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VENTILATION THROUGH OPENINGS ON ONE KALL ONLY 

by P R  Warren 

A 2  a r e a  of opening ( s u b s c r i p t s  1,2 s e e  below) (m ) 

b  b r e a d t h  of r e c t a n g u l a r  opening (m) 

C c o n c e n t r a t i o n  ( s u b s c r i p t s  i , e )  

£1 '£2 f u n c t i o n s  of q 

G mass f low r a  t e  ( k g / s )  

9 %  
f u n c t i o n s  of 

r 

H u e r t i c a l  d i s t a n c e  between c e n t r e s  of two openings  (m) 

h  h e i g h t  of r e c t a n g u l a r  opening (m) 

I i n t e g r a l ,  d e f i n e d  i r i  t h e  t e x t  

wave number 

%np frequency,  f requency  a t  peak v a l u e  of p r e s s u r e  spectrum (Hz) 

2 
P p r e s s u r e  ( s u b s c r i p t s  1 , 2 , R )  (N/m ) 

2  
P ' ,  p f l u c t u a t i n g  component of p r e s s u r e ;  rms v a l u e  of p '  (N/m ) 

U mean v e l o c i t y  ( s u b s c r i p t s  L,R,T s e e  below) (m/s) 

U v e l o c i t y  i n  x - d i r e c t i o n  w i t h i n  mixing l a y e r  (m/s) 

v 3 
volume (m ) 

v v e l o c i t y  i n  y - d i r e c t i o n  w i t h i n  mixing l a y e r  (m/s) 

Ar 2 Archimedes number (=AOgh/OU ) 

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

CP 
2 

p r e s s u r e  c o e f f i c i e n t  (= (p-pc ) / l  U ) 
200 T  

F f l o w  nurnber (=Q/Au) ( s u b s c r i p t s  L,R,T i n d i c a t e  UL e t c )  

G r 3 2 
Grashof number (= AOgh / ev  ) 

M a s p e c t  r a t i o  of r e c t a n g u l a r  opening (= h / b )  

R e  Reynoldc number (= UR/v) 



Nomenclature - con t inued  

a r b i t r a r y  c o n s t a n t  r e l a t i n g  t o  wid th  of mixing l a y e r  

a n g l e  of f low d i r e c t i o n  i n  p lane  p a r a l l e l  t o  w a l l  

a n g l e  of wind d i r e c t i o n  (=O, p e r p e n d i c u l a r  t o  w a l l )  

differente between two v a l u e s  of same v a r i a b l e  

r a t i o  of opening a r e a  (= A /A ) 
1 2  

s i m i l a r i t y  v a r i a b l e ;  v a l u e  of Q i n  p l a n e  of opening 

a b s o l u t e  t empera tu re  (deg K) 

2 
k i n e m a t i c  v i s c o s i t y  (m / s )  

3 d e n s i t y  (kglm ) 

a n g l e  of opening of window 'vaneg  

SUBSCRIPT S 

1,2 i d e n t i f i c a t i o n  nurnber of opening 

i ,  e v a l u e  p and v a t  i n n e r  and o u t e r  edges  of mixing l a y e r  

L ,R,T v a l u e  of U ,  and d imens ion less  q u a n t i t i e s  A r ,  F which depend upon 
U ,  l o c a l  t o  t h e  opening (L) ,  a t  a chosen r e f e r e n c e  p o i n t  remote 
f  rom t h e  b u i l d i n g  (R) , and a t  a r e f  e r e n c e  p o i n t  i n  t h e  f  r e e  wind 
a t  a h e i g h t  equa l  t o  t h a t  of t h e  b u i l d i n g  (T) .  

v a l u e  of p and p t a k e n  f o r  r e f e r e n c e  i n  d e f i n i n g  Cp 
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INTRODUCTION 

Under t h e  a c t i o n  of t he  s teady  pressures  generated by wind and temperature 

d i f f e r ences ,  a i r  flows through openings, both purpose-made and adven t i t i ous ,  

i n  t h e  ou te r  s k i n  and between spaces w i th in  a  bui ld ing .  The genera l  p r i n c i p l e s  

unde-lying t h i s  form of v e n t i l a t i o n  were s t a t e d  many years  ago (1,2) and 

have subsequent ly been developed and incorporated i n  computer-based methods 

f o r  t h e  p r e d i c t i o n  of flow through bui ld ings  cons i s t i ng  of complex arrangements 

of spaces ( 3 , 4 ) .  However t h e r e  a r e  s i t u a t i o n s  when ' through'  v e n t i l a t i o n  

of t h i s  type cannot occur,  i n  p a r t i c u l a r  when a  space w i t h i n  a  bui ld ing  

i s  wel l-sealed wi th  r e spec t  t o  the  r e s t  of t he  bu i ld ing  and has openings 

i n  one ex te rna1  wa l l  only. Typica l  examples a r e  c e l l u l a r  off  i c e s  o r  classrooms 

i n  which i n t e r n a 1  doors a r e  kept  closed f o r  reasons of pr ivacy o r  no i se ,  

and f o r  whfch t h e  only l a r g e  openings a v a i l a b l e  f o r  v e n t i l a t i o n  i n  swmner 

a r e  i n  the  one ex terna1  wal l .  Langdon and Loudon (5) have shown t h a t  such 

rooms tend t o  have higher  summer temperatures and g ive  r i s e  t o  g r e a t e r  

user  d i s s a t i s f a c t i o n  than  through-vent i la ted rooms exposed t o  t he  same 

condi t ions  of s o l a r  ga in  e t c .  The purpose of t h e  work descr ibed i n  p a r t  

i n  t h i s  paper i s  t o  provide a  b a s i s  f o r  the  choice and s i z i n g  of openings 

t o  g ive  t h e  des ign  summertime v e n t i l a t i o n  r a t e  i n  rooms of t h i s  t ype ,  



I 
2 3 

= func t ion  ( W  h 
I ,  (b) 

The f i r s t  independent dimensionless group i s  t he  Grashof Number, G r ,  and 

the  second i s  t he  aspec t  r a t i o ,  M ,  of t h e  opening. I f  t he  temperature 

d i f f e r e n c e s  a r e  small  i n  comparison wi th  the  abso lu t e  temperatures ,  equat ion 

(2) may be w r i t t e n  i n  terms of volume flow r a t e ,  and 8 may be regarded 

as  t h e  mean between t h e  i n t e r n a 1  and ex terna1  abso lu t e  temperatures .  The 

volume flow r a t e ,  Q ,  i s  t h e r e f o r e  given by, 
1 

gA0h " 
Q = A.function(Gr,M). 

I f  the  f  ollowing acsumptions a r e  mad.e , 

( i )  viscous f o r c e s  a r e  small  i n  comparison wi th  those  due t o  buoyancy, 

i e  G r  i s  l a r g e ,  and 

( i i )  t h e  v e r t i c a l  component of v e l o c i t y  a t  t h e  opening i s  small  i n  comparison 

wi th  ho r i zon ta l  components i e  the  flow c o n s i s t s  of two-dimensional 

ho r i zon ta l  l a y e r s ,  

then,  as  Shaw (6 )  and Brown and Solvason ( 7 )  have shown, 

1 
function(Gr,M) = F d .  ( 4 )  

Cd i s  t h e  d ischarge  c o e f f i c i e n t  f o r  the  opening, which i f  t he  l a t t e r  i s  

sharp-edged v i l l  approach t h e  t h e o r e t i c a l  va lue  of 0.61 a t  high Grashof 

num'bers. Experimental r e s u l t s  by Shaw confirm t h a t  t h i s  va lue  i s  app ropr i a t e  

f o r  openings t y p f c a l  of t he  s i z e  of open windows, f o r  a range of AB l e s s  

than 20 deg C .  



M u l t i p l e  Openings 

Brown and Solvason ( 7 )  have noted t h a t  t h e  a n a l y s i s  f o r  a s i n g l e  opening 

can b e  extended t o  d e a l  w i t h  openings of v a r i o u s  dimensions  s e p a r a t e d  by 

d i f f e r e n t  v e r t i c a l  d i s t a n c e s .  The s i m p l e s t  arrangement c o n s i s t s  of two 

openings  of a r e a s ,  A l  and A w i t h  t h e i r  c e n t r e s  a t  a  h e i g h t  H a p a r t ,  
2 

The f l o w  r a t e  i s  t h e n  g iven  by, 

I f  t h e  a r e a s  a r e  e q u a l ,  E e q u a l s  1 and e q u a t i o n  (6) reduces  t o ,  

WIND 

The s t r u c t u r e  of t h e  wind i s  complex, depending i n t e r  a l i a  on t h e  s t a b i l i t y  

of t h e  atmosphere and t h e  roughness  of t h e  t e r r a i n .  I n  g e n e r a l  i n  t h e  

lower a tmosphere  t h e  wind i s  t u r b u l e n t  and t h e  mean v a l u e  of i t s  speed,  

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

w i t h  h e i g h t ,  The r e s u l t i n g  f l o w  when t h e  wind i n t e r a c t s  w i t h  a  b l u f f  body, 

such a s  a  b u i l d i n g ,  i s  i n e v i t a b l y  h i g h l y  complex and c a n  o n l y  be determined 

by wind t u n n e l  o r  f u l l - s c a l e  s t u d i e s .  C e r t a i n  broad c h a r a c t e r i s t i c s  may, 

however be no ted .  A i r  d e f l e c t e d  a c r o s s  t h e  windward f a c e s  s e p a r a t e s  a t  

s h a r p  c o r n e r s  c r e a t i n g  r e g i o n s  of r e v e r s e d  f low.  Downstream a  wake i s  

formed, The s u r f a c e  of t h e  b u i l d i n g  i s  s u b j e c t  t o  f l u c t u a t i n g  p r e s s u r e s  

r e l a t e d  n o t  o n l y  t o  t h e  t u r b u l e n c e  i n  t h e  wind ups t ream of t h e  b u i l d i n g  

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



i s  sealeci the  dens i ty  of a i r  w i th in  the  space w i l l  a l s o  vary  about a  mean 

va lue  po. If t h e  process i s  considered t o  be a d i a b a t i c  t h e  r a t e  of change 

of mass of t h e  a i r  w i th in  the  space and i n  consequence the  r a t e  a t  which 

a i r  i s  t r a n s f e r r e d  through the  opening i s  given by, 

where p .  i s  t he  pressure  w i t h i n  t h e  space. In  o rde r  t o  make a  simple es t imate  
1 

of t he  magnitude of t h e  flow r a t e  t h e  following assumptions a r e  made. 

i )  A l l  of the  p re s su re  v a r i a t i o n  occurs a t  a  s i n g l e  frequency, n.  

The amplitude of the  f l u c t u a t i n g  component of t h e  ex terna1  pressure  

a t  t he  opening, p; is t h e r e f o r e  given by, 

i i )  The mass of ex t e rna1  a i r  which e n t e r s  during each cyc le  mixes p e r f e c t l y ,  

and hence t h e  outgoing a i r  on t h e  o ther  h a l £  of t h e  cyc le  conta ins  

'contaminated'  a i r  from wi th in  t h e  space. 

i i i )  That t h e  i n t e r n a l  p re s su re  follows the  ex terna1  p re s su re  without  

any l a g  o r  a t t e n u a t i o n ,  i e  t h e  e f f e c t s  of i n e r t i a  a r e  ignored. 

The use of t hese  assurnptions, toge ther  wi th  equat ion  (11) leads  t o  the  

fol lowing express ion  f o r  an equiva len t  volume flow r a t e ,  



a n a l y s i s  d i f f i c u l t ,  However t h e  t y p i c a l  window dimension i s  g e n e r a l l y  

v e r y  much s m a l l e r  t h a n  t h e  t y p i c a l  dimension of a  b u i l d i n g .  I n  consequence 

t h e  f  low i n  t h e  v i c i n i t y  of an  opening w i l l  be  p a r a l l e l  t o  t h e  p l a n e  of 

t h e  w a l l ,  Neg lec t ing ,  i n i t i a l l y ,  t h e  £ a c t  t h a t  i t  i s  t u r b u l e n t  and con- 

s i d e r i n g  t h e  mean f low a t  t h e  opening i t s e l f , t h e  f l o w  resembles  t h e  'mixing'  

l a y e r  formed when a  uniform strearn i s  exposed t o  a  r e g i o n  of ze ro  v e l o c i t y  

a t  one edge. Although i t  i s  o n l y  a  two-dimensional approximat ion i t  i s  

sugges ted  t h a t  t h i s  f low,  which i s  compara t ive ly  we11 unders tood be  used 

a s  a  f i r s t  s t e p  i n  t h e  d e t e r m i n a t i o n  of t h e  t u r b u l e n t  exchange of f l u i d  

a c r o s s  t h e  opening.  

F i g u r e  2 shows t h e  assumed p a t t e r n  of f low.  O u t s i d e  of t h e  mixing l a y e r  

t h e  f r e e  s t r e a m  has  a  uniform v e l o c i t y  equa l  t o  t h e  mean v e l o c i t y  a t  t h e  

opening,  U A t  t h e  i n n e r  edge of t h e  l a y e r  t h e  l o n g i t u d i n a l  v e l o c i t y ,  
L ' 

u ,  is z e r o .  At t h e  magnitude of Reynolds number based on t h e  opening dimensions 

t h e  f l o w  w i l l  be  t u r b u l e n t  w i t h i n  t h e  l a y e r .  A number of t h e o r e t i c a l  s o l u t i o n s  

based upon t h e  c l a s s i c a l  phenomenonological t h e o r i e s  of t u r b u l e n c e  have 

been d e r i v e d  f o r  t h e  d i s t r i b u t i o n  of mean v e l o c i t y ,  u ,  and c o n c e n t r a t i o n  

of any s p e c i e s ,  c ,  w i t h i n  t h e  l a y e r ,  n o t a b l y  by Tol lmien ( I l )  and G u r t l e r  (12 ) .  

I n  g e n e r a l  good agreement w i t h  exper imenta l  r e s u l t s  c a n  be o b t a i n e d  w i t h  

any o f  t h e s e  s o l u t i o n s  s i n c e  they  each c o n t a i n  a t  l e a s t  one a r b i t r a r y  c o n s t a n t .  

A l l  a r e  based upon t h e  assumption of s i m i l a r  p r o f i l e s  f o r  v e l o c i t y  and 

c o n c e n t r a t i o n .  Thus u  and c  may be expressed  a s  f u n c t i o n s  of s u i t a b l y  

chosen s i m i l a r i t y  v a r i a b l e ,  n, where 

U - - C - f l  (n) ; --- = f  (n) and n = (Y - y i )  

U~ C i 2 
ax  

Y i 
i s  t h e  v a l u e  of y  a t  t h e  i n n e r  edge of t h e  l a y e r  and i s  a  c o n s t a n t  which 



The va lue  of Q may be f ixed  by cons ider ing  the  p r i n c i p l e  of c o n t i n u i t y  
r 

app l i ed  t o  t h e  enclosed space. I f  i t  i s  completely s ea l ed  OB i s  a mean 

s t r eaml ine  and t h e r e  can be no n e t  t r a n s f e r  of f l u i d  ac ros s  i t ,  and YI = 
r 'ro S 

say.  Thus t h e  f low re tu rn ing  i n t o  t h e  space across  BC must be equal  t o  

t h e  en t r a ined  flow along t h e  edge O C ,  t hus ,  

where, 

g (q ) i s  def ined  as 
2 r f ,  (i1)dri 

Thus , 
v: 

and hence q may be determined and the  p o s i t i o n  of t he  l a y e r  f i xed .  
r o  

I n  order  t o  proceed f u r t h e r  i t  i s  necessary t o  propose s u i t a b l e  expressions 

f o r  t he  func t ions  f l  (n) and f  2(q).  There i s  l i t t l e  t o  choose f o r  t h i s  

p re sen t  purpose between t h e  var ious  t h e o r e t i c a l  s o l u t i o n s  and f o r  ease  

of manipulat ion t h e  func t ions  proposed by Abramovitch (13)  w i l l  be used: 

The func t ions  g (q ) and g (q ) and t h e  i n t e g r a l s  I and I may now be 
1 r 2 r 1 2 

determined, lead ing  t o ,  

"ro 
= 0,62 v. = 0.134 auL ; g l ( q r o )  = 0.056, 

1 

It remains t o  a s s ign  a  s u i t a b l e  va lue  f o  the  cons tan t  a. Liepmann and 

Laufer  (14)  determined exper imenta l lya  va lue  of 0 . 2 3  f o r  a  uniform s teady  



t h e  e f f e c t  of a f low p a r a l l e l  t o  t h e  p a r t i t i o n ,  The f l o w  was c r e a t e d  by 

c o n v e n t i o n a l  a i r - c a n d i t i o n i n g  f a n s  and would b e  expec ted  t o  b e  h i g h l y  t u r b u l e n t  

F a r  h i g h  v e l o c i t i e s  t h e  r a t e  of h e a t  t r a n s f e r  was independent  of Grashof 

No, i n d i c a t i n g  t h a t  i t  was dependent  on t h e  f low o n l y ,  These r e s u l t s  have 

been employed t o  deduce v a l u e s  of F f o r  t h e  t h r e e  s i z e s  of openings used.  
L 

Using t h e  p r e v i o u s l y  determined v a l u e  f o r  q of 0.62, and g l  (vro) of 0 .0569  
r o 

i n  c o n j u n c t i o n  w i t h  e q u a t i o n  ( 1  6)  v a l u e s  o f  a have been determined and a r e  

l i s t e d  w i t h  t h e i r  cor responding  v a l u e s  of F i n  T a b l e  1. 
L 

TABIAE i Values  of F and determined from Brown & Solvason ( 7 )  
L 

S i n g l e  Opening w i t h  a Vane 

The mechanisms due  t o  wind d i s c u s s e d  s o  f a r  have been a p p l i c a b l e  t o  p l a n e  

openings .  A vane  w i l l  i n t e r a c t  w i t h  t h e  l o c a l  a i r f l o w  c r e a t i n g  a n  exchange 

of a i r  a c r o s s  t h e  opening,  Again t h e  complexi n a t u r e  of t h e  f low p r e c l u d e s  

t h e o r e t i c a l  a n a l y s i s .  Using d imens iona l  a n a l y s i s  t h e  main independent  v a r i a b l i  

may b e  i d e n t l f i e d .  

F~ 
= f u n c t i o n  ( Q ,  8,  M, ReL) e 

The s e n s e  of $ and R i s  i n d i c a t e d  i n  F i g u r e  3 ,  



I f  we assume t h a t  t h e  a s p e c t  r a t i o ,  ? f ,  and t h e  Reynolds number, Re w i l l  
R 

n o t  be impor tan t .  I n  t h e  c a s e  of t h e  Reynolds number t h i s  i s  e f f e c t i v e l y  

r e i t e r a t i n g  assumptions  t h a t  have a l r e a d y  been made when d i s c u s s i n g  t h e  

s e p a r a t e  a c t i o n  of t h e s e  two mechanisms. Thus,  

FR = f u n c t i o n  (Ar ) 
R (20)  

When tempera tu re  d i f  f e r e n c e  i s  t h e  predominant e f f  e c t ,  i e  when A r  i s  l a r g e  R 

t h e  v e n t i l a t i o n  f low r a t e  w i l l  tend t o  t h a t  p r e d i c t e d  by e q u a t i o n  ( 5 ) ,  

which on d i v i s i o n  by U g i v e s ,  R 
1 1 

FR = +($)Cd. (ArR) (21 )  

When wind domina tes ,  A r R +  0 ,  and F becomes independent  of Ar Th is  
R R "  

s u g g e s t s  a  u s e f u l  b a s i s  of judgement i n  t h e  a n a l y s i s  of measurements made 

i n  f u l l  s i z e  b u i l d i n g s ,  where c o n t r o l  over  t h e  main v a r i a b l e s ,  wind speed ,  

d i r e c t i o n  and t empera tu re  d i f f e r e n c e  i s  n o t  p o s s i b l e .  To i s o l a t e  t h o s e  

r e s u l t s  mainly  i n f l u e n c e d  by wind t h e  r e s u l t s  may be p l o t t e d  i n  t h e  form 

I 
F a g a i n s t  A r 2  Measurements dominated by t empera tu re  w i l l  tend t o  l i e  

R R" 

a long  t h e  s t r a i g h t  l i n e  d e f i n e d  by e q u a t i o n  (21),  whereas t h o s e  l a r g e l y  

due t o  wind w i l l  l i e  between t h e  F a x i s  and t h e  l i n e ,  e q u a t i o n  ( 2 1 ) .  
R 

W I N D  TUNNEL STUDIES 

Exper imental  Arrangement 

The working s e c t i o n  of a s m a l l  open j e t  wind- tunnel ,  d e s c r i b e d  by Sexton (16), 

was a l t e r e d  s o  t h a t  it was t o t a l l y  enclosed w i t h  h e i g h t  0.8 m and wid th  1 . 1  m. 

A s m a l l  t e s t  chamber was c o n s t m c t e d  t o  have one w a l l  i n  common w i t h  t h e  

s i d e  w a l l  of t h e  wind- tunnel .  I t s  d imensions  were 0.5 x 0 , 5  m i n  s e c t i o n .  

The dep th  away from t h e  t u n n e l  w a l l  could  b e  v a r i e d  between 0.5 and 1 . O  m, 



as t h e  s l o t  width i n c r e a s e s ,  The long i tud ina l  v e l o c i t y  c r ea t ed  a t  t h e  

inner  edge of t he  mixing layer  can be shown t h e o r e t i c a l l y  t o  reduce entrainment ,  

and a s  a  consequence the  exchange of a i r ,  

It was not  poss ib l e  t o  model the turbulence l i k e l y  t o  occur i n  f u l l  s c a l e  

s i t u a t i o n s ,  bu t  t h e  e f f e c t  of i nc reas ing  the  turbulence i n  t he  wind tunne l  

stream was i n v e s t i g a t e d ,  A b ip l ane  g r i d  c o n s i s t i n g  of 46 x 7 mm s l a t s  

( s e t  wi th  t h e i r  l a r g e r  s i d e  perpendicular  t o  t h e  f low) ,  i n  a  square p a t t e r n  

a t  148 m c e n t r e s  was i n s e r t e d  i n  t he  working s e c t i o n  1 ,5  m upstream of 

t h e  cen t r e  of the  openlngc In  t h e  chamber wa l l ,  The g r i d  was s i zed  t o  

g ive  a l a t e r a l  s c a l e  of tu rbulence  L (u) a t  t h e  t e s t  chamber opening of 
Y 

25 mm, us ing  t h e  r e s u l t s  of Baines and Pe terson  (17).  The i n t e n s i t y  of 

t h e  long i tud ina l  component of turbulence was measured a s  9.0%. The r e s u l t s  

f o r  the  measurements a r e  given i n  column 3  of Table 3 and may be compared 

wi th  those without  enhanced turbulence.  The o v e r a l l  e f f e c t  i s  t o  i nc rease  

t h e  va lue  of F by some 50% f o r  t he  s l o t s  and approximately 40% f o r  t h e  
L 

square openings, r e f l e c t i n g  t h e  h igher  c o n t r i b u t i o n  of three-dimensional 

e f f e c t s  t o  t he  exchange r a t e  i n  t h e  case  of t h e  l a t t e r .  

S ingle  Opening wi th  a  Vane 

The e f f e c t  of an opening vane was s tudied  by i n s e r t i n g  small  models of 

openable casement windows i n  t h e  t e s t  chamber w a l l ,  Three mode1 windows 

were used,  each of a r ea  0.026 m 2 ,  bu t  w i th  a spec t  r a t i o s  of 1.0, 1 - 6  and 

2.5,  Measurements of v e n t i l a t i o n  r a t e  were made f o r  a  range of wind tunnel  

speeds from 1.0 t o  5,O m/s,  f o r  t h e  t h r e e  va lues  of B ,  0 ,  90 and 150°, 

and, a t  each of t hese ,  f o r  values of window opening, 4 ,  of 10, 30, 60 and 



i n s i d e  and o u t s i d e  of t h e  rooms were r e c o r d e d ,  The expected a c c u r a c i e s  

-5 + 
of measurement were -10% f o r  v e n t i l a t i o n  r a t e ,  and -0.5 PIS f o r  wind speed 

+ 
and -0. ~ O C  f  o r  t h e  t e m p e r a t u r e s .  

V e r t i c a l l y  s l i d i n g  window - Room A 

2 
With a  window opening of 0.15 m,  g i v i n g  a  s i n g l e  r e c t a n g u l a r  a r e a  of 0 .15 m , 

measurements were made f o r  a  wide range  of UR, y ,  and A B .  I n  o r d e r  t o  

compare t h e  f u l l  s c a l e  r e s u l t s  w i t h  t h e  v a l u e s  p r e d i c t e d  f o r  p a r t i c u l a r  

mechanisms i t  i s  n e c e s s a r y ,  where p o s s i b l e ,  t o  s e p a r a t e  t h e  r e s u l t s  dominated 

by p a r t i c u l a r  mechanisms from each o t h e r .  I n  o r d e r  t o  s e p a r a t e  wind and 

t empera tu re  t h e  procedure  sugges ted  i n  a  p r e v i o u s  s e c t i o n  has  been adopted 
I 

and t h e  r e s u l t s  have been p l o t t e d  i n  t h e  f  orm FR v ~ r '  i n  F i g u r e  5a .  By R 

i n s p e c t i o n  t h o s e  r e s u l t s  predominant ly  a f f e c t e d  by wind were i s o l a t e d ,  

and p l o t t e d  i n  F i g u r e  5a ,  a g a i n s t  wind d i r e c t i o n ,  y ,  

Measurements were a l s o  made w i t h  t h e  same open a r e a ,  b u t  a r ranged  i n  t h e  

form of t o p  and bot tom openings  of equa l  a r e a ,  and s e p a r a t e d  by a  v e r t i c a l  

d i s t a n c e  of 1 ,16 m ,  These r e s u l t s  were a l s o  ana lysed  by p l o t t i n g  them 
1 

iil the form TF v AT' i n  F i g u r e  5b. As migh t  b e  expected t h e r e  a r e ~ r a t h e r  
.- R9 

more r e s u l t s  i n  t h i s  i n s t a n c e  c l e a r l y  due  mainly  t o  t empera tu re  d i f f e r e n c e ,  

The r e s u l t s  predominant ly  a f f e c t e d  by wind a r e  p l o t t e d  a g a i n s t  wind d i r e c t i o n  

i n  F i g u r e  5b,  

Side-mounted casement window - Room B 

Measurements were made w i t h  a  s i n g l e  casement window, of a s p e c t  r a t i o  1 . 9 ,  

L 
a r e a  when f u l l y  open of 0.60 m , and h e i g h t  1 , O Q  m, a t  t h e  f o l l o w i n g  v a l u e s  

of 4;  4 ,  1 2 ,  20, 2 7 ,  34 and 67O, Again t h e  r e s u l t s  due mainly  t o  wind 

have been s e p a r a t e d  from t h e  remainder and p l o t t e d  a g a i n s t  wind d i r e c t i o n .  

Fagure 6 shows t h e  r e c u l t s .  



1 ~ r i  f o r  a l l  of t h e  r e s u l t s  f o r  t h e  double  opening.  Also inc luded  i s  t h e  - 
s t r a i g h t  l i n e  r e p r e s e n t i n g  v e n t i l a t i o n  due t o  t empera tu re  d i f f e r e n c e  a l o n e .  

1 

A t  h i g h  v a l u e s  of ~ r ?  t h e  r e s u l t s  group around t h i s  Pine;  a t  low v a l u e s  
L 

t h e  r e s u l t s  d e v i a t e  and t end  t o  become independent  of t h e  Archimedes number, 

j u s t  a s  sugges ted  e a r l i e r  when t h e  s imul taneous  a c t i o n  of wind and t empera tu re  

d i f f e r e n c e  was d i s c u s s e d ,  The r e s u l t  a l s o  i m p l i e s  t h a t  g iven  t h e  a p p r o p r i a t e  

d a t a ,  o r  d e s i g n  c o n d i t i o n s ,  whichever of t h e  two e f f e c t s  i s  c a l c u l a t e d  t o  

g i v e  t h e  l a r g e s t  v e n t i l a t i o n  r a t e  may be assumed t o  be  a c t i n g  a l o n e .  

The r e s u l t s  f o r  t h e  s ingLe side-mounted casement window have been s i m i l a r l y  

expressed  i n  terms of t h e  l o c a l  windspeed U Nawever t h e  wind-tunnel s t u d i e s  
L "  

6 must be t a k e n  i n t o  account .  D i r e c t  comparison i s  r e s t r i c t e d  by t h e  exper i -  

mental  arrangement t o  t h e  t h r e e  v a l u e s  o f  B; 0,  90 and 180°, From t h e  1 :25  

s c a l e  model t h e s e  were found t o  occur  f o r  t h e  f o l l o w i n g  ranges  of y :  

( i )  B = O'; 20<1/< 70 

( i i )  B = 90'; 150<y<210 

( i i i )  B = 180'; 2 9 0 < ~ < 3 4 0  

U n f o r t u n a t e l y  t h e  r e s u l t s  a r e  n o t  even ly  d i s t r i b u t e d  w i t h  r e s p e c t  t o  y and 

t h e  m a j o r i t y  lie w i t h i n  range ( i )  co r responding  t o  B = 0'. However t h e  

r e s u l t s  w i t h i n  t h i s  range have been averaged f o r  each of t h e  s i x  v a l u e s  

of @ and p l o t t e d  f o r  comparison,  i n  F i g u r e  8 ,  a g a i n s t  t h e  wind-tunnel r e s u l t  

f o r  a side-mounted casement w i t h  an  a s p e c t  r a t i o  of 1 .6 ,  t h e  n e a r e s t  t o  

t h a t  of t h e  f u l l  s i z e  window. The agreement i s  remarkably good and l ends  

conf ldence  t o  t h e  use  of t h e  wind tunne l  t echn ique  f o r  f u r t h e r  i n v e s t i g a t i o n s ,  

provided t h a t  the v e n t i l a t i o n  i s  o c c u r r i n g  due t o  t h e  p r e s e n c e  of t h e  vane  



The a c t i o n  of mean pressure  d i f f e r e n c e  i f  more than one opening i s  a v a i l a b l e  

w i l l  be t o  i nc rease  o r  g ive  a  higher  flow r a t e  than  t h a t  given by equat ion  

( 2 2 ) .  This equat ion  w i l l  t he re  tend t o  g ive  t h e  minimum l i k e l y  r a t e  and 

t h e r e f o r e  t he  most s u i t a b l e  f o r  des ign  purposes s i n c e  t h i s  f i x e s  a  maximum 

requi red  a rea  which can always be reduced. 

CONCLUDIMG REMARKS 

1 An a n a l y s i s  of t h e  mechanisms t h a t  can g ive  r i s e  t o  t h e  n a t u r a l  v e n t i l a t i c  

of rooms wi th  openings on one s i d e  only i n d i c a t e s  t h a t  t h e  fol lowing 

a r e  t h e  most important :  

a )  Di f fe rence  between in t e rna1  and ex terna1  a i r  temperature 

b) Turbulent  d i f f u s i o n  

c )  T h e i n t e r a c t i o n o f  a n o p e n i n g v a n e w i t h t h e  l o c a l a i r f l o w  

d) Mean p re s su re  d i f f e r e n c e  a c t i n g  ac ros s  openings, i f  more than  

one i s  p re sen t .  

2 Measurements on a  f u l l  s c a l e  bu i ld ing  have lead  t o  a  simple formula 

which g ives  t h e  minimum v e n t i l a t i o n  r a t e  due t o  (b) and (c)  above. 

3 There i s  evidence from t h e  f u l l  s c a l e  measurements t h a t  when temperature 

and wind a r e  ac t ing  s imultaneously the  v e n t i l a t i o n  r a t e  w i l l  be equal  

t o  t he  l a r g e r  of the  two ind iv idua l  c a l c u l a t e d ,  

4 A simple mode1 technique f o r  i n v e s t i g a t i n g  the  performance of windows 

us ing  a  wind-tunnel has been developed and g ives  e x c e l l e n t  r e s u l t s  

f o r  exchange processes  dominated by opening vane. The technique needs 

t o  be improved t o  d e a l  wi th  s i t u a t i o n s  i n  which turbulence  a l s o  p lays  

a  p a r t ,  
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TABLE 3 The e f f e c t  of  a tu rbu lence -p roduc ing  

grid on a f low number F 
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