e r v a t i o n s  of v o r te x  sh ed d in g  w e re  r e p o r te d .



Tw o f u r t h e r  p o in ts  of i n t e r e s t  a r i s e  f r o m  W e a v e r 's  r e s u l t s .  T he  
f i r s t  i s  th a t  a l a r g e  n u m b e r  of s m a l l  d i a m e te r  w in d in g s  w as  found to  i n ­

c r e a s e  th e  m a g n i tu d e s  of p e r io d ic  f o r c e s .  T h e  s e c o n d  is  th a t  a h e l ix  
w ound  a ro u n d  a c a n t i l e v e r e d  c y l in d e r  fo r  only  20 p. c. of i t s  le n g th ,  r e ­
d u c e d  o s c i l l a t io n s  to  a p p r o x im a te ly  10 p. c . of th e  b a s e  c y l in d e r  v a lu e .
T h e  o p t im u m  le n g th  o v e r  w h ich  th e  w inding ex te n d e d  w as  quo ted  as  
a p p r o x im a te ly  40 p 0 c, T h is  find ing  s u g g e s t s  th a t  fo r  the  P y r m o n t  s ta c k s  
a s y s t e m  of s p o i l e r s  o v e r  p a r t  of the  le n g th  m ig h t  be  th e  m o s t  e c o n o m ic a l  
s o lu t io n .

9. C o n c lu s io n s
1. M o d e l t e s t s  show ed  th a t  fo r  s u b c r i t i c a l  R ey n o ld s  n u m b e r s  the  

w ak e  f r o m  th e  u p s t r e a m  c y l in d e r  of a l in e  of c y l in d e r s  p a r a l l e l  to  the  
flow a f fe c ts  th e  s e p a r a t i o n  of flow a ro u n d  th e  d o w n s t r e a m  c y l in d e r s ,  
c a u s in g  a g r e a t e r  sw ing  of s e p a r a t i o n  and s ta g n a t io n  po in ts  and th u s  
g r e a t e r  f lu c tu a t in g  l a t e r a l  f o r c e s .

T h is  e f fe c t  w as  found to  be  g r e a t e s t  f o r  th e  c y l in d e r  s e c o n d  in  
l in e  and to  i n c r e a s e  a s  th e  c y l in d e r  s p a c in g  v/as d e c r e a s e d .  A l im i t  
w ou ld  o c c u r  w hen  th e  tw o c y l in d e r s  b e g a n  to  a c t  as  one un it .  No d a ta  
w e r e  o b ta in e d  f o r  w inds  a c t in g  at an  ang le  to  the l in e  of the  s ta c k s .

2. T h e  b e s t  m e th o d  of r e d u c in g  th e  i n t e r f e r e n c e  quo ted  in  8. 1 
w ou ld  a p p e a r  to  l ie  in  s u p p r e s s in g  th e  r e g u l a r  sh ed d in g  of v o r t i c e s  
f r o m  the  u p s t r e a m  c y l in d e r .

3. T h e  m o s t  p r a c t i c a l  known m e a n s  of s u p p r e s s in g  r e g u l a r  
v o r te x  sh e d d in g  is  to  p ro v id e  h e l i c a l  ,l s p o i l e r s "  m  th e  f o r m  of f ia t  
p l a t e s  w ith  an u p s ta n d  of 6 to  10 p. c . of th e  s ta c k  d i a m e t e r  wound 
w ith  a p i tc h  of a p p r o x im a te ly  12 s ta c k  d i a m e t e r s  a ro u n d  th e  s ta c k s .
It is  p o s s ib le  th a t  a s in g le  s t a r t  s p i r a l  w ound o v e r  only  a p o r t io n  of the  
le n g th  of e a c h  s ta c k  w ould  s u f f ic e .

T h e r e  is  no p ro o f  th a t  th i s  s y s t e m  of s p o i l e r s  w ould  be  s a t i s ­
f a c t o r y  fo r  s u p e r c r i t i c a l  R ey n o ld s  n u m b e r s ,  bu t in  th is  r a n g e  w h e re  
r e g u l a r  v o r te x  sh e d d in g  is  known to  o c c u r  t h e r e  is  no a p p a re n t  
r e a s o n  w hy th e  s p o i l e r s  sh o u ld  not a c t  as  th e y  do fo r  s u b c r i i i c a l  
R e y n o ld s  n u m b e r s .

No w ind  tu n n e l  is  a v a i la b le  lo c a l ly  fo r  t e s t in g  a t R ey n o ld s  n u m ­
b e r s  of 5 x 10 and h ig h e r .  U n le s s  t e s t s  can  be  a r r a n g e d  e l s e w h e r e ,  
th e  fo llo w in g  p r o c e d u r e  w ould  a p p e a r  to  be  w a r r a n te d :
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(i) C onstruct only one sp o ile r  over the d istan ce  betw een  the top and 
m iddle catw alks of No. 4 stack . T h is sp o ile r  should be p osition ed  w ith
its  cen tre  point at the so u th -w estern  end of the lin e  of c en tr es  of the s ta c k s .

(ii) Await ob servation  v/ith sou th -w ester ly  winds above 4 0  im p . h.

(iii) Should o sc illa tio n  s t i l l  o ccu r, add further sp o ile r s  until the 
optim um  value of four is  reached

(iv) Add sp o ile r s  to  other stack s as n ecessa ry .

T h is procedure would be ju stified  by Weaver*s findings that a s in g le  
sp o ile r  is  only about 1 0  to 15 p. c . l e s s  e ffec tiv e  than four sp o ile r s  and 
that for a ca n tilev ered  cy lin d er  w indings over 4 0  p. c , of the cy lin d er  
length y ie ld ed  optim um  su p p ress io n  of o sc illa t io n s .

F or  P yrm on t, and for future s ta c k s , an a e sth e tic a lly  acceptab le  
so lu tion  m ight be to rep lace  the ex is tin g  v e r t ic a l cat lad d ers by h e lic a l  
ladd ers incorporating a s in g le  sp o ile r .

(v) It should be noted that the e la s t ic  resp o n se  of a ca n tilev ered  cy lin d er  
to  fo rc es  generated  by vortex  shedding has not been  co n sid ered  in d eta il in 
th is in vestiga tion . The e ffect of stra k es  has been  shown to  depend on the  
stru ctu ra l damping c h a r a c te r is t ic s  of the cy lin d er  (1 5 ,1 9 ) and a knowledge  
of th e se  c h a r a c te r is t ic s  is  req u ired  b efore  the e ff ic a cy  of stra k es  in 
dam ping o sc illa tio n s  can be guaranteed . If the stru c tu ra l dam ping is  v ery  
low , the m axim um  am plitude of o sc illa tio n  m ay not be reduced  su ffic ien tly .
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