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Computer Analysis Of Smoke Movement In Tall Buildings 

Smoke a n d  h e a t  from f i re  i n  bui ld ings  h a s  long been  

recognized a s  a po ten t i a l  haza rd  to occupan t s .  With 

the  inc reas ing  numbers of t a l l  bui ld ings  i n  r ecen t  

yea r s ,  there  is growing conce rn  regarding t h e  con-  

trol  of s m o k e  movement a s  i t  r e l a t e s  t o  evacua t ion  

a n d  fire-fighting. ' 9 2 7 3 , 4 9 5 .  

Before  methods  of cont ro l l ing  smoke  movement 

c a n  be  e v a l u a t e d ,  i t  is n e c e s s a r y  t o  unders tand the  

f ac to r s  t ha t  de termine  i t s  pa t tern  a n d  r a t e  of flow. 

With a l o c a l i z e d  f i re ,  smoke  wi l l  probably  follow the  

normal a i r  flow pat tern  c a u s e d  by wind,  s t a c k  ac t ion  

and the  a i r  handl ing  s y s t e m .  ' p 2  T o  unders tand 

smoke  movement, therefore ,  o n e  mus t  unders tand 

the  na tu re  of a i r  movement. I t  is no t  p rac t i cab le  to  

measure  t h e  r a t e s  of a i r  l e a k a g e  through a l l  of t h e  

components  of an  a c t u a l  building.  Ca lcu la t ions  c a n  

b e  made,  however ,  with a d i g i t a l  computer  if i t  is 

p o s s i b l e  to de f ine  the  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  of  

all of t h e  e l e m e n t s  through which s i g n i f i c a n t  f low 

OCC urs . G l  ' 
T h i s  pape r  p r e s e n t s  the  r e s u l t s  of (1) computer  

c a l c u l a t i o n s  of a i r  l e a k a g e  r a t e s  r e su l t i ng  from 

s t a c k  a n d  wind e f f ec t s  i n  a hypo the t i ca l  20-story 

building,  u s ing  l eakage  c h a r a c t e r i s t i c s  b a s e d  on  

f i e ld  measurements ;  a n d  (2) smoke  concent ra t ion  

pa t t e rns  from s t a c k  e f f ec t  for both s t e a d y  and  tran- 

s i e n t  condi t ions .  

G. T.  Tamura i s  a research officer,Building Services Section, 

D iv is ion  of Bui lding Research, National  Research Council of 

Canada, Ottawa, Can. Th is  paper was prepared for presenta- 

tion a t  the A S H R A E  Annual Meeting, Denver, Colo., June 30, 
July 2, 1969. 

MATHEMATICAL MODEL 

T h e  mathemat ica l  model for  t h i s  s t u d y  h a s  been  des -  

c r ibed.  T h e  b a s i c  components  a r e  i l l u s t r a t ed  in  

F i g .  1 fo r  a 3-story building.  Major s e p a r a t i o n s  a re  

ex te r io r  w a l l s ,  w a l l s  of ve r t i ca l  s h a f t s ,  a n d  floors.  

L e a k a g e  a r e a s  in  t h e  major s e p a r a t i o n s  a r e  lumped 

a n d  r ep resen ted  by or i f ice  a r e a s  A w ,  As ,  and Af .  

V e r t i c a l  S h a f t  ?, 

A N  = E x t e r i o r  W a l l  O r i f i c e  A r e a  

A f  = F l o o r  O r i f i c e  A r e a  

A s  = V e r t i c a l  S h a f t  O r i f i c e  A r e a  

P  = A b s o l u t e  P r e s s u r e  

Fig. 1. Mathematical Model 

T h e  va lue  of o u t s i d e  a b s o l u t e  p r e s s u r e  Po, (Fig.  

1 )  is taken a s  normal a tmosphe r i c  p re s su re .  O u t s i d e  

a i r  p r e s s u r e s  a t  o ther  l e v e l s  depend  on t h e  d e n s i t y  



of ou t s ide  a i r  and on wind pressure .  Ins ide  pres-  

s u r e s  in the  floor, P f ,  a t  various l e v e l s  a r e  inter-  

re la ted  by the weight  of the  column of i n s i d e  a i r  be- 

tween l e v e l s  and the  p res su re  drop a c r o s s  the  inter-  

vening floors. Ins ide  p res su res  in the  s h a f t ,  P,, a t  

various l e v e l s  a r e  in ter re la ted  only by the  weight of 

the  column of s h a f t  a i r ,  a s suming  n o  frict ion p res su re  

drop in the ve r t i ca l  sha f t .  

T h e  problem e n t a i l s  determining the  v a l u e s  of in- 

s i d e  p res su res  with which a m a s s  flow ba lance  c a n  

be obta ined for e a c h  floor and for the  ver t ica l  shaf t .  

A computer program w a s  formulated us ing a n  i tera t ive  

technique to s o l v e  for a l l  unknown ins ide  p res su res .  

I t  w a s  des igned to permit variat ion in  the  number of 

f loors ,  in t h e  s i z e  of or i f ice  a r e a s  a n d  in  the  values  

of ou t s ide  and ins ide  a i r  dens i t i e s .  

T h e  plan dimension of the 20-story model building 

w a s  taken a s  120 by 120 ft. with a 12 ft height be- 

tween s to r i e s .  T o  es t ab l i sh  r ea l i s t i c  v a l u e s  of a i r  

t i gh tness  fo r  major s e p a r a t i o n s ,  l eakage  a r e a s  A,, 

A, and Af were based  on measurements  in four build- 

i n g s  9 ,  17 ,  34 and 44 s t o r i e s  in  height.  Descr ip t ion 

of  the  t e s t  buildings is given in Reference  8. 

Air l eakage  cha rac te r i s t i c s  of the exter ior  enclo- 

s u r e s  of three of the  buildings varied from 0.5 to 0.8 

cfm per s q  ft of ou t s ide  wa l l  a r e a  a t  a p res su re  dif- 

ference  of 0.3 in. of wa te r  8. Based  on 0.6 cfm per 

s q  ft of ou t s ide  wa l l  a r e a ,  a va lue  of A, for the  

model building of 2.5 s q  ft per  floor w a s  a s sumed .  

Measurements,  on the  four bui ld ings ,  of pressu re  

d i f ference  a c r o s s  the  ou t s ide  wa l l s  from s t a c k  ac -  

tion indicated  that  approximately 8 0  per  c e n t  of the  

total  s t a c k  p ressu re  d i f ference  is taken a c r o s s  the  

ou t s ide  corresponding to a ra t io  of A, to A, 

of 1.0 to 2.0'. Us ing  th i s  ra t io  and  the  value  of Aw, 

a total  l eakage  a r e a  pe r  floor for the  ve r t i ca l  s h a f t s ,  

A,, o'f 5.0 s q  ft w a s  assumed.  Air l eakage  cha rac -  

t e r i s t i c s  of e l eva to r  a n d  s t a i rwe l l  s h a f t s  were  mea- 

su red  in  the  9- and 17-story buildings.  Equivalent  

l eakage  a r e a s  p e r  floor per c a r  were  approximately 

0.5 s q  f t  for the  e levator  door and 0.5 s q  ft for the 

e l eva to r  s h a f t  wall. T h e  wal l  is const ructed  of t i le  

b locks  and concre te  f o r  the 17-story building and 

of t i l e  b locks  for the  9-story building. Equivalent  

l eakage  a r e a s  p e r  floor per  s t a i rwe l l  door  were 0.2 

s q  ft ,  for the  s t a i rwe l l  door and 0.1 s q  ft ,  for the  

s t a i rwe l l  s h a f t  wall. F o r  both buildings the  wa l l s  of 

the  s ta i rwel l  a re  f in ished with p las ter .  

T o  determine the  a i r  t i gh tness  of the  floor con- 

s t ruct ion,  the tenth floor of the  17-story building 

w a s  pressur ized with ou t s ide  a i r ,  with t e s t  f ans  in- 

s t a l l ed  in the  two s t a i rwe l l  door openings ,  a n d  roof 

ha tches  and bottom doors  in the  s t a i rwe l l s  opened 

to outs ide .  T h e  building a i r  handling s y s t e m  w a s  in 

operation s o  that  i t  did not provide addi t ional  leak- 

a g e  openings .  T h e  l e a k a g e  ra te  through the  floor 

const ruct ion w a s  obta ined by taking the d i f ference  

between the  to ta l  a i r  supp l i ed  by the t e s t  f ans  and 

the  ca lcu la t ed  l e a k a g e  r a t e s  through the  exterior 

wal ls  and ver t ica l  s h a f t s ,  based  on their  measured 

cha rac te r i s t i c s .  T h e  va lue  thus obtained rep resen t s  

t h e  l eakage  ra te  through c r a c k s  in the  concre te  

floor const ruct ion formed by the  var ious  s e r v i c e  

p ipes  and by in t e r s t i ces  formed by the exter ior  wa l l  

and  the f loor construction.  T h e  equivalent  floor 

l e a k a g e  a rea  w a s  3.10 s q  ft or 2.50 x 1 0 - ~ s q  ft per  

s q  ft of g r o s s  floor area .  A va lue  for Af of 3.75 s q  f t  

w a s  a s sumed  for the  model building. 

T h e  tenth floor p res su r i za t ion  t e s t  w a s  repeated  

wi th  the a i r  handling s y s t e m  off. T h e  equivalent  

l e a k a g e  a rea  represented by branch a i r  d u c t s  serving 

the  tenth floor w a s  computed from the  d i f ference  i n  

the  r a t e  of a i r  supp ly  by the t e s t  f ans  with the  s y s -  

tem on and off. T h e  l eakage  a r e a  w a s  approximately 

3.8 s q  ft or 3.10 x l o 4  s q  ft per  s q  ft of g r o s s  f loor 

area .  T h e  va lue  of 5.0 s q  ft w a s  a s sumed  for the 

branch a i r  d u c t s ,  giving a to ta l  of 10.0 s q  ft for t h e  

value  of A, for t h e  model building with the a i r  

handling s y s t e m  off. 

T h e  branch a i r  d u c t s  connec ted  perimeter induc- 

tion un i t s  and interior zone d i f fuse r s  t o  high velo- 

c i t y  main d u c t s ,  and return and e x h a u s t  g r i l l e s  to 

low veloci ty  mains.  T h e  second  to s ix t een th  floors 

were  s e r v e d  from the  mechanical  equipment located  

on the  seven teen th  floor. 

Based  on t h e s e  measurements  , t h e  equivalent  

l e a k a g e  a r e a s  for the  20-story model building a re  a s  

follows: 

4: A, : Af = 2.5: 5.0: 3.75 s q  ft 

(air  handling s y s t e m  on),  

Aw:As: Af = 2.5: 10.0: 3 .75 s q  ft 

(a i r  handling s y s t e m  off). 

T h e s e  leakage a r e a s  a r e  for e a c h  floor and ,  for most  

of the  ca lcu la t ions ,  a r e  a s s u m e d  to  be the s a m e  fo r  



all f l o o r s .  ( T h e  l e a k a g e  a r e a s  of  f i r s t  f l o o r  a n d  me- 

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

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

all a r e  a s s u m e d  t o  b e  t h e  s a m e . )  

A I R  F L O W  P A T T E R N S  

A i r  f low p a t t e r n s  i n  t h e  2 0 - s t o r y  m o d e l  bu i ld ing  

w e r e  d e t e r m i n e d  for  t h e  f o l l o w i n g  c o n d i t i o n s :  

(1)  s t a c k  a c t i o n  a l o n e ,  

(2)  w i n d  a c t i o n  a l o n e ,  

(3) c o m b i n a t i o n  of s t a c k  a n d  w i n d  a c t i o n  

( 4 )  e l e v a t e d  t e m p e r a t u r e  i n  a v e r t i c a l  s h a f t ,  

(5 )  e l e v a t e d  t e m p e r a t u r e  i n  o n e  f loor .  

P r e s s u r e  d i f f e r e n c e  a n d  a i r  f low p a t t e r n ,  a n d  m a s s  

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

for  e a c h  c o n d i t i o n .  T h e  p a t t e r n  of  s m o k e  c o n c e n t r a -  

t i o n  t h r o u g h o u t  a bui ld ing  c o u l d  t h e n  b e  d e t e r m i n e d  

f o r  b o t h  t r a n s i e n t  a n d  s t e a d y - s t a t e  c o n d i t i o n s  fo r  a 

g i v e n  s m o k e  c o n c e n t r a t i o n  o n  a f i r e  f loor .  F o r  c o n -  

d i t i o n s  (1 )  , ( 2 )  a n d  (3) ,  a t e m p e r a t u r e  of  8 5 ' ~  w a s  

a s s u m e d  e v e r y w h e r e  i n  t h e  bu i ld ing .  F o r  c o n d i t i o n s  

(4)  a n d  ( 5 ) ,  a t e m p e r a t u r e  of 7 5 O ~  w a s  a s s u m e d  

e v e r y w h e r e  i n  t h e  b u i l d i n g  e x c e p t  i n  t h e  a r e a  of f i re .  

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

s t a n t  w i t h  t ime .  

Stack Action 

S t a c k  e f f e c t  i n  a b u i l d i n g  is s i m i l a r  t o  s t a c k e f -  

f e c t  i n  a c h i m n e y  a n d  is c a u s e d  by a d i f f e r e n c e  i n  

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

o f  t h e  i n s i d e  a n d  o u t s i d e  a i r .  T a b l e  1 g i v e s  v a l u e s  

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

s e p a r a t i o n  for  a n  o u t s i d e  t e m p e r a t u r e  of  O O F .  F i g .  2 

s h o w s  t h e  a i r  f low p a t t e r n  r e s u l t i n g  from s t a c k  ac- 

t ion.  A i r  f l o w s  i n t o  t h e  b u i l d i n g  th rough  t h e  o u t s i d e  

w a l l  b e l o w  t h e  n e u t r a l  p r e s s u r e  l e v e l  ( t h e  l e v e l  a t  

w h i c h  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  is 

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

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

l e v e l  of t h e  bu i ld ing .  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  is 1 4 7 0  l b l m i n ,  w i t h  1 4 2 1  lb /min  i n t o  

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

i n g s  i n  t h e  f loor .  T h e r e f o r e ,  w i t h  a f i r e  i n  a l o w e r  

f loor ,  s m o k e  w i l l  m i g r a t e  t o  u p p e r  f l o o r s  w i t h  m o s t  

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

s h a f t s .  

V a l u e s  of  p r e s s u r e  d i f f e r e n c e  a n d  a i r  f low r a t e  

i n  T a b l e  1. a r e  f o r  t h e  a i r  h a n d l i n g  s y s t e m  w h e n  i t  

is on .  When i t  is of f ,  t h e  t o t a l  l e a k a g e  a r e a  i n t o  t h e  

v e r t i c a l  s h a f t  i n  e a c h  s t o r y  is d o u b l e d ,  t h u s  reduc-  

i n g  t h e  r e s i s t a n c e  t o  a i r  f l o w  w i t h i n  t h e  bui lding.  - 
U n d e r  t h e s e  c i r c u m s t a n c e s  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 c r e a s e s  from 1 4 7 0  l b / m i n  t o  1568 lb /min ,  w i t h  a 

cor respondin .g  i n c r e a s e  i n  t h e  f low r a t e  i n  t h e  ver- 

t i c a l  s h a f t s .  B e c a u s e  m o s t  o f  t h e  t o t a l  s t a c k  p r e s -  

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

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

f low ( w i t h  t h e  a i r  h a n d l i n g  s y s t e m  off)  r e s u l t s  i n  

o n l y  a s l i g h t  i n c r e a s e  i 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  

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

of  t h e  v e r t i c a l  f low is c a r r i e d  by t h e  a i r  d u c t s ,  a n d  

t h e  f low r a t e  i n  t h e  v e r t i c a l  s h a f t s  is c o r r e s p o n -  

d i n g l y  r e d u c e d .  T h e  a c t i o n  o f  t h e  a i r  d u c t s  as ver-  

t i c a l  s h a f t s  h a s  i m p o r t a n t  i m p l i c a t i o n s  f o r  s m o k e  

movement  i n  b u i l d i n g s .  

O u t s i d e  0  F 
I n s i d e  7 5 F  

4 - 
4 

4 

T o t a l  L e a k a g e  R a t e  

1 4 7 0  
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Fig. 2. Air Flow Pattern Caused  by Stack Action 
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F i g .  2 r e p r e s e n t s  t h e  a i r  f low p a t t e r n  r e s u l t i n g  

Note: Arrows arc not t o  scale - 

B 

7 

from s t a c k  a c t i o n  w h e n  o u t s i d e  a i r  t e m p e r a t u r e  is 

be low t h a t  i n s i d e .  With a n  i n c r e a s e  i n  t h e  o u t s i d e  

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

i n c r e a s e  i n  t h e  a i r  l e a k a g e  r a t e s  a n d  a n  i n c r e a s e ,  



T A B L E  1 

PRESSURE D I F F E R E N C E  AND AIR MASS FLOW 

CAUSED BY S T A C K  ACTION 

Out s ide  - O O F  L e a k a g e  A r e a s  per Story 

I n s i d e  - 75OF 

FLOOR AP A P  MASS FLOW 1 A P  MASS FLOW 
NO. I IN. OF WATER 

OUTSIDE WALL 

NOTE: Outside Wall - t f low into bui lding 

- f low out of bui lding 

Vert ical Shaft - t f low into shaft 

- f low out of shaft 

VERTICAL SHAFT 

Floor - t upward f low 

- downward f low 

BETWEEN FLOORS 

Total In f i l t ra t ion Rate 

lnto bui lding - 1470 Ib/rnin 

lnto shaft - 1421 Ib/min 



TABLE 2 

SMOKE CONCENTRATION VS TIME FOR 20-STORY BUILDING 

UNDER STACK ACTION WITH FIRE ON FIRST STORY 

NOTE: Smoke concentration on f i r s t  floor = 1.000; only those values greater than or equal to 0.010 are shown. 

TIME 

FLOOR 

5 MINUTES 

FLOOR 

10 MINUTES 

ELEV. FLOOR STAlR 

15 MINUTES 

ELEV. FLOOR STAlR 

20 MINUTES 

ELEV. FLOOR 

25 MINUTES 

STAlR FLOOR ELEV. ELEV. I STAlR STAlR 



therefore ,  in  t he  r a t e  of s m o k e  movement i n s i d e  the  

bui ld ing  i n  t h e  e v e n t  of fire. During summer ,  wi th  

a n  o u t s i d e  a i r  tempera ture  a b o v e  t h a t  i n s i d e ,  the  a i r  

f low pat te rn  is t h e  r e v e r s e  of t ha t  shown  in  F i g .  2 ;  

a i r  f lows i n t o  the  building through the o u t s i d e  w a l l  

a t  upper l e v e l s  and  down through f loors  a n d  ve r t i ca l  

s h a f t s  a n d  ou t  of t he  building through t h e  o u t s i d e  

w a l l  a t  lower  l e v e l s .  B e c a u s e  of the  s m a l l e r  i n s ide -  

to-outs ide  a i r  tempera ture  d i f f e r ences  a i r  l e a k a g e  

r a t e s  i n  summer  a r e  s m a l l e r  than  those  i n  winter .  

F o r  example ,  wi th  a n  o u t s i d e  temperature of 9 0 ' ~  

t he  t o t a l  inf i l t ra t ion  r a t e  for the 20-story building is 

583 lb/min,  a n d  for the  ve r t i ca l  s h a f t  559  lb/min. 

Wind Action 

Wind e f f e c t  on a building depends  o n  wind s p e e d  

a n d  d i r ec t ion ,  o n  c h a r a c t e r i s t i c s  of t he  sur rounding 

te r ra in ,  inc luding  s h i e l d i n g  e f f ec t  of a d j a c e n t  build- 

i n g s ,  and  o n  bui ld ing  s h a p e  a n d  height.9,10,11 T h i s  

is further compl ica ted  by the  va r i ab l e  na ture  of wind,  

both s p a t i a l l y  and  wi th  time. 

T h e  ve loc i ty  profi le  s h o w n  in  F ig .  3 is in tended 

to r ep re sen t  a r e l a t i ve ly  f l a t  t e r r a in9  (no  sh i e ld ing )  

and a mean wind ve loc i ty  of 1 5  mph a t  3 3  f t  a b o v e  

ground,  the  u s u a l  r e f e rence  he ight  a t  meteorologica l  

s t a t i o n s .  T h e  wind p r e s s u r e  coe f f i c i en t s  a s s u m e d  

for the  20-story bui ld ing  a r e  0.8 ve loc i ty  h e a d  for  

t he  windward wa l l  a n d  -0.6 ve loc i ty  head  for  the  

leeward  a n d  s i d e  w a l l s .  T h e  l e a k a g e  a r e a s  a r e  as- 

sumed  t o  b e  uniformly d i s t r i bu t ed  i n  the  perimeter  

of t h e  building,  s o  t ha t  for a s q u a r e  building the  

l e a k a g e  a r e a  for  t h e  windward f a c e  is o n e  quar ter  

t h e  t o t a l  o u t s i d e  wa l l  l e a k a g e  a r ea .  

With t h e s e  s impl i f ied  cond i t i ons  and equ iva l en t  

l e a k a g e  a r e a s  of Aw: As: Af = 2.5: 5.0: 3.75 s q  f t ,  

the  r e s u l t a n t  a i r  f low pa t t e rn  from wind a c t i o n  is 

g iven  in  F i g .  3. A s  e x p e c t e d ,  a i r  f lows i n t o  t he  

bui ld ing  through t h e  windward wa l l  a n d  ou t  through 

the  l eeward  and  s i d e  wa l l s .  T h e  t o t a l  o u t l e t  a r e a  in 

the  o u t s i d e  w a l l  be ing  la rger  than  the  t o t a l  i n l e t  

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

t he  n e g a t i v e  leeward  p r e s s u r e s .  Wind ve loc i ty ,  how- 

e v e r ,  i n c r e a s e s  wi th  he ight ,  s o  t ha t  v a l u e s  of nega-  

t i ve  p r e s s u r e  i n s i d e  t he  building in  upper l e v e l s  a r e  

g rea t e r  than  t h o s e  a t  lower  l eve l s .  T h i s  r e s u l t s  i n  

a n  upward f low of a i r  i n s i d e  the  bui ld ing ,  and  out- 

s i d e  a i r  e n t e r s  t he  bui ld ing  through the  leeward  and  

20 
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Fig. 3. Air Flow Pattern Caused by Wind Action 
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s i d e  w a l l s  a t  l ower  l e v e l s .  

T h e  to t a l  inf i l t ra t ion  r a t e  of the  building is 1333  

lb /min ,  which  is approximate ly  equa l  to the inf i l t ra -  

t ion  r a t e  wi th  t he  bui ld ing  under s t a c k  ac t ion .  T h e  

co r r e spond ing  ve r t i ca l  a i r  f low r a t e  is 403  lb/min,  

which  is approximate ly  e q u a l  t o  t h e  ve r t i ca l  a i r  f low 

ra t e  due  t o  s t a c k  a c t i o n ,  wi th  a n  ins ide- to-outs ide  

a i r  tempera ture  d i f f e r ence  of only  1 0 ' ~ .  If t he  i n l e t  

and  ou t l e t  a r e a s  of t he  ou t s ide  w a l l  a r e  e q u a l ,  as 

with a quar ter ing  wind on  a squa re - shaped  bui ld ing ,  

t h e  p r e s s u r e s  i n s i d e  t he  bui ld ing  a r e  mid-way be- 

tween t h e  windward and  l eeward  p r e s s u r e s  a n d  the re  

is n o  v e r t i c a l  a i r  movement.  T h e  a i r  movement 

c a u s e d  by wind is mainly fram the  windward t o  the  

leeward  w a l l s  and  i n  mos t  cases con t r ibu t e s  l i t t l e  

t o  t h e  s p r e a d  of s m o k e  from floor t o  floor. 
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Stack and Wind Action Combined 

When t h e  cond i t i ons  of t he  two previous  cases a r e  

combined ,  t h e  r e su l t an t  a i r  f low pa t t e rn  is dif ferent  

(F ig .  4). T h e  a i r  f low pa t t e rn  c a u s e d  by s t a c k  a c t i o n  

is modified by the  i n f luence  of wind ac t ion .  F o r  t he  

cond i t i ons  c h o s e n ,  the  t o t a l  inf i l t ra t ion  r a t e  for  t he  
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Fig.  4. Air FIow Pat tern  C a u s e d  
by Wind and  S tack  A c t i o n  

building is 1905 Ib/min, which is 2 9  per  c e n t  grea ter  
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than  the  inf i l t ra t ion  r a t e  d u e  to s t a c k  a c t i o n  a lone .  

-- 

T h e  to t a l  infi l t rat ion r a t e  i n to  the ve r t i ca l  s h a f t  i s  

1233  lb/min,  which  is l e s s  than the  r a t e  of 1421  1b/ 

-* 

8 

min obta ined with the  building under s t a c k  ac t ion  
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a lone .  

Of the three  c a s e s  cons ide red ,  tha t  of s t a c k  a c -  

tion a l o n e  r e s u l t s  i n  the g r e a t e s t  ve r t i ca l  a i r  flow 

ra t e  and thus  the g r e a t e s t  potent ia l  for s m o k e  s p r e a d  

from floor t o  f loor in the  e v e n t  of f ire.  

Fi re  in Vertical Shaft 

T o  determine  the  inf luence  on  a i r  flow pa t t e rns  of a 

f i r e  or  high temperature g a s e s  in a ve r t i ca l  s h a f t  the  

a i r  i n s i d e  the  equ iva len t  of a two-car e l e v a t o r  s h a f t  

w a s  a s s u m e d  to  b e  a t  a  uniform temperature of 

5 0 0 ' ~ .  O the r  a i r  tempera tures ,  both o u t s i d e  a n d  in-  

s i d e  the  bui ld ing ,  were a s s u m e d  to remain a t  7 5 ' ~ .  

L e a k a g e  a r e a  pe r  floor w a s  a s s u m e d  to b e  2.0 s q  ft 

for the  two-car e l eva to r  s h a f t ,  b a s e d  on f i e ld  mea- 

su remen t s ,  a n d  3.0 s q  ft for  the  remaining s h a f t s ,  

inc luding t h o s e  for the  o ther  e l eva to r s ,  g iv ing a to- 

t a l  ve r t i ca l  s h a f t  l e a k a g e  a r e a  As of 5.0 s q  f t ,  a s  

before. 

T h e  r e su l t an t  a i r  flow pat tern  is given in  F i g .  5. 

T h e  neut ra l  p re s su re  l e v e l s  of t he  building and  

s h a f t s  a r e  loca t ed  between the  ninth a n d  tenth  

f loors.  Air  f lows in to  the  e l eva to r  s h a f t  below the 

tenth floor a n d  out  above  i t .  A s imi l a r  a i r  f low pat-  

tern occur s  a c r o s s  the  o u t s i d e  wal ls .  T h e  r e v e r s e  

occur s ,  however ,  a c r o s s  the wa l l  of the  remaining 

s h a f t s ,  together  with a downward flow of air ;  and  

a i r  f low is downward through a l l  f loors.  T o t a l  infi l-  

t ra t ion  r a t e s  a re  1718  Ib/min for the two-car e l eva to r  

s h a f t ,  904 Ib/min for the  remaining s h a f t s ,  and  754 

Ib/min for the  bui ld ing .  T h e  r a t e  of a i r  rec i rcula t ion  

within the  building induced by high temperature i n  

the  e l eva to r  s h a f t  i s ,  therefore ,  964 Ib/min. Reci r -  

cu la t ion  induced by a f ire i n  a s h a f t  would promote 

the s p r e a d  of smoke  throughout a building. 

T w o - c a r  E l e v a t o r  
S h a f t  \ , O t h e r  S h a f t s  

l7 O u t s i d e  75  F 
,, l  n s i d e  75  F 
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15 S h a f t  

T o t a l  L e a k a g e  R a t e  
-?. 

B u i l d i n g  - $Tbi~$$Ti : z F i r e  S h a f t  

O t h e r  S h a f t  - 9 0 4  
l b l m i n  

 NO^^: Arrows not to scrlo - 

Fig. 5. Air  FIow Pat tern  C a u s e d  by Fire  i n  Elevator  Shaf t  

Effect of Elevated Temperature on One Floor 

In the a b s e n c e  of wind or s t a c k  ac t ion  c a u s e d  

by ins ide- to-outs ide  temperature d i f f e rences ,  a i r  

c i r cu la t ion  c a n  be ind.uced by e l eva ted  temperature 

on  a f loor con ta in ing  a f ire.  F o r  th is  c a s e ,  t h e  math- 

e m a t i c a l  model w a s  modified s o  tha t  on e a c h  floor 

l eakage  a r e a s  i n  the  ve r t i ca l  w a l l s  were  d iv ided 



and loca t ed  a t  one-quarter  and  three-quar ters  of the  

f loor he ight .  F i g . 6  s h o w s  the  a i r  flow pat te rn  a n d  

flow r a t e s  a c r o s s  t he  f ire f loor e n c l o s u r e ,  in  which  

the  a v e r a g e  a i r  tempera ture  is a s s u m e d  t o  b e  500°F; 

on o ther  f loors  i n s i d e  a n d  ou t s ide  tempera tures  a r e  

75°F .  Movement of a i r  a c r o s s  the f i re  f loor enc lo -  

s u r e  r e s u l t s  i n  a n  induced a i r  flow a c r o s s  t h e  en-  

c l o s u r e s  of the  two floors a b o v e  a n d  be low the  f i r e  

floor. 
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N o t e :  F l o w  i n  l b l m i n  - 
Fig. 6 .  Air Flow Pattern Caused  by 500°F Temperature 
on Floor 

F l o w  ra t e s  were  a l s o  c a l c u l a t e d  for a four th  

f loor f i re  ( a i r  tempera ture  of 500°F) ,  a s s u m i n g  a n  

ou t s ide  a i r  temperature of 0 ° F .  T h e  over-a l l  a i r  

f low pat te rn  is the  s a m e  a s  tha t  g iven  in F i g .  2, 

with a i r  inflow through t h e  bottom a n d  top  open ings  

in  the  o u t s i d e  w a l l s  of t h e  f i re  floor a n d ,  s imi l a r ly ,  

a i r  outf low from the  f i re  f loor through both open ings  

in  t he  w a l l s  of t h e  ve r t i ca l  s h a f t s .  I nc reas ing  t h e  

tempera ture  of the  fourth f loor from 7 5 " ~  t o  500% 

c a u s e d  a doubl ing  in  t he  r a t e  of a i r  outf low from the  

f i re  f loor t o  t h e  f loor above  a n d  a d e c r e a s e  of 1 0  per  

c e n t  in  t he  flow r a t e  i n to  the  ve r t i ca l  s h a f t .  

C a l c u l a t i o n s  were  made for ano the r  c a s e ,  s imi l a r  

t o  t he  a b o v e  e x c e p t  for a l a rge  o u t s i d e  w a l l  opening  

on the  f i r e  f loor t ha t  r ep re sen ted  a broken window. 

T h e  r e su l t an t  a i r  flow pa t t e rn  in s h o w n  i n  F i g .  7.  

B e c a u s e  of t h e  l a rge  exter ior  opening  t h e  fourth 

floor p r e s s u r e  is close t o  ou t s ide  p r e s s u r e ,  s o  t ha t  

there  is a downward f low of a i r  from the  four th  to 

t h e  f i r s t  f l oo r s  through t h e  in tervening  f loors.  Other-  

w i s e  the g e n e r a l  a i r  flow pa t t e rn  is t he  s a m e  a s  be- 

fore. If t he  f i r e  f loor were  l oca t ed  above  the neu t r a l  
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4 t h  F l o o r  5 0 0  F  
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Nole: A r r o w s  no1 t o  scale - 

Fig. 7. Air Flow Pattern Caused by Fourth Floor Fire and 
Stack Action (Large Outside Wall Opening on Fourth Floor) 

p r e s s u r e  l e v e l  a s imi l a r  r e v e r s a l  of f low would 

occu r ,  wi th  flow of a i r  i n t o  t h e  f ire floor from the 

f loor  above .  With a l a r g e  ex t e r io r  wa l l  opening,  t he  

r a t e s  of a i r  flow from the  f i re  floor i n t o  t he  ve r t i ca l  

s h a f t s  and  i n t o  t he  f loor above  a r e  i nc reased  by 

abou t  6 0  pe r  cen t .  T h e  r a t e  of a i r  flow from the  f i re  

f loor i n t o  the  f loor below is 96  lb/min.  It may be  

s e e n  tha t  s m o k e  s p r e a d  from t h e  f ire f loor is in- 

c r e a s e d  s ign i f i can t ly  when there  is a la rge  open ing  

i n  the  o u t s i d e  w a l l s  (e.g. open  door s  or  broken win- 

dows) .  I t  s h o u l d  b e  noted  too  tha t ,  with a bui ld ing  

under  wind a c t i o n  a l o n e ,  a l a r g e  opening in t h e  

windward w a l l  of t he  f i re  f loor would i n c r e a s e  t he  

p r e s s u r e  in the  f i re  f loor  r e l a t i ve  to a d j a c e n t  f loors  

a n d  h e n c e  c a u s e  s m o k e  to  s p r e a d  both upward a n d  

downward from t h e  f i re  floor. 

SMOKE CONCENTRATION P A T T E R N  

C a l c u l a t i o n s  w e r e  made of both s t e a d y  and  t r ans i en t  

v a l u e s  of s m o k e  concen t r a t i on  throughout t h e  model  

bui ld ing  in  r e l a t i on  to  t h e  concen t r a t i on  on the  f i re  

f loor.  It w a s  a s s u m e d  tha t  the  r a t e  of smoke  move- 

ment is a funct ion  of a i r  flow ra t e ,  a n d  tha t  there  is 



i n s t a n t a n e o u s  mix ing  of s m o k e  a n d  a i r  a l o n g  all 

f l ow  p a t h s .  T h e  method  of c a l c u l a t i o n  is g i v e n  in  

A p p e n d i x  A. 

A i r  t empe ra tu r e  on  t h e  f i r e  f l oo r  w a s  a s s u m e d  t o  

b e  7 5 ' ~ ,  as i n  t he  remainder  of t h e  bu i l d ing ,  s o  

t h a t  a i r  f low r a t e s  a n d  p a t t e r n s  a r e  c o n s t a n t  w i t h  

t ime .  In a n  a c t u a l  f i r e  t h e  l e a k a g e  of h e a t e d  a i r  from 

t h e  f i r e  f l oo r  would  r e s u l t  in  i n c r e a s i n g  r a t e s  of a i r  

f low a n d  s m o k e  movement ,  bu t  c a l c u l a t i o n  of t h e  

r a t e  of s m o k e  s p r e a d  for  t h i s  cond i t i on  is more  com- 

p lex .  

Steady-State Case  

T h e  s m o k e  c o n c e n t r a t i o n  pa t t e rn  w a s  de t e rmined  

fo r  t h e  mode l  bu i l d ing  unde r  s t a c k  a c t i o n ,  u s i n g  t h e  

a i r  f low r a t e s  g i v e n  in  T a b l e  1. a n d  a s s u m i n g  t h a t  a 

f i r e  o n  the f i r s t  f l oo r  p roduced  a c o n s t a n t  s m o k e  

c o n c e n t r a t i o n  o f  1.0. T h e  r e l a t i v e  s m o k e  c o n c e n t r a -  

t i on  pa t t e rn  f o r  t h i s  c o n d i t i o n  is s h o w n  in F i g .  8. 

D i l u t i o n  of s m o k e  by i n f i l t r a t i on  of  o u t s i d e  a i r  g a v e  

a s m o k e  concen t r a t i on  of less t h a n  o n e  i n  v e r t i c a l  

s h a f t s  a n d  o t h e r  f l oo r s .  C o n c e n t r a t i o n  i n  t h e  s h a f t  

is a l w a y s  e q u a l  t o  o r  g r e a t e r  t han  t h a t  o n  a n y  f loor  

b e c a u s e  of t h e  much h i g h e r  a i r  f low r a t e s  through 

o p e n i n g s  in t h e  f loors .  F l o o r s  four  t o  t e n  w e r e  re l -  

a t i v e l y  s m o k e  f ree .  Smoke  c o n c e n t r a t i o n  in t h e  

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

0 . 156  a b o v e  t h e  n e u t r a l  p r e s s u r e  l e v e l  of t h e  s h a f t .  

Smoke  c o n c e n t r a t i o n  from t h e  t h i r t e en th  to twen: 

t i e t h  f l oo r s  w a s  e s s e n t i a l l y  e q u a l  t o  t h i s  v a l u e .  

T h e  f i n a l  s t e a d y  v a l u e s  of s m o k e  concen t r a t i on  

d e p e n d  on t h e  r a t i o s  of f l ow  r a t e s  i n t o  a n d  o u t  of 

e a c h  compar tment .  T h e s e  r a t i o s  of f low r a t e s  a r e  

pr imar i ly  d e p e n d e n t  o n  t h e  r e l a t i v e  v a l u e s  o f  l e ak -  

a g e  a r e a s ,  s o  t h a t  t h e  v a l u e s  i n  F i g .  8 a r e  approxi -  

ma t e ly  c o r r e c t  f o r  o t h e r  c o n d i t i o n s  whe re  o u t s i d e  

t empe ra tu r e  is l owe r  t han  i n s i d e  tempera ture .  

Transient C a s e  

T a b l e  2. g i v e s  t h e  r e l a t i v e  s m o k e  c o n c e n t r a t i o n  

as a f unc t i on  of  t ime  for  t h e  mode l  bu i l d ing  unde r  

s t a c k  a c t i o n ,  w i th  a i r  f low r a t e s  as g iven . i n  T a b l e  

1. I n i t i a l l y ,  t h e  s m o k e  c o n c e n t r a t i o n  w a s  a s s u m e d  

t o  b e  1.0 on t h e  f i r s t  f loor  a n d  z e r o  o n  a l l  o the r  

O u t s i d e  OF B:: I n s i d e  7 5 ~  

F i r e    lo or/ 

Fig. 8. Smoke Concentration Pattern Caused by Fire on  
First Floor and Stack Action - Steady State. 

f l oo r s .  A i r  t empe ra tu r e  w a s  7 5 ' ~  on  all f l oo r s .  T h e  

v e r t i c a l  s h a f t s  of t h e  bu i l d ing  w e r e  a s s u m e d  t o  b e  

m a d e  u p  of four  e l e v a t o r  a n d  two  s t a i r w e l l  s h a f t s ,  

w i t h  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  of 4.5 s q  f t  a n d  

0 . 5  s q  f t  p e r  f l oo r ,  a n d  co r r e spond ing  i n t e rna l  vo l -  

u m e s  of 3 4 8 0  a n d  2 4 0 0  f t  3 p e r  f l oo r ,  r e s p e c t i v e l y .  

Only  s m o k e  c o n c e n t r a t i o n s  i n  e x c e s s  of 0 .01  

( 1  p e r  c e n t  of t h e  s m o k e  c o n c e n t r a t i o n  on  t h e  f i r e  

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

a s  t h e  c r i t i c a l  v a l u e  for  t h e  s a f e t y  of o c c u p a n t s  5 .  

O n  t h i s  b a s i s ,  s m o k e  c o n c e n t r a t i o n s  o v e r  t h e  w h o l e  

h e i g h t  of t h e  e l e v a t o r  s h a f t ,  t h e  l o w e r  l e v e l s  of t h e  

s t a i r w e l l  s h a f t  a n d  t h e  s e c o n d  f loor  a r e  a b o v e  t h e  

c r i t i c a l  v a l u e  a t  5 m inu t e s .  A t  10 minu te s ,  f l o o r s  11 

t o  2 0  s h o w  s i g n s  of s m o k e  c o n t a m i n a t i o n ,  a n d  a f t e r  

1 5  m i n u t e s  f l o o r s  13 t o  2 0  e x c e e d  t h e  c r i t i c a l  v a l u e .  

A t  30 m i n u t e s  t h e  s m o k e  c o n c e n t r a t i o n  i n  a l l  b u t  

f l o o r s  3 t o  10 is a b o v e  t h e  c r i t i c a l  l e v e l .  T h e  t ime 

t a k e n  t o  r e a c h  t h e  s t e a d y - s t a t e  v a l u e s  g iven  in  F i g .  

8 is i n  e x c e s s  of  3 hou r s .  

Smoke  c o n c e n t r a t i o n  p a t t e r n s  we re  a l s o  o b t a i n e d  

for  f i r e s  o n  t h e  s e c o n d ,  s i x t h  a n d  e l e v e n t h  f loors .  

A s  e x p e c t e d ,  s m o k e  c o n t a m i n a t i o n  o c c u r s  in  t h e  

s h a f t s  a n d  f l oo r s  a b o v e  t h e  f i r e  f loor .  With f i r e  on 



t he  s e c o n d  or  s i x t h  f loors ,  t he  t imes  t o  r e a c h  t h e  

c r i t i c a l  s m o k e  concen t r a t i on  l e v e l  in  t he  s h a f t s  a n d  

upper  f loors a r e  s imi l a r  t o  t h o s e  for f i re  on the  f i r s t  

floor. With f i re  o n  t h e  e l e v e n t h  f loor (above  t h e  neu- 

t r a l  p r e s s u r e  l e v e l  of the  building) only t he  f loors  

a b o v e  a r e  a f f e c t e d ,  a n d  ve r t i ca l  s h a f t s  remain 

s m o k e  free. T h e  time t aken  to r each  the  c r i t i c a l  

s m o k e  concen t r a t i on  l e v e l  i n  t he  twelfth a n d  thir-  

t e en th  f loors  is 5 a n d  25  minu te s ,  r e spec t ive ly .  T h e  

remaining  f loors  a r e  r e l a t i ve ly  smoke  free. 

Ove ra l l  r a t e  of .a i r  l e a k a g e  in  t a l l  bui ld ings  de- 

pends  primari ly o n  the l e a k a g e  a r e a s  i n  t he  o u t s i d e  

w a l l s  a n d  w a l l s  of t he  v e r t i c a l  s h a f t s  and  not  on  

the  l e a k a g e  a r e a s  of  the  floor.6 

With the  l e a k a g e  a r e a  in  the  floor doub led ,  t ha t  i s ,  

A,: A,: (At) = 2.5: 5.0:(7.5), the  t o t a l  a i r  l e a k a g e  

r a t e  of t h e  model  building i n c r e a s e s  only  s l i g h t l y ,  

from 1470 lb /min  to  1483  lb/min.  With a fire on  the  

f i r s t  f loor,  t he  c h a n g e  with time of t h e  smoke  con- 

c e n t r a t i o n s  throughout the  bui ld ing  is no t ,  in gener-  

a l ,  much a f f ec t ed  and  f ina l  s t e a d y  v a l u e s  a r e  s imi -  

l a r  to t h o s e  g iven  in  F i g .  8. 

With the  l e a k a g e  a r e a  in t he  o u t s i d e  wa l l  reduced 

to  one-half ,  t ha t  i s ,  (A,): A,: At = (1.25): 5.0: 3 .75 ,  

t h e  t o t a l  a i r  l e a k a g e  r a t e  of t he  bui ld ing  d e c r e a s e s  

from 1 4 7 0  lb/min to 7 9 9  lb/min and  the  r a t e s  of  in- 

c r e a s e  smoke  concen t r a t i on  i s  approximately one-  

half t h o s e  g iven  in  T a b l e  2.  B e c a u s e  t h e  r a t i o s  of 

a i r  inflow a n d  outf low of e a c h  compar tment  is ap- 

proximately t h e  s a m e  as before ,  the v a l u e s  of s m o k e  

concen t r a t i on  a t  s t e a d y  s t a t e  a r e  a l s o  s imi l a r  t o  

t h o s e  g iven  in F i g .  8. 

F o r  a bui ld ing  under s t a c k  a c t i o n  the  wors t  s i t u -  

a t i o n  with regard  t o  smoke  con tamina t ion  a n d  evac -  

ua t ion  of o c c u p a n t s  i s  wi th  a f ire i n  the  lower f loors .  

E s c a p e  rou te s  s u c h  as  e l e v a t o r  a n d  s t a i r w e l l  s h a f t s  

a r e  qu ick ly  s m o k e  logged a n d  the  upper f loors  a r e  

made un tenab le  in a s h o r t  time. In t h e s e  c a l c u l a -  

t i ons  smoke  concen t r a t i on  o n  the  f i r e  floor w a s  as- 

sumed  c o n s t a n t  from time ze ro .  In a c t u a l  f ire  s i t u a -  

t i b n s ,  the  t ime a v a i l a b l e  for e v a c u a t i o n  a l s o  de- 

pends  on  t h e  r a t e  a t  which  s m o k e  d e v e l o p s  from a n  

inc ip i en t  f i r e ,  t he  e x t e n t  a n d  na tu re  of t he  f i r e ,  a n d  

the  s t a g e  a t  which  the  f i re  is d e t e c t e d  a n d  a n  a larm 

i s s u e d .  

SUMMARY 

T h i s  paper  d e s c r i b e s  a computer  s t u d y  o f  smoke  

movement u t i l i z ing  a mathemat ica l  model  of a 20- 

s to ry  building.  T h e  model  w a s  b a s e d  on measured  

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  of four t a l l  of f ice  build- 

i ngs .  T h e  r e s u l t s  i n d i c a t e  t he  r e l a t i ve  i n f luence  of 

a  number of f ac to r s  on s m o k e  movement in  bui ld ings .  

S t a c k  a c t i o n  i s  t he  p r inc ipa l  mechanism by which  

smoke  is t ransfer red  from a fire floor t o  o ther  f loors  

above .  With f i re  on  a lower  f loor during c o l d  wea the r ,  

smoke  c o n c e n t r a t i o n s  in  e l e v a t o r s  and  s t a i rwe l l  

s h a f t s  and on upper  f loors  r e a c h  c r i t i c a l  l e v e l s  i n  a 

very sho r t  t ime.  Smoke moves mainly ve r t i ca l ly ,  in  

e l eva to r  s h a f t s  a n d  a i r  d u c t s ,  and ,  to a l e s s e r  ex -  

t en t ,  in  s t a i r w e l l s .  T h e  v e r t i c a l  a i r  movement,  a n d  

h e n c e  t h e  r a t e  of smoke  movement,  c a u s e d  by wind 

ac t ion  a l o n e  is s u b s t a n t i a l l y  less than  tha t  c a u s e d  

by s t a c k  ac t ion .  A l a rge  open ing  in  t he  o u t s i d e w a l l  

of a fire f l oo r  a t  a  l ower  l e v e l  r e s u l t s  in a grea t e r  

r a t e  of v e r t i c a l  s m o k e  movement c a u s e d  by s t a c k  

ac t ion .  With wind a c t i o n  a l o n e ,  i t  is expec t ed  t h a t  

a l a rge  open ing  in  the  windward w a l l  of a  f i re  f loor 

would  a l s o  c a u s e  a n  i n c r e a s e  i n  t he  r a t e  of ve r t i ca l  

s m o k e  movement. 

If fire i s  p r e s e n t  i n  a ve r t i ca l  s h a f t ,  the  r e su l t i ng  

high tempera ture  c a u s e s  a n  upward movement of a i r  

in the s h a f t  a n d  a downward movement in all o the r  

s h a f t s .  T h i s  c a n  r e su l t  in  a rec i rcula t ion  of a i r  

through t h e  h e a t e d  s h a f t  s o  t ha t  smoke  wi l l  s p r e a d  

throughout the  building.  

T h e s e  c a l c u l a t i o n s  of s m o k e  movement were 

b a s e d  on  cond i t i ons  of c o n s t a n t  tempera ture  through- 

o u t  the building.  F l o w  of h e a t e d  a i r  frotn a n  a c t u a l  

fire however ,  would c a u s e  a c h a n g e  i n  a i r  flow r a t e s  

and  pa t te rn  with t ime,  and  make t h e  ca l cu l a t i on  of 

s m o k e  concen t r a t i ons  for t h i s  condi t ion  ext remely  

complex .  It is e x p e c t e d  tha t  r a t e s  of smoke  move- 

ment  for non- iso thermal  cond i t i ons  a r e  h igher  t han  

t h o s e  for t he  a s s u m e d  c o n s t a n t  tempera ture  condi -  

t ion.  

T h e  p re sen t  s t u d y  e m p h a s i z e s  the  need  for mea- 

s u r e s  to con t ro l  s m o k e  movement in order  t o  provide  

fo r  t he  s a f e t y  of o c c u p a n t s  a n d  minimize smoke  dam- 

a g e  in the  e v e n t  of f ire .  Eva lua t ion  of var ious  mea- 

s u r e s  involv ing  e i t he r  c h a n g e s  in  bui ld ing  d e s i g n  or 

t he  u s e  of mechan ica l  equ ipmen t  c a n  be  f a c i l i t a t e d  

by computer  s t u d i e s  as d e s c r i b e d  in  th is  paper.  
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APPENDIX A 

CALCULATION OF SMOKE CONCENTRATION 

S T E A D Y  S T A T E  C A S E  

F o r  t h e  s t e a d y  s t a t e  c a s e ,  w i th  a  known s m o k e  

c o n c e n t r a t i o n  i n  a  f i r e  f loor ,  s m o k e  f low b a l a n c e  is 

c o n d u c t e d  i n  e a c h  compar tmen t  s t a r t i n g  wi th  t h e  

compa r tmen t  a d j a c e n t  t o  t h e  f i re  f loor  a n d  i n  t h e  

d i r e c t i o n  of t h e  a i r  f low pa t t e rn .  In t h i s  way  quan-  

t i ty  of s m o k e  e n t e r i n g  e a c h  compar tmen t  is known 

a n d  t h e  s m o k e  c o n c e n t r a t i o n  i n  t he  compa r tme n t  

c a n  be c a l c u l a t e d .  With r e f e r e n c e  t o  F i g .  A-1,  

s m o k e  b a l a n c e  e q u a t i o n  for  t h e  nth compa r tme n t  is 

as f o l l ows :  

C h t l  Whtl 

C:, W:, 

C' 
n-1 Wh- l  

Fig.  A-1 

I 

W1' n t l t h  floor 

w:,' dh floor 

"h-1 
n - l th  floor 

w, c,., + w,: c,: = (Wn+, + w;') Cn (1)  
w h e r e  

W = a i r  m a s s  f low,  lb/min 

C = s m o k e  c o n c e n t r a t i o n ,  I b  of s m o k e / l b  of a i r  

q, C,., + W,: C,: 
then  Cn= 

Wn+l WA' 

where C, is t h e  s m o k e  c o n c e n t r a t i o n  i n  t h e  nth com- 

pa r tmen t  t o  b e  de t e rmined .  



T R A N S I E N T  C A S E  

F o r  t h e  t r a n s i e n t  c a s e  t h e  e q u a t i o n  for t h e  nth 

c o m p a r t m en t  is: 

d Cn 
p v  - t ( W n + l t W ' , ' ) C n = W n C n ~ l  +WACn (3) 

d t  

w he re  

p = d e n s i t y  of a i r ,  l b / f t 3  

V = volume of compa r tmen t ,  f t 3  

T h i s  e q u a t i o n  a s s u m e s  i n s t a n t a n e o u s  mix ing  of  

s m o k e  wi th  a i r  in t h e  compar tment .  E a c h  v e r t i c a l  

s h a f t  is d i v i d e d  i n t o  s e p a r a t e  compa r tme n t s  of o n e  

f loor  he ight .  F o r  e x a m p l e ,  fo r  a  bu i l d ing  wi th  N 

f l oo r s  a n d  tw o  v e r t i c a l  s h a f t s ,  t h e  t o t a l  number  of 

f i r s t -order  l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  r e qu i r e d  t o  

d e s c r i b e  t r a n s i e n t  s m o k e  c o n c e n t r a t i o n s  is 3N.  T h i s  

s y s t e m  of s i m u l t a n e o u s  e q u a t i o n s  is s o l v e d  by a 

f i n i t e  d i f f e r ence  me thod  t o  o b t a i n  t h e  v a l u e s  of 

s m o k e  c o n c e n t r a t i o n  i n  e a c h  compar tme n t  a t  a  g i v e n  

time. 



DISCUSSION 

C.J. ALLEN, (Albert Kahn Assocs., Detroit, Mich.): Can 

you explain why the neutral plane is not shifted in Fig. 7 

with a large opening in the 4th (fire floor)? 

MR. TAMURA: The location of neutral plane of the build- 

ing depends mainly on the vertical distribution of open- 

ings in the outside wall. Assuming a uniform distribution 

of openings, the neutral plane of'the building under the 

influence of stack action alone is located at the 10th 

floor as shown in Fig. 2. With a large opening in the 

outside wall at the 4th floor, the level of the neutral 

plane is shifted to the 9th floor as indicated in Fig. 7. 

T. KUSUDA, (National Bureau of Standards, Washington, 

D.C.): How did you calculate the pressure distribution? 

What is the computer time for a steady state case? What is 

the computer time for a transient case? 

MR. TAMURA: To determine the pressure distribution in a 

building, mass flow balance equation was set up for 

each floor and shaft compartment in the building. From 

these equations, inside pressures were calculated using an 

iterative method. The smoke concentration pattern for the 

steady state case as given in Fig. 8 was calculated with 

a desk calculator using Eq. (2) of Appendix A. The computer 

time required to calculate smoke concentration pattern for 

the transient case as given in Table 2 relative to real 

time was in the ratio of 1 18. 

MR. KUSUDA: Can you give us the computer time as in 

Fig 7? 

MR. TAMURA: The computer time required to determine the 

pressure distribution and, hence, the air flow pattern as 

shown in Fig. 7 was approximately 1% hours. On the aver- 

age, the computer time per case was approximately % hour. 

Computer calculations were conducted on IBM System 360. 

R.E. BARRETT, (Columbus, Ohio): Mr. Tamura is to be com- 

plimented for another fine contribution to the understand- 

ing of this complex problem. 

Although I realize that prediction of stack effect air 

flow is complicated, I was surpriqed to hear Mr. Tamura 

report that while stack effect produced an upward flow 

in the shafts of 1421 lb/rnin and wind produced a flow of 

403 lb/min in the same direction, when stack effect and 

wind were considered together, the resultant flow was 

only 1233 lb/min, less than stack effect alone. Intui- 

tion suggests that when two mechanisms which produce 

similar effects are combined, the resultant effect should 

be greater than that produced by either mechanism alone. 

Would the author like to comment on this? 

As evidenced by the references listed in Mr. Tamura's 

paper, there has been significant interest in the past 

few years in both the practical and analytical problems 

associated with stack effect and wind and the accompany- 

ing air and smoke movement. Further interest was evi- 

denced at the Symposium on "The Control of Smoke Movement 

on Escape Routes in Buildings" held at Hertfordshire, 

England in April. Therefore, we might logically ask the 

question, where do we go from here insofar as application 

of analytical techniques to building design. 

First we must answer the question, "Can these analytical 

studies be of value in improving the design of tall build- 

ings?" It appears to me that we should not be satisfied 

with the current design practice for tall buildings from 

both the environmental and safety aspects. Considering 

environmental factors, air movement due to  stack effect 

in tall buildings is accompanied by drafts and noise and 

difficulty is encountered in the operation of doors (leaf' 

and elevator) due to pressure differences. Safety con- 

siderations include the uncertainty that fire-protection 

officers have concerning: (1) what design features need 

to be included in tall buildings to  insure reasonable 

safety from smoke and fire, (2) can the ventilating sys- 

tem be utilized for control of smoke movement, (3) will 

safety features incorporated into building design ac- 

tually perform as expected when a fire occurs, and 

(4) what action should the fire department take upon 

reaching buildings where fires are in progress, espe- 

cially with regard to ventilating system operation. The 

value of analytical studies is that examination of these 

problems can be made during building design and alterna- 

tive designs can be evaluated. 

Once we have agreed that problems exist and techniques 

are available for analyzing the problem and evaluating 

proposed solutions, we might ask, "Can anything be done 

about controlling air and smoke flows in buildings?" 

Several years ago it would have been difficult to envi- 

sion any practical means to significantly reduce stack 

effect. Alteration of building design (such as type and 

location of doors, wall tightness, ventilating fan pres- 



sure head, etc.) may have reduced specific problems, but 

that was about the practical limit. 

We considered the use of design and selective control 

of the ventilation system to modify stack effect through 

pressurization and/or depressurization of sections of 

tall buildings. However, control costs appeared to be a 

problem. Recently, we have seen the announcements on 

several buildings that will utilize computers for oper- 

ating the environmental control systems. This appears 

to offer an opportunity for reconsidering the use of the 

ventilating system for reduction of stack effect problems. 

Therefore, I believe it is time to  incorporate stack 

effect and smoke movement evaluations into the design of 

new tall buildings and to investigate utilizing ventila- 

tion systems for control of air and smoke movement. 

MR. TAMURA: In reply to  Mr. Barrett's first comment, the 

direction of air flow within a building caused by stack 

action is upward, whereas, the direction of air flow with- 

in a building caused by wind action is mainly from the 

windward to the leeward walls. The modification of the 

air flow pattern caused by wind action superimposed on 

stack action apparently results in a reduction in the 

upward flow rate. 

Further to Mr. Barrett's comments on the control of 

smoke movement in the event of fire in tall buildings, be- 

cause of the many factors which must be considered to  

ensure safety of occupants, the problem of smoke control 

is complex. We are at present investigating various 

methods of smoke control with the aid of computer tech- 

nique similar to the one described in this paper. 
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