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ABSTRACT 

D e t a i l e d  e x p e r i m e n t s  o f  smoke l a y e r  development i n  A t r i a  r e v e a l e d  t h e  need 
f o r  r e f i n i n g  t h e  r e l a t i o n s h i p s  f o r  1 )  a i r  e n t r a i n m e n t  r a t e s  i n t o  low Froude 
number ( l a r g e  d i a m e t e r )  p o o l  f i r e s ,  and 2 )  t h e  c o n v e c t i v e  h e a t  t r a n s f e r  
c o e f f i c i e n t  t o  t h e  walls. Experiments were conducted i n  a s q u a r e  c r o s s  
s e c t i o n  e n c l o s u r e  2 m x 2 m x 5 m h i g h  having  a d j u s t a b l e  s i z e  o p e n i n g s  n e a r  
t h e  bottom ( f o r  t h e  f r e s h  a i r  s u p p l y )  and a t  t h e  c e i l i n g  ( f o r  smoke 
e x h a u s t )  ( s e e  F i g .  1 ) .  S t e a d y  s t a t e  c o n d i t i o n s  were e s t a b l i s h e d  p r i o r  t o  
t h e  measurements f o r  methane pool  f i r e s  produced by a 30 cm d i a m e t e r  sand 
box b u r n e r  a t  two h e a t  r e l e a s e  r a t e s ,  10 kW and 20 kW, and v a r i o u s  combina- 
t i o n s  o f  i n l e t  and o u t l e t  v e n t  s i z e s .  Temperature measurements by a v e r -  
t i c a l  thermocouple r a c k  were used  t o  de te rmine  t h e  h e i g h t  o f  t h e  smoke 
l a y e r .  Exhaust  f l o w  r a t e s  were p r e c i s e l y  measured by u s i n g  t h e  t r a c e r  g a s  
method,  which i n  t h e  p r e s e n t  exper iments  inc luded  two g a s e s :  C02 and O2 
( s i m u l t a n e o u s  CO measurements showed no d e t e c t a b l e  c a r t o n  monoxide l e v e l s ,  
i . e . ,  t h e  combustion was c o m p l e t e ) .  The p r e s s u r e  d i f f e r e n c e  d i s t r i b u t i o n  
and t h e  n e u t r a l  p l a n e  were de te rmined  by d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r s  
a l o n g  t h e  e n c l o s u r e  h e i g h t .  The redundancy and a c c u r a c y  o f  t h e  measure-  
ments  i n  t h i s  p r o j e c t  were e s s e n t i a l  f o r  t h e  development and e s t a b l i s h m e n t  
o f  a  new e n t r a i n m e n t  r e l a t i o n s h i p  f o r  t h e  buoyant  plume o f  low Froude 
number ( l a r g e  d i a m e t e r )  p o o l  f i r e s ;  t h e  normal ized  e n t r a i n m e n t  r a t e  va 
p r o p o r t i o n a l l y  t o  Z/D, a s  it was proposed i n  a p r e v i o u s  p u b l i c a t i o n  fje; 
Moreover, t h e  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  can b e  d e t e r m i n e d  by 
u s i n g  a c o n s t a n t  S t a n t o n  number, w h i l e  c u r r e n t l y  used  c o r r e l a t i o n s  i n  zone  
models  f a i l e d  t o  reproduce  t h e  e x p e r i m e n t a l  r e s u l t s  ( 1 ) .  

Keywords: E n t r a i n m e n t ,  Convec t ive  Heat F l u x ,  Zone Models in Atria.  

INTRODUCTION 

B u i l d i n g s  having  a t r i a  have become i n c r e a s i n g l y  popular  i n  r e c e n t  y e a r s ,  
because  o f  t h e  charm and t h e  comfor t  o f f e r e d  by t h o s e  a t r i a  t o  b u i l d i n g  
s p a c e s .  However, concern  e x i s t s  t h a t  smoke may s p r e a d  r a p i d l y  and wide ly  
i n  a b u i l d i n g  t h r o u g h  an a t r i u m  i n  t h e  e v e n t  o f  f i r e .  D e s p i t e  t h i s ,  
r a t i o n a l  methodologies  and s t a n d a r d s  f o r  f i r e  s a f e t y  f o r  s u c h  b u i l d i n g s  
have n o t  y e t  been w e l l  e s t a b l i s h e d  i n  t h e  c u r r e n t  b u i l d i n g  r e g u l a t i o n s .  

In  o r d e r  t o  p r e v e n t  smoke s p r e a d i n g  through a n  a t r i u m  t o  t h e  a d j a c e n t  f l o o r  
a r e a s ,  i t  is n e c e s s a r y  t h a t  t h e  p a r t i t i o n s ,  i n c l u d i n g  t h e  g l a z i n g ,  have  a 
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NEUTW PLANE 

1 NTERFACE HE I C HT 

F i g u r e  1. T h e  a t r i u m  s p a c e  c o n d i t i o n s  a t  a s t e a d y  state.  



c e r t a i n  l e v e l  o f  h e a t  r e s i s t a n t  performance s o  t h a t  t h e y  w i l l  n o t  be  broken 
by t h e  exposure  t o  t h e  h o t  smoke l a y e r  caused by p o s s i b l e  f i r e ,  and t h a t  
t h e  p a r t i t i o n s  a r e  s u f f i c i e n t l y  a i r  t i g h t  o r  t h e  a t r i u m  s p a c e  is  k e p t  a t  
n e g a t i v e  p r e s s u r e  r e l a t i v e  t o  t h e  p r e s s u r e s  o f  t h e  f l o o r  a r e a s .  

I n  a d d i t i o n ,  it is  n e c e s s a r y  t o  keep t h e  c l e a r  h e i g h t  a t  a  c e r t a i n  l e v e l  i n  
c a s e  t h e  a r e a  o r  t h e  geometry o f  a n  a t r i u m  is s u c h  t h a t  it may c a u s e  g r e a t  
d i f f i c u l t y  f o r  f i r e f i g h t e r s  t o  p u t  o u t  f i r e s  w i t h o u t  endanger ing  t h e i r  
l i f e s  by e n t e r i n g  i n t o  t h e  a t r i u m .  

In  t h i s  s t u d y ,  t h e  v a l i d i t y  o f  t h e  s imple  two l a y e r  zone model ( I ) ,  d e v e l -  
oped t o  i n v e s t i g a t e  t h e  e f f i c i e n c y  of  smoke c o n t r o l  e f f e c t  by n a t u r a l  v e n t -  
i n g ,  is examined by exper iments  ( 1 )  u s i n g  a model a t r i u m  where t h e  e f f e c t s  
o f  h e a t  r e l e a s e  r a t e  o f  f i r e ,  smoke v e n t  a r e a  and a i r  i n l e t  a r e a  a r e  inves-  
t i g a t e d  ( 1  ) .  

The agreement  o f  t h e  two l a y e r  zone model w i t h  t h e  e x p e r i m e n t s  is n o t  s o  
good r e g a r d i n g  p r e d i c t i o n s  o f  smoke l a y e r  d e p t h  and smoke l a y e r  tempera- 
t u r e .  T h i s  d i s c r e p a n c y  is a t t r i b u t e d  t o  t h e  i n a p p l i c a b i l i t y  o f  s t a n d a r d  
plume e n t r a i n m e n t  and h e a t  t r a n s f e r  r e l a t i o n s h i p s  ( 1 , 2 )  t o  t h i s  problem. 
By u s i n g  t h e  d e t a i l e d  e x p e r i m e n t a l  r e s u l t s  from t h i s  s t u d y ,  new c o r r e l a -  
t i o n s  a r e  deve loped  f o r  a )  ( t h e r m a l )  plume e n t r a i n m e n t  i n  a n  i n t e r m e d i a t e  
r e g i m e ,  and  b) n a t u r a l  c o n v e c t i v e  h e a t  t r a n s f e r  t o  t h e  w a l l s  o f  a  compart- 
men t . 

EXPERIMENTAL SETUP AND MEASUREMENTS 

A s t e a d y  s t a t e  exper iment  i n  a  s m a l l  s c a l e  model a t r i u m ,  2 .0  m x 2 .0  m x 
5 . 0  m ( h e i g h t ) ,  a s  shown i n  F i g u r e  1, h a s  been des igned  f o r  a )  measur ing  
h e a t  l o s s e s ,  e n t r a i n m e n t ,  h o t  l a y e r  t e m p e r a t u r e s  and n e u t r a l  p l a n e  l o c a -  
t i o n ;  and b )  v a l i d a t i n g  two l a y e r  zone models. Both t h e  e x h a u s t  opening  
a r e a  and  t h e  i n l e t  a r e a  could  be v a r i e d  d u r i n g  t h e  t e s t s .  A c o l l e c t i o n  
hood was p l a c e d  . 3  m above t h e  c e i l i n g  f o r  measur ing  h e a t  r e l e a s e  r a t e s  and 
e x h a u s t  mass f low r a t e s  by r e c o r d i n g  (C02) s p e c i e s  c o n c e n t r a t i o n s  b o t h  
i n s i d e  t h e  h o t  l a y e r  and i n s i d e  t h e  hood e x h a u s t  p i p e  ( 1 ) .  A c i r c u l a r  
methane g a s  b u r n e r  . 3  m i n  d i a m e t e r  was p laced  .5 m above t h e  f l o o r  t o  
a v o i d  blowdown o f  t h e  f i r e  plume owing t o  t h e  opening  j e t  from t h e  a i r  
i n l e t .  The f o l l o w i n g  t e s t  c o n d i t i o n s  were a p p l i e d  ( t o t a l  48  t e s t s ) :  

Heat R e l e a s e  Rate  &kW): 10 .0 ,  2 0 . 0  
Smoke Vent Area (m ) :  . 0 4 ,  .09 ,  .16 
Opening Area R a t i o :  8 ,  6 ,  4 , 2 ,  1 ,  1 /2 ,  1 / 3 ,  1/4 

(smoke vent  a r e a  o v e r  i n l e t  a r e a ) .  

A d e t a i l e d  s e t  o f  e x p e r i m e n t a l  measurements were t a k e n :  ( a )  t e m p e r a t u r e  
p r o f i l e s  i n  t h e  h o t  l a y e r ;  b )  v e r t i c a l  p r e s s u r e  d i s t r i b u t i o n ;  c )  s p e c i e s  
( 0 2 ,  COT CO) c o n c e n t r a t i o n  i n s i d e  t h e  h o t  l a y e r  and i n s i d e  t h e  c o l l e c t i n g  
hood. h e  d e t a i l e d ,  c a r e f u l l y  c o l l e c t e d  r e s u l t s  have been p r e s e n t e d  i n  a 
p r e v i o u s  paper by I s h i n o  and Tanaka ( 1 ) .  

A s i m p l e  two l a y e r  model based on s t a n d a r d  e n t r a i n m e n t  and h e a t  t r a n s f e r  
r e l a t i o n s h i p s  ( 1 , 2 )  f a i l e d  t o  reproduce  t h e  e x p e r i m e n t a l  r e s u l t s  and 
t r e n d s .  F i g u r e s  2 and 3 show a comparison o f  p r e d i c t i o n s  from t h i s  model 
( 1 )  w i t h  t h e  p r e s e n t  exper iments :  F i g u r e  2 p l o t s  t h e  smoke l a y e r  a v e r a g e  
t e m p e r a t u r e  and F i g u r e  3 p l o t s  t h e  smoke l a y e r  i n t e r f a c e  h e i g h t  a t  s t e a d y  
s t a t e  c o n d i t i o n s  and f o r  v a r y i n g  opening  a r e a  r a t i o  (smoke v e n t  a r e a )  a i r  
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OPENING AREA RATIO ( SMOKE VENT AREA / A I R  I N L E T  AREA 

Figure 2 .  Predicted and measured steady s t a t e  smoke layer temperatures for  
various opening area ra t ios .  Predictions have been made for  two 
values of the entrainment coef f ic ien t  Cm = .21 and Cm = .30 ( see  
Eq. ( 1 ) ) .  
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OPENING AREA RATIO ( SMOKE VENT AREA / AIR INLET AREA 
Figure 3.  Predicted and measured steady s t a t e  smoke layer  in te r face  heights 

fo r  various opening area r a t i o s .  Predictions have been made for  
two values of the entrainment coef f ic ien t  C, = .21 and Cm : .30 
( see  E q .  ( 1 ) ) .  



i n l e t  a r e a ) .  Each f i g u r e  i n c l u d e s  t h e  r e s u l t s  f o r  a 10 kW and  a  20 kW 
f i r e ,  a s  shown. The agreement o f  t h e  p r e d i c t i o n s  w i t h  t h e  t h e o r y  is  r a t h e r  
poor .  An a t t e m p t  was u n s u c c e s s f u l  f o r  improving t h e  agreement  o f  p r e d i c -  
t i o n s  w i t h  e x p e r i m e n t s  by changing t h e  propo o n a l i t y  c o e f f i c i e n t  i n  t h e  
plume e n t r a i n m e n t  r e l a t i o n s h i p  from: Cm = .2lr if  t o  Cm = .30 ( s e e  Eq. ( 1 )  ) ,  
as is  i n d i c a t e d  i n  F i g u r e s  2  and 3 .  

I n  t h i s  work, i n d e e d ,  we have found o u t  t h a t  t h i s  d i s c r e p a n c y  can  be  a t t r i -  
bu ted  t o  t h e  l a c k  o f  a p p l i c a b i l i t y  o f  e x i s t i n g  s t a n d a r d  r e l a t i o n s h i p s  f o r  
e n t r a i n m e n t  r a t e s  and c o n v e c t i v e  h e a t  t r a n s f e r  t o  t h e  p r e s e n t  problem. 

ENTRAINMENT RATES AND CONVECTIVE HEAT TRANSFER IN ATRIA AND ROOM FIRES 

In  t h e  s t e a d y  s t a t e  exper iments  of  t h e  model Atrium ( F i g u r e  1 )  t h e  e x h a u s t  
r a t e  from t h e  c e i l i n g  v e n t  is equa l  t o  t h e  a i r  e n t r a i n e d  i n  t h e  plume o v e r  
a  l e n g t h  e x t e n d i n g  from t h e  pool  s u r f a c e  t o  t h e  smoke l a y e r  i n t e r f a c e  
h e i g h t .  We have shown t h a t  a s y m p t o t i c  plume e n t r a i n m e n t  r e l a t i o n s h i p s  
( i n c l u d i n g  v i r t u a l  o r i g i n )  ( 1 )  do n o t  reproduce  t h e s e  e x p e r i m e n t a l  r e s u l t s  
w e l l  f o r  e n t r a i n m e n t  and t h i s  is a  reason  f o r  t h e  d i s c r e p a n c y  between p r e -  
d i c t i o n s  and e x p e r i m e n t a l  r e s u l t s  ( 1 )  a s  was c i t e d  e a r l i e r  i n  t h i s  p a p e r .  
T h i s  is w e l l  demons t ra ted  i n  F i g u r e s  4a and 4b ,  by u s i n g  t h e  f o l l o w i n g  
method. For  t h e  a s y m p t o t i c  plume en t ra inment  r e l a t i o n s h i p s ,  one  would h a v e  

where in  p a ,  T  a r e  ambient  a i r  p r o p e r t i e s ,  g  is t h e  g r a v i t a t i o n a l  ac-  
c e l e r a t i o n ,  lpis t%e ( c o n v e c t i v e )  h e a t  r e l e a s e  r a t e ,  Z is t h e  d i s t a n c e  from 
t h e  plume o r i g i n ,  and Zo is t h e  v i r t u a l  o r i g i n .  ( 1 )  Such r e l a t i o n s h i p s  

would b e  a p p l i c a b l e  f o r  t h e  p r e s e n t  d a t a ,  i f  a  p l o t  o f  ( m e n t / ~ 1 / 3 ) 3 / 5  v s .  
h e i g h t  Z  was a  s t r a i g h t  l i n e .  F i g u r e s  4a  and 4b show t h i s  p r o p o s i t i o n  is 
n o t  r e a l l y  t r u e .  

I n s t e a d ,  we have  found t h a t  t h e  en t ra inment  r a t e  is c o r r e l a t e d  by t h e  ex- 
p r e s s i o n  ( s e e  F i g u r e s  5 a ,  5 b ) :  

m e n t  Z 

Q 
7 = .032 g 

where in  t h e  e n t r a i n m e n t  r a t e ,  merit, is i n  kg/s  and t h e  h e a t  r e l e a s e  r a t e ,  
Q,  is  i n  kW; Z is  t h e  v e r t i c a l  d l s t a n c e  from t h e  p o o l  having  d i a m e t e r ,  D .  

One s h o u l d  a l s o  n o t e  t h a t  t h e  r e l a t i o n s h i p  i n  E q .  ( 2 a )  was p r e d i c t e d  ( 3 )  t o  
be a p p l i c a b l e  f o r  c o n v e c t i v ?  thermal  plume f lows  o v e r  a  l a r g e  a r e a ,  s m a l l  
f l a m e  h e i g h t  f i r e  and f o r  0 < 3.  One could  a l s o  g e n e r a l i z e  Eq. ( 2 a )  by 
u s i n g  d i m e n s i o n l e s s  q u a n t i t i e s  ( 3 )  ; 



Z =SMOKE HEIGHT--0.5 (m) 
F i g u r e  4 a ,  C o r r e l a t i o n  method o f  e n t r a i n m e n t  plume d a t a  by u s i n g  a  s t a n d a r d  

4b  a s y m p t o t i c  e n t r a i n m e n t  r e l a t i o n s h i p  ( s e e  E q .  ( 1 ) ) .  The r e s u l t s  
a r e  f o r  a  plume above t h e  f lames  ( = 10 cm) f o r  a  pool  f i r e  30 cm 
i n  d i a m e t e r  and v a r i o u s  t e s t  c o n d i t i o n s  a t  10 kW ( F i g .  4 a )  and a t  
20 kW ( F i g .  4 b ) .  S i n c e  t h e  d a t a  a r e  n o t  l y i n g  on a  s t r a i g h t  l i n e ,  
s t a n d a r d  e n t r a i n m e n t  r e l a t i o n s h i p s  ( i . e . ,  Eq .  ( 1 ) )  d o  n o t  seem t o  
be a p p l i c a b l e .  
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Z=SMOKE HEIGHT- .  5 (m) 

F i g u r e  5 a .  New c o r r e l a t i o n  f o r  a i r  e n t r a i n m e n t  t o  t h e  plume above t h e  f l a m e s  
( =  10 cm) f o r  a  pool  f i r e  of d i a m e t e r  30 cm a t  10 kW a t  v a r i o u s  
t e s t  c o n d i t i o n s  ( v e n t  qpening  and i n l e t  o p e n i n g ) .  

Z=SMOKE H E I G H T - .  5 (m) 

F i g u r e  5 b .  Same a s  i n  F i g .  5a  b u t  f o r  a  20 kW f i r e .  Data i n  F i g u r e s  5a  and 
5b  c l o s e l y  l i e  on  t h e  same s t r a i g h t  l i n e  ( s e e  E q .  ( 2 a ) ) .  



where p , c ,Tm a r e  ambient a i r  propert ies  and g is the grav i ta t iona l  
accelerZtioR. 

The convective heat  losses  t o  the wall and t o  the ambient a i r  outs ide the  
atrium can be derived from the exhaust r a t e  and the temperature r i s e  mea- 
surements because ver t i ca l  thermocouple rack measurements ( 1 )  va l ida te  the 
representation of  the system a s  a two-layer system ( rad ia t ive  losses  and 
exchanges were negl igible  in the present experiments). I t  has been shown 
from data  analysis  tha t  the convective heat losses ,  QL, a r e  represented by 
the following simple expression: 

where b is the convective heat release from the Fire ,  A. is the horizontai  
area of  an atrium ( o r  a room), and As is the t o t a l  area (wall  plus c e i l i n g )  
bounding the upper hot layer .  Figure 6 shows a comparison between the  
measured and calculated r e s u l t s  by using E q .  (3a ) .  E q .  (3a )  can be a l s o  
interpreted as  a Stanton heat t rans fe r  coef f ic ien t :  

and AT = T g ,a  - Tm 
( 3 f )  

Note t h a t  T is the average ad iaba t ic  hot layer temperature ( a s  defined 
by E q .  (3d)f7:nd Tm is the ambient temperature. 

The correct ion owing to the difference between the inside wall temperature, 
Ti, and the (ambient) outside a i r  temperature, Tm, can be calculated from a 
steady s t a t e  heat t rans fe r  equation. The thickness of the wall is 6 = 12 
mm and the thermal conductivity of the wall is about ( 1 )  k = .23 W/mK.  
Thus, 

wherein hi ,  ho a r e  the natural  convective heat t ransfer  coef f ic ien t s  t o  the  
wall on i t s  inside and outside surfaces respect ively.  For turbulent  
natural  convection, it is e timated t h a t  in the present steady s t a t e  case:  3 a )  hi = ho and b )  hi = 4 W/m K .  Therefore, E q .  (4a)  gives 



MEASURED CONVECTIVE -LOSSES FRACTION 

Figure 6.  Predicted and measured convective heat losses  for  the model Atria 
t e s t s ,  using the present heat t rans fe r  cor re la t ion ,  Eq. 3a. 



- 
N o t i c e  t h a t  Tg i n  Eqs. ( 4 a )  and ( 4 b )  is t h e  a v e r a g e  h o t  l a y e r  t e m p e r a t u r e  

i n c l u d i n g  h e a t  l o s s e s ;  it is d i f f e r e n t  from t h e  a v e r a g e  a d i a b a t i c  h o t  l a y e r  
t e m p e r a t u r e  a s  d e f i n e d  by Eq. ( 3 d ) ,  namely: 

f o r  t h e  p r e s e n t  t e s t s  ( s e e  F i g u r e  6 ) .  By u s i n g  Eqs. ( 4 b )  and ( 4 c ) ,  one  
f i n a l l y  o b t a i n s  t h e  f o l l o w i n g  r e l a t i o n s h i p  

I t  is p o s s i b l e  now t o  modify Eq. ( 3 b )  i n  o r d e r  t o  a c c o u n t  f o r  t h e  i n c r e a s e d  
w a l l  t e m p e r a t u r e  o v e r  t h e  (ambient )  o u t s i d e  a i r  t e m p e r a t u r e :  

where t h e  h e a t  l o s s  is d e f i n e d  now a s :  

and Eqs.  ( 3 c ) ,  ( 3 d )  and ( 3 f )  a r e  stil l  a p p l i c a b l e .  

CONCLUSIONS 

A most  no tewor thy  f e a t u r e  o f  t h e  p r e s e n t  r e s u l t s  is t h a t  t h e y  a r e  t h e  f i r s t  
d i r e c t  measurements and c o r r e l a t i o n s  o f  e n t r a i n m e n t  r a t e s  and o v e r a l l  con- 
v e c t i v e  h e a t  l o s s e s  i n  a  compartment f i r e .  Thus ,  t h e y  a r e  i n v a l u a b l e  i n  
v a l i d a t i n g  and comparing zone  models f o r  smoke movement. 

The e x p e r i m e n t a l  r e s u l t s  from t h e  p r e s e n t  s t u d y  a l l o w e d  u s  t o  make t h e  f o l -  
lowing  c o n t r i b u t i o n s  t o  t h e  modeling o f  compartment f i r e s :  a )  For t h e r m a l  
plumes o r i g i n a t i n g  from s m a l l ,  l a r g e  a r e a  f i r e s ,  a new e x p r e s s i o n  f o r  t h e  
e n t r a i n m e n t  r a t e  was e s t a b l i s h e d  a p p l i c a b l e  above t h e  f lame t i p  and up t o  
t h r e e  t i m e s  t h e  p o o l  d i a m e t e r  (Eq. ( 2 a ) ) . ;  b )  An e x p e r i m e n t a l l y  e s t a b l i s h e d  
c o r r e l a t i o n  f o r  t h e  c o n v e c t i v e  h e a t  l o s s e s  t o  t h e  walls i n  a  compartment 
f i r e  f i r e  was a l s o  developed (Eq. ( 3 a ) ) .  
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