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BUOYANCY DRIVEN FLOW AS THE FORCING FUNCTION OF SMOKE TRANSPORT MODELS 

Walter W. Jones  
Xavier Bodart 

Abst rac t  

Flow a t  ven t s  is  t h e  major d r i v i n g  f o r c e  i n  smoke t r a n s p o r t  models. The 

p r e c i s i o n  w i t h  which w e  can c a l c u l a t e  t h e s e  flows determines t o  a g r e a t  e x t e n t  

how a c c u r a t e l y  w e  can model buoyant flow and t h e  inheren t  speed of t h e  models. 

This r e p o r t  d e s c r i b e s  some of t h e  problems encountered i n  c a l c u l a t i n g  t h e s e  

f lows,  and g ives  a genera l  a lgor i thm f o r  t h e i r  c a l c u l a t i o n .  

Key words: vent  flow, smoke t r a n s p o r t  model, f i r e  modeling, d i f f e r e n t i a l  

equa t ion  . 

1. INTRODUCTION 

Over t h e  p a s t  few years  modeling f i r e  growth and smoke t r a n s p o r t  has 

become a n  important  a spec t  of f i r e  research.  As computers have become cheaper 

and f a s t e r ,  t h e  a b i l i t y  t o  handle t h e  equat ions  a s s o c i a t e d  wi th  such phenomena 

has improved t o  t h e  point  where numerical experiments can rep lace  some 

phys ica l  experiments. This is  u s e f u l  i n  avoiding t h e  expense and e f f o r t  of 

a c t u a l  f i r e  tests. To t h i s  end t h e r e  are two a s p e c t s  of modeling which are 

important .  The f i r s t  i s  t h a t  the  phys ica l  a lgor i thm must be c o r r e c t  and t h e  

second is t h a t  t h e  numerical r o u t i n e s  which are u t i l i z e d  must be f a s t  and a b l e  

t o  handle t h e  wide range of values  which occur i n  n a t u r a l  phenomena. 

t i m e  scales range from microseconds f o r  chemical k i n e t i c s  t o  t ens  of seconds 

f o r  hea t  conduction. 

Typical  
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The p r e d i c t i v e  equat ions  which are solved arise from the  conservat ion of 

mass, momentum and energy. 

volume, they are f i r s t  o rder ,  non l inear ,  o rd inary  d i f f e r e n t i a l  equat ions ,  of 

t h e  form 

When i n t e g r a t e d  over a f i n i t e  s i z e d  c o n t r o l  

dx 
d t  - = f(x), 

where x r e p r e s e n t s  a vec tor  of unknown dependent v a r i a b l e s .  Much of t h e  

modeling has assumed a s i m p l i f i c a t i o n  which is t o  s o l v e  t h e  pseudo s teady-  

s t a te  as t he  t r a n s i e n t  term vanishes  

f(x) + 0. dx 
d t  
- =  

I n  e i t h e r  case a s o l u t i o n  is found by varying x i n  t h e  phase space about some 

i n i t i a l  va lue  x and looking for a minimum i n  t h e  value of t h e  f u n c t i o n  f(x) 
0 

dx 
d t  

o r  a c t u a l l y  {- - f(x)). The t h e s i s  of t h i s  paper is t h e  d i f f e r e n c e  i n  the  

p h y s i c a l  meaning of t h e s e  two types of equat ions  and t o  demonstrate t h a t  

so lv ing  t h e  o r i g i n a l  ODE'S is s u p e r i o r  t o  so lv ing  t h e i r  a l g e b r a i c  counte rpar t .  

The under lying po in t  is t o  demonstrate the  r a t i o n a l e  t h a t  t h e  apparent ly  more 

complex form of t h e  equat ions  is a c t u a l l y  easier t o  so lve ,  and i n  a d d i t i o n  t o  

show t h a t  t he  a l g e b r a i c  form may not always y i e l d  the  c o r r e c t  s o l u t i o n .  

2. PROBLEM TO BE SOLVED 

The d i f f i c u l t y  which arises in the  s o l u t i o n  of eqn. ( 1 )  i s  the  bumpiness 

in t h e  multidimensional  phase space allowed by these  equa t ions  (one f o r  each 

zone o r  c o n t r o l  volume). The term "phase space" is used i n  t h i s  context t o  

-2- 



mean the  manifold of p ressure ,  temperature,  etc. ,  i n  which t h e  s o l u t i o n  of the  

r e l e v a n t  set  of equa t ions  l i e ,  and t h e  p o s s i b l e  p h y s i c a l  v a r i a t i o n s  which can 

occur. Even f o r  a s i n g l e  equat ion,  e.g. t h e  p ressure  equat ion,  t h e  topology 

is not  s imple.  There i s  an assumed s i m p l i f i c a t i o n  of consider ing only re laxed  

states - = 0 which can a c t u a l l y  make achieving the  f i n a l  s ta te  more d i f f i -  

c u l t .  No d i r e c t i o n  is provided i n  f ind ing  a minimum and i t  g ives  no sense  of 

whether a s p e c i f i c  bump i n  t h e  manifold is a n  a b s o l u t e  minimum. By r e t a i n i n g  

t h e  t r a n s i e n t  term some r e l i e f  is obta ined f o r  t h i s  s i t u a t i o n .  The most 

important  improvement i n  f i n d i n g  a s o l u t i o n  is t h a t  s e a r c h  d i r e c t i o n  i n  phase 

space is given by the  t r a n s i e n t  term. Thus t h e  b a s i c  sea rch  a lgor i thm is  

considerably  s i m p l i f i e d .  The second b i t  of he lp  comes from t h e  obse rva t ion  

t h a t  the  d e r i v a t i v e  terms do not  vanish  a t  a pseudo minimum but only a t  

a b s o l u t e  minimum. Fur the r ,  t h e  point  f o r  which t h e  t r a n s i e n t  term vanishes  

may not  be t h e  c o r r e c t  s o l u t i o n .  The c o r r e c t  s o l u t i o n  a c t u a l l y  minimizes the  

d i f f e r e n c e  between t h e  l e f t  and r i g h t  s i d e  of eqn. (1). 

dx 
d t  

Severa l  examples should se rve  t o  i l l u s t r a t e  t h e  problem, a p o s s i b l e  

s o l u t i o n  and t h e  means by which t h i s  t r a n s l a t e s  i n t o  a technique f o r  a genera l  

s o l u t i o n  of t h e  equations.  

The a c t u a l  equat ions  which w e  so lve  are somewhat more complex than 

eqn. (1); however, i t  is u s e f u l  t o  use  a s i m p l i f i e d  example t o  test  t h e  

techniques.  Then one can test t h e  h e u r i s t i c  wi thout  g e t t i n g  bogged down i n  

t e c h n i c a l  d e t a i l s  of numerical programming. The set of p r e d i c t i v e  equat ions  

which we  u s e  f o r  each compartment i n  a t y p i c a l  zone model [ l ]  , are 

. dP S 
d t  (6-l)V 
- =  
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where 

where T is  t h e  temperature and and it are t h e  energy release rates i n t o  the  
U 

upper and lower zones, r e spec t ive ly .  

depends mainly on f l u i d  t r a n s p o r t ,  t h a t  is enthalpy f l u x  d r iven  by d e n s i t y  and 

p ressure  g rad ien t s .  It a l s o  varies the  most r ap id ly .  Ac tua l ly ,  t h e  micro- 

s c o p i c  chemical k i n e t i c s  have a s h o r t e r  time cons tan t  but t h e  s p a t i a l l y  

averaged zone p r o p e r t i e s  (T ,  p) do not  vary on such a t i m e  scale and thus  i t  

is reasonable  t o  ignore  these  very s h o r t  times. 

s o l u t i o n  technique i t s e l f ,  we have developed a b e t t e r  method of f i n d i n g  t h e  

dominant por t ion  of the  source  term, rb, t he  enthalpy f l u x  from mass flow. 

t o  i t s  importance, we will d i s c u s s  i t  i n  t h e  next s e c t i o n  be fo re  g iv ing  

examples of t h e  s o l u t i o n  of t h i s  type of problem. 

The primary source  term is  the  6 which 

I n  a d d i t i o n  t o  improving the  

Due 

The conservat ion equat ions  which we s o l v e  are f o r  energy and mass. 

- Momentum is not  def ined wi th in  a c o n t r o l  volume but  only a t  the  boundaries 

where zones are connected. So we do not  s o l v e  t h e  momentum equat ion d i r e c t l y  



but  r a t h e r  use  t h e  i n t e g r a l  form known as B e r n o u l l i ' s  equat ion which y i e l d s  

mass f l u x  as a f u n c t i o n  of t h e  p r e s s u r e  and d e n s i t y  d i f f e r e n c e s .  

3 .  SOURCE TERM 

Equation ( 2 )  i s  t h e  one on which we s h a l l  focus  as i t  is t h i s  one t h a t  i s  

most o f t e n  " s impl i f i ed"  i n  the  asymptotic sense.  I n  o rde r  t o  exp la in  some of 

t h e  d i f f i c u l t y  encountered i n  so lv ing  t h i s  equat ion,  we  d i g r e s s  f o r  a moment 

t o  discuss t h e  primary source  t e r m ,  namely f l u i d  t r a n s p o r t  through vents .  

This f l u i d  f low phenomenon connects  t h e  c o n t r o l  volumes and i s  dominant 

because t h i s  term f l u c t u a t e s  most r ap id ly  of a l l  the  source  terms i n  response 

t o  changes i n  t h e  environment. One of t h e  improvements which w e  have incorpo-  

r a t e d  i n t o  our c u r r e n t  models is  a means of c a l c u l a t i n g  t h e s e  flow f i e l d s  wi th  

t h e  c o r r e c t  number of n e u t r a l  p lanes  (up t o  t h r e e )  and wi thout  d i s c o n t i n u t i e s  

i n  t h e  funct ion.  This  l a t t e r  f e a t u r e  impl ies  no d i s c o n t i n u i t i e s  i n  t h e  f i r s t  

o rde r  d e r i v a t i v e s  f o r  t h e  ODE'S. 

Typical  types  of flows which can occur i n  f i res  are i l l u s t r a t e d  i n  

f i g .  1. The n o t a t i o n  f o r  t h e  f low is  

SS = upper l a y e r  t o  upper l a y e r  

SA = upper l a y e r  t o  lower l a y e r  

AS = lower l a y e r  t o  upper l a y e r  

AA = lower l a y e r  t o  lower l a y e r  

-5- 



This  n o t a t i o n  was o r i g i n a t e d  earl ier  [ 2 ]  f o r  the  s i n g l e  n e u t r a l  plane case but 

is u s e f u l  f o r  a phys ica l  d e s c r i p t i o n  of t h e  genera l  problem. One g e n e r a l l y  

uses  t h e  Bernoul l i  equat ion t o  c a l c u l a t e  t he  flow v e l o c i t i e s  between two 

compartments which are connected by an opening. Indeed t h i s  is  t h e  s o l u t i o n  

f o r  t he  momentum equat ion which allows us t o  exclude i t  s p e c i f i c a l l y  when 

so lv ing  t h e  conservat ion equat ions  i n  general .  

The genera l  form is 

& i o  = C S 4- (kg/sec) ,  

where & = mass flow rate 

C = o r i f i c e  c o e f f i c i e n t  

s = opening area (m ) 

p = gas  d e n s i t y  on s i d e  "i" 

2 

Pi = pressure  on s i d e  *'i" 

Po = p r e s s u r e  on s i d e  *'o*'.  

The impl ica t ion  of us ing t h i s  equat ion is t h a t  t h e  p ressure  a t  a s t a g n a t i o n  

po in t  i s  used. 

measured. As t h e  p ressure  always appears as a d i f f e r e n c e ,  i n  p r i n c i p l e  i t  

does no t  matter whether abso lu te  p ressures  or p ressure  d e f e c t s  are used. 

accuracy i s  obtained by us ing pressure  de f ec t ,  however. 

e x t e n t ,  t h e  problems of t h e  small d i f f e r e n c e  of l a r g e  numbers. 

That is, t h e  flow v e l o c i t y  vanishes  where t h e  p ressure  i s  

More 

This  avoids,  t o  some 

The pressure  is always c a l c u l a t e d  wi th  respec t  t o  t he  base of a compart- 

ment. With t h i s  i n  mind we can express  t h e  p ressure  on t h e  o t h e r  s i d e  of a 

-6- 



p a r t i t i o n  as a func t ion  of t h e  v a r i a b l e  ( y ) ,  t h e  he igh t  above t h e  base: 

i m p l i c i t  i n  our u s e  of equat ion ( 6 )  i s  t h a t  t h e  opening is rec tangu la r ,  so  

t h a t  t h e  area i n t e g r a l  of t h e  flow term w i l l  a l low us  t o  remove the  width from 

t h e  i n t e g r a l .  

That is  

z2 
pV dzdb + width  pVdz. 

z1 
f low = !width I he igh t  (7) 

Thus t h e  t o t a l  f low becomes 

The p ressure  term w i l l  be reversed i f  t h e  flow is o + i. Thus we have t h e  

i n t e g r a l  over the  area shown i n  f i g .  2. Terms are as be fo re  except  t h a t  

i s  the  average i n l e t  mass d e n s i t y  wi th in  area "k". The s imples t  way t o  ' i ,k  

d e f i n e  the  l i m i t s  of i n t e g r a t i o n  is wi th  n e u t r a l  p lanes ,  t h a t  i s  the  he igh t  a t  

which flow r e v e r s a l  occurs ,  Pi ( z )  = Po (2). 

Each s i d e  of an opening is assumed t o  c o n s i s t  of t w o  homogeneous gas 

l a y e r s  (zones)  of uniform d e n s i t y  and temperature.  There i s  an apparent  

incons i s t ency  i n  t h a t  t h e  equat ion of s tate d i c t a t e s  P = pRT, and we assume P 

v a r i e s  but p and T remain cons tan t ,  a t  least wi th in  a zone. This p ressure  

f l u c t u a t i o n  is  so small compared t o  the  magnitude of the  base p ressure  t h a t  

ignor ing  i t  f o r  a l l  c a l c u l a t i o n s  except  t h e  flow f i e l d  is reasonable.  For 

s i m p l i c i t y  of n o t a t i o n  w e  w i l l  use  a s l i g h t l y  d i f f e r e n t  means of i d e n t i f y i n g  

the  zones. The correspondence is 

-7- 



upper "i" zone = 1 

lower "i" zone = 2 

upper '*ole zone = 3 

lower "o" zone = 4 

The former term using "SA" is phys ica l ly  more understandable and t he  r e s u l t s  

can be put  i n t o  t h e s e  terms, but t h e  d e r i v a t i o n s  are more compact wi th  t h e  

numerical i n d i c i e s .  Figure  3 shows a schematic of t he  no ta t ion .  The corres-  

ponding d e n s i t i e s  are p , p2 , p3 'and p4. Bf , H f ,  Zi and 2, are the  he igh t  of 

a sill, s o f f i t ,  ho t /co ld  i n t e r f a c e  i n  t h e  '*il' compartment and hot /cold  i n t e r-  

f a c e  i n  t h e  "o" compartment. 

Po (0 ) ,  t h e  i n t e r n a l  p ressure  on each s i d e  is given by 

With t h e  base  ( r e f e r e n c e )  p ressures  P (0 )  and i 

p0 ( 2 )  = ~ ~ ( 0 )  - min (y ,  z0) p4g - max (z-Z 0) p3g 
0'  

The func t ion  F (z) = Pi(z) - P ( z )  can be considered a family of func t ions  of e 

one v a r i a b l e ,  Z .  I n  a l l  cases t he  p ressure  appears only i n  t h i s  form. I n  

p r i n c i p l e ,  t h i s  family of curves can lead  t o  an i n o r d i n a t e  number of p o s s i b l e  

flow f i e l d s .  

we end up with only a few p o s s i b l i t i e s .  

fo l lowing r e s t r i c t i o n s  can be imposed: 

By imposing t h e  r e s t r i c t i o n s  found i n  f i r e  s c e n a r i o s ,  however, 

For s t r a t i f i c a t i o n  t o  occur,  t h e  

-8- 



We can a l s o  r e q u i r e  

wi thout  l o s s  of g e n e r a l i t y ,  s i n c e  f o r  t h e  reve r se ,  i t  i s  only necessary t o  

r eve rse  t h e  "i" and "0" compartments. We are l e f t  wi th  f i v e  d i f f e r e n t  cases. 

These cases and t h e i r  r e s t r i c t i o n s  are shown i n  Tab le  I. 

TABLE I 

Class R e s t r i c t i o n s  Max # of n e u t r a l  p lanes  Figure  4 

I p2 - < p4, z i  L zo 1 a 

11 P2 P4, zi - < z  2 b 
0 

111 P3 - < P2 I P4, zi > z  3 C 
0 

IV P2 < P4, zi < z  2 d 

1 e 
0 

0 
< z  v P2 < P y  'i 

C l a s s i f i c a t i o n  of types of flow which occur i n  a vent based on t h e  r e l a t i v e  
d e n s i t i e s  and i n t e r f a c e  he igh t s .  I f  t h e r e  e x i s t  s o f f i t s  o r  s i l l s ,  then  t h e  
number of n e u t r a l  p lanes  wi th in  a vent  can be less than t h e  number ind ica ted .  

I f  t h e r e  were no s o f f i t s  o r  s i l ls  t o  consider ,  then t h e  c a l c u l a t i o n  would be 

f a i r l y  s t r a igh t fo rward .  However, t h e  p o s s i b i l i t y  of s o f f i t / s i l l  combinations 

r e q u i r e s  many numerical tests i n  t h e  c a l c u l a t i o n .  Class I i s  the  b a s i s  of t h e  

a n a l y s i s  of classes 11-V. It can have 44 d i f f e r e n t  f l o w  combinations, depend- 

i n g  on t h e  r e l a t i v e  p o s i t i o n  of H f ,  B f ,  Zi and Zo. I t  may conta in  a t  most a 

s i n g l e  n e u t r a l  plane (f low r e v e r s a l ) .  Twenty f o u r  of t h e s e  combinations are 

wi thout  a n e u t r a l  p lane  and twenty wi th  a n e u t r a l  plane. Figure  5 shows the  

e f f e c t  of t h e  "0" compartment i n t e r f a c e  he igh t  on t h e  flow f i e l d  from one of 

t h e  diagrams shown in Figure  4 .  

-9- 



Table  I1 shows t h e  cri teria used f o r  s o l u t i o n  i n  classes 11-Vm The 

i n t e r v a l  [Bf,  H ] can subsequently be p a r t i t i o n e d  t o  c o n t a i n  a t  most a s i n g l e  

n e u t r a l  plane so  t h a t  t he  l o g i c  used f o r  class I can be u t i l i z e d .  

caveat  is  t o  be s u r e  t h a t  t h e  e q u a l i t i e s  and i n e q u a l i t i e s  are t r e a t e d  

c o r r e c t l y .  

f 

The only 

40 A SAMPLE PROBLEM 

We l i m i t  our d i s c u s s i o n  t o  eqn. ( 2 )  with  t h e  appropr ia te  source  terms. 

It is most o f t e n  t h i s  equat ion t o  which t he  asymptotic approximation is  

app l ied ,  namely 

-+ 0. dP 6 
d t  ( 8  - l)V - =  

This  approximation is appropr ia te  f o r  a s teady s ta te  s i t u a t i o n ,  f o r  example, 

where a f i r e  is f u l l y  developed and t h e  flow f i e l d s  have been e s t a b l i s h e d .  

For a t r a n s i e n t  problem such as a developing f i r e  o r  t he  case when a window is 

broken, such is  not  appropr ia te .  Most models of f i r e  imply t h i s  approximation 

by us ing  l a rge  i n i t i a l  time s t e p s ,  perhaps of one o r  two seconds. 

when faced  w i t h  a t r u e  t r a n s i e n t  phenomenon, a l l  sub-dfvide t h e  time s t e p ,  

g e n e r a l l y  t o  a value  below the  p ressure  r e l a x a t i o n  t i m e .  

However, 

Furthermore, a fundamental problem arises i n  t h a t  t h e  s o l u t i o n  f o r  

eqn. ( 2 )  may not be i d e n t i c a l  t o  t h a t  of eqn. (8). The requirement is t ha t  

t h e  d i f f e r e n c e  between t h e  l e f t-  and right-hand s i d e s  (LHS and RHS) of t h e  

conservat ion equat ions  should be minimal. This  is t r u l y  equ iva len t  t o  the  

s ta tement  of eqn. (8) only i n  a s teady s ta te  regime. So t h i s  approximation 

-10- 



TABLE 11 

Condition Max. no. of neutral planes 
in [Bf, Hfl 

091 V. F is monotonic over [Bf, Hf] 
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should only be made if t he r e  is a real ga in ,  such as reduced computing 

requirements o r  equat ions  which are s impler  t o  manipulate. 

i l lus t ra te  some of t h e  d i f f i c u l t i e s .  

An example should 

The context  of a problem which we w i l l  examine is a f o u r  compartment 

c a l c u l a t i o n  us ing t h e  FAST [l] model t o  f i n d  a s o l u t i o n .  The po in t  of 

i n t e r e s t  is t o  examine t h e  s o l u t i o n  of eqn. ( 2 )  i n  t h e  second compartment. 

There are t h r e e  ways t o  examine t h e  equation: f i r s t ,  a pseudo a n a l y t i c  tech-  

nique is  t o  s ta r t  wi th  the  converged s o l u t i o n  of temperature and pressure  i n  

a l l  compartments and then form a p e r t u r b a t i o n  expansion of t h e  RHS of 

eqn. (Z), i n  terms of p ressure  and temperature f o r  compartment #2 only.  The 

r e s u l t  is  shown i n  f i g .  (6 )  as a s u r f a c e  p l o t  of t h e  value  of t h e  PHS of eqn. 

( 2 )  f o r  a v a r i a t i o n  i n  pressure  ( l e f t  t o  r i g h t )  and temperature ( i n t o  t he  

p i c t u r e ) .  The t o t a l  c a l c u l a t i o n  lasts 60 seconds and fig. (6a ,  6b, 6c, and 

6d) are done a t  0, 20,  40 ,  and 60 seconds,  r e s p e c t i v e l y .  The v a r i a t i o n  i n  

p ressure  was P o +  0.8 kPa and temperature T o +  100 K. 

solved by i t s e l f ,  then t he  s o l u t i o n  would come f a i r l y  e a s i l y  and eqn. (8) 

might be appropr ia te ;  second, we can cap ture  t h e  r e s u l t s  from t h e  ODE s o l v e r  

which is  used i n  FAST. This was done a t  50 f 1 seconds and the  r e s u l t s  are 

shown i n  f i g .  ( 7 ) .  The axes are t h e  same as i n  f i g .  ( 6 ) .  The l a t t e r  f i g u r e  

shows the  somewhat more complex i n t e r a c t i o n  of a l l  s i x t e e n  equat ions ,  s i n c e  we 

capture  t h e  in te rmedia te  r e s u l t s  wi th  v a r i a t i o n s  i n  a l l  parameters. 

f i g u r e  i t  can be seen t h a t  i t  may not be p o s s i b l e  t o  ge t  from a pseudo minimum 

on t h e  l e f t  hand s i d e  t o  t h e  c o r r e c t  answer on t he  r i g h t  hand s i d e  us ing 

eqn. (8). Equation (2 )  he lps  by providing a d i r e c t i o n  and d i s t a n c e  f o r  subse- 

quent s o l u t i o n s ,  namely t h e  dP/dt term, t he  term which has been dropped i n  t h e  

asymptotic approximation. 

I f  t h i s  equat ion were 

From t h e  

Figure  (8) shows a composite of t he  r e s u l t  of 

-1 2- 



applying t h e  second technique t o  t h e  e n t i r e  t i m e  h i s t o r y  of t h e  p ressure  

equat ion.  

F i n a l l y  we can look a t  a simple piece  of t h i s  problem a n a l y t i c a l l y .  We 

r > i n  l ~ x t e n t 2  e a r l i e .  u+jrk on pressure  r e l a x a t i o n .  At ten t ion  is  d i r e c t e d  t o  f i g .  

(1)  and eqn. ( 2 8 )  i:i the  paper by Rehm and Baurn [ 3 ] .  Two similar examples c a n  

be given,  t h e  f i r s t  being t h e  forced flow i n  t h e  i n i t i a l  s t a g e s  of a f i r e .  

For t h i s  case, expansion i n  the  room of f i r e  o r i g i n  f o r c e s  a i r  i n t o  an 

ad jacen t  compartment. For t h i s  case, eqn. ( 2 )  becomes ( P '  = P1 - P3) 

C C 6 T p  
1 dP' 
P '  d t  ( 6  - l ) V  p d 
- - =  

with  Po = Pi( t=o) .  

r i g h t  hand s i d e  would be constant  f o r  an  e- folding t i m e  f o r  P ' .  

t h i s  equa t ion ,  we f i n d  a c h a r a c t e r i s t i c  t i m e  f o r  t h e  p ressure  equat ion i s  

I f  t h e  asymptotic approximation were c o r r e c t  then  t h e  

I n t e g r a t i n g  

'I a- 2A6T 

where V i s  t h e  volume of t h e  compartment of i n t e r e s t ,  A is the  vent opening 

and 6T is  t h e  temperature d i f f e r e n c e  between t h e  two compartments. For 

t y p i c a l  i n i t i a l  cond i t ions  we  o b t a i n  a t i m e  cons tan t  about 1 second, but  i t  

can vary over  a wide range. This  i s  c e r t a i n l y  no t  less than t h e  t y p i c a l  t i m e  

s t e p  used f o r  t h e  a l g e b r a i c  s o l v e r  i n  f i r e  models. The o t h e r  extreme would be 

a near s t eady  s t a t e  regime of equal  inf low and outflow. I n  t h i s  case, t h e  

equat ion reduces t o  

p3/2 

( R f ) 2  
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where R is the  gas constant .  For t y p i c a l  values  of the  parameters,  t h i s  

equat ion has a time cons tan t  of about 0.10 seconds, once aga in  being wi th in  

t h e  range of times used i n  so lv ing  t h e  o t h e r  conservat ion equations.  

5. CONCLUSIONS 

We have t r i e d  t o  i n d i c a t e  where t h e  problems arise i n  s o l v i n g  the  

conservat ion equa t ion  used i n  p r e d i c t i n g  f i r e  growth and smoke spread.  

type of p r e d i c t i v e  equat ions  used and the  primary d r i v i n g  term have been 

discussed in d e t a i l .  

where the  problems a c t u a l l y  exist  f o r  equat ion s o l v e r s  and the  reason t h a t  an 

ODE s o l v e r ,  i n  genera l ,  has an easier j o b  i n  th read ing  i t s  way through t h e  

phase space t h i c k e t  than does an a l g e b r a i c  so lver .  

t h a t  t h i s  method y i e l d s  a reduct ion i n  computing t i m e  of a f a c t o r  of two t o  an 

o rder  of magnitude over the  t i m e  required f o r  a model wherein t he  asymptotic 

approximation has  been made. 

The 

F ina l l y ,  a sample c a l c u l a t i o n  has  been presented t o  show 

Experience has shown [41  

6. REFERENCES 

[ l ]  Jones ,  W.W., A Multicompartment Model f o r  t h e  Spread of F i r e ,  Smoke and 
Toxic Gases, F i r e  S a f e t y  J o u r n a l  2, 55 (1985). 

[ 2 ]  Tanaka, T., A Model on F i r e  Spread i n  Small Sca le  Bui ldings ,  B R I  (Japan) 
Research Paper 79 (1978) . 

[ 3 ]  Rehm, R.G. and Baum, H.R., The Equations of Motion f o r  Thermally Driven 
Buoyant Flows, Journa l  of R e s e a r c h 8 3  297 (1978). 

[ 4 ]  Jones ,  W.W., An Improved Numerical Method f o r  F i r e  Models, F a l l  Technical  
Meeting of t h e  Combustion I n s t i t u t e ,  A t l a n t i c  C i t y  (1982). 

-14- 



-- 
3 

I- 

.I 

3 
I- 

a 1 1 1  
.I a 

2" I I 

.I 

-9 a a 
c 

I 
I 

I I 

I I -- I 
I 

8 N I 

mb 

Ip 

15 



N 



17 



e 
a 

0 N 

e 
0 

N 

0 101 01 
V I  I I V I  

N * 
I l l  

e a 

I 

0 .- 
N N  I 

18 

e 
4 



I =?I I I C 9  

I '  
I * E  
I 
I 

I 
0 
N-  

I 
I 
I .- 

N m-- I t "' I 
CUI 

m 
I 
I 
I 
I 

I t 
' 

*E  

I 

I 

I I N  I O i  

I 

[[IN"- I 

SSY' 
.- 

I I t p N 

I 
I 

I €' 
I 

I I 

I 

' I  I 

I I 

I -GI - 5-1 
I 

I I 

19  







U.S.  DEPT. O F  COMM. ' 
BIBLIOGRAPHIC DATA 

SHEET (See instructions) 

I Walter W. Jones, Xavier Bodart 

1. PUBLICATION OR 2. Performing Organ. Report No.' 3. Publication Date 
REPORT NO. 

NBSIR-86,3329 May 1986  

7. ContractIGrant No. 1 1 6 .  PERFORMING ORGANIZATION ( I f  jo in t  or other than NBS,  see instructions) 

I 

N A T I O N A L  BUREAU OF STANDARDS 
D E P A R T M E N T O F C O M M E R C E  
-m Gaithersburg, Maryland 20899 

8. Type of Report & Period Covered 
IR Final 

I 
9. SPONSORING ORGANIZATION NAME AND COMPLETE ADDRESS (Street, City, State, ZIP) 

10. SUPPLEMENTARY NOTES 

11 Document describes a computer program; SF-185, FlPS Software Summary, i s  attached. 

bibliography or literature survey, mention i t  here) 

Flow at vents is the major driving force in smoke transport models. 
with which we can calculate these flows determines to a great extent how accurately 
we can model buoyant flow and the inherent speed o f  the models. 
describes some of the problems encountered in calculating these flows, and gives 
a general algorithm for their calculation. 

11. ABSTRACT ( A  200-word or less factual summary o f  most significant information. I f  document includes a significant 

The precision 

This report 

112. KEY WORD§ (Six to twelve entries; alphabetica! order; capitalize only proper names; and separate key words by semicolons) 

f i r e  models; numerical methods; smoke movement; zone models 

r 

1 3. AVA I L A  B I L I TY 

k] Unlimited 

LJ For Off ic ial  Distribution. Do Not  Release to NTIS 
L I  Order From Superintendent of Documents, U.S. Government Print ing Office, Washington, D.C. 

20402. 

I Order From National Technical Information Service (NTIS), Springfield, VA. 22161 

14. NO. OF 
PRINTED PAGES 

26 

15. Price 

$9 95 

U SC OMM-D C 6043-P 8 0  



i 




