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ABSTRACT 

Dynamic wind t u n n e l t e s t s were made on p l u n g i n g r e c t a n g u l a r 2:1 

and l / 2 : 1 c y l i n d e r s and the r e s u l t s were compared w i t h p r e d i c t i o n s 

of a q u a s i - s t e a d y t h e o r y . The v e l o c i t y - a m p l i t u d e and time - a m p l i t u d e 

curves f o r those " c y l i n d e r s which o s c i l l a t e d were r e c o r d e d . Dynamic 

t e s t s were a l s o performed on a 2:1 r e c t a n g u l a r c y l i n d e r w i t h a 10" 

s p l i t t e r p l a t e mounted on the wake c e n t e r l i n e t o prevent the v o r t e x 

e x c i t a t i o n . D i r e c t s t a t i c f o r c e measurements f o r the Reynolds number 
4 4 

range 2 x 10 ̂ _ R ^ 7 x 10 were made f o r the r e c t a n g u l a r 2:1 and 1/2:1 

c y l i n d e r s and the "D" s e c t i o n , u s i n g an A e r o l a b p y r a m i d a l s t r a i n gauge 

ba l a n c e system. The q u a s i - s t e a d y t h e o r y used assumes t h a t the i n s t a n 

taneous aerodynamic f o r c e s a c t i n g on the o s c i l l a t i n g c y l i n d e r may be 

approximated by the s t a t i c f o r c e s on the c y l i n d e r at an angle of a t t a c k 

e q u a l t o the apparent angle of a t t a c k of the o s c i l l a t i n g c y l i n d e r a t 

t h a t i n s t a n t . The above theo r y was a l s o extended by i n c l u d i n g an ex

p r e s s i o n f o r the v o r t e x e x c i t a t i o n . 

The r e c t a n g u l a r 2:1 c y l i n d e r f o r v a l u e s of c r i t i c a l reduced wind 

speed u"o g r e a t e r than 10 o s c i l l a t e d i n agreement w i t h the p r e d i c t i o n s 

of the q u a s i - s t e a d y approach. The r e c t a n g u l a r 1/2:1 c y l i n d e r was 

found t o be a "hard" o s c i l l a t o r as p r e d i c t e d by the q u a s i - s t e a d y t h e o r y . 

By the s o l u t i o n g i v e n by the q u a s i - s t e a d y t h e o r y the r e c t a n g u l a r 2:1 

c y l i n d e r which e x h i b i t s the g a l l o p i n g phenomenon i n a i r f l o w w i l l not 

g a l l o p under s i m i l a r c o n d i t i o n s i n water f l o w . In the Reynolds number 

range c o n s i d e r e d the s t a t i c f o r c e s on the "D" S e c t i o n were extr e m e l y 

Reynolds number dependent i n the range of the angle of a t t a c k 36°<^<i(o0o. 
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NOMENCLATURE 

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

h = L a t e r a l dimension of c y l i n d e r s e c t i o n 

b = Streamwise dimension of c y l i n d e r s e c t i o n 

J@ = Length of c y l i n d e r 

m = Mass of o s c i l l a t i n g system 

r = C o e f f i c i e n t of v i s c o u s damping of o s c i l l a t i n g system 

k = S p r i n g c o n s t a n t 
1/2 

to = (k/m) = C i r c u l a r f r e quency of f r e e undamped o s c i l l a t i n g system 
V = A i r v e l o c i t y 

V ., = A i r v e l o c i t y r e l a t i v e t o o s c i l l a t i n g c y l i n d e r r e l 

a = Angle of a t t a c k of r e l a t i v e wind t o c y l i n d e r s e c t i o n 

= tan^Cy/v) 

• (O = A i r d e n s i t y 

p = P r e s s u r e 

L = Aerodynamic l i f t on c y l i n d e r 

D = Aerodynamic drag on c y l i n d e r 

= L a t e r a l aerodynamic f o r c e on c y l i n d e r 

C, 

°D 

C 

L 
(<?/2)v2 r e lh£ 

. D 

(<P/2)V2
re]h£ 

F 
Y  

p y ~ (€>/2)V 2h ' i 

U = V/(coh) = Di m e n s i o n l e s s f l o w v e l o c i t y 

Y = y/h = Di m e n s i o n l e s s d i s p l a c e m e n t 

Y = Di m e n s i o n l e s s o s c i l l a t i o n a m p l i t u d e 



ix 

8 = r/(2mio) = D i m e n s i o n l e s s damping c o e f f i c i e n t 

n _ _ D i m e n s i o n l e s s mass parameter 
2m 

U = -̂4 = C r i t i c a l a i r v e l o c i t y o nA 

t = Time 

= wt = D i m e n s i o n l e s s time 

( ^ = D e r i v a t i v e v/ith time 

y = K i n e m a t i c v i s c o s i t y 
Vh 

R̂ . = - - j - = Reynolds Number 

w = Fundamental c i r c u l a r S t r o u h a l frequency 

S = fh/V = . " = S t r o u h a l number 2itv 
K i = V W 

A.R. = b/h = Aspect r a t i o 

A,B,C,D,B,F, = C o e f f i c i e n t s of p o l y n o m i a l a p p r o x i m a t i o n t o C Fy 
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I . INTRODUCTION 

Thi s p r o j e c t was p a r t of a c o n t i n u i n g programme s t u d y i n g the 

a e r o e l a s t i c i n s t a b i l i t y of b l u f f c y l i n d e r s . I t i s w e l l known t h a t b l u f f 

c y l i n d e r s e x h i b i t v a r i o u s forms of v i b r a t i o n when e l a s t i c a l l y mounted 

i n a f l o w of a i r . B est known, perhaps, i s the v o r t e x - e x c i t e d o s c i l l a 

t i o n , i n which the c y l i n d e r v i b r a t e s i n a p a r t i c u l a r mode over a s m a l l 

d i s c r e t e range of wind speeds c o n t a i n i n g t h a t a t which the fundamental 

frequency of the Karman V o r t e x s t r e e t formed i n the wake c o i n c i d e s 

w i t h the n a t u r a l frequency of the mode. Some c y l i n d e r s , however, w i l l 

b e g i n t o o s c i l l a t e under c o n d i t i o n s i n which the frequency of v o r t e x 

shedding i s f a r removed from any e l a s t i c n a t u r a l frequency of the c y l i n 

d e r . These b l u f f c y l i n d e r s are termed a e r o d y n a m i c a l l y u n s t a b l e and ex

h i b i t g a l l o p i n g . 

Some g a l l o p i n g i n s t a b i l i t i e s r e q u i r e combined motion of the 

c y l i n d e r s e c t i o n i n two or t h r e e degrees of freedom, the i n d i v i d u a l 

degrees of freedom b e i n g s t a b l e . Many of the observed cases of g a l l o p 

i n g , however, have been pre d o m i n a n t l y i n one degree of freedom of the 

c y l i n d e r s e c t i o n , l a t e r a l t r a n s l a t i o n s i n a h o r i z o n t a l wind normal t o . 

the c y l i n d e r a x i s . Because of i t s r e l a t i v e s i m p l i c i t y and i m p o r t a n c e , 

t h i s form of g a l l o p i n g has been s t u d i e d i n t h i s p r o j e c t . 

I n an e a r l i e r phase of the programme, Brooks"*" i n v e s t i g a t e d the ( 

i n s t a b i l i t y of b l u f f bodies of r e c t a n g u l a r s e c t i o n and the 'D' s e c t i o n . 

He showed t h a t f o r p l u n g i n g o s c i l l a t i o n the D - s e c t i o n and the s h o r t 

r e c t a n g l e s are s t a b l e a t r e s t . The square s e c t i o n , however, d i d show 

s t r o n g i n s t a b i l i t y . His t h e s i s a l s o c o n t a i n s a f a i r l y complete h i s 

t o r i c a l background on the problem of a e r o - e l a s t i c i n s t a b i l i t y of b l u f f 
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2 c y l i n d e r s . Smith w i t h more s o p h i s t i c a t e d and a c c u r a t e i n s t r u m e n t a 

t i o n extended Brooks' i n v e s t i g a t i o n of r e c t a n g u l a r s e c t i o n s . H i s 

t h e s i s a l s o i n c l u d e s an e x t e n s i v e i n v e s t i g a t i o n i n t o the u n s t a b l e 
3 

o s c i l l a t i o n c h a r a c t e r i s t i c s of the square s e c t i o n , P a r k i n s o n showed 

t h a t t h i s o s c i l l a t i o n can be a n a l y z e d as an a e r o e l a s t i c n o n - l i n e a r 

o s c i l l a t o r u s i n g a q u a s i - s t e a d y t h e o r y ; however, a s i m i l a r i n v e s t i 

g a t i o n f o r the 2:1 r e c t a n g l e d i d not show any agreement w i t h Smith's 

e x p e r i m e n t a l v a l u e s . 

The p r e s e n t i n v e s t i g a t i o n was undertaken t o f i n d the cause of 

such d i s c r e p a n c y . E x t e n s i v e f o r c e measurements were a l s o t a k e n on 

the 1/2:1 r e c t a n g l e and the "D" s e c t i o n . An attempt was made t o 

f i n d the e x p e r i m e n t a l "hard" o s c i l l a t i o n c h a r a c t e r i s t i c s of the 

1/2:1 r e c t a n g l e , t o check the t h e o r e t i c a l v a l u e p r e d i c t e d by u s i n g the 

q u a s i - s t e a d y t h e o r y . F i n a l l y the e f f e c t of i n c l u d i n g the response f u n c t i o n , 

due t o the f o r m a t i o n of wake v o r t i c e s , on the d i f f e r e n t i a l e q u a t i o n 

g i v e n by the q u a s i - s t e a d y t h e o r y was i n v e s t i g a t e d . 



3 

II. THEORY 

2.1 O u t l i n e of Theory 

A q u a s i - s t e a d y t h e o r y i s used f o r p r e d i c t i n g the model o s c i l l a 

t i o n . T h i s t h e o r y assumes t h a t the i n s t a n t a n e o u s aerodynamic f o r c e s 

a c t i n g on the o s c i l l a t i n g c y l i n d e r may be approximated by the f o r c e s 

on the s t a t i o n a r y c y l i n d e r a t an angle of a t t a c k e q u a l t o the apparent 

angle of a t t a c k of the o s c i l l a t i n g c y l i n d e r a t t h a t i n s t a n t . For a 
4 

model w i t h square c r o s s - s e c t i o n , P a r k i n s o n and Smith showed good 

agreement of e x p e r i m e n t a l r e s u l t s w i t h the q u a s i - s t e a d y t h e o r y . A 

s i m p l i f i e d model of v o r t e x e x c i t a t i o n i s a l s o i n c l u d e d i n the f o l l o w 

i n g a n a l y s i s . 

The q u a s i - s t e a d y a n a l y s i s w i t h o u t a v o r t e x e x c i t a t i o n term l e a d s 

t o a q u a s i - l i n e a r d i f f e r e n t i a l e q u a t i o n , of the autonomous ty p e , of 

the form 

Y + Y = jx t (Y) (2.1) 

f o r w h i c h y i « l 

When v o r t e x e x c i t a t i o n i s i n c l u d e d the d i f f e r e n t i a l e q u a t i o n 

becomes V + Y g ( f , t ) (2.2) 

and a g a i n 

The d e r i v a t i o n of equations ( 2 . l ) and (2.2) i s shown i n the appendix. 

B o t h these e q u a t i o n s are s o l v e d u s i n g the quasi-harmonic theory of 

K r y l o f f and B o g o l i u b o f f . The f u n c t i o n s f(t) and g(T, Y) were determined 
by a p p r o x i m a t i n g the l a t e r a l f o r c e c o e f f i c i e n t (C-, ) u s i n g Chebyshev 

6 

p o l y n o m i a l s . F o r the models c o n s i d e r e d the r e s p e c t i v e c o e f f i c i e n t s 

of the p o l y n o m i a l are g i v e n i n the appendix. 



2.2 D i f f e r e n t i a l E q u a t i o n of F i r s t K i n d 

C o n s i d e r 

Y + Y = yl (if) 

when ji = 0, the s o l u t i o n i s of the form 

Y = Y s i n (Z+ ft) (2.3) 

Y = Y cos (T+ ft) (2.4) 

For yi«l K r y l o f f and B o g o l i u b o f f show t h a t w i t h i n a f i r s t 

a p p r o x i m a t i o n : 

dY 
| p ^ f (Y co S ( r + * ) ) cos (r+ §) (2 . 5 ) 

| | = - ^ f (Y cos (r+ ft)) s i n (r+ ft) (2.6) 

S i n c e dY , dft , are p r o p o r t i o n a l t o the s m a l l parameter u, Y and ft 
dT d r 

w i l l be s l o w l y v a r y i n g f u n c t i o n s of time d u r i n g one p e r i o d T. For . 

the f i r s t a p p r o x i m a t i o n Y and ft can be c o n s i d e r e d c o n s t a n t d u r i n g 

one p e r i o d . Let^=2T+ ft 

Expanding f (Y cosu/) cosy, f (Y c o s y ) s i n l f i n F o u r i e r s e r i e s , we have 

f ( Y c o s ^ c o s ^ / c : K (Y) + 2 (K (Y)cos ni«/) 
n>-0 n 

f ( Y c o s y ) s i n i / = ^ Q ( Q Q ( Y ) s i n n^) where 

2% 

(Y) = 1/2% J f ( Y cos<//) c o s ^ d ^ (2.7) a 

and the c o e f f i c i e n t s K and Q are c a l c u l a t e d i n the u s u a l way. 
n n J 

dft JU „ . _ . 

n>0 
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I n t e g r a t i n g these e x p r e s s i o n s i n the i n t e r v a l t , t + T and con

s i d e r i n g Y and 4> t o be c o n s t a n t s w i t h i n the i n t e r v a l , we a r r i v e a t 

the e q u a t i o n s of the f i r s t a p p r o x i m a t i o n : 

§ = ^ 0 ( Y ) (2 . 8 ) 

d£ = 0 (2.9) 
6Z 

These e q u a t i o n s can a l s o be w r i t t e n as dY = - £ Y 
dT 

2rc 
where 6 = - l > U f f ( Y COS (f) c o s ^ d ^ 

2nY J 
(2.10) 

and 
2 1 1 

~ = 1 - •^L- f f ( Y cos^) siny,d<f = 1 ( 2 . 1 l ) 
C 2uY Jn 0 

d. Y 

The s t a t i o n a r y o s c i l l a t i o n s correspond t o = 0, and are t h e r e 

f o r e g i v e n by Y = 0, and the r e a l p o s i t i v e r o o t s of the e q u a t i o n 

6 = 0 . I n the phase p l a n e , Y = 0, the i n i t i a l p o s i t i o n of e q u i l i 

brium, i s a s i n g u l a r p o i n t a t the o r i g i n known as a f o c u s . The p o s i t i v e 

r o o t s Y_̂ . of e q u a t i o n S = 0 d e f i n e t r a j e c t o r i e s i n the phase plane 

known as l i m i t c y c l e s . The s t a b i l i t y of e q u i l i b r i u m and of l i m i t 

c y c l e s i s determined by i n v e s t i g a t i n g the tendency of the o s c i l l a t o r 

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

placement . 

The l i m i t c y c l e i s s t a b l e i f 
| § / ^ 0 (2.12) 
3 Y y = Y. 

l 

ano u n s t a b l e i f 

< 0 (2.13) 
• C 1 Y = Y. 

l 
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The model w i l l not o s c i l l a t e from r e s t i f 

6 ( 0 ) > 0 (2.14) 

However, s e l f - e x c i t a t i o n w i l l take p l a c e i f 

S ( 0 ) < 0 (2.15) 
dY dft The e v a l u a t i o n s of — and — terms f o r r e c t a n g u l a r model cross-ac a c 

s e c t i o n s (b/h = 2, b/h = 1/2) are shown i n the appendix. 

2.3 D i f f e r e n t i a l E q u a t i o n of Second K i n d 

C o n s i d e r 

Y + Y = juf (Y) + Y 1 s i n ( I T J + *.,_) (2.16) 

where K^ = co^/w and ft^ c o n s t a n t 

We d i s t i n g u i s h two cases 

1. K ^ l ( i . e . ) .Non-linear non-resonance 

2. K^£=l(i.e.) N o n - l i n e a r e x t e r n a l resonance 

2.3.1 Non-Linear Non Resonance 

Let Y = x + s i n ( K ^ + ft-^ 
Y l 

where = 
1 1 ~ K 1 2 

S u b s t i t u t i n g these i n e q u a t i o n (2.16), we get 

x + x = y£ (k + ^ ^ c o s O ^ + ft^) ( i . e . ) x + x = ^ig ( t,x) 

As b e f o r e when y. = 0 x = Y s i n ( f + ft) = Y s i n t j / 

x = Y cos (2T+ ft) = Y c o s y 

S i n c e f ( Y ) i s a p o l y n o m i a l i n Y and Y = i + a ^ cos(K^r+ $ 1), then 

g(T,x) i s a l s o a p o l y n o m i a l i n x. 



Hence we can w r i t e 
M 

g(r , i) = f Q ( i ) + f n ( i ) cos n K T 
n=l 

As b e f o r e from K r y l o f f and B o g o l i u b o f f , we have 

dY T M 1 
— = | f o ( Y costf) + ^ ( f n ( Y cos^/) cos n ^ f )J c o s t / 

n=l 

— * f [*0(* c o s y ) + ^ f n ( f C 0 S ^ ) C 0 S n K i ^ ] s i n . r i s 

n=l 

The F o u r i e r expansions of f , f are 
o' n 

M' 

f (Y cos <f) = " 2 (g K(Y.)cos K ^ ) 

M' 
f n ( Y cos fa) = ̂  (g „(Y)cos Kqs) 

n T iq£o n ' K 

F o r the f i r s t a p p r o x i m a t i o n by the method of K r y l o f f and B o g o l i u b o f f , 

we get 
dY = ju _1_ / f (Y COS US) cosVdCi' (2.18) 
&Z ' 2n JQ ° 
d 2 ii 

#j>* - ^ f ~ ^ f o ( * C 0 S r - ) s i n W = 0 (2« 19) 

The e x p r e s s i o n f o r p a r t i c u l a r cases i s g i v e n i n the appendix. 

2.3.2 Non-Linear E x t e r n a l Resonance 

For 1 

The e q u a t i o n (2.16) can be w r i t t e n i n the form 

Y + Y = ^ ( K ^ Y ) 

By K r y l o f f and B o g o l i u b o f f the g e n e r a t i n g s o l u t i o n i s 

Y = Y s i n (Kr + *) 



Let K t + ft = (f 

Y = Y s i n l / 

R e p l a c i n g the n o n - l i n e a r e x c i t a t i o n f o r c e e = yaF(K.j£ ? Y ) by the 

e q u i v a l e n t l i n e a r one 

e = - X Y - K Y the D.E. becomes Y + ^ Y + KY = 0 

F o r the f i r s t a p p r o x i m a t i o n the e q u i v a l e n t parameter i s obtained 

by e q u a t i n g the fundamental -harmonic of e = ^ A F ( K ^ £ , Y K ^ cos (K^jT+ft)) 

t o the l i n e a r i z e d form 

e = -~SY K 1 c o s ( K ^ + ft) -KY s i n ( E t + ft), where 

2% 
i 

uYK. 
A = - — ^ / ft + *, ), K Y cos Q/)cos ( f d<(/ 

1YK 1 y 
0 

TtY 
=• ^ * F ((V- $ + *]_)> c o s t ^ ) s i n y d q / 

0 

The K r y l o f f and B o g o l i u b o f f f i r s t a p p r o x i m a t i o n s o l u t i o n f o r 

t h i s l i n e a r i z e d e q u a t i o n i s d e r i v e d i n the appendix. 
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I I I . APPARATUS AND INSTRUMENTATION 

3.1 General O u t l i n e 

Prom p r e v i o u s experiments on a e r o e l a s t i c i n s t a b i l i t y of b l u f f 

b o d i e s , i n f o r m a t i o n was a v a i l a b l e on some of the problems t o be en-
2 

countered. Most of the equipment designed by Smith was t e s t e d and 

found t o be s a t i s f a c t o r y f o r use i n thiB p r o j e c t . 

Force measurements on models were taken on the A e r o l a b s t r a i n 

gauge b a l a n c e . A s p e c i a l b r a c k e t was made f o r mounting the model on 

the t u r n t a b l e of the b a l a n c e . 

S i n c e Smith's displacement t r a n s d u c e r needed t o be c a l i b r a t e d f o r 

d i f f e r e n t ranges of amplitude a s c a l e d i v i d e d i n t o 1/20 of an i n c h 

i n c r e m e n t s was mounted c l o s e t o the s h a f t on the bottom f l o o r of the 

t u n n e l . A D.C. d i f f e r e n t i a l a m p l i f i e r w i t h a g a i n of 60 was c o n s t r u c t e d 

f o r a m p l i f y i n g s m a l l amplitude d i s p l a c e m e n t s encountered i n the v o r t e x 

e x c i t e d r e g i o n . The a m p l i f i e r output was re c o r d e d on a galvanometer-

type c h a r t r e c o r d e r . 

3.2 Wind Tunnel 

A l l t e s t s were performed i n the U n i v e r s i t y of B r i t i s h Columbia 

low speed, low t u r b u l e n c e , r e t u r n - t y p e t u n n e l i n which v e l o c i t y can be 

v a r i e d between 3 f e e t per second and 150 f e e t per second w i t h a t u r b u 

l e n c e l e v e l of l e s s than 0.1%. The f l o w i s smoothed by three screens 

and e n t e r s the t e s t s e c t i o n through a 7:1 c o n t r a c t i o n cone which a c c e l 

e r a t e s the f l o w and improves i t s u n i f o r m i t y . The t e s t s e c t i o n i s 9 f e e t 

l o n g , and has a c r o s s s e c t i o n 36 i n c h e s by 27 i n c h e s , w i t h 45° f i l l e t s . 

The f i l l e t s decrease from 6.0 i n c h e s a t the upstream end t o 4.75 i n c h e s 

a t the downstream end t o o f f s e t the e f f e c t of boundary l a y e r growth. 
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The t u n n e l i s powered by a 15 horsepower 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 - f l o w f a n w i t h a Ward 1Leonard system of 

speed c o n t r o l . The pr e s s u r e d i f f e r e n t i a l a c r o s s the c o n t r a c t i o n i s 

measured on a Betz micromanometer which can be read t o 0.02 m i l l 

i m e t e r of water; the t e s t s e c t i o n v e l o c i t y i s c a l i b r a t e d a g a i n s t the 

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

i n f i g ( l ) . 

3.3 Wind Tunnel B a l a n c e 

Force measurements were taken from an A e r o l a b p y r a m i d a l s t r a i n 

gauge balance system. The balance system i s designed t o support a 

model i n the wind t u n n e l , a d j u s t i t s angle of a t t a c k over a ^30 degree 

range, a d j u s t i t s ang l e of yaw over a 350 degree range, and separa t e 

and measure the s i x f o r c e and moment components t o determine the 

r e s u l t a n t f o r c e and moment e x e r t e d by the a i r stream on the model. The 

a n g u l a r p o s i t i o n of the model i n yaw and angle of a t t a c k i s i n d i c a t e d 

on Veeder Hoot Counters t o the n e a r e s t t e n t h of a degree. The f o r c e 

components are s e p a r a t e d m e c h a n i c a l l y and measured through i n d i v i d u a l -

s t r a i n gauge l o a d c e l l s . Read out i s accomplished through the use 

of a p p r o p r i a t e e l e c t r i c a l equipment. S i n c e the c y l i n d r i c a l models 

were mounted between the top and bottom of the t u n n e l the l i f t f o r c e 

and the angle of a t t a c k of the models were measured as s i d e f o r c e and 

angle of yaw r e s p e c t i v e l y on the b a l a n c e . The b a l a n c e was used only 

i n measuring the l i f t and drag f o r c e of the models a t d i f f e r e n t a n g l e s 

of a t t a c k . 
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The wind t u n n e l balance i n p o s i t i o n w i t h the e l e c t r i c a l r e a d 

out equipment i s shown i n f i g . ( 2 ) , A s p e c i a l b r a c k e t as shown i n f i g . 

(3) was made f o r attachmant of the model t o the " l i v e " t u r n t a b l e . 

The f a i r i n g t u r n t a b l e , w i t h s l o t s p r o v i d e d f o r model mounting 

and i d e n t i c a l i n dimension t o the " l i v e " t u r n t a b l e , was a t t a c h e d t o 

the bottom p a n e l of the wind t u n n e l . F i l l e r b l o c k s were used t o cover 

the gap between the f a i r i n g t u r n t a b l e and the model. 

3.4 Models 

S t a t i c models used f o r f o r c e measurements were of "B" and r e c 

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

t a b l e b r a c k e t s of the wind t u n n e l b a l a n c e . The 11D" s e c t i o n was made 

from s o l i d oak of two i n c h diameter, a smooth s u r f a c e b e i n g obtained 

by s p r a y i n g the model w i t h a c r y l i c p l a s t i c . The r e c t a n g u l a r model 

was made out of s o l i d aluminum of c r o s s - s e c t i o n 1.870 i n c h e s by .935 

i n c h e s . By u s i n g the yawing mechanism of the balance the r e c t a n g 

u l a r s e c t i o n c o u l d be used as e i t h e r b/h = 2 or b/h = 1/2, where "b" 

i s the streamwise dimension and "h" i s the w i d t h . 

A dynamic model of r e c t a n g u l a r c r o s s s e c t i o n 1 i n c h by .5 i n c h e s 

b y . 0 6 5 i n c h w a l l t h i c k n e s s was made out of aluminum s e c t i o n w i t h m e t a l 

tabs p r o v i d e d a t the ends f o r mounting. The end tabs c o u l d be r o t a t e d 

90° degrees so t h a t the model co u l d be e i t h e r used as b/h = 2 or b/h = 

l / 2 . I n order t o i n v e s t i g a t e the dynamic behaviour of the model w i t h 

s p l i t t e r p l a t e , Smith's b/h = 2 wooden model was used. The stream

l i n e model f o r damping c a l i b r a t i o n was made out of s o l i d aluminum 

of c r o s s s e c t i o n 1.4 i n c h e s by .15 i n c h e s ; the corners were rounded 
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and s l o t s were m i l l e d i n the ends f o r mounting. R e c t a n g u l a r models 

f o r s t a t i c and dynamic t e s t s , and the s t r e a m l i n e model are shown i n 

f i g . ( 4 ) . The "D" s e c t i o n used f o r f o r c e measurements, w i t h end 

f i t t i n g , i s shown i n fig.(3). O v e r a l l l e n g t h of a l l the models used 

was 30 i n c h e s . 

3.5 Model Mounting System 
2 

The mounting system used by Smith was found t o be adequate f o r 

the p r e s e n t i n v e s t i g a t i o n . I t c o n s i s t s of two channels each s u p p o r t 

i n g two a i r b e a r i n g s a t the top and bottom of the t u n n e l t e s t s e c t i o n 

thus p e r m i t t i n g only a p l u n g i n g degree of freedom t o the model. The 

top and bottom channels ar e connected by 2 1/2 i n c h x 2 l / 2 i n c h angle 

i r o n b o l t e d a t the ends. Screws t o a d j u s t the p a r a l l e l i s m of the two 

s e t s of b e a r i n g s are l o c a t e d a t the i n t e r s e c t i o n s of the lower 

channels and the a n g l e s . The lower channel can be moved i n the stream 

d i r e c t i o n t o ensure t h a t the model i s v e r t i c a l . 

The a i r b e a r i n g s support l o a d by means of p r e s s u r e f o r c e s caused 

by i n t r o d u c i n g h i g h p r e s s u r e a i r between the l o a d c a r r y i n g s u r f a c e s . 

High p r e s s u r e a i r i s i n t r o d u c e d i n t o the j o u r n a l - t y p e b e a r i n g s through 

a number of e q u i d i s t a n t h o l e s around a c i r c u m f e r e n c e . Each of these 

h o l e s c o n t a i n s a s m a l l r e g u l a t i n g o r i f i c e . The a i r f l o w s a x i a l l y from 

the middle t o the end of the b e a r i n g s . The d e s i g n and c o n s t r u c t i o n of 
2 

the b e a r i n g i s g i v e n by Smith . 

Pour s p r i n g s were f a s t e n e d t o the top and bottom of the two 

a n g l e s w i t h a d j u s t a b l e hooks. L i g h t s o l d e r e d aluminum clamps p r o v i d e d 

attachment f o r the s p r i n g s and the model, t o the s h a f t . D e t a i l s of 
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the clamp, and the g e n e r a l arrangement of the top a i r b e a r i n g mount

i n g system are g i v e n i n f i g . (5). 

A i r f o r the b e a r i n g s was s u p p l i e d by an I n g e r s o i l - R a n d 2-stage 

compressor, Model 11 3/4 & 7 x 8 VHB-2, pumping i n t o a 250 c u b i c f o o t 

s t o r a g e tank. A i r was c a r r i e d from the tank by a f l e x i b l e hose t o a 

t h r o t t l i n g v a l v e which d i s t r i b u t e d a i r at 60 pounds per square i n c h 

t o a l l b e a r i n g s from the main supply a t 118 pounds per square i n c h . 

3.6 S p l i t t e r P l a t e Mounting 

V e r t i c a l streamwise s p l i t t e r p l a t e s were connected t o the top 

and bottom of the t u n n e l by 1 l / 2 i n c h by 1 1/2 i n c h "handy a n g l e s " . 

The c o n n e c t i o n of the a n g l e s t o the t u n n e l f l o o r and c e i l i n g and the 

p l a t e i s shown i n f i g , ( 6 ) . The p l a t e s were .0625 i n c h t h i c k and 

26.75 i n c h e s l o n g . The p l a t e s were wide enough t h a t the f l o w r e 

a t t a c h e d on the p l a t e a f t e r i n i t i a l s e p a r a t i o n at the c o r n e r s of the 
7 

model. A r i e and Rouse found e x p e r i m e n t a l l y f o r a f l a t p l a t e model of 

3.0" by .0625" m o u n t e d • t r a n s v e r s e l y t o the f l o w , a s p l i t t e r p l a t e of 

l e n g t h 30" was n e c e s s a r y f o r the f l o w t o r e a t t a c h behind the model, thus 

p r e v e n t i n g the f o r m a t i o n of the a l t e r n a t i n g v o r t i c e s i n the wake. 

P l a t e s of d i f f e r e n t w i d t h s of 6 i n c h e s , 5 i n c h e s ^ 4 i n c h e s , 3 i n c h e s , 

and 1 i n c h were made. The 6 inch" praTe ~ was -mounted as c l o s e as p o s s i b l e 

t o the t r a i l i n g edge of the model w i t h o u t t o u c h i n g i t . D i f f e r e n t 

widths of s p l i t t e r p l a t e s were added t o the 6 i n c h p l a t e . I t was 

found t h a t an a d d i t i o n a l 4 i n c h p l a t e was necessary f o r the f l o w r e 

attachment t o occur. The f l o w was assumed t o have r e a t t a c h e d when 

the r e was not an a p p r e c i a b l e v i b r a t i o n of the p l a t e w i t h the wind on. 



14 

However, a t l a r g e wind v e l o c i t i e s the p l a t e d i d v i b r a t e and hence 

i t was stayed t o b o t h s i d e s of the wind t u n n e l s i d e p a n e l . The 

s p l i t t e r p l a t e i n p o s i t i o n behind the b/h = 2 wooden model w i t h 

s t a y s i s shown i n f i g . ( 6 ) . 

3.7 Displacement Measurements 

Displacement measurements were made w i t h Smith's d i s p l a c e m e n t 

t r a n s d u c e r . I t i s e s s e n t i a l l y an a i r core t r a n s f o r m e r w i t h primary 

and secondary c o i l s wound on c o - a x i a l c y l i n d r i c a l forms w i t h an a n n u l a r 

gap between them. E i t h e r the i n n e r or outer c o i l may be used as the 

primary w i n d i n g . By i n s e r t i n g the aluminum s h a f t i n t o the a n n u l u s , 

the magnetic c o u p l i n g between the c o i l s i s v a r i e d , hence the output 

of the t r a n s d u c e r i s p r o p o r t i o n a l t o the displ a c e m e n t of the s h a f t . 

The displacement t r a n s d u c e r was mounted on the top channel of the a i r 

b e a r i n g mounting system as shown i n f i g , ( 5 ) . A 10 kc s i g n a l was used 

as the i n p u t t o the primary w i n d i n g s of the t r a n s d u c e r , u s i n g a H e w l e t t -

Packard 202 C o s c i l l a t o r f o r e x c i t a t i o n . The output s i g n a l of the 

t r a n s d u c e r was a h i g h - f r e q u e n c y c a r r i e r , a m p l i t u d e modulated by d i s 

placement. 
2 

A f u l l - w a v e r e c t i f i e r w i t h an a p p r o p r i a t e f i l t e r used by Smith 

was m o d i f i e d f o r demodulating the h i g h frequency s i g n a l . A M i n n e a p o l i s 

Honeywell Model 916 V i s i c o r d e r was used t o r e c o r d the dynamic d i s 

placement and t o r e c o r d t i m e - a m p l i t u d e t r a c e s . 

The galvanometer f o r t h i s r e c o r d e r has an i n p u t impedance of 

about 35 ohms and r e q u i r e s a source r e s i s t a n c e of 3-100 ohms. S i n c e 
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the t r a n s d u c e r had a very h i g h output impedance the output s i g n a l from 

the r e c t i f i e r c o u l d not be d i r e c t l y f e d i n t o the r e c o r d e r w i t h o u t 

s e r i o u s l y l o a d i n g the t r a n s d u c e r and a f f e c t i n g i t s performance. A D.C. 

d i f f e r e n t i a l a m p l i f i e r was c o n s t r u c t e d t o a f f e c t the matching. The 

a m p l i f i e r b u i l t i s used e x t e n s i v e l y i n p o l a r - c a r d i o g r a p h s . B a s i c d e s i g n 
Q 

c h a r a c t e r i s t i c s were g i v e n by H i l b i b e r . I t had a g a i n of 60, i n 

put impedance of 2 megohms and an output impedance of 20 ohms. The 

schematic diagram f o r the a m p l i f i e r i s shown i n f i g . ( 7 ) and the 

a m p l i f i e r i n f i g . ( 8 ) . 

The output s i g n a l from the r e c t i f i e r had a D.C. l e v e l superimposed 

on the A.C. s i g n a l . To make use of the f u l l s i x i n c h c h a r t on the v i s i -

c o r d e r , a v a r i a b l e b i a s c i r c u i t was added t o the r e c t i f i e r . The 

schematic diagram of the r e c t i f i e r w i t h v a r i a b l e b i a s c o n t r o l i s shown 

i n f i g . ( 9 ) . 

For c a l i b r a t i o n of the t r a n s d u c e r a wooden s c a l e marked i n l / 2 0 t h 

of an i n c h increments was mounted c l o s e t o the s h a f t under the f l o o r 

of the wind t u n n e l as shown i n f i g . ( i o ) . When the model was o s c i l l a 

t i n g a strobotachometer was used t o g i v e a c l e a r i n d i c a t i o n of the s h a f t 

d i s p l a c e m e n t . 

3.8 Magnetic Damping 

Damping, i n a d d i t i o n t o i n h e r e n t damping w i t h i n the system, was 
2 

i n t r o d u c e d by means of Smith's e l e c t r o m a g n e t i c eddy-current dampers. 

The m o d e l - c a r r y i n g s h a f t s pass through the magnetic f i e l d c r e a t e d by 

the damper. Energy i s d i s s i p a t e d from the o s c i l l a t i n g system by the 
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eddycurrents induced i n the s h a f t s . 

There was an a p p r e c i a b l e b u i l d up of r e s i d u a l magnetism on the 

damper p r o b a b l y due t o the v i b r a t i o n of the t u n n e l a t l a r g e a m p l i 

tudes of model o s c i l l a t i o n . To overcome t h i s u n d e s i r a b l e r e s i d u a l mag

net i s m a system was arranged whereby the c o i l s of the damper c o u l d 

be s w i t c h e d over t o a v a r i a b l e A.C. so u r c e . The A.C. v o l t a g e i s 

r a i s e d t o g i v e a g r e a t e r magnetic f i e l d than the D.C. source had 

g i v e n , and then s l o w l y decreased, e f f e c t i v e l y e r a s i n g the r e s i d u a l 

magnetism. -The damping was found t o be almost v i s c o u s f o r model amp

l i t u d e s of .5 i n c h e s up t o 5 i n c h e s . P o s i t i o n of the bottom damper 

i s shown i n fig . ( i o ) , and the e l e c t r i c s u p p l y c i r c u i t i s g i v e n i n 

f i g . ( 1 1 ) . 
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I V . TEST PROCEDURE AND RESULTS 

4 . 1 Test Procedure 

4 . 1 . 1 S t a t i c Tests 

S t a t i c f o r c e measurements were taken on models of b o t h r e c 

t a n g u l a r c r o s s s e c t i o n (b/h = 2, b/h = 1/2) and "D" s e c t i o n . The 

bottom end of each model,was a t t a c h e d t o the t u r n t a b l e of the 

balance and the balance was r a i s e d t o a h e i g h t such t h a t the top end 

of the model had a c l e a r a n c e of ,03 i n c h e s from the wind t u n n e l c e i l 

i n g . U s i n g the yawing mechanism of the b a l a n c e , the a n g l e of a t t a c k 

of the model c o u l d be v a r i e d by increments of +, 1 degree. 

Due t o the symmetry of the model s e c t i o n a t ze r o angle of a t t a c k , 

no l i f t f o r c e was produced and t h i s aerodynamic c h a r a c t e r i s t i c was 

used t o e s t a b l i s h the t u r n t a b l e p o s i t i o n which gave z e r o a n g l e of 

a t t a c k . At each angle of a t t a c k the balance b r i d g e c i r c u i t s f o r 

l i f t and drag components were s e t t o a n u l l p o s i t i o n a t z e r o wind 

speed; the l i f t and drag f o r c e s were r e c o r d e d f o r v a r i o u s d e s i r e d 

wind speeds. A f t e r each s e t of r e a d i n g s a t one angle of a t t a c k , the 

zer o s of the f o r c e r e c o r d i n g channels were checked w i t h no wind and 

found t o be w i t h i n + 1% of the r e a d i n g . 

The angle of a t t a c k of the model was i n c r e a s e d by increments of 

two degrees u n t i l complete f l o w reattachment o c c u r r e d . I n the r e g i o n 

f o r which sharp changes o c c u r r e d i n the f o r c e measurements, the angle 

of a t t a c k of the model was i n c r e a s e d i n s t e p s of 0.5 degree. L i f t 

measurements c o u l d be read t o an accuracy of + 2% of the r e a d i n g , w h i l e 

drag f o r c e s c o u l d be measured t o an accuracy of + 5% - 8f°a T h i s de

crease of a c c u r a c y was due t o the e f f e c t of model v i b r a t i o n . 
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4.1.2 Damping C a l i b r a t i o n 

F or the c a l i b r a t i o n of the damper i t was necessary t o have 

a r e c o r d of the l o g a r i t h m i c decrement of the s t r e a m l i n e model a t a 

d e s i r e d v a l u e of c u r r e n t . The decay of a m p l i t u d e w i t h time g i v e n 

by the d i s p l a c e m e n t t r a n s d u c e r was r e c o r d e d by the v i s i c o r d e r . A 

schematic diagram of the c i r c u i t i s shown i n f i g . ( l 2 ) . To show 

the o s c i l l a t i o n c y c l e c l e a r l y , the v i s i c o r d e r was s e t a t a speed 

of 1 i n c h per sec, A 1 c y c l e per second t r i a n g u l a r wave from a 

H e w l e t t - P a c k a r d 202A low frequency g e n e r a t o r , which had an output 

impedance of 40 ohms, was d i r e c t l y connected t o one channel of the 

v i s i c o r d e r . T h i s s i g n a l was used as the time base f o r the a m p l i t u d e -

time decay r e c o r d . The r e s i d u a l magnetism i n the damper was removed 

as o u t l i n e d i n s e c t i o n 3,8, By changing the output of the v a r i a b l e 

power s u p p l y , the c u r r e n t i n the damper was s e t t o a d e s i r e d v a l u e . 

The output of the o s c i l l a t o r s u p p l y i n g the h i g h frequency s i g n a l 

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

the v i s i c o r d e r f o r the p o s s i b l e maximum ampli t u d e of the model. 

The t h r o t t l i n g v a l v e f o r the a i r b e a r i n g s was a d j u s t e d t o g i v e a 

p r e s s u r e of 60 p s i . The s t r e a m l i n e model was a l l o w e d t o o s c i l l a t e 

from a known i n i t i a l a m p l i t u d e . From the r e c o r d of a m p l i t u d e -

time decay, the r a t i o of a m p l i t u d e t o i n i t i a l amplitude was p l o t t e d 

a g a i n s t time on a s e m i - l o g graph. T h i s procedure was r e p e a t e d 

at each damping l e v e l and c o r r e s p o n d i n g damping c o n s t a n t s were 

determined. 

The t e s t s e c t i o n and equipment are shown i n fig„(l3)o 
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4.1.3 V e l o c i t y - A m p l i t u d e and Amplitude-Time Measurements 

The c i r c u i t shown f o r r e c o r d i n g the l o g a r i t h m i c decrement of 

the s t r e a m l i n e model was used i n r e c o r d i n g s t e a d y - s t a t e a m p l i t u d e of 

the model on the v i s i c o r d e r . U t i l i z i n g the l i n e a r i t y of the d i s 

placement t r a n s d u c e r , the output s i g n a l of the v i s i c o r d e r was c a l i b r a t e d 

a g a i n s t model amplitude which c o u l d be measured by the s c a l e mounted 

on the bottom of the t u n n e l . F o r the maximum amplitude the output 

of the o s c i l l a t o r was s e t t o g i v e a f u l l s i x i n c h e s d e f l e c t i o n on the 

v i s i c o r d e r . To. make use of the f u l l s i x i n c h e s of the v i s i c o r d e r 

c h a r t , thus g i v i n g g r e a t e r a c c u r a c y i n measuring a m p l i t u d e s , s e p a r a t e 

c a l i b r a t i o n curves were drawn f o r v a r i o u s ranges of wind v e l o c i t y . 

A f t e r the damping l e v e l had been set f o r the t e s t , the t h r o t t l i n g 

v a l v e was a d j u s t e d t o g i v e a p r e s s u r e of 60 p s i f o r the a i r b e a r i n g s . 

The t u n n e l was s t a r t e d a t minimum a i r speed and the v e l o c i t y i n 

creased u n t i l the model o s c i l l a t e d from r e s t . At i n t e r v a l s of one min

ute the dis p l a c e m e n t was r e c o r d e d by the v i s i c o r d e r u n t i l the model 

amplit u d e reached a s t e a d y - s t a t e . The s t e a d y - s t a t e a m p l i t u d e s were 

record e d f o r i n c r e a s i n g wind v e l o c i t y up t o the l i m i t of the a i r 

b e a r i n g system. S e v e r a l check p o i n t s were taken over t h i s r e g i o n w i t h 

d e c r e a s i n g wind v e l o c i t y . The t u n n e l was s e t at the minimum wind v e l 

o c i t y a t which the model o s c i l l a t e d from r e s t . While the model was 

o s c i l l a t i n g the wind v e l o c i t y was decreased i n s m a l l increments and 

the c o r r e s p o n d i n g steady a m p l i t u d e r e c o r d e d u n t i l the model stopped. 

Due t o v i b r a t i o n c r e a t e d by l a r g e model a m p l i t u d e , i t was f r e 

q u e n t l y n e c e s s a r y t o erase the r e s i d u a l magnetism b u i l t up i n the 



20 

dampers. T h i s procedure i s d e s c r i b e d i n s e c t i o n 3.8. 

In the case of the b/h = l / 2 model, a d e s i r e d wind v e l o c i t y was 

s e t and the model was g i v e n a known i n i t i a l a m p l i t u d e . The d i s 

placement was r e c o r d e d on the v i s i c o r d e r as p r e v i o u s l y d e s c r i b e d . 

The c i r c u i t used i n measuring s t e a d y - s t a t e a m p l i t u d e was used 

i n r e c o r d i n g the a m p l i t u d e - t i m e b u i l d - u p curve. The 1 c y c l e per 

second t r i a n g u l a r s i g n a l used i n damping c a l i b r a t i o n was f e d i n t o one 

channel of the v i s i c o r d e r f o r time base c a l i b r a t i o n . For a d e s i r e d 

wind v e l o c i t y the model was a l l o w e d t o o s c i l l a t e a t a s t e a d y - s t a t e 

a m p l i t u d e . The a m p l i t u d e was measured, as p r e v i o u s l y d e s c r i b e d and 

the i n p u t t o the d i s p l a c e m e n t t r a n s d u c e r was a d j u s t e d so t h a t the f u l l 

a v a i l a b l e w i d t h of the v i s i c o r d e r r e c o r d was e q u a l t o the double 

a m p l i t u d e . The model was stopped by s h u t t i n g o f f the a i r supply t o 

the a i r b e a r i n g , and s t a r t e d by suddenly t u r n i n g i t on a g a i n . 
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4.2 R e s u l t s 

4.2.1 F o r c e Measurements 

Force measurements were taken on models of b/h = 2, b/h = 1/2, 

and "D" S e c t i o n . For each model, the f o r c e measurements were taken 

f o r f i v e Reynolds numbers i n the range of i n t e r e s t by v a r y i n g the 

wind v e l o c i t y . The f o r c e c o e f f i c i e n t s are p r e s e n t e d u n c o r r e c t e d f o r 

t u n n e l w a l l e f f e c t s . The c o r r e c t i o n s , u s i n g e x p r e s s i o n s g i v e n by 
9 

Whitbread would decrease v a l u e s f o r the 2:1 r e c t a n g l e by about 

5,5%, f o r the 1/2:1 r e c t a n g l e by about 7% and the "D" s e c t i o n by 

about 6%, 

(a) b/h = 2 

The l i f t and drag f o r two Reynolds numbers are shown i n f i g , (14). 

W i t h i n the e x p e r i m e n t a l e r r o r the measurements taken f o r Reynolds 

numbers between 20,000 and 40,000 were bounded by these two c u r v e s . 

There i s good agreement w i t h B r o o k s ' 1 r e s u l t f i g a ( l 5 ) . The p o l y 

nomial used f o r r e p r e s e n t i n g the l a t e r a l f o r c e c o e f f i c i e n t s i n the 

d i f f e r e n t i a l e q u a t i o n a l o n g w i t h the measured c o e f f i c i e n t s are shown 

i n f i g . ( 1 6 ) . 

(b) b/h = 1/2 

The Reynolds number e f f e c t on the l i f t and drag f o r t h i s model 

i s s m a l l f i g . ( l 7 ) . L i f t and d r a g measured by Brooks" are Q% h i g h e r 

f i g ^ i s ) . The measured l a t e r a l f o r c e c o e f f i c i e n t approximated by the 

11th order Chebychev p o l y n o m i a l i s shown i n f i g . ( 1 9 ) . 

(c) "D" S e c t i o n 

The l i f t and drag f o r angles of a t t a c k between 36° and 60° are 

e x t r e m e l y dependent on Reynolds number. Th i s e f f e c t i s shown i n fig„ 
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(20) f o r the f i v e Reynolds numbers i n the range of i n t e r e s t . The 
1 11 

measured v a l u e s of l i f t and drag l i e between Brooks and Cheers 

f o r a n g l e s of a t t a c k up t o 40°. At a n g l e s of a t t a c k h i g h e r than 40° 

t h e r e i s good agreement w i t h Cheers. T h i s comparison f o r R^ = 66,000 

i s shown i n f i g . ( 2 1). The l a t e r a l f o r c e c o e f f i c i e n t curves are ex

t r e m e l y dependent on Reynolds number, and an extremely h i g h order 

p o l y n o m i a l i s a l s o r e q u i r e d t o approximate them. 

I t would be more convenient t o r e p r e s e n t t h i s l a t e r a l f o r c e co

e f f i c i e n t by some other type of f u n c t i o n . The l a t e r a l f o r c e co

e f f i c i e n t f o r the two Reynolds numbers of i n t e r e s t i s shown i n f i g . 

(2 2 ) . 

4.2.2 V e l o c i t y Amplitude 

(a) b/h = 2 

V e l o c i t y - a m p l i t u d e measurements were made on aluminum ( l / 2 " x 1") 

and wooden ( l " x 2") models. 

Aluminum Model 

F i v e d e s i r e d damping l e v e l s were used f o r t h i s model. The non-

d i m e n s i o n a l i z e d e x p e r i m e n t a l r e s u l t w i t h the c o r r e s p o n d i n g t h e o r e t i c a l 

curve f o r t h r e e damping v a l u e s i s shown i n f i g . ( 2 3 ) . 

Wooden Model 

V e l o c i t y - a m p l i t u d e measurements were made a t t h r e e d e s i r e d damp

i n g l e v e l s . The n o n - d i m e n s i o n a l i z e d e x p e r i m e n t a l and t h e o r e t i c a l 

r e s u l t f o r t h i s model i s shown i n f i g . ( 2 4). T h i s was r e p e a t e d w i t h 

the s p l i t t e r p l a t e mounted i n the wake a t the model centre l i n e . 



The n o n - d i m e n s i o n a l i z e d e x p e r i m e n t a l r e s u l t i s shown i n f i g . (25). 

There was a s t r o n g a m p l i t u d e modulation a t the lower wind v e l o c i t i e s 

when the s p l i t t e r p l a t e was removed from the wake. The envelope of 

the amplitude m o d u l a t i o n f o r t h r e e damping l e v e l s i s shown i n f i g . 

(26). The m o d u l a t i o n frequency i s shown ve r s u s n o n - d i m e n s i o n a l i z e d 

wind v e l o c i t y f o r two damping l e v e l s i n f i g . (27). 

The t h e o r e t i c a l v e l o c i t y - a m p l i t u d e curves f o r v a r i o u s damping 

l e v e l s f o r both the wooden and aluminum model c o l l a p s e on t o a s i n g l e 

curve when m u l t i p l i e d by a s u i t a b l e parameter as suggested by 
4 

P a r k i n s o n . The s i n g l e t h e o r e t i c a l curve w i t h the e x p e r i m e n t a l data 

reduced i n the same way i s shown i n f i g . (28a) and f i g . (28b), 

(b) b/h = 1/2 

T h i s model d i d not o s c i l l a t e from r e s t f o r any wind v e l o c i t y . 

For d i f f e r e n t wind v e l o c i t i e s the model was g i v e n a maximum i n i 

t i a l a m p l i t u d e . I n a l l cases the model d i d not continue t o o s c i l l a t e . 

The t h e o r e t i c a l curves f o r two damping l e v e l s are shown i n f i g . (29). 

4.2.3 Time-Amplitude R e s u l t f o r A.R.2. Model 

Time-amplitude curves were reco r d e d on the v i s i c o r d e r f o r the 

wooden and aluminum models. To p r e d i c t the t h e o r e t i c a l t i m e - a m p l i 

tude curve f o r one wind v e l o c i t y , the i n i t i a l a m plitude was taken 

t o be the v a l u e g i v e n by the v i s i c o r d e r f o r t h a t v e l o c i t y ; the 

f i n a l a m p l i t u d e necessary t o c a l c u l a t e the b u i l d - u p time was taken 

t o be 95% of the t h e o r e t i c a l v a l u e p r e d i c t e d f o r t h a t wind v e l o c i t y . 

The t h e o r e t i c a l and e x p e r i m e n t a l time amplitude b u i l d - u p curves f o r 
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the aluminum model f o r v a r i o u s wind v e l o c i t i e s are shown i n f i g . (30). 
nA When z$ i s p l o t t e d a g a i n s t — U a l l the t h e o r e t i c a l curves f o r alum-2p 

inum and wooden models c o l l a p s e on t o a s i n g l e curve f o r a g i v e n i n 

i t i a l a m p l i t u d e . These t h e o r e t i c a l curves f o r two i n i t i a l a m p l i 

tudes w i t h the e x p e r i m e n t a l p o i n t s f o r both the models are shown i n 

f i g . (31). 
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V. DISCUSSION OP RESULTS 

5.1 Damping C a l i b r a t i o n 

Por double amplitude g r e a t e r than 1", the s e m i - l o g p l o t of 

amplitude r a t i o w i t h time used i n c a l c u l a t i n g the damping c o e f f i 

c i e n t " r . " was l i n e a r showing the pure v i s c o u s e f f e c t of the damper. 

The c a l i b r a t i o n curve f o r the damper i s shown w i t h Smith's c a l i b r a t i o n 

i n f i g . ( 3 2 ) . The p r e s e n t c a l i b r a t i o n i s lower by a c o n s t a n t v a l u e 

due t o the r e d u c t i o n i n t h i c k n e s s of the aluminum s h a f t used i n 

the p r e s e n t i n v e s t i g a t i o n . A s m a l l d i f f e r e n c e c o u l d a l s o be p r e s e n t 

due t o the d i f f e r e n t s t r e a m l i n e model used. 

5.2 R e c t a n g u l a r 2:1 Model 

5.2.1 Porce Measurements 

The f o r c e measurement shows t h a t a t a = 0 the f l o w which separ

a t e s a t the upstream c o r n e r s of the model i s s y m m e t r i c a l about the 

model c e n t r e l i n e and hence does not develop any l a t e r a l f o r c e . 

With i n c r e a s i n g a, the l a t e r a l f o r c e i n c r e a s e s due t o the i n c r e a s e d 

asymmetry of the separated s h e a r l a y e r s . The l a t e r a l f o r c e c o e f f i 

c i e n t reaches the maximum v a l u e when the windward s h e a r l a y e r r e 

a t t a c h e s on the underside of the model. There i s a s m a l l i n 

crease i n the angle of a t t a c k at which reattachment occurs w i t h i n 

crease i n Reynolds number. Por the range c o n s i d e r e d re-attachment 
1 3 

occurs a t a = 7° which shows good agreement w i t h Brooks . P a r k i n s o n 

has shown t h a t the angle of a t t a c k at which the f l o w reattachment 

occurs l i m i t s the maximum a m p l i t u d e , hence t o use the q u a s i - s t e a d y 

approach, i t i s important t o o b t a i n the aerodynamic f o r c e c o e f f i 

c i e n t s f o r a Reynolds number c l o s e t o t h a t of the o s c i l l a t i n g 
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c y l i n d e r whose response i s t o be i n v e s t i g a t e d or p r e d i c t e d . I n 

the amplitude range c o n s i d e r e d t h e r e i s very l i t t l e Reynolds number 

dependence of f o r c e c o e f f i c i e n t . The graph of f o r c e c o e f f i c i e n t con

f i r m s the "soft'.' o s c i l l a t o r y c h a r a c t e r i s t i c f o r the 2:1 r e c t a n g l e . 

The p o l y n o m i a l a p p r o x i m a t i o n t o the f o r c e c o e f f i c i e n t i s w i t h i n the 

accu r a c y of the 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 , 

5.2.2 Comparison of E x p e r i m e n t a l A m p l i t u d e - V e l o c i t y and V e l o c i t y -

Time Curves w i t h T h e o r e t i c a l P r e d i c t i o n U s i n g D i f f e r e n t i a l  

E q u a t i o n of the F i r s t K i n d 

(a) A m p l i t u d e - V e l o c i t y 

For l a r g e v a l u e s of U the t h e o r e t i c a l p r e d i c t i o n s f o r the 

aluminum model f o r the t h r e e damping l e v e l s show good agreement 

w i t h the e x p e r i m e n t a l r e s u l t s . Only the s t a b l e l i m i t c y c l e i s 

compared w i t h the e x p e r i m e n t a l r e s u l t s , s i n c e w i t h the pr e s e n t 

apparatus i t was i m p o s s i b l e t o g i v e the model a known i n i t i a l a m p l i 

tude. The b e g i n n i n g and the end p o i n t of the u n s t a b l e l i m i t c y c l e 

shown d o t t e d was determined e x p e r i m e n t a l l y , and the agreement w i t h 

the t h e o r e t i c a l v a l u e i s poor. F o r l a r g e v a l u e s of U, as the t h e o r y 

p r e d i c t s , the e x p e r i m e n t a l v a l u e s f o r the t h r e e damping l e v e l s 

shown l i e on p a r a l l e l c u r v e s , but f o r U v a l u e s l e s s than 24 t h e r e 

i s a g e n e r a l t r e n d f o r the e x p e r i m e n t a l curves t o converge. For 

the lowest damping the u n s t a b l e l i m i t c y c l e does not appear, and the 

model s t a r t s t o o s c i l l a t e from r e s t f o r the wind v e l o c i t y c o r r e s p o n d 

i n g t o the resonance frequency of the v o r t e x f o r m a t i o n i n the wake, 

which i s f a r removed from the v e l o c i t y p r e d i c t e d by the q u a s i - s t e a d y 
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t h e o r y . The comparison of e x p e r i m e n t a l r e s u l t s w i t h t h e o r y i n 

t h i s r e g i o n i s poor f o r U l e s s than e i g h t . F o r U g r e a t e r than 8 the 

e x p e r i m e n t a l curve f o l l o w s c l o s e l y the t h e o r e t i c a l curve p r e d i c t e d . 

The e x p e r i m e n t a l r e s u l t s f o r the wooden model f o r the two 

damping l e v e l s shown do not agree w i t h the t h e o r e t i c a l v a l u e s p r e d i c t e d . 

S i m i l a r t o the aluminum model f o r the lower damping, the model os

c i l l a t e d from r e s t f o r the wind v e l o c i t y c o r r e s p o n d i n g t o the v o r t e x 

resonance. Smith's r e s u l t s shown f o r two v a l u e s of damping are 4 

percent h i g h e r . 

The s p l i t t e r p l a t e , used i n an attempt t o e l i m i n a t e e f f e c t s of 

the v o r t e x f o r m a t i o n i n the wake, made the model o s c i l l a t e from 

r e s t f o r t h r e e d i f f e r e n t wind v e l o c i t i e s c o r r e s p o n d i n g t o the th r e e 

damping l e v e l s s e t . A l t h o u g h these v e l o c i t i e s d i d not correspond t o 

the v a l u e s p r e d i c t e d by the q u a s i - s t e a d y t h e o r y they were w e l l r e 

moved from the v o r t e x resonance wind v e l o c i t y . The e x p e r i m e n t a l 

curve does not show any agreement w i t h the theo r y p r e d i c t e d u s i n g 

the f o r c e measurements on the model w i t h o u t the s p l i t t e r p l a t e . To 

make such a comparison, the f o r c e measurements shoul d be taken on 

the model w i t h the s p l i t t e r p l a t e i n the wake, which i s extremely 

d i f f i c u l t t o do. A l t h o u g h no comparison c o u l d be made w i t h the 

theory the s p l i t t e r p l a t e i n v e s t i g a t i o n proved t h a t the v e l o c i t y 

a t which the model s t a r t e d t o o s c i l l a t e from r e s t was i n f l u e n c e d 

by the v o r t e x f o r m a t i o n i n the wake. 

The ampl i t u d e m o d u l a t i o n shown f o r the wooden model f o r the 

th r e e damping l e v e l s when the s p l i t t e r p l a t e i s removed shows c l e a r l y 
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the e f f e c t of the v o r t e x f o r m a t i o n i n the wake. To make f u r t h e r 

a n a l y s i s of t h i s e f f e c t dynamic pres s u r e d i s t r i b u t i o n s should be 

measured on the model t o see the i n s t a n t a n e o u s e f f e c t of the v o r t e x 

f o r m a t i o n on the a f t e r - b o d y of the s e c t i o n . The r e g u l a r m o d u l a t i o n 

frequency f o r two damping l e v e l s i n c r e a s e s w i t h wind speed, because 

the v o r t e x frequency i s i n c r e a s i n g . This frequency i s captured 

(made e q u a l t o ) the frequency of the o s c i l l a t i n g system f o r a range 

of wind speeds near resonance (when the v o r t e x frequency f o r a 

s t a t i o n a r y c y l i n d e r equals the system n a t u r a l f r e q u e n c y ) , but f o r 

wind speeds enough above the resonant v a l u e , the v o r t e x frequency 

a g a i n i n c r e a s e s w i t h wind speed. At f i r s t i t l i e s c l o s e enough t o 

the frequency of the o s c i l l a t i n g system t o produce the observed beat 

phenomenon. T h i s agrees q u a l i t a t i v e l y w i t h the t h e o r e t i c a l l i n e a r 

f o r c e d o s c i l l a t i o n p r e d i c t i o n f o r the beat phenomenon. 

The r e s u l t s f o r the aluminum and wooden model are p l o t t e d i n a 

d i m e n s i o n l e s s form f i g . (28-) a c c o r d i n g t o which, i f the t h e o r y c o r r e c t l y 

p r e d i c t e d the phenomenon, a l l p o i n t s would c o l l a p s e i n t o the s i n g l e 

t h e o r e t i c a l curve p r e d i c t e d . The t h r e e s e t s of data f o r which U i s 
o 

l e s s than 10 a l l g i v e curves s t a r t i n g from z e r o a m p l i t u d e at a wind 

speed c o r r e s p o n d i n g c l o s e l y t o the v o r t e x resonance, i n d i c a t i n g t h a t 

the v o r t i c e s not accounted f o r i n the g a l l o p i n g t h e o r y are m a i n l y r e 

s p o n s i b l e f o r i t s d i s c r e p a n c i e s . The e x p e r i m e n t a l v e l o c i t y of 

^ ~ = .35 f o r w h ich the model o s c i l l a t e s from r e s t f o r z e r o a m p l i t u d e 

does not agree w i t h the t h e o r e t i c a l v a l u e p r e d i c t e d . 
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The v o r t e x f o r m a t i o n i n the wake not accounted f o r i n the t h e o r y 

could be the cause of such a d i s c r e p a n c y s i n c e the s p l i t t e r p l a t e 

i n v e s t i g a t i o n showed t h a t t h e r e was a s t r o n g e f f e c t of wake v o r t i c e s 

on t h i s v e l o c i t y . To f i n d the exact mechanism which governs the i n 

i t i a t i o n of o s c i l l a t i o n s , i n s t a n t a n e o u s dynamic pres s u r e d i s t r i b u t i o n s 

around the model w i l l have t o be c o n s i d e r e d , 

(b) V e l o c i t y - T i m e 

The e x p e r i m e n t a l r e s u l t s f o r f o u r wind v e l o c i t i e s f i g . ( 3 0 ) on the 

aluminum model show good agreement w i t h the b u i l d - u p time p r e d i c t e d by 

the q u a s i - s t e a d y t h e o r y . The t h e o r e t i c a l s i n g l e c o l l a p s e d a m p l i t u d e 

b u i l d - c u r v e s f i g . ( 3 l ) f o r two assumed i n i t i a l a m p l i t u d e s , show good 

agreement w i t h the e x p e r i m e n t a l r e s u l t s . The t h e o r e t i c a l curve 

p r e d i c t s a h i g h e r b u i l d - u p time than i s n e c e s s a r y f o r the wooden 

model s i n c e t h e r e i s a s t r o n g i n f l u e n c e of v o r t e x f o r m a t i o n on t h i s 

model. 

5.3 T h e o r e t i c a l R e s u l t s Using D i f f e r e n t i a l E q u a t i o n of the Second  

K i n d 

5.3.1 Non-Linear Non-Resonance ( K ^ l ) 

The square p r i s m r e q u i r e s only a seventh order p o l y n o m i a l t o 

approximate the e x p e r i m e n t a l f o r c e c o e f f i c i e n t s , which s i m p l i f i e s 

m athematical computation c o n s i d e r a b l y , and i t was used t o i n v e s t i g a t e 

the q u a s i - s t e a d y n o n - l i n e a r non-resonance c o n d i t i o n . ' The g e n e r a l ex

p r e s s i o n t o c a l c u l a t e the steady s t a t e s o l u t i o n f o r t h i s model i s shown 
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i n appendix I I I , The steady s t a t e s o l u t i o n has terms i n powers of 

which i s a f u n c t i o n of l i f t c o e f f i c i e n t ^ m a s s parameter, wind v e l o c i t y 

nC T  
Lf£, 

and the S t r o u h a l number and i s g i v e n by = 2-^TIS) 2 * W I I E N ^ 

i s s e t t o z e r o ; t h a t i s , when th e r e i s no response f u n c t i o n , the 

e x p r e s s i o n f o r s t e a d y - s t a t e a m p l i t u d e reduces t o the s o l u t i o n f o r 
4 

the d i f f e r e n t i a l e q u a t i o n of the f i r s t k i n d g i v e n by P a r k i n s o n . Any 

change i n the s t e a d y - s t a t e s o l u t i o n f o r the d i f f e r e n t i a l e q u a t i o n of 

the second k i n d only i n v o l v e s terms i n powers of §^ and can be ne

g l e c t e d i f i s very much s m a l l e r than one. When U i s l a r g e 

I>fg 2 « _ ^ r e c 4 j a n g u l a r c y l i n d e r s C T /(2uS) i s a f i n i t e 
1 -(2nS)2 L f * 

q u a n t i t y of order 1 and the magnitude of $ i s determined by the mass 

parameter "n". For the r e c t a n g u l a r c y l i n d e r s t e s t e d i n the wind t u n n e l 
- 4 

n i s of order 10 and hence -9-̂  can be n e g l e c t e d . The s t e a d y - s t a t e 

s o l u t i o n then reduces t o the s o l u t i o n g i v e n by the d i f f e r e n t i a l 

e q u a t i o n of the f i r s t k i n d . 

The mass parameter "n" has order of magnitude one i f the e x p e r i 

ment i s performed i n a water t u n n e l w i t h the same e x p e r i m e n t a l c o n d i 

t i o n s used i n the wind t u n n e l . The g e n e r a l s o l u t i o n i s g i v e n by; 

• Y = Y s i n ( T + ft) + &1 s i n (S f + \ ) 

The s t e a d y - s t a t e amplitude Y c a l c u l a t e d i s shown i n f i g . ( 33), f o r 

v a r i o u s assumed C T v a l u e s . For G T l e s s than .5 we have curves 
Lf£ Lf£ 



s i m i l a r t o t h a t p r e d i c t e d f o r the model i n the wind t u n n e l . The 

u n s t a b l e l i m i t c y c l e which i s g i v e n by the S bend i s not shown f o r the 

model i n the water t u n n e l , s i n c e i t has been pushed c l o s e t o the 

o r i g i n and i s extremely s m a l l i n magnitude. The magnitude of Y 

decreases w i t h i n c r e a s i n g C T v a l u e s . For values, of C_ g r e a t e r than 

Lf£ L f 4 

about .5 t h e r e i s no o s c i l l a t i o n g i v e n by the g a l l o p i n g phenomenon. 

The s o l u t i o n then i s g i v e n by Y = •&1 s i n ( K ^ + T h i s quench

i n g of a u t o - p e r i o d i c o s c i l l a t i o n by the h e t e r o - p e r i o d i c o s c i l l a t i o n 
12 

i s termed "Asynchronous Quenching" ( M i n o r s k y ) . 

The r e c t a n g u l a r 2:1 model a l s o e x h i b i t s the above phenomena 

and the t h e o r e t i c a l p r e d i c t i o n s are shown i n f i g ? (34). 

Heine"*"^ g i v e s an e x p e r i m e n t a l v a l u e of C T f o r the square and 
Lf£ 

2:1 c y l i n d e r as 2.2 and 1,1 r e s p e c t i v e l y . I f these v a l u e s are used, 

the theory p r e d i c t s no g a l l o p i n g o s c i l l a t i o n s f o r the square and 

r e c t a n g u l a r 2:1 c y l i n d e r i n water f l o w . 5.3.2 N o n - l i n e a r E x t e r n a l Resonance (K C : l ) 

The e x p r e s s i o n d e r i v e d f o r the. 2:1 r e c t a n g u l a r model i s shown 

i n appendix'2.2.2. The e x p r e s s i o n f o r the s t a t i o n a r y o s c i l l a t i o n 

( e q u a t i o n 12) i s a f u n c t i o n of C T and t h i s e q u a t i o n was s o l v e d 
Lf£ 

u s i n g a r b i t r a r y v a l u e s f o r C T i n the range .1 up t o 2. For a l l the 

v a l u e s C T c o n s i d e r e d the e q u a t i o n f o r s t a t i o n a r y o s c i l l a t i o n p r e -
LU 

d i e t e d no o s c i l l a t i o n . The i n v e s t i g a t i o n was not c a r r i e d any f u r t h e r 
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and i t i s p o s s i b l e t h a t a more d e t a i l e d a n a l y s i s might g i v e a d i f f e r e n t 

r e s u l t which would show b e t t e r agreement w i t h the e x p e r i m e n t a l r e s u l t s 

near the v o r t e x e x c i t e d r e g i o n . 

5.4 The R e c t a n g u l a r 1/2;1 and the "D" S e c t i o n 

For the r e c t a n g u l a r 1:1/2 Model the q u a s i - s t e a d y theory as shown 

p r e d i c t s an i n i t i a l double a m p l i t u d e of 5 3/4" f o r the model t o be

come u n s t a b l e . With the p r e s e n t e x p e r i m e n t a l apparatus i t was only 

p o s s i b l e t o g i v e the model an i n i t i a l double a m p l i t u d e of 5", which 

e x p l a i n e d the i - n a b i l i t y t o f i n d the upper s t a b l e l i m i t c y c l e p r e d i c t e d 

by the t h e o r e t i c a l curve. 

The f o r c e measurements f o r the "D" s e c t i o n show a p r e v i o u s l y 

unsuspected l a r g e Reynolds number dependence f o r h i g h i n c i d e n c e , r e l a t e d 

a p p a r e n t l y t o changing re-attachment c h a r a c t e r i s t i c s on the semi

c i r c u l a r a f t e r - b o d y of the s e c t i o n . P r e s s u r e d i s t r i b u t i o n s around 

the model i n t h i s r e g i o n w i l l have t o be i n v e s t i g a t e d t o e x p l a i n 

such re-attachment mechanism. 
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VI CONCLUSIONS 

Prom t h i s i n v e s t i g a t i o n , i t may be concluded: 

1. C o n t r a r y t o p r e v i o u s b e l i e f the dynamic behaviour of the 2:1 

r e c t a n g l e can be p r e d i c t e d u s i n g a q u a s i - s t e a d y approach f o r 

models which have a U v a l u e g r e a t e r than 10. 
o 

2. The d i s c r e p a n c y between q u a s i - s t e a d y theory p r e d i c t i o n and the 

e x p e r i m e n t a l r e s u l t f o r the 2:1 r e c t a n g u l a r model which has a 

U_ v a l u e s m a l l e r than 10, f o r v a l u e s of U c l o s e t o the n a t u r a l o * 

f r e q u e n c y of the system, i s due t o the wake v o r t i c e s not accounted 

f o r i n the g a l l o p i n g theory and not due t o a h y s t e r e s i s i n the 

s e p a r a t i o n and reattachment angles d u r i n g the o s c i l l a t i o n c y c l e . 

3. Por the r e c t a n g u l a r 2:1 model i n a i r , the q u a s i - s t e a d y theory 

p r e d i c t i o n w i t h the added f o r c i n g f u n c t i o n , f o r e x t e r n a l n o n - l i n 

ear non-resonance c o n d i t i o n , does not show any s i g n i f i c a n t change 

from the theory p r e d i c t e d by n e g l e c t i n g the f o r c i n g f u n c t i o n . 

4. The q u a s i - s t e a d y t h e o r y p r e d i c t s t h a t the r e c t a n g u l a r 2:1 and the 

square c y l i n d e r s which e x h i b i t g a l l o p i n g o s c i l l a t i o n i n a i r f l o w 

w i l l not g a l l o p f o r s i m i l a r c o n d i t i o n s i n water f l d w s i n c e the 

g a l l o p i n g o s c i l l a t i o n s are quenched by the a l t e r n a t i n g v o r t i c e s 

formed i n the wake. 

5. The modulation frequency observed f o r the A.R.2. wooden model i s 

the beat phenomenon which i s p r e s e n t when the v o r t e x S t r o u h a l 

frequency i s . c a p tured by the model f r e q u e n c y . 
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6. There i s a s m a l l Reynolds number e f f e c t on the l i f t and drag 

f o r c e s of the r e c t a n g u l a r 2:1 and 1/2:1 model. 

7. For the "D" s e c t i o n i n the range of Reynolds number c o n s i d e r e d , 

f o r a n g l e s of att a c k , g r e a t e r than 36° and l e s s than 60° t h e r e i s 

a l a r g e Reynolds number e f f e c t on the l i f t and drag f o r c e s due 

t o the changing re-attachment c h a r a c t e r i s t i c s on the semi

c i r c u l a r a f t e r b o d y of the s e c t i o n . 

8. The r e c t a n g u l a r 1/2:1 model i s a hard o s c i l l a t o r as p r e d i c t e d 

by the q u a s i - s t e a d y t h e o r y . 

9. A l t h o u g h the s p l i t t e r p l a t e mounted on the wake centre l i n e of 

the r e c t a n g u l a r 2:1 wooden model prevented the v o r t e x e x c i t a 

t i o n , the model o s c i l l a t i o n b e h a v i o u r i n the g a l l o p i n g r e g i o n 

d i d not agree w i t h the t h e o r e t i c a l v a l u e p r e d i c t e d u s i n g the 

f o r c e measurements of the model w i t h o u t the s p l i t t e r p l a t e . 
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V l l RECOMMENDATION POR FUTURE WORK 

The dynamic pres s u r e d i s t r i b u t i o n should be i n v e s t i g a t e d 

around the 2:1 r e c t a n g u l a r model, f o r U q v a l u e s l e s s than 10, t o 

e x p l a i n the d i s c r e p a n c y w i t h the q u a s i - s t e a d y t h e o r y near v o r t e x -

e x c i t e d r e g i o n . The q u a s i - s t e a d y a n a l y s i s w i t h the v o r t e x e x c i t a 

t i o n should be f u r t h e r i n v e s t i g a t e d f o r the n o n - l i n e a r e x t e r n a l r e s o n 

ance c o n d i t i o n (Kcs l ) . 

To i n v e s t i g a t e the o s c i l l a t i n g c h a r a c t e r i s t i c s of the 1/2:1 

r e c t a n g l e some mechanical d e v i c e s h o u l d be designed t o g i v e the 

model the l a r g e i n i t i a l a m p l i t u d e n e c e s s a r y . The a i r b e a r i n g system 

w i l l have t o be r e d e s i g n e d t o a l l o w l a r g e a m p l i t u d e s p r e d i c t e d by 

the q u a s i - s t e a d y t h e o r y . 

The o s c i l l a t i n g c h a r a c t e r i s t i c s of the r e c t a n g u l a r 2:1 and the 

square p r i s m s h o u l d be i n v e s t i g a t e d e x p e r i m e n t a l l y i n water f l o w t o 

v e r i f y the r e s u l t s p r e d i c t e d by the q u a s i - s t e a d y t h e o r y . 



APPENDIX I 

Definition of Force Coefficient 

Define F as the aerodynamic force On thel b,odŷ  givenr by 

F = -l/2£V 2 h0 (C T cos a + s i n a) 
y r e l 1 D 

V but V _ = — -r e l cos a 

Therefore F Y = -1/2Q V h£(C L + tan a) sec a 

Define C p by 
y 

c p = F / i/2<gv2h£ 
y 

therefore C_. = -(C T + C_ tan a) sec a. 
i r h D 
y 
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APPENDIX I I 

2.1 D i f f e r e n t i a l Equation of the F i r s t Kind for the Rectangular 

2:1 Model 

The d i f f e r e n t i a l equation of motion i s 

my + ry + ky = 1/2CL. g V2hl (l) 

Let C p y = F ( y / V ) n - E ( y / V ) 9 + D(y/V) 7 -C(y/v) 5
+B ( y / v ) 3

+ A (y/V) 

where A,B,C,D,E,F are the coefficients of the polynomial used to 

approximate the experimental curve using Chebyshev polynomials 

and are given by F = 572.79098 x 105 E = 160,73516 x 105 

D = 166.428 x 104 C = 742.39918 x 10 2 

B = 1100,6281 A = 2.329066 

Substituting this i n Equation 1 and non-dimensionalizing, we get 

y + Y = n A r ( u - ^ ) Y + - f y 3 Y 5
+ ^ 5 Y 7 - ^ - Y 9

+ - ^ Y 1 1 ] [_ nA' AU AU 3 AU AU 7 AU* J 

This i s of the form discussed i n Section 2,2, from which we get 

jx = nA, 

~ =-oY where 

(2) 

2 L ^ 4 AU 8 A„3 + 6 4 A U . 5 * 
AU' AU 

_ .12 _E_ ^8 __23_1 _F_ j i o ] 
128 ATT7 1 + 512 A U 9 1 J (3) AU 

-T± » 1 therefore $ = constant 

For steady-state solution 
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I f <o (o)< 0 s e l f e x c i t a t i o n w i l l take p l a c e 
( i . e . ) i f U 7 ^ f = U nA o 

2.2. D i f f e r e n t i a l E q u a t i o n of the Second K i n d f o r the R e c t a n g u l a r 

2:1 Model 

2.2.1 Non-Linear Non-Resonance: 

The d i f f e r e n t i a l e q u a t i o n of motion i s 

my + ry •+ ky = 1/2 C e V2ht + F q s i n (u^t + ft^ ^ 

where F Q = C i f g 1/2QV hi $ 1 = some phase angl e 

N o n - d i m e n s i o n a l i z i n g t h i s e q u a t i o n , we get 

*Y + Y = jx f (Y) + Y 1 s i n (K±Z + ft-^ ( g ) 

where u = nA ,Z= w t 
2 W l Y = F /mco h, K = — 

1 0 1 1 U) 

E q u a t i o n (6) i s of the form d i s c u s s e d i n S e c t i o n 2.3.1 

Prom which we get 

&ZT e d£ 

t h e r e f o r e ft = constant 

where 

AU' - - 1 6 AD5 1 1 

128 A D 7 * 1 K l + 2 5 6 A H 9 9 1 K l J 

4 AU ~ 4 A u 3 » ! K l 52 A D 5 9 1 K 1 - 16 A D 7 1 1 

+ 17325 F S 8 K 8f-2 
512 9 J ? AIT J 
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AU3 1 6 AU 1 1 AU 6 4 AU 1 J 

1 6 4 AU 6 4 AU 1 1 2 5 6 AU 1 V 

63 E , 546 5 1 „ 2K 2j j8 + 2 _ 
• ' " l i e ^ 7 + ^ 5 6 ^ ^ I ' l J ' '512 —9> | (7) 

and %• 
1 X - K l 2 

The s t e a d y - s t a t e s o l u t i o n i s g i v e n by 

~ = 0 ( i . e . ) 6 = 0 
ac e 
I f S i n s e c t i o n 2.2 i s r e p l a c e d by 8̂ , then a l l the s t a b i l i t y 

a n a l y s i s d i s c u s s e d t h e r e can be d i r e c t l y a p p l i e d f o r t h i s case. 

2.2.2 K 1 Non-Linear E x t e r n a l Resonance 

The s o l u t i o n t o the l i n e a r i z e d e q u a t i o n by K r y l o f f and B o g o l i u -

b o f f f o r the f i r s t a p p r o x i m a t i o n i s 

Y = Y s i n (K T+ ft) = Y s i n 4/ • (8) 

dY AY 
Where — = - — ( g ) 

dft / -

d r J I 

2u 
and 5v= ~— 

itYK 
o 

f u f (Y K 1 cosa/) + Y.̂  s i n (u/ - ft + ft^ cosydi/' ( i o ) 



K = -
iiY 
1 2 Y 
— I Jit(Y K 1 cos^) + Y 1 s i n (if- $+ ^ 
^ 6" 

s i n t y dtf' 

1 2> 
— / Y s i n <$ + c& ) s i n t ^ d i ^ 

nY ' o 

t h e r e f o r e K= - — y cos (sp - <& ) 
Y 

From e q u a t i o n (lO) 

u f ( Y K costf) c o s ^ d < ^ 
2TI 

%Y K. 1 w / o 

uY «v o 

2> 
/ ^ f ( Y cos (p) c o s y d ^ ( S i n c e K « 1. ) 

=2 S (For 2:1 r e c t a n g u l a r model from e q u a t i o n 2.„I0) 
- _ I 2u 

Therefore >\ = 2b - i /* Y^ s i n (</•-$ + $ ) oosydLf 
r, Y K 

o 

and -(6 + _ 1 Y x s i n ($ - c^)) Y 
d r 2 Y K l 

From e q u a t i o n (9) 

Y, 
dqp 
d r " 

t h e r e f o r e -7^ = 1 - — — cos (li> - <£,) - K 
2Y 

For s t a t i o n a r y o s c i l l a t i o n s — - ~ , = 0 

The r e f o r e EnuaLions (0) and (9) reduce t o 

1 - — cos (* - -i> ) - K = 0 
2Y 
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S + — Y s i n (ft - ft ) = 0 
2 Y K 1 

L e t = 1 (at re s o n a n c e ) . Then 

(ft - ft )= 0 cos 
x • 

. 2 , x /-2S YN 2 4 € 2 Y 2 s i n (ft - ft j = (. ; .= — 
1 Y 

Y l - ( 12 ) 

t h e r e f o r e Y = Y /26 

where Y . = nU 2C T 

1 L F £ 
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APPENDIX I I I 

Non-Linear. Non-Resonance f o r a Square S e c t i o n 

The d i f f e r e n t i a l e q u a t i o n i s g i v e n by 

? • t . nA (n - f f ) i - + <-JL )T' - < - J b ) i T • Y x si„ ( K lc • 

A U A U 

where f o r a Reynolds number of 22,000, the c o e f f i c i e n t s of the p o l y n o m i a l 

are g i v e n as A = 2.69, B = 168, C = 6270, D = 59,900. 

The g e n e r a l s o l u t i o n i s of the form 

Y = Y s i n (X + ®) + ^ 1 s i n (K T + * ) 

For s t e a d y - s t a t e amplitude 

d* ^ . 
-rz. = 0 i . e . $ = a c o n s t a n t &Z 3 2 and ax + bx + cx = d 

where 

x = ( Y / U ) 2 

a = . 1 5 . £ 
64 A 

5 C 105 5 „ n\2 
8 A + ~H A < 2 ? * l 8 > 

D - - 3§> " f I ^ l ^ + i j | (2*V>4
 - i f I ( 2 ^ 1 S ) ( 

8 A 
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. APPENDIX IV 

D i f f e r e n t i a l E q u a t i o n of the F i r s t K i n d f o r the R e c t a n g u l a r 

1/2:1 Model 

The d i f f e r e n t i a l e q u a t i o n of motion i s 

my + r y + ky = 1/2 CL Qv2hl 

where 

G p y = F ( y / V ) n - E ( y / V ) 9 + D(y / V ) 7 - C (y/v) 5 + B ( y A ) 3 - A(y/v) 

F = 656.12104 x 1 0 2 E = 375.25079 x 1 0 2 D = 7076.95 

G = 503.36067 B = 15.72543 A = .27513333 

The e x p r e s s i o n used i n Appendix 2.1 can be d i r e c t l y used f o r 

c a l c u l a t i n g s t e a d y - s t a t e amplitude when the c o e f f i c i e n t s are r e p l a c e d 

by the above c o e f f i c i e n t s and the y/V term of the C p o l y n o m i a l i s 
jfy 

r e p l a c e d by a n e g a t i v e s i g n . 
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F i g . (19) C vs Tan a for 1/2:1 Rectangle 







67 
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