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SYNOPSIS 

Natura l  v e n t i l a t i o n ,  o r  a l r a t i o l l  and l n f i l t r a t l o n ,  of b u i l d i n g s  o r  rooms must be cons ide re  
wi th  r e s p e c t  t o  t h e  kind, usage and construction of the  s t r u c t u r e  concerned, t a k l n g  account  of I t  
p r imary  meric  and demer i t ,  t h a t ,  wlille I t  r e p l a c e s  f o u l  a i r  w i t h  f r e s h  one and lowers e f f e c t i v e  

9 
temperature  i n  ho t  weather by  removing excessive h e a t  and mois tu re ,  I t  imposes, on the  o t h e r  hand, 
a n  increased burden on t h e  a p p l i a n c e s  of a r t i f i c i a l  hea t lng ,  a i r - c o n d l t l o n l n g  o r  d e h u n i d l f i c a t l o n ,  
I f  t h e s e  a r e  employed. 

Na tu ra l  v e n t l l a t l o n  Is caused by wlnd p r e s s u r e  on t h e  e x t e r i o r  O f  s t r u c t u r e s  and t h e  d l f f e r e n c e .  
of  temperature  In  and o u t s i d e  of s t r u c t u r e s .  The amount of v e n t i l a t i o n ,  a n  lmportant  l tem I n  the  
problem of  n a t u r a l  v e n t l l a t l o n ,  d e p n d s  n o t  only upon these  e x t e r n a l  f o r c e s  b u t  upon the  l o c a l i t y ,  
shape and s:ze of wlndcws o r  o t h e r  openings t k o u g h  which a l r  is Interchanged. T h e . ' d l s t r l b u t l o n  
of temperature  and of the  v e l o c i t y  of l n s l d e  a l r  flow is a l s o  an important  f a c t o r  f o r  judging 
l n t e r l o r  envlronment. 

Though many a  va luab le  lnformat , lon on n a t u r a l  v e n t l l a f  ion has been made pub l ic ,  t h e s e  a r e  
mos t ly  on some s p e c l a l  c a s e s  o r  o t h e r  and t h e r e  a r e  few t h a t  may be cons ide red  fundamental and 
comprehenslve. The purpose of t h l s  r e s e a r c h  Is t o  s t u d y  the whole a s p e c t  of n a t u r a l  v e n t l l a t i o n  
by  a  s e r l e s  of comprehensive exper lments  and t h u s  t o  c l a r l f y  the  r e l a t i o n  between t h e  n a t u r a l  
v e n t l l a t l o n  and the des lgn  o r  c o n s t r u c t i o n  of b u i l d i n g s ,  furnishing a  reasonab le  formula t o  e s t i m a t e  
t h e  amourit of  v e n t i l a t l o n  t a k l n g  c o n s l d e r a t l o n  of f a c t o r s  such  a s  t h e  r a t l o  of o u t l e t  and i n l e t  
a r e a s  and the  c o e f f l c l e n t  of d l s c b r g e  of openings o r  cracks .  

Chapter  1 of t h i s  paper d e a l s  w i t h  t h e  theoretical a n a l y s l s  of n a t u r a l  v e n t l l a t l o n .  A s  f o r  
v e n t l l a t i o n  due t o  temperature  d i f f e r e n c e  a  fundamental formula of t h e  amount of v e n t l l a t i o n  has  
been de r ived  from the B t . r n o u l l l l l s  theorem, c o n s l d e r l n g  buoyancy, and t h e  p h y s l c a l  meaning of 
r r l c t l o n  l o s s  and n e u t r a l  zonc has been explalned.  As f o r  t h a t  due t o  wlnd, t h e  c o e f f l c i e n t  of 
p r e s s u r e  d l s t r l b u t i o n  has been d e f l n e d  b a s i n g  on the  shape of b u i l d l n g s  a s  w e l l  a s  t h e  l0ca t lOn  of 
openings and Intraduced i n t o  the  formula. 

Thus f o r  the  arnount of v e n t l l a t l o n  due t o  bo th  temperature  d i f f e r e n c e  and wlnd, t h e  a u t h o r  
got :  

Q = cp ( Z ~ ~ M T I T ,  + A P / P ~ / )  t 1 2 ~ 2 9 '  

1 where rp = {K,  + (T0/Tl) 2i112r.1 * - lp  

and A P / ~ ,  = (C, - c 2 ) V 2 / 2 g ;  

deno t ing  by Q the  amount of v e n t i l a t l o n ;  g: the  acceleration of g r a v i t y ;  h: t h e  v e r t i c a l  
d l s t a n c e  between i n l e t  and o u t l e t ;  AT: t h e  temperature  d l f f e r e n c e  between l n s l d e  and o u t s l d e  a l r s ;  
T1 ,  To: t he  a b s o l u t e  temperature3 o r  l n s l d e  and o u t s l d e  a l r s ;  AP: t h e  d l f f e r e n c e  between t h e  
p r e s s u r e  In  the  v l c i n l t y  of i n l e t  and t h a t  of o u t l e t ;  p,: t h e  d e n s i t y  of ou t s lde  a l r ;  A,; t h e  
a r e a  of  o u t l e t ;  K, ,  K,: f r l c t , i o n  f a c t o r s  f o r  i n l e t  and o u t l e t  ( K  = U - 2 ,  I n  g e n e r a l ,  where 
denotes  t h e  c o e f f l c l e n t  of d l s c h a r g e  of t h e  Opening concerned) ; m: openlng r a t l o ,  r a t l o  of o u t l e t  
a r e a  t o  i n l e t  a r e a ;  r: a  f a c t o r  f o r  l n t e r l o r  f r i c t i o n ;  C,, C,: t h e  c o e f f l c l e n t s  of p r e s s u r e  
d i s t r l b u t l o n  a t  l n l e t  and o u t l e t ;  and V: wind velocity. 

I n  Chapter  2 a r e  d i s c u s s e d  methods of measurlng v e r y  slow a i r  f low making r e f e r e n c e  t o  t h e  
development of an lrnproved method wl th  carbon-dioxide and t h e  c a l l b r a t i o n  of a modlf led e l e c t r i c  

' ~a ta - the rmomete r .  

The case  t r e a t e d  i n  Chapter  3 Is the  case  when t h e  l n s l d e  temperature  Is h lgher  than  t h e  
o u t s l d e  one. Described a r e  the  r e s u l t s  of  exper lments  on the  amount of v e n t i l a t l o n  c a r r l e d  o u t  
a t  v a r i o u s  temperature  d i f f e r e n c e s  u s l n g  model s t r u c t u r e s  w l t h  i n l e t s  and o u t l e t s  of v a r l o u s  types  
and openlng r a t l o s ;  accoun ts  a r e  a l s o  g iven  of the  mean l n s l d e  temperature ,  t h e  n e u t r a l  zone and 
t h e  c o e f f l c l e n t  of d i scharge .  

In  Chapter 4 a r e  d e s c r l b e d  the  r e s u l t s  of model exper lments  of t h e  case  when t h e  l n s l d e  
temperature  is lcwer than  the  o u t s l d e  one. In  t h l s  case ,  hoxever,  exper lments  were c a r r i e d  ou t ,  
l n s t e a d  of under a c t u a l  temperaLure differences, by mlxing t h e  l n s l d e  a i r  w l t h  carbon-dloxlde gas  
and t h u s  making the  d e n s i t y  of t h e  l n s l d e  a l r  a s  much h l g h e r  t h a n  t h a t  of t h e  o u t s l d e  a i r  s o  a s  
t h e  d e n s i t y  d i f f e r e n c e s  correspond t o  the  in tended  temperature  d i f f e r e n c e s .  

Chapter  5 d e a l s  w l t h  t h e  c o e f f l c l e n t  of d l scharge ,  rneasured f o r  c i r c u l a r  openlngs and some 
t y p l c a l  c r a c k s  of windcws o r  doors .  The measurement of t h e  c o e f f l c l e n t s  has been extended l n t o  
a range of smal l  Reynoldsl number, a  range t h a t  had s o  f a r  been passed by  unnot iced.  

For t h e  measurement o f  a i r  flow l n  t h e  experlment of a l r a t l o n ,  c a r r l e d  ou t  w l t h  a t h r e e - s t o r l e d  
model s t r u c t u r e  resemollng apartment-houses o r  schoo l  houses and desc r lbed  I n  ChEpter 6, a  modlf led 
e l e c t r l c  .Kata-thermometer of the  a u t h o r ' s  l n v e n t l o n  was used. By t h i s  experiment,  t h e  e f f e c t s  of 
t h e  direction of wlnd, t h e  l o c a l i t y  of a  s e t  of rooms and the  arrangement of openlngs of v a r i o u s  
s l z e s  on the  e x t e r l o r  a s  w e l l  a s  the  l n t e r l o r  w a l l s  have been c l a r l f l e d .  The r e s u l t s  ob ta ined  by 
exper lments  were c o m ~ a r e d  t o  those  c a l c u l a t e d  by tile tormula. 

I f  we c o n s i d e r  proper  shape f a c t o r s  and Reynoldsl number, the  r e s u l t s  of t h l s  r e s e a r c h  may 
be a p p l l e d  t o  a c t u a l  s t r u c t u r e s  a s  a  p h y s l c a l  phenomena and t h e  q u a n t l t a t i v e  e s t i m a t i o n  of 
v e n t l l a t l o n  nay be approached by tlle c a l c u l a t l o n  formula. However, i t  pust be borne In mind t h a t  
s l n c e  t h e r e  a r e  many complicated f a c t o r s  i n  the  case  of a c t u a l  s t r u c t u r e s ,  concerning t h e  e x t e r n a l  
f o r c e s  and t h e  s t r u c t u r e  i t s e l f ,  the  q u e s t l o n  is no t  s o  s imple  a s  In  model experlments.  I t  Is, 
t h e r e f o r e ,  necessa ry  f o r  t h e  e s t l r r a t l o n  of t h e  amount of v e n t l l a t l o n  t o  i n t e g r a t e  practical 
experiences and f u r t h e r  r esea rches .  
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INTRODUCTION 

The c o n d i t i o n  of  t he  a i r  i n  b u i l d i n g s  o r  rooms can be a r t i f i c i a l l y  r e g u l a t e d  
by means of  h e a t i n g  o r  coo l ing  and v e n t i l a t i n g  arrangements ,  t h e  rooms be ing  kep t  
comfortable and fiygienic and made s u i t a b l e  f o r  manufacture,  working o r  s t o r a g e .  
The important  t h i n g  is t h a t  t h e  des ign  and c o n s t r u c t i o n  of  t h e  b u i l d i n g s  o r  rooms 
should not  c o n f l i c t  w i th  such arrangements. I t  i s  t r u e  t h a t  a i r  c o n d i t i o n i n g  
equipment i s  ind i spensab le  t o  l a r g e  co rmerc i a l  and i n d u s t r i a l  b u i l d i n g s ,  bu t  it i s  
not  an easy unde r t ak ing  t o  apply  sucn p l a n s  t o  sma l l  s t r u c t u r e s  - p a r t i c u l a r l y  i n  
Japan. Here in  comes t h e  need f o r  n a t u r a l  v e n t i l a t i o n ;  i n  f a c t ,  i n  such a  ca se  
i t  is  b e t t e r  t o  e x p l o i t  n a t u r a l  v e n t i l a t i o n  a r c h i t e c t u r a l l y  t han  t o  r e l y  upon 
u n s a t i s f a c t o r y  a i r  c o n d i t i o n i n g  equipment. 

There seems t o  have been no important  work i n  t h e  U.S.A. on n a t u r a l  v e n t i l a t i o n  
s i n c e  Randal l  wrote  on t h e  s u b j e c t  i n  1931. ( ~ e f .  1). I n  Great  B r i t a i n  
experiments  have been c a r r i e d  out  on a  l a r g e  s c a l e  i n t o  v e n t i l a t i o n  a p p l i e d  t o  
two-s tor ied  dwel l ings .  (1948) ( ~ e f .  2 ) .  

The e f f e c t  of' n a t u r a l  ventilation on h e a t  l o s s ,  i n f i l t r a t i o n  o f  humidity 
(Ref. 3 ) ,  e t c . ,  i s  l a r g e ,  bu t  h i t h e r t o  t h e s e  a s p e c t s  o f  n a t u r a l  v e n t i l a t i o n  have 
never  been i n v e s t i g a t e d  q u a n t i t a t i v e l y  i n  d e t a i l .  The w r i t e r  hopes t h a t  i n  t h i s  
paper  he has  c l a r i f i e d  t o  some e x t e n t  t h e  b a s i c  n a t u r e  of  t h e  formulae concern ing  
t h e  amount o f  v e n t i l a t i o n .  

To c a l c u l a t e  t h e  amount o f  v e n t i l a t i o n  by t h e  use  of CO, is a  s imple and good 
method, bu t  t h e  w r i t e r  had no t  p r e v i o u s l y  been p a r t i c u l a r l y  i n t e r e s t e d  i n  t h e  
d i s t r i b u t i o n  of  CO,  i n  a  room, o r  t h e  d e n s i t y  o f  a i r  mixed wi th  CQ,. I n  t h e  
p re sen t  s tudy ,  t h e r e f o r e ,  he examined t h e s e  ques t ions ,  and from t h e s e  p o i n t s  o f  
view exper iments  were c a r r i e d  ou t  w i th  rooms a t  low temperature.  f i r t h e r ,  t h e  
w r i t e r  made a n  improvement on the  carbon d iox ide  method h i t h e r t o  i n  use,  and found 
i t  a  u s e f u l  method f o r  measuring a i r  flow, p a r t i c u l a r l y  slow a i r  flow o r  wind 
v e l o c i t y  below 1 m/sec. He a l s o  a p p l i c d  t h i s  method t o  t h e  p a t h  o f  f low whcn t h e  
c o e f f i c i e n t  of  d i s cha rge  was measured, and was a b l e  t o  f i n d  out  t h e  p r o p e r t i e s  
of openings and c r a c k s  which no o t h e r  methods had succeeded i n  ob t a in ing .  I n  t h e  
w r i t e r ' s  op in ion  we may be a b l e  t o  o b t a i n  a  s a t i s f a c t o r y  method f o r  t e s t i n g  v a r i o u s  
k inds  o f  s a shes  by f u r t h e r  inlproving t h e  CO, method. 

I n  t h e  ca se  of  bo th  n a t u r a l  and a r t i f i c i a l  v e n t i l a t i o n  i t  may be s a i d  t h a t  t h e  
v e l o c i t y  o f  a i r  f low i n  a  room i s  sma l l ;  and f u r t h e r ,  t h e  d i r e c t i o n  of f low v a r i e s  
w i th  l o c a l i t i e s ;  t h e  tempera ture ,  too ,  sometimes v a r i e s ,  There may be no method 
o f  measurement which s u i t s  a l l  t h e s e  c o n d i t i o n s  p e r f e c t l y .  I n  t h e  p r e s e n t  r e s e a r c h  
t h e  w r i t e r  employed a  new katathermometer of  h i s  own design,  bu t  he r e a l i s e s  t h a t  
f u r t h e r  s t u d y  i s  neces sa ry  i n  t h i s  d i r e c t i o n .  

I n  a i l  t h e  experiments ,  f a c t o r s  important  i n  a r c h i t e c t u r a l  t e chn ique ,  
p a r t i c u l z r l y  t h e  p o s i t i o n s  and forms o f  windows, openings f o r  v e n t i l a t i o n ,  c r acks ,  
e t c . ,  were d r a l t  w i th  under s p e c i f i c  c o n d i t i o n s  so  t h a t  u s e f u l  f e a t u r e s  found i n  
t h e s e  e x p ~ r i m e n t s  might be a p p l i e d  t o  a r c f i i t e c t u r a l  de s igns  w i th  l i t t l e  mod i f i ca t i on .  

CHAPTER 1 

FORMULAE FOR NATURAL VENTILATION 

The formulae f o r  n a t u r a l  v e n t i l a t i o n  o f  b u i l d i n g s  o r  rooms, by t empera tu re  
d i f f e r e n c e  o r  wind, which have been pub l i shed  s o  f a r  (Refs. 4 - 9 )  a r e  d e s c r i b e d  
p a r t - t h e o r e t i c a l l y  and pa r t - expe r imen ta l l y .  

Regarding v e n t i l a t i o n  by tempera ture  d i f f e r e n c e ,  t h e  w r i t e r  d e r i v e d  a formula 
f o r  t h e  amount of  v e n t i l a t i o n  from B e r n o u i l l i ' s  theorem, a s  one o f  i t s  a p p l i c a t i o n s  
(Ref. 11) , t a k i n g  buoyancy (Ref. 10)  i n t o  c o n s i d e r a t  ion ;  and i n  t h i s  way he was 

a b l e  t o  e x p l a i n  t h e  p h y s i c a l  meaning o f  f r i c t i o n  l o s s  and o f  t h e  n e u t r a l  zone. 

Ref. 1. bL G. Rartdall and E. W. Conover: Journ.  H. P. & k C. (Jan. 1931). 
Ref. ' 2. C y r l l  Tasker: H e a t l n y  and V e n t l l a t l o n ,  p. 75  (Sep. 1949). 
Ref. 3 Max. F. Mueller :  ~ e a t l n g  and V e n t l l a t l o n ,  p. 63 (Aug. 1949). 
Rsf. 4. Watanaba: P r l n c l p l e s  o f  p l a n n i n g  - Higher  Arc111 t e c t u r e ,  p a r t  23, pp. 47 - 57, (1937). 
Ref, 5. Hirayama: T h e o r l e s  o f  d e s i g n s  i n  A r c h i t e c t u r e ,  pp. 133-145, 1948 . 
Ref. L Sato: S I u d l e s  i n  b u l l d l n g s  and t h e l r  env i rons .  pp. 101-105, [ i~18I .  
Ref. 7. K. E. Kunze: Onsscliutz U. L u f t s c h u t z  ( J u l l .  1938). 
Ref. 8. W. ~ a t s c h l n s k y :  ~ e s u n d h e l  L-In& , Nr. ' 3 i ,  S. 381, (1933).  
Ref. 9. M l i  tsu: J o u r n a l  o f  San1 t a r y  Fnglneerl l ig ,  (Jan. -Feb., 1950). 
ReP. D. Araltawa: M e t e o r o l o g l c a l  lhermodynamlcs, p. 51, (1941). 
Ref. 11. Den: Chemical Englneer lng ,  pp. 1-81, (1944). 



U ' l 

A s  f o r  v e n t i l a t i o n  by wind, he cons ide red  r e l a t i o n s h i p s  between t h e  amount 6f  . 
v e n t i l a t i o n  and t h e  shape of' b u i l d i n g s  and p o s i t i o n  o f  rooms through t h e  c o e f f i c i e n t  
of  p r c s s u r e  d i s t r i b u t i o n .  He t h u s  sought  t o  combine t h e  v e n t i l a t i o n s  caused by 
t h e s e  two agenc ie s  i n  s in ip l i f  i e d  ca ses .  

1.1 - General Formula f o r  Na tu ra l  V e n t i l a t i o n  

Let u s  imagine t h a t  bctween a  and b  o f  a  f l u x  tube  
i l l u s t r a t e d  i n  Fig. 1, h e a t  H  i s  a p p l i e d  t o  a i r  o f  u n i t  
mass, and t h e  a i r  i s  moving upwards; P = pres su re ,  U = 
rnean v e l o c i t y  of  a i r  a t  each s e c t i o n ,  t ,  P = t empera ture  
and d e n s i t y  of  a i r .  

The d i f f e r e n c e  between t h e  energy  conta ined  i n  t h e  
a i r  o f  u n i t  mass a t  a  and t h a t  a t  b must become equal  t o  
t h e  work o r  energy app l i ed  from o u t s i d e .  

I n c r e a s e  i n  k i n e t i c  energy = U 22-u '12)/2g,  

I n c r e a s e  i n  h e a t  energy = E, - El ,  Flg. l. Flux Tube. 

wiie r e  E =, . l  t ~ v  d t ,  CV = s p e c i f i c  h e a t  a t  cons t an t  volume. 

Work done by p r e s s u r e  = ~ , ' A ~ ' u ~ ' d e  - ~ ~ ' A , ' u ~ ' d 8  

where Al 'ul 'pld8 = A,'u.,'p2d8 = 1, 8 = t ime. 

Work done by buoyancy = T ~ d h  = ( P , / @ ,  - l ) h ,  where it is  assumed t h a t  t h e  
J a 

buoyancy, N = (pl/O, - l) ,  i s  c o n s t a n t  i n  t h e  f l u x  tub'e. 

Heat a p p l i e d  from o u t s i d e  = H 

Equating t h e  g a i n  i n  energy t o  t h e  t o t a l  work done, - -. . .. .- -- - - - 
r- 

I f  i t  i s  assumed t h a t  t h e r e  is a  f r i c t i o n  l o s s  F  between a  and b,  and t h a t  i t  has  
been r e t a i n e d  i n  t h e  form of  h e a t  energy,  

H + F = (E2 - El) + W, 

Pdv = work o f  expansion.  

The fo l lowing  i s  a r r i v e d  a t  from (1) and (2)  

When P  is  taken  a s  c o n s t a n t  i n  t h e  formula of an i d e a l  gas ,  P/p = bT, and i t  
is  assumed t h a t  l',, - Tl = AT. The work done by buoyancy, t h a t  i s ,  t h e  decrease  i n  
p o t e n t i a l  energy is 

where AT is  cons tan t .  

1.12 V e n t i l a t i o n  by Temperature D i f f e r ence ,  and the  Amount o f  V e n t i l a t i o n .  

Let u s  assume t h a t  t h e r e  i s  a  U shaped f l u x  tube,  a s  
g iven  i n  Fig.  12. The o r i f i c e s  a r e  s i t u a t e d  a t  O i  and O,,. &'&A; fi  P; U; A'! ?l 
To u n i t  mass o f  a i r  between t h e s e  is a p p l i e d  hea t  H from 
o u t s i d e ,  and  t h e  a i r  i n  t h e  f l u x  t u b e  f lows  from t h e  02  

r i g h t  o f  t h e  t ube  t o  t h e  l e f t .  The r i g h t  l imb cor responds  
t o  t h e  e x t e r n a l  a i r ,  t h e  l e f t  t o  a  room and t h e  o r i f i c e s  t o  H t, p, I 
openings  such a s  windows. 

When t h e r e  is  only  t empera tu re  d i f f e r e n c e  and no wind 

p re s su re ,  P i '  = P.2' = PO 0 I 

Flg. 2. Ven t l l a t l on  by  ! 
Temperature d l f  f erence. l 



1 work 'done by p r e s s u r e  = (P,  ' / P I  - P . ~ ' / P z )  

Work done by expansion W = /.bpdV, 

, a  
I f  Gv r e p r e s e n t s  t h e  i nc rease  i n  volume which occurs  when gas i s  t r a n s f e r r e d  from 
ab t o  cd, 

where = Ai 'u i rp1d6  = 1, 

Since  t h e  p r e s s u r e  which is  a t  work then  i s  p i '  = p2' = PO 

I f  ( 5 )  and (6) a r e  taken  i n t o  c o n s i d e r a t i o n  wi th  (3) 

(u::;2 - u ' i 2 ) / z g  + F = ~ h .  (7) 

I f  i n  g e n e r a l  we t a k e  K f o r  t h e  f r i c t i o n  f a c t o r  and u f o r  t h e  mean v e l o c i t y  
a t  a  s e c t i o n  where f r i c t i o n  occu r s ,  

I f  a  i s  assumed t o  be t h e  c o e f f i c i e n t  o f  d i scharge  i n  t h e  cnse  of  t h e  o r i f i c e ,  

when 

C K U ? / ~ ~  = Nh. (10) 

That i s  t o  say,  t h e  decrease  i n  t h e  work done by buoyancy o r  i n  p o t e n t i a l  energy 
i s  equal  t o  t h e  sum of  f r i c t i o n  l o s s e s .  

u,Alpo = udhPi = unAnp,, where PO = P i ,  P i  PP ,  
I f  - 

A ~ / A ~  = m, Knun ?/2g = ( A ~ / A ~ )  % 

i s  de r ived  from P/p = bT, and t a k i n g  u2',/2g = r ~ ; ~ / 2 g  

then  X K U ' . / ~ ~  = (K, + (T6/T1)'%2K, + r )  u;?/zg = ~ h .  

The amount of v e n t i l a t i o n  Qt i s  

1:3 N e u t r a l  Zone i n  V e n t i l a t i o n  by Temperature D i f f e r ence  

When t h e  tempera ture  i n s i d e  a  room is  h i g h e r  t h a n  
t h a t  o u t s i d e ,  t h e  a i r  f lows o u t  from an opening h i g h e r  
t han  a c e r t a i n  he igh t  and a i r  flows i n  from an opening 
lower t han  t h i s  he igh t .  The space  between t h e s e  two 
i s  c a l l e d  t h e  N e u t r a l  Zone, This  i s  r e p r e s e n t e d  by 
n  - n  i n  Fig. 3. 

Some formulae f o r  t h e  amount o f  v e n t i l a t i o n  
cons idered  i n  t h e s e  i n s t a n c e s  have been g iven  by 
Randall  and Conover ( ~ e f .  1) . What t h e  w r i t e r  
proposes i n  t h e  p r e s e n t  d i s c u s s i o n  comes t o  t h e  same 
t h i n g  a s  Randal l  'S formula,  b u t  an i n t e r e s t i n g  

8 

DS 789 631 1 3 

Fig. 3. Neutral  Zone 
(The do t t ed  l i n e s  indi-  
c a t e  the  d l s t r ' l b ~ t l O n  
of pressure d i f f e r ence ) .  
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po in t  i n  t h e  w r i t e r ' s  p r o p o s i t i o n  is t h e  f a c t  t h a t  t h e  mechanism o f  t h e  Neutr 'al  , 
Zone can be exp la ined  by t a k i n g  buoyancy i n t o  cons ide ra t i on .  The diagram i n  
Fig. 3 cor responds  t o  t h e  l e f t  p a r t  of' t h e  U shaped f l u x  tube  shown i n  Fig. 2. 
The openings A , ,  a n d  A, correspond t o  t h e  o r i f i c e s  O1 and Q,. The a i r  i n  t h e  room 
i s  f lowing upwards a t  a mean speed U,. I f  (3) is  a p p l i e d  t o  the  space  between Al 
snd A, and expressed  in  t h e  d i f f e r e n t i a l  c a l c u l u s ,  

and 

This  i n d i c a t e s  t h a t  t h e  p r e s s u r e  i n s i d e  t h e  room i n c r e a s e s  uniformly from bottom t o  
top.  I f  (12) i s  i n t e g r a t e d  between A1 and A,, 

That i s  t o  s ay  t h e  p r e s s u r e  d i f f e r e n c e  a t  A, and A ,  i n  a  room i s  equa l  t o  t h e  
decrease i n  p o t e n t i a l  energy. With A ~ / A ~  = 0, 

I f  U,,  m, r e p r e s e n t  t h e  p r e s s u r e  d i f f e r e n c e  between t h e  
i n s ide  and o u t s i d e  t h e  w a l l  i n  t h e  neighbourhood of t h e  
openings A,  + A p  Api/Pi = K I u I ~ / ~ ~ ,  @,/pi * 

= K , u , ~ / ~ ~  (15) 

This should b e  pi* = P O ,  bu t  i t  i s  pi* '=. P i  i n  t h e  
neighbourhood o f  an o u t l e t .  From (14) and (15) we g e t  
&P, + aP., = p i  Nh = ( p o t -  p . ) h i  (16) 
The r e l a t i o n s h i p s  ( 1 2 ) ,  (13f and (16) a r e  g r a p h i c a l l y  
represented  i n  Fig. 4. 

The p r e s s u r e  d i f f e r e n c e  between t h e  i n s i d e  and t h e  b 

ou t s ide  o f  t h e  wa l l  i s  A,dne A, and t h e  p o s i t i o n  f o r  z e r o  
pressurc  d i f f e r e n c e  i s  a r r i v e d  a t .  This  i s  t h e  n e u t r a l  
zone. I f  an opening  which is very smal l  compared w i t h  
A, and A, is made on t h e  n  - n  l i n e  no a i r  f lows  through 
t h e  opening. By t h e  u se  of  smoke t o  make t h e  a i r  Flg. 4. Dls t r lbut lon  
cur ren t  v i s i b l e  t h e  p o s i t i o n  i s  e a s i l y  d e t e c t e d  a s  of Pressure Difference 
descr ibed  l a t e r .  From Fig.  4 we a r r i v e  a t  t h e  and the Neutral ,Zone. 
r e l a t i o n s h i p s  between h  and i t s  d i s t a n c e s  h. and hi 
between t h e  n e u t r a l  zone and t h e  o u t l e t  and i n l e t .  

when K1 = K Z  = K 

These a r e  t h e  formulae based upon t h e  n e u t r a l  zone; and Randal l  and h i s  a s s o c i a t e  
(Ref. 1) make U = 0.65,  m = 1 t h e i r  s t anda rds .  

1 . 4  V e n t i l a t i o n  by Wind and t h e  Amount o f  V e n t i l a t i o n  

Let us  c o n s i d e r  a  ca se  i n  which' t h e r e  i s  no tempera ture  d i f f e r e n c e  between 
the  i n s i d e  and t h e  o u t s i d e  o f  t h e  room and only  wind is  p re sen t .  I f  t h e  p r e s s u r e  

P' F,--- ---,--,c, 

Flg. 5. Pressure Difference between the ins ide  
and the outside of the room in  ven t i l a t ion  by wiqd. 
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. d i s t r i b u t i o n  o f  wind ( R F ; ~ .  12) round a  b u i l d i n g  o r  room i s  a s  r ep re sen ted  by t h e  
d o t t e d  l i n e s  i n  Fig. 5 ( a ) ,  l e t  us assume t h a t  a i r  f lows from t h e  opening A1 t o  A,, 
Work done by t h e  p r e s s u r e  = ( P ~ ' / P ~  - Ps ' /P2)  = 0,  (20) 

' for  an ideal gas P/P = bT, T  = c o n s t a n t ,  t h e  work of  expansiop 

W =rd Pdv = bTln ( P ~ ' . / P ~ * )  *=. ( p i 8  - P ~ ' ) / Q ~ ,  (121 

Work done by buoyailcy = Nh = (po/pi - l ) h ,  where h  r e p r e s e n t s  t h e  (22) 
pe rpend icu l a r  d i s t a n c e  between t h e  openings A I  and A p  i n  Fig. 5 ( a ) .  

When t h e r e  i s  no tempera ture  d i f f e r e n c e  between t h e  i n s i d e  and t h e  o u t s i d e  o f  t h e  
room, N ~ < < ( P ~ ' - P ~ ' ) P , ,  o r  when h =  0 ,  Nh = 0. F u r t h e r ,  i f  (U',;'- u ' ,") . / '~~<<F,  
(3) i s  

I f  t h e  c o e f f i c i e n t s  o f  p r e s s u r e  d i s t r i b u t i o n .  ( ~ e f s .  13 & 14) a t  A, and A ,  a r e  
r ep re sen ted  by Cl and C,  and the  v e l o c i t y  of  wind o u t s i d e  by V, 

I f  p, = p, i s  taken,  we o b t a i n  t h e  alnount of v e n t i l a t i o n  Q, from (23) and (24) a s  
fo l lows  : 

C& = G2A2 = (K, + ( T , / T ~ ) ' ~ ~ ~ K ~  + -'l2 (2g&/po) 'I2/A2 

I f  ( T ~ / T ~ ) ' ,  = 1, A2/An = 0 

Qw = ( K ,  f ~ 2 ~ 1 ) - 1 1 2 ( ~ ,  - C, )  I t 2  VA, ( 2 5 ' )  

When t h e  f r i c t i o n  l o s s  i n  a  room is  no t  t aken  i n t o  c o n s i d e r a t i o n ,  t h e  d i s t a n c e  
between t a a  l i n e  a ' d '  (broken l i n e )  and t h e  l i n e  abb 'cd  i n  Fig. 5 ( b )  r e p r e s e n t s  t h e  
p r e s s u r e  d i f f e r e n c e  between t h e  i n s i d e  and t h e  o u t s i d e  of a room, and a l s o  shows 
t h a t  t h e  o u t s i d c  p r e s s u r e  i s  l a r g e  above t h e  a ' d l  l i n e  and t h e  i n s i d e  p r e s s u r e  i s  
l a r g e  below t h e  l i n e .  The a ' d t  l i n e  moves upwards when t h e  opening r a t i o  m is 
sma l l ,  and downwards when m i s  l a r g e .  

1 . 5  Com~ar i son  o f  t h e  Amount of  V e n t i l a t i o n  ~ r o d u c e d  bv T e m ~ e r a t u r e  D i f f e r e n c e  
t o  t h a t  bv Wind. 

Let us  assume t h a t  t h e r e  is an a i r  f low a t  a s e c t i o n  o f  a  b u i l d i n g  o r  a room 
wi th  a p a t h  a s  r e p r e s e n t e d  i n  Fig. G .  

I 

The equa t ions  (11) and (25)  g i v e  

(26)  
Path 01 uir f/o W 

Qt = 'P ( 2 g h A T / ~ ~ )  A2 

(27)  and 9, = cp(C1 - C , ) " ~ V A ~  
where (p = (K, f ( T , / T ~ )  Wl2+r) - 1 /z ( 2 7 ' )  

J f  (26) and (27) were r e p ~ e s e n t e d  g r a g k i c a l l y .  w i th  
Flg. 6. Comparison between 
Vent l la t lon  produced by 

To = 273 ( C )  t hey  would be a s  shown i n  Fig. 7. Terrlperature D l r  rerence and 
wind. . 

cp, A, a r e  c o n s t a n t  wi th  r e f e r e n c e  t o  t h e  same p a t h  
o f  a i r  flow. C l  and C,  vary  g r e a t l y  w i th  t h e  
d i r e c t i o n  o f  wind, t h e  shape o f  b u i l d i n g s ,  t h e  
p o s i t i o n  o f  openings ,  e t c .  

When we c o n s i d e r  t h e  ca se s  C l  = 0.8, C, = 0.4,  h  = ,2 .5 (m) we see  t h a t  t h e  
Qt o f  AT = 2 0 ( ~ )  is  equa l  t o  Qw of  V = 1.7  (rn/sec. ) ; and t h a t  t h e  Qt o f  AT = 5 ( ~ )  
is e q u a l  t o  Q, o f  V = 0 . 8  (m/sec).  There a r e  a  l a r g e  number o f  l o c a l i t i e s  where 
t h e  mean wind v e l o c i t y  i n  w i n t e r  i s  beLox 1 . 7  (m/sec. ) ; and i n  o rd ina ry  dwe l l i ngs  

Ref. 12. Tanl&ucl~l: .4rachl tectural Revlen, No. 8, p. 53, (1938), 
Ref. 13. Soclcty for Archltecture: RelnPorccd Concrete Structure: calculations e-alalned 

p. 109 (1937). 
Ref. l& Huto: Journal o l Arch1 tecture, pp. 144 - 231, (Feb., 1935). 



t h e  tenlperature d i f ' fe rence  between t h e  
i n s i d e  and t h e  o ~ t s i d e  o f  t h e  room a t  
n i g h t ,  p a r t i c u l a r l y  a t  dawn dur ing  
surmer sometimes reaches  5 ( C )  . 
Vent i l a t i o r i  by teniperature d i f  fe rer~cc- ,  
t h e r e f o r e ,  must be cons idered  i n  t h e  
same way a s  v e n t i l a t i o n  by wind. 

1. 6 Amount o f  V e n t i l a t  ion when 
Temperature D i f f e r ence  and Wind 
a r e  working a t  t h e  same time. 
( ~ e f .  15 ) .  

I n  t h e  t h r e e  ca se s  when t h e  
tempera ture  d i f f e r e n c e  works s i n g l y ,  
when t h e  wind works s i n g l y ,  and when. 
they both work a t  t h e  same t ime,  we 
may c o n s i d e r  t h a t  t h e  p a t h  o f  a i r  f'low 
and t h e  opening r a t i o  vary  i n  a l l  
cases .  F u r t h e r ,  t h e r e  is a l s o  v a r i a -  
t i o n  accord ing  t o  t he  e x t e n t  of  
temperature d i f f e r e n c e  and s t r e n g t h  o f  
wind. It i s  t h e r e f o r e  exceedingly  Fig. 7. Graphical Colnparison between 
d i f f i c u l t  t o  express  i n  g e n e r a l  formulae Ventilation Produced by Temperature 
t h e  amount of' v e n t i l a t i o n  when both Dlfference and Wind. 
agencies  work a t  t h e  same time. 
However, by us ing  t h e  method desc r ibed  below, the w r i t e r  b e l i e v e s  t h a t  t o  some 
e x t e n t  p r a c t i c a l  c a l c u l a t i o n s  a r c  p o s s i b l e .  

Wl-.en t h e  s u r f a c e  where t h e  p o s i t i v e  and neea t ive  p r e s s u r e s  a r e  produced by 
wind ( c h i e f l y  f ac ing  t h e  wind and wi th  back t o  t he  wind) and t h e  p o s i t i o n  of  t h e  
opening a r e  combined in v a r i o u s  ways, t h c r c  a r e  nine corrhinat ions a s  i l l u s t r a t e d  in 
Fig. 8. The patris of  a i r  f low, when wind only and tempera ture  d i f f e r e n c e  0111~  

work through t h e  openings,  a r e  formed a s  represented  i n  columns 5 and 6 i n  Fig. 8. 

Fig. 8. Combinations or Paths or Ventilation. 

Rel,  15, Stloda: Arch1 tec tura l  RevleiJ, No. 38, pp .  100-102, (1949). 
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' ( l  When t h e r e  is  only  one p a t h  of v e n t i l a t i o n  (Fig.  8). 

When the  d i r e c t i o n  of  wind o f  I and I11 i s  reversed ,  I1 and I V  a r e  a r r i v e d  a t  
r e s p e c t i v e l y .  I n  these i n s t ances  we can  see  t h a t  both t h e  t empera tu re  d i f f e r e n c e  
and t h e  wind work a long  t h e  p a t h  shown i n  Fig,  6 a t  t he  same t ime;  t h u s  enab l ing  
us t o  app ly  ( 3 ) .  

The va lue  of  ( P , ' / P ~  - P2'/p2) p  W ,  w i th  t h e  i d e a l  gas P/P = bT, t h a t  i s ,  
t a k i n g  Fig.  9 i n t o  cons ide ra t i on ,  can be expressed:  

Fig.  9. Work done by 
Expans l on and tha t  

b y  p ressu re .  

I f  the t h r e e  R.H.S. terms a r e  r e p r e s e n t e d  by A, B and C,  

I 

P, f P, '  = l (atm) = 10340 (kg/ni2), P i  '-P = ,AP = 50 (kg/m2) 

If we t a k e  t h e  above, B is ve ry  much s m a l l e r  than A, but  i f  T, = 2 7 3 ( ~ ) ,  ,AT = 3 0 ( ~ ) ,  
the11 C i s  about  1120 o f  A. I f  B arld C a r e  ignored,  and p,  = p, 

(P1 / P ,  - P2 / ~ 2 )  + W '=. D/P 0 9 

The equa t ion  (3)  i s  

Q = 9 ( ~ ~ 1 1  AT/T, + @/po) , l2  A ~ ,  

where V = ( K 2  t (T0/Ti) ' m 2 ~ ,  + 

AP/P0 = ( C ,  - c2)V2/2g 
3 - l J 2  

R e f e r r i n g  t o  Fig. 8 ,  i n  I ( a )  and ( b ) ;  I1 ( a )  and ( b ) ;  and I11 ( a )  and (b)  
t he  two agenc ie s  add t o  each o t h e r ,  whereas i n  I ( a ' )  and ( b ) ;  I1 ( a ' )  and ( b ) ;  
and I V  ( a )  and ( b ) ,  they cance l  each  o t h e r  ou t .  Under t h e s e  c o n d i t i o n s ,  t h e  

Table 1. ' V e n t i l a t i o n  by a c o m b i n a t i ~ n  o f  
Temperature D i f f e r ence  and Vu'ind. 

I l 

1 ( a )  (b )  
11 (a )  (b)  

111 ( a )  (b )  
1 ( a ' )  (b) 

11 ( a ' )  (b)  
I V  ( a ' )  (b)  

symbols i n s i d e  l l i n  (29) and t h e  d i r e c t i o n  of  a i r  flow a r e  a s  i n d i c a t e d  i n  
Table 1 ( s e e  a l s o  Fig. 8 ) .  

The wind v e l o c i t y  and tempera ture  d i f f e ~ e n c e  corresponding t o  ~ L T / T ~  - @/Po'O 
can b e  ob t a ined  from t h e  i n t e r s e c t i o n  p o i n t s  between Q+, and Q, i n  Fig. 7. 

7 

D i r e c t i o n  of  
a i r  f low 

ATh 
To 

1- 
t 

t 

t 
1 + 2 ,  ~ G T / T ~  + AP/P~>o 

t 

+ 1+2 ,  l i A ~ / T o  - nP/po>O 

+ ,2+1,  <o 

LE' 
PO 



, 
(2) When t h e r e  is  more t han  one p a t h  o f  v e n t i l a t i o n  ( ~ i ~ .  8) 

V - I X  may be s a i d  t o  be combinat ions o f  I - I V ,  but i t  appears  t h a t  i t  is  
impossible  t o  e x p r e s s  t h e  a i r  flows produced i n  a  p,eneral formula when t h e  two 
ngencies  a r e  contbineu. I n  those  which c o n t a i n  t h e  p a t h s  111 t h e  two agenc ie s  add 
t o  each  o t h e r ;  when t h e r e  is mort: t han  one pa th ,  t hey  cance l  each  o t h e r  out  and 
t h e  amount o f '  v e n t i l a t i o n  never  becomes z e r o ;  and f i n a l l y  i n  I X  t h e r e  i s  no 
change i n  t h e  e f f e c t  o f  v e n t i l a t i o n  even when t h e  d i r e c t i o n  o f  t h e  wind i s  r eve r sed .  

The procedure  t o  be f'ollowed, t r leref 'ore,  w11en tlie tempera ture  d i f f e r e n c e  and 
t h e  wind a r e  cons ide red  a t  t h e  same t ime ,  i s  a s  fo l l ows :  t h e  p r e s s u r e  d i s t r i b u t i o ~ i s  
by wind p r e s s u r e  and tempera ture  d i f f e r e n c e  be ing  taken  i n t o  account  a t  t h e  same 
t ime,  we should f i r s t  o b t a i n  t he  two cases  o f  maxirnum and minim? v e n t i l a t i o n s  
under t h e  g iven  c o n d i t i o n s ,  and should  cons ide r  t h e  minimum case  f o r  t h e  c a l c u l a t i o n  
of  exchange of  a i r  i n  t h e  room o r  expu l s ion  o f  lieat t he reby ,  and t h e  maximum c a s e  
f o r  t h e  c a l c u l a t i o n  o f  h e a t  l o s s  by v e n t i l a t i o n .  

NIEASUREMENT OF THE AMOUNT OF VENTILATION 

The measurement o f  v e n t i l a t i o n  o f  b u i l d i n g s  o r  rooms a r e  o f  two k inds .  

( i )  I f  t h e  i n l e t  and o u t l e t  e n a b l e  u s  t o  measure t he  v e l o c i t y  of t h e  a i r  f low 
t h e r e ,  t h e  amount o f  a i r  flow can be ob ta ined  s o  long  a s  t h e  a r e a  o f  t h e  
s e c t i o n  o f  t l ie  flow is  a l s o  kriown. 

( i i )  I f  thc: i n l e t  and o u t l c t  a r e  d i s p e r s e d ,  o r  i t  i s  no t  p o s s i b l e  t o  measure 
t h e  v e l o c i t y  o f  t h e  a i r ,  t h e  amount o f  flow i t s e l f  is measured. I n  t h e  f i r s t  
c a se ,  s u i t a b l e  anemometers a r e  g e n e r a l l y  employed acco rd ine  t o  wind v e l o c i t i e s .  
For example, t hey  a r e  t h e  p i l o t  t ube ,  wind-mill  anernoneter, thermic  r a y  
anemometer, k a t a  thermometer, e t c .  I n  t h e  second case,  t h e  amount o f  a i r  
flow is ob ta ined  from the  r educ t ion  i n  pe rcen tage  of  carbon d iox ide ,  smoke, 
a t c . ,  mixed i n  t h e  a i r ,  o r  from t h e  c a l c u l a t i o n  of  t h e  l o s s  o r  g a i n  of h e a t  
which has been provided  to t h e  room. Numerous methods have been enlployed 
f o r  t h e s e  purposes f o r  a  cons ide rab l e  time. ( ~ e f .  1 6 ) .  

The measurement o f  v e n t i l a t i o n  f o r  a  very l a r g e  bu i ld ing  o r  room, a p a r t  from 
t h e  f i r s t  c a se  nlentioned above, i s  a l~r los t  impossible .  P r a c t i c a l l y  spsaking ,  
c a l c u l a t i o n  is  t h e  only method. I n  t h i s  c h a p t e r  t h e  w r i t e r  examines expe r imen ta l l y  
t h e  method o f  measuring t h e  amount o f  a i r  flow by means of  carbon d iox ide ,  d e s c r i b e s  
a  new k a t a  thermometer,  and d e a l s  w i th  t h e  b a s i c  t h e o r i e s  r e l a t i n g  t o  h i s  
exper imenta l  s t udy .  

12.1 1VIeasurerrient of A i r  Flow by CO, (1) 

I f  it i s  assumed t h a t  t h e r e  i s  a  v e n t i l a t i o n  of  Q (m3/sec) i n  a  room as  
r ep re sen ted  i n  Fig.  10,  Ca, C r e p r e s e n t i n g  C O 2  pe rcen tages  
(o /v l )  i n s i d e  and o u t s i d e  t h e  room, v  (m" t h e  volume o f  
t h e  room, and 8 ( s e c )  t h e  time, , 

(C ,  - C )  Q do = VdC (50) 

B = 2 . 3  V / e .  l o g  {(c, - c,)/(c, - C,)) , (m2/sec)  (31)  

where a t  9  = 0, and 8 = 9  then  C = C,, aiid C = Cg 
I Flg. 10. Reductlon 

in CO,. 
The equat ion  (31)  is  known a s  S e i d e l ' s  formula.  The carbon 
d iox ide  i n  t h e  atmosphere is  approximately 0.04 ( o / v l ) .  
This  i s  n e g l i g i b l e ,  s o  

Q = 2 .3  V/@, l o g  Co. /Co (m?/sec. ) (-32) 

I f  t h e  pe rcen tages  of carbon d i o x i d e  a r e  uriiform i n  a  room, t h e  amount of 
v e n t i l a t i o n  can be o b t a i n e d  from two s e t s  of  obse rva t ions  of  percentages  and tirne; 
and i f  t h e  a r e a  of  s e c t i o n  of  an opening i s  known, U,  t h e  mean v e l o c i t y  of  wind a t  
t h a t  p o s i t i o i ~  i s  

Ref. l& H. h b l p e r t :  Arch f i r  Hyg lene ,  Bd. 52, (1905) 



I n  t h i s  experiment t h e  w r i t e r  c h i e f l y  examined t h e  q u e s t i o n  a s  t o  t h e  conditiryn 
i n  which (32) becomes p r a c t i c a b l e  when Q, a  c e r t a i n  amount o f  v e n t i l a t i o n  occurs  i n  
a  room (box) i n  which t h e  a i r  i s  mixed wi th  carbon d ioxide .  

2 .1 .1  Method - of  Experiment 

Here, we have a  box, a s  r e p r e s e n t e d  i n  
Fig.  11 and Fib. 12 of dimensions 

X 50 X 100 (cm3).  I n  t h i s  box a  c e r t a i n  
amount o f  v e n t i l a t i o n  is  c a r r i e d  ou t  by 
means o f  a  blower and r e g u l a t i n g  va lve .  

pi i: 3. Blower ?!fe;~~ 

The a i r  mixed wi th  carbon d iox ide  f o r  t h e  + 4. Regulat lng  valve 
box i s  t aken  f'rom t h e  a ,  b arid c  p o s i t i o n s  5. In te r fe rometers  

0. Kata thermometer 
a s  i n d i c a t e d  i n  Fig. 12;  CO,  pe rcen tages  t 
a r e  read  o f f  from t h r e e  i n t e r f e r o m e t e r s ,  Fig. 11. Arrangement f o r  Expt. ( 1 ) .  
and C O 2  percentage  curvzs a r e  ob t a ined .  
The box i s  provided wit11 a harid-draiven far1 
w i t h  which t h e  a i r  is a g i t a t e d  so  t h a t  t h e  
carbon d iox ide  is  uniformly mixed w i t n  a i r ,  A ka ta  thermometer o r  wind-mill  
anemometer i s  plilced a t  t h e  i n l e t  i n  a  p o s i t i o n  a s  i s  i l l u s t r a t e d  i n  Fig. 13 and 
t h e  wind v e l o c i t y  a t  a  s e c t i o n  o f  t h e  c y l i n d e r  i s  r ead  o f f .  

0 0 6  

DO oc 

100 c m .  --- 

- -  ' A  I n l e t  f o r  CO, 

B Thermometer 
I 

C I n l e t  

D O u t l e t  

- 50 cm. a ,b ,c  For collecting a i r  

Flg. 12. Arrangement f o r  Experiment (2). 

I n t e r f e r o m e t e r  

I lcm. h 
Fig,  13. Kata Thermometer 

and Wlndnll l  Anemmeter 
Fig. 14. T e s t i n g  by 

In te r fe rometer  

2  1 2  Measurement of CO., p e r cen tages  

The measurerrlellt of' CQ, pe rcen tages  is done 
by means o f  t h e  i n t e r f e r o m e t e r  (Refs. 1 7  - 1 9 ) .  
The same m a t e r i a l  (carbon d iox ide )  i s  submi t ted  
t o  t e s t i n g  by Haldane 's  a n a l y s e r  (Ref. $20) and 
t h e  i n t e r f e r o m e t e r ,  a s  i l l u s t r a t e d  i n  Fig.  14. 
The comparison of readings  between t h e  two 
meters  i s  r ep re sen ted  g r a p h i c a l l y  i n  Fig.  15. 

Flg. 15. Comparlson between 
I n t e r f e r o m e t e r  and Haldane Is 

Analyser. 

Etef. 17. Fajlma: Experiments  I n  Applied P h y s l c s ,  p. 173, (1940). 
Re[, 18. TsuJ1: Rlken Iho (Bul leLln  o l  Rlken), Vol. Er No. 11, 

pp. 8 7 1  - 882, (1029),  
Ref. 19. Y a ~ ~ a o :  Rlken Iho, Vol. 14, No, 1, pp. 30 - ;?8, 
Ref. 20. Handbook o r  P r a c t l c a l  Chcrnlstry, part  2, p. 312 



Fig. 1 6  g i v e s  a  comparison between t h r e e  
i n t e r f e r o m e t e r s  which were examinedain t h e  same 
way. 

I f  q  r e p r e s e n t s  t h e  a i r  mixed wi th  carbon 

1::mI 
L L  2 

dioxide  c o l l e c t e d  f o r  t h e  purpose  o f  q u a n t i t a t i v e  F5 l 

2!$ 
a n a l y s i s  o f  CQ,, and Q '  t h e  amount o f  v e n t i l a t i o n  

0 1 1 s  + S  

by means o f  t h e  blower, t hen  a t  /nterht-ornetet- Np 2. 

U = 0.05 (m/sec) , I No. 3. 

Fig, 16, Comparison be tween 
q = 0.27 X 10'~ (n1"sec) , the three  Interferometers. 

Q ' = 0.05 X n (1.1) '? /4 X 10- (ni3/sec), 

q/Q' = 0.056 

I Thus i t  was dec ided  t h a t  t h e  c o l l e c t e d  amount, q, was n e g l i g i b l e .  

2.1:3 D i s t r i b u t i o n  of  CO, ~ e r c e n t a ~ e s  i n  t h e  Box 

The a i r  i n s i d e  t h e  box was s t i r r e d  a t  
Q = 0 wi thout  t h e  u se  o f  t h e  blower so t h a t  
t h e  carbon d iox ide  pe rcen tages  became S 

uniform; and a f t e r  t h a t ,  t h e  pe rcen tages  $ .+ 
were measured wi thou t  a g i t a t  ion. Fig. 17 

6 3  
g i v e s  t h e  r e s u l t  o f  t h e  measurements. E 
The percentages  dec rease  s l i g h t l y  due t o  8 2 

t h e  c o l l e c t i o n ,  bu t  s o  l ong  a s  t h e  amount I 

of  v e n t i l a t i o n  is  very sma l l ,  t h e  carbon 
d iox ide  pe rcen tages  a r e  a lmost  uniform. 
 his appears  t o  i n d i c a t e  t h a t  t h e  uni formi ty  Pme (M/irtes) 

i n  percentages  i s  n o t  d i s t u r b e d  i n  a i r  Fig. 17. Reduction in  : 
Percentages when Q = 0. 

mixed wi th  carbon d i o x i d e  themselves 
( o r  i t s e l f ) .   ransl slat or's Note: The word 
' s e l f '  i s  used i n  t h e  o r i g i n a l ,  though t h e  
meaning i s  no t  c l e a r  t o  t h e  t r a n s l a t o r ) .  

Let  us  see  what happens when v e n t i l a -  
t i o n  begins  when, u n t i l  now, un i fo rmi ty  has Q 
been kept  i n  carbon d i o x i d e  p e r c e n t a ~ e s .  Q 6 

S As is r ep re sen ted  i n  Fig. 18 ( a ) ,  g r e a t  L 9 

unevenness i n  p e r c e i ~ t a ~ e s  occu r s  a t  f i r s t ,  2 
bu t  l a t e r  t h c  pe rcen tages  become ~ e n e r a l l y  4 ' 

3 
u n i f o ~ m .  I n  o r d e r  t o  c a l c u l a t e  the  amount S 
of  v e n t i l a t i o ~ i  from a c e r t a i n  pe rcen tage  i n  2 

t h e  box by t h e  eq i la t ions  (31) o r  ( 32 )  i t  is 
neces sa ry  t o  s e e  t h a t  t h e  carbon d ioxide  

k l 

0" 
0 1 2 3 4 5  percentages  i n  t h e  room ( o r  box) should  be 

reduced uniformly. For t h i s  purpose,  t h e  7me /M/nuIcs) Zhe {Mnufcs) 
w r i t e r  gen t ly  a g i t a t e d  t h e  gas w i th  a fan. Fig. 18 (a )  Fie. 18(b) 
The r e s u l t  o f  t h i s  i s  shown i n  Fig.  1 8 ( b ) .  When not When 
When t h i s  o p e r a t i o n  was c a r r i e d  o u t ,  t h e  Agitated. Agltated. 

w r i t e r  made t h e  a g i t a t i o n  i n  such  a way a s  
t o  keep t h e  k a t a  thermometer a t  t h e  i n l e t  
una f f ec t ed ,  and he regarded  t h e  a g i t a t i o n  
a s  making no d i f f e r e n c e  t o  t h e  amount o f  v e n t i l a t i o n .  

2.1.4 Wind V e l o c i t i e s  by CO,, Method and by Kata Thermometer. ( ~ e f .  -- ,21) 

The ka t a  thermometer used by t h e  w r i t e r  was one made i n  Japan. He c a l c u l a t e d  
t h e  wind v e l o c i t y  by t h e  Ka ta - f ac to r  (K.F.) of t h e  Kata thermometer and used t h e  
measured va lues  of  t empera tu re  and time i n  t h e  formula g iven  b y  L. H i l l ,  t h u s  
o b t a i n i n g  t h e  vrind v e l o c i t y .  

u > l  (m/sec) ,  H = (0.1 3 + 0.47 U'" ) A t  \ 
u:l (m/sec) , H = (0.,20 + 0. 40 u ' l 2  ) A t  ,/ 

where H = (K. F.)/B : (mi l l ica1 . /cm2sec) ,  8: sec ,  

A t  = .36.5 - t a ;  t a  = a i r  tempera ture  ( C ) .  

- - - - - 
Ref. 21, Shoda: S t u d l e s  In  production, Vol. 2, No. 1, 9- I f i t  ( 1 9 s )  



WlND VELOCITY COL HLTHOO (R1/5ec) 

Fig. 20. Wlnd Veloclt les 
by CO, method and by Kata 

Themome ter. 

Flg. 19. Relat ionshlps 
between CO, percentages, 

Tlme and Veloclty of 
Flaw. 

If t h e  r e l a t i o n  of t h e  CO2 va lues  t o  t h e  time i s  drawn on l o g a r i t h m i c  graph 
paper ,  we nay p l o t  a l l  obse rva t ions  i n  s t r a i g h t  l i n e s  a s  r ep re sen ted  i n  Fig. 19, 
t h u s  i n d i c a t i n g  t h a t  (32) i s  q u i t e  p o s s i b l e .  

T l~e  r e l a t i o n s h i p  between t h e  wind v e l o c i t y  by t h e  CQ, method and t h a t  by t h e  
Kata thermometer car1 be expressed  almost i n  a  s t r a i g h t  l i n e ,  a s  r e p r e s e n t e d  i n  
Fig.  20. 

2 .1 .5  Wind Ve loc i ty  by Kata Thermometer 1.8 

and by Windmill Thermometer. I .G 

a 
> 2 

I f  t l ie wind v e l o c i t y  by Kata m 
E 1.r thermometer i s  ccmpared wi th  t h a t  by t h e  )- o 

windmil l  thermometer f o r  t h e  same amount l- I l 0  

of  f low, t h a t  i s ,  wind v e l o c i t y ,  a s  i s  
3 5 2 E "' 

c l e a r  i n  Fig. 21, t h e  wind v e l o c i t y  by U J o h  

windmil l  thermometer g r a d u a l l y  d e c r e a s e s  > 1 / 
under 1 (m/sec) ,  and i n  t h e  neighbourhood a 2 0 

o f  0.3 (rn/scc) t h e  windmill s t o p s .  o 

0 0 .e  O* 0.6 08 1.0 1.t 1.4 1.6 1.8 

2 .2  Measurement of  A i r  Flow by CO., (2 )  
WlND VELOCITY bY KATA TMRMOMETER. 

A s  exp la ined  in  12.1, i f  t h e  carbon 
d i o x i d e  pe rcen tages  a r e  uriiform i n  t h e  
room ( b o x ) ,  i t  i s  p o s s i b l e  t o  f i n d  o u t  
t h e  amount o r  v e l o c i t y  of a i r  f l o w  by 
a  s iniple f  orrnul a  such a s  (31) ; bu t  
vrhen t h e r e  i s  v e n t i l a t i o n  t h e  u n i f o r m i t y  
i n  carbon d iox ide  percentages  is 
d i s t u r b e d ,  as i nd i cg t ed  i n  Fig.  18; 
and f o r  t h i s  reason ,  t h e  c a l c u l a t e d  
amount o f  a i r  flow ( t h e  amount o f  
v e n t i l a t i o n )  v a r i e s  wi th  t h e  p o s i t i o n  
o f  t h e  room from which tlie p e r c e n t a g e  
was taken .  Even when the  un i fo rmi ty  
i n  pe rcen tages  i s  secured by a g i t a t i o n ,  
t h i s  t ime t h e  amount o f  flow is 
p robab ly  a f f e c t e d .  This  means t h a t  
t h e  unknown c o n d i t i o n  has mere ly  been Q 

r e p l a c e d  by another .  The w r i t e r ,  t o  
overcome t h i s  d i f f i c u l t y ,  nlanaged t o  
measure tlie r educ t ion  i n  CQ, pe rcen tages  
a t  t h e  o u t l e t  without  r e s o r t i n g  t o  
a g i t a t i o n .  

Let us  assume t h a t  i n  a p a t h  of 
a i r  f low a s  i l l u s t r a t e d  i n  Fig. 22, 
t l ie  f i r s t  uniform percentage  i n  t h e  
carbon d iox ide  box is Cot ( a / v l ) ,  

~ l g .  21. Kata Thermometer 
and Wlndmlll Thermometer. 

HATA - 
l ;  (v) CO2 BOX # l 

-+ ! j 0 l ~ O " l O O ~ r n J  Cq 1 -P 
I 

FAN [ I I 
I ,  

P)4 I I ,  

I I 1 PRESSURE 

=l 
Fig. 22. Path O r  A i r  Flow. 



a  c e r t a i n  amount of a i r  f low, Q (mD/sec)  occurs  f o r  . , .  
8 ( s e c ) ,  and t h e  uniform p e r c e n t a g e  a f t e r  t h e  f low is 
C'& Then t h e  pe rcen tages  a t  t h e  o u t l e t  dur ing  t h i s  
time a r e  measured wi th  t h e  ' i n t e r f e rome te r .  The 
r ead ing  of  C l  r e v e a l s  a  l a g  w i t h  r e s p e c t  t o  t h e  r e a l  

U 

percentages  C,. This  i s  r e p r e s e n t e d  g r a p h i c a l l y  i n  9: ,C ' B  
4 

Fig. 123. 
U 

I f  we r ep re sen t  t h e  a i r  i n  t h e  CO2 box (which 
has been c o l l e c t e d  f o r  t h e  i n t e r f e r o m e t e r )  by q T I M E  e (sec). 

(m3/sec) ,  and t h e  volume o f  t h e  box by V ( m 3 ) ,  Fig.  23. R e l a t i o n  
8  o r  C ,  t o  C,. 

(Q 9) 5 C2d8 = (C,  ' - c o p )  V, (35) 
0 

and between C i  and C, t h e r e  i s  an approximate r e l a t i o n s h i p  a s  g iven  below: 

q ( C ,  - c i ) d e  = vdC1, (36) 

where v  = volume ( m 3 )  o f  p a t h  of  a i r  flow f o r  i n t e r f e rome te r .  From (35) and (36) 

u = Q/A = [ ( C , .  - c ~ ' ) v /  [F - v/q. ( c I o  - c,u)) - q l / ~ ,  (37) 

where A  = a r e a  of  (m2) of  s e c t i o n  o f  a i r  flow, F  = C,d8, F  i s  t h e  a r e a  between 
4 0 

t h e  curve C i  and t h e  t ime a x i s .  This  can be obta ined  from a  measured va lue  whatever 
form t h e  curve assumes. ( s e e  Fig.  123). 

2 .2 .1  Experiments 

The p a t h  of  a i r  flow c o n s i s t s  o f  an i n l e t  tube ,  C a p  box, o u t l e t  tube ,  o r i f i c e ,  
r e g u l a t i n g  va lve  f o r  t h e  amount o f  a i r  flow and blower (1/10 H. P. ) , a s  represented  
i n  Fig. 24. 

(1) I n l e t  tube;  (2)  CO, box; (3) R e g u l a t i n g  v a l v e  f o r  t h e  amount 
of a i r  flow; ( 4 )  Blower; a and b:  Openlngs f o r  c o l l e c t l n g  CO,; 
c and d: S h u t t e r s ;  e:  Kata thermometer;  P: f an ;  g: O r l f l c e .  

Fig.  24. Arrangement f o r  Experlrnent.  

The carbon d iox ide  pe rcen tages  were measured by t h e  i n t e r f e r o m e t e r ,  t he  
p re s su re  d i f f e r e n c e  & a t  t h e  o r i f i c e  by a  Gdtt ingen type  p r e s s u r e  gauge (graduated 
1/20 mm H ~ ) ,  and 'Chatock' I n c l i n e d  t,ube type  p r e s s u r e  gauge (1/100 m Hg.) 
( ~ e f .  22) : With r e f e r e n c e  t o  t h e  Chatock p re s su re  gauge, t h e  w r i t e r  had one made 
very  c a r e f u l l y  so t h a t  t h e  volumes o f  t h e  bc lbs  could s a t i s f y  t h e  cond i t i ons  f o r  
tempera ture  compensatiorl, The k a t a  therrr~orneter used was one made i n  Great B r i t a i n .  

I f  t h e  vo l t age  and va lve  o f  t h e  blower a r e  regula te t i  and t h e  p re s su re  
d i f f e r e n c e  a t  t h e  o r i f i c e  i s  made AP, 

U 0  = O ~ ( ; ? ~ O P / P )  1 12 (S)  

where uo = rnesn v e l o c i t y  a t  t h e  o r i f i c e ,  a ~ d  = c o e f f i c i e r i t  o f  d i scharge .  

I f  u  and A r e p r e s e n t  r e s p e c t i v e l y  t h e  v e l o c i t y  o f  a i r  f low and t h e  a r e i  of 
t h e  s e c t i o n  a t  t h e  i n l e t ,  and a  i s  t h e  a r ea  of  t h e  o r i f i c e ,  

her. 22 W. S. 1;uncan: T e c h n i c a l  Re& 1069, L R C. (1027). 
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I n  tlle rneasurement.of a i r  flow a t  t h e  o r i f i c e  we f i r s t  f i n d  fP, and work ou t  
U, by equa t ion  ( 3 8 ) ;  and s o  ct must b e  a known value. I n  t h e  p r e s e n t  experiment tile 
wind v e l o c i t i e s  by t h e  CO2 method and t h e  Kata thermometer were compared through 
t h e  in te rmediary  of' AP, and t h e  v a l u e  a was f o r  t h e  time be ing  ignored.  

Vve now c l o s e  t he  s h u t t e r s  c  and d  (Fig.  24) a t  t h e  e n t r a n c e  and e x i t  o f  t h e  
CO2 box. Carbon d ioxide  i s  i n t roduced  i n t o  t h e  box t o  approximate ly  2 ( o / v l ) ;  
u s ing  t h e  f a n  i n  t h e  box we o b t a i n  un i fo rmi ty  i n  carbon d iox ide  pe rcen tages  a t  a  
and b, and assume t h a l  t hey  a r e  uniform a l l  over  t he  box. When c  and d  a r e  opened, 
a i r  begins  t o  flow. Taking t h i s  moment a s  0 ,  we begin t h e  measurement of t ime,  
and r ead  t h e  carbon d iox ide  pe rcen tages  of tlle a i r  i11 t h e  box which we have 
c o l l e c t e d  from b.  0 ( s ec )  l a t e r ,  the s h u t t e r s  a r e  aga in  c lo sed ,  and by t h e  use of 
t h e  f a n  xe s a t  isf'y ou r se lves  t h a t  t h e  carboil d ioxide  pe rcen tages  a r e  uniform a t  a  
and b. The v e n t i l a t i o n  i s  d i s con t inued ,  a s  i n  Fig. 123, and a f t e r  a g i t a t i o n  we 
note  t h a t  t h e  percentage  C ' @ ,  which i s  h ighe r  than  Cl@ has  been reached. This  
indicates t h a t  t h e  a i r  v~hicll e n t e r e d  t h e  box has l e f t  aga in  wi thout  mixing we l l  
w i th  t h e  carbon d ioxide .  

2 .2 .2  Wind V e l o c i t i e s  by t h e  CO, Method and by Kata Thermometer (Continued).  
p-- ----W- 

The r e l a t i o n s h i p  between t h e  wind v e l o c i t i e s  by t h e  CO2 method and Kata 
thermonleter and t h e  p re s su re  d i f f e r e n c e  a t  t h e  o r i f i c e  i s  shown i n  Fig. 25; and it 
w i l l  be noted  t h a t  t h e  two n e a r l y  agree .  8 

P r e s s u r e  D , / / r r e n c e  a t  O r i f t c r ,  Ap(mmHq.) 

Flg. 25. Wlnd Veloc l ty  and Pressure  
DlPPerence a t  t h e  O r l f l c e .  

The Kata thermometer i s  a l r e a d y  recognised f o r  i t s  c a p a b i l i t y  t o  d e a l  w i th  
smal l  wind v e l o c i t i e s ,  but  f o r  c a l i b r a t i o n  i t  i s  d e s i r a b l e  t o  have a  known sma l l  
wind v e l o c i t y  a s  a  s tandard .  I f  t h e  CO2 method i s  employed, i t  is now confirmed 
t h a t  t h i s  method can measure t h e  amount of a i r  flow, t h a t  i s ,  wind v e l o c i t y ,  
d i r e c t ;  and i t  i s  p a r t i c u l a r l y  s u i t a b l e  f o r  handl ing  a  g e n t l e  wind. \ 

2 .3  Thermic Ray Kata Thermometer ( ~ e f .  23) 

Inconveniences have been expe r i enced  by some experimenters  i n  t h e  use  of  t h e  
Kata thermometer; f o r  i n s t ance ,  i n  t h e  measurements of v e n t i l a t i o n  o r  l i q u i d  i n  
bui ld i r igs ,  i t  i s  no t  p o s s i b l e  t o  c a r r y  out  'remote o p e r a t i o n ' ;  f u r t h e r ,  hot  water  
i s  r e q u i r e d ,  e t c .  There is  a  method f o r  measuring wind v e l o c i t i e s  by h e a t i n g  
t h e  thermometer e l e c t r i c a l l y ,  and t h i s  has been proposed by C. P. Yaglou ( ~ e f .  24). 
I n  t h e  p r e s e n t  r e sea rch  t h e  w r i t e r  designed and c o n s t ~ u c t e d  a  new Kata thermometer 
i n  which p la t inum wire  i s  s e a l e d  i n  t h e  bulb  which i s  f i l l e d  w i t h  o i l .  The 
p l a t i num wire  a c t s  both a s  r e s i s t a n c e  thermometer and h e a t e r .  I n  t h e  s ense  t h a t  
t h i s  new instrument  i s  a  combinat ion of' a  thermic ray anemometer w i th  t h e  Kata 
t h e m e t e r ,  t h e  w r i t e r  c h r i s t e n s  i t  t e n t a t i v e l y  Thermic Ray Kata Thermometer. 

Rer. 23. Shoda and Katsuno: Arch1 t e c t u r a l  News, No. 6, (January,  1950). 
P a t e n t  a p p l i e d  f o r  I n  1850 - A p p l l c a t l o n  No. 10951. 

Ref. 24. C, P. Yeylou: Journ.  I n d u s t r i a l  Hyglene and Toxicology, Vol. a3, No. 8, pp. 485-510, 
(Oct., 1928); J o u r n a l  of  S a n i t a r y  Enylneel.lng, V o l .  13, No. 8, p p ,  740-741, (1839), 



The p r i n c i p l e  unde r ly ing  t h e  
ins t rument  is t h e  same a s  i n  t h e  o l d  Kata 
thermometer, but  t h e  w r i t e r  does n o t  use 
t h e  mean tempera ture  (36.5 C )  a s  i n  
L. H i l l ' s  equat ion  (34 ) .  I f  t h e  bulb  
i n  t h e  Thermic r a y  Kata thermometer i s  
uniformly cooled ( ~ i g ,  26  (a) ) , 

t - t a  = (to - t a ) e - c /m- '  (39) (a) Recelver. (b) Circuit for Measurement. 

where to,  t 9 ,  t U  = i n i t i a l  t empera ture  Flg. 26. Thermlc Ray Kata Thermometer. 
o f  t h e  bulb; 8 ( s ec )  subsequent  
tempera ture  and t h e  t empera tu re  o f  t h e  
surrounding a i r ;  c  = h e a t  c a p a c i t y  of  t h e  bulb;  E = c o n d u c t i v i t y  of hea t ;  and 
A = s u r f a c e  a r e a  o f  t h e  bulb. 

Fu r the r ,  E = a  + b  ui12 ( ~ e f .  25) 
where a  and b  a r e  c o n s t a n t s ,  U = wind v e l o c i t y .  

I f  we r ep re sen t  by 8  t h e  t ime dur ing  which t h e  i n i t i a l  t e n ~ p e r a t u r e  t o  drops 
t o  t 6 ,  and i f  we t a k e  

The Kata- fac tor  i n  t h i s  c a s e  is  

12.3.1 Experiment 

The Kata thermometer i s  hung i n  t h e  p o s i t i o n  a s  i n d i c a t e d  i n  Fig. 24, and 
t e s t i n g  commences. The r e c e i v e r  of  t h e  Thermic Ray Kata thermometer and t h e  
c i r c u i t  f o r  tempera ture  measurement a r e  both a r ranged  a s  i i l u s t r a t e d  i n  Fig. 26 ( a )  
and (b )  r e spec t ive ly .  

The r e c e i v e r  c o n s i s t s  o f  a  g l a s s  bulb  of  d iameter  approximate ly  20 (mm) 
c o n t a i n i n g  a  g l a s s  bobbin w i t h  p la t inum wire ,  0 .04  (mm) i n  d i ame te r ,  25 ohms a t  
normal tempera ture ,  wound on i t ;  i t  a l s o  con ta in s  t r ans fo rmer  o i l  a t  approximately 
50 C .  Th i s  i s  hung i n  a  p o s i t i o n  where measurement i s  r e q u i r e d ,  by two conduc'tors. 
There a r e  a l s o  s t anda rd  r e s i s t a n c e s  equ iva l en t  t o  38, 28 and 1 8  ( C )  a r ranged  
acco rd ing  t o  t he  bulb and a tmosphe r i c  p re s su re ,  t o  be used i n  a  b r idge .  By t h e  
galvanometer  each drop of S ( C )  from t h e  temperatures  above mentioned i s  observed 
and t h e  coo l ing  t ime,  8 ,  is measured. 

2:3.2 Wind Ve loc i ty  by t h e  Thermic R a y  
Kata Thermometer. 

The r e l a t i o n s h i p  between y  obta ined  
from t h e  va lue  measured by t h e  Thermic Ray 
Kata thermometer and t h e  wind v e l o c i t y  by 
t h e  CO2 method i s  r e p r e s e n t e d  i n  Fig. 27. 
It i s  n e a r l y  a  s t r a i g h t  l i n e .  From t h i s  
i t  may be s a i d  t h a t  t h e  equa t ions  (39) 
and (40)  a r e  c o r r e c t .  1 and m i n  (41 ' )  
can be obta ined  from t h e  c a l i b r a t i o n  
curves  f o r  t h e i r  r e s p e c t i v e  bulbs.  

Re1. 25. E. Ower.  Measurement o f  a l r  f l o w ,  
pp, 191-194, (1927). 
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Fig. 28 .  R e l a t i o n s  between 
y, te,  t a  and d. 

The r e l a t i o n s  between y ,  l;@, t a  and 0 a r e  r ep re sen ted  i n  Fig. '28. The w r i t e r  
b e l i e v e s ,  fro111 -the experiment desc r ibed  above, t h a t  t h e  Thermic Ray Kata Thermometer 
can be used a s  a c c u r a t e l y  a s  t h e  o l d  Kata thermometer f o r  t h e  measurement o f  wind 
v e l o c i t i e s .  

CHAPTER I11 

VENTILATI 011 ~NfiEN THE INSIDE TEMPERATURE 
I S  HIGHER THAN THE OUTSIDE TWEXATURE 

There have t e e n  a  number of  exper imenta l  r e sea rches  on v e n t i l a t i o n  by  
tempera ture  d i f f e r e n c e .  For example, i t  is  r epo r t ed  t h a t  va luab le  r e s u l t s  have 
been ob ta ined  from experiments  w i th  v a r i o u s  models ( R ~ P S .  26 - 30) and v e n t i l a t o r s  
( ~ e f .  31) .  I n  t h e  s tudy  of  t h e  g e n e r a l  p r o p e r t i e s  of' t h e  v e n t i l a t i o n  by tempera ture  
d i f f e r e n c e ,  a  d e s i r a b l e  procedure i s  t o  ana lyse  t h e  va r ious  elements  govern ing  
v e n t i l a t i o n  which have been found i n  exper iments ,  and cons ide r  whether  t h e o r e t i c a l  
hypotheses,  such a s  o u t l i n e d  i n  Chapter  I of  t h i s  paper  a r e  p r a c t i c a b l e .  I n  t h e  
p r e s e n t  c h a p t e r  t l ie  w r i t e r  proposes t o  seek ,  by t h e  CQ, method and t h e  c a l c u l a t i o n  
of h e a t ,  t h e  amount o f  v e n t i l a t i o r l  when t h e  tempera ture  i n s i d e  a  room i s  h i g h e r  than 
t h a t  o u t s i d e .  He w i l l  accomplish t n i s  w i th  t h e  a i d  of  models of  f a c t o r i e s  and 
rooms. 

3.1 Experiments w i t 1 1  Models of  F a c t o r i e s  (Ref. 32) 

For t h e s e  experiments  t h e  w r i t e r  chose t h e  most u sua l  form o f  f a c t o r i e s  which 
a r e  kept  a t  h igh  temperatures .  I n  t h i s  form a i r  e r i te rs  through windows and goes 
o u t  through t h e  moni tor  o r  chimney i n  t h e  roof .  The models a r e  on a reduced s c a l e  
o f  1/10 - 1/20. As  t h e  experiment was c a r r i e d  o u t  dur ing  t h e  e a r l y  p e r i o d  o f  t h e  
war, t h e r e  were some examples i n  which a  blacked-out monitor  was used ,  bu t  t h e  
w r i t e r  b e l i e v e s  t h a t  t h i s  makes no d i f f e r e n c e  t o  t h e  s tudy of t h e  g e n e r a l  p r o p e r t i e s  
of  v e n t i l a t i o n .  

Rer. 2 9  Sato:  Arch lCec tura l  Revlew, No& 32-35, pp. E'-31, (1947). 
Ref. 27. Sato: Arc111 tect,ural Revlew, Nos. 26, 27, 29 & 31, (1942-3). 
Ref. 28: Hlrayama: A r c h l t e c t u r a l  Revlevr, No. 28, pp. 51-57, 1943 . 
Ref. 29. 1 ~ l r a y m a :  ArchI Iec tur8 l  Revle~r,  NO. 28, pp. 58-92, [1943{. 
ReI, 30. HlrayamE: Archi Lectural  Revle:v, No, 29, pp. 106-111, (1943). 
Rel. 31. Hlrayamx J o u r n a l  of S a n l t a r y  Englneer lng ,  Vol. 12 No. 4, p. 266, (1938),. 
Rel. 32 Shoda: Lec ture  given a t  the g e n e r a l  mee t lng  of t h e  a c l e t y  f o r  A r c h i t e c t u r e  i n  November, 1848. 



3.1.1 Experiment 

The models o f  f a c t o r i e p  a r e  o f  two v a r i e t i e s ,  I and 11. The a r e a  of  I i s  
1.80 X 1.80 (n i l )  ( ~ i ~ .  29 (b )  ) , and I1 i s  on a  reduced sca l e '  o f  1 / 2  of I. The 
f r o n t  and back a r e  g l a s s  p l a t e d ;  bo th  s i d e s  and t h e  roof  a r e  veneered (3.5 mn 
t h i c k ) ;  t h e  f l o o r  i s  made of c ryptomer ia  board (14 m t h i c k ) ,  and t h e  model i s  on 
a  s t a n d  75 cm. high. 

Point w h m  CO. ir n e a w d  

(4 (e) (f l  

F I ~ .  29, Models or  ~ a c t o r i e s .  

O u t l e t s  a r e  o f  t h r e e  kinds.  They a r e :  

Blacked out  Monitor:  Models I and I1 29 ( a ) ) .  

Chimney: Model I1 ( ~ i @ ; .  29 ( e )  and ( f ) ) .  

Monitor:  Model I (Fig. 29 ( c )  and ( d ) ) .  

The sou rces  of  hea t  a r e  d i s t r i b u t e d  evenly a long  t h e  f l o o r .  As r ep re sen ted  
i n  Fig. 129 ( b ) ,  Nichron~e wire  i s  s t r e t c h e d  3 (cm) abovc t h e  f l o o r  i n  Model I and 
1.5 (cm) i n  Model 11; and t h e  supp ly  of hea t  i s  measured w i t h  vo l tme te r  and 
ammet e r .  

The p o i n t s  o f  measurement a r e  f i x e d  a t  1 3  p o s i t i o n s  f o r  exper iments  wi th  t h e  
b lackout  monitor  and chimney, and 2 3  p o s i t i o n s  f o r  t h e  monitor  ( ~ i ~ .  29, ( a )  and ( c ) ) .  
The measurement i s  made wit11 a  r e s i s t a n c e  thermometer o r  Alcohol  thermometer hung 
from a  t r a v e l l i n g  beam. 

The p o s i t i o n s  f o r  c o l l e c t i n g  carbon d iox ide  a r e  U, M , ,  i \d2 ,  Di and R ,  a s  
i n d i c a t e d  i n  Fig. 29 ( a ) ,  and t h e  p o i n t s  U, M and D a r e  l e d  r e s p e c l i v e l y  t o  t h e  
t h r e e  in te r t ' e rometers ,  thus  e f f e c t i n g  tile measurement of carbon d i o x i d e  percentages  
a t  t h e  t op ,  middle and bottom p o s i t i o n s .  Liquid carbon d ioxide  conta ined  i n  a  
'bombv was used i n  t h e  ex.periment, and an e l e c t r i c  f an  was needed t o  mix a i r  and 
carbon d iox ide  i n  t h e  model a t  t h e  beginning  and end of the experiment .  
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Fig. 31. Temperature 
Rises in Models. 

.3.1.*2 Method of  Nleasurement 

Flg. 32. Temperature 
Changes In  a Model. 

While v e n t i l a t i o n  is going on a f t e r  t h e  openings have been opened, a  c e r t a i n  
amount of hea t  is  a p p l i e d  and i n  approximately 20 minutes '  t ime,  normal c o n d i t i o n s  
a r e  reached and t h e  tempera ture  a t  each p o i n t  s e t t l e s  down a s  r ep re sen ted  by t h e  
~ r a p h ,  Fig. 31. Then a l l  t h e  openings a r e  c l o s e d  and carbon d ioxide  i s  in t roduced ,  
Ag i t a t i on  i s  now thoroughly  performed, ( t h e  tempera ture  a t  a l l  t he  p o i n t s  a g r e e s  
wi th in  t h e  range o f  approximately 2 ('C) a s  i s  c l e a r  i n  F ig ,  3 2 ) ,  The carbon 
d ioxide  percentages  a t  U, M and D a r e  read o f f  by in t e r f e rome te r s .  Then t h e  
openings a r e  opened, and t h e  carbon d ioxide  pe rcen tages  a t  t h e  o u t l e t  U a r e  measured ' 

( t h e  d i s t r i b u t i o n  of tempera tures  r e t u r n s  t o  t h e  o r i g i n a l  c o n d i t i o n ) .  A f t e r  .3 - 5 
minutes, t h e  openings a r e  aga in  c lo sed ,  a g i t a t i o n  t akes  p l a c e ,  and t h e  pe rcen tages  
a t  U, hl and D a r e  read.  

The w r i t e r  d i d  no t  use  t h e  carbon d ioxide  method f o r  t h e  experiments  w i th  t he  
moni tc r  ( ~ i g .  129 ( c ) ) ,  bu t  he obta ined  t h e  amount of  v e n t i l a t i o n  by c a l c u l a t i o n  o f  
hea t ;  so  i t  was neces sa ry  only  t o  r e s t o r e  t h e  tempera ture  i n s i d e  t h e  model t o  
no m a l .  

A l l  openings a r e  a r ranged  symmetrical ly ( r i g h t  and l e f t ) ,  bu t  t h e  a r e a s  o f  
i n l e t s  (windows) a r e  var ied .  This  i dea  a p p l i e s  t o  chimneys, too ;  f u r t h e r ,  t h e  
he igh t  o f  chimneys a l s o  i s  var ied .  

-3.1.3 Ivlean Temperatures  

The ques t ion  a s  t o  what po in t  should represen. t  t h e  tempera ture  o f  t h e  room 
must be so lved  b y  c o n s i d e r a t i o n  o f  t h e  o b j e c t  f o r  which t h e  room i s  hea ted ,  For  
example, i f  i t  i s  d e s i r e d  t o  h e a t  people,  t h e  tempera ture  a t  a  p o i n t  a t  l e a s t  1 (m) 
from a  wa l l  and 1.5 (m) above t h e  f l o o r  ( t h e  p o s i t i o n  o f  human b rea th ing )  should  
r ep re sen t  t h e  t empera tu re  o f  t h e  room. I f  i t  i s  f o r  a  f a c t o r y  a t  h igh  tempera ture ,  
t h e  p o s i t i o n  of  o p e r a t i o n  must be made t h e  s t a n d a r d  on which ou r  c o n s i d e r a t i o n s  
must be based. I f  t h e  amount o f  v e n t i l a t i o n  i n  a room i s  t o  be cons idered ,  it is  
neces sa ry  t o  c o n s i d e r  t h e  mean tempera ture  of  t h e  room. 

When t h e  working o f  v e n t i l a t i o n  i e  observed 
by means o f  t h e  wh i t e  smoke o f  NH,C1, we know how 
t h e  main p a t h s  run,  a s  i n d i c a t e d  i n  t h e  diagram, 
Fig. 33. 

I t  may be s a i d  (1) t h a t  t h e  opening r a t i o  
remaining t h e  same, t h e  l a r g e r  t h e  temperature 
d i f f e r e n c e  between t h e  i n s i d e  and o u t s i d e  o f  a  
room, t h e  l a r g e r  t h e  p a r t  ( L )  where t h e  inf low 
o f  t h e  a i r  occurs  h o r i z o n t a l l y ,  and t h e  s m a l l e r  
t h e  ang le  ( R )  made by t h e  r i s i n g  pa th .  Also lg.  33. Path of Ventllatlon. 
[2) t h a t  t h e  tempera ture  d i f f e r e n c e  rgmaining 
t h e  same, t h e  l a r g e r  t h e  opening r a t i o  (when 
t h e  i n l e t  i s  s m a l l ) ,  t h e  sma l l e r  t h e  ( L )  and 
t h e  l a r g e r  t h e  ( R ) .  

Some change i n  tempera ture  i n  t h e  d i r e c t i o n  o f  t h e  c r o s s  beam i s  no ted  v e r y  
nea r  t h e  g l a s s ,  b u t  i t  is  n e g l i g i b l e .  For  o u r  purposes ,  t h e  measured va lue  a t  a  
s e c t i o n  i n  t h e  c e n t r e  i s  taken,  



(1) The d i s t r i b u t i o n  of t empera tu re ,  i n  s p i t e  o f  t h e  uniform d i s t r i b u t i o n  of  
t h e  h e a t  sources ,  becomes exceed ing ly  uneven wi th  the  main p a t h s  o f  v e n t i l a t i o n  a s  ' 

r ep re sen ted  i n  Fig. 33, and a  space  w i th  t h e  h ighes t  tempera ture  is formed a t  t h e  
bottom o f  t h e  c e n t r e  of t h e  room. However, i n  o t h e r  p a r t s  o f  t h e  room, t h e  
d i f f e r e n c e  i n  temperature is  no t  s o  app rec i ab l e .  This  l a c k  of  un i fo rmi ty  i n  
temperature i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e  i nc rease  i n  t h e  supply o f  h e a t  and i n  

' t h e  amount of  v e n t i l a t i o n .  
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Fig. 34. Dis t r ibut ion  o r  Temperatures (1) .  

Black-out monitor, Model I: OtItlet A, = 0.19 ni2, In l e t  A ,  = s.Aw, 
Area of window Aw = 0.48 rri . 

(2 )  For  example, i n  t h e  experiment  w i t h  t h e  blacked o u t  moni tor  ( ~ o d e l  I ) ,  
t h e  d i s t r i b u t i o n  of temperature t a k e s  p lace  i n  t h e  manner a s  r ep re sen ted  i n  
Fig. 34, and t h e  mean tempera tures  a t  a l l  t h e  p o i n t s  on t h e  h o r i z o n t a l  p o s i t i o n  a r e  
n e a r l y  t h e  same, r e g a r d l e s s  of  h e i g h t ,  a s  i s  shown i n  Table 2; t h a t  i s  t o  say,  
t hey  come n e a r  t h e  mean va lue  o f  a l l .  F u r t h e r ,  i n  t h i s  ca se ,  it w i l l  be no t i ced  
t h a t  t h e  tempera tures  a t  (2 .2)  a r e  almost  i n  agreement w i th  t h e  mean value.  



1 15.3 1 36.0 1 35.3 1 35.2 3 5 . 8 1  32.5 1 34.8 1 34.0 1 
__I_ - ._. _ _  . _ -___ _ _  

S lr ldicates  the r a t i o  between t h e  a r e a  of i n l e t  u t i l i z e d  and t h a t  of t h e  t o t a l  
a v a l l a b l e  i n l e  t. 

AT 

Table 2. Mean Temperatures 

(Blacked out monitor, Model I )  

This  f e a t u r e  of  t h e  mean tempera tures  on 

( 0  

t h e  n o r i z o n t a l  p o s i t  ion  be ing  i d e n t i c a l  can 
be found i n  a l l  t h e  cases .  F u r t h e r ,  when t h e  - p o i n t s  a t  which t h e  tempera tures  a r e  measured 
a r e  c l o s e r  t o g e t h e r ,  t h e  r e s u l t s  r e v e a l  t h e  
same f e a t u r e  (F ig .  .35) .  

0 ~ ~ A s 8 ~ 4 P ~ 4 . 0  13.9 Or~hz.9zrRar.e 2zr 
0 1 3 f i 3 f i P ~ 4 4  13.9 %~@.?7&7.@28.0 rr.6 Thus, when t h e  gene ra l  motion of  t h e  a i r  

%x&firPz~.o 27.7 
i n  t h e  room i s  cons idered ,  we s e e  t h a t  t h e  5.7 14.3 I %6.&&zcP31.7 n . 4  1 
buoyancy o p e r a t i n g  i n  a  c e r t a i n  h o r i z o n t a l  d-Y' AT-SZ*C ~ , J , ~ L T  B . H A T * I X O * C ~ . - / O . ~ ~  

Average 
of  1 
(2.1) & 

(3. 1) 

s t r a t u m  i s  not  a f f e c t e d  by h e i g h t ,  and t h i s  Fig. 36. D i s t r i b u t i o n  of 
s t a t e ,  t h e r e f o r e ,  may be s a i d  t o  be t h e  same, , Temperatures (2). 
dynamical ly speaking,  a s  t h a t  when t h e  
t empcra tu re s  i n  t h e  room a r e  unif 'or~u.  I t  
appears  t h a t  t h i s  tendency occu r s  even when 
t h e  sou rces  o f  hea t  a r e  concen t r a t ed .  I f  we r e q u i r e  t o  f i n d  ou t  t h e  amount of  
v e n t i l a t i o n  i n  such a  case ,  t h e r e f o r e ,  i t  i s  only  neces sa ry  t o  c o n s i d e r  t h e  

Average 
of  (1+2 l  
(2.2) & 
(3.2) 

' s p a t i a l '  mean temperature o f  t h e  room. I n  p r a c t i c a l  m a t t e r s ,  t o o ,  t h e  w r i t e r  
i s  v e r y  much i n c l i n e d  t o  b e l i e v e  t h a t  t h e  mean va lue  o f  t h e  t empera tu re s  a t  
s e v e r a l  p o i n t s  on a  c e r t a i n  l e v e l  can s e r v e  u s e f u l  purposes. 

.3.1.-4 C a l c u l a t i o n  o f  t h e  Amount o f  V e n t i l a t i o n  

Average 
O f  3 
(2.3) & 

(3.3) 

The c a l c u l a t i o n  o f  t h e  amount of  v e n t i l a -  
t i o n  from t h e  curves  l ~ f  t h e  r e d u c t i o n  i n  
carbon d iox ide  percentages  is  done by t h e  
method d e s c r i b e d  i n  2.2 of  Chapter  2. I n  t h e  
p r e s e n t  experiment ,  however, i t  i s  neces sa ry  
t o  c o r r e c t  t h e  mean tempera ture  i n  t h e  model. 
When t h e  a i r  i n  t h e  room is mixed wi th  carbon 
d iox ide ,  t h e  d e n s i t y  o f  t h e  a i r  i n c r e a s e s ,  a8  
r ep re sen ted  i n  .Fig. 36; and f o r  t h i s  reason  
i t  may be s a i d  t h a t  t h e  v e n t i l a t i o n  by 
tempera ture  d i f f e r e n c e  i s  equ iva l en t  t o  t h a t  
ob t a ined  when t h e  tempera ture  i s  lower t han  
t h a t  i n d i c a t e d  by t h e  thermometer. 

Flg. 36. Re la t ionsh ips  between 
CO, Percentages,  Dens l ty  and 

Temperature. 

Average 
O f  (1.4) 
(2.4) & 

(3.4) 

Average 
o f  13 (2.2) 

points 



Fig. 37. Fig. 38. 
Corrected Corrected 

Temperature, Temperature 
Difference. 

Thus, i n  comparison w i t h  CA, t h e  meai va lue  o f  carbon d iox ide  percentages  a t  
t h e  top ,  middle and bottom, t h e  tempera ture  t i  i n  t h e  model i s  now a l t e r e d  t o  t i t  
a s  shown i n  Fig.  37, and t h e  AT, t h e  tempera ture  d i f f e r e n c e ,  becomes a s  r ep re sen t ed  
i n  Fig,  38. 

I f  H ' r ep re sen t s  t h e  amount of  h e a t  supp l i ed  t o  t h e  model; H t ,  l o s s  of h e a t  by 
conduction, and Hv, l o s s  by v e n t i l a t i o n ,  

H' = H t  + Hv 

H '  = 0. 86 ia2  R,  ( k c a l / h r )  

Ht = U.S. AT, ( " ) 

H, = .3600Cp QAT, ( It ) 

where i = e l e c t r i c  c u r r e n t  (amperes)  ; R = r e s i s t a n c e  (ohms) ; U = mean c o e f f i c i e n t  
o f  conduct ion o f  h e a t  (kca l /m2hrc)  ; S = a r e a  o f  h e a t  conduct ing  s u r f a c e s  (ni2) ; 
Cp, p = s p e c i f i c  h e a t  ( k c a l / k g ~ )  and d e n s i t y  (kg /n3)  o f  a i r  r e s p e c t i v e l y , ;  and 
Q = amount of  v e n t i l a t i o n  (m3/sec) .  

U, S can be worked o u t  expe r imen ta l l y  from t h e  
amount of h e a t  s u p p l i e d  and t h e  mean tempera ture  
d i f f e r e n c e  a t  t h e  t ime  when a l l  t h e  openings and c r a c k s  
a r e  h e r m e t i c a l l y  s e a l e d .  I n  t h i s  way, t h e  va lue  US 
f o r  model I ( f a c t o r y )  may be r e p r e s e n t e d  a s  i n  
Fig. 39 ( a ) .  

R e f e r r i n g  t o  t h e  e q u a t i o n  (2 )  i n  Chapter 1, 

1 ( k g )  = )2.-34 X 10- ( k c a l )  

Cp = 0.124 (kcal/kgC ), t h e r e f o r e ,  

2.-34 X 10d3(H + F) = 0.124 AT, 

t h a t  i s  t o  say ,  

H + F = 103 , AT; (2 '  

Prom t h e  equa t i ons  ( 4 ) ,  ( 8 )  and (10, we g e t  

Even a t  AT = .30 ( C )  , To = 1273 ( C )  p h  = 10 ( m )  Y 

F I 1; t hus  F is  n e g l i g i b l e  compared w i th  H, s o  

H,, = p:3600 QH, (kgm/hr).  

(a) Model or Factory I. 

AT P c )  
(b )  Model of Room. 

(Rer. Chapter 3; 3.2). 

Fig. 39. Value of US. 

The H  i n  t h e  e q u a t i o n  ('2) i n  Chapter  1 can a l s o  mean t h e  v e n t i l a t i o n  l o s s  p e r  
u n i t  mass. 



.3.1.5 The Amount of Ventilation 

(a) The measured value of the amount of ventilation. 

(1) Blacked out monitor: Models I and 11. 
Chimney: blodel 11, 

The measured values are given in Tables .3 and 4 and in Fig. .40. 

Blacked o u t  monitor ,  Model I Blacked o u t  monltor, Model I1 

Q I AT Q 

W L e  3. Amount o f  Ven 
ode1 of  Fac tory  

C I l 
h'  l n d l c a t e s  t h e  h e i g h t  o f  the  chimney - from 
o f  t h e  chlmney, 

0.0084 
0.0122 
0.0158 

the r ldge  ' t o  t h e  mouth 

Cillmney, Model 11, h '  = 40(cm) 

Table 4, Amount o f  Ventilation 
I n  Model o f  Fac tory  (2) 

AT I Q 

Chimney, Model 11, h' = 23(cm) 

4, AT 
h = 1.04, 6 = 116, 

~n = 1.18, ($ = 0.43 

Q I t o  

h = 0.67, s =-116, 
m = 1.18, rp = 0.45 



I AT (c) AT (c) 
Fig. 40r Amount of Ventilatlon and Temperature 

Difference in Model of Faccory ( l ) ,  

( 2 )  Monitor: Model I 

The measured v a l u e s  a r e  s e t  f o r t h  i n  
Table 5 and r e p r e s e n t e d  g r a p h i c a l l y  i n  
Fig. .41, 

A T  ("C) 
Fig. 41, Amount of 

Ventllatlon & Temperature 
Difference in Model of 

Fac tor y (2) . 
Table 5. Amount of Ventllatlon 

in Model of Factors ( 3 )  

Monltor, Model I -, 

( b )  The Observed Values and Ca lcu l a t ed  Values of  t h e  Amount o f  V e n t i l a t i o n .  

AT 

R e f e r r i n g  t o  equat ion  (26) i n  Chapter  1, a l l  q u a n t i t i e s  except  9 can be found 
by measirrement; and t h e r e f o r e  i t  i s  p o s s i b l e  t o  a r r i v e  a t  t h e  mean va lue  from 
a l l  t h e  measured va lues .  The va lues  o f  Q which have been worked out  from a r e  
t h e  curves  shown i n  Figs.  40 and 41. 

( c )  Reduced Sca l e  and t h e  Amount of V e n t i l a t i o n .  

Q 

When t h e + b l a c k e d  out monitors  i n  Models I and 11 
a r e  compared, we f i n d  t h a t  t h e  va lues  a r e  almost 
cons tan t  i n  r ega rd  t o  l a r g e  and smal l  models,  a s  
shown i n  Table  6. However, t h i s  r e s u l t  does not  
n e c e s s a r i l y  de te rmine  whether t h e  va lue  o f  v i s  
cons tan t  i n  a  wider  range of  reduced s c a l e s .  

to 

m 
Model I Model I1 

2.24 
1-12 0.37 

0.37 0.45 0.45 

Tdble 6. R~duced Scale of 



* .  ( d )  The e f f e c t  of Chimney type  Exhaust Openings. 

The a r e a s  of o u t l e t s  of t h e  blacked ou t  monitor:  Model I ,  and t h e  chimney 
(10 cm i n  d iameter ,  3 chimneys) : Model I1 a r e  0.045 ( m 2 )  and 0.024 ( m 2 )  r e spec t ive ly .  
When t h e  chimney 23 (cm) h igh  i s  compared wi th  t h e  blacked out  moni tor ,  t h e  a r e a  of 
t h e  o u t l e t  i n  t h e  one being h a l f  t h a t  of  t h e  o t h e r ,  t h e  amount of  v e n t i l a t i o n  i n  
both is almost t h e  same. F u r t h e r ,  t h e r e  i s  no d i f f e r e n c e  i n  v e n t i l a t i o n  whether 
t h e  chimney i s  23 (cm) o r  40 (cm) high.  T h e o r e t i c a l l y  speaking ,  t h e  amount of  
v e n t i l a t i o n  under  t h e  chimney 40 (cm) h igh  should be l a r g e r  by 8 $ due t o  t h e  
g r e a t e r  h e i g h t ;  s o  t he  w r i t e r  presumes t h a t  t h i s  drop i n  e f f i c i e n c y  is due t o  t he  
coo l ing  of t h e  i r o n  i n  t h e  chimney. 

3 .1 .6  F r i c t i o n  Fac to r  ( C o e f f i c i e n t  o f  ~ i s c h a r ~ e )  

(a) Combination of F r i c t i o n  Fac to r s .  

(1) P a r a l l e l  combination. 

When t h e r e  a r e  s e v e r a l  windows o r  c racks  
i n  p a r a l l e l  i n  t he  path of  t h e  a i r  f low, a s  
i l l u s t r a t e d  i n  Fig. 42 (1) 

uA = u i A i  + u 2 A 2  + u 3 A 3  + ......................... , (45)  
(1) P a r a l l e l  (2) S e r i e s  

If' & / p  r e p r e s e n t s  the f r i c t i o n  l o s s  due t o  Flg. 42. Cornblnatlon o l  
t h e  windows, F r l c t l o n  Fac tors .  

That i s ,  when windows wi th  t h e  same f r i c t i o n  f a c t o r  a r e  a r ranged  i n  p a r a l l e l ,  t h e  
arrangement nay be i d e n t i f i e d  w i th  a  window whose a r e a  i s  t h e  t o t a l  a r e a  of  t h e  
windows. 

(2)  S e r i e s  combination. 

The diagram (2 )  i n  Fig. .42 g ives  an i n s t a n c e  of  s e r i e s  combination. Here, p 
being c o n s t a n t ,  

@ =  LP, + Q 2  + B ,  + ....................................... (51) 

......................... I f  An/Al = m,,  An/A2 = m,, is  t aken  

Ku2/2g = (Kn + Kn- 1 mZn- , + ....................................................... ) un 2/2g (52) 

I f  u  = U,, n  = 82 

K = K, + K* m 1 2 )  (53) 

The r e l a t i o n  between t h e  cbe f f  i c i e n t  o f  d i s c h a r g e ,  a, and K has a l r e a d y  been 
expressed i n  (g ) ,  a = K-'/' 

The v a l u e  o f .  t h e  f r i c t i o n  f a c t o r  ( c o e f f i c i e n t  of d i s c h a r g e , )  
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(1) Model I (2 )  Model I1 
Blacked out Monitor. Blacked out Monitor. 

(4)  Model I1 
Chimney (23cm) 

1 0  

I. D 

+ °  
' *  
B .  D 

1 . 0  

(5) Model I1 
Chimne y (40cm) 

Fig. 43. F r i c t i o n  Factor  obtained 
from t h e  Amount of V e n t i l a t i o n .  

(3) Model I 
Monitor, 

I f  K t  and K, a r e  o b t i i q e d ,  t h e  r e s u l t s  a r e  shown g r a p h i c a l l y  i n  Fig. 43, and 
g iven  numer i ca l ly  i n  Table 7. The c o e f f i c i e n t  o f  d i scharge  o f  a  window i s  0 .7  - 
0.8. 

I Model 1 I 012 1 K, a1 

Table 7. F r l c t l o n  Factor ( C o e f f l c l e n t )  
of d i scharge)  obtained from the Amount 

of V e n t l l a t l o n  

I 
I I 
I 

I I 
I I 

( c )  Neu t r a l  Zone when F r i c t i o n  Fac to r  of  O u t l e t  and I n l e t  Va r i e s ,  

R e f e r r i n g 4 0  t h e  monitor ,  Model I ,  we make sma l l  openings, 6 (mm) i n  d iameter ,  
a t  i n t e r v a l s  o f  5 (cm) on t h e  upper and lower l i n e s  on t h e  c e n t r a l  w a l l s  and t h e  
roof ,  and a s c e r t a i n  t h e  p o s i t i o n  o f  t h e  n e u t r a l  zone by means o f  t h e  smoke of an 
incense  s t i c k .  

Blacked out  Monitor 
n 

Monltor 
Chimney (23 cm) 
Chimney (40 cm) 

Le t  us  u se  h = 1 .24 (m) ,  K = 1.6, K, = 3.5 i n  equa t ion  (17) i n  Chapter 1. 
When t h e  c a l c u l a t e d  va lue  h. from t h e  above i s  compared wi th  t h e  observed va lue  L o ,  
t h e  r e s u l t s  a r e  a s  shown i n  Fig. 44 and Table 8. From t h e  graph,  we can s e e  t h a t  
bo th  va lues  a r e  i n  g e n e r a l  agreement w i th  each o t h e r .  

Fig. 44. Measured Values and , 
Calcu la ted  Values Compared i n  

the Neut ra l  Zone. 

5.0 0.45 
5.8 0.42 
3.5 0.36 
2.3 0.67 
2.6 0.62 

Broken & Chain l l n e s :  
Ca lcu la ted  Value; 

Continuous Line: 
Measured Value. 

1 . 6  0.79 
1 . 8  0.75 
1.6 0.79 
2.0 0.71 
2.0 0.71 

Tsble R. Comparison of Calcul- 
l a t e d  and Measured Values 

In  the Ncu tral Zone. 



This  is an  exper-iment c a r r i e d  out  f o r  t h e  san~e  purposes  a s  t h e  one desc r ibed  
i n  3 . L  'Ae r e q u i r e  t o  examine what becomes o f  a l l  t h e  e lements  i n  t h e  v e n t i l a t i o n  
by temperature d i f f e r e n c e  i n  t h e  model o f  a  room. As i n  t h e  p rev ious  experiment ,  
t h e  hea t  sources  a r e  d i s t r i b u t e d  uniformly ove r  t h e  f l o o r ,  and t h e  openings a r e  
a r ranged  symmetrical ly ( r i g h t  and l e f t ) ,  To s i m p l i f y  t h e  c o n d i t i o n s  s t i l l  f u r t h e r ,  
a l l  t h e  o u t l e t s  and i n l e t s  a r e  o f  t n e  same form. 

.3.2.1 Experiment 

The a r ea  of  t h e  model i s  1.80 X 1.80 (m2) and t h e  h e i g h t  o f  t h e  c e i l i n g ,  
1 . 0 5  (m)  - t h e  roof  i n  model ( a )  i n  Fig. 29 nas been r ep l aced  by a  c e i l i n g .  The 
p o i n t s  o f  teniperature measurement a r e  t h e  same a s  were g iven  i n  Fig.  29 ( c ) ,  except  
t h e  upper t h r e e  p o i n t s  which were removed. The openings were o f  two k inds :  
High windows and c i r c u l a r  openings.  

(A) High Windows. 

When t h e r e  a r e  f i v e  windows i n  t h e  upper  and lower l i n e s  on both s i d e s .  
( ~ i ~ .  4 5 ) .  The d i s t a n c e  from t h e  c e n t r e  oi '  t h e  upper window t o  t h a t  of t h e  lower 

windovr, h = 0.67 (m) i s  c o n s t a n t  and t h e  opening r a t i o s  i n c l u d e  m = 0,25, 0 , 5 ,  1, 
2 and 4. 

Fig. 45. Hlgh Window. 

( B )  l j i s t r i b u t i o n  of  C i r c u l a r  Openings 

When c i r c u l a r  openings a r e  32 (MU) i n  d iameter ,  and a r e  d i s t r i b u t e d  on bo th  
s i d e s ,  as  i l l u s t r a t e d  i n  Fig. 46. 

L 1 2  

(a) m.1 ~ . s c  (e j l~rn.1  ~ . 6 ~ , ~ / 6 ~ ~ ~  -.l 

0 0 0 0 0 0 0 0 0  
0 0 0 ~ ~ 0 0  

0 0 0 0  0 0 0 0  

0 . 0 0 .  I 1 t 1 : : 0 0 0 0  I 0 : .  0 0 0 0  1 )  g : : :  I 
0 0 0 0 0  0 0 0 0 0  OOODO 0 0 0 0 0  

Fig. 46. Model of Room. D l s t r l b u t l o n  of C l r c u l a r  Openings. 

This  i s  a  c a s e  i n  which i n l e t s  and o u t l e t s  a r e  not  s epa ra t ed .  As t h e  border  
between t h e  i n l e t  and o u t l e t  i s  o b t a i n a b l e  by measuring t h e  n e u t r a l  zone, t h e  
opening r a t i o ,  m, can be de termined ,  but  i t  is not  p o s s i b l e  t o  f i x  t h e  d i s t a n c e ,  h. 
V e n t i l a t i o n  i n  a  roorn which occu r s  tlirough cracks ,  under  normal l i v i n g  c o ~ i d i t i o n s ,  
i s  more o r  l e s s  s i m i l a r  t o  t h e  above mentioned s t a t e .  - 
Rel. 33, Shoda (IS), 



3.2.2 Mean Temperatures  , 4  

I n  t h i s  experiment  it has  been d i s cove red  t h a t  mean tempera tures  on a  l e v e l  
a r e  t h e  same, and i n  a  v e r t i c a l  d i r e c t i o n  t h e r e  i s  l i t t l e  v a r i a t i o n .  T h i s  can  be 
seen i n  Fig.  .47. 

%Q,..%A,, J* b 
PA..0&r2 > , I  
%+%+&%I a s  I 

to  .r6 9 r o , p r  

(A) High Windows. 

(B) Distribution of 
Circular Openings. 

Fig. 47. Distribution of 
Temperatures in Model or 

Room. 

.3.!2..3 Amount o f  V e n t i l a t i o n  

( a )  Measured va lue  o f  t h e  amount o f  v e n t i l a t i o n .  

When t h e  amount o f  v e n t i l a t i o n  by h igh  windovis and by t h e  d i s t r i b u t i o n  o f  
c i r c u l a r  openings  i s  ob t a ined  by t h e  c a l c u l a t i o n  o f  h e a t ,  t h e  r e s u l t s  a r e  a s  g iven  
i n  Tables  9 (A)  and ( B )  and Fig.  .48 (A)  and ( B ) .  

Table 9 ( A )  

Amount of Ventilation by Hlgh Wlndows 



(b) .m = 1, At  = 0,186 X 2 
R = 0.023 

(a )  m = 4 A t  = 0.0876 X 2 
k = 0.010 

( e )  m = 0.94, A t  = 0.0499 X 2 
K = 0.007 

(d)  m = 1 9  A t  = 0.0451 X 2 
E = 0.007 

( c 1 )  m = 0.89, A t  = 0.0975 X 2 
k = 0.012 

Amount of V e n t l l a t l o n  by  D l s t r l b u t i o n  of C i r c u l a r  Openings 

( f )  m = 0,79, A t  = 0.0548 X 2 
k ' 0.007 

0 5 m 15 20 a3 30 3 5 4 0  

AT ec) 
~ i g .  4 0 ( ~ )  Amount of 
V e n t l l a t l o n  and Temp- 
e r a t u r e  d l r r e r e n c e  by  

~ i g h  Wlndows. 

18.8 
19.0 
20.0 
18.9 

6.4 
10.3 
21.2 
31.6 

A T (.c) 
Fig. 48(B) Amount O r  
V e n t l l a t l o n  and Temp- 
e r a t u r e  d i f f e r e n c e  by  

the d l s t r l b u t l o n  o r  
C i r c u l a r  Openings. 

Table 9(B) 

0.018 
0.024 
'0.038 
0.044 



( b )  Measured va lue  and formulk of  t h e  amount of  v e n t i l a t i o n .  

(A)  High windows. 

and i f  E r e p r e s e n t s  t h e  mean va lue  obta ined  from t h e  measured v a l u e ,  we a r r i v e ,  
from (126) a t  

Thus t h e  curves i n  Fig. .48(A) a r e  

( 2 )  I f  t h e  a r e a s  of  t h e  i n l e t ,  o u t l e t  and t o t a l  openings  a r e  A,, A 2  and At 
r e s p e c t i v e l y ,  we g e t ,  from A t  = A, + A,, A,/A, = m ,  

I f  K,  = K, = K, t h e  equat ion  (11') i s  

The above i n d i c a t e s  t h e  f a c t  t h a t  i f  h  and A t  a r e  cons t an t ,  t h e  amounts of  v e n t i l a -  
t i o n  a r e  t h e  same when t h e  opening  r a t i o  i s  m, and a l s o  when i t  i s  l / m ,  The 
measured va lues  r ep re sen ted  i n  (1) and (2)  i n  Fig. .48 ( A )  g e n e r a l l y  s a t i s f y  t h i s  
r e l a t i o n s h i p .  

(3) What of  t h e  r e l a t i o n  between t h e  a r e a  o f  t h e  o u t l e t  and t h e  amount o f  
v e n t i l a t i o n ?  I t  may be s a i d  t h a t  a s  shown i n  Table 10 when t h e  opening r a t i o  m i s  
t h e  same, Q i s  an t h e  whole p r o p o r t i o n a t e  t o  t h e  a r e a  of' t h e  o u t l e t .  

When t h e  opening i n c r e a s e s ,  we n o t e  a  tendency f o r  t h e  amount o f  v e n t i l a t i o n  
t o  become s l i g h t l y  l a r g e r  than  t h e  a r e a  r a t i o .  The w r i t e r  wishes t o  sugges t  t h a t  
t h i s  i s  due t o  t h e  h igh  t empera tu re  a i r  column which has  been exhausted,  caus ing  h  
t o  work more a c t i v e l y .  

Table  10. The Amount of V e n t l l a t l o n  (High 
Wlndows) and the  Area of t h e  O u t l e t  

( B )  D i s t r i b u t i o n  o f  C i r c u l a r  Openings ( ~ i g .  .46).  

(1) Here t o o ,  a s  i n  Fig. 4 8 ( B ) ,  Q can be expressed  Q = EAT'/". 

((2) When t h e  t r i a n g u l a r  d i s t r i b u t i o n  of  c i r c u l a r  openings i s  ar ranged  upside 
down a s  i l l u s t r a t e d  i n  ( c )  and ( c ' )  i n  Fig. 46, t h e  amounts of  v e n t i l a t i o n  a r e a  
almost t h e  same ( ~ i g .  48 ( B ) ) .  

(3) When e q u a l l y  d i s t r i b u t e d ,  ( b ) ,  ( c )  and ( c ' )  a r e  compared wi th  one another ,  ' 

i t  w i l l  be seen t h a t  a t  t h e  r a t i o  o f  t h e  t o t a l  opened a r e a  '2: l ,  t h e  r a t i o  o f  E, 
t h a t  i s ,  t h e  ra;tio o f  t h e  amount o f  v e n t i l a t i o n ,  i s  n e a r l y  *2:l .  See  (1) i n  
F ig ,  48 ( B ) ) .  

(4 )  Window-type d i s t r i b u t i o n  ( d ) ,  e )  , e ,  ( f )  and ( f ' )  may be s a i d  t o  be 
t h e  same amount o f  v e n t i l a t i o n  w i t h i n  t h e  range o f  e r r o r s ,  a s  w i l l  be ~ d e r s t o o d  
from t h e  curve (2)  i n  Fig.  48  ( B ) .  

.3.12.4 Neu t r a l  Zone and Counter Flow, ( ~ e f .  -34) 

(A) High Windows. 

When t h e  c a l c u l a t e d  va lue  o f  h. from t h e  equa t ion  (18) is compared wi th  t h e  
measured va lue  Tie t hey  a r e  i n  good agreement a s  shown i n  Table 11. 

Ref. 3 4  Shoda: Lecture at a meeting of the  Society Tor Archi tec ture  in November, 1947. 
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When t h e  o u t l e t  is  l a r g e ,  t h e  opening r a t i o  m 
remaining t h e  same, t h e  n e u t r a l  zone t ends  t o  be 
h igher  than t h e  c a l c u l a t e d  value.  This  i s  
probably due t o  t h e  f a c t  t h a t  t h e  exhaus ted  
a i r ,  even a f t e r  coming out  of  t h e  window, 
f rms a  hick1 tempera ture  a i r  column and i s  
. ,orking In  l e s s  r e s t r i c t e d  c o n d i t i o n s  than h ,  
Lnc "s tance  between t h e  upper  and lower 
winaows, t h u s  r a i s i n g  t h e  p o s i t i o n  o f  t h e  
n e u t r a l  zone. 

When m = 0.25,  m = 4.0, t h e  n e u t r a l  zone 
goes a c r o s s  t h e  window; and f o r  t h i s  reason,  
when observed by means o f  t h e  smoke o f  incense  -- 
s t i c k s ,  coun te r  f lows  a r e  noted ,  a s  i l l u s t r a t e d  
i n  Fig. 49. 

( B )  D i s t r i b u t i o n  o f  C i r c u l a r  Openings 

The measured p o s i t i o n  of t h e  n e u t r a l  zone 
i n  t h e  d i s t r i b u t i o n  o f  c i r c u l a r  openings  is  a s  
i n d i c a t e d  i n  Fie;. 46 by cha in  l i n e s ,  I n  m. 4 w a u  

equa t ion  ( 5 7 ) ,  i f  h  has no r e l a t i o n  wi th  t h e  Fig. 49. Counter Flows. 
opening r a t i o  m, t h e  w r i t e r  presurrles t h a t  m (See a l s o  Table 11). 
is  determined s o  t h a t  Q becomes maximum f o r  
t h e  e q u i l i b r i u m  o f  hea t .  dQ/dm = 0;  t h a t  
i s ,  m = 1 i s  ob ta ined  from d  [m( l+m) - ' ( l+n i1 ) -1~2}  dm = 0. 

The w r i t e r  ventures  t o  assume t h a t  t h i s  hypothes is  becomes p o s s i ~ l e  probably  f o r  
t he  mean va lue  o f  m = 0 .8  i n  t h e  t r i a n g u l a r  d i s t r i b u t i o n  (c)  and ( c ' )  i n  Fig.  .46. 

.3.,2,5 F r i c t i o n  F a c t o r  and h i n  t h e  D i s t r i b u t i o n  of  C i r c u l a r  Openings 

( a )  F r i c t i o n  Fac to r  ( c o e f f i c i e n t  of  Discharge) .  

I n  t h e  ca se  of  h igh  windows, from t h e  r e l a t i o n s h i p  between l/$' and m 2  
( excep t ing  m = 0.25, 4  i n  which couri terf lows a r e  formed) we o b t a i n  K ,  = K ,  = K = 
1 .35  o r  a = 0.86. (See Fig. 5 0 ) .  

( b )  h  i n  t h e  d i s t r i b u t i o n  of  c i r c u l a r  
openings.  (Fig. 4 6 ) .  

I f  Kt = K2 K, we ge t  from (11') 

h  = KTo (l+ni2)  B2/2g~; '  (58) 

I f  'h i s  ob ta ined  wi th  k = 1.35 ,  
g = 9.8, To = 290, t h e  r e s u l t s  a r e  s e t  f o r t h  
i n  Table 12. 

I f  k = 1 . 3 5  o r  a = 0.86, we may w r i t e  
h f H f o r  t h e  d i s t r i b u t i o n  o f  windows ( ~ i ~ .  4 6 ) ,  nlr. 

t h a t  is,  we may have h  f o r  t h e  d i s t a n c e  between Fig. 60. F r l c t i o n  Fac tor  
t h e  upper  and lower ends of  t h e  window, o r  Windows. 

of C i r c u l a r  Openlngs 

( a )  
(b 
(C 
( c l )  
(d)  
( e )  
( e l l  
( f )  
( f ' )  

H = 0.8 (m): Distance between upper and lower ends of opening 

I 
1 
0.68 
0 .89 
1 
0.94 
1.08 
1 79 
1.29 

0.010 
0.023 

' 0.010 
0.012 
0.070 

11 

II 

n 
n 

0,068 
0.186 
0.079 
0,092 
0.045 
0.048 
0.052 
0.048 
0.061 

0.88 
0.62 
0.46 
0.44 
1 .OO 
0.82 
0 a 79 
0.71 
0.70 

1.1 
0.8 
0.6 
0.6 
1.3 
1.0 
1.0 
0.9 
0.9 



CHAPTER 4 

VENTILATION OF A ROOM WHEN m INSIDE 

TEMPfiRARJRI I S  LOWER THAN THAT OUTSIDE 

I n  t h e  exper iments  i n  which carbon d iox ide  has  h i t h e r t o  been used t o  measure 
t h e  v e n t i l a t i o n  o f  a  room, t h e  carbon d ioxide  has g e n e r a l l y  speaking a c t e d  merely 
a s  an i n d i c a t o r ,  I n  t h i s  Chapter ,  t h e  w r i t e r  proposes  t o  d e a l  w i th  t h i s  gas ,  no t  
on ly  a s  an i n d i c a t o r ,  bu t  a l s o  mixed wi th  a i r ,  c aus ing  t h e  d e n s i t y  t o  become g r e a t e r  
than  t h a t  of  t h e  atmosphere. That i s  t o  say,  he l i k e n s  t h i s  s t a t e  t o  t h a t  i n  
which t h e  tempera ture  of  t h e  a i r  i n s i d e  a  room is lower than  t h a t  o u t s i d e ,  t h u s  
caus ing  v e n t i l a t i o n ;  and he i n t e n d s  t o  examine expe r imen ta l l y  t h e  p r o p e r t i e s  o f  
n a t u r a l  v e n t i l a t i o n  w i t h  models of  a room. (Refs. 35  and 36).  

.4.1 D i s t r i b u t i o n  of  Carbon Dioxide Percentages  i n  a  Room (Ekperiment 1) 

I n  t h i s  exper iment ,  o b s e r v a t i o n s  a r e  made of  t h e  way i n  which t h e  a i r  mixed 
wi th  carbon d iox ide  i n  a  room (box) flows out  of  t h e  room because o f  i t s  d i f f e r e n c e  
i n  d e n s i t y  from t h e  a i r  o u t s i d e .  

4 l l Experiment 

A box was made of  veneer  board,  of  dimensions 50 X 50 X 50 (cm3). I n  t h e  
c e n t r e  of  one of  t h e  a i d e s  was made an opening 1 0  X 10 (cm2).  Glass  tubes  f i x e d  
in s ide  t h e  box d i s t r i b u t e d  t h e  c o l l e c t i n g  p o i n t s ,  a s  i l l u s t r a t e d  i n  Fig. 51. The 
carbon d iox ide  pe rcen tages  were measured wi th  i n t e r f e r o m e t e r s  i n  two cases ;  one 
when t h e  opening was on t h e  upper  s i d e  of  t h e  box, and t h e  o t h e r  when t h e  opening 
was on one of t h e  s i d e s .  The arrangement f o r  t h e  experiment  i s  i l l u s t r a t e d  i n  
Fig. 52. 

1. CO2 v e s s e l  
2. Glass Tube fg/c,l 4. 3. T h e r m a t e r  Kata 

Thermometer 
Wet bulb 
Thermometer 
Carbon Dioxide 
Tes te r  
Screen 
Box f o r  
E x ~ e r l m e n t  

Fig. 51. Model. Flg.  62. Arrangement 
TOP Experiment. 

S ince  t h i s  experiment  was conducted underground, t h e r e  was p r a c t i c a l l y  no 
change i n  tempera tures  and wind v e l o c i t i e s  i n  t h e  room. The wind v e l o c i t y  i n  
t h e  room measured by t h e  Kata t he~momete r  was 0 . 0 1  - 0.02 (m/sec).  

The nleasurement o f  carbon d iox ide  percentages  c o n s i s t e d  o f  P2 s e t s  o f  
obse rva t ions ,  a s  g iven  below. (See a l s o  Fig. 51 ) .  

(A)  When t h e  opening was i n  t h e  c e n t r e  of one of' t h e  s i d e s .  

( a )  : 100, 110, 120 101, 111 121) ,  (102 1112, 1 2 2 ) ,  (000, 010, 0 2 0 ) ,  (001, 
011, 0211, [ooz, 012, oeai: 1110, 0101, (111, 0111 and (112, 012) .  

( b )  : (110, 111, 1 1 2 ) .  

( c )  : (101, 0 ,  U). 

(B)  When t h e  opening was i n  t h e  c e n t r e  of  t h e  upper s ide .  

The s i d e  w i th  t h e  opening: I t  was s o  a r ranged  t h a t  101  sliould b e  witli t h e  
s i d e  operiing, and 110 wi th  t h e  upper  opening. 

Ref. 35. SMda: Arcl~ltectural Revie!; 140. 28 pp. 65-49 (1943). 
Ref. 36. Shoda: Arcliltectural Revlew, No. 31, pp. 365-39 (1944).  



0 . U :  These p o i n t s  were s i t u a t a d  a t  t h e  upper and lower ends o f  t h e  opcning .- 
and o u t s i d e  a t  a  d i s t a n c e  of 3 (cm) from t h e  s i d e s  (Sec Fig. 54 ) .  

Time (mlr~ures) 

Flg. 54. CO, percentage-  
t lme curves .  

(Near t h e  openlng) .  

4 .1.2 R e s u l t s  o f  t h e  Experiment 

The r e l a t i o n s h i p s  between carbon d iox ide  
pe rcen tages  and t ime a r e  g iven  i n  Fig.  53  ( a )  
( c ) ,  Fig. 54 and Fig. 55 ,  

From t h e s e  d i s t r i b u t i o n s  o f  carbon d i o x i  
pe rcen tages ,  we come t o  t he  fo l lowing  conclus  

(1) Percentages  o n  t h e  same l e v e l  a r e  a 
i d e n t i c a l .  The percentages  a t  t h e  opening 
however, a r e  s n . n l l  compared wi th  t h o s e  i n s i d e  
(Fig. 53  ( a ) ,  ( b )  and ( c ) .  

(a) T lme (mroutes) 

de 4 
ions:  9 3 

Z 4 6 8 I0 12 14 16 18 20 
(h) T ~ m e  ( m ~ n u t e s )  

Flg. 53, CO, percentage- t lmq 
( 2 )  The a i r  mixed wi th  carbon d iox ide  i n  Curves. 

t h e  box goes ou t  a t  t h e  lower p a r t  o f  t h e  opening 
and t h e  o u t s i d e  a i r  flows i n  a t  t h e  upper p a r t  o f  
t h e  opening. ( ~ i g .  54 ) .  

( 3 )  When t h e  opening i s  on t h e  
upper s i d e  of  t h e  box t h e r e  i s  no a i r  
flow. As shown by t h e  whi te  c i r c l e s  
i n  Fig. 55, which i n d i c a t e  t h e  c a s e  i n  
which t h e  opening is  on t h e  upper  s i d e ,  
t h e r e  is  very  l i t t l e  r educ t ion  i n  
carbon d iox ide  percentages  compared 
wi th  t h e  curves  p l o t t e d  from t h e  b lack  
c i r c l e s ,  i n d i c a t i n g  t h e  ca se  o f  t h e  
s i d e  opening. 

(4)  I t  may be sugges ted  t h a t  t h e  
r educ t ion  i n  carbon d ioxide  pe rcen tages  
i n  t h e  box i s  due c h i e f l y  t o  t h e  a i r  
f low c r e a t e d  by t h e  d i f f e r e n c e  i n  a i r  
d e n s i t y  between t h e  i n s i d e  and o u t s i d e  
o f  t h e  room. 

4.(2 P o s i t i o n  and S i z e  of Opening, 
and t h e  Amount of  V e n t i l a t i o n .  
(Experiment 1 2 ) .  

Tlme /m,nurrrj  

o: pe rcen tages  I n  t h e  c e n t r e  of 
t h e  upper  open lng, top ,  mlddle 
and bottom. 

o: pe rcen tages  In  t h e  c e n t r e  of 
t h e  S l d e  openlng, top ,  mlddle 
and bottom. 

Flg. 55. (Experiment 1). The 
P o s l t l o n  of t h e  Openlng and 

the  Reduct lon In  CO, 
Percentages .  

What we have l e a r n t  i n  t h e  p rev ious  s e c t i o n  about  t h e  e x i t  from t h e  room of 
a i r  mixed wi th  C O 2  is  now about t o  be a p p l i e d  t o  t h e  n a t u r a l  v e n t i l a t i o n  which 
occu r s  when t h e  tempera ture  i n s i d e  t h e  room i s  lower than t l i a t  o u t s i d e ,  and i t  i s  
proposed t o  cons ide r  t h e  r e l a t i o n  o f  t h e  s i z e  and p o s i t  ion of openings  t o  t h e  
amount o f  v e n t i l a t i o n .  



* 
4.2 .1  Ekperiment 

The model vras made o f  venee r  board, dimensions 90 X 90 X 90 (cm3). I t  was a  
1 /4  s c a l e  model o f  an ' e i g h t  mat ted  room'. * For t h e  c o l l e c t i o n  of carbon d ioxide ,  
t h r e e  p o s i t i o n s ,  top ,  middle and bottom were a r r anged  i n  t h e  cen t r e .  Fig. 56 
i l l u s t r a t e s  t he  arrangement f o r  t h e  experiment, and Fig.  57 t h e  arrangement of  t h e  
openings. 

1. Vessel for CO, 
2. Glass Tube 
3. Thermometer 
4. Kata Thermometer 
5. Wet bulb 

Thermometer 
6. CO, Tester 
7. Resistance 
8. Box for 

Experiment 
9. For collecting 

c02 
10. Fan 

??$' 

Fig. 66. Arrangement for 
Experlment (2).  

The l i n e s  1, E ,  3 and 4 were a r raneed  a t  i n t e r v a l s  
o f  20 (cm) t o  s t a n d a r d i z e  t h e  h o r i z o n t a l  c e n t r a l  l i n e s  
of  t h e  openings. The s t anda rd  s i z e  o f  t h e  openings was 
X) X 5 (cm2) ( s e e  Fig. 57 ) .  Fu r the r ,  t h e  w a l l s  f a c i n g  
each o t h e r  were r ep re sen ted  by A and A';  B arid B ' .  
(Fig. 58) .  

The p o s i t i o n ,  s i z e  and number o f  openings were i n  
t h e  fo l lowing  combinat ions:  

(I - A) When t h e r e  i s  no opening. 

(I - B) When t h e r e  a r e  two openings on t h e  same 
wal l ,  T h e o p e n i n g r a t i o m =  1. ( 1 2 ) )  ( 1 3 ) ,  (141, 
(241, (341, (23)  

(I - C )  When t h e  r e  i S one opening. (11) , (22)  , 
(2  1/2,  2 1/2)  ( 3 3 ) ,  (44)  

(-11 - A) When two openings a r e  on oppos i t e  o r  
ad jacent  wal l s .  The openinc  r a t i o  m = 1. (Fig. 58, 
NOS. 1 - 8 ) .  

(11 - B)  When t h e r e  a r e  two windows a t  t h e  t o p  
and bottom o f  t h e  same wal l .  (F ig ,  58, Nos. 9 and 10)  . 

(11 - C )  When t h e r e  a r e  two openings on t h e  same 
wa l l ,  t h e  opening r a t i o  m = 1, and t h e  a r e a  v a r i e s .  
( ~ i ~ .  58, Nos. 11 - 14) . 

Fig. 57. Model. 
(Exper lment 2). 

(11 - D) When t h e r e  a r e  two openings on t h e  same Fig. 68. Various 
wall ,  and t h e  opening r a t i o  m v a r i e s .  (Fig. 58, Comblnatlons of 

Openings. 
NOS. 1 5  - 22) . 

(11 - E) When t h e  p o s i t i o n  and a r e a  (number) o f  openings a t  t h e  top and bottom 
a r e  reverse&. (Fig. 58, Nos. '23 - 126) , 

4.2.2 CO, Percentage  Reduction Curves and t h e  Amount of V e n t i l a t i o n  

The d i s t r i b u t i o n  o f  carbon d iox ide  percentages  i n  a  model changes cons iderably  
a s  t h e  gas goes o u t ,  a s  has  been descr ibed .  I f  t h e  a i r  i n  a  room i s  s t i r r e d  wi th  
a  f a n  i n  o rde r  t o  s ecu re  un i fo rmi ty  of  carbon d iox ide  p e r c e n t a ~ e s ,  t h e r e  i s  i n  

* T r a n s l a t o r ' s  tJote:  A domes t ic  t e r n  f o r  t h e  f l o o r  space  o f  a  room. Thc area of one mat 1 s  3ppr0XlmatelY 
3' X 6 ' .  



\ 'consequence a  c e r t a i n  amount of  v e n t i l a t i o n .  Fu r the r  i t  may be s a i d  t h a t  t h e  
c o l l e c t i o n  of m a t e r i a l  (gas)  i s  i t s e l f  a  c e r t a i n  amount o f  v e n t i l a t i o n .  

Let Qg r ep re sen t  an amount o f  v e n t i l a t i o n  caused by d e n s i t y  d i f f e r e n c e ,  and 
Qe an amount o f  v e n t i l a t i o n  from ano the r  cause. Then 

Q = Q, + Q, 

where Q i s  the  amount o f  v e n t i l a t i o n  which can be measured. 

I f  carbon d ioxide  pe rcen tages  a r e  uniform i n  t h e  model, t h e r e  a r e  t h e  fo l lowing  
r e l a t i o n s h i p s  between t h e  p e r c e n t a g e s  ~ ( 8 )  and t h e  amount o f  v e n t i l a t i o n  Q ( 8 )  a t  
t ime 8: 

where t h e  carbon d ioxide  i n  t h e  atmosphere i s  n e g l i g i b l e ,  and V i s  t h e  volume o f  
t h e  model. 

I f ,  from t h e  measured va lue  o f  carbon d iox ide  pe rcen tages ,  we o b t a i n  t h e  
above exper imenta l  formula, t h e  amount o f  v e n t i l a t i o n  p e r  u n i t  volume n is 

n = Q/v = - I" (€))/F(€)) (82) 

f u r t h e r ,  n  = ng + ne (63) 

When C-O, from ng-Q i t  fo l lows  

Therefore ,  n  and n, can be d e r i v e d  from t h e  measured va lue ,  and we can o b t a i n  
Qg = ng.V. The amount o f  v e n t i l a t i o n  i n  t h e  p re sen t  experiment i s  c a l c u l a t e d  by 
t h i s  method. 

The carbon d ioxide  percentage- t ime curves f o r  t h e  measured va lues  can be 
expressed  

For example, i f  t h e  above i s  expressed 
wi th  r e f e r ence  t o  t h e  combinations of 
openings (ll), ( 1 2 ) ,  (13)  and ( 1 4 ) ,  
t h e  r e s u l t s  a r e  a s  g iven  i n  Table 1 3  
and Fig. 59. 

84 

2 14 
2 ,a 
0. 
* 10 

5 
S a 6 
oY + 
U 

2 

9 L 4 d I IQ l2 W 

rimc ( m m  

Fig, 68. Measured 
Value and C = F@). 

Table 13 

An example of C = ~ ( 8 )  

Positions 
o r 

Openings 

(11) 
(12) 

The r e l a t i o n  between n and c i s  
almost  a  s t r a i g h t  l i n e ;  f o r  
example, t h e  one r e l a t i n g  t o  t h e  
combinat ion (14) is r ep re sen ted  
by t h e  cont inuous  l i n e  i n  Fig. 60. 

A s  t h e  broken l i n e  i n  Fig. 60 shows, 

Qg = ngV = Bg VC, (66)  

Bg i e  determined by t h e  shape,  s i z e  and p o s i t i o n  
of  t h e  openings and v a r i o u s  forms of  f r i c t i o n .  

DS 78983/1 33 

a 

22 
33 
84 
170 

C. CO, ptrcmtogrr (W). 
Fig. 60. Relatlon 
between n and C. 

b 

1.5 
2.2 
4.4 
10.7 

d 

6.0 
0.6 
0.2 
1.6 



I f  p, is  t h e  d e n s i t y  of , a i r  i n  t h e  model; p, t h a t  of  t h e  a i r  o u t s i d e  t h e  d 

model, and t h e  atmospheric  p r e s s u r e  is 760 (m H~), 

From (66) and (67) i t  may be s t a t e d  t h a t  t h e  amount o f  v e n t i l a t i o n  i s  
p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  d e n s i t y  of a i r  between t h e  i n s i d e  and ou t s ide .  

4.2.3 R e s u l t s  o f  Experiment. (1) 

(I - A h C) 

(1) The amount o f  v e n t i l a t i o n  i s  almost p r o p o r t i o n a l  t o  carbon d ioxide  
percentages ;  t h a t  i s ,  t h e  d i f f e r e n c e  i n  t h e  d e n s i t y  of  t l ie  a i r  between t h e  i n s i d e  
and o u t s i d e  of  a  room. 

(2) \ h e n  t h e r e  a r e  two openings ,  t h e  arnount o f  v e n t i l a t i o n  i s  p ropor t i ona l  
t o  t h e  i n t e r v a l  of t h e  openings,  and has no connect ion  wi th  t l i e i r  p o s i t i o n s ,  
When t h e r e  i s  on ly  one opening,  t oo ,  i t  may be s a i d  t h a t  i t s  p o s i t i o n  has no 
bear ing  on t h e  amount o f  v e n t i l a t i o n   a able 14  and Fig. 6 1 ) .  

Pos l t lons  of Bg = Q /C.V 
(m3/filn. 0 1 ~ 1 . m ~ )  0~enin.s 1 1 

0.044 OJOB 

0:031, 0.028 
0.016, 0.013, 0.013 004  

0.0012, 0.0023, 0.0084 
1 

0.0059 \Od3 y OR2 
Table 14. Amount of Ven t l l a t l on  and @ OPI  

I n t e rva l s  and Pos l t l ons  of Openings 
o &I 0.2 O,3 0.4 0.5 a6 0,7 

Intervals 4 operlhjb(m) 

(3) The amount o f  v e n t i l a t i o n  by one 
Flg. 61. Amount of 

opening i s  almost equal  t o  t h a t  by two Ven t l l a t  lon and 
openings a r ranged  c l o s e  t o  each  o t h e r ,  I n t e rva l s  of 
whose a r e a s  a r e  each 1/2,  s o  t h a t  t h e y  may Openings. 
be regarded a s  one opening ( ~ i ~ .  61 ) .  

(1) The measured va lues  o f  .Nos. 1 - 26 and t h e  va lues  d e r i v e d  from t h e  
e m p i r i c a l  formula a r e  a s  g iven  i n  ( a )  - (g)  i n  Fig. 62, and i n  Table 15. 

No. 2 
3 
4 
5 
0 
7 
8 
9 

10 
11 
12 
1 3  
14  

Fig. 15. Values of B R  from t h e  Emplrlcal Forlllula 

Bg 

,002 
.003 
007 

.012 
4 007 
-003 
.009 
.018 
,037 
.046 
.003 
.006 
.021 
,035 

183 
117 

78 
9 8 

253 
8 8 
47 
2 6 
20 

330 
150 

61 
26 

NO. 

NO. 15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
2 6 

a 

53 
67 

159 
318 

4 8 
94 

155 
263 

32 
30 
16 
17 

b 

3.3 
5.2 
8.8 

16.6 
2.9 
5 .3  
7.0 

13.5 
2.1 
1.9 
1.1 
1.2 

d 

2.0 
2.5 
4.0 
4.9 
0.2 
3.6 
5.2 
6.8 
1.2 
1 . 6  
0.9 
1.1 

B g 

e 017 
e010 
.005 
,002 
.019 
,009 
,005 
0 003 
,034 
.032 
058 

,055 



Fig. 82. 
Measured Value an8 

C = ~ ( 0 )  

02) When t h e r e  a r e  two openings 
(m = 1) on t h e  same w a l l  (Fig. 58, 

Nos. 1 - 8 ) ,  BE i s  amaximum, 
approximately double  t h a t  when they  
a r e  on w a l l s  o p p o s i t e  t o  each o t h e r  
o r  w a l l s  a d j a c e n t  t o  each o t h e r  
( ~ i ~ .  63) . 

Flg. 63. Amount or  
Ventilation and Positions 

of Openings. 

(3) When t h e r e  a r e  more t han  two 
openirlgs a t  t h e  t o p  and bottom of t h e  
same wa l l ,  (Fig. 58, Nos. 9 and 1 0 ) ,  
t h e  r e s u l t s  a r e  shown by examples:- 
NO. 14: Bg = 0,0350;  NO, 9: 
0.0374 and No. 10: 0.0464. Thus 
t h e  openings o f  No. 14  prove t o  be 
'dominant ' ,  and t h e  r e s u l t  i n d i c a t e s  
t h a t  t he  amount of  v e n t i l a t i o n  does 
not i n c r e a s e  i n  exac t  propor t  ion t o  
t h e  i nc rease  i n  t h e  a r e a s  o f  t h e  
openings. 

(4)  When t h e r e  a r e  two openincs ,  
Bg i s  p r o p o r t i o n a l  t o  t h e  a r e a  o f  openings (Fig. 6 4 ) ,  i f  i n t e r v a l s  a r e  cons t an t  a t  
m = 1. (Fig. 58, Nos. 11 - 1 4 ) .  I n  t h i s  ca se ,  however, t h e  a r e a  of  t h e  openirie 
is  30 X 5 (cm2) = 1. 

a-+ 
Fig. 64. Amounc of 
Vericilatlon and Area 

of Openlngs. 

Opening Ratio 

~ i g .  65. Amount or 
Ventilation and 
Openlng Rat 10. 

(5 )  ~ h e i  two openings a r e  on t h e  same wal l ,  and t h e  open ill^ r a t i o  m v a r i e s ,  
( ~ i ~ .  58, Nos. 1 5  - 22), Bg i s  p ropor t , i ona l  t o  ti le small  openind,  and BC i s  almost 
t h e  same a t  m and l / m .  

( 6 )  N1fien t h e  p o s i t i o n ,  a r e a  and number of  t h e  i n l e t s  and o u t l e t s  a t  t h e  top 
o r  bottom a r e  reversed ,  (Fig.  58, Nos. 23  - 2 6 ) ,  Bg i s  almost t h e  same. For 
example, No. 23: Bg = 0.0355, No. 24: 0.0322, No. 25: 0.0578 and No. 26: 
0.0550; t h u s  No. 123 i s  almost  equa l  t o  No. 24 and No. 25 t o  No. 26. 



4.2.4 R e s u l t s  o f  Experiment (a2) 
4 

I n  t h e  p rev ious  s e c t i o n  t h e  r e s u l t s  of t h e  experiment were desc r ibed  e n t i r e l y  
on t h e  b a s i s  o f  t h e  measurements. Here it  i s . p r o p o s e d  t o  examine t h e  r e s u l t  o f  
t h e  combination (14)  : A, = A2 = 0.30 X 0 .05  ( n i 2 ) ,  h  = 0 . 6  (m)  by equat ion  (11') i n  
1.2 i n  Chapter 1. 

We o b t a i n  t h e  d e n s i t y  d i f f e r e n c e  e q u i v a l e n t  t o  t h e  carbon d iox ide  pe rcen tages  
C by ( 6 7 ) ;  we then  a r r i v e  a t  t h e  tempera ture  i n s i d e  t h e  model, t i ,  which produces 
t h e  d e n s i t y d i f f e r e n c e  f o r  t h e  tempera ture  a t  t ime to. The conversion can be 
r e a d i l y  c a r r i e d  o u t  w i th  t h e  a i d  o f  the  graph,  Fig. 36. 

The s t r a i g h t  l i n e  i n  Fig. 66 is t h e  
r e s u l t  o f  t h e  experiment  w i th  combination 
( 1 4 ) ,  and t h e  curve  has been produced by 0.010 

t h e  equat ion  (11') wi th  Ki = K, = K = 1 . 6  
( chap te r  .3, 3.1, 6, Table  7), m = l, 

3 O'OOe 

h  = 0 . 6  ( m ) ,  A2 = 0.30 X 0 .05  ( m 2 ) .  The 2 0.004 

two l i n e s  j o i n  where AT i s  l a r g e .  h 2 0004 

I n  t h i s  experiment  a g i t a t i o n  i s  Q 0.002 

c a r r i e d  o u t  wi th  a  f a n  f o r  t h e  purpose o f  
keeping t h e  carbon d iox ide  pe rcen tages  O e 4 6 ~ 0 1 e 1 4 1 6 r e e o  
uniform. Taking t h i s  m a t t e r  i n t o  ' 

cons ide ra t i on ,  c o r r e c t i o n  is  made i n  t,he 
AT ('C) 

amount o f  v e n t i l a t i o n ,  bu t  t h e  f r i c t i o n  Flg. 88, Formula and r e s u l t  of Experlment. 
f a c t o r  and t h e  i n t e r n a l  r e s i s t a n c e  a r e  
s t i l l  unknown. Fu r the r ,  t h e r e  i s  some 
room f o r  c o n s i d e r a t i o n  o f  t h e  empi r i ca l  
formula. However, we have ob ta ined  some 
r e s u l t  t o  cope wi th  t h e  ca se  where t h e  i n s i d e  o f  a  room i s  a t  h igh  tempera ture .  

CHAPTER 5  

C o e f f i c i e n t  o f  Discharge o f  Openings and Cracks 

The amount o f  v e n t i l a t i o n  i s  c o n t r o l l e d  by t h e  f r i c t i o n  which e x i s t s  i n  t h e  
p a t h  of  t h e  a i r ,  a s  expressed  i n  equat ion  (29) i n  Chapter  1. When t h e  v e n t i l a t i o n  
of  bu i ld ings  o r  rooms is cons idered ,  t h e r e f o r e ,  t h e  c o e f f i c i e n t  o f  d i s cha rge ,  cl, 

o r  t h e  f r i c t i o n  f a c t o r ,  K, o f  t h e  i n l e t  and o u t l e t  is an important  s u b j e c t  f o r  
study. 

The c o e f f i c i e n t  o f  d i s cha rge  o f  t h e  o r i f i c e  and nozz le  i n  t h e  t ube  ( ~ e f s .  37 
and 3 8 ) #  i f  the Reynoldsq number o f  t h e  opening i s  sma l l ,  i s  l a r g e  i n  t h e  ca se  of 
t he  o r i f i c e  and s m a l l  i n  t h e  ca se  o f  t h e  nozz le .  So t h e  va lue  i s  not  cons t an t .  

Windows, v e n t i l a t o r s ,  e t c . ,  a r e  equ iva l en t  t o  o r i f i c e s  
on  wal l s .  ( ~ e f s .  39 'and 40). ( F ~ E .  67) .  

The ca se  o f  a  nozz l e  i n  a  t ube  is  r ep re sen ted  i n  079 
0 W Fig, 68. (Ref. 4 1 ) .  I n  t h i s  experiment, s e v e r a l  t h i n g s  g!,,, 

have been c l a r i f i e d ,  i n c l u d i n g  t h e  f a c t  t h a t  t h e  changes < 

i n  t h e  c o e f f i c i e n t  o f  d i s cha rge  o f  t h e  openings below 
a- 

t h e  Reynolds'  Number 4  X 103  and t h e  p r o p e r t i e s  o f  t h e  
c o e f f i c i e n t  of d i s c h a r g e  of c r acks  a r e  equ iva l en t  t o  t h e  

'E ":: 
Rajnold*' Hvmhr R. i$ 

r e c i p r o c a l s  (Ref. 42) of  t h e  f r i c t i o n  f a c t o r  o f  n o z z l e s  
o r  round tubes.  Flg. 67. Coerr lc len t  or 

Discharge or Or i f ice  on 
the Wall. 

(Schne Ider )  

Ref. 37. DIlJ. 1952, Regelen f i r  d i e  Durchl lussmessuny m l t  'enormten d s e n  U. Blenden, (1335). 
Ref. 38. Uchlda: Chemical Engineering, DD. 7 2  - 75, (19448. 
Ref. 39. Handbuch Experimental  Physlk,  I\', 1 T e l l ,  5.585, (1931).  
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* 
What a t t r a c t s  o u r  a t t e n t i o n  rriost i n  t h e  p r e s e n t  

sub jec t  i s  t h a t  i n  v e n t i l a t i o n  by wind o r  tempera ture  
d i f f e r ence  t h e  c o e f f i c i e n t  of d i scharge  i s  no t  c o n s t a n t ,  
a s  r e f e r r e d  t o  before .  It i s  p a r t i c u l a r l y  i n t e r e s t i n g  
t h a t  i n  ou r  model experiments  w i th  v e n t i l a t i o n  by 
temperature d i f f e r e n c e ,  t h e  Reynolds'  number of  t h e  
opening i s  1 0 3  o r  below. The changes i n  t h e  
c o e f f i c i e n t  o f  d i s c h a r g e  a r e  not  cons idered  i n  
experiments wi th  e i t h e r  a  l a t t i c e  f o r  v e n t i l a t i o n  
( ~ e f .  43) o r  a  l a t t i c e  f o r  l i g h t  s c r een ing  (Refs. 44 
and 45) .  

Fig. 68. Coefficient of 
Discharge of a Nozzle. 

5.1  Coe f f i c i en t  of  Discharge f o r  Seve ra l  forms o f  Openings and Cracks 

For openings o f  va r ious  shapes ,  s i z e s  and f i n i s h e s ,  i t  i s  necessary  t o  measure 
t h e  c o e f f i c i e n t  of' d i s cha rge  i n  each case ,  When we have t o  d e a l  wi th  c r a c k s  i t  is  
not  p o s s i b l e  t o  measure t h e  amount of  a i r  flow o r  t h e  c o e f f i c i e n t  of  d i s cha rge  by 
ord inary  methods (Ref. 46) ,  because t h e  amount o f  a i r  flow i n  c racks  is  sma l l ,  and 
a l s o  a  leakage  o f  a i r  i s  i n e v i t a b l e  i n  t h e  equipment i t s e l f  du r ing  t h e  measurement. 
It  is  t h e r e f o r e  proposed t o  d e s c r i b e  a  method of  measuring t h e  c o e f f i c i e n t  o f  
d i scharge  most s u i t a b l e  f o r  a  smal l  amount of  a i r  f low ( a l s o  n a t u r a l l y  f o r  a  sma l l  
Reynolds' number),  and t h e  r e s u l t s  of  such measurements. 

5 .1 .1  Experiment. (Ref. 47) 

The main p a r t  o f  t h e  arrangement f o r  t h e  
experiment c o n s i s t s  of  a  p r e s s u r e  room and a  
carbon d ioxide  box, a s  i l l u s t r a t e d  i n  Fig. 69. 
The ope i~ ing  o r  c rack  which we vrish t o  measure 
i s  a r ranged  i n  t h e  p o s i t i o n  i n d i c a t e d  by A i n  
t he  carbon d iox ide  box. I n  t h e  p re sen t  
equipment t h e r e  i s  no r i s k  o f  a i r  g e t t i n g  i n t o  Fig. 69. Equipment for 
t h e  carbon d iox ide  box except  through t h e  Measuring Cbefricient 
open i~ ig  o r  c rack  provided ,  because t h e r e  a r e  of Discharge. 
no j o i n t s  on t h e  b o r a e r  between t h e  p re s su re  
room and t h e  carbon d i o x i d e  box. 

The amount o f  a i r  flow, Q,  i s  

where Q = t h e  amount of  a i r  flow (m3/sec) ,  U = mean v e l o c i t y  (m/sec) of  a i r  flow a t  
t h e  opening o r  c r ack ,  A = a r e a  (ni2) of  s e c t i o n  o f  t h e  opening o r  c rack  a = coefficient 
of  d i s cha rge ,  g = 9 . 8  (m/sec2) ,  & = p r e s s u r e  d i f f e r e n c e  (kg/m2) between e i t h e r  s i d e  
of  t h e  opening o r  c r ack ,  P = d e n s i t y  of a i r  (kg/m3). a o r  K can be ob ta ined  from 
equat ion  (68 ) .  

To f i n d  out  t h e  amount o f  a i r  flow a t  A i n  t h e  diagram Fig. 69, i t  is  n e c e s s a r y  
(1) t o  p l a c e  an o r i f i c e  whose c o e f f i c i e n t  of  d i s c h a r g e  i s  known a t  A o r  f u r t h e r  

upstream, s o  t h a t  t h e  p r e s s u r e  d i f f e r e n c e  between e i t h e r  s i d e  can be measured by 
t h e  manometer; and (2)  t o  measure t h e  d i s t r i b u t i o n  o f  t h e  v e l o c i t y  a t  t h e  s e c t i o n  
wi th  a  P i t o t  tube ,  thermic  r a j  anemometer, Kata thermometer, e t c .  This  i s  o n l y  an 
example o f  o b t a i n i n g  t h e  amount of  a i r  flow; t h e r e  a r e  o t h e r  methods. The 
arrangement desc r ibed  above means t h a t  we measure, i n  a d d i t i o n ,  t h e  a i r  which i s  
f u r t h e r  upstream than  A and i s  a t  high p r e s s u r e ,  escaping  from some j o i n t s  o t h e r  
t han  A; t h a t  i s ,  l e a k i n g  from cracks  i n e v i t a b l y  produced by t h e  n a t u r e  o f  t h e  
s t r u c t u r e .  Even when such leakage  is prevented ,  i t  i s  no t  p o s s i b l e  t o  measure 
s a t i s f a c t o r i l y  p r e s s u r e  d i f f e r e n c e s  o r  wind v e l o c i t i e s  i f  t h e  amount o f  a i r  flow 
is very  small .  Under a  wind v e l o c i t y  o f  1 (m/sec) o r  under  a  p r e s s u r e  d i f f e r e n c e  
of  0.05 (mm H ~ )  t h e  c a l i b r a t i o n  of t h e  meters  i s  e x c e p t i o n a l l y  d i f f i c u l t .  These 
d i f f i c u l t i e s  can be removed by u s i n g  t h e  carbon d i o x i d e  method. 

Ref. 43. W ~1;ger:  J o u r n a l  o f  Su l lLary  Er~glncer lny ,  Vol. 13, No. 8, p. 747 (1839),  
Rel. 4.1 S a w :  Arc i i l cec tura l  Review, No. 23, 
Ref. 4 5  Saro: Arch1 r e c r u r a l  Revlew, No. 25, j:%i: 
Ref. 45. Toshiroda: ParnyhleL oP Soclet,y Tor Arch1 t e c t u r e ,  Vol. 5, NO. 12, p, 47, (1933),  
Ref. 47. Shoda: A r c h i t e c t u r a l  News, No, 2, ( J u l y ,  1949). 



R e f e r r i n g  t o  t h e  diagram, Fig.  69, 

I f  A'>>A, t hen  nF:  i s  n e g l i g i b l e  compared wi th  AP. Fur the r ,  i f  AP is made ve ry  
smal l ,  t h e r e  i s  no need t o  p r e p a r e  a  r i g i d  s t r u c t u r e  a g a i n s t  t h e  leakage  o f  t h e  a i r  
through some c racks  and openines i n  t h e  carbon d iox ide  box o t h e r  t han  A ' .  A s  ou r  
p l an  i s  t o  f i n d  o u t  t h e  amount o f  a i r  f low from t h e  dec rense  i n  carbon d iox ide  
percentages  i n  t h e  CO2 box by t h e  method o u t l i n e d  i n  2.2 i n  Chapter  2, o n l y  t h e  
amount o f  a i r  which has pas sed  th rough  A can be obta ined .  For  t h i s  reason  i t  may 
be s a i d  t h a t  t h e  a i r  upstream from A i n  t h e  p r e s s u r e  room, which l e a k s  through t h e  
j o i n t  does n o t  ma t t e r .  

The d e t a i l s  o f  an opening and a  c rack  submit ted t o  t e s t s  a r e  i l l u s t r a t e d  i n  
Fig. 70. 

+J !:p 

(0) Clrcufor Opmrirg (b) Crock 

Fig. 70. 

Structure of Circular Openings and Cracks 

5.1.2 Method o f  Measurement 

The measurement of  a i r  f low d e a l t  w i th  i n  2 .2  i n  Chapter  2  c o n s i s t s  of  a  
r e d u c t i o n  i n  p r e s s u r e  i n  t h e  carbon d iox ide  box, bu t  i n  t h e  p r e s e n t  method t h e  
p r e s s u r e  is  increased .  That i s  t h e  only  d i f f e r e n c e ,  and t h e  o p e r a t i o n s  i n  t h e  
experiment  and t h e  measurement method a r e  t h e  same, 

Let u s  make t h e  f i r s t  pe rcen tage ,  C O  ', 1 .5  - 2.0 (o /v l )  and t h e  l a s t  
pe rcen tage ,  CO' ,  approximately C O  '/2. We use  a  carbon d iox ide  box j u s t  l a r g e  
enough t o  make t h e  i n t e r v a l  between t h e  f i r s t  and l a s t  c o n d i t i o n s  l a s t  3 - 5  
minutes .  The carbon d iox ide  boxes a r e  o f  f o u r  d i f f e r e n t  s i z e s :  0 .9 X 0 .9  X 1.8, 
0 . 6 ~ 0 . 6 ~ 1 . 8 ,  0 . 5 ~ 0 . 5 ~ 1 . 2 ,  a n d 0 . 4 x 0 . 4 x 0 . 6  ( m 3 ) .  I t w a s a s c e r t a i n e d  
t h a t  where t h e  s i z e  of  t h e  carbon d iox ide  box was changed t h e  amount of a i r  f'low 
was p r o p o r t i o n a l  t o  each s i z e .  

, The p r e s s u r e  d i f f e r e n c e ,  L&', i s  ar ranged  i n  10  s t e p s ,  0.05, 0.10, 0.20, 0.30, 
0.50, 1 .0 , '  5.0, 10.0,  20.0, 30.0 (mm ~ g ) ,  f o r  each  form. For each  s t e p  
measurement was made 4  - 10 t imes ,  t h u s  o b t a i n i n g  t h e  mean v a l u e  of  t h e  amount o f  
a i r  flow. 

The i n t e r f e r o m e t e r  i s  used f o r  t h e  measurement o f  carbon d iox ide ,  :he Chatock 
i n c l i n e d  t u b e  p re s su re  gauge f o r  p r e s s u r e s  below 0 . 5  (mm ~ g )  , and t h e  Gott ingen 
type  p r e s s u r e  gauge f o r  t hose  above t h a t  p r e s su re .  

Tile forrns of' o p e r i i n ~  and crack  submixted t o  t e s t  a r e  represented in F ~ G .  71. 



Fig. 71. 

Forms of Openlng and Crack  

5 .1.3 C o e f f i c i e n t  of Discharge 
of  C i r c u l a r  Opening 

(1) The r e s u l t s  of t h e  
measurement a r e  g iven  i n  Fig.  32, 
( a ) ,  ( b )  and ( c ) .  The r e l a t i o n  

o f  t h e  mean v e l o c i t y  of a i r  flow 
a t  a  s e c t i o n  o f  t h e  opening o r  
t h e  a m u n t  of  f low p e r  u n i t  a r e a ,  
G = Q/*, t o  Q, desc r ibes  a  
pa rabo la ,  and a l l  t h r ee ,  I - A, 
I - B and I - C assume almost 
t,he same form. However, i t  
must be added t h a t  none of  them 
i s  e x a c t l y  a  parabola .  

('2) The c o e f f i c i e n t  of  
d i s c h a r g e  a ob ta ined  by t h e  
equa t ion  (68) i s  shown by t h e  
curves  i n  Fig. 73. The 
r e l a t i o n  between a and 
Reynolds '  number R = iid/v 
assumes a  more o r  l e s s  s i m i l a r  
shape i n  t h e  t h r e e  cases .  
Above R 2 X 104  they  ag ree  
wi th  t h e  ca se  o f  t h e  o r i f i c e  
f o r  a  cons t an t  a = 0.62 - 
0. 65. Below R  = 2  X 1 0 4 t h e y  
assume t h e i r  i n d i v i d u a l  
v a r i a t i o n s .  

(3) The Shape f a c t o r s  
( l / d )  ( ~ i g .  71) a r e  0.31,  
0.16 and 0 , 0 1  r e s p e c t i v e l y  
i n  I - A, I - B and I - C. 

L? L d 6 ,U l2 11 16 18 O O l O Z O l O t Q $  10 

o P (mm Hq) 
(C) C ~ r c u l n r  O p e n ~ n g  I -  C 

Flg.  72. R e l a t l o n  between and h. 

k Trar~slators Note: A Japanese Cypress  

DS 7995311 39 



For the r e c t a n g u l a r  o r i f i c e  we 
take d  = Zbh/(b + h ) ,  where b  i s  t h e  o P 

breadth ,  and 11 t h e  he ign t  of  t h e  window 3 

(Ref. 40 ) .  Tne c o e f f i c i e n t  of  i P 0.8  

discharge  of  a  window i s  cl =, 0 .7  - 0 .86  { 
obta ined  from Table 7  i n  3.1.6 i n  .Y  

4 
Chapter 3, o r  from t h e  amount o f  g 0 7  

v e n t i l a t i o n  i n  Fig.  50 i n  3.2. ;. A s  .. 
c 
t t he se  a r e  mean va lues  below R i 5  x 103, 

o,6 
i t  w i l l  be seen t h a t  t hey  a r e  a p p r o p r i a t e  1 1 1 1 1 1 1 1 1 1 1  
values  o f  t h e  c o e f f i c i e n t s  o f  d i s cha rge  
i f  they a r e  compared wi th  t h e  curve  o f  0.5  

o IS 
q/h : ii (m/sec) I - B i n  Fig. 73. L . . ~ ~ . I ~ . ~ I  . 1 1 A 1 4 

/./o1 Reynolds'hun~ber ($J.,~+ J4!o+ 
1-10. 

(4) I n  t h i s  s e c t i o n  t h e  c o e f f i -  ~ l g .  73. C o e f f i c i e n t  of 
c i e n t  of d i s cha rge  i s  shown b y  i t s  Discharge or C i r c u l a r  
r e l a t i o n  t o  Reynolds'  number f o r  Openings. 

convenience of g e n e r a l  comparison. 
I f  we take  v  = 1/7 (cm2/sec)  f o r  t h e  a i r ,  Reynolds'  numbers a r e  R  = 7  x l o 4 ,  
7 X 1 0 3  and 7 X 10' r e s p e c t i v e l y ,  f o r  d  = 100, 10 and 1 (cm), a t  U = 100 (cm/seo). 
We o b t a i n  u,/q by tempera ture  d i f f e r e n c e  o r  wind i n  Fig. 7 i n  1 . 5  of  Chapter  1, 
a r r i v e  a t  U% a t  a t e n t a t i v e  e s t i m a t e  cp = 0.5. We t h e n  o b t a i n  a* from Reynoldsl 
number R*; and v* i s  ob ta ined .  Repeat ing t h i s  method can be obta ined  s u i t a b l y  
i n  each case. I n  a  p r a c t i c a l m a t t e r ,  s u c h a s  t h e  v e n t i l a t i o n  f o r a w i n d o w ,  
d  =,l00 (cm) a s  g iven  in  Table 16, i t  i s  b e s t  t o  c o n s i d e r  t h e  cons t an t  o f  a = 0.65 

I 
a t  0.3. When we have t o  d e a l  w i th  a  v e n t i l a t o r  o r  a  l a t t i c e  f o r  v e n t i l a t i o n  

d 
wi th  d  = 10,  1 (cm), i t  would be necessary  t o  assume t h a t  t h o s e  c o e f f i c i e n t s  o f  
d i s c h a r p  have a  range o f  0 .65  - 0.9. I n  t h e s e  ca se s  we have t o  cons ide r  f i r s t  t h e  
na tu re  and o b j e c t  o f  t h e  v e n t i l a t i o n ,  a s  d e a l t  w i t h  i n  1 , 6  o f  Chapter 1, and 
accordingly t h e  c a l c u l a t i o n  o f  t h e  v e n t i l a t i o n  should  be c a r r i e d  out ,  choosing e i t h e r  
t he  l a r g e  o r  smal l  va lue  o f  a given  i n  Table 16,  s o  t h a t  t h e  amount of v e n t i l a t i o n  
remains w i th in  r ea sonab le  l i m i t s ,  

When v e n t i l a t i o n  by c r acks  i s  d e a l t  wi th ,  t h e  o b j e c t  of  t h e  c a l c u l a t i o n  be inc  
taken i n t o  cons ide ra t i on ,  a i s  chosen from among t h e  f i g u r e s  g iven  i n  Table 21 by 
t h e  same procedure  a s  before.  For  t h e  v e r l t i l a t i o n  of  a  room w i t h  openings and 
cracks  o f  d i f f e r e n t  d e s c r i p t i o n s ,  i t  i s  neces sa ry  f o r  us  t o  c o n s i d e r  t h o s e  b a s l c  
p o i n t s  which have been d i scus sed  h e r e ,  and t h u s  t o  s i m p l i f y  compl ica ted  cond i t i ons .  

5 .1 .4  C o e f f i c i e n t  o f  Discharge of  Cracks 

R = 3 d j v  

cl 

(1) The r e s u l t s  of t h e  measurement a r e  given i n  Fig. ,74, ( a ) ,  (b)  and ( c ) .  
On t h e  wllole t h e  r e l a t i o n s h i p  can  be expressed  by l o g  ii cl l o g  m. 

Table 16  

C o e f f l c i e n t  of Discharge ( l / d  0.3) of Windows & Openings 

6 X l o 3  - 

0.65 - 0.90 

6 X i o 3  - 2 X l o 4  

0,60 - 0.75 

i3 of d  = 6, 3  and 1 (m]) i s  almost  t h e  same, above @ = 1 0  (mm H ~ )  ; t h a t  i s  
t o  say, t h e  amount o f  a i r  flow, Q ,  i s  p r o p o r t i o n a l  t o  t h e  a r e a  o f  t h e  cracks.  The 
s m a l l e r  d ,  t h e  sma l l e r  ii. ( ( a )  i n  F ig .  75 ) .  

2 X l o 4  

0.60 0.65 

When t h e  amount of  a i r  flow Q is  cons idered ,  i t  i s  found t h a t  f o r  d  = 3  (mm), 
i t  i s  4 - 9 t imes  a s  mucl1 a s  f o r  d  = l (m]) ;  and f o r  d = 6 (mm) it is  8 - 26 t imes  
a s  much. A s  £01- d  = 6 ( m m ) ,  i t  i s  2 - 3 tinies a s  mucl1 a s  f o r  d  = 5  ( m m ) ,  snd is  
almost p r o p o r t i o n a l  t o  t h e  a r e a   a able 1 7 ) .  

Ref, 40. Handbook oP Mechanical Engineer ing ,  p. 795, (1937), 



~ ~ ( r n r n H g )  

(a) Cracks a-A 

A P / m m  Hg) 

(b) C'racks D-B 

d P  l rnm H g )  
(C) C r o c k s  D - C  

Fig. 74. Relation of u t o  ,bP 

Table 17. Breadth of CraclI 
of Air Jlw 

U1 - A )  

11 - B: ( ( b )  i n  Fig. 74) .  

Tne d i f f i c u l t y  he re  i s  t h a t  t h e  s e c t i o n  o f  t h e  
pa th  tlirough a  c r ack  i s  not  always t h e  same. Let  us 
t h e r e f o r e  assume t h a t  t h e  a r e a  i s  A = d X 300 (rnni2). 

Above OP = 1.0 (mm Hg), ii of d  = 1, 3 (m) is 
almost t h e  same, For va lues  o f  &P < 1 . 0  (mm Hg), 
d  = 1 (mm),  becomes sma l l e r .  ii f o r  d = 3, 6 (m) a r e  
p a r a l l e l ,  and c o n t r a r y  t o  t h e  ca se  11-A, ii f o r  d  = 3 (mm) 
i s  l a r g e r ,  ( ( b )  i n  Fig. 7 5 ) .  

4 P  (mmHg)  
(aJ D - A  

Flg. 76 (a). Breadth 05 
cracks, d, and ii. 



I 

A s  r e g a r d s  t h e  amount o f  a i r  f low, Q,  d  = 3, 6  (mm) 
i s  almost  t h e  same. From t h i s  it w i l l  be seen t h a t  t h e  
f r i c t i o n  which occurs  a t  t h e  c e n t r e  o f  t h e  r abbe t  i s  a  

l t 
c o n t r o l l i n g  f a c t o r .  The r a t i o  f o r  d  = 3 and 6  (mm) t o  I . L  

d  = 1 (mm) i s  3.0 - 5.4, and it  i s  n o t e d  t h a t  t h e  e f f e c t  - l +  

o f  b read th ,  d ,  i s  ve ry  small  compared w i t h  I1 - A. $3 2 ,, 
( s e e  Table 18). , g t o  

e b l  

8 :: 
0 2 

& M W  o z  o + ( u ~ ~ / o  1 4 

d P ( m m  Hg) 
(6) 1T - 8 

Table 18, Breadth of - 
Air Flow (I1 - B) 

I1 - C :  ( ~ i ~ .  74, ( c )  ) . 
The curves B of  d  = 1, .3 and 6  (mm) become 

s t r a i g h t  l i n e s  more o r  l e s s  p a r a l l e l  t o  one ano the r  
and 8 dec reases  a s  d  dec reases ,  a s  r ep re sen ted  by ( c )  
i n  F ig ,  75. 

As r ega rds  Q,  t h e  amount o f  a i r  
6 (mm) a r e  6 .5  - 9 t imes  and 1 4  - 4-3 
a s  d  = 1 ( m m ) ,  r e s p e c t i v e l y ,  and d  = 
.3.5 - 4.5 t imes  a s  much a s  d  = .3(rnrn). 

flow, d  = .3 and 
t imes  a s  much 
6  (mm) i s  

(See t a b l e  1 9 ) .  

TabLe 19. B r W  of  Cracks 
and t h e t  of A L r  Flr,kl. 

(M 

Suppose d  = 1, 3  and 6 (mm) cor respond t o  t h e  
top ,  middle  and bottom o f  t h e  f i x t u r e s  i n  a  house, 
t hen  we s e e  t h a t  t h e  amount o f  a i r  f low v a r i e s  from 
one t o  a n o t h e r  i n  t h e  r a t i o  o f  t h e  o r d e r  of  
m u l t i p l e s  of  10, 

(3) The c o e f f i c i e n t  of  d i s c h a r g e  f o r  d  = 6, 
3  and 1 (mm) i s  shown i n  Fig, 76 ( a ) ,  ( b )  and ( c )  
r e s p e c t i v e l y .  

When t h e  r e l a t i o n  between a and E i s  examined, 
we observe  t h a t  where ii i s  sma l l ,  cl i s  a l s o  sma l l  
( c o n t r a r y  t o  t h e  c a s e  o f  c i r c u l a r  o p e n i n g s ) ;  and 
t h e  form o f  t h e  curve  resembles t h e  c a s e  of  
nozz l e s  ( ~ i g .  68) .  

cl = a , ~ ~  (72)  

' 1 
where R = ud/v a = (-)  and, t a k i n g  i n t o  

d  
c o n s i d e r a t i o n  t h e  equat ion  (68 ) ,  

Loga r i t hmica l ly  expressed,  

l o g  u = l o g  a  '+n ( l -n ) - ' l og  d +  (2 (l-n)} -'10g (74) 

where a  = (aydn fi2g/ P) 'l2} 11 (1-n)  

From t h e  s t r a i g h t  l i n e s  i n  Fig. 74, 

Fig. 75 @). Breadth or  
c racks ,  d ,  and U. 

r * O a O I  0 2  0 4 4 b 0 1 1 0  I 4 L 8 1 0  

A P  (mm ttg) 
(C) n - c 

Flg. 75 (c ) .  Breadth of 
Cracks, d ,  and U. 

IP 

V. 1.0 : U- : !#.# 
3 Q 
< C  0 6  

2 S! 
Q Q o t  

0 2 

0 2 + 4 11 10 11 14 16 18 2 0  

9 / ~  ii lmlsec) 
(a) d. b m m  

Flg.  76. C o e f f l c l e n t  Of 
Discharge of Cracks. 



When t h e  above is obta ined ,  

The va lues  o f  n  a r e  s e t  f o r t h  i n  Table  420. + 0.4<b~<l0(mm Hg) 

Form 

d = 6 (mm) 
3 
1 

A s  d  i nc reases ,  n decreases .  With t h e  Table 20. ci  = a . ~ "  
except ion  o f  I1 - B of  d  = 6 (mm), t h e  va lues  of  
n  i n  t h e  t h r e e  forms I1 - A, I1 - B and I1 - C a r e  n e a r  t o  one ano the r  f o r  
corresponding va lues  o f  d. 

Vv'hen d  = 1 (mm), n 4 0.4 ,  and from (74) u  = c & O * ' ~  C = cons t an t  (77) t hus  
approaching Qa@. 

I I-A 

0.04 
0.15 
0.36 

As t h e  models a r e  f u l l - s i z e d ,  i t  is  p o s s i b l e  f o r  us ,  by t h e  u se  o f  Table  21, 
t o  d i s cove r  t h e  c o e f f i c i e n t s  of' d i s cha rge  o f  c r acks  i n  f i x t u r e s  which correspond 
t o  t h e  p a r t s  i n  t h e  model a l r e a d y  s tud i ed .  

Table 21 

Coe f f l c  lent  of Dl scha r~e  of Cracks 

11-B 

0.13 
0.13 
0.39 

5.2 C o e f f i c i e n t  of  Discharge i n  t h e  V e n t i l a t i o n  by Temperature D i f f e r ence .  
( ~ e f .  48) 

11-C 

0.07 
0.-l5 
0.39* 

The w r i t e r  has measured v a r i o u s  f a c t o r s ,  each  s e p a r a t e l y ,  o f  v e n t i l a t i o n  by 
tempera ture  d i f f e r e n c e ;  and has a s c e r t a i n e d ,  by means of  a  c y l i n d r i c a l  model, t h e  
facL t h a t  t h e  va lues  he had o b t a i n e d  i n  t h e  experiment can  b a s i c a l l y  f i a t i s f y  t h e  
formulae i n  connect ion  wi th  v e n t i l a t i o n .  I tems o f  measurement i n c l u d e  t h e  a m u n t  
of  vent i la t io11 ,  d i s t r i b u t i o n  o f  t empera tu re  and d i s t r i b u t i o r i  o f  p r e s s u r e  d i f f e r e n c e ,  
For  t h e  c o e f f i c i e n t  of  d i s cha rge ,  we a r e  r e f e r r e d  t o  t h e  r e s u l t s  o f  measurements 
d e s c r i b e d  i n  5.1.3 o f  Chapter 5. 

5.2.1 Experiments w i th  a  c y l i n d r i c a l  model 

The diagrams i n  Fig. 77 i n d i c a t e  a  
c y l i n d e r  and v a r i o u s  p o i n t s  f o r  measurement. 

The w a l l  o f  t h e  c y l i n d e r  i s  o f  t i n  
p l a t e  and i s  l agged  wi th  a s b e s t o s  packing. 
The top  and bottom covers  a r e  o f  veneered  
board, 10 (mm) t h i c k .  When t h e  v e n t i l a t i o n  
experiment  i s  c a r r i e d  ou t ,  t h e  middle  o f  t h e  
top  and bot tom covers  i s  f i t t e d  w i t h  
veneered board 5  (mm) t h i c k ,  13 X 13 cm2 wi th  
f o u r  c i r c u l a r  ho l e s ,  32 mm i n  d i ame te r ,  
a r ranged  a t  a  d i s t a n c e  o f  80  (mm) from c e n t r e  
t o  c e n t r e .  These c i r c u l a r  h o l e s  a r e  t h e  
same a s  t h o s e  used  i n  t h e  model o f  t h e  room 
and in t roduced  i n  3 .2 .1  (B) i n  Chapter  3. 

1-15: Points f o r  measuring temperature 
A t  a  he igh t  o f  about 30 mm from t h e  U, 1-9, d: Polnts fo r  measuring p r e s s y e .  

bottom, Nichrome wire  is s t r e t c h e d ,  and i t  
is  s o  a r r anged  t h a t  t h e  i n s i d e  is uni formly  . Flg. 77. Cylinder, 

heated. It i s  f u r t h e r  a r ranged  t h a t  t h e  

Ref. 48. Shoaa: A r c l ~ l t e c t u r a l  News, No. 5 (Jan., 1950) 
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I c u r r e n t s  and vo l t ages  under n o m a l  cond i t i ons  can be read ,  and t h e  d i s t r i b u t i o n  o f  
i n t e r n a l  tempera tures  and t h e  d i s t r i b u t i o n  o f  p r e s s u r e  d i f f e r e n c e  on the  o u t e r  waal 
can be measured a t  t h e  same time. For  t h e  tempera ture  t h e  a l c o h o l  thermometer i s  
used, and f o r  t h e  p re s su re ,  Cha tock ' s  i n c l i n e d  tube  p r e s s u r e  gauge. 

5 .2 .2  Various Fac to r s ,  i n  V e n t i l a t i o n  by Temperature D i f f e r ence  ( ~ e a s u r e d  Values 
and ~ o r m u l a e )  

(1) D i s t r i b u t i o n  o f  Temperature. 

An example o f  t h e  d i s t r i b u t i o n  of  tempera tures  is  s e t  f o r t h  i n  Table 22. 

Table  22 

1 

D i s t r i b u t i o n  of TemDeratures (Cy l inder )  

Re fe r r ing  t o  t h i s  t a b l e ,  i t  w i l l  be noted  t h a t  t h e  mean tempera tures  on l e v e l s  
a r e  more o r  l e s s  t h e  same. The more v e n t i l a t i o n  and t h e  large] .  t he  tempera ture  
d i f f e r e n c e ,  t h e  l e s s  t h e  un i fo rmi ty  i n  Temperatures. ( 3 .1 .3  and 3.2.2 i n  Chapter  3) .  

(2) D i s t r i b u t i o n  of  P r e s s u r e  D i f f e r ence  

Mean Level  

45.7 
45.2 
45.1 
45.5 
45.2 

When t h e r e  is no V e n t i l a t i o n  

The d i s t r i b u t i o n  of  p r e s s u r e  d i f f e r e n c e  when t h e r e  is  
v e n t i l a t i o n  i s  r ep re sen ted  i n  Fig. 78. 

AT = 21.5 
t1 = 45.3 
t o  = 23.8 

Wen t h e  mean tempera ture  i n  a  room is t i  = 65 ( C ) ,  
and t h e  o u t s i d e  tempera ture  t o  = 125.2 ( C ) ,  AP = ( ~ o - ~ i ) h  = 
(1.184 - 1.043) X 0 .77  = 0 .11  (m H ~ ) ,  and t h e  measured 
va lue  0.12 (mm He), t h u s  showing agreement. The 
d i s t r i b u t i o n  o f  p r e s s u r e  i s  r e c t i l i n e a r ,  and t h e  n e u t r a l  
zone i s  s i t u a t e d  a t  h/2, A s  t h e  opening r a t i o  i s  m = 1, 
t h e  equat ion  (18) i n  1:3 i n  Chapter  1 i s  s a t i s f i e d .  

When t h e r e  is V e n t i l a t i o n  

(3) The Amount of  V e n t i l a t i o n .  

1 - 5  

47.1 
45.5 
45.2 
46.5 
46.2 

AT = 14.9 
t1 = 43.6 
t o  = 28.7 

The amount of  v e n t i l a t i o n  i s  ob t a ined  by hea t  
c a l c u l a t i o n .  From t h e  equat ion  (43)  (3.1.4 i n  
Chapter  3 ) ,  

Fig. 78. Dls t r l b u t  lon  
o f  P r e s s u r e  Dlf f e rence .  

6 - 10 

46.5 
46.5 
47.2 
47.2 
49.5 

1 - 5 

44.8 
44.0 
43.8 
44.2 
39 - 0  

The measured va lue  i s  r ep re sen ted  i n  Fig,  79. 9 

8 

The r e l a t i o n  between t h e  amount of  v e n t i l a t i o n  and I 

 AT'/^ is r e c t i l i n e a r ,  a s  i s  c l e a r  i n  F ie .  80. 6 

I 

From Fig. 80, 

Q = 0,00045 (m3/sec)  (79 

11 - 15 

43.5 
43.5 
42.9 
42.9 
40.0 

Cpp = 0 . 3  and t h e  a r e a  o f  o u t l e t  A, = K(0.016) ' X 4. 

6 - 10 

44 .O 
44.0 
44.0 
44.2 
47.9 

Fig. 79. Amount o l  
Vent l l a t  ion  and the 

Amount of Heht 
Supp l  l ed .  

11 - 15 

41.0 
42 9 
43.0 
44.0 
40.5 

Mean Level 

43.5 
43.6 
43.6 
44.1 
43.4 



When t i  = 65 ( C ) ,  t o  = 25.2 ( C ) ,  AT = 39.8 ( C ) ,  
ii = 0 .87  (m/sec) . 

I f  we t a k e  K ,  = K ,  = K o r  72 = K-'/' , m = 1 i n  
equat ion  (11') i n  1 . 2  of Chapter 1, 

where i n  t h i s  c a s e  i s  t h e  mean c o e f f ' i c i e n t  of 
d i s cha rge  o f  AT<40 ( C ) .  

When a i s  ob ta ined  from equa t ions  (79)  and (80)  
wi th  h  = 0.  77 ( m ) ,  To = SO0 (ab. C ) ,  g = 9 . 8  ( m / ~ e c ' ~ ) ,  

Fig. 80. A m o q t  or 
Ventilation and 

Temperature 
Difference. 

According t o  t h e  measured va lue  ( see  I - B curve i n  Fig. 73 i n  5 . 1 . 3  of' 
Chapter  5 )  of  t h e  c o e f f i c i e n t  o f  d i s c h a r g e  of  a  c i r c u l a r  opening, ,AT = 39.8  ( C )  ; 
t h a t  i s  t o  say ,  when ii = 0.87 (rn/sec) , a = 0.7. Below t h i s  v e l o c i t y ,  t h e  
c o e f f i c i e n t  o f  d i s c h a r g e  suddenly i n c r e a s e s .  For  t h i s  reason  0 .86  - 0 . 9  a r e  q u i t e  
conce ivab le  va lues  f o r  D. 

Thus we come t o  t h e  conclus ion  t h a t ,  i f  we use  c o e f f i c i e n t s  o f  d i s c h a r g e  
determined t a k i n g  Reynoldsl number i n t o  c o n s i d e r a t i o n ,  t h e  equat ions  (80)  and (26)  
become g e n e r a l l y  p r a c t i c a b l e  a s  formulae f o r  v e n t i l a t i o n  by tempera ture  d i f f e r e n c e .  
Spec i a l  a t t e n t i o n  is c a l l e d  i n  such a  model experiment;  when cl = 0.63  and a '  = 0.9, 
K = 2 . 5  and K' = 1.25. Therefore ,  i n  ou r  experiment ,  t h e  amount of  v e n t i l a t i o n  by 
tempera ture  d i f f e r e n c e  a t  AT/,, can be c a l c u l a t e d  i f  Q i s  ob ta ined  by e q u a t i o n  (80) 
wi th  a = 0.63.  

CHAPTER 6  

VENTILATION BY NIND (TSUW) * 
V e n t i l a t i o n  by wind f o r  b u i l d i n g s  o r  rooms i s  c o n t r o l l e d  by v a r i o u s  f a c t o r s ,  

such a s  t h e  p r e s s u r e  o f  wind, d i r e c t i o n  of wind, p o s i t i o n  of  window, s i z e  o f  
window, r e s i s t a n c e  t o  t h e  pa th  o f  wind, e t c .  I n  t h i s  c h a p t e r  t h e  w r i t e r  proposes  
t o  use t h e  t e rm ' t s u f u '  f o r  v e n t i l a t i o n  by wind. 

Wind p r e s s u r e  has a l r eady  been cons idered  i n  1 . 4  of Chapter 1, and t h e  w r i t e r  
is no t  q u i t e  s u r e  whether t h e  wind p r e s s u r e  a c t i n g  on bu i ld ings  can be expressed  
by c o e f f i c i e n t s  o f  p re s su re  d i s t r i b u t i o n ,  even when t h e  windows o f  such b u i l d i n g s  
a r e  open. F u r t h e r ,  i n  c ~ n s i d e r a t i o n  o f  t h e  e f f e c t  o f  v e n t i l a t i o n ,  t h e  d i s t r i b u -  
t i o n  o f  wind v e l o c i t i e s  i n  a  room i s  an impor tan t  f a c t o r .  A number of  exper iments  
have been c a r r i e d  o u t  w i th  niodels on v e n t i l a t i o n  by wind; f o r  i n s t a n c e ,  f o r  
classrooms (Ref. 4 9 ) ,  f a c t o r i e s  ( ~ e f s .  50, 5 1  and 5 2 ) ,  dwel l ings  ( ~ e f .  53)  and f o r  
grouped b u i l d i n g s  ( ~ e f .  54 ) .  F u r t h e r ,  t h e r e  a r e  i n s t a n c e s  i n  which t h e  d i s t r i b u -  
t i o n  o f  wind v e l o c i t i e s  i n  a  room vras t aken  i n t o  co i l s idera t ion  and r e s e a r c h  has  
y i e lded  some q u a n t i t a t i v e  r e s u l t s .  (Ref. 5 5 ) .  

* T r a n s l a t o r ' s  Note: The word v e n t l l a t l o n  1 s  e l t h c r  IKarikit o r  ' T s l ~ l u I  I n  the  J a p a n e s e  l a n y a g e .  
Technically speak lng  t h e r e  1 s  some d l f f e r c n c e  between the tbw, b u t  laymen n e v e r  d i e t  nkulsl l  between 
the111. Prof .  Shoda, che i v r l t e r  of  t h l s  boolclet,  appears  t o  d e f l n e  I t s u f u t  a s  v e n t l l a t l o n  by wlnd. 
I n  f a c t  I f u l  I n  l t suPul  means vrlnd. From Chapte r s  1 - 5 t h e  w r i t e r  u s e d  m o s t l y  lkank l ' ,  b u t  I n  
t h l s  c h a p t e r ,  the  new t e n  1s used  t l~rougllout .  

Ref. 49, I to: Archl  t e c  t u r a l  Rev1 evr, No. 3, pp. 88 - 75, 1938 . 
I to: Arch1 I e c t u r a l  Revlevr, NO. 3, P D .  58  - 85, 118361. 
I to: Archl t e c t u r a l  Revlew, No. 5, pp. 271  - 280, (1937).  
I to :  A r c N  cec t u r a l  Revlew, No. 8, pp. 44 - 53, (1937). 

Ref. 50. Saco: A r c h l t e c  c u r a l  Revleir, No. 13, pp. 380 - 389, (1939). 
Ref. 51. I to: A r c h l t e c t u r a l  Revlew, No. 17,  pp. 9 4  - 102, (1940). 
Ref. 5 2  Klmura: J o u r n a l  o f  Sanl  t a r y  Englneer lng ,  Vol .  15, No. 4, p. 221, 
Ref. 5& Uatanabe and  Shoda: A r c l ~ l t e c C u r a l  Revlew, No. 31. pp. 145  - 153. [::::I: 

blacanabe and Shoda: Arch1 t e c  t u r a l  Revlew, 140s. 3 2  - 35, ~ p .  43 - 48. (1847). 
ReL 54. S, S h o d c  Archl t e c c u r a l  Revlew, No. 5, pp. 261 - 270 (1037). 

S. Stloda: A r c h l t e c t u r a l  Reviea, No. 28, p. 38, (1942). 
Ref. 55. Hltomasu: A r c h l t e c t u r a l  Revlew, No. L, pp. 254 - 281, (1938). 

t.1 coll!asu: Archl t e c t u r a l  Rsvlew, No. 31, pp. 40 - 44, (1944).  
kltomasu: J o u r n a l  o r  San l  Cary Englneerlng,  Vol. 17, No. 9,  (lO43). 



I n  t h e  p r e s e n t  experiment, apar tments ,  s choo l  b u i l d i n g s ,  e t c .  a r e  cons ide red ,  . 
and t h e  main o b j e c t  i s  t o  examine s i z e s  of  windows, t h e i r  combinations and t h e  
e f f e c t  of t h e s e  f a c t o r s  on v e n t i l a t i o n .  I n  t h e  measurement o f  wind v e l o c i t i e s  t h e  
thermic r ay  Kata thermometer' was employed (2.3, Chapter  ,E). This experiment  was 
c a r r i e d  ou t  a t  t h e  l a b o r a t o r y  o f  t h e  I n s t i t u t e  o f  I n d u s t r i a l  Science,  Facu l ty  of 
Science and Engineer ing ,  U n i v e r s i t y  o f  Tokyo. 

6 .1  Method o f  Experiment 

A model o f  a  t h r e e  s t o r i e d  b u i l d i n g  was i n t roduced  i n t o  a  wind t u n n e l  i n  which 
t h e r e  was a  c e r t a i n  v e l o c i t y .  Changing t h e  c o n d i t i o n s ,  such a s  t h e  d i r e c t i o n  o f  
wind, p o s i t i o n  o f  rooms, windows and openings i n  p a r t i t i o n s ,  t h e  wind v e l o c i t i e s  i n  
t h e  rooms were measured. 

6.1.1 Arrangement f o r  E x p e r i m m  
( ~ o d e l  o f  a Three-Storied b u i l d i n d  

The model i s  o f  f l o o r  space 42 X 49 (cm2) ,  and i s  54 (cm) high. It i s  
d iv ided  i n t o  a  c e n t r e  room and u n i t  rooms on each  s i d e .  One u n i t  room c o n s i s t s  of  
two ( f r o n t  and back) rooms. The s i z e s  of t h e  windows on t h e  o u t e r  wa l l s  o f  t h e  
f r o n t  and back rooms and t h e  openings on t h e  p a r t i t i o n s  a r e  of  f o u r  grades ,  a s  
d e t a i l e d  i n  t h e  diagrams. The model is a  1/15 reduced s c a l e  model o f  an apartment  
(Fig. 81). 

Flg. 81. Model of a Bulldlng.  

I n  each  room t h e r e  a r e  f i v e  p o i n t s  f o r  measurement 
of  wind v e l o c i t i e s  on a  c e n t r a l  l i n e  i n  t h e  room, a s  
i l l u s t r a t e d  i n  F ic .  81. Kata Thermometers a r e  
suspended between s l i d i n g  s c a l e s ,  a s  i l l u s t r a t e d  i n  
Fig. 8 2  ( a )  and (b )  , a n d ' a r e  i n s t a l l e d  a t  tlie p o s i t i o n s  
mentioned. The model is p laced  on a  p l a t e  and 
in t roduced  i n t o  a  wind tunne l ,  a s  i l l u s t r a t e d  
d iagrammat ica l ly  i n  Fig.  83 ( a ) .  For  convenience o f  
measurement, smal l  wind v e l o c i t i e s  a r e  mainly chosen, 
and t h e  o u t l e t  o f  t h e  t unne l  is covered wi th  w i r e  n e t  
(mesh 0.5 mm, and wi re  0.18 m n ~  i n  d i ame te r ) .  

The wiud v e l o c i t y  a t  t h e  o u t l e t  i s  kept  a t  
V E 1.57 (m/sec) ,  and i n  each  u n i t  room, a  wind i s  
r a i s e d  and t h e  wind v e l o c i t i e s  i n  t h e  room a r e  
measured. 

Fla. 82 (b). 
Bulbs of Thermic Ray 

I(ata Thermornecer. 

Fly. 82 (a). 
Bulbs of Thermic Ray 

ffita Thermometer 



Flg.  83 (a) .  Wind Tunnel, 

1 2  Forrnulae f o r  t h e  Amount o f  V e n t i l a t i o n  Fig,  83 ( b )  I4ind Tunnel. 

Tne amouct o f  v e n t i l a t i o n  i n  e a c h  u n i t  room o f  t h e  model i s  now c o n s i d e r e d ,  
t a k i n g  i n t o  c o n s i d e r a t i o n  e q u a t i o n  (25)  i n  1 . 4  o f  Chapte r  1, and t h e  f r i c t i o n  f a c t o r  
d e a l t  w i t h  i n  ( a )  i n  3 . 1 . 6  o f  Chapte r  :3. Tlle amount of. v e n t i l a t i o n ,  Q,  i s  

where U = mean wind v e l o c i t y  i n  t h e  room, A = a r e a  o f  s e c t i o n  o f  t h e  room, 
K ,  = K , ,  = K ,  = K, a = K ' / 2 ,  m ,  = A,/A,  m, = A,/A2, A,,  A,, A ,  = a r e a s  o f  windward 
bvindows, open ings  i n  p a r t i t i o n s  and leeward  windows, C , ,  C, = c o e f f ' i c i e n t s  of' 
p r e s s u r e  d i s t r i b u t i o n  a t  windward and leeward  windows, V = e x t e r n a l  wind v e l o c i t y .  
H i t h e r t o ,  t h e  amount o f  v e n t i l a t i o n  by  wind has  been c a l c u l a t e d  i n  t h e  f o l l o w i n g  
rnanne r : - 

Q = cVoA,, V, = Vcos 6 (83)  

where V = e x t e r n a l  wind v e l o c i t y ,  c  = c o n s t a n t  and A ,  = a r e a  o f  a windward window, 
For  example, a c c o r d i n g  t o  R a n d a l l  (Ref'. l ) ,  t h e  v a l u e s  of. c  a r e  a s  s e t  f o r t h  i n  
T a b l e  ,23. 

Pa th  of Wind 
In V e n t l l a t l o n  
(by wlnd) 

D i r e c t i o n  
of wlnd 

Randa l l  

Equat lon  ! 8 5 )  

Tab le  23 

Values of C 

( U  

V, 

v 

+ 4-1 6 = 4 5 °  

0.50 0.30 

0,46 0.32 

( b )  

v 

L m &45' 

0.60 0,35 

0.58 0,40 



With A, = m,A, t h e  equa t ion  (82)  i s  

When (83) and (84) a r e  compared, 

For  t h e  p a t h  o f  wind a s  i n d i c a t e d  i n  Table 23, c de r ived  from t h e  equat ion  (85)  i s  
( a ) :  C,-C,  = 1 m, = 1 m 2  = 0 cl = 0 . 6 5  6 a 0 and 45", (b )  : 111 = 12, and t h e  r e s t  i s  
assumed t o  be t h e  same Be ( a ) .  I f  so, t h e  va lues  from (85) a g r e e  q u i t e  we l l  w i th  
Randa l l ' s  f i g u r e s ,  aa i s  c l e a r  i n  Table 23. 

I f  A,  = nlA,, A 2  = n2AO8 A 3  =n3A0 a r e  taken f o r  t h e  a r e a s  o f  t h e  openings,  (82)  
produces 

(u/v) (l + m," + m i 2 ) ' I 2 =  kn, 

(u/v) (1 + m;' + m;') 'l2 (m,)" = kn 2 

(u/v) (l + rni2 + m;') ' l2 (m,) - '  = kn 1 

where k = a ( C  ,-C ,) - 'I2 ( A ~ / A )  

6.1:3 Groupings o f  Obse rva t ions  

I n  t h e  experiment t h e  d i r e c t i o n  of m 
wind, p o s i t i o n s  o f  u n i t  rooms and 
openings a r e  combined i n  v a r i o u s  ways; U 
t hus  t h e r e  a r e  34 combinat ions f a l l i n g  A :  A; A: 
i n t o  6 groups. The numbers and symbols 

D ~ r r c t j o n  
a r e  given i n  Fig,  84. of w,, ,~ P o s ~ t ~ o n s  OF  room^ 

O p e n i n  J 9 
I: When t h e  d i r e c t i o n  o f  wind 

change S ,  D / r ~ c h b n  Posihon O p e n ~ n y r  
Example Of Wnd of Room 

0 20 142 

Flg. 84. Numbers &I Symbols. 

11: For u n i t  rooms i n  d i f f e r e n t  
p o s i t i o n s ,  

111: When windward windows, openings i n  p a r t i t i o n s  and leeward windows a r e  
o f  t h e  same s i z e ,  

I V :  When o n l y  t h e  leeward windows change, t h e  o t h e r s  remaining una l t e r ed ,  
and windward windows on1 y change, t h e  o t h e r s  remaining u n a l t e r e d ,  

V: When t h e  windward windows and leeward windows change i n  t h e  same r a t i o ,  
and openings i n  p a r t i t i o n s  a r e  4A0, A,, 

V I :  When t h e  openings i n  p a r t i t i o n s  change, windward and leeward windows 
remaining u n a l t e r e d ,  



5.2 R e s u l t s  o f  Experinlent 

The w r i t e r  proposes t o  c a l l  t h e  r a t i o  of  U, wind v e l o c i t i e s  a t  t h e  p o i n t s  i n  
t h e  room, t o  V, t h e  e x t e r n a l  wind v e l o c i t i e s ,  u/V, t e n t a t i v e l y  t h e  ' v e n t i l a t i o n  
f a c t o r ' .  As t h e  s i x  groups of  combinat ions a r e  a l l  a s s o c i a t e d  wi th  one ano the r  
through a  cormon l i n k ,  each r e s u l t  can be compared wi th  any o t h e r  by means o f  t h e  
v e n t i l a t i o n  f a c t o r .  

6 .2.1 Wind V e l o c i t v  before  a  Window 

When t h e  o u t l e t  o f  t n e  wind t u n n e l  i s  a t  a  wind 
v e l o c i t y  of  1 .57  (m/sec) ,  a l l  t h e  windows of t h e  model 

' l a b m m  
a r e  c losed .  What happens then?  P o i n t s  o f  measurement 
f o r  t h e  wind v e l o c i t i e s  a t  a  p o s i t i o n  3  (cm) i n  f r o n t  
o f  t h e  c e n t r a l  window and t h e  c o n d i t i o n  o f  flow i n  t h e  
v e r t i c a l  p l ane  round t h e  b u i l d i n g  a r e  i l l u s t r a t e d  i n  
Fig. 85. The ang le  o f  wind d i r e c t i o n  i n  t h i s  case  i s  
6 = 0. 

Indicates the pos~tions o f  the 

R e f e r r i n g  t o  t h e  s t ream l i n e s  i n  Fig. 85, t h e  h r m i c  Ray f i rs  Thermonleterr 

cont inuous  l i n e s  a r e  t h e  r e s u l t s  o f  t h e  obse rva t ion  Flg .  86. Win3 Ve1o:itles 
made by means o f  s t r i n g ,  and t h e  broken l i n e s  a r e  Before a Wincimv. 
imaginary. The r a t i o  of  t h e  h e i g h t  o f  t h e  ' t u r n i n g  
p o i n t '  t o  t h a t  o f  t h e  b u i l d i n g  i s  0.35. This i s  
smal l  compared wi th  P ro f .  Tan iguch i ' s  f i g u r e ,  which i s  approximate ly  0 .6  ( ~ e f .  1 2 ) ,  
but  t h e r e  seems t o  be no a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  form o f  t h e  s t r eam l i n e .  
So t h e  wind v e l o c i t i e s  before  a  window a r e  0 , 4  - 0.53  (m/sec),  t h a t  i s  1 /4  - 1 / 3  o f  
V ( ~ i ~ ,  8 5 ) .  

6.2.2 Measured Values o f  Wind V e l o c i t i e s  i n  a  Room 

The measured va lues  a t  t h e  f i v e  p o i n t s  on t h e  c e n t r a l  l i n e ,  when t h e  e x t e r n a l  
wind v e l o c i t y  i s  V = 1.57 (m/sec) and uf and ub r e p r e s e n t i n g  t h e  wind v e l o c i t i e s  o f  
t he  windward and leeward rooms r e s p e c t i v e l y ,  a r e  g raph ica l ly  r e p r e s e n t e d  i n  Fig. 86, 
(a )  t o  ( f )  * 

(a)  Measured Values of 
Wlnd V e l o c i t i e s  I n  rooms I. 

( D )  Measured Values of Wlnd 
V e l o c i t i e s  111 Roo~ns 11. 

( c )  Measured Values of' Wind 
V e l o c l t l e s  i n  Rooms 111. 

Fig. 86. D l s t r i b u t l o n  O f  
Wlnd V e l o c l t l e s  i n  Rooms. 
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(d )  Measured Values of Wind 
Velocities In Rooms IV. 

( f )  Measured Values of Wind 
Vel'oclties in Roolns VI. 

(e) Measured Values of Wind 
Velocities in Rooms V. 

Flg. 86. Distribution O f  
Wind Velocities in Rooms. 

6.t2.3 D i r e c t i o n  o f  Wind and V e n t i l a t i o n ,  Group I 

The opening form 242, c o n s i s t s  o f  . f ou r  s e c t i o n s  o f  a  window, 9 f e e t  h igh ,  t h e  
c e n t r a l '  two of  which a r e  opened. As m ,  = 0.5 ,  i t  may be s a i d  t h a t  i n  t h i s  form 
t h e r e  a r e  no s e c t i o n s  i n  t h e  p a r t i t i o n .  

(1) The d i s t r i b u t i o n  of  wind v e l o c i t i e s  i s  asymmetrical when t h e r e  i s  an 
angle  o f  wind d i r e c t i o n ,  6. ( ~ i ~ .  86  ( a ) ) .  

(2)  The va lues  o f  t h e  v e n t i l a t i o n  f a c t o r  u/V a r e  given i n  Table  24. 

of 2 rooms 

Table 24 

Comblnatlons 

( 3 )  Windward rooms have l a r g e r  mean v e n t i l a t i o n  f a c t o r s  than leeward rooms. 

WinGward Rooms (uf /V) Leeward Rooms (ub/V) 

Group 
I 

( 4 )  Khen t h e  ang le  of  wind d i r e c t i o n ,  6, i n c r e a s e s ,  t h e  v e n t i l a t i o n  f a c t o r  
f o r  t he  whole decreases .  I n  t h e  case  when t h e  angle of  vrind d i r e c t i o n  i s  6 = 45, 
a  maximum value  0 .7  of t h e  v e n t i l a t i o n  f a c t o r  appears  i n  t he  windward rooms. 
 a able 24, D i r e c t i o n  o f  wind 2 ) .  

020242 
120242 
220242 
320242 

(5 )  When t h e  maximum v e l o c i t i e s  o f  t h e  f r o n t  and back rooms a r e  jo ined  i t  
w i l l  be seen t h a t  t h e  p a t h  o f  v e n t i l a t i o n  d e f i n i t e l y  changes wi th  t h e  d i r e c t i o n  o f  
wind, a s  i s  ev iden t  from Fig, 87. 

Min 

0.22 
0.12 
0.08 
0.04 

Max 

0.37 
0.55 
0.70 
0.49 

Meu, 

0.23 
0.18 
0.19 
0.10 

Mean 

0.27 
0.28 
0.24 
0.14 

Min 

0.20 
0.15 
0.07 
0.00 

Max 

0.24 
0.21 
Oa29 
0.15 



Fig. 87. Direc t ion  of 
Wlnd and the  Path of 

V e n t i l a t i o n .  

The p o s l t l o n  of u n i t  
room 1s 20. 

0 4 

0 .3  

$ 0  

0 1 

0 02 0.4 0.6 0.8 10 
Cob 6 

Fig. 88. D i r e c t i o n  of 
Wind and V e n t i l a t i o n  

F a c t o r  I .  

(6)  The mean v e n t i l a t i o n  f a c t o r  of  t h e  f r o n t  and back rooms, i i /V  i s  appmxirrately 
proport ional ,  t o  cos 6. (Fig. 8 0 ) .  

6.12.4 P o s i t i o n  of  Unit  Rooms and V e n t i l a t i o n ,  Group I1 

(1) Even when t h e  angle  of  wind d i r e c t i o n  i s  6 = 0, t h e  d i s t r i b u t i o n  o f  wind 
v e l o c i t i e s  i n  t h e  f i r s t ,  second and t h i r d  s t o r i e s  a t  t h e  ends of  t h e  b u i l d i n g  i s  
asymmetrical.  ( ~ i ~ .  86, (b )  ) . 

(2)  The va lues  of t h e  v e n t i l a t i o n  f a c t o r  u/V a r e  give11 i n  Table 25, 

Table 25. Values of V e n t i l a t i o n  Fac to r  u/V (11) 

Comblnations 

(3) The windward rooms have l a r g e r  mean v e n t i l a -  
t i o n  f a c t o r s  than  t h e  leeward rooms. 

(4 )  The v e n t i l a t i o n  f a c t o r  i s  s l i g h t l y  sma l l e r  
f o r  u n i t  rooms which a r e  a t  t h e  ends of  bu i ld ings  t h a n  D 4 

f o r  t hose  a t  the  cen t r e .  The maximum, 0.69, appears  
0 I 

, w h e n t h e p o s i t i o n i s l l .  ( ~ a b l e 2 5 ,  p o s i t i o n o f  k 
room 11). 

'J o a  

0 1 

(5) The h ighe r  t h e  s t o r e y ,  t h e  s m a l l e r  t h e  
v e n t i l a t i o n  f a c t o r .  (F ig .  89) . 10 15 S'# 2 5  .lO J s  t ie i fhc (cm) 

( 6 ) .  When t h e  p a t h ' o f  v e n t i l a t i o n  i n  a  room i s  Fig. 89. Number of  S t o r l e s  
and V e n t l l a t l o n  Fac to r  11. 

cons idered  i n  terms o f  t h r e e  dimensions,  t ak ing  i n t o  
account  t h e  f e a t u r e s  i nd ipa t ed  i n  F igs ,  8 5  and 87, 
t h e  r e s u l t s  mentioned i n \ ( 4 )  and (5) w i l l  be e a s i l y  
understood,  

Mean 
h q v )  of 

r o orris 

Windward Rooms (uf /V) Leeward Rooms (ub/V) 

I Mean 1 Max 1 

6 .2 .5  Areas of Windovrs and V e n t i l a t i o n ,  Group I11 

Min 

The cond i t i ons  a r e :  t h e  ang le  of wind d i r e c t i o n ,  6 = 0; t h e  p o s i t i o n  o f  t h e  
room, 20; A, = A, = A, = 4A0, 3A0, 2A0, A o ,  m, = m, = l. (Fig. 86, ( c ) ) .  

Mean 

(1) The va lues  o f  t h e  v e n t i l a t i o n  f a c t o r  u/V a r e  g iven  i n  Table 26 and i n  
Fig. 90. 

Comblnat Ions I Windward Rooms (uf/V) Leeward Rooms (ub/V) Me a 11 
(U/V Of 

Ma X M i n  Mean Max Mln Mean 2 rooms 

0.47 0.30 0.33 0.37 0.38 

I I l I l I . - 
Table 26 

Values of V e n t l l a t l o n  Fac to r  u/V (111) 



2 )  The mean v e n t i l a t i o n  f a c t o r s  of  windward and 
leeward rooms a r e  almost t he  same. 

(3) The r e l a t i o n  of, t h e  mean v e n t i l a t i o n  f a c t o r  
o f  t h e  f r o n t  and back rooms t o  t h e  a r e a s  of  windows is 
r e c t i l i n e a r  under n ,  = Ai/Ao = 3, a s  shown i n  Fig. 90, 
b u t  above t h a t ,  t h e  r a t e  o f  i n c r e a s e  diminishes. In  
a c t u a l  bui ld ings ,  many correspond t o  condi t ions  below 
AI = U,. 

6.2 .6  Areas of  Windward and Leeward Windows and 
I Vent i l a t i on ,  Group IY . Fig. 90. Area o r  Windows 

and V e n t i l a t i o n  Fac to r  111. 

The angle o f  wind d i r e c t i o n ,  6 = 0 ,  and t h e  
p o s i t i o n  of t h e  room i s  '20. Two sub-groups, ( a )  and (b)  , a r c  compared. They a r e  
( a )  A,  = ?A,,, A2 = 4  Ao, A ,  = 4Ao, 30, 2Ao end A,. ( m ,  = 2, 1 .5 ,  1, 0 .5 ,  m, = 1, 

0.75, 0.5,  0 .25) ;  (b)  A ,  = 4Ao,  3Ao, 2Ao and A,; A, = 4Ao, A,  = 2Ao, (m, = 0.5, 
0,  67, 1, 2) ; m, = 0 . 5 ) .  ( ~ i g .  86, (d) ) . 

(1) The va lues  o f  t h e  v e n t i l a t i o n  f a c t o r  u/V a r e  s e t  f o r t h  i n  Table 127 and 
r ep resen ted  g r a p h i c a l l y  i11 Fig. 91. 

Table 27 

Comblnat ions  

- 
020244 
020243 (a) 020242 

Group 020241 
I V  

020442 

(b ) 
020342 
020242 
020142 

Values of V e n t i l a t i o n  Fac to r s  u/V (IV) 

(2 )  I n  both t h e  c a s e s  of  ( a )  and ( b ) ,  wi th  
m,  > 0 . 5  - 0.6, t h e  windward room tends  t o  have 
a  l a r g e  v e n t i l a t i o n  f a c t o r ,  but wi th  m ,  0 . 5  - 
0.6,  i t  i s  t h e  leeward room which has t h i s  
tendency. (Fig. 91 ) .  

(3) A t  t h e  mean v e n t i l a t i o n  f a c t o r  o f  the  
f r o n t  and back rooms t h e  leeward window (when 
A, = 4A,) i s  about 1 . 5  t imes  a s  l a r g e  a s  t h e  
windward window (when A, = 4Ao); and a t  t h e  
v e n t i l a t i o n  f a c t o r  o f  t h e  windward room i t  i s  
approximately twice  a s  much. (F ig .  9 1 ) .  

Windward Rooms (uf /V) 

Max Min Mean 

Fig. 91. E f f e c t s  of Windward 
and Leeward Windows, IV. 

( 4 )  A s  A ,  of' t he  leeward window inc reases ,  
t h e  v e n t i l a t i o n  f a c t o r ,  too ,  i n c r e a s e s ,  but a t  
A ,  = 3 - 4Ao (m = 1.5  - 1 2 . 0 ) ,  t h e  r a t e  o f  
i n c r e a s e  diminishes.  

Mean 
(ii/v) of 
2 rooms 

0.33 
0.30 
0.25 
0.12 

0.22 
0.26 
0.25 
0.15 1 

0.41 
0.36 
0.27 
0.11 

0.19 
0.27 
0.27 
0.20 

0.55 
0 . 4 7 '  
0.37 
0.17 

0.22 
0.33 
0.37 
0.38 

Leeward Room (%/V) 

mx Mln Mean 

( 5 )  When t h e  s i z e  of  t h e  windward window 
changes, t h e  maximum v e n t i l a t i o n  f a c t o r  i s  
i n  t h e  neighbourhood of A I  = 2. 5Ao ( m ,  = 0 .8 ) .  

. 
k- 

I f  A ,  i s  inc reased  beyond t h a t ,  t h e  v e n t i l a -  a 4 1  

t i o n  f a c t o r  r a t h e r  decreases .  ( ~ i ~ ,  91, $ 0 6  

Iv  (b )  a F'o~ 
$ 

(6)  From (4 )  and (5 )  i t  may be judged SO2 
L 

t h a t  t h e  most s u i t a b l e  a r e a - r a t i o  between t h e  0 . 1  2 J 4 5  0 1 2 3 4 5  

leeward and windward windows i s  m ,  = 1 - 2. A,/Ao 
B (a) /b) 

0.28 
0.26 
0.20 
0.09 

0.14 
0.20 
0.20 
0.15 

0.28 
0.24 
0.24 
0.17 

0.30 
0.29 
0.24 
0.13 

(7)  I f  u/V i n  the  equat ions  (86) i s  
r ep l aced  by E/V, we can observe  a  more o r  Flg. 92. Values of k IV ( a ) ,  

IV ( b ) .  
l e s s  s t r a i g h t  l i n e ,  a s  r ep resen ted  i n  Fie. 92, 
t hus  o b t a i n i n g  t h e  value E = 0.19  o r  0.17. 

0.22 
0.23 
0.22 
0.10 

0.23 
0.22 
0.22 
0.08 

0.25 
0.23 
0.23 
0.13 

0.25 
0.24 
0.23 
0.10 



L 

6.2.7 Area o f  Windows and Openings i n  P a r t i t i o n s  and V e n t i l a t i o r ,  Group V 

The ang le  o f  wind d i r e c t i o n ,  6 = 0,  arid t h e  p o s i t i o n  o f  t h e  room i s  2G. Two 
sub groups, ( a )  and ( b )  a r e  compared. They a r e  ~ ( a ) :  A ,  = A, = 4Ao, U,, 2A0, 
A,, A, = 4 ~ ~ ,  (mi  = l, m,  = 1, 0.75,  0.5, 0.825); ~ ( b ) :  A, = A ,  = 4 ~ , ,  a,, a,, 
A,, A 2  = A, (ml  = l, m, = 4, 3, '2, 1). (Fig. 8 6  ( e )  ) . 

(1) The va lues  o f  t h e  v e n t i l a t i o n  f a c t o r  u/V a r e  g iven  i n  Table  28 and Fig. 93. 

Table 28 
--P 

Values of Ventilation Factor u/V (V)  

Combinations 

(2) When openings i n  p a r t i t i o n s  a r e  l a r g e  
( P ,  = 4A0), t h e  mean v e n t i l a t i o n  f a c t o r s  o f  t h e  
windward and leeward  rooms a r e  almost t h e  same, . 0 4  

and t h e  v e n t i l a t i o n  f a c t o r  i n c r e a s e s  i n  propor-  , , 
t i o n  t o  t h e  a r e a  o f  windows (Fig.  93, ( a ) ) .  

0 2 
However t h e  r a t e  o f  such increase: d iminishes  

0 l from A ,  = 3Ao onwards. - 
0 1 2 3 4 5  0 1 2 3 4 5  

(3)  When t h e  operlings i n  t he  p a r t i t i o n s  A J/AO A3/A0 

a r e  smal l  ( A ,  = A , ) ,  t h e  v e n t i l a t i o n  f a c t o r  o f  m) 
Of 8o,ng1 / s p o r t  rroos bp,o,ngs r a p ,  L , (  eorrb 

t h e  windward room i s  exceedingly  smal l  compared A# 4 ~ ,  A , = A ~  A= - do A, =A, 

wi th  t h a t  of  t h e  leeward room. ( ~ i g .  93, V ( B )  ).  93. Sizes i n  
I n  t h i s  ca se  t h e r e  appears  a  p o i n t  of  a  very Partltlons and Ventlldtlon o f  
l a r g e  v e n t i l a t i o n  f a c t o r  i n  t h e  leeward room. Wlndows V. 
(Fig. 28, opening form, 414) .  

(a) 

G~~~~ 
v 

(b) 

(4)  When openings i n  p a r t i t i o n s  a r e  sma l l ,  
windows l a r g e r  t han  t h e  openings produce almost  
no e f f e c t  on t h e  windward room. (Fig. 93, 
V ( h )  iif/V curve)  . On t h e  o t h e r  hand, t h e  
v e n t i l a t i o n  f a c t o r  o f  t h e  leeward room i n c r e a s e s  
i n  p ropor t i on  t o  t h e  a r e a  o f  windows. (F'ig. 93, 
V ( L )  , z b / V )  curve)  . 

Mean 
@/v) of 
2 room 

0.38 
0.35 
0.25 
0.13 

0.32 
0.29 
0.22 

Wlndward Rooms (uf/V) Leeward Rooms (ub/V) 

020444 
020343 
020242 
020141 

020414 
020313 
020212 
020111 

(5) . I f  k i s  ob ta ined  from (;/V) by t h e  
W equat ion  ( 8 6 ) ,  E = 0.19 and 0.27 a r e  t h e  r e s u l t s .  p 

3 t o  

(Fig,  94) . N 
$ 0 8  F 0 8  

Q* 0 6  '-0 6 

6,12.8 The Arca o f  Openings i n  P a r t i t i o n s  and F' E 
1. 04. & o  4 

V e n t i l a t i o n ,  Group V 1  & * o  2 7 0  2 

Q Q Tlie c o n d i t i o n s  a r e :  The a n g l e  of  wind O f 2 3 4 5  0 1 2 3 4 5  

d i r e c t i o n ,  6 = 0 ,  t h e  p o s i t i o n  o f  t h e  roorr.-, i s  A 3 , A o  ~ J / A O  

q20. A 1  = A 3  =12Ao, A, = 4 4 ,  SAo, , 2 3 0 ,  A0 
P / b )  

(mi  = l, m, = 0.5,  0.67, 1, 2 ) .  (Fig. 86, ( f ) ) .  F t .  9 .  V R ~ U E S  3!' k J ~ I )  ~ 1 . 6  '[(h;. 

(1) The v a l u e s  o f  t h e  v e n t i l a t i o n  f a c t o r ,  u/V a r e  given i l l  Table 29 and 
Fig. 95. 

0.26 

Hax 

0.47 
0.42 
0.37 
0.36 

0.17 
0.19 
0.21 

Mln 

0.30 
0.27 
0.20 
0.08 

0.12 
0.18 
0.17 

!jean 

0.38 
0.35 
0.27 
0.24 

0.14 
0.19 
0.19 

0.10 1 0.13 

Max 

0.42 
0.38 
0.24 
0.11 

0.10 
0.70 
0.37 
0.19 

Mln 

0.33 
0.33 
5.22 
0.07 

0.20 
0.24 
0.20 

Mean 

0.37 
0.35 
0.23 
0.09 

0.49 
0.40 
0.26 

0.16 0.17 1 0.15 



Wlndward Rooms (uf/V) Leeward Rooms (ub/V) Mean 
Comblnatlons (\/V) of 

Mln Mean 2 rooms 

0.23 0129 
0.29 0.19 0.23 0.28 

0.27 0.36 0.22 0.28 0.28 
0.17 Oil9 0.37 0.22 0.27 0.23 

Table 29 

Values of V e n t l l a t l o n  Factors  u/V (V11 

(2)  The mean v e n t i l a t i o n  f a c t o r s  of t h e  
windward and leeward rooms a r e  0 .2  - 0 .3  and 
t h e  mean value o f  t h e  two rooms i s  very  n e a r l y  
a  cons tan t .  The maximum i s  found t o  be i n  
t h e  neighbourhood of  A ,  = 2Ao ( m ,  = 1) 
(Fig. 95 ) .  Thus from t h e  p o i n t  of  v i e w o f  

v e n t i l a t i o n ,  t h e  most s u i t a b l e  cond i t i on  is  
t h a t  when the s i z e s  o f  openings i n  p a r t i t i o n s  
a r e  t h e  same a s  t h o s e  of  windows. 

(3) Fig. 96  g i v e s  t h e  v a l u e s  of  B; 
E = 0 .24  when ob ta ined  f  ron~ E/V by (86)  . 
6.2.9 Arnount o f  V e n t i l a t i o n  

The amount of  v e n t i l a t i o n  is  Q = uA 
(equa t ion  ( 8 2 ) ) .  I f  ii = au i s  taken,  

E = ak 

Fig. 95. Area of 
Openlngs I n  P a r t l -  
t i o n s  and Vent i l a -  
t i o n  Fac tors  VI. 

A ~ / A ~  

~ l g .  96 Values 
of k VI. 

where k = a ( C , - C , ) -  I f 2  (A,/A) (87) 

A,/A = 75 X 42.5/225 X 150 = 0.0945, and a s  t he  wind v e l o c i t y  a t  t h e  opening i s  
under  3 (ni/sec),  we a r r i v e  a t  (Y. = 0.7 from Table 1 6  i n  5 .1 .3  of  
Chapter  5. Reynolds'  number f o r  t h e  model i n  t h e  experiment  c a r r i e d  ou t  by 
Prof .  Taniguchi (Ref. 12)  was o f  t h e  o r d e r  RV = 4 X 106. However, i n  t h e  p re sen t  
experiment ,  Reynolds'  number i s  o f  t h e  o r d e r  8 X 104 ,  SO we p u t  C ,  - C ,  = 1.12, then,  
k  = 0.06. The va lues  o f  k i n  Groups I11 - V 1  a r e  a s  g iven  i n  Table 30, and t h e  
mean va lue  i s  0.21. 

Fro111 h- = 0.06,  = 0.,21, we reach  (Y. = 3. 5. 
That i s  t o  say ,  t h e  mean v e n t i l a t i o n  f a c t o r  (G/v) 
o f  uni.t  rooms an~ounts  t o  approximately 3.5 t imes  
a s  much a s  t h e  va lue  c a l c u l a t e d  from equa t ion  (86 ) .  
When t h e  changes i n  t h e  v e r t i c a l  d i r e c t i o n  o f  t h e  
d i s t r i b u t i o n  o f  vrind v e l o c i t i e s  i n  a  room i s  taken  
i n t o  cons i d e r a t  i on  i t  i s  q u i t e  conce ivable  t h a t  
t h e  mean va lue  o f  t h e  measured va lues  o f  wind 
v e l o c i t i e s . o n  a  l e v e l  i n  t h e  c e n t r e  o f  a  roorn i s  
l a r g e r  t han  t h e  mean wind v e l o c i t y  o f  a s e c t i o n  Table 30 

of  t h e  room. 

. Groups l? 

Values of k 

I I I 
IV (a 

v (b) 
V I 

Mean 

There a r e  a  number o f  c a s e s  i n  which tif and ub, t h e  means o f  t h e  measured 
\ 

va lues  o f  windward and leeviard rooms & r e  n o t  equal  (Fig. 86 ) .  The w r i t e r  sugges t s  
t h a t  t h i s  must be due t o  tl ie f a c t  t h a t  t h e  f l u x  tubes  a r e  formed i n  t h e  rooms and 
t h e  p r e s s u r e  i s  b u i l t  up whsre t h e  mean v e l o c i t y  i s  smal l ;  and t h e  mean va lue  o f  
t h e  two rooms i s  p r o p o r t i o n a l  t o  t h e  mean wind v e l o c i t y  a c r o s s  a  s e c t i o n  of  t h e  
rooms. 

Suppose U = t h e  mean wind v e l o c i t y  of a  room, V = e x t e r n a l  wind ve loc i ty ,  
p,p = d e n s i t y  o f  a i r  and c o e f f i c i e n t  o f  v i s c o s i t y  r e s p e c t i v e l y ,  111, A,, Aa, A = 
a r e a s  o f  windward windows, openings  i n  p a r t i t i o n s ,  leeward, windovrs, and s e c t i o n  o f  
a  room, where t h e  opening r a t i o s  a r e  m,  - A,/A,, m 2  = A 3 / ~ 2 ,  h i  h 2  = shape f a c t o r s  
o f  bu i ld ings ,  h,, h,, h,, A ,  = r a t i o s  exp re s s in& the p o s i t i o n s  o f  windward and 
leeward rooms, t hen  by dimensional  a n a l y s i s ,  

0.22 
0.19 
0.17 
0.19 
0.27 
0.24 

0.21 
i 



Wlen t h e  above i s  compared wi th  (82) ;  c 
3 

G '61 (Ru) = a-1, c "$2 ( R V ) b 3  ( ' 1 ) ' 4 4  (AS') $ 8  ( A , )  = ( C l - ~ a )  

When Ru, RV, h  1 - h,, a r e  t h e  same i t  i s  p o s s i b l e  t o  make comparison6 regard ing  
o t h e r  q u a n t i t i e s  by equat ion  (82) o r  (86) .  From t h e  r e s u l t s  o f  experiments ,  too,  
i t  can be seen t h a t  i s  approximately cons t an t .   a able 30). The re fo re ,  t h i s  
procedure  can a l s o  be app l i ed  t o  f u l l - s i z e  o b j e c t s .  The amount o f  v e n t i l a t i o n  
i t s e l f  can be c a l c u l a t e d  by (82), b u t  t h e r e  a r e  p o i n t s  o f  d e t a i l  on t h i s  s u b j e c t  
which r e q u i r e  f u l l e r  s t u d i e s  i n  t h e  f u t u r e .  

POSTSCRIPT 

I n  concluding  t h i s  paper  t h e  w r i t e r  wishes t o  acknowledge t h a t  i n  t h e  cou r se  
o f  t h e  r e s e a r c h  work he rece ived  k ind  and u s e f u l  guidance from Prof .  Watanabe o f  
t h e  Facu l ty  o f  Engineering,  U n i v e r s i t y  o f  Tokyo, and t h a t  Prof .  Hirayama o f  t h e  
same f a c u l t y , .  t h e  w r i t e r ' s  former t u t o r ,  a l s o  gave him va luab le  adv ice  and 
unceas ing  a s s i s t a n c e .  Regarding t h e  wind t u n n e l  experiments i t  must be mentioned 
t h a t  Mr. Hama, a  member of  t h e  S c i e n t i f i c  and Engineering Research I n s t i t u t e ,  
U n i v e r s i t y  o f  Tokyo gave t h e  w r i t e r  i n v a l u a b l e  a s s i s t a n c e .  Also must be  mentioned 
t h e  names o f  t h e  c o l l a b o r a t o r s  i n  t h i s  r e sea rch :  Mr. K. Katsuno, t h e  w r i t e r ' s  
a s s i s t a n t ,  Mr. T. Terazawa, j u n i o r  a s s i s t a n t  i n  experiments  and M r .  H. Hashimoto, 
member o f  t h e  Research I n s t i t u t e  a f o r e s a i d  who a t t ended  t o  t h e  p r e p a r a t i o n  o f  t h e  
equipment f o r  t h e  experiments. The w r i t e r  can never  f o r g e t  t h e i r  e f f o r t s  i n  
coopera t ion .  Furtherq, t h e  Miri is t ry of Educat ion con t r ibu t ed  towards t h e  c o s t  o f  
t h e  exper iments  from t h e  fund f o r  S c i e n t i f i c  Research i n  t h e  Min i s t ry .  G r a t e f u l  
thanks a r e  due t o  a l l  t h e  people mentioned above. 


