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®

 c o d e s ,  s tan d ar d s ,  r e c o m m e n d e d  p r ac ti c e s ,  an d  g u i d e s  ( “ N F PA S tan d ar d s ” ) ,  o f wh i c h  th e  d o c u m e n t
c o n tai n e d  h e r e i n  i s  o n e ,  ar e  d e ve l o p e d  th r o u g h  a c o n s e n s u s  s tan d ar d s  d e ve l o p m e n t p r o c e s s  ap p r o ve d  b y th e
Am e r i c an  N ati o n al  S tan d ar d s  I n s ti tu te .  T h i s  p r o c e s s  b r i n g s  to g e th e r  vo l u n te e r s  r e p r e s e n ti n g  var i e d  vi e wp o i n ts
an d  i n te r e s ts  to  ac h i e ve  c o n s e n s u s  o n  fre  an d  o th e r  s afe ty i s s u e s .  Wh i l e  th e  N F PA ad m i n i s te r s  th e  p r o c e s s  an d
e s tab l i s h e s  r u l e s  to  p r o m o te  fai r n e s s  i n  th e  d e ve l o p m e n t o f c o n s e n s u s ,  i t d o e s  n o t i n d e p e n d e n tl y te s t,  e val u ate ,  o r
ve r i fy th e  ac c u r ac y o f an y i n fo r m ati o n  o r  th e  s o u n d n e s s  o f an y j u d g m e n ts  c o n tai n e d  i n  N F PA S tan d ar d s .

T h e  N FPA d i s c l ai m s  l i ab i l i ty fo r  an y p e r s o n al  i n j u r y,  p r o p e r ty,  o r  o th e r  d am ag e s  o f an y n atu r e  wh ats o e ve r,
wh e th e r  s p e c i al ,  i n d i r e c t,  c o n s e q u e n ti al  o r  c o m p e n s ato r y,  d i r e c tl y o r  i n d i r e c tl y r e s u l ti n g  fr o m  th e  p u b l i c ati o n ,  u s e
o f,  o r  r e l i an c e  o n  N F PA S tan d ar d s .  T h e  N F PA al s o  m ake s  n o  g u ar an ty o r  war r an ty as  to  th e  ac c u r ac y o r
c o m p l e te n e s s  o f an y i n fo r m ati o n  p u b l i s h e d  h e r e i n .

I n  i s s u i n g  an d  m aki n g  N F PA S tan d ar d s  avai l ab l e ,  th e  N F PA i s  n o t u n d e r taki n g  to  r e n d e r  p r o fe s s i o n al  o r  o th e r
s e r vi c e s  fo r  o r  o n  b e h al f o f an y p e r s o n  o r  e n ti ty.  N o r  i s  th e  N F PA u n d e r taki n g  to  p e r fo r m  an y d u ty o we d  b y an y
p e r s o n  o r e n ti ty to  s o m e o n e  e l s e .  An yo n e  u s i n g  th i s  d o c u m e n t s h o u l d  r e l y o n  h i s  o r  h e r  o wn  i n d e p e n d e n t
j u d g m e n t o r,  as  ap p r o p r i ate ,  s e e k th e  ad vi c e  o f a c o m p e te n t p r o fe s s i o n al  i n  d e te r m i n i n g  th e  e x e r c i s e  o f
r e as o n ab l e  c ar e  i n  an y g i ve n  c i r c u m s tan c e s .

T h e  N FPA h as  n o  p o we r,  n o r  d o e s  i t u n d e r take ,  to  p o l i c e  o r  e n fo r c e  c o m p l i an c e  wi th  th e  c o n te n ts  o f N F PA
S tan d ar d s .  N o r  d o e s  th e  N F PA l i s t,  c e r ti fy,  te s t,  o r  i n s p e c t p r o d u c ts ,  d e s i g n s ,  o r  i n s tal l ati o n s  fo r  c o m p l i an c e  wi th
th i s  d o c u m e n t.  An y certifcation  o r  o th e r  s tate m e n t o f c o m p l i an c e  wi th  th e  r e q u i r e m e n ts  o f th i s  d o c u m e n t s h al l
n o t b e  attr i b u tab l e  to  th e  N F PA an d  i s  s o l e l y th e  r e s p o n s i b i l i ty o f th e  certifer  o r  m ake r  o f th e  s tate m e n t.

RE VI S I O N  S YM B O L S  I D E N T I FYI N G  C H AN G E S  FRO M  T H E  P RE VI O U S  E D I T I O N

Te x t r e vi s i o n s  ar e  s h ad e d .  A Δ  b e fo r e  a s e c ti o n  n u m b e r  i n d i c ate s  th at wo r d s  wi th i n  th at s e c ti o n  we r e
d e l e te d  an d  a Δ  to  th e  l e ft o f a tab l e  o r  fgure  n u m b e r  i n d i c ate s  a r e vi s i o n  to  an  e x i s ti n g  tab l e  o r
fgure.  Wh e n  a c h ap te r  was  h e avi l y r e vi s e d ,  th e  e n ti r e  c h ap te r  i s  m ar ke d  th r o u g h o u t wi th  th e  Δ

s ym b o l .  Wh e r e  o n e  o r  m o r e  s e c ti o n s  we r e  d e l e te d ,  a •  i s  p l ac e d  b e twe e n  th e  r e m ai n i n g  s e c ti o n s .
C h ap te r s ,  an n e x e s ,  s e c ti o n s ,  fgures,  an d  tab l e s  th at ar e  n e w ar e  i n d i c ate d  wi th  an  N.

N o te  th at th e s e  i n d i c ato r s  ar e  a g u i d e .  Re ar r an g e m e n t o f s e c ti o n s  m ay n o t b e  c ap tu r e d  i n  th e
m ar ku p ,  b u t u s e r s  c an  vi e w c o m p l e te  r e vi s i o n  d e tai l s  i n  th e  F i r s t an d  S e c o n d  D r aft Re p o r ts  l o c ate d  i n
th e  ar c h i ve d  r e vi s i o n  i n fo r m ati o n  s e c ti o n  o f e ac h  c o d e  at www. n fp a. o r g / d o c i n fo .  An y s u b s e q u e n t
c h an g e s  fr o m  th e  N F PA Te c h n i c al  M e e ti n g ,  Te n tati ve  I n te r i m  Am e n d m e n ts ,  an d  E r rata ar e  al s o
l o c ate d  th e r e .

RE M I N D E R:  U P D AT I N G  O F N FPA S TAN D ARD S

U s e r s  o f N F PA c o d e s ,  s tan d ar d s ,  r e c o m m e n d e d  p r ac ti c e s ,  an d  g u i d e s  ( “ N F PA S tan d ar d s ” )  s h o u l d  b e
awar e  th at th e s e  d o c u m e n ts  m ay b e  s u p e r s e d e d  at an y ti m e  b y th e  i s s u an c e  o f a n e w e d i ti o n ,  m ay b e
am e n d e d  wi th  th e  i s s u an c e  o f Te n tati ve  I n te r i m  Am e n d m e n ts  ( T I As ) ,  o r  b e  c o r r e c te d  b y E r r ata.   I t i s
i n te n d e d  th at th r o u g h  r e g u l ar  r e vi s i o n s  an d  am e n d m e n ts ,  p ar ti c i p an ts  i n  th e  N F PA s tan d ar d s
d e ve l o p m e n t p r o c e s s  c o n s i d e r  th e  th e n -c u r r e n t an d  avai l ab l e  i n fo r m ati o n  o n  i n c i d e n ts ,  m ate r i al s ,
te c h n o l o g i e s ,  i n n o vati o n s ,  an d  m e th o d s  as  th e s e  d e ve l o p  o ve r  ti m e  an d  th at N F PA S tan d ar d s  refect
th i s  c o n s i d e r ati o n .   T h e r e fo r e ,  an y p r e vi o u s  e d i ti o n  o f th i s  d o c u m e n t n o  l o n g e r  r e p r e s e n ts  th e  c u r r e n t
N FPA S tan d ar d  o n  th e  s u b j e c t m atte r  ad d r e s s e d .  N F PA e n c o u r ag e s  th e  u s e  o f th e  m o s t c u r r e n t e d i ti o n
o f an y N F PA S tan d ar d  [ as  i t m ay b e  am e n d e d  b y T I A( s )  o r  E r r ata]  to  take  ad van tag e  o f c u r r e n t
e x p e r i e n c e  an d  u n d e r s tan d i n g .  An  offcial  N F PA S tan d ar d  at an y p o i n t i n  ti m e  c o n s i s ts  o f th e  c u r r e n t
e d i ti o n  o f th e  d o c u m e n t,  i n c l u d i n g  an y i s s u e d  T I As  an d  E r r ata th e n  i n  e ffe c t.

To  d e te r m i n e  wh e th e r  an  N F PA S tan d ar d  h as  b e e n  am e n d e d  th r o u g h  th e  i s s u an c e  o f T I As  o r
c o rr e c te d  b y E r r ata,  vi s i t th e  “ C o d e s  &  S tan d ar d s ”  s e c ti o n  at www. n fp a. o r g .
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U p d ati n g o f N FPA S tan d ard s

U s e r s  o f N F PA c o d e s ,  s tan d ar d s ,  r e c o m m e n d e d  p r a c ti c e s ,  an d  g u i d e s  ( “ N F PA S ta n d a r d s ” )  s h o u l d  b e  awar e  th a t th e s e
d o c u m e n ts  m ay b e  s u p e r s e d e d  at an y ti m e  b y th e  i s s u a n c e  o f a  n e w e d i ti o n ,  m ay b e  am e n d e d  wi th  th e  i s s u an c e  o f Te n ta ti ve
I n te r i m  Am e n d m e n ts  ( T I As ) ,  o r  b e  c o r r e c te d  b y E r r a ta .   I t i s  i n te n d e d  th at th r o u g h  r e gu l ar  r e vi s i o n s  an d  a m e n d m e n ts ,
p arti c i p an ts  i n  th e  N F PA s tan d ar d s  d e ve l o p m e n t p r o c e s s  c o n s i d e r  th e  th e n - c u r r e n t a n d  avai l ab l e  i n fo r m ati o n  o n  i n c i d e n ts ,
m ate r i al s ,  te c h n o l o g i e s ,  i n n o va ti o n s ,  an d  m e th o d s  as  th e s e  d e ve l o p  o ve r  ti m e  a n d  th a t N F PA S tan d ar d s  refect th i s
c o n s i d e r ati o n .  T h e r e fo r e ,  a n y p r e vi o u s  e d i ti o n  o f th i s  d o c u m e n t n o  l o n ge r  r e p r e s e n ts  th e  c u r r e n t N F PA S ta n d a r d  o n  th e
s u b j e c t m a tte r  ad d r e s s e d .  N F PA e n c o u r ag e s  th e  u s e  o f th e  m o s t c u r r e n t e d i ti o n  o f an y N F PA S ta n d ar d  [ as  i t m a y b e  am e n d e d
b y T I A( s )  o r  E r r a ta ]  to  ta ke  a d van tag e  o f c u r r e n t e x p e r i e n c e  a n d  u n d e r s tan d i n g .  An  offcial  N F PA S tan d ar d  a t a n y p o i n t i n
ti m e  c o n s i s ts  o f th e  c u r r e n t e d i ti o n  o f th e  d o c u m e n t,  i n c l u d i n g  an y i s s u e d  T I As  an d  E r r a ta  th e n  i n  e ffe c t.

To  d e te r m i n e  wh e th e r  a n  N F PA S ta n d a r d  h as  b e e n  a m e n d e d  th r o u g h  th e  i s s u a n c e  o f T I As  o r  c o r r e c te d  b y E r r ata,  vi s i t th e
“ C o d e s  &  S tan d ar d s ”  s e c ti o n  a t www. n fp a. o r g .

I n te rp re tati o n s  o f N FPA S tan d ard s

A s tate m e n t,  wr i tte n  o r  o r al ,  th at i s  n o t p r o c e s s e d  i n  ac c o r d an c e  wi th  S e c ti o n  6  o f th e  Re gu l ati o n s  Go ve r n i n g th e
D e ve l o p m e n t o f N F PA S ta n d ar d s  s h a l l  n o t b e  c o n s i d e r e d  th e  offcial  p o s i ti o n  o f N F PA o r  a n y o f i ts  C o m m i tte e s  an d  s h a l l  n o t
b e  c o n s i d e r e d  to  b e ,  n o r  b e  r e l i e d  u p o n  as ,  a F o r m al  I n te r p r e tati o n .

P ate n ts

T h e  N F PA d o e s  n o t ta ke  an y p o s i ti o n  wi th  r e s p e c t to  th e  va l i d i ty o f an y p ate n t r i gh ts  r e fe r e n c e d  i n ,  r e l a te d  to ,  o r  a s s e r te d  i n
c o n n e c ti o n  wi th  a n  N F PA S ta n d a r d .  T h e  u s e r s  o f N F PA S tan d ar d s  b e ar  th e  s o l e  r e s p o n s i b i l i ty fo r  d e te r m i n i n g  th e  val i d i ty o f
a n y s u c h  p a te n t r i g h ts ,  as  we l l  as  th e  r i s k o f i n fr i n g e m e n t o f s u c h  r i g h ts ,  an d  th e  N F PA d i s c l a i m s  l i a b i l i ty fo r  th e  i n fr i n ge m e n t
o f an y p ate n t r e s u l ti n g fr o m  th e  u s e  o f o r  r e l i a n c e  o n  N F PA S tan d a r d s .

N F PA ad h e r e s  to  th e  p o l i c y o f th e  Am e r i c an  N ati o n al  S tan d a r d s  I n s ti tu te  ( AN S I )  r e g ar d i n g th e  i n c l u s i o n  o f p ate n ts  i n
Am e r i c a n  N a ti o n a l  S ta n d ar d s  ( “ th e  AN S I  P a te n t P o l i c y” ) ,  an d  h e r e b y gi ve s  th e  fo l l o wi n g n o ti c e  p u r s u an t to  th a t p o l i c y:

N O T I C E :  T h e  u s e r ’ s  atte n ti o n  i s  c al l e d  to  th e  p o s s i b i l i ty th at c o m p l i a n c e  wi th  a n  N F PA S ta n d ar d  m a y r e q u i r e  u s e  o f an
i n ve n ti o n  c o ve r e d  b y p ate n t r i gh ts .  N F PA take s  n o  p o s i ti o n  as  to  th e  val i d i ty o f a n y s u c h  p a te n t r i g h ts  o r  a s  to  wh e th e r  s u c h
p ate n t r i gh ts  c o n s ti tu te  o r  i n c l u d e  e s s e n ti al  p ate n t c l a i m s  u n d e r  th e  AN S I  P ate n t P o l i c y.  I f,  i n  c o n n e c ti o n  wi th  th e  AN S I  P a te n t
P o l i c y,  a  p ate n t h o l d e r  h as  fled  a  s tate m e n t o f wi l l i n g n e s s  to  g r an t l i c e n s e s  u n d e r  th e s e  r i gh ts  o n  r e a s o n a b l e  an d
n o n d i s c r i m i n a to r y te r m s  an d  c o n d i ti o n s  to  ap p l i c a n ts  d e s i r i n g  to  o b tai n  s u c h  a  l i c e n s e ,  c o p i e s  o f s u c h  fled  s ta te m e n ts  c a n  b e
o b tai n e d ,  o n  r e q u e s t,  fr o m  N F PA.  F o r  fu r th e r  i n fo r m a ti o n ,  c o n ta c t th e  N F PA at th e  a d d r e s s  l i s te d  b e l o w.

L aw an d  Re gu l ati o n s

U s e r s  o f N F PA S ta n d ar d s  s h o u l d  c o n s u l t ap p l i c a b l e  fe d e r al ,  s tate ,  a n d  l o c al  l aws  an d  r e gu l ati o n s .  N F PA d o e s  n o t,  b y th e
p u b l i c ati o n  o f i ts  c o d e s ,  s ta n d a r d s ,  r e c o m m e n d e d  p r ac ti c e s ,  an d  gu i d e s ,  i n te n d  to  u r ge  ac ti o n  th a t i s  n o t i n  c o m p l i a n c e  wi th
ap p l i c a b l e  l a ws ,  a n d  th e s e  d o c u m e n ts  m a y n o t b e  c o n s tr u e d  a s  d o i n g  s o .

C o p yri gh ts

N F PA S ta n d ar d s  a r e  c o p yr i gh te d .  T h e y ar e  m ad e  avai l ab l e  fo r  a  wi d e  var i e ty o f b o th  p u b l i c  an d  p r i vate  u s e s .  T h e s e  i n c l u d e
b o th  u s e ,  b y r e fe r e n c e ,  i n  l aws  a n d  r e gu l a ti o n s ,  an d  u s e  i n  p r i vate  s e l f-r e gu l a ti o n ,  s ta n d a r d i z ati o n ,  an d  th e  p r o m o ti o n  o f s a fe
p r ac ti c e s  a n d  m e th o d s .  B y m a ki n g th e s e  d o c u m e n ts  avai l ab l e  fo r  u s e  an d  a d o p ti o n  b y p u b l i c  au th o r i ti e s  a n d  p r i va te  u s e r s ,  th e
N F PA d o e s  n o t wa i ve  a n y r i gh ts  i n  c o p yr i gh t to  th e s e  d o c u m e n ts .

U s e  o f N F PA S ta n d a r d s  fo r  r e gu l a to r y p u r p o s e s  s h o u l d  b e  ac c o m p l i s h e d  th r o u g h  ad o p ti o n  b y r e fe r e n c e .  T h e  te r m
“ a d o p ti o n  b y r e fe r e n c e ”  m e a n s  th e  c i ti n g o f ti tl e ,  e d i ti o n ,  a n d  p u b l i s h i n g  i n fo r m a ti o n  o n l y.  An y d e l e ti o n s ,  ad d i ti o n s ,  a n d
c h an ge s  d e s i r e d  b y th e  a d o p ti n g  au th o r i ty s h o u l d  b e  n o te d  s e p a r ate l y i n  th e  ad o p ti n g  i n s tr u m e n t.  I n  o r d e r  to  a s s i s t N F PA i n
fo l l o wi n g  th e  u s e s  m a d e  o f i ts  d o c u m e n ts ,  ad o p ti n g  a u th o r i ti e s  ar e  r e q u e s te d  to  n o ti fy th e  N F PA ( Atte n ti o n :  S e c r e ta r y,
S tan d a r d s  C o u n c i l )  i n  wr i ti n g o f s u c h  u s e .  F o r  te c h n i c a l  as s i s tan c e  an d  q u e s ti o n s  c o n c e r n i n g ad o p ti o n  o f N F PA S tan d a r d s ,
c o n tac t N F PA at th e  ad d r e s s  b e l o w.

Fo r Fu r th e r I n fo r m ati o n

Al l  q u e s ti o n s  o r  o th e r  c o m m u n i c ati o n s  r e l ati n g  to  N F PA S tan d ar d s  an d  al l  r e q u e s ts  fo r  i n fo r m ati o n  o n  N F PA p r o c e d u r e s
go ve r n i n g  i ts  c o d e s  an d  s tan d a r d s  d e ve l o p m e n t p r o c e s s ,  i n c l u d i n g i n fo r m ati o n  o n  th e  p r o c e d u r e s  fo r  r e q u e s ti n g  F o r m a l
I n te r p r e tati o n s ,  fo r  p r o p o s i n g  Te n ta ti ve  I n te r i m  Am e n d m e n ts ,  a n d  fo r  p r o p o s i n g r e vi s i o n s  to  N F PA s tan d ar d s  d u r i n g  r e gu l ar
r e vi s i o n  c yc l e s ,  s h o u l d  b e  s e n t to  N F PA h e ad q u ar te r s ,  ad d r e s s e d  to  th e  atte n ti o n  o f th e  S e c r e ta r y,  S ta n d a r d s  C o u n c i l ,  N F PA,  1
B atte r ym a r c h  P ar k,  P. O .  B o x  9 1 0 1 ,  Qu i n c y,  M A 0 2 2 6 9 - 9 1 0 1 ;  e m a i l :  s td s _ad m i n @ n fp a . o r g .

F o r  m o r e  i n fo r m a ti o n  a b o u t N F PA,  vi s i t th e  N F PA we b s i te  at www. n fp a . o r g .  Al l  N F PA c o d e s  a n d  s ta n d ar d s  c a n  b e  vi e we d  a t
n o  c o s t at www. n fp a. o r g/ d o c i n fo .
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N FPA®   2 0 4

S tan d ard fo r

S m o ke  an d  H e at Ve n ti n g

2 0 2 4  E d i ti o n

T h i s  e d i ti o n  o f N F PA 2 0 4 ,  Standard for Smoke and Heat Venting,  was  p r e p a r e d  b y th e  Te c h n i c a l
C o m m i tte e  o n  S m o ke  M a n ag e m e n t S ys te m s .  I t wa s  i s s u e d  b y th e  S tan d a r d s  C o u n c i l  o n  D e c e m b e r  1 ,
2 0 2 3 ,  wi th  an  e ffe c ti ve  d ate  o f D e c e m b e r  2 1 ,  2 0 2 3 ,  an d  s u p e r s e d e s  al l  p r e vi o u s  e d i ti o n s .

T h i s  e d i ti o n  o f N F PA 2 0 4  wa s  a p p r o ve d  as  an  Am e r i c an  N ati o n a l  S tan d ar d  o n  D e c e m b e r  2 1 ,  2 0 2 3 .

O ri gi n  an d  D e ve l o p m e n t o f N FPA 2 0 4

T h i s  p r o j e c t was  i n i ti ate d  i n  1 9 5 6  wh e n  th e  N F PA B o ar d  o f D i r e c to r s  r e fe r r e d  th e  s u b j e c t to  th e
C o m m i tte e  o n  B u i l d i n g C o n s tr u c ti o n .  A te n tati ve  gu i d e  was  s u b m i tte d  to  N F PA i n  1 9 5 8 .  Re vi s e d  an d
te n tati ve l y ad o p te d  i n  1 9 5 9  an d  a ga i n  i n  1 9 6 0 ,  th e  gu i d e  wa s  offcially ad o p te d  i n  1 9 6 1 .  I n  1 9 6 8 ,  a
r e vi s e d  e d i ti o n  wa s  a d o p te d  th at i n c l u d e d  a n e w s e c ti o n ,  I n s p e c ti o n  an d  M ai n te n an c e .

I n  1 9 7 5 ,  a  reconfrmation  ac ti o n  fa i l e d  as  c o n c e r n s  o ve r  u s e  o f th e  g u i d e  i n  c o n j u n c ti o n  wi th
au to m ati c  s p r i n kl e r e d  b u i l d i n g s  s u r fac e d .  B e c au s e  o f th i s  c o n tr o ve r s y,  wo r k o n  a  r e vi s i o n  to  th e
gu i d e  c o n ti n u e d  a t a  s l o w p ac e .

T h e  Te c h n i c al  C o m m i tte e  an d  S u b c o m m i tte e  m e m b e r s  ag r e e d  th at th e  s ta te  o f th e  ar t h a d
p r o gr e s s e d  suffciently to  d e ve l o p  i m p r o ve d  te c h n o l o gy-b as e d  c r i te r i a fo r  d e s i gn  o f ve n ti n g;
th e r e fo r e ,  th e  1 9 8 2  e d i ti o n  o f th e  d o c u m e n t r e p r e s e n te d  a  m a j o r  a d van c e  i n  e n gi n e e r e d  s m o ke  an d
h e ati n g  ve n ti n g ,  a l th o u gh  r e s e r vati o n s  o ve r  ve n t an d  s p r i n kl e r  ap p l i c ati o n s  s ti l l  e x i s te d .

At th e  ti m e  th e  g u i d e  was  fo r m u l ate d ,  th e  c u r r e n t ve n ti n g th e o r y was  c o n s i d e r e d  u n wi e l d y fo r  th i s
fo r m at;  c o n s e q u e n tl y,  th e  m o r e  ad a p tab l e  th e o r y as  d e s c r i b e d  h e r e i n  wa s  a d o p te d .

Ap p r e c i a ti o n  m u s t b e  e x te n d e d  to  D r.  Gu n n ar  H e s ke s ta d  at th e  F a c to r y M u tu al  Re s e ar c h
C o r p o r ati o n  ( n o w F M  G l o b al )  fo r  h i s  m a j o r  c o n tr i b u ti o n  to  th e  th e o r y ap p l i e d  i n  th i s  s tan d ar d ,
wh i c h  i s  d e tai l e d  i n  An n e x  B .

T h e  1 9 8 5  e d i ti o n  ag ai n  r e vi s e d  C h ap te r  6  o n  th e  s u b j e c t o f ve n ti n g  i n  s p r i n kl e r e d  b u i l d i n g s .  Te s t
d ata fr o m  wo r k d o n e  at th e  I l l i n o i s  I n s ti tu te  o f Te c h n o l o g y Re s e ar c h ,  wh i c h  h ad  b e e n  s u b m i tte d  to
th e  c o m m i tte e  as  p ar t o f a p u b l i c  p r o p o s a l ,  d i d  n o t p e r m i t c o n s e n s u s  to  b e  d e ve l o p e d  o n  wh e th e r
s p r i n kl e r  c o n tr o l  wa s  i m p ai r e d  o r  e n h an c e d  b y th e  p r e s e n c e  o f au to m ati c  r o o f ve n ts  o f typ i c a l
s p ac i n g  an d  a r e a.  T h e  r e vi s e d  wo r d i n g  o f C h a p te r  6  e n c o u r ag e d  th e  d e s i g n e r  to  u s e  th e  avai l a b l e
to o l s  an d  d ata r e fe r e n c e d  i n  th e  d o c u m e n t wh i l e  th e  u s e  o f a u to m a ti c  ve n ti n g i n  s p r i n kl e r e d
b u i l d i n g s  was  u n d e r  r e vi e w.

T h e  1 9 9 1  e d i ti o n  m ad e  m i n o r  c h an g e s  to  C h ap te r  6  to  ac kn o wl e d g e  th a t a  d e s i g n  b a s i s  e x i s te d  fo r
u s i n g  s p r i n kl e r s  an d  a u to m a ti c  h e a t ve n ti n g to ge th e r  b u t th at s u c h  h a d  n o t r e c e i ve d  wi d e
r e c o g n i ti o n .

T h e  1 9 9 8  e d i ti o n  r e p r e s e n te d  a c o m p l e te  r e vi s i o n  o f th e  g u i d e .  T h e  r e wr i te  d e l e te d  th e  p r e vi o u s
ta b l e s  th at l i s te d  ve n t a r e as  an d  i n c o r p o r a te d  e n gi n e e r i n g  e q u ati o n s  a n d  r e fe r e n c e d  c o m p u te r
m o d e l s ,  s u c h  a s  L AVE N T  a n d  D E TAC T,  to  p ro vi d e  th e  d e s i g n e r  wi th  th e  n e c e s s a r y to o l s  to  d e ve l o p
ve n t d e s i g n s  b a s e d  o n  p e r fo r m a n c e  o b j e c ti ve s .  T h i s  r e wr i te  wa s  b a s e d  e x te n s i ve l y o n  s ta te - o f-th e -ar t
te c h n o l o g y p u b l i s h e d  i n  th e  r e fe r e n c e s .  I n  m a n y c as e s ,  th e  au th o r s  o f th e s e  r e fe r e n c e s  p a r ti c i p a te d
i n  th e  tas k g r o u p ’ s  r e wr i te  e ffo r ts .

F o r  th e  2 0 0 2  e d i ti o n  o f N F PA 2 0 4 ,  th e  d o c u m e n t was  c o n ve r te d  fr o m  a gu i d e  to  a s ta n d ar d ,  th u s
i m p l e m e n ti n g  m an d a to r y r e q u i r e m e n ts  an d  u p d ate d  l a n gu ag e .  T h e  d o c u m e n t was  al s o  u p d ate d  to
m e e t Manual of Style for NFPA Technical Committee Documents r e q u i r e m e n ts .
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T h e  2 0 0 7  e d i ti o n  i n c l u d e d  a  n u m b e r  o f te c h n i c al  c h a n ge s .  N e w p r o vi s i o n s  o n  ai r  e n tr a i n m e n t i n to  th e  fre  p l u m e ,  th e
e ffe c t o f wi n d  o n  th e  l o c ati o n  o f a i r  ve n ts ,  s i z i n g o f a i r  p a th s ,  ai r  ve l o c i ty l i m i tati o n s ,  a n d  p l u g h o l i n g  we r e  p r o vi d e d .

I n  ad d i ti o n ,  i n fo r m ati o n  o n  th e  u s e  o f ve n ts  as  ai r  i n l e ts  a n d  a b e tte r  d e s c r i p ti o n  o f th e  s m o ke  l aye r  i n te r fac e  we r e  ad d e d .
Re vi s i o n s  wi th  r e g ar d  to  h o w h e a t r e l e a s e  r a te s ,  d i s c h a r ge  coeffcients,  e x h au s t r ate s ,  a n d  th e  n u m b e r  o f e x h au s t i n l e ts  ar e  to

b e  d e te r m i n e d  we r e  i n c o r p o r ate d .  Re fe r e n c e  to  i n te r n ati o n a l  s ta n d ar d s  o n  ve n ts ,  m e c h a n i c al  s m o ke  e x tr a c t,  an d  d r aft
c u rta i n s ,  as  we l l  a s  u p d ate d  an n e x  te x t o n  r e c e n t r e s e ar c h  e ffo r ts ,  we r e  p r o vi d e d .

T h e  2 0 1 2  e d i ti o n  was  u p d ate d  to  i n c l u d e  ad d i ti o n al  r e q u i r e m e n ts  a n d  an n e x  m a te r i al  fo r  ve n ti n g  i n  s p r i n kl e r e d  b u i l d i n g s .

T h e  2 0 1 5  e d i ti o n  i n c l u d e d  r e vi s e d  p r o vi s i o n s  o n  d r aft c u r ta i n s .  T h e s e  r e q u i r e m e n ts  c r e a te d  c o n s i s te n c y wi th  N F PA 9 2 .

T h e  2 0 1 8  e d i ti o n  was  u p d ate d  to  i n c l u d e  a c o r r e c ti o n  to  an  An n e x  A i m a ge ,  th e  a d d i ti o n  o f a defnition  fo r  th e  te r m
standard,  a n d  u p d a te d  r e fe r e n c e s .

F o r  th e  2 0 2 1  e d i ti o n ,  al l  r e fe r e n c e s  i n  C h ap te r s  5  an d  6  th at p e r m i tte d  s p r i n kl e r  waterfow to  ac ti va te  a u to m a ti c  s m o ke
ve n ts  we r e  r e m o ve d .  I n  a d d i ti o n ,  S I  u n i t c o n ve r s i o n s  we r e  a d d e d  to  An n e x  C ,  a n d  r e fe r e n c e s  we r e  u p d ate d .

T h e  2 0 2 4  e d i ti o n  i n c l u d e s  u p d ate s  i n  C h ap te r  1 1  r e q u i r i n g  ve n ts  i n  s p r i n kl e r e d  b u i l d i n g s  to  b e  m an u al l y o p e r ate d  wi th
as s o c i ate d  an n e x  m a te r i al  fo r  th e  u s e  o f a u to m a ti c  ve n ts  wh e n  r e q u i r e d  b y th e  AH J  an d  ve n t o p e r ati n g  te m p e r a tu r e .  N e w
r e fe r e n c e  d o c u m e n ts  h a ve  b e e n  ad d e d  to  An n e x  A to  p r o vi d e  gu i d a n c e  o n  te s ti n g  s ta n d ar d s  fo r  fu s i b l e  an d  h e a t r e s p o n s i ve
l i n ks .
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Te c h n i c al  C o m m i tte e  o n  S m o ke  M an age m e n t S ys te m s

Al l yn  J .  Vau gh n ,  Chair
L a s  Ve g a s ,  N V [ S E ]

S an j ay Aggar wal ,  J E N S E N  H U G H E S ,  C A [ S E ]

Ab d u l rah m an  S ul tan  Al gh an e m ,  Qa ta r  C i vi l  D e fe n c e ,  Qa ta r  [ E ]

E l yah u  Avi do r,  Te l  Avi v,  I s r a e l  [ RT ]
Re p .  S ta n d a r d s  I n s ti tu ti o n  o f I s r a e l

C arl  F.  B al d as s ar ra,  Wi s s ,  J a n n e y,  E l s tn e r  As s o c i a te s ,  I n c . ,  I L  [ S E ]

J o n ath an  C an twe l l ,  Re e d y C r e e k I m p r o ve m e n t D i s tr i c t,  F L  [ E ]

Ke l l y C h arl e s ,  C i ty O f S a n  D i e g o ,  C A [ E ]

Fl o ra F.  C h e n ,  H a ywa r d  F i r e  D e p ar tm e n t,  C a l i fo r n i a ,  C A [ E ]

Yi n gyi n g C ui ,  N e w Yo r k C i ty D e p ar tm e n t o f B u i l d i n g s ,  N Y [ E ]

Al b e r to  C u s i m an o ,  D u p o n t I n te r n a ti o n a l  S A,  S wi tz e r l a n d  [ U ]

J as o n  D an i e l s ,  H a r r i n g to n  Gr o u p ,  I n c . ,  GA [ S E ]

Ri c h ard J .  D avi s ,  F M  Gl o b a l ,  M A [ I ]

Ke vi n  L .  D e r r,  U S  Ar c h i te c t o f th e  C a p i to l ,  D C  [ E ]

M i c h ae l  J .  Fe r re i ra,  F i r e  S o l u ti o n s  Gr o u p  L L C ,  M D  [ S E ]

D o n al d Fe s s ,  H a r va r d  U n i ve r s i ty,  M A [ U ]

B ri an  G re e n ,  Vi k i n g  C o r p o r a ti o n ,  M I  [ M ]
Re p .  N ati o n a l  F i r e  S p r i n kl e r  As s o c i a ti o n

G e o ffre y H ar ri s ,  S m o ke  a n d  F i r e  E n g i n e e r i n g  Te c h n o l o g y L td . ,
U n i te d  Ki n g d o m  [ S E ]

Re p .  I S O  T C  o n  S m o ke  a n d  H e a t C o n tr o l  S ys te m s  an d
C o m p o n e n ts

J o h n  E .  Kam p m e ye r,  S r. ,  J o h n  E .  Kam p m e ye r,  P. E . ,  PA [ S E ]

Wi l l i am  E .  Ko ffe l ,  Ko ffe l  As s o c i a te s ,  I n c . ,  M D  [ M ]
Re p .  AAM A S m o ke  Ve n t Ta s k G r o u p

J e ffre y A.  M ad do x,  T h e  F i r e  C o n s u l tan ts ,  I n c . ,  C A [ S E ]

C am e ro n  J .  M c C ar tn e y,  N a ti o n a l  Re s e a r c h  C o u n c i l  o f C a n a d a ,
C a n a d a [ RT ]

J am e s  A.  M i l ke ,  U n i ve r s i ty o f M a r yl a n d ,  M D  [ S E ]

M i c h ae l  N i c as i o ,  U L ,  L L C ,  I L  [ RT ]

T i m  O ate s ,  C o p p e l l  F i r e  D e p a r tm e n t,  T X  [ E ]

T h o m as  J .  P ar ri s h ,  Te l g i a n  C o r p o r a ti o n ,  M I  [ M ]
Re p .  Au to m a ti c  F i r e  Al a r m  As s o c i a ti o n ,  I n c .

J am e s  R.  Ri c h ards o n ,  L i s l e  Wo o d r i d g e  F i r e  D i s tr i c t,  I L  [ E ]

C h ri s to p h e r Ruc h ,  N a ti o n a l  E n e r g y M a n a g e m e n t I n s ti tu te  ( N E M I ) ,
VA [ L ]

M o h am m e d  A.  S ae e fan ,  S a u d i  Ar a m c o ,  S a u d i  Ar a b i a  [ U ]

D e o  S u ri ya S u p an avo n gs ,  H o n e ywe l l  I n te r n a ti o n al  I n c . ,  I L  [ M ]
Re p .  N ati o n a l  E l e c tr i c a l  M a n u fa c tu r e r s  As s o c i ati o n

J e ffre y S .  Tub b s ,  Ar u p ,  M A [ S E ]

P au l  G .  Tu r n b ul l ,  S i e m e n s  B u i l d i n g  Te c h n o l o g i e s ,  I n c . ,  I L  [ M ]

M i c h ae l  J .  Ve n to l a,  S p a c e  Ag e  E l e c tr o n i c s ,  F L  [ M ]

S tac y N .  We l c h ,  M a r r i o tt I n te r n a ti o n a l ,  I n c . ,  M D  [ U ]

Al te r n ate s

D i an e  B .  C o p e l an d ,  D i l l o n  C o n s u l ti n g  E n g i n e e r s ,  I n c . ,  C A [ S E ]
( Vo ti n g  Al t. )

Z ac h ar y L .  M agn o n e ,  J o h n s o n  C o n tr o l s ,  RI  [ M ]
( Al t.  to  B r i a n  Gr e e n )

We s l e y M arc k s ,  H o n e ywe l l / X tr a l i s ,  I n c . ,  RI  [ M ]
( Al t.  to  D e o  S u r i ya S u p a n avo n g s )

J o h n  M .  M c G o ve r n ,  E n g i n e e r i n g  E c o n o m i c s ,  I n c . ,  C O  [ M ]
( Al t.  to  T h o m a s  J .  P a r r i s h )

An d re w N e vi ac kas ,  Ar u p ,  M A [ S E ]
( Al t.  to  J e ffr e y S .  Tu b b s )

M i c h ae l  J .  Rz e z n i k,  Wi s s ,  J a n n e y,  E l s tn e r  As s o c i ate s ,  I n c . ,  N Y [ S E ]
( Al t.  to  C a r l  F.  B al d a s s a r r a )

Al l an  P.  S an e dri n ,  U L  L L C ,  I L  [ RT ]
( Al t.  to  M i c h a e l  N i c a s i o )

Yi b i n g Xi n ,  F M  Gl o b a l ,  M A [ I ]
( Al t.  to  Ri c h a r d  J .  D a vi s )

N o n vo ti n g

J o h n  H .  Kl o te ,  L e e s b u r g ,  VA [ O ]
( M e m b e r  E m e r i tu s )

J e n  S i s c o ,  N F PA S ta ff L i a i s o n

This list represents the membership at the time the Committee was balloted on the fnal text of this edition.
Since that time,  changes in the membership may have occurred.  A key to classifcations is found at the
back of the document.

N O T E :  M e m b e r s h i p  o n  a  c o m m i tte e  s h al l  n o t i n  a n d  o f i ts e l f c o n s ti tu te  a n  e n d o r s e m e n t o f
th e  As s o c i a ti o n  o r  a n y d o c u m e n t d e ve l o p e d  b y th e  c o m m i tte e  o n  wh i c h  th e  m e m b e r  s e r ve s .

C o m m i tte e  S c o p e :  T h i s  C o m m i tte e  s h a l l  h a ve  p r i m a r y r e s p o n s i b i l i ty fo r  d o c u m e n ts  o n  th e
d e s i g n ,  i n s tal l a ti o n ,  te s ti n g ,  o p e r ati o n ,  a n d  m ai n te n a n c e  o f s ys te m s  fo r  th e  c o n tr o l ,  r e m o va l ,
o r  ve n ti n g  o f h e a t o r  s m o ke  fr o m  fres  i n  b u i l d i n g s .
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N O T I C E :  An  as te r i s k ( * )  fo l l o wi n g th e  n u m b e r  o r  l e tte r

d e s i g n ati n g  a  p ar a gr a p h  i n d i c ate s  th at e x p l an a to r y m ate r i a l  o n
th e  p a r ag r ap h  c a n  b e  fo u n d  i n  An n e x  A.

A r e fe r e n c e  i n  b r ac ke ts  [  ]  fo l l o wi n g a  s e c ti o n  o r  p a r ag r ap h
i n d i c a te s  m a te r i al  th a t h as  b e e n  e x tr ac te d  fr o m  an o th e r  N F PA

d o c u m e n t.  E x tr ac te d  te x t m ay b e  e d i te d  fo r  c o n s i s te n c y an d
s tyl e  an d  m a y i n c l u d e  th e  r e vi s i o n  o f i n te r n a l  p ar ag r ap h  r e fe r ‐
e n c e s  a n d  o th e r  r e fe r e n c e s  as  a p p r o p r i ate .  Re q u e s ts  fo r  i n te r ‐

p r e tati o n s  o r  r e vi s i o n s  o f e x tr a c te d  te x t s h al l  b e  s e n t to  th e
te c h n i c al  c o m m i tte e  r e s p o n s i b l e  fo r  th e  s o u r c e  d o c u m e n t.

I n fo r m a ti o n  o n  r e fe r e n c e d  an d  e x tr a c te d  p u b l i c ati o n s  c an
b e  fo u n d  i n  C h ap te r  2  a n d  An n e x  G.

C h ap te r  1       Ad m i n i s trati o n

1 . 1  S c o p e .

1 . 1 . 1 *    T h i s  s tan d a r d  s h al l  a p p l y to  th e  d e s i g n  o f ve n ti n g
s ys te m s  fo r  th e  e m e r g e n c y ve n ti n g o f p r o d u c ts  o f c o m b u s ti o n
fr o m  fres  i n  b u i l d i n g s .  T h e  p r o vi s i o n s  o f C h a p te r s  4  th r o u g h

1 0  s h al l  ap p l y to  th e  d e s i gn  o f ve n ti n g  s ys te m s  fo r  th e  e m e r ‐
ge n c y ve n ti n g  o f p r o d u c ts  o f c o m b u s ti o n  fr o m  fres  i n
n o n s p r i n kl e r e d ,  s i n gl e -s to r y b u i l d i n gs  u s i n g  b o th  h an d  c al c u l a‐

ti o n s  an d  c o m p u te r-b as e d  s o l u ti o n  m e th o d s  a s  p r o vi d e d  i n
C h ap te r  9 .  C h ap te r  1 1  s h al l  a p p l y to  ve n ti n g  i n  s p r i n kl e r e d
b u i l d i n g s .

1 . 1 . 2 *    T h i s  s tan d ar d  s h al l  n o t s p e c i fy u n d e r  wh i c h  c o n d i ti o n s
ve n ti n g  i s  to  b e  p r o vi d e d  o r  r e q u i r e d .

1 . 1 . 3    Wh e r e  a  confict e x i s ts  b e twe e n  a g e n e r al  r e q u i r e m e n t
an d  a specifc  r e q u i r e m e n t,  th e  specifc  r e q u i r e m e n t s h a l l  b e

a p p l i c a b l e .

1 . 2  P urp o s e .  ( Re s e r ve d )

1 . 3  Ap p l i c ati o n .

1 . 3 . 1 *    T h i s  s tan d a r d  s h a l l  n o t ap p l y to  ve n ti l a ti o n  wi th i n  a
b u i l d i n g  d e s i g n e d  fo r  r e gu l ati o n  o f e n vi r o n m e n tal  a i r  fo r

p e r s o n n e l  c o m fo r t,  to  r e gu l ati o n  o f c o m m e r c i al  c o o ki n g  o p e r a‐
ti o n s ,  to  r e gu l ati o n  o f o d o r  o r  h u m i d i ty i n  to i l e t a n d  b ath i n g

fac i l i ti e s ,  to  r e g u l ati o n  o f c o o l i n g  o f p r o d u c ti o n  e q u i p m e n t,  o r
to  ve n ti n g  fo r  e x p l o s i o n  p r e s s u r e  r e l i e f.

1 . 3 . 2    T h i s  s tan d a r d  s h al l  a p p l y to  b u i l d i n g  c o n s tr u c ti o n  o f a l l
typ e s .

1 . 3 . 3    T h i s  s tan d ar d  s h al l  ap p l y to  ve n ti n g fres  i n  b u i l d i n g
s p ac e s  wi th  c e i l i n g  h e i gh ts  th at p e r m i t th e  d e s i g n  fre  p l u m e

an d  s m o ke  l a ye r  to  d e ve l o p .

1 . 3 . 4 *    T h i s  s tan d ar d  s h al l  ap p l y to  s i tu a ti o n s  i n  wh i c h  th e  h o t
s m o ke  l aye r  d o e s  n o t e n h an c e  th e  b u r n i n g r ate  o f th e  fu e l

a r r ay.  Ve n t d e s i g n s  d e ve l o p e d  wi th  th i s  s ta n d a r d  s h al l  n o t b e
val i d  fo r  th o s e  ti m e  i n te r val s  wh e r e  s m o ke  l aye r  te m p e r a tu r e s

e x c e e d  6 0 0 ° C  ( 1 1 1 2 ° F ) .

1 . 3 . 5 *    T h i s  s tan d ar d  s h al l  n o t b e  va l i d  fo r  fres  h avi n g  h e a t
r e l e as e  r a te s  g r e ate r  th a n  Qfeasible as  d e te r m i n e d  i n  a c c o r d a n c e
wi th  th e  fo l l o wi n g  e q u ati o n :

Q zfeasible s= ( )12 000
5 2

,
/

wh e r e :
Qfeasible = fe a s i b l e  fre  h e at r e l e as e  r ate  ( kW)

zs = h e i g h t o f th e  s m o ke  l aye r  b o u n d ar y a b o ve  th e  fre  b as e
( m )

1 . 3 . 6 *    T h e  e n g i n e e r i n g e q u a ti o n s  o r  c o m p u te r-b as e d  m o d e l s
i n c o r p o r ate d  i n to  th i s  s tan d a r d  s h al l  b e  u s e d  to  c a l c u l ate  th e

ti m e  d u r a ti o n  th at th e  s m o ke  l aye r  b o u n d a r y i s  m ai n tai n e d  a t
o r  ab o ve  th e  d e s i g n  e l e vati o n  i n  a c u r tai n e d  a r e a,  r e l ati ve  to
th e  d e s i gn  i n te r val  ti m e .

1 . 4  Re tro ac ti vi ty.

1 . 4 . 1    T h e  p r o vi s i o n s  o f th i s  s ta n d a r d  s h al l  n o t b e  r e q u i r e d  to
b e  a p p l i e d  r e tr o ac ti ve l y.

1 . 4 . 2    Wh e r e  a  s ys te m  i s  b e i n g  al te r e d ,  e x te n d e d ,  o r  r e n o va te d ,
th e  r e q u i r e m e n ts  o f th i s  s ta n d a r d  s h a l l  ap p l y o n l y to  th e  wo r k

b e i n g u n d e r ta ke n .

1 . 5  E qu i val e n c y.    N o th i n g i n  th i s  s tan d a r d  i s  i n te n d e d  to
p r e ve n t th e  u s e  o f s ys te m s ,  m e th o d s ,  o r  d e vi c e s  o f e q u i val e n t o r

s u p e r i o r  q u al i ty,  s tr e n gth ,  fre  r e s i s tan c e ,  e ffe c ti ve n e s s ,  d u r a b i l ‐
i ty,  a n d  s afe ty o ve r  th o s e  p r e s c r i b e d  b y th i s  s tan d a r d .

1 . 5 . 1    Te c h n i c al  d o c u m e n tati o n  s h al l  b e  s u b m i tte d  to  th e
au th o ri ty h a vi n g j u r i s d i c ti o n  to  d e m o n s tr a te  e q u i va l e n c y.

1 . 5 . 2    T h e  s ys te m ,  m e th o d ,  o r  d e vi c e  s h al l  b e  ap p r o ve d  fo r  th e
i n te n d e d  p u r p o s e  b y th e  a u th o r i ty h avi n g  j u r i s d i c ti o n .

1 . 6  U ni ts  an d  Fo r m u l as .

1 . 6 . 1    T h e  u n i ts  o f m e as u r e  i n  th i s  d o c u m e n t ar e  p r e s e n te d  i n
th e  I n te r n a ti o n al  S ys te m  ( S I )  o f U n i ts .

1 . 6 . 2    T h e  va l u e s  p r e s e n te d  fo r  m e a s u r e m e n ts  i n  th i s  d o c u ‐
m e n t ar e  e x p r e s s e d  wi th  a  d e g r e e  o f p r e c i s i o n  a p p r o p r i a te  fo r

p r ac ti c al  a p p l i c ati o n  an d  e n fo r c e m e n t.  I t i s  n o t i n te n d e d  th a t

 
[ 1 . 3 . 5 ]
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th e  ap p l i c a ti o n  o r  e n fo r c e m e n t o f th e s e  va l u e s  b e  m o r e  p r e c i s e
th a n  th e  p r e c i s i o n  e x p r e s s e d .

1.6.3    T h e  fo l l o wi n g  s ym b o l s  defne  th e  var i ab l e s  i n  th e  e q u a‐
ti o n s  u s e d  th r o u g h o u t th e  b o d y o f th i s  s ta n d a r d :

A = a r e a ( o f b u r n i n g s u r fa c e )

Ai = i n l e t a r e a fo r  fr e s h  a i r,  b e l o w d e s i g n  l e ve l  o f s m o ke  
l aye r  b o u n d ar y

Av = to ta l  ve n t ar e a  o f al l  ve n ts  i n  a c u r tai n e d  ar e a

α = th e r m al  d i ffu s i vi ty,  k/ρc

αg = fre  g r o wth  coeffcient

γ = e x h au s t l o c ati o n  fa c to r  ( d i m e n s i o n l e s s )

cp = specifc  h e a t

Cd,v = ve n t d i s c h ar g e  coeffcient

Cd,i = i n l e t d i s c h ar g e  coeffcient

d = s m o ke  l a ye r  d e p th

dc = d e p th  o f d r aft c u r ta i n

D = b as e  d i am e te r  o f th e  fre

g = a c c e l e r ati o n  o f gr a vi ty

H = c e i l i n g  h e i g h t ab o ve  b a s e  o f fre

hc = h e a t o f c o m b u s ti o n

hg = h e a t o f gasifcation

K = fr ac ti o n  o f ad i ab a ti c  te m p e r atu r e  r i s e

k = th e r m al  c o n d u c ti vi ty

keβ = c o n s ta n t u s e d  i n  E q u a ti o n  E . 5 . 1

kρc = th e r m al  i n e r ti a

l = th i c kn e s s

L = m e an  fame  h e i g h t a b o ve  th e  b as e  o f th e  fre

Lf = fame  l e n g th ,  m e as u r e d  fr o m  l e ad i n g  e d g e  o f 
b u r n i n g r e g i o n

Lv = l e n gth  o f ve n t o p e n i n g  i n  th e  l o n ge r  d i r e c ti o n

ɺm
= m as s  b u r n i n g  r ate

ɺ ′′m
= m as s  b u r n i n g  r ate  p e r  u n i t ar e a

′′
∞

ɺm
= m as s  b u r n i n g  r ate  p e r  u n i t ar e a  fo r  an  infnite  

d i am e te r  p o o l

ɺm
v

= m as s  fow r a te  th r o u gh  ve n t

ɺmp

= m as s  fow r a te  i n  th e  p l u m e

ɺmpL

= m as s  fow r a te  i n  th e  p l u m e  a t m e an  fame  h e i g h t (L)

′′ɺqi

= i n c i d e n t h e at fux  p e r  u n i t a r e a

Q = to ta l  h e at r e l e as e  r ate
(continues)

Q″
= to ta l  h e at r e l e as e  r ate  p e r  u n i t foor  a r e a

Qc = c o n ve c ti ve  h e at r e l e as e  r ate  =  χcQ

Qfeasible = fe as i b l e  fre  h e a t r e l e a s e  r a te  ( kW)

r = r a d i u s  fr o m  fre  a x i s

RT I = r e s p o n s e  ti m e  i n d e x  τu1 / 2

τ = ti m e  c o n s tan t o f h e at-r e s p o n s i ve  e l e m e n t fo r  
c o n ve c ti ve  h e ati n g

ρ = d e n s i ty

ρo = a m b i e n t ai r  d e n s i ty

S = c e n te r  to  c e n te r  s p ac i n g o f ve n ts

t = ti m e

td = ti m e  to  d e te c to r  ac ti vati o n

tg = g r o wth  ti m e  o f fre

tig = ti m e  to  i g n i ti o n

tr = d e s i gn  i n te r va l  ti m e

tsa = ti m e  to  s p r i n kl e r  a c ti va ti o n

tvo = ti m e  to  ve n t o p e n i n g

ΔT = g as  te m p e r atu r e  r i s e  ( fr o m  am b i e n t)  at d e te c to r  s i te

ΔTa = a d i a b ati c  te m p e r a tu r e  r i s e

ΔTe = te m p e r atu r e  r i s e  ( fr o m  a m b i e n t)  o f h e at-r e s p o n s i ve  
e l e m e n t

T = s m o ke  l a ye r  te m p e r atu r e  ( K)

To = a m b i e n t ai r  te m p e r a tu r e

Tig = i gn i ti o n  te m p e r atu r e

Ts = s u r fa c e  te m p e r a tu r e

u = g as  ve l o c i ty at d e te c to r  s i te

Wmin = l ate r al  fre  s p r e a d  b y r ad i a ti o n

Ws = l ar g e s t h o r i z o n tal  d i m e n s i o n  o f fre

Wv = wi d th  o f ve n t o p e n i n g  i n  th e  s h o r te r  d i r e c ti o n

V = fame  s p r e ad  ve l o c i ty

χc = c o n ve c ti ve  fr a c ti o n  o f to ta l  h e at r e l e as e  r ate  ( fr ac ti o n  
c ar r i e d  as  h e at i n  p l u m e  ab o ve  fames)  wh e r e  χc i s  

a  c o n ve c ti ve -h e a t fr ac ti o n  b e twe e n  0 . 6  an d  0 . 7

χr = r a d i a n t fr ac ti o n  o f to tal  h e a t r e l e as e  r ate

y = e l e va ti o n  o f s m o ke  l aye r  b o u n d ar y

yceil = e l e va ti o n  o f c e i l i n g

ycurt = e l e va ti o n  o f b o tto m  o f d r a ft c u r ta i n

yfre = e l e va ti o n  o f th e  b as e  o f th e  fre  ab o ve  th e  foor

zs = h e i gh t o f th e  s m o ke  l a ye r  b o u n d ar y ab o ve  b a s e  o f fre

zsi = h e i gh t o f th e  s m o ke  l a ye r  i n te r fa c e  a b o ve  th e  b as e  o f 
th e  fre

zo = h e i gh t o f vi r tu al  o r i gi n  a b o ve  b as e  o f fre  ( b e l o w b as e  
o f fre,  i f n e ga ti ve )
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C h ap te r 2    Re fe re n c e d  P u b l i c ati o n s

2 . 1 *  G e n e ral .    T h e  d o c u m e n ts  o r  p o r ti o n s  th e r e o f l i s te d  i n
th i s  c h ap te r  ar e  r e fe r e n c e d  wi th i n  th i s  s tan d a r d  an d  s h al l  b e

c o n s i d e r e d  p ar t o f th e  r e q u i r e m e n ts  o f th i s  d o c u m e n t.

2 . 2  N FPA P ub l i c ati o n s .    N ati o n a l  F i r e  P r o te c ti o n  As s o c i a ti o n ,
1  B a tte r ym ar c h  P a r k,  Qu i n c y,  M A 0 2 1 6 9 -7 4 7 1 .

N F PA  1 3 ,   Standard for the Installation of Sprinkler Systems,  2 0 2 2
e d i ti o n .

NFPA  72®,   National Fire Alarm and Signaling Code®,  2 0 2 2
e d i ti o n .

2 . 3  O th e r P u b l i c ati o n s .

Δ 2 . 3 . 1  FM  P ub l i c ati o n s .    F M  Gl o b al ,  2 7 0  C e n tr al  Ave n u e ,  P. O .
B o x  7 5 0 0 ,  J o h n s to n ,  RI  0 2 9 1 9 .

F M  4 4 3 0 ,  Approval Standard for Heat and Smoke Vents,  2 0 2 2 .

2 . 3 . 2  N I S T  P u b l i c ati o n s .    N ati o n al  I n s ti tu te  o f S tan d a r d s  an d
Te c h n o l o g y,  1 0 0  B u r e au  D r i ve ,  S to p  1 0 7 0 ,  Ga i th e r s b u r g,  M D

2 0 8 9 9 -1 0 7 0 .

D E TAC T-QS  ( D E Te c to r  AC Tu a ti o n  — Qu as i  S te ad y)  s o ft‐
war e .

D E TAC T-T 2  ( D E Te c to r  AC Tu ati o n  — T i m e  S q u ar e d )  s o ft‐
war e .

L AVE N T  ( L i n k- Ac tu a te d  VE N Ts )  s o ftwa r e .

Δ 2 . 3 . 3  U L  P u b l i c ati o n s .    U n d e r wr i te r s  L a b o r a to r i e s  I n c . ,  3 3 3
Pfngsten  Ro a d ,  N o r th b r o o k,  I L  6 0 0 6 2 -2 0 9 6 .

U L  7 9 3 ,  Automatically Operated Roof Vents for Smoke and Heat,
2 0 2 0 .

2 . 3 . 4  O th e r P u b l i c ati o n s .

Merriam-Webster's Collegiate Dictionary,  1 1 th  e d i ti o n ,  M e r r i a m -
We b s te r,  I n c . ,  Springfeld,  M A,  2 0 2 0 .

2 . 4  Re fe re n c e s  fo r E x trac ts  i n  M an d ato r y S e c ti o n s .

NFPA  72®,   National Fire Alarm and Signaling Code®,  2 0 2 2
e d i ti o n .

N F PA  9 2 ,   Standard for Smoke Control Systems,  2 0 2 4  e d i ti o n .
N F PA  3 1 8 ,   Standard for the Protection of Semiconductor Fabrica‐

tion Facilities,  2 0 2 2  e d i ti o n .

C h ap te r  3       Defnitions

Δ 3 . 1  G e n e ral .

N 3 . 1 . 1    T h e  defnitions  c o n tai n e d  i n  th i s  c h ap te r  s h a l l  a p p l y to
th e  te r m s  u s e d  i n  th i s  s tan d a r d .

N 3 . 1 . 2    Wh e r e  te r m s  ar e  n o t defned  i n  th i s  c h a p te r  o r  wi th i n
an o th e r  c h ap te r,  th e y s h al l  b e  defned  u s i n g th e i r  o r d i n ar i l y
ac c e p te d  m e an i n g s  wi th i n  th e  c o n te x t i n  wh i c h  th e y ar e  u s e d .

N 3 . 1 . 3    Merriam-Webster’s Collegiate Dictionary,  1 1 th  e d i ti o n ,  s h a l l
b e  th e  s o u r c e  fo r  th e  o r d i n a r i l y ac c e p te d  m e an i n g.

3 . 2  N FPA Offcial  Defnitions.

3 . 2 . 1 *  Ap p ro ve d .    Ac c e p tab l e  to  th e  a u th o r i ty h avi n g  j u r i s d i c ‐
ti o n .

3 . 2 . 2 *  Au th o ri ty H avi n g J u ri s d i c ti o n  ( AH J ) .    An  o r ga n i z ati o n ,
offce,  o r  i n d i vi d u a l  r e s p o n s i b l e  fo r  e n fo r c i n g th e  r e q u i r e m e n ts

o f a  c o d e  o r  s tan d ar d ,  o r  fo r  a p p r o vi n g  e q u i p m e n t,  m ate r i al s ,
an  i n s tal l ati o n ,  o r  a  p r o c e d u r e .

3 . 2 . 3  L ab e l e d .    E q u i p m e n t o r  m ate r i al s  to  wh i c h  h a s  b e e n
atta c h e d  a l ab e l ,  s ym b o l ,  o r  o th e r  i d e n ti fyi n g  m ar k o f an  o r g an ‐
i z ati o n  th at i s  a c c e p ta b l e  to  th e  au th o r i ty h a vi n g j u r i s d i c ti o n

a n d  c o n c e r n e d  wi th  p r o d u c t e va l u ati o n ,  th at m ai n ta i n s  p e r i ‐
o d i c  i n s p e c ti o n  o f p r o d u c ti o n  o f l ab e l e d  e q u i p m e n t o r  m ate r i ‐
al s ,  an d  b y wh o s e  l ab e l i n g th e  m an u fa c tu r e r  i n d i c ate s

c o m p l i an c e  wi th  ap p r o p r i a te  s tan d ar d s  o r  p e r fo r m a n c e  i n  a
specifed  m an n e r.

3 . 2 . 4 *  L i s te d .    E q u i p m e n t,  m ate r i a l s ,  o r  s e r vi c e s  i n c l u d e d  i n  a
l i s t p u b l i s h e d  b y an  o r g an i z a ti o n  th a t i s  a c c e p ta b l e  to  th e
au th o r i ty h avi n g  j u r i s d i c ti o n  an d  c o n c e r n e d  wi th  e va l u ati o n  o f

p r o d u c ts  o r  s e r vi c e s ,  th at m ai n ta i n s  p e r i o d i c  i n s p e c ti o n  o f
p r o d u c ti o n  o f l i s te d  e q u i p m e n t o r  m a te r i al s  o r  p e r i o d i c  e val u a‐
ti o n  o f s e r vi c e s ,  a n d  wh o s e  l i s ti n g  s ta te s  th at e i th e r  th e  e q u i p ‐

m e n t,  m ate r i al ,  o r  s e r vi c e  m e e ts  ap p r o p r i ate  d e s i g n ate d
s tan d ar d s  o r  h a s  b e e n  te s te d  a n d  fo u n d  s u i tab l e  fo r  a specifed
p u r p o s e .

3 . 2 . 5  S h al l .    I n d i c a te s  a m an d ato r y r e q u i r e m e n t.

3 . 2 . 6  S h o u l d .    I n d i c a te s  a  r e c o m m e n d ati o n  o r  th at wh i c h  i s
ad vi s e d  b u t n o t r e q u i r e d .

3 . 2 . 7  S tan d ard .    An  N F PA s ta n d a r d ,  th e  m ai n  te x t o f wh i c h
c o n tai n s  o n l y m a n d ato r y p r o vi s i o n s  u s i n g  th e  wo r d  “ s h a l l ”  to

i n d i c a te  r e q u i r e m e n ts  a n d  th a t i s  i n  a fo r m  g e n e r al l y s u i tab l e
fo r  m an d a to r y r e fe r e n c e  b y an o th e r  s ta n d ar d  o r  c o d e  o r  fo r
ad o p ti o n  i n to  l a w.  N o n m a n d a to r y p r o vi s i o n s  a r e  n o t to  b e

c o n s i d e r e d  a p ar t o f th e  r e q u i r e m e n ts  o f a  s ta n d ar d  an d  s h a l l
b e  l o c ate d  i n  an  ap p e n d i x ,  an n e x ,  fo o tn o te ,  i n fo r m ati o n al
n o te ,  o r  o th e r  m e a n s  as  p e r m i tte d  i n  th e  N F PA m a n u al s  o f

s tyl e .  Wh e n  u s e d  i n  a  g e n e r i c  s e n s e ,  s u c h  a s  i n  th e  p h r a s e
“ s tan d ar d s  d e ve l o p m e n t p r o c e s s ”  o r  “ s tan d ar d s  d e ve l o p m e n t
ac ti vi ti e s , ”  th e  te r m  “ s tan d a r d s ”  i n c l u d e s  al l  N F PA s ta n d a r d s ,

i n c l u d i n g  c o d e s ,  s ta n d ar d s ,  r e c o m m e n d e d  p r a c ti c e s ,  an d
gu i d e s .

3 . 3  G e n e ral  Defnitions.

3 . 3 . 1  C e i l i n g J e t.    A fow o f s m o ke  u n d e r  th e  c e i l i n g ,  e x te n d ‐
i n g  r ad i al l y fr o m  th e  p o i n t o f fre  p l u m e  i m p i n g e m e n t o n  th e
c e i l i n g.

3 . 3 . 2  C l e ar ( Ai r)  L aye r.    T h e  z o n e  wi th i n  a  b u i l d i n g  c o n tai n ‐
i n g  a i r  th at h as  n o t b e e n  c o n tam i n a te d  b y th e  s m o ke  p r o d u c e d

fr o m  a fre  i n  th e  b u i l d i n g ,  an d  th at i s  l o c ate d  b e twe e n  th e
foor  an d  th e  s m o ke  l aye r  b o u n d ar y.

3 . 3 . 3 *  C l e ar L aye r I n te r fac e .    T h e  b o u n d ar y b e twe e n  a s m o ke
l aye r  an d  s m o ke - fr e e  ai r.

3 . 3 . 4  C o n ti n uo u s l y G ro wi n g Fi re s .    F i r e s  th a t,  i f u n c h e c ke d ,
wi l l  c o n ti n u e  to  gr o w o ve r  th e  d e s i g n  i n te r val  ti m e .

3 . 3 . 5  C u r tai n e d  Are a.    An  ar e a o f a b u i l d i n g th at h as  i ts  p e r i m ‐
e te r  d e l i n e a te d  b y d r a ft c u r ta i n s ,  fu l l  h e i gh t p a r ti ti o n s ,  e x te r i o r

wal l s ,  o r  an y c o m b i n a ti o n s  th e r e o f.

3 . 3 . 6  D e s i gn  D e p th  o f th e  S m o k e  L aye r.    T h e  d i ffe r e n c e
b e twe e n  th e  h e i gh t o f th e  c e i l i n g  an d  th e  m i n i m u m  h e i g h t o f

th e  s m o ke  l a ye r  b o u n d ar y ab o ve  th e  fnished  foor  l e ve l  th a t
m e e ts  d e s i g n  o b j e c ti ve s .
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3 . 3 . 7  D e s i gn  Fi re .    As  u s e d  i n  th i s  s tan d ar d ,  th e  ti m e - r ate  h e a t
r e l e as e  h i s to r y s e l e c te d  as  th e  i n p u t fo r  th e  c a l c u l ati o n s
p r e s c r i b e d  h e r e i n .

3 . 3 . 8  D e s i gn  I n te r val  T i m e .    T h e  d u r ati o n  o f ti m e  fo r  wh i c h  a
d e s i g n  o b j e c ti ve  i s  to  b e  m e t,  m e as u r e d  fr o m  th e  ti m e  o f d e te c ‐
to r  ac ti va ti o n .

3 . 3 . 9 *  D raft C u r tai n .    A fxed  o r  d e p l o yab l e  b ar r i e r  th at
p r o tr u d e s  d o wn wa r d  fr o m  th e  c e i l i n g  to  c h a n n e l ,  c o n tai n ,  o r
p r e ve n t th e  m i gr a ti o n  o f s m o ke .

3 . 3 . 1 0 *  E ffe c ti ve  I gn i ti o n .    T h e  ti m e  a t wh i c h  a t- s q u ar e d
d e s i g n  fre  s tar ts .

3 . 3 . 1 1  Fue l  Ar ray.    A c o l l e c ti o n  a n d  a r r an g e m e n t o f m a te r i al s
th a t c an  s u p p o r t c o m b u s ti o n .

3 . 3 . 1 2  H e at D e te c to r.    A fre  d e te c to r  th a t d e te c ts  e i th e r
ab n o r m a l l y h i g h  te m p e r a tu r e  o r  r ate -o f-te m p e r a tu r e  r i s e ,  o r
b o th .  [ 7 2 ,  2 0 2 2 ]

3 . 3 . 1 3  L i m i te d - G ro wth  Fi re s .    F i r e s  th at a r e  n o t e x p e c te d  to
gr o w b e yo n d  a  p r e d i c ta b l e  m a x i m u m  h e at r e l e as e  r ate .

3 . 3 . 1 4  M e c h an i c al  S m o ke  E x h au s t S ys te m .    A d e d i c ate d  o r
s h a r e d -d u ty fan  s ys te m  d e s i g n e d  an d  s u i tab l e  fo r  th e  r e m o val  o f
h e at a n d  s m o ke .

3 . 3 . 1 5  P l as ti c s .

3 . 3 . 1 6  P l u gh o l i n g.    T h e  c o n d i ti o n  wh e r e  ai r  fr o m  b e l o w th e
s m o ke  l aye r  i s  p u l l e d  th r o u g h  th e  s m o ke  l aye r  i n to  th e  s m o ke
e x h au s t d u e  to  a h i g h  e x h a u s t r a te .  [ 9 2 ,  2 0 2 4 ]

3 . 3 . 1 7  S m o ke .    T h e  ai r b o r n e  s o l i d  an d  l i q u i d  p ar ti c u l ate s  an d
gas e s  e vo l ve d  wh e n  a m ate r i al  u n d e r g o e s  p yr o l ys i s  o r  c o m b u s ‐
ti o n ,  to g e th e r  wi th  th e  q u an ti ty o f ai r  th at i s  e n tr a i n e d  o r  o th e r ‐
wi s e  m i x e d  i n to  th e  m as s .  [ 3 1 8 ,  2 0 2 2 ]

3 . 3 . 1 8 *  S m o ke  L aye r.    T h e  a c c u m u l a te d  th i c kn e s s  o f s m o ke
b e l o w a p h ys i c al  o r  th e r m a l  b ar r i e r.  [ 9 2 ,  2 0 2 4 ]

3 . 3 . 1 9 *  S m o ke  L aye r B o u n d ar y.    An  e ffe c ti ve  b o u n d ar y
c e n te r e d  i n  a  tr an s i ti o n  z o n e  b e twe e n  th e  d e n s e  p o r ti o n  o f th e
s m o ke  l aye r  an d  th e  frst i n d i c ati o n  o f s m o ke .

3 . 3 . 2 0  Ve n t.    As  u s e d  i n  th i s  s tan d a r d ,  a  d e vi c e  o r  c o n s tr u c ti o n
th a t,  wh e n  ac ti vate d ,  i s  an  o p e n i n g  d i r e c tl y to  th e  e x te r i o r  at o r
n e a r  th e  r o o f l e ve l  o f a  b u i l d i n g th a t r e l i e s  o n  th e  b u o ya n t
fo r c e s  c r e a te d  b y a fre  to  e x h a u s t s m o ke  a n d  h e at.

3 . 3 . 2 1  Ve n t S ys te m .    A s ys te m  u s e d  fo r  th e  r e m o val  o f s m o ke
an d  h e a t fr o m  a fre  th a t u ti l i z e s  m an u al l y o r  au to m ati c al l y
o p e r ate d  h e at an d  s m o ke  ve n ts  at r o o f l e ve l  an d  th at e x h au s ts
s m o ke  fr o m  a r e s e r vo i r  b o u n d e d  b y e x te r i o r  wal l s ,  i n te r i o r
wal l s ,  o r  d r a ft c u r tai n s  to  a c h i e ve  th e  d e s i g n  r ate  o f s m o ke  m as s
fow th r o u g h  th e  ve n ts ,  a n d  th at i n c l u d e s  a p r o vi s i o n  fo r
m a ke u p  ai r.

C h ap te r  4       Fun d am e n tal s

4 . 1 *  D e s i gn  O b j e c ti ve s .    T h e  d e s i g n  o b j e c ti ve s  to  b e  ac h i e ve d
o ve r  th e  d e s i g n  i n te r va l  ti m e  b y a ve n t s ys te m  d e s i g n  d u r i n g  a
d e s i g n  fre  o r  d e s i gn  fres  s h a l l  i n c l u d e  th e  fo l l o wi n g:

( 1 ) T h e  m i n i m u m  al l o wab l e  s m o ke  l a ye r  b o u n d ar y h e i g h t
( 2 ) T h e  m ax i m u m  a l l o wa b l e  s m o ke  l aye r  te m p e r atu r e

4 . 2 *  D e s i gn  B as i s .    A d e s i g n  fo r  a  gi ve n  b u i l d i n g  an d  i ts
c o m b u s ti b l e  c o n te n ts  an d  th e i r  d i s tr i b u ti o n  s h al l  c o m p r i s e

s e l e c ti n g a  d e s i gn  b a s i s  ( l i m i te d -g r o wth  ve r s u s  c o n ti n u o u s -
g r o wth  fre)  a n d  e s ta b l i s h i n g th e  fo l l o wi n g  p ar a m e te r s :

( 1 ) L ayo u t o f c u r tai n e d  ar e as
( 2 ) A d r a ft c u r tai n  d e p th
( 3 ) Typ e  d e te c to r  an d  specifc  c h ar a c te r i s ti c s
( 4 ) D e te c to r  s p a c i n g
( 5 ) A d e s i gn  i n te r va l  ti m e ,  tr,  fo l l o wi n g  d e te c ti o n  fo r  m ai n ‐

tai n i n g  a c l e ar  l aye r  ( fo r  c o n ti n u o u s -g r o wth  fres)
( 6 ) To ta l  ve n t ar e a  p e r  c u r tai n e d  ar e a
( 7 ) D i s tr i b u ti o n  o f i n d i vi d u al  ve n ts
( 8 ) An  ai r  i n l e t ar e a

4 . 3  D e te r m i n ati o n  o f C o n te n ts  H az ard .

4 . 3 . 1    T h e  d e te r m i n ati o n  o f c o n te n ts  h az ar d  s h al l  ta ke  i n to
a c c o u n t th e  fu e l  l o ad i n g  an d  th e  r a te  o f h e at r e l e a s e  an ti c i p a‐

te d  fr o m  th e  c o m b u s ti b l e  m a te r i al s  o r  fammable  l i q u i d s
c o n tai n e d  wi th i n  th e  b u i l d i n g .

4 . 3 . 2    T h e  h e a t r e l e a s e  r ate  o f th e  d e s i g n  fre  s h al l  b e  q u an ti ‐
fed  i n  ac c o r d an c e  wi th  C h a p te r  8 .

4 . 4  Ve n ti n g.

4 . 4 . 1  D e s i gn  O b j e c ti ve s .    I n  o rd e r  to  s ati s fy d e s i g n  o b j e c ti ve s ,
a  ve n t s ys te m  s h al l  b e  d e s i gn e d  to  s l o w,  s to p ,  o r  r e ve r s e  th e
d e s c e n t o f a s m o ke  l a ye r  p r o d u c e d  b y fre  i n  a  b u i l d i n g ,  b y

e x h a u s ti n g s m o ke  to  th e  e x te r i o r.

4 . 4 . 2 *  Ve n t S ys te m  D e s i gn s  an d  S m o ke  P ro d u c ti o n .

4 . 4 . 2 . 1    Ve n t s ys te m s  s h a l l  b e  d e s i g n e d  i n  ac c o r d an c e  wi th  th i s
s tan d ar d  b y c al c u l a ti n g th e  ve n t ar e a r e q u i r e d  to  a c h i e ve  a

m a s s  r a te  o f fow th r o u g h  th e  ve n ts  th at e q u al s  th e  m as s  r ate  o f
s m o ke  p r o d u c ti o n .

4 . 4 . 2 . 2    Ve n t s ys te m  d e s i gn s  s h a l l  l i m i t th e  d e s c e n t o f th e
s m o ke  l aye r  to  th e  d e s i g n  e l e vati o n  o f th e  s m o ke  l a ye r  b o u n ‐

d ar y.

4 . 4 . 2 . 3    Al te r n ati ve  ve n t s ys te m  d e s i gn s  s h a l l  b e  p e r m i tte d  to
b e  d e ve l o p e d  i n  a c c o r d a n c e  wi th  th i s  s tan d a r d  b y c a l c u l ati n g

th e  ve n t ar e a r e q u i r e d  to  a c h i e ve  a m a s s  r a te  o f fow th r o u gh
th e  ve n ts  th a t i s  l e s s  th an  th e  m a s s  r ate  o f s m o ke  p r o d u c ti o n ,

s u c h  th at th e  d e s c e n t o f th e  s m o ke  l a ye r  i s  s l o we d  to  m e e t th e
d e s i g n  o b j e c ti ve s .

4 . 4 . 3 *  Ve n t M as s  Fl o w.    Ve n t s ys te m  d e s i g n s  s h al l  b e  c o m p u te d
o n  th e  b a s i s  th at th e  m as s  fow r ate  th r o u g h  a  ve n t i s  d e te r ‐
m i n e d  p r i m ar i l y b y b u o yan c y p re s s u r e .

4 . 5  S m o k e  P ro d u c ti o n .

4 . 5 . 1 *  B as e  o f th e  Fi re .    F o r  th e  p u r p o s e s  o f th e  e q u ati o n s  i n
th i s  s ta n d a r d ,  th e  b as e  o f th e  fre  s h a l l  b e  at th e  b o tto m  o f th e

b u r n i n g  z o n e .

4 . 5 . 2 *  Fi re  S i z e .    B u r n i n g  an d  e n tr a i n m e n t r a te s  o f p o s s i b l e
fre  s c e n ar i o s  s h al l  b e  c o n s i d e r e d  b e fo r e  e s tab l i s h i n g  th e  c o n d i ‐

ti o n s  o f th e  d e s i g n  fre.

4 . 5 . 3 *  E n trai n m e n t.

4 . 5 . 3 . 1    T h e  e n tr ai n m e n t fo r m u l as  specifed  i n  th i s  s tan d ar d
s h a l l  b e  ap p l i e d  o n l y to  a s i n g l e  fre  o r i g i n .

4 . 5 . 3 . 2 *  Vi r tu al  O ri gi n .    P r e d i c te d  p l u m e  m a s s  fow ab o ve  th e
to p  o f th e  fame  s h a l l  take  i n to  ac c o u n t th e  vi r tu al  o r i g i n ,  zo,  o f

th e  fre  as  d e te r m i n e d  i n  9 . 2 . 3 . 2 .
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4 . 6  Ve n t Fl o ws .

4 . 6 . 1 *  B u o yan c y an d  Ve n t Fl o w.

4 . 6 . 1 . 1    F l o w th r o u g h  a ve n t s h a l l  b e  c al c u l a te d  o n  th e  b a s i s  o f
b u o yan c y p r e s s u r e  d i ffe r e n c e ,  a s s u m i n g  th at n o  p r e s s u r e  i s

c o n tr i b u te d  b y th e  e x p an s i o n  o f g as e s .

4 . 6 . 1 . 2 *    Benefcial  wi n d  e ffe c ts  s h al l  n o t b e  take n  i n to
ac c o u n t wh e n  c al c u l a ti n g ve n t a r e as .

4 . 6 . 1 . 3    Ai r  i n l e ts  an d  ve n ts  s h al l  b e  l o c a te d  to  a vo i d  a d ve r s e
wi n d  e ffe c ts .

4 . 6 . 2 *  I n l e t Ai r.

4 . 6 . 2 . 1    P r e d i c te d  ve n t fows  s h al l  take  i n to  a c c o u n t th e  ar e a  o f
i n l e t ai r  o p e n i n g s .

4 . 6 . 2 . 2    I n l e t ai r  s h a l l  b e  i n tr o d u c e d  b e l o w th e  s m o ke  l a ye r
b o u n d ar y.

4 . 6 . 2 . 3    Wa l l  an d  c e i l i n g l e a ka ge  a b o ve  th e  s m o ke  l aye r  b o u n ‐
d ar y i n  th e  c u r tai n e d  ar e a  s h al l  n o t b e  i n c l u d e d  i n  ve n t fow
c a l c u l ati o n s .  (See Chapter  6 for information on air inlets. )

C h ap te r 5    Ve n ts

Δ 5 . 1 *  L i s te d  Ve n ts .    N o r m al l y c l o s e d  ve n ts  s h a l l  b e  l i s te d  an d
l ab e l e d  i n  a c c o r d a n c e  wi th  U L  7 9 3 ,  Automatically Operated Roof

Vents for Smoke and Heat;  F M  4 4 3 0 ,  Approval Standard for Heat and
Smoke Vents;  o r  o th e r  a p p r o ve d ,  r e c o g n i z e d  s tan d a r d s .

5 . 2  Ve n t D e s i gn  C o n s trai n ts .

5 . 2 . 1 *    T h e  m e an s  o f ve n t ac tu a ti o n  s h al l  b e  s e l e c te d  wi th
r e ga r d  to  th e  fu l l  r an g e  o f e x p e c te d  am b i e n t c o n d i ti o n s .

5 . 2 . 2 *    Ve n ts  s h al l  c o n s i s t o f a  s i n g l e  u n i t ( ve n t) ,  i n  wh i c h  th e
e n ti r e  u n i t ( ve n t)  o p e n s  fu l l y wi th  th e  a c ti va ti o n  o f a s i n gl e
d e te c to r,  o r  m u l ti p l e  u n i ts  ( ve n ts )  i n  r o ws  o r  ar r a ys  ( ga n ge d

ve n ts )  i n  wh i c h  th e  u n i ts  ( ve n ts )  o p e n  s i m u l tan e o u s l y wi th  th e
ac ti va ti o n  o f a s i n g l e  h e at d e te c to r,  a fu s i b l e  l i n k,  a  s m o ke
d e te c to r,  o r  o th e r  m e a n s  o f d e te c ti o n  to  s ati s fy th e  ve n ti n g

r e q u i r e m e n ts  fo r  a  specifc  h a z a r d .

5 . 2 . 3 *    Wh e r e  th e  h az ar d  i s  l o c al i z e d ,  ve n ts  s h al l  o p e n  d i r e c tl y
a b o ve  s u c h  h az ar d .

5 . 2 . 4    Ve n ts ,  an d  th e i r  s u p p o r ti n g s tr u c tu r e  an d  m e an s  o f
a c tu ati o n ,  s h a l l  b e  d e s i g n e d  s o  th at th e y c a n  b e  i n s p e c te d  vi s u ‐

al l y a fte r  i n s ta l l ati o n .

5 . 3  M e th o d s  o f O p e rati o n .

5 . 3 . 1 *    N o r m al l y,  c l o s e d  ve n ts  s h a l l  b e  d e s i gn e d  to  o p e n  au to ‐
m a ti c al l y i n  a  fre  to  m e e t d e s i g n  o b j e c ti ve s  o r  to  c o m p l y wi th
p e r fo r m an c e  o b j e c ti ve s  o r  r e q u i r e m e n ts .

5 . 3 . 2 *    Ve n ts ,  o th e r  th a n  th e r m o p l as ti c  d r o p -o u t ve n ts ,  s h a l l  b e
d e s i g n e d  to  fai l  i n  th e  o p e n  p o s i ti o n  s u c h  th at fai l u r e  o f a  ve n t-

o p e r ati n g  c o m p o n e n t r e s u l ts  i n  a n  o p e n  ve n t.

5 . 3 . 3    Ve n ts  s h al l  b e  o p e n e d  u s i n g g r avi ty o r  o th e r  ap p r o ve d
o p e n i n g  fo r c e .

5 . 3 . 4    T h e  o p e n i n g  m e c h a n i s m  s h a l l  n o t b e  p r e ve n te d  fr o m
o p e n i n g  th e  ve n t b y s n o w,  r o o f d e b r i s ,  o r  i n te r n al  p r o j e c ti o n s .

5 . 3 . 5 *    Al l  ve n ts  s h al l  b e  d e s i g n e d  to  o p e n  b y m an u al  m e an s .
M e an s  o f o p e n i n g  s h a l l  b e  e i th e r  i n te r n al  o r  e x te r n al ,  a s

ap p r o ve d  b y th e  au th o r i ty h avi n g  j u r i s d i c ti o n .

5 . 3 . 6 *    Ve n ts  d e s i gn e d  fo r  r e m o te  o p e r a ti o n  s h al l  u ti l i z e
ap p r o ve d  fu s i b l e  l i n ks  a n d  s h a l l  al s o  b e  c ap ab l e  o f a c tu ati o n  b y
an  e l e c tr i c  p o we r  s o u r c e ,  h e at-r e s p o n s i ve  d e vi c e ,  o r  o th e r

a p p r o ve d  m e an s .

5 . 3 . 7    Ve n ts  d e s i gn e d  to  ac ti va te  b y s m o ke  d e te c ti o n  o r  o th e r
a c ti va ti o n  m e th o d s  e x te r n a l  to  th e  ve n t s h al l  b e  ap p r o ve d  i n

ac c o r d an c e  wi th  S e c ti o n   5 . 1 .

5 . 4  D i m e n s i o n s  an d  S p ac i n g o f Ve n ts .

5 . 4 . 1    T h e  d i m e n s i o n s  a n d  s p ac i n g  o f ve n ts  s h a l l  m e e t th e
r e q u i r e m e n ts  o f 5 . 4 . 1 . 1  an d  5 . 4 . 1 . 2  to  a vo i d  p l u g h o l i n g .

5 . 4 . 1 . 1    T h e  a r e a o f a u n i t ve n t s h al l  n o t e x c e e d  2 d2 ,  wh e r e  d i s
th e  d e s i g n  d e p th  o f th e  s m o ke  l aye r.

5 . 4 . 1 . 2 *    F o r  ve n ts  wi th  Lv/ Wv >  2 ,  th e  wi d th ,  Wv,  s h al l  n o t
e x c e e d  th e  d e s i g n  d e p th  o f th e  s m o ke  l a ye r,  d.

5 . 4 . 2 *    I n  p l a n  vi e w,  th e  c e n te r-to -c e n te r  s p a c i n g  o f ve n ts  i n  a
r e c tan g u l ar  m atr i x ,  S,  as  s h o wn  i n  F i g u r e  5 . 4 . 2 ( a) ,  wi th i n  a

c u r ta i n e d  a r e a s h al l  n o t e x c e e d  4 H,  wh e r e  H i s  th e  c e i l i n g
h e i gh t as  s h o wn  i n  F i g u r e  5 . 4 . 2 ( b ) ,  p ar ts  ( a )  th r o u gh  ( d ) .

5 . 4 . 3 *    T h e  s p a c i n g o f ve n ts ,  i n  p l an  vi e w,  s h al l  b e  s u c h  th at
th e  h o r i z o n tal  d i s ta n c e  fr o m  an y p o i n t o n  a  wa l l  o r  d r aft
c u r ta i n  to  th e  c e n te r  o f th e  n e a r e s t ve n t,  wi th i n  a c u r ta i n e d

ar e a,  d o e s  n o t e x c e e d  2 . 8 H as  i n d i c ate d  i n  F i gu r e  5 . 4 . 3 .

5 . 4 . 4    T h e  to ta l  ve n t ar e a  p e r  c u r ta i n e d  ar e a  s h al l  b e  s i z e d  to
m e e t th e  d e s i gn  o b j e c ti ve s  an d  th e  p e r fo r m an c e  o b j e c ti ve s  r e l a ‐
ti ve  to  th e  d e s i gn  fre,  d e te r m i n e d  i n  ac c o r d an c e  wi th  C h ap ‐

te r   8 .

5 . 5  M e c h an i c al  S m o ke  E x h au s t S ys te m s .    M e c h an i c al  s m o ke
e x h au s t s ys te m s  s h a l l  b e  d e s i g n e d  i n  a c c o r d an c e  wi th  C h a p ‐
te r   1 0 .

Ve n t Ve n t

Ve n t Ve n t

P L A N  V I E W

S ≤  4H

S ≤  4H

Δ FI G U RE  5 . 4 . 2 ( a)   Ve n t S p ac i n g i n  Re c tan gu l ar M atri x  ( p l an
vi e w) .
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dc

H

( a )  F l a t  r o o f

dc

H

dc

H

( c )  S l o p e d  r o o f

dc

H

Dd

S S

( b )  G a b l e d  ro o f

( d )  S a w t o o t h  r o o f

FI G U RE  5 . 4 . 2 ( b )   M e as u re m e n t o f C e i l i n g H e i gh t (H)  an d
C u r tai n  B o ard  D e p th  (dc).

C h ap te r  6       Ai r I n l e ts

6 . 1 *  G e n e ral .    Ai r  i n l e ts  s h al l  b e  p r o vi d e d  fo r  s u p p l yi n g
m a ke u p  ai r  fo r  ve n t s ys te m s .

6 . 2  C o n s tr u c ti o n .    Ai r  i n l e ts  c o n s i s ti n g  o f l o u ve r s ,  d o o r s ,
d am p e r s ,  wi n d o ws ,  s h u tte r s ,  o r  o th e r  a p p r o ve d  o p e n i n gs  s h a l l

b e  d e s i g n e d  a n d  c o n s tr u c te d  to  p r o vi d e  p as s ag e  o f o u td o o r  ai r
i n to  th e  b u i l d i n g .

6 . 3 *  L o c ati o n .    Ai r  i n l e ts  s h al l  b e  i n s tal l e d  as  i n d i c ate d  i n  6 . 3 . 1
o r  6 . 3 . 2 .

6 . 3 . 1    Ai r  i n l e ts  s h al l  b e  i n s ta l l e d  i n  e x te r n a l  wal l s  o f th e  b u i l d ‐
i n g  b e l o w th e  h e i g h t o f th e  d e s i gn  l e ve l  o f th e  s m o ke  l aye r
b o u n d ar y a n d  s h al l  b e  c l e ar l y identifed  o r  m ar ke d  a s  a i r  i n l e ts .

6 . 3 . 2    I n  l ar g e r  b u i l d i n g s  wh e r e  th e r e  i s  m o r e  th an  o n e
c u r ta i n e d  ar e a ,  ai r  i n l e ts  s h al l  b e  p e r m i tte d  to  b e  p r o vi d e d  b y

ve n ts  i n  o th e r  n o n a d j ac e n t c u r ta i n e d  a r e as .

6 . 4  I n s tal l ati o n .

6 . 4 . 1    M ate r i al s  o f c o n s tr u c ti o n  an d  m e th o d s  o f i n s tal l ati o n  fo r
a i r  i n l e ts  s h a l l  r e s i s t e x p e c te d  e x tr e m e s  o f te m p e r atu r e ,  wi n d ,

b u i l d i n g  m o ve m e n t,  r a i n ,  h a i l ,  s n o w,  i c e ,  s u n l i g h t,  c o r r o s i ve
e n vi r o n m e n t,  i n te r n a l  an d  e x te r n al  d u s t,  d i r t,  a n d  d e b r i s .

6 . 4 . 2    T h e  m e a n s  o f ai r  i n l e t ac tu ati o n  s h a l l  b e  s e l e c te d  wi th
r e ga r d  to  th e  fu l l  r an g e  o f e x p e c te d  am b i e n t c o n d i ti o n s .

6 . 4 . 3    To  s ati s fy th e  ve n t s ys te m  r e q u i r e m e n ts ,  a i r  i n l e ts  s h a l l
c o n s i s t o f o n e  o f th e  fo l l o wi n g:

( 1 ) A s i n gl e  u n i t ( ai r  i n l e t)  i n  wh i c h  th e  e n ti r e  u n i t ( ai r  i n l e t)
o p e n s  fu l l y wi th  th e  ac ti vati o n  o f a s i n g l e  d e te c to r

( 2 ) M u l ti p l e  u n i ts  ( a i r  i n l e ts )  i n  r o ws  o r  ar r a ys  ( g an g e d  ai r
i n l e ts )  i n  wh i c h  th e  u n i ts  ( a i r  i n l e ts )  o p e n  s i m u l ta n e o u s l y

wi th  th e  ac ti vati o n  o f a s i n g l e  h e at d e te c to r,  a fu s i b l e  l i n k,
a  s m o ke  d e te c to r,  o r  o th e r  m e a n s  o f d e te c ti o n  to  s ati s fy

th e  ve n t s ys te m  r e q u i r e m e n ts

r ≤  2 . 8H

Wa l l  

o r  d ra f t  

c u r t a i n

P L A N  V I E W

Ve n t

Δ FI G U RE  5 . 4 . 3   Ve n t L o c ati o n  n e ar a Wal l  o r D raft C u r tai n
( p l an  vi e w) .
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6 . 4 . 4    Ai r  i n l e ts  an d  th e i r  s u p p o r ti n g s tr u c tu r e s  an d  m e an s  o f
a c tu ati o n  s h al l  b e  d e s i g n e d  s u c h  th at th e y c a n  b e  i n s p e c te d

vi s u al l y a fte r  i n s tal l ati o n .

6 . 5  M e th o d s  o f O p e rati o n .

6 . 5 . 1    Ai r  i n l e ts  s h al l  b e  e i th e r  c o n s tan tl y o p e n  o r  au to m ati ‐
c a l l y p l ac e d  i n  th e  o p e n  p o s i ti o n  afte r  a  fre  i s  d e te c te d .

6 . 5 . 2    Ai r  i n l e ts  s h al l  b e  d e s i g n e d  to  o p e n  i n  a fre  to  m e e t
d e s i g n  o b j e c ti ve s  o r  to  c o m p l y wi th  p e r fo r m a n c e  o b j e c ti ve s  o r
r e q u i r e m e n ts .

6 . 5 . 3    Ai r  i n l e ts  s h a l l  b e  d e s i gn e d  to  fa i l  i n  th e  o p e n  p o s i ti o n
s u c h  th at fai l u r e  o f a n  ai r  i n l e t–o p e r a ti n g c o m p o n e n t r e s u l ts  i n

a n  o p e n  ai r  i n l e t.

6 . 5 . 4    Ai r  i n l e ts  s h al l  b e  o p e n e d  u s i n g a n  ap p r o ve d  m e an s  a s
th e  o p e n i n g  fo r c e .

6 . 5 . 5    Ai r  i n l e t o p e n i n g  m e c h an i s m s  s h al l  n o t b e  p r e ve n te d
fr o m  o p e n i n g th e  ai r  i n l e t b y s n o w,  d e b r i s ,  o r  i n te r n a l  p r o j e c ‐

ti o n s .

6 . 5 . 6    O p e r ati n g  m e c h a n i s m s  fo r  ai r  i n l e ts  s h a l l  b e  j am -p r o o f,
c o r r o s i o n -r e s i s tan t,  d u s t-r e s i s tan t,  a n d  r e s i s tan t to  p r e s s u r e
d i ffe r e n c e s  ar i s i n g fr o m  ap p l i c ab l e  p o s i ti ve  o r  n e g ati ve  l o ad i n g

r e s u l ti n g  fr o m  e n vi r o n m e n ta l  c o n d i ti o n s ,  p r o c e s s  o p e r ati o n s ,
o ve rh e a d  d o o r s ,  o r  traffc  vi b r ati o n s .

6 . 5 . 7    Ai r  i n l e ts  d e s i g n e d  fo r  r e m o te  o p e r a ti o n  s h al l  b e  ac ti va‐
te d  b y a p p r o ve d  d e vi c e s  an d  s h al l  b e  c ap ab l e  o f ac tu a ti o n  b y a n
e l e c tr i c al  p o we r  s o u r c e ,  h e a t- r e s p o n s i ve  d e vi c e ,  o r  o th e r

a p p r o ve d  m e an s .

6 . 6  D i m e n s i o n s  an d  S p ac i n g o f Ai r I n l e ts .

6 . 6 . 1    T h e  to tal  i n l e t ar e a p e r  c u r ta i n e d  a r e a s h al l  b e  s i z e d  to
m e e t th e  d e s i g n  o b j e c ti ve s  a n d  th e  p e r fo r m an c e  o b j e c ti ve s  o r

r e q u i r e m e n ts  specifed  r e l ati ve  to  th e  d e s i g n  fre,  d e te r m i n e d
i n  ac c o r d an c e  wi th  C h a p te r   8 .

6 . 6 . 2    O n e  i n l e t ar e a  s h al l  b e  p e r m i tte d  to  s e r ve  m o r e  th a n
o n e  c u r tai n e d  ar e a .

6 . 6 . 3 *    T h e  a i r  ve l o c i ty at th e  p l u m e  s h al l  n o t e x c e e d  1  m / s e c
( 3 . 2 8   ft/ s e c ) .

6 . 7  Ai r P ath s .    Ai r  p ath s  fr o m  an  ai r  i n l e t o p e n i n g  to  th e
c u r ta i n e d  a r e a wh e r e  s m o ke  i s  b e i n g  e x h a u s te d  s h al l  b e  a t l e as t

th r e e  ti m e s  th e  s i z e  o f th e  ai r  i n l e t o p e n i n g .

C h ap te r 7    D raft C u r tai n s

7 . 1 *  G e n e ral .    Wh e r e  th e  s p ac i n g  b e twe e n  wal l s  e x c e e d s  th e
l i m i ts  i n  S e c ti o n   7 . 4 ,  d r aft c u r tai n s  s h a l l  b e  p r o vi d e d .

7 . 2 *  C o n s tr u c ti o n .

7 . 2 . 1    D r a ft c u r ta i n s  s h a l l  r e m ai n  i n  p l a c e  an d  s h a l l  confne
s m o ke  wh e n  e x p o s e d  to  th e  m ax i m u m  p r e d i c te d  te m p e r atu r e

fo r  th e  d e s i g n  i n te r val  ti m e ,  a s s u m i n g  a  d e s i gn  fre  i n  c l o s e
p r o x i m i ty to  th e  d r aft c u r ta i n .

7 . 3  L o c ati o n  an d  D e p th .

7 . 3 . 1 *    D r aft c u r tai n s  s h a l l  e x te n d  ve r ti c al l y d o wn wa r d  fr o m
th e  c e i l i n g  th e  m i n i m u m  d i s tan c e  r e q u i r e d  s o  th a t th e  val u e  o f
dc,  as  s h o wn  i n  F i gu r e  5 . 4 . 2 ( a) ,  i s  a m i n i m u m  o f 2 0  p e r c e n t o f

th e  c e i l i n g  h e i gh t,  H,  m e a s u r e d  a s  fo l l o ws :

( 1 ) F o r  fat r o o fs  an d  s a wto o th  r o o fs  wi th  fat c e i l i n g a r e as ,
fr o m  th e  c e i l i n g to  th e  foor

( 2 ) F o r  s l o p e d  r o o fs ,  fr o m  th e  c e n te r  o f th e  ve n t to  th e  foor

7 . 3 . 2    Wh e r e  th e r e  ar e  d i ffe r i n g ve n t h e i g h ts ,  H,  e ac h  ve n t
s h a l l  b e  c al c u l ate d  i n d i vi d u a l l y.

7 . 4  S p ac i n g.

7 . 4 . 1 *    N e i th e r  th e  l e n g th  n o r  th e  wi d th  o f a c u r tai n e d  ar e a
s h a l l  e x c e e d  e i g h t ti m e s  th e  c e i l i n g  h e i gh t.

7 . 4 . 2 *    Wh e r e  d r aft c u r ta i n s  e x te n d  to  a  d e p th  o f l e s s  th a n
3 0  p e r c e n t o f th e  c e i l i n g  h e i g h t,  th e  d i s tan c e  b e twe e n  d r aft

c u r ta i n s  s h al l  b e  n o t l e s s  th an  o n e  c e i l i n g h e i g h t.

C h ap te r 8    T h e  D e s i gn  Fi re

8 . 1 *  G e n e ral .

8 . 1 . 1    T h e  d e s i g n  fre  s h al l  b e  s e l e c te d  fr o m  a m o n g  a  n u m b e r
o f c h al l e n gi n g c a n d i d ate  fres,  c o n s i s te n t wi th  th e  b u i l d i n g  an d
i ts  i n te n d e d  u s e ,  c o n s i d e r i n g  al l  o f th e  fo l l o wi n g  fa c to r s  th at

te n d  to  i n c r e as e  th e  c h al l e n g e :

( 1 ) A l o w- l e ve l  fame  b a s e  ( u s u al l y foor  l e ve l )
( 2 ) I n c r e as i n g fre  gr o wth  r ate
( 3 ) I n c r e as i n g u l ti m ate  h e a t r e l e as e  r a te  i n  th e  d e s i g n  i n te r ‐

val  ti m e

8 . 1 . 2    T h e  c an d i d ate  fre  th at p r o d u c e s  a ve n t s ys te m  d e s i g n
m e e ti n g  th e  d e s i gn  o b j e c ti ve s  fo r  a l l  c an d i d ate  fres  s h al l  b e
s e l e c te d  a s  th e  d e s i g n  fre.

8 . 2  S te ad y ( L i m i te d - G ro wth )  Fi re s .

8 . 2 . 1    F o r  s te a d y fres,  o r  fres  th a t d o  n o t d e ve l o p  b e yo n d  a
m a x i m u m  s i z e ,  th e  r e q u i r e d  ve n t ar e a p e r  c u r tai n e d  ar e a s h a l l

b e  c a l c u l ate d  b a s e d  o n  th e  m ax i m u m  c al c u l ate d  h e at r e l e a s e
r a te  (Q a n d  Qc) ,  th e  a s s o c i a te d  d i s tan c e  fr o m  th e  fre  b as e  to

th e  d e s i g n  e l e va ti o n  o f th e  s m o ke  l aye r  b o u n d a r y (zs) ,  an d  th e
p r e d i c te d  fre  d i am e te r  (D) .

8 . 2 . 2 *    S te ad y fres  s h al l  b e  p e r m i tte d  to  i n c l u d e  s p e c i al - h az ar d
fres  an d  fres  i n  o c c u p an c i e s  wi th  c o n c e n tr a ti o n s  o f c o m b u s ti ‐

b l e s  s e p ar a te d  b y ai s l e s  o f suffcient wi d th  to  p r e ve n t th e  s p r e ad
o f fre  b y r a d i ati o n  b e yo n d  th e  i n i ti al  fu e l  p a c ka ge  o r  i n i ti al

s to r ag e  ar r ay.

8 . 2 . 3    T h e  m i n i m u m  ai s l e  wi d th  r e q u i r e d  to  p r e ve n t l a te r a l  fre
s p r e ad  b y r a d i ati o n ,  Wmin,  s h a l l  b e  c a l c u l ate d  fo r  r ad i a n t h e a t

fux  fr o m  a fre  b as e d  o n  an  i g n i ti o n  fux  o f 2 0  kW/ m 2  ( 2 . 5
h p / ft2 )  i n  a c c o r d an c e  wi th  th e  fo l l o wi n g e q u a ti o n :

W Qmin max= 0 042
1 2

.
/

wh e r e :
Wmin = m i n i m u m  ai s l e  wi d th  r e q u i r e d  to  p r e ve n t l ate r al  fre

s p r e a d  b y r a d i a ti o n  ( m )
Qmax = m ax i m u m  a n ti c i p a te d  h e a t r e l e as e  r ate  ( kW)

8 . 2 . 4    T h e  fre  d i am e te r,  D,  s h al l  b e  th e  d i am e te r  o f a  c i r c l e
h avi n g  th e  s am e  a r e a as  th e  foor  ar e a  o f th e  fu e l  c o n c e n tr a‐

ti o n .

 
[ 8 . 2 . 3 ]
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8 . 2 . 5    T h e  h e at r e l e as e  r ate  s h a l l  b e  th e  h e a t r e l e a s e  r a te  p e r
u n i t a r e a ti m e s  th e  foor  a r e a o f th e  fu e l  c o n c e n tr a ti o n ,  u s i n g
th e  m a x i m u m  s to r a ge  h e i g h t a b o ve  th e  fre  b a s e  an d  a s s o c i a te d
h e a t r e l e as e  r ate .

8 . 2 . 6 *    T h e  h e a t r e l e a s e  r ate  p e r  u n i t ar e a s h al l  b e  d e te r m i n e d
b y te s t o r  fr o m  p u b l i s h e d  d ata ac c e p tab l e  to  th e  AH J .

8 . 3  G ro wi n g ( C o n ti n u o u s - G ro wth )  Fi re s .

8 . 3 . 1 *    F o r  fu e l  confgurations  th at h a ve  b e e n  te s te d ,  th e  fre
gr o wth  s h al l  b e  m o d e l e d  to  fo l l o w th e  te s t r e s u l ts  ac c e p tab l e  to
th e  AH J .  F o r  o th e r  fu e l  confgurations  th at h a ve  n o t b e e n
te s te d ,  a  t- s q u ar e d  fre  g r o wth  as  s h o wn  i n  F i g u r e  8 . 3 . 1  s h al l  b e
u s e d  wi th  a fre  g r o wth  coeffcient b as e d  o n  p u b l i s h e d  d ata
ac c e p tab l e  to  th e  AH J  a n d  i n  ac c o r d an c e  wi th  th e  fo l l o wi n g
e q u ati o n :

Q
t

tg
=









1055

2

wh e r e :
Q = h e a t r e l e as e  r ate  o f fre  ( kW)

t = ti m e  fr o m  e ffe c ti ve  i g n i ti o n  fo l l o wi n g  a n  i n c u b ati o n
p e r i o d  ( s e c )

tg = ti m e  a t wh i c h  th e  fre  e x c e e d s  an  i n te r m e d i ate  s i z e  o f
1 0 5 5   kW ( s e c )
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C o n t i n u o u s l y  g ro w i n g  f i re

I n c u b a t i o n  p e r i o d

T i m e  (t)

E f f e c t i v e  i g n i t i o n  t i m e

G r o w t h

t i m e  (tg)

FI G U RE  8 . 3 . 1   C o n c e p tu al  I l l us trati o n  o f C o n ti n uo u s -
G ro wth  Fi re .

8 . 3 . 2 *    A t-s q u a r e d  fre  g r o wth  s h al l  b e  p e r m i tte d  to  b e
e x p r e s s e d  i n  te r m s  o f a fre  gr o wth  coeffcient,  αg,  i n  l i e u  o f
g r o wth  ti m e ,  tg,  a s  fo l l o ws :

Q tg= α
2

wh e r e :
Q = h e a t r e l e a s e  r a te  o f fre  ( kW)
αg = fre  g r o wth  coeffcient ( kW/ s e c 2 )

t = ti m e  ( s e c )

8 . 3 . 3    T h e  i n s ta n ta n e o u s  h e a t r e l e as e  r ate  p e r  u n i t h e i g h t o f
th e  s to r ag e  ar r a y s h al l  b e  c o n s i d e r e d  to  b e  c o n s tan t,  r e g ar d l e s s

o f th e  s to r ag e  h e i g h t.  Ac c o r d i n gl y,  fo r  d i ffe r e n t s to r a ge
h e i g h ts ,  th e  g r o wth  ti m e ,  tg,  s h al l  b e  c a l c u l ate d  a s  b e i n g  i n ve r ‐
s e l y p r o p o r ti o n al  to  th e  s q u a r e  r o o t o f th e  s to r a ge  h e i g h t,  an d
th e  fre  g r o wth  coeffcient,  αg,  s h al l  b e  c al c u l ate d  a s  b e i n g

d i r e c tl y p r o p o r ti o n al  to  th e  s to r ag e  h e i g h t.  (See Section  F. 1 . )

8 . 3 . 4 *    T h e  ve n t s ys te m  s h al l  m a i n tai n  th e  s m o ke  b o u n d ar y
l aye r  ab o ve  th e  d e s i gn  e l e vati o n  fr o m  th e  ti m e  o f e ffe c ti ve  i g n i ‐

ti o n  u n ti l  th e  e n d  o f th e  d e s i gn  i n te r val  ti m e ,  tr,  wh e r e  tr i s
m e a s u r e d  fr o m  th e  ti m e  o f d e te c ti o n ,  td.

8 . 3 . 5    T h e  h e at r e l e a s e  r ate  a t th e  e n d  o f th e  d e s i g n  i n te r val
ti m e  s h a l l  b e  c a l c u l ate d  i n  ac c o r d an c e  wi th  th e  fo l l o wi n g  e q u a‐
ti o n :

Q
t t

t

r d

g

=
+







1055

2

wh e r e :
Q = h e a t r e l e as e  r ate  ( kW)

tr = ti m e  at e n d  o f d e s i gn  i n te r va l  ( s e c )
td = ti m e  o f d e te c ti o n  ( s e c )

tg = ti m e  at wh i c h  fre  e x c e e d s  1 0 5 5   kW ( s e c )

8 . 3 . 6    T h e  e n d  o f th e  d e s i gn  i n te r val  ti m e ,  tr,  s h al l  b e  s e l e c te d
to  c o r r e s p o n d  to  th e  d e s i g n  o b j e c ti ve s  as  d e te r m i n e d  fo r  th e
specifc  p r o j e c t d e s i g n .

8 . 3 . 7    T h e  i n s tan tan e o u s  d i a m e te r  o f th e  fre  n e e d e d  fo r  th e
c a l c u l ati o n  o f L a n d  zo s h a l l  b e  c al c u l ate d  fr o m  th e  i n s tan tan e ‐

o u s  h e a t r e l e as e  r ate ,  Q,  a n d  d a ta  o n  th e  h e at r e l e as e  r a te  p e r
u n i t foor  a r e a,  Q″,  wh e r e  Q″ i s  p r o p o r ti o n al  to  s to r a ge  h e i g h t
i n  ac c o r d an c e  wi th  th e  fo l l o wi n g  e q u ati o n :

D
Q

Q
=

′′






4

1 2

π

/

wh e r e :
D = i n s ta n ta n e o u s  fre  d i am e te r  ( m )

Q = i n s ta n ta n e o u s  h e a t r e l e as e  r ate  ( kW)
Q″ = h e a t r e l e as e  r ate  p e r  u n i t foor  ar e a  ( kW/ m 2 )

 
[ 8 . 3 . 2 ]

 
[ 8 . 3 . 5 ]

 
[ 8 . 3 . 7 ]
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  re vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

C h ap te r 9    S i z i n g Ve n ts

9 . 1 *  G e n e ral .

9 . 1 . 1 *    T h e  d e s i g n  ve n t ar e a  i n  a c u r tai n e d  a r e a s h al l  e q u a l  th e
ve n t ar e a r e q u i r e d  to  m e e t th e  d e s i gn  o b j e c ti ve s  fo r  th e  m o s t

c h a l l e n gi n g fre  p re d i c te d  fo r  th e  c o m b u s ti b l e s  wi th i n  th e
c u r ta i n e d  a r e a.

9 . 1 . 2    Ve n t ar e a s  s h a l l  b e  d e te r m i n e d  u s i n g  h an d  c a l c u l ati o n s
i n  a c c o r d a n c e  wi th  S e c ti o n  9 . 2  o r  b y u s e  o f a c o m p u te r-b as e d

m o d e l  i n  ac c o r d an c e  wi th  S e c ti o n   9 . 3 .

9 . 1 . 3    T h e  d e s i g n  fre  u s e d  i n  th e  e val u a ti o n  o f a p r o p o s e d
ve n t d e s i gn  i n  a c c o rd a n c e  wi th  S e c ti o n  9 . 1  s h a l l  b e  d e te r m i n e d

i n  ac c o r d an c e  wi th  C h a p te r   8 .

9 . 1 . 4 *    Ve n t s ys te m s  s h al l  b e  d e s i gn e d  specifcally fo r  th e
h az ar d  o f e a c h  c u r tai n e d  a r e a i n  a b u i l d i n g .

9 . 2  H an d  C al c u l ati o n s .

9 . 2 . 1  Ve n t S ys te m  D e s i gn s .    Ve n t s ys te m s ,  o th e r  th a n  th o s e
c o m p l yi n g wi th  S e c ti o n  9 . 3 ,  s h al l  b e  s i z e d  an d  a c tu ate d  to  m e e t

d e s i g n  o b j e c ti ve s  i n  ac c o r d a n c e  wi th  S e c ti o n   9 . 2 .

9 . 2 . 2  D e s i gn  C o n c e p ts .

9 . 2 . 2 . 1 *    E q u i l i b r i u m  s h al l  b e  a s s u m e d  as  i l l u s tr ate d  i n  F i gu r e
9 . 2 . 2 . 1 ,  wh e r e  s ym b o l s  ar e  as  defned  i n  S e c ti o n   1 . 6 .

9 . 2 . 2 . 2    T h e  s m o ke  l aye r  b o u n d ar y s h al l  b e  at o r  ab o ve  th e
b o tto m  o f th e  d r aft c u r tai n s .

9 . 2 . 2 . 3    At e q u i l i b r i u m ,  th e  m as s  fow r a te  i n to  th e  s m o ke  l aye r

s h a l l  b e  e q u al  to  th e  m as s  fow r ate  o u t o f th e  ve n t o r  ve n ts  ( ɺm
p

= ɺm
v

).

9 . 2 . 3  M as s  Fl o w Rate  i n  P l u m e .

9 . 2 . 3 . 1 *    T h e  m e a n  fame  h e i gh t s h al l  b e  c a l c u l ate d  i n  a c c o r d ‐
a n c e  wi th  th e  fo l l o wi n g  e q u a ti o n :

L D Q= − +1 02 0 235
2 5

. .
/

 

wh e r e :
L = m e a n  fame  h e i gh t ab o ve  th e  b a s e  o f th e  fre  ( m )

D = b a s e  d i a m e te r  o f fre  ( m )
Q = to tal  h e a t r e l e a s e  r a te  ( kW)

 
[ 9 . 2 . 3 . 1 ]

L a y e r  o f  h o t  g a s  a n d  s m o ke

mp

•

mv

•

d

F u e l  a r ray

H

d
c

A
v

FI G U RE  9 . 2 . 2 . 1   S c h e m ati c  o f Ve n ti n g S ys te m .

9 . 2 . 3 . 2    T h e  vi r tu al  o r i g i n ,  zo,  i s  th e  e ffe c ti ve  p o i n t s o u r c e  o f
th e  fre  p l u m e  a n d  s h a l l  b e  c al c u l a te d  i n  ac c o r d an c e  wi th  th e
fo l l o wi n g  e q u ati o n :

z Q Do = 0 083 1 02
2 5

. .
/
−

wh e r e :
zo = vi r tu a l  fre  o r i g i n

Q = to ta l  h e a t r e l e a s e  r a te  ( kW)
D = b a s e  d i am e te r  o f fre  ( m )

9 . 2 . 3 . 3    S m o ke  e n tr ai n m e n t r e l a ti o n s h i p s  s h al l  b e  a p p l i c ab l e
to  ax i s ym m e tr i c  p l u m e s .

9 . 2 . 3 . 4    F o r  l i n e -l i ke  fres  wh e r e  a l o n g ,  n a r r o w p l u m e  i s
c r e a te d  b y a fu e l  o r  s to r a ge  a r r ay,  th e  s m o ke  p r o d u c ti o n  c a l c u ‐

l ate d  i n  ac c o r d an c e  wi th  th i s  s ta n d ar d  s h a l l  b e  a p p l i c a b l e  o n l y
i f th e  h e i gh t o f th e  s m o ke  l aye r  b o u n d ar y ab o ve  th e  b a s e  o f th e
fre  ( zs)  i s  gr e a te r  th an  o r  e q u al  to  fo u r  ti m e s  th e  l ar g e s t h o r i ‐

z o n ta l  d i m e n s i o n  o f th e  fre,  Ws.

9 . 2 . 3 . 5    I f zs i s  s m al l e r  th an  4 Ws,  th e  s m o ke  p r o d u c ti o n  r ate s
c a l c u l ate d  i n  ac c o r d a n c e  wi th  th i s  s tan d ar d  s h a l l  b e  i n c r e as e d
b y th e  fac to r  [ 4 Ws/ ( zs) ] 2 / 3 .

9 . 2 . 3 . 6    Wh e n  th e  m e a n  fame  h e i gh t,  L,  i s  b e l o w th e  s m o ke
l aye r  b o u n d ar y ( L < zs) ,  th e  m as s  fow r ate  i n  th e  fre  p l u m e

s h a l l  b e  c al c u l ate d  i n  ac c o r d an c e  wi th  th e  fo l l o wi n g e q u a ti o n :

ɺm Q z z Q z z
p c s o c s o

= +( )  ( ) 0 071 1 0 027
1 3 5 3 2 3 5 3

. .
/ / / /

 −  −
−

wh e r e :

ɺmp
= m a s s  fow r ate  i n  th e  p l u m e  ( kg / s )

Qc = c o n ve c ti ve  h e at r e l e a s e  r a te  =  0 . 7 Q ( kW)
zs = h e i g h t o f th e  s m o ke  l aye r  b o u n d ar y a b o ve  th e  b as e  o f

th e  fre  ( m )
zo = h e i g h t o f vi r tu a l  o r i g i n  ab o ve  th e  b a s e  o f th e  fre  ( i f

b e l o w th e  b as e  o f th e  fre,  zo i s  n e ga ti ve )  ( m )

9 . 2 . 3 . 7    Wh e n  th e  m e a n  fame  h e i g h t ( L)  i s  e q u a l  to  o r  ab o ve
th e  s m o ke  l aye r  b o u n d ar y ( L≥  zs) ,  th e  m a s s  fow r a te  s h al l  b e

c a l c u l ate d  i n  a c c o r d a n c e  wi th  th e  fo l l o wi n g  e q u ati o n :

ɺm Q
z

L
p c

s= ( )0 0056.

wh e r e :

ɺmp
= m a s s  fow r ate  i n  th e  p l u m e  ( kg / s e c )

Qc = c o n ve c ti ve  h e at r e l e a s e  r a te  =  0 . 7 Q ( kW)
zs = h e i g h t ab o ve  th e  b as e  o f th e  fre  ( m )

L = m e a n  fame  h e i gh t ( m )

9 . 2 . 3 . 8    T h e  b a s e  o f th e  fre  s h a l l  b e  th e  l o we s t p o i n t o f th e
fu e l  ar r a y.

 
[ 9 . 2 . 3 . 2 ]

 
[ 9 . 2 . 3 . 6 ]

 
[ 9 . 2 . 3 . 7 ]



S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 1 4

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

9 . 2 . 4 *  M as s  Fl o w Rate  T h ro u gh  Ve n ts .

9 . 2 . 4 . 1 *    T h e  m as s  fow th r o u gh  th e  ve n t s h a l l  b e  c al c u l a te d  i n
ac c o r d an c e  wi th  th e  fo l l o wi n g e q u a ti o n :

ɺm
C A

C A

C A

T

T

gd
T T T

T
v

d v v

d v v

d i i

o

o

o o=

+ 





( ) −( ),

,

,

1

2
2 2

2 2

2

2
ρ

wh e r e :

ɺm
v

= m a s s  fow th r o u g h  ve n t ( kg / s e c )

Cd, v = ve n t d i s c h ar g e  coeffcient
Av = ve n t a r e a ( m 2 )
ρo = am b i e n t d e n s i ty ( kg/ m 3 )

g = ac c e l e r ati o n  d u e  to  gr a vi ty ( 9 . 8 1   m / s e c 2 )
d = s m o ke  l aye r  d e p th  ( m )

To = am b i e n t te m p e r a tu r e  ( K)
T = s m o ke  l aye r  te m p e r a tu r e  ( K)

Cd, i = i n l e t d i s c h a r ge  coeffcient
Ai = i n l e t ar e a  ( m 2 )

9 . 2 . 4 . 2 *    T h e  d i s c h ar g e  coeffcients  fo r  th e  ve n ts  a n d  i n l e ts
u s e d  s h a l l  b e  th o s e  p r o vi d e d  b y th e  ve n t o r  i n l e t m a n u fac tu r e r.

I f n o  d ata a r e  avai l ab l e ,  th e  d i s c h a r ge  coeffcient s h al l  b e  ta ke n
fr o m  Tab l e  9 . 2 . 4 . 2  u n l e s s  a n  an a l ys i s  o r  d ata a c c e p ta b l e  to  th e

AH J  ar e  p r o vi d e d  b y th e  d e s i gn e r  to  va l i d ate  th e  u s e  o f an  al te r ‐
n a ti ve  val u e .

9 . 2 . 4 . 3    T h e  s m o ke  l a ye r  te m p e r a tu r e ,  T,  u s e d  i n  9 . 2 . 4 . 1  s h a l l
b e  d e te r m i n e d  fr o m  th e  fo l l o wi n g  e q u ati o n :

T T
KQ

c m
o

c

p p

= +

ɺ

wh e r e :
T = s m o ke  l aye r  te m p e r a tu r e  ( K)

To = am b i e n t te m p e r a tu r e  ( K)
K = fr a c ti o n  o f c o n ve c te d  e n e r g y c o n ta i n e d  i n  th e  s m o ke

l aye r  ga s e s  (see 9. 2. 4. 4)
Qc = c o n ve c ti ve  h e at r e l e a s e  r a te  ( kW)

cp = specifc  h e at o f th e  s m o ke  l a ye r  g as e s  ( kJ / kg -K)

ɺmp
= p l u m e  m a s s  fow r a te  ( kg / s e c )  (see 9. 2. 3)

 
[ 9 . 2 . 4 . 1 ]

 
[ 9 . 2 . 4 . 3 ]

Tab l e   9 . 2 . 4 . 2  D e fau l t D i s c h arge  Coeffcients  fo r Ve n ts  an d
I n l e ts

Ve n t o r I n l e t Typ e  

D i s c h arge
Coeffcient

[ ( d,  v)  an d  ( d,  i) ]

L o u ve r e d  wi th  b l a d e s  at 9 0  d e g re e s  to  
airfow

0 . 5 5

F l a p  typ e  o r  d o o r  o p e n  a t l e as t 5 5  d e gr e e s
D r o p -o u t ve n t l e a vi n g c l e a r  o p e n i n g
F l a p  typ e  o r  d o o r  o p e n  at l e as t 3 0  d e gr e e s 0 . 3 5
F i x e d  we a th e r  l o u ve r  wi th  b l a d e s  at 4 5  

d e g r e e s
0 . 2 5

9 . 2 . 4 . 4    T h e  va l u e  o f K u s e d  i n  E q u ati o n  9 . 2 . 4 . 3  s h a l l  b e  0 . 5 ,
u n l e s s  a n  a n al ys i s  a c c e p ta b l e  to  th e  AH J  i s  p r o vi d e d  b y th e

d e s i g n e r  to  va l i d ate  th e  u s e  o f a n  a l te r n ati ve  va l u e .

9 . 2 . 5  Re q u i re d  Ve n t Are a an d  I n l e t Are a.

9 . 2 . 5 . 1  Ve n t Are a.    T h e  r e q u i r e d  ve n t ar e a s h a l l  b e  th e  m i n i ‐
m u m  to ta l  a r e a o f al l  ve n ts  wi th i n  a c u r tai n e d  a r e a r e q u i r e d  to

b e  o p e n  to  p r e ve n t th e  s m o ke  fr o m  d e s c e n d i n g  b e l o w th e
d e s i g n  l e ve l  o f th e  s m o ke  l a ye r  b o u n d a r y wh e n  u s e d  i n

c o n j u n c ti o n  wi th  th e  r e q u i r e d  i n l e t ar e a .

9 . 2 . 5 . 2  I n l e t Are a.    T h e  r e q u i r e d  i n l e t ar e a s h al l  b e  th e  m i n i ‐
m u m  to tal  ar e a  o f al l  i n l e ts  r e q u i r e d  to  b e  o p e n  to  p r e ve n t th e

s m o ke  fr o m  d e s c e n d i n g  b e l o w th e  d e s i g n  l e ve l  o f th e  s m o ke
l aye r  b o u n d ar y wh e n  u s e d  i n  c o n j u n c ti o n  wi th  th e  r e q u i r e d

ve n t a r e a( s ) .

9 . 2 . 5 . 3  Are a C al c u l ati o n .    T h e  r e q u i r e d  ve n t ar e a  a n d  i n l e t
a r e as  s h al l  b e  c a l c u l ate d  b y e q u a ti n g th e  p l u m e  m a s s  fow r a te

d e te r m i n e d  i n  9 . 2 . 3  a n d  th e  ve n t m as s  fow r ate s  d e te r m i n e d  i n
9 . 2 . 4 .

9 . 2 . 5 . 4  D e te c ti o n  an d  Ac ti vati o n .

9 . 2 . 5 . 4 . 1 *    D e te c ti o n ,  fo r  th e  p u r p o s e  o f a u to m a ti c a l l y a c tu a t‐
i n g  ve n ts ,  s h al l  b e  b y o n e  o f th e  fo l l o wi n g  m e th o d s :

( 1 ) B y e i th e r  h e at o r  s m o ke  a t th e  ve n t l o c a ti o n
( 2 ) B y a c ti vati o n  o f fre  p r o te c ti o n  s ys te m s
( 3 ) B y h e at o r  s m o ke  d e te c to r s  i n s ta l l e d  o n  a r e gu l ar  m atr i x

wi th i n  th e  c u r ta i n e d  a r e a i n  ac c o r d a n c e  wi th  NFPA  72
( 4 ) B y o th e r  ap p r o ve d  m e a n s  s h o wn  to  m e e t d e s i gn  o b j e c ‐

ti ve s

9 . 2 . 5 . 4 . 2    F o r  c al c u l a ti n g b o th  th e  d e te c ti o n  ti m e ,  td,  o f th e
frst d e te c to r  to  o p e r a te  a n d  th e  d e te c ti o n  ti m e ,  tvo,  o f th e

d e te c to r  c o n tr o l l i n g th e  a c tu a ti o n  o f th e  l a s t ve n t to  o p e r a te  i n
a c u r ta i n e d  a r e a p r i o r  to  th e  e n d  o f th e  d e s i g n  i n te r va l  ti m e ,

th e  l o c ati o n  o f th e  d e s i gn  fre  s h a l l  b e  a s s u m e d  to  b e  th e
far th e s t d i s ta n c e  p o s s i b l e  fr o m  b o th  th e  frst a n d  l as t d e te c to r s

to  o p e r ate  th e  ve n ts  wi th i n  th e  c u r tai n e d  ar e a.

9 . 2 . 5 . 4 . 2 . 1 *    D e te c ti o n  ti m e s  fo r  h e at d e te c to r s  o r  fu s i b l e  l i n ks
s h a l l  b e  d e te r m i n e d  i n  ac c o r d an c e  wi th  NFPA  72.

9 . 2 . 5 . 4 . 3    D e te c ti o n  ti m e s  fo r  s m o ke  d e te c to r s  s h al l  b e  d e te r ‐
m i n e d  as  th e  ti m e  to  r e ac h  a  c e r tai n  te m p e r a tu r e  r i s e ,  ΔT,  at

a c ti va ti o n .  I n  th e  c a s e  o f c o n ti n u o u s -g r o wth ,  t-s q u a r e d  fres,  g as
te m p e r a tu r e s  s h al l  b e  d e te r m i n e d  i n  a c c o r d an c e  wi th  th e
fo l l o wi n g  e q u a ti o n ,  wh e r e  ΔT i s  as s u m e d  to  b e  0  wh e n  th e

n u m e r ato r  o f th e  frst b r ac ke t i s  z e r o  o r  n e g ati ve :

∆T
t H

t t H r H

r H
g

g
=

+

+

( ) ( )









3 5 7 5 0 4 4 2 1

1 1 6 5
4 5 3 5

2 5 4 5
4

/ /

/ /
/ . /

. /

−
// 3

    

wh e r e :
T = te m p e r atu r e  ( C )

tg = fre  gr o wth  ti m e  ( s e c )
H = c e i l i n g h e i gh t ab o ve  th e  b a s e  o f th e  fre  ( m )

r = r ad i u s  fr o m  fre  ax i s  ( m )

9 . 2 . 5 . 4 . 3 . 1 *    T h e  te m p e r a tu r e  r i s e  fo r  a c ti va ti o n  s h a l l  b e  b as e d
o n  d e d i c ate d  te s ts ,  o r  th e  e q u i val e n t,  fo r  th e  c o m b u s ti b l e s  as s o ‐

c i ate d  wi th  th e  o c c u p an c y an d  th e  d e te c to r  m o d e l  to  b e
i n s ta l l e d .

 
  [ 9 . 2 . 5 . 4 . 3 ]



M E C H AN I C AL  S M O KE  E X H AU S T  S YS T E M S 2 0 4 - 1 5

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

9 . 2 . 5 . 4 . 3 . 2    Wh e r e  th e  d ata d e s c r i b e d  i n  9 . 2 . 5 . 4 . 3 . 1  a r e  n o t
a va i l ab l e ,  a m i n i m u m  te m p e r atu r e  r i s e  o f 2 0 ° C  ( 6 8 ° F )  s h al l  b e

u s e d .

9 . 2 . 5 . 4 . 4  D e te c ti o n  C o m p ute r P ro gram s .

9 . 2 . 5 . 4 . 4 . 1 *    As  a n  al te r n a te  to  th e  c al c u l ati o n s  specifed  i n
9 . 2 . 5 . 4 . 2 ,  D E TAC T-T 2  s h a l l  b e  p e r m i tte d  to  b e  u s e d  to  c a l c u l ate
d e te c ti o n  ti m e s  i n  c o n ti n u o u s -gr o wth  an d  t-s q u ar e d  fres.

9 . 2 . 5 . 4 . 4 . 2 *    As  an  al te r n a ti ve  to  th e  c al c u l ati o n s  specifed  i n
9 . 2 . 5 . 4 . 2 ,  D E TAC T-QS  s h a l l  b e  p e r m i tte d  to  b e  u s e d  to  c a l c u ‐

l ate  d e te c ti o n  ti m e s  i n  fres  o f a n y fre  g r o wth  h i s to r y.

9 . 2 . 5 . 4 . 4 . 3    O th e r  c o m p u te r  p r o gr a m s  d e te r m i n e d  to  c a l c u l ate
d e te c ti o n  ti m e s  r e l i ab l y s h al l  b e  p e r m i tte d  to  b e  u s e d  wh e n

ap p r o ve d  b y th e  AH J .

9 . 3  M o d e l s .

9 . 3 . 1    Ve n ts ,  o th e r  th an  ve n t s ys te m s  d e s i g n e d  i n  ac c o r d a n c e
wi th  S e c ti o n  9 . 2 ,  s h a l l  b e  s i z e d  an d  a c tu ate d  to  m e e t d e s i g n
o b j e c ti ve s  i n  a c c o r d a n c e  wi th  S e c ti o n   9 . 3 .

9 . 3 . 2    T h e  c o m p u te r  m o d e l  L AVE N T  o r  o th e r  a p p r o ve d  m a th ‐
e m a ti c al  m o d e l s  s h a l l  b e  u s e d  to  a s s e s s  th e  e ffe c ts  o f th e  d e s i g n
fre  an d  to  e s tab l i s h  th a t a p r o p o s e d  ve n t s ys te m  d e s i g n  m e e ts

d e s i g n  o b j e c ti ve s .  (See Section  F. 2. )

9 . 3 . 3    Wh e n  m o d e l s  o th e r  th an  L AVE N T  ar e  u s e d ,  e vi d e n c e
s h a l l  b e  s u b m i tte d  to  d e m o n s tr a te  effcacy o f th e  m o d e l  to  e val ‐
u ate  th e  ti m e -va r yi n g  e ve n ts  o f a fre  a n d  to  c al c u l ate  th e  e ffe c t

o f ve n t d e s i g n s  r e l i a b l y i n  te r m s  o f th e  d e s i gn  o b j e c ti ve s .

9 . 3 . 4    T h e  d e s i g n  fre  u s e d  i n  th e  e val u a ti o n  o f a p r o p o s e d
ve n t s ys te m  d e s i gn  i n  a c c o r d a n c e  wi th  S e c ti o n  9 . 3  s h a l l  b e

d e te r m i n e d  i n  a c c o r d a n c e  wi th  C h ap te r   8 .

C h ap te r  1 0       M e c h an i c al  S m o ke  E x h au s t S ys te m s

1 0 . 1 *  G e n e ral .

1 0 . 1 . 1 *    M e c h a n i c al  s m o ke  e x h a u s t s ys te m s  s h a l l  b e  p e r m i tte d
i n  l i e u  o f th e  ve n t s ys te m s  d e s c r i b e d  i n  C h ap te r   9 .

1 0 . 1 . 2    M e c h an i c a l  s m o ke  e x h au s t s ys te m s  an d  ve n t s ys te m s
s h a l l  n o t s e r ve  th e  s a m e  c u r ta i n e d  a r e a.

1 0 . 1 . 3    M e c h an i c a l  s m o ke  e x h au s t s ys te m s  s h al l  b e  d e s i gn e d  i n
ac c o r d an c e  wi th  S e c ti o n s  1 0 . 2  th r o u gh  1 0 . 4 .

1 0 . 2  E x h au s t Rate s .    E x h au s t r ate s  p e r  c u r ta i n e d  ar e a s h a l l  b e
n o t l e s s  th a n  th e  m a s s  p l u m e  fow r a te s ,  m ṗ,  a s  d e te r m i n e d  i n
a c c o r d an c e  wi th  9 . 2 . 3 ,  u n l e s s  i t c an  b e  d e m o n s tr a te d  th at a

l o we r  e x h a u s t r ate  wi l l  p r e ve n t th e  s m o ke  fr o m  d e s c e n d i n g
b e l o w th e  d e s i g n  l e ve l  o f th e  s m o ke  l a ye r  b o u n d ar y d u r i n g  th e
d e s i g n  p e r i o d .

1 0 . 3  Fi re  E x p o s u re .

1 0 . 3 . 1    M e c h an i c a l  s m o ke  e x h au s t s ys te m s  s h al l  b e  c a p a b l e  o f
fu n c ti o n i n g  u n d e r  th e  e x p e c te d  fre  e x p o s u r e .

1 0 . 3 . 2    T h e  te m p e r atu r e  o f th e  s m o ke  l aye r  s h al l  b e  d e te r ‐
m i n e d  i n  ac c o r d a n c e  wi th  9 . 2 . 4 . 3  an d  9 . 2 . 4 . 4 .

1 0 . 4 *  N um b e r o f E x h au s t I n l e ts .

1 0 . 4 . 1    T h e  m i n i m u m  n u m b e r  o f e x h au s t i n l e ts  s h al l  b e  d e te r ‐
m i n e d  s o  th a t th e  m ax i m u m  fow r ate s  fo r  e x h au s t wi th o u t

p l u gh o l i n g  a r e  n o t e x c e e d e d .

1 0 . 4 . 2    M o r e  th an  th e  m i n i m u m  n u m b e r  o f e x h au s t i n l e ts
r e q u i r e d  s h a l l  b e  p e r m i tte d .

1 0 . 4 . 3 *    T h e  m a x i m u m  vo l u m e tr i c  fow r ate  th a t c an  b e
e x h a u s te d  b y a  s i n g l e  e x h a u s t i n l e t wi th o u t p l u gh o l i n g  s h al l  b e

c a l c u l ate d  u s i n g  E q u ati o n  1 0 . 4 . 3 .
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T

s o

o

max
=
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4 16

5 2

1 2

.
/

/

γ

wh e r e :
Vmax = m a x i m u m  vo l u m e tr i c  fow r a te  wi th o u t p l u g h o l i n g  at Ts

( m 3 / s e c )
γ = e x h au s t l o c ati o n  fac to r  ( d i m e n s i o n l e s s )

d = d e p th  o f s m o ke  l aye r  b e l o w th e  l o we s t p o i n t o f th e
e x h au s t i n l e t ( m )

Ts = a b s o l u te  te m p e r a tu r e  o f th e  s m o ke  l a ye r  ( K)
To = a b s o l u te  a m b i e n t te m p e r atu r e  ( K)

1 0 . 4 . 4 *    F o r  e x h a u s t i n l e ts  c e n te r e d  n o  c l o s e r  th a n  twi c e  th e
d i a m e te r  fr o m  th e  n e a r e s t wa l l ,  a val u e  o f 1  s h a l l  b e  u s e d  fo r  γ.

1 0 . 4 . 5 *    F o r  e x h au s t i n l e ts  c e n te r e d  l e s s  th an  twi c e  th e  d i a m e ‐
te r  fro m  th e  n e a r e s t wa l l ,  a val u e  o f 0 . 5  s h al l  b e  u s e d  fo r  γ.

1 0 . 4 . 6 *    F o r  e x h a u s t i n l e ts  o n  a  wa l l ,  a va l u e  o f 0 . 5  s h al l  b e
u s e d  fo r  γ.

1 0 . 4 . 7 *    T h e  r a ti o  d/ Di s h a l l  b e  g r e ate r  th an  2 ,  wh e r e  Di i s  th e
d i a m e te r  o f th e  i n l e t.

1 0 . 4 . 8    F o r  r e c ta n gu l a r  e x h a u s t i n l e ts ,  Di s h a l l  b e  c al c u l ate d
u s i n g  E q u a ti o n  1 0 . 4 . 8  a s  fo l l o ws :

D
ab

a b
i
=

+

2

wh e r e :
Di = d i a m e te r  o f e x h au s t i n l e t

a = l e n g th  o f th e  i n l e t
b = wi d th  o f th e  i n l e t

1 0 . 4 . 9    Wh e r e  m u l ti p l e  e x h a u s t i n l e ts  ar e  r e q u i r e d  to  p r e ve n t
p l u gh o l i n g  (see 1 0. 4. 1 ),  th e  m i n i m u m  s e p ar a ti o n  d i s tan c e  s h a l l

b e  c al c u l a te d  u s i n g  E q u a ti o n  1 0 . 4 . 9  as  fo l l o ws :

S V
emin

= 0 9
1 2

.
/

wh e r e :
Smin = m i n i m u m  e d g e -to - e d g e  s e p ar ati o n  b e twe e n  i n l e ts  ( m )

Ve = vo l u m e tr i c  fow r a te  o f o n e  e x h au s t i n l e t ( m 3 / s e c )

1 0 . 5  I n tak e  Ai r.    I n ta ke  ai r  s h al l  b e  p r o vi d e d  to  m ake  u p  ai r
r e q u i r e d  to  b e  e x h a u s te d  b y th e  m e c h an i c a l  s m o ke  e x h a u s t

s ys te m s .  (See Chapter 6 for additional information on the location of
air inlets. )

 
[ 1 0 . 4 . 3 ]

 
[ 1 0 . 4 . 8 ]

 
[ 1 0 . 4 . 9 ]
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2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

C h ap te r 1 1    Ve n ti n g i n  S p ri n k l e re d  B u i l d i n gs

Δ 1 1 . 1 *  D e s i gn .    Wh e r e  p r o vi d e d ,  ve n ti n g  fo r  s p r i n kl e r e d  b u i l d ‐
i n g s  s h al l  b e  m a n u a l l y o p e r ate d .

1 1 . 2 *  Auto m ati c  S p ri n k l e r S ys te m s .    T h e  au to m ati c  s p r i n kl e r
s ys te m  s h al l  b e  d e s i g n e d  i n  ac c o r d a n c e  wi th  N F PA  1 3 .

1 1 . 3 *  S to rage  O c c u p an c i e s  P ro te c te d  b y C o n tro l  M o d e  S p ri n ‐
kl e rs .

N 1 1 . 3 . 1    D r aft c u r ta i n s  s h a l l  n o t b e  r e q u i r e d .

N 1 1 . 3 . 2    Wh e r e  d r aft c u r tai n s  ar e  p r o vi d e d ,  th e y s h al l  b e  i n s tal ‐
l e d  i n  a c c o r d an c e  wi th  1 1 . 3 . 2 . 1  th r o u gh  1 1 . 3 . 2 . 4 .

1 1 . 3 . 2 . 1    Wh e r e  d r aft c u r tai n s  a r e  p r o vi d e d ,  th e y s h al l  b e  l o c a‐
te d  o ve r  th e  l o n g i tu d i n al  c e n te r  o f an  a i s l e .

1 1 . 3 . 2 . 2    T h e  ai s l e  wi d th  s h a l l  n o t b e  l e s s  th an  1 . 5  ti m e s  th e
s p ac i n g  b e twe e n  s p r i n kl e r s  i n  th e  d i r e c ti o n  p e r p e n d i c u l ar  to

th e  d r a ft c u r ta i n .

1 1 . 3 . 2 . 3    S p r i n kl e r s  s h al l  b e  l o c ate d  o n  b o th  s i d e s  o f th e
c u r ta i n  p e r  N F PA 1 3  r e q u i r e m e n ts  fo r  s p r i n kl e r  p l ac e m e n t

wi th  r e s p e c t to  wa l l s .

1 1 . 3 . 2 . 4    T h e  ai s l e  wi d th  r e q u i r e d  b y 1 1 . 3 . 2 . 2  s h a l l  n o t b e
r e q u i r e d  i f a fu l l  h e i g h t p a r ti ti o n  i s  u s e d  i n  l i e u  o f a  d r aft
c u r ta i n .

C h ap te r  1 2       I n s p e c ti o n  an d  M ai n te n an c e

1 2 . 1 *  G e n e ral .    S m o ke  an d  h e at ve n ti n g s ys te m s  an d  m e c h an i ‐
c a l  s m o ke  e x h a u s t s ys te m s  s h a l l  b e  i n s p e c te d  a n d  m ai n tai n e d  i n
ac c o r d an c e  wi th  C h a p te r   1 2 .

1 2 . 2 *  Re q u i re m e n ts .

1 2 . 2 . 1  M e c h an i c al l y O p e n e d  Ve n ts .    M e c h a n i c al l y o p e n e d
ve n ts  s h al l  b e  p r o vi d e d  wi th  m an u al  r e l e a s e  d e vi c e s  th a t a l l o w

d i r e c t a c ti va ti o n  to  fac i l i tate  i n s p e c ti o n ,  m a i n te n an c e ,  an d
r e p l a c e m e n t o f ac tu a ti o n  c o m p o n e n ts .

1 2 . 2 . 2  T h e r m o p l as ti c  D ro p - O u t Ve n ts .    T h e r m o p l as ti c  d r o p -
o u t ve n ts  d o  n o t a l l o w n o n d e s tr u c ti ve  o p e r ati o n ;  h o we ve r,
i n s p e c ti o n  o f i n s ta l l e d  u n i ts  s h a l l  b e  c o n d u c te d  to  e n s u r e  th at

th e  u n i ts  ar e  i n s tal l e d  i n  a c c o r d a n c e  wi th  th e  m a n u fac tu r e r ' s
i n s tr u c ti o n s  an d  th at al l  c o m p o n e n ts  a r e  i n  p l ac e ,  u n d a m a ge d ,
an d  fr e e  o f s o i l i n g,  d e b r i s ,  a n d  e x tr an e o u s  i te m s  th at m i g h t

i n te r fe r e  wi th  th e  o p e r ati o n  an d  fu n c ti o n  o f th e  u n i t.

1 2 . 2 . 3  I n s p e c ti o n  an d  M ai n te n an c e .    T h e  i n s p e c ti o n  an d
m a i n te n an c e  o f m u l ti p l e -fu n c ti o n  ve n ts  s h a l l  e n s u r e  th at o th e r

fu n c ti o n s  d o  n o t i m p ai r  th e  i n te n d e d  fre  p r o te c ti o n  o p e r a ti o n .

1 2 . 3  I n s p e c ti o n ,  M ai n te n an c e ,  an d  Ac c e p tan c e  Te s ti n g.

1 2 . 3 . 1  I n s p e c ti o n  S c h e d u l e s .

1 2 . 3 . 1 . 1    A wr i tte n  i n s p e c ti o n  s c h e d u l e  an d  p r o c e d u r e s  fo r
i n s p e c ti o n  an d  m ai n te n a n c e  s h a l l  b e  d e ve l o p e d .

1 2 . 3 . 1 . 2    I n s p e c ti o n  p r o g r am s  s h al l  p r o vi d e  wr i tte n  n o ta ti o n s
o f th e  d ate  a n d  ti m e  o f i n s p e c ti o n s  an d  o f d i s c r e p a n c i e s  fo u n d .

1 2 . 3 . 1 . 3    Al l  defciencies  s h a l l  b e  c o r r e c te d  i m m e d i ate l y.

1 2 . 3 . 1 . 4 *    Ve n ts  s h a l l  b e  i n s p e c te d  an d  m ai n tai n e d  i n  a n  o p e r ‐
ati n g  c o n d i ti o n  i n  ac c o r d an c e  wi th  C h a p te r   1 2 .

1 2 . 3 . 2  M e c h an i c al l y O p e n e d  Ve n ts .

1 2 . 3 . 2 . 1    An  ac c e p tan c e  p e r fo r m a n c e  te s t an d  i n s p e c ti o n  o f a l l
m e c h a n i c al l y o p e n e d  ve n ts  s h al l  b e  c o n d u c te d  i m m e d i ate l y
fo l l o wi n g  i n s tal l a ti o n  to  e s ta b l i s h  th a t al l  o p e r ati n g  m e c h a‐

n i s m s  fu n c ti o n  p r o p e r l y an d  th at i n s ta l l ati o n  i s  i n  ac c o r d a n c e
wi th  th i s  s tan d a r d  an d  th e  m an u fa c tu r e r ' s  specifcations.

1 2 . 3 . 2 . 2 *    M e c h a n i c al l y o p e n e d  ve n ts  s h a l l  b e  i n s p e c te d  an d
s u b j e c te d  to  an  o p e r a ti o n al  te s t an n u al l y,  fo l l o wi n g  th e  m an u ‐
fa c tu r e r ’ s  r e c o m m e n d a ti o n s .

1 2 . 3 . 2 . 3 *    Al l  p e r ti n e n t c h ar a c te r i s ti c s  o f p e r fo r m a n c e  s h al l  b e
r e c o r d e d .

1 2 . 3 . 2 . 4    S p e c i al  m e c h a n i s m s ,  s u c h  as  ga s  c yl i n d e r s ,  th e r m al
s e n s o r s ,  o r  d e te c to r s ,  s h a l l  b e  c h e c ke d  an n u al l y o r  as  specifed

b y th e  m an u fa c tu r e r.

1 2 . 3 . 3  T h e r m o p l as ti c  D ro p - O u t Ve n ts .

1 2 . 3 . 3 . 1 *    An  ac c e p tan c e  i n s p e c ti o n  o f a l l  th e r m o p l a s ti c  d r o p -
o u t ve n ts  s h a l l  b e  c o n d u c te d  i m m e d i ate l y afte r  i n s tal l ati o n  an d

s h a l l  i n c l u d e  verifcation  o f c o m p l i a n c e  wi th  th e  m an u fa c tu r ‐
e r ’ s  d r a wi n g s  an d  r e c o m m e n d ati o n s  b y vi s u al  e x a m i n ati o n .

1 2 . 3 . 3 . 2 *    T h e r m o p l as ti c  d r o p - o u t ve n ts  s h al l  b e  i n s p e c te d
an n u a l l y i n  ac c o r d an c e  wi th  1 2 . 4 . 2  a n d  th e  m an u fac tu r e r ' s

r e c o m m e n d ati o n s .

1 2 . 3 . 3 . 3    C h a n ge s  i n  ap p e a r an c e ,  d am ag e  to  an y c o m p o n e n ts ,
fas te n i n g  s e c u r i ty,  we a th e r  ti g h tn e s s ,  a n d  th e  ad j a c e n t r o o f an d
fashing  c o n d i ti o n  s h a l l  b e  n o te d  at th e  ti m e  o f i n s p e c ti o n ,  an d
an y defciency s h al l  b e  c o r r e c te d .

1 2 . 3 . 3 . 4    An y s o i l i n g ,  d e b r i s ,  o r  e n c u m b r a n c e s  th at c o u l d
i m p a i r  th e  o p e r a ti o n  o f th e  ve n t s h al l  b e  p r o m p tl y r e m o ve d

wi th o u t c au s i n g  d am ag e  to  th e  ve n t.

1 2 . 3 . 4  I n l e t Ai r S o u rc e s .    Wh e r e  r e q u i r e d  fo r  th e  o p e r ati o n  o f
ve n t s ys te m s ,  i n ta ke  ai r  s o u r c e s  s h a l l  b e  i n s p e c te d  at th e  s a m e

fr e q u e n c y as  ve n ts .

1 2 . 4  C o n d u c t an d  O b s e r vati o n  o f O p e rati o n al  Te s ts .

1 2 . 4 . 1  M e c h an i c al l y O p e n e d  Ve n ts  an d  Ai r I n l e ts .

1 2 . 4 . 1 . 1    M e c h an i c a l l y o p e n e d  ve n ts  a n d  ai r  i n l e ts  s h al l  b e
o p e r ate d  d u r i n g  te s ts  b y s i m u l a ti n g ac tu a l  fre  c o n d i ti o n s .

1 2 . 4 . 1 . 2    T h e  r e s tr a i n i n g c ab l e  at th e  h e at-r e s p o n s i ve  d e vi c e
( o r  o th e r  r e l e as i n g d e vi c e )  s h a l l  b e  d i s c o n n e c te d ,  r e l e a s i n g  th e
r e s tr ai n t an d  al l o wi n g  th e  tr i g ge r  o r  l atc h i n g  m e c h a n i s m  to

o p e r ate .

1 2 . 4 . 1 . 3 *    Wh e n  th e  h e at-r e s p o n s i ve  d e vi c e  r e s tr ai n i n g  c ab l e
fo r  m e c h an i c al l y o p e n e d  ve n ts  o r  ai r  i n l e ts  i s  u n d e r  te n s i o n ,

o b s e r vati o n  s h al l  b e  m ad e  o f i ts  wh i p  a n d  tr a ve l  p a th  to  d e te r ‐
m i n e  a n y p o s s i b i l i ty th at th e  ve n t,  b u i l d i n g c o n s tr u c ti o n

fe atu r e ,  o r  s e r vi c e  p i p i n g  c o u l d  o b s tr u c t c o m p l e te  r e l e a s e .  An y
i n te r fe r e n c e  s h al l  b e  c o r r e c te d  b y r e m o val  o f th e  o b s tr u c ti o n ,
e n c l o s u r e  o f c a b l e  i n  a  s u i ta b l e  c o n d u i t,  o r  o th e r  ap p r o p r i ate

a r r an g e m e n t.

1 2 . 4 . 1 . 4    F o l l o wi n g  an y modifcation,  th e  u n i t s h al l  b e  r e te s te d
fo r  e va l u a ti o n  o f ad e q u ac y o f c o r r e c ti ve  m e as u r e s .

1 2 . 4 . 1 . 5    L a tc h e s  s h al l  r e l e as e  s m o o th l y a n d  th e  ve n t o r  ai r
i n l e t s h al l  o p e n  i m m e d i ate l y a n d  m o ve  th r o u g h  i ts  d e s i gn

tr a ve l  to  th e  fu l l y o p e n e d  p o s i ti o n  wi th o u t a n y a s s i s ta n c e  an d
wi th o u t an y p r o b l e m s  s u c h  as  u n d u e  d e l ay i n d i c ati ve  o f a  s ti c k‐
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i n g we a th e r  s e al ,  c o r r o d e d  o r  u n a l i gn e d  b e a r i n g s ,  o r  d i s to r ti o n
b i n d i n g.

1 2 . 4 . 1 . 6    M an u al  r e l e as e s  s h al l  b e  te s te d  to  ve r i fy th at th e  ve n ts
an d  a i r  i n l e ts  o p e r ate  as  d e s i g n e d .

1 2 . 4 . 1 . 7    Al l  o p e r a ti n g l e ve r s ,  l atc h e s ,  h i n g e s ,  an d  we ath e r-
s e a l e d  s u r fac e s  s h a l l  b e  e x am i n e d  to  d e te r m i n e  c o n d i ti o n s ,
s u c h  as  d e te r i o r ati o n  a n d  ac c u m u l ati o n  o f fo r e i g n  m ate r i a l .  An

o p e r ati o n al  te s t s h a l l  b e  c o n d u c te d  afte r  c o r r e c ti o n s  ar e
c o m p l e te d ,  wh e n  c o n d i ti o n s  ar e  fo u n d  to  wa r r an t c o r r e c ti ve
ac ti o n .

1 2 . 4 . 1 . 8    F o l l o wi n g  p ai n ti n g  o f th e  i n te r i o r  o r  e x te r i o r  o f ve n ts
an d  ai r  i n l e ts  o r  th e  a d d i ti o n  o f s e al a n ts  o r  c a u l ki n g,  th e  u n i ts

s h a l l  b e  o p e n e d  an d  i n s p e c te d  to  c h e c k fo r  p ai n t,  s e al an ts ,  o r
c a u l ki n g th a t c au s e s  th e  p ar ti n g  s u r fac e s  to  a d h e r e  to  e a c h
o th e r.

1 2 . 4 . 1 . 9    H e a t- r e s p o n s i ve  d e vi c e s  c o ate d  wi th  p ai n t o r  o th e r
s u b s tan c e s  th at c o u l d  affe c t th e i r  r e s p o n s e  s h a l l  b e  r e p l ac e d

wi th  d e vi c e s  h a vi n g an  e q u i va l e n t te m p e r a tu r e  an d  l o a d  r ati n g .

1 2 . 4 . 2  T h e r m o p l as ti c  D ro p - O u t Ve n ts .

1 2 . 4 . 2 . 1    Al l  we a th e r-s e al e d  s u r fac e s  o n  th e r m o p l a s ti c  d r o p -o u t
ve n ts  s h a l l  b e  e x am i n e d  to  d e te r m i n e  a n y a d ve r s e  c o n d i ti o n s ,

s u c h  as  a n y i n d i c ati o n  o f d e te r i o r ati o n  an d  ac c u m u l ati o n  o f
fo r e i g n  m a te r i al .  An y a d ve r s e  c o n d i ti o n  th at i n te r fe r e s  wi th

n o r m al  ve n t o p e r a ti o n ,  s u c h  as  c au l ki n g  o r  s e a l an t b o n d i n g  th e
d r o p -o u t ve n t to  th e  fr a m e ,  s h al l  b e  c o r r e c te d .

1 2 . 4 . 2 . 2    F o l l o wi n g p ai n ti n g o f th e  i n te r i o r  o r  e x te r i o r  o f th e
fr a m e  o r  fashing  o f th e  ve n ts ,  th e  u n i ts  s h al l  b e  i n s p e c te d  fo r
p ai n t ad h e r i n g  s u r fa c e s  to g e th e r ;  an y p ai n t th a t i n te r fe r e s  wi th

n o r m al  o p e r ati o n  s h al l  b e  r e m o ve d  o r  th e  ve n t s h al l  b e
r e p l a c e d  wi th  a n e w,  l i s te d  a n d  l a b e l e d  u n i t h a vi n g c o m p ar ab l e
o p e r ati n g  c h a r ac te r i s ti c s .

1 2 . 4 . 2 . 3    M a n u al  r e l e as e s  s h al l  b e  te s te d  a n n u a l l y.

1 2 . 4 . 3  I n s p e c ti o n ,  M ai n te n an c e ,  an d  Te s ti n g o f M e c h an i c al
S m o ke - E x h au s t S ys te m s .

1 2 . 4 . 3 . 1  C o m p o n e n t Te s ti n g.

1 2 . 4 . 3 . 1 . 1    T h e  o p e r ati o n al  te s ti n g o f e a c h  i n d i vi d u a l  s ys te m
c o m p o n e n t o f th e  m e c h a n i c al  s m o ke -e x h au s t s ys te m  s h a l l  b e

p e r fo r m e d  as  e a c h  c o m p o n e n t i s  c o m p l e te d  d u r i n g  c o n s tr u c ‐
ti o n .

1 2 . 4 . 3 . 1 . 2    I t s h al l  b e  d o c u m e n te d  i n  wr i ti n g th at e ac h  i n d i vi d ‐
u al  s ys te m  c o m p o n e n t' s  i n s ta l l a ti o n  i s  c o m p l e te  an d  th a t th e

c o m p o n e n t h a s  b e e n  te s te d  a n d  fo u n d  to  b e  fu n c ti o n a l .

1 2 . 4 . 3 . 2  Ac c e p tan c e  Te s ti n g.

1 2 . 4 . 3 . 2 . 1    Ac c e p ta n c e  te s ts  s h a l l  b e  c o n d u c te d  to  d e m o n s tr ate
th at th e  m e c h an i c a l  s m o ke -e x h au s t s ys te m  i n s tal l a ti o n  c o m p l i e s
wi th  a n d  m e e ts  th e  d e s i gn  o b j e c ti ve s  a n d  i s  fu n c ti o n i n g  a s

d e s i g n e d .

1 2 . 4 . 3 . 2 . 2    D o c u m e n ta ti o n  fr o m  c o m p o n e n t s ys te m  te s ti n g
s h a l l  b e  avai l a b l e  fo r  r e vi e w d u r i n g  fnal  ac c e p tan c e  te s ti n g .

1 2 . 4 . 3 . 2 . 3    I f s ta n d b y p o we r  h as  b e e n  p r o vi d e d  fo r  th e  o p e r a‐
ti o n  o f th e  m e c h a n i c al  s m o ke -e x h au s t s ys te m ,  th e  a c c e p ta n c e
te s ti n g  s h a l l  b e  c o n d u c te d  wh i l e  o n  b o th  n o r m al  an d  s ta n d b y

p o we r.

1 2 . 4 . 3 . 2 . 4    Ac c e p ta n c e  te s ti n g  s h al l  b e  p e r fo r m e d  o n  th e
m e c h an i c al  s m o ke -e x h au s t s ys te m  b y c o m p l e ti n g  th e  fo l l o wi n g

s te p s :

( 1 ) Ac ti vate  th e  m e c h an i c a l  s m o ke -e x h au s t s ys te m .
( 2 ) Ve r i fy an d  r e c o r d  th e  o p e r a ti o n  o f al l  fan s ,  d a m p e r s ,

d o o r s ,  an d  r e l ate d  e q u i p m e n t.
( 3 ) M e as u r e  fa n  e x h a u s t c a p ac i ti e s ,  a i r  ve l o c i ti e s  th r o u gh

i n l e t d o o r s  an d  g r i l l e s ,  o r  at s u p p l y g r i l l e s  i f th e r e  i s  a
m e c h a n i c al  m a ke u p  ai r  s ys te m .

1 2 . 4 . 3 . 2 . 5    O p e r ati o n al  te s ts  s h a l l  b e  p e r fo r m e d  o n  th e  a p p l i ‐
c a b l e  p ar t o f th e  s m o ke -e x h au s t s ys te m  wh e r e ve r  th e r e  a r e

s ys te m  c h an g e s  a n d  modifcations.

1 2 . 4 . 3 . 2 . 6    U p o n  c o m p l e ti o n  o f ac c e p tan c e  te s ti n g,  a c o p y o f
a l l  o p e r a ti o n a l  te s ti n g  d o c u m e n tati o n  s h al l  b e  p r o vi d e d  to  th e

o wn e r  an d  s h a l l  b e  m ai n tai n e d  a n d  m ad e  avai l a b l e  fo r  r e vi e w
b y th e  AH J .

1 2 . 4 . 3 . 3  P e ri o d i c  Te s ti n g.

1 2 . 4 . 3 . 3 . 1    M e c h an i c al  s m o ke -e x h a u s t s ys te m s  s h al l  b e  te s te d
s e m i an n u a l l y b y p e r s o n s  wh o  ar e  kn o wl e d g e ab l e  i n  th e  o p e r a‐

ti o n ,  te s ti n g ,  a n d  m ai n te n a n c e  o f th e  s ys te m s .

1 2 . 4 . 3 . 3 . 2    T h e  r e s u l ts  o f th e  te s ts  s h a l l  b e  d o c u m e n te d  an d
m a d e  avai l ab l e  fo r  i n s p e c ti o n .

1 2 . 4 . 3 . 3 . 3    Te s ts  s h al l  b e  c o n d u c te d  u n d e r  s tan d b y p o we r
wh e r e  a p p l i c a b l e .

1 2 . 4 . 3 . 4  E x h aus t S ys te m  M ai n te n an c e .

1 2 . 4 . 3 . 4 . 1    D u r i n g th e  l i fe  o f th e  b u i l d i n g,  m a i n te n an c e  s h a l l
b e  p e r fo r m e d  to  e n s u r e  th at m e c h a n i c al  s m o ke - e x h a u s t

s ys te m s  wi l l  p e r fo r m  th e i r  i n te n d e d  fu n c ti o n  u n d e r  fre  c o n d i ‐
ti o n s .

1 2 . 4 . 3 . 4 . 2    M a i n te n an c e  o f th e  s ys te m s  s h a l l  i n c l u d e  th e  te s ti n g
o f a l l  e q u i p m e n t,  i n c l u d i n g  i n i ti a ti n g d e vi c e s ,  fa n s ,  d a m p e r s ,

a n d  c o n tr o l s .

1 2 . 4 . 3 . 4 . 3    E q u i p m e n t s h a l l  b e  m a i n tai n e d  i n  a c c o r d an c e  wi th
th e  m an u fac tu r e r ' s  r e c o m m e n d ati o n s .

1 2 . 4 . 3 . 5  I n s p e c ti o n  S c h e d ul e .

1 2 . 4 . 3 . 5 . 1    A wr i tte n  i n s p e c ti o n  s c h e d u l e  an d  p r o c e d u r e s  fo r
i n s p e c ti o n  an d  m ai n te n a n c e  fo r  m e c h a n i c al  s m o ke - e x h a u s t

s ys te m s  s h al l  b e  d e ve l o p e d .

1 2 . 4 . 3 . 5 . 2    I n s p e c ti o n  p r o gr a m s  s h a l l  p r o vi d e  wr i tte n  n o ta ti o n s
o f d a te  an d  ti m e  o f i n s p e c ti o n s  a n d  fo r  d i s c r e p an c i e s  fo u n d .

1 2 . 4 . 3 . 5 . 3    Al l  s ys te m  c o m p o n e n ts  s h al l  b e  i n s p e c te d  s e m i an n ‐
u al l y i n  c o n j u n c ti o n  wi th  o p e r a ti o n a l  te s ts .

1 2 . 4 . 3 . 5 . 4    An y defciencies  n o te d  i n  th e  s ys te m  c o m p o n e n ts  o r
s m o ke -e x h a u s t s ys te m  p e r fo r m an c e  s h al l  b e  c o r r e c te d  i m m e d i ‐
ate l y.

1 2 . 5  Ai r I n l e ts .

1 2 . 5 . 1    Ai r  i n l e ts  n e c e s s a r y fo r  o p e r ati o n  o f s m o ke  an d  h e at
ve n ts  o r  m e c h an i c al  s m o ke -e x h au s t s ys te m s  s h al l  b e  m ai n ta i n e d

c l e ar  an d  fr e e  o f o b s tr u c ti o n s .

1 2 . 5 . 2    O p e r ati n g  ai r  i n l e t l o u ve r s ,  d o o r s ,  d am p e r s ,  an d  s h u t‐
te r s  s h al l  b e  e x a m i n e d  an d  o p e r ate d  to  a s s u r e  m o ve m e n t to

fu l l y o p e n  p o s i ti o n s .
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1 2 . 5 . 3    O p e r ati n g  e q u i p m e n t s h al l  b e  m ai n tai n e d  a n d  l u b r i c a‐
te d  a s  n e c e s s ar y.

1 2 . 6  I c e  an d  S n o w Re m o val .    I c e  an d  s n o w s h al l  b e  r e m o ve d
fr o m  ve n ts  p r o m p tl y,  fo l l o wi n g  an y a c c u m u l a ti o n .

C h ap te r  1 3       D e s i gn  D o c u m e n tati o n

1 3 . 1 *  D o c u m e n tati o n  Re q u i re d .    Al l  o f th e  fo l l o wi n g  d o c u ‐
m e n ts  s h al l  b e  g e n e r ate d  b y th e  d e s i g n e r  d u r i n g th e  d e s i g n
p r o c e s s :

( 1 ) D e s i g n  b r i e f
( 2 ) C o n c e p tu al  d e s i g n  r e p o r t
( 3 ) D e ta i l e d  d e s i g n  r e p o r t
( 4 ) O p e r ati o n s  a n d  m ai n te n a n c e  m an u al

1 3 . 1 . 1  D e s i gn  B ri e f.    T h e  d e s i g n  b r i e f s h al l  c o n tai n  a s ta te ‐
m e n t o f th e  g o al s  an d  o b j e c ti ve s  o f th e  ve n t s ys te m  an d  s h a l l
p r o vi d e  th e  d e s i g n  as s u m p ti o n s  to  b e  u s e d  i n  th e  c o n c e p tu al
d e s i g n .

1 3 . 1 . 1 . 1    T h e  d e s i gn  b r i e f s h al l  i n c l u d e ,  as  a m i n i m u m ,  al l  o f
th e  fo l l o wi n g:

( 1 ) S ys te m  p e r fo r m an c e  go a l s  an d  d e s i gn  o b j e c ti ve s  (see
Section  4. 1  and 4. 4. 1 )

( 2 ) P e r fo r m a n c e  c r i te r i a ( i n c l u d i n g d e s i gn  te n ab i l i ty c r i te r i a ,
wh e r e  a p p l i c a b l e )

( 3 ) B u i l d i n g c h a r ac te r i s ti c s  ( h e i g h t,  a r e a,  l ayo u t,  u s e ,  am b i ‐
e n t c o n d i ti o n s ,  o th e r  fre  p r o te c ti o n  s ys te m s )

( 4 ) D e s i g n  b a s i s  fre(s)  (see 4. 5. 2 and Chapter  8)
( 5 ) D e s i g n  fre  l o c a ti o n ( s )
( 6 ) Identifed  d e s i gn  c o n s tr ai n ts
( 7 ) P r o p o s e d  d e s i gn  ap p r o ac h

1 3 . 1 . 1 . 2    T h e  d e s i gn  b r i e f s h a l l  b e  d e ve l o p e d  i n  th e  frst s tag e
o f th e  d e s i g n  p r o c e s s  to  a s s u r e  th at a l l  s take h o l d e r s  u n d e r s tan d
an d  ag r e e  to  th e  go al s ,  o b j e c ti ve s ,  d e s i g n  fre,  a n d  d e s i gn
ap p r o ac h ,  s o  th a t th e  c o n c e p tu al  d e s i g n  c a n  b e  d e ve l o p e d  o n
an  ag r e e d - u p o n  b a s i s .  S take h o l d e r s  s h a l l  i n c l u d e ,  as  a  m i n i ‐
m u m ,  th e  b u i l d i n g  o wn e r  a n d  th e  AH J .

1 3 . 1 . 2  C o n c e p tu al  D e s i gn  Re p o r t.    T h e  c o n c e p tu al  d e s i g n
re p o r t s h a l l  p r o vi d e  th e  d e tai l s  o f th e  c o n c e p tu al  d e s i g n ,  b as e d
u p o n  th e  d e s i g n  b r i e f,  an d  s h al l  d o c u m e n t th e  d e s i gn  c al c u l a‐
ti o n s .

1 3 . 1 . 2 . 1    T h e  c o n c e p tu a l  d e s i g n  s h al l  i n c l u d e ,  as  a m i n i m u m ,
al l  o f th e  fo l l o wi n g  d e s i g n  e l e m e n ts  an d  th e  te c h n i c al  b as i s  fo r
th e  d e s i g n  e l e m e n ts :

( 1 ) Ar e a s  o f c u r ta i n e d  s p a c e s
( 2 ) D e s i gn  d e p th  o f th e  s m o ke  l a ye r  an d  d r aft c u r ta i n  d e p th
( 3 ) D e te c ti o n  m e th o d ,  d e te c to r  c h ar ac te r i s ti c s ,  a n d  s p ac i n g
( 4 ) D e s i gn  i n te r va l  ti m e  ( i f ap p l i c a b l e )
( 5 ) Ve n t s i z e  an d  n u m b e r  p e r  c u r ta i n e d  ar e a ,  m e th o d  o f ve n t

o p e r ati o n ,  a n d  ve n t s p a c i n g

( 6 ) I n l e t ve n t ar e a ( s ) ,  l o c ati o n ( s ) ,  an d  o p e r a ti o n  m e th o d

1 3 . 1 . 2 . 2    T h e  c o n c e p tu al  d e s i gn  r e p o r t s h al l  i n c l u d e  al l  d e s i g n
c a l c u l ati o n s  p e r fo r m e d  to  e s ta b l i s h  th e  d e s i gn  e l e m e n ts ,  a l l
d e s i g n  a s s u m p ti o n s ,  an d  al l  b u i l d i n g u s e  l i m i ta ti o n s  th a t ar i s e

o u t o f th e  s ys te m  d e s i gn .

1 3 . 1 . 3  D e tai l e d  D e s i gn  Re p o r t.

1 3 . 1 . 3 . 1    T h e  d e tai l e d  d e s i g n  r e p o r t s h a l l  p r o vi d e  d o c u m e n ta‐
ti o n  o f th e  ve n t s ys te m  a s  i t i s  to  b e  i n s tal l e d .

1 3 . 1 . 3 . 2    T h e  d e ta i l e d  d e s i g n  r e p o r t s h a l l  i n c l u d e ,  a s  a  m i n i ‐
m u m ,  a l l  o f th e  fo l l o wi n g :

( 1 ) Ve n t a n d  d r a ft c u r tai n  specifcations
( 2 ) I n l e t a n d  ve n t o p e r ati o n  s ys te m  specifcations
( 3 ) D e te c ti o n  s ys te m  specifcations
( 4 ) D e ta i l e d  i n l e t,  ve n t,  an d  d r aft c u r tai n  s i ti n g i n fo r m ati o n
( 5 ) D e te c ti o n  an d  ve n t o p e r ati o n  l o gi c
( 6 ) S ys te m s  c o m m i s s i o n i n g  p r o c e d u r e s

1 3 . 1 . 4  O p e rati o n s  an d  M ai n te n an c e  M an u al .    T h e  o p e r a ti o n s
an d  m ai n te n an c e  m an u a l  s h al l  p r o vi d e  to  th e  b u i l d i n g  o wn e r

th e  r e q u i r e m e n ts  to  e n s u r e  th e  i n te n d e d  o p e r ati o n  o f th e  ve n t
s ys te m  o ve r  th e  l i fe  o f th e  b u i l d i n g .

1 3 . 1 . 4 . 1    T h e  p r o c e d u r e s  u s e d  i n  th e  i n i ti a l  c o m m i s s i o n i n g o f
th e  ve n t s ys te m  s h al l  b e  d e s c r i b e d  i n  th e  m an u al ,  a s  we l l  as  th e

m e a s u r e d  p e r fo r m a n c e  o f th e  s ys te m  at th e  ti m e  o f c o m m i s ‐
s i o n i n g.

1 3 . 1 . 4 . 2    T h e  m a n u a l  s h al l  d e s c r i b e  th e  te s ti n g a n d  i n s p e c ti o n
r e q u i r e m e n ts  fo r  th e  s ys te m  a n d  s ys te m  c o m p o n e n ts  a n d  th e
r e q u i r e d  fr e q u e n c y o f te s ti n g .  (See Chapter 1 2 for testing

frequency. )

1 3 . 1 . 4 . 3    T h e  m a n u a l  s h al l  d e s c r i b e  th e  as s u m p ti o n s  u s e d  i n
th e  d e s i g n  an d  s h al l  p r o vi d e  l i m i tati o n s  o n  th e  b u i l d i n g  a n d  i ts

u s e  th at ar i s e  o u t o f th e  d e s i g n  a s s u m p ti o n s  a n d  l i m i tati o n s .

1 3 . 1 . 4 . 4    C o p i e s  o f th e  o p e r a ti o n s  an d  m a i n te n an c e  m an u al
s h a l l  b e  p r o vi d e d  to  th e  o wn e r  an d  to  th e  AH J .

1 3 . 1 . 4 . 5    T h e  b u i l d i n g  o wn e r  s h a l l  b e  r e s p o n s i b l e  fo r  al l  s ys te m
te s ti n g an d  s h a l l  m ai n tai n  r e c o r d s  o f al l  p e r i o d i c  te s ti n g an d
m a i n te n an c e  u s i n g  th e  o p e r a ti o n s  an d  m a i n te n an c e  m an u a l .

1 3 . 1 . 4 . 6    T h e  b u i l d i n g o wn e r  s h a l l  b e  r e s p o n s i b l e  fo r  p r o vi d ‐
i n g a c o p y o f th e  o p e r a ti o n s  an d  m ai n te n a n c e  m an u al ,  i n c l u d ‐

i n g  te s ti n g r e s u l ts ,  to  a l l  te n a n ts  o f th e  s p ac e  p r o te c te d  b y th e
ve n t s ys te m .

1 3 . 1 . 4 . 7    T h e  b u i l d i n g  o wn e r  a n d  te n a n ts  s h al l  b e  r e s p o n s i b l e
fo r  l i m i ti n g  th e  u s e  o f th e  s p a c e  i n  a m a n n e r  c o n s i s te n t wi th
th e  l i m i ta ti o n s  p r o vi d e d  i n  th e  o p e r ati o n s  an d  m ai n te n a n c e

m a n u a l .
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An n e x  A   E x p l an ato r y M ate ri al

Annex A is not a part of the requirements of this NFPA document but is
included for informational purposes only.  This annex contains explan‐
atory material,  numbered to correspond with the applicable text para‐

graphs.

A. 1 . 1 . 1    T h i s  s tan d a r d  i n c o r p o r ate s  e n g i n e e r i n g  e q u ati o n s
( h an d  c a l c u l ati o n s )  an d  r e fe r e n c e s  m o d e l s  to  p r o vi d e  a

d e s i g n e r  wi th  th e  to o l s  to  d e ve l o p  ve n t s ys te m  d e s i g n s .  T h e
d e s i g n s  a r e  b as e d  o n  s e l e c te d  d e s i g n  o b j e c ti ve s ,  s tate d  i n  4 . 4 . 1 ,

r e l ate d  to  specifc  b u i l d i n g  an d  o c c u p an c y c o n d i ti o n s .  E n g i ‐
n e e r i n g  e q u a ti o n s  ar e  i n c l u d e d  fo r  c al c u l a ti n g ve n t fows,
s m o ke  l a ye r  d e p th s ,  an d  s m o ke  l aye r  te m p e r atu r e s ,  b as e d  o n  a

p r e s c r i b e d  b u r n i n g r ate .  E x am p l e s  u s i n g th e  h a n d  c al c u l a ti o n s
an d  th e  L AVE N T  ( L i n k-Ac tu ate d  VE N Ts )  c o m p u te r  m o d e l  a r e
p r e s e n te d  i n  An n e x   D .

P r e vi o u s  e d i ti o n s  o f th i s  d o c u m e n t h ave  i n c l u d e d  tab l e s  l i s t‐
i n g ve n t ar e a s  b a s e d  o n  p r e s e l e c te d  d e s i gn  o b j e c ti ve s .  T h e s e

ta b l e s  we r e  b as e d  o n  th e  h o t u p p e r  l aye r  at 2 0  p e r c e n t o f th e
c e i l i n g h e i g h t.  D i ffe r e n t l aye r  d e p th s  we r e  a c c o m m o d ate d  b y

u s i n g  a  m u l ti p l i c a ti o n  fac to r.  D r aft c u r tai n  an d  ve n t s p a c i n g
r u l e s  we r e  s e t.  M i n i m u m  c l e ar  vi s i b i l i ty ti m e s  we r e  r e l a te d  to
fre  gr o wth  r a te ,  c e i l i n g  h e i g h t,  c o m p a r tm e n t s i z e ,  c u r tai n

d e p th ,  a n d  d e te c to r  ac ti va ti o n  ti m e s ,  u s i n g e n g i n e e r i n g  e q u a‐
ti o n s .

T h e  fo l l o wi n g  l i s t p r o vi d e s  a  ge n e r a l  d e s c r i p ti o n  o f th e
signifcant p h e n o m e n a th at o c c u r  d u r i n g  a fre  wh e n  a fre-
venting  s tr ate gy i s  i m p l e m e n te d :

( 1 ) D u e  to  b u o yan c y,  h o t g as e s  r i s e  ve r ti c al l y fr o m  th e
c o m b u s ti o n  z o n e  a n d  fow h o r i z o n tal l y b e l o w th e  r o o f

u n ti l  b l o c ke d  b y a ve r ti c al  b ar r i e r  ( a wa l l  o r  d r a ft c u r ta i n ) ,
th u s  fo r m i n g a  l aye r  o f h o t g as e s  b e l o w th e  r o o f.

( 2 ) T h e  vo l u m e  an d  te m p e r a tu r e  o f ga s e s  to  b e  ve n te d  ar e  a
fu n c ti o n  o f th e  fre's  r ate  o f h e a t r e l e a s e  an d  th e  am o u n t
o f ai r  e n tr ai n e d  i n to  th e  b u o yan t p l u m e  p r o d u c e d .

( 3 ) As  th e  d e p th  o f th e  l a ye r  o f h o t g as e s  i n c r e as e s ,  th e  l aye r
te m p e r a tu re  c o n ti n u e s  to  r i s e  a n d  th e  ve n ts  o p e n .

( 4 ) T h e  o p e r ati o n  o f ve n ts  wi th i n  a  c u r tai n e d  ar e a  e n ab l e s
s o m e  o f th e  u p p e r  l a ye r  o f h o t ga s e s  to  e s c a p e  a n d  th u s

s l o ws  th e  th i c ke n i n g  r a te  o f th e  l a ye r  o f h o t ga s e s .  Wi th
suffcient ve n ti n g  a r e a,  th e  th i c ke n i n g  r ate  o f th e  l aye r

c a n  b e  ar r e s te d  a n d  e ve n  r e ve r s e d .  T h e  r a te  o f d i s c h a r ge
th r o u g h  a ve n t o f a  gi ve n  ar e a i s  p r i m a r i l y d e te r m i n e d  b y

th e  d e p th  o f th e  l aye r  o f h o t ga s e s  a n d  th e  l a ye r  te m p e r a‐
tu r e .  Ad e q u a te  q u a n ti ti e s  o f r e p l a c e m e n t i n l e t ai r  fr o m
ai r  i n l e ts  l o c ate d  b e l o w th e  h o t u p p e r  l aye r  a r e  n e e d e d  i f

th e  p r o d u c ts  o f c o m b u s ti o n -l a d e n  u p p e r  g as e s  a r e  to  b e
e x h au s te d  ac c o r d i n g  to  d e s i g n .  S e e  F i gu r e  A. 1 . 1 . 1 ( a)  fo r

an  i l l u s tr ati o n  o f th e  b e h a vi o r  o f fre  u n d e r  a  ve n te d  an d
c u r ta i n e d  ro o f,  an d  F i gu r e  A. 1 . 1 . 1 ( b )  fo r  an  e x a m p l e  o f a

r o o f wi th  ve n ts .

T h e  m a j o r i ty o f th e  i n fo r m ati o n  p r o vi d e d  i n  th i s  s tan d ar d
ap p l i e s  to  n o n s p r i n kl e r e d  b u i l d i n g s .  A l i m i te d  am o u n t o f gu i d ‐

a n c e  i s  p r o vi d e d  i n  C h ap te r   1 1  fo r  s p r i n kl e r e d  b u i l d i n gs .

T h e  p r o vi s i o n s  o f th i s  s tan d ar d  c an  b e  a p p l i e d  to  th e  to p
s to r y o f m u l ti p l e - s to r y b u i l d i n gs .  M a n y fe atu r e s  o f th e s e  p r o vi ‐
s i o n s  wo u l d  b e  diffcult o r  i m p r a c ti c a b l e  to  i n c o r p o r a te  i n to

th e  l o we r  s to r i e s  o f s u c h  b u i l d i n g s .

A. 1 . 1 . 2    T h e  d e c i s i o n  wh e th e r  to  p r o vi d e  ve n ti n g  i n  a b u i l d i n g
d e p e n d s  o n  d e s i gn  o b j e c ti ve s  s e t b y a  b u i l d i n g o wn e r  o r  o c c u ‐

p an t o r  o n  l o c al  b u i l d i n g  c o d e  an d  fre  c o d e  r e q u i r e m e n ts .

A. 1 . 3 . 1    S e e  N F PA 9 0 A fo r  ve n ti l ati o n  to  r e g u l ate  e n vi r o n m e n ‐
ta l  a i r  fo r  p e r s o n n e l  c o m fo r t.  S e e  N F PA 9 6  fo r  r e g u l a ti o n  o f
c o m m e r c i al  c o o ki n g  o p e r ati o n s .  S e e  N F PA 6 8  fo r  ve n ti n g fo r

e x p l o s i o n  p r e s s u r e  r e l i e f.

A. 1 . 3 . 4    T h e  d i s ta n c e  fr o m  th e  fre  b as e  to  th e  s m o ke  l aye r
b o u n d ar y,  zs,  i s  a d o m i n an t var i a b l e  a n d  s h o u l d  b e  c o n s i d e r e d

c a r e fu l l y.  Ad d i ti o n a l l y,  s o m e  d e s i g n  s i tu a ti o n s  c a n  r e s u l t i n
s m o ke  l aye r te m p e r atu r e s ,  a s  e x p r e s s e d  i n  E q u a ti o n  9 . 2 . 4 . 3 ,

th a t e x c e e d  6 0 0 ° C  ( 1 1 1 2 ° F ) .  I n  s u c h  c as e s ,  th e  r ad i ati o n  fr o m
th e  s m o ke  l aye r  c a n  b e  suffcient to  i g n i te  al l  o f th e  c o m b u s ti ‐
b l e s  u n d e r  th e  c u r tai n e d  ar e a at th i s  te m p e r atu r e ,  an d  p e rh ap s

i n  th e  a d j ac e n t a r e a,  wh i c h  i s  u n a c c e p ta b l e .

A. 1 . 3 . 5    T h e  fe a s i b i l i ty o f r o o f ve n ti n g  s h o u l d  b e  q u e s ti o n e d
wh e n  th e  h e a t r e l e a s e  r a te  ap p r o ac h e s  val u e s  a s s o c i a te d  wi th

ve n ti l a ti o n  c o n tr o l  o f th e  b u r n i n g p r o c e s s  ( i . e . ,  wh e r e  th e  fre
b e c o m e s  c o n tr o l l e d  b y th e  i n l e t ai r  r e p l ac i n g  th e  ve n te d  h o t

ga s  an d  s m o ke ) .  Ve n ti l ati o n -c o n tr o l l e d  fres  m i gh t b e  u n a b l e  to
s u p p o r t a c l e ar  l aye r.

To  m ai n tai n  a c l e a r  l a ye r,  ve n ti n g a t h e at r e l e a s e  r ate s
g r e ate r  th a n  Qfeasible n e c e s s i ta te s  ve n t ar e a s  l ar g e r  th an  th o s e
i n d i c a te d  b y th e  c al c u l a ti o n  s c h e m e  p r o vi d e d  i n  th i s  s tan d a r d .

A. 1 . 3 . 6    L a r ge ,  u n d i vi d e d  foor  ar e a s  p r e s e n t e x tr e m e l y diff‐
cult frefghting  p r o b l e m s  b e c au s e  th e  fre  d e p ar tm e n t m i g h t

n e e d  to  e n te r  th e s e  a r e as  i n  o r d e r  to  c o m b at fres  i n  c e n tr al
p o r ti o n s  o f th e  b u i l d i n g .  I f th e  fre  d e p a r tm e n t i s  u n a b l e  to

e n te r  b e c a u s e  o f th e  a c c u m u l a ti o n  o f h e a t an d  s m o ke ,  frefght‐
ing  e ffo r ts  m i gh t b e  r e d u c e d  to  an  ap p l i c ati o n  o f h o s e  s tr e am s
to  p e r i m e te r  a r e as  wh i l e  fre  c o n ti n u e s  i n  th e  i n te r i o r.  Wi n d o w‐

l e s s  b u i l d i n g s  a l s o  p r e s e n t s i m i l ar  frefghting  p r o b l e m s .  O n e
fre  p r o te c ti o n  to o l  th at c an  b e  a va l u a b l e  as s e t fo r  frefghting
o p e r ati o n s  i n  s u c h  b u i l d i n g s  i s  s m o ke  a n d  h e at ve n ti n g .

An  ap p r o p r i ate  d e s i gn  ti m e  fac i l i tate s  s u c h  a c ti vi ti e s  as  l o c a t‐
i n g th e  fre,  a p p r ai s i n g th e  fre  s e ve r i ty a n d  i ts  e x te n t,  e vac u a t‐

i n g  th e  b u i l d i n g ,  an d  m a ki n g an  i n fo r m e d  d e c i s i o n  o n  th e

   +
F i re
o ri g i n

S m a l l  s p e c i a l

h a z a r d  d e e p

d ra f t  c u rt a i n s

L a rg e  s p e c i a l

h a z a r d  d ra f t  

c u rt a i n s

D r a f t  c u r t a i n s
F i re  b a rr i e r o r  f i re  w a l l

I n l e t  a i r  o p e n i n g

FI G U RE  A. 1 . 1 . 1 ( a)   B e h avi o r o f C o m b u s ti o n  P ro d u c ts
U n d e r Ve n te d  an d  C u r tai n e d  Ro o f.

FI G U RE  A. 1 . 1 . 1 ( b )   Vi e w o f Ro o f Ve n ts  o n  B u i l d i n g.
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d e p l o ym e n t o f p e r s o n n e l  a n d  e q u i p m e n t to  b e  u s e d  fo r
frefghting.

A. 2 . 1    S o m e  o f th e s e  d o c u m e n ts  m i gh t al s o  b e  r e fe r e n c e d  i n
th i s  s ta n d ar d  fo r  specifc  i n fo r m ati o n al  p u r p o s e s  a n d  ar e  th e r e ‐
fo r e  al s o  l i s te d  i n  An n e x   G.

Δ A. 3 . 2 . 1  Ap p ro ve d .    T h e  N a ti o n al  F i r e  P r o te c ti o n  As s o c i a ti o n
d o e s  n o t ap p r o ve ,  i n s p e c t,  o r  c e r ti fy an y i n s ta l l a ti o n s ,  p r o c e ‐
d u r e s ,  e q u i p m e n t,  o r  m a te r i al s  n o r  d o e s  i t a p p r o ve  o r  e va l u ate
te s ti n g  l a b o r a to r i e s .  I n  d e te r m i n i n g th e  ac c e p tab i l i ty o f i n s tal l a‐
ti o n s  o r  p r o c e d u r e s ,  e q u i p m e n t,  o r  m ate r i a l s ,  th e  “ au th o r i ty
h avi n g  j u r i s d i c ti o n ”  m ay b as e  ac c e p tan c e  o n  c o m p l i an c e  wi th
N F PA o r  o th e r  a p p r o p r i ate  s ta n d ar d s .  I n  th e  ab s e n c e  o f s u c h
s tan d ar d s ,  s ai d  au th o r i ty m a y r e q u i r e  e vi d e n c e  o f p r o p e r  i n s ta l ‐
l ati o n ,  p r o c e d u r e ,  o r  u s e .  T h e  “ a u th o r i ty h avi n g  j u r i s d i c ti o n ”
m a y al s o  r e fe r  to  th e  l i s ti n gs  o r  l ab e l i n g p r a c ti c e s  o f an  o r ga n i ‐
z ati o n  th at i s  c o n c e r n e d  wi th  p r o d u c t e val u ati o n s  an d  i s  th u s  i n
a p o s i ti o n  to  d e te r m i n e  c o m p l i an c e  wi th  a p p r o p r i a te  s ta n d ar d s
fo r  th e  c u r r e n t p r o d u c ti o n  o f l i s te d  i te m s .

A. 3 . 2 . 2  Au th o ri ty H avi n g J u ri s d i c ti o n  ( AH J ) .    T h e  p h r a s e
“ au th o r i ty h avi n g  j u r i s d i c ti o n , ”  o r  i ts  a c r o n ym  AH J ,  i s  u s e d  i n
N F PA s ta n d ar d s  i n  a b r o ad  m an n e r  b e c a u s e  j u r i s d i c ti o n s  an d
ap p r o va l  a ge n c i e s  var y,  a s  d o  th e i r  r e s p o n s i b i l i ti e s .  Wh e r e
p u b l i c  s afe ty i s  p r i m ar y,  th e  au th o r i ty h a vi n g j u r i s d i c ti o n  m ay
b e  a fe d e r al ,  s tate ,  l o c a l ,  o r  o th e r  r e g i o n al  d e p a r tm e n t o r  i n d i ‐
vi d u a l  s u c h  as  a fre  c h i e f;  fre  m a r s h al ;  c h i e f o f a  fre  p r e ve n ‐
ti o n  b u r e a u ,  l ab o r  d e p a r tm e n t,  o r  h e a l th  d e p a r tm e n t;  b u i l d i n g
offcial;  e l e c tr i c a l  i n s p e c to r ;  o r  o th e r s  h avi n g  s tatu to r y au th o r ‐
i ty.  F o r  i n s u r an c e  p u r p o s e s ,  a n  i n s u r a n c e  i n s p e c ti o n  d e p a r t‐
m e n t,  r ati n g  b u r e a u ,  o r  o th e r  i n s u r a n c e  c o m p an y
re p r e s e n ta ti ve  m ay b e  th e  a u th o r i ty h avi n g  j u r i s d i c ti o n .  I n
m a n y c i r c u m s ta n c e s ,  th e  p r o p e r ty o wn e r  o r  h i s  o r  h e r  d e s i g n a‐
te d  ag e n t a s s u m e s  th e  r o l e  o f th e  au th o r i ty h avi n g  j u r i s d i c ti o n ;
at g o ve r n m e n t i n s tal l ati o n s ,  th e  c o m m an d i n g  offcer  o r  d e p a r t‐
m e n tal  offcial  m ay b e  th e  a u th o r i ty h avi n g  j u r i s d i c ti o n .

A. 3 . 2 . 4  L i s te d .    T h e  m e a n s  fo r  i d e n ti fyi n g l i s te d  e q u i p m e n t
m a y var y fo r  e ac h  o r ga n i z ati o n  c o n c e r n e d  wi th  p r o d u c t e val u a‐
ti o n ;  s o m e  o r g an i z a ti o n s  d o  n o t r e c o g n i z e  e q u i p m e n t as  l i s te d
u n l e s s  i t i s  al s o  l ab e l e d .  T h e  au th o r i ty h avi n g  j u r i s d i c ti o n
s h o u l d  u ti l i z e  th e  s ys te m  e m p l o ye d  b y th e  l i s ti n g o r g an i z a ti o n
to  i d e n ti fy a l i s te d  p r o d u c t.

A. 3 . 3 . 3  C l e ar L aye r I n te r fac e .    S e e  F i g u r e  A. 3 . 3 . 3  fo r  a
d e s c r i p ti o n  o f th e  s m o ke  l a ye r  i n te r fa c e ,  s m o ke  l a ye r,  a n d  frst
i n d i c a ti o n  o f s m o ke .

S m o ke
l a y e r

T ra n s i t i o n
z o n e

S m o ke  l a y e r  
i n t e r f a c e

F i rs t  i n d i c a t i o n
o f  s m o ke

FI G U RE  A. 3 . 3 . 3   Fi rs t I n d i c ati o n  o f S m o k e .

A. 3 . 3 . 9  D raft C u r tai n .    A d r aft c u r ta i n  c a n  b e  a  s o l i d  fxed
o b s tr u c ti o n  s u c h  as  a b e am ,  g i r d e r,  sofft,  o r  s i m i l a r  m ate r i al .

Al te r n a te l y,  a d e p l o yab l e  b ar r i e r  c a n  b e  u s e d  th at d e s c e n d s  to  a
fxed  d e p th  d u r i n g i ts  o p e r ati o n .

A. 3 . 3 . 1 0  E ffe c ti ve  I gn i ti o n .    S e e  F i g u r e  8 . 3 . 1  fo r  a c o n c e p tu al
i l l u s tr ati o n  o f c o n ti n u o u s  fre  g r o wth  an d  e ffe c ti ve  i gn i ti o n
ti m e .

A. 3 . 3 . 1 8  S m o ke  L aye r.    S e e  F i g u r e  A. 3 . 3 . 3  fo r  a d e s c r i p ti o n  o f
th e  c l e a r  l aye r  i n te r fac e ,  s m o ke  l a ye r,  a n d  s m o ke  l a ye r  b o u n ‐

d ar y.

A. 3 . 3 . 1 9  S m o k e  L aye r B o u n d ar y.    S e e  F i gu r e  A. 3 . 3 . 3  fo r  a
d e s c r i p ti o n  o f th e  c l e a r  l aye r  i n te r fac e ,  s m o ke  l a ye r,  a n d  s m o ke

l aye r  b o u n d a r y.

A. 4 . 1    D e s i g n  o b j e c ti ve s  fo r  a  ve n t s ys te m  c a n  i n c l u d e  o n e  o r
m o r e  o f th e  fo l l o wi n g  go al s :

( 1 ) To  p r o vi d e  o c c u p a n ts  wi th  a s a fe  p a th  o f tr ave l  to  a s afe
a r e a

( 2 ) To  fa c i l i ta te  m an u al  frefghting
( 3 ) To  r e d u c e  th e  d am a ge  to  b u i l d i n g s  a n d  c o n te n ts  d u e  to

s m o ke  a n d  h o t g as e s

A. 4 . 2    Te s ts  an d  s tu d i e s  p r o vi d e  a b a s i s  fo r  th e  d i vi s i o n  o f o c c u ‐
p an c i e s  i n to  c l as s e s ,  d e p e n d i n g o n  th e  fu e l  avai l a b l e  fo r  c o n tr i ‐

b u ti o n  to  fre.  Wi d e  va r i ati o n  i s  fo u n d  i n  th e  q u a n ti ti e s  o f
c o m b u s ti b l e  m ate r i al s  i n  th e  m an y ki n d s  o f b u i l d i n g s  a n d  ar e a s

o f b u i l d i n g s .

A. 4 . 4 . 2    T h e  h e at r e l e as e  r ate  o f a fre,  th e  fre  d i am e te r,  an d
th e  h e i g h t o f th e  c l e a r  l aye r  a b o ve  th e  b a s e  o f th e  fre  ar e

m a j o r  fac to r s  affe c ti n g  th e  p r o d u c ti o n  o f s m o ke .

A. 4 . 4 . 3    M as s  fow th r o u g h  a  ve n t i s  g o ve r n e d  m ai n l y b y th e
ve n t a r e a an d  th e  d e p th  o f th e  s m o ke  l a ye r  a n d  i ts  te m p e r a‐
tu r e .  Ve n ti n g  b e c o m e s  m o r e  e ffe c ti ve  wi th  s m o ke  te m p e r a tu r e

d i ffe r e n ti a l s  b e twe e n  a m b i e n t te m p e r atu r e  a n d  an  u p p e r  l a ye r
o f ap p r o x i m ate l y 1 1 0 ° C  ( 2 3 0 ° F )  o r  h i gh e r.  Wh e r e  te m p e r a tu r e
d i ffe r e n c e s  o f l e s s  th an  1 1 0 ° C  ( 2 3 0 ° F )  a r e  e x p e c te d ,  ve n t fows

m i gh t b e  r e d u c e d  signifcantly;  th e r e fo r e ,  c o n s i d e r a ti o n  s h o u l d
b e  gi ve n  to  u s i n g  p o we r e d  e x h au s t.  N F PA 9 2  s h o u l d  b e  c o n s u l ‐
te d  fo r  gu i d an c e  fo r  p o we r  ve n ti n g  at th e s e  l o we r  te m p e r a‐

tu r e s .

T h e  ve n t d e s i g n s  i n  th i s  s tan d ar d  al l o w th e  fre  to  r e a c h  a
s i z e  s u c h  th at th e  fame  p l u m e  e n te r s  th e  s m o ke  l aye r.  F l a m e
h e i g h t m ay b e  e s ti m ate d  u s i n g E q u ati o n  9 . 2 . 3 . 1 .

A. 4 . 5 . 1    T h e  r a te  o f s m o ke  p r o d u c ti o n  d e p e n d s  o n  th e  r a te  o f
ai r  e n tr ai n m e n t i n to  a  c o l u m n  o f h o t g as e s  p r o d u c e d  b y an d

l o c a te d  a b o ve  a  fre.  E n tr a i n m e n t i s  a ffe c te d  b y th e  fre  d i am e ‐
te r  an d  r ate  o f h e at r e l e as e ,  an d  i t i s  s tr o n g l y affe c te d  b y th e
d i s tan c e  b e twe e n  th e  b a s e  o f th e  fre  a n d  th e  p o i n t a t wh i c h  th e
s m o ke  p l u m e  e n te r s  th e  s m o ke  l aye r.

A. 4 . 5 . 2    B e c au s e  s m o ke  p r o d u c ti o n  i s  r e l ate d  to  th e  s i z e  o f a
fre,  i t fo l l o ws  th at,  al l  fac to r s  b e i n g  e q u al ,  l ar g e r  fres  p r o d u c e

m o r e  s m o ke .  E n tr a i n m e n t,  h o we ve r,  i s  s tr o n g l y affe c te d  b y th e
d i s tan c e  b e twe e n  th e  b as e  o f a fre  an d  th e  b o tto m  o f th e  h o t
l aye r.  T h e  b as e  o f th e  fre  ( wh e r e  c o m b u s ti o n  an d  e n tr a i n m e n t

b e g i n )  s h o u l d  b e  s e l e c te d  o n  th e  b a s i s  o f th e  wo r s t c as e .  I t i s
p o s s i b l e  fo r  a s m a l l e r  fre  h avi n g  a  b as e  n e a r  th e  foor  to
p r o d u c e  m o r e  s m o ke  th a n  a l a r ge r  fre  wi th  a  b a s e  a t a  h i g h e r

e l e va ti o n .  Ai r  e n tr ai n m e n t i s  as s u m e d  to  b e  l i m i te d  to  th e  c l e ar
h e i g h t b e twe e n  th e  b a s e  o f th e  fre  a n d  th e  b o tto m  o f th e  h o t
l aye r.  T h e  b u o ya n t p l u m e  a s s o c i a te d  wi th  a  fre  p r o d u c e s  a fow
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i n to  th e  h o t u p p e r  l aye r.  As  th e  p l u m e  i m p i n ge s  o n  th e  c e i l i n g ,
th e  p l u m e  tu r n s  a n d  fo r m s  a  c e i l i n g  j e t.  T h e  c e i l i n g  j e t fows
r ad i al l y o u twa r d  al o n g th e  c e i l i n g .

A. 4 . 5 . 3    Wh e r e  th e  p o s s i b i l i ty o f m u l ti p l e  fres  a n d ,  th e r e fo r e ,
m u l ti p l e  p l u m e s  e x i s ts ,  s m o ke  p r o d u c ti o n  r a te s  i n c r e a s e

b e yo n d  th e  r ate  p r e d i c te d  fo r  a s i n g l e  p l u m e  fo r  a  fre  o f e q u i v‐
al e n t o u tp u t.  M u l ti p l e  fres  ar e  b e yo n d  th e  s c o p e  o f th i s  s tan d ‐
ar d .

A. 4 . 5 . 3 . 2    P l u m e  m as s  fow a b o ve  th e  fame  l e ve l  i s  b as e d  o n
th e  c o n c e p t th a t,  e x c e p t fo r  ab s o l u te  s c a l e s ,  th e  s h a p e s  o f ve l o c ‐

i ty an d  te m p e r atu r e  profles  a t th e  m e a n  fame  h e i g h t ar e
i n var i a b l e .  T h i s  c o n c e p t l e ad s  to  a n  e x p r e s s i o n  fo r  m as s  fow
ab o ve  th e  fames  th a t i n vo l ve s  th e  s o -c a l l e d  virtual origin,  a

p o i n t s o u r c e  fr o m  wh i c h  th e  p l u m e  ab o ve  th e  fames  ap p e a r s
to  o r i g i n a te .  T h e  vi r tu a l  o r i gi n  m i g h t b e  ab o ve  o r  b e l o w th e
b a s e  o f th e  fre.

A. 4 . 6 . 1    I t i s  as s u m e d  th a t o p e n i n gs  e x i s t to  th e  o u ts i d e  an d
th e r e fo r e  n o  p r e s s u r e  r e s u l ts  fr o m  th e  e x p a n s i o n  o f g as e s .  Al s o ,

wi n d  e ffe c ts  ar e  n o t take n  i n to  ac c o u n t b e c au s e  wi n d  m i g h t
as s i s t o r  i n te r fe r e  wi th  ve n t fows,  d e p e n d i n g o n  specifc
c i r c u m s ta n c e s .  I t i s  al s o  as s u m e d  th at th e  fre  e n vi r o n m e n t i n  a

b u i l d i n g  s p a c e  i s  d i vi d e d  i n to  two  z o n e s  — a h o t u p p e r  l a ye r
an d  a  r e l a ti ve l y c o o l ,  c l e a r  ( c o m p ar a ti ve l y fr e e  o f s m o ke )  l o we r
r e gi o n .  Wh e n  a fre  g r o ws  to  a s i z e  ap p r o ac h i n g ve n ti l a ti o n -

l i m i te d  b u r n i n g ,  th e  b u i l d i n g m i g h t n o  l o n ge r  m ai n tai n  a  c l e ar
l o we r  r e gi o n ,  an d  th i s  s ta n d a r d  wo u l d  n o  l o n g e r  b e  a p p l i c a b l e .
F i n a l l y,  c au ti o n  m u s t b e  e x e r c i s e d  wh e n  u s i n g  th i s  s tan d ar d  fo r

c o n d i ti o n s  u n d e r  wh i c h  th e  u p p e r-g as -l aye r  te m p e r atu r e
ap p r o ac h e s  6 0 0 ° C  ( 1 1 1 2 ° F ) ,  b e c a u s e  fashover  m i g h t o c c u r
wi th i n  th e  a r e a.  Wh e n  a fre  d e ve l o p s  to  fashover  o r

ve n ti l a ti o n -l i m i te d  b u r n i n g ,  th e  r e l a ti o n s h i p s  p r o vi d e d  i n  th i s
s tan d ar d  a r e  n o t ap p l i c ab l e .

B u o yan c y p r e s s u r e  i s  r e l ate d  to  th e  d e p th  o f th e  h o t l aye r,
th e  ab s o l u te  te m p e r a tu r e  o f th e  h o t l aye r,  th e  te m p e r a tu r e  r i s e
a b o ve  am b i e n t o f th e  h o t l aye r,  a n d  th e  d e n s i ty o f th e  a m b i e n t

ai r.  T h e  m a s s  r ate  o f fow o f h o t ga s e s  th r o u gh  a ve n t i s  a fu n c ‐
ti o n  o f ve n t ar e a ,  l a ye r  d e p th ,  a n d  h o t l aye r  te m p e r atu r e .  T h e
te m p e r a tu r e  o f th e  h o t l aye r  ab o ve  am b i e n t affe c ts  m as s  fow

th r o u g h  a ve n t.  M ax i m u m  fow o c c u r s  at te m p e r a tu r e  d i ffe r e n ‐
c e s  o f ap p r o x i m a te l y 3 0 0 ° C  ( 5 7 2 ° F )  ab o ve  am b i e n t.  F l o ws  a t
o th e r  te m p e r atu r e  d i ffe r e n ti a l s  a r e  d i m i n i s h e d ,  as  s h o wn  i n

F i g u r e  A. 4 . 6 . 1 .

A. 4 . 6 . 1 . 2    I n  o r d e r  to  p r o vi d e  a d e s i gn  th at i s  n o t d e p e n d e n t
o n  benefcial  wi n d  e ffe c ts ,  d e s i gn  c al c u l a ti o n s  ar e  c ar r i e d  o u t

th at i g n o r e  wi n d  e ffe c ts  an d  th at a r e  b as e d  o n l y o n  b u o yan c y
e ffe c ts  ( an d  fan  a s s i s tan c e  fo r  m e c h an i c a l  s ys te m s ) .

N e ve r th e l e s s ,  i t i s  i m p o r tan t to  c o n s i d e r  wi n d  e ffe c ts  s i n c e
ad ve r s e  wi n d  e ffe c ts  c a n  r e d u c e  o r  e ve n  r e ve r s e  ve n t fow.

E x h au s t ve n ts  an d  a i r  i n l e ts  s h o u l d  b e  l o c a te d  s o  th at u n d e r
an y wi n d  c o n d i ti o n s  th e r e  i s  a n  o ve r a l l  wi n d  s u c ti o n  e ffe c t fr o m
i n l e t to  e x h au s t.

T h i s  i s  n o r m al l y a c h i e ve d  wh e n  th e  r o o f s l o p e  i s  3 0  d e g r e e s
o r  l e s s  an d  ve n ts  h ave  a  h o r i z o n tal  c l e a r  s p a c e  a t l e a s t th r e e

ti m e s  th e  h e i g h t d i ffe r e n c e  fr o m  an y ta l l e r  s tr u c tu r e s  s u c h  a s
p ar a p e ts ,  r o o f l i g h ts ,  o r  tal l e r  r o o fs .

O th e r wi s e ,  i f th e  d e s i g n e r  c an n o t s h o w b y c a l c u l ati o n  o r  b y
d ata th at th e r e  wi l l  b e  n o  ad ve r s e  wi n d  e ffe c ts ,  a  m e c h an i c al

s m o ke  e x tr ac t s ys te m  s h o u l d  b e  u s e d .

A. 4 . 6 . 2    To  fu n c ti o n  a s  i n te n d e d ,  a b u i l d i n g  ve n ti n g  s ys te m
n e e d s  suffciently l a r ge  fr e s h  a i r  i n l e t o p e n i n g s  at l o w l e ve l s .  I t

i s  e s s e n ti a l  th at a d e p e n d ab l e  m e a n s  fo r  a d m i tti n g o r  s u p p l yi n g
i n l e t ai r  b e  p r o vi d e d  p r o m p tl y a fte r  th e  frst ve n t o p e n s .

A. 5 . 1    T h e r e  i s  a n  I S O  s tan d a r d  fo r  ve n ts  ( I S O  2 1 9 2 7 -2 ,  Smoke
and Heat Control Systems — Part 2: Specifcation for natural smoke

and heat exhaust ventilators) .  T h e  I S O  s tan d ar d  i s  te c h n i c al l y
e q u i val e n t to  E u r o p e an  ( E N )  s tan d ar d s  fo r  th e s e  p r o d u c ts .
P r o d u c ts  th at c a r r y th e  C E  m ar k,  wh i c h  i s  m an d a to r y fo r  s al e  o f

th e s e  p r o d u c ts  wi th i n  th e  E u r o p e an  U n i o n ,  a r e  s u b j e c t to  i n d e ‐
p e n d e n t te s ti n g  an d  o n g o i n g fac to r y p r o d u c ti o n  c o n tr o l  b y
Notifed  B o d i e s  ap p o i n te d  b y n ati o n a l  go ve r n m e n ts .  T h e  s tan d ‐
a r d  i s  B S  E N  1 2 1 0 1 - 2 ,  Smoke and Heat Control Systems — Part 2:
Specifcation for natural smoke and heat exhaust ventilators.

A. 5 . 2 . 1    C o m p ati b i l i ty b e twe e n  th e  ve n t-m o u n ti n g  e l e m e n ts
( e . g. ,  h o l d i n g  p o we r,  e l e c tr o c h e m i c al  i n te r ac ti o n ,  wi n d  l i ft,

b u i l d i n g  m o ve m e n t)  a n d  th e  b u i l d i n g  s tr u c tu r e  to  wh i c h  th e y
a r e  atta c h e d  n e e d s  to  b e  e n s u r e d .

A. 5 . 2 . 2    To  avo i d  i n ad ve r te n t o p e r a ti o n ,  i t i s  i m p o r tan t th a t th e
a c tu ati n g  m e an s  b e  s e l e c te d  wi th  r e g ar d  to  th e  fu l l  r an g e  o f

e x p e c te d  a m b i e n t c o n d i ti o n s .

A. 5 . 2 . 3    D i p  ta n ks  o r  d i s c r e te  s o l ve n t s to r ag e  ar e as  a r e  e x am ‐
p l e s  o f l o c al i z e d  h az ar d s  wh e r e  th e  ve n ts  ar e  to  b e  l o c a te d

d i r e c tl y a b o ve  s u c h  h az ar d .

A. 5 . 3 . 1    An  au to m ati c  m e c h a n i s m  fo r  o p e n i n g  th e  r o o f ve n ts  i s
s ti p u l a te d  fo r  e ffe c ti ve  r e l e as e  o f h e at,  s m o ke ,  a n d  ga s e o u s  b y-
p r o d u c ts .  T h e  m e a n s  o f a u to m a ti c  ve n t ac tu ati o n  m u s t take  th e

an ti c i p ate d  fre  i n to  c o n s i d e r a ti o n ,  an d  a n  a p p r o p r i ate  m e a n s
o f o p e n i n g  ve n ts  s h o u l d  b e  u s e d .  I f d e s i g n  o b j e c ti ve s  c an n o t b e
m e t u s i n g  h e at-ac tu ate d  d e vi c e s ,  s m o ke  d e te c to r s  wi th  a p p r o ‐

p r i a te  l i n kag e s  to  o p e n  ve n ts  o r  o th e r  d e vi c e s  th at r e s p o n d
m o r e  q u i c kl y s h o u l d  b e  c o n s i d e r e d  fo r  u s e .

A. 5 . 3 . 2    L a tc h i n g m e c h an i s m s  s h o u l d  b e  j a m -p r o o f,  c o r r o s i o n -
r e s i s tan t,  d u s t-r e s i s tan t,  an d  r e s i s tan t to  p r e s s u r e  d i ffe r e n c e s
a r i s i n g  fr o m  ap p l i c ab l e  p o s i ti ve  o r  n e ga ti ve  l o ad i n g r e s u l ti n g

fr o m  e n vi r o n m e n tal  c o n d i ti o n s ,  p r o c e s s  o p e r ati o n s ,  o ve rh e ad
d o o r s ,  o r  traffc  vi b r a ti o n s .
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FI G U RE  A. 4 . 6 . 1   E ffe c t o f Te m p e ratu re  o n  M as s  Fl o w
T h ro u gh  a Ve n t.
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A. 5 . 3 . 5    T h e  l o c ati o n  o f th e  m a n u a l  d e vi c e  m u s t b e  c o o r d i n a‐
te d  wi th  tac ti c s  o f th e  r e p o r ti n g  fre  d e p a r tm e n t.

I f n o t ac tu a l l y m o u n te d  o n  th e  ve n t,  th e  m an u al  d e vi c e  c a n
b e  c o n n e c te d  to  th e  ve n t b y m e c h an i c a l ,  e l e c tr i c a l ,  o r  a n y
o th e r  s u i ta b l e  m e an s ,  p r o te c te d  a s  n e c e s s a r y to  r e m ai n  o p e r a‐
b l e  fo r  th e  d e s i gn  p e r i o d .

N A. 5 . 3 . 6    Two  e x am p l e s  o f te s ti n g  s tan d ar d s  i n c l u d e  U L  3 3 ,
Safety Heat Responsive Links for Fire-Protection Service,  an d  F M
2 0 3 1 ,  Approval Standard for Heat Responsive Links for Fire Protec‐
tion.

A. 5 . 4 . 1 . 2    S e e  F i g u r e  5 . 4 . 2 ( b )  fo r  th e  m e as u r e m e n t o f c e i l i n g
h e i gh t an d  c u r ta i n  b o a r d  d e p th .

A. 5 . 4 . 2    T h e  s p a c i n g  o f ve n ts  i s  l i m i te d  to  4 H to  as s u r e  th a t
c e i l i n g  j e t te m p e r a tu r e s  at th e  ve n t a r e  suffciently h i gh  to
o p e r ate  th e  th e r m a l  ac tu a ti n g m e c h an i s m  at th e  ve n t.  T h e
s p ac i n g  l i m i t specifed  i s  d e s i g n e d  to  ac h i e ve  c e i l i n g  j e t te m p e r ‐
atu r e  ab o ve  am b i e n t at th e  n e a r e s t ve n t,  n o t l e s s  th an  h al f th e
p l u m e  te m p e r a tu r e  ab o ve  a m b i e n t a t th e  p o i n t o f p l u m e
i m p ac t o n  th e  c e i l i n g.  ( S e e  F i gu r e  A. 5 . 4 . 2 ,  wh i c h  refects  th e
m a x i m u m  al l o wab l e  s p a c i n g  o f 4 H. )

A. 5 . 4 . 3    T h e  l i m i tati o n  o n  h o r i z o n ta l  d i s ta n c e  fr o m  a  p o te n ti al
fre  ax i s  ad j a c e n t to  a d r a ft c u r tai n  o r  wal l  i s  i n te n d e d  to  a s s u r e
c e i l i n g  j e t te m p e r atu r e s  at th e  ve n t a r e  suffciently h i g h  to  ac ti ‐
vate  th e  th e r m al  ac tu ati n g  m e c h a n i s m .  T h e  s p a c i n g l i m i t s p e c i ‐
fed  i s  d e s i g n e d  to  a c h i e ve  c e i l i n g j e t te m p e r a tu r e  ab o ve
am b i e n t a t th e  n e a r e s t ve n t,  n o t l e s s  th an  h al f th e  p l u m e
te m p e r a tu r e  a b o ve  a m b i e n t at th e  p o i n t o f p l u m e  i m p a c t o n
th e  c e i l i n g.  (See Figure A. 5. 4. 3. ) T h i s  r e q u i r e m e n t d o e s  n o t
refect th e  p o te n ti a l  fo r  r e d u c e d  e n tr a i n m e n t fo r  a  fre  a d j a‐
c e n t to  a wa l l .  T h i s  c o n s e r va ti s m  wa s  kn o wi n g l y ac c e p te d .

A. 6 . 1    T h e  s i m p l e s t m e th o d  o f i n tr o d u c i n g  m a ke u p  a i r  i n to
th e  s p ac e  i s  th r o u gh  d i r e c t o p e n i n g s  to  th e  o u ts i d e ,  s u c h  a s
d o o r s  an d  l o u ve r s ,  wh i c h  c a n  b e  o p e n e d  u p o n  s ys te m  a c ti va‐
ti o n .  S u c h  o p e n i n g s  c an  b e  c o o r d i n ate d  wi th  th e  ar c h i te c tu r al
d e s i g n  a n d  c an  b e  l o c ate d  as  r e q u i r e d  b e l o w th e  d e s i g n  s m o ke
l aye r.  F o r  l o c a ti o n s  h a vi n g m e c h a n i c al  s m o ke  e x h au s t s ys te m s
wh e r e  s u c h  o p e n i n g s  a r e  i m p r ac ti c al ,  a p o we r e d  s u p p l y s ys te m
c o u l d  b e  c o n s i d e r e d .  T h i s  c o u l d  p o s s i b l y b e  an  a d a p tati o n  o f

4H

4H

2 . 8H r =  2 . 8H N e a re s t  ve n t
DTv/To

F i re  a x i s
DT(r= 0 )/To

Ve n t Ve n t

Ve n t Ve n t

P L A N  V I E W

FI G U RE  A. 5 . 4 . 2   Ve n t S p ac i n g i n  Re c tan gul ar M atri x ,  Wh e n  r
=  2 . 8  H,  (ΔTv/To)  =  0 . 5  (ΔT (r =  0 ) /To)  ( p l an  vi e w) .

th e  b u i l d i n g ’ s  H VAC  s ys te m  i f c ap ac i ti e s ,  o u tl e t g r i l l e  l o c ati o n s ,
a n d  ve l o c i ti e s  ar e  s u i tab l e .  F o r  s u c h  s ys te m s ,  m e a n s  s h o u l d  b e

p r o vi d e d  to  p r e ve n t s u p p l y s ys te m s  fr o m  o p e r a ti n g u n ti l
e x h a u s t fow h a s  b e e n  e s tab l i s h e d ,  to  avo i d  p r e s s u r i z ati o n  o f

th e  fre  ar e a .  F o r  th o s e  l o c a ti o n s  wh e r e  c l i m ate s  ar e  s u c h  th a t
th e  d a m ag e  to  th e  s p ac e  o r  c o n te n ts  c o u l d  b e  e x te n s i ve  d u r i n g
te s ti n g  o r  fr e q u e n t i n a d ve r te n t o p e r ati o n  o f th e  s ys te m ,  c o n s i d ‐

e r a ti o n  s h o u l d  b e  gi ve n  to  h e a ti n g th e  m a ke u p  a i r.  S e e
N F PA  9 2  fo r  a d d i ti o n al  i n fo r m ati o n  o n  m e c h a n i c al  s ys te m s .

A. 6 . 3    N o r m al  p r ac ti c e  h as  b e e n  to  p r o vi d e  ai r  i n l e t fr o m  l o w-
l e ve l  a i r  i n l e ts  as  r e c o m m e n d e d  i n  p r e vi o u s  e d i ti o n s  o f th i s
s tan d ar d .  I n  s o m e  b u i l d i n g s  th i s  m ay b e  diffcult to  ac h i e ve ,

d u e  e i th e r  to  l ac k o f s u i ta b l e  c l e ar  wal l  ar e a o r  to  c o n c e r n s
ab o u t l o s s  o f s e c u r i ty wh e n  th e  ai r  i n l e ts  o p e n .  I n  b u i l d i n g s
c o n tai n i n g  m o r e  th an  o n e  c u r ta i n e d  ar e a,  i t c an  b e  p o s s i b l e  to

o p e n  ve n ts  i n  c u r ta i n e d  ar e a s  n o t affe c te d  b y s m o ke  to  p r o vi d e
i n l e t ai r  i n s te a d .  I f th i s  i s  d o n e ,  th e n  th e  ve n ts  m u s t m e e t a l l
th e  r e q u i r e m e n ts  o f C h a p te r   6 .

A. 6 . 6 . 3    T h e  i n l e t ai r  ve l o c i ty s h o u l d  b e  l i m i te d  fo r  th r e e
r e as o n s :  ( 1 )  to  avo i d  d i s tu r b i n g  th e  fre  p l u m e  a n d  c au s i n g

e x c e s s  ai r  e n tr a i n m e n t,  ( 2 )  to  l i m i t th e  d e gr e e  o f d e p r e s s u r i z a‐
ti o n  o f th e  s p ac e  a n d  c o n s e q u e n t e ffe c ts  o n  d o o r  o p e n i n g an d
c l o s i n g,  an d  ( 3 )  to  a vo i d  i n c o m i n g a i r  h am p e r i n g e s c ap e  o f

o c c u p an ts .

N F PA 9 2  s e ts  a  l i m i t o f 1 . 0 2  m / s e c  ( 2 0 0  ft/ m i n )  to  m i n i m i z e
d i s tu r b an c e  o f th e  p l u m e ,  wh i c h  wi l l  c r e a te  m o r e  e n tr a i n m e n t

th an  a n ti c i p a te d .

E x c e s s  d e p r e s s u r i z ati o n  o f th e  s p ac e  wi l l  i n c r e a s e  d o o r  o p e n ‐
i n g  fo r c e s  fo r  o u twa r d -o p e n i n g  d o o r s  a n d  r i s k s l am m i n g  c l o s e d
fo r  i n wa r d -o p e n i n g  d o o r s .  N e i th e r  s i tu ati o n  i s  ac c e p tab l e .

Re s e a r c h  i n d i c a te s  th at p e o p l e  c an  m o ve  r e as o n ab l y fr e e l y
a ga i n s t a n  airfow o f u p  to  1 0   m / s e c  ( 3 2 . 8   ft/ s e c ) .

A. 7 . 1    D r aft c u r tai n s  ar e  p r o vi d e d  fo r  p r o m p t ac ti vati o n  o f
ve n ts  a n d  to  i n c r e as e  ve n t e ffe c ti ve n e s s  b y c o n ta i n i n g  th e

s m o ke  i n  th e  c u r tai n e d  a r e a a n d  i n c r e as i n g  th e  d e p th  o f th e
s m o ke  l aye r.  A d r a ft c u r tai n  i s  i n te n d e d  to  b e  r e l a ti ve l y s m o ke -

r =  2 . 8 H

N e a r e s t  ve n t
DTv /To

D ra f t  
c u r t a i n
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=  2 . 8H,  (ΔTv/To)  =  0 . 5  (ΔT(r =  0 /To)  ( p l an  vi e w) .
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

ti g h t.  T h e  fu n c ti o n  o f a  d r a ft c u r tai n  i s  to  i n te r c e p t th e  c e i l i n g
j e t a n d  th e  e n tr ai n e d  s m o ke  p r o d u c e d  b y a  fre  i n  th e  b u i l d i n g .
T h e  c u r tai n  s h o u l d  p r e ve n t th e  s m o ke  fr o m  s p r e ad i n g  a l o n g

th e  u n d e r s i d e  o f th e  r o o f d e c k to  ar e a s  o f th e  b u i l d i n g l o c ate d
b e yo n d  th e  d r aft c u r tai n  an d  s h o u l d  c r e ate  a  h o t s m o ke  l aye r
th a t d e ve l o p s  b u o ya n c y fo r c e s  suffcient to  e x h a u s t th e  s m o ke

th r o u g h  th e  ve n t o p e n i n gs  i n  th e  r o o f.  A fu l l -h e i g h t p a r ti ti o n
o r  wa l l ,  i n c l u d i n g  a n  e x te r i o r  wal l ,  c an  s e r ve  a s  a  d r aft c u r ta i n .

A.7.2    M ate r i a l s  s u i tab l e  fo r  u s e  as  d r aft c u r tai n s  c an  i n c l u d e
s te e l  s h e e ti n g ,  c e m e n ti ti o u s  p an e l s ,  an d  gyp s u m  b o ar d  o r  an y
m a te r i al s  th a t m e e t th e  p e r fo r m an c e  c r i te r i a  i n  S e c ti o n  7 . 2 .

T h e r e  i s  an  I S O  s ta n d a r d  fo r  d r a ft c u r tai n s  ( I S O  2 1 9 2 7 -1 ,  Smoke
and Heat Control Systems — Part 1 : Specifcation for smoke barriers) .
T h e  I S O  s ta n d a r d  i s  te c h n i c a l l y e q u i va l e n t to  th e  E u r o p e a n

( E N )  s ta n d a r d  fo r  th e s e  p r o d u c ts .  P r o d u c ts  th a t c ar r y th e  C E
m a r k,  wh i c h  i s  m an d a to r y fo r  s al e  o f th e s e  p r o d u c ts  wi th i n  th e
E u r o p e an  U n i o n ,  a r e  s u b j e c t to  i n d e p e n d e n t te s ti n g an d  o n g o ‐

i n g fa c to r y p r o d u c ti o n  c o n tr o l  b y Notifed  B o d i e s  ap p o i n te d  b y
n ati o n al  g o ve r n m e n ts .  T h e  s tan d ar d  i s  B S  E N  1 2 1 0 1 - 1 ,  Smoke
and Heat Control Systems — Part  1 : Specifcation for smoke barriers.

A.7.3.1    I f dc e x c e e d s  2 0  p e r c e n t o f H,  H– dc s h o u l d  b e  n o t l e s s
th an  3  m  ( 9 . 8  ft) .  F o r  F i gu r e  5 . 4 . 2 ( b ) ,  p a r ts  ( a)  th r o u gh  ( d ) ,

th i s  c o n c e p t i s  val i d  wh e r e  Δd/ dc i s  m u c h  l e s s  th an  1 .

C o n s i d e r a ti o n  s h o u l d  b e  g i ve n  to  m i n i m i z i n g o f th e  e x p e c ‐
te d  s m o ke  l aye r  d e p th  wi th  r e s p e c t to  th e  o c c u p an c y.  S u c h

ar r an g e m e n t c an  al l o w th e  s m o ke  l a ye r  to  b e  m ai n tai n e d  ab o ve
th e  to p  o f e q u i p m e n t o r  s to r a ge ,  th u s  m a x i m i z i n g  vi s i b i l i ty an d

r e d u c i n g  n o n th e r m a l  d a m a ge  to  c o n te n ts .  F o r  b u i l d i n gs  o f
l i m i te d  h e i g h t,  i t c a n  a l s o  a l l o w th e  d e s i gn e r  to  u ti l i z e  th e
p r i m a r y s tr u c tu r al  fr am e  to  ac t a s  a d r aft c u r tai n  ( i f s o l i d -

we b b e d )  o r  s u p p o r t o n e  ( i f o p e n -we b b e d ) ,  th u s  r e d u c i n g  c o s ts .

Al s o ,  i n  a  tr an s i e n t s i tu ati o n ,  p r i o r  to  ac h i e vi n g e q u i l i b r i u m
m a s s  fow,  i f th e  s m o ke  l a ye r  e x te n d s  b e l o w th e  to p  o f e q u i p ‐

m e n t o r  s to r a ge ,  th at vo l u m e  d i s p l a c e d  b y e q u i p m e n t o r  s to r ‐
a ge  s h o u l d  b e  s u b tr ac te d  fr o m  avai l ab l e  s p ac e  fo r  th e  s m o ke

l aye r  to  ac c u m u l ate ,  o r  th e  s m o ke  l aye r  d e p th  wi l l  e x te n d
b e l o w th at e s ti m a te d .

A.7.4.1    To  e n s u r e  th a t ve n ts  r e m o te  fr o m  th e  fre  wi th i n  th e
c u r ta i n e d  c o m p ar tm e n t a r e  e ffe c ti ve ,  th e  d i s ta n c e  b e twe e n
d r aft c u r tai n s  o r  b e twe e n  wal l s  m u s t b e  l i m i te d .

A.7.4.2    F r o m  r e a n al ys i s  o f th i s  i s s u e  b as e d  o n  D e l i c h ats i o s
[ 1 9 8 1 ] ,  H e s ke s ta d  an d  D e l i c h a ts i o s  [ 1 9 7 8 ] ,  an d  Ko s l o ws ki  an d

M o te val l i  [ 1 9 9 4 ] .

A.8.1    C h ap te r  8  p r e s e n ts  te c h n i q u e s  fo r  p r e d i c ti n g th e  h e a t
r e l e as e  r ate  o f var i o u s  fu e l  a r r ays  l i ke l y to  b e  p r e s e n t i n  b u i l d ‐

i n gs  wh e r e  s m o ke  an d  h e at ve n ti n g  i s  a  p o te n ti al  fre  s a fe ty
p r o vi s i o n .  I t p r i m ar i l y ad d r e s s e s  th e  e s ti m ati o n  o f fu e l  c o n c e n ‐

tr a ti o n s  fo u n d  i n  s to r ag e  a n d  m an u fac tu r i n g l o c ati o n s .
N F PA 9 2  ad d r e s s e s  th e  typ e s  o f fu e l  a r r ays  m o r e  c o m m o n  to
th e  typ e s  o f b u i l d i n g s i tu ati o n s  c o ve r e d  b y th a t d o c u m e n t.  T h e

m e th o d s  p r o vi d e d  i n  C h a p te r  8  fo r  p r e d i c ti n g  th e  r a te  o f h e at
r e l e as e  ar e  b as e d  o n  “ fr e e  b u r n i n g”  c o n d i ti o n s ,  i n  wh i c h  n o
c e i l i n g  o r  s m o ke  l aye r  e ffe c ts  ar e  i n vo l ve d .

A.8.2.2    T h e  m i n i m u m  ai s l e  wi d th  to  p r e ve n t l a te r a l  s p r e ad  b y
r a d i ati o n ,  Wmin i n  E q u ati o n  8 . 2 . 3 ,  i s  b a s e d  o n  Al p e r t an d  War d
[ 1 9 8 4 ] .  T h e  val u e s  p r o d u c e d  b y E q u ati o n  8 . 2 . 3  c an  b e
p r o d u c e d  fr o m  th e  fo l l o wi n g e q u a ti o n  i f χr i s  as s u m e d  to  b e
0 . 5 :
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A.8.2.6    T h e  h e a t r e l e a s e  r a te  i s  take n  a s  th e  h e at r e l e as e  r ate
p e r  u n i t ar e a ti m e s  th e  foor  ar e a o f th e  fu e l  c o n c e n tr ati o n .
T h e  m a x i m u m  fo r e s e e a b l e  s to r a ge  h e i g h t ( ab o ve  th e  fre  b a s e )
an d  as s o c i ate d  h e a t r e l e a s e  r a te  s h o u l d  b e  c o n s i d e r e d .

T h e  h e at r e l e a s e  r ate  p e r  u n i t a r e a m i gh t b e  a va i l a b l e  fr o m
l i s ti n g s  fo r  a gi ve n  s to r ag e  h e i gh t,  s u c h  as  Tab l e  A. 8 . 2 . 6 .  To
e s tab l i s h  e s ti m ate s  fo r  o th e r  th a n  specifed  h e i g h ts ,  i t c an  b e
as s u m e d  th at th e  h e at r e l e a s e  r a te  p e r  u n i t ar e a  i s  p r o p o r ti o n al
to  th e  s to r a ge  h e i g h t,  b as e d  o n  te s ts  ( Yu  an d  S tavr i an i d i s ,  1 9 9 1 )
an d  th e  d ata i n  Ta b l e  A. 8 . 2 . 6  fo r  wo o d  p al l e ts .  F o r  fu e l  confgu‐
rations  th a t h ave  n o t b e e n  te s te d ,  o th e r  p r o c e d u r e s  s h o u l d  b e
u s e d .  S e e  An n e x  E  fo r  e s ti m ati n g  h e at r e l e as e  r a te s  o f o th e r
fu e l  ar r ays .

T h e r e  i s  a d i s ti n c t p o s s i b i l i ty th a t a  c o m b u s ti b l e  s to r ag e  ar r a y
c o u l d  c o l l ap s e  b e fo r e  th e  e n d  o f th e  d e s i g n  i n te r val  o f th e  ve n t‐
i n g s ys te m .  T h e  d e s i g n  i n te r val  m i g h t e n d ,  fo r  e x a m p l e ,  wh e n
m a n u al  frefghting  i s  e x p e c te d  to  b e gi n .  T h e  fre  d i am e te r
i n c r e as e s ,  c o n tr i b u ti n g to  i n c r e as e d  s m o ke  p r o d u c ti o n  ( vi a  a
l o we r  fame  h e i g h t an d  vi r tu al  o r i gi n ) .  H o we ve r,  th e  h e a t
re l e as e  r a te  an d  fre  gr o wth  r a te  afte r  c o l l ap s e  ar e  l i ke l y to  b e
s m a l l e r  th a n  wi th  n o  c o l l ap s e .  C o n s e q u e n tl y,  i t i s  r e a s o n a b l e  to
as s u m e  th a t th e  n e t e ffe c t o f c o l l ap s e  i s  n o t signifcant fo r  th e
c a l c u l ati o n  p r o c e d u r e .

A.8.3.1    T h e  gr o wth  ti m e ,  tg,  i s  a m e a s u r e  o f th e  fre  g r o wth
r a te  — th e  s m al l e r  th e  g r o wth  ti m e ,  th e  fas te r  th e  fre  gr o ws .

A.8.3.2    B y c o m p ar i n g E q u ati o n s  8 . 3 . 1  an d  8 . 3 . 2 ,  th e  fo l l o wi n g
r e l ati o n  e x i s ts :
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A.8.3.4    D e s i g n  o b j e c ti ve s  a n d  th e  d e s i g n  i n te r va l  ti m e ,  tr,
s h o u l d  ta ke  i n to  c o n s i d e r a ti o n  al l  o f th e  fo l l o wi n g  c r i ti c al
e ve n ts :

( 1 ) Ar r i va l  an d  d e p l o ym e n t o f th e  e m e r ge n c y r e s p o n s e  te am
( 2 ) Ar r i va l  a n d  d e p l o ym e n t o f frefghters  fr o m  th e  p u b l i c

fre  d e p a r tm e n t
( 3 ) C o m p l e ti o n  o f e vac u a ti o n
( 4 ) O th e r  c r i ti c al  e ve n ts

A.9.1    T h e  p r o c e d u r e s  i n  C h ap te r  9  ar e  b as e d  o n  th e  au to ‐
m a ti c  ac ti vati o n  o f ve n ts  b y a h e at-r e s p o n s i ve  d e vi c e  wi th  a n

e s tab l i s h e d  r e s p o n s e  ti m e  i n d e x  ( RT I )  a n d  kn o wn  a c ti va ti o n
te m p e r a tu r e .  T h e s e  as s u m p ti o n s  d o  n o t p r e c l u d e  o th e r  m e a n s

o f ve n t a c ti vati o n ,  as  l o n g  as  th e  ac ti vati o n  ti m e  o f th e  al te r n a‐
ti ve  m e a n s  i s  kn o wn  o r  c an  b e  c a l c u l ate d  u s i n g  th e  p r o c e d u r e s
c o n tai n e d  h e r e i n  o r  c a n  b e  e s ta b l i s h e d  a s  ac c e p tab l e  b y a
specifc  l i s ti n g ,  specifc  te s t d ata,  o r  e n g i n e e r i n g a n al ys i s .  Ac ti ‐

vati o n  b y h e at d e te c to r s ,  s m o ke  d e te c to r s ,  th e r m o p l as ti c  d r o p -
o u t ve n t p an e l s ,  o r  o th e r  ap p r o ve d  m e an s  i s  ac c e p tab l e  a s  l o n g

as  th e  d e s i gn  o b j e c ti ve s  a r e  m e t.

T h e  e q u ati o n s  an d  p r o c e d u r e s  fo r  h an d  c a l c u l ati o n s  i n
S e c ti o n  9 . 2  an d  th e  m o d e l s  i n  S e c ti o n  9 . 3  a d d r e s s  th e  ve n ti n g
o f l i m i te d -gr o wth  fres  a n d  c o n ti n u o u s l y gr o wi n g fres.

[A.8.2.2]

 
[A.8.3.2]



S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 2 4

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

A. 9 . 1 . 1    T h e  ve n t ar e a  i n  a  c u r tai n e d  ar e a  s h o u l d  n o t b e
r e q u i r e d  to  e x c e e d  th e  ve n t a r e a c a l c u l ate d  fo r  th e  l a r ge s t
l i m i te d -gr o wth  fre  p r e d i c te d  fo r  th e  c o m b u s ti b l e s  b e n e a th  an y
c u r ta i n e d  ar e a .  U s i n g  suffciently s m al l  c o n c e n tr ati o n s  o f
c o m b u s ti b l e s  an d  ai s l e s  o f suffcient wi d th  to  p r e ve n t s p r e ad
ac c o r d i n g  to  E q u ati o n  8 . 2 . 3 ,  i t m i g h t b e  p o s s i b l e  to  s ati s fy ve n t‐
i n g r e q u i r e m e n ts  b y u s i n g  ve n t ar e a s  s m a l l e r  th a n  th o s e
r e q u i r e d  fo r  a ve n t d e s i g n  an d  a  c o n ti n u o u s -gr o wth  fre.

A. 9 . 1 . 4    M an y l ar g e  fac i l i ti e s  h ave  b u i l d i n g s  o r  a r e as  s u b j e c t to
d i ffe r i n g  fre  h a z a r d s .

Tab l e   A. 8 . 2 . 6  U n i t H e at Re l e as e  Rate s  fo r C o m m o d i ti e s

C o m m o di ty

H e at Re l e as e  Rate

( kW p e r m 2  o f
foor are a) *

Wo o d  p a l l e ts ,  s ta c ke d  0 . 4 6   m  h i g h
( 6 % –1 2 %  m o i s tu r e )

1 , 4 2 0

Wo o d  p a l l e ts ,  s ta c ke d  1 . 5 2   m  h i g h
( 6 % –1 2 %  m o i s tu r e )

4 , 0 0 0

Wo o d  p a l l e ts ,  s ta c ke d  3 . 0 5   m  h i g h
( 6 % –1 2 %  m o i s tu r e )

6 , 8 0 0

Wo o d  p a l l e ts ,  s ta c ke d  4 . 8 8   m  h i g h
( 6 % –1 2 %  m o i s tu r e )

1 0 , 2 0 0

M a i l  b a g s ,  flled,  s to r e d  1 . 5 2   m  h i g h 4 0 0
C a r to n s ,  c o m p a r tm e n te d ,  s ta c ke d

4 . 5   m  h i g h
1 , 7 0 0

P E  l e tte r  tr a ys ,  flled,  s ta c ke d
1 . 5   m  h i g h  o n  c a r t

8 , 5 0 0

P E  tr a s h  b a r r e l s  i n  c ar to n s ,  s ta c ke d
4 . 5   m  h i g h

2 , 0 0 0

F RP  s h o we r  s ta l l s  i n  c a r to n s ,  s tac ke d
4 . 6   m  h i g h

1 , 4 0 0

P E  b o ttl e s  p a c ke d  i n  c o m p a r tm e n te d  
c a r to n s ,  s ta c k e d  4 . 5   m  h i g h

6 , 2 0 0

P E  b o ttl e s  i n  c ar to n s ,  s ta c ke d  4 . 5   m  h i g h 2 , 0 0 0
P U  i n s u l ati o n  b o a r d ,  r i g i d  fo am ,  s ta c k e d  

4 . 6   m  h i g h
1 , 9 0 0

P S  j ar s  p a c ke d  i n  c o m p a r tm e n te d  c a r to n s ,  
s ta c k e d  4 . 5   m  h i g h

1 4 , 2 0 0

P S  tu b s  n e s te d  i n  c a r to n s ,  s ta c ke d
4 . 2   m  h i g h

5 , 4 0 0

P S  to y p a r ts  i n  c ar to n s ,  s ta c ke d  4 . 5   m  h i g h 2 , 0 0 0
P S  i n s u l a ti o n  b o a r d ,  r i g i d  fo a m ,  s ta c ke d  

4 . 2   m  h i g h
3 , 3 0 0

P VC  b o ttl e s  p a c ke d  i n  c o m p a r tm e n te d  
c a r to n s ,  s ta c k e d  4 . 5   m  h i g h

3 , 4 0 0

P P  tu b s  p a c ke d  i n  c o m p a r tm e n te d  
c a r to n s ,  s ta c k e d  4 . 5   m  h i g h

4 , 4 0 0

P P  an d  P E  flm  i n  r o l l s ,  s tac ke d
4 . 1   m  h i g h

6 , 2 0 0

M e th yl  a l c o h o l 7 4 0
G a s o l i n e 2 , 5 0 0
Ke r o s e n e 1 , 7 0 0
F u e l  o i l ,  n o .  2 1 , 7 0 0

P E :  p o l ye th yl e n e .  P P :  p o l yp r o p yl e n e .  P S :  p o l ys tyr e n e .  P U :
p o l yu r e th a n e .  P VC :  p o l yvi n yl  c h l o r i d e .  F RP :  fberglass-reinforced
p o l ye s te r.
* H e a t r e l e a s e  r a te  p e r  u n i t foor  a r e a  o f fu l l y i n vo l ve d  c o m b u s ti b l e s ,
b a s e d  o n  n e g l i g i b l e  r a d i a ti ve  fe e d b ac k fr o m  th e  s u r r o u n d i n g s  a n d
1 0 0   p e r c e n t c o m b u s ti o n  effciency.

A. 9 . 2 . 2 . 1    I n  F i gu r e  9 . 2 . 2 . 1 ,  zs i s  th e  h e i g h t o f th e  s m o ke  l aye r
b o u n d ar y a b o ve  th e  b as e  o f th e  fre;  H i s  th e  d i s tan c e  b e twe e n
th e  b as e  o f th e  fre  a n d  th e  c e i l i n g ;  dc i s  th e  d e p th  o f th e  d r aft
c u r ta i n s ;  d i s  th e  d e p th  o f th e  s m o ke  l a ye r ;  m ṗ i s  th e  m as s  fow
r a te  o f h o t ga s  fr o m  th e  fre  p l u m e  i n to  th e  s m o ke  l a ye r ;  m v̇ i s
th e  m a s s  fow r ate  o f h o t g as  o u t o f th e  ve n t ( o r  ve n ts )  i n  th e

c u r ta i n e d  a r e a;  an d  Av i s  th e  ve n t a r e a i n  th e  c u r tai n e d  ar e a
( to tal  ve n t ar e a  i n  th e  c u r ta i n e d  ar e a i f m o r e  th a n  o n e  ve n t i s

p r o vi d e d ) .

T h e  ve n t ar e a c a l c u l ate d  fo r  e q u i l i b r i u m  c o n d i ti o n s  c o r r e ‐
s p o n d s  to  th e  a r e a n e e d e d  fo r  a l o n g-te r m  s te a d y fre  o r  to  th e

ar e a n e e d e d  at th e  e n d  o f a d e s i gn  i n te r va l  fo r  a  s l o w-g r o wi n g
fre.  F o r  s h o r te r-te r m  s te ad y fres  an d  fo r  fas te r-g r o wi n g  fres,

th e  c al c u l ate d  e q u i l i b ri u m  ve n t ar e a  wi l l  p r e ve n t th e  s m o ke
l aye r  b o u n d a r y fr o m  d e s c e n d i n g  c o m p l e te l y to  th e  b o tto m  o f
th e  d r a ft c u r ta i n s .  T h e r e fo r e ,  e q u i l i b r i u m  c al c u l a ti o n s  r e p r e ‐

s e n t a s afe ty fa c to r  i n  th e  d e s i gn .

A. 9 . 2 . 3 . 1    T h e  m as s  fow r ate  i n  th e  p l u m e  d e p e n d s  o n
wh e th e r  l o c ati o n s  ab o ve  o r  b e l o w th e  m e a n  fame  h e i gh t ar e

c o n s i d e r e d  ( i . e . ,  wh e th e r  th e  fames  ar e  b e l o w th e  s m o ke  l aye r
b o u n d ar y o r  r e ac h  i n to  th e  s m o ke  l a ye r ) .

A. 9 . 2 . 4    T h e  c al c u l a ti o n s  i n  th i s  s e c ti o n  a s s u m e  th at th e  ve n t i s
e x h a u s ti n g o n l y s m o ke  fr o m  th e  s m o ke  l aye r.  Wh e n  th e  s m o ke

l aye r  i s  at i ts  d e s i g n  d e p th ,  th e  p r o vi s i o n s  fo r  a vo i d an c e  o f
p l u gh o l i n g  i n  S e c ti o n   5 . 4  wi l l  e n s u r e  th a t th i s  i s  s o .

H o we ve r,  d u r i n g  p art o f th e  ti m e  p e r i o d  wh e n  th e  s m o ke
l aye r  i s  d e s c e n d i n g to  i ts  d e s i g n  h e i g h t,  th e  ve n ts  wi l l  e x tr ac t a
m i x tu r e  o f s m o ke  fr o m  th e  s m o ke  l a ye r  an d  th e  a m b i e n t ai r

fr o m  b e l o w th e  s m o ke  l aye r.  T h e y wi l l  th e r e fo r e  e x tr ac t l e s s
s m o ke  th an  th e  c a l c u l ati o n s  i n d i c a te ,  c au s i n g th e  s m o ke  l a ye r
to  d e s c e n d  at a fa s te r  r ate .

E x i s ti n g r e s e ar c h  h as  p r o vi d e d  fo r m u l a e  to  a s s e s s  at wh a t
p o i n t a  ve n t s tar ts  p l u gh o l i n g,  b u t n o t to  a s s e s s  th e  s m o ke

e x tr ac t r a te  wh i l e  a ve n t i s  p l u g h o l i n g .

T h e r e  i s  th e r e fo r e  n o  e x p e r i m e n tal l y val i d ate d  m e th o d  o f
as s e s s i n g th e  e ffe c t o f p l u gh o l i n g o n  th e  r a te  o f d e s c e n t o f a
s m o ke  l aye r.  A m e th o d  h a s  b e e n  p u b l i s h e d  i n  B S  7 3 4 6 -5 ,  Func‐

tional recommendations and calculation methods for smoke and heat
exhaust ventilation systems employing time-dependent design fres.

A. 9 . 2 . 4 . 1    T h e  m as s  fow r a te  th r o u gh  th e  ve n t i s  th e  p r o d u c t
o f g as  d e n s i ty,  ve l o c i ty,  an d  c r o s s -s e c ti o n al  ar e a  o f th e  fow i n
th e  ve n t.  T h e  ve l o c i ty fo l l o ws  fr o m  e q u a ti n g th e  b u o yan c y h e ad

a c r o s s  th e  ve n t to  th e  d yn am i c  h e ad  i n  th e  ve n t,  wi th  c o n s i d e r a‐
ti o n  o f th e  p r e s s u r e  d r o p  ac r o s s  th e  ai r  i n l e ts .  T h e  fac to r
[ ( ToΔT) / T2 ] 1 / 2  i s  q u i te  i n s e n s i ti ve  to  te m p e r atu r e  as  l o n g  a s

th e  s m o ke  l aye r te m p e r atu r e  r i s e ,  ΔT,  i s  n o t s m al l .  F o r  e x am ‐
p l e ,  a s s u m i n g To =  2 9 4  K,  th e  fa c to r  var i e s  th r o u g h  0 . 4 7 ,  0 . 5 0 ,

a n d  0 . 4 7  as  th e  s m o ke  l aye r  te m p e r a tu r e  r i s e  va r i e s  th r o u gh
1 5 0  K,  3 2 0  K,  an d  5 7 0  K.  At a  te m p e r atu r e  r i s e  o f 6 0  K,  th e

fac to r  i s  0 . 3 8 ,  a n d  at a te m p e r a tu r e  r i s e  o f 2 0  K,  i t i s  0 . 2 4 ,  o r
a b o u t o n e -h a l f i ts  m ax i m u m  va l u e .  C o n s e q u e n tl y,  r o o f ve n ti n g

b y n a tu r al  ve n ti l ati o n  b e c o m e s  i n c r e as i n g l y l e s s  e ffe c ti ve  a s  th e
s m o ke  l aye r  te m p e r a tu r e  d e c r e as e s .  F o r  l o w s m o ke  l a ye r
te m p e r a tu r e s ,  p o we r e d  ve n ti l ati o n  as  c o ve r e d  i n  N F PA 9 2

s h o u l d  b e  c o n s i d e r e d .
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

Wh e r e  h i gh  u p p e r-l aye r  te m p e r a tu r e s  o f 4 0 0  K a b o ve  am b i ‐
e n t ar e  an ti c i p ate d ,  8 0  p e r c e n t o f th e  p r e d i c te d  ve n t fow i s
e x p e c te d  to  b e  ac h i e ve d  wi th  an  i n l e t a r e a/ ve n t a r e a r ati o  o f 1 ,

wh e r e as  i t i s  e x p e c te d  th at 9 0  p e r c e n t o f th e  ve n t fow wi l l
r e s u l t fr o m  a r a ti o  o f 2 .  Wh e r e  r e l ati ve l y l o w u p p e r-l aye r
te m p e r a tu r e s ,  s u c h  as  2 0 0  K ab o ve  a m b i e n t,  ar e  e x p e c te d ,  a

r a ti o  o f i n l e t ai r / ve n t a r e a o f 1  wo u l d  r e s u l t i n  a b o u t
7 0  p e r c e n t o f th e  p r e d i c te d  ve n t fow,  wh e r e as  a  r ati o  o f 2
wo u l d  b e  e x p e c te d  to  p r o d u c e  ab o u t 9 0  p e r c e n t o f th e  p r e d i c ‐

te d  ve n t fow.

A.9.2.4.2    T h e  a e r o d yn am i c  ve n t ar e a  i s  a l wa ys  s m al l e r  th a n  th e
g e o m e tr i c  ve n t a r e a,  Av.  A d i s c h a r ge  coeffcient o f 0 . 6  s h o u l d
b e  r e as o n ab l e  fo r  m o s t ve n ts  a n d  fo r  d o o r s  an d  wi n d o ws  th a t
o p e n  a t l e as t 4 5  d e g r e e s .  H o we ve r,  th e  d i s c h ar g e  coeffcient

c a n  b e  d i ffe r e n t fo r  o th e r  typ e s  o f o p e n i n g s .  F o r  e x am p l e ,  a n
o p e n i n g  wi th  a l o u ve r  c a n  h a ve  a coeffcient r a n gi n g b e twe e n
0 . 1  a n d  0 . 4 .

A.9.2.5.4.1    F o r  c o n ti n u o u s -gr o wth  fres,  th e  e ar l i e r  th e  fre  i s
d e te c te d  an d  ve n ts  ac tu ate d ,  th e  s m al l e r  th e  fre  s i z e  at th e  e n d

o f th e  d e s i g n  i n te r va l  a n d  th e  s m a l l e r  th e  r e q u i r e d  ve n t ar e a .
I n  th e  c a s e  o f l i m i te d -gro wth  fres,  th e  e a r l i e r  th e  fre  i s  d e te c ‐
te d  an d  th e  ve n ts  ac tu a te d ,  th e  l e s s  l i ke l y to  o c c u r  a r e  a n  i n i ti al

u n d e r s p i l l  o f s m o ke  at th e  d r aft c u r ta i n s  an d  s m o ke  l aye r
d e s c e n t to  l o w h e i gh ts .

I f a d e s i gn  o b j e c ti ve  i s  to  confne  s m o ke  to  th e  c u r ta i n e d
a r e a o f o r i g i n ,  th e  ti m e  th e  l as t r e q u i r e d  ve n t o p e n s ,  tvo,  s h o u l d
n o t e x c e e d  th e  ti m e  th e  s m o ke  l a ye r  b o u n d a r y d r o p s  b e l o w

d r aft c u r ta i n s ,  wh i c h  c a n  b e  d e te r m i n e d  i n  ac c o r d an c e  wi th
E q u a ti o n  A. 9 . 2 . 5 . 4 . 1 a fo r  s te a d y fres  an d  E q u ati o n  A. 9 . 2 . 5 . 4 . 1 b
fo r  u n s te ad y fres.
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wh e r e :
zsi = h e i g h t o f s m o ke  l a ye r  i n te r fa c e  a b o ve  th e  b as e  o f th e  fre

t = ti m e  ( s e c )
Q = to tal  h e a t r e l e a s e  r a te

H = c e i l i n g h e i g h t a b o ve  b as e  o f fre
Ac = c u r ta i n e d  a r e a b e i n g  flled  wi th  s m o ke  ( m 2 )

A.9.2.5.4.2.1    T h e  r e s p o n s e  d a ta  i n  NFPA 72 a s s u m e  e x te n s i ve ,
fat,  h o r i z o n tal  c e i l i n gs .

T h i s  a s s u m p ti o n  m i gh t ap p e ar  o p ti m i s ti c  fo r  i n s ta l l a ti o n s
i n vo l vi n g b e am e d  c e i l i n g s .  H o we ve r,  an y d e l ay i n  o p e r ati o n  d u e
to  b e am s  i s  at l e as t p ar ti a l l y o ffs e t b y th e  o p p o s i te  e ffe c ts  o f th e

fo l l o wi n g :

( 1 ) H e a t b an ki n g  u p  u n d e r  th e  c e i l i n g  b e c a u s e  o f d r aft
c u r ta i n s  o r  wal l s

( 2 ) T h e  n e ar e s t ve n t o r  d e te c to r  u s u a l l y b e i n g  c l o s e r  to  th e
fre  th an  th e  a s s u m e d ,  gr e a te s t p o s s i b l e  d i s tan c e

 
[A.9.2.5.4.1a]

 
[A.9.2.5.4.1b]

F u s i b l e  l i n ks  ar e  c o m m o n l y u s e d  as  a c tu ato r s  fo r  m e c h a n i ‐
c a l l y o p e n e d  h e a t an d  s m o ke  ve n ts .  Wh e r e  th e  r e s p o n s e  ti m e

i n d e x  ( RT I )  an d  fu s i n g te m p e r a tu r e  o f a  fu s i b l e  l i n k ar e
kn o wn ,  a n d  as s u m i n g  th at th e  l i n k i s  s u b m e r ge d  i n  th e  c e i l i n g

j e t,  th e  r e l ati o n s h i p s  d e s c r i b e d  i n  NFPA 72 fo r  h e at-ac tu a te d
a l a r m  d e vi c e s  c a n  b e  u s e d  to  e s ti m ate  th e  o p e n i n g  o f a
m e c h an i c al  ve n t.

A.9.2.5.4.3.1    T h i s  r e q u i r e m e n t d o e s  n o t h a ve  a p ar a l l e l  i n
NFPA 72.  Te m p e r atu r e  r i s e  fo r  ac ti vati o n  o f s m o ke  d e te c to r s

d e p e n d s  o n  th e  specifc  d e te c to r  as  we l l  as  th e  m ate r i al  u n d e r ‐
g o i n g  c o m b u s ti o n .  L i m i te d  d a ta  o n  te m p e r atu r e  r i s e  a t d e te c ‐
ti o n  h a ve  p r e vi o u s l y b e e n  r e c o r d e d  i n  th e  r a n ge  o f 2 ° C  to

4 2 ° C ,  d e p e n d i n g o n  th e  d e te c to r / m a te r i al  c o m b i n a ti o n
( H e s ke s tad  an d  D e l i c h ats i o s ,  1 9 7 7 ) .

A.9.2.5.4.4.1    A c o m p u te r  p r o gr a m  kn o wn  a s  D E TAC T-T 2
( D E Te c to r  AC Tu ati o n  — T i m e  S q u a r e d )  ( E van s  an d  S tr o u p ,
1 9 8 5 )  i s  avai l ab l e  fo r  c a l c u l ati n g  th e  d e te c ti o n  ti m e s  o f h e a t

d e te c to r s  o r  fu s i b l e  l i n ks  i n  c o n ti n u o u s -gr o wth ,  t-s q u a r e d  fres.
D E TAC T-T 2  as s u m e s  th e  d e te c to r  i s  l o c ate d  i n  a l a r ge  c o m p a r t‐
m e n t wi th  an  unconfned  c e i l i n g ,  wh e r e  th e r e  i s  n o  ac c u m u l a‐

ti o n  o f h o t ga s e s  at th e  c e i l i n g .  T h u s ,  h e ati n g  o f th e  d e te c to r  i s
o n l y fr o m  th e  fow o f h o t g as e s  a l o n g th e  c e i l i n g.  I n p u t d ata
c o n s i s t o f c e i l i n g  h e i g h t,  ti m e  c o n s ta n t o r  RT I  o f th e  d e te c to r,

o p e r ati n g  te m p e r atu r e ,  d i s tan c e  o f th e  d e te c to r  fr o m  p l u m e
c e n te r l i n e ,  a n d  fre  g r o wth  r a te .  T h e  m o d e l  c a l c u l ate s  d e te c ‐
ti o n  ti m e s  fo r  s m o ke  d e te c to r s  (see 9. 2. 5. 4. 3) b a s e d  o n  th e  p r e d ‐
e c e s s o r  e q u ati o n s .  T h e  p r e d e c e s s o r  e q u ati o n s  as s u m e  c o m p l e te
c o m b u s ti o n  o f th e  te s t fu e l  u s e d  i n  th e  e x p e r i m e n ts  u s e d  to

d e ve l o p  th e  e q u ati o n s  b a s e d  o n  th e  ac tu al  h e a t o f c o m b u s ti o n :

u

T T gH

r

H
g o∆ /

.
/

.

( ) = 





−

1 2

0 63

0 59

wh e r e :
u = g as  ve l o c i ty at d e te c to r  s i te

r = r a d i u s  fr o m  fre  a x i s
ΔTg = g as  te m p e r atu r e  r i s e  fr o m  am b i e n t at d e te c to r

To = a m b i e n t ai r  te m p e r a tu r e
g = a c c e l e r ati o n  o f gr a vi ty

H = c e i l i n g  h e i g h t ( a b o ve  c o m b u s ti b l e s )

H o we ve r,  D E TAC T- T 2  c an  s ti l l  b e  u s e d ,  p r o vi d e d  th at th e
p r o j e c te d  fre  g r o wth  coeffcient,  αg,  i s  m u l ti p l i e d  b y th e  fac to r
1 . 6 7 .  I n  ad d i ti o n ,  wh e n  D E TAC T-T 2  i s  u s e d ,  th e  o u tp u ts  o f h e a t

r e l e as e  r a te  at d e te c to r  r e s p o n s e  fr o m  th e  p r o g r am  c a l c u l ati o n s
m u s t b e  d i vi d e d  b y 1 . 6 7  i n  o r d e r  to  e s ta b l i s h  h e at r e l e a s e  r ate s

a t d e te c to r  r e s p o n s e .

A.9.2.5.4.4.2    An o th e r  p r o g r am ,  D E TAC T- QS  ( D E Te c to r
AC Tu a ti o n  — Qu as i  S te ad y)  [ E van s  an d  S tr o u p ,  1 9 8 5 ] ,  i s  avai l ‐

ab l e  fo r  c a l c u l ati n g  d e te c ti o n  ti m e s  o f h e a t d e te c to r s ,  fu s i b l e
l i n ks ,  an d  s m o ke  d e te c to r s  i n  fres  o f ar b i tr ar y fre  gr o wth .

D E TAC T-QS  as s u m e s  th a t th e  d e te c to r  i s  l o c ate d  i n  a l a r ge
c o m p a r tm e n t wi th  a n  unconfned  c e i l i n g,  wh e r e  th e r e  i s  n o

ac c u m u l ati o n  o f h o t ga s e s  at th e  c e i l i n g.  T h u s ,  h e ati n g  o f th e
d e te c to r  i s  o n l y fr o m  th e  fow o f h o t g as e s  a l o n g th e  c e i l i n g .
I n p u t d ata c o n s i s t o f c e i l i n g h e i g h t,  ti m e  c o n s tan t o r  RT I  o f th e

d e te c to r,  o p e r a ti n g te m p e r a tu r e ,  d i s ta n c e  o f th e  d e te c to r  fr o m
th e  p l u m e  c e n te r l i n e ,  an d  fre  gr o wth  r ate .  T h e  m o d e l  c a l c u ‐
l ate s  d e te c ti o n  ti m e s  fo r  s m o ke  d e te c to r s  (see 9. 2. 5. 4. 3) b as e d

o n  th e  p r e d e c e s s o r  e q u ati o n s .  Qu as i -s te ad y te m p e r atu r e s  an d

 
[A.9.2.5.4.4.1 ]
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ve l o c i ti e s  ar e  as s u m e d  ( i . e . ,  i n s tan tan e o u s l y,  g as  te m p e r a tu r e s
an d  ve l o c i ti e s  u n d e r  th e  c e i l i n g  a r e  as s u m e d  to  b e  r e l ate d  to
th e  h e a t r e l e as e  r a te  a s  i n  a  s te a d y fre) .  C o m p a r e d  to  D E TAC T-
T 2 ,  D E TAC T-QS  p r o vi d e s  a m e an s  o f ad d r e s s i n g  fres  th at
c a n n o t b e  ap p r o x i m ate d  as  t-s q u ar e d  fres.  H o we ve r,  fo r
t-s q u ar e d  fres,  D E TAC T-QS  i s  l e s s  ac c u r a te  th an  D E TAC T-T 2
( i f th e  p r o j e c te d  fre  g r o wth  coeffcient i s  i n c r e as e d  a s
d e s c r i b e d  i n  9 . 2 . 5 . 4 . 4 . 1  a n d  A. 9 . 2 . 5 . 4 . 4 . 1 ) ,  e s p e c i al l y fo r  fa s t-
gr o wi n g  fres.

A.10.1    T h e r e  i s  a n  I S O  s ta n d ar d  fo r  m e c h an i c al  s m o ke  e x tr ac t
( I S O  2 1 9 2 7 -3 ,  Smoke and Heat Control Systems — Part 3: Specifca‐
tion for powered smoke and heat exhaust ventilators) .  T h e  I S O  s tan d ‐
ar d  i s  te c h n i c a l l y e q u i va l e n t to  th e  E u r o p e a n  ( E N )  s ta n d a r d  fo r
th e s e  p r o d u c ts .  P r o d u c ts  th at c a r r y th e  C E  m ar k,  wh i c h  i s
m a n d a to r y fo r  s al e  o f th e s e  p r o d u c ts  wi th i n  th e  E u r o p e a n
U n i o n ,  a r e  s u b j e c t to  i n d e p e n d e n t te s ti n g  an d  o n g o i n g  fac to r y
p r o d u c ti o n  c o n tr o l  b y Notifed  B o d i e s  ap p o i n te d  b y n a ti o n al
go ve r n m e n ts .  T h e  s tan d a r d  i s  B S  E N  1 2 1 0 1 - 3 ,  Smoke and Heat
Control Systems — Part 3: Specifcation for powered smoke and heat
exhaust ventilators.

A.10.1 .1    Wh e r e  te m p e r atu r e  d i ffe r e n c e s  o f l e s s  th an  1 1 0 ° C
( 2 3 0 ° F )  a r e  e x p e c te d ,  ve n t fows  m i g h t b e  r e d u c e d  signif‐
cantly;  th e r e fo r e ,  c o n s i d e r ati o n  s h o u l d  b e  g i ve n  to  u s i n g
p o we r e d  e x h a u s t.  N F PA 9 2  s h o u l d  b e  c o n s u l te d  fo r  g u i d a n c e
fo r  p o we r  ve n ti n g  at th e s e  l o we r  te m p e r atu r e s .

A.10.4    T h e  s i z i n g  a n d  s p ac i n g o f e x h au s t fan  i n ta ke s  s h o u l d
b a l an c e  th e  fo l l o wi n g  c o n c e r n s :

( 1 ) T h e  e x h au s t i n ta ke s  n e e d  to  b e  suffciently c l o s e  to  o n e
a n o th e r  to  p r e ve n t th e  s m o ke  fr o m  c o o l i n g to  th e  p o i n t

th a t i t l o s e s  b u o ya n c y a s  i t tr ave l s  al o n g th e  u n d e r s i d e  o f
th e  c e i l i n g to  an  i n ta ke  an d  d e s c e n d s  fr o m  th e  c e i l i n g .
T h i s  i s  p a r ti c u l a r l y i m p o r tan t fo r  s p ac e s  wh e r e  th e  l e n g th

i s  g r e ate r  th a n  th e  h e i g h t,  s u c h  as  s h o p p i n g m al l s .
( 2 ) T h e  e x h a u s t i n ta ke s  n e e d  to  b e  s i z e d  a n d  d i s tr i b u te d  i n

th e  s p ac e  to  m i n i m i z e  th e  l i ke l i h o o d  o f ai r  b e n e a th  th e
s m o ke  l a ye r  fr o m  b e i n g d r awn  th r o u g h  th e  l a ye r.  T h i s
p h e n o m e n o n  i s  c al l e d  p l u gh o l i n g.

T h e  o b j e c ti ve  o f d i s tr i b u ti n g fan  i n l e ts  i s  th e r e fo r e  to  e s ta b ‐
l i s h  a ge n tl e  an d  g e n e r al l y u n i fo r m  r a te  o ve r  th e  e n ti r e  s m o ke
l aye r.  To  ac c o m p l i s h  th i s ,  th e  ve l o c i ty o f th e  e x h au s t i n l e t
s h o u l d  n o t e x c e e d  th e  val u e  d e te r m i n e d  fr o m  E q u a ti o n  A. 1 0 . 4 .

F o r  p l u gh o l i n g  c a l c u l ati o n s ,  th e  s m o ke  te m p e r a tu r e  s h o u l d
b e  c al c u l a te d  a s  fo l l o ws :

T T
KQ

mC
o

c

p

= +

wh e r e :
T = s m o ke  l aye r  te m p e r a tu r e  ( ° F )

To = a m b i e n t te m p e r atu r e  ( ° F )
K = fr ac ti o n  o f c o n ve c ti ve  e n e r g y c o n tai n e d  i n  th e  s m o ke  l a ye r

g as e s
Qc = c o n ve c ti ve  p o r ti o n  o f h e at r e l e as e  ( B tu / s e c )

m = m a s s  fow r a te  o f th e  p l u m e  ( l b / s e c )
Cp = specifc  h e a t o f p l u m e  g as e s  ( 0 . 2 4   B tu / l b -° F )

A va l u e  o f K =  0 . 5  i s  s u g g e s te d  u n l e s s  m o r e  d e ta i l e d  i n fo r m a‐
ti o n  i s  avai l a b l e .

 
[A.10.4]

A.10.4.3    T h e  p l u g h o l i n g  e q u ati o n  o f th i s  p ar a gr a p h  i s  c o n s i s ‐
te n t wi th  a n d  d e r i ve d  fr o m  th e  s c al e  m o d e l  s tu d i e s  o f S p r att

an d  H e s e l d e n  [ 1 9 7 4 ] .  T h e  e q u a ti o n  i s  al s o  c o n s i s te n t wi th  th e
r e c e n t s tu d y o f N i i ,  N i tta,  H ar ad a,  an d  Ya m ag u c h i  [ 2 0 0 3 ] .

A.10.4.4    T h e  γ  fa c to r  o f 1 . 0  ap p l i e s  to  c e i l i n g  ve n ts  r e m o te
fr o m  a wal l .  Remote i s  r e g ar d e d  a s  a s e p a r ati o n  g r e ate r  th a n  two
ti m e s  th e  d e p th  o f th e  s m o ke  l a ye r  b e l o w th e  l o we r  p o i n t o f th e

e x h a u s t o p e n i n g.

A.10.4.5    T h e  γ  fac to r  o f 0 . 5  i s  b a s e d  u p o n  p o te n ti a l  fow
c o n s i d e r ati o n s  fo r  a c e i l i n g  ve n t a d j ac e n t to  a wa l l .  Wh i l e  γ

s h o u l d  va r y s m o o th l y fr o m  0 . 5  fo r  a ve n t d i r e c tl y ad j a c e n t to  a
wal l  to  1 . 0  fo r  a c e i l i n g ve n t r e m o te  fr o m  a  wal l ,  th e  avai l ab l e

d ata d o  n o t s u p p o r t th i s  l e ve l  o f d e ta i l  i n  th e  r e q u i r e m e n ts  o f
th e  s ta n d ar d .

A.10.4.6    T h e  γ  fa c to r  o f 0 . 5  i s  u s e d  fo r  al l  wa l l  ve n ts .  B e c au s e
n o  d a ta  e x i s t fo r  wa l l  e x h au s ts ,  a  va l u e  o f γ  g r e ate r  th a n  0 . 5
c o u l d  n o t b e  justifed.

A.10.4.7    N o i s e  d u e  to  e x h a u s t fa n  o p e r a ti o n  o r  d u e  to  ve l o c i ty
a t th e  e x h a u s t i n l e t s h o u l d  b e  l i m i te d  to  a l l o w th e  fre  a l a r m

s i gn a l  to  b e  h e ar d .

A.11.1    C h ap te r s  4  th r o u gh  1 0  r e p r e s e n t th e  s tate  o f te c h n o l ‐
o g y o f ve n t a n d  d r a ft c u r ta i n  b o ar d  d e s i gn  i n  th e  ab s e n c e  o f

s p r i n kl e r s .  A b r o ad l y a c c e p te d  e q u i va l e n t d e s i gn  b as i s  fo r  u s i n g
s p r i n kl e r s ,  ve n ts ,  an d  c u r tai n  b o a r d s  to ge th e r  fo r  h az ar d

c o n tr o l  ( e . g . ,  l i fe  s a fe ty,  p r o p e r ty p r o te c ti o n ,  wa te r  u s ag e ,
o b s c u r ati o n )  i s  c u r r e n tl y n o t a va i l a b l e .  D e s i gn e r s  ar e  c a u ti o n e d
th at th e  u s e  o f ve n ti n g wi th  au to m ati c  s p r i n kl e r s  i s  a n  ar e a  o f

o n g o i n g  r e s e a r c h  to  d e te r m i n e  i ts  beneft an d  e ffe c t i n
c o n j u n c ti o n  wi th  au to m ati c  s u p p r e s s i o n .  S e e  S e c ti o n  F. 3  fo r
m o r e  i n fo r m a ti o n .

Wh e r e  p r o vi d e d ,  th e  d e s i gn  o f ve n ti n g fo r  s p r i n kl e r e d  b u i l d ‐
i n g s  s h o u l d  b e  b a s e d  o n  an  e n g i n e e r i n g a n al ys i s  a c c e p ta b l e  to

th e  AH J ,  d e m o n s tr ati n g  th at th e  e s tab l i s h e d  o b j e c ti ve s  a r e  m e t.
(See Section  F. 3. )

Wh e r e  th e  AH J  r e q u i r e s  th a t ve n ts  i n  s p r i n kl e r e d  b u i l d i n g s
o p e r ate  a u to m a ti c a l l y,  th e  ve n ts  s h o u l d  b e  o p e r ate d  u s i n g th e r ‐
m a l  e l e m e n ts  th at ar e  at l e as t 2 1 ° C  ( 7 0 ° F )  h i gh e r  th an  th e

o p e r ati n g  te m p e r a tu r e  o f th e  s p r i n kl e r.

A.11.2    S m o ke  a n d  h e a t ve n ts  s h o u l d  b e  d e s i g n e d  n o t to
ad ve r s e l y i m p a c t th e  p e r fo r m a n c e  o f th e  au to m ati c  s p r i n kl e r

s ys te m .  S e e  2 0 . 6 . 5  o f N F PA 1 3 .  Te s ti n g  an d  c o m p u te r  m o d e l
s tu d i e s  c o n d u c te d  to  d ate  th at h ave  a d d r e s s e d  th e  i n te r a c ti o n

o f s m o ke  an d  h e at ve n ts  h a ve  b e e n  l i m i te d  to  c o n tr o l  m o d e
s p r i n kl e r s .  B e c au s e  E S F R s p r i n kl e r s  h ave  n o t b e e n  c o n s i d e r e d
i n  a n y s u c h  s tu d i e s ,  u s e  o f th e  g u i d a n c e  i n  th i s  d o c u m e n t i s  n o t

ap p l i c a b l e  to  E S F R s p r i n kl e r s .  T h e  RT I  i s  c o n s i d e r ab l y l o we r
th an ,  an d  th e  r e q u i r e d  wate r  d i s c h ar g e  p e r  s p r i n kl e r  i s  c o n s i d ‐
e r a b l y h i gh e r  th a n ,  th o s e  o f c o n tr o l  m o d e  s p r i n kl e r s .  T h e r e  i s

c o n c e r n  th a t e a r l y o p e r ati o n  o f a  s m o ke  an d  h e a t ve n ti n g
s ys te m  c o u l d  ad ve r s e l y affe c t th e  p e r fo r m a n c e  o f th e  fre

s u p p r e s s i o n  p r o vi d e d  b y E S F R s p r i n kl e r s .

A.11.3    F i g u r e  A. 1 1 . 3  s h o ws  th e  r e c o m m e n d e d  s p ac i n g  o f
s p r i n kl e r s  wi th  r e s p e c t to  th e  d r aft c u r ta i n  l o c ati o n s .

A.12.1    Re g u l ar  i n s p e c ti o n  an d  m a i n te n an c e  i s  e s s e n ti a l  fo r
e m e r g e n c y e q u i p m e n t a n d  s ys te m s  th at a r e  n o t s u b j e c te d  to

th e i r  i n te n d e d  u s e  fo r  m an y ye a r s .
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A. 1 2 . 2    Va r i o u s  typ e s  o f ap p r o ve d  au to m ati c  th e r m al  s m o ke
a n d  h e a t ve n ts  ar e  a va i l ab l e  c o m m e r c i a l l y.  T h e s e  ve n ts  fal l  i n to

th e  fo l l o wi n g two  g e n e r al  c a te g o r i e s :

( 1 ) M e c h an i c a l l y o p e n e d  ve n ts ,  wh i c h  i n c l u d e  s p r i n g -l i ft,
p n e u m ati c -l i ft,  o r  e l e c tr i c  m o to r-d r i ve n  ve n ts

( 2 ) T h e r m o p l as ti c  d r o p -o u t ve n ts ,  wh i c h  i n c l u d e  p o l yvi n yl
c h l o r i d e  ( P VC )  o r  ac r yl i c  d r o p -o u t p a n e l s

T h e r m o p l as ti c  d r o p -o u t ve n ts  d o  n o t a l l o w n o n d e s tr u c ti ve
o p e r ati o n .

A. 1 2 . 3 . 1 . 4    Ve n ts  d e s i g n e d  fo r  m u l ti p l e  fu n c ti o n s  ( e . g. ,  th e
e n tr a n c e  o f d ayl i gh t,  r o o f a c c e s s ,  c o m fo r t ve n ti l ati o n )  n e e d
m a i n te n an c e  o f th e  fre  p r o te c ti o n  fu n c ti o n  th at m i gh t b e

i m p ai r e d  b y th e  o th e r  u s e s .  T h e s e  i m p a i r m e n ts  c an  i n c l u d e  l o s s
o f s p r i n g te n s i o n ;  r a c ki n g o r  we ar  o f m o vi n g  p a r ts ;  a d ve r s e

e x te r i o r  c o o l i n g  e ffe c ts  o n  th e  fre  p r o te c ti o n  r e l e a s e  m e c h a‐
n i s m ;  ad ve r s e  c h a n ge s  i n  p e r fo r m an c e  s e q u e n c e ,  s u c h  a s
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D ra f t  c u r t a i n s

S t o ra g e  ra c ks

S

=  S t o ra g e  ra c ks

=  D ra f t  c u r t a i n s

=  S p r i n kl e r  s p a c i n g  i n  s a m e  d i r e c t i o n

E x a m p l e :  S p r i n kl e r  s p a c i n g  i s  1 0  f t  ( 3  m )  i n  b o t h  d i r e c t i o n s .
M i n i m u m  s p a c i n g  b e t w e e n  fa c e  o f  s t o ra g e  a n d  d ra f t  c u r t a i n  i s  7 . 5  f t
( 2 . 3  m )  s o  m i n i m u m  a i s l e  s p a c e  a t  d ra f t  c u r t a i n  g re a t e r  t h a n  o r e q u a l

t o  1 5  f t  ( 4 . 6  m ) .

FI G U RE  A. 1 1 . 3   Re c o m m e n d e d  S p ri n kl e r S p ac i n g wi th
Re s p e c t to  D raft C u r tai n  L o c ati o n s .

p r e m atu r e  h e at ac tu a ti o n  l e ad i n g to  o p e n i n g  o f th e  ve n t;  o r
r e d u c e d  s e n s i ti vi ty to  h e a t.

A. 1 2 . 3 . 2 . 2    I n s p e c ti o n  s c h e d u l e s  s h o u l d  i n c l u d e  p r o vi s i o n s  fo r
te s ti n g al l  u n i ts  at 1 2 -m o n th  i n te r val s  o r  o n  a  s c h e d u l e  b as e d

o n  a p e r c e n ta ge  o f th e  to tal  u n i ts  to  b e  te s te d  e ve r y m o n th  o r
e ve r y two  m o n th s .  S u c h  p r o c e d u r e s  i m p r o ve  r e l i a b i l i ty.  A

c h a n ge  i n  o c c u p an c y,  o r  i n  n e i g h b o r i n g o c c u p a n c i e s ,  a n d  i n
m a te r i al s  b e i n g u s e d  c o u l d  i n tr o d u c e  a signifcant c h a n ge  i n
th e  n atu r e  o r  s e ve r i ty o f c o r r o s i ve  atm o s p h e r e  e x p o s u r e ,  d e b r i s

a c c u m u l a ti o n ,  o r  p h ys i c al  e n c u m b r an c e  an d  c o u l d  n e c e s s i ta te
a c h an g e  i n  th e  i n s p e c ti o n  s c h e d u l e .

A. 1 2 . 3 . 2 . 3    Re c o r d i n g  a n d  l o g g i n g  o f a l l  p e r ti n e n t c h ar a c te r i s ‐
ti c s  o f p e r fo r m an c e  a l l o ws  r e s u l ts  to  b e  c o m p a r e d  wi th  th o s e  o f
p r e vi o u s  i n s p e c ti o n s  o r  ac c e p tan c e  te s ts  a n d  th u s  p r o vi d e s  a

b a s i s  fo r  d e te r m i n i n g th e  n e e d  fo r  m ai n te n a n c e  o r  fo r  m o d i fy‐
i n g  th e  fr e q u e n c y o f th e  i n s p e c ti o n  s c h e d u l e  to  ft th e  e x p e r i ‐
e n c e .

A. 1 2 . 3 . 3 . 1    T h e  s am e  g e n e r al  c o n s i d e r ati o n s  fo r  i n s p e c ti o n
th a t ap p l y to  m e c h an i c al l y o p e n e d  ve n ts  al s o  p e r ta i n  to  th e r ‐

m o p l as ti c  d r o p -o u t ve n ts .  T h e  th e r m o p l as ti c  p an e l s  o f th e s e
ve n ts  ar e  d e s i g n e d  to  s o fte n  an d  d r o p  o u t fr o m  th e  ve n t o p e n ‐
i n g  i n  r e s p o n s e  to  th e  h e at o f a  fre.  T h i s  m a ke s  an  o p e r ati o n al

te s t afte r  i n s tal l ati o n  i m p r ac ti c ab l e .  Re c o g n i z e d  fre  p r o te c ti o n
te s ti n g  l a b o r a to r i e s  h ave  d e ve l o p e d  s tan d ar d s  an d  p r o c e d u r e s
fo r  e va l u a ti n g th e r m o p l as ti c  d r o p -o u t ve n ts ,  i n c l u d i n g  fac to r y

a n d  feld  i n s p e c ti o n  s c h e d u l e s .  I t i s  s u g g e s te d  th at l a b o r a to r y
r e c o m m e n d a ti o n s  b e  fo l l o we d  fo r  th e  feld  i n s p e c ti o n  o f s u c h
u n i ts .

A. 1 2 . 3 . 3 . 2    T h e r m o p l as ti c  d r o p -o u t ve n ts  u ti l i z e  var i o u s  typ e s
o f p l as ti c s  s u c h  as  P VC  an d  ac r yl i c .  Wi th o u t th e  p r e s e n c e  o f

u l tr avi o l e t ( U V)  s tab i l i z e r s ,  e x p o s u r e  to  U V r ays  c an  c au s e
d e g r ad a ti o n  a n d  fai l u r e  o f th e  th e r m o p l as ti c  c o m p o n e n t
( d o m e ) .  I n d i c ati o n  o f U V d e g r ad a ti o n  i n c l u d e s  ye l l o wi n g ,

b r o wn i n g,  o r  b l a c ke n i n g  o f th e  d o m e ,  a s  we l l  as  c r a c ki n g  o r  a
b r i ttl e  te x tu r e  o f th e  d o m e .  ( T h i s  c o n d i ti o n  c a n  p r e ve n t p r o p e r
o p e r ati o n  o f th e  th e r m o p l as ti c  m ate r i a l ;  i . e . ,  i t wi l l  n o t o p e r ate
at i ts  d e s i g n  a c ti vati o n  te m p e r a tu r e . )  C o r r e c ti ve  ac ti o n  r e q u i r e s

r e p l a c i n g th e  th e r m o p l a s ti c  d o m e  wi th  a  d o m e  h avi n g  an
e q u i val e n t th e r m a l  r e s p o n s e .

A. 1 2 . 4 . 1 . 3    T h e  wh i p p i n g ac ti o n  o f th e  c ab l e  o n  r e l e a s e
p r e s e n ts  a p o s s i b i l i ty o f i n j u r y to  a n yo n e  i n  th e  ar e a.  F o r  th i s
r e as o n ,  th e  p e r s o n  c o n d u c ti n g  th e  te s t s h o u l d  e n s u r e  th a t a l l

p e r s o n n e l  a r e  we l l  c l e a r  o f th e  ar e a  wh e r e  wh i p p i n g  o f th e
c a b l e  m i g h t o c c u r.

A. 1 3 . 1    D e s i gn  d o c u m e n tati o n  i s  c r i ti c a l  to  th e  p r o p e r  i n s tal l a‐
ti o n ,  o p e r ati o n ,  an d  m ai n te n a n c e  o f th e  s m o ke  an d  h e at ve n t
s ys te m s .  I t fo r m s  th e  b as i s  fo r  e val u a ti n g th e  s ys te m ' s  ad e q u ac y

to  p e r fo r m  as  i n te n d e d  i f th e  b u i l d i n g o r  i ts  u s e  i s  modifed.
Ad d i ti o n a l  i n fo r m ati o n  o n  h o w to  p r e p ar e  d e s i gn  d o c u m e n ta‐
ti o n  c an  b e  fo u n d  i n  th e  SFPE Engineering Guide to Performance-

Based Fire Protection.
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An n e x  B    T h e  T h e o re ti c al  B as i s  o f L AVE N T

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

B . 1  O ve r vi e w.    T h i s  a n n e x  d e ve l o p s  th e  p h ys i c a l  b a s i s  an d  a n
as s o c i ate d  m ath e m a ti c al  m o d e l  fo r  e s ti m a ti n g th e  fre-
generated  e n vi r o n m e n t a n d  th e  r e s p o n s e  o f s p r i n kl e r  l i n ks  i n

we l l -ve n ti l ate d  c o m p ar tm e n t fres  wi th  c u r ta i n  b o ar d s  a n d  c e i l ‐
i n g  ve n ts  ac tu ate d  b y h e at-r e s p o n s i ve  e l e m e n ts  s u c h  as  fu s i b l e

l i n ks  o r  th e r m o p l a s ti c  d r o p -o u t p a n e l s .  C o m p l e te  e q u a ti o n s
an d  a s s u m p ti o n s  a r e  p r e s e n te d .  P h e n o m e n a  take n  i n to
ac c o u n t i n c l u d e  th e  fo l l o wi n g :

( 1 ) F l o w d yn am i c s  o f th e  u p war d - d r i ve n ,  b u o ya n t fre  p l u m e
( 2 ) Gr o wth  o f th e  e l e vate d -te m p e r a tu r e  s m o ke  l aye r  i n  th e

c u r ta i n e d  c o m p a r tm e n t
( 3 ) F l o w o f s m o ke  fr o m  th e  l aye r  to  th e  o u ts i d e  th r o u g h

o p e n  c e i l i n g ve n ts
( 4 ) F l o w o f s m o ke  b e l o w c u r tai n  p ar ti ti o n s  to  b u i l d i n g  s p ac e s

a d j ac e n t to  th e  c u r tai n e d  s p a c e  o f fre  o r i g i n
( 5 ) C o n ti n u ati o n  o f th e  fre  p l u m e  i n  th e  u p p e r  l a ye r
( 6 ) H e at tr an s fe r  to  th e  c e i l i n g  s u r fac e  an d  th e  th e r m al

r e s p o n s e  o f th e  c e i l i n g a s  a  fu n c ti o n  o f r a d i a l  d i s ta n c e
fr o m  th e  p o i n t o f p l u m e -c e i l i n g  i m p i n ge m e n t

( 7 ) Ve l o c i ty an d  te m p e r atu r e  d i s tr i b u ti o n  o f p l u m e -d r i ve n
n e ar-c e i l i n g fows  an d  th e  r e s p o n s e  o f n e ar-c e i l i n g –

d e p l o ye d  fu s i b l e  l i n ks  as  fu n c ti o n s  o f d i s ta n c e  b e l o w th e
c e i l i n g

( 8 ) D i s ta n c e  fr o m  p l u m e - c e i l i n g i m p i n g e m e n t

T h e  th e o r y p r e s e n te d  h e r e  i s  th e  b a s i s  o f th e  L AVE N T
c o m p u te r p r o g r am  th at i s  s u p p o r te d  b y a  u s e r  gu i d e ,  wh i c h  i s
p r e s e n te d  i n  An n e x   C ,  an d  th a t c a n  b e  u s e d  to  s tu d y p ar a m e tr i ‐
c a l l y a wi d e  r an g e  o f r e l e van t fre  s c e n a r i o s  [ 1 –3 ] .

B . 2  I n tro d uc ti o n .    T h e  s p ac e  u n d e r  c o n s i d e r ati o n  i s  a s p a c e  o f
a p l a n  a r e a,  A,  defned  b y c e i l i n g -m o u n te d  c u r ta i n  b o a r d s  wi th

a  fre  o f ti m e -d e p e n d e n t e n e r gy r e l e as e  r a te ,  ɺQ t( ) ,  an d  wi th

o p e n  c e i l i n g  ve n ts  o f to ta l  ti m e - d e p e n d e n t ar e a ,  AV(t).  T h e
c u r ta i n e d  ar e a  c an  b e  c o n s i d e r e d  a s  o n e  o f s e ve r al  s u c h  s p a c e s

i n  a l a r ge  b u i l d i n g c o m p ar tm e n t.  Al s o ,  b y s p e c i fyi n g  th a t th e
c u r ta i n s  b e  d e e p  e n o u gh ,  th e y c an  b e  th o u g h t o f a s  s i m u l ati n g

th e  wa l l s  o f a s i n g l e ,  u n c u r ta i n e d  c o m p a r tm e n t.  T h i s  a n n e x
p r e s e n ts  th e  p h ys i c al  b a s i s  a n d  a s s o c i a te d  m ath e m ati c al  m o d e l
fo r  e s ti m a ti n g th e  fre-generated  e n vi r o n m e n t an d  th e

r e s p o n s e  o f s p r i n kl e r  l i n ks  i n  c u r ta i n e d  c o m p ar tm e n t fres  wi th
c e i l i n g  ve n ts  a c tu ate d  b y h e at-r e s p o n s i ve  e l e m e n ts  s u c h  a s  fu s i ‐

b l e  l i n ks  o r  th e r m o p l a s ti c  d r o p -o u t p an e l s .

T h e  o ve r a l l  b u i l d i n g c o m p ar tm e n t i s  as s u m e d  to  h ave  near-
foor  wal l  ve n ts  th at ar e  l ar g e  e n o u g h  to  m a i n tai n  th e  i n s i d e
e n vi r o n m e n t,  b e l o w an y n e a r-c e i l i n g  s m o ke  l aye r s  th at c o u l d

fo r m ,  a t a s s u m e d  i n i ti a l  o u ts i d e - am b i e n t c o n d i ti o n s .  F i gu r e
F. 2 ( a)  d e p i c ts  th e  ge n e r i c  fre  s c e n ar i o  fo r  th e  s p ac e  u n d e r
c o n s i d e r ati o n .  T h e  a s s u m p ti o n  o f l ar g e  near-foor  wal l  ve n ts

n e c e s s i tate s  th at th e  m o d e l i n g  b e  r e s tr i c te d  to  c o n d i ti o n s
wh e r e  y,  th e  e l e vati o n  o f th e  s m o ke  l aye r  i n te r fac e ,  i s  a b o ve  th e
foor  e l e va ti o n  ( i . e . ,  y >  0 ) .  T h e  a s s u m p ti o n  a l s o  h as  i m p o r tan t

i m p l i c ati o n s  wi th  r e ga r d  to  th e  c r o s s - c e i l i n g ve n t p r e s s u r e
d i ffe r e n ti a l .  T h i s  i s  th e  p r e s s u r e  d i ffe r e n ti a l  th a t d r i ve s

e l e vate d -te m p e r atu r e  u p p e r- l aye r  s m o ke  th r o u g h  th e  c e i l i n g
ve n ts  to  th e  o u ts i d e .  T h e r e fo r e ,  b e l o w th e  s m o ke  l aye r  ( i . e . ,
fr o m  th e  foor  o f th e  fac i l i ty to  th e  e l e va ti o n  o f th e  s m o ke  l a ye r

i n te r fac e ) ,  th e  i n s i d e - to -o u ts i d e  h yd r o s tati c  p r e s s u r e  d i ffe r e n ‐
ti a l  e x i s ts  a t a l l  e l e va ti o n s  i n  th e  r e d u c e d -d e n s i ty s m o ke  l a ye r
i ts e l f ( h i g h e r  p r e s s u r e  i n s i d e  th e  c u r ta i n e d  ar e a,  l o we r  p r e s s u r e

i n  th e  o u ts i d e  e n vi r o n m e n t) ,  th e  m ax i m u m  d i ffe r e n ti a l  o c c u r ‐
r i n g a t th e  c e i l i n g  an d  a c r o s s  th e  o p e n  c e i l i n g  ve n ts .

B . 3  T h e  B as i c  E q u ati o n s .    A two -l a ye r,  z o n e -typ e  c o m p a r tm e n t
fre  m o d e l  i s  u s e d  to  d e s c r i b e  th e  p h e n o m e n a  u n d e r  i n ve s ti g a‐
ti o n .  As  i s  typ i c a l  i n  s u c h  m o d e l s ,  th e  u p p e r  s m o ke  l a ye r  o f

to tal  m a s s ,  mU,  i s  as s u m e d  to  b e  u n i fo r m  i n  d e n s i ty,  ρU,  an d
a b s o l u te  te m p e r a tu r e ,  TU.

T h e  fo l l o wi n g  ti m e -d e p e n d e n t e q u a ti o n s  d e s c r i b e  c o n s e r va‐
ti o n  o f e n e r gy,  m as s ,  an d  th e  p e r fe c t ga s  l aw i n  th e  u p p e r
s m o ke  l aye r.

C o n s e r vati o n  o f e n e r gy,

d y y T AC

dt
q A

dy

dt

ceil U U V

U

−( )  = + 





ρ
ρɺ

C o n s e r vati o n  o f m as s ,

dm

dt
m

U

U
= ɺ

m y y AU ceil U= ( )− ρ

P e r fe c t g as  l aw,

ρ ρ
ρ ρ

U

U U amb amb

R R
constant T T∝ = = =

T h a t i s ,

T
T

U

amb amb

U

=
ρ

ρ

I n  th e  p r e c e d i n g e q u ati o n s ,  yceil i s  th e  e l e va ti o n  o f th e  c e i l i n g
ab o ve  th e  foor,  R = Cp-CV i s  th e  ga s  c o n s ta n t,  Cp an d  CV ar e  th e
specifc  h e a ts  at a  c o n s ta n t p r e s s u r e  an d  vo l u m e ,  r e s p e c ti ve l y,
an d  p i s  a c o n s ta n t c h a r ac te r i s ti c  p r e s s u r e  ( e . g . ,  patm)  at th e
foor  e l e va ti o n .  I n  E q u a ti o n  B . 3 a,  ɺqU  i s  th e  n e t r a te  o f e n th al p y
fow p l u s  h e at tr an s fe r  to  th e  u p p e r l aye r  a n d  i s  m ad e  u p  o f
fow c o m p o n e n ts  a s  fo l l o ws :  ɺq

curt ,  fr o m  b e l o w th e  c u r tai n ;
ɺqplume ,  fr o m  th e  p l u m e ;  ɺq

vent ,  fr o m  th e  c e i l i n g ve n t;  a n d  th e
c o m p o n e n t ɺqHT ,  th e  to tal  h e a t tr an s fe r  r a te .

ɺ ɺ ɺ ɺ ɺq q q q qU curt plume vent HT= + + +

 
[ B . 3 a]

 
[ B . 3 b ]

 
[ B . 3 c ]

 
[ B . 3 d ]

 
[ B . 3 e ]

 
[ B . 3 f]
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I n  E q u a ti o n  B . 3 b ,  ɺm
U  i s  th e  n e t r ate  o f m as s  fow to  th e

u p p e r  l aye r  wi th  fow c o m p o n e n ts ;  ɺm
curt ,  fr o m  b e l o w th e

c u r ta i n ;  ɺmplume ,  fr o m  th e  p l u m e ;  a n d  ɺm
vent ,  fr o m  th e  c e i l i n g

ve n t.

ɺ ɺ ɺ ɺm m m mU curt plume vent= + +

U s i n g  E q u a ti o n  B . 3 c  i n  E q u a ti o n  B . 3 a l e ad s  to

dy

dt

q

AC p T
U

amb amb

=
ɺ

ρ

i f

y y qceil U=  a n d  ɺ ≥ 0

o r

0 < >y y qceil U an d   i s  a r b i tr ar yɺ

B e c a u s e  b o th  o f th e s e  c o n d i ti o n s  ar e  satisfed,  E q u a ti o n  B . 3 h
i s  al wa ys  ap p l i c ab l e .

T h e  b as i c  p r o b l e m  o f m a th e m ati c a l l y s i m u l a ti n g th e  g r o wth
a n d  p r o p e r ti e s  o f th e  u p p e r  l aye r  fo r  th e  g e n e r i c  F i gu r e  F. 2 ( a)

s c e n a r i o  n e c e s s i tate s  th e  s o l u ti o n  o f th e  s ys te m  o f E q u a ti o n
B . 3 b  an d  E q u ati o n  B . 3 h  fo r  mU an d  y.  Wh e n  mU >  0 ,  ρU c a n  b e
c o m p u te d  fr o m  E q u a ti o n  B . 3 c  a c c o r d i n g  to  th e  fo l l o wi n g:

ρU
ceil

U

U

y y A

m
m=

( )−
>;  i f 0

a n d  TU c a n  b e  d e te r m i n e d  fr o m  E q u a ti o n  B . 3 e .

B . 4  M as s  Fl o w an d  E n th al p y Fl o w P l u s  H e at Tran s fe r.

B . 4 . 1  Fl o w to  th e  U p p e r L aye r fro m  th e  Ve n ts .    C o n s e r va ti o n
o f m o m e n tu m  a c r o s s  a l l  o p e n  c e i l i n g ve n ts  as  e x p r e s s e d  b y

B e r n o u l l i ' s  e q u a ti o n  l e ad s  to  th e  fo l l o wi n g :

V C
ceil

U

=






2
1 2

∆ρ
ρ

/

ɺm A V A C
vent U V V U ceil

= − = − ( )ρ ρ ρ2
1 2

∆
/

wh e r e :
V = th e  ave r ag e  ve l o c i ty th r o u g h  al l  o p e n  ve n ts

C = th e  ve n t fow coeffcient ( 0 . 6 8 )  [ 4 ]
Δρceil = th e  c r o s s -ve n t p r e s s u r e  d i ffe r e n c e

 
[ B . 3 g]

 
[ B . 3 h ]

 
[ B . 3 i ]

 
[ B . 4 . 1 a]

 
[ B . 4 . 1 b ]

F r o m  h yd r o s ta ti c s ,

∆ρ ρ ρ

ρ ρ

ceil U ceil amb ceil

amb U ceil

y y y y

g y y

= =( ) =( )

= −( ) ( )

−

−

wh e r e :
g = th e  ac c e l e r a ti o n  o f gr a vi ty

S u b s ti tu ti n g  E q u ati o n  B . 4 . 1 c  i n to  E q u a ti o n  B . 4 . 1 b  l e ad s  to
th e  d e s i r e d  ɺm

vent  r e s u l t,  a s  fo l l o ws :

ɺm A C g y yvent V U amb U ceil= − ( ) ( ) 2
1 2

ρ ρ ρ− −
/

wh i c h  i s  e q u i val e n t to  th e  e q u a ti o n s  u s e d  to  e s ti m a te  c e i l i n g
ve n t fow r ate s  (see Equation 9. 2. 4. 1  and references [5] and [6]).

U s i n g  E q u a ti o n  B . 4 . 1 d ,  th e  d e s i r e d  ɺq
vent  r e s u l t i s  a s  fo l l o ws :

ɺ ɺq m C Tvent vent P U=

B . 4 . 2  Fl o w to  th e  L aye r fro m  th e  P l u m e  an d  Rad i ati o n  fro m
th e  Fi re .    I t i s  a s s u m e d  th at th e  m as s  ge n e r a ti o n  r ate  o f th e  fre

i s  s m al l  c o m p ar e d  to  ɺm
ent ,  th e  r ate  o f m a s s  o f ai r  e n tr ai n e d  i n to

th e  p l u m e  b e twe e n  th e  fre  e l e va ti o n ,  yfre,  an d  th e  l aye r  i n te r ‐

fac e ,  o r  c o m p ar e d  to  o th e r  m as s  fow r a te  c o m p o n e n ts  o f ɺm
U .

I t i s  a l s o  a s s u m e d  th a t al l  o f th e  ɺm
ent  p e n e tr ate s  th e  l aye r  i n te r ‐

fa c e  a n d  e n te r s  th e  u p p e r  l aye r.  T h e re fo r e ,

ɺ ɺm mplume ent=

ɺ ɺ ɺq m C T Qplume ent P amb r= + ( )1 − λ

T h e  frst te r m  o n  th e  r i g h t s i d e  o f E q u a ti o n  B . 4 . 2 b  i s  th e
e n th al p y as s o c i ate d  wi th  ɺm

ent ,  an d  λr,  i n  th e  s e c o n d  te r m  i n
E q u a ti o n  B . 4 . 2 b ,  i s  th e  e ffe c ti ve  fr ac ti o n  o f ɺQ  a s s u m e d  to  b e

r ad i ate d  i s o tr o p i c al l y fr o m  th e  fre's  c o m b u s ti o n  z o n e .

I t i s  as s u m e d  th a t th e  s m o ke  l aye r  i s  r e l ati ve l y tr an s p ar e n t
a n d  th at i t d o e s  n o t p ar ti c i p ate  i n  an y signifcant r a d i a ti o n  h e a t

tr a n s fe r  e x c h a n ge s .  I n  p ar ti c u l ar,  al l  o f th e  λrQ r ad i a ti o n  i s
a s s u m e d  to  b e  i n c i d e n t o n  th e  b o u n d i n g  s u r fa c e s  o f th e
c o m p a r tm e n t.  T h e r e fo r e ,  th e  l as t te r m  o f E q u ati o n  B . 4 . 2 b  i s

th e  n e t a m o u n t o f e n th al p y a d d e d  to  th e  u p p e r  l a ye r  fr o m  th e
c o m b u s ti o n  z o n e  an d  i ts  b u o ya n c y-d r i ve n  p l u m e .  F l am i n g  fres
e x h i b i t va l u e s  fo r  λr o f 0  <  λr <  0 . 6  ( e . g. ,  s m al l e s t val u e s  fo r
s m al l  m e th an e  fres  a n d  h i g h e s t va l u e s  fo r  l a r ge  p o l ys tyr e n e
fres) .  H o we ve r,  fo r  a  h az ar d o u s  fre  i n vo l vi n g a wi d e  r a n ge  o f
c o m m o n  g r o u p i n g s  o f c o m b u s ti b l e s ,  i t i s  r e a s o n a b l e  to  ap p r o x ‐

i m ate  fame  r ad i a ti o n  b y c h o o s i n g  λ  ∝  0 . 3 5  [ 7 ] .

 
[ B . 4 . 1 c ]

 
 [ B . 4 . 1 d ]

 
[ B . 4 . 1 e ]

 
[ B . 4 . 2 a]

 
[ B . 4 . 2 b ]



S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 3 0

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

A specifc  p l u m e  e n tr ai n m e n t m o d e l  i s  n e c e s s a r y to
c o m p l e te  E q u ati o n s  B . 4 . 1 e  a n d  B . 4 . 2 a fo r  ɺmplume  an d  ɺqplume .  T h e
fo l l o wi n g  e s ti m a te  fo r  ɺm

ent  [ 8 ,  9 ]  i s  ad o p te d  as  fo l l o ws :
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wh e r e  ɺm
ent  i s  i n  kg/ s e c ,  ɺQ  i s  i n  kW,  an d  y,  yfre,  Lfame a r e  i n  m

a n d  wh e r e
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I n  E q u ati o n s  B . 4 . 2 c  th r o u g h  B . 4 . 2 e ,

Lfame i s  th e  fre's  fame  l e n g th .

Dfre i s  th e  e ffe c ti ve  d i am e te r  o f th e  fre  s o u r c e  ( π D2
fre/ 4  =

a r e a o f th e  fre  s o u r c e ) .

∈  i s  c h o s e n  s o  th at,  an a l yti c a l l y,  th e  val u e  o f ɺm
ent  i s  e x ac tl y

c o n ti n u o u s  a t th e  e l e va ti o n  y =  yfre +  Lfame.

B . 4 . 3  Fl o w to  th e  L aye r fro m  B e l o w th e  C u r tai n s .    I f th e  u p p e r
l aye r  i n te r fac e ,  y,  d r o p s  b e l o w th e  e l e vati o n  o f th e  b o tto m  o f

th e  c u r ta i n s ,  ycurt,  m as s  an d  e n th a l p y fows  o c c u r  fr o m  th e
u p p e r  l aye r  o f th e  c u r ta i n e d  a r e a wh e r e  th e  fre  i s  l o c ate d  to
ad j a c e n t c u r ta i n e d  ar e a s  o f th e  o ve r al l  b u i l d i n g c o m p a r tm e n t.

T h e  m a s s  fow r ate  i s  th e  r e s u l t o f h yd r o s tati c  c r o s s -c u r tai n
p r e s s u r e  d i ffe r e n ti al s .  P r o vi d e d  ad j a c e n t c u r tai n e d  ar e a s  a r e
n o t ye t flled  wi th  s m o ke ,  th i s  p r e s s u r e  d i ffe r e n c e  i n c r e as e s

l i n e a r l y fr o m  z e r o  at th e  l a ye r  i n te r fac e  to  Δpcurt a t y = ycurt.

 
   [ B . 4 . 2 c ]

 
[ B . 4 . 2 d ]

 
[ B . 4 . 2 e ]

F r o m  h yd r o s ta ti c s ,

∆ρ ρ ρ

ρ ρ

curt U curt amb curt

amb U curt

y y y y

g y y

= =( ) =( )

= ( ) ( )

−

− −

U s i n g  E q u a ti o n  B . 4 . 3 a  to ge th e r  wi th  we l l - kn o wn  ve n t fow
r e l ati o n s  ( e . g . ,  E q u a ti o n  3 2  o f r e fe r e n c e  [ 4 ] ) ,  ɺm

curt  an d  ɺq
curt

c a n  b e  e s ti m ate d  fr o m  th e  fo l l o wi n g:

ɺm

y y

L
y y g

curt

curt

curt

curt U amb U

=
( ) ( ) 

0

3
8

3
1 2

;

;
/

i f 

i

≥

− − −ρ ρ ρ ff y y
curt

≤   

ɺ ɺq m C Tcurt curt P U=

wh e r e  Lcurt i s  th at l e n g th  o f th e  p e r i m e te r  o f th e  c u r ta i n e d
a r e as  o f th e  fre  o r i gi n  th a t i s  c o n n e c te d  to  o th e r  c u r ta i n e d

ar e as  o f th e  o ve r a l l  b u i l d i n g  c o m p ar tm e n t.  F o r  e x a m p l e ,  i f th e
c u r ta i n e d  ar e a  i s  i n  o n e  c o r n e r  o f th e  b u i l d i n g  c o m p a r tm e n t,
th e n  th e  l e n gth  o f i ts  two  s i d e s  c o i n c i d e n t wi th  th e  wal l s  o f th e

c o m p a r tm e n t ar e  n o t i n c l u d e d  i n  Lcurt.  B e c au s e  th e  ge n e r i c
ve n t fow confguration  u n d e r  c o n s i d e r a ti o n  i n  th i s  c as e  i s  l o n g

an d  d e e p ,  a  fow coeffcient fo r  th e  ve n t fow i n c o r p o r ate d  i n to
E q u a ti o n  B . 4 . 3 b  i s  take n  to  b e  1 .

B . 4 . 4  H e at Tran s fe r to  th e  U p p e r L aye r.    As  d i s c u s s e d  i n  B . 4 . 3 ,
wh e r e  th e  fre  i s  b e l o w th e  l aye r  i n te r fac e ,  th e  b u o yan t fre

p l u m e  r i s e s  to war d  th e  c e i l i n g,  an d  a l l  o f i ts  m as s  an d  e n th al p y

fow,  ɺmplume  an d  ɺqplume ,  ar e  as s u m e d  to  b e  d e p o s i te d  i n to  th e

u p p e r  l aye r.  H a vi n g p e n e tr ate d  th e  i n te r fa c e ,  th e  p l u m e
c o n ti n u e s  to  r i s e  to ward  th e  c e i l i n g o f th e  c u r tai n e d  c o m p a r t‐

m e n t.  As  i t i m p i n ge s  o n  th e  c e i l i n g  s u r fac e ,  th e  p l u m e  fow
tu r n s  an d  fo r m s  a  r e l ati ve l y h i g h -te m p e r atu r e ,  h i g h -ve l o c i ty,
tu r b u l e n t c e i l i n g j e t th a t fows  r a d i al l y o u twa r d  al o n g th e  c e i l ‐

i n g an d  tr a n s fe r s  h e a t to  th e  r e l a ti ve l y c o o l  c e i l i n g  s u r fa c e .  T h e
c e i l i n g j e t i s  c o o l e d  b y c o n ve c ti o n ,  a n d  th e  c e i l i n g  m ate r i a l  i s
h e ate d  b y c o n d u c ti o n .  T h e  c o n ve c ti ve  h e a t tr a n s fe r  r a te  i s  a

s tr o n g fu n c ti o n  o f th e  r ad i al  d i s tan c e  fr o m  th e  p o i n t o f p l u m e -
c e i l i n g i m p i n g e m e n t a n d  r e d u c e s  r a p i d l y wi th  i n c r e a s i n g
r ad i u s .  I t i s  d e p e n d e n t a l s o  o n  th e  c h ar ac te r i s ti c s  o f th e  p l u m e

i m m e d i a te l y u p s tr e a m  o f c e i l i n g  i m p i n ge m e n t.

T h e  c e i l i n g  j e t i s  b l o c ke d  e ve n tu a l l y b y th e  c u r tai n s ,  wa l l
s u r fac e s ,  o r  b o th .  I t th e n  tu r n s  d o wn wa r d  a n d  fo r m s  ve r ti c al

s u r fac e  fows.  I n  th e  c a s e  o f wal l  s u r fac e s  an d  ve r y d e e p
c u r ta i n s ,  th e  d e s c e n t o f th e s e  fows  i s  s to p p e d  e ve n tu al l y b y

u p war d  b u o yan t fo r c e s ,  a n d  th e y fnally m i x  wi th  th e  u p p e r
l aye r.  I n  th i s  c a s e ,  i t i s  as s u m e d  th a t th e  p l u m e - c e i l i n g i m p i n ge ‐
m e n t p o i n t i s  r e l ati ve l y fa r  fr o m  th e  c l o s e s t c u r ta i n  o r  wa l l

s u r fac e  ( e . g. ,  gr e a te r  th an  a  fe w fre-to-ceiling  l e n gth s ) .  U n d e r
s u c h  c i r c u m s tan c e s ,  th e  c e i l i n g  j e t–wal l  fow i n te r ac ti o n s  ar e
r e l ati ve l y we a k,  an d  c o m p ar e d  to  th e  n e t r a te  o f h e at tr an s fe r

fr o m  th e  c e i l i n g an d  n e ar  th e  p l u m e -c e i l i n g  i m p i n ge m e n t
p o i n t,  th e  h e at tr a n s fe r  to  th e  u p p e r  l a ye r  fr o m  al l  ve r ti c al
s u r fac e s  i s  r e l ati ve l y s m a l l .

 
[ B . 4 . 3 a]

 
[ B . 4 . 3 b ]

 
[ B . 4 . 3 c ]
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

Defne  λconv as  th e  fr ac ti o n  o f ɺQ  th a t i s  tr an s fe r r e d  b y
c o n ve c ti o n  fr o m  th e  u p p e r-l aye r  g as  c e i l i n g  j e t to  th e  c e i l i n g
an d  to  th e  ve r ti c a l  wal l  an d  c u r ta i n  s u r fac e s  as  fo l l o ws :

ɺ ɺq QHT conv= −λ

O n c e  th e  val u e s  o f λconv
ɺQ  a n d  ɺqHT  ar e  d e te r m i n e d  fr o m  a

ti m e - d e p e n d e n t s o l u ti o n  to  th e  c o u p l e d ,  c e i l i n g j e t–c e i l i n g
m a te r i al ,  c o n ve c ti o n -c o n d u c ti o n  p r o b l e m ,  th e  tas k o f d e te r ‐
m i n i n g  a n  e s ti m a te  fo r  e a c h  c o m p o n e n t o f ɺqU  an d  ɺm

U  i n
E q u a ti o n s  B . 3 f an d  B . 3 g ,  r e s p e c ti ve l y,  i s  c o m p l e te .

B . 4 . 4 . 1  P ro p e r ti e s  o f th e  P l u m e  i n  th e  U p p e r L aye r Wh e n  yfre <

y.    T h o s e  i n s tan c e s  o f th e  fre  e l e va ti o n  b e i n g  b e l o w th e  i n te r ‐
fac e  ( i . e . ,  wh e n  yfre <  y)  ar e  c o n s i d e r e d  h e r e .

As  th e  p l u m e  fow m o ve s  to  th e  c e n te r  o f th e  u p p e r  l aye r,
th e  fo r c e s  o f b u o yan c y th at ac t to  d r i ve  th e  p l u m e  to wa r d  th e

c e i l i n g ( i . e . ,  as  a r e s u l t o f r e l a ti ve l y h i g h -te m p e r atu r e ,  l o w-
d e n s i ty p l u m e  g as e s  b e i n g  s u b m e r ge d  i n  a r e l ati ve l y c o o l ,  h i gh -

d e n s i ty a m b i e n t e n vi r o n m e n t)  ar e  r e d u c e d  i m m e d i a te l y
b e c a u s e  o f th e  te m p e r atu r e  i n c r e a s e  o f th e  u p p e r-l aye r  e n vi ‐
r o n m e n t o ve r  th a t o f th e  l o we r  a m b i e n t.  As  a  r e s u l t,  th e  c o n ti n ‐

u e d  as c e n t o f th e  p l u m e  ga s e s  i s  l e s s  vi g o r o u s  ( i . e . ,  as c e n t i s  a t
r e d u c e d  ve l o c i ty)  a n d  o f h i g h e r  te m p e r atu r e  th an  i t wo u l d  b e
i n  th e  ab s e n c e  o f th e  l aye r.  I n d e e d ,  s o m e  o f th e  p e n e tr ati n g

p l u m e  fow wi l l  b e  at a l o we r  te m p e r a tu r e  th an  TU.  T h e  u p p e r-
l aye r  b u o yan t fo r c e s  o n  th i s  l atte r  p o r ti o n  o f th e  fow ac tu al l y
r e ta r d  an d  c a n  p o s s i b l y s to p  i ts  s u b s e q u e n t r i s e  to  th e  c e i l i n g .

A s i m p l e  p o i n t-s o u r c e  p l u m e  m o d e l  [ 1 0 ]  i s  u s e d  to  s i m u l a te
th e  p l u m e  fow,  frst i m m e d i ate l y b e l o w o r  u p s tre am  o f th e

i n te r fac e  a n d  th e n  th r o u g h o u t th e  d e p th  o f th e  u p p e r  l aye r
i ts e l f.

A p l u m e  a b o ve  a  p o i n t s o u r c e  o f b u o yan c y [ 1 0 ] ,  wh e r e  th e
s o u r c e  i s  b e l o w th e  i n te r fac e ,  wi l l  b e  c o n s i d e r e d  to  b e  e q u i va‐

l e n t to  th e  p l u m e  o f a fre  ( i n  th e  s e n s e  o f h a vi n g i d e n ti c al
m a s s  an d  e n th a l p y fow r a te s  a t th e  i n te r fa c e )  i f th e  p o i n t-
s o u r c e  s tr e n g th  i s  ( 1  – λr) ɺQ  an d  th e  e l e va ti o n  o f th e  e q u i va‐

l e n t s o u r c e ,  yeq,  satisfes  th e  fo l l o wi n g:

ɺ ɺm g y y Qplume amb eq eq= ( )0 21
1 2

5 2
1 3

.
/
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ρ −

I n  E q u a ti o n  B . 4 . 4 . 1 a ,  ɺQeq

*

,  a d i m e n s i o n l e s s  m e a s u r e  o f th e
s tr e n gth  o f th e  fre  p l u m e  at th e  i n te r fa c e ,  i s  defned  as  fo l l o ws :
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1 2
5 2

−
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I t s h o u l d  b e  n o te d  th a t a t an  a r b i tr ar y m o m e n t o f ti m e  o n
th e  s i m u l a ti o n  o f a  fre  s c e n ar i o ,  ɺmplume  i n  E q u a ti o n  B . 4 . 4 . 1 a ,  i s

a kn o wn  va l u e  th a t i s  d e te r m i n e d  p r e vi o u s l y fr o m  E q u ati o n s
B . 4 . 2 a an d  B . 4 . 2 c .

 
[ B . 4 . 4 ]
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[ B . 4 . 4 . 1 b ]

U s i n g  E q u ati o n s  B . 4 . 4 . 1 a  an d  B . 4 . 4 . 1 b  to  s o l ve  fo r  yeq an d
ɺQeq

*

,

y y
Q

Q C T g
eq

r

eq amb P amb

=
( )









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ɺ
ɺ
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
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
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3 2

− λ

As  th e  p l u m e  c r o s s e s  th e  i n te r fa c e ,  th e  fr a c ti o n ,  ɺm
* ,  o f

ɺmplume ,  th at i s  s ti l l  b u o yan t r e l ati ve  to  th e  u p p e r-l aye r  e n vi r o n ‐
m e n t a n d  p r e s u m a b l y c o n ti n u e s  to  r i s e  to  th e  c e i l i n g ,  e n tr ai n ‐

i n g u p p e r-l a ye r  g as e s  a l o n g  th e  way,  i s  p r e d i c te d  [ 1 1 ]  to  b e  a s
fo l l o ws :

ɺm
*

;

. .

. . .
;

= +

+ +

0

1 0 4 5 9 9 0 3 6 0 3 9 1

1 0 1 3 7 7 4 8 0 3 6 0 3 9 1

2

2

i f 1 0

i

− < ≤σ

σ σ

σ σ

ff 0σ >

wh e r e  th e  d i m e n s i o n l e s s  p ar am e te r,  σ,  i s  defned  a s  fo l l o ws :

σ

α

α

=

+1

1

2 3
−

−

C QT eq

* /

α =
T

T

U

amb

wh e r e  CT =  9 . 1 1 5  a n d  wh e r e  ɺQeq

*

 i s  th e  va l u e  c o m p u te d  i n
E q u a ti o n  B . 4 . 4 . 1 d .

T h e  p a r am e te r s  n e c e s s ar y to  d e s c r i b e  p l u m e  fow c o n ti n u a‐
ti o n  i n  th e  u p p e r  l aye r  ( i . e . ,  b e twe e n  y an d  yceil)  ar e  fu r th e r
identifed  [ 1 1 ]  ac c o r d i n g  to  a  p o i n t-s o u r c e  p l u m e  [ 1 0 ] .  I t h a s

b e e n  d e te r m i n e d  th a t th i s  p l u m e  c an  b e  m o d e l e d  as  b e i n g
d r i ve n  b y a n o n r a d i a ti n g b u o ya n t s o u r c e  o f s tr e n gth ,  ɺ ′Q ,  l o c a‐

te d  a  d i s tan c e

H y y y yceil source ceil fire= ′− > −

b e l o w th e  c e i l i n g  i n  a d o wn war d -e x te n d e d  u p p e r-l a ye r  e n vi ‐
r o n m e n t o f te m p e r atu r e ,  TU,  an d  d e n s i ty,  ρU.  T h e  r e l e van t
p ar a m e te r s  p r e d i c te d  [ 1 1 ]  ar e  as  fo l l o ws :

ɺ
ɺ ɺ

′ =
( )

+
Q

Q mr1

1

− λ σ

σ

*

 
[ B . 4 . 4 . 1 c ]

 
[ B . 4 . 4 . 1 d ]

 
  [ B . 4 . 4 . 1 e ]

 
[ B . 4 . 4 . 1 f]

 
[ B . 4 . 4 . 1 g]

 
[ B . 4 . 4 . 1 h ]

 
[ B . 4 . 4 . 1 i ]
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′ = ( ) +





y y y y m
source eq

− − α
σ

σ
3 5 2 5

1 5
1/ * /

/

ɺ

T h e  fre  a n d  th e  e q u i val e n t s o u r c e  i n  th e  l o we r  l aye r  an d  th e
c o n ti n u ati o n  s o u r c e  i n  th e  u p p e r  l aye r  a r e  d e p i c te d  i n  F i gu r e

B . 4 . 4 . 1 ,  p a r ts  ( a )  th r o u gh  ( c ) .  T h o s e  ti m e s  d u r i n g a fre  s i m u l a‐
ti o n  wh e n  E q u ati o n  B . 4 . 4 . 1 f p r e d i c ts  σ  >  1  a r e  r e l ate d  to  s tate s

o f th e  fre  e n vi r o n m e n t i n  wh i c h  th e  te m p e r atu r e  d i s tr i b u ti o n
a b o ve  Tamb o f th e  p l u m e  fow,  at th e  e l e va ti o n  o f i n te r fac e  p e n e ‐

tr a ti o n ,  i s  p r e d i c te d  to  b e  m o s tl y m u c h  l ar g e r  th an  TU – Tamb.
U n d e r  s u c h  c i r c u m s tan c e s ,  th e  p e n e tr ati n g  p l u m e  fow i s  s ti l l
ve r y s tr o n g l y b u o ya n t as  i t e n te r s  th e  u p p e r  l aye r.  T h e  p l u m e

c o n ti n u e s  to  r i s e  to  th e  c e i l i n g  a n d  to  d r i ve  c e i l i n g j e t c o n ve c ‐
ti ve  h e at tr a n s fe r  at r a te s  th at d i ffe r  o n l y s l i g h tl y ( d u e  to  th e
e l e vate d  te m p e r atu r e  u p p e r-l a ye r  e n vi r o n m e n t)  fr o m  th e  h e at

tr an s fe r  r ate s  th at c o u l d  o c c u r  i n  th e  a b s e n c e  o f a n  u p p e r  l aye r.

C o n d i ti o n s  wh e r e  E q u ati o n  B . 4 . 4 . 1 f p r e d i c ts  σ  <  0  a r e  r e l a‐
te d  to  ti m e s  d u r i n g  a fre  s c e n ar i o  wh e n  th e  te m p e r a tu r e  o f th e

p l u m e  at th e  e l e vati o n  o f i n te r fa c e  p e n e tr ati o n  i s  p r e d i c te d  to
b e  u n i fo r m l y l e s s  th an  TU.  U n d e r  s u c h  c i r c u m s tan c e s ,  th e  p e n e ‐
tr ati o n  p l u m e  fow i s  n o t p o s i ti ve l y ( i . e . ,  u p war d )  b u o yan t a t
a n y p o i n t as  i t e n te r s  th e  u p p e r  l aye r.  T h e r e fo r e ,  wh i l e  al l  o f

th i s  fow i s  as s u m e d  to  e n te r  an d  m i x  wi th  th e  u p p e r  l aye r,  i t i s
p r e d i c te d  th at n o n e  o f i t r i s e s  to  th e  c e i l i n g i n  a  c o h e r e n t
p l u m e  ( i . e . ,  ɺq

vent  =  0 ) .  F o r  th i s  r e as o n ,  wh e r e  σ  <  0 ,  th e  e x i s ‐
te n c e  o f a n y signifcant c e i l i n g  j e t fow i s  p r e c l u d e d ,  al o n g wi th
signifcant c o n ve c ti ve  h e at tr an s fe r  to  th e  c e i l i n g  s u r fa c e  o r  to
n e a r- c e i l i n g–d e p l o ye d  fu s i b l e  l i n ks .

T h e  p r e c e d i n g a n al ys i s  a s s u m e s  th at yfre <  y.  H o we ve r,  at th e
o n s e t o f th e  fre  s c e n a r i o ,  yfre <  y =  yceil an d  α,  σ,  a n d  ɺm

*  o f
E q u a ti o n  B . 4 . 4 . 1 e  th r o u g h  E q u a ti o n  B . 4 . 4 . 1 h ,  wh i c h  d e p e n d

o n  th e  i n d e te r m i n a te  i n i ti al  va l u e  o f TU,  a r e  th e m s e l ve s  u n d e ‐
fned.  T h e  s i tu a ti o n  a t t =  0  i s  p r o p e r l y take n  i n to  ac c o u n t i f Q =
( 1 - λr) ɺQ  an d

′ = =y y t
source eq

a t 0    

.

B . 4 . 4 . 2  G e n e ral  P ro p e r ti e s  o f th e  P l u m e  i n  th e  U p p e r L aye r.
Wh e n  th e  fre  i s  b e l o w th e  i n te r fac e ,  th e  r e s u l ts  o f E q u a ti o n s
B . 4 . 4 . 1 i  an d  B . 4 . 4 . 1 j  al l o w th e  fre-driven  p l u m e  d yn am i c s  i n
th e  u p p e r  l a ye r  to  b e  d e s c r i b e d  ac c o r d i n g to  th e  p o i n t-s o u r c e

[ B . 4 . 4 . 1 j ]

 
[ B . 4 . 4 . 1 k ]

p l u m e  m o d e l  [ 1 0 ] .  I f th e  fre  i s  a t o r  a b o ve  th e  i n te r fa c e  ( i . e . ,

yfre ≥  y) ,  th e n  ɺmplume  =  0 ,  ɺqplume  =  ( 1  -  λr) ɺQ ,  an d  th e  p o i n t-s o u r c e

m o d e l  i s  u s e d  o n c e  ag ai n  to  s i m u l a te  th e  u p p e r-l a ye r  p l u m e
fow.  Al l  c a s e s  c a n  b e  tr e a te d  u s i n g th e  fo l l o wi n g modifed

ve r s i o n s  o f o r i g i n a l  E q u ati o n s  B . 4 . 4 . 1 i  an d  B . 4 . 4 . 1 j :

ɺ

ɺ

ɺ

′ =

( )
+( )

( )

Q

Q m
y y y

Q y y

r

fire ceil

r fire
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1

1

−
< <
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λ σ
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λ

*

;

;

 i f 

 i f     o r    i f y yceil=
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≤ <

( ) +
y

y y y y

y y y msource

fire fire ceil

eq
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   i f 

− − α
σ

σ
3 5 2 5 1

ɺ








=

1 5/

; i f 

;     i f 

y y y

y y y

fire ceil

eq ceil

< <      

wh e r e  yeq,  ɺm
* ,  σ,  an d  α ar e  c al c u l a te d  fr o m  E q u ati o n s

B . 4 . 4 . 1 c  th r o u g h  B . 4 . 4 . 1 g .

B . 4 . 5  C o m p uti n g ɺqHT  an d  th e  T h e r m al  Re s p o n s e  o f th e  C e i l ‐

i n g.    Wh e r e  th e  fre  i s  b e l o w th e  i n te r fa c e  a n d  th e  i n te r fac e  i s
b e l o w th e  c e i l i n g ,  th e  m e th o d  u s e d  fo r  c a l c u l ati n g  th e  h e a t

tr a n s fe r  fr o m  th e  p l u m e -d r i ve n  c e i l i n g j e t to  th e  c e i l i n g a n d  th e
th e r m al  r e s p o n s e  o f th e  c e i l i n g  i s  fr o m  r e fe r e n c e  [ 1 2 ] .  T h i s
m e th o d  was  d e ve l o p e d  to  tr e a t ge n e r i c ,  confned-ceiling,  r o o m
fre  s c e n ar i o s .  As  o u tl i n e d  i n  th i s  m e th o d  [ 1 2 ] ,  th e  confned

c e i l i n g p r o b l e m  i s  s o l ve d  b y ap p l yi n g  th e  unconfned  c e i l i n g
h e at tr a n s fe r  s o l u ti o n  [ 1 3 –1 5 ]  to  th e  p r o b l e m  o f an  u p p e r-l aye r

s o u r c e  i n  a n  e x te n d e d  u p p e r- l aye r  e n vi r o n m e n t e q u i va l e n t to
E q u a ti o n s  B . 4 . 4 . 2 a a n d  B . 4 . 4 . 2 b .  Wh e n  th e  fre  i s  ab o u t th e
i n te r fac e ,  th e  unconfned  c e i l i n g  m e th o d o l o g y ap p l i e s  d i r e c tl y.

To  u s e  th e  m e th o d s  i n  r e fe r e n c e s  [ 1 2 –1 5 ] ,  a n  ar b i tr ar y
m o m e n t o f ti m e  d u r i n g  th e  c o u r s e  o f th e  fre  d e ve l o p m e n t i s

c o n s i d e r e d .  I t i s  as s u m e d  th at th e  te m p e r atu r e  d i s tr i b u ti o n  o f
th e  c e i l i n g  m ate r i al ,  T,  h as  b e e n  c o m p u te d  u p  to  th i s  m o m e n t

a n d  i s  kn o wn  as  a  fu n c ti o n  o f d i s tan c e ,  Z,  m e a s u r e d  u p war d
fr o m  th e  b o tto m  s u r fac e  o f th e  c e i l i n g ,  a n d  r ad i a l  d i s tan c e ,  r,
m e a s u r e d  fr o m  th e  c o n s tan t p o i n t o f p l u m e -c e i l i n g  i m p i n ge ‐

m e n t.  T h e  e q u i val e n t,  e x te n d e d  u p p e r-l a ye r,  unconfned  c e i l ‐

 
[ B . 4 . 4 . 2 a]

 
[ B . 4 . 4 . 2 b ]
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( b )  E q u i v a l e n t  p l u m e  i n  t h e

l o w e r  l a ye r
( a )  F i re  a n d  f l a m e s  i n  t h e

l o w e r  l a ye r

( c )  C o n t i n u a t i o n  p l u m e  i n  t h e

e x t e n d e d  u p p e r l a ye r

FI G U RE  B . 4 . 4 . 1   Fi re  an d  E q u i val e n t S o u rc e .
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

i n g fow a n d  h e a t tr an s fe r  p r o b l e m  i s  d e p i c te d  i n  F i g u r e
B . 4 . 4 . 1 ( c ) .  I t i n vo l ve s  th e  e q u i val e n t ɺ ′Q  h e at s o u r c e  fr o m
E q u a ti o n  B . 4 . 4 . 2 a l o c ate d  a d i s ta n c e ,  H,  b e l o w th e  c e i l i n g
s u r fac e  i n  an  e x te n d e d  a m b i e n t e n vi r o n m e n t o f d e n s i ty,  ρU,
a n d  a b s o l u te  te m p e r atu r e ,  TU,  wh e r e  H i s  d e te r m i n e d  fr o m
E q u a ti o n s  B . 4 . 4 . 1 h  a n d  B . 4 . 4 . 1 j .

T h e  o b j e c ti ve  i s  to  e s ti m ate  th e  i n s ta n ta n e o u s  c o n ve c ti ve
h e at tr a n s fe r  fux  fr o m  th e  u p p e r-l a ye r  ga s  to  th e  l o we r-c e i l i n g

s u r fac e ,  ɺ ′′ ( )q r tconv L,

, ,  a n d  th e  n e t h e at tr an s fe r  fuxes  to  th e
u p p e r  an d  l o we r  c e i l i n g s u r fac e  o f th e  c e i l i n g,  ɺ ′′( )q r t

u
,  an d

ɺ ′′ ( )q r tL , ,  r e s p e c ti ve l y.  Wi th  th i s  i n fo r m a ti o n ,  th e  ti m e -
d e p e n d e n t s o l u ti o n  fo r  th e  i n -d e p th  th e r m al  r e s p o n s e  o f th e
c e i l i n g m ate r i a l  c an  b e  a d van c e d  to  s u b s e q u e n t ti m e s .  Al s o ,
ɺ ′′qconv L,  c an  b e  i n te g r ate d  o ve r  th e  l o we r-c e i l i n g  s u r fac e  to  o b tai n

th e  d e s i r e d  i n s ta n ta n e o u s  va l u e  fo r  ɺqHT .

I n  vi e w o f th e  as s u m p ti o n s  o f th e  r e l a ti ve l y l ar g e  d i s tan c e  o f
th e  fre  fr o m  wa l l s  o r  c u r tai n s  an d  o n  th e  r e l ati ve l y s m a l l  c o n tr i ‐
b u ti o n  o f h e at tr a n s fe r  to  th e s e  ve r ti c al  s u r fac e s ,  i t i s  r e as o n a‐

b l e  to  c a r r y o u t a  s o m e wh a t simplifed  c a l c u l ati o n  fo r  ɺqHT .
T h e r e fo r e ,  ɺqHT  i s  ap p r o x i m a te d  b y th e  i n te gr a l  o f ɺ ′′qconv L,  o ve r

an  e ffe c ti ve  c i r c u l ar  c e i l i n g  a r e a,  Aeff,  wi th  a d i am e te r,  Deff,
c e n te r e d  at th e  p o i n t o f i m p i n g e m e n t a s  fo l l o ws :

ɺ ɺ

ɺ

ɺ

q Q t

q r t dA

q r t

HT conv

conv L

A

conv L

= ( )

= − ′′ ( )

≈ ′′ ( )

∫

λ

π

,

,

,

,

 

  −2 rr dr

Deff

 
0

2

∫

T h e  val u e  Aeff =  πD2
eff/ 4  i s  ta ke n  to  b e  th e  ac tu al  a r e a o f th e

c u r ta i n e d  s p ac e ,  A,  p l u s  th e  p o r ti o n  o f th e  ve r ti c a l  c u r ta i n  an d
wal l  s u r fac e s  e s ti m a te d  to  b e  c o ve r e d  b y c e i l i n g  j e t–d r i ve n  wa l l
fows.  An  e s ti m ate  fo r  th i s  e x te n d e d ,  e ffe c ti ve  c e i l i n g s u r fa c e
a r e a i s  o b ta i n e d  [ 1 6 ] ,  wh e r e  i t i s  c o n c l u d e d  wi th  s o m e  ge n e r a l ‐

i ty th a t c e i l i n g  j e t–d r i ve n  wal l  fows  p e n e tr ate  fo r  a  d i s ta n c e  o f
a p p r o x i m a te l y 0 . 8H fr o m  th e  c e i l i n g  i n  a d o wn wa r d  d i r e c ti o n .
T h e r e fo r e ,

A
D

A H P L L H y y

eff

eff

curt curt ceil curt

=

= + +( ) ( )[ ]

π
2

4

0 8. − −min 0.8 ,

wh e r e  P =  th e  to ta l  l e n gth  o f th e  p e r i m e te r  o f th e  c u r ta i n e d
a r e a.

B . 4 . 5 . 1  N e t H e at Tran s fe r Fl u x  to  th e  C e i l i n g’ s  L o we r S u r fac e .

T h e  n e t h e a t tr a n s fe r  fux  to  th e  c e i l i n g’ s  l o we r  s u r fac e ,  ɺ ′′qL ,  i s

m a d e  b y m e a n s  o f u p  to  th r e e  c o m p o n e n ts  — i n c i d e n t r ad i a‐

ti o n ,  ɺ ′′
−

qrad fire ;  c o n ve c ti o n ,  ɺ ′′qconv L, ;  a n d  r e r ad i a ti o n ,  ɺ ′′qrerad L,  — a s

fo l l o ws :

ɺ ɺ ɺ ɺ′′ = ′′ + ′′ + ′′q q q qL rad fire conv L rerad L−  , ,

 
[ B . 4 . 5 a]

 
[ B . 4 . 5 b ]

 
[ B . 4 . 5 . 1 a]

As  d i s c u s s e d  i n  B . 4 . 4 ,  th e  r ad i an t e n e r gy fr o m  th e  fre,  λr
ɺQ ,

i s  as s u m e d  to  b e  r ad i ate d  i s o tr o p i c al l y fr o m  th e  fre  wi th  n e gl i ‐
g i b l e  r a d i a ti o n  ab s o r p ti o n  an d  e m i s s i o n  fr o m  th e  c o m p ar tm e n t

ga s e s .
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T h e  c o n ve c ti ve  h e at tr a n s fe r  fux  fr o m  th e  u p p e r-l a ye r  g as  to
th e  c e i l i n g’ s  l o we r  s u r fa c e  c an  b e  c al c u l ate d  [ 1 3 ,  1 4 ]  a s  fo l l o ws :

ɺ ′′ = ( )q h T Tconv L L AD S L, ,

−  

wh e r e :

ɺ ′′qconv L,
= c o n ve c ti ve  h e at tr a n s fe r  fux  fr o m  th e  u p p e r-l a ye r  g as

to  th e  c e i l i n g ’ s  l o we r  s u r fa c e
hL = a h e at tr a n s fe r  coeffcient
TAD = th e  te m p e r atu r e  th at i s  m e a s u r e d  ad j ac e n t to  a n  ad i a‐

b a ti c  l o we r- c e i l i n g s u r fa c e
TS,L = th e  ab s o l u te  te m p e r atu r e  o f th e  c e i l i n g' s  l o we r  s u r fac e

E q u ati o n s  B . 4 . 5 . 1 d  an d  B . 4 . 5 . 1 e  d e te r m i n e  hL an d  TAD a s
fo l l o ws :
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[ B . 4 . 5 . 1 b ]

 
[ B . 4 . 5 . 1 c ]

 
   [ B . 4 . 5 . 1 d ]

 
  [ B . 4 . 5 . 1 e ]

 
  [ B . 4 . 5 . 1 f]
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HH H( )
1 2 2/

I n  E q u ati o n  B . 4 . 5 . 1 d ,  Pr i s  th e  P r an d tl  n u m b e r  ( ta ke n  to  b e
0 . 7 ) ,  an d  i n  E q u ati o n  B . 4 . 5 . 1 g,  νU i s  th e  ki n e m a ti c  vi s c o s i ty o f
th e  u p p e r-l a ye r  g as ,  wh i c h  i s  a s s u m e d  to  h ave  th e  p r o p e r ti e s  o f

ai r.  Al s o ,  ɺQH
*

,  a  d i m e n s i o n l e s s  n u m b e r,  i s  a m e a s u r e  o f th e
s tr e n g th  o f th e  p l u m e ,  an d  ReH i s  a  c h a r ac te r i s ti c  Re yn o l d s
n u m b e r  o f th e  p l u m e  at th e  e l e vati o n  o f th e  c e i l i n g.

T h e  fo l l o wi n g  e s ti m a te  fo r  νU [ 1 7 ]  i s  u s e d  wh e n  c o m p u ti n g
ReH fr o m  E q u ati o n  B . 4 . 5 . 1 g :

ν
U

U

U

T

T
=

( )
+

0 04128 10

110 4

7 5 2
.

.

/−

wh e r e  νU i s  i n  m 2 / s e c  an d  TU i s  i n  K.

E q u a ti o n s  B . 4 . 5 . 1 c  th r o u g h  B . 4 . 5 . 1 h  u s e  a val u e  fo r  TU.  At t =
0 ,  wh e r e  i t i s  undefned,  TU s h o u l d  b e  s e t e q u al  to  Tamb.  T h i s
yi e l d s  th e  c o r r e c t l i m i ti n g  r e s u l t fo r  th e  c o n ve c ti ve  h e a t tr an s fe r
to  th e  c e i l i n g ,  specifcally,  c o n ve c ti ve  h e at tr an s fe r  to  th e

i n i ti a l l y am b i e n t te m p e r atu r e  c e i l i n g fr o m  a n  unconfned  c e i l ‐
i n g  j e t i n  an  am b i e n t e n vi r o n m e n t.

As  th e  fre  s i m u l a ti o n  p r o c e e d s ,  th e  c e i l i n g' s  l o we r  s u r fa c e
te m p e r a tu r e ,  TS, L,  i n i ti al l y a t Tamb,  b e gi n s  to  i n c r e a s e .  At a l l
ti m e s ,  th e  l o we r-c e i l i n g  s u r fa c e  i s  a s s u m e d  to  r a d i ate  d i ffu s e l y
to  th e  i n i ti al l y am b i e n t te m p e r atu r e  foor  s u r fa c e  a n d  to

e x p o s e d  s u r fac e s  o f th e  b u i l d i n g  c o n te n ts .  I n  r e s p o n s e  to  th i s
r a d i ati o n  a n d  to  th e  d i r e c t r ad i ati o n  fr o m  th e  fre's  c o m b u s ti o n
z o n e ,  th e  te m p e r atu r e s  o f th e s e  s u r fa c e s  al s o  i n c r e a s e  wi th
ti m e .  H o we ve r,  fo r  ti m e s  o f i n te r e s t h e r e ,  i t i s  as s u m e d  th a t

th e i r  e ffe c ti ve  te m p e r atu r e  i n c re as e s  a r e  r e l a ti ve l y s m a l l
c o m p a r e d  to  th e  c h a r ac te r i s ti c  i n c re as e s  o f TS, L.  Ac c o r d i n g l y,  a t
a  g i ve n  r ad i a l  p o s i ti o n  o f th e  c e i l i n g ' s  l o we r  s u r fac e ,  th e  n e t

r ad i ati o n  e x c h an g e  b e twe e n  th e  c e i l i n g an d  foor-contents
s u r fac e s  c a n  b e  ap p r o x i m ate d  b y th e  fo l l o wi n g :

ɺ ′′ =
( )

∈
+

∈

q
T T

rerad L

amb S L

L floor

,

,

 

 −

−

σ 4 4

1 1
1

wh e r e  σ  i s  th e  S te fan –B o l tz m a n n  c o n s ta n t an d  ∈L an d  ∈foor

a r e  th e  e ffe c ti ve  e m i ttan c e -a b s o r p tan c e  o f th e  c e i l i n g' s  l o we r
s u r fac e  a n d  th e  foor  a n d  c o n te n ts  s u r fac e s  ( as s u m e d  to  b e

g r ay) ,  r e s p e c ti ve l y,  b o th  o f wh i c h  a r e  take n  to  b e  1 .

B . 4 . 5 . 2  N e t H e at Tran s fe r Fl u x  to  C e i l i n g’ s  U p p e r S u r fac e .    I t
i s  a s s u m e d  th a t th e  c e i l i n g ’ s  u p p e r  s u r fac e  i s  e x p o s e d  to  a  r e l a‐
ti ve l y c o n s ta n t- te m p e r a tu r e  far-feld  e n vi r o n m e n t at Tamb.

[ B . 4 . 5 . 1 g]

 
[ B . 4 . 5 . 1 h ]

 
[ B . 4 . 5 . 1 i ]

T h e r e fo r e ,  th e  n e t h e a t tr an s fe r  fux  to  th i s  s u r fac e ,  ɺqU ,  i s

m a d e  u p  o f two  c o m p o n e n ts ,  c o n ve c ti o n ,  ɺ ′′q conv U, ,  a n d  r e r ad i a‐

ti o n ,  ɺ ′′q rerad U, ,  as  fo l l o ws :

′′ = ′′ + ′′q q qU conv U rerad Uɺ ɺ
, ,

T h e s e  c an  b e  e s ti m ate d  fr o m  th e  fo l l o wi n g :

ɺ ′′ = ( )q h T Tconv U U amb S U, ,

−

ɺ ′′ =
( )

∈
+

∈

q
T T

rerad U

amb S U

U far

,

,
σ 4 4

1 1
1

−

−

 

wh e r e  TS, U i s  th e  a b s o l u te  te m p e r a tu r e  o f th e  u p p e r  s u r fa c e
o f th e  c e i l i n g,  hU i s  a h e at tr a n s fe r  coeffcient,  an d  ∈far an d  ∈U

a r e  th e  e ffe c ti ve  e m i tta n c e -ab s o r p tan c e  o f th e  far-feld  an d
c e i l i n g' s  u p p e r  s u r fa c e  ( a s s u m e d  to  b e  g r ay) ,  r e s p e c ti ve l y,  b o th
o f wh i c h  ar e  take n  to  b e  1 .

T h e  val u e  fo r  hU to  b e  u s e d  [ 1 8 ]  i s  as  fo l l o ws :

h T T
U amb S U

= ( )1 65
1 3

.
,

/

−
 

wh e r e  hU i s  i n  W/ m 2 ,  an d  Tamb a n d  TS, U a r e  i n  K.

B . 4 . 5 . 3  S o l vi n g fo r th e  T h e r m al  Re s p o n s e  o f th e  C e i l i n g fo r

ɺqHT .    T h e  te m p e r atu r e  o f th e  c e i l i n g m a te r i al  i s  as s u m e d  to  b e

go ve r n e d  b y th e  F o u r i e r  h e a t c o n d u c ti o n  e q u ati o n .  B y way o f
th e  l o we r- c e i l i n g-s u r fac e  b o u n d a r y c o n d i ti o n ,  th e  b o u n d ar y
val u e  p r o b l e m  i s  c o u p l e d  to ,  a n d  i s  to  b e  s o l ve d  to ge th e r  wi th ,

th e  s ys te m  o f E q u a ti o n s  B . 3 b  a n d  B . 3 h .

I n i ti al l y,  th e  c e i l i n g i s  take n  to  b e  o f u n i fo r m  te m p e r a tu r e ,
Tamb.  T h e  u p p e r- an d  l o we r-c e i l i n g  s u r fa c e s  ar e  th e n  e x p o s e d  to

th e  r ad i al - a n d  ti m e - d e p e n d e n t r ate s  o f h e a t tr a n s fe r,  ɺ ′′qU  an d
ɺ ′′q L ,  d e te r m i n e d  fr o m  E q u a ti o n s  B . 4 . 5 . 2 a  an d  B . 4 . 5 . 1 a,  r e s p e c ‐

ti ve l y.  F o r  ti m e s  o f i n te r e s t h e r e ,  r ad i al  gr a d i e n ts  o f ɺ ′′qU  an d
ɺ ′′q L  ar e  as s u m e d  to  b e  s m al l  e n o u gh  s o  th a t c o n d u c ti o n  i n  th e

c e i l i n g i s  q u as i -o n e -d i m e n s i o n a l  i n  s p a c e  [ i . e . ,  T =  T( Z,  t;  r) ] .
T h e r e fo r e ,  th e  two -d i m e n s i o n al  th e r m al  r e s p o n s e  fo r  th e  c e i l ‐

i n g  c an  b e  o b ta i n e d  fr o m  th e  s o l u ti o n  to  a s e t o f o n e -
d i m e n s i o n a l  c o n d u c ti o n  p r o b l e m s  fo r  th e  fo l l o wi n g:

T Z t T Z t r r n N
n n rad

, , ; ;   ( ) = =( ) =   to  1

wh e r e  Nrad i s  th e  n u m b e r  o f d i s c r e te  r a d i a l  p o s i ti o n s  n e c e s ‐
s a r y to  o b ta i n  a suffciently s m o o th  r e p r e s e n tati o n  o f th e  o ve r ‐

al l  c e i l i n g te m p e r a tu r e  d i s tr i b u ti o n .  T h e  rn r ad i a l  p o s i ti o n s  a r e
d e p i c te d  i n  F i g u r e  B . 4 . 5 . 3 .

 
[ B . 4 . 5 . 2 a]

 
[ B . 4 . 5 . 2 b ]

 
[ B . 4 . 5 . 2 c ]

 
[ B . 4 . 5 . 2 d ]

 
[ B . 4 . 5 . 3 a]
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C h ar a c te r i s ti c  c h a n ge s  i n  c e i l i n g te m p e r atu r e  wi l l  o c c u r  o ve r
c h an ge s  i n  r/H o f th e  o r d e r  o f 1  [ 1 5 ] .  T h e r e fo r e ,  i t i s  r e as o n a‐
b l e  to  e x p e c t a c c u r ate  r e s u l ts  fo r  th e  E q u a ti o n  B . 4 . 5 a  i n te g r al
ɺ ′′q conv L,  

 b y i n te r p o l ati n g  b e twe e n  va l u e s  o f ɺ ′′q conv L,  

 c al c u l ate d  at
r a d i al  p o s i ti o n s  s e p a r ate d  b y r/ H i n te r val s  o f 0 . 1  to  0 . 2 .

U s i n g  th e  p r e c e d i n g  i d e a s ,  th e  fo l l o wi n g  p r o c e d u r e  fo r  fnd‐
ing  th e  th e r m al  r e s p o n s e  o f th e  c e i l i n g  an d  s o l vi n g  fo r  ɺ ′′q HT  i s

i m p l e m e n te d :

( 1 ) B e c a u s e  yceil – yfre i s  a  m e a s u r e  o f H i n  th e  c u r r e n t p r o b l e m
a n d  Deff/ 2  i s  a  m e as u r e  o f th e  m a x i m u m  val u e  o f r,  Nrad i s

c h o s e n  as  s e ve r a l  m u l ti p l e s  o f th e  fo l l o wi n g :

D

y y

eff

ceil fire

/2

−

I n  th i s  c a s e ,  Nrad i s  c h o s e n  as  th e  frst i n te g e r  e q u al  to  o r
gr e a te r  th an  th e  fo l l o wi n g:

5 2
2

D

y y

eff

ceil fire

/( )
+

−

 
[ B . 4 . 5 . 3 b ]

 
[ B . 4 . 5 . 3 c ]

( 2 ) O n e  te m p e r atu r e  c al c u l a ti o n  p o i n t i s  p l a c e d  at r =  0  an d
th e  r e m ai n i n g Nrad c al c u l a ti o n  p o i n ts  ar e  d i s tr i b u te d  wi th
u n i fo r m  s e p ar a ti o n  at a n d  b e twe e n  r =  0 . 2 ( yceil −  yfre)  a n d  r
=  Deff/ 2 ,  th e  l atte r  va l u e  b e i n g th e  u p p e r  l i m i t o f th e  i n te ‐
gr a l  o f E q u ati o n  B . 4 . 5 a;  th a t i s ,

r

r y y

r
D

r r r n N

ceil fire

N

eff

n n r

rad

1

2

1

0

0 2

2

=

= −( )

=

= + < <
−

.

∆    i f 2   aad

wh e r e

∆r r r N
N radrad

= −( ) ( )2
3−

 
[ B . 4 . 5 . 3 d ]

 
[ B . 4 . 5 . 3 e ]

( 3 ) T h e  b o u n d ar y val u e  p r o b l e m s  ar e  s o l ve d  fo r  th e  Nrad

te m p e r a tu r e  d i s tr i b u ti o n s ,  Tn.  At a r b i tr a r y r a d i u s ,  rn,  th e s e
ar e  i n d i c ate d  i n  th e  i n s e t p o r ti o n  o f F i gu r e  B . 4 . 5 . 3 .

( 4 ) F o r  an y m o m e n t o f ti m e  d u r i n g  th e  c al c u l ati o n ,  th e  l o we r
s u r fac e  val u e s  o f th e  Tn ar e  u s e d  to  c o m p u te  th e  c o r r e ‐
s p o n d i n g  d i s c r e te  va l u e s  o f

ɺ ɺ′′ ( ) = ′′ =( )q t q r r tconv L n conv L n, , ,

,   

fr o m  E q u a ti o n  B . 4 . 5 . 1 c .

 
[ B . 4 . 5 . 3 f]

( 5 ) T h e  ɺ ′′q conv L,   d i s tr i b u ti o n  i n  r i s  ap p r o x i m ate d  b y i n te r p o ‐
l ati n g  l i n e ar l y b e twe e n  th e  ɺ ′′q conv L n, , .  T h e  i n te g r ati o n  i n d i ‐
c a te d  i n  E q u ati o n  B . 4 . 5 a i s  c ar r i e d  o u t.

T h e  p r o c e d u r e  fo r  s o l vi n g  fo r  th e  Tn i s  th e  s am e  as  th at u s e d
i n  r e fe r e n c e  [ 1 5 ] .  I t r e q u i r e s  th e  th i c kn e s s ,  th e r m a l  c o n d u c ti v‐
i ty,  an d  th e r m al  d i ffu s i vi ty o f th e  c e i l i n g m ate r i al .  T h e  s o l u ti o n

to  th e  o n e -d i m e n s i o n a l  h e a t c o n d u c ti o n  e q u ati o n  i n vo l ve s  a n
e x p l i c i t fnite  d i ffe r e n c e  s c h e m e  th at u s e s  an  a l g o r i th m  ta ke n
fr o m  r e fe r e n c e s  [ 1 9 ,  2 0 ] .  F o r  a gi ve n  s e t o f c al c u l ati o n s ,  N ≤  2 0
e q u al - s p ac e d  n o d e s  a r e  p o s i ti o n e d  at th e  s u r fa c e s  an d  th r o u gh

th e  th i c kn e s s  o f th e  c e i l i n g  at e ve r y ra d i u s  p o s i ti o n ,  rn.  T h e
s p ac i n g ,  δZ(see Figure B. 4. 5. 3),  o f th e s e  i s  s e l e c te d  to  b e  l ar g e
e n o u gh  ( b as e d  o n  a m a x i m u m  ti m e  s te p )  to  e n s u r e  s tab i l i ty o f

th e  c al c u l ati o n .

B . 5  Ac tu ati o n  o f Ve n ts  an d  S p ri n k l e rs .    I t i s  an  o b j e c ti ve  o f th i s
s tan d ar d  to  s i m u l ate  c o n d i ti o n s  i n  b u i l d i n g  s p a c e s  wh e r e  c e i l ‐
i n g ve n ts  an d  s p r i n kl e r  l i n ks  c a n  b e  ac tu ate d  b y th e  r e s p o n s e s

o f n e a r- c e i l i n g–d e p l o ye d  fu s i b l e  l i n ks .  T h e  c o n c e p t i s  th at,
d u r i n g th e  c o u r s e  o f a c o m p a r tm e n t fre,  a d e p l o ye d  l i n k i s
e n g u l fe d  b y th e  n e a r- c e i l i n g c o n ve c ti ve  fow o f th e  e l e vate d -

te m p e r a tu r e  p r o d u c ts  o f c o m b u s ti o n  a n d  e n tr ai n e d  a i r  o f th e
fre-generated  p l u m e .  As  th e  fre  c o n ti n u e s ,  c o n ve c ti ve  h e a ti n g
o f th e  l i n k l e ad s  to  an  i n c r e a s e  i n  i ts  te m p e r a tu r e .  I f an d  wh e n

i ts  fu s e  te m p e r atu r e  i s  r e ac h e d ,  an y d e vi c e s  b e i n g o p e r a te d  b y
th e  l i n k ar e  a c tu a te d .

T h e  n e ar-c e i l i n g fow engulfng  th e  l i n k i s  th e  p l u m e -d r i ve n
c e i l i n g j e t r e fe r r e d  to  p r e vi o u s l y,  wh i c h  tr an s fe r s  h e at to  th e
l o we r-c e i l i n g s u r fa c e  an d  i s  c o o l e d  as  i t tr ave r s e s  u n d e r  th e  c e i l ‐

i n g fr o m  th e  p o i n t o f p l u m e -c e i l i n g i m p i n g e m e n t.  I n  th e  c a s e
o f r e l ati ve l y s m o o th  c e i l i n g  confgurations,  as s u m e d  to  b e

rNrad
 =  Deff /2

rn

r2

q
•

q
•

q
•

q
•

q
•

Z

Q
• ´

´́ ´́
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´́

´́

d

rerad,  U

E q .  B . 4 . 5 . 2 c

conv,  U

E q .  B . 4 . 5 . 2 b

conv,  L

E q .  B . 4 . 5 . 1 c

rad-fire

E q .  B . 4 . 5 . 1 b

rerad,  L

E q .  B . 4 . 5 . 1 i

FI G U RE  B . 4 . 5 . 3   I l l u s trati o n  o f th e  G e o m e tr y fo r th e
B o u n d ar y Val u e  P ro b l e m s  o f th e  Te m p e rature  D i s tri b u ti o n s ,
Tn,  T h ro ugh  th e  C e i l i n g at Rad i al  P o s i ti o n s  rn.
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2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

r e p r e s e n ta ti ve  o f th e  fac i l i ti e s  s tu d i e d  i n  th i s  s tan d ar d ,  th e  c e i l ‐
i n g  j e t fows  o u twar d  r ad i al l y fr o m  th e  p o i n t o f i m p i n ge m e n t,
an d  i ts  ga s  ve l o c i ty an d  te m p e r atu r e  d i s tr i b u ti o n s ,  VCJ a n d  TCJ,
r e s p e c ti ve l y,  a r e  a fu n c ti o n  o f r ad i u s  fr o m  th e  i m p i n g e m e n t
p o i n t,  r,  d i s ta n c e  b e l o w th e  c e i l i n g,  z,  a n d  ti m e ,  t.

Ve n ts  ac tu a te d  b y al te r n a te  m e an s ,  s u c h  as  th e r m o p l as ti c
d r o p -o u t p an e l s  wi th  e q u i val e n t p e r fo r m a n c e  c h ar a c te r i s ti c s ,

c a n  a l s o  b e  m o d e l e d  u s i n g  L AVE N T.  Re fe r  to  A. 9 . 1 .

B . 5 . 1  P re d i c ti n g th e  T h e r m al  Re s p o n s e  o f th e  Fu s i b l e  L i n k s .
T h e  th e r m a l  r e s p o n s e  o f d e p l o ye d  fu s i b l e  l i n ks  i s  c al c u l a te d  u p

to  th e i r  fu s e  te m p e r a tu r e ,  TF,  b y th e  c o n ve c ti ve  h e ati n g  fow
m o d e l  o f r e fe r e n c e  [ 2 1 ] .  I t i s  a s s u m e d  th a t th e  specifc  l i n k i s
p o s i ti o n e d  at a specifed  r a d i u s  fr o m  th e  i m p i n g e m e n t p o i n t,  r

=  rL,  a n d  d i s tan c e  b e l o w th e  l o we r-c e i l i n g  s u r fa c e ,  z =  zL.  TL i s
defned  as  th e  l i n k' s  a s s u m e d ,  n e a r l y u n i fo r m  te m p e r a tu re .
I n s tan tan e o u s  c h an g e s  i n  TL a r e  d e te r m i n e d  b y th e  fo l l o wi n g :

dT

dt

T T V

RTI

L CJ L L CJ L
=

( ), ,

/

 

−
 

1 2

wh e r e  TCJ, L an d  VCJ, L a r e  th e  va l u e s  o f VCJ an d  TCJ,  r e s p e c ti ve l y,
e va l u a te d  n e a r  th e  l i n k p o s i ti o n ,  an d  wh e r e  RTI ( re s p o n s e  ti m e
i n d e x ) ,  a  p r o p e r ty o f th e  l i n k a n d  r e l ati ve  fow o r i e n tati o n ,  c a n

b e  m e as u r e d  i n  th e  “ p l u n g e  te s t”  [ 2 1 ,  2 2 ] .  T h e  RTI fo r  o r d i ‐
n a r y s p r i n kl e r  l i n ks  r an g e s  fr o m  l o w val u e s  o f 2 2  ( m · s e c ) 1 / 2  fo r
q u i c k- o p e r ati n g  r e s i d e n ti al  s p r i n kl e r s ,  to  3 7 5  ( m · s e c ) 1 / 2  fo r
s l o we r  s ta n d a r d  s p r i n kl e r s  [ 2 3 ] .  T h e  u ti l i ty o f E q u ati o n  B . 5 . 1 ,

wh i c h  h a s  b e e n  s h o wn  i n  r e fe r e n c e  [ 2 4 ]  to  b e  val i d  typ i c al l y
th r o u g h  th e  l i n k-fu s i n g  p r o c e s s e s ,  i s  d i s c u s s e d  fu r th e r  i n  r e fe r ‐
e n c e  [ 2 3 ] ,  wh e r e  i t wa s  u s e d  to  p r e d i c t l i n k r e s p o n s e  i n  a p a r a‐

m e tr i c  s tu d y i n vo l vi n g  two -l aye r  c o m p a r tm e n t fre  s c e n ar i o s .
Al s o ,  i n  th e  l a tte r  wo r k,  th e  l i n k r e s p o n s e  p r e d i c ti o n  m e th o d o l ‐
o g y was  s h o wn  to  d e m o n s tr ate  favo r a b l e  c o m p ar i s o n s  b e twe e n

p r e d i c te d  a n d  m e as u r e d  l i n k r e s p o n s e s  i n  a  fu l l - s c a l e ,  o n e -
r o o m ,  o p e n -d o o r way c o m p a r tm e n t fre  e x p e r i m e n t.

C o m p u ti n g  TL fr o m  E q u a ti o n  B . 5 . 1  fo r  a  d i ffe r e n t l i n k l o c a‐
ti o n  n e c e s s i tate s  e s ti m ate s  o f VCJ, L an d  TCJ, L fo r  a r b i tr ar y l i n k
p o s i ti o n s ,  rL an d  zL.

B . 5 . 2  T h e  Ve l o c i ty D i s tri b u ti o n s  o f th e  C e i l i n g J e t.    O u ts i d e  o f
th e  p l u m e -c e i l i n g i m p i n ge m e n t s ta gn a ti o n  z o n e ,  defned

ap p r o x i m a te l y b y r/H ≤  0 . 2 ,  an d  a t a g i ve n  r,  VCJ r i s e s  r ap i d l y
fr o m  z e r o  at th e  c e i l i n g ' s  l o we r  s u r fac e ,  z =  0 ,  to  a m a x i m u m ,

Vmax,  at a d i s tan c e  z = 0 . 2 3δ,  δ( r)  b e i n g  th e  d i s tan c e  b e l o w th e
c e i l i n g  wh e r e  V/Vmax =  1 / 2  [ 1 6 ] .  I n  th i s  r e g i o n  o u ts i d e  th e  s ta g‐
n a ti o n  z o n e ,  VCJ c an  b e  e s ti m a te d  [ 1 6 ]  as  fo l l o ws :
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 i s  defned  i n  E q u ati o n  B . 4 . 5 . 1 g .  VCJ/Vmax p e r  E q u a‐
ti o n  B . 5 . 2 a i s  p l o tte d  i n  F i g u r e  B . 5 . 2 .

I n  th e  vi c i n i ty o f n e ar-c e i l i n g–d e p l o ye d  l i n ks  l o c ate d  i n s i d e
th e  s tag n ati o n  z o n e ,  th e  fre-driven  fow i s  c h a n gi n g d i r e c ti o n s

fr o m  a n  u p wa r d -d i r e c te d  p l u m e  fow to  an  o u tward -d i r e c te d
c e i l i n g  j e t–typ e  fow.  T h e r e  th e  fow ve l o c i ty l o c a l  to  th e  l i n k,

th e  ve l o c i ty th a t d r i ve s  th e  l i n k’ s  c o n n e c ti ve  h e at tr an s fe r,
i n vo l ve s  g e n e r al l y a signifcant ve r ti c al  as  we l l  a s  r ad i al  c o m p o ‐

n e n t o f ve l o c i ty.  N e ve r th e l e s s ,  a t s u c h  l i n k l o c ati o n s ,  i t i s
r e as o n ab l e  to  c o n ti n u e  to  a p p r o x i m a te  th e  l i n k r e s p o n s e  u s i n g
E q u a ti o n  B . 5 . 1  wi th  VCJ e s ti m ate d  u s i n g  E q u ati o n s  B . 5 . 2 a an d

B . 5 . 2 b  an d  wi th  r/ H s e t e q u al  to  0 . 2 ;  th at i s ,

V V
r

H

r

H
CJ CJ= =





0 2 0 0 2. .;  i f ≤ <

B . 5 . 3  T h e  Te m p e ratu re  D i s tri b u ti o n  o f th e  C e i l i n g J e t.
O u ts i d e  o f th e  p l u m e -c e i l i n g i m p i n g e m e n t s tag n ati o n  z o n e
( i . e . ,  wh e r e  r/ H ≥  0 . 2 )  an d  at a  g i ve n  va l u e  o f r,  TCJ r i s e s  ve r y

r ap i d l y fr o m  th e  te m p e r a tu r e  o f th e  c e i l i n g ' s  l o we r  s u r fa c e ,  TS, L,
at z =  0 ,  to  a m ax i m u m ,  Tmax,  s o m e wh at b e l o w th e  c e i l i n g
s u r fac e .  I t i s  as s u m e d  th a t th i s  m ax i m u m  va l u e  o f TCJ o c c u r s  a t

th e  i d e n ti c al  d i s tan c e  b e l o w th e  c e i l i n g  as  d o e s  th e  m ax i m u m
o f VCJ ( i . e . ,  at z =  0 . 2 3δ) .  B e l o w th i s  e l e vati o n ,  TCJ d r o p s  wi th

i n c r e as i n g  d i s tan c e  fr o m  th e  c e i l i n g u n ti l  i t r e ac h e s  th e  u p p e r-
l aye r  te m p e r a tu r e ,  TU.  I n  th i s  l a tte r,  o u te r  r e g i o n  o f th e  c e i l i n g

[ B . 5 . 2 b ]

 
[ B . 5 . 2 c ]

¹ ⁄₂0 1

0

1

4.3

   z

V
CJ

V
max

0.23d

FI G U RE  B . 5 . 2   A P l o t o f D i m e n s i o n l e s s  C e i l i n g J e t Ve l o c i ty
D i s tri b u ti o n ,  VCJ/Vmax,  as  a Fu n c ti o n  o f z/ 0 . 2 3δ  p e r E q uati o n

B . 5 . 2 a.
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j e t,  th e  s h ap e  o f th e  n o r m a l i z e d  TCJ d i s tr i b u ti o n ,  (TCJ – TU) /
(Tmax – TU) ,  h as  th e  s a m e  c h a r ac te r i s ti c s  a s  th at o f VCJ/Vmax.  Al s o ,

b e c au s e  th e  b o u n d a r y fow i s  tu r b u l e n t,  i t i s  r e as o n ab l e  to  e s ti ‐
m a te  th e  c h ar a c te r i s ti c  th i c kn e s s e s  o f th e  o u te r  r e gi o n  o f b o th

th e  ve l o c i ty an d  te m p e r atu r e  d i s tr i b u ti o n s  as  b e i n g  i d e n ti c al ,
b o th  d i c tate d  b y th e  d i s tr i b u ti o n  o f th e  tu r b u l e n t e d d i e s  th e r e .

F o r  th e s e  r e as o n s ,  th e  d i m e n s i o n l e s s  ve l o c i ty an d  te m p e r a‐
tu r e  d i s tr i b u ti o n  a r e  a p p r o x i m ate d  as  b e i n g  i d e n ti c al  i n  th e
o u te r  r e g i o n  o f th e  c e i l i n g j e t fow,  0 . 2 3δ  ≤  z.  I n  th e  i n n e r

r e g i o n  o f th e  fow,  b e twe e n  z =  0  an d  0 . 2 3δ,  th e  n o r m a l i z e d
te m p e r a tu r e  d i s tr i b u ti o n  i s  a p p r o x i m a te d  b y a q u ad r a ti c  fu n c ‐
ti o n  o f z/ ( 0 . 2 3δ) ,  wi th  TCJ =  TS,L at z =  0  a n d  TCJ =  Tmax,  dTCJ /  dz

=  0  a t z =  0 . 2 3δ.  T h e r e fo r e ,  wh e r e  r/H ≥  0 . 2 ,
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I t s h o u l d  b e  n o te d  th at ΘS i s  n e ga ti ve  wh e n  th e  c e i l i n g
s u r fac e  te m p e r atu r e  i s  l e s s  th a n  th e  u p p e r- l aye r  te m p e r atu r e

( e . g. ,  r e l ati ve l y e ar l y i n  a fre,  wh e n  th e  o r i gi n al  a m b i e n t-
te m p e r a tu r e  c e i l i n g  s u r fac e  h as  n o t ye t r e ac h e d  th e  a ve r a ge
te m p e r a tu r e  o f th e  g r o wi n g  u p p e r  l aye r ) .  Al s o ,  ΘS i s  g r e ate r
th an  1  wh e n  th e  c e i l i n g  s u r fa c e  te m p e r atu r e  i s  g re ate r  th an
Tmax.  T h i s  i s  p o s s i b l e ,  fo r  e x am p l e ,  d u r i n g ti m e s  o f r e d u c e d  fre

s i z e  wh e n  th e  fre's  n e a r- c e i l i n g p l u m e  te m p e r a tu r e  i s  r e d u c e d
signifcantly,  p e rh ap s  te m p o r ar i l y,  fr o m  p r e vi o u s  va l u e s ,  b u t th e

c e i l i n g  s u r fa c e ,  h e a te d  p r e vi o u s l y to  r e l ati ve l y h i g h  te m p e r a‐
tu r e s ,  h as  n o t c o o l e d  s u b s ta n ti al l y.  P l o ts  o f Θ  p e r  E q u a ti o n

B . 5 . 3 a a r e  s h o wn  i n  F i g u r e  B . 5 . 3  fo r  c as e s  wh e r e  Θ  i s  <  0 ,
b e twe e n  0  a n d  1 ,  an d  >  0 .

I n  a  m a n n e r  s i m i l a r  to  th e  tr e a tm e n t o f VCJ/Vmax,  fo r  th e
p u r p o s e  o f c al c u l a ti n g TL,  fr o m  E q u ati o n  B . 5 . 1 ,  ΘS i s  a p p r o x i ‐

m a te d  i n s i d e  th e  s ta gn a ti o n  z o n e  b y th e  d e s c r i p ti o n  o f E q u a‐
ti o n s  B . 5 . 3 a a n d  B . 5 . 3 b ,  wi th  r/H s e t e q u a l  to  0 . 2  as  fo l l o ws :

Θ Θ
S S

r

H

r

H
= =



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0 2 0 0 2. ; .  i f ≤ ≤

Wi th  th e  r ad i al  d i s tr i b u ti o n  fo r  TS,L an d  TU a l r e a d y c a l c u l ate d
u p  to  a  specifc  ti m e ,  o n l y Tmax i s  n e e d e d  to  c o m p l e te  th e

d e r i ve d  e s ti m ate  fr o m  E q u ati o n s  B . 5 . 3 a th r o u g h  B . 5 . 3 c  fo r  th e
c e i l i n g j e t te m p e r atu r e  d i s tr i b u ti o n .  T h i s  e s ti m ate  i s  o b ta i n e d

b y i n vo ki n g c o n s e r vati o n  o f e n e r gy.  T h e r e fo r e ,  at an  a r b i tr ar y r
o u ts i d e  th e  s tag n ati o n  z o n e ,  th e  to tal  r a te  o f r ad i al  outfow o f
e n th a l p y ( r e l a ti ve  to  th e  u p p e r-l aye r  te m p e r atu r e )  o f th e  c e i l ‐

i n g j e t i s  e q u al  to  th e  u n i fo r m  r ate  o f e n th al p y fow i n  th e
u p p e r- l aye r  p o r ti o n  o f th e  p l u m e ,  ɺ ′Q ,  l e s s  th e  i n te gr a l  ( fr o m

 
[ B . 5 . 3 a]

 
[ B . 5 . 3 b ]

 
[ B . 5 . 3 c ]

th e  p l u m e - c e i l i n g i m p i n g e m e n t p r i o r  to  r)  o f th e  fux  o f
c o n ve c ti ve  h e at tr a n s fe r  fr o m  th e  c e i l i n g  j e t to  th e  c e i l i n g

s u r fac e  as  fo l l o ws :

2 2
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00

π ρ π
U P CJ U CJ conv L
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 i s  th e  fr ac ti o n  o f ɺ ′Q  tr an s fe r r e d  b y c o n ve c ti o n  to  th e
c e i l i n g fr o m  th e  p o i n t o f c e i l i n g  i m p i n g e m e n t to  r as  fo l l o ws :
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conv

conv L
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q r t r dr

Q
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ɺ
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,
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I n  E q u a ti o n s  B . 5 . 3 d  an d  B . 5 . 3 e ,  ɺ ′Q  h a s  b e e n  c al c u l a te d
p r e vi o u s l y i n  E q u a ti o n  B . 4 . 4 . 2 a .  Al s o ,  th e  i n te g r al  o n  th e  r i g h t-

h a n d  s i d e s  o f E q u ati o n s  B . 5 . 3 d  a n d  B . 5 . 3 e  c a n  b e  c a l c u l ate d  b y
a p p r o x i m a ti n g ɺ ′′ ( )q r tconv L, , ,  a s  s h o wn  i n  E q u a ti o n  B . 5 . 3 e ,  as  a

l i n e a r  fu n c ti o n  o f r b e twe e n  p r e vi o u s l y c al c u l a te d  va l u e s  o f
ɺq r r tconv L n,

,=( ) .

T h e  i n te g r al  o n  th e  l e ft- h an d  s i d e  o f E q u ati o n  B . 5 . 3 d  i s
c a l c u l ate d  u s i n g  VCJ o f E q u ati o n s  B . 5 . 2 a an d  B . 5 . 3 b  a n d  TCJ o f
E q u a ti o n s  B . 5 . 3 a a n d  B . 5 . 3 b .  F r o m  th i s ,  th e  d e s i r e d  d i s tr i b u ‐

ti o n  fo r  Tmax i s  d e te r m i n e d  a s  fo l l o ws :
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max U conv H U S L U
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T h e  r e s u l t o f E q u ati o n  B . 5 . 3 f,  to ge th e r  wi th  E q u a ti o n s  B . 5 . 3 a
an d  B . 5 . 3 b ,  r e p r e s e n ts  th e  d e s i r e d  e s ti m a te  fo r  TCJ.  T h i s  an d

th e  e s ti m ate  d e r i ve d  fr o m  E q u a ti o n s  B . 5 . 2 a  th r o u gh  B . 5 . 2 c  fo r
TCJ ar e  u s e d  to  c a l c u l ate  TL fr o m  E q u a ti o n  B . 5 . 1 .

B . 5 . 4  D e p e n d e n c e  o f O p e n  Ve n t Are a o n  Fu s i b l e - L i n k –Ac tu ‐
ate d  Ve n ts .    As  d i s c u s s e d ,  th e  infuence  o f c e i l i n g  ve n t a c ti o n
o n  th e  fre-generated  e q u i p m e n t i s  d e p e n d e n t o n  th e  ac ti ve
ar e a o f th e  o p e n  c e i l i n g ve n ts ,  AV.  A va r i e ty o f b as i c  ve n t o p e n ‐

i n g d e s i g n  s tr ate gi e s  i s  p o s s i b l e ,  an d  a m aj o r  ap p l i c a ti o n  o f th e
c u r r e n t m o d e l  e q u ati o n s  i s  to  e val u ate  th e s e  s tr ate gi e s  wi th i n
th e  c o n te x t o f th e  d e ve l o p i n g fre  e n vi r o n m e n t.  F o r  e x am p l e ,

o n e  o f th e  s i m p l e s t s tr a te g i e s  [ 9 ]  as s u m e s  th at al l  ve n ts
d e p l o ye d  i n  th e  specifed  c u r ta i n e d  ar e a  ar e  o p e n e d  b y wh a t‐
e ve r  m e an s  a t th e  o n s e t o f th e  fre.  I n  ge n e r a l ,  AV wi l l  b e  ti m e -

d e p e n d e n t.  To  th e  e x te n t th a t a s tr a te g y o f ve n t o p e n i n g  i s
d e p e n d e n t d i r e c tl y o n  th e  fu s i n g  o f an y o n e  o r  s e ve r al
d e p l o ye d  fu s i b l e  l i n ks ,  th e  l o c ati o n  o f th e s e  l i n ks  a n d  th e i r

c h a r ac te r i s ti c s  ( i . e . ,  l i ke l y s p a c i n gs  fr o m  p l u m e -c e i l i n g  i m p i n ge ‐
m e n t,  d i s ta n c e  b e l o w th e  c e i l i n g,  a n d  th e  RT I )  an d  th e  fu n c ‐
ti o n a l  r e l ati o n s h i p  b e twe e n  l i n k fu s i n g an d  AV n e e d  to  b e
specifed.  T h e s e  m atte r s  c an  b e  e x a m i n e d  i n  th e  c o n te x t o f

d i ffe r e n t s o l u ti o n s  to  th e  o ve r a l l  p r o b l e m  b y e x e r c i s i n g  p ar a‐

 
  [ B . 5 . 3 d ]

 
[ B . 5 . 3 e ]

 
[ B . 5 . 3 f]
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m e tr i c a l l y th e  L AVE N T  c o m p u te r  p r o gr a m  [ 2 ] ,  wh i c h  i m p l e ‐
m e n ts  al l  th e  m o d e l  e q u a ti o n s  p r o vi d e d  i n  th i s  an n e x .

B . 5 . 5  C o n c l u d i n g Re m ark s  — A S um m ar y o f G u i d e l i n e s ,
As s um p ti o n s ,  an d  L i m i tati o n s .    T h e  th e o r y p r e s e n te d  h e r e  i s
th e  b as i s  o f L AVE N T,  a u s e r-fr i e n d l y c o m p u te r  p r o gr a m  [ 2 ]
th a t i s  s u p p o r te d  b y a u s e r  g u i d e  [ 3 ]  a n d  th a t c an  b e  u s e d  to
s tu d y p ar am e tr i c al l y a wi d e  r an g e  o f r e l e van t fre  s c e n ar i o s .

T h e  as s u m p ti o n s  m a d e  i n  th e  d e ve l o p m e n t o f th e  s e t o f
m o d e l  e q u ati o n s  l i m i t fre  s c e n a r i o s  o r  as p e c ts  o f fre  s c e n ar i o s
th a t c an  b e  s i m u l ate d  an d  s tu d i e d  wi th  confdence.  A s u m m ar y
o f g u i d e l i n e s  an d  as s u m p ti o n s  th a t c h a r ac te r i z e  wh at ar e
p e rh ap s  th e  m o s t c r i ti c al  o f th e s e  l i m i ta ti o n s  fo l l o ws .  T h e s e  ar e
th e  r e s u l t o f e x p l i c i t o r  i m p l i c i t as s u m p ti o n s  n e c e s s a r y fo r  val i d
ap p l i c a ti o n  o f th e  var i e ty o f s u b m o d e l s  i n tr o d u c e d  th r o u g h o u t
th i s  wo r k.

L an d  W a r e  th e  l e n g th  an d  wi d th ,  r e s p e c ti ve l y,  o f th e  p l a n
ar e a o f th e  c u r tai n e d  s p ac e .  S i m u l a te d  confgurations  s h o u l d
b e  l i m i te d  to  th o s e  wi th  as p e c t r ati o s ,  L/ W,  th at ar e  n o t m u c h
d i ffe r e n t fr o m  1  ( e . g. ,  0 . 5  ≤  L/W <  2 ) .  Al s o ,  i n  s u c h  confgura‐
tions,  th e  fre  s h o u l d  n o t b e  to o  c l o s e  to  o r  to o  far  fr o m  th e
wal l s  [ e . g. ,  th e  fre  s h o u l d  b e  n o  c l o s e r  to  a wa l l  th an  ( yceil –

yfre) / 2  an d  n o  fa r th e r  th an  3 ( yceil – yfre) ] .

T h e  c u r tai n  b o ar d s  s h o u l d  b e  d e e p  e n o u g h  to  s a ti s fy (yceil –
ycurt)  ≥  0 . 2  ( yceil – yfre) ,  u n l e s s  th e  e q u a ti o n s  an d  th e  s tan d ar d  ar e

u s e d  to  s i m u l ate  an  unconfned  c e i l i n g  s c e n a r i o  wh e r e  ( yceil –
ycurt)  =  0 .

T h e  c e i l i n g  o f th e  c u r ta i n e d  s p a c e  s h o u l d  b e  r e l ati ve l y
s m o o th ,  wi th  p r o tu b e r a n c e s  h a vi n g d e p th s  signifcantly l e s s

th an  0 . 1 (yceil – yfre).  E x c e p t a t th e  l o c ati o n s  o f th e  c u r ta i n  b o ar d s ,
b e l o w-c e i l i n g –m o u n te d  b ar r i e r s  to  fow,  s u c h  as  s o l i d  b e am s ,
s h o u l d  b e  avo i d e d .  C e i l i n g  s u r fac e  p r o tu b e r a n c e s  n e ar  to  an d

u p s tr e am  o f fu s i b l e  l i n ks  ( i . e . ,  b e twe e n  th e  l i n ks  a n d  th e  fre)
s h o u l d  b e  signifcantly s m a l l e r  th an  l i n k- to -c e i l i n g  d i s tan c e s .

0

D i s t a n c e

b e l o w

c e i l i n g

“ H o t ”  c e i l i n g ,  l o w  h e a t  t r a n s f e r

“ C o o l ”  c e i l i n g ,  h i g h  h e a t  t ra n s f e r

DT
CJ

 =  T
C J 

– T
U

 

=  c e i l i n g  j e t  t e m p e ra t u re  – u p p e r l a y e r t e m p e ra t u re

FI G U RE  B . 5 . 3   P l o ts  o f D i m e n s i o n l e s s  C e i l i n g J e t
Te m p e ratu re  D i s tri b u ti o n ,  Θ,  as  a Fu n c ti o n  o f z/ 0 . 2 3δ  p e r
E q u ati o n  B . 5 . 3 a fo r C as e s  Wh e re  ΘS i s  < 0 ,  B e twe e n  0  an d  1 ,

an d  > 0 .

WV i s  th e  wi d th ,  th at i s ,  th e  s m a l l e r  d i m e n s i o n  o f a s i n g l e  c e i l ‐
i n g  ve n t ( o r  ve n t c l u s te r ) .  I f ve n ts  ar e  o p e n ,  th e  p r e d i c ti o n  o f

s m o ke  l a ye r  th i c kn e s s ,  yceil – y,  i s  r e l i a b l e  o n l y afte r  th e  ti m e  th a t
( yceil – y) / WV i s  gr e a te r  th an  1 .  ( F o r  s m a l l e r  l aye r  d e p th s ,

“ p l u gh o l i n g”  fow th r o u g h  th e  ve n ts  c o u l d  o c c u r,  l e ad i n g  to
p o s s i b l e  signifcant i n ac c u r a c i e s  i n  ve n t fow e s ti m ate s . )  N o te

th at th i s  p l a c e s  an  a d d i ti o n al  l i m i tati o n  o n  th e  m i n i m u m  d e p th
o f th e  c u r tai n  b o ar d s  [ i . e . ,  ( yceil – ycurt) / WV s h o u l d  e x c e e d  1 ] .

At al l  ti m e s  d u r i n g a  s i m u l a te d  fre  s c e n ar i o ,  th e  o ve r a l l
b u i l d i n g  s p a c e  s h o u l d  b e  ve n te d  to  th e  o u ts i d e  ( e . g. ,  th r o u gh

o p e n  d o o r wa ys ) .

I n  th i s  r e ga r d ,  c o m p ar e d  to  th e  o p e n  c e i l i n g  ve n ts  i n  th e
c u r ta i n e d  c o m p ar tm e n t,  th e  ar e a o f th e  o u ts i d e  ve n ts  m u s t b e
l ar g e  e n o u g h  s u c h  th a t th e  p r e s s u r e  d ro p  a c r o s s  th e  o u ts i d e

ve n ts  i s  s m al l  c o m p ar e d  to  th e  p r e s s u re  d r o p  a c r o s s  c e i l i n g
ve n ts .  F o r  e x am p l e ,  u n d e r  n e ar-s te ad y-s tate  c o n d i ti o n s ,  wh e n
th e  r ate  o f m as s  fow i n to  th e  o u ts i d e  ve n ts  i s  ap p r o x i m a te l y

e q u al  to  th e  r ate  o f m a s s  outfow fr o m  th e  c e i l i n g  ve n ts ,  th e
o u ts i d e  ve n t a r e a m u s t s a ti s fy ( AVout/ AV) 2 ( TU/ Tamb) 2  > >  1 ,  o r,
m o r e  c o n s e r vati ve l y an d  i n d e p e n d e n t o f TU,  ( AVout/ AV) 2  > >  1 .
T h e  l atte r  c r i te r i o n  wi l l  al ways  b e  r e as o n ab l y satisfed  i f AVout/ AV

>  2 .  U n d e r  fashover-level  c o n d i ti o n s  — s a y,  wh e n  TU /  Tamb =  3
— th e  fo r m e r  c r i te r i o n  wi l l  b e  satisfed  i f ( 3 AVout/ AV) 2  > >  1  —

s a y,  i f AVout =  AV,  o r  e ve n  i f AVout i s  s o m e wh a t s m al l e r  th a n  AV.

T h e  s i m u l ati o n  a s s u m e s  a  r e l ati ve l y q u i e s c e n t o u ts i d e  e n vi ‐
r o n m e n t ( i . e . ,  wi th o u t a n y wi n d )  a n d  a  r e l ati ve l y q u i e s c e n t
i n s i d e  e n vi r o n m e n t ( i . e . ,  r e m o te  fr o m  ve n t fows,  u n d e r-c u r ta i n
fows,  c e i l i n g  j e ts ,  a n d  th e  fre  p l u m e ) .  I n  r e al  fre  s c e n a r i o s ,

s u c h  an  as s u m p ti o n  s h o u l d  b e  va l i d  wh e r e  th e  c h a r ac te r i s ti c
ve l o c i ti e s  o f a c tu al  fows  i n  th e s e  q u i e s c e n t e n vi r o n m e n ts  a r e

m u c h  l e s s  th an  th e  ve l o c i ty o f th e  fre  p l u m e  n e ar  i ts  c e i l i n g
i m p i n ge m e n t p o i n t ( i . e . ,  wh e r e  th e  c h ar ac te r i s ti c  ve l o c i ti e s  a r e
m u c h  l e s s  th a n  Vmax o f E q u ati o n  B . 5 . 2 b ) .  I t s h o u l d  b e  n o te d

th at,  fo r  a g i ve n  fre  s tr e n gth ,  Q,  th i s  l atte r  a s s u m p ti o n  p l a c e s  a
r e s tr i c ti o n  o n  th e  m ax i m u m  s i z e  o f ( yceil – yfre) ,  wh i c h  i s  a m e as ‐
u r e  o f H,  s i n c e  Vmax i s  a p p r o x i m ate l y p r o p o r ti o n al  to  ( yceil –
yfre) -1 / 3 .

I n  confgurations  wh e r e  s m o ke  fows  b e l o w c u r tai n  p ar ti ‐
ti o n s  to  ad j a c e n t c u r ta i n e d  s p a c e s ,  th e  s i m u l a ti o n  i s  val i d  o n l y

u p  to  th e  ti m e  th a t i t ta ke s  fo r  an y o n e  o f th e  a d j ac e n t s p a c e s  to
fll  wi th  s m o ke  to  th e  l e ve l  o f th e  b o tto m  o f th e  c u r tai n .  Wh i l e
i t i s  b e yo n d  th e  s c o p e  o f th i s  s tan d a r d  to  p r o vi d e  an y g e n e r al

gu i d e l i n e s  fo r  th i s  l i m i ti n g  ti m e ,  th e  fo l l o wi n g  r u l e  c an  b e
u s e fu l  wh e r e  al l  c u r ta i n e d  s p ac e s  o f a b u i l d i n g a r e  s i m i l ar  an d
wh e r e  th e  fre  i s  n o t gr o wi n g to o  r ap i d l y:  T h e  ti m e  to  fll  an

ad j a c e n t s p ac e  i s  o f th e  o r d e r  o f th e  ti m e  to  fll  th e  o r i gi n al
s p ac e .

T h e  r e l i ab i l i ty o f th e  s i m u l a ti o n  b e g i n s  to  d e g r ad e  s u b s e ‐
q u e n t to  th e  ti m e  th a t th e  to p  o f th e  fame  p e n e tr ate s  th e  l a ye r

e l e vati o n ,  an d  e s p e c i a l l y i f E q u a ti o n  B . 4 . 3 a p r e d i c ts  a fame
h e i gh t th a t r e a c h e s  th e  c e i l i n g .

I t i s  as s u m e d  th at th e  s m o ke  i s  r e l ati ve l y tr an s p a r e n t an d  th a t
th e  r ate  o f r ad i a ti o n  ab s o r b e d  b y o r  e m i tte d  fr o m  th e  s m o ke
l aye r  i s  s m al l  c o m p ar e d  to  th e  r a te  o f r ad i ati o n  tr an s fe r  fr o m

th e  fre's  c o m b u s ti o n  z o n e .  T h e  as s u m p ti o n  i s  typ i c al l y tr u e ,
an d  a  s i m u l ati o n  i s  val i d  a t l e as t u p  to  th o s e  ti m e s  th at th e  p h ys ‐
i c al  fe atu r e s  o f th e  c e i l i n g  c an  b e  d i s c e r n e d  vi s u a l l y fr o m  th e
foor  e l e va ti o n .

I t s h o u l d  b e  e m p h a s i z e d  th at th e  p r e c e d i n g l i m i ta ti o n s  ar e
i n te n d e d  o n l y a s  g u i d e l i n e s .  T h e r e fo r e ,  e ve n  wh e n  th e  c h ar a c ‐
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te r i s ti c s  o f a p a r ti c u l a r  fre  s c e n ar i o  s a ti s fy th e s e  l i m i tati o n s ,  th e
r e s u l ts  s h o u l d  b e  r e ga r d e d  wi th  c au ti o n  u n ti l  s o l u ti o n s  to  th e
o ve r al l  m o d e l  e q u a ti o n s  h a ve  b e e n  va l i d ate d  b y a  s u b s ta n ti al

b o d y o f e x p e r i m e n ta l  d a ta .  Al s o ,  wh e r e  a fre  s c e n a r i o  d o e s  n o t
s a ti s fy th e  p r e c e d i n g l i m i tati o n s  b u t i s  c l o s e  to  d o i n g  s o ,  i t i s
p o s s i b l e  th at th e  m o d e l  e q u ati o n s  c a n  s ti l l  p r o vi d e  u s e fu l  q u an ‐

ti tati ve  d e s c r i p ti o n s  o f th e  s i m u l a te d  p h e n o m e n a.
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Unconfned  C e i l i n g, ”  Journal of Heat Transfer 1 0 4 : 4 4 6 –4 5 1 ,

Au gu s t 1 9 8 2 .
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B . 7  N o m e n c l atu re  fo r An n e x   B .

A =  p l an  ar e a  o f s i n g l e  c u r tai n  s p a c e

Aeff =  e ffe c ti ve  ar e a  fo r  h e at tr a n s fe r  to  th e  e x te n d e d  l o we r-
c e i l i n g  s u r fac e , πDeff

2
4/

AV =  to tal  a r e a o f o p e n  c e i l i n g  ve n ts  i n  c u r ta i n e d  s p a c e

AVout =  to ta l  ar e a  o f o p e n  ve n ts  to  o u ts i d e  e x c l u s i ve  o f AV

C =  ve n t fow coeffcient ( 0 . 6 8 )

CP =  specifc  h e at at c o n s ta n t p r e s s u r e

CT =  9 . 1 1 5 ,  d i m e n s i o n l e s s  c o n s tan t i n  p l u m e  m o d e l

CV =  specifc  h e at at c o n s tan t vo l u m e

Deff =  e ffe c ti ve  d i am e te r  o f Aeff

Dfre =  e ffe c ti ve  d i a m e te r  o f fre  s o u r c e  ( πDfire

2
4/ =  ar e a  o f fre

s o u r c e )

g =  ac c e l e r a ti o n  o f g r avi ty

H =  d i s ta n c e  b e l o w c e i l i n g  o f e q u i val e n t s o u r c e

ɶh  =  c h a r ac te r i s ti c  h e a t tr an s fe r  coeffcient

hL,  hU =  l o we r-,  u p p e r-c e i l i n g  s u r fac e  h e at tr an s fe r  coeffcient

L =  c h a r ac te r i s ti c  l e n gth  o f th e  p l a n  a r e a o f c u r tai n e d  s p a c e

Lcurt =  l e n gth  o f th e  p e r i m e te r  o f A c o n n e c te d  to  o th e r
c u r ta i n e d  a r e as  o f th e  b u i l d i n g

Lfame =  fame  l e n gth
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ɺm
curt  =  m a s s  fow r ate  fr o m  b e l o w c u r ta i n  to  u p p e r  l a ye r

ɺm
ent  =  r ate  o f p l u m e  m as s  e n tr ai n m e n t b e twe e n  th e  fre  an d

th e  l a ye r  i n te r fac e

ɺmplume  =  m as s  fow r ate  o f p l u m e  at i n te r fa c e

mU =  to tal  m a s s  o f th e  u p p e r  l aye r

ɺm
U  =  n e t m as s  fow r a te  to  u p p e r  l aye r

ɺm
vent  =  m a s s  fow r ate  th r o u g h  c e i l i n g ve n ts  to  u p p e r  l a ye r

N =  n u m b e r  o f e q u al -s p ac e d  n o d e s  th r o u g h  th e  c e i l i n g

Nrad =  n u m b e r  o f val u e s  o f rn

P =  l e n gth  o f p e r i m e te r  o f s i n g l e  c u r tai n e d  ar e a

Pr =  P r an d tl  n u m b e r,  take n  to  b e  0 . 7

p =  p r e s s u r e

pU,  pamb =  p r e s s u r e  i n  u p p e r- l aye r,  o u ts i d e  am b i e n t

ɺQ  =  e n e r gy r e l e as e  r ate  o f fre

ɺ ′Q  =  s tr e n g th  o f c o n ti n u ati o n  s o u r c e  i n  e x te n d e d  u p p e r
l aye r

ɺQH
*

 =  d i m e n s i o n l e s s  s tr e n gth  o f p l u m e  at c e i l i n g

ɺQeq

*

 =  d i m e n s i o n l e s s  s tr e n gth  o f p l u m e  at i n te r fa c e

ɺ ɺ′′ ′′q qconv L conv U, ,

,  =  c o n ve c ti ve  h e at tr a n s fe r  fux  to  l o we r- ,  u p p e r-
c e i l i n g s u r fa c e

ɺ ɺ′′ = ′′ =( )q q r r tconv L conv L nN, , ,

,
 

ɺq
curt  =  e n th a l p y fow r a te  fr o m  b e l o w c u r tai n  to  u p p e r  l a ye r

ɺqHT  =  h e at tr a n s fe r  r ate  to  u p p e r  l a ye r

ɺqplume  =  e n th a l p y fow r a te  o f p l u m e  at i n te r fac e

ɺqrad fire-  =  r ad i ati o n  fux  i n c i d e n t o n  l o we r  s u r fac e  o f c e i l i n g

ɺ ɺ′′ ′′q qrerad L rerad U, ,

,  =  r e r a d i ati o n  fux  to  l o we r,  u p p e r  s u r fac e  o f
c e i l i n g

ɺqU  =  n e t e n th al p y fow r ate  p l u s  h e a t tr a n s fe r  r a te  to  u p p e r
l aye r

ɺ ɺ′ ′′q qL U,  =  n e t h e a t tr a n s fe r  fuxes  to  u p p e r- ,  l o we r-c e i l i n g
s u r fac e

ɺq
vent  =  e n th a l p y fow r a te  th r o u gh  c e i l i n g  ve n t to  u p p e r  l a ye r

R =  ga s  c o n s ta n t,C C
P V
−

ReH =  Re yn o l d s  n u m b e r  o f p l u m e  at c e i l i n g e l e vati o n

RTI =  r e s p o n s e  ti m e  i n d e x

r =  rad i al  d i s tan c e  fr o m  p l u m e -c e i l i n g  i m p i n g e m e n t

rL =  r at l i n k

rn =  d i s c r e te  val u e s  o f r

T =  ab s o l u te  te m p e r atu r e  o f c e i l i n g  m a te r i al

TAD =  a d i a b ati c  l o we r-c e i l i n g s u r fa c e  te m p e r a tu r e

TCJ =  te m p e r atu r e  d i s tr i b u ti o n  o f c e i l i n g j e t g as

TCJ, L =  TCJ at l i n k

Tmax ( t)  =  TS, L ( r =  0 , t)  =  T ( Z =  0 , t,  r =  0 )

TS, L,  TS, U =  a b s o l u te  te m p e r atu r e  o f l o we r- ,  u p p e r-c e i l i n g
s u r fac e

TS, L, n ( t)  =  TS, L ( r =  rn, t)  =  Tn ( Z =  0 , t,  r =  rn)

TU,  Tamb =  ab s o l u te  te m p e r atu r e  o f u p p e r- l aye r,  o u ts i d e  am b i ‐
e n t

Tn =  T ( Z,  t r =  rn)

t =  ti m e

V =  ave r ag e  fow ve l o c i ty th r o u g h  a l l  o p e n  ve n ts

V =  c h ar a c te r i s ti c  va l u e  o f VCJ

VCJ =  ve l o c i ty d i s tr i b u ti o n  o f c e i l i n g  j e t ga s

VCJ, L =  VCJ at l i n k

Vmax =  m a x i m u m  va l u e  o f VCJ at a gi ve n  r

W =  c h ar ac te r i s ti c  wi d th  o f p l an  a r e a o f c u r tai n e d  s p ac e

WV =  wi d th  o f a  s i n gl e  c e i l i n g  ve n t ( o r  ve n t c l u s te r )

y,  y ceil,  y curt,  yeq,  yfre =  e l e va ti o n  o f s m o ke  l aye r  i n te r fa c e ,  c e i l i n g ,
b o tto m  o f c u r tai n ,  e q u i va l e n t s o u r c e  fre  ab o ve  foor

′y
source  =  e l e va ti o n  o f p l u m e  c o n ti n u ati o n  p o i n t s o u r c e  i n

e x te n d e d  u p p e r  l aye r  ab o ve  foor

Z =  d i s tan c e  i n to  th e  c e i l i n g,  m e as u r e d  fr o m  b o tto m  s u r fac e

z,  zL =  d i s tan c e  b e l o w l o we r-c e i l i n g s u r fa c e ,  z,  at l i n k

α  = TU/Tamb

τ =  r ati o  o f specifc  h e at,  CP/CV

Δpceil =  c r o s s -ve n t p r e s s u r e  d i ffe r e n c e

Δpcurt =  c r o s s - c u r ta i n  p r e s s u r e  d i ffe r e n c e

δ  =  val u e  o f z wh e r e  VCJ = Vmax/ 2

δZ =  d i s tan c e  b e twe e n  n o d e s  th r o u gh  th e  c e i l i n g th i c kn e s s

∈  =  c o n s tan t,  E q u a ti o n s  B . 4 . 2 c  an d  B . 4 . 2 e

∈L,  ∈U,  ∈foor,  ∈far =  e m i tta n c e - ab s o r p ta n c e  o f l o we r,  u p p e r,
foor,  a n d  far-feld  gr ay s u r fac e s ,  a l l  take n  to  b e  1

Θ  =  n o r m al i z e d ,  d i m e n s i o n l e s s  c e i l i n g j e t te m p e r a tu r e  d i s tr i ‐
b u ti o n ,  ( TCJ – TU) / ( Tmax – TU)

ΘS =  Θ  at l o we r-c e i l i n g s u r fa c e ,  ( TS, L – TU) / ( Tmax – TU)

λr =  fr ac ti o n  o f ɺQ  r ad i ate d  fr o m  c o m b u s ti o n  z o n e

λconv =  fr ac ti o n  o f ɺQ  tr an s fe r r e d  b y c o n ve c ti o n  fr o m  u p p e r
l aye r

′λ
conv

 =  fr a c ti o n  o f ɺ ′Q  tr a n s fe r r e d  to  th e  c e i l i n g  i n  a c i r c l e  o f
r ad i u s ,  r,  a n d  c e n te r e d  at r =  0 ,  E q u ati o n  B . 5 . 3 e

νU =  ki n e m ati c  vi s c o s i ty o f u p p e r-l a ye r  g as

ρU,  ρamb =  d e n s i ty o f u p p e r- l aye r,  o u ts i d e  am b i e n t

σ  =  d i m e n s i o n l e s s  va r i a b l e ,  E q u a ti o n  B . 4 . 4 . 1 e
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An n e x  C    U s e r G u i d e  fo r th e  L AVE N T  C o m p u te r C o d e

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

C . 1  O ve r vi e w.    T h i s  an n e x  i s  a  u s e r  gu i d e  fo r  th e  L AVE N T
c o m p u te r  c o d e  ( L i n k-Ac tu ate d  VE N Ts ) ,  Ve r s i o n  1 . 1 ,  an d  a n
as s o c i ate d  gr a p h i c s  c o d e  c al l e d  G RAP H .  As  d i s c u s s e d  i n

S e c ti o n  9 . 3  a n d  i n  An n e x  B ,  L AVE N T  h as  b e e n  d e ve l o p e d  to
s i m u l a te  th e  e n vi r o n m e n t an d  th e  r e s p o n s e  o f s p r i n kl e r  l i n ks
i n  c o m p a r tm e n t fres  wi th  c u r ta i n  b o a r d s  an d  fu s i b l e -l i n k–a c tu ‐

a te d  c e i l i n g  ve n ts .  Ve n ts  a c tu a te d  b y a l te r n ati ve  m e an s  s u c h  a s
th e rm o p l as ti c  d r o p -o u t p an e l s  wi th  e q u i val e n t p e r fo r m a n c e
c h a rac te r i s ti c s  c an  al s o  b e  m o d e l e d  u s i n g  L AVE N T.  Re fe r  to

A. 1 . 1 . 1 .

A fre  s c e n a r i o  s i m u l ate d  b y L AVE N T  i s  defned  b y th e
fo l l o wi n g  i n p u t p ar am e te r s :

( 1 ) Ar e a  an d  h e i gh t o f th e  c u r tai n e d  s p a c e
( 2 ) S e p ar ati o n  d i s ta n c e  fr o m  th e  foor  to  th e  b o tto m  o f th e

c u r ta i n
( 3 ) L e n g th  o f th e  c u r ta i n  ( A p o r ti o n  o f th e  p e r i m e te r  o f th e

c u r ta i n e d  s p a c e  c a n  i n c l u d e  foor-to-ceiling  wal l s . )
( 4 ) T h i c kn e s s  a n d  p r o p e r ti e s  o f th e  c e i l i n g  m a te r i al  ( d e n s i ty,

th e r m al  c o n d u c ti vi ty,  a n d  h e at c a p a c i ty)
( 5 ) C o n s ta n ts  th at defne  a  specifed  ti m e -d e p e n d e n t e n e r g y

r e l e as e  r ate  o f th e  fre
( 6 ) F i r e  e l e vati o n
( 7 ) Ar e a  o r  c h ar a c te r i s ti c  e n e r g y r e l e a s e  r ate  p e r  u n i t ar e a  o f

th e  fre
( 8 ) To tal  ar e a o f c e i l i n g  ve n ts  wh o s e  o p e n i n g s  ar e  a c tu ate d  b y

a  s i n g l e  fu s i b l e  l i n k ( M u l ti p l e  ve n t ar e a / l i n k s ys te m
c o m b i n ati o n s  m a y b e  p e r m i tte d  i n  an y p a r ti c u l a r  s i m u l a‐

ti o n . )
( 9 ) I d e n ti fyi n g  n u m b e r s  o f fu s i b l e  l i n ks  u s e d  to  ac tu ate  s i n gl e

s p r i n kl e r  h e ad s  o r  g r o u p s  o f s p r i n kl e r  h e a d s  ( M u l ti p l e
s p r i n kl e r  l i n ks  ar e  p e r m i tte d  i n  an y p a r ti c u l a r  s i m u l a‐
ti o n . )

T h e  c h ar a c te r i s ti c s  o f th e  s i m u l ate d  fu s i b l e  l i n ks  a r e  defned
b y th e  fo l l o wi n g i n p u t p a r am e te r s :

( 1 ) Ra d i al  d i s ta n c e  o f th e  l i n k fr o m  th e  fre–ceiling  i m p i n ge ‐
m e n t p o i n t

( 2 ) C e i l i n g –l i n k s e p ar a ti o n  d i s tan c e
( 3 ) L i n k fu s e  te m p e r a tu r e
( 4 ) T h e  r e s p o n s e  ti m e  i n d e x  ( RT I )  o f th e  l i n k

F o r  a n y p a r ti c u l a r  r u n  o f L AVE N T,  th e  c o d e  o u tp u ts  a
s u m m a r y o f th e  i n p u t i n fo r m ati o n  a n d  s i m u l ati o n  r e s u l ts  o f th e

c a l c u l ati o n ,  i n  ta b u l a r  fo r m ,  a t u n i fo r m  s i m u l ati o n  ti m e  i n te r ‐
va l s  r e q u e s te d  b y th e  u s e r.  T h e  o u tp u t r e s u l ts  i n c l u d e  th e
fo l l o wi n g :

( 1 ) Te m p e r atu r e  o f th e  u p p e r  s m o ke  l aye r
( 2 ) H e i gh t o f th e  s m o ke  l a ye r  i n te r fa c e
( 3 ) To tal  m as s  i n  th e  l aye r
( 4 ) F i r e  e n e r g y r e l e a s e  r a te
( 5 ) Ra d i al  d i s tr i b u ti o n s  o f th e  l o we r-c e i l i n g  s u r fa c e  te m p e r a‐

tu r e
( 6 ) Ra d i al  d i s tr i b u ti o n  o f h e at tr an s fe r  r ate s  to  th e  l o we r- an d

u p p e r-c e i l i n g  s u r fac e s
( 7 ) T h e  te m p e r atu r e  fo r  e ac h  l i n k an d  th e  l o c a l  ve l o c i ty an d

te m p e r a tu r e  o f th e  c e i l i n g  j e t

T h i s  a n n e x  e x p l ai n s  L AVE N T  u s i n g  a s e r i e s  o f e x e r c i s e s  i n
wh i c h  th e  r e ad e r  r e vi e ws  a n d  modifes  a  d e fau l t i n p u t d ata fle
th a t d e s c r i b e s  ve n t a n d  s p r i n kl e r  a c tu a ti o n  d u r i n g  fre  g r o wth

i n  an  ar r a y o f wo o d  p a l l e ts  l o c ate d  i n  a  wa r e h o u s e -typ e  o c c u ‐
p an c y.  Re s u l ts  o f th e  d e fa u l t s i m u l ati o n  ar e  d i s c u s s e d .

L AVE N T  i s  wr i tte n  i n  F o r tr an  7 7 .  T h e  e x e c u tab l e  c o d e  o p e r ‐
a te s  o n  I B M  P C -c o m p ati b l e  c o m p u te r s  a n d  n e e d s  a m i n i m u m
o f 3 0 0  ki l o b yte s  o f m e m o r y.

C . 2  I n tro d u c ti o n  — T h e  P h e n o m e n a S i m u l ate d  b y L AVE N T.
F i g u r e  C . 2  d e p i c ts  th e  g e n e r i c  fre  s c e n a r i o  s i m u l a te d  b y

L AVE N T.  T h i s  s c e n ar i o  i n vo l ve s  a fre  i n  a b u i l d i n g  s p ac e  wi th
c e i l i n g -m o u n te d  c u r ta i n  b o ar d s  an d  n e ar-c e i l i n g,  fu s i b l e -l i n k–

ac tu ate d  c e i l i n g ve n ts  a n d  s p r i n kl e r s .  T h e  c u r ta i n e d  ar e a  c a n
b e  c o n s i d e r e d  as  o n e  o f s e ve r al  s u c h  s p ac e s  i n  a  s i n g l e  l a r ge
b u i l d i n g  c o m p a r tm e n t.  B y s p e c i fyi n g th at th e  c u r tai n s  b e  d e e p

e n o u gh ,  th e y c an  b e  th o u gh t o f a s  s i m u l a ti n g th e  wal l s  o f a
s i n gl e  u n c u r tai n e d  c o m p a r tm e n t th a t i s  we l l -ve n ti l a te d  n e a r  th e
foor.

T h e  fre  g e n e r ate s  a m i x tu r e  o f g as e o u s  a n d  s o l i d -s o o t
c o m b u s ti o n  p r o d u c ts .  B e c au s e  o f h i gh  te m p e r atu r e ,  b u o yan c y
fo r c e s  d r i ve  th e  p r o d u c ts  u p war d  to war d  th e  c e i l i n g,  fo r m i n g  a

p l u m e  o f u p war d -m o vi n g  h o t g as e s  a n d  p ar ti c u l ate s .  C o o l  ga s e s
ar e  l a te r a l l y e n tr ai n e d  a n d  m i x e d  wi th  th e  p l u m e  fow,  r e d u c ‐
i n g  i ts  te m p e r atu r e  as  i t c o n ti n u e s  i ts  as c e n t to  th e  c e i l i n g .

Wh e n  th e  h o t p l u m e  fow i m p i n g e s  o n  th e  c e i l i n g ,  i t s p r e ad s
u n d e r  i t,  fo r m i n g a r e l a ti ve l y th i n ,  h i gh -te m p e r a tu r e  c e i l i n g  j e t.

N e a r- c e i l i n g–d e p l o ye d  fu s i b l e  l i n ks  e n gu l fe d  b y th e  c e i l i n g  j e t
ar e  d e p i c te d  i n  F i gu r e  C . 2 .  T h e r e  i s  r e c i p r o c a l  c o n ve c ti ve  c o o l ‐

i n g an d  h e ati n g  o f th e  c e i l i n g  j e t an d  o f th e  c o o l e r  l o we r-
c e i l i n g s u r fac e ,  r e s p e c ti ve l y.  T h e  l o we r-c e i l i n g  s u r fac e  i s  a l s o
h e ate d  d u e  to  r a d i ati ve  tr an s fe r  fr o m  th e  c o m b u s ti o n  z o n e  an d

c o o l e d  d u e  to  r e r a d i a ti o n  to  th e  foor  o f th e  c o m p a r tm e n t.  T h e
c o m p a r tm e n t foor  i s  a s s u m e d  to  b e  at am b i e n t te m p e r a tu r e .

T h e  u p p e r- c e i l i n g s u r fac e  i s  c o o l e d  a s  a r e s u l t o f c o n ve c ti o n
an d  r a d i a ti o n  to  a far-feld,  am b i e n t te m p e r atu r e  e n vi r o n m e n t.

Wh e n  th e  c e i l i n g j e t r e a c h e s  a  b o u n d i n g  ve r ti c a l  c u r tai n
b o ar d  o r  wal l  s u r fac e ,  i ts  fow i s  r e d i s tr i b u te d  ac r o s s  th e  e n ti r e

c u r ta i n e d  a r e a an d  b e g i n s  to  fo r m  a r e l a ti ve l y q u i e s c e n t s m o ke
l aye r  ( n o w s o m e wh a t r e d u c e d  i n  te m p e r a tu r e )  th at s u b m e r g e s
th e  c o n ti n u i n g  c e i l i n g  j e t fow a c ti vi ty.  T h e  u p p e r  s m o ke  l a ye r

gr o ws  i n  th i c kn e s s .  Awa y fr o m  b o u n d i n g s u r fac e s ,  th e  ti m e -
d e p e n d e n t l aye r  te m p e r a tu r e  i s  as s u m e d  to  b e  r e l a ti ve l y
u n i fo r m  th r o u g h o u t i ts  th i c kn e s s .  I t s h o u l d  b e  n o te d  th at th e

th i c kn e s s  an d  te m p e r atu r e  o f th e  s m o ke  l aye r  a ffe c t th e  u p p e r-
p l u m e  c h ar a c te r i s ti c s ,  th e  c e i l i n g j e t c h ar a c te r i s ti c s ,  a n d  th e
h e a t- tr a n s fe r  e x c h a n ge s  to  th e  c e i l i n g .

I f th e  h e i gh t o f th e  b o tto m  o f th e  s m o ke  l a ye r  d r o p s  to  th e
b o tto m  o f th e  c u r ta i n  b o ar d  an d  c o n ti n u e s  d o wn wa r d ,  th e

s m o ke  b e g i n s  to  fow b e l o w th e  c u r ta i n  i n to  th e  ad j ac e n t
c u r ta i n e d  s p a c e s .  T h e  gr o wth  o f th e  u p p e r  l aye r  i s  r e tar d e d .

F u s i b l e  l i n ks  th at ar e  d e s i g n e d  to  ac tu ate  th e  o p e n i n g  o f c e i l ‐
i n g  ve n ts  a n d  th e  o n s e t o f waterfow th r o u g h  s p r i n kl e r s  a r e

d e p l o ye d  at specifed  d i s tan c e s  b e l o w th e  c e i l i n g  an d  at s p e c i ‐
fed  r ad i al  d i s tan c e s  fr o m  th e  p l u m e -c e i l i n g  i m p i n ge m e n t
p o i n t.  T h e s e  l i n ks  ar e  s u b m e r g e d  wi th i n  th e  r e l a ti ve l y h i gh -

te m p e r a tu r e ,  h i gh - ve l o c i ty c e i l i n g j e t fow.  B e c a u s e  th e  ve l o c i ty
an d  te m p e r atu r e  o f th e  c e i l i n g j e t var y wi th  l o c a ti o n  a n d  ti m e ,
th e  h e at tr a n s fe r  to ,  a n d  ti m e  o f fu s i n g  o f,  an y p ar ti c u l ar  l i n k

d e s i g n  a l s o  va r y.

T h e  fu s i n g o f a c e i l i n g  ve n t l i n k l e a d s  to  th e  o p e n i n g  o f a l l
ve n ts  “ ga n ge d ”  to  th at l i n k.  O n c e  a c e i l i n g  ve n t i s  o p e n ,  s m o ke
fows  o u t o f th e  c u r ta i n e d  s p a c e .  Aga i n ,  as  wh e n  s m o ke  fows
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b e l o w th e  c u r tai n s ,  gr o wth  o f th e  u p p e r-l a ye r  th i c kn e s s  i s  r e tar ‐
d e d .

T h e  fu s i n g o f a  s p r i n kl e r  l i n k i n i ti ate s  th e  fow o f wa te r
th r o u g h  th e  s p r i n kl e r.  Al l  o f th e  d e s c r i b e d  p h e n o m e n a,  u p  to
th e  ti m e  th at waterfow th r o u gh  a  s p r i n kl e r  i s  i n i ti ate d ,  a r e
s i m u l a te d  b y L AVE N T.  Re s u l ts  c an n o t b e  u s e d  afte r  wa te r
b e g i n s  to  fow th r o u g h  a s p r i n kl e r.

C . 3  T h e  D e fau l t S i m u l ati o n .    T h e  u s e  o f L AVE N T  i s  d i s c u s s e d
an d  i s  i l l u s tr ate d  i n  th e  fo l l o wi n g  p a r ag r ap h s  wh e r e  e x e r c i s e s  i n
re vi e wi n g  an d  m o d i fyi n g th e  L AVE N T  d e fau l t- s i m u l a ti o n  i n p u t
fle  a r e  p r o vi d e d .  To  a p p r e c i ate  th e  p r o c e s s  m o r e  fu l l y,  a b r i e f
d e s c r i p ti o n  o f th e  d e fa u l t s i m u l ati o n  i s  p r e s e n te d  at th e  o u ts e t.

N o te  th at,  as  e x p l ai n e d  i n  S e c ti o n  C . 4 ,  th e  u s e r  c a n  c h o o s e
to  r u n  L AVE N T  u s i n g e i th e r  E n gl i s h  o r  m e tr i c  u n i ts .  T h e
d e fau l t s i m u l ati o n  u s e s  U S  c u s to m a r y u n i ts .  T h e  e x a m p l e  i n
An n e x   D  u s e s  m e tr i c  u n i ts .

T h e  d e fa u l t s c e n ar i o  i n vo l ve s  a n  8 4  ft ×  8 4  ft ( 2 5 . 6  m  ×
2 5 . 6  m )  c u r tai n e d  c o m p a r tm e n t [ 7 0 5 6  ft2  ( 6 5 5  m 2 )  i n  a r e a]

wi th  th e  c e i l i n g l o c ate d  3 0  ft ( 9 . 1  m )  ab o ve  th e  foor.  A c u r tai n
b o a r d  1 5  ft ( 4 . 6  m )  i n  d e p th  c o m p l e te l y s u r r o u n d s  an d  defnes

th e  c o m p a r tm e n t,  wh i c h  i s  o n e  o f s e ve r al  s u c h  c o m p a r tm e n ts
i n  a  l a r ge r  b u i l d i n g s p ac e .  T h e  c e i l i n g  i s  c o n s tr u c te d  o f a r e l a‐
ti ve l y th i n  s h e e t-s te e l  l o we r  s u r fa c e  th a t i s  we l l  i n s u l ate d  fr o m

a b o ve .  [See Figure C. 3(a). ]

T h e  c u r tai n e d  c o m p ar tm e n t h as  fo u r  u n i fo r m l y s p ac e d
4 8  ft2  ( 4 . 5  m 2 )  c e i l i n g ve n ts  wi th  a to tal  ar e a o f 1 9 2  ft2  ( 1 8  m 2 ) ,

o r  2 . 7  p e r c e n t o f th e  c o m p a r tm e n t ar e a .  O p e n i n g o f th e  c e i l ‐
i n g ve n ts  i s  ac tu ate d  b y q u i c k-r e s p o n s e  fu s i b l e  l i n ks  wi th  RT I s

o f 5 0  ( ft· s e c ) 1 / 2 [ 2 8  ( m · s e c ) 1 / 2 ]  a n d  fu s e  te m p e r atu r e s  o f 1 6 5 ° F
( 7 4 ° C ) .  T h e  l i n ks  ar e  l o c ate d  a t th e  c e n te r s  o f th e  ve n ts  an d
0 . 3  ft ( 0 . 0 9  m )  b e l o w th e  c e i l i n g  s u r fac e .

F u s i b l e -l i n k–a c tu a te d  s p r i n kl e r s  a r e  d e p l o ye d  o n  a s q u a r e
gr i d  wi th  1 2  ft ( 3 . 7  m )  s p a c i n g b e twe e n  s p r i n kl e r s .  T h e  l i n ks

h a ve  RT I s  o f 4 0 0  ( ft· s e c ) 1 / 2 [ 2 . 2  ( m · s e c ) 1 / 2 ]  an d  fu s e  te m p e r a‐
tu r e s  o f 1 6 5 ° F  ( 7 4 ° C ) .  T h e  s p r i n kl e r s  a n d  l i n ks  a r e  m o u n te d
1  ft ( 3 0 . 1  c m )  b e l o w th e  c e i l i n g s u r fa c e .

C e i l i n g  j e t
C e i l i n g  v e n t s

U p p e r  l a ye r

D r a f t  c u r t a i n

L a ye r  i n t e r f a c e
y y

fire
P l u m e y

ceil
y
curt

V e n t  o r
s p r i n kl e r l i n k

D i s t a n c e
b e l o w

c e i l i n g

V e l o c i t y

FI G U RE  C . 2   Fi re  i n  a B u i l d i n g S p ac e  wi th  C u r tai n  B o ard s ,
C e i l i n g Ve n ts ,  an d  Fu s i b l e  L i n k s .

T h e  s i m u l ati o n  fre  i n vo l ve s  fo u r  ab u tti n g 5  ft ( 1 . 5  m )  h i gh
s tac ks  o f 5  ft ×  5  ft ( 1 . 5  m  ×  1 . 5  m )  wo o d  p a l l e ts .  T h e  c o m b i n e d

gr o u p i n g  o f p al l e ts  m a ke s  u p  a c o m b u s ti b l e  a r r ay 1 0  ft ×  1 0  ft
( 3 . 1  m  ×  3 . 1  m )  [ 1 0 0  ft2  ( 9 . 3  m 2 )  i n  ar e a]  o n  th e  foor  a n d  5  ft

( 1 . 5  m )  i n  h e i gh t.  I t i s  a s s u m e d  th a t o th e r  c o m b u s ti b l e s  i n  th e
c u r ta i n e d  c o m p a r tm e n t ar e  far e n o u g h  awa y fr o m  th i s  a r r ay

th at th e y c an n o t b e  i g n i te d  i n  th e  ti m e  i n te r va l  to  b e  s i m u l ate d .

T h e  to tal  e n e r g y r e l e as e  r ate  o f th e  s i m u l a ti o n  fre,  ɺQ ,
a s s u m e d  to  g r o w fr o m  i gn i ti o n ,  at ti m e  t =  0 ,  i n  p r o p o r ti o n  to
t2 .  Ac c o r d i n g to  th e  gu i d an c e  i n  Ta b l e  F. 1 ( a ) ,  i n  th e  g r o wth
p h as e  o f th e  fre,  ɺQ i s  take n  specifcally a s  fo l l o ws :

ɺQ
t

= 





1000
130

2

 sec
Btu/sec

ɺQ
t

= 





1055

130

2

sec
kW

T h e  fre  gr o ws  ac c o r d i n g to  th e  p r e c e d i n g e s ti m ate  u n ti l  th e
c o m b u s ti b l e s  a r e  fu l l y i n vo l ve d .  I t i s  th e n  a s s u m e d  th at ɺQ

l e ve l s  o ff to  a  r e l ati ve l y c o n s tan t val u e .  F o l l o wi n g th e  gu i d a n c e
o f Tab l e  4 . 1  o f r e fe r e n c e  [ 1 ]  a n d  Ta b l e  A. 8 . 2 . 6 ,  i t i s  e s ti m ate d
th a t,  at th e  fu l l y d e ve l o p e d  s tag e  o f th e  fre,  th e  to ta l  e n e r g y
re l e as e  r a te  fo r  th e  5  ft ( 1 . 5  m )  h i gh  s tac k o f wo o d  p a l l e ts  wi l l
b e  3 3 0  B tu / s e c  ·  ft2  ( 3 7 4 3  kW· m 2 ) ,  o r  3 3 , 0 0 0  B tu / s e c
( 3 4 , 8 0 0  kW)  fo r  th e  e n ti r e  1 0 0  ft2  ( 9 . 3  m 2 )  ar r a y.  E q u a ti o n s
C . 3 a  a n d  C . 3 b  l e a d  to  th e  r e s u l t th a t th e  fu l l y d e ve l o p e d  s ta ge

o f th e  fre  wi l l  b e  i n i ti ate d  at tfd =  7 4 7   s e c o n d s .

A p l o t o f th e  fre  g r o wth  ac c o r d i n g to  th e  p r e c e d i n g  d e s c r i p ‐
ti o n  i s  s h o wn  i n  F i g u r e  C . 3 ( b ) .  I n  th e  a c tu al  c al c u l a ti o n ,  th e
fre's  i n s tan tan e o u s  e n e r g y r e l e a s e  r ate  i s  e s ti m ate d  b y i n te r p o ‐
l ati n g  l i n e a r l y b e twe e n  a  s e r i e s  o f N i n p u t d ata p o i n ts  a t ti m e s

tn,  n =  1  to  N,  o n  th e  fre-growth  c u r ve .  T h e s e  p o i n ts  a r e
defned  b y user-specifed  va l u e s  o f t Q tn n,

ɺ ( )  .  F o r  ti m e s  l ar g e r
th an  tN,  th e  fre's  e n e r g y r e l e as e  r a te  i s  as s u m e d  to  s tay c o n s tan t

at ɺQ tN( ) .  T h e  c a l c u l ati o n  fre-growth  c u r ve  i n vo l ve s  s i x  i n p u t
d ata p o i n ts  ( i . e . ,  N =  6 ) .  T h e s e  p o i n ts  a r e  p l o tte d  i n  F i g u r e

C . 3 ( b ) .

T h e  p o s i ti o n  o f th e  fre's  c e n te r  i s  identifed  i n  F i gu r e
C . 3 ( a ) .  I n  te r m s  o f th i s  p l an  vi e w,  th e  fre  i s  a s s u m e d  to  b e  l o c a‐
te d  at th e  m i d p o i n t o f a 1 2  ft ( 3 . 7  m )  l i n e  b e twe e n  two  s p r i n ‐

kl e r  l i n ks ,  a t a  d i s tan c e  o f 2 1 . 2  ft ( 6 . 5  m )  fr o m  e ac h  o f th e  two
c l o s e s t e q u i d i s ta n t ve n ts  [ a to ta l  ar e a  o f 9 6  ft2  ( 8 . 9  m 2 ) ]  an d  at

a  d i s tan c e  o f 4 4 . 3  ft ( 1 3 . 5  m )  fr o m  th e  r e m ai n i n g two  e q u i d i s ‐
ta n t ve n ts  [ a  to ta l  a r e a o f 9 6  ft2  ( 8 . 9   m 2 ) ] .  O f th e  s p r i n kl e r s  an d

a s s o c i a te d  l i n ks ,  two  ar e  c l o s e s t an d  e q u i d i s tan t to  th e  fre–
plume  a x i s  a t r a d i al  d i s tan c e s  o f 6  ft ( 1 . 8  m ) .  F i g u r e  C . 3 ( a)

s h o ws  th at th e  s e c o n d  an d  th i r d  c l o s e s t g r o u p s  o f s p r i n kl e r s
a n d  l i n ks  ar e  a t r a d i a l  d i s tan c e s  o f 1 3 . 4  ft ( 4 . 1  m )  ( fo u r  s p r i n ‐
kl e r s  an d  l i n ks )  a n d  1 8  ft ( 5 . 5  m )  ( two  s p r i n kl e r s  an d  l i n ks ) .  I n

th e  d e fau l t c al c u l a ti o n ,  th e  o p e n i n g  o f e a c h  o f th e  fo u r  ve n ts
o c c u r s ,  an d  th e  fow o u t o f th e  ve n ts  i s  i n i ti a te d  at th e  s i m u l a‐
te d  ti m e  o f fu s i n g o f th e i r  as s o c i ate d  l i n ks .  Al s o  s i m u l a te d  i n

th e  d e fau l t c al c u l a ti o n  i s  th e  th e r m a l  re s p o n s e ,  i n c l u d i n g ti m e
o f fu s i n g,  o f th e  p ai r  o f s p r i n kl e r  l i n ks  c l o s e s t to  th e  fre.

As  a fnal  specifcation  o f th e  fre,  i t i s  as s u m e d  th a t th e  c h ar ‐
a c te r i s ti c  e l e va ti o n  o f th e  fre  r e m a i n s  at a fxed  va l u e ,  2 . 5  ft

 
[ C . 3 a]

 
[ C . 3 b ]
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( 0 . 8  m )  ab o ve  th e  foor,  at th e  i n i ti a l  m i d -e l e va ti o n  o f th e  ar r a y
o f c o m b u s ti b l e s .  F o r  th e  p u r p o s e  o f th e  d e fa u l t c al c u l ati o n ,  th e
s i m u l a ti o n  i s  c a r r i e d  o u t to  t =  4 0 0  s e c o n d s ,  wi th  d a ta  o u tp u t

e ve r y 3 0   s e c o n d s .

H avi n g  d e s c r i b e d  th e  d e fau l t s i m u l ati o n ,  th e  p r o c e d u r e  fo r
ge tti n g s tar te d  an d  u s i n g  L AVE N T  fo l l o ws .

D ra f t  c u rt a i n

F o r  S I  u n i t s ,  1  f t  =  0 . 3 0 5  m

D2

D3

D1

L1

L2

L3

L4

F i re

V e n t

S p r i n kl e r

D1  =  1 2  f t

D2  =  2 1  f t

D3  =  4 2  f t

L1  =  6  f t :  2  s p ri n kl e r s

L2  =  2 1 . 2  f t :  2  v e n t s

L3  =  4 4 . 3  f t :  2  v e n t s

L4  =  1 3 . 4  f t :  4  s p r i n kl e rs

Δ FI G U RE  C . 3 ( a)   Ve n t an d  S p ri n k l e r S p ac i n g an d  Fi re
L o c ati o n  fo r th e  D e fau l t S i m u l ati o n .

4 0 ( 1 0 3 )

3 0 ( 1 0 3 )

2 0 ( 1 0 3 )

1 0 ( 1 0 3 )

0

Q
 (

B
tu

/s
e

c
)

•

2 0 0 4 0 0 6 0 0 8 0 0

T i m e  ( s e c )

F o r  S I  u n i t s ,  1  B t u / s e c  =  1 . 0 5 5  k W

Δ FI G U RE  C . 3 ( b )   E n e rgy Re l e as e  Rate  vs .  T i m e  fo r th e  Fi re
o f th e  D e fau l t S i m u l ati o n .

C . 4  G e tti n g S tar te d .    T h e  e x e c u ta b l e  c o d e ,  L AVE N T. E X E ,  i s
fo u n d  o n  th e  foppy d i s k.  B e fo r e  u s i n g  i t,  b a c ku p  c o p i e s  s h o u l d

b e  m a d e .  I f th e  u s e r  h as  a h a r d  d r i ve ,  a  s e p a r ate  d i r e c to r y
s h o u l d  b e  c r e ate d  a n d  th e  e x e c u tab l e  c o d e  s h o u l d  b e  c o p i e d
i n to  th at d i r e c to r y.  T h e  c o d e  o p e r a te s  o n  an  I B M  P C  o r

c o m p a ti b l e  c o m p u te r  c o n tai n i n g  a  m ath  c o p r o c e s s o r.  I t i s  wr i t‐
te n  i n  F o r tr an  7 7  an d  n e e d s  a m i n i m u m  o f 3 0 0  ki l o b yte s  o f
m e m o r y.

To  e x e c u te  L AVE N T,  c h an g e  to  th e  p r o p e r  d i r e c to r y o r
i n s e r t a foppy d i s k c o n tai n i n g a c o p y o f th e  e x e c u ta b l e  c o d e

an d  e n te r  L AVE N T  < r e t> .  I n  th i s  c a s e ,  < r e t>  r e fe r s  to  th e
E N T E R o r  RE T U RN  ke y.  T h e  frst p r o m p t p r o vi d e s  an  o p ti o n
fo r  E n g l i s h  o r  m e tr i c  u n i ts :

1  F O R E N GL I S H  U N I T S

2  F O R M E T RI C  U N I T S

T h e  p r o g r am  h as  a  u n i t c o n ve r s i o n  fu n c ti o n  a n d  tr a n s fo r m s
fles  th at ar e  i n  o n e  s e t o f u n i ts  to  an o th e r  s e t.  T h e  c o d e

e x e c u te s  i n  S I  u n i ts ;  th e r e fo r e ,  c o n ve r s i o n  i s  d o n e  o n l y o n
i n p u t a n d  o u tp u t i n  o r d e r  to  a vo i d  r o u n d i n g e r r o r s .

F o r  th e  p u r p o s e s  o f g e tti n g  s tar te d ,  c h o o s e  O p ti o n  1 ,
E N GL I S H  U N I T S .  E n te r  1  < r e t> .  T h e  fo l l o wi n g  m e n u  wi l l  b e

d i s p l aye d  o n  th e  s c r e e n :

1  RE AD  AN D  RU N  A D ATA F I L E

2  RE AD  AN D  M O D I F Y A D ATA F I L E

3  M O D I F Y T H E  D E FAU LT  C AS E  T O  C RE AT E  A N E W F I L E

4  RU N  T H E  D E FAU LT  C AS E

I f O p ti o n  1  o r  2  i s  c h o s e n ,  th e  p r o g r am  wi l l  as k fo r  th e  n a m e
o f th e  d ata fle  to  b e  u s e d .  I f th e  c h o s e n  fle  r e s i d e s  o n  th e  h a r d

d i s k,  th i s  q u e s ti o n  s h o u l d  b e  an s we r e d  b y typ i n g  th e  p ath  o f th e
fle  n a m e ,  fo r  e x am p l e ,  C:\subdirectory\flename.  I f th e  fle  i s

o n  a foppy d i s k,  typ e  A:flename  o r  B:flename,  d e p e n d i n g o n
wh e th e r  th e  A o r  B  d r i ve  i s  b e i n g  u s e d .  I t i s  r e c o m m e n d e d  th a t
a l l  d ata fles  u s e  a c o m m o n  e x te n d e r  s u c h  as  “ . d at”  to  fa c i l i ta te
identifcation  o f th e s e  fles.

A frst-time  u s e r  s h o u l d  s e l e c t O p ti o n  4 ,  RU N  T H E
D E FAU LT  C AS E ,  b y e n te r i n g  4  < r e t> .  T h i s  s e l e c ti o n  wi l l  e n s u r e

th a t th e  c o d e  h as  b e e n  tr an s fe r r e d  i n tac t.  T h e  d e fau l t- c a s e
o u tp u t i s  p r o vi d e d  i n  F i gu r e  C . 4  a n d  i s  d i s c u s s e d  i n

S e c ti o n  C . 8 .  As  a p o i n t o f i n fo r m ati o n ,  th e  ti m e s  n e e d e d  to
c a r r y o u t th e  d e fau l t s i m u l a ti o n  o n  I B M  P C -c o m p ati b l e  4 8 6 / 3 3
M H Z  a n d  P e n ti u m / 9 0  M H Z  c o m p u te r s  we r e  4 0  s e c o n d s  an d

8  s e c o n d s ,  r e s p e c ti ve l y.

N o w r e s ta r t th e  c o d e  an d ,  at th i s  p o i n t,  c h o o s e  O p ti o n  3 ,
M O D I F Y T H E  D E FAU LT  C AS E ,  to  r e vi e w an d  m o d i fy th e
d e fau l t i n p u t d a ta .  E n te r  3  < r e t> .



S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 4 4

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

C E I L I N G  H E I G H T  = 3 0 . 0  F T

R O O M  L E N G T H  = 8 4 . 0  F T

R O O M  W I D T H  = 8 4 . 0  F T

C U R T A I N  L E N G T H  = 3 3 6 . 0  F T

C U R T A I N  H E I G H T  = 1 5 . 0  F T

M A T E R I A L  = I N S U L A T E D  D E C K  ( S O L I D  P O L Y S T Y R E N E )

C E I L I N G  C O N D U C T I V I T Y  = . 2 4 0 E - 0 4  B T U / F T  F  S

C E I L I N G  D E N S I T Y  = . 6 5 5 E + 0 2  L B / F T 3

C E I L I N G  H E A T  C A P A C I T Y  = . 2 7 7 E + 0 0  B T U / L B  F

C E I L I N G  T H I C K N E S S  = . 5 0 0 E + 0 0  F T

F I R E  H E I G H T  = 2 . 5  F T

F I R E  P O W E R / A R E A  = 0 . 3 3 0 0 E + 0 3  B T U / S  F T 2

L I N K  N O  =   1  R A D I U S  =      6 . 0  F T     D I S T  C E I L I N G  =     1 . 0 0  F T

R T I =   4 0 0 . 0 0  S Q R T  F U S I O N  T E M P E R A T U R E  F O R  L I N K  =    1 6 5 . 0 0  K

L I N K  N O  =   2  R A D I U S  =     2 1 . 2  F T     D I S T  C E I L I N G  =     0 . 3 0  F T

R T I =    5 0 . 0 0  S Q R T  F U S I O N  T E M P E R A T U R E  F O R  L I N K  =    1 6 5 . 0 0  K

L I N K  N O  =   3  R A D I U S  =     4 4 . 3  F T     D I S T  C E I L I N G  =     0 . 3 0  F T

R T I =    5 0 . 0 0  S Q R T  F U S I O N  T E M P E R A T U R E  F O R  L I N K  =    1 6 5 . 0 0  K

V E N T  =    1    V E N T  A R E A  =      9 6 . 0  F T 2            L I N K  C O N T R O L L I N G  V E N T  =    2

V E N T  =    2    V E N T  A R E A  =      9 6 . 0  F T 2            L I N K  C O N T R O L L I N G  V E N T  =    3

T I M E  ( S ) =     0 . 0 0 0  L Y R  T E M P  ( F ) =     8 0 . 0  L Y R  H T  ( F T ) =    3 0 . 0 0  L Y R  M A S S  ( L B ) =  0 . 0 0 0 E + 0 0

F I R E  O U T P U T  ( B T U / S ) =   0 . 0 0 0 0 E + 0 0  V E N T  A R E A  ( F T 2 ) =       0 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =    8 0 . 0 0  J E T  V E L O C I T Y  ( F T / S ) =      0 . 0 0 0  J E T  T E M P  ( F )  =      8 0 . 0

L I N K  =   2  L I N K  T E M P  ( F ) =    8 0 . 0 0  J E T  V E L O C I T Y  ( F T / S ) =      0 . 0 0 0  J E T  T E M P  ( F )  =      8 0 . 0

L I N K  =   3  L I N K  T E M P  ( F ) =    8 0 . 0 0  J E T  V E L O C I T Y  ( F T / S ) =      0 . 0 0 0  J E T  T E M P  ( F )  =      8 0 . 0

R  ( F T ) =     0 . 0 0  T S L  ( F ) =     8 0 . 0  Q B  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =     8 0 . 0  Q B  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =     8 0 . 0  Q B  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =     8 0 . 0  Q B  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =     8 0 . 0  Q B  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     8 0 . 0  Q B  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 0 0 0 E + 0 0

T I M E  ( S ) =    3 0 . 0 0 0  L Y R  T E M P  ( F ) =     8 9 . 6  L Y R  H T  ( F T ) =    2 8 . 9 0  L Y R  M A S S  ( L B ) =  0 . 5 6 2 E + 0 3

F I R E  O U T P U T  ( B T U / S ) =   0 . 1 7 7 6 E + 0 3  V E N T  A R E A  ( F T 2 ) =       0 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =    8 0 . 7 8  J E T  V E L O C I T Y  ( F T / S ) =      1 . 8 6 6  J E T  T E M P  ( F )  =      9 4 . 9

L I N K  =   2  L I N K  T E M P  ( F ) =    8 5 . 3 7  J E T  V E L O C I T Y  ( F T / S ) =      2 . 0 7 7  J E T  T E M P  ( F )  =      9 5 . 3

L I N K  =   3  L I N K  T E M P  ( F ) =    8 1 . 8 3  J E T  V E L O C I T Y  ( F T / S ) =      0 . 8 7 3  J E T  T E M P  ( F )  =      8 7 . 4

R  ( F T ) =     0 . 0 0  T S L  ( F ) =     8 4 . 5  Q B  ( B T U / F T 2  S ) =  0 . 3 1 2 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =     8 1 . 7  Q B  ( B T U / F T 2  S ) =  0 . 1 2 2 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =     8 0 . 8  Q B  ( B T U / F T 2  S ) =  0 . 5 7 0 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =     8 0 . 4  Q B  ( B T U / F T 2  S ) =  0 . 3 2 5 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =     8 0 . 3  Q B  ( B T U / F T 2  S ) =  0 . 2 1 2 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     8 0 . 2  Q B  ( B T U / F T 2  S ) =  0 . 1 5 2 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =    6 0 . 0 0 0  L Y R  T E M P  ( F ) =     9 6 . 5  L Y R  H T  ( F T ) =    2 7 . 3 4  L Y R  M A S S  ( L B ) =  0 . 1 3 4 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 3 5 5 2 E + 0 3  V E N T  A R E A  ( F T 2 ) =       0 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =    8 2 . 8 0  J E T  V E L O C I T Y  ( F T / S ) =      2 . 3 9 5  J E T  T E M P  ( F )  =     1 0 5 . 0

L I N K  =   2  L I N K  T E M P  ( F ) =    9 5 . 1 3  J E T  V E L O C I T Y  ( F T / S ) =      2 . 6 5 7  J E T  T E M P  ( F )  =     1 0 5 . 8

L I N K  =   3  L I N K  T E M P  ( F ) =    8 5 . 7 6  J E T  V E L O C I T Y  ( F T / S ) =      1 . 1 1 7  J E T  T E M P  ( F )  =      9 2 . 9

R  ( F T ) =     0 . 0 0  T S L  ( F ) =     9 2 . 7  Q B  ( B T U / F T 2  S ) =  0 . 5 1 7 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =     8 5 . 2  Q B  ( B T U / F T 2  S ) =  0 . 2 2 3 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =     8 2 . 5  Q B  ( B T U / F T 2  S ) =  0 . 1 0 7 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =     8 1 . 4  Q B  ( B T U / F T 2  S ) =  0 . 6 1 9 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =     8 0 . 9  Q B  ( B T U / F T 2  S ) =  0 . 4 0 5 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     8 0 . 6  Q B  ( B T U / F T 2  S ) =  0 . 2 9 2 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =    9 0 . 0 0 0  L Y R  T E M P  ( F ) =    1 0 3 . 2  L Y R  H T  ( F T ) =    2 5 . 6 5  L Y R  M A S S  ( L B ) =  0 . 2 1 6 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 5 3 2 8 E + 0 3  V E N T  A R E A  ( F T 2 ) =       0 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =    8 5 . 9 0  J E T  V E L O C I T Y  ( F T / S ) =      2 . 8 0 9  J E T  T E M P  ( F )  =     1 1 4 . 5

L I N K  =   2  L I N K  T E M P  ( F ) =   1 0 5 . 7 4  J E T  V E L O C I T Y  ( F T / S ) =      3 . 1 0 4  J E T  T E M P  ( F )  =     1 1 5 . 8

L I N K  =   3  L I N K  T E M P  ( F ) =    9 0 . 6 6  J E T  V E L O C I T Y  ( F T / S ) =      1 . 3 0 5  J E T  T E M P  ( F )  =      9 8 . 2

FI G U RE  C . 4   P ri n to u t o f th e  D e faul t- C as e  O u tp u t.



AN N E X  C 2 0 4 - 4 5

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    1 0 2 . 4  Q B  ( B T U / F T 2  S ) =  0 . 6 8 7 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =     8 9 . 7  Q B  ( B T U / F T 2  S ) =  0 . 3 1 7 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =     8 4 . 7  Q B  ( B T U / F T 2  S ) =  0 . 1 5 6 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =     8 2 . 7  Q B  ( B T U / F T 2  S ) =  0 . 9 0 8 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =     8 1 . 8  Q B  ( B T U / F T 2  S ) =  0 . 5 9 8 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     8 1 . 1  Q B  ( B T U / F T 2  S ) =  0 . 9 8 7 E - 0 3  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =   1 2 0 . 0 0 0  L Y R  T E M P  ( F ) =    1 1 1 . 5  L Y R  H T  ( F T ) =    2 3 . 8 5  L Y R  M A S S  ( L B ) =  0 . 3 0 1 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 9 4 7 0 E + 0 3  V E N T  A R E A  ( F T 2 ) =       0 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =    9 0 . 3 0  J E T  V E L O C I T Y  ( F T / S ) =      3 . 6 1 4  J E T  T E M P  ( F )  =     1 2 9 . 3

L I N K  =   2  L I N K  T E M P  ( F ) =   1 1 8 . 4 3  J E T  V E L O C I T Y  ( F T / S ) =      3 . 9 6 6  J E T  T E M P  ( F )  =     1 3 2 . 1

L I N K  =   3  L I N K  T E M P  ( F ) =    9 6 . 6 6  J E T  V E L O C I T Y  ( F T / S ) =      1 . 6 6 7  J E T  T E M P  ( F )  =     1 0 6 . 2

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    1 1 5 . 6  Q B  ( B T U / F T 2  S ) =  0 . 1 1 3 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =     9 6 . 2  Q B  ( B T U / F T 2  S ) =  0 . 5 4 3 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =     8 7 . 9  Q B  ( B T U / F T 2  S ) =  0 . 2 6 6 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =     8 4 . 6  Q B  ( B T U / F T 2  S ) =  0 . 1 5 4 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =     8 3 . 0  Q B  ( B T U / F T 2  S ) =  0 . 1 0 1 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     8 2 . 0  Q B  ( B T U / F T 2  S ) =  0 . 7 2 8 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =   1 5 0 . 0 0 0  L Y R  T E M P  ( F ) =    1 2 4 . 4  L Y R  H T  ( F T ) =    2 1 . 8 5  L Y R  M A S S  ( L B ) =  0 . 3 9 0 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 1 4 7 9 E + 0 4  V E N T  A R E A  ( F T 2 ) =       0 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =    9 7 . 1 6  J E T  V E L O C I T Y  ( F T / S ) =      4 . 3 6 4  J E T  T E M P  ( F )  =     1 4 9 . 2

L I N K  =   2  L I N K  T E M P  ( F ) =   1 3 7 . 3 7  J E T  V E L O C I T Y  ( F T / S ) =      4 . 7 5 4  J E T  T E M P  ( F )  =     1 5 3 . 4

L I N K  =   3  L I N K  T E M P  ( F ) =   1 0 5 . 4 9  J E T  V E L O C I T Y  ( F T / S ) =      1 . 9 9 8  J E T  T E M P  ( F )  =     1 1 7 . 4

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    1 3 6 . 5  Q B  ( B T U / F T 2  S ) =  0 . 1 5 8 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    1 0 7 . 0  Q B  ( B T U / F T 2  S ) =  0 . 8 1 0 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =     9 3 . 3  Q B  ( B T U / F T 2  S ) =  0 . 4 0 5 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =     8 7 . 7  Q B  ( B T U / F T 2  S ) =  0 . 2 3 6 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =     8 5 . 1  Q B  ( B T U / F T 2  S ) =  0 . 1 5 5 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     8 3 . 5  Q B  ( B T U / F T 2  S ) =  0 . 1 1 2 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =   1 8 0 . 0 0 0  L Y R  T E M P  ( F ) =    1 4 0 . 2  L Y R  H T  ( F T ) =    1 9 . 7 7  L Y R  M A S S  ( L B ) =  0 . 4 7 7 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 2 0 1 2 E + 0 4  V E N T  A R E A  ( F T 2 ) =       0 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =   1 0 6 . 6 6  J E T  V E L O C I T Y  ( F T / S ) =      5 . 0 0 8  J E T  T E M P  ( F )  =     1 7 1 . 4

L I N K  =   2  L I N K  T E M P  ( F ) =   1 5 9 . 6 8  J E T  V E L O C I T Y  ( F T / S ) =      5 . 4 1 4  J E T  T E M P  ( F )  =     1 7 6 . 5

L I N K  =   3  L I N K  T E M P  ( F ) =   1 1 6 . 6 9  J E T  V E L O C I T Y  ( F T / S ) =      2 . 2 7 5  J E T  T E M P  ( F )  =     1 3 0 . 2

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    1 6 0 . 3  Q B  ( B T U / F T 2  S ) =  0 . 1 9 5 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    1 2 0 . 4  Q B  ( B T U / F T 2  S ) =  0 . 1 0 6 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =    1 0 0 . 2  Q B  ( B T U / F T 2  S ) =  0 . 5 4 5 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =     9 1 . 8  Q B  ( B T U / F T 2  S ) =  0 . 3 2 2 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =     8 7 . 8  Q B  ( B T U / F T 2  S ) =  0 . 2 1 3 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     8 5 . 3  Q B  ( B T U / F T 2  S ) =  0 . 3 3 2 E - 0 2  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =   2 1 0 . 0 0 0  L Y R  T E M P  ( F ) =    1 5 8 . 7  L Y R  H T  ( F T ) =    1 9 . 5 9  L Y R  M A S S  ( L B ) =  0 . 4 7 1 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 2 7 2 2 E + 0 4  V E N T  A R E A  ( F T 2 ) =      9 6 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =   1 1 8 . 8 5  J E T  V E L O C I T Y  ( F T / S ) =      5 . 6 0 5  J E T  T E M P  ( F )  =     1 9 6 . 8

L I N K  =   2  L I N K  T E M P  ( F ) =   1 8 4 . 0 3  J E T  V E L O C I T Y  ( F T / S ) =      6 . 0 2 1  J E T  T E M P  ( F )  =     2 0 2 . 7

L I N K  =   3  L I N K  T E M P  ( F ) =   1 2 9 . 7 1  J E T  V E L O C I T Y  ( F T / S ) =      2 . 5 3 0  J E T  T E M P  ( F )  =     1 4 4 . 9

T I M E  L I N K     2   O P E N S  E Q U A L S      1 8 6 . 7 4 7 8  ( S )

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    1 8 5 . 7  Q B  ( B T U / F T 2  S ) =  0 . 2 3 9 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    1 3 5 . 8  Q B  ( B T U / F T 2  S ) =  0 . 1 3 7 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =    1 0 8 . 5  Q B  ( B T U / F T 2  S ) =  0 . 7 1 8 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =     9 6 . 8  Q B  ( B T U / F T 2  S ) =  0 . 4 2 7 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =     9 1 . 1  Q B  ( B T U / F T 2  S ) =  0 . 2 8 5 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     8 7 . 2  Q B  ( B T U / F T 2  S ) =  0 . 2 1 0 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

 T I M E  ( S ) =   2 4 0 . 0 0 0  L Y R  T E M P  ( F ) =    1 8 4 . 9  L Y R  H T  ( F T ) =    1 9 . 7 7  L Y R  M A S S  ( L B ) =  0 . 4 4 4 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 3 7 8 7 E + 0 4  V E N T  A R E A  ( F T 2 ) =      9 6 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =   1 3 4 . 8 9  J E T  V E L O C I T Y  ( F T / S ) =      6 . 3 2 7  J E T  T E M P  ( F )  =     2 3 1 . 8

L I N K  =   2  L I N K  T E M P  ( F ) =   2 1 5 . 6 9  J E T  V E L O C I T Y  ( F T / S ) =      6 . 7 4 1  J E T  T E M P  ( F )  =     2 3 8 . 2

L I N K  =   3  L I N K  T E M P  ( F ) =   1 4 6 . 4 4  J E T  V E L O C I T Y  ( F T / S ) =      2 . 8 3 2  J E T  T E M P  ( F )  =     1 6 5 . 1

T I M E  L I N K     2   O P E N S  E Q U A L S      1 8 6 . 7 4 7 8  ( S )

FI G U RE  C . 4   Continued



S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 4 6

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    2 1 8 . 6  Q B  ( B T U / F T 2  S ) =  0 . 2 9 9 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    1 5 6 . 6  Q B  ( B T U / F T 2  S ) =  0 . 1 8 0 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =    1 1 9 . 9  Q B  ( B T U / F T 2  S ) =  0 . 9 7 1 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =    1 0 3 . 7  Q B  ( B T U / F T 2  S ) =  0 . 5 8 2 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =     9 5 . 7  Q B  ( B T U / F T 2  S ) =  0 . 3 8 9 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     9 0 . 3  Q B  ( B T U / F T 2  S ) =  0 . 2 8 8 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =   2 7 0 . 0 0 0  L Y R  T E M P  ( F ) =    2 1 7 . 5  L Y R  H T  ( F T ) =    2 0 . 1 7  L Y R  M A S S  ( L B ) =  0 . 4 0 7 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 4 8 5 2 E + 0 4  V E N T  A R E A  ( F T 2 ) =     1 9 2 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =   1 5 5 . 4 9  J E T  V E L O C I T Y  ( F T / S ) =      6 . 8 5 4  J E T  T E M P  ( F )  =     2 7 1 . 3

L I N K  =   2  L I N K  T E M P  ( F ) =   2 5 3 . 1 9  J E T  V E L O C I T Y  ( F T / S ) =      7 . 2 4 4  J E T  T E M P  ( F )  =     2 7 7 . 0

L I N K  =   3  L I N K  T E M P  ( F ) =   1 6 7 . 2 4  J E T  V E L O C I T Y  ( F T / S ) =      3 . 0 4 3  J E T  T E M P  ( F )  =     1 8 8 . 5

T I M E  L I N K     2   O P E N S  E Q U A L S      1 8 6 . 7 4 7 8  ( S )

T I M E  L I N K     3   O P E N S  E Q U A L S      2 6 6 . 9 8 2 0  ( S )

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    2 5 4 . 4  Q B  ( B T U / F T 2  S ) =  0 . 3 3 9 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    1 8 1 . 1  Q B  ( B T U / F T 2  S ) =  0 . 2 1 7 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =    1 3 3 . 9  Q B  ( B T U / F T 2  S ) =  0 . 1 2 1 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =    1 1 2 . 2  Q B  ( B T U / F T 2  S ) =  0 . 7 3 5 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =    1 0 1 . 5  Q B  ( B T U / F T 2  S ) =  0 . 4 9 4 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     9 3 . 7  Q B  ( B T U / F T 2  S ) =  0 . 3 7 1 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =   3 0 0 . 0 0 0  L Y R  T E M P  ( F ) =    2 5 3 . 4  L Y R  H T  ( F T ) =    2 2 . 8 4  L Y R  M A S S  ( L B ) =  0 . 2 8 1 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 5 9 1 8 E + 0 4  V E N T  A R E A  ( F T 2 ) =     1 9 2 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =   1 7 9 . 5 9  J E T  V E L O C I T Y  ( F T / S ) =      6 . 9 0 1  J E T  T E M P  ( F )  =     3 0 8 . 7

L I N K  =   2  L I N K  T E M P  ( F ) =   2 8 9 . 6 7  J E T  V E L O C I T Y  ( F T / S ) =      7 . 1 9 5  J E T  T E M P  ( F )  =     3 1 1 . 3

L I N K  =   3  L I N K  T E M P  ( F ) =   1 8 9 . 7 7  J E T  V E L O C I T Y  ( F T / S ) =      3 . 0 2 3  J E T  T E M P  ( F )  =     2 1 1 . 4

T I M E  L I N K     1   O P E N S  E Q U A L S      2 8 2 . 8 7 1 0  ( S )

T I M E  L I N K     2   O P E N S  E Q U A L S      1 8 6 . 7 4 7 8  ( S )

T I M E  L I N K     3   O P E N S  E Q U A L S      2 6 6 . 9 8 2 0  ( S )

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    2 8 7 . 1  Q B  ( B T U / F T 2  S ) =  0 . 3 5 2 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    2 0 5 . 5  Q B  ( B T U / F T 2  S ) =  0 . 2 3 8 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =    1 4 8 . 7  Q B  ( B T U / F T 2  S ) =  0 . 1 3 8 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =    1 2 1 . 5  Q B  ( B T U / F T 2  S ) =  0 . 8 5 1 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =    1 0 7 . 8  Q B  ( B T U / F T 2  S ) =  0 . 5 7 4 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =     9 8 . 8  Q B  ( B T U / F T 2  S ) =  0 . 4 2 8 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =   3 3 0 . 0 0 0  L Y R  T E M P  ( F ) =    2 8 4 . 4  L Y R  H T  ( F T ) =    2 4 . 2 5  L Y R  M A S S  ( L B ) =  0 . 2 1 6 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 6 9 8 3 E + 0 4  V E N T  A R E A  ( F T 2 ) =     1 9 2 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =   2 0 6 . 0 5  J E T  V E L O C I T Y  ( F T / S ) =      7 . 1 0 9  J E T  T E M P  ( F )  =     3 4 2 . 3

L I N K  =   2  L I N K  T E M P  ( F ) =   3 2 2 . 5 8  J E T  V E L O C I T Y  ( F T / S ) =      7 . 2 2 7  J E T  T E M P  ( F )  =     3 4 1 . 6

L I N K  =   3  L I N K  T E M P  ( F ) =   2 1 1 . 7 7  J E T  V E L O C I T Y  ( F T / S ) =      3 . 0 3 6  J E T  T E M P  ( F )  =     2 3 1 . 8

T I M E  L I N K     1   O P E N S  E Q U A L S      2 8 2 . 8 7 1 0  ( S )

T I M E  L I N K     2   O P E N S  E Q U A L S      1 8 6 . 7 4 7 8  ( S )

T I M E  L I N K     3   O P E N S  E Q U A L S      2 6 6 . 9 8 2 0  ( S )

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    3 1 6 . 3  Q B  ( B T U / F T 2  S ) =  0 . 3 6 6 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    2 2 9 . 1  Q B  ( B T U / F T 2  S ) =  0 . 2 5 7 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =    1 6 3 . 7  Q B  ( B T U / F T 2  S ) =  0 . 1 5 3 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =    1 3 0 . 9  Q B  ( B T U / F T 2  S ) =  0 . 9 5 2 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =    1 1 4 . 2  Q B  ( B T U / F T 2  S ) =  0 . 6 4 4 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =    1 0 3 . 0  Q B  ( B T U / F T 2  S ) =  0 . 4 8 1 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

 T I M E  ( S ) =   3 6 0 . 0 0 0  L Y R  T E M P  ( F ) =    3 0 7 . 3  L Y R  H T  ( F T ) =    2 4 . 7 7  L Y R  M A S S  ( L B ) =  0 . 1 9 1 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 8 0 4 8 E + 0 4  V E N T  A R E A  ( F T 2 ) =     1 9 2 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =   2 3 3 . 8 0  J E T  V E L O C I T Y  ( F T / S ) =      7 . 5 5 9  J E T  T E M P  ( F )  =     3 7 0 . 4

L I N K  =   2  L I N K  T E M P  ( F ) =   3 5 1 . 1 1  J E T  V E L O C I T Y  ( F T / S ) =      7 . 4 6 1  J E T  T E M P  ( F )  =     3 6 7 . 4

L I N K  =   3  L I N K  T E M P  ( F ) =   2 3 1 . 5 1  J E T  V E L O C I T Y  ( F T / S ) =      3 . 1 3 4  J E T  T E M P  ( F )  =     2 4 8 . 9

T I M E  L I N K     1   O P E N S  E Q U A L S      2 8 2 . 8 7 1 0  ( S )

T I M E  L I N K     2   O P E N S  E Q U A L S      1 8 6 . 7 4 7 8  ( S )

T I M E  L I N K     3   O P E N S  E Q U A L S      2 6 6 . 9 8 2 0  ( S )

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    3 4 4 . 3  Q B  ( B T U / F T 2  S ) =  0 . 3 8 0 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    2 5 2 . 3  Q B  ( B T U / F T 2  S ) =  0 . 2 7 5 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =    1 7 8 . 8  Q B  ( B T U / F T 2  S ) =  0 . 1 6 7 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

C . 5  T h e  B as e  M e n u.

C . 5 . 1  M o d i fyi n g th e  D e fau l t C as e  — G e n e ral .    Wh e n  O p ti o n
3 ,  M O D I F Y T H E  D E FAU LT  C AS E ,  i s  c h o s e n ,  th e  fo l l o wi n g

m e n u  i s  d i s p l aye d :

1  RO O M  P RO P E RT I E S

2  P H YS I C AL  P RO P E RT I E S

3  O U T P U T  PARAM E T E RS

4  F U S I B L E  L I N K P RO P E RT I E S

5  F I RE  P RO P E RT I E S

6  S O LVE R PARAM E T E RS

0   N O  C H AN GE S

T h i s  m e n u  wi l l  b e  r e fe r r e d  to  a s  th e  base menu.

E n te r i n g  th e  a p p r o p r i ate  o p ti o n  n u m b e r  o f th e  b as e  m e n u
an d  th e n  < r e t>  wi l l  al ways  tr an s fe r  th e  u s e r  to  th e  i n d i c a te d

i te m  o n  th e  m e n u .  E n te r i n g a z e r o  wi l l  tr a n s fe r  th e  u s e r  to  th e
fle  s ta tu s  p o r ti o n  o f th e  i n p u t s e c ti o n  d i s c u s s e d  i n  S e c ti o n   C . 6 .

T h e  n e x t s u b s e c ti o n s  d i s c u s s  d ata e n tr y u n d e r  O p ti o n s  1
th r o u g h  6  o f th e  b a s e  m e n u .

N o w c h o o s e  O p ti o n  1 ,  RO O M  P RO P E RT I E S ,  o f th e  b a s e
m e n u  to  r e vi e w an d  m o d i fy th e  d e fa u l t r o o m -p r o p e r ty i n p u t
d ata.  E n te r  1  < r e t> .

C . 5 . 2  Ro o m  P ro p e r ti e s .    Wh e n  O p ti o n  1 ,  RO O M  P RO P E R‐
T I E S ,  o f th e  b as e  m e n u  i s  c h o s e n ,  th e  fo l l o wi n g  r o o m  p r o p e r ‐

ti e s  m e n u  i s  d i s p l a ye d :

1 3 0 . 0 0 0 0 0 C E I L I N G H E I GH T  ( F T )
2 8 4 . 0 0 0 0 0 RO O M  L E N GT H  ( F T )
3 8 4 . 0 0 0 0 0 RO O M  WI D T H  ( F T )
4 2 N U M B E R O F  VE N T S ,  E T C .
5 3 3 6 . 0 0 0 0 0 C U RTAI N  L E N GT H  ( F T )
6 1 5 . 0 0 0 0 0 H E I GH T  T O  B O T T O M  O F  

C U RTAI N  ( F T )
0 T O  C H AN GE  N O T H I N G

Al l  i n p u t va l u e s  ar e  e x p r e s s e d  i n  e i th e r  S . I .  o r  U . S .  c u s to m ‐
a r y u n i ts ,  an d  th e  u n i ts  ar e  p r o m p te d  o n  th e  i n p u t m e n u s .

N o te  th a t th e  d e fau l t n u m b e r  o f ve n ts  i s  2 ,  n o t 4 ,  b e c au s e
th e  s ym m e tr y o f th e  d e fa u l t s c e n ar i o ,  as  i n d i c ate d  i n  F i gu r e

C . 3 ( a ) ,  l e ad s  to  “ g an g e d ”  o p e r ati o n  o f e a c h  o f two  p ai r s  o f th e
fo u r  ve n ts  i n vo l ve d .

To  c h a n ge  a n  i n p u t va l u e  i n  th e  p r e c e d i n g r o o m  p r o p e r ti e s
m e n u  — fo r  e x am p l e ,  to  c h a n ge  th e  c e i l i n g  h e i gh t fr o m  3 0  ft

to  2 0  ft — th e  u s e r  wo u l d  e n te r  1  < r e t>  an d  2 0 .  < r e t> .  T h e
s c r e e n  wo u l d  s h o w r e vi s i o n s  u s i n g th e  n e w val u e  o f 2 0  ft fo r  th e
c e i l i n g h e i g h t.  T h i s  va l u e  o r  o th e r  val u e s  o n  th i s  s c r e e n  c an  b e

c h a n ge d  b y r e p e ati n g  th e  p r o c e s s .

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =    1 4 0 . 5  Q B  ( B T U / F T 2  S ) =  0 . 1 0 5 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =    1 2 0 . 8  Q B  ( B T U / F T 2  S ) =  0 . 7 0 9 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =    1 0 7 . 5  Q B  ( B T U / F T 2  S ) =  0 . 5 3 0 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =   3 9 0 . 0 0 0  L Y R  T E M P  ( F ) =    3 2 7 . 0  L Y R  H T  ( F T ) =    2 4 . 8 1  L Y R  M A S S  ( L B ) =  0 . 1 8 5 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 9 1 1 3 E + 0 4  V E N T  A R E A  ( F T 2 ) =     1 9 2 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =   2 6 2 . 3 2  J E T  V E L O C I T Y  ( F T / S ) =      8 . 1 6 8  J E T  T E M P  ( F )  =     3 9 7 . 0

L I N K  =   2  L I N K  T E M P  ( F ) =   3 7 6 . 9 2  J E T  V E L O C I T Y  ( F T / S ) =      7 . 8 1 1  J E T  T E M P  ( F )  =     3 9 2 . 0

L I N K  =   3  L I N K  T E M P  ( F ) =   2 4 9 . 1 9  J E T  V E L O C I T Y  ( F T / S ) =      3 . 2 8 1  J E T  T E M P  ( F )  =     2 6 4 . 9

T I M E  L I N K     1   O P E N S  E Q U A L S      2 8 2 . 8 7 1 0  ( S )

T I M E  L I N K     2   O P E N S  E Q U A L S      1 8 6 . 7 4 7 8  ( S )

T I M E  L I N K     3   O P E N S  E Q U A L S      2 6 6 . 9 8 2 0  ( S )

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    3 7 2 . 0  Q B  ( B T U / F T 2  S ) =  0 . 3 9 8 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    2 7 5 . 6  Q B  ( B T U / F T 2  S ) =  0 . 2 9 4 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =    1 9 4 . 1  Q B  ( B T U / F T 2  S ) =  0 . 1 8 1 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =    1 5 0 . 3  Q B  ( B T U / F T 2  S ) =  0 . 1 1 4 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =    1 2 7 . 5  Q B  ( B T U / F T 2  S ) =  0 . 7 7 3 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =    1 1 3 . 2  Q B  ( B T U / F T 2  S ) =  0 . 5 7 4 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

T I M E  ( S ) =   4 0 0 . 0 0 0  L Y R  T E M P  ( F ) =    3 3 3 . 5  L Y R  H T  ( F T ) =    2 4 . 7 7  L Y R  M A S S  ( L B ) =  0 . 1 8 5 E + 0 4

F I R E  O U T P U T  ( B T U / S ) =   0 . 9 4 6 8 E + 0 4  V E N T  A R E A  ( F T 2 ) =     1 9 2 . 0 0

L I N K  =   1  L I N K  T E M P  ( F ) =   2 7 1 . 9 8  J E T  V E L O C I T Y  ( F T / S ) =      8 . 3 8 7  J E T  T E M P  ( F )  =     4 0 6 . 0

L I N K  =   2  L I N K  T E M P  ( F ) =   3 8 5 . 3 2  J E T  V E L O C I T Y  ( F T / S ) =      7 . 9 3 6  J E T  T E M P  ( F )  =     4 0 0 . 2

L I N K  =   3  L I N K  T E M P  ( F ) =   2 5 4 . 8 5  J E T  V E L O C I T Y  ( F T / S ) =      3 . 3 3 3  J E T  T E M P  ( F )  =     2 7 0 . 2

T I M E  L I N K     1   O P E N S  E Q U A L S      2 8 2 . 8 7 1 0  ( S )

T I M E  L I N K     2   O P E N S  E Q U A L S      1 8 6 . 7 4 7 8  ( S )

T I M E  L I N K     3   O P E N S  E Q U A L S      2 6 6 . 9 8 2 0  ( S )

R  ( F T ) =     0 . 0 0  T S L  ( F ) =    3 8 1 . 3  Q B  ( B T U / F T 2  S ) =  0 . 4 0 3 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    1 2 . 4 1  T S L  ( F ) =    2 8 3 . 5  Q B  ( B T U / F T 2  S ) =  0 . 3 0 0 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    2 4 . 8 2  T S L  ( F ) =    1 9 9 . 2  Q B  ( B T U / F T 2  S ) =  0 . 1 8 6 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    3 7 . 2 3  T S L  ( F ) =    1 5 3 . 6  Q B  ( B T U / F T 2  S ) =  0 . 1 1 7 E + 0 0  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    4 9 . 6 4  T S L  ( F ) =    1 2 9 . 7  Q B  ( B T U / F T 2  S ) =  0 . 7 9 4 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

R  ( F T ) =    6 2 . 0 5  T S L  ( F ) =    1 1 5 . 0  Q B  ( B T U / F T 2  S ) =  0 . 5 8 9 E - 0 1  Q T  ( B T U / F T 2  S ) =  0 . 8 4 7 E - 1 8

FI G U RE  C . 4   Continued



S M O KE  AN D  H E AT  VE N T I N G204-48

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

WARNING:The user is warned that it is critical to end each entry
number with a decimal point when a noninteger number is indicated
(i. e. ,  when the screen display shows a decimal point for that entry).  The

user is warned further that the code will attempt to run with any speci‐
fed input fle and that it will not distinguish between realistic and
unrealistic input values.

O p ti o n  6 ,  H E I GH T  T O  B O T T O M  O F  C U RTAI N ,  o f th e
r o o m  p r o p e r ti e s  m e n u  i s  u s e d  to  defne  th e  h e i gh t ab o ve  th e
foor  o f th e  b o tto m  o f th e  c u r ta i n .  As  c an  b e  s e e n ,  i n  th e

d e fau l t d ata,  th i s  i s  1 5  ft.  Wh e r e  th i s  h e i g h t i s  c h o s e n  to  b e
i d e n ti c a l  to  th e  c e i l i n g h e i g h t,  th e  u s e r  s h o u l d  al ways  defne

th e  ve r y s p e c i a l  i d e al i z e d  s i m u l ati o n  as s o c i ate d  wi th  an  e x te n ‐
s i ve ,  unconfned  c e i l i n g fre  s c e n a r i o  ( i . e . ,  b y wh ate ve r  m e an s ,
i t i s  a s s u m e d  th a t th e  fow o f th e  c e i l i n g j e t i s  e x tr a c te d  fr o m

th e  c o m p a r tm e n t at th e  e x tr e m i ti e s  o f th e  c e i l i n g ) .  U n d e r  s u c h
a s i m u l a ti o n ,  an  u p p e r  l aye r  n e ve r  d e ve l o p s  i n  th e  c o m p a r t‐
m e n t.  T h e  l o we r-c e i l i n g  s u r fac e  an d  fu s i b l e  l i n ks  a r e

s u b m e r g e d  i n  an d  r e s p o n d  to  an  unconfned  c e i l i n g  j e t e n vi ‐
r o n m e n t,  wh i c h  i s  u n affe c te d  b y l aye r  gr o wth .  T h i s  i d e a l i z e d
fre  s c e n ar i o ,  i n vo l vi n g  th e  unconfned  c e i l i n g ,  i s  u s e d ,  fo r

e x am p l e ,  i n  r e fe r e n c e  [ 1 ]  to  s i m u l ate  c e i l i n g r e s p o n s e  an d  i n
r e fe r e n c e s  [ 2 ]  a n d  [ 3 ]  to  s i m u l ate  s p r i n kl e r  r e s p o n s e .

T h e  c h o i c e  o f s o m e  o p ti o n s  o n  a  m e n u ,  s u c h  as  O p ti o n  4 ,
N U M B E R O F  VE N T S ,  E T C . ,  o f th e  r o o m  p r o p e r ti e s  m e n u ,

l e ad s  to  a  s u b s e q u e n t d i s p l ay/ r e q u i r e m e n t o f ad d i ti o n a l  a s s o c i ‐
ate d  i n p u t d a ta .  M e n u  o p ti o n s  th at n e c e s s i ta te  m u l ti p l e  e n tr i e s
ar e  i n d i c ate d  b y th e  u s e  o f “ E T C . ”  I n  th e  c as e  o f O p ti o n  4 ,

N U M B E R O F  VE N T S ,  E T C . ,  th r e e  val u e s  a r e  i n vo l ve d  fo r  e a c h
ve n t o r  g r o u p  o f ve n ts  a c tu a te d  b y a fu s i b l e  l i n k.  As  i n d i c a te d
u n d e r  O p ti o n  4 ,  N U M B E R O F  VE N T S ,  E T C . ,  th e  d e fa u l t d a ta

d e s c r i b e  a  s c e n a r i o  wi th  two  ve n ts  o r  g r o u p s  o f ve n ts .

N o w c h o o s e  O p ti o n  4 ,  N U M B E R O F  VE N T S ,  E T C . ,  to  r e vi e w
a n d  m o d i fy th e  d e fa u l t i n p u t d a ta  as s o c i ate d  wi th  th e s e  two

ve n ts  o r  g r o u p s  o f ve n ts .  E n te r  4  < r e t> .  T h e  fo l l o wi n g  i s
d i s p l aye d  o n  th e  s c r e e n :

VE N T  N O .  =  1  F U S I B L E  L I N K =  2  VE N T  ARE A =  9 6 . 0 0 0 0 0
F T 2

VE N T  N O .  =  2  F U S I B L E  L I N K =  3  VE N T  ARE A =  9 6 . 0 0 0 0 0
F T 2

E N T E R 6  T O  RE M O VE  A VE N T

E N T E R VE N T  N O . ,  L I N K N O . ,  AN D  VE N T  ARE A ( F T 2 )  T O
AD D  O R M O D I F Y A VE N T

M AX I M U M  N O .  O F  VE N T S  I S  5

E N T E R 0  T O  RE T U RN  T O  T H E  M E N U

T h i s  d i s p l ay i n d i c ate s  th at th e  two  s i m u l ate d  ve n ts  o r  g r o u p s
o f ve n ts  ar e  n u m b e r e d  1  ( VE N T  N O .  =  1 )  an d  2  ( VE N T  N O .  =

2 ) ,  th at th e y ar e  ac tu ate d  b y fu s i b l e  l i n ks  n u m b e r e d  2  ( F U S I ‐
B L E  L I N K =  2 )  a n d  3  ( F U S I B L E  L I N K =  3 ) ,  r e s p e c ti ve l y,  an d

th at e a c h  o f th e  two  ve n ts  o r  g r o u p s  o f ve n ts  h as  a  to tal  ar e a  o f
9 6   ft2  ( VE N T  ARE A =  9 6 . 0 0 0 0 0  F T 2 ) .

I n  th e  d e fau l t fre  s c e n ar i o ,  i t wo u l d  b e  o f i n te r e s t to  s tu d y
th e  e ffe c t o f “ ga n gi n g”  th e  o p e r ati o n  o f al l  fo u r  ve n ts  ( to tal
ar e a o f 1 9 2  ft2 )  to  fu s i n g  o f th e  c l o s e s t ve n t l i n k.  To  d o  s o ,  i t

wo u l d  b e  n e c e s s ar y to  frst r e m o ve  ve n t n u m b e r  2 ,  a s  identifed
i n  th e  p r e c e d i n g  m e n u ,  an d  th e n  to  m o d i fy th e  ar e a  o f ve n t
n u m b e r  1 .

To  r e m o ve  ve n t n u m b e r  2 ,  e n te r  6  < r e t> .  T h e  fo l l o wi n g  i s
n o w d i s p l aye d  o n  th e  s c r e e n :

E N T E R N U M B E R O F  VE N T  T O  B E  E L I M I N AT E D

E N T E R 0  T O  RE T U RN  T O  M E N U

N o w e n te r  2  < r e t> .  T h i s  c o m p l e te s  r e m o val  o f ve n t 2 ,  wi th
th e  fo l l o wi n g r e vi s i o n  d i s p l a ye d  o n  th e  s c r e e n :

VE N T  N O .  =  1  F U S I B L E  L I N K =  2  VE N T  ARE A =  9 6 . 0 0 0 0 0
F T 2

E N T E R 6  T O  RE M O VE  A VE N T

E N T E R VE N T  N O . ,  L I N K N O . ,  AN D  VE N T  ARE A ( F T 2 )  T O
AD D  O R M O D I F Y A VE N T

M AX I M U M  N O .  O F  VE N T S  I S  5

E N T E R 0  T O  RE T U RN  T O  T H E  M E N U

N o w m o d i fy th e  c h ar a c te r i s ti c s  o f ve n t n u m b e r  1 .  To  d o  s o ,
e n te r  1  < r e t> ,  2  < r e t> ,  1 9 2 .  < r e t> .  T h e  s c r e e n  wi l l  n o w d i s p l a y
th e  fo l l o wi n g :

VE N T  N O .  =  1  F U S I B L E  L I N K =  2  VE N T  ARE A =  1 9 2 . 0 0 0 0 0
F T 2

E N T E R 6  T O  RE M O VE  A VE N T

E N T E R VE N T  N O . ,  L I N K N O . ,  AN D  VE N T  ARE A ( F T 2 )  T O
AD D  O R M O D I F Y A VE N T

M AX I M U M  N O .  O F  VE N T S  I S  5

E N T E R 0  T O  RE T U RN  T O  T H E  M E N U

To  ad d  o r  r e i m p l e m e n t ve n t n u m b e r  2 ,  a c tu a te d  b y l i n k
n u m b e r  3  an d  o f a r e a 9 6  ft2 ,  e n te r  2  < r e t> ,  3  < r e t> ,  9 6 .  < r e t> .
N o w r e tu r n  to  th e  o r i g i n a l  d e fau l t s c e n a r i o  b y b r i n g i n g  th e
a r e a o f ve n t n u m b e r  1  b a c k to  i ts  o r i g i n a l  9 6  ft2  val u e ;  e n te r
1 < r e t> ,  2  < r e t> ,  a n d  9 6 .  < r e t> .

T h e  u s e r  c an  n o w c o n ti n u e  to  m o d i fy o r  ad d  a d d i ti o n al  c e i l ‐
i n g  ve n ts  o r  r e tu r n  to  th e  r o o m  p r o p e r ti e s  m e n u  b y e n te r i n g  0
< r e t> .  I f th e  u s e r  tr i e s  to  as s o c i ate  a ve n t wi th  a  l i n k n o t ye t

e n te r e d  i n  th e  p r o g r am ,  th e  c o d e  wi l l  war n  th e  u s e r,  g i ve  th e
m a x i m u m  n u m b e r  o f l i n ks  a va i l ab l e  i n  th e  p r e s e n t d a ta  s e t,
an d  r e q u e s t a n e w l i n k va l u e .  I f th e  u s e r  d e l e te s  a l i n k th at i s

a s s i gn e d  to  a ve n t,  th e  c o d e  wi l l  a s s i gn  th e  l i n k wi th  th e  n e x t
s m a l l e s t n u m b e r  to  th a t ve n t.  T h e  b e s t m e th o d  fo r  as s i g n i n g
ve n ts  to  l i n ks  i s  to  frst u s e  O p ti o n  4 ,  F U S I B L E  L I N K P RO P E R‐

T I E S ,  o f th e  b a s e  m e n u  ( to  b e  d i s c u s s e d  i n  C . 5 . 5 )  to  as s i g n  th e
l i n k p ar am e te r s  an d  th e n  to  u s e  O p ti o n  1 ,  RO O M  P RO P E R‐
T I E S ,  fo l l o we d  b y th e  o p ti o n  N U M B E R O F  VE N T S ,  E T C .  to

a s s i gn  ve n t p r o p e r ti e s .

N o w r e tu r n  to  th e  r o o m  p r o p e r ti e s  m e n u  b y e n te r i n g 0
< r e t> ,  th e n  to  th e  b as e  m e n u  b y e n te r i n g  0  < r e t>  a ga i n .

Wi th  th e  b as e  m e n u  b ac k o n  th e  s c r e e n ,  c h o o s e  O p ti o n  2 ,
P H YS I C AL  P RO P E RT I E S ,  to  r e vi e w an d / o r  m o d i fy th e  d e fau l t
r o o m  p r o p e r ty i n p u t d a ta .  E n te r  2  < r e t> .



AN N E X  C 2 0 4 - 4 9

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

C . 5 . 3  P h ys i c al  P ro p e r ti e s .    Wh e n  O p ti o n  2 ,  P H YS I C AL  P RO P ‐
E RT I E S ,  o f th e  b as e  m e n u  i s  c h o s e n ,  th e  fo l l o wi n g p h ys i c al

p r o p e r ti e s  m e n u  i s  d i s p l a ye d :

M AT E RI AL  =  I N S U L AT E D  D E C K ( S O L I D  P O L YS T YRE N E )

H E AT  C O N D U C T I VI T Y =  2 . 4 0 0 E -0 5  ( B T U / S  L B  F )

H E AT  C APAC I T Y =  2 . 7 7 0 E -0 1  ( B T U / L B  F )

D E N S I T Y =  6 . 5 5 0 E + 0 1  ( L B / F T 3 )

1 8 0 . 0 0 0 0 0 AM B I E N T  T E M P E RAT U RE  ( F )
2 0 . 5 0 0 0 0 M AT E RI AL  T H I C KN E S S  ( F T )
3 M AT E RI AL  = I N S U L AT E D  D E C K ( S O L I D  

P O L YS T YRE N E )
0 C H AN GE  N O T H I N G

T h e  val u e s  i n  O p ti o n s  1  a n d  2  ar e  modifed  b y e n te r i n g  th e
o p ti o n  n u m b e r  an d  th e n  th e  n e w val u e .

N o w c h o o s e  O p ti o n  3  b y c o d i n g  3  < r e t> .  T h e  fo l l o wi n g
m e n u  i s  d i s p l aye d :

1   C O N C RE T E

2  B ARE  M E TAL  D E C K

3  I N S U L AT E D  D E C K ( S O L I D  P O L YS T YRE N E )

4   WO O D

5  O T H E R

B y c h o o s i n g o n e  o f O p ti o n s  1  th r o u gh  4  o f th i s  m e n u ,  th e
u s e r  specifes  th e  m a te r i al  p r o p e r ti e s  o f th e  c e i l i n g  a c c o r d i n g

to  th e  tab l e  o f s ta n d ar d  m ate r i al  p r o p e r ti e s  i n  r e fe r e n c e  [ 4 ] .
Wh e n  th e  o p ti o n  n u m b e r  o f o n e  o f th e s e  m a te r i al s  i s  c h o s e n ,

th e  m ate r i a l  n a m e ,  th e r m al  c o n d u c ti vi ty,  h e at c a p a c i ty,  an d
d e n s i ty ar e  d i s p l a ye d  o n  th e  s c r e e n  as  p ar t o f a n  u p d a te d  p h ys i ‐
c a l  p r o p e r ti e s  m e n u .

N o w c h o o s e  O p ti o n  5 ,  O T H E R,  b y e n te r i n g  5  < r e t> .  T h e
fo l l o wi n g  s c r e e n  i s  d i s p l a ye d :

E N T E R M AT E RI AL  N AM E

T H E RM AL  C O N D U C T I VI T Y ( B T U / S  F T  F )

H E AT  C APAC I T Y ( B T U / L B  F )

D E N S I T Y ( L B / F T 3 )

T h e  fo u r  i n d i c ate d  i n p u ts  ar e  r e q u i r e d .  Afte r  th e y a r e
e n te r e d ,  th e  s c r e e n  r e tu r n s  to  an  u p d ate d  p h ys i c al  p r o p e r ti e s

m e n u .

N o w r e tu r n  to  th e  d e fa u l t m ate r i a l ,  I N S U L AT E D  D E C K
( S O L I D  P O L YS T YRE N E ) .  To  d o  s o ,  e n te r  a n y ar b i tr ar y m a te ‐
r i al  n a m e  wi th  an y th r e e  p r o p e r ty va l u e s  ( e n te r  M AT E ‐

RI AL < r e t> ,  1 .  < r e t> ,  1 .  < r e t> ,  1 .  < r e t> ) ;  th e n  c h o o s e  O p ti o n  3 ,
M AT E RI AL ,  fr o m  th e  m e n u  d i s p l aye d  ( e n te r  3  < r e t> ) ;  an d ,
fr o m  th e  fnal  m e n u  d i s p l a ye d ,  c h o o s e  O p ti o n  3 ,  I N S U L AT E D

D E C K ( S O L I D  P O L YS T YRE N E )  b y e n te r i n g 3  < r e t> .

N o w r e tu r n  to  th e  b as e  m e n u .  E n te r  0  < r e t> .  C h o o s e  O p ti o n
3 ,  O U T P U T  PARAM E T E RS ,  o f th e  b as e  m e n u  to  r e vi e w o r

m o d i fy th e  d e fa u l t o u tp u t-p ar am e te r  d ata.  E n te r  3  < r e t> .

C . 5 . 4  O utp u t P aram e te rs .    Wh e n  O p ti o n  3 ,  O U T P U T
PARAM E T E RS ,  o f th e  b as e  m e n u  i s  c h o s e n ,  th e  fo l l o wi n g
o u tp u t-p a r am e te r s  m e n u  i s  d i s p l a ye d :

1 4 0 0 . 0 0 0 0 0 0 F I N AL  T I M E  ( S )
2 3 0 . 0 0 0 0 0 0 O U T P U T  I N T E RVAL  ( S )
0 C H AN GE  N O T H I N G

F I N AL  T I M E  r e p r e s e n ts  th e  e n d i n g  ti m e  o f th e  c al c u l a ti o n .
O U T P U T  I N T E RVAL  c o n tr o l s  th e  ti m e  i n te r val  b e twe e n

s u c c e s s i ve  o u tp u ts  o f th e  c a l c u l ati o n  r e s u l ts .  Al l  ti m e s  ar e  i n
s e c o n d s .  F o r  e x a m p l e ,  a s s u m e  th at i t i s  d e s i r e d  to  r u n  a fre
s c e n ar i o  fo r  5 0 0  s e c o n d s  wi th  a n  o u tp u t o f r e s u l ts  e ve r y

1 0  s e c o n d s .  F i r s t c h o o s e  O p ti o n  1  wi th  a va l u e  o f 5 0 0  ( e n te r  1
< r e t> ,  5 0 0 .  < r e t> ) ,  th e n  O p ti o n  2  wi th  a val u e  o f 1 0  ( e n te r  2
< r e t> ,  1 0 .  < r e t> ) .  T h e  fo l l o wi n g r e vi s e d  o u tp u t-p a r am e te r s

m e n u  i s  d i s p l aye d :

1 5 0 0 . 0 0 0 0 0 0 F I N AL  T I M E  ( S )
2 1 0 . 0 0 0 0 0 0 O U T P U T  I N T E RVAL  ( S )
0 C H AN GE  N O T H I N G

Re tu r n  to  th e  o r i gi n al  d e fau l t o u tp u t p ar a m e te r s  m e n u  b y
e n te r i n g  1  < r e t> ,  4 0 0 .  < r e t> ,  fo l l o we d  b y 2  < r e t> ,  3 0 .  < r e t> .

N o w r e tu r n  to  th e  b a s e  m e n u  fr o m  th e  o u tp u t p ar am e te r s
m e n u  b y e n te r i n g 0  < r e t> .

Wi th  th e  b as e  m e n u  b a c k o n  th e  s c r e e n ,  c h o o s e  O p ti o n  4 ,
F U S I B L E  L I N K P RO P E RT I E S ,  to  r e vi e w o r  m o d i fy th e  d e fau l t

fu s i b l e  l i n k p r o p e r ti e s  d ata.  E n te r  4  < r e t> .

C . 5 . 5  Fu s i b l e  L i n k  P ro p e r ti e s .    Wh e n  O p ti o n  4 ,  F U S I B L E
L I N K P RO P E RT I E S ,  o f th e  b a s e  m e n u  i s  c h o s e n ,  th e  fo l l o wi n g
fu s i b l e  l i n k p r o p e r ti e s  m e n u  i s  d i s p l aye d :

T O  AD D  O R C H AN G E  A L I N K,  E N T E R L I N K N O . ,
RAD I U S  ( F T ) ,  D I S TAN C E  B E L O W C E I L I N G  ( F T ) ,  RT I

( S QRT [ F T  S ] ) ,  AN D  F U S E  T E M P E RAT U RE  ( F ) .

M AX I M U M  N U M B E R O F  L I N KS  E QUAL S  1 0 .

E N T E R 1 1  T O  RE M O VE  A L I N K.

E N T E R 0  T O  RE T U RN  T O  T H E  M E N U .

L I N K #
RAD I U S

( FT )

D I S TAN C E
( FT )

B E L O W
C E I L I N G

RT I  S Q RT
( FT  S )

FU S E
T E M P  ( F)

1 6 . 0 0 0 1 . 0 0 0 4 0 0 . 0 0 0 1 6 5 . 0 0 0
2 2 1 . 2 0 0 0 . 3 0 0 5 0 . 0 0 0 1 6 5 . 0 0 0
3 4 4 . 3 0 0 0 . 3 0 0 5 0 . 0 0 0 1 6 5 . 0 0 0

E ac h  fu s i b l e  l i n k m u s t b e  a s s i gn e d  a l i n k n u m b e r  ( e . g . ,  L I N K
#  =  1 ) ,  r ad i al  p o s i ti o n  fr o m  th e  p l u m e -c e i l i n g  i m p i n g e m e n t

p o i n t ( e . g . ,  RAD I U S  =  6 . 0 0  F T ) ,  c e i l i n g -to -l i n k s e p ar a ti o n
d i s tan c e  ( e . g. ,  D I S TAN C E  B E L O W C E I L I N G =  1 . 0 0  F T ) ,
r e s p o n s e  ti m e  i n d e x  ( e . g . ,  RT I  =  4 0 0 . 0 0  S QRT [ F T  S ] ) ,  an d  fu s e

te m p e r a tu r e  ( e . g. ,  F U S E  T E M P E RAT U RE  =  1 6 5 . 0 0  F ) .

S u p p o s e  th a t i n  th e  d e fa u l t fre  s c e n a r i o  i t was  d e s i r e d  to
s i m u l a te  th e  th e r m al  r e s p o n s e  o f th e  gr o u p  o f ( fo u r )  s p r i n kl e r

l i n ks  s e c o n d  c l o s e s t to  th e  fre.  Ac c o r d i n g to  th e  d e s c r i p ti o n  i n



S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 5 0

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

S e c ti o n   C . 3  an d  i n  F i g u r e  C . 3 ( a ) ,  th i s  wo u l d  b e  d o n e  b y a d d i n g
a fo u r th  l i n k,  l i n k n u m b e r  4 ,  at a  r ad i a l  d i s tan c e  o f 1 3 . 4  ft,  1  ft
b e l o w th e  c e i l i n g ,  wi th  an  RT I  o f 4 0 0  ( ft/ s e c ) 1 / 2  a n d  a  fu s i o n
te m p e r a tu r e  o f 1 6 5 ° F.  To  d o  th i s ,  e n te r  4  < r e t> ,  1 3 . 4  < r e t> ,  1 .

< r e t> ,  4 0 0 .  < r e t> ,  1 6 5 . < r e t> .  T h e n  th e  fo l l o wi n g s c r e e n  i s
d i s p l aye d :

T O  AD D  O R C H AN G E  A L I N K,  E N T E R L I N K N O . ,
RAD I U S  ( F T ) ,  D I S TAN C E  B E L O W C E I L I N G ( F T ) ,  RT I

( S QRT [ F T  S ] ) ,  AN D  F U S E  T E M P E RAT U RE  ( F ) .

M AX I M U M  N U M B E R O F  L I N KS  E QUAL S  1 0 .

E N T E R 1 1  T O  RE M O VE  A L I N K.

E N T E R 0  T O  RE T U RN  T O  T H E  M E N U .

L I N K #
RAD I U S

( FT )

D I S TAN C E
( FT )

B E L O W
C E I L I N G

RT I  S Q RT
( FT  S )

FU S E
T E M P  ( F)

1 6 . 0 0 0 1 . 0 0 0 4 0 0 . 0 0 0 1 6 5 . 0 0 0
2 1 3 . 4 0 0 1 . 0 0 0 4 0 0 . 0 0 0 1 6 5 . 0 0 0
3 2 1 . 2 0 0 0 . 3 0 0 5 0 . 0 0 0 1 6 5 . 0 0 0
4 4 4 . 3 0 0 0 . 3 0 0 5 0 . 0 0 0 1 6 5 . 0 0 0

N o te  th at th e  n e w l i n k,  wh i c h  wa s  e n te r e d  as  l i n k n u m b e r  4 ,
was  s o r te d  a u to m a ti c a l l y i n to  th e  l i s t o f th e  o r i g i n a l  th r e e  l i n ks

an d  th at a l l  fo u r  l i n ks  we r e  r e n u m b e r e d  ac c o r d i n g  to  r ad i al
d i s tan c e  fr o m  th e  fre.  T h e  o r i g i n a l  l i n k-ve n t a s s i gn m e n ts  ar e
p r e s e r ve d  i n  th i s  o p e r a ti o n .  H e n c e ,  th e  u s e r  n e e d  n o t r e tu r n  to

O p ti o n  4 ,  N U M B E R O F  VE N T S ,  E T C . ,  u n l e s s  i t i s  d e s i r e d  to
r e a s s i gn  l i n k-ve n t c o m b i n a ti o n s .

A m ax i m u m  o f 1 0  l i n k r e s p o n s e s  c an  b e  s i m u l ate d  i n  a n y
o n e  s i m u l ati o n .

N o w r e m o ve  l i n k n u m b e r  2  to  r e tu r n  to  th e  o ri g i n al  d e fau l t
ar r ay o f l i n ks .  To  d o  s o ,  e n te r  1 1  < r e t> .  T h e  fo l l o wi n g s c r e e n  i s

d i s p l aye d :

E N T E R T H E  N U M B E R O F  T H E  L I N K T O  B E  RE M O VE D

E n te r  2  < r e t>  to  r e m o ve  l i n k 2 .

N o w r e tu r n  to  th e  b as e  m e n u  fr o m  th e  fu s i b l e  l i n k p r o p e r ‐
ti e s  m e n u  b y e n te r i n g  0  < r e t> .

Wi th  th e  b as e  m e n u  b a c k o n  th e  s c r e e n ,  c h o o s e  O p ti o n  5 ,
F I RE  P RO P E RT I E S ,  to  r e vi e w o r  m o d i fy th e  d e fau l t fre  p r o p e r ‐
ti e s  d a ta .  E n te r  5  < r e t> .

C . 5 . 6  Fi re  P ro p e r ti e s .    Wh e n  O p ti o n  5 ,  F I RE  P RO P E RT I E S ,
fr o m  th e  b as e  m e n u  i s  c h o s e n ,  th e  fo l l o wi n g fre  p r o p e r ti e s

m e n u  i s  d i s p l aye d :

1 2 . 5 F I RE  H E I GH T  ( F T )
2 3 3 0 . 0 F I RE  P O WE R/ ARE A ( B T U / S  FT 2 ) ,  E T C .

3 F I RE  O U T P U T  AS  A F U N C T I O N  O F  T I M E
0 C H AN GE  N O T H I N G

T h e  val u e  a s s o c i a te d  wi th  O p ti o n  1  i s  th e  h e i gh t o f th e  b a s e
o f th e  fre  ab o ve  th e  foor.  C h an g e  th i s  to  3  ft,  fo r e x am p l e ,  b y

e n te r i n g 1  < r e t>  a n d  3 .  < r e t> .  T h e n  r e tu r n  to  th e  d e fa u l t d a ta
b y e n te r i n g 1  < r e t>  an d  2 . 5  < r e t> .

T h e  val u e  a s s o c i a te d  wi th  O p ti o n  2  i s  th e  fre  e n e r gy r e l e a s e
r ate  p e r  fre  ar e a.  I t i s  a l s o  p o s s i b l e  to  c o n s i d e r  s i m u l ati o n s
wh e r e  th e  fre  a r e a i s  fxed  b y s p e c i fyi n g a fxed  fre  d i am e te r.

T h e  fre  e n e r gy r e l e a s e  r ate  p e r  fre  a r e a c an  b e  c h a n ge d ,  o r
th e  fxed  fre  a r e a typ e  o f specifcation  c an  b e  m ad e  b y c h o o s ‐
i n g  O p ti o n  2  b y e n te r i n g 2  < r e t> .  T h i s  l e a d s  to  a  d i s p l ay o f th e

fo l l o wi n g  m e n u :

1 WO O D  PAL L E T S ,  S TAC K,
5  F T  H I GH

3 3 0  ( B T U / S  F T 2 )

2 C ART O N S ,  C O M PART M E N T E D ,  
S TAC KE D  1 5  F T  H I GH

2 0 0  ( B T U / S  F T 2 )

3 P E  B O T T L E S  I N  
C O M PART M E N T E D  C ART O N S  
1 5  F T  H I GH

5 4 0  ( B T U / S  F T 2 )

4 P S  J ARS  I N  C O M PART M E N T E D  
C ART O N S  1 5  F T  H I GH

1 3 0 0  ( B T U / S  F T 2 )

5 GAS O L I N E 2 0 0  ( B T U / S  F T 2 )
6 I N P U T  YO U R O WN  VAL U E  I N  

( B T U / S  F T 2 )
7 S P E C I F Y A C O N S TAN T  

D I AM E T E R F I RE  I N  F T
0 C H AN GE  N O T H I N G

O p ti o n s  1  th r o u g h  5  o f th e  p r e c e d i n g  m e n u  a r e  fo r  var i ab l e
a r e a fres.  T h e  O p ti o n  1  to  5  c o n s ta n ts  d i s p l a ye d  o n  th e  r i g h t

ar e  th e  fre  e n e r g y r e l e as e  r a te  p e r  u n i t fre  ar e a .  T h e y a r e
take n  fr o m  Tab l e  4 . 1  o f r e fe r e n c e  [ 1 ] .  I f o n e  o f th e s e  o p ti o n s  i s
c h o s e n ,  an  a p p r o p r i a te l y u p d ate d  fre  p r o p e r ti e s  m e n u  i s  th e n

d i s p l aye d  o n  th e  s c r e e n .  O p ti o n  0  wo u l d  l e a d  to  th e  r e tu r n  o f
th e  o r i g i n al  fre  p r o p e r ti e s  m e n u .

O p ti o n  6  al l o ws  an y o th e r  fre  e n e r gy r e l e as e  r ate  p e r  u n i t
fre  a r e a o f th e  u s e r ' s  c h o i c e .  O p ti o n  7  a l l o ws  th e  u s e r  to  s p e c i fy
th e  d i am e te r  o f a c o n s tan t ar e a fre  i n s te a d  o f a n  e n e r g y r e l e as e
r ate  p e r  u n i t ar e a  fre.  C h o i c e  o f O p ti o n  6  o r  7  m u s t b e
fo l l o we d  b y e n tr y o f th e  ap p r o p r i ate  va l u e .  T h e n  a n  ap p r o p r i ‐

a te l y u p d a te d  fre  p r o p e r ti e s  m e n u  ap p e ar s  o n  th e  s c r e e n .

To  tr y O p ti o n  7 ,  S P E C I F Y A C O N S TAN T  D I AM E T E R F I RE
I N  F E E T,  e n te r  7  < r e t> .  T h e  fo l l o wi n g s c r e e n  i s  d i s p l aye d :

E N T E R YO U R VAL U E  F O R F I RE  D I AM E T E R I N  F T

As s u m e  th e  fre  d i a m e te r  i s  fxed  at 5  ft.  E n te r  5 .  < r e t> .  T h e n
th e  fo l l o wi n g  s c r e e n  i s  d i s p l aye d :

1 2 . 5 0 0 0 0 F I RE  H E I G H T  ( F T )
2 5 . 0 0 0 0 0 F I RE  D I AM E T E R ( F T ) ,  E T C .
3 F I RE  O U T P U T  AS  A F U N C T I O N  O F  T I M E
0 C H AN GE  N O T H I N G

N o w r e tu r n  to  th e  o r i g i n a l  d e fau l t fre  p r o p e r ti e s  m e n u  b y
e n te r i n g  2  < r e t> .  T h e  p r e vi o u s  m e n u  wi l l  b e  d i s p l a ye d .  I n  th i s ,

c h o o s e  O p ti o n  1 ,  WO O D  PAL L E T S ,  S TAC K,  5   ft h i gh ,  b y e n te r ‐
i n g  1  < r e t> .

O p ti o n  3 ,  F I RE  O U T P U T  AS  A F U N C T I O N  O F  T I M E ,  o f
th e  fre  p r o p e r ti e s  m e n u  a l l o ws  th e  u s e r  to  p r e s c r i b e  th e  fre  as

a fu n c ti o n  o f ti m e .  T h e  p r e s c r i p ti o n  i n vo l ve s :  ( 1 )  l i n e a r  i n te r ‐
p o l ati o n  b e twe e n  a d j ac e n t p a i r s  o f user-specifed  p o i n ts  wi th

c o o r d i n ate s  ( ti m e  i n  s e c o n d s ,  fre  e n e r g y r e l e as e  r a te  i n  B T U /
s e c ) ;  an d  ( 2 )  c o n ti n u ati o n  o f th e  fre  to  a n  a r b i tr ar i l y l ar g e

ti m e  at th e  fre  e n e r g y r e l e a s e  r a te  o f th e  l a s t d a ta  p o i n t.



AN N E X  C 2 0 4 - 5 1

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

N o w c h o o s e  O p ti o n  3  b y e n te r i n g 3  < r e t> .  T h e  fo l l o wi n g
s c re e n  as s o c i ate d  wi th  th e  d e fau l t fre  o u tp u t d a ta  i s  d i s p l aye d :

1 T I M E ( s )  =  0 . 0 0 0 0 0 P O WE R( B T U / S )  =  0 . 0 0 0 0 0 E + 0
2 T I M E ( s )  =  1 0 0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 5 9 2 0 0 E + 0 3
3 T I M E ( s )  =  2 0 0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 2 3 6 7 0 E + 0 4
4 T I M E ( s )  =  4 0 0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 9 4 6 8 0 E + 0 4
5 T I M E ( s )  =  6 0 0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 2 1 3 0 2 E + 0 5
6 T I M E ( s )  =  7 4 7 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 3 3 0 0 0 E + 0 5

E N T E R D ATA P O I N T  N O . ,  T I M E  ( S ) ,  AN D  P O WE R
( B T U / S )

E N T E R 1 1  T O  RE M O VE  A P O I N T

E N T E R 0  T O  RE T U RN  T O  M E N U

As  d i s c u s s e d  i n  S e c ti o n  C . 3 ,  wi th  u s e  o f th e  s i x  p r e c e d i n g
d ata p o i n ts ,  th e  d e fa u l t s i m u l a ti o n  wi l l  e s ti m ate  th e  fre's

e n e r g y r e l e as e  r ate  ac c o r d i n g  to  th e  p l o t o f F i g u r e  C . 3 ( b ) .

Ad d i ti o n a l  d ata p o i n ts  c an  b e  a d d e d  to  th e  fre  gr o wth  s i m u ‐
l ati o n  b y e n te r i n g  th e  n e w d a ta  p o i n t n u m b e r,  < r e t> ,  th e  ti m e
i n  s e c o n d s ,  < r e t> ,  th e  e n e r gy r e l e as e  r ate  i n  B T U / s e c ,  an d

< r e t> .

T h e  m ax i m u m  n u m b e r  o f d a ta  p o i n ts  p e r m i tte d  i s  1 0 .  T h e
p o i n ts  c a n  b e  e n te r e d  i n  a n y o r d e r.  A s o r ti n g  r o u ti n e  wi l l  o r d e r

th e  p o i n ts  b y ti m e .  O n e  p o i n t m u s t c o r r e s p o n d  to  z e r o  ti m e .

As  a n  e x am p l e  o f ad d i n g  a n  ad d i ti o n a l  d ata p o i n t to  th e
p r e c e d i n g s i x ,  as s u m e  th a t a c l o s e r  m atc h  to  th e  “t-s q u ar e d ”
d e fau l t fre  g r o wth  c u r ve  wa s  d e s i r e d  b e twe e n  2 0 0  s e c o n d s  an d

4 0 0  s e c o n d s .  F r o m  S e c ti o n  C . 3  i t c a n  b e  verifed  th at th e  fre
e n e r gy r e l e as e  r ate  wi l l  b e  5 3 2 5  B T U / s e c  at t =  3 0 0 .  To  ad d  th i s

p o i n t to  th e  d ata,  th e r e b y fo r c i n g  th e  fre  g r o wth  c u r ve  to  p a s s
e x ac tl y th r o u g h  th e  “t-s q u ar e d ”  c u r ve  at 3 0 0  s e c o n d s ,  e n te r  7

< r e t> ,  3 0 0 .  < r e t> ,  an d  5 3 2 5 .  < r e t> .  T h e  fo l l o wi n g  r e vi s e d  s c r e e n
wi l l  b e  d i s p l aye d :

1 T I M E ( s )  =  0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 0 0 0 0 0 E + 0 0
2 T I M E ( s )  =  1 0 0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 5 9 2 0 0 E + 0 3
3 T I M E ( s )  =  2 0 0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 2 3 6 7 0 E + 0 4
4 T I M E ( s )  =  3 0 0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 5 3 2 5 0 E + 0 4
5 T I M E ( s )  =  4 0 0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 9 4 6 8 0 E + 0 4
6 T I M E ( s )  =  6 0 0 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 2 1 3 0 2 E + 0 5
7 T I M E ( s )  =  7 4 7 . 0 0 0 0 P O WE R( B T U / S )  =  0 . 3 3 0 0 0 E + 0 5

E N T E R D ATA P T.  N O . ,  T I M E  ( S ) ,  AN D  P O WE R ( B T U / S )

E N T E R 1 1  T O  RE M O VE  A P O I N T

E N T E R 0  T O  RE T U RN  T O  M E N U

N o te  th a t th e  r e vi s e d  p o i n t,  wh i c h  wa s  e n te r e d  a s  p o i n t
n u m b e r  7 ,  h as  b e e n  r e s o r te d  i n to  th e  o r i g i n al  ar r a y o f d ata

p o i n ts  a n d  th at a l l  p o i n ts  h a ve  b e e n  r e n u m b e r e d  ap p r o p r i ate l y.

N o w r e m o ve  th e  p o i n t j u s t a d d e d  ( wh i c h  i s  n o w p o i n t
n u m b e r  4 ) .  F i r s t e n te r  1 1  < r e t> .  T h e n  th e  fo l l o wi n g  s c r e e n  i s

d i s p l aye d :

E N T E R T H E  N U M B E R O F  T H E  D ATA P O I N T  T O  B E
RE M O VE D

N o w e n te r  4  < r e t> .  T h i s  b r i n gs  th e  fre  g r o wth  s i m u l a ti o n
d ata b ac k to  th e  o r i g i n a l  d e fau l t s e t o f va l u e s .

N o w r e tu r n  to  th e  fre  p r o p e r ti e s  m e n u .  E n te r  0  < r e t> .  T h e n
r e tu r n  to  th e  b as e  m e n u  b y e n te r i n g  a ga i n  0  < r e t> .

Wi th  th e  b as e  m e n u  b a c k o n  th e  s c r e e n ,  i t i s  as s u m e d  th at
th e  i n p u tti n g  o f a l l  d ata r e q u i r e d  to  defne  th e  d e s i r e d  fre

s i m u l a ti o n  i s  c o m p l e te .  N o w c h o o s e  O p ti o n  0 ,  N O  C H AN G E S ,
to  p r o c e e d  to  th e  fle  s ta tu s  m e n u .  E n te r  0  < r e t> .

C . 5 . 7  S o l ve r P aram e te rs .    U s e r s  o f th e  c o d e  wi l l  ge n e r a l l y h a ve
n o  n e e d  to  r e fe r  to  th i s  s e c ti o n  ( i . e . ,  e s p e c i al l y wh e n  l e a r n i n g
to  u s e  th e  L AVE N T  c o d e ,  a  u s e r  s h o u l d  n o w s ki p  to

S e c ti o n  C . 6 ) ,  s i n c e  th e y ar e  r ar e l y,  i f e ve r,  e x p e c te d  to  r u n  i n to
a s i tu a ti o n  wh e r e  th e  c o d e  i s  n o t ab l e  to  o b ta i n  a  s o l u ti o n  fo r  a
p ar ti c u l ar  a p p l i c a ti o n  o r  i s  ta ki n g a n  i n o r d i n ate  am o u n t o f

ti m e  to  p r o d u c e  th e  s o l u ti o n .  H o we ve r,  i f th i s  d o e s  h a p p e n ,
th e r e  a r e  a n u m b e r  o f var i a ti o n s  o f th e  d e fau l t s o l ve r  p ar a m e ‐
te r  i n p u ts  th at c an  r e s o l ve  th e  p r o b l e m .

S tar t th e  i n p u t p ar t o f th e  p r o gr a m  to  g e t to  th e  b as e  m e n u .
T h e n  c h o o s e  O p ti o n  6 ,  S O LVE R PARAM E T E RS ,  b y e n te r i n g 6

< r e t> .  T h e  fo l l o wi n g  i n p u t o p ti o n s  m e n u  wi l l  b e  d i s p l aye d :

1 0 . 6 5 0 0 E + 0 0 GAU S S -S E I D E L  RE L AX AT I O N
2 0 . 1 0 0 0 E -0 4 D I F F  E Q S O LVE R T O L E RAN C E
3 0 . 1 0 0 0 E -0 4 GAU S S -S E I D E L  T O L E RAN C E
4 2 . 0 0 0 0 0 0 F L U X  U P D AT E  I N T E RVAL  ( S )
5 6 N U M B E R O F  C E I L I N G  G RI D  

P O I N T S ,  M I N = 2 ,  M AX = 5 0
6 0 . 1 0 0 0 E -0 7 S M AL L E S T  M E AN I N GF U L  VAL U E
7 C H AN G E  N O T H I N G

T h e  s o l ve r s  u s e d  i n  th i s  c o d e  c o n s i s t o f a  d i ffe r e n ti al  e q u a‐
ti o n  s o l ve r  D D RI VE 2 ,  u s e d  to  s o l ve  th e  s e t o f d i ffe r e n ti al  e q u a‐

ti o n s  as s o c i ate d  wi th  th e  l a ye r  a n d  th e  fu s i b l e  l i n ks ,  an d  a
G au s s –S e i d e l / tr i d i ag o n al  s o l ve r  u s i n g  th e  C r an k–N i c o l s o n
fo r m al i s m  to  s o l ve  th e  s e t o f p a r ti al  d i ffe r e n ti al  e q u ati o n s  a s s o ‐

c i ate d  wi th  th e  h e a t c o n d u c ti o n  c a l c u l ati o n  fo r  th e  c e i l i n g .
B e c a u s e  two  d i ffe r e n t s o l ve r s  ar e  b e i n g  u s e d  i n  th e  c o d e ,  th e r e
i s  p o te n ti al  fo r  th e  s o l ve r s  to  b e c o m e  i n c o m p ati b l e  wi th  e a c h

o th e r,  p ar ti c u l ar l y i f th e  u p p e r  l aye r  h as  n e ar l y r e ac h e d  a
s te ad y-s tate  te m p e r a tu r e  b u t th e  c e i l i n g i s  s ti l l  i n c r e as i n g  i ts
te m p e r a tu r e .  Wh e n  th i s  o c c u r s ,  th e  d i ffe r e n ti a l  e q u ati o n  s o l ve r

wi l l  tr y to  ta ke  ti m e  s te p s  th at a r e  to o  l ar g e  fo r  th e  G au s s –S e i d e l
s o l ve r  to  h an d l e ,  a n d  a  g r o wi n g  o s c i l l a ti o n  i n  th e  c e i l i n g

te m p e r a tu r e  var i ab l e  m i gh t o c c u r.  B y r e d u c i n g th e  F L U X
U P D AT E  I N T E RVAL ,  th e  g r o wi n g  o s c i l l a ti o n  c a n  b e

s u p p r e s s e d .  T h e  s m al l e r  th e  F L U X  U P D AT E  I N T E RVAL ,  th e
s l o we r  th e  c o d e  wi l l  r u n .

T h e  GAU S S –S E I D E L  RE L AX AT I O N  coeffcient c an  b e
c h a n ge d  to  p r o d u c e  a fa s te r  r u n n i n g  c o d e  o r  to  h a n d l e  a c a s e
th a t wi l l  n o t r u n  wi th  a d i ffe r e n t coeffcient.  Typ i c al  va l u e s  o f

th i s  coeffcient s h o u l d  r a n ge  b e twe e n  0 . 2  a n d  1 . 0 .

T h e  D I F F  E Q S O LVE R T O L E RAN C E  an d  th e  GAU S S –
S E I D E L  T O L E RAN C E  c an  a l s o  b e  c h a n ge d .  D e c r e as i n g  o r
i n c r e as i n g  th e s e  va l u e s  c an  p r o vi d e  a  fa s te r  r u n n i n g  c o d e  fo r  a

g i ve n  c as e ,  a n d  b y d e c r e a s i n g th e  val u e  o f th e  to l e r an c e s ,  th e
ac c u r ac y o f th e  c al c u l ati o n s  c an  b e  i n c r e a s e d .  I f th e  to l e r a n c e
va l u e s  a r e  m ad e  to o  s m al l ,  th e  c o d e  wi l l  e i th e r  r u n  ve r y s l o wl y

o r  n o t r u n  at a l l .  S u g ge s te d  to l e r a n c e s  wo u l d  b e  i n  th e  r a n ge  o f
0 . 0 0 0 0 1  to  0 . 0 0 0 0 0 1 .

C o n s i s te n t wi th  th e  m o d e l  as s u m p ti o n s ,  a c c u r ac y i n  th e
r a d i al  c e i l i n g  te m p e r a tu r e  d i s tr i b u ti o n  ar o u n d  th e  p l u m e -
c e i l i n g  i m p i n ge m e n t p o i n t i s  d e p e n d e n t o n  th e  N U M B E R O F



S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 5 2

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

C E I L I N G G RI D  P O I N T S .  Re l ati ve l y g r e ate r  o r  l e s s e r  a c c u r ac y
i s  ac h i e ve d  b y u s i n g r e l ati ve l y m o r e  o r  fe we r  g r i d  p o i n ts .  T h i s
l e ad s ,  i n  tu r n ,  to  a r e l ati ve l y s l o we r  o r  fas te r  c o m p u te r  r u n .

C . 6  Fi l e  S tatu s  — Ru n n i n g th e  C o d e .    Wh e n  O p ti o n  0 ,  N O
C H AN GE S ,  o f th e  b a s e  m e n u  i s  c h o s e n ,  th e  fo l l o wi n g  fle  s tatu s
m e n u  i s  d i s p l aye d :

1 S AVE  T H E  F I L E  AN D  RU N  T H E  C O D E
2 S AVE  T H E  F I L E  B U T  D O N ' T  RU N  T H E  C O D E
3 D O N ' T  S AVE  T H E  F I L E  B U T  RU N  T H E  C O D E
4 AB O RT  T H E  C AL C U L AT I O N

I f o n e  o f th e  s ave  o p ti o n s  i s  s e l e c te d ,  th e  u s e r  wi l l  b e  a s ke d
to  s u p p l y a  fle  n am e  to  d e s i gn a te  th e  fle  wh e r e  th e  n e wl y
ge n e r a te d  i n p u t d a ta  ar e  to  b e  s a ve d .  T h e  p r o g r am  wi l l  a u to ‐
m a ti c a l l y c r e ate  th e  n e w fle.  F i l e  n am e s  m ay b e  as  l o n g  as  e i g h t
c h a r ac te r s  a n d  s h o u l d  h ave  a c o m m o n  e x te n d e r  s u c h  a s  . D AT
( fo r  e x am p l e  M YF I L E . D AT ) .  T h e  m a x i m u m  l e n gth  th at c a n  b e
u s e d  fo r  th e  to tal  l e n g th  o f i n p u t o r  o u tp u t fles  i s  2 5  c h ar ac ‐
te r s .  F o r  e x am p l e ,  C : \S U B D I RE C T \F I L E N AM E . D AT  wo u l d
al l o w a  fle  n a m e d  F I L E N AM E . D AT  to  b e  r e a d  fr o m  th e  s u b d i ‐
re c to r y S U B D I RE C T  o n  th e  C  d r i ve .  To  r e ad  a  fle  fr o m  a
foppy d i s k i n  th e  A d r i ve ,  u s e  A: F I L E N AM E . D AT.  I f O p ti o n  4  i s
c h o s e n ,  th e  p r o g r am  wi l l  e n d  wi th o u t an y fle  b e i n g  s a ve d .

A r e q u e s t fo r  an  o u tp u t fle  n am e  c a n  a p p e ar  o n  th e  s c r e e n .
F i l e  n a m e s  c a n  b e  a s  l o n g a s  e i g h t c h ar a c te r s  an d  s h o u l d  h a ve
an  e x te n d e r  s u c h  a s  “ . O U T ”  s o  th a t th e  o u tp u t fles  c an  e as i l y
b e  r e c o g n i z e d .  To  o u tp u t a fle  to  a foppy d i s k i n  th e  A d r i ve ,
n a m e  th e  fle  A: F I L E N AM E . O U T.  To  o u tp u t a  fle  to  a s u b d i ‐
r e c to r y o th e r  th a n  th e  o n e  th at i s  r e s i d e n t to  th e  p r o gr a m ,  u s e
C : \S U B D I RE C T \F I L E N AM E . O U T  fo r  th e  s u b d i r e c to r y
S U B D I RE C T.

O n c e  th e  o u tp u t fle  h a s  b e e n  d e s i g n ate d ,  th e  p r o g r am  wi l l
b e g i n  to  e x e c u te .  T h e  s ta te m e n t P RO GRAM  RU N N I N G wi l l
ap p e ar  o n  th e  s c r e e n .  E a c h  ti m e  th e  p r o g r am  wr i te s  to  th e
o u tp u t fle,  a s tate m e n t s u c h  as  T  =  3 . 0 0 0 0 E 0 1  S  wi l l  ap p e ar  o n
th e  s c r e e n  to  p r o vi d e  th e  u s e r  wi th  th e  p r e s e n t o u tp u t ti m e .

C . 7  T h e  O u tp u t Vari ab l e s  an d  th e  O u tp ut O p ti o n s .    T h e
p r o gr a m  ge n e r a te s  two  s e p ar ate  o u tp u t fles.  An  e x am p l e  o f
th e  frst o u tp u t fle  i s  ap p e n d e d  a t th e  e n d  o f th i s  d o c u m e n t.
T h i s  fle  i s  n a m e d  b y th e  u s e r  a n d  c o n s i s ts  o f a l i s ti n g  o f th e
i n p u t d a ta  p l u s  a l l  th e  r e l e van t o u tp u t va r i ab l e s  i n  a fo r m at
wh e r e  th e  o u tp u t u n i ts  ar e  specifed  a n d  th e  m e an i n g s  o f a l l
b u t th r e e  o f th e  o u tp u t va r i a b l e s  a r e  c l e ar l y specifed.  T h e s e
l atte r  va r i ab l e s  ar e  TSL,  QB,  an d  QT,  th e  te m p e r atu r e  o f th e
c e i l i n g i n s i d e  th e  e n c l o s u r e ,  th e  n e t h e a t tr a n s fe r  fux  to  th e
b o tto m  s u r fac e  o f th e  c e i l i n g ,  an d  th e  n e t h e at tr an s fe r  fux  to
th e  to p  s u r fa c e  o f th e  c e i l i n g,  r e s p e c ti ve l y.  T h e  var i ab l e s  a r e
o u tp u t a s  a fu n c ti o n  o f r ad i u s ,  wi th  R =  0  b e i n g th e  c e n te r  o f
th e  fre  p l u m e  p r o j e c te d  o n  th e  c e i l i n g .  O th e r  a b b r e vi a ti o n s
i n c l u d e  L YR T E M P,  L YR H T,  L YR M AS S ,  J E T  VE L O C I T Y,  an d
J E T  T E M P  —  th e  u p p e r- l aye r  ( l aye r  ad j a c e n t to  th e  c e i l i n g)
te m p e r a tu r e ,  h e i gh t o f th e  u p p e r-l aye r  i n te r fa c e  a b o ve  th e
foor,  m a s s  o f g as  i n  th e  l aye r,  c e i l i n g  j e t ve l o c i ty,  an d  c e i l i n g  j e t
te m p e r a tu r e  at th e  p o s i ti o n  o f e a c h  fu s i b l e  l i n k,  r e s p e c ti ve l y.
T h e  VE N T  ARE A i s  th e  to ta l  ar e a  o f r o o f ve n ts  o p e n  at th e  ti m e
o f o u tp u t.

T h e  s e c o n d  o u tp u t fle,  GRAP H . O U T,  i s  u s e d  b y th e  gr a p h ‐
i c s  p r o g r am  GRAP H .  GRAP H  i s  a F o r tr a n  p r o g r am  th a t m ake s

u s e  o f a  gr a p h i c s  s o ftwa r e  p a c ka ge  to  p r o d u c e  gr a p h i c a l  o u tp u t
o f s e l e c te d  o u tp u t va r i ab l e s  [ 5 ,  6 ] .  To  u s e  th e  g r ap h i c s

p r o gr a m ,  th e  fle  GRAP H . O U T  m u s t b e  i n  th e  s am e  d i r e c to r y
a s  th e  p r o g r am  GRAP H .  GRAP H  i s  a m e n u -d r i ve n  p r o gr a m
th at p r o vi d e s  th e  u s e r  wi th  th e  ab i l i ty to  p l o t two  s e ts  o f var i a‐

b l e s  o n  th e  P C  s c r e e n .  An  o p ti o n  e x i s ts  th a t p e r m i ts  th e  u s e r  to
p r i n t th e  p l o ts  fr o m  th e  s c r e e n  to  a p r i n te r.  I f u s i n g a n  a ttac h e d
E P S O N - c o m p a ti b l e  p r i n te r,  e n te r  < r e t>  to  p r o d u c e  a p l o t u s i n g
th e  p r i n te r.  To  ge n e r a te  a P o s tS c r i p t fle  fo r  u s e  o n  a l a s e r

p r i n te r,  e n te r  < r e t>  an d  p r o vi d e  a  fle  n am e  wh e n  th e  fle  n am e
p r o m p t a p p e ar s  i n  th e  u p p e r  l e ft h an d  c o r n e r  o f th e  gr a p h .  To
e x i t to  s c r e e n  m o d e  fr o m  th e  g r ap h i c s  m o d e ,  e n te r  < r e t> .  T h e
fle  GRAP H . O U T  wi l l  b e  d e s tr o ye d  e a c h  ti m e  th e  c o d e

L AVE N T  i s  r u n .  I f th e  u s e r  wi s h e s  to  s a ve  th e  g r ap h i c s  fle,  i t
m u s t b e  c o p i e d  u s i n g  th e  D O S  c o p y c o m m an d  i n to  a n o th e r  fle

wi th  a d i ffe r e n t fle  n a m e .

To  d e m o n s tr a te  th e  u s e  o f GRAP H ,  s ta r t th e  p r o g r am  b y
e n te r i n g  gr a p h  < r e t> .  GRAP H  wi l l  r e ad  i n  th e  g r ap h i c s  o u tp u t
fle  GRAP H . O U T,  a n d  th e  fo l l o wi n g s c r e e n  wi l l  b e  d i s p l aye d :

E N T E R 0  T O  P L O T  P O I N T S ,  E N T E R 1  T O  P L O T  AN D
C O N N E C T  P O I N T S

T h e  g r ap h i c s  p r e s e n te d  i n  F i g u r e  C . 7 ( a)  th r o u g h  F i g u r e
C . 7 ( e )  we r e  d o n e  wi th  GRAP H  u s i n g  o p ti o n  0 .  E n te r  0  < r e t>

an d  th e  fo l l o wi n g  gr a p h i c s  m e n u  i s  d i s p l a ye d :

E N T E R T H E  X  AN D  Y VARI AB L E S  F O R T H E  D E S I RE D
T WO  GRAP H S

1 T I M E
2 L AYE R T E M P E RAT U RE
3 L AYE R H E I GH T
4 L AYE R M AS S
5 F I RE  O U T P U T
6 C E I L I N G VE N T  ARE A
7 P L U M E  F L O W
8 L I N K T E M P E RAT U RE
9 J E T  VE L O C I T Y AT  L I N K

1 0 J E T  T E M P E RAT U RE  AT  L I N K

Two  p l o ts  c an  b e  s tu d i e d  o n  a  s i n g l e  s c r e e n .  F o r  e x am p l e ,
fr o m  th e  d e fau l t s i m u l ati o n ,  as s u m e  th a t d i s p l a ys  o f th e  p l o ts  o f

F i g u r e  C . 7 ( a )  a n d  F i gu r e  C . 7 ( b ) ,  L AYE R H E I GH T  vs .  T I M E
a n d  L AYE R T E M P E RAT U RE  vs .  T I M E ,  r e s p e c ti ve l y,  ar e
d e s i r e d .  T h e n  e n te r  1  < r e t> ,  3  < r e t> ,  1  < r e t> ,  an d  2  < r e t> .  T h e

p r o gr a m  wi l l  r e s p o n d  wi th  th e  fo l l o wi n g p r o m p t:

E N T E R T H E  T I T L E S  F O R T H E  T WO  GRAP H S ,  1 6  C H AR‐
AC T E RS  M AX .

T h e  u s e r  m i gh t c h o o s e  ti tl e s  th at wo u l d  i d e n ti fy p ar ti c u l ar
c a s e s  s u c h  as  L Y H T  RU N  1 0 0  < r e t>  a n d  L Y T E M P  RU N  1 0 0
< r e t> .  I f a ti tl e  l o n ge r  th an  1 6  c h a r ac te r s  i s  c h o s e n ,  i t wi l l  b e

tr u n c a te d  to  1 6  c h a r ac te r s .  Afte r  th e  ti tl e s  h a ve  b e e n  e n te r e d ,
th e  p r o g r am  wi l l  r e s p o n d  wi th  th e  fo l l o wi n g  p r o m p t:

E N T E R 1  F O R D E FAU LT  S C AL I N G,  2  F O R U S E R S C AL ‐
I N G.
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I f th e  u s e r  c h o o s e s  o p ti o n  1 ,  th e  d e s i r e d  p l o ts  wi l l  a p p e ar  o n
th e  s c r e e n  wi th  a n  i n te r n al  s c al i n g  fo r  th e  x- a n d  y-ax i s  o f e a c h
gr ap h .  I f th e  u s e r  c h o o s e s  o p ti o n  2 ,  th e  p r o g r am  wi l l  r e s p o n d

wi th  th e  fo l l o wi n g  p r o m p t:

E N T E R T H E  M I N I M U M  AN D  M AX I M U M  VAL U E S  F O R
T H E  X  AN D  Y AX I S  O F  E AC H  GRAP H .

E N T E R 0  F O R T H E  M I N I M U M  AN D  M AX I M U M  VAL U E S
O F E AC H  AX I S  WH E RE  D E FAU LT  S C AL I N G  I S  D E S I RE D .

F O R E X AM P L E ,  VAL U E S  S H O U L D  B E  E N T E RE D  AS
0 . , 1 0 0 . , 0 . , 2 0 0 . , 1 0 . , 5 0 . , 2 0 . , 1 0 0 . < r e t>  F O R X 1 ( 0 -1 0 0 ) ,  Y1 ( 0 -2 0 0 ) ,

X 2 ( 1 0 -5 0 ) ,  Y2 ( 2 0 - 1 0 0 ) .

U s e  o f th i s  o p ti o n  a l l o ws  a  n u m b e r  o f d i ffe r e n t c as e s  to  b e
c o m p a r e d  u s i n g s i m i l ar  val u e s  fo r  th e  x-  an d  y-ax i s  o f e a c h
gr ap h .  Al l  e i gh t n u m b e r s  m u s t b e  e n te r e d  an d  s e p ar ate d  wi th

c o m m as  b e fo r e  e n te r i n g  < r e t> .  O n c e  th e  e n tr y i s  m a d e ,  th e
p l o ts  wi l l  a p p e a r  o n  th e  s c r e e n .  N o te  th at th i s  o p ti o n  p e r m i ts  a
m i x tu r e  o f d e fa u l t s c al i n g a n d  user-specifed  s c al i n g .

O n c e  a  p ai r  o f p l o ts  ar e  d i s p l aye d  o n  th e  s c r e e n ,  th e  u s e r
wo u l d  h ave  th e  c h o i c e  o f e n te r i n g  < r e t>  to  o b tai n  a  h ar d -c o p y

p l o t o f th e  g r ap h s  o r  o f e n te r i n g  < r e t>  to  e x i t th e  g r ap h i c s
m o d e .

To  p l o t a  s e c o n d  p a i r  o f gr a p h s ,  th e  u s e r  wo u l d  e x i t th e
gr ap h i c s  m o d e  b y e n te r i n g < r e t>  a n d  th e n  r e p e at th e  p r e c e d ‐
i n g p r o c e s s  b y e n te r i n g  g r ap h  < r e t> ,  an d  s o  fo r th .

I f th e  u s e r  s e l e c ts  p l o ts  th a t i n vo l ve  var i ab l e s  defned  b y
O p ti o n  8 ,  9 ,  o r  1 0 ,  th e n ,  fo l l o wi n g th e  e n tr y 8  < r e t> ,  9  < r e t> ,  o r

1 0  < r e t> ,  th e  fo l l o wi n g p r o m p t fo r  i d e n ti fyi n g  th e  d e s i r e d  l i n k
n u m b e r  ( i n  th e  d e fau l t s i m u l a ti o n  wi th  th r e e  s i m u l ate d  l i n ks )

wi l l  b e  d i s p l aye d  i m m e d i ate l y:

E N T E R L I N K N U M B E R,  M AX I M U M  N U M B E R =  3

T h e  u s e r  wo u l d  th e n  e n te r  th e  d e s i r e d  l i n k n u m b e r  fo l l o we d
b y < r e t>  a n d  c o n ti n u e  e n te r i n g th e  r e m ai n i n g i n p u t d a ta  th at
defne  th e  d e s i r e d  p l o ts .

As  a n  e x am p l e  o f ge n e r a ti n g l i n k-r e l a te d  p l o ts ,  c o n s i d e r
d i s p l ayi n g  th e  p ai r  o f p l o ts  L I N K T E M P E RAT U RE  vs .  T I M E
an d  J E T  VE L O C I T Y AT  L I N K vs .  T I M E  fo r  l i n k n u m b e r  3  i n

th e  d e fa u l t s i m u l a ti o n .  F i r s t e n te r  1  < r e t>  ( fo r  T I M E  o n  th e  x-
ax i s )  an d  8  < r e t>  ( fo r  L I N K T E M P E RAT U RE  o n  th e  y-a x i s ) .  At
th i s  p o i n t,  “ E N T E R L I N K N U M B E R .  .  . ”  wo u l d  b e  d i s p l a ye d  o n

th e  s c r e e n .  C o n ti n u e  b y e n te r i n g 3  < r e t>  ( fo r  l i n k n u m b e r  3 ) .
T h i s  wo u l d  c o m p l e te  th e  d a ta  e n tr y fo r  th e  frst o f th e  two
p l o ts .  F o r  th e  s e c o n d  p l o t,  e n te r  1  < r e t>  ( fo r  T I M E  o n  th e  x-

a x i s )  an d  9  < r e t>  ( fo r  L I N K T E M P E RAT U RE  o n  th e  y-ax i s ) .  At
th i s  p o i n t,  “ E N T E R L I N K N U M B E R .  .  . ”  wo u l d  b e  d i s p l a ye d  a
s e c o n d  ti m e .  T h e n  c o n c l u d e  d a ta  i n p u t fo r  th e  p ai r  o f p l o ts  b y

e n te r i n g  3  < r e t>  ( fo r  l i n k n u m b e r  3 ) .  At th i s  p o i n t th e  d e s i r e d
p ai r  o f p l o ts  wo u l d  b e  d i s p l aye d  o n  th e  s c r e e n .
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Δ FI G U RE  C . 7 ( a)   P l o t o f th e  H e i gh t o f th e  S m o k e  L aye r
I n te r fac e  vs .  T i m e  fo r th e  D e fau l t S i m ul ati o n .
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Δ FI G U RE  C . 7 ( b )   P l o t o f th e  Te m p e ratu re  o f th e  S m o ke
L aye r vs .  T i m e  fo r th e  D e fau l t S i m u l ati o n .
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Δ FI G U RE  C . 7 ( c )   P l o t o f th e  C l o s e s t (R =  2 1 . 2  ft)  Ve n t- L i n k
Te m p e ratu re  vs .  T i m e  fo r th e  D e fau l t S i m u l ati o n .
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Δ FI G U RE  C . 7 ( d )   P l o t o f th e  Far (R =  4 4 . 3  ft)  P ai r o f Ve n t-
L i n k  Te m p e ratu re s  vs .  T i m e  fo r th e  D e fau l t S i m ul ati o n .

C . 8  An  E x am p l e  S i m u l ati o n  — T h e  D e faul t C as e .    T h i s
s e c ti o n  p r e s e n ts  a n d  r e vi e ws  briefy th e  s i m u l ati o n  o f th e

d e fa u l t c as e .

T h e  tab u l ar  o u tp u t o f th e  d e fau l t s i m u l a ti o n  i s  p r e s e n te d  i n
F i g u r e  C . 4 .  P l o ts  o f th e  l aye r-i n te r fac e  h e i g h t an d  o f th e  l aye r

te m p e r a tu r e  a s  fu n c ti o n s  o f ti m e  a r e  p l o tte d  i n  F i g u r e  C . 7 ( a)
a n d  F i g u r e  C . 7 ( b ) ,  r e s p e c ti ve l y.  P l o ts  o f th e  th e r m al  r e s p o n s e

o f th e  two  p ai r s  o f ve n t l i n ks  an d  th e  p ai r  o f s p r i n kl e r  l i n ks  c l o s ‐
e s t to  th e  fre  ar e  p r e s e n te d  i n  F i gu r e  C . 7 ( c )  th r o u g h  F i g u r e
C . 7 ( e ) ,  r e s p e c ti ve l y.

F r o m  F i gu r e  C . 4  an d  F i g u r e  C . 7 ( c )  th r o u g h  F i g u r e  C . 7 ( e ) ,  i t
i s  s e e n  th at th e  s e q u e n c e  o f l i n k fu s i n g  ( at 1 6 5 ° F )  i s  p r e d i c te d

to  b e  th e  n e ar  p a i r  o f ve n ts  at 1 8 7  s e c o n d s ,  th e  fa r  p ai r  o f ve n ts
at 2 6 7  s e c o n d s ,  a n d  th e  p a i r  o f c l o s e s t s p r i n kl e r s  at
2 8 3  s e c o n d s .  Al th o u g h  th e  s p r i n kl e r  l i n ks  ar e  c l o s e r  to  th e  fre

th an  an y o f th e  ve n t l i n ks ,  an d  a l th o u gh  al l  l i n ks  h ave  th e  s a m e
fu s e  te m p e r atu r e s ,  th e  s i m u l a ti o n  p r e d i c ts  th a t th e  s p r i n kl e r
l i n ks  fu s e  afte r  a l l  o f th e  ve n t l i n ks .  T h e r e  a r e  two  r e a s o n s  fo r

th i s .  F i r s t,  th e  RT I s  o f th e  s p r i n kl e r  l i n ks  ar e  l ar g e r  th a n  th o s e
o f th e  ve n t l i n ks  an d ,  th e r e fo r e ,  s l o we r  to  r e s p o n d  th e r m a l l y.
S e c o n d ,  th e  two  s p r i n kl e r  l i n ks  s i m u l a te d  a r e  fa r  e n o u g h  fr o m

th e  c e i l i n g  as  to  b e  b e l o w th e  p e ak te m p e r atu r e  o f th e  c e i l i n g
j e t,  wh i c h  i s  r e l a ti ve l y th i n  at th e  6  ft r a d i al  p o s i ti o n  ( s e e  th e
l o we r  s ke tc h  o f F i g u r e  C . 2 ) .

T h e  e ffe c t o n  l a ye r  g r o wth  o f fu s i n g  o f th e  two  p ai r s  o f ve n t
l i n ks  an d  o p e n i n g o f th e i r  c o r r e s p o n d i n g  ve n ts  a t 1 8 7  s e c o n d s

an d  2 6 7  s e c o n d s  c a n  b e  n o te d  i n  F i gu r e  C . 7 ( a) .  N o te  th at th e
o p e n i n g  o f th e  frst p a i r  o f ve n ts  e ffe c ti ve l y s to p s  th e  r ate -o f-

i n c r e as e  o f l aye r  th i c kn e s s  an d  th e  o p e n i n g o f th e  s e c o n d  p ai r
o f ve n ts  l e a d s  to  a r e l ati ve l y r ap i d  r a te -o f-d e c r e a s e  i n  th e  l aye r
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Δ FI G U RE  C . 7 ( e )   P l o t o f th e  C l o s e s t (R =  6   ft)  S p ri n k l e r- L i n k
Te m p e ratu re s  vs .  T i m e  fo r th e  D e fau l t S i m u l ati o n .
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th i c kn e s s .  Al l  o f th i s  i s  o f c o u r s e  o c c u r r i n g at ti m e s  wh e n  th e
e n e r gy r e l e as e  r ate  o f th e  fre  i s  g r o wi n g  r ap i d l y.

As  c a n  b e  s e e n  i n  F i g u r e  C . 7 ( a) ,  u p  u n ti l  th e  4 0 0  s e c o n d s  o f
s i m u l a ti o n  ti m e ,  th e  s m o ke  i s  s ti l l  c o n ta i n e d  i n  th e  o r i gi n al

c u r ta i n e d  c o m p a r tm e n t an d  h as  n o t “ s p i l l e d  o ve r ”  to  ad j ac e n t
s p ac e s .  F r o m  th i s  fgure  i t ap p e ar s  th at wi th  n o  ve n ti n g ,  th e
l aye r  wo u l d  h a ve  d r o p p e d  b e l o w th e  b o tto m  o f th e  c u r tai n

b o ar d s  p r i o r  to  fu s i n g  o f th e  frst s p r i n kl e r  l i n ks .  T h i s  c o u l d  b e
confrmed  wi th  a s e c o n d  s i m u l a ti o n  r u n  o f L AVE N T,  wh e r e  a l l
ve n t ac ti o n  was  r e m o ve d  fr o m  th e  d e fa u l t d a ta .
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An n e x  D    S am p l e  P ro b l e m  U s i n g E n gi n e e ri n g E q u ati o n s
( H an d  C al c u l ati o n s )  an d  L AVE N T

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

D . 1  Ab s trac t.    T h e  fo l l o wi n g e x am p l e  p r o b l e m  i l l u s tr a te s  th e
u s e  o f th e  i n fo r m a ti o n ,  e n gi n e e r i n g  e q u a ti o n s ,  h an d  c al c u l a‐
ti o n s ,  a n d  c o m p u te r  m o d e l  d e s c r i b e d  i n  th i s  d o c u m e n t.  T h e

i m p ac t o f a fre  o n  a  n o n s p r i n kl e r e d  r e tai l  s to r ag e  b u i l d i n g an d
i ts  o c c u p a n ts  i s  a s s e s s e d .  T h e  e ffe c ts  o f a n  a n ti c i p a te d  fre  o n
th e  s u b j e c t b u i l d i n g  ar e  p r e d i c te d ,  an d  th e  i m p a c t o f s m o ke

a n d  h e at ve n ts  i s  i l l u s tr ate d .

D e s i gn  g o a l s  an d  o b j e c ti ve s  we r e  d e ve l o p e d ,  an d  a  h i gh -
c h a l l e n ge  fre,  l i ke l y to  o c c u r  i n  th e  s u b j e c t b u i l d i n g ,  wa s  i d e n ‐
tifed.  T h e  fre  i m p a c t wa s  as s e s s e d  u s i n g  th r e e  d i ffe r e n t
m e th o d s :

( 1 ) H an d  c a l c u l ati o n s  as s u m i n g  a q u as i -s te a d y fre
( 2 ) H an d  c a l c u l ati o n s  a s s u m i n g a c o n ti n u o u s -g r o wth

( t-s q u a r e d )  fre
( 3 ) T h e  c o m p u te r  m o d e l  L AVE N T

H an d  c a l c u l ati o n s  a r e  u s e fu l  fo r  g e n e r ati n g  q u i c k e s ti m ate s
o f th e  i m p ac t o f ve n ts  o n  fre  e ffe c ts .  H o we ve r,  h an d  c al c u l a‐
ti o n s  a r e  n o t a b l e  to  a s s e s s  ti m e -var yi n g e ve n ts .  A n u m b e r  o f

s i m p l i fyi n g  as s u m p ti o n s  h ave  b e e n  u s e d  to  fa c i l i ta te  p r o b l e m
s o l vi n g vi a al ge b r ai c  e q u a ti o n s .  H a n d -c a l c u l ate d  r e s u l ts  a r e
c o n s i d e r e d  val i d ,  b u t th e y p r o d u c e  s l i g h tl y d i ffe r e n t e s ti m ate s

o f fre  e ffe c ts  s u c h  as  u p p e r- l aye r  te m p e r a tu r e .  A c o m p u te r
m o d e l  s u c h  a s  L AVE N T  g e n e r al l y p r o vi d e s  a  m o r e  c o m p l e te

an al ys i s  o f th e  fre-produced  e ffe c ts  an d ,  i n  s o m e  i n s ta n c e s ,  i s
p r e fe r a b l e  o ve r  h an d  c a l c u l ati o n s .

D . 2  I n tro d u c ti o n .    T h e  fo l l o wi n g e x a m p l e  p r o b l e m  i l l u s tr ate s
th e  u s e  o f e n g i n e e r i n g e q u ati o n s  an d  a c o m p u te r  m o d e l  to

as s e s s  th e  i m p a c t o f a  fre  i n  a  n o n s p r i n kl e r e d  r e tai l  s to r ag e
b u i l d i n g .  T h e  p r o b l e m  i l l u s tr a te s  th e  i m p ac t o f ve n ts  an d

p r e d i c ts  th e  e ffe c t o f th e  an ti c i p ate d  fre  o n  th e  b u i l d i n g.

D . 2 . 1  G o al .    D e ve l o p  a ve n t d e s i g n  fo r  th e  s u b j e c t b u i l d i n g
th at wi l l  m a i n tai n  a  te n ab l e  e n vi r o n m e n t fo r  a p e r i o d  o f ti m e  a t

l e as t e q u al  to  th e  ti m e  r e q u i r e d  to  e va c u ate  th e  b u i l d i n g  an d
e q u al  to  th e  ti m e  r e q u i r e d  to  m a i n tai n  th e  h o t u p p e r  l a ye r  a

m i n i m u m  o f 3  m  ab o ve  foor  l e ve l  u n ti l  th e  l o c al  fre  d e p a r t‐
m e n t e n te r s  th e  b u i l d i n g .

D . 2 . 2  O b j e c ti ve .    D e te r m i n e  th e  ve n t ar e a r e q u i r e d  to  m a i n ‐
ta i n  th e  s m o ke  l a ye r  a t l e as t 3  m  ab o ve  foor  l e ve l  fo r
3 0 0  s e c o n d s  fo l l o wi n g d e te c ti o n  o f th e  fre  b y a n  a u to m a ti c

d e te c ti o n  s ys te m .  Al s o ,  l i m i t th e  h e at fux  a t foor  l e ve l  to  a
m a x i m u m  o f 2 . 5  kW/ m 2 ,  th e  th r e s h o l d  i r r ad i a n c e  th at c au s e s

s e ve r e  p a i n  to  e x p o s e d  s ki n  [ 1 ] ,  d u r i n g th e  ti m e  r e q u i r e d  fo r
e va c u ati o n  o f th e  b u i l d i n g o c c u p an ts .

D . 2 . 3  B ui l d i n g D e tai l s .    T h e  b u i l d i n g i s  7 3  m  wi d e ,  7 3  m  l o n g ,
an d  9 . 1  m  h i g h .  I t i s  n o t s u b d i vi d e d ,  n o r  i s  i t p r o vi d e d  wi th  a

s p r i n kl e r  s ys te m .  T h e  r o o f i s  a n  i n s u l a te d  d e c k ( s o l i d  p o l ys ty‐
r e n e ) .  A c o m p l e te  fre  al ar m  s ys te m  i s  to  b e  i n s tal l e d  u s i n g  h e at

d e te c to r s  s p ac e d  1 5 . 2  m  o n  c e n te r  an d  6 . 1  m  fr o m  wal l s .  D e te c ‐
to r s  wi l l  h ave  a n  ac ti vati o n  te m p e r atu r e  o f 7 4 ° C  an d  an  RT I  o f

5 5  ( m · s e c ) 1 / 2  an d  ar e  to  b e  l o c ate d  0 . 3  m  b e l o w th e  r o o f.
S i x te e n  ve n ts  ar e  p r o p o s e d ,  s p a c e d  1 8 . 3  m  o n  c e n te r.  Ve n ts  wi l l
b e  l o c a te d  9 . 0 5  m  fr o m  wal l s .  T h e  ve n ts  wi l l  b e  a c ti vate d  b y fu s i ‐

b l e  l i n ks  wi th  a n  a c ti va ti o n  te m p e r atu r e  o f 7 4 ° C  an d  an  RT I  o f
2 8  ( m · s e c ) 1 / 2  a n d  a r e  to  b e  l o c ate d  0 . 3  m  b e l o w th e  r o o f.  I n l e t
a i r  o p e n i n gs  wi l l  b e  e q u al  to  1 . 5  th e  to ta l  ve n t a r e a.  (See Figure

D. 2. 3. )

D . 2 . 4  O c c up an c y D e tai l s .    T h e  b u i l d i n g i s  to  b e  o c c u p i e d  fo r
r e ta i l  s to r ag e .  T h i s  an a l ys i s  d e al s  wi th  a fre  i n  r ac k s to r ag e  o f

s o fas  i n  th e  c e n te r  o f th e  b u i l d i n g .  T h e  s o fas  ar e  to  b e  s to r e d  i n
two  r ac ks ,  e a c h  9 . 7 5  m  l o n g an d  1 . 2  m  wi d e  a n d  s e p ar a te d  fr o m

e ac h  o th e r  b y 2 . 4  m .  E ac h  r a c k wi l l  h ave  fo u r  ti e r s  o f s to r ag e ,
fo u r  s o fas  p e r ti e r,  an d  a to ta l  s to r a ge  h e i gh t o f 7 . 6  m .  D i s ta n c e
to  c o m b u s ti b l e s  s u r r o u n d i n g  th e  r ac ks  wi l l  b e  suffcient to

p r e ve n t fre  s p r e a d  to  th o s e  c o m b u s ti b l e s  d u r i n g th e  ti m e
p e r i o d  c o ve re d  b y th i s  a n al ys i s .  T h e  s o fa s  a r e  identifed  a s
s p e c i m e n  F 3 2  c o n tai n e d  wi th i n  Tab l e  E . 5 . 3 ( d ) .  D a ta  fo r  th e

s a m e  s o fa s  are  c o n ta i n e d  wi th i n  a  d a ta b as e  o f H az ar d  I  [ 2 ] ,
wh e r e  th e  s o fa s  a r e  identifed  as  s p e c i m e n  U P S 0 0 1 .  E ac h  s o fa
wi l l  c o n ta i n  5 1 . 5  kg  o f c o m b u s ti b l e  m a s s  an d  b e  wr ap p e d  i n

p o l ye th yl e n e .

D . 2 . 5  I gn i ti o n .    An  i g n i ti o n  i s  a s s u m e d  to  o c c u r  i n  a s o fa  o n
th e  frst ti e r  o f o n e  o f th e  r ac ks .  I gn i ti o n  o f a  s o fa o n  th e  frst

ti e r  i s  a  p r o b ab l e  wo r s t- c a s e  s c e n ar i o  an d ,  as  a p r a c ti c a l  m a tte r,
i s  a l o c ati o n  wh e r e  i g n i ti o n  c o u l d  b e  e x p e c te d .  Al s o ,  p l a c i n g

th e  fre  n e ar  foor  l e ve l  r e s u l ts  i n  n e ar-m ax i m u m  s m o ke
p r o d u c ti o n  ( e n tr ai n m e n t) .

Δ D . 3  Fi re  G ro wth .    F i r s t,  a n  e s ti m a te  o f th e  a n ti c i p a te d  fre
g r o wth  m u s t b e  d e ve l o p e d .  A t- s q u ar e d  fre  wi l l  b e  a s s u m e d  (see
8. 3. 1  and A. 8. 3. 1 ).  I n  a t-s q u ar e d  fre,

Q tg= α
2

 
[ D . 3 a]
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2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

wh e r e :
Q = to ta l  h e at r e l e as e  r ate  ( kW)
αg = fre  g r o wth  coeffcient

t = ti m e  ( s e c o n d s )

T h e  d ata b a s e  wi th i n  H az ar d  I  [ 2 ]  c o n ta i n s  d ata fr o m  fu r n i ‐
tu r e  c a l o r i m e te r  te s ts  o f s o fas .  A s o fa  ( U P S 0 0 1 )  wa s  te s te d  an d

d e m o n s tr ate d  a g r o wth  ti m e  ( tg)  to  1  M W o f ap p r o x i m a te l y
2 0 0  s e c o n d s .  T h e  fre  i n  th e  s o fa i n  th i s  e x am p l e  i s  a s s u m e d  to

h ave  a  g r o wth  ti m e  o f 1 5 0  s e c o n d s  to  1  M W a s  a r e a s o n a b l e ,
c o n s e r vati ve  ap p r o x i m a ti o n  o f th e  a n ti c i p a te d  fre  i n  th e  s o fa s
s to r e d  i n  th e  e x am p l e  b u i l d i n g .  I f a  m o r e  p r e c i s e  e s ti m a te  o f

th e  b u r n i n g  c h a r ac te r i s ti c s  o f an  i n d i vi d u al  s o fa  i s  n e c e s s a r y,
th e  e x a c t s o fa to  b e  s to r e d  i n  th e  b u i l d i n g  c o u l d  b e  te s te d  i n  a
c a l o r i m e te r.  A fre  g r o wth  ti m e  o f 1 5 0  s e c o n d s  r e s u l ts  i n  a n  αg

fo r  th e  i n d i vi d u a l  s o fa o f 0 . 0 4 4  kW/ s e c 2 (see Equation 8. 3. 2).
T h a t i s ,

α
g

g
t

= = =
1 0 0 0 1 0 0 0

1 5 0
0 0 4 4

2 2
.  kW/ s e c

2

Ac c o r d i n g l y,  fre  gr o wth  i n  th e  frst s o fa i g n i te d  c an  b e
a p p r o x i m a te d  b y a fas t (αg =  0 . 0 4 4  kW/ s e c 2 )  t-s q u ar e d  fre.
F u r th e r,  ac c o r d i n g  to  8 . 3 . 1 ,  αg i s  d i r e c tl y p r o p o r ti o n a l  to  th e

s to r ag e  h e i gh t.  T h e r e fo r e ,  th e  fre  gr o wth  c o n s tan t (αg)  fo r
s o fas  s ta c ke d  fo u r  h i g h  i s  4  ti m e s  0 . 0 4 4  kW/ s e c 2 ,  o r  αg e q u al s
0 . 1 8   kW/ s e c 2 ,  an d  i n i ti a l  fre  gr o wth  i s  ap p r o x i m ate d  as

Q tg= α
2

wh e r e  αg =  0 . 1 8   kW/ s e c 2 .
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7 3  m

S m o ke  a n d  h e a t  v e n t s

7 3  m

FI G U RE  D . 2 . 3   Ve n t P l an  Vi e w.

F i r e  g r o wth  i n  th e  frst r a c k o f s o fas  r e s u l ts  i n  r a d i an t h e a t
tr an s fe r  to  a s e c o n d  r ac k o f s o fas  s e p a r ate d  fr o m  th e  frst r ac k

b y 2 . 4  m .  I t m u s t b e  d e te r m i n e d  wh e n  th e  s e c o n d  r ac k o f s o fa s
i gn i te .  T h e  fre  s i z e ,  wh e n  i gn i ti o n  o f th e  s e c o n d  r a c k o f s o fa s
o c c u r s ,  i s  d e te r m i n e d  u s i n g  E q u a ti o n  8 . 2 . 3  wi th  i ts  te r m s  r e ar ‐

r an g e d :

Q
W

=

0 042
2

.

wh e r e :
Q = fre  o u tp u t ( kW)

W = ai s l e  wi d th  ( m )

N e x t,  th e  ti m e  o f i gn i ti o n  o f th e  s e c o n d  r a c k i s  c o m p u te d :

t
Q

g

=








 = 






 =

α

1 2
1 2

3 2 5 0

0 1 8
1 3 4

/
/

.
 s e c

wh e r e  Q =  αgt2 .

Wh e n  th e  s e c o n d  r a c k o f s o fas  i s  i g n i te d  at 1 3 4  s e c o n d s ,  th e
fre  g r o wth  coeffcient,  αg,  fo r  th e  two  r ac ks  b u r n i n g to g e th e r  i s
a s s u m e d  to  d o u b l e  th e  val u e  fo r  th e  frst r a c k b u r n i n g  al o n e

(αg =  0 . 3 6   kW/ s e c 2 ) .  At th at ti m e ,  th e  fre  a p p e a r s  to  h a ve  o r i g i ‐
n a te d  at e ffe c ti ve  i gn i ti o n  ti m e ,  t0 g.  F o r  t > 1 3 4   s e c o n d s ,

Q t t g= ( )0 3 6
0

2

. −  kW

D e te r m i n e  t0 g a s  fo l l o ws :

3250 0 36 134
0

2

= ( ). − t
g

wh e r e  t0 g =  3 9   s e c o n d s .  T h e n ,  fo r  t >  1 3 4   s e c o n d s ,

Q t= ( )0 36 39
2

. −

T h e  m ax i m u m  fre  s i z e  i s  n o w e s ti m a te d .  S o fa  U P S 0 0 1  fr o m
th e  H a z a r d  I  d atab as e  [ 2 ]  [ s p e c i m e n  F 3 2  i n  Tab l e  E . 5 . 3 ( d ) ]

h as  a p e a k b u r n i n g r ate  o f 3 1 2 0  kW.  M ax i m u m  fre  s i z e ,  Qmax,  i s
b a s e d  o n  th e  as s u m p ti o n  th a t al l  3 2  s o fas  ar e  b u r n i n g  a t th e i r

i n d i vi d u al  p e ak r a te s ,  3 1 2 0  kW :

Qmax = ( ) ≅3 2 3 1 2 0 1 0 0  M W

T h e  ti m e ,  tmax,  to  r e a c h  1 0 0  M W m u s t b e  d e te r m i n e d  u s i n g
th e  fo l l o wi n g :

Q tmax = ( )0 36 39
2

. −
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

Wh e n  Q =  1 0 0 , 0 0 0  kW,

100 000 0 36 39
2

, .= ( )t
max

−

t
max

=
( )

+ =
1 0 0 0 0 0

0 3 6
3 9 5 6 6

1 2
,

.

/

 s e c

An  e s ti m a te  o f fre  d u r a ti o n ,  tend,  i s  n o w m ad e  u s i n g d ata
fr o m  th e  H az ar d  I  [ 2 ]  d a ta b as e  fo r  s o fa  U P S 0 0 1 ,  wh e r e  i n d i vi d ‐

u al  s o fa  c o m b u s ti b l e  m as s  =  5 1 . 5  kg ,  s o fa e ffe c ti ve  h e at o f
c o m b u s ti o n  =  1 8 , 9 0 0  kJ / kg ,  an d  m ax i m u m  fre  s i z e  =
1 0 0 , 0 0 0  kW.

T h e  m as s  c o n s u m e d  fr o m  t =  0  to  t =  1 3 4  s e c o n d s  i s  d e te r ‐
m i n e d  fr o m  th e  to ta l  h e at r e l e a s e  a s  fo l l o ws :

Qdt t
0

1 3 4

3

0

1 3 4
30 1 8

3

0 1 8

3
1 3 4 1 4 4 3 6 6∫ = = ( ) = 

. .
,  kJ

S i n c e  Q mhc= ɺ  ( s e e  E q u a ti o n  E . 3 a ) ,  m a s s  l o s s ,  Δm,  fo r  t =
1 3 4   s e c o n d s ,  i s  d e te r m i n e d  as  fo l l o ws :

∆m = = ≅
1 4 4 3 6 6

1 8 9 0 0
7 6

,

,
.

 kJ

 kJ / kg
 kg o r  8  kg

T h e  m as s  c o n s u m e d  fr o m  t =  1 3 4  s e c o n d s  to  tmax,  th e  ti m e
th e  m ax i m u m  fre  s i z e  i s  r e ac h e d ,  i s  s i m i l ar l y d e te r m i n e d  fr o m

th e  to tal  h e at r e l e as e  r ate  afte r  1 3 4   s e c o n d s ,  as  fo l l o ws :

Qdt t dt d

tmax

134 134

566

2

134 39

566 39

2
0 36 39 0 36

0
∫ ∫ ∫= ( ) = =

−

−

 −. .
.

β β
336

3

3

95

527t( )

To ta l  h e at r e l e a s e  fr o m  t =  1 3 4  to  t =  5 6 6  i s  th e n  =
0 . 1 2 [ ( 5 2 7 ) 3  – ( 9 5 ) 3 ]  =  1 7 , 4 6 0 , 6 9 7  kJ ,  an d  th e  m a s s  l o s t,  Δm,  i s
Δm =  1 7 , 4 6 0 , 6 9 7  kJ / 1 8 , 9 0 0  kJ / kg  =  9 2 3 . 8  ≅  9 2 4   kg.

Ap p r o x i m ate l y ( 9 2 4  +  8 )  kg  =  9 3 2  kg i s  c o n s u m e d  d u r i n g th e
5 6 6  s e c o n d  ti m e  i n te r va l  r e q u i r e d  to  r e a c h  Qmax.  T h e  to tal

c o m b u s ti b l e  m as s  i s  5 1 . 5  kg ×  3 2  =  1 6 4 8  kg.  T h e r e fo r e ,  a r o u n d
( 1 6 4 8  – 9 3 2 )  kg  =  7 1 6  kg  i s  a va i l ab l e  to  b u r n  a t Q =  Qmax =  1 0 0

M W,  a fte r  t =  5 6 6  s e c o n d s ,  fr o m  wh i c h  th e  fre  d u r ati o n  c an  b e
c a l c u l ate d  as  fo l l o ws :

Q t tmax end end− −566 100 000 566 716 18 900( ) = ( ) = ( ), ,

t
end

= +
( )

= ≅5 6 6
7 1 6 1 8 9 0 0

1 0 0 0 0 0
7 0 1 3

,

,
.  s e c o n d s 7 0 0  s e c
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[ D . 3 n ]

 
[ D . 3 o ]

 
[ D . 3 p ]

 
[ D . 3 q ]

T h e  c o m b u s ti b l e  m as s  o f th e  s o fa s  al o n e  i s  ab l e  to  s u p p o r t
th e  a n ti c i p a te d  fre  fo r  a p p r o x i m ate l y 7 0 0  s e c o n d s .  I n  r e al i ty,

th e  fre  i n  th e  s o fa s  wo u l d  r e ac h  a  m ax i m u m  o f 1 0 0  M W at
5 5 0 –6 0 0   s e c o n d s  a n d  b u r n  briefy a t th e  1 0 0  M W p e a k u n ti l  th e

c o m b u s ti b l e  m a s s  a va i l ab l e  b e g an  to  b e  c o n s u m e d ,  at wh i c h
ti m e  th e  fre's  r ate  o f h e at r e l e as e  wo u l d  b e gi n  to  d e c l i n e .
U s i n g  a  tend o f 7 0 0  s e c o n d s  i s  c o n s e r vati ve .

I n  s u m m ar y,  th e  an a l ys i s  to  th i s  p o i n t l e ad s  to  th e  fo l l o wi n g
e s ti m ate  fo r  th e  a n ti c i p a te d  fre:

Q t t

Q t t

Q

=

= ( )

=

0 1 8 0 1 3 4

0 3 6 3 9

1 0 0

2

2

.

.

fo r   s e c

fo r  1 3 4 5 6 6  s e c

< ≤

− < ≤

,, s e c0 0 0  kW fo r  5 6 6 >t

(See Figure D. 3. )

D . 4  Fi re  D e te c ti o n .    T h e  ti m e  o f fre  d e te c ti o n  i s  n o w c al c u l a‐
te d  g i ve n  th e  fre  an d  b u i l d i n g  as  d e s c r i b e d .  T h e  ti m e  o f d e te c ‐

ti o n  wi l l  b e  e s ti m ate d  b a s e d  o n  th e  ac tu a l  c o m p o s i te  fre
al re a d y d e s c r i b e d .  D e te c ti o n  ti m e  c an  b e  c a l c u l ate d  u s i n g
E q u a ti o n  9 . 2 . 5 . 4 . 3 .  D E TAC T- QS  (see A. 9. 2. 5. 4. 4. 2) i s  a r e a d i l y

a vai l ab l e  c o m p u tati o n al  to o l  th at p e r fo r m s  th i s  c a l c u l ati o n .

A c o m p l e te  fre  al ar m  s ys te m  i s  to  b e  i n s tal l e d  u s i n g h e a t
d e te c to r s  th at ar e  s p ac e d  1 5 . 2  m  o n  c e n te r  ( 6 . 1  m  fr o m  wal l s ) ,

h a ve  an  ac ti vati o n  te m p e r atu r e  o f 7 4 ° C ,  a n d  h ave  an  RT I  o f 5 5
( m · s e c ) 1 / 2 .  As s u m i n g th e  an ti c i p ate d  fre  i s  as  d e s c r i b e d ,  th e
m a x i m u m  d i s tan c e  fr o m  a d e te c to r  to  th e  fre  a x i s  i s  th e  d i a go ‐
n a l  [ 2 ( 1 5 . 2 / 2 ) 2 ] 1 / 2  =  1 0 . 7  m ,  th e  a m b i e n t te m p e r atu r e  i s  2 1 ° C ,
a n d  th e  fre  i s  0 . 5  m  ab o ve  foor  l e ve l ,  D E TAC T- QS  p r e d i c ts  th e
a c ti va ti o n  o f a h e at d e te c to r  at 2 3 0  s e c o n d s .  I n  th e  e ve n t

q u i c ke r  d e te c ti o n  i s  j u d ge d  to  b e  n e c e s s ar y,  s m o ke  d e te c to r
a c ti va ti o n  c an  b e  p r e d i c te d  b y D E TAC T-QS  u s i n g th e  g u i d a n c e
p r o vi d e d  i n  A. 9 . 2 . 5 . 4 . 4 . 1 .  D e te c ti o n  ti m e  fo r  s m o ke  d e te c to r s  i s

b a s e d  o n  th e  ga s  te m p e r a tu r e  r i s e  at th e  d e te c to r  s i te .  S m o ke
d e te c to r  ac ti va ti o n  c a n  b e  a p p r o x i m a te d  u s i n g  D E TAC T-QS ,
a s s u m i n g  th e  s m o ke  d e te c to r  wi l l  r e s p o n d  l i ke  a h e at d e te c to r,

wh i c h  h as  a s m a l l  RT I  [ e . g . ,  1  ( m · s e c ) 1 / 2 ]  a n d  a c e r tai n  a c ti va‐
ti o n  te m p e r atu r e  ab o ve  am b i e n t (see A. 9. 2. 5. 4. 4. 1 ).  Te s ts  i n vo l v‐

i n g  b u r n i n g o f th e  s o fa u p h o l s te r y wi th  th e  a c tu al  d e te c to r  to
b e  i n s tal l e d  h ave  d e te r m i n e d  th at 1 0 ° C  ab o ve  am b i e n t i s  a
r e p r e s e n ta ti ve  ac ti va ti o n  c o n d i ti o n .  As s u m i n g  s m o ke  d e te c to r s

ar e  s p ac e d  9 . 1  m  o n  c e n te r  ( l o c ate d  a m ax i m u m  o f 6 . 5  m  fr o m
th e  ax i s  o f th e  fre) ,  s m o ke  d e te c to r  ac ti vati o n  i s  p r e d i c te d  b y
D E TAC T-QS  a t 4 8   s e c o n d s .

U s i n g  D E TAC T- QS ,  ve n t o p e r ati o n  i s  p r e d i c te d  u s i n g  fu s i b l e
l i n ks  h a vi n g an  a c ti va ti o n  te m p e r atu r e  o f 7 4 ° C  a n d  an  RT I  o f

2 8  ( m · s e c ) 1 / 2 .  As s u m i n g  th e  an ti c i p ate d  fre  i s  l o c a te d  i n  th e
c e n te r  o f th e  b u i l d i n g ,  th e  a m b i e n t te m p e r a tu r e  i s  2 1 ° C ,  an d
as s u m i n g  th e  fre  i s  0 . 5  m  ab o ve  foor  l e ve l ,  ac ti vati o n  o f th e
frst ve n ts  ( e q u i d i s tan t fr o m  th e  fre)  s e p ar a te d  [ 2 ( 1 8 . 3 / 2 ) 2 ] 1 / 2

=  1 2 . 9  m  fr o m  th e  fre  i s  p r e d i c te d  b y D E TAC T-QS  at
2 2 8  s e c o n d s .  T h e  n e x t s e t o f ve n ts  ( e q u i d i s ta n t fr o m  th e  fre  at
2 8 . 9  m )  a r e  p r e d i c te d  to  o p e n  a t 3 1 7  s e c o n d s .  S i m i l ar l y,  th e
th i r d  s e t o f fo u r  ve n ts ,  3 8 . 8  m  fr o m  th e  fre  ax i s ,  o p e n  at
3 5 6  s e c o n d s .  Al l  1 6  ve n ts  ar e  o p e n  a t 3 5 6  s e c o n d s .  Al te r n ati ve l y,
i f fu s i b l e  l i n ks  h a vi n g th e  s am e  RT I  as  th e  h e at d e te c to r s  [ 5 5
( m · s e c ) 1 / 2 ]  ar e  u s e d ,  a l l  ve n ts  ar e  p r e d i c te d  to  b e  o p e n  a t

3 8 4   s e c o n d s .
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S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 5 8

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

D . 5  Ve n t D e s i gn .    O f m a i n  c o n c e r n  i n  th i s  e x am p l e  i s  th e
te m p e r a tu r e  o f th e  s m o ke  l a ye r,  wh i c h  g o ve r n s  th e  h e a t fux
r ad i ate d  to  th e  foor.  As s u m i n g  an  e m i s s i vi ty o f 1  an d  a confgu‐
ration  fac to r  o f 1 ,  th e  r a d i a n t h e at fux  at th e  foor  i s  c al c u l ate d
as  fo l l o ws :

Flux k Tfl = ε πΦ
4

wh e r e :
Fluxf = ( 5 . 6 7  ×  1 0 -1 1 ) T 4 kW/ m  2

k = S te fan –B o l tz m an n  c o n s tan t =  5 . 6 7  ×  1 0 -1 1  kW/ m 2  K4

ℇ = e m i s s i vi ty =  1
Φ = confguration  fa c to r  =  1

T = te m p e r atu r e  o f th e  l aye r  ( K)

F o r a fux  l i m i t o f 2 . 5  kW/ m 2 ,  a s  s ta te d  i n  th e  o b j e c ti ve ,  th e
te m p e r a tu r e  o f th e  s m o ke  l a ye r  i s  c al c u l a te d  as  4 5 8  K,  o r  1 6 4  K

ab o ve  th e  a m b i e n t te m p e r atu r e  o f 2 9 4  K.

D . 6  S te ad y Fi re  — S m o k e  L aye r Te m p e rature .    F i r s t,  c o n d i ‐
ti o n s  fo l l o wi n g atta i n m e n t o f th e  m ax i m u m  h e a t r e l e as e  r ate  o f

1 0 0  M W c a n  b e  e x am i n e d  ( i . e . ,  a t ti m e s  gr e a te r  th an
5 6 6  s e c o n d s )  as s u m i n g  a s m o ke  l aye r  at th e  l o we s t ac c e p tab l e

h e i g h t,  3  m  ab o ve  th e  foor.  ( T h e  h e a t d e te c to r  i n s ta l l a ti o n
c o n te m p l a te d  was  c a l c u l ate d  to  p r o vi d e  al a r m  at 2 3 0  s e c o n d s ;
3 0 0  s e c o n d s  fo l l o wi n g  d e te c ti o n  p l ac e s  th e  ti m e  o f i n te r e s t a t

5 3 0  s e c o n d s ,  c l o s e  to  th e  a ttai n m e n t o f th e  m ax i m u m  h e at
r e l e as e  r ate . )

T h e  e ffe c ti ve  d i am e te r  o f th e  fre  i s  r e q u i r e d  fo r  th e  c a l c u l a‐
ti o n s .  T h i s  d i a m e te r  c an  b e  d e te r m i n e d  wi th  th e  a i d  o f E q u a‐
ti o n  8 . 3 . 7 ,  s e tti n g  Q =  1 0 0 , 0 0 0  kW an d  s e l e c ti n g  an  ap p r o p r i ate
va l u e  fo r  th e  h e at r e l e as e  r ate  p e r  u n i t foor  ar e a,  Q″.  T h e  two

r a c ks  fac i n g  e ac h  o th e r  ac r o s s  th e  2 . 4  m  wi d e  a i s l e  a r e  9 . 7 5  m
l o n g a n d  1 . 2  m  wi d e  (see Figure D. 6).  T h e  h e a t r e l e a s e  r a te  p e r
u n i t a r e a i s  take n  as  th e  fu l l y i n vo l ve d  h e at r e l e as e  r ate ,

1 0 0 , 0 0 0  kW,  d i vi d e d  b y th e  c o m b i n e d  ar e a  o f th e  two  r ac ks  p l u s
th e  a i s l e ,  o r  ( 9 . 7 5 ) ( 1 . 2 ) ( 2 . 2 )  +  ( 9 . 7 5 ) ( 2 . 4 )  =  4 6 . 8  m 2 .  Ac c o r d ‐
i n g l y,  th e  h e a t r e l e a s e  r a te  p e r  u n i t ar e a i s

 
[ D . 5 ]

′′ = =Q
1 0 0 0 0 0

4 6 8
2 1 3 6

,

.
 kW/ m

2

T h i s  va l u e  c a n  b e  as s u m e d  to  b e  r e p r e s e n ta ti ve  o f m o s t o f
th e  fre  h i s to r y,  e x c e p t fo r  th e  i n i ti al  s ta ge .  T h e  e ffe c ti ve  d i a m e ‐

te r o f th e  fre  a t 1 0 0 , 0 0 0   kW i s  th e n ,  u s i n g E q u ati o n  8 . 3 . 7 ,

D =
( )
( )









 =

4 1 0 0 0 0 0

2 1 3 6
7 7 2

1 2

,
.

/

π
 m

E q u a ti o n  9 . 2 . 4 . 3  i s  u s e d  to  e s ti m ate  th e  s m o ke  l a ye r  te m p e r a‐
tu re  r i s e .  T h e  m as s  fow r a te  i n  th e  p l u m e  a s  i t e n te r s  th e

s m o ke  l a ye r,  ɺmp ,  i s  c al c u l ate d  fr o m  E q u ati o n  9 . 2 . 3 . 6  o r  9 . 2 . 3 . 7 ,
d e p e n d i n g  o n  wh e th e r  th e  fame  h e i gh t i s  s m a l l e r  o r  l a r ge r

th a n  th e  h e i g h t o f th e  s m o ke  l a ye r  ab o ve  th e  b as e  o f th e  fre,
3 -0 . 5  =  2 . 5  m .  T h e  fame  h e i gh t i s  c a l c u l ate d  fr o m  E q u a ti o n
9 . 2 . 3 ,  a s  fo l l o ws :

L = ( )  + ( )



 =−1 0 2 7 7 2 0 2 3 5 1 0 0 0 0 0 1 5 6

2 5
. . . , .

/
 m

wh i c h  i s  g r e ate r  th an  th e  h e i g h t o f th e  s m o ke  l aye r.  ( I t i s
e ve n  g r e ate r  th a n  th e  c e i l i n g h e i gh t s o  th a t th e  fames  wi l l

i m p i n ge  o n  th e  c e i l i n g an d  fow r ad i a l l y o u twa r d . )  T h e r e fo r e ,
th e  m a s s  fow r ate  i n  th e  p l u m e  a s  i t e n te r s  th e  s m o ke  l aye r  i s
c a l c u l ate d  fr o m  E q u a ti o n  9 . 2 . 3 . 7 ,  as  fo l l o ws  ( a s s u m i n g  Qc =
0 . 7 Q) :

ɺm
p
= ( ) =0 0 0 5 6 0 7 1 0 0 0 0 0

2 5

1 5 6
6 2 8. . ,

.

.
.×  kg/ s e c
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AN N E X  D 2 0 4 - 5 9

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

N o w th e  te m p e r a tu r e  r i s e  i n  th e  s m o ke  l aye r  c an  b e  e s ti m a‐
te d  u s i n g  E q u a ti o n  9 . 2 . 4 . 3 ,  wi th  Cp =  1 . 0 0  kJ / kg · K an d  th e  va l u e

o f K =  0 . 5  r e c o m m e n d e d  i n  9 . 2 . 4 . 4 .

∆T =
( )

( )
=

0 5 7 0 0 0 0

1 0 0 6 2 8
5 5 7

. ,

. .
 K

T h i s  va l u e  i s  c o n s i d e r ab l y a b o ve  1 6 4  K;  th e r e fo r e ,  th e  foor
r a d i an t h e a t fux  c an  b e  e x p e c te d  to  b e  m u c h  h i gh e r  th an  th e

l i m i t 2 . 5  kW/ m 2 .  U s i n g  th e  e q u a ti o n  fo r  r a d i an t h e at fux  to
th e  foor  p r e s e n te d  p r e vi o u s l y,  th e  val u e  2 9 . 7  kW/ m 2  i s  c a l c u l a‐

te d  fo r  a s m o ke  l aye r  te m p e r atu r e  o f 5 5 7  +  2 9 4  =  8 5 1  K.

N o t o n l y i s  th e  s m o ke  l aye r  te m p e r atu r e ,  5 5 7  +  2 1  =  5 7 8 ° C ,
s o  h i gh  th at i t p r o d u c e s  u n ac c e p tab l e  l e ve l s  o f r a d i an t fux  a t

th e  foor,  b u t i t i s  al s o  c l o s e  to  th e  l e ve l ,  6 0 0 ° C ,  wh e re  fre  c a n
fash  o ve r  al l  th e  c o m b u s ti b l e s  u n d e r  th e  s m o ke  l aye r.  F u r th e r ‐
m o r e ,  i t e x c e e d s  th e  val u e ,  5 4 0 ° C ,  wh e r e  u n p r o te c te d  s te e l

b e g i n s  l o s i n g s tr e n g th .  D i r e c tl y o ve r  th e  fre  th e  te m p e r a tu r e s
m i gh t l o c al l y r e ac h  1 1 3 5 ° C  ( fr o m  E q u ati o n  9 . 2 . 4 . 3 ,  wi th  K =  1 ) ,

fa r  i n  e x c e s s  o f th e  th r e s h o l d  fo r  s te e l  d am a ge .

D . 7  S i z i n g o f Ve n ts .    T h i s  b u i l d i n g ar r an g e m e n t wi l l  n o t m e e t
d e s i g n  o b j e c ti ve s .  H o we ve r,  i t m i g h t b e  i n s tr u c ti ve  to  i n ve s ti g ate
th e  ve n ti n g  r e q u i r e m e n ts  i n  o r d e r  to  i l l u s tr a te  ge n e r a l  p r o c e ‐

d u r e s  th a t m i g h t b e  u s e d  to  d e ve l o p  al te r n a ti ve  d e s i gn s .

Al l  1 6  ve n ts  ar e  p r e d i c te d  to  b e  o p e n  p r i o r  to  5 6 6  s e c o n d s  —
th e  ti m e  o f i n te r e s t.

T h e  ae r o d yn am i c  ve n t a r e a,  Ava,  i s  d e te r m i n e d  wi th  th e  a i d
o f E q u ati o n  9 . 2 . 4 . 1 :

ɺm g
T T

T
A dv o

o
va= ( ) 





2
2

1 2

2

1 2

1 2ρ
/

/

/∆

At e q u i l i b r i u m ,  th e  m as s  fow th r o u g h  th e  ve n ts  i s  e q u al  to
th e  s m o ke  p r o d u c ti o n  r ate ,  ɺmp .  S u b s ti tu ti n g  ɺmp = 6 2 6.  kg / s e c

fo r  ɺm
v

 i n  E q u a ti o n  9 . 2 . 4 . 1 ,  to g e th e r  wi th

ρo =  1 . 2   kg / m 3

g  =  9 . 8 1   m / s e c 2

To =  2 9 4  K

ΔT =  5 5 9  K
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R a c k 1

R a c k 2

F i re  a re a

E f f e c t i v e

f i r e  d i a m e t e r

9 . 7 5  m

D

1 . 2  m

2 . 4  m

1 . 2  m

FI G U RE  D . 6   E ffe c ti ve  Fi re  D i am e te r.

T =  2 9 4  +  5 5 9  =  8 5 3  K

d =  9 . 1 –3  =  6 . 1   m

th e  e q u ati o n  c a n  b e  s o l ve d  fo r  th e  ae r o d yn a m i c  ve n t ar e a .
T h e  r e s u l t i s

A
va
= 1 0 0 4.  m

2

T h e  ve n ts  a r e  a s s u m e d  to  h a ve  a d i s c h ar g e  coeffcient o f
0 . 6 1 ;  th e r e fo r e ,  th e  c o r r e s p o n d i n g  ac tu al  ve n t ar e a  i s  (see
A.9.2.4.2)

A
v
= = ( ) ≅

1 0 0 4

0 6 1
1 6 4 6 1 6 5

.

.
. . m ge o m e tr i c  ve n t a r e a  m2 2

T h e  b u i l d i n g d e s i g n  c o n te m p l a te s  th a t i n l e t ai r  o p e n i n g s  wi l l
b e  1 . 5  ti m e s  th e  ve n t a r e a.  E q u ati o n  F. 2  i s  u s e d  to  c al c u l a te  a

c o rr e c ti o n ,  M,  fo r  th e  l i m i te d  i n l e t ai r  o p e n i n gs .

M
A

A

T

T

v

i

o= +



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
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T h e  c o r r e c te d  a c tu a l  ve n t ar e a  i s

1 0 7 1 6 5 1 7 6 6. . .( ) ( ) =  m
2

D i s tr i b u te d  am o n g  th e  1 6  ve n t l o c a ti o n s ,  th e  a c tu al  a r e a p e r
ve n t i s

1 7 6 6

1 6
1 1 0

.
.=  m

2

T h e  n e a r e s t c o m m e r c i a l  ve n t s i z e  e q u al  to  o r  l ar g e r  th a n  th i s
u n i t ve n t ar e a wo u l d  b e  s e l e c te d .

T h e  fo l l o wi n g e q u a ti o n  i s  u s e d  to  c h e c k fo r  Qfeasible:

Q H d

Q

feasible

feasible

= ( )

= ≅

2 3 2 0 0

2 2 9 2 6 5

5 2
,

,

/
−

 kW 2 3 0  M W

wh e r e :
Qfeasible = fe a s i b l e  fre  h e at r e l e as e  r ate  ( kW)

H = 9 . 1  -  0 . 5  =  8 . 6   m
d = 6 . 1   m
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[ D . 7 c ]

 
[ D . 7 d ]

 
[ D . 7 e ]

 
[ D . 7 f]

 
[ D . 7 g]

 
[ D . 7 h ]



S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 6 0

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

T h i s  va l u e  i s  h i g h e r  th a n  th e  p r o j e c te d  h e a t r e l e as e  r ate ,  1 0 0
M W,  an d  b y i ts e l f i s  n o t o f d i r e c t c o n c e r n .

D . 8  I n c re as e d  H e i gh t o f S m o ke  I n te r fac e .    I n s p e c ti o n  o f
E q u a ti o n  9 . 2 . 3 . 7  i n d i c ate s  th at th e  l a r ge r  th e  h e i gh t o f th e
s m o ke  i n te r fac e  a b o ve  th e  b a s e  o f th e  fre,  th e  l a r ge r  th e  va l u e

o f m as s  e n tr ai n e d  i n  th e  p l u m e ,  ɺmp ,  an d  E q u ati o n  9 . 2 . 4 . 3  i n d i ‐

c a te s  th a t th e  te m p e r a tu r e  r i s e  i n  th e  s m o ke  l aye r  wi l l  b e
r e d u c e d .  T h e  c al c u l ati o n s  j u s t c o m p l e te d  fo r  a s m o ke  l a ye r

h e i g h t o f 3  m  a b o ve  th e  foor  c an  b e  r e p e ate d  fo r  o th e r  s m o ke
l aye r  h e i g h ts  i n  s e ar c h  o f ac c e p tab l e  a l te r n ati ve  d e s i g n s .  T h e
two  a d d i ti o n al  s m o ke  l aye r  h e i g h ts  o f 6  m  an d  7 . 3  m  h ave  b e e n

i n ve s ti g ate d ,  th e  l a tte r  n e a r  th e  m ax i m u m  a s s o c i a te d  wi th  th e
m i n i m u m  r e c o m m e n d e d  c u r ta i n  d e p th  fo r  th e  9 . 1  m  h i gh
b u i l d i n g  (see Section 7. 3).  T h e  fnal  r e s u l ts  o f th e s e  a d d i ti o n al

c a l c u l ati o n s  i n d i c a te  va l u e s  o f te m p e r atu r e  r i s e  i n  th e  s m o ke
l aye r  o f 2 5 3  K fo r  th e  6  m  h i g h  l e ve l  a n d  2 0 5  K fo r  th e  7 . 3  m
h i gh  l e ve l .  Al th o u g h  th e s e  val u e s  fo r  s m o ke  l aye r  te m p e r atu r e

r i s e  a r e  s ti l l  a l i ttl e  h i g h  c o m p a r e d  to  th e  ta r ge t o f 1 6 4  K,  th e y
r e p r e s e n t a  m aj o r  i m p r o ve m e n t.  F u r th e r m o r e ,  th e  te m p e r a‐
tu r e s  ar e  l o w e n o u g h  s o  a s  n o t to  r e p r e s e n t a  fashover  h az ar d

o r  e n d an g e r  s tr u c tu r al  s te e l .

T h e  c a l c u l ati o n s  fo r  th e  th r e e  s m o ke  l a ye r  h e i gh ts  at th e
m a x i m u m  h e at r e l e as e  r ate  a r e  s u m m ar i z e d  i n  Ta b l e  D . 8 ,

e n te r e d  as  c a s e s  1 –3 .  I n  th e  ta b l e ,  Hc r e p r e s e n ts  th e  h e i gh t o f
th e  c e i l i n g ab o ve  th e  foor,  Hc – d i s  th e  h e i gh t o f th e  s m o ke
i n te r fa c e  a b o ve  th e  foor,  a n d  H – d i s  th e  h e i g h t o f th e  s m o ke

i n te r fac e  ab o ve  th e  b as e  o f th e  fre.  I n  c a s e s  1 –3 ,  th e  r a d i an t
h e at fux  at foor  l e ve l ,  fuxf,  i s  s e e n  to  d e c r e a s e  to  5 . 1  kW/ m 2

a n d  3 . 5  kW/ m 2  as  th e  s m o ke  i n te r fac e  i s  r a i s e d  b u t s ti l l
r e m a i n s  ab o ve  2 . 5  kW/ m 2 .  T h e  to tal  r e q u i r e d  ve n t ar e a
( c o r r e c te d  Av)  i n c r e as e s  s h ar p l y a s  th e  s m o ke  l aye r  i n te r fa c e  i s

r a i s e d .  F o r  th e  l ar g e s t i n te r fac e  h e i g h t,  th e  to tal  ve n t ar e a o f
8 9 . 2  m 2  c o r r e s p o n d s  to  an  ar e a p e r  ve n t o f 8 9 . 2 / 1 6  =  5 . 5 7  m 2 ,

wh i c h  i s  s ti l l  s m al l e r  th a n  th e  m ax i m u m  ve n t ar e a  d i s c u s s e d  i n
5 . 4 . 1  [ ( i . e . ,  2 d2  =  2 ( 1 . 8 ) 2  =  6 . 4 8   m 2 ] .

D . 9  G ro wi n g Fi re .    C as e s  4 –6  i n  Tab l e  D . 8  c o r r e s p o n d  to  th e
gr o wi n g fre  wi th  d e te c ti o n  a t 2 3 0  s e c o n d s  u s i n g h e at d e te c to r s .
T h e  s tate  o f th e  fre  i s  r e p r e s e n te d  a t a ti m e  3 0 0   s e c o n d s  fo l l o w‐
i n g  d e te c ti o n  wi th  h e at d e te c to r s  ( i . e . ,  at 2 3 0  +  3 0 0  =
5 3 0  s e c o n d s ) .  I t i s  as s u m e d  th at al l  1 6  ve n ts  ar e  o p e r a te d

to ge th e r  at th e  al a r m  o f th e  frst h e a t d e te c to r ;  al te r n ati ve l y,
th e  ve n ts  ar e  ac tu a te d  i n d i vi d u a l l y wi th  fu s i b l e  l i n ks  o f th e  s am e
RT I  an d  a c ti va ti o n  te m p e r a tu r e  as  th e  h e a t d e te c to r s ,  fo r  wh i c h
i t m i gh t b e  confrmed  wi th  D E TAC T- QS  th at al l  ve n ts  o p e n

p r i o r  to  5 3 0  s e c o n d s .  T h e  c al c u l ati o n s  ar e  p a r al l e l  to  c as e s  1 –3 ,

e x c e p t th a t th e  fre  i s  s l i g h tl y s m al l e r,  as  d e te r m i n e d  fr o m  th e
fo l l o wi n g :

Q t= ( ) = ( ) =0 3 6 3 9 0 3 6 5 3 0 3 9 8 6 8 0 0
2 2

. . ,− −  kW

I n  c as e s  4 –6 ,  th e  s m o ke  l aye r  te m p e r atu r e s  (ΔT)  an d  r ad i an t
fuxes  to  th e  foor  a r e  o n l y s l i gh tl y r e d u c e d  fr o m  th e  c o r r e ‐

s p o n d i n g  s te a d y fre  s i tu a ti o n s ,  c as e s  1 –3 .  Al s o ,  th e r e  i s  l i ttl e
c h an ge  i n  th e  r e q u i r e d  ve n t ar e as .

C as e s  7 –9  i n  Ta b l e  D . 8  c o r r e s p o n d  to  th e  gr o wi n g fre,  wi th
d e te c ti o n  at 4 8  s e c o n d s  u s i n g  s m o ke  d e te c to r s .  Aga i n ,  th e  s ta te
o f th e  fre  i s  r e p r e s e n te d  at a  ti m e  3 0 0  s e c o n d s  fr o m  d e te c ti o n

( i . e . ,  a t 3 4 8  s e c o n d s ) .  I t i s  a s s u m e d  th at th e  1 6  ve n ts  a r e  o p e r ‐
a te d  to g e th e r  a t th e  a l a r m  o f th e  frst s m o ke  d e te c to r.  T h e
c a l c u l ati o n s  ar e  e x e c u te d  a t a  s ta te  o f fre  d e ve l o p m e n t a s

fo l l o ws :

Q t= ( ) = ( ) =0 3 6 3 9 0 3 6 3 4 8 3 9 3 4 4 0 0
2 2

. . ,− −  kW

I t i s  s e e n  th a t c a s e  9  m e e ts  th e  d e s i g n  o b j e c ti ve  o f h e at fuxes
to  th e  foor  th at a r e  c al c u l a te d  a s  b e i n g  l o we r  th an  2 . 5  kW/ m 2 ,
a n d  c a s e  8  n e a r l y d o e s  s o .  T h e  r e q u i r e d  ve n t ar e a s  ar e  2 8 . 3  m 2

a n d  4 7 . 8  m 2  fo r  c a s e s  8  a n d  9 ,  r e s p e c ti ve l y,  c o r r e s p o n d i n g to
u n i t ve n t a r e as  ( 1 6  ve n ts )  o f 1 . 8  m 2  an d  3 . 0  m 2 ,  b o th  o f wh i c h
a r e  we l l  b e l o w th e i r  r e s p e c ti ve  m a x i m a,  2 d2 ,  b as e d  o n  5 . 4 . 1 .

I t wi l l  b e  n o te d  th at th e  c as e  8  s o l u ti o n  u s i n g  “ h a n d  c al c u l a‐
ti o n s ”  p r o vi d e s  an  ap p r o x i m ati o n  c l o s e  to  th e  L AVE N T  p r e d i c ‐

ti o n s ,  wh i c h  ar e  s u m m ar i z e d  n e x t.

D . 1 0  L AVE N T  An al ys i s .    T h e  c as e  8  ve n t d e s i g n  i n  Ta b l e  D . 8
wi l l  n o w b e  an al yz e d  u s i n g th e  c o m p u te r p r o gr a m  L AVE N T
[ 3 ] .  L AVE N T  i s  a b l e  to  as s e s s  th e  ti m e -var yi n g  e ve n ts  a s s o c i a te d

wi th  th e  p r e d i c te d  fre.  T h e  fre  h as  b e e n  p r e vi o u s l y d e te r ‐
m i n e d  as  fo l l o ws :

Q t t

Q t t

Q

=

= ( )

0 1 8 0 1 3 4

0 3 6 3 9

2

2

.

.

  < ≤

−   < ≤

fo r   s e c

fo r  1 3 4 5 6 6  s e c

== 1 0 0 0 0 0 5 6 6,  kW fo r   s e c  >t

T h e  va l u e s  fo r  th i s  fre  wi l l  b e  u s e d  as  i n p u t fo r  L AVE N T.
T h e  fre  i s  as s u m e d  to  s tar t i n  th e  c e n te r  o f th e  b u i l d i n g.

 
[ D . 9 a]

 
[ D . 9 b ]

 
[ D . 1 0 ]

Tab l e   D . 8  Re s u l ts  o f C al c ul ati o n s  fo r Ve n t D e s i gn

C as e
T i m e

( s e c )
Q

( M W)
D

( m )
L

( m )

Hc – d

( m )
H – d

( m )
d

( m )
ΔT

( K)

fuxf

( kW/ m 2 )

mp ( k g/

s e c ) M

corr.  Av

( m 2 )

1 ≥ 5 6 6 1 0 0 . 0 7 . 7 1 5 . 6 3 . 0 2 . 5 6 . 1 5 5 7 2 9 . 7 6 2 . 8 1 . 0 7 1 7 . 6
2 ≥ 5 6 6 1 0 0 . 0 7 . 7 1 5 . 6 6 . 0 5 . 5 3 . 1 2 5 3 5 . 1 1 3 7 . 8 1 . 1 1 5 3 . 8
3 ≥ 5 6 6 1 0 0 . 0 7 . 7 1 5 . 6 7 . 3 6 . 8 1 . 8 2 0 5 3 . 5 1 7 0 . 4 1 . 1 2 8 9 . 2
4 5 3 0 8 6 . 8 7 . 2 1 4 . 9 3 . 0 2 . 5 6 . 1 5 3 1 2 6 . 4 5 7 . 2 1 . 0 8 1 6 . 1
5 5 3 0 8 6 . 8 7 . 2 1 4 . 9 6 . 0 5 . 5 3 . 1 2 4 1 4 . 7 1 2 5 . 9 1 . 1 2 4 9 . 7
6 5 3 0 8 6 . 8 7 . 2 1 4 . 9 7 . 3 6 . 8 1 . 8 1 9 5 3 . 3 1 5 5 . 7 1 . 1 3 8 2 . 6
7 3 4 8 3 4 . 4 4 . 5 1 0 . 7 3 . 0 2 . 5 6 . 1 3 8 3 1 1 . 8 3 1 . 4 1 . 0 9 8 . 6
8 3 4 8 3 4 . 4 4 . 5 1 0 . 7 6 . 0 5 . 5 3 . 1 1 7 4 2 . 7 6 9 . 0 1 . 1 3 2 8 . 3
9 3 4 8 3 4 . 4 4 . 5 1 0 . 7 7 . 3 6 . 8 1 . 8 1 4 1 2 . 0 8 5 . 3 1 . 1 4 4 7 . 8



AN N E X  D 2 0 4 - 6 1

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

A c o m p l e te  s m o ke  d e te c ti o n  s ys te m  i s  to  b e  i n s tal l e d  wi th
d e te c to r s  s p ac e d  9 . 1  m  o n  c e n te r.  D e te c to r s  ar e  l o c ate d  a  m ax i ‐
m u m  o f 6 . 5  m  fr o m  th e  fre  ax i s  ( i . e . ,  o n e -h a l f th e  d i ag o n al

d i s tan c e  b e twe e n  d e te c to r s ) .  As  n o te d  i n  A. 9 . 2 . 5 . 4 . 4 . 1 ,  d e te c ‐
to rs  h ave  an  ac ti va ti o n  te m p e r a tu r e  o f 3 1 ° C  ( 1 0 ° C  a b o ve  am b i ‐
e n t)  a n d  ar e  l o c ate d  0 . 1   m  b e l o w th e  c e i l i n g .

T h e  ve n t d e s i g n  wi l l  u s e  s i x te e n  1 . 7 6  m 2  ve n ts  l o c a te d  1 8 . 3  m
o n  c e n te r.  Al l  ve n ts  a u to m a ti c a l l y o p e n  o n  ac ti va ti o n  o f th e  frst
s m o ke  d e te c to r.

L AVE N T  p r e d i c ts  th at th e  u p p e r-l aye r  te m p e r atu r e  wi l l  b e
3 7 7 ° C  an d  th at th e  u p p e r  “ h o t”  l aye r  wi l l  b e  4 . 6  m  ab o ve  foor

l e ve l  at 6 0 0  s e c o n d s .  A 3  m  c l e ar  l aye r  i s  m a i n tai n e d  th r o u gh ‐
o u t th e  6 0 0  s e c o n d  ti m e  i n te r va l .  H o we ve r,  h e a t fux  a t foor
l e ve l  i s  p r o j e c te d  to  b e  ap p r o x i m a te l y 1 0  kW/ m 2  at
6 0 0  s e c o n d s ,  a n d  th e  d e s i gn  o b j e c ti ve  o f l i m i ti n g  h e at fux  to
2 . 5  kW/ m 2  a t foor  l e ve l  i s  e x c e e d e d .  At 3 4 2  s e c o n d s ,  th e  ti m e
o f d e te c ti o n  p l u s  3 0 0  s e c o n d s ,  h o we ve r,  th e  d e s i g n  o b j e c ti ve s
a r e  m e t.  At 3 6 0  s e c o n d s ,  L AVE N T  p r e d i c ts  th e  u p p e r-l a ye r

te m p e r a tu re  a s  4 4 4  K ( 1 7 1 ° C ) ,  wi th  th e  l aye r  b e i n g 7 . 3  m  ab o ve
th e  foor.  T h e  p r e d i c te d  1 5 0  K te m p e r a tu r e  r i s e  i s  l i m i te d  to
l e s s  th a n  th e  ta r ge t val u e  o f 1 6 4  K,  a n d  h e a t fux  at foor  l e ve l  i s
p r e d i c te d  to  b e  2 . 2  kW/ m 2 .  T h e r e fo r e ,  th e  d e s i gn  o b j e c ti ve s

ar e  satisfed  fo r  a  ti m e  i n te r va l  g r e ate r  th an  th e  ti m e  o f d e te c ‐
ti o n  p l u s  3 0 0   s e c o n d s .

I n l e t ai r  i s  1 . 5  ti m e s  th e  ve n t a r e a.  To  m ai n tai n  th e  ve n t fow
p r e d i c te d  b y L AVE N T,  i n l e t a i r  n e t fr e e  a r e a s h o u l d  b e  m a i n ‐

ta i n e d  at a m i n i m u m  o f twi c e  th e  o p e n  ve n t a r e a.  Al th o u g h  th e
n e t fr e e  i n l e t a i r  ar e a i s  l e s s  th a n  r e q u i r e d ,  th e  i n l e t a r e a i s
suffciently l ar g e  th a t L AVE N T  p r e d i c ti o n s  c an  b e  a s s u m e d  to

b e  r e as o n ab l y va l i d .  H o we ve r,  c o n s i d e r a ti o n  s h o u l d  b e  g i ve n  to
i n c r e as i n g  th e  ve n t a r e a to  ac c o u n t fo r  th e  r e s tr i c ti o n s  i n  i n l e t

a i r.

S e e  F i g u r e  D . 1 0 ( a)  th r o u gh  F i gu r e  D . 1 0 ( h )  fo r  r e s u l ts  o f th e
p r o gr a m ,  an d  F i g u r e  D . 1 0 ( i )  fo r  a c o m p u te r  p r i n to u t o f th e

L AVE N T  o u tp u t.

D . 1 1  Re fe re n c e s  fo r An n e x   D .

( 1 ) P u r s e r,  D .  A.  an d  J .  L .  M c Al l i s te r.  “ As s e s s m e n t o f H az ar d s
to  O c c u p an ts  fr o m  S m o ke ,  To x i c  Gas e s  an d  H e at, ”  C h ap ‐
te r  6 3 ,  SFPEHandbook of Fire Protection Engineering,  5 th

e d i ti o n ,  H u r l e y e t a l .  e d i to r s ,  S F P E ,  Ga i th e r s b u r g,  M D ,
2 0 1 6 .

( 2 ) P e ac o c k,  R.  D . ,  e t a l .  Software User's Guide for the Hazard I
Fire Hazard Assessment Method,  Ve r s i o n  1 . 1 ,  N I S T  H an d ‐
b o o k 1 4 6 ,  Vo l u m e  I ,  U n i te d  S ta te s  D e p ar tm e n t o f
C o m m e r c e ,  N a ti o n a l  I n s ti tu te  o f S ta n d a r d s  a n d  Te c h n o l ‐

o g y,  Gai th e r s b u r g ,  M D ,  1 9 9 1 .
( 3 ) C o o p e r,  L .  Y. ,  an d  W.  D .  D avi s .  “ E s ti m a ti n g th e  E n vi r o n ‐

m e n t a n d  th e  Re s p o n s e  o f S p r i n kl e r  L i n ks  i n  C o m p a r t‐
m e n t F i r e s  wi th  D r aft C u r tai n s  an d  F u s i b l e  L i n k- Ac tu a te d
C e i l i n g  Ve n ts  — P ar t I I :  U s e r  Gu i d e  fo r  th e  C o m p u te r

C o d e  L AVE N T, ”  N I S T I R 8 9 - 4 1 2 2 ,  U n i te d  S ta te s  D e p a r t‐
m e n t o f C o m m e r c e ,  N a ti o n al  I n s ti tu te  o f S ta n d ar d s  an d

Te c h n o l o g y,  Gai th e r s b u r g ,  M D ,  J u l y 1 9 8 9 .
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AN N E X  D 2 0 4 - 6 3

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n
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S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 6 4

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

 C E I L I N G  H E I G H T  =                    9 . 1  M

 R O O M  L E N G T H  =                      7 3 . 0  M

 R O O M  W I D T H  =                       7 3 . 0  M

 C U R T A I N  L E N G T H  =                  2 9 2 . 0  M

 C U R T A I N  H E I G H T  =                    0 . 0  M

 M A T E R I A L  =                        I N S U L A T E D  D E C K  ( S O L I D  P O L Y S T Y R E N E )

 C E I L I N G  C O N D U C T I V I T Y  =       . 1 4 9 E + 0 0  W / M  K

 C E I L I N G  D E N S I T Y  =            . 1 1 6 E + 0 4  K G / M 3

 C E I L I N G  H E A T  C A P A C I T Y   =     . 1 0 5 E + 0 4  J / M  K

 C E I L I N G  T H I C K N E S S  =          . 1 5 2 E + 0 0  M

 F I R E  H E I G H T  =                       0 . 5  M

 F I R E  P O W E R / A R E A  =            0 . 2 1 3 6 E + 0 7  W / M 2

 L I N K  N O  =   1        R A D I U S  =      6 . 5  M   D I S T  C E I L I N G  =      0 . 1  M

 R T I  =     1 . 0 0  S Q R T ( M S )       F U S I O N  T E M P E R A T U R E  F O R  L I N K  =    3 0 4 . 0 0   V E N T  =    1

 V E N T  A R E A  =      2 8 . 2  M 2             L I N K  C O N T R O L L I N G  V E N T  =    1

 T I M E  ( S ) =     0 . 0 0 0 0  L Y R  T E M P  ( K ) =    2 9 4 . 0  L Y R  H T  ( M )  =     9 . 1 0

 L Y R  M A S S  ( K G ) = 0 .  0 0 0 E + 0 0   F I R E  O U T P U T  ( W )  =    0 . 0 0 0 0 E + 0 0  V E N T  A R E A  ( M 2 )  =   0 . 0 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    2 9 4 . 0 0  J E T  V E L O C I T Y  ( M / S )  =   0 . 0 0 0  J E T  T E M P  ( K )  =  2 9 4 . 0

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 0 0 0 E + 0 0  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 T I M E  ( S ) =    6 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    3 0 1 . 4  L Y R  H T  ( M )  =     8 . 9 9

 L Y R  M A S S  ( K G ) = 0 . 6 5 7 E + 0 3   F I R E  O U T P U T  ( W )  =    0 . 6 4 8 0 E + 0 6  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    3 0 9 . 9 5  J E T  V E L O C I T Y  ( M / S )  =       1 . 1 0 4

 J E T  T E M P  ( K )  =    3 1 0 . 2   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   3 0 2 . 1  Q B  ( W / M 2 )  =  0 . 8 3 4 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   2 9 9 . 5  Q B  ( W / M 2 )  =  0 . 5 8 7 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   2 9 7 . 8  Q B  ( W / M 2 )  =  0 . 4 1 7 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   2 9 6 . 6  Q B  ( W / M 2 )  =  0 . 2 8 7 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   2 9 5 . 8  Q B  ( W / M 2 )  =  0 . 2 0 5 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   2 9 5 . 4  Q B  ( W / M 2 )  =  0 . 1 5 3 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   2 9 5 . 0  Q B  ( W / M 2 )  =  0 . 1 1 7 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   2 9 4 . 8  Q B  ( W / M 2 )  =  0 . 9 2 5 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   2 9 4 . 7  Q B  ( W / M 2 )  =  0 . 7 4 8 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

FI G U RE  D . 1 0 ( i )   L AVE N T  An al ys i s  O utp u t.



AN N E X  D 2 0 4 - 6 5

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   2 9 4 . 6  Q B  ( W / M 2 )  =  0 . 6 1 9 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   2 9 4 . 5  Q B  ( W / M 2 )  =  0 . 5 2 2 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   2 9 4 . 4  Q B  ( W / M 2 )  =  0 . 4 4 8 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   2 9 4 . 3  Q B  ( W / M 2 )  =  0 . 3 8 9 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   2 9 4 . 3  Q B  ( W / M 2 )  =  0 . 3 4 3 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   2 9 4 . 3  Q B  ( W / M 2 )  =  0 . 3 0 5 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   2 9 4 . 2  Q B  ( W / M 2 )  =  0 . 2 7 4 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   2 9 4 . 2  Q B  ( W / M 2 )  =  0 . 2 4 8 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   2 9 4 . 2  Q B  ( W / M 2 )  =  0 . 2 2 6 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   2 9 4 . 2  Q B  ( W / M 2 )  =  0 . 2 0 7 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   2 9 4 . 2  Q B  ( W / M 2 )  =  0 . 1 9 1 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   2 9 4 . 2  Q B  ( W / M 2 )  =  0 . 1 7 7 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   2 9 4 . 1  Q B  ( W / M 2 )  =  0 . 1 6 5 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   2 9 4 . 1  Q B  ( W / M 2 )  =  0 . 1 5 4 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   2 9 4 . 1  Q B  ( W / M 2 )  =  0 . 1 4 4 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   2 9 4 . 1  Q B  ( W / M 2 )  =  0 . 1 3 6 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   2 9 4 . 1  Q B  ( W / M 2 )  =  0 . 1 2 8 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   2 9 4 . 1  Q B  ( W / M 2 )  =  0 . 1 2 1 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   2 9 4 . 1  Q B  ( W / M 2 )  =  0 . 1 1 5 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 1 2 2 E + 0 1  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 4 . 0  Q B  ( W / M 2 )  =  0 . 1 1 0 E + 0 1  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 T I M E  ( S ) =   1 2 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    3 1 7 . 2  L Y R  H T  ( M )  =     8 . 8 3

 L Y R  M A S S  ( K G ) = 0 . 1 6 2 E + 0 4   F I R E  O U T P U T  ( W )  =    0 . 2 7 4 3 E + 0 7  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    3 3 9 . 8 3  J E T  V E L O C I T Y  ( M / S )  =       1 . 7 6 1

 J E T  T E M P  ( K )  =    3 4 0 . 2   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   3 3 2 . 0  Q B  ( W / M 2 )  =  0 . 2 4 2 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   3 2 2 . 4  Q B  ( W / M 2 )  =  0 . 1 8 8 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   3 1 4 . 9  Q B  ( W / M 2 )  =  0 . 1 4 2 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   3 0 8 . 8  Q B  ( W / M 2 )  =  0 . 1 0 2 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   3 0 4 . 7  Q B  ( W / M 2 )  =  0 . 7 5 3 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   3 0 2 . 1  Q B  ( W / M 2 )  =  0 . 5 6 9 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   3 0 0 . 2  Q B  ( W / M 2 )  =  0 . 4 4 1 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   2 9 8 . 9  Q B  ( W / M 2 )  =  0 . 3 5 0 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   2 9 8 . 0  Q B  ( W / M 2 )  =  0 . 2 8 5 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   2 9 7 . 3  Q B  ( W / M 2 )  =  0 . 2 3 6 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   2 9 6 . 8  Q B  ( W / M 2 )  =  0 . 1 9 9 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   2 9 6 . 4  Q B  ( W / M 2 )  =  0 . 1 7 1 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   2 9 6 . 1  Q B  ( W / M 2 )  =  0 . 1 4 9 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   2 9 5 . 8  Q B  ( W / M 2 )  =  0 . 1 3 1 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   2 9 5 . 6  Q B  ( W / M 2 )  =  0 . 1 1 7 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   2 9 5 . 5  Q B  ( W / M 2 )  =  0 . 1 0 5 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   2 9 5 . 3  Q B  ( W / M 2 )  =  0 . 9 5 1 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   2 9 5 . 2  Q B  ( W / M 2 )  =  0 . 8 6 7 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   2 9 5 . 1  Q B  ( W / M 2 )  =  0 . 7 9 5 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   2 9 5 . 0  Q B  ( W / M 2 )  =  0 . 7 3 4 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   2 9 4 . 9  Q B  ( W / M 2 )  =  0 . 6 8 0 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   2 9 4 . 9  Q B  ( W / M 2 )  =  0 . 6 3 3 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   2 9 4 . 8  Q B  ( W / M 2 )  =  0 . 5 9 2 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   2 9 4 . 8  Q B  ( W / M 2 )  =  0 . 5 5 5 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   2 9 4 . 7  Q B  ( W / M 2 )  =  0 . 5 2 2 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   2 9 4 . 7  Q B  ( W / M 2 )  =  0 . 4 9 2 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   2 9 4 . 6  Q B  ( W / M 2 )  =  0 . 4 6 6 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   2 9 4 . 6  Q B  ( W / M 2 )  =  0 . 4 4 2 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   2 9 4 . 1  Q B  ( W / M 2 )  =  0 . 5 0 4 E + 0 1  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 4 . 1  Q B  ( W / M 2 )  =  0 . 4 5 5 E + 0 1  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 T I M E  ( S ) =   1 8 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    3 3 9 . 8  L Y R  H T  ( M )  =     8 . 6 0

 L Y R  M A S S  ( K G ) = 0 . 2 7 6 E + 0 4   F I R E  O U T P U T  ( W )  =    0 . 7 4 8 3 E + 0 7  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    3 8 5 . 7 3  J E T  V E L O C I T Y  ( M / S )  =       2 . 4 9 3

 J E T  T E M P  ( K )  =    3 8 6 . 3   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   3 8 6 . 4  Q B  ( W / M 2 )  =  0 . 5 1 4 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   3 6 7 . 0  Q B  ( W / M 2 )  =  0 . 4 2 1 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   3 4 9 . 7  Q B  ( W / M 2 )  =  0 . 3 2 9 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0
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S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 6 6

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   3 3 4 . 5  Q B  ( W / M 2 )  =  0 . 2 4 4 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   3 2 4 . 0  Q B  ( W / M 2 )  =  0 . 1 8 3 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   3 1 6 . 7  Q B  ( W / M 2 )  =  0 . 1 4 0 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   3 1 1 . 6  Q B  ( W / M 2 )  =  0 . 1 0 9 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   3 0 8 . 0  Q B  ( W / M 2 )  =  0 . 8 6 4 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   3 0 5 . 3  Q B  ( W / M 2 )  =  0 . 7 0 2 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   3 0 3 . 4  Q B  ( W / M 2 )  =  0 . 5 8 2 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   3 0 1 . 9  Q B  ( W / M 2 )  =  0 . 4 9 1 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   3 0 0 . 8  Q B  ( W / M 2 )  =  0 . 4 2 0 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   2 9 9 . 9  Q B  ( W / M 2 )  =  0 . 3 6 5 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   2 9 9 . 2  Q B  ( W / M 2 )  =  0 . 3 2 1 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   2 9 8 . 6  Q B  ( W / M 2 )  =  0 . 2 8 6 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   2 9 8 . 1  Q B  ( W / M 2 )  =  0 . 2 5 6 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   2 9 7 . 7  Q B  ( W / M 2 )  =  0 . 2 3 2 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   2 9 7 . 4  Q B  ( W / M 2 )  =  0 . 2 1 1 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   2 9 7 . 1  Q B  ( W / M 2 )  =  0 . 1 9 3 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   2 9 6 . 9  Q B  ( W / M 2 )  =  0 . 1 7 8 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   2 9 6 . 7  Q B  ( W / M 2 )  =  0 . 1 6 5 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   2 9 6 . 5  Q B  ( W / M 2 )  =  0 . 1 5 4 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   2 9 6 . 3  Q B  ( W / M 2 )  =  0 . 1 4 3 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   2 9 6 . 2  Q B  ( W / M 2 )  =  0 . 1 3 4 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   2 9 6 . 0  Q B  ( W / M 2 )  =  0 . 1 2 6 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   2 9 5 . 9  Q B  ( W / M 2 )  =  0 . 1 1 9 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   2 9 5 . 8  Q B  ( W / M 2 )  =  0 . 1 1 3 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   2 9 5 . 7  Q B  ( W / M 2 )  =  0 . 1 0 7 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   2 9 4 . 2  Q B  ( W / M 2 )  =  0 . 1 3 6 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 4 . 2  Q B  ( W / M 2 )  =  0 . 1 2 3 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 T I M E  ( S ) =   2 4 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    3 7 1 . 5  L Y R  H T  ( M )  =     8 . 2 8

 L Y R  M A S S  ( K G ) = 0 . 4 1 4 E + 0 4   F I R E  O U T P U T  ( W )  =    0 . 1 5 4 1 E + 0 8  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    4 4 7 . 5 7  J E T  V E L O C I T Y  ( M / S )  =       3 . 1 8 6

 J E T  T E M P  ( K )  =    4 4 8 . 2   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   4 6 9 . 7  Q B  ( W / M 2 )  =  0 . 8 1 6 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   4 3 9 . 3  Q B  ( W / M 2 )  =  0 . 7 0 0 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   4 0 8 . 8  Q B  ( W / M 2 )  =  0 . 5 7 0 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   3 8 0 . 2  Q B  ( W / M 2 )  =  0 . 4 3 9 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   3 5 9 . 0  Q B  ( W / M 2 )  =  0 . 3 3 5 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   3 4 3 . 8  Q B  ( W / M 2 )  =  0 . 2 5 9 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   3 3 2 . 8  Q B  ( W / M 2 )  =  0 . 2 0 3 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   3 2 4 . 9  Q B  ( W / M 2 )  =  0 . 1 6 2 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   3 1 9 . 1  Q B  ( W / M 2 )  =  0 . 1 3 2 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   3 1 4 . 8  Q B  ( W / M 2 )  =  0 . 1 0 9 E + 0 4  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   3 1 1 . 6  Q B  ( W / M 2 )  =  0 . 9 2 2 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   3 0 9 . 1  Q B  ( W / M 2 )  =  0 . 7 9 0 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   3 0 7 . 1  Q B  ( W / M 2 )  =  0 . 6 8 7 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   3 0 5 . 5  Q B  ( W / M 2 )  =  0 . 6 0 4 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   3 0 4 . 2  Q B  ( W / M 2 )  =  0 . 5 3 6 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   3 0 3 . 2  Q B  ( W / M 2 )  =  0 . 4 8 1 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   3 0 2 . 3  Q B  ( W / M 2 )  =  0 . 4 3 5 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   3 0 1 . 6  Q B  ( W / M 2 )  =  0 . 3 9 6 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   3 0 0 . 9  Q B  ( W / M 2 )  =  0 . 3 6 3 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   3 0 0 . 4  Q B  ( W / M 2 )  =  0 . 3 3 4 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   2 9 9 . 9  Q B  ( W / M 2 )  =  0 . 3 0 9 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   2 9 9 . 5  Q B  ( W / M 2 )  =  0 . 2 8 8 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   2 9 9 . 1  Q B  ( W / M 2 )  =  0 . 2 6 9 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   2 9 8 . 8  Q B  ( W / M 2 )  =  0 . 2 5 2 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   2 9 8 . 5  Q B  ( W / M 2 )  =  0 . 2 3 7 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   2 9 8 . 3  Q B  ( W / M 2 )  =  0 . 2 2 3 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   2 9 8 . 0  Q B  ( W / M 2 )  =  0 . 2 1 1 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   2 9 7 . 8  Q B  ( W / M 2 )  =  0 . 2 0 0 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   2 9 6 . 6  Q B  ( W / M 2 )  =  0 . 1 9 8 E + 0 3  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 4 . 5  Q B  ( W / M 2 )  =  0 . 2 5 0 E + 0 2  Q T  ( W / M 2 )  =   0 . 0 0 0 E + 0 0
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AN N E X  D 2 0 4 - 6 7

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

 T I M E  ( S ) =   3 0 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    4 0 6 . 7  L Y R  H T  ( M )  =     7 . 8 6

 L Y R  M A S S  ( K G ) = 0 . 5 7 5 E + 0 4   F I R E  O U T P U T  ( W )  =    0 . 2 4 5 2 E + 0 8  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    5 1 1 . 8 5  J E T  V E L O C I T Y  ( M / S )  =       3 . 6 9 9

 J E T  T E M P  ( K )  =    5 1 2 . 4   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   5 6 1 . 4  Q B  ( W / M 2 )  =  0 . 9 6 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   5 2 3 . 2  Q B  ( W / M 2 )  =  0 . 8 5 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   4 8 1 . 7  Q B  ( W / M 2 )  =  0 . 7 3 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   4 3 9 . 7  Q B  ( W / M 2 )  =  0 . 5 8 8 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   4 0 6 . 1  Q B  ( W / M 2 )  =  0 . 4 6 4 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   3 8 1 . 0  Q B  ( W / M 2 )  =  0 . 3 6 5 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   3 6 2 . 4  Q B  ( W / M 2 )  =  0 . 2 8 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   3 4 8 . 8  Q B  ( W / M 2 )  =  0 . 2 3 4 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   3 3 8 . 7  Q B  ( W / M 2 )  =  0 . 1 9 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   3 3 1 . 1  Q B  ( W / M 2 )  =  0 . 1 5 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   3 2 5 . 4  Q B  ( W / M 2 )  =  0 . 1 3 5 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   3 2 0 . 9  Q B  ( W / M 2 )  =  0 . 1 1 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   3 1 7 . 4  Q B  ( W / M 2 )  =  0 . 1 0 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   3 1 4 . 6  Q B  ( W / M 2 )  =  0 . 8 8 7 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   3 1 2 . 3  Q B  ( W / M 2 )  =  0 . 7 8 9 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   3 1 0 . 4  Q B  ( W / M 2 )  =  0 . 7 0 8 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   3 0 8 . 8  Q B  ( W / M 2 )  =  0 . 6 4 0 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   3 0 7 . 5  Q B  ( W / M 2 )  =  0 . 5 8 3 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   3 0 6 . 4  Q B  ( W / M 2 )  =  0 . 5 3 5 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   3 0 5 . 4  Q B  ( W / M 2 )  =  0 . 4 9 3 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   3 0 4 . 6  Q B  ( W / M 2 )  =  0 . 4 5 6 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   3 0 3 . 8  Q B  ( W / M 2 )  =  0 . 4 2 5 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   3 0 3 . 2  Q B  ( W / M 2 )  =  0 . 3 9 7 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   3 0 2 . 6  Q B  ( W / M 2 )  =  0 . 3 7 2 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   3 0 2 . 1  Q B  ( W / M 2 )  =  0 . 3 5 0 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   3 0 1 . 6  Q B  ( W / M 2 )  =  0 . 3 3 0 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   3 0 1 . 2  Q B  ( W / M 2 )  =  0 . 3 1 2 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   3 0 0 . 8  Q B  ( W / M 2 )  =  0 . 2 9 6 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   2 9 9 . 8  Q B  ( W / M 2 )  =  0 . 2 8 6 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 4 . 9  Q B  ( W / M 2 )  =  0 . 3 9 0 E + 0 2  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 T I M E  ( S ) =   3 6 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    4 4 3 . 6  L Y R  H T  ( M )  =     7 . 3 1

 L Y R  M A S S  ( K G ) = 0 . 7 6 0 E + 0 4   F I R E  O U T P U T  ( W )  =    0 . 3 7 9 5 E + 0 8  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    5 9 0 . 3 1  J E T  V E L O C I T Y  ( M / S )  =       4 . 3 1 7

 J E T  T E M P  ( K )  =    5 9 0 . 9   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   6 5 8 . 1  Q B  ( W / M 2 )  =  0 . 1 1 7 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   6 1 4 . 7  Q B  ( W / M 2 )  =  0 . 1 0 7 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   5 6 4 . 3  Q B  ( W / M 2 )  =  0 . 9 3 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   5 1 0 . 0  Q B  ( W / M 2 )  =  0 . 7 8 0 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   4 6 3 . 8  Q B  ( W / M 2 )  =  0 . 6 3 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   4 2 7 . 5  Q B  ( W / M 2 )  =  0 . 5 0 5 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   3 9 9 . 9  Q B  ( W / M 2 )  =  0 . 4 0 5 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   3 7 9 . 3  Q B  ( W / M 2 )  =  0 . 3 2 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   3 6 3 . 9  Q B  ( W / M 2 )  =  0 . 2 7 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   3 5 2 . 2  Q B  ( W / M 2 )  =  0 . 2 2 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   3 4 3 . 2  Q B  ( W / M 2 )  =  0 . 1 9 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   3 3 6 . 2  Q B  ( W / M 2 )  =  0 . 1 6 5 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   3 3 0 . 7  Q B  ( W / M 2 )  =  0 . 1 4 3 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   3 2 6 . 3  Q B  ( W / M 2 )  =  0 . 1 2 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   3 2 2 . 7  Q B  ( W / M 2 )  =  0 . 1 1 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   3 1 9 . 8  Q B  ( W / M 2 )  =  0 . 1 0 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   3 1 7 . 3  Q B  ( W / M 2 )  =  0 . 9 1 0 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   3 1 5 . 2  Q B  ( W / M 2 )  =  0 . 8 2 8 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   3 1 3 . 4  Q B  ( W / M 2 )  =  0 . 7 5 9 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   3 1 1 . 9  Q B  ( W / M 2 )  =  0 . 6 9 9 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   3 1 0 . 6  Q B  ( W / M 2 )  =  0 . 6 4 7 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   3 0 9 . 4  Q B  ( W / M 2 )  =  0 . 6 0 2 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   3 0 8 . 4  Q B  ( W / M 2 )  =  0 . 5 6 2 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   3 0 7 . 5  Q B  ( W / M 2 )  =  0 . 5 2 7 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   3 0 6 . 7  Q B  ( W / M 2 )  =  0 . 4 9 5 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

FI G U RE  D . 1 0 ( i )   Continued



S M O KE  AN D  H E AT  VE N T I N G2 0 4 - 6 8

2 0 2 4  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   3 0 6 . 0  Q B  ( W / M 2 )  =  0 . 4 6 7 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   3 0 5 . 3  Q B  ( W / M 2 )  =  0 . 4 4 2 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   3 0 4 . 7  Q B  ( W / M 2 )  =  0 . 4 1 9 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   3 0 3 . 7  Q B  ( W / M 2 )  =  0 . 4 0 2 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 5 . 4  Q B  ( W / M 2 )  =  0 . 5 9 7 E + 0 2  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 T I M E  ( S ) =   4 2 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    4 8 3 . 7  L Y R  H T  ( M )  =     6 . 6 6

 L Y R  M A S S  ( K G ) = 0 . 9 4 9 E + 0 4   F I R E  O U T P U T  ( W )  =    0 . 5 2 8 3 E + 0 8  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    6 7 7 . 1 8  J E T  V E L O C I T Y  ( M / S )  =       4 . 8 7 9

 J E T  T E M P  ( K )  =    6 7 7 . 9   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   7 4 7 . 8  Q B  ( W / M 2 )  =  0 . 1 2 9 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   7 0 1 . 8  Q B  ( W / M 2 )  =  0 . 1 2 0 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   6 4 6 . 0  Q B  ( W / M 2 )  =  0 . 1 0 8 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   5 8 3 . 0  Q B  ( W / M 2 )  =  0 . 9 2 0 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   5 2 6 . 3  Q B  ( W / M 2 )  =  0 . 7 6 4 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   4 7 9 . 6  Q B  ( W / M 2 )  =  0 . 6 2 5 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   4 4 3 . 0  Q B  ( W / M 2 )  =  0 . 5 1 0 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   4 1 4 . 9  Q B  ( W / M 2 )  =  0 . 4 1 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   3 9 3 . 6  Q B  ( W / M 2 )  =  0 . 3 4 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   3 7 7 . 2  Q B  ( W / M 2 )  =  0 . 2 9 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   3 6 4 . 6  Q B  ( W / M 2 )  =  0 . 2 4 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   3 5 4 . 7  Q B  ( W / M 2 )  =  0 . 2 1 4 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   3 4 6 . 8  Q B  ( W / M 2 )  =  0 . 1 8 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   3 4 0 . 5  Q B  ( W / M 2 )  =  0 . 1 6 5 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   3 3 5 . 4  Q B  ( W / M 2 )  =  0 . 1 4 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   3 3 1 . 1  Q B  ( W / M 2 )  =  0 . 1 3 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   3 2 7 . 6  Q B  ( W / M 2 )  =  0 . 1 1 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   3 2 4 . 6  Q B  ( W / M 2 )  =  0 . 1 0 8 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   3 2 2 . 0  Q B  ( W / M 2 )  =  0 . 9 9 4 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   3 1 9 . 8  Q B  ( W / M 2 )  =  0 . 9 1 6 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   3 1 7 . 9  Q B  ( W / M 2 )  =  0 . 8 4 9 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   3 1 6 . 2  Q B  ( W / M 2 )  =  0 . 7 9 0 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   3 1 4 . 8  Q B  ( W / M 2 )  =  0 . 7 3 7 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   3 1 3 . 5  Q B  ( W / M 2 )  =  0 . 6 9 1 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   3 1 2 . 3  Q B  ( W / M 2 )  =  0 . 6 5 0 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   3 1 1 . 3  Q B  ( W / M 2 )  =  0 . 6 1 3 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   3 1 0 . 3  Q B  ( W / M 2 )  =  0 . 5 8 0 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   3 0 9 . 5  Q B  ( W / M 2 )  =  0 . 5 4 9 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   3 0 8 . 3  Q B  ( W / M 2 )  =  0 . 5 2 5 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 6 . 2  Q B  ( W / M 2 )  =  0 . 8 2 0 E + 0 2  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 T I M E  ( S ) =   4 8 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    5 3 0 . 8  L Y R  H T  ( M )  =     5 . 9 4

 L Y R  M A S S  ( K G ) = 0 . 1 1 2 E + 0 5   F I R E  O U T P U T  ( W )  =    0 . 7 0 5 9 E + 0 8  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    7 8 4 . 4 1  J E T  V E L O C I T Y  ( M / S )  =       5 . 4 6 2

 J E T  T E M P  ( K )  =    7 8 5 . 2   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   8 3 7 . 6  Q B  ( W / M 2 )  =  0 . 1 3 7 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   7 8 9 . 0  Q B  ( W / M 2 )  =  0 . 1 2 8 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   7 2 9 . 0  Q B  ( W / M 2 )  =  0 . 1 1 7 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   6 5 9 . 2  Q B  ( W / M 2 )  =  0 . 1 0 3 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   5 9 3 . 8  Q B  ( W / M 2 )  =  0 . 8 7 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   5 3 7 . 8  Q B  ( W / M 2 )  =  0 . 7 3 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   4 9 2 . 4  Q B  ( W / M 2 )  =  0 . 6 1 3 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   4 5 6 . 6  Q B  ( W / M 2 )  =  0 . 5 1 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   4 2 8 . 8  Q B  ( W / M 2 )  =  0 . 4 2 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   4 0 7 . 2  Q B  ( W / M 2 )  =  0 . 3 6 3 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   3 9 0 . 4  Q B  ( W / M 2 )  =  0 . 3 1 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   3 7 7 . 0  Q B  ( W / M 2 )  =  0 . 2 7 0 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   3 6 6 . 4  Q B  ( W / M 2 )  =  0 . 2 3 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   3 5 7 . 9  Q B  ( W / M 2 )  =  0 . 2 0 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   3 5 0 . 9  Q B  ( W / M 2 )  =  0 . 1 8 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   3 4 5 . 1  Q B  ( W / M 2 )  =  0 . 1 6 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   3 4 0 . 2  Q B  ( W / M 2 )  =  0 . 1 5 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   3 3 6 . 1  Q B  ( W / M 2 )  =  0 . 1 3 8 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   3 3 2 . 6  Q B  ( W / M 2 )  =  0 . 1 2 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

FI G U RE  D . 1 0 ( i )   Continued



AN N E X  D 2 0 4 - 6 9

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l . 2 0 2 4  E d i t i o n

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   3 2 9 . 6  Q B  ( W / M 2 )  =  0 . 1 1 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   3 2 7 . 0  Q B  ( W / M 2 )  =  0 . 1 0 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   3 2 4 . 7  Q B  ( W / M 2 )  =  0 . 1 0 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   3 2 2 . 7  Q B  ( W / M 2 )  =  0 . 9 4 4 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   3 2 0 . 9  Q B  ( W / M 2 )  =  0 . 8 8 6 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   3 1 9 . 3  Q B  ( W / M 2 )  =  0 . 8 3 3 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   3 1 7 . 8  Q B  ( W / M 2 )  =  0 . 7 8 6 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   3 1 6 . 5  Q B  ( W / M 2 )  =  0 . 7 4 3 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   3 1 5 . 4  Q B  ( W / M 2 )  =  0 . 7 0 5 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   3 1 3 . 9  Q B  ( W / M 2 )  =  0 . 6 7 3 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 7 . 1  Q B  ( W / M 2 )  =  0 . 1 0 8 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 T I M E  ( S ) =   5 4 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    5 8 6 . 5  L Y R  H T  ( M )  =     5 . 2 0

 L Y R  M A S S  ( K G ) = 0 . 1 2 5 E + 0 5   F I R E  O U T P U T  ( W )  =    0 . 9 0 7 3 E + 0 8  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =    9 1 5 . 6 4  J E T  V E L O C I T Y  ( M / S )  =       6 . 0 4 1

 J E T  T E M P  ( K )  =    9 1 6 . 6   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   9 2 1 . 9  Q B  ( W / M 2 )  =  0 . 1 4 6 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   8 7 0 . 2  Q B  ( W / M 2 )  =  0 . 1 3 7 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   8 0 6 . 7  Q B  ( W / M 2 )  =  0 . 1 2 6 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   7 3 1 . 6  Q B  ( W / M 2 )  =  0 . 1 1 2 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   6 6 0 . 0  Q B  ( W / M 2 )  =  0 . 9 7 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   5 9 7 . 0  Q B  ( W / M 2 )  =  0 . 8 3 4 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   5 4 4 . 2  Q B  ( W / M 2 )  =  0 . 7 0 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   5 0 1 . 5  Q B  ( W / M 2 )  =  0 . 6 0 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   4 6 7 . 5  Q B  ( W / M 2 )  =  0 . 5 1 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   4 4 0 . 7  Q B  ( W / M 2 )  =  0 . 4 3 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   4 1 9 . 5  Q B  ( W / M 2 )  =  0 . 3 7 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   4 0 2 . 6  Q B  ( W / M 2 )  =  0 . 3 2 9 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   3 8 9 . 0  Q B  ( W / M 2 )  =  0 . 2 9 0 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 2 . 6 0  T S L  ( K )  =   3 7 8 . 0  Q B  ( W / M 2 )  =  0 . 2 5 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 4 . 3 4  T S L  ( K )  =   3 6 8 . 9  Q B  ( W / M 2 )  =  0 . 2 3 0 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 6 . 0 8  T S L  ( K )  =   3 6 1 . 4  Q B  ( W / M 2 )  =  0 . 2 0 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 7 . 8 2  T S L  ( K )  =   3 5 5 . 0  Q B  ( W / M 2 )  =  0 . 1 8 8 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 9 . 5 6  T S L  ( K )  =   3 4 9 . 7  Q B  ( W / M 2 )  =  0 . 1 7 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 1 . 2 9  T S L  ( K )  =   3 4 5 . 1  Q B  ( W / M 2 )  =  0 . 1 5 8 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 3 . 0 3  T S L  ( K )  =   3 4 1 . 1  Q B  ( W / M 2 )  =  0 . 1 4 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 4 . 7 7  T S L  ( K )  =   3 3 7 . 7  Q B  ( W / M 2 )  =  0 . 1 3 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 6 . 5 1  T S L  ( K )  =   3 3 4 . 7  Q B  ( W / M 2 )  =  0 . 1 2 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 8 . 2 5  T S L  ( K )  =   3 3 2 . 0  Q B  ( W / M 2 )  =  0 . 1 1 8 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     3 9 . 9 9  T S L  ( K )  =   3 2 9 . 6  Q B  ( W / M 2 )  =  0 . 1 1 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 1 . 7 3  T S L  ( K )  =   3 2 7 . 5  Q B  ( W / M 2 )  =  0 . 1 0 4 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 3 . 4 6  T S L  ( K )  =   3 2 5 . 6  Q B  ( W / M 2 )  =  0 . 9 8 6 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 5 . 2 0  T S L  ( K )  =   3 2 3 . 9  Q B  ( W / M 2 )  =  0 . 9 3 3 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 6 . 9 4  T S L  ( K )  =   3 2 2 . 4  Q B  ( W / M 2 )  =  0 . 8 8 5 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     4 8 . 6 8  T S L  ( K )  =   3 2 0 . 7  Q B  ( W / M 2 )  =  0 . 8 4 4 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     5 0 . 4 2  T S L  ( K )  =   2 9 8 . 2  Q B  ( W / M 2 )  =  0 . 1 3 8 E + 0 3  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 T I M E  ( S ) =   6 0 0 . 0 0 0 0  L Y R  T E M P  ( K ) =    6 4 9 . 9  L Y R  H T  ( M )  =     4 . 5 7

 L Y R  M A S S  ( K G ) = 0 . 1 3 1 E + 0 5   F I R E  O U T P U T  ( W )  =    0 . 9 9 9 9 E + 0 8  V E N T  A R E A  ( M 2 )  =   2 8 . 2 0

 L I N K  =   1  L I N K  T E M P  ( K )  =   1 0 2 9 . 1 1  J E T  V E L O C I T Y  ( M / S )  =       6 . 2 4 7

 J E T  T E M P  ( K )  =   1 0 2 9 . 6   T I M E  L I N K     1   O P E N S  E Q U A L S       4 1 . 7 0 9 8  ( S )

 R  ( M )  =      0 . 0 0  T S L  ( K )  =   9 7 6 . 8  Q B  ( W / M 2 )  =  0 . 1 2 3 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      1 . 7 4  T S L  ( K )  =   9 2 3 . 1  Q B  ( W / M 2 )  =  0 . 1 1 5 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      3 . 4 8  T S L  ( K )  =   8 5 9 . 1  Q B  ( W / M 2 )  =  0 . 1 0 7 E + 0 5  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      5 . 2 2  T S L  ( K )  =   7 8 3 . 3  Q B  ( W / M 2 )  =  0 . 9 6 5 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      6 . 9 5  T S L  ( K )  =   7 1 0 . 1  Q B  ( W / M 2 )  =  0 . 8 6 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =      8 . 6 9  T S L  ( K )  =   6 4 4 . 7  Q B  ( W / M 2 )  =  0 . 7 6 1 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 0 . 4 3  T S L  ( K )  =   5 8 8 . 5  Q B  ( W / M 2 )  =  0 . 6 6 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 2 . 1 7  T S L  ( K )  =   5 4 1 . 7  Q B  ( W / M 2 )  =  0 . 5 8 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 3 . 9 1  T S L  ( K )  =   5 0 3 . 6  Q B  ( W / M 2 )  =  0 . 5 0 6 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 5 . 6 5  T S L  ( K )  =   4 7 2 . 9  Q B  ( W / M 2 )  =  0 . 4 4 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 7 . 3 9  T S L  ( K )  =   4 4 8 . 1  Q B  ( W / M 2 )  =  0 . 3 8 7 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     1 9 . 1 2  T S L  ( K )  =   4 2 8 . 2  Q B  ( W / M 2 )  =  0 . 3 4 2 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1

 R  ( M )  =     2 0 . 8 6  T S L  ( K )  =   4 1 1 . 9  Q B  ( W / M 2 )  =  0 . 3 0 4 E + 0 4  Q T  ( W / M 2 )  =  - 0 . 2 9 7 E - 1 1
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