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CONDUITS VERTICAUX POUR LE CONTROLE DU TRANSPORT 

DE L A  FUMEE DANS LE EDIFICES PAR VENTILATION NATURELLE 

Le mouvement de I'air cause par le tirage peut &re un rnoyen 

important par lequel la furnee se propage d'etage en etage. Avec 

un feu i un &age inferieur, la fumee se propage de 1'6tage du feu 

aux Btages superieurs principalernent par les conduits verticaux. 

Cette communication examine le contrble de la pression dans les 

conduits par ventilation naturelle afin dlemp&cher la fumee de 

penktrer dans un conduit, ou si elle penetre, de pourvoir les 

moyens de 1'6vacuer i I'exterieur. 

La ventilation par le haut augmente la contamination du conduit 

par la fumee; la ventilation par le bas encourage le transport de la 

furnee des etages contamines vers le conduit. Les facteurs affec- 

tant la grandeur optimale des events pour la ventilation du haut et 

du bas des conduits sont BtudiCs. La ventilation par le haut peut 

aider I'evacuation de la furnee causee par un incendie dans un 

conduit. La grandeur d'event requise, cependant, est plus grande 

que celle qui est requise dans \e cas d'un incendie B un Btage 

inferieur. 
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S m o k e ,  a s  a  r e s u l t  of f i re ,  is a  h a z a r d  t o  l i f e  no t  

on ly  t o  o c c u p a n t s  o n  t h e  f i re - f loor  but  a l s o  to  

o t h e r s  f a r  removed  from t h e  s o u r c e  of f i re .  S t u d i e s  

of s m o k e  movement  i n  b ~ i l d i n g s ' . ~ - 3 .  h a v e  s h o w n  

t h a t  w i t h  a  f i r e  i n  a  l o w e r  s t o r y ,  s m o k e  u n d e r  t h e  

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

upper  s t o r i e s  v i a  v e r t i c a l  s h a f t s , .  Many s t o r i e s  may  

b e c o m e  u n t e n a b l e  in  a  s h o r t  t i m e  a n d  s m o k e  i n  e l e -  

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

e v a c u a t i o n  a n d  i m p e d e  f i re  f i g h t i n g .  A s  t h e  t ime  

requi red  for  e v a c u a t i o n  i n c r e a s e s  w i t h  b u i l d i n g  

h e i g h t ,  l i f e  h a z a r d  c a u s e d  by s m o k e  i s  g r e a t e r  for  

t a l l e r   building^.^ 
T o  p r e v e n t  m o v e m e n t  of  s m o k e  from t h e  f i re -  

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

flow p a t t e r n  a c r o s s  o p e n i n g s  i n  t h e  w a l l s  of v e r t i -  

c a l  s h a f t s ,  s o  t h a t  s m o k e  i s  e i t h e r  p r e v e n t e d  from 

e n t e r i n g  a  s h a f t  o r  if i t  d o e s  is e x h a u s t e d  t o  ou t -  

s i d e .  T h i s  c a n  b e  a c h i e v e d  th rough  c o n t r o l  of s h a f t  

p r e s s u r e s ,  e i t h e r  by  m e c h a n i c a l  s u p p l y  o r  e x h a u s t  

or n a t u r a l  v e n t i n g .  T h i s  p a p e r  d e a I s  w i t h  t h e  

n a t u r a l  v e n t i n g  m e t h o d  of s m o k e  c o n t r o l ,  a n d  e x -  

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

v e r t i c a l  s h a f t s  a n d  v e n t  size r e q u i r e m e n t s .  T h e  

s t u d y  w a s  b a s e d  on a  m a t h e m a t i c a l  m o d e l  s i m i l a r  

t o  o n e  u s e d  i n  a  p r e v i o u s  s t u d y  of s m o k e  movement  

in b u i l d i n g s . '  T h e  r e s u l t s  o f  f i e l d  m e a s u r e m e n t s  o n  

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

G. T. Tamura and A .  G. Wilson are Research  Of f i ce rs ,  N a t i o n a l  

Research  Counc i l ,  D i v i s i o n  of Bu i ld ing  Research,  O t tawa ,  

Ontar io ,  Canada .  T h i s  paper was  prepared for presentat ion a t  

the A S H R A E  Annua l  Meet ing ,  Kansas C i t y ,  M issour i ,  June 28 - 
Ju ly  1, 1970. 

M A T H E M A T I C A L  M O D E L  

T h e  b a s i c  c o m p o n e n t s  o f  t h e  m a t h e m a t i c a l  model  

a r e  i l l u s t r a t e d  i n  F i g .  1. Major s e p a r a t i o n s  a r e  e x -  

t e r io r  w a l l s ,  w a l l s  of v e r t i c a l  s h a f t s ,  a n d  f l o o r s .  

T o  r e p r e s e n t  v a r i o u s  s h a f t s  i n  a  b u i l d i n g ,  2 v e r t i -  

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

for  v a r y i n g  t h e  s i z e  of o p e n i n g s  t o  o u t s i d e  a t  t h e  

t o p  a n d  bo t tom.  L e a k a g e  a r e a s  i n  t h e  m a j o r  s e p a r a -  

t i o n s  a r e  lumped  a n d  r e p r e s e n t e d  by o r i f i c e  a r e a s  

Aw, As', As2' a n d  Af. 

T h e  v a l u e  of o u t s i d e  a b s o l u t e  p r e s s u r e  Pol 

( F i g .  1) is t a k e n  a s  normal  a t m o s p h e r i c  p r e s s u r e .  

In t h e  a b s e n c e  of w i n d  e f f e c t s ,  o u t s i d e  a i r  p r e s -  

s u r e s  a t  o t h e r  l e v e l s  d e p e n d  o n l y  o n  t h e  d e n s i t y  of 

o u t s i d e  a i r .  I n s i d e  p r e s s u r e s  a t  v a r i o u s  l e v e l s ,  a t  

mid-he igh t  of s t o r i e s ,  P f ,  a r e  i n t e r r e l a t e d  by t h e  

w e i g h t  of t h e  co lumn of i n s i d e  a i r  b e t w e e n  l e v e l s  

a n d  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  f l o o r s .  I n s i d e  

p r e s s u r e s  a t  v a r i o u s  l e v e l s  i n  t h e  s h a f t ,  Ps, a r e  

i n t e r r e l a t e d  o n l y  by t h e  w e i g h t  of  t h e  c o l u m n  of 

s h a f t  a i r ,  a s s u m i n g  t h e r e  is n o  f r ic t ion  p r e s s u r e  

d rop  in t h e  v e r t i c a l  s h a f t .  

T h e  prob lem i s  t o  d e t e r m i n e  t h e  v a l u e s  of i n s i d e  

p r e s s u r e s  wi th  w h i c h  a  m a s s  f low b a l a n c e  c a n  be  

o b t a i n e d  for  e a c h  s t o r y  a n d  for  t h e  v e r t i c a l  s h a f t .  

A  c o m p u t e r  program w a s  f o r m u l a t e d  u s i n g  a n  i t e r a -  

t i v e  t e c h n i q u e  t o  s o l v e  for  a l l  u n k n o w n  i n s i d e  p r e s -  

s u r e s .  I t  w a s  d e s i g n e d  t o  permi t  v a r i a t i o n  i n  t h e  

number  of s t o r i e s ,  i n  t h e  s i z e  of v a r i o u s  e q u i v a l e n t  

o r i f i c e  a r e a s ,  a n d  i n  t h e  v a l u e s  of o u t s i d e  a n d  in -  

s i d e  d e n s i t i e s .  

T h e  e q u i v a l e n t  l e a k a g e  a r e a s  w e r e  b a s e d  o n  a i r  



S H A F T  11  SHAFT 2 
Fig. I M a ~ h ~ r n a t z c a l  model .  

leakage measurements in 4 tall office buildings,> 

and are a s  follows: 

A, :A, : Af = 2.5 : 5.0: 3.75 sq f t  

where A, i s  the sum of the leakage 

areas  in the walls of a l l  vertical shafts.  

These leakage areas  are for each story and, for 

niost of the calculations, are assumed to be the 

same for a l l  s tor ies  

The performance of exterior vents in vertical 

shafts  depend on the distribution of pressure dif- 

ferences across  major separations caused by s tack 

action which in turn depends on the relative resis-  

tances or ratios of leakage areas  of the major sep-  

arations. The ratios of leakage areas  for the model 

building are: 

A, :As :Af= 1 .0 :2 .0 :  1.5 

These ratios are assumed to be typical for build- 

ings of varying height and plan dimensions and 

were used in most of the computer calculations. 

STACK ACTION AND TOP VENTING 
OF VERTICAL SHAFTS 

Fig. 2 shows the pressure difference pattern across  

the major separations of a 20-story model building 

caused by s tack action with an outside temperature 

of 0 F .  The equivalent orifice leakage areas  as -  

sumed for the major separations are A, : A,: Af = 

2.5 : 5.0:  3.75 s q  f t .  The value of A, i s  the sum of 

the leakage areas  of vertical shaft 1, A,, = 4.5 s q  

ft ,  and vertical shaft 2, As2 = 0.5 s q  ft. Both top 

and bottom vent openings of shafts  1 and 2 are 

closed. Because the changes in absolute pressure 

with height (both inside and outside the building) 

are much greater than the resultant pressure dif- 

ferences across  major separations, i t  i s  difficult 

to indicate the values of these differences on an 

absolute pressure plot. Fig. 2 was constructed, 

therefore, with the outside pressure line drawn to 

an arbitrary, but convenient, slope. The inside pres- 

sure l ines  were then referenced to it, using the 

computed pressure differences with the pressure 

difference s ca l e  shown on the figure. 

Fig. 3 shows the resultant air flow pattern 

caused by s tack action a s  indicated by the pressure 

difference pattern given in Fig. 2. Air flows into 

the building through the outside wall below the 

level of the neutral pressure plane, up through 

floors and vertical shafts  and out through the ex- 

terior wall above the level of the neutral pressure 

plane. The total infiltration rate into the building i s  

1470 lb/min with 1279 lb/min into shaft 1 and 142 

lb/min into shaft 2, with the remainder through 

openings in the floors. Because of the se r ies  flow 

resistance represented by floor openin'gs, the air  

flow rate up through floors i s  small and most of the 

upward flow of air occurs in the vertical shafts.  

I f  smoke i s  assumed to follow the air  flow pat- 

tern shown in Fig. 3, smoke migrates (through the 

vertical shafts)  from any fire-floor below the neutral 

1 8 t  \ \ \ b P  - I N C H E S  O F  WATER 

A P  A C R O S S  F L O O R S  

b P  A C R O S S  W A L L S  

v1 
O F  S H A F T  1  A N D  2  

N E U T R A L  P L A N E  O F  
S H A F T  1  A N D  2 

r 3  1 0  

- O U T S  l DE W A L L S  

S H A F T  1  A N D  2 
P R E S S U R E S  O U T S 1  DE 

P R E S S U R E  BETWEEN 
P R E S S U R E  

L E A K A G E  A R E A S  
F L O O R S  

A w  ' 2 . 5  SQ FT 
Asl = 4 . 5  
A s 2  = 0 . 5  

2 
A F  ' 3 . 7 5  

O U T S I  DE T E M P E R A T U R E - 0  F  

' A B S O L U T E  P R E S S U R E  -+ 

Pig. 2 Pressure  pattern c ~ z u s e d  b y  s t u c k  rrction. 



p l a n e  i n t o  s t o r i e s  a b o v e .  B y  p r o v i d i n g  a n  o p e n i n g  

a t  t h e  t o p  of t h e  s h a f t ,  s m o k e  i n  t h e  s h a f t  i s  v e n t e d  

t o  o u t s i d e ,  t h u s  r e d u c i n g  s m o k e  c o n t a m i n a t i o n  of 

u p p e r  s t o r i e s .  T h i s  m e t h o d  of o v e r c o m i n g  s m o k e  

t r a n s f e r  th rough  v e r t i c a l  s h a f t s  c a n  b e  c o n s i d e r e d  

for s h a f t s  t h a t  a r e  n o t  i n t e n d e d  for  o c c u p a n c y  o r  

e v a c u a t i o n .  

O p e n i n g  t h e  v e n t  a t  t h e  t o p  of t h e  v e r t i c a l  s h a f t  

w i l l  r a i s e  t h e  l e v e l  of t h e  n e u t r a l  p r e s s u r e  p l a n e  of 

t h e  s h a f t  s o  t h a t  t h e  n u m b e r  of s t o r i e s  from w h i c h  

a i r  f l o w s  into t h e  s h a f t  i s  i n c r e a s e d  a n d  c o r r e s p o n -  

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

from t h e  s h a f t  i s  r e d u c e d .  F o r  a g i v e n  b u i l d i n g  c o n -  

f i g u r a t i o n ,  t h e  e x t e n t  of i n c r e a s e  i n  t h e  h e i g h t  of 

t h e  n e u t r a l  p r e s s u r e  p l a n e  d e p e n d s  o n  t h e  v e n t  s i z e  

a n d  l o c a t i o n .  T h e  op t imum v e n t  s i z e  i s  t h a t  w h i c h  

r a i s e s  t h e  l e v e l  of t h e  n e u t r a l  p r e s s u r e  p l a n e  t o  t h e  

I e v e l  of t h e  t o p  s t o r y  s o  t h a t  a i r  from a l l  s t o r i e s  b e -  

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

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

t h e  v e r t i c a l  s h a f t  i s  0 a n d  h e n c e  t h e r e  i s  n o  a i r  f low 

i n t o  o r  o u t  of t h e  s h a f t  a t  t h i s  l e v e l .  

F o r  t h e  2 0 - s t o r y  m o d e l  bu i ld ing ,  t h e  op t imum 

v e n t  s i z e  fo r  s h a f t  1 ( l e a k a g e  a r e a / s t o r y  of 4 .5  s q  

ft)  w a s  c o m p u t e d  t o  b e  9 2  s q  f t  w i t h  t h e  v e n t  o p e n -  

ing  l o c a t e d  o n e  s t o r y  h e i g h t  a b o v e  m i d - l e v e l  of t h e  

top  o c c u p i e d  s t o r y .  F i g .  4  s h o w s  t h e  r e l a t i v e  v a l u e s  

of a b s o l u t e  p r e s s u r e s  w i t h  h e i g h t  w i t h  t h e  t o p  v e n t s  

c l o s e d  a n d  a l s o  w i t h  t h e  t o p  v e n t  of s h a f t  1 o p e n  

S H A F T  1  
T O P  V E N T  CLOSED- /.SHAFT 2  

N E U T R A L  

P L A N E S  P R E S S U R E  - #:[if- - 

O U T S I D E  0 F 
I N S I D E  7 5  F  

T O T A L  L E A K A G E  R A T E  

B U I L D I N G  - 1 4 7 0  L B l M l N  
S H A F T  1  - 1 2 7 9 L B I M I N  
S H A F T  2  - 1 4 2 L B I M I N  

NOTE. A R I I O U I  i\KL hU7 1 0  LC.\I  b 

Fig .  3 n i ~  /lozci pcrttcrtl caused  b y  stack ac t ion  with f o p  

z~ent o/  shal t  1 closed.  

I A P  ACROSS TOP VENT 

A B S O L U T E  P R E S S U R E  + 

F I ~ .  4 Pressltre pattern crtr~secl by  s lack  act lon wr t l~  top 

ocntlnji o/ shcr/t 1 .  

to  o u t s i d e .  With t h e  t o p  v e n t  of s h a f t  1 o p e n ,  p r e s -  

s u r e s  in s h a f t  1 a r e  r e d u c e d  a s  a n t i c i p a t e d ,  r e s u l t -  

i n g  in a s h i f t  i n  t h e  p r e s s u r e  l i n e  t o  t h e  l e f t .  A t  t h e  

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

s h a f t  2  a r e  s u b s t a n t i a l l y  r e d u c e d  b e c a u s e  of t h e  

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

a n d  t h e  s p a c e  b e t w e e n  f l o o r s  in  t h i s  e x a m p l e .  T h e  

n e u t r a l  p r e s s u r e  p l a n e  of s h a f t  1 w i t h  t h e  t o p  o p e n  

i s  l o c a t e d  a t  t h e  2 3 t h  s t o r y  w i t h  a i r  f low i n t o  s h a f t  

1 from f l o o r s  b e l o w  t h e  n e u t r a l  p r e s s u r e  p l a n e .  T h e  

l o c a t i o n  of t h e  n e u t r a l  p r e s s u r e  p l a n e  of s h a f t  2  i s  

a p p r o x i m a t e l y  t h e  s a m e  a s  b e f o r e .  T h e  n e u t r a l  p r e s -  

s u r e  p l a n e  of t h e  b u i l d i n g  i s  r a i s e d  from t h e  1 1 t h  to  

t o  t h e  1 9 t h  s t o r y  w h i c h  a l m o s t  d o u b l e s  t h e  p r e s s u r e  

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

l e v e l .  

F i g .  5  s h o w s  t h e  r e s u l t a n t  a i r  f low p a t t e r n  o b -  

t a i n e d  from F i g .  4 .  With a f i r e  in a  l o w e r  f loor ,  

s m o k e  i n  s h a f t  1 i s  e x h a u s t e d  t o  o u t s i d e  w i t h o u t  

c o n t a m i n a t i n g  t h e  u p p e r  s t o r i e s .  S m o k e  c o n t a m i n a -  

tion of u p p e r  s t o r i e s  c a n  s t i l l  o c c u r  v i a  v e r t i c a l  

s h a f t  2  a l t h o u g h  t h e  a m o u n t  i s  r e d u c e d .  With t h e  

top  v e n t  of s h a f t  L o p e n ,  t h e  t o t a l  i n f i l t r a t i o n  r a t e  

i n t o  t h e  b u i l d i n g  i s  i n c r e a s e d  from 1 4 7 0  lb /min  t o  
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F I R  5 i \ i r  l l o ~ r ~  [ lNttmr? C L I I I S P ~  st( lck CIC I I O T Z  U J I / / )  top 

l i rn t lng o/ sLo/ /  1. 

3762  lb /min .  T h e  v e r t i c a l  f low r a t e  i n  s h a f t  1 i s  

3695 Ib /min .  a n d  i n  s h a f t  2 i s  144 l b / m i n .  

In t h i s  e x a m p l e ,  v e r t i c a l  s h a f t s  r e p r e s e n t i n g  90% 

of t o t a l  s h a f t  l e a k a g e  a r e a / s t o r y  w e r e  v e n t e d  t o  o u t -  

s i d e .  T h i s  r e s u l t e d  i n  h e a v y  v e n t i n g  of t h e  b u i l d i n g  

to t h e  o u t s i d e ,  a  r e d u c t i o n  of p r e s s u r e s  b e t w e e n  

f l o o r s  a n d  i n  t h e  s h a f t s  a n d  a c o r r e s p o n d i n g  reduc-  

tion in  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  t o p  v e n t .  

If t h e  v e n t e d  s h a f t s  r e p r e s e n t e d  a s m a l l e r  p e r c e n t -  

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

the  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  t o p  v e n t  would  b e  

l e s s  a n d ,  t h e r e f o r e ,  l e s s  v e n t  a r e a  would  b e  re-  

q u i r e d .  

F i g .  6  g i v e s  t h e  c a l c u l a t e d  op t imum v e n t  s i z e s  

for b u i l d i n g s  wi th  r a t i o s  of  l e a k a g e  a r e a s  of 

A, : A s  : A( -- 1.0 : 2 . 0 :  1.5. T h e  v e n t s  a r e  a s s u m e d  t o  

b e  l o c a t e d  1 s t o r y  h e i g h t  a b o v e  m i d - l e v e l  of t h e  t o p  

o c c u p i e d  s t o r y .  T h e  r e q u i r e d  v e n t  s i z e  for  a g i v e n  

b u i l d i n g  h e i g h t  i s  e x p r e s s e d  a s  a ra t io  of v e n t  s i z e  

to  s h a f t  l e a k a g e  a r e a / s t o r y .  V e n t  a r e a  requ i re -  

m e n t s  a r e  a  f u n c t i o n  of  t h e  r a t i o  of l e a k a g e  a r e a /  

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

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

ra t io .  

A s  s h o w n  in F i g .  6 ,  t h e  r e q u i r e d  v e n t  s i z e  in -  

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

wi th  a n  i n c r e a s e  i n  t h e  l e a k a g e  a r e a s  of  t h e  v e n t e d  

s h a f t s .  F o r  a g i v e n  s h a f t ,  t h e  requ i red  v e n t  s i z e  in-  

c r e a s e s  a s  t h e  number  of s h a f t s  t o  b e  v e n t e d  i s  i n -  

c r e a s e d .  When t h e  l e a k a g e  a r e a  of a n  e x t e r i o r  w a l l  

i s  l e s s  t h a n  t h a t  i n d i c a t e d  in  F i g .  6 ,  requ i red  v e n t  

s i z e s  a r e  s m a l l e r  t h a n  t h o s e  s h o w n  i n  t h e  f igure  

a s  t h e  f low r a t e  th rough  t h e  e x t e r i o r  w a l l  a n d  h e n c e  

th rough  t h e  v e r t i c a l  s h a f t  i s  d e c r e a s e d ;  c o n v e r s e l y ,  

when  t h e  l e a k a g e  a r e a  i s  g r e a t e r ,  t h e  r e q u i r e d  v e n t  

s i z e s  a r e  g r e a t e r  t h a n  t h o s e  i n d i c a t e d  i n  F i g .  6. 
I n c r e a s i n g  t h e  h e i g h t  of t h e  v e n t  a b o v e  t h e  t o p  

s t o r y  o r  p e r m i t t i n g  t h e  n e u t r a l  p r e s s u r e  p l a n e  of  the 

s h a f t  t o  b e  l o c a t e d  a  few s t o r i e s  b e l o w  t h e  t o p  o n e  

( t h u s  a c c e p t i n g  s o m e  s m o k e  c o n t a m i n a t i o n  of u p p e r  

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

s i z e .  If t h e  v e n t s  w e r e  l o c a t e d  a t  t h e  s a m e  l e v e l  a r  

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

would  be  r e d u c e d  by t h e  s t a c k  e f f e c t  a s s o c i a t e d  

with t h e  h e i g h t  of 1 s t o r y  ( s e e  F i g .  4 )  a n d  t h e  o p t i -  

mum v e n t  s i z e  would  b e  c o r r e s p o n d i n g l y  g r e a t e r .  

V e n t i n g  of e l e v a t o r  s h a f t s  i n  t h e  e v e n t  of f i r e  

i s  o f t e n  s p e c i f i e d  in  b u i l d i n g  c o d e s .  F i g . 7  s h o w s  

the  op t imum v e n t  s i z e  f o r  e l e v a t o r  s h a f t s  a s  a  func-  

t ion of b u i l d i n g  h e i g h t  w h e n  t h e  l e a k a g e  a r e a s  of 

t h e  v e n t e d  e l e v a t o r  s h a f t s  r e p r e s e n t  80% of t h e  t o t a l  

s h a f t  l e a k a g e  a r e a .  T h e  requi red  v e n t  a r e a s  w e r e  

c a l c u l a t e d  from F i g .  6 a n d  e x p r e s s e d  a s  a  p e r c e n t -  

a g e  of h o i s t w a y  c r o s s - s e c t i o n a l  a r e a .  T h e  t o t a l  

e q u i v a l e n t  l e a k a g e  a r e a / s t o r y / c a r  w a s  a s s u m e d  

to b e  1.0 s q  ft' a n d  t h e  h o i s t w a y  a r e a / c a r  w a s  

t R A T I O  O F  L E A K A G E  A R E A S  
A W : A , : A F m  1 . 0 : 2 . 0 : 1 . 5  

I L E G E N D  
- . - -  

A,, = L E A K A G E  A R E A  P E R  S T O R Y  
x 1 0 0  
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F1g. 6 Opt lmu tn  s l zc  u/ top ucnr lor ucrt ical  s h a l ~ s .  



assumed to be 64 sq  f t , .  I f  50% of the shaft cross- 

sectional area i s  assumed to be the practical maxi- 

mum vent area,  the corresponding maximum building 

height i s  30 stories.  The vent area specified in 

some building standards6,' i s  3%% of the hoistway 

area which on the above basis  i s  adequate for a 

building height of l e s s  than 10 s tor ies .  

Pressure measurements were conducted on a 38- 

story building at  an outside air temperature of 28 F 

to determine the influence of shaft venting. This  

building contains a shaft,  enclosing 9 elevators,  

with 2 top vents; the total vent area i s  equal to 20 

sq f t  or 3.0% of the hoistway area. I f  the leakage 

area into the vertical shaft is assumed to constitute 

80% of the total vertical shaft area, the required 

vent s i z e  from Fig. 7 i s  approximately 80% of the 

hoistway area. The vent for this elevator shaft  

appears to be greatly undersized for the prevention 

of smoke transfer to upper floors,. 

Pressure measurements indicated that the neutral 

pressure level of the elevator shaft i s  normally 

located a t  the 14th story. When the smoke vents 

were opened, with the air handling system on, the 

neutral pressure level of the elevator shaft  was 

0  
20 4  0  6 0  8 0  
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raised from the 14th to the 22nd story. With the air 

handIing system off, the neutral pressure level was 

raised to the 26th story. These measurements in- 

dicate that with the air handling system on, the 

existing vents are only partially effective and in 

the event of fire, smoke contamination of stories 

above the 22nd can occur via the elevator shaft.  

With the air handling system off, air ducts act  a s  

additional vertical shafts  and increase the total 

shaft leakage area. The ratio of leakage of the 

vented shaft  to total shaft leakage area i s  there- 

fore decreased and, a s  indicated in Fig. 6, the ef- 

fectiveness of the vent i s  increased. This  was con- 

firmed by the increase in the level of the neutral 

plane with the air handling system off. 

So far, vent s i z e  requirements for vertical shafts  

have been discussed in relation to the venting of 

smoke entering the shaft from a fire-floor a s  a result 

of s tack  action caused by a difference in inside and 
I outside temperature. Vent s i ze  requirements were 

also computed for the ca se  of fire in a vertical 

shaft. With equal inside and outside air tempera- 

tures, an elevated shaft  air temperature induces air 

flow into the shaft  a t  lower s tor ies  and air flow out 

I at upper s tor ies ;  a similar air flow pattern i s  in- 

duced across  the outside wall.' In the remaining 

shafts  the air flow pattern i s  reversed with inflow 

at the top and outflow at  the bottom. A fire in a 

shaft produces, therefore, a potential for smoke con- 

tamination throughout the building. 

Assuming a vent location the height of one story 

above mid-level of the top story, the vent s i z e  re- 

quired to raise  the neutral pressure level of a 

heated shaft  to the top story can be approximated 

by the following equation: 

where A, = required vent s i z e ,  sq f t  

p, = density of shaft air, lb/ft3 

Pr = density of air in floors, lb/ft3 

A, = leakage area in shaft /s tory,  sq f t  

n - total number of s tor ies  

Eq (1) i s  derived from a mass balance for the 

heated shaft without accounting for the effect of 

leakage openings in the outside walls and in the 

walls of the remaining shafts .  Consideration of the 



air flow resistance of these components results in 

a vent s i z e  greater than that indicated by Eq (1). 

Vent s i z e s  determined from Eq (1) for a shaft  at an 

elevated temperature are generally much greater 

than those given in Fig. 7,  For example, the s i z e  

of vent required to vent smoke entering an elevator 

shaft from a fire-floor in a 20-story building i s  1 8  

sq f t  according to Fig. 7; whereas the s i z e  of vent 

required to vent smoke originating in an elevator 

shaft a t  a temperature of 500 F i s  103 s q  f t .  This  i s  

much greater than the hoistway area of 64 sq f t .  If 

50% of the hoistway area i s  assumed to be the maxi- 

m u m  practical vent s i z e ,  venting of the elevator 

shaft to prevent smoke contamination of adjacent in- 

terior spaces  i s  limited to a building height of ap- 

proximately 10 s tor ies .  For  tall  buildings, vent 

s i z e s  determined from Eq (1) are prohibitive; if 

smaller vent s i z e s  are used, smoke contamination 

of the building can be expected. The prevention of 

fires in vertical shafts  i s  therefore particularly 

important. 

STACK ACTION AND BOTTOM 
VENTING OF VERTICAL SHAFTS 

When the air temperature outside a building i s  

below that inside, venting of vertical shaf t s  a t  the 

top decreases  shaft  pressures relative to pressures 

between floors. This  decreases  the outflow of 

smoke from the shaft  into the adjacent spaces  but 

increases  the flow of smoke from the fire-floor into ~ 

the shaft.  A shaft  vented at  the top cannot,  there- 

fore, be used for evacuation* Locating the vent a t  

the bottom of the shaft ,  however, c ause s  shaft pres- 

sures  to increase relative to those in adjacent 

spaces ,  and t h u s  decreases  the flow of smoke from 

these spaces  into the shaft. With reference to Fig. 2 

the shaft  pressure i s  shifted to the right and with 

adequate vent s iz ing the neutral pressure plane i s  

lowered to the 1s t  story. This  results in an outflow 

of a i r  from the vertical shaft into al l  s tor ies  with 

the exception of the l s t ,  where outside air enters 

the vertical shaft  through the bottom vent. 

The s i z e  of vent required to equalize the pres- 

sure in the shaft and adjacent space in the 1s t  story 

with vents located at  the 1 s t  story level i s  some- 

what greater than that given in Fig. 6 for top vents 

located 1 story height above the neutral pressure 

plane of the shaft.  Furthermore, with bottom venting, 

inflow of outside air causes  a lowering of the shaft 

air temperature and a distortion of the air  pressure 

profile in the shaft. This  may adversely affect the 

vertical distribution of air pressure differences 

across  the shaft  wall under some conditions. 

Bottom venting of s ta i r  shafts  can be readily 

achieved by opening a stairwell door leading 

directly to outside a t  a lower level.  A single door 

represents a vent area of about 20 sq  ft. The leak- 

age area/s tory for a stairwell shaft will depend 

upon the tightness of the door and wall construction. 

Measurements on 2 buildings1 gave a total leakage 

area/story of about 0.3 s q  f t  (with doors closed).  

On the bas i s  of Fig. 6 and these areas, an outside 

door would provide adequate venting of stairwells 

for most buildings. 

Measurements were conducted on a 10-s tory 

building with a heated stairwell adjacent to the 

exterior wall. To measure air temperature in the 

stairwell,  thermocouples were installed at  the 

l s t ,  3rd, 5th, 7th, and 9th story levels .  T o  measure 

pressure differences across  the stairwell doors, 

pressure taps were inserted under the 2nd, 3rd, 4th, 

5th, 7th, 9th, and 10th stairwell doors. Table I 

gives the air temperatures in the stairwell shaft  and 

the pressure differences across  the s tairwell  doors, 

with the exit  door to outside on the ground story 

both open and closed.  The  temperature and pressure 

difference readings with the exit  door open given in 

Table I were taken j/Z hour after the exit  door was 

opened, when a quasi-steady s t a t e  thermal condi- 

tion was reached. 

With the exit  door closed, the shaft air tempera- 

ture was 73 F and the neutral plane was located at  

the 8th story level;  air flowed into the stairwell 

from the s tor ies  below this level and out of the 

shaft above this level.  With the exit  door open 

and a l l  other s ta irwell  doors closed, the shaft air 

temperature at  the 1 s t  story level decreased to 40 F ,  

the reduction in temperature decreasing with height. 

Pressure measurements across  the stairwell doors 

indicated that the pressure in the shaft  was higher 

than the pressure in the floors resulting in an out- 

flow of air from the shaft into a l l  s tor ies .  

When the 2nd floor stairwell door was  opened, 

along with the exit  door, the shaft  air temperature 

at the 1 s t  story level  was 40 F a s  before but the 

temperature drop a t  other levels in the shaft was 

:;luch l e s s .  Pressure differences across  the various 

inside stairwell doors were reduced, but the direc- 

tion of air flow was s t i l l  from shaft to adjacent 

spaces  at a l l  levels .  With only the exit  and 9th- 

floor stairwell doors open, there was a greater air 
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E F F E C T  O F  B O T T O M  V E N T I N G  O F  S T A I R W E L L  

S H A F T  O F  A T E N  S T O R Y  B U I L D I N G  

EXIT DOOR CLOSED 

Fzg. S .  I /cnt /ng o /  s trr~rwel l  shalt at the second  /loor o/  

38-story bz~zlcltng. 

Notes: ( a )  t alr  inf low into s t a ~ r w e l l  shaf t .  

- al r  outf low from s t a i r w e l l  shaf t .  

(b) outside temperature, 22 F. 

EXIT DOOR OPENED 

0  0. 20 

- 
- 0 
- . O  

- . O  

- a 
- 
- 0 

- 
- 
- OUTS1 DE TEMP 26 F 

- LEGEND 
0 NORMAL 

- 
o STAIR SHAFT 

- VENTED TO OUTS I  DE 

AT SECOND STORY - 

- 
- 

- 
- 
- 0 .  

- 

- 0 .  

AIRFLOW FROM STAIR - 
SHAFT INTO ADJACENT 

- INTERIOR SPACE O  

- 
- 
- 

I I I 

PLAZA 2 

1 

flow r a t e  th rough  t h e  s h a f t  a n d  a  c o r r e s p o n d i n g  

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

l e v e l s .  T h e  f l o w  d i r e c t i o n  a c r o s s  t h e  s t a i r w e l l  

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

a i r  i n f i l t r a t i o n  i n t o  t h e  s h a f t  from t h e s e  s t o r i e s .  

T h e  e f f e c t  o f  v e n t i n g  a  s t a i r w e l l  a t  t h e  bo t tom 

w a s  a l s o  i n v e s t i g a t e d  on a  38-s to ry  b u i l d i n g .  O n e  

s t a i r w e l l  i n  t h i s  b u i l d i n g  i s  o f f s e t  a t  t h e  2 n d  s t o r y  
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by a  s h o r t  c o r r i d o r  h a v i n g  a  d o o r  t o  a n  o u t s i d e  p l a z a .  

D o o r s  s e p a r a t e d  t h i s  c o r r i d o r  from t h e  s t a i r w e l l  

a b o v e  a n d  b e l o w .  

P r e s s u r e  d i f f e r e n c e s  a c r o s s  s e v e r a l  s t a i r w e l l  

d o o r s  w e r e  m e a s u r e d  w i t h  a l l  s t a i r w e l l  d o o r s  c l o s e d ,  

a n d  a l s o  wi th  t h e  s t a i r w e l l  s e r v i n g  t h e  upper  s t o r i e s  

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

d o o r s  i n  t h e  cor r idor .  Ai r  t e m p e r a t u r e s  i n  the  s h a f t  

w e r e  n o t  m e a s u r e d .  O u t s i d e  a i r  t e m p e r a t u r e  w a s  

2 6  F. T h e  r e s u l t s  of t h e  p r e s s u r e  m e a s u r e m e n t s  

a r e  g i v e n  i n  F i g .  8. With a l l  s t a i r w e l l  d o o r s  a n d  the  

o u t s i d e  d o o r  t o  t h e  p l a z a  c l o s e d ,  t h e  d i r e c t i o n  of 

a i r  f low w a s  i n t o  t h e  s t a i r w e l l  f rom t h e  2 n d  to t h e  

33rd  s t o r y  a n d  o u t  of t h e  s h a f t  a b o v e  t h i s  s t o r y .  

O p e n i n g  t h e  bo t tom of t h e  s t a i r w e l l  t o  o u t s i d e  

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

f low o u t  of t h e  s h a f t  from t h e  2 n d  t o  t h e  20 th  s t o r y  

l e v e l s .  A i r  f low i n t o  t h e  s h a f t  o c c u r r e d ,  h o w e v e r ,  

from t h e  2 0 t h  to  t h e  33rd  s t o r y ,  a l t h o u g h  t h e  r a t e  of  

a i r  i n f l o w  w a s  d e c r e a s e d  a s  i n d i c a t e d  by t h e  reduc-  

t ion  i n  p r e s s u r e  d i f f e r e n c e s .  
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A d d i t i o n a l  s t u d i e s  of bo t tom v e n t i n g  w a s  m a d e  

on a  2 - c a r  e l e v a t o r  s h a f t  in a  1 7 - s t o r y  b u i l d i n g .  

O u t s i d e  a i r  t e m p e r a t u r e  w a s  2 8  F. P r e s s u r e  d i f f e r -  

e n c e s  a c r o s s  e l e v a t o r  d o o r s  a n d  s h a f t  a i r  t empera-  

t u r e s  w e r e  m e a s u r e d  i n  s e v e r a l  s t o r i e s .  T h e  e l e -  

v a t o r  c a r s  w e r e  p o s i t i o n e d  a t  t h e  b a s e m e n t  l e v e l .  

I n i t i a l l y ,  t h e  2 e l e v a t o r  d o o r s  on t h e  ground  s t o r y  

w e r e  o p e n ,  but  c o v e r e d  wi th  p lywood s h e e t s .  P r e s -  

s u r e  m e a s u r e m e n t s  i n d i c a t e d  t h a t  t h e  n e u t r a l  p r e s -  

s u r e  p l a n e  of t h e  e l e v a t o r  s h a f t  w a s  l o c a t e d  a t  t h e  

9th s t o r y  l e v e l .  M e a s u r e m e n t s  w e r e  a l s o  m a d e  wi th  

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

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

g i v e  a n  o p e n i n g  of 1 5  s q  ft .  In a n o t h e r  s t u d y  of a i r  

t i g h t n e s s  of  s h a f t s ,  a  t o t a l  l e a k a g e  a r e a / s t o r y / c a r  

of a p p r o x i m a t e l y  1 s q  ft w a s  o b t a i n e d .  O n  t h e  b a s i s  

of F i g .  6 ,  t h e  e l e v a t o r  d o o r  o p e n i n g  w o u l d  a p p r o x i -  

m a t e  t h e  op t imum v e n t  s i z e ,  a s s u m i n g  a  r a t i o  of 

v e n t e d  s h a f t  t o  t o t a l  s h a f t  l e a k a g e  a r e a / ' s t o r y  of 

0.4. A l t h o u g h  t h e  e l e v a t o r  s h a f t  t e m p e r a t u r e  w a s  

r e d u c e d  t o  5 5  F a t  t h e  1 s t  s t o r y  l e v e l ,  wi th  l e s s e r  

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

s u r e  m e a s u r e m e n t s  a c r o s s  e l e v a t o r  d o o r s  i n d i c a t e d  

t h a t  a i r  f low o c c u r r e d  from t h e  s h a f t  to  a d j a c e n t  

s p a c e s  from t h e  2 n d  s t o r y  up.  T h e s e  m e a s u r e m e n t s  

d e m o n s t r a t e  t h e  p o s s i b i l i t y  of bo t tom v e n t i n g  e l e -  

va tor  s h a f t s  t o  i n h i b i t  t h e i r  c o n t a m i n a t i o n  by s m o k e  

in t h e  e v e n t  of f i re .  

TOP AND BOTTOM VENTING OF SHAFTS 

\Yith o u t s i d e  a i r  t e m p e r a t u r e  b e l o w  t h a t  i n s i d e ,  in-  

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

i n c r e a s e s  t h e  a m o u n t  of a i r  o r  s m o k e  e x h a u s t e d  t o  

o u t s i d e ,  l o w e r s  t h e  p r e s s u r e s  in  t h e  s h a f t s  a n d  

a d j a c e n t  i n t e r i o r  s p a c e s ,  a n d  d e c r e a s e s  t h e  p r e s -  

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

s i z e  r e q u i r e d  for  a  g i v e n  s h a f t  i s ,  t h e r e f o r e ,  in -  

c r e a s e d  a s  more  s h a f t s  a r e  t o p - v e n t e d .  S i m i l a r l y ,  

i n c r e a s i n g  t h e  number  of s h a f t s  t h a t  a r e  bot tom- 

v e n t e d  i n c r e a s e s  t h e  p r e s s u r e s  i n  s h a f t s  a n d  a d -  

j a c e n t  s p a c e s  a n d  d e c r e a s e s  t h e  p r e s s u r e  d i f f e r e n c e  

a c r o s s  t h e  v e n t  o p e n i n g s  s o  t h a t  t h e  s i z e  of v e n t  

requ i red  for  a  g i v e n  s h a f t  i n c r e a s e s  a s  more s h a f t s  

a r e  bo t tom-vented .  V e n t i n g  s o m e  s h a f t s  a t  t h e  t o p  

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

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

a n d  t h u s  r e d u c e s  v e n t - s i z e  r e q u i r e m e n t s  fo r  op t i -  

mum v e n t i n g .  T h i s  is d e m o n s t r a t e d  by  t h e  r e s u l t s  

of c o m p u t a t i o n s  f o r  t h e  2 0 - s t o r y  m o d e l  b u i l d i n g  i n  

which  2 e l e v a t o r  s h a f t s  w e r e  a s s u m e d ,  e a c h  h a v i n g  

a  l e a k a g e  a r e a  of 2  s q  f t / s t o r y .  With o n e  e l e v a t o r  

s h a f t  t o p  v e n t e d  a n d  t h e  o t h e r  bo t tom v e n t e d ,  t h e  

r e q u i r e d  v e n t  s i z e s  a r e  19 s q  f t  a n d  2 1  s q  ft r e s p e c -  

t i v e l y .  If bo th  s h a f t s  a r e  e i t h e r  t o p  o r  bot tom v e n t e d  

t h e  r e q u i r e d  v e n t  s i z e s  a r e  4 5  s q  ft a n d  6 4  s q  f t  

e a c h  r e s p e c t i v e l y .  

EFFECT OF LARGE OPENING IN 
EXTERIOR ENCLOSURE 

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

v e r t i c a l  s h a f t s  i t  w a s  a s s u m e d  t h a t  t h e  e x t e r i o r  

e n c l o s u r e  h a d  normal  a i r  l e a k a g e  c h a r a c t e r i s t i c s  

un i formal ly  d i s t r i b u t e d  a s  r e p r e s e n t e d  by t h e  m o d e l  

bu i ld ing  of F i g .  1. I n  t h e  e v e n t  of a  f i r e  major  o p e n -  

i n g s  t o  t h e  e x t e r i o r  might  h o w e v e r  o c c u r  o n  t h e  f i re-  

f loor ,  f o r  e x a m p l e  a s  a  r e s u l t  of  b r e a k i n g  of w i n d o w s .  

With l o w  o u t s i d e  t e m p e r a t u r e s  a n d  f i re  i n  a  l o w e r  

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

on t h e  f i re - f loor  r e l a t i v e  t o  p r e s s u r e s  i n  t h e  v e n t e d  

s h a f t s .  With v e n t s  a t  t h e  t o p  of t h e  s h a f t  t h e  e f f e c t  

would  b e  s i m i l a r  t o  i n c r e a s i n g  t h e  a v e r a g e  s h a f t  

l e a k a g e  a r e a / s t o r y  a n d  s o m e w h a t  g r e a t e r  v e n t  s i z e s  

t h a n  s h o w n  i n  F i g .  6 w o u l d  b e  r e q u i r e d  o r  s o m e  

s m o k e  t r a n s f e r  i n t o  t h e  t o p  s t o r y  would  o c c u r .  With 

v e n t s  a t  t h e  f i r s t  s t o r y  l e v e l  t h e  v e n t  a r e a  requ i re -  

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

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

for w h i c h  op t imum v e n t  s i z e s  w e r e  p r a c t i c a b l e  

would  b e  c o r r e s p o n d i n g l y  d e c r e a s e d .  In e i t h e r  c a s e ,  

h o w e v e r ,  v e n t i n g  would  h a v e  t h e  e f f e c t  of r e d u c i n g  

s m o k e  c o n t a m i n a t i o n .  

SUMMARY 

In t h e  e v e n t  of f i r e ,  a i r  m o v e m e n t  c a u s e d  by s t a c k  

a c t i o n  c a n  b e  a n  i m p o r t a n t  m e a n s  by  w h i c h  s m o k e  

s p r e a d s  from s t o r y  t o  s t o r y ,  p a r t i c u l a r l y  wi th  low 

o u t s i d e  t e m p e r a t u r e s .  With a  f i r e  i n  a  l o w e r  s t o r y ,  

s m o k e  from t h e  f i re - f loor  s p r e a d s  t o  u p p e r  s t o r i e s  

mainly th rough  v e r t i c a l  s h a f t s  i n  t h e  b u i l d i n g .  T h e  

c o n t r o l  of s m o k e  m o v e m e n t ,  t h e r e f o r e ,  i n v o l v e s  t h e  

c o n t r o l  of a i r  movement  a c r o s s  t h e  w a l l s  of t h e  ver-  

t i c a l  s h a f t s .  

T h e  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 s  a c r o s s  

t h e  w a l l s  of v e r t i c a l  s h a f t s  c a n  b e  a l t e r e d  by n a t u r a l  

v e n t i n g  to  o u t s i d e  a t  t h e  t o p  o r  bo t tom.  T o p  v e n t i n g  

i n c r e a s e s  t h e  n u m b e r  of s t o r i e s  from w h i c h  a i r  f l o w s  



in to  t h e  s h a f t  a n d  d e c r e a s e s  t h e  number  of  s t o r i e s  I ACKNOWLEDGMENTS 
in to  w h i c h  a i r  f l o w s  from t h e  s h a f t .  B o t t o m  v e n t i n g  

h a s  t h e  o p p o s i t e  e f f e c t .  In  t h i s  p a p e r  t h e  op t imum 

v e n t  s i z e  is d e f i n e d  a s  t h e  minimum r e q u i r e d  to  in-  

d u c e  a i r  f low i n t o  t h e  s h a f t  a t  a l l  l e v e l s  wi th  t o p  

v e n t i n g ,  a n d  a i r  f low o u t  of t h e  s h a f t  a t  a l l  l e v e l s  

wi th  bo t tom v e n t i n g .  

Opt imum v e n t  s i z e  i s  e s s e n t i a l l y  i n d e p e n d e n t  of 

the  i n s i d e - o u t s i d e  t e m p e r a t u r e  d i f f e r e n c e .  I t  in -  

c r e a s e s ,  h o w e v e r ,  wi th  t h e  h e i g h t  of t h e  b u i l d i n g  

a n d  t h e  e f f e c t i v e  a r e a  through w h i c h  l e a k a g e  c a n  

take  p l a c e  b e t w e e n  t h e  s h a f t  a n d  t h e  r e s t  of t h e  

bu i ld ing .  If v e n t i n g  i s  r e s t r i c t e d  to  e i t h e r  t h e  t o p  o r  

bottom l o c a t i o n s ,  t h e  opt imum v e n t  s i z e  i n c r e a s e s  

a s  t h e  n u m b e r  of v e n t e d  s h a f t s  i n c r e a s e s .  T o p  v e n t -  

ing s o m e  s h a f t s  a n d  bot tom v e n t i n g  o t h e r s  r e d u c e s  

the  op t imum v e n t  s i z e s  for bo th .  T o p  v e n t i n g  in- 

c r e a s e s  s m o k e  c o n t a m i n a t i o n  of  t h e  s h a f t  a n d  c a n -  

no t ,  t h e r e f o r e ,  b e  u s e d  for  s h a f t s  i n  w h i c h  s m o k e  

c o n t a m i n a t i o h  m u s t  b e  r e s t r i c t e d ,  s u c h  a s  s t a i r -  

w e l l s .  B o t t o m  v e n t i n g  i n h i b i t s  t h e  f low of s m o k e  in -  

to  t h e  s h a f t  from a d j a c e n t  c o n t a m i n a t e d  s p a c e s .  T h e  

f low of a i r  i n t o  t h e  s h a f t  from o u t s i d e ,  h o w e v e r ,  

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

v e r s e l y  a f f e c t s  t h e  p e r f o r m a n c e  of t h e  v e n t .  A l a r g e  

o p e n i n g  from o u t s i d e  i n t o  a  f i re - f loor  o n  a  l o w e r  

l e v e l  i n c r e a s e s  t h e  opt imum v e n t  s i z e .  T h e s e  

f a c t o r s  a n d  t h e  p r a c t i c a l  r e s t r i c t i o n s  o n  v e n t  s i z e s  

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

ful ly  e f f e c t i v e  a s  a  s m o k e  c o n t r o l  m e a s u r e .  

T o p  v e n t i n g  c a n  a s s i s t  in t h e  e v a c u a t i o n  of 

s m o k e  o r i g i n a t i n g  from a f i r e  i n  t h e  s h a f t .  T h e  v e n t  

s i z e  r e q u i r e d ,  h o w e v e r ,  t o  p r e v e n t  f low of a i r  a n d  

s m o k e  from a s h a f t  a t  e l e v a t e d  t e m p e r a t u r e  to a d -  

j a c e n t  i n t e r i o r  s p a c e s  i s  much  g r e a t e r  t h a n  t h a t  

r e q u i r e d  for  s h a f t s  a t  bu i ld ing  t e m p e r a t u r e .  B e c a u s e  

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

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

a r e  r e q u i r e d  t o  m i n i m i z e  t h e  p o s s i b i l i t y  of t h e i r  

o c c u r r e n c e .  

T h e  a u t h o r s  g r a t e f u l l y  a c k n o w l e d g e  c o n t r i b u t i o n s  

from J .  H. McGuire  d u r i n g  d i s c u s s i o n  a n d  r e v i e w  o f  

t h i s  s t u d y ;  D. T e m p l e t o n  w h o  a s s i s t e d  in t h e  run- 

n i n g  of t h e  c o m p u t e r  p rograms;  a n d  R .  G. E v a n s  a n d  

o t h e r  t e c h n i c i a n s  in  t h e  B u i l d i n g  S e r v i c e s  S e c t i o n  

who a s s i s t e d  in  t h e  f i e l d  m e a s u r e m e n t s .  S p e c i a l  

t h a n k s  a r e  h e r e  a l s o  r e c o r d e d  to  H. A. Smi th  a n d  

P. A .  V i n c e n t  of t h e  N R C  C o m p u t a t i o n  C e n t r e  who 

p r e p a r e d  t h e  c o m p u t e r  p rograms .  

F o r  t h e i r  p e r m i s s i o n  a n d  a s s i s t a n c e  i n  c a r r y i n g  

o u t  t e s t s  in  t h e i r  b u i l d i n g s ,  t h e  a u t h o r s  w i s h  to  

thank  t h e  D e p a r t m e n t  of P u b l i c  Works, t h e  C a n a d i a n  

P a c i f i c  R a i l w a y  C o m p a n y ,  a n d  t h e  Union  d u  C a n a d a .  

T h i s  p a p e r  i s  a  c o n t r i b u t i o n  of  t h e  D i v i s i o n  of 

B u i l d i n g  R e s e a r c h ,  N a t i o n a l  R e s e a r c h  C o u n c i l  of 

C a n a d a ,  a n d  i s  p u b l i s h e d  w i t h  t h e  a p p r o v a l  of t h e  

D i r e c t o r  of t h e  D i v i s i o n .  

REFERENCES 

1 .  G. T. Tamura, Computer Analysis  of Smoke Movement 

in Buildings, Presented a t  ASHRAE Annual Meeting 

in Denver, Colorado, 30 June  to 2 July 1969. 

2. T. Wakamatsu, Calculat ion of Smoke Movement in 

Buildings, Building Research Inst i tute ,  Ministry of 

Construction, J apan ,  BRI Research Paper  No. 34, 

August 1968. 

3. J .  H. McGuire, Smoke Movement in  Buildings, F i re  

Technology, Vol. 3 ,  No. 3 ,  p. 163-174, August 1967. 

4. M. Galbreath, Time of Evacuation by S ta i r s  i n  High 

Buildings, F i re  Fighting i n  Canada,  Vol. 13, No. 1, 

February 1969. 

5. G.  T.  Tamura and A. G Wilson, Pressure  Differences 

Caused  by Chimney Effect in Three  High Buildings, 

ASHRAE Transac t ions ,  Vol. 73, Part  11, pp. I1 1.1 - 

I1 1.10, 1967. 

6. American Standard Safety Code for Elevators ,  Dumb- 

waiters ,  Esca la tors  and Moving Walks, A17.1-1965. 

7. CSA Standard B44-1966, Safety Code for Elevators ,  

Dumbwaiters and Esca la tors .  

DISCUSSION 

R .  E. B A R R E T T ,  ( B a t t e l l e  Memorial  I n s t i t u t e ,  

C o l u m b u s ,  Ohio) :  T h e  a u t h o r s  h a v e  c o n t i n u e d  t h e i r  

u s u a l  h igh  s t a n d a r d  of work in a n a l y z i n g  t h e  phe-  

n o m e n a  of v e n t i n g  v e r t i c a l  s h a f t s  to  c o n t r o l  s m o k e  

movement  i n  t a l l  b u i l d i n g s .  H o w e v e r ,  .I would  l i k e  t o  

po in t  o u t  two p r a c t i c a l  p r o b l e m s  a s s o c i a t e d  wi th  

t h e  a p p l i c a t i o n  of t h i s  t e c h n i q u e .  

If s o m e  s h a f t s  a r e  v e n t e d  a t  t h e  t o p  to  e x h a u s t  

s m o k e  w h i l e  o t h e r  s h a f t s  a r e  v e n t e d  a t  t h e  bo t tom 

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

c o n d i t i o n  d u r i n g  c o l d  w e a t h e r  c o n d i t i o n s .  H o w e v e r ,  

a s  w a s  p o i n t e d  ou t  i n  a n  e a r l i e r  p a p e r  by Mr. 
I 

L o c k l i n  a n d  m y s e l f ,  a  r e v e r s a l  of t h e  normal  s t a c k  

e f f e c t  ( a n d  m o s t  a i r  f lows)  o c c u r s  w h e n  t h e  o u t s i d e  

(1) R.  E.  B a r r e t t ,  and  D. \W. L o c k l i n ,  Compute r  A n a l y s i s  of 

S t a c k  E f f e c t  i n  I i i gh -Rise  B u i l d i n g s ,  ASHRAE TRANSAC-  

TIONS,  Vol .  74, P a r t  I1 (1968), pp. 155-169. 



air i s  significantly warmer than the air within a 

building. Although this condition may not occur 

frequently in Canada, i t  i s  a common summertime 

occurance in the United States. During this summer- 

time condition, smoke would exhaust through the 

bottom-vented shaft  and the top-vented shaft  would 

remain clear. However, occupants may not appreciate 

that this reversal occurs and might accidently enter 

a smoke filled shaft  thinking i t  i s  safe .  

The second problem relates to pressure dif- 

ferences a t  the bottom of the bottom-vented shaft  

for the winter condition. As you suggest  in your 

paper, we would not want to vent this shaft  con- 

tinually because of heat loss.  Thereforej I  assume 

that this shaft  would be vented by occupants open- 

ing the exit  door as  they leave the building. A s  this 

door would be a fire exit ,  i t  would have to open out- 

ward. However, based on a few preliminary measure- 

ments reported in our earlier paper, a force of about 

33 lbs would be required to open a door against  

the 0.45 in.-of-water pressure difference a t  the first 

floor (Fig. 4, pressure difference between Shaft 2 

and outside, with Shaft 1 vented a t  top). This  is not 

excessive a s  a normal adult can exert a force of 40 

to 45 lbs when opening doors. However, consider- 

ing that the pressure difference increases pro- 

portionally with building height, the force required 

to open the door a t  the bottom of a 30-story or 

taller building under these conditions would be 

excessive.  An accompanying problem would include 

preventing the door from slamming in the face of the 

occupants.  However, practical problems related to 

door opening could be solved. 

MR. WILSON: I appreciate your comments. There 

are a great many practical problems such a s  those 

that you have mentioned. The object of the paper 

was not to  promote the idea of attempting to control 

smoke in buildings by this means alone. This  i s  a 

technique that i s  sometimes called up in building 

codes. The object was to rationalize the approach 

if it was going to be used. 

If one can define the objectives clearly and if 

one can develop an understanding of the mechanisms 

and can develop an adequate knowledge of the air 

leakage characteristics of the various components 

of the building, a great many options ar ise  in the 

design of smoke control systems.  This  i s  only one 

small part of it. 

W .  MURPHY, (Seattle,  Wash.): I would like to com- 

pliment you on your presentation. I heard your first 

presentatior- in San Francisco. And I will have to 

apologize, 1 anticipated the publication of your 

paper in trying to apply the technique of analyzing 

smoke shaft probelms to my 50 story high rise build- 

ings. We have yet an unsolved smoke shaft  problem. 

I took readings and correlated them along the 

lines that you presented. And interestingly enough 

they pointed out a most drastic problem in that I  

couldn't rationalize any of my readings a s  opposed 

to your theoretical concept. And in trying to  deter- 

mine why I was s o  divergent, we discovered we had 

improper placement of smoke s tops  on a l l  the me- 

chanical floors and this explained 75,000 cfm. 

We corrected this however, but I noticed one 

thing in your model a t  l eas t  with one shaft  con- 

tinuous from top to bottom. Your neutral plane re- 

mains pretty much constant for a l l  shafts .  I  ana- 

lyzed 6 different shaf t s ,  some of which termin- 

ated a t  intermediate floors, and I came up with 6 
different neutral planes. Would you anticipate that 

this phenomena would occur in a completely in- 

tegrated building? 

MR. WILSON: The model, a s  you point out, i s  

oversimplified for many buildings, particularly 

those that have shaf t s  that terminate a t  various 

levels.  For  these one has to recognize that the 

model and the data are  not pertinent and one must 

develop an appropriate solution. 

MR. MURPHY: One other small question. In stating 

a bottom vent or top vent, a r e  you s tat ing venting a t  

one place or the other, or both? 

MR. WILSON: The data show the vent area require- 

ments for optimum venting a t  the top. Detailed in- 

formation on vent s i z e s  for optimum venting a t  the 

bottom i s  not given. The graph and the data are for 

a vent a t  one story height above the top floor. If 

one were venting a t  the bottom, it  would be diffi- 

cult  to locate the vent one story below the ground 

floor, s o  that i t  would probably be located a t  the 

ground floor level. For this c a se ,  one would require 

a greater vent s i z e  than that shown for top venting. 

Some information i s  given in the paper comparing 

the two situations. 



MR. MURPHY: My s p e c i f i c  q u e s t i o n  w a s  w h e t h e r  

t h e  s h a f t s  y o u  a n a l y z e d  w e r e  v e n t e d  both a t  t h e  

bot tom a n d  a t  t h e  top ,  o r  a t  o n e  or  t h e  o t h e r .  

MR. WILSON: In t h i s  p a p e r ,  t h e  s h a f t s  w e r e  v e n t e d  

e i t h e r  a t  t h e  top  o r  a t  t h e  bot tom. If o n e  is v e n t i n g  

s h a f t s  on ly  a t  t h e  top ,  t h e  more s h a f t s  v e n t e d ,  t h e  

g r e a t e r  t h e  v e n t  a r e a  requ i red  t o  a c h i e v e  op t imum 

v e n t i n g  i n  e a c h  s h a f t .  T h e  s a m e  s i t u a t i o n  o c c u r s  

w h e n  o n e  a t t e m p t s  t o  v e n t  a l l  t h e  s h a f t s  a t  t h e  

bot tom. If o n e  is d e a l i n g  w i t h  s m o k e  c o n t r o l  o n l y  

by v e n t i n g  of s h a f t s ,  o n e  c a n  min imize  t h e  v e n t  

s h a f t  r e q u i r e m e n t s  by v e n t i n g  s o m e  a t  t h e  top  a n d  

o t h e r s  a t  the  bo t tom.  
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