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1. SYNOPSIS 

V e n t i l a t i o n  p r o d u c e d  by f l u c t u a t i n g  p r e s s u r e  
d i f f e r e n c e s  a c r o s s  a  b u i l d i n g  a p p e a r s  t o  have  r e c e i v e d  
l i t t l e  a t t e n t i o n .  Such  f l u c t u a t i o n s  a r e  p r o d u c e d  by 
g u s t i n e s s  o f  t h e  wind o r  t u r b u l e n c e  i n  t h e  f l o w  a r o u n d  
a  b u i l d i n g .  

An e x p e r i m a n t a l  s t u d y  h a s  been  p e r f o r m e d  on a  
l a b o r a t o r y  model t o  i n v e s t i g a t e  u n s t e a d y  f l o w s  t h r o u g h  
a p e r t u r e s  s i m u l a t i n g  t h o s e  i n  t h e  f a b r i c  o f  a  
b u i l d i n g .  I n d e p e n d e n t  v a r i a b l e s  i n v e s t i g a t e d  were t h e  
mean p r e s s u r e  d i f f e r e n c e  ( 5 ) a c r o s s  t h e  a p e r t u r e  and 
t h e  a m p l i t u d e  ( k0 ) a n d  f r e q u e n c y  ( f ) of  a 
s u p e r i m p o s e d  f l u c t u a t i n g  p r e s s u r e  d i f f e r e n c e  t o  g i v e  
PC'I) = 6 t + o s l n ~ n F t  . The r e l a t i v e  a m p l i t u d e  ( ) , / f i  ) 
r a n g e  c o v e r e d  was 0 . 2  t o  0.97 and t h e  f r e q u e n c y  r a n g e  
was 0 .02  t o  0.6 Hz. A number of  a p e r t u r e  g e o m e t r i e s  
h a s  b e e n  i n v e s t i g a t e d .  

Measurements  w e r e  made o f  i n s t a n t a n e o u s  
p r e s s u r e  d i f f e r e n c e  across t h e  a p e r t u r e ,  a i r  f l o w  r a t e  
i n t o  t h e  plenum chamber  s u p p l y i n g  t h e  a p e r t u r e  and  
v e l o c i t y  o f  a i r  i s s u i n g  f rom t h e  a p e r t u r e .  The 
r e l a t i o n s h i p  between p r e s s u r e  d i f f e r e n c e  a n d  f l o w  was 
c h a r a c t e r i s e d  by a  d i s c h a r g e  c o e f f i c i e n t ,  (Cd)  . Cd 
v a l u e s  b a s e d  upon t h e  i n s t a n t a n e o u s  measu remen t s  were 
p l o t t e d  t h r o u g h o u t  a  f l o w  c y c l e  f o r  e a c h  o p e r a t i n g  
c o n d i t i o n .  T h i s  p roduced  a Cd l o o p ,  t h e  s i z e  o f  which  
d e p e n d e d  u p o n  p,/$ a n d  t h e  S t r o u h a l  number .  
T ime-averaged  f l o w s  w e r e  c h a r a c t e r i s e d  by two Cd 
v a l u e s ,  b a s e d  upon r o o t  mean p r e s s u r e  d i f f e r e n c e  and 
t h e  mean p r e s s u r e  d i f f e r e n c e ,  r e s p e c t i v e l y .  Measured 
v a l u e s  o f  Cd were c o m p a r e d  w i t h  t h e  r e s u l t s  o f  a  
t h e o r e t i c a l  a n a l y s i s  w h i c h  p r e d i c t e d  s u c c e s s f u l l y  t h e  
g e n e r a l  f e a t u r e s  o b s e r v e d .  



2 LIST OF SYMBOLS 2 A - cross-sectional area (m ) 

C - coefficient of contraction 
C 
Cd - discharge coefficient 

'ds 
- discharge coefficient for steady flow 

C - skin-friction coefficient 

diameter of circular cross-section aperture (m) 
fluctuation frequency (Hz ) , = a/2n . 
friction factor 
distance from vena-contracta to end of 

aperture (m) 

length of aperture (m) 

inertial equivalent length (m), see equation 2. 

mass (kg 

pressure ( a) 

mean pressure ( P a )  

amplitude of fluctuating component of pressure 

( P a )  

r - space coordinate in radial direction 

R - relative flow rate amplitude (=  Gfi )  
R - characteristic gas constant (kJ/kg K) 

g 
R - relative pressure amplitude ( =  P /pm) 
P 3O 7 
St - Strouhal number (St = fD/v =COD /8V) * 
St - modified Strouhal number ( =  St b/~) 

time (s) 

absolute temperature (K) 

velocity (m/s) 
3 

volume flow rate (m /s) 
3 

mean volume flow rate (m /s) 
amplitude of fluctuating component of flow rate 

3 
(m /s) 
space coordinate in axial direction 

non-uniformity coefficients, see equation 8. 

ratio of gas specific heats 
3 

density (kg/m ) 
2 skin-friction (N/m ) 
1 

radian frequency (s- ) 



3. INTRODUCTION 

An aspect of building ventilation which is 
still not well understood is the effects of 
fluctuations in the external pressure. These 
fluctuations arise from gustiness of the wind 
approaching a building and unsteadiness in the 
separated flows around it. 

The effective ventilation rate through an 
aperture will depend upon its geometry and upon the 
frequency of pressure fluctuations and on the ratio of 
their amplitude to the mean differential across the 
aperture. The relationship between a fluctuating 
pressure differential and flow through a plane 
aperture has been investigated by Earles and Zarek 
(1963), Karim and Rashidi (1972), and Mohammad and 
Mottram (1981), in relation to pulsating flow 
measurement with an orifice-meter. Because this 
relationship is non-linear, published work has 
concentrated mainly on the correction factors 
required to allow a correct mean flow rate to be 
inferred from a measured fluctuating pressure 
differential. 

The broad objective of the present work was to 
look at the pressure dif ference/flow real tionship in 
more detail, both experimentally and theoretically. To 
date, investigations have been restricted to regular 
pressure pulsations of simple-harmonic form but 
without flow reversal. 

EXPERIMENTAL STUDY 

4.1 Test-rig and instrumentation 

Experimental studies were carried out using the 
purpose built rig shown in Fig. 1 into which a variety 
of aperture geometries representative of those 
occurring in buildings can readily be introduced. This 
apparatus provides for the superimposition upon a mean 
differential of pressure , variations of the 
frequencies and amplitudes typical of those likely to 
arise in the field. It was designed to permit 
modifications to allow representation of (a) flow 
reversal during the cycle of pressure variation and 
(b) a cross-flow on one or both sides of the 
aperture. 

The inset in Fig. 1 shows the method used to 
produce a periodic fluctuation in the pressure 
generated by a constant speed fan: a motor driven disc 
rotates at constant speed about a point (marked + )  
eccentric to the centre of a circular aperture 



(marked  a ) .  By c h a n g i n g  t h e  s p e e d  o f  r o t a t i o n  a n d  t h e  
d e g r e e  o f  e c c e n t r i c i t y  a v a r i e t y  o f  f l u c t u a t i o n s  c a n  
b e  g e n e r a t e d  a b o u t  a  mean p r e s s u r e  d i f f e r e n t i a l  
be tween  t h e  plenum chamber  and  a t m o s p h e r e .  

A i r  p a s s e s  i n t o  t h e  plenum f r o m  a  p l a s t i c  t u b e  
o f  d i a m e t e r  55mm which  c o n t a i n s  s c r e e n s  and  a f l o w  
s t r a i g h t e n e r  t o  improve  t h e  q u a l i t y  o f  f l o w  b e f o r e  
f l o w  measurement .  T h i s  is a c h i e v e d  u s i n g  a v e l o c i t y  
t r a n s d u c e r  ( T S I ,  model 1610-13)  which  was c a l i b r a t e d  
a g a i n s t  a ser ies  o f  s t a n d a r d  o r i f i c e  meters w h i c h  were 
i n t r o d u c e d  i n t o  t h e  s u p p l y  t u b e  w e l l  u p s t r e a m  o f  t h e  
t r a n s d u c e r .  T h i s  p r o v i d e d  a  r e l a t i o n s h i p  be tween  
t r a n s d u c e r  s i g n a l  and  volume f l o w  ra te  i n t o  t h e  plenum 
chamber .  

P r e s s u r e  w i t h i n  t h e  plenum is measured  w i t h  a  
s i n g l e - e n d e d  t r a n s d u c e r  (Gaeltec, model 3 C T ) .  O u t f l o w  
f r o m  t h e  a p e r t u r e  is t o  a t m o s p h e r e ,  so  t h e  measu red  
p r e s s u r e  is a l s o  t h e  p r e s s u r e  d i f f e r e n t i a l  across t h e  
a p e r t u r e .  The d i s c h a r g e  c o e f f i c i e n t  f o r  t h e  a p e r t u r e  
u n d e r  t es t  w a s  c a l c u l a t e d  f r o m  i n s t a n t a n e o u s  v a l u e s  o f  
p r e s s u r e  d i f f e r e n c e , A  p ,  and  f l o w ,  u s i n g :  

V e l o c i t y  m e a s u r e m e n t s  were a l s o  made a t  t h e  
a p e r t u r e  o u t f l o w  and  v e l o c i t y  c o e f f i c i e n t s  d e t e r m i n e d ,  
b u t  t h e s e  r e s u l t s  a r e  n o t  r e p o r t e d  h e r e .  A l l  d a t a  w e r e  
d i g i t i s e d  and s t o r e d  i n  a  mic rocompu te r  f o r  s u b s e q u e n t  
p r o c e s s i n g .  

4.2 R e s u l t s  

R e s u l t s  a r e  p r e s e n t e d  f o r  3 a p e r t u r e  g e o m e t r i e s  
a l l  o f  c i r c u l a r  c r o s s - s e c t i o n ,  w i t h  d i a m e t e r ,  D = 
25mm. The  f i r s t  is a  p l a n e  squa re -edged  o r i f i c e ;  t h e  
o t h e r  t w o  a r e  o f  c y l i n d r i c a l  f o r m  w i t h  l e n g t h  L  t o  
g i v e  L/D = 1 and  1 0 ,  r e s p e c t i v e l y .  T e s t s  were c a r r i e d  
o u t  f o r  i n e r t i a  d o m i n a t e d  f l o w s  w i t h  mean f l o w .  
R e y n o l d s  n u m b e r s  i n  t h e  r a n g e  7 , 0 0 0  t o  2 4 , 0 0 0  a n d  
f l u c t u a t i o n  f r e q u e n c i e s  f o r m  0.02 t o  0.6  Hz. 

F i g u r e  2  s h o w s  t h e  v a l u e s  o f  t h e  d i s c h a r g e  
c o e f f i c i e n t s  u n d e r  s t e a d y  f l o w  c o n d i t i o n s ,  f o r  t h e  
t h r e e  a p e r t u r e  g e o m e t r i e s ,  a s  f u n c t i o n s  o f  t h e  volume 
f l o w  t h r o u g h  t h e  a p e r t u r e .  The a n t i c i p a t e d  v a r i a t i o n s  
i n  C a t  low Reyno lds  numbers ,  a r e  shown i n  F i g  2 and  
t h e s a  a r e  s u c c e e d e d  by g e n e r a l l y  more u n i f o r m  v a l u e s  
a t  h i g h e r  Reyno lds  numbers .  Note t h a t  t h e  r e a t t a c h m e n t  
a n d  p r e s s u r e  r e c o v e r y  a c h i e v e d  i n  t h e  s h o r t  t u b e  (L/D 
= 1) i n c r e a s e  t h e  f l o w  a c h i e v e d  f o r  a  p a r t i c u l a r  



p r e s s u r e  d i f f e r e n t i a l  by some 25 p e r  c e n t ,  i n  
c o m p a r i s o n  w i t h  t h e  f l o w  t h r o u g h  a  s i m p l e  o r i f i c e .  The 
o u t f l o w  t h r o u g h  t h e  l o n g  t u b e  ( L / D  = 1 0 )  is a l s o  
g r e a t e r  t h a n  t h a t  t h r o u g h  a  s i m p l e  o r i f i c e ,  f o r  a  
s p e c i f i c  d r i v i n g  p r e s s u r e ,  a l t h o u g h  f r i c t i o n  i n  t h e  
t u b e  h a s  r e d u c e d  t h e  o u t f l o w s  f r o m  t h e  s h o r t - t u b e  
v a l u e s .  

T h e  s i m p l e s t  m o d e l l i n g  o f  non - s t eady  f l o w  
t h r o u g h  t h e s e  a p e r t u r e s  is, o f  c o u r s e ,  t h e  h y p o t h e s i s  
t h a t  t h e  c u r v e s  o f  F i g u r e  2  a r e  a c c u r a t e l y  t r a c e d  
d u r i n g  e a c h  c y c l e .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  
c a n  m o s t  r e a d i l y  b e  p r e s e n t e d  a s  p r o c e s s  p a t h s  i n  t h e  
p l a n e  Cd v s  d r i v i n g  p r e s s u r e  or  f l o w  r a t e .  

F i g u r e  3 d i s p l a y s  t r a c e s  r e p r e s e n t i n g  t h e  t h r e e  
v a r i a b l e s  measu red  i n  t h e  non - s t eady  f l o w  t e s t s .  A s  
w o u l d  b e  e x p e c t e d ,  i n  v i ew  o f  t h e  smooth  a r e a  
v a r i a t i o n  p r o v i d e d  b y  t h e  i n t e r r u p t e r  d i s c  i n  t h e  
i n l e t  p i p e ,  t h e  v a r i a t i o n s  o f  t h e  t h r e e  q u a n t i t i e s  are 
r e l a t i v e l y  smooth ,  w i t h  t h e  p r e s s u r e  waveform b e i n g  
a p p r o x i m a t e l y  s i n u s o i d a l  . S i g n a l  n o i s e  a r i s e s  f rom 
some d i s t u r b a n c e s  w i t h i n  t h e  f l o w ,  m e c h a n i c a l  
v i b r a t i o n  t r a n s m i t t e d  f r o m  t h e  f a n  and  i n s t r u m e n t a t i o n  
e l e c t r o n i c s .  

F i g u r e  4  shows t h e  e f f e c t  o f  f r e q u e n c y  f o r  t h e  
l o n g  t u b e  ( L / D  = 1 0 )  o n  t h e  v a l u e s  o f  C p l o t t e d  
a g a i n s t  d r i v i n g  p r e s q u r e  t h r o u g h o u t  t h e  f l a w  c y c l e .  
The d r i v i n g  p r e s s u r e ,  p ,  c o m p r i s e s  a mean and  ha rmon ic  
component ,  v i z :  p  = p  + p  s i n w t .  A t  a p e r t u r e  o u t l e t  
t h e  p r e s s u r e  is atmospheric, t h u s  t h e  d r i v i n g  p r e s s u r e  
is a l so  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  a p e r t u r e .  
The r a t i o  of  f l u c t u a t i n g  p r e s s u r e  component  a m p l i t u d e  
t o  mean p r e s s u r e  Rp w a s  h e l d  c o n s t a n t  a t  a p p r o x i m a t e l y  
1, f o r  t h e  tests i n  F i g .  4. The r e s u l t s  f o r  t h e  t w o  
lower f r e q u e n c i e s  ( F i g  4  a  and b )  d i s p l a y  a n  
i n t e r e s t i n g  f e a t u r e ,  namely,  t h a t  t h e  v a l u e s  o f  C, f o r  
h i g h  p r e s s u r e  d i f f e r e n t i a l s ,  s a y ,  250 t o  350 Pa (C, = 
0.77)  are h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  s t e a d y - f l o w  
v a l u e s  f o r  t h e  l o n g - t u b e  c a s e  shown i n  ~ i ~ u r e  2 (Cd = 
0 . 7 5 ) .  

A s  w o u l d  b e  e x p e c t e d ,  t h e  v a r i a t i o n s  o f  C 
d e p a r t  more m a r k e d l y  f r o m  a  u n i f o r m  v a l u e  a s  t h g  
f r e q u e n c y  o f  t h e  f l o w  f l u c t u a t i o n  i n c r e a s e s .  However, 
e v e n  a t  t h e  lowest  f r e q u e n c y  c o n s i d e r e d ,  0 . 0 5  H z ,  
t h e r e  are d e p a r t u r e s  f r o m  t h e  n e a r - s t e a d y - s t a t e  v a l u e .  
Note t h a t  t h e  l o n g - t u b e  s t e a d y - s t a t e  v a l u e s  p r e s e n t e d  
i n  F i g y r e  2 show no s i g n i f i c a n t  v a r i a t i o n  i n  t h e  f l o w  
r a n g e  V >, 3 l/s, c o r r e s p o n d i n g  t o  p  >/ 40 Pa. Hence,  
t h e  r e s p o n s e  f o r  low p r e s s u r e  d i f f e r e n t i a l s  mus t  b e  
a t t r i b u t e d  t o  some e f f e c t  of n o n - s t e a d i n e s s ,  e i t h e r  i n  
t h e  f l o w  i t s e l f  or i n  t h e  i n s t r u m e n t a t i o n  s y s t e m .  

F i g u r e s  5 ( a )  t o  ( d l  show t h e  e f f e c t  o f  a  
p r o g r e s s i v e  i n c r e a s e  i n  t h e  a m p l i t u d e  o f  t h e  imposed 
p r e s s u r e  v a r i a t i o n  ( R  r a n g e  f rom 0.16 t o  0 . 9 3 ) .  F o r  

P  



t h e  l o w e s t  a m p l i t u d e  ( F i g u r e  5 ( a ) )  t h e  v a l u e  o f  t h e  
d i s c h a r g e  c o e f f i c i e n t  r e m a i n s  s e n s i b l y  c o n s t a n t  
t h r o u g h o u t  e a c h  c y c l e ,  and  t h r o u g h o u t  t h e  t h r e e  c y c l e s  
c o n s i d e r e d .  The  mean v a l u e  o f  Cd i s ,  h o w e v e r ,  a  
l i t t l e  h i g h e r  ( 0 . 7 7  c o m p a r e d  w i t h  0 . 7 5 )  t h a n  t h e  
s t e a d y - s t a t e  v a l u e  o f  F i g u r e  2. 

The  measurements  o f  F i g u r e s  5 ( b )  and  ( c )  a r e  
less c l o s e l y  bunched f o r  any  one  c y c l e  a n d ,  what  is 
more, d i s p l a y  a d e g r e e  o f  v a r i a b i l i t y  f rom o n e  c y c l e  
t o  t h e  n e x t .  F i n a l l y ,  t h e  r e s u l t s  f o r  t h e  h i g h e s t  
a m p l i t u d e ,  F i g u r e  5 ( d ) ,  are w i d e l y  s p r e a d ,  a l t h o u g h  
t h e  c y c l e - t o - c y c l e  v a r i a t i o n  is o n l y  modera te .  

F i g u r e s  6 ( a )  t o  ( c )  p r e s e n t  v a r i a t i o n s  o f  t h e  
d i s c h a r g e  c o e f f i c i e n t  f o r  c l o s e l y  s i m i l a r  p r e s s u r e  
v a r i a t i o n s  imposed a c r o s s  t h e  t h r e e  a p e r t u r e  
g e o m e t r i e s .  I n  e a c h  c a s e  t h e  v a l u e s  o f  Ca have  been 
n o r m a l i s e d  by d i v i s i o n  by a v a l u e  o f  Ca r e p r e s e n t a t i v e  
o f  s t e a d y ,  h i g h  Reynolds-number f l o w ,  t h e  v a l u e s  
c h o s e n  b e i n g  0.62 f o r  t h e  o r i f i c e ,  0.76 f o r  t h e  s h o r t  
t u b e  c o n f i g u r a t i o n ,  and 0.74 f o r  t h e  l o n g  t u b e .  A s  
migh t  b e  e x p e c t e d ,  t h e  r e s u l t s  f o r  t h e  o r i f i c e  p l a t e  
and s h o r t - t u b e  are r a t h e r  s im i l a r ,  a l t h o u g h  t h e  
v a r i a t i o n  i n  C a round  t h e  c y c l e  is somewhat less f o r  
t h e  s h o r t - t u b a .  The v a r i a t i o n  i n  t h e  d i s c h a r g e  
c o e f f i c i e n t  is c o n s i d e r a b l y  g r e a t e r  when t h e  l o n g  t u b e  
i s  a f f  i x e d  a t  t h e  e x i t .  T h i s  b e h a v i o u r  c a n  b e  
a s c r i b e d  t o  t h e  enhanced role o f  i n e r t i a ,  t h e  
c o n s i d e r a b l e  column of a i r  i n  mot ion  w i t h i n  t h e  t u b e  
p o s s e s s i n g  a  'memory' o f  t h e  p r e s s u r e  d i f f e r e n t i a l s  
p e r t a i n i n g  e a r l i e r  i n  t h e  c y c l e .  The  t h e o r e t i c a l  
a n a l y s i s  which f o l l o w s  d e v e l o p s  t h i s  i d e a  i n  a  more 
e x p l i c i t  f a s h i o n .  

5 THEORY 

T h e  m o d e l  c o n s i d e r e d  is shown i n  F i g . 7 .  I t  
c o n s i s t s  o f  a  l a r g e  r e s e r v o i r  i n  which a  f l u c t u a t i n g  
p r e s s u r e  (pi ( t )  ) d r i v e s  a  f l o w  ( V ( t )  ) t h r o u g h  a n  
a p e r t u r e  of  c r o s s - s e c t i o n a l  a r e a  A, . Downstream o f  
t h e  o p e n i n g  t h e  p r e s s u r e  is p, and may a l so  f l u c t u a t e ,  
a l t h o u g h  i t  was h e l d  c o n s t a n t  i n  t h e  tes ts  r e p o r t e d  
h e r e .  

The p r e s s u r e  d i f f e r e n c e / f l o w  r e l a t i o n s h i p  f o r  
t h e  f l o w  g e o m e t r i e s  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  c a n  be  
c h a r a c t e r i s e d  by a d i s c h a r g e  c o e f f i c i e n t ,  C 

d 8  
T h i s  

c o e f f i c i e n t  is d e f i n e d  i n  t h e  u s u a l  way as:- 
b 



a n d  is t a k e n  t o  a p p l y  t o  b o t h  s t e a d y  a n d  u n s t e a d y  
( b a s e d  o n  i n s t a n t a n e o u s  v a l u e s )  f l o w s .  

Two cases  a r e  c o n s i d e r e d :  a  p l a n e  a p e r t u r e  
( o r i f i c e )  a s  shown i n  F i g . 7 a  and  a  c y l i n d r i c a l  
a p e r t u r e  which  is assumed l o n g  enough  fo r  i n t e r n a l  
f l o w  r e a t t a c h m e n t  t o  o c c u r  ( F i g . 7 b ) .  W h i l s t  t h e r e  a r e  
f e a t u r e s  i n  common, t h e  two c a s e s  are  t r e a t e d  
s e p a r a t e l y ,  f o r  c l a r i t y .  I n  b o t h  cases r e s u l t s  a r e  
d e r i v e d  f o r  i n s t a n t a n e o u s  and  a v e r a g e d  d i s c h a r g e  
c o e f f i c i e n t s  i n  t e r m s  of p r e s c r i b e d  s i n g l e  ha rmon ic  
f l o w  w a v e f o r m s .  T h e  f l o w  p a t h  l e n g t h s  t h r o u g h  t h e  
a p e r t u r e s  are s m a l l  compared w i t h  t h e  f l o w  p u l s a t i o n  
w a v e l e n g t h s ;  a c c o r d i n g l y  t h e  f l o w  is t r e a t e d  a s  
i n c o m p r e s s i b l e .  

5 .1  ( a )  P l a n e  A p e r t u r e  ( O r i f i c e ,  ~ i g ~ 7 a ) .  

The  t h e o r e t i c a l  r e s u l t s  f o r  C is d e r i v e d  as 
f o l l o w s :  i n i t i a l l y ,  c o n s i d e r i n g  t h a  f l o w  t o  b e  
i n v i s c i d ,  t h e  e q u a t i o n  o f  m o t i o n  is:- 

I t  is assumed t h a t  v  c a n  be w r i t t e n  as  +/A, 
w h e r e  A i s  t h e  l o c a l  f l o w Z c r o s s - s e c t i o n ,  w h i c h  is 
assumed t o  b e  t i m e  i n v a r i a n t ,  I n t e g r a t i o n  w i t h  
r e s p e c t  t o  z b e t w e e n  s t a t i o n s  1 ( r e s e r v o i r )  a n d  2  
( v e n a  c o n t r a c t a )  y i e l d s : -  

- & air +v2(i+ $) - ( 2 )  (t- B)/e - 
A, x.t- 2 (C, A,)~ 

2 

& is d e f i n e d  as  A , J ~ / A  and  t h e  c o e f f i c i e n t  
k is i n t r o d u c e d  t o  allow for  t r i c t i o n a l  e f f e c t s  i n  t h e  
f l o w .  C, is t h e  c o e f f i c i e n t  o f  c o n t r a c t i o n  a t  t h e  
v e n a - c o n t r a c t a .  E l i m i n a t i n g  p  -p be tween  e q u a t i o n s  
(1) a n d  ( 2 )  p r o d u c e s  t h e  r e su l t ; -  

F o r  s t e a d y  f l o w  t h i s  r e d u c e s  to: 



S o m e  i n s i g h t  i n t o  t h e  d e p e n d e n c e  o f  C u p o n  
p a r a m e t e r s  o f  t h e  f l o w  c a n  b e  o b t a i n e d  by a s s u d i n g  a  
p e r i o d i c  f l o w  o f  t h e  form:- 

I t  s h o u l d  be n o t e d ,  however ,  t h a t  i n  o u r  
l a b o r a t o r y  model tests t h e  a p p l i e d  p r e s s u r e  
d i f f e r e n c e ,  p, -p, , was made t o  b e  o f  s i n u s o i d a l  fo rm.  
The f l o w  waveform is p r e s c r i b e d  f o r  t h e  t h e o r e t i c a l  
model i n  o r d e r  t o  allow a n o a n a l y t i c a l  s o l u t i o n  f o r  C& 

S u b s t i t u t i o n  f o r  V i n t o  e q u a t i o n  ( 3 )  t h e n  
y i e l d s  : - 

4 
ZESt*cos~~t  + - 
(i+ R s i n c ~ t ) ~  

. - 
w h e r e  R=V, /$. The u s e  o f  - r e s u l t s  i n  a m o d i f i e d  
S t r o u h a l  number,  st* = o ; ) ~ &  /+. F o r  t h e  e x p e r i m e n t a l  
s t u d y ,  t h e  o r d i n a r y  ~ t r o s h a l  n u m b e r ,  S t  = f D / v  is 
u s e d .  The  t w o  p a r a m e t e r s  a r e  r e l a t e d  a s  f o l l o w s :  
Sir*= S t  L/D. 

T h i s  r e s u l t  a l lows t h e  c a l c u l a t i o n  o f  C v a l u e s  
t h r o u g h o u t  a  f l o w  c y c l e .  The  d e g r e e  o f  v a % i a t i o n  
t h r o u g h o u t  a  c y c l e  g i v e s  a n  i n d i c a t i o n  o f  t h e  errors 
t h a t  w o u l d  a r i s e  f r o m  u s i n g  t h e  s t e a d y  f l o w  v a l u e  o f  
t h e  d i s c h a r g e  c o e f f i c i e n t  (Cbs  1, t h e r e b y  t r e a t i n g  t h e  
f l o w  a s  q u a s i - s t e a d y .  Forming t h e  r a t i o  C a  /Cds 
f a c i l i t a t e s  c o m p a r i s o n  be tween  a p e r t u r e s  o f  d i f f e r i n g  
geome t ry ,  a s  w a s  shown f o r  t h e  e x p e r i m e n t a l  r e s u l t s  i n  
F ig .6 .  The t h e o r e t i c a l  r e s u l t s  a r e  shown i n  F i g . 8  and  
were o b t a i n e d  by r e - a r r a n g i n g  e q u a t i o n  ( 5 )  t o  g i v e : -  

5.1 ( b )  C y l i n d r i c a l  A p e r t u r e  ( F i g . 7 b )  

The  p r e s s u r e  d i f f e r e n c e  be tween  s t a t i o n  1 and 
t h e  v e n a  c o n t r a c t a  (v) c a n  be  w r i t t e n  i n  t h e  same fo rm 
a s  e q u a t i o n  (2):- 



The p r i m e  added  t o  % and  k d e n o t e s  t h e  
d i f f e r e n t  i n e r t i a l  and  v i s c o u s  e f f e c t s  w h i c h  a r i s e  
f r o m  t h e  p r e s e n c e  o f  a  s o l i d  b o u n d a r y  b e t w e e n  t h e  
r e s e r v o i r  and v e n a - c o n t r a c t a .  

A p p l i c a t i o n  of t h e  momentum e q u a t i o n  t o  a  
c o n t r o l - v o l u m e  encompass ing  a l l  f l u i d  i n  t h e  a p e r t u r e  
b e t w e e n  t h e  f u l l  cross s e c t i o n  a t  t h e  v e n a - c o n t r a c t a  
and  a p e r t u r e  e x i t  y i e l d s : -  

w h e r e  7, is t h e  s k i n  f r i c t i o n  p r o d u c e d  b y  f u l l y  
d e v e l o p e d  f l o w  and t h e  c o e f f i c i e n t  & a l l o w s  f o r  t h e  
n o n - u n i f o r m i t y  o f  t h e  f l o w  f i e l d .  T h e r e  is assumed t o  
b e  n o  n e t  momentum f l u x  i n t o  t h e  c o n t r o l  volume f rom 
w i t h i n  t h e  s e p a r a t i o n  a ' b u b b l e ' .  Henace e n t e r i n g  
momentum is g i v e n  by QVV, , where  $ = V/C, AZ . The 
l a s t  t e r m  o n  t h e  r i g h t  i n  e q u a t i o n  ( 8 )  r e p r e s e n t s  t h e  
r a t e  o f  c h a n g e  o f  momentum o f  f l u i d  w i t h i n  t h e  c o n t r o l  
volume (vo lume,  V = B ~~1 ) e ~ p ~ r e s s e d  i n  terms o f  t h e  
s p a c e - a v e r a g e  v e l o c i t y  v+ = V/Az.  The c o e f f i c i e n t  

allows f o r  t h e  non-unl f  o r m  v e l o c i t y  d i s t r i b u t i o n  
w i t h i n  t h e  c o n t r o l  volume. 

R e - a r r a n g i n g  e q u a t i o n  ( 8 )  a n d  w r i t i n g  .% i n  
terms o f  a  s k i n  f r i c t i o n  c o e f f i c i e n t  C ( = ~ / & ~ v ~  ) 
g i v e s :  - f  

A d d i t i o n  o f  e q u a t i o n s  ( 8 )  a n d  ( 9 )  y i e l d s  a n  
e x p r e s s i o n  f o r  pS-p, . H e n c e ,  by s u b s t i t u t i o n  f o r  
p  - p  i n t o  e q u a t i o n  (1)  a n d  p u t t i n g  A = A*,  t h e  
f d l l o t r i n g  r e s u l t  is o b t a i n e d  o 

- 
Aga in ,  f o r  t h e  p r e s c r i b e d  f l o w  = + s i n &  t 

e q u a t i o n  ( 1 0 )  g i v e s  o 



t h e  s a m e  r e s u l t  a s  e q u a t i o n  ( 6 )  e x c e p t  t h a t  t h s  
m o d i f i e d  S t r o u h a l  number is d e f i n e d  b  S t *  = W  A 2 L  /V Y and t h e  i n e r t i a l  l e n g t h  is now = k +e(.  
The s t e a d y  f low d i s c h a r g e  c o e f f i c i e n t  is now g i v e n  by 

The midd le  2  t e r m s  of t h e  denominator  i n  
e q u a t i o n  ( 1 2 )  r e p r e s e n t  f r i c t i o n  e f f e c t s ,  t h e  l a s t  
term r e p r e s e n t s  p r e s s u r e  r e c o v e r y  due t o  s p a t i a l  
d e c e l e r a t i o n  of t h e  f l o w  downstream of t h e  vena 
c o n t r a c t a .  The b a l a n c e  between f r i c t i o n  e f f e c t s  and 
p r e s s u r e  r e c o v e r y  depends  upon t h e  r a t i o  L/D o f  t h e  
a p e r t u r e .  

5.2 Comparisons Between Theory and Experiment  

T h e o r e t i c a l  c u r v e s  o f  Cd/C& f o r  t h e  t h r e e  f l o w  
g e o m e t r i e s  t e s t e d  a r e  shown i n  F i g . 8 .  P a r a m e t e r  
v a l u e s  used  a r e  s i m i l a r  t o  t h o s e  f o r  t h e  e x p e r i m e n t a l  
r e s u l t s  p r e s e n t e d  i n  F ig .6 .  The t h e o r y  shows t h e  same 
g e n e r a l  f e a t u r e s  a s  t h e  e x p e r i m e n t a l  r e s u l t s ,  
p a r t i c a l a r l y  f o r  t h e  c a s e  L/D = 10. The p r e d i c t e d  
' l o o p '  s i z e  f o r  t h e  o r i f i c e  c a s e  w a s ,  g e n e r a l l y ,  
s m a l l e r  t h a n  t h a t  d e r i v e d  from e x p e r i m e n t a l  r e s u l t s .  
F o r  t h e  a p e r t u r e  w i t h  L / D  = 1, t h e  f l a t - b o t t o m e d  
c h a r a c t e r i s t i c  o f  t h e  l o o p  is n o t  p r e d i c t e d .  T h i s  is 
p r o b a b l y  r e l a t e d  t o  t h e  t u b e  b e i n g  i n s u f f i c i e n t l y  long  
f o r  f l o w  r e a t t a c h m e n t  t o  o c c u r  c o n t i n u o u s l y  t h r o u g h o u t  
t h e  f l o w  c y c l e .  

A d i r e c t  compar ison between t h e o r y  and 
e x p e r i m e n t  f o r  t h e  L / D  = 1 0  a p e r t u r e  is shown i n  
F i g . 9 .  The ' i n e r t i a l  l e n g t h ' ,  ( 9' + &  D is n o t  a  
m e a s u r a b l e  q u a n t i t y ,  and w h i l s t  a  v a l u e  of a b o u t  1 5  
a p p e a r s  t o  b e  p h y s i c a l l y  j u s t i f i a b l e ,  i t  d o e s  n o t  
p r o v i d e  a v e r y  good f i t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  
w h i c h  a g a i n  p r o d u c e  a  l a r g e r  l o o p .  A s  e x p e c t e d ,  
h i g h e r  v a l u e s  of  t h i s  i n e r t i a l  p a r a m e t e r  produce  
b r o a d e r  l o o p s .  

From e q u a t i o n s  ( 6 )  and (11) it is p o s s i b l e  t o  
i d e n t i f y ,  f o r  a  g i v e n  v a l u e  of t h e  p a r a m e t e r  R ,  t h e  
v a l u e  of RSt* t h a t  would g i v e  a  s p e c i f i e d  e r r o r  i n  C 
r e l a t i v e  t o  C b  . Fig.10 shows t h e  5% error b o u n d a r i e e  
f o r  t h e  maximum and minimum C v a l u e s  o c c u r r i n g  i n  a  
f low c y c l e .  The r e g i o n  below grid to  t h e  l e f t  o f  e a c h  
boundary would g i v e  errors below 5%. The 
c o r r e s p o n d i n g  e x p e r i m e n t a l  r e s u l t s ,  which a r e  a l s o  



shown i n  F ig .10 ,  d o  n o t  e s t a b l i s h  a n y  c lear  p a t t e r n .  
A s  i n d i c a t e d  a b o v e ,  C loops f r o m  measu red  d a t a  a r e  
l a r g e r  t h a n  p r e d i c t e a  b y  t h e o r y .  T h e r e f o r e ,  t h e  
e x p e r i m e n t a l  r e s u l t s  p r o d u c e  more c o n s e r v a t i v e l y  
l o c a t e d  e r r o r  b o u n d a r i e s  t h a n  t h o s e  o b t a i n e d  f r o m  
e q u a t i o n s  ( 6 )  and  (11). 

5.3 Time-Averaged D i s c h a r g e  C o e f f i c i e n t s  

I n  a d d i t i o n  t o  i n s t a n t a n e o u s  v a l u e s  o f  C d ,  
t ime-ave raged  v a l u e s  may a l s o  b e  - d e f i n e d  and  
d e t e r m i n e d  by i n t e g r a t i o n .  F o r  example ,  C is  d e f i n e d  
a s  i n  e q u a t i o n  ( I ) ,  b u t  u s i n g  t ime-averag$d v a l u e s  o f  
b o t h  t h e  f l o w  and  t h e  s q u a r e  r o o t  o f  t h e  f l u c t u a t i n g  
d r i v i n g  p r e s s u r e  d i f f e r e n c e ,  as  f o l l o w s : -  

S i m i l a r l y ,  a n  r m s  d i s c h a r g e  c o e f f  i c i e n t [ z t c a n  
b e  d e f i n e d ,  a g a i n  u s i n g  e q u a t i o n  ( I ) ,  b u t  t h i s  t i m e  
b a s e d  u p o n  t i m e - a v e r a g e d  v a l u e s  o f  t h e  f l o w  r a t e  
s q u a r e d  and  t h e  t ime-ave raged  p r e s s u r e  d i f f e r e n c e ,  a s  
f o l l o w s  : - 

If t h e  f l o w  r a t e  is r e p r e s e n t e d  more g e n e r a l l y  as : -  

t h e n ,  f rom t h e  measu red  f l u c t u a t i n g  p r e s s u r e  
d i f f e r e n c e ,  p, -pZ , it A is p o s s i b l e  t o  c a l c u l a t e  t h e  
m e a n   flow,^ , u s i n g  Ca. A l s o  t h e  m e a n - s q u a r e d  
f l u c t j a t i n g  f l o w  component  may b e  c a l c u l a t e d  by u s i n g  
b o t h  Cd and  c&, a s  f o l l o w s : -  

2  
R e s u l t s  f o r  ? and  Jcdr ' o b t a i n e d  f r o m  tests  

w i t h  t h e  p l a n e  a p e r t u r e  o v e r  t h e  f u l l  r a n g e  o f  
p a r a m e t e r  v a l u e s  are shown i n  F ig .11 .  The r e s u l t s  a r e  
n o r m a l i s e d  w i t h  r e s p e c t  t o  C h  , t a k i n g  a v a l u e  
a p p r o p r i a t e  f o r  h i g h e r  f l o w  rates (=  0.62,  see F i g . 2 ) .  
An a p p r o x i m a t e  v a l u e  o f  t h e  n o r m a l i s e d  t ime-ave raged  
c o e f f i c i e n t s  is  1.02 f o r  b o t h  c a s e s .  



T h e  somewhat g r e a t e r  s c a t t e r  f o r  tes ts  a t  t h e  
lower mean  p r e s s u r e  (p, = 28 P a )  is t h o u g h t  t o  b e  
p a r t l y  d u e  t o  a  p o o r e r  s i g n a l  t o  n o i s e  r a t i o  a t  lower 
f l o w s .  A l s o  t h e  s t e a d y  f l o w  b e h a v i o u r  o f  CA is more 
v a r i a b l e  a t  l o w  f l o w  r a t e s  and  g e n e r a l l y  e x c e e d s  t h e  
v a l u e  o f  0.62 ( F i g . 2 ) .  

A s  m i g h t  be  e x p e c t e d  f o r  c o e f f i c i e n t s  d e r i v e d  
f rom i n t e g r a t e d  r e s u l t s ,  t h e r e  is a much weake r  
d e p e n d e n c e  on  t h e  u n s t e a d i n e s s  p a r a m e t e r s  t h a n  is t h e  
c a s e  f o r  t h e  i n s t a n t a n e o u s  C d a t a .  D e p a r t u r e s  f rom 
t h e  n o m i n a l l y  c o n s t a n t  v a l u e 2  o f  Cd a n d  b e g i n  
t o  o c c u r  a t  R.St = 0.006. 

6 DISCUSSION 

6 . 1  E f f e c t s  o f  F i n i t e  Volume of Plenum Chamber 

A plenum chamber o f  f i n i t e  volume is d e s i r a b l e  
i n  o r d e r  t o  p r o d u c e  a d i s t u r b a n c e  f r e e  f l o w - s o u r c e  
u p s t r e a m  o f  t h e  a p e r t u r e  ( F i g .  1) .  I n  o r d e r  t o  o b t a i n  
t h e  i n f l o w  waveform, measu remen t s  a r e  made w i t h  a n  
anemometer  l o c a t e d  i n  t h e  t u b e  s u p p l y i n g  t h e  plenum. 
A d i s a d v a n t a g e  o f  t h i s  a r r a n g e m e n t  is t h e  f a c i l i t y  f o r  
t r a n s i e n t  mass s t o r a g e  w i t h i n  t h e  plenum d u e  t o  t h e  
c o m p r e s s i b i l i t y  o f  a i r .  T h i s  e f f e c t  p r o d u c e s  a  f l o w  
c y c l e  t h r o u g h  t h e  a p e r t u r e  which  d i f f e r s  f r o m  t h a t  
m e a s u r e d  i n  t h e  s u p p l y  t u b e .  T r e a t i n g  t h e  p r o c e s s  a s  
a n  i s e n t r o p i c  c o m p r e s s i o n  (or  e x p a n s i o n )  o f  a n  i d e a l  
g a s  y i e l d s  t h e  r e s u l t  f o r  t r a n s i e n t  mass s t o r a g e  

V a r i a t i o n s  i n  dm/dt depend  upon d p / d t ,  s i n c e  V/RST is 
s e n s i b l y  c o n s t a n t .  I n  t h e  l a b o r a t o r y  m o d e l ,  t h e  
d r i v i n g  p r e s s u r e  d i f f e r e n c e  is g i v e n  a p p r o x i m a t e l y  by 
p  = p, + p, s i n a t  so, c l e a r l y ,  d p / d t  is g r e a t e r  a t  
h i g h e r  f r e q u e n c i e s  and a m p l i t u d e s .  

The  e f f e c t  o f  t h i s  t r a n s i e n t  s t o r a g e  was 
e x a m i n e d  i n  o n e  t e s t  i n  w h i c h  t h e  p l e n u m  p r e s s u r e  
s i g n a l  w a s  s u b j e c t e d  t o  a n a l o g u e  d i f f e r e n t i a t i o n  and  
t h e n  r e c o r d e d  i n  p a r a l l e l  w i t h  t h e  o t h e r  
i n s t r u m e n t a t i o n  s i g n a l s .  The c o r r e c t e d  volume f l o w  
ra te  t h r o u g h  t h e  a p e r t u r e ,  G,, is t h e n  g i v e n  i n  terms 
o f  t h e  measu red  f l o w  r a t e  i n  t h e  i n f l o w  t u b e ,  V by: 

1' 



Cd, v a l u e s  b a s e d  upon  t h e  measu red  and  t h e n  upon 
t h e  c o r r e c t e d  f l o w  ra tes  are  shown i n  F ig .12 .  T h i s  
t e s t  w a s  a t  a r e l a t i v e l y  h i g h  f r e q u e n c y  (0 .6Hz)  and  
l a r g e  a m p l i t u d e  ( R  = p  /p = 0 . 9 6 )  a n d ,  as  a  r e s u l t ,  
t h e  c o r r e c t e d  flow%rod&!ce$ a l a r g e r  C l o o p  t h a n  f rom 
t h e  m e a s u r e d  f l o w .  

d  

6.2 Comment on  u n s t e a d i n e s s  e f f e c t s  

A somewhat s u r p r i s i n g  r e s u l t  f r o m  t h e  
e x p e r i m e n t a l  s t u d y  is t h e  a p p a r e n t l y  d e t e c t a b l e  e f f e c t  
o f  u n s t e a d i n e s s  upon Cd a t  r e l a t i v e l y  l o w  f r e q u e n c i e s  
( e . g .  f  = 0 . 0 5  Hz and  S t  = as shown i n  F i g .  4a .  
The q u e s t i o n  a r i ses  o f  t h e  a d e q u a c y  o f  i n s t r u m e n t a t i o n  
f r e q u e n c y  r e s p o n s e .  T h e  p r e s s u r e  t r a n s d u c e r  h a s  a 
r e s o n a n t  f r e q u e n c y  o f  s e v e r a l  kHz i n  a i r ,  b u t  t h e  
v e l o c i t y  t r a n s d u c e r  h a s  a t i m e  c o n s t a n t  o f  a b o u t  0 .1s .  

F u r t h e r  tes ts  are i n  p r o g r e s s  t o  d e t e r m i n e  i f  
t h e r e  is a t i m e - l a g  i n t r o d u c e d  i n  t h e  i n f e r e d  
i n s t a n t a n e o u s  f l o w  s i g n a l  w h i c h  may d i s t o r t  t h e  C 
r e s u l t .  C o r r e c t i o n s  f o r  c o m p r e s s i b i l i t y  e f f e c t s  w i t h i d  
t h e  p l enum t e n d  t o  i n c r e a s e  t h e  area o f  t h e  C l o o p s  
( F i g ,  1 2 ) .  d  

7  CONCLUSIONS 

1. P u l s a t i l e  ( b u t  n o n - r e v e r s i n g )  f l o w s  t h r o u g h  
a r a n g e  o f  a p e r t u r e  g e o m e t r i e s  h a v e  b e e n  i n v e s t i g a t e d .  

2. The r e l a t i o n s h i p  be tween  i n s t a n t a n e o u s  
p r e s s u r e - d i f f e r e n c e  a n d  f l o w  h a s  b e e n  c h a r a c t e r i s e d  by  
a d i s c h a r g e  c o e f f i c i e n t ,  Cd. Hence ,  f o r  a g i v e n  f l o w  
c y c ' l e  a Cb " l o o p "  is fo rmed ;  t h e  w i d t h  o f  t h e  l o o p  
d e p e n d s  upon t h e  r e l a t i v e  i m p o r t a n c e  o f  i n e r t i a l  
e f f e c t s  i n  t h e  f l o w .  

3 .  D i s c h a r g e  c o e f f i c i e n t s  b a s e d  o n  
t i m e - a v e r a g e d  q u a n t i t i e s  h a v e  been  d e f i n e d  a n d  
m e a s u r e d .  
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AEI 2 h. p. centrifugal fan drawing in room air 
Matching section between fan outlet and duct 
Motor with reduction gears to drive disc (14) 
Mean flow control damper 
Fluctuation-inducing mechanism (see inset) 
Brush seal for rotating disc 
Smoothing screens 
Plow straightener 
TSI anemometer 

10. Plenum chamber (depth 590 mm into plane of figure) 
11. Wall pressure tapping 
12, Orifice or other aperture 
13. TSI anemometer 
14. Rotating disc, diameter 273 nun 
15. Circular hole surrounding disc, diameter 320 mm 
A. Dimension defining position of second anemometer probe 

(either one diameter from plane of orifice or 10 mm from 
end of a tube). 
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F i g u r e  2 .  Steady  f l o w  r e s u l t s  - d i s c h a r g e  c o e f f i c i e n t  

Tire (seconds) 
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F i g u r e  3 Raw d a t a  ( i n  d e s c e n d i n g  o r d e r :  p r e s s u r e  
d i f f e r e n c e ,  v e l o c i t y  and volume f l o w  r a t e )  f o r  
test w i t h  t h  f o l l o w i n g  c o n d i t i o n s :  f = 0 . 0 2  Hz, 
pm = 178 Pa, (b = 5 . 1 2  t/s and % = 0 . 7 2 .  
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1.2 C y c l e  1 

W177.6 Pa 

e-l]l DIFFERWTIN PRESSURE <Pa> 

F i g u r e  4 C v a l u e s  f o r  t h e  l o n g  t u b e  p l o t t e d  a g a i n s t  
d % i v i n g  p r e s s u r e  d i f f e r e n c e  t o  show v a r i a t i o n s  
t h r o u g h o u t  t h e  f l o w  c y c l e  f o r  p r o g r e s s i v e l y  
i n c r e a s i n g  f r e q u e n c y  ( a )  f = 0 .05  H Z f  ( b )  f = 0 .2  
H Z f  and ( c )  f = 0.6 Hz. 
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Figure 6 C values showing variations throughout the flow 
Cfcle with nominally constant operating conditions 
for ( a )  orifice, (b) short tube and ( c )  long tube. 
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Figure 7 Geometry f o r  aperture  theoretic.al  models 
( a )  o r i f i c e  ( b )  tube. 

Figure 8 Theore t i ca l  r e s u l t s  f o r  Cd. 

Figure 4 Comparision between theore t i ca l  and expa 

i.3 r e s u l t s  f o r  Cd. 
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Figure 10 Comparision between theory an experiment for 5 %  
error boundaries for maximum ( & I  and minimum (Ed) 
values of Cd. 



Pi2 
-(Yo nu 
coo su;'? 
- 8 2 4  yuu 

3 z 4  4  

0 0  

3 : m w m z 2 
5 
UI 

-2P 
E 
-1 < - 

22 - Ki 
U. LL - 
a 

rn 
Z 

I" 

m 

z 
0 

-I 

/i ; OO; 4Q + 

0 0 

. B  

n 
3 
D 
6 
-1 

4  + 
4  4  

+ 
0 

0 + 
4  + 

+ 
0 4  u " .  a 

0 + ~ + + 4  o 
4  + +  4  . 4  ++ 

'c! - I=! - '2 
m .  m 

't 
m 



Discussion 

Paper 6 

M. Bassett (BRANZ) This analysis could have application to 
airtlows through rainscreen claddings. Here it is desirable to 
know airflow rates through ventilation openings at a range of 
wind pressure frequencies. Has this been undertaken or 
contarcplated? 

B. Sahin (Brunel University, UK) Thankyou for your question - 
no, we have not considered the application of this work to 
rainscreen cladding. I would be-grateful if you could advise 
where we can obtain details of the geometry of this cladding and 
hence, any possible applications of the work. 


