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ABSTRACT 

T h i s t h e s i s p r e s e n t s an e x p e r i m e n t a l i n v e s t i g a t i o n o f 

t h e f l u c t u a t i n g l i f t ( o r s i d e f o r c e ) c o e f f i c i e n t on f i x e d 

two d i m e n s i o n a l r e c t a n g u l a r c y l i n d e r s f o r v a r i o u s f r e e 

s t r e a m t u r b u l e n c e i n t e n s i t i e s a n d s c a l e s . The m e a s u r e m e n t s 

a r e made u s i n g t u r b u l e n c e p r o d u c i n g d e v i c e s s u c h a s g r i d s 

and c i r c u l a r r o d s p l a c e d u p s t r e a m o f t h e s t a g n a t i o n l i n e o f 

t h e m o d e l . M e a s u r e m e n t s a r e r e p o r t e d f o r t h r e e f i x e d 

r e c t a n g u l a r p r i s m s w i t h B/H of .5, .67 and 1 where H i s t h e 

f r o n t a l d i m e n s i o n and B i s t h e s t r e a m w i s e w i d t h o f t h e body. 

The method o f measurement made i t p o s s i b l e t o v a r y t h e 

body span so t h a t t h e c o r r e l a t i o n o f t h e f l u c t u a t i n g s i d e 

f o r c e o v e r t h e body span c o u l d be i n v e s t i g a t e d . I t was shown 

t h a t f o r low t u r b u l e n c e i n t e n s i t y , t h e s p a n w i s e c o r r e l a t i o n 

o f t h e f l u c t u a t i n g s i d e f o r c e o v e r t h e s q u a r e c y l i n d e r s 

d e c r e a s e s by a l a r g e amount w i t h i n c r e a s i n g s p a n . F o r h i g h e r 

t u r b u l e n c e i n t e n s i t y t h i s d e c r e a s e was r e d u c e d , and f o r 

U ' / U - 1 0 % t h e r e was e s s e n t i a l l y no d e c r e a s e o f f l u c t u a t i n g 

l i f t c o e f f i c i e n t w i t h i n c r e a s e o f s p a n . 

i i 
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1. INTRODUCTION 

Forces induced by vortex shedding on c i r c u l a r c y l i n d e r s 

have been measured by numerous r e s e a r c h e r s . However, the 

phenomenon of f l u c t u a t i n g s i d e f o r c e s ( f l u c t u a t i n g l i f t ) on 

r e c t a n g u l a r c y l i n d e r s in smooth and t u r b u l e n t flows has 

r e c e i v e d l e s s a t t e n t i o n . The f l u c t u a t i n g s i d e f o r c e i s due 

to a l t e r n a t e shedding of v o r t i c e s from the s i d e s of the 

c y l i n d e r s ; the v a r i a t i o n of l o c a l pressure d i s t r i b u t i o n due 

to shedding of the v o r t i c e s causes a time v a r y i n g f o r c e on 

the c y l i n d e r , at a frequency centered around the vortex 

shedding frequency. 

The subject i s of importance because of the e f f e c t s of 

wind induced v i b r a t i o n s which cause m a t e r i a l f a t i g u e and 

resonant v i b r a t i o n s of s t r u c t u r e s (resonant v i b r a t i o n s occur 

when the frequency at which the eddies are shedding away 

from a c y l i n d e r , i . e . , vortex shedding frequency, matches 

the n a t u r a l frequency of the c y l i n d e r ) . Resonant v i b r a t i o n s 

of slender towers, chimney stacks and t r a n s m i s s i o n l i n e s are 

p o s s i b l e examples. 

T h i s work d e a l s only with the f l u c t u a t i n g l i f t due to 

vortex shedding. P a r t i c u l a r l y when turbulence i s present i n 

the fr e e stream, b u f f e t i n g f o r c e s a r i s e which are spread 

over a wide range of f r e q u e n c i e s . These are s i g n i f i c a n t f o r 

bodies of r e c t a n g u l a r s e c t i o n on which flow s e p a r a t i o n 

f o l l o w e d by permanent reattachment occures, t y p i c a l l y bodies 

whose streamwise l e n g t h i s l a r g e r than t h e i r f r o n t a l 

dimension. Such b u f f e t i n g f o r c e s are not expected to be 

1 
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s i g n i f i c a n t i n t h e p r e s e n t s t u d i e s s i n c e o n l y r e l a t i v e l y 

s h o r t s e c t i o n s a r e u s e d . 

The d i s t i n c t i o n must be made h e r e b e t w e e n l o c a l l i f t 

a n d l i f t a v e r a g e d o v e r a f i n i t e s p a n . The l i f t p e r u n i t 

l e n g t h a v e r a g e d o v e r a f i n i t e s p a n i n c l u d e s t h e i m p e r f e c t 

s p a n w i s e c o r r e l a t i o n o f t h e f o r c e , a n d i s a l w a y s l e s s t h a n 

t h e l i f t p e r u n i t l e n g t h m e a s u r e d l o c a l l y i f end e f f e c t s do 

n o t e n t e r . L o c a l f o r c e s a r e f o u n d e i t h e r by d i r e c t l y 

m e a s u r i n g t h e f o r c e on v e r y s h o r t s p a n s o r by m e a s u r i n g a 

s e r i e s o f p r e s s u r e s ( e i t h e r s i m u l t a n e o u s l y o r w i t h s u i t a b l e 

p h a s e c o r r e l a t i o n ) t o deduce t h e l o c a l f o r c e . The use o f 

p r e s s u r e m e a s u r e m e n t s i s most common s i n c e v e r y s h o r t s p a n 

l e n g t h s s e n s e o n l y v e r y low f o r c e s w h i c h a r e d i f f i c u l t t o 

m e a s u r e d i r e c t l y . F o r c e s on l o n g e r s p a n ' l i v e ' s e c t i o n s c a n 

be m e a s u r e d d i r e c t l y o r d e d u c e d f r o m l o c a l f o r c e s a n d t h e 

s p a n w i s e c o r r e l a t i o n o f f o r c e . The f o r m e r h a s t h e d i f f i c u l t y 

t h a t t h e ' l i v e ' s e c t i o n must be p h y s i c a l l y s e p a r a t e d f r o m 

a d j a c e n t 'dummy' e n d s e c t i o n s . E v e n v e r y n a r r o w g a p s ( a s i n 

V i c k e r y ' s 1 c a s e ) may g i v e r i s e t o u n w a n t e d f l u c t u a t i n g 

p r e s s u r e s o r s p a n w i s e p r e s s u r e g r a d i e n t s a n d h e n c e u n w a n t e d 

f o r c e s on t h e ' l i v e ' s e c t i o n . T hus end e f f e c t s e n t e r i n a 

v a r i a b l e way, p r o p o r t i o n a l l y l a r g e r e f f e c t s b e i n g p r e s e n t 

f o r s h o r t e r s p a n s . 

The d i r e c t measurement of s p a n w i s e f o r c e c o r r e l a t i o n i s 

d i f f i c u l t b e c a u s e o f t h e need f o r many p r e s s u r e t a p s o r 

c o m p l i c a t e d f o r c e s e n s o r a r r a n g e m e n t s , a n d i s u s u a l l y 

r e p l a c e d by a s p a n w i s e c o r r e l a t i o n o f p r e s s u r e s m e a s u r e d a t 
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mid chord and assumed to be e q u i v a l e n t to the c o r r e l a t i o n of 

f o r c e s . T h i s equivalence i s somewhat d o u b t f u l although i t i s 

best when measured as a c o r r e l a t i o n of pressure d i f f e r e n c e 

on e i t h e r s i d e of the model as was done by V i c k e r y 1 . 

A review of prominent papers in t h i s f i e l d shows that 

the measurement of l o c a l f l u c t u a t i n g f o r c e s i s f a i r l y 

common. Of these, Pocha 2, Lee^, W i l k i n s o n ^ , G a r tshore^ and 

Bearman & Obasaju^, measured f o r c e s on square 2D c y l i n d e r s 

a l l u s i ng i n t e g r a t i o n of p r e s s u r e s . Fewer w r i t e r s have used 

f i n i t e span ' l i v e ' s e c t i o n s to measure spanwise averaged 

f o r c e s . V i c k e r y 1 measured the f l u c t u a t i n g s i d e f o r c e s on a 

6in(l5.24cm) by 6in(l5.24cm) square c y l i n d e r of 3in(7.62cm) 

l e n g t h . The model was mounted on a hollow beam with four 

e l a s t i c supports and, using a u n i - d i r e c t i o n a l s t r a i n gauge 

dynamometer mounted w i t h i n the beam, the f l u c t u a t i n g s i d e 

f o r c e s c o u l d be measured. The gap between the ' l i v e ' s e c t i o n 

and the dummy ends was set at .01 in(.25mm). 

In a s i m i l a r study, now c o n s i d e r i n g a c i r c u l a r 

c y l i n d e r , So & Savkar 7 measured the spanwise c o r r e l a t i o n of 

the f l u c t u a t i n g s i d e f o r c e s and drag on c i r c u l a r c y l i n d e r s , 

in smooth and t u r b u l e n t flows f o r d i f f e r e n t Reynolds 

numbers, us i n g two t h r e e - a x i s measuring lo a d c e l l s at each 

end of t h e i r t e s t c y l i n d e r . In these t e s t s , the ' l i v e ' span 

c o u l d vary from 1.5in (38.1mm)to 8in(203.2mm), and a rubber 

s e a l was used at the ends of the ' l i v e ' s e c t i o n . 

In t h i s type of experiment, the n a t u r a l frequency of 

the model i s u s u a l l y made as high as p o s s i b l e by using a 
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l i g h t ' l i v e ' s e c t i o n , s t i f f l y mounted. At most wind speeds, 

the vortex shedding frequency f v , where f v = SU/H (with 

S t r o u h a l number S and f r o n t a l dimension H), i s then w e l l 

below the model n a t u r a l frequency f n . As wind speed i s 

i n c r e a s e d however, f v approaches f n and l a r g e resonant 

v i b r a t i o n s occur. These l a r g e motions are u n d e s i r a b l e , f o r 

reasons which w i l l appear l a t e r , and wind speeds are u s u a l l y 

r e s t r i c t e d to values f o r which f v / f n ^ 1/4. In V i c k e r y ' s 

case, fo r example, the n a t u r a l frequency of the model was 

about 180HZ and V i c k e r y took meaurements f o r vortex shedding 

f r e q u e n c i e s below 50 c y c l e s / s e c . 

T y p i c a l r e s u l t s from a l l these papers are summarized i n 

Table 1. 

In t h i s t h e s i s , measurements on ' l i v e ' lengths of 

v a r i o u s spans are used to deduce the f o r c e s to which the 

s e c t i o n i s s u b j e c t e d . T h i s i s c o n s i d e r e d most r e a l i s t i c 

because a c t u a l s t r u c t u r e s having s i m i l a r end e f f e c t s are 

subject to f o r c e s e q u i v a l e n t to those a c t u a l l y measured 

here, so that the present data i s most l i k e l y to be u s e f u l 

in d e s i g n . The work to be d e s c r i b e d here i n v e s t i g a t e s the 

spanwise averaged f l u c t u a t i n g s i d e f o r c e s on sharp edged 

r e c t a n g u l a r prisms of v a r i o u s spans and shapes, in smooth 

and t u r b u l e n t flows. The experimental method used i s s i m i l a r 

to that used by V i c k e r y 1 and So & Savkar^. 

It has been suggested that the f l u c t u a t i n g side f o r c e 

v a r i e s with f r e e stream turbulence in a s i m i l a r way to that 

of the base pressure (see e.g. Gartshore^) . The 
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e x p e r i m e n t a l s t u d y r e p o r t e d h e r e e x p l o r e s t h e p o s s i b i l i t y . 

I t a l s o shows the e f f e c t of f r e e s t r e a m t u r b u l e n c e and 

a s p e c t r a t i o ( s p a n / f r o n t a l d i m e n s i o n ) on t h e v o r t e x i n d u c e d 

f l u c t u a t i n g s i d e f o r c e e x e r t e d on r e c t a n g u l a r s e c t i o n s . 



2. EXPERIMENTAL ARRANGEMENTS 

2.1 WIND TUNNEL 

The experiments were conducted i n the U.B.C. low speed, 

low t u r b u l e n c e , c l o s e d r e t u r n type wind tunnel in which the 

v e l o c i t y can be v a r i e d between 0 and 46m/s with a turbulence 

l e v e l of l e s s than . 1%. 

Three screens smooth the flow at the entrance of the 

s e t t l i n g chamber and a 7:1 c o n t r a c t i o n a c c e l e r a t e s i t , 

improving i t s u n i f o r m i t y as i t reaches the t e s t s e c t i o n . The 

t e s t s e c t i o n i s 2.74m long with a c r o s s s e c t i o n of 91.4 by 

68.6cm. Four 45 degrees f i l l e t s , d e c r e a s i n g from 15cm at the 

upstream to 12cm at the downstream end, o f f s e t the e f f e c t of 

boundary l a y e r growth i n the t e s t s e c t i o n . 

The tunnel i s powered by a 15HP d i r e c t c u r r e n t motor, 

d r i v i n g a commercial a x i a l flow fan with a T h y r i s t e r system 

of speed c o n t r o l . The pressure drop a c r o s s the c o n t r a c t i o n 

i s measured on a Betz micro-manometer with a p r e c i s i o n of 

.02 mm of water. The a i r speed i n the t e s t s e c t i o n i s 

c a l i b r a t e d a g a i n s t the pressure drop. F i g 1 shows the 

o u t l i n e of the t u n n e l . 

2.2 TURBULENCE PRODUCING DEVICES 

2.2.1 GRIDS 

In the experiment four square mesh g r i d s were 

used f o r producing d i f f e r e n t l e v e l s of t u r b u l e n c e 

6 
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i n t e n s i t y and d i f f e r e n t t u r b u l e n c e s c a l e s . Three of 

the g r i d s were of r e c t a n g u l a r bars with mesh widths 

of 9in(228.6mm), 4.5in(114.3mm) & 2in(50.8mm) and 

bar widths of 2.25in(57.15mm), 1.1 in(27.94mm) & 

0.5in{12.7mm) r e s p e c t i v e l y . The f o u r t h g r i d (the 

sm a l l e s t mesh width g r i d ) had round bars with a mesh 

width of 0.256 in(6.5mm) and bar diameter of 

0.0381(.97mm). G r i d s were mounted at the upstream 

end of the t e s t s e c t i o n , i n every case. 

The q u a l i t y of the r e s u l t a n t flow at some 

d i s t a n c e downstream of the g r i d , has been shown to 

be n e a r l y i s o t r o p i c homogeneous turbulence 

superimposed on a uniform mean flow (see f o r example 

Bains and Peterson 8 ) . Th e r e f o r e , g r i d turbulence 

appears to be the simplest form of turbu l e n c e f o r 

two dimensional t e s t s , having a f l a t v e l o c i t y 

p r o f i l e and a uniform turbulence i n t e n s i t y 

d i s t r ibut i o n . 

Bains and Peterson^ found that i f the flow i s 

to be n e a r l y uniform, the model can be no c l o s e r 

than 5 to 10 mesh widths from the g r i d . Thus the 

model p o s i t i o n was chosen to be 72in(183cm) (8 times 

the l a r g e s t mesh width) away from the g r i d s to have 

a reasonably uniform flow at the model face f o r a l l 

cases. 

The c h a r a c t e r i s t i c s of the turbu l e n c e acheieved 

by the g r i d s were measured by a s i n g l e hot wire with 
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l i n e a r i z e d response, t r a v e r s e d l o n g i t u d i n a l l y i n the 

mid span of the t u n n e l . The wire was of tungsten 

with a diameter of 5 microns. The hot wire system 

used was a Disa type 55D01 with s u i t a b l e l i n e a r i z e r . 

A low pass f i l t e r of the type Disa 55D25 was set to 

remove any frequency higher than 10KHZ. Using 

s u i t a b l e v o l t m e t e r s the r e l a t i v e t urbulence 

i n t e n s i t y u'/U was deduced. A t y p i c a l c a l i b r a t i o n 

curve of the hot wire i s shown i n Appendix A. For 

each g r i d i n p o s i t i o n i n s i d e the t u n n e l , the hot 

wire was used to c a l i b r a t e the Betz manometer 

readings a g a i n s t the tunnel speed, so that the Betz 

manometer c o u l d be used l a t e r as a measure of mean 

wind speed. 

The a u t o c o r r e l a t i o n of the l i n e a r i z e d v e l o c i t y 

was measured u s i n g a P.A.R. 101 c o r r e l a t o r . The 

i n t e g r a l time s c a l e was found by i n t e g r a t i n g the 

auto c o r r e l a t i o n f u n c t i o n over v a r i o u s time d e l a y s . 

Appendix A shows a t y p i c a l auto c o r r e l a t i o n curve 

and d e s c r i b e s the method of o b t a i n i n g the i n t e g r a l 

time s c a l e . Using T a y l o r ' s Hypothesis, the i n t e g r a l 

l e n g t h s c a l e L x = U«r was deduced. F i g u r e 2 shows 

the decay of the l o n g i t u d i n a l component of i n t e n s i t y 

f o r the four g r i d s . Data f o r a u n i p l a n a r g r i d 

obtained by V i c k e r y ^ agree very w e l l , while the 

r e s u l t s obtained by Campbell and E t k i n 1 ^ , and 

S u r r y 1 1 depart from the present data s l i g h t l y . 
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Data f o r a s i m i l a r g r i d from Baines and 

Peterson^ are somewhat lower. A l s o , the curve 

u'/U=1.12(x/b)~ 5/ 7 which i s a best f i t to Bains' and 

Peterson's data f o r d i f f e r e n t g r i d s i s lower than 

the present v a l u e s . Data from McLaren et a l . 1 2 and 

L a n e v i l l e 1 3 agree very w e l l . F i g . 3 shows the growth 

of the l o n g i t u d i n a l s c a l e of turbulence with 

downstream d i s t a n c e . The r e s u l t agrees f a i r l y w e l l 

with those of V i c k e r y ^ and L a n e v i l l e 1 3 . The two 

l i n e s show the s c a t t e r l i m i t f o r c o r r e s p o n d i n g data 

by Van der Hegge Zignen 

2.2.2 RODS 

As an a l t e r n a t e to the use of g r i d s , a 

0.5in(12.7mm) diameter rod was t r a v e r s e d along the 

t u n n e l , upstream of the square prism c e n t r e l i n e , to 

produce d i f f e r e n t l e v e l s of upstream t u r b u l e n c e . The 

rod was p l a c e d between 20d and 70d from the f r o n t 

face of the model where d i s the rod diameter. T h i s 

produced i n t e n s i t i e s between 12% and 4% on the rod 

wake centre l i n e at the model l o c a t i o n . Turbulent 

i n t e n s i t i e s were found from the measurements of 

G a r t s h o r e 1 ^ , and i n t e g r a l l o n g i t u d i n a l l e n g t h 

s c a l e s , again on the rod c e n t r e l i n e , from the 

measurements of Townsend 1^. 
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2.3 MODELS AND MOUNTINGS 

For each of the three r e c t a n g u l a r s e c t i o n s of B/H=1, 

.67 and .5, f i v e models were made with lengths L of; 

1.5in(38.1mm), 3in(72.6mm), 6in(152.4mm), 12in(304.8mm) and 

24in(609.6mm). Each model had a f r o n t a l dimension H of 

1.5in(38.1mm), so that blockage r a t i o s were always 4.2% 

based on f r o n t a l area (see f i g . 4 f o r model d e t a i l s ) . There 

was no blockage c o r r e c t i o n a p p l i e d to the data si n c e there 

i s no secure c o r r e c t i o n technique f o r f l u c t u a t i n g q u a n t i t i e s 

a v a i l a b l e . In t h i s kind of t e s t , the trend i s more important 

than any absolute value i n any case. 

A 29in(736.6mm) aluminum beam with 1/4in(6.35mm) by 

1/2in(12.7mm) c r o s s s e c t i o n , having two s t r a i n gauges at 

each end, was used as a u n i - d i r e c t i o n a l l o a d c e l l . T h i s 

c o u l d sense the c r o s s stream loads on the ' l i v e ' measuring 

s e c t i o n attached to i t (see f i g . 5). Two 2in(5'0.8mm) by 

2in(50.8mm) holes were made in the roof and f l o o r of the 

tunnel on a v e r t i c a l l i n e p e r p e n d i c u l a r to the a x i s of 

symmetry of the tunnel at the d e s i r e d p o s i t i o n . A heavy 

s t e e l frame, surrounding the tunnel t e s t s e c t i o n was used to 

h o l d the beam i n p o s i t i o n . The frame stood on four 

a d j u s t a b l e legs without touching the t u n n e l , so that 

v i b r a t i o n s of the tunnel would not a f f e c t the frame. The 

lo a d c e l l beam passed through the holes i n the tunnel w a l l s 

and was fastened to the frame at each end, by means of 

s p e c i a l l y made clamps. F i g . 6 gi v e s more d e t a i l s of the 

mounting. Dummy end p i e c e s were screwed to the tunnel w a l l s 



11 

and end p l a t e s were mounted on them. The d i s t a n c e from the 

end p l a t e s to the f l o o r and roof of the tunnel was 

1.5in(38.1 mm), so that they were o u t s i d e the tunnel w a l l 

boundary l a y e r s . 

S t a n s b y 1 7 showed that end e f f e c t s a l t e r e d the true base 

pressure over the whole l e n g t h of a 2D c i r c u l a r c y l i n d e r 

without end p l a t e s . He showed that end p l a t e s improved the 

base pr e s s u r e to i t s " t r u e " v a l u e . 

O b a s a j u 1 ^ concluded that f o r sharp edged 2D square 

c y l i n d e r s , end p l a t e s were again of importance. 

In t h i s work, one set of end p l a t e s was used f o r a l l 

models as shown in f i g . 7. 

For each experiment the ' l i v e ' model's span was screwed 

to the ce n t r e of the load c e l l beam and the proper dummy end 

pi e c e s were fastened to the tunnel roof and f l o o r . The gap 

between the ' l i v e ' s e c t i o n and adjacent dummy end s e c t i o n s 

was always made l e s s than .02in(.5mm). 

2.4 FORCE MEASUREMENTS 

The average f l u c t u a t i n g s i d e f o r c e s caused by vortex 

shedding from a two dimensional b l u f f body at zero i n c i d e n c e 

can be measured over a f i n i t e span by the methods used by 

V i c k e r y 1 and So & S a v k a r 7 . The average f l u c t u a t i n g s i d e 

f o r c e i s a l t e r e d by having d i f f e r e n t end c o n d i t i o n s f o r the 

' l i v e ' s e c t i o n . In the work to be d e s c r i b e d here two end 

c o n d i t i o n s were c o n s i d e r e d : a simple gap l e s s then 

.02in(.5mm) between the ' l i v e ' s e c t i o n and dummy end p i e c e s ; 
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and the same gap but with a set of end p l a t e i d e n t i c a l to 

those i n f i g . 7 , attached to the ends of the ' l i v e ' s e c t i o n . 

Each time a model was mounted on the l o a d c e l l beam, a 

c a l i b r a t i o n of the l o a d c e l l was done as l o a d versus s t r a i n 

gauge v o l t a g e output. The c a l i b r a t i o n of load versus 

d e f l e c t i o n was a l s o measured p e r i o d i c a l l y . The n a t u r a l 

frequency and the damping of each model was d i f f e r e n t 

because of d i f f e r e n t s i z e s and weights of the models. Using 

a spectrascope the n a t u r a l frequency of the models was 

measured p r i o r to the t e s t . T h e i r damping was always l e s s 

than 1% as a f r a c t i o n of c r i t i c a l , as measured on an 

o s c i l l o s c o p e . Each model was t e s t e d at wind speeds of 2m/s 

and h i g h e r . The f l u c t u a t i n g s i g n a l from the s t r a i n gauge 

bridge a m p l i f i e r was fed i n t o a f i x e d 1 to 100 

s i g n a l - a m p l i f i e r and then through a low pass f i l t e r to cut 

o f f f r e q u e n c i e s near f n , the model n a t u r a l frequency. Using 

a true r.m.s. voltmeter, the r.m.s. of the f l u c t u a t i n g 

s i g n a l was read, and from the c a l i b r a t i o n , the r.m.s. 

d e f l e c t i o n of the beam was found. Using a spectrascope the 

average vortex shedding frequency at each wind speed was 

found. 

For one degree of freedom, the equation of motion of 

the load c e l l beam i s : 

mx+cx + kx = F ( t ) = F 1 S i n ( 6 j 1 t ) + F 2 S i n ( c j 2 t ) + 

Assuming the vortex shedding occurs i n a narrow range 
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c e n t e r e d about f v , t h i s can be so l v e d f o r a range of 

f r e q u e n c i e s to g i v e : 

j/xVB k 

° L = H ( f v ) 1/2 PU 2L 

where »/x2 i s the r.m.s. of d e f l e c t i o n , B the streamwise 

dimension of the prism, L l e n g t h of the ' l i v e ' s e c t i o n , k 

the s t i f f n e s s of the l o a d c e l l beam and H ( f v ) mechanical 

admittance evaluated at the vortex shedding frequency (see 

appendix B for more d e t a i l s of the d e r i v a t i o n ) . Using t h i s 

e quation and the data obtained from the experiment, C£ at 

each wind speed was found. T h i s method assumes that the 

f o r c e o s c i l l a t e s near a s i n g l e frequency; the range of 

vortex f r e q u e n c i e s was not measured i n t h i s experiment, but 

was l i m i t e d to values l e s s than 20Hz below f n . 

To make the assumption that the c y l i n d e r s are ' r i g i d ' , 

the motion of the l i v e s e c t i o n must be very small compared 

to the s e c t i o n s i z e . The r.m.s. amplitude of the ' l i v e ' 

s e c t i o n was measured, and was found to be l e s s than . 1% of H 

in a l l c a s e s . Although i t i s known that c y l i n d e r s are 

s e n s i t i v e to small motions, t h i s small motion i s assumed 

here to be n e g l i g i b l e , and the c y l i n d e r s are d e s c r i b e d as 

r i g i d . 
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2.5 PRESSURE MEASUREMENTS 

Mean base pressure measurements were made on a f i x e d 

1.5in(38.1mm) by 1.5in(38.1 mm) square c y l i n d e r spanning the 

tunnel v e r t i c a l l y . The base pressure was measured to see the 

e f f e c t of d i f f e r e n t end c o n d i t i o n s and a l s o to compare with 

the r e s u l t s of L e e 1 ^ and Ob a s a j u 1 ^ . The square prism was 

prepared with twenty pressure taps on the rear face at the 

mid chord, spread over most of the t o t a l span. The base 

pressure was measured i n smooth and t u r b u l e n t flows, with 

and without end p l a t e s mounted on the model. End p l a t e s were 

1.5in(38.1 mm) away from the w a l l s of the tunnel as be f o r e . 

The base pressures measured in t h i s t e s t are shown i n f i g u r e 

8 and are q u i t e comparable to Obasaju's r e s u l t s . 



3. RESULTS AND DISCUSSION FOR SQUARE SECTIONS 

3.1 FORM OF RESULTS 

In sharp edged b l u f f bodies l i k e r e c t a n g u l a r prisms the 

p o i n t of s e p a r a t i o n of the flow .is f i x e d and C Q , drag 

c o e f f i c i e n t , does not vary for high enough Re. A l l f o r c e 

c o e f f i c i e n t s should t h e r e f o r e be independent of Reynolds 

number or of wind speed, provided t r a n s i t i o n to t u r b u l e n c e 

occurs r a p i d l y in the s e p a r a t i o n shear l a y e r s . T h i s appears 

to be the case for Re> 10 4 (see e.g. G a r t s h o r e 1 ^ ) . The range 

of Re in t h i s experiment was 0.5 * 10 4 to 2.2 * 10 4 based on 

f r o n t a l dimension. If the flow p a t t e r n i s independent of Re, 

as i s expected, and i f no end e f f e c t s or d i f f i c u l t i e s of 

measurement occur, the deduced values of C £ should be the 

same at a l l speeds. Measured r e s u l t s of f l u c t u a t i n g l i f t 

c o e f f i c i e n t versus wind speed, fo r one case, are p l o t t e d i n 

f i g . 9. Another e f f e c t which was observed i n some cases, was 

resonant motion of the load c e l l beam at a speed where f v i s 

a lower harmonic of f n (see e.g. f i g . 10). Measurements at 

t h i s wind speed were avoided s i n c e t h i s e f f e c t caused an 

u n d e s i r a b l e motion of the beam and an i n c r e a s e d r.m.s. f o r c e 

r e a d i n g . I t was not always p o s s s i b l e to remove t h i s e f f e c t 

by using a low pass f i l t e r . At high speeds, when the vortex 

shedding frequency was c l o s e to the n a t u r a l frequency, the 

amplitude of the n a t u r a l frequency v i b r a t i o n s i n c r e a s e d . 

Again the r.m.s. v o l t a g e readings were i n c o r r e c t , being 

higher than the value a p p r o p r i a t e f o r vortex shedding f o r c e s 

15 
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o n l y . T h i s problem was solved at low speeds by using a low 

pass f i l t e r to cut out the e f f e c t of n a t u r a l frequency 

v i b r a t i o n s , but f o r high speeds the low pass f i l t e r a l s o cut 

out some of the d e s i r a b l e s i g n a l s from the vortex shedding. 

The data was c o r r e c t e d f o r the e f f e c t of f i l t e r and 

a m p l i f i e r used. A c a l i b r a t i o n curve f o r the f i l t e r i s shown 

in appendix A. 

Choosing an average of the most d e s i r a b l e data p o i n t s , 

the C£ f o r each model was found (see f i g . 9). 

When the rod was used as a turbulence producing d e v i c e , 

C£ was measured at j u s t one speed (4m/s) f o r each ' l i v e ' 

s e c t i o n at every rod p o s i t i o n . 

C£ values obtained f o r square s e c t i o n s with end p l a t e s 

(see f i g s . 11 to 14) are lower than the values obtained with 

no end p l a t e s . T h i s i s probably because of end e f f e c t s , 

s i n c e end e f f e c t s (at l e a s t f o r Cp^ and, by analogy f o r C£) 

seem to be more e x t e n s i v e near end p l a t e s than near gaps, 

(see e.g. f i g . 28) . 

3.2 EFFECT OF ASPECT RATIO 

As a l r e a d y mentioned, the average f o r c e over a span of 

the ' l i v e ' s e c t i o n i s expected to become smaller as the span 

gets longer, because the c o r r e l a t i o n of the f o r c e averaged 

over the body reduces with span. F i g . 11 shows the measured 

r e s u l t s f o r the square s e c t i o n in low t u r b u l e n c e . The 

expected decrease i n C£ occurs only f o r l a r g e r spans, here 

f o r L/H > 2. For the lowest span l e n g t h , L/H = 1, the e f f e c t 
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of gaps between the ' l i v e ' s e c t i o n and the end p i e c e s causes 

a s i g n i f i c a n t r e d u c t i o n in the measured C£, an e f f e c t much 

more important i n the short s e c t i o n s than in those of l a r g e r 

span. As the f r e e stream t u r b u l e n c e i n c r e a s e s , the decrease 

in C£ with i n c r e a s i n g span becomes l e s s pronounced. F i g s . 11 

to 14 i l l u s t r a t e s t h i s i d e a . Apparently, turbulence makes 

the f l u c t u a t i n g s i d e f o r c e s act more evenly over the span. 

Put another way, turbulence improves the spanwise 

c o r r e l a t i o n of the f l u c t u a t i n g s i d e f o r c e s on the square 

s e c t i o n . One of the reasons f o r t h i s i s t h a t , in t u r b u l e n c e , 

the shear l a y e r s e p a r a t i n g from the f r o n t c o r n e r s of a 

square s e c t i o n , i n t e r a c t s s i g n i f i c a n t l y with the a f t e r body 

and causes the f o r c e s to act evenly over the span; even when 

the span i s l a r g e t h i s i n t e r a c t i o n a p p a r e n t l y remains q u i t e 

uniform, s i n c e the averaged c o e f f i c i e n t of the f l u c t u a t i n g 

s i d e f o r c e decreases only very slowly with i n c r e a s i n g of 

span. 

An a n a l y t i c a l framework f o r the e f f e c t of aspect r a t i o 

on the f l u c t u a t i n g l i f t c o e f f i c i e n t s , can be developed from 

the rather simple assumption, that the r e l e v a n t c o r r e l a t i o n 

c o e f f i c i e n t has a simple e x p o n e n t i a l form. With t h i s 

assumption, the r.m.s. l i f t f o r c e per u n i t l e n g t h averaged 

over a span L and non-dimensionalized to produce a l i f t 

c o e f f i c i e n t becomes: 

C£=C£ ov/2X/L[L/X -1+exp(-L/X) ] 1 / 2 
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where X i s the i n t e g r a l l e n g t h s c a l e of the f o r c e 

c o r r e l a t i o n averaged over the span, L i s length of the 

' l i v e ' s e c t i o n , C £ Q i s the f l u c t u a t i n g l i f t c o e f f i c i e n t 

measured l o c a l l y and C£ i s the f l u c t u a t i n g l i f t c o e f f i c i e n t 

averaged over the span. See appendix C f o r d e t a i l s of the 

d e r i v a t i o n . F i g . 15 shows t y p i c a l measured values of C£ and 

the p l o t of the above equation f o r s e l e c t e d values of X/H, 

C £ 0 chosen to f i t the data at l a r g e L/H. The end e f f e c t s 

which i n c l u d e the d e f i n i t i o n of A are d i s c u s s e d in s e c t i o n 

3.5. 

Present r e s u l t s are l i k e those p r e v i o u s l y reported f o r 

low t u r b u l e n c e , f o r C £ 0 and X/H (see Tables 1 & 2). For 

i n c r e a s i n g i n t e n s i t y , however we f i n d that X/H i n c r e a s e s , i n 

c o n t r a s t to p r e v i o u s r e p o r t s (e.g. r e f . 1). A p o s s i b l e 

reason f o r the d i f f e r e n c e between the trends in r e f . 1 and 

those r e p o r t e d here i s t h a t , the values r e p o r t e d in r e f . 1 

are measured using pressure taps while the values r e p o r t e d 

here are ob t a i n e d using the average of the f o r c e over the 

' l i v e ' s e c t i o n . 

3.3 EFFECT OF TURBULENCE INTENSITY 

When the turbulence i n t e n s i t y i n c r e a s e s , i t moves the 

o s c i l a t i n g shear l a y e r s c l o s e r to the s i d e s of the body from 

which they separate, shortens the unsteady bubble between 

the s e p a r a t i o n and reattachment and so p r o g r e s s i v e l y reduces 

the f l u c t u a t i n g s i d e f o r c e on the body. F i g s . 16 to 20 show 

the c o e f f i c i e n t of f l u c t u a t i n g l i f t f o r d i f f e r e n t l e v e l s of 
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turbulence i n t e n s i t y . I t i s observed that turbulence always 

reduces the averaged r.m.s. l i f t c o e f f i c i e n t s on square 

c y l i n d e r s ( i f no end e f f e c t s are p r e s e n t ) , by d i s t u r b i n g the 

r e g u l a r i t y and spanwise c o r r e l a t i o n of shedding. 

The f l u c t u a t i n g l i f t f o r the square s e c t i o n shape 

v a r i e s with fr e e stream turbulence i n a s i m i l a r way to that 

of the base p r e s s u r e . F i g . '21, comparing measurements of the 

base pressure and the f l u c t u a t i n g l i f t c o e f f i c i e n t for 

d i f f e r e n t l e v e l s of turbulence f o r one length of the square 

s e c t i o n , confirms t h i s idea. The s i m i l a r i t y appears f o r a l l 

lengths of the square s e c t i o n . 

F i g s . 22 to 25 show the e f f e c t of turbulence i n t e n s i t y 

produced behind a rod f o r d i f f e r e n t aspect r a t i o s . The same 

pa t t e r n i s evident as f o r the case of g r i d t u r b u l e n c e , but 

the values are not the same. T h i s i s maybe because of the 

d i f f e r e n t s t r u c t u r e of turbulence generated behind a rod 

compared to that from a g r i d , or d i f f e r e n c e s i n end e f f e c t s . 

F i g . 26 shows a comparison between C£ measured using a g r i d 

and C£ measured u s i n g a rod as turbulence generating 

d e v i c e s . 

3.4 EFFECT OF LENGTH SCALE 

S i g n i f i c a n t e f f e c t s of turbulence s c a l e on the drag of 

b l u f f bodies have been rep o r t e d by L e e 2 ^ and Miyata & 

Miyazaki 2 1 . However, most authors report no e f f e c t of 

turbulence s c a l e on mean f o r c e s over the range .2<LX/H<18. 

(e.g. see P e t y 2 2 and L a n e v i l l e & W i l l i a m s 2 ^ ) . Gartshore^ 
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r e p o r t s no e f f e c t or l i t t l e e f f e c t of t u r b u l e n c e . s c a l e on 

f l u c t u a t i n g f o r c e s , provided L x < H. A comparison between 

measured f l u c t u a t i n g l i f t c o e f f i c i e n t s for two d i f f e r e n t 

i n t e g r a l t u r b u l e n c e s c a l e s was made. For two model p o s i t i o n s 

downstream of the t e s t s e c t i o n , two g r i d s one with mesh s i z e 

of M=.256in(6.5mm) and the other with mesh s i z e of 

M=4.5in(114.3mm), were used to produce the same l e v e l of 

turbulence i n t e n s i t y (4%) and two d i f f e r e n t l e n g t h s c a l e s of 

.179in(4.55mm) (L X/H=.119) and 1.6in(40.64mm) (L x/H=1.067) 

r e s p e c t i v e l y at the f r o n t face of the model. No uniform 

trend in the averaged f l u c t u a t i n g l i f t c o e f f i c i e n t was 

observed for the two d i f f e r e n t i n t e g r a l l e n g t h s c a l e s 

generated. F i g . 27 shows the e f f e c t of i n t e g r a l l e n g t h s c a l e 

on Cf,. 

3.5 END EFFECTS 

End e f f e c t s are p a r t i c u l a r l y important in two 

dimensional experiments on b l u f f bodies, s i n c e s e p a r a t i o n 

regions are e a s i l y a l t e r e d by s l i g h t changes in pressure or 

c r o s s flow f a r from the c e n t r e span. 

To remove the e f f e c t of the t u n n e l boundary l a y e r , two 

end p l a t e s were used. O b a s a j u 1 ^ showed the e f f e c t of 

d i f f e r e n t end p l a t e s on the mean base pressure of a square 

s e c t i o n . A set of end p l a t e s (see f i g . 7) s p e c i f i e d by 

Obasaju f o r square s e c t i o n s , was used without e x p l o r i n g 

t h e i r e f f e c t i v e n e s s ; again a b s o l u t e values are u n l i k e l y to 

be as important as trends in the present c o n t e x t . Boundary 
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l a y e r s on the end w a l l s c o n f i n i n g the c y l i n d e r under t e s t 

may be modified as the f r e e stream t u r b u l e n c e i s changed. 

Some of these problems are d i s c u s s e d by L e e 1 ^ and many 

experimental s t u d i e s r e p o r t concern over the observed 

s e n s i t i v i t y to end e f f e c t s . 

The other end e f f e c t s present in t h i s experiment were 

the gaps between the ' l i v e ' s e c t i o n of the model and the 

adjacent dummy end p i e c e s . The gap was always kept l e s s than 

•02in(.5mm) f o r the main experiments. F i g . 28 shows the 

e f f e c t of gap s i z e on the mean base pressure c o e f f i c i e n t . As 

can be seen from the f i g u r e , when the gap s i z e gets b i g g e r , 

the absolute value of the pressure c o e f f i c i e n t decreases. If 

there i s a s i m i l a r i t y between the base pressure c o e f f i c i e n t 

and the c o e f f i c i e n t of f l u c t u a t i n g l i f t , C£ w i l l a l s o 

decrease as the gap s i z e i n c r e a s e s . T h i s end e f f e c t w i l l be 

more n o t i c e a b l e i n the short span models, so that C£ f o r the 

sm a l l e s t model (1.5in(38.1 mm) length) i s lower than f o r the 

3in(76.2mm) model, d e s p i t e the opposing trend coming from 

t h e i r d i f f e r e n t aspect r a t i o s . To i n v e s t i g a t e the e f f e c t of 

gaps, end p l a t e s s i m i l a r to those used near the tunnel w a l l s 

on the dummy end p i e c e s were t r i e d at both ends of the 

' l i v e ' s e c t i o n l e a v i n g the same gap (<.02in(.5mm)) with the 

adjacent dummy p i e c e s . In t h i s case a l s o the end p l a t e s on 

the ' l i v e ' s e c t i o n produced another e f f e c t which again i s 

shown as change of base p r e s s u r e c o e f f i c i e n t near to the end 

p l a t e s i n f i g . 8. 
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It was n o t i c e d that end e f f e c t s are l e s s present in 

high turbulence flows than in low turbulence flow; t h i s 

shows that turbulence reduces the e f f e c t s of the ends. 

Comparing f i g . 11 (C£ f o r low turbulence) to f i g . 14 (C£ f o r 

high turbulence) confirms t h i s matter. A l s o turbulence 

reduces e f f e c t of gaps on base pressure (see f i g . 28). 

An a n a l y t i c a l framework f o r the end e f f e c t can be 

developed to modify that developed f o r the e f f e c t of aspect 

r a t i o . For t h i s purpose, i t i s assumed that the end 

c o n d i t i o n s (gaps, end p l a t e s , e t c . ) r e s u l t i n an e f f e c t i v e 

span (L-2A) s l i g h t l y l e s s than the a c t u a l l i v e span L. 

T h e r e f o r e , the r.m.s. l i f t f o r c e per u n i t l e n g t h averaged 

over a span L and non-dimensionalized to produce a l i f t 

c o e f f i c i e n t becomes: 

C£=C£ o/2X/L[L' /X -1+exp(-L'/X) ] 1/2 where L'=L-2A 

Apendix C has a d e r i v a t i o n of t h i s equation. 

Measured r e s u l t s can be f i t t e d by an equation of the 

above form to i n f e r e f f e c t i v e values of X, A and C £ o for 

each t e s t . 

T y p i c a l measured values of C£ are shown i n f i g . 15, 

where the above equation i s a l s o p l o t t e d f o r s e l e c t e d values 

of X /H, C £ o and A/H. In t h i s way, values of the three 

parameters f o r a l l t e s t s are found. These are summarized in 

Table 2. Values of C £ Q are shown in f i g . 29. These values 

are e x t r a p o l a t i o n s of C£ curves (averaged over the span) as 
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a f u n c t i o n o f L/H t o a v a l u e f o r L/H^O ( c o r r e c t e d f o r end 

e f f e c t s ) . T h e s e v a l u e s a r e n o t c e r t a i n i n some c a s e s , 

b e c a u s e o f t h e s c a t t e r o f C £ ( a v e r a g e d o v e r t h e spa n ) f o r 

some ' l i v e ' s e c t i o n s . F o r c o m p a r i s o n , l o c a l v a l u e s o f C £ 

(C£ ) m e a s u r e d by o t h e r s a r e a l s o p l o t t e d i n f i g . 29. 

G a r t s h o r e ^ u s e d a r o d a s t h e t u r b u l e n c e p r o d u c i n g d e v i c e f o r 

t h e t u r b u l e n c e v a l u e s p r e s e n t e d i n f i g . 29, w h i l e L e e ' s ^ 

t u r b u l e n c e v a l u e s a n d t h e p r e s e n t d a t a a r e m e a s u r e d u s i n g 

g r i d s a s t h e t u r b u l e n c e p r o d u c i n g d e v i c e s . As n o t e d e a r l i e r , 

when t h e t u r b u l e n c e i n t e n s i t y i n c r e a s e s , X/H i n c r e a s e s a n d 

t h e r a t i o A/H, r e p r e s e n t i n g end e f f e c t s , d e c r e a s e s s h o w i n g 

t h a t end e f f e c t s become l e s s s i g n i f i c a n t a s t h e i n t e n s i t y 

i n c r e a s e s . I n f i g . 29, t h e p r e s e n t v a l u e s o f C £ o f o r s q u a r e 

s e c t i o n s (B/H=1) a r e q u i t e a g r e a b l e w i t h t h e l i t e r a t u r e . 

H o wever, t h e v a l u e s o f C £ q f o r o t h e r s e c t i o n s (B/H=.67 and 

B/H=.50) a r e d i f f e r e n t t h a n t h e v a l u e s r e p o r t e d by 

G a r t s h o r e ^ a l t h o u g h t h e t r e n d s a r e s i m i l a r . The d i f f e r e n c e 

i s p e r h a p s b e c a u s e o f t h e d i f f e r e n t m ethods o f m e a s u r e m e n t s , 

d i f f e r e n t t u r b u l e n c e p r o d u c i n g d e v i c e s , d i f f e r e n t b l o c k a g e 

r a t i o s a n d d i f f e r e n t end e f f e c t s . 



4 . RESULTS FOR OTHER SECTION SHAPES 

4.1 RECTANGULAR SECTION WITH B/H=.67 

For t h i s r e c t a n g u l a r shape, C£ for each l i v e span was 

found at v a r i o u s wind speeds and turbulence i n t e n s i t i e s as 

was done i n the square s e c t i o n case. The v a l u e s of C£ found 

f o r t h i s s e c t i o n shape d i d not show such c l e a r trends as f o r 

the B/H=1 s e c t i o n , and values over a reasonable speed range 

were not as con s t a n t . In some cases, the values were 

s c a t t e r e d between ±.4 of the quoted v a l u e s . Despite t h i s 

u n c e r t a i n t y i n the values, some c o n c l u s i o n s can be drawn. As 

i s shown in f i g . 30 to 33, C£ decreases very slowly with 

aspect r a t i o . Although the trend i s not as c l e a r as f o r 

square s e c t i o n s , i t i s evident that C£ changes s l i g h t l y with 

turbulence i n t e n s i t y f o r a l l spans. The e f f e c t of i n t e g r a l 

l e n g t h s c a l e was t e s t e d on the longest span of ' t h i s 

r e c t a n g u l a r shape, and as i t i s shown i n f i g . 27, there 

seems to be no e f f e c t of turbulence l e n g t h s c a l e on the 

f l u c t u a t i n g l i f t c o e f f i c i e n t over the range t e s t e d . Looking 

at the r e s u l t s obtained f o r the base pressure ( f i g . 34), the 

e f f e c t of the gap i s again more present i n the low 

turbulence stream than i n higher t u r b u l e n t flow. I t a l s o 

shows that the end e f f e c t (because of gaps) may be s l i g h t l y 

changed with Re, s i n c e the base pressure c o e f f i c i e n t t rend 

near the gap has changed s l i g h t l y f o r the two d i f f e r e n t Re 

used. T h i s i s perhaps one of the reasons why the values of 

C£, in some cases, are d i f f e r e n t f o r d i f f e r e n t speeds. 

24 
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4.2 RECTANGULAR SECTION SHAPES WITH B/H=.5 

F o r t h i s r e c t a n g u l a r s h a p e a l s o , C£ f o r e a c h s p a n was 

f o u n d a t d i f f e r e n t s p e e d s as was done f o r t h e o t h e r 

r e c t a n g u l a r s e c t i o n s . C£ f o r e a c h ' l i v e ' s e c t i o n a t 

d i f f e r e n t l e v e l s o f f r e e s t r e a m t u r b u l e n c e i n t e n s i t y was 

d e d u c e d a s b e f o r e . F i g s . 35 t o 38 and f i g . 29 show t h a t 

t h e r e i s a l m o s t no s i g n i f i c a n t c h a n g e o f C£ w i t h t u r b u l e n c e 

i n t e n s i t y f o r any of t h e s p a n s t e s t e d . The r e a s o n f o r t h i s 

i s t h a t , a s t h e t u r b u l e n c e i n t e n s i t y i n c r e a s e s , t h e r e a r 

c o r n e r o f t h e body w h i c h was i n t e r f e r i n g w i t h t h e s e p a r a t i n g 

s h e a r l a y e r o f t h e s q u a r e s e c t i o n i n t e r f e r e s i n t h e s e c o n d 

r e c t a n g u l a r s e c t i o n (B/H=.67) a nd h a s v e r y l i t t l e e f f e c t on 

t h e a f t e r b o d y o f t h e r e c t a n g u l a r s e c t i o n w i t h B/H=.5 i n t h e 

r a n g e o f t u r b u l e n c e l e v e l s u s e d . T h e r e f o r e , t h e t u r b u l e n c e 

l e v e l makes v e r y l i t t l e c h a n g e t o t h e v a l u e o f C£. Howe v e r , 

f i g s . 35 t o 38 show t h a t C£ d e c r e a s e s a s t h e a s p e c t r a t i o 

g e t s l a r g e r . A l t h o u g h t h i s t r e n d i s n o t as c l e a r a s i t was 

i n t h e c a s e o f s q u a r e s e c t i o n s , i t d e m o n s t r a t e s a g a i n t h a t 

C£ i s l e s s c o r r e l a t e d f o r l o n g e r b o d i e s t h a n f o r s h o r t e r 

b o d i e s , a s e x p e c t e d . The e f f e c t o f i n t e g r a l l e n g t h s c a l e was 

t e s t e d on t h e l o n g e s t s p a n o f t h i s r e c t a n g u l a r s h a p e , a n d a s 

i s shown i n f i g . 27, t h e r e seems t o be no e s s e n t i a l c h a n g e 

i n C£ w i t h c h a n g e i n l e n g t h s c a l e , o v e r t h e r a n g e t e s t e d . 
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4.3 COMPARISON FOR ALL SECTION SHAPES 

C o m p a r i n g t h e o v e r a l l v a r i a t i o n o f C£ w i t h t u r b u l e n c e 

i n t e n s i t y i n t h e r e c t a n g u l a r s e c t i o n s ( i g n o r i n g t h e end 

e f f e c t s ) , i t c a n be c o n c l u d e d t h a t as t h e t u r b u l e n c e 

i n t e n s i t y i n c r e a s e s , C£ d e c r e a s e s i n s q u a r e s e c t i o n s . F o r 

s e c t i o n s w i t h B/H=.67 t h i s d e c r e a s e o f C£ w i t h t u r b u l e n c e 

i n t e n s i t y i s l o w e r t h a n t h a t f o r t h e s q u a r e s e c t i o n s . F o r 

s e c t i o n s w i t h B/H=.5, C£ f i r s t r i s e s w i t h i n c r e a s e o f 

t u r b u l e n c e i n t e n s i t y a n d t h e n d r o p s a s t h e t u r b u l e n c e 

i n t e n s i t y i s f u r t h e r i n c r e a s e d . 

L o o k i n g a t t h e v a r i a t i o n o f C£ w i t h a s p e c t r a t i o , t h e r e 

i s one t r e n d e v i d e n t i n a l l t h e t h r e e r e c t a n g u l a r s e c t i o n s 

and t h a t i s : C£ a l w a y s d e c r e a s e s w i t h an i n c r e a s e o f a s p e c t 

r a t i o , L/H ( e x c l u d i n g end e f f e c t s ) , no m a t t e r what t h e l e v e l 

o f t h e t u r b u l e n c e i n t e n s i t y i s . I n any l e v e l o f t u r b u l e n c e 

i n t e n s i t y , t h e u n s t e a d y l i f t p e r u n i t l e n g t h d e p e n d s upon 

s e c t i o n s h a p e . 



5 . CLOSING COMMENTS 

5 .1 CONCLUSIONS 

The o b j e c t i v e s of t h i s t e s t were: 

1- To i n v e s t i g a t e t h e e f f e c t of t u r b u l e n c e on t h e 

f l u c t u a t i n g l i f t f o r c e s i n d u c e d by v o r t e x s h e d d i n g on two 

d i m e n s i o n a l r e c t a n g u l a r c y l i n d e r s . 

2- To i n v e s t i g a t e t h e e f f e c t of span or a s p e c t r a t i o (L/H) 

on t h e a v e r a g e d f l u c t u a t i n g l i f t f o r c e s imposed on t h e body. 

The s e c t i o n s h a p e s used a r e o f i m p o r t a n c e b e c a u s e t h e y 

a r e p a r t i c u l a r l y s e n s i t i v e t o f r e e s t r e a m t u r b u l e n c e 

e f f e c t s . L i t e r a t u r e has shown ( s e e e.g. G a r t s h o r e ^ ) t h a t 

r e c t a n g u l a r s e c t i o n s w i t h B/H>1 have a more permanent 

r e a t t a c h m e n t of t h e s e p a r a t i n g s h e a r l a y e r s t o t h e s i d e s o f 

th e body, i n t u r b u l e n t f l o w , and t h e m a g n i t u d e of C£ i s 

r e l a t i v e l y s m a l l . 

F o r s q u a r e s e c t i o n s , an i n c r e a s e i n t u r b u l e n c e 

i n t e n s i t y d e c r e a s e d C £, t h e d e c r e a s e b e i n g g r e a t e r f o r t h e 

s m a l l span models t h a n f o r t h e l a r g e o n e s . F o r s e c t i o n s w i t h 

B/H=.67 t h i s d e c r e a s e was s l o w e r and f o r s e c t i o n s w i t h 

B/H=.5, C£ i n c r e a s e d f i r s t and t h e n d e c r e a s e d v e r y s l i g h t l y . 

C£ m e asured f o r s q u a r e s e c t i o n s u s i n g a r o d as t h e 

t u r b u l e n c e p r o d u c i n g d e v i c e , i n a l l c a s e s , showed a l o w e r 

v a l u e t h a n t h e C£ measured u s i n g a g r i d a s t h e t u r b u l e n c e 

27 
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p r o d u c i n g d e v i c e f o r t h e same i n t e n s i t y . T h i s i s p r o b a b l y 

b e c a u s e o f t h e d i f f e r e n t s t r u c t u r e s of t u r b u l e n c e b e h i n d a 

g r i d a n d a r o d . See f i g . 27 f o r c o m p a r i s o n o f g r i d d a t a and 

r o d d a t a . The e f f e c t o f t u r b u l e n c e s c a l e was c h e c k e d on t h e 

r e c t a n g u l a r s e c t i o n s a n d t h e r e was no c l e a r t r e n d o b s e r v e d 

f o r t h e r a n g e o f t h e s c a l e s u s e d . 

C£, d e c r e a s e d w i t h i n c r e a s i n g span o f t h e ' l i v e ' s e c t i o n 

i n a l l t h e r e c t a n g u l a r s h a p e s e x c e p t f o r t h e s m a l l s p a n t h a t 

was e x t e n s i v e l y a f f e c t e d by end c o n d i t i o n s . End c o n d i t i o n s 

were more o b v i o u s i n t h e s m a l l s p a n s t h a n i n l a r g e o n e s . End 

e f f e c t s were l e s s s i g n i f i c a n t i n h i g h t u r b u l e n c e i n t e n s i t y 

t h a n i n l o w t u r b u l e n c e l e v e l s , an e f f e c t o b s e r v e d on C£, and 

mean b a s e p r e s s u r e s . 

5.2 COMMENTS ON THE EXPERIMENTAL METHOD USED 

The a d v a n t a g e o f u s i n g a s i n g l e beam a s a f o r c e 

t r a n s d u c e r i s t h a t t h e beam i s s i m p l e t o make a nd t o u s e , 

and i s v e r y i n e x p e n s i v e , a v o i d i n g o t h e r f o r c e o r p r e s s u r e 

t r a n s d u c e r s . I t a l s o m e a s u r e s f o r c e d i r e c t l y o v e r a r a n g e o f 

f o r c i n g f r e q u e n c i e s . 

End c o n d i t i o n s p l a y an i m p o r t a n t r o l e i n t h e d a t a , a n d 

gap s must be l e f t a t t h e ends o f t h e l i v e s e c t i o n , 

n e c e s s a r i l y i n t r o d u c i n g c o m p l i c a t e d ( a l t h o u g h r e a l i s t i c ) e n d 

e f f e c t s . I n a d d i t i o n , b e c a u s e o f t h e i n c r e a s i n g mass o f t h e 

l a r g e r s e c t i o n s , t h e r a n g e o f s p e e d s o r f o r c i n g f r e q u e n c i e s 

t h a t c a n be u s e d i s p r o g r e s s i v e l y d e c r e a s e d . V i b r a t i o n 

a m p l i t u d e , a l t h o u g h a l w a y s s m a l l i n t h e s e t e s t s , c o u l d 
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i n t r o d u c e f u r t h e r v a r i a b l e s i n some c a s e s . 

F o r s t r i c t l y 2D t e s t s , two r e l a t e d e f f e c t s must be 

i n v e s t i g a t e d : t h e end p l a t e s u s e d must be shown t o be 

e f f e c t i v e so t h a t 2D f l o w i s p r o d u c e d and t h e end g a p s 

n e c e s s a r i l y p r e s e n t i n t h e p r e s e n t t e s t s must be e l i m i n a t e d . 

F o r t h e f i r s t e f f e c t , end p l a t e s o f v a r i o u s s i z e s n e e d t o be 

s t u d i e d w i t h s e c t i o n s o f e a c h g e o m e t r y , p e r h a p s i n 

c o n j u n c t i o n w i t h v a r i o u s t u r b u l e n c e l e v e l s and v a r i o u s 

b l o c k a g e r a t i o s . End gaps m i g h t be s e a l e d w i t h a s u i t a b l e 

g a s k e t o r s e a l i n g r i n g a n d c o u l d be a v o i d e d a l t o g e t h e r i f 

many p r e s s u r e t a p s were u s e d , p e r h a p s c o n n e c t e d t o s u i t a b l e 

mani f o l d s . 

F i n a l l y , a w i d e r a n g e o f B/H c o u l d be c o n s i d e r e d , a nd 

g r e a t e r a c c u r a c y , t o be more c e r t a i n o f t r e n d s , w o u l d 

c e r t a i n l y be d e s i r e a b l e . 
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Author Method Model;B/H r .m.s . 11ft coef . u'/U L x/H or L x/2R L ive sec t ion span 
L/H or L/2R 

Blockage 

Vickery 
Averaged 
& extrap
olated to 
loca l 

1 1.32 
.68 

low 
10% 1.33 

1/2 7.14% 

Lee Local 1 1.22 
1.00 
.95 
.95 
.58 

low 
4.4% 
6.5% 
8% 
12.55 

.97 
1.14 
.73 
.94 

3.6% 

Wilkinson Local 1 1.35 low — 

Gartshore Local 2 
1 
1 
1 
.67 
.50 

.41 
1.10 
.92 
.70 

1.74 
1.76 

low 
low 
6% 
10% 
low 
low 

.2<L/rK2 

.2<L*/H<2 

8.3% 

Bearman & 
Obasaju 

Local 1 1.20 low 5.5% 

Pocha Local 1 1.41 low 
So & 
Savkar Averaged c i r c u l a r 4*10 4<R<4*10 5 

.25 Ato 1.42 . 
3.8*10^<k<4*10:> 

.20 to e1.35 
3.5*104<Re<3.8*105 

.1 to .75 c 

3.5*104<Re<3.8*105 

.08 to .75 
3.2*104<Re<5*105 

.1 to 1.05 

10% 

10% 

10% 

10% 

low 

.16 to 1.3 
1 

2 

3 

5.3 

3 

15.9% 

T a b l e 1 . U n s t e a d y l i f t c o e f f i c i e n t s r e p o r t e d i n t h e l i t e r a t u r e 



B/H=l B/H=.67 B/H=.50 

L o 
A/H 

C L L o 
A/H A/H A /H u 7 U 

P
re

s
e
n

t 
R

e
s
u

lt
s 

1.4 

1.3 

1.2 

.8 

4.8 

8.0 

9.6 

14.4 

.08 

.040 

.032 

<.008 

2.4 

2.2 

2.1 

1.6 

6.4 

4.8 

6.4 

6.4 

.08 

.024 

.008 

1.6 

2.0 

1.6 

1.5 

4.8 

3.2 

6.4 

3.2 

.08 

>.032 
<.13 

.008 

.002 

.04 

.06 

.10 

Vickery 
(1967) 

1.32 
.68 

5.6 
3.3 

— 0 
.10 

T a b l e 2. V a l u e s o f X / H , C £ Q A N D A / H f o r r e c t a n g u l a r s e c t i o n s 



Figure 1: Tunnel o u t l i n e 
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F i g u r e 2: D e c a y o f l o n g i t u d i n a l i n t e n s i t y o f t u r b u l e n c e 



GROWTH OF THE LONGITUDINAL MACRO-SCALE OF TURBULENCE 

Scatter limit for Van 

der Heqoe Zllnen data 
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Figure 3: Growth of l o n g i t u d i n a l s c a l e of t u r b u l e n c e w i t h 

downstream d i s t a n c e 



Figure 4 : Sketch of a l i v e s e c t i o n 
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Figure 5: Sketch of the loa d c e l l beam 



wind tunnel roof 

brackets to support 
the damiy pieces 

end plate 

h o l l o * duaay 
end section 

Screws 
fastening 
the ' l i v e ' 
section to the 
be as 

• l i r e ' measuring 
seetlon 
fastsnei to 
the load c e l l bean 

021n (.5aa) 

h o l l o * du^ay 
end section 

end plate 

Figure 6: Sketch of a t y p i c a l model i n s i d e the 

wind tunnel 



42 

T 
1 .Jin 

•1.5in-» 

— 4 . 5 i n 
9 i n 
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Spanwise distribution of Cp along the centreline of base. 
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Figure 8:Base pressure c o e f f i c i n t s for square c y l i n d e r s i n 
smooth and turbulent flows. 



CL' at different wind speedsl for a square cylinder of 3in. span 
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Figure 9: r . m . s . l i f t c o e f f i c i e n t s a t d i f f e r e n t w i n d s p e e d s 



80 T A square saction with L/H=16 exposed to a flow of u'/U=0 
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Figure 10: A t y p i c a l spectrum of the f n and f y 
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F i g u r e 11: C £ a s a f u n c t i o n o f a s p e c t r a t i o f o r s q u a r e c y l i n d e r s 

u ' / L M ) ( w i t h a n d w i t h o u t e n d p l a t e s ) 
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Figure 12: C£ as a function of aspect r a t i o for square cylinders at 
u'/U=4% (with and without end plates) 
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Figure 13: c£ as a f u n c t i o n of a s p e c t r a t i o f o r square c y l i n d e r s a t 
u'/U=6% ( w i t h and w i t h o u t end p l a t e s ) 



Figure 14: C£ as a f u n c t i o n of a s p e c t r a t i o f o r square c y l i n d e r s a t 
U ' / U=10% ( w i t h and w i t h o u t end p l a t e s ) 



Figure 15: C£ f o r square c y l i n d e r s at u'/U^O along 

with the a n a l y t i c a l models 



51 

Figure 16: C£ as a f u n c t i o n of i n t e n s i t y f o r a square 
s e c t i o n w i t h L/H=1 
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Figure 17: c£ as a f u n c t i o n of i n t e n s i t y f o r a square 
s e c t i o n w i t h L/H=2 
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Effect of turbulence intensify on the variation of CL' for a square section with L/H=4 
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Figure 18:C£ as a f u n c t i o n of i n t e n s i t y f o r a square 

s e c t i o n w i t h L/H=4 
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Effect of turbulence intensity on the variation of CL' for a square section with L/H=8 
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Figure 19:c£ as a f u n c t i o n of i n t e n s i t y f o r a square 

s e c t i o n w i t h L/H=8 
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Figure 20: C£ as a f u n c t i o n of i n t e n s i t y f o r a square 

s e c t i o n with L/H=16 
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Base pressure measured in the mid span of a square cylinder 
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Figure 21: V a r i a t i o n of C£ and C p with t u r b u l e n c e i n t e n s i t y . 
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Figure 22: Cf, as a f u n c t i o n of u'/TJ f o r a square s e c t i o n 

with L/H=2 (rod turbulence) 



Figure 23:C£ as a fu n c t i o n of u'/U f o r a square s e c t i o n 
with L/H=4 (rod turbulence) 
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Figure 24: Cf, as a f u n c t i o n of u'/U f o r a square s e c t i o n 
w i t h L/H=8 ( r o d t u r b u l e n c e ) 
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Effect of turbulence intensity on the variation of CL' for square sections using rod as the turbutent generating device 
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Figure 25:C£ as a fu n c t i o n of u'/U for a square s e c t i o n 
with L/H=16 (rod turbulence) 
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CL' for a 3in. span square cylinder without end plates 
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Effect of turbulence scale on CU on sections with L/H=16 
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Figure 27: E f f e c t of i n t e g r a l length s c a l e on Cf 
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Spanwise distribution of Cp along the centreline of base. 
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Local fluctuating lift coefficient as a function of u'/U 
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Figure 29: C£ 0 as a fu n c t i o n of u'/U 
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Effect of active span on the variation of CU for rectangular sections with B/H=.67 
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Figure 30:C£ as a fu n c t i o n of aspect r a t i o f o r c y l i n d e r s 
with B/H=.67 at u'/U-O 



Figure 31: C£ as a f u n c t i o n of a s p e c t r a t i o f o r c y l i n d e r s 

w i t h B/H=.67 a t u'/U=4% 



6 7 

Figure 32: C£ as a f u n c t i o n of aspect r a t i o f o r c y l i n d e r s 
with B/H=.67 at u'/U=6% 
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Effect of active span on the variation of CL' for rectangular sections with B/rt=.67 
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Figure 3 3 : C£ as a f u n c t i o n of aspect r a t i o f o r c y l i n d e r s 

with B / H = . 6 7 at U ' / U = 1 0 % 
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Spanwise distribution of Cp base on a section with B/H=.67 
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Figure 35: c £ as a f u n c t i o n of a spect r a t i o fo r c y l i n d e r s 

w i t h B/H=.50 at u ' / lM ) 



Figure 36: c£ as a functi o n of aspect r a t i o f or c y l i n d e r s 

with B/H-.50 at u'/U=4% 
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Effect of active span on the variation of CL' for rectangular sections with B/H=.50 
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Figure 37: C£ as a function of aspect r a t i o f o r c y l i n d e r s 
with B/H=.50 at u'/t>6% 
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Effect of active span on the variation of CL' for rectangular sections with B/H=.50 
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APPENDIX A 

a) Hot Wire C a l i b r a t i o n : 
The c a l i b r a t i o n f o r the hot wire was found to be 

DC(volts)=K«U(m/s) where K=.49 for an a i r temperature of 82 
degrees F, which was h e l d approximately constant d u r i n g the 
hot wire t e s t . The f o l l o w i n g f i g u r e shows the c a l i b r a t i o n 
curve f o r the hot wire. 

20T 

^15+ 

10-

0 1 
» 6 
v (Volts) 

t i i 
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b)Lenqth S c a l e : 
A t y p i c a l auto c o r r e l a t i o n curve i s shown below. 

I n t e g r a l time s c a l e T=f°° R u ( r ) d r was found, measuring the 
o 

area under the curve. Using T a y l o r ' s h y p o t h e s i s , i n t e g r a l 
l e n g t h s c a l e L x was deduced: L X=U«T 

0 10 20 30 40 50 
m S e C time 
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c ) F i l t e r c a l i b r a t i o n : 
The f i l t e r c a l i b r a t i o n curve was o b t a i n e d using a 

s i g n a l generator. The amplitude ( i . e . v o l t a g e ) of the 
generated s i n u s o i d a l s i g n a l was measured by a true-r.m.s. 
voltmeter. Then, t h i s s i g n a l having a c e r t a i n frequency, was 
fed i n t o the a m p l i f i e r , then i n t o the f i l t e r with a c e r t a i n 
low pass s e t t i n g and f i n a l l y i n t o the same true-r.m.s. 
v o l t m e t e r . The f o l l o w i n g c a l i b r a t i o n curves are obtained by 
v a r y i n g the s i g n a l frequency f o r c e r t a i n f i l t e r low pass 
s e t t i n g s . 



APPENDIX B 

Methods of measuring r.m.s. f l u c t u a t i n g l i f t c o e f f i c i e n t by  
us i n g a simple beam as a load c e l l 

Consider a beam clamped at both ends exposed to a 
co n c e n t r a t e d load at i t s cent r e span v a r y i n g s i n u o s o i d a l l y 
with time. The equation f o r one degree of freedom motion can 
be w r i t t e n as : 

mx+cx + k x = F ( t ) = F 1 S i n ( u j l t ) + F 2 S i n ( o j 2 t ) + ... 

For one s i n u s o i d a l l o a d , the equation of motion i s : 
mx+cx=F(t)=F 1Sin(cj 1t) 

x+(c/m)x+(k/m)x= (F 1/m)Sinoj 11 

D e f i n i n g /3=c/( 4mk) 1 / 2 as the f r a c t i o n of c r i t i c a l damping 
and ojn= (k/m) 1/2 as the n a t u r a l frequency, then the equation 
can be w r i t t e n as: 

x + 2/36J nx+cjpX= (F , /rrOSinw, t 

The s o l u t i o n to the above equation i s : 

x ( t ) = (F 1/k)H(cj, ) C o s ( w 1 t - 0 1 ) 

where H(co) i s the mechanical admittance and i s : 

H(co) = {[ 1 - (co/wn ) 2 ] 2 + ( 2/3w/wn ) 2 } ' 1 / 2 

and <{> i s the phase angle and i s : 

tf>=tan-1 {20(u/u n)/[ 1 - ( o / o J n ) 2 ] } 

77 
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The s q u a r e of t h e s o l u t i o n f u n c t i o n i s : 

x 2 ( t ) = [ (F , /k)H(to, ) C o s ( w 1 t - 0 1 ) ] 2 

Time a v e r a g i n g : 

J2= (F^/k 2)H 2(w) 

where F 2 = F 2 S i n 2 (cot) =F 2 / 2 

F o r a v a r i e t y o f l o a d i n g f r e q u e n c i e s , t h i s r e s u l t may be 
e x p r e s s e d i n t h e form of s p e c t r a , d e f i n e d a s : 

x T=/ 0 0S x x ( c j ) d a ; and F 2 = J"°°SFF (w)dcj 
0 0 

I n b o t h c a s e s t h e s p e c t r a r e p r e s e n t s t h e c o n t r i b u t i o n t o x 2 

o r F 2 from f r e q u e n c i e s n e a r co. Hence 

S x x ( w ) = ( 1/k 2 ) H 2 ( c o ) S F F ( w ) 

and P ' = / 0 0 ( 1 / k 2 ) H 2 ( c j ) S F F ( c j ) d ( c j ) 
0 

I f S F F ( c o ) i s narrow and i s i n a range n o t c l o s e t o con t h e n 
H(co) o v e r t h i s r ange may be c o n s i d e r e d a p p r o x i m a t e l y 
c o n s t a n t and e q u a l t o H(co v) where S F F ( w v ) i s t h e peak of t h e 
f o r c e s p e c t r u m ( i . e . t h e f r e q u e n c y u>v i s t h e v o r t e x s h e d d i n g 
f r e q u e n c y ) . W i t h t h i s a s s u m p t i o n : 

v/x2 = ( l / k ) H ( w v ) ,/F 2 
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W r i t i n g \/F2 in terms of an r.m.s. l i f t c o e f f i c i e n t C^, where 
»/F=f=l/2pU2LBCr' then: 

• x 2/B 
H(aj v) l/2pU 2L 

T h i s equation was used to c a l c u l a t e C£ from measured 
values of i/x 2, f v , U, L and B with k known from c a l i b r a t i o n . 



APPENDIX C 

E f f e c t of aspect r a t i o on the f l u c t u a t i n g l i f t c o e f f i c i e n t s , 
a ) - Model with no end e f f e c t s : 

£7 
By d e f i n i t i o n : H 

„L ,L: 

21. 

A 

F 2=; F,dx,/ F 2 d x 2 = ; / F , F 2 d x 2 d X l 

° 0 0 0 0 

where F| i s the mean square f o r c e on the e n t i r e body where 
as F, and F 2 are l o c a l f o r c e s per u n i t l e n g t h . 

D e f i n i n g the f o r c e c o r r e l a t i o n c o e f f i c i e n t as: 

R F F = FT 
where Fg= Ff= F2. 

then 
.L „L F|=Fo / / R F F d ( x 1 - x 2 ) d x , d x : 

o o 

C o n s i d e r i n g a simple form f o r R F F as R F F = exp(-A|x,-x 2|) and 
s u b s t i t u t i n g i n equation f o r F§ and i n t e g r a t i n g , while 
knowing t h a t S^FF d(x,-x 2)=X and )/F$ =C£ l/2pU 2LB 
and F|"= C £ O 1?2pU 2B we get: 
C£=C£ o/2X/L[L/X -1+exp(-L/X)] 1/ 2 

In t h i s e x p r e s s i o n , 
C L ~+ C L 0

 i f
 L A « 1 

and C£ C £ o ( 2 X / L ) 1 / 2 i f L/X » 1 

80 
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b ) - Model with end e f f e c t s : 

Assume A i s the le n g t h r e p r e s e n t i n g the l o s s of l i f t 
due to each end. Then: 

F|= F f / L A ; L A R F F ( x , - x 2 ) d x , d x 2 

A A 

Making the same assumptions as i n p a r t (a) and c a r r y i n g out 
the i n t e g r a t i o n s we f i n d : 

C L = C L O I / 2 X / L [ L 'A -1+exp(-L'/X) ] 1 / 2 where L'=L - 2 A 


